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Preface

This book is based on a lecture course taught over a number of years in the
Department of Quantum Statistics and Field Theory of the Moscow State
University, Faculty of Physics, to students in the third and fourth years,
specializing in theoretical physics.

Traditionally, the theory of gauge fields is covered in courses on quantum
field theory. However, many concepts and results of gauge theories are
already in evidence at the level of classical field theory, which makes it
possible and useful to study them in parallel with a study of quantum
mechanics. Accordingly, the reading of the first ten chapters of this
book does not require a knowledge of quantum mechanics, Chapters 11-13
employ the concepts and methods conventionally presented at the start of
a course on quantum mechanics, and a thorough knowledge of quantum
mechanics, including the Dirac equation, is only required in order to read
the subsequent chapters. A detailed acquaintance with quantum field
theory is not mandatory in order to read this text. At the same time,
at the very start, it is assumed that the reader has a knowledge of classical
mechanics, special relativity and classical electrodynamics.

Part I of the book contains a study of the basic ideas of the theory
of gauge fields, the construction of gauge-invariant Lagrangians and an
analysis of spectra of linear perturbations, including perturbations about
a non-trivial ground state. Part II is devoted to the construction
and interpretation of solutions, whose existence is entirely due to
the nonlinearity of the field equations, namely, solitons, bounces and
instantons. In Part III, we consider certain interesting effects, arising in
the interactions of fermions with topological scalar and gauge fields.

The book has an Appendix, which briefly discusses the role of instantons
as saddle points of the Euclidean functional integral in quantum field theory
and several related topics. The purpose of the Appendix is to give an
initial idea about this rather complex aspect of quantum field theory; the
presentation there is schematic and makes no claims to completeness (for
example, we do not touch at all upon the important questions relating to
supersymmetric gauge theories). To read the Appendix, one needs to be
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acquainted with the quantum theory of gauge fields.

Of course, the majority of questions touched upon in this book are
considered in one way or another in other existing books and reviews on
quantum field theory, a far from complete list of which is given at the end
of the book. In a sense, this book may serve as an introduction to the
subject.

The book contains two mathematical digressions, where elements of the
theory of Lie groups and algebras and of homotopy theory are studied,
without any claim to completeness or mathematical rigor. This should
make it possible to read the book without constantly resorting to the
specialized literature in these areas.

We should like to thank our colleagues F.L. Bezrukov, D.Yu. Grigoriev,
M.V. Libanov, D.V. Semikoz, D.T. Son, P.G. Tinyakov and S.V. Troitsky
for their great help in the preparation and teaching of the lecture course,
attentive reading of the manuscript and preparation for its publication.
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Chapter 1

Gauge Principle in
Electrodynamics

1.1 Electromagnetic-field action in vacuum
The electromagnetic field in a vacuum is described by two spatial vectors
E(z) and H(z), the electric and the magnetic fields. They form the

antisymmetric field strength tensor F),,:

Fio = —Fo;i = E;

Fij = eijrHy

(Where Hi = %Eiijjk)-
Here and throughout the book, Greek indices refer to space-time

and take values u,v, A\ p,... = 0,1,2,3 (in d-dimensional space-time
vy A py... = 0,1,2,...,(d — 1)). Latin indices refer to space and take
values 4,5, k,... = 1,2,3 (i,4,k,... = 1,2,...,(d — 1) in d-dimensional

space-time). Repeated Greek indices are assumed to denote summation
with the Minkowski metric tensor, n,, = diag(+1,—1,—1,—1), where,
we shall not usually distinguish between superscripts and subscripts (for
example, F),, F},,, will denote F),, F Apn‘”‘n””). Repeated Latin indices will
be assumed to denote summation with the Euclidean spatial metric (thus,
F,, F,, denotes

—FoiFoi — FioFio + Fy;Fy; = —2(E* — H?),
and the scalar product of two vectors k* and z# is k#z* = k%20 — kx).

3



4 Gauge Principle in Electrodynamics

The electromagnetic-field action in vacuum has the form
S:fi/ﬁ%fwﬂw. (1.1)
The dynamical variables here are vector potentials A, such that
F,, =0,A,-0,A,. (1.2)

Here and throughout the book, 0, = 0/0x".
The variational principle for the action (1.1) leads to the Maxwell

equations in vacuum:
OuFu = 0. (1.3)

Problem 1. Show that the Mazwell equations (1.3) are indeed extremality
conditions for the action with respect to variations of the field A, (x) with
fized values of A, at the boundary of the space—time volume in which the
system is located.

Problem 2. Show that equations (1.3) are equivalent to the pair of
equations

divE = 0

OE
—curlH4+ — = 0
cur + It R

and that definition (1.2) is equivalent to the equations

divH = 0 (1.4)
OH
IE+ — =
curl i + ot
Show that the pair of equations (1.4) can be written in the Lorentz covariant
form

Eul,)\payF)\p =0.

The last equation (consequence of definition (1.2)) is called the Bianchi
identity for the electromagnetic-field strength tensor.

The energy of an electromagnetic field is expressed in terms of the
electric and magnetic fields,

1
E:i/mhiﬂfx (1.5)
Other dynamical quantities (for example, the field momentum) are also
expressed in terms of E and H, i.e. in terms of the field tensor F,,.
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1.2 Gauge invariance

The strength tensor F),,, and the associated action, the energy and the

field equations are invariant under the transformations
A,(@) = A,(@) = Au(2) + d,a(c), (L6)

where «(z) is an arbitrary function of the space-time coordinates. For
example, for the strength tensor we have

Fu—Fly = 0u(A,+0,0) — 8,(A, + 9,0)
0,A, — 9, A, = F,.

Field transformations, whose parameters depend in an arbitrary manner
on the space-time points are called gauge transformations (as opposed to
global transformations, whose parameters are constant, i.e. do not depend
on z*; we shall discuss global transformations a little later). Thus, the
transformation (1.6) is the simplest gauge transformation.

The main postulate of the theory of gauge fields is the requirement
that all physical (observable) quantities, and also actions and equations of
motion, should be gauge invariant, i.e. invariant under the corresponding
gauge transformations. This principle is satisfied in electrodynamics; thus,
electrodynamics is the simplest example of a gauge theory.

In electrodynamics, one can construct the gauge-invariant quantity

fAudx“, (1.7)

where the integration is performed along some closed contour C' in space—
time. In simply connected space—time (without holes), this quantity
reduces to E and H; for example, for a purely spatial contour C', we can

write
%Aida:i = —/ HdY,
c !

where ¥ is a surface in space, encircled by the contour C. If the space—
time is not simply connected, the gauge-invariant quantity (1.7) cannot
be expressed in terms of E and H. For example, in (2 + 1)-dimensional
space—time, where the space has a hole (or in (3 + 1)-dimensional space—
time, whose space contains an infinitely long incised cylinder), it may be
the case that E = H = 0 everywhere, but

f{ Adx # 0,
C
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where the contour C' winds around the hole. This quantity, or more
precisely, the phase factor

exp [ie 740 Adx} (1.8)

(e is the electron charge) turns out to be observable in quantum theory
(Aharonov-Bohm effect). Physically, such a situation is realized as follows:
one can take a long thin solenoid in which a magnetic field is concentrated
and surround it by an impenetrable (for all particles and fields) wall. The
electric and magnetic fields outside the wall are equal to zero; however, the
scattering of electrons off this wall depends upon the value of the phase
factor (1.8).

1.3 General solution of Maxwell’s equations
in vacuum

We shall find the solution of Maxwell’s equations (1.3). It is convenient to
perform the Fourier transformation

A, = / [e*a, (k) + c.c.] d*k.
k0>0

Here and throughout the book, ‘c.c.’” denotes the complex conjugate
quantity (thus, in this formula, ‘c.c’= e=***a*(k)). The a, (k) are complex

functions of the four-vector k. We note that
kx = kyx, = koxo — kx,

where k is a three-dimensional wave vector and kg is the plane wave
frequency.

Equations (1.3) are equivalent to the following equations for Fourier
transforms:

k'k,a, — k'kya, =0,
or
k*a, — k,(ka) = 0, (1.9)

where k2 = ktky; ka = ktay,.
Let us first consider the case k2 # 0. Then it follows from (1.9) that the
vector a, (k) is directed along k,,,

a, (k) = kyc(k). (1.10)
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Substituting (1.10) in (1.9), we see that there are no constraints on c¢(k);
equations (1.9) are turned into an identity. Thus, for k? # 0, the general
solution is of the form (1.10).

Let us now consider the case k* = 0, i.e. k” = |k|. Equations (1.9) then
reduce to the four-dimensional orthogonality condition:

k'a, = 0.

There are three linearly independent vectors orthogonal (in the four-
dimensional sense) to k*. One of these is k* itself, the other two, eff‘),
a = 1,2, can be chosen to be purely spatial vectors which are orthogonal

in the three-dimensional sense to the vector k and to each other:

e(()a) = 0
ko= 0 (1.11)
GEQ) el(ﬁ) —_ 5(16

(the last condition also fixes the normalization of e(*)). Thus, for k% = 0,
the general solution has the form

au(k) = kuc(k) + el(f‘)(k)ba(k’),
where ¢(k) and b, (k) are arbitrary complex functions of the three-vector k
(since k¥ = |Kk|).
Combining the cases k? # 0 and k? = 0, we obtain that the general
solution of the Maxwell equations has the form

Au(@) = AL (2) + Al (@), (1.12)
where
Al = / @k [ b e (1.13)
Al = /d4k [ kyc(k) + c.c.] .

The field Aﬂ (z) is a pure gauge,
Al (z) = 9,a(),

where

a(z) = /d4k Bei’”c(k) + c.c.] .
As one might expect, the general solution contains an arbitrary scalar
function (if A,(x) is a solution of Maxwell’s equations, then Aj (z) =
A, (x) + dya(zx) is also a solution). The non-trivial part of the solution,
Alf (x) is the collection of plane waves, moving with the speed of light (with
frequency k° equal to the modulus of the wave vector k).
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Problem 3. Assuming that the vectors 6&1) and 6&2) (see (1.11)) are real
(linear polarization), show that in a plane wave of the form

A, (x) = e'*e ele) b1

the magnetic field is orthogonal (in the three-dimensional sense) to the
electric field at every point x, and the electric and the magnetic fields are
orthogonal to the wave vector k.

We note that (1.13) is not the only possible way of writing the general
solution of the Maxwell equations. In some problems, instead of the plane-
wave decomposition, it is convenient to use a decomposition in terms of
other sets of functions, for example, in terms of spherical harmonics. We
shall not dwell on these decompositions, since the important properties of
solutions as far as we are concerned, the propagation of waves with the
speed of light and the presence of two independent amplitudes b, for each
wave vector k, are most conveniently seen in a plane-wave basis.

1.4 Choice of gauge

The gauge invariance of the Maxwell equations means that their general
solution contains an arbitrary scalar function of space—time coordinates
z#.  We showed this explicitly in Section 1.3 for the example of an
electromagnetic field without sources. This property of the non-uniqueness
of a solution is inconvenient in more complex cases when sources exist (and
also presents a difficulty for field quantization). Thus, a supplementary
condition is often imposed on the field A,, in order to decrease this
arbitrariness or, so to speak, fix the gauge. The following gauge conditions
are often used.

a) The Coulomb gauge
divA = 0;4; = 0. (1.14)

This condition, like all the others, is not invariant under gauge
transformations; if A, () satisfies this condition, then Aj (z) =
A, (x) 4+ 0ya(x) also satisfies it, if and only if

81'(9@‘0( =Aa = 0,

i.e. if and only if a(x) is spatially constant or increases in space. If we
restrict ourselves to fields decreasing at spatial infinity (we implicitly
assumed this in Section 1.3) then the vector potential is uniquely
fixed. It is trivial to check this fact for the solution (1.12): condition
(1.14) gives
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ie. Aﬂ (x) = 0. Thus, the solution of the Maxwell equations in the
Coulomb gauge has the form

Aulw) = Ay (),
where Al is given by expression (1.13).
The Lorentz gauge

0, A, = 0.

Unlike the Coulomb condition, this condition is invariant under
residual gauge transformations

Ay — A=A, + 0,0,
where a(x) satisfies the d’Alembert condition

0,00 = O = 0.

Thus, the Lorentz gauge fixes the solution modulo a sum of
longitudinal waves 0, a(z), propagating with the speed of light. In
the language of the solution (1.12), this means that c(k) = 0 for
k% # 0, while for k? = 0 the function c(k) is arbitrary.

The gauge Ag = 0. Residual gauge invariance is characterized by
gauge functions «, independent of time, dypa = 0. The general
solution of the Maxwell equations has the form

Au(x) = A (2) + By(x)
(we note that Ag (z) = 0), where By = 0 and
B;(x) = 0;a(x).

This corresponds to ¢(k) # 0, provided k% = 0.

Problem 4. Find the residual gauge transformations and the general
solution of the Maxwell equations in the axial gauge

nA =0,

where n is some fized unit three-vector, which is constant in space—time.
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Chapter 2

Scalar and Vector Fields

2.1 System of units h=c=1

Throughout the book, we shall use the system of units A = ¢ = 1. The
only non-trivial dimension then is the dimension of mass. Length and time
have dimension 1/M. Indeed

=2, =M% (2.1)

(the last equation is evident, for example, from the relation £ = hw). From
(2.1) and A= c =1 it follows that

L=T=—.
M

Physically, 1/M is the Compton wavelength of a particle of mass M.

Problem 1. Find, in conventional wunits, the length and time
corresponding to 1/gram.

Problem 2. a) Find the dimension of E and H in the system of units
h=c=1. Show that the electromagnetic field action is dimensionless.
b) The same thing in space—time of dimension d.

Problem 3. a) Find the dimension of the electric charge in the system
of units h=c=1.

b) Find the numerical value of the quantity e?/(4w) (fine structure
constant), where e is the electron charge.

¢) The same as in a), but in d-dimensional space—time.

11



12 Scalar and Vector Fields

Problem 4. The electron-Volt (eV) is the energy obtained by an electron
in passing through a potential difference of 1 V. Find the relationship
between 1 gram and 1 eV in the system h = c = 1. Find, in conventional
units, the length and time corresponding to 1/GeV, where 1 GeV = 10° eV.
Find 1 Gauss and 1 V/cm (units of the magnetic and electric fields) in the
system h=c =1 and unit of mass 1 GeV.

2.2 Scalar field action

The electric field is the best known, but not the simplest, example of a
field. The simplest case arises if, instead of four functions of space-time
coordinates A, (z) (forming a four-vector under Lorentz transformations)
one considers a single real function ¢(z) (Lorentz scalar). Another example
arises when the scalar field is complex, in other words, when the field has
two real components Re ¢(x) and Im ().

In quantum theory, there is a correspondence between fields and
particles. Thus, the electromagnetic field describes the photon; 7%-mesons,
n-mesons and certain other particles are described by real scalar fields; 7*-
mesons correspond to a single complex scalar field. Vector bosons W+ and
Z are described by (massive) vector fields, distinct from the electromagnetic
field. One important class of fields which will not be considered until
Part III, since it does not have a classical c-number analogue, describes
fermions, particles with a half-integer spin (electrons, neutrinos, etc.).

Let us consider a real scalar field ¢(z) and construct the simplest
Lagrangian for it. We require that, as a result of the variation of the
action, we obtain second-order differential equations, and so the derivatives
in the Lagrangian should occur no more than quadratically. We shall also
require the Lagrangian to be a Lorentz scalar. In addition to these two
quite general requirements we temporarily impose one further requirement,
namely linearity of the field equations. This implies that the action is
quadratic with respect to the field. These requirements lead to the action

5= [ |50 - jue?). (22)

where m? is the only arbitrary parameter, and (9,¢)? = 9,99,p. The

signs in (2.2) are determined by the requirement of non-negative energy;
the field energy will be considered below.

Problem 5. Generally speaking, there are more than two invariants
satisfying the requirements listed above. The Lagrangian could be chosen in
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the form
2 m®
L = a(0up)” + b0,0,p + cp0, 0,0 + oY + dp, (2.3)
where a,...,d are arbitrary constants. Assuming m? # 0, show that the

theory with the more general Lagrangian (2.3) is equivalent to the theory
Variation of the action (2.2) leads to the Klein-Gordon-Fock equation
0,0, +mp = 0. (2.4)

Let us derive this equation from the variational principle with the action
(2.2). Let 6¢(x) be the field variation; then

68 = /d4x[3utp6(5‘ﬂ<p) —m2pdy)]. (2.5)

Now, the change in the derivative of the field is equal to the derivative of
the change in the field, 6(0.p) = 0u(6¢). In the first term in (2.5), we
integrate by parts

68 = / d'x[=0,0,p8p0 — m*6¢] + / dXH [0, p0¢),

where the second integral is taken over the boundary of the volume. As
usual, we suppose that §¢ = 0 on the boundary of the four-dimensional
volume, then the second integral vanishes. By requiring 65 = 0 for all 6y,
we obtain equation (2.4).

Let us find the general solution of the Klein-Gordon equation. Moving
to the k-representation,

o(z) = / d*k [ @(k) + c.c.]
k0>0
we obtain the equation
[K* —m?@(k) = 0,
so that ¢ is non-zero (and arbitrary) provided
k2 = (k%)% — (k)2 = m?,
i.e. for a relationship between the frequency k® and the wave vector k of

the form
k® = VK2 4+ m?2. (2.6)
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This equation represents the dispersion law for free waves. Equation (2.6) is
reminiscent of the relativistic relationship between energy and momentum

E = /p?+m2.

This is no accident: if the field p(z) is understood as the wave function
of some particle (not a conventional non-relativistic particle with wave
function satisfying the Schrodinger equation, but some relativistic particle),
then the following holds for it (A =c¢=1)

E=k, p=k,

where m is the mass of this particle. These considerations are made precise
in quantum field theory.

We shall call the parameter m the mass of the field, and fields with
m # 0 massive fields. For the photon m = 0; the electromagnetic field is
massless.

Thus the general solution of the Klein—Gordon equation is a sum of plane
waves with dispersion law (2.6)

z) = /d3k [e**3(k) + c.c.] Py

where the complex amplitudes ¢(k) are arbitrary.

For the rest, it is useful to mention the analogy between classical
field theory and classical mechanics with many degrees of freedom. The
dynamical coordinates g4(t) of classical mechanics are analogous to the
field p(x,t), except that the index A becomes a continuous index, namely
the coordinates of a point of space (for an electromagnetic field A4, (x,t),
the ‘index’ A, labeling the dynamical coordinates is the pair (p,x)).
Summation over the index A (for example, in the Lagrange function
L=5%, %quA + --+) is replaced by integration over d3x. We use this
analogy to construct the energy of the scalar field. In classical mechanics
the energy is equal to

E—Z%qA—L

The analogue of the Lagrange function L in scalar field theory is the integral
of the Lagrangian over space,

/d%ﬁ = /d% [1(@@)2 - ”;2¢2]

1 m2
= /d3 [Qw _,3#31@ 5 <p2]

L
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Using (omitting the dependence on time)

4 .
p = pX),
6p(x) &
we obtain for the energy
6L
E:/d3:c ——p(x) — L, 2.7
55007 (27)
an expression of the form
1 1 2
E= / d*x [2¢2 + 5 0pdip+ 562 - (2.8)

From this expression, the choice of signs in (2.2) is evident: a) a negative
sign in front of (9,¢)? in (2.2) would lead to a negative sign in the first two
terms in (2.8) and the energy of rapidly oscillating fields would be negative
and would decrease unboundedly with increasing oscillation frequency; b) a
positive sign for the term with m? in (2.2) would lead to a negative sign for
the corresponding (third) term in (2.8), and the energy of a homogeneous
field would be negative and unbounded from below for large fields .

Problem 6. Find the dimension of the field . Show that the parameter
m actually has the dimension of mass.

Problem 7. Using an expression of type (2.7), find the energy of an
electromagnetic field with action (1.1) and dynamical coordinates A, (x,t).
Show that when the field equations (1.8) are satisfied, the energy thus found
agrees with (1.5).

Problem 8. Assuming that the field p(x,t) decreases rapidly at spatial
infinity, verify that the energy (2.8) is actually conserved, dE/dt = 0, if
the field satisfies the Klein—Gordon equation.

2.3 Massive vector field

A massive vector field should be described by a four-vector B, (z). However,
if B, is the gradient of a scalar field B,(xz) = 0,x(x), then it does not
make sense to talk about the vector nature of B,,: the system is described
by the scalar field x(z). In other words, any vector field B,(z) can be
decomposed into a transverse component (in the four-dimensional sense)
Bj and a gradient of a scalar field,

By, = By + 0,
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9uB;; = 0. (2.9)

The transverse field Blf does not reduce to a scalar field, and it is precisely
the object of interest. If the mass of the field is non-zero, the dispersion
law must be of the form £ = k2 4+ m?2, which will be achieved if each
component of the field Bf;(a:) satisfies the Klein-Gordon equation

(0,0, + m*)B;} = 0. (2.10)

Thus, we wish to describe the field Bi‘, satisfying equations (2.10) and
(2.9).
The action, leading to equations (2.10) and (2.9), has the form

1 2
S :/ {4BIWBW + %BMBH d*z, (2.11)

where B, = 0,8, — 0, B,, is completely analogous to the strength tensor
in electrodynamics. From the action (2.11), we have the field equations

0,B,, + m*B, = 0. (2.12)
For m? # 0, equation (2.9) is a consequence of equations (2.12):

differentiating (2.12) with respect to ¥ and using the antisymmetry of

the tensor B, we obtain

9,0, B, +m*9,B, =m?9,B, = 0.

Moreover, using the definition of the tensor 5, and taking into account
the transversality of B,, from (2.12) we obtain

9,0,B, — 0,0,B, +m*B, = 0,0,B, + m*B, = 0.
Thus, equations (2.12) are equivalent to the system

0,0,B, +m?B, = 0 (2.13)
B, = 0,

as required.
Problem 9. Find the general solution of the system (2.13).

Problem 10. Find the energy for the massive vector field with action
(2.11). Ezxplain the choice of signs in (2.11).

The action (2.11) and equations (2.13) are not invariant under gauge
transformations B, — B, + J,a. In other words, the theory of a massive
vector field with action (2.11) is not a gauge theory.
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2.4 Complex scalar field

Another important example of a field is the complex scalar field p(z) =
(Rew)(z) + i(Imp)(z). We choose the Lagrangian for this field in the
simplest form

L= 0,0 0up —m¢* . (2.14)
The variational principle for the action S = [ Ld*z is formulated as follows:
we shall formally assume that ¢*(z) and ¢(z) are independent and require
extremality of the action with respect to variations @™ and dp separately.
Varying with respect to dp*, we obtain the equation for ¢:

0.0, + m2p =0, (2.15)
while variation with respect to dp gives the equation for ¢*:
0,0, +m*p* = 0. (2.16)

Instead of the complex scalar field, we can introduce a pair of real scalar
fields 1 and 9, such that

fi( + 1 )
@*ﬂsﬁl ¥2)-

Then, the Lagrangian (2.14) is rewritten in the form

1 m?2
,C = 53#307;8#901' — 7@%&;, (217)

where ¢ = 1,2 and summation over ¢ is assumed. Thus, the complex scalar
field is equivalent to two real fields of equal mass.

Problem 11. Considering the fields p; as independent, find equations
for these fields, corresponding to the Lagrangian (2.17), and show that they
are equivalent to equations (2.15) and (2.16).
The new element in the theory (2.14) is the presence of a current which
is conserved
Ju = =i Oup — ©0ue") (2.18)
Oyujp = 0. (2.19)

Problem 12. Show that the current j,, is actually conserved if the field
equations (2.15) and (2.16) are satisfied.

As we shall see later, conservation of this current, i.e. equation (2.19),
is associated with invariance of the Lagrangian (2.14) under (global)
transformations

pr) = ¢'(@)=e ()
— @ (x) =" (x),
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where « does not depend on the space-time point (such transformations
are therefore said to be global).

The conservation of the current (continuity equation (2.19)) presupposes
that there exists a charge which is conserved, if the field decreases rapidly
at spatial infinity. Indeed, we define

Q:/ﬁfm

where the integration is performed over all space at a fixed time
20 (thus, @ might depend on this #°). We have

0Q = /d%aojo = —/dgfﬂaiji-

The last integral reduces to an integral over an infinitely distant surface

/ﬁwmzfﬂm.

It is equal to zero if the field ¢ decreases sufficiently rapidly, whence
80Q = 07

i.e. the charge is actually conserved.

2.5 Degrees of freedom

Summarizing our discussion of free fields (i.e. fields satisfying linear
equations), we note that in all the different cases, the dispersion law has
the form

kY = /K2 + m?2

where m is the mass of the field (which may be equal to zero). For
kY > 0 general solutions are characterized by one or more arbitrary complex
functions of the three-dimensional wave vector k (in electrodynamics, there
is another arbitrary function c(k) of the four-vector k, however, that
function can be eliminated by gauge transformations). The number of these
arbitrary complex functions is called the number of degrees of freedom of
the field. Thus, a real scalar field has one degree of freedom; a complex
scalar field has two degrees of freedom, and a real massive vector field has
three degrees of freedom. In the case of an electromagnetic field, there are
two physical degrees of freedom, since a general solution is characterized
by two arbitrary functions b, (k) which cannot be eliminated by gauge
transformations.
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We note that, depending on the choice of gauge, in electrodynamics,
there may or may not exist unphysical degrees of freedom (i.e. arbitrary
functions) upon which (gauge-invariant) physical quantities do not depend.
In the Lorentz gauge there is one unphysical degree of freedom, since, in
addition to a function b, (k), for k% = 0, the general solution in this gauge
contains an arbitrary function c(k) (see Section 1.4, point b)). In the
Coulomb gauge there are no unphysical degrees of freedom.

Problem 13. Find the number of physical degrees of freedom in
electrodynamics in d-dimensional space—time. Consider the cases d = 2,
d =3 and d > 4 separately.

2.6 Interaction of fields with external sources

In classical electrodynamics, the interaction of an electromagnetic field with
charges and currents is constructed using the current four-vector j, =
(—p,j), where p(z) and j(z) are the charge density and the current density.
Taking this interaction into account, the action can be written in the form

1
S = /d% (—4FWF,W - ejMAu> . (2.20)

Variation of this action with respect to A, leads to the Maxwell equations

with a source:
OuFuy —ej, = 0. (2.21)

Here, e is the unit of electric charge. Equation (2.21) implies that current
is conserved
Ouju =0 (2.22)

(this equation follows from (2.21) after differentiation with respect to z").
Current conservation in turn leads to gauge invariance of the action (2.20),
if the gauge function decreases rapidly at infinity. Indeed, the action for
the field

A, = A, + 0,
is equal to

S[A'] = S[A] - /d4xejuaﬂo<.

The last integral reduces, when (2.22) is taken into account, to an integral
over an infinitely distant surface in four-dimensional space—time,

/d4xejﬂﬁua = /dZMea(x)ju.
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It is equal to zero for decreasing a(z), so that the action is invariant,

S[A'] = S[A].

Problem 14. Suppose that the current j,, corresponds to two static point
charges, jo(x) = —q16(x — X1) — @26(x — X2). Find the solution of equation
(2.21) (Coulomb law).

Problem 15. Suppose that the current j,, does not depend on time. Find
the energy functional corresponding to the action (2.20). Express it in
terms of electric and magnetic fields E and H.

Problem 16. Using the results obtained in the previous two problems,
find the interaction energy of the two point charges. Show that electric
charges of like sign are mutually repulsive, while parallel electric currents
are mutually attractive.

Problem 17. Solve the previous three problems in d-dimensional space—
time. Consider the cases d =2, d =3 and d > 4 separately.

By analogy with electrodynamics, one can consider the interaction of an
external source with a massive scalar field. The corresponding contribution
to the action will be a Lorentz scalar, if the source is a scalar with respect
to Lorentz transformations, p(z). The overall action is equal to

_ [ a1 2 m? 4
S=[d=zx 2(6'ug0) 5 ¥t d*zpp. (2.23)

Analogously to formulae (2.20) and (2.23), the interaction of the current
Ju with a massive vector field B, is introduced.

Problem 18. Find the field equations for the action (2.23). Solve them
for a static point source p(x) = —qb(x).

Problem 19. Find the energy functional for the theory with the action
(2.23). Calculate the interaction energy of two static point charges q; and
q2, separated by distance r. Do scalar charges of like sign attract or repel
each other? Find an expression for the force.

Problem 20. Find solutions of the previous two problems in d-
dimensional space—time.
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2.7 Interacting fields. Gauge-invariant
interaction in scalar electrodynamics

Until now, we have considered Lagrangians which have been quadratic in
the fields. They lead to linear equations for the fields. Such fields are said
to be free or linear. By field interactions, we mean terms in the Lagrangian
of order higher than quadratic in the fields and, correspondingly, nonlinear
terms in the field equations.

The theory of interacting fields will be invariant under translations
(shifts) in space and in time and under Lorentz transformations, if the
Lagrangian of the interaction is a Lorentz scalar, which does not depend
explicitly on space-time coordinates. The simplest example arises in the
theory of a real scalar field, if for the Lagrangian of the interaction, one
chooses some function of the field, V;(y), such that the action (2.2) is
modified as follows:

5= [dis 507 - V(o). (2.24)

where

m2
Vip) = 7802 + Vi(p).

V7 should contain terms of type 2, ¢, etc.

In quantum field theory, compelling considerations (renormalizability)
favor that V;(¢) should be a polynomial in ¢ of degree at most four in four-
dimensional space—time and at most six in three-dimensional space—time
(in two dimensional space-time there are essentially no restrictions on the
form of V;(y)). Although these restrictions do not arise in classical field
theory, we shall often assume that they are satisfied.

Problem 21. Find the energy functional for the action (2.24). Assuming
that Vi () is a polynomial of finite degree in the fields, find the restrictions
on the coefficients of this polynomial, arising from the requirement that the
energy should be bounded from below. If the energy is bounded from below,
does this require the parameter m? to be non-negative?

To explain the terminology, let us consider a very simple example:

m? a A
Viey=" 2, 83,24
()= 59"+ 39"+ 0
The parameter m is called the mass of the scalar field (when m? > 0; we
shall consider the case m? < 0 later), o and A are interaction constants.
The function V() is called the potential of the scalar field.
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The field equations, following from the action (2.24), are of the form

0u0up + g—g =0. (2.25)
If the amplitude of the field ¢ is small (at each point of space-time),
nonlinear terms in (2.25) can be neglected and we return to the Klein—
Gordon equation. Thus, small perturbations of the field are described by
linear equations with mass m (here, we assume that m? > 0, and that the
potential Vi(p) is chosen in such a way that ¢ = 0 is a configuration of
minimal energy).
Next we consider the case of the interaction of an electromagnetic field
with other fields. This case is of particular interest for everything that
follows. The electromagnetic field equation should have the form

auFuy = e.jl/7 (226)
where the current j, is built up from the fields and is conserved,

Ouju = 0.
For a complex scalar field there is a candidate for the current j,, namely
expression (2.18):

3 = —i(¢"Oup — O™ ).

Thus, one might hypothesize that (2.26) with j, = jF(LO) is one of the
equations of the theory of interacting complex scalar and electromagnetic

fields. We shall see, however, that this approach does not bring success.
Indeed, equation (2.26) is obtained by varying the action

. . 1 ,
S = /d4x [8#90 L — m2p* o — ZFWFW — ey&o)AH (2.27)

with respect to A,,. The presence of the last term (of the interaction) leads
to a modification not only of the electromagnetic field equation but also of

the scalar field equation (since jfLO) depends on ¢ and ¢*). By varying the
action (2.27) with respect to ¢*, we obtain the equation

—0,0,p — m2p + 2ied,pA, + iepd, A, = 0. (2.28)
The conjugate equation is obtained from variation with respect to ¢:
—0,0,0" — ngo* — 2ied @™ A, —iep*0, A, = 0. (2.29)

We see that the current jP(LO) is not conserved if (2.28) and (2.29) are

satisfied. For four-divergence of the current j,go) we have

aujﬁo) = _i(w*aua/ﬁp - ‘Pauamp*)-
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Multiplying (2.28) by (—ip*) and (2.29) by (ip) and subtracting the
equations obtained, we obtain

0,5 = 20, (0" PA,).

The right-hand side of this equation is equal to zero for arbitrary fields
only if e = 0, i.e. if there is no interaction (we note that the field ¢ and its
first derivative 0, are arbitrary, i.e. they cannot be reduced to anything
simpler using the equations of motion (2.28) and (2.29)). Thus, the current
jff’) is not conserved, which contradicts equation (2.26).

In principle, it would be possible to impose the condition 0, (¢*¢@A,) =0
and thereby guarantee conservation of current (this would be analogous to
imposing the condition 0,4, = 0 in the theory of a massive vector field).
However, this condition is highly nonlinear in the fields, and it would be
impossible to recover free electrodynamics and the free massive scalar field
in the weak field limit.

A way out of this situation might be sought by a trial and error approach:
one might try to add terms of higher order in the fields to the current

'(0) In electrodynamics with a scalar field this procedure is quite simple

to realize, by adding a term of type A,p*¢ to the current ]( ) (i.e. by

assuming in equation (2.26) that j, = j,(L )+ constant - AL pe*). We shall

follow a completely different approach, which makes direct use of the gauge-

invariance property. This procedure is notable for the fact that it plays a
key role in the construction of the theory of non-Abelian gauge fields.

Let us require the invariance of the Lagrangian under gauge trans-

formations of the field A, and simultaneously of the field ¢.
pla) — ¢(2)=e"Pop(x)
90* (x) - (P,* 1,) 7za a:)‘p* (SL') (230)

(
Au(z) = AL(x) = Au(x) + 5@()

(the constant e is introduced here for convenience in what follows). The
free electromagnetic field action is invariant under these transformations.
The free complex scalar field action is not invariant (we have invariance
only if o does not depend on the point of space-time). Indeed, consider
the derivative of the field ¢'(z),

O’ (x) = el(@) [0up(x) + i0,a(z)p(x)). (2.31)

If the second term did not exist, we would have invariance of the expression
0" 0up and the free Lagrangian would be invariant. The idea is that,
instead of the usual derivative J,¢, one might use in the Lagrangian
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another object D, which would reduce to d,¢ in the weak field limit,
but would transform uniformly under the transformations (2.30):

(Dyp) =@ D,p. (2.32)

From (2.31), it is clear that the term with d,a can be compensated by
adding a term of the type @A to 0,¢. Thus, we arrive at the expression

D,y =0,p —ieA,p = (0, —ieA,)p. (2.33)

This quantity is called the covariant derivative of the field ¢. Let us verify
equation (2.32). We have

(Due) = 0.9 — ieALgo’
= e"O0up+e“pid,a —ied e — iegauaemap
= emD#(p.
Thus, equation (2.32) is satisfied and (D,¢)* D, ¢ is gauge invariant.

We select an action invariant under the gauge transformations (2.30) in
the form

1
S = /d4a: [—4FWFW + (Dup)* Dy — m*p*p (2.34)

(one might also add to this the self-interaction of the scalar field Vi(¢*)).
Nonlinear (of degree greater than two in the fields) terms in this action
arise due to the term A, in D,¢ and have the structure A,¢*0,¢ and
A A" .

By varying the action (2.34) with respect to the field A
equation (2.26) with current

1 We obtain

Ju = —i(@"Oup — Oup™p) — 2eA 0" p,

which can be written in an explicitly gauge-invariant form

Ju = —il¢"Dyup — (Dup) ). (2.35)

We note that, if the field ¢* is assumed to be independent, then its covariant
derivative will have the form D,¢* = (9, + ieA,)¢* (the sign in front of
ieA,, is dictated by the requirement (D, ¢*)" = e~**D,,¢* and by the sign of
the transformation (2.30)), which coincides with (D,¢)*. In what follows,
we shall not distinguish between (D,¢)* and D, ¢* (since they are the
same).

Let us now find the scalar field equation. Taking variations, as usual,
with respect to ¢*, we have

D,D,p+m*p =0, (2.36)
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where, of course, D, D,, is defined completely analogously to (2.33):
D,D,p = (0, —ieA,)(0, — ieA,)p.

Let us check that, taking into account equation (2.36), the current (2.35)
is conserved. We have

Oudp = —i[0up" Dpp + 9" 0, Dysp — (Dpup)* Opp — 0D puip™ o]
Furthermore

9P ™Dy + 00Dy
O™ Dy +ieA ™Dy + 0" 0Dy —iep* A, D
= DD+ ¢*D,D,p.

This and an analogous equation give

Oy = _i(w*DuDu@ - DMDMO*‘P)-

The expression on the right-hand side is equal to zero, by virtue of the field
equation (2.36) and its conjugate equation. The current j, is conserved,
and the system of equations

0. Fuw = ju (2.37)
D,D,p+m*p = 0 (2.38)

is consistent.

Thus, the requirement of invariance of the Lagrangian under gauge
transformations (2.30) leads to replacement of the conventional derivatives
Ou¢ by the covariant derivatives D, in the action. It turns out that the
current j,, appearing in the field equations (2.37), is automatically gauge
invariant and is conserved, when one takes the field equations (2.38) into
account.

We note that it is instructive to write the transformations (2.30) in the
form

p(z) — ¢(z) = g(x)p(z) (2.39)
Au(w) = AL(2) = Au(@) + 9()0ug ™ (), (2.40)
where g(z) = ) A, = —ieA,. One advantage of this notation is

that g(z) at any point x can be interpreted as an element of the group
U(1), the (multiplicative) group of complex numbers of unit modulus.
The transformation (2.39) looks like a transformation under the action
of a fundamental group representation, whereas g(z)d,g~*(z) at any point
z is an element of the Lie algebra of this group. Generalization of the
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transformations (2.39) and (2.40) to cases of other (non-Abelian) Lie groups
leads to non-Abelian gauge fields, which are the main topic of Chapter 4
and subsequent chapters of the book.

In conclusion, we stress that in the theory of interacting fields, the
Lagrangians contain both terms quadratic in the fields and terms of degree
three, four and higher in the fields. The quadratic terms lead to linear
terms in the field equations, while higher-order terms lead to nonlinear
terms. It is usually impossible to find general solutions of nonlinear
field equations (integrable models form an exception); some physically
interesting solutions, whose existence is mainly due to the nonlinearity
of the equations, will be considered in Part II. The situation is markedly
simplified if one considers waves with a small amplitude at any point of
space—time. In that case the nonlinear terms in the field equations are
small in comparison with the linear terms and may be neglected. Solving
linearized equations is not very difficult, as we have seen in previous
sections. In this part, we shall construct full Lagrangians, and discuss
small excitations. Their properties can be found from the structure of the
linear terms in the field equations or, equivalently, from the quadratic part
of the field Lagrangian.

In quantum theory, small field excitations correspond to (elementary)
particles. Thus, the study of classical fields of small amplitude in a specific
model is at the same time the study of the spectrum of the elementary
particles in that model.

2.8 Noether’s theorem

In the previous sections we have met examples of global invariance of the
Lagrangian (translation invariance in space—time, phase transformations
in complex scalar field theory, etc.). We pointed out that every such
symmetry gives rise to a conserved quantity. This assertion is called
Noether’s theorem. In this section, we present a derivation of Noether’s
theorem for the two most important cases as far as we are concerned:
field transformations which do not affect space—time coordinates, and
translations in space—time. The first type of symmetry corresponds to
conservation of the current vector jj (the index a does not relate to
space-time and takes as many values as there are independent global
transformations)

9,42 = 0, (2.41)

while translations correspond to conservation of the energy—momentum

tensor T},

0, T = 0. (2.42)
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If the fields decrease (rapidly) at spatial infinity, (2.41) leads to charge
conservation (by complete analogy with Section 2.4)

@' = [ dajio)
while (2.42) leads to conservation of energy—momentum

Pr = / 2T (z).

We note that Q¢ are scalars, while P* is a vector with respect to Lorentz
transformations.

Before moving directly to Noether’s theorem, let us discuss the field
equations in quite general form. Let ®! be the full set of fields in the
theory; the index I denotes the whole set of indices, both ‘space—time’
and ‘internal’ indices. (For example, in scalar electrodynamics ® is the
collective notation for A,, Rep, Imyp). We shall consider Lagrangians
containing only the first derivatives of the fields

L=L(®"0,0"). (2.43)
In what follows, it will be convenient to write
0,07 =o'

In order to write down the field equations, let us consider the variation of
the action

§= / L@ (2), 0,8 (2))d 'z,

We have

. oL . OL 7
6Sf/d x [aq)lé(p + aq){ua“(&@ )| -
Here and in what follows, repetition of the index I will be taken to
denote summation.
Integrating the second term by parts and assuming, as always, that the
variations of the field are equal to zero on the boundary of the space—time
volume, we obtain

4 I

From the requirement 6S = 0 we have the field equations

oL oL
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The number of these equations is the same as the number of independent
fields in the theory (i.e. the same as the number of values taken by the
index I).

Let us now move to Noether’s theorem for global transformations which
do not affect space—time coordinates. We shall restrict ourselves to the
class of phase-type transformations:

o' — o = (6" + et)p7 (2.45)
where we consider infinitesimal transformations, ¢® are infinitesimal
parameters of the transformations (independent of the space—time point),
the index a, over which the summation is performed, takes as many values
as there are independent symmetries, and t7 are numerical constants. The
invariance of the Lagrangian under the transformations (2.45) means that

6L =L(D+ 60,8, + 6 ,) — L(®,®,) =0, (2.46)
where
507 = etl o’
60!, = 410,97

Equation (2.46) gives

cf IJ J _

Since the infinitesimal parameters €® are independent, we have

7+ o7 = 0. 24
o1 fa Bq)futa Ou 0 (247)

We now use the field equation (2.44) to write

oL
o (L) o

instead of the first term of (2.47). Thus, two terms in (2.47) are combined
into the total derivative, i.e. we have conservation of current

B,j¢ =0,

where or
@ _ IJ&J
In = Hgr la Q. (2.48)

M
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We note that current is conserved only if the fields satisfy the dynamical
equations (2.44); we also note that the proof of Noether’s theorem at the
same time leads to explicit construction of the current (2.48).

As an example, let us consider a complex scalar field with Lagrangian

L= 0,0 0up — V(e ), (2.49)

where V' is some function of the square of the modulus of the field.
Let us formally assume that ¢ and ¢* are independent, and denote
(p,0*) — ®I, I = 1,2. The Lagrangian (2.49) is invariant under the
phase transformations

¢ — =

QD* N SD*/ _ e_ia@*,
or in infinitesimal form

¢ = (1+ia)e (2.50)
/*

e = (1—ia)p"

Comparing with (2.48) we have (here we have a single parameter o which
plays the role of £%)

— 22 22
Hence the conserved current is immediately constructed

= O 22 iy
Oppu ™ Op, '

Ju

Explicitly, we have
Ju = 1(0pp" ¢ — Ouip”™), (2.51)

which coincides with the current discussed in Section 2.4.

Problem 22. Let us consider the theory of a complex scalar field with
Lagrangian (2.49). Let us introduce two real fields o1 and @s, such that

1 .
Y = \ﬁ(@l +ip2)
v = \ﬁ(%ﬁl —ipa).

1) Write the Lagrangian in terms of the fields p1,92. 2) Write the
transformations (2.50) in terms of the fields ¢1,@2. Find corresponding
constants of the type t' (I,J = 1,2). 3) Construct the current (2.48) in
terms of the fields @1, 2 and show that it agrees with (2.51).
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Problem 23. Construct the Noether current in scalar electrodynamics
with Lagrangian (2.34), using the transformations (2.30), where « does
not depend on the coordinates.

Next let us consider translations

®l (1) — @' (zH) = BT (2 4 M),

where e are four independent parameters of the translations. The
Lagrangian (2.43) does mnot depend explicitly on the space-time
coordinates, hence
’o& N
L(P,@,) = L(z" + "), (2.52)

where, on the right-hand side, the Lagrangian for the field ®(x) is
calculated at the point x* + . To the lowest order in ¢ we have

oL I_v oL I_v
L(®, D) = L@, ,) + ~—0,'e 0,0,0'e

o1 8<I>I

and
L(zH +et) = L(x) + 0, Le".

By virtue of the arbitrariness of ¥, from (2.52) we have

petR 8@1 L 5,0, = ,L.

Again using the field equations (2.44) in order to reduce the left-hand side
to the total derivative, we obtain

9, <8¢Iaq>>_awc,

which is equivalent to the equation

oL .

Thus the energy—momentum tensor can be defined as follows

T = 8?15 0,01 — 61 L. (2.53)

M

It is conserved,

0, TV = 0.
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The integral conservation laws are the law of conservation of the field energy

E= /T0d3 /(55 ! — c) d*z (2.54)

and the law of conservation of the field momentum

R-/I;Od%/(;ﬁacb)

We note that expression (2.54) coincides with that used earlier.
It is useful to make the following remark. Instead of the Noether current
Jpi» one could use an expression of the form

Ji = Jp+0ufi,

where f, is an arbitrary antisymmetric tensor (depending on the fields).
Indeed, by virtue of the identity 0,0, f;, = 0, the current jj is also
conserved. Analogously, instead of the Noether energy—momentum tensor
(2.53) one could use an expression

TH = TF 4+ 05, (2.55)

where Q* is an antisymmetric tensor with respect to the indices y, A.
Generally speaking, the tensor (2.53) is not symmetric in the indices
v; TH # TV, However, using the above remark, Q#* can be chosen in

such a way that the conserved tensor T is symmetric in the indices j, v

Problem 24. Find the Noether and the symmetric energy—momentum
tensors in the theory of a free electromagnetic field. Which of these can be
expressed in terms of the field strength F,, ?

Problem 25. Using the invariance of the Lagrangian of the scalar
field under spatial rotations, find an expression for conserved angular
momentum of the field.

Problem 26. The previous problem, but for a free electromagnetic field.

A symmetric energy-momentum tensor can be obtained using the
following technique. Let us introduce the space-time metric g"” into
the action, assuming it to be arbitrary, but slightly different from the
Minkowski metric. Let us write the action, invariant under general
coordinate transformations, in the form

S = /d4m\/7—g£(g“",8u¢>1,(1>1),
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where g = det g, guag® = ¢;,. For example, the action of a scalar field
with potential V' (¢) in space—time with the metric g** has the form

5= [ dev=a (507000 - V). (2.56)

while the action of a free electromagnetic field is equal to

1
§=—3 / Ao/ =g(g" " Fouy Fr,), (2.57)

where F,,, = 0,A, — 0,A,. We note that here we distinguish between
superscripts and subscripts and use only the derivative

0

dah

Oy

)

while for the independent variables of the electromagnetism we choose the
potentials A,. In the general case the energy-momentum tensor is obtained
by differentiating the density of the action with respect to the metric:

;_ O/gL)

uy — 6‘9“” )

where the metric ¢g"” is set equal to the Minkowski metric after
differentiation (the fields ®, of course are not differentiated with respect to
the metric). The tensor T,“, is clearly symmetric with respect to the indices
u, v. More precisely, the above relation is written in the form (taking into
account the symmetry of the tensor g#")

1

/\/—gTwég“”d‘lx7 (2.58)
where §gH¥ are small deviations from the Minkowski metric.

Problem 27. Obtain an explicit expression for T, from (2.58) for the
theory of a scalar field with the action (2.56). Show that in this case the
metric energy—momentum tensor coincides with that of Noether.

Problem 28. Obtain an explicit expression for the metric energy—
momentum tensor (2.58) in electrodynamics with the action (2.57).
Compare with known expressions.

Problem 29. Show, in general form, that the metric energy—momentum
tensor (2.58) is conserved.



Chapter 3

Elements of the Theory of
Lie Groups and Algebras

3.1 Groups

A group is a set G in which a multiplication operation with the following
properties is defined:

1. associativity: for all a,b,c € G, (ab)c = a(be);
2. existence of a unit element e € G, such that for alla € G, ae = ea = q;

3. existence of an inverse element a~! € G for each a € G such that
1 1

a a=aa - =e.
If the multiplication operation is commutative (i.e. ab = ba for all a,b €
G), the group is said to be Abelian, otherwise it is non-Abelian.
Groups G and G are isomorphic if there exists a bijective mapping
f : Gy — G4 consistent with the multiplication operations

florg2) = o) f(g2), flg™") =[f(@] "

In what follows, we shall write group isomorphisms as G; = G2 and we
shall often not distinguish between isomorphic groups.

A subgroup H of a group G is a subset H of GG, which is itself a group
with respect to the multiplication operation defined in G. In other words,
for h, hi, he € G, the product h;hs and the inverse element h~! are defined;
hiho and h~! are required to be elements of the set H, if h, hy, hy € H.

Let us give some examples.

33
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1. The group U(1) is the set of complex numbers z with modulus equal
to unity, |z| = 1. Multiplication in U(1) is the multiplication of
complex numbers (since for |z;| = |z3] = 1 we have |z125] = 1,
multiplication is indeed an operation in U(1)). The unit element
is 2 = 1 and the inverse element to z € U(1) is 27! (27! € U(1),
since |z71| =1 for |z| = 1).

2. The group Z, is the set of integers modulo n, i.e. integers k and
(k+n) are identified (in other words, the set Z,, consists of n integers
0,1,...,(n—1)). Multiplication in Z, is defined as addition of integers
modulo n; in other words, if 0 <k <n—1,0 < ky <n—1, then

k1+k2 for(k1+k2)§n—1

(k1 + k2) (mOdn):{k1+k2—n for (ky + k2) >n —1.

Subtraction modulo n is defined analogously. We note that addition
modulo n is commutative. The unit element in Z, is k = 0, the
inverse to the element k is equal to

_Jo for k=0
(=k) (mOdn){nk for0 <k <n-—1.

Problem 1. Show that the group Z, is isomorphic to the group of nth
roots of unity, i.e. the group consisting of all complexr numbers z such that
2™ =1 (group multiplication is multiplication of complex numbers). Thus,
Zyn is a subgroup of the group U(1).

3. The group GL(n,C) is the set of complex n x n matrices with a
non-zero determinant. Multiplication in GL(n,C) is matrix multi-
plication; the unit element is the unit nxn matrix, the inverse element
to M € GL(n,C) is the inverse matrix M1 (which always exists
because det M # 0 by the definition of the group GL(n,C)).

Problem 2. Describe the group GL(1,C).

The groups U(1),Z, and GL(1,C) are Abelian groups, the groups
GL(n,C) with n > 2 are non-Abelian.

The groups in the following examples are subgroups of the group
GL(n,C). In other words, we are dealing with n X n matrices and the
multiplication operation is matrix multiplication.

4. The group GL(n,R) is the group of real matrices with non-zero
determinant.

5. The group U(n) is the group of unitary n X n matrices, i.e. such that

Ut =1 (3.1)
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(we shall write the unit n X n matrix simply as 1; this is the matrix
on the right-hand side of (3.1)). In order to see that U(n) is indeed a
group, we shall show that U;Us and U~! are unitary if U, Us, U are
unitary. We have

(U Uo) Y (hUy) = USUT U U, = 1
U HtwhH =vut =1,

as required. We note that it follows from (3.1) that
|det U|> = det UdetUT =1,
ie. |detU| =1 for all U € U(n).

6. The group SU(n) is the group of unitary matrices with unit
determinant (SU(n) is evidently a subgroup of U(n)). The fact that
the group operations (matrix multiplication and inversion) are closed
in SU(n) (i.e. SU(n) is indeed a group) follows from the equations

det (U1U2) = det U1 det U2 =1
detU™! = (detU)~! =1,

when det U; = det Uy =detU = 1.

7. The group O(n) is the group of real orthogonal matrices, i.e. such
that
oTo=1. (3.2)

O(n) is clearly a subgroup of GL(n, R) and also of U(n). We note
that it follows from (3.2) that det O = £1, since

det OTO = det 0T det O = (det 0)* = 1.

Thus, the group O(n) divides into two disjoint subsets (det O = +1
and det O = —1).

8. The group SO(n) is the subgroup of the group O(n) consisting of the
matrices O with det O = +1.
We note that the subset of O(n) consisting of matrices with det O =
—1 is not a subgroup of O(n). Indeed, if detO; = det Oy = —1,
then det (O103) = +1, i.e. this subset is not closed under matrix
multiplication.

Let us continue with definitions which will be useful in the sequel. The
center of a group G is the subset of G consisting of all elements w € G,
which commute with all elements of the group, i.e. such that for all g € G

wg = gw. (3.3)
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The center of the group W C G is a subgroup of G. Indeed, for wy,wy € W,
we have

(wiwz)g = wi(w2g9) = wigws = g(wiws),

so that wywy € W. Multiplying (3.3) by w~! on the left and on the right,
we obtain

gw Tt =wg,

so that the set W is closed under group operations.

Problem 3. Describe the center of the group SU(n) and show that it is
isomorphic to Z,.

Problem 4. Show that the center of the group GL(n,C) consists of
matrices of the form A\-1, where X\ is an arbitrary, non-zero complex number
and 1 is the unit n X n matriz (the non-trivial part of the problem is to
show that all matrices which commute with any matriz in GL(n,C) are
multiples of unity).

The direct product G1 x Go of the groups G; and G is the set of pairs
{g,h} where g € G; and h € G2, in which the multiplication operation and
the inverse element take the form

{g,hH{g 0"} = {gg',hh'}
{g.h}" = {97 '},

the unit element is the pair {e1, e2} where e; and ey are the unit elements
in G; and G, respectively. Thus, G; X G2 is a group. We note that Gy
is a subgroup of the group GG; X G3; more precisely, G; is isomorphic to
the subgroup of the group G; x G4, consisting of the elements of the form
{g, €2} for g € G1.

This definition is useful because, if one succeeds in identifying that some
group G is a direct product of two other groups G; and Gs, then properties
of the group G can be determined by studying the properties of the groups
G1 and G5 individually.

A group homomorphism is a mapping f from a group G to a group G’,
consistent with the multiplication operations, i.e. for all g, ¢1,¢92 € G

f(g192) = f(g1)f(g2)

(the product g1gs is given in the sense of multiplication in G, while the
product f(g1)f(g2) is given in the sense of multiplication in G’),

fle)y=¢
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(e, €’ are the units of G, G, respectively)

flahH =1flg)]™"

(the inverse elements on the left- and right-hand sides of the equation are
taken in the sense of the groups G and G, respectively).
Here are some examples of homomorphisms.

1. A homomorphism from SU(2) to SU(3) under which the 2 x 2 matrix
g (g € SU(2)) is mapped to the 3 X 3 matrix of the form

0
9 0

0 0 1

; (34)

which clearly belongs to the group SU(3).

2. The homomorphism from the group G; X G2 to the group G; under
which the element {g, h} is mapped to g € G;.

Suppose f is a homomorphism from G to G’. The set of all elements
of G’ which can be represented in the form f(g) for some g € G is called
the image of the homomorphism, Im f. The set of elements g € G such
that f(g) = €’ is called the kernel of the homomorphism, Ker f. In the first
example, Im f is the set of all matrices of the form (3.4), and Ker f is the
unit 2 X 2 matrix. In the second example, Im f = G, while Ker f is the
set of elements of the form {e, h}, where h is arbitrary (i.e. Ker f = G3).

Problem 5. Show that Im f is a subgroup of G' (f is a homomorphism
from G to G'). Show that Ker f is a subgroup of G.

Let us now introduce the concept of the (right) coset space, G/H of a
group G by its subgroup H. Let H be a subgroup of a group G. Let us
define equivalence in G: we shall say that g; is equivalent to g (g1 ~ g2)
if g1 = goh for some h € H. We recall that the following properties are
required for an equivalence relation: 1) if g1 ~ g¢o, then go ~ g1; 2) if
g1 ~ g2 and go ~ g3, then g1 ~ g3. In our case, these properties are easy
to verify: 1) if gy = goh, then go = g1h~ %, ie. g2 ~ g1, since h™! € H;
2) if g1 = gohi2, g2 = g3has, then g1 = g3(hashi2), and g1 ~ g3 since
hoshio € H.

This equivalence relation allows us to divide the set G into disjoint sets
(cosets): a coset consists of elements of G which are all equivalent to one
another. We note that the coset containing the unit element e € G is the
subgroup H itself.

The set of cosets is called the (right) coset space G/H.

Another definition of equivalence is possible: g1 ~ g- if g1 = hgs for some
h € H. This is used to construct the left coset space, which is sometimes
denoted by G\ H.
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Problem 6. Take the subgroup isomorphic to SO(2) in the group SO(3)
to be the group of matrices of the form

0
90|, geso@).
00 1

Show that there is a one-to-one correspondence between the coset space of
SO(3) by this subgroup and the two-dimensional sphere

SO(3)/S0(2) = S2.

The coset space G/H is closely related to homogeneous spaces. A set A
is said to be a homogeneous space with respect to the group G if the group
G acts transitively on A, i.e. to each g € G there corresponds an invertible
mapping of the space A to itself, such that

Here, the operation F' is required to be consistent with the group op-
erations, i.e.

F(gig2)a = F(g1)F(g2)a
Fle)Ja = a (3.5)
Fg™ha = [F(9)] "a,

where F~! is a mapping from A to A which is the inverse of the mapping
F; a is an arbitrary element of A; g, g1, ge are arbitrary elements of the
group G. In addition, it is required that for any pair a,a’ € A, there exists
g € G such that

(transitivity of the group action).
The stationary subgroup H for the element ag € A consists of all elements
h € G which leave ag unchanged:

F(h)ao = ag-

The fact that this set is a subgroup can be checked using (3.5); for example,
if h1,ho € H, then

F(hlhg)ao = F(hl)F(hg)ao = F(hl)ao = aop,

i.e. hihy € H.
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For a homogeneous space the stationary subgroups for all elements a € A
are the same. Indeed, suppose Hy and H; are stationary subgroups for the
elements ag and ap, respectively. Take g € G such that

a)p = F(g)ao.
Then an isomorphism of the subgroups Hy and H; is given by the mapping
h = ghg™t, (3.6)

where h is any element of Hy. First, we check that b’ € Hy, i.e. F(h')a; =
a1. We have

F(h')ay = F(ghg~")F(g)ao = F(g)F(h)F(g " g)ao
= F(g)F(h)ag = F(g)ao = a1,

as required. The correspondence (3.6) is clearly one-to-one: the inverse
mapping is given by the formula

h=gth'g.

Finally, the mapping (3.6) is consistent with the group operations, for
example, if hq, ho € H, then

ghihag™' = gh1g™'ghag™" = R hb,

where R} , = ghi 29"

Problem 7. We define the action of the group SO(3) on the two-
dimensional sphere S? as follows. Let g be a matriz of SO(3) and @ a (unit)
vector with components a;, i = 1,2,3. Every such vector corresponds to a
point on the unit two-dimensional sphere in three-dimensional Fuclidean
space. Define F(g)d to be the vector b with components b; = g;ja;. Since
gTg =1, we have b = @2, i.e. the action of F(g) takes the sphere to the
sphere. Show that SO(3) acts transitively on S?, and that the stationary
subgroup of any point of the sphere S? is equal to SO(2).

If the group G acts transitively on the space A (i.e. A is a homogeneous
space under G) then there is an isomorphism

A=G/H, (3.7)

where H is the stationary subgroup of any element of the space A.
Indeed, let ag be some element of A, with H its stationary subgroup.
Let us define the element aj € A which corresponds to the coset k € G/H,
as follows
ax = Flg)ao, (3.8)
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where gy, is a representative of the coset k. The element a; does not depend
on the choice of representative g: if g;, = grh is another representative of
the coset k, then F(g))ao = F(gx)F(h)ag = F(gr)ao. Thus, the mapping
(3.8) is indeed a mapping from G/H to A. Let us check that it is one-to-
one. Let a be some element of A. It is always possible to find some g € G
such that a = F(g)ag. It belongs to some coset k € G/H. We show that
if F(g)ap = F(g’)ao, then g and ¢’ belong to the same coset (which proves
the invertibility of the mapping (3.8)). From F(g)ag = F(g¢')ap we have
the equation

F(g~")F(g")ao = ao,

which means that g~'¢’ € H, i.e. g !¢’ = h, where h € H. Hence, ¢’ = gh
and, consequently, ¢’ and g belong to the same coset.

Hlustrations of equation (3.7) are provided by assertions formulated in
the following two problems.

Problem 8. Show that SO(n)/SO(n — 1) = S™, where S™ is the n-
dimensional sphere. Here, the embedding of SO(n — 1) in SO(n) is given
by

(SO(’S‘ 1) (1)) c SO(m).

Problem 9. Show that SU(n)/SU(n—1) = S?", where the embedding of
SU(n —1) in SU(n) is defined analogously to in the previous problem.

The subgroup H of the group G is said to be a normal subgroup of the
group G if for all h € H and all g € G

ghg~' € H.

If H is a normal subgroup, then K = G/H is a group. Indeed, we construct
the multiplication operation in K as follows. Let k1, ko € K, where k; and
ko are cosets, and choose representatives of these, g1 € k1, g2 € ko. Then
k1ks is the coset which contains the element gigo of the group G. The
unit e, € K is the equivalence class which contains the unit element of the
group G (observe that, from the definition of the coset space, it follows that
er = H), and k! is the coset containing g—!, where g is a representative
of the coset k.

For these operations indeed to be operations in K, it is required that the
result of their actions should not depend on the choice of representatives
in the cosets. Let us verify this for the multiplication operation. Suppose
91,91 € k1, g2, 95 € ko are two sets of representatives, such that

gy = g1h1, g5 = g2ha,
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where hq, ho € H. We check that g} g, = g1g2h for some h € H. We have

9195 = gih1g2ha = 919295 'h1gaha.

But g;lhng € H, and so (gglhlgg)hg also belongs to H, as required.

Problem 10. Let G = Gy X Ga. Show that G2 is a normal subgroup of
the group G, and

Gy = G/Gh.

Problem 11. Show that the subgroup U(1) of the group U(n), consisting
of matrices which are multiples of unity, is a normal subgroup of the group
U(n).

Problem 12. Show that the center of any group is a normal subgroup of
that group.

Problem 13. Show that
Un)/UQ1) = SU(n)/Zy,

where Z,, is the center of the group SU(n).

3.2 Lie groups and algebras

For simplicity in what follows, we shall consider matrix groups whose
elements are matrices (in other words, we shall consider subgroups of the
group GL(n,C)); although the notions expounded here are of a general
nature, they are most easily formulated for matrix groups.

In the space of n x n matrices the notion of neighborhood (topology)
is introduced in a natural way: two matrices are said to be nearby if all
their elements are nearby. We also introduce the differentiation of a family
of matrices M (t) with respect to a real parameter ¢: the elements of the
matrix (41);; are the derivatives 2 M;;(t) of the matrix elements M;;(t).
Generally, the space of all complex n X n matrices can be viewed as a
2n%-dimensional (real) Euclidean space R2"2, whose coordinates are the
2n? matrix elements Re M;; and Im M;;. Smooth families of matrices are
surfaces (manifolds) embedded in this Euclidean space. For example, a
smooth family of matrices M (t), depending on a real parameter ¢, is a
curve in R2"2, and % corresponds to the tangent vector to this curve.
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Smooth (matrix) groups are groups which are smooth manifolds! in the
space R2"” described above. These groups are called Lie groups.

The simplest non-trivial example of a Lie group is the group U(1).
It can also be understood as a matrix group by considering complex
numbers as 1 x 1 matrices. The group U(1) is a circle in the complex
plane (in the two-dimensional real space of 1 x 1 matrices). The groups
U(n),SU(n),0(n), SO(n) are also Lie groups.

Two manifolds are said to be homeomorphic if there exists a smooth
one-to-one mapping from one to the other.?2 For example, an ellipsoid is
homeomorphic to a sphere, but a torus and a sphere are not homeomorphic.

Problem 14. Show that the group SU(2) is homeomorphic to the three-
dimensional sphere S3.

For each point of a (curved) manifold of dimension k in 2n2?-dimensional
Euclidean space, one can define the tangent space to the manifold at that
point: this is a real vector space of dimension k consisting of vectors tangent
to the manifold at the given point.

The tangent space for a Lie group at the unit element is the Lie algebra
of that Lie group (the unit element of the group; the unit matrix is a point
of the group manifold). In other words, any curve g(t) in the Lie group G
is represented near unity in the form

g(t) =14 At + O(t%), (3.9)

where unity is the unit matrix, addition is matrix addition and A belongs
to the Lie algebra of the group G. In what follows, the Lie algebra of the
group G will be denoted by AG.

Equation (3.9) can be viewed as a definition of the algebra AG: its
elements are all matrices A, such that (3.9) is a curve in G near unity. Let
us check that the algebra AG is a real vector space. If A € AG corresponds
to the curve g(t), then the curve ¢'(t) = g(ct), where c¢ is a real number,
corresponds to the element cA (because, ¢'(t) = 1+ (cA)t + O(t?)). If
A1, Ay € AG correspond to the curves g1(t), g2(t) in the group, then the
curve

g"(t) = g1(t)g2(t)
corresponds to the sum (A; + As), since

gt =Q+ At 4+ )1+ At + ) = 1+ (A; + A2)t + O(?).

1Here and in what follows, we shall not refine the notion of smoothness. For example,
we shall not encounter continuous manifolds which are not infinitely differentiable.

2Again, we shall not distinguish between homeomorphism (continuous but not
necessarily differentiable mapping) and diffeomorphism.
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Thus, the product of an element of AG by a real number and the sum of
two elements of AG are also elements of the Lie algebra AG, i.e. A is a real
vector space.

One more operation, commutation, is defined in a Lie algebra: the
matrix [A;, As] = A1 Ay — Ao A; belongs to the algebra AG, if A;, Ay € AG.
Indeed, if

gl(t):1+A1t+-~-, gQ(t):1+A2(t)+"'

then the curve

9(t) = 91(©)g2(&) g1 ()95 (6),

where ¢ = /1, corresponds to the matrix [A;, As]. To verify this with
accuracy up to and including ¢ = £2, we write,

g(t) = (1+ Are + a1 €%) (1 4 Ao€ + 2€?) (1 — A€ — Br1€%) (1 — A€ — B2€?),
(3.10)

where B12 = o190 — Aig (so that the matrix (1 — A;& — 31£2) is the inverse
to the matrix (1 + A€ + a1€2) with accuracy up to and including £2).
Collecting terms in (3.10), we obtain

g(t) =1+ [4A1, 42)€* + O(&?),
so that to linear order in ¢,
g(t) =1+ [Aq, Aslt.

Thus, in a Lie algebra, in addition to multiplication by a number and
addition, commutation is also defined.
Let us describe the Lie algebras of certain groups.

1. The U(n) algebra (we shall sometimes denote specific groups and
their algebras in the same way, provided this does not lead to
confusion). Unitary matrices close to unity must have the property

(14 At +O0(?))(1 + ATt + O(t%)) = 1.
Therefore
Al = —A,

i.e. the Lie algebra of the group U(n) is the algebra of all anti-
Hermitian matrices.
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Problem 15. Check explicitly that addition, multiplication by a number
and commutation are defined in the set of anti-Hermitian matrices.

2. The SU(n) algebra. In addition to unitarity, the matrices of SU(n)
close to unity must satisfy the property

det (14 At + O(t?)) = 1.

Since, for small ¢, det (1 + At) = 1 + (Tr A)t + O(?), we have the
condition

TrA=0.

The SU(n) algebra is the algebra of all anti-Hermitian matrices with
zero trace.

3. The SO(n) algebra. This is the algebra of all real matrices satisfying
the condition

AT = —A

(in other words, the matrices of the SO(n) algebra are real
antisymmetric matrices).

Problem 16. Check that the operations of a Lie algebra (addition,
multiplication by a real number and commutation) are closed in (a) the set
of anti-Hermitian matrices with zero trace; (b) the set of real antisymmetric
matrices.

Since every anti-Hermitian matrix can be represented in the form iA4,
where A is an Hermitian matrix, the SU(n) algebra in physics is often
defined as the algebra of Hermitian matrices with zero trace, and elements
of the group SU(n) near unity are written in the form

g=1+iAt+O(t?).

Problem 17. Describe the Lie algebras of the groups GL(n,C) and
GL(n, R).

Two Lie algebras are isomorphic if there exists a one-to-one corre-
spondence between them which preserves addition, multiplication by a real
number and commutation.

Problem 18. Show that the Lie algebras of SU(2) and SO(3) are
isomorphic. Show that the relation between the groups is SU(2)/Zy =
SO(3), where Zy is the center of the group SU(2). Thus, although locally
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(close to unity) the groups SU(2) and SO(3) are the same, on the whole
(globally), they are different.

The dimension of the vector space, which is a Lie algebra, is called the
dimension of the algebra. It is equal to the dimension of the group manifold
for the corresponding group. Let us find the dimension of the SU(n)
algebra. Arbitrary n x n matrices are characterized by 2n? parameters.
In the SU(n) algebra, n? linear conditions are imposed upon them:

At=—-A

(this is a matrix condition, i.e. 2n? conditions, however, only half of them
are independent, since from A;; = —A7; we have the complex conjugate
condition A7; = —A;;). In addition, another linear condition is imposed:

TrA=0
(this is a single condition, since, from AT = —A it follows that all diagonal

elements are imaginary). Thus, the dimension of the SU(n) algebra is
equal to (n? —1).

Problem 19. Show that the dimension of the SO(n) algebra is equal to

n(n—1)/2.
In a Lie algebra, as in a vector space, one can choose a basis. The
elements of this basis are k matrices T; (i = 1,...,k; where k is the

dimension of the algebra), called the generators of the Lie algebra and
of the corresponding Lie group. Since the commutator [T;,T;] belongs to
the algebra, it decomposes in terms of generators, i.e.

(T3, T;] = CijiTr,

where Cjj), are antisymmetric in the first two indices and real. The Cjj i,
are called the structure constants of the algebra, or, which amounts to the
same thing, the structure constants of the group. Their values, of course,
depend on the choice of basis.

For example, in the space of anti-Hermitian 2 x 2 matrices, one can

choose a basis in the form T; = —57;, where the 7; are Pauli matrices

0 1 0 —i 10
() 2= 0) e )

The structure constants of the SU(2) algebra are obtained from the
equations

[Ti, Tj] = 2i5ijk7k
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and are equal to €;;5. However, the SU(2) algebra in physics is often
defined as the algebra of Hermitian 2 x 2 matrices; the generators (the
basis in this algebra) are chosen in the form

1
Ty =7
2

Here, the structure constants are purely imaginary and the commutation
relation for generators takes the form

(T3, T;) = icijiTk.

The generators of the SU(3) algebra (in physics, this is also defined as
the algebra of Hermitian matrices with zero trace) are chosen in the form

T, = %)\a, a=1,2,...,8, where the A\, are the Gell-Mann matrices
010 0 — O 1 0 0
AMM=1|1 0 O0f, X=1[|% 0 0], X=[0 -1 0],
0 0 0 0 0 O 0 0 0
0 0 1 0 0 —i
M=1[0 0 O, A=1[]0 0 0],
1 00 i 0 0
0 0 0 0 0
=10 0 1|, XA=1]0 0 —¢],
0 10 0 ¢+ O
1 1 0 O
d=—10 1 0
V3 0 0 -2

Problem 20. Show that these generators of the group SU(3) are linearly
independent.

Problem 21. Calculate the structure constants of the group SU(3) in
the Gell-Mann basis (as mentioned earlier, the structure constants of the
group and the algebra are the same).

A Lie subalgebra of a Lie algebra is a real vector space in A, which is
closed under the operation of commutation (i.e. it is itself a Lie algebra).
For example, one subalgebra in the SU(3) algebra is the set of matrices of
the form

0
A 0],

0 0 0

where A is a 2 X 2 matrix in the SU(2) algebra. This subalgebra is clearly
isomorphic to the SU(2) algebra.



3.2 Lie groups and algebras 47

Problem 22. Let H be a Lie subgroup of the Lie group G. Considering H
as a Lie group, construct its Lie algebra AH. Show that AH is a subalgebra
in AG.

Let A and B be two Lie algebras of dimensions N4 and Npg, respectively;
T, ... ,TJGA a full set of generators of the algebra A; TP, ... ,TﬁB a full
set of generators of the algebra B. We shall assume that the elements of
the algebra A are ny X n4 matrices, and that the elements of the algebra
B are np X np matrices. We construct the set of (N4 + Np) matrices of
dimension (ng +np) X (na+mnpg) such that the first N4 matrices have the

form
TiA Onaxng .
(O , 1=1,...,Nyu,

npXna OnBXnB

where Op,«; is the zero k x [ matrix. We choose the remaining N matrices
in the form

OnAXnA OnAXTLB
., g=1,...,Ng.
(OHBXHA TqB q B

The real vector space in which this set of (N4 + Np) matrices forms a
basis is called the direct sum of the algebras A and B and is denoted by
(A + B). Clearly, the study of the direct sum of two Lie algebras reduces
to the study of each algebra individually.

Problem 23. Let G = G x Gy be the direct product of the Lie groups
G1 and G2. Show that the Lie algebra of the group G is isomorphic to the
direct sum of the Lie algebras of the groups G1 and G4 defined above, i.e.

AG = AG, + AG,.

The Lie subalgebra C' in the Lie algebra A is said to be an invariant
subalgebra (or ideal), if for all ¢ € C and a € A,

[c,a] € C.

Problem 24. Let the subgroup H be a normal subgroup in the Lie group
G. Show that the Lie algebra of the group H is an invariant subalgebra in
the Lie algebra G.

Thus, it is convenient to study local (and only local) properties of Lie
groups by considering the corresponding Lie algebras. The main concepts of
group theory have analogies in the theory of Lie algebras. At the same time,
Lie algebras are relatively simple objects, since they are vector (linear)
spaces.
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3.3 Representations of Lie groups and Lie
algebras

A representation T of a group G in a linear space V is a mapping under
which each element g € G is mapped to an invertible linear operator T'(g),
acting on V; this mapping must be consistent with the group operations,
so that the unit element of the group G is mapped to the unit operator
and the following equations are satisfied:

T(g192) = T(91)T(g2) (3.11)
T(g~") = [T(9) "

Correspondingly, a representation T of the Lie algebra AG in the space V
is a mapping under which each element A € AG is mapped to a linear
operator T'(A), where this mapping is consistent with the operations in the
algebra AG, i.e.

T(A+B) = T(A)+T(B)
T(ad) = oT(A) (3.12)
T([A,B]) = [I'(4),T(B)]

for all A, B € AG and any real number «. Here, the commutator of two
operators acting on V' is, as usual,

[T(A), T(B)] = T(A)T(B) = T(B)T(A).

If T(G) is a representation of the Lie group G in the space V, then it
can be used to construct a representation T(AG) of the corresponding Lie
algebra AG in the space V, according to the formula

T(1+cA) =1+ eT(A), (3.13)

where ¢ is a small parameter. On the left-hand side T'(1 4+ cA) is an
operator corresponding to the element (1 + ¢A) € G which is close to
the unit element of the group; on the right-hand side T'(A) is the operator
corresponding to the element of the algebra A € AG for the representation
T(AG). We remark that not every representation of an algebra is generated
by a representation of the group (see problem below).

Problem 25. Check that the mapping of the algebra AG to the set
of linear operators acting on V, defined by equation (3.13) is indeed a
representation of the algebra AG, i.e. the properties (3.12) are satisfied.

If V is a real vector space (i.e. only multiplication of vectors by a real
number is defined in V'), then a representation of a Lie group or algebra in
it is said to be a real representation.



3.3 Representations of Lie groups and Lie algebras 49

If T(g) is a unitary operator for all g € G, then the representation of the
group is said to be a unitary representation. For a unitary representation
of a group, the representation of the corresponding Lie algebra defined by
formula (3.13) consists of anti-Hermitian operators,

[T(A)]' = ~T(4)

for all A € AG.

Let us fix a basis e; in V. If T(g) is the operator corresponding to the
element g € G for the group representation T'(G), then its action takes e;
to some vector of V which can again be decomposed with respect to the
basis e;, so that

T(g)e; = Tji(g)e;- (3.14)
Thus, for a fixed basis, every element g € G is mapped to a matrix
Tji(g). For a real representation the matrices Tj;(g) are real, for a unitary
representation the Tj;(g) are unitary matrices. The matrix T};(g) has
dimension n x n, where n is the dimension of the space V' (and has nothing
in common with the dimension of the group G). Any vector ) € V can be
represented in the form of a decomposition with respect to the basis e;,

Y = 1pie,
where the 1; are the components of the vector (numbers). Then
T(9)y = vi(T(g)ei) = »iTjie;.
Thus, the components of the vector T'(g)y are equal to
(T(9)¥)i = Ti(9)¥;- (3.15)

This relation explains the somewhat unusual choice of the order of the
indices in (3.14).
From equation (3.15) it follows that

Tij(9192) = Tix(91)Tk;(g2) (3.16)
Tij(e) = bij (3.17)
Tii(97") = [T(9));" (3.18)

i.e. a product of elements of the group corresponds to a product of matrices,
the unit element to the unit matrix, and the inverse element to the inverse
matrix. Indeed, for all ¢, we have

(T'(g192)¢)i = Tij(9192);-
On the other hand,

[T(9192)¢)i = [T(91)T (92)¢]i = Tir(91)[T(92)¢lk = Tin(91)Tk;j(g2)5,
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which, by virtue of the arbitrariness of v, proves the equality (3.16).
Properties (3.17) and (3.18) are proved analogously. We note that
equations (3.16)—(3.18) could be used as the basis for the definition of a
representation.
Representations of groups (or algebras) T(G) and T"(G) on the same
space V are said to be equivalent if there exists an invertible operator S,
acting on V, such that

T'(9) = ST(9)S™"

for all g € G.
Let W be a linear subspace in V. It is said to be an invariant subspace
of the representation T'(G) acting on V if for all ¢ € W and g € G,

T(g)p € W,

i.e. the action of any operator T'(g) does not lead out of the subspace
W. The trivial invariant subspaces are the space V itself and the space
consisting of the zero vector alone. The representation T'(G) is said to be
an irreducible representation of the group G on V if there are no non-trivial
invariant subspaces.

We now present examples of representations of Lie groups which are
important for what follows.

1. The fundamental representation

Let G be a Lie group consisting of n x n matrices (for example, SU(n) or
SO(n)), and V an n-dimensional space of columns

U1
p=11:1. (3.19)
Un
The fundamental representation T'(g) acts on this space V' as follows:
(T(9)b)i = gij ;-

Another definition is possible: let V' be an n-dimensional space, e; a
basis in V; then the action of the operator T'(g) on the vector e; is of the
form

T(g)e; = gji€j.

Problem 26. Show that these definitions are equivalent.
We note that for the groups SU(n) the fundamental representation is
complex, while for the groups SO(n) it is real.
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Problem 27. Show that the fundamental representations of the groups
SU(n) and SO(n) are irreducible.

2. Representation conjugate to the fundamental representation

This is a representation of a group of n x n matrices on an n-dimensional
space of columns (3.19), defined by the equation

(T(9)V)i = gi5v;-

Equivalent definition: the conjugate of the fundamental representation is
the representation on the space of rows ¢ = (1, ..., d,) such that

(T(9)d); = bigl;-

Problem 28. Show that the fundamental representation of the group
SU(2) is equivalent to its conjugate.

The fundamental representation of a Lie algebra AG and the conjugate
of the fundamental representation of the algebra are defined analogously.

Problem 29. As previously mentioned, the SU(2) and SO(3) algebras
are isomorphic. Let T be the fundamental representation of the SU(2)
algebra. This corresponds to some representation of the SO(3) algebra, to
be denoted by T. Show that no representation of the group SO(3) generates
the representation T of the SO(3) algebra according to formula (3.13).

3. The adjoint representation Ad (G) of the Lie group G

Let AG be the Lie algebra of the group G; we shall suppose that both the
group G and the algebra AG consist of n X n matrices. The algebra AG
is a real vector space, which is also the space of the adjoint representation.
We define the action of the linear operator Ad (g), corresponding to the
element g € G, on a matrix A € AG as follows:

Ad(g)A=gAg".

For this to be a representation, the essential requirement is that gAg~!
should be an element of the algebra AG for all A € AG and g € G. To see

this, we construct a curve in the group G of the form

h(t) = gga(t)g™,

where ga(t) =1+ tA+ .- is the curve defining the element A € AG. We
have h(0) =1 and

h(t) =1+ tAn+ -,



52 Theory of Lie Groups and Algebras
where Aj, is some element of the algebra AG. On the other hand,
h(t) =1+4tgAg™ " +---,

so that gAg~! = A, € AG, as required.
The properties (3.11) are easily checked; for example,

Ad(g192)A = (9192)A(g192) "
= 9192495 97" = g1(92495 g "
= Ad (91) Ad (gz)A

(as always, Ad (g1) Ad (g2) is understood as the consecutive action of first
the operator Ad (g2) and then the operator Ad (g1)).

From formula (3.13) it follows that the adjoint representation of a Lie
algebra is such that the element B € AG is mapped to the operator ad (B)
acting on elements A of AG (the space of the representation) as follows:

ad (B)A = [B, A]. (3.20)
Indeed, if g =1 4 eB, then
Ad(g)A=(14+eB)A(1 —eB) = A+¢[B, 4],
which, together with equation (3.13), which in this case has the form
Ad(g)A = A+cad(B)A,

leads to (3.20).

The matrices of the adjoint representation of a Lie algebra coincide
with the structure constants. Indeed, by the definition of a matrix of a
representation

ad (t:)t; = Tty

where ¢; are generators (basis elements) in AG, and T,S.) is the matrix of
the linear operator corresponding to the generator ¢;. On the other hand,

ad (ti)tj = [ti,tj] = Cijktka
where Cj;1, are the structure constants of the algebra AG. Consequently,
T\ = Cijr. (3.21)

We again stress that the adjoint representation is always real. This can
be seen from (3.21), since the structure constants are real.
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3.4 Compact Lie groups and algebras

Lie groups are smooth manifolds (matrix Lie groups are submanifolds in
the space of all matrices of a specific dimension, see Section 3.2). Compact
Lie groups are those whose manifolds are compact.

Problem 30. Show that the groups SU(n) and SO(n) are compact, while
GL(n,C) and GL(n, R) are not compact.

Compact Lie algebras are Lie algebras corresponding to compact Lie
groups.

The following theorem holds. A Lie algebra is compact if and only if it
has a (positive-definite) scalar product, which is invariant under the action
of the adjoint representation of the group.

In other words, in any compact Lie algebra AG, and only in a compact
Lie algebra, there exists a bilinear form (A, B) such that for all g € G and
all A,B € AG

(Ad(9)A,Ad(g9)B) = (A, B),
where for all A € AG
(A4,A) >0,

with equality only for the zero element of the algebra, A = 0.
For matrix groups, the scalar product in the corresponding algebra is
the trace

(A,B) = —Tr (AB).

Its invariance under the adjoint representation is evident from the pos-
sibility of permuting matrices cyclically inside the trace symbol:

(9Ag~ "', gBg™") = —Tr (gAg~'gBg~") = —Tr (AB).

The non-trivial part of this theorem for matrix algebras is the positive
definiteness of —Tr (A?), for compact matrix Lie algebras and only for
compact matrix Lie algebras.

Problem 31. Show that —Tr (A?) is positive for all non-zero A in the
SU(2) algebra. Show that —Tr (A%) may be both positive and negative for
the GL(2,C) algebra.

The existence in a Lie algebra of a positive-definite scalar product, which
is invariant under the adjoint representation is of great importance for
gauge theories, therefore precisely compact Lie groups and algebras are
used in their construction.
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In what follows, we shall consider only compact Lie groups and algebras
and will not stipulate this explicitly each time.

In an algebra, generators can be chosen so as to form an orthonormal
basis. The normalization is usually taken as follows:

1
Tr(titj) = —5(5¢j. (3.22)

In this basis the structure constants are antisymmetric with respect to all
three indices. Indeed, by definition,

[ti, ;] = Cijrtr,
and from equation (3.22), it follows that
Cijk = -2Tr [ti, tj]tk = —2[TI‘ (titjtk) —Tr (tjtitk)].

We compare this expression with the same quantity but with the indices
k,j transposed:

Cirj = —2[Tr (titgt;) — Tr (titit;)].
With cyclic permutation of the matrices within the trace symbol, we have
Cirj = —2[Tr (ttity) — Tr (tit;te)],
which coincides with —Cj;;. Thus,
Cikj = —Cijk
and Cjjy, is fully antisymmetric, by virtue of the antisymmetry in the first

two indices.

Problem 32. Suppose A is an invariant subalgebra of the compact algebra
B. Let A, be the orthogonal complement of A in B (we recall that A is
a vector space with a scalar product). Show that Ay is also an invariant
subalgebra and

B=A+A,

in the sense of a direct sum of Lie algebras.

All Abelian compact Lie algebras are direct sums of U(1) algebras.

A compact Lie algebra is said to be semi-simple if it does not contain an
Abelian invariant subalgebra. A compact Lie algebra is said to be simple
if it does not contain any invariant subalgebras whatsoever.
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The following statement holds. Any compact Lie algebra A is uniquely
representable in the form of a direct sum of a certain number of U(1)
subalgebras and simple subalgebras.

A=UQQ)+UQ) 4+ +UQ) + Ay 4+ Ay, (3.23)

where the A,, are simple algebras. Thus, the study of compact Lie algebras
reduces to the study of simple Lie algebras. Equation (3.23) implies that
locally every compact Lie group is represented in a unique way in the form
of a direct product

G=UQ)xU1)x--xU(1l) x Gy X -+ x Gp,

where the G, are simple groups (simple Lie groups are those which
correspond to simple algebras). The global (i.e. valid for groups as a whole)
version of this statement is somewhat more complicated; we shall not use
it and we shall not formulate it here.?

In the case of a simple compact Lie algebra, there exists just one
invariant positive-definite scalar product (up to multiplication by a
number). If the algebra is semi-simple, the full set of invariants is described
as follows. Suppose, for example,

A=A+ As.
Then any vector B € A has the form
B=By+By B;e Al, B; € A,. (324)

Let (,)1 be an invariant scalar product in A; and (,)2 an invariant scalar
product in As. Then all invariant scalar products of vectors of the form
(3.24) have the form

(B,B') = a1(B1, BY)1 + az(B2, B))a,

where oy and asp are arbitrary positive numbers. In other words, positive-
definite quadratic invariants (relative to the adjoint representation) in a
sum of simple algebras are linear combinations of quadratic invariants in
each of the simple algebras with arbitrary positive coefficients.

The complete list of simple Lie algebras is known. In addition to the
algebras with which we have become acquainted SU(n), n = 2,3,..., and
SO(n), n =5,7,8..., (SO(3) and SO(4) reduce to SU(2) and SO(6) to
SU(4)), there is an infinite set of matrix algebras Sp(n,C), n = 3,4,...,
and a finite number (five) of so-called exceptional algebras Ga, Fy, Eg, E7,
Es.

3That the analogous assertion to (3.23) for groups as a whole is not completely
trivial can be seen from the fact that different Lie groups can correspond to the same
Lie algebra. An example is provided by the groups SU(2) and SO(3).
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Problem 33. Show that the SO(4) algebra is isomorphic to the (SU(2) +
SU(2)) algebra.

In the construction of models in particle physics, the groups SU(n) are
most often used; the symmetries SO(n) are occasionally considered, while
the groups Eg and Eg are used in the construction of unified theories of
the strong, weak and electromagnetic interactions.

The following statement holds for representations. Any representation
of a compact Lie group is equivalent to a unitary representation, and
representations of the Lie algebra are equivalent to anti-Hermitian
representations. This property is also important for the theory of gauge
fields; in what follows, we shall always assume that group representations
are unitary.

As previously mentioned, when the group SU (n) is considered in physics,
it is customary to use Hermitian (rather than anti-Hermitian) generators
(if A is an anti-Hermitian matrix, then A = ¢B, where B is Hermitian).
Then, every element of the algebra is represented in the form

A=iA%,,

where t; are Hermitian matrices, and the A® are real coefficients. Elements
close to the unit element of the Lie group are written in the form

g=1+ie%,,

where €% are small real parameters. The relations between the generators
explicitly contain the imaginary unit, i,

[tay tb] = iCabctc;

where Cyp. are fully antisymmetric real structure constants of the algebra.
For complex representations of SU(n) and other algebras, Hermitian
generators T'(t,) = T, such that

[Taa Tb] = icabcTc

are also used.
We shall usually employ this convention in the following study.

Problem 34. Show that SU(n), n = 2,3,..., and SO(n), n = 5,6,...,
are simple groups.



Chapter 4

Non-Abelian GGauge Fields

4.1 Non-Abelian global symmetries

In the theory of the complex scalar field (Section 2.4), we encountered
global U(1) symmetry: the Lagrangian is invariant under transformations
() = gp(x),

where g = e'® is an arbitrary element of the group U(1), independent of
the space-time coordinates. In this section, we consider the generalization
of U(1) symmetry (which is Abelian, since U(1) is an Abelian group) to
non-Abelian cases.

The simplest model with global non-Abelian symmetry is the model of
N complex scalar fields ¢; with Lagrangian

L = 0,0} 0,pi — M0} — Apfpi)? (4.1)

(here and below, we shall assume summation over the index i = 1,..., N).
This model clearly has an Abelian U(1) symmetry

©; — eia@i. (4'2)

In addition, the Lagrangian (4.1) is invariant under global (independent of
the space—time point) transformations

pi(z) = $i(r) = wije;(x), (4.3)

where w is an arbitrary matrix of SU(N). The invariance of the Lagrangian
(4.1) under the transformations (4.3) is evident from the identity

Ix !

O 0; = Prwiwizo; = Pk (Ww)k;0; = Phk-
57
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We note that the SU(N)-invariance of the Lagrangian (4.1) is ensured by
the fact that the mass of each of the fields ¢1, o, ..., pn is the same (and
equal to m), while the interaction term is specially selected and has just
one coupling constant.

In order to move to further generalizations of the symmetry (4.3), we
shall write the Lagrangian (4.1) in a more convenient form. We introduce
the column of fields

®1
p=1 : (4.4)
PN

such that ¢ = (p%,...,¢%). The Lagrangian (4.1) can be written in the
form

L= 0,000 —mPplo — Aelp)?, (4.5)

where differentiation of the column means, as usual, differentiation of each
of its components (the same for rows or matrices). The column of fields
©(z) can be understood as a single field with values in the N-dimensional
complex space of columns. The transformation (4.3) is a transformation
under the action of the fundamental representation of the group SU(N):

p(z) = ¢ (z) = wp(2). (4.6)

We note that the invariance of the Lagrangian (4.5) under transformations
(4.6) is evident from the unitarity of the matrix w.

This construction is immediately generalized to more complicated cases.
We shall be interested in the situation where the symmetry group is a
compact Lie group G. Let T(G) be a unitary representation of the group
G (generally speaking, reducible), and let the field ¢(z) take values in the
space of this representation. Let us consider a Lagrangian of the form

L=00"0.0 V(e o) (4.7)

and require that the potential V' be invariant under the action of the
representation 7"

V(' TH(w), T(w)p) =V (e, ¢)

for all w € G. Then the Lagrangian (4.7) is invariant under the trans-
formations

p(x) = T(w)p(x)
for which

Pl (@) = ¢ (@) T (w).
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Indeed, the potential term is invariant and the invariance of the kinetic
term follows from the unitarity of the representation 7: TT(w)T(w) = 1 (we
assume throughout that w does not depend on the space—time coordinates,
i.e. we consider global transformations).

Let us give some examples.

1. Suppose @;(z), xi(z) are two sets of N complex scalar fields, i =
1...,N. If ¢ and x are the corresponding columns, then the
Lagrangian

L = 9,00, +8,x"0,x
—mZple —m2xTx (4.8)
“A(e'0)” = A2 [(0Tx)? + (XT0)?] = As(xTx)?

is invariant under transformations of the group SU(N):

Y — we
X — WX,

w € SU(N). We note that the pair of fields ¢, x can be interpreted as
a single field taking values in the space of the reducible representation
of the group SU(N), formed as the direct sum of the two fundamental
representations.

2. Suppose the field ¢(x) transforms according to the fundamental
representation of the group SU(2) (i.e. ¢(z) is a complex column
(22%;;), while the transformation w from SU(2) acts as

Y — Wy,

where w does not depend on z). Suppose the field £{(z) is a
real triplet £*(z), a = 1,2,3, which transforms according to the
adjoint representation of the group SU(2). The Lagrangian, which is
invariant under the group SU(2), can be constructed as follows:

L= 0up' 00 + 0,°0,8" — (7 0)” — Mo (7€)% — Aap (776",
(4.9)
where the 7% are the Pauli matrices (generators of SU(2)).

To verify the invariance, it is sufficient to show that (£2¢%)? and
T (T7%€*)p are invariant. We construct the matrix field

§ — 7_(15(1

taking values in the Lie algebra of group SU(2) (modulo the
imaginary unit). By the definition of the fundamental and adjoint
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representations, the fields ¢ and £ transform under the action of the
group SU(2) as follows

p— ¢ =wp (4.10)
€ — ¢ =wtw™t. (4.11)

We further note that 1
€€ = 5Trf? (4.12)

The invariance of expression (4.12) under (4.11) is evident, while the
invariance of the quantity

Pl = plep
follows from the chain of equations
Py’ = (pluh)(wew™)(wp) = T (wiw)E(w ™ w)p = plép.

We note that the pair of fields (p, &) is a field in the space of the
direct sum of the fundamental and adjoint representations of the
group SU(2).

. Let @;o(2) be a set of m-n complex fields, i = 1,...,n; a =1,...,m.

This set realizes a representation of the group SU(n) x SU(m) and
is the direct product of the fundamental representation of the group
SU (n) and the fundamental representation of the group SU(m). This
means that the pair (w,Q), w € SU(n), Q@ € SU(m) acts on @, as
follows

Pia = Pio = wijQapPis (4.13)
(in other words, the group SU(n) acts on the first index in ¢;4, and
the group SU(m) on the second).

The invariant Lagrangian has the form

L = 0,0500uPia — M*PinPia — M@inpia)’. (4.14)

In what follows, we shall somewhat inaccurately omit the indices for
the field and write the transformation (4.13) as

o — ol = wly,
and the Lagrangian (4.14) in the form
L= 0,0 up —m*oTo = MeTp)”.

If the field ¢ is described and it is known that w € SU(n), Q €
SU(m), then this notation does not lead to confusion.
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We note that we have, in fact, already encountered a situation,
similar to the latter example: the field (4.4) with the Lagrangian
(4.5) actually realizes a representation of the group SU(N) x U(1),
where the group SU(N) acts according to (4.6) (fundamental
representation) and the group U(1) acts according to (4.2).

4. We construct a non-trivial model, invariant under the group SU(2) x
U(1). Let ¢, x be doublets under the group SU(2) (fundamental
representation), ¢ a singlet under SU(2) (trivial representation). In
other words, the fields ¢, x, ¢ transform under SU(2) as follows:

= wp
X — WX
=&

The fields ¢, x are two-component complex columns, £ is a one-
component complex scalar field. Suppose the fields ¢, x and &
transform under U(1) as

¢ — &%
X — e' ¥y (4.15)

£ — elteag,

Here « is a parameter of the transformation, g, ¢, and g are real
numbers. The kinetic term in the Lagrangian has the standard form,
and the interaction can be chosen in the form

M(p€)x + c.c.]. (4.16)
It is invariant under SU(2) x U(1), if
Ix t 9 =gy

(the numbers gy, g¢ and g, can be chosen to be integers, then (4.15)
is a single-valued representation of the group U(1)).

Problem 1. Consider the theory of three fields, as in the previous
example. Suppose, however, that

Gy + g +q: =0.

Construct a cubic interaction of the fields @, x and & invariant under
SU(2) x U(1) (hint: use the fact that for the group SU(2) the fundamental

representation is equivalent to its conjugate).
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Examples of global symmetries could be extended, by considering various
groups G1 X -+ x Gy, where the G; are simple groups or U(1) factors,
different fields, transforming according to the direct product of irreducible
representations of the groups Gi,...,Gy and also combinations of such
fields.

Until now, we have, for simplicity, discussed scalar fields. However,
global internal symmetries can be introduced for fields with any properties
under Lorentz transformations: the Lorentz structure and the ‘internal’
structure of fields do not influence each other (for example, when
considering internal symmetries of a vector field one merely makes the
substitution ¢ — ¢, in the formulae of this section).

Problem 2. Find the conserved currents corresponding to the global
symmetries, in models with Lagrangian (4.1) (equivalently, (4.5)), (4.8),
(4.9) and (4.14) and also in the model of the fourth example.

Symmetries similar to those considered above actually exist in particle
physics. For example, the proton and neutron fields are combined in a
column N = (ﬁ ), which belongs to the fundamental representation of the
group SU(2) (so-called isotopic symmetry). From the real field of the 7°-
meson and the complex field 7 of charged m-mesons, one can construct

three real fields 7! = %(w + %), 7 = hl/i(w —7*), m = 70 which

form a triplet (adjoint representation) under the isotopic group SU(2).
Strong interactions are invariant under the isotopic group SU(2) and the
pion—nucleon Lagrangian has the structure of (4.9) (with the substitution
@ — N, £* — 7 and peculiarities due to the fact the nucleons have spin
1/2 and are fermions; further differences arise because the full Lagrangian
contains small terms, which are not invariant under isotopic symmetry).

An interaction Lagrangian of type (4.16) arises in the description of the
interaction of a lepton doublet (left-handed electron, neutrino), the right-
handed component of an electron and a Higgs field doublet; SU(2) x U(1)
is the group of the electroweak interactions.

Transformations of type (4.13) exist in the theory of light quarks, where
the symmetry is SU(3) x SU(3). The first SU(3) is the color group (in fact,
a gauge group), while the second SU(3) is the flavor group with respect to
which the light quarks form the triplet

U
d
s

The first and second SU(3) are denoted by SU(3). and SU(3)s,
respectively.  The group SU(3)r is not exact; mass terms and also
electromagnetic and weak interactions are not invariant under it.



4.2 Non-Abelian gauge invariance and gauge fields 63

4.2 Non-Abelian gauge invariance and gauge
fields: the group SU(2)

Our aim is to generalize the construction presented in Section 2.7 for scalar
electrodynamics with the gauge group U(1) to the case of a non-Abelian
gauge group (Yang and Mills 1954). Let us again consider the theory of
two complex scalar fields, forming a column

o= <<p1)7
P2
whose Lagrangian has the form
L= 8,080 —m*eTo — MpTp)?. (4.17)

This Lagrangian is invariant under global transformations from the group
SU(2),

p(z) = ¢'(z) =wp(z), weSUQ),

where w does not depend on the point of space—time.

We shall attempt to modify the Lagrangian (4.17) in such a way that
it becomes invariant under transformations of SU(2), depending in an
arbitrary manner on the point of space-time

p(z) = ¢'(z) = w(@)p() (4.18)
w(z) € SU(2). (4.19)

(We recall that the analogous requirement in scalar electrodynamics led to
the replacement of the conventional derivative in the Lagrangian by the
covariant derivative 0,0 — (9, —ieA,)p). The potential terms (the last
two terms in (4.17)) are invariant under the transformations (4.18), but
the kinetic term (containing derivatives) is not invariant. Indeed, under
the transformation (4.18), the derivative of the field becomes

I’ () = w(z)dup(x) + Ouw(z) - p(z) (4.20)

and the Lagrangian L(¢’) now contains terms with d,w. In order
to eliminate these terms, we replace, in the Lagrangian (4.17), the
conventional derivative by the covariant derivative d,¢ — D, ¢ and require
that under the transformations (4.18) it becomes

(Dup)' = wDpep. (4.21)

From (4.20) it is clear that this can be achieved by introducing a vector
field A, () and writing

D,y =00+ Aup.
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The structure of the field A, (range of its values) is still unknown; finding
it is our next problem.

Let us determine, in the first place, how the field A, transforms under
gauge transformations. For this, we write the left-hand side of equation
(4.21) explicitly:

D¢’ = 0,0 + A" = wiup + Ouwp + Alwp
and require that it should equal the right-hand side
wD,p = wi,p +wA,p.
Bearing in mind that ¢ is an arbitrary column, we thus obtain
Ouw + Al w = wA,,
i.e. the transformation rule for A, is of the form
Ay — A, = wAw ™ +wdw? (4.22)

(we use the fact that since ww™' =1, we have wd,w™" + Jw - w™! = 0).

We now determine the values taken by the field A,. For this, let us
consider an infinitesimal gauge transformation, i.e. a transformation (4.22)
with

w=1+¢(z),

where e(z) takes values in the Lie algebra of the group SU(2) (in other
words, €(z) is an anti-Hermitian 2 x 2 matrix with zero trace at each point
x). The second term in (4.22) to the lowest order in ¢, is

wiw = —0,e(x), (4.23)

i.e. it takes values in the Lie algebra. Consequently, the Lie algebra must be
contained in the range of values of the field A,. It turns out that this is also
sufficient: if the field A, takes values in the Lie algebra of the group SU(2)
then for any w(z), both wA,w™! and wd,w™! belong to the Lie algebra.
The fact that wA,w™ € ASU(2) is evident, since wA,w™! is the result of
the action of the adjoint representation on the element A, € ASU(2).

Problem 3. Show that if w(x) belongs to the group SU(2) at each point
z, then wd,w™" belongs to the Lie algebra of the group SU(2) at each point
x.
Thus, the gauge field A,(x) (it is called the Yang-Mills field) is
the field taking values in the Lie algebra (in this case, of the group
SU(2)); the transformation rule for the scalar and gauge fields under
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gauge transformations has the form (as before, we assume that the scalar
field transforms according to the fundamental representation of the group
SU(2))
Au(w) = AL (2) = w(@) Ay (@)w ™ (2) + w(@)0w ™" (2) (4.24)
p(x) = ¢'(z) = w(@)p(), (4.25)
and the Lagrangian of the scalar field, which is invariant under gauge
transformations, is equal to

L= (D) Dyp —mplo — MeTp)?,

where

Dyp=0up+ A= 0,+AL)p (4.26)
is the covariant derivative of the scalar field, which transforms according
to (4.21).

We note one of the main differences of the non-Abelian gauge field from
the vector potential of electrodynamics. Under global (independent of x)
transformations the electrodynamic vector potentials do not change, but
non-Abelian potentials transform non-trivially,

Au(x) = A (z) = wA,(z)w ™!, (4.27)

i.e. according to the adjoint representation of the group.

Let us now construct the Lagrangian for the field A, itself, which is
analogous to f%Fﬁy in electrodynamics. For this we first find the strength
tensor for the non-Abelian field. By analogy with electrodynamics, we

expect that the strength tensor will contain a term
0uA, — 0,A,. (4.28)

Hence, from (4.27), it is clear that the strength tensor must transform
non-trivially under gauge transformations: expression (4.28) transforms
according to the adjoint representation of the group in the case of global
transformations. We require the strength tensor to transform according to
the adjoint representation for all gauge transformations,

Fu(z) = F), () = w(z)Fuw (). (4.29)
Then the gauge-invariant Lagrangian will be constructed from the invariant
Tr (FluwFu).
Expression (4.28) itself does not have the property (4.29). Indeed,
differentiating (4.24), we obtain
oA, — 0,4, = w(0,A, — Oy A )w™t (4.30)
—&—GMwAl,w_l + wA,,aﬂw_l
—8,,wAHw*1 — wA#&,wfl

+3,Aw(9yw71 - (%wauw*l.
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Terms with second derivatives of the function w cancel out, but terms with
first derivatives remain. Their elimination would require the addition to
(4.28) of terms not containing derivatives of the field 4,. Analogously to
(4.28), these terms must be elements of the Lie algebra, they must have
indices p,v and be antisymmetric in these indices. The only candidate is
the commutator

[A,,A)]=4,A, —AA,.
From (4.24), it follows that

[A;“ Al = w[AM,AV]wfl (4.31)
—i—wauw_lwAl,w_l + wAHw_lwal,w_l
fw&,wflwA#wfl — wAl,wflwa#wfl

+w3uw71wauw71 — w@,,wilwauwfl.

Comparing (4.30) and (4.31), we see that the covariant quantity (in the
sense of (4.29)) is the tensor

Fu =0,A, —0,A, + [Au A (4.32)

Indeed, the undesirable terms (all terms, except the first) in (4.30) and
(4.31) cancel out when one takes into account the identities

-1 _ -1
wohw w = 0w w=—0,w
-1 -1 -1 -1 -1
wow™ wiyw = —ww 0wl w T = —0,wiw ",

1 1

which follow from ww™ = 1, w 'w = 1 and the derivatives of these
equations with respect to x*.

Thus, the strength tensor is of the form (4.32) and transforms according
to the rule (4.29).

Problem 4. Show that in electrodynamics [D,,D,| = —ieF),,, where
D, = 0, —ieA, is understood in the sense of an operator acting on the
scalar field, D, D, is the consecutive action of first D, and then D,; as
usual, [D,,D,) = D,D, — D,D,,.

Problem 5. Show that for the gauge theory with the gauge group SU(2),
[D,, D)) = F,,,, where the covariant derivative is defined by formula (4.26).
Using this equation, show once again that the strength tensor transforms
according to (4.29).

We choose the gauge-invariant Lagrangian of the gauge field in the form

1
EA = 2792TrF;UJFLLV7 (433)
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where g2 is some positive constant. We shall discuss the choice of sign in
(4.33) a little later.

We note that the important distinction between the non-Abelian gauge
theory and electrodynamics is the presence in the Lagrangian £ 4 of terms
of third and fourth order in the field A,. (They have a structure of the
type Tr (0, A, - A,A,) and Tr (A, A,A,A,)). This means that the gauge
field equations are nonlinear, even in the absence of other fields. In this
connection, the field A, is said to be self-interacting.

A gauge field A, (z), taking values in the SU(2) algebra, can be expressed
in terms of three real fields (according to the number of generators of the
SU(2) algebra),

LT
Au(w) = ~ig " A5 (a), (4.34)
wherea = 1,2, 3; AZ(Q’J) are real fields; 7%/2 are Hermitian generators of the

SU(2) algebra; the factor g, which is the same as in (4.33), is introduced
for convenience. Analogously, the strength tensor can be written as:

T
Fu(z) = —zg?FW(x). (4.35)
From the definition (4.32) we obtain

'Ta a a - a Ta Tb
EM@::—W2@Afﬁﬁw+wﬂ%£[ }
.Ta a a a - abc

- _wawmAy—@Aw—g%%A&sb

‘Ta a a aoc C

- —WE{@AVf&A#+mbfﬁAJ.

Consequently, the real components of the strength tensor £7,

in terms of the real fields AZ as follows:

are expressed

F, = 0,A% — 9,A% + ge® AL AC. (4.36)

We note that the factors €*°¢ arise here as a result of commutation of the
generators 7%/2, i.e. they appear as structure constants of the group SU(2).

Problem 6. Let

7_a
wx)=1+ i?&:a(x)
be infinitesimal gauge transformations with real parameters £*(x). Find

the transformations of the components AZ(@‘) and express them in terms of
e?(x). Do the same for Fg, ().
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The Lagrangian of the gauge field (4.33) can be expressed in terms of
real components Fjj,:

7
La= F;VFSV( 9)° Trgg = 4F§VF;V
In what follows, we shall use both the matrix fields A, and the real
components Ay, and employ the terms ‘gauge fields’ for both. The same
applies to the matrix strength tensor F),, and its real components Fj,. We
note that the covariant derivative for a scalar field doublet (fundamental
representation of SU(2)) has the form

T
Dyp= ((% - Zg2AH) ©. (4.37)

Let us now discuss the choice of sign in the Lagrangian (4.33) and the
occurrence of the factor ¢ in (4.34) and (4.35). Let us consider small
(linear) perturbations of the field about the state Aj, = 0. For this, in the
Lagrangian of the gauge field

1

La=—FiLF, (4.38)

we neglect terms of third and fourth order in the field Ay, which are small
in comparison with quadratic terms, if the field A}, is small at all points
of space—time. Then the Lagrangian for small perturbations will have the

form

1
L = —1 (004 = 0,45)(0, A7 — 0, A7) (4.39)

This clearly decomposes into the sum of the Lagrangians for the fields
A, A2, A3 where each of these Lagrangians coincides with the Lagrangian
of electrodynamics. This was made possible thanks to the factor g in (4.34)
and (4.35). Equation (4.39) explains also the choice of sign in (4.33) (or
what amounts to the same thing, in (4.38)): for this sign the energy of
fields with small amplitude will be positive.

It follows immediately from (4.39) that small physical excitations of
the field Af(z) comprise three types (a = 1,2,3) of transverse massless
(i.e. moving with the speed of light) waves, each of which is completely
analogous to electromagnetic waves in vacuum. The constant g appears in
the Lagrangian of the scalar field

L, = (Dup) (Dup) — V(g )

and in the Lagrangian of the gauge field (4.38) only in terms of third and
fourth order (recall equation (4.37)), i.e. only in interaction terms. Thus g
is called the gauge coupling constant.



4.3 Generalization to other groups 69

Problem 7. Find the dimension of the field Aj, and the constant g in the
system of units h=c=1.

Problem 8. Both in the theory of electromagnetic fields and non-Abelian
gauge theory, there is another gauge-invariant and Lorentz-invariant
quantity €,ux,Tr (FuFy,) (for the electromagnetic field, €uuxpFunF>rp)
which is quadratic in F,,. One could try to use this as the additional
term in the Lagrangian of the gauge field. Show that, in the Abelian
and non-Abelian cases, this quantity is the full four-divergence 0,K,.
Find an expression for K,. Show that adding the full divergence of any
vector, depending on the field, to the Lagrangian, does not change the
field equations. Thus (4.33) is the only non-trivial classical Lagrangian,
quadratic in F,. (In quantum theory, adding o term constant X
Epvrp LT (F,“,F,\p) to the Lagrangian leads to non-trivial consequences).

4.3 Generalization to other groups

The generalization of the concept of the gauge field A, to other simple Lie
groups G is evident. The field A, takes values in the Lie algebra of the
group G, i.e.

Apu(z) = gt Al (),

where t* are generators of the group (anti-Hermitian generators for the
groups SU(n), antisymmetric real generators for SO(n), etc.). The tensor
F,,, also takes values in the Lie algebra and is given by formula (4.32).
Gauge transformations of the field A, and the strength F},,, as before,
have the form

Ay — A, = wAw™ + wiw?
Fu — Fl, =wF,w,
where w(z) € G at each point = (the arguments of Section 4.2, leading to
these formulae, did not use the fact that the group SU(2) was chosen for
the group G). As before, the only quadratic invariant is Tr F},,, F),,,, so that
the Lagrangian of the gauge field has the form

1
EA = TgQTrFHVFMU.

We note that, if the Lie group were not compact, then its algebra would
not contain a positive-definite quadratic invariant, which, ultimately, would



70 Non-Abelian Gauge Fields

lead to the energy of small perturbations of the gauge field being unbounded
from below: a quadratic Lagrangian would contain both terms

1 , ,
—1(8HA,Z — 8,,AL)2,

and terms
1 . ;
+Z(8“A’j’ - 8,,AL)2.

The terms of the second type would give rise to a negative field energy.
The expression for the tensor Fj, in terms of the components Aj
contains the structure constants of the group:

FSV = @Aﬁ - &,AZ + gCabCAZAf,.

The derivation of this equation repeats the derivation of formula (4.36).

The number of field components Aj is equal to the dimension of
the group G (for example, for the groups SU(n) the index a takes
the values 1,2,...,n%> —1). In a linear approximation, each of these
components describes a massless vector field, completely analogous to the
electromagnetic field in vacuum.

In the case when the gauge algebra is compact, but not simple, it is
convenient to work with each component U(1) and each simple component
separately. To each of these components correspond its own gauge field
and its own coupling constant. For example, a gauge-invariant analogue
of example (3) of Section 4.1 is as follows. As before, the field p;q(x)
transforms according to the fundamental representation of the group SU (n)
(¢ =1,...,n) and according to the fundamental representation of the group
SU(m) (a=1,...,m). We introduce the gauge field of the group SU(n)

Au(z) = —igt* A} (),

where (t%);; are Hermitian generators of the group SU(n), acting on the
first index of the field ;o, a = 1,...,n% — 1. The constant g is the gauge
coupling constant for the group SU(n). Analogously, we introduce the
gauge fields for the group SU(m),

By(z) = _if]prfj (z),

where (), are generators of the group SU(m) acting on the second index
of the field @;n, p=1,...,m? — 1, and § is the coupling constant for the
group SU(m). We generalize the derivative of the field ¢;q,

Oupia = 61650058



4.3 Generalization to other groups 71
to the covariant derivative

(Du)ia = (87650, — igdlte; A — igslil ;BP) ;5.

avij

In other words,
(DHW)ia = OuPia + (Au)ij@ja + (Bu)aﬁ%ﬂ
or, symbolically,
Dyup = (0u + Au+ Bu)p,

where the matrix A, acts on the first index of the field ¢ and “does not
act” on the second (the converse holds for B,). The Lagrangian of the
model is of the form

L = (Du@)in(Dup)ia — m*0inpia — M@igpia)’

1 0 ra 1~ =
—ZFWFW — ZFﬁyFﬁw

where Fyj, is constructed from the field Af,

uv
Fy, =0,A, — 0, A} + gC’abcAZAﬁ,

where Cyp. are the structure constants of the group SU(n); analogously,
FP, = 0,BL — 0,B" + §Cpq BLB],

where C,,, are the structure constants of the group SU(m).

Thus, in models, where the gauge group is not simple, the number of
gauge coupling constants is the same as the number of U(1) components
and simple components in the gauge group. We note, however, that
it is by no means mandatory to generalize all global symmetries to
gauge symmetries: depending on the physical situation, the model may
simultaneously have gauge invariance under the gauge group G, and global
invariance with respect to another group G’. For example, if we did not
introduce the vector potential B,, into the previous model, it would have
SU(n) gauge symmetry and SU(m) global symmetry. Such a situation
occurs in strong interactions of light quarks, where there is a gauge group
SU(3). and a global group SU(3)¢. Another example of global invariance
in physics is the symmetry leading to conservation of the baryon number.

Problem 9. Construct a gauge generalization of the model of example (4)
of Section 4.1.

Further generalization is obtained by employing arbitrary group
representations, which transform scalar fields (in general, “matter fields”
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as opposed to gauge fields). We shall always assume that representations of
Lie groups and Lie algebras are unitary and anti-Hermitian, respectively.
Let T'(w) be a representation of a gauge group, and T'(A4) the corresponding
representation of the Lie algebra of the group. Without loss of generality,
we shall assume that ¢ comprises columns, so that T(w) and T(A)
are unitary and anti-Hermitian matrices, respectively. Under gauge
transformations, ¢ becomes

¢ () = T(w(x))p(x) (4.40)

and, as before,
Ay — A, =wAw T +wdw (4.41)

We define the covariant derivative of the field ¢ as follows (assuming that
the gauge group is simple and that the representation is irreducible):

Dup = [0, + T (A, (4.42)
or
Dy = (0, — igT* Aj))p,
where T are generators in the representation 7"
T =T(t)
(with the group SU(n) in mind, we assume here that the generators of the
algebra ¢* are Hermitian, so that 7% are also Hermitian matrices). The

covariant derivative defined in this way indeed transforms under the gauge
transformations (4.40), (4.41) in a covariant manner:

Dy = (D)’ = T(w)Dysp. (4.43)
To verify this equation, it is sufficient to see that
T(wAw™) = T(W)T(A)T(w™ ) (4.44)

and
T(wow™ ") = T(w)9,T(w™1), (4.45)

where T'(A) and T'(wd,w™') are representations of elements of the algebra,
and T'(w) and T'(w™!) are representations of elements of the group. For the
rest, the reasoning is completely analogous to that given in Section 4.2.



4.3 Generalization to other groups 73

Problem 10. Show that equations (4.44) and (4.45) are indeed satisfied.
The gauge-invariant Lagrangian of the scalar field is constructed
completely analogously to Section 4.2:

Ly, = (Do) Dy —mPelo — A(plp)?

(generally speaking, it is possible to construct more than one fourth-order
invariant for the field ¢ in an irreducible representation of the group G;
occasionally it is also possible to construct cubic invariants, so the self-
interaction (¢fp)? is only an example).

As an example, we consider the field ¢ in the adjoint representation,
assuming the gauge group to be the group SU(n). Then ¢(x) are matrices
in the Lie algebra (which we take to be Hermitian), such that

p(x) = 1" (z),

where t* are Hermitian generators of SU(n) (for n = 2 the generators are
equal to t* = 7%/2, where 7 are the Pauli matrices), the ¢®(z) are real
fields, a = 1,2,...,n% — 1. The covariant derivative (4.42) in this case is
equal to

Dy = 0up +ad (Au)p = Oup + [Ap, ¢l (4.46)

It can be written in the form (D, is again an element of the SU(N)
algebra)

DMSO = ta(D,U«(lD)a7

where (D,,¢)® are real coefficients. We express these coefficients in terms
of the real fields Af, and ¢*. From (4.46) we have

9 (D) = 190,9" + (—igAp°)[t°, 1.
For Hermitian generators one has [t°,t¢] = iC?“*t%, so that
(Dup)® = 00" + gCabCAZgoc. (4.47)

The invariant quantities are

1 a a

Tr (D) (D) = 5 (Dup)*(Dpep)

and

1

Tr? = S9"e",

thus the gauge-invariant Lagrangian of the scalar field can be chosen in the
form

L, =Tr(D,p)? — m*Trp* — A(Trp?)?
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or, in components,

1 a a m2 a a )\ a a
Lo = S(Dup)(Dup)" = - 9"¢" = 7 (#"¢ )% (4.48)

We note that the last expression contains only real fields ¢ and Af,.

Problem 11. Construct all invariants of order up to and including four,
for the scalar field in the adjoint representation of the group SU(2).

Problem 12. The same for the group SU(3).

Fields, which transform under reducible representations of a gauge group
can conveniently be regarded as sets of independent fields, each of which
transforms under an irreducible representation.

We note one more distinction between non-Abelian theories and
electrodynamics. In electrodynamics, the field charge may take any value
and the ratio of the charges of two different fields may be arbitrary
(integer, rational, irrational). In other words, nothing prevents one from
choosing fields ¢ and y, to transform under gauge transformations of
electrodynamics as

P — €%
X — eiqo‘x.

The arbitrary constant will then appear in the covariant derivative
Dyx = (0, — ieqAyu)x

i.e. ultimately, in the interaction of the field x with the electromagnetic
field. In non-Abelian theories, there is only one free constant g, determining
the interaction of the matter fields with the gauge field for each simple
component of the gauge group. If ¢ is fixed, then the interaction of
the matter field with the gauge field is uniquely determined by the
representation under which the matter fields are transformed. In this
connection, non-Abelian charges are said to be “quantized”, unlike in
electrodynamics, where charges are not necessarily quantized, i.e. they are
not necessarily integer numbers (it is another matter, that the electric
charges of known particles are multiples of the electron charge; this is an
experimental fact, established with high accuracy, but which it is evidently
not possible to explain in the framework of electrodynamics).

The constructions considered in this section essentially exhaust
generalizations of the gauge model with the group SU(2) and the scalar
field doublet considered in Section 4.2; they can be used to construct a
gauge theory for any compact Lie group and any representation of scalar
fields.
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4.4 Field equations

We now obtain the field equations for gauge fields and matter fields in non-
Abelian gauge theories. We shall consider the case of a simple gauge group
and a scalar field, transforming according to an irreducible representation.
The action for such a system has the form

S=8a+58,, (4.49)
where
1 a a
Sy = /d4x (—4FWFW> (4.50)
a _ a a abc b pc
Fl, = 0,A) —0,A +gC" A A}
and
So = [ a (D) (D) - melo - Melp] (451)
Dup = 0Oup —igT"Ajp. (4.52)

We have chosen the self-interaction of the scalar field in the simplest form
(¢Tp)?. We assume that T are Hermitian generators in the representation
T.

Let us first consider the variation of the action S4 with respect to the
real fields A7; this leads to equations for the gauge field in the absence of
matter fields. We obtain

1
854 = / d*z (—2F5V5F5V> , (4.53)
where
8Fy, = 0,84, — 9,6A% + gC™ A} S A + gC™" 6 A} AS).

We note that the second and fourth terms in the last expression differ from
the first and the third by the substitution p <> v and by their sign. Using
this fact and the antisymmetry of the tensor F}j, in the indices y,v, for
(4.53) we write

5S4 = / d*z [—F, (0,6 AL + gC* ALS AL)] .

In the first term, we integrate by parts; in the second, we rename the indices
a,b, ¢ and use the antisymmetry of C*°. We obtain

554 — / d12]9,F2, + gCabe Ab Fe, 16 A2, (4.54)

pt iy



76 Non-Abelian Gauge Fields
Hence, we obtain equations for the gauge fields without matter:

OuFS, + gC AL FS, =0. (4.55)

ptpy

We recall that the strength tensor F),, transforms according to the adjoint
representation of the gauge group. Thus, the covariant derivative for it is
equal to (see (4.47), the Lorentz indices of F},,, are unimportant)

(DuFyp)* = 0, F%, + gC** AL FY,. (4.56)
Consequently, the field equation (4.55) can be represented in the form
(DpFu)*=0. (4.57)
We note that the left-hand side of this equation transforms covariantly
(according to the adjoint representation) under gauge transformations.
Problem 13. Show that the tensor F),, satisfies the Bianchi identity
Eunp(DyFp)* = 0. (4.58)

Equation (4.57) and the Bianchi identity (4.58) are non-Abelian analogues
of the Maxwell equations in electrodynamics. However, unlike the Maxwell
equations, the non-Abelian equations (4.57) and (4.50) contain, in addition
to the strength tensor, the vector potential Af; this is clear from (4.56). We
also remark that the covariant derivative (4.56) can be written in matrix
form

DyFyp = 0uFx, + [Auv F/\p]a

where, as usual, F, = —igt*Fy.,.
Let us now consider the variation of the action S, with respect to the
field Af,. It follows from (4.52) that

(D)t = 0" +igAlp'T® (4.59)

so that
§(Dyup)t = igp' T 6 A% (4.60)

(we assume that ¢ is a column and, correspondingly, ¢ is a row; the
Hermitian matrices 7% act from the right on ¢f, so that (4.60) is an
equation between rows). Furthermore, from (4.52) we have

6(Dup) = —igT*pb Ay,

thus

68, = / d*z[(D,p)' (—igT*¢) +igp T D, pl6 Ay,
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We introduce the current
j& = —i[p"T* Dy — (Dy) ' T]. (4.61)

Then
o5, = [ datu(-gizyoa.

Taking into account (4.54) we hence obtain that the requirement that the
variation of the total action (Sa + S,) be equal to zero leads to a gauge
field equation involving matter fields

(DuFuV)a = 9j37 (462)

which is analogous to Maxwell’s equation for electrodynamics with matter
fields.

We now find equations, following from the variation of the action with
respect to the scalar fields. The scalar fields are contained only in S, thus
it suffices to vary only this part of the action. As in electrodynamics, we
shall consider ¢! and ¢ as independent variables and find the variation of
S, with respect to ¢! (in other words, if

¥1
e=1: 1>
PN
then o = (¢7,...,¢%) and we take variations with respect to all ¢,
i =1,...,N, assuming they are independent of ;). Taking into account

(4.59) we obtain
8S, = /cl‘lgc[(auégpT + igAZéng‘Ta)DM(p —m28pTo — 2X(p )61 ).

Integrating by parts in the first term and requiring that 65, = 0, we find
the equation

(0, — igALT*) Dy +mp + 2X(¢ ) = 0. (4.63)

We remark that the quantity D, ¢ transforms under gauge transformations
according to the same representation T'(w) as the field ¢ itself (see (4.43);
as usual, the Lorentz index is unimportant). Thus, the covariant derivative
of D, is written in the form

D,D,p = D,(D,p) = (0, —igA.T*)D, .
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Consequently, equation (4.63) takes on the form
DDy +mPp + 2X\(¢'p)p = 0. (4.64)

Variation of the action with respect to ¢ leads to the Hermitian conjugate
equation.

The system of equations (4.62) and (4.64) is the complete system of
field equations in the model with action (4.49). Its generalization to more
complicated cases (semi-simple gauge group, several matter fields) can be
quite simply obtained for each specific model.

Problem 14. Show that the current jj;, defined according to (4.61),
transforms wunder gauge transformations according to the adjoint
representation of the gauge group. Thus, equation (4.62) contains covariant
quantities on the left- and right-hand sides (in other words, the left- and
right-hand sides transform in the same way under gauge transformations).

Problem 15. Verify the identity
(DuD,F,,)" = 0.
Show that if equations (4.64) are satisfied, then the equation
(Duju)* =0

for the current j,, is satisfied, where the covariant derivative is understood
in the sense of the adjoint representation of the gauge group. Thus,
equations (4.62) and (4.64) are consistent with one another.

Problem 16. Obtain equation (4.64) in the case of the gauge group
SU(n) and a scalar field in the adjoint representation, directly from the
Lagrangian (4.48). Write this equation and the current j2, in (4.62), in
terms of real fields p* and Aj,.

Problem 17. The gauge theory with the action (4.49) is invariant, in
particular, under the global transformations
A, — A’M:wAMw_1
o = ¢ =Twe,
where w does not depend on x. Find the Noether current corresponding

to these transformations. Does it coincide with the current jy in the field
equation (4.62)% Is the current covariant under gauge transformations? Is
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the Noether current equal to zero in the absence of matter fields? Write
equation (4.62) in terms of the Noether current and the tensor Fj,.

Let us find the energy—momentum tensor in the model with action (4.49).
For this we use the method presented at the end of Section 2.8. Namely,
we introduce into the action the metric tensor g"”; for example, instead of
(4.50), we write

1
Sa = /d4$\/fg <4g“”g>‘pF§>\F3p) . (4.65)

The symmetric energy—momentum tensor is related to the variation of the
action with respect to g"”,

1 -
88 =3 / d*xT,,69"", (4.66)

where we consider small deviations of g"” from the Minkowski tensor n*",
g/u/ — ,'7;“/ T é‘g/l.l/-
Bearing in mind that g"” is the inverse matrix to g,,, whence

1

= =y (4.67)

g = det (guu)
we write

69 = —nrp09™"

(this formula is analogous to the relation det (14+¢) = 1+ Tre, if e is a
small matrix). Using (4.66) and (4.67), we obtain the energy—momentum
tensor for the gauge field without matter, whose action has the form (4.65):

2 a a 1 a a
T,gf) =—FLF + 177,“,(FM1W AP, (4.68)

In particular, the energy density of the gauge field is equal to

(A a a 1 a a a a a a
T(go) = Fo; Fo; + Z(*FmFm — FyFiy + FE),

where the sum over spatial indices is taken with the Euclidean metric 6;;.
Finally, the energy of the gauge field has the form

N 1 1
B — /d3xT00 = /dBaj (QF&F& + 4F;}F;}) . (4.69)

‘We shall sometimes use the notation

a a
gy, = Lj

a a
Fij = 757;ij]€,
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where E and H® are non-Abelian analogues of the electric and magnetic
fields. In these terms, the energy of the gauge field is equal to

EA — /d?’ac (;EGEG + ;HH“) .

Analogously one can obtain an expression for the symmetric energy—
momentum tensor of the scalar field, interacting with the gauge field, the
action for which has the form (4.51):

T;Sf) = 2(DMSO)T(DV90) - 77/w['gaa (4-70)
where
L, = (Dap)T(Dap) —m*To — Aplp)?

is the Lagrangian of the scalar field. From (4.70), we obtain an expression
for the energy of the scalar field

E(Sa):/d3x[(D04p)T(Doap)+(Di(pT)(DiQP)+m2(PTSD+)\(SDT(P)2]' (4.71)

The full energy—momentum tensor in the model (4.49) is equal to the
sum of the contributions (4.68) and (4.70),

- - -
T =T + TS (4.72)
Correspondingly, the energy of the scalar and gauge fields is equal to
E=EWYW 4+ g

where E(4) and E(®) are given by formulae (4.69) and (4.71).

We note the evident fact that the symmetric energy-momentum tensor
is gauge invariant, while the energy is positive definite (we assume that for
the scalar field m? > 0). The positivity of the energy of the gauge field
is ensured, in particular, by the compactness of the Lie algebra (by the
existence of a positive-definite invariant of type E*E®).

Problem 18. Find the Noether energy-momentum tensor 1), for models
of scalar and gauge fields with action (4.49). Choose the tensor QM*,
antisymmetric in the indices p, \, such that

=T+ 0\,

provided the field equations are satisfied, where rf’,w s given by the formula

(4.72).
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4.5 Cauchy problem and gauge conditions

In field theory models without gauge symmetries, the Cauchy problem for
the field equations is formulated in a quite evident way. For example, in

the model of a single scalar field with Lagrangian
1
£ =5(0u9)" = V(e)

the field equations take the form

ov
0u0up + 0 =0,
o ov
D2p=——— + V3, 4.73

where 0; = 0/9t. Since equation (4.73) allows us to express the second
derivative of the field with respect to time in terms of ¢ and J.p, but ;¢
is not determined by this equation, in order to find a solution near the
surface t = 0, we need to assign p(x) and Jyp(x) on this surface; in other
words, p(x,t = 0) and dyp(x,t = 0) are Cauchy data.

The fact that formulation of the Cauchy problem in gauge theory is less
trivial can already be seen from the existence of different solutions of the
field equations with the same values of the fields and of their derivatives
with respect to time at the initial surface (let us say ¢ = 0). Indeed, if
A, and ¢ is a solution of the field equations, then the gauge-transformed
configuration

A, = wAw T Fwiw (4.74)
¢ = Ty
is also a solution of the field equations, where w(x,t) can be chosen such
that w(x,t = 0) = 1, and the derivative of w with respect to t is equal to
zero at ¢ = 0 (here, T'(w) is the representation of the gauge group, under

which matter fields are transformed). We shall discuss the Cauchy problem
for the system of equations (4.62) and (4.64)

(DMFMV)G = gj, (4-75)
1917

in somewhat more detail.
Let us first consider equation (4.75) for v = 0 (it is often called Gauss’s
equation or Gauss’s constraint),

(DiFio)* = —g3j§- (4.77)
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Since F and j§ contain only first derivatives of the fields with respect to
time, Gauss’s constraint does not contain second derivatives with respect
to time. Moreover, it does not contain first derivatives of Af with
respect to time. Thus, on the Cauchy surface, it is not possible to assign
A2 0, A%, p, Orp and AS arbitrarily: N conditions (4.77) are imposed upon
them, where N is the dimension of the gauge group.

Equations (4.75) with v = ¢ (spatial components) have the form

(DoFoi)* — (D;Fj)* = gji (4.78)

They contain second derivatives of A? with respect to time and first
derivatives of A with respect to time. One important property of Gauss’s
constraint (4.77) and equations (4.78) and (4.76) is their consistency; if
Gauss’s constraint is satisfied at the initial moment in time, then it is
satisfied at subsequent time instants if the fields satisfy equations (4.78)
and (4.76).

To check this assertion, we find

00T = 0o(D; Fio + gjo),

where we use the matrix form for fields and current. We show that 9o = 0
at time ¢, if at that time Gauss’s constraint and equations (4.78) and (4.76)
are satisfied. Using Gauss’s constraint at time ¢, we write

0ol = DoD; Fyo + gDojo.

Furthermore, [Dy, D;] = Fo; (in this case, this equation has to be thought
of as the action of an operator in the adjoint representation), thus

Do D;Fig = D;DoFyo + [Foi, Fio] = D; Do Fo.
We use equation (4.78) and write
0ol = —D;(D; Fji + gji) + 9Dojo.
Furthermore, D;D;Fj; = 1(|D;, D;])Fj; = $[Fij, Fj;] = 0, thus
0ol = g(—=D;j; + Dojo) = gDj,-

Finally, from the results of Problem 15 of Section 4.4, it follows that when
equation (4.76) is satisfied, we have D, j, = 0, so that

9ol = 0,

as required.
This property can be viewed in two ways. First, it is possible to satisfy
Gauss’s constraint at the initial time and then “forget” about it and use
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equations with second derivatives with respect to time, (4.76) and (4.78).
On the other hand, it is possible to use Gauss’s constraint for all times, in
which case N of the 3N equations of (4.78) will not be independent. These
two approaches are realized in different gauges.

1. The gauge Ag = 0. To fix the gauge freedom (4.74), we set
A =

for all x and ¢. For the initial data we choose A%, 9, A%, p, J;p, which,
however, satisfy Gauss’s constraint at the initial moment in time. The
second-order equations (4.76) and (4.78) are then used to evaluate
A% and ¢ at t > 0. Gauss’s constraint will be satisfied automatically
for ¢t > 0. This approach is convenient for real computations; its
disadvantage is the need to take explicit account of Gauss’s constraint
at t =0.

2. Hamiltonian gauges. These are conditions imposed on the vector
potentials A%, for example:

A5 =0
(axial gauge) or
0;AY =0

(Coulomb gauge). By fixing the gauge in this way, the fields A¢?
can (at least in principle) be expressed in terms of independent
components a®, o = 1,2. For the initial data, we assign a%(x,t = 0)
and Opal(x,t = 0), together with, if matter is present, ¢(x,t = 0)
and Oyp(x,t = 0). Then A% at the initial moment in time is
determined from Gauss’s constraint. At subsequent times 2N out
of 3N equations (4.78) determine aZ(x,t), while AZ will be found
from Gauss’s constraint, and the remaining N equations of (4.78)
will be identically satisfied.

This approach is applied to the construction of the canonical
(Hamiltonian) formalism in quantum gauge theories.

Problem 19. Write down equations with only first derivatives with
respect to time for Yang-Mills fields without matter in the axial gauge
A§ = 0, assuming that independent variables are A% and ES = F§,,
a = 1,2 and expressing A§ in terms of these variables using Gauss’s
constraint. Show that these equations can be represented in the Hamiltonian
form

04y,  oH or;  6H

ot~ §EY 9t AL’
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where

1 1 1 1 .
H= / (QEgEZ + g FapFap + S ESES + 2F§aF32a) d’z.
In the latter expression, it is necessary to set A =0 in ES and F5.,,, and
express Af in terms of A% and the E using Gauss’s constraint.
For an almost unique choice of solution of the gauge theory equations
one can also use covariant gauges like the Lorentz gauge:

9, AL = 0.

As in Abelian gauge theory, a solution is determined modulo a function
satisfying some (nonlinear) equation, but otherwise arbitrary. Hence, it is
clear that gauges of the Lorentz type are not suitable for formulation of
the Cauchy problem. However, they are very convenient for computations
in quantum theory.



Chapter 5

Spontaneous Breaking of
Global Symmetry

In the situations considered up to now, symmetries (global and gauge)
have led to certain properties of small perturbations of the fields. Namely,
global symmetries in scalar theories have implied equality of the masses of
all small linear waves for fields belonging to the same representation of the
symmetry group, and also the same interaction properties of these fields
(see Section 4.1). Gauge symmetries have led to the masslessness of vector
gauge fields: indeed, expressions of the type

2 qa pa
m” A} A}

are not invariant under gauge transformations (and generally, it is
impossible to construct an invariant expression quadratic in Aj, which does
not contain derivatives), thus, adding these to the Lagrangian would clearly
violate the gauge invariance.

Here and in the next chapter, we consider a dynamical mechanism, which
leads to a dramatic modification of these properties in theories, where the
Lagrangians are invariant under global (Chapter 5) and gauge (Chapter 6)
transformations.

As previously mentioned, small perturbations of fields correspond to
particles. In nature, there exist both massless vector bosons (photons, and
also gluons, carriers of strong interactions between quarks) and massive
vector bosons (charged W# and neutral Z°, mediating weak interactions).
The mechanism considered in Chapter 6 (and its generalization) enables
us to describe the W* and the Z° in the framework of gauge theories.
The breaking of global symmetry, studied in detail in Chapter 5, also
occurs in nature; an important example is the spontaneous breaking of
chiral symmetry in strong interactions. There are numerous examples

85
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of spontaneous symmetry breaking in condensed matter; one such is
superconductivity.

5.1 Spontaneous breaking of discrete
symmetry

Let us consider the theory of a single scalar field with Lagrangian

1 2 m , Ay
= —(0,0)% — — % — 2ot 1
L=5(0up)" = 59" =3¢ (5.1)
This Lagrangian is invariant under the transformation
o(x) — —p(x), (5.2)

which are a discrete symmetry of the model. The energy functional for this
model has the form
1 1
E = /dgx |:2(8()QD)2 -+

2
A
500 + -6 + 76t (5.3)

4

For this energy to be bounded from below we require that
A>0

(the case A = 0 is trivial and will not be considered), but there is no
constraint on the parameter m?2.

Let us find the ground state in this model, the field configuration ¢(x)
with minimal energy. From (5.3) it is clear that minimum energy is achieved

for fields which do not depend on time

Opp(x,t) =0 (5.4)
and are homogeneous in space

dip(x,t) =0 (5.5)

(the first two terms in (5.3) are non-negative and are equal to zero only if
equations (5.4) and (5.5) are satisfied). In other words, a field configuration
in the ground state actually does not depend on x and ¢,

(¢ = constant.

We determine the constant from the requirement of minimality of the
potential

m2 A
Vip) = 7@2 =+ 2804-

The cases m? > 0 and m? < 0 need to be considered separately.
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1. m? > 0. The minimum of the potential is at
@ = 0.

This state is invariant under the transformation (5.2); we say
that the ground state does not break the symmetry of the model.
Perturbations about the ground state are described by the field ¢
itself, and the Lagrangian for these perturbations coincides with the
original Lagrangian (5.1); the Lagrangian for perturbations about
the ground state (field excitations) is invariant under the discrete
symmetry (5.1).

2. m? < 0. In this case, the potential has the form illustrated in
Figure 5.1. The field ¢ = 0, which is symmetric under the trans-
formation ¢ — —¢, corresponds to the maximum of the potential,
and there are two ground states:

¢ = Zpo
0o =
VA
where we have changed the notation,

pr=-m?>0, p>0.

Indeed,

oV
@(w = %p0) = o (—p® + Agf) =0,

so that the minima of the potential are at +.

If we “take away” all available energy from the field, then it will be
in one of the ground states, let us say at ¢ = +pg. In order to transfer
the field from one ground state to the other, one has to add an energy,
proportional to the volume of the space (we recall that V(y) is the energy
density of a homogeneous field; the potential energy of the homogeneous
field ¢ is equal to QV (), where Q is the volume of the space). Thus, for a
system with a large spatial volume ({2 — oo) we have to choose one of the
ground states and consider perturbations about it. Let us choose as the
ground state

p="tpo=

S=

(we could equally well choose ¢ = —¢p, however, a specific choice is
necessary). This state is not invariant under the transformation ¢ — —y;
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Figure 5.1.

we say that the symmetry is spontaneously broken. The energy of the
ground state is equal to

4
ot

In what follows, we shall calculate the energy with respect to the energy
of the ground state (the zero-point energy can be chosen arbitrarily, if
gravitational interactions are not considered). For this, it is convenient to
consider, instead of the Lagrangian (5.1), a Lagrangian differing from that
by a constant: , \

B oo A4 M

R4 + o (5.6)

or, which amounts to the same thing,

1
L= 500 +

1 A
L= 5(3,&)2 — Z(<p2 —95)%.

Here, the energy density of a homogeneous field (potential) is equal to

Vi) =5¢" - %w“ + o= %(@2 - ¢5)%,
so that V(¢p) = 0.

It is impossible to observe a homogeneous field itself in the ground state
directly; any observation has to do with changes of physical quantities in
space and in time. However, the fact that the ground state is non-trivial
leads to a number of consequences for perturbations about it.
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Let us consider perturbations y(z) about ¢ = 4, i.e. we write

o(r) = po + x(x). (5.7)

The Lagrangian for x(z) is obtained by substituting (5.7) in the original
Lagrangian (5.6),

Ly (x) = L(go + x)-

‘We have
Oulwo +X) = Oux,
)\ 2 2\2
Vi (x) = V(po + x) Z((@o +Xx)° = p).
Hence
3 )\ 4
Vyx) = )\SDOX + (Apo)x” + X
A
= 57+ VvV + Xt

4

Consequently, the Lagrangian for perturbations has the form

A
(0ux)? — 2% — Vux® — 2xn (5.8)

1
Ly==> -

2
This Lagrangian is not invariant under discrete transformations y — —x,
which might have been anticipated, since the ground state is not invariant.
The remnant of the symmetry ¢ — —¢ in the Lagrangian (5.8) is a relation
between the mass of the field x and cubic and quartic interaction constants:
an arbitrary polynomial Lagrangian of up to fourth order in field looks like

B a

1
Ly= 5(5;»02 27 —ax® - X (5.9)

2

where m,, o, 3 are, generally speaking, arbitrary. For the theory with
spontaneous symmetry breaking we have, on the other hand,

2

mi = 2u
a = Vi
g o= A

and so there exists one relation between o, 3 and m,.
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Problem 1. Show that the Lagrangian for perturbations about the ground
state ¢ = —q is equivalent to (5.8) (i.e. it reduces to (5.8) by change of
variables).

Thus, the phenomenon of spontaneous breaking of global symmetry
amounts to the fact that the ground state is not invariant under
the symmetry of the Lagrangian. Neither does the Lagrangian for
perturbations have the original symmetry; this symmetry manifests itself in
the relations between coupling constants and the masses of perturbations.

In quantum mechanics with two symmetric wells (potential of the
type illustrated in Figure 5.1) the ground state is a symmetric linear
superposition of wave functions, concentrated near each well. This property
of the ground state arises as a consequence of tunneling between the wells.
In field theory, this tunneling must take place simultaneously in the whole
space, thus its amplitude vanishes in the limit 2 — oco. Indeed, let us write
down the action for spatially homogeneous fields o(t):

SQ/dt[iV@p)}

This coincides with the action for a particle with mass
M=Q
in the potential
U(p) = QV(p).

The amplitude of the tunneling between +py and —pq is described by the
quantity

+vo

A x exp <— % QMUdgp) ,

—%o

therefore

a7 Vo),

i.e. the amplitude of the tunneling tends exponentially to zero as {2 — oo.
Thus, in quantum theory, it is legitimate to consider ¢ = 4+ as the ground
state, if the spatial volume is sufficiently large.
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5.2 Spontaneous breaking of global U(1)
symmetry. Nambu—Goldstone bosons

Let us consider the simplest case of continuous symmetry, U(1) symmetry.
Let

— i( +14 )
Y= /2 P11 P2
be a complex scalar field, with Lagrangian of the form

L=08,0"0up —m*¢"p — N p)* — (5.10)

where the constant ¢ is introduced for convenience in what follows. The
Lagrangian (5.10) can also be written in terms of real fields (¢1,p2) =
75 (Rep, Imp),

2

1 m A
L= S0upi0upi — —oipi — 7 (pivi)” — ¢,

where the summation over ¢ = 1,2 is understood.
The Lagrangian (5.10) is invariant under global U(1) transformations

p(z) = ¢'(z) = e'“p(2) (5.11)
or, in terms of the fields ¢ o,

1 — COS (up1 — Sin s (5.12)

o — Sin apy + Cos as.

Let us consider the field energy

E = /d3x(ao<p*ao<p + 0" 0ip + V(¢7, ),

where

V(™ p) =m? o + Ap*p)* +c. (5.13)
The ground state is again homogeneous in space-time, ¢ = constant, and
is a minimum of the potential (5.13).

For m? > 0, the ground state is ¢ = 0, and the excitations represent two
real fields 1 and 9 of equal mass with a special choice of the interaction
(¢% + 3)2. The U(1) symmetry is not broken.

For m? = —pu? < 0, the potential V() is a solid of revolution, with
“a Mexican hat shape”, as shown in Figure 5.2. It depends only on one

variable
_ et
el =\ —5—
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Figure 5.2.

and has a continuous set of minima

T4
— ewz77
P V2

where g is determined from the condition
(o1a) (72) =
Olel ) \v2

I

o NS
We again need to choose one of the minima as the ground state and consider
excitations about that.

Although transitions between different minima can be completed
without increasing the potential energy by moving along the circle of
minima, they still require an infinite energy in the limit of infinite volume
of the space, 2 — oo. Indeed, for a homogeneous field ¢(t), the kinetic
term in the energy is proportional to the volume

and is equal to

Ekin = Q|<)0|2

Therefore a change in the field in the whole space requires an infinite energy.
Thus, again, it is sufficient to consider just one of the minima.
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Let us consider the ground state
0 =o/V2, (5.14)

i.e. p1 = o, Y2 = 0, and perturbations about that, described by the fields

p1(z) = o+ x(@) (5.15)
p2(z) = 0(2)

We restrict ourselves to small perturbations, so we retain terms in the
Lagrangian which are quadratic in the perturbations x and 6. We have
Oup1 = OuX, Oup2 = 0,0, and

T 2, g2, A 2 g2 M
V= —7[(900-1—)() +0 ]‘*‘1[(%004')() +6°] v
where the constant ¢ in (5.10) is chosen such that the energy of the ground
state is equal to zero.
To quadratic order in the fields xy and 6 we obtain

V = x>

There are no terms of type 62 or x# in the potential. This can be seen from
Figure 5.2: quadratic terms in x and 6 in the potential are the curvatures of
the potential along the directions 1 and q; the curvature of the potential
along the direction ¢9 is equal to zero at the point (¢1 = g, p2 = 0), by
virtue of the U(1) symmetry (5.12).

Thus, the quadratic Lagrangian is equal to

£ = L0007 + 5(0,0)° — X
The field x has mass m, = V2, while the field # remains massless. The
occurrence of the massless mode is directly related to the presence of the
U(1)-symmetry in the Lagrangian and to the non-symmetric nature of
the ground state (Nambu 1960, Vaks and Larkin 1961, Goldstone
1961). This massless field is called the Nambu—Goldstone field and the
corresponding particle is the Nambu—Goldstone boson.

The connection between the Nambu—Goldstone mode and symmetries
of the Lagrangian can also be illustrated as follows. Let us consider small
perturbations of the field about a non-symmetric ground state, such that
© is not equal to zero anywhere in space—time (this is only possible if the
symmetry is spontaneously broken!). Then, we can introduce variables p(z)
and «a(z),

ia(z)

p(r) =" p(z). (5.16)
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Since the Lagrangian is symmetric under the transformations (5.11) the
potential does not contain the field a(z) (this is also clear from (5.13)), i.e
the field a(z) only appears in the Lagrangian via the derivative d,a(x )
The absence of a term of type o?(z) in the Lagrangian means that a(z) is

a massless field.

Thus, in the example of the model with U(1) symmetry, we have seen
that spontaneous breaking of continuous global symmetry (the Lagrangian
is symmetric, the ground state is not) leads to the occurrence of massless
perturbations, called Nambu—Goldstone modes. This statement is of a
general nature, as we shall see in Sections 5.3 and 5.4.

The particles closest to Nambu-Goldstone bosons are the 7% and 7°-
mesons. The corresponding symmetry is the chiral invariance of strong
interactions. The fact that the masses of m-mesons are non-zero has to
do with small terms in the Lagrangian, which explicitly break the chiral
symmetry.

Problem 2. Find the full Lagrangian for the fields x and 8, defined by
(5.15). How many independent constants does it contain?

Problem 3. Show that choice of the ground state in the form

p1 = pocosa

Y2 = @psinao

leads to the full Lagrangian for the perturbations, equivalent to that found
in the previous example.

Problem 4. Write the full Lagrangian for perturbations about the ground
state in terms of the fields a(x) and Ap(z) = p(x) — po. Find the relation
between a(x) and the Nambu—Goldstone mode 0(x) to the leading order in
the fields.

5.3 Partial symmetry breaking: the SO(3)
model
Global symmetry of the Lagrangian may be broken incompletely. An

example of partial symmetry breaking arises in the model with three real
fields ¢%, a = 1,2,3 and Lagrangian

1
L= §8ucpa L0 —V(p), (5.17)
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where ) \ .
M a,.a a, . a\2 M
= —— — —. 1
V(p) 5 PPt M) (5.18)

In (5.17) and (5.18) summation over a is understood; we suppose that
p? > 0.

The Lagrangian (5.17) has a global SO(3) symmetry (rotation in three-
dimensional internal space). The ground state is a homogeneous field
in space-time, minimizing the potential V(¢). The potential V(p) has
minima at

©*p* = g,
where
1

0= —m=-
T
Thus, the set of all possible ground states is a two-dimensional sphere of

radius @g. As the ground state (we shall call it the classical vacuum of the

model) one can choose any point on the sphere; let us choose
' = ¢*=0
3 _
¥ = o

Unlike in the previous example, the vacuum vector @) = (0,0, ¢g) does
not break the symmetry completely; there is a non-trivial subgroup of the
group SO(3), under which the vacuum vector is invariant:

w@® = 0, (5.19)

This subgroup is the group SO(2) of rotations in the space of the fields
about the third axis

ot — cos ap! — sin ap?

0% — sin ap! + cos ap?

¢° = ¢
It is clear that the Lagrangian for perturbations about the chosen classical
vacuum will be invariant under this group SO(2). Let us find the quadratic
part of this Lagrangian and, in particular, determine which perturbations

are massless Nambu-Goldstone modes.
Let us introduce the fields of perturbations x(z), 8 (z), 0 (x), such that

ol(x) = 0'(x)
Pla) = ) (5.20)
P x) = o+ x().
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The potential term in the Lagrangian for the perturbations has the form

2 2
Vo= =500+ 697 - S (eo + )
+% (012 + (6% + (g0 +x)%]” + g, (5.21)
and the kinetic term is equal to
Lian = (08 + 50,87 + 3 (@) (5:22)

From (5.21) and (5.22) we see that the Lagrangian of the perturbations
L = Lyin — V is invariant under SO(2) rotations of the fields #* and 62,
since it contains only combinations of type (%)% + (62)2. Of course, it does
not have full SO(3) symmetry.

Evaluating (5.21), we see that the quadratic part of the potential
contains only x?2, so that the quadratic Lagrangian for the perturbations is
of the form

1 1 1
L® = 5(3u91)2 + 5(@92)2 + 5(3/»()2 — 1
Consequently, 8! and 62 are massless Nambu-Goldstone fields. The fact
that there must indeed be two real Nambu—Goldstone modes is clear from
the following arguments. Of the three generators of the group SO(3), one
generator annihilates the vacuum @(© = (0,0, ¢0):

thd® = 0. (5.23)

This is the generator of the unbroken subgroup SO(2): equation (5.23)
is equivalent to (5.19) for w close to unity, w = 1 + etj, where ¢ is a
small parameter. The two other generators (and any linear combinations
of them) do not annihilate the vacuum, otherwise, the unbroken subgroup
should be larger than SO(2). We form two vectors

i = g0 (5.24)
s = 250

where t;, ¢y are broken generators (i.e. they do not annihilate the vacuum
@©). The vectors 7i; and 7y are linearly independent (otherwise a linear
combination of t; and t, would annihilate the vacuum). Moreover, if 6*
and 62 are small then the vector

G =3O + 07, + 6%,
is one of classical vacua, near F©: indeed

F=(1+0% + 6%)30 = wg®,
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where w is close to the unit element of SO(3). Thus to the first non-trivial
order in 6%, 6% we have

V(@) =V (&),
ie.
V(GO + 647, + 0%iy) =0
(we have taken into account that V(3(®) = 0). Since F(® is the point of
the minimum of the potential V', the first non-trivial order is quadratic.
Thus, for deviations from the vacuum @ of the form

F(z) = FO + 0 (2)7) + 6% (x)ii, (5.25)

the quadratic part of the potential does not contain 6 and 62, i.e. the fields
0' and 62 are massless.
For the group SO(3) the generators have the form

(ta)be = €abe;
and the chosen classical vacuum is equal to
PO — gad g,
The unbroken generator is t3, since
(t3)bep V¢ = e300 = 0.
The broken generators are t; and to and the vectors in (5.24) are equal to

(t1)abp ™ = 100" 00 = 6"
2060300 = —6% pg.

ni

ny

It follows from (5.25) that the field with massless perturbations has the
form

P(x) = (—52(55)900751(35)%,@0)

Comparing this expression with (5.20) at x = 0, we have a relation between
the fields #'2 constructed above and the fields #'2 used in the explicit
calculations

0! = 0%
92 = 9~1<p0.
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Thus, modulo the notation and the normalization, the fields constructed
using (5.24) coincide with the Nambu-Goldstone modes which we found
explicitly.

The construction described here generalizes to the case of an arbitrary
compact global group and an arbitrary unitary representation of scalar
fields. This generalization is called the Goldstone theorem and is studied
in the next section.

Generally speaking, we might not be so lucky with the choice of fields
of perturbations 6! (z),6?(x) and x(z) (see formula (5.20)) that the fields
0! and 62 are at once Nambu-Goldstone modes. It would be possible to
introduce three linearly independent vectors 71,75 and 713 and write for
the field with perturbations, instead of (5.20),

Pla) = 3 + g (),

where 3 = (0,0, ), and the £ are the fields of perturbations. Then,
the kinetic term in the Lagrangian of the perturbations would have the
form

Lo vin oj (= =
Lyin = iauglaugj : (nl : le),

and the quadratic contribution to the potential would have the structure

@)(5) — L

ViE(p) = §Mij§i£j7 (5.26)

where M;; is some real symmetric matrix, independent of the coordinates
(mass matrix for the fields £°). To bring the quadratic Lagrangian to
canonical form (5.22), we need to do the following.

1. Choose the vectors 7i; to be orthogonal (7;-7;) = 6;;. Then the kinetic
term in the quadratic Lagrangian will have the canonical form

1. .
»Ckin = Eaugla,ugzv
but the potential terms, as before, will have the structure (5.26).

2. Next perform an orthogonal transformation of the fields &7, i.e.
introduce fields

¢ =0l

where O;- is an orthogonal matrix. In terms of the fields £, the kinetic
part of the Lagrangian, as before, is of canonical form. The matrix
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O;- should be chosen such that the quadratic term in the potential
takes the form

Ve = % Z m7€"e,

i.e. so that the matrix (OT MO) is diagonal. Such a matrix O always
exists; it follows from (5.21) that in the model in question, two
eigenvalues m? of the matrix M are equal to zero.

Problem 5. Consider the theory of three complex scalar fields f;(x), i =
1,2,3, with Lagrangian

L=0uf0ufi + 12 f fi — MNSfF )2

a) Find the global symmetry group for this Lagrangian. b) Find the set
of ground states of the model. Choosing one of them, find the unbroken
subgroup. c¢) By considering perturbations about the ground state find the
Nambu—Goldstone modes and the masses of the remaining perturbations.
d) To which representations of the unbroken subgroup do the Nambu—
Goldstone modes and massive modes belong?

5.4 General case. Goldstone’s theorem

As the general case, we shall consider the theory with scalar fields which,
for definiteness, we shall assume to be real (a complex field is equivalent
to a pair of real fields). Suppose G is the global symmetry group of the
Lagrangian; we shall restrict ourselves to the physically interesting case of
a compact group G. We shall denote the set of scalar fields by ¢(x); for
each z, the field p(x) takes values in the space of the unitary (generally
speaking, reducible) representation T'(w) of the group G. We choose the
Lagrangian in the form

1
where (1, ¢2) is the scalar product in the space of the fields. The unitarity
of the representation T'(w) implies that the kinetic term in the Lagrangian

is invariant under the action of the group G; for invariance of the potential
term, we require

for all w € G.
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Suppose the minimum of the potential V(¢) is non-trivial. We choose
as the ground state the homogeneous field

p(z) = po.

The homogeneity of the field configuration of the ground state arises, as
in the examples considered earlier, from the requirement of minimality
(equality to zero) of the gradient terms in the energy; the value of g
realizes a minimum of the potential, which we write symbolically as

194%
%(Sﬂ =) = 0.

Suppose further that H is the subgroup of the group G which is the
stationary subgroup of the classical vacuum ¢y, i.e.

T(h)po = ¢o (5.28)

for all h € H. The fact that the set of all elements h € G satisfying (5.28)
actually forms a subgroup of G follows from the basic properties of group
representations: indeed, for all h, hy,hy € H (see also Section 3.1)

T(hih2)po =T (h1)T (h2)po = T (h1)po = o,
and from
T(h=")T(h)go = o
it follows that
T(h™)po = o,

i.e. hihy and h™! belong to H. We shall call H the unbroken subgroup for
the model (5.27).

Let t, be generators of the subgroup H. Since (1 + ¢"t;) are close to
the unit element of H, the following holds for them

T+ ") p0 = wo. (5.29)

On the other hand, by the definition of the representation of the algebra
T(1 +eMty) = 14 e"T(t,), and introducing the notation T}, = T'(t;,) for
the representation of the generators, from (5.29) we have

Thpo = 0.

We divide the generators of the group G into two families {¢5} and {t,, },
where tp, are the generators of the group H and ¢/, supplement the family
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{tn} to form a full orthonormalized set. If R and Ry are the dimensions
of the groups G and H, respectively, then the family {¢,} consists of Ry
generators, and the family {¢/,} of (Rg — Ry) generators. We note that
any element A of the Lie algebra, annihilating the classical vacuum, i.e.

T(A)SDO = Oa
is a linear combination of the generators ty:
A= apty,

(any element of G near the unit element which has the form (1 +€A) and
leaves vacuum invariant, by definition belongs to H). Thus, none of the
generators t,, or their linear combinations annihilate the vacuum,

T(cth)po # 0 (5.30)

for non-zero ¢*. Generators of type t/, will be called broken generators.
Let us now consider perturbations of the field ¢(z) about the ground
state g, i.e. we write

o(x) = o + x(x)

where the x(z) are new dynamical variables. The Lagrangian for the fields
x(z) has the form

1
£X(X) = i(a/LX? a,uX) - V(SDO + X)-

Let us show, in the first place, that £, is invariant under the global group
H. Let h be any element of the group H. We need to show that

Ly (T(h)x) = Lx(x)- (5.31)
Since
Ly(x) = L{¢o + x) (5.32)
we can write
Ly (T(h)x) = L(¢o + T(h)x). (5.33)

Moreover, by virtue of the fact that T'(h)po = o and the linearity of the
operator T'(h) we have

Lo +T(h)x) = LIT(h) (o + x))- (5.34)

Furthermore, £(¢p) is invariant under the whole group G and, in particular,
under its subgroup H. Consequently,

L(T(h)(wo + X)) = L(¢o + X)- (5.35)



102 Spontaneous Breaking of Global Symmetry

The chain of equations (5.33), (5.34) and (5.35) proves the desired relation
(5.31).

Among the perturbations x(z) one can identify those which have a
structure of the form

Xa(x) = ea(-r)T(;SOO (536)

(no summation with respect to «), where = 1,..., Rg — Ry; and the
0o (x) are (Rg — Ryy) real scalar fields. As always, T, = T(t.,) are broken
generators in the representation T'. By virtue of (5.30), these perturbations
are linearly independent, i.e. the 6, (x) are independent fields. Goldstone’s
theorem says that the fields 6, (x) are massless. To convince ourselves of
its validity, we write an arbitrary perturbation in the form

x(x) = Oa(2)Th 00 + (), (5.37)

where the field n(z) comprises modes differing from 6, (in (5.37) summation
over « is understood). We have to show that the expansion of the potential

V(o + 0aTopo +1) (5.38)

for small 6, and 77 does not contain terms in 8,603 or 6,7, i.e. the quadratic

part of the potential contains only 7(x) (since the classical vacuum is the

minimum of V(y), (5.38) does not contain any terms linear in 6, and 7).
Let us consider the expression

VIT(g)(o +n)),
where g is an element of the group G of the form
g=1+0,t + B6?

(terms of the order of % are written in symbolic form). By virtue of the
invariance of the potential under the group G we have

VIT'(g)(¢o +m)] = V(go +n). (5.39)
On the other hand,
VIT(9)(po +m)] = V(o + 0aThpo + 1+ B + 0,T)m), (5.40)

where we have omitted terms of cubic and higher order in the perturbations
0, and 7, terms of the order of §? are again written in symbolic form.
We expand the right-hand side of (5.40) into a series around the point

(o + 0aTppo +n):
VIT(9)(po+m)] = V(eo+0aTopo+n) (5.41)

ov
+ 87@(% +0uT 00 +1)| (BO* +0,T.n),
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where we have again neglected terms of cubic and higher order and have
written the second term in a very sketchy form. The second term, in
reality, is equal to 0 in quadratic order in the fields: the potential has a
minimum at the point g, thus its derivative in (5.41) is at least linear
in the perturbations, and is multiplied by a quadratic expression. Using
(5.39), we obtain to quadratic order:

V(po + 0aThpo +n) = V(eo + 1),

so that the quadratic part of the potential does not contain the fields 6,
as required.

Problem 6. Show that the Nambu—Goldstone fields 6,(x) and the
massive scalar fields uq (), which together form all possible excitations over
the vacuum, can be chosen such that the quadratic part of the Lagrangian
has the canonical form

1 1 m?2
L= 3 ; 0u000,00 + ; (26Huaaﬂua + 2uaua> .

Thus, Goldstone’s theorem asserts that in a theory with spontaneously
broken global symmetry, there are at least! as many massless scalar (or
pseudoscalar) fields, as there are broken generators. It also provides
a technique for identifying explicitly massless fields in the set of all
perturbations about a non-trivial vacuum g (formula (5.36)).

To end this chapter, we note that we have mainly considered potentials
V(e) having the form of a polynomial of degree four in the fields. In
classical theory, one might consider arbitrary functions V (), compatible
with invariance under the symmetry group of the model. The results of
this chapter remain valid for any V(¢) having non-trivial minima, where
symmetry is broken spontaneously. As mentioned earlier, in quantum
theory, there are constraints on the structure of the scalar potential V (),
depending on the space—time dimensionality.

IThere may be more massless fields than the number of broken generators. Such a
situation often arises in supersymmetric theories.
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Chapter 6

Higgs Mechanism

6.1 Example of an Abelian model

In this chapter we consider the situation with a non-trivial ground state of
a scalar field in models with gauge invariance (Anderson 1963, Englert and
Brout 1964, Higgs 1964, Guralnik et al. 1964). We shall sometimes use the
term “spontaneous symmetry breaking” in this case also, although, unlike
in the models with global symmetry considered in Chapter 5, breaking of
gauge invariance does not occur in reality. As the simplest example, we
consider a model with U(1) gauge symmetry. We choose the Lagrangian
in the form

1 * * *
L= =1 Fuwluw + (Dup) Dy = [P0 e + Ae*p)?],  (6.1)

where ¢ is a complex scalar field, F,, = 0,4, —0,A,, D,y = (0, —ieA,)p.
From the beginning we choose the square of the mass to have negative sign
in the scalar field potential

V(p*, ) = =120 o+ A p)?,

since that is our interest in this chapter. We recall that the Lagrangian
(6.1) is invariant under the gauge transformations

A(e) = AL@) = Ae) + S 0a(2)

io(x)

p(r) — ¢'(x)=e"Tp(x),

where «(x) is an arbitrary real function.
To find the ground state, we write down the energy functional for the

105
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fields A, and :

Bup) = [ da| g + (5 (6.2)

+(Dow) Dop + (Dip)*Dip + V(g ) | .

The ground state is that configuration of the fields A, ¢ which minimizes
the energy. It is immediately clear that there is a functional freedom in the
choice of the ground state: the energy E(A,, ¢) is gauge invariant, thus if
(A,(f), ¢} is a ground state, then (A,(f) + 19,a,ep() is also a ground
state for any function a(z). As in Chapter 5, we need to choose a ground
state from this family of classical vacua and study excitations about it.
The first two terms in the integrand (6.2) are minimal (equal to zero),
when the electric and magnetic fields are equal to zero, i.e. A, (z) is a pure
gauge, .
A, = gaua(:n). (6.3)

The third and fourth terms are minimal (equal to zero) when
D,y = (0, —i0,a)p =0,

1.e.
iaa) 1

pla) = =5 o, (6.4)

where ¢y does not depend on z (the factor 1/v/2 was introduced for
convenience). The constant ¢ is determined from minimization of the
potential V (¢*, ) and is equal to

I

= —. 6.5

%o 5N (6.5)

Thus, all possible ground states are determined by formulae (6.3), (6.4)
and (6.5); as mentioned earlier, we need to choose one of these (it does not
matter which one). Let us choose v = 0, so that the vacuum configuration

has the form 1

——p.
oM
Let us now consider excitations about the ground state. Excitations of

the field A, are described by the vector potential itself and excitations of
the scalar field by two real fields x(z) and 6(z), such that

AP =0, oW = (6.6)

ﬂ@:%mem+mm. (6.7)
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We recall that in the analogous model with global U(1) symmetry
(Section 5.2) the field § was a massless Nambu—Goldstone field and y was
massive.

Let us find the spectrum of small (linear) waves about the ground state
(6.6). For this, we calculate the Lagrangian in terms of the fields 4, x and
0 to a quadratic order in these fields. We use the fact that to quadratic
order

V() = X

modulo an irrelevant additive constant (we performed this computation in
Section 5.2), and also

1 . ,
D, o = ﬁ(aﬂx + 40,0 — iepoA,)
modulo quadratic terms in the fields A,,x and §. Thus, the quadratic
Lagrangian has the form

1 1 . .
L) = —Fy, 4 5 |0ux +i0,0 — iepo A * — 1P
(recall that F?, is quadratic in A,,). Evaluating the square of the modulus,
we obtain

(2) Lo 1 2 2.2 6290% 1 ?
LY =—-F —(0 — —— A, ——0,0) . 6.8
4uu+2(u><) :“X‘*'Q(u emu) (6.8)
We have encountered a somewhat unusual situation: the last term in (6.8)
contains, in addition to the expressions Ai and (8,0)?, a cross term A,,0,,0.
In order to bring the quadratic Lagrangian to canonical form (sum of the

Lagrangians of the individual fields) we change the field variables: instead
of the fields A, and 6, we introduce the fields

1
B,=A,——0,0
p H T ege M
and 0. Then, the quadratic Lagrangian will have the form
2,2
€ %o B
2

1

1
£? = __RB?
50wt 2

uBu + (auX)Q - /~L2X27 (6-9>
where B, = 0,8, — 0, B,.

The Lagrangian (6.9) is the sum of the Lagrangian of the massive vector
field B, with mass

€
my = epo = \7)\#
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and the Lagrangian of the massive scalar field x with mass
my = V2.

The field #(z) does not appear in the Lagrangian at all: it need not satisfy
any field equations, i.e. an arbitrary function of the coordinates 6(x) is an
extremum of the action with respect to the field 6.

The most interesting things about the Lagrangian (6.9) are the
appearance of a mass for the vector field and the disappearance of the field
6(x). The field (x) would be a Nambu-Goldstone field if the symmetry
were global rather than gauge. Loosely speaking, the vector field has “eaten
up” a Nambu—Goldstone field and has acquired a mass. Herein lies the
essence of the Higgs mechanism. We stress that the massive vector field
appeared in the theory with a gauge-invariant Lagrangian.

In addition to the vector field B,, the spectrum of the excitations
includes the scalar field xy. We shall see that this always occurs in models
where vector bosons acquire mass via the Higgs mechanism; this scalar field
is called the Higgs field and the corresponding particle is the Higgs boson
(the term “Higgs field” is also applied to the whole of the scalar field p(z),
whose vacuum value is non-trivial).

Problem 1. Choose the ground state in the form

) 1
AP = ()
1 .
W) = ——eial@)
® ( ) \/é %o,
where a(x) is a fived function. By considering fields of the form
A, = AE}’)—i—au
p = o+

where a, and & are small perturbations, show that the spectrum of linear
waves is described by a Lagrangian equivalent to (6.9).

Let us make some remarks in connection with the above. First,
we determine the properties of the fields B, and x under gauge
transformations. The gauge function «(z) is assumed to be small, such
that if A, is small, then

1
A=A, + Eaﬂa(:ﬂ)

is also small, and may be treated in a linear approximation. We note that
for small gauge transformations

w0 — ¢ =@ +iap. (6.10)
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To find the form of transformations for the fields x and 6, we write

1
= —(po+x+ib
/ 1 / -n/
= —(po+ X +i),
¥ \/5(900 X )

and from (6.10) we obtain to linear order in x, # and « that
X' +1i0" = (x + i6) + icepo
or

X = x (6.11)
0 = 0+ apg.

Thus, the field x is gauge invariant, but the field 8(x) is shifted by a(x)¢p.
The field B,, is also gauge invariant: for gauge transformations we have

1 1 1 1
B = A —-—090=A -0, — —9,0 — — o0
W nT e u"’euo‘ oo " 6@0900 n&
1
“T g H 1

Thus,! the Lagrangian (6.9) contains only gauge-invariant variables.
The fact that the field 0(x) is arbitrary is explained by formula (6.11); for a
given 6(x), the function a(z) can be chosen to make the gauge-transformed
field #'(x) an arbitrary preassigned function.

Let us now compare the number of degrees of freedom in the theory
with a trivial vacuum (i.e. m? > 0) and in the theory with the Higgs
mechanism. In the theory with a trivial vacuum, there is a massless vector
field (two physical degrees of freedom plus an arbitrary gauge function) and
a complex massive scalar field (two degrees of freedom), making a total of
four physical degrees of freedom (and one gauge function). In the theory
with the Higgs mechanism, the massive vector field has three degrees of
freedom (we recall that the field B,, satisfies the condition 0,B,, = 0, and
each of its components is subject to the Klein—Gordon equation), while the
field x has one degree of freedom, making a total of four physical degrees
of freedom (plus one gauge function, or, what amounts to the same thing,
an arbitrary function 6(x)). Thus, the number of degrees of freedom is the
same in these cases; however, for the Higgs mechanism, the vector field
takes away one degree of freedom from the scalar field.

I This has only been shown here for small gauge functions a(x). The general case is
contained in Problem 2.
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At first glance, it seems that the unphysical degree of freedom of the
model appears in the Lagrangian in terms of order greater than quadratic:
if the field (6.7) is substituted into the Lagrangian (6.1), then the field 6(z)
actually appears in the higher-order terms. However, the “superfluous”
field can be removed completely by the change of the field variables.

Problem 2. Find the full Lagrangian in terms of the fields A,,x and
0. Find the change of the variables which reduces this Lagrangian to a
Lagrangian of interacting massive vector field and scalar field. Find the
transformation rule for these massive fields under general (not necessarily
small) gauge transformations.

That the unphysical field vanishes from the full Lagrangian for field
excitations can be easily seen as follows. Since the vacuum value of the
scalar field is non-zero, for fields sufficiently close to the classical vacuum,
one can introduce the representation

L i)

plr) = (), (6.12)

where p(z) and ((z) are new real fields (such a representation is possible
for fields ¢(x) which are non-zero everywhere in space-time, whereas the
fluctuations of phase should not reach 7 or —7). We note that for gauge
transformations ¢’ (z) = e**(®) p(x) we have

pleiﬁ’ _ peiﬁ+ia7
i.e. p(x) is a gauge-invariant field, and G(x) is shifted
§(@) = Az) + alz). (6.13)

For the covariant derivative we have

1 , ,.
D,y = ﬁ[aup +ip(0u0 — eAM)]eﬂ7

thus the Lagrangian in terms of A, p and 3 has the form

2
1 1 1 1
£ = _ZFHVF/,U/ + §(aﬂp)2 - V(p) + §e2p2 (AM - eaﬂﬁ) ? (614)
where
2
K o A

1
By =4, — 0,0, (6.15)
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then the full Lagrangian will not contain the field g:

1 e? 1
ﬁz—j%ﬂw+5fEH5@wf—WM~ (6.16)
The field B,, is gauge invariant (this follows from (6.13) and (6.15)), so that
the Lagrangian (6.16) contains only gauge-invariant fields. The ground
state for such a Lagrangian is the configuration

B,(J:U) = 0
w -
p %

and the quadratic Lagrangian for small perturbations B, and x, where

p=r"+x,

has precisely the form (6.9). Thus, in terms of the variables p,3 and
B,,, the full Lagrangian does not contain the unphysical field 8 and is
the Lagrangian of gauge-invariant interacting massive vector and scalar
fields. We note that in the case of small fields, 3 is related to 6 via 0 =
wo8. We again stress that transition to fields p(x) and 6(x) according to
formula (6.12) is only possible if the vacuum value of the scalar field is non-
zero, i.e. only when the Higgs mechanism is realized, and only when small
perturbations of fields about the classical vacuum are considered (this last
requirement is trivially satisfied for linear waves).

To end this section, we note that until now we have not fixed the gauge.
The results of this section, however, could have been obtained more easily
by fixing the gauge

B(x) = 0.

Indeed, it is always possible to satisfy this condition by choosing the gauge
function a(x) in (6.13). This condition can be written in the form

Imp =0,

where Re ¢ = \% p, i.e. in the field ¢(x) only the physical degree of freedom
remains. Such a gauge is called unitary. In a unitary gauge, B, coincides
with A,, and the Lagrangian (6.16) is obtained immediately if in the original
Lagrangian (6.1) one sets

Imp = 0

Reyp = ﬁp.

Such a choice of gauge is convenient for analysis of the spectrum of physical
perturbations in non-Abelian theories.
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6.2 Non-Abelian case: model with complete
breaking of SU(2) symmetry

As the simplest model with non-Abelian gauge invariance, we choose a
model with gauge group SU(2) and a scalar-field doublet (fundamental

representation)
1
_ , 6.17
7 (@2) (617

where ¢1, o are complex scalar fields. The Lagrangian has the form (a =
1,2,3)

1
L=—=F3F% + (Dup) Do — [—120 0 + Ao 9)?]. (6.18)

4 mrt

The ground state is the minimum of the energy functional
a 1 a a 1 a a
E(Aj, gp):/d?’x |:2FOiFOi+4Fz'jFij+(D0§0)TDOQO"_(Di@)TDi‘pJFV(‘pT7 o),

where
Vet p) = =120 o+ MpTp)? (6.19)

is the potential of the scalar fields.
In the ground state

£, =0,
thus Aj is a pure gauge; in matrix form
Au(z) = w(2)ow ™ (z). (6.20)
The field ¢(z) is covariantly constant,
Dyp(x) =0,

ie.

pla) = w(@)p™, (6.21)
where (") is a constant column. It is determined from minimization of the
potential V(¢f, ¢). The requirement

v _ov _
det — Op
gives
2
ol =1 (6.22)
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From the family of gauge-equivalent vacua, we choose one; for simplicity,
we take it in the form

A% = 0 (6.23)

0
QO(U) = ( 1 )a
2P0

where

Problem 3. Show that any configuration, satisfying (6.20), (6.21) and
(6.22), can be obtained from the classical vacuum (6.23) by a gauge
transformation (generally speaking, not decreasing at infinity).

To find the spectrum of small perturbations about the ground state
(6.23), we use the technique described at the end of Section 6.1, namely,
we fix a unitary gauge. An arbitrary field close to p(*) can be represented
in the form 0

70 =04 r0eh) 620
where x(z) is a real function of the coordinates and w(x) is a function
close to unity with values in SU(2). In order to check the legitimacy of the
representation (6.24), we note that the left-hand side is equal to

_ €1(7) + b2 ()
Plw) = (&5% +&(x) + 154(95))7 (6.25)

where &1 (), ..., &4 (z), are four small real functions. For w(z) close to unity
we have

w(z) =1+ ir%u(x),

where the u®(x) are small. The right-hand side of (6.24) equals, in a linear
approximation in u® and ¥,

0 0 0 W0l (z) + L2u2(z
< Ny ) + ( ) >+1Taua< y ) B ( ! \/i E ) ﬁiWO( 3 )
NG 72X vz%0 %0 + 5x(x) — “Rud(z)

Comparing this expression with (6.25), we see that u* and x can be chosen
so that equation (6.24) is satisfied to linear order in the deviations of the
field from the vacuum value.

Representation (6.24) is valid in some finite neighborhood of the classical
vacuum, however, it does not hold near ¢ = 0.
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From the representation (6.24) it is clear that any configuration of
the field p(z) close to the classical vacuum is gauge equivalent to the

configuration
0
#le) = (k(@o + X(x))) (6:26)

where y(z) is a real field. Thus, the gauge can be chosen where the field
has the form (6.26) (unitary gauge).

We use the unitary gauge to find the structure of linear perturbations
in the model. For this, we identify the linear parts in

a a a abc Ab pc
FS, = 0,A% — 0,A% + ge° AL AC

T
D, =0up — 297142@, (6.27)

assuming that the field Af is small and that the field p(z) has the form
(6.26) with small x(z). To linear order, we have

Fﬁy ~ F¢

[ 2

(6.28)
where
Fy = 0, Ay — 0, A5
Furthermore, substituting (6.26) in (6.27) we obtain to linear order
L 1 2
Dao—( O ) igas( O )= —i555 P04, — 3P0 AL
" 1.9.x 9 “m\ L 19 9o A3 )
V2% \/5900 72 MX+Z2\/§¢O m
(6.29)

Finally, to quadratic order in x, the potential (6.19) equals, modulo an
irrelevant additive constant,

V =12 (6.30)

Using equations (6.28), (6.29) and (6.30), we write the quadratic part of
the Lagrangian (6.18) in the unitary gauge

1l 0 ra 9290(2) aqa , 1 2 2.2
L= =TT+ S5 ALAL + 50,007 — 12X (6.31)

Thus, as a result of the Higgs mechanism the model has three massive
vector fields Af, a = 1,2,3 with the same mass
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and one massive scalar field x (Higgs boson field) with mass
my = \/iu = V2A\pg.

We note that if the symmetry were global rather than gauge, the model
would have three Nambu-Goldstone bosons (components &i1,&,&4 in
formula (6.25)), according to the number of broken generators (the group
SU(2) is completely broken, the number of broken generators is three).
These Goldstone bosons are “eaten up” in gauge theory by the three vector
bosons, which become massive. We note that when the square of the mass
is positive (u? < 0 in the Lagrangian (6.18)) the model has three massless
vector fields (six degrees of freedom) and four massive real scalar fields (the
real and imaginary components of the fields ¢; and g in (6.17), in total
four degrees of freedom). As a result of the Higgs mechanism, for y? > 0,
the three vector bosons have nine degrees of freedom and the Higgs boson y
has one. Thus, the model has 10 degrees of freedom, in both the unbroken
and the broken phase.

Problem 4. Find the spectrum of linear physical excitations in the model
of this section, without fixing the gauge.

Problem 5. Find the full Lagrangian of the fields A}, and x in the model
of this section in the unitary gauge.

Problem 6. In the model of this section, the field ¢ can be written in the

form
_ <771 + Z'772)
L u+ing )’
where u,n1,m2,m3 are real scalar fields. Show that the scalar potential is
invariant, not only under the original group SU(2), but also under the
global SO(3) symmetry, where u is an SO(3) singlet, and n, is an SO(3)
triplet (vector). Choose a transformation rule for the vector fields under
this group SO(3), for which the full Lagrangian (6.18) is invariant under
this global group SO(3). The vacuum value of the field (6.23) does not
break this global SO(3) symmetry. Show that the equality of the masses
of the three vector fields discussed in connection with formula (6.31) is
a consequence of the unbroken global SO(3) symmetry. Show that the full
Lagrangian obtained in the previous problem is invariant under this SO(3).

Problem 7. Let us introduce into the theory with gauge group SU(2), in
addition to the doublet ¢, three extra real scalar fields f*(z), a = 1,2,3,
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forming a triplet under the gauge group SU(2). Choose a gauge-invariant
scalar potential such that one of the vacua of the model is

0
7T (@0/@)
fl — f2 =0
o=,

where pg and v are some constants. Find the spectrum of small physical
excitations about this vacuum. Are the masses of the three vector bosons
equal? Does the model with a triplet have unbroken global symmetry (not
necessarily SO(3) ), analogous to that considered in the previous problem?

Problem 8. Construct a model with fully broken SU(2) gauge symmetry,
in which the masses of all three vector bosons are different.

6.3 Example of partial breaking of gauge
symmetry: bosonic sector of standard
electroweak theory

Like global symmetry, gauge symmetry may be only partially broken.

We recall again, that the term “spontaneous symmetry breaking” is very
loose as far as gauge symmetry is concerned; for example, the Lagrangian
of an Abelian Higgs model, written in terms of deviations of the fields
from the vacuum values, is still gauge invariant. In the case of a quadratic
approximation, this is evident from formula (6.9): the Lagrangian £3 is
invariant under the transformations (6.11), since it is written in terms of
the gauge-invariant variables B,, and . In the general case, this is clear
from the expression for the full Lagrangian (6.14) (or (6.16)), which is
invariant under the transformations (6.13) and under the corresponding
transformation of the field A, (x). Here, and in what follows, the term
“broken symmetry” will be applied to that which would actually be broken
if the original symmetry were global rather than gauge.

The general situation is the following. Let G be a gauge group,
(Aff),tp(v)) a ground state. Without loss of generality, we may suppose
that

) —
AW =0,

and that ¢(*) does not depend on the coordinates; here, the superscript
(v) denotes the field vacuum values. Let us for a moment switch off gauge
fields, then the group G will be a global symmetry group. The vacuum



6.3 Partial breaking of gauge symmetry 117

value ¢ breaks G down to some subgroup H; then, the generators of the
algebra of G can be divided into unbroken generators {t5} (which are the
generators of the algebra of H) and broken generators {t/,}, as we saw in
Section 5.4. If the group G were a global symmetry group, then the model
would contain massless Nambu—Goldstone fields, in number equal to the
number of broken generators.

If the group G is a gauge group, then the gauge fields corresponding to
the subgroup H remain massless, and the H gauge symmetry is realized
as discussed in Chapter 4. In other words, the model retains an explicit
H gauge symmetry. The gauge fields A} corresponding to the broken
generators ¢/, become massive. Furthermore, the Nambu-Goldstone bosons
corresponding to the generators t/, disappear from the spectrum.

Problem 9. Prove the above statements in the general case of a compact
gauge group G.

We shall illustrate this situation on the example of the standard
electroweak theory of Glashow—Weinberg—Salam (more precisely, its
bosonic sector since we do not include fermion fields in our analysis). The
gauge group of this theory is the group SU(2) x U(1). As mentioned in
Chapter 4, each of the two components, SU(2) and U(1), has its own gauge
coupling constant; we shall denote these by g and ¢’, respectively. Let the
field Af, (a =1,2,3) be the gauge field of the group SU(2), and B, be the
gauge field of the group U(1). The model includes one scalar-field doublet
(with respect to SU(2)) ¢, with U(1) charge . The U(1) charge is often
called the weak hypercharge Y; thus, the Higgs doublet has Y = % These
properties (together with the requirement that the scalar-field potential
should be a fourth-order polynomial in ¢) determine the Lagrangian of the
theory uniquely:

1, . 1 v\
L= _ZF;LUF;W - ZBMVB/,W + (DMSD)TDM@ - A (‘pT@ - 2) )

where
Fl‘jl, = 0,4; — 6MAZ + gs“bcAZAf,
B,, = 0u.B,—0,B,,

and the covariant derivative of the field ¢ is equal to

9 aga 9
D,y =0up — 5T Alp — z;Buga, (6.32)

where the matrices 7® act on the column

=(2)
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As the ground state, we choose

A, = B

o = <v/\f>: . (6.33)

The generators of the group SU(2) x U(1) are matrices T% = T—; andY = =
(we take the generators to be Hermitian). Let us switch off the gauge fields
and find the broken and unbroken generators. The unbroken generators @
are Hermitian matrices such that

Q™) = 0. (6.34)

For the specific choice (6.33), the condition (6.34) means that T has the

form
a 0

and from the Hermiticity we have
10
2= o)

Q=T3+Y. (6.35)

or

Thus, there is an unbroken subgroup with a single generator Q): this is the
subgroup U(1)em. of SU(2)xU(1). We expect this subgroup to correspond
to a massless gauge field, which will be identified with the electromagnetic
field. We stress that U(1)e,. does not coincide with the factor U(1) in
SU(2)xU(1); in other words, the electromagnetic potential, which we shall
denote by A, (without superscript) is a linear combination of the fields Af,
and B, (from (6.35), it is clear that A, is actually a linear combination of
A3 and By,).

Let us consider small (linear) perturbations of the fields about the
vacuum (6.33). As in Section 6.2, we use the unitary gauge, in which

0
(L") o0
V2 V2

where x(z) is a real scalar field. In the case under study, the unitary
gauge fixes the gauge freedom only partially: gauge transformations from
U(1)e.m. do not change the field (6.36), so that the full Lagrangian in the
unitary gauge remains invariant under the gauge group U(1)em.-
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To find the quadratic Lagrangian, we need to calculate the covariant
derivative of the field . In the unitary gauge,

240 )44 ( )
—E‘”Ai@ -5 )]

Dup = Oup+

We obtain
— (AL —iA2) (v +
DW:( i va A i W X)l ) (6.37)
—5v3 ' Bu = gAR) (v + X) + J59ux
We introduce the complex fields
1
+ _ 1242
WH = E(AM + ZAH)
such that (W, )* = W,. We also introduce two real fields
1
Z, = \/ﬁ(gﬁ d'B,) (6.38)
g -9
1
Ay = ————(gB.+g'4)). (6.39)

Vg +g”

The fields Z,, and A, are chosen so that the covariant derivative (6.37)
contains only the field Z,, and the following property is satisfied:

Z2+ (A))? = (A3 + B2 (6.40)

Thus, the covariant derivative (6.37) is equal to

—iGFW,r —igWix
D”<p_< 150, +V9+gvz>+<vg+gz > (640
22 2va X
Here, the first column is linear in the perturbations (the fields Wi, X>Zu),
while the second is quadratic. Thus, the contribution of the covariant
derivative to the quadratic part of the Lagrangian is equal to

1 g°v’ _ (P g
(D) D) ® = S (0ux)* += - Wi W+ (4 Z; (6.42)
We now consider the kinetic term of the vector fields in the quadratic
Lagrangian. We obtain, to quadratic order

1 1 1
a a 2 + — 3 \2
]: ]: B _§WHVW}LV - Z(Fuu> - Z

4 N2 _4 Nz (BMV)Z' (643>
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Here

Fo, = 0,AL - 9,A%
+  _ + +
Wi = 9w -o,Wr.

Furthermore, using the property (6.40), we write, instead of (6.43),

1 _ 1 1
_iw;ruwuu - ZZ}JJ/Z;U/ - iFH’/F,W” (644)
where
2y = 0.2,- 0,2, (6.45)
F;Ll/ = 8HAV — (“),,AH.

Thus, the quadratic Lagrangian contains standard kinetic terms for the
complex vector field Wf and the real vector fields Z, and A,,.

Finally, modulo an irrelevant additive constant, the quadratic part of
the potential equals

Mo?y2. (6.46)
We introduce the notation
gu
mw = 9
m, — Vo tgtv
2
mX = \/ﬁv.

Collecting together terms in (6.42), (6.44) and (6.46), we obtain the
quadratic Lagrangian in the form

1
@ — _wtw- 2 Wrw-—
L = WL W +my WIW,
1
_ZFMVFW
1 m2
_ZZIWZIW + 7ZZMZM
1 m?
—(0ux)? — =22
+2<MX) 2X

This Lagrangian describes the massive complex vector field W (here
W, = (W}5)*) with mass my (W-boson field), a massless vector field
(photon field A,), a massive real vector field with mass mz (Z-boson field)
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and a massive real scalar field x (Higgs boson field). It is convenient to
introduce the weak mixing angle 0y, such that

g
cosby = ———
VgE+g”®

!

Sinth = g

Vo +g®
The reason for this name comes from formulae (6.38) and (6.39), which
take the form

Z, = cosbyAS —sinfyB, (6.47)
A, = cosOwB, +sin HWAi,
i.e. the fields Z,, and A, are “mixtures” of the fields Ai and B,. We note
that the masses of the W- and Z-bosons are related by the equation

mw
my = . 6.48
27 cos Ow ( )

W- and Z-bosons have been detected experimentally; their masses are
my = 80 GeV and mz = 91 GeV. The angle 0y is measured independently
by studying the interaction of photons and W- and Z-bosons with other
particles (quarks and leptons); this is possible because 0y is determined
by the coupling constants g and ¢’. The experimental value of sinfy, is
sin? @y, = 0.23. Thus, equation (6.48) is satisfied in nature with good
accuracy.

Problem 10. Let us introduce into the model additional real scalar fields,
forming a triplet with respect to the group SU(2). Select the scalar potential
and the value for the hypercharge of the scalar-field triplet such that, as
before, SU(2) x U(1) is broken down to U(1)em.. Find the masses of the
W - and Z-bosons. Is equation (6.48) satisfied?

Of course, the full Lagrangian for the fields Wf, Z,,A, and x contains
nonlinear terms describing the field interactions. Let us determine, in
particular, the interaction of all the fields with the electromagnetic field.
We expect the full Lagrangian to be invariant under the gauge group
U(1)e.m., since the vacuum is invariant under U(1)e.,.. This can be seen
by direct calculation.

Since the covariant derivative (6.37) contains only the fields Wui7 Zy,
and x (see formula (6.41)), and the potential V(¢) never contains vector
fields, the interaction with the electromagnetic field A, is contained solely
in the term

1
— 1 Fh
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in the original Lagrangian. We write this term in terms of the fields Wui, Z,
and A,. We have

Fl, = 0,AL— 0,AL + g A48 4 g 24342 (6.49)
= A, — gAGAL — (=),
where (p <> v) denotes terms with interchange of indices. Analogously,
F}, = 0,A% + gAS AL — (1 — v). (6.50)
We form the combination
Fl, FiF?
Wi = Zow T (6.51)
V2
From (6.49) and (6.50) we obtain
W =0, W FigAiWFE — (u—v).

It follows from (6.47) that the field Az is expressed in terms of the Z-boson
and photon fields as follows

Ai =cosfwZ, +sinfwA,. (6.52)

Thus
Wuiy = 9,WFE FigsinOw A, WE FigcosOw Z,WE — (u — v).
Let us introduce the further notations

/

99

e=gsinfy = ——— (6.53)
Vg2 +g”
and
D, WE = (9, FieA,)WF,
Then the field strength W/j'f, will have the form
Wi =D W — D,WE Figcosbw (Z, W — Z,Wi). (6.54)

It is clear that this expression transforms covariantly under U(1)em.
transformations of the form

Wi — WE=eWr (6.55)
1

Ay = A=Ayt -0 (6.56)

Z, — Z,=2, (6.57)
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where a(z) is an arbitrary real function: for these transformations D, WjE

is the covariant derivative of the fields W;F, so that V[/lf/ transforms as

+ 1+ _ ot
W, = W =e“W,,.

The constant e is identified with the unit of electric charge and the fields
W and W, have charges (+1) and (—1), respectively.

Let us now consider the third component of the field strength F'¢,. We
have

F3, = 0,43 —9,A3 + ge12ALA% 4 521 A2 A]
= 0uA% = 0,A% + g(ALAZ — AZAL).

Again using expression (6.52), and expressing A}L’z in terms of the fields
Wf, we obtain

F}, = Fu,sinbw + 2y, cos Oy +ig(W, W5 = W,FWw,), (6.58)

where F,, and Z,, are defined by formulae (6.45). This expression is
invariant under the transformations (6.55), (6.56), (6.57). Thus, we obtain
from (6.54) and (6.58) terms of the Lagrangian containing electromagnetic
interactions:

o a 1. 1
F F, = _§|Wpu|2_Z(Fsv)2

%
1
= —§|DMW,,_ +igcos Ow Z, W, — (1 < v)|?

1
_Z[F’“j sin Oy + Z,,,, cos Oy
+ig(W, W,F = W,Fw, ). (6.59)

Thus, the Lagrangian of the fields describing deviations from the non-
trivial vacuum indeed has an explicit U(1)e.m. gauge symmetry, and the
interaction of the fields with the electromagnetic field A, is contained in
the terms (6.59) in the Lagrangian.

We note that the simplest, most “minimal” way of ensuring U(1)
gauge invariance involves replacing the conventional derivative 0, in
the initial Lagrangian for the complex fields by the covariant derivative

w = Oy —ieA,. In this way, we have constructed a gauge-invariant
Lagrangian describing the interaction of the complex scalar field with the
electromagnetic field (Section 2.7). Application of an analogous procedure
to the Lagrangian of a massive vector field (Section 2.3) would lead to a
minimal interaction of the complex vector field C,, with the electromagnetic
field A,,:

1 *
L= —§|DMC,, —D,Cul* + mgCriCy, — 4F3,,
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Unlike this Lagrangian, the interaction with the electromagnetic field which
emerges in the theory with SU(2) x U(1) broken down to U(1)e.m., is non-
minimal: the contribution (6.59) contains terms of the form

F, W, WrF
DWW, -W}rZ,. (6.60)

Their structure, as well as the values of the corresponding interaction
constants (numerical factors in front of the terms of (6.60)) are uniquely
fixed. The interactions of W- and Z-bosons between themselves and with
the Higgs field x are also fixed, as is the self-interaction of the Higgs
field. Thus, the model contains various interactions (nonlinear terms in
the Lagrangian) between the fields Wj[, Zy, Ay, x; however, all the coupling
constants and masses of the fields are expressed in terms of a small set of
parameters, containing only dimensionless constants g, ¢’ and A and a single
dimensionful parameter v.

Problem 11. Determine the interaction of the fields Wf with the field
Z,, and the Higgs field x, which occurs owing to the presence of the term
(DNQD)Tpr in the original Lagrangian. Show that this interaction is
invariant under gauge transformations from U(1)e m. .

The electric charges of the fields Wﬂi, the connection of the Z-boson
and photon fields with the original fields Af and B, (formula (6.47))
and the expression for the unit of electric charge (6.53) could be found
from the transformation rule for the fields under the action of the group
U(1)e.m., without writing down the Lagrangian of the interaction explicitly.
For this, we recall that the ground state (6.33) is invariant under gauge
transformations from the group SU(2) with the gauge function

_ iT—Sa(a:)
w(z) =¢€'2 (6.61)

which at the same time are supplemented by a transformation from the
group U(1) with gauge function

Q(x) = @), (6.62)

It is these gauge transformations (of the form w(x)Q(x)) that form the
unbroken subgroup U(1)e.m.. Under these gauge transformations, the Higgs
field x(z) does not transform (i.e. x(z) is an electrically neutral field), while
the fields A7, and B, transform according to the general rule

Ay — A =wA,w + wdw™ (6.63)

B, — Bj, = B, +Q0,Q7", (6.64)
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where, as usual, Au and Bu are linear combinations of the generators of the
groups SU(2) and U (1), respectively (i.e. they belong to the corresponding
algebras),

LT
A, = —ig5 Al
B, = —ig'B,.

Using the explicit form of the function w(z) (formula (6.61)), from (6.63)
we obtain

i ig 1471 22 U9 3.3
A, = —Q(TAM—I—TAN—QTAN)

‘0 .3 s 3 3
= —%eZTO“(TlA}i + TQAi)e_lTO‘ — ig%Ai — i%@ua

= —ﬁ[(cos aAllt + sin O[Ai)’]’l + (cos aAi — sin aA}L)T2

Hence we obtain the transformation rule for the fields A}”Ai,Ai under
transformations from U (1)e.m.:

Al = Al cosa+ Alsina, (6.65)
Af = Aicosa - A}Lsina
and also
1
AP =AY + P (6.66)

Moreover, using the explicit form for Q(x) (formula (6.62)), from (6.64) we
obtain the transformation rule for the field B,, under transformations from

U(1Dem.:
1
Bl = Byt . (6.67)

Thus, the electromagnetic gauge group acts on the original fields according
to the formulae (6.65), (6.66), (6.67).

Formulae (6.65) are equivalent to (6.55), i.e. the fields W have electric
charges (+1). From the fields A% and B, one can construct the field
Z,,, which is invariant under electromagnetic gauge transformations. From
(6.66) and (6.67) it is clear that this field has the form (up to normalization)

Z, gAi — g’BM.
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The orthogonal linear combination transforms non-trivially under
electromagnetic gauge transformations; it is the electromagnetic field and
has the form (again up to normalization)

A, x g’Ai +gB,,.

Taking into account the normalization condition (6.40), ensuring that the
kinetic term in the free Lagrangian for the fields Z,, and A, has the
standard normalization, we obtain

1
Ay = ———— (A} +gB,), (6.68)

which agrees with (6.39). For Z,, we obtain the expression (6.38).
The unit of electric charge e is obtained by comparing the standard
transformation rule for the electromagnetic field

1
Ay = Ay = A+ 20,0

with the transformation rule for the field (6.68), emanating from (6.64) and
(6.63). The latter has the form

1
/ — 1 A3 /
T TR (g4, +9B,)

1 /
= AH+<g+g,>6ua.

Var+g®\9 9

Thus

I 1 ( g N g)
e A /92 + g/2 g g’ ’
from which expression (6.53) for the unit of electric charge follows.

In conclusion, we note that the group approach introduced at the end
of this section can be easily generalized to more complicated models with
partial breaking of gauge symmetry. It enables us to find a number of
properties of physical fields by studying their transformation rules under
the action of an unbroken gauge subgroup.



Supplementary Problems
for Part 1

Problem 1. Mizing of fields. Consider the theory of two real scalar fields
1, 2 with Lagrangian

1 1
L = 5(8M‘P1)2 =+ 5(@1502)2
m? m2
*#@% - m§2901902 - %@% (S1.1)

7/\11 47)\12 2 2 )\22 4

4 P17 Ty P12 T TP
Note that the mass term in this Lagrangian can be written in matrix form
¢" Mo,

where

®2

2 2
m m
- (2 1)
Mmip M3y
(the matrix M is called the matrix of mass squares, or the mass matrix).
The Lagrangian (S1.1) is invariant under the discrete symmetry (¢1 —
1,02 = —p2).

1. What constraints on mfj and A;; are imposed by the requirement
that the classical energy is bounded from below?

¢ = (%), ¢" = (p1,92)

2. Find the range of values of m?2,, m?%, and m3, for which the discrete
symmetry is not spontaneously broken.

3. In the case of unbroken symmetry, find the spectrum of small
perturbations about the ground state.
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Problem 2. Dilatation symmetry.

1. Consider the theory of a single real scalar field in four-dimensional
space—time, described by the action

1 A

S = /d4x {2(9”@3“@ — Zg04

Show that the action is invariant under the dilatations
p(x) — ¢'(z) = ap(az),

where « is a real parameter. Find the corresponding conserved cur-
rent. Choose the energy-momentum tensor 7} such that its trace is
zero on the field equations, T} = 0.

2. Find the dilatation symmetry in Yang—Mills theory without matter in
four-dimensional space—time. Construct the conserved current. Show
that T/' = 0 if the field equations are satisfied.

3. Find the most general form of the potential V() in the theory of a
single real scalar field in d-dimensional space-time (d > 3) for which
the action

1
S = /ddx {2@@8“@ — V(ap)]
is invariant under the dilatation symmetry, analogous (but not iden-
tical) to that described in 1).

4. Find the analogue of dilatation symmetry in the Liouville model in
two-dimensional space—time with the action

1
S = /dzx [28ugpau<p — aeb“"} ,
where ¢ = 0,1; a,b are constants, and ¢ is a real scalar field.
5. For the models of 3) and 4), construct the conserved current, and

show that T[j =0.

Problem 3. Shift symmetry. Consider the theory of a single scalar field
with Lagrangian

1
L= 50up0up.

The action is invariant under the transformations
p(x) = ¢'(z) = () + ¢,

where c is a real parameter of the transformation.
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1. Find the conserved current.
2. Is the symmetry spontaneously broken? If it is, then is Goldstone’s

theorem satisfied?

Problem 4. Goldstone’s theorem and currents. Consider a model with
n real scalar fields p® and an SO(n)-symmetric Lagrangian

1
L= 509" 0up" = V(g"e").

Suppose the potential is chosen such that the global SO(n) symmetry is
spontaneously broken; choose the ground state in the form

<pa — 6(1/11('007
i.e.

o' 0

" ©o

1. Find the unbroken subgroup (residual symmetry group).
2. Find the Nambu—Goldstone fields.

3. Find the conserved currents j;. Show that these currents can be
divided into two categories: a) currents corresponding to the un-
broken subgroup; b) currents corresponding to broken generators.
Show that currents of type b) can be represented in the form

g =0u0"+ ..., (S1.2)

where the 6% are massless Nambu-Goldstone fields, and the dots
denote terms of quadratic and higher order in the perturbations about
the ground state. On the other hand, currents of type a) are quadratic
(and of higher order) in the perturbations.

4. Note that if equation (S1.2) is satisfied, then the masslessness of the
fields follows from conservation of the currents jj,:

0= 0,55 = 0,0,0" + ...

so that when interactions of perturbations are neglected (i.e. to linear
order in the fields) the fields #% satisfy the massless Klein-Gordon
equation auauei = 0. On the basis of these considerations, give a
proof of Goldstone’s theorem (in the general case), alternative to
that presented in the text.
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Problem 5. Weak explicit symmetry breaking and the masses of pseudo-
Goldstone bosons. Consider the theory of two real scalar fields with
Lagrangian

L=Ly+ Ly,

where

1 1 2 A
Lo = 50u8' 0" +30u% 0+ 5 [PV H())] = T [0+,

and
Ly = 5U(<p1),

where ¢ is a small parameter, and U depends non-trivially on the
component ! only. The part Ly of the full Lagrangian is invariant under
global SO(2) symmetry.

1. Find the ground state, the conserved current and the Nambu—
Goldstone mode for € = 0.

2. Find the lightest mode and its mass for ¢ # 0 to leading order in ¢
(this mode is called the pseudo-Goldstone mode).

3. Find the connection between the four-divergence of the current
constructed in 1) and the pseudo-Goldstone mode to the lowest order
in the fields of perturbations about the ground state, and to the lowest
non-trivial order in €.

Problem 6. Model of n-field. Consider a model with n real scalar fields
f(x) subject to the constraint

f(lf(lzl

at every point z. In other words, the field takes values on an (n — 1)-
dimensional sphere of unit radius. Choose the Lagrangian invariant under
global SO(n) symmetry:

1 a a
E = Tfaﬂf 8uf 5

where g is a real parameter.
1. Find the dimension of the parameter g in d-dimensional space—time.

2. Derive the field equations.
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3.

Find the energy-momentum tensor and the conserved currents cor-
responding to SO(n) symmetry.

Find the ground state and show that it breaks the SO(n).
Find explicitly the spectrum of small perturbations about the ground

state. Find the unbroken symmetry group. Show that Goldstone’s
theorem is valid.

Problem 7. Topologically massive gauge theories in three-dimensional
space—time (Deser, Jackiw and Templeton 1982). Consider the theory of a
single real vector field in three-dimensional space—time, = 0,1, 2. Choose
the action in the form

where ¢**? is a completely antisymmetric tensor, &°

s (1
S = / &z <4F,WF’“’ + gs“”’\A,ﬁ,AA) :

12 =1, g is a real

constant, and F),, = 0,4, — 0, A,.

1.

Find the dimension of the constant g.

. Show that the action is invariant under the following gauge trans-

formations which decrease at infinity:
Au(2) = Au(@) + Dualx)
(a(x) decreases rapidly as ¢ — 00).
Find the field equations and show that they are gauge invariant.

Find the spectrum of physical excitations of the field (i.e. those which
cannot be removed by gauge transformations). In particular, find the
number of physical degrees of freedom, the structure of the field in
these modes and the dependence of the frequency w on the wave
vector k.

The term 5“”>‘AH8,,A>\ is called the Chern—Simons Lagrangian.
Generalize this expression to the case of non-Abelian gauge fields
so that the non-Abelian Chern—Simons Lagrangian contains at most
one derivative and is invariant, up to a total derivative, under non-
Abelian gauge transformations.
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Problem 8. Bosonic sector of the Georgi—-Glashow model. Consider the
model with gauge group SU(2) and triplet of real scalar fields ¢* (Georgi
and Glashow 1972). Let g be the gauge-coupling constant and suppose
that the potential of the scalar fields has the form

2
I a, .a A a, a\2
v=-£L 2 ,
5 PPt (")

1. Find the ground state and the residual (unbroken) gauge group.

2. Find the spectrum of all small perturbations about the ground state;
classify these perturbations with respect to the unbroken gauge

group.
Problem 9. SU(5) model (Georgi and Glashow 1974). Consider the
theory with the gauge group SU(5).

1. Choose a representation of the scalar fields and the scalar potential
such that SU(5) is broken down to SU(3) x SU(2) x U(1), where
SU(3) and SU(2) are embedded in SU(5) as follows:

(5™ )

and the group U(1) is diagonal in SU(5).

2. Find the masses of the vector bosons and their representations under
the unbroken gauge group.

3. A scalar field in which representation of SU(5) needs to be added in
order to ensure subsequent breaking down to SU(3) x U(1), and in
such a way that SU(2) x U(1) is broken down to U(1) analogously to
the Standard Model? Choose the full scalar potential for the breaking
SU(5) — SU(3) x U(1).

Problem 10. Flat directions. Consider a model with two complex scalar
fields 1 and @y with Lagrangian

L = 0up10up1 + 0u030up2 — Npip1 — 2 — v*)%.
1. Find the global symmetry group for this Lagrangian.

2. Find the set of classical vacua in the model. Find the unbroken
subgroup for each vacuum.
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3. Find the spectrum of all small perturbations about each vacuum.
Which vacua are physically equivalent, and which are not? Is
Goldstone’s theorem valid? Is the number of massless perturbations
equal to the number of broken generators? Why?

4. By introducing corresponding gauge fields, construct a theory in
which the symmetry group found in 1) is a gauge group. Find the
spectrum of small perturbations about each vacuum in the gauge
theory obtained. Does the spectrum still contain massless scalar
excitations?
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Chapter 7

The Simplest Topological
Solitons

Until now we have considered small linear perturbations of fields about
the ground state (classical vacuum) and have been interested mainly in
the mass spectrum. In quantum field theory these elementary excitations
correspond to point-like particles. Here and in subsequent chapters, we shall
consider solitons; these are solutions of the classical field equations, which,
in their own right, without quantization, are similar to particles. They
are lumps of fields (and, hence, of energy) of finite size; more precisely,
the fields decrease rapidly from the center of a lump.! The existence and
stability of solitons is due, in the first place, to the nonlinearity of the field
equations. In quantum theory, solitons correspond to extended particles,
which, roughly speaking, are composed of the elementary particles in each
specific model.

Among the various types of solitons, the class of topological solitons is
of particular interest. The meaning of this term is explained below, and
here, let us simply say that it is the topological solitons which we shall
mainly consider in this and subsequent chapters. Usually, we shall study
static solitons, i.e. solutions which in some reference frame do not depend
on time.

In particle physics, the use of the soliton concept is rather limited,
although it is sometimes very fruitful. At the same time, solitons are to be
found very frequently in condensed matter physics.

n the mathematical literature, the term “soliton” is usually employed in a narrower
sense. We shall use it for any particle-like stable solutions.
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7.1 Kink

The simplest topological object, the kink, arises in the theory of a single
real scalar field in two-dimensional space-time. The action for the model
is chosen in the form

5= [ |07 V(o). (7.1)

where v =0, 1;

2 2

B A 4 B
=2yt B 2
4] 5 9 T (7.2)

or, what amounts to the same thing,
A
Vip) = (" —v?)
Y, =

The action is invariant under the discrete transformation ¢ — —¢; this
symmetry is spontaneously broken, since the classical vacua are

o) = 4.

We recall that in two-dimensional space-time the field ¢ is dimensionless,
and (as before, we use the system of units & = ¢ = 1) the dimensions of
the parameters are as follows:

Linear excitations about one of the classical vacua have mass
m=?2, .

In what follows, we shall consider weakly coupled theory, i.e. with a small
parameter . Since A is dimensionful, this statement about weak coupling
is written more precisely as follows:

A < p?

(u? is the only parameter of dimension M? with which one can compare
A), or
v > 1. (7.3)

In order to clarify the meaning of the inequality (7.3), it is appropriate
to use a simple consideration, which arises in quantum theory. Let us
consider a particle with mass m and characteristic spatial momentum p <
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m. Its Compton wavelength is of the order of 1/m. At the classical level,
it corresponds to a linear wave Ap(z,t) = p(z,t) — v (where we consider
perturbations about the vacuum ¢ = v). We estimate the amplitude of A
from the requirement that the classical energy for a (linear) perturbation
Ap(z,t) should be of the order of m. For a linear perturbation we write

E= / B(A@Q + %(Awl)z + %(Aw)z dr, (7.4)

where the dot and the prime denote differentiation with respect to ¢ and
x, respectively. Since the characteristic wave vector p and frequency w are
of order m, we have

Ap ~ Ay’ ~ mAgp.

Moreover, the wave packets with typical wave vector p have typical size of
the order of 1/p; therefore, in (7.4) the domain of integration over dz is of
order 1/p ~ 1/m. Thus,

E ~m(Ap)?.
By requiring E ~ m we obtain that the amplitude is of order
Ap ~ 1.

For the perturbations about the vacuum value ¢(*) = v to be indeed small
(linear), we require Ap < v, which is precisely the inequality (7.3).

A kink is a static solution of the field equations ¢k (x), interpolating
between the vacuum ¢ = —v and the vacuum ¢ = +v, as z runs from
x = —00 to & = oo (Figure 7.1). The fact that configurations similar to
that shown in Figure 7.1 may have a finite energy can be seen from the
expression for the static energy (i.e. the energy for the fields, which are
independent of time):

E = / [( >2+:\1(<p2—v2)2].

When z — oo, both the first and the second terms in the integrand
decrease; if this decrease is sufficiently rapid, then the energy is finite.
Since ¢ = 0, the field equation has the form

n V()
O

=0, (7.5)

where, as before, the prime denotes -2 == - Before we write down the solution
of equation (7.5) in explicit form, we note an analogy which is useful also in
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Zo

Figure 7.1.

certain other situations. Formally, equation (7.5) has the form of Newton’s
law for a particle with coordinate ¢, moving in time x in the potential

(see Figure 7.2). Here, the solution @i (x) corresponds to a trajectory
beginning in the infinite past at the point ¢ = —v and ending in the
infinite future at the point ¢ = +wv. This trajectory indeed requires infinite
time if the energy of the particle is equal to zero (in that case the velocity
tends to zero near each bump).

The solution of equation (7.5) is easy to find explicitly. The first integral
of that equation has the form

12

1
580 - V(p) = o

For the kink ¢’ — 0, V(¢) — 0, as ¢ — +00, thus g = 0 (we remark that
€o is the energy of the particle in the aforementioned analogy). Thus

d‘Pf _\/X 2 2
@—+\/2V_ 2(1} ©°)

(the choice of sign in front of the square root corresponds to motion from
left to right, i.e. from ¢ = —v to ¢ = v). Hence,

-
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Figure 7.2.

where xq is a constant of integration, having the meaning of the position
of the center of the kink. For xy = 0, the configuration of the kink

¢r(z) = vtanh (\/5’01‘) (7.6)

is symmetric under the substitution ¢ — —¢, * — —z. It is sometimes
convenient to write the configuration of the kink in a different notation:

() = % tanh <%x> : (7.7)

We shall now discuss certain properties of the solution (7.6) (or (7.7)) which
are, in fact, of a very general nature.

1. The size of the kink is of order
Tk ~ M_l,
or
rE~mo (7.8)

i.e. of the order of the Compton wavelength of an elementary
excitation. Indeed, the solution of (7.7) deviates from the vacuum
value only in a region whose size is of the order of r;. In other words,
the energy density of the kink

1 A 1
(@) = (@) + Vier) = 50—
2 2 cosh (ﬁm)

is significantly different from zero only in the region |z| < 7.
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2. The static energy of the kink is equal to

o 2
E, = / dze(z) = gmv2,

—00

where m = v/2u is the mass of an elementary excitation. The static
energy of the kink can be identified with the mass of this particle-like
classical excitation of the field; thus

2
My, = gmUQ. (7.9)

It is important to note that the size of the kink is much greater than
its Compton wavelength A = 1/Mj: it follows from equations (7.8)
and (7.9) (see also (7.3)) that

Tk 2

— ~v° > 1.

Ak
Thus, the classical size of a kink is much greater than its quantum
size; even in quantum theory, a kink is essentially a classical object.
We also note that the mass of a kink is much greater than the mass
m of an elementary excitation.

For large |z|, the field of the kink differs very little from the vacuum,
therefore |¢x(z)| — v must satisfy the Klein-Gordon equation with
mass m in this region. Indeed, for large x (to be specific, we shall
consider z > 0), from (7.7) we have

Y =v—2ve” M,
so that the difference (pr —v) indeed satisfies the static Klein-Gordon
equation with mass m (in two-dimensional space-time) and decreases
exponentially.

The solution (7.7) is not invariant under spatial translations and
Lorentz transformations. However, all these transformations must
take a solution of the field equations to another solution. Applying
these transformations, we obtain the family of solutions

o) = L(x—xo)—ut
tpk(ﬂcfxo,t,v)—ﬁt h(\/iim >,

describing moving kinks. Physically, the parameter u represents the
velocity of a soliton; z( is the position of the center of the kink at
time ¢ = 0.
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Problem 1. Calculate the classical energy and the classical momentum
of a moving kink. Show that for a kink the relativistic equations between
energy, momentum, mass and velocity hold.

Let us now consider the stability of a solution (7.7) under small
perturbations.?2 The approach we shall study below is of a very general
nature and is used to study the stability of various static solutions.

Let ¢k (x) be a static solution of the field equations (to be specific,
we shall consider the (1 + 1)-dimensional case). Let us consider small
perturbations ¢(z,t) about it, so that the original field has the form

(p(x,t) = ‘Pk(x) + (b(l', t)' (710)

The field p(z,t) must satisfy the classical equations

av
—0,0,0 — 7 =0 (7.11)

o oV 92V
—0,0u(r + ¢) — % (k) — 907 (pr)p+--- =0, (7.12)

where the dots denote terms of higher order in the perturbations ¢(x,t),
and the derivatives of the potential are taken at ¢ = ¢y; the latter depend
explicitly on x, since @i depends on x. The field ¢ satisfies equation
(7.11), thus, the terms which do not contain ¢ cancel out in (7.12) and, to
linear order in ¢, we obtain
0%V

—0,0,0 — %(gpk)qb =0. (7.13)
In particular, for perturbations around the kink (7.7) in the model (7.1),
(7.2), we have

82

Tz o) =12 [3tanh2 (%x) - 1} . (7.14)
2’V

Since, in the general case, §_3 (¢x) depends only on z, the variables in
equation (7.13) can be separated and a solution can be sought in the form

oz, t) =™t f (2), (7.15)

where f,, satisfies the equation

. oV
Wi, + fI - 87@2(%)‘)(‘“ =0 (7.16)

2In mathematics, this is called Lyapunov stability.
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or
[+ U (@) fo = fu, (7.17)
where 2y
Uz) = BTDQ(%)- (7.18)

Equation (7.17) is an equation for the eigenvalues w? which, formally,
coincides with the stationary Schrodinger equation in the potential U(x).
A general solution of (7.13) is a linear combination of solutions of (7.17).
For the solutions f,(x), we require that they should be smooth and that
they should not increase as |z| — o0, so that the field (7.1) is smooth and
bounded as |z| — oo.

The problem of the stability of the static solution ¢ (x) reduces to the
problem of the existence or non-existence of negative eigenvalues of the
operator

d2

dx?
If there are no negative eigenvalues, then all the w are real and the small
perturbations (7.15) do not grow with time; they either oscillate (w? > 0) or
do not depend on time at all. In this case the solution is stable. If there exist
negative eigenvalues (even just one), w? = —02 then the perturbations
(7.15) grow exponentially with time

+U(x). (7.19)

Qt
o ~er,

i.e. the field (7.10) becomes exponentially more distant from the solution
), over time; in this case, the solution is unstable.?

These considerations can be generalized, in an evident manner, to
the case of more than one spatial dimension and a system with a more
complicated set of fields.

We note that the operator (7.19) with potential (7.18) always has a zero
eigenvalue, and the eigenfunction (zero mode) has the form

_ Ao ()
or

fo(x) : (7.20)

Indeed, p(x) satisfies the equation

oV
N/ vV _
P + 9on (¢r) = 0.

Differentiating this equation with respect to x, we obtain

—(e)" + 5 (er)el = 0,

3In this case, the eigenvalues Q are called Lyapunov exponents.
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i.e. the function (7.20) indeed satisfies equation (7.16) with w = 0.
Furthermore, ¢ () tends to a constant as |z| — oo, and so ¢} (z) decreases
as |z] — oo, so that (7.20) satisfies the requirement of boundedness at
spatial infinity, as required. The existence of this mode has to do with
the breaking of translational invariance in space: @ (z + a) is also a static
solution of the field equations, but it does not coincide with ¢y (z). For
small a, the function ¢ (x + a) can be represented in the form

or(z+a) = pr(z) + afo(z),

where afo(x) is a small deviation from the solution @i (x). Since pi(x +
a) satisfies the field equations, the small deviation afy(z) satisfies the
linearized equation (7.12); it does not depend on time, decreases as |z| — oo
and is therefore a zero mode.

If the number of spatial dimensions d is greater than one, then there are d
translational zero modes. In this case the classical solution may also break
the rotational symmetry, and rotational zero modes will occur. Finally, in
models with internal global symmetry, classical solutions may also break
the internal symmetry; to this breaking there will also correspond zero
modes.

Problem 2. Let L(0,®4;P4) = FA20,940,95 — V(®) be the
Lagrangian of a model with scalar fields ® . Suppose it is invariant under
the global transformations ® 4 — CIJ(E), where € is an infinitesimal parameter
of the transformation. Suppose also that the ground state does not break
this symmetry, while @ a(x), a static solution of field equations of the

soliton type, breaks this symmetry (i.e. <I>§:34(x) # ®pa(x)).

1. Formulate in general form, a condition for the stability of the solution
@y 4(x) under small perturbations.

2. Show that in the corresponding eigenvalue problem, there exists a zero
mode, corresponding to the symmetry described; find its form.

Let us now come back to a discussion of the stability of a kink.
2
The spectrum of the operator (7.19) with U(z) = g@Z (pr), given by
formula (7.14) can be found in explicit form; it does not contain negative
eigenvalues. The kink is stable under small perturbations of the field.

Problem 3. Find the spectrum of small perturbations about the kink, i.e.
the spectrum of the eigenvalues and eigenfunctions of the operator (7.19)
with the potential (7.14).

Let us discuss the sense in which the kink is a topological soliton. For
this, let us consider possible field configurations, ¢(x), with finite energy
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(we fix the moment in time). For finiteness of the energy, we require, in
particular, that as x — +oo the field should tend to one of the vacua +v or
—v; the same is true for x — —oo. Thus, any configuration of fields defines
a mapping of the two “points” x = 400 and x = —oo, which represent
spatial infinity in one-dimensional space, to the set of the classical vacua
which also consists of the two points +v and —v. Here, any changes in the
fields in time (classical evolution according to the field equations, the effect
of localized external sources, etc.) which do not lead to the occurrence of
configurations with infinite energy, and therefore do not affect the values of
the field at spatial infinity, do not change the mapping assigned in this way.
In this connection, the mapping is said to be a topological characteristic of
the field configuration.

R 1% R
+o0 . — o +v +00 . e +v
/! N
— [ ) [ ] —U —0 [ ] e [ ] —v
(a) (b)

Reo R
400 ° — e +4v 400 ° o Hwv
X
—00 . — e —0 —00 ° e —V

Figure 7.3.
It is clear that the two points of the set R.{x = 4oo,2 = —oo}
can be mapped to the two points of the set V{p = +v,po = —ov} in

four different ways, as shown in Figure 7.3. This means that all field
configurations with finite energy can be divided into four non-intersecting
subsets (sectors), and the evolution does not take a field out of its sector.
Figure 7.3(a) corresponds to the vacuum sector containing the vacuum
¢ = v, since p(4+00) = @(—o0) = v; Figure 7.3(b) corresponds to the
vacuum sector containing the vacuum ¢ = —v. The kink belongs to the
sector corresponding to Figure 7.3(c). Finally, the sector of Figure 7.3(d)
contains an antikink, namely, a configuration of the form

p(x) = —pr(2) = pr(—2).

Let us suppose that in the sector corresponding to Figure 7.3(c), we
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manage to find a field realizing a minimum of the static classical energy
among fields of that sector. This field is necessarily different from the
vacuum (it belongs to a different sector) and is a solution of the static field
equations. Such a field is energetically favorable among fields of that sector
and, therefore, stable. In the model considered in this section the only such
field is the kink configuration (since the kink is the unique static solution
in the sector 7.3(c)). Thus, the existence of the kink is associated with a
non-trivial topology of mappings of spatial infinity to the set of classical
vacua. We note that topological considerations, generalizing those studied
here, may not guarantee the existence of solitons in other models, but are
very often extremely useful in the search for solitons. We shall encounter
considerations of a similar type in subsequent chapters.

Finally, let us introduce the concept of topological current on the
example of the model of this section. We define

kP — isuvay%
2v
where p, v = 0,1, and €*” is an antisymmetric tensor.
The current k* is trivially conserved (the field equations need not be
satisfied) and is distinguished in this from the Noether currents (conserved
only on the field equations):

1
Okt = 5" 0,0, = 0.

The topological charge

+oo +o0
Qr :/ E0dat :/ ialwdwl = %(@(‘FOO) — ¢(—00))

—o0 —o0 2v

is equal to zero for the vacuum and +1 and —1 for the kink and the
antikink, respectively. Thus, the kink realizes a minimum of the energy
for a topological charge Q1 = 1.

In the model in this section, the introduction of the topological charge
does not bring a great benefit; however, as we shall see in Section 7.4, in
other models, the use of the topological charge opens up ways of obtaining
explicit formulae for soliton configurations.

To conclude this section, we make the following remark, concerning
models of the above type in space-time with more than two dimensions
(the physically interesting case is the four-dimensional case). In this case,
the scalar field equation, as before, will have solution ¢g(x!'), which will
depend only on one coordinate. Physically, this solution represents an
infinite planar “domain wall,” on one side of which the field takes the
value (—v), and on the other side (+v). The expression (7.9) must now be
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interpreted as the energy of the wall per unit area. Thus, four-dimensional
models with a discrete set of degenerate ground states predict the existence
of extended objects, whose energy is concentrated near two-dimensional
surfaces, domain walls. This prediction is very significant for cosmology
(Zel’dovich et al. 1974).

Problem 4. Sine-Gordon, Bdicklund transformation and breathers.
Consider a model of a real scalar field in (1 + 1)-dimensions, with
Lagrangian

1
L= iampaugo + m2v?[cos(p/v) — 1]. (7.21)
1. Find the set of vacua in this model.

2. Find a soliton, analogous to the kink, which interpolates between
neighboring vacua.

3. Introduce the variables ¢ = p/v, & = mzx, and T = mt, together with
the variables

1
U = §(§+T)
1

Let ¢o be a solution of the classical field equations (depending,
generally speaking, on & and 7). Consider the system of equations of
first order in derivatives (equations of the Bdcklund transformation)

555@— ) = asin|5(0+ o) (7.22)
10 1 . |1
587(¢+¢0) = ESIH |:§(¢_ ¢0):| .

3a. Show that the solution ¢ of this system also satisfies the sine-Gordon
equation, i.e. the field equation obtained from the Lagrangian (7.21).
This solution of the field equation ¢ (which, of course, depends
on the choice of the original solution ¢o) is called the Bécklund
transformation of the solution ¢q.

3b. By solving the system (7.22) for ¢o = 0, show that the Bdcklund
transformation of the classical vacuum (¢g = 0) is the sine-Gordon
soliton (generally speaking, moving) found in point 1 of the problem.

3c. By applying, to the solution ¢g = 0, the Bdcklund transformation
twice (with complex and different parameters «), find real time-
dependent solutions of the sine-Gordon equation. Find among these
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solutions a class which corresponds to the classical scattering of
solitons, and another class of periodic solutions (breathers). Check,
by explicit substitution in the sine-Gordon equation, that these are
indeed solutions.

4. Find the topological charges of all possible configurations in the sine-
Gordon system, and how they are related to the mapping of infinity
to the set of classical vacua. Give examples of configurations with
all possible topological charges. To which topological sector does the
breather belong?

Problem 5. Consider the model of a complex scalar field with Lagrangian

* * A *
L = 0up0up” + 1Pop" = 5 (")

in (1 + 1)-dimensions. Show that the kink considered in this section ¢ =
©* = pr(x) is a solution of the classical field equations in this model. Is
this solution stable against small perturbations in this model?

7.2 Scale transformations and theorems on
the absence of solitons

In a number of models in (d + 1)-dimensional space-time with d > 1 it is
possible to show that there are no non-trivial static solutions of the field
equations by applying scale arguments (Derrick 1964). These arguments,
which are studied in this section, apply not only to stable solutions of the
soliton type but also to unstable static solutions (these may also be of
interest, as we shall see in the following chapters).

Let us consider first the theory of n scalar fields ¢*, a = 1,...,n, in
(d + 1)-dimensional space-time. We shall write the Lagrangian in a quite
general form

1
L= 5Fun(9)0u9" 009" = V(90), (7.23)

where Fyp(p) and V() are certain functions of the scalar fields ¢%. We
shall argue ab absurdo. Let us assume that ¢%(x) is a static solution of the
classical field equations with finite energy. It is an extremum of the energy
functional

Bl = [ 'z |3 Fali0ig o + V(0)|. (7.24)

We shall assume that for all ¢ the matrix F,;(¢p) defines a positive-definite
quadratic form, i.e. all the eigenvalues of this matrix are positive for all .
Then

Foadip%0;0° > 0, (7.25)



150 The Simplest Topological Solitons

where equality holds only for fields which do not depend on x. In addition,
we shall suppose that V(¢) is bounded from below and choose the zero-
point energy level such that the value of V' at the absolute minimum V' (y)
(classical vacuum) is equal to zero:

V(™) =o0.

Then
Vip) 20, (7.26)

and equality holds only for the classical vacuum. Then, the classical vac-
uum, a homogeneous field realizing the absolute minimum of V (), will
have zero energy, and any other configuration of fields will have positive
energy.

Problem 6. Calculate the energy—momentum tensor for the model (7.23)
and show that expression (7.24) is indeed the energy functional for time-
independent fields.

Problem 7. Show that in the case of static fields, the field equations for
the Lagrangian (7.23) are at the same time equations for extremality of the
energy functional (7.24).

Problem 8. Show that if the matriz Fup(¢) has negative eigenvalues for
some choice of ¢®, and Fup(p) are smooth functions of the fields *, then
the energy (7.24) is not bounded from below.

If ¢%(x) is a static solution of the field equations with finite energy, then
the energy functional must be extremal for p® = ¢?% with respect to any
variations of the field which vanish at spatial infinity. Let us consider a
field configuration of the form (the index a is omitted)

PA(X) = pc(Ax). (7.27)
For small A, the difference
Pa(X) = e(x) = Pe(Ax) — @e(x)

is a small variation of the field. It vanishes at spatial infinity, since ¢.(x)
tends to a constant as |x| — oo (otherwise the gradient contribution to the
energy would diverge). Consequently, the energy functional calculated on
the configurations (7.27),
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must have at extremum an A = 1 (calculated on the one-parameter family
of field configurations (7.27) the energy functional is a function of the
parameter A only),
dE
—_— =0. 7.28
i |,_, (7.28)

We shall see that in a number of cases this cannot hold.
Let us calculate the energy for the configuration (7.27):

B0 = [ ate | 3Futec00) (i) ) (et ) + V)]

In this integral, we make the change of variables

y = Ax,
so that d%z = A~4d%y; aii = ’\agi' We obtain
B2 [ty | P03 (5000)) (et9) ) 4V (0e3))
2 ab\¥e Byl c 8yz c c
or
E(\) = A7 + 2710, (7.29)

where

r = /ddﬂ?%Fab(%)aM?ai@Z (7.30)

o = /dde(%).

We stress that I and IT are expressed solely in terms of the original solution
©%(x); here I" and IT are the gradient and the potential terms, respectively,
in the energy of this configuration. By virtue of conditions (7.25), (7.26),
we have

T
IT

Since I and II do not depend on A, we know the function F()) explicitly:
it is given by formula (7.29). The condition for its extremality (7.28) gives

(2—d)T — dIIl = 0. (7.31)

Together with the positivity of I' and II, this condition leads to serious
constraints on the existence of classical solutions in scalar theories, as
follows.
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1. d > 2: condition (7.31) is satisfied only if
I'=1I1=0.

This means that 0;0% = 0 and ¢¢ is the absolute minimum of the
potential V(¢), i.e. the only solution is the classical vacuum.

2. d = 2: condition (7.31) gives
II=0.

If the potential V(y) is non-trivial, then this condition also means
that the only static solution is the classical vacuum. The only class of
(2 + 1)-dimensional scalar models where the existence of non-trivial
classical solutions is possible is that of models with

V(p) =0 for all ¢,

i.e. there is no potential term in the Lagrangian (in this case, the
kinetic term must have a complicated structure). Such a situation is
realized, for example, in the model of n-field, which will be considered
in Section 7.4.

3. For d = 1: condition (7.31) gives the virial theorem
r=1
and does not impose constraints on the choice of model.

The physical reason for the absence of static solitons in (d + 1)-
dimensional scalar theories with d > 2 (and d = 2 for V() # 0) is the
following. If p®(x) is some configuration of scalar fields, then, as can be
seen from (7.29), the energy of an adjacent configuration ¢®(Ax) is less
than the energy of the original field, at A > 1. The configuration ¢®(Ax)
differs in size from ¢“(x): if r is the characteristic size of the configuration
©%(x), then the characteristic size of the configuration ¢%(Ax) is equal to
A71r ie. it is a factor of A7 less (A > 1). In other words, it is energetically
favorable that a particle-like configuration becomes unboundedly shrunken.

We note that this difficulty can be avoided in scalar theories with d > 2
only at the cost of adding terms with higher derivatives to the Lagrangian.
For example, if one adds a term of fourth order in derivatives to the
Lagrangian (and hence, to the static energy), the scale argument studied
earlier is modified; instead of (7.31), one obtains

(4—dT* +(2—d)T? —dll = 0, (7.32)

where I'? is the contribution to the energy of the field p.(x) from terms
with two derivatives (of the type of (7.30)), while I'* is the contribution
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to the energy of the configuration p%(x) from terms with four derivatives
(of the type [d%z(8;¢)*). For d = 3, condition (7.32) can be satisfied for
positive II, T2, T4, i.e. a soliton may exist. Such a situation is realized in
the Skyrme model, considered in one of the Supplementary Problems for
Part II.

Let us now consider gauge theories. For ease in writing down the
formulae, we shall restrict ourselves to the case of a simple (matrix) gauge
group G. Let A, be the gauge field, ¢ a scalar field transforming according
to a (generally speaking, reducible) unitary representation 7" of the group
G. The Lagrangian of the gauge theory has the form

1
L=-—STrF., + (D) (Dup) — V(p),

22

where
Fo = 0,4, -0,A,+[Au A
Dup = [0, +T(A)lp

(we recall that A, and F),, are anti-Hermitian matrices; we shall use the
matrix form of the gauge fields).

As an example, let us consider fields which do not depend on time in
the gauge Ay = 0. (Note that the time independence of the fields is not
a gauge-invariant concept: if some configuration does not depend on time,
by performing a gauge transformation over it with a time-dependent gauge
function, we obtain a field which depends on time). For the configurations
in which we are interested,

Foi = 0 (7.33)
Dyp = 0. (7.34)

We note that these equations are gauge invariant; they could be used as
the basis for a definition of the class of fields considered.

In fact, the class of fields satisfying the conditions (7.33) and (7.34) does
not exhaust all the interesting cases of static solutions (an example of a
static solution which does not satisfy (7.33) and (7.34) is provided by a
magnetic monopole with an electric charge, a dyon). However, we shall
limit our analysis to this class of fields for definiteness in our subsequent
study.

The energy functional for the fields considered here has the form

1
Blduel = [ % {—ngTrFijFij+<DZ—¢>T<DZ-¢)+V<¢> 7

where all three terms are positive (as before, we assume that V(¢) is non-
negative and equal to zero only for the classical vacuum).
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Suppose A.(x) and ¢.(x) is a classical solution. We again apply a scale
transformation, where we choose the transformation of the field A such
that Fj; and D;p transform homogeneously. This requirement leads us to
consider the following family of fields:

oa(x) = we(Xx) (7.35)
Ax(x) = M. (\x).

Then, the covariant derivative with respect to x for the new configuration
is equal to

Dox() = | 5% + T )| 20 = ADy (v,

where y = Ax,

Dwmﬁ{%+ﬂmwﬂ%w

is the covariant derivative with respect to y for the original configuration.
The strength tensor for the new field is equal to

F () = 5 AL) = 55 AV ) + (4300, AL 0] = VFS (),
where
FIY = () - g ALY) + A1), A5

is the strength tensor of the original configuration with coordinates y.
Substituting these expressions in the energy functional for the configuration
(7.35) we obtain

E(\) = MG + X290 4 2741,

where
o - /ddy (72%TrF(C( )E(J?"‘)(Y))
r:.ﬂMWmeWJ
I = /ddyV(SOC)-

G,T',1I are, respectively, the contributions of the gauge field, the covariant
derivative and the potential of the scalar field to the energy of the classical
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solution (¢, A.): all these quantities are positive. The extremality con-
dition on E(A) at A =1 gives

(4—d)G+ (2 —d) — dll =0. (7.36)

This condition is far weaker than (7.31); it does not prohibit the existence
of non-trivial classical solutions for d = 2 and d = 3; we shall learn
about solitons in gauge theories in two and three spatial dimensions in
Section 7.3 and in the following chapters. The case d = 4 (instantons)
is also interesting; here, condition (7.36) requires that scalar fields be
completely absent from the theory (or the value of scalar fields would be
the vacuum value everywhere in space).

Thus, the scale argument for gauge theories with scalar fields does not
work for d < 3, while for gauge theories without scalar fields it does not
work for d = 4. It prohibits the existence of non-trivial static classical
solutions

1. in theories with scalar fields for d > 4

2. in purely gauge theories (without scalar fields) for d # 4 (in
particular, in a purely gauge theory in the physically interesting
(3 + 1)-dimensional space—time, there are no solitons).

7.3 The vortex

The vortex is the simplest soliton in gauge theory with scalars (Abrikosov
1966, Nielsen and Olesen 1973). It arises in a model with gauge group
U(1) and the Higgs mechanism in (2 + 1)-dimensional space-time. Thus,
the model contains a one-component gauge field A, (x) and a complex scalar
field (), transforming under gauge transformations as follows:
plx) — ¢ @op(x)
1
Au(@) = Au(2) + —Oualz).

Here and subsequently in this section, u, v = 0,1, 2. The Lagrangian of the
model has the form

L= —F2 + (D) (Dug) ~ V(o) (7.37)

where, as usual,

Fo = 0.4, —-0,4,
D,y (O —ieA, ),
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and we choose the potential in a form which ensures that the Higgs
mechanism comes into play:

2

A @
2 % o * 2
Vip) = M<P99+2(<P ®) + 5y

or, equivalently,

Vip)= S (s~

where

We recall that the ground state in this model can be chosen such that
A, =0, ¢ = v; then the vector field has the mass

my = V2ev, (7.38)

and the scalar field in the unitary gauge is written in the form ¢ = v +
n(z)/v/2, where the real field n(z) has mass

mu = V2 = V2. (7.39)

Clearly, formulae (7.38) and (7.39) are relevant for small (linear)
perturbations about the vacuum ¢ = v.

To find a soliton in this model, we first consider all possible non-singular
field configurations which do not depend on time in the gauge Ay = 0.
(We recall that in this gauge there is a residual invariance under time-
independent gauge transformations). We shall require the field energy to
be finite, but we shall not yet fix the residual gauge freedom. For the
configurations in which we are interested the energy functional has the
form

EM%@M@HZ/{%%EyHDMYQ¢+VW)fx (7.40)

A necessary (but not sufficient) condition for the energy to be finite is that
V() should tend to zero as |x| — oo, i.e.

|| — v for |x| — oco.

Let us fix a large circle (radius R) with center at the origin. For sufficiently
large R, the modulus of the field on this circle is equal to v; however, the
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Figure 7.4.

phase of the field ¢ may depend on the polar angle in the two-dimensional
space, . Thus, on our circle,
o =ef 0y,

The function ve’/(®) defines a mapping of the circle of radius R in space
to a circle of radius v in the plane of complex ¢. The mapping of circle to
circle can be characterized by an integer n = 0,+1,42, ..., the “winding
number.” This can be illustrated as follows: take a rubber ring and place
it on a rigid hoop. The way of doing this, which corresponds to n = 0, is to
contract the whole ring to a single point on the hoop, or to place the ring as
shown in Figure 7.4(a). The mapping with n = +1 is the mapping shown in
Figure 7.4(b); the mapping with n = —1 is obtained by placing the rubber
ring “upside down.” The mapping with n = 2 is obtained by making the
rubber ring into a figure “eight,” folding it as shown in Figure 7.4(c) and
then placing it on the hoop. The construction of the mappings with higher
n is evident. In analytical form, mappings with different n can be chosen,
for example, as

©(0) = ™. (7.41)

Of course, the phase of the field ¢ is not gauge invariant. However,
the winding number is invariant under gauge transformations which are
smooth in the whole of two-dimensional space. For example, one might try
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to decrease the winding number by unity by taking as gauge function

ela(z) _ 6_29;

however, such a gauge transformation is singular at the origin of the
coordinate system; in particular, the transformed vector-potential

1
A; + *aia(l')
e

grows as 1/r as r — 0. It is intuitively clear that this example is of a
general nature; we shall discuss the properties of mappings of this type in
more detail in Chapter 8.

The winding number, which characterizes the field configuration (z),
does not depend on the choice of curve around the origin of the coordinate
system, if this curve is in a sufficiently distant region, where |¢| = v.
Indeed, the winding number is discrete and does not change when the
curve changes continuously. It is clear from these considerations that the
winding number does not change even when the field evolves smoothly in
time, provided this evolution does not affect the field at spatial infinity.
Thus, the winding number is a topological number characterizing the field
configuration and is an integral of motion. As in the example with the kink,
the set of all fields with finite energy divides into disjoint sets (sectors); in
this case there are infinitely many sectors, which are characterized by an
integer n = 0,+£1,. ...

In fact, formula (7.41) exhausts all possible field asymptotics, modulo
gauge transformations which are smooth throughout space. To see this, we
note, in the first place, that the winding number can be written in explicit
form as

1 -

where the integral is taken over a remote circle. If ¢ = /(D then
n = 5=[f(2r) — f(0)]. Thus, two fields with the same winding number
differ asymptotically by a phase factor with winding number zero: if
asymptotically

(@) = eHOy
eifz(e)v’

where f1(27) — f1(0) = f2(27) — f2(0), then
pa(z) = ey (),
where fo = fo — f1, and
f21(27m) = f21(0) = 0.
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Since fo1 is a single-valued function of 6, it is possible to construct a smooth
gauge function

a(r,0) = g(r) f21(0), (7.42)

where g(r) is some arbitrarily chosen smooth function obeying g(r — 0) =
0, g(r — o0) = 1. Upon gauge transformations with gauge function (7.42),
the field 1 becomes

ol (z) =Dy (z),

and the field ¢} has the same asymptotics as the field ¢o. Thus, using
gauge transformations which are smooth throughout space one can achieve
that asymptotically the fields have a fixed (for each n) form; this form can
be fixed by formula (7.41). In each sector of space of the fields, we now
know the asymptotic form of the scalar field.

Let us search for solitons in the sector with n = 1. Asymptotically, as
|x| — oo, the scalar field has the form

= ey. 7.43
@

For the energy to be finite, the covariant derivative D;p must decrease
more rapidly than 1/r (otherwise [ d?z|D;¢|? would diverge as |x| — c0).
The conventional derivative does not have this property, since

61()0 = eieviaﬂ = (eiev) (—Eé‘ijn]‘> y
r

where n; = % is a unit vector in the direction x. Such a slow decrease in
the conventional derivative needs to be compensated by the field A; with

asymptotics
1
Ai = —;Eijnj. (744)

This asymptotics is a pure gauge, A; = é@,ﬂ, thus the tensor Fj; decreases
more rapidly than 1/72, although the field A; decreases as 1/7.

To obtain a soliton configuration, we need to find a smooth solution of
the field equations with asymptotics (7.43), (7.44). To find a corresponding
Ansatz we use an approach which works in the case of more complex
systems as well. We note that the asymptotics (7.43), (7.44) are invariant
under spatial rotations, complemented by global phase transformations of
the field ¢, i.e.

o) = e (0 + )

(the invariance of A; is evident: rotation of the vector n; leads to rotation
of A; as a spatial vector). We now write down the most general form of
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fields, invariant under these generalized spatial rotations:
o(r,0) = v F(r)
A;(r,0) = —ésijnjA(r) +n;B(r),

where F(r), A(r) and B(r) are functions of radius which have to be found
from the field equations. We note further that the contribution from B(r)

is a pure gauge,
n;B(r) = 0; (/ B(r)dr) ,

therefore, we can set B(r) = 0 (this does not contradict the asymptotics
(7.44)). Thus, a solution can be sought in the form

p(r,0) = ve'’F(r) (7.45)
A’i(r76) = *ef];ﬂ&'jnjA(’r’).

One not entirely trivial property of this Ansatz is that it “passes through”
the field equations, i.e. all field equations are reduced to two equations for
F(r) and A(r) (this statement and the results of the next two problems
can be generalized to arbitrary models and arbitrary symmetries; this
generalization is known as Coleman’s theorem).

Indeed, substituting the expression (7.45) in the field equations following
from the Lagrangian (7.37), we obtain two ordinary differential equations
in the two functions A(r) and F(r):

d (1 dA

2 o I
= ) —2e“v 7(1 —A)=0, (7.46)

rdr

Fq_ap=o

r

d ( dF
—— (r— | + WrF(F? -1

dr(rdr>+ virE( )+
It is important that the number of equations is the same as the number of
unknown functions, i.e. the system (7.46) is self-consistent.

Problem 9. Show that for fields of the form (7.45), all the field equations
reduce to the two ordinary differential equations (7.46) in F(r) and A(r).

Problem 10. Write down the energy functional for fields of the form
(7.45) in the form of a simple integral over dr. Find conditions for
extremality of this integral and show that they reduce to the equations

(7.46).
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It follows from (7.43) and (7.44) that the functions F'(r) and A(r) have
the following asymptotics:

F(r)y—1, A(r)—1, asr— oo (7.47)

Moreover, the requirement of smoothness of the fields at » = 0 imposes the
condition

F(r)y—0, A(r)—0 asr—0 (7.48)
(more precisely, F(r) = O(r), A(r) = O(r?) as r — 0). Unfortunately, it is
impossible to find an explicit solution to the equations for F'(r) and A(r)
with boundary conditions (7.47) and (7.48); the form of the functions F'(r)
and A(r) can be found numerically.

We can convince ourselves of the existence of solutions of equations
(7.46) with the behavior of (7.47) and (7.48), using the following highly
reliable, but non-rigorous argument. For definiteness, consider the case
myg < 2my. We show initially that there is a two-parameter family of
solutions of equations (7.46) satisfying the condition (7.47); at this point,
we shall not impose the requirement (7.48). For large r, we write A(r) =
1—a(r), F =1— f(r), where we require a(r) — 0 and f(r) — 0 as r — oco.
The first equation of (7.46) is linearized in an evident manner and has the

form
d (1lda 9
7"% (; %) — mya = 0.

It has a one-parameter family of solutions, tending to zero as r — oo,
a(r) = Couy/re”™v7", (7.49)

where C, is an arbitrary constant. The second equation of (7.46) is also

linearized,
1d d 2
—— (r—) —myif =0,

and we now obtain a family of solutions decreasing as r — oo:

emeT'
\/F ’

where Cy is another arbitrary constant.? Thus, we actually have a two-
parameter family of solutions, decreasing as r — oo.

f(r)=0Cy

(7.50)

4The requirement mpy < 2my has been imposed to ensure that the third term in the
second equation of (7.46) is small in comparison with the second for the solutions (7.49)
and (7.50). For mpy > 2my a more accurate analysis is required, but the conclusion
about the two-parameter family of solutions remains valid.
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Let us now study another family of solutions of equations (7.46), namely,
those which satisfy the conditions (7.48) (without the requirement (7.47)).
For small r we write

F(r) = apr+pBpr?+---,
A(r) = aar2 + /8117'4 +y
where oy, ..., [, are constants which are as yet unknown. Substituting

these expressions in (7.46) and equating terms with the equal powers of r,
we obtain that oy and «, are arbitrary, while 3y and 3, are expressed in
terms of the latter as

m
ﬂa - _?VOC?7
2
miy 1
br = =9 = g%

(here, it is important that to leading (zeroth) order in r, the second
equation of (7.46) is satisfied identically). Thus, the second family of
solutions is also two-parametric, being characterized by the two parameters
oy and ayg.

The solution in which we are interested satisfies both conditions (7.47)
and (7.48), i.e. it must belong to both the first and the second family. In
other words, some solution from the first family, characterized by certain
values C, and Cy, must be matched to a solution from the second family
for some ag, ay. The condition for matching of two solutions at some (no
matter which) point rg is the equality of the functions F'(r¢) and A(rg) and
their derivatives F’(ro) and A’(rg) at that point. This requirement gives
four algebraic equations for four unknown parameters C,, Cf, aq and ay,
i.e. the number of parameters is the same as the number of equations for
them. Such a system usually has a solution (or a discrete set of solutions),
and this is a strong argument supporting the existence of solutions of
interest to us.

Of course, this argument is not applicable solely to vortices. Although
it is rather heuristic, it leads to correct results in all known cases. We note
that when this argument is applied to systems of linear equations, account
must be taken of the fact that the overall multiplicative constant is in fact
not a parameter of a solution.

Problem 11. Find F(r) and A(r) numerically for mg = my = 1.

Problem 12. Consider the case myg > my. Show that the region in
which |p| differs significantly from v, i.e. (|| —v) ~ v has size of the order
of 1/mpy, while the region where A(r) is significantly different from unity
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has size of the order of 1/my . Thus, a soliton has a small scalar core and
a relatively large vector core. Find the asymptotics of the function A(r)
outside the vector core (r > 1/my ). Show that outside the scalar core
(r > 1/my, but not necessarily r > 1/my ) the field B; = (A; + Le;n;)
satisfies the equation of a free massive vector field (we note that B; — 0 as
r — 00). Find an explicit form for A(r) outside the scalar core, i.e. at r>>
1/mpg (but not necessarily r > 1/my ). Find the mass of the soliton with
logarithmic accuracy in myg/my, i.e. show that My = C(my,e)(In 2—’; +
O(1)) and calculate the coefficient C in front of the logarithm.

Although it is not possible to find a soliton solution explicitly, the mass
of the soliton and its size can be estimated based on scaling considerations.
We shall do this, assuming that 2 ~ 1. In the energy functional (7.40),
we change the variables

where
Y =myX. (7.51)

This change of variables is chosen so that the three terms in the energy
density have the same order for ¢ ~ 1, C; ~ 1, y ~ 1;

F2 = m%/ 202
ij - 7 ij
m2 21
Digl* = <mvv)2m—¢|2:(7v> 5 Dol
A Aot m2 2 m2
2P — w2 = —<|¢|2—1>2:(—V) T (162~ 1)2,
2 2 e Sm%/

where C;; = %i{ — gg}, Digp = ( —iC;)¢. Thus, the energy functional

has the following form in terms of the new variables:
m 1 m?
=0 [y 10+ y0r+ gl op-1p]. s

For my ~ my, the expression in the integrand does not contain small or
large parameters; thus, a minimum of the energy functional is attained at

¢N17 ClNL

and the characteristic size of the soliton in the new variable is of the order
of unity

y~ 1.
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The last equation, together with (7.51), means that the size of a soliton in
space is of the order
1
Tsol ™~ — .
my
Finally, the mass of the soliton (value of the energy functional (7.52) at the
minimum) is of the order

2
m
Msol ~ 7;/
e
More precisely, the dependence of the mass on the parameters of the model
follows from (7.52),
2
m m
Mgo1 = %M (l) s (753)
€ my
where the function M (74 ) can be found numerically.

To end this section, we note that the soliton described in this section
can also be viewed as a static solution of the field equations in the model
(7.37) in (3 +1)-dimensional space-time, which does not depend on 2 and
has A3 = 0. Such a solution describes an infinitely long straight object, a
vortex or a string. Here, in the general case the topological number n is
proportional to the vortex magnetic flux

n=_ /H3d2x, (7.54)
2

where the integral is evaluated over some plane orthogonal to the vortex
(or system of parallel vortices), for example, the plane (z',z?). Indeed,
the requirement that the covariant derivative of the field ¢ = €™ should
decrease rapidly leads to asymptotics of the field A; of the form (compare
with (7.44))

Ai="00, i=1,2.
e

Hence, n is expressed in terms of an integral over a remote path in the

plane (z!,2?%):
n= % %Aidmi,

which leads to (7.54) by Stokes’s theorem. The fact that the topological
number is integer valued means that the vortex magnetic flux is quantized.
Expression (7.53) represents the mass of the vortex per unit length.

The physical systems in which vortices actually occur are type-2
superconductors. The energy functional (7.40) is the Ginzburg-Landau
Hamiltonian.
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Vortices of the type described are considered in particle theory, although
it is still not known whether or not they exist in nature (there are none in
the Standard Model). In the cosmological context they are called cosmic
strings.

7.4 Soliton in a model of n-field in
(2 + 1)-dimensional space—time

The model of n-field gives an example of a situation when in theories with
scalar fields only the potential term in the Lagrangian is absent, and the
existence of a soliton in (2 + 1)-dimensional space—time is not forbidden
by the scale arguments of Section 7.2. Another interesting feature of this
model is the presence of topological properties, somewhat different from
those considered in the previous examples (Sections 7.1 and 7.3).

The model contains three real scalar fields ¢®, a = 1,2,3, on which a
nonlinear condition is imposed at each point x:

o (x)p(x) = 1 (7.55)

(sometimes the fields are denoted by n®, this is how the model obtained
its name; we shall reserve the notation n for a unit radius vector). Thus,
the fields belong to the sphere S? of unit radius; only two variables for the
three fields ¢® are independent. We choose the Lagrangian of the model in
the form

1
E = 27.928#@(16#(,00', (756)

where g is some constant, u,v = 0,1,2. We note that the Lagrangian
and condition (7.55) are invariant under global transformations from the
group O(3), under which the fields ¢ transform as components of a three-
dimensional vector.

Although the Lagrangian (7.56) is quadratic in the fields, the field
equations are nonlinear, since the nonlinear condition (7.55) is imposed
upon the fields. To obtain these equations we use the standard Lagrange
method. We add the relation (7.55) to the action with a Lagrange
multiplier, i.e. we write

5= [@egsoutonr + o [ @t @p@ - .
Here A(z) is a Lagrange multiplier; the factor 1/2¢2 in the second term is
introduced for convenience. The field equations are obtained by varying
S with respect to the fields ¢®(x), assuming them to be independent, and
choosing the Lagrange multiplier A(z) such that the constraint (7.55) is
satisfied.



166 The Simplest Topological Solitons

From the variation of S we obtain
0,00 () + A@)e" (x) = 0. (7.57)

We find the Lagrange multiplier by multiplying (7.57) by ¢* and using
(7.55);

*‘Pa(x)aurau@a(x) +A(z) =0,

i.e.
Az) = ¢%0,0,9". (7.58)

Thus, we finally obtain from (7.57) and (7.58) an equation which does not
contain the Lagrange multiplier:

—0,0,9" + (20,0, = 0. (7.59)

This equation is nonlinear, as was to be expected.
We shall study the static (not dependent upon time) configurations of
fields with a finite energy. The energy functional for these has the form

1 a a J2
E = 2—92/&-@ i, dx. (7.60)

Let us first consider the ground state, which is a field configuration with
least energy. It is clear that the least value of the energy is zero, which is
realized for homogeneous (not depending on x) fields. As usual, taking into
account the global O(3) symmetry, we can choose as the ground state any
constant vector, and the global O(3) symmetry is broken. Let us choose as
the ground state the configuration

= —6%, (7.61)

which corresponds to the south pole of the sphere S2.

Let us now discuss static configurations of fields with finite energy. The
finiteness of energy means that ¢%(x) tends to a constant as |x| — oo,
where this constant does not depend on the angle in the plane (x!,z?)
(otherwise Vo® ~ 1/r and the integral in (7.60) diverges). As far as
topological properties of such configurations are concerned, all spatially
infinite “points” can be identified, and the space becomes topologically
equivalent to the two-dimensional sphere S2. Every configuration of fields
©*(x) with finite energy determines a mapping of the sphere S? (space
with infinity identified) to S? (set of values of the field). As in the case of
mappings from S! to S', the mapping from S? to S2 is characterized by
a topological number n = 0,41, £2, ..., called the degree of the mapping.
The construction of mappings with different n reiterates the construction
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studied in Section 7.3, except that instead of a ring, one has to consider
a sphere. Thus, the set of configurations of fields ¢* divides into disjoint
subsets (sectors): the sector with n = 0 contains the vacuum, while in the
sector with n = 1 the topological soliton can be sought.

It is useful to derive an explicit formula for n as a functional of ©%(x).
For this, we consider a mapping of the region near the point x to the region
near the point @(x), shown in Figure 7.5 (we shall sometimes consider the
triplet ¢ as the vector ¢ of unit length in the three-dimensional space of
the fields).

(d@), = 22da!

ozt
dx? S~..

dal (d@)s = 25 da?

Figure 7.5.

The area of the region obtained by this mapping is equal to
o’ = (dg)1 x (dp)2,

and the vector d& may be either parallel or antiparallel to the vector g (do
is a region on the sphere S2, and ¢ is orthogonal to that sphere). If the
mapping Sgpace — 82,4 has degree n, then the sphere S2, is covered n
times, i.e.

1 .
n = Z(surface area, swept by mapping).
7

Here, the area of an element of the surface should be taken with the plus
sign if the orientation of (dF); and (d@)s is the same as that of (dz')
and (dz?), and with minus sign otherwise (this latter case is shown in
Figure 7.5). The sign is derived correctly if we write

1
N
n=_ [ ¢dd,
which gives
1 og  0g
= — [ d223. | == x =2
v = )0 o 5
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1
= 877'( dQ.T&abCEij(paaitpbangC. (762)
This topological number does not change under smooth variations of the
fields ®, which do not affect spatial infinity. Unlike the topological
numbers we met in Sections 7.1 and 7.3, it is associated not with the
properties of the field at spatial infinity, but with the fields in the whole
space.

Problem 13. Show by explicit calculation that the topological number
(7.62) does not change under local variations of the field ¢, i.e. under
replacement of ©* by ¢ + §p®, where dp® is an infinitesimal variation of
the field which decreases rapidly at spatial infinity.

In what follows, we shall suppose, without loss of generality, that the
field ©®(x) tends to the vacuum value (—§%3) at spatial infinity.

Problem 14. Consider the configuration of fields of the form

Ng sin f(r)

cos f(r),

%
RIS
I

where a = 1,2; no, = L2 is the unit radius vector in two-dimensional

space, f(r) is a real function, f(r) — m as r — oo, such that the field ¢®
tends to the vacuum value at spatial infinity. Since p®@® + (p3)? = 1, this
configuration is actually a possible n-field configuration.

1. Find the boundary condition for f(r) at r = 0 which ensures that
the field ¢*(x) is smooth. Show that all boundary conditions are
characterized by an integer.

2. Calculate the topological number (7.62) for the given configurations.
Find its connection with the integer from the previous point.

As previously mentioned, the soliton has to be sought in the sector
with topological number 1. In order to find an explicit solution, we use a
technique (Belavin and Polyakov 1975) which also has an analogy in certain
more complicated models. Let us consider the quantity

Fia _ 61 (pa + 5abcf‘:ij @baj‘ sDc

(later, it will become clear that the sign + should be chosen for positive
topological numbers, and the sign — otherwise). Evidently, we have

/ FfFrd%z > 0, (7.63)
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where equality holds only if
Dip® + e%%%,;0°0,0° = 0. (7.64)
On the other hand,
FOFS = 0,0 0;0% + 269,000 0;0° + % ;6%% 5,000 00 oD .

(7.65)
The last term here is equal to

Sk (6776%¢ — 8"6° )P0 00Ok = 0;0°0;0° — (" D;0") (9 Dj°)
= 0;¥°0;¢",
where we use the relation ¢*¢® = 1 and its consequence
@0 = 0.
Renaming and permuting the indices in (7.65), we obtain
F{F® = 20,00, F 25abceijg0a8iapb8jg0c.

Thus, the inequality (7.63) gives

/ d*x0;0"0;0" > + / d*we®Ce;; 0" 0:0° 057,

or A
™

Hence, we note that in the sector with topological number n, the energy
is bounded from below by the value 4% \n| where the absolute minimum of
the energy in each sector is attained 1f the field satisfies equation (7.64). A
soliton is the absolute minimum of the energy in the sector with n = 1; this
can be found by solving equation (7.64) (with the choice of sign +). It is
important to note that, unlike the original field equation (7.59), equation
(7.64) is a first-order equation and is easier to solve.

Problem 15. Show that any solution of equation (7.64) is also a solution
of equation (7.59).

We now find an explicit expression for soliton fields. For this, we use an
Ansatz which is invariant under SO(2) spatial rotations, complemented by
SO(2) rotations around the third axis in the space of the fields

¥ (x) = n%sinf(r) (7.67)
¢*(x) = cosf(r),
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where n® = %, a = 1,2. The condition p%p® = ¥ + (¢3)? = 1 is
automatically satisfied. The derivatives of the fields are equal to
1

0ip® = —(6" —n'n®)sin f +n‘n®f cos f
r
0ip® = —n'f'sinf.
Moreover,
1, . . )
&jé‘mﬂ@aajgoﬁ = €jj€apNasinf ;(6”‘ —n'n)sin f + n'n® f’ cos f

; 1 1
= Eiang(S]ﬂnQ*SiIPf =n,;~sin? 1.
T T
Equation (7.64) with a = 3 takes the form
1
—nif'sin f +n;=sin® f =0,
T
or )
f/'==sinf. (7.68)
r
Equation (7.64) with a = 1,2 reduces to equation (7.68).
Problem 16. Show that equation (7.64) with a = 1,2 for fields of the
form (7.67) reduces to equation (7.68).

The solution of equation (7.68) with boundary condition which ensures
that % = —6%% as r — o0,

f(o0) =,
has the form

r
f =2arctan —

To
so that
a TaTo
7T T3 412
3 _ 7'3 —r?
p = W7

where rg is an arbitrary constant (soliton size). The fact that the soliton
size may be arbitrary, actually follows already from the scale considerations
of Section 7.2. From the results of Problem 14 of this section, it follows
that the topological number of this soliton is actually equal to 1, and hence
it follows from (7.66) that its energy (mass) does not depend on size and

is equal to
4
Mo = = (7.69)
g
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Problem 17. Calculate the soliton energy explicitly and verify that
equation (7.69) holds.

Problem 18. Let us introduce the variables W, = 2%, a=1,2 and
also the complex variable W = Wi 4+ iWs. Show that equations (7.64)
are Cauchy—Riemann conditions, guaranteeing that W is a function of the
complex variable z = x* 4+iz%. Using this property, find a general n-soliton
solution (i.e. a solution with topological number n). Show that the one-
soliton solution found earlier is the unique solution modulo O(3) rotations
and spatial translations.
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Chapter 8

Elements of Homotopy
Theory

8.1 Homotopy of mappings

In Chapter 7, we met examples of mappings from one manifold to another.
There, the global properties of these mappings, which remain unchanged
under continuous changes of the mappings, were important. In this chapter,
we briefly discuss certain topological (i.e. global) properties of mappings in
quite general form, together with some specific results which are useful for
physics.

Let X,Y be topological spaces (we shall often simply refer to spaces),
i.e. sets in which the concept of the proximity of two points is defined.
For us, the important cases will be those in which the topological spaces
are domains of dimension n or lower, of Euclidean space R™. A mapping
[+ X — Y is continuous if it takes any nearby points in X to nearby points
in Y. In what follows we shall consider only continuous mappings, unless
otherwise stated. The mappings f: X — Y and g : X — Y are said to
be homotopic if one can be continuously deformed to the other, i.e. if there
exists a family of mappings h;, depending continuously on the parameter
t € [0, 1], such that

hO:f7 hlzg

In other words, if I is the interval [0,1], then there exists a continuous
mapping H of the direct product X x I to Y, such that

H(z,0) = f(z), H(z,1)=g(z)
(here, H(x,t) = hy(z) for all z € X).

173
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This definition can be formulated slightly differently: suppose C'(X,Y)
is the set of continuous mappings from X to Y, then f is homotopic to g
if f and g belong to the same connected component of C(X,Y).

Problem 1. Show that homotopy is an equivalence relation in C(X,Y).

The homotopy relation divides C(X,Y) into equivalence classes. The
central problem, for us, is to describe the set of equivalence classes
(homotopy classes), which we denote by {X,Y}.

Ezample. If X consists of a single point, then C(X,Y") coincides with
Y and {X,Y} coincides with the set of connected components of the space
Y.

A mapping f: X — Y is said to be homotopic to zero if it is homotopic
to a mapping taking the whole space X to a single point of Y. If Y is
connected, then all such mappings are homotopic to each other. Their
equivalence class is called the zero homotopy class. In what follows, we
shall consider connected topological spaces X,Y, unless otherwise stated.

Ezample. Tet X = S, Y = R?\ {0} (Y is the plane with a point
removed). The mapping f : S' — RZ%\ {0}, shown in Figure 8.1, is
homotopic to zero, the mapping ¢ is not homotopic to zero.

Figure 8.1.

Problem 2. LetY be a convex space in R™, i.e. a set which for any two
of its points also contains the straight interval connecting them. Show that
a mapping of any space X to'Y is always homotopic to zero.

Problem 3. Let f be a mapping of the sphere S™ to the topological space
X. Let D™ be the ball with boundary S™ (written as 9Dt = S™). Show
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that f is homotopic to zero if and only if it can be continuously extended into
the entire ball D™t i.e. there exists a continuous mapping g : D"*' — X,
such that glgpn+r = f.

The well-known concept of a simply connected space (two paths with
the same beginning and end can always be continuously deformed to each
other) can be formulated as follows in the language of homotopy theory:
the space Y is simply connected if any mapping S' — Y is homotopic to
Z€T0.

Let us consider a mapping to a direct product

f: X—=>YxZ
It can be viewed as a pair of mappings
fi: X=>Y, fo:X—Z

such that f(x) is the pair (f1(z), f2(x)). For continuous deformation of the
mapping f, the deformations of the mappings f; and fy are continuous.
Consequently, there exists a one-to-one correspondence between {X,Y x Z}
and {X,Y} x {X,Z}. The classification of mappings to a direct product
reduces to the classification of mappings to each of its factors.

The homotopy of mappings is closely related to the concept of the
homotopy of topological spaces. Two spaces Y7 and Y, are said to be equi-
valent (homotopic) if there exist mappings

h12Y1HY2aHdh21Y24>Y1

such that hi1hs : Yo — Y5 and hohy : Y7 — Y; are homotopic to the identity
(the mapping e : Y — Y is said to be the identity if e(y) = y for all y € Y).
If Y7 and Y, are homotopic and X is any topological space, then there
exists a one-to-one correspondence between {X,Y;} and {X,Y>}.

Problem 4. Let Y7 and Yy be homotopic and hy,he the mappings of
the previous paragraph. FEach mapping f : X — Y1 induces a mapping
g: X — Y5 via the formula g = hy f. 1) Show that in this way a mapping
from {X,Y1} to {X,Ya} is induced, i.e. if f and f' belong to the same class
in {X,Y1}, then hyf and hq f' belong to the same class in {X,Y2}. 2) Show
that this mapping from {X,Y1} to {X,Ya} is one to one.

Problem 5. Show that S' and R?\ {0} are homotopically equivalent. For
this, construct the mappings hy : S' — R?\ {0} and ho : R%2\ {0} — S1,
given in the definition of homotopic equivalence.

Generally, the sphere S”~! and the n-dimensional Euclidean space with
a point removed, R™ \ {0}, are homotopically equivalent.
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Another example of homotopically equivalent spaces is given by the
sphere with a point removed (let us say, the north pole) S™ \ {n.p.} and
R™. Finally, we recall one further example from Section 7.4: the space R"
with infinity identified is homotopically equivalent to the sphere S™ (here,
stereographic projection plays the role of the mapping h1).

Thus, the homotopy classes {X,Y} can be analyzed by considering
mappings of X to a space Y’, homotopically equivalent to Y. The choice
of the space Y’ is a matter of convenience.

Conversely, if X; and X5 are homotopically equivalent spaces, then
the sets {X1,Y} and {X5,Y} are in one-to-one correspondence for any
topological space Y.

Problem 6. Prove the last assertion.

8.2 The fundamental group

In this section, we shall discuss mappings of a circle S' to topological
spaces. These mappings can be viewed as mappings f from the interval
[0,1] to X, such that f(0) = f(1). We shall consider connected spaces X.
We fix the point z to which the initial and final points of the interval [0, 1]
are mapped: f(0) = f(1) = zo. Mappings with this property form a subset
of the set C(S1, X) of all mappings from S! to X; for all these mappings,
one can also define the concept of homotopy by complete analogy with
Section 8.1 (in addition to the usual continuity requirement, the condition
ht(0) = hi(1) = zo for each ¢ is imposed on the family of mappings h,
occurring in the definition of homotopy; we shall see that this constraint
is not significant). The set of homotopy classes of mappings f from the
interval [0, 1] to X such that f(0) = f(1) = o will be denoted by 71 (X, x¢).

A mapping from the interval [0, 1] to X is called a path in X. Thus, the
mappings in which we are interested are paths in X, beginning and ending
at the point xg. m1(X,x0) is the set of homotopy classes of closed paths
starting and ending at xg.

We introduce a group structure in 7w1(X, zg), as follows. Suppose f and
g are two paths in X, starting and ending at the point zy. We construct
the path f * g to be the path which first runs along g and then along f, as
shown in Figure 8.2. The mapping f * g from the unit interval [0,1] to X
can be written as

_ J9(2¢), 0<€E<1/2
”*9)‘{?‘@5—1), 2<e<1,

where & € [0,1]. Since g(1) = f(0) = zo, the two halves of the formula
“match” at the point £ = 1/2, so that the mapping f % g defined by this
equation is indeed continuous.
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Figure 8.2.

The inverse mapping to f is the path going in the reverse direction:

FFHO=f1-¢

(Figure 8.3). The operation * and the taking of the inverse mapping induce
operations in 71 (X, zg).

Figure 8.3.

Problem 7. Suppose we have mappings from [0,1] to X starting and
ending at xg, such that f' is homotopic to f and g’ is homotopic to g.
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Show that f'*g' is homotopic to fxg and f'~* is homotopic to f~'. Thus,
the operations defined above induce operations in 71 (X, xg).

Let us choose as the unit element in m (X, zo) the homotopy class
containing the mapping for which the whole of the interval [0, 1] is mapped
to the single point x¢ (zero homotopy class of mappings from S! to X).
The operations described above, * and the taking of the inverse element,
are group operations in 71 (X, xo).

Problem 8. Verify that w1 (X, zo) is a group under the operations x and
the taking of an inverse element.

The group 71 (X, ) is called the fundamental group.

If the space X is connected, then 7 (X, xo) and 71 (X, z() are isomorphic
for all g and xj,. The isomorphism is induced as follows. Let us choose,
once and for all, a path joining zo and xz{,. Every path f beginning
and ending at the point xg corresponds to a path f’ starting and ending
at the point z{, as illustrated in Figure 8.4. (Here, the path from x
to xg is traversed twice—in the direct and the reverse directions). This
correspondence between paths induces a correspondence between 71 (X, )
and 71 (X,z(). One proves that this correspondence is one-to-one and

preserves the group properties.

- T

Figure 8.4.

This isomorphism depends, generally speaking, on the choice of path
from xo to z(. It can also be shown that, in the case of a commutative
fundamental group, the isomorphism does not depend on this path. Then,
one can speak about the group 71 (X), without specifying the point zy. In
the general case of a non-commutative fundamental group, we can speak
about the group m1(X) only as an abstract group, i.e. without specifying
which particular element corresponds to which specific path.
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Problem 9. Based on the discussions in Section 7.3, show that
T (Sl) = Zv

where Z is the group of integers under addition.

Problem 10. Give an example of a topological space X, whose
fundamental group is non-commutative.

From the result of the last problem, it follows that, generally speaking,
the fundamental group is non-commutative. One can prove, however, that
the fundamental group of any Lie group is commutative.

8.3 Homotopy groups

In the previous section, we saw that the set of homotopy classes 71 (X) of
mappings of a circle S* to a topological space X has a group structure.
This construction can be generalized to mappings of the spheres S™ of
higher dimensions n > 2. Here, the homotopy groups 7, (X) turn out to
be Abelian.

Let us consider mappings f : S™ — X for which the south pole of the
sphere is mapped to a fixed point xg. Such mappings are called spheroids
(multidimensional analogues of a path). Two spheroids are said to be
homotopic if they can be continuously deformed, the one to the other, in
such a way that the south pole is always mapped to the point g € X. The
set of homotopy classes (with respect to the homotopy defined in this way)
is called an nth homotopy group and is denoted by m,(X,x¢). We shall
see that homotopy groups do not depend on the choice of x( for connected
spaces X, but for the present, we shall hold the point xq fixed.

For what follows, it is useful to note that the sphere S™ is homotopically
equivalent to an n-dimensional cube I"™ with the boundary identified. Thus,
a spheroid is a mapping from the cube I™ to X, under which the whole of
the boundary of the cube is mapped to zg.

We define the sum of two spheroids as follows (for n > 2 the group
m,(X) is Abelian and the group operation in it is called the sum). Let
fyg: I'"" — X be two spheroids (f and g map the boundary of the cube to
zg). We define their sum h = f + g by the formula

vogy o [ f@at ) for0<at <1/2
hia, ) {9(237171,:6]) for1/2<a2'<1. (8.1)
Here, j = 2,3,...,n, 2',...,2" are the coordinates in the cube I™ and

take values from 0 to 1. Since all points (1,27) and (0,27) belong to the
boundary of the cube, we have

f(ij) = g(O,;rj) = o (8‘2)
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and (8.1) defines a continuous mapping. The sum (8.1) is illustrated in
Figure 8.5; half of the cube is mapped using the mapping f, the other half
using the mapping g.

Figure 8.5.

Summation of spheroids induces summation of the homotopy classes
7n (X, x0): if f is homotopic to f’, and f; is a family of mappings connecting
fand f' (e fo=f, fi = f"), g is homotopic to g’ and g; is a corresponding
family of mappings, then f; + g; is a family of mappings connecting (f + g)
and (f'+g').

The zero (group unit) in 7,(X) is the class containing the mapping of
the whole cube to xzg.

The inverse spheroid is the mapping given by the formula

fHata?) = f1—at,a?).

The taking of the inverse mapping also induces an operation in m, (X, xo).

Problem 11. Show that the mapping f + f~' is homotopic to zero.
Thus, the addition operation in 7, (X, z¢) is indeed a group operation
(its associativity is obvious). For n > 2, this operation is commutative,
since it can be shown that (f+g¢) is homotopic to (g+f). The corresponding
family of mappings is constructed as follows. We first deform f+g, as shown
in Figure 8.6 (the dimensions 3, ..., 2™ are not shown in the figure). Here,
the shaded areas are mapped entirely to zy. The remaining deformation is
evident (see Figure 8.7). Thus, m,(X, z¢) is an Abelian group for n > 2.
As we have already mentioned, the groups m, (X, z¢) and m,(X, z}) are
isomorphic for all xg,z{ € X, if the topological space X is connected.
The isomorphism is constructed as follows. Suppose the path a in X,
connecting the points zo and x{, is chosen once and for all. The spheroid
f will be viewed as a mapping of the ball D™, under which the whole of
the boundary of the latter is mapped to the point xy (the ball is clearly
equivalent to a cube). Suppose the spheroid f maps the boundary of the
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Figure 8.6.
/|
Ol er
Figure 8.7.

Dn
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Figure 8.8.

ball to the point xg, then f belongs to one of the homotopy classes in
(X, 20). Let us construct a mapping f’ of the ball D™ to X, such that
the boundary of the ball is mapped to z{. For this we take a ball D™ of
smaller size inside D" and map it using f € X. Here, its boundary D™
is mapped to the point zg. The mapping of the remaining part of the
ball D™ is performed in such a way that each radial interval is mapped
to the path a (see Figure 8.8). Since the boundary of the sphere D" is
mapped to zg, this can be done; the mapping obtained is continuous, and
the boundary of the sphere D" is mapped to xj,. One can show that the
correspondence between spheroids with designated point ¢ and spheroids
with designated point z( constructed in this way induces an isomorphism
of the groups m, (X, zo) and 7, (X, x(). Thus, the Abelian group m, (X, z¢)
does not depend on the choice of point zy (for connected X); it is called



182 Elements of Homotopy Theory

the nth homotopy group of the space X and is denoted by m,(X).!

To end this section, we present some simple results, relating to the
homotopy groups of spheres.

The homotopy groups m,(S™) are trivial (consist of the zero element
only) for n < m; we write

T (S™) = 0 for n < m.

Indeed, let us consider a continuous mapping? S™ — S™ for n < m. There
is at least one point in S™, to which no point of S™ is mapped.® This point
can be removed from S™, S™ with this point removed is homotopically
equivalent to R™, and in R™ any spheroid is homotopic to zero (this is
evident from the fact that R™ is homotopically equivalent to a single point).

The homotopy groups m,(S™) are isomorphic to Z, the group of all
integers under addition. We have already met this statement in Chapter 7
(for n = 1 and n = 2). The corresponding topological number is called the
degree of the mapping f, deg f. An analytic expression for deg f can be
found which generalizes the expression for the degree of the mapping from
52 — §? of Section 7.4. Let S and S’ be two n-dimensional spheres, and
suppose the mapping f : S — S’ is defined by the relationship between

the coordinates «',..., 2" of a point on the sphere S and the coordinates
y',...,y" on the sphere S’
yto= fi(zt, .. 2" (8.3)
vt = faolat,. . 2"

yvo= fazt,.am).

One can prove that for almost all points y € S’ there are no roots of the
equation f(x) = y such that the Jacobian J(x) = det (ggj) is equal to
zero (Sard’s theorem). Points where the Jacobian is non-zero are said to

LAs in the case of the fundamental group, this isomorphism depends on the path .
If this isomorphism does not depend on the path, then the space is said to be n-simple.
For n > 1, n-simplicity is no longer associated with commutativity of the fundamental
group.

2Here and in what follows, we shall not distinguish between continuous and smooth
mappings; this does not lead to confusion.

3Strictly speaking, this is not true (a counterexample can be constructed using
Peano’s curve). To make the proof rigorous, we can use the free-point lemma. Let
U be an open subset of the space RP and ¢ : U — Int DY a continuous mapping such
that the set V = ¢~1(d9) C U, where d9 is some closed ball in Int D9, is compact. If
q > p then there exists a continuous mapping ¢ : U — Int D, which coincides with
¢ outside V' and is such that its image does not cover the whole of the ball d?. For a
proof of the lemma, see the book “Course in Homotopic Topology” by A.T. Fomenko
and D.B. Fuks.
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be regular in S and S’; thus, almost all points of S and S’ are regular
(“almost all” means all, with the exception of a set of measure zero).
This situation is illustrated in Figure 8.9, which shows a mapping f :
S! — 81 with degree 1. All points of the circle S, apart from zy and z; are
regular; all points of the circle S’, apart from the points yo, y1, are regular.

Figure 8.9.

The degree of the mapping from S to S’ coincides with the algebraic
number of solutions of the equation

fl@)=y

at a regular point y. This algebraic number is defined as the sum

Z sign J(z;). (8.4)
roots f(x)=y
Thus
deg f = Z sign J(z;), (8.5)

roots f(z)=y
for a regular point y. One can prove that the right-hand side of this
equation does not depend on y for regular points y and indeed determines
the topological number of the mapping from S™ to S™.

From Figure 8.9, the equation f(x) = y for a regular point y may have
either one or three solutions; in either case, the sum (8.4) for regular points
is equal to one.

Formula (8.5) is an analytic formula for the degree of a mapping. To
bring it to a more convenient form, we use the equation for the delta
function

81(@) =) = 3 (5l = ),
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which holds for a regular point y; here, the summation is over all roots of
the equation f(x) =y. Hence,

deg f = / deJ (2)5(f(z) — y)

for any regular point y. Integrating this equation with an arbitrary weight
1u(y), we obtain (taking into account that almost all points of S’ are regular)

1
g = s [ der@utsa). (8.6)

This is the desired analytic expression for the degree of the mapping. The
choice of the weight p is a matter of convenience for each specific problem.

Problem 12. Verify that degf does not change wunder smooth
deformations of the mapping f, i.e. under smooth wvariations of the

functions f; (see (8.3)).

Problem 13. Show that the analytic expression for the degree of the
mapping S? — S? introduced in Section 7.4, indeed has the structure (8.6).
Find the corresponding weight p(y).

8.4 Fiber bundles and homotopy groups

When calculating homotopy groups (and not only for problems of that
type), the following construction is very useful.
Let F and B be topological spaces. Suppose we have a mapping

p: EF— B.

To this correspond disjoint subspaces of E; for each point b € B, one can
construct the space of its inverse images in F, i.e. of points = € E such
that p(z) = b. We denote the space of inverse images of the point b by
Fy. If all Fy are topologically equivalent to one another, then, we have a
fiber bundle, the space F is called the bundle space, B is the base space, the
space F', to which all F, are equivalent is a fiber of the fiber bundle, p is
the bundle projection. Here Fy, = p~1(b) is the fiber over the point b. The
whole construction is denoted by (E, B, F,p) or (E, B, F).

The simplest example of a fiber bundle is the surface of a cylinder,
where p is its orthogonal projection onto the base. The base space of this
fiber bundle is the circle, a typical fiber is an interval. This example is
an example of a trivial fiber bundle. The bundle (E, B, F,p) is said to be
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trivial if E = B x F, and the projection p maps the point (b, f) € E to the
point b € B. Clearly, p~!(b) = F for each point b of a trivial fiber bundle.

A less simple example is that of a tangent bundle. Suppose B is a
manifold in R™. At each point b € B, we construct all possible tangent
vectors; these form a space, equivalent to R*, where k is the dimension of
the manifold B. The space of the tangent bundle E is the set of all tangent
vectors at all points of the manifold B, where the vectors are assumed to
be “attached” to points of the manifold B (if b and b are different points
of the manifold B, then the vectors tangent to B at the points b and
are considered as different). The base space of the tangent bundle is the
manifold B, and the projection p takes any vector to the point of B to
which it is “attached”. Clearly, a typical fiber is R¥.

Problem 14. Let B be the two-dimensional sphere S% and Fy the set of
non-zero tangent vectors at the point b in B, such that F} is topologically
equivalent to R% with the origin of the coordinate system removed, Fy, =
R?\ {0}. Let us construct the fiber bundle with the same projection p as in
the tangent bundle (i.e. E consists of all non-zero tangent vectors to S?).
Show that this fiber bundle is non-trivial (hint: use the “hedgehog theorem”:
there does not exist a continuous configuration of non-zero tangent vectors
to the sphere S2).

In what follows, we shall be concerned with “locally trivial fiber bundles,”
i.e. such that for each point b € B, there exists a neighborhood U C B of
b such that p~1(U) ~ U x F; moreover, there exists a homeomorphism
@ :p Y (U) — U x F, such that p = f oy, where f : U x F — U is the
natural projection.

Furthermore, we shall assume the necessary smoothness properties for
all mappings, when we are dealing with manifolds.

A number of important examples of fiber bundles emerge if one has a
space E upon which a compact Lie group G acts (we recall that the group
G acts on F if to any g € G there corresponds an invertible mapping
»(g9) : E — FE, such that

e(9192) = ¢(g1)¢(92)
p(e) = identity mapping
elg™) = [l

G is also said to act transitively on E if for all points x1,z2 € E, there
exists g such that xo = ¢(g)z1; in this case, E is said to be a homogeneous
space, see Section 3.1).

Thus, suppose the group G acts on the space E. Suppose also that the
stationary subgroup of any point « € E is trivial (consists solely of the unit
element e € G; we recall that in the general case, the stationary subgroup
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of the point © € F consists of elements h € G such that ¢(h)z = x, see
Section 3.1). In this case, G is said to act freely on E. The orbit of the
point & € E is the set of elements of the form ¢(g)z, where g runs through
the whole group G. If G acts freely on E, then the orbit of the point z
is equivalent to G. Indeed, suppose y belongs to the orbit of the point
x; then y = ¢(g)x. This equation defines a one-to-one correspondence
between y and g (points of the orbit and of the group): if ¢(g)z = ¢(¢')x,
then p(g~lg')r = z, ie. g7'¢’ = e and ¢’ = g. Thus, we obtain a fiber
bundle with bundle space E, base space the set of orbits in £ and fiber G.
The projection p for this fiber bundle is the mapping of the point x to the
orbit which contains that point. Such a fiber bundle is called a magjor fiber
bundle.

Finally, the notion of a homogeneous space also leads to a fiber bundle.
Namely, if G is a compact Lie group with subgroup H, and G/H is a
homogeneous space (we recall that any homogeneous space is equivalent to
G/H, where H is the stationary subgroup of any point of the homogeneous
space, see Section 3.1). Then, we can define the projection p : G — G/H
which takes the point g € G to its coset, an element of G/H. The fiber of
the fiber bundle obtained in this way is the group H: indeed, if u is some
coset in G/H (for example, containing the element g € G), then its inverse
image p~!(u) is the set of elements of G belonging to u, i.e. elements of
the form gh, where h € H (for definiteness, we shall consider right cosets).
As mentioned in Section 3.1, the set of such elements is equivalent to H.
Thus, it makes sense to consider the fiber bundle (G,G/H, H).

We now state without proof a number of assertions which enable one
to compute many important homotopy groups. In what follows, we shall
consider connected spaces and will be interested in the groups my,ms,. . ..

1. If F= B x F, then
mx(E) = 7 (B) + T (F),

where the + sign denotes the direct sum. This assertion follows from
the remarks made in Section 8.1.

2. Suppose we are given a fiber bundle (E, B, F, p) and
’/Tk(B) = 7Tk+1(B) =0

(zero here denotes the group with one element, the unit element).
Then

This isomorphism is induced as follows. We choose the point b € B,
to which there corresponds a subset in E of the form p~1(b) (the
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fiber over b), where p~!(b) is equivalent to F. Thus, every mapping
of the sphere S* to F induces a mapping from S* to p~1(b), i.e. a
mapping from S* to E. Furthermore, when 7 (B) = 0, any image
of the sphere S* (spheroid) in E can be deformed to a spheroid in
p~1(b). Moreover, when 7y 1(B) = 0, any spheroids homotopic in £
are homotopic in F.

3. Suppose the following holds for the fiber bundle (E, B, F, p):
-1 (F) = m(F) = 0.
Then
7, (E) = m(B).
This isomorphism is induced by the projection p.

4. If for the fiber bundle (E, B, F,p) we have
me—1(E) = m(E) =0,
then
mk(B) = 71 (F).

This isomorphism is constructed as follows. Let f : S¥~1 — F be
a mapping of the (k — 1)-dimensional sphere to a fiber. This can
be used to construct a mapping f : S¥~' — E, in a way described
in point 2. The mapping f is contractible in E (since mi_1(E) =
0), i.e. there exists an extension fl of the mapping f to the ball
DF. We project the mapping f[ : D¥ — F onto the base space,
i.e. we consider the mapping pr : DF — B. We note that on the
boundary of the ball (i.e. on the original sphere S*~1), f maps S*-1
to the fiber over some point b € B, i.e. pf maps S*~1 to the point
b. Consequently, pf is a mapping of the ball D¥ to B, where the
boundary of the ball is mapped to a single point, and the boundary
of the ball can be identified if we consider the mapping pf;. Since
the ball DF with identified boundary is equivalent to S*, in this way
we have constructed a mapping from S* to B from the mapping
from S*¥~1 to F. This correspondence between mappings induces a
correspondence between homotopy classes, which is one-to-one when

5. If G is a Lie group and Z a discrete normal subgroup of G, then

m(G) = m(G/Z), k>2.
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Let us give some examples of calculations of the homotopy groups of simple
Lie groups, based on the above assertions and on the homotopy groups of
spheres, which we know.

1. 7, (SY) =0 for k> 2
m:(S0(2)) =7 (U(1)) =0, k>2.
2. The group SU(2) is homeomorphic to S® (see Section 3.2), thus

T (SU(2)) 0for k=1,2
m3(SU(2)) = Z.

3. The group SO(3) is isomorphic to SU(2)/Z, (see Section 3.2), thus
m(S0@3)) = 0
m3(S03)) = Z.
Moreover, one can prove that the fundamental group is equal to
m1(SO(3)) = Z.
4. The group SO(4) is isomorphic to SU(2) x SU(2)/Zs, thus
16(SO(4)) = m(S3) + 1 (S?), k> 2.
In particular,

m(S0(4)) = 0
m3(SO(4)) = Z+Z.

Moreover, one can prove that

m1(SO(4)) = Z.

5. The sphere S™~! is homeomorphic to the coset space SO(n)/SO(n —
1) (see Section 3.1). Thus, one can construct the fiber bundle
(SO(n),S"~1,80(n — 1)). For k < n — 2, we have m,(S""!) =
mry1(S™1) = 0, whence

m(SO(n)) = m(SO(n — 1)) for k <n — 2.
In particular
m1(SO(n)) = Zs for n > 3.
Moreover, because m2(SO(4)) = 0, we have
m2(SO(n)) =0 for all n

(the cases n = 2 and n = 3 have already been considered).
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6. The sphere S2"~! is homeomorphic to SU(n)/SU(n — 1) (see
Section 3.1). Thus, one can construct the fiber bundle

(SU(n), 8?1, SU(n —1)).
Hence
1, (SU(n)) = 7, (SU(n — 1)) for k < 2n — 2.
In particular
2 (SU(n)) =0 for all n
and

m3(SU(n)) = Z for n > 2.

7. In general, the following holds for any compact group

7T2(G) =0.

8. Finally, let us consider the fiber bundle (G,G/H,H). Let G be
compact and simply connected (for example, SU(N)). Then, because
m1(G) = m2(G) = 0, we have

WQ(G/H) = ’/Tl(H).
We note further that if G is connected, then
m(G/H) = mo(H),

where 7o (H) is the set of connected components of the group H.

8.5 Summary of the results

We present the most important results from calculations of homotopy
groups as far as applications are concerned. Most of these have already
figured in the previous sections; the remainder are given without proof or
discussion.

In what follows, Z,, is the group of integers modulo n under addition
(mod n). In particular, Zs comprises two elements, 0 and 1, where 040 = 0,
0+1=1,1+1=0 (the plus here denotes the group operation in Z5). We
recall that Z is the group of integers under addition.

1. Homotopy groups of spheres:
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(a) me(S™)=0for k <n

(b) 7, (S™) = Z.
In particular,

m(sY) = Z
(8% = Z
(8% = Z
(c) 7, (SY) =0 for n >2
(d) m5(5%) =2
74(S?) = Z,

(e) m,(S3) = m,(52) for n > 3.
In particular,

7T4(53) = Zg.

2. Homotopy groups of Lie groups:

(a) m1(G) is an Abelian group for all Lie groups G.

(b) o (G1 x Ga) = 7, (G1) + 7n(G2) for all n and for all Lie groups
G1 and G4 (indeed, for any two manifolds, if instead of the direct
sum, we write the direct product for n = 1)

(¢) m2(G) =0 for any compact Lie group G

)
(f) T (SU(n)) =0
(n)

m3(SU(n)) = Z.
These three equations hold for all n > 3.

3. Homotopy groups of homogeneous spaces:

(a) m(G/H) is the set of connected components of the group H.
This is true for connected and simply connected Lie groups G.
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(b) me(G/H) =m(H).
This equation holds for a simply connected Lie group G. If the
group G is not simply connected, this relation is generalized in
terms of so-called universal covering groups.
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Chapter 9

Magnetic Monopoles

We end the discussion of topological solitons with an important example,
the magnetic monopole of 't Hooft and Polyakov. Interest in these solutions
is, in the first place, due to the fact that they exist in four-dimensional
space-time and are present in all models unifying the strong, weak and
electromagnetic interactions in the framework of gauge theory with a
compact simple or semi-simple gauge group. These models are called
grand unified theories. Thus, the existence of magnetic monopoles is a
very general prediction of grand unified theories, essentially independently
of the choice of model (although some properties of monopoles, such as
their mass, are model dependent). It is not surprising that monopoles
are sought experimentally, although these searches have not (yet?) been
successful.

9.1 The soliton in a model with gauge group

SU(2)

The simplest model in which monopole solutions arise is the Georgi-
Glashow model with gauge group SU(2) and triplet of real Higgs fields
©®* a=1,2,3. The Lagrangian of the model has the form

1 a a 1 a a >\ a a
L= FiFi, + 5 (D) (Dup)® = (9" —v*)*. (9.1)

Here, pu,v = 0,1, 2,3 (four-dimensional space—time),
Dug® = 0,9+ ge™ A"
Fi, = 0,A, —0,A} + geabcAZAﬁ.

193
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We shall sometimes also use the matrix notation

g
A= g A,

1aa
@—ZSDTa

such that the matrices A, and ¢ belong to the SU(2) algebra.
The potential of the scalar field in (9.1) was chosen so that in the model

the Higgs mechanism is realized. The ground state ¢ can be chosen in the
form

1 2
vo = =0, (9.2)
3
Y = U
As a result of the Higgs mechanism in the model, among the small
excitations about the vacuum, there exist one real massless vector field,
two real massive vector fields and one real massive scalar field (see

Supplementary Problems for Part I, Problem 8). In a unitary gauge field
© with small perturbations about the ground state, (9.2) has the form

pl=¢> = 0

¢ = v+n(v);

the massive scalar field is n(x); its mass is equal to
myg = V2\v.

The massless vector field corresponds to an unbroken gauge subgroup
U(1) of rotations (in internal space) about the third axis. We shall call
this field the electromagnetic field and the unbroken subgroup U(1) the
electromagnetic gauge group. In a unitary gauge, the electromagnetic
vector potential coincides with Az,

A, = 43

Finally, the two real massive vector fields in a unitary gauge are described
by the vector potentials A}L and Ai. They have the same mass

my = guv.

Instead of two real fields, it is convenient to consider a single complex field
I . . _
W/ and its conjugate W,
1

+ 1 < A2
WH = 72(14” ZEZAH).
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The electric charge of the field W is equal to g; this is also the result of
Supplementary Problem 8 for Part I. The field n(z) is electrically neutral.

Thus, the model in question can be used as a prototype for more
complicated theories, where a compact (semi-)simple gauge group is broken
down to a subgroup containing the electromagnetic group U(1).

Our most immediate task is to show that topological solitons may
exist in the model. Let us begin as in Chapter 7 by considering static
configurations of fields with finite energy. By static configurations, we
shall mean configurations for which

Ag =0,
and the fields A and ¢® do not depend on time,
A} = Al(x)

7 7
a

P = (%)

For such configurations, the energy functional has the form

a a 1 a a A a, . a
B [0 | 1RE + 5001 Dwr + 3w -] 03)

A necessary condition for finiteness of the energy is the requirement
0 = v? for |x| = oo, (9.4)

which guarantees the finiteness of the contribution to the energy associated
with the scalar potential. Here, the direction of the fields ¢® in internal
space may depend on the direction in physical three-dimensional space

x| = ¥ (1),

where n = ¥ is a unit radius vector. Thus, each configuration of fields with
finite energy is associated with a mapping of an infinitely remote sphere
S2. in physical space to the sphere S2, . in the space of scalar fields, defined

vac
by the equation
@a(pa —
We note that S, is the set of classical vacua of the model.

Since m2(S?%) = Z, the mappings S%2 — S2,. are characterized by an
integer topological number n = 0, &1, £2,.... This number does not change
under small deformations of the configurations ¢%(x), for which the energy
remains finite; for such deformations equation (9.4) is satisfied for each
configuration, and the mappings S2, — S2,. remain in the same homotopy

vac
class. As in the examples in Chapter 7, we are concerned with the set of
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connected components (topological sectors) in the space of configurations of
fields with finite energy, where different connected components correspond
to different topological numbers. The sector with topological number zero
contains the classical vacuum, the topological soliton should be sought in
the sector with n = 1; it realizes the absolute minimum of the energy among
fields with n = 1. It is important that the scale arguments of Section 7.2
do not rule out the existence of a minimum of the energy functional.

In order to choose the Ansatz (form of the fields) for solution of the
field equations, we note that the most symmetric form of the field ¢*(n),
corresponding to a mapping S%, — SZ, . with a unit topological number, is

¢%(n) = n%v as r — 0. (9.5)

This asymptotics of the field as |x| — oo is invariant under spatial rotations,
supplemented by global SU(2) transformations (the former rotate the
vector n, the latter act on ¢® as on a vector with vector index a):

(A™Dge"(Ajn?) = ¢ (n), (9-6)

where A is a matrix from the group SO(3) of three-dimensional rotations.
Let us now find the asymptotics of the vector field A%(x). For finiteness
of the soliton energy, the covariant derivative

D = D;p® + g™ Abp° (9.7)

is required to decrease at spatial infinity faster than 1/r. At the same time,
the conventional derivative for fields with asymptotics (9.5) decreases as
1/r:

1 . ,
O0ip® = ;(6‘” —nn")v as r — 0. (9.8)
This behavior must be compensated by the second term in (9.7) for which

we require that A? decrease as 1/r. The requirement for cancellation of
the term (9.8) leads to the following asymptotics of the field A¢:

1
Al (x) = g—rs‘“]nj as r — oo. (9.9)

Indeed, the second term in (9.7) for fields of the form (9.5) and (9.9) is
equal to

gEabCAi-’goc — ggabcigbijnj ny = 1 (_6ai60j + 5ajéci) njncv
gr T
1 . .
= —— (6" —nn")v,
T

which precisely cancels (9.8) in the covariant derivative (9.7).



9.1 The soliton in a model with gauge group SU(2) 197

To obtain a smooth solution one can seek a soliton configuration in the
form suggested by the asymptotics (9.5), (9.9),

e* = n%(l - H(r)) (9.10)
AY = %ﬁijnjﬂfF(r)),

where H(r) and F(r) are unknown functions of the radius. It is not
a completely trivial fact that this Ansatz “passes through” the field
equations, i.e. all field equations for configurations of the form (9.10)
are reduced to two equations for the functions H(r) and F(r). From
the asymptotic behavior of the fields (9.5), (9.9), we have the boundary
conditions on F(r) and H(r):

F(r)=H(r)=0asr — oc. (9.11)

Two other boundary conditions arise from the requirement that the fields
be smooth at the origin:

H(0) = F(0) = 1. (9.12)

More precisely, the function (1 — H(r)) must decrease at least like r as
r — 0O:

1—-H(r)=0(r) asr — 0,
while the function (1 — F(r)) must decrease at least like r2:
1-F(r)=0(@?*) asr—0

(if (1 — F(r)) ~r as r — 0, the value of A? near r = 0 would depend on
the direction n).

In the general case, it is not possible to find a solution of the equations
for F(r) and H(r) in analytic form, and these functions must be determined
numerically.

The fact that the Ansatz (9.10) “passes through” the field equations
can be understood as follows. We have already mentioned that if
the Lagrangian has a global symmetry, then the most general Ansatz,
consistent with this symmetry, always “passes through” the field equations.
In our case, this symmetry is spherical symmetry, which is to be understood
in the sense of (9.6), i.e. symmetry under SO(3) spatial rotations,
supplemented by SU(2) transformations with respect to the index a. The
Ansatz ¢%(x) = n?v(1— H(r)) is clearly the most general form of the Higgs
field, which is invariant under generalized spherical symmetry. At the same
time, the most general spherically symmetric field A{ has the form

A%(x) = n'n%(r) + (67 — nn?) fL(r) + €nd fo(r), (9.13)
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where a(r), f1(r) and fo(r) are arbitrary functions of the radius (the form of
(9.13) is clear from the fact that A? must be a tensor under SO(3) rotations
with respect to the indices a and 4, constructed from the only available
vector n® and the tensors é,; and €4;;). The Ansatz (9.10) contains only
the third term of (9.13). The possibility of a restriction to this term alone
follows from the fact that it is odd under the transformation x — —x,
whereas the other two terms are even. In other words, the Ansatz (9.10)
is the most general form of the fields, invariant under generalized rotations
and discrete transformations

e (—x) = —¢*(x)
Af'(—x) = —Af(x).

It is important that this discrete symmetry is a symmetry of the energy
functional of the static fields (and of the Lagrangian).

Problem 1. Write down the field equations for the case where A§ = 0 and
the fields ©* and A$ do not depend on time. Show, by direct substitution,
that, when the fields are chosen in the form (9.10), all these equations
reduce to two equations for the functions F(r) and H(r). Write down
these two equations.

Show that F(r) and H(r) tend to zero exponentially as r — oo in the
case where myg ~ my .

Problem 2. Show that there exists a two-parameter family of solutions
of the equations for F and H, satisfying the conditions (9.11) (without
the requirement (9.12)). Show that there exists another two-parameter
family of solutions of these equations, containing solutions satisfying only
the conditions (9.12). (Hint: consider solutions of type

H(r) = 1+aygr+8ur®+--,
F(r) = 1+apr2+ﬂpr4+~-'

for r — 0; show that the constants ag and ap are not specified by the
equations for H and F', while By and Or are expressed in terms of ag and
ar). Thus, the argument of Section 7.3 can also be applied to substantiate
the existence of a soliton solution in the model of this section.

Problem 3. Find the soliton configuration numerically for my = 2my.

Let us estimate the energy (mass) and the characteristic size of a soliton
for my ~ mpyg from scaling considerations. We introduce the variables
y', f¢ and B¢ by the equations

)

Yy = g”UIEi
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p'(x) = vfy) (9.14)
Af(x) = vBHy).

In terms of these, the quantities appearing in the energy functional (9.3)
can be written in the form

(Dip®) = gv*D;f° (9.15)
_ 2
FiL} = gv Bf‘j
(P"p" =) = V*(fUf*-1)
1
dPr = &
YT (et
where
a a a abc pRb rc
D;f = ayif +e"B)f (9.16)
a _ 8 a 3 a abc pRb pe
Bij = ayiBj—a—iji—Fa BiBj. (9.17)

Substituting (9.15) in (9.3) we obtain the following expression for the
energy functional

v 1 1 A
E=— [ &y |-B:BE + = (Dif*)? + - (f*f* = 1)?|. 1
U@y BBy D s =) (9.15)
We are considering the case my ~ mp, thus
Ay
4¢>  8m3,

Hence, and from (9.16) and (9.17), it follows that the integral in (9.18)
does not contain parameters which are significantly different from unity.
The soliton configuraton is its minimum, thus for that we have

voom
B~ -V

g Qg

3

2
where oy = ¥~ is the “fine structure constant” (we recall that the electric
charge of the field W™ is equal to g). The characteristic size of a soliton
in terms of y is of the order of unity, thus the physical size is of the order

of (gv)~!, i.e. of the order
ro = m‘_/l.
Therefore, the mass of the soliton (its static energy) and its size are
estimated by
my

M~ —
Qg
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T~ = m‘_,l.

As in the preceding examples, in the theory with weak coupling (i.e. for
ay < 1), the Compton wavelength of the soliton, A = M~ is small in
comparison with its size:

A
— ~ag < L
To

The soliton can be viewed, with a good accuracy, as a classical object.

Problem 4. Find the number of zero modes for small perturbations of the
fields A, and ¢® about the soliton solution. Hint: consider symmetries of
the classical solution; use the fact that some of these symmetries are gauge
transformations; these symmetries (there are infinitely many) should be
considered individually.

9.2 Magnetic charge

Unlike the Abelian Higgs model, considered in Section 7.3, the model
(9.1), after symmetry breaking, contains a massless vector field, which we
call the electromagnetic field. Far from the center of the soliton, massive
fields must decrease exponentially; however, the massless field may decrease
slowly. In other words, generally speaking, a soliton may have an electric or
magnetic charge (and also an electric or magnetic dipole moment and higher
multipole moments). In this section, we show that the soliton solution of
Section 9.1 has zero electric charge and non-zero magnetic charge, i.e. it is
a magnetic monopole.

Far from the center of a soliton, the square of the Higgs field p%p®
tends to the vacuum value v2, and the vector fields must represent small
deviations from the vacuum A® = 0. If the soliton solution satisfied
©® = §%3v as r — oo (unitary gauge) the electromagnetic field (far from
the center) would be described by the vector potential Az. However, the
asymptotics (9.5) does not correspond to the unitary gauge, so the potential
Ai cannot be used to calculate the electromagnetic field for large r. The
simplest way to find the electromagnetic field far from the center is to
introduce the gauge invariant quantity

1
Fuw = ;Fgl,(p“. (9.19)

For small perturbations of the field Ai about the vacuum in the unitary
gauge, we have

f;w: iz
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thus F,, coincides with the electromagnetic field strength. Since the
quantity (9.19) is gauge invariant, the definition (9.19) can be used in
any gauge, provided there are no massive fields, the massless fields are
weak, and ¢%p® is close to v. Now, far from the center of the soliton
massive fields should decrease rapidly (exponentially); the electromagnetic
field also decreases (but slowly). Thus, expression (9.19) can actually be
used to find the electromagnetic field of a soliton far from its center.

Let us calculate the electromagnetic field strength F,,, for the solution
(9.10) far from the center of a monopole. Since F(r) tends to zero
exponentially for large r (see the problem in Section 9.1), to calculate
any finite number of electromagnetic multipole moments, we can use the
asymptotic expression
Al = is‘”jnj. (9.20)

gr
We recall that A§ = 0.

Since A¢ does not depend on time, and A§ = 0, the field strength F§;
is equal to zero, i.e. the electric field is equal to zero far from the center of
the soliton:

We now calculate the magnetic field

1
Hi = 7H7;a a?
v
where
1
qu = _igijk ;Lk.

Using the definition of F}}, we write

1
Hyf = —eijdj Af — Sgeijne A AL

The calculation of H{ for the field (9.20) is performed using the formulae
for differentiation:

aﬂ’ = Ny
1
8mj = 7(6ij - TLZ'TL]')
r
and convolution:
§¥s = 3

{_:zjjké_zlm _ 5]l6k:m o 6jm5kl
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(we shall not distinguish between Latin superscripts and subscripts). We
obtain

2
—5ijk8jAZ = —grznina
1 be Ab 1
—§8ijk5a CAJAL = —ana-
Thus, we have
1
H} = anw (9.21)

We note that, as one might expect, H? is directed in space (with respect
to the index 7) along the radius vector n; and, in internal space, along the
vector ¢®. This latter property is a reflection of the fact that, far from the
center of the soliton there is only an electromagnetic field (in the unitary
gauge the electromagnetic field strength Fgu is directed in internal space
along the vacuum field ¢y, = v6%3; the fields Fg, and ¢* transform in
the same way under gauge transformations, thus, the electromagnetic field
strength is directed in internal space along ¢ in any gauge). The first
property is a consequence of the spherical symmetry of the configuration
(9.10).

From (9.21) and the asymptotics ¢* = vn® (once again true modulo
terms decreasing exponentially for large r) we obtain the expression for
the magnetic field of the solution (9.10):

1
This is the field of a magnetic monopole with magnetic charge
! 9.23)
am = —. .
g

Indeed, the magnetic field (9.22) is directed along the radius vector and its
value is equal to 2.

Problem 5. By adding new scalar fields with zero expectation values,
in all possible representations of the gauge group SU(2), show that the
minimum electric charge in the models obtained is equal to qumin = %g, while
the electric charge of any field is a multiple of Guin. Thus, the magnetic
charge of a monopole is equal to gy = quin. The fact that the magnetic
charge, in theories where there is a single long-ranged vector field, namely
the electromagnetic field, is a multiple of 1/2¢min is known as the Dirac
quantization condition (qmin is the minimum electric charge; the charge
of any field is assumed to be a multiple of gmin). We note that, in the
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case of a point-like (Dirac) monopole in electrodynamics, the quantization
condition for magnetic charge arises at the level of quantum mechanics
in the monopole background field; in the case of the ’t Hooft—Polyakov
monopole, the quantization condition exists already at the level of classical
field theory. This last fact has a deep connection with the quantization of
the electric charge, which arises automatically, even at the classical level,
in models of the type considered in this section.

Expression (9.22) for the magnetic field of a monopole is valid modulo
contributions to Fy,, decreasing as e”™V" far from the center. The
magnetic field contains no components decreasing as an inverse power of the
radius for large r, other than the component with behavior r—2 described
earlier in (9.22). This means that the magnetic dipole moment and higher
magnetic multipoles are absent, as are electric multipoles.

The way of calculating the magnetic charge presented above does not
hint at its connection with the topological properties of field configurations,
i.e. with the fact that a monopole is a topological soliton. To pursue this
connection,! we again consider the asymptotics of fields at spatial infinity.
The field p* = n%v is not in the unitary gauge, thus it is not convenient
to discuss the gauge vector potential in the original gauge. It would be
desirable to convert the field ¢* to the unitary gauge. It is impossible to do
so by performing a gauge transformation which is non-singular everywhere
at an infinitely remote sphere. Indeed, if there existed a non-singular gauge
transformation w(n) on S2, such that

((pw)a _ ’U(Sa?)

(here and in what follows ¢“ denotes the gauge transformed field), then
it would be possible to construct a family of smooth fields ¢%(7) on S2,
continuous in the parameter 7 € [0, 1], and interpolating between vn® and
v693: since m(SU(2)) = 0, w(n) is homotopically equivalent to a gauge
transformation with w(n) = 1; the corresponding family w,(n) deforming
w to w(n), would generate the family (1) = (¢“7)%, which is impossible.

Therefore, a gauge transformation taking the field p® = n®v to the
unitary gauge exists only on part of the infinitely remote sphere S2 , for
example, everywhere, apart from some small neighborhood of the south
pole. We denote this gauge transformation by wy(n) (it acts on the
north). There is another gauge transformation wg(n) which is non-singular
everywhere, apart from some small neighborhood of the north pole. (The
existence of wg and wy is guaranteed by the fact that the sphere with a
point deleted (the north or south pole) is homotopic to R?). Here

(Spr)a = (prs)a = v6® = (‘pvaC)av (9'24)

IThe following considerations are essentially the same as the approach of Arafune et
al. (1975).
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or
-1 —1
(pvat )* = (v )* = n"v (9.25)
everywhere, apart from small neighborhoods of the north and south poles.
From (9.24) and (9.25) it follows that

(wswy')
vac = Pvacs

ie.
Q(n) = wswy'

belongs to the unbroken subgroup U(1)e.m,. of rotations around the third
axis.

Let us consider (n) on the equator of the sphere S2 . There it maps
the circle S' (equator) to the group U(1)em.. Clearly, this mapping
must belong to a non-trivial homotopy class of 71 (U(1)) (we recall that
m(U(1)) = Z). Indeed, if it were homotopically zero, it would be smoothly
extensible to the northern hemisphere; if we denote this extension by @(n)

(Q(n) € U(1)em. for all n), then the gauge function, equal to

w(n) ws(n) on the southern hemisphere
7| Q(n)wy(n) on the northern hemisphere,

would be continuous on all S2, and would transform the field ¢* = n%

to the unitary gauge. We have seen that it is impossible to do this, thus,

Q(n) on the equator belongs to a non-trivial homotopy class of 71 (U(1)).
On the equator, we can write {2(n) in the form

Q=7 (9.26)

where ¢ is the polar angle at the equator (we recall that the group U(1)e.m.
consists of matrices of the form e'f 73). The topological non-triviality of
2(n) at the equator implies that

f(2m) — f(0) = 2mn, (9.27)

where n is a non-zero integer. It can be shown (we shall do this by explicitly
constructing wg(n) and wy(n)) that n coincides with the topological
number of the field ¢®(n) (the degree of the mapping S2 — S2.); in
our case

n=1.

Let us now consider the vector potential A?. Let us move to the unitary
gauge everywhere, apart from a small neighborhood of the south pole, using
the gauge transformation wy. The gauge potential

AN —1 —1
A; :wNAin erNain
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is smooth everywhere, apart from a small neighborhood of the south pole.
Here, A; is the vector potential in the original gauge (in our case its
components have the form (9.9)); we are using matrix notation. It is
clear that, in the unitary gauge, far from the monopole, there exist only
electromagnetic components of the vector potential (the other fields are
massive), thus

7

R 3
AN = %Agv, (9.28)

where AV are the magnetic field potentials (real functions depending on
X).

Furthermore, apart from in a small neighborhood of the north pole, we
define the vector potential

i 1 -1
Af:wSAin + wgliwg ™.

It also has the third component only
R 3
A5 = %Af . (9.29)

Although the potentials AN and .Ais describe the same magnetic field,
everywhere away from the north and south poles, they are not equal and
are related by the gauge transformation Q(n):

AF = QANQ + Qo0

This is a gauge transformation from the group U(1)em. over the
electromagnetic vector potentials (in the unitary gauge), i.e. it is an Abelian
transformation. Using (9.26) and (9.28), (9.29), we obtain the connection
between real quantities on the equator of the sphere S2 :

AS(n) = A + gaif«o). (9.30)

Finally, we calculate the magnetic field flux through the sphere S%. We
do this in the unitary gauge. The magnetic field on the northern hemisphere
can be found in terms of the non-singular vector potentials there, AZN . AZN
are not useful in the southern hemisphere, since they are singular at the
south pole. In the southern hemisphere we use the non-singular vector
potentials A?. Therefore

= —curl AN in the northern hemisphere
—curl A% in the southern hemisphere.

We note that curl AV = curl 45 everywhere apart from at the north and
south poles, since AN and A° are related by the gauge transformation
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Q(n) from U(1). The magnetic field flux H is non-singular everywhere on
the sphere S% . The magnetic field flux is equal to

upper lower
hemisphere hemisphere

/ Hd5 = — curl AN ds — curl ASds

- ff%ﬂ/ ASdl,
S St

where S! denotes the equator of the sphere S% . From (9.30) we have

/ﬁd§:g a; f (p)dl
g Jst

or, taking into account (9.27),

This magnetic field flux corresponds to a monopole with magnetic charge

1
gm = —n, 9.31
P (9.31)

where n is the topological number appearing in (9.27). In our case n = 1
and we reach (9.23).

The considerations presented here are very general and shed light upon
the connection between magnetic charge and Higgs field topology. In
particular, they show that the magnetic charge in the SU(2) model is a
multiple of %, and the number n in (9.31) is equal to the degree of the
mapping from S2 to S2,., characterizing the Higgs field at spatial infinity.

The functions w” (n) and w®(n) for the specific case of * = nv can
be constructed in explicit form:

83 0,2 jons

Wwh = eTiET el el2T (9.32)
. _ie. 3 _m—0y 2 ¢ _3

WS = —ire BT e )T T (9.33)

where ¢ and 6 are standard angles on the sphere S?. The fact that the w!V
are non-singular everywhere, apart from at the south pole 6 = 7, and w®
is non-singular everywhere apart from at the north pole § = 0 is evident.
At the equator

Ap) = (wowy') (9= 5) =7,

which corresponds to (9.26) and n = 1.
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Problem 6. Show that the gauge transformations (9.32) and (9.33)
indeed convert the field p* = n%v to the unitary gauge. Hint: use the matrix
formula for the Higgs field. Using these transformations, find an explicit
form for the monopole field in the unitary gauge far from the center.

The fields obtained in this problem correspond to the Dirac point-
like monopole in pure electrodynamics, for which one can use either a
formulation in terms of a singular vector potential (with unobservable Dirac
string) or a formulation with different vector potentials in the northern and
southern hemispheres (Wu and Yang 1975) as we did above.

9.3 Generalization to other models

The considerations studied in Sections 9.1 and 9.2 indicate that the
existence of magnetic monopoles as topological solitons must be a quite
common property of gauge theories with breaking of a compact simple or
semi-simple gauge group down to a subgroup containing a factor of the type
U(1). In this section we shall substantiate this using topological arguments
(Tyupkin, Fateev and Schwarz 1975; Monastyrsky and Perelomov 1975).

Let us consider a theory with a compact simple or semi-simple gauge
group G. To be specific, we shall assume that the group G is simply
connected (in reality, this assumption does not restrict the generality of
the subsequent discussion). Suppose that the theory includes a Higgs
field ¢, transforming according to some, generally speaking reducible,
representation T'(g) of the group G. Suppose that the Higgs mechanism is
realized in the model and that G is broken down to some subgroup H. This
means that the vacuum value of the Higgs field is non-zero and that for
some choice of the classical vacuum ¢y, its stationary subgroup is equal
to H,

T(h)pyac = @vac for all h € H

(we recall that ¢y, does not depend on z#). Of course, the vacuum, yac,
is not unique; any field value of the form

Y= T(Q)‘Pvam (934)

where g does not depend on z*, is also a ground state (throughout, we
assume that in the ground state A, = 0). Let us suppose that all possible
vacua have the form (9.34), i.e. that there is no accidental degeneracy of
vacua in the model (in fact, this assumption can also be omitted).

Let us consider the set of classical vacua M,,.. The assumptions made
mean that the group G acts transitively on My,., where this action is
determined by the representation 7. Hence, M,,. is a homogeneous space
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M. = G/H.

Let us now consider static configurations of fields with finite energy in
three-dimensional space, where we shall assume that the vacuum energy is
equal to zero. The contribution of the scalar potential to the energy will be
finite, if the field at spatial infinity tends to some vacuum value, which may
depend on the direction n. Thus, we have a mapping from the infinitely
remote sphere Sgo to My,.. Since

772(Mvac) = 7T—Z(G/I_I) = 71—1(]:1)’

this mapping may be topologically non-trivial in the case of a group H
which is not simply connected, i.e. when

7T1(H) 7£ 0.

In this case, the space of configurations with finite energy divides into
disjoint subspaces (topological sectors), each of which corresponds to an
element of 71 (H). A minimum of the energy in a non-trivial topological
sector is given by a soliton.

Problem 7. Let H = U(1). Using considerations analogous to those of
Section 9.2, show that solitons just described are magnetic monopoles.
Thus, monopoles exist in all models with compact simple or semi-
simple gauge groups, where the Higgs mechanism leads to symmetry
breaking down to a non-simply connected subgroup. Since, in nature, the
electromagnetism group U(1)e.r. is indeed unbroken, monopoles always
exist in realistic grand unified theories with a simple or semi-simple gauge

group.

9.4 The limit my/my — 0

We continue the study of monopoles in the SU(2) model of Sections 9.1 and
9.2. In the limiting case, when the self-interaction constant of the Higgs
field A tends to zero, a solution of the field equations can be obtained
in explicit form. Physically, this limit (called the Bogomolny—Prasad—
Sommerfield limit) corresponds to the situation where the mass of the Higgs
boson mpyg = /2w is much less than the mass of a vector boson? my = gu;
it follows from formulae (9.14) and (9.18) that A occurs in a solution in a

combination \/g? = m¥;/2m3,.

2In some theories, the absence of a scalar potential can be ensured by symmetry
considerations; this is the case in a number of supersymmetric theories.
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When A — 0, the potential term in the energy functional (9.3)
A
/dei(@aﬁpa _ ,02)2
4
tends to zero, if the condition (9.4), ensuring its finiteness, is satisfied. In

other words, in this limit, a monopole configuration is a minimum of the
functional

1 1
Ex—o = /d333 [Q(H?)Q + Q(Disé’)a(Di@)a (9.35)
in the class of fields satisfying the condition
P =v?  for x| = 00 (9.36)
and having topological number one. In (9.35), H® = —%aijJ‘.lk. To find
this minimum, we use a technique (Bogomolny 1976) analogous to that
used in the model of n-field. We write down the following inequality

[ a5z = Dtz - D) 2 0, (9.37)
where equality holds when
D;p" = H}. (9.38)
Expanding the brackets in (9.37), we have
Ey—o > / HD;p"d*x.
Furthermore, using the definition
Dip® = 0" + ge** A"
and integrating by parts, we obtain
/ HED;pd®x = /S ] Hepdy' — / ©Y (O HE + ge™ AP HE)d3x.  (9.39)
We now recall the Bianchi identity
oDV FY, =0, (9.40)

where

DyFy, = 0,F5, + ge®* AL FY,,.
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The component g = 0 in (9.40) gives
O HE + ge®* APHE = 0,

so that the second term in (9.39) vanishes.
Finally, the first term in (9.39) is proportional to the magnetic charge
(see Section 9.2):
a, a i A dmv
Higo ¥t =wv HidE = —.
s 52, g

2
oo

Thus, we have an inequality for the energy as A — 0:
Ey—g > —, (9.41)
g

where there is equality only if equation (9.38) is satisfied.

A monopole configuration is a minimum of the energy for a unit magnetic
charge. Thus, in the limit A — 0, it can be found by solving equation (9.38)
(it is called the Bogomolny equation).

Problem 8. Write down the field equations arising from minimization of
the energy functional (9.35). Show that any solution of equations (9.38) is
at the same time a solution of these field equations.

A spherically symmetric (in the sense of generalized symmetry, discussed
in Section 9.1) solution of the equations (9.38) can be obtained in explicit
form. Let us again write down the spherically symmetric fields, but this
time in the form

e = wn®h(r)
. 1
A = p,—(1—-F
P o= (1= F()

(this Ansatz differs from (9.10) only by the replacement h = 1 — H). By
calculating the “magnetic” field H{ and the covariant derivative, we obtain

_ 1 Oia — NiNg y o, Nillg 2
HY = —geieljy = g o+ g2 (1-F7)
S —
D;p* = UMFh—i—vninah’.
r

From the independence of the tensors n;n, and (64; —ning), it follows that
the equations (9.38) reduce to the equations

F' = —(gv)hF (9.42)
/ 1 2
= 1—F*).
h gvr2( )
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A solution of these equations must satisfy the boundary conditions

F(0) = 1, h(0)=0 (9.43)
F(r—o0) = 0, h(r—o0)=1.

These conditions ensure the non-singularity of the fields ¢* and A{ as
r — oo and r — 0, the finiteness of the energy (9.35) and the satisfaction
of the auxiliary equation (9.36). A solution of the equations (9.42) with
the boundary conditions (9.43) can be guessed at:

P
F =
sinh p
1
h = cothp——,
p
where
r
p = gur=—
To
ro = (gv)™' = (my) .

We note that it was possible to find an explicit form for the solution by
virtue of the fact that instead of the original second-order equations, we
solved the first-order equations (9.38).

As one might expect, the function F(r) tends exponentially to zero as
T — 00:

F(r) oce™ /™o,

At the same time, h(r) tends to one according to the power law:

1—h(r) « % (9.44)
This behavior has to do with the fact that the mass of the Higgs boson my
is equal to zero as A — 0, i.e. among the small excitations over the vacuum
there is a massless scalar field.
The mass of a monopole (its static energy) in the limit A — 0, as follows
from the discussions leading up to (9.41), equals

M= By =2 _mv (9.45)
g Qg

2

where, as before, a, = L.
’ ? g 47
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Problem 9. Show by direct calculation of the energy functional Ex—q for
the solution found that the mass of the monopole in the limit A — 0 is
indeed given by formula (9.45).

We note that there exist (and these have been found in explicit form)
multi-monopole solutions of equations (9.38). At first glance, this assertion
contradicts our expectations: monopoles experience a “Coulomb” repulsion
due to their magnetic charges; thus, it would seem, the energy of two
monopoles must have a minimum when the distance between their centers
is infinite. In reality, the repulsion of magnetic charges is precisely
compensated due to attraction associated with the long-ranged scalar field
(see (9.44)), so that two monopoles are in neutral equilibrium. Of course,
this situation only occurs at A = 0; for A > 0, the Higgs field is massive and
interaction of monopoles associated with that field decreases exponentially
for r > m;{l.

We note further that for A > 0, the contribution of the potential term to
the energy is positive, and a modification of the discussions of this section
leads to the inequality

E>\>0 > ﬂ
Qg

Thus, the monopole has least mass in the limit mg/my — 0.

9.5 Dyons

Until now we have considered solutions with zero electric charge. In
addition to these, the SU(2) model contains solutions with non-zero
magnetic charge and non-zero electric charge, dyons (Julia and Zee 1975).
Since a static electric charge can be described by a potential Ag(x), which
does not depend on time, a dyon solution can be sought, on the assumption
that Af.(x) and ¢p(x) do not depend on time; here, Af(x) is non-zero. In
the spherically symmetric case for the field A§(x), we choose the Ansatz

6 =nB(r), (9.46)
where, from the requirement of regularity at » = 0 we obtain the condition
B(r=10)=0.

For the fields ¢?(x) and A%(x) as before, we use the Ansatz (9.10) with
boundary conditions (9.11) and (9.12). The choice of (9.46) leads to

Dop® = dpp® + ge™ Abp© = 0.

Thus, the energy of a dyon will be finite if the electric component of the

strength tensor I decreases as 5.
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Let us determine the asymptotics of the function B(r) for a dyon with
(electric) charge g. For this, we calculate F§, far from the center of the
dyon, where the field A? is given by the formula (9.9). We obtain

E} = F§, = —n,n;B’.

Since EY is directed in internal space along ¢“, asymptotically, there is
indeed only the electric field which corresponds to the unbroken subgroup
U(1), ,,.- This is equal to

1
& =—-El¢* = —n;B'.
v

The electric field is directed along the radius vector, as it must be for a
field of an electric charge. If the charge of the dyon is equal to ¢, then we
must have

q
&= i g
whence we obtain the asymptotics
q
B==+4C, (9.47)
r

where C' is a constant depending on q.

Similarly to the monopole case, it is not possible to find a dyon solution
in analytic form. The only exception is the limiting case A — 0. Field
configurations for the dyon with A # 0 have been found numerically.

Problem 10. Find equations for the radial functions B(r), F(r) and
H(r) for the dyon. Show that the asymptotics (9.11) and (9.47) satisfy
these equations in the limit of large r.
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Chapter 10

Non-Topological Solitons

Until now, we have considered solitons, whose existence is related to the
topological properties of field configurations. Furthermore, we have limited
ourselves to a discussion of static solutions, which was in fact justified for
topological solitons (it is more or less clear that the absolute minimum of
the energy in the sector with non-zero topological number is attained, if it
is attained at all, at a static configuration). However, neither non-trivial
topological properties, nor time independence of the fields are mandatory
for solitons, which are conceived as stable (or metastable) particle-like
solutions of the field equations for fields with finite energy. In this chapter,
we shall present an example of a stable soliton, whose field depends on
time and does not have a non-trivial topology (Friedberg et al. 1976). This
example is of a very general nature; the principle governing the existence
and stability of the soliton is the presence of charge on the soliton. Such
solitons, following Coleman (1985), are often called @-balls. Up to now,
it is not known whether they play any important role in particle physics,
although similar ideas have been used in hadron (quark bag) models. We
note that a completely different example of a non-topological soliton is
given in one of the Supplementary Problems for Part II.

As the simplest model possessing non-topological solitons, we can choose
the theory with two scalar fields: a real field ¢(x) and a complex field ().
The Lagrangian of the model has the form

L= S0 ~VIg) + 0,60, ~ BPCE, (101)

where the scalar potential of the field ¢ is equal to
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We shall suppose that
My, v, h > 0.

To be specific, we shall consider this model in (1 4+ 1)-dimensional space—
time, although this analysis is easy to generalize to the case of space—time
with an arbitrary number of dimensions.

The model has a continuous global U(1) symmetry

o) = ¢l)
@) — () (102)
@) — ().

This symmetry gives rise to the Noether current

b= (€0, - 0,E°€),
The charge
1 * * 1
R (103

is conserved on the field equations (i.e. provided the latter are satisfied).
To find the ground state, as usual, we write down the energy functional

1
E= /dfc { (009)* + 5 (0169) + V() + |00 [ + 01| + h2?|¢]?
(10.4)

It has a minimum at a homogeneous configuration of the form

p = v (10.5)

& = 0,
which is the ground state in the model. We note that the symmetry (10.2)
is not broken.

By considering small perturbations of the fields about the ground state
(10.5), we conclude that they describe a massive real scalar field

nx) = e()—v
my = My

and a massive complex scalar field £ with mass
me = hv.

Since the charge (10.3) is conserved, it is legitimate to ask about
configurations of fields with minimum energy among all configurations with
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a given value of Q. If for some fixed @) a configuration with minimum energy
is a localized state, then the model includes an absolutely stable soliton
(Q-ball). In other words, the set of field configurations can be divided into
disjoint sectors, characterized by the value of @), each of which contains
all the fields with the same value of the charge (in quantum theory these
sectors are called superselection sectors). In the classical evolution, fields
do not move from one sector into another because of charge conservation.
The soliton (Q-ball) realizes the absolute minimum of the energy in a sector
for some @, thus it is stable.

We note that in the model (10.1), the topology of the field configurations
is trivial; the existence of a soliton does not rely on topological arguments.
Furthermore, the charge (10.3) is non-zero, only if the fields depend on
time, thus the soliton (if it exists) is a time-dependent configuration.

Problem 1. Write down equations for a conditional extremum of the
energy functional (10.4) for a fized charge Q. Show that the fields &(x!,t)
and @(x',t), satisfying these equations, also satisfy the Lagrange field
equations, arising from the Lagrangian (10.1). Hint: assume that the
variations 6(0gp) and (Do) are not dependent on b¢ and 6&.

We shall show that a non-topological soliton actually exists in our model
for sufficiently large values of ). For this, we need to show that there exist
localized configurations of fields, whose energies are smaller than the energy
of non-localized configurations at fixed (and large) Q.

Let us first consider non-localized configurations. If fields are not lo-
calized then their amplitudes are small and a theory linearized near the
classical vacuum (10.5) can be used. For a linearized theory the energy
functional has the form

1 1 m?
/dl‘l l2(80n0)2 + 5(8177)2 + TW’T]2 + |80§|2 + |81§|2 + m§|§|2‘| . (106)
Clearly, for fixed @, the functional (10.6) will be least if
n=0.

To determine the energy for fixed () it is convenient to use a Fourier
representation for solutions of the field equations in the linearized theory:

1 . 1 . 1 dk
= — i(ka” —wit) o —i(kz' —wit) %
£(x) m/[e aj +e b Jg (107

1 . 1 . 1 dk
* — i(kz' —wit) —i(kx" —wit)  *
& (x) —TW/[e by +e ak} o

W = ,/k2+m§7 (108)

where
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1
vV 2u}k
are arbitrary small amplitudes; integration in (10.7) involves both positive

and negative k. In terms of the amplitudes ay and b, the energy (10.6)
and the charge (10.3) can be written in the form

the factors —= and are introduced for convenience, and a; and by
V2 ’

o / dkeon (B b + alap) (10.9)

Q= /dk(bzbk —ajag). (10.10)

From formulae (10.9), (10.10) and (10.8), it is clear that if the charge @ is
fixed, then
E > meQ, (10.11)

where we have equality when ay = 0, and by, is non-zero only for £ = 0 (to
find the amplitudes by, one actually has to consider the theory in a large
spatial box).

Problem 2. Consider the system with Lagrangian (10.1) in a large box
of size L, i.e. assuming —% >zl > é Find the value of the amplitudes
by, minimizing the energy (10.9) for a fized (and finite) charge Q. Is the
assertion in the text concerning the smallness of the field £(x) true at every
point of space—time?

Equation (10.11) has the following interpretation in quantum theory.
The field £(x) describes particles with mass mg and unit charge (and also
antiparticles with charge —1). For the charge to be equal to @ requires at
least @) particles; their energy is minimal and equal to E = m¢Q if they
are all at rest (spatial momentum k is equal to zero).

Next, we show that for sufficiently large @ there exist localized
configurations of fields with charge (), whose energy is less than m¢Q.
Taking into account (10.11), this will imply the existence of a non-
topological soliton.®

Let us choose a field configuration ¢ which is static and has the form of
a well, as shown in Figure 10.1. Outside a region of size [ the field (1) is
equal to its value in the ground state, o = v. There is a small transitional
region (size much less than [) where the field changes from v to zero, and
within the well, the field ¢ is equal to zero. The energy, associated with
the field ¢ itself,

Bo= [ |3002 + Vi) as'

LStrictly speaking, we would need to show that the minimum energy for fixed charge
Q@ is actually attained, i.e. a situation of the type studied in Section 7.2 does not arise.
This can be done based on considerations studied below (see formula (10.19)).
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~1/2 1/2

Figure 10.1.

is made up of the energy of the transitional region and the energy of the
well. We shall be interested in the dependence of the energy on [, and we
can write

E, = pu+ Vol

where the first term arises due to the transitional region and does not
depend on [, the second term comes from the region inside the well, where
the energy density equals

Vo =V(p=0) =% (10.12)

Let us now consider the field configuration £(x!,¢). In the background
field of our trial configuration ¢(z!), the equation for the field ¢ has the
form

—0,0, — K**(zh)E = 0. (10.13)
Let us choose the dependence of £ on time in the form
@z, t) = eeq(ah),
then equation (10.13) becomes an eigenvalue equation
(=07 + h*@*(2"))€a(a') = Q*a(a"). (10.14)

We shall be interested in the smallest eigenvalue Q. The potential h2@?(x!)
has the form of a well of size [ (and depth mg), and it is equal to zero on
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the bottom of the well. Thus, modulo higher-order corrections in 1/I, the
least eigenvalue is equal to

Q= % +O(1/13). (10.15)

The corresponding eigenfunction &q,(z!), the lowest bound state in the
potential h2p?(x!), is real and decreases exponentially outside the well.
Thus, for the configuration ¢(x!,t), we choose the function

£(xh,t) = Ne'oligg (21), (10.16)

where the function £q, is assumed to be normalized to one:
o0
/ &, (z")da' =1, (10.17)
— 00

and the constant N is defined from the requirement that the charge (10.3)
should be equal to the given value (. We have

Q = QNQQOa
so that 0
N2 == 10.1
50, (10.18)

Finally, we calculate the energy associated with the field &(z1, 1),
Ee = /dxl[aof*aof + 1800 + hPp?E¢].

Integrating by parts in the second term and taking into account (10.16),
(10.17) and (10.14), we obtain

Ee = 2Q3N2.
Using (10.18), we finally have
Ee = Q0Q.

Thus, the total energy for our chosen configuration of fields p(x!) and
£(x,t) is equal to

E:E¢+E§:u+vol+?, (10.19)

where we have used (10.12) and neglected corrections to formula (10.15).

Up to now we have not yet fixed the size of the well [ and have only assumed
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that it is sufficiently large. Let us now determine ! from the requirement
that the energy (10.19) should be least. We have

OE
a0
at
TQ
[ =]% 10.20
%7 ( )

and the minimum energy value for configurations of the type described is
equal to

EQ)=F <l = 7;/?) = p+ 24/7QVp. (10.21)

For sufficiently large ) this expression is less than m¢(Q), as required.

We stress that the configurations described are indeed localized: the
field p(x!) tends rapidly to its vacuum value for large |z!|, and &(x!,t)
tends exponentially to zero for |z!| — oco.

For our estimates to be correct, we require the size of the well to be
large. Equation (10.20) shows that this is indeed the case for sufficiently
large Q.

Let us estimate the value of the charge ., above which the model has a
non-topological soliton. For this estimate, we neglect the first term in the
soliton energy (10.21) and require the energy to be equal to the energy of
a non-localized state:

2 WQC% = mEQo

Taking into account (10.12), we obtain
m
Q. = 2r—5 0% (10.22)

For Q ~ @, the size of our constructed configuration is in fact not large,

Qe 1
I~ > 3~ -
mgu s

Thus, the above calculation of the energy of this configuration is incorrect,
generally speaking, for Q ~ Q.. This means, in particular, that the
2

coefficient 277% in formula (10.22) for the critical charge cannot be trusted.

The form of the soliton configuration for @) ~ Q. and the true value of the
critical charge can only be obtained numerically; one can only assert that

QCNU2
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for large v and my, ~ me.

We recall that in (14 1)-dimensional space-time the characteristic value
of the field v plays the role of an inverse coupling constant, i.e. the weak
coupling limit corresponds to v?> — oo for fixed m, and m¢. Thus, non-
topological solitons in models with weak coupling have a large charge

Q = (coupling constant) 2.
We note that the mass of the lightest non-topological soliton is also large:
M. =FE(Q.) ~ m§v2.

Similarly to topological solitons, the size of a soliton is much greater than
its Compton wavelength: from (10.20) and (10.21) we have the relation

M@ 1 <L«

Q) EQUQ)~Q

In this sense, topological and non-topological solitons have analogous
properties.

Problem 3. Show that in the model (10.1) (for sufficiently large charges)
non-topological solitons exist in space—time of any dimension (d+1), d > 1.
Estimate the critical charge and mass of a non-topological soliton for d = 3,
assuming the dimensionless constant h is small, and my,/me ~ 1.

Non-topological solitons of the type described in this chapter arise in
many models where there is charge conservation and the corresponding
symmetry is not spontaneously broken. Again we note the physical
principle governing their occurrence: for sufficiently large @, the state in
which the charge-carrying fields (in our case &) are localized in a finite
region of space is energetically favorable; in this region, the field giving
them the masses (in our case ¢) takes a value different from the vacuum,
so that the masses of the charged fields are equal to zero.

In the language of particles, the fact that this state is energetically
favorable can be seen from the following qualitative consideration. For
the charge of the state to be equal to @, there would have to be @) charged
particles (corresponding to the field £). The field configuration shown in
Figure 10.1 is a potential well for these particles. In the well, their mass is
equal to zero, which gives an energy gain of the order of () in comparison
with free particles (for fixed !). For sufficiently large @, this energy gain
is greater than the energy needed for the formation of the well (the latter
energy is equal to E,, and does not depend on @ for fixed [).

This consideration is clearly very general. It holds true in models where
the role of charged particles is played by fermions, provided the number
of fermion types is sufficiently large (Pauli’s principle prevents us from



Non-Topological Solitons 223

applying these arguments in models with a single type of fermion or a
small number of fermion species).
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Chapter 11

Tunneling and Euclidean
Classical Solutions in
Quantum Mechanics

Localized solutions of classical field equations, whose existence is a result
of the nonlinearity of these equations, are important, not only for the
description of particle-like states, or solitons. Such solutions also arise in
the study of a completely different class of problems, concerning tunneling
processes in quantum field theory (and in quantum mechanics). In theories
with a small coupling constant these processes can be studied within a
semiclassical approach, where localized solutions of the field equations
in Fuclidean space—time, i.e. solutions of the instanton type, play a key
role. They determine the leading semiclassical exponential in the tunneling
probability. Another class of solutions, sphalerons, determine the height of
the barrier separating classically stable field states. Here and in subsequent
chapters, we shall be concerned with this class of problems, initially, for
the example of quantum-mechanical systems, and then in the framework
of field theory.

We note that instanton effects are important both for an understanding
of the properties of the ground state, the vacuum, in gauge theories and for
the theoretical study of the processes which took place in the early Universe.
The methods which will be studied here and in subsequent chapters have
close analogues in condensed matter theory.

225
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11.1 Decay of a metastable state in quantum
mechanics of one variable

The simplest system in which the problem of the decay of a metastable
state arises is the quantum mechanics of a single variable ¢, described by
the potential V' (g) shown in Figure 11.1. We shall be interested in the decay
of a lowest metastable state, i.e. a state which would be the ground state in
the potential well near the point qq, if the barrier were impenetrable. In the
semiclassical situation, the probability of tunneling through the potential
barrier is given by the well-known expression

[ = Ae 5%, (11.1)

where T is the width of the metastable state (I' = 1/7, 7 is the lifetime),
A is a pre-exponential factor, and Sg is the leading semiclassical exponent

Sp = 2/q1 V2MV (q)dg, (11.2)

where M is the particle mass, and ¢; is a turning point at which V(¢1) = 0,
see Figure 11.1; in what follows, for convenience we shall assume that
V(go) = 0 at the local minimum of the potential.

V(q)

Vaph |- -~
I

I

I

I

I

I

I

I

:

qo0 dm q1 q
Figure 11.1.

We immediately note that Sp coincides with the Euclidean action,
calculated on the classical trajectory of a particle moving “in imaginary
time” with energy F = 0 from the point ¢ = gy to the point ¢ = ¢; and
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backwards. To explain this statement, we first write down the conventional
action for a classical particle in the potential V'(g):

[

In this action, we shall make the purely formal substitution ¢t = —iT and
assume that 7 is real. Then, the action (11.3) becomes iSg, where

SE:/ [J\j (flz>2+v(q)

We shall call the functional Sg the Euclidean action, and 7 the Euclidean
time.

The origin of the term “Euclidean time” lies in the fact that the
Minkowski metric ds? = dt? — dx?, with the formal substitution t = —ir
becomes the Euclidean metric, ds% = dr? + dx? modulo an overall sign.
We shall see that tunneling processes in field theory are described by the
solutions of field equations in Euclidean space-time. We stress that the
introduction of Euclidean time is a purely formal device.

The equation of motion following from the action (11.4) has the form

dt. (11.3)

drr. (11.4)

d?q oV 0(-V)

dr2 ~ dq dq

(11.5)

—V(q)

qo0 q1 q

Figure 11.2.
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This equation formally coincides with the equation of Newtonian
mechanics for particles in the potential (—V'), shown in Figure 11.2. The
integral of motion of this equation,

% (th_f - V(g =¢,

will be called the Euclidean energy.

Let us consider a solution with zero Euclidean energy, which starts when
T — —o0 at the point ¢ = qg, goes to the point ¢; and returns to the point
qo when 7 — +00. We note that the choice of the origin for the Euclidean
time 7 can be made in such a way that the turning point ¢ = ¢; is reached
at 7 = 0. Such a solution is called a “bounce”; we shall denote it by ¢ (7).
The Euclidean action on this solution is equal to

Setam) = [ ar [Aj (%) 4 vian

— 00

0
:2/ 2V (qp(7))dr, (11.6)

— 00

where we have used the fact that £ = 0 for bounce. The integral (11.6) is
converted to the form (11.2) by changing the integration variable, 7 — ¢p

using the formula dr = , /%qu. Thus, we have

SBZSE[(]B(T)]. (11.7)

Thus, the semiclassical exponent of the decay of a metastable state, is equal
to the Euclidean action on the bounce solution.

Problem 1. Determine the behavior of the bounce solution near q = qq.
Show that the point qy is reached asymptotically for T — —o0 or 7 — 400.

Assume that the potential near q = qo is quadratic V(q) = %V”(qo)(q —

9)* + Ol(g — q0)?].

Problem 2. Show that the semiclassical exponent of the decay of a highly
excited metastable state with energy E in the well with potential V(q)
(Figure 11.1) is determined by a truncated Euclidean action on a periodic
solution of the Euclidean equation (11.5), with € = —E. (The expression
(Se[q(T)]+ET0), where Sg(q(T)] is the Euclidean action over a single period,
is called the truncated Euclidean action for the periodic solution q(T) with
period 79 and Euclidean energy &).

Of course, the result (11.7) is no accident. To explain the connection
between the tunneling exponent and the bounce solution and to determine
a way of generalizing it to quantum mechanics with many variables and to
field theory, we shall derive it rather more systematically. Let us write down
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the Schrédinger equation for the stationary state such that near g = qq it
coincides with the ground state in the potential well:

1/ 0\

[2M< iz) +V@
Here, we have neglected the difference of the energy of this state from
zero, which is legitimate for calculation of the semiclassical exponential.
In the classically forbidden region gy < ¢ < ¢1, the solution is, generally
speaking, a linear combination of decreasing and increasing exponentials,
where the decreasing exponential is significantly greater than the increasing
one, except for in a small neighborhood of the point ¢ = ¢;. Thus, we
shall be interested in the exponentially decreasing component of the wave
function which, modulo a pre-exponential factor is equal to

¥(g) = e 5@,

where, as usual, S(q) satisfies the equation

¥ =0.

ﬁ (‘;*Z)Q —V(g) =0. (11.8)

The semiclassical exponential for the decay probability is determined by
the wave function on the boundary of the forbidden region (at the point
¢1). Thus

L oc [ih(qr)]? = e~ 250, (11.9)
Near ¢ = qg, the wave function is not small, therefore
S(qo) = 0. (11.10)

For systems with a single variable ¢, it is easy to solve equation (11.8)
directly (and to obtain expressions (11.1) and (11.2) using (11.9)). One
might, however, remark that equation (11.8) is the stationary Hamilton—
Jacobi equation for the theory with the action (11.4). As we know
from classical mechanics, the classical trajectories are characteristics
of the Hamilton—Jacobi equation and solutions of the Hamilton—Jacobi
equation can be obtained by integrating the Lagrangian along the classical
trajectories. In our case, we are concerned with theories with the action
(11.4), therefore, the classical trajectories satisfy the Euclidean equation
(11.5). Moreover, the stationary Hamilton—Jacobi equation (11.8) is char-
acterized by zero Euclidean energy &, so that its solution is determined
by the trajectory with & = 0. Taking into account (11.10), we obtain a
solution of equation (11.8) in the form

% (?) +V(qB(T))] , (11.11)
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where ¢p is the solution of equation (11.5) with & = 0, i.e. precisely the
bounce solution, and the integration is performed from 7 = —oo, where
4B = qo, to the value of 7 such that ¢g(7) = ¢.

Problem 3. Show by direct calculation of the derivative dS/dq that the
function S(q), given by formula (11.11), satisfies equation (11.8).

Assuming that the turning point is reached at 7 = 0, we obtain for the
exponent in (11.9)

S(ql):/o dr []‘24 (C?f)Q+V(qB)

— 00

Finally, taking into account the symmetry of the bounce solution with
respect to the substitution 7 — —7, we obtain Sg = 25(q1); thus expression
(11.9) indeed coincides with (11.1), (11.2).

Problem 4. Generalize the above consideration to the case of non-zero
energy and hence obtain the result of Problem 2.

To conclude this section, we mention another important solution of the
equations of classical motion. Namely, the point of the maximum of the
potential (g, in Figure 11.1) is an unstable (in conventional time) static
solution of the equation of Newtonian mechanics. This solution determines
the height of the potential barrier Vipn = V(gm) for a given system.
Solutions with this property are called sphalerons. It is useful to know
the height of the potential barrier when studying processes taking place
at finite energies (for E > Vgpn, the process of leaving a well may take
place without tunneling, with probability of the order of unity in quantum
mechanics with one degree of freedom; for E < Vi, tunneling is obligatory,
and the probability is exponentially small), and also for processes at finite
temperatures. Let us consider the latter case in somewhat more detail.
For finite, but not excessively high temperatures (' < Vipn; we set the
Boltzmann constant equal to one, so that the temperature is measured in
units of energy), the excited levels in a well are populated according to the
Boltzmann distribution

where P(FE) is the probability that a particle, interacting with a thermostat
with temperature T', has energy E. In particular, there is a finite prob-
ability that a particle will have energy E > V1, will be incident on the
top of the barrier and will leave the well without tunneling. This process is
purely classical; it leads to a decay probability " (the reciprocal of the time
spent by a particle in the well at finite temperature), which is suppressed
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by the Boltzmann exponential, rather than the tunneling exponential

modulo a pre-exponential factor (Arrhenius formula). Even for T' < Vipn
this value may be significantly greater than the tunneling exponential e =55
thus, starting from some temperature, thermal jumps become the dominant
decay mechanism. Their rate is determined by the barrier height, i.e. by
the sphaleron energy Viph = V(gm)-

Problem 5. At intermediate temperatures, the process of tunneling from
excited levels with energy E < Vin may have the greatest probability.
Modulo a pre-exponential factor, this probability is given by the product of
the probability that a particle has energy E, and the probability of tunneling
from a state with energy E:
I e Te 5 ze_%_g(E)7 (11.12)

where this expression is to be mazimized with respect to energy. Here, S (E)
is the semiclassical exponent for tunneling from a state with energy E. Find
the connection between the exponent in (11.12) and the periodic Euclidean
solutions considered in Problem 2: show that the exponent is related to the
action on the corresponding solution, and that the temperature is related to
its period. Draw qualitatively the dependence of the exponent in (11.12) on
B=T"1

We note that everything studied in this section is applicable to the
semiclassical situation only. A necessary condition for this is a large value of
Sp, i.e. an exponentially small probability of decay of a metastable ground
state.

Problem 6. Suppose the potential has the form

Loy Ag
Vig) =517 - 54
Find the relationship between the mass of a particle M and the parameters
woand X\, for which the standard conditions for the applicability of the
semiclassical approzimation are satisfied. Find the dependence of Sp on
the parameters M, and \ and show that in the domain of applicability
of the semiclassical approximation, the probability of tunneling from the
ground state qg = 0 is indeed exponentially small. Calculate the energy
of a metastable ground state to the first two orders in A in perturbation
theory, and show that perturbation theory is applicable for these values of
the parameters.
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The results of this problem illustrate a very common situation: if the
parameters of the theory are such that standard perturbation theory is
applicable, then the decay of a metastable ground state can, usually, be
described in the framework of a semiclassical approximation.

11.2 Generalization to the case of many
variables

The connection, identified in the previous section, between solutions of the
classical Euclidean equations of motion and the semiclassical exponential
for the probability of tunneling from the ground state admits generalization
to the quantum mechanics of systems with many variables q = (¢, ..., ¢")
(and to field theory). First, we formulate a prescription for calculating
probability (Banks et al. 1973; Banks and Bender 1973) and then we move
to justify it.

Let us consider, to be specific, a system with the classical action (in

conventional time)
S—/dt M (dq 24/() (11.13)
- 2 \at Vi '

We shall assume that the potential has a (sufficiently deep) local minimum
at the point q = qg; we choose the origin for the energy such that V(qg) =
0. We shall further assume that there is a region where V(q) < 0, which
is separated from the local minimum by the barrier. At the classical level,
a particle at rest at the point qg is in a state of stable equilibrium. In
quantum mechanics, the corresponding ground state in a potential well is
metastable and its decay probability T' (the reciprocal of the lifetime) in
the semiclassical situation is equal to

I = Ae 55, (11.14)

where A is a sub-leading pre-exponential factor and Sp is the leading
semiclassical exponent. The prescription for finding the leading exponent
is the following. To calculate Sp, one has to switch to Euclidean time, i.e.
to consider the system with the action

S = /dT l]‘j (‘;‘j)Q + V(q)] (11.15)

and to find the bounce solution of the classical equations of motion following
from the action (11.15). This bounce solution ¢ (7) must have the following
properties: 1) for 7 — —oco and 7 — +00, the bounce solution must tend
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to a local minimum of the potential, qg(7 — +00) = qo; 2) the solution
must have a turning point for some 7 (without loss of generality, we may
suppose that this is the “moment” 7 = 0),

day

ir = 0 for all 3. (11.16)

7=0

There is usually a finite number of such solutions; the relevant one is such
that the Euclidean action (11.15) on it is minimal (if the system has a
continuous symmetry like a rotation of the coordinates q, then there may
— and usually does — exist a family of bounce solutions differing from
one another by a symmetry transformation; the Euclidean action on the
solutions from the same family, however, is the same and, as before, we
need to minimize the Euclidean action among all families). The exponent
in (11.14) is equal to the Euclidean action on the (most favorable) bounce
solution,

Sp = Selap(7)].

We would make a few remarks in connection with this prescription.
First of all, it only works for tunneling from a metastable ground state.
No analogous prescription for tunneling from a fixed excited state in a
potential well is known.

Next, the equations of motion, arising from the action (11.15), formally
have the form of equations of Newtonian mechanics in the potential

[—V(q)],

d’q _ 9(-V)
— = — . 11.17
dr? oq ( )
The integral of motion for these equations is the Euclidean energy
M (dq 24/()—5 (11.18)
2 \dr v=c ’

For bounce, we have £ = 0; for precisely this Euclidean energy, a particle
moving in the potential [—V(q)], moves up to its top qo (or moves down
from the top) over an infinite time, i.e. qg — qo for 7 — +o0.

By virtue of (11.16), all velocity components are equal to zero at 7 = 0,
whence it follows that V(qp(7 = 0)) = 0 (from conservation of Euclidean
energy and & = 0); in other words, at 7 = 0, a particle lies on the boundary
separating the classically allowed (V' < 0) and classically forbidden (V > 0)
regions of the original system. Finally, again by virtue of (11.16), the
bounce solution is symmetric with respect to the substitution 7 — —7, i.e.
a particle in the potential (—V') moves down from the hump, stops on the
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boundary of the region V' > 0 and moves up again to the hump along the
original trajectory. Therefore,

so-a [ [ (%) e vian

Taking into account (11.18) and & = 0, this expression can be transformed
to the form

dr. (11.19)

q1
Sp = 2/ V2MV (q)dl,
d0

where q; = qp(7 = 0) is a turning point, the integration is taken along
the bounce trajectory, and

2
dq
dl = — | dr
is a length element of the trajectory. We note that the bounce trajectory
is sometimes called the most probable escape path from under the barrier.
Let us turn to a justification of the above prescription. As in the previous

section, we are interested in a solution of the stationary Schrédinger
equation with zero energy

(2 v

in the classically forbidden region V(q) > 0. This solution should decrease
exponentially as the point q moves away from the local minimum of the
potential qg. At least in some neighborhood of the point qg, a solution can
be sought in the form

=0 (11.20)

¥(q) = A(q)e 59, (11.21)

where A(q) is a slowly varying pre-exponential factor. As usual, for S(q)
we obtain from (11.20) the equation

2
ﬁ (gi) —V(q)=0. (11.22)

This equation again looks like the stationary Hamilton—Jacobi equation
with zero energy for a system with the action (11.15); its characteristics
are solutions of the Euclidean Newton’s equations (11.17). The condition

S(qo) =0,
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which ensures that the wave function (11.21) is not small at the point qq,
again has to be imposed on S(q).

Let us discuss in detail the solutions of the Newtonian equations (11.17),
i.e. the characteristics of equation (11.22), which are important to us. We
are interested in solutions with Euclidean energy &, equal to zero, which
start (for 7 — —oo) from the point qo. Through each point q in a
sufficiently small, but finite, neighborhood of the point qg, there passes
one and only one characteristic of this type (we suppose that the potential
V(q) is quadratic near qq).

Problem 7. Prove the above assertion, assuming that near the point q =
qo the potential has the form

V(q) = %uij(qi —a)(@ — @) + Ol(q — a)®],

where 13 i a positive definite quadratic form.
In this region the solution of equation (11.22) has the form

S(q) = /T(q) dr []‘; (;“3)2 + V(q(T))] , (11.23)

— 00

where q(7) is a trajectory with zero Euclidean energy, starting at qo and
passing through the point q at time 7(q).

The new circumstance in systems with more than one variable is that
Euclidean trajectories of the given type do not, generally speaking, cover
the whole region with V' (q) > 0 (classically forbidden region of the original
system). If the potential does not have a sufficiently large symmetry, the
majority of trajectories of interest to us (i.e. those which start at the
top of the potential (—V(q)) and have zero Euclidean energy) bend, do
not reach the surface V(q) = 0, and cross other similar trajectories (see
Figure 11.3, where the trajectories are shown by continuous curves with
arrows). Obtaining a solution of the Euclidean Hamilton—Jacobi equation
in the form (11.23) is only possible in the region bounded by the envelope
of our trajectories, called the caustic or caustic surface. The caustic is
shown by the dashed curve in Figure 11.3. Outside the caustic surface it is
impossible to find a decreasing solution of the Schrédinger equation (11.20)
using the method we have just studied.

However, in fact, we are not interested in the solution of the Schrodinger
equation in the whole region V' > 0. All that is important to us is the
maximum value of || on the surface V' = 0. To find this value, we first
consider the values of |1)(q)|? on the caustic surface. As before, these are
given by the expression (11.21). Moreover, the “Euclidean action function”
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V<0

Figure 11.3.

S(q) varies along the caustic surface, and

95(q) dq

aq Mg (11.24)
where the left-hand side is the gradient of the Euclidean action at the
point q of the caustic surface, and the right-hand side is the Euclidean
momentum along that trajectory, which is tangential to the caustic surface
at this point. This momentum is tangential to the caustic surface, so that
the Euclidean action actually varies along the caustic (in Figure 11.3, the
action increases in the direction shown by the arrow).

Let us now consider the minimum of the Euclidean action S(q) on the
caustic surface. Since the gradient of S(q) is tangential to the caustic
surface, at this minimum, the following is satisfied:

0S(q)
g =0.

From (11.24), it is clear that at this minimum, the velocity of a particle is
equal to zero, and, hence, the minimum is located on the boundary of the
forbidden region, i.e. on the surface V(q) = 0. This situation is illustrated
in Figure 11.4, where the caustic surface is shown by a dashed curve, and
the surface V' = 0 by a continuous curve; trajectories with zero Euclidean
energy are also shown by continuous curves; qi; is the point where the
action on the caustic is minimal.

Since on the caustic, S(q) > S(q1), and the wave function continues
to decrease between the caustic and the surface V' = 0 (this is still the
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forbidden region of the system in question), the wave function, considered
on the surface V(q) = 0, has a maximum at the point q;. In other words,
on the boundary of the classically forbidden region, the wave function is
maximal at the point q, where its value is given by expression (11.21) and
S(q1) = %SB, where Sp is determined by formula (11.19). This completes
the justification of the prescription formulated at the beginning of this
section.

Caustic

Figure 11.4.

Problem 8. Consider the quantum mechanics of two variables q and y
with the potential

1
7w2y2 + V(q)v

Wigy) =3

where V(q) has the form shown in Figure 11.1. Find the bounce solution.
Find the form of the curve W = 0, separating the classically allowed and
forbidden regions, mear the turning point of the bounce solution. Find
classical solutions of the type considered in this section, which are close to
the bounce. Find the caustic near the bounce turning point, draw everything
in the plane (q,y) by analogy with Figure 11.4. Using the fact that the
variables in the potential W(q,y) separate, find the semiclassical wave
function in the region between the caustic and the boundary of the forbidden
region, and show that on the curve W(q,y) = 0, it is indeed maximal at
the turning point of the bounce solution.
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Thus, the problem of finding the semiclassical tunneling exponent of the
decay of a metastable ground state reduces to finding a bounce solution
qp(7), i.e. a solution of the Euclidean classical equations of motion with
zero Euclidean energy, which starts, for 7 — —oo, from the point of the
local minimum of the potential V(q) (i.e. a stable state of the classical
system), comes to a stop at some point q; of the surface V' = 0 (the surface
separating the classically forbidden and allowed regions) and returns to the
local minimum for 7 — 4o00. The wave function on the surface V = 0 is
maximal at the point q; and equal to e=55/2 (modulo a pre-exponential
factor), where Sp is the Euclidean action of the bounce solution, the leading
exponential for the tunneling probability is e ™52,

Let us now consider the motion of a particle after it emerges from under
the barrier, i.e. into the classically allowed region. At the point qp, the
point of the maximum of the wave function on the surface V' = 0, the
gradient (of the leading exponential part) of the wave function is equal to
zero. In other words, with greatest probability, a particle emerges from
under the barrier at the point q; with zero momentum (and, accordingly,
with zero velocity). The subsequent motion of this particle can be found
by solving the classical equations of Newtonian mechanics in conventional
time, with the initial conditions

q(t=0) = a
dq B B
E(t =0) = 0.

The classical energy of this solution is equal to zero. Thus, in the classically
allowed region, as well as under the barrier, just one trajectory is relevant.
This situation is shown in Figure 11.5. If the bounce trajectory qp(7)
is known explicitly, then in order to find the classical trajectory after
emergence from under the barrier, q(¢), the following consideration can be
employed. Let us analytically continue the bounce qp(7) in the complex
plane 7. For a purely imaginary 7 = it (¢ real), the function

qs(it) = q(t) (11.25)
satisfies the conventional Newtonian equations

d*q _ OV
dt2  0q

(this follows, after a change of notation, from the Euclidean Newton’s

equations (11.17), which the bounce satisfies). Furthermore, for 7 = it = 0,

we have q = qg = q; and ‘Zl—‘;‘ = ‘{?—TB = 0. Thus, analytic continuation

(11.25) of the bounce solution to the region of imaginary 7 is the desired
classical path.
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Classical path

Figure 11.5.

Problem 9. Consider the theory with one variable g and potential

1oy Ay
Vi =5a - 14"
Find the bounce solution qp(T), and its analytic continuation to the region
of imaginary 7, and show that q(t) = qp(it) is indeed a classical solution
in conventional time, describing the motion of a particle after emergence
from under the barrier.

As in the theory with one variable, the question arises as to the minimum
height of the barrier separating a local minimum of the potential (point qo)
and the classically allowed region. This is again associated with an unstable
solution gg of the static equations of motion (sphaleron),

oV

oq
In the case of many variables, qg is a saddle point of the potential: as the
particle moves from qg in one direction, the potential decreases (a particle
moves down either toward a local minimum or toward the allowed region),
while in all other perpendicular directions, it increases.! We note that
the bounce solution qg(7) (most probable path of escape from under the
barrier), generally speaking, does not pass through the saddle point qg
(sphaleron).

(@=4qs) =0.

LIf a system has continuous symmetry, then sphalerons, generally speaking, form a
continuous family, and have neutral directions (zero modes), along which the potential
does not change. These zero modes correspond to symmetry transformations over one
of the sphalerons.
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The results studied in this section can be directly generalized to systems
which are more complicated than (11.13), for example, to systems with

action of type
1 dg; dg;
5= [ty a5 - via)

or to systems where the coordinates satisfy some constraints. In the
following chapters, we shall consider the generalization of these results to
the case of field theory.

Problem 10. Consider a system of two variables with action
S = /dt dql +1m dax 2—V( )
2 2 dt q1,42 ’

1
N+ @)+ eq.

where

1
W +d3) —

V(C]h(lz) = B

a) Suppose my > my and that € is small. Find the bounce solution and the
sphaleron. Does the bounce solution pass through the sphaleron? b) The
same for my = mgy. ¢) The same for m; = mo and e = 0.

11.3 Tunneling in potentials with classical
degeneracy

The problem of calculating the semiclassical tunneling exponent also arises

for systems with degenerate minima of the classical potential. The simplest

such system is the quantum mechanics of a single variable ¢ with a
2

symmetric potential V(q) = 2 q + iq shown in Figure 11.6. If the

barrier separating the minima qO ) and q0 ) were impenetrable, the system

would have two degenerate ground states 1/1(()+) and wéf), whose wave
functions would be confined near ¢ = q(()+) and ¢ = q(()_), respectively.
When tunneling is taken into account degeneracy is lifted, which can
be seen as follows. Let us define a reflection operator P, such that
(PY)(q) = ¥(—q). It commutes with the Hamiltonian and its eigenvalues
are equal to +1 (symmetric wave functions) and —1 (antisymmetric wave

functions). The lowest states of the Hamiltonian with P = +1 and —1 have

the form g = %[zﬁé“ + 77!1(()_)] and a4 = f[ ((J+) (()_)]

where we suppose that ¢é+) and 1/)(()_) are positive everywhere, so that

, respectively,
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PypE) = 4+4)(F) | The function 1)g has no nodes, and it is in fact the true
ground state; 104 has one node at the point ¢ = 0, so that it is the first
excited state.

V(q)

Figure 11.6.

The splitting is determined, in the leading semiclassical approximation,

by the value of the semiclassical exponent for tunneling from the point q(_)

to the point qéﬂ,

q[()+)

S = : V2MV (q)dg, (11.26)

where M is the particle mass.

To find the difference between the energies E4 and Eg of the states 14
and g, we write down the stationary Schréodinger equations, satisfied by
these states:

1

—opat(V-FEava = 0
1

—5pp s+ (V= Es)s = 0.

Multiplying the first of these by 1¢ and the second by 1 4, and integrating
over dgq from —oo to 0, we obtain

0
i Whts = sbala=0) = (Ba—Es) [ vavsds. (1120

Taking into account that 1/ (0) = 14 (0) = 0, ¥s(0) = v2¢:$(0), ¢/, (0) =
\/51/)(()+)’(O), and also that the integral on the right-hand side of (11.27) is
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(=)

saturated in the region ¢ ~ q; ’ and is equal to [f%], we obtain
d
Ejy— Eg = —wo ( ) 1/(;(} (0). (11.28)

This leads to (11.26), since

Equation (11.28) can also be brought to a form convenient for generalization
to the quantum mechanics of several variables. For this, we take into
account that 1/)(()+)(0) = 1/1(()_)(0), 1/1((,+)/(0) = — (()_)/(O). Further, the
expression on the right-hand side of equation (11.28) is exponentially small,
thus, in it, we may suppose that wéi) satisfies the Schrodinger equation

with unperturbed energy Ej,
e () _
- E =0.
a7 0 + (V= Eo)g 0

It follows from this equation that

Yyt (+dvy”
( ) (1/)0 q 0 dq

does not depend on q. Near ¢ = qéﬂ, we have w((f), (()H/ ~ 1, and
=) (+ =) (+
6" (as™) ~ w5 (ay"). Thus,

1. 1 _
Ep—Eg= Mj(q =0)= Mj(q ~ g5t ~ i (). (11.29)

Consequently, the semiclassical exponential of the wave function wéf) at the

right minimum q( ) is precisely the quantity that determines (E4 — Fg), in
the leading semiclassical approximation. Of course, hence, we again obtain
from this consideration that

(+)
0

(Fa — Eg) = Aexp V2MVdg

a5

Problem 11. Generalize the result (11.29) to the case of the quantum
mechanics of many variables ¢*, ¢>, ..., q", with potential V(q*, ¢, ..., q"),
which is symmetric with respect to the transformation ¢ — —q' and has
minima at ¢ = +qo, > =¢*=---=q¢" = 0.
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Repeating the discussion of Section 11.1, we can see straightforwardly
that the expression (11.26) is related to a certain solution of the Euclidean
equation of Newtonian mechanics:

dq _ 0oV
dr2  9q’
This solution has zero Euclidean energy,

(1) v -0

It describes a particle in the potential [~V (¢)] (see Figure 11.7), which, for
(—))

2

T — —00, starts from the left hump of this potential (from the point g
and for 7 — 400, ends at the right hump (at the point q(()Jr)). Unlike the
bounce solution, considered in Section 11.1, the solution does not come back
to the point q((]_). Such solutions (and their generalizations to quantum
mechanics with many degrees of freedom and to field theory) are known as

instantons. Expression (11.26) represents the Euclidean action

too UM [dgr\?
SE:/OO dr [2 <dq7’1> + V(ar)

)

—V(q)

g g5" q

Figure 11.7.

calculated on the instanton ¢;(7). Explanation of the equality between
the Euclidean action of the instanton and the tunneling exponent once
again, as in Section 11.1, is provided by a semiclassical solution of the
Schrédinger equation for w(()f) in the region below the barrier, which reduces
to the Euclidean Hamilton—-Jacobi equation. The corresponding analysis is
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completely analogous to that undertaken in Section 11.1 and we shall not
present it here.

We further note that calculation of the semiclassical exponential for
the splitting between levels in the quantum mechanics of many variables
(see Problem 11) also reduces to finding an instanton with precisely the
properties described, and calculating its Euclidean action. The sub-
stantiation of this assertion is based on the results of Problem 11 and
essentially repeats that given in Section 11.2.

V(g)

Figure 11.8.

Another example, where instantons of precisely the type described play
a role, is that of a particle in a one-dimensional periodic potential V(q), as
shown in Figure 11.8. The instanton in this system is a classical solution
in Euclidean time, which starts for 7 — —oo from the point ¢ = 0 and
reaches the point ¢ = a for 7 — +o00. (The analogous solution, starting
at ¢ = 0 and ending at the point ¢ = —a, is called an anti-instanton).
The Euclidean action of the instanton gives the semiclassical exponent
for tunneling between adjacent minima which, in turn, determines the
energy of the Bloch wave with quasi-momentum 6. In order to explain
this statement, we first note that in the absence of tunneling in the system
there would be an infinite number of degenerate ground states, whose wave
functions ¥, (q) = 1¥o(¢ — na) would be confined near the minima ¢ = na,
where n is an arbitrary integer. Here, 1y is the ground state in the well
near ¢ = 0. When tunneling is taken into account, the wave functions ,,(q)
are no longer eigenfunctions of the Hamiltonian. In order to construct
approximate wave functions, we define the operator T, of translation by a,

Tab(q) = ¥(q — a). (11.30)
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This operator is unitary, Tj T, =1, and commutes with the Hamiltonian.

Problem 12. Determine the action of the operator T on an arbitrary
wave function and prove that the operator Ty is unitary.
We note that

wn(Q) = (Ta)n%(Q)- (11.31)

Furthermore, the Hamiltonian and 7T, are simultaneously diagonalizable,
where T, has eigenvalues with unit modulus,

T.|0) = ™)), (11.32)

where 0 € [0,27). An approximate eigenstate of the Hamiltonian and the
operator T, with energy close to zero should be constructed from states |n)
with wave functions ,,(¢). From (11.32), we obtain

+00 )
0) = > e n).

n=—oo

Indeed, from (11.31) we have T,|n) = [n + 1), and

+oo ) ) +oo )
Ta|0> — Z e—zn0|n+1> :ezG Z e—z(n—0—1)9|n_|_1>7

whence (11.32) follows. The state |0) is called a Bloch wave, and the
parameter 6 is the quasi-momentum.

When tunneling is taken into account, the energy of the state |0) becomes
dependent on #. The leading semiclassical exponential in the energy is
determined by the Euclidean action of the instanton S,

E(6) = constant — Ae™7 cos 6, (11.33)

where A is the sub-leading pre-exponential factor.

Problem 13. Find the energy of the state |0), i.e. show that equation
(11.33) holds.

We note that the quantum mechanics of a particle in a periodic potential
considered here is used as a model of the behavior of electrons in an ideal
crystal.

As a final quantum-mechanical example of tunneling, let us consider a
physical pendulum of mass M and length [. Its dynamical coordinate is the
angle which, as before, we shall denote by the letter g; here, the periodicity
condition

g+ 27) = (q) (11.34)



246 Tunneling and Classical Solutions in Quantum Mechanics

is imposed upon the wave function. The potential for this pendulum is
equal to

Vi(g) = Mgl(1 — cosgq),

where we have chosen the zero of the energy such that V' (0) = 0. Formally,
this system is the same as a particle in a periodic potential, shown in
Figure 11.8, for a = 2m; the only difference is the extra condition (11.34).
The under-barrier process for a pendulum is a full rotation, where gq
varies from 0 to 27. By virtue of (11.34), the parameter 6, which would
characterize different states of the pendulum, does not appear; in the
language of the operator T5, introduced in (11.30), the property (11.34)
implies that

T27r7/} = U)v

i.e. in terms of the model of Figure 11.8, we have to restrict ourselves to
the sector with 6 = 0.

A parameter of the 6 type can be introduced by considering another
system, namely a physical pendulum in an Aharonov-Bohm potential. Let
us suppose that the pendulum has electric charge e, and rotates around
a thin solenoid with magnetic flux ® (Figure 11.9, the magnetic field H
is directed perpendicularly to the figure). In the plane of the pendulum
there is a vector potential A, whose circulation along the circle on which
the pendulum moves is proportional to the magnetic flux:

2
/ Adg = ®.
0

M, e
Figure 11.9.

Without loss of generality, we may suppose that A is directed
tangentially to the pendulum circle.

The Hamiltonian for this pendulum is obtained, in the usual way, by
introducing the covariant derivative,

1 . . 2
H= oM [—i(V —ieA)" + V.
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In terms of the variable ¢, it is equal to

He— 1 (d _ z'elA)2 +V(q) (11.35)

C2MI2 \ dq
where, as before, the condition (11.34) is imposed upon the wave function.
Let us introduce a new wave function ¢(q), whereby

¥(q) = exp [ie /0 ' lAdq] ©(q).-

The new wave function will obey the Schrédinger equation of the standard
form with Hamiltonian
1 &
H,=——+4+V
o= "oarag TV
i.e. with the Hamiltonian for the pendulum in the absence of a vector

potential. However, the function ¢(q) will not be periodic; for ¢(q), instead
of (11.34), we have

o(q+2m) = e *®p(q).

This is precisely the condition Th,¢ = € with # = e®, so that the system
is equivalent to the f-sector of the model of Figure 11.8. Formula (11.33)
then describes the dependence of the energy of the pendulum ground state
on the magnetic flux.

It is clear from the example considered that the interpretation of 6-states
depends on the model; in the system with periodic potential of Figure 11.8,
the f-states are different states of the same system, while for the pendulum,
these are states of different systems (pendula in the presence of different
Aharonov—Bohm potentials).

Problem 14. Show that the Hamiltonian (11.35), where for simplicity
we assume that A does not depend on q, A = ®/2wi, corresponds to the
classical Lagrangian

L=— +—— —V(g). (11.36)

M 1?2 (dq 7 ed dq
- (@)

We note that the second term makes no contribution to the classical
equation of motion.
a) Making the formal substitution t = —it, find the FEuclidean action
functional.
b) Find the instanton and its Euclidean action. Give an interpretation of
the imaginary term in the Euclidean action.



248 Tunneling and Classical Solutions in Quantum Mechanics

To conclude this section, we note that in all the examples considered,
it is also sensible to consider sphalerons, unstable static solutions of the
equations of motion % = 0, which determine the height of the barrier
separating the classical minima. For the potential of Figure 11.6, the
sphaleron is the point ¢ = gg = 0; for that of Figure 11.8, it is the point of
the maximum of the potential; for the physical pendulum, it is the point
q = m, where the pendulum is upside down.

As in Section 11.2, in systems with many variables and degenerate
minima of the potential, the sphaleron is a saddle-point solution of the
static equations (?T‘,; = 0 with one negative mode. It can also be defined as
follows. Let us consider, as an example, a system of many variables, with
potential which is periodic in one of these variables ¢; and has minima (with
V' =0) at points g1 = na, g2 = g3 = --- = 0 (such a choice of coordinates
is possible without loss of generality). Let us consider all possible paths
C connecting adjacent minima of the potential. On each of the paths
we introduce a parameter A € [0, 1], such that q(A = 0) = (0,0,...,0);
a(A=1) = (a,0,...,0). Let us consider the static energy as a function of
the points on the path

Clearly, V(0) = V(1) = 0, and there exists a maximum value of V(X) at
some point on the path, maxy V' (A). This value is the height of the barrier
along the given path C. To determine the minimum barrier height, we
minimize maxy V(A) over all paths connecting adjacent minima:

Vs = mclnm)f\LXV(/\). (11.37)

This will be the minimum barrier height, and the point where the minimax
(11.37) is attained is the sphaleron gs.

In models like the physical pendulum, this discussion requires slight
modification. In this case, there is just one minimum of the potential V(q),
however, there exist non-contractible paths, closed in the configuration
space (the space of possible values of {q}), starting and ending at the
minimum of the potential. The tunneling process in these models involves
motion under the barrier along such a non-contractible path. In the
previous discussion for C, we now have to take all possible non-contractible
closed paths, starting and ending in the classical ground state. The rest of
the discussion is unchanged.



Chapter 12

Decay of a False Vacuum
in Scalar Field Theory

12.1 Preliminary considerations

In this chapter we consider a model of a real scalar field in d-dimensional
space-time (d > 3) with the action

S = / d%z [;(a“@)z —V(p)|, (12.1)

where the scalar potential V() has the form shown in Figure 12.1. We
stress that V() represents the energy density of a homogeneous and static
scalar field, with value equal to ¢ (everywhere in space).

V(p)

¥o

Figure 12.1.
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At the classical level in the model there are two stable static states: the
state ¢ = ¢_ (false vacuum), whose energy density is chosen to be zero,
without loss of generality, and the state ¢ = ¢ (true vacuum), where
the energy density is negative, and the total energy is proportional to the
spatial volume (and equal to —oo in the limit of infinite volume).

Let us suppose that at the initial moment in time, the system is in
the false vacuum ¢ = @_. In quantum theory, generally speaking, a
tunneling process is possible, ultimately leading the system to the true
vacuum ¢ = @g. Assuming this process is of a semiclassical nature its
probability will be exponentially small. The problem is to calculate the
semiclassical exponential for this probability.

First and foremost, we must explain what is meant by the quantum
theory of a field with the action (12.1). For our purposes, the following
considerations will suffice. Let us suppose that (d — 1)-dimensional space is
discrete, i.e. it consists of individual points x;. The simplest variant is the
cubic lattice; for this the index i in fact represents (d — 1) integer indices
i=(i1,...,iq—1). Each site of this lattice has coordinates (z1,...,24-1); =
(aiy,...,ai4—1), where a is the distance between the sites of the lattice.
At each site of the lattice, we assign a variable ¢;(t). We shall further
suppose that the spatial size of the system is finite, but large; then the
indices i1, ...,i4_1, will range over a finite number of values. Next, we can
consider the system with the action

S:/dti > at! [; (df)Q— %(Vw)?—V(tp)

1etd—1

, (12.2)

where the gradient is discretized, for example, along the first coordinate it
is equal to: (Vip); = %(apiﬁuz,_“,idil — iy ig,....iq_1). Thus, we have a
system with a finite, but very large, number of variables ;. At the quantum
level it becomes the quantum mechanics of a finite number of variables. It
is physically clear that for sufficiently small a the system with action (12.2)
is not distinguishable from a field theory with the action (12.1), at least at
the classical level. At the quantum level, there are subtleties, associated
with ultraviolet divergences and renormalization; however, for us, these
subtleties will be unimportant. Indeed, we shall consider only leading
semiclassical exponentials, whose calculation requires only a knowledge
of classical theory (in conventional or Euclidean time). Thus, for our
purposes, it suffices to view the theory (12.1) as a model with a finite, albeit
very large number of variables, and to interpret the spatial coordinates x as
enumerating the variables p(x,t) (here, we consider time as a continuous
variable, as usual in quantum mechanics).

Following this general remark, let us turn to the decay of the false vac-
uum. The false vacuum and true vacuum states are spatially homogeneous,
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however, transition between them cannot occur in a spatially homogeneous
manner. Indeed, the tunneling exponent for spatially homogeneous
tunneling is proportional to the spatial volume of the system, thus, spatially
homogeneous transition occurs with zero probability in the limit of infinite
volume (compare with the discussion at the end of Section 5.1). At the
same time, an inhomogeneous tunneling process is possible, whose final
result is transition to the true vacuum state. Namely, for the tunneling
process to occur, it is sufficient that the system emerges from under barrier
with zero static energy. In our case, by the static energy, we understand
the quantity

By — /dd’lx B(&-g@)g + V(w)} . (12.3)

We note that precisely this expression is the analogue of the potential in
quantum mechanics, since it does not contain derivatives of ¢ with respect
to time (this is best seen in the discrete version (12.2); the expression in the
integrand in (12.2) is the quantum mechanical Lagrangian, the difference
of a kinetic term, quadratic in ¢; and a potential term, independent of ¢;;
in the continuous limit the potential term reduces to (12.3)).

Transitional
region

(wall)

Figure 12.2.

One can achieve that Eg = 0, and that the field configuration has ¢ #
w_ only locally in space, by considering a bubble of the true vacuum in the
false one (Voloshin et al. 1974), see Figure 12.2. The static energy of such
a bubble consists of the energy of the transitional region (wall), where the
field changes from g to ¢_ and the energy of the inside of the bubble. The
energy of the wall is proportional to its area and positive, constant - R4~2,
while the energy of the inside region is negative and proportional to the
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volume of the bubble, constant - R4~1. Thus, the static energy is estimated
by the quantity

Es = pR*? —cR*,

where ¢ > 0 and ¢ « (—=V (o)) > 0; its behavior as a function of R is
shown (for d > 3) in Figure 12.3. A bubble of size Ry may be formed as
the result of the tunneling process. From Figure 12.3, it is clear that after
it has been formed, the bubble will expand, as a result of which the true
vacuum will occupy an increasingly large region of space. Ultimately, the
whole system will transit to a true vacuum state ¢ = ¢g.

Eg

Ry

Figure 12.3.

We shall see that literally this picture arises only in the special case when
the energy of the true vacuum differs very little from the energy of the false
vacuum, i.e. when |V (pg)| is small in comparison with all other parameters.
In the general case, at the moment of the spontaneous creation, the “wall”
has a size comparable with the size of the bubble itself, so that it does not
make sense to talk about the wall and the inside region at the moment
of creation. In the center of the bubble at the moment of its creation,
generally speaking, the field may be very different from ¢y. Nevertheless,
the picture we have described captures the main features of the bubble
creation process; it works perfectly for a very long time after the bubble
formation.

The qualitative considerations of this section also enable us to establish
the approximate structure of a sphaleron (critical bubble). A sphaleron in
our model is a configuration in (d — 1)-dimensional space, which (after a
slight “push”) can evolve into either the true or the false vacuum. At the
qualitative level, a sphaleron is a bubble of size Rg (see Figure 12.3); its
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instability is associated with the fact that slightly smaller bubbles collapse
(so that the system returns to the false vacuum), while slightly larger
bubbles expand unboundedly, and the true vacuum fills the whole space.

12.2 Decay probability: Euclidean bubble
(bounce)

For a quantitative description of the under-barrier process of the creation
of bubbles in the leading semiclassical approximation (Coleman 1977), we
make use of the prescription formulated in Section 11.2. We write the
action in the form

S = /dd 1 dt[ (Z‘f) —(ng_vap)} (12.4)

and make in it the formal substitution t = —i7. Up to a factor 4, the action
(12.4) becomes the Euclidean action

Oy 1 [/ 0p
d—1
_ 2 (9% 12.
Sk /d dt[ (m) +2<8>+V(so) (12.5)
1

= [a 00 + V(0. (12:0
where we have again combined the coordinates z# = (7,x), and the
summation over u = 0,...,d — 1 is performed with the Euclidean metric

diag (1,1,...,1). As mentioned earlier in Section 11.1, the latter property
is the reason for calling 7 Euclidean time.
The field equations, following from the action (12.5) have the form

oV
—8 oMo+ — =0. 12.7
vt o, (12.7)
Our problem is to find the bounce solution of these equations, which would
tend to the false vacuum ¢_ for 7 — +o0o, and would have a “turning
point.” 1In field theory, a “turning point” means a “moment in time”
(without loss of generality, we may suppose that it is 7 = 0) at which
¢
—— =0 for all x. 12.8
or ( )
Indeed, we interpret x as a continuous index, enumerating variables; thus,
(12.8) is a continuous analogue of the equation (11.16).
The requirement
p(r,x) — p_ as T — oo (12.9)
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and the requirement (12.8) can be simultaneously satisfied if we consider
smooth spherically symmetric fields ¢(r), where r = V72 + x? = \/z,z",
with asymptotics

p(r — o00) =p_. (12.10)

Indeed, condition (12.10) ensures that (12.9) is satisfied and

7 dp

12.11
r dr ( )

aﬂp(x“) =

is equal to zero everywhere at 7 = 0; the point r = 0 is not special in
(12.11), since for smoothness of the field near r = 0, we require

dp
%(r =0)=0. (12.12)

For spherically symmetric fields, equation (12.7) is brought to the form

i1, _ov
r 90—890’

" + (12.13)

where the prime denotes the derivative with respect to r.

—V(p)

¥o

Figure 12.4.

We show that a solution of equation (12.13) with the boundary
conditions (12.10), (12.12) indeed exists. Equation (12.13) is formally
equivalent to the equation of Newtonian mechanics for a particle with
coordinate ¢, moving in “time” r in the potential [V (¢)] in the presence
of a friction force, proportional to the particle speed, where the friction
coefficient is inversely proportional to “time.” Conditions (12.12) and
(12.10) imply that at the initial time r = 0 the particle is at rest, while at
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the end of the motion (r — 00) it comes to rest precisely on the hump of the
potential (—V) (Figure 12.4). The existence of such a solution follows from
the following consideration. Let us consider a particle trajectory starting
at r = 0 with velocity zero, as a function of the initial point. If the initial
point is chosen such that

—V(p(r=0)) <0,

then the particle certainly does not roll up to the top of the hump, the
point ¢_ (its “energy” is negative). If the initial point is chosen to be
very close to the second hump ¢ = g, then the particle will stay near this
hump for a long time, moving with a very small acceleration and velocity.
During this time, it will lose little energy (the velocity is small). Further
movement will take place at large r, when the friction coefficient is small.
Consequently, for such a choice of initial point, the particle will lose very
little energy throughout the whole of its motion and it will roll over the
hump ¢_. Thus, when the position of the initial point changes, the regime
of not rolling up to ¢_ is replaced by the regime of rolling over it, and,
by continuity considerations, there exists an initial position at which the
particle comes to rest precisely on the hump as » — oco. The solution in
which we are interested actually exists.

The bounce configuration in d-dimensional Euclidean space—time is very
simple. It represents a spherically symmetric Euclidean bubble, outside
which the field tends rapidly to the false vacuum ¢_ and within which it
differs from _ substantially. In the center of the bubble, the field has value
less than g, but may be quite close to the true vacuum ¢g. The leading
semiclassical exponent for the decay probability for the false vacuum is
determined by the Euclidean action of this solution:

[oce 9B,

Problem 1. Consider the theory with scalar potential
V(p) = —ap? — bp® + A\p* + constant,

where a,b, A are positive parameters.

a) Find the region of values of the parameters a,b, \, in which the potential
has the form shown in Figure 12.1.

b) Using the considerations studied at the beginning of Section 7.1, find the
region of values of the parameters a,b, A, in which property (a) is satisfied
and a weak coupling regime is realized in the true and false vacua.

¢) Find the parametric dependence of the size of the Euclidean bubble and
of its Euclidean action on combinations of the parameters a,b, \. Show that
in the weak coupling regime, the Euclidean action is large (which implies
that the semiclassical approzimation is applicable).
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Let us now discuss the behavior of the bubble after its creation as a
result of tunneling. As discussed in Section 11.2 the most likely values
of the variables at the moment of emergence from under the barrier are
their values at the turning point of the Euclidean solution. In field theory,
a “turning point” is a (d — 1)-dimensional surface 7 = 0 of d-dimensional
Euclidean space. Thus, at the moment of emergence from under the barrier
(the time at which the bubble materializes) the field configuration coincides
with ¢(x,7 = 0). This is again a localized spherically symmetric (but
now in (d — 1)-dimensional space) configuration with ¢ = ¢_ outside the
bubble and ¢ close to ¢ in the center of the bubble. At the moment of
materialization, the velocities are equal to zero (see Section 11.2); in our
case, this means that

9%

Y (x,t=0) =0 for all x,

where t = 0 is the moment the bubble materializes.

If the Euclidean (bounce) solution ¢g(r) is known, then the behavior
of the bubble outside a light cone in Minkowski space—time (after its
materialization) can be found, using the fact that its field ¢(x,t) is the
analytic continuation of the solution ¢p(x,7) into the purely imaginary
region 7 = it (see Section 11.2). Outside the light cone it is easy to find
this analytic continuation: for this, it suffices to replace r = v/x2 + 72 by
p = Vx? — t? (the expression under the square root is positive outside the
cone). Thus, the field of the bubble in conventional space—time has the
form

o(x,t) = pp(Vx2 —t2).

The surfaces of constant ¢ are the hyperboloids x? — 2 = constant; they
are shown in Figure 12.5. It is evident that the field deep inside the cone
reaches its true vacuum value, which is also shown in Figure 12.5. From
the point of view of a stationary observer, the size of the bubble wall
(region where the field changes from ¢_ to @) decreases with time, and
the velocity of the wall approaches the speed of light.

Problem 2. Let us consider a bubble in (3 + 1)-dimensional space—time,
which has expanded to a large size. In this case, the thickness of the bubble
wall is small in comparison with the bubble size; the curvature of the wall
1s also small. Assuming that the shape of the wall does not change in its
own reference frame, and neglecting the curvature of the wall, the wall can
be characterized by a single variable x*(t) (if the wall is perpendicular to
the first axis).

a) By calculating the energy—momentum tensor, find the pressure on the
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Figure 12.5.

wall and its acceleration in the inertial reference frame, instantaneously
coinciding with the wall.

b) Move to a fized inertial reference frame and find an equation for z'(t).
Solve this equation. Draw the world line in the plane (z',t) (the section of
the world surface of the wall by the plane ¥?> = x®> =0).

To end this section, let us consider the sphaleron (critical bubble) in
this model. It is an unstable solution of the static field equations and
determines the height of the barrier separating the false and the true vacua.
As mentioned in Section 12.1, the sphaleron must be a bubble in the false
vacuum in (d — 1)-dimensional space.

The static field equation in d-dimensional space—time has the form

ov
781'81‘0 + 5= 07
dp
where the index 7 is spatial and takes values i = 1,...,d—1. This equation

coincides with equation (12.7), except that the Euclidean space is now (d —
1)-dimensional rather than d-dimensional. Its solution again has spherical
symmetry, ¢ = ¢(,/z;z;) and the equation for ¢ coincides with (12.13) with
d replaced by d— 1. In other words, the Euclidean bubble (bounce) for (d—
1)-dimensional space—time coincides with the critical bubble (sphaleron)
for d-dimensional space—time. The structure of this solution was discussed
above.

Problem 3. Show that the critical bubble is unstable and that among
all the perturbations about it there exists a megative mode. Hint: use the
existence of zero modes around the critical bubble and their properties under
spatial rotations.

We stress that we found the Euclidean bubble and the sphaleron,
assuming a spherical symmetry of the solutions. This assumption, in fact,
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can be rigorously justified (Coleman et al. 1978).

Thus, in order to find the probability of tunneling (at temperature zero)
we need to find the bounce solution (Euclidean bubble), and the probability
of formation of a bubble of the true vacuum in the false vacuum will be
equal to

[ = Ae "5,

where Sp is the Euclidean action of the bounce, and A is the sub-leading
pre-exponential factor. A bubble may be formed at any point of space, thus
I" is in fact the probability of bubble creation per unit spatial volume per
unit time. In a large volume of space, bubbles will be created at different
points at different times, they will expand, their walls will then collapse,
the false vacuum will “boil.” Ultimately, the energy of the false vacuum
(more precisely, the difference between the energies of the false and true
vacua) will turn into heat.

In complete analogy with Section 11.1, for sufficiently high temperatures
(which are still small in comparison with the energy of a critical bubble in
a false vacuum) bubble creation does not take place by tunneling, but by
thermal jumps, with the formation of a critical bubble. The probability of
such processes per unit volume per unit time is proportional to

—Fs/T
I'xe S/,

where Fg is the free energy of a critical bubble (sphaleron). In a number
of cases, the free energy of a critical bubble coincides with the energy of a
critical bubble in the theory (12.1), but with the scalar potential changed
due to temperature corrections. The methods studied in this section are
thus applicable to the study of critical bubbles at a finite temperature.

Potentials of the type shown in Figure 12.1 are characteristic for systems
with first-order phase transition. Indeed, the theory of phase transitions
(such as those which occurred in the early Universe) makes use of the
solutions discussed in this section.

Problem 4. In the model of Problem 1, find the parametric dependence
of the size of a critical bubble and its energy on a,b and X\ in the weak
coupling regime. Give numerical estimates of the order of magnitude, in
the case of parameters typical for the Standard Model (vacuum expectation
value of the scalar field of the order of 250 GeV), assuming, for example,
dimensionless coupling constants of the order of 0.8 (express the size of a
bubble in centimeters). We note that the energy of a critical bubble gives
an idea of the temperature of the phase transition.



12.3 Thin-wall approximation 259
12.3 Thin-wall approximation

It is not possible to find an explicit form of the solution for a Euclidean
bubble or a critical bubble in the general case. However, this can done in
the special case when the difference between the energies of the false and
true vacua is small in comparison with all other parameters of the model
(Coleman 1977). Namely, let us consider a scalar potential of the special
form

Vip) = Volp) —eVilp), (12.14)
where Vj(p) is symmetric under the transformation ¢ — —¢ and has
degenerate minima at ¢ = —pg and p = +pg, and Vi (¢) is not invariant

with respect to this transformation. We shall assume that Vp(Epo) = 0,
Vi(—¢o) = 0 and Vi(4+¢g) = 1. Let us further suppose that the parameter
¢ is small. Then, the homogeneous field p_ = —pg + O(e) will be a false
vacuum with zero energy, and ¢ = +¢ + O(e) will be a true vacuum with
energy density (—¢). To be specific, we shall consider four-dimensional
space—time, d = 4.

We shall seek a solution of equation (12.13) for a Euclidean bubble using
a mechanical analogy (Figure 12.4). Since ¢ is small, the particle must lose
a very small amount of energy when moving from the neighborhood of the
hump ¢ = ¢y to the neighborhood of the hump ¢ = ¢_. Far from the
humps, the particle velocity is in any case finite for arbitrarily small e,
thus the main movement of the particle must take place at large r, when
the friction force is small. During this motion, the friction force, as well
as the part of the potential proportional to €, can be neglected, so that
equation (12.13) reduces to

, OV

Y = 90"

2
We are interested in the solution of this equation, which rolls down from
the point +¢g and rolls up to the point —py. We know this solution: it is
the antikink in the symmetric potential V4. The antikink is characterized
by a single parameter R, its position. Thus, in the region of values of r,
where the bounce pg(r) is substantially different from +¢y and —pg, we

have

oB(r) = ox(R—1).

This solution is shown in Figure 12.6. We note that ¢p(r), for r near R
(wall region), does not depend upon €. For the force of friction to be indeed
small, R must be large for small €. The structure of a solution in Euclidean
space corresponds exactly to Figure 12.2.

The parameter R is the only parameter of the solution, which has yet
to be determined. To find it, we note that the Euclidean action must
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+®o \ ******************

Figure 12.6.

be extremal in the class of configurations satisfying (12.10), (12.12). In
particular, it must be extremal for variations of the parameter R. Let us
calculate the Euclidean action (12.5) as a function of R. For spherically
symmetric configurations

Sp = 2n° /000 r3dr [;(Lp')2 + Vo(p) — eVi(p) (12.15)

(272 is the area of a unit three-dimensional sphere). Far from the region of
the kink (wall), the field ¢p does not depend on r; moreover, Vp(p) = 0.
The external region of the bubble (r > R, outside the wall) does not
contribute to Sg, while the internal region yields the contribution

7T2

S =" Rl
E 2
modulo corrections of the order of eR3. The contribution of the wall is
proportional to R? and to leading order does not depend on ¢; to calculate
it, we set 7 = R in the measure in (12.15) and we neglect V5. We obtain

Sgall _ 27’(’2R3,U,7

where

+oo
1
n= [ ar [P + Vi)
We note that the form of g coincides with the energy of a kink in one-
dimensional space; u does not depend on €. Thus, to leading order in &
and R the Euclidean action of the bounce of size R is equal to

2
Sp(R) = 202 uR® — %R‘*a.
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The extremum of this expression is attained at

R=Rp= 3?“ (12.16)

For the Euclidean action at the extremum, we finally obtain

27 _,pt
= —n‘—.

2 &
We note that the size of a Euclidean bubble (12.16) is indeed large for small
e. The action (12.17) is also large, so that the tunneling process for the
creation of bubbles is strongly suppressed.

We recall, finally, that according to the discussions of Section 12.2; the

bubble wall, after materialization of the bubble, moves along a hyperboloid
x? —t? = R

Sp (12.17)

Problem 5. Find the size of a Euclidean bubble Rp directly from the
equation (12.13), by considering the energy balance for the mechanical
analogy (Figure 12.4).

Problem 6. Find the form of the wall (i.e. ¢p(r) for r near R) and the
value of the parameter u for the potential

A
Vol(p) = Z(WQ —v?)%
Show that the size of a Euclidean bubble and its action are large, not only
in terms of €1, but also in terms of A™' for small . Find the limit of
applicability of the thin-wall approzimation (hint: require the size Rp to be
much greater than the width of the kink itself).

Problem 7. Find the form, size and static energy of the critical bubble
in the model (12.14) in four-dimensional space—time for small ¢.

Problem 8. Show by direct calculation to leading order in €, that the
static energy of the bounce configuration at T = 0, i.e. the configuration
wp(x,7 = 0), is equal to zero. Use this calculation to give an alternative
derivation of equation (12.16).
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Chapter 13

Instantons and Sphalerons
in Gauge Theories

In Chapters 11 and 12 we saw that solutions of Euclidean equations of
motion are useful for describing tunneling processes in quantum mechanics
and scalar field theory. In this chapter, we consider Euclidean solutions
in gauge theories and give interpretations of these in terms of tunneling
processes. We also discuss unstable static solutions of field equations
in gauge theories (sphalerons), which enable us to find the height of
corresponding barriers.

13.1 Euclidean gauge theories

First and foremost, we need to understand how to make the transition to
Euclidean time in gauge theories. The most naive transition, involving
the substitution ¢ = —i7, without any modification of the field A, is not
appropriate, for the following reason. If the fields A, are not modified,
then the components F{; of the field strength become complex,

F§ = 00AY — 0; A% + gf P ABAS — 10, AT — 0; A% + gf**cABAS.  (13.1)

The covariant derivatives Doy of the scalar fields also take on complex
values; the Euclidean action and the field equations will also be complex.
This is clearly unlike what happens in quantum mechanics or scalar field
theory.

Formula (13.1) suggests that at the same time as the substitution ¢ =
—i7, it is useful to make the substitution A§ — iA§. Then F§, will be

263
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purely imaginary and the Euclidean action of the gauge field will be real:

1 1
S = /ddilxdt [2F&F& — 4(th;> } —1iSg,

where )
Sy = /ddmi(Fﬁy)2, (13.2)

where the Euclidean field strengths are given by the usual expressions,
Fi, = 0,A% — 0,A% + gf Al AS, where 9y denotes 9/0., and the
summation over Greek subscripts is carried out with the Euclidean metric.
Analogously, after the substitutions

t— —iT, Aj —iAf, A — A? o — e, (13.3)

the covariant derivative of the scalar field Dyp becomes purely imaginary,
and the action of the scalar field becomes real and non-negative,

Sp = /dd D,y + V(g ©)] (13.4)
where, once again, D, is given by the usual expression,
Dyp = (0y —igT" A}))p.

To elucidate the prescription (13.3), let us again consider the theory in
Minkowski space—time and choose the gauge

@—0. (13.5)

In this gauge, the action of the gauge field has the canonical form:
s= [ aix|L@a%? - L(rey 13.6
= x§(0¢)*1(ij) ) (13.6)

where derivatives with respect to time appear only in the first term in
the integrand. We can then move to Euclidean time via the usual rule,
t — —i7, without modification of the variables A¢, and obtain

S = /ddx B(GTA;I)Q + le(Ff;.)Q} . (13.7)

The action of the scalar fields in the gauge (13.5) also has a canonical form
and admits the standard transition to Euclidean time. In principle, we
could stop at this point and search for Euclidean solutions in the gauge
(13.5). However, in practice, this is not usually convenient. Thus, it is
useful to restore the gauge invariance of the Euclidean action by introducing
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the Euclidean variable A% in (13.7). Thus, we come to the Euclidean
action (13.2), and analogously, (13.4) for scalar fields. We can search for
Euclidean solutions in an arbitrary gauge and then we shall interpret them
by transferring to the gauge (13.5).

Here, we have ignored one thing. The field equations, obtained from the
action (13.6) by varying A¢, do not exhaust all the Yang—Mills equations
D, Fj;, = 0, written in the gauge (13.5). The missing equation is Gauss’s
constraint

D;F = Dy(8pA;)* =0 (13.8)

(and the analogous condition in theories involving scalar fields). As
mentioned in Section 4.5, in classical theory Gauss’s constraint can be
viewed as an additional condition on the initial data. In quantum theory
it is imposed upon the permissible states |},

(DiFg;)|9) = 0. (13.9)

At the semiclassical level, condition (13.9) implies that configurations of
fields from which tunneling takes place (i.e. configurations of fields as 7 —
—o00) must satisfy Gauss’s constraint. For the solutions under consideration
in this chapter, this property will be automatically satisfied since we shall
solve the full system of Euclidean equations D, F),, = 0, following from the
action (13.2).

Problem 1. Find the field equations following from wvariation of the
action (13.6) with respect to the variable A;. Show that these equations,
supplemented by Gauss’s constraint (13.8), are equivalent to a full system
of Yang—Mills equations, written in the gauge (13.5).

Problem 2. The same in the theory with scalar fields.

13.2 Instantons in Yang—Mills theory

In this section we consider classical solutions with a finite FEuclidean action
in non-Abelian gauge theories without scalar fields in four-dimensional
Euclidean space, namely instantons and anti-instantons (Belavin et al.
1975). An interpretation of these solutions will be given in the next section.
The scale arguments of section 7.2 do not rule out the existence of these
solutions. At the same time, the scale transformation Af(z) — AAj(A\z)
leaves the Euclidean action (13.2) invariant, i.e. it transforms one solution
to another. Thus, the solutions must have a free parameter, the size of the
instanton.

We shall find it convenient to use a matrix formulation of the gauge field
A, = —igt® Af, where the t* are generators of the Lie algebra, normalized
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as usual, by the condition Trtt® = %éab. We shall assume that the gauge
group G is simple. We recall that, in terms of matrix fields, the Euclidean
action has the form

1
Sg = 72—92 /Tr(Fiy)d41:
(here and in what follows, the Euclidean metric is understood).

Let us first consider all possible configurations of fields with a finite
action. For these, the field strength F},,, must decrease sufficiently rapidly
as |z| — oo, where |z| = r = ,/7,,7,,. This means that the vector potentials
A, must tend to a pure gauge as |z| — oo,

Ay =ww "t as |z] — oo, (13.10)

where w(z) € G is some gauge function. Let us consider a remote sphere
53 in four-dimensional space. According to (13.10), any configuration with
finite action defines a mapping of this sphere to the group G:

w: S8 =G,

Moreover, we know that 73(G) = Z, for any simple Lie group G (see
Chapter 8). Consequently, gauge functions divide into disjoint homotopy
classes, enumerated by the integer ). Configurations of gauge fields with
finite Euclidean action also divide into disjoint homotopy classes according
to their asymptotics (13.10). Here, assignment to a particular class does
not depend on the choice of remote sphere S® in Euclidean space, and
gauge-equivalent configurations belong to the same homotopy class.

Problem 3. Consider two remote spheres S and Sy with radii Ry and
Ry. Suppose that between these spheres the field A, has the form (13.10).
Show that gauge functions w(R1,n,) and w(Ra,n,) on these spheres belong
to the same homotopy class (n, is a unit radius vector in four-dimensional
space).

Problem 4. Suppose A, (x) has the behavior (13.10), Aﬁ(m) is a gauge-
transformed field (Q(z) is a gauge function which is smooth throughout the
four-dimensional space). Show that A, (z) and AS}(x) belong to the same
homotopy class.

Without loss of generality, we may suppose that w(z) in (13.10) depends
only on angles. Indeed, if w(r,n,) depends on r = |z| (n, is a unit radius
vector in four-dimensional space), then one can construct a gauge function
Q(r,n,) = w(R,n,)wt(r,n,), where R is the radius of some fixed remote
sphere S3. For all sufficiently large r, the gauge function € belongs to
the trivial (zero) homotopy class, which contains the unit element of the
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group G (indeed, Q(R,n,) = 1, and as r varies, the function Q(r,n,)
varies continuously). Thus, Q(r,n,) can be smoothly extended to the whole
space, including the interior of a ball of radius R. Having performed the
gauge transformation Q(z) on the original vector potential A, (z) in the
whole space, we obtain that the transformed vector potential belongs to
the same homotopy class as A, (x) and has asymptotics with gauge function
(Q-w)(r,n,) =w(R,n,), independent of r.

Thus, we arrive at a topological classification of Euclidean configurations
of a gauge field with a finite Euclidean action. The minimum of the action
over fields with a fixed topological charge @ (i.e. in each topological sector),
if it exists, is a solution of the Yang-Mills equations. Our next task is to
find an explicit form of the solution in the sector with ) = 1, the instanton

(and for @ = —1, the anti-instanton), in the theory with gauge group
SU(2).
It is useful to write down an explicit expression for Q:
Q—i do, e MTr (Wd,w ™ - wihw™! - wd,w™!) (13.11)
= 50 ouE r(wow™ " - wihw™ " -wdw™ "), .

where the integration is carried out over a remote sphere. We recall that the
Greek indices take values 0,1,2,3; the antisymmetric tensor #*** is defined
such that €123 = 1. To prove the representation (13.11) in the theory with
gauge group SU(2), we recall that any gauge function w(n,) € SU(2) can
be represented in the form

w(n) = ve(n)oq, (13.12)
where a = 0,1,2,3; 09 = 1, 0; = —i7; and the real functions v, (n) satisfy
the relation

VaVo = 1.

The relation (13.12) is a one-to-one correspondence between the manifold of
the group SU(2) and the sphere SgU(z)? the topological number @ is in fact
nothing other than the degree of the mapping of the remote sphere S to
the group SU(2). One can check directly that (13.11) leads to an expression
for the degree of the mapping of the sphere to the sphere, considered in
Chapter 8.

Problem 5. Write down the expression (13.11) in terms of v, (n). Show
that the expression obtained is indeed the degree of the mapping of the
remote sphere S® to the sphere SE;’U(Q).

In the general case of an arbitrary simple gauge group, the proof of
formula (13.11) is more complicated, and we shall not dwell on it here.
The fact that the integral in (13.11) is a topological characteristic of the
mapping S% — G is evident from the result of the following problem.
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Problem 6. Show for an arbitrary gauge group that the wvalue of the
integral (13.11) does not change when the function w(x) changes smoothly
on the sphere S3.

The next step involves the transformation of the surface integral (13.11)
to a volume integral. For this, we recall that (see Problem 8 of Section 4.2)

Tr (F,, Fu) = 0,K,,

where

Fuv = S€umwnpFxp

2
is the dual field, and

2
KM = aul,/\pTI‘ (F,,)\Ap — 3A,,A,\Ap> : (13.13)

Consequently, the integral of Tr (FWFW) over the four-dimensional
volume, reduces to the surface integral of K, over the remote three-
dimensional sphere. On this sphere, the F),, vanish more rapidly than
72, by virtue of the finiteness of the action; furthermore, A, ~ r~!, and
thus the first term in (13.13) does not contribute to the surface integral.
We obtain, therefore,

Q=-

o7 /d4xTr (FuFou). (13.14)

Then we can use a trick which we have already employed a number of
times (in Sections 7.4 and 9.4). Let us consider the evident relation

/d‘*fo v — F)? >0, (13.15)
where we have equality only when
Fu =F,.,

everywhere in the space. Taking into account the fact that Tr (FWFW) =
Tr (FFy), the inequality (13.15) leads to a lower bound for the Euclidean
action in the sector with fixed @,

82
> 7@

This inequality is useful for positive @Q; for negative () one has to use the
fact that Tr (Fj, + F,mu) > 0, where we have equality if F},, = Fw
Repeating the previous argument, for negative (Q we have:

82
S > ?|Q|. (13.16)
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In both cases, the absolute minimum in the sector with given @ is
reached if the following first-order equations are satisfied:

F,u,z/ = Fp,y, Q >0 (1317)
F, = —F,, Q<o. (13.18)

Equation (13.17) is known as the self-duality equation, while (13.18) is the
anti-self-duality equation. They are, of course, simpler than the second-
order equation D,F,, = 0, the original Yang-Mills equation. From the
Bianchi identity (see Problem 13 of Chapter 4),

5,uy)\pDuF)\p =0,

it follows that any solution of equations (13.17) or (13.18) satisfies the
general Yang—Mills equation; the converse does not hold.

Let us now find the instanton in the SU(2) theory, namely, the solution
of equations (13.17) in the sector with @ = 1. For this we first construct
the asymptotics as r — oo. This is equal to pure gauge (13.10), where
w(n*) must be the first non-trivial mapping of the sphere S® to SU(2).
In terms of the functions v,, in (13.12), this means that we must have a
mapping S° — S (o) of degree one. The simplest choice for this is

Vo (TL#) = Na,
such that
W= NyOq-

Hence, the gauge fields as r — oo behave like

9, 4 —
Au(r — o00) =ww™t = aaognaw. (13.19)
T
Further,
Tatly = 6ap + iNapaT, (13.20)

where the values of the symbols 7,3, are obtained by direct substitution
of the expressions o, = (1, —iT), ol = (1,47). The symbols 7,4, are called
(in physics) 't Hooft symbols. They are antisymmetric in the indices a, 8
and their non-zero components are

Noia = —MNioa = Oia
Nija = Eija-

Also, by direct substitution, one can establish that the 't Hooft symbols
are self-dual in the first indices

1
§5a,6'y6 *Nyéa = NaBa- (1321)
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Problem 7. Prove the relations (13.20) and (13.21) by direct
substitution.
Substituting (13.20) in (13.19), we have for the asymptotics of the field

Ay = —iNpeaE7a, T — 0. (13.22)
T

Of course, this field belongs to the algebra of the Lie group SU(2).
The asymptotics (13.22) suggests the following Ansatz for the field A,
in the whole space,

Ay = )™ = —inuaa = f(1)7a. (13.23)

The field strength for such vector potentials is equal to

F/»W = 22.77#1/(1@7@ +1 <2f(1;f) — f7,

" > (n,u"?uozana - nun/_taana)Ttr

(13.24)

Problem 8. Check the validity of (15.24) by direct calculation.

The self-duality equation can then be solved in explicit form. Since the
first term in (13.24) is self-dual, in order to satisfy the self-duality equation
it is sufficient to satisfy the following equation:

fr=250- ), (13.25)

Here, we have to require that the function f(r) tends to unity as r — oo
(then the field (13.23) will have the asymptotics (13.22)) and to zero as
r — 0 (sufficiently rapidly that the field (13.23) is regular at the origin).
A solution of equation (13.25) with these properties has the form

T2

L — 13.26
r2 + p2’ ( )

f
where p is an arbitrary constant of integration. We note that p is the size of
the instanton, i.e. the size of the region where A, differs significantly from
its asymptotics (13.22). As one might expect, the size of the instanton is
an arbitrary parameter.

Thus, the instanton solution has the form

AP = —inaT, (13.27)

Tazy B
where we have taken into account that n, = x,/r. The field strength is
given by the first term in (13.24) and is equal to

2

inst __ o P
P = B G e
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Recalling the connection between matrix fields and their real components,

A, = fz'g§AZ, we then write for the components
. 2 1
a,inst __
Ap‘ - ;TZ +p2{r]}tl/a$l/'

We note that the field F),, decreases as a power law, which should be the
case for a massless field. The action of the instanton, according to (13.16),

is equal to

2
Sy = 89%. (13.28)

Problem 9. Check formula (13.28) by direct calculation.

Problem 10. The Yang—Mills action is invariant under the group SO(4)
of spatial rotations and the global group SU(2) of gauge transformations,
which do not depend on the point of space. Under which subgroup of this
group SO(4) x SU(2) is the instanton solution invariant?

To find the anti-instanton, we use the fact that the gauge function

wl=0ln, (13.29)
has topological number () = —1. Repeating the calculations of this section,
we obtain for the anti-instanton

1
Ay = —iMppa®yTa—— 13.30

B Nuva uTaTQ T /)27 ( )
where j,,,,, is the anti-self-dual 't Hooft symbol,

Noia = —Tioa = —Oia

Nija = Eija-
The action for the anti-instanton is also equal to 872 /g2
Problem 11. 1) Show that

0105 = 6up + iTapaT”. (13.31)

2) Show that

1 _ _
igaﬁ'yﬁ *Mysa = —NapBa-

3) Show that

n
1 . «
W Ouw = _ZWWT Ty
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4) Show that the topological number of the gauge function (13.29) is equal
to (—1).
5) Show that the field (13.30) satisfies the anti-self-duality equation
(13.18).

13.3 Classical vacua and #-vacua

Based on the considerations studied in Chapter 11, we can expect that the
instantons in Yang—Mills theory will describe a certain tunneling process
from the ground state. The possibility of a decay interpretation (of the
type met in Section 11.2 and Chapter 12) must be immediately excluded,
since the classical vacuum in theory (the configuration A = 0) has the
least possible classical energy, equal to zero. Thus, the only possible
interpretation is tunneling between degenerate classical vacua (Gribov
1976, Jackiw and Rebbi 1976a, Callan et al. 1976). The instanton solution
itself should suggest to us precisely between which states tunneling takes
place: we saw in Section 11.3 that the initial and final states are determined
by the asymptotics of a Euclidean solution as 7 — oo and 7 — o0,
respectively, where 7 is Euclidean time. Thus, we are interested in the
asymptotics of the instanton as 7 — +oc.

As emphasized in Section 13.1, for the interpretation of instantons, we
have to work in the gauge

Ay = 0. (13.32)

The solution (13.27) does not satisfy this condition, thus, we have to
perform a gauge transformation over it, i.e. to consider

A, = QAT 409,071 = QA — Q719,000 (13.33)

Here and later in this section, A,, without the superscript “inst” denotes
the instanton field in the gauge (13.32). From the requirement Ay = 0 we
obtain

1

Q7190 = AP = g
0 0 X2 L 22+ P

(13.34)

This equation determines the gauge function Q(z° x) modulo a gauge
function depending only on spatial coordinates. Taking into account the
fact that for the instanton solution Fi7** — 0 as 2° = 7 — Fo0, we can
make use of the residual gauge freedom to set

Ai(x,7) — 0, T— —o0. (13.35)

Thus, we shall consider tunneling from the trivial vacuum A = 0.
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We further take into account the fact that the spatial components of the
original solution (13.27) have the form:

Lj

ins . Zo
Alnst = 145 -
X“ x5+ p

zaX2+xg+p2 o

0=

Ta, (13.36)

ié?ija

and decrease as x T — —oo. This means that the requirement (13.35)
reduces to the condition

0;Qx, 7 — —00) =0
so that, without loss of generality, we can set
Q(x, 7 — —oc0) = 1. (13.37)

The solution of equation (13.34) with condition (13.37) can then be found
in explicit form:

Q(x, 7) = e~iT 2 F(lxl) (13.38)

where % = z%/|x| is a unit radius vector in three-dimensional space, and

|| ; T I

——— | arctan —— + — | .

Vx4 p? VP 2

To find the asymptotics of the instanton solution as 7 — oo in the gauge

Ap = 0, we use the fact that the original field (13.36) decreases as 7 — +00.
It then follows from (13.33) that

F(lx|,m) =

Ai(x, 7 — +00) = 09,07, (13.39)
where 27 depends only on x and is equal to
O (x) = Q(x, 7 — +00).
From (13.38) we obtain in explicit form:
Oy (x) = e @ () (13.40)

where
x|

N
We conclude that the instanton describes tunneling between the classical
vacuum A = 0 and the classical vacuum (13.39), which is a pure gauge and
has zero energy.

In order to comprehend this result, we consider all possible classical
vacua of Yang—Mills theory, i.e. pure gauge fields

F(x))=mn (13.41)

A = Q0,071 (13.42)
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where, as before, we work in the gauge Ay = 0, and Q(x) depends
only on the spatial coordinates. We are interested in transitions between
different pairs of vacua of the type (13.42). We note first that such
transitions are only possible if the field A; does not vary at spatial infinity,
otherwise a transition would require an infinite kinetic energy (the integral
[ d*z(9pA?)* would diverge) and an infinite action. In other words,
transitions are only possible between those vacua whose gauge functions
Q(x) are the same at spatial infinity. Without loss of generality, we can set

Qx| — o0) =1 (13.43)
for all vacua.!

Some of the classical vacua are not separated by a potential barrier at
all. By potential energy in this case, we mean the static energy of a gauge
field (the term in the energy functional not containing derivatives of the
field A; with respect to time),

1 3
Egar = *2792/61 zTr (FijFij)

(see formula (13.6) and the discussion in Sections 12.1 and 13.1). A barrier
does not exist between a pair of classical vacua if and only if the gauge
function  can be continuously deformed from its value in the first vacuum
of the pair to the value in the second vacuum (in such a way that condition
(13.43) is always satisfied). In this case, there exists a path in the space of
classical vacua (i.e. a path with zero potential energy) connecting the two
vacua of the pair.

We further note that since we are considering only functions Q satisfying
condition (13.43), we are concerned with mappings of the space R® with
infinity identified to the gauge group G. Since R3 with infinity identified is
homotopic to the sphere S2, these mappings, and the respective classical
vacua, divide into homotopy classes characterized by elements of m3(G) =
Z. From what has been said earlier, it is clear that there is no barrier
between classical vacua if and only if the corresponding gauge functions
Q(X) belong to the same homotopy class; these vacua are said to be
topologically equivalent.?

On the other hand, there exists a barrier between topologically
inequivalent vacua, and transitions between these take place by tunneling.
The instanton describes the transition between the vacuum A = 0 with

1Since m2(G) = 0, this condition can always be satisfied by performing a gauge
transformation which is smooth throughout space and does not depend on time.

2From the point of view of quantum theory, topologically equivalent vacua can be
identified with one another. The operator D;F;; is an operator of infinitesimal gauge
transformations, and the condition D;Fjj;|¢)) = 0 implies that the wave function |¢) is
the same in all topologically equivalent vacua.
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topological number zero and the vacuum (13.39) with topological number
unity (the topological number of a vacuum and the topological number of a
Euclidean configuration are related, but not identical concepts, and should
not be confused). Indeed, for the topological number of the vacuum (13.42)
one can write down an expression completely analogous to (13.11),

1
2472

n(Q) = / AT (Q0,07 00,07 00,07) . (18.44)
By direct substitution, one can show that () = 1, if Q4 (x) is determined
by formulae (13.40) and (13.41).

Problem 12. Show by direct calculation that n(2;) = 1.

In fact, explicit calculation of the gauge function (x, 7), its asymptotics
Q1 (x) and topological number n(£21) is not necessary. Indeed, let us show
that any configuration with finite action and topological number @, where
Q is defined in a gauge-invariant way according to (13.14), interpolates in
the gauge Ayg = 0 between vacua with topological numbers n, differing by
Q. The fact that the action is finite means that F,, — 0, as (124x?%) — oo,
i.e. that A, is a pure gauge at infinity in space-time. Let us consider the
infinitely remote cylinder in four-dimensional Euclidean space—time, shown
in Figure 13.1. In the gauge Ay = 0, the field A; does not vary on the
lateral surface of the cylinder (since Fp; = 0 on that surface); without loss
of generality, it may be assumed to be zero.

The integral (13.14) then reduces to the difference of the surface integrals
over the bases of the cylinder for 7 — 400 and 7 — —oo (compare with
(13.11)). On the bases

Ai(x,7 — —o0) = Q90"
Ai(X,T—>+OO) = QlaiQ;17

where Qp(x) and 4 (x) are gauge functions characterizing the initial and
final classical vacua. These integrals over the bases of the cylinder represent
topological numbers of the vacua £y and 1, so that

Q =n(21) —n(Q), (13.45)

as required.

Thus, the situation in non-Abelian four-dimensional gauge theories is
analogous to the quantum-mechanical model with a periodic potential,
considered in Section 11.3. Up to topologically trivial gauge trans-
formations, there exists a discrete set of classical ground states, enumerated
by the integer n. The field A; (in the gauge Ag = 0) in each of these vacua
is a pure gauge, A;(x) = Q,(x)9;Q,,1(x), where the topological number
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T

ey
N | A

Figure 13.1.

of the vacuum (2,, is equal to n. Tunneling between neighboring states is
described by an instanton (if n is increased by one) and by an anti-instanton
(if n is decreased).

This analogy can be developed further. Let us introduce into the
quantum theory the gauge transformation operator with topological
number 1, T = T(€y), which acts such that T-'A,T = QlAiQfl +
0 &-Qfl. This operator commutes with the Hamiltonian (we assume that
the gauge invariance under time-independent transformations is preserved
in the quantum theory in the gauge Ay = 0; this assumption is valid in
non-anomalous gauge theories). Thus, it is simultaneously diagonalizable
with the Hamiltonian

T|Wg) = | Wy). (13.46)

In particular, from the states |n), with wave functions confined near the
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classical n-vacua, we construct states®

+oo

0)= > e ™n) (13.47)

n=—oo

which satisfy (13.46). Physical states obtained by the action of (localized)
gauge-invariant operators on the f-vacuum (13.47), have the same value
of 0; if |Uy) = O|9>, where O is a gauge-invariant operator, then equation
(13.46) is satisfied for |¥y). Thus, the parameter 6 is an integral of motion;
it does not change in the process of evolution under the action of any gauge-
invariant Hamiltonian. In other words, the parameter 6 is yet another
“universal constant,” in addition to the coupling constant g.

We see that the presence of a complex vacuum structure and of
instanton effects in four-dimensional non-Abelian gauge theories leads to
the occurrence of an additional coupling constant 6. The dependence
of physical quantities on 6 is determined by the tunneling amplitude:
matrix elements of gauge-invariant operators in the f-vacuum contain
contributions of the type e?(n + 1|O|n), which are proportional to the
overlap of the states [n) and |n + 1), i.e. to the quantity

e—S;nSt _ 6—87\'2/g2
(at least when ¢ is small). These considerations hold true not only in
pure Yang—Mills theory, but also in more complex gauge theories? (with
additional matter fields, the Higgs mechanism, etc.).

The emergence of the parameter 6 is very significant in quantum
chromodynamics, where C'P is broken at 6 # 0 (’t Hooft 1976a,b). This
contradicts experiments searching for the electric dipole moment of the
neutron, if # > 1072, One solution of this “strong C'P-problem” is to add
new fields, and this leads to the prediction of a new particle, the axion
(Peccei and Quinn 1977, Weinberg 1978, Wilczek 1978).

We note that the instanton can be given a slightly different interpretation
(Manton 1983), which, in fact, is equivalent to the above. From the
point of view of gauge-invariant quantities, topologically distinct classical
vacua are equivalent, since they differ only by a gauge transformation.
Let us identify these vacua. Then the situation becomes analogous to the
quantum-mechanical model of the pendulum. Namely, in the gauge Ag = 0,
let us consider the configuration space, the set of all static configurations

3As already mentioned, physical states, including [n), are invariant under
topologically trivial gauge transformations. Thus, the specific choice of Q;(x) is not
significant.

4The dependence on # disappears in gauge theories with massless fermions, and also
in the Standard Model of electroweak interactions, because of the specific properties of
fermions in fields of instanton-like configurations; see Appendix.
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A;(x) with finite static energy, where gauge-equivalent configurations are
identified. In this set there is a single ground state, the classical vacuum.
Let us now consider possible paths in this set, A;(x,7), beginning and
ending at the classical vacuum. Then 7 is a parameter along a path; we
shall suppose that it varies from 0 to 1. For each of these paths, we can
define the quantity

1
Q= 7#/ dT/desijka (0 Ai Fij).
0

This quantity does not depend on the choice of parametrization of the
path (i.e. it is invariant under the substitution 7 — 7/(7)) and coincides
with (13.14), if formally we set Fo; = JpA;. As in the previous section,
we find that @ takes integer values for paths beginning and ending in the
vacuum; paths with different @ cannot be continuously deformed into one
another. Thus, in configuration space there exist non-contractible closed
paths, analogous to a full rotation of a physical pendulum. The static
energy along paths with @ # 0 takes non-zero values (since everywhere on
the path Fj; # 0), i.e. evolution along such paths is possible at zero energy
only via tunneling. This tunneling process is described by the instanton.
The parameter € is introduced analogously to in the model of a physical
pendulum, by a change in the Lagrangian, namely by the addition to the
original action (in Minkowski space) of a term

9 _
—W/Tr (FMUELV)d4I

(compare with (11.36)). This term is a total derivative, and does not affect
the classical field equations. At the same time, it is non-zero for instantons,
on which it takes a purely imaginary value, and leads, as in the case of the
pendulum, to a dependence of the physical quantities (for example, vacuum
expectation values of gauge-invariant operators) on 6.

Finally, we stress that in four-dimensional space—time, everything that
was said in the previous sections goes over (with minor modifications)
to theories with an arbitrary non-Abelian simple gauge group. The
generalization to semi-simple gauge groups is also not complicated:
instantons exist independently for each simple subgroup. At the same
time, in Abelian four-dimensional theories, there are no instantons, there is
no vacuum structure associated with the latter and there is no additional
parameter 6.

To end this section, we shall briefly discuss the topological classification
of classical vacua in the Abelian Higgs model in two-dimensional space—
time. Classical vacua in the gauge Ag = 0 are static pure gauge con-
figurations

A@l) = éala(xl) (13.48)
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ox') = (@) Ly, (13.49)
The analogue of equation (13.43) is the requirement
e @) =1 ! - foo. (13.50)
Without loss of generality, we can set
a(z! — —o0) =0,

then the admissible values of the gauge function as ' — 400 are equal to

a(z' — 4+00) =210, n=0,+1,+2,.... (13.51)
The integer n characterizes different vacua; it is analogous to the vacuum
topological number (13.44). Indeed, under condition (13.50), the space can
be interpreted as a circle of large length. The gauge function eie(@’) maps
this circle S}% to the group U(1), which is also a circle 5111(1)- The degree
of the mapping Sk — Sllj(l) is given by the integer n, which appears in
(13.51). We note that for pure gauge fields, the topological number of the
vacuum can be written in the form

) ~ o~ 1
n= L/Qalg—ldaz—l - —/Aldxl,
27 2

where Q = e?(@") is the gauge function of the vacuum configuration.

The gauge fields A;(z°, 2'), interpolating between topologically distinct
vacua, for 2° — 400 tend to vacuum configurations of the type of (13.48)
with gauge functions with different topological numbers (as before, we work
in the gauge Ag = 0). Such configurations A;(z°, ') can be characterized
by the quantity

€
q= E/SNVFNVd2w7

which is analogous to the topological number (13.14) of four-dimensional
configurations. In the gauge Ay = 0 we have, after integration over time,

20:+oo

P [/mAldxl} = n() — n(Q),

21 | ) oo 20— oo

where Qy and { are gauge functions of the initial and final vacua. This
formula is completely analogous to (13.45).

To describe tunneling between neighboring classical vacua, we need to
find a solution of the Euclidean field equations with ¢ = 1. In fact,
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we already know this solution, it is the Abrikosov—Nielsen—Olesen vortex,
which is interpreted as an instanton in Euclidean two-dimensional space—
time.

Thus, the Abelian Higgs model in two-dimensional space—time has the
same structure of the gauge vacua as four-dimensional non-Abelian gauge
theories. In this model, the vortex solution serves as the instanton.

13.4 Sphalerons in four-dimensional models
with the Higgs mechanism

Let us now consider the question of the height of the barrier separating
classical topologically distinct vacua. As mentioned in Sections 11.2 and
11.3, a key role here is played by the sphaleron, a static unstable solution of
the classical equations of motion. Namely, in systems with a finite number
of variables, considered in Chapter 11, the barrier height is equal to the
value of the potential at the saddle point (sphaleron). In field theory, we
are interested in the saddle point of the static energy functional.

In four-dimensional Yang—Mills theory without the Higgs mechanism,
the static energy has the form

Fgtar = fT;Z P Tr (F}).
The scale argument of Section 7.2 shows that the functional Fg,t does
not have extremal configurations. Indeed, under the scale transformations
A;(x) — AA;(Ax), we have Egpat — AFEgtat, which implies that there are no
extrema. In other words, configurations of large size may have arbitrarily
small energy (if the A;(x) are concentrated in a region with size of the
order of unity, then A;(Ax) are concentrated in a region with size of the
order of 1/)). The energy along a path connecting topologically distinct
vacua can be arbitrarily small.

To clarify why this property does not lead to a large probability of
tunneling, let us consider the set of configurations of the form

Ai(x,t) = B9, Ag =0, (13.52)

where 1 is a gauge function of the type of (13.40), (13.41). The important
thing for us is that £ (x) is non-trivial and that Q1 = Q4(x/p), where p is
an arbitrary scale. For 8 = 0 and § = 1, configurations of the type (13.52)
are classical vacua with n = 0 and n = 1, respectively. For configurations
of the form (13.52) we have

Fyj = (1 - p)[Qo;Q71, 00,071,
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and the static energy is equal to
1 _ _
Euar = [(1 — B))? / f@Tr ([20,271,Q0,Q7 1) d3x.

Making the change of variables x = py, we obtain

1
Estat = %[ﬂ(l - ﬁ)]2clv

where C7 does not depend on p. Analogously, the kinetic energy,
Ey = —9—12 /deTr (D0 A;)?
for configurations (13.52), has the form
Ex = TSQC2B2;

where C5 is also independent of p. Thus, if we restrict ourselves to fields of
the form (13.52), then we obtain a mechanical system with a single variable
B(t) and action (in conventional time):

Sy = /dt(Ek — Byay) = /dt {;20252 - %[5(5 - 1)]2} . (13.53)
g g-p
We note that the potential in this system is proportional to 1/p, so that the
barrier between states § = 0 and 8 = 1 is small for large p. At the same
time, the effective mass (coefficient in front of 3% in (13.53)) is proportional
to p. As a result, the tunneling exponent does not depend on p:

' P O 12
/0 \/9202 13 - 1P
1 1

VGG, /0 B(5 — 1)dB.

The example of configurations of the form (13.52) shows that the tunneling
exponent is finite, despite the fact that the potential barrier is arbitrarily
low, and that this property is associated with a growth of the kinetic term
as the spatial size of the configuration increases.

The fact that the potential barrier between topologically distinct vacua
is arbitrarily low in the four-dimensional Yang—Mills theories is directly
associated with the masslessness of the vector fields. In theories with the
Higgs mechanism, configurations of gauge fields with large size have large
energy and the barrier is of finite height. In these models, the sphaleron

/01 V2MVdg
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must exist (Manton 1983, Klinkhamer and Manton 1984). Our next task
is to determine the structure of the sphaleron and to estimate the barrier
height in a theory with gauge group SU(2) and a Higgs field doublet:

6= ((bl)
¢2
This model could be viewed as the limiting case of the Standard Model,
when the gauge constant g’ of the group U(1) is equal to zero, i.e. sin 6y =
0. This model was discussed in Section 6.2; we recall that modulo global
transformations, the following are satisfied in the trivial vacuum:

4, =

vac  __ i 0
= V2 <¢0>’

where, in the notation of Section 6.2,

o

(13.54)

1

Small perturbations about this vacuum have masses

9%
2

my = \/ﬁ(ﬁo .

It will be convenient for us to choose the origin for the energy such that in
classical vacua F = 0; then the Euclidean action in the model is written in
the form

SE:/d4x

and the static energy is equal to

my =

1 1o\
g2 T Fiiw  (D,9) Do+ A (M - 2¢%) ] :

2
By = / Bz [—Q;ﬁ F2 4 (Di) Db+ A <¢T¢ _ ;%) ] . (1355)

In the gauge Ag = 0 the classical vacua are gauge-transformed fields (13.54)

Ai (X) = Q@zﬁ_ !
P(x) = Qv

As in the previous section, they are determined by the gauge function €(x)
and are characterized by the topological number n.
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To guess the structure of the sphaleron solution, let us consider, first,
Euclidean configurations with

1 ~
Q=153 / d*xTr (F,, F,,) = 1.

In the gauge Ag = 0, these interpolate between neighboring classical vacua
with topological numbers n(2) differing by one. It will be convenient for
us to leave the gauge Ay = 0 and again consider the fields A,(x) with

asymptotics

Au(z) »wi,wt, =1 - o0

in four-dimensional Euclidean space, where w(x) = 04n, (in the notation
of Section 13.2). The configurations of the Higgs field of interest must have
a finite Euclidean action, therefore asymptotically,

P(x) = w(z)p™

(in this case only, the covariant derivative D, ¢ and the scalar potential are
equal to zero on the infinitely remote sphere S in four-dimensional space).
If we then consider configurations of the form

Au(z) = f(rwow™!
b@) = h(r)ws™, (13.56)
where f and h depend only on r = V22 = v/x2 + 72 and satisfy the evident

conditions f(oco) = h(oco) = 1, f(0) = h(0) = 0, then one can show that
they have the following properties:

e they have SO(4) symmetry under rotations of four-dimensional space,
supplemented by global transformations from the full global group of

the theory;

e under inversion of Euclidean time 7 — —7, configurations with @ = 1
transform into configurations with () = —1, and the same functions
f and g.

Problem 13. Verify these two properties. Hint: wuse the result of
Problem 10 and the additional global SO(3) symmetry, considered in
Problem 6 of Section 6.2.

The second of the above properties implies that at time 7 = 0 the
field configuration is half-way between neighboring vacua (after it is
transformed to the gauge Ag = 0). Thus, we can hope that modulo a gauge
transformation, the sphaleron will be a configuration of type (13.56) taken
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at 7 = 0. Of course, only the spatial components of the vector potential
A;(x,7 = 0) are important as far as we are concerned. Since the energy is
invariant under a gauge transformation taking the configuration (13.56) to
the gauge Ag = 0, there is no need to perform this gauge transformation
in order to find the barrier height. Thus, we may expect that modulo a
gauge transformation, the sphaleron configuration will have the following
structure:

Ai(x) = f(x)wodiwg '
¢(x) = h(|x[)wop™,

where wo(x) = w(x,7 = 0) = —iT,Z,, and, as before, we have denoted
Za = xq/|x|. In explicit form,

Al(x) = —Z.Eija.’f;‘jTaf(bZTD
olxl) = ¢oh(|X|)(iTaia)((1)>7 (18,57

where f and g satisfy the conditions
f(oo) = h(o0) =1
f(0) = n(0)=0.

Since any configuration of this structure lies (modulo a gauge
transformation) half-way between two neighboring vacua, in order to obtain
the sphaleron solution, we need to find the minimum of the static energy
among configurations of the form (13.57): at this minimum the barrier
height will be minimal, whereas the negative mode must fall outside the
class of configurations (13.57), i.e. have a different spatial and group
structure.

Problem 14. Show that the Ansatz (13.57) passes through the field
equations, i.e. the static field equations reduce to two ordinary differential
equations for the functions f(|x|) and h(|x|). Show that these equations
can be obtained by finding the extrema of the energy functional (18.55) in
the class of configurations of the form (13.57). We note that this property
is a consequence of the SO(4) symmetry of the field (13.56) (which, on the
surface T = 0, leads to SO(3) symmetry of the field (13.57)).

These arguments suggesting the possibility of searching for the sphaleron
in the form (13.57) are by no means rigorous. A solution of the field
equations with the Ansatz (13.57) is relatively easily found numerically.®

5This solution was found by Dashen et al. (1974), and also independently by Soni
(1980) and Boguta (1983). Its interpretation as a sphaleron was given by Manton (1983)
and Klinkhamer and Manton (1984).
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Analysis of the actual number of negative modes around this solution is a
very much more complicated problem. It has been shown, using numerical
calculation (Yaffe 1989), that among the fluctuations around a solution of
the form (13.57) there is indeed exactly one negative mode for m, < 12my;
when the model parameters are related in this way, the sphaleron indeed
has the form (13.57). Otherwise, the sphaleron does not have the form
(13.57). We note that in the electroweak theory the region m, < 12my
covers all the physically interesting region of the Higgs boson masses.

The dimensional estimation of the static energy of the sphaleron repeats
the estimation of the mass of the magnetic monopole, given in Section 9.1,
word for word. Traditionally, the sphaleron energy is written in the form

2
Eun = —'B (m") , (13.58)
ay my

where ay = g%/4m, and the function B varies within the range 1.56-2.27
as m, ranges from small to large values (this is the result of numerical
analysis (Klinkhamer and Manton 1984)).

Problem 15. FEstimate the sphaleron energy by the wvariational
method, choosing for f(|x|) the function corresponding to the instanton
configuration,

2

X
f - X2 i p27
and taking for h(|x|) the function
]

h=————.
Take p? as a variable parameter.

As has already been stressed on a number of occasions, sphalerons are
useful for describing processes of transition between topologically distinct
vacua at finite temperatures. We shall discuss this point in Section 17.4,
but here, we merely indicate that such processes are of considerable interest
for cosmology.

To conclude this section, we note that the scale argument of Section 7.2
prohibits the existence of instantons in four-dimensional theories with
the Higgs mechanism. This does not mean that there is no tunneling
between topologically distinct vacua in these theories; however, its analysis
requires special methods ("t Hooft 1976b, Affleck 1981) which are briefly
discussed in the Appendix. In Yang-Mills-Higgs theories the lower bound
(13.16) is a strict inequality, so that in any case in theories with a small
coupling constant, the probability of tunneling processes of instanton type
is exponentially small, T’ < exp(—1672/g?).
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Supplementary Problems
for Part 11

Problem 1. Non-topological solitons.!
Let us consider the theory of two real scalar fields ¢ in (1 + 1)-
dimensional space-time. We choose the Lagrangian in the form

1
L= 3D 0up"du™ = Vol) = Vi),

where

2
Vo(p) = 2 (Z 0" —v2>

Vilp) = —epl.
We note that for ¢ = 0 the Lagrangian is invariant under global O(2)
symmetry. The term V; () in the potential breaks this symmetry explicitly.

1. Find the dimensions of the constants A, v and e.

2. Find the ground state and the spectrum of small perturbations about
it for small .

3. Prove that for sufficiently small € there exists a soliton, a static local
minimum of the energy functional which is a solution of the field
equations and has finite energy.

4. Show that this soliton can be deformed to the ground state, in such
a way that all intermediate field configurations have finite energy.
Thus, the soliton is not of a topological nature.

5. Estimate the height of the energy barrier between the soliton and the
ground state for small e.

n four-dimensional space-time these solutions describe domain walls. Walls with
this structure arise in certain models with axions and are of cosmological interest
(Vilenkin and Everett 1982, Kibble et al. 1982).

287
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Problem 2. Potential of the interaction of vortices.

Consider an Abelian Higgs model in (2 + 1)-dimensional space—time and
choose my > my (mpy and my are the masses of the Higgs and the vector
boson, respectively).

1. Find the interaction energy of two vortices separated by distance r
in the following cases:
(a) > my", large distances;
(b) m(/l >r>> m;{l, small distances; in this case we limit ourselves
to logarithmic accuracy, i.e. we suppose that

|In(rmy )| > 1, |In(rmg)| > 1.

2. The same for the vortex and the anti-vortex.

Problem 3. Multi-instanton solutions (’t Hooft 1976¢c, Jackiw et al.
1977).

Consider the Yang—Mills theory in Euclidean four-dimensional space—
time. Choose the following Ansatz,

1_
A?}, = _gnuyaauan (b)a

where ¢(z#) is a real function.

1. Show that the self-duality equations F),, = N,“, reduce to the four-
dimensional Laplace equation

0,0, =0
at all points where ¢ # 0.

2. Show that singularities in the function ¢ of type 1/z? lead to pure
gauge singularities in the vector potential Ajj, i.e. to singularities
which can be removed by a singular gauge transformation.

3. Find n-instanton solutions of the given structure. Show by explicit
computation that for these,

/Flwﬁ‘wdzlx X n.

4. Find in explicit form the gauge transformations taking the solution
obtained in point 3 with n = 1 to the standard form, given in the
main text.
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Problem 4. Sphaleron in the Abelian Higgs model (Bochkarev and
Shaposhnikov 1987, Grigoriev and Rubakov 1988).

Find the sphaleron in the Abelian Higgs model in (1 + 1)-dimensional
space—time.

Problem 5. SU(2) sigma model in (3 + 1)-dimensional space-time
(Skyrme 1961).

Suppose the field U(z) is a 2 x 2 matrix from the group SU(2) at each
point of space-time (equivalently, the field may be considered as taking
values in the three-dimensional sphere of unit radius — we recall that the
SU(2) group manifold is S3; in this sense the model is analogous to n-
field models). We require the Lagrangian to be invariant under global
transformations from the group SU(2) x SU(2); where the first SU(2) will
be denoted by SU(2)r and the second by SU(2)g. The transformation
rule is chosen in the form

left : U(z) - U'(x) =wrU(x), wr € SU2)L
right : U(x) - U'(z) =U(x)wgr, wg € SU(2)g.

1. Show that the monomials

Lo Tr (8,U70,U),
L, = Te([U'9,U,U,U|US,U,U,U))

are invariant under SU(2)r x SU(2)g. Here, as usual, [,] denotes the
matrix commutator.

2. Consider the Lagrangian

F2 92
L=—Ls+ =1Ly
5 2 + 164
Find the dimensions of the constants F' and g. Show that £ contains
at most two derivatives of the field U with respect to time. Find the
energy functional and show that the energy is non-negative.

3. Show that for the ground state, one can choose U(x) = 1. By
considering small perturbations about the ground state, find their
spectrum.

4. Consider static configurations U(x) with finite energy. Show that
they divide into topological sectors, characterized by an integer
topological number n. Thus, in the model, the existence of topological
solitons is possible.

5. Show that for g? = 0 there are no static solitons.
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6. Let us consider configurations of the form

U(X) _ eiT“n“f(r)7

n® = z%/r
In what sense are they spherically symmetric? Find values of f(0)
and f(oo) for which U(x) are non-singular, and the static energy is
finite. Find the connection between f(0), f(co) and the topological
number n.

7. Estimate the mass and size of a soliton for g2 > 0.

Problem 6. Scatlering in the field of a vortex (Alford and Wilczek 1989).
Let us consider a vortex, a static soliton in an Abelian Higgs model in
(2 4+ 1)-dimensional space-time. Let us denote the configuration of the
vortex by Af,(x), ¢°(x). We add another complex scalar field to the model,
namely the scalar field & with charge ¢ and Lagrangian

L= (Duf)*(DuQ - m§€*§7
where
D¢ = 0,8 —ieqALL.
We shall consider the fields A7, ¢¢ as background.

1. Write down the equation for the field ¢ in the external field of
the vortex. Find the decomposition of its solutions in terms of
the eigenfunctions of the energy E and the angular momentum
L = —i%, where 6 is the polar angle in the plane (z!,2%). Find
the corresponding radial equations and their solutions far from the
center of the vortex for low energies £ < my, mpg, me.

2. In the unitary gauge, where ¢°(x) is real, the field £(x, t) far from the
vortex can be interpreted (at least for low energies) as a wave function
of some particle. Find the scattering cross section for this particle off
the vortex at a fixed angle 6 for low energies and for arbitrary gq.

Problem 7. Klein-Gordon equation in a monopole field. Let A%(x),
¢»*(x) be the classical monopole field in the SU(2) model, considered in
the main text. Let us introduce into the theory yet another scalar field
&(x), a doublet under the gauge group SU(2), with Lagrangian

£€ = (DuOT(Duf) - m2€T£’

where D¢ = (9, — ig%AZ){, and ¢ is the gauge coupling constant.
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1. Considering the monopole field as background, write down the
equation for the field £ (schematically this equation can be written in
the form K¢ = 0; determine the operator K). Using the fact that the
monopole field is invariant under spatial rotations supplemented by
gauge transformations, find the analogue of the angular momentum
operator (i.e. a generalization of L = [r x p|, p = —i Bx) which
commutes with the operator K. Find an explicit form for the lowest
“monopole harmonics,” i.e. the eigenfunctions of the analogue of the
angular momentum with the lowest eigenvalue.

2. By considering solutions for fields & with a fixed energy & =
e_iExof g(x), write down a system of radial equations for the lowest
monopole harmonics. Find the solution of this system for £ <
my,myg (my and my are the mass of the vector and the Higgs
field, respectively) far from the monopole core, r > m(/l, m;{l.

Problem 8. FEuclidean bubble in p* model (Fubini 1976, Lipatov 1977).
Let us consider a model with one scalar field in (3 + 1)-dimensional space—
time with Lagrangian

1 A
L= 50updup + 5"
The scalar potential V(p) = f%go‘i is unbounded from below, thus the

model has no ground state. Loosely speaking, the ground state corresponds
to the field ¢ = co. Nevertheless, one can ask the following questions.

1. Is the state ¢ = 0 stable under small perturbations with finite energy?

2. If it is, find in explicit form the Euclidean bubble corresponding to
the decay of the state ¢ = 0 by tunneling. Assuming that A < 1,
find the semiclassical exponent for the decay probability.

Problem 9. The solution in the n-field model considered in Section 7.4
can be viewed as an instanton in two-dimensional Fuclidean space—time.

1. Give an interpretation of this solution in terms of the tunneling
process which takes place in n-field theory in two-dimensional
Minkowski space—time, whose action is of the form

S = /d2 (0uPaOua),

3
p=01 a=1,23 Y @aps=1

a=1



292 Supplementary Problems for Part 11

2. Let us modify this model by adding to the action a term

AS = —/de)\(go?, —1)?,

where A is a real parameter. Find the classical vacuum and sphaleron
in the model with action (S + AS) (Mottola and Wipf 1989).
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Chapter 14

Fermions in Background
Fields

14.1 Free Dirac equation

Free particles with spin 1/2, fermions, in four-dimensional space-time are
described by wave functions with four components, 1, (2%, %), a = 1,2, 3, 4.
It is convenient to represent these in the form of columns with four
components:

(1
(G5
V3
V4

In the absence of background fields, the wave functions of fermions with
mass m satisfy the Dirac equation

Y=

ivH O —myp =0, (14.1)
where the v* are 4 x 4 Dirac matrices. The relativistic relation p? = m?

will hold if the Dirac matrices satisfy the equation
{v* 7"} =2, (14.2)

where the parentheses denote the anticommutator, and n*” is the
Minkowski metric tensor. Indeed, acting on equation (14.1) by the operator
(—iy"0,, —m) we obtain, taking into account (14.2), that each component
of the wave function satisfies the Klein—Gordon equation

(90, +m2)p =0,
295
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or, in the momentum representation, (p? — m2)12(p) =0.

Equation (14.2) implies, in particular, that (7°)? = 1. Multiplying
equation (14.1) by 7Y and introducing the notation 8 = 7°, o' = 7%, we
obtain the Dirac equation in a form analogous to the Schrodinger equation,

i% = [o/ (8(12) + mﬁ} . (14.3)
Precisely in this form, the Dirac equation is used, as a rule, in quantum
mechanics.

Equation (14.2) is the defining equation for Dirac matrices. In
particular, the dimension of the Dirac column (four) is determined by the
fact that the minimum size of matrices satisfying this equation is 4 x 4.
This assertion is proved in textbooks on quantum mechanics and quantum
field theory and we shall not dwell on the proof here. The specific choice
of the Dirac matrices is determined by considerations of convenience. We
shall, as a rule, use the representation

0 ot
H —
y (&# 0), (14.4)

where 0 is the 2 X 2 zero matrix, o are 2 X 2 matrices, where

o =6"=1,

the o* are the Pauli matrices, and

Any other representation of the Dirac matrices is obtained from this by a
unitary transformation, y# — U~*U !, where U is a unitary matrix of size
A x A.

Problem 1. Show that the matrices (14.4) indeed satisfy equation (14.2).
In this representation of y-matrices, the matrices o and 3 have the form

0 __ 0 1 i: 0 i —0'7; O

It is convenient to introduce yet another matrix 4°, which anticommutes
with all v#,

g

5 = —inOnla2a3,

In the representation (14.4), it is equal to

7= (3 _01> : (14.6)
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where the blocks are 2 x 2 matrices. It is this simple form of the matrix
4 that determined our choice (14.4). Finally, it is useful to define the
matrices

7

2

ot =gl

In the representation (14.4) they have the form

~ v
T 0
w

ot = ( 0 7"“’)7 (14.7)
where

% = 10 =g’

7~_Oz _ _7~_10 = —jot

i = FU = gkgh,

The matrices
s — 1 ciik yik
are spin operators. Indeed, the full three-dimensional angular momentum
operators
Li = —i€ijk$jak + 8;
commute with the Dirac Hamiltonian

Hp = —ia’ 0 + Bm (14.8)

ox?
entering (14.3). In the representation (14.4) we have

1 4
i 50’ O
st = < o %O_l>. (14.9)

Problem 2. Check formulae (14.6), (14.7) and (14.9).

Problem 3. Show that, in any representation of the Dirac matrices, the
relations [L;, Hp] = 0 and [L;, L;] = ie;jx Ly, hold, so that L; indeed satisfy
the commutation relations for conserved angular momentum.

The Dirac Hamiltonian in equation (14.3) is invariant under spatial
reflection, supplemented by unitary transformation of the wave function
. Indeed, if (x,2°) satisfies equation (14.3) (or, what amounts to the
same thing, the Dirac equation (14.1)) then the function

Pr(x,2%) = Py(—x,a") (14.10)
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will satisfy the same equation, if

PTlpp = §
Pla'P = —a'.

Here, P is a unitary matrix. From the definition of the matrices 5 and
o’ and the anticommutation relation (14.2), it is clear that for P, one can

take the matrix
P=4° (14.11)

(we note that ¥ is unitary). Thus, if we know one solution of the Dirac
equation, then out of it we can construct another solution using formula
(14.10).

Let us now discuss yet another property of the Dirac equation, namely
its invariance under C-conjugation. If ¢ satisfies the Dirac equation, then
the complex conjugate column satisfies the equation

(=" 0, — m)y* = 0.
Let us introduce the unitary matrix C' such that
Cy*C™t = -, (14.12)

Then the column
YC = COyp* (14.13)

will again satisfy the Dirac equation (14.1). In the representation of -
matrices (14.4) the matrix C' can be chosen in the form

C= (g _05> : (14.14)

where € is a 2 X 2 matrix with matrix elements €,3 (o, = 1,2), the
components of an antisymmetric tensor of rank 2. In other words, € = ios.

Problem 4. Show that (14.12) is wvalid for the matrix C of the form
(14.14) and the y-matrices chosen in the form (14.4). Show that the matriz
(14.14) is unitary.

Sometimes it is useful to consider systems in space—time of dimension
d =2 or d = 3. Let us briefly look at the properties of the Dirac equation
in these dimensions.

For d = 2, there are just two matrices v* (1 = 0, 1), and their minimum
size is 2 x 2. Correspondingly, the wave function 9 is a two-component
column, and the y-matrices can be chosen in the form

V=7, A=in, (14.15)
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where the 7; are Pauli matrices. In this case, the matrix! 4° is conveniently
defined by the formula

N~

In the representation (14.15) we have 7° = 73. As before, the P-
transformation matrix is given by formula (14.11). The C-conjugation
matrix in this representation is equal to

C =7 (14.16)

There is no analogue of angular momentum in (1 4+ 1) dimensions, since
there are no rotations in one-dimensional space.

In three-dimensional space-time, the minimum size of the y-matrices is
2 x 2 and the wave functions 1 also comprise two-component columns. The
~-matrices can be chosen in the form

B A e (14.17)

We stress that there is no analogue of 4° in three-dimensional space-time.

Problem 5. Show that there does mot exist a 2 X 2 matriz which is
anticommutative with all three matrices of (14.17).
The C-conjugation matrix can be defined as before; in the representation
(14.17) it is equal to
C=r (14.18)

Problem 6. Show that in two-dimensional space—time the ~y-matrices
(14.15) satisfy equation (14.2), and the matriz (14.16) satisfies equation
(14.12).

Problem 7. The same in three-dimensional space—time for the matrices
(14.17) and (14.18).

Let us now discuss the special case of massless fermions. Let us consider
the situation in four-dimensional space-time. For m = 0 the Dirac
Hamiltonian (14.8) commutes with the matrix 7° (in other words, the
operator ¢y*d, is anticommutative with 4®). Thus, the solutions of the
Dirac equation divide into left-handed solutions, for which

VP, =Yr,

i.e.
1+ 5 1— 5
27 YL =YL, 1

L As before, for the matrix which anticommutes with all v#, we use the notation ~°,
although it is the third (not the fifth) in the set of two-dimensional Dirac matrices.

W, =0, (14.19)
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and right-handed ones, satisfying the equations

147° 1—+95
Y’Yr = —Yr, 27 Yr =0, 27 YR = YR. (14.20)

In our chosen representation of y-matrices we have

YL = (g); YR = (2) (14.21)

where x and n are two-component columns. We note that often for
an arbitrary wave function, one introduces its left- and right-handed
components with the structure (14.21), in other words, one defines

1495
2

.5
v pr= 2Ly,

VL 5

1+’y5

The operators and % are projections onto the left- and right-
handed components of the wave function of general form. The right-
and left-handed components of the wave function transform independently
under Lorentz transformations.

For m = 0, no contradiction arises in the case when one assumes
that physically only left-handed solutions are realized, while right-handed
solutions are ignored (or conversely). In other words, one can consider only
two-component spinors x and write down the following equation for them:

i5"9,x = 0. (14.22)

The two-component spinors y are said to be Weyl spinors, and equation
(14.22) is the Weyl equation. We shall examine the interpretation of the
Weyl equation and its solutions in the next section. Here, we recall only
that the Weyl equation, instead of the Dirac equation provides an adequate
description of massless particles with left helicity.

Weyl’s equation is not invariant under C-conjugation. In the language of
four-component fermions, C-conjugation takes a left-handed wave function
to a right-handed one: if ¥ = 1 satisfies equation (14.19), the Cy*
satisfies equation (14.20). In the representation of y-matrices used, this
is evident from formula (14.14) for the matrix C. Weyl’s equation is
invariant, however, under C P-transformation, which is the subject of the
next problem.

Problem 8. Suppose the left-handed two-component spinor x(z°,x)
satisfies the Weyl equation (14.22). Find a 2 x 2 unitary matriz Ucp
such that the two-component spinor Ucpx*(2°, —x) also satisfies the Weyl
equation (14.22). This transformation is clearly a combination of a C-
congugation and spatial reflection P.

An analogue of the Weyl equation also exists in the theory of massless
fermions in two-dimensional space—time.
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Problem 9. Find the analogue of the Weyl equation in two-dimensional
space—time.

Instead of the left-handed massless fermions, it would be possible to
consider right-handed fermions, satisfying the right-handed Weyl equation

i0"0,n = 0.

Whether any particular massless fermion is left- or right-handed is an
experimental question. It is known that neutrinos (if they are indeed
massless) are left-handed fermions.

To end this section, we note that the Dirac equation and the Weyl
equation have the property of probability conservation. For example, for
the Dirac fermion, the integral

/d3wa(x0, X)) (20, x) (14.23)

is conserved. This is evident from the Hermiticity of the Dirac Hamiltonian
(14.8). This property can be formulated in a different manner. Let us
introduce the Dirac-conjugate spinor (row of four elements)

P =ia0. (14.24)

Taking into account that 4° is Hermitian (74°)? = 1, and ~° are anti-

Hermitian, we obtain from the Dirac equation that v satisfies the equation

DA B, +m)w =0,

where the arrow over 0,, denotes that the derivative acts on 1. From this
equation and the Dirac equation it follows that the current

3" =Pyt
is conserved:
9" = 0. (14.25)

Taking into account that

/fww:/fMWw:/ﬁw7

we obtain that the conservation of the probability (14.23) is directly related
to equation (14.25). The same argument applies to left-handed (or right-
handed) fermions, obeying the Weyl equation.
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14.2 Solutions of the free Dirac equation.
Dirac sea

Let us discuss solutions of the Dirac equation (14.1), first for m # 0. In
other words, we are interested in the spectrum of the Dirac Hamiltonian
(14.8) and its eigenfunctions. We shall seek eigenfunctions in the form

Yp(z) = e_i‘”’”oJripxup, (14.26)

where w and p are interpreted, as usual in quantum mechanics, as the
particle energy and momentum. For u, we have the equation

(a'p; + Bm)up = wup. (14.27)

In the representation of y-matrices used, where the matrices 8 and o have
the form (14.5), it is convenient to rewrite equation (14.27), by introducing
left- and right-handed components of the spinor up,

up = PF). (14.28)
Up,R

up,r, and up g are two-component spinors. From (14.27) it follows that
they satisfy the system of equations (we shall omit the subscript p in the
wave functions)

(—op —w)urp +mur = 0

(op —w)ur + mur, = 0. (14.29)

The condition for consistency of this system, in other words, the
requirement det(ap + fm — w) = 0 has the form

p? =w? — p?=m? (14.30)

(this equation, however, is evident from the considerations of the beginning
of Section 14.1). When this equation is satisfied we have that uy, is arbitrary
and ug is expressed in terms of uy,

_op+w
o om

UR ur, . (14.31)
Since there are two linearly independent two-component columns uy,, there
exist two independent solutions of the Dirac equation with fixed momentum
p and energy w, subject to relation (14.30). The physical meaning of
this fact is most apparent when one chooses the two linearly independent

columns wuy, as the eigenvectors of the operator tl%)\' This operator has
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eigenvalues +1 and —1 (since its square is equal to 1), and two linearly
independent columns uy, + can be chosen such that

o
7p7.LL7:t = :I:uLvi.
p|

Taking into account (14.31), we obtain for the whole of the four-component
column (14.28)

Eui = ilui,

p| 2
where s is the spin matrix (14.9). Thus, the two linearly independent
solutions of the Dirac equation with fixed momentum correspond (for
w > 0) to states with positive and negative projections of the spin on
the direction of motion of the particle, the helicities.

The energy values w may be either positive w = ++/p? + m2, or negative

w = —+/p?% +m?2. In other words, the spectrum of the Dirac Hamiltonian
is unbounded from below. Dirac proposed an elegant method for handling
this difficulty, which made the theory consistent and led to the concept of
the antifermion. Let us consider a system in a box of large but finite size
L. On the boundary of this box we impose periodicity conditions, i.e. we
require

L L
l/f (‘Tl = 273527:7]371'0) = 1/) <’I’1 = +2,$2,$3,’JJO> ) (1432)

and analogously for other spatial coordinates. Then, the spectrum of the
Dirac Hamiltonian will be discrete; the wave functions (14.26) satisfy the
condition (14.32) only if

n = (ni,n2,n3), ni23=0%1,£2....
Correspondingly, the energy takes on a discrete set of values
wp = % p% + m?2.

Between levels with positive energy and levels with negative energy, there
is a gap of width 2m. The spectrum of the Dirac Hamiltonian in a finite
volume is shown schematically in Figure 14.1.

Let us next raise the question of the lowest state of the system (the
vacuum), without, however, imposing any constraints on the possible
number of particles in the system. Clearly, it is favorable to have the largest
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Figure 14.1. Schematic plot of the spectrum of the Dirac Hamiltonian.
Density and degeneracy of the levels are not accounted for.

number of particles at negative levels. At the same time, the particles are
fermions, thus at most one particle can be placed in any given state (Pauli
principle). Consequently, the lowest energy state of the system will be such
that all negative levels are occupied (i.e. in each state with negative energy
there is exactly one fermion), and all positive levels will be empty. This
ground state is shown schematically in Figure 14.2. The system of occupied
negative energy levels is descriptively called a Dirac sea.

We must further assume that the Dirac vacuum has zero energy and
zero momentum (and also zero electric and other charges), i.e. reference
these quantities from their vacuum values.

Let us now discuss elementary excitations over the Dirac vacuum. When
a fermion is added to the system, it can occupy a positive energy level only
(it is not possible to place the fermion at any level with negative energy
because of the Pauli principle). The wave function of this fermion will be
described by the solution of the Dirac equation for positive w. Such an
excitation is shown in Figure 14.3.

Another type of excitation occurs when one removes a particle from the
Dirac sea. In this case, a level with negative energy becomes empty, so that
the total energy again increases: if one removes a fermion from an energy
level characterized by momentum p and energy —wp = —y/p? + m?2, the
energy of the state, referenced from the vacuum energy, will be equal to
+wp, and the momentum will be equal to (—p). Such an excitation in solid-
state theory is called a hole, and in particle physics it corresponds to an
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Figure 14.2. Schematic plot of the ground state. Degeneracy of the levels
is not accounted for.

antifermion. If the fermion carries an electric charge ¢, then the antifermion
has charge (—q), since its state is obtained by removing a fermion from the
Dirac sea. Fermions and antifermions have the same mass and dispersion
law wp, = /P2 +m2. A state with an antifermion is shown in Figure 14.4.

If the system contains a fermion and a hole, as in Figure 14.5, then the
fermion may move from a positive level to a negative one, emitting energy
(for example, producing photons). This corresponds to the fermion—anti-
fermion annihilation. The inverse process is possible with the addition of
energy, and corresponds to the creation of a fermion—antifermion pair. In
both these processes the fermion number, defined as the difference between
the number of fermions and the number of antifermions, is conserved.

Of course, for each type of fermion, there is a corresponding type
of antifermion: for the electron, it is the positron; for the proton, the
antiproton, etc.

The notion of particles and holes is completely adequate in solid-state
physics. In particle physics it is formal and not really adequate. A more
symmetric description of fermions and antifermions is achieved in quantum
field theory where a unique field operator ¥(z) describes particles and
antiparticles at the same time. The fermion field does not have a classical
limit (because of the Pauli principle); for precisely this reason we do not
discuss it in the main text of this book. We stress that the description of
free fermions and antifermions (and also of fermions and antifermions in
background fields) in terms of the Dirac sea is equivalent to their description
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Figure 14.3. State with one fermion over the Dirac vacuum.

in quantum field theory.

One further remark relates to bosons. If the Klein—Gordon equation is
interpreted as an equation for a wave function of a particle (boson), then
there is also a difficulty with negative levels and the unboundedness of the
energy spectrum from below. Since bosons are not subject to the Pauli
principle, this difficulty cannot be resolved using a construction similar to
the Dirac sea. The difficulty with the negative energies of bosons is only
resolved in quantum field theory.

Let us now consider the solutions of the Weyl equation (14.22). In
the momentum representation this equation has the form (compare with
(14.29))

(w+op)ur = 0.

This system of equations for the two components of the spinor v, is self-
consistent and has a unique solution if

w = *|p|.

For w > 0 this solution satisfies the relation

sp 1
UL = — UL,
p| 2

where s = %a is the spin operator. Thus, the Weyl equation describes

massless fermions with negative helicity (projection of the spin onto the
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, W

Figure 14.4. State with antifermion over the Dirac vacuum. The open
circle denotes an unoccupied level in the Dirac sea.

direction of motion). This explains the term “left-handed fermions”
(by analogy with photons or electromagnetic waves with a left-circular
polarization); the term “fermions with a left chirality” is also used.

Neither is it difficult to find the solutions of the free Dirac equation in
space—time of dimension two or three. In all cases, there exist solutions
with both positive and negative energies, where the spectra of the positive
and negative energies coincide up to sign. This last statement is evident
from the property of C-symmetry: if (20, x) satisfies the Dirac equation
with positive frequency w, then

¢C (xov X) = C¢*($07 X)

is a solution of the same equation with frequency (—w).

Problem 10. Find all the eigenfunctions of the Dirac Hamiltonian in
space—time with d = 2 and d = 3.

Problem 11. Find all solutions of the “Weyl equation” (see Problem 9)
i two-dimensional space—time. In which directions do the particles
described by these wave functions and the antiparticles (holes in the Dirac
sea) move?
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IDI
.

Figure 14.5. Annihilation of a fermion with an antifermion.

14.3 Fermions in background bosonic fields

In the following chapters we shall consider a number of interesting effects
which arise when fermions interact with background bosonic fields of the
soliton and instanton type. Thus, here, we shall consider what the Dirac
equation looks like in background bosonic fields.

First, we recall that fermions in an external electromagnetic field are
described by a Dirac equation analogous to (14.1) (or (14.3)), but with the
conventional derivative replaced by the covariant derivative?

iy Dy —map =0, (14.33)
where, as usual,

D, =0, —ieA

1y

and e is the fermion electric charge. We note that the left-hand side of
this equation transforms covariantly under gauge transformations of the
electromagnetic group U(1), i.e. under transformations

() — 1 (z) = ey (a), (14.34)

Ay(z) = Al (x) = Ay(x) + é@ua(x). (14.35)

2Generally speaking, this equation may also contain terms associated with an
anomalous fermion magnetic moment, a fermion electric dipole moment, etc.



14.3 Fermions in background bosonic fields 309

Indeed, under these transformations we have
(iv"Dytp — ) — & (iy Dyutp — ).

If 1 satisfies the Dirac equation in the external field A, then ¢’ satisfies
the Dirac equation in the external field A;L. In other words, under a
gauge transformation of the external field, the set of solutions of the
Dirac equation remains intact, modulo a phase transformation (14.34).
We shall say that the Dirac equation (14.33) is invariant under the gauge
transformations (14.34), (14.35).

Non-Abelian global or gauge symmetries appear in the Dirac equation if
fermions can be assigned internal quantum numbers. Suppose, for example,
that the system (still without external fields) has two types of fermions.
Then a state of the system in which there is just one fermion of any type
can be described by a wave function in the form of a column

) = Ci;g) (14.36)

each of whose components, 1)1 or 1, is a Dirac spinor (for massless fermions
these may be Weyl spinors). Thus, a fermion of the first type is described

by a column
(wléx)> , (14.37)

and a fermion of the second type is described by a column

<1/)2(293)) '

In the general case of a column (14.36), the quantity (7/111/)1)(70 represents
the probability that the system contains a fermion of the first type at the
point x, and, analogously for (51s)(x).

If the masses of the fermions are the same, then in the absence of external
fields, each component of the column (14.36) satisfies the Dirac equation
(14.1). These two equations can be combined by writing for the column
(14.36) the equation

(iv"8, —m)-1-¢ =0, (14.38)

where 1 is the unit 2 X 2 matrix acting on the space of two-component
columns (14.36) (of course, we shall not usually write it down explicitly,
when that does not lead to confusion). Equation (14.38) is invariant under
global (independent of the coordinates) transformations from the group

P(x) = wi(x), weSU(2) (14.39)
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(it is also invariant under the group U(1) of global phase rotations v —
e’ but that property is not important to us here). We stress that
the transformation (14.39) does not act on the Lorentz index, but on the
“Internal” indices, enumerating the fermion types. By (formal) analogy
with the conventional spin, transformations (14.39) are called “internal
spin” (or isospin) transformations. Here, one could say that the column
(14.36) describes a fermion which can be found in different isospin states:
for example, a fermion of the first type described by the column (14.37)
can be said to be in a state with the third isospin projection (4+1/2), while
a fermion of the second type is in a state with the third isospin projection
(—1/2).

Historically, the first example of internal symmetry was the isotopic
symmetry of strong interactions. If one neglects the small difference in mass
between the proton and the neutron, and also the electromagnetic and weak
interactions, then the proton and neutron have the same properties. The
wave function of the nucleon (proton or neutron) can then be written in the
form (14.36), where 1 (z) and 12(x) are the wave functions of the proton
and neutron components of the nucleon; the free Dirac equation for the
nucleon has exactly the form (14.38). The term “isospin” (isotopic spin)
has precisely that origin; subsequently it was used for other symmetries
described by the group SU(2) (for example, we speak of weak isospin,
which is related to the weak interaction, see Sections 6.3 and 14.4).

The construction studied can be generalized to the case when fermions
are found in three or more states (in other words, there are three or more
fermion types with the same mass). Thus, quarks may occur in three states
(they are called colors); accordingly, a quark is described by a wave function

Y1
2 (14.40)
U3

and the Dirac equation for the quark wave function is invariant under the
action of the internal (color) group SU(3)c. Further generalization issues
from the remark that the columns (14.36) or (14.40) can be interpreted
as vectors in the space of the fundamental representation of the group
SU(2) or SU(3)c, respectively. There is no need to limit oneself to
the groups SU(N) and the fundamental representations. Namely, one
can choose an arbitrary compact group G of internal symmetries and an
arbitrary representation of it T(G), and require that the fermionic wave
function belongs to the space of the representation T(G), and that the
Dirac equation be invariant under transformations

v —T(g)y,
for all g € G. We again stress that the matrix T'(g) acts on the internal
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and not the Lorentz indices of the fermion wave function.

Problem 12. Let G be a simple global symmetry group, and T(G) its
complex n-dimensional irreducible representation. Write down the most
general form of the free Dirac equation for fermions in the representation
T(G), which is invariant under the action of the group G. Show that it
is actually invariant under the action of the group SU(n). (This property
holds, generally speaking, only for free fermions).

The next step is to construct the interaction of fermions with non-
Abelian gauge fields. In complete analogy with Chapter 4, this interaction
must ensure invariance of the Dirac equation under gauge transformations
with a non-Abelian gauge (internal) symmetry group. In the example with
the internal group SU(2) and a fermion doublet (14.36), the Dirac equation
is required to be invariant under conventional gauge transformations of the
gauge field of the group SU(2),

Ay, — A, = wAWw Y wiw™t, w(z) € SU(Q2),

(where A4, = fig%Aﬁ), performed simultaneously with the trans-
formations

P(x) — ' (z2) = w(z)(z).

We already know the prescription for constructing the covariant quantities:
we need to replace the conventional derivative by the covariant derivative,

D, =0,+A,.

Thus, we come to the Dirac equation, which is invariant under gauge
transformations from the group SU(2),

(v Dy —m)ip =0, (14.41)

which is completely analogous to the Dirac equation (14.33) in the presence
of an electromagnetic field. We note that in equation (14.41), and in what
follows, we use very compressed notation; if we write down this equation,
preserving all the indices, we have

. .9, 4 a
{Z’}/gﬂ [6@'8‘“ - 25(7' )ijAl‘«:| - méagéij} w,@j = 0, (1442)
where o, 0 = 1,...,4 are the Lorentz indices of the spinor; 7,7 = 1,2 are

the isotopic indices; a = 1,2,3; and summation over repeated indices is
understood.

In the general case of an arbitrary gauge group G and representation
T(G), under which fermions are transformed, the Dirac equation in the
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external gauge field has the previous form (14.41), where the covariant
derivative is equal to
D,=0,+T(A,). (14.43)

Here, we have a complete analogy with Chapter 4.

For m = 0, as the original equation we could take not the Dirac equation
but the Weyl equation. Repeating the above steps, we would then obtain
the Weyl equation in the external gauge field. For a left-handed fermion
this has the form

ic" D, x =0,

i.e. it differs from the free Weyl equation (14.22) by the replacement of the
conventional derivative by the covariant derivative (14.43). The Lorentz
index of the spinor x, as before, takes values 1, 2.

Let us now turn to a discussion of the interaction of fermions with scalar
fields. Let us begin with the simplest case of a single real scalar field ()
and a single fermion. The main requirement on the Dirac equation for
the fermion wave function in the external classical field ¢ is the Lorentz
covariance and the Hermiticity of the Dirac Hamiltonian. Under Lorentz
transformations, the scalar field at a fixed point of space-time is not
transformed, therefore it can be included in the Dirac equation by analogy
with the fermion mass term. Thus, we arrive at the equation

Y0 — map — hoyp = 0, (14.44)

where h is a real coupling constant. This simplest coupling of the fermion
with the scalar field is called Yukawa coupling. We stress that literally in
the form (14.44), Yukawa coupling can be introduced for Dirac fermions
but not for Weyl fermions.

Problem 13. Find the dimension of the constant h in four-dimensional,
and also in d-dimensional space—time.

Problem 14. Show that the Dirac Hamiltonian, corresponding to
equation (14.44), in a real background field ¢(x), is Hermitian if and only
if the constant h is real.

It is convenient to construct a further generalization using the concept
of action for fermions. To introduce this, we begin by discussing the Dirac
equation (14.44). This can be viewed as the extremality condition for a
functional,

Sp = / dh [(@)in (@) — mip(@)b(e) — hp(@)dp(@)],  (14.45)
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with respect to arbitrary variations of the variable ¢(z), which is a four-
component row. Such a functional is called an action for fermions. The
functional Sr is real, if 1) is taken to be the row® 1770 (see also (14.24)).
Indeed, for S} we have

Sp = /d4x (—iauwW”va —mapTy0y — hWW%) :

The equality S3 = Sp is obtained after integration by parts in the first
term and using the identity v*T4? = ~%4#. One can further show that
Sr is a Lorentz scalar. The requirements that the action should be real
and Lorentz invariant are equivalent to the requirements that the Dirac
Hamiltonian should be Hermitian and that the Dirac equation should be
Lorentz covariant.

The fermion action is a natural and necessary object in quantum field
theory, where () and 1)(x) are treated as fermion field operators. There,
SF is placed on an equal footing with the boson field action. We have
already mentioned that, unlike boson field operators, the operators ¢ (x)
and () do not have a classical limit. For our purposes, Sr will serve as an
auxiliary object, which will enable us to obtain Dirac equations having the
properties of Lorentz and gauge covariance, and for which the quantum-
mechanical Dirac Hamiltonians are Hermitian.

Analogously, the Dirac equation (14.41), in the presence of gauge fields,
can be obtained from variation of the action

S = [ da [b(@)in" Dybie) — mid(a)o(a)] (14.46)

with respect to . Here, if 1 transforms according to a unitary
representation T(G) of the gauge group G, then 1 = 1" transforms
according to the conjugate representation: for gauge transformations
w(z) € G we have

T(w(x))i(x)

@) — W) =T
R P T (w(a))

(@) V(@)

or, in components,
bi = Y= [Ty
Vi — =T W), (14.47)

where ¢,7 are indices, corresponding to the internal symmetry. The
functional Sg is clearly invariant under gauge transformations.

3The fact that, when taking variations of S, we need to consider ¢ as an independent
variable is analogous to the prescription for the variation of the action for a complex
scalar field, where ¢ and ¢* are considered as independent variables; see Section 2.4.
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One generalization of expressions (14.45), (14.46) for the fermion action
to the case in which the scalar field transforms non-trivially under gauge
(or global) transformations, is quite evident. Suppose 1); transforms under
the representation T'(G) of the gauge group G, i.e. the transformation law
for ¢ and 1); has the form (14.47). Suppose the scalar field transforms
under the real representation Ts(G), i.e. the fields ¢, are real, and under
gauge transformations we have

Pa — @y = [Ts(w)]h s

Suppose further that from 1, and ¢ one can form a real gauge-invariant
combination of the form

Pi(A)ij050a = YA Vpa, (14.48)

where (A®);; are some coefficients. Then a fermion action of the form

Sp = / d*z [Piy" Dyap — mpyp — hipA®hp,) (14.49)

will be Lorentz invariant, gauge invariant and real for a real coupling
constant h (in the case of global symmetry, instead of the covariant
derivative D,,, (14.49) will contain the conventional derivative 0,). The
requirement for invariance of the expression (14.48) is equivalent to the
requirement that for all w € G, the following holds:

AT (w))2T(w) = T(w)A®. (14.50)

Here, we have omitted the indices %, j relating to the fermion representation
T(G) and we consider A* and T'(w) as matrices with these indices. Equation
(14.50) determines the possible form of the matrices A*. In other words,
©q1; belongs to the representation T's x 1" of the Lie group G; we require
that Ts x T contains the representation 7' and that A operates as the
projection Tg x T"— T
In terms of representations of the Lie algebra of the group G, equation
(14.50) has the form
AT = [T, A", (14.51)

where T* and T¢ are generators of the Lie algebra in the representations
T and Tg, and ¢ =1,...,dimG.
By varying the action (14.49) with respect to v, we obtain the Dirac
equation
iy Db —mip — hRA%pq1p = 0. (14.52)

Its left-hand side transforms covariantly (according to the representation
T(@G)) under gauge transformations.
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Problem 15. Show that equation (14.50) is necessary and sufficient
for the left-hand side of equation (14.52) to transform according to the
representation T(G).

Problem 16. Consider infinitesimal transformations
w=1+¢&%9, (14.53)

where t? are generators of the Lie algebra of the group G and €9 are
infinitesimal real parameters. Show that for such transformations equation
(14.50) is equivalent to (14.51), taking into account the definitions T (%) =
T, Ts(t?) = T2.

Problem 17. Write down the Dirac Hamiltonian corresponding to
equation (14.52). Show, under the conditions formulated earlier, that it
is Hermitian.

In fact, essentially the same construction was used (in the special case
of the fundamental and adjoint representations of the group SU(2)) in
the second example of Section 4.1 to construct the Lagrangian of a cubic
interaction of scalar fields.

As an important example for what is to come, let us consider the group
SU(N) as a symmetry group, let us choose the fermions in the fundamental
representation of this group and the scalars in the adjoint representation
(this means, in particular, that ¢, are real fields, a = 1,...,N? — 1).
Then T? = it?, where t? are Hermitian matrices of the generators of the
group SU(N) (unlike the anti-Hermitian generators entering (14.53)), and
(T4)h = f19° are structure constants. For the matrix A%, we can choose
t*. Indeed, the left-hand side of equation (14.51) in this case has the form
t% 49 while the right-hand side is equal to

i1, 1%] = — o,

so that equation (14.51) is satisfied, taking into account the antisymmetry
of the structure constants. Thus, the covariant Dirac equation in this
example has the form

(iv* Dy —m — htpq)1h = 0. (14.54)

Let us briefly discuss how fermions behave in background fields
corresponding to the classical ground state of the scalar and gauge fields.
To be specific, let us consider the case of the group SU(2) (global or
gauge), of the scalar field in the adjoint (real triplet) representation and of
fermions in the fundamental (complex doublet) representation. We recall
that a scalar field in the ground state is constant in space-time, and in
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gauge theory, at the same time, A, = 0. In this background, the Dirac
equation with the Yukawa coupling has the form (14.54), where t* = 7%/2
are Hermitian generators of the group SU(2). The cases of unbroken and
broken symmetry need to be considered separately. If the scalar potential
V(p) is such that in the ground state ¢, = 0 and the symmetry is not
broken, the equation (14.54) reduces to two Dirac equations with mass m
for the two components v;, where i = 1,2 is the group index. Thus, the
system has two types of fermions with the same mass, as we observed at
the beginning of this section. If in the ground state ¢, # 0, i.e. the SU(2)
symmetry is broken, the situation becomes more interesting. Without loss
of generality, we can choose the ground state of the scalar field such that
only the third component is non-zero, ¢, = vd,3, where the real parameter
v is determined by the form of the scalar potential. Equation (14.47) in
this field has the form

<mﬂa,t —m — h;#) Y =0, (14.55)

U1
o=
(0
is an isospinor in the internal space. Equation (14.55) is equivalent to the
two equations

where, as before,

(z*y”a —m—)¢1 =0
(w“@ —-m+ )'Qllg = 0.

Hence it is clear that the components ¥, and 1, describe fermions with
masses

+hv

mi; = |m-+ —

! 2
and

hv

mo = |m— —

2 27

respectively. As a result of the spontaneous symmetry breaking, the
fermions have acquired different masses; the fermion spectrum has ceased
to be SU(2) invariant.
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Problem 18. Consider the model with gauge group SU(3), fermions in
the fundamental representation and a scalar field in the adjoint (real octet)
representation. Suppose that the scalar potential is such that in the ground
state only the eighth component of the scalar field is non-zero, p, = V48
(modulo SU(3) transformations). Find the unbroken subgroup of SU(3).
Find the mass spectrum of fermions satisfying the Dirac equation (14.54),
explain its structure.

A less trivial generalization of the fermion action (14.45) and of the
corresponding Dirac equation can be obtained if one writes the action in
terms of the left- and right-handed components (which are two-component
columns) y and 7, such that

b= <i]‘> (14.56)

(see (14.21)). Note that
v =91 = (' xD).

In the representation of v-matrices (14.4), we shall have for the action
(14.45)

Sp = /d4x [xtig"dux + ntiotdun —m(x'n +n'x) — h(ex"n +en'x)] -

(14.57)
All the terms in this expression are individually Lorentz invariant (we do
not require invariance under spatial reflections). The expression (14.57) can
be generalized, by assuming that the left- and right-hand components x and
n transform differently under gauge (or global) transformations. Here, as
before, we need to require that Sr be real and gauge invariant.

As a first example, let us consider the theory with gauge group U(1)
and complex scalar field with charge e. The Yukawa interaction of type
©ontyx will be gauge invariant, if the sum of the charges of x and n' is equal
to (—e). For example, the charge of the left-handed component x can
be chosen equal to (—%e), and the charge of the right-handed component
7, equal to (+%e). Here, the mass term of type mn'x will not be gauge
invariant and it is not possible to include it in the fermion action. Thus,
we arrive at the action

Sp = /d% [XfiaMD;—>x +nlio"DPn — h(e*x'n+ en'x)| . (14.58)

where Dﬁi) = 0, Fi5A,. When the constant h is real it will have all
the necessary properties. We obtain the equations for the two-component
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columns of y and 7, in the usual way, by varying the action of Sp with
respect to x' and 7, assuming them to be independent of x and 7,

i&"D/S_)X—hw*n =0
io" DMy —hex = 0. (14.59)

This is a rather non-trivial generalization of the Dirac equation for the
fermion wave function v. The left-hand sides of equation (14.59) transform
covariantly under gauge transformations

i,k

p— e, Pt e

X — ey, e/,

1
Ay = Aut 0,0

The gauge covariance property of equation (14.59) follows from the gauge
invariance of the action (14.58).

Problem 19. Construct the quantum-mechanical Hamiltonian corre-
sponding to equations (14.59), i.e. write equations (14.59) in the form

oY

27
0z0

where 1 is the wave function (14.56). Show that the Hamiltonian Hp is
Hermitian for real h.

We note that if the values of the bosonic fields in the ground state
are equal to A, = 0, ¢ = v (so that the model incorporates the Higgs
mechanism), equations (14.59) become the free Dirac equation for the wave
function (14.56), (iv*0, —m)y = 0, with fermion mass m = hv.

Generalizations of this example include the fermionic sector of the
Standard Model, which we shall describe next.

= HDwv

14.4 Fermionic sector of the Standard Model

In Section 6.3, we considered the bosonic sector of the standard electroweak
theory. In this section, we shall describe its fermionic sector. We shall use
the notation introduced in Section 6.3.

Let us begin with a discussion of leptons, fermions which do not
participate in strong interactions. In nature, there are three types of
charged lepton, e~, u~ and 77, and three types of neutrino v.,v, and v,,



14.4 Fermionic sector of the Standard Model 319

together with the corresponding antiparticles. The masses of all neutrinos,
if they have a mass, are very small and in what follows, we shall assume
that neutrinos are massless. The neutrino is a fermion with a left chirality.
The pairs (ve,e”), (Vu, p~) and (v;,77) behave in the same way under all
interactions (e—p—7 universality). Thus, it is sufficient to consider one pair
of leptons, for example, (v,,e™).

It is a key experimental fact that only left-handed components of the
electron and the (left-handed) neutrino interact with W*-boson fields,
while the right-handed component of the electron does not interact with
W+-bosons. The W*-boson fields form part of the gauge fields of
the subgroup SU(2) of the gauge group of the electroweak interactions,
SU(2) x U(1). Consequently, the right-handed component of the electron
e must be a singlet under SU(2), and the left-handed components v, and
e, are naturally combined into an SU(2) doublet,

L= (V"‘;L>. (14.60)
€r

We find the weak hypercharges of the doublet L, and the singlet ej using
formula (6.35), which relates the third component of the weak isospin, the
electric charge and the weak hypercharge. For example, for v, we have
Q=0 T3 = %, thus Y, = —%. For e; we have Q = —1, T3 = —% and,
consequently Y, = —%. As one might expect, the weak hypercharge of the
components of the column (14.60) is the same; the column Ly, transforms
under gauge transformations from the subgroup U(1) as a whole,

LL - eiYLaLLa
with

YL - _5

For the right-handed component of the electron we have T5 = 0 and from

(6.35) we obtain

) —

°R

Thus, the terms with covariant derivatives in the electron and neutrino
action have the form

Sk = / d*x (LLi3" DuLy + ehio" Dyen) . (14.61)
where

a 1
DLy = (au — ig%Az + ig’23u> Ly, (14.62)
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Duer = (0, +ig'Bu)er. (14.63)

We recall that eg, e, and v, are two-component columns, Lorentz (right-
and left-handed) spinors.

The action (14.16) describes massless fermions. Thus, we need to
introduce another term, responsible for the electron mass. It is not possible
to introduce an explicit mass term of the type m(eTLeR + e;r{eL), since
that is not invariant under gauge transformations. Thus, we introduce an
interaction of the Yukawa type between fermions and the Higgs doublet ¢
and use the fact that in the ground state

o= = ( 8 ) (14.64)

V2
The Yukawa term in the fermion action must contain the right-handed
fermion component (more precisely, the conjugate quantity), eTR, as well as
the left-handed component L and the Higgs field (see (14.57)). Taking
into account the weak hypercharges of leptons and of the Higgs field (for
which Y, = %) we can write down a unique gauge-invariant Yukawa term
of the form

heleb (0 L) + (LE p)er). (14.65)

Here, (¢fLy) denotes convolution with respect to the internal indices of
the SU(2) doublets; (pTLz) is invariant under the group SU(2) and is a
two-component column from the Lorentz point of view: if « = 1,2 and
1 = 1,2 are the Lorentz and the internal indices, respectively, then

eh(p'LL) = (e})at} Lia (14.66)

(summation over 4, « is understood) and analogously for the second term
in (14.65). The invariance of (14.65) under the weak hypercharge subgroup
U(1) follows from the fact that

Y., — Ygo +Y,, =0.

Finally, the expression (14.65) is real for real h,.
In the vacuum, the field ¢ takes the value (14.64) and the expression
(14.65) becomes the electron mass term

v
he—(e%eL + eTLeR).

V2

Thus, in the Higgs vacuum the electron has mass

me =

v
he—=, 14.67
7 (14.67)
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and the neutrino remains massless. We conclude that the action of the
electron and the electron neutrino has the form

Sev, = /d4x {LEZ’&“DHLL + e;ia“DueR - he[eTR(goTLL) + (LTLgo)eR]} .
(14.68)
If we are interested only in electromagnetic interactions, i.e. we suppose
that Wf =Z,=0and ¢ = ¢, then the non-zero components of the
original gauge fields are (see (6.47))
Ai = A, sinfw
B, = A,cosbw,

where A,, is the electromagnetic vector potential. In the presence of these
fields the covariant derivatives (14.62), (14.63) take the form

3 1
D,L;, = (8“ — ig% sinfw A, + ig'i cos HWA,L> Ly,

= (au - Z'eQLAu)LL
(0, +1ig cosbw A, )er
= (811 - ieQRAlL)a

0 0
e = (o %)
QR = _1a
and we have used the relationships between the constants g, ¢’, e and the

angle By, described in Section 6.3. Thus, if there is only an electromagnetic
field, then the action (14.68) becomes the action of electrodynamics

DMeR

where

Sev, = /d4x le}z‘&“(a# +ieA,)er + e%ia“(aﬂ +ieA,)er + 1/12'5"8#14

,me(e};eL + eTLeR)]

/d4z [Ei’y“(au +ieA,)e+ VZi&“auvL — meée} .

The equations which follow from this action include the Dirac equation for
a massive electron with charge (—e) in the electromagnetic field A, and the
free Weyl equation for a massless electron neutrino (which is electrically
neutral).
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Leptons of two other generations are introduced into the model in
complete analogy with the electron and the electron neutrino. They form
left-handed doublets

() () =
‘LL7 L) T L7 27

and right-handed singlets
Hp, Tp, Y =-L

The full leptonic action is the sum of the actions for the leptons of the
three generations,
Slept = Se,u,i + S,u,u# + Sfr,y.,_, (1469)

where each term has the structure (14.68), and only the Yukawa constants
he,h, and h; are different. For example, the constant h,, is related to the
muon mass by an equation, analogous to (14.67),

Y
my, = h,—.
0 NG

Let us now consider the strongly interacting particles, quarks. In nature,
there exist six types of quark: u,d, s,c,b and t. Each of these quarks may
be in three different states, so that, in fact, there are three types of u-quark,
three types of d-quark, etc. (Bogolyubov et al. 1965, Han and Nambu 1965,
Miyamoto 1965). These different states are called quark colors, and quarks
are said to form a color triplet,

U1 d1
u=|us |, d=|ds|, etc (14.70)
us d3

Strong interactions of quarks are described by a gauge theory with the
unbroken color gauge group SU(3)¢ of quantum chromodynamics (Fritzsch
et al. 1973, Gross and Wilczek 1973, Politzer 1973). The columns
(14.70) transform according to the fundamental representation of SU(3)c,
where the left- and right-handed components of the quark wave functions
transform in the same way. Free quarks, or gluons, gauge bosons for the
group SU(3)¢, do not exist in nature; the strongly interacting particles,
hadrons, are colorless objects, whose components are quarks and gluons.
Loosely, the proton can be said to consist of two u-quarks and one d-
quark, p = (uud); the neutron consists of two d-quarks and one u-quark,
n = (ddu). According to this, the u-quark and the d-quark have electric
charges

(14.71)
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In what follows, we shall not write down the color index of quarks, and
summation over this index, where necessary, will be implicitly understood.

From the point of view of electroweak interactions, quarks, like leptons,
divide into three pairs (called families or generations), namely (u, d), (¢, s)
and (¢,b). The electroweak interactions of quarks of each of the generations
are the same,* thus, for the time being, we shall limit ourselves to quarks of
the first generation, u and d. Their left-handed components form a doublet
under the electroweak subgroup SU(2),

QL - <dL),
while the right-handed components are singlets under SU(2). In complete

analogy with the leptons, we find from (14.71) and (6.35) the weak
hypercharges

1 2 1
YQL :6, YuRzg, YdR :—g.
These properties uniquely define the form of the covariant derivatives for
the doublet @, and the singlets ur and dg. Now, all quarks have non-zero
mass. The Yukawa term leading to the mass of the d-quark is written, in
complete analogy with (14.66), as

ha |dh (' Q1) + (QL)dr] . (14.72)

where the mass of the d-quark (in the vacuum (14.64)) is equal to

B U
mg = Ng——=.

V2

We note that —Y5, — Y, +Yy, =0, so that the terms (14.72) are invariant
under all of the SU(2) x U(1) group of electroweak interactions. In order
to introduce the Yukawa term, providing the mass of the u-quark (in the
vacuum (14.64)), we recall that the fundamental representation of the group
SU(2) is equivalent to its conjugate. Namely, if ¢;, ¢ = 1,2 transforms
according to the fundamental representation of the group SU(2), then
$; = €ijip; also transforms according to the fundamental representation

of SU(2). Thus, both (¢'Qr) and ($TQr) are singlets under SU(2).

Problem 20. Suppose that u; and v; are two-component columns
transforming according to the fundamental representation of the group
SU(2), i.e. the transformation w € SU(2) acts as u; — wiju;, v; — w;;vj.

4Modulo Yukawa terms, see below.
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Show that (Wfv) = @v; = e;;u;jv; is invariant under the action of the group
SU(2).

In addition to the Yukawa term (14.72), we can also write down another
Yukawa term

o [ub(1Q0) + (QL#)ur] (14.73)
Since ¢ is expressed in terms of ¢*, the weak hypercharge of ¢ is equal to

Yy = —Y, = —3%. Because of this, —Y,, — Y + Yo, = 0 and the term
(14.73) is invariant under SU(2) x U(1). In the vacuum (14.64) we have

- 7

’ ( 0 )
(we recall that v is real), and (14.73) becomes the mass term for the u-quark
with

w = hy——.
" NG

Summarizing, we write the action for the u- and d-quarks in the form
Stway = / d%{QTLz’&“D#QL +ubio"Dyug + dhict Dydr  (14.74)

—hag [dTR(@TQL) + (QE‘P)CZR} — hy [UL(@LQL) + (QTL@)UR} },

where
D,0r = (0, —igma"—igiB, )0
pCL — 0 92 m tg 6 " L
. /2
Dyur = 0, — 19 gBu UR
1
D,dr = <8,L +zg’3Bu> dp.

We recall that each type of quark, i.e. each fermion Qp,ug,dg, is
a triplet transforming according to the fundamental representation of
the color group SU(3)c. Here QTL,UE and dg transform according to
the representation of the group SU(3)c conjugate to the fundamental
representation (i.e. they are antitriplets). Convolution with respect to
the color index, which is implicit in (14.74), ensures the invariance under
SU(3)¢ (there, the covariant derivatives include the gauge fields of the
group SU(3)¢, which we have not written down).
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One direct generalization of the action (14.74) to the case of three
generations of quarks might be the expression

Squark = S(u,d) + S(QS) + S(mb), (1475)

where each of the terms has the structure (14.74), but with different Yukawa
constants.

However, such a trivial generalization fails to take account of one
important property, quark mixing (Cabbibo 1963, Kobayashi and Maskawa
1973). The complication relates to the Yukawa terms which are not of
the most general form in (14.75). To construct Yukawa terms of general
form we introduce a generation index A = 1,2,3 and combine quarks
with the same quantum numbers into triplets Q4 = ( (Lu’d), (LC’S), Q(Lt’b)),
Uf# = (ur,cr,tr), D = (dr,sr,br). The most general form of real
gauge-invariant Yukawa terms is the following:

R DR QE) + | + [RSPURNGTQE) +cc],  (1476)

where hff]gwn) and hf;};) are arbitrary complex 3 x 3 matrices. Some of

this arbitrariness can be eliminated by change of variables, nevertheless,
the model still has four additional (over and above the gauge constants
and the quark masses) parameters, three mixing angles and a phase. This
is important for particle physics. We note that in the case of massless
neutrinos, there is no such complication in the leptonic sector.

Problem 21. Find the Z-charge of each quark and lepton, i.e. the
constant in front of the term of type 1/)25”77/%2” or 1/);%U”LDRZH, in the
fermion action.

Let us now discuss an important property of the fermionic part of the
action of the Standard Model,

SF - Slept + Squark7 (1477)

and of the Dirac equations which follow from that. Let us first consider
electrons, electron neutrinos and their antiparticles. The corresponding
system of Dirac equations in the external boson fields follows from the
action (14.69), (14.68) and has the form

i&“DHLL — hecpeR
io"Dyer — he(p'L) = 0. (14.78)

In the presence of the W-boson fields in equation (14.78) there exist terms
mixing the electron and neutrino components of the wave function Lj.
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These arise from the covariant derivative (14.78) and have the form

1_ ;42
iH _-Q) 1l 2 42y ( Vel _ 9-u 0 A, —iALN (Ve
0 ( 22 (t utT u) eL 20 A;lf"iAi 0 e

(o 8 ()
= 0 _ .
V2 W, 0 er
Thus, in the external W-boson fields the electron number and the electron
neutrino number are not individually conserved: e may transform into

ve and conversely. Moreover, as we discussed in Section 14.2, particle—
antiparticle pairs may be created. At the same time, the difference

electron number positron number
_ + + B
L= electron neutrino electron antineutrino | ~ Ne+Ny, (14.79)
number number

is conserved.® This quantity is called the electron lepton number: its
conservation is clearly related to the fact that the action of the electrons
and the neutrino S ,,) is separated from the rest of the total action
(14.77). The conservation of L. means, for example, that boson fields
of the Standard Model cannot lead to a transition of the electron to the
muon (or conversely) without emission of a corresponding neutrino and
antineutrino.
Analogously, the muon lepton number

L,=N,+N,, (14.80)
and the third-generation lepton number
L. =N;+N,, (14.81)

are conserved. In quantum theory the W-boson fields and the Z-boson
fields can emerge virtually; precisely virtual W- and Z-bosons give rise
to weak interaction of quarks and leptons for low energies. The above
considerations about the conservation of L.,L, and L. also apply for
virtual boson fields. The conservation of L. and L, is manifest, for
example, in the fact that the following decay process is forbidden:

w—e+y (AL,=1, AL.=-1).

5In the next sections, we shall discuss the possibility of non-conservation of L. and
other fermion numbers, associated with a highly non-trivial mechanism of fermion level
crossing. The considerations studied here are valid for topologically trivial external
fields.
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Such a decay has not actually been experimentally observed and there are
strong experimental bounds on its probability. The decay of the muon in
nature occurs with conservation of L. and L,,, the dominant decay channel
being

W= e+ Ve + vy,

Finally, in the quark sector, the baryon number

B = - [(total number of quarks) — (total number of antiquarks)]

w| =

is conserved. The factor % was introduced here, so that the baryon numbers
of the proton and the neutron are equal to 1.

The baryon numbers of individual generations are not conserved because
of mixing (14.76). The total baryon number is conserved in nature with
high accuracy: it is the baryon and lepton number conservation that ensures
that the proton, the lightest particle with non-zero baryon number, is stable
(it has been experimentally shown that the proton lifetime is greater than
1032 years!).

Thus, in the Standard Model, there are four conserved® global quantum
numbers, L., L,, L, and B.

6See previous footnote.
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Chapter 15

Fermions and Topological
External Fields in
Two-dimensional Models

In this chapter, we shall consider two effects arising due to the interactions
of fermions with topologically non-trivial external bosonic fields, namely
the fractionalization of the fermion number and the non-conservation of
the fermion quantum numbers due to level crossing. These two phenomena
occur in both two- and four-dimensional models. Since two-dimensional
theories are easier to analyze, in this chapter we shall consider precisely
models in two-dimensional space—time.

Let us make one general remark. In many cases the interaction of
fermions with bosonic fields can be analyzed by assuming that the scalar
and vector fields are external (and classical) and by studying the Dirac
equation in these background fields. Of course, such a description is
approximate: the presence of fermions, generally speaking, deforms the
configuration of bosonic fields. However, in a number of cases, this effect
represents a small correction, and we shall neglect it. We shall comment
on this point below, when considering specific models.

15.1 Charge fractionalization

One phenomenon which arises when fermions interact with solitons is the
fractionalization of the fermion number and the electric charge (Jackiw and
Rebbi 1976b). This phenomenon was in fact experimentally observed in
one-dimensional systems of condensed-matter physics. In this section, we
shall discuss charge fractionalization, for the example of two-dimensional

329
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fermions, interacting with a kink.

Thus, let us consider fermions interacting a la Yukawa with a real scalar
field ¢ in two-dimensional space—time. The Dirac equation in the external
field ¢ has the form

(1Yu0p = hep)ih = 0, (15.1)
where 1 is the two-component column,

-(2)

and the two-dimensional Dirac matrices have the form (14.15). Let us
consider the case when the external field ¢ is the field of the kink, described
in Section 7.1. This field is static and has the asymptotics

or(z!t — +o0) = %, (15.3)

where v is the value of the field ¢ in one of the ground states, v > 0. We
shall suppose that ¢y is antisymmetric in space,

pr(—at) = —pr(at).
We note that the field

a(a!) = pr(=a') = —pr(a?) (15.4)
is the field of the antikink and has the asymptotics

@a(z! — +00) = Fu.

Since the kink field is static, it makes sense to speak about fermion
energy in that background field. In other words, solutions of the Dirac
equation in the external static field ¢(z') can be sought in the form

P2, zt) = ei“’zozbw(a:l). (15.5)
The wave function with fixed energy satisfies the equation
Hwa = Www(xl)a (156)

where the Dirac Hamiltonian is equal to

9 X
Hp = —lap + ho(zh)f, (15.7)
and the matrices o and 3 have the form 3 =% = 71, a = 409! = —73.

If the field ¢ is in the ground state, ¢ = v, then the Hamiltonian
describes a free fermion with mass m = hv. In the external field of the
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kink, a fortiori, there exist fermion states in a continuous spectrum with
energies greater than m, and there may exist (and as we shall see now, there
indeed do exist) discrete levels with energies less than m. In any case, if
one considers fermions with energies of the order of m, their presence will
have a small effect on the kink field, if the energy of the kink field itself is
significantly greater than m. Thus, our approximation, in which the kink
field is assumed to be external, and the effect of the fermions on the kink
small, is valid for

My > hv, (15.8)
where M} is the mass of the kink. In the model with scalar potential

V(e) = AMg? — v?)?, we have M ~ +Av® (see Section 7.1) and
equation (15.8) has the form

2
voN
We shall consider precisely this case in what follows.

Let us turn to a discussion of the spectrum of the Dirac Hamiltonian
(15.7) in the kink background field ¢ = ¢y (z!). The key point for what
follows is the existence of a zero mode, a localized state with energy
w = 0 (Dashen et al. 1974a). For w = 0, equation (15.6) in terms of
the components of the column (15.2) has the form

10191 + hopps = 0
—101%2 + hory 0

or, equivalently,

O1(1 —ith2) + hepr (1 —itp) = 0
O1(h1 +irh2) — hop(Pr +1itha) = 0

It is clear from these equations that the combinations (1, + it)9) are equal

to
+ / hmf)dxl} ,
0

where Ay are, for the present, arbitrary constants. If we now recall the
asymptotics of the kink field (15.3), we obtain that for large |z|,

(Y1 £ivhe) = At exp

1

/ hog(zt)dz' ~ ho|zt|.
0

Thus, the combination (11 + i1)s) increases exponentially as |z!| — oo

(if AL # 0), and the combination (11 — it)2) decreases exponentially as
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2! — 400, and also as ! — —oo. Consequently, there is precisely one

normalizable fermion mode, for which (¢1 + i2) = 0, i.e. Ay = 0. In
terms of two-component spinor the wave function of the zero mode is equal

to
1 xr
(()k) = A() exp {—/
? 0

where A is a normalization constant.

It is clear that the zero mode wék) must be invariant under C-conjugation
(up to a phase factor); if this were not the case, then the C-conjugate
function

1

1

hgpk(xl)dxl} , (15.9)

v = [uf]’

would be another solution of the Dirac equation with zero energy.! The
invariance of the zero mode under C-conjugation is not difficult to check
explicitly.

Problem 1. Show by direct computation that the wave function (15.9) is
invariant under C-conjugation (up to a phase factor).

The fermion zero mode in the antikink background field can be found
using the property (15.4). It follows from this property that under spatial
reflection (with matrix P = ~°) the Dirac equation in the kink background
field becomes the Dirac equation in the antikink background field. Thus,
the spectrum of the eigenvalues of the Dirac operator in the antikink
background field is the same as the spectrum of the Dirac operator in
the kink background field, and the eigenfunctions are, correspondingly,
interrelated by a P-transformation. In particular, the zero mode in the
antikink background field is equal to

") = —iPyt (—at)

(the factor (—1) is introduced for convenience), or, in explicit form

5 = A(;) exp {/011 hcpa(xl)dml} , (15.10)

where we have used the explicit form of the matrix P = 4° and the property
(15.4).

Problem 2. Show by direct computation that the function (15.10) is
the unique solution of the Dirac equation with zero energy in the antikink
background field.

!The fact that the Dirac equation (15.1) is invariant under C-conjugation in the
presence of a real external field ¢(z!) is verified in complete analogy with Section 14.1.
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Problem 3. Show that, in the presence of topologically trivial static
external fields o(zt) (such that p(zt — +o0) = v), there are no fermion
zero modes.

Let us now discuss the consequences of the existence of the fermion mode
with zero energy in the kink background field. In the first place, there are
two degenerate states of the system in the solitonic sector. In one of these
the fermion level corresponding to the zero mode is populated, in the other
it is not; since the energy of the fermion at the zero level is equal to zero,
the total energies (masses) of these states are identical. The difference
between the fermion numbers of these states is equal to one,

N - N =1, (15.11)

where N }k) denotes the fermion number of the state with the filled zero

level in the kink background field and N is the fermion number of the
state with the empty zero level. Analogously, there are two degenerate
states of the antikink, and the difference between their fermion numbers is
also equal to one,

N — N = 1.

Let us show that one should assign half-integer fermion numbers to the
corresponding states

®) _ @ 1
Nf = Nf =3
1

Let us first note that because of the symmetry of the theory under spatial
reflection the fermion numbers of states of the same type are equal for the
kink and the antikink,

k) _ y@
Ny7 o= Ny
N® = N@, (15.13)

Let us now consider a Gedanken experiment, in which a kink—antikink pair
is created adiabatically slowly. The scalar field in this process changes with
time, as shown in Figure 15.1. We are interested in the behavior of the
system of fermion levels with time, in this process. In other words, at a fixed
moment of time 2%, we need to find the eigenvalues of the Dirac Hamiltonian
in the external field ¢(z', 2°), where z° is viewed as a parameter, i.e. to
solve the eigenvalue problem

o0 4 hg(a, 28] = w0
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The set of eigenvalues w(2?) is the desired system of fermion levels; it

depends on z¥ as a parameter, i.e. the levels move (adiabatically slowly)
with time.
¥ ¥
v S B
K/;
.’171 I’l
¥ 14
v v
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Figure 15.1.

By virtue of the C-symmetry, positive and negative levels move
symmetrically: if at a given moment of time z° there is a positive level with
energy w, then there is also a negative level with energy (—w). Initially,
the system of levels corresponds to the free fermions with mass m = hv.
At the end of the process, when the kink and the antikink move an infinite
distance apart, the system has two levels with zero energy. Thus, the
system of fermion levels changes with time, as shown in Figure 15.2.

Suppose that at the beginning of the process the system of fermions is in
the Dirac vacuum: all levels with negative energy are filled, and all levels
with positive energy are empty. In this case, the fermion number of the
system is equal to zero. When the external field changes, fermions do not
jump from level to level. Consequently, in the final state, all negative levels
and a single zero level will be filled. This may be the level localized in the
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Figure 15.2.

kink or the level localized in the antikink (actually, these two possibilities
are each realized with probability %, which is evident from P-invariance).
At the same time, the total fermion number of the system does not change,
i.e. at the end of the process it remains equal to zero, as before. If, for
example, the filled zero level is localized in the kink, and the level in the
antikink is empty, then the fact that the fermion number is equal to zero
in the final state means that

N 4+ N@ = 0.

Together with equations (15.11) and (15.13), this leads to half-integer
fermion numbers (15.12).

If the fermions carry an electric charge e (and the scalar field is
electrically neutral), then we must conclude that the electric charge of
a kink with a filled zero fermion level is equal to %e (and the charge
of a kink with an empty zero level is equal to (—3e))! At first glance,
this conclusion is paradoxical, since the system contains no elementary
excitations (particles) with half-integer electric charge. The resolution of
this apparent paradox lies in the fact that the Dirac sea in the external
field p(x!) can carry an electric charge, which is not necessarily integer;
the Dirac sea is said to be polarized. This statement is supported by
direct computation of the electric charge (and the fermion number) of the
Dirac sea in the kink background field; this calculation is carried out in the

framework of quantum field theory, and we shall not present it here.
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15.2 Level crossing and non-conservation of
fermion quantum numbers

In this section we shall consider a very simple model, in which the
phenomenon of fermion level crossing and the associated non-conservation
of fermion quantum numbers occurs, namely, the theory of two-dimensional
massless fermions, interacting with an Abelian (external) gauge field.
The phenomenon of level crossing is closely related to the quantum
anomaly (Adler 1969, Bell and Jackiw 1969) in the divergence of the
corresponding fermionic current; therefore, the resulting non-conservation
of fermion quantum numbers, being of a non-perturbational nature, is
sometimes said to be anomalous. The anomalous non-conservation of
fermion numbers was discovered in the context of instanton processes by
't Hooft (1976a,b), who used a very different formalism from that studied
in this and forthcoming sections (the Euclidean path integral formalism, in
which the non-conservation of fermion quantum numbers arises as a result
of the existence of Euclidean fermion zero modes). An interpretation of 't
Hooft’s mechanism in terms of fermion level crossing was given by Callan
et al. (1978) and Kiskis (1978). Two-dimensional models were considered
from this point of view by Nielsen and Ninomiya (1983) and Ambjorn et
al. (1983). In the following chapters we shall see that anomalous non-
conservation of fermion quantum numbers is inherent in a number of
systems in four-dimensional space—time; its consequences are interesting
from the point of view of both particle physics and cosmology.

We recall that free massless fermions in two-dimensional space—time are
described by a two-component wave function

=)

satisfying the Dirac equation
oy =0, p=0,1.

As before, we shall use the representation (14.15) of the two-dimensional
Dirac matrices, 7° = 7!, 4! = i72. In this representation the free equations
for x and n decouple,

(i0o —i01)x = 0, (15.14)
(i0o +i0y)y = 0. (15.15)
The general solution of equation (15.14) is an arbitrary complex function

of the variable xg + z1, i.e. x = x(zo + 21). Thus, x is a wave (generally
speaking, not a plane wave), moving to the left. Analogously, n(zq — 1),
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the solution of (15.15), is a wave moving to the right. We shall say that x
describes left fermions (fermions moving to the left), and that n describes
right fermions.

For the sequel, it is convenient to suppose that one-dimensional space has
a finite length L, at whose ends periodic boundary conditions are imposed.
Solutions of the Dirac equation with fixed energy w have the form

—iww0+ikzl

Xw = € s w=—k
Nw = eriwerikal g (15.16)

where in both cases the momentum k takes a discrete set of values,

k= %n n=0+1,+2,.... (15.17)
The energy spectrum w is essentially gapless (the first level is separated
from zero by a gap of width 27 /L), there are no degeneracies.

Since the equations for left and right fermions decouple, it makes sense
to speak of the left fermion number Ny and the right fermion number
Npg, which are separately conserved. For example, Ny, is the difference
between the number of fermions moving to the left and the number of
antifermions (holes in the Dirac vacuum), also moving to the left. One
state of a fermion system is shown in Figure 15.3. Instead of N;, and Ng,
one can introduce the conserved total fermion number Np = N, + Ni and
chirality @° = Ny — Nrg.

Suppose now that the fermions interact with the Abelian gauge field A,
of the group U(1) and carry a charge e. By analogy with four-dimensional
electrodynamics, we shall call A, the electromagnetic vector potential. In
fact, this has nothing to do with magnetism: the only non-zero component
of the strength tensor Fy; = —Fig corresponds to the electric field Fp; =
—E. The Dirac equation in the external field A,(z°,z') is obtained, as
usual, by replacing ordinary derivatives by covariant ones. For the left and
right components we have the equations

[i(8y — ieAo) +i(0y —ieAy)lnp = 0. (15.19)

One might think that Ny and Ng are individually conserved, as before,
since the left and right components of the fermion wave functions do not
mix with each other. We shall show that that is not always the case.

As a simple example, let us consider a process in which the system
of fermions is placed for some period of time in a spatially homogeneous
electric field, oriented along x! in the positive direction; the electric field
vanishes as 29 — 4o00. Suppose that at the beginning of the process the
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Figure 15.3. State of a fermion system with Ny = 2 and Ng = —1. The
open circles denote empty levels in the Dirac sea, and the closed circles
denote occupied levels.

fermions are in the ground state, the Dirac vacuum. When the electric
field is switched on, Dirac sea fermions of type 1, moving to the right, will
acquire energy. Some of them will begin to have positive energy. After
the electric field is switched off, these fermions will have positive energy
as before, i.e. some positive levels will be filled and real right fermions will
appear in the system. Conversely, Dirac sea fermions of type x, moving
to the left, will lose energy in the electric field, i.e. their energy w will in
time become increasingly negative. This means that some negative levels
of the left fermions will be empty at the end of the process, i.e. the system
will have new holes, left antifermions. The initial and final states of the
system are shown in Figure 15.4. Thus, the left fermion number N in
this process will decrease, and the right fermion number will increase, Ny,
and Ny will not be individually conserved. For a quantitative description
of this process, let us choose the gauge of vector potentials, where Ag =0
and A; = A;(2°). The electric field is equal to

E = —0pA;(2°). (15.20)
In the beginning of the process A;(z° = —o0) = 0, and at its end

A; = constant = fﬁ, 2% — +oo. (15.21)
e
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Let us solve equations (15.18) and (15.19) in this background field.
Solutions which have energy w in the beginning of the process, have the

form

1’0

X = constant - exp [—iw(xo +at) — ie/ Al(t)dt}

—00
.’)30
constant - exp | —iw(z® — z1) + ie/ Aq(t)dt| .

—00

n

As 2% — oo these solutions are characterized by energies (w—pu) and (w+p),
respectively,

Y = constant.e i(w-ma’—iwa’ (15.22)
n = constant e {(wrma’tive (15.23)

The fact that the absolute value of the momentum for these solutions does
not coincide with the energy is explained by the presence of the non-zero
vector potential (15.21) at the end of the process. This vector potential
can be eliminated by the gauge transformation 4, — A, + %8#04, v —
e'*h =)' with o = px!. As a result the gauge transformed wave functions
at the end of the process will have the usual form

X' = constant-e

7’ = constant-e

—ilw—p) (@ +a")

—iw+i) ("),

At the beginning of the process, all levels with w < 0 are filled. It follows
from (15.22) and (15.23) that at the end of the process all left levels with
energy less than (—pu) and all right levels with energy less than (+pu) will
be filled. Left levels in the energy interval (—p,0) will be empty. Thus,
equal numbers of right fermions and left antifermions will be created in the
system, i.e.

ANp, = —ANp. (15.24)

The total fermion number Np = N + Ng is conserved, but the chirality
Q> = N;, — Ny changes.

To compute ANg, we take into account the fact that the energies of the
free fermions run over the values 2fn, n = 0,+1,42, ... (see (15.16) and
(15.17)), and that the levels are non-degenerate. At the end of the process,
real right fermions fill all levels with energies from 0 to p, i.e. levels with

0<n< —upu.
n_27rﬂ

There are i w of these levels; thus,

L
ANp = —pu. 15.2
R=5 M (15.25)
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Figure 15.4.

Taking into account (15.20) and (15.21), this equation can be given the
following form:

ANg = = /da:ldasOE (15.26)
2T

or

€
ANp = -~ /d%eWFW. (15.27)

The changes in the total fermion number and the chirality are given by

ANp =0 (15.28)
5 e
AQ° = %/d%stw (15.29)

Thus, in this model one of the fermion quantum numbers, the chirality (the
difference between the number of left and right fermions) is not conserved,
and the change in the chirality in this process is given by equation
(15.29). We note that the right-hand side of (15.29) is proportional to
the topological number of the two-dimensional configuration of the gauge
field introduced in Section 13.3.

Equations (15.24) and (15.27) or, equivalently, (15.28) and (15.29), are in
fact very general. To show this, let us first consider a gauge field A; (2°, z!),
varying adiabatically in time and defining an electric field E(z% 2!) =
—0A1 (2%, 21), which is switched off as 20 — +oco. Otherwise the field
Aq(z#) is arbitrary; without loss of generality, we may suppose that at the
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beginning of the process A;(2%,z') = 0, 2° — —oco. At the end of the
process A1(z® — +oo,x!) is, in general, non-zero.
Solutions of the Dirac equation in an adiabatically slowly varying
external field have the form
0

V(a0 21) = exp {z / ’ w(t)dt} Ve (@), (15.30)

— 00

where t),,(;0)(x') is an eigenfunction of the instantaneous Dirac Hamil-
tonian

Hp (2%)0u(z0)(2") = w(@®)thy(z0)(zh), (15.31)

where

Hp(2°) = —ia0) —ieA; (2, 2")].
As before, a = 799! = —73. In equation (15.31), the time 2° must be
viewed as a parameter. Equations (15.30) and (15.31) imply that in the
course of the process the energies w(z") of the fermion levels vary (the
levels move), while the fermions remain at the same levels as they were
initially (there are no jumps from level to level). At the beginning and
the end of the process the electric field is switched off, thus the systems
of fermion levels coincide; these are the systems of levels of the free Dirac
Hamiltonian. At the same time, the movement of the fermion levels may
be non-trivial; we shall now see that the left and right levels may move
as shown in Figure 15.5. Some levels may cross zero and move from the
region of negative? w to the region of positive w (in Figure 15.5, these are
the two right fermion levels). If, for example, the initial state of a fermion
system is the Dirac vacuum, as shown in Figure 15.5 for right fermions,
then in the final state, there will exist real fermions, and the number of
real fermions will be equal to the number of levels crossing zero from below.
Some levels may cross zero from above and move from the region of positive
w to the region of negative w. These levels will be empty in the final state
(if the initial state is the Dirac vacuum), i.e. antifermions will appear in
the system. Thus, the change in the right fermion number in this process
will be equal to

0

Number of right levels Number of right levels
ANp = _

crossing zero from below crossing zero from above

and analogously for ANy. Clearly, this equation does not depend on the
initial state, and this is illustrated in Figure 15.5 for left fermions (AN =
—2 in Figure 15.5).

2We assign the zero level to the Dirac sea; this is a matter of convention, which is not
important for what follows. In the limit of infinite spatial size this subtlety is irrelevant.
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Figure 15.5.

Let us mention one subtlety. The spectra of the fermions will indeed
coincide at the beginning and the end of the process if the final field
A1(2° — 4o00,2') can be made equal to zero by a non-singular gauge
transformation with gauge function ei‘l(’ﬂl)7 periodic in space with period L.
For this we require (see Section 13.3), the quantity

o (L2

n Ay (2° — 0o, 2t)da?,

S 2r —L/2
which is the topological number of the gauge vacuum in the final state,
to be an integer. We recall that n is related to the topological number
of a two-dimensional configuration of the gauge field (we set A; = 0 for
20 — —o0),

q dzxsu,,FW,

uv
It is precisely the cases in which ¢ is an integer which we shall consider in
what follows.

In order to relate ANy and ANy, to ¢, we shall solve equation (15.31).
For right and left fermions the solutions have the form

N0y (") exp [iw(mo)ﬂcl + ie/ Al(xo,xl)dxl}

0

Xo@oy(z') = exp [—iw(xo)xl +i€/ Al(mo,xl)dl‘l] .
0
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The conditions for periodicity of the wave functions n and x at the
boundaries of the space are satisfied if

L/2
right : wn ()L + e/ Ay (20, 2V dz! = 27n
—L/2
L/2
left : wn(xO)L—e/ Ay (2®, 2Y)det =270, n=0,£1,%2,....
—L/2

Thus, the energies of fermions in the nth level at time x° are equal to:

9 L/2
right : w(xY) = UL Ay (2%, ) da? (15.32)
L L J 1
9 L/2
left : wn(2?) = UL Ay (2, xt)dzt. (15.33)
L L J 1
Hence it is clear that, for ¢ # 0, the levels indeed move as shown in
Figure 15.5. As 2% — —oo we have w, = Q”T”, and as 2° — +oo this

level will occupy the position of the (n + ¢)th level of free fermions (the
upper sign relates to left fermions, the lower sign to right ones),

— +00) = 727T(nLi Q).

W, (aco

We conclude that the difference between the number of levels crossing zero
from below and from above is equal to ¢ for left fermions and to (—¢q) for
right ones. Consequently,

ANRp = —q (15.34)
AN, = gq, (15.35)

which agrees with the formula for a spatially homogeneous field.

Finally, let us drop the requirement for adiabatic change of the field
A; with time. In the non-adiabatic situation, jumps of fermions from
level to level are possible, but the movement of the levels themselves is
given, as before, by formulae (15.32) and (15.33). It is significant that
left-hand fermions cannot jump to right levels and vice versa, since the
Weyl equations for left and right fermions decouple. All that can happen
in the final state, in comparison with the adiabatic case, is the occurrence
of a certain number of additional right fermions in the real state (with
w > 0) and the same number of holes in the Dirac sea of right fermions
(and analogously for left ones). This has no effect on the right (and left)
fermion numbers of the final state, since they are defined as the difference
between the number of fermions with w > 0 and the number of holes in the
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Dirac sea (antifermions). We conclude that formulae (15.34) and (15.35)
(or, equivalently, (15.28) and (15.29)) are of a general nature, if the gauge
field is in the vacuum state at the beginning and end of the process (and
even in the more general situation, when the configurations of the field
A; at the beginning and end do not depend on time and differ only by a
non-singular and periodic gauge transformation).

Several remarks are in order.

1. We have said nothing about the reasons why the gauge field
Aq (20, 2') arises, or about whether it interacts with other bosonic
fields: the only thing that was important for us was that at the
beginning and end its configuration corresponds to topologically
distinct vacua. This field may arise in the Abelian Higgs model at zero
temperature as a result of the tunneling process (instanton). Thus,
the instanton transition in the Abelian Higgs model with massless
fermions leads to non-conservation of chirality (for one instanton
¢ = 1 and the chirality changes by AQs = 2). In the Abelian Higgs
model at a finite temperature, the field A;(2°, 1) may occur as a
result of a thermal jump (via the sphaleron); this process in the
theory with fermions also leads to non-conservation of chirality.

2. In any case, non-conservation of chirality requires “large” fields: small
perturbations of A; do not lead to transitions between topologically
distinct vacua.

3. If the model had only right fields and the left component of ¢ were
completely absent (two-dimensional Weyl fermions), then we would
have to deduce non-conservation of electric charge. Indeed, we have
asserted that the electric charge of the Dirac sea is zero, thus, for a
system of right Weyl fermions the electric charge is equal to

Q = Npg.

Non-conservation of Nr would mean non-conservation of electric
charge. However, electrodynamics with a non-conserved electric
charge is inconsistent (Maxwell’s equations are only self-consistent
when the current vector is conserved 9,7, = 0). Thus, we conclude
that the theory of electrically charged Weyl fermions is inconsistent
in two-dimensional space—time.

In quantum field theory one can construct operators of left and right
fermion currents

. ;190
Jh o= v
, o
igo= 1,

2
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where 7> = —%! = 73 in two-dimensional space-time. The left and
right fermion number operators have the form

NL,R = /jé’Rdwl.

In quantum field theory, it is demonstrated that the currents jﬁ and
j 5 are not conserved (analogue of the triangle anomaly of Adler, Bell
and Jackiw, which occurs in four-dimensional space-time):

. e
8ﬂ]£ = EE/JJ/F}LV (1536)

. (&
il = =B (15.37)

Equations (15.34) and (15.35) are evidently integrals of the identities
(15.36) and (15.37) over space—time. It is clear from equation (15.37)
that two-dimensional electrodynamics with only right fermions is
inconsistent.

4. In the model we considered, chirality is violated and the total fermion
number is conserved. However, it is not difficult to construct a model
in which the total fermion number Ng = Ny + Ng is not conserved,
see the problem at the end of the section.

5. The fact that the difference between the numbers of right levels
crossing zero from above and below is equal to the topological number
q of the gauge field configuration (or of configurations, differing at
the beginning and the end by a gauge transformation) is a very
simple version of the Atiyah—Patodi—Singer theorem. The possibility
of proving this fact by direct solution of the Dirac equation is a
specific property of the simple two-dimensional model considered in
this section.

One may have the impression that level crossing is possible only for
massless fermions. In fact, this is not the case: level crossing and the
non-conservation of fermion quantum numbers can occur also when the
fermions acquire a mass as a result of the Yukawa interaction with the
Higgs fields (this mechanism of mass generation was discussed at the end
of Section 14.3). As an example, let us consider the Abelian Higgs model
in two-dimensional space—time and introduce into it fermions interacting
with the Higgs field a la Yukawa.

The Lorentz and gauge-invariant action can be written down, by
introducing a charged right fermion y and a neutral left fermion & (see
the example at the end of Section 14.3). Under gauge transformations, we
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shall have ¢ — e'®p, ¥ — €@y, £ — £ and the fermion action with the
Yukawa term can be chosen in the form

Sk = /dzx[x+i(Do+D1)x+€+i(3o—31)€—h(x+§s0+§+x<ﬁ*)], (15.38)

where, as before, D,, = 0,, —ieA,,. Here, we have used the explicit form of
the two-dimensional v-matrices.
The equations, following from the action (15.38), have the form

i(Do+ D1)x —hp§ = 0 (15.39)
1(80 - (91)5 - th*X = 0. (1540)

If the external fields take the vacuum values, A, = 0, ¢ = v, then
the system (15.39), (15.40) describes a free massive Dirac fermion in two-
dimensional space—time: it reduces to the free Dirac equation

Y, 0,0 —mayp =0

P = (5) (15.41)

X

for the column

Here, the fermion mass is equal to m = hv.

Let us now consider external fields A;(z% z'), ¢(2®, 2!) in the gauge
Ap = 0. We shall assume that they interpolate between neighboring
topologically distinct vacua, i.e.

Azt =0, (') =v, fora® — —cc

Ai(a') = “dha(e"), ple") = Do, fora® — foo,

where

afz! — +00) —a(z! - —00) =27
(since all fermions are massive, there is no need to consider the system
in space of finite length). We now raise the question as to whether or
not level crossing occurs in these external fields. In other words, we need
to analyze the spectrum of the instantaneous Dirac Hamiltonian for the
system (15.39), (15.40) in the given external fields. This Hamiltonian has

the form
__(i01  hy*
Hp = (h<p —iD1> , (15.42)
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since for Ag = 0, equations (15.39), (15.40) are written down for the column
(15.41) in the form

i0ot) = Hpip.

We note that the Hamiltonian (15.42) is Hermitian, as it should be.

We shall solve only part of the problem, namely, we shall show (and
only for a certain class of configurations of fields A; and @) that the
instantaneous Hamiltonian (15.42) has eigenvalue zero for some z°. The
corresponding eigenfunction vy decreases rapidly as ' — +oo; thus, we
shall not be worried about the boundary conditions for 1g. In order to make
the problem more symmetric in time, we perform a gauge transformation
with gauge function —O‘(; D over all the quantities. Then, the external
bosonic fields will interpolate between static configurations of the form

1

Ai(@') = 0B ("), pla) = Do, 2 = oo

and

1 ; .
Ay(z') = EalﬂJr(Il)» ‘10(951) = eZﬁJr(ll)% 2% — +o0,

where 1 = :I:%Il). Without loss of generality, we may suppose that
a(z! — —o00) = 0 and a(z! — +00) = 27. Then, at the beginning of the
process as x' changes, the phase of the field ¢ changes from zero (when
z! — —o0) to (=) (when x' — +00). This means that, as z' changes,
the initial field p(x!') runs along a semicircle of radius v in the complex
plane, located in the lower half-plane. As 2° — oo, the field ¢(z!) runs
along a semicircle, located in the upper half-plane, and the whole process
proceeds as shown in Figure 15.6.

Let us restrict ourselves, for simplicity, to configurations which at some
moment of time (let us say z° = 0) are described by real ¢(z!) and have
Aj(x') = 0. At this moment of time (and for arbitrary x°) the field ¢(z?)
changes from v to (—v), as ! changes from —oco to +o0o. At 20 = 0, the

instantaneous Hamiltonian (15.42) is equal to

Hp = <Zh(?; f;f%) = —iad; + Bhy(z').

It coincides with the Hamiltonian (15.1) in the antikink background field
and, as shown in Section 15.1, has a zero eigenvalue. Thus, in the system,
one of the fermion levels indeed crosses zero. We note that for level crossing,
the fact that the field ¢ takes zero value at some point (2°, #!) is important.
It is a good deal more complicated to show that the fermion number
changes exactly by unity in the external fields A; and ¢ of the type in
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rl =
Figure 15.6. Evolution of field ¢ with increasing z°. Continuous curves
show “trajectories” of p(x!) for 2% = —co (lower semicircle) and z° =

+o00 (upper semicircle). Dashed curves show “trajectories” of ¢(z!) at
intermediate times.

question. We shall not present the corresponding proof here. We note only
that at the level of quantum field theory the model contains an anomaly
of the type (15.37) in the fermionic current or, in integrated form,

A]VF = —q,
and that the calculation of the level crossing agrees with this formula.?
Problem 4. Consider massless two-dimensional fermions with axial

interaction to the gauge field of the group U(1). The Dirac equation has
the form

ifyuDMd) = 07

3The gauge current in this model also has an anomaly. To make the model self-
consistent one has to add other fermions to it.
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where ¥ is a two-component column and D,, is defined as D,, = M—ie’y5AM.
As before, the matriz v° is equal to > = —O4' = 73. Note that the gauge

transformations over v have the form
)

Determine the behavior of the system of fermion energy levels in the
external field Ay(z°, z') with ¢ # 0. Show that the chirality in this model
is conserved, but that the total fermion number is not.
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Chapter 16

Fermions in Background
Fields of Solitons

and Strings in
Four-Dimensional
Space—Time

The purpose of this chapter is to discuss certain dynamical effects
associated with the behavior of fermions in background fields of
topological objects in four-dimensional space—time, namely 't Hooft—
Polyakov magnetic monopoles (Sections 16.1 and 16.2) and strings,
i.e. Abrikosov—Nielsen—Olesen vortices (Section 16.3). These objects
themselves were described in Sections 9.1, 9.2 and 7.3, and we shall use
the notation introduced there. The interest in the matters considered in
this chapter is primarily due to the fact that monopoles and strings occur
in a natural way in theories of the grand unification of the strong, weak
and electromagnetic interactions (monopoles exist in practically all Grand
Unified Theories, while strings occur in a relatively narrow class of models).
Of course, these theories also contain fermions, at least the known quarks
and leptons. Thus, the study of the dynamics of fermions, interacting with
monopoles and strings, is important for the experimental search for these
objects, and also from the point of view of their possible role in the early
Universe.

351
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16.1 Fermions in a monopole background
field: integer angular momentum and
fermion number fractionalization

In this section and in the following sections, we shall consider a
simple model, containing 't Hooft—Polyakov monopoles. This model (see
Sections 9.1 and 9.2) is based on the gauge group SU(2) and contains a
real triplet of Higgs fields ¢*. We recall that the ground state of bosonic
fields can be chosen in the form

AL =0 0% = véy3. (16.1)

Here, the subgroup of electromagnetism U(1)em., whose gauge
transformations have the form

3
w(z) = ez @) (16.2)

remains unbroken. In a unitary gauge, fields A}L and Ai are massive, while
the massless electromagnetic field is described by the vector potential Ai.

For later reference, we again give the form of the monopole solution
(9.10) in a regular gauge:

* = n%(l-H(r)), (16.3)

1 ...
AY = —g¥ini(1—F 16.4
O} (16.49)

AS)
I

where the radial functions satisfy the boundary conditions

FO) = H((0)=1 (16.5)
F(o0) = H(c)=0.
We shall again use the fact that in the gauge (16.3) the unbroken subgroup

of electromagnetism (which makes sense far away from the core of the
monopole) is not defined by formula (16.2), but by the transformations

a,,a

w(z) = exp [z a(x)] , (16.6)

where n® = z%/r are components of the unit radius vector in three-
dimensional space.

Let us include in the model fermions, which form a doublet with
respect to the gauge group SU(2). In this section, we shall consider Dirac
fermions, containing both left- and right-handed components, and we shall
include the Yukawa interaction with the Higgs field ¢®. The corresponding
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construction was described in Section 14.3, therefore, we shall immediately
write down the Dirac equation (14.54):

(MDH - h%w) ¥ =0. (16.7)

We note that we have set the explicit mass parameter m in (14.54) equal
to zero. As usual for the doublet representation of SU(2), the covariant
derivative in (16.7) is

. T
D, =0, — zg?Au. (16.8)

Let us in the first place find the masses and electric charges of fermions
in the vacuum (16.1). For this, in the covariant derivative (16.8), we retain
only the electromagnetic field Ai and we set ¢® = v§%3. Then equation
(16.7) will have the form

3 3
) LT g T
|:Z’Y# <3u — zg;Au> — h;v} ¥ = 0.
The equations for the upper and lower components of the SU(2)-doublet
()
(4

decouple and have the form

[iw” (au - igAi) - h%} b = 0
. g - v
[w# (a# + ziAZ) + h§] by = 0. (16.9)
Clearly, the fermions ; and ¥y have the same mass
h
mp = 7” (16.10)

the fermion 1), has electric charge (+%) and the fermion 1, has charge
(—%). We note that the non-standard sign of the mass term in equation
(16.9) does not affect the energy spectrum of the fermion 9, as can be

seen from the result of the following problem.

Problem 1. Find a unitary matriz U such that the wave function 5 =
Uy satisfies the equation

[mu (au + igAi) - h%} U =0,

if o satisfies the equation (16.9).
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Thus, the model has two types of fermions with opposite electric charges
and the same mass.

Let us now consider equation (16.7) in the external monopole field (16.3),
(16.4). The first notable property of this equation is the existence of an
integer angular momentum for the fermions (Dereli et al. 1975; Jackiw and
Rebbi 1976b; Hasenfratz and 't Hooft 1976). Indeed, the external monopole
field is invariant under spatial rotations, supplemented by rotations in the
“internal” space, see (9.6). Thus, the conserved quantity for the Dirac
equation in the background monopole field is not the usual fermion angular
momentum, but a combination which includes generators of the gauge
group SU(2),

J“:L“+s“+%, a=1,2,3, (16.11)
where the orbital and spin momenta of the fermion have the usual form

L* = —igs,,

1 /o 0
a _ * a .
<= 5(% )

here, 0% are Pauli matrices acting on the Lorentz indices of the left- and
right-handed components of the fermion (whereas 7 are Pauli matrices
acting on the internal, isotopic indices of the SU(2)-doublet). To check the
conservation of J* explicitly, let us write equation (16.7) in the external
fields (16.3), (16.4) in the form

o
i——= = Hp.
90 p¥
The quantum-mechanical Hamiltonian here is equal to
a

Hp = —ia%D, + ﬂh%gpa, (16.12)

where a® and [ are standard matrices (14.5), acting on the Lorentz indices.
The fact that J, commutes with Hp,

[Ja, Hp] = 0, (16.13)

is verified by direct computation.
Indeed, let us compute the commutator [L% Hp]. Carrying the
derivatives to the right, we obtain

Td Td
[L%, Hp| = —i€apes {(—i) (—ig?am@cAfn) +ﬁh?66g0d] )
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which for the external fields (16.3), (16.4) gives

[L*, Hp] = (1 F)(r® alny —at Tbnb)—zh2(1—H)6eabcnb7'c+€abcab8¢.
'f‘

(16.14)
Now, the commutator of s, with Hp is equal to
a cr.a m h b, br.a
[S aHD] = _Z[S y & ]Dm+ 57_ ® [8 7ﬁ}
Using the explicit form of the matrices s%, o™ and (3, we obtain
[s%, Hp] = —€apealde — 21(1 — F)(t%a™ny, —nttma™). (16.15)
r

Finally, the commutator of s* with Hp is equal to

] = ol 55])

h,
75(1 F)(a® Pnp—n amrm)+7ﬁi€abc@b7“.
The sum of the quantities (16.14), (16.15) and (16.16) is equal to zero,
which proves (16.13).

The quantum-mechanical operators (16.11) obey the commutational
relations of the angular momentum

J, J° = ieapeJC. 16.17
[

One somewhat unusual property of this angular momentum is that it
contains the isospin operator % (“spin from isospin”). This property
means, according to the rule for composition of momenta, that the angular
momentum J® is integer valued, despite the fact that we are dealing with

fermions.

Problem 2. As discussed in Section 9.2, far from the center of the
monopole, its configuration can be brought to a unitary gauge by a gauge
transformation. Then, only the electromagnetic potential Ai will be non-
zero. Find an expression for conserved angular momentum of the fermion
far from the center of the monopole in the unitary gauge; express it in
terms of the fermion electric charge. Show, by explicit computation, that
the commutational relations (16.17) are satisfied for the angular momentum
obtained.

For the sequel, it is convenient to make a change of variables in the Dirac
equation. We recall that the wave function i contains eight components
Vi, where kK = 1,...,4 is the Lorentz index and 7 = 1,2 is the isotopic
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index (index, corresponding to the SU(2) gauge symmetry). The Dirac
matrices a® and (8 act on the index k, and the isotopic matrices 7¢ act on
the index 1,

(Taw)ni = T{}%r

It is convenient to interpret i,; as a 4 x 2 matrix; here, the action 7¢ is
written in the form (1)7°T),;, where the brackets contain the product of
a4 x 2 and a2 X 2 matrix. A convenient change of variables involves the
introduction of the matrix 1, (also 4 x 2) according to the rule

Yri = Yij€ji, (16.18)
where, as usual, ¢;; is an antisymmetric tensor of rank two. Then
¢TaT _ QLETGT _ 71;74157

where all the products are matrix products, and ¢ is a 2 x 2 matrix with
matrix elements e;;. The substitution (16.18) is convenient because we
eliminate the transposed Pauli matrices: the Dirac equation in terms of 1
has the form

09

g = —ia" 0, + S AL (0" dT") — he" (BT, (16.19)

where the expressions in brackets have to be understood in the sense of
matrix products. Analogously, the action of the operator J* has the form

a

Ja’l; = _igabcajbacd; + Sa’& - Q/;%

We note that this change of variables and the rewriting of the Dirac
equation in matrix form (16.19) are convenient not only in the case of
a monopole, but also for other external fields.

The operator J* does not intermix the left- and right-handed
components of the wave function : if the original wave function % is
represented in the form

V= (X)
n

where y and 7 are the left- and right-handed components, respectively,
then the operator J* will act as follows:

Jh = <‘7. /X>,
Jn
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where

1 1
=L ot T (16.20)

In terms of the transformed function ’J) we will have

where x and 7] are 2 X 2 matrices. Here, the operator j* acts on x and 7 as

JOX = —icaper’OX + %(r“g —x7%). (16.21)
Since we are using the matrix formulation, we have unified the notation for
the Pauli matrices in (16.21): instead of ¢® we use 7. The action of j*
on 7} coincides literally with (16.21). Taking into account the explicit form
(14.5) of the matrices o and 3, equation (16.19) can be written in terms
of the left- and right-handed components in the form of the system

5% . . g b~ h . .

A aa _Zpe ay _ " a c:.7 16.22
50 T 0uX — AR (TXTY) — 5 (177) (16.22)
. 0n . . g b~ h -

i - _ aa 7Aa ay " a a.

1520 iam + 5 b (T7T) 2<p(x7)

Wave functions with zero angular momentum J* = 0 are of particular
interest.

As far as their explicit construction is concerned, we note that, according
to (16.20), the operator j¢ is, formally speaking, a sum of three angular
momentum operators. According to the rule for the composition of
momenta, there are two eigenfunctions with j* = 0, one of which has
1 =0, and the other [ = 1. The first wave function xo, does not depend
on angles, and the sum of the spin and isospin momenta for it is equal to
zero. In terms of the function Yo, this last property means (see (16.21))
that

[Tav )Z0,0] - 07
ie.
Xo,0 = 1-ui(r,t),

where 1 is the unit 2 x 2 matrix, and u; is a complex function of r and t.
The wave function with [ = 1 is proportional to the unit radius vector n%;
the requirement that it should be invariant under a combination of spatial
and isotopic rotations (i.e. 7% = 0) immediately leads to the expression

Xo.1 = 71w (r,t).
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Right-handed wave functions with zero angular momentum have precisely
the same form:

77]070 =1- ’LLQ(’I“, t); 17]071 = Tan“vg(r, t). (1623)

Thus, in the sector with zero angular momentum, we have, in the general
case
X =1 u(r,t)+ m*n%(r,t) (16.24)

and analogously for 7.

Problem 3. Show by direct computation that j*x01 = 0.

Let us show that, for h # 0, there exists a normalizable eigenfunction of
the Dirac Hamiltonian (16.12) with zero eigenvalue; this is the zero mode,
completely analogous to that considered in Section 15.1. In other words,
we need to find a smooth, time-independent solution of equations (16.22)
which decreases rapidly as |x| — oo. Clearly, the solution must be sought
in the sector with J* = 0. Moreover, near the center of the monopole
we have A; = 0, ¢ = 0, therefore the Dirac Hamiltonian reduces to the
free one. It will not contain a centrifugal barrier, if ¥ and 7} are angle
independent. These considerations suggest the Ansatz

X=1-u(r); 7=1-us(r), (16.25)

where u1(r) and ua(r) are two complex functions to be determined. The
fact that the Ansatz (16.25) “passes through” equation (16.22) is not
completely trivial: in the background fields (16.3), (16.4), the right-hand
sides of these equations are proportional to the matrix (7%n%), and the
equality to zero of the coefficients leads to precisely two equations for the
unknown functions wuy(r) and uy(r),

1-F
i (u'l +— ul) —mp(1— H)uy 0, (16.26)

1-F
—i <u’2+ uz) —-mp(1—H)u; = 0,
T
where mp is given by formula (16.10).

Problem 4. Show that, for the Ansatz (16.25), equations (16.22) reduce
to the system (16.26).
The only decreasing solution of the system (16.26) is

uy = —iug = Cexp {f /0 [# +mp(l— H)} dr} , (16.27)

where C is a normalization constant. Because of the property (16.5) this
solution is smooth as r — 0 and decreases as e”™F " /r, as r — o0.
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Problem 5. Show that a second linearly independent solution of the
system (16.26) grows as r — 0.

Problem 6. Write down a system of equations for time-independent wave
functions with J* = 0 of general form (that is, suppose that vy(r) and
va(r) are non-zero, see (16.24), (16.23)). Show that (16.27) is the unique
solution which is smooth at r = 0 and decreases as r — 00.

The result of the last problem means that the Dirac Hamiltonian in
the monopole background field has exactly one zero mode, at least in the
sector with J = 0. In sectors with J # 0 there are no zero modes; the
corresponding analysis is quite complex, and we shall not present it here.

In complete analogy with Section 15.1, the existence of a unique fermion
zero mode means that in the given model there are two degenerate
monopole states (Jackiw and Rebbi 1976b): in one of these the fermion
level with zero energy is occupied, in the other it is not. These states have
fermion numbers (+3) and (—3), respectively. Thus, the model of this
section demonstrates that the fermion number of topological solitons in
four-dimensional space—time can be fractional.

Problem 7. Show that the Dirac equation in arbitrary real external fields
is invariant under the following analogue of C-conjugation,

Vai = Vi = ('750)&{351'1'1/"2]'7

where a« = 1,...,4 and i = 1,2 are the Lorentz and internal indices, C
is the usual C-conjugation matriz (14.14). This operation clearly changes
the sign of the fermion energy. Show that the fermion zero mode found is
invariant under this operation. (Note that here we have a complete analogy
with Section 15.1).

16.2 Scattering of fermions off a monopole:
non-conservation of fermion numbers

In this section, we consider the asymptotic scattering states of massless
s-wave fermions (i.e. fermions with J = 0) in the presence of a magnetic
monopole. Taking into account additional considerations relating to the
conservation of electric charge, we show that the scattering of fermions
off a monopole must lead to non-conservation of the fermion numbers
(Rubakov 1981, 1982, Callan 1982). However, our simple analysis does
not allow us to identify the mechanisms for this non-conservation; in fact,
these mechanisms are highly complex and depend on the model, and their
description, in any case, requires an analysis in the framework of quantum
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field theory. In many Grand Unified Theories, the interaction of fermions
with monopoles leads to monopole catalysis of the proton decay, a process
of type

p + monopole — e™ + monopole,

which must take place with a high probability (Rubakov 1981, Callan 1982).
This is a reason for the considerable interest in the questions discussed in
this section.

The model which we shall use differs from the model of Section 16.1 only
in the fact that the Yukawa interaction with the Higgs field is switched off,
ie. h = 0. In the vacuum (16.1) the fermions have no mass. Since the
equations for the left- and right-handed components of the wave function
decouple, it makes sense to consider the Weyl equation for the left-handed
fermions in the field of a magnetic monopole. In terms of the matrix x(x),
it has the form (see (16.22))

6)( . a ~ g a_b~__a
5.0 = iT 0aX — §Ab7' X7 (16.28)

We shall be interested in the asymptotic (|x| — oo) states of fermions.
For large |x| the field A? has the form

1

1
A (x) = Esabcnc. (16.29)

Fermions with zero angular momentum are most interesting: their wave
functions have the form (16.24).

Furthermore, for large |x| the monopole field is purely electromagnetic.
This means that fermions with electric charges (+4¢) and (—3g) behave
independently. In a regular gauge the fermion charge operator is equal to

1
Q = iTanav
as can be seen from (16.6). In terms of the function x we have
- 1,
QX = —§(X7a)na~

The states of the s-wave fermions with specific electric charges have the
form

1

Q = +§ . )2_,'_ = (1 — 7'ana)u_,'_7 (1630)
1
Q - 75 . )Z_ = (1 -+ 7'ana)u_7 (1631)

IFor h = 0, there is no normalizable fermion zero mode of the Dirac Hamiltonian.
This is clear from (16.27): for mp = 0, the right-hand side of (16.27) behaves as 1/r as
r — 00.
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where u4 and u_ are, for the moment, arbitrary complex functions. In the
general case the s-wave function is equal to

X=Xt + %o (16.32)

and we expect that the equations for uy and wu_, following from (16.28),
will decouple in the external field (16.29). Indeed, by direct substitution
of expressions (16.32), (16.30) and (16.31) in equation (16.28), we obtain
in the field (16.29), separate equations for u4 and u_:

1
. ’ 1
U = u_ +-u_, (16.34)
r

where the dots and the primes denote differentiation with respect to time
and with respect to r, respectively.

Problem 8. Show that in the external field (16.4) with F # 0, the equa-
tions for uy and u_ have the form

1 1
1 1

. = u_+-u_+ -Fuy.
T T

The last terms in these equations mix components of the wave function
with different electric charges (this occurs because of the presence of charged
vector fields in the monopole core).

Solutions of equations (16.33) and (16.34) with a fixed energy have the
form

1 .
Uy ;e—wm—ﬂ, (16.35)
1 .

Semiwl@otn), (16.36)

u_ =

r

We see that the wave functions of the left-handed fermions with positive

electric charge contain only outgoing waves, while the wave functions of
negatively charged left-handed fermions have only incoming waves!

One immediate consequence of the result (16.36) is the fact that s-
wave negatively charged fermions reach the core of the monopole with unit
probability. Even if the size of the monopole core is small in comparison
with the fermion wavelength (in other words, even for m, > w, where
m, is the vector boson mass), s-wave fermions interact strongly with the
monopole core and probe its structure. This phenomenon is quite unusual:
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as a rule, the probability of the interaction of particles with an object of
small size is suppressed by this size. The reason why the opposite situation
occurs in our case ultimately lies in the strong interaction of charged
fermions with the long-ranged monopole magnetic field, which leads to
the effect of a type of fall on the center.

Let us now discuss in more detail the possible final state of the process,
when the negatively charged fermion in s-wave state is incident on the
monopole. Let us suppose that in the final state there is also one particle,
fermion or antifermion. First, we note that a negatively charged s-wave
fermion cannot occur in the final state, since the wave function (16.36) does
not contain outgoing waves. One option would be to convert the negatively
charged fermion to a positively charged one with wave function (16.35). At
the level of quantum mechanics in the external monopole field, precisely this
possibility is realized: the Dirac equation near the monopole core contains
terms which mix u_ and uy (see Problem 8). It is clear, however, that
here we have a case where approximation of the external bosonic field is
not appropriate. Indeed, because of the conservation of electric charge,
the transition u_ — w4 must be accompanied by the appearance of an
electric charge on the monopole, the monopole must transfer to the dyon?
with charge (—g). The mass of this dyon is greater than the monopole
mass, and the scale of the mass difference is set by the mass of the vector
boson m,,. Consequently, for low (in comparison with m,,) energies of the
colliding fermion, the process

u_ + monopole — uy + dyon

is impossible because of conservation of energy. We have to search for other
versions of the final state.

In principle, an s-wave fermion may transfer to a fermion with the same
charge, but a different angular momentum. This possibility must also
be discarded at low energies of the colliding fermion: in such a process
the monopole would acquire angular momentum, which would also require
energy of scale m,, (in addition, fermions with non-zero angular momentum
experience a centrifugal barrier, while the process must take place near the
monopole core).

It remains to search for negatively charged fermions or antifermions with
zero angular momentum, whose wave functions have the form of outgoing
spherical waves. If there are no right-handed fermions in the model then
the only candidate is a negatively charged antifermion, the antiparticle
to the fermion u;. We conclude that the properties of the asymptotic
states (16.35), (16.36), together with the laws of the conservation of energy,
angular momentum and electric charge require violation of the law of

2Precisely at this point, the assumption that the back reaction of fermions on the
bosonic fields can be neglected is violated.
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conservation of the fermion number (in transmutation of the fermion into
the antifermion) with unit probability in the s-wave sector!

In fact, the situation is even more complex. A model with gauge group
SU(2) and one left-handed fermion doublet does not exist at the level of
quantum field theory because of a global anomaly (Witten 1982). If we add

a second left-handed doublet (Z:*), then there is no global anomaly, and the

theory is self-consistent. In this model, there is a possibility of anomalous
non-conservation of the fermion numbers, which we shall discuss in the
next chapter. Corresponding selection rules permit essentially a unique
final state for the process, in which a charged fermion of the first type u_
is incident in the s-wave state on the monopole; the process has the form

u_ + monopole — (u/,) + monopole,

where @ denotes the antiparticle to the positively charged fermion of
the second type.

If right-handed fermions are included in the model, then their wave
functions in the s-wave state will contain only incoming waves for a positive
electric charge and outgoing waves for a negative charge. Thus, the process
will take place without a change in the total fermion number

uX + monopole — uf* + monopole. (16.37)

In this process, however, the number of left-handed fermions Nz and the
number of right-handed fermions Ng, which are conserved in weak fields,
are not conserved individually.?

Problem 9. Find asymptotic s-wave functions of right-handed fermions
in the background monopole field as |x| — co.

Thus, one characteristic property of the interaction of massless fermions
with a magnetic monopole is the non-conservation of the fermion numbers.
Even for low fermion energies and small monopole core sizes this happens
with a high probability: the cross section is determined by the probability
of having colliding fermions in an s-wave state, which is, roughly speaking,
of the order of unity (in fact, the cross section grows as the energy
decreases). As previously mentioned, in realistic Grand Unified Theories
this phenomenon leads to decay of the proton, induced by the monopole;
the cross section of this process is of the order of the hadronic cross sections
(and even greater), despite the fact that the size of the monopole core is
fantastically small (of the order of 1073% cm).

3We note that the selection rule ANg = —AN; = 1 for the process (16.37) is
analogous to the properties (15.34), (15.35). This analogy is not accidental: non-
conservation of the fermion numbers occurs in the models of this section and of
Section 15.2, by virtue of one and the same mechanism.
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16.3 Zero modes in a background field of a
vortex: superconducting strings

In Sections 15.1 and 16.1, we saw that in external fields of topological
solitons, there may exist fermion zero modes, the eigenfunctions of the
Dirac Hamiltonian with zero energy. In this section, we shall show that for
a specific choice of gauge and Yukawa interactions, fermion zero modes exist
in the field of a vortex? (Jackiw and Rossi 1981). The situation where the
vortex is viewed as an extended one-dimensional object, a string, in four-
dimensional space—time is of particular interest. It is precisely this situation
which we consider in this section. In this case, the existence of zero modes
of the transverse part of the Dirac operator leads to the occurrence of
fermion states localized on the string, which may move freely along the
string. Strings in such models may be superconducting (Witten 1985); this
property is interesting from the point of view of possible astrophysical and
cosmological applications.

As an example, let us consider the vortex discussed in Section 7.3. The
model has a gauge symmetry U(1)g and a Higgs field ¢ with R-charge eg
(we have introduced the index R to distinguish the gauge group U(1) g from
the unbroken group of electromagnetism, which we shall introduce later;
the gauge field of the group U(1)g will be denoted by B,,). The structure
of the vortex field has the form

o(r,0) = wveF(r),
1
Bo(r,0) = ———eqpngB(r) (16.38)
ERT
By=B; = 0.
Here o, = 1,2, r and 6 are the radius and polar angle in the plane

23 = constant, and n, = Zo/r. The vortex field does not depend on 23,

the vortex is an infinite straight string, directed in space along the third
axis. The functions F(r) and B(r) have the following boundary values:

We note that we have changed the notation for the radial function of the
vector field from that of Section 7.3.

Let us now introduce fermions, interacting with bosonic fields. In fact,
we have already constructed a model with a non-trivial Yukawa interaction

4Fermion zero modes in the vortex field have been discussed in the context of two-
dimensional instantons in Nielsen and Schroer (1977a), Kiskis (1977), Ansourian (1977)
and by other authors.
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at the end of Section 14.3. Namely, suppose the left-handed fermion
component x has R-charge (—%e r), and the right-handed component 7
has charge (—I—%eR). Then the Dirac equation has the form of the system
(14.59), which we write down again for further reference:

"D x —ho'n = 0 (16.39)
iU“’D;(f)nfhnpx = 0, (16.40)

where fot) =0, F Z%eRBH7 and the constant A is real. In the background
of the vacuum state ¢ = v, B,, = 0, this system describes fermions with
mass mpr = hv. We note that systems of this type arise in certain Grand
Unified Theories.

In arbitrary external fields, the system (16.39), (16.40) has the property

of C-symmetry: if
X
Y= < ) 16.41
" (16.41)

satisfies this system, then ¥¢ = C* also satisfies this system of equations,
where the matrix C, as before, is defined by formula (14.14). In terms of
left- and right-handed components, the C-conjugation operation has the
form

x — —en*, n—ex’. (16.42)

Problem 10. Show by explicit computation that the system (16.59),
(16.40) is invariant under the C-conjugation operation (16.42).

Let us now discuss solutions of the system of equations (16.39), (16.40)
in the external field of the string. Since the string fields (16.38) do not
depend on z° and 3, a solution may be sought in the form

(20, 23 2%) = e~ Hikar (o), (16.43)

Our next task is to find properties of the energy spectrum w and of the
corresponding eigenfunctions. Since far from the string the fields B, and
© tend to their values in the ground state (up to a gauge transformation),
the part of the spectrum with |w| > mp coincides with the spectrum of
the free Dirac equation, and the corresponding wave functions far from the
string are (gauge transformed) conventional plane waves. Besides these,
there may exist states with |w| < mp, whose transverse wave functions
r(x?) are localized near the string. We shall be interested in precisely
this part of the spectrum in what follows.

Taking into account the fact that for the string By = B3 = 0, we obtain
the following equation for i from (16.39), (16.40),

(ksCr + Dr)yr = wibr, (16.44)
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—o% 0
Cr = <0 03)’

y = (7) *
10%Dy hy
D = 16.45

r ( hp ia“l)(aJr)) ( )

where

are 4 x 4 matrices. The transverse part of the Dirac operator D has a
number of important properties. The first of these has to do with the fact
that the string configuration is invariant under spatial rotations around
the third axis, 8 — 6 + «, supplemented by phase transformations ¢ —
e~ . Thus, the operator analogous to the third component of the angular
momentum is conserved (compare with section 16.1),

Js = L3+ s3 — R, (1646)
where, as usual, L; = —ig;pz;0k (4,5, k =1,2,3), i.e.
L3 = —i&‘aﬁm’aaﬁ

is the third component of the orbital angular momentum,

1 o3 0
83_5 0 o3

is the third component of the spin and
1/-1 0
R‘i(o J

Problem 11. Show by direct computation that the operator J3 commutes
with the Hamiltonian (ksCr+ Dr) entering (16.44), if the external bosonic
fields have the form (16.38).

The second property is that the operators Cp and Dr anticommute,

is the R-charge operator.

CrDr + DrCr = 0. (16.47)
As we now see, this property enables us to relate the energy spectrum w

to the spectrum of the operator Dr.

Problem 12. Verify that equation (16.47) holds.
Now suppose that 7 ) () are eigenfunctions of the operator D with
positive eigenvalues A,

Dryppa(x) = Mbp A (z).
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Then, by virtue of (16.47), the functions

PS5 = Cripr (16.48)

)

will be eigenfunctions of the operator Dy with eigenvalues (—M),
Dryphy = =M.

This correspondence between the eigenfunctions is one to one® (for A # 0),
since C2 = 1. To find the energy spectrum w we shall seek a solution of
equation (16.44) in the form

pr = wprx + vUTS.

Substituting this expression in (16.44) and using the linear independence
of Y7 and w(TJTN we obtain for v and v the equations

(w—=MNu—ksv = 0,
—ksu+ (w+ Ny =

These equations are soluble for
w? =A% k3, (16.49)

which provides the relation between the eigenvalues of the operator Dp
and the fermion energies.

According to what has already been said, the spectrum of the values of A
is continuous for A > mp, and the wave functions ¢r »(z%) are not localized
near z® = 0 for such A. At the same time, there may exist a discrete set
of eigenvalues A of the operator Dy with eigenfunctions ¢ (z%), confined
near ¢ = (0. From dimensional analysis, it is clear that the distance
between these levels is of the order of mp. Fermions lying in these levels
are localized near the string and propagate freely along the string (along
the third axis): their wave functions have the form (16.43).

Until now we have assumed that A # 0. However, the possibility that
the operator Dp may have a zero eigenvalue is of particular interest. We
shall show that this possibility is indeed realized and we shall find the
corresponding eigenfunction in explicit form. By virtue of (16.47), the
eigenfunction ¥ o(z*) is at the same time an eigenfunction of the operator
Cr. From physical considerations, it is clear that it must have zero “angular
momentum,” J3, and also zero orbital momentum Ls (the last property
comes from the fact that near the center of the string, i.e. for z® = 0, the
vortex fields are equal to zero, so that for Ls # 0, there exists a centrifugal

5The operator C may be called the C-conjugation operator in the space of transverse
functions, since its action changes the sign of an eigenvalue of the operator Drp.
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barrier). Thus, for the zero mode we have s3 = R, which is equivalent to
Cr = 1; moreover, the function ¢r o(z®) is a function of r only, i.e. it does
not depend on the polar angle 6.
From the equality
Crro = Y10, (16.50)

it follows that the left- and right-handed components of the function ¥
have the structure

S I L N

where fi(r) and fa(r) are yet unknown complex functions. Using the
explicit form (16.45) of the operator Dy and the string field (16.38), we
obtain for the functions fi(r) and fa(r) the equations

B
fi — =—f1 +ihvF fo 0,
2r

B
fo= 5o fa—ihwFf = 0. (16.52)

It is important that the dependence on the angle 6 in these equations drops
out. Equations (16.52) can be easily solved: the solution, decreasing for
r — 00, has the form

" (B
Fr) = —ifo(r) = Cexp {— / (% + th(r)) dr} (16:53)
0 T
where C' is a normalization constant. For small r this solution is regular,
and for large r it behaves as

e~ MmFET
\/;

The second linearly independent solution of the system (16.52) grows as
r — 00.

Thus, the operator D indeed has a zero mode. Its explicit form is given
by formulae (16.51) and (16.53). We note that the zero mode is invariant
(up to a phase factor) under the usual C-transformations (compare with
(16.42))

fi(r) ~ fa(r) ~

* *
XT — —€N7, nr — X,

as one might expect.

Problem 13. Show that for the fermion wave functions (16.51), the
equation Dpipr = 0 reduces to the system (16.52).
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Problem 14. Consider the equation Dpyppr = 0 in the sector with
Js = 0 and Cr = —1. Find the angular dependence and the structure
of the fermion wave function (analogue of formula (16.51)). Write down
corresponding radial equations and show that they do not have normalizable
solutions.

Let us turn to a discussion of the wave function (16.43), with the
transverse part (%) being the zero mode. Taking into account (16.50),
equation (16.44) implies that

ks = w, (16.54)

i.e. the fermions (with w > 0) move along the string in one direction only.
Moreover, w can take values arbitrarily close to zero, i.e. the spectrum has
no gap, unlike the states with A # 0, see (16.49). In other words, fermions
lying at a level with A = 0 behave as massless particles with a specific
chirality in (1 + 1)-dimensional space-time. As we shall now see, when an
electromagnetic field is included in the model, this property means that
the string behaves as a superconducting thin wire.

Interaction of the fermions with the electromagnetic field can be
introduced, by assuming that the field ¢ is electrically neutral and attaching
the same electric charge e to the left- and right-handed components x and 7.
Then equations (16.39) and (16.40) will have the previous form and, taking
into account the electromagnetism, the covariant derivatives in them will
be replaced by

D® =0, F ie?RBM —ieA,, (16.55)

where the A,, are electromagnetic vector potentials.

We shall show that there exist states of the string with an electric
current, and this current does not dissipate (superconductivity). For this,
let us consider a state of the fermion system in which all negative energy
levels with A # 0 are occupied, all positive energy levels with A # 0 are
empty, and levels with A = 0 are filled up to some energy w = p > 0
(Fermi energy). This situation is illustrated in Figure 16.1. We assign zero
fermion number, zero electric charge, zero electric current, etc. to the Dirac
sea® (the state with all levels with w < 0 occupied and those with w > 0
empty). Thus, the state of the fermion system shown in Figure 16.1 has a
finite linear fermion density in the string. Since fermions with A = 0 move
along the string in one direction, electric current flows along the string.
Moreover, the minimal non-zero value |A|lymin of the quantity |A| is finite,

6 As mentioned in Section 15.1, in the presence of the external bosonic field, the Dirac
sea may be polarized, i.e. it may have a non-zero charge and also, generally speaking, a
non-zero electric current. However, they do not depend on p, unlike the corresponding
quantities which arise thanks to the real fermions; thus, the arguments which follow
remain valid.
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Al =mp
B - - -
Pk ——— - A#0, A <mp
—
—@— 1=0
—
— o
— —
— —
— — o
—— ———
® ® —o—
® ® —e—
® S —
® ® ——
Figure 16.1.

and the continuous spectrum of the operator D begins at [A| = mp. As
mentioned earlier, |A|min ~ mp. Because of this, fermion energy levels
with A # 0 are separated from zero by a gap of finite height, as shown
in Figure 16.1. If p < |A|min, real fermions with A = 0 and 0 < w < p
cannot lose energy or momentum by jumping to a lower level, since all lower
levels are occupied. Consequently, the state of the fermion system shown
in Figure 16.1 is absolutely stable. The electric current cannot dissipate,
the string is superconducting. We note that if the levels with A = 0 are
occupied up to w = g > |Almin, then dissipation of the electric current is
possible because of fermion jumps from levels with A = 0 to levels with
A # 0 (including levels in the continuous spectrum for p > mpg). Thus,
there exists a maximum value of the electric current, up to which the string
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remains superconducting.

We shall find the linear density of fermions and the electric current in
the state shown in Figure 16.1 using the results of Section 15.2. Since the
fermions with zero D behave as one-dimensional massless fermions with
a specific chirality, their linear density is equal to (see (15.25))

N_p
L on
The fermions move along the string with the speed of light; therefore, their
electric current is equal to

L el
Js=5

According to what has already been said, the string remains super-
conducting for g < pimax, where pimax ~ mp. Hence, it follows that the

maximal superconducting current is of order

.em,max emrp
3 ~ Ty
27

Problem 15. FEstimate the mazimum wvalue (in Amperes) of the
superconducting current flowing along the string, assuming that e and mp
are the electron charge and mass, respectively.

If an electric field (not too strong) is imposed along the string, then
fermions with A = 0 will be created. The corresponding analysis repeats
the arguments of Section 15.2 word for word; in particular, the number
of fermions created is given by formula (15.26). Thus, here we have an
explicit example of level crossing in a four-dimensional model. In the model
of this section, as it stands, the electric charge is not conserved either (the
effective one-dimensional fermions have a specific chirality). This points
to an internal consistency of the model, which is indeed confirmed by a
triangle anomaly computation in quantum field theory.

The model ceases to be internally inconsistent if another type of fermion

is added to it; here the R-charges of the left- and right-handed components
are (1eg) and (—ieg), respectively (i.e. the components of ¢ and ¥ have
opposite R-charges). The electric charge of the fermion 1& can be chosen
equal to (—e). Then fermions ¢ with A = 0 will have dispersion law
ks = —w, i.e. they would move along the string in the opposite direction
to 9. The electric field, as before, will create fermions 12) (they will have a
negative electric charge and will accelerate toward negative 23, as permitted
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by the dispersion law); the number of these fermions will be equal to the
number of fermions 1) created. Hence, the total fermion number will not be
conserved, but the electric charge is conserved, as is required for consistency
of the model. The total electric current along the string will be non-zero
(this is generated by both fermions ¢ with charge (+e) moving along the
electric field, and by fermions 1/3 with charge (—e) moving in the opposite
direction). This current, if it is not too large, will be superconducting.

Thus, in the model considered in this section, the string has the
superconductivity property, and the application of a longitudinal electric
field leads to non-conservation of the fermion numbers as a result of fermion
level crossing. From the theoretical point of view the direct analogy
between the fermions localized in the string and the one-dimensional
fermions of Section 15.2 is interesting.

We note that superconductivity of a string is not necessarily associated
with fermions. Witten (1985) revealed the possibility that superconducting
strings can exist in purely bosonic theories. We stress that the super-
conductivity property is in no way general for strings which arise in unified
gauge theories of elementary particles.



Chapter 17

Non-Conservation of
Fermion Quantum
Numbers 1n

Four-dimensional
Non-Abelian Theories

In Section 15.2, for the example of a two-dimensional Abelian model,
we considered a mechanism for the non-conservation of fermion quantum
numbers, associated with the occurrence of fermion level crossing. In this
chapter, we shall see that this mechanism also works in non-Abelian four-
dimensional theories. In the Standard Model, it leads to electroweak non-
conservation of the baryon and lepton numbers (’t Hooft 1976a,b). Under
the usual conditions (at low temperatures and densities or in collisions of
particles whose energies are not too high) the probabilities of electroweak
processes with non-conservation of the baryon number are extremely small,
since they are due to instantons and are strongly suppressed by the
tunneling exponential. However, the probability of these processes ceases to
be small at sufficiently high temperatures, which is important for cosmology
(Kuzmin et al. 1985).

The quantity which is broken in strong interactions is the chirality of
quarks; its breaking has direct experimental consequences (the absence in
nature of the ninth light pseudo-Goldstone boson, analogous to the pions,
kaons and the n-meson). Thus, the results studied in this chapter are also
of great interest for particle physics.

373
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The direct study of the movement of fermion levels in external fields is
technically very complicated when it comes to four-dimensional theories.
Thus, in Section 17.1, we formulate an approach which enables us to reduce
the problem to the study of Euclidean fermion zero modes. In many cases,
FEuclidean zero modes are quite easy to find, as we shall see in Section 17.2.
We note that it was the Euclidean approach (and the use of the formalism
of the functional integral, see Appendix) which was adopted by ’t Hooft
(1976a,b) in his pioneering works on anomalous non-conservation of fermion
quantum numbers.

17.1 Level crossing and Euclidean fermion
zero modes

Let us briefly recall (see Section 15.2) what the phenomenon of fermion
level crossing and the associated non-conservation of the fermion quantum
numbers involve. Suppose we have a uniparametric family of bosonic
field configurations (path in the space of static configurations), where the
corresponding parameter 7 varies from —oo to +o00. Let us suppose, to be
specific, that the bosonic fields take vacuum values both as 7 — —oo and
as 7 — oo; we shall see in what follows that the situation in which the
vacua for 7 = —oo and 7 = +00 are topologically distinct (see Chapter 13)
is of interest. For gauge fields, we shall assume that the gauge Ay = 0
is chosen. For each fixed value of 7, there exists a fermion Hamiltonian
Hp(7); its dependence on 7 is determined by the external bosonic fields.
The explicit form of Hp depends on the model and we shall not yet define
it concretely. The eigenvalues of Hp(7) determine the system of fermion
levels; as 7 changes it also changes (the levels “move”). As 7 — —oo and
T — 400 the systems of fermion levels are the same and coincide with the
system of levels of the free fermion Hamiltonian. However, situations are
possible in which as 7 varies, the fermion levels cross zero and the total
number of levels crossing zero from below N, is not equal to the total
number of fermion levels crossing zero from above N_. The quantity

ANp =N, — N_

is of interest. As discussed in Section 15.2, as the bosonic fields evolve
along a given path in the space of bosonic field configurations, the fermion
quantum number of the system changes by ANp, and this change does not
depend on how quickly the bosonic fields vary or on the state in which the
fermion system was at the beginning of the process (how many fermions
and antifermions it had). Thus, we have to compute (N —N_) for different
paths in the space of configurations of bosonic fields.
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It is convenient to reformulate this problem. We shall initially suppose
that the bosonic fields vary slowly with 7. Let us consider the auxiliary
equation

_%Qf — Hp(r). (17.1)

This equation can be formally interpreted as a Euclidean Dirac equation,
since it is obtained from the usual Dirac equation i% = Hp(7)y by the
formal substitution 2° = —ir (compare with Chapters 11 and 13). In the
case of slowly varying bosonic fields, the solutions of equation (17.1) have
the form

(1) = exp {— /w(7’)d7’:| Yeo(r)5 (17.2)
where 1),,(r) are eigenfunctions of the instantaneous Hamiltonian
HD(T)ww(T) = W(T)qzz}w('r)-

If some level crosses zero from below as the bosonic fields change, then for
that level we have

=—-00) = —w; <0
=+o00) = wy>0.

w(T
w(r
This means that the solution of (17.2) decreases both as 7 — —oco and as
T — 400,

1 = constant-e“’", T — —o0,
¢ = constant-e”“’7, T — 4o00.

In other words, in Euclidean space with coordinates (7,x), the operator

0
D_E—’—HD (17.3)

has zero mode (7, x), i.e. there exists a solution of the equation
Dy =0 (17.4)

which decreases as 7 — Zoo. We shall not discuss here the boundary
conditions for the fermion wave functions as |x| — oo since we shall
see that in the interesting cases the Euclidean zero modes 1y decrease
in all directions in the Euclidean space (7,x). In what follows, we shall
consider the case of four-dimensional space-time, so that (7,x) will be a
four-dimensional Euclidean space. We shall call the decreasing solutions of
equation (17.4) Euclidean fermion zero modes.
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Since any solution of equation (17.1) in the adiabatic case is a
linear combination of functions (17.2), the aforementioned correspondence
between the levels of the Hamiltonian Hp(7) crossing zero from below and
the zero modes of the operator D is one to one. Thus

N+ = NO(D)7

where Ny(D) is the number of (Euclidean) zero modes of the operator D.
Analogously, we obtain a correspondence between the levels of the
operator Hp crossing zero from above and the zero modes of the operator

Df = _a% + Hp (7). (17.5)

We have
N_ = No(D").

The operators D and D! are Hermitian conjugates of each other, if we
introduce the scalar product for functions ¥(7, x),

(,9) = / &z dr 1 (7, ) (7, %), (17.6)

where the integration is over the whole of four-dimensional Euclidean
. 1
space.

Thus, the problem of computing the change in the fermion quantum

number reduces to that of computing
ANp = Ny(D) — No(DT). (17.7)

Until now, we have assumed that the external bosonic fields vary
adiabatically slowly as 7 varies. Now, we shall see that this assumption
is unnecessary; moreover, we shall see that the quantity (17.7) does not
depend on the specific choice of family of boson configurations; in that
sense, it is a topological invariant.

Therefore, we shall consider the operators (17.3) and (17.5) in external
bosonic fields, depending on x and on 7, i.e. in external fields in four-
dimensional Fuclidean space. Our next task is to show that the right-hand
side of (17.7) is unchanged under smooth changes of the external Euclidean
bosonic fields which do not affect the values of the fields at infinity in the
Euclidean space. It is convenient to move to the Hermitian (in the sense of
the scalar product (17.6)) operators D'D and DDT. This is possible due
to the fact that the zero modes of the operator D are zero modes of the

IWe shall not dwell on subtleties relating to the rate of decrease of the functions
(7, x) here.
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operator DTD and conversely. The first assertion is evident; to prove the
second assertion we note that if DT D1y = 0, then

(0, DT Do) = (Do, Dipo) = 0,
i.e. DYy = 0, as required. Thus,
No(D) = No(DTD).
Analogously,
No(DT) = No(DDY)
and
ANp = No(D'D) — No(DD?). (17.8)

The right-hand side of (17.8) is easier to study than (17.7). The set
of zero modes of the (elliptic) operator DD is a linear space, called
the kernel of this operator and denoted by Ker (DfD). The number of
linearly independent zero modes is the dimension of the kernel, No(DTD) =
dim Ker(D' D). The difference

I(D'D) = dim Ker(D'D) — dim Ker(DDY)

is called the index of the operator DTD, so that (17.8) can be written in
the form

ANp = I(D'D).

The majority of this section represents a study of the elements of Atiyah—
Singer theory of the index of the elliptical operator and its connection with
Atiyah—Patodi-Singer theorem.

In order to show that the right-hand side of (17.8) is unchanged under
smooth variation of the external fields in four-dimensional Euclidean space,
we shall show that the sets of non-zero eigenvalues of the operators DD
and DDT coincide. Indeed, let ¥, be an eigenfunction of the operator DD
with eigenvalue A # 0,

DDy = My

Acting on this equality from the left by the operator D, we obtain that the
function 1y = D1y is an eigenfunction of the operator DD with the same
eigenvalue:

DDy = Ay

This correspondence between the eigenfunctions of the operators D'D and
DD' is invertible (for A # 0), ¢ = A~'D%y,. Thus, the sets of non-zero
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eigenvalues (including possible degeneracy) coincide for the operators DD
and DDT.

Let us now consider smooth variation of the external bosonic fields in
four-dimensional Euclidean space. Under this variation, one of the non-zero
eigenvalues of the operator DD may evolve smoothly to zero, A — 0, i.e.
No(D'D) may change by one. But, as A — 0, one of the eigenvalues of the
operator DD also tends to zero, so that the difference No(DTD)—No(DD')
is unchanged. This demonstrates the invariance of (17.8) under smooth
variations of the external Euclidean fields.

In the next section, we shall apply the result studied here to compute
the change in the fermion quantum number induced by external gauge
fields, interpolating between topologically distinct vacua. According to the
above discussion, the value of AN is the same for all external fields of
the same homotopy class, so it will suffice to compute the number of zero
modes of the operators (17.3) and (17.5) in one particular field with a given
topological number, the choice of this field being a matter of convenience.

17.2 Fermion zero mode in an instanton field

To be specific, we shall consider a model with gauge group SU(2)
and massless fermions, transforming according to the fundamental
representation of the group SU(2). For the moment, we shall assume
that there are no scalar fields in the model. Since the equations for
left- and right-handed fermions decouple, we can consider left- and right-
handed fermions separately. Our task is to show that external gauge fields,
interpolating between topologically inequivalent vacua (see Section 13.3)
lead to non-conservation of the number of left-handed fermions Ny, and of
the number of right-handed fermions Ng. Moreover,

ANy, = n(Qy) —n(Q;) = An, (17.9)
ANr = —ANj (17.10)

for each left- and right-handed fermion doublet, where n(€;) and n(€y)
are the topological numbers of the initial and final classical vacua of the
gauge field. Without loss of generality, we can set 2; = 1, i.e. in the initial
vacuum A = 0. For the moment we shall use the gauge Ay = 0.

As shown in the previous section, the problem of computing ANy
reduces to counting the zero modes of the operators

0
DL—E‘FHLa

and

0
D} = —5. +Hr,
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where Hj, is the Dirac (more precisely, Weyl) Hamiltonian in the external
field A;(7,x). This external field can be chosen arbitrarily, provided the
following conditions are satisfied:

Ai(r,x) — 0 as7— —o0
Ai(r,x) — Qp(x)0:[Qp(x)]"t  as T — +oo. (17.11)
The difference between the numbers of zero modes of the operators Dy, and
DTL, whence also the value of ANy, does not depend on the specific choice
of configuration A;(7,x) in the class (17.11).
The Hamiltonian Hp, as usual, is equal to (as before, we use the

representation (14.4) for the y-matrices and the representation (14.5) for
the matrices o)

Hp =io'D; = i0'[0; + Ai(1,%)].

For right-handed fermions, we need to consider the operator

where

It is useful to note that
Dp=-D}. (17.12)

From the last equation, there immediately follow the relations for the
numbers of zero modes:
No(Dr) = No(D),
No(DL) = No(Dyp). (17.13)
Since changes in the numbers of left- and right-handed fermions are related
to the number of zero modes by the equations
AN, = No(Dp)— No(D}
ANg = No(Dg)— No(D}),

equation (17.13) leads immediately to the selection rule (17.10).
Thus, we need to solve the equation

+ wl(& + A,) xo =0, (17.14)

Drxo = or
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and also the equation

o
—Dio = |5 —i0" (9 + Ai) | o = 0. (17.15)

Here, xo(7,x) and 7o(7,x) are two-component columns. As previously
mentioned, equation (17.14) can be interpreted as a Euclidean Weyl
equation for left-handed fermions in a (Euclidean) external gauge field with
Ap = 0. By virtue of (17.12), equation (17.15) is a Euclidean Weyl equation
for right-handed fermions. To find explicit solutions it is convenient to omit
the requirement that the Euclidean external gauge field has Ag = 0. For
this, we use the fact that equation (17.14) for the function xo(7,x) in the
external field Ag = 0, A;(7,x) is equivalent to the equation

[(387 + Aé) +io'(0; + A;)] Xo =0 (17.16)

for the function x{ (7, x) = w(7,x)x0(7,X) in the external field

/ -1
Ay = worw™ ",

Al = wAwWwT +wiw !,

where w(7,x) is an arbitrary function with values in SU(2). Essentially,
we have merely performed a gauge transformation (in four-dimensional
Euclidean space) from the gauge Ag = 0 to an arbitrary gauge. Let us
introduce the matrices

(1,—i5),

ol (i,id),

n
OF

which are Euclidean analogues of the matrices entering (14.4) and coincide
with the matrices used in Section 13.2 (see (13.12)) but now they act on
the Lorentz indices. Omitting the primes in (17.16), we finally write the
Euclidean Weyl equation in the external field as

Drxo = o'D,xo =0, (17.17)

where, as usual, D,, = §,+ 4,,, and 2 = 7 emerges as the Euclidean time.
Analogously, equation (17.15) in an arbitrary gauge has the form

—D}no = Dgno = olsDyno = 0. (17.18)

We are interested in the difference between the numbers of decreasing
solutions of these two equations.
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Problem 1. Define Euclidean v-matrices by analogy with (14.4)

0 ot )
p E
B = )
E (0? 0

Show that the following anti-commutation relation holds:

Ve et = 6.

Problem 2. Consider equation (17.3) for massive fermions (so that v
is a four-component column). Show that it is equivalent to the Euclidean
Dirac equation

(’Yg'Du + m)w =0,

with the matrices vl defined in the previous problem.

The only requirement imposed upon the Euclidean gauge field A, () is
the condition that after transition to the gauge Ag = 0, equation (17.11) is
satisfied. This requirement is equivalent to the equation (see Section 13.3,
in particular, formula (13.45))

Q = An, (17.19)

where, as in Section 13.3,

/ d*xTr (FFu). (17.20)

@="Tom
Since condition (17.19) is gauge invariant, there is no longer any need to
turn to the gauge Ag = 0.

Thus, in order to verify equation (17.9) for the non-conservation of the
fermion quantum number, we need to show that

No(Dr) = No(D}) = @Q

for the Euclidean Weyl equations (17.17), (17.18) in any (it does not matter
which) external gauge field with topological number Q. Let us consider the
case Q = 1 when, for the external field, one can take the instanton solution
of the Euclidean Yang—Mills equations.

We shall show, in the first place, that the operator D (or, what amounts
to the same thing, DTL) does not have zero modes in the instanton field.
For this, we act on the left-hand side of equation (17.18) by the operator
Di, = —Dp = —o%'D,. We take into account the fact that o’ oY =
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M +i7,004 (see (13.31)), together with the antisymmetry of the 't Hooft
symbols in the indices p and v. We obtain

1.
DL,Dr=-D,D, — 5 vl Dy, Do)
Moreover, [D,,D,] = F,, (see the problem in Section 4.2). For the
instanton, F),, is proportional to 7,,,7,, and for the 't Hooft symbols
we have 7,,,0up = 0. Thus,

DiL.Dr = —-D,D,.

This is a positive definite operator, since the operator D,, is anti-Hermitian
in the space of functions with scalar product (17.6). Consequently, the
operator D;D r has no zero modes; thus, the operator Dg has none either.
Therefore, for the instanton external field,

No(Dg) = No(D}) = 0. (17.21)

Let us now consider equation (17.17) in the instanton field. It is
convenient to use the method described in Section 16.1 and move from
the variables x; (here, @ = 1,2 is the Lorentz index and ¢ = 1,2 is the
isotopic index) to the variables X,; according to the formula (see (16.18))

Xai = Xajji-
Then, equation (17.17) can be written in matrix form
o} 0uXo — o X0 A, = 0, (17.22)

where we have omitted the index E on the o-matrices. The instanton field
A, given by expression (13.27), can be conveniently written in the form

Ny

Ay = _(Uual - 6#V)7f(7")a (17.23)

where n, and r are, respectively, the unit radius vector and the radial
coordinate in four-dimensional space. In writing down the expression
(17.23), we have employed equation (13.20) and used the notation f(r)
for the function (13.26),

r2

Equation (17.22) in the instanton field takes the form

~ ). r -
UL‘%XO - Utnuy)(o + @O’LX()O'HUTTLV =0, (17.24)

/ v
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where xq is to be interpreted as a 2 x 2 matrix and its products with O’L
and o, are matrix products.
The form of equation (17.24) suggests the evident Ansatz

Xo =1-a(r),

where a(r) is a function which is as yet unknown, and 1 is the unit 2 x 2
matrix. Taking into account the fact that OLUM = 4, we obtain that the
left-hand side of (17.24) is proportional to oLnH, and equation (17.24) leads

to the single equation for a(r):

a=0.

a’+3@

Hence,

d tant
a(r) = constant - exp {3/ :f(r)] = %'

This is precisely the zero mode in the instanton field (’t Hooft 1976a,b). In
terms of the original function x(z) it has the form

(X0)ai = constant - 44 (17.25)

The zero mode (17.25) is smooth everywhere; it decreases sufficiently
rapidly as r — oo, so that its norm (17.6) is finite.

The fact that the operator Dy, in the instanton field has a zero mode, i.e.
No(Dyp) # 0, already implies, together with (17.21), that the left fermion
quantum number is not conserved in backgrounds of gauge configurations
starting and ending in adjacent topologically distinct vacua. In fact, in the
instanton field, there is exactly one fermion zero mode. The proof of this
last statement is quite complicated, and we shall not present it here. The
absence of zero modes, other than (17.25), depending solely on r is the
subject of the following problem.

Problem 3. Consider fermion functions x(r) depending solely on r.
Show that

1. for these functions equation (17.17) leads to a closed system of
equations;

2. the zero mode (17.25) is the only decreasing solution of equation
(17.17).
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Hint: use the fact that any 2 x 2 matriz X(r) can be represented in the form
X = 1-a(r)+ 0%, (r), where the 0 are Pauli matrices; use the equation
for the zero mode in the form (17.24).

Thus, for transitions between adjacent gauge vacua (An = 1), equation
(17.9) is indeed satisfied. That this equation is satisfied for arbitrary An
can be seen from the following argument. Let us consider, for example, the
case An = 2. The external gauge field A;(7,x) (in the gauge Ag = 0) can
be chosen in such a way that it corresponds to a sequence of two transitions
with An = 1, i.e. for 7 = —00, 7 = 0 and 7 = +o0, it is a vacuum field
with n = 0,n = 1 and n = 2, respectively. As 7 changes from (—o0) to 0,
the fermion level crossing corresponds to a change in the number of left-
handed fermions by ANy = 1; the fermion quantum number changes by
the same amount as 7 changes from 0 to (+00). The total number of level
crossings thus corresponds to ANy, = 2. The movement of levels in this
case is illustrated schematically in Figure 17.1.

Figure 17.1. Movement of left-handed fermion levels in the gauge field
described by sequential transitions between neighboring vacua. The
fermion levels crossing zero are shown.

Since the change in the fermion quantum number does not depend on
the specific choice of field, for a given An, we conclude that AN, = 2
for all fields with An = 2. Clearly, this consideration can be easily gener-
alized to any An > 0. An evident modification of this argument (a sequence
of transitions with An = 1 and An = —1 is a topologically trivial field,
leading to ANy, = 0) shows that equation (17.9) is also valid for An < 0.
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Problem 4. Show that in the anti-instanton field the operator Dy does
not have zero modes. Find a zero mode of the operator Dz, or, what
amounts to the same thing, of the operator Dg. This result gives an explicit
confirmation of formula (17.9) for An = —1.

The result studied here is a particular case of the Atiyah—Singer index
theorem (the connection between non-conservation of fermion quantum
numbers and the Atiyah—Singer theorem was explained by Schwarz (1977),
Nielsen and Schroer (1977b), Brown et al. (1977) and Jackiw and Rebbi
(1977)). Applied to left-handed fermions, it gives

dimKer (D! D1) — dim Ker (D D}) = Q, (17.26)

where @ is the topological number of a Euclidean configuration of the
gauge field (17.20). Equation (17.9) is a reformulation of equation (17.26).
This equation is also connected with the Adler—Bell-Jackiw anomaly,
which exists in quantum field theory. Namely, in quantum field theory
in Minkowski space, one can introduce the left-handed fermion current
operator

jr =x'a"x

(in the notation of Section 14.1). Naively this current is conserved, i.e.
naively, the left-handed fermion quantum number

Np :/jgd%

is conserved. However, quantum effects lead to an anomaly in the di-
vergence of the current jf,

. 1 ~
aﬂ]lLL = - 16772 Tr (F‘/LVFIU,V)' (1727)
Equation (17.9) can be interpreted as the anomalous identity (17.27)
integrated over space—time.

17.3 Selection rules

As a matter of fact, we have already formulated, in the previous section,
a selection rule for the processes with non-conservation of the fermion
quantum numbers discussed in this chapter (in the theory with gauge group
SU(2) and massless fermions in the fundamental representation). Namely,
if a process takes place in which the topological number of the gauge
vacuum changes by An, then the fermion quantum number of every left-
handed doublet changes by ANy, = An and the fermion quantum number
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of every right-handed doublet changes by ANgr = —An. In specific models,
it is convenient to reformulate this selection rule in more physical terms,
which we shall do in this section for the theory of strong interactions
(quantum chromodynamics) and for the Standard Model of electroweak
interactions.

Let us begin with quantum chromodynamics, the theory with gauge
group SU(3)c and fermion triplets (quarks) with both left- and right-
handed components. Three types of quark wu,d, s have very small masses
and a reasonable approximation is the limit of massless u,d,s. In this
limit, the numbers of left- and right-handed quarks of each type would
be conserved individually: Ny, , Nyg;...;Ns,, Nsg, if there did not exist
processes with transition between distinct gauge vacua.

To establish selection rules, which are valid when processes of the
instanton type are taken into account, we note that the considerations of
the previous section, based on the identity Dl =-D R, leading to equation
(17.10), go over directly to the case of the gauge group SU(3)¢. Thus, the
following equations are satisfied:

AN, —AN,,,
ANy, = —ANg,, (17.28)
AN,, = -AN,,.

Furthermore, the components ur,d; and s (in the limit of massless
quarks) behave in exactly the same way in the external gauge fields of
the group SU(3)¢. Thus, level crossing takes place in the same way for
each type of quark and we have

AN,, = ANy, = AN,,. (17.29)

Equations (17.28) and (17.29) represent five selection rules, valid in all
processes in chromodynamics with three types of massless quarks. They
mean that the overall chirality

Q5:(NUL +NdL+NSL)_(NuR+NdR+NSR) (17'30)

may not be conserved, while at the same time, five other linear com-
binations of the numbers N,,, ,..., Ny, are conserved.

In order to see that chirality is actually not conserved due to transitions
between topologically distinct gauge vacua, let us consider the gauge fields

of the SU(2) subgroup embedded in SU(3)¢ as follows:

(gU(Z) (1’) . (17.31)

Every SU(3)c quark triplet decomposes into a doublet and a singlet
with respect to this SU(2). The singlets do not interact with the gauge
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fields of this SU(2) subgroup and level crossing in gauge fields with this
structure does not occur for them. For doublets, level crossing does occur
in topologically non-trivial external gauge fields, corresponding to the
subgroup (17.31). Here, as is clear from the results of the previous section,
the selection rules (17.28), (17.29) are indeed valid, but N, ,..., Ny, are
not conserved individually, i.e.

AQ° 0.

Thus, the chirality (17.30) is not conserved in chromodynamics.

Physically, non-conservation of chirality (17.30) in quantum chromo-
dynamics is manifest in the absence in nature of a ninth light pseudoscalar
boson, analogous to the octet 7%, 79 K+, K° K 1. The fermionic part of
the quantum chromodynamic action in the limit of massless u, d, s has the
form

Sp = / d*x(wiv" Dyu + diy D,d + 5iy" Dys), (17.32)

where, as usual, D, = 0, — igst®A}; a = 1,...,8; gs is the coupling
constant of the group SU(3)c, t* are generators of SU(3)c, Af, is an octet
of gauge (gluon) fields. The action (17.32) is naively invariant under global
transformations from the group

SUB)L x SUB)r xU(1)r, x U(1)g, (17.33)

where the subgroups SU(3)r x U(1)r and SU(3)r x U(1)r act on left-
and right-handed quark components, respectively. Here, for example, the
quarks (ur,dr,sr) form a triplet under SU(3)r and transform with a
common phase for transformations from U(1);. The naive conservation
of the six numbers N,,,...,N,, corresponds to the diagonal subgroup
of the group (17.33). In particular, the chirality (17.30) corresponds to
transformations from the subgroup U(1)_g,

ur, ur, UR UR
dr, | — e dp|; dr | — e |dgp
SL SL SR SR

Non-conservation of the chirality (17.30) means that, in fact, the global
symmetry subgroup is

SU(S)L X SU(3)R X U(l)L+R. (1734)

Strong interactions lead to spontaneous breaking of the symmetry (17.34)
down to SU3)r+r x U(1)p+r (there is still no reliable theoretical
explanation for this experimental fact). According to Goldstone’s theorem,
this leads to the occurrence of eight massless bosons, eight being the number
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of broken generators. In fact, u,d,s quarks have small masses, therefore
the masses of the Nambu—Goldstone bosons are small, but non-zero. These
are the 7+, 79, K* K9 K° and n-mesons. If the symmetry group were the
group (17.33) then there would have to be a ninth pseudo-Goldstone boson.
Its absence is direct experimental proof of the non-conservation of chirality
(non-invariance under U(1)_pg) in quantum chromodynamics.

We stress that in quantum chromodynamics, the coupling constant is not
small (at large distances), therefore, the studied effects leading to breaking
of chirality are not small.

Continuing the discussion of chromodynamics, here is a remark
concerning quarks with non-zero (and sufficiently large) mass. In this case,
the numbers of left- and right-handed quarks are not conserved, even when
there are no external gauge fields. Thus, it only makes sense to talk about
conservation of the total number of quarks of each type:

N, = Nz + Ny (17.35)

These numbers are conserved for arbitrary masses (including zero, see
(17.28)) and in arbitrary external gauge fields of the group SU(3)¢c. Thus,
in the case of massive quarks, topologically non-trivial gauge fields do not
lead to any change in the naive selection rules.

Let us now turn to the theory of electroweak interactions. We point
out that as far as selection rules are concerned, the subgroup U(1) of the
electroweak gauge group SU(2) x U(1) is unimportant, since the gauge
vacua of four-dimensional Abelian theories do not have a complex structure.
Thus, in what follows, we shall consider only gauge fields corresponding
to the group SU(2). Furthermore, we shall temporarily turn off the
Yukawa interactions of fermions with the Higgs field; we shall see in what
follows that taking into account the Yukawa interactions essentially does
not change the selection rules. Neglecting the gauge group U(1) and the
Yukawa interactions, the right-handed components of leptons and quarks
are free (strong interactions are also of no interest to us here), but left-
handed leptons and quarks interact with the gauge field of the group
SU(2), exactly as described in the previous section. Since there are no
right-handed doublets in the model, the relation (17.10) is not relevant;
whereas the equality (17.9) is satisfied for every left-handed doublet. The
number of right-handed fermions does not change, and we obtain that, in
the case of transitions between topologically distinct vacua, the following
selection rule holds:

AL, = AL, = AL, = 3AB, (17.36)

where the lepton numbers L., L,, and L, are defined by equations (14.79),
(14.80) and (14.81), and B is the baryon number. In the last equation we
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took account of the fact that the number of left-handed quark doublets in
the model is equal to the product of the number of generations (Ngen = 3)
and the number of colors (N, = 3), and the baryon number of a single
quark is equal to 1/3; hence, we obtain the coefficient Ngen N - % = 3.
Thus, processes of the instanton type lead in electroweak theory to non-
conservation of the baryon and lepton numbers, although at the same time,
the selection rule (17.36) is satisfied.

The conclusion that the baryon and lepton numbers are not conserved,
and that the selection rule (17.36) holds remains valid when one takes into
account the Yukawa interactions of fermions with the Higgs field, which
ultimately lead to generation of quark and lepton masses (Krasnikov et al.
1979). This can be shown in the following, albeit not completely rigorous,
way. Let us consider, for simplicity, a set of fermions which includes a
left-handed doublet L and two right-handed singlets Ry and R under the
group SU(2). In this simplified case, the fermion action has the form (see
(14.74))

Sp = /ﬁ%ﬂwwhbﬂﬁﬂgRﬁJ@M@&
—h |RI(¢'L) + (L) R,
hg[fé(¢TL)k(LT¢)Rg}}, (17.37)

where we have neglected the gauge interaction corresponding to the group
U(1). The system of Dirac Euclidean equations, analogous to equation
(17.17) has the form

ol DyL — hipRy — ho@Ry = 0,
0,0, R —hi(p'L) = 0,
0,0, Ry — ha(pTL) = 0. (17.38)

By introducing the column

L
/l/) = Rl )
Ry

this system can be written in symbolic form
Dy = 0.

The change in the fermion quantum number in the external gauge and
Higgs fields of instanton type is determined by the difference between the
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numbers of zero modes of the operators D and DT,
ANp = No(D) — No(D). (17.39)

Here, as usual, the fermion quantum number is understood to be the
difference between the number of fermions and the number of antifermions
(both left- and right-handed).

Problem 5. Using the arguments of Section 17.1, show that equation
(17.89) remains valid with the operator D defined by the system (17.58),
for the theory with the fermion action (17.37). Write down the explicit form
of the operator D, without suppressing the group indices corresponding to
the gauge group SU(2).

As we showed in Section 17.1, the difference (No(D) — No(D')) does
not change under continuous variations of the operator D. In particular, it
should not change under changes of the Yukawa constants h; and ho. But
when h; = hy = 0, the equations for the left- and right-handed fermions
decouple, and we return to the case considered in the previous section. In
this limit, the right-handed fermions are free and do not have zero modes,
but for left-handed fermions, we have

No(D) — No(D') = An,

where An is the change in the topological number of the classical vacuum
of the gauge fields. Since this formula does not depend on h; and hg, we
obtain

ANF = An

for arbitrary Yukawa constants.

In order to apply this argument to leptons, it suffices to set hy = 0.
The generalization of this argument to the case of quarks (with non-trivial
mixing, briefly considered in Section 14.4) is quite evident. Thus, we
conclude that the inclusion of Yukawa interactions leaves the selection rule
(17.36) valid in the electroweak theory.

The structure of the Euclidean fermion zero mode in external gauge and
Higgs fields, having the symmetries of an instanton solution, is fairly easy
to find in the case of identical Yukawa constants (Krasnikov et al. 1979).
Indeed, let us consider Euclidean gauge and Higgs fields of the form (13.56),

Au(x) = frwduw™,
p(x) = H(r)we™,
where

vac

1 /0
w(x) =MNaO0q, P = E %o >
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and let us use the notation of Chapter 13 (in particular, r = v/x2 4 72).
For hy = hy = h (in other words, for fermions of equal mass), equation
(17.38) can be solved using the Ansatz

Lai(x) = €ail(7“),

Ria(x) = €05 p(r),

Roo(z) = e€aj@;*p(r), (17.40)
where @ = 1,2 and 4,5 = 1,2 are Lorentz and weak isospin indices,

respectively. As a result of computations analogous to those performed
in section 14.2; we obtain that the system (17.38) reduces to two equations
for I(r) and p(r),

) —mpHl = 0,

U+ ?l —mpHp = 0, (17.41)

where mp = hpo/ V/2 is the mass of fermions in the vacuum ¢¥2°. In order
to show the existence of smooth solutions of the system (17.41), decreasing
for r — oo, we use the following argument, which is also useful in other
cases. Let us consider first the behavior of solutions of the system (17.41)
as r — 00. In this region we have

H(r) — 1, r— oo (17.42)

It is not difficult to show that one solution of the equations (17.41) decreases
exponentially as r — oo, namely, p,l x exp(—mpr), while the other grows
exponentially. Let us now determine the behavior of solutions of equations
(17.41) as r — 0. In this region,

mpH(r) = o,
f(r) = aor? r—0, (17.43)

where @1 and ay are some constants. (The behavior of (17.43) is due to
the requirement that the fields A, and ¢ be smooth at the point z* = 0).
Taking into account (17.43), one can show that both solutions of the system
(17.41) are smooth as r — 0. Indeed, we shall look for a solution in the
form of a series

I = 01+CQT2+"',
p = Di+Dyr’*+--
with constant coefficients C4,...,Dj,.... Equations (17.41) reduce to

recurrence relations for the coefficients Cy, ..., Dy,..., the first of which
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has the form

2C5 + 3aC1 — oy Dy = 0,
2D2 - OqC’l = 0.

It is significant that the constants D; and C; are arbitrary and the
remaining coefficients are expressed in terms of them. Hence it follows
that both solutions of the equations (17.41) are smooth as r — 0, and
there do not exist solutions which are singular at the origin. In particular,
the solution of (17.41), which is decreasing as r — oo is (like all others)
smooth as r — 0. This is the Euclidean zero mode.

Problem 6. Using the Ansatz (17.40), show that the system (17.38)
reduces to the two equations (17.41).

Problem 7. Assuming that the functions H(r) and f(r) tend
exponentially to values (17.42) as r — oo, find asymptotics of I(r) and
p(r) for r — oo, including the power of v in front of the exponential.

Problem 8. Find an explicit solution for l(r) and p(r) in the field of the
't Hooft configuration

7“2

r2+p2’
T

NeEya

17.4 Electroweak non-conservation of
baryon and lepton numbers at high
temperatures

In the previous section, we showed that theories of electroweak interactions
predict non-conservation of the baryon and lepton numbers, and that the
selection rule has the form (17.36). This non-conservation arises due to
transitions between topologically distinct classical vacua of gauge theory
and is due to the phenomenon of the fermion level crossing.

Under usual conditions, at low temperatures and particle densities and
for energies which are not too high, transitions between topologically
distinct vacua are tunneling processes and are described by instantons.?

2More precisely, by configurations of the instanton type, constrained instantons; see
Appendix.
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And it is precisely instanton processes that generate gauge and Higgs
fields in which the fermion level crossing takes place. Since the gauge
coupling constant of the non-Abelian subgroup SU(2) of the electroweak
group SU(2) x U(1) is small,

g° a 1

W T sin? Oy 30

the probability of electroweak instanton processes is strongly suppressed:

4
I' x exp (”) ~ 107160, (17.44)
aw

Thus, the electroweak breaking of the baryon and lepton number cannot
be detected experimentally. We again note that its theoretical description
requires one to go beyond the standard method of quantum field theory,
namely expansion in the small coupling constant.

The situation changes radically if we consider systems experiencing elec-
troweak interactions in extremal conditions. The case of high temperatures
is most interesting, since it was realized at early stages in the evolution
of the Universe. As we have mentioned a number of times, at high
temperatures, thermal jumps are possible across the potential barrier
separating topologically distinct vacua. The most naive estimate of the
rate of these jumps at moderate temperatures is obtained by estimating
the probability that the system emerges at a saddle point separating
topologically distinct vacua (sphaleron), by the Boltzmann exponent

Eq
I' x exp (— ;E)h> . (17.45)

In the electroweak theory, we have (see (13.58))

2
Bun = —Y'p (mH) ~ 10 TeV,
aw mw

and even the estimate (17.45) shows that at high temperatures T' > 1 TeV,
the rate of thermal jumps ceases to be small. Thus, we deduce an intense
non-conservation of the baryon and lepton numbers at sufficiently high
temperatures.

In fact, the estimate (17.45) is a gross underestimate in the temperature
range of interest. The probability that a particular state of the system
is realized at high temperatures is determined not by the energy of that
state E, but by its free energy F', which is itself a function of temperature.
This means, in particular, that in order to estimate the rate of thermal
jumps across the potential barrier, we need to seek not the extremum of
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the static energy functional E(A, ), but the extremum of the free energy
F(A, ). This extremum, the thermal sphaleron, may not coincide with the
usual sphaleron configuration, and its free energy Fypn may be significantly
less than Egpn. This is what is obtained in the electroweak theory, thus
the rate of thermal jumps, leading to non-conservation of the baryon and
lepton numbers

I~ T%exp (FP’;(T)> (17.46)

is very much greater than that given by the estimate (17.45). In the
estimate (17.46), we introduced the factor 7% on dimensional grounds;
I' is the probability of processes with non-conservation of the baryon and
lepton numbers per unit time per unit spatial volume.

A reasonable estimate of Fipy is obtained if one takes account of the fact
that the expectation value of the Higgs field depends on the temperature.
This temperature dependence (Kirzhnits 1972, Kirzhnits and Linde 1972,
Dolan and Jackiw 1974, Weinberg 1974) is studied by methods which
go far beyond the scope of this book. The expectation value of the
Higgs field ¢o(T) decreases as the temperature grows and above some
temperature Te,iy becomes zero. This critical temperature is known as the
electroweak phase transition temperature; roughly speaking, for T > Ty
the electroweak group SU(2) x U(1) is not broken.? Since the masses of the
vector and Higgs bosons are proportional to the expectation value g, they
also vary with temperature; in particular, my (T) = %gg@o(T). The free
energy of the thermal sphaleron can be estimated by setting my = my (T,

mp = mg(T) in formula (13.58), i.e.

This quantity decreases as the temperature grows, and for T > Tg, it
is equal to zero. This last property means that for T" > T, processes
with non-conservation of the baryon and lepton numbers cease to be
exponentially suppressed. At the same time they can no longer be described
by semiclassical methods, which presents a difficulty from the theoretical
point of view.

In the electroweak theory, the temperature of the phase transition
depends on an (as yet!) unknown parameter, the mass of the Higgs boson
in the vacuum. Its value is around T, ~ 200 GeV. Thus, electroweak
processes with non-conservation of the baryon and lepton numbers are rapid

3In fact, the situation in the electroweak theory at high temperatures is even more
subtle. The order parameter in this theory is actually missing (Fradkin and Shenker
1979, Banks and Rabinovici 1979) and there may be no phase transition at all (Kajantie
et al. 1996).
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for T' > 200 GeV. This conclusion is important for cosmology, namely for
an explanation of the observed excess of baryons over antibaryons in the
present-day Universe (problem of the generation of baryon asymmetry in
the Universe (Sakharov 1967, Kuzmin 1970)).

In conclusion, we note that rapid non-conservation of the baryon and
lepton numbers due to electroweak interactions is also possible in other,
more exotic cases, namely at high fermion densities (Matveev et al. 1987)
or in the decays of heavy particles (Ambjorn and Rubakov 1985). The cross
sections of such processes, occurring in particle collisions, are suppressed
by the factor (17.44) at low energies, but increase rapidly at energies in the
several TeV range (Ringwald 1990, Espinosa 1990), most likely remaining
exponentially suppressed at all accessible energies. Instanton processes at
high energies are discussed in brief in the Appendix.
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Supplementary Problems
for Part III

Problem 1. Symmetry restoration in cold dense fermionic matter
(Kirzhnits and Linde 1976).

Consider the four-dimensional theory of a single real scalar field o,
interacting with a single type of Dirac fermion. The action of the scalar
field itself is chosen in the form

1 A
5= [ s |52 - 30 - . (s3.1)
and the fermion action in the form
S = [ dtativn o, - fiob).

The coupling constants A\ and f are assumed to be small.

1. Show that the theory has a discrete symmetry ¢ — —p. In the
absence of real fermions this discrete symmetry is spontaneously
broken: there are two ground states with ¢ = £v. Consider next
the system with a finite density of fermions np (and temperature
7€ero).

2. Find the energy density of the fermionic matter € () in an arbitrary
homogeneous external field ¢, if the fermion number density is equal
to ng.

3. Sketch the dependence of the total energy density of the system’

Var(p) = J(2 0" + ex(9)

n fact, there are quantum corrections to this expression. However, they are small
for small A and f.

397



398 Supplementary Problems for Part III

on the field ¢ for various np. Estimate the value of np at which
symmetry is restored, i.e. Vg () has a unique minimum at the point

p=0.
4. Find the corresponding critical density for f* < .

Problem 2. Non-topological soliton in a theory with fermions (Friedberg
and Lee 1977).

Consider the four-dimensional theory of a single real scalar field ¢,
interacting with N types of fermions a la Yukawa. The action of the scalar
field is chosen in the form (S3.1). Suppose, for simplicity, that the Yukawa
coupling constants of all fermions are the same, i.e. the fermionic action
has the form

N _ _
Sy = /d4x D (@i O — foiths).
i=1

The constants A and f are assumed to be small, but A > f* Using
considerations analogous to those in Chapter 10, show that for sufficiently
large N, the theory possesses non-topological solitons (for example, those
in which the number of fermions of each type is equal to 1). Estimate
the corresponding minimal value of N. The polarization of the vacuum
(including the contribution of the Dirac sea to the total energy) is
neglected.?

Problem 3. Fermion zero modes in a monopole background field in a
theory with a fermion triplet (Jackiw and Rebbi 1976b).

Consider the model of Section 16.1, but instead of the fermion isodoublet,
introduce the fermion isotriplet ¥%, a = 1,2, 3, with the action

Sy = /d4m(iz/;“’y“(D#1/J)“ — febeprpb©),

where, as usual, (D )% = 9,9 + grfabcAzl/Jc-

1. Find the analogue of the conserved fermion angular momentum in
the monopole background field.

2. Considering only fermions with minimal angular momentum, show
that there exist fermion zero modes in the monopole field (eigenstates
of the Dirac Hamiltonian with zero energy). Find the number of
these.

2For large N, corrections to the total energy associated with the polarization of the
fermion vacuum are not small. This difficulty can be avoided at the cost of introducing
additional boson fields.



Supplementary Problems for Part II1 399

Problem 4. Fuclidean fermion zero modes in U(1)-theory (Nielsen and
Schroer 1977a, Ansourian 1977, Kiskis 1977).

Consider a two-dimensional theory with gauge group U(1) and massless
Dirac fermions with unit charge.

1.

Using the considerations of Section 17.1, write down the Euclidean
Dirac equation in an arbitrary gauge.

Consider the gauge 0,4, = 0 in the Euclidean theory. Show that
in this gauge the smooth Euclidean field A, can be represented in
the form A, = €,,0,0, where o(x) is a smooth function of the
coordinates. Considering only spherically symmetric asymptotics,
o =o(r) asr — oo (where r = \/z3 + 2?), determine the behavior of
o(r) for large r for fields with a fixed and integer topological number

€ LV
q= 747{_ /dQ./L'EMVFl
(see the end of Section 13.3).

Find the general non-singular solution of the Dirac equation in the
external field A, = ¢,,0,0.

For external fields with spherically symmetric asymptotics and
integer ¢, find all Euclidean fermion zero modes, i.e. solutions of
the Euclidean Dirac equation, which decrease as r — oo (including®
fermion zero modes, which decrease as r~—! for large r). Which
fermion quantum numbers are conserved in this model and which
are not?

Show that in the theory without Higgs fields (two-dimensional
massless quantum electrodynamics, model due to Schwinger (1962)),
the bosonic action of Euclidean configurations of the field A4, can be
arbitrarily small for g # 0.

Thus, in the Schwinger model, transitions between topologically
distinct gauge vacua take place without exponential suppression and
cannot be described by the usual semiclassical methods. In fact, the
Schwinger model reduces at the quantum level to the theory of some
free field, but in terms of the original fields ¢ and A,,, its vacuum has
a complex structure (Lowenstein and Swieca 1972).

3The norm of these zero modes diverges logarithmically, however, they play the same
role as normalizable zero modes (Patrascioiu 1979).
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Problem 5. Fermion zero modes in a sphaleron field.

Let us consider a four-dimensional gauge theory with gauge group SU(2)
and a Higgs doublet, as in Section 13.4. We include in it the massless Dirac
fermion isodoublet with the action

Sy = /d4xi1/_)'y”D“1/1.

Consider the Dirac equation in the external sphaleron field (13.57).

1. Using the symmetry of the sphaleron external field, find the analogue
of the conserved fermion angular momentum.

2. Considering only fermions with minimal angular momentum, show
that in the sphaleron field there exist zero modes of the Dirac
Hamiltonian (eigenfunctions with zero energy). Find the number of
zero modes of each chirality.

3. Give an interpretation of the fermion zero modes in terms of level
crossing.

Problem 6. The same as in the previous problem, but in a model with
fermion action (17.37) with hy = hy (Ringwald 1988).

Problem 7. Anomalous non-conservation of fermion quantum numbers
in the presence of a monopole.
Consider the model of Section 16.2.

1. Choose the following class of Euclidean configurations of the boson
fields

Ag=0 A =QA™"Q 1+ 09,070 p=¢™"  (S3.2)

where Aon p™O" is the classical static monopole solution (16.3),
(16.4), Q(x,t) is a spherically symmetric function with values in

SU(2),
Q = explit®n® f(r,t)].

Find an expression for the topological number @ (see (17.20)) and the
Euclidean action (Sa,, — Sa) for configurations of the form (S3.2).
Here, S); = EynT, Ej; is the energy of the classical monopole
solution, T is normalization time. The expressions (S3.2) describe
some class of perturbations about the monopole background; in the
monopole sector, the Euclidean action is referenced from the action
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of the unperturbed monopole Sy;. Show that, for @ # 0, the action
(S — Spr) can be arbitrarily small.

Thus, in the monopole sector of the four-dimensional theory we have
a situation analogous to the Schwinger model (see Problem 4); the
exponential suppression, characteristic for processes of the instanton
type in the vacuum sector of four-dimensional theories, is absent.

2. Considering only s-wave fermions, find the Euclidean fermion zero
modes in fields of the form (S3.2) in the limit when the size of the
monopole core is small in comparison with all parameters of the
problem, including the length scale characterizing the function (2.

The results of this problem indicate that anomalous non-conservation of
fermion quantum numbers takes place without exponential suppression in
the monopole sector. A consistent description of this phenomenon can only
be given in the framework of quantum field theory.

Problem 8. Non-conservation of the fermion number in cold fermionic
matter in a two-dimensional model (Rubakov 1986).

Let us consider the Abelian Higgs model in two-dimensional Minkowski
space—time. Let us include in it massless fermions with the action

Sy = /deizﬁy“(au —iey’ AL )

(see Problem 15.4). Consider first the state of the system in which the fields
A, and ¢ take vacuum values A, = 0, ¢ = v, and there is a finite fermion
density ng (here, the densities of the numbers of left- and right-handed
fermions are equal, so that the total charge of the system is equal to zero).
Let us now vary the vector field A;(x!) adiabatically (using the gauge
Ao = 0). Neglecting the polarization of the Dirac vacuum (which does
not depend on n), find the change in the energy of the fermionic matter,
i.e. the contribution of the fermions to the static energy as a functional of
Aq(x'). Using the expression for the sphaleron energy in the Abelian Higgs
model (see Supplementary Problems for Part IT), estimate the critical value
of nr at which non-conservation of the fermion number occurs without
tunneling, i.e. without exponential suppression.
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Appendix
Classical Solutions and
the Functional Integral

One of the most suitable approaches, capable of providing a consistent
interpretation of classical solutions in quantum field theory, is the formalism
of functional integration. Within this formalism the role of classical so-
lutions of the field equations is that they represent non-trivial saddle
points of a functional integral. Integration near saddle points leads to
a semiclassical decomposition of the functional integral, which is usually
legitimate in weakly coupled theories. One example of the use of this
approach is the semiclassical quantization of solitons, which, however,
can also be performed by operator methods. In this Appendix, we shall
consider another class of problems, for whose solution the functional
integration method is indispensable, namely, computation of instanton
effects in quantum field theory. The use of the functional integral in
these cases allows one not only to find the leading semiclassical tunneling
exponential (which was the main subject of our interest in Chapters 11-13),
but also to compute, at least in principle (and sometimes explicitly), the
pre-exponential factor and the subsequent corrections of the semiclassical
decomposition. Furthermore, using the functional integration method, it
is possible to reveal a number of non-trivial properties of the instanton
contributions to the Green’s functions of quantum fields.

In this Appendix, we shall not attempt any form of systematic study.
Our aim is to give an initial idea of semiclassical methods in quantum field
theory, based on the use of classical solutions.

403
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A.1 Decay of the false vacuum in the
functional integral formalism

In this section we shall consider one of the simplest examples of the use of
the functional integral in problems relating to tunneling in quantum field
theory, namely, the decay of the false vacuum (Callan and Coleman 1977),
discussed in Chapter 12. As before, we shall consider the model of a single
scalar field with a scalar potential, shown in Figure 12.1, in d-dimensional
space—time. The main quantity of interest will be the energy of the false
vacuum with

Since the false vacuum is unstable, we may expect its energy E(¢_) to
contain an imaginary part, associated with its decay width,

tmB(6) =~ 5T(6-).

We shall not consider gravitational interactions, thus the value of the
real part of the energy, Re E(¢_), is unimportant to us; our purpose
is a semiclassical computation of the width I'(¢_). We already know,
from Chapter 12, that in a weakly coupled theory the width I'(¢_) is
exponentially small.

We can write down an expression for the energy of the false vacuum in
the form of a Euclidean functional integral

o—F@)T _ /we—swﬂ, (A.1)
where
S[e] = / ' E@aﬁ)? + V(¢>)}

is the Euclidean action of the model (the summation over the index pu
here and in what follows is performed with the Euclidean metric g,, =
diag (+1,+1,41,...)), T is normalization time. Since we are interested in
the state with (¢) = ¢_, the fields over which the integration in (A.1) is
performed have the asymptotics

o] — 00) = 6. (A2)

The semiclassical computation of the integral (A.1) involves finding its
saddle points and taking into account their contributions to the integral.
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The saddle points of the integral (A.1) are extrema of the Euclidean
action S[¢]. They satisfy the classical Euclidean field equation

-9 aﬂ¢+a‘; 0

and the boundary condition (A.2).

The results of Chapter 12 show that the width I'(¢_) is determined
by the contribution of a non-trivial saddle point, the bounce (Euclidean
bubble), ¢p(z#). Before considering the contribution of this saddle point,
let us consider the contribution of the trivial solution

o(z) = ¢, (A3)

which is uniform throughout Euclidean space-time. The action for the
trivial solution is equal to zero; thus, according to the standard rules for
saddle-point integration, the contribution of this point is determined by a
Gaussian integral over the perturbations about it. Writing

p(z) = o +n(x),

we obtain a quadratic action for the fluctuations

5700 = [ |50 + 5v" (6] at (A4

The contribution of the saddle point (A.3) to the integral (A.1) is equal to

IO = /D’I]G_ng)(n) (A5)

up to corrections, which are small in the weakly coupled theory.

The formal computation of the Gaussian integral (A.5) involves the
following. We shall suppose that Euclidean space-time is a box with a
large but finite volume (on whose boundaries, for example, periodicity
conditions are imposed). Using the fact that the quadratic action (A.4)
can be represented in the form

1
s = [dtagnl-0* + v'(o-ln
we introduce orthonormalized eigenfunctions of the corresponding operator,

(=07 + V" (¢-)]nx = M. (A.6)

We note that V”(¢_) > 0, thus the eigenvalues A\ are positive. We
decompose the integration variable n(z) in terms of these eigenfunctions,

n(x) = axm(x). (A.7)
A
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In terms of the new integration variables ay, we have for the action

(0) Z )‘akv

so that instead of (A.5), we obtain

Iy = /1:[ B‘%} exp [—; z}\:)\ai} (A.8)

(the factor J] A[\/#27] is introduced for convenience and corresponds to the

specific choice of normalization for the integral (A.1), i.e. the choice of an
additive constant in the energy). The expression (A.8) is the product of
Gaussian integrals, and it is equal to

=[x~ (A.9)
A

The quantity J], A can be interpreted as the determinant of the operator
(—0% + V"(¢_)), since it is the product of its eigenvalues. Thus,

Ip = [Det (0% + V" (¢_))] /2, (A.10)

and the contribution of the saddle point ¢ = ¢_ to the energy of the false
vacuum equals, up to higher-order perturbative corrections,

Fo(6) = — InDet =92 + V" (6_)].
2T
This expression is real and, as mentioned earlier, its value is not important
to us.

In the case of a homogeneous external field, a functional determinant of
type (A.10) can be computed without particular difficulty (Coleman and
Weinberg 1973). In a space—time box of size L = T, the eigenfunctions of
the operator (—92+V"(¢_)) for homogeneous ¢ are plane waves exp(ik,,)
with k¥ = QL” (no,n1,n2,n3), where the n, are integers (to be specific, we
shall consider the case d = 4). Here, the eigenvalues are equal to (k2 +V"),
thus the first quantum correction to the energy density of the homogeneous
field ¢ (the effective potential) is equal to

AE(¢) _
L3 2TL3

AV (¢) = Zln (k2 +V"(9)].

In the limit of large L = T we have

AV (o) = % /k » (;Zﬂ'; In(k? + V" (6)).
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The integral on the right-hand side diverges, thus, we have introduced the
ultraviolet cut-off A. As a result, for the field energy (taking into account
the classical energy V' (¢)) in a Gaussian (one-loop) approximation we have,
up to a divergent constant, independent of ¢,

V(e)+AV(S) = V() + 555V (0)
1 " 2 2 1 " 2 " 1
VORI VO 0.
(A.11)

If V(¢) is a polynomial of degree at most four (renormalizable theory),
then the divergent terms in (A.11) are also polynomials of degree at most
four. These divergences are removed by renormalizing the parameters of
the original potential V(¢), i.e. by standard renormalization of the mass
and the coupling constant. Thus, the renormalized correction to the energy
density of the homogeneous field is equal to

L (g V;;(f) L P9,

AV(9) = o3

where g is the renormalization parameter, and Py(¢) is a polynomial of
degree four, whose form depends on the normalization conditions for the
mass and the coupling constant of the theory.

Another saddle point of the integral (A.1) is the bounce solution.
Denoting its contribution to the integral by Ip, and the associated
contribution to the energy by Ep, we write

e FotER)T — [ 4 Jp ... =e BT L Ip+.... (A12)

Here, Ip and Ep are suppressed by the tunneling exponent; the dots in
(A.12) denote corrections, suppressed by higher orders of the tunneling
exponent (they arise due to the contributions of multiple bounces). To the
first order in the tunneling exponent we have

—e B TERT =1Ip

or L1
B

EFp=———. A.13

PTT (4.13)

To compute the contribution of a bounce to the integral (A.1) we again

proceed in the manner standard for saddle-point computations. Near this

solution we write

¢(z) = ¢p(z) + n(z),
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and retain terms of up to second-order in 1 in the action,
1
S® =S + [ dizynl-3%+ V" (@n)ln

where Sp is the Euclidean action of the bounce. Consequently, up to
higher-order perturbative corrections

Ip =e 55 /Dnexp {f% /dwn[fﬁi +V"(¢B)n| - (A.14)

The contribution of a bounce is indeed suppressed by the quantity e=°5,
which agrees with the results of Section 12.2. The pre-exponential factor
is given by a Gaussian integral over perturbations 7.

To compute the Gaussian integral in (A.14) we need to consider the

eigenvalue problem
(=0 + V" (05 (x))lnx = N, (A.15)

analogous to the problem (A.6). If the eigenvalues A were positive, we
would have a formula analogous to (A.9) or (A.10). However, in the case
of a bounce there exist zero and even negative eigenvalues \; thus, further
analysis is required.

Let us begin with a discussion of zero eigenvalues. The occurrence of
zero modes of equation (A.15) is associated with the fact that the center
of the bounce may be located at any point in Euclidean space-time, i.e.
we in fact have a whole family of solutions of the Euclidean field equations
¢ (z—x0), parametrized by d parameters zf; (we study the contribution of
a spherically symmetric bounce, considered in Chapter 12). By complete
analogy with Section 7.1, this leads to the existence of d zero modes around
the bounce (with center at zf = 0),

= S5"%0,6p(), p=0,....d-1

The normalization factor here is chosen such that
[ et = .

as one can see using the virial theorem, obtained according to the
considerations of Section 7.2.

If we were to treat zero modes in the same way as non-zero modes,
then the corresponding integral with respect to [] L daf in the expression
of type (A.8) would diverge. For an interpretation of this divergence it is
convenient to move from integration with respect to dafj to integration with
respect to the “collective coordinates,” the position of the bounce xf. To
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this end, we shall use a procedure of the Faddeev—Popov type and insert
unity in the original functional integral (A.1):

1= Mgt +a0)] [ [T 11 { [ atav,on@iote +a0) - 0.1},
where
Alé(x + 20)] = Det { / d20,,65(2)9 b(x + xo)} . (A.16)

After interchanging the order of integration with respect to D¢ and [, dzf
and replacement of the variable ¢(x + z¢) — ¢(x), we obtain

Bge " (A.17)
— / l:Ide / DoA[g(x)] [ [ 6 { / Az, dp(x)[(x) — M} )

Since the integrand is now independent of g, the integral with respect to
d%zy gives the volume of space-time VT, where V is the volume of (d — 1)-
dimensional space. Moreover, thanks to the é-function in the integral with
respect to D¢, the only contribution to it comes from a neighborhood of
the bounce with center at the origin. In this neighborhood, we can write

¢(x) = ¢p(x) + > _ahmh(x) + > axma(). (A.18)

A0

Then the é-function in (A.17) will be equal to

119 {Z ( / dd:v@mms) } = 55" [ 8(ap).

Thus, integration with respect to dag, taking into account the measure in

(A.8), leads to the occurrence of a factor ( 53127T)d/ 2. Finally, for fields of

the form (A.18), expression (A.16) is equal to
Alg(x)] = (Sp)".

As a result, for the contribution of the bounce to the energy we have

Sp\ Y 1
Ig=VT <%> e B /D'nexp [fi/dxn[fai +V"(éB)In|,

where the prime denotes no integration over zero modes.
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In addition to zero eigenvalues, the operator [~9% +V"(¢p)] in which we
are interested has a (single) negative eigenvalue. Indeed, this operator is
spherically symmetric (we recall that ¢ 5 depends only on r = | /7,7,,), and
the zero modes have a non-trivial angular dependence, i.e. non-zero angular
momentum. Clearly, the lowest s-wave state has the least eigenvalue, i.e.
for that state A < 0. Naively, the existence of a negative eigenvalue A
points to the divergence of the integral with respect to the corresponding
coefficient a_,

da_ 71/\,(12_

——e 2 =o00 for A_ <0.
V2T

In fact, one has to view the integral (A.1) as the analytic continuation of
some well-defined quantity. Corresponding considerations were presented
by Callan and Coleman (1977); the result is that a_ should be viewed as
a purely imaginary quantity, and also that the factor % occurs in the final
answer. Thus, we come to the expression

i Sp\ Y2
Ip=-VT (—) e 5B ‘Det' (—82 + V”((bB))‘

e —1/2
) o '

Here, Det’ denotes the determinant (product of the eigenvalues) of the
operator in which the zero eigenvalues are omitted.

Taking into account (A.13), the contribution of the bounce to the energy
of the false vacuum has the form

AN
EB:—ZV§ <§) e 98

Det’ (—02 + V" (¢)) |/

Det (—02 + V"(¢_))

First and foremost, this contribution is purely imaginary, i.e. the bounce
actually describes the decay of the false vacuum with width

G\ 42
F:ZImEB:V(B) e 5B

2

Det/ (—02 + V"(¢5))| "

Det (=02 + V" (¢-))

(A.19)

Moreover, this width is proportional to the volume of (d — 1)-dimensional
space. In the limit V' — oo the value of I'/V, the probability of decay per
unit time per unit volume is finite. In fact, it is precisely this quantity
that must be finite, since a bubble of a false vacuum may be formed
spontaneously at any point of (d — 1)-dimensional space.

Thus, the functional integration technique allows us to find not only the
main semiclassical exponent, but also the pre-exponential factor for the
probability of decay of the false vacuum per unit spatial volume, per unit
time. The functional determinants in (A.19) can be computed analytically
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only in the simplest models; if necessary, this can be done numerically. In
fact, these determinants are ultraviolet divergent (compare with (A.11)),
however, these divergences are removed by the usual renormalization of the
parameters of the Lagrangian (mass, coupling constant, wave function).

To conclude this section, we note that the method of treating zero modes,
studied in this section, is of a very general nature and, with corresponding
modifications, is applicable in the semiclassical quantization of solitons,
the computation of instanton contributions to the functional integral in
theories with gauge fields, the determination of the probability of sphaleron
transitions at finite temperatures, and in other situations.

A.2 Instanton contributions to the fermion
Green’s functions

In Chapter 17, we saw that instanton transitions lead to anomalous non-
conservation of fermion quantum numbers in a number of four-dimensional
gauge theories. In this section, we discuss how this result can be obtained
in the formalism of functional integration and describe an approach to
computing the corresponding fermion Green’s functions. In addition, we
consider the occurrence of the effective #-parameter in theories with massive
fermions. The approach to these questions, based on the functional
integral, was historically the first approach ('t Hooft 1976a,b) and is most
appropriate for quantitative analysis.

To be specific, let us consider a four-dimensional model with gauge group
SU(2) and a single Dirac SU(2) fermion doublet. The Euclidean action of
the model has the form

S=S54+5y,
where S, is the action of the gauge fields
1
S, = / A B, 4 9.1, (A.20)

(we do not include the f-term in it for the moment), and
S0 = [ da(# Dy + i) (A.21)
is the fermion part of the action (we shall omit throughout the index E for

Euclidean objects). In (A.20) the component “g.f.” includes a term fixing
the gauge and the action of Faddeev—Popov ghosts. In (A.21), Euclidean

y-matrices
0 ot
"= (o 7)
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are used (compare with Section 17.2), where

ot = (1,—io),

ot = (1,i0).
We shall be interested in Euclidean Green’s functions of the type

Grm (21, Ths Y1, Ym) = (@) - D(@R)P (1) - - P (ym))-

They are given by the functional integral

Grm = / DADYDYe 59(x1) ... 0(ym), (A.22)

where integration over ghost fields is implicit; it is understood that ¢ and
1 are Grassmann integration variables. In particular, for k = m = 0, the
integral (A.22) determines the vacuum energy of the system

e BracT — / DADYDpe, (A.23)

and for k =m =1, it is an exact two-point Green’s function

Gui(z,y) = (W()P(y)). (A.24)

In what follows, we shall, to be specific, consider these two cases.

The action S4 has a non-trivial saddle point (local minimum), which is
an instanton solution of the Euclidean field equations. The contribution of
its neighborhood to the integral (A.22) will be of primary interest to us.

Let us first consider the case of massless fermions,

m = 0.

In this case, in perturbation theory, chirality is conserved, i.e. vacuum
averages of operators invariant under (global) transformations

b Y, e (A.25)

are non-zero only. For example, the vacuum average of the operator
(convolution with respect to the Lorentz and isotopic indices is understood)
is equal to zero in perturbation theory.

As follows from the results of Chapter 17, chirality ceases to be conserved
when instanton transitions are taken into account. To explain how this
phenomenon arises in the formalism of functional integration, we consider
the instanton contribution to the integral (A.22). Near an instanton
solution, we can write

__ Ainst
AMfAH +ay,
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so that in a Gaussian approximation we will have
@ ins
ka = e_SiuSt |:/ Da#e_SA (a“):| G}cr;;t ($1, ey ym)7 (A26)

where Sf) is the part of the boson action which is quadratic in the
perturbations @, (including terms fixing the gauge and the action of ghosts;
as before, integration over ghost fields is understood but not explicitly
indicated), and Gi"' is the integral over fermions in the external instanton
field

Gipst = / DD exp {— / dmwm:*%} $(@) . Blym)  (A2T)
where
Dinst — g, 4 A,

Integration over the boson fluctuations a, in (A.26) is performed using
methods essentially analogous to those considered in the previous section,
although there are additional complications associated with the large
number of bosonic zero modes, gauge invariance, etc. This Gaussian
integral was computed explicitly by ’t Hooft (1976b). Here, we shall be
primarily interested in the fermionic integral (A.27) in the instanton field.

It is useful to discuss the computation of an integral of the type (A.27)
in an arbitrary external field A, and to consider, for specificity, the cases
k=m =0 and k = m = 1, i.e. the matrix elements of the unit operator

and of the operator ¢ (z)y(y):

(1)4 / DYDi) exp [f / dm/?wDuw} , (A.28)

(W(x)d(y)"

/ DYDY exp [— / deDw} B(a)i(y). (A.29)

To compute these Gaussian integrals over the Grassmann variables, we
diagonalize the quadratic form in the exponential (analogously to the
bosonic case considered in the previous section). Since the operator v#D,, is
anti-Hermitian, its eigenvalues are purely imaginary, and the eigenfunctions
1y satisfy the equation

Y Dpthx = idia.

Let us first suppose that there are no Euclidean fermion zero modes, as
is the case for topologically trivial (and sufficiently weak) external fields.
In other words, we suppose that all the eigenvalues A are non-zero. From
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the commutation relations for the y-matrices, it follows that in addition to
the eigenvalue A, there exists an eigenvalue (—\), where the corresponding
eigenfunction is equal to

Yox =7 a.

Let us now decompose the integration variables 9 (z) and v (z) in terms of
the set ¥y:

pN
&
[

> bapa(), (A.30)
A

d(x) = Y bhwi(a), (A.31)
A

where by, by are Grassmann integration variables. Then the integrals (A.28)
and (A.29) take the form

/\
iy
Z
P
Il

/HdmdbA exp [—iZM—;Ab,\] , (A.32)
A A

/]'[dz’wzbA exp[—i »  Ababy]
A A

x> bbbl (y). (A.33)

NN

=
B
=
s
b

Il

These integrals are computed according to the rules for Grassmann
integration:

/ =0 (A.34)
/ - (A.35)
and are equal to
(1* = TGN =Det(yD),
A
@@pwN™ = D1 TN ov@el )
Y A#EN
= Det(yD) Zw)‘ zj\%\( v)

The quantity
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is a Green’s function of the operator v#D,,. Taking into account (A.30), it
can also be written in the form

Gy = Y o [ ) — P er @)

A>0

Its chiral invariance (which is evident also from the anti-commutation of
"D, and 7°) follows immediately from this representation,

¢ Gt = G

Thus, the matrix element (A.29) in the topologically trivial external field
A, also has the property of chiral invariance

(7 (@) (y)e™ VA = (Y (x)d(y)) ™.

This result generalizes directly to higher fermion Green’s functions in any
topologically trivial external fields, including the case of strong external
fields, in which there may exist fermion zero modes. We again deduce the
conservation of chirality in conventional perturbation theory.

The situation is fundamentally different in the case of an external
instanton field (in general, of external fields with non-zero topological
number (17.20)). In this case, the operator v*D,, has one left-handed zero
mode, i.e. a unique eigenfunction with A = 0, having the structure

Wo = <’g’). (A.36)

For the instanton external field, an explicit form for yo(x) is given by
formula (17.25). This zero mode and its conjugate are involved in the
decompositions (A.30) and (A.31). The first consequence of the existence
of the zero mode is the equality to zero of the integral (A.32). Indeed, for
that integral we have

<1>inst:/dbOdBO/Hdb)\dB)\eXp —ZZAb)\B)\ )

A#£0 A#£0

and the integrals with respect to dby and dby are equal to zero by virtue of
the property (A.34) of the Grassmann integral. Thus, in the theory with
massless fermions, instantons (and, in general, gauge field configurations
with non-zero topological numbers) do not contribute to the vacuum energy
(A.23).

Unlike the integral (A.28), the integral (A.29) is non-zero in the
instanton background. Here, in the sum in (A.33), only the term with
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A = X" =0 is significant and, taking into account (A.35), we have
W@B)™ = [ dbodbolbovin(a)| o)

X/Hdb,\dl;Aexp [fiZAEAbx}

A#£0
= o(a)¥f(y)Det’ (v D,), (A.37)

where the prime denotes omission of the zero mode. Because of (A.36),
this matrix element breaks chirality; under the transformation (A.25) we
have

@@ ()™ — ¥ (W(x)P(y)) ™" (A.38)
It follows from the results of Chapter 17 that the given discussion is valid
for any external gauge fields with a unit topological number. Moreover, this
discussion generalizes to arbitrary Green’s functions and arbitrary values
of the topological number Q: in the general case, a sector with topological
number @ contributes to the vacuum averages of operators with chirality
2Q and only to these operators. This is precisely the mechanism for non-
conservation of fermion quantum numbers from the point of view of the
functional integral, and the instanton computation described in this section
provides an efficient technique for finding anomalous Green’s functions in
weakly coupled theories.

The analysis presented here can be generalized to other gauge groups
and/or fermions in other representations. In particular, the number and
structure of the fermion zero modes in the instanton field in QCD and
the electroweak theory are such that the selection rules of Section 17.3 are
satisfied.

Let us now discuss the dependence of physical quantities on the
parameter 6 introduced in Section 13.3. Let us first see that this
dependence does not exist in theories with massless fermions. As mentioned
in Section 13.3, the parameter 6 can be introduced using an additional term
in the action of the gauge fields; in a Euclidean theory it has the form

i0 o
59 = W/TY(FHVFHV)d xZ.

Its role is to make the contributions of sectors with topological charge
@ to the functional integral proportional to exp(iQ#). For example, the
instanton contribution to the two-point Green’s function (A.24) is equal to

(W (@)P))§™" = e (W (@) (y)§=S. (A.39)

By virtue of property (A.36) the parameter 6 can be eliminated from (A.39),
by redefining the fields according to formula (A.25) with o = —6/2. This
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chiral rotation eliminates 6 from all Green’s functions, which follows, in
the general case, from the previous statement about selection rules. Thus,
the parameter @ is unphysical in theories with massless fermions (and also
in theories of the type of the standard electroweak model).

Let us now consider the model (A.20), (A.21) with massive fermions
and 6 # 0. In this case, the chirality is not conserved even in perturbation
theory, and the instanton contributions to the Green’s function are not
characterized by any special selection rules. The fermion mass term in the
action can be generalized somewhat by replacing the last term in (A.21)
by the expression

Sy = / d*amapet® . (A.40)

This term in the action has the necessary properties of Hermiticity (in
Minkowski space—time) and Lorentz and gauge invariance. In perturbation
theory the parameter (3 is unimportant since it can be eliminated by chiral
transformation of the fields (A.25) with « = —/3/2. Things are different
when instanton contributions are taken into account.

Let us consider, by way of example, a one-instanton contribution to the
vacuum energy (A.23), and let us for simplicity suppose that the fermion
mass is small. For small m, the mass term (A.40) can be taken into account
perturbatively. To zeroth order in m the instanton contribution to the
vacuum energy is absent, while to first order in m we have, for 6 # 0,

. s
(1)t = me™ (Y )y -
Taking into account (A.37) we have
. 5 . a5
(e PPt s ~ Bie o,
and it follows from (A.36) that
<1>inst _ mei(9+ﬂ) <’I,Z’L/1>in5t,

where the factor (11)™* does not depend on # or on (. Thus, the
contribution of the instanton to the vacuum energy depends on 6 and (3,
but only in the combination

Ocr = 0 + .

This result holds for all Green’s functions; the assumption that the fermion
mass is small is also unimportant. In the general case in theories with
massive fermions there is a single parameter . (combination of the
parameter 6 and the phase of the fermion mass matrix), which is not
important in perturbation theory, but which manifests itself in physical
quantities when instanton contributions are taken into account.
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The possible presence of the effective f-parameter is particularly
important in quantum chromodynamics, since it leads to a considerable
violation of CP-invariance in strong interactions provided f.g is not too
small. One possible explanation of the experimental fact of the absence
of such C'P-violation (Peccei and Quinn 1977) is that the phases of quark
masses are dynamical variables. In other words, the parameter § is in
fact the vacuum expectation value of some scalar field (axion). The scalar
Lagrangian is chosen so that, in the absence of QCD instanton effects, there
is global U(1) symmetry and the vacuum value of f is arbitrary; the axion
in this approximation is a massless Goldstone boson. Instanton effects
of QCD break this U(1) symmetry explicitly, and the axion field takes a
vacuum value corresponding to . = 0 (also, the axion acquires a small
mass). This hypothesis, which has not yet been experimentally confirmed,
is of great interest both from the point of view of particle physics and from
the point of view of cosmology.

A.3 Instantons in theories with the Higgs
mechanism. Integration along valleys

We have already mentioned in Section 13.4 that the scale argument of
Section 7.2 rules out the existence of instanton solutions in four-dimensional
theories with the Higgs mechanism. Nevertheless, Euclidean configurations
with non-zero topological number @) and a finite action exist and one can
ask about the contribution of sectors with @ # 0 to the functional integral.
Here, we present simple considerations ('t Hooft 1976b), which lead quickly
to a legitimate answer in the most interesting case of configurations of small
size with |@Q| = 1; a systematic approach to this question was given by
Affleck (1981).

Let us consider, for specificity, a model with gauge group SU(2) and
Higgs field doublet. This was discussed in Sections 6.2 and 13.4; we shall
use the notation introduced there. The Euclidean action of the model has
the form

1 1.,\°
S = /d4x [292TY F2,+ (Dy¢) Dy + A (Wy - 5453) } . (A1)

In the sector with Q = 1, smooth configurations of fields have the following
asymptotics:

_ -1
A, = wiw T,

¢ = we', r=.r,T, — 0, (A.42)
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where

and n, = To /7 is a unit radius vector in four-dimensional Euclidean space—
time.

In pure Yang-Mills theory (without Higgs fields) the action is scale
invariant and its minima in the sector with ¢ = 1 (instantons) are
characterized by the parameter p (size of instantons), which can take
arbitrary values. The action does not depend on p, thus p emerges as
a collective coordinate, analogous to the instanton position ), discussed
in Section A.1. To compute the contributions of all instantons to the
functional integral of pure Yang—Mills theory, one has to integrate with
respect to p using the techniques described in Section A.1. Loosely
speaking, in the space of all Euclidean field configurations of pure Yang—
Mills theory, the profile of the action is a valley with a flat bottom, with
p being the parameter along the valley; this is illustrated schematically in
Figure A.1. Integration along the valley must be carried out exactly, while
in perpendicular directions it is performed in a Gaussian approximation.!

When Higgs fields are included, the Euclidean action begins to depend on
the scale of the configuration. As we now see, for small p, the contribution
of the Higgs fields to the Euclidean action is small in comparison with
the contribution of the gauge field. In other words, the valley shown in
Figure A.1 ceases to be flat-bottomed, but remains gently sloping for small
p. This situation is shown in Figure A.2. It is clear that, on the one hand,
there is no minimum of the action (it corresponds to the singular limit
p — 0), while, on the other hand, integration with respect to p must be
carried out as before without using the Gaussian approximation.

For small p the action along the valley may be found from the following
considerations. Consider the family of configurations of the form

M) =2 B, (;) L o) = dof (;) 7

where B,, and f do not depend on g and ¢y, and depend on p through
the combination z/p. For such configurations, three contributions to the
action (A.41) are estimated as follows:

1 1
S4 = /d4a: (——TrF2V> X —,
292 I 92

LOf course, there are other flat directions associated with the instanton position, and
also its orientation in space—time and isotopic space. These directions are not shown in
Figure A.1.
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SYM

Figure A.1.

Sk = /d4x(Du¢)TDu¢O(P2¢37

2
[ (M - %%) x A,

For small p, the contribution of Sy is suppressed in comparison with S4 by
a factor

Sp

g dop” ~ mip?,
while the contribution of S}, is even smaller, being suppressed in comparison
with Sg by a factor

A2 p* ~ min.

We shall consider the case m, < m,, and shall be interested in

~

configurations with scales p < m.!. For the latter,

SA>>Sk>>Sp.
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SYM

Figure A.2.

Thus, to compute the action on the valley floor we first have to minimize
S 4 for fixed p. This minimum is nothing other than the instanton

2
. r _
A, = APt = woyw !

] 23 7.2+p2

(A.43)

The first term in the action then does not depend on p and is equal to
Sa = 872/g?, but the field configuration ¢ is not yet fixed. To compute
the total action to the first non-trivial order in p, one has to find the field
¢, minimizing the contribution of Sy for a given gauge field (A.43). This
leads to the equation

inst yinst
Dirstpinsty =,

where DS = g, + Al’**. A solution of this equation with the boundary
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condition (A.42) is
r 0
= ———w(7 . A.44
/12 + p? ( )<¢0> (A.44)
Here the value of Sy, for the configuration (A.43), (A.44) is equal to w2 p2¢3.

Thus, for the total action along the valley, we have

_sn

1
S = 7 + 122 p* + g—ZO(mgmip4). (A.45)
As a result, the contribution of configurations with scale p < m; ! to the
functional integral (in the sector with @ = 1) can be written as follows:

8 2
[ tortpataess (=5 it (A.46)

Here, we have explicitly written down the integral with respect to the
position of the instanton, but not the integral with respect to the collective
coordinates associated with the orientations. The dependence of the pre-
exponential (measure p(p)) on p arises from the functional determinant
(’t Hooft 1976b); this dependence is not too important? for small g2.

Since instantons with p > m;! are suppressed by a factor of
exp(—%2 p*m2) in comparison with small instantons, the studied approach
enables one to find the instanton contribution to the functional integral in
the region of values of p of greatest interest for the majority of applications.
At the same time, it does not allow one to systematically find corrections
in p and is not suitable for calculating contributions of instantons with
p = m> L. Moreover, it is not completely satisfactory also from the following
points of view. The fields A, and ¢ are massive in the given model, thus
one might expect them to tend exponentially to the asymptotics (A.42).
Configurations (A.43), (A.44) do not have this property.

These disadvantages are removed in the formalism of constrained
instantons (Affleck 1981). The idea of this formalism is similar to the idea
of the treatment of zero modes (see Section A.1) and involves introducing
into the functional integral a constraint, parametrized by the scale p (8-
function with corresponding determinant of Faddeev—Popov type), in such
a way that the total action has an exact minimum when this constraint
is taken into account. The integration with respect to p is performed at
the very end of the computations. In this formalism the minimum of the
constrained action is achieved for field configurations which agree with
(A.43), (A.44) for r < my! (which is the most interesting region), but
tend exponentially to the asymptotics (A.42) as r — oo. Of course, the
result (A.46) is also obtained (for p < m;!) in the constrained instanton
formalism.

2In fact, the appropriate quantity is the value of the running coupling at the scale p,
i.e. g2(p~1). Precisely, this quantity occurs in the exponential in (A.46).
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A.4 Growing instanton cross sections

In Section 13.4, we saw that the height of the energy barrier between
topologically distinct vacua in four-dimensional non-Abelian gauge theories
with the Higgs mechanism is finite and proportional to Egpn o< my/ayg,
where m, is the mass of the vector boson, and ay = ¢*/4r. In the
standard electroweak theory, Egn ~ 10 TeV. The finiteness of the barrier
height leads to a high rate of transitions between gauge vacua at finite
temperature (see Section 17.4).

It is natural to ask whether transition processes between topologically
distinct vacua can be induced by collisions of particles with energies (in
the center-of-mass frame) of the order of Egyp, i.e. whether the exponential
suppression of the probabilities of these processes disappears. In the case
of the electroweak theory, this would imply rapid non-conservation of the
baryon and lepton numbers at energies in principle accessible to future
accelerators.

At the present time, accurate analysis of this problem has only been
performed for the case of relatively low energies (E < Egppn). It has
been shown (Ringwald 1990, Espinosa 1990) that instanton cross sections
actually grow rapidly with energy. In this section we briefly discuss the
reason for this interesting phenomenon. At the same time, the question
of the behavior of cross sections at center-of-mass energies £ 2 Egpn
remains open, although there are a number of arguments pointing to the
exponential suppression of these cross sections at all energies (Banks et al.
1990, Zakharov 1991, Maggiore and Shifman 1992, Rebbi and Singleton
1996, Kuznetsov and Tinyakov 1997).

Let us consider, for specificity, the model with gauge group SU(2)
and Higgs field doublet, discussed in the previous section, but without
fermions.? By way of example, we shall study a process in which two
colliding vector bosons with center-of-mass energy E are transformed into
n vector bosons, and at the same time the system moves from one gauge
vacuum to a neighboring one. The topological number @ of the field
configurations responsible for this process must be equal to unity. We
shall consider the case when the energies of both the initial and the final
vector bosons are large in comparison with their mass, i.e.

E

In this case the mass of the vector bosons in the constrained instanton
configuration can be neglected, i.e. formula (A.43) for the instanton field

3We recall that this model may be viewed as a limiting case of the electroweak theory
at sinfy, = 0. Fermions of the Standard Model play a minor role in this problem and
we shall consider a purely bosonic theory.
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can be used. To compute the amplitude of the process, we begin with the
(2 4+ n)-point Euclidean Green’s function

Graa(21, T2, Y1, -y Yn) = /’DA’D¢€75[A]A(Zl)A(ZEQ)A(ZA) L Alyn),

(A.48)
where the spatial and group indices are omitted. We perform the semi-
classical computation of this integral in the sector with ¢ = 1, assuming
that A(x1)...A(yn) is the pre-exponential factor. In other words, we
calculate only the contribution of configurations of the wvalley floor,
discussed in the previous section. In this approximation, integration with
respect to DAD¢ is replaced by integration with respect to the collective
coordinates of the valley floor (taking into account the measure arising
from the determinant of the fluctuations); the action here is (A.45) and
the fields A(z1) ... A(y,) in the pre-exponential are replaced by instanton
fields.*

As a result we have

Grta(ene i) (A.49)
—sn2 —n2p2¢d ins ins
:/d4$o?§H(P)e TS () — o) L Ay — w3 p).

There is a subtlety here. Asymptotically, as r — oo, the instanton con-
figuration tends to the purely gauge field (A.42). At the same time, the
fields of vector and Higgs bosons are identified with the fields Af, and ¢ in
the unitary gauge, where

= %<¢00+77>.

Thus, it is convenient to perform a gauge transformation with gauge
function w'(r) = oln, over the configuration (A.43), i.e. to bring the
configuration to the unitary gauge. In the unitary gauge,

2

jnst _ P -1
AZ inst _ 2 T p2w Buw
or, in components,
. 1 2p?
a,inst __ =
A = e g gy Teval (A.50)

This configuration is singular at » = 0, but this is purely gauge singularity
and should not disturb us. It is precisely the configuration (A.50) that
appears in (A.49) as ABst,

4In fact, one has to use the constrained instanton configurations mentioned in
Section A.3. This does not alter the result (A.55).
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In (A.49), although not written down explicitly, there is the integration
with respect to instanton orientations. In further estimations, we shall
ignore the fact that an instanton may have different orientations in
space-time and isotopic space. Because of this, we shall not be able to
find the numerical constants in the expression for the cross section. In
fact, integration with respect to instanton orientations is technically very
complex and is performed using methods which go far beyond the scope of
this short review.

We note immediately that the dependence on coordinates in (A.49)
factorizes modulo integration with respect to the instanton position zf,
guaranteeing the translational invariance of the Green’s function. This
means that, in the approximation used, the corresponding amplitude is
pointlike. Hence it is clear that the instanton contribution to the cross
section will grow with the energy according to a power law.

To obtain the contribution to the amplitude of the process 2 — n in
which we are interested, we move to the momentum representation, i.e.
we find G(k1, k2, p1, ..., ppn) initially for Euclidean momenta. From (A.49)
it is clear that the Green’s function in the momentum representation is
expressed in terms of Fourier transform of the instanton field A™(g; p).
Integration with respect to zf in (A.49) leads to a é-function, ensuring the
four-dimensional momentum conservation, and we obtain

Gy (kyyka,piy e pn) = 6(ky + ko +p1+ ..+ pa) (A.51)
_8

x / dp p(p)e” 5 O A (k) A (ey) A () A(py).

The Fourier transform of the instanton field (A.50) is not difficult to
compute explicitly. The function A™t(q) is analytic in ¢° and has a pole at
q> = 0. The Green’s function (A.51) has the same analytic structure in all
its arguments. In fact, the Green’s function (A.51) must have a pole on the

mass shell of the vector bosons, i.e. at k% = k3 = p? = ... = p2 = —m2,
however, we shall consider the case (A.47), in which it is impossible to
distinguish between the points® ¢ = 0 and ¢> = —m2. Then we can use

the Lehman—Symanzik—Zimmermann formalism, according to which the
amplitude of the process 2 — n is determined by the residue of the Green’s
function G2 on the mass shell with respect to all momenta. From (A.51)
we obtain the instanton contribution to this amplitude in the form

AiQIE,tn(klak%pla .. 7p7l)
_8n%

- /d/’ﬂ(p)e 2T PRk p) - R(Pas ) (A.52)

5In the constrained instanton formalism, the configuration A'"*(g) and the Green’s
function (A.51) have poles at correct value ¢> = —m?2. The residue at the pole for the
constrained instanton, which is important to us, agrees with (A.53) modulo corrections
which are small in the regime (A.47).
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where R(q; p) is the residue of the instanton configuration A™(g, p) at the
pole ¢ = 0. An explicit computation gives

1
mmm=§ﬁm, (A.53)

where, as before, we omit the tensor structure, depending on the instanton
orientation.
For
n>1, (A.54)

integration with respect to p in (A.52) can be carried out by the saddle-
point method. Taking into account the very weak dependence of the
measure p on p, we obtain
) a2 co n+2
At —ae @2t (Z) hallalipl ) (459
9%
where the constant ¢; does not depend on the momenta and depends weakly
on the remaining parameters of the problem, and ¢, is a numerical constant.
It is clear that the amplitude (A.55) is actually pointlike; the dependence
on the momenta in it factorizes.
In the regime (A.47), (A.54), it is not difficult to find the behavior of
the instanton cross section

. 1 1 . 1 [constant - E2\*" _ies2
7B = -kﬂ/‘m”"“gﬂf’“”|2 Tl ( go3n ) <

(A.56)
from the expression (A.55). Here, d€2,, denotes an element of the n-particle
phase space, E is the total energy in the center-of-mass frame. It is clear
that the instanton cross section in fact grows quickly (exponentially) with
the energy (Ringwald 1990, Espinosa 1990). An even more surprising result
is obtained for the total cross section, i.e. the sum of the cross sections
(A.56) over n. The dominant contribution to this sum for large E comes
from the process with number of final particles of the order of

E4 1/3
n~ |- .
(92¢3)

The cross section itself grows exponentially with energy®,

. 1672 EA N\ /3
a2 () x exp {— (JZ + constant < ) .

9295

6The exponential behavior of the instanton cross section with energy was first
observed by McLerran et al. (1990) for the case of Higgs particles in the final state.
These final states give a small contribution to the total cross section in the energy
region where the given analysis is legitimate.
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These formulae can be written in a more transparent form, by introducing
the notation ay = g2?/47 and Ey = \/67rmv/ag. We note that Ey agrees in
order of magnitude with the sphaleron energy; in the electroweak theory
Ey =~ 15 TeV (the constant ¢ in this case is the coupling constant oy,
corresponding to the group SU(2)). In this notation the total cross section

has the form
‘ dr 9/ E\"?
ot (E) xexp | — [ 14 = (—) , A57
tot (£) p [ag < 8 \ B, ( )

where we have included the value of the numerical constant found by
Zakharov (1992), Klebnikov et al. (1990) and Porrati (1990). The char-
acteristic number of final particles and their energies have the following
orders of magnitude

1 B 4/3 | ‘ B B —-1/3
n~—/\| — ~— ~1m - .
Qg Eo ’ P n Y EO

The remarkable result (A.57) shows that in the energy region F ~ Ej the
exponential suppression of the instanton processes weakens. This region is
characterized by a large (of order 1/ay,) number of particles, born in the
scattering process, induced by the instanton and having a small momentum
(of order my,).

At the same time, it is clear that the result (A.57) cannot hold
for all energies: an exponentially large cross section would contradict
unitarity. This means that the semiclassical formula (A.49) is not reliable
for computing the instanton amplitude at high energies. Indeed, corrections
to formula (A.57) are also exponential in nature and become significant at
FE ~ Ej. In the general case, the instanton cross section has the exponential

form
) 4 E
inst ER=
Otot X €XP |:Oég <E0>:| 9

and computations near the instanton enable us to determine the function
F for E < Ej in the form of a power series in (E/Ep)?/?. To compute
the exponent in the most interesting region £ > Fjy, we need semiclassical
techniques, which are far beyond the scope of this book. This computation
has not yet been performed, there are only indirect (albeit very serious)
arguments in support of the assertion that F(E/Ey) is negative for all
energies.

The last statement, if it is true, eliminates the possibility of searching for
electroweak instanton processes (accompanied by non-conservation of the
baryon and lepton numbers) at accelerators. Nevertheless, there remains a
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possibility that QCD instanton processes may be detected in collisions of
highly energetic particles even at present-day colliders (Balitsky and Braun
1993, Ringwald and Schrempp 1994).
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