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Preface

These lecture notes form the material for the graduate course QFT 2, the second of
three quantum field theory courses in the graduate program in High Energy Theory
at the Institute of Physics in Belgrade. The course presents the functional for-
malism of Schwinger-Dyson equations, generating functionals and Feynman path
integrals. The topics covered include: perturbation theory, loop expansion, Eu-
clidean field theory, solitons, instantons, vacuum polarization, geometry of gauge
theories, quantization of gauge theories, anomalies, the background field method,
renormalization, the renorm group, Borel summation, large N expansion and quan-
tum field theory at non zero temperature. These general tools are presented on
a host of models including: The Schwinger model, 't Hooft model, sine-Gordon
model, Liouville field theory, C' Py model, Ising model, Landau-Ginsburg model,
Heisenberg model, Wilson model, and the Kogut-Susskind model.

vii



Lecture 1

Linearity and Combinatorics

1.1 Schwinger—Dyson Equations

We look at a given quantum field theory (QFT) with one-particle states ¢;. The
theory is completely known if we are given all the n-particle transition amplitudes
(Green’s functions) Gy, Gij, Gyji - - - We shall diagramaticaly depict these as the
following set of blobs:

j
Instead of knowing an infinity of Green’s functons we seek a smaller set of
basic amplitudes out of which we may build all the Green’s functions. For the

moment let us suppose that we are given these basic amplitudes — also known as
Feynman rules.

k
iJ, =7~ Y= %
iAN = — :

o J | k
LY = ><
' j

The basic one-point amplitude is often called a source or external field. The

1



2 LECTURE 1. LINEARITY AND COMBINATORICS

corresponding two-point amplitude is the propagator, while all the higher am-
plitudes designate interaction vertices. The reasons for these names will become
evident later. We are usualy going to be interested in dynamics without external
fields, however, as we shall soon see, many of our calculations will be simplified if
we keep the sources till the very end.

Green’s functions are total amplitudes for a given process and they represent
a sum of the amplitudes for all distinct ways in which this process can happen.
This additive property is the central property of all quantum theories, and is
mathematicaly stated in terms of the Schwinger-Dyson (SD) equations. To write
down the SD equation for a given Green’s function we follow a simple rule: Pick
any leg, follow it into the blob and list all possible outcomes consistent with the
Feynman rules. For example, let us write the appropriate SD equation for G
for a model with only cubic and quartic interactions and no sources.

1 1
+i + y@

If we were keeping sources we would have an additional piece

—«

On the other hand, if we also had an n-particle vertex we would in addition
have

1
(n-1)

The numerical factors multiplying a given blob are just symmetry factors. The
n-vertex has (n — 1) internal legs which can be permuted (n — 1)! times. To avoid
over-counting we multiply by ﬁ as above.

The SD equations are easily seen to represent an infinite set of coupled equa-
tions, and are extremely difficult to solve. We shall first present a systematic
approximation scheme called perturbation theory. If the interaction aplitudes

are small, then one can perform an expansion in powers of =, i.e. in numbers



1.2. GENERATING FUNCTIONALS 3

of vertices. We, therefore, iterate the SD equations and disregard diagrams with
more than a certain number of vertices. For example, we will calculate the two-
point Green’s function to two vertices in a model with a purely cubic interaction
and no source terms. We have

4027:©+;—@1

Now the 3-point Green’s function obeys
O~ = )07 + O + 2 (-
1 - > 1 t /<>1 + E 0
To proceed further we need the tadpole to one vertex
1 1
— >1 =5 4@0 = 2 —<O
as well as the 4-point function to no vertices
_ > ™ —
0
= >\ + = + J S

Putting this back into the expression for the two-point amplitude we get

N

1.2 Generating Functionals

Now we will present a compact way to write all the SD equations at once. To do
this we introduce the generating functional

o0 /[:m
Z1J] = Z 1 Givigevim Jir i+ Jiy = (1.1)

m=0



4 LECTURE 1. LINEARITY AND COMBINATORICS

= O + f+;f&+ ;&+...:QJ

Note that this is just the vacuum diagram in the presence of sources. Through
its derivatives Z[.J] generates all the Green’s functions, for example

1 0 90 0

10 0 o 1.
Gijk = 5 8.J; 0.J; 8Jj, 7] (1.2)

J=0

If we do not set J = 0 at the end we get the corresponding Green’s function in the
presence of an external field. Now we return to the SD equations. For simplicity
let us look at a model with a purely cubic interaction. The tadpole SD equation
with sources is just

—O:7+%—@

J

J

In terms of Z[J] this is simply the differential equation

10 1 10 190
——ZJ| =i | ii+ iy ——=— —=— | Z[J] . 1.3
iaJi [ ] ’ ]<l +227]kllajk 28J1> [ } ( )
We multiply both sides with A;jl and the SD equation may then be compactly
written as ! 55
+J; | Z[J] =0, (1.4)
a¢z p=12
i 0J

where we have introduced the quantum action functional

5161 = 5 61 85" 65+ 35k 916568 (15)

For a general theory the SD equation retains the same form, while the appropriate
quantum action becomes

1 1 1
S[g] = 5 ¢ NG b+ 37 Yigk @i®iPk + 3y Vight Gi®iOrPL - (1.6)

As we see S[¢] is the generating functional for the Feynman rules. Later we will
see that it is strongly related to the classical action I[¢], hence its name. Note
that 1.4 is just the tadpole SD equation. It is a homogenous linear differential
equation. In the next lecture we shall find its formal solution. What is important
for us now is that equation 1.4 completely determines Z[.J], and hence our whole
QFT.

!Note that we are assuming that Ajj is invertible. We shall deal with the more general case
when we study gauge theories.



1.2. GENERATING FUNCTIONALS )

We end this section by introducing yet another generating functional — the
generating functional for connected graphs

W =3 G, Ty i, = (1.7)

m' 1192 Im m

Note that from the above definition it follows that W[0] = 0. We have denoted
the connected Green’s functions by dark grey blobs.

Why should we look at connected diagrams? Disconnected diagrams obviously
represent independent processes. By knowing just the connected diagrams we in
fact know everything. We shall now derive the important relation between Z[J]
and W[J]. To do this we look at the one-point Green’s function (or tadpole)
identity

~0=-00

In terms of generating functionals this becomes

10 10
- Z == ] Z . 1.
i 9, <i8ﬁﬂv> (18)
This, along with W[0] = 0, gives us the required relation between generating
functionals: '
Z[J]) = z[0]eW (1.9)

As an asside, let us talk about normalized Green’s functions (correlators).
From 1.9 we see that all Green’s functions have as a common factor the vacuum
diagrams Z[0] multiplying them. We thus define correlators to be

O

This notation is reminiscent of the operator formalism in which

b <0 T(digpj--- ) | 0>
< ¢i¢; On >= - OJ| 0> .

(1.10)

The most important such quantity is called the average field 2 — the quantum
average of ¢;

2In the literature this is often called the classical field. We will reserve the name classical field
only for solutions of the classical equations of motion.
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where the last equality follows from our tadpole identity. We thus have

oW
Yi = a7,

. (1.11)

For a general correlator we find

1 1/1 0 10 1 0
< ¢z¢] o (bn >= E ngn = E(;(,?JZ) <28—J]> ce <;8—JR>Z (1.12)

This can be written compactly as

< Flg)>=  F[. 2

-2 (1.13)

1.3 Free Field Theory

We finish this lecture by looking at free field theories — theories without interac-
tions. The quantum action in this case is simply Sy = % i A;jl ¢;. It follows that
Zo[J] obeys

10
ALY — 1 T ) Zy[J] =0, 1.14
< ij Z@J] + > 0[ ] ( )
or equivalently
107y
——— 4+ N JiZy=0. 1.15
i OJ; + Dijdjlo ( )

This equation is easily solved, and we get
1
Z()[J] = Z[)[O] exp < - 5 Jz Ai]‘ JJ> (1.16)

If only interacting theories would be as simple. ..

EXERCISES

1.1 Using the SD equations calculate the tadpole to two vertices for a theory
with cubic and quartic interactions.

1.2 Show that the SD equation for the connected generating functional W/[J]
may be written as
( 08
0

1.3 Solve free field theory in two different ways: First by using the SD equation
for Wy(J), and second by calculating all the connected diagrams of the
theory.

+Ji)1:0.

18
p=p+3 355



Lecture 2

Further Combinatoric
Structure

2.1 Classical Field Theory

Before we continue developing the basic formalism of QFT’s we will look at the
associated classical theory and cast it in a diagrammatic form. The action in an
external field is I[¢] + J;¢;, and leads to the equations of motion

ol
a¢z ¢p=>

+J; =0, (2.1)

where ® is the sought-after solution to these equations. Again, for simplicity, we
will look at a model with a purely cubic interaction. The equation of motion is
then

_ 1
Ji + Aijlq)j + 5 Yijk (I)jq)k =0. (2.2)

Thus
1

In terms of our diagrammatic rules this is simply

BRI

Again, the simplest way to untangle this kind of recursive relation is to solve
things perturbatively. For example, to two vertices we easily find

7



8 LECTURE 2. FURTHER COMBINATORIC STRUCTURE

4©2*X+;{+;<Q

As we see these graphs are just as in the quantum theory, except that here
we have no loops. For obvious reasons these are called the tree diagrams. We’ll
soon see that loop diagrams represent quantum corrections to the classical theory
which is given in terms of tree diagrams. Free field theories have no vertices, and
hence no loops. They are in fact purely classical.

2.2 The Effective Action

Let us now continue developing the formalism of QFT’s. We introduce the concept
of one-particle irreducible (1PI) diagrams. A 1PI diagram can’t be cut into two
disconnected pieces by severing a single internal line. Unlike the full and connected
Green’s functions we define the 1PI diagrams without external propagators, and

denote them as
ir= @

As may be guessed from this notation, the 2-point diagram plays a specific
role. To see this we consider the connected two-point Green’s function (called the
full propagator)

— @ = + @ + @@ +..
Equivalently we have

G = i A +(i0)(im) (i) + (GO (im) (iA) (im) (GA) + ... = i(A 1)L (2.4)

Therefore, the effect of quantum fluctuations is to exchange the bare propagator
A for the full propagator (A~ + 7). 7;; is called the self-energy. All the other
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1PI diagrams are often called vertex functions. The reason for this nomenclature
may best be seen if we consider a general diagram such as

As we see it is contained in

Hence, it is easy to see that just as the connected two-point Green’s function
plays the role of the full propagator, so I';, I';j, I';jx, . . . play the roles of the full
vertices. From the example above we find that the general graphs of our theory
based on the quantum action

1 _ 1
Slel =5 ¢ A i+ 31 Yigk iidk + - (2.5)
are the same as the tree graphs of the theory based on the effective action
1 _ 1
Plg] = Ligi + 5 ¢i(A L4+ 3y Ligk iidn + - (2.6)

Hence, the quantum theory based on S[¢] is the same as the classical theory based
on I'[¢]. Note that even though S may have a finite number of vertices (polynomial
action) the corresponding effective action is in general non-polynomial. To show
the above connection explicitly let us look at the identity

-0 =+ @0+ @0+ @ +-

Equivalently, this is simply
. . . . 1.
©; =1 N | i+l +imrer + 3 il orpr + .. ) . (2.7)
Defining the effective action as above, i.e.

00

1

F[‘)O] = Z ﬁ Fil,iQ---im Pi1Piz " Pim s (28)
m=1"
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where I';; = (A + m);j, we find that the average field ¢; satisfies

or
dp;

+J;=0. (2.9)

As promised this is indeed the classical equation of motion coming from the effec-
tive action. If we remember the definition of the average field

ow
P = —— , 2.10
b= 57 (2.10)
then equations 2.9 and 2.10 directly give
WJ| =T + Jigi , (2.11)

i.e. the effective action is the Legendre transformation of the generating functional
of the connected graphs.

2.3 Path Integrals

As we have seen, the generating functional Z[J] satisfies the SD equation

oS

telon
This is a linear differential equation. We will therefore Fourier transform it to
obtain an algebraic equation. We write

- J,-) Z[J]=0. (2.12)

—10
P=3i57

27] = / (dg] Zg) % | (2.13)

where the integration measure is simply [d¢] = [, d¢;. Substituting this into the
SD equation above, we get

0 = [ladZie (5o + 1) e -

06 106
— iJi; 8_5 _1 0 ) 7
— [la)e (a@ e G (2.14)
Therefore -
08 =~ 107
a@Z[Qﬂ—;a@:O, (2.15)

which gives Z [p] = e [}, Finally, we obtain the solution for the SD equation 2.12
in the form of a path integral

Z[J] = /[d¢] ci(S[el+Jigi) (2.16)
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As an asside, let us note that in our nomenclature we are anticipating the fact
that in d # 0 dimensions of space-time the index ¢ takes on continuous values.
Thus we talk of functionals (rather than functions) and path integrals (rather
than ordinary multiple integrals). In later lectures we shall indicate where path
integrals differ from ordinary multiple integrals.

Differentiating equation 2.16 we find

Guson = [ 1d6) 656500 €' (217)
For correlators (normalized Green’s functions) we simply divide by Z = Z[0] and

obtain ‘

J1de) gigj - - by
J1dg] et
These expressions correspond to Green’s functions for the case of theories with
no external fields. If an external field is present it is added in the usual way:
S — S+ Jio.

The path integral expression for Z[J] can be taken as the starting point in
the development of QFT. For example, there are several way of deriving Feynman
rules directly from the path integral. If we split the quantum action into a free
part and an interaction S[¢] = £ ¢ Ai_jl ®j + Sint[¢], then we have

< Qi P >= (2.18)

Z[J] = /[d¢] expi (%dn NG b+ Jidi + Sint[¢]) : (2.19)

The direct way to calculate this perturbatively is to Taylor expand e*intl¢]. We
are then left with evaluating integrals of the type

o] 6i0; - gn ot etaen (220
which are just equal to
19,10 10
Gor)Gar)  Gan) Pl (221)
7 i n

with Zy[J] = Zp [O]e_%‘]"AU Ji. To derive this we have just used the simple identity
10

2 oMt — . oTiti 2.99
’l: 8JZ€ (Z)Z € ( )
Another way to proceed is to first use the above identity and find
Z|J| = 1S5 Lo Zol|J 2.23
7= exp (iSimlz 51 ) Zol7] (2:23)

and now to Taylor expand. A third way is to use the Hori formula

0 0 .
Z[J] = exp (% 96 Dy 87%) exp i (Sint[@] + Jichi) (2.24)

¢=0
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Hori’s result is conceptualy nice since it shows that pairs of vertices must be
joined by propagators i/A\;; which is just what Feynman diagrams do. However,
to calculate Z[J] we still have to Taylor expand.

As we see all three methods are essentialy similar. Calculation with them
is straightforward though tedious. In practice symmetry factors are most eas-
ily obtained from the SD equations. The real use for the path integral formal-
ism is in deriving semi-classical results (asymptotic or loop expansion), analyzing
symmetries (Ward identities, anomalies), and in quantizing gauge field theories
(Faddeev—Popov method, BRST quantization, Batalin—Vilkovisky quantization).
We will begin with these aplications of path integrals in the next lecture.

So far we have chosen S to be dimensionless. In order to give it the standard
dimension for an action we introduce the Planck constant A, and scale

1
Sl¢l — < Sle,h] . (2.25)
For convenience we also take J; — %Ji. The path integral is now
i
Z[J] = /[dcb] oxp + (S[e, Al + Jigi) - (2.26)

Let us anticipate a result of the next lecture: In the 2 — 0 limit the above path
integral is dominated by fields whose values are in the vicinity of fields that satisfy

0S[p, h = 0]

J;=0. 2.27
0¢; M (2:27)
These are in fact the solutions of the classical equations of motion
oIl¢]
— 4+ J; =0 2.28
96, THi=0" (2.28)

hence we immediately get S[¢, i = 0] = I[¢]. The full quantum action is thus
S[¢,h] = I[¢] + Mo, h] , (2.29)

where M, which we shall call the measure term, is such that it vanishes in the
h — 0, i.e. semi-classical, limit. For now this is all that we know about M?!.
In a later lecture we shall turn to the operator formalism of QFT for help in
determining the measure.

Life is much simpler when we choose units in which 2 = 1, and through most
of these lectures this is what we are going to do. As we have seen, it is very simple
to restore h dependence at the very end of our calculations through the above
scaling.

1One often writes the integrand of the path integral as an exponent of the classical action. In
this case the M term is simply absorbed into the path integral measure du = [d¢] exp(i/hAM [, h]).
In this notation lack of knowledge about M translates into lack of knowledge about the precise
form of the path integral measure.
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EXERCISES

2.1 Calculate ® to two vertices for a theory with cubic and quartic interactions.

2.2 Calculate the effective action for a free theory.

2.3 Show that the SD equation for I' is

r
0 — 05 1=0.
8(,01 a¢z ¢:W+%WN%

2.4 Solve the path integral for Z[J] in the case of free field theory. Discuss
convergence of the integral. This is the root of the ie prescription in the
functional formalism.

2.5 Prove the Hori formula.

2.6 Re-do the calculation of Problem 1.1.1 directly in the path integral formalism
by using the each of the three methods introduced above.

2.7 Derive the equation of motion satisfied by the average field ¢; =< ¢; >. For

the case of a purely cubic interaction show that this equation differs from
the classical equation of motion by a o(h) term.






Lecture 3

Using the Path Integral

3.1 Semi-Classical Expansion

In order to look at semi-classical expansions we re-introduce . As we have seen
we have

i
2191 = (0] exp 3 (5161 + i) a1
For the rest of this lecture we will work with a broad class of interesting models for

which S = I, i.e. the action has no explicit h dependence. Under the scaling I — ,%

we have A — hA, while the interactions scale as v — %ﬂ. A general Feynman
diagram has E external legs, I internal legs,V3 3-point vertices, V4 4-point vertices,
etc. It also has L loops.

I
o uN~N M

E
I
L

3

\%
\Z

These numbers aren’t independent but satisfy certain toplogical relations,
namely

L=T+1-V3—Vi—... (3.2)
E+21 =3V +4Vi+... (3.3)

as can easily be seen to hold on the above examples. A given diagram is thus

proportional to
hE+I—V3—V4—.., — hE_th ) (34)

For a given Green’s function E is fixed. We thus see that an expansion in loops
is just an expansion in powers of A, i.e. a semi-classical expansion. As can be
seen from 3.1 A — 0 is in fact an asymptotic expansion of the path integral for
the generating functional. Loop expansion is the second systematic aproximation

15
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scheme that we have encountered — the first was perturbation theory. Loop
expansion is often a more physical aproximation due to the fact that it represents
a semi-classical expansion.

We look at the phase I[¢] + J;¢; for two near by paths ¢ and ¢ + d¢. In
general these paths have different phases that more or less cancel. However if
0 (I[¢] + Jigi) = O (stationary phase) then the contributions of near by paths
add. The dominant contribution to Z[J] thus comes from fields in the vicinity of
the classical solution ® given by

ol

8¢z =3
Because of this it makes sense to expand the action around the classical solution.
Thus ¢; = ®; + n; gives

+J;=0. (3.5)

_l’_

1 021
nj (3.6)

I[¢]+Ji¢izl[¢]+c]iq)i+§mm )
7 J 1=

We shall keep only terms that are at most quadratic in 7. Note that linear terms
are absent due to the equation of motion 3.5. Using [d¢] = [dn] we get
0?1

55?i§'¢_¢> : (3.7)

The second term just comes from the Gaussian integration. Factors of m have
been absorbed into the definition of the measure [d¢]. If we write I = 1 ¢ Ai_jl
¢ + Lint[#], then we have

N|=

2] ~ U132 gt (

T = A (6 — X3 (@) (3.8)
a¢la¢] s ik J J ’
where we have introduced the useful notation
_xm@:Amy%t . (3.9)
a¢la¢j o=
We now have
<Mt<if£— )zmdeHdmﬂ—qu (3.10)
3¢i8¢j o=

Using the identity det M = exp (tr In M) we get
ik
wmn:u@+J@r+%ulm1_X@D. (3.11)
Note that we have droped a constant term. It is not important since it doesn’t
contribute to the Green’s functions, since these follow from W by differentiation.
Expanding the logarithm we find
il = 1 .
WIJ] ~ I[®] + Ji®i + — Y — tr (X[2]™) . (3.12)

2 m
m=1
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To see the meaning of this let us look at purely cubic theory I;,; = % Vijk Pi®j P
In this case we have

Xij = — Dk Yijm®Pm = (3.13)

1

K j

and therefore X™ is simply depicted by

¢ ¢

Finally, the trace glues the two free legs. The o(h) contribution to W[.J] is just

e

As we have seen, the classical field is given as a sum of tree diagrams. Here the
®’s are glued to a single loop, hence this is a one loop correction to W{J|. This we
already knew since it is of order . However, these are all the one loop diagrams
with the appropriate symmetry factors. It follows that asymptotic expansion
automatically gives the one loop result.

We will now calculate the higher loop corrections using the background field
method. We again write the field as ¢ = ® + 1, but now we present an exact
treatment of the n field. The generating functional is

Z[J] = /[dn] T[4+ Ti(®itmi)) _ i(I[@]+Ji;) /[dﬁ] iUt =T@1+Tm) (3 14)

We now introduce the action for n in the presence of the background field ®
according to

I[®;n] = I[® +n] — I[®] + Jim; - (3.15)

The background field is a solution of the classical equations of motion. Because
of this the above action doesn’t depend on the J’s. In fact we have

I L i) 1 PPy .
I[(I)ﬂ]] = 5771 8@8(% ¢:q>77j + 31 m o e + - .. (3.16)

1 . 1
= 5 niAijlnj + g Yijk MM Mk + ... . (3.17)
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Hats indicate the background dependent propagator and vertices. To calculate
the original generating functional Z[J] we simply need to evaluate the vacuum
diagram for the background field action. We do this in the usual way

[ [dn)] e®m] — [[dn] et [Psml+Kqns) — (3.18)

K=0

1
= (det A1) ¥ el gl o3 KA K, (3.19)
K=0
Therefore we get

1 o

Z\J] = U [P]+Ji®i) (det A*l) 2 eilint[q)§% Vird e Kidij K (3.20)
K=0

As we have seen the first two terms give us the tree and one loop contributions to
W [J]. Therefore, the effect of two loops and higher are encoded in

(3.21)

3.2 Ward Identities

Now we come to the second topic of this lecture — symmetries. The path integral
formalism is specialy usefull for deriving the consequences of symmetries of a QFT.
Under an infinitesimal field redefinition

i = 6 = gi-+ eFlg] (.22

we have
16] = 116 = 116] + 5 Filo] + o) (3.29
Jigi — b = Jidi + eJi (9] - (3.24)

At the same time the measure changes according to

6] = (4] = et (G2L) (ao) -

= exp| tr In <5m + egg >> [dop] =
j

(
_ exp(tr (a@) o(e) ) 146] =
i

2)) . (3.25)

1+e

3@
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We now put this into the path integral
219} = [lag) el -

— 2+ f [d¢}<a > (;fu) E[¢]> (IO (3.96)

Therefore we have derived the identity

/ [do] (gi < gqf + J7;> Fz[aﬁ]) etllel+ididi (3.27)

Now let us look at various consequences of this identity. If ¢ — ¢ is a classical
symmetry of the theory, then the action is invariant, i.e. 8 L [21¢] = 0. Therefore,
we must have

F; , .
/ [dg)] ( 50, iJ; F [(;5]) eHlel+idies (3.28)
If ¢ — ¢ is a symmetry of the quantum theory then along with the action the
measure must be invariant. Thus ggz_’ = 0, which gives us the Ward identity
= /[d¢]JiFi[¢]ei][¢]+M¢i ; (3.29)
which may also be written as
10
JiF|-—=—]Z]J] =0. 3.30
[ 5=1217) (3:30)

Ward identities are very important. They are expressions of symmetry in the
formalism of QFT’s. Let us end by giving one further consequence of 3.27. Let
F;[¢] be a constant. The measure is invariant, so we get

which is just the SD equation for Z[J]. We may write it directly in the more

familiar form
ol
0= +Ji | Z[J] = . (3.32)
0¢; p 1%

Note that SD equations follow even more trivialy from the path integral formalism
since 3.31 may be written as

/ [d¢] =— a 5 elllolridion (3.33)

which obviously holds for theories where fields fall off fast enough at infinity.
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EXERCISES

3.1

Prove that % acting on the full propagator gives

— @O @

3.2 Write out the digramatic form of the SD equations for the effective action for

3.3

3.4

3.5

3.6

3.7

a theory with cubic and quartic interactions. Use the result of the previous
problem.

Note that

Using the identity from Problem 3.1 calculate the above connected Green’s
function. Do the same for the four-point function.

Differentiate the 1PI tadpole SD equation of Problem 3.2 (using the identity
of Problem 3.1) to get the SD equations for the 1PI 2-point and 3-point
functions.

Look at a theory with cubic and quartic interactions, where the cubic in-
teraction is proportional to ¢, and the quartic interaction to ¢g2. Using the
results of the previous problem calculate the o(g°) piece of I';j. Assume
there is no symmetry breaking, i.e. ¢; = 0.

Prove the two topological relations for Feynman diagrams given in this
lecture.

Calculate W[J] to two loops.

3.8 Derive the identity for ¢ — ¢’ = ¢; + ¢; for the path integral

/ [d¢] F[¢] ol +ididi

Show that F[¢] = ¢i, di, - - - ¢, gives the SD equation for the (n+1)-point
Green’s function.

3.9 Prove that the expansion in Problem 3.5 is in fact the two loop result.



Lecture 4

Fermions

4.1 Grassmann Numbers

So far we have considered bosonic field theories. All the Green’s functions were
symmetric under the interchange of any two indices. For fermions we will have

antisymmetry, for example G;; = —Gj;. If our whole formalism of generating
functionals and sources is to work for fermions we must have
0 0 0 0
Zln = ——— (4.1)

=z — Znl .
on; On; g n; On; ]

Our convention will be to denote a generic Fermi field by 1 and its source by 7.
We are thus forced to consider a theory of anticommuting sources

ninj = —n;n; - (4.2)

In fact the fields ¥ themselves must anticommute. Such objects are obviously not
numbers — they are called Grassmann numbers.

Let us now consider free field theory for fermions. The action is given by the
quadratic form

1,
So =3 ViKY, (4.3)

where Kigl must be antisymmetric. It follows that the indices must take on an
even number of values, i.e. i = 1,2,...,2k. A 2k x 2k antisymmetric matrix K
can be brought to a block diagonal form by a symplectic rotation G € Sp(2k), so
that
0 —X
A0

0 —Xo
GTK™1G = A2 0 . (4.4)

0 =X
A, 0

21
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This is the analogue of diagonalization for symmetric matrices. We define new
fields according to

1

i = i—1 + V2 4.5
Y \/5(102 1+ 2;) (4.5)
: 1
o= — (i1 — ;) . 4.6
(0 \/5(1#2 1= P2;) (4.6)
In terms of these new fields the action is
Soltp, 9] = 'Sy = ST (4.7)
where
A1
- A
St = 2 : (4.8)
Ak

We have written the free action in terms of two Fermi fields 1 and ¢ (note that
each has indices that take on k values). The advantage of using such a pair of
fields is that the kinetic term is again given in terms of a symmetric matrix S~!.
Hence free fermions have the action

So =S, (4.9)

where S~! is a symmetric matrix. In general it is not diagonal, but when diago-
nalized we would get 4.8. We now need to add external fields or sources. Putting
in sources is trivial, we take

S— S+ +yn, (4.10)

where 7 and 7 are the sources corresponding to 1 and 1. Note that the action is a
number. As we can easily see, what we have writen is OK since products of an even
number of Grassmann numbers are commuting objects 4.e. numbers. Commuting
objects are Grassmann-even, while anticommuting objects are Grassmann-odd.

For a general fermionic theory the generating functional is given by (note the
order)

rm—+n
B 1 i i e
Zn,m = e i Gl (4.11)
hence, for example,
- 10 10
G’ =|-=— -— | Zn,7] . 4.12
<i3771> <i3m> 7] (4.12)
The SD equation (now a pair of equations, one for ¢» and one for 1) is
oS _ _
<% Lo - 10 +7]> Z[U,T]] =0 (4.13)
Y= 5,7,@—;97]
oS _
<% o +77> Zn,n) = 0. (4.14)
¢:7a_ﬁ’¢:?a_n
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We would like to Fourier transform this and obtain the path integral for Z[n, 7].
To do that we would first need to know how to define integrals of Grassmann
numbers. However since (8%)2 = 0 we can’t define the inverse operation to dif-
ferentiation! Hence, there is no analogue of an indefinite integral over Grassmann
variables. What is surprising is that one may define the notion of definite inte-
grals. If we look back to our bosonic theory we see that all we needed (for path
integrals) were definite integrals of the type fj;o dx f(z). The central property of

these integrals is
/da:f(a:):/da:f(x—l—C) , (4.15)

for any constant C' — for simplicity we stop writing the boundaries of integration
explicitly. This is easily derived from properties of ordinary integrals over the
whole real line. Can we turn things around? Can we take the above property
and from it derive all the other properties of integrals? Obviously for ordinary
numbers the answer is no. Surprisingly, for Grassmann numbers the answer is yes!
Thus, for a single Grassmann variable 1 we impose

/ dn £(n) = / dn f(+6) (4.16)

for any Grassman number . Owing to the fact that n?> = 0 we may write the
general function f(n) as
fn) ==z+ns, (4.17)

where x is Grassmann-even, and £ is Grassmann-odd. It follows that

/dn =0 (4.18)
/dnn = 1. (4.19)

Note now that we have [dn f(n) = a% f(n) — fermionic differentiation and inte-
gration are one and the same operation. This trivialy generalizes to the case of
more than one Grassman variable. To conclude this mathematical asside let us
recapitulate: We have seen what (algebraic) properties of integrals were needed
in order to get our bosonic path integral. Insisting on these properties in the
fermionic case has led us to a unique definition of an associate integration over
fermionic variables. This integration turns out to be the same operation as differ-
entiation.

The only bosonic path integral we could do explicity was the Gaussian integral.
Over real fields we had

4 _ 1
/[d¢] 308710 — (det ATY)TE (4.20)
while for complex fields this is just

/[dgbdgz] ¢80 — (det ATH) T (4.21)
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The fermionic analogue of this is
/ [dipdid] €95V = det S | (4.22)

i.e. the reciprocal of the bosonic result. This is easily proven. We diagonalize S~!
to get 4.8. Orthogonal transformations leave the volume element unchanged, so

/ [dyd] S =] / diyidapt MV (4.23)
i
This is trivial to integrate since

/ dipdi 'Y = / dipdip(1 + idpy)) =i\ . (4.24)

We pull in factors of ¢ into our definition of the path integral measure, so that
[ddy] =] ; 4’495 and we recover the result of equation 4.22.

) I
In QFT we indeed only know how to solve Gaussian integrals. The reason path
integrals turn out to be so usefull is that we may change variables easily, and in
doing this simplify the expresions we are calculating. Let us see how one changes
variables in a Grassmann integral. We first demonstrate things for the case of a

single Grassman variable 1. The general change of variables is

Y=Y =ap+0, (4.25)

under which diy) — di)’ = J dip. This gives us

1= /dw’w’ = /de (ap +0) , (4.26)

hence J = % = j—$. This is the inverse of the bosonic Jacobian. For 2k variables

1 — ) gives

o 0 (8% .. az/)i%) 4 0 (4.27)

d/"'d/ - — .
/ Ve dioy = B ol \ oY, OYh ) Oy, Oy,

Because of antisymmetry we indeed get

0
Ay - - - dipyy, = ‘6—5’ dipy -« dipgy, (4.28)
The fermionic Jacobian thus equals
o

Jr

= 9w (4.29)
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EXERCISES

4.1 Calculate the generating functional Zy[n, 7] for free fermions. From this find
Wo(n, 7] as well as the effective action.

4.2 Show that
_ 1 . ,
/[dgb][dwdw] expi <§ o Ai—jl ¢; + WSli]%) =1

if S2 = A. The theory coming from the above action is obviously trivial,
but let us play around with it anyway. Show that this action is invariant

under
¢ — O+ 0SY
v = ¢
& - 1;_9¢7

where 6 is a Grassmann constant that parametrizes the transformation. This
is an example of a supersymmetry — a symmetry that mixes Bose and Fermi
fields. Derive the Ward identity that follows from the above symmetry being
valid at the quantum levesl. Look at the Ward identity diagrammatically.






Lecture 5

Euclidean Field Theory

So far in our development of the formalism of QFT we have mostly been doing
combinatorics. All our manipulations with amplitudes have been through various
forms of SD equations. Up to that point the formalism offers no restrictions on
what the basic amplitudes should be. We just assumed that they were given
complex numbers. This situation changed somewhat when we started to solve the
SD equations via the path integral. We identified the quantum action S — the
generating functional of the basic amplitudes — with the classical action (up to
o(h) terms coming from the measure). Thus, disregarding the measure for the
moment, we see that A;;, vk, Vijki, - - -, as well as J; are all given real numbers.
We shall call the formalism that has been studied so far Minkowskian field
theory. Now let us consider a different kind of beast that we designate Euclidean
field theory. Once again, the basis of the formalism is linearity. In the Euclidean
case we take all the basic amplitudes to be imaginary. To be concrete — the way
we will do this is by making the following susbstitution in our Minkowski theory:

i, — J;
Ny — Aij
—ijk = Vijk
—WYijkt = Vijkl - (5.1)

The barred expressions are now real. The Euclidean action is the generating
functional of these new amplitudes, i.e

1 - 1
S = 3 ¢iAij1¢j + 57 Yk Pidjdr + ... . (5.2)
The fields ¢ are the same in both formalisms — after all they are just dummy

variables that we integrate over in the path integral. In terms of the action the
correspondence between the two formalisms is just

iS +iJigi — —S + Jid; . (5.3)

27
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Euclidean and Minkowski theories represent two very different formalisms. At
this point the only thing that they have in common is the underlying linearity.
Using the above correspondences we will give a fast tour of the basic structure of
Euclidean field theory. To simplify notation we will no longer write bars over Eu-
clidean expressions. Bars will be used only when we compare Euclidean formulas
with their Minkowsi cousins. The correspondence between algebraic expressions
and diagrams is:

k
J = i X Yijx= %
A = ]
T j | k
Vi = X
i j
The generating functional is defined to be
z= O+
hence
|
zZlJ] = Z:O oo Giyviim Ji iy (5.4)
0 0
i1..4 = s Z . .
The generating functional is determined from the action by its SD equation
oS
<8 - —Ji> Z[J]=0. (5.6)
d% ¢:%
Connected diagrams are generated by
— W[J] - t .=
Sy g0 g 5.7
72@ 1.t P01 m ()
m=1
where 5 9
i =5 5 Wl (5.8)
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In particular, the average field satisfies

ow
pi = — a7 (5.9)

The relation between generating functionals Z[.J] and W[J] is now
Z[J] = z[0]e”WI (5.10)

The SD equation for Z[J] can now be solved by a Laplace transform, and we get
the Euclidean path integral

Z[J] = /[dgs]eS”i@ . (5.11)

We next proceed to the 1PI diagrams and the effective action. The 1PI diagrams
are given by

The effective action is
=1
Llp] = Z ﬁFil~~-im¢i1 Qi (5.12)
m=1 ’

where I';; = (A™! +1I);;. The relation between W and I' is now given by the
Legendre transform

WI[J] =Tg| = Jipi , (5.13)
with
oW
aJi = —©; (5.14)
or
5y = (5.15)

Similarly one can find the Euclidean field theory expressions for fermions. As we
shall see, Euclidean field theory is just statistical mechanics. For this reason we
continue this lecture with a brief review of thermodynamics.
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5.1 Thermodynamics

The central relation of thermodynamics (that embodies the first two laws) is
0Q =TdS =dU — PdV (5.16)

We augment this with the (macroscopic) equations of state that characterize the
system, namely

P = P(T,V) (5.17)
U = U(T,V) (5.18)

which are determines experimentaly. In principle that’s all there is to thermo-
dynamics. All the relations between macroscopic variables follow from this. In
practise there is a way to simplify calculations. We do this by introducing the
so-called thermodynamic potentials. The first is the internal energy U. The nat-
ural variables in terms of which the energy is best given are not T,V as in the
equation of state but S, V. This follows directly from our central thermodynamic
relation. Therefore, our first potential is U(S, V). From 5.16 we also see that
the temperature T is a conjugate variable to the entropy S. Since the entropy is
not something we directly measure it is useful to construct a quantity related to
the energy whose natural variables are T, V. We know the way to do this — just
perform a Legendre transform. We define the free energy to be

F=U-TS . (5.19)

It follows that indeed F' = F(T,V). Similarly, one can also define the Gibbs
potental to be
r=U-7TS+PV=F+PV. (5.20)

Obviously I' = I'(T, P). The fourth and last thermodynamic potential, the en-
thalpy E(S, P), is not so useful.

Statistical mechanics makes the connection between microphysics and thermo-
dynamics. One starts from the Hamiltonian H(¢; T, V'), where ¢ are microscopic
dynamical variables. If H has an explicit T' dependence this means that it de-
scribes an effective theory, not the fundamental microphysics. We then calculate

the partition function
1
Z=Y et (5.21)

{¢}

Note that we are being sensible in measuring temperature in units of energy —
i.e. we have set the Boltzmann constant equal to 1. The conection with thermo-
dynamics follows from the relation

Z=e1F (5.22)

Calculating Z we determine the free energy, and from this all the other thermody-
namic quantities. All of the above has been illustrated on the case of gases. If we
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look at the thermodynamics of magnetic systems we have the same formulas with
the following change V' — H, P — M. The external variable is then no longer V'
(the volume of the gas) but H (the external magnetic field). At the same time the
system’s response is no longer P (pressure of the gas) but M (the magnetization).

The Euclidean field theory formalism is nothing but statistical mechanics. The
translation is just

S = H (5.23)
h =T (5.24)
Ji = H, (5.25)
W(h,J) = F(T,H) (5.26)
T'(h¢) = I(T,M) (5.27)

Going from our basic amplitudes we have derived the path integral result for
the partition function. In this way we have given a non-standard derivation of
statistical mechanics.

5.2 Wick Rotation

We end this lecture by describing the formal connection between Euclidean and
Minkowski theories (in d > 1) as an analytic continuation in time. This procedure
is called Wick rotation. We start with a Minkowski theory. If we think of time as
a complex variable then the action is given as an integral over the real axis in the
complex t plane

\ 4

Wick rotation is just the rotation from contour Cj (real ¢ axis) to C (imaginary
t axis). To be concrete let’s look at the action of a scalar field

= /_: dt/df G(atgzs)? - %(am)? - V(qb)) . (5.28)

Wick rotation then gives

il — —% /HOO dt/df (%(atqﬁ)? — %(6)@)2 — V(¢)> =T, (5.29)

—100
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hence writing 7 = it we get

B +o00 (1 ) 1 )

I= dr [ dZ{ 5(0:0)" + 5(0:6)" +V(9) | - (5.30)

Note that I is bounded from bellow (if the potential V' (¢) is bounded from bellow).
In the language of statistical mechanics this just means that the energy is bounded
from bellow. The status of the precise definition of the Euclidean path integral
is much better than of its Minkowski cousin. In Euclidean theory we are dealing
with exponentialy damped integrals, while in the Minkowski case we work with
oscillating expressions. For this reason we often calculate Minkowskian Green’s
functions (after all that is what interests us) in a roundabout way:
Wick I_

| —

G

ij..n N G ij..n
Wick

Nobody guarantees that this diagram commutes. The fact that the action
is analytic in ¢ doesn’t automatically imply that all the Green’s functions are
analytic. Still, usually, this is the only thing we know how to do.

At the end we mention the most important property of Wick rotation. The

transformation
t—T1=1t, (5.31)

takes Minkowski geometry into Euclidean geometry
ds* = dt* — di* — —ds* = dr* + di* . (5.32)

This finaly explains why we have called the two formalisms Minkowskian and
Euclidean. It is easy to see that this is not a 1-1 map. Far from it. For example
ds = 0 gives us all the possible trajectories of massless particles (the lightcone),
while ds = 0 just gives the origin. Why then do we Wick rotate? Often this is
the only thing we know how to do. Perturbatively we do not get into trouble, and
most of the time perturbative results are all that we have at our disposal.



Lecture 6

Ferromagnets and Phase
Transitions

6.1 Models of Ferromagnets

A ferromagnet is a collection of spins s, distributed on a d dimensional lattice (for
example a hyper cubic lattice) with points indexed by n. We start by introducing
a set of spin models whose Hamiltonian is

1
H = —§5anmsm - H,s, , (6.1)

where

(6.2)

J if n and m are nearest neighbours
Jnm = .
0 otherwise

These models differ in the distribution functions p(s) that tell us what values of
spin are allowed. We will look at

16(s?—1) Ising model
p(s) = \/LQ_W ¢35 Gaussian model (6.3)

2_1.2
28

C(9) e9(s*=1) Landau—Ginsburg model

All of these distributions are normalilzed, i.e. fj;o dsp(s) = 1. Note that for
g — 0 the Landau—Ginsburg model becomes the Gaussian model, while for g — oo
it goes over into the Ising model.

The partition function is

Z[H] = /due‘ﬁH , (6.4)
where § = %, and the integration measure is given by

du = H dsy p(sn) . (6.5)

33
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6.2 The Mean Field Approximation

To be specific we look at the Ising model. We may write it as

Z[H| = Zexp <Bsn(Hn + %Jnmsm)> . (6.6)
{s}

Let us solve this in the mean field approximation. We approximate the partition
function by

Z[H] ~ ) exp <ﬂsn(Hn + %Janm)> : (6.7)
{s}

where we have introduced the magnetization

11 0

M=ol =7 5 om, 7

The approximate partition function now factorizes

ZIH] =[] > exp <5sn<Hn + %Janm)> -

n  Snp

1
=[] 2 cosh B(H,, + 5 nm M) (6.9)

Using this and equation 6.8 we find that (in this approximation) the magnetization
satisfies

1
My = tanh B(Hy + 5 Jum M) - (6.10)

This completely determines M,, and with it the mean field approximation to the
partition function. Using these last two formulas we will now calculate the free
energy F' and Gibbs potential I'. For the free energy we find
1 N
F=—InzZ=-=

3 3 In2— % zn: In cosh B(H,, + %Janm) , (6.11)

where N is the number of lattice points, i.e. the volume. The natural variables for
the Free energy are 1" and H,,. To get this we would need to solve equation 6.10
for M,,, however, we can’t do this in closed form. What we can do is solve this
equation for H,. Using this we can then explicitly calculate the Gibbs potential,
whose natural variables are T" and M,,.

I = F+H,M, (6.12)
OF

My = =50 (6.13)

u, = L (6.14)

oM,
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We first solve 6.10 for H,. To do this we invert y = tanhx to get x = %l }iz
Thus . 1 M
Hy, = Jan b (6.15)
26
_ . . _ 1
Now, y = tanh x implies coshx = i so that we get
N 1
1
+ — 1n1—M2+— M, In 6.16
NN o
Simplifying this we find
N 1
Zl+M)ln(1+M 262 2)In(1 — M,) . (6.17)

For the case of a homogenous external magnetic field H,, = H we have M, = M,
and so

r 1 1
— =—"In2— —qJM?
N ﬁn 2qJ +

1 1
+ 55 (L M)In(L+ M) & S5 (1 = M) In(1 = M) . (6.18)

q is called the coordination number, and it is just the number of nearest neighbours
that a point has on a given lattice. For a hyper cubic lattice in d dimensions ¢ = 2d.

6.3 Transfer Matrices

The Ising model in one dimension is exactly soluble. We will solve it using the
transfer matrix technique. Let us look at N spins on a circle in a homogenous
magnetic field H.
Zn(H) = Z eBJ (s152+s283++sns1)+BH (s1+s2+FsN) (6.19)
{s}

We define the transfer matrix to be
Ty = exp (BJss' + BHs) (6.20)

thus

T =

BI4BH  —BJ+BH
< ¢ € > (6.21)

o—BI—BH BJ—pH
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It follows that we have

ZN(H) = Ty Tasy Loy = tr TV =tV 41,7 (6.22)
{s}

where t; and to are the eigenvalues of the transfer matrix. We are interested in
the thermodynamic limit N — oo. If ¢1 is the larger eigenvalue then obviously
Z(H) =— t;. The free energy per spin becomes

F 1
All that is left is to calculate the largest eigenvalue of 1. The characteristic
equation

BIHBH _ g o=BI+PH
o—BI—6H  pI—pH _y [ =0, (6.24)
gives
t? —2¢eP7 cosh BH t 4 2sinh 26 =0 . (6.25)
Solving this we find
trjg = e?’ cosh BH + e 87 \/ 1 + €487 sinh? BH (6.26)
so that finaly we get
F 1 BJ —BJ . 2
N 3 In ( e’/ coshBH + e 1+ e*7sinh® BH | . (6.27)

We end this section by giving a brief comment on why the ferromagnetic models
are not trivial. There are two answers to this question. The first is that, in general,
the measures are non-trivial, hence these models are not free even though their
Hamiltonians are quadratic. The exception is the Gaussian model whose measure
is itself the exponent of a quadratic. The second point we may see, for example,
on the Gaussian model. This is a free field theory, however, the partition function
is given in terms of A, the inverse of the kinetic term. This is not something that
we can easily calculate in closed form.

6.4 Landau—Ginsburg Theory

Ferromagnets often display an interesting phenomenon called spontaneous mag-
netization — a non-zero magnetization even when there is no external magnetic
field present. In field theory language we are dealing with symmetry breaking.
Ferromagnetic models will give us the simplest illustration of this important phe-
nomenon. As we shall see, this interesting behaviour is associated with a phase
transition. There exists a critical temperature T.. Bellow this temperature we
have spontaneous magnetization, above it we don’t.
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T<T, 1

T<T.  T>T. " H

The line along the T-axis from 0 to T, is a line of first order phase transitions
(there is a discontinuity in the order parameter — in this case the magnetization).
The point T is the critical point — here we have a second order phase transition.
In the vicinity of the critical point the magnetization is small, so we can Taylor
expand the Gibbs potential (effective action in field theory language). For an
isotropic ferromagnet in a homogenous field we have

[[M,T) ~ A(T) + B(T)M? + C(T)(M?*)?* . (6.28)
The Gibbs potential satisfies 68_1\21 =H , so that at H = 0 we have
(2B +4CM*)M =0 . (6.29)

We need to choose B and C as functions of T' — T, such that for 7" > T, the only
solution is M = 0, while for T" < T, we have solutions with M # 0. The simplest
choice is to take

B(T) = bT-T,) (6.30)
cr) = ¢, (6.31)

where b and c are positive constants. Thus, the simplest phenomenological model
that correctly describes the above phase transitions is given by

D[M,T) = b(T — T.)M? + ¢(M?)? . (6.32)

If the external field is no longer homogenous then M = M (&) and we have
. 1 1
I[M,T) = /d?’x <§(vMa)2 + 5b(T —T)(M,)? +c ((Ma)2)2> : (6.33)

The first term is the simplest way to encode the tendency for nearby spins to
align with one another. This is the Landau—Ginsburg model. Knowing I' we can
now directly calculate all thermodynamic quantities. Landau and Ginsburg have
given us a qualitatively correct description of phase transitions. Yet, they simply
postulated the answer. We next need to derive the correct phenomenology starting
from the appropriate microphysics.
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6.5 Towards Loop Expansion

In this section we want to apply our loop expansion scheme to ferromagnetic
models. To make things a bit more interesting we introduce another, wider, class
of spin models — the vector models. For these models the Hamiltonian is given

by
1 -
H = 3 Suumbm — Ho - 5 | (6.34)

where the spins §;, are N component vectors constrained to be of unit length. For
N =1 this is just our old Ising model. For N = 3 we have the Heisenberg model.
In this case the spin distribution function is p(5) = 5 §(5% — 1).

The partition function is

Z[H] = e PFIH = / I (d50 p(50)) exp (%@ganmgm + BH, - §n> . (6.35)

As it stands this expression for the partition function is not amenable to loop
expansion. We derived our formulas for loop expansion for the case of theories
with a trivial measure. Here, the spin distribution functions lead to a non-trivial
measure. However, by using the Gaussian path integral identity

1 R - 1 - - -
exp <§ﬁannmsm> = /[d¢] exp <— %qbnt]m}ﬁm + &, - sn> , (6.36)
we simplify the §, dependence of Z[H]. It now factorizes into single spin integrals
like

Q@) _ / 45 p(3) 9 . (6.37)

‘We now have

e_ﬂF[ﬁ] = /[dgf_;] exXp (—%(an - ﬁﬁn)']r;rlz(é;n - ﬁﬁm) + Z Q(qgn)> . (6‘38)

This is a very difficult integral to do, however it is written as an integral over a
trivial measure. For this reason we can evaluate it approximately using standard
loop expansion. The tree level approximation is given as exercise 6.8. We will
calculate the one loop contribution to I' in a later lecture. Note that, even though
loop expansion is well defined, in this case it doesn’t correspond to an asymptotic
expansion in 1/8. In fact in this case there is no expansion parameter. The
reason for this is that we derived 6.38 by doing an integration. The integrand
thus corresponds to an effective model. All of this can be seen immediately from
the integrand’s complicated 3 dependence.
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EXERCISES
6.1 Look at the Ising model in a homogenous field H, = H. In the mean field
approximation show that:
(a) For T < T, = q% there is a spontaneous magnetization.
(b) For T' < T¢. show that M (H) is a Hysteresis curve.
(c) Show how M (0) depends on T in the vicinity of T.. Give the result in
term of t = T:}—CTC
6.2 Calculate the Gibbs potential I'(3, M,,) for the Gaussian model in the mean
field approximation.
6.3 Show that the Ising ferromagnet in 1 dimension doesn’t have a phase tran-
sition, i.e. there is no spontaneous magnetization.
6.4 Do the Gaussian model exactly. Find I' and compare with the mean field
approximation. Discuss the results.
6.5 Look at a model of Ising-like spins (s = £1) whose Hamiltonian is
1J
H = —5 N ansm _ZHnSn .
n,m n
Here all pairs of spins interact with the same energy. Write the partition
function for this model as a path integral in such a way that one may perform
an asymptotic expansion for N — oo. Show that in this limit the mean field
result becomes exact. The mean field result is exact for any theory in the
limit d — oo. Try to give a hand-waving argument for this.
6.6 Calculate M (Z) for the Landau Ginsburg model if the magnetic field is
H = Hy 63(¥). Show that the magnetization is
- Hgl _»
M = —0 — € 3 s
4 r
where £ = (20(T — Tc))fl/2 is the correlation length. This is the length over
which spins influence each other. At the critical point & diverges.
6.7 Show that for the Ising model

Q($) = Incosh ¢ ,

while for the Heisenberg model we get

- inh |¢|
Q(d) =1 qu ) '
(@) n( 9]
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6.8 Calculate the tree level approximation of equation 6.38.

(a) Show that to this approximation we have

. 1 - . .
BLIM] = =5 3My S My, + Zn: R(M,) ,
where R(M) = —Q(¢) + M - ¢, and M = ‘Z—g.
(b) Calculate this explicitly for the Ising and Heisenberg models.

(c) Expand around M = 0 and show that one gets the Landau-Ginsburg
potential.



Lecture 7

The Propagator

7.1 Scalar Propagator

The first six lectures have been a fast tour of the basic formalism of QFT (and
statistical mechanics). Hopefully one now has an overview of the “forest”. It
is time to get to know some of the “trees” in more detail. In this lecture we
look at the space-time propagation of free particles. Scalar free field theory in d
dimensions is given by the action

S = /dac (%(&b)z - %m2¢2> : (7.1)

As we have seen in exercise 2.4, in order to do the associated path integral we need
to regularize this by taking m? — m? —ie. This gives an exponential damping
factor to the path integral. At the end we set € to zero. From the above action
we find

AN, y) = — (02 +m? —ig)d(z —y) . (7.2)

The propagator is just the inverse of this kinetic operator, therefore
—(87 +m? —ie) A (z,y) = 8(z —y) . (7.3)

Translation invariance gives us A(z,y) = A(z—y), so that by Fourier transforming
the above equation we find

dk 1 ,
Az —y) = ~ik(z=y) 4
(z =) / (2m)e k2 — m? +ie c (74)

Let us evaluate this expression.

dk o~ [ dk° e~ k%t
A — ik-T b .
(@) / (2m)d1° / 2m k02 _ B2 4 e’ (7.5)

where E = Vm2 + k2 is the energy of a relativistic particle of mass m. The
kY integral can be done by contour integration. The poles of the integrand are
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located at k* = +F T ie. Note that the ic term lifts the poles off the contour of
integration and makes the k¥ integral well defined. As we shall see, this precise
way of moving the poles (or equivalently of deforming the contour of integration)
gives the correct causality properties to the propagator. For t > 0 we can close
the contour in the negative k° plane. Therefore we have

s _% dz efizt B i efiEt (7 6)
CJo 2m2—FE?2+ie 2 E '

The minus sign comes because the contour is traversed in the negative direction.
0 N 0
A k k
C.

Similarly, for ¢ < 0, we integrate over the contour C. In this case the other
pole contributes, and we get

I_/ dz e~ izt _ i Bt (7 7)
Jo,2m 22—E?4+ie 2 E '

A
v

Finally, we may write the propagator as
A) =0(t) AT () +0(—t) A~ (2) , (7.8)

where we have introduced the auxilliary quantities

dk 1 o
Ai — e & FiEt+ik© ] 7.9
(@) / @2m)a 1 2%E ° (7.9)
We see that A is Lorentz invariant, complex, and that it propagates signals both
into the future and into the past. A is called the Feynman propagator. If we were
looking at the classical theory following from 7.1 we would also be interested in
finding the propagator. We would use it to solve the inhomogenous equation

(2 4+ mHd(x) = J(z) . (7.10)

In the classical theory, however, we have no ie prescription, and the propagator
satisfies
— (D2 +mHG(z,y) =d(x —9) . (7.11)

This is again solved by using the Fourier transform. This time, however, the
propagator is given in terms of a singular integral — the poles of the integrand lie
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on the contour of integration. We must choose a specific way to deform the contour
of integration. Different choices give us different propagators — solutions of the
above equation that have different behaviour at infinity. Most of these solutions
aren’t even Lorentz invariant. As we know, for example from electrodynamics,
the propagator that we finaly use is called the retarded propagator. The retarded
propagator is Lorentz invariant, real, and it propagates signals only into the future.
There is no mystery why classical field theory uses the retarded propagator, while
quantum field theory uses the Feynman propagator. They are used to do different
jobs. For example, in classical theory we use the propagator to solve equation
7.10 in terms of real fields ®. The associated propagator thus has to be real. In
quantum field theory the propagator is an amplitude, hence there is no reason
why it should be real. The fact that in QFT particles propagate both into the
future as well as into the past is a bit more subtle. We will look at this in the
next section.

7.2 Random Walk

It is not enough to be able to calculate the propagator. In this section we want to
see in more detail just what the propagator does. To get a clearer picture we now
look at our scalar particle propagating on a discrete d dimensional space-time, i.e.
on a lattice. It is usefull to work with the Wick rotated theory as that allows us to
treat space and time on an equal footing. The propagator is given as the solution
of the Euclidean equation

(2 —mH A (xz—y)=—d(z—vy) . (7.12)

On a hyper cubic lattice of spacing a this discretizes to

1
?Z(A(aﬁ+aéi—am)—2ﬁ(aﬁ—am)+

1
+ A(aii — aé; — cm_i)) —m? A (afi — am) = — O - (7.13)
It is now convenient to rescale A according to
. - 1
A(ait — amy) = p DNi - (7.14)
Note that Aj 5 is dimensionless. We now have
1 2d
Py D (Diverm+ Dizem) — <1 + W) A = =0 - (7.15)
i
For later convenience we will set
9 S
= - 7.16
m haQ ( )

s+2dh = 1. (7.17)
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This allows us to write the above propagator equation in matrix form as
(1-hY)A=s, (7.18)

where we have introduced the step matrix

Siian = Y (Ovem + 0n-em) - (7.19)

7

Equation 7.18 is easily solved. We find

1 o0
Aﬁ’ﬁ:8<1—h2>ﬁﬁ:SZhL (ZL)ﬁm . (7.20)

It is not difficult to see that (EL)ﬁ - Just gives the number of paths of L links that

connect the points 77 and m. We now have a further way of writing the propagator,
namely

Aﬁ’ﬁ’l =S Z hL(p) 5 (7.21)
p

the sum being over all paths from 7 to m. This is the formula for a random walk.
A random walker goes from one point to another by taking unit steps. At each
point he has equal probability to hop to any of the nearest neigbour points. Call
this probability h. The walker also has some probability s to stop his walk. If we
calculate the total probability to start at 7 and finally stop at m we just get our
previous result. Obviously s and h are related. At any given point the walker will
either hop to one of the 2d nearest neighbours or stop. Therefore s + 2dh = 1,
which is indeed what we had. Of course, in our propagator problem A, h and
s are ampliltudes, not probabilities. This is just the relation between Euclidean
field theory and Statistical Mechanics. One has the same formalism but a different
interpretation. In terms of our original quantities we have

A(aﬁ _ (m_’i) — % e—% ln(2d+a2m2)€(p) ’ (722)

where £(p) = aL(p) is the length of the path p. Now we may take the continuum
limit and find

A= / [dgle51) | (7.23)

where S[q] = myg [ ds is the first quantized action for a relativistic particle of mass
mo (ds is just the space-time interval). We also have

1
moy = Clllil(l) o In(2d) = oo . (7.24)

This is the simplest example of renormalization — the bare mass mg has to be
infinite in order for the physical mass m (given as the pole of the propagator) to
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be finite. If we write our space-time point as x = (7,Z), then equation 7.23 is

actually
)=

f( :lj T g

AT, @ — ) = / [ dz(r)emolo Vadr (7.25)
7(0)=2 TER

Contrast this first quantization path integral result with our field theory i.e. second

quantized path integral for the same propagator

A=) = 5 [ T] dote) s(@poty) e =00 ine). (7.26)

z€R4

To recapitulate: what we have done is to show is that in quantum field theory
propagation corresponds to a random walk in space-time. Free particles go where
they please — left or right, up or down, into the future or into the past. Each path
gives an associated amplitude, and the total amplitude is found by summing over
all paths. The free particle drunkenly careens every which way — it is a random
walker. If the walker has s > h then this implies that the particle is very heavy.
On the other hand if h > s we are dealing with a very light particle. Massless
particles can’t stop, i.e. they have s = 0.

EXERCISES

7.1 How does one have to deform the contour of integration to get the retarded
propagator? Compare this to the contour of integration for the Feynman
propagator.

7.2 In d = 2 one can evaluate the scalar propagator for massless particles in
closed form in terms of elementary functions. Do this.

7.3 Show that (EL)T‘L’Jﬁ equals the number of paths of L links that connects 7
and m.






Lecture 8

The Propagator Continued

8.1 The Yukawa Potential

Let us look at two scalar fields ¢ and A interacting through a cubic coupling ¢?A.
This kind of interaction is called a Yukawa coupling. The action for our model is

1 1 1 1
We are going to assume that M > m. If our experiments are at energies that

are small compared with M then all we see are ¢ particles. Therefore, all that
interests us is to look at the generating functional

Z[J] = / [do] [dA]e?STi] dz e (8.2)

We don’t need to couple A to an external field since our experiments can only
probe the Green’s function built out of the ¢ field. The integral over A is just a
Gaussian and can be done exactly. We find

Z[J) = / [dg] eiSesslelHi [ dz T (8.3)
The exact ¢ field dynamics is encoded in the effective action

S.gslol = [ do (51007 - Gme?) + Wal-ge?). (8.4

where

Wold] = 5 [ dedy J(@) & (o =y M)Iw) (8.5)

Because of the W term, the effective theory for ¢ particles is non-local. W repre-
sents a non-local ¢* interaction. From our derivation we see that the interaction
is mediated by the exchange of an A particle.

47
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D

Let us now look at the A field propagator. For very large M we have

dk e~ (z—y) 1 dk e 1
/ @i 22 _M/ A oL CRt VR CO

Well, this is a hand waving argument. To be a bit more precise we first need to
Wick rotate to the Euclidean theory. We then introduce an ultra violet cut off A
and restrict k integration to |k| < A. Now we take the large M limit. Only then
do we lift the UV regulator (keeping in mind that M > A) and recover the above
delta function. Finaly, we Wick rotate back to Minkowski theory. In the large M
limit the effective ¢ dynamics is given by

Susslol = Solol - 50° [ dw ot (8.7)
This is a local ¢* theory. This action is valid for length scales bigger than ﬁ To
get the moral of the story we turn this argument around. If we have a local field
theory (say 8.7) that works down to length scales ﬁ it may only be an effective
theory. The true (fundamental) theory might have further (massive) particles in
it that act as a mediators of the ¢ interaction.

To get another perspective on the Yukawa interaction and the associated ef-
fective theory, let us look at the induced interaction term 8.5. For two static point

sources we have
J(x) = 910(Z = 21) + g26(F — Z2) , (8.8)

and the interaction term equals
- [ dvdygr 8@~ 71) 5 (o -y M) 87~ 7). (8.9)

Integrations over Z and 7 are trivial. The integration over 3° yealds another delta
function, and this gets rid of the k® integration. We find

d];; eié(fﬁ—mg)
0
9162 / dz / o T (8.10)

The above expression can be written as — [ dz® V() — &), where V is called the
Yukawa potential — it represents an effective potential giving the attraction of
the two charges g; and g2. To calculate the V' we go to spherical coordinates. The
angular integrals are easily done and we get

g192 [ k ikr  _—ikry _
_(27r)2i7°/0 ke e —e )=

+o0
9192 k ikr
= — dk ———— . 8.11
(2m)2ir / K2+ M2C (8:.11)

— 00
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This integral is easily solved by contour integration. Finaly, the Yukawa potential
equals

__ L 99 mm-m (8.12)

47 ’1‘1 - xg‘

The Yukawa potential gives an atraction if the two charges g1 and go have the same
sign. In fact, if we did this calculation for fields of various spin we would find that
like charges attract for fields with even spin and repel for odd spin. We are familiar
with the spin 1 case from electrodynamics where we indeed find that like charges
repel. In gravitation the particle masses are the charges. Therefore, charges are
necessarily of the same sign. Gravitation is mediated by a spin 2 particle (the
graviton) and so the masses attract each other. In both electrodynamics and
gravitation the particles that mediate the interactions are massless, so that the
above formula just gives the standard % potential.

From 8.12 we see that the two charges g1 and go can form a bound state
whose size is roughly ﬁ Yukawa originaly used this kind of argument to try and
explain nuclear forces. He assumed that they were mediated by scalar fields. From
the knowledge of the size of nuclear interactions he calculated that the mediating
particles should have a mass of approximately 100 MeV. Although such particles
were soon found it turns out they are not responsible for the strong interaction.
However, the basic reasoning given above does hold and represents an important
part of the Standard Model.

8.2 Virtual Particles

In the previous lecture we looked at the scalar field propagator in d dimensions.
We will calculate it in closed form for the case of massless particles in d = 4. We
had done the k° integration and found

d_k:o ekt _ —ﬁ e Bt ift >0 (8.13)
2 kOQ—EQ—i-ié‘_ —ﬁeiEt ift<0 '
Alternately, this can be written as
dkO ekt i e—tEt]
e . 8.14
/27r kK2 —FE24ie 2 E (8.14)

Using this, and writing the remaining integrals in spherical coordinates, we find
that the d = 4 propagator becomes

. 00 1
v 1 , N
A o k2dk d 0 ikrcosO _—ivVk2+m?2 |t| ) 1

(z) (2m)3 /0 /_1 €08 VE2 +m?2 ‘ ¢ (8.15)

Doing the 0 integration we get

1 o0 k PN ey . .
- dk i +m?2|t| ( ikr _ _—ikr ) 1
s |, T et e
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For m = 0 this simplifies to

- 12r < /°° ik o=kt _ / > dke—ik<|t|+r>> , (8.17)
T 0 0

We regularize this by taking |t| — |t| — ie. The above integrals are now trivialy

done, and we find
i 1

Ap—o(x) = 2 (8.18)
Using the identity
Aiig = %4—#@'(5(14) , (8.19)
we find )
Amo(z) = —= L = L 52y (8.20)
- 472 22 Ar
From this result we see that for massless particles propagation along the light cone
2 =0, i.e. at the speed of light, is dominant. However, we also see that there

are contributions from all speeds both slower and faster than light. This is not a
paradox. The Feynman propagator is not an amplitude for a physical process. It
is just a mathematical object out of which we build Green’s functions. Even the
Green’s functions aren’t directly physical. As we shall later see, the truly physical,
i.e. measurable, objects are the scattering matrix amplitudes that follow from the
Green’s functions through the use of the LSZ reduction formulas. It is all very
well to say that Feynman propagators are just mathematical objects that give us
the right answer for physicaly observable quantities. However, we have gained a
lot of insight from viewing Feynman diagrams as true scattering processes. It is
customary to keep this nice visualization and say that what propagates inside the
diagrams are virtual and not physical particles. In the m = 0 case the physical
particles move at the speed of light, while virtual particles move according to the
Feynman propagator. As we have seen in the previous lecture, virtual particles
can go both forward and backword in time, both faster or slower than light.

We have looked at virtual particles for massless fields. The only reason for
doing this is that in that case it was possible to calculate the Feynman propagator
in closed form in terms of elementary functions. However, it is not difficult to show
that propagators for massive fields also get contributions from virtual particles.
Virtual particles are also called off shell particles, i.e. particles that do not satisfy
the mass shell relation p?> = m?2. Off shell contributions to the propagator de-
crese as we look at propagation at larger distances. Effectively, over macroscopic
distances, only the physical particles contribute.
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EXERCISES
8.1 Calculate the Yukawa potential for d = 2 and d = 6.

8.2 Prove that Aiis = % + mi §(A). The best way to do this is to first prove the

more symmetric looking identity ﬁ - ﬁ =27mid(A).

8.3 Consider an effective scalar theory in d = 4 whose propagator is

dk e~k @)
Ale—y) = / emt K

Calculate the potential between two static point sources. When do we have
bound states? What is the characteristic size of the bound state? Show that
we have confinement, i.e. that it takes an infinite ammount of energy to
“ionize” the bound state.

8.4 Give a dimensional argument for what the effective scalar propagator has to
be in d dimensions in order to have confinement.

8.5 The basic interaction in quantum electrodynamics (QED) is given by

Everything is built out of this. However, at least one of the particles above
must be virtual — prove this.

8.6 From the previous exercise we see that virtual particles play a fundamental
role in mediating interactions in QFT. Discuss this qualitativly using the
Heisenberg relations of quantum mechanics.






Lecture 9

From Operators to Path
Integrals

9.1 Hamiltonian Path Integral

We have learned how important quantities like Z[J] may be written as integral
expressions. We have called these expressions path integrals, although, strictly, in
d = 0 (where all our derivations were) these were just ordinary multiple integrals.
As we have seen only the physicaly interesting d > 1 case leads to real path
integrals. d = 1 is the first non-trivial case. This is just mechanics — fields
depend only on the time ¢. To make things look more like mechanics we shall call
our fields ¢(t). We know how to canonicaly quantize mechanics. In this lecture
we will derive the path integral from the canonical formalism.

The classical dynamics of a particle moving along a line is determined by the
Hamiltonian H(p,q) = fu p®q®. Canonical quantization gives ¢, p — ¢, p so that
[G,p] = th. Note that this doesn’t uniquely specify the quantum Hamiltonian. As
always one has to specify the ordering prescription. The two simplest ordering
prescriptions one could use would be

Hp = fup"d" or Hg= fudp" . (9.1)

It is most natural, however, to choose the symmetric or Weyl ordering. For exam-
ple, (gp)w = 3(Gp + pq). Unlike the other two orderings, Weyl ordering gives us
a Hermitean Hamiltonian. Let us look at the transition amplitude for going from
¢i(ti) to q¢(ty). We have

(ar trlaits) = (ar|U(ty — t)las) (9-2)

where

A

Ut) = e it (9.3)

is the time evolution operator. If we subdivide the time interval according to
tn =t; +neforn=20,1,...,N so that ty —t; = Ne — i.e. tg =t; and tny = ty,

53



54 LECTURE 9. FROM OPERATORS TO PATH INTEGRALS

we find that the above amplitude becomes

/dCh - dgn—1{gn|U (€)|an—1){an—1]T (&) |an—2) - - - (a1 |U () |ao) - (9-4)

All we did is insert N — 1 resolutions of the identity. We are thus led to calculate
the transition amplitudes (g,+1|U(¢)|qy) for short times e, i.e. for large N. For
example, for L-ordering we get

~ 1 -
(@n1lUE)an) L ~ (gn1|(1 — ﬁsHL)an> =

dpn i
_ / % eﬁann+1 <p |(1 — —€HL)|Qn> -

27h h
_ / dpneﬁpn((bwl*qn) 1— E&‘H(p q ) ~
2rh h An
dpn i Gn+1 — Gn
~ —— —H(pn,qn) | - .
5,7, P 7€ (p . (Pn, @n) (9.5)

Similarly, for R-ordering we get

{ n — UYn
T B e )

From now on we shall use Weyl ordering. This is exactly in between the L and R
prescriptions, so it is not surprising that we get

- +
(@10 (&) |an)w /—eXp 6(1) W—H(pn,%ﬂﬁ - (9.7)

For the full transition amplitude we thus get

: dpo  dpn—1
telg thw = 1 d .d 200 .
<Qf7 f’(h; z>W Nlm / q1 - gN— 12 3 Gy

. N—-1
1 - +
- exp <% 2 : e <ann+1€ dn B H(pn, dn 2Qn+1 >>> _

n=0
- / [dg dp)] exp (% /t;f dt (pg — H (p, q))) : (9:8)

The last equality is just the definition of the phase space path integral. From now
Weyl ordering will be understood, so we can drop the W subscript. The beauty of
the path integral 9.8 is that all of quantum mechanics is given in terms of classical
quantities. At the same time, the path integral allows us to make use of many
of the properties of ordinary integrals. We will often continue to treat the path
integral naively as just another integral. However, it is not a Riemann integral.
An ordinary Riemann integral is defined as the limit

N-1

b
lim 3 e (&) = [ defla). 99)

N—oo
n=0



9.2. LAGRANGIAN PATH INTEGRAL 95

where &, = %, xo = a and x,, = b. The important property of Riemann in-

tegrals is that any choice of &, € [xy, Tn41] gives the same result. As we have seen
from equations 9.5, 9.6 and 9.7 there is no analogous property for path integrals
and different discretizations give different results. This is important — it is here
that path integrals encode information about ordering prescriptions i.e. commu-
tation relations. From the mathematical point of view, however, this makes path
integrals much more complex than ordinary integrals. For this reason we still lack
a general theory of path integrals. In fact, essentaly the only thing we know about
them is the defining relation 9.8. Having said this, through most of this book we
will continue to be cavalier about subtleties and write formal expressions like

dq] =[] da(t) - (9.10)

teR

Generalizations of these results from one to many degrees of freedom are straight
forward. The measure is then

N-1 N-1
[dpdq] = H dqln...qun H dpin - dpgn | (9.11)
n=1 n=0
while in the exponent we have the action [ dt (p.g® — H(p,q)).

9.2 Lagrangian Path Integral

The phase space path integral 9.8 is still not the final expression that we seek.
What we want is to have the transition amplitude in the form of an integral over
configuration space only. To get this we need to integrate out the momenta in
9.8. Let us do this for the simplest (and most important) case of theories with a
Lagrangian of the form .

2

L=5d"~V(). (9.12)

We now have H = %pZ + V(q), and the transition amplitude is simply

) dpo  dpn-—1
] dar - dan_ 2P0 )
N | T AN Ty
. ON-1
? dn+1 — dn 14 Qn+1 + qn
Cexp ~ Gl Zn 22 gy el Tlny ) 1
p e 3 (mI - G-V ) oy

The momentum integrals are just Gaussian, and can be easily done. We find
dpn, € o 4
/%h eXp( 57 Pn 5 (dne1 = an)pn | =

_ 1 3 dn+1 — Qn 2
= o exp <2h ( 6 > . (9.14)
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Therefore, we get

(ar,trlgi, ti) = A}gnoo (27rhi€)N/2/dQ1 ~rdgN-1-
. N-1 2
? 1 dn+1 — Qn qn+1 + an
. - Z(dntl dm) (Al T AR _
e 3 (5 (B v (25
= C/[dq] et il dtLlad) (9.15)

This is the sought-after coordinate space path integral. Note that this is the same
simple ¢ measure as in 9.8. The difference is only in the (infinite) normalization
factor /2
. Jtp =t

C= A}gnoo (27Thz T) . (9.16)
We can usualy forget this normalization. For example, when we calculate nor-
malized Green’s functions we are only dealing with ratios of two path integral
expression, so that overall normalizations cancel. Unlike the phase space path
integral 9.8, its coordinate space cousin is not always as simple as 9.15 — this ex-
pression is valid only for theories whose Lagrangian is of the form 9.12. In general
we have quite a difficult momentum integrations to perform. What we get is

i ftf .
(ar,telai ti) = /dueﬁ Ji; dt L(a,d) , (9.17)

where dp is a complicated measure factor that in general depends on . We may
write it as .
dp = enMa [qq] . (9.18)

Thus, the transition amplitude becomes

(artrlai ti) = /[dq]e%S : (9.19)

The quantum action is
S=1+Mlignh]. (9.20)

All the difficulty is in finding the measure term M, although we now have a definite
proceedure of how to do this. The actions I and S must have the same classical
limit. It follows that in the & — 0 limit we must have

Mlg,h] =0 . (9.21)

The phase space path integral completely determines the theory. It also represents
the starting point for determining the measure term for the coordinate space path
integral. On the other hand, as we shall see, the phase space path integral is even
more difficult to define rigorously than its coordinate space cousin.
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9.3 Quantum Field Theory

In QFT we need the vacuum-to-vacuum transition amplitudes. We shall now show
that these amplitudes can also be written down in terms of path integrals. We
turn to what we already know — transition amplitudes from Q(T") to Q'(1").
Inserting two resolutions of the identity at intermediate times ¢ and ¢, where
T<t<t <T,

R S

T t t T

this amplitude may be written as

(@ T)Q.T) = / dgdq (Q . T'|d )¢ ¥]g, 0)g.t|Q.T) . (9.22)
Note that

(0, 1Q, T) = {gle™#1=D|Q) = 3" (gln)e 7 =T (] Q) . (9-23)

n

We we now regularize the Hamiltonian with the usual ie prescription, that is we
add to it an infinitesimal imaginary term —%iecf. The above expression now has
a well defined T' — —oo limit. In this limit the vacuum energy term dominates,
and we get

(¢,11Q,T) — (4/0)(0|@) - (9.24)

For simplicity we have supposed that the vacuum energy vanishes. Similarly we
can evaluate (@', T'|¢’,t') in the T — oo limit. Finally we find

<Ql7 +OO’Q7 _OO>
= (Q'[0){0]Q) /<0lq’) dg' (q'|e=+1'=|g) dq (|0} =
= const. <0\67%H(t/*t)|0> = const. Z[J] . (9.25)

In the last step we have taken ¢ — —oo and #' — oo, in order to make contact
with Z[J] = (0, +00|0, —oc). We have thus found the path integral expression for
the generating functional

Z1J) = / dppe 12 D) / [dg) e (SIS ) (9.26)

where we have absorbed the above constant into the definition of the path integral
measure. This is precisely what we derived previously when we treated the path
integral naively. The added bonus is that we now know how to determine the
measure du, or equivalently the quantum action S.
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EXERCISES
9.1 Show that the symmeteric (Weyl) ordering prescription indeed gives 9.7.

9.2 Calculate the quantum action S for a theory with Lagrangian L = % G(q)¢>.

9.3 Show that the Green’s functions of QFT can be written in the operator
formalism as the following expectation values

G(tla .- -tn) = <0| T ((i(tl) T Q(tn)) |0> )

where the time ordering 7' orders operators from right to left according to
increasing time.

9.4 Calculate (¢'|(§p — pd)|q) in two ways. First by inserting appropriate resolu-
tions of the identity, and second by doing the comutator. Compare the two
results.



Lecture 10

Path Integral Surprises

10.1 Paths that don’t Contribute

Let us try to make sense of the measure [d¢| for the case of Euclidean free field
theory in d = 1. Formaly we have

=I[ do(r) . (10.1)
TER

To regularize this formal expression let 7 take its values not on the real line, but
on a circle, i.e. 0 < 7 < . At the end we may take the 8 — oo limit. We thus
work on the space of periodic fields ¢(7) = ¢(7 + ). The action for a free scalar
field is in this case equal to

S = /dT <— 0r$)? ¢2>. (10.2)

Let us first diagonalize the kinetic operator above. To do this we solve the simple
eigen equation

(_872' + mz)fn<7—) = An fn(T) : (103)
Obviously the summation convention does not apply for mode indices n. We find
1 2minT
folt) = — exp—— (10.4
D= 755 )
42?2

A, = m“+ 5 (10.5)

where n € Z. The eigenfunctions are orthonormalized according to

B
JRCIACIACEY (10.6)
0

Now, we may take an arbitrary field ¢(7) and write it as a linear combination of
these eigenstates. Thus

= on fulr) . (10.7)
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The reality of ¢(7) implies that ¢} = ¢_,. Inverting 10.7 gives

B8
dn = /0 dr f2(r) (7). (10.8)

In terms of modes, our action in an external field J is just
p 1
— d = A o — S | . 10.
5= [ aratn)o) Z<2 1m0 ) (10,9

We can now define the path integral measure precisely to be

[do] =] (\/g d¢n> : (10.10)

The normalization is chosen so that

A’Vl _1 *
Z = /H <@/%d¢n> eT2lntnndn — 1 (10.11)

Let us now look at some expectation values. Because of the above normalization

we have
(Fln]) = /H (\/%dqbn) e”3 Xt 0un Flg ] (10.12)

If we choose to calculate the average of F[¢,] = e~ 3L nbndn 6hén then the resulting
integral is still Gaussian, so we get

~5e X, bndn dldny L 10.13
(e ) H(m) e

The above integral exists if eb,, > —1 is true for all m. If b,, > 0and ), by, = 00
then the right hand side of equation 10.13 is a product of an infinite number of
terms that are smaller than one, hence it vanishes. One such example is if we
choose b,, = 1, for all m. This gives us

(e%) =0, (10.14)

for all € > 0. In general mean values just add the contributions of all the fields.
We may, therefore, write

(F) = (Flinfinite action T (F)finite action - (10.15)

The first term is the contribution of fields ¢ whose action is infinite, the second
term gives the contribution of all the fields whose action is finite. For F = e~
the first term is obviously zero since the integrand vanishes. We thus find

(e7%%) 0. (10.16)

finite action =
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This is just a sum of terms each of which is non-vanishing. The only way we can
get 10.16 to hold is if the fields of finite action have zero measure, i.e. if they do
not contribute to the path integral.

We can further narrow down the support of our path integral — the set of
fields ¢ that have non-zero measure. To do this let us look at the truncated action

N
Sn= Y Aty (10.17)
n=—N

We can again apply equation 10.13. We will choose to look at the average of
F=e 2 maadn (10.18)

This corresponds to the choice

1 .
sv7 if [n| <N
—J) 2N+ ! <
g { 0 otherwise (10.19)
Equation 10.13 now gives us
1 1 N 1
<e_§5m51v> _ H o
n=-N\/1+ 2557
1
~32
- <(1 i ﬁH)QMO — e, (10.20)

where in the last step we take the N — oo limit. Differentiating this with respect
to € and setting € = 0 we get

2N+1<SN> — 1 (10.21)
1 2
<2N+1> (8%2) — 1, (10.22)
hence
(Sny) — 2N +1 (10.23)
S2 — (S 2
5Sy = <N<>SN>< M o). (10.24)

From this we see that the fields ¢ that contribute to the path integral have S[¢]
which grows as the number of degrees of freedom. The fact that finite action
configurations do not contribute to the path integral is quite surprising. It is
worth deriving this yet again in a different way. We look at

7= /qubn e"2 Lntndidn (10.25)
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Writing v/ Ay, |¢n| = by, and normalising the measure appropriately we get

+oo
Z = H/ Dn 302 _ 1 (10.26)

If S is finite then there exists an L such that |b,| < L for all n. Now Zgite action
is the limit when L — oo (but L # oo) of the expression

TEdby 1y
1;[/_L Nir Ha . (10.27)

For any finite L we have a(L) < 1 so that the above product vanishes. We have
seen that the only ¢’s that contribute to the path integral have (S) proportional
to the number of degrees of freedom. Let us look at a free action in the coordinate
representation and then discretize space-time. In d = 1 we have

/dw == M . (10.28)

9

And therefore

< M > o1 (10.29)

Thus ¢2 ~ 1 /e — oo hence the paths that contribute are not differentiable. In fact
smooth paths are of measure zero. Equation 10.29 implies that d¢ o v/ which
is the central characteristic of a diffusion process. This is not surprising — the
random walk, which as we have seen is at the heart of QFT, is just such a process.

It now seems that we have proven that all that we have been doing so far is
wrong! How can we justify semi-classical expansion? Remember that this was an
expansion around classical solutions, i.e. finite action, differentiable fields. There
is in fact no problem. While the classical solution is of measure zero, the fields
that differ just a bit from it are not smooth or with finite action. They not only
contribute, but in fact they dominate the path integral just as our naive arguments
implied.

10.2 Lagrangian Measure from SD Equations

We next turn to the second topic of this lecture, and present an alternate technique
for determinig the Lagrangian path integral measure using the Schwinger-Dyson
equations. Let us introduce a convenient generating functional for the Hamiltonian
path integral by

Z[J, K] = / dg dp] en | (Pi—H+Ta+Kp)dt (10.30)
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It follows that we get

5 i
0= /[dq dp) 0 et | (pa—H+Jq+Kp)dt _

= / [dq dp] : (q _on + K) ot [ (pi—H+Jq+Kp)dt _

h Op
i (. OH
~(o- v k)20 K 10.31
P (-0 k) 2. (1031
where
hoo
Q - 15 (10.32)
hoo
p = 22 10,
i 0K (10.33)

As a consequence we have

QN =PK=", (10.34)

and all other comutators vanish. Similarly we construct the remaining SD equa-
tion. Finaly

(Q - g—g + K) ZIJLK] = 0 (10.35)
. OH
(P 30 " J) Z[J,K] = 0. (10.36)

We can use these equations for various things. Let us use them to go from the
Hamiltonian to the Lagrangian path integral. To be concrete take

L= %G(q)(f ~Vq) . (10.37)

This gives H = 3 G~!(q)p* + V(g), and so our SD equations read

(Q —GHQ)P + K) Z[L,K] = 0 (10.38)
(P - %G’Q(Q)G’(Q)PQ +V'(Q) - J) ZIJ,K] = 0. (10.39)

We may write 10.38 as
PZ=GQ+K)Z . (10.40)

Differentiating this with respect to t gives us

Z=(G'QQ+K)+GQ+K)Z=
= (G'Q*+ G'QK + GQ + gK)Z . (10.41)
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At the same time 10.40 gives
P2Z=GQ+K)PZ+G|P,K|Z =
- (GZ(Q +K)? = inG) Z . (10.42)

We can now use equations 10.41 and 10.42 to eliminate P in equation 10.39, and
find

(G’Cf 1 GOK + GO + GK—
1 . 1
~5GQ+ K+ SihGT G + V'~ J)Z[J, K]=0. (10.43)

To get the Lagrangian SD equation from this we simply set K = 0. The usual
generating functional is simply Z[J] = Z[J, K = 0]. This gives

. 1. 1
<GQ +5 G'Q* + 5ih GG+ V' — J) ZlJ]=0. (10.44)
Note that for .
1= [ar56@F - Vi), (10.45)
we have oI oL d oL 1
= S _ QP —-Gi-V'. 10.4
5¢ 9q diag 20T G-V (10.46)
Using this we can write 10.44 as
or 1. .4,
— = = Z|J]=0. 10.4
<5Q 2th G+J> [J]=0 (10.47)
Since GG’ = % [ dt InG we find
0S
(@ ¥ J) Z17) =0, (10.48)
where .
S:I—Ez’h/dt InG . (10.49)

Note that 10.48 is just the standard Lagrangian SD equation, whose solution is
Z[J] = /[dq] er(St/diJa) (10.50)
while 10.49 determines the measure. We may write the last two equations as

Z[J] = /H (\/adq) erI+[dtJa) (10.51)
t

This is just what we would get by direct integration of p’s in the phase space path
integral. Note that this prescription for going from the Hamiltonian SD equations
to their Lagrangian counterparts is just like the derivation of Lagrangian equations
of motion from the Hamiltonian equations. The only subtlety here is due to the
non-vanishing comutators 10.34. These comutators are the source of the non-
trivial measure.
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EXERCISES
10.1 Prove that

+o0o
/ del . d.ﬁl?n ei)‘((zl7“)2+(932711)2+...+(b7xn)2) _

1
ittt o\ 2 )
= — b—a)?) .
((n—l—l)a)\”) P (n-i—l( @) )
Using this show that the quantum mechanical transition amplitude for free
particle is

et (a5—ai)*

1 o
e tzP gy =
e 370 = L

Derive this also in the usual operator formalism.
10.2 A sigma model is given by the Lagrangian

1

5 9ab(6) 0" "

Calculate the measure for the coordinate space path integral.






Lecture 11

Classical Symmetry

11.1 Noether Technique

Let us look at the continuous classical symmetries of field theories. Consider the
infinitesimal transformation

r — 2 =x+0dx (11.1)
¢(z) — ¢(a') =¢(x) +dg(x) . (11.2)

Along with the total variation d¢(z) = ¢'(z') — ¢(z) it is also useful to define
the form variation dp¢(z) = ¢'(z) — ¢(x). These two infinitesimal variations are
related according to d¢(x) = dop(x) + dz0,¢p(x). The Jacobian for the above
coordinate transformation is

9z _

J= ox?

= |0 + 0,02t | =14 0 0zt . (11.3)

On the other hand, the action changes according to
I—-1I= /dm' L'(z) = /dz J L (2)) =
_ /dx (14 8,62 (L () + 6L (x)) =
:I—i-/dac (0L + L O, 0zM) . (11.4)

Therefore, we find
ol = /dx (0L + LO,0zM) . (11.5)

Now, since £ = L(¢,0,¢), we have 6oL = 8¢> L 50 + 8(8 508,@, and hence

B oL oL ., H)
51_/ (¢50¢+ (M¢)5Oau¢+5xaz+zaax . (11.6)

67
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. . . . L oL
Using the classical equations of motion : O 90,9 — 0, as well as the fact that

dp and 0, commute, we find

oL

Our transformations give us the variations dx and d¢ as functions of a set of
independent parameters w®. In terms of these variations

oL Y
oI = /dac Iy <W(5¢ — 02”0, 9) +5w“£) . (11.8)

If the transformations that we have considered correspond to a symmetry of the
classical theory then 61 = 0. As a consequence we find

Aujt =0, (11.9)

where we have introduced the currents

, oéx” oL 04¢
T _
Ja' =10 owe  0(Oup) Ow® (11.10)

These currents are given in terms of the canonical energy-momentum tensor

oL
" = By — L1 . 11.11
50,9 (1L11)

As we have shown, for each parameter w® we get a conserved current ji, i.e. a
current whose divergence vanishes. We now define quantities called charges to be

Qa = /deao , (11.12)

where dV = da'dz?...dz?! is the volume element of space, just as dz has been
shorthand for the volume element of spacetime. We now have

20Qa = /dVﬁojaO = —/dvaij;' = —f ds -7, . (11.13)

Usualy f’s vanish fast enough at spatial infinity so that the last integral is zero®.

We then find that the associated charges? are constants of motion. As we see, the
Noether technique that we have just presented allows us to construct constants of
motion corresponding to continuous symmetries of the classical theory.

'Exceptions to this rule can be found in some lower dimensional models. We will see examples
of this in later lectures.

2Tt is not difficult to see that these can be put in a manifestly covariant form Qg = JdZu54,
where the integration is over an arbitrary space-like hypersurface extending to infinity.
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Symmetries with dx = 0 are called internal. For this case the conserved
currents are simply
oL 0i¢p
jH=— . 11.14

For example, for Dirac fermions we have £ = (i@ — m)v. This is Lagrangian is
obviously invariant under the following phase rotations

v — e Wy (11.15)

v — el (11.16)
The conserved vector current is

= (11.17)

We use v matrix conventions in which % is Hermitian, while the v%’s are anti-
Hermitian. It is now easy to show that j#f = j#. The charge associated with
phase rotations is

Q= —/dew . (11.18)

This is just the number of positrons minus the number of electrons, i.e. @ is
simply the electric charge.

All the theories we look at are invariant under spacetime translations. In this
case we have dz* = a/ and d¢ = 0. The associated conserved current is the
canonical energy-momentum tensor 11.11. The appropriate charges are just the
components of the total energy-momentum

P, = /dVTOZ, : (11.19)

The above is an example of space-time symmetries. For these we have dx # 0.
In all of them the energy-momentum tensor plays a central role. Along with
translation invariance there is one further spacetime symmetry that will always
be present — invariance under Lorentz transformations

ot — =AM 2 (11.20)
¢x) — ¢'(a') =DN)o(=), (11.21)

where D(A) is a given representation of the Lorentz group that acts on the com-
ponents of ¢. For infinitesimal transformations we have

A, = 4 wh, (11.22)

DA) = 1+ %w‘“’ZW , (11.23)

where wH” = —w"H are the parameters and X, the corresponding generators.
Therefore,

ozt = Wz, (11.24)

56 = Lwms e (11.25)

2
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so that we have

oL oL 1
T dx" — 0 =TH w,,x’ — — Y ow,, =
50,0 o B 2 O

1 oL

=— [ THgP —THPzY — —— 3V Wyp - 11.26
s ( ™) (11.26)

The conserved currents are thus
MWP = gV THP — oPTHY a—EE””(;S . (11.27)
9(0u9)

This is the angular momentum tensor. The corresponding charges are just the
components of the total angular momentum

Ly,,= /dVMOZ,p . (11.28)

11.2 Energy-Momentum Tensors Galore

The canonical energy-momentum tensor 7" is in general not symmetric — this
is only true for scalar fields. We can, however, find another tensor ¥ which is
equivalent to the canonical tensor and ¢s symmetric. By equivalent we mean that
both T and 0*¥ give the same charge P¥. For this to be the case we must have

O = TH 4 9, XPH | (11.29)

where X?* is antisymmetric in all indices. It now follows that 9,0*” = 0. The
charges are the same since

/ dV axP" = / dV 9; X" = 7{ ds; X" =0 . (11.30)

We have again assumed that fields fall off fast enough at infinity to make the above
surface integral vanish. We determine X from the requirement 6 = 6"*. We
have TH” — TV = —20,XP", and hence

oc ., oL . _ i
78(@@) 0" ¢ 78(61@) ot 20,XPH (11.31)
If T and 0*¥ are equivalent why not just use 7”7 If we do not consider gravity
then the only answer is that the symmetry of #¥ makes some expressions simpler.
For example z¥0*? — xPO*" is equivalent to MH¥P. If we turn on gravity, how-
ever, then we immediately see the difference between T and 6*”. The Einstein
equations read

1
R, — QQWR =87G O (11.32)
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i.e. gravitation couples to the symmetric energy-momentum tensor not the canon-
ical one. To see this just note that the left-hand-side of the above equation is
symmetric. We will not consider gravitation in these lectures, however, we can
use the above as a way of calculating 6, directly. The Einstein equations follow
from the action Iy .1 = Ig[g] + I[¢, g], where

1
Igc=——7—1[d 11.
o= 1 | VoI R (11.33)
is the Einstein-Hilbert action, and the matter action I[¢, g] follows from our start-
ing action I[¢] by puting it in a gravitational background g,,. To do this we just
take 1, — g and do — /|g| dz. We find

1 1 olg
R" — —g" R = —81G —— —— . 11.34
2 Vgl 09 (134
It follows that 1 oI
v — _L_011o.9] (11.35)

Vgl 69"

We finaly turn off the gravity background and get our flat space result. We now
have a straightforward prescription for constructing 6.

At the end, let us mention one further spacetime symmetry — dilatations. In
d dimensions Bose fields have dimensions

2—d

[p] =L =2 . (11.36)
We define dilatations to be the following transformations

r — ' =Ax (11.37)

2—d

olr) — ¢@)=A" o). (11.38)

To make things more concrete let us look at scalar fields interacting through a
quartic coupling. Under dilatations the action changes according to

I— /dg; (1 (0¢)* — A? % m?¢? — A4 * gd)4> : (11.39)

2 4!
We see that m # 0 always spoils dilatation invariance. Also, g # 0 spoils the
invariance except in d = 4. It is easy to see why d = 4 is picked out. In d = 4
the coupling constant ¢ is dimensionless. The moral is that only theories with
dimensionless constants have dilatation invariance. We now look at infinitesimal
dilatations A = 1+ A. In this case we have

dbxr = Az (11.40)
So(z) = Q%d)\gb(x). (11.41)
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The associated conserved current is

d—2 0L
- b uv
Jjp=T xl,—l——Q 4( ) )¢ . (11.42)

For Fermi fields we have [¢)] = L¥, and so equations are changed accordingly.

For dilatation invariant theories of scalar fields it is possible to define yet
another equivalent energy-momentum tensor, the so-called new improved energy-
momentum tensor

O = Ty +a (9,0, — 1w 0?)9? . (11.43)

For a given theory, the dimensionless constant a is determined from the require-
ment that ©,, be traceless3. The new dilatation current is

Jh =My, . (11.44)

The divergence of this current is proportional to ©" ,, i.e. it vanishes. It is easy
to show that the new dilatation current J%) is equivalent to the canonical current

iD-
EXERCISES

11.1 In even dimensions d there exists a matrix v that anticommutes with all
the v* matrices?. It may be chosen to satisfy v2 = 1, vf = 4. Show that
massless free Dirac fermions are invariant under axial transformations

b= ey
b - G

Construct the axial current, and show that it is conserved in the classical
theory. Show that the current is Hermitian.

11.2 Construct the angular momentum tensor for electrodynamics. Here the
Lagrangian is £ = —}lFWFW7 and F,, = 0,A, — 0, A, is the field strength
tensor.

11.3 Construct *¥ for electrodynamics.
11.4 Use equation 11.35 to find 6*" for a free scalar particle.

11.5 Show that the new improved energy-momentum tensor ©,, is conserved
and symmetric. Determine the parameter a for massless free fields, as well
as for massless ¢* theory (in d = 4). Show that T}, and ©,,, are equivallent.
Prove the equivalence of J g and jg.

3The new improved energy-momentum tensor is useful in dealing with conformal symmetry.
4This matrix is usualy denoted ~s. This notation is a throwback to earlier times when space-
time indices (in d = 4) took on values from 1 to 4.



Lecture 12

Symmetry Breaking

12.1 Goldstone Bosons

Spontaneous symmetry breaking comes about when the vacuum is not invariant
under the full symmetry group of the dynamics. We’'ll first look at symmetry
breaking at the classical level. Let us look at a scalar field theory

L= (007~ U(6)., (12.)
where
1 1
U(p) = §m2¢2 + IA(;S‘*. (12.2)
The energy equals
o / dey - dry <% (0,8)2 + % (06)2 + U(¢)> . (12.3)

For this to be bounded from bellow we need to have A > 0. In the free field case
A =0, and we need m? > 0. As long as A > 0 we can have m? either positive or
negative. In both cases the Lagrangian is invariant under the discrete symmetry
¢ — —¢. In both cases the energy is minimized by constant field configurations.
The vacuum (minimum of energy) is thus determined by the minima of U(¢). For
m? > 0 we have a single minimum at ¢ = 0.

\Y,

A
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For m? < 0 the situation is more interesting. Let us introduce a? = —%. In
terms of this we have, up to an additive constant
A 9
U= 1 (¢ —a”)" . (12.4)
A V
> @

¢ = 0 is now a local maximum. There are two vacuum states ¢ = a and
¢ = —a. The transformation ¢ — —¢ doesen’t leave these vacuums alone, but
rather switches one vacuum for the other. We now have symmetry breaking. The
case m? < 0 seems sick — as if we have a tachyon. This is not the case. The only
thing that m? < 0 tells us is that ¢ = 0 is unstable. The spectrum is gotten by
looking at small oscillations about a stable equilibrium. To do this let us expand
around one of the vacuums (say a). We then write

p=a+n. (12.5)
Our Lagrangian is now
1 5 1 X , 1 P
_ - _Z . S ) 12.
L=5 00 =5 (5007 = 5 Qa3 v (126)

Here we se that we are in fact dealing with a particle whose mass squared is
)‘%Q > 0, i.e. not a tachyon. The initial symmetry is now not so easily seen. It
lies in the specific relations between the mass and the two coupling constants. In
terms of m? we have

M?* = —2m? (12.7)
A2 = —6m2A, . (12.8)
Owing to the fact that a o % we see that the above shift is a non-perturbative
effect. Except for this shift everything else can be treated perturbatively in terms
of vV (if in fact Vs small). We would have gotten the same thing had we
expanded around ¢ = —a instead.
Symmetry breaking is much more interesting if one breaks a continuous sym-
metry. To illustrate this consider the following vector model

L= % GO (12.9)
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where

U=-5(¢] —a)?, (12.10)

and the field is a two component vector

¢ = < f;; ) : (12.11)

As before, the energy is minimized by constant fields satisfying ngfi = 0. The

vacuum states thus satisfy
¢1 + ¢3 = a” . (12.12)

V

¢,

The dynamics is invariant under SO(2) rotations in field space

o1 cosf sinf b1
< P2 ) - < —sinf cosf ) ( b9 ) 7 (12.13)

while this transformation changes one vacuum into another. Again we have sym-
metry breaking. Again we pick one vacuum and expand about it. Therefore, by
writing

=)+, (12.14)
we find 2
_1 oL (Aa®y 5 1 2
L= 5 (Om) 5 ( 3 ) g (On2)*+ ... (12.15)

where dots indicate cubic and higher terms, i.e. interactions. As in our previous
example we have a particle of mass squared ’\T“Z What is new is that we now
also have a massless particle present. The existence of a massless particle in
the spectrum is a direct consequence of the spontaneous symmetry breaking of
a continuos symmetry. Such massless particles are called Goldstone bosons. It
is easy to see why 7o is massless. 17 particles sit at the bottom of a potential
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that is approximately quadratic, hence 7; is massive. On the other hand, the 7
field represent displacements that keep us on the circle of vacuum states — the
associated particle feels a flat potential. It follows that the ny particles has zero
mass.

As a digression, let us make a field redefinition (corresponding to the transfor-
mation from Cartesian to polar coordinates). We now have new fields r, ¢ given

by

$1 = rcosye (12.16)
¢2 = rsing. (12.17)
The general SO(2) invariant interaction is given by
1 1
L= 3 (or)% + 3 r2(0p)* — U(r) . (12.18)

If the minimum of U(r) is at r = a # 0 then we have symmetry breaking. We
choose a specific vacuum (say r = a, ¢ = 0) and expand around it

r = a-+ Ny (1219)
o = n. (12.20)

We find 1 1 1
L= ()’ = 5 U"a)} + 5 a® (9np)* + ... (12.21)

Again we see that we have a massive particle 7, and a Goldstone boson 7,. Note
that we are certainly free to make a field redefinition since we are dealing with a
classical theory. However, the above field redefinition is not good at r = 0. This
is not a problem because we expand about » = a which is far away from r = 0.

We are now ready to treat the symmetry breaking of a general theory. We
have some fields ¢ and a symmetry of the action under

b — 6% =T(W)o . (12.22)

where wi,ws,...,wyn represent a complete set of independent parameters. Let
#° be a specfic vacuum configuration. We can choose the parameeters w so that
symmetry is broken, i.e.

& £ T(w)” (12.23)
for wy,wa, - -+, wy, while for wyi1,wrra, -+, wny we have ¢° = T(w)¢?. The spec-
trum of the theory is determined by the eigenvalues of the mass matrix

9 0*U

= _ . 12.24
J ad)laqs] 40 ( )

Goldstone’s theorem states that this matrix has exactly k eigenvalues that are zero.

Said another way M? has k zero modes. Therefore, the theory has k& Goldstone
bosons present. This theorem is easily proven. Note that

9’U 097 9 oU

8@5?891)}” Owa 0% Owg

0. (12.25)
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Therefore
M2l =0, (12.26)
and "
Yl = 997 a=1,2,... k (12.27)
wa | 40

For a = k+1,...N we get ¢; = 0. We thus have k£ zero modes. For each zero
mode we have one Goldstone boson. This proves the theorem. Let us illustrate
this on our previous model. The vacuums transform according to

' cosf  sinf 0
o= ( —sinf cosé )¢ ' (12.28)
The zero mode is given by
o 0
¢0
_ 0 cosf sinf o -
00 \ —sinf cosd PO

(L o)(0)-(%) e

This is indeed a zero mode of the mass matrix which is equal to

2 ’\Ta? 0
M* = : . 12.30
( "0 ) (12.30)

12.2 The Higgs Mechanism

We start this section by looking at a U (1) invariant model with symmetry breaking
- A - a2\ >
Let us couple this model to electrodynamics. The minimal coupling gives us

Oy — O, +ieA,, so that the Lagrangian becomes

_ Ao, a®\ 1
L= (0 —ieA,)d (9" +ieA")o — = <¢>¢ - %) — 1 Eu P, (1232)
where I}, = 9,A, — 0, A,. The last term is the free action for photons. Now the
U(1) invariance is local, i.e. we have a gauge symmetry

¢ — e @y (12.33)
A, — Ay+ 0. (12.34)
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Alternately, we can write ¢ in terms of two real fields

_ L
V2
This turns 12.31 into our SO(2) model, while 12.32 becomes

¢ (b1 +1i¢2) . (12.35)

1 1
L= 5 (a0 — eAy82)? + 5 (Dua + €Ay~
A 1 5
= 5 (01408 —a®)’ = JFu P (12.36)
As before we choose a vacuum and expand around it, therefore

$1 = a+m (12.37)
b2 = M2 (12.38)

In terms of the 7 fields this becomes

1
2

1
+3 (Om2)? +

1
L= (0m)+ 3 e A’n3 — e A0 m+

1 1

56)2&21424_ 56214277% n

+ ead, 0"y + eAymorng + e*aA’n —
A

1
-5 a’nt — 3 B P (12.39)

The infinitesimal form of the gauge transformations is

¢ — ¢—ieho (12.40)
¢ — P+ieNo . (12.41)

In terms of the real fields ¢1, ¢o this becomes

P11 — ¢1+elg (12.42)
P2 — ¢2—elgy. (12.43)
Finally, for n,n0 we get
m — m+eAn (12.44)
ne — m—eAm —ela. (12.45)

Because of the inhomogenous term in the gauge transformation of 7o it is always
possible to choose A(z) in such a way that o = 0. The gauge fixed Lagrangian
now reads

1

£=-4

1 1 A
F, F* + 3 e2a? A% + 3 (Om)?* — 5 a’ni+ ... (12.46)
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Reading off the spectrum we see that two seemingly impossible things have hap-
pened. First, we don’t have a Goldstone boson even though we do have symmetry
breaking. Second, the gauge field has acquired a mass. On its own, gauge invari-
ance implies that the gauge fields are massless!, and the breaking of a continuous
symmetry gives rise to Goldstone bosons. However, as we have seen above, to-
gether each solves the others problem. This is the Higgs mechanism. In colloquial
jargon we say that the photon eats the Goldstone boson and in doing this becomes
massive. As a check let us see that degrees of freedom match. We start with d — 2
degrees of freedom corresponding to the transverse polarizations of the photon.
We also have 2 degrees of freedom corresponding to the two scalar particles. All
together d degrees of freedom. Afterwords we have d — 1 degrees of freedom for
the massive vector particle (transverse and longitudinal polarizations) and 1 scalar
particle. So again we get d degrees of freedom.

The Higgs mechanism is very important phenomenologicaly. First of all, it
solves the problem of Goldstone bosons — particles that are not seen experimen-
taly. Second, it allows us to have massive gauge fields such as the W and Z
intermediate vector bosons of the Standard Model. In this way we can explain
short range interactions by the exchage of massive particles (Yukawa mechanism)
in a gauge invariant theory. As we shall see, gauge invariance is necessary because
it gives us renormalizability.

At the end, let us finish this lecture with a few brief comments:

e Symmetry breaking exists for quantum field theories. Everything is the
same only instead of the action (or potential) we look at the minima of the
effective action (effective potential). We will do this in the following lecture.

e Goldstone bosons remain massless even when we turn on quantum effects.
This can be shown perturbatively using Ward identities.

e Perturbatively, once we are near one vacuum we can’t reach the other — it
doesn’t effect us. We know that this is can’t always be true. In quantum
mechanics (i.e QFT in d = 1) there is tunneling between different vacua.
Even in quantum mechanics we couldn’t see tunneling in perturbation the-
ory. We used a non-perturbative approximation — the asymptotic expansion
of WKB. We shall see how to do this in field theory when we learn about in-
stantons. In many field theories there are no instantons, and so no tunneling.
In this sense quantum field theory is simpler than quantum mechanics.

1 This is not realy true, although it has been part of the field theory folklore for many years.
We will look into this in later lectures when we deal with gauge theories.






Lecture 13

Effective Action to One Loop

13.1 The Effective Potential

In a previous lecture we derived a general formula for the generating functional
up to one loop. We had

Z[J] = /[d(b] ot T[S1+i¢0)

; o1\
~ or T[@]+:2)) <det 8@-8@-) . (13.1)
0%
In terms of W[J] this is just
g 0?1
W[J} ~ I[(I)] + Ji®; + — tr In ——— . (13.2)
2 09;00;

We now want to write the one loop results in terms of the effective action. As we

have seen, the effective action is given by I'[p] = W[J] — J;p;, where ¢; = g—‘f}j.

Using this we find

ih 021
Llp] ~ I[®] + J;(®; — ¢i) + — tr In ~
2 8,0,
oI ih %I
~1 i | (@ — i) + o tr ] ) 13.
MJr(&PiJFJ)( i) g e (13.3)

By using the fact that both a% + J;, and ®; — ¢; are o(h) we finally obtain our
one loop result for the effective action

ih i
T[] =~ I[g] + 2 tr In 0

. 13.4
2 0p;i0p; (13.4)

Now let us put some meat on this result. We will look at scalar field theory in d
dimensions. The action is

I= /dx <%(a¢)2 V(¢)) : (13.5)

81
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so that the one loop effective action becomes

gl ~ [ ds (%(8@2 - V(¢)> + 0w (24 V() (13.6)

It is very difficult to evaluate the above trace for the case of general p(x). What
we will do is calculate the trace for constant field configurations. To see what
this buys us let us look at the general form of the effective action written as an
expansion in derivatives

lgl = [ d (~Virlo) + Glo) @9 + ) . (13.7)
where dots indicate higher powers in derivatives. For constant fields ¢ we have
Llp] = —QVer(y) , (13.8)

Q) being the volume of space-time. The function Veg(p) is called the effective
potential. Obviously, for free theory we have Vog(p) = V(¢). When there is an
interaction our one loop result is
1 ih 2 "
Verr(p)  V(p) — 5 5 tr In (0*+V"(¢)) . (13.9)

We stress again that here ¢ is a constant. All that we need to do is evaluate the
free field determinant

det (82 + m2) =exp (tr In (02 + m2)) : (13.10)

To do this we introduce the operator notation p, = i0,, and calculate the trace
in the coordinate representation. We find

tr In (—p® +m?) = /dx (z|In (—p* +m?) |z) =
_ / dz / %wln (=52 + m?) [k} (klar) =
:/dm/

:Q/%ln (—k* +m?) . (13.11)

(;Tk)d In (—k2 + m2) (x|k)(k|z) =

We have used the fact that (z|k) = e**. To do the remaining integral we first
Wick rotate! to Euclidian space so that our trace becomes

dk _ 0 dk 1
19 In (k2 2 :—‘Q—/ _ . 13.12
0 [ g e mt) =i [ ] 1912

In coordinate space Wick rotation implies 2° — z° = i2°. For momentum space we have

k® — k® = —ik®. As aresult of this, 2% and k2 go over into the appropriate Euclidian expressions.
On the other hand, k - x remains unchanged, which is precisely what we need for plane waves to
remain unchanged.
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Using standard dimensional regularization formulas this is easily calculated. We
get

0l ( 1 T(a—19) (mQ)d/2—a> i I'(-9) (m2)4/2  (13.13)

da \ (4m)4/2 T'(w) 00 B (47)d/2
Finally,
tr In (8% +m?) = —iQ L(=5) (202 13.14
r In (8% +m?) =—i (47r)d/2(m) . (13.14)

Taking m? — V" () we get our one loop result for the effective potential

Verr(0) = V() — (V" (0)™? . (13.15)

hT(-3)
2 (47)d/2

For example, for a model in d = 4 we have in dimensional regularization d = 4 — e,
and

€ 1 3 ~
N-2+)=-4+--=+... 13.1
(—2+ 2) ; + 173 + (13.16)
where v is the Euler-Mascheroni constant?. We also have
VNI e,V
— =— V") (1l--lhh—+...). 13.17
<47r> 162 (V) 2 " am T (13.17)

Hence

h 1 3 1. v
Vi) = V(o) = gy V0 (245 -3~ 5 ) =

h 1 3 ~ 1 1
=V(p) — 592 (V"2 <g+ —— -+ - Indm — - lnu2> +

FL V//
—— (V"2 In{—) . 13.18
For later convenience we added and subtracted a In p? term. We can now write
our final one loop answer as

Vert (0) = V() — %A (V"2 4+ B(V")?In (‘;—g) , (13.19)

where we have introduced the constants
A = #(é—l—%—g—l—%lném—%ln/ﬂ) (13.20)
B — 647;2 ' (13.21)

2The Euler-Mascheroni constant is defined to be v = lim, o (14+1/2+1/3+...+1/n—1nn),
and its approximate value is 0.5772.
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For ¢* theory we have

1 1
V(p) = 5moe” + 909", (13.22)

so V" = md + 3 gow?, and hence

1 1
Verr(9) = 5 (m§ — Amigo)e® + 75 (90 — 35 A)p"+

1 mg + 1 goy?
+ B(m2 + 5 gop?)? In (TZQ . (13.23)

From the effective potential we may immediately read off the physical mass and
coupling constant. Their relation to the bare quantities given in the classical
potential is

m? = mi— Amlgo (13.24)
g = go—3g2A. (13.25)
We would like to write the effective potential solely in terms of these physical

parameters. To do this we invert the above relations. We need to do this only up
to linear terms in A. We find

mé¢ = m*+4 Amg (13.26)
g0 = go-+3Ag%. (13.27)

It is now a simple matter to plug this in to 13.23. Using the fact that B is
proportional to & we get

1 1
Verr () = 5 m2o? + i g+

n (13.28)

1 m? + 1 go?
(m? + §g¢2)2 In (—2 :

6472 2
Now we see renormalization at work. The input parameters mg, go are chosen
in such a way that the physical parameters m, g living in the effective action are
made finite. The fact that the effective action is finite guarantees that all Green’s
functions are finite. Working with the effective potential was easier than with T,
and it was good enough to renormalize m and g. What we miss is renormalization
of ¢, as this corresponds to Z(0¢)? terms — terms that vanish for constant ¢.
The fact that we could shuffle all the infinities into a redefinition of the input
parameters is a proof (to one loop) that ¢* theory is renormalizable in d = 4.
Looking at our result for Veg(p) we see the reason for the introduction of .
In fact, p is an arbitrary mass scale parameter, needed to make the argument of
the above logarithm dimensionless. p is arbitrary, so it seems that we start with
two parameters mgy and go and end up with three m, g, and u. A change of
is a change of the renormalization prescription. In fact, a change in y can be



13.1. THE EFFECTIVE POTENTIAL 85

compensated by a change in m and g such that Veg(¢) stays fixed. To show this
we look at the change of Veg when p — p/. We find

1 1
Ve — 5 m*e” + g0+

2
h 9 1 509 mz—l-%gchuQ
J— 1 _—-se m m e —_— f—
+647r (m +2gg0) n 2 e
h M/ 2 1 99
1_ _ —
Vest 39,2 (m +2990)
h M/ 9 9, 1oy
=Vg— ——= In— — . 13.29
off 32W2nu(mg¢ +397¢) ( )

In the last step we have droped an unimportant constant term. Thus, under
w — ' the effective potential goes into

1 2 h 2 Wy o, 1 3 5 1\ 4
= - — In — — ———¢g In— . 13.30
2<m TR R TR C A T R g (13.30)

Therefore, to one loop, the effective potential Vog(y) is invariant under

o (13.31)

m? — mz—i—inglni/ (13.32)
1672 w ’
3h o W

g — g+167r29 In — (13.33)

Because of this added symmetry we have, in fact, only two independent parameters
in our quantum theory, just as in the classical case. We shall look into this in more
detail when we investigate renormalization. At this point let us just say that we
set 1 to a typical energy scale of the phsical process that we are calculating. The
above equations then tell us that the mass and coupling depend on the energy
scale that we are working on.

Now we can look at the case when m? < 0. There is, in general, a very small
change in going from V to Vig. It is for this reason that we can trust the results
of the previous lecture.

A\
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13.2 The O(N) Model

The O(N) model is given by the action

1 - 1 1
I'= /dw (5 (06)° — 5 myd* — @go(c??ﬁ) : (13.34)
where
¢1
o= : (13.35)
N
The potential is thus
. 1 » 1 »
V(@) = 5 mi@” + 5 00(8)* . (13.36)

Differentiating we get

0*V 5 1
_ Sii b — an(48:: + 80iw0:) —
Dpidg, 00 T gy 90(40i + 80igy)

1 1
= (mj + 6 908°) 8ij + 3 Jo¥ip; - (13.37)
The fact that Det (82 dij + —832'2(;/4:0]') is O(N) invariant allows us to choose ¢ to

point in any convenient direction. We choose @ = (¢,0,...,0). We are going to
be calculating the effective potential, so we take ¢ to be constant. The above
determinant is now

0? + (md + 5 go?) X
0% + (m3 + L go?)

(13.38)
O+ (md + £ g0?)

This is simply

det(8? + M?) det(8* + M3H)N-1 | (13.39)
where
2 2 L 9
My = mg+ 5 90¢ (13.40)
1

M3 = mi+ EgO(pQ : (13.41)

Note that Det is a determinant over O(N) and space-time, while det is just over
space-time. The corresponding traces will be denoted Tr and tr .

Tr In1” = tr In(0* + M?) + (N — 1) tr In(0? + M3J) . (13.42)
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Now it is a simple matter to calculate Veg(y). To write this in a manifestly O(N)
invariant way we just take ¢ — |@|. Finaly, the effective potential of the O(V)
model to one loop equals

1, hT(d)
Vet (§) = 5 Mo — 5 )i
1 1
(o G4 (- D+ o) L (1349

EXERCISES

13.1 Look at ¢3 theory and show (to one loop) that it is renormalizable in d = 6.
Calculate Veg ().

13.2 Derive the symmetry transformations of Veg(¢) under u — g/ for ¢3 theory
ind=6.

13.3 Consider a massless scalar field theory. Find the minima of Vog(p). Can
we trust our one loop results in this region?

13.4 Complete the O(N) model calculation and obtain Vig(y) in closed form in
terms of m, g, and u. Determine what transformation of m, g, and pu keeps
Vegt () unchanged.

13.5 Our one loop result was given in terms of

d*k -
/ @) In(k? +m?) .
In the lecture we calculated this using dimensional regularizations. Do this
integral in a different way. Impose a momentum cut-off A (i.e. integrate
over |k| < A). Using this, write the effective potential for the ¢* theory in
d = 4 in terms of the renormalized parameters m, g and the cut-off A. Find
the transformations of these parameters that do not change the effective
potential.







Lecture 14

Solitons

14.1 Perturbative vs. Semi-Classical

We start by taking a look at the relation between asymptotic expansion in A,
i.e. semi-classical or loop expansion, and perturbative expansion in powers of the
coupling. To be concrete we will work with ¢* theory

1 1 1
=5 (09)" = Sm?o — ;A (14.1)

Classically, the coupling constant A is not relevant. To see this we simply rescale
the fields according to

— ¢ =VAo. (14.2)
The Lagrangian is now
1 /1 m2d2 L=y
=—|= - — . 14.3
)
S has units of action, i.e = h. Simple dimensional analysis now gives us
[£] = R[L]™% and [\ = [ ]d 4. In the classical theory there is no Planck

constant, so i stands for any quantity with the dimension of action. Obviously
A doesn’t effect the equations of motion — it is just an overall (dimensionfull)
constant. In quantum theory we acquire one more universal constant to play with
— the Planck constant. As we have seen, quantum theory is given in terms of

1 1 A
ﬁc hA( (80)? — 2¢2_I ) (14.4)

The relevant parameter is thus A\ with dimensions [A)\] = [L]9~%. In the quantum
theory we are not just interested in looking at the solutions of the equations of
motion. We sum over all field configurations, so the above parameter is important.
In d = 4 the situation becomes particularly interesting since the theory is then
given in terms of a dimensionless parameter. We will look into the significance of
this when we talk about renormalization.

89
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For now, the important lesson is that (since A\ is the relevant parameter)
small A expansion is the same as small i expansion. It would seem (at least in
this model) that perturbation theory is equivalent to loop expansion. That is not
the case. Perturbation is a Taylor expansion in powers of A — in fact in powers
of A, only we usually set A = 1. As such it doesn’t see small & effects like

6_% Something ) (145)

These effects are smaller than any power of \h. Semi-classical expansion, however,
does see these terms. From quantum mechanics we know that effects of this type
can be very important. For instance tunneling is one such effect. Thus, tunneling
is an example of a non-perturbative, though semi-classical effect. In quantum
mechanics we treat these effects in the WKB approximation. In field theory we
will see how to deal with them when we learn about instantons.

Tunneling is just one of many important non-perturbative effects. We have
already seen non-perturbative effects in a simpler setting when we looked at sym-
metry breaking. For example, for V = —% p2p? + % A¢* the potential has minima

at
_ /6
o=\~ - (14.6)

By shifting the field around one of the vacuua, for example

2
qb:\/%Jrn, (14.7)

we are left with a theory of the n field. If A is small then the 7 theory may be
calculated perturbatively (in powers of \/X) Note, however, that in this case the
shift 14.7 is large. In fact, as we have seen, the shift is proportional to % and
represents a non-perturbative effect. On the other hand, if A is large then the shift
is small, but all the remaining calculations are given in terms of a large coupling
constant, i.e. they are immanently non-perturbative.

In the rest of this lecture we will meet another set of non-perturbative effects

called solitons. For simplicity we will focus on solitons for models living in d = 2.

14.2 Classical Solitons

We look at a set of models in d = 2 whose Lagrangian is of the form
1
L=3(00) V(). (14.8)

The energy is thus

E= /dm <% (D0)? + % (019)* + V(qb)) . (14.9)
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The physical requirement that the energy is bounded from bellow implies that,
without loss of generality, we may impose V(¢) > 0. Vacuum configurations thus
have F = 0 and are determined by dy¢ = 01¢ = V(¢) = 0. Let us denote the
vacuums by ¢;. Just as with spontaneous symmetry breaking, interesting results
follow if there is more than one vacuum configuration.

We shall look at the space of fields of finite energy. Classically these are the
only configurations that could interest us. It turns out that these are the only
configurations that will interest us even in the quantum theory. The reason for
this will be given later. Anyway, such fields obviously obey

Em o(z,t) = ¢ (14.10)
i owt) = . (14.11)

We shall say that fields with these particular boundary condition belong to the
€;j sector of our theory. We next introduce a topological charge

Q = ¢(x = +00,t) — ¢p(x = —o0,t) , (14.12)

a trivially conserved quantity on the space of finite energy configurations. All
fields of finite energy are classified according to their @) value. Fields in the
vacuum sectors €;; have Q = 0. We may write this topological charge as

/ de == / dze"d,¢ , (14.13)

so that J* = e"¥0,¢ is a conserved current. This is not a Noether current — it
is not associated with any infinitesimal symmetry of the action. In fact, as we
see 0, J# = 0 follows identically, without the use of equations of motion. For this
reason it is called a topological current.

The equations of motion for our models are of the form

(05 — ) = ~U"(9) - (14.14)
We will now look at solutions of 14.14 in the form of traveling waves
o(a,) = fla —vt) = £(€) . (14.15)

It follows that Oy¢ = —v¥4 d§’ and 01¢ = 5z so that f satisfies

— 4
d2
d_g; — 22U (f) | (14.16)

where v = (1 —v?)~ 1/2 i3 the usual relativistic kinematic factor. Multiplying by

4 we easily obtain the first integral of 14.16

d§
d 1 [df 2 9 o Af 5dU
d€ 2 (d£> 7 (f)df T (447
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and hence
af
dg
A simple consequence of 14.18 is that f(£) can never attain one of the vacuum

values ¢; unless f(&) is identically equal to ¢;. We can have non-trivial solutions
of 14.18 that satisfy

= +7/2V(f) . (14.18)

Jm f©) = o (14.19)
Jm f©) = 6 (14.20)

where i # j. From the first integral we see that f(¢£) is monotonic. The sign of
¢; — ¢; determines the sign in 14.18. In general, these solutions are of the form

f

@

K3

Note that ¢; and ¢; must be neighboring vacuums (see exercise 14.2). The
solution that goes from ¢; to ¢; 11 is called the i-th kink. Let us denote by ¢ the

maximum of V(¢) between ¢; and ¢;1.
ép '(pH» 1

The center of the kink will be at the point & at which we have f(&)) = ¢.
Now it is a simple matter to integrate 14.18. For the kink we get

f

(14.21)

5&0/\/—

The solution that goes from ¢; 1 to ¢; is called the i-th anti-kink. Obviously we
now use the minus sign in 14.18, and so

(14.22)

Y (§—¢&) = /\/—



14.2. CLASSICAL SOLITONS 93

We shall soon look at a pair of models where these integrals can be calculated in
closed form. Before we do that, however, let us determine the energy of the kink.

E = /dx ( (Do0)? (61¢)2 +v(¢)> =

:/_OO dg( (1+ )(%>2+V(f)> . (14.23)

Using equation 14.18 we may write this as
+o00 +00 df 2
E = 72/ de2V(f) = / d¢ (d—£> : (14.24)
It follows that the kink energy density is given by
df \ >
== . 14.25
o= (%) (1425

We could first solve 14.21, plug it into 14.25 to get p(&), and finally integrate to
find E. There is a simpler way. Using 14.18 once again 14.24 may be written as

/df— - y/fhﬂ df V2V () - (14.26)

This bypasses the usually difficult task of solving 14.21. The mass of the kink is
just the energy at v = 0. Thus we see that

Pi+1
Miink —/ df \/2V(f) , (14.27)

as well as
Exink = v Mxink - (14.28)

Note that this is the correct formula for the energy of a relativistic particle of
mass Myink. From the general form of the kink solution we conclude that the kink
energy density has the bell-shaped form

p

£,

The kink is a localized energy distribution. It is easy o show that the size of
the kink depends on its speed according to the usual relativistic length contraction
formula. In fact, the kink looks just like a classical relativistic particle.
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14.3 The ¢* Kink

As an illustration of the previous general results let us look at ¢* theory. The
potential is now

_)‘26M22_122)‘4
V(¢)—4! (qﬁ A) = 2u¢ +4!</5 + const . (14.29)

Notice that the mass term has the “wrong” sign, just as in symmetry breaking.
This choice gives us two vacuua

6 2
by =+ % . (14.30)

It is convenient to normalize the topological charge so that it takes the values
@ = 0,41. The kink solution belongs to the () = 1 sector. In this model we can
get the kink in closed form. Using 14.21 we get

_ g
7(5—&))—/0 7W—

A 12 f ar V2 A
_ = Y Mfctanh (/2 F] . (1431
Vs ) T (\/@ﬂf) sy

Therefore we have

_[6u? Y
f(& = ~ tanh <ﬁ (€ — §O)> . (14.32)
The kink solution is thus
2
Prink(§) = 6% tanh (% Y(z — vt — 50)) . (14.33)

For ¢t = 0 the kink is shown in the following figure

iy

&o

(pkink

For t # 0 the kink keeps the same shape, only centered at & + vt. The kink
energy density is equal to

If 2 4.2
o= <§_§> - cosh (“—gl (€-) .
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As we can see, the typical size of the kink is Ayjn ~ %W As advertised, this
indeed displays the correct relativistic length contraction. The anti-kink belongs
to the Q = —1 sector, and is just minus the kink solution. The two vacuua are
the solutions of the equations of motion corresponding to the ¢ = 0 sector. The

mass of the ¢* kink is

My = —= 5 (14.35)

The fact that My, is proportional to % indicates that the kink represents a non-
perturbative solution. Remember, we treated this model before when we looked
at symmetry breaking. After shifting about a vacuum, we made a perturbative
calculation (expanding in v/A). Note that in this way we could never recover the
kink solution. For small A our perturbative results would agree with low energy
experiments. In that case the kink is extremely massive, and can not be produced
at low energies.

14.4 The Sine-Gordon Kink

The sine-Gordon model describes a scalar field in d = 2 interacting through a
periodic potential

2
V(e) = % (1 - cos \o) . (14.36)

Vv

We now have an infinity of vacuums ¢,, = nQT” for n € Z. Properly normalized,
the topological charge takes on all values in Z. The classical equation of motion

for this model is
2

0% + “7 SinAg =0 . (14.37)

For small X this looks a lot like the Klein-Gordon equation with mass p, hence
the funny name sine-Gordon equation.

Let us calculate the 0" sine-Gordon kink — the one from ¢ to ¢1 (the n*®
kink is obtained from the 0 kink by adding to it nQT’T) From equation 14.21 we
have
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v (€ — &) = / \/—
2u/ \/m 24 /Af sjf

1
— Intan — Af . (14.38)
o
Therefore
4 )
f(§) = ~arctan <e’” 0 ) . (14.39)
A
In other words A
Prink (T, t) = Tare tan <elw (I—vt—fo)) . (14.40)

As with the ¢* kink, the typical size of the sine-Gordon kink is Ayjnk ~ H—l,y The
mass of this kink is

M

Myink = SF

The kink mass is again large for the case of weak coupling.

As an illustration of this let us look at a mechanical analogue of the sine-

Gordon model. We look at an infinite series of pendulums of mass m, length ¢,

at distances a. The pendulums are free to move in the y, z plane only. They are

connected by elastic springs of constant k. The whole system is in a gravitational
field pointing in the y direction. We measure the angles from the y-axis.

(14.41)

The kinetic and potential energies of the system are

1
T = Z§m€2¢i (14.42)

n

Vo= Z % k(éns1 — ¢n)2 + Z mgl(1 — cos ¢n) . (14.43)

Let us take the continuum limit ¢ — 0. To do this we introduce
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m

=~ (14.44)
ka — o (14.45)
on(t) — o(x,t) (14.46)

For the Lagrangian we find L — [ dxL, where

L= 5 p(@19) ~ 50(0.6)° — pgli(1 — cos) . (14.47)

If the parameters satisfy pf =1, 0 = 1, and pgl = ’/\‘—3 we recover the sine-Gordan

model. The kink has () = 1. In this mechanical model it looks like

v

i

In the next lecture we will see that the sine-Gordon model has soliton solutions
for any value of topological charge. For example, the () = —3 solution corresponds
to

»
L

.

Obviously, the topological charge just counts the number of times the system
of pendulums winds around the z-axis. @ is the winding number. It takes a finite
amount of energy to rotate one pendulum by 27, however, to change @), we need
to rotate infinitely many pendulums. Therefore, we need an infinite amount of
energy to change (). This is what is at the root of () conservation.

EXERCISES

14.1 Look at the relation between perturbation and semi-classical expansion for
the case of electrodynamics. Do the same for a spin zero theory with both
cubic and quartic interactions. In the latter case, show that at least one
of the coupling constants must be dimensionfull. Now look at a theory of
several vector fields Aj; with a cubic and quartic interaction. Can you make
such a model solely out of dimensionless coupling constants? Do you know
any such model?

14.2 Prove that the kink f(§) can never attain one of the vacuum values.






Lecture 15

Solitons Continued

15.1 Bogomolyni Decomposition

We are going to continue with the classical theory of solitons. First of all let
us rederive some of the results of the previous lecture by using the technique of
Bogomolyni’s decomposition. To do this we look at the static energy functional

bt - far (3 () +v)

The extremum of this functional satisfies
d%¢
— =V'(9) .
2
The first integral of this equation is (%) = 2V (¢), or equivallently

W V() = 0.

Having this in mind it is useful to write the static energy as

Buaidd) = [} (25 aV@) = [" a6V

i

(15.1)

(15.2)

(15.3)

(15.4)

Following Bogomolyni, we have decomposed the static energy functional into a
sum of two terms. The first term vanishes for solutions of (15.3). The second
term is topological i.e. it is constant in a given sector €;;. If different vacua are

related by symmetry as in the sine-Gordon model then

éj 1
/¢ dp~\/2V(¢p) =n p dp~/2V(¢) .

i

99

(15.5)
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We have assumed that ¢; is the n*® vacuum to the right of ¢;. The Bogomolyni
decomposition (15.4) then implies that static fields in the @) = n sector obey

1
Buicld) 2 In] [ " d6\/3V(9) = | B (15.6)
¢
Let us next consider a superposition of n stationary kinks

$(2) = brink (T — 1) + Grink(T — 2) + ... + Prink (v — T) - (15.7)

The above superpositions are not solutions of the equations of motion. Even very
distant kinks overlap a little bit and interact. The kinks either attract or repel
and so they can’t represent a stationary configuration. This is true, however, if
the centers of the kinks are far from each other then ¢ is almost a solution, i.e.

g—f — \/2V(9) is exponentaly small. In fact, if we have |z; — x;| — oo for all z;,

then ~
do ~
e [2V(¢) — 0 . (15.8)

Such a configuration is called a dilute kink gas. A dilute kink gas comes arbitrarily
close to being a solution of the static equations of motion. Why should one even
consider approximate solutions? Classical physics is only interested in the true
solutions of the equations of motion. Classicaly, we look at approximate solutions
only as a last resort — when we can’t solve the equations of motion exactly. In
the d = 2 models that we have been looking at we know all the static solutions,
so why talk about approximate solution? The reason we are interested in such
configurations comes from the quantum theory. We have seen in previous lectures
that classical solutions play an important role in quantum theory. They are the
markers that tell us which regions in the space of all field configurations give
dominant contributions to the path integral. In fact, configurations (like the
dilute kink gas) that come arbitrarily close to being classical solutions are just as
good markers as the classical solutions themselves. Because of this we can now
read off the spectrum of a given model. For example, for ¢* theory we have shown
the spectrum in Figure 15.1. The dashed lines in this figure correspond to dilute
gases consisting of appropriate numbers of kinks (s) and antikinks (5). Solid lines
are the true ground states — the two vacuums and the kink (and anti-kink). The
@ = —1 part of the spectrum follows from ) = 1 by exchanging kinks and anti-
kinks. For the sine-Gordon model we find a similar spectrum. This is shown in
Figure 15.2. As before, the dashed lines indicate multi-kink configurations. It is
obvious how to extend this to all the ) sectors. The above figures tell us how
to do semi-classical approximations. The dominant contribution to Z[J] comes
from small oscillations about the vacuum. This is what we have been doing so
far. If a model has other solutions (kinks) then they contribute as well. To our
previous result for Z[J] we need to add the effect of small oscillations about the
kink. This is a non-perturbative effect — like the mass, the action of a kink is
large for small coupling constants. Because of this, the contribution of oscillations
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Figure 15.1: The ¢* spectrum. Solid lines depict exact ground states. Approxi-
mate ground states are shown in dashed lines.
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Figure 15.2: sine-Gordon spectrum

about the kink are smaller than of the oscillations about the vacuum. Finally, to
be even more precise we must take into account contributions from oscillations
about all multi-kink configurations. The lower the energy of the solution about
which we expand the greater its contribution to the generating functional. Now
we see the true reason why we only looked at finite energy solutions.

Non-trivial finite energy solutions of the classical equations of motions are
called kinks or solitons. We have learned to think of kinks as particles. One can
then ask what happens when kinks collide. To analyze this we set up a multi-
kink configuration at some early time and watch how it evolves. In ¢* theory
we can only look at a collision between a kink and anti-kink. After they collide
we just get ordinary spreading ripples, i.e excitations over the ordinary vacuum.
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Kinks look like ordinary particles until we scatter them. In the more mathematical
literature there is a distiction made between kinks and solitons. Solitons are kink
solutions that have the added property that they scatter like ordinary particles. In
quantum field theory this distinction is not important and so we use the terms kink
and soliton interchangeably. Still, it is interesting to look at a theory with true
solitons. The best example is our sine-Gordon model. In this model we can look
at kink kink and kink anti-kink collisions. Initialy things look just as before. The
kinks approach and merge forming complicated ripples. Now the interesting thing
happens — the ripples further evolve into two kinks that move away from one
another. Sine-Gordon kinks scatter like normal particles. The sine-Gordon model
has exact multi-soliton solutions. For example, the scattering of two solitons is
depicted by the solution ¢¢ given by

Apss\  sinh(uyx)
tan( 1 >_vcosh(;wvt) . (15.9)

For very early times ¢y is approximately equal to

27
-
This is just the superposition of two kinks moving towards each other in the center

of mass reference frame. At very late times we find that ¢ss becomes approximately
equal to

or (v(z + vt + x0)) + ¢ (y(z — vt — x0)) — (15.10)

o (V(@ + vt — 20)) + dx (v(@ — vt + 2)) — = (15.11)

A )
i.e. after the scattering we find the two kinks moving away from each other.

15.2 Derrick’s Theorem

All our examples of field theories with solitons have been in d = 2 dimensions. We
worked in lower dimensions because there we had examples of models in which we
could do the calculations exactly. Still, we would like to find models with solitons
in more realistic dimensions of spacetime. There is a simple result called Derrick’s
theorem that limits the number of such models.

Let’s look at a theory of (several) scalar fields in d dimensions whose dynamics
is given by

1
L= (061~ V(6). (15.12)
where, as usual V(¢) > 0. Derrick’s theorem states that for d > 3 the only non-

singular time independent solutions of finite energy are the vacuums (given by
V(¢) = 0. To prove this let us introduce

1

No= [aeg o0 (15.13)

Vo = /dd_lch(qb). (15.14)
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We obviously have V; > 0 as well as V5 > 0. These expressions vanish simultane-
ously only for the ground states. Let us now look at a time independent solution
¢(Z). From it we define a one parameter family ¢(z,\) = ¢(AZ), where A > 0.
For this family the energy equals

E\) = X379 + A1, (15.15)

¢ is an extremum of the action, and it is time independent. It follows that it
extremizes the above energy as well, hence

dE
— =0. 15.16
dA |y, ( )
This gives
(d=3)Vi+(d—1)Va=0. (15.17)

For d > 3 we immediately get V1 = Vo = 0. For d = 3 this only gives V5 = 0.
Assuming that ¢(x) is not singular we again get that it must be one of the vacuums.
For example, for V(¢) = % (¢? —a?)? a possible configuration with V5 = 0 would be
¢(x) = —ab(1 — x) + af(x — 1). Here obviously V; # 0, however this is a singular
solution. The only non-singular solutions would be ¢ = +a i.e. the vacuums.
Thus Derrick’s theorem works for d = 3 as well.

There are three ways to get solitons in d > 3, <.e. three ways to get around
Derrick’s theorem:

1. Derrick’s theorem only talks about time-independent solutions. It is posible
to find scalar models in d > 3 which have time dependent non-dissipative
solutions. These models need not concern us as they are not relativistically
invariant. This is rather obvious — otherwise we could just boost to a
reference frame in which the solutions are stationary.

2. We can always look at models with non-vanishing spin where there is no
analogue of Derrick’s theorem.

3. We can look at scalar models in d > 3 with constraints.

We shall consider examples of these last two types of models in later lectures.

EXERCISES
15.1 Consider the multi kink configuration of equation (15.7. Show that for

distant kinks % —1/2V(¢) is exponentialy small.

15.2 Prove that ¢g given in equation (15.9) represents an exact solution of the
sine-Gordon equation of motion. For ¢ — —oo this solution goes over into the
superposition of two kinks given in (15.10). On the other hand, for ¢ — oo
it is goes over into the superposition given in equation (15.11). Prove this.






Lecture 16

Quantization of Solitons

16.1 Stability

Let ¢s(x) be a static soliton centered at x = 0. We’ll look at small fluctuations
around this soliton

d(x,t) = ps(x) + n(x,t) . (16.1)
For this to be a solution 77 must satisfy the linearized equation

P+ V" (¢s(x))n=0. (16.2)

Therefore the fluctuations 7 are
n(z,t) = e (x) (16.3)

where

dx?

The last formula is just a Schrédinger equation for a particle moving in a potential
V" (¢s(x)). Small fluctuations around ¢s(x) are stable if n always remains small,
i.e. if w2 > 0. We already know one of the eigenstates ¢,,. In fact

(—d— Ly <¢s<x>>) () = P2iin() | (16.4)

d

Yo = - 6u() (16.5

is a zero mode of the above operator. Therefore

d2
<——2 + Vv (¢s(m))> Yo =0 . (16.6)
dx
This follows directly from the equation of motion
d*¢s
Tz T V' (¢s(z)) =0 (16.7)

105
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by differentiation. Thus wy = 0. We have seeen that ¢s(z) is a monotonic function.
It follows that 1y never vanishes, i.e has no nodes. An eigenfunction with no
nodes is in fact the ground state. We therefore find that w? > 0, which proves the
stability of the static solition solution.

Let us expand the energy

o / dx( (016)? (8m<b)2+V(¢)> (16.8)

about the static soliton. We get
Bl =Moo+ [[do (5 0m + 5 O0P 4 V" (@ua) ) + ..
1 1 "
M+ [ do (G @R 45024V @) (169)

Expanding fluctuations in terms of the modes 1, we have

= ZQn(t)%@) ) (16'10)
where [ dz ¢y, (2)Ym(x) = 8, m. Therefore
ElQ,] = Ms+;(%Qi+wiQi) : (16.11)

This is just a set of harmonic oscillators indexed by n > 0. The n = 0 mode
represents the free motion of the center of mass. The ground state of this system
is thus

1
E, :Ms+25wn. (16.12)
n>0

Ej is the soliton mass (up to one loop). It turns out that the above sum is infinite.
Well, it should be. After all the vacuum energy to one loop

1
B=Y 5 w® (16.13)
k

(0)

is also infinite. The wy’’s are found by expanding around the vacuum. Therefore,

2
(_% + Vi )> 4 (@) = w0 (@) (16.14)

What we physically measure is the difference Fs — Fy. Thus, the soliton mass is

in fact equal to
41 S wn - 1 S o (16.15)
2 2 k
n>0 k
This is still UV divergent. The finite answer is obtained only after renormalization.
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16.2 Path Integral Formalism

The calculations in the previous section are in the operator formalism. We have
kept them because of their simplicity. We are now ready to start thinking about
quantizing solitons in the path integral formalism. Given a Lagrangian

L= (00) - V(9) (16.16)

we want to calculate the generating functional using the semi-classical approxi-
mation. Therefore, we expand around classical solutions. Expanding around a
soliton ¢ = ¢5 + n we get

1 d  d? "
£=5w9+§nﬁgﬁ+aﬁ—V<%Qn. (16.17)
We would next need to find the inverse of the above kinetic operator. The problem
is that this inverse does not exist. As we have seen, the kinetic operator has a
zero mode 1y = %gbs. This zero mode is just a Goldstone boson corresponding
to translations. We have broken translation invariance! We did this by expanded
around ¢g(x) which is located at = 0. Similarly, if we expanded around ¢g(z—a)
(soliton located at x = a) we would again break translation invariance. It is easy
to see that ¢g(x) — ahg = ¢s(x — a). The zero mode moves the center of the
soliton. Translation invariance is obviously saved by expanding around ¢s(z — a)
and adding contributions from all values a. We’ll do this in a moment. Before
that let us see how translations are broken in the operator formalism. We have

~

o(x + a) = ePr(z)e P | (16.18)
where P is the total momentum. If we now shift ¢(z) = ¢o(z) + /(z) then

¢iba (po(x) + 7(x)) e~iPa — do(x) + iz + a) # ¢z +a) . (16.19)

When we calculated the soliton mass in the pervious section we broke trans-
lation invariance. This was no problem. We didn’t care where we put our soliton,
we were just interested in its mass. However, in calculating most things we need
to retain translation invariance. How do we do this in the operator formalism?
The proceedure is to isolate the center of mass coordinate X that is conjugate to
P, i.e. satisfies [X(t), P(t)] = i. We know that X exists, although it is difficult to
construct in terms of ¢ and 7. Using it we define the shift about the soliton as

b(x) = ¢o(z + X) +0(z) . (16.20)

Translation invariance is no longer broken since X (t) takes on all of its possible
eigen values. The problems with zero modes also goes away — no symmetry is
broken so no Goldstone bosons are present.
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Now we turn to path integrals. We want to evaluate

/ [d¢] 19! (16.21)
semi-classicaly by expanding around stationary solitons ¢(z — X). As we have

seen we'll need to integrate over the center of mass coordinate X (t). We do this
by inserting the following identity into the path integral above:

1= [1x)5 | [ asun o= X)) (0G0 - onto- x| 20 (162

g is just the zero mode. Obviously

Alg] = % {/dxwo(:c—X) (p(z,t) — ¢s(:c—X))} —

— e [ trint 60+ ) - st} -
— /dywo(y)%zx) _ /dwo(xX)%. (16.23)
Note that
Aps(z — X)] = /dm Yolr — X)% = A (16.24)
does not depend on X. Similarly,
sl — X)) = I (16.25)

does not depend on X. We are now ready to look at our path integral. It equals

J1ax1 ffaeiee 165 | [ dvvnte - ) @) - ae - x| - (020
We next shift ¢ = ¢s(z — X) + n(z — X,t), and expand the action to n?. The
part of the integrand that is not in the exponent is expanded to n° — this is just

the standard stationary phase approximation that we have been using all along.
Using (16.24) and (16.25) we find

/[dX] /[dn]eﬂseé fdzdtn(a:—X,t)Kn(a:—X,t)As

5 [/ da ol — X)n(x - X)} -

= Aseils /[dX] /[dn}e% [ dxdtn(z,t)Kn(z,t)

5 [ / da:wo(a:)n(m)] . (16.27)
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In the last step we shifted x — X — x. The X dependence now factorizes. Now
if we write n(x,t) = >, Qn(t)Yn(z) we see that the delta function above gets
rid of the zero mode Qy. We have exchanged the zero mode integration for an
integration over the collective coordinate X representing the the center of mass.
Our final result is
Agetls det(K)™1? (16.28)

where the prime indicates that the zero mode should be dropped when calculating
the determinant.

EXERCISES

16.1 Consider the ¢* model, as well as the sine-Gordon model. Show that in
both cases the potential in the Schrédinger equation (16.4) is

a?s(s+1)
cosh?(ax) ’

V" (¢s(x)) =

for some « and integer s. This is one of the few potentials for which we can
exactly solve the Schrédinger equation. Without doing the exact calculation
show that for s = 2 (the ¢* model) there is a bound state. In fact there is
only one. Try to argue why for s = 1 (the sine-Gordon model) there is no
bound state. How many bound states do you expect for general s?

16.2 Look at the vacuum energy E, to one loop for the ¢* model. Show how it
diverges with L (the range of z) and A (the momentum cut-off).

16.3 Find the total momentum P in terms of ¢ and 7 (fields and conjugate
momenta) in the classical theory. Show that {aP,¢}pp = a%, i.e. that P
generates translations.






Lecture 17

Instanton Preliminaries

17.1 Classical Solutions

In this lecture we are going to present a method for extracting information about
the ground state of a quatnum field theory. For simplicity we will work in d = 1
dimension, however the method will work for general d. As we have seen, QFT in
d =1 is equivallent to non-relativistic quantum mechanics. Working in d = 1 will
enable us to compare our field theory results with standard quantum mechanical
calculations.

Let us consider a theory with Hamiltonian

H= %pQ—i—V(:c) : (17.1)

The potential must be bounded from bellow. Without loss of generality we will
assume that V(z) > 0. We now look at the Wick rotated version of our basic path
integral formula

(2 pleFTH |2,y — N/[dm] i1l | (17.2)

N is just a normalization constant. The above integration is over all trajectories
from x(—T1/2) = x; to x(T/2) = z, while the Euclidian action is simply

Ilz] = /m dr G:f + V(x)) : (17.3)

—T/2

Equation (17.2) simplifies for 7" — oo. In this limit the left hand side of (17.2) is
given solely in terms of the ground state, since

(eple8 i) = 3 (sl (nlas) 87 — (o]0 (Olar) 770 (17.4)
On the right hand side of (17.2) we must integrate over all paths from z(—o0) = z;

to x(400) = x¢. We will evaluate this path integral semi-classicaly. We find

-1/2

N / [da) e #11 ~ N e w117 det (=02 + V" (etass)) (17.5)
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Today’s lecture consists of mathematical preliminaries that will be needed in
order to be able to explicitly evaluate the above semi-classical result. The reason
for doing is obvious — it will enable us to learn about the ground state of our
theory. Before we start, let us emphasize that we will be evaluating expressions
corresponding to an Euclidian field theory, however, the ground state we are finaly
interested in is of the starting, Minkowskian theory. Having derived (17.4) and
(17.5) we can now set i = 1.

For semi-classical results to be aplicable we must have

_ +oo 1
I[xcass) = / dr (ia’vglass + V(xdass)> < 00 . (17.6)

—0o0
This implies that we have to choose both z; and x;y to be absolute minima of
V(x). The classical solutions xj,ss satisfy

_872— Tclass T V,(xclass) =0. (177)

Even without explicitly solving this equation we know what its solutions are going
to look like qualitativly. The above is just the equation of motion for a non-
relativistic particle of unit mass moving in a potential —V.

Let us, for example, look at the potential given in Figure 17.1. The only
possible boundary conditions that lead to solutions with finite Euclidian action
are r; = x5 = 0. From the inverted potential in Figure 17.2 we see that the only
possible motion is xcass(7) = 0, d.e. the trivial vacuum solution.

Vv

Figure 17.1: Single well potential

-V

A

0 » X

Figure 17.2: Associated “particle” moves in this inverted potential

As a more interesting example let us look at the double well potential of
Figure 17.3. The associated particle moves in the inverted potential given in
Figure 17.4.
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Figure 17.3: Double well potential
-V

Figure 17.4: Associated “particle” moving in inverted double well potential

As we have seen, we have to consider only motions with +a as initial and
final states. There are four possible motions. Two are just vacuum solutions
Zelass(T) = @ and Tejass(7) = —a. However, we now have two non-trivial motions.
For one x; = —a and xy = a — represented by the rolling of the particle from —a to
a. The last solution corresponds to a rolling in the opposite direction. Non-trivial,
finite action solutions of the classical Euclidian theory are called instantons.

17.2 The Determinant

As we have seen in equation (17.5) we will have to learn how to evaluate determi-
nants of the form

det (—03 +W(r)) , (17.8)

where W (1) = V" (2¢ass(7)). Obviously W is a bounded function of 7. The beauty
of working in d = 1 is that we can give an exact formula for these determinants.
Before we do this it is instructive to derive equation (17.5) a bit more precisely.
In the path integral we need to integrate over all functions satisfying

z(-T/2) = = (17.9)
z(+T/2) = xy. (17.10)

If £part(7) is any such function we may write the general one as

:U(T) = xpart('r) + ch$n(T) s (17.11)
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where the z,’s represent an orthonormal basis on the space of functions that
vanish at the end points +7/2. In the semi-classical approximation it is best
if we choose Zjass(7) for our particular solution. Diagonalizing the Hermitian
differential operator —92 + W () we obtain a convenient basis of x,,’s. Thus

(_8‘2 + W(T)) :Un('r) = /\nxn(T) s (17.12)
where
T/2
/ A7 2 () (F) = G - (17.13)
—T/2

We are now in a position to give a precise meaning to the path integral measure.
We just define it to be

[da) = [ (2m)~"*dey, . (17.14)

n

The semi-classical approximation to our path integral is now a product of simple
Gaussian integrals, and we directly obtain (17.5) given in terms of the determinant
(17.8). Well, it is high time to evaluate this determinant. To do this we consider
the differential equation

(=02 + W) (r) = Mp(7) (17.15)
subject to the boundary conditions

W(=T/2) = 0 (17.16)
O(-T/2) = 1. (17.17)

The first requirement is obvious, while the second just gives us a normalization
for 1. For every A we now get a unique solution (7). In general, ¥, (7'/2) is not
zero. In fact, this only happens when A equals one of the eigenvalues A, given in
equation (17.12). Now it follows that for any two functions W) (7) and W®)(7)
we have
det (=02 + WO (r) = 2)  (T/2)
det (=02 + W)(1) = X) ¢§\2) (T/2)

The proof of this important result goes as follows: The left hand side is a mero-
morphic function! of A. It has simple zeros at /\%1) and simple poles at )\g). The
same is true for the right hand side. It now follows that the ratio of the two sides
of this equation is an analytic function. For A going to infinity in any direction
(except along the positive real axis) this analytic function goes to 1. There is only
one such function, and it is just 1. This completes the proof of the above relation.
As a consequence of this we see that

(17.18)

det (92 + W (7))
Yo(T'/2)

' A complex function is meromorphic if it only has simple poles and zeros.

= const , (17.19)
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i.e. it is independent of W (7). Now all that is left is to evaluate this constant
by working with the simplest W (7) — that of the harmonic oscillator. Now
V= %wza:Q and we are dealing with a potential like the one in Figure 17.1. As we
have seen, the only solution is the vacuum zjass(7) = 0. Thus

W(r)=V"(0) = w? . (17.20)

For the harmonic oscillator 1)y thus satisfies
(=02 +w?) Yho(r) = 0 (17.21)
Yo(=T/2) = 0 (17.22)
O-o(=T/2) = 1. (17.23)

This is easily solved and we find
1 T

Po(T) = " sinhw(7 + 5) . (17.24)

Therefore, using (17.2), (17.5) and (17.19) we get

~1/2
2 t
(wp =0l TH|z; =0) = N <C°£S sinth> . (17.25)

Next we evaluate both sides for T — oo. The left hand side gives
(ay = 0le T ]z = 0) — e B0 |xo(0)2 . (17.26)

where yo(z) is the ground state wave function in the coordinate representation.
On the other hand, the right hand side becomes

~1/2 9 1/2
N (ConSt sinth) — Ne 2T < d ) . (17.27)

w const

Comparing the last two equations we get the well known result for the ground
state energy of the harmonic oscillator

1
Eo= 5w (17.28)
We also find
o (0)2 = N 22 (17.29)
X0 - const '

A simple quantum mechanics calculation for the harmonic oscillator gives us

Ix0(0)* = \/g , (17.30)

and thus const = 27 N2. Our final result for a generic determinant is thus
det (=02 + W (1)) = 2nN? 4o (T/2) . (17.31)

As expected, the right hand side of (17.5) no longer depends on N.
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EXERCISES

17.1 Derive (17.30) in the usual quantum mechanics formalism.

17.2 Calculate the determinant for the harmonic oscillator from first principles,
i.e. as a product of eigenvalues.



Lecture 18

Instantons

18.1 Double Well Potential

We continue our investigation of instantons. The static energy of a d + 1 dimen-
sional Minkowski theory is equal to the Euclidian action of the same theory in d
dimensions!. Static solitons of the d + 1 model are extremums of the static energy
for which Fg,t < oco. It follows that these static solitons are in fact the instantons
of the d dimensional model, i.e. extremums of the Euclidian action satisfying
I < c0.

In our previous lectures we have constructed static solitons for scalar theories
in d = 2 dimensions. Now we see that these are just our instantons in d = 1. To
be concrete let us look at the model with quartic potential

1 A
V(x) = —§,u2:1:2 + $m4 + const . (18.1)

The constant is chosen so that V' (x) > 0. We may write this potential as

A
V(z) = 5(:1:2 —a?), (18.2)
where a = %. As we have seen the instanton equals
642 f
ins = ——tanh [ — . 18.3
Zinst (T) 5 tan <\/§7'> (18.3)

The above instanton corresponds to a “particle” rolling from —a to a in the in-
verted potential —U The anti-instanton is the same solution with opposite sign
corresponding to a roll from a to —a. (18.3) is the instanton centered at 7 = 0.
Tinst (T—70) 18 just as good a solution and if we plot zinst (7 —70) and the Lagrangian
evaluated at xingt(T — 70) we get The name instanton is chosen to indicate the

IThis is true for all models in which the Lagrangian is of the form T — V, where T depends
only on the time derivatives of the fields and V only on the fields and their spatial derivatives.
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¢

Figure 18.1: Double well potential.
-V

A
-a a

Figure 18.2: “Particle” moves in inverse double well potential.

, X inst (T_To)
a ﬁ
» T
TO
—a

Figure 18.3: Instanton centered at 9.

. Lé( nt (T_To))

Figure 18.4: Lagrangian evaluated at the instanton solution.

fact that this solution is very localized at one specific instant of Euclidian time 7.
As we have seen, (18.3) is an asymptotic solution — it is exact only for 7' — oc.
We have argued previously why asymptotic solutions are just as important to us
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as exact solutions. Well, if we allow solutions like (18.3) then we must also allow
a host of other asymptotic solutions corresponding to multiple rolls. For instance
we have the following solution

belonging to the —a — —a sector. Instantons are well localized in time so the
above approximate solution is simply

9 & Tinst(T — T1) — Tinst (T — T2) - (18.4)

This is again an asymptotic solution if 7 — 79 is large. Repeating this reasoning we
see the need for including all multi-instanton contributions. One such approximate
solution in the —a — a sector is

A

The regions D, are only ones in which the multi-instanton deviates appreciably
from the vacuum. Let us now go to the path integral. We found that the transition
amplitude

1y
(@ple T ing) (18.5)

is semi-clasically just a sum of contributions

¢~ i TFciass / [dn] exp (—% / dTn(872+V”(wdass>)n> - (18.6)

Let us look at the asymptotic solution consisting of a dilute gas of n instantons
and anti-instantons

Trp,o o (T) R Tinst (T — T1) £ Tinst (T — T2) + ... (18.7)

Its contribution to (18.6) is

—1ng 1 2 ~
e h I/l:[d??(T) exp <—2—h/d7n(—GT—I—V/'(:BTl,...,Tn)) 77) ~
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~Zye wnlr H/ H dn(r exp< 21h/ drn (—872 + V" (27,)) n)l@.S)

TeD,

~ Zye i H K, (18.9)
a=1

where we have introduce

Jldn] exp (=55 [ drn (=02 + V" (winst)) 1)
Jldn) exp (=55 [ dr 0 (=02 + V" (=a))n)

K = (18.10)

Obviously K and I; do not depend on the location of the instanton, hence the
contribution of (18.7) is

17 n
Zo (e‘ﬁ IK) . (18.11)

The complete n-instanton contribution is thus

T/2 T/2 T/2 _ n
n—/ dﬁ/ / drn, Zy <e_%IIK> =
T/2
T/2 T/2 T/2
:Zo e h’K / dTl/ / dry, =
T/2 1

- —,Z0 (e‘ﬁijT) . (18.12)
n!
In our previous lecture we already evaluated the vacuum, or zero instanton, con-
tribution Zy. This was just the result for the harmonic oscillator potential with
w? =V"(—a) = 2u%. We had
1.
Yo(T/2) = — sinhwT | (18.13)
w
so that for large T" we have
1/2
Zo = (2rhlwsinhwT) /2% & (ih) em2T (18.14)
7r
Obviously we now have

< a]e hTH‘—CL> 2o+ do+Zy+...=
= Zp cosh (KTe*%I_I) . (18.15)

Similarly,

<a|e ETH‘—G> Z1+Z3—|-Z5—|—...:
= Zgsinh (KT@’%I_’> . (18.16)
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Combining the last three expressions we get

(+ale nTH| —a) =

1 1/2 1 1 7
== <i> exp—=T <§hw + hKe_%]I> F

2 \mh h
1 1/2 1 1 7
w3 () ooy (ghe e tn) s

Hence, te degenerate state of energy %hw splits into two states with energies

E. = %hw + hKe wl (18.18)
We also have
1/ w\1/2
(Fal)(+H-a) = 5 () (18.19)
1/ w\1/2
(Fal-)(-l-a) = F5 (=), (18.20)

from which we see that the true vacuum |—) is given by the antisymmetric com-
bination of the two single well eigenstates, while the state |+) corresponds to
the symmetric combination and has a slightly higher energy. This is depicted
in Figure 18.5. From the figure we see that |—) obviously has the lower energy
since it “spends less time” under the potential well. These results are exactly
what one gets from standard quantum mechanics when one takes tunneling into
consideration.

<x|> a S
v 1

Figure 18.5: The double well and its two lowest eigenstates

We still have to calculate I; and K. The first is no problem, the second needs
a bit more work. Remember, we had a Schrédinger problem

(_872'+V”($inst))xn(7_) = /\nxn('r) (18.21)
T/2
/ AT 2 (T)2m(T) = Onm - (18.22)
—T/2
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We can immediately see that we have
(1) = —=i
ZTo\T) = —7= Tinst
VI

for the eigenstate with A\g = 0. Since zo(7) has no nodes it follows that it is the
ground state, hence all the other A,’s are positive.
We previously defined our measure to be

1
de 2mh) " 2de,, . 18.24

Our semi-classical approximation of the path integral thus realy gives

(18.23)

[dz] = [[(2wh) = ?de,, =

n

Stl=

_ 1 1
Ne~™ II/—dc / 2rh) 2 exp | —— )\ncn2 =
= deo };[0( ) p %ZZO
_ d _
Y DO det’ (—02 + V" (wimsr)) 2. (18.25)

\V2mh

As before, the prime on the determinant implies that we take a product over all
the eigenvalues excluding the zero mode. The deformation of x in the ¢y direction
is just a translation. We had

T = Tipst + Z Cnn , (18.26)
hence if cg — cg + dcy we get
1 d in
dx = decgxrg = —= dcg Linst (18.27)
VI dr
On the other hand, a translation of the center of an instanton gives
dTinst
dr =d , 18.28
o= dny (18.25)

hence we see that

dC() f]
=14/ dro . 18.29
2mh 2mh 70 ( )

We have already integrated over 7, so finally we find
I
K =/ =L det’ (=02 + V" (inst))

—1/2
orh '

(18.30)

We shall not calculate det’, rather let us show a posteriori that our dilute gas
approximation makes sense. In summing the contributions of multi-instantons we
used the Taylor expansion formula for the exponential function
oo tn
== (18.31)

|
n.
n=0
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Using the leading term in Stirling’s asymtotic formula we have n! ~ n”. It now

follows that only the terms satisfying n < ¢ contribute to the above sum. In our
instanton formulas we had t = KTe %/, In terms of instanton density n/T we
get

D < gemilr (18.32)

N

Therefore, the instanton density is indeed small in the semi-classical limit that we
have been investigating.

18.2 Periodic Potential

Let us next consider a periodic potential of unit period. The vacuums are indexed
by N € Z).

Vv

Figure 18.6: Periodic potential

Let us look at the N — M transition amplitude
N =

(Mle™7
oo

AR 11w > 11 KTe—ti n+ﬁ(5 1539
_(E) € ZZE%( e r ) n-nM—N - (18.33)

This is even simpler than the double well result. Now there is no restriction that
instanton should follow anti-instanton. The only restriction is that we stay in the
same sector M — N. Using

A0 o mN)
Opn—n,M—N = —e , (18.34)
0 2T
we get
. 2
(M]e"#TH|N) = (i)m e—%TW/ "0 ov-nn)
mh 0o 2m
o 1 17 . n o 1 17 - n
Z s (KT@ ﬁI[+Z9> Z . (KT@ hII 7,9) _
n! n! N
n=0 n=0
21 _ _
_ < w )1/2 e_;m/ ;1_9 CON=DD) ot <KTe‘%“ei9) exp (KTQ_%Ile—w> _
0 7T

S

(

1/2 27 ) 3
) e‘éT“/ do ON=M) oy <2KT€—%II COS 9) . (18.35)
o 2m
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We have thus found a continuum of energy eigenstates that correspond to the
splitting of the infinitely degenerate ground state. The energy spectrum now
consists of bands. The lowest energy band is thus

1
B(6) = Shw + 20K cos el (18.36)

which is just what we get from doing quantum mechanics in a periodic potential.

18.3 Decay of the False Vacuum

As a final, and most interesting application of instantons let us consider a potential
of the form shown in Figure 18.7. The point x = 0 is now only a local minimum.

Vv

/A,

Figure 18.7: Potential with a metastable state.

Assuming that the well is deep enough we will have (neglecting tunneling) a lowest
energy state centered at x = 0 — this state doesn’t “see” the right side of the
potential. Well, we know that this can’t be right. This state can be very near to
an eigenstate, but after enough time it leaks, i.e. tunnels, to the true vacuum.
Phenomenologicaly we can treat these metastable states in a very simple way.
We assume that they are represented by energy eigenstates with complex energy
E —iy. Then we have

Y(t) = e B (18.37)

so that the probability to be in this state decreases with time according to
lp()|> =e 2. (18.38)

The metastable state, or false vacuum, thus decays with a half-life 7 = % To look
at metastable states in our instanton formalism, as always, we need to consider
the motion of a particle in the inverse potential —V shown in Figure 18.8. We
look at the stability of the false vacuum, i.e. the 0 — 0 path integral.

The dominant solution is = 0, however, we also have the bounce correspond-
ing to starting at x = 0 at 7 = —T'/2, rolling to the barrier, recoiling and coming
back at 7 = T/2 to x = 0. There is also a solution with two bounces, three
bounces, and so on. We would thus expect

Ole 7 TH|0) = Zo+ Z1 + Zo+ ... =
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-V

i

Figure 18.8: “Particle” moves in the inverse potential.

17 1 _17.)\2
:Z0+ZO(KT6 EB)+§ZO(KT6 nB) .=
= Zpyexp <KT67%jB) =

= (%)1/2 ] exp (KT€7%73> ; (18.39)

which gives the energy to be
1 -
By = 5 hw + hKe wlE | (18.40)
This not quite correct, but we shall see that the important ingredient is present. To
do this we look at K oc det’ (—0,% + V”(:cB))_l/2. Remember that the operator
0,2+ V"(xp) . (18.41)

has a zero mode corresponding to the time derivative of the bounce. Unlike the
kink, the bounce is not a monotonic function but has a maximum. The bounce
solution is shown in Figure 18.9. This implies that the zero mode x g has a single

Figure 18.9: The bounce solution

zero — a node. It follows then that it is not the lowest eigenstate. Therefore,
without knowing anything further about the potential we have established that
(18.41) has precisely one negative eigenstate. As a consequence of this we see that
K is pure imaginary. This is precisely what we want. Ofcourse, now we know why
(18.39) and (18.41) can’t realy be true. To get them we integrated over all the
non-zero modes. One of those integrations was of the form

+0oo 5
/ dx e, (18.42)

—0o0
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for @ > 0. There is a way to deal with this kind of integral — by carefully
performing an analytic continuation. If we do this then the actual result that one
gets is

1 1 7
Eo = Sho+ ihKe’%IB : (18.43)
where K = —i|K|. Thus v = %h!K\e_%I_B, and so

1
T =
K|

St

Is (18.44)

This is the correct result, yet the analytical continuation that is needed seems to
leave a bitter taste. We shall not do this analytical contination at this moment.
We'll return later to this problem and we shall see how one can use the Schwinger-
Dyson equations to establish the above result without any tricks.

We end this lecture where we began — with the identity between static soli-
tons in d + 1 dimensions and instantons in d dimensions. As a consequence of
this Derrick’s theorem tells us that there are no instantons, and so no tunneling,
in scalar field theories in d > 1. As we have seen, there are ways to bypass Der-
rick’s theorem, however it is true that most field theories do not poses instanton
solutions, i.e. do not have tunneling. This is why we can have symmetry breaking.



Lecture 19

Gauge Theories

19.1 Gauge Theories on a Lattice

We look at a theory of fields ¢(na) on an Euclidian lattice of spacing a, invariant
under a global symmetry

¢(na) — Go(na) , (19.1)

where Gt = G~1. If we look at the action we see that mass term and self interac-
tions are given by products of fields at the same point, while the kinetic term is
of the form

dﬂma)d)(na) , (19.2)

with m # n. Because of this the mass term and interactions are invariant under
the much larger local symmetry

¢(na) — G(na)p(na) , (19.3)

Local symmetries are also called gauge symmetries. Note, however, that the ki-
netic term is not invariant under (19.3) since Gf(ma)G(na) # 1 when m # n. We
will now modify the action so as to make it gauge invariant. In the kinetic term
we just substitute

qu(ma)qZ)(na) — ng(ma)U(ma,na)gb(na) , (19.4)

where we have introduced a unitary operator U(ma,na) which transports ¢(na)
to U(ma,na)p(na) that transforms like ¢(ma). This is just the definition of
U(ma,na), hence under gauge transformations (19.3) we have

U(ma,na) — G(ma)U(ma,na)G' (na) . (19.5)

Obviously the general U is generated by transports along the links U(na+e,a, na).

Let us now introduce some basic lattice terminology. Lattice points na are
called vertices. The links are vectors connecting a vertex with its nearest neighbors
(along the positive direction). This is illustrated on the example of a hyper-cubic
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na+ea

na+ea

na

Figure 19.1: The vertex na and links to two neighboring vertices.

lattice in Figure 19.1. For transports of a unit step in the negative direction just
note that we have

U(na — e,a,na) = Ul (na,na — e,a) . (19.6)

It is easy to see that a general U depends not only on the end points, but also
on the path v connecting them. Two inequivalent U’s corresponding to the same
end points are shown in Figure 19.2 What is common to U,, and U,, is that they

ma

A A

Y

\4

na

Figure 19.2: Two inequivalent paths from na to ma.

transform the same way. Of special interest are transports along closed loops. We
will denote these by \. Transports along closed curves transform according to

Uy — G(na)UxG'(na) . (19.7)

Because of this it follows that for each closed loop A we may define a Wilson loop

variable
Wy =trUy, (19.8)

that is gauge invariant. The smallest loops on a lattice are called plaquettes and
will be denoted by P. A typical plaquette is shown in Figure 19.3 In terms of
transports along the links the associated loop variable is

Wp = tr <UT(na + eya,na) UT(na +e,a+eua,na+eya):

-U(na + eya + eya,na + eya) U(na + epa, na)> . (19.9)
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na+ea nat+ea+ea
< A

\4 N
na na+ea

Figure 19.3: A plaquette represents the smallest loop on the lattice.

We can now look at two types of theories. For one U is just given, i.e. all the
link transports are known. This corresponds to ¢ coupled to an external gauge
field. In the other type of theory we make the gauge degree of freedom dynamical
as well. In this case we need to construct an action purely for the gauge field.
This action must be gauge invariant, real, and it must vanish when we turn off
the gauge field (i.e. when we set U = 1). Our final requirement will be the lattice
version of our quest for dynamics in terms of local field theories. On a lattice this
implies that the action should consist of a sum of nearest neighbor terms.

Wilson has proposed the following action for SU(N) gauge theory

N 1
I= -7 ;(1 -5t Up) - (19.10)

For the U(1) gauge group it is customary to normalize the action differently. We
then have

I= —% > (1-Up). (19.11)
P

These choice are obviously gauge invariant and given in terms of nearest neigh-

bor coupling since they are given as functions of the Wilson loop variables over

plaquettes. Obviously if Up = 1 then I = 0. The last thing to check is reality.

Note that for each plaquette P there is another one —P which traverses the same

points in the opposite order. This is shown in Figure 19.4. Obviously we have

»
>

<
- A K

A I

<
<

P -P
Figure 19.4: The plaquettes P and —P.

U_p = U};. Because of this the above expressions for Wilson’s action are indeed
real. Normalizations are chosen to agree with the standard conventions in the
continuum limit. For this reason the U(1) coupling constant is written as e and
not g — as we shall see U(1) gauge theory is just electrodynamics.
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19.2 The Continuum Limit

Let us now look at the continuum limit of our expression. We write
U(na + e, a,na) = exp (igaAZ(na)tb) , (19.12)

where the generators t, satisfy the Lie algebra corresponding to our gauge group.
Therefore

[tavtb] = Z.fatbctc (19.13)
th = ta. (19.14)

For non-Abelian, compact and semi-simple groups we can normalize the generators
according to tr (tqtp) = %5(11,. For example for SU(2) we have t, = %aa. A simple
calculation for a — 0 gives us

Wp — tr exp igaQFb ty) 19.15
pv

where

Fﬁu = 8MAZ - aVAZ + gfabcAZAlc/ . (19.16)

From now on we cut down on indices by introducing so-called matrix valued fields

A, = ASt, (19.17)
F;u/ = F,uyata‘ (1918)

In the continuum theory (19.12) may be written as
U(x +dz,z) = exp (igA,dz") . (19.19)

Because of this one often writes the transport along v as

Uy = Pexp (ig/A#dx“> . (19.20)
g

We should stress that this is a formal expression. The path ordering P just means
that we are to multiply the contributions given by (19.19) in the order from the
start to the end of 4. Only in the case of the U(1) group (QED) do we have
commuting of the A’s and hence

U, = exp <ie/Ade“> : (19.21)
g

By Stokes’ theorem ! we find

Uy = exp (ie}( Audx“) = exp (ie/ Fwdaz“daz”> , (19.22)
A S
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A

Figure 19.5: The closed path A and a hyper-surface S that it bounds.

with F,, = 0,A, — 0,A,. For small contours A this is precisely what we got in
(19.15). We now calculate the continuum limit of Wilson’s action. First look at
QED. We have

1
Up = exp(iea®F,) ~ 1 — 3 e*a*(Fu)? (19.23)

where we have disregarded the imaginary term since it will cancel in the action.
Therefore

1
=5 (=0 =y (B = = [deFuf . (1920
P

which is the correct action for QED. Similarly, for SU(N) gauge theory, we have
) ~ Lo 4 ap b
tr Up = tr exp(iga®Fy,) =~ N — 59a Fu Fu’ tr (taty) - (19.25)

Using the fact that tr (t,tp) = % dab, We find the continuum limit of the Yang-Mills
action to be

N 1 1 4 a \2 1 a a
I= —?EP: (1 -5t Up> = _ZEP:G (F,)? = —Z/dxFWFW . (19.26)

Before we leave the lattice and concentrate on the continuum field theories given
by (19.24) and (19.26) let us just note that Wilson’s action is not the unique lattice
action that has this continuum limit. It is however the simplest.

Wick rotating (19.26) and (19.16) we get the corresponding Minkowski expres-
sions

1 a a 1 174
I= —Z/d:cFWFW = —§/da} tr (Fu, F") . (19.27)
and
Ff, = 0,A% — 0,A% + g fapc AL AS | (19.28)
or more compactly
Fu, = 0,A, — 0,A, —ig[A,, A . (19.29)

I This is _t‘he_'generalizatqion_'to d dimensions of the well known integral theorem derived by
Stokes: §, A-dl = [, curlA-dS.
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Yang-Mills theories are often written in terms of anti-Hermitian fields. This corre-
sponds to using anti-Hermitian generators for our Lie algebra. The new generators
satisfy

[Taa Tb] = fancTe (19.30)

Tt = -1, (19.31)

and are related to the Hermitian generators according to T, = —it,. The new

fields are A

Ay = gA T, = —igAjt, = —igA, , (19.32)

and similarly for all other matrix valued fields. In terms of the new fields we have
1

I = 3 dx tr (F, F") (19.33)

Fo = 0,A, —0,A,+[Au A, (19.34)

where we have dropped the hat over the fields. These expressions are somewhat
nicer because the coupling constant is now an overall constant multiplying the
action. We have also gotten rid of a factor of ¢ in the expression for the field
strength F),,. We will work with Yang-Mills theories in the following lectures. At
this point let us go back to the simpler and more familiar case of electrodynamics
— Abelian gauge theory.

19.3 Electrodynamics

As we have seen

1
I = —Z/ﬁwaFW (19.35)
Fu = 0,A,—08,A, . (19.36)

The coupling constant e falls out of the picture. This is in fact a free theory. Using
the above expression for the field strength F,, the action written in terms of A
becomes

1
I:/mimwwy—@@m% (19.37)
This action is invariant under the gauge transformation
Ay — A+ 0w, (19.38)

Hence, all physical quantities, i.e. those that can in principle be measured, will
also be invariant under (19.38). Figure 19.6 denotes two inequivalent gauge fields
and the sets of all gauge variations called gauge orbits We lose nothing from the
predictive power of our theory if we fix the gauge. We do this by imposing an
extra condition y that the fields must satisfy. This condition must be such that
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A

I

N\
A+ow

Figure 19.6: Two inequivalent gauge fields and their orbits.

it picks out one representative along each gauge orbit. One of the simplest gauge
condition is the Lorentz gauge

x=0,A" =0, (19.39)

which has the nice property that it doesn’t break manifest covariance. How do we
know that this is a good gauge condition? To see this suppose A" is a field that
doesen’t satisfy the gauge condition. If the above is a good gauge fixing then there
exists one and only one field A¥ = A¥ + 0*w that satisfies the gauge condition.
Thus

—0,AM = 9w . (19.40)

The equation 0*w = f can always be solved (consistent with the appropriate

boundary conditions), so the Lorentz condition is indeed a good gauge. The

Lorentz condition doesen’t completely fix the gauge, since if J,A4* = 0 then also

0, A" = 0 if we have 0%w = 0. This residual symmetry will not bother us however.
In the Lorentz gauge we have

1
I=— / da 5 0,4,0" A" . (19.41)

The sign of the action is such that the space components A’ have the same sign
as the scalar field. Let us now make contact with ordinary QED in d = 4 written
in a more familiar fashion. We have

AF = (¢, A) (19.42)
a,u = (807 V) ) (1943)
so that
o -
ot i
We also have
F12 = 81_/42 - 82141 = —(CuﬂA)g = —B3 . (1945)

In fact, the space-space components of the field strength are related to the mag-
netic field according to
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The field strenght is thus given in terms of electric and magnetic fields as

0 E1 E2 E3
| -, 0 -Bs B,
Fo=| g B o m |- (19.47)

~E3 —-By B 0

We now define the dual tensor to be

1
PR — ngﬁFaﬁ : (19.48)
so that
i 1
FOU = 5 (Fas = Fyo) = =By (19.49)
1
F12 = —5(Fso — Fog) = +F3 , (19.50)
etc. Thus
0 —-B, —By —Bs
0 I (19.51)

BQ —E3 0 El ’
Bs FEy —FE; 0

Which gives us
0 By By Bs
«n | —B1 0 E3 —Es
F = B, “B; 0 B : (19.52)
—-By FE;, —FE; 0

Note that
0, F* =0 (19.53)

is a direct consequence of the definition of the field strength in terms of gauge
fields. On the other hand, the equation of motion following from QED action is

O F"™ =0 . (19.54)

These last two equations are the (source free) Maxwell equations. Although similar
looking, as we have seen, they carry totaly different information.
Equations (19.53) and (19.54) give us a further symmetry of sourceless QED
in d = 4 dimensions
Fl, — Fyycos +"Fy, sin6 . (19.55)

In terms of the electric and magnetic fields this gives

E cosf sinf E
( B ) - < —sinf cosf > < E) ’ (19.56)
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Therefore this symmetry exchanges the roles of the electric and magnetic fields.
The Maxwell equations with sources are

divB = 0 (19.57)
. 9B
IE+— = 0 19.58
curlF + 5 ( )
divE = p (19.59)
OF -
IB—— = J. 19.
cur o J (19.60)

The first two are as in the vacuum case, the last two have in addition a source
term. Writing J* = (p,J), we cast the above equations in a covariant form. We

find

8, F* 0 (19.61)
S A (19.62)

As we immediately see, the second equation gives the consistency condition
ouJ" =0. (19.63)

This is just the equation of cont1nu1ty correspondmg to the conservation of charge.
In the old notation this is _]llSt L+ divJ = 0. The action in external field that
gives the above equations is

= / da <—iFWF”” - JMA”) : (19.64)

As we see, the addition of the source term has distinguished between the E and B
fields. The equations of motion the duality transformation (19.55). At the same
time the Lorentz force law

—

F=cE+etixB. (19.65)
distinguishes between E and B.

EXERCISES

19.1 Why don’t we consider expressions such as tr (Uy2) in the action? After
all they are also gauge invariant.

19.2 Derive equations (19.15) and (19.16) for the continuum limit of Wp.

19.3 Consider if y = A% = 0 is a good gauge fixing condition for QED. Is there
a residual symmetry?

19.4 Show that the pure QED action may be written in terms of the dual tensor
*
F.
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19.5 Show that (19.48) is a dual trnasformation, i.e. that **F},, = —F),,.

19.6 Calculate the field strength and its dual in terms of electric and magnetic
fields in d = 2 and d = 3.

19.7 Look at the gauge transformation of the QED action I given in equation
(19.64). When is I gauge invariant?

19.8 Modify the Lorentz force law as well as the Maxwell equations by adding
the possibility of a magnetic charge g (in addition to the electric charge e)
in such a way that the theory is now invariant under (19.55).

19.9 Show that the addition of a mass term to the QED action spoils the gauge
invariance. Show that the massive vector field has 3 independent components
(consistent with the fact that it is a spin 1 field). Show that the massless
vector field has 2 independent components (two states of helicity).



Lecture 20

Differential Geometry and
Gauge Fields

20.1 Differential Forms

We begin this lecture with an introduction to a differential forms. Forms represent
a compact index-free notation that is often quite usefull in physics. Their gratest
utility comes in the treatment of gauge fields. Let z# be the coordinates on a d
dimensional manifold M (most often this will be our space time, and d will be the
dimension of space time). The differentials dz* represent a basis of objects called
1-forms. A general 1-form is

O = wy(x)dz" . (20.1)

At every point on M the 1-forms belongs to a d dimensional vector space. An
associative and antisymmetric product of forms (the wedge product) is defined as

dxt Nda¥ = —dz¥ Ndzt . (20.2)
The objects dz* A dx¥ represent a basis of 2-forms, a general 2-form being

1 v
QQ = 5 ww,(x)dx“ ANdx” . (203)

Obviously, at each point of M, 2-forms belong to a (g) dimensional vector space.
Similarly, one defines 3-forms, 4-forms, etc. For convenience 1 is the basis of
O-forms, which are therefore just functions. Forms are basis-independent (i.e.
geometrical) object. This determines how the components wy,..(x) transform.
So far we have been dealing with algebra. Now let us introduce the notion of a
derivative. The exterior derivative of an n-form 2, is defined to be

1
ds), =0, (Ewyl...,,n (x)) dzt Ndz" A - Ndat™ (20.4)

137
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As we can see,the exterior derivative d takes n-forms into an (n + 1)-forms. From
the above definition it follows that d is nilpotent, i.e.

?=0. (20.5)

One can easily show that d satisfies the graded Leibnitz rule for the derivative of
a product

dQAD)=dQAAD+ (-)*QAdD (20.6)

where the grading (—)® associates +1 to even forms and -1 to odd forms. From
the definition of the wedge product (20.2) it follows that

QND = (—) DA . (20.7)

Let us now introduce some relevant termiology. If d x = 0 then x is called
a closed form. y is an exact form if there exists a form ® such that xy = d® is
true on the whole manifold. An exact form is always closed, the converse is not
true in general. The cohomology of d is the search for all closed forms that are
not exact. This slices the space of all forms into disjoint pieces called cohomology
classes. All elements of a given cohomology class are equal modulo an exact form.
Many important problems in physics can be stated in terms of the cohomology
of a certain nilpotent operator. We shall return to this briefly a bit later in this
lecture. For now let us continue to add some more pieces to the mathematical
structure of forms. Before we go on we will simplify our notation by dropping the
symbol A for the wedge product. From the context it is easy to see if something
is a form or not, and forms can be multiplied in only one way.

As we have seen, spaces of n-forms and (d—n)-forms have the same dimension-
ality. In fact we can map one into the other by the Hodge duality transformation.
This is most simply given by its action on the basis differentials

1
et = (d—1)! Vi0glevpr dz” da? - - - da” (20.8)

1
dat da¥ = @ V0gle" pordx? - -dx™ (20.9)

and so on. The picture is completed by writing

1
1= 5 Vgl rdat da” - da” = \/[gldz . (20.10)

The dual of 1 is thus the invariant volume element on M. Remember that while
€uv-r 18 DOt a tensor mgw...T is. As written the above formulas are valid for
manifolds of both Euclidian and Minkowski signature. In this course we mostly
work in flat spacetime in coordinates for which /]g| = 1. We shall asume this in
the rest of the lecture. Still it is important to note that the Hodge dual is the first
and only place in the mathematics of forms where the metric appears.
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This definition of duality is consistent with what we had in the previous lecture.
For a 2-form in d = 4 we have

1 1
=" <§ Fyda dl‘”) =5 Fuw * dat dz¥ =
1 1 v « B 1 * « B
= §F,uu§ et o pdx® da’ = 3 Fopdx® dx” . (20.11)

The dual operation allows us to construct two more important differential
operators. The co-differential is defined to be

§=*d* (20.12)

It lowers form number by one. Like the exterior derivative d, the co-differential §
is also nilpotent. The Laplacian is defined to be

A=ds+dd . (20.13)

Obviously it is a second order derivation operatior with the important property
that it doesen’t change form number. In analogy with closed and exact forms we
now have co-closed and co-exact forms. A form is harmonic if its Laplacian is
Z€ero.

Integration of forms is a map from d-forms to O-forms. It is easily constructed
once we recognize that the d-form basis element daz®dz!---dz%! changes under
a coordinate transformation just like the usual d-dimensional volume element dzx.
Therefore, we define integration in the following way

1
/Qd = /awur"ud dzh - datd =

In the last step we just perform an ordinary integration.
The boundary of a d-dimensional manifold M (denoted OM) is itself a man-
ifold and it is (d — 1)-dimensional. The central result of integral calculus is the

Stokes formula
/ de_lz/ Qi1 . (20.15)
M oM

This represents a generalization of the integration theorems of vector calculus.
The boundary operation 9 is nilpotent. This is easy to prove. We cast integration
as an inner product

/ Q= (M|Q) . (20.16)
M
Stokes’ theorem then states that

(M|dQ) = (OM|Q) . (20.17)
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It follows that O is the adjoint of d with respect to the above inner product. The
nilpotence of 9 now follows immediately from the nilpotency of d. A piece of a
manifold is called a chain. If a chain C has no boundary, i.e. 9C = 0 it is called
a cycle. If a chain satisfies C = 9B then C is a boundary. To illustrate this we
look at Figure 20.1 A and B are two 1-cycles on our manifold M (a torus). B is

M

OB

A
Figure 20.1: Two 1-cycles A and B on the torus.
a boundary of the 2-chain represented by the hatched area. A is not a boundary
of any chain on M.
20.2 Gauge Fields as Forms

As we have seen, gauge theories are much simpler if one uses covariant notation.
This can be further simplified by going to a form notation. The gauge field is now
a 1-form in spacetime

A=Audxt = A, da" T, . (20.18)
From this we get the field strength 2-form
F =dA+ A%, (20.19)

Note that A? # 0 even though we are using a wedge product. This is because A is
matrix valued. Let us show that this agrees with our previous definition in terms
of components

1
5 Fda" dx” = 0,A,dx” dat + Ay Aydat do” =
1 1
=3 (OuAy — 0 A )dxt da” + 3 [Ay, Ay]dat da” =
1 a a C v
= (8MAV — OAL T fape AZAZ,) dz" da¥ T, . (20.20)
From the definition (20.19) it follows that the field strength satisfies the Bianchi

identity
dF +[AF]=0. (20.21)

The gauge transformation law reads

A—A=GA+d)G". (20.22)
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If we write

vV =G"tda (20.23)
then A’ = G(A — V)G, so that the field strength transforms according to
F—F =dA'+ A7 =
=d(GA-V)GH+GA-V)(A-V)G ! =
=GVA-V)+dA—dV+(A-V)V+(A-V)}))G™'. (20.24)
From the definition of V' we have
dV = -G ldcGtdG = - Vv?. (20.25)
Using this we finally find
F - F =GFG™!, (20.26)

so, even though the field strength is in general not invariant as was the case in
electrodynamics, still it transforms very simply under the gauge variation. The
dual of F also transforms in this way

*F—*F =*(GFG™") =G*FG™" . (20.27)
For a matrix valued form M we define the action of the covariant derivative
as
DM =dM +[A, M} . (20.28)
The bracket [ . } just denotes the graded commutator, i.e. for even M it is a

commutator, while for odd M it is an anti-commutator. Note that the Bianchi
identity is just DF = 0. It is easy to show that

D?M = [F, M} . (20.29)

The covariant derivative is not nilpotent.
If we write the gauge transformation as G = e, then for infinitesimal trans-
formations one gets

SA = D (20.30)
§F = [F\, (20.31)

which may be trivially shown.

The only candidates for a Yang-Mills action in d = 4 are [ tr (F?) and
[ tr (F*F), since we must integrate over a gauge invariant 4-form. The two other
possibilities [ tr (*F*F) and [ tr (*FF) are the same as the ones above. Note
that [ tr F*F works as an action in any number of dimensions. Indeed, this is
just our previously derived gauge action

I tr (F*F) . (20.32)

T2
As we see, in d = 4 we have another candidate, and that is [ tr F?2. Ind =6
we could take [ tr F3, and so on . The expressions y, = tr F™ are called Chern
characters, and will play an important role later.
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EXERCISES

20.1 Show that n-forms form a (i) dimensional vector space at each point of
M. As a corrolary we see that there are as many n-forms as (d — n)-forms.
Also, there are no forms with n > d.

20.2 Prove the graded Leibniz rule for exterior derivatives.

20.3 Show that the Hodge operation is truly a duality, i.e. that **w, is, up to
a possible sign, just w,. Try to determine this sign dependence. Note that
the sign depends on n and d. It also depends on weather the manifold M is
Euclidian of Minkowskian.

20.4 Show that the co-differential § lowers form number by one. Prove that it is
nilpotent. Also, show how it acts on a product of two forms.

20.5 Write the Maxwell equations in terms of forms in 3 dimensional space
treating time separately. Derive the equation of continuty. Give the relation
between E and B fields and potentials. Unlike the familiar vector formulas
these work on spatial manifolds of any dimension and any metric.

20.6 Take the E 1-form from the previous problem and write out the following
Stokes theorems in more familiar vector notation

/ d*E = *E
14 v

/ dE = E.
S oS
Do the same thing for the B 2-form for
/ dB = B
1% v

JaB=] 5.
S as

In the above V is a volume and S is some surface. Look at a O-form w and

integrate it over a line
/ dw = / w .
L oL

What does this give when space is one dimensional?

20.7 Using the results of problem (20.5) write down the Maxwell equations in
components for the case of a two dimensional space z* = (6, ¢) with metric

(1 0
I =\ 0 sin26 ) -

This is S92, a sphere of unit radius. Spacetime is thus R x Ss.
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20.8 Prove equation (20.29). Show how D acts on a product of matrix valued
forms.

20.9 Show that equation (20.32) is indeed our previously derived Yang-Mills
action. Show that

2 2
/ tr F? = / tr d <AdA + = A3> = / tr (AdA + = A3> . (20.33)
M M 3 oM 3

The expression in parenthesis is called the Chern-Simons 3-form, while tr F2
is often called the Pontryagin density. As a result of this homework assign-
ment, adding a term like [¢rF? to our action (20.32) doesn’t change the
dynamics since it is just a surface term. In later lectures we shall see that
this additional term will have a profound influence on our quantum theory
— on its ground state.

20.10 Show that the Chern characters are gauge invariant and closed.

20.11 Prove that the Chern-Simons 3-form is invariant under infinitesimal gauge
transformations.






Lecture 21

Euclidian Yang-Mills and
Topology

21.1 The Pontryagin Index

In this lecture we will spend a little time looking at some formal aspects of pure
Euclidian Yang-Mills theories in various dimensions. We start with d = 4. As we
have seen, the Yang-Mills action is

7, 7 ),
I=—— tr (F*F) = —— do tr (F, F,.) . (21.1
2g2 B ( ) 292 Es ( 2 2 ) )
In Euclidian space we have

“Fu Fu = FuFu, . (21.2)
Note that the Minkowski space version of this formula is *F,,*F* = —F,, F*.

Let us now look at the following inequality
— /dx tr (Fl £*F,)2>0. (21.3)

The minus sign comes in because we are using anti-Hermitian fields. Expanding
the square and using (21.2) we find

872
> ?\QI ; (21.4)
where we have defined the Pontryagin index to be
Q ! tr F> 1/dt(F*F) (21.5)
= —— I = — X tr v) - .
87['2 E4 1671'2 E4 pe s m

We shall soon see that @ € Z. The Pontryagin index, therefore, classifies gauge
fields of finite action. In each sector, i.e. for each value of (), the action is
minimized by self dual and anti-self dual fields

Fup = +"F, . (21.6)

145
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This immediately follows from (21.4). Such fields exist in the Euclidian theory by

virtue of the relation
ko

pr = F;UJ . (217)

Thus **x = 1, and the eigenvalues of * are £1.

We shall return to (21.6) when we look at Yang-Mills instantons. At this point
let us spend some time on the Pontryagin index. As we have seen in a previous
exercise

1 2
Q=-5g3 . tr <AdA+§A3> , (21.8)
3

where S3 = OFy is the sphere at infinity. ) thus depends on the gauge fields on
the boundary S3. Fields of finite action obviously have F' = 0 on S3. Using this
we may write the Pontryagin index as

1
=—— [ trA’. 21.9
Q=53 [, o (21.9)
In fact, the vanishing of the field strength F' implies that A is pure gauge, i.e.
A = GdG™!. Differentiating GG! =1 we find dGG~' + GdG~! = 0, so we get

1
_— tr V3 21.1
. /S PV (2L10)

where we have defined V = G~!dG as in the previous lecture. Obviously we have
Q = Q(G) where G is a map from S3 to the gauge group. We shall use (21.10) to
derive some properties of Q(G). It immediately follows that

QG =-Q(G) , (21.11)

and hence Q(I) = 0. Now we will write G = G1G5". As a consequence we get

_ 1 -1 —1 -1 _
Q=517 |, tr (G1dG G1dG G dG) =

V = (GG (GG = Go(GT1dGH )Gyt + GadGy | (21.12)
which gives the simpler relation
GGy =V — Vs . (21.13)
Using this we find

tr V2 = tr (G5'VGo)? = tr (V1 — W)? =
= tr (V7 = 3VVa + 3 V¢ — V) =
= tr (VP = V&) + 3dtr (1 1a) , (21.14)

where the last step follows from dV = —V?2. Integrating this over S3, and using
the fact that 0S3 = 0 (since Sj is itself a boundary of Ey) we find

Q(G1G3") = Q(G1) — Q(Ga) . (21.15)



21.2. THE CHERN-SIMONS ACTION 147

This relation along with (21.11) gives us

QR(G1G2) = Q(G1) + Q(G2) . (21.16)
A simple consequence of this is that
Q(G") =nQ(G) . (21.17)

We have shown that Q(I) vanishes, but in fact this is true for any G connected to
the identity. To prove this just look at infinitesimal elements G = I + g + o(g?).
This gives V = G~ YdG = (I — g)d(I + g) + o(g*) = dg + 0(g*). The Pontryagin
index @ obviously vanishes in this case since it is o(g3). Therefore Q(G) = 0
implies that G is homotopicaly equivalent to the identity G ~ I, and vice versa.
Now we see that G ~ GH for all H ~ I.

We have seen that gauge transformations G fall into disjoint classes. Each
class consists of homotopicaly equivalent gauge transformations. The classes are
labeled by their Pontryagin index. The normalization of the Pontryagin index in
(21.5) was chosen so that () takes on integer values.

21.2 The Chern-Simons Action

We first met the integral of the Pontryagin density as a possible addition to the
action of a gauge theory in d = 4 dimensions. As we saw, this addition represents
a topological term. It does not effect the classical dynamics. However, it does
effect the ground state of the quantum theory. Similarly, in d = 2n dimensions
one may add the integral of the n*® Chern character y, = tr F™ to the Yang-Mills
action.

One can also construct a related term in odd dimensional theories. While we
were manipulating the Pontryagin density we discovered the Chern-Simons 3-form.
Let’s take this as a possible action in d = 3 dimensions. Thus

lo=1- [ & (AdA+ 54 > : (21.18)

where B is our d = 3 manifold and 9B = 0. In one of the previous exercises we
have seen that this is gauge invariant under infinitesimal transformations. Let us
now look at how it transforms under large gauge transformations

A—GA+dG T =GA-V)GT!. (21.19)

Now we have
tr <AdA+ §A3> = tr <AF— %A:g) —
1
— tr <(A—V)F—§(A—V)3) =

= tr (AF%A?’) + tr <VF+ %A?’ - %(A— V)3) . (21.20)
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Note that
VF=V(dA+ A% =dVA+VA?= —V2A+ VA%, (21.21)

where we have thrown away d(V A) since we will integrate over B, and B has no
boundary. We thus get

s — I — 27kQ . (21.22)

If the gauge group has a trivial homotopy group, then I is gauge invariant. If
however, ) € Z then we no longer have gauge invariance. Still, it is not the action
that is important, but rather the phase expil.s. This will be gauge invariant
but only for specific values of coupling constant — namely if k& € Z. This is a
very interesting example of how gauge invariance and topology conspire to make
the coupling constant an integer. The equations of motion following from I are
F =0, i.e. locally A can be gauged away, so there are no local degrees of freedom.
Globaly, however, the A’s are not trivial.

In the case of electrodynamics we are delaing with the U(1) gauge group. U(1)
has a trivial homotopy group, so in this case I is always gauge invariant. When
added to the standard electrodynamics action in d = 3 the Chern-Simons term
gives us a gauge invariant way of giving the gauge field a mass.

21.3 The Wess-Zumino Functional

There is another interesting thing that we can do. Lets start from a d = 2
dimensional theory on a manifold ¥ such that ¥ = 9B. This is illustrated in
Figure 21.1 Note that we also have ¥ = —9B’ !, so

B

B'

Figure 21.1: The d = 2 dimensional manifold 3 is spanned by the d = 3 dimen-
sional manifolds B and —B’. Thus, (B U B’) = 0.

1 1 1
2mQ = —— trV3i=— [ tr V3 - — tr V3. 21.23
0= 1o /BUB, ! 127 Jp 127 ) 5 (21:23)

!The normals to B and B’ both point outward. The boundary of B is ¥, while the boundary
of B’ is ¥ traversed in the negative direction, i.e. —X.
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This is true for any two manifolds whose boundary is 3. It follows that for k € Z
the phase expikl', where I' is the Wess-Zumino functional defined as

1

=— [ tr V3 21.24
o J, 0V (21.24)

does not depend on B, but only on its boundary ¥. In fact, although kI is an
integral over a 3-form it is an addition to a d = 2 dimensional action (the Wess-
Zumino-Witten model). We shall look into the Wess-Zumino functional in more
detail when we deal with gauge anomalies.

EXERCISES

21.1 Why is it not possible to derive an inequality like (21.4) in the Minkowski
theory?

21.2 Write equations (20.21), (20.22), (20.26), (20.28), (20.29), (20.30), (20.31)
from the previous lecture in terms of the fields A,, F},, as well as in terms
of the components Ay, Fy},. Re-derive the result of exercise 20.9 in terms of

the component fields.






Lecture 22

The Axial Anomaly

22.1 Schwinger Model

Electrodynamics in two dimensions is called the Schwinger model and is exactly
solvable. The Lagranian in Euclidian space is

1 - .
£:£A+£m:4—€2FHVFMV+¢7u(ap+ZAu)¢- (221)
The partition function is
Z = / [dA] e WHAI=] dola (22.2)

where the Fermi fields have been integrated out to yield W[A], i.e.

e—W[A} — /[dwdw] e—fdzlzﬁm(a#-i-iA#)w —
— det(@+i4) . (22.3)

Note that W[A] is just the generating functional of connected graphs for Dirac
Fermions in an external field A,. We next proceed to derive the vector and
axial-vector Ward identities for W[A]. The vector transformations (gauge trans-
formations) are given by

Y) — (@)= y(a)
Pa) — (@) =da)e A (22.4)

The change of W[A] under these transformations depends on the change of the
matter Lagrangian £, as well as change of the Fermionic measure [did] in the
path integral. Naively, the measure seems gauge invariant. In deriving the axial-
vector Ward identity, we will see that it is possible to define the measure precisely
so that it 4s in fact invariant with respect to (22.4). On the other hand, the change
of the Lagrangian for infinitestimal \(x) is

§ Lo =iy, O (22.5)
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Equation (22.3) gives us
WAl _ /[dd}dl/f] o [ Az LAl _
B
= W — / da [dpdip) § Lo (z) e~ ] WEmW) (22.6)
This can be written in terms of W[A] as
/d:z: A(z)d,, (SX[(‘;”)) el =0 . (22.7)

Since A(z) is arbitrary we find

SWA]
Ou 54, (x) =0. (22.8)
This is the vector Ward identity. This derivation holds true in any dimension.
Equation (22.8) just tells us that there is no anomaly associated with the gauge
Symmetry.
The axial-vector Ward identity is calculated in the same way. We now look at
the local axial-vector transformations

P(a) — P(x) = OBy (a)
P() — P(x) =Px)es (22.9)

where the 2-dimensional y-matrix algebra is given in Appendix A. The infinites-
timal change in the Lagrangian is now

§ Loy, = i(0,0) VY59 - (22.10)

Here, however, we will have to be more careful when dealing with the measure. We
will find that imposing the gauge invariance of the measure automatically makes
the measure not invariant under the axial-vector transformations. In regularizing
the Fermionic measure, we will use the operator ) . In Euclidian space the
operator ) = ~,(9, +iA,) is Hermitian, so the eigenvalue equation

Q @n(l‘) =\ @n(x) ) (22.11)
has solutions ¢, (z) which form an ortho-normal basis. Therefore
/ dz o}, (2)pm(r) = Spm - (22.12)

Due to Hermiticity, the eigenvalues A\, are real. An important property of this
operator is that its eigenvalues are gauge invariant, i.e. equation (22.11) implies

D /9041(33) = ’Yu(au + iAu + iau)‘)eii)\(w)@n(x) =
— PP (@) = An () - (22.13)



22.1. SCHWINGER MODEL 153

Expanding the spinors v, ¢ in this basis we find
P(@) = Y anpn(@) (22.14)
b(z) = Y oh(@)ba (22.15)

where a and b are independent Grassmann numbers. We define the Fermionic
measure to be

[dvpdep) = [da][db] = Hdaanb (22.16)
Under (22.9) the a’s change in the following way

a, = Cugay, , (22.17)
K

where the matrix C' is defined to be
Cok =i+ [ dol(z)alaisn(a) (22.18)
Thus, since the a’s are Grassmann we get
[da) = [det C]~*[da] . (22.19)
Similarly for the b’s we find
[db] = [det C] ™ [db] . (22.20)

Therefore, for infinitesimal axial-vector transformations, the measure changes ac-
cording to

[dpdip) = e~ 2] @A) [qydqp) | (22.21)

where we have defined
Z o} (2)750n(2) - (22.22)

The non-invariance of the measure, i.e. A(z) # 0, will be the cause of the anomaly.

To calculate A(z) we need to regularize the above infinite sum. We need to
do this in such a way as to preserve gauge invariance. Following Fujikawa, we
regularize the sum by smoothly cutting-of the modes n corresponding to large
eigenvalues of I) according to

= lim ngn z)7vs exp (—An2/M?) pn(z) =

M —o0

= lim thn )75 exp ( lpz/Mz) on(x) . (22.23)

M—o0
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Note that this is a trace, so we can choose to evaluate it in a different basis. Plane
waves represent the simplest choice, thus

A(z) = lim tr /(Qdf)z e~ FTrs exp (-p2/M?) ek (22.24)

Now tr denotes a trace over spinor indices. An easy calculation gives us
e—zk~x LD 2 ezk-x _

1 . . .
= 5 W = (0 A,) — (iky, +iA,)? . (22.25)

Using this, the anomaly can be written as

. i dk  _kuk
A(x) :]\/}E,noo tr (’)/56 2M2"/u”/uF/w) e? (OuAu) /We IVeR ) (22.26)

We next perform the Gaussian integration in the above formula. The 9,4, term
vanishes in the M — oo limit. The only piece which can survive is

. M? :
Alw) = lim —— tr (35 (~i/2M° 3 F)) =
i 1
=% tr (V5w ) Fw = _EEWFW : (22.27)

The change in the measure is therefore given by
[dpd) = /2™ dz @ Fuw [y dy)] (22.28)

Although this final result is specific to d = 2 dimensions, the calculations of anoma-
lous Ward identities in d dimensions are just as simple. We simply substitute the
corresponding d-dimensional Gaussian integral into equation (22.26).

To derive the Ward identity, as before, we inspect the change in W[A]

WAl _ /[d¢d¢] o e LAl _

= /[dz/,dz;]’e—fdxﬁmw’,A] — e WiAl _

- / dx [depd)] (5£m(x) - %a(m)ewaj(:p)) e~ S Wemy) (22.29)

The change in the matter Lagrangian §L,, is given in (22.10). A crucial property
of d = 2 dimensional ~-matrix algebra is the relation

Z"Y;f}% = €wY (22.30)

which enables us to transform the above expression into

0= /dm a(z) (@Lew % —~ % EWFW> WA (22.31)
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The axial-vector Ward identity thus reads

SWA] 1
E;U«Vaﬂ m = % quFuu($) . (2232)
The two Ward identities that we have just derived allow us to explicitly cal-
culate W[A] and thus solve the Schwinger model. The axial-vector Ward identity
tells us that W[A] is quadratic in A,. Let us take the simplest choice, the local
expression

WIA] = a/d:n Au(x)Au(x) . (22.33)
By using equation (22.8) we see that this choice is good if we are in the Lorentz

gauge 0+ A = 0. For (22.32) to hold we need to fix the parameter a to be 2 . We
have thus validated our guess and have found that in the Lorentz gauge we have

e WIAl _ =57 [dz Au(2)Au(z) (22.34)
Going back to the total partition function Z, we may now write it in terms of

an effective theory of self-interacting photons, whose dynamics follows from the
effective Lagrangian

Lo = 4 o3 FuFuw + 5 A A, (22.35)
which can easily be put into a more suggestwe form
1 , e
Eeff == _2—62 AN (9 - ? AN . (2236)
The Schwinger model is revealed to be just a theory of two free scalar fields. The
2
mass of these is m? = < and is purely dynamically generated, being simply a

consequence of the anomaly in the axial-vector symmetry. This model is also
instructive in that it shows the equivalence of two simple though different looking
Lagrangians, one of which has fermions in it and the other only bosons.

Let us recapitulate what we have found. We have shown that in d = 2 dimen-
sions we have

det(@+ id) = e~ WIAL | (22.37)
where W[A] = & [ dx A,(x)A,(z) for A, in the Lorentz gauge. The unique way
to write a gauge 1nvar1ant result is

1 9u0y
WI[A] = o /dq: Au(z) <5W - gz ) Ay (z) =
1 1
=1 dx F— 7 E, . (22.38)

Note that the above gauge invariant expression for W[A] is non-local in A. This
is not surprising. What is surprising is that in d = 2 there exists a gauge in which
the effective action is local.
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22.2 Current Correlators in d = 2

Having familiarized ourselves with the Schwinger model, we now prove a general
theorem for d = 2 dimensional models that couple Fermions to an Abelian gauge
field. The general Poincaré invariant! form for a current correlation function reads

0,0,
(Ju(@) I (y)) = O Iz —y) — 52 Iy (z —y)+
a Vaaa 8l/ 04604
+ < “682 - 652 ) Ms(z —y) . (22.39)

Different models give different funcitions Iy, Ils, II3. A theory is trivial if it has
I, = II, = II3 = 0. As we have seen, the unique property of spinors in d = 2
dimensions is that the axial-vector current is dual to the vector current

J5u = 1;757#1/) = ieu,ﬂ/}y,ﬂb =ty . (22.40)
This determines the mixed current correlation function to be

. . 050,
(Jsu(2) o (y)) = i€ Iy — 16#1,7 M+

, 0,0
+ i (5,W -2 g;) I . (22.41)
Gauge invariance imposes II; = Iy, as well as II3 = 0, while axial-vector conser-
vation implies

0 (J5 () () =0, (22.42)

which holds if II; = II3 = 0. As we see, it is impossible for a non-trivial theory
to have both vector and axial-vector currents conserved?. As we have seen, in the
path integral formalism this manifested itself in the fact that it was impossible to
regularize the Fermionic measure in a gauge invariant and axial-vector invariant
way at the same time.

22.3 Axial Anomaly via Point-Splitting

In this section we will re-derive the axial-vector anomaly, this time working in the
operator formalism. We start with Dirac Fermions coupled to a U(1) gauge field.
Dynamics follows from the Lagrangian

L=10i@—m— Anp . (22.43)

The axial-vector current J£'(z) = ith(x)y57*4) () is classically conserved for m = 0.
Upon quantization this symmetry is lost. The expression for J'(z) contains both

! Actually Galilei invariant, since we are working in the Euclidian theory.
2This conclusion can be bypassed with the introducton of further degrees of freedom in such
a way that the vector and axial-vector currents are not dual to each other.
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the operators 1 and 1 located at the same point in space time. This is ill defined,
as the fields are operator distributions. We regularize currents by point splitting
in a way that preserves gauge invariance. For example, the axial-vector current
for € > 0 becomes

. rxte/2

JE(zle) = ip(x +¢/2)e Jeer2 A(Z)'dzfyyy“w(x —€/2) . (22.44)

Using the Heisenberg equations (i@ — 4)y = 0 we find that the regularized axial-
vector current satisfies

8ng(x’€) = is”FqugL(xle) , (22.45)

where F),, is the usual U(1) field strength. The dominant singularity in bringing
two fields at the same point is a c-number term. Therefore, we have

A(z)B(y) = (0|A(z)B(x)|0) + ... (22.46)

where dots indicate less singular terms in (z —y). Applying this operator product
expansion to the expression for JE' (z|e) leads to

JE (zle) = tr (ys7*S(xz —e/2,2+¢/2)) + ... (22.47)

where Sa5(z,y) = 1 (0| (¢a(2)1hs(y)) |0) is the massless Fermion propagator in
the presence of an external field. Therefore, it satisfies

(i@ — A)S(x,y) = 6(x —y) . (22.48)

Introducing the obvious notation S(z,y) = (z|S|y) and i@ = ];5 we can write the
above equation as

~ ~

p—A)S=1. (22.49)
Solving for S we find
$=((1-4%) 5‘0—1)_1 , (22.50)

where Sy represent the free propagator. Expanding in A and inserting resolutions
of the identity [ |z)dz(z| =1 we get

S(z,y) = So(z —y) + /dz So(x — 2) (—4A(2)) So(z —y) + ... (22.51)

This is simply the perturbative expansion of the propagator in an external field.
Putting this into our expression for the regularized axial-vector current we find

5 (xle) = tr (157" So(—¢)) —
- /dz As(2)tr (v57"So(x — /2 — 2)v7So(z —x —€/2)) + .. .(22.52)
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The free propagator can be explicitly calculated in closed form. We find

dp  _ipe D it
So(x) = K =_— 22.53
(=) / (2m)2 c p?+ie 27 x-w ( )

Only the first piece of (22.51) is of order % and can give a finite contribution to the
right hand side of equation (22.45). Using the d = 2 dimensional trace identity

tr (y5yHyY) = 2¢M (22.54)
our final result becomes
1
8“J§f(:1:) =5 e Fu(x) . (22.55)

The axial-vector current is not conserved. If we went back to normal units in which
h # 1 we would see that the right hand side of the above equation is proportional
to h. The anomaly is a byproduct of the quantization. This is precisely what we
derived earlier in the functional formalism. The only difference is that the above
calculation was done in the Minkowski formalism.

EXERCISES

22.1 Show that the path integral measure defined in the lecture is indeed invariant
under vector transformations.

22.2 Modify the Fujikawa procedure in such a way that the path integral measure
is invariant under axial-vector transformations. How does the measure now
behave under vector transformations?

22.3 Define a point splitting regularization that preserves axial-vector symmetry.
Calculate 9, J".

22.4 Derive the anomalous axial-vector Ward identity in d = 4 dimensions in
both the functonal and operator formalisms.



Lecture 23

Gauge Anomalies

23.1 Cochains, Cocycles and the Coboundary Opera-
tor

We look at a theory consisting of gauge fields A and matter fields ®, and desribed
by an action I[A, ®|. Integrating out matter we get

ok WA = / (dd] et 1149 (23.1)

If the gauge symmetry is anomalous then the action is invariant while the measure
is not, i.e. we have

I[AC %] = I[A,d] (23.2)
[d®]¢ = [d®] e elAiC] (23.3)

We now find that
W[AY] — W[A] = 2rhalA;G] . (23.4)

For obvious reasons « is called the anomaly. From the above we see that the
anomaly must satisfy the following consistency condition

af[A% ;G - a[A; GG+ alA; G =0, (23.5)

for all G, G’ belonging to the gauge group. In general « is non-local in A. As we
can see in (23.4), the anomaly is a one loop effect.

Any function of a gauge field A and p gauge group elements G, Go,...,G, is
called a p-cochain and will be denoted as w, = w,[A;G1,Go,...,G,]. We next
introduce an operator A that acts as a gauge variation on 0-cochains

Awg[A] = wo [A%] —wo[4] . (23.6)

The action on a general p-cochain is determined by imposing the following nilpo-
tence property AsAjw, = 0, valid for all p-cochains. A is called the coboundary

159



160 LECTURE 23. GAUGE ANOMALIES

operator. Let us see how A acts on 1-cochains. We start by mimicking the action
on O-cochains as much as possible, and write Aow [A;G1] = w1 [AG2 ;Gi] + ...
The missing terms follow from nilpotence. We find

Awi[A;G] =w[A% ;G —wi[A;GG1] +wi[A;G] . (23.7)
Similarly, for p-cochains, we find

Aw, =wy[AY;G1, Gy, ..., Gyl —w,[A; GGy, G, . .., Gyl +
—i—wp[A;G,GlGQ,...,Gp] — ...t (—)pwp[A;G,Gl,GQ,...,Gp_le] -
—(—)pwp[A;G,Gl,GQ,...,Gp_l] . (23.8)

As we see, A increases cochain number by one. We end this mathematical asside
by introducing some standard nomenclature. If a cochain w, satisfies Aw, =0
(modulo Z) then it is called a cocycle. A p-cochain is a coboundary if w, = Awp_1.
From the nilpotence property of A it follows that coboundaries are automatically
cocycles. Cocycles that are not coboundaries form the cohomology group of A.

Armed with the above mathematical preliminaries we may now recast equation
(23.4) as

AW =2rha (23.9)
while the consistency condition (23.5) immediately follows from nilpotency of A,
and simply states that the anomaly is a 1-cocycle, i.e. Aa = 0. From our

experience with nilpotent operators we should expect that the cohomology group
plays a central role. Indeed, if we have

o =a+Aw, (23.10)

where w is a 0-cochain local in A, then obviously one is just dealing with a trivial
redefinition of the measure according to

[d®] = [d®] e*™ A (23.11)

To check this all we need do is gauge transform both sides. In this sense o and o/
are equivallent. As a corollary we find that a = Aw is equivallent to no anomaly,
i.e. a = 0. If an anomaly is realy present in a theory then it belongs to the
cohomology group of A. Said another way, the cohomology group of A contains
all the possible anomaly terms for gauge theories based on a given gauge group.

In order to construct a theory that is classically equivalent to the original one
but gauge invariant at the quantum level we define our functional integral with a
new measure. Instead of [d®] we define the measure

[D®] = [d®] [dH] e?™ elAsH] (23.12)

where we have introduced an extra field H that takes values in the gauge group.
As we shall soon see, there exists a measure for H such that [dH]|“ = [dH]. Now,
in order for the full measure [D®] to be gauge invariant we must have

oA HE — a[A;H]+ a[A;G] =0 . (23.13)
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With the substitution G = G~'H the cocycle condition for the anomaly may be
written as

a[AY;G7IH] — a|A; H] + a[A;G] =0, (23.14)
and so the invariance of the new measure is satisfied if we have
HY =G 'H . (23.15)

Note now that for [dH| we just take the Haar measure [[, dH;; []
which is indeed invariant under the above gauge transformation.

i<j dHijdei

The new measure allows us to define the anomaly free model in the following
way

CEWIA] _ /[D(I)] e 11A®] _

= / [d®] [dH] e [IA®H] (23.16)

where

T[A,®, H] = I[A, &) + 2nhalA; H] , (23.17)

is the new action. Here we explicitly see that the two models are classicaly equiv-
allent, 7.e. have the same A — 0 limit.
If we integrate out ® we get

e WAl = e WA /[dH] e2riolA:H] (23.18)
Using the defining relation for the anomaly this becomes
ern WA = /[dH] en WAL (23.19)

which is manifestly gauge invariant.
In the new model the action is no longer gauge invariant, in fact

~il

¢ _T=—-2rhalA;q] . (23.20)

The non-invariance of I is such that it precisely cancells the anomaly in the mea-
sure and so leads to an anomaly free theory. Note that, became of «, I [A, ®, H] is
non-local, and hence represents an effective action. This can also be seen from the
fact that I has explicit i dependence. From its definition we see that a[A ;1] = 0.
Gauge fixing the new theory by setting H = 1 we return to our starting theory.
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23.2 Chern Forms and the Descent Equations

Let us work with gauge field A written as anti-Hermitian matrix valued 1-forms.
The gauge variation of A is given by

A =GA+d)GT . (23.21)

The associated field strength F' = dA + A? transforms homogenously under the
above variation, ¢.e. we have

FY=GFG™!. (23.22)

The field strength also satisfies the Bianchi identity DF = dF + [A, F| = 0, where
D is the covariant derivative. We have previously define the Chern forms to be
xn = Tr F™. They are obviously gauge invariant objects. We may write this as

AT F* =0. (23.23)
The Chern forms are also closed. Using Tr (AF™) = Tr (F™A) we get
dTr F" =DTr F" =nTr (DFF" Y =0, (23.24)

where the last step follows from the Bianchi identity. From the above we see that

localy we may write
Tr F" = dwy, ; - (23.25)

The superscript and subscript respectively denote cochain and form number. By
using the fact that d and A commute we directly get from the above equation that
dAwY, ; = 0. Again, localy, this implies that

AWy, | = —dwh, 5 . (23.26)
Similarly, by nilpotence of A, we get

Awh, 5 = —duwd, 5 (23.27)
Aw%n—:ﬁ = 7dw32n—4 ) (2328)

etc. These are the descent equations. As we shall see, each of the w forms plays
an important role in quantum field theory.

If we have a closed form Y, i.e. one that satisfies dy = 0, then localy x = dw.
If w exists on the whole manifold then y is called exact. We would like to solve
the above equation for w. To do this we might first look to find an operator d—!
that satisfies d~'d = 1. It is impossible to do this, since by acting on any closed
form this would give an inconsistency. We can, however, find an operator k, called
the homotopy operator, that satisfies kd + dk = 1. Acting with this on y gives

x = (kd + dk)x = dkx , (23.29)
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where the last equality follows since x is closed. We immediately see that we have
w=kyx. (23.30)

Now we shall present an explicit construction of the homotopy operator. We begin
by writting the definition of the field strength F' and its Bianchi identity as

dA = F— A* (23.31)
dFF = FA—AF. (23.32)

We now see that on the space of polynomials P(F, A) the exterior derivative acts
algebraicaly. As an added restriction we shall only consider polynomials that
vanish at A = F = 0. Let us look at the following one parameter family of gauge
potentials and field strengths

Ay = tA (23.33)
F, = tF+(t*—t)A%. (23.34)

We next introduce the operator ¢; such that

GA = 0 (23.35)
OF, = dtA. (23.36)

It is easy to see that ¢, satisfies the Leibnitz rule. Finally, we define the homotopy
operator k according to

kP(F,A) = / 1 0,P(Fy, Ay) . (23.37)
0

As may be easily checked the homotopy operator satisfies the following two prop-
erties

kd +dk = 1 (23.38)
K = 0. (23.39)

From the above definition we easily find, for example, that

kA = 0 (23.40)
EF = A (23.41)
1
k(AF) = —5,42 (23.42)
1
k(FA) = §A2, (23.43)

and so on. Even from these simple examples we see that k& does not satisfy the
Leibnitz rule, and hence is not a derivative.
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Now we shall use the homotopy operator to calculate the w’s from the descent
equations. We find

Wy, 1 =kTr F" =

1 1 1
= Tr / GF =n'Tr / GEF ! =nTr / dtAF™ . (23.44)
0 0 0

Of particular interest is the result for n = 2, where
0 2 L3 2 3
wy =kTr F :Tr(AF—gA):Tr(AdA—i—gA). (23.45)

Note that Tr F? and w9 are the Pontryagin and Chern-Simons densities respec-
tively.

Let us next analyze the gauge transformation properties of the forms w9 1,
remembering that dw$, ;| is gauge invariant. Using the fact that w%, ; is a trace
we have

w02n—1 (FG? AG) =
=uwY, (GFG LG+ AG ) =Wy, ((FLA-V), (23.46)

where V = G~'dG. We can now easily show that the form
§on—1 = w%n—l (Fv A— V) - w%n—l (Fa A) - w%n—l (07 _V) ) (2347)

is closed, and is given by a polynomial in A and F' that vanishes at A = F = 0.
We thus have &9, 1 = d@2,_2 where B2, 1 = k&2,_1. Therefore, we have found

w02n—1 (FG? AG) = w%n—l (F7 A) =+ w%n—l (07 _V) + dﬁQn—Q ) (2348)
as well as
Bon—2 =k (w%nfl (F7 A— V) - w%nfl (F? A) - w%nfl (07 _V)) : (2349)

For n = 2 this gives

1
Aud = 3 Tr V3 4 dpy (23.50)
By = TrVA. (23.51)

23.3 Atiyah-Singer Index Theorem

Let us look at the eigenvalue problem for the Dirac operator i [) = iv,D,, on an
Euclidian d = 2n dimensional manifold M. We have

iDoi= Ny (23.52)
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In the Euclidian theory i ) is Hermitian, therefore, the A’s are real, while the
eigenstates may be chosen orthonormal [ dz ¢f¢; = &;;. Acting with the chirality
projectors Py = HE% we get

i =Apg, (23.53)

so that we may distinguish two cases. For A # 0 the eigenstates can’t be chiral
fields. Further, if ¢ is an eigenstate with eigenvalue A, then 75 is an eigenstate
with eigenvalue —\. For these eigenstates we thus have [ dz ¢ivs5¢; = 0. On the
other hand, the zero modes (eigenstates withj A = 0) can have definite chirality.
The index of the Dirac operator is defined to be

ind()) = Ny — N_ , (23.54)

where N1 denotes the number of zero modes of positive and negative chirality
respectively. For zero modes [ d€ pfy5¢; is equal to the chirality of ¢;. We may

write the index as »
/dg Tr <75 exp(%Y) : (23.55)

The above formula is easily calculated if we work in the ¢; basis. It is valid for
any value of the regulator M. Let us now calculate the above expression in the
plane wave basis. To do this we need v, Fu = v,V [Dy, Dy] = 2102 — 2D?. We
now easily find e *4Jp 2ek¢ = 1v,4, F,, + (0 A) + (ik + A)?. Using this we may
write the index as

dk 0-A ik + A)?
ll’ld(_w) :/dngr <’)/5 exp <ﬁ7M7VFMV+ (M2 ) —|-( ]_\22 ) >>

M2\" 0-A
~ [ (E) Ty (75 exp (Q—AZQWVFWNM—Q)) . (23.56)

the remaining trace is over spinor and gauge indices, and is easily calculated for
M — oo. To do this we use the fact that in d = 2n spinors have 2" components,
as well as the y-matrix identity Tr (V57 Yus = Yuon) = (—28)" €1 po.. piny, - We also
use the fact that all the traces of 75 with less then 2n +,’s are zero. The final
result for the index is most compactly written in term of forms. We have thus
derived the Atiyah-Singer index theorem

ind(D) = /M % (%)n Tr F7 = /M (). (23.57)

In the last step we have introduced the Chern character x (F') as the formal expres-
sion x(F) = Tr (exp 5= F). This index theorem is valid if the manifold is flat. Its
generalization to manifolds with curvature is known as the Atiyah-Patodi-Singer
index theorem. For us it is just important to mention that in the case of the
sphere in arbitrary dimensions we again get back the flat space result.
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Let us now look at the index theorem when our manifold is the d = 4 dime-
nional sphere S;. We may write Sy = S U S, with S = —9S; = S3. It
is not possible to define A on all of S, however, we can do this on each of the
two patches. On S;” we have A, and on S; the gauge field is A_. Since they
correspond to the same physical field we have

Ay =GA_ + 4G, (23.58)

for some G in the gauge group. We may now write the index theorem as

:__/ (W (Ar) —wh(AD)) . (23.59)

Using (23.50) this becomes

ind(p) = — ﬁ /S TVi=Q. (23.60)

The expression on the right hand side is the Pontryagin index — the winding
number for the map from Ss to the gauge group. From the above we see that it
can take only values in Z. More importantly, we see that ind(Ip ) # 0 if and only
if the gauge group has a non trivial third homotopy group IIs.

Let us look at the forms that are related through the descent equations. We
shall focus on the n = 2 descent chain.

Tr F?2 = duf (23.61)
Al = —dw) (23.62)
Awh = —du? (23.63)
A = —dwd . (23.64)

We have met most of these objects in previous lectures. The descent chain above
starts with the Pontryagin density. The integral of this is a possible addition to the
action of a d = 4 dimensional gauge theory. Because of the first descent equation
we see that this is a topological term, i.e. it does not influence the equations of
motion. The next form is the Chern-Simons density. Out of it we can construct
the action

k 0

I = — w
e 47TM 3

, (23.65)
where OM = 0, and k is a coupling constant. From (23.50) we have

IY = Iy — 27kQ . (23.66)
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For gauge groups such with IIs # 0 we have @) € Z, and hence I is not gauge
invariant. However, the phase e/es is gauge invariant if we choose k € Z. This
quantization of the coupling constant is a purely topological effect. If II3 = 0 then
@ = 0 and we have no restrictions on the coupling constant k. The Chern-Simons
action is an alternate action for d = 3 dimensional gauge theory. Its equation of
motion is F = 0. Localy A can be gauged away. However, the solutions are in
general not trivial as they are sensitive to global (topological) effects.

As before we will now write the Pontryagin index in yet another way. To do
this we take S5 = Sg’ U S3, with 65’; = —05; = S>2. To make contact with the
next section we introduce the notation Sy = ¥, S; = B, —S; = B’. Note that
both B and B’ represent d = 3 dimensional extensions of the d = 2 dimensional
manifold ¥. We now have

1 1
mQ = — | TrV3— — Tr V3. 23.
TQ 127T/B rV 127"/3/ rV (23.67)

It follows that the phase e?*T, where I' = ﬁ fB Tr V3 does not depend on B but
only on the ¥. As before, k € Z if IIs # 0, and k may take arbitrary values if
II3 = 0. In the next section this will enable us to treat kI' as an addition to the
action of a theory in d = 2 dimensions — the Wess-Zumino-Witten model.

Let us now look at the second descent equation given above. Using (23.50)
and integrating over B we find

k
AE Bw% =2ra, (23.68)

where 2 v = kI + £ [, Tr (VA). We immediately see that Aa = 0. Note that
« is not trivial since it is given as a coboundary of an expression that is non-local
on Y. Localy we may write o fz wh, and so «a represents the anomaly of a
d = 2 dimensional gauge theory. An equivalent solution of the cocycle equation
differs from the one above by the action of A on a local functional of A. It
is customary to choose this local functional to be ﬁ Js Tr (A*A). We have
A [¢ Tr (A*A) = [ Tr (V*V —2A*V), and so the anomaly may be written as

2malA:G] = IWZW[G]+£ /E Tr <(v_%*V)A> (23.69)
L [C] T (V*V) + AT . (23.70)

ey s

We are free to choose A2, so we set )\:4%. Given a gauge group we see that
the anomaly is uniquely determined up to k. In a similar way we may get the
anomaly in d = 4 from the n = 3 descent chain. In general, the anomaly in d = 2n
dimensions follows from the n + 1 descent chain.
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23.4 The Wess-Zumino-Witten Model
The Wess-Zumino-Witten model, over a given group, has the action
Lyow = Io + kI . (23.71)

The first term is just a o-model action

1
S 2a2

1

T _
0 N2

dz Tr (0,G710°G) = / dz Tr (V, V), (23.72)
X

where the fields G take their values in the group, and live on a closed d = 2 dimen-

sional manifold . The interaction term is given by the Wess-Zumino functional
! Tr V3 (23.73)

= — T . .
127 B

Our original manifold X represents the boundary of the d = 3 dimensional manifold

B. G’s are now extended to the whole of B.

Let us first look at the symmetries of the above expression. The o-model
action is invariant under inversion G — G~ naive parity 20 — 2°, z! — —z!
as well under global chiral transformations given by G — XGY L. It is easy to
see that I' changes sign under inversion, as well as under naive parity, while chiral
transformations leave it unchanged. The WZW action is therefore invariant under

chiral transformations, as well as under parity given by the joint transformations

G — Gt (23.74)
¥ = 2 (23.75)
et — —zt. (23.76)
In lightcone coordinates & = % (2% + x') we have ¥ — 2. Let us now define

the right chiral current as J, = G~'9,G. Under parity we need to have J, — J_,
and this determines the expression for the left chiral current to be J_ = GO_G~!.

Now let us look at the equations of motion of the WZW model. It is easy to
show that

1
o = 55 / de Tr (5GG9,V°) . (23.77)
by

An equaly simple exercise gives us the variation of I'. Using dV = —V? and
Stokes’ theorem we find

1
o = — / Tr (6GGLdV) . (23.78)
47T »

Here we see explicitly that I' only contributes to the dynamics on the boundary
of B. In lightcone coordinates we have

2
DLV + OV, + %(mv, oV =0. (23.79)
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From now on we choose \? = 4% (the infra red fixed point of the WZW model).
The equation of motion is now simply 04+ V_ = 0. In terms of the current we have

oy J. = 0 (23.80)
0.J, = 0. (23.81)

These two equations are not independent. One follows from the other either by
parity, or by using the identity GO_J, G~ = 0, J_. The equation of motion for
the WZW model turns out to be extremely simple, much simpler than the o-model
equation 9,V = 0. The general solution of the WZW equation of motion is

GrT,z7)=G_(27)G(z7) . (23.82)

The fact that a model is integrable is usualy taken to imply that there exists
a field redefinition that maps it to a free field theory. Witten has shown for that
this is indeed true for the SU(N) and SO(N) groups, and that the WZW model
represents a free Fermion theory written in terms of Bose fields. That such a
bosonization is even in principle possible is a consequence of the fact that in d = 2
dimensions spin is not quantized — we can continuosly deform a Fermion into
a Boson. Goddard, Nahm and Olive have given a classification of all groups for
which the WZW model is equivalent to a free Fermi theory.

Let us now decompose the field according to

G=LR". (23.83)

The chiral symmetry of our theory G — XGY ~! is now represented by L — XL as
well as R — Y R. The above decomposition has enabled us to separate the actions
of the right and left chiral symmetries. Under parity we have LR™' — RL™!.
The simplest way to get this is to have L — R, and R — L. In this way L
determines R and hence the whole field G. Our decomposition has as a byproduct
the local symmetry L — LU, R — RU!. If we introduce A, = L7109, L, and
A_ = R7'9_R, then under parity we have Ay — A, hence A is a vector. Under
the above local symmetry we have

Ay - U(Ax + 00U, (23.84)

so that A represents the gauge potential for this symmetry. Note that A is not
pure gauge since in general L # R.

We next look at the WZW action under the above decomposition. A direct
calculation gives us the Polyakov-Wiegmann identity

k
Tyuw[LR™Y = Lypw[L] + Iyow|[R™] + 7 / dr Tr (AL A) . (23.85)
%

™

It is important to note that the term that mixes L and R is just a d = 2 integral.
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Now let us consider GG, L, and R as independent fields. We look at the expres-
sion

I[G, A] = Lyw[LGR™') = I[LR7"] . (23.86)
Using the Polyakov-Wiegmann identity we find

I[G, A] = IWZW[G] + % / Tr (J+A7 + J7A+ — AJrAf + AJFGA,G_l) . (2387)
b

We have I[G,0] = ILy,w[G|. Further, I|G, A] is invariant under the gauge trans-
formation G — UGU ™!, L — LU~! and R — RU™!, or equivalently, in terms of
G and A, under

G — UGU™! (23.88)
Ay — U(AL 40Ut (23.89)

Therefore, the action 1[G, A] represents the gauged WZW model.



Lecture 24

Vacuum Polarization

24.1 Schwinger’s Solution

Let us look at the dynamics of a Dirac Fermion in d = 4 dimensions moving in a
external electro-magnetic field. The action is

[— /dxq;(ia—eA—m)w. (24.1)
We want to evaluate W[A] = [ dzw(x) defined by

o Jldydylet  det(i — ed —m) (24.2)
e = —— = . .
[dapdap] etlo det (i@ — m)
Note that Ij is just the free Fermion action. The charge conjugation matrix C
satisfies C"YMC’_1 = —'yE, so that we have

det (i) — m) = det (C(i — m)C~1) =

= det (— (i@ +m)T) = det (i + m) . (24.3)
Using this we find | (9= ed)? —m?
2V = det ( )2 —m? > . (24.4)

A very simple calculation gives us

(i) — e4)? = 3 (10" — eAl)(i0” — eA”) =
= 7,7 (01D — iedPAY — ieAVOF — ieAPD + 2 AFAY) =

— (i) — eA,)? — % €0 P . (24.5)

We have used the fact that
{wh = 29 (24.6)
% o] = o (24.7)

171
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Therefore, we have

(24.8)

. (Py — eAu)Q — Sow " — m’
2iW = Tr ln< 572 ,

where we have introduced the familiar operator notation P, = i9,. Note that
[Py, ] = igu,. We will evaluate the trace in the coordinate representation. We

find » 4y )
1 W — € JWF B —m
w(z) = % tr (z|In < JEop— > |z) . (24.9)

The remaining trace ‘ tr ’ is over spinor indices. To simplify this, we write the log
in terms of the proper time integral® formula

a+ i€ _ T ds is(b+ie) is(a+ie)
n<b+ie> _/0 - <e e ) . (24.10)

The € — 0+ limit is understood. From now on we will drop the €’s. They always
come in correctly via the usual m — m — ie prescription. We now have

1 too ds i am2
wiz)=; / 98 g=ism? (M, (2) — Mo(2)) (24.11)
0 S

Where
M, (z) = tr (z|exp (is ((P# —eAy,)? — gaWFW>> |z) | (24.12)
and My(x) is the same matrix element with e = 0. This is easy to evaluate for
constant electro-magnetic fields. F},, then commutes with (P, —eA,) and we have
M.(z) = tr (ais%w”‘”) (z]efs(PueAn)? |y (24.13)

For a constant electric field along the x-axis we have
FUl = _plY—_F, (24.14)

while all other components of the field strength vanish. In terms of the gauge field
we take

A1 = Exo
Ay = Ay =A3=0. (24.15)
For the above trace we find
tr (e7 27w ™) = tr (e79¢70EF) = 4 cosh(seE) (24.16)

!The formula for the log follows by 1ntegrat10n from the simpler proper time integral repre-

sentation of the propagator, namely fo ds ets(atie) — Pl



24.1. SCHWINGER’S SOLUTION 173

where we have used the trace identities
tr (oot =0 (24.17)
tr (001) =4(=)". (24.18)

Now we are ready to evaluate the remaining matrix element (z|e*®r=e4n)*|2) To
do this let us note that for the field given in (24.15) we have

(Pu—eAp)? = P — (P — eBao)* — P§ — P} =
_ i (P02 — 2E%2 — P2 - P e i (24.19)

The last step follows from the translation identity e*"ozge= " = o — ¢. Our
matrix element is thus equal to

is(P2—e?F2a2—P2— P2) _;PoPy

(zle’ e ¢l °5 fo) =
dp dp
= [ G e (e S ) e )
{plet (R R ) (24.20)
The intermediate matrix elements are easily calculated. We have
(@l CE p) = e~iolwotik)HinE (24.21)
. Py P Dl +i —ip’ T
<p'\e_z%|m> = e <IO €E> . (24.22)
<p| 18(P2762E22?8 P2— P2 ’p> — (27_‘,)35(]3» ﬁ) 7is(p§+p§) .
(poe? T8 =228ty (24.23)
Three of the integrals in (24.20) are now easily done
dpzdpa _ 1
WL i) 2~ cps ’ 24.2
o € <& = eEd(po—pp) - (24.25)

Finally we find

< ’€Zs (Py—eAy)? |£C> _

eF dpg (P2 22 2

= 3%is | om (po|e™Fo= " m0) |pg) =

- 865 Tr (eis(Pt?*e?E%%)) . (24.26)
TS

The remaining trace is almost that of a harmonic oscillator. If we define
1
Ph = —P 24.27
0 7 (24.27)
rg = —V2Q (24.28)

wo = 2iek (24.29)
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then @ and P satisfy the correct commutation relation, i.e. [@Q), P] = ¢, while the
trace in (24.26) becomes

_ ieis(n—i-%)wo _ el
- 1 — eliswo
n=0
1 1
= = . 24.30
2sin( §wo)  2sinh(sek) ( )
Therefore, we have found that
is(Py—eAy)? _ ek 1 24.31
(le ) 1672is sinh(seE) (24.31)
Finally,
E
M, (x) = Ry coth(seF) . (24.32)

Note that M. does not depend on z. This is to be expected — the particles
are in a homogenous external field. We have now collected all the pieces of our
calculation. Our final result

1 oo ds —ism? 1
w(z) = W/o o <€E coth(seE) — g) . (24.33)

We can take our exact calculation one step further. To do this let us calculate the
imaginary part of w(x). This is equal to

1 +oo 1
Imw(z) = — 2 g sin(sm?) (eE coth(seE) — g> —
0
I 1
=-3= . g sin(sm?) <eE coth(seFE) — ;) . (24.34)

The last step follows from taking s — —s. We now have

1 T ds 9 1
Imw(z) = — 162 2 sin(sm~) | eE coth(seE) — — | =

oo s

1 +00 g ‘ .
= 6.2 Im / S—j o ism? (@E coth(seE) — g) -

o0
1I dz

—izm? 1
W m g ; e <€E COth(ZCE) — ;) . (2435)

The complex integral above is taken over the contour C' shown in Figure 24.1.
The poles of the integrand are located on the negative imaginary axis. It is easy
to see that all the residues are equal to 1. Therefore,

Imw(x) = £o Z — e B . (24.36)
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v
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C

Figure 24.1: Contour and poles for calculating Im w(z).

We will discuss the character of this solution in the following lecture. At this
moment let us just note that the fact that Im W # 0 indicates that we are dealing
with an unstable theory. Schwinger’s solution looks like a sum of instantons, and
that is precisely what it is. The instantons correspond to tunneling from the false
vacuum E # 0 to the true vacuum E = 0. Said another way, the vacuum in the
region where E # 0, i.e. inside the capacitator, is polarized. Virtual electron-
positron pairs pick up energy from the electric field, separate and fly of to infinity.
In doing this they lower the charge on the ‘capacitator plates’, thereby decreasing
the electric field. After enough time has passed the capacitor is discharged and
the system is in the true vacuum £ = 0.

24.2 Perturbative Solution

Having found Schwinger’s exact solution (24.33) let us take a step back and look at
what perturbation theory would give us. We will need this result in the following
lecture when we spend some time looking at the relation between perturbation
theory and exact results in quantum field theory. We could do the perturbative
calculation in the usual way, however, it is much simpler to just Taylor expand
Schwinger’s solution in powers of the coupling e. To do this note that we have

o

1 2°npB
cotht — - = > (%)2," 2=t (24.37)
n=1 :

where the B,,’s are the Bernoulli numbers generated by

tet > n
F 1= > B, it (24.38)
n=0
From this formula we see that By =1, B; = — %, By = %, etc. It also follows that
Boni1 =0forn=1,2,3,.... For large n there is also the asymptotic formula
2(2n)!
By, ~ (=)™ 220! (14 0(27%") . (24.39)

(271')2"
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Using (24.37) we find

00
62 E2 22nBQn m2

T Y g D) (24.40)
n=1 ’

w(z) =

where Z,,(av) = f0+°° dx 2™ e~ These integrals is easily calculated. For example,
remembering the ie prescriotion, we have Zg = % Also, Z41 = z'g% T,. Using

this we get

1 n+1

I, = <—) n!, (24.41)
o

forneN aswellasZ_ 1 = —Ina, Z_9 = i(alna — «), etc. The general property

is that the Z’s with even indices are imaginary, while those with odd indices are
real. Substituting the above values our perturbative result (to all orders in e) is

equal to
e?E? m?
=——— In(=
w(@) 24n2 (eE) +

1 4=, i1 Bon 2e B\ "
— et 220 o ) (1) 24.42
tgam ;2( ) (2n)!( n=3) (24.42)

Note that w(z) is real to all orders in perturbation theory. This is to be expected
— perturbation theory can’t “see” tunneling. Using the asymptotic relation for
Bernoulli numbers we find

Wap ~ 4m— (2n — 3)! <€—> . (24.43)

Tm2

EXERCISES

24.1 Calculate Imw(zx) for the case of Dirac Fermions in d = 4 dimensions in a
constant magnetic field.

24.2 Re-do the calculation of Imw(x) in a constant electric field, for the case of
Dirac Fermions in d = 2 dimensions.

24.3 Re-do the calculation of Imw(x) in a constant electric field, for the case
of scalar particles in d dimensions. Take the exact formula for w(z) and
expand it in powers of e to obtain the perturbative solution to all orders.



Lecture 25

Perturbative vs. Exact

25.1 Borel Summation

In quantum field theory we are interested in calculating quantites of the form

G(g) = /[d¢] Me™l, (25.1)

This is in general quite difficult to do. Perturbation theory offers a generic pre-
scription for dealing with these expressions. We first write the action as a sum
of a free term and an interaction, i.e. I[p] = Iy[¢] + g U[¢], and then expand the
integrand in a power series in the coupling constant g so that

Glo) = [tae) Y. Sl argromet. (252

n=0

The next step is to switch the order of the integration and summation. This switch
gives us a different quantity

Goena) =3 g / [dg) MU™ e ™o . (25.3)

n=0

Each of the terms in this sum can be calculated. In practice, however, for large
n the job gets progresively more time consuming. We usually calculate only the
first few terms in the above perturbative sum. For theories with a small coupling
constant the sum of even the first few terms gives good agreement with experiment.
Because of this success we tend to forget that G(g) and Gpert(g) are not the same
thing.

In this section we shall focus on the question of how big an error we make by
using Gpert (g) instead of G(g). Typically, (after renormalization) we get something
like

o0

Grert(9) = > (=) nlg" . (25.4)

n=0

177



178 LECTURE 25. PERTURBATIVE VS. EXACT

For large n we can use Stirling’s asymptotic formula Inn! ~ nlnn — n. The nth
term is then G,, ~ ( — %)n As we can see, Gpert is a divergent series! Dyson has
shown that this is true in general: In the complex g plane G(g) has a branch cut
along negative real axis, so that Gpert(g) has zero radius of convergence. Therefore,
the answer to our question seems to be that we make an infinite error in using
Gpert(g) instead of G(g).

The many successes of perturbation theory tell us that something must be
wrong with the above conclusion. The series for Gpert(g) is indeed divergent,
however, it represents an asymptotic series. The absolute values of the terms
in the series at first decrease with n up to n ~ 1/g. For still larger values of
n the absolute values start increasing without limit. The asymptotic series of a
given function has the nice property that it gives a good approximation of the
starting function if one truncates the series at the term whose absolute value is
smallest. For example, in electrodynamics the coupling constant is o ~ 1/137,
so we may sum Feynman diagrams up to n = 137 vertices, and get better and
better aproximations. In this case, perturbation theory is a great success, since
even sums to n = 6 give results to 10 decimal places. On the other hand, in the
case of QCD we have g &~ 1, and so perturbation theory is no good. The second
answer to our question would seem to be that perturbation theory gives a very
small error (if g is small). In fact the absolute value of the error is less than the
last term in our truncated series.

Let us remeber that the reason G(g) and Gpert(g) differ is that we interchanged
the order of integration and summation. Borel summation attempts to undo this
by yet again interchanging a sum and an integral. In Gpert(g) we insert the identity
written as 1 = % fooo dtt" e~t, and interchange the order of the summation and
integration. This gives us a third related quantity, namely

Graals) = [ dte Fitg) (25.5)
Fla) = Z%a" (25.6)
n=0 ’

Because of the extra 1/n! factor the Borel function F' may often converge even
though Gpery does not. In the case of the simple example given above we have
Fla)=>1"g(=)"a™ = HLO[, and so

e—t

1+tg

Crorer(g) = /0 ~ (25.7)

In fact, we find Gporel(9) = G(g), and we have extracted the ezact result from
the perturbative one. In general, if we can sum F'(«), and if the associated Borel
integral exists, then the theory is said to be Borel summable. In that case we
have Gporel(9) = G(g). We are now in the position to give the third, and final,
answer to the question of the validity of perturbation theory: If a theory is Borel
summable then we can extract exact results from perturbative ones.



25.2. THEORIES THAT ARE NOT BOREL SUMMABLE 179

25.2 Theories that are not Borel Summable

The prototype of a series that can’t be Borel summed is
o0
Gpert(9) = Zn!g” . (25.8)
n=0

This is like the previous example, but without the oscillating factor (—)". Said
differently, this series follows from the previous one by substituting ¢ — —g. We
again sum the Borel function (for |g| < 1) and find F(a) = >0° ;a" = 2~ The
Borel integral is now

e—t

Goreg:/ dt .
a(9) = [t

This is now a singular integral, because there is a pole on the path of integration at
t = 1/g. Borel’s prescription does not work. Singularities of this kind are caused
by instantons. To see this let us look at the partition function

Z(g) = / [de] e 1191, (25.10)

(25.9)

for a theory whose action is bounded from bellow. Without loss of generality we
may set I > 0. It now follows that 1 = [7°dt6 (t — I[¢]). Inserting this into
the expression for the partition function, and performing the obligatory change of
order of integrations, we get

Zhorel(9) = /OoodtetF(tg) (25.11)
Fig) = [Wélol—1@)=Y | . @512)
o 155! lo=0*(t)

where t = I[¢*]. Let ¢inst be a classical solution of I with I < oo, i.e. an instanton.
We then have that F' is singular at ¢ = I[¢inst] = linst-

As a further example, let us look at a simple model whose action is not bounded
from bellow. The partition function given by

Fo0 2 3
Z(g)—/ dw e T (25.13)

—0o0

is obviously ill defined, but let us proceed naively and calculate it perturbatively.
We have

0 2n 400 o on

g n _—x2 g

Zpert(9) = g (2n)'/ drz% e ™ = E (2n)'f‘(3n+1/2). (25.14)
' s = !

n=0 n

The Borel function is thus

o0

> m [(3n+1/2)a™ . (25.15)

n=0
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Stirling’s formula gives In W ~ nln %, so that we find
00 . 9 [os] e—t
Z = dte " F(tg”) = dt ———— . 25.16

Although each term in the perturbative expansion makes sense, the Borel integral
is divergent — there is a pole at t = ﬁ. This should not be surprising as Z(g)
was divergent to begin with. What is nice is that, even in this case, the pole in
the Borel integral is due to the instanton, since [linst = ﬁ.

It is possible to modify the Borel technique by deforming the contour of integra-
tion in some way. The important thing to note is that there are many inequivalent
ways to do this. For example, for the deformed contour of Figure 25.1 the series

given in (25.8) gives

)

Figure 25.1: One deformation of the Borel contour

o1
Imeorel(g) = ;6 9.

On the other hand, bypassing the pole from bellow, as in Figure 25.2, we get

(25.17)

0

Figure 25.2: Another deformation of the Borel contour

T
Imeorel(g) =——€ 9. (25.18)
g
Taking the principal value of Gyorel(g) We average between the two previous cases,
and we get Im Gpore1(g) = 0. In all these cases the real part of Borel sum remains
the same, namely

e—t

1—gt’

+oo
Re Gborel(g) = P/ dt (25.19)
0

25.3 Getting Around Instantons

In the previous lecture we looked at charged particles in a fixed constant electric
field E. For Dirac Fermions in d = 4 we found

1 oo dS _ist 1
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W is the generating functional of connected graphs, and {2 is the volume of space-
time in which the electric field is equal to E. The above expression has a small
imaginary part given by

oo
]_ n7r7n2

2E2
Y et (25.21)

ImW =
m 873 Y n?

The fact that Im W # 0 is a signal of the quantum instability of the F # 0 state.
To see this let us look at the vacuum inside this capacitator. The vacuum in a
quantum field theory is a seething mass of virtual particles. At some point, a
virtual eTe™ pair can get energy from the electric field and be promoted into a
pair of real particles. The particles then separate to infinity and thereby decrease
the charges on the “condenser plates”, i.e. decrease the external electric field. A
pair of particles of mass m interact over a typical distance % In doing this they
soak up from the electric field the ammount of energy % In order to make a
pair of physical particles, this must greater than 2m (the rest mass of the two).
Therefore, the probability that a single virtual pair is promoted into a pair of
real particles must be given in terms of the ratio ?—; This probability must be
negligible for small £, and must tend to 1 for £ — co. From equation (25.21) we

see that it is, in fact, equal to e_%. Subdominant terms like e~ “¢& correspond
to the simultaneous extraction of n eTe™ pairs from the vacuum.

Vacuum polarization is a tunneling, or instanton effect. We have seen that
perturbative calculations miss these kind of effects. In the above case we found

w 22 | m? n
- = n -
Q 2472 eF

Bn 2eE\ "
+—m4z 1 —2 i (20— 3) <6—2> . (25.22)

m

Not surprisingly, perturbation only sees the real part of W. Using the asymptotic
relation for Bernoulli numbers, to leading order the above perturbative result may

be written as
w e2E? | m? n
RS nl —
) 2472 eF

4

. m eE \ 2"
+) 1 (2n = 3)! (ﬂm2> . (25.23)

n=2

Note that this is of the same form as equation (25.8). For the same reason the
above sum is also not Borel summable. This is also to be expected — the culprits
are again instantons.

Before we proceed further, let us note that vacuum polarization exists for all
types of particles in all dimensions. For example, for charged scalar particles in d
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dimensions we find
w el /2 2 n 1 mim

If we introduce the notation X = exp (—";—gr) then we have

X

L for d=0
Im — =< 1£X 25.2
Sy { (1 4+ X) for d=2 (25.25)

On the other hand, perturbation theory gives us

Wgert ~ 2 (%j)m i i(—)k K72 (20— d/2 - 1)) (;752)2“ . (25.26)

n=1 k=1

As before, we have used an asymptotic formula for Bernulli numbers in order to
get the above expression. It is easy to see that the subleading terms that have
been dropped sum into a small analytic expression that will not interest us. All
the instanton effects are in the above sum. Borel summation gives us

Whorel _ / die—t F (25.27)
Q 0

m2\ 2% 4—d/2-1 42
F=2(— Ok 25.28
(47T> ;( ) (t —te)(t + tx) o

with the poles on the Borel contour given by t; = ”;—;’Tk As we have already
anticipated, (25.26) is not Borel summable. However, if we re-instate the ic term
2 — je this moves all the poles off the contour of
integration. The Borel integral is now easily done, and one gets

Whorel eE\Y? a1 m?n

This is in fact our exact result! It is important to note that the same modification
of the Borel proceedure works for all dimensions and all spins. To conclude,
we note that it is possible to modify Borel summation by using the standard ie
prescription. This modification allows us to extract non-perturbative information
(tunelling) from perturbative results. In this way the modified Borel proceedure
highlights the relation between tunelling and instantons in yet another way.

in the usual way, i.e. m? — m

EXERCISES

25.1 Start from the perturbative result for Dirac Fermions given in (25.22). Show
that it differs from the sum of leading terms (25.23) by a small analytic
function. Using the modified Borel prescription sum (25.23) and obtain the
exact result (25.21).



Lecture 26

Quantizing Gauge Theories

26.1 Faddeev-Popov Quantization

In this lecture we finally get around to the task of quantizing gauge theories. We
shall assume that there are no gauge anomalies. Therefore, we have I[A%] =
I[A] and [dA]¢ = [dA]. Because of this symmetry we are performing an infinite
overcounting of physical configurations. Therefore, the naive deffinition of Z

Z = / [dA)eA (26.1)

is horribly divergent. We will get rid of this problem by choosing an appropriate
gauge fixing condition y[A] = 0 that picks out one field on each gauge orbit. To
do this, we first consider the expression

fp

25,141 = [1461504°) (262

where [dG] is the Haar measure, and so [dG] = [dGH]. From this definition it
follows that Ag,[A] is gauge invariant. Namely,

a1 = [146) 513" =
— [ldGH]5 A% = [1dGI8 A% = £511a). (263
Following Faddeev and Popov let us insert the identity
1= 2[) | 146) 5 [x[4°] (26.4)
into our naive expression for Z. We now have
2= [(A146) 84y 1418 (A1 =

183
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= / [dAIC[dG] Agy [A9) 6 [x[AC]] A7 =
= /[dG]/[dA] Agy [A] 6 [x[A])e AT (26.5)

Note that [[dG] has factored out. This is an infinite constant term. It is precisely
the source of our overcounting. Therefore, the correct definition of the partition
function is

2= [104) 84, (418 (A (26.6)
To evaluate Ag, note that

1
S5 G
det (6X—G)

This is just the generalization of the well known delta function identity ¢ (f(z)) =
% d (x — 2*) where f(z*) = 0. As a consequence of this we get

>:det (% ) . (26.8)
G=1 ow w=0

In the last step we have written the gauge elements as G = e, Ag,[A] is called the
Faddeev-Popov determinant. In fact, it is just the Jacobian for the transformation
from the gauge in which we have only physical (transverse) fields to the general
gauge given by x[A] = 0. In general, the Faddeev-Popov determinant is quite
easy to calculate. For example, for electrodynamics in the Lorentz gauge we have
X = 0, A*. The gauge transformation is § A* = 9Hw, so

8 [x(A9)] = s[G—1]. (26.7)

G

X
Afp [A] = det (m

XY = Op(A* + 0Mw) = 0w . (26.9)

In the second step we have used the gauge fixing condition y = 0. Therefore, in
this case the Faddeev-Popov determinant is simply

Agp = det(9?) . (26.10)

This is a quite trivial example. The Faddeev-Popov determinant does not depend
on A, and may be dropped, as it will not influence normalized Green’s functions. In
general, however, the Faddeev-Popov determinant depends on A. By introducing
a pair of auxilliary anticommuting fields ¢ and ¢ we may write it as

B 5Xw B B B 5Xw
A = det (m) = /[dcdc] exp </ dxcwc> : (26.11)

The auxilliary fields ¢, and ¢ are called ghosts. They are anti-comuting bosonic
fields. This is not a violation of the spin-statistics law that states that bosons
commute and fermions anti-commute. That law is only applicable for physical
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fields. The ghosts are auxilliary fields. They exist inside Feynman diagrams, but
not as external lines!. By introducing one further auxilliary field — the Lagrange
multiplier field b we can write the gauge fixing delta functional as

S[x] = / [db] e 4= bx (26.12)

The partition function now becomes

Z = /[dA] [dcde][db] exp <iI — i/dmc% c+i/dm bx) . (26.13)

This is the most convenient form of the partition function to work with. Before we
finish this section let us make contact with a related form for Z. Consider a class
of gauge fixings given by x[A] = A(x)2. In the new gauge, the partition function
is

7y = / [dA] Agy [A] 6 [x — Ne' . (26.14)

The Faddeev-Popov determinant is the same as before, i.e. it does not depend on
A. By taking the average over all A’s with Gaussian weights exp (—ﬁ [ dx )\2) we
find

Za = /[dAHdA] Agp [A] exp (—%/dw;ﬁ) §[x — et =
= /[dA] gy [A] expi (I— %/dw;ﬁ) . (26.15)

For historic reasons the choice of weight factor a is also called a choice of gauge.
For electrodynamics in the Lorentz gauge we find

Zy = / [dA] et (26.16)
We have dropped the constant Faddeev-Popov determinant. The effective La-
grangian is

1
2a

1 1
=54 (nuyaZ —(1- 5)@@) AV (26.17)

1 14
Loy = =7 FwF" = 5-(0- A)* =

The choice a = 1 is called the Feynman gauge, while a = 0 is known as the Landau
gauge.

!The reason for this is quite simple — we do not couple ghosts to external fields. In fact,
their only reason for being is to allow us to write the Faddeev-Popov determinant in a convenient
form.

If x = 0 is a good gauge, then it is easy to show that (for any A(z)) x = X also represents a
good gauge choice.
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26.2 BRST Symmetry

Let us consider a gauge theory given by the action I[p] and gauge fields ¢*, where

1 =1,2,---,n. The model is invariant under the infinitesimal gauge transforma-
tions ' .
0t =T" " . (26.18)
The gauge transformations are indexed by a« = 1,2,---,m, and m < n. These
transformations can be written as
5" = [€°T o, ¢"] , (26.19)

where I', = T%,0; are the associated generators. We have introduced the short-
hand notation d; = ;. Invariance of the action under (26.18) gives us the Noether

%
identities A
0; I'T" &% . (26.20)
If we introduce F; = 0; I]p], then the Noether identities can be written as
FiT.=0. (26.21)
If the expressions T%1, T, - - -, T%, are linearly independent the associated gauge
theory is said to be irreducible. On the other hand, the gauge algebra is closed if
[Ta,Tg] = fap'Ty - (26.22)

If this is the case then we not only have a gauge algebra, but it also exponentiates
into a gauge group. Note that, in general, the f,3"7 are not constants, but depend
on the fields.

Gauge fixing picks a unique representative in each class of equivalent gauge
fields. We do this by imposing conditions

Xalp] =0, (26.23)

one for each independent parameter of the gauge symmetry. x must be such that
for every ¢* there is a unique £ such that

Xalp! + T = 0. (26.24)

Taylor expanding this we find x4 [¢’] = —8; xaT"3”. We need to be able to solve
this in terms of £&. To do this we must be able to invert the matrix &; XaTig.
Therefore, a good gauge fixing satisfies

det(J;ixaT's) #0 . (26.25)

For an irreducible gauge theory with closed algebra we can use the Faddeev-Popov
procedure to obtain the correct partition function

Z= / [dy] det(6;xaT'5) 9 [x[p)] € =

= /[dgp] [dcdé][db] exp (Leg[p, ¢, E, b)) - (26.26)
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The effective action is
Lg = I[p] + /d:c (bo‘xa — % 6; XaTigcﬁ> . (26.27)

For later convenience let us list some properties of the above fields. ¢, ¢, b are Her-
mitian, ¢ is anti-Hermitian. Under a ¢, b are Grassmann even, ¢, ¢ are Grassmann
odd. The effective action Ig is also invariant under a U(1) rotation of ghost fields

c — €Y (26.28)
¢ — e e, (26.29)

The corresponding conserved charge is called the ghost number. The fields have
the following ghost number assignments: g(¢) = g(b) =0, g(c) = 1 and g(¢) = —1.
The effective action has g(Ie.g) = 0. The above symmetry is relatively trivial. In
addition, the quantum theory is invariant under an important symmetry — a
remnant of gauge symmetry — called BRST invariance. The action of the BRST
transformation on gauge fields follows directly from the gauge transformations
(26.18) through the substitution £* — ¢“f. Here 6 is a Grassmann odd constant.
Therefore 6" — Shrst’ = s¢'0. From this it follows that s is a Grassmann odd
operator, and that

50t =T e . (26.30)

BRST transformations turn gauge fields into ghosts. As a consequence of gauge
invariance we have sI[¢] = 0.

The BRST variation s corresponds to infinitesimal transformations, so it sat-
isfies the graded Leibnitz rule. A consequence of this is the chain rule

SXa = 8iXoc S@i . (2631)

Using this we may write the effective action as
Ig = I[p] + /dx (b%Xa — 1C%SXa) - (26.32)

Now we see that it is useful to impose that s¢® = —ib*, i.e. anti-ghosts transform
into Lagrange multipliers. With this we get

L = I¢] + / di s (xa) - (26.33)

We want BRST to be an invariance of the full action I.g, that is, we want sl.g = 0.
Therefore, we need to have s2(¢%x,) = 0. We will now elevate this nilpotence to
an operator statement s?> = 0. This will completely determine the action of s on
all the remaining fields.

Note that s¢’ mimicks gauge invariance, while sé¢® = —ib® as well as its con-
sequence (due to nilpotence) sb® = 0 are purely kinematic, i.e. don’t depend on
the gauge algebra. The algebra comes in from the action of s on the ghost fields.
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Before we do this let us derive two consequences of our our gauge algebra. Closure
gives

T'06Tig—T 56T o = fup T , (26.34)
while the Jacobi identity [[Ta, 5], I'y] + cyclic = 0 gives®
Fas® f5,° + cyclicin a, 3,7 = 0. (26.35)

We continue with our derivation of BRST transformations. We impose s2¢' =
0. This gives 0 = s(T"oc*) = 0; T"o s’ c* + T"os¢*. Therefore,

Tt psc® = —0; TZ‘YTjﬁcﬁco‘ =

1 o o 1 .
=5 (5 T'T75 = 6; T'5T" ) P == -3 foa T cPc™ . (26.36)
The last step follows from closure. Finaly we find
1
sc’ = —§fa570acﬁ . (26.37)

We have completely determined the action of s on all fields. Let us check if
nilpotency realy works. To do that we calculate

1
s%c = —§fo<ﬁAY (sco‘cﬁ = cascﬁ> =
1
= —fa WSCC%C,@ = _foz 7féaacécgcﬂ =0. 26.38
5 5fas

The last step follows from the Jacobi identity, so s is indeed nilpotent.
To recapitulate — we have determined the BRST transformations to be

spt = T (26.39)
1
s¢t = _ifm%ﬁa (26.40)
s¢% = —ib® (26.41)
sb® =0 . (26.42)

These transformations are an invariance of I.. The BRST variation s is nilpotent
and satisfies the graded Leibnitz rule. The fields are shown in Figure general-fields
The above transformations are generated by the BRST charge

Q= / dx (eara - % fa57c0c5% - z’b“%) : (26.43)
Therefore, we have sA = [@Q, A} for all fields A. The nilpotence of the BRST
variation s implies the nilpotence of the BRST charge, i.e. Q?> = 0. @ is the
conserved charge corresponding to the Noether current Jy.st. In the operator
formalism, after quantization, () is given in terms of operators. In general we
find that the quantized BRST operator is no longer nilpotent. In fact, the BRST
operator will remain nilpotent if and only if our theory has no gauge anomalies.

3Here we have used the linear independence of the T7s.
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AN

b
Figure 26.1: Fields for an irreducible theory with closed gauge algebra.

26.3 Examples
As a first example let us consider electrodynamics. Here
1
I= —Z/dxFWF“” ) (26.44)
and F),, = 0,4, — 0,A,. The gauge symmetry is simply

0A, = 0,¢, (26.45)

so that i = p, @ = 1, and T%, = 8. There is only one T, so it is irreducible.
There is also only one generator I' so the gauge algebra is trivialy closed. The fields
are shown Figure 26.2 Quantum electrodynamics is invariant under the following

A

Figure 26.2: Fields for electrodynamics

BRST transformations

sA, = Ouc (26.46)
sc = 0 (26.47)
s¢c = —ib (26.48)
sb = 0. (26.49)

The full action may be written as Iog = I[A] + sV¥, where the Grassmann odd
functional W is called the gauge Fermion. It determines the gauge fixing that one
uses. The usual choice of gauge Fermion is

U= i/d:ccx[A] , (26.50)

where x[A] = 0 is the gauge fixing. In the Lorentz gauge we have y = 0*A4,, and
then

Ig = I[A] + /da: bx — iéé—x uc) . (26.51)
5A,
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This is precisely what we get from Faddeev-Popov quantization. Another choice
of gauge Fermion is

- —z‘/dxé < Sab— X[A]) , (26.52)

where a is a constant. The BRST variation of this gauge Fermion gives

1
S\If:—/da:b<§ab—x>—i/da:csx. (26.53)

We next integrate out the b field to get ab = x. Then, the full action becomes

1
Lg = I[A] + 22 /dx x? + Faddeev — Popov piece . (26.54)
a

As before, for y = 9+ A, a = 1 is the Feynman gauge, a = 0 the Landau gauge.
Let us see what has happened to the BRST symmetry. sA, = J,c stays the same,
as does s¢c = 0. The BRST transformation of the anti-ghost field now goes over
into s¢ = —z%x, while sb is no longer defined, since we have integrated over it.
Checking nilpotence we now find

101,
826: - eff .

26.
a oc (26.:55)

This is zero only on-shell, i.e. on the equations of motion. This is the price we
pay for using equations for the b field.

For a more interesting example we now consider QCD. The gauge symmetry
is now 6 A}, = nggb, so that i = {u,a}, a = b, T', = D,* and f,57 = e%¢. The
BRST transformations are now

sAl = D,"c (26.56)
sct = —%Eabccbcc (26.57)
sé® = —ib® (26.58)

( )

sb* = 0.
For example, for ¥ =i [ dx c*0" A, we get
Ig = I[A] + / da (baaﬂAg - iaaaupgbcb) : (26.60)

Note that now we have ghost-gauge coupling since Dl‘jb = 5“”(% + gsad’Az. The
ghost-gauge coupling is shown in Figure 26.3 In this case ghost fields can’t be just
dropped, or we would loose unitarity.
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Figure 26.3: Ghost-gauge coupling for QCD in the Lorentz gauge.

26.4 The U(1) Antisymmetric Tensor Model

The Faddeev-Popov method generalizes to off-shell reducible gauge theories. To
see an example of this we will consider the following model

1 vV
I=- 3 /dl’ (e"P? By Foe — AFA,) (26.61)
Here F,, = 0,A, — 0, A,. The antisymmetric tensor B*” is the gauge field, while

AF is an auxilliary field. This action is invariant under
0o BHY = oHEY — 9V EH . (26.62)
Let us check this

ool = — /dl‘ 8“”’00(8#611 - anﬂ)FPU =

1
8
_1 dg eMvPo _1 wvpo _
= 4/ Te & O0uF ), = 5 /daze £,0,0,A5, =0 . (26.63)
The indices are i = [y, v] (antisymmetrized), aq = p, T'o, = T, = O"6Y — 8”5},
These T”s are not linearly independent, since 7" ,T? = 0 where T” = 0°. In the
general notation we would write Tihoo‘lO[2 = 0. Now, however, ao = 1. Since
there is only one T” the theory is not further reducible. The reducibility doesn’t
depend on the equations of motion, i.e. it is off-shell.

For BRST we proceed as with irreducible theories

soBM = O — ek (26.64)
soct = 0 (26.65)
sod = —ib'™ (26.66)
sob® = 0. (26.67)

The notation " will be usefull later. Gauge fixing this according to x, = 0" B, =
0 corresponds to using the gauge Fermion

U= i/dx xu = i/dm 0" By, . (26.68)
Thus, the effective action becomes

Lg=1+sV =1+ /dz (V10" By, — i@ (0,0y — 1 0®)c”) (26.69)
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Note, however, that the Faddeev-Popov term is now itself gauge invariant! This
should not surprise us since we have seen that the theory is reducible. We have
two invariances

Sict = K¢ (26.70)
st = 0, (26.71)
and
Fer = 0 (26.72)
oFer = oreb . (26.73)

For the first invariance we go to BRST in the standard way & — cf. The new
ghost field ¢ is Grassmann even and has ghost number g(c) = 2. We gauge fix
this with x = 9,c,. Therefore, g(x) = 1 and g(b) = —1. Similarly,for the second
invariance we have ¢¥ — cgf. From this we find g(cg) = 0. We gauge fix with
XE = 0,c". It follows that g(bg) = 1. Using the fact that s acting on anti-ghosts
gives —1 times the appropriate Lagrange multiplier, we find g(¢) = g(b) —1 = —2,
and g(¢g) = g(bg) — 1 = 0. The fields needed are depicted in Figure 26.4 The

N

b (b
Figure 26.4: Fields for U(1) gauge theory of the antisymmetric tensor field.

BRST transformations at this level are

sict = e (26.74)
sict = Ofeg (26.75)
sic = 0 (26.76)
sicg = 0 (26.77)
si¢ = —ib (26.78)
5165 = —ibg (26.79)
sib = 0 (26.80)
sibp = 0. (26.81)

The full BRST is simply s = sg + s1, therefore
sBtY = ok — 0Vt (26.82)
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st = okc (26.83)
st = —ib'" 4 g (26.84)

sc = 0 (26.85)

s¢ = —ib (26.86)
scg = 0 (26.87)
scg = —ibg (26.88)
sb't = sb=sbgp=0. (26.89)

It is convenient to redefine b* = b'# +i0'cp. Now we get the usual rule: antighost
goes into Lagrange multiplier, Lagrange multiplier goes to zero. The new BRST
scheme is

sB# = otc” — Q¥ (26.90)
st = 0ke (26.91)
st = —ibt (26.92)
s¢ = —ib (26.93)
scp = —ibg (26.94)
st = sb=sbp=0. (26.95)

Notice that cg falls out of the picture. It is BRST inert, and also s on any field does
not give cg. This is in fact a general rule: Antighosts have only antighosts and
not ghosts fields. The fields for this new BRST scheme are shown in Figure 26.5
Finally, the full action equals

TV
Figure 26.5: New fields for U(1) gauge theory of the antisymmetric tensor field.

Lg=14sV, (26.96)

where
U= i/daj (*Xxu+ex +CexE) - (26.97)
The gauge fixings are

Xp = 0"Bu (26.98)
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X = Ot (26.99)
XE = 0. (26.100)

Therefore, we find
Ig =1+ /dx (010" By + b0yt 4+ bpo,c) +
+ /daz (—ie"(0,0y — Muw0?)c” + ied*c + epd,b") . (26.101)

We end with a brief asside on how we count degrees of freedom in the BRST
scheme. To be concrete, let us do this in d = 4 dimensions. For the vector field
we have four degrees of freedom at the zeroth level (the gauge field A,), and two
at the first level (¢ and ¢). The total number of degrees of freedom is 4 — 2 = 2.
The counting is quite simple — we just have to remember that adjecent levels
contribute with opposite sign. For the antisymmetric tensor we have six degrees
of freedom at the zeroth level (B*"), eight at the first level (¢* and ¢*), and three at
the second level (¢, ¢ and ¢g). This gives a total of 6—843 = 1 degrees of freedom.
In fact this theory can be written in terms of a single scalar field. Similarly, for the
symmetric tensor field (gravitation) we have ten degrees of freedom at the zeroth
level (h#*), and eight (c¢* and ¢") at the first level. The total number of degrees
of freedom is therefore 10 — 8 = 2.

The proceedure for determining the BRST invariance of a given gauge theory
is purely algebraic. It may easily be generalized to the case of n-stage reducible
theories (even infinitely reducible theories like strings) as well as to theories whose
algebras only close on shell. We shall not get into this here. The important thing
is that the logic of this section can be turned upside down. We can construct
the BRST transformations (insisting on nilpotence), and then determine the full
action lg = I + sV, by choosing an appropriate gauge Fermion. In recent years
this method — called BRST quantization — has been applied to models for which
the standard Faddeev-Popov proceedure does not work.

EXERCISES

26.1 Derive Feynman rules for QCD in the Lorentz gauge.



Lecture 27

Background Field Method

27.1 One Loop Counterterms

The basic path integral formula in quantum field theory
WL _ / [dg] e~ Ule1=Tas0) (27.1)

may be written in terms of the effective action. We had

Lle] = WJ]+ Japa (27.2)
or
= a 27.
9on J, (27.3)
so that we find
e~ Tlol = / () e~ F (Hlerl=g75me) (27.4)

The main drawback of this result is that the effective action appears on both sides
of the equation. Things simplify if we evaluate the path integral on the right to
one loop. To get the one loop result we need to expand I[¢ + n] — 5)—;177@ up to
quadratic terms in 7, and perform the remaining Gaussian path integral. In fact,
' =1+ o(h), so the one loop result follows from expanding

a1
Ip+n] - oo (27.5)

up to quadratic terms. Therefore, we find

T+ - %na — Ijg] + / dx £ (gln) + .. (27.6)

For a general Lagrangian of the form £ = L(¢;,0,¢;), after partial integrations,
we may put £ (¢|n) into the form

1 , 1
£ (pln) = 5 W} ()0nj — mNE(@)0um; + 5 mMi(e)ny . (217)

195
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where
72 uy o v
Wij = sz’ = Wij (27.8)
B I3
N = —Ni (27.9)
M;; = My (27.10)

Up to one loop we thus have
o~ L (Tlel~Ile)) _ / ldn] e~ % J 4= £ ln) (27.11)

We now set h =1 for the remainder of this lecture.
Our aim is to evaluate the ultraviolet divergent part of the above Gaussian
integral. In this lecture we will consider theories for which

WE = 6" 55 . (27.12)

The general case will be studied in the following lecture. Using the above form of

Wi‘;l', the above path integral now becomes

/[dn] e [ dw L2 (elm) = exp <—% Tr In(—0* — 2N,0, + M)) . (27.13)

We will tackle this trace in the next section. At this moment we focus on the case
when Ni‘; = 0. We then have

Tr In(—0% 4+ M) = Tr 1n<1—%M> =

1 11 1
In the first step we dropped an infinite constant term In(—0?). In the second
step we Taylor expanded the log. Note that % is just the massless propagator.
Tr In(—9%+4 M) is shown as a sum of diagrams in Figure 27.1. In d = 4 dimensions

%+%+...

Figure 27.1: Tr In(—0? + M) written as a sum of Feynman diagrams.

the first diagram in this sum diverges as A%, where A is a large momentum cut off.
The second diagram diverges as In A. All the other diagrams are convergent. Log
divergent diagrams play a special role in quantum field theory. We will look into
this when we study the renormalization group equations. For this reason we will
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M(-p)
i ol

k k+p
i k
M(p)

Figure 27.2: Log divergent diagram.

now restrict ourselves to evaluating the log divergent part of the one loop effective
action. As we have seen, log divergence comes from the diagram in Figure 27.2
Writing this out we find

dk dp ;i )
| oy | o M) 3 i =

_/% tr (M(p)M(—p))/ (2d:)4 k2(k1+p)2 B
- /d:c tr (M($)2)/(2Cif)4 k:2(k:1+p)2 ' o

Note that ‘ Tr ’ traced over matrix indices as well as space time, while ‘ tr ’ is just
a trace over the matrix indices. We simplify the remaining k integration by using
the Feynman parametrization formula

- / dk 1
) et Rk +p?
dk 1

1
_ /O dondond(ar + az — 1) / o T

All that is left is to use the basic dimensional regularization formula

/ de 1 1 T(A—d/2) 1 27.17)

(2m)d (2 +20-p+ M)A (4m)d/2 T(A) (M2 —p2)A-d/2 "

In d = 4 — £ dimensions we get

! 2 1 11
7= dand -D|(-—+...]=——+... 27.1
/0 crdag 6(on + s )(5(4ﬂ)2+ > gt (1)
Dots indicate terms that are finite in the d — 4 limit. To one loop we thus have
1 1
Ty = — —— [drtr (M(p)?) +... 27.1
6] = Sl + 51— [ dotr (M(e)?) + (2719)

The additional factor of two is a symmetry factor. Along with the contribution of
Figure 27.2 which we evaluated, we have to consider the contribution of the crossed
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M(=p)
oy

Kk k+p

] k
M(p)

Figure 27.3: Another log divergent diagram.

diagram given in Figure 27.3. Both of these diagrams give the same contribution.
In order for I' to be finite we need to introduce a counterterm to the starting
Lagrangian equal to

tr M2 . (27.20)

This is the general one loop counterterm (due to a In A divergence) for a theory
with Nf;- = 0. We could determine the A% counterterm in a similar manner.

As an example, let us look at the O(N) vector model with ¢* interaction

L= % (3u0)2 + %m2$2 + %(&2)2 : (27.21)
We now have
L(p+n) - g—ém =
= 2 OuP)” + 5w @)+ mP 4
P2 (428 + (3 )7 + o) =
= L(p) + %%m(%g‘”)aym + %m%&jm +
2 2pmdgn; + g (27.22)
Therefore,
W = 5" (27.23)
N = 0 (27.24)
M = + <m2 + % 952> 0ij — % %%"Pj : (27.25)

Using this we immediately find
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tr M? =

— (m2+%@'2>2]\7+ %62 (

+

A
=mIN +m? 5 (2N +1)g?

3!
The Lagrangian counterterm is
1
AL=——%F——
872(4 — d)

. <m4N +m? % (2N +1)@? + <%>2 (N + Z) (952)2> . (27.27)

As we can see, the counterterm can be absorbed into changes of mass and coupling
constant. We have

1 A

Am? = ———— am? (2N +1 27.2

" S o g BN+ (27.28)
1 A\ 2 5

AN = ——— (2} a4 (N+Z) . 27.29

8724 _d) (3!) ( +4) (27.29)

27.2 An Auxilliary Gauge Symmetry

We are ready to go back to the more general case when Ni’;- # 0. The quadratic
Lagrangian can be written as

1 1
LB () = 5 i’ Oum — " Nubyum + 5 n" Mn =
1 1
= 5 (Dun)" (D) + 5" X, (27.30)

where we have introduced obvious matrix notation and supressed explicitly writ-
ting the background field ¢. In addition we have introduced

D, = 0,+N, (27.31)
X = M+N,N,+90,N, . (27.32)
In this form it is easy to check that £(2) (n) is invariant under a gauge symmetry.

This is true even when L is not gauge invariant. To show this, let us consider the
local transformations

n — ey (27.33)
nt = e, (27.34)
where w! = —w. Imposing that D,n — e “D,n we determine the gauge trans-

formation for N,. For infinitesimal transformations we have

ON, = Opw + [Ny, w] = Dyw . (27.35)



200 LECTURE 27. BACKGROUND FIELD METHOD

To make the second term gauge invariant we impose that X transforms according

to
X e “Xe¥. (27.36)

In terms of infinitesimal transformations this is simply
0X =[X,w] . (27.37)

From this and 6N, we can determine 6M. This completely specifies our gauge
symmetry. Note that X transforms homogenously, just like the field strength. As
we know from Yang-Mills, the field strength

Y,U«V = [DIUDV] = aﬂNI/ - aI/Ny, + [N/“Nz/] (2738)

transforms according to
Y = Yu,w . (27.39)

In terms of finite gauge transformations we have
Y — e “Y,e” . (27.40)

The fact that £ is invariant implies that the counterterm AL must also be
gauge invariant.! The counterterm must be constructed out of gauge invariant
objects like tr (X?) and tr (V,,,Y,,). When N* — 0 we have

tr (X3 — tr (M?) (27.41)
tr (YY) — 0. (27.42)

It is easy to convice oneself that there are no other invariant objects that can make
up the counterterm Lagrangian. For example, tr X is gauge invariant, however
for N# — 0 it goes over into tr M, and we have seen that this term is not present
in the log divergent counterterm. At the same time €5 tr (Y, Y,0) is also not
present. In fact it is a total divergence (Pontryagin density) and so it can be
dropped from the Lagrangian. Finaly, we have

AL =atr (X?) +btr (YY) - (27.43)

If we let N# — 0 we determine a to be equal to

1 1
=—— 27.44
872 4 —d (27.44)
Similarly we could determine b. The final result for the counterterm is
Aﬁ——; tr (X2)—i—i tr (YY) (27.45)
~ 872(4—d) 24 pesre ) '

'The measure [dn] is invariant just as in Yang-Mills theories.
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EXERCISES

27.1 Show that £(n) and £ (¢|n) are equivalent as far as one loop diagrams
are concerned.

27.2 Calculate Wi, Nj; and M;; for ¢* theory and for Yang-Mills theory.

27.3 Prove that £(?)(n) is gauge invariant. Determine the gauge transfrmation
of M.

27.4 Determine the b coefficient in (27.43).

27.5 Determine the general A? counterterm in d = 4 dimensions. Assume that
Wg” = 0;;0M.

27.6 Determine the general one loop counterterm in d = 2 dimensions. As in
the lecture, assume that Wi’;” = 0;;0M.





