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1. Introduction

A nonperturbative effect in QFT or QM is an effect which can not be seen in perturbation
theory. In these notes we will study two types of nonperturbative effects. The first type is
due to instantons, i.e. to nontrivial solutions to the classical equations of motion. If g is
the coupling constant, these effects have the dependence

e A/,

(1.1)

Notice that this is small if g is small, but on the other hand it is completely invisible in
perturbation theory, since it displays an essential singularity at g = 0.



Figure 1: Two quantum-mechanical potentials where instanton effects change qualitatively our
understanding of the vacuum structure.

Instanton effects are responsible of one of the most important quantum-mechanical
effect: tunneling through a potential barrier. This effect changes qualitatively the structure
of the quantum vacuum. In a potential with a perturbative ground state degeneracy, like
the one shown on the Lh.s. of Fig. 1, tunneling effects lift the degeneracy. There a single
ground state, and the energy difference between the ground state and the first excited state
is an instanton effect of the form (1.1),

Ey(g) — Eo(g) ~ e /9. (1.2)

In a potential with a metastable vacuum, like the one shown in the r.h.s. of Fig. 1, the
perturbative vacuum obtained by small quantum fluctuations around this metastable vac-
uum will eventually decay. This means that the ground state energy has a small imaginary
part,

Eo(g9) = Re Ey(g) + iIm Ey(g), Im Ey(g) ~ e 4/9 (1.3)

which also has the dependence on g typical of an instanton effect.

Some of these instanton effects appear as well in quantum field theories, and they are an
important source of information about the dynamics of these theories. However, there are
many important strong coupling phenomena in QFT, like confinement and chiral symmetry
breaking in QCD, which can not be explained in a satisfactory way in terms of instantons.
We should warn the reader that this is a somewhat polemical statement, since for example
practicioners of the instanton liquid approach claim that they can explain many aspects
of nonperturbative QCD with a semi-phenomenological model based on instanton physics
(see [73] for a review). Some aspects of this debate were first pointed out by Witten in his
seminal paper [86], and the debate is still going on (see for example [46]).

A different type of nonperturbative method in QFT is based on resumming an infinite
subset of diagrams in perturbation theory. This is nonperturbative in the sense that,
typically, the effects that one discovers in this way cannot be seen at any finite order of
perturbation theory. As an illustration of this, taken from [87], consider the following
series:

(logg)* o los 9)°
2 6
We see that, order by order in perturbation theory, one has the property

folg) =g—glogg+yg 4 (1.4)

lim fo(g) = 0. (1.5)
g—0



However, each term vanishes more slowly than the one before, and taking into account all
the terms in the series one finds fo(g) = 1. Therefore, the property (1.5), which holds
at any order in perturbation theory, is not a property of the full resummed series, which
satisfies instead

lim fo(g) # 0. (1.6)
g—0

In this sense, the result (1.6) should be also regarded as a nonperturbative effect. Notice
that, in this approach, one does not consider a different saddle-point in the path integral,
as in instanton physics. Rather, one resums an infinite number of terms in the perturbative
series around the conventional vacuum. The most powerful nonperturbative method of this
type is probably the 1/N expansion of gauge theories [77], where one re-organizes the set of
diagrams appearing in perturbation theory according to their dependence on the number
N of degrees of freedom.

In these notes we give a pedagogical introduction to these two methods, instantons
and large N. We will present general aspects of these methods and we will illustrate them
in exactly solvable models.

2. Instantons in quantum mechanics

2.1 QM as a one-dimensional field theory

We first recall that the ground state energy of a quantum mechanical system in a poten-
tial W (q) can be extracted from the small temperature behavior of the thermal partition
function,

Z(3) = tre PHO) (2.1)
as 1
E = _ﬁlgrolo 3 log Z(5). (2.2)

In the path integral formulation,

2(8) = / Dlg(t))e5@, (2.3)

where S(g) is the action of the Euclidean theory,
B/2 1.
St = [ dt[5@0) + W) 2.9
—B/2
and the path integral is over periodic trajectories
q(=B/2) = q(B/2). (2.5)
We note that the Euclidean action can be regarded as an action in Lagrangian mechanics,
B/2 1.
sw=[ | a5 - Vi) (2.6
—B/2

where the potential is
Vig) = -W(aq), (2.7)



i.e. it is the inverted potential of the original problem.
It is possible to compute the ground state energy by using Feynman diagrams. We
will assume that the potential W (q) is of the form

m2

W(g) = -a* + Win(q) (2.8)
where Wip(q) is the interaction term. Then, the path integral defining Z can be computed
in standard Feynman perturbation theory by expanding in Wiy (q). We will actually work
in the limit in which 8 — o0, since in this limit many features are simpler, like for example
the form of the propagator. In this limit, the free energy will be given by 3 times a -
independent constant, as follows from (2.2). In order to extract the ground state energy
we have to take into account the following

1. Since we have to consider F'(8) = log Z((3), only connected bubble diagrams con-
tribute.

2. The standard Feynman rules in position space will lead to n integrations, where n
is the number of vertices in the diagram. One of these integrations just gives as an
overall factor the “volume,” of spacetime i.e. the factor § that we just mentioned.
Therefore, in order to extract E(g) we can just perform n — 1 integrations over R.

I
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Figure 2: Feynman rules for the quantum mechanical quartic oscillator.

For 8 — oo the propagator of this one-dimensional field theory is simply

ipT —m|7|
/ dp o e "7 (2.9)

21 p2 + m2 2m

For a theory with a quartic interaction (i.e. the anharmonic, quartic oscillator)

Wint(q) = %(J‘* (2.10)

the Feynman rules are illustrated in Fig. 2 (an extra factor 47" has to be introduced at
the end, where n is the number of vertices, due to our normalization of the interaction).



One can use these rules to compute the perturbation series of the ground energy of the
quartic oscillator. Here we indicate the calculation up tp order g® (see Appendix B of [10]
for some details). The relevant Feynman diagrams are shown in Fig. 3. For the Feynman
integrals we find (we set m = 1)

1
1: -
1 [ 1
201 — — e Aldr = —— .1,
16 J_ 16
1 [ 1 1
2b : - — 674‘T|d7—:__'_5
16 ) .. 16 2
1 [ 1 3
3a: — —Iml=lrl=lm-"lqn dr = — . 2
a: o _Ooe a2 =g (2.11)
1 [ 1 3
3h: — =2(mi|=2m|=2n -2l dr = — . 2
64 ) °© AT 6408
1 [ 1 5
3e: — —Im=rl=nl=8l2lq dr = — . 2
¢ el _Ooe Tdn =g
1 [ 1
3d: — —2ln=ml|=272|qr dr = — - 1
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Figure 3: Feynman diagrams contributing to the ground state energy of the quartic oscillator up
to order g3.

The corresponding symmetry factors are given in table 1.



diagram 1[2a[2b]| 3a | 3b | 3c | 3d |
symmetry factor | 3 | 36 | 12 | 288 | 576 | 288 432‘

Table 1: Symmetry factors of the Feynman diagrams in Fig. 3.

These numbers can be checked by taking into account that the total symmetry factor
for connected diagrams with n quartic vertices is given by

1 4\n\ (¢)
Lt (212)
where y
0 dre=® 2,..4n
() = L2
[T dze® /2

is the Gaussian average. By Wick’s theorem, this counts all possible pairings among n
four-vertices, and we have to take the connected piece. Since

(2k)!

(2.13)

(x%) = (2k — 1)1 = Yo (2.14)
we find
et = S 215
One finds, for example,
(@) =3,
2.16
@O = S — (22 = 48 0

We can now compute the first corrections to the ground state energy. Putting together the
Feynman integrals with the symmetry factors, we find

1 13
!
2 - .1.36
a : 16 s
11
%: ——.>.12,
162
13
3a: — .= 2.17
ai 5388 (2.17)
13
3b: — -2 .566
648
1 5
3c: — -2 .988
“ 648
3d: —.1.432
" 64
We then find . 3 01 2> 333 5
g g g "
BB e e
2T 1\a) ~ s \) T ) oW (2.18)

Remark 2.1. In [10], Bender and Wu give a recursion relation for the coefficients of the
perturbative expansion of the ground state energy, starting from the Schrédinger equation.



2.2 Unstable vacua in quantum mechanics

As we explained in the introduction, instanton calculus is relevant for understanding quan-
tum instabilities. We will now calculate the mean lifetime of a particle in the inverted
quartic potential by using instanton techniques. Of course, this is a computation which
can be also done by using more elementary techniques, like the WKB method. One of the
advantages of the path integral/instanton method is that it can be easily generalized to
field theory, as we will eventually do.

\ qe(t)

1 A
V - _ 2 4
(a) = —5¢" + 5

Figure 4: The inverted potential relevant for instanton calculus in the quartic case. The instanton
1

or bounce configuration g.(t) leaves the origin at ¢ = —oo, reaches the zero (2/\)2 at t = to, and

comes back to the origin at t = 4o0.

Let us now suppose that we have a quantum-mechanical problem with an unstable
minimum. A very useful example of such a situation is the inverted anharmonic oscillator,
with a potential

z? g 4
= — 4+ =z". 2.1
W (x) 5 + 436 (2.19)
where
g=-\ A>0. (2.20)

This potential is shown in the left hand side of Fig. 4. The corresponding inverted potential
in the Lagrangian interpretation of the Euclidean action is
1 A
V(g) = —5¢*+ 54" (2.21)
2 4
and it is shown in the right hand side of Fig. 4.

A particle in the ground state at the bottom of the local unstable minimum will decay
by tunneling through the barrier. We want to calculate the mean lifetime of the particle,
or equivalently the imaginary part of the ground state energy. This imaginary part is
inherited from an imaginary part in the thermal partition function. To see this, we write

1

Z=ReZ+ilmZ = F(B) = GlogZ =~

1
8

i mZ
log(Re Z) — é% e, (222)
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Figure 5: We can analytically continue the integral (2.25) to negative values of g by rotating the
integration contour for z. Here we rotate g clockwise, and the integration contour counterclockwise,
in such a way that the integral is convergent.

A g A <

Figure 6: Here we rotate g counterclockwise, and the integration contour clockwise.

where we have taken into account that the imaginary part of Z is exponentially suppressed
with respect to the real part (we will verify this in a moment). Therefore, at leading order
in the exponentially suppresed factor we have

1 ImZ

Im F = —— 2.23
mFB) = 3R 7 (2.23)

and 1 ImZ
ImE(g) = ﬁli_)n;o ImF(B) = —ﬁli_)n;o ERI:Z' (2.24)

How do we calculate Im Z by using path integrals?

2.3 A toy model integral

In order to understand how to compute Im Z, it is very instructive to look at a simpler
problem [27, 95]. We will then consider the reduction of the anharmonic oscillator to zero
dimensions, and we will analyze the simple quartic integral

I(q) — L +Ood —2%/2—gz*/4 295
(g) - \/ﬂ ze . ( . )
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—lgl —1i0
Figure 7: The integration contours C+ correspond to the negative values of g = —|g| & i0.
This integral is well defined as long as
Re(g) > 0, (2.26)

but we would like to define it for more general, complex values of g, in particular we would
like to define it for negative values of g. This can be done by analytic continuation: we
rotate the contour of integration for the z variable, so that

Re (gz*) >0 (2.27)

and the integral is still convergent. Equivalently, we give a phase to z in such a way that
1
Argz = —ZArg g. (2.28)

Obviously, this analytic continuation of the integral is no longer real.

In order to define the integral for negative g, we should rotate g towards the negative
real axis. But it is clear that this can be done in two different ways: clockwise, as in Fig. 5,
or counterclockwise, as in Fig. 6. The integration contour for z rotates correspondingly.
Since the resulting integration contours are complex conjugate to each other, the two
integrals defined in this way are also complex conjugate. For g — —|g| + 10, one has for z
the integration contour

Cy: Argz= —%, (2.29)
while for ¢ — —|g| — i0, one has
C_: Argz= E, (2.30)

4

see Fig. 7. This means that one can indeed obtain an analytic continuation of the integral
I(g) to negative g, but the resulting function will have a branch cut along the negative real
axis. The discontinuity across the cut is given by

1
Vo ci—C_

The discontinuity (2.31) can be computed by saddle-point methods. The saddle points
of the integral occur at z =0 or

I(g +i0) — I(g —i0) = 2iIm I(g) dze#/2707"/4, (2.31)

1
249l =0=22=—-. (2.32)
g

,10,



Figure 8: The complex plane for the saddle-point calculation of (2.25). Here, C* and C~ are the
rotated contours one needs to consider for g < 0. Their sum may be evaluated by the contribution of
the saddle—point at the origin. Their difference is evaluated by the contribution of the sub-leading
saddle—points, here denoted as S; and Ss.

Therefore we have two nontrivial saddlepoints S 2
219 = +el™/200/2) g~ (2.33)

where ¢, is the phase of g. For g < 0, they are on the real axis, see (8). The steepest
descent trajectories passing through these points are determined by the condition

2,2

Imf(z) =Imf(z),  f(z) =5 +92 (2.34)
For g < 0 these are hyperbolae
22 1
-yt =—— (2.35)

passing through the saddlepoints S; 2 at = = i]g\_%, y = 0, see Fig. 8. From this figure
it is also clear that the contour C; — C_ appearing in (2.31) can be deformed into the sum
of the steepest descent trajectories passing through Si o, therefore the imaginary part in
(2.31) is given by

1

Im I(g) ~ exp <@> . (2.36)

Since the integral (2.25) is divergent for g < 0, the resulting complex function can not
be analytic at g = 0. One consequence of this lack of analyticity is that the formal power
series expansion around g = 0,

I(g) =) ard", (2.37)
k=0
where (a)+ " ( )
—4)" oz 2 4k — 1!
_ L =22 o a\—k
ay = Vo /_OO dz e = (—4) o (2.38)

has zero radius of convergence. Its asymptotic behavior at large k is obtained immediately

from Stirling’s formula
ap ~ (—4)Fk! (2.39)

— 11 —



This factorial divergence is in fact a generic feature of perturbative series in quantum
theory, as we will see.

2.4 Path integral around an instanton in QM

Figure 9: A general unstable potential W (z) and the associated inverted potential V(x). A
periodic solution with negative energy moves between the turning points g+. The zero energy
bounce, relevant to extracting the imaginary part of the ground state energy, is also shown.

The moral of the simple analysis in the previous subsection is that, for negative g, the
integral I(g) picks an imaginary part which is given by the contribution of the nontrivial
saddlepoints. Let us now come back to our quantum-mechanical problem. By analogy with
this example, and in particular from (2.31), we expect that the quantity

disc Z(—A\) = Z(=A+1ie) — Z(—X —1ie) = 2iIm Z(—N) (2.40)

is given by the sum of the nontrivial saddle-points of the path integral (2.3). These non-
trivial saddle points are time-dependent, periodic solutions of the EOM for the inverted
potential,

Q.C(t) + V,(QC) =0. (2'41)
Examples of such nontrivial, periodic saddle points are oscillations around the local minima
of V(q), as shown in Fig. 9. The period of such an oscillation between the turning points

B 9+ dq
=2, e

These trajectories satisfy in addition the “energy conservation” constraint

1_2

S0+ Vig) = B(B). (2.43)

Notice that the period (2.42) varies between 3 = oo (corresponding to £ = 0 in Fig. 9)
and a minimum critical value . corresponding to the minimum ¢q of the potential. This
value can be computed as follows. Near the bottom of the inverted potential one has

q— and g4 is given by

Via) = Vo - 52— ) + - (241

- 12 —



where

w? = -V"(qo). (2.45)
At this order we can parametrize the energy as
E=-Vy+ %w%{ g+ = qo L e, (2.46)
where we just evaluated (2.43) with (2.44) at the turning points gy £+ ¢. We then find,
p=2 " dg 2 [0 & . (2.47)

wee V@ —g—a)) @l E-E @

As € — 0 we then find,
27

fe
For 3 < (3. there are no “instanton” trajectories. In terms of a thermal partition function,
this is interpreted as saying that for sufficiently high temperatures the bounce degenerates
to a solution ¢(t) = g staying at the top of the barrier. The decay mechanism above
the temperature T, = 1/, is just thermal excitations over the top of the barrier, see for
example [1, 50].

(2.48)

o .

Example 2.2. In the example of the anharmonic oscillator, the EOM reads

—q(t) +q(t) = Ag’(t) = 0, (2.49)

The inverted potential has minima at

g=+A"2, (2.50)
and it has zeroes at
_ i<2)5 (2.51)

It is possible to find explicit solutions of (2.49) around the minima (2.50), but they are
complicated and involve elliptic functions (see for example [64]). However, in the limit
8 — oo they simplify. This limit corresponds to solutions that take infinite time in going
from ¢_ to g1, and they can only exist if the particle arrives to the turning points with
zero energy, therefore gq_, ¢4 have to be zeroes of the potential and in addition £ = 0. One
easily finds that the trajectories are given explicitly by

2\3 1
%e(t) = i(i) cosh(t — tg)’ (2:52)
where, for 3 finite,
—06/2 <ty < /2 (2.53)

is a free parameter. When 3 — oo, such a trajectory starts at the origin in the infinite
past, arrives to the zero (2.51) at t = tp, and returns to the origin in the infinite future, i.e.
qc — 0, t — oo,
92y 1 (2.54)
t=to,  qolto) = i(x> .
An example of (2.52) is shown at Fig. 10.

,13,



Figure 10: The solution (2.52) with tg = 0, A = 1.

Let us now return to the general case and expand the action around g.(t). We find,
after writing

q(t) = qe(t) +r(t) (2.55)

that, at quadratic order in the fluctuations,

S(Q) ~ S(qc) + % /dtldtQT(tl)M(tl, tg)’l“(tg) (256)

where M is the operator defined by

2 2
Mty 1) = W _ [— <dit1> _ V”(qc(tl))] Sty — t). (2.57)

In the quadratic (or one-loop) approximation, the path integral around this configuration
is then given by

1
/Dq(t) e—S(Q) ~ e_S(qc) /’Dr(t) exp |:—§ /dtldtz T(tl)M(tl,tQ)T(tz)] . (2.58)
Since we are integrating over periodic configurations, the boundary conditions for r(t) are

r(=B/2) = r(5/2). (2.59)

Note that all possible values of the endpoints for r(¢) are allowed, since we have to integrate
over all possible periodic trajectories and in particular over all possible endpoints. Formally,
the Gaussian integration over r(t) gives

/ Dr(t) exp [—% / dtldtgr(tl)M(tl,t2)r(t2)] = (det 1) : (2.60)

The determinant of M is understood here as an (infinite) product over its eigenvalues, and
its calculations goes as follows. Let ¢, be orthonormal eigenfunctions of M, labeled by
n=20,1,---,

/dtQ M(tl, tg)qn(tz) = )\nqn(tl), (2.61)

- 14 —



and satisfying periodic boundary conditions appropriate for (2.58),

an(—B/2) = an(B/2)- (2.62)
The eigenvalue problem can be written explicitly as
d2
[—@ - V"(qc(t))] Gn(t) = Mgn(t), n 20, (2.63)

and orthonormality means that

B/2
/ dt Qn(t)Qm(t) = Opm- (2'64)
-B/2

Then,

1
<det M) F=T (2.65)
n
In order to makes sense of this formal expression, it is important to notice two properties
of M which are crucial to understand the problem.
Firs of all, if we take a further derivative w.r.t. ¢ in (2.41) we find

2
Saelt) + V(@ (0)de(t) =0, (266)

ie. qc(t) is a zero mode of M. Since g.(t) is periodic, ¢.(t) is periodic as well and the
boundary conditions (2.59) are satisfied. It is also a normalizable function, therefore it
must be (up to normalization) one of the eigenfunctions g, (t) of M, say ¢1(t) (we will see
in a moment that indeed it is the first excited state). The normalized zero mode is

1.
= ch(t)’ (267)

a1 ()

where the norm is given by
B/2
il = [ at au(o)® (2.68)
—B/2

This norm can be written in many ways. A particularly useful representation is obtained
if we use conservation of energy (2.43) and the fact that F = 0 for this trajectory,

. 8/2 1, ) B/2
lde]l? = /6/2 At 5 (ge(t)) /6/2 dt V(ge(t)) (2.69)
= S(Qc(t))'

The origin of this zero mode can be also explained in terms of time translation invariance.
When we solve for a nontrivial saddle point we find in general a family of solutions, which
we can parametrize by an initial time ¢y as in (2.52). A parameter for a family of solutions
is called a modulus or a collective coordinate. Since the Euclidean action is invariant under
time translations, the function

S(to) = S(q.° (1)) (2.70)

,15,



is constant. Here we have explicity indicated the dependence on ty in the family of solutions
¢c(t). In particular

d2S(to)
———= =0. 2.71
de3 (2.71)
Notice that 45(t0) 59 st (0
to ql(t
= == 2. 2
dtp dt&lc(t) dto 0 (2.72)

since g% (t) is a solution of the classical EOM, and

d2S(t 529 5qlo(t1) dqto(t
d°5tt) _ /dtldtg 4’ (1) 94 (t2), (2.73)
dtg 0qc(t1)0qc(t2)  dto dto
But the operator appearing here is nothing but M (¢1,t2), and
5qt0 (t) )
c N\ slogg 2.74
e 0] (2.74)
therefore we conclude that
/dtQM(tl,tQ)q;;O(tz) =0 (2.75)

and ¢.(t) is a zero mode of M.
The second important point is that the operator M has one, and only one, negative
mode, therefore (2.58) is imaginary. To see this, we regard

= V) (2.76)
as a Schrodinger operator. We have found an eigenfunction ¢.(¢) with zero energy. On the
other hand, the spectrum of a Schrodinger operator has the well-known property that the
ground state has no nodes, the first excited state has one node, etc. The function ¢.(t) has
one node, since it vanishes at the turning point and then changes sign. Therefore it is the
first excited state of the above operator, and there must be another eigenfunction with less
energy (i.e. negative energy) which is the ground state. This is the negative mode of M.

Example 2.3. Let us consider again the quartic oscillator. The operator M is given in
this case by

d? 6
—tl-—
dt cosh(t — to)
Using translation invariance we can just set tg = 0 to study the spectrum. It is easy to see
that

M=— (2.77)

1

Mip(t) = =3¢(t), Y(t) = m,

(2.78)

which is the single negative mode of this operator.

We now address the issue raised by the existence of a zero mode. Naively this leads to
an infinite answer for the functional determinant. Indeed, if we expand the fluctuations as

T(t) = Z CnQn(t) (2.79)

n>0
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we find

de 1 2 dc
-1/2 _ N =5 2n>0AnCh _ 1 / -1/2
(det M) / ];[ oA ( m)(det M) (2.80)
where
det’ M = J] An (2.81)
n#l

is the determinant of the operator M once the zero mode has been removed. Therefore, the
infinite answer comes from the integration over c¢;. But ¢ stands really for the collective
coordinate ty. To see this, notice that an arbitrary, periodic function of ¢ can be expanded
in two equivalent ways, either as in (2.79) or as

Qéo (t) + Z CnQn (t) (2.82)
n#l

where t( now varies and parametrizes a direction in the space of path configurations. If we
change ¢; in (2.79) we obtain

1
q1(t)oer = quo (t)ocr (2.83)

while varying to in (2.82) gives
—glo (t)dty. (2.84)

Both variations are proportional, therefore (2.82) parametrizes the same fluctuations as
(2.79). The Jacobian of the change of variables from ¢; to tg can be easily computed by

comparing both variations,
561

5to

Therefore, the integration over ¢; gives

J= |5 = el = 522 (2.85)

1 J [0 e/
A faoe L [P
V2T Vam J_g/2 V2T

where we have used that the “moduli space” for g is [—3/2, 3/2]. Of course, this is infinite
when 3 — oo, and this is the source of the divergence in the determinant of M. But since
we have to divide by (8 in (2.24), we will obtain in the end a finite result.

To summarize: instantons come in families parametrized by collective coordinates or
“moduli.” This leads to zero modes in the quadratic operators that are obtained by looking
at fluctuations around a fixed solution. The integration over these zero modes has to be
translated into an integration over collective coordinates, which then expresses the possible
infinities appearing in this integration as divergences due to the volume of these zero modes.

We now put everything together, and obtain

(2.86)

2T

SI/Q
2ilm Z ~ ./\/e*SCﬂ—c(det’ M)~/2, (2.87)
Nors

As a consistency check, notice that M has one and only one negative eigenvalue, therefore
det’ M is negative and the r.h.s. is then pure imaginary, as it should. In this equation, N/
is an overall normalization of the measure in the path integral, which is independent of the
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potential. In order to fix it, t is convenient to use the (unperturbed) harmonic oscillator
with w = 1 as a reference point. Its thermal partition function will be denoted by Zg(3).
Notice that, for large 8, we have of course

Zg(B) ~ e P2 (2.88)

On the other hand, a path integral evaluation of this partition function gives

Z6(8) = N(det Mo) /2, (2.89)
where
d 2
My = [— <—> +1 5(t1 — tg). (2.90)
dt;
We then find,
1 det’ M1-5 88 g
mZ(5) ~ 5:26(9) | Gorar | = (2.91)

which is valid at small A (in fact, it is the one-loop approximation to the full result). We

now assume that the inverted potential has the form
1
V(g) = 5q2 +0(N), (2.92)

where A is a coupling constant. Then at leading order in the coupling constant A our
problem is in fact a harmonic oscillator, and

Re Z ~ Za () (2.93)

Therefore, at leading order in A,

! _1
_ det M] 2o, (2.94)

i
m B0 ~ 5 5 |~ Gy

Nz
This gives the imaginary part of the free energy for potentials of the form (2.92), and
from (2.24) we can deduce the imaginary part of the ground state energy. Before going
on, we have to compute the remaining ingredient of this equation, namely the functional
determinants.

2.5 Calculation of functional determinants I: solvable models

Let us consider the most possible direct approach to the computation of the determinant
of M, by focusing on the quartic case (2.77). The operator one finds in this case belongs to
a general family of operators called Poschl-Teller potentials. This family has the structure
d? 0(0+1)
My =———5 +m? — ———=. 2.95

b de? cosh?(t) (2.95)
Remarkably, this family of potentials has an exactly solvable spectrum. This is due to a
factorization property first studied by Schrodinger, and which can be substantially clarified
in the light of supersymmetric quantum mechanics, as we will do later. Useful references
for the following calculation include [54, 22]. Let us introduce the operators

d t d
Ap = T + (tanht, A, = T + (tanht. (2.96)
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Figure 11: The recursive solution of the spectrum of the Péschl-Teller potential.

It is immediate to compute that
ATAg = My + 02 —m?, AgAl = My + 02 —m?. (2.97)

Notice that for £ = 0 we recover the free particle. Also, we can obtain the ground state for
the full family of potentials just by solving

AP () = 0. (2.98)

This is a first order ODE with solution

©) 1
t) x . 2.99
0 ( ) COShZ ( t) ( )
The ground state energy for the operator My, is simply
B =m? — 2. (2.100)

The properties above also make possible to calculate the excited states. To do this,
notice that if ¢(€_1)(t) is an eigenfunction of My_; ,, with eigenvalue py_1, then

P (t) = Azw(ﬁ—l)(t) (2.101)

is an eigenfunction of My ,, with the same eigenvalue. Indeed,

Oy — T 2 2\ 4t (0-1)
Myt ®() = (A}A +m? - 2) Alpt=D (1) -
= Az (Méfl,m — 24 mZ) w(f—l)(t) + (m2 _ 62) w(@(t) — ,Uaéfllb(g)(t)

We can then construct the spectrum of Mp ,, by starting with the free particle £ = 0 and

applying the operators AZ. For ¢ = 0, the eigenfunctions are just plane waves (scattering
states)
elkt (2.103)
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with energies
Epm(k) = k* +m? (2.104)

Applying AJ{ we obtain the scattering states of the £ = 1 potential

AT ikt
(k) 1 ©

t) = 2.105
i) V1+ k221 ( )

appropriately normalized. On top of that, we have the ground state (2.99) with ¢ = 1,

¥ @ (2.106)
To go to £ = 2, we apply A; to these states, and we obtain the scattering states
I i ikt
(1) = \/2;41 = \/1A+1 = \‘;ﬁ (2.107)
a bound state
() oc Al COS; o (2.108)
and the new ground state
(1) Wﬂ@ (2.109)

Proceeding in this way we obtain the full spectrum of the /-th potential. It consists of
scattering states

T Il ikt
(k) Ay 4 e
t) = ce , 2.110
ve () VEFE 1+ k2V2n (2.110)
with energy
Epm = k* +m?, (2.111)
and ¢ bound states
(-1) ot 1 -
Yy () o< Ay Az—j+1m7 J=1- L (2.112)
with energy
Ef) =m? —((—j+ 1) (2.113)
The scattering states are normalized as
<k % *
/ Y @) ( { )(t)) dt = 6(k — ). (2.114)

In principle, since the spectrum of the operator M; ,, is known, the determinant is also
known. The only subtlety is that we have to regularize the determinant in two ways. The
first one is the overall normalization constant, which involves dividing by the determinant of
a reference operator as in (2.91). In this case the natural choice is the free particle operator
My, m- The other regularization is due to the fact that there is a part of the spectrum which
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is continuum. If an operator M has a discrete spectrum {\,} and a continuum spectrum
A(k), the determinant should be understood as

log det M = Zlog()\n) + /dk: p(k)log (\(k)), (2.115)

where p(k) is the density of states for the continuum part. This is easily computed by
putting the system in a box. A scattering state in the Péschl-Teller potential will experience
phase shifts. Indeed, as t — £oo, we have

d

Al ~ — Tk (2.116)

and the asymptotic form of the scattering states will be

4
— [ (—ik £ 5) ** (2.117)
j=1
Therefore the phase shifts, defined by
o(k
P () — exp[ <kti (2)” (2.118)

are given by
: -1 k T
= tan (=) + < (2.119)
=1 i/ 2

The quantization condition once we put these scattering states in a box of length 3 is just

ikp 4+ 16(k) = 2rwin (2.120)
and the density of states is
dn
— = Prree(k k), 2.121
T = pielk) + p(k) (2121)
where
(k) =2 ph) = =d'(h) (2.122)
Pfree 27‘(‘7 P ot . .
In our case
1<~
k)= —= — . 2.12
L (2123)

Subtracting the determinant of the free operator detMj ,, means just keeping p(k) in the
density. We then find the following result

oo
log det' My, — log det My ,, = Z log(m? — j%) + / dk p(k)log(k?* + m?)
1<j<L, j#m a
= Z log(m? — 52 ——Zj/ /<:2 log(k2+m ).
1<5 <L, j#m

(2.124)
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The last integral can be calculated by residues to be

2
77,T log(j +m), (2.125)

and the prime in the first sum means that we remove the zero mode which appears at
m = j when m < £. The end result is

det' My, ngjg[,j;ﬁm(mQ - 7%

(2.126)

2.6 Calculation of functional determinants II: Gelfand—Yaglom method

The determinant of the operator appearing in (2.94) can be computed with a remarkable
result known as the Gelfand—Yaglom theorem. This result is very powerful since it does not
involve a precise knowledge of the spectrum. We will follow the approach in the Appendix
of [50] (see for example [38] for more information).
Let us consider the eigenvalue problem for a Schrodinger operator in the interval
[—3/2,3/2], and with periodic boundary conditions ¥(—3/2) = ¥(5/2),
-5

W] () = (). (2.127)

Let us denote by w/l\’Q(t) the solutions with initial conditions

UA(=B/2) =1, ¥x(=B/2) =0,

. (2.128)
PI(=B/2) =0,  Pi(=B/2) = 1.
Consider now the matrix,
_ () YR
My(t) = ( 7/32 (t) @ (t)> (2.129)
Any solution of the eigenvalue problem can be written as
wt)) _ (zz;A(—ﬁ/z))
(i) =200 (2 o) (2150
If there is a periodic solution of the eigenvalue problem, then
_ %A(—ﬁ/2)> _
(Mx(B/2) — 1) <¢>\(—B/2) 0. (2.131)
Therefore,
det (My(B/2) — 1) = det(My(3/2)) — Tr (My(5/2)) — 1 = 0. (2.132)
Since the Wronskian is constant in time,
det(My(5/2)) =1 (2.133)
and we end up with the condition
Tr (My(6/2) —1)=0 (2.134)
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for A to be a solution of the eigenvalue problem. If we regard this quantity as a meromorphic
function of A, we conclude that

det (—07 + W (t) — \) = Tr (MA(8/2) — 1) (2.135)

since both sides have the same set of poles and zeros and the same behavior at infinity.
Notice that the choice of normalization is incorporated in the appropriate way, since for
W(t) =0 and XA = —w? we have

_( cosh(wt) w™lsinh(wt)
M_(t) = <w sinh(wt)  cosh(wt) (2.136)
therefore
mj 2
Tr(M_2(3/2) — 1) = (2 sinh 7) (2.137)
The partition function of the harmonic oscillator is then given by
_ 1
Z(8) = [det (0% +w?)] P = —— 2.138
(8) = et (<02 )] = (2159

which is the standard result.
The calculation of determinants after removing the zero modes is also relatively straight-
forward. If we want to calculate

det’ (=07 + V" (qc(t))) (2.139)

we just write

det’ (=82 + V" (¢e(1))) = ‘a%det (=0 +V"(ae(t) = )

A=0 (2.140)

:_g}nmﬁwm»—n

A=0
We then have to compute w}\’z(t) to first order in A. It is easy to find two solutions for
A = 0. To do this we have to find a solution to the zero mode problem
d2 "
2V ael0)] x(t) = 0 (2.141)

with the right boundary conditions. The general solution of (2.141) is given by

t
X@ZA%®+BMU/M“;$P- (2.142)
That ¢.(t) is a zero mode follows from (2.66), and an easy calculation shows that
Ge(t) f (1) (2.143)
solves (2.141) if f(t) solves } .
Ge(t) f(t) +24e(t) f(t) = O, (2.144)
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which indeed is the case for

t dr
fe) = /_5/2 W (2.145)

We now look for the particular solutions which are needed in the Gelfand—Yaglom theorem.
By translation in time, we can construct a bounce satisfying

Ge(=B/2) =0 (2.146)

so that the solutions (2.128) for A = 0 are given by

qe(t) YRR . t dt’
o R0 = a8/ / T

bo(t) = (2.147)

The solutions 1/&’2@) for A # 0 can now be computed as a power series in A, using for
example degenerate perturbation theory. The result is

D (1) = 4y (¢) (1 +A /_ oo dt’ [y () (t') — o (v (t’)}> +0(N). (2.148)

We then obtain

B/2 B/2 : 2
Tr (M\(5/2) — 1) = )\/ﬁ/2 dt i dt (jj;;) +O(\?). (2.149)
We conclude that
B/2 B/2 /
det’ (=02 +V"(q.(t))) = — / » dt (ge(1))? / o2 (G C(ltt,))z (2.150)

Notice that this quantity is manifestly negative. Notice that the first factor is just the clas-
sical action (2.68), while the second factor can be expressed as follows. Taking derivatives
in (2.42) w.r.t. 8, we find

1= _‘g_E dg ;. (2.151)
) 2B - V()
Because of energy conservation we have
q.c(t) = [Q(E - V(QC))] 2= qu(t) = [Q(E - V(Qc))] 2dt, (2'152)
therefore ) )
x N 3/2 N
_9F / dg 3] _ / __dt (2.153)
op ! [Q(E _ V(q))] 2 —3/2 2(E—V(q))
and
/6/2 _dt (-8—E>_1 (2.154)
/2 (Ge(t))? o) '
We finally conclude that
det’ M Se  (9B\!
=_ == 2.1
det My 4 sinh? g <8ﬁ> (2.155)
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This result is essentially derived (with a slightly different method) in [32]. See also [16].

The above expression for the determinant has been obtained for finite 3, but to extract
the ground state energy we are interested in the limit 3 — oco. This can be done as follows
(for simplicity we normalize our potential in such a way that the unstable minimum is at
g =0). Let us first consider the classical action. At large 3, the only periodic trajectories
which survive have ' = 0 and go from the unstable minimum g_ = 0 to a zero of the
potential ¢,. Their action becomes

B8/2 1. q 1
so= [, atGaw? ~ Vi) =2 [ “agew, (2156)

where we have used conservation of energy (2.43). Let us now consider the derivative of F
w.r.t. f. In the large (§ limit, we write (2.42) as

0+ 1 1 1
ﬁ:2/ dz . o+ 1. (2.157)
- L RE-V@)]E [2E+22)]T [2E+22)]
The last term gives
q+
2log (m +/22 2E> —log® —log(E/2) + O(E), E—0. (2.158)
0

The first two terms, again up to corrections of order O(F), give

2/0‘1+ de (% - %) (2.159)

Ef) ~ —2q_2F exp [2 /Oq+ dz (% — l)]e_ﬁ, (2.160)

It follows that

therefore

a_E ~ 2 " # — l _B
o ~ 2q7 exp [2/0 dﬂ:( ) x)]e . (2.161)

We then obtain the following expression for the (normalized) functional determinant rele-
vant to the trajectories with zero energy

'M 0+ 1 1
det M _ S; exp —2/ do [ —— - =] ]. (2.162)
det My 2q% 0 2W(z) =

Plugging this expression in (2.94) we finally obtain a general formula for the width of an

unstable level in quantum mechanics (at one-loop):

1 -+ 1 1
ImEy ~ ——q. e do [ —— — =) |e 50, 2.163
"ot Xp[/o ( 2 () w)] (2159

It is an interesting exercise to evaluate (2.162) for concrete potentials and check that
indeed it agrees with (2.126).
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Example 2.4. Anharmonic oscillator. The action of the bounce is given by

VA 2(2 - Aa2)*? VA
Slge(t)] = 2/ x\[1— ixQ dz = —w = —. (2.164)
0 2 32\ 0 3\
The exponent in (2.162) is
[ (71 —3> - R R
0 2W(x) = 0 V2 — A2 (2.165)
NCYT '
= —log <\/§\/2—)\m2+2> = log 2.
0
The determinant is then given by
det’ M 1
- 2.1
det MO 12 ( 66)

and the imaginary part of the ground state energy is

ImEO%L.\/zg.e;;: 1 % (2.167)
27 VA V27

Example 2.5. Cubic oscillator. Let us now study the cubic potential. The potential is
given by

L o

V(z) = 5% = gz3. (2.168)
The turning points are ¢_ = 0 and
1
= —. 2.169
qa+ 2 ( )
The instanton solution is 1
t) = 2.170
%l 2g cosh? (%) ( )
and the operator M reads
d? 3
M = — . 2.171
de? cosh? (£) ( )
The action of the instanton is
1/(29) L 92
S :2/ 22 —2gz3)2dr = —. 2.172

The nontrivial integral involved in the one-loop fluctuation is

1/(29) — S22 903
/ de TNV T 29T gy, (2.173)
0 /22 — 2923

and we find

- (2.174)
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and

1 1 2 1 2
Im Ey(g) ~ C 4 e HI5) = —_om2/(1597) 2.175
This agrees with the results of [4]. The result (2.174) can be also obtained with the Péschl-
Teller potential. After rescaling t — 2t we find that
1

M =
4

M3. (2.176)

The behavior of the determinant of an operator under rescaling is not completely trivial
(see for example [71], section 3.6). After normalizing we find that

(2.177)

det’ M <1>N§~2N02 det’ Ms.
4

det My  \4 det Mo

where N§72 — Np,2 is the number of non-zero modes of M3 minus the number of modes
of My2. This can be computed in general by mimicking the procedure in (2.124). Notice
that My, has j —1 discrete non-zero modes for m < ¢, plus a continuum. To calculate the
difference between the zero modes in the continuum for My, and My, we can use again
the spectral density. We find,

¢
. o . 1 [ dk
Né,m_NO,m:J—l-i-/ dkp(k:):j—l—%E J/ [Ep (2.178)
—00 j=1 —00 .

Therefore, we conclude that the determinant (2.162) for the cubic oscillator and (2.126)
for £ = 3, m = 2 should be related by
det’ M _ 4det' M372
det M, ~ Tdet MQQ ’

(2.179)

which is indeed the case.

The result (2.135) can be generalized to other boundary conditions. Let us consider
for example the eigenvalue problem (2.127) but now with Dirichlet boundary condition

P(=B/2) = ¢(8/2) = 0. (2.180)

Then, it is possible to show that (see for example [26])

det (—(f—; + W(t)) = $(53/2) (2.181)
where ¢(t) is a solution of the zero mode problem
d2
{—@ + W(t)] o(t) =0 (2.182)
with the boundary condition
¢(=p/2) =0,  #(-B/2)=1. (2.183)
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An explicit proof is easily found by using the so-called “shifting method” [32, 95].
As an application of this second version of the Gelfand—Yaglom theorem, we can cal-
culate the one-loop approximation to the propagator

(2'|e PH|z) :N/Dq(t)es(q) (2.184)
where the Euclidean action is given by (2.6). The integration is now over trajectories with

a(=B/2) ==,  q(B/2)=2". (2.185)

As before, the calculation reduces, in the Gaussian approximation, to
1
<$/|e75H|x> ~ efS((IC) /Dr(t) exp |:—§ /dtldtQ T(tl)M(tl,tQ)T‘(tQ) , (2186)

where M is the operator (2.57), ¢.(t) is a classical solution which satisfies the boundary
conditions (2.185), and r(t) satisfies now Dirichlet boundary conditions

r(—=5/2) =r(B/2) = 0. (2.187)
There are now no zero modes for the operator M, and

—-1/2

/ Dr(t) exp [—% / dtldtgr(tl)M(tl,tg)r(tg)} = (aet2r) ", (2.188)

We can compute the determinant by using the Gelfand—Yaglom theorem. The function
$(t) satisfying the boundary conditions (2.183) is nothing but the function 1 (¢) considered
before, i.e. it is given by

: . ! dt’
o) = il -/2icle) [ T (2.189)
Up to an overall constant C, and at one loop, we have
(o' |e™PH |z) = Ce™5@) ((8/2))" 2, (2.190)
or, explicitly,
B/2 -1/2
(@ |e™PH |2} ~ Ce™5) | 4.(—8/2)d(5/2) /6/2 (q.j;)Q} : (2.191)
To determine C we just notice that for the free particle
(2'|e PH |z) = (2716)*1/26*(175”/)2/2@ (2.192)

The classical trajectory for a free particle is a straight line with appropriate boundary
conditions,
r+2 2 —=x

2 3

qe(t) = t, (2.193)
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therefore ¢.(t) is a constant and

ot [ AT (2194)
Ge(=0/2)qc(5/2 / . ] = —. 2.194
—B/2 (QC(t))Q \/B
We conclude, by comparing the two calculations, that
1
C=— (2.195)

V2r

and we find our final expression for the one-loop propagator of a particle in an arbitrary
potential:

< /‘ *5H’ > —5(qe) |:2 ; ( ﬁ/Q) ] (ﬂ/Q) /ﬁ/Q d :|1/2 (2 196)
T'le T) e N2mge(— dc T2 :
—8/2 (Ge(t))?
This formula can be re-written in many ways. For example, using that
928 1 OF
— : - 2.197
02’0z 4.(—0/2)4.(8/2) 95 ( )
one can write 1/2
1 9% \~
/ —BH ~ —S(QC) - . 21
(2] |z) e ( o Wax) (2.198)

This can be also derived with the WKB method [95] and it is known as Van Vleck’s formula.

2.7 Instantons in the double well

The double-well illustrates one of the most important applications of instantons: their
ability to lift perturbation theory degeneracies. Indeed, the double-well potential has, in
perturbation theory, two different ground states located at the two degenerate minima.
This implies, in particular, that in perturbation theory parity symmetry is spontaneously
broken. This cannot be the case. We know from elementary quantum mechanics that
the spectrum of the Schrodinger operator in this bound-state problem must be discrete,
and that the true vacuum is described by a symmetric wavefunction. This wavefunction
corresponds, in the limit of vanishing coupling, to the symmetric combination of the two
perturbative vacua. The energy split between the symmetric and antisymmetric com-
bination is however invisible in perturbation theory and goes like exp(—1/g) —a typical
instanton effect. A systematic exposition of instanton effects in the double-well potential
can be found in [95, 96].
Consider the double well potential with Hamiltonian

1 /d\? A2 12\
H=—-(— W w == (F -5 2.199
5 (dq> +W(g.9), (9:9) = 3 (q A) (2.199)
In perturbation theory one finds two degenerate ground states, located around the minima

1

=+ 2.200
1=+ 5 (2.200)
and with energy given by
Ep(g) 1 9 , 8 5 5013 4
At P MR B Bt 2.201
- 579759 — 59 P ; (2.201)
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where

w=2uV\ (2.202)

is the frequency of oscillations around the minima, and

VA
VA 2.203
9=3.3 ( )

The Hamiltonian is invariant under the parity symmetry
q<— —q (2.204)

and thus commutes with the corresponding parity operator P, whose action on wave func-
tions is

Py(q) = (—q). (2.205)
The eigenfunctions of H satisfy

Hpen(q) = Een(g)Ven(q), Pien(q) = etben(q), (2.206)

where € = +1 is the parity and the quantum number N can be uniquely assigned to a given
state by the requirement that, as g — 0,

Eﬁ%(g) =N +1/2+0(g), (2.207)

i.e. it corresponds to the N-th energy level of the unperturbed harmonic oscillator.

For the double-well potential, one can separate eigenvalues corresponding to symmetric
and antisymmetric eigenfunctions by considering, in addition to the standard partition
function, the “twisted” partition function

Zo(B) = Tr (P e=PH ) (2.208)
where P is the parity operator (2.205). For large $ and small coupling constant one has
Za(B) m e PP — e PF0 n —pem P (B o — By ) (2.209)

Zo(0) can be written in terms of a path integral with “twisted” boundary conditions,

Z.(B) = / Dq(t) exp [-S(q(t))] (2.210)
a(8/2)=P(q(=5/2))
In the case of the double well potential we are studying, the boundary condition reads

a(=8/2) = —a(B/2). (2.211)

In the infinite § limit, the leading contributions to the path integral come from paths
which are solutions of the Euclidean equations of motion and have zero energy. In the
case of Z,((3), constant solutions of the equation of motion do not satisfy the boundary
conditions. Therefore we have to sum over paths which connect the two minima of the
potential (2.200), like in Fig. 12. These correspond to nontrivial instanton configurations.
In the example of the double-well potential (2.199), such solutions are

¢!2(t) = £~ tanh (uﬁ(t - to)) (2.212)

VA
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Figure 12: Left: an instanton configuration with center at tx = 0. Right: an anti-instanton
configuration with center at to = 0.

The solutions qtio respectively, are called (anti)instantons of center ty. They are represented
in Fig. 12 . Since both solutions depend on an integration constant tg, there are two one-
parameter families of degenerate saddle points.

The operator M in (2.57) is now given by

M =0+ * [4— 0 (2.213)

cosh? (,u\/X(t - to))

which is proportional to the Poschl-Teller potential Mj o:

M = pi*AMy o (2.214)

after rescaling ¢ — pv/At. Notice that this operator has a zero mode but does not have
a negative mode. This reflects the fact that the quantum-mechanical state we are now
studying is stable. To evaluate the contribution of these configurations to the path integral,
we can repeat the arguments that led to (2.91). We obtain

det' M1-% 8Se? _
Za(B) zQZG(B)[dSEMO] ﬁm e=Se, (2.215)

where the extra factor of 2 is due to the fact that the solutions ¢%?(t) give the same
contribution. From the relation (2.209) we deduce

53/26—& {det’M]—%
2 detMo

Let us now compute the quantities involved in this expression. First of all, we have, as in
(2.156),

Eiolg) —E_o=-2 (2.216)

4 p

Sc — gm
We see that, at leading order in the effective coupling constant g and for 5 — oo, (2.216)
is proportional to e~1/(69) and therefore it is nonperturbative. For the quotient of deter-
minants we can use the general result for Péschl-Teller potentials,
det’' M . 1 det’ M272 1

= = . 2.218
det My — p?X det My 48u2A ( )

(2.217)

,31,



One finally obtains the nonperturbative splitting between the symmetric and the antisym-
metric wavefunctions as

Eio(g)—E_p _ 2 e—1/69(1 +0(9)). (2.219)

w VTG

at leading order in g and e~1/(69)_ It follows that the true ground state corresponds to the
symmetric wavefunction. The energies of these states can be written as

Eeo(g) = B (9) + B3 (9). (2.220)
where € = 4+ and
(0) (1)
Ey'(g) _ 1 Eolg) e i,
—==5+0(), R LI CRa () (2.221)

and correspond respectively to the perturbative and the one-instanton contribution.

2.8 Multi-instantons in the double well

In fact, the energies (2.220) have multi-instanton corrections. We now provide a brief
discussion of these. A more detailed treatment of this beautiful subject can be found in
the encyclopedic account by Zinn—Justin and Jentschura [96], which we will follow closely.
In the following we will set w = 1 to simplify our notations, so that the only coupling will
be (2.203).

It is easy to see that the existence of a one-instanton correction Eél)(g) to the per-

turbative ground state energy Eéo) (g) implies the existence of n-instanton contributions to
the partition function, since

1 0 1 0 1 n
Z(8) = 5(Z(B) + €Za(8)) ~ e PEHED) Ne—ﬁ/znzo y (%g) /09, (2.222)

The n-instanton contribution is proportional to §". As we will see, the form (2.222)
for the n-th instanton contribution is precisely what one finds in the dilute instanton
approximation, in which one neglects instanton interactions.

The n-th instanton configurations captured in (2.222) do not correspond, in general,
to solutions of the classical equation of motion, but rather to configurations of largely sepa-
rated instantons, connected in a way which we shall discuss, which become solutions of the
equation of motion only asymptotically, in the limit of infinite separation. These configura-
tions depend on n times more collective coordinates than the one-instanton configuration.
We will call them quasi-instantons. Notice that there are no instanton solutions which
start from ¢ = 0 at t = —oo and return to it at ¢ = +o0o0. But there are quasiinstanton
solutions that have this property, see Fig. 13.

Finally, notice that the sum in (2.222) can be written as

0 2k 00 2k+1
249) S e () e oot ST L (L) e,
— (2k)! g — (2k+ 1) \ /7g
(2.223)
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We see that n even contributes to Z(/3), while n odd contributes to Z,(3). This is because
a configuration with n = 2k even can be regarded as a chain of k£ instanton-antiinstanton
pairs, which satisfy the boundary condition

a(=B/2) = a(B/2). (2.224)

For example, in Fig. 13 we show a configuration contributing to n = 2 and with ¢(3/2) =
q(—B3/2) = 0. There is a similar contribution coming from a configuration with ¢(5/2) =
q(—B/2) = 1. Similarly, n = 2k + 1 can be regarded as a chain of k instanton-antiinstanton
pairs, followed by an instanton or an antiinstanton, therefore satisfying the boundary con-
dition

a(=8/2) = —a(B/2). (2.225)

Since we now know that multiinstanton configurations are expected, let us calculate
their effects at leading order for ¢ — 0. We first construct a two-instanton configura-
tion. The relevant configurations are instanton-anti-instanton pairs. These configurations
depend on one additional time parameter, the separation between instantons, and they
decompose in the limit of infinite separation into two instantons.

051

-15 —{10 -5 F 5 15

Figure 13: A two-instanton configuration of the form (2.226), for 6 = 20.

We consider a configuration qg(t) that is the sum of instantons separated by a distance
0, up to an additive constant adjusted in such a way as to satisfy the boundary conditions
(Fig. 13):

@) ="+ -1 =) - =), (2.226)
This path has the following properties:
e It is continuous and differentiable.

e It represents, roughly speaking, an instanton centered at —6/2, joined to an anti-
instanton centered at 6/2.

e When 0 is large it differs, near each instanton, from the instanton solution only by

exponentially small terms of order e=?.
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We now calculate the action evaluated on this path, as a function of 6. It is convenient to

introduce some additional notation:
0/2
u(t) = ¢"(1). 2227
olt) = ult +0),

therefore it follows from (2.226) that ¢ = u — v. The action corresponding to the path
(2.226) can be written as

st = [at (24 via)
—2x é + /dt [—id+ V(w—v) = V() = V()] . (2.228)

Since ¢, is even as a function of ¢, the integral is twice the integral for ¢ > 0, where v is at
least of order e=%/2 for large 6. After an integration by parts of the term o1, one finds

400
S(gf) = % +2 {v(O) u(0) + /0 dt [vii+ V(u—v) = V(u) — V(v)]} . (2.229)

One then expands the integrand in powers of v. Since the leading correction to S is of
order €Y, one needs the expansion only up to order v2. The term linear in v vanishes as
a consequence of the u-equation of motion. One obtains

S(q%) — % ~ 20(0) @(0) + 2 {/O+Oo dt [% V2 V" (u) — % V" (0) UQ} } . (2.230)

The function v decreases exponentially away from the origin so the main contributions to
the integral come from the neighbourhood of ¢t = 0, where u = 1 + 0(6_6/2) and thus
V' (u) ~V"(1) = V"(0). Therefore, at leading order the two terms in the integral cancel.
At leading order,

v(0) w(0) ~ —e~ (2.231)
and thus 1
Sg) =5 —2e7"+0 <e—29> . (2.232)

As we will see, in order to compute the n-instanton contribution but at leading order in g,
the corrections of higher order in e=? are not needed. The reason is that, for g small (and
negative), the action favours instanton configurations in which the instantons are far apart
and 0 is large. In analogy with the partition function of a classical gas (instantons being
identified with particles), one calls the quantity —2e~? the interaction potential between
instantons.

Actually, it is simple to extend the result to @ large but finite. To do this, we have to
notice that 3 is a periodic variable, so it lives in a circle. The two instantons separated by
a distance 6 are also separated by a distance 3 — 0, see Fig. 14. Symmetry between 6 and
G — 0 then implies

1
S(qg) == 2e 0 _ 9= (B=0) ... (2.233)

We now consider an n-instanton configuration, i.e. a succession of n instantons (more
precisely, alternatively instantons and anti-instantons) separated by times 6; with

>ii0i =B (2.234)
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0

Figure 14: Two instantons separated by 6 in one segment of the circle, and by 8 — @ in the other
segment.

n—1
O =B—> 0
=1

0 0,,—
1 0, 1

Figure 15: n instantons separated by the distances 6; along the circle of length .

We can represent them as in Fig. 15. As noted above, for n even, n-instanton configurations
contribute to Tre ## | while for n odd they contribute to Tr (Pe*ﬁH )

At leading order, we need only consider “interactions” between nearest neighbour
instantons. Other interactions are negligible because they are of higher order in e=%. This
is an essential simplifying feature of quantum mechanics compared to quantum field theory.
The classical action S¢(6;) can then be directly inferred from expression (2.233):

S.(6;) = % —9 i et 10 (e—(gi“’ﬂ) . (2.235)
i=1

We have calculated the n-instanton action. We now evaluate, at leading order, the
contribution to the path integral of the neighbourhood of the n-instanton configuration.
We expand the action up to second order in the deviation from the classical path. Although
the path is not a solution of the equation of motion, it has been chosen in such a way that the
linear terms in the expansion can be neglected at large 6. The Gaussian integration involves
then the determinant of the operator M in (2.57). It can be seen that, at leading order in
the separation between instantons, the spectrum of M is just the spectrum arising in the
one-instanton problem but n-times degenerate, with corrections which are exponentially
small in the separation. Therefore, the determinant of M is just the determinant arising
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the in the n = 1 case to the power n. Since we have n collective time variables we also
have the Jacobian of the one-instanton case to the power n.
Therefore, the n-instanton contribution to the partition function (2.222) is given by

N o B e—l/Gg n 9 n 4,
Z(B) = e > <Eﬁ> /eizoé(ZHi—ﬂ>1:[d9iexp [;;e 9]. (2.236)

The overall factor 8 comes from the integration over a global time translation, and the
factor 1/n arises because the configuration is invariant under a cyclic permutation of the
0,. Finally, the normalization factor e=?/2 corresponds to the partition function of the
harmonic oscillator. Odd-n instanton effects contribute positively to Zg_n) (8), and nega-
tively to AR (6). The expression (2.236) is the final expression for the contribution of an
n-instanton configuration.

2.9 The dilute instanton approximation

We will now evaluate (2.236) in which instanton interactions are neglected. This is called
the dilute instanton approximation. Formally, to suppress the interactions, we should take
the limit

g— 07, (2.237)

since in this case
2 n
exp [— Zeei] —0. (2.238)
93

In fact, as we will see in a moment, the multiinstanton computation is only well-defined
for g < 0, and the dilute instanton approximation corresponds to g negative and small.
When the interaction term is suppressed, the integration over the 6;’s is straightfor-

ward, since 1
o P
/91'20 ’ <Z b B) 1:[ dds = (n— 1)!’ (2.239)

and " "
—1/6g n—1 —B/2 —1/6g
ZM (6, g) = e_ﬁ/2é € b =2 eﬁe . (2.240)
n Vg (n—1)! n! VTG

The sum of the leading order n-instanton contributions
o
Ze(B,g) =e PP+ > ZM(8,9) (2.241)
n=1

can now be calculated:

Ze(B,9) *ﬁ/2i = 66_1/69 QT (2.242)
(B,g) ~e — | e =e "7e .
I = n! /TTg

with

Eeols) = 5 +0(6) = e (1+.0(). (2:24)

We recognize the perturbative and one-instanton contribution, at leading order, to E¢ (g),

the ground state and the first excited state energies. This is what we could have expected
based on (2.222).
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2.10 Beyond the dilute instanton approximation

To go beyond the dilute instanton approximation, which only gives the one-instanton con-
tribution to the energy levels (free energy), it is necessary to take into account the interac-
tion between instantons and resum the series. Unfortunately, and as we pointed out before,
the interaction between instantons is attractive for g positive. In particular, in the limit
g — 0T, the dominant contributions to the integral come from configurations in which the
instantons are close and #; are small. In this situation, our approximation scheme assum-
ing that the instantons are well separated is not consistent. In fact, when instantons are
close, the concept of instanton is no longer meaningful, since the corresponding configura-
tions cannot be distinguished from fluctuations around the constant or the one-instanton
solution.

In order to solve this problem, we proceed in two steps: first, we calculate the instanton
contribution for g small and negative. For negative g the interaction between instantons is
repulsive and the approximation in terms of well separated instantons becomes meaning-
ful. In a second step, we perform an analytic continuation to g positive of all quantities
consistently. It turns out that there are many ways of performing this continuation, but as
we will see later these choices are correlated with the choices of Borel resummation of the
perturbative series.

Let us now introduce the “fugacity” A(g) of the instanton gas, which is half the one-
instanton contribution at leading order,

Ag) = —— e~ 1/09, (2.244)
Notice that, for g < 0, A is imaginary. We also introduce the parameter

p=—=. 2.245
P (2.245)

To calculate the integral (2.236), we factorize the integral over the 6;, by introducing a
complex contour integral representation for the J-function,

b} (Z 0; — B) = % / ds exp [—s <ﬁ — Ze)] : (2.246)
i=1 Yoo i=1

In terms of the function
+oo
Z(s,pu) = / exp (30 - ue*(’) dé, (2.247)
0
Zm (B) can be rewritten as

Be P2 \n

2min

ZM ()

€

/ dse P [Z(s,p)]" . (2.248)

—ioco
In order to compute Zg(n)(ﬁ), we will compute its Laplace transform

Go(E) = [ apetz () (2.249)
0
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This gives the n-instanton contribution to the trace of the resolvent

G(E) =Tr ! —/OodﬂeﬁEZ(B), (2.250)
0

H-FE

The poles of G(E) then yield the spectrum of the Hamiltonian H, i.e. the energy levels.
We have,

G () = / T A5 etE 20 (6)
0

0 B(E—-1/2) \n
_ / aples TN
0

2min

70ds e (s, p)]"

—ioco

P ioco \n
- Z n B(E—S—l/Q)

—ioco

o [ . 1
Y /dSQﬂ'in s, )] s+1/2—F

—ioco

_ oA [I(E—l,u)]n. (2.251)

OE n
In the last line we have deformed the integration contour to pick the pole at s = F — 1/2.
We can now sum over all n > 1 to obtain

o0 " a
; GM(E) = — 55 0e(E) (2.252)
where )
oo (E) = log(l —NI(E - 3, M)). (2.253)

The zero-instanton contribution has not yet been included at all, hence to obtain the trace
of the resolvent summed over all sectors G.(F, g) we add the trace of the resolvent of the
harmonic oscillator Go(E)

0

gE(E7g) = GO(E) - a_Eln(be(E)

0 1 0
0 ¢e(E)

=——1n

OE "TI'(1-F)

(2.254)

0
= _B_E In AG(E)7

where

(2.255)
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Let us now evaluate the integral (2.247) in the limit g — +o0, and thus ¢ — 07. We
change variables, setting pe~? = t, and the integral becomes

M +oo
Z(s,pu) = ,us/ dtt™175e7t = ,us/ dtt 1 7Se '+ 0 (e™/ /). (2.256)
0 0

We thus obtain
T(s, 1) ~ u° D(=s), (2.257)
since for y — +oo the difference is exponentially small. Therefore, our ansatz is that the

estimate (2.257) gives the correct leading behaviour of the true function. Using this ansatz,

we find

1 ) 1 2\ ¥ e 1/69
AE)=——— MP2=—"" ¢ (——> 2.258
(E) rc-m " r(L-E) 9) Vom (2.258)
The energies are located at the poles of G.(F, g), but since
AL(E)
(E,g) = ——= 2.2
G.(E.0) = ~ 35 (2:259)

the poles occur at the zeroes of A (FE). These zeros can be obtained as a power series in
A. In order to do that, it is convenient to rewrite the equation

A(E) =0 (2.260)

as
sinm(E —1/2) =172
I - T(E+1/2)

Notice that, for A = 0, the zeroes indeed take place at 1/2 + N, therefore

(2.261)

1
EY) = 5 TN +O0). (2.262)

)

Using now (2.261) we find a series of the form,
Z E"(9)A", (2.263)

where E](\?) (g) is the perturbative series around the n—th instanton solution. To find the

leading order in g of Ee(z\),(g), we write
1
E=s+N+a, x—ZE(" A" (2.264)

where = solves the implicit equation

sin Tx e
=0 2.265
e T s Sl (2.265)
and 9\ N 9
A= (;) A, E=logu= log<—§>. (2.266)
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This equation can be solved for x as a power series in A after expanding in x. One finds,

A E—Y(1+N
SRS YN S G £\ DY

i N =0 (2.267)

Therefore, at leading order one has

A€y +N)

12 13
— 2 A2+ 00, (2.268)

which means that the one and the two-instanton contributions at one-loop are given by,

N+1/2 —1/6g
Q) = (3)  S=1+00)),
3 a <g> var (2.269)
@ o L (2T ey N+1)+0(gl
B0 = (5) S (w20 — oV + 1+ 0gng)}

Notice that a single equation, (2.261), gives all the multi-instanton contributions to all
energy eigenvalues E¢ y(g) of the double-well potential at leading order in g. It is obvious
from the form of (2.261) that the n-th instanton contribution has at leading order the form

E")(g) = <§>W(N+l/2) <_ee\_/12/_jg>n{P,§V(1n(—g/2)) Lo <g (lng)M)}, (2.270)

in which PN (¢) is a polynomial of degree n — 1. The first three polynomials are

PY(E) =1,
PN(€) =€+ ¢(1+ N), (2.271)
PJ(¢) = g E+y(1+N))* - %Qp’u +N).

3. Unstable vacua in QFT
Classic references for this topic are Coleman’s papers [25, 20], reviewed in [26].

3.1 Bounces in scalar QFT

We now consider a self-interacting scalar field theory in d = 4 with an Euclidean action of
the form

st = [ ata( G007 + V) (3.)

where the potential U(¢) has two non-degenerate minima: a false vacuum at ¢4 which is
quantum—mechanically unstable, and a true vacuum at ¢_. An example of this situation,
which we will analyze in some detail, is given by

1 1
U@) = 5¢° - 5¢° + 50" (3.2)
where
0<a<l. (3.3)
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Figure 16: The potential (3.2) for various values of a (from [5]).

This potential is represented in Fig. 16 for different values of «.
This potential has a relative, “false” minimum at ¢, = 0, a true minimum at

3 +\/9—8a

_ = — .4
- = 5 5o (3.4)
and a local maximum at
3 9 — 8«
Y= 50 2 (3:5)
We also have that
4(—2a+2v9—-8a+9)a—9(v9—8a+3
Ulg-) —Ulgs) = ( ) ( ) (3.6)

1603 ’
and for &« = 1 the two minima are degenerate. The limit in which o — 1 is called the thin
wall limit, for reasons that will become clear in the following.

As in the quantum-mechanical case, we want to compute the imaginary part of the
ground state energy, in order to derive the decay rate. The steps we will follow are just a
carbon copy of what we did in quantum mechanics.

First, we have to look at the solutions of the Euclidean equation of motion. This is
simply

d2
(—v2 - —>¢ +U'(¢) =0, (3.7)

dr2
where V is the gradient in three spatial dimensions, and 7 is Euclidean time. We also
have to impose the relevant boundary conditions. As in the bounce problem in quantum
mechanics, we want to start from the false vacuum in the infinite past, and come back to
it in the infinite future. Therefore,

O(Z,7) — o4, T — Fo0. (3.8)

In order to have a finite action for the bounce, we also need it to go to the vacuum value
at spatial infinity (this is a condition which should be familiar from soliton physics). Hence
we have

o(Z, 1) — og, |Z| — oo. (3.9)
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We can interpret this solution in terms of the formation of a “bubble” in the middle of
the false vacuum: asymptotically in Euclidean space, the field configuration is in the false
vacuum. But the “core” of the bubble is in a different state.
The solution to the EOM must have a negative mode
528

reflecting the instability. Otherwise, the solution does not contribute to the probability of
decay (we have to extract an imaginary part to the energy, which gives the decay rate).

Since the EOM is invariant under full O(4) rotations of Euclidean space, it is reasonable
to look for solutions which are O(4) symmetric, i.e.

o(r), r=\i2+72 (3.11)

We also expect that the most symmetric solution is the one with least action, and indeed
this turns out to be the case (see [26], chapter 7, section 6.2, and references therein). The
equation of motion reduces to

d®¢c  3dge
— = . 12
dr? + r dr U(9) (3.12)
The boundary condition translates into
lim ¢, = ¢_. (3.13)
Regularity at the origin demands that
do.
= 0. 14
dr |,_o 0 (3.14)

Analytic solutions to (3.12) are not available for nontrivial potentials, but one can show
that solutions indeed exist (see [26] for an overshoot/undershoot argument). The equation
is an ODE and can be solved numerically with high precision. Results for the potential
(3.2) are shown in Fig. 17 for different values of « (this figure is taken from the paper [5]).

One interesting feature of these solutions is that, as @ — 1, the solution becomes closer
and closer to a step function. Therefore, in the thin wall approximation, the bounce starts
at ¢(0) very near the true vacuum ¢ and stays there for a long time r ~ R. Then, it
moves quickly through the valley between the two minima and stays there. This explains
the name thin wall approximation: the bounce looks here like a big bubble of true vacuum
of radius R, centered at the origin, separated by a thin wall from the false vacuum that
extends to infinity.

We now give a particularly useful form for the action evaluated at the bounce. We will
compute

5(600) = S(6.00) = [ a%e( 500,00 + V6.0 ). (3.15)
If we change variables
T — Az (3.16)
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G6'0
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Figure 17: Solutions to (3.12) for the potential (3.2), for various values of a (from [5])
we find

S, N) = A2 / o

@uoe@)? + 27 [ a2 (6. (o))
Since ¢.(x) satisfies the EOM, the action is stationary under variations of A
dS(¢e, A)

d\ ‘A:f 2- d)/

(3.17)

Therefore,

v3(0ute(2))? — L/w%Uw4>>—a

(3.18)
/ddazU(gbc :—/dd 1 (0pe(x))?
and

(3.19)
5= 5000 = 5 [ da(@,0.()"

(3.20)
Notice that there are now d zero modes, corresponding to translation invariance of the
bounce in d dimensions. The corresponding functions are

(bu = u¢07 (3.21)
with norm 1
/ Qw660 = B / 492Dy be(2))? = Gy Se, (3.22)
The second equality is due to O(d) invariance of the solution. The normalized zero modes
are )
gb;(?) = _la,ugbc- (3.23)
Sé
We have then
8¢ = 0, 0t = Vo). (3.24)
In analogy with QM, the zero modes contribute to the integral
d 542 542
1 Vg
- (
(2m)d/2 / 1_[1dcﬂ (2m) (2m)d/2 /H T (2m) (2m)d/2” (3:25)
'[L:
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where V' is the volume of (d — 1)-dimensional space and [ is the total time. We can now
proceed with analogy with the derivation in QM. At leading order in coupling constant,
our problem is a quadratic theory characterized by the operator

d2

-~ -V U6, (3.26)

This plays the role of My in the QM case. We can then write

1
1 83 |det! (-d?/dr? — V2 + U"(@0)) | ¥ s,

BV =3 2 | det(— /42 — V2 4 U7(6.))

(3.27)

at leading order (i.e. at one loop). This is the final formula for the decay rate in a scalar
theory.

The only subtlety here which does not appear in QM is the issue of renormalization. In
a scalar theory there will be divergences which have to be removed by adding counterterms.
We then have the renormalized action

S=S8p+>» st (3.28)
n=1

where S(™) includes the counterterms related to a calculation at n loops (we have included
h factors explicitly). We then perform the calculations above with the renormalized action,
and then we incorporate the effects of loops. In the full theory, it might happen that

S(¢-) #0, (3.29)

therefore we change
e~ _y o= (8c=S(¢-)) (3.30)

The bounce ¢, is now computed for Sg. If we compute it for the full action, it will have
corrections as

be — b+ hoD + -+ (3.31)

where ¢() is induced by the first order correction to the action, and as we will see imme-
diately, at one-loop is not necessary to compute it. We then have

S(¢) = Sp(de + hp™M + ) + S (¢ + g™ + .- ) + -

(3.32)
= Sr(¢e) +hSW (ge) + -+
since 59
R _
7 (¢c) =0 (3.33)
by construction. We then find
1
d/2 2
Im BV = L S23 | det! (—d2/dr2 — V2 + U (¢.))  ss(on)
2 (2m)#/2 |det(—d?/dr? = V2 4+ U"(¢-))

N

1870V
) (27T)d/2

det’(—d?/dr? — V2 +U"(¢.))

o~ SR(¢c)=hSM (c)+5M (9-)
det(—d?/d72 — V2 + U"(¢-))

(3.34)
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where we have used that Sgr(¢_) = 0. This is our final, UV finite expression, since the
divergences of the one-loop determinants are taken care of by the one-loop counterterms of
the effective action. In physical terms, what we have calculated is the probability per unit
time for the formation of a tiny bubble of true vacuum in a given unit volume of space.
At leading order we assume that bubbles do not interact and this probability is simply
proportional to the volume.

As in the QM example, the only nontrivial piece in the expression for the decay rate
(3.34) is the functional determinant, which can be calculated by generalizing the QM
results. For the potential (3.2) very detailed results are presented in [5, 39].

3.2 The fate of the false vacuum

What happens after the quantum bubble has materialized? This is very similar to what
happens to a particle which has crossed a potential barrier. Such a particle materializes
at the point where the potential energy is zero, which is the point g.(to) of the trajectory
(see for example Fig. 9). It has zero kinetic energy at that point. Starting from those
conditions it propagates in the potential, and we can describe this process with classical
mechanics.

Something similar happens with the bubble. After materializing past the barrier at
the time ¢ = 0 it will evolve with initial conditions

ot =0,7) = ¢.(Z, 7 =0),

(3.35)
Byt =0,) = 0.

The last condition is the analogue of ¢; = 0. The evolution will be governed by the wave
equation
(V2= 00)o =U'(¢). (3.36)
Interestingly, we can solve this equation easily. Take the O(4) invariant bounce ¢.(r) and
define
o(t.7) = do(r = (T — 12)3). (3.37)

This solves the equation above with the same initial conditions (3.35). The first condition

is obvious. Since o Fdo
C C
Ob =4 0=~

vanishes at ¢ = 0, the second condition is also satisfied.
What is then the evolution of the bubble? Let us assume for simplicity that the bounce
is of the form depicted in (17) for a ~ 1. Then, at ¢ = 0 we have a bubble of true vacuum
at the origin, of radius R. The boundary of the bubble simply expands at the speed of

light, following the hyperboloid

(3.38)

i* =t* + R?. (3.39)

Notice that this is a Lorentz—invariant evolution, i.e. it has O(3,1) symmetry inherited
from the O(4) invariance of the bounce.

3.3 Instability of the Kaluza—Klein vacuum

The same techniques we have used to discuss unstable vacua in scalar field theories can
be used to analyze other theories. A particularly striking application of these ideas is the
semiclassical instability of the Kaluza—Klein vacuum, discovered by Witten in [90].
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In this case, the field is the Riemannian metric of a five-dimensional manifold. The
classical theory of such a field is of course general relativity. In the Kaluza—Klein approach
one assumes that the ground state (the vacuum) is a manifold of the form

X5 = M, x S, (3.40)

where M, is Minkowski space and S! is a circle of radius R. A complete analysis of this
problem is only possible in a full quantum theory of gravity in five dimensions, which at
this stage can be only obtained by some appropriate compactification of string theory.
However, one can use semiclassical considerations, in the spirit of Euclidean quantum
gravity, to decide about the stability of the Kaluza—Klein vacuum.

Indeed, it is clear from the analysis in previous sections that semiclassical stability can
be determined with purely classical data. To look for an instability one has to look for a
bounce solution to the classical euclidean field equations, i.e. a solution which asymptoti-
cally approaches the vacuum we want to analyze, and such that it has one negative mode
—and these are questions that in principle can be addressed without having a complete
quantum treatment of the model.

We start then with the metric for the standard KK vacuum, continued to Euclidean
space. This is a constant metric:

ds? = dz? 4 dy? + d2® + dr? + d¢?. (3.41)

The first four terms correspond to the Euclidean metric in R*, while the last term is the
angle for S (therefore, it is a periodic variable). Using polar coordinates for R* we have

ds? = dr? + r2d0? + d¢?, (3.42)

where

r:\/a:2+y2+22+7'2- (343)
Is there a bounce? It turns out that

dr?

ds® = ———
5 1—a/r?

o
+72d0% + (1 - 5 )dg? (3.44)
is asymptotically constant and solves Einstein’s equations in 5d. This is in fact the Eu-
clidean section of the 5d Schwarzschild solution. There is a singularity at » = «, and to
analyze it we follow the same logic as in the Euclidean continuation of the 4d Schwarzschild
solution [45], i.e. we want to interpret the singularity at » = « as an apparent singular-
ity due to the fact that the the coordinate ¢ is periodic. Indeed, the flat metric in polar
coordinates

ds? = dp* + p*de? (3.45)

has an apparent singularity at p = 0, but this is just due to the choice of coordinates.
We want to find a new coordinate such that the part involving 7, ¢ in the metric (3.44)
looks like (3.45) near x = 0, so that the singularity at » = a can be removed by making ¢
periodic with an appropriate period. Let us set

«

p= c<1 ~ —2>B, (3.46)

r
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where ¢, 8 are constants to be determined by our requirements. We have

r? = a =
o L
! _3 (2)7 (3.47)
1-6
dr = — <1 — ﬁ) ,
2caf3 r2
and we deduce )
2(1-p) d
dr? — y (2162 LA Sy —, (3.48)
c c 1
(1-(®)7)
as well as ) )
dr o  ,p\i=28 dp
— L D R 3.49
1_a/r2 462ﬁ2(c) 1 o % 3 ( )
(1-(&)7)
We want this to look like dp? near p = 0, therefore
1
8=13 c=a:s. (3.50)
We can now analyze the periodic part,
1
<1 _ %)dqs? - <3) 7 de?, (3.51)
r c
which for f = 1/2 indeed gives
2 1
P 2 2.(9\?2
Lrag? = pa(2)7. 3.52
2 ¢ =p - (3.52)
We conclude that ¢ is periodic with period
21c = 2my/a. (3.53)

Since in the original Kaluza—Klein metric ¢ has period 2w R, where R is the radius of the
fifth compact dimension, we find
o= R (3.54)

Therefore, the metric reads

ds? dr? -+ 12d03 + (1 - <R>2) d¢? (3.55)

"1 (R/r) T

Notice that the radial coordinate z starts at = 0, but this means by looking at (3.46)
that

r > R. (3.56)

In order to see what is the instability associated to this solution, we recall the analysis
of the bounce in the scalar field theory. After continuation to Minkowski space, the bounce
solution represents a bubble of true vacuum. Therefore, in analogy with scalar field theory,
we want to rotate the metric (3.55) to Minkowski signature. If we did this in the flat case,
we would require

dr? + 2d03 — da? + 22dQ3 — dt?, (3.57)
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where

2?=at + a2l 422 (3.58)
is the radius of the space-like R coordinates in Minkowski space. To do that, we pick a
polar angle 6 and we write

dQ3 = d6? + sin? 0dQ3. (3.59)
We then define a new angle ¢ by
0= g + iy (3.60)
and we introduce the coordinates
T = rcosh ), t = rsinh 1, (3.61)
so that 1
r=+va?—t2 dr = —(xdz — tdt),
r
; 1 (3.62)
¢ = tanh™! =, dyp = — (zdt — tdz).
x r
The line element of the three-sphere becomes
d02 = —dy? + cosh? dQ3, (3.63)
and the 4d Euclidean space metric becomes,
dr? + r2dQ3 = dr® + r*(—dy)® + cosh® pdQ3) (364

= dz? — dt* + 22dQ3,

as we wanted. Notice however that in this parametrization z? —t?> = r2 > 0 is always pos-

itive. Therefore, to be precise, the above continuation (3.64) describes rather the exterior
of the light cone in Minkowski space.

Now, for the bounce solution, the same continuation and change of variables can be
performed, and we obtain the metric

dr? B2
= f;‘z/ry (= + cosh? pa0d) + (1- () ), (3.65)

Here, 2 = 22 — t2, and on top of that it starts at » = R. Therefore, the omitted part of
space here is the full hyperboloid interior bounded by

2 —t* = R?, (3.66)

ds?

see Fig. 18. One could think that this is an ugly space with a boundary. But the presence of
the fifth dimension gives in the end a space which is non-singular and geodesically complete,
since the circle has now radius

R(1 — R%/r?)> (3.67)
which is zero when r — R. Restricted to the x axis, this smooths out what would be the
complement of an interval into two discs, see Fig. 19. We can now interpret this solution.
The instability is generated by the nucleation of a hole of radius R (therefore very small) in
three-dimensional space with O(3) distance x. From the point of view of a 4d Minkowski
observer, this is a hole of nothing which forms at ¢ = 0 and then expands at the speed of
light according to

z? = R? + 12, (3.68)

Therefore, the Kaluza—Klein vacuum decays into literally nothing.
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22 _ 2 — R2

Figure 18: Restricted to the x — ¢ plane, the space described by the metric (3.65) is the exterior
of the hyperboloid 22 — t? = R? (in red in the figure).

Figure 19: The fifth dimension in (3.65) is a circle fibered over the four-dimensional space, with
radius (3.67). As we approach the boundary 2 = R?, the circle shrinks to zero size and the total
space is smooth. When restricted to the x axis, as in the figure, the fifth dimension smooths out
the complement of the interval into two discs.

4. Large order behavior and Borel summability

4.1 Perturbation theory at large order

Let us consider a quantum system in which one computes a quantity Z as a perturbation
series in a parameter g,

E(g) =) ag". (4.1)
k
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A typical example of this is the anharmonic oscillator with Hamiltonian

2 2

p x g 4
— + =z 4.2
+2—|—4x (4.2)

H==
2
where E(g) is the energy of the ground state computed in stationary perturbation theory.
There are various questions that we can ask about this kind of series:

1. Large order behavior. What is the radius of convergence of (4.1)7 We will see that
very often we have zero radius of convergence.

2. Summability. In case the above series has zero radius of convergence, is there a way
to make sense of the perturbative series? We will see that in some situations this can
be done (for example, if the series is Borel summable).

Dyson [40] has provided a general argument why series like the one for the anharmonic
oscillator have zero radius of convergence. If this radius was finite, the series for £(g) would
describe the physics of the problem also for a small g < 0. But for negative coupling, the
physics is completely different: we have an unstable particle which will eventually decay.
Therefore, we should not expect a nonzero radius of convergence!

Dyson’s argument indicates that there is a deep connection between the imaginary
part of Z that gives the tunneling amplitude in the unstable potential with g < 0, and the
large order behavior of perturbation theory. In general, there will be a connection between
the instantons of the theory (which compute tunneling amplitudes) and the large order
behavior. However, in renormalizable field theories there are sources of divergence (the
renormalons) which dominate over the instantons.

4.2 The toy model integral, revisited

As a first approach to the problem of large orders in perturbation theory, we will revisit
the toy model integral. We will see, by a simple contour deformation analysis, that the
behavior of its power series expansion around g = 0 at large k, given in (2.39), is intimately
related to its imaginary part (2.36), which is non-perturbative in g.

Let us first list some of the properties of I(z) as a function on the complex x-plane:

1. Tt is analytic with a branch cut along (—o0,0).

2. At the origin it behaves like
lir%gl(g) =0. (4.3)
g—)

This is because the series (2.37) is asymptotic

3. At infinity it goes like
I(g)~ g% gl = oo (4.4)

The last property follows from the following scaling argument. Make the following

change of variables:

1/4

z =g 'tu, (4.5)

!One should be careful with this general argument, since there are counterarguments to it. See [76], p.
4.
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: C, Cr

Figure 20: Contour deformation from the contour C, around x € C. The red line represents the
branch cut at (—o0,0).

so that the integral reads

-1 foo 4 2
g ¢ u 1
I(g) = N du exp <_Z -9 27> . (4.6)

As g — oo the Gaussian part becomes unimportant, and we find

_1 1

g1 [™ ut _T(3)
I(g) ~ duexp|—— | = 1, — 00 4.7
(9) =/ p( 4> i g (4.7)

Let C; be a contour around a point x € C away from the branch cut, as in the left
hand side of Fig. 20. Cauchy’s theorem gives

I(z) = ! j{C dz Iz) (4.8)

2rri x—2z

We can now deform the contour to encircle the branch cut in the negative real axis, as
in the right hand side of Fig. 20. The contributions from the contours at infinity Cr and
around the origin C, vanish, thanks to (4.4) and (4.3), respectively. The only remaining
contribution comes from the lines which are parallel to the branch cut,

0 X
I(2) = —- / 4z 2@ (4.9)

2 J_ o T — 2
where D(z) is the discontinuity across the negative, real axis,

D(z) = lim(I(z + ie) — I(x —ie)) = 21 Im I (z 4 104 ), (4.10)

e—0

i.e. we have

s r—z

I(z) = l/0 L) (4.11)

— 00
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We the find the following integral representation for the coefficients ay in (2.37)

1/ ImI(z) (=1L [ ImI(—z)

— 00

Therefore, if we know Im I(g), we can plug it in here to obtain the asymptotics of ag.
Moreover, at large k£ the above integral will be controlled by the behavior of Im I(g) at
small, negative g. This is precisely the quantity which is governed by the non-trivial saddle
points in (2.33)!

This result is just an example of a dispersion relation, which makes possible to relate
the behavior of a quantity at different regimes of its control parameter. In this case, we
have been able to relate a phenomenon at strong coupling (the large g behavior) with a
phenomenon at weak coupling (a saddle point calculation).

Let us assume that the discontinuity across the cut

discI(—g) = l%([(—g +1i€) — I[(—g —i€)) = 2iIm I(—g) (4.13)

is of the form

disc I(—g) = ig Pe™4/9 Z cng”, g>0 (4.14)
n=0
This leads to the following behavior for ay:

k+1
ap = 7(_1) ch /00 ds g btne=Als

A1t gk+1
n=0
DM kb [0 kbien e - GO kb
:TnZ::OCnA 0 de,I (§] :Tnz:;]an F(k+b—n),
(4.15)
which can be also written as (see [27])
(_1)k+1Afbfk ClA 02A2
~-——T e 4.1
h on k0ot Ty T T s hro=D (4.16)

Note that the leading term is the factorial k!. The subleading piece is captured by A~*.
Since we know from (2.36) that A = 1/4, we reproduce precisely the asymptotic behavior
(2.39).

We then conclude that the large order behavior of the perturbative series around the
trivial saddle point encodes the information about the non-trivial saddle points.

4.3 The anharmonic oscillator

The above considerations can be repeated almost verbatim for the quartic anharmonic
oscillator. The energy of the ground state can be computed as a power series in g in
perturbation theory. One possibility to do that is, as in section 2.1, to use Feynman
diagrams. The resulting series is of the form:

o

1

Eg) = arg", ao=3 (4.17)
k=0
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Since this system is unstable for g < 0, we expect this series to have zero radius of conver-
gence, by Dyson’s argument. This connection can be made very precise, as first done in
the pioneering paper of Bender and Wu [11]. The argument follows the one made in the
last subsection. First, we introduce the function

f(2) = =(BE(z) — ag) E:ﬁz, fr = appr. (4.18)

As a function on the complex z-plane it has the following properties:

1. As in the case of the quartic integral (2.25), it is analytic in the complex plane with
a cut along (—oc0,0).

2. At the origin it behaves like
lim zf(z) = (4.19)

z—0

This is because the series (4.17) is asymptotic.

3. At infinity it goes like
F()] ~ 12722, (4.20)

The first and the second property can be proved rigorously (see for example [76] for a
review and references). The last property follows from a simple scaling argument (see for
example [42], p. 171). At large g, we have that

2 4

P x
H~=— —. 4.21
5 T 97 (4.21)
If we rescale © — ¢~ /62, we have
2 4
1L/p x
H <— —>, 4.2
=935 7 (4.22)

therefore the energy will be
1
E(g) ~Cg3,  g— o0, (4.23)

where C is the energy of the ground state of the Hamiltonian p?/2 + x*/4 in (4.22).
We can now apply to f(z) the same argument we applied above to I(z), and consider
the contour deformation of Fig. 20. We find again,

f@:l/om@ﬂﬂ. (4.24)
T J_ oo T —z
In terms of the original quantity, the ground state energy, we have
0 Im E(¢’
Elg) = ao + g /_OO dg’g,(Tigg)). (4.25)
Since
g ImE Z k+11m k+2 . (4.26)

9 9-9 k>0
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we find again the integral representation

(—1)k+1 /Oo dzIm E(—2)
0

ap = k> 1. (4.27)

T 2k+1 ’

Equivalently, we can write

ap = (4.28)

27l Zk+1

(—1)k+t /°° dzdisc E(—z)
0

This now relates the coefficients of the power series in stationary perturbation theory to
the tunneling amplitude which we computed with instanton calculus.

Assuming for disc E(—z) the same structure than in (4.14), which is indeed what we
found in the instanton calculation, we find that the coefficients aj, in (4.17) have the large
k asymptotics given in (4.16). This asymptotics involves all the data of the one-instanton
amplitude, like the classical action of the instanton A and the one-loop contribution cg.

Remark 4.1. What one computes in the path integral, instanton calculation is precisely
disc E(—z). In other words, the instanton contribution is 2i the imaginary part of E(z).

We can now use the formula (2.167) for Im E in the quartic oscillator and read from
it the quantities appearing in (4.14) at one-loop,

1 2
— = —on/Z.  A=4/3. 4.2
b=5, < \/; /3 (4.29)

0~ (_1)k+1ﬂ3—\//62 ()r(k+3). (4.30)

which is the famous result of [11]. We will see later on a more general structure for the
asymptotic behaviour and its relation to Borel transforms.

The main conclusion of this analysis is that, indeed, the perturbative series for the
anharmonic oscillator has zero radius of convergence, as expected from Dyson’s argument:
for negative coupling the theory becomes unstable, so analyticity at g = 0 is impossible.
Moreover, an analysis of this instability, in terms of instanton configurations, makes possi-
ble to give a precise and quantitative characterization of the asymptotics of perturbation
theory.

In this example, and also in the toy quartic integral, it is possible to show that the
factorial growth of ay is due to the factorial growth of the number of Feynman diagrams
(see [7] for an excellent survey). Recall from section 2.1 that a,, can be computed as a sum
over connected quartic graphs. The total number of disconnected graphs is simply given
by the quartic integral (2.25), which asymptotically as n — oo behaves like (see (2.39))

We then find

4™, (4.31)

i.e. there is a factorial growth in the number of disconnected diagrams. One could think
that there might be a substantial reduction in this number when we consider connected
diagrams, but a detailed analysis [8] shows that this is not the case: at large n, the
quotient of the number of connected and disconnected diagrams differs from 1 only in
O(1/n) corrections. We conclude that there are ~ n! diagrams that contribute to a,,. This
leads to the factorial behavior in (4.30). In fact, one can derive the leading and subleading
behavior in (4.30) by a detailed statistical analysis of Feynman diagrams [12].
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4.4 Asymptotic expansions and Borel resummation

We have seen that the perturbative series for the ground state energy of the quartic os-
cillator is divergent, and this turns out to be a generic feature of perturbative series in
quantum theories. The type of series that we find are asymptotic in the sense of Poincaré,
i.e. if the series is given by

Sw) =" apuw” (4.32)
n=0
then one has that
N
. _N ny\ _
7}}1111)011} <S(w) — Z;)anw ) =0 (4.33)

for all N > 0. Analytic functions might have asymptotic expansions. For example, the
Stirling series for the Gamma function

2N\1/2 2\ —=> 1 1
=z 2 Tz) =1+ — 4.34
(277) <e> (&) =1+t o t (4.34)

is an asymptotic series for |z| — co. We will consider series of the form (4.32) where, as in
the quantum quartic oscillator, the coefficients a,, grow factorially at large n,

an ~ A "n! (4.35)

The partial sums of the series (4.32) are defined, as usual, by

N
Sy (w) = Zanw" (4.36)
n=1

We say that the series (4.32) is a strong asymptotic series for f(w) if for all N there exists
a bound,
| f(w) = Sy(w)] < Cngr|wN T (4.37)

with
Cy =cA™VN! (4.38)

Notice that different functions may have the same asymptotic expansion, since
f(w) + Ce=A/v (4.39)

has the same expansion around w = 0 than f(w), for any C', A. This can be also seen as
follows. Let us suppose that we have a function f(w) with a strong asymptotic expansion
like (4.32) at w = 0. The partial sums (4.36) will first approach the true value f(w),
and then, for N sufficiently big, they will diverge. Imagine that you want to obtain the
partial sum which gives the best possible estimate of f(w). Then, one has to find the N
that truncates the asymptotic expansion in an optimal way, and such a procedure is called
optimal truncation. In order to do that, we should find the IV that minimizes the bound
in (4.37)

N
Cnlw™ = cN!(%) : (4.40)
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By using the Stirling approximation, we rewrite this as

cexp{N(log N —1—log X)}, (4.41)

where 4
= 4.42
] (4.42)

The above function has a saddle at large N given by
N, = X, (4.43)
and for this value of NV the bound on the asymptotics is of the form

Ne e A/lwl, (4.44)

e(w) = Cn, |Jw

Therefore, the maximal “resolution” we can expect when we reconstruct a function f(w)
from its an asymptotic expansion is of order e(w). This ambiguity present in an asymptotic
series is sometimes called (in the context of quantum theory) the nonperturbative ambiguity.

Y

Figure 21: The Borel transform is analytic in a neighbourhood of z = 0, of radius p = A. Typically
we encounter a singularity on the circle |z| = A, but we can analytically continue to a wider region.
If this region includes a neighbourhood of the positive real axis, and the resulting function decays
sufficiently fast at infinity, we say that the series is Borel summable.

In fact, we can do better than optimal truncation and take into account the infor-
mation in all the terms of the series. The way to do that is Borel resummation, which
is the standard tool to deal with divergent series. Let us consider a series (4.32), where
the coefficients a, behave like (4.35) when n is large (such series are called Gevrey-1 in
mathematics). The Borel transform of S, Bg(z), is defined as the series

o
a
Bs(2) = n—’!‘zn. (4.45)
n=0

Notice that, due (4.35), the series Bg(z) has a finite radius of convergence p = A and it
defines an analytic function in the circle |z| < A. Typically, there is a singularity at the
boundary of this region |z| = A, like a pole or a branch cut, but very often the resulting
function can be analytically continued to a wider region of the complex plane.

Example 4.2. Consider

[e.9]

S(w) = Z(—l)"n!w". (4.46)

n=0
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In this case, the Borel transform is

Bg(z) = > (-1)"z", (4.47)

n=0

which is a series with radius of convergence p = 1. However, it is an elementary fact that
this series can be analytically continued to a meromorphic function with a single pole at
z = —1, namely

Bs(z) = T2 (4.48)
Example 4.3. Consider now the series
~T(k+b)
k=0
The Borel transform is given by
~L(k+b) ,pg b
B = ——A =(1-=z2/A 4.

which has a singularity at z = A as well as a branch cut starting at that point. We can
extend this to b = 0, and we obtain in this way a logarithmic branch cut for Bg(s).

Suppose now that the Borel transform Bg(z) has an analytic continuation to the whole
sector |arg(z)| < e (i.e. to a neighbourhood of (0,00)), and that the integral

f(w) = /OOO dte ' Bs(tw) = w™? /OOO dte /" Bg(t), (4.51)

is absolutely convergent for small w. In this case, we say that S(w) is Borel summable.
Notice that, by construction, f(w) has an asymptotic expansion around w = 0 which
coincides with the original series S(w), since

fw) =w! Z %/ dt e t/vm = Z apw" = S(w) (4.52)
n>0 ' 70 n>0

However, if this series is Borel summable, f(w) is an analytic function at w = 0, and we
have then reconstructed the exact nonperturbative result from the asymptotic series.

Example 4.4. In the Example (4.2), the Borel transform extends to an analytic function
on C\{—1}, and the integral (4.51) is

1
14+ wt’

flw) = /0 - dte™ (4.53)

which exists and is well defined for all w < 0. Therefore, we can resum the original divergent
series (4.46) for all w < 0.
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Therefore, if a divergent series is Borel summable, we can in principle use the method
of Borel transforms to obtain its true value, at least for some values of the parameters.
However, in practice one only knows a few coeflicients of the original series, and this makes
very difficult the procedure of analytic continuation to a neighbourhood of the positive axis.
We need a practical method to find accurate approximations to the resulting function. A
useful method, first proposed in [47], is to use Padé approzimants. Given a series

S(z)=> a2 (4.54)
k=0

the Padé approximant [I/m] is given by a rational function

pot+piz+-+p2

l = , 4.55

tfmls() = 2R AR (455)
where ¢ is fixed to 1, and one requires that

f(z) = [I/mls(z) = O, (4.56)

This fixes the coefficients involved in (4.55).
Given a series S(z) we can construct the Padé approximant of its Borel transform

Pz = (/2 (n+ 1)/2) (4.57)
which requires knowledge of its first n 4+ 1 coefficients. This is a rational function with
various poles on the complex plane. If the Borel transform has for example a branch cut,
the Padé approximant will mimick this by a series of poles along the cut. The first pole of
the approximant will be close to the branch point of the Borel transform, and increasingly
so as n grows. A good approximation to the Borel resummed series will then be an integral
of the form (4.51) where one integrates instead P2 (z),

frn(w) =w™t /000 dt e Vv pI(t). (4.58)

Example 4.5. The quartic integral. The simplest example of this procedure is the quartic
integral (2.25). The coefficients in the power series expansion (2.37) are factorially di-
vergent, as shown in (2.39). Therefore, we can define the Borel transform of the original
series. If we compare with the Borel transform in example 4.3, we see that in this example
A = —1/4, and there should be a singularity in the Borel transform at

1
w=—7=—0.25. (4.59)

If we compute the Padé approximants (4.57) we will find that for n < 50, all of their poles
are on the real negative axis. The rightmost pole occurs, for n = 10, 20, 30,40 at

—0.26185, —0.253241, —0.25149, —0.250863, (4.60)

which approaches the position of the true singularity. For n = 40 and g = 0.4, the integral
of the Padé approximant is

f10(0.4) = 0.85760858538... (4.61)
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This value can be compared to the numerical evaluation of the integral
Z(0.4) = 0.85760858529... (4.62)

As we can see, the Borel resummation gives a value in remarkable agreement with the exact
one.

The above procedure to reconstruct an analytic function f(w) starting from the series
S(w) only holds when S(w) is Borel summable, since in this case there is no ambiguity in
the reconstruction. Suppose now that Bg(z) has singularities on the positive real axis, and
that it can be extended in a neigbourhood of the positive real axis as a meromorphic or
multivalued function which decreases sufficiently fast at infinity. An example would be the
function (4.50) when A is real and positive, corresponding to a series which is factorially
divergent and non-alternating. Then, the integral (4.51) is ill-defined, but we can define it
by deforming the contour in (4.51) appropriately in order to avoid the singularities and /or
branch cut in the positive real axis. For example, we could choose contours C4+ that avoid
the singularities by encircling them from above or from below, respectively, as in Fig. 22.
The functions obtained in this way

Figure 22: The paths Cy avoiding the singularities of the Borel transform from above (respectively,
below).

fe(w) = w_l/c dt e " Bg(t) (4.63)

are called lateral Borel transforms. They pick an imaginary part due to the contour de-
formation, and their difference, which is purely imaginary is encoded in the discontinuity
function . )
- _ =7 4.64
() = = (1 () — f-(w)) = ~Tm f(w), (464
and is nonperturbative in w. Different choices of contour in the Laplace transform (4.51)
lead to different functions f(w), and in this case the nonperturbative ambiguity can be
reformulated as the ambiguity in choosing a contour which avoids the singularities on the
positive real axis. For example, the Borel transform Bg(s) in (4.50), with a branch cut
starting at A and with exponent —b, leads to the following form for e(w)

€(z) ~ 2z be™A/, (4.65)
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This can be seen by direct computation

e(z) = lz_l/ dte™"*Im Bg(t) = lz_l/ dt e "*Im(1 — t/A)™°
A n A

T
Loy a0 —ujz, by —rib
= —z1leA/24 due /%y PTme ™
T
) 0 (4.66)

= —e 7270 APD(1 — b) sinw(1 — b)
™

Ab
_ —e_A/ZZ_b,
I'(b)
where in the second line we introduced the variable u = t — A, and in the last line we used
the identity

T
rzra-z = . 4.67
()01 - 2) = —— (467)
Example 4.6. Let us consider the series
o
S(w) = nlw". (4.68)
n=0

which is (4.46) but without the sign (—1)" (or we consider negative values of w). Then,
the Borel transform is

flw) = %/Ooo dt e*t/W%. (4.69)

This integral is ill-defined, and we have to give a prescription to avoid the pole at t = 1.
The lateral Borel summations differ in this case by

1 1 27l
o (w) == ¢ dtetlv_—_ _ 1w 4.70
Fulw) = Fow) = o f are/o - e, (4.70)
where C is a circle surrounding the pole. This is in fact a particular case of the computation
we did in (4.66).

Whe conclude that, when there are singular points of Bg(z) along the positive real
axis, it is not possible to reconstruct the function f(w) via Borel resummation just from
its asymptotic expansion. Typically, one has to provide additional nonperturbative infor-
mation to fix the ambiguity, or equivalently one has to choose a contour which avoids the
singularities.

One can also use the method of Padé approximants to calculate the lateral resumma-
tions (4.63) of non-Borel summable functions. In this case there will be poles of P (1)
along the real axis, but they are avoided by the contours C.. When there are also zeros
away from the real axis, more complicated contours have been proposed which are useful
in numerical computations [55].

4.5 Borel transforms and large order behavior

In many series appearing in quantum field theory and quantum mechanics, even if the
coefficients are not as simple as in (4.49), their large k£ the asymptotic behavior is

ap ~ ATk +b), k> 1, (4.71)
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Figure 23: Contour deformation in the derivation of (4.75).

where A is a constant. This is for example the case for the quartic oscillator, see (4.30).
As we have seen in the example 4.3, the Borel transform for such a series will be of the
form

Bs(z) =C(1—z/A) "+ (4.72)

with corrections due to the subleading terms in the asymptotics of ag. The above expression
shows that the Borel transform encodes the data in (4.71) determining the large order
behavior of the coefficients aj, independently of wether the series is Borel summable or
not. Specifically, we have that

1. the factor A, which in the QM example discussed above is the action of the instanton,
is given by the location of the singularity of the Borel transform which is closest to
the origin.

2. b is the exponent characterizing the branch cut/pole structure of the Borel transform
at z = A.

We conclude that the large order behavior of a divergent series is controlled by the singu-
larities of its Borel transform, in particular by the singularity which is closest to the origin.
Notice that we can obtain information about non-perturbative effects (like the instanton
action) by looking at the Borel transform of the perturbative series.

Let us now present a general formula giving a quantitative expression for the relation
between large order behavior and Borel transforms, assuming for concreteness that A > 0.

If
Bg(z) = b (4.73)

k>0

then

e 1 [ du
= kb, = kb, = — ik Bs(u). 4.74
ay = klby /0 dte "t"by, 2711/0 dte "t jguk“ s(u) (4.74)

Suppose then that Bg(u) has a singularity at A along the positive real axis, with a cut
going to infinity. By deforming the contour around the origin to the contour « encircling
the cut and the singularity, as shown in Fig. 23, we get

ay = 1 C>odt%dse_tiB (s) = L/OO dz z_l%due_“/ZB (u) (4.75)
M7 o - shr1 7S T o o 2kt - s '
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where we have introduced the variable z as t = u/z. We have assumed that the behavior at
infinity is such that the there is no contribution to take into account. This has to be proved
in a case-by-case basis. We now write the contour ~ as the difference of two contours,

7= Co+ — Co,—, (4.76)

where Cp 4+ are lines starting from the origin and going above (respectively, below) the real
axis. Therefore,

z_l%due_u/zBs(u) =271 [% —7{ ]due_“/ZBS(u)
7y Co,+ Y Co,— (4.77)

= f+(Z) - f*(z)a
i.e. the difference between the functions f above and below the cut. Finally we can write
1 [ dz
U= on o 2Rt (f+(2) = £-(2)), (4.78)
i.e. o q
z
ap = /0 re(2). (4.79)

This generalizes (4.27). As a simple test of this formula, we can see that a discontinuity of
the form (4.65) gives the expected behavior for ay:

© dz _p _ass i [T 1 ke
ak:/o hri” be=Alz o gF b/o dz 2" 1o ~ ATFOD(k + b). (4.80)

4.6 Instantons and large order behavior in quantum theory

We now consider the typical perturbation series which appear in quantum mechanics and
quantum field theory. As we have seen in the example of the quartic oscillator, these series
diverge factorially, so their Borel transforms are analytic in a neighborhood of the origin.
What are the possible sources of the singularities in the Borel transform? In the case of
the quartic oscillator, the discontinuity in the energy is given by an instanton calculation,
and the singularity in the Borel plane A is nothing but the action of the instanton. This
is expected to be a general feature of quantum theories: if a QFT admits an instanton
configuration ¢, with finite action S(¢.), the Borel transform of any correlation function
will be singular at S(¢«) and the corresponding perturbative series has a zero radius of
convergence.

There is a heuristic argument for this due to 't Hooft [79]. We write a correlation
function

W (o) = /d¢e—é5<¢>¢(m1) e plan) (4.81)

Dol at — S(E)Ne= 5@ b(z1) - - bz
W(a) /0 at / Do b(at — S(6))eF5@ (1) - d(an) -

o0
= a/ dt F(at)e™,
0
where we used that

a/oo dtd(at — S(¢)) =1, (4.83)
0
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and we wrote

F(z) = / D6z — 5(6))dlar) - dlw). (4.84)

By comparing (4.82) to (4.51) we see that F(z) is essentially the Borel transform of W («).
If the theory admits a finite action instanton with z, = S(¢,), then the function F(z) will
be singular at z,.

In general, the information provided by instantons about large order behavior seems to
encode the growth of the terms in the perturbative series due to the growth in the number
of diagrams contributing to each order (as in the case of the quartic oscillator). There are
other, very different sources of factorial divergence in perturbation theory, encoded in the
so-called renormalons, which we will study later.

We can now discuss various possible behaviors that can arise in quantum theory (and
in particular in Quantum Mechanics) concerning the behavior of perturbation theory.

4.6.1 Stable vacua

If we expand around a stable vacuum (like the absolute minimum of a potential in QM),
there are no positive action instanton solutions. The perturbative series is in principle Borel
summable, and the poles of the Borel transform are not on the positive real axis. This
is what happens in the case of the quartic, anharmonic oscillator with positive coupling
g > 0.

4.6.2 Unstable vacua

If we consider the perturbation series around an wunstable minimum there is always an
instanton with real, positive action mediating the decay of the particle. This is what
happens for example in the quartic oscillator with negative coupling constant, or in the
cubic oscillator. The perturbative series is not expected to be Borel summable, since the
Borel transform will have singularities in the positive real axis. This is a case in which
lateral Borel transforms have an interesting physical meaning. If we consider the lateral
Borel resummations of the ground state energy, we will pick a small imaginary part

Eo+(g9) = Re Eg(g) £ilm Eg(g),  Tm Ey(g) ~ e /9. (4.85)

The imaginary part of the ground state energy is nothing but half the width of the level,

Tm Fo(g) = _g (4.86)

and represents the probability of decay of the particle in a metastable vacuum. Therefore,
the fact that the Borel transform of the perturbative series is a complex quantity is precisely
what is needed in order to capture the physics of the problem.

Example 4.7. The cubic oscillator. Perturbation theory gives a series for the ground state
energy FEy(g) of the form

Eo(g) =) ang™™ (4.87)
n=0

The one-instanton contribution to the imaginary part of the ground state energy was
computed in (2.175). Since b = 1/2, the leading asymptotics is

ag ~ %r(/g +1/2) A1 2¢, (4.88)
T
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where the various quantities A, ¢y can be read from (2.175). The large order behavior is

(60)n+1/2

onio I'(n+1/2) (4.89)

Ap ~ —

as computed in for example [4]. Notice that the series is nonalternating, therefore Ey(g) is
not Borel summable. As we explained above, this is just reflecting the fact that the energy
levels are unstable. The “true” energies are complex, and their imaginary parts give the
width of the energy levels. A calculation of the widths doing lateral Borel resummation
can be found in [4].

4.6.3 Complex instantons

In general, we will have complez instanton solutions with complex actions. This leads to
perturbative series which are Borel summable and with an oscillatory character. The large
order behavior is given by the instanton with the smallest action in absolute value. The
phase of the action determines the oscillation period of the series.

Example 4.8. Consider a particle situated at the origin of the potential
L o 3
V(z) = -a® —yz° + z2". (4.90)

There are two different situations here:

1. For |y| > 1, the origin is not an absolute minimum, which is in fact at

37+ /-8 +972
zo = 22 F v kAt iy (4.91)

2. For |y| < 1, the origin is the absolute minimum.

In the first case, the vacuum is quantum—mechanically unstable, and there is an in-
stanton given by a trajectory from x = 0 to the turning point

T =7—Vy2 -1 (4.92)

The action of this instanton can be written as

@+ 2 1 1
A= / dz (2V(@))} = =2 + 4% — 2y(7% — D)log 272, (4.93)

while the prefactor reads,

C=——(?-1)"124712 (4.94)

)
Njw =

In the second case, we have to analytically continue the results of the first case and in
particular consider the instanton above, which is now complex. In fact, there are two
complex conjugate instantons described by a particle which goes from z = 0 to

x=g+iy/1-— g2 (4.95)
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We have then to add the contributions of both instantons,

V)

By =~ D(k+1/2) [ A5 )72 - A0 72)1/2]

(4.96)
2
= ST(k+1/2)(1 —~*) Y m AR 12,
T2
For v = 0 (the quartic potential) we find,
k+1/2
Im A=F=1/2 = (—1)l+k (§> , (4.97)
2
and the final result for the asymptotics is
-1 k+1\/6 3\ k
E, = % (5) , (4.98)

s

which agrees with the previous result after taking into account the relative normalization
of g, which adds a factor 2%.

4.6.4 Cancellation of nonperturbative ambiguities

In some cases, the perturbative series is not Borel summable and on the other hand we
know that the true result must be real. This is for example what happens in the double-well
potential. The energy of the ground state

EO(g) = arg* (4.99)
k>0

is given by the series (2.201). The coeflicients in this series grow factorially, and the series
is not Borel summable (all coefficients except the leading term have negative sign). In
this case, lateral Borel summations cannot lead to the true answer, since they involve an
imaginary part:

EY(g) = ReE©(g) £iImE©(g). (4.100)

This imaginary part is exponentially small, and it is or order
ImE© (g) ~ e~/ 39), (4.101)

It turns out that it is still possible to extract the exact ground state energy from Borel
resummations of perturbative series, but we have to consider the full series of instanton
corrections:

E(g) = E9(9) + EW(9) + E®(g) + --- (4.102)

where E(k)(g) denotes the perturbative expansion around the k-instanton, and it is itself
given by a perturbative series which is also non-Borel summable. We can then consider
lateral Borel resummations of all the series involved in the multi-instanton expansion,

Ex(9) = E(g) + BV (9) + EP (9) + - - (4.103)

Alternatively, we can define the lateral Borel summations by a procedure of analytic con-
tinuation. We first consider the series F*) (g) for negative g. In this case, the series is
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Borel summable, and this is in turn related to the fact that the instanton corrections are
only well-defined for negative g as well, as we saw in section 2. The resummed perturba-

tive series Ef ) (9) is then given analytic continuation of this Borel sum from g negative to
g = |g| £1i0, see Fig. 24. Notice that, with this definition, the two-instanton configuration

computed in (2.269) picks an imaginary part since

2 2
10g<——) o log<—> + 7. (4.104)
g ]
therefore 13
2\ e /29 2 1
Im B ~ j:(—) € Im log<——> =+-e /%, (4.105)
g 2 g g

We now impose the physical requirement that E.(g)must be independent of the resum-

Cy

C_

‘\‘
/

Figure 24: Lateral resummations can be obtained as two different analytic continuations of a Borel
sum along the negative real axis (where there are no singularities) to the positive real axis.

mation prescription and real (since it is the energy of a bound state!). These means that
imaginary parts must cancel in the total sum (4.103). At leading order in the instanton ex-

pansion, this implies in particular that the imaginary part of the perturbative sums ESIO ) is

equal but opposite in sign to the imaginary part of the two—instanton contribution Im Ef ).

mEY = ~ImE? = I EO ~ — 11/, (4.106)
g

The one-instanton contribution has an imaginary part, but it is proportional to e ~1/29 and
cancels against the third-instanton contribution, so we don’t have to consider it at this
order. The cancellation (4.106) determines the large order behavior of the perturbative
series by using (4.79) and taking into account that

1
e(z) ~ —;efl/?ﬂ. (4.107)
One then finds,
1 1
ap ~ ——=3"0(k +1) = —=3FF1E! (4.108)
™ T

which can be tested against the explicit results for the perturbative series [96] providing in
this way a confirmation of the cancellation mechanism (4.106).
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The cancellation between perturbative and nonperturbative contributions appearing
in the double-well has been argued to be relevant in more general situations in quantum
theory. These situations involve non-Borel summable series which however should lead to
well-defined, non-perturbative real quantities, and include realistic examples in quantum
field theory and in particular in QCD; see [33, 51| for examples involving renormalons and
[63] for examples in unitary matrix models and string theory.

5. Nonperturbative aspects of gauge theories

5.1 Conventions and basics

We follow the gauge theory conventions in [26]. The generators of the Lie algebra T are
taken to be anti—Hermitian, and satisfy the commutation relations

[T, T = febere, (5.1)
For SU(2), for example, we take
T = —%a“, (5.2)
and the structure constants are
fabc — Eabc. (53)
The Cartan inner product is defined by
(7%, T%) = 5. (5.4)
and it can be shown that
(T, T = —2Tx(TT"). (5.5)
The Euclidean action for pure Yang—Mills is
1 vV
Sg = i d'z (Fp,, F™). (5.6)

The Lagrangian of QCD will be written as

11 o
L= [Z(FW,FW) + leqf (i) — my) qf} (5.7)

where the covariant derivative is defined by
D, =0,+i4, (5.8)

Very often it is more convenient to use rescaled fields, in such a way that the coupling
constant appears only in the vertices of the theory. These fields are defined by

A, =gA,  q=gi (5.9)

At the quantum level, theories of the Yang-Mills type are renormalizable (g is dimen-
sionless), and they exhibit a running coupling constant and asymptotic freedom. Let us
denote by

(i) = £ (5.10)

,67,



the renormalized coupling constant in the MS scheme, at the subtraction point x. The
B-function is written as

Oa
Blas) = p? a,ﬁ = foo + frad + ... (5.11)
The S-function is scheme-dependent, but the first two coefficients are scheme-independent
in the class of massless subtraction schemes. The one-loop coefficient is given by

1

Bo = Bog + Por = — 7= < (5.12)

47

11N, 2Ny
3 3 )

where N, is the number of colors and Ny the number of massless quark flavours. [y, and
Bos denote respectively the gluon and fermion contribution to the one-loop B-function.
If the number of flavours is small enough as compared to the number of colors, the first
coefficient of the beta function is negative and the theory is asymptotically free. It follows
from the running of the coupling constant that the quantity

A2 = 261/ (Boas(u) (5.13)

is in fact independent of u, at leading order, and therefore defines a RG-invariant scale.
This is the so-called dynamically generated scale of QCD. The fact that a theory with
a dimensionless coupling constant g generates a dimensionful scale is called dimensional
transmutation.

5.2 Topological charge and 6 vacua

Good references for this subsection are [92, 82].

In Yang—Mills theory, besides the standard YM action, there is another term that can
be added to the action. This term is called the topological charge for reasons that will
become clear later on, and it is given by

Q= /d4x q(z), (5.14)

where ) .

1) = 352 (F, F) = 6472 €pwpo (FM7, FP7). (5.15)
This term is allowed by gauge invariance and renormalizability, so it is natural to add it
to the action and to take as the Euclidean YM Lagrangian

1

L
9 ig?

(F¥, F,,) — i0q(x), (5.16)
where 0 is a new parameter in the QCD Lagrangian. We will see below that (5.14) is
quantized for any classical, continuous field configuration with a finite action.

The different observables of QCD should be sensitive to the 6 parameter. One such
quantity is the ground state energy density F(6), computed at large, finite volume V' as

exp(—VE(6)) = / (DAJe S 4w Lo, (5.17)
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The function E(6) has two properties. First of all, the path integral with the insertion of
¢?Q 9 £ 0 should be smaller than the path integral without the insertion, at @ = 0. This
is because when 6 # 0 we are integrating an oscillating function with a positive measure.
We conclude that

E(0) < E(9), 0 #0, (5.18)

and the ground state energy has an absolute minimum at # = 0 [80]. Second, as we will
show in a moment, smooth field configurations with a finite action have quantized values
of Q. Thus we expect E(f) to be periodic, with period 27:

E(0 +21) = E(9). (5.19)

Notice that, in the limit of infinite volume, smooth configurations of finite action give
just a zero-measure set in the path integral, and we could think that the value of E(0)
is dominated by field configurations in which @ is not an integer. However, using a fully
non-perturbative definition in the lattice, as the one proposed in [59], @ takes integer values
for any discretized lattice configuration, and we have periodicity in € in the continuum,
large volume limit.

The function E(f) can be expanded around 6 = 0 as

E) - E(0) = §XX925(9), s(0) =1+ i b, 67" (5.20)
n=1

Since ¢(z) is odd under parity reversal, only even powers of ¢(x) have nonzero vacuum
expectation values (since the vacuum is invariant under parity), and only even powers of 6
appear in the expansion of E(#). The coefficient y}  is an important quantity and measures
the leading dependence of E(f) on the 6 angle around 6 = 0. It is called the topological
susceptibility and it can be written as

2 2
X :<iTE;)9:o: % = /‘/d4$<q(w)q(0)>- (5.21)

The last equality follows from

Q) = /V dta /V ay (0lg(x)a(y)|0) = /V d's /V a'y (Olg(z — 1)a(0)[0) = ViY,  (5.22)

where translation invariance of the vacuum has been used. Of course, since § = 0 is a
minimum of E(#), we have x} > 0. The infinite-volume limit of the quantity x; will be
simply denoted by

xe = lim x} (5.23)

V—oo

Although we have said that observables in YM theory should be sensitive to the 6
parameter, this dependence is very subtle. The reason is that (5.15) is a total divergence,

q(x) = 0, K", (5.24)

where

2
w = 16?6/“//)0(14”73p140 + gApAO—) (525)
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The three—form appearing here is the so-called Chern—Simons term. This means, in par-
ticular, that

q@»:/d%w*mqm (5.26)

vanishes at zero momentum, since it is of the form pHK x(p). But the topological suscepti-
bility is given by
xt = lim U(k), (5.27)

where
U = [ dtoe(g(w)a(0). (5.28)

We can write
d4pl

th>:u/(551@c—mq@ﬁ> (5.29)

Since ¢(0) = 0, this quantity vanishes order by order in perturbation theory. However,
as noticed by Witten in [87], this does not mean that it vanishes tout court. It might
happen that after adding an infinite number of diagrams (or a subset of them), and then
taking the limit k& — 0, one obtains a nonzero result. Inded, this is the kind of situation
we briefly illustrated in the example (1.4). We will see below that, in the 1/N expansion,
after adding up an infinite number of diagrams (the so-called planar diagrams), one finds
a nonzero value for the topological susceptibility.
Using Stokes theorem, we can now write the topological charge as

Q- / a5, K", (5.30)
Let us take as surface of integration two spatial planes at ¢ = oo, so that
Q= /d3fK0(t — 00, T) — /d3f[(0(t — —00,7) =K, — K_. (5.31)

These operators are Hermitian, and related to each other by time reversal, so their spectra
coincide. Let |ny) denote their eigenstates,

Ki|ny) =n|ny). (5.32)

We can now expand the physical vacuum as

)= cal®)lns) = 3 cnl®)ln-). (5.33)

n n

This follows from time reversal invariance of the vacuum: if we apply the time reversal
operator, the vacuum is unchanged and the first sum becomes the second one. Notice that
|6) is just the vacuum for the Yang—Mills field theory which includes a theta term. We also
have the following identity,

0 0 4
s Y _ Y fd zLy
1 9<9|(9|9>—1 9(0|Oe |0)

= /d4x(0|q(x)(9€fd4m£9|0> (5.34)

— /d4x(6\q(w)0\9>,
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so the operator idy is equivalent to the insertion of Q). But because of (5.31) we find
0
i%(9|(9|9> = (0| K+010) — ()|OK_|06). (5.35)

Here we have used a time-ordering prescription which says that K should be inserted to
the left and K_ to the right. If we now plug in the expansion (5.33), we find,

S e 0)ex(0) = 3 n — k) 0)ei(0), (5.36)
n,k

n,k

which leads to .
cn = Ce™, (5.37)

where C' is an overall constant. In terms of the eigenstates of K, we find that

16) =) " "In), (5.38)

n

and we set the overall constant C' to 1 for simplicity.

So far we don’t have more information about the structure of the spectrum of K.
It might happen that all of the n are identical, so that the structure above collapses to
something trivial. But as we will see, the existence of YM instantons implies that all n € Z
exist.

5.3 Instantons in Yang—Mills theory

We will now look for instantons in Yang—Mills theory. These are, by definition, field config-
urations which solve the equations of motion and have finite action. These configurations
are important in a semi-classical analysis, since they might lead to a starting point for a
perturbation expansion.

The condition of finite action gives constraints on the large distance behavior of the
fields. In order to see how they must behave as r — oo, we notice that schematically the
Fuclidean action can be written as

Sp ~ / dr 3 F? (5.39)

If we want this to be finite, the integrand has to go at least like 1/72. For example, we

could have 1
F ~ — (5.40)

r

as r — 0o. This leads to the following behavior for A(r),
1
A(r) ~ ol r — 00. (5.41)

However, A is only well defined up to a gauge transformation, so we can have the more
general behavior
Ay — 90,97t + O, r — 00. (5.42)

This means that the gauge potential is pure gauge at infinity. Since the limiting behavior
has to be well-defined as r — oo, we can define the function g on the boundary at infinity
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S? ¢ R*. This is for example achieved if g depends only on the angular variables of R*.
Therefore, any solution like the above defines a map from S? to the gauge group, i.e.

g:S* - G. (5.43)

Under gauge transformation, g will change. Therefore, what is a gauge-invariant concept is
the homotopy type of mappings from S? to G. As in the theory of solitons, these homotopy
types are classified by

73(G). (5.44)

Example 5.1. A toy example are instantons in Euclidean two—dimensional space with U (1)
gauge group. Here, the homotopy group is 71(S') = Z. Homotopy classes are classified by
an integer n. A map in the class characterized by n is the covering

g™ (0) = ™. (5.45)

Example 5.2. Let us consider the case G = SU(2). Any element of SU(2) can be written
as

g=a+ib-o, a®+b%>=1, (5.46)
hence SU(2) is homeomorphic to S®. We have then to consider maps of the form
g:S%— s (5.47)

The relevant homotopy group is

m3(S?) = Z. (5.48)

This can be computed by using Hurewicz isomorphism theorem (see for example [15]),
which holds in this case due to the fact that

71 (S?) = 0. (5.49)

This theorem relates homotopy groups to homology groups, which are typically much easier
to calculate, and in this case it says that

m(S%) = Hy(S%),  ms(S?) = Hs(S?) = Z. (5.50)

It follows from (5.48) that the homotopy classes relevant to the gauge group SU(2) are
labelled by an integer n, which is called the winding number. An explicit expression for a
map

g:S*— SU(2) (5.51)

with winding number n is given by

9™ (z) = <w>n (5.52)

r

For n = 0, this is the trivial map, while for n = 1 it is the identity. Notice that this map
can be expressed solely in terms of angular variables.
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We than have learned that, at least when the gauge group is SU(2), every field config-
uration of finite action is characterized by its winding number n. It can be shown that the
winding number of a gauge field is the value of the topological charge (5.14). We sketch
here some steps of the argument, referring to [70] for further details. We start from the
expression (5.30), integrated over the boundary at infinity, which is a three-sphere S3. For
a gauge field satisfying (5.42), the field strength F),, vanishes at infinity. Therefore, on S3,

€uap0® A’ = —€,,05A%AP, (5.53)
and one finds,
1 14 (0%
Q=1 / d5¥€,yap(A7, A% A7), (5.54)

By using the boundary behavior of the gauge potentials, one can also write this quantity
as

Q= y / d61d02d63 €9% (g7 10,9, 971099 Okg). (5.55)

This quantity is a homotopy invariant and gives the winding number associated to the
homotopy class of g.

Example 5.3. Let us use the integral expression (5.54) to verify that g, as given in
(5.52), indeed has n = 1. The inverse map is

= 5.56
g . (5.56)
One finds,
1 122
= o [T .
@ 2472 /d PO o) (5:57)
Using now
dYH = aH|2]2dQg, (5.58)
we obtain .
= — Q - 1. .
Q=5 [ 40 (5.59)

So far, we have seen that, if there are field configurations of finite action, they will be
classified by an integer winding number. We now have to construct explicitly configurations
with finite action which solve the equations of motion, and therefore lead to different vacua
of the Yang—Mills theory. We will see that, in each of the topological sectors, there is a
configuration which minimizes the action, and therefore solves the equation of motion. In
other words, we will see that there is an infinite set of classical vacua enumerated by an
nteger n.

Start with the identity

/d4x(F + F)? > 0. (5.60)
From here we find ) ) 1 i
v d*z (F,F) > :F@/d‘lx (F, F), (5.61)
or equivalently
S+ 87;" > 0. (5.62)
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We conclude that 2| |
81 (n
S > 2 (5.63)

To saturate the inequality, notice that S is always positive. Therefore if n > 0 is positive
we have

812n

9>’
i.e. the gauge field is self-dual (SD) and we have a gauge theory instanton. If n < 0 is
negative we have

F=F, S= (5.64)

812n
92

i.e. the gauge field is anti-self-dual (ASD) and we have a gauge theory anti-instanton. If
any of these conditions holds, the corresponding gauge field minimizes the action for a fixed
topological class given by n, and in particular solves the EOM. Notice that, in contrast
to the standard EOM of Yang—Mills theory, these are first order equations. This can be
related to BPS conditions in supersymmetry, as we will see.

It is possible to write down explicitly the asymptotic expression of the gauge field
for the instanton configuration with gauge group SU(2) and n = 1 (the one-instanton
solution). To do this, we simply set

F=-F,  S=-

(5.65)

Ay =—(0 )9_1, (5.66)
where g = g1, and ¢(™ is the the map (5.52). Since
1
19 = —"Lg+ -,
r2 r
(5.67)
x io. ,
&g:—ﬁ- —, i=1,2,3.
One then finds oo
A= 2 -20’
" (5.68)
i
A = 3 ($40z + 6ijk$j0k),
where we used that
0T -0 =x; + ieijkxjak. (5.69)
If we write )
i
A, = _§U‘IAZ’ (5.70)
and we introduce the 't Hooft matrices 7y, by
Ny = €aijs  Mia = Oai, N4 = —Oais (5.71)
where i,j = 1,2, 3, we find that
:L‘V
Al = 2nzyr—2. (5.72)
This asymptotic form suggests the following ansatz for the ezxact form
:L‘V
Ay = 20,5 f(), (5.73)
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where
f(r?) =1, r — 00. (5.74)

Also, regularity at the origin requires that
2~ r—0. (5.75)

We can now plug the ansatz (5.73) in the gauge theory action and compute

> 2
S o /O dr [g (f)? + ;fZ(l —f)? (5.76)
The second order EOM for f gives
d [/ df 4 B
3 (M) + 2= pa-2p o (5:77)

There are three constant solutions: f = 0 is the trivial gauge connection, f = 1 is a pure
gauge transformation with winding number 1, and f = 1/2 is a “half gauge transformation”
also called meron. On top of that we have a space-dependent solution

7,2

f(r)= et (5.78)
This gives the one-instanton solution of SU(2) Yang—Mills theory. Notice that the resulting
configuration interpolates between the trivial vacuum f = 0 at the origin and the homo-
topically non-trivial gauge transformation with n = 1 as r — oo, and at large r it is indeed
of the form (5.42).

In (5.78) pis an integration constant which can be regarded as the size of the instanton.
There is an interesting contrast between the instantons of Yang-Mills theory and the
instantons or bounces of the scalar theory studied in chapter 3. The size of a “bubble”
in the scalar theory was fixed by the parameters of the potential, while the size of an
instanton in Yang—Mills theory is a free parameter. It is yet another example of a collective
coordinate, and as it is always the case, its existence is due to a symmetry of the theory. In
this case, the symmetry is the scale invariance of the classical Yang—Mills action. In fact,
in writing (5.78) we have already fixed some integration constants: the above solution is

centered at the origin, but one can write a more general solution down,

A® (x - xO)V

= nﬁy—(x 2+ (5.79)

where xg is the position of the center of the instanton. This gives four extra collective
coordinates due to translation invariance.

We have found (5.78) by solving the original EOM of the Yang-Mills action, which are
second order, but one can solve instead the first order equation (5.64). By plugging in the
ansatz (5.73) we find the following first order equation for f,

fA=f)—r"—5 =0, (5.80)

which leads again to the constant solutions f = 0,1 and to the one-instanton solution
(5.78). Notice however that the meron solution f = 1/2 does not solve the first order
equation, but indeed it leads to an infinite action.
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5.4 Instantons and theta vacua

Like in the Quantum Mechanics examples, instantons in Yang—Mills theory can be inter-
preted as tunneling configurations between different vacua [21], i.e. the instanton field in
a sector with winding number n can be interpreted as a field which goes from one give
vacuum at infinite past in the Euclidean theory 7 = —o0o, to another vacuum at infinite
future, 7 = +oc.

To see this, let us choose a gauge in which Ay = 0. The winding number (5.30) is given
by an integral over an S? at infinity. Let us deform this boundary into a cylinder parallel
to the 20 = 7 axis. In the axial gauge Ay = 0, the curved surface of the cylinder does not
make any contribution, and we can write

n=ny—n_, (5.81)
where

1
4872

n4 = /d?’x eijk‘(Aia A]Ak) . (582)

T==400

The field configurations at 7 — Fo0o correspond to different vacua whose homotopy numbers
differ by n, the charge of the instanton. We know that n is an integer, and one can
choose the gauge in such a way that n_ = 0. Therefore, we find an explicit semiclassical
realization of all the vacua |n4) that we introduced in (5.33). They are labeled by integers.
In particular, the transition amplitude between two vacua is given by

(n]e=HT|m) = / DA, e - / ate £(4)), (5.83)

where the measure DA,,_,, means that we integrate over all gauge fields with fixed winding
number n — m, and it is understood that we are considering the limit 7" — oco. We will
denote by

Z, = / DA, exp[— / d%ﬁ(A)} (5.84)

the partition function in the sector with winding number v. We can then write

<6/’efHT‘9> _ Z einefime’Zn_m _ Z eim(«979/)+izx€ZV _ 5(9 . 9/) Z eiVGZV (5.85)

n,v v

where in the second line we changed variables to v = n = m. We now define the total,
f-dependent partition function

2(0) = / DA exp| - / a'a £o(A)] (5.86)

where we have introduced the Lagrangian with a 6 term (5.16) and we integrate now over
all possible gauge fields (belonging to all possible homotopy classes). We can then write

@'l 1T10) = 5(6 — 0)Z(0) (5.87)

This confirms that, indeed, the theta vacuum is the vacuum which is obtained by quantizing
the theory with the Lagrangian (5.16).
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In terms of these partition functions, we have that

VE(9) = —log {Zew / DA, exp [— / d4z L(A)] } = —log Z(0) (5.88)

and also
Zy

1
2
V' =—>"*p, P =_—%. .
Xt ) 14 (O) (5 89)

Notice that P, can be interpreted as the probability of finding a gauge field with charge k.
The leading contributions in these sums over instantons come from the one-instanton
as well as the one-anti-instanton, since both have

Sp = — (5.90)

but opposite v = 1. Therefore,

i6—

2 2
VE(0) = —log Zy — log{l + eleigg%fﬁ +e %Kq +-- } (5.91)
where K11 = KV are given, at leading order in g, by the one-loop fluctuation around
the instanton/anti-instanton solutions, and we have factored out the volume V' which is
obtained by integrating over the zero mode xg due to translation invariance. We have also
taken into account that the one-loop fluctuations are the same around the instanton and
the anti-instanton. We then obtain

82

E)—E(0)~2(1—cosf)Ke ¢ . (5.92)
This approximation gives, for the topological susceptibility,

82

xt ~ Ke 7. (5.93)

In the calculation of the path integral as a sum over instantons, the topological susceptibility
is indeed fully nonperturbative, and it is invisible in perturbation theory.

We must now compute K, and to do that we must be careful with the collective
coordinates. There are eight in total in the case of the instanton. Four of them correspond
to the location of the instanton, and as usual integrating over them gives the total volume
of space-time V', which we already factored out in (5.92). Another collective coordinate is
the size of the instanton p, and finally there are three extra parameters coming from gauge
rotations. In total, we have 8 parameters that lead to a factor

872\ 4
4
The integral over gauge transformations leads to a constant factor. The integral over p
must be of the form o g
P
< f (o) (5.95)
/0 p°
just based on dimensional reasons: recall that we are computing an energy density, therefore
it has units of length™, while p has dimensions of length. f(pu) is a function which
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depends on g, which is needed to renormalize a quantum gauge theory. The form of f
can be determined by noticing that the final answer must involve RG invariant quantities.
This means, on one hand, that in the above computation we must use the running coupling
constant g2 (1)

— g2 2m

e 2(n) =g as() . (5.96)

In view of (5.13), this must combine with
4o (5.97)

in order to produce a RG-invariant integrand, and this fixes the form of f(pu) at leading
order as

fpp) = (pp)~*7. (5.98)

We can now write

e af@m*“ﬁo = e_#f/p)p“ﬁo = A4mBo (5.99)

because of RG invariance, and the integral becomes

__ 27 *d Cdp __2x
o P o P
which is the RG-invariant way of writing the integral over instanton sizes. At small p we

can use asymptotic freedom and the one-loop beta function to write the integral as

o0

/ 92 (py1iners (5.101)
o P

for pure Yang—Mills theory. This integral is convergent in the UV p — 0, for all N, > 2,

but it diverges in the IR p — oo. This is the famous IR embarrassment for instanton

calculus due to instantons of large size.

Of course, what is really going on is that in the regime p — oo the integral (5.101)
is not really the right answer. As the instanton size becomes large, the running coupling
constant as(1/p) in (5.100) enters the strong coupling regime and we are unable to perform
reliable instanton calculations. The only way to do instanton calculus in a gauge theory
is to have an IR cutoff in the instanton size which avoids the problems of strong coupling.
This is the case, for example, if we do the instanton calculation in a space-time with finite,
small volume V' (for example, a four-sphere S*). In this case, since the size of the instanton
cannot be bigger than the characteristic scale of spacetime V14, the integral over the
instanton size p has a natural cutoff. One should then be able to calculate P; by using
instanton calculus. Since the natural scale in the problem is V' we expect by dimensional
transmutation

872
Py ~exp {_7065(/\‘/1/4)
This is indeed what is found in the calculation of [58].

Another way of having a natural cutoff is to have a Higgs-like eld with a large VEV
which sets the scale (as in supersymmetric gauge theories), or to consider the theory at
finite temperature. In both cases one can use instanton calculus profitably (see for example
[50] for a instanton calculation of the topological susceptibility at finite temperature).
Otherwise, instanton calculations in QCD are doubtful. Indeed, the 6 dependence in (5.92),
which seems to be a universal feature of instanton-based approaches to the topological
susceptibility, is currently disfavoured by lattice calculations [46].

11N,

} ~ (VA4) 12 (5.102)
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Figure 25: The simplest set of ‘bubble’ diagrams for the Adler function consists of all diagrams
with any number of fermion loops inserted into a single gluon line.

5.5 Renormalons

As we saw in Chapter 4, instantons dominate the large order behavior in quantum me-
chanics. There are other simple quantum models where this is still the case, in the sense
that the large order of perturbation theory is determined by the factorial growth of the
number of diagrams. For example, the large order behavior of super-renormalizable quan-
tum field theories is supposed to be dominated by instantons. In renormalizable quantum
field theories, however, the large order behavior of perturbation theory seems to be dom-
inated by another type of divergences called renormalon divergences, or renormalons for
sort. Renormalon divergences also lead to factorial behavior n! at order n in perturbation
theory. However, this is not due to the proliferation of diagrams, but to integration over
momenta in some special Feynman diagrams.

We will analyze here, following [13, 3], a classical example of renormalons in QCD.
Consider the correlation functions of two vector currents j, = ¢v,q of massless quarks

(i) / d*z e (O[T (jiu() 4 (0))[0) = (quay — ¢°gpwr) THQ?) (5.103)

with Q% = —¢?. We now compute the contribution of the fermion bubble diagrams shown
in Fig. 25 to the Adler function

dIn(Q*)
D(Q?*) = 4n® : 5.104
The renormalized fermion loop is given by
k‘2
—Bofas [ln(——) + C] (5.105)
2

where ay is the running coupling constant (5.10) and C'is a scheme-dependent constant (in
the MS scheme C' = —5/3). Let us consider the type of diagrams contributing to (5.105)
shown in Fig. 25. To calculate their contribtution, we integrate over the loop momentum of
the ‘large’ fermion loop and the angles of the gluon momentum k. Defining k2 = — k2 /Q?,

00 i 2 —5/3
Z o Q%

n=0
where we have plugged in the leading logarithmic term of the fermion loop in each blob,
and F(k?) is a function of k% which can be computed explicitly, see [13]. For us it will be

we obtain

(5.106)
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enough to know that F' can be expanded around k2 =0 in power series of k2, and near
k? = 0o in inverse powers (k2)71.

Let us proceed with the computation of (5.106). We have a geometric series in the
logs that can be summed up, and we obtain

oo J71.2
D:/ C%F(/&) Os PR (5.107)
_ 2&7e 77

0 1 — Bopaslog (k: e )

It remains to perform the integral over k2. We then split the integral in two regions

0,12/(Q%™™3),  (1*/(Q%/?),00) (5.108)

around k2 = 0, 0o, respectively. For the first integral in the IR region we find terms with
the generic form

e N
/ dk2(k2)h-1 & (5.10)
0 1— fopasln (kﬂ%)
w

Let us introduce the variable

B/ (@)

t =log B TR (5.110)
The integral reads,
I e th @
— dte " ——2—. 5.111
<Q265/3> /0 ¢ 1+ ﬁofast ( )
A further normalization ¢t — th leads to
(o) ot
— —=—= dte” " ———. (5.112)
@) Jy N T B
This has precisely the structure of the Borel transform (4.51), with poles at
h
t=———1. 5.113
Gos (5.113)

An explicit computation shows that h > 2 (indeed, F' goes near k2 =0 as (12:2)2), therefore
there are poles at —2/8p¢, —3/Fos, ---. These are called IR renormalons. We can now
repeat the procedure with the UV integral,

/ dk2(i2) 1 s . (5.114)
e—5/ _ 1.2 Q%53
1/ (Q%e=5/3) 1 - BorasIn <k‘ 2 )

Here we introduce the variable

~

k2
t=log—————— 5.115
Q) 11
and we find 2 —5/3\ "
(Qeiz> / dtet—20 (5.116)
w 0 1+ ﬂOfast
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A further normalization t — tr leads to

1 2 —5/3 r &)
- (%) / dte "t —8 (5.117)
r\ n 0 1+ B

Now the poles are at
r

Bor
These are called UV renormalons. An explicit computation shows that » > 1, hence there
are poles at 1/B8of, 2/Bof, - -

One can argue that, after including other effects, the coefficient 3y becomes [y, the
full coefficient of the beta function at one loop [13]. Since fy < 0 in asymptotically free
theories, we see that IR renormalons lead to poles on the positive real axis. The resulting
perturbative expansion is therefore not Borel summable, and the ambiguities due to these

poles are of the form
Mz h A2\ P
<@> o/ (Boas (1)) — <@> , (5.119)

where A is the dynamically generated scale of QCD. These are power corrections due to
nonperturbative effects.

The fact that IR renormalons are located at (5.113) but with 3y instead of o can be
argued by using RG arguments, as we will now show following [51] (the original argument
is due to Parisi [68]). A generic correlation function in QCD can be written as

t (5.118)

F(os) = Fp(as) + Fup(as) (5.120)

where -
Fylas) =Y faal™! (5.121)

n=0

is the perturbative contribution, and Fj(c) is a nonperturbative contribution. If F'(c)
is given by Adler function that we discussed above we can calculate it through an operator
product expansion (OPE), and Fy,,(a) can be calculated as a condensate [74]. For example,
the contribution of the gluon condensate would be
1 2

Fupl1) = G (OIF?10,C(Q ). (5.122)
where we have indicated explicitly the dependence on the renormalization scale p. Since
both F(ay) and F(as) are separately RG-invariant, the same must happen to Fyp(as).
We then have the equation

0 0
2— P — =
(ﬂ o2 T 5(045)3% + ’Yn(as)>an(as) 0 (5.123)
where
Ynlas) =15 + -+ (5.124)

is the anomalous dimension of the operator. Using this equation, one can determine Fy,p(cs)
up to an overall constant,

2

%)dﬂag exp{

Fuplas) = c( ] (1 + O(as)). (5.125)

2B(]Oés
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where d is the dimension of the condensate. This can be easily checked

0 d
Mza—lﬂan(Oés) = 5 Fwp(as), (5.126)
) . 5 d
B(as)@an(as) = (50045 + Brag + - ) [a—s Bl + - ']an(as)
] 5 (5.127)
1
Sy - ) Fapla),
( 5 T 0as =552 ) p(2s)
so consistency requires
dbi  m

0= —— — —. 5.128
22 o (5.128)

Now, the perturbative part F}, (o) is typically not Borel summable. If we define the Borel
transform

— /
— Jn.n
Bp(z) =) 2 (5.129)
n=0
we obtain a representation
[e.e]
Fy(as) = / dze /% Bp(z) (5.130)
0

(the fact that there is no 1/ay in front of this integral is due to the fact that our original
perturbative series has an extra factor of ag). Assuming now a divergence of the type
(4.49), one obtains an ambiguity in the Borel representation leading to an imaginary part
of the form

Im Fp(ag) ~ albe=4/as, (5.131)

As in the calculation of the ground state energy for the double-well, the full correlation func-
tion must be real, and this requires that this imaginary part cancels against an imaginary
part coming from the nonperturbative condensate above. In other words, the condensate
must be also ambiguous in a correlated way. This means that the coefficient C' in (5.125)
should have an imaginary part which cancels agains the imaginary part of the Borel re-
summation (5.131). A necessary condition for this cancellation to take place is that the
location of the first pole in the Borel plane A, which appears in the exponent of (5.131),
equals the corresponding exponent in (5.125). We then obtain

d
A= ——. (5.132)
200
This gives the location of the IR renormalon corresponding to the condensate of dimension
d. Also, comparing the exponent of the leading term in g we find

1-b=4 (5.133)

We then see that, by using RG arguments, assuming the validity of the OPE for the vevs of
currents, and requiring consistency of the underlying field theory, we can relate perturbative
and nonperturbative effects in a nontrivial way. In particular we find that the location of
the IR renormalon involves the one-loop coefficient of the full beta function, and the poles
found at (5.132) should be identified with those found in (5.113) after setting h = d/2.
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instanton/anti-instanton at t = 47

—e—o0—o —0o—0-0-0—0— >

UV renormalons at t = h/3y, h > 1 IR renormalons at t = —h /By, h > 2

Figure 26: The conjectural structure of the Borel plane for the current-current correlation function
in QCD.

To check the consistency of this picture, we point out that (5.119) are precisely the
nonperturbative effects that one finds in OPEs due to condensates. The fact that the first
condensate contributing to the Adler function is the gluon condensate, with d = 4, is also
consistent with the fact that h = 2 is the first contribution appearing in perturbation theory
in (5.112). Conversely, one can use renormalons to obtain hints about nonperturbative
effects in the computation of correlation functions, see [13].

What about the role of instantons in QCD and their effect on the large order behavior
of perturbation theory? It has been argued [18] that, just as the large order behavior in
the double well is due to an instanton-anti-instanton pair, in the same way the instanton-
induced large order behavior of QCD is due to the same configuration, with total topological
charge zero but with action equal to twice the action of a Yang-Mills instanton (n = 2 in

(5.63)):

1672 4
s=—-_= (5.134)
g Qs
This would lead to a singularity in the Borel plane at
Zinst = 4. (5.135)

A configuration of n instanton-anti-instanton pairs would lead to singularities at 47n, n >
2. Notice that, in general, renormalons are more important than instantons in determining
the large order behavior. For example, for the Adler function, the renormalon singularity
which is closest to the origin is located at

127
11N,

|2ren| < < Ar (5.136)

and corresponds to the UV renormalon. We depict in Fig. 26 the conjectural structure of
the Borel plane for the current-current correlation function in QCD.
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6. Instantons, fermions and supersymmetry

6.1 Instantons in supersymmetric quantum mechanics

We will now study a very interesting variant of the quantum mechanical models that we
have been looking at: supersymmetric quantum mechanics. This model was famously first
considered in [89], and studied in detail in [72], which we will mainly follow.

6.1.1 GGeneral aspects

On top of the usual bosonic operators ¢, p, we introduce Grassmann variables 1&172 which
obey anticommutation relations,

{&aﬂﬁﬁ} = 6046- (61)
It is more useful to consider the creation and annihilation operators
di = = (dh £idn) (62)
= — 1 s .
+ NG 1 2
which satisfy o X
{0} =1,  Ji=0 (6.3)

This algebra can be represented by the matrices

io=(py) 5= (10): (6.4

Wave-functions are then represented by vector-valued objects,
1 ($)>
U(x) = . 6.5
@ = (50 (6.5)
We have the following representation for the operators:

Y I

(1, 2] = %U?,- (6.7)

The Hamiltonian of the system is taken to be

and the commutator

N 1. . i N
H = 51?2 + V() - §Y(Q)[¢1,TZJ2] (6.8)
which on the space of wavefunctions becomes

. 1 92

= 50 + Vo) + %Y(q)ag. (6.9)

Since o3 commutes with the Hamiltonian, we can diagonalize it simultaneously. Therefore,
we can study the spectrum by considering wavefunctions of the form

<¢1(EQ)> , ( ¢2(2q)> . (6.10)
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When the functions V' (q), Y (q) appearing in (6.9) satisfy

Vi) =3W@h V(o) =) (6.11)

where W (q) is called the superpotential, the above quantum-mechanical system is super-
symmetric. There are two equivalent ways to see this. In the Hamiltonian picture, we
simply note that there are two conserved fermionic charges,

Q+ = (p - IW) TZ)+’

. . (6.12)
Q- ={p+iW)y_

which satisfy
1 - N
H=3{Q+.Q-} (6.13)

In matrix notation, they can be written as

0, = <8 —i (0, J(; W(Q))) 0= <_i @, E W) 8) , (6.14)

In the Lagrangian picture, we just have to show that with the above choice there are
two fermionic symmetries in the Lagrangian. This can be done in detail by using standard
superspace techniques (see Appendix A of [28] for a detailed derivation). The outcome is
that the Lagrangian (in components, and in Minkowski space)

L= 1@ s dwis v+ i0tepr@+ P g eas)

is invariant under
15q = 6—¢— - 1/}+6+7
04 = Fiex D + exq, (6.16)
6D = ey +_e_.

Since D is an auxiliary field, we can integrate it out to obtain D = —f/(q), and upon
setting

f(q) =W(q) (6.17)

we recover the Lagrangian above.
Notice that in the theory with Hamiltonian

1 1 1
H = op* + 5W()* + 5 (9)os (6.18)

the fermionic sectors with o3 eigenvalues +1 have different potentials,

Vila) = 51 (@)* % 3W'(a). (6.19)
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6.1.2 Supersymmetry breaking

One important question in this type of theories is: is SUSY spontaneously broken or not?
In order to answer this question, let us first make some general remarks.

First, in SUSY theories, the energy of any state is positive or zero. Moreover, a state
can have zero energy if and only if it is annihilated by all supercharges. Indeed, if

HJ|0) =0, (6.20)

then
0= (O[H10) = (0] (@4 Q- +Q+Q-) 0} = Q-0 + Q¢ l0)2  (6:21)

where we used that Qi are Hermitian conjugate to each other. Since the last term is a
sum of positive definite quantities, we must have

0+10) = Q-[0) = 0, (6.22)

which is the condition to have a supersymmetric ground state.

Conversely, any state which is not annihilated by both supercharges must have a non-
zero energy. If SUSY is spontaneously broken, then at least one of the SUSY charges does
not annihilate the ground state, and this means that there are actually two states with
the same energy (but different fermion number). Indeed, let 1)) be a non-supersymmetric
ground state:

H|p) = Eoly). (6.23)
Then, if A A
[thy) = Q) #0 or ) =Q_[¥) #0 (6.24)
we have
Hyps) = HQx|vp) = QrH|v) = Eolt+). (6.25)

and the ground state is doubly degenerate.
Witten [89] has pointed out a very simple criterium to know whether SUSY is broken
for a given superpotential. A SUSY ground state must satisfy the equations

0 0
(a—q - W<q>> o1(q) = 0, (a—q n W<q>) pa(g) = 0. (6.26)
with the immediate solution
61(0) = 61(a0) exp ( ' W(q’>dq') L oalg) = dalao) exp <— [ W(q’)dq’) ~ (627)

There are two cases here (assuming W (x) to be a polynomial)

1. If the highest power of W(q) is even, [W(q')d¢’ will have its highest power of odd
degree, and none of the above functions is normalizable. In this case SUSY is broken,
and we expect a degenerate ground state of nonzero energy.

2. If the highest power of W(q) is odd, [ W (q')d¢" will have its highest power of even
degree, and we will have one normalizable ground state with ¢; = 0 or ¢ = 0
(depending on the sign of the highest power). In this case supersymmetry is unbroken.
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15- 15+

Figure 28: The potentials Vi (q) (left and right, respectively) for the Hamiltonian (6.32), repre-
sented here for A =1, p = 2.

As an example of the second
situation, let us take

W(q) = g¢°, (6.28)

so that

1, ¢*¢® 3g¢®
H==-p24+2 L 1291 . (6.29
P 5t o3. (6.29)

The ground state is in this case

-15 [y, — f =10 15 0 Cagh
0= (ylp) ) =o'
Figure 27: The potentials Vi (¢) (top and bottom line, (6.30)

tively) for the Hamiltoni 6.29 ted h L . .
respectively) for the Hamiltonian ( ), represented here which is normalizable. Notice that

for g = 3. . . .
the potentials Vi (g) are quite dif-
ferent in this case (see Fig. 27),

and the ground state is an eigenstate for V_(q).
An example of the first situation is the quadratic superpotential

W(q) = A\g® — . (6.31)
In this case, the Hamiltonian is
1 22 112 2
H=pP+—(F#-% .32
2p + 5 ( h > + A\qos (6.32)

The potentials Vi(q) are shown in Fig. 28. Notice that the effect of the fermions is to
lift the degeneracy between the two wells of the potential W (z)2/2. There are now two
ground states with o3 = 41 and nonzero energy, localized in different wells of the potential.
Clearly, it should be possible to transform one state into the other by just changing the
fermion number (i.e. going from o3 = 41 to o3 = —1), but in order to do this one has in
addition to tunnel from one of the vacua to the other. This is only possible by means of
an instanton process. We then expect the transition amplitude

<Q+’ TaT = _OO|71ZA)+(t)|q7’ laT = +OO>, (633)
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where ¢4 are the minima of V4 (¢), to be nonzero and given by an instanton amplitude. In
the path integral formalism, this transition amplitude is given by

[ DD Do) (6.34)

As we will see, for this integral not to be zero, the field )y must have a zero mode in the
background of an instanton, which can be used to “soak up” the insertion of the operator
14 in the path integral.

6.1.3 Instantons and fermionic zero modes

Let us now consider the Euclidean version of the Lagrangian (6.15). After Wick rotating
t — it, we find

1.2

1 1 . 1 :
Lp=34¢"+ §W2(Q) = 5¥-r = 5UrY- + Y- W (g). (6.35)

The equations of motion for the Euclidean Lagrangian are
i—W'(@)W(q) — -+ W"(q) =0,
di F W (@)pe = 0.
Clearly, a solution of this EOM is simply given by
V=0, Ge(t) = W(ge(t)), (6.37)

therefore there are two types of instantons depending on the choice of sign in this equation.

(6.36)

Remark 6.1. Already in this system we can see two general properties of SUSY models
which make the analysis of instantons much easier. First,we have been able to integrate
the EOM once and obtain an instanton equation for z(t) which is only first order. Second,
this first order equation is equivalent to the conditions

04 =0, (6.38)
Indeed, as we can see from (6.16), in the Euclidean theory we have
S = —iex (4 W(g)). (6.39)

The condition (6.38) is very important in supersymmetric systems, and defines supersym-
metric configurations, i.e. configurations which preserve supersymmetry.

The EOM for ¢.(t) can be integrated immediately:

qc(t) dq/
t=4 4
/c(o) W(q') (6.40)

Example 6.2. For the superpotential (6.31) the solutions to (6.37) are

Gelt) = :F% tanh <,u\/X(t - to)) : (6.41)

corresponding to the £ sign in (6.37). which are precisely the (anti)instantons of the double
well (2.212). They are depicted in Fig. 12.
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As in the non-supersymmetric case, we have a bosonic zero mode corresponding to
de(t), ie.
qo(t) o< W(ge(t))- (6.42)

There is also a normalizable fermionic zero mode:
1/&(’5) X W(Qc(t)) if (jc(t) = iW(Qc(t))7 (6'43)

i.e. there are fermionic zero modes for 1, of for ¢»_ (but not for both) depending on the
choice of instanton or anti-instanton background in (6.37). In the above equation, v is a
constant Grassmann variables. Notice also that these zero modes are the supersymmetry
transformations of the bosonic zero modes, i.e. we can write

o (t) o 0z (coW (ge(t))) - (6.44)

where cg, Coi are commuting and Grassmann constants, respectively, related by supersym-
metry transformations. Finally, if we denote by v = 41 the “instanton number”, which is
+1 (—1) for instantons (anti-instantons, respectively), and if we denote by N1 the number
of zero modes of 14, we have the equality

N, —-N_=-u. (6.45)

This is our first example of an “index theorem,” relating the number of zero modes of
fermions to the topological class of the instanton background.

Let us now look at the operator describing fluctuations around this solution. For ¢(t),
this operator is given by

Mp = =07 + W"(qe(t)W (ae(t)) + (W' (qe(1)))*. (6.46)
One important point is that Mp can be factorized as
Mp = = (9 + W'(4c(t))) (9 = W' (qe(t))) = MEMr (6.47)
for the first choice of sign in (6.37). Here we have denoted
Mp =0, = W'(qe(t), M} == = W'(qe(t). (6.48)

Example 6.3. In the case of the quadratic superpotential (6.31) the bosonic operator is
given by (2.213), which is proportional to the Pdschl-Teller potential M. In this case,
the factorization (6.47) is nothing but the factorization of the Hamiltonian in (2.97), since

Mp = 9, + 2uV/X tanh <p\/X(t - t0)> (6.49)

which is the operator As up to a rescaling of ¢t. Indeed, the solvability of the Pdschl-Teller
potential is a consequence of a hidden supersymmetry, see for example [29].

We now introduce the eigenvalue problem for the operators My, M;r, as follows:
MF¢1 = w%z{ﬁ,

; (6.50)
MF¢E = W%T/ﬁ,
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since they are related by Hermitian conjugation. By acting with M}; on the first equation
we find that " satisfies

Mpyt = (wp)* ¢} (6.51)

i.e. it is an eigenvector of the bosonic operator Mp. Therefore, for any solution of the
eigenvalue equation

MBQn = (w%)ZQn (652)

we could obtain a solution of the fermionic equations by setting

PIL(t) = qn(t), wh =uwp, n > 0. (6.53)

This pairing of the bosonic and fermionic modes is typical of supersymmetric systems, as
first pointed out in [31]. The eigenfunctions ¥™ are then given by

1
Y () = —Mpan(t), n>1, (6.54)
Wi
since the zero mode ¢q is annihilated by Mp. Therefore, there is no zero mode for ¥™. In

fact, there cannot be a zero mode of both Mpr and M}, since the solution to the zero mode
equations are, as in (6.27),

) e (= W gelt) ). (6.55)

and they cannot be both normalizable.

Remark 6.4. For the quadratic superpotential (6.31) we can write the modes 9! very
explicitly by using the results for the Poschl-Teller potential with ¢ = 2 (for simplicity we
set p = A = 1). For ¥} (t) = ¢, (t) we have two bound states, given in (2.109), (2.108), and
a continuum of scattering states (2.107) with the explicit expression

ikt
(k) 2 2 . e
t) = — (k* — 2 + 3sech”(t) + 3ik tanh(t . 6.56
Ui (t) = — ( (t) (t)) NCT RSy ey (6.56)
For the states 9™ (t) we have a bound state
YL o — (657)
- cosh(t) '
and a continuum given by (2.105), or explicitly,
) oikt

¥ (t) = (—ik 4 tanh(t)) (6.58)

V2r(k2 4+ 1)

Using that AQA; = M o it is easy to verify these statements, where the eigenvalue for the

scattering states is given by
w® = k2 + 4. (6.59)
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We are now ready to evaluate the path integral (6.34) at one-loop. The path connecting
the vacua g_ to gy is precisely the anti-instanton, corresponding to the + sign in (6.37)
and to the — sign in (2.212). This leads to a fermionic zero mode for ¢;.. The expansion

of ¥ (t) is given by

Vi (t) = Jq“( ¥ +Z<n I (6.60)

while

=Y Grun(v), (6.61)

n>1

The kinetic term for the fermions in —Sg can be written as

1
5 (Vs o) Mp Vs (6.62)
2 (e
where )
0 —Mp
= . 6.63
Mp= (0 o) (6.63)
When acting on the basis (6.50) of orthonormal modes, the operator Mg becomes diagonal
—wp 0
Mp — < 0 w%> (6.64)
and (6.62) is given by
=D WG (6.65)
n>1

We have the following measure for zero modes

deg / e = 5./ / dto / ¢ (6.66)

The integration over (;” picks up the first term in (6.60). Notice that, if there was no
insertion of the fermionic field ¥4 (¢), the path integral would vanish due to the presence
of the fermionic zero mode. The Gaussian integration over the fermionic non-zero modes
is simply

/ [T ¢, exp | =D wpeic | = ] i (6.67)

n>1 n>1 n>1

Putting everything together we obtain

—Sc [det/ Mp Y2 oo )
oL [m} / dto g2 (1) (6.68)
where 12
det’ Mg w?;
[rt, MB] - H — (6.69)
n>1 B

Due to (6.53), one could think that the above quotient of determinants is just one. Indeed,
this would be the case if the spectrum was discrete. But in the presence of a continuous
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spectrum this “cancellation between fermionic and bosonic degrees of freedom” does not
take place, contrary to what was argued in [30]. This was first noticed in the context
of corrections to the mass of supersymmetric kinks in [56]. An explicit computation [72]
shows that indeed this quotient has in general the value

——— =2W'(qy). (6.70)
B

Putting everything together, we find

W' (qy) o Se

™

[ PaD Do (e - (ar —q.). (6.71)

One way to see that there is no cancellation between the fermionic and the bosonic
degrees of freedom is to look carefully at the densities of states of the fields ¥4, as in the
soliton calculation of [56]. Since 14 satisfies the same equation than the bosonic modes,
the continuous eigenvectors have the same phase shifts that we found in (2.118):

Y (t) ~ exp [i <kt + @)] , t — +oo0. (6.72)

On the other hand, the asymptotic behavior of 1)_ can be deduced from the first equation
in (6.50):
_ . . o(k)
P (t) ~ (k: ¥ 21,11\/X) exp |i| kt £ | t — +o0. (6.73)

This means that there is an extra phase shift 6(k)/2 given by

an (22 - -2 -

and the densities of states are then given by

1 1

k) =—8(k (k) = =— (§'(k) +0'(k)) . 6.75
pr() =50 (), po(k) = o (3(K) +6()) (6.75)
We then see that the eigenstates of the Dirac operator Mg with different chiralities have
different densities. This phenomenon is called the spectral asymmetry of the Dirac operator.

We can now proceed with the calculation of the determinant. The log of the square

root of (6.81) is then
/ dk log (/2 + 472 py(k) (6.76)

—00

where
1 1 Vau

pe(k) = py (k) + p— (k) = 2p(k) = —0'(k) =

— 6.77
21 k2 + 4 2’ (6.77)

and we finally obtain

/ 4k log (\/k:2 n 4)\u2> (k) = %bg (4\/Xu) (6.78)

—00

in agreement with (6.86).
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A different way to compute the above determinant is to compute instead its absolute
square

i
, o (MiMe 0 R :
det’ (MpM,) = det ( 0 el ) = det <MFMF> det <MFMF> (6.79)
where the operator
MpMj, = =0} + (W'(ge(1))” = W (e())W (ge(t)) (6.80)

has no zero modes. Therefore, up to an overall phase,

ot My (et (<08 + (V" (au(0) = W (aclt) W (ac(1)
et M\ det’ (—07 + (W/(ac(1))® + W (ae()W (ac())

(6.81)

This can be computed by using the Gelfand—Yaglom theorem, or, in the case of the
quadratic superpotential, by using the results on the spectrum of the Péschl-Teller po-
tential.

Example 6.5. For (6.31), we find

2 2
=07+ (W' (ae(1)))” =W (@)W (ge(t)) = =07 +p*A | 4 = — (6.82)
cosh </m/X(t - t0)>
The resulting operator is, up to a rescaling of ¢, the Poschl-Teller potential M o:
2 2 2 2
_8t +puh|4-— =u )\MLQ (6.83)

cosh? (/m/X(t — t0)>

Notice that in this case Mj 2 has no zero mode, and one has, by using (2.126), that

det M 1
dthiMéj =3 (6.84)
Therefore,
% — 16 (6.85)
and we conclude that /
% = 4uV/A (6.86)

in agreement with (6.70).
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6.2 Fermions and anomalies in Yang—Mills theory

Let us consider the QCD Lagrangian with Ny flavors,

Ny Ny
GPL =1 Dy =Y myphphy+ - (6.87)
f=1 f=1

We can write this in terms of lef-handed and right-handed components

1- 14+
YLy = 275 Vr, YRy = 2% Uy (6.88)
as follows
Nf Nf
¢*L = iz<¢L,fD¢L,f + T,Z)R,fDT,Z)R,f) - me <¢R7f¢L7f + q/)LJqu’f) 4+ (6.89)
f=1 f=1

In the world of massless quarks this Lagrangian has two classical U(1) symmetries. The
first one is a vectorial Uy (1)

Wi — ey, f=1- Ny (6.90)
The associated current
Ny
Q" =Yy (6.91)
f=1

is conserved quantum-mechanically. This leads to a conserved quantum number which is
just the number of quarks minus the number of antiquarks.
The second classical symmetry is the axial Ua(1)

Yy — &5, f=1,--,Ny. (6.92)
with current
1
"= > by sy, (6.93)
f=1

where we used again the un-hatted quark fields. If this current was conserved quantum-
mechanically, there would be an extra conserved quantum number. If it was spontaneously
broken it would lead to a Goldstone boson. As we will study in more detail in chapter 10,
none of these possibilities are realized in Nature: the U4 (1) symmetry is anomalous. The
divergence of J* can be computed to be

. Ny
2i -
8MJ“ = 2qu(1') + 9—2 mei/}f%wf. (6.94)
f=1

The first term in (6.94) is the anomaly, and leads to a non-vanishing of the divergence
even for masless quarks. A particular elegant derivation of this relation, originally due to
Fujikawa [41], can be obtained in the path integral formulation by studying the change in
the path integral measure. This goes as follows. First, we define the measure on the space
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of Dirac spinors (we will eliminate the flavour subindex in what follows). To do this we
consider the eigenfunctions of the Dirac operator:

iDT;Z)n = )\n¢n (6'95)

and we define the inner product of Dirac fields in the usual way, with an appropriate
normalization of the eigenfunctions:

wilig) = [ @i @) = o (6.96)
We expand the fields in modes of the Dirac operator as:
= Z anwm E = Z l_)ni/)l (6'97)

As the change of variables is unitary, we can define the path integral measure as:

DYDY = [ [ dan [ dbn (6.98)

Notice that a,, b, are Grassmann variables. Under an infinitesimal chiral transformation
the fields transform as:

(@) = () +ie(z)y59(x),

_ _ - (6.99)
(@) = Y(x) + P(@)iysalz)
The action changes under this transformation as:
1 2n,. 7 1 2n,. 7. : 2n o
7 d*"zYiDyp — 7 d"ziDy —1 [ d"x a(x)0,J" () (6.100)

where J# is the current (6.93). However, in order to obtain the quantum conservation law,
we must take into account the change in the measure. Define the chiral rotated fields as

V' (x) = (@) +iale)sd(e Zanwn

— _ _ (6.101)
b () = P (x) +P(a)ivsa(z Z Db
The coefficients a/,, b, are computed using the inner product defined above:
=(ul¢) = (il +ia(z)vs[¢)
: 6.102
= Z<wn|1 + 104(33)75|7/)m>am = Z Crimam ( )
where

The measure for the chiral-rotated fields is [[, da],, and it can be obtained from (6.103).
Since we are dealing with Grassmann quantities the change of variables involves inverse of
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the Jacobian:
Hda =[detChp] " H day, = ¢~ TrlogCmn H da,

:exp[ Tr 10g( nm <7;Z)n|a( 75|¢m Hdam

~exp [—Tr (i{(¢n|a(x)ys1m))] H da,, (6.104)

n

=€xp [_i an\a(ﬂﬁ)% W}n>] H dam

A similar analysis can be done for the b variables, which give the same contribution to the
change in the measure. Performing the inner product in (6.104) we obtain, for the change
in the measure,

[1dan ] b — Hda;HdB;exp<—21 / Az oz an )5 (2 ) (6.105)

The effective action changes under an infinitesimal chiral transformation to:

/ H day, H db,exp {_— / A%z PiDe + i / d*"x a(2)9), J" () — 2i / d*'z a(:v)A(:v)} :

(6.106)
and we have defined the anomaly density A(x) as
Z O (@) ys¢n(a (6.107)
Therefore the anomalous conservation law for the chiral current is
OuJ"(x) = 2A(x). (6.108)
The anomaly density can be evaluated to give [41]
A(z) = Nyq(x), (6.109)

where ¢(x) is the topological density (5.15). In this way we recover (6.94) in the massless
case.

One of the most remarkable consequences of the anomaly is that it leads to the existence
of zero modes for the spinors. One way to see this is simply to integrate the density A(z).
Let us suppose that [¢,) is an eigenfunction of D with a non-zero eigenvalue \,. The state

[¥n)* = 5|¢m) (6.110)
verifies:
iD[¢py)X = iDv5|Yn) = —¥5iD|thn) = —An|thn) (6.111)
Since iD is hermitian, the eigenfunctions for different eigenvalues are orthogonal:
(n|¥n)* = (Ynl|y5lYn) =0 (6.112)
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The conclusion is that, in the sum appearing in A(x), only zero modes give non-zero
contribution. These zero modes, |0,7)+, can be classified according to their chirality:

Y510, %)+ = £[0,7)+ (6.113)

The integral of A(x) can then be written as:

vy v_
/d% Az) = (0,ily510, )1 + > (0,ily5]0,8)— = Ny (vy —v), (6.114)
n=1 n=1

which counts the difference between zero modes of positive chirality and negative chirality
for one single flavor. For each flavor we have

ve—vo =Q (6.115)

where @ is the topological charge. We conclude that in the background of an instanton
there are zero modes for the fermions.

As a consequence of the presence of fermionic zero modes, the vacuum-vacuum ampli-
tude in the background of an instanton is always zero. Consider now the correlator:

G(zi,y;) = /DT,Z)DE(IZ)(CH)"'¢($N)E(y1)"'w(yN))eS (6.116)

We will compute this quantity by an expansion of the Dirac fields taking into account

= anthu+ Y Catla

zero-modes:

An7#0 «
_ ~ - (6.117)
= bathh + > Cath,
An#0 a
where 1, are the zero-modes of the Dirac operator. The measure reads now:
Dy DY = | [ dandd,, [ [ dCadC. (6.118)

Introducing this expansion in the Green function (6.116) we obtain:

Gz, y:) = / H da,db,, H AC,dC,, e~ Xn bnanin

N
: H Z anwn(xl) + Z Ca¢a(xi) Z bnwib(yz) + Z Calf)&(yz‘)
i=1 \ An#0 o An#£0 o
(6.119)

In order to obtain a non-zero result for this integral, we must saturate the zero modes which
appear in the measure with an appropriate term from the product. It is clear that the only
way to do that is to have as many fields in the correlator as zero modes: N = vy + v_.
Once this is guaranteed, the Green function reads:

Glar, i) = (det! iD) det (Yo (rg) det (v (us)) (6.120)
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where the prime in the determinant denotes deletion of the zero eigenvalues. Notice that
this selection rule needs more information than the one provided by the index of the
operator. Whenever we have a non-zero index we know that there must be zero-modes.
However, from the index we don’t know the total number of zero modes, but only the
difference v; — v_. Notice that in a Green function we must saturate both v, and v_.
There are many interesting cases in which one is able to obtain, from what are called
“vanishing theorems”, the dimension of each kernel separately, and therefore one knows
what to insert in the path integral to get sensible results.

7. Sigma models at large N

7.1 The O(N) non-linear sigma model

The O(N) non-linear sigma model in two dimensions is one of the best toy models in QFT.
It shares two important properties with non-abelian Yang-Mills theory: it is asymptotically
free and it has a mass gap. However, many of its properties can be obtained exactly, like
for example its S-matrix [93]. It can be also solved at large N, and indeed its large N
solution has been crucial in the determination of the exact S-matrix. Good references on
the 1/N expansion of the O(NN) sigma model are [67, 91].
The O(N) sigma model is a theory of N fields 0%, a = 1,--- , N, defined on the unit
sphere:
o%" =1. (7.1)

There is an O(N) global symmetry, since the ¢ transform in the vector representation of
O(N). The action is given by

_L 2 aua_ﬂ/Z agp _a
S—292/dxauaaa =5 d“z 0,00t o (7.2)

where
t=Ng? (7.3)

is the so-called ’t Hooft parameter. We will take the limit in which N is large, g is small so
that ¢ is fixed. The theory described by the classical action (7.2) is a complicated non-linear
theory of N — 1 independent fields, as it can easily seen by solving the constraint (7.1).
Perturbatively, we have a theory of NV — 1 massless bosons in two dimensions. These can
be regarded as the Goldstone bosons of a Higgs theory with SO(N) symmetry. However,
there are no Goldstone bosons in two dimensions (this is a famous theorem of Coleman—
Mermin-Wagner), so we don’t expect the perturbative picture to be correct. Indeed, the
non-perturbative spectrum consists of N massive particles in a vector representation of
O(N). Their mass m gives the mass gap of the theory. Although these particles are
invisible in perturbation theory, they can be seen in a large N solution of the model.

The large N analysis proceeds as follows. First, we renormalize the fields in order to
have a canonically normalized kinetic term,

t
o — \/NO'G. (7.4)

We now impose the constraint (7.1) through an extra field «, so we get the action

S = %/ ddz {({“)MU“O“U“ — i (U“aa — g) } (7.5)
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We want to calculate the generating functional of correlation functions,

ZJ] = /DJDaexp{—S+ /d% Ja(:v)aa(x)} (7.6)

We can now integrate ¢% and produce an effective action for «

Z[J] :/Daexp{—Seg—i—/d2xd2yJ“(x) (—82—ia)_1(m,y)J“(y)} (7.7)

where N i~
Sett(a) = ETY log (=0 —ia(x)) + 12_t A%z a(z). (7.8)

and )
(-0° ~ia) " (z,y) (7.9)

denotes the Green function of the operator of —9% — ia(z). Notice that in this effective
action N plays the role of 1/A. For large N it makes sense to evaluate the path integral by
looking at stationary points of the form

a = constant. (7.10)

This is of course what one expects from Lorentz invariance. The EOM for « is obtained
from

6 |IN 9 2 . _
@[?/d :Uoz(x)—l—NTrlog(—a —1a)] =0 (7.11)
or ) 1
. Tr—— =0 7.12
t r—@ﬁ — i (7.12)

Evaluating the trace in momentum space we find

1 d%k 1
=" _- _no. 7.13
t / (2m)? k? — i« (7.13)

This is a divergent integral and we introduce a cutoff A for |k|. Going to polar variables
we have to evaluate

2k 1 /dk k 1 A
— = | — = —log(k® — i
272 _ 2 _;
/(27?) k? — i 2 k? —ia 4w < >0 (7.14)
1 iA2 1 A?
=—1 — +1)~ —log— A 1.
A7 0g< « + > A7 Ong’ >

where we have assumed that the solution to the equation (7.13) is of the form
a=im? ~ m?>0. (7.15)
(We will see in a moment that this is indeed the case). We then find the equation

11 A?
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Since we have an explicit cutoff, we have to renormalize the coupling constant. Let u be a
renormalization scale, and let us introduce the running coupling constant

1 11 2
—— =4 —log 5. 1
t(p) t + ar B A (7.17)

Then, the above equation reads

1 1 w2
— — —log— =0 7.18
which is solved by
m? = ple= 4/t (7.19)

confirming our ansatz (7.15).

This result is very important. First of all, by comparing it to (5.13), we see that it
corresponds to the phenomenon of dimensional transmutation in an asymptotically free
theory. m? is a dynamically generated dimensionful parameter which is the analogue in
this model of AéCD. Indeed, if we define a(u) and the 3 function as we did in QCD, we
find that

fo =—N (7.20)

at large N. Second, if we now plug in the expectation value for  in (7.69), we see that m?
is indeed @ mass for the % fields. This is the first dynamical effect that can be obtained
at large .

Once we have found this constant field configuration which gives the main nonpertur-
bative properties of the theory, we expand around this vacuum. For simplicity, we will
denote the fluctuation of the « field around its vev (7.15) by « as well:

a — im? + . (7.21)
It turns out that the natural normalization for the fluctuation « is
a— a/VN (7.22)

as we will see. The effective action is now given by

)Y a2

which can be written as
N N
5 log(—0* + m?) + 5 log [1 +A (—ia(x)/\/ N)} (7.24)

where

A= (=0*+m?)~ L (7.25)

In these equations, « is regarded as a two-point operator o(z,y) = a(x)d(x — y), and

(Aa)(,y) = / 2 Az, 2)a(zy) = Al y)aly). (7.26)
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a ) — p—
» b Gab(p) pg +m2
2
T DY(p) = ————

Figure 29: The Feynman rules for the O(N) sigma model in the 1/N expansion. The dashed lines
correspond to the « particle.

We now expand in inverse powers of N. Notice that, by definition of saddle point, there is
no linear term in «, therefore at leading order in 1/N we have

_iTr (Aa)? = —i / d*z d*y (Aa)(z, y)(Aa)(y, z)

! (7.27)
- _Z/deA(w,y)a(y)/deA(y,w)a(w)-
where N 2p oip(@-)
(z,) Z/W]m' (7.:28)

In terms of Fourier-transformed fields, we can write this as

2 ~
1 | G @) (7.29)

where

~ B d2q 1
C0) = | T T (7.30)

The computation of (7.30) is a standard but somewhat long exercise in Feynman calculus.
The details can be found in Appendix D. The result is the following:

1 VP2 + 4m? + \/p? (7.31)

= 1 )
2 /PR D) R+ Am —

The calculation of correlation functions in the original theory can now be written as a 1/N
expansion by using the following rules: we have N massive particles with Green function

I“(p) = f(p)

6ab

Gap(p) = PO (7.32)
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as well as an « particle with propagator
2

D (p) = “ToT (7.33)

These particles interact through a trivalent vertex with
ibap
VN’
Therefore, interactions at suppressed at large N, and 1/v/ N becomes the effective coupling
constant of the theory. The Feynman rules for this theory are summarized in Fig. 29.

(7.34)

7.2 The PV~! sigma model

Our second example of the 1/N expansion, and of the type of nonperturbative methods as-
sociated to resumming an infinite number of diagrams, will be the another two-dimensional
toy model: the PV~! sigma model [30, 86]. In particular, we will be able to obtain a purely
nonperturbative result: a nonzero value for a two-dimensional analogue of the topological
susceptibility.

7.2.1 The model and its instantons

The basic field of the PV~! sigma model is an N-component complex vector of norm 1,
defined on a two-dimensional spacetime:

N
a(z), - an(@), > |ul =1 (7.35)
i=1
There is also a U(1) gauge symmetry
2 — @) 4, (7.36)

We can cook up a gauge field out of the z;, since the composite field

1/ _
AM = 5 (z,@uzl — (8uzz)zz)7 (7.37)
which is real, transforms as
A, — A, —0,a(x). (7.38)
Let us check this: .
Oz — @) <i(9ﬂoz + auzi) (7.39)
Therefore
Eiauzi — Eiauzi + iauazizi = Eiauzi + i@ua. (7.40)
The dynamics of this field is described by the gauge invariant action
1 .
S = 7 / A’z D,zD"z, D, =0, +iA,. (7.41)

This action defines the PN ~! sigma model. Notice that the gauge field is in fact an auxiliary
field, since it does not have a kinetic term. If we expand the Lagrangian of (7.41)

L=D,zD!z (7.42)
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we find
L= 8“22‘8“21' — iAMEZ‘a‘uZZ’ + iAua“Eizi + AMA“EZ‘ZZ‘ (7.43)

which is
L= 0"z, + A% — A“i<2i8“zi - (8“Zi)zi>. (7.44)

The classical EOM for A,, gives precisely the definition (7.37). Notice that

zizi=1= (3“51)22 + z0tz =0 (7.45)
therefore we can write
AP =iz;0Mz; = —i(@“zi)zi, (746)
and
L= 8“22‘8“21' — Ai = 3“51'3“22‘ — (Eia“zi)(zjauzj) (7.47)
or equivalently
L= 8“Zi8ﬂzi + (Zia“zi)(zj(?ﬂzj). (748)

It is interesting to point out that the PV~ model has instanton solutions, similar in
many respects to the instantons of Yang—Mills theory. Classical aspects of instantons in
the PV~ model are discussed in the original paper [30] as well as in section 4.5 of [70].
These instantons are topologically nontrivial configurations with finite action. Notice that
finite action means here that

D,z =0, at|z] =00, i=1,---,n, (7.49)

therefore, at infinity, z; is covariantly constant, i.e. it must be a constant vector up to a
phase. We write

2 = n;e ), |z| — oo, nint = 1. (7.50)

This can be seen in detail by spelling out the condition (7.49). It means that
_ ({9MZZ' _ ({9‘2’1‘

2; |2i]

—iA

" + 10,04, (7.51)

where ¢; is the phase of z;. Since iA, is pure imaginary and indepedent of the index ¢, we
deduce that, at infinity,

Oulzi| =0, ¢pi=0(0), i=1,---,N, (7.52)

which is precisely (7.50).
The topological charge classifying instantons is given by

1
Q= o / d?x €,,0, A, . (7.53)
Since
ewauAy = iewauéi&,zi (7.54)
this can be rewritten as )
Q=5 / i €D, (Z:0,024). (7.55)
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In order to be able to talk about instantons, we have to show that the topological charge
(7.53) is quantized. We follow the discussion in [86]. Using Stokes theorem, we can write
(7.55) as an integral at the boundary, i.e. at infinity

1
Q= o }{dx“ Zi0pzi. (7.56)
Plugging in here the boundary behavior (7.50), we obtain
1 do 1
=— ¢pdat—=—A .
@ 2 j{ Vo T 2 (7.57)

where Ao is just the change of ¢ as we go around a circle at infinity. Since a phase is
defined up to an integer multiple of 27, it is clear that Ao is quantized.

Another important property of instantons is that they minimize the action in their
topological sector. To see that this also holds in this model, let us write the topological
density as

1 i —
q(z) = %EuuauAu = %6/J,VD/J,Z “Dyz. (7.58)
To see this, notice that the last term equals
i S .
%EW(BM,@ —1A4,%)(0,2 +1A,2;) (7.59)

and due to antisymmetry of €,,, we only have to check that
—ieu (Auzioy 2z — Avzi0,%;) (7.60)
vanishes. Using (7.45) we can write it as
—ieu (AuZzioy 2z + AyZi0u2;) = 0, (7.61)

therefore the topological charge can be written as

i _
Q= o /d2x €uwDyuz-Dyz. (7.62)
From the obvious inequality
2
‘Duz FiewDyz| >0 (7.63)
we find -
D,z - Dyz+ €up€uoDpz - Doz F 2i€,, Dz - Dyz > 0, (7.64)

and since €,,€,0 = 0, We get at the end of the day

D,z-Dyz >ienDyz- Dyz, (7.65)
after integration one finds,
1 _ i —_
9—2 /d2x D,z -Dyz > g% /de €Dz - Dyz, (7.66)
i.e. 5
T
s> ?IQI- (7.67)
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This is the typical BPS bound. Equality holds only if the bound is saturated, and from
here we derive the equation describing instanton configurations in this model:

D,z FieuwDyz = 0. (7.68)

The + signs give instanton and anti-instanton solutions respectively. These are the ana-
logues of the (anti) self-duality conditions for instantons in QCD.

7.2.2 The effective action at large N
The (Euclidean) action of the PY=1 model is given by

S = /de [Q%Duz Dz — lg—);(ziéi -1)+ %EWOHA,, (7.69)
where we have introduced a Lagrange multiplier A to impose the constraint (7.35), as well
as the analogue of a theta term. We define the 't Hooft parameter as in (7.3), and we take
again the limit in which N is large, ¢? is small so that ¢ is fixed. In (7.69) we treat A,
and A as auxiliary fields. When we integrate them out we obtain the action for the fields
z; together with the constraint (7.35). But since the action is quadratic in z;, of the form

/ d%zz; Az, (7.70)
where N NiA
A=-—D,D"~ Tl (7.71)
we can integrate out the N bosonic, complex variables z;. Each of them gives a factor
1
7.72
det A ( )

and since we have N of them, we obtain, after writing the determinant as the exponential
of a trace of a log,

exp [—NTr log (—(QL +i4,)* - i)\)] . (7.73)
This leads to the effective action
iNXA i
St = NTrlog (— (9 +i4,)? —iA) + =5 — e, (7.74)
T

which depends on the fields A, and A\. We will often Fourier-transform the fields as

Ap) = /dee_ip$A(x). (7.75)

Notice that in this effective action N plays the role of 1/hA. For large N it makes sense to
evaluate the path integral by looking at stationary points of the form

A, =0, A = constant. (7.76)

This is of course what one expects from Lorentz invariance. The EOM for A is obtained
from

6 iN 2 . 2 . _
= [7 /d 2+ NTrlog(—(@M +id,)? — m)] —0 (7.77)
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and it is identical to the one we obtained for « in the O(N) sigma model. The solution is
also of the form

A=im?, =~ m?>0, (7.78)

where m? is the dynamically generated scale of the theory. There is a running coupling
constant ¢(u) which satisfies the same RG equation (7.19) of the O(N) sigma model. In
particular, we find that the PN~ model is also asymptotically free, and the expectation
value for A in (7.69) gives again a mass for the z; fields.

For simplicity, we will denote the fluctuation of the A field around its vev (7.78) by A
as well. It turns out that the natural normalizations for A, and the fluctuation \ are

A, — \/LNAM, A — A/VN. (7.79)

We write )
NTr 1og<—(aﬂ +iA,/VN)2 +m? — i\/—N) (7.80)
NTrlog(—9* + m?) + NTrlog [1 + A<A2/N —iNVN —i{4, a}/\/ﬁ)} (7.81)

where A is given in (7.25). If we expand in inverse powers of N, we find, schematically,
and at leading order,

1 1
AA® + §A2(8A +240)% + 3 (AN, (7.82)
The last term has been computed for the O(N) sigma model, and it leads to
1 d?p -, = <
el s — )
5 | G D) (783)

where T(p) is given in (7.30). For the quadratic term in the A, fields, we find,

3 [ S AL A (784
2 | @ Pl p ), :
where
~ d’¢ 1 ¢ (pu +29,) (P + 2q0)
T4 (p) = 20, —/ B ey ol 7.85
w0 =20 | Gapi@vmd ) @p @ a7 ey T
The computation of (7.85) can be also found in Appendix D, and gives
TA () — _ PubPv 2 2 1
T (p) = <5W 2 ){(p +4m?) f (p) W}, (7.86)
where f(p) is given in (7.31). Since
1 p? 4
near p% = 0, the quadratic term in A is of the form
(6u00” — P ) (¢ + O(p?)) (7.88)
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where
1

c=—.

12mm?
This structure is a consequence of gauge invariance, and leads to the standard gauge field
kinetic energy

(7.89)

(0, — 0, A,)? (7.90)

written in momentum space. In other words, the quantum corrections have generated a
kinetic energy for A,. This is the second dynamical effect that can be seen at large IV,
and it can be seen that is obtained in the original z variables after resumming an infinite
number of conventional diagrams —those which dominate at large V.

The excitations associated to the fields z; and Z; can be regarded as quarks and anti-
quarks of the model. These particles will interact through the gauge field A,. But a U(1)
gauge field in two dimensions is actually confining, since Coulomb’s law in two dimensions
leads to a linear potential. Therefore, an extra consequence of the emergence of a dynam-
ical gauge field in this model is confinement of charges, which can only appear as singlets
or triplets.

7.2.3 Topological susceptibility at large N

Another truly nonperturbative effect that can be seen at large N is a nonzero value for
the topological susceptibility. Remember from the discussion in the context of YM theory
that y; is given by the limit (5.27). We will then compute

2./
Up) = / 02 67" (q(2)q(0)) = / ng)Q@(—p)q(p’» (7.91)

where ¢(z) is the topological density defined in (7.58). This quantity has now a factor 1/N
which comes from the normalization of A,. The Fourier transform of ¢(p) is given by

- 1 -
Q(p) = _QW\/NEWJPMAV. (7.92)
Therefore,
. ~ 1 P P
(@(=p)a(V)) = a5z eneooPully(Au (=) Ao (V). (7.93)

To calculate the two-point function of the gauge field we first choose the Lorentz gauge
0uA, = 0. (7.94)

In this gauge the two-point function can be immediately deduced from (7.86), and one

finds
(A (p)As (=) = (2m)*6(p — 1) <5W — %)DA(]?), (7.95)

where

Da(p) = {(p2 +4m?) f(p) — l}_l- (7.96)

™

The (27)? factor in (7.95) comes from the kinetic term (7.84) in momentum space. Since

PvPo )

Pup
ew,epopﬂpp<5w — pe v a) :p2

= (8pOve — B0 0up)Publp <5w - (7.97)
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we find

(@(=p)aW) = 157 (27’ Da(p)S(p — ). (7.98)
Therefore,
2./ 2 m2
| Gz aw)i) = 5Datw) = T + 067, (7.99)

and the topological susceptibility reads, at leading order in the 1/N expansion,
large N _ 3m2

t N (7.100)

This is a rather remarkable result, since this quantity vanishes order by order in perturba-
tion theory, as we saw in the context of Yang—Mills theory in (5.29). The reasons that we
have not obtained a vanishing result is because we have resummed an infinite number of
diagrams (those dominating at large N) before taking the p — 0 limit. That this can be
the case was already mentioned in the introduction, following the argument by Witten in

[87].

T I T I T I T I T I
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0% 0.05 0.10 0.15 0.20 0.25
1/N

Figure 30: The data points give the results for x;£? in the CPY~! model, calculated in the lattice
for various values of N, and represented as a function of 1/N. The quantity £2 = (6m?)~! sets the
length scale. The diagonal line, with slope (27)~!, is the the large N result (7.100). This figure
courtesy of [82].

The result (7.100) has been tested in lattice calculations of the topological susceptibil-
ity, see the figure Fig. 30 extracted from [82]. As we can see, the calculations agree very
well with the large N result for N > 10. Other recent lattice calculations of this quantity
can be found in [57].

We can now summarize the nonperturbative effects obtained for this model at large
N, i.e. by resumming an infinite number of conventional Feynman diagrams.
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1. A mass is generated for the quarks and antiquarks z;, z;. This mass is invisible in
perturbation theory in the coupling constant (and in the 't Hooft parameter).

2. The field A,, which started its life as an auxiliary variable, becomes a dynamic gauge
field which leads to quark confinement.

3. The topological susceptibility is nonzero, and of order O(1/N).

Not all of these features are shared by other field theories at large IV, but the appear-
ance of a nontrivial topological susceptibility of order O(1/N) will also appear in QCD.

8. The 1/N expansion in QCD

The 1/N expansion in QCD was introduced by 't Hooft in [77]. Classic reviews of this
topic are [26, 88]. A more modern reference is [61].

8.1 Fatgraphs
We will write down the QCD Lagrangian (5.7) as

N1 Yy
L= LB F™) 4 Y4 (D= mp) (51)
=

where we have introduced the ’t Hooft parameter as
t=g°N. (8.2)
The large N limit is defined as
N — o0, ¢*>—0, t fixed. (8.3)

In this way the theory is still nontrivial. A first indication of this is the one-loop 3 function
of QCD, (5.11)—(5.12), which can be written as

dg 11 2 g3
Y9 _[(ZEN_in ) 8.4
Fau (3 3 f>16772’ (8.4)

and becomes, after multiplying by N %,

dt 11 s 2 1 \t3N: 11 2N\ &
@ (EN:_ZNiN - (x-S 8.5
Hau (3 R f> 1672 (3 3N>167r2’ (8:5)

so it is well-defined in the large N limit. We also see that the effect of the quark loops
(which gives the contribution proportional to Ny) is suppressed, and this will be explained
diagramatically in what follows. We will also see that all interesting quantities in QCD
have an expansion in powers of 1/N, and the large N limit (8.3) keeps the leading term
(which, for reasons that will become clear in a moment, is called the planar part). We will
be also interested in the 1/N corrections to this limit.

We note for future use that the rescaling (5.9) reads, in terms of the 't Hooft parameter,

A_

t 4 t
A, = ——q. 8.6
# \/ﬁ a 1 \/Nq ( )
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The key idea in the 1/N expansion is that in SU(N) gauge theories there is, in ad-
dition to the coupling constants appearing in the model (like for example g), a hidden
variable, namely N, the rank of the gauge group. The N dependence in the perturbative
expansion comes from the group factors associated to Feynman diagrams, and in general
a single Feynman diagram gives rise to a polynomial in N involving different powers of
N. Therefore, the standard Feynman diagrams, which are good in order to keep track of
powers of the coupling constants, are not good in order to keep track of powers of N. If
we want to keep track of the N dependence we have to “split” each diagram into different
pieces which correspond to a definite power of N. To do that, one writes the Feynman
diagrams of the theory as “fatgraphs” or double line graphs, as first indicated by 't Hooft
[79]. Let us see how this works.

i > J o 0

Figure 31: The quark propagator.

The quark propagator is

W @) ) = 078 (@ —y), =L N, (57)

This is represented diagrammatically by a single line, and the color at the beginning of the
line is the same as at the end of the line, because of the §” in eq. (8.7), see Fig. 31. The
gluon propagator is

(A% () AL (1) = 0" Dy (2~ ) (58)

where a and b are indices in the adjoint representation. Instead of treating a gluon as a
field with a single adjoint index, it is preferable to treat it as an N x N matrix with two
indices in the NV and N representations, i.e.

(Ap)'j = A% (Ta)' (8.9)

Here, (T,,)" j is a basis of the Lie algebra which satisfies the normalization condition

Tr (T, Tp) = Sap, ab=1,---,N?. (8.10)
They also satisfy,
D (Tw)' 5 (T = 6] 6F (8.11)
for U(N), and
Z (Ta)" (Ta)kl =0 5? - Néj 5;€ (8.12)

a

for SU(N). Therefore, we can rewrite the U(N) gluon propagator as

(AL (2) A (4) = =Dy (2 = ) 513 (313)

The group structure of this propagator can be represented by a double line, as in Fig. 32.
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di10
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J < k
Figure 32: The gluon propagator in the double line notation.

We can also write the interaction vertices in the double line notation. The three-gluon
vertex involves the structure constants f,p. of the Lie algebra, which are defined by

[Ta, Ty] = fabeTe- (8.14)
By multiplying by Ty and taking a trace, we find the relation
fave = Tr (T, Ty Te.) — Tr (TyT,T). (8.15)

The trace of three generators of the Lie algebra can be interpreted as a cubic vertex.
Indeed, it comes from
b
Tr(A AL A,) = AL ALAL Tr(To Ty Te) (8.16)

but in the double line notation it leads to the index structure

D (A (A (4p)" (8.17)

i7j7k

which can be depicted as in Fig. 33. Since we have a commutator, we get an additional
term

. } i
=D (A (A (A0, (8.18)
i7j7k
which can be also represented as double-line vertex. Notice however that it is twisted in
comparison to the previous one, see Fig. 34.

J J

Figure 33: The cubic vertex (8.17) in the double line notation.

Our final rule concerns the quark-gluon vertex describing the interaction between a
quark bilinear and a gluon. The group structure of this vertex

Yi(x) (A, ()8 (@), (8.19)

therefore it can be represented, in the double line notation, as shown in Fig. 35.
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jk// J /\3j

Figure 34: The twisted vertex (8.18) in the double line notation.

Figure 35: The interaction vertex between a quark (vertical line) and a gluon (horizontal double
line), in the double line notation.

In general, fatgraphs (which have no external lines) are characterized topologically by
the number of propagators or edges F, the number of vertices V', and the number of closed
loops h. By (8.13), each propagator gives a factor of g, while each interaction vertex gives
a power of g. Finally, each closed loop involves a sum over a color index and gives a factor
of h. Therefore, we have a total factor

N gHE=V), (8.20)
but in terms of the ‘t Hooft parameter this is
NV-EthV=E, (8.21)

We can now regard each fatgraph as a Riemann surface which will be closed in the absence
of quarks loops. To see this, we think about each closed loop as the perimeter of a polygon.
A double-line is then interpreted as an instruction to glue polygons: we identify one edge
of a polygon with one edge of another polygon if they both lie on the same double line.
Finally, each closed quark (single-line) loop is interpreted as a boundary for the surface.
With this interpretation, we can use Euler’s relation to write

h+V -E=x=2-29g—b (8.22)

where g is the genus of the Riemann surface and b the number of boundaries. Therefore
the factor of N in (8.20) is
N27297b = NX (8.23)
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— — /
/\ o/\ N
Figure 36: The standard cubic vertex of QCD becomes a sum of two fatgraphs.

The fatgraphs with ¢ = 0 are called planar, while the ones with g > 0 are called nonplanar.
It is easy to see that each conventional Feynman diagram gives rise to many different
fatgraphs with different genera.

We can now formalize the procedure to compute the group factor of any diagram in
QCD. Notice that, from the point of view of the group theory structure, the quartic vertex
of Yang—Mills can be reduced to two cubic vertices joined by an extra edge, therefore
any diagram will be written in the end in terms of trivalent diagrams. Given a trivalent
diagram G, with V' vertices, we use (8.15) to get a sum over the 2" possible “resolutions”
of the vertices. This is represented graphically in Fig. 36. Each of these diagrams will be
a fatgraph X, which we will weight by N to the power h(X), the number of closed loops.
We then have

r(G) =Y N, (8.24)
5
The contribution of such a diagram to the large N expansion will include in addition a
factor g2(E—V) (again, from the power counting point of view we can treat a quartic vertex
as a two cubic vertices joined by an extra edge, since E — V' remains invariant).

06

Figure 37: The two fatgraphs associated to the theta diagram. The first one has g = 0, while the
second one has g = 1.

Example 8.1. Let us consider the simplest two-loop graph made out of cubic vertices,
the so-called theta diagram. After “resolving” the vertices according to (8.15), we find
two different graphs, as shown in Fig. 37: an “untwisted” graph with multiplicity 2, and a
“twisted” graph, also with multiplicity 2. Therefore, its group factor

2N3 —2N. (8.25)
The weight of the first fatgraph (with ¢ = 0) in the 1/N expansion is
N3g% = N%¢2, (8.26)
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while the second one of g = 1 has the weight
Ng* =1t. (8.27)

Example 8.2. In Fig. 38 we show a diagram with a quark line and one of the fatgraphs
that it generates. This graph has three closed cycles, four vertices and six propagators,
and so its weight is

N3gt = N¢? (8.28)

Figure 38: A typical QCD diagram with one closed quark line (left) and one of the fatgraphs it
generates (right). This figure courtesy of [61].

8.2 Large N rules for correlation functions

We can now use the diagrammatic representation in terms of fatgraphs to analyze the
large N counting rules of correlation functions (of course, all of our conclusions will be also
valid for any quantum theory with a U(NN) symmetry with fields in the adjoint and the
fundamental).

We have seen that, when we reorganize the perturbative expansion in terms of fat-
graphs, the Feynman diagrams become two-dimensional surfaces labelled by two topologi-
cal quantities: the genus g and the number of boundaries, with a weight (8.23). The largest
values of x are 2 in the case of closed surfaces, corresponding to g = 0, and x = 1 for the
surfaces with boundaries, corresponding to g = 0 and b = 1. It follows immediately that

1. The leading connected vacuum-to-vacuum graphs are of order N2. They are planar
graphs made out of gluons.

2. The leading connected vacuum-to-vacuum graphs with quark lines are of order V.
They are planar graphs with only one quark loop forming the boundary of the graph.

In particular, we deduce that the free energy of a pure U(N) gauge theory (which is
given by the sum over all connected, vacuum-to-vacuum digrams) is given by a sum of the
form

o
F(N,t) =) Fy(t)N*>~%, (8.29)
g=0
where
Fy(t) = agut® >t (8.30)
h>0

- 114 -



is a sum over all fatgraphs with a fixed topology. In the large N limit (8.3), only the planar
diagrams g = 0 survive.

We can now study correlation functions. Let G; be a gauge-invariant operator made
out of gluons only. Examples of such operators are

TrF,, F*,  TrpU,, (8.31)

where

Uy, =P exp}{A (8.32)
gl
is a Wilson line operator around the closed loop 7. We add to the action

S—S+NY JG (8.33)

where J; are sources. Due to the overall factor of IV, the counting rules for the new La-
grangian are the same as before. On the other hand, we know that the sum of connected
vacuum-to-vacuum graphs with these sources is a generating functional of connected cor-
relation functions. We then conclude,

GGy — L 0T

T NTOJy -0 li=0 (8.34)

Since the leading contribution to this generating functional is again of order N2, we con-
clude that
(Gy--- Gr>(0) ~ N2-T (8.35)

at leading order in N. If we consider the full 1/N expansion of this correlation function,
we will obtain an expansion of the form

WON, 1) = (Gy - G = W ()N (8.36)
g=0
where
WD) =Y wie (8.37)
n>0

is the sum over all fatgraphs contributing to the correlation function and with a fixed

topology.
Similarly, we can consider gauge-invariant operators M; involving quark bilinears, like
— — Y
U, d(y)Pels Ay(a), (8.38)
ans so on. We now perturb the action as
S—S+NY LM, (8.39)
i
where b; are sources, and
1 90'T(b)
My M) = —_—~ 7 . 8.40
M- M = R 50, L= (8.40)
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Figure 39: A graph with ¢ = 0, b = 1 where quark bilinear operators are inserted at the quark
loop.

The leading contribution to this generating functional is of order IV, and it involves a quark
loop at the boundary where we insert the bilinears, see Fig. 39. We conclude that

(My - M) ~ N7 (8.41)

We now use these rules to derive counting rules for meson and glueball scattering
amplitudes. Gluon operators G; create glueball states, while quark bilinears B; create
meson states

Gi|0) ~ |G;), M;|0) ~ |M;). (8.42)
To look for appropriately normalized states, we notice that
(G1]Gy) ~ (G1G2)® ~ O(NY), (8.43)
therefore G; creates glueball states with unit amplitude. Similarly,
(My| M) ~ (M Ms)© ~ O(1/N), (8.44)
therefore the appropriately normalized meson state is
VN M;|0) (8.45)

We can now see that meson and glueball interactions are suppressed by factors of N. An r-
glueball vertex is suppressed by N2~", and each additional glueball adds a 1/N suppression.
Similarly, a normalized r meson vertex will be suppressed as

(VNM, ---VNMN) ~ N'=7/2 (8.46)

and each additional meson adds a 1/v/ N suppression. Finally, mixed glueball-meson cor-
relators will be suppressed as

(G1++GoV/NMy - -V NM,)O ~ NI=577/2 (8.47)

In other words, if we think about 1/N as a coupling constant, we have reorganized QCD
into a theory of weakly interacting glueballs and mesons. Finally, notice that we can obtain
counting rules for the original fields of the Lagrangian by using the rescaling (8.6).
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Example 8.3. Consider for example
(0|Txr(FF)|M), (0|Tx(FF)|G) (8.48)

Using the rules above we find

muuﬁfmmnmgiﬁ, (0| Tx(FF)|G) ~ O(1). (8.49)

In terms of rescaled fields, we have Tr(E'E) ~ v/ NTr(FF), therefore
(O|Tx(FF)|M) ~ VN,  (0|Tr(FF)|G) ~ N. (8.50)

We will use these results later one, when analyzing the U(1) problem from the viewpoint
of the 1/N expansion.

Example 8.4. Large N scaling of F;. The pion decay constant is defined by (10.19)-
(10.20). This has the structure

(0| My |M3) ~1/V'N. (8.51)
Since § ~ v/ Ng, it follows that flud ~ NA,q4, and we finally obtain
F, ~V/N. (8.52)

8.3 QCD spectroscopy at large N: mesons and glueballs

We can now extract lessons from the above behavior for the spectrum of QCD. We will
first analyze mesons and glueballs. The results are the following:

e At large N, both mesons and gluons are free, stable and non-interacting. Their
masses have a smooth large N limit, and their number is infinite.

e Meson decay amplitudes are of order 1/ VN, and the large N limit is described by
the tree diagrams of an effective local Lagrangian involving meson fields.

e To lowest order in 1/N, glueball states are decoupled from mesons. The mixing
between glueballs and mesons is of order 1/ VN, while the mixing between glueballs
is of order 1/N.

We now sketch an argument to establish the first property, following [88], where more
details can be found. Let us consider the two-point function of a current J made of quark
bilinears (and that can therefore create a meson, like in (10.19). As for any other two-
point function, its spectral representation expresses it as a sum over poles, plus a more
complicated part coming from multiparticle states. The first important result is that, at
large N, only the sum over poles contributes, in other words

a2
TR)I(—R)) =D 5 (8.53)

Here the sum is over one-particle meson states |n) with masses m,,, and

an = (0|J|n) (8.54)
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up to a kinematic factor. This can be established by noticing that the Feynman diagrams
that contribute to this correlator at large N are diagrams with one single quark loop at
the boundary. Therefore, when we cut this diagram as in Fig. 47 to detect intermediate
states, we find exactly one gq pair. If we assume that confinement holds, this state must
be a single meson.

From (8.53) we can also deduce that the spectrum of mesons contains an infinite
number of states whose masses are well-defined at large N. This is because the r.h.s. of
(8.53) is well-defined at large N. For example, if we normalize the currents as in (8.46),
the r.h.s. is independent of N, and the meson masses m? also have a smooth limit which
is independent of N. The number of states must be infinite, since at large k> we know
from asymptotic freedom that the two-point function is logarithmic in k2. The logarithmic
behavior can only be obtained at large k2 from the r.h.s. if the number of terms in the
sum is infinite, otherwise we would find a k=2 behavior.

8.4 Baryons at large N

Baryons are color singlet hadrons made up of quarks. The SU(N) invariant e-symbol has
N indices, so a baryon is an IN-quark state,

R 31 iN
€ip-inq 0 q

A baryon can be thought of as containing N quarks, one of each color, since all the indices
on the e-symbol must be different for it to be non-zero. Quarks obey Fermi statistics, and
the e-symbol is antisymmetric in color, so the baryon must be completely symmetric in the
other quantum numbers such as spin and flavor.

The number of quarks in a baryon grows with N, so one might think that large N
baryons have little to do with baryons for N = 3. However, one can compute baryonic
properties in a systematic semiclassical expansion in 1/N. The results are in good agree-
ment with the experimental data, and provide information on the spin-flavor structure of
baryons. We refer to [61] and references therein for an update on more recent results, and
here we will content ourselves with some basic results from [88].

The N-counting rules for baryon graphs can be derived using previous results for meson
graphs. Draw the incoming baryon as N-quarks with colors arranged in order, 1--- N. The
colors of the outgoing quark lines are then a permutation of 1---N. It is convenient to
derive the N-counting rules for connected graphs. For this purpose, the incoming and
outgoing quark lines are to be treated as ending on independent vertices, so that the
connected piece of Fig. 40(a) is Fig. 40(b).

% %

@ (b)

Figure 40: A baryon interaction and its corresponding connected component.

A connected piece that contains n quark lines will be referred to as an n-body inter-
action. The colors on the outgoing quarks in an n-body interaction are a permutation of
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the colors on the incoming quarks, and the colors are distinct. Each outgoing line can
be identified with an incoming line of the same color in a unique way. One can now re-
late connected graphs for baryons interactions with planar diagrams with a single quark
loop. The leading in N diagrams for the n-body interaction are given by taking a planar
diagram with a single quark loop, cutting the loop in n places, and setting the color on
each cut line to equal the color of one of the incoming (or outgoing) quarks. For example,
the interaction in Fig. 40(b) is given by cutting Fig. 38 once at each of the three fermion
lines. Planar meson diagrams contain a single closed quark loop as the outer edge of the
diagram. Baryon n-body graphs obtained from cutting the quark loop require that one
twist the quark lines to orient them with their arrows pointing in the same direction, and
do not necessarily look planar when drawn on a sheet of paper. For example, Fig. 41 is a
“planar” diagram for a two-body interaction. Baryon graphs in the double-line notation
can have color index lines crossing each other due to the fermion line twists.

g]
9999@
9

Figure 41: An example of a “planar” two-body baryon graph.

The relationship between meson and baryon graphs immediately gives us the N-
counting rules for an n-body interaction in baryons: an n-body interaction is of order
N'="_ since planar quark diagrams are of order N, and n index sums over quark colors
have been eliminated by cutting n fermion lines. Baryons contain N quarks, so n-body
interactions are equally important for any n. n-body interactions are of order N'=", but
there are O(N"™) ways of choosing n-quarks from a N-quark baryon. Thus the net effect
of n-body interactions is of order N.

The result of this discussion suggests to use a Hartree—Fock strategy, since for large N
we have a problem involving many particles with weak interactions. Interactions of quarks
in a baryon can be described by a non-relativistic Hamiltonian if the quarks are very heavy.
The Hamiltonian has the form

H=Nm+ NZV —ﬂ:j)—k% ZV(mi—xj,xi—xk)+.... (8.55)
i#] i#j#k
Each term contributes O(NV) to the total energy. The interaction terms in the Hamiltonian
eq. (8.55) are the sum of many small contributions, so fluctuations are small, and each
quark can be considered to move in an average background potential. Consequently, the
Hartree approximation is exact in the large N limit. The ground state wavefunction can
be written as

N
o (1, an) = [ do (zi), (8.56)
i=1

where x; are the positions of the quarks. The spatial wavefunction ¢q (x) is N-independent,
so the baryon size is fixed in the N — oo limit. The first excited state wavefunction is

1 N N
1 <x1,...,xN)=ﬁ;¢i<xk) IT ¢o (). (8.57)

i=1,i#k
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Further details about this approach can be found in [26, 88].

8.5 Analyticity in the 1/N expansion

Standard perturbation theory (even in the absence of renormalons) is divergent due to
the factorial growth of the number of diagrams. In the 1/N expansion, however, the
computation of the genus g contribution (like in (8.29) involves a sum over fatgraphs with
a fixed topology. It turns out that the number of such graphs does not grow factorially,
but only exponentially. Therefore, barring problems associated to renormalons, the genus
g amplitudes are in principle analytic functions in the 't Hooft parameter ¢t with a finite
radius of convergence around ¢ = 0. This has been verified in various models where
renormalons are absent, like matrix models and matrix quantum mechanics [17], N = 4
super Yang-Mills theory [14] and Chern—Simons theory [43].

/&W

(@) (b)

Figure 42: An example of planar (or “petal”) diagram (a) and a non-planar one (b) obtained from
a vertex with 2k edges (in this example, k = 6) by contracting them.

One simple example which shows the factorial versus exponential behavior is the fat-
graph version of the calculation (2.14). This counts the number of possible contractions
in a vertex with 2k legs, and grows factorially. This factorial growth gets inherited in
the large order behavior of quantum-mechanical models. If we now consider the vertex
to be a fatgraph, and we consider the possible contractions, we will of course get planar
and nonplanar diagrams, see Fig. 42. The total number of contractions remains the same,
and given by (2.14), but if one considers contractions that lead to planar diagrams, the
number is much smaller. One way to derive this number [35] is to notice that the planar
diagrams have a “petal” structure, in which the petals are either juxtaposed or included
into one-another (with no edges-crossings). The counting of these petal diagrams is a stan-
dard problem in combinatorics which might be solved by using a recursion relation. Let us
imagine that we want to obtain a petal diagram with 2k edges. We first fix one edge (say
at position 1), and then we sum over the positions of the edges which can be contracted
with the first one. These edges are at positions 2j, where j = 1,2, ...,k (other positions
will lead to crossing edges, which are forbidden due to the planarity condition). The petal
obtained with this contractions has two halves, with 2(j — 1) edges in one of them and
2(k — j) edges in the other one, and therefore might lead to ¢;_1 - ¢x—;. Summing over all
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the possible positions gives the recursion relation

k

cr = Z Cj—1Ch—j =1 (8.58)

j=1

which is solved by the Catalan numbers

|
cp = (k:(—iikl))'k' (8.59)
This number, in contrast to (2.14), grows only exponentially

c ~ 4% (8.60)

This is an indication that, if we sum over fatgraphs with the same topology, we might
obtain amplitudes with a finite radius of convergence.

Let us now give a more precise argument for the analyticity of physical amplitudes.
For simplicity, we will consider the free energy of the theory (8.29), since in this case one
just looks at connected bubble diagrams I". We will denote by Aﬁf) the set of independent,
connected Feynman diagrams with

n=E-V=L-1 (8.61)

where E is the number of edges (propagators), V' is the number of vertices, and L is the
number of loops. We then have,

F(g.g) =) > caW()g, (8.62)

n=1pe g(e)

where cr is the Feynman integral associated to the diagram I', and Wg(T') is the group
factor. Let us now see how this looks in the 1/N expansion. Due to the thickening rules,
each diagram I' gives a formal linear combination of fatgraphs I'y 5, which can be classified
topologically by their genus g and the number of closed loops h:

T'— > pgn(TTgn (8.63)
g:h
and we have
Wu(N) (F) = Zpg,h(F)Nh- (864)
g,h
One then finds the following expression for the free energy:
o
F(U(N)’ gs) = Z Z CFpg,h(F)Nhgf_v (865)
g:0 Fg,h

where E(I'), V(I') are the number of edges and vertices in I' (these topological data do not
depend on the fattening of the graph). If we now use Euler’s relation (8.22), we find the
series (8.29), (8.30), where agyj, is given by the following finite sum

agn =Y crpgn(T). (8.66)
Ty
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It is easy to see that
pgn(T) < CR972H0, (8.67)

For example, in a theory with a pure cubic interaction, each vertex gives two resolutions,
and the maximum number of terms is 2¥. Since in a theory with cubic interactions we
have

3V =2FE (8.68)

we deduce
pen(l) <2V = 4B~V = 429-2+h (8.69)

In QCD there are also quartic vertices, which from the point of view of this counting can
be regarded as two cubic vertices joined by an edge, and lead to a similar estimate. The
next step is to analyze the Feynman integrals, cp. If the theory has renormalons, they can
grow factorially with the number of vertices. But in a theory without renormalons they
grow only exponentially in the number of vertices, and we can write

lep| ~ O, (8.70)

This has been shown to be the case for a large class of diagrams in Quantum Mechanics [7],
and it has been proved to be the case in Chern—Simons theory, by using the formulation
in terms of the LMO invariant [44]. We then have,

agp ~ (CpCp)? 2Ty 1 (8.71)
Tgn

In the last equation, we sum over all diagrams with the appropriate weight. Although we
have just set it equal to 1, depending on the way we normalize the interaction we have a
specific counting. For example, if we normalize all vertices of degree p with a factor 1/p!,
the weight of a diagram I'y ;, is given by

1

Aty ) 57

i.e. the inverse of the order of the automorphism group. The counting of fatgraphs
(weighted by their automorphism group, as above) has been developed very much both
in combinatorics and in mathematical physics. The main result we have in this respect is
that

> 1~ CpHCe(29), (8.73)
Ly n

see for example [43]. We conclude that
agn ~ (29)1C{CL. (8.74)

Therefore, for fized genus, we have that F,(t) is analytic at ¢ = 0 with a finite radius
of convergence p common to all g. This is the analiticity result we wanted to establish.
Generically p < 0o, and there is typically a singularity t. in the ¢-plane somewhere in the
circle of radius p,

1t = p. (8.75)

Notice as well that for fized t the sequence Fy(t) will diverge like (2¢g)!. This will be impor-
tant in the next subsection, when we discuss the role of instantons in the 1/N expansion.
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8.6 Large N instantons

What happens to instantons in large IV theories? Let us consider a theory with a coupling
constant g, (for a gauge theory, one has g5 = g2 in our previous conventions) and 't Hooft
parameter

t = gsN. (8.76)

Let us consider an instanton solution whose action (including the coupling) is given by

Sist = 2, ¢y~ O(1) (8.77)
S

i.e. we assume that the action of the instanton is of order one at large N. This is generally
the case. In Yang—Mills theory, this is due to the fact we can build an instanton by using
just an SU(2) subgroup of U(N). In the example of Matrix Quantum Mechanics of the
next section, the theory turns out to be equivalent to a theory of N free fermions. An
instanton configuration can then be obtained by tunneling a single fermion out of N. Of
course, there are instanton configurations whose action is of the same order than N, but
these are “giant instantons” which will not be considered here. We can now do perturbation
theory around the instanton configuration. The one-loop fluctuations give a term with the

generic form (at large N)
c caN
(—) (8.78)
9s

where ¢1 N is the number of zero modes, or collective coordinates of the instanton, at large
N. This factor comes from the canonical normalization of the modes in the path integral,
since we can always normalize the fields in such a way that the action has an overall power
of 1/gs. Putting both things together and, expressing everything in terms of g5 and the 't

Hooft parameter, we find

al A(t

<i> e™%/95 ~ exp <—ﬁ> (8.79)
Js Js

where

A(t) = ¢ — ertlog (%) +O(t), (8.80)

is called the large N instanton action. It is given by a series in ¢ which incorporates,
on top of the classical action and the one-loop fluctuations which we have written down
explicitly, all vacuum, connected bubble planar diagrams (at all loops) in the background
of the classical instanton action. To see how these appear, let us focus for simplicity on
the interaction given by the cubic vertex Fig. 33. Let us consider fluctuations around the
instanton solution A

A=A+ A4, (8.81)
The action for the fluctuations will include a vertex of the form
Z(Zu)ij (Av)’y (Ap)ki (8.82)
/[:7j7k

and involving the instanton background. We can represent this vertex in the double-line
notation as in Fig. 43, where the red line ending on the blob corresponds to the instanton
background. It gives a factor of g5, but only the interior line gives a factor of IV after
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Figure 43: The instanton vertex (8.82) (left) and a planar diagram contributing to the large N
instanton action A(t) a term of order 3 (right).

tracing over. A simple example of a diagram contributing to the instanton action is the
one depicted on the r.h.s. of Fig. 43. The inner closed lines gives a factor of N3, and the
diagram is proportional to
_ 1 _
Tr(A°) N3g2 = —*Tr(A), (8.83)

s

since there are nine edges F = 9 and seven vertices V = 7, so the power of g¥~" is two.

This diagram gives a correction of order > to A(t). We see that the calculation of large
N instanton actions in realistic theories is of course difficult, since we have to sum up an
infinite number of planar diagrams (in the same way that calculating the planar free energy
involves adding up an infinite number of diagrams at all loops).

An alternative, more general way to think about large N instantons is in terms of large
N effective actions. The idea of the master field suggests that ordinary theories at large
N can be reformulated in terms of a “large N effective action” with coupling constant (or
h constant) equal to 1/N. In this theory, correlation functions at large N are obtained
simply by solving the classical equations of motion of the effective action in the presence
of sources. A large N instanton is simply an instanton solution of this large IV effective
theory, i.e. a saddle point with finite action. This is in general different from the usual
instanton configurations, which are saddle point of the classical action. In some cases,
large N instantons can be thought of as deformations of the classical instantons, where
the deformation parameter is the 't Hooft parameter: as it is manifest in (8.80), when
t — 0 we recover the gauge theory instanton. Explicit examples of large IV instantons were
obtained in the CPY model in [?, 65], as deformations of classical instantons. A particularly
beautiful example is the large N instanton of two-dimensional Yang—Mills theory obtained
in [48].

In the same way that the standard factorial growth of the perturbative expansion
is related to “standard” instantons, the growth of the 1/N expansion should be related
to large N instantons. From the estimates in the previous subsection we deduce that
quantities like the genus g free energy must diverge doubly-factorially. In fact we have the
asymptotics,

Fy(t) ~ 29)WA@®) ™, g> 1. (8.84)

where A(t) is the action of a large N instanton. This type of growth has been found in
many simple models with a nontrivial 1/N expansion.
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Notice that, in the calculation of observables, large N instantons are weighted by
e~ AW/9s (8.85)

where A(t), the large N instanton action, is in general a non-trivial function of the 't Hooft
parameter. If Re(A(t)/gs) > 0, large N instantons are suppressed exponentially at large N
(or small gy), as in standard instanton physics. This might lead to think that “instantons
are suppressed at large N,” but as Neuberger pointed out in [66], this is not necessarily the
case. It might happen for example that A(t) vanishes at a particular value of ¢, and in this
case the contribution of instantons become as important as the perturbative contributions.
The value of the 't Hooft parameter for which A(t) vanishes signals very often a large
N phase transition, or a critical point, in the theory. The critical value of the 't Hooft
parameter is also, in many cases, the first singularity ¢. in the ¢-plane which we found in

(8.75).

Remark 8.5. There has been some lot of confusion in the literature concerning the role of
instantons at large N. It was noted in [86] that instanton methods and large N methods
seem to be incompatible, in the sense that they give different qualitative predictions for the
N-dependence of some quantities. For example, an instanton calculation of the topological
susceptibility in Yang-Mills theory gives an N-dependence of the form e, while large N
methods predict a dependence of the form 1/N. The solution to these apparent paradoxes
is that, as we have noticed before, instanton calculus is not well-defined in the absence of
an infrared (IR) cutoff, so it shouldn’t come as a surprise that naive predictions based on
instantons are not consistent with other procedures like the 1/N expansion. However, in
theories with an IR cutoff (like finite temperature or finite volume), both instanton calculus
and large N methods make sense, and the results are perfectly compatible (see [2] for an
early discussion of this point).

Remark 8.6. Notice that, effectively, the diagrams contributing to the large IV instanton
action are similar to the diagrams involving an external boundary, coming from a Wilson
loop for example. This means that, in the dual formulation in terms of Riemann surfaces,
the large N instanton is associated to a hole in the worldsheet.

9. A solvable toy model: large N matrix quantum mechanics

9.1 Defining the model. Perturbation theory

We will consider a quantum-mechanical model where the degrees of freedom are the entries
of a Hermitian N x N matrix M. This model is described by the Euclidean Lagrangian

1 .
Lag = Tr|[ 5007 + V(M)], (9.1)
where V(M) is a polynomial in M. Notice that this problem has a symmetry

M — UMU'! (9.2)

where U is a constant unitary matrix. This model is sometimes called matriz quantum
mechanics (MQM). It can be regarded as a one-dimensional field theory for a quantum
field M (t) taking values in the adjoint representation of U(N). As any other field theory,
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it can be studied in perturbation theory. We will assume that the potential V(M) is of the

form 1

V(M) = 5M? + Vi (M) (9.3)
where Vip (M) is the interaction term. The Feynman rules are the same as in the case of
quantum mechanics, with the only difference that we will now have “group factors” due to

the fact that M is matrix valued.

7 > ks e—lT="l
T < ;7 — Ok 01

i J
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Figure 44: Feynman rules for matrix quantum mechanics.

The propagator of MQM is

ef‘T|

—5 0ik ;1. (9.4)
For a theory with a quartic interaction
wmm@::%mﬂ (9.5)

the Feynman rules are illustrated in Fig. 44. The factor of N in (9.5) is introduced in order
to have a standard large N limit, as we will see in more detail later.

One can use these rules to compute the perturbation series of the ground state energy
of MQM, which is obtained by considering connected bubble diagrams. Here we indicate
the calculation up tp order g®. The relevant Feynman diagrams are shown in Fig. 3. As in
any field theory for fields in the adjoint representation, each Feynman diagram leads to a
group factor which depends on N, i.e. each conventional Feynman diagram gives various
fatgraphs that can be classified according to their topology. A fatgraph with V' vertices
and h boundaries will have a factor

gVNh—V — gVNQ_QQ, (96)

since the number of edges is twice the number of vertices, £ = 2V (this is a quartic
interaction!) and

h+E—-V=h-V. (9.7)

Planar diagrams, as usual, are proportional to N2. The symmetry factors for the first few
planar diagrams are given in table 2 (see [17]). These numbers can be checked by taking
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diagram 1]2a|2b 3a 3b | 3c | 3d
symmetry factor | 2 | 16 | 2 | 256/3 | 32/3 | 64 | 128

Table 2: Symmetry factors of the planar quartic diagrams shown in Fig. 3.

into account that the total symmetry factor for connected diagrams with n quartic vertices
is given by the Gaussian average

L ((Teartyo, (9.8)

n

where M is a Hermitian N x N matrix. For example,

(TrM*) = 2N3 + N,

1 1 (9.9)
5<(TrM4)2><C> = 5(((TrM4)2> — (TrM*)?) = 18N* + 30N?,

where 18 = 16 + 2 corresponds to planar diagrams, in agreement with table 2.

We can now compute the first corrections to the planar ground state energy. For the
Feynman integrals we find the same values we found in (2.11) for conventional quantum
mechanics. Putting together the Feynman integrals with the symmetry factors, we obtain

1. Lo
1
2 L 116
a: ——-1-
16 :
11
2b: —— =2
16 2
1 3 256
. 13 256 9.10
Sai G193 (9.10)
1 3 32
3. —.2.2%
64 8 3
1 5
3c: —.2.64
648
3. L .1.198
64
We then find
Eo(N) = N2&y(g) + E1(g) + - - - (9.11)
where 1 1 17, 75
Eolg) =5+ 59— 20"+ =g’ + - (9.12)

2 2 16 16
9.2 Exact ground state energy in the planar approximation

Remarkably, the planar ground state energy in MQM can be obtained ezactly by using a
free fermion formulation. This exact result resums in closed form all the planar diagrams
of MQM contributing to the ground state energy. This was noted in the classic paper [17],
which we now explain.
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After quantization of the system we obtain a Hamiltonian operator

2

0
H= Tr[ I TER V(M)}, (9.13)
where o2 o2
Tr3M2 = O (9.14)

In order to study the spectrum of this Hamiltonian, it is useful to change variables

M = UAU' (9.15)

where
A = diag(A1, A2, -+, AN) (9.16)

is a diagonal matrix. It can be shown that
0? 1 a9 \2 Fob
T = —— A — 1

YOME T A ;(ma) () + ;b Do — )2 (9.17)

where
AN =]a = M) (9.18)

a<b

is the Vandermonde determinant, and F,; are differential operators w.r.t. the angular
coordinates in U (see [62] for a statement of this result). Notice that the first term in
(9.17) can be written as

N N N
01\2 2 OA 0O 1 9?A
d Sl e 1
;(ma) +A;6>\a6>\a+Aa:1 N (9.19)
Since
log A = Z log(Ag — Ap) (9.20)
a<b
we find 10A _ dlogA
0og
21
INGW O\, Z Ay — )\b (9-21)
b#a
We also have N
2N
= 0. 22
=g 22

Therefore, we find, acting on singlet states (i.e., states that are invariant under the full
U(N) group)

1 1 0
aM2 - Z N2 ; o — Ny O, (9.23)

After reduction to eigenvalues, the U(N) group still acts through the Weyl group, i.e.
by permuting eigenvalues. Therefore, singlet states will be represented by a symmetric
function of N eigenvalues,

U(\;), (9.24)
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which in particular does not depend on the angular coordinates of U. If we are now inter-
ested in computing the spectrum of the Hamiltonian for singlet states, we can reformulate
the problem as a the problem of N fermions in the potential V' (z). To see this, we introduce
a completely antisymmetric wavefunction

B(N) = AN)T(N) (9.25)

The equation
HV = EV (9.26)

can be written as N
(S n00)#r) = Bocy) (9.27)
where h()) is the Hamiltonian

h? 02

() =~ 353 + V(). (9.28)

We have explicitly introduced the Planck constant and relabel the potential as V. Since
the fermions are not interacting, we can just solve the Schrondiger equation for a single
particle of unit mass,

h(A)dn(A) = Endn(A) (9.29)

In particular, the ground state of the system (in the singlet sector) will be obtained by
putting the N fermions in the first /N energy levels of the potential, and its energy will be

N
E(N)=> E, (9.30)
n=1

We want to compute the ground state energy in the limit in which N is very large.
We assume that V(A) has the “right” factors of N, more precisely

Vn(A) = NV(A/VN). (9.31)
In this case, one can see that A is of order N %, so we can redefine
A— N2, (9.32)

and A is now of order 1. In this way we find a Hamiltonian where the potential only
depends on A

1 2 92
Nh()\) T 9N2 92 +V(A). (9.33)
and the problem to be solved is
K2 d2
{_ IN2 d)\2 + V()‘)}an()‘) = enPn(A). (9.34)
where we denoted .
= —E .
En N (9.35)
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For example,

1 g
Vn(A) = =A% + =8 9.36
W) = 50+ L, (9.:36)
has the right scaling properties. This can be interpreted as saying that
9= Ngs (9-37)

is the 't Hooft parameter of the model, which is kept fixed as N — oc.

Notice that, since the quantum effects are controlled by i/N, large N is equivalent to
h small and in the large N limit we can use the semiclassical approximation. The total
energy of the ground state is

N N
EO(N):ZEk:NZek:N250+---, (9.38)
k=1 k=1

where & is independent of N.

In order to solve this problem, we notice that, since the effective Planck constant in
this problem is i/N, when N is large we can use the WKB approximation. In particular,
we can use the Bohr—Sommerfeld formula to find the energy spectrum at leading order in
h/N. We will write this semiclassical quantization condition as

1

NJ(ep) =n— 3 n>1, (9.39)
where
1 A2 (e)
J(e)=— dA\v/2(e = V(N)) (9.40)
7Th >\1(6)

and A 2(e) are the turning points of the potential. If we denote

1
_n—3
£ = o (9.41)

we see that (9.39) defines implicitly a function e(§). The total ground state energy can
then be written as

N
Eo(N) =N e(s). (9.42)

n=1

At large N, the spectrum becomes denser and denser, and the variable £ becomes a con-
tinuous variable

¢ €[0,1]. (9.43)
At large N, the sum in (9.42) becomes an integral through the rule

N 1
n; — N /O d¢ (9.44)

and we find

1
Eo(N) — N? / dée(€), (9.45)

0
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in other words,
1
&= / dée(§). (9.46)
0

To evaluate this integral, we change variables from £ to e. We define the Fermi energy by
the condition

J(ep) =1 (9.47)

therefore £ = 1 corresponds to e = ey, while £ = 0 corresponds to e = min V' (\). We then
find,

1 ep
&o :/0 dée(§) :/_ vy deel’(e), (9.48)

where

A2 (e)
J(e) = ih T S (9.49)
Th Iaie) V2(e = V()

An easy calculation gives,

1 er A2 (e) e
&= —/ de/ ) P —
Th Jminvy)  Iaice) 2(e = V()

1 Aa(er) er e
- dA / de ——° (9.50)
Th I (er) v 2(e— V(X))

1 )\Q(EF)
- dA2V(A) + er)v/2(er — V(X))
37Th >\1(€F)

and the final expression we obtain is

& ! )\Q(eF)d)\Q V(A 9.51
v=er =g e - vOD] (951)

3
2

The previous development suggests to introduce a density of eigenvalues p(\). Using
(9.47) we find that

1 A(er)
— dAv2(ep — V(M) =1, (9.52)
7Th )\1(€F)
therefore .
p(A) = —2(er = V(A)) (9-53)

is a normalized distribution of eigenvalues which can be regarded as the master field of
matrix quantum mechanics.

9.3 Excited states, or glueball spectrum

We can now compute the analogue of the glueball spectrum in MQM. This discussion is
based on [62].

The first excited state can be obtained by exciting the last fermion in the Fermi sea,
i.e.

Ey(N) = E(N)+ Ent1 — En, (9.54)
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therefore
Ei(N) — E(N) = Ex11 — Ex = N(ens1 — en) = N(e(§ +1/N) — e(g))

which at leading order in 1/N is given by

Emw—Emnszmlzw
where
_ 1
w= 7J’(ep)'

(9.55)

(9.56)

(9.57)

Notice that w is just the frequency of a classical particle with the Fermi energy. A general
excited singlet state is obtained by exciting r fermions from the Fermi sea. It is character-

ized by the integers
0<hy <hy<--<hy, I1<pi<p2<---<pr,

and its energy is

Epp(N) = Eo(N) ~w > (hi + py).
i=1

9.4 Some examples

Example 9.1. Harmonic oscillator. A simple case occurs for

1
V() = 5&%

The exact answer for the ground state energy is

h 1 hw
Ey(N)=NY_ Nu)(n - 5) = N2
n=1
therefore e
50 = 7

Let us now compute this with the formulae above. First of all, we have that

0
J(0) = 5 = e(@) = hwo,
therefore
er =e(l) = hw.
One also finds,
1 e 1
—ep — = — —hw
fo=cr =573 = 3hw

which agrees with the direct computation above.
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Example 9.2. The quartic potential. This is the potential originally considered in [17].
The potential is given by

1
V(\) = §A2 + gAt. (9.66)

We first compute the Fermi energy, which is defined by (9.47). The integral involved here
can be computed in terms of elliptic functions. We first write

2e — A2 — 2g0* = 2g(a® — A2)(b® + \?), (9.67)

where

o2 Vvi1beg +1—1 B2 _ Vv16eg +1+1

= ™ Iy (9.68)
We introduce the elliptic modulus
2
9 a
= —. 9.69
a2 + b2 ( )
Then, we have that
2
J(e) = %(29)%((12 +b?)3 [sz(k) + (@ — bQ)E(k)]. (9.70)

The implicit function er(g) is easy to compute in perturbation theory in g, by using the
series expansion of the elliptic functions. We find (we set h = 1 in the following)

3g 17¢> 37543

=1+ =L 4. 71
er(g) =1+ — ——+ =~ +0(g") (9.71)
The planar free energy is given by
1
€olg) = erlg) — 5-Z(g,er(9))- (9.72)
which involves the integral
a 3
I(g,e) = / dt|(a? — 2)(? + 12)| * =
@ (9.73)
2
Ve 62{2(a2 —b2)(at + 6a2b% + B E(k) + b2(26* + 9a2b% — a4)K(k)}.

This can be also be computed in perturbation theory in g, and it gives

2 3
50:%+g—%+7i)—g+0(g4) (9.74)
in perfect agreement with the calculation in planar perturbation theory (9.12).
One important remark on this result is that £ (g) is an analytic function of g at
g = 0, with a finite radius of convergence. This follows from the explicit expression for
&o in terms of elliptic functions (in order to calculate er(g) we have to invert an analytic
function, and this preserves analyticity). The radius of convergence of the expansion (9.74)
can be calculated by locating the position of the nearest singularity in the g. plane. This
singularity occurs when the modulus (9.69) becomes —oo, i.e. when

1
169,

er(ge) = (9.75)
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It can be easily checked that this happens when

V2

6

ge = (9.76)

This has a nice interpretation in terms of the fermion picture. Since g. is negative, we have

an inverted quartic potential. The critical value of ¢ corresponds to the moment in which
the Fermi sea reaches the maximum of the potential, see Fig. 45.

CF

Figure 45: The Fermi level er in the quartic potential with negative coupling g < 0. The nearest
singularity corresponds to the critical value in which er reaches the maximum of the potential.

Remark 9.3. The function er(g) defined by J(er(g)) = 1, where J(e) is given by (9.70),
can be easily obtained numerically, and we plot it in the left hand side of Fig. 46. Using
this result, we evaluate the planar free energy, which we plot it on the right hand side of
the same figure (red line). We also show there (in green) the energy of the ground state
as computed by the WKB/Bohr-Sommerfeld condition. Notice that, as ¢ — 0, both tend
to 1/2, which is the energy of the ground state of the harmonic oscillator. In principle,
if we consider NV = 1, we obtain the planar approximation for the ground state energy of
a particle in the quartic potential. Surprisingly, by looking at the exact values computed
numerically, which are above both curves, one observes that the planar approximation is
slightly better than the WKB/Bohr-Sommerfeld approximation!

9.5 Large N instantons in matrix quantum mechanics

We can now try to calculate large N instanton effects in matrix quantum mechanics. For
g = —k < 0 we have a metastable vacuum at the origin and we should expect some
instanton configuration mediating vacuum decay. In principle, one should write down an
instanton solution with “small” action and calculate the path integral around this solution.
This solution can be found by tunneling one single diagonal eigenvalue of the matrix M,
which has an action of order O(1), i.e. we consider the matrix instanton,

M. (t) = diag (0,---,0,q.(¢),0,--- ,0), (9.77)
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Figure 46: On the left: the Fermi energy e as a function of g. For g = 0, one has e = 1. On the
right: the planar free energy & (red) and the ground state energy eg in the WKB approximation
(green), as a function of g.

where q.(t) is the bounce (2.52) with A = 4gs. In principle, one could expand the path
integral of matrix quantum mechanics around this configuration and compute quantum pla-
nar fluctuations to determine the large N instanton action (this calculation was originally
proposed in [66]).

However, the fermion picture, which gives us a compact way of computing the planar
ground state energy, should also give us an efficient way to compute the large N instanton
action in a single strike. In this picture, the ground state is given by a filled Fermi level.
As in any Fermi system, tunneling effects will first affect fermions which are near the Fermi
surface. The instanton action of such a fermion is just given by the standard WKB action,

Alx)
9s

b
= 2N (2,-@)1/2/ V2 —a?)(h? — A2). (9.78)

where a, b are the turning points associated to the Fermi energy ep, and they are non-
trivial functions of x (which, remember, plays the role of the 't Hooft parameter in this
problem).The factor of 2 is due to the symmetry of the problem, and the factor of N is
due to the fact that the effective Planck constant in this problem is in fact 1/N, as we
remarked in (9.34).
The integral in (9.78) can be explicitly computed by using elliptic functions, and the
final result is
Als) _ ;(2%&)%13[((12 + %) E(k) — 202K (k) (9.79)

K
where the elliptic modulus is now given by

b2 o a2
k? = 7 (9.80)
The above function has the following expansion around x = 0,
1 4e\ 177 125k3
Ak) = - — kl — — .81
(k) 3 mog(ﬁ) 1 + 3 (9.81)

This is precisely the expected structure for an instanton action in (8.80): the leading term
is the action for an instanton (2.164) in the N = 1 quantum mechanical problem. They
differ in a factor of 4 since the coupling A used there is related to g5 defined in (9.37) by
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A = 4g,. The log term is a one-loop factor in disguise, and the rest of the series is a sum
of loop corrections in the background of the “classical” instanton. An interesting property
of A(k) is that it vanishes at the critical value

V2

" 6r

(9.82)

Ke

which is indeed the first singularity in the complex g plane and corresponds to the critical
behavior in which the Fermi sea reaches the local maximum.

9.6 Adding fermions, or meson spectrum

MQM as we have described it is a toy model to study Yang—Mills theory, since there is a
single field, M, in the adjoint representation of U(N). If we want to study other aspects
of large N QCD, like for example meson spectra, we must introduce the toy analogue of
quark fields, in the fundamental and the antifundamental representation of the group. This
enlarged version of MQM was studied by Affleck in [2].

To start with, we have to add fermions to the model. For this, we add to (9.1) the
fermionic piece

d gr
Ly = T[— IE N\ ] 9.83
F=q d7+m03+\/ﬁ o1|q ( )

Here, q} o, are two-component Fermi fields, with o = 1,2 and i, f color and flavor indices,
respectively. The standard vacuum is defined by

q4110) = ¢}f,]0) =0, (9.84)
and the canonical commutation relations are
{0 ar @} 5} = 090100 (9.85)

The fermion propagator is given by

N g [ dp e 1
O} (D]l (IO} = 67070 [~ L) () (080

oo 2m ip+ mos

This is computed as follows

/‘x’ dp eP(7=7") /°° dp ip(r—rry —ip + mos
b A b —PT I3

oo 2mip + mos oo 2m p? +m?
o) dp eip(TfT/) Ve dp eip(TfT/)p
- m03/ 202 - m2 1/ 27 1D + Mo
oo 2 pr+m oo 2mip 4+ mos (9.87)
1 / 27i /
= mog—e ™1 — iﬂﬁ(T — 7)emmlr=l
2m 2m
1 /
= §efm‘777 | {03 +e(r — T/)}.
Therefore,
. . 1 '
(OT (g (a5 (r)I0) = 5o~ [og 4 e(r = 71)] (0.88)
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In order to study the spectrum of the problem, we diagonalize M as in (9.15) and
change variables to

¢ —q=U (9.89)
so that the coupling between M and ¢, ¢' in (9.83) is diagonal. It is easy to compute that
aq*a aUvab b ]b b

9.90
OM;; Z Mg — )\b ( )
We can write this as ~
8q?7a ~a
o, — Qi f.al (9.91)
ij
where ; ,
~Q ~
QQ,aUainbq 3
O, = 9 9.92
) Z )\a _ )‘b ( )
a;‘ébvavg

The Hamiltonian of the problem includes now a fermionic part Hp, which has two
terms. The first one comes from the explicit fermionic piece of the Lagrangian and it is a
bilinear. The second one comes from the kinetic piece, and it appears due to the fact that
states made out of ¢ depend on U, therefore on M. It is derived in detail in [2, 60], and
leads to a quartic term in fermion fields. When acting on singlets it reads (we set ¢ = ¢
from now on)

v N By A
Hy = 7 < )\) % - *19, x7g, ) 9.93
F ;q m03+—m i Q+2;—(Ai_)\j)2 ( )

To find the vacuum, we define a new set of Fermi operators alj}, blj} which annihilate by
definition the true ground state:

a's(0) = bi|6) = 0. (9.94)

The new operators are obtained from the old ones by a rotation of the form

qﬁ > = ex i 0. (a})
= expy = 020; & (9.95)

and this leads to a Hamiltonian [2, 60]

1 cos?[5(0; — 0;)] 4 oy "
_ 2 i it i i if gt i it pit o J GENAIKRN]
HF—2§ Dy — (afaly + 0707 + aflallala) + 2470l alb) + 067 0L

J#

1 -219@._0 . L
+_Zsm [2( ])] (1—aZTazf—b?blf—a?angbgb;T QalTbJT Z _afaibzbj)

23‘;&1‘ ()\i—)\j)2 f gY9"f
S SO i )~ )
i
—i—chosH af—i—b”bl—l +stm6’ bf )
—gFZ\/_SIDH af+bZ’Tb -1 —|—gFZ—0059 bf —alj}blj}).
(9.96)
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This is a complicated Hamiltonian, since it involves quartic operators. However, it can
be shown that the quartic operators can be treated as perturbations and give subleading
corrections in 1/N [2]. For simplicity we will consider the case in which there is one single
flavour, as in [2]. The vacuum is simply determined by requiring that the quadratic part
of Hg contains no fermion-number-changing operators, so that this part is proportional to
the occupation number. This condition was obtained in [6] in the context of the 't Hooft
model for QCD5. The theta angles are then fixed by the condition

1 sin(6; — 6;) . gr
5 ; W + msin6; + \/—N)\Z cos; = 0. (9.97)

We now assume that at large IV the angles 8; become functions of the eigenvalue A, whose
distribution p(\) is given by (9.53). In other words, we assume that the dynamics of the
eigenvalues is given, at large N, by the planar limit of matrix quantum mechanics without
fermions. This is a consequence of the fact that at large N mesons and glueballs do not
mix. We then have,

0; — 0(N\) (9.98)

and
> h(xi) = N / dX p(A)h(N). (9.99)
At large N the equation for the angle (9.97) becomes an integral equation

lp / dA’p(A’)Sin[fi)\z;/?Q()\ ) +msinf(A) + grcosB(A) = 0 (9.100)

2

where we rescaled the eigenvalues A; in the way (9.32) appropriate for the large N limit.
Once this equation is solved, we can easily compute the subleading correction (of order
N) to the ground state energy as

Er = (0| Hp|6). (9.101)

This is trivial to compute from the normal-ordered Hamiltonian (9.96), since only the
constant terms contribute. In the large NV limit we obtain

sin?[1 — 0N
% = % / dAdX p(M)p(N) b((i(j)x)z@ )]

+ / dAp(N) [—m cos O(A) + grpAsin H(A)} .

(9.102)

This gives the sum over all planar diagrams with one quark loop at the boundary, as
expected from the large N counting rules.
Notice that, for gr = 0, the integral equation (9.100) is solved by the trivial solution

B(\) =0 (9.103)

therefore
Er = —mN, (9.104)
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i.e. we obtain the energy of N free particles of mass m. It is possible to consider the
corrections in gp to this result by studying (9.100), see the Appendix of [2].
Let us now study mesons. Their wavefunctions have the structure

om) =Y fia"tbt]6), (9.105)

since they correspond to gq states. At leading order in 1/N we find the equation

(Hp — Er)|om) = Env|om) (9.106)

Again, the dynamics for the mesons takes place in the background of the master field for
the pure “glue” theory.

To analyze (9.106) we consider the fermion-number conserving terms in the Hamilto-
nian Hp. After subtracting E, the quadratic part, proportional to a*fa’ 4+ b*fb?, can be
written as

1 cos(8; — 6;) i . i it
Z [5 Z )2 + mcos 0; — gF\/—N sm«%] (a}a +bybY) (9.107)

i ji
where we have combined the terms appearing in the first and second lines of (9.96) as

1 1
cos? |56 = )] = sin® 561 = 6,)] = cos(8: =) (9.108)
The operator (9.107) acting on (9.105) leads to
cos? [4(6; — 0,)] AT
ZZ:[; YW +2mcos 8; — 2gF\/—N SmHZ} fia TbT|9> (9.109)

while the quartic term

COSQ[%(‘%—HJ‘)]] iyt i
I It e (9110

2[1g. — 9. L
—Z[Z o8 )[\?( ~ 2])] fj] aifuit|g), (9.111)
where the — sign arises from anticommutation. The Schrodinger equation for the mesons
becomes

cos(6; — 0;) A cos®[$(0; — 0;)]
Rl e DA — 2gr 2 sin0; | fi — = Enfin (9.112
[; D —2)? +2mcos §; — 2gF ~ S0 6’1} fi ; SYESWE i M fie (9.112)

gives

In the large N limit we have
fi—= f\) (9.113)

and we obtain the integral equation

p [ S0 Fos(on) — 000 () — 73 s 2L

+ [Qm cos O(A) — 2gp A sin 6?()\)] fA) = Exnf(N).
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This determines the meson spectrum at large N. Notice that the meson mass spectrum is
smooth at large IV, as expected from general large N arguments. One can also show that
there is an infinite number of meson states. One way to see this is to solve the Schrédinger
equation at large energies. To do this, we introduce

FO = pF V). (9.115)
The integral equation (9.114) becomes
e | % [1—sin?(600) — 60 /2] + FVIN) = BF ). (9.116)
where
dNp(\
q\) = / ﬁ cos [6()\) - 6()\')} +2mecos O(\) — 2gpAsinO(N). (9.117)
Let us assume that
fA) ~ e BIN+ (9.118)
for large E. The integral
d)\leiEg()\/)

can be evaluated by the saddle-point method, and the largest contribution comes from
X ~ ). The computation gives

I ~ = PINE|l/ (V)] + O(1/E). (9.120)

The term sin?(6(A\) — 6(X\'))/2 is subleading in this expansion, and (9.116) becomes

TEp(\)|g (V)] + ¢\ = E+ O(1/E). (9.121)
This is solved by
e dx g\
g\ = :I:—/ [1 - } + constant. 9.122
( ) T Jxi(er) pO()\/) E ( )

We then find the real solution

Since p(A2(er)) = 0, the sine function must vanish at the endpoint of the distribution, and
this gives

B Xo(er) & -1 9 Aa(er) @ -
Fn = |:/>\1(6F) p()‘)] [ﬂ- n /)\1(€F) d)\[)()\) 7T¢:| + O(l/n) (9'124)

where n is a large number. This gives the meson spectrum at large n and shows that it
is asymptotically linear, i.e. at large n the spectrum fits into “Regge trajectories.” The
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number of mesons is infinite, as expected based on general large N arguments. Notice that
the slope of the meson spectrum is indeed

A2(er) -1
2 [/ ﬂ] —w (9.125)
M) PN

where w was defined in (9.57), and it coincides in this case with the slope of the glueball
spectrum.
One can also study baryons at large N in this model, following the ideas in [88], see

[60].

Remark 9.4. The model we have just analyzed, matrix quantum mechanics with fermions,
is very similar to the two-dimensional version of QCD first analyzed by 't Hooft in the large
N expansion [78]. This theory is defined by the Hamiltonian density

1 _
H = 5TrE? + U (iy101 + m)¥ (9.126)

and the constraint
NE = J(x)=—g¥Tw. (9.127)

One can integrate out E to obtain a quartic Hamiltonian

= _i /dm dy Tr(J(w)]w — y\J(y)) -+ /dm@(i’yﬂ?l +m)W. (9.128)

This fermionic Hamiltonian can be analyzed with the same techniques we have used, see
[2] and specially [6] for a detailed study.

10. Applications in QCD

10.1 Chiral symmetry and chiral symmetry breaking

Excellent references for this section are [92], Chapter 7, and [36]. In this subsection we will
use the hatted fields defined in (5.9), but for notational simplicity we will remove the hats.
Let us consider the QCD Lagrangian with Ny flavors,

Ny Ny
L=1) qDay— Y megsay + - (10.1)
F=1 F=1

We can write this in terms of lef-handed and right-handed components

1—15 1+

qrg = 54> Rf = —5 s (10.2)
as follows
Ny Ny
L= iZ(QvaDQva + QR,fDQR,f) - Z my ((?R,fCIL,f + (?L,fQR,f) +--- (10.3)
f=1 f=1

Let us consider the global symmetry group

SUL(Nf) X SUR(Nf) (10.4)
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acting as

Ny Ny
as— Y Lyparp, arf— > Riparyp. (10.5)
Fr=1 fr=1

If we denote by T'* the generators of SU(Ny), we can write the rotation matrices as
L=e 00T, R=e 017" (10.6)

It is also very useful to parametrize this symmetry group in terms of a vectorial and an
axial part, i.e.

SUy(Ny) x SU4(Ny) (10.7)
with an action on the Dirac spinors
q— efi%Taq, q— efig(/l%Ta%q (10.8)
and angles
1 1
Oy = 5(9[,4-(9]{), = 5(6L_6R)- (10.9)

The vectorial part corresponds to the diagonal subgroup of (10.4), while the axial group is
the anti-diagonal part. SUy (INy) is often called the isospin symmetry of QCD. The only
the term in the QCD Lagrangian which is not invariant under this symmetry is the term for
the quark masses. Therefore, in a world of massless quarks, the above group is a symmetry
of QCD. The corresponding conserved currents are

Jt = Z aL.fTip"ar.p, J = Z ar.fTi v ar, (10.10)
LF L
where 7% a=1,--- ,NJ% —1 are generators of SU(Ny). Equivalently, we can consider axial
and vector currents
_ I _ 1
VE=N VTR, A= AL T (10.11)
Lf L
with
Vi = am"ay, Ay = @ vsap- (10.12)

Notice that the vectorial current corresponds to the diagonal of (10.7). One fundamental,
nonperturbative aspect of Nature is that the chiral symmetry (10.7) is spontaneously broken.
Of course, since this symmetry is only approximate, one has to be careful about this
statement, but in any case in a world with massless quarks this seems to be the case. The
symmetry breaking pattern is that (10.7) is broken down to the vectorial part,

SUv(Nf) X SUANf) —>SUv(Nf). (10.13)
In other words, the charges
Q1) = / a3z A%(t, ) (10.14)

do not leave the vacuum invariant. This is called chiral symmetry breaking (xSB, in short).
xSB is manifested in the fact that the quark condensate

(Olgrgrlo) #0 (10.15)

— 142 -



in the vacuum (notice that, due to isospin symmetry, this vev is the same for any flavour).

We now recall Goldstone’s theorem, which says that, for each generator that fails
to annihilate the vacuum, there is a massless boson with the quantum numbers of this
generator. In other words, there must be NJ% — 1 pseudoscalar Goldstone bosons as a
consequence of this symmetry breaking. These are the pions. Of course, it only makes
sense to talk about pions if one only considers light quarks, since we know that chiral
symmetry is explicitly broken by quark masses. Taking the quarks u, d, s as light, we have
eight pions. These are the three 7, the four K, and the 7s.

Of course, pions are not massless in the real world, but we would expect their masses to
2o to zero as the masses of the quarks go to zero. It is possible to use various field-theoretic
arguments to find a quantitative expression for this fact. Let us consider the current

Al () = ay!ysd(x). (10.16)

This current is not conserved in the real world where u, d are massive, and its divergence
is given by
Al () = i(my + mg)tuysd (10.17)

This current has the same quantum numbers as 77, so we can use it as a composite pion
field operator. In other words, if

7 (p)) (10.18)

is the state of a pion with momentum p, we must have
(0]A% (2)|7(p)) = ipH'Cre " (10.19)
where C; is a constant. This constant is typically parametrized as

V2F;
(27)3/2,/2E,’

where F; is called the pion decay constant. It can be determined experimentally from the
weak decay 7+ — puTv, and one finds

Cr = (10.20)

Fr ~ 93MeV. (10.21)

If we introduce the normalized pion field

(0w () 7(p)) = m (10.22)

we can write
AL () = V2Fm2 ¢ (). (10.23)

Using now (10.23) and (10.17) we can obtain a formula for m?2 in terms of F, and my,, mg.
The basic idea for the formula is the following. If we sandwich (10.23) with the vacuum
and a pion state, we find

m2
(7(0)18, A*(0)]0) = (277\/)5572\/;@ (10.24)
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where we used (10.22). On the other hand, this equals
(m(q)[i(mu + mq)uysd|0). (10.25)

The strategy is to evaluate this correlator to relate m72r to my, mg. To calculate (10.25), we
need the soft pion theorem. We follow the short treatment in [36], section IV-5. Chapter 2
of [26] contains a more detailed treatment. We consider the matrix element for the process

a— B+7(q) (10.26)

where 7(q) is a pion state. The LSZ reduction formula states that

(m(q)B]O(0)|er) = PREEN5 / A%z 7% (m?2 — ¢*)(B|Tdx(2)O(0)|). (10.27)

We can use (10.23) again to write (10.27) as

i mZ — ¢* 4
T d*z e (6|T9, A" (x)O(0 . 10.28
GEE Ve | A BT A @O0l (10.25)
We remind that
TO(2)O0(0) = 8(z)O1(2)O2(0) 4 8(—22)O02(0) Oy (22) (10.29)
therefore
T A,,(2)0(0) = T(* A, (2)0(0)) + 3(a°) Ao (), O(0)] (10.30)
which holds as an operator equality. We then find, after integrating by parts,
1 m2 — q2
00 = =
[ atedo{=5() (811 A0(0). OO)a) ~ ¢ BIT A, ()OO ) .
(10.31)
If we now take the limit as ¢ — 0 of this equation, we find
i 1
li 0(0)|a) = — d*z 5(2°)(B3([Ao(z), O(0
lim (<(@FIOO0) = ~ s [ At a) A0 (), OO o
im ot
+ (}Lr%q R,
where ) 1
i .
R, =— d*z 77 (BT A, (2)O(0)|a). 10.33
=~ yaE v BT A@O0)a) (1033
In our case,
O = i(my + mg)uysd. (10.34)

To compute the commutator in (10.32) we can use the general current commutation re-
lations, which are easily derived from the equal time commutation relations of the quark
fields (see, for example, [92]),

0(z" = ") A}y (@), gpr (V)] = —0(x = y)dyppr 155 (x). (10.35)
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Using this, we find,
—i6(2°)[A%(z), 9, 4*(0)]

= (mu + ma){3(a°)[4°(@), 5(O)15d(0) + TN A @), A0} (10.36)
— —(ma + md)é(x){a(O)u(O) + cZ(O)d(O)}.

We finally obtain,

. . _ o 1 My, =+ my _ _
fim (@)l -+ ma) 25410} = =m0 A0)u(0) + d0)d(0) f10)
(10.37)
By chiral symmetry, and to leading order in the quark masses, we can set
(0/a(0)u(0)0) = (0[d(0)d(0)|0) = (0|7 ¢|0) (10.38)

and taking into account (10.24) we finally obtain the formula relating the mass of the pion
to the masses of the quarks and the xSB order parameter (0| ¢|0):

2 My + My

my, =
™ 2
F=

(0l q0) (10.39)
An alternative, elegant derivation of this relation using chiral Lagrangians can be found in
Appendix C.

10.2 The U(1) problem

The axial current introduced in (6.93)

Ny
1 _
JH = e > @ sy, (10.40)
=

is classically conserved. As we mentioned in chapter 7, If this current was conserved
quantum-mechanically, there would be an extra conserved quantum number. If it was
spontaneously broken, there would be a ninth Goldstone boson, in addition to the other
mesons. In Appendix C we show that a chiral Lagrangian for a ninth Goldstone boson
1’ predicts that its mass will be equal to the pion mass. This derivation assumes that
F,y = Fy, but even relaxing this assumption one finds that the ninth Goldstone boson
would have a squared mass no larger than v/3m2 [83]. The U(1) problem (reviewed in for
example [24]) comes from the fact that none of these two things happen: there is no extra
conserved quantum number, and the lightest flavour-singlet, pseudoscalar is the 7/, with a
mass of almost 1 GeV. This is far too heavy to be the ninth Goldstone boson.

As we explained in (6.94), the resolution of this problem is that the axial current is
anomalous. We can in principle apply to this current and the corresponding 1’ particle
the same type of current algebra arguments that we used before to analyze pions. In other
words, if

7' () (10.41)
is the state of the ' with momentum p, we must have
F, .
O (@) (p)) = P! g7y 7™ (10.42)

(2n)\/2E,
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It follows that

Fom2,
(010, (Ol () = —— (10.43)
g (27)3/2\2F
is equal to
21
<O| {2N ra(@) + 2 > mffif%q,f} 7' (p) (10.44)
f=1

If there was no anomalous term here, one could deduce that, as for the true Goldstone
bosons,

m?, = O(my). (10.45)

The anomalous term, although being a total derivative, has nontrivial effects, and in prin-
ciple gives a mass to the 7. We will be able to quantify this effect in the context of the
1/N expansion of QCD.

An important consequence of the anomalous U(1) is that, in a world with massless
quarks, the theta dependence in the QCD path integral disappears. One quick way to see
this is by doing a change of variables in the path integral

4y = q5 +iaysqr,  §r =45 + @i (10.46)

which is just a chiral rotation with arbitrary angle a. The fermion measure in the path
integral changes as [41]

DqDq = Dq D exp{2Nfoz / d*z q(m)} (10.47)

Precisely because the quarks are massless there is no other change in the path integral.
Therefore, after this change of variables we have that

Z(0) = Z(0 + 2N;a), (10.48)

where « is an arbitrary angle. In other words, the partition function (and any other
observable) will be independent of 6.

10.3 The U(1) problem at large N. Witten—Veneziano formula

As we explained above, the U(1) 4 flavor symmetry is broken by anomalies, so the 7' is not
a Goldstone boson. To understand this more quantitatively, we should understand how
the anomaly gives a mass to the 1. This was solved by Witten [87] (and subsequently
by Veneziano [81]) by using large N techniques, who obtained a remarkable expression for
the mass of the 7’ at leading order in 1/N known as the Witten—Veneziano formula. This
formula has been spectacularly confirmed by lattice gauge theory calculations [34].

A first observation one can do is that the anomalous contribution to the divergence of
the U(1)4 current vanishes in the large N limit (8.3), since one has from (6.94) that

2N . .
BT = TfﬁT;Qeﬂypg(FMV, o) (10.49)

when expressed in terms of normalized fields (8.6). Therefore, at large N the 1 is a true
Goldstone boson, and we can regard 1/N as a symmetry breaking parameter.
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To derive the Witten—Veneziano formula, let us come back to (10.24)-(10.25). To

compute mfz, we have to compute

(n'(9)lq(x)]0). (10.50)

To have a handle on this, we study the two point function (5.28), evaluated in the theory
with quarks. This function can be organized as

Uk) =Y _Us(k), (10.51)

L>0

where L denotes the number of quark loops and Up(k) is the contribution to U(k) of
diagrams with L quark loops. We know from the general rules of the 1/N expansion that
(see for example (8.43))

Uo(k) ~ O(NY), Uy(k) ~ O(N7Y). (10.52)

In fact, we can get more precise information about these functions. At leading order in
1/N, the only singularities of two-point functions of gauge-invariant operators are meson
and glueball poles,

2 2
a c:
Uk) = 4+ ! (10.53)
%;k:Z—m? %;N(k:Z—m?)
where the first sum is over glueball states, and the second sum is over meson states. In
this equation,

Ci

a; = (21)%2V2E(0]9(0)|G;), = = (27)32V/2E(0|q(0)| M), (10.54)

see for example (A.10). We have already extracted the leading N dependence as it follows
from (8.49), so that ¢;, a; are of order one. We have that, at leading order in the 1/N
expansion,

2
Gi ? ?

We know that, in a world of massless quarks, there is no 6 dependence, and the
topological susceptibility vanishes. But

xt = U(0). (10.56)

Therefore, the contributions from quark loops to U(k) must cancel the contributions from
gluons at k = 0. This seems difficult to achieve from the standpoint of the large N
expansion, since Up(k) is of order O(NV), and U; (k) is of order 1/N. As pointed out by
Witten, this cancellation can happen at k = 0 if there is a pseudoscalar, flavor single
meson (so that it contributes to c¢;) whose mass squared is of order 1/N. Let us call this
meson the /. If this is the case, the term

(10.57)
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in the sum over meson resonances becomes at k =0

2
L ~ O(N°) (10.58)
n/

C

and can kill the glueball contribution. Notice that this contribution is precisely

Up(0) (10.59)
at leading order in V. We deduce
C%/
= Up(0). 10.60
N’I’I’Lg, 0( ) ( )

We can now put everything together to deduce a formula for mg,. We have from (10.43)
that

2
I ()]0, (0)]0) = 2Ny a(0)]0) = ——— 2 (1061)
(27)3/21/2 (27)3/22E /N
in other words,
VN .,
Cn/ = an/mn/. (1062)
Plugging this into (10.60) we find
,
miy = < Uo(0). (10.63)
n

After an appropriate normalization, F,y equals F at leading order in the 1/N expansion,
Fy = /2N F;. (10.64)

This follows from the full chiral symmetry Ur(Nf) x Ugr(Ny) at large N. We then obtain
the Witten—Veneziano formula in the form

2N
m2 = F—;”XEM (10.65)
™

n
where xM is the topological susceptibility in pure gluodynamics. In principle, x;/™ van-
ishes order by order in perturbation theory, since (F, F ) is a total divergence, so its matrix
elements vanish at zero momentum, as we explained in section 7.2. But it might happen
that the sum of all planar diagrams does not vanish at k = 0. This is indeed what happens
in the PV sigma model, as we showed before following [86, 30]. The consistent picture of
the 1’ developed by Witten in [87] requires that this is also the case in QCD.

The formula (10.65) for the mass of the 7’ in the world with Ny = 3 actually assumes
that there is no mixing with the other mesons. A more refined analysis can be done
by taking into account the detailed structure of the chiral Lagrangian [81]. The mass
matrix M, _, for the ,7 in the approximation m,, = mq is written down in (B.38). The
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2 2

diagonalization of this matrix leads to the masses m;, my,. Since the trace is a unitary

invariant, we find
Tr M,y = m% + mle =2m3 + %XEM (10.66)
where we set Ny = 3. This leads to a surprising relation between the topological sus-
ceptibility of pure Yang—Mills theory (i.e. in the theory without quarks) and the meson
masses,
v _ FZ( o 2 2
Xi = e <mn/ +m, — 2mK). (10.67)
Interestingly, the Witten—Veneziano solution of the U(1) problem the large N limit
does not involve instantons, as originally proposed by 't Hooft. According to the argument
put forward by Witten, the topological susceptibility of pure Yang-Mills theory is indeed
nonzero in the full nonperturbative theory, but this nonzero value is not due to instantons:
it shows up already in the large N expansion and it is due to an infinite sum of planar
diagrams.
Fortunately, recen lattice calculations have been able to determine y™ for N = 3.
One finds [34]
M = (191 £ 5 MeV)? (10.68)

On the other hand, by plugging the experimental values of the pion masses in (10.67) we

get
2

F
= <m,27 +m2— 2m§<) ~ (180 MeV ). (10.69)

This is a quite remarkable qualitative agreement, since after all the Witten—Veneziano
formula is only supposed to be valid at leading order in the 1/N expansion and in a
world with massless quarks. The explicit computation of the topological susceptibility also
suggests that it is not captured by instanton configurations [46].

A. Polology and spectral representation

Let us consider a general correlation function in momentum space
G(q1, " ,qn) = /d4x1 cedip, et T T (A (1)) - Ay (22)). (A.1)

The analytic structure of this function in momentum space is quite complicated. Following
[84], let us consider this as a function of ¢?, where

q=q1+--+q¢ =—q-1—"""—(qn (A2)
and 1 <r <n—1. A general nonperturbative result in QFT says that G has a pole at
¢ =-m? (A.3)

where m? is the mass of any one-particle state that has nonvanishing matrix elements with
the states
Al AL0), Araree Ag]0). (A4)
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The pole has the structure

2/ + m?

—m(27)754(% + 0+ an) Z M0|(j,o(Q27 T aQr)M(j,o\o(QrHa aqn)  (AD)

where the Ms are defined by

@m)'6 g+ + @ — P)Mojgo(az. - . ar)

/d4x1 s dip, eI T L gl T (0lA1(z1) - - Ap ()| P, 0),

(A.6)
(27T)454(QT+1 + ot e — p)Mﬁ,o\O(QTJrla T ,Qn)

/d4xr+1 T d4xn eiiqr_H.xT-H e efiqn-xn <ﬁa U|Ar+1(xr+1) T An(xn)|0>

Therefore, we can read the residue at the pole from (A.5). The factors

(2r)3/2 [2\/ k2 + mﬂ i (A7)

in (A.5) just serve to remove kinematic factors associated with the mass m external line
in Mz 40 and My5,. However, on top of the poles associated to one-particle states, G will
have branch cuts associated to multi-particle states in the spectrum.

The above result for the structure of G(qi1,--- ,¢,) is what we would expect from a
Feynman diagram with a single internal line for a particle of mass m connecting the first
r and the last n — r external lines. However, the particle of mass m is not necessarily
an elementary field appearing in the Lagrangian. Rather, if we consider the Feynman
diagrams that contribute to G(q1,- -+ ,q,), we will find diagrams like the one shown in
Fig. 47, with two internal lines associated to elementary particles which interact through
some other particle. The pole would be in that case be due to a bound state made of the
two elementary particles.

r—+1

Figure 47: A Feynman diagram contributing to G(q1,- - ,¢n). The pole is due to a bound state
of two elementary particles, represented as an intermediate channel of two elementary particles
interacting through the dashed lines.

As a particular case of the above, let us consider a complex scalar operator ®(x), and
the two-point function
(®(z)0(y)). (A.8)
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Let |p, o) be a one-particle state of mass m which has a non-vanishing matrix element with
(0]®(0). (A.9)

Therefore, we have that

010()7.0) = r) 2 (2T +a?) N, (A.10)

where N is a constant (this follows from Lorentz invariance, and it features in the mode
expansion of quantized scalar fields). Translation invariance implies that

(0| (2)|7,0) = €7 (0]@(0)|7, o) (A.11)

therefore in this case

—1/2 -1/2
Mo = (2m) 2 (202 +m?) " Npo  Mygo = 2m) 2 (2@ +m2) N,
(A.12)
and the above result implies that the momentum space function
-i8(0) = (@@ () = [d'rep I ORES R0 (A1)
has a pole at
@ =-—m? (A.14)
with residue
Z = |Ny|? (A.15)

This result can be rephrased in yet another way by using the Kéller-Lehman representation
of the propagator,

’ > 2 du?
A = _— A.16
)= [ o (A.16)
The existence of a pole in the propagator at ¢> = —m? and with residue (A.15) means
that, near u? = m? we have
p(u’) = Z8(u* — m?) + o (u?), (A.17)

where o(mu?) is the contribution of multi-particle states.

B. Chiral Lagrangians

The chiral Lagrangian is a particular example of the effective theory of Goldstone bosons
that one can obtain in theories with spontaneously broken global symmetries, see [85] for
a detailed treatment. We will here collect some basic facts which are useful.

Chiral SU(Ny)y x SU(Ny)a symmetry acts on the quark fields as

q — exp [i Z 0V T + 9AT%s | . (B.1)

a
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In order to write a Lagrangian for Goldstone bosons, we rewrite the quark fields as
q = exp (—175 ZﬁaT“> q, (B.2)
a

where &, are the Goldstone bosons associated to the broken axial symmetry. The new
quark fields ¢ transform only under the unbroken, vectorial symmetry, i.e.

§ = exp <i > aaT“) g, (B.3)

and this imposes on the Goldstone bosons the transformation rule

exp [i Z 0y T + GfTa%} exp (—i'y5 Z §aTa> = exp <—i'y5 Z §(;T“) exp <i Z HaTa) .

(B.4)
In terms of left and right moving angles, we find
exp (i Z GgTa) exp (—i Z §aTa> = exp <—i Z ng“) exp (i Z GaTa> )
exp (i Z 65T“> exp <i Z faT“> = exp (i Z ng“) exp (i Z GaT“> , ()
where
0L =0V + 02, R =0V — 92 (B.6)

This means that

U= exp<—21 3 §aT“> (B.7)

transforms as

U’ = exp <i 3 egTa> U exp<—i 3 afw). (B.8)

i.e. it belongs to the representation (N ¢, Ns) of SU(Ns)r x SU(N¢)r. We will write the
chiral Lagrangian for the Goldstone bosons in terms of U. It has the form

L= FTZTI“ [auUaﬂU} (B.9)

at leading order in derivatives.

One thing we want to do with this Lagrangian is to calculate matrix elements of
currents of the underlying, microscopic Lagrangian. To do this, we add sources to the
microscopic Lagrangian:

Ny
Laocp (4,7, 5,p) = iz (CYL,fDQL,f + CYR,fDQR,f) —qr(s +ip)ar — Gr(s +ip)'qr
= (B.10)
14 _ 1=
— QY g — gy g,

2 2

where £,,,7,,s,p are Ny x Ny matrices. The standard QCD Lagrangian is obtained by
setting
ly,=71,=p=0, s=m (B.11)
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where m is the quark mass matrix. It is clear that an insertion of the bilinear gq is obtained
by taking a derivative of the free energy w.r.t. the source s°, where s° is the component of
s multiplying the identity matrix. In terms of the effective Lagrangian, we have

5[,65
= Tzt B.12
(qq) 540 (B.12)

To see how the sources appear in the effective Lagrangian, we gauge the chiral symmetry
and we promote the sources to gauge fields [44]. Under the transformations

qr — L(z)ar, qr — R(2)qr (B.13)
we have, as we just have seen,
U — L(z)UR'(z). (B.14)

Ths sources ¢, r, behave as gauge potentials for L, R, respectively, and they transform as
ly — L(x)0, L (x) +i(9,L)(z) LT (),

(B.15)
Ty — R(:C)T‘HRT(x) + i(@uR)(az)RT(m).

The Lagrangian (B.10) is now gauge invariant under the gauged chiral symmetry. The goal
is to construct a gauge-invariant low-energy Lagrangian. The gauge covariant derivative
acting on U is
D, U =0,U+i,U~iUr,, (B.16)
and transforms covariantly
DU — L(z)D,UR'(z). (B.17)
It is easy to construct an effective Lagrangian which is invariant under the gauged symme-
try. At leading order in the derivative expansion it is just
F? F?
L= fTr(DMUD“UT) + fTr(XUT +Uxh), (B.18)

where
X = 2By(s + ip) (B.19)

and By is a constant. If we now evaluate this for (B.11) we can read off the masses of the
pions. First we write

V2
2 T = —/—B B.20
where
%7‘(‘0 + %’I’]g xt Kt
B= L v I (B.21)

K~ K — \/;778
With this representation, the kinetic term of the Lagrangian is canonically normalized

F2
T”Tr(DMUD“UT)
B.22
1 0910 +9 . — + - 09 700 , 1 m ( )
= 504 oM'n” +Oym Oy + 0, K0, K™ + 0, K0, K +§8M7788 iy
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The quark mass matrix reads

m, 0 0
M= 0 mg O (B.23)
0 0 msg
and
UtUl—o— 2824 ... (B.24)
F? ' '

™

The mass term in the effective Lagrangian is

1 1
—BoTr(BZM) = —Bo{mu <(—7T0 + —778)2 +atr + K+K_>

V2 V6
+ md<(—%ﬂ0 + %ng)Q +atrT 4 KOF()) (B.25)

— 2
+ms(K_K+ + KK’ + gﬁ%)}

and from here we can read the masses of the Goldstone bosons:
m72T = BO(mU + md)a

m%{i = BO(mu + ms)a

B.26
mi(o = By(mg + ms), ( )

My + Mg + dmg
3 .

2 _
mﬁs_BO

There is also a mixing term between the ng and the 7°,

my, — Mmy
V3

One particular prediction of chiral symmetry, following from (B.26), is that

m2, = By (B.27)

1
m?zg = §(2m§(i +2m3.o —m2) (B.28)
which is called the Gell-Mann—Okubo mass formula. Taking as data the masses of the
kaons and the pions, it predicts
m2, = 566 MeV (B.29)

which is not far from the experimental value 549 MeV.
We can also relate By to the quark condensate by using the relation (B.12). We have

oL g F? F?By,
It It
Evaluating this in the vacuum U = 1, we obtain
<0|(ij}|0> = —FﬁBo(Sff/. (B.31)

Expressing By in terms of the quark condensate, we recover from (B.26) the relation (10.39).
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We can now formulate the U(1) problem in the language of chiral Lagrangians. Let us
assume that the axial U(1) is spontaneously broken, so that we enlarge U with an extra

Goldstone boson )
B+ —nol. (B.32)

V3

Under the axial U(1), ¢ transforms as required,
¢ — eieLnoe*wR = 621914770. (B.33)

The new mass term in the effective Lagrangian is

1 1 1
— Bpsm (—7TO+— +—= 2+7T+7T_+K+K_>
0{ ( VARV ARV

1 1 1 —0
+m <——7r°+— +—= 2+7r+7r‘+K°K> B.34
d< N LAY (B:34)

_— 1 2 2
g KK+ KR+ (2 —\/j >>}
< \/§770 3778

This leads to a mixing matrix for the neutral mesons 7%, g, 79 (listed in this order) given

by

matmg me—ma)  [2ma —ma)
By %(mu —mg) %(mu + mg + 4m) TZ(mu + Mg — 2ms) (B.35)

\/g(mu —myg) \g(mu +mg — 2my) %(mu + mg + my)

Let us continue the analysis assuming for simplicity that m, = mg. This eliminates all
mixings but ng—1g, which leads to a matrix

4 1
2f(mK m3) % %{ + % ;
The eigenvalues of this matrix are
m2, 2m3 —m?2. (B.37)

Therefore, if the U(1) anomaly was spontaneously broken, there will be an extra isoscalar
state degenerate in mass with the pion. Even including more general values for the pa-
rameters, it can be shown that the extra Goldstone boson must have a mass squared of
less than v/3m?2 [83]. Using however the Witten—Veneziano formula, we see that the above
matrix gets an extra contribution due to the anomaly [81],

=T _M 2y 2,2 4 1.2 :
(mK mz) smy + 3ma + x;
where oN
€ f . YM
— = —= . B.39
Nc Fg Xt ( )
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C. Effective action for large N sigma models

Here we compute the large N, effective propagators (7.30) and (7.85).
We start by calculating (7.30). Using the standard trick of introducing Feynman
parameters (see for example [69], p. 189), we find

fA(p):/%/oldx_ !

z(m? +¢%) + (1 —2)((p+9)* + mQ)} 2

2/%/01@ 1 (C.1)

r 2
m2+q2+xp2+2wp-q}

- 2
m? 4+ 02+ x(1 - x)pQ]

where we have introduced
(=q+xp= ¢ +2ap-q=0*—2%p° (C.2)
We end up with

_ 1 2
r) :/0 dr / (%2 @ +1 A Asmrel-ap (C3)

We now recall the standard formula in dimensional regularization (see for example [69], p.
250),

/ NS S P Y (C.4)
(2m)d (02 + A)2 (4m)d/2 . .
In our case d = 2 and the integral is convergent, and we simply find
1 1
~ 1 1 dx
Mp) = | do—rc=— : C.5
() /0 YA T 4r /0 m? + z(1 — z)p? (C.5)
This integral is elementary. We write the denominator as
—p(z —a)(z —b), (C.6)
where
1 1 4m?
a=—-— 4|14+ —,
2 2 2
(C.7)
p= L L[y A
202 2

The integral reads now

1! da 11
— _ log(z — a) — log(b —
4 /0 m? + x(1 — z)p? drp?a—b { og(z —a) — log( x)]

1

0

1 1 b(1 —a) 1 1 g<2>

= 1 =
47Tp2b—a0ga(1—b) 27Tp2b—a0
1 | VD% +4m?2 + /p?
= O s
2m+/p?(p? + 4m?) : VD24 4m2 — \/p?
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where we used 1 —a = b, 1 — b = a. Therefore, we find

~ 1 p? +4m? +

P p) = R RN VP (€9)
21/ p2(p? + 4m?) VD2 + dm? — V2

We now compute ff}l,(p). Both integrals appearing in (7.85) are divergent, but their

divergences cancel. This is easily seen in dimensional regularization. We first massage the
last piece in the second integral, after doing the change of variables (C.2). We find,

/ d?%q (Pu + 2q,) (Do + 2qy / / d2¢ pupy (1 — 4z + 42%) + 40,0,
2 2
(2m)% (¢* +m?)((p + 9)° m2 F 02 4 (1 — 2)p?
d2€ 1 — 4z + 422
= Pubv d.%' 2 (C.lO)

m2 +02+z(1— CE)pQ]

45W / / d2£ 2
2
m2 +02+xz(1-— CE)pQ]

where in the first line we have set to zero the integrals over linear terms in £,,, and in the
last line we have set

Sy
0,0, — %62 (C.11)

since this is the only contribution to the integral (see again [69], p. ). In total, we find
that (7.85) has two contributions. One has the tensorial structure of d,,,, with coefficient

d? d2€ 0
2 / : 1 — / / -, (C.12)
(2m)? (¢* + m?) m2+€2+x(1—az)p2]
while the other one has the tensorial structure of p,p,, and coefficient
d2€ 1 — 4x + 422
/ / . (C.13)
m2 + 024+ z(1— x)pQ}

Let us compute (C.12). Using dimensional regularization and the integral

dd¢ 2 1 d 4/2-1
/ A = gt - AT (C.14)
we obtain . ( 2) ( 2
1 I'(l1—-d/2 2 1 dI'(1 —-d/2
2/0 & {(zm)d/z AT A @miR 2 A } (C.15)
where
Ay =m?, Ay =m? + 2(1 — z)p>. (C.16)
This can be written as
2I'(1 —d/2) [* d/2—1 d/2—1
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We now expand around

d=2—e=d/2—1=—¢/2. (C.18)

Since

and

_ _ A
A611/2 1 A;l/2 L g—elogAi/2 _ —elogAs/2 _ Elog—Q 4.

A , (C.19)

mqm:§—7+0@, (C.20)

the total result is finite as € — 0 and given by

2/01 da 1og[1 ol - x)i—Z]. (C.21)
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