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I. INTRODUCTION

Flexible polymerized 2-dimensional films (tethered or polymerized membranes) [[l] have
very interesting statistical properties (for a review see [}, B, f]). In these objects there is a
competition between entropy which favors crumpled or folded configurations as for polymers,
steric interactions (self-avoidance) which tend to swell the membranes, and bending rigidity
which favors flat configurations. Internal disorder, inhomogeneities and anisotropy may also
play an important role, that we shall not discuss here (see the chapters 10-12 in [J] and [{]
for a recent review of these effects).

If one does not take into account self-avoidance, theoretical arguments (mean-field and
renormalization-group calculations) and numerical simulations show two phases: (1) A high-
temperature/low-rigidity crumpled phase, where the membrane is crumpled with infinite
Hausdorff dimension, and where bending rigidity is irrelevant; (2) a low-temperature (flat)
phase with large effective rigidity and Hausdorff dimension two [J, .

In the high-temperature (crumpled) phase, steric interactions (self-avoidance) are phys-
ically relevant, and will swell the membrane, as for polymers. Two scenarios are possible:
Either the membrane is flat with Hausdorff dimension two (as for high bending rigidity), or
it is crumpled swollen with Hausdorff dimension larger than two. For large imbedding di-
mension d a Gaussian variational approximation can be argued to become exact, predicting
a Haussdorff dimension dy = d/2. It is non-trivial whether this swollen phase exists down
to d = 3. Numerical simulations indicate that only a flat phase exists in d = 3; for details
see the discussion in [f, f]]. However, simulations are for rather small systems. It therefore
remains important to have a solid theoretical understanding.

The theory in question is a generalization of the Edwards model for polymers [0, [I].
It was proposed in [[], B, [, and is a model of self-avoiding manifolds (or membranes),
hereafter denoted the SAM model. It is amenable to a treatment by perturbation theory
(in the coupling constant of steric interactions) and to a perturbative renormalization group
analysis which leads to a Wilson-Fisher like e-expansion for estimating the scaling exponents
and the critical properties of the swollen phase.

This SAM model is quite interesting at the theoretical level for several reasons:

1. It can only be defined as a non-local field-theory over the internal 2-dimensional space
of the manifold, with infinite-ranged multi-local interactions. Therefore the applicabil-
ity of renormalization theory and of renormalization group techniques is a non-trivial
issue. A proof of perturbative renormalizability to all orders was finally given in

2, 13-

2. The model is in fact defined through a double dimensional continuation, where both
the dimension of space d and the internal dimension D of the manifold are analytically
continued to non-integer values. The physical case of two-dimensional membranes is
always in the strong-coupling regime where the engineering dimension of the coupling,
e=2D — %d is € = 4 for any space dimension d.

3. The analytical study of this model at the non-perturbative level is still in its infancy,
since it is a technically quite difficult problem. A first step was made by the two
present authors for the large orders of perturbation theory in [[4]. It is this issue of
the large-order asymptotics of the SAM model that we treat in this paper.

For quantum mechanics [I3, [[§, [q] and for local quantum field theories [[§| (such as the
Laudau-Ginzburg-Wilson ¢? theories) the large-order asymptotics of perturbation theory



are known to be controlled by (in general complex) finite-action solutions of the classical
equation of motion called “instantons”. More precisely the large-order asymptotics are
described by semi-classical approximations around these instantons. We refer for instance
to [[9] for a review of this “instanton calculus”.

In [[4] we have shown that similarly for the SAM model there exists an instanton which
controls its large-order asymptotics. This instanton is a scalar field configuration in the
external d-dimensional space, which extremizes a highly non-local effective-action functional,
and which cannot be computed exactly. We also showed that remarkable simplifications
occur in the large-d limit, which suggests that a systematic 1/d expansion can be constructed
to study the instanton, but also that already the first 1/d correction to the large-d limit is
plagued with infrared (IR) divergences whose origin was unclear. In [[4] we only studied the
instanton at the classical level, i.e. the (non-local) equation of motion and the properties of
its solution, the instanton.

In this article we present the full semi-classical analysis of the instanton for the SAM
model, derive its connection with the large-order asymptotics, and study the UV divergences
and renormalization necessary for the instanton. For this purpose, many new calculational
techniques had to be developed, hence the length of the paper and its technical character.
More precisely, the main new results are:

1. We first show in much more details than in [[4] how the instanton emerges from the
functional integral which defines the continuum SAM model. In particular we treat
properly and carefully the zero-modes for the instanton, how the contour of functional
integration has to be deformed in the complex saddle-point method, as well as various
normalization problems for the functional integration. This is done in Sect. I1I-A,B.

2. Using this, we obtain the contribution of the fluctuations around the instanton in the
semi-classical approximation as the determinant of a non-local kernel operator in d-
dimensional space, and derive the normalization factor for the large-order asymptotics

(Sect. I1I-C,D,E).

3. We analyze completely the UV divergences of this determinant, and show that in the
renormalized theory these UV divergences for the instanton determinant factor are
canceled by the one-loop perturbative counterterm of the renormalized theory, making
the final asymptotics UV finite. This is an important check of the consistency of the
SAM model, since the original proof of renormalizability is only valid in perturbation
theory. (In a field theoretic language it is not a background-independent proof).
This is done in Sect. IV. Our argument is based on the extension of the perturbative
renormalizability argument to the general case of ensembles of interacting manifolds
in an external background potential.

4. In [[4] the instanton equation was solved within a variational approximation. In
sect. V we study how this approximation can be applied to the explicit calculation of
the instanton determinant factor. We first show that a direct variational calculation
gives a result which is too naive, and does not take properly into account the UV
fluctuations. We then propose a systematic framework to construct an expansion
around the variational approximation, developing ideas that we proposed in [[4]. We
then show that this framework gives the leading term for the instanton determinant
factor in the large-d limit.



5. We are thus able to construct a systematic 1/d expansion for the instanton calculus,
and show that this expansion is well defined as long as the SAM is super renormaliz-
able, i.e. € > 0 (no UV divergences in perturbation theory, apart from vacuum energy
terms). The leading and first subleading terms are computed explicitly for the deter-
minant factor and the normalization factor of the zero mode of the instanton. These
calculations involve a new non-trivial diagrammatic expansion. This is done in Sect. [V]

6. Finally we study the 1/d expansion for the renormalized theory at ¢ = 0. We show
that, at variance with the instanton calculus for local field theories, some subtle issues
arise for the SAM model. Indeed, we show that already at leading order in d, the limits
d — oo and € — 0 do not commute, and that some care is needed in order to obtain
the instanton determinant factor for the renormalized theory at large d. We then show
that the subleading terms of the 1/d expansion are plagued with IR divergences at
e = 0, generalizing the results of [[4. We analyze completely these IR divergences
at the first subleading order, and show that many compensations occur, leaving a
single IR-singular term associated with a single eigenmode for the fluctuations around
the instanton, namely the unstable eigenmode generated by global dilation for the
instanton. This analysis of the renormalized theory is done in Sect. VII.

To summarize, we have performed a non-trivial check of the consistency of the model, in
particular of its renormalization, in a non-perturbative regime, and we have developed the
tools to compute the large-order asymptotics of the SAM model.

Appendices contain more technical computations and details about the normalizations.
In particular in appendix C we explicitly check that in the special case of the self-avoiding
polymer (D = 1) we recover the large-order asymptotics of the Edwards model obtained by
field theoretical methods (using instanton calculus and the well known equivalence between
the Edwards model and the O(n = 0) ¢* Landau Ginzburg model [0, B1]). This provides a
check of the consistency of the SAM model.

Il. THE MODEL

A. The non-interacting manifold

First we define the model for the Gaussian non-interacting manifold (free or phantom
manifold). Of course this model reduces to a massless free field, but we reconsider it closely
in order to fix properly the normalization for the measure and for the definition of the
observables, and for the treatment of the zero modes.

1. The model and its action

We consider a manifold M with a finite size, as a closed D-dimensional manifold M, with
a fized internal (or intrinsic) Riemannian structure, given by a metric tensor g = g, (x).
x = (zt; p=1,...,D) describes (a system of) local coordinates on M. From now on the
internal volume of M, Vol(M) and its internal size L are defined as

Vol(M) = /Mde\/g . L = Vol(M)p (2.1)



with g = det[g]. The manifold is embedded in external (or bulk) d-dimensional Euclidean
space R%. This embedding is described by the field r = {r%; a =1,...,d}

M =R | x—r(x) (2.2)

We shall use dimensional regularization in this paper by considering that the internal di-
mension D of the manifold is 0 < D < 2 non-integer. See the reference paper [[[3] for a more
precise discussion of how we can define a finite membrane within dimensional regularization.
In practice we can restrict ourselves to the case of a square D-dimensional torus of size L,
Tp = (RP/(L-Z)P), with flat metric g,, = 6.

We first consider the free non-interacting manifold (phantom membrane). The manifold
may fluctuate freely in external d-dimensional space. Its free energy is given by the Gaussian
local elastic term Sy, which is the integral of the square of the gradient of the field r

Solr] = /M%(Vr)2 = /de\/gégW@r-ﬁyr. (2.3)

This is nothing but the Euclidean action for a free massless field (with d components) living
on M. The manifold may (and does) freely intersect itself, as does a random Brownian walk
in d < 4 space dimensions.

2. The partition function

The partition function for the free manifold is thus given by the functional integral

Zy = /D[r] e~ ol (2.4)

where DJr] is the standard functional measure for the free massless field r (see Appendix [A
for details and the normalization used in this paper).

There is an infinite factor in Z, (the volume of bulk space Vol(R?)) coming from the
translational zero mode of the manifold. This can be isolated by choosing a specific point x,
on the manifold and a specific point rg in bulk space, and by defining the partition function
Z, for a marked manifold

Zy = Zo(n) = /D[r] §%(r(xo) — ro) e~ (2.5)

Zy(rp) is infra-red (IR) finite and does not depend on the choice of ry or of xo. We have
formally

Zy = /ddro Zy(rg) = Vol(R?) 2, . (2.6)

The partition function Zj is found to be related to the determinant of the Laplacian
operator over M through

]d/2

Zo(rg) = [det’[—A]-Zw/Vol(M) , (2.7)

where det’ [—A] is the product of the non-zero eigenvalues of (minus) the Laplacian operator
A = g7129,9"d, on M. Vol(M) = [ dPx /g is the internal volume of the manifold. This



last term comes from the proper treatment of the translational zero mode of the Laplacian

(see Appendix [A)).

The determinant det’ [—A] is ultra-violet (UV) divergent, and is defined through a zeta-
function regularization (for a manifold M with non-integer dimension D # 1 or 2 this is
equivalent to dimensional regularization)

log(det' [-A]) = —=¢'(0) , ((s) =tr'((=4)7") . (2.8)

The zeta-function ((s) is defined by analytic continuation from Re(s) large. tr’ means the
trace over the space orthogonal to the kernel of A. ((s), scales with the size of M as

C(s) = [VolM)*'” ((s) , (2.9)

where the “normalized zeta-function” ¢ (s) depends on the shape of the manifold but not on
its size (scale invariance). In the absence of a conformal anomaly, as this is the case for the
generic case of D non-integer we have the exact identity

c(0) = —1. (2.10)

(This factor comes from the contribution of the subtracted zero mode in the determinant).
Hence the partition function reads

(2.11)

OIS
2

Zo(ro) = [Vol(M)] "7 [

The last term is a “form factor” depending on the shape of M.
For 2-dimensional manifolds (D = 2), the conformal anomaly gives an additional scale

factor of the form |L,u0|Xd/6, where L = Vol(M)YP is the size of M, g the regularization
mass scale, required to define properly the measure in the functional integral (see Appendix
Al), and x the Euler characteristics of the membrane. We shall not discuss this any further,
since this is not relevant for the problem treated here, where we consider manifolds with

D < 2.
B. The interacting self-avoiding manifold
1. The action

The steric self-avoiding interaction is introduced by adding a 2-body repulsive contact
interaction term of the form

[ [t = [ e [ anatmistom -ty

(where §%(r) is the Dirac distribution in the external space R? ) to the action, which is now

Sl b] = /M%(Vr)Q + 3 [ 50 - i) (2.12)

b > 0 is the self-avoidance coupling constant. This is similar to what is done in the Edwards
model for polymers.
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2. The partition functions

The partition function for the self-avoiding manifold is

Z(rg,b) = /D[r] 6%4(r(xg) — ro) eIt ; Z(b) = /ddro Z(r,b) . (2.13)

These partition functions are defined in perturbation theory, within a dimensional regular-
ization scheme, i.e. by analytic continuation in the internal dimension D.

If the internal coordinate x has engineering dimension 1, the external coordinate r has
engineering dimension v given by (i.e. [r] ~ [x]*?)

v = (2—D)/2 (2.14)
and the coupling constant b has engineering dimension —e (i.e. [b] ~ [x|7¢) with
¢ = 2D — (2 — D)d/2 (2.15)

As usual in polymer and membrane problems, we shall consider mainly the normalized
partition function 3(b), defined by the ratio of the interacting partition function for the
interacting manifold M, divided by the partition function for the same manifold M, but
free.

30) = Z0)/Z0 = Z(r0,b)/Za(r0) (216)
Let
L = (Vl(M)YP 5 Vol(M) = /Mde«/g(x) (2.17)

be the internal size of the manifold. The normalized partition function has a perturbative
series expansion in powers of b, of the form

3(b) = 1+ in (bL)* (2.18)

k=1

where the coefficients 3, depend only on the shape of the manifold, on its internal dimension
D, and on the external dimension d. These coefficients are given by the expectation value in
the massless free theory defined by the free action Sy of the bi-local operators corresponding
to the interaction term

o= e [l (T 8t =ty (2.19)

with (...)o the expectation value w.r.t. Sp[r], see (B3).

3. Observables and correlation functions in external space

We shall be mainly interested in correlations functions which correspond to observables
which are global for the manifold (i.e. do not depend on the internal position of specific
points on the manifold), but which may be local in external space (i.e. do depend on the
position of specific points in the external space). These observables are the simplest ones.
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In particular for the case D = 1 (polymers) these observables have a direct interpretation
in terms of correlation functions of local operators in the corresponding local field theory in
external d-dimensional space.

The observables involve the manifold density p(r). We define the manifold density at the
point ry, p(r1), as the functional of the field r(x

p(ri;r) = /5d )—r1) . (2.20)

The N-point density correlator R™Y)(r; - - - ry) for the interacting manifold is defined as

N
RN (ry - ry;b) = /D[r] H p(ri;r)e b (2.21)
i=1

Obviously the one-point density correlator is related to the partition function (for a one-point

marked manifold) by
RW(rg;0) = Vol(M) Z(ro; D) . (2.22)

Ratios of density correlators define expectation values of densities. For instance, the e.v.
(expectation value) of a product of N density operators p(r;) for a manifold constrained to
be attached to a point ry is the ratio

(p(r1) - p(r)) g = REH(ro,ri -+ -rvs ) /RW (r;0) (2.23)

As for the partition functions, it is more convenient to normalize the density correlators
with respect to the partition function for the free manifold. We thus define the normalization
for the normalized density correlators, by

RN (ry vy b) = R(N)(r1~-~rN;b)/Vol(./\/l)Zo : (2.24)

In particular the normalized 1-point correlator coincides with the normalized partition func-
tion

RV (r;0) = 3(b) (2.25)

and is independent of ry.
These observables have a perturbative series expansion in the coupling constant b. In
particular they scale with the size L of the manifold as

RM(ry - ry;b, L) = LNV R (¢ L7700 1y L0 bLY) (2.26)
and
RN (ry - ry;b, L) = LW DED CoqgW(p 70 Loy L770; D) (2.27)
4. Global quantities and gyration radius moments

We define the moments of order k for the gyration radius (in short the k-th gyration
moment) Rg;), of the manifold by

R(k) — fxl fX2 |I’(X1) - r(X2)|k .

gyr fxl fo 1 (2.28)
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The standard gyration radius is Rgyy = 14/ ng)r. The expectation value Rg;)r of the k-th

gyration moment Rg,)r for the interacting manifold is thus (for k£ > 0)
1
k) _ k k(2 .
RE = RV = Vol(M)? /rl /2 Iy — 1o RO (ry, 103 b) . (2.29)

C. UV divergences and perturbative renormalization
Using dimensional regularization, the perturbative expansion for the partition function
and the observables is known to be UV finite for

2D
2—D

0<D<2 and D<e ie. d < (2.30)

As long as we deal with finite-size manifolds (L < oo), perturbation theory is free from

infra-red divergences (which occur for infinite manifolds since perturbation theory is made

around the free-manifold theory, which is a free massless scalar field in D < 2 dimensions).
The perturbative expansion suffers from short-distance (UV) divergences when

D<e. (2.31)

These UV divergences come from the short-distance behavior of the expectation values which
appear as integrands in the integrals, when the distance between several points x; and y;
goes to zero. Using dimensional regularization these divergences appear as poles in € (d
being fixed), or equivalently as lines of singularity in the (d, D) plane.

As proved in [[[J], these UV divergences can be studied within a multi-local operator
product expansion (MOPE) which generalizes Wilson’s OPE of local field theory. As a
consequence, these UV divergences are proportional to the insertion of multi-local operators,
and are amenable to renormalization theory.

The MOPE formalism and dimensional analysis show that for 0 < € < D there is a finite
number of divergences, with poles at

e = D/n, neN,. (2.32)

These divergences are proportional to insertions of the identity operator 1 (with dimension
0). The model is super-renormalizable for ¢ > 0 and these divergences are subtracted by
adding to the action a local counterterm proportional to the volume of the manifold (i.e. to
the integral of the identity operator 1).

AS(r) /1 = Vol(M) . (2.33)

These divergences and the corresponding counterterm are constant terms, independent of the
configuration of the manifold, i.e. of the field r, and they disappear in the observables given
by ratios of correlators such as the e.v. (p(r1)---p(ry))y, and the normalized correlators
RN,

For ¢ = 0 the model has an infinite number of divergences. These divergences are pro-
portional to the insertion of the two operators present in the original action S. This means
that the theory is renormalizable, and that it can be made UV-finite by adding to the action
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counterterms of the same form than those of the original action. In other words, one can
construct in perturbation theory a renormalized action

St = 2 [wr+ MO [ o~y e

where b, is the dimensionless renormalized coupling constant, Z(b,) and Z,(b,) the wave-
function and the coupling-constant renormalization factors, and p is the renormalization
momentum scale, while r(x) is now the renormalized field. This renormalized action is such
that the renormalized correlation functions

RN (ry -y by, 1) /D p(ri;r) e Srnbem (2.35)
have a perturbative series expansion in b, which is UV finite for ¢ > 0 and stays finite for
e = 0. For a finite manifold with size L the renormalized perturbation theory is still IR
finite.

From the standard arguments of renormalization group (RG) theory the renormalized
theory describes the universal large-distance scaling behavior of self-avoiding manifolds. One
can write RG equations which tell how the observables scale with the size of the manifold
for € > 0. When expressed in terms of the renormalized observables and the renormalized
coupling, these RG equations have a regular limit (at least in perturbation theory) as e —
0,. As a consequence one can construct an e-expansion a la Wilson-Fisher for the scaling
exponents.

D. Effective non-local model in external space

As shown in [[4], to study the large-order behavior of the SAM model as well as its
large-d behavior, it is necessary to reformulate the model as an effective non-local model
for an auxiliary composite field V(r) in the external d-dimensional space.We recall this
reformulation.

1. Auxiliary fields and effective action

First we recall the auxiliary field p(r) (local manifold density) defined in (2.20),

o(1) = / ACEE (2.36)

and its conjugate field V' (r), which is the Lagrange multiplier for the above constraint, such

- = /D[V]D[p] exp </ddrV [ / 5% (r( D : (2.37)

p is a real field, while V' is imaginary, and has to be integrated from —ioco to +ioco in the
functional integral. Equivalently the functional measures for p and V' are formally

| il - /Oooljdpm /_Z]jdpm - [ow - / rm . (239)
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We now insert (B.37) in the functional integral. Since the interaction term can be written

) L[l}%«n—«w» = [t (2.39)

the integral over the field p is Gaussian and can be performed explicitly. We obtain for the
partition function

Z(b) :/D[r]D[V] exp {—/X<%(er)2+V(r)) + %b/rV(r)Q} . (2.40)

Note that the functional measure D[V] over Vr] is now normalized so that

D[V] exp L V(i) =1 (2.41)
2 J.

and depends explicitly on the coupling constant b.

This functional integral describes a free (not self-interacting) manifold fluctuating in a
random annealed potential V'(r). This is a simple generalization of the reformulation of the
SAW problem into a random walk in a random annealed potential.

Now we integrate over the field r(x) and define the effective free energy Fa[V] for the
non-interacting (phantom) manifold M in the external potential V' (r) by

exp (— Fu[V]) = / D[] exp {— / (%(er)Q—l—V(r))] . (2.42)

We are left with the effective action for the field V', Sy[V], which is given by

smwszw—%/w& (2.43)

and is a non-local functional of the potential V. The partition function is now given by a
functional integral over the potential V' alone

Z(b) = /D[V] exp {— Fu[V] + zib/r\/(r)ﬂ — /D[V] exp[—Su[V]] . (2.44)

2. Correlation functions for global observables

The same transformation can be used to compute the density correlators R™Y) and the
corresponding correlation functions as expectation values of observables with the effective
action S[V]. Indeed inserting a density operator p(r) in the original functional integral (P-13)
over r(x) amounts to insert a functional derivative with respect to the conjugate field V(r)
in the functional integral (£:44)) over V (r).

(2.45)

so that

J

RM(ry, - rysb) = /D[V] exp|[—Fu[V]] 5V(Zr1) ) exp {2%) /rV(r)Q} . (2.46)
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For instance the 2-point correlator is
1 1
R (r1,ra;b) = /D[V] [6_2 V(rn)V(r2) + Ead(rl —ra) o~V S VO?

= B V) + 3 ) (2.47)

Similarly, for the moments of order k of the gyration radius (defined by (refdefGyrMom))
we get (for k > 0)

1
k
RE = e [, el (Ve ve). (249

where { ) denotes the average over V with the effective action Sy[V] given by Eq. (B.44).

I1l. LARGE ORDERS OF PERTURBATION THEORY AND INSTANTON CALCULUS
A. Instanton and large orders in Quantum (Field) Theory
1. Instanton semi-classics

To fix our normalizations let us first recall the basics of instanton calculus in quantum
mechanics and quantum field theory. We consider a model defined by the functional integral
over a field ¢(r) with a classical action S[¢] and a (dimensionless) coupling constant g. The

partition function is
= /D[qs] e 519 (3.1)

The functional measure D[¢] over ¢ is defined from the so-called DeWitt metric G on classical
field configuration (super)space. We choose it to be local and translationally invariant, so it
must be of the form

2 2
G(66,09) = 12 / dr o) = L2 ool (3.2)

| - |l is the Ly norm. This metric depends explicitly on an (arbitrary) normalization mass
scale fig = juo/+/g. The corresponding measure over field (super)space is (formally) D[¢] =

[1, do(r)Vdet G. It is such that
/D[ eI (3.3)

(Note that the factor of g has been introduced for convenience, to have the same functional
dependence on g for the measure in (B-J) and the Boltzmann factor in (B.1]).)

We assume that there is a classical vacuum (field configuration) ¢y which minimizes the
action S, which is constant (¢o(r) = ¢¢) and which is unique (no zero modes around the
classical vacuum). In the semi-classical approximation the contribution of ¢q to the partition
function is simply

classical vacuum

7 TR S (et [Sgo)/p2]) (3.4)
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where S” is the Hessian operator, with kernel

625|¢]
0p(r1)op(ra)

Now we assume that there are also instanton configurations which contribute to the func-
tional integral. These instantons are non-constant field configurations ¢, (r; z%) which
are classical solutions of the field equations, and thus local extrema of the action S, i.e.
S'[inst) = 0, with a finite action Sjsy = S[pinst). In general, the set of instantons with
action Siu 18 a finite-dimensional subspace, called the instanton moduli space. We denote
z = {2z a = 1,m} a (local system of) collective coordinates on the m-dimensional mod-
uli space of the instantons with action Si,. The collective coordinate z must include the
position of the instanton ryg (d moduli), its size if the action S is scale invariant, and in
addition the internal degrees of freedom of the instanton if needed.

The contribution of the instanton to the functional integral is also given by a semi-classical
formula. We must separate the integration over the instanton moduli space M, from the
integration over the field fluctuations transverse to the moduli space M., since the Hessian
S"[inst) has now Oy zero-modes 0, Gy = %ﬁm. The moduli space integration is then
done explicitly. For that purpose, we must consider the restriction of the metric G to the
instanton moduli space M ,. The corresponding metric tensor h, in the coordinate system

z is defined by

S"[)(r1,r2) = (3.5)

8 ins a
|dpimst||> = d2®d2®hap(2) Adinst = %dz , (3.6)

where d¢;,e is an instanton fluctuation. Hence the metric on moduli space is

h (Z) _ 8¢inst 8¢inst _ M% /8¢inst(r, Z) 8¢inst(r, z)
@ 0z° 0zb 2mqg J, Hza o0 )

and the corresponding measure is du(z) = d™z \/det(h). The contribution of the fluctuations
orthogonal to the moduli space M., is evaluated by the saddle-point method. The final result
for the contribution of the instanton to the partition function is

(3.7)

instanton 1 -1/2
A A"z, \/det(hgy(2)) e a1l <det’ [S"[(binst]/ug}) . (3.8)
M

where det’ [S”[¢inst]] is the product of the non-zero eigenvalues of S”[¢insi]. The det(h) gives
a power of the coupling constant ¢g~™/2, where m is the number of instanton zero-modes.

Similarly, let us now consider the expectation value for an observable O[¢], for instance
a product of fields O = ¢(ry) - - - ¢(r,). The expectation value is given by

©) = 5 [ PlolOfg)ei 39)

The contribution of the (translationally invariant) classical vacuum to (O) is simply

classical vacuum

(0)  ———— Ol . (3.10)
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The contribution to (O) of the instanton ¢y, is obtained from

S DIl (Olo + gl 5594 1 Ol + le™ 510t

fDI:(p] <67§S[¢0+§0} _|_ eigs[(binst‘i’lp])

(0) = (3.11)

This expression is rather symbolic, since we have not written the integral over the 0-mode
of the instanton. Since Sy < Sins, we have Sp/g < Sinst/g, for ¢ — 0. Thus the leading
term of (B.11)) is given by (B.10), and the subleading one is the contribution of the instanton,
which (up to exponentially small terms) reads

(O) e A"z, v/det(h(z ))( [Binst[2]] — [¢0]> S [iast] —S60))
My
Det' [S"[¢inse] /1] ~/°
X< Det [5"[¢ol/ 113] ) ' (3.12)

One can check that the py dependence disappears (remember that the moduli metric h
depends on ) as long as there is no scale anomaly coming from UV-divergences in the
ratio of the two determinants of the Hessians.

2. Large orders of perturbation theory and instantons

We now recall the basic argument which shows how the large orders of perturbative series
obtained by functional integrals are related to instantons.

We assume that the observable 3(g) has a series expansion for small positive coupling con-
stant ¢ and is in fact an analytic function of the coupling constant ¢ in a complex neighbor-
hood of the origin away from the negative real axis (i.e. for |g| small enough, |Arg(g)| < 7),
but with a discontinuity along the negative real axis (|Arg(g)| = 7).

Its asymptotic series expansion is written as

=) 3id". (3.13)
k=0

The large order (large k) asymptotic behavior of the coefficients 35 can be estimated by
semi-classical methods. Indeed, using a classical dispersion relation, 3; can be written as a
Mellin-Barnes integral transform of the discontinuity of 3(g) along the cut (see figure [I)

3= [5Le a0 = 0 [ SLe T Blg o - 3o -0,

c 2im 2

= (=1 /O+OO dg g " Im[3(—g +i0)] (3.14)

™

with C a counterclockwise contour around the cut (3 is assumed to be real for real g > 0).
For large positive k this integral is dominated by the small g behavior of the discontinuity,

where semi-classical methods are expected to be applicable. Indeed, it turns out that for

small real negative g, the discontinuity of 3(g) is dominated by the contribution of a complex
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Im(g)

Integration path

X

0
Re(g)
Discontinuity

FIG. 1 Contour integration in the complex coupling constant plane for the large orders asymptotics

instanton (the real part of 3(g) is still given by the contribution of the real classical solution).
Therefore the small g behavior of Im[3(g)] is of the form

Im[3(—g +04)] = Clgl”e " [1+0(g[")] (3.15)

with A a number (corresponding to the instanton action Sy ), @ a (positive) constant given
by power counting (in QM and standard local field theories o« = 1), C' a number related
to the determinant of the Hessian operator of fluctuations around the instanton, and 3 a
constant related to the number my of zero-modes of the Hessian (in standard local field
theories B = 1+ mg/2). (See appendix [J for details on the polymer case.)

Given (B.17), the integral (B.14)) can be calculated: Changing variables from g to z := g~2,
we obtain

50 = (0 [
ar Jo
C s k—p3
_ (_1\k —
= (—1) ﬂaA F< - ) (3.16)

I' is Euler’s gamma function. Note that since (B.I9) is valid for small ¢ only, this result is
valid for large k. Using Stirling’s formula I'(n) ~ n"e™"\/27/n, this amounts to

3 = (=1)F {ﬂ (Ae) 5 {ﬂﬁ %\/? 1+ o(1/k")] (3.17)

3 = (e g™ k0 2T o) (319

and for o =1
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It is an alternating asymptotic series with a Borel transform with non-zero radius of con-
vergence.

B. Instanton for the SAM

We are thus interested in the analytic structure of the partition function and the corre-
lators of the SAM model for small negative coupling constant b

b<0 , b—0. (3.19)

In particular we are interested in the discontinuity along the negative real axis. As shown
in [[4] this can be done more easily by first rescaling the fields and the size of the manifold
with b in an adequate way.

1. Complex rotation and rescalings for coupling constant and fields
We consider a finite manifold M with internal size L defined as
Vol(M) = L”. (3.20)

We are interested in the model for small complex coupling constant b, and more precisely
in the discontinuity of the observables along the negative real axis (b < 0 real), where there
is a cut.

We denote the argument of the coupling constant b by 6

0 = Arg (b) . (3.21)
To reach the cut at negative b from above or below amounts to taking the limit
0 — +m : |b| fixed . (3.22)

We now rescale the internal coordinate of the membrane x and the field r with the size L of
the manifold and the modulus |b| of the coupling constant
1 _ D _2=D__(2-D)D
X — |b|P=< LD—<x , r — |b|2D=9 L20=9 ¢ (3.23)
so that we now deal with a rescaled manifold M, with internal size and internal volume

eD

size(M,) = |b| =L 5= | Vol(M,) = |b| P L B . (3.24)

Similarly we must rescale the auxiliary fields p and V' as

D2

p = |B'LPp Vo B PEL D=V (3.25)

The purpose of these rescalings is that as the original coupling constant b goes to 0, the
effective theory for the auxiliary field V' becomes simple. Indeed it appears that both terms
in the effective action S[V] now scale in the same way, as will be detailed now.
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a. Coupling constant: Let us denote by g the inverse of the volume of the rescaled manifold

I (3.26)
I 7 NolMy) '

g is the (dimensionless) effective coupling constant of the theory, which is real and positive
and goes to 0 with |b| as long as € < D.

b. Partition function: The original partition function (for the manifold M) becomes for the
rescaled theory involving the manifold M,

2 = [pupW ew (- [ (G007 +v0) + S [ver)

_ / D[V] exp (— Fa[V] + 62_; / V(r)Q) . (3.27)

Due to (B.2G) both terms in the exponential scale as Vol(M;) = 1/g.

c. Functional measure: The functional measure over the rescaled field V' is now normalized

so that »
/D[V] exp <62g /rV(r)2) = 1. (3.28)

d. Correlation functions: The moments for the gyration radius of the manifold become in
the rescaled effective theory

(k) —2 1 —2D - G 2 k
R = 521 <LgD—e) It — 1oV (1) V(ra)
ri Jro

. 2D
_ 67219 (‘b|LD) 2(D—¢) k / / |r1 — rQ‘k V(rl) V<r2>
ry Jro

Hence

2

ngr _ 20 5Pk g%k / / I — o V() V(r) . (3.29)
r Jro

L is the internal extension of the original manifold M. This has the correct dimension L%
with vy = (2 — D)/2, since [R®] = [r]* and [r] = [¢]*2 . Note that there is no additional
phase for 0 = +.

2. Semiclassical limit and the effective action S[V]

Now come the crucial points:

1. As long as
e<D
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taking the semiclassical limit b — 0 amounts to taking both the small coupling limit
g — 0 in the rescaled theory and the thermodynamic limit (infinite volume) for the
rescaled manifold

b—0 = g — 0 and Vol (M) — o0
for the rescaled manifold.

. In this thermodynamic limit the free energy F [V] becomes proportional to the
volume of the manifold

Fu,[V] = Vol (M) EV] + -+ . (3.30)
The free energy density £[V] is defined as

1
EV] = lim ——— Fy

Vo oty TV (3.31)

in the limit where the size of the manifold My is rescaled to oo, and its shape kept
fixed. In this limit, the manifold M becomes locally a flat D-dimensional Euclidean
space R”:

M, — RP. (3.32)

The free energy density £[V] is independent of the size and of the shape of the manifold
and it is enough to compute it for the infinite flat manifold.

. Moreover — and this is an important point — as long as we are interested in the con-
tribution of potentials V' such that the manifold is “trapped” in V' (namely such that
the free energy density £[V] < 0 is negative, i.e. such that there is a “bound state” in
V') the neglected terms + - - - are expected to be exponentially small in 1/g.

. Finally, since

Vol(M,) = ; (3.33)

in the limit ¢ — 0 the functional integral takes the standard form

Z(b) 7=° / D[V] exp{ S[V]} , (3.34)

1

9
where g is given by (B:2{), the measure is given by (B:2§) and the effective action S[V]
for the field V' is given by

s = ey - ¢ / P2 (3.35)

E[V] is the free energy density for an infinite flat manifold trapped in the potential V,
and is given by (B.31]).
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3. The functional integral for negative b and the instanton

We are interested in the imaginary part of the partition function Z(b) for b along the
negative real axis, that is for
0 — +m. (3.36)

In this limit the effective action S[V] for the rescaled theory is real

S[V] = &V] + %/v2 (3.37)

and the measure over V' is also real, since it is normalized such that

/D[V] exp {—% /VQ] =1. (3.38)

It is now the standard measure for a real white noise with variance g:
(V(rn)V(r2)) = gd(n—r) . (3.39)

Thus we can chose for integration measure over V' the standard measure over real V(r)

(3.40)

| PWVhess /HW

The instanton V"' is a non-trivial finite action extremum of the action S[V] and was
found in [[[4]. The saddle-point equation is

IS[V]

0= SV (r)

— V() + () | (3.41)

where p(r) is the manifold density at point r

1
Vol(M)

p(r) = /de o(r—r(x)) (3.42)
and from now on we drop the index at M. (---)y refers to the expectation value for the
phantom manifold trapped in the external potential V'(r), that is with the action

/M dPx G (Vyr)? + V(r)) . (3.43)

The “classical vacuum” is V' = 0 (free manifold). The instanton V™' is a configuration of
potential which is negative (potential well V(r) < 0), spherically symmetric, with V' — 0
as |r| — oo. The solution of the instanton equation and its properties have been studied in

4.
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C. Contribution of fluctuations around the instanton
1. Instanton zero modes

The Hessian matrix (second derivative of the action) is

FEV]

W = v @)

= 0%ri = 1) + (p(r)p(r2)) P . (3.44)

The instanton has d translational zero modes, corresponding to the position of the center of
gravity ry of the instanton. Thus the Hessian has d zero modes

Ve = WV STV Ve = 0. (3.45)

According to the previous analysis, see Eq. (B-J), the metric on the instanton moduli space
M =TI ds® = hy,drddr, is

1 1 — . 2
ha — dd ZEroy/zZero _ ; dd ( 1nst) 4
) = 5 [ AV 5b27rgd/ r (Vv (3.46)

(using rotational invariance). Therefore the measure over the instanton position rg is

dr, [27r1g v / ddr (?vin“ﬂ

Hence the contribution of the instanton to the partition function will be (depending on
whether 6 = Arg(b) = £m)

d/2

NI

Z(b) e oy / d’rg [ ! / (61/)2} " e 55V [det/ (S"[V])] (3.47)

2nd g
with Cy a simple factor (usually 1 or an integer for a real instanton) giving the weight of
the instanton in the functional integral.

One might also expect zero-modes associated to the rotational invariance of the theory.
Such modes would indeed appear for a non-rotationally invariant instanton solution. As it
will turn out, the instanton is rotationally invariant, such no such zero-modes exist.

2. Unstable eigenmode

However, as expected for a theory with the wrong sign of the coupling and as shown in
[[4], the instanton has one unstable eigenmode V= (r). Thus the Hessian has one negative
eigenvalue A\~ and its determinant is real but negative: det’(S”) < 0. Therefore we expect
that the factor C4 will be complex.

In fact, as this is the case for the instanton in the local ¢* field theory, the real part of C.
is not unambiguously defined, but depends on the resummation procedure used to define
the contribution of the classical saddle-point V' = 0 in the functional integral (this is known
as the Stokes phenomenon). However, the instanton gives the dominant contribution to the
imaginary part of the functional integral, and one can show that

instanton - d/2 _1
Im|[Z(b)] P o / d’r LW‘;Q / (vvﬂ e VSV |det! (S"[V])| 72 (3.48)
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with the weight factor D4 .

i
This result can be obtained by a more precise analysis of the respective position of the
integration path and of the instanton solution in the space of complex potentials V' (r) € C
as 0 is rotated from 0 to 4+, using the steepest descent method. This is shown in Appendix
|l:

D. Final result for the instanton contribution

The final result for the imaginary part of the partition function at negative coupling is

1 1 =, vz LS5V 1/ on -1
Im Z(b) = :Fé/ddro {%dg/r(vvf} e oSV |det’ (S"[V])| 2 . (3.50)

depending on whether Arg(b) = £m. The infinite bulk volume factor [ d?ry disappears (as
it should) in the normalized partition function 3 = Z/Z

—¢'(0) .
Im3(b) = IFlg_d/D [L /(VV)2

/2
e 5V |det! (S"[V])| 2 (3.51)

N[

2 d

where ¢'(0) was defined in (E). One must remember that

2

D
g = (Jp|L7) P (3.52)
—-D
2D

2—D
and that r is in fact the dimensionless rescaled field T = r (|b|LP) *P~9 = r (g L")
defined in (B.23). We thus obtain for the discontinuity of the partition function Z(b) for a
marked manifold with a fixed point (as defined by Eq.(R.13))

ot frovi] " et s

Ol

1 2D
ImZ(b) = =L %7 ¢~
m Z(b) F35 g 51

For the N-point correlators R™Y)(ry, - -+ ry;b) defined by (E221)) the result is more compli-
cated since the r;’s are rescaled in the process b — ¢g. However he result takes a simple
form for global quantities such as the moments of the radius of gyration of the manifold

REL = (RE)) defined by (F2R)

mRE, = F % LH-D5L (kiR 1SV

(3.54)

E. Large orders
In the rest of this article, we shall denote for simplicity

) _ 1 o d/2
S =8V™, D =det'(S[V™]), £=1log®), W= [—2 y / (vvmst)ﬂ .
™ r
(3.55)
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If no UV divergences were present at ¢ = 0, the final result at ¢ = 0 would be
1 4 _1 1
mZ(b) = F; L72P (bl e PO D2 . (3.56)

Using the the arguments of Sect. [II.A.Z, in particular the dispersion relation (B.I4) and
(B-13), the large-order asymptotics for the perturbative expansion of Z(b)

Zb) = ) 20 (3.57)
k=0
would be (e = 0)
4 ]_ 1 4
~ (1)K I R ) S o -
Z, ~ (—1) F(k: 2_D> Lo & (3.58)
or equivalently (e = 0)
Z, ~ (-1)FT (k - g) 2i L a0 || 2 &2k (3.59)
7T

indicating that the Borel transform of Z(b) has a finite radius of convergence &. Of course
the instanton normalization 20 |’D|_% depends also on d.

IV. UV DIVERGENCES AND RENORMALIZATION

We now discuss the UV divergences in the determinant factor for the instanton, and how
they are renormalized. We remind the reader that at one loop in perturbation theory, for
0 < e < D there is a divergence associated to the operator I (super-renormalizable case); for
e = 0 two divergences associated to the operators (Vr)? and 6%(r(x) — r(y)) (renormalizable
case). For € < 0 the theory is not renormalizable. The model is always considered for D < 2
and € is given by

6:2D—g(2—D). (4.1)

A. Series representation of the determinant for the fluctuations

The Hessian matrix S” is given by (B.44). We rewrite it as

S:irz =y, — Onr, , 1y, = 5d(r1 - r2) (4.2)
: 1 conn
Oy, = Jim Vol (M) /X1 /X2 (5% (1 — r(x1)) 8% (r — r(x2)) )™ (4.3)

where V is the instanton potential V", @ can be rewritten, using translational invariance
X — X + Xo when M — RP_ and the saddle point equation for the instanton potential V

Ornr, = /RDde (6%(ry = r(0))6%(ry — r(x)) :/Onn
= /R AP [(0%(n = r(0))0(r2 = r(x)) )y, = (3°(r1 = (0))), (6" (r2 = r(x)) ), ]
_ /R AP (8% = r(0))8 (2 = 0)) )y, — V)V ()] (4.4)
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Let us already note that such an integral is IR finite, since from clustering we expect that
at large distances

(6%(ry — r(x))0%(ra — r(y)) :'/Onn = O(exp(—|x—y|lm)) when [x—y| — oo, (4.5)
where m is the “mass gap” of the excitations for the manifold trapped in the instanton
potential V.

We have seen that the operator 8” has d zero modes V™ oc V, V"' which, as discussed
in section ([ILA]), are eigenvectors of O with eigenvalue Ay = 1, and one unstable eigenmode
V=, which is an eigenvector of @ with eigenvalue \_ larger than 1. For convenience, we
normalize its Ly norm to 1. Let us denote P° the projector on the zero-modes, and P~ the
projector on the unstable mode

\Y% V
Py = D VER()VE(n) = ——— , P = Vo(n)Vo(n) (4.6)

. I (?V)

P =P +P . (4.7)

and P the sum

Apart from these eigenvalues, is is easy to see that all other eigenvalues of O are smaller
than 1, but positive. Indeed, from Eq.({.3), O is a positive operator, since for any f(r)

FrOf = o <Uf ]>>0 (4.8)

To compute the determinant of the fluctuations we treat separately the negative and zero
modes from the rest. We write the logarithm of det’[S”]

£ = log (det'[§"]) = log(1—A_) + tr[(I—P)log(l — Q)] . (4.9)

The first term is the contribution of the unstable mode (it has an imaginary part), the
second term is the contribution of all other modes with 0 < A < 1. In this last term we can
expand the log and obtain a convergent series

£ = log(1-— i% = tr[I-P)0*] = tr[0"] —d— )\, (4.10)

provided that each term is UV finite (that is the trace is well defined).
We now show that only the first two terms k£ = 1 and k = 2 are UV divergent, and require
renormalization.

B. UV divergences

1. UV divergences in r and in x space

UV divergences in the determinant are expected to come from the high momentum eigen-
modes of §”. If we consider a potential V = Vst 1V with Vo a high momentum fluc-
tuation, we expect that a phantom manifold trapped in V' will feel only weakly the small
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wavelength variations of V| so its free energy E£[V] will depend only weakly on V5. The
other term [ d? V?(r) will be dominant in the variation of the effective action S[V]. As a
consequence, high momentum eigenmodes of §” will have eigenvalues close to 1, that is will
be eigenmodes of @ with very small eigenvalues A — 0.

Therefore UV divergences will come from the contribution of the numerous eigenvalues
of O close to 0, that is from the divergence of the spectral density pg(A) of the operator O
at A = 0. We shall show that pg()\) diverges as AP~3 and that

tr[Q] is UV divergent if e < D | tr[Q%] UV divergent if e = 0 (4.11)

and that higher powers tr[Q*] (k > 3) are UV convergent.

The tr[-] amounts in our representation to an integral over r in bulk space RY. UV diver-
gences will occur as short-distance singularities in r space. We shall also see that to analyze
the UV divergences it is more convenient to come back to the equivalent representation of
O in x space (internal manifold).

2. tr[O]:
This term is given by
tr[0] = /ddr O (4.12)
and is UV divergent for ¢ < D because we expect that
O =~ |r— r’|_d+2(€ > as r—r — 0. (4.13)

The crucial point (to be proven later) is that the short-distance behavior of O, for a manifold
in the background potential V'(r) does not depend on the details of the potential V', and is
given (at leading order) by that of a free manifold in a constant potential (V(r) = ;). We
can compute explicitly O, in that case and find Eq. (.13).

Using ([.4) we can rewrite tr[OQ] as an x-integral over the manifold M, and integrate
explicitly over r, with the result

wlo] = [t [P (6 = el = r0)), = V0]

_ /ﬁx[@d(r( = r(x0) /v

It contains the integral of the correlation function

(54(r(x) = r(x0))),, (4.15)

for a phantom manifold (i.e. without self-interaction) trapped in the instanton potential V (r).
The choice of the “origin” xq is arbitrary, since ([.19) depends only on x — x, (translational
invariance in M = RP).

This integral is IR convergent, as can be seen from Eq. ([.5). UV divergences occur if
the x-integral is divergent at short distances on the manifold, i.e. for [x — xg| — 0. The
correlation function ([.13) is very similar to the 2-point correlation function which appears

(4.14)
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at first order in the perturbative expansion of the self-avoiding manifold model, and more
precisely for the normalized partition function 3(b)
b d b2 d d ! / 3
3(b)=1- 3 (0% (r(x) — r(y))>0 + 3 (0% (r(x) = r(y)) 6%(r(x') — r(y ))>0 +O’) .
X,Y x,¥,x"y’

(4.16)
One therefore expects that the renormalization group counter-terms at leading order, which
subtract the leading order UV-divergences in ([.1§) are also sufficient to render (f.14) finite.
That this is indeed the case will be shown below.

3. tr[0?:

Similarly, starting from (), we can rewrite tr[0?] in term of two “replicas” of the
manifold, labeled M; and M, fluctuating independently in the same instanton potential V'
(without interactions). If we denote ry(x) and ro(x) the r-fields for the two replicas, we have

tr[0% = /ddr/ddr’ 0, O,
- /ddr/ddr’ /M?Dx/M?Dy [<5d(r—rl(xo))5d(r'—r1(x))>v —V(r)V(r')]x
X [0 = ra(y0))d%(r — ra(y))),, — V(r)V(r)]

- [ [ o {0 =) 0 i),

V)V () — (V(ralo)V (ra(0)))ys + [ / vmﬂ } |
(4.17)

The choice of the origins xy and yy on the two manifolds M; and M is arbitrary.
This integral is IR finite by the same arguments as those for tr[Q]. UV divergences are
only present in the first correlation function

<5d(r1 (x0) — raly)) 0% (r1(x) — rQ(yo))>v (4.18)

very similar to the correlation function which appears at second order in 3(b), see Eq. ([L1G).
We shall see that UV divergences occur when

X—Xy , Y—VYo simultaneously (4.19)

while the other terms <V(r(x))V(r(x0))>V are not singular.

4. tr[0F], k > 3:

We can similarly write the higher order terms. At order k£ we need k copies M, of the
manifold M, fluctuating in the same instanton potential V' (r). The most UV singular term
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in the x-representation of tr[0F] is

/@ de<ﬁ (a1 (0n_1) — ra(xa)>v (4.20)

Ma

(where we identify o = 0 with a = k), that we can represent graphically as a “necklace of k
manifolds”. The reference points o, on each M, can be chosen arbitrarily, for instance fixed
to the origin. UV divergences occur when all pairs of points (0,,X,) collapse simultaneously
on each M,,. These terms are in fact UV finite for e = 0.

°e e M

FIG. 2 Diagrammatic representation of the UV divergent correlation functions at order k = 1 (one
manifold), k¥ = 2 (2 manifolds), and k& = 3 (3 manifolds).

C. MOPE for manifold(s) in a background potential

In [I3, [ the UV divergences of the self-avoiding manifold model have been analyzed
using a Multilocal Operator Product Expansion (MOPE). This formalism was developed to
study the correlation function of multilocal operators of the form (P.19),

(T 0% (rx) = (%)), - (4.21)

where the expectation values < X >0 are calculated for a free manifold model (V = 0). We

show here how this formalism can be adapted to deal with expectation values < = >V for
manifolds trapped in a non-zero background potential V(r).

1. Normal product decomposition of the potential V

In order to compute easily expectation values of operators in the background potential
V', we shall use the normal product formalism already developed in [[[4].

For simplicity we consider a potential V' (r) spherically symmetric (as the instanton po-
tential) with its minimum at r = 0, of the form

Vi(r) = Z;ZL' ()", vi=mi >0 my= “bare mass” . (4.22)
n=0 ’
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We may (at least formally), compute expectation values of operators < x >v in perturbation
theory, starting from the Gaussian potential V (r) = ngrQ and expanding in powers of the
non-linear couplings {vg, k > 2}. This perturbation theory involves Feynman diagrams with
massive propagators 1/(p? + m3). It is more convenient to resum all tadpole diagrams and
to deal with an expansion of the potential V(r) in terms of normal products : (r?)": . The
normal product :[]: ., with the subtraction mass scale p is defined by the global formula
(expanded in k, it generates all operators which are local powers of r)

ke, ekQGu/Qeikr

€

: (4.23)

where G, is the tadpole amplitude evaluated with the propagator of mass p,

d”p 1 F(%) D—2
6 = [ = 42

Thus we rewrite the potential V (r) given in (f.23) as

V() = Zzg’; ) (4.25)

The mass scale m used to define the normal product :-- -, is defined self-consistently from
V' so that it coincides with the “renormalized mass” in (£.29)

g = m’. (4.26)

This gives a self-consistent equation for m in terms of V (r) (or its Fourier transform V (k))

1 d4k -~ K2
2 _ _ k2 k —7Gm
m d/ ) Vi(k)e

2 2
= —GL(QWG,H)_W2 /ddrV(r) (1 — er ) e 20m .

All other couplings go, g2, g3, etc. in ([22]) are then uniquely defined from the potential V.
We rewrite V' as

(4.27)

2

V(r)=go+ % U)o Ur) = % ()2 +2g—?))! ()P (4.28)
and we shall treat the non-linear terms U(r) as perturbation. The expectation value of a
(multilocal) operator O(xy, ..., Xx) can be expanded as
o) N N
(Ot %K)y = ) (_]3 /HdDzi(O(xl,...,xK) Ulzy) - Ulzy))e | (4.29)
N=0 i=1

where (---) is the expectation value in the massive free theory (U = 0).

In this new perturbative expansion there are no tadpole diagrams. This makes the di-
agramatics much simpler. In addition many simplifications occur in the limit d — oo, as
already noted in [[4].
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2. MOPE in a harmonic potential
First we consider the case of a potential quadratic in r, which is especially simple. The
potential reads
2 2 2

V(r) = vy + %rQ = go+ —:iru, , Mg=m ; Uy = (o —d%Gm. (430)

The field r is still free but massive with mass m and the propagator is

D—-2

dPp ePx) 1 m T2
x—y) = = " Kpa(mix—y]), 4.31
Guix=y) = [ o s = o || Heatmke s

where K, is the modified Bessel Function.

It is simple to study the short-distance limit of products of local and multilocal operators
in this massive Gaussian theory, using exactly the same ideas and techniques as for the free
massless case (m = 0) developed in [[3.

a. OPE for the massive propagator G,,,: We express the short-distance expansion of multilocal
operators in terms of the expansion for the massive propagator!

Gm(x=y) = co(D)m"™* —do(D) [x—y[*"7 + c1(D) m” [x—y|* — di (D) m? [x—y[*"" + - -

(4. 33)
The coefficients cg, ¢1, dgy, dq, are finite as long as D < 2 and are given by
r) co(D) e, do(D)
D)= 2 D)= 2" dy(D)=——-2 dy(D) = 22 (4.34
CO( ) (47T)D/2 ) Cl( ) 2D 0( ) 4 7D/2 7 1( ) 2(4—D) ( )
Note that
D
do(D) : ith Sp = —2" lume of the unit sphere in R? . (4.35)
= —— wi = ———— = volume of the unit sphere in : :
TR DS YT g

This expansion follows itself from the OPE for the product of two r fields in the massive
theory, which reads

a b 2—D 2 ab § Xpl yp2 a b.
r-(x)r = —|X — d X — 5 ]l+ Cpl Cp2r s 436
( ) (Y) | Y| (| y| p1 pz 0 ( )

P1,P1

! The expansion is easily obtained from the proper-time integral representation of G, (x), by expanding the

integrand in m? to get the analytic terms in m?, and in x? to get the analytic terms in x:

de i ; 2 2 1 i 2 2
_ ipx ,—(p“+m=)s _ —m®s .—D/2_ —x*/(4s)
Gm(x) = /(27T)D/0 dsePe=(P = (47T)D/2/0 dse s e (4.32a)
T 24D r —44D 2
= ¥| |>=P — (=3 D)m Ix|*~P + O(m™*) + non-analytic terms in m? (4.32b)
4 1672
D—

D\ 1 mP -D
- m = I‘ (1 - —) o m =T (—) Ix|2 + O(x?) + non-analytic terms in |x|*>  (4.32c)
3 4 (47)2 2
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where the coefficient d(|x — y|*m?) has an (asymptotic) series expansion in |x — y|*m?
d(|x — y|*m?) = do + dy|x — y[*m® + da|x — y[*m* + - -

and where the normal products :- - -:g with respect to the zero mass means that the operators
VerVer are defined through dimensional regularization (see below).

b. MOPE for 6%(ry — r}) and tr[0]: We first consider the short-distance expansion for the
operator §%(r(x) — r(y)), which enters in tr[Q]. Using the definition ([23) for the normal
product we can write it as

1) — rly)) = [ 9K Gikieto—rts)
e =) = [

d
_ / (; ‘;d oK (CnO)-Gnixy) | kee—r),
s

(4.37)

The last bilocal operator is regular at short distance (when x — y) and can be expanded in
X —Yy as

) 1
k@) =) . = 1(z) — §kakb (Xt —y") (X" —y") : VuraV,,rb(z) oo (4.38)

where z = "Qﬂ and the subdominant terms are of order O(|x — y|*) with higher derivative
operators. We insert ([£.3§) into (.37) and integrate over k to obtain

§(r(x) —r(y)) = (47)72 [G(0) — Gr(x —y)]”
COw (YY) o g by
. [H(Z) 4 [G(0) = G(x —y)] V(@) ¥ ](4 )

ol

X

We now use the short-distance expansion ([.33) of the massive propagator G,,(x —y) and
insert it into ([L.39) to obtain

1

T d dd
5 (r(x—r(y)) = (4 do)~* jx—y |27 Kl 4 Pyl - & g +) (2)
5ab (Xﬂ - yﬂ)(xy - yu) . a b .
I dy ey D Vur'vVor'(z):, + :
(4.40)

In ({:40) we can regroup the two terms of order |x —y|* " as

B wp |dc 1 (xF —y*")(x¥ —y”
(4m dy)~? |x — y|P {Ed—;ml) (z) — 4—d0( x —)(y|2 ) Vv, r(z) :m] . (4.41)

Note that the OPE ([40) is a relation between operators, and is valid for any choice of the
mass m used to define the normal product. Thus the term (f.4]]) can be rewritten as the
normal ordered operator : VrVr:y with subtraction mass p =0

_ o 1 (xt—y*)(x" —y”
(47 do) =% |x — y|<P {—4—d0< ix z(y|2 ) :VurVor(z) :0} : (4.42)
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Indeed we have the relation
VOV = V'V — 266, m” (D) 1. (4.43)

Since this relation will be crucial to prove renormalizability, let us show it explicitly. From
the definition of the normal product we have

V'V = VeVt — (Vi) (4.44)
for any m, hence
VOV — Vot = — (V' Ve, — (V' Vo)) 1. (4.45)
The r.h.s. is easily calculated using the OPE (.33) for the propagator G,, itself, since
@) = 6% Gnlx —y) . (4.46)
This yields

o 0
e ayr [Omx = ¥) = Golx =) .

= —26%4,,m"P (D) . (4.47)

<Vur“V,,rb>m — <Vﬂravyrb>0 = §ob

Note that the massless propagator Go(x —y) is IR divergent but the IR divergent term is
constant (independent of x —y) and disappears in (.47) because of the x derivatives. Hence
we obtain (f.43).

Thus we have obtained the first three terms of the MOPE for the ¢ operator in the U = 0
background

(r(x) = r(y)) = (4mdo(D))"2fx —y[ 2P |1 — mAlx —y[* + - | 1(2)

4(4 - D) (4.48)
— 7 (4mdo( D))~ (2 k= y| TP — ) () = y")VurVirsy e

The same argument can be used to construct the higher orders of the MOPE. They involve
higher dimensional operators of the form O, = :VP1rVP2rVPsr...; (since the operator
§%(r(x) —r(y)) is invariant by translation r — r+rg the O, must contain only derivatives Vr,
that is p; > 0, and by parity in r the O, must be even in r). They give subdominant powers
of |x — y| of the form m2|x — y|2P+2k+3; (pi=1+D/2),

Finally let us stress that the two first terms of the MOPE (for D < 2) are the terms of
order |x —y|“?P and |[x — y|"P and that they are the same as for the MOPE for the free
membrane, that is for m = 0. This will imply that the (one-loop) UV divergences (single
poles at € = D and ¢ = 0) due to this MOPE in the massive theory (self-avoiding manifold
in a harmonic confining external potential) are canceled by the same counterterms as for
the free theory (self-avoiding manifold with no confining potential). These counterterms are
proportional to the operators 1 and (Vr)?.
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c. MOPE for §%(r; —r3)6%(r; —ry) and tr[0?%]: The reader familiar with the techniques of [[J]
will see that the same arguments can be used to construct the MOPE for general products
of local and multilocal operators in the m # 0, U = 0 background.

Let us concentrate on the MOPE for two & operators, which enters in tr[Q?]. We are
interested in the short-distance expansion (x — xg, y — yg) for the product of two bilocal

operators
0%(r1(x0) = r2(y))8*(ri(x) = ra(yo)) (4.49)

where r; and ry belong to two independent manifolds M; and M. As above, we write the
0’s as a Fourier transform of an exponential and reexpress it in terms of normal products

d d A1 i 11 (x0)r2 )] Healrs 0012500

6% (r1(xo) — ra(y))d“(ri(x) — ra(yo)) = (2m)% e
d d

_ / % ailkalra (o) —r2 ()l (0 -r2(30))) . gkika[Gon (o —)+ G (y—y0)]—(F-+K8) G (0)
2

Note that there are no cross-terms, as those proportional to G(x—y), since x and y belong to
different manifolds, thus ri(x) and ry(y) are uncorrelated. We now keep the dominant term
for the OPE when x — xy and y — yjq

cei(kalri(xo)=ra(yo)l+ka[r1(x)=r2(yo)]) . — . gl((kitke)lri(x0)=ra(yo)D). 4 ...

(the neglected terms contain subdominant V?r’s), rewrite this term as

eil(kitko)[ri(xo)=r2(vo)]) . qil(kitka)[ri(x0)=r2(yo)]) o(ki+ka)?Gm (0)
and integrate over k; and ks to obtain

d d
/ d(kl ‘)iQdk2 il )1 (60) ~72000) , ot K2[2Gim (0)— G (50 —X)~Con(y—0)]
2m

d d
— / d( k(;sl k[ (x0) =r2(y0)] o (k2 /4=k'*)[2Cm (0) = Gim (x0—X) = Gim (y=y0)]
27

(4.50)

with k = k; + ke and k' = (k; — k2)/2. The leading term is obtained by dropping the factor
of k?/4 in the second exponential (the neglected terms give subdominant 5™ (r; —ry) terms).
This allows to do the integrations explicitly

6%(r1(x0) = r2(y))8*(r1 () = ra(y0)) = (4m)™"* [2Gu(0) = Giulx = x0) = Gunly — yo)™*
x 0% (r1(xo) — ra(yo)) - (4.51)

From the short-distance expansion ([.33) for G,,(0) — G,,(x) the most singular term when
both x — xg and y — yg is

[|X —Xo|* P+ ly — YO|27Drd/2

(4mcdy(D))4/?

54(r1(x0) —r2(yo)) + -+ -

(4.52)
Thus we have obtained the leading term for the MOPE in the harmonic background U = 0,
m # 0.

04(r1(x0) = r2(y))8"(r1 (x) = r2(yo)) =
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This leading coefficient given by ([L53J) is the same as for the free membrane (V' = 0).
The same calculation can be done for the MOPE of two d’s on the same membrane, and we
get (at leading order) a MOPE with the same coefficient
X — x> + |y —yol*” e
(4mdo(D))4/? | 5%(r(x0) — r(yo)) + -+

(4.53)
This implies in particular that the (one-loop) UV divergence (single pole at ¢ = 0) due to
this MOPE in the massive theory (self-avoiding manifold in a harmonic confining external
potential) is canceled by the same counterterm as for the free theory (self-avoiding manifold
with no confining potential). This counterterm is proportional to the bilocal operator d(r—r").

$(x(x0) — r(y))3%(r0) — ) = |

d. MOPE for higher order terms and tr[0F]: The same analysis can be performed for the
product of three §’s, in particular 0%[r(xg) — ra(y)]d%[r2(yo) — r3(2)]0%[rs(z0) — r1(x)], which
has to be considered for the quantity tr[Q3]. It shows that the leading singularity when
X — Xg, Y — Yo, Z — Zg is given by the same MOPE as in the free theory, with the same
leading coefficient. No additional UV divergences arise. The same result holds for higher
order products of §’s.

3. MOPE in the anharmonic potential

We now generalize this analysis to the SAM model in an anharmonic confining potential.

a. General discussion: 'The perturbative expansion involves now interaction vertices given
by the expansion of the local potential U(r). For D < 2 and as long as no bilocal §(r — r")
operators are inserted this perturbation theory is UV finite. The only UV divergences that
occur when D — 2 are given by the tadpole amplitudes G,,, but they are subtracted by
the normal product prescription :---:,,. Thus as long as the normal ordered potential V' is
finite (i.e. its coefficients g; = m?, ¢, g3, etc. are UV finite) the “vacuum diagrams” are
UV finite. Since we deal with a massive theory no IR divergences are expected.

Now we have to consider insertions of the bilocal §¢(r — r') operators, and thus to look
for instance at

/ d%ydPy T d%z (8((x) = ry))U(z1) - Ulzw)h " (4.54)

i=1

The UV divergences which may occur when |x — y| — 0, while the other distances remain
finite, have already been analyzed with the MOPE in the harmonic case. We have seen
there that when some z; come close, no UV divergences occur. The only dangerous case is
when some z’s, x and y come close at the same rate. Thus we must study the short-distance
expansion of a product of local operators (the U’s) and of multilocal operators (the §’s),
in the massive theory. This short-distance expansion can be studied by the same MOPE
techniques as above. Let us first give a simple explicit example.
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FIG. 3 Two contributions to tr(Q) at first order in perturbation theory, associated with the

insertion of one :r(z)*:

b. Example: To be explicit, we first regard as an example the simple case of the contribution
to tr(Q) given by one of the terms of (f.54) with only one U(z), and more precisely one
quartic term :r(z)*:. The arguments for higher powers in r or higher orders in perturbation
theory will be identical. Following ([.I4) the crucial term to calculate is

/ de/ dPy (6% (r(x) — r(y)) :r(z)4:>m. (4.55)
M M

Applying Wick’s theorem we can decompose it in terms of multilocal diagrams such as those
depicted on Fig. B. More explicitly this term can be written as

/ dPx / dPy / (MO cp(z)h)
= / a7 / d”y / @y O, (K60 = )] 2)))°

ot o 1 [ [ [ (5t i) e TR Eb
=: / Sy / N G[G;(@)Zz Gm<x_y)]22)] . (4.56)

We now derive an important bound. First of all, due to the triangular inequality

(r(y) = r(2)” < (r(x) = r(y))” + (r(x) = r(2))” (4.57)

Gm(0) — Gy —2) <2G(0) = Gr(x—y) — Gu(x — 2) (4.58)

leading to
Gn(x—2) = Gnly—2) <Gpn(0) —Gux—y) . (4.59)

An analog relation is valid with x and y exchanged, resulting in a bound for the absolute
value. The r.h.s. is thus also positive and we get the bound for the ratio

Gun(x—2) — Gu(y — 2)
eRORT el EEE (4.60)
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We now want to show that the counter-terms remains the same. Using ([.60), we can write

the bound

‘/ dDX/ dDy/ de <eik[r(x)—r(y)} ZF(Z)4Z>
M M (2m)d "

2 Gm(X—Z) _Gm(y_z) !
/x,yeM 806 Y) [Gm(0) = Gz = 9| = /zeM [ Grm(0) = Gm(x —y)

<

<

/EMgumnaam—c%@—ym % Vol(M) . (4.61)

The latter bound is already enough to show that no additional counter-terms proportional
to the elastic energy are necessary. It would also be sufficient for the perturbation expansion
of tr(0?). However, we can do better and show that there is no divergence at all. To do so,
we now estimate the integral over z. Two domains of integration have to be distinguished:

S : }z—%} < alx—y|
L }z—%} > alx —y|

a is chosen large (to be specified below), but finite. The integrals over z are bounded by

L. [G”é(jéfiéf&(i;f)r < [ 1% Bfiéf&(iif)r

/L [Gm;@)ZEES@(:)Z)T - 46

Using (60), the first term, is bounded by

/zeS [GZS(E)ZEZJS&(Z;)Z)T = /Zes 1< (alx—yD)” . (4.63)

In domain £, analyticity of the propagator allows the bound

’Gm(x—z) — Gnly —2) (z — y)VGin(x - 2)
Gm(0) — Gu(x —y) Gm(0) = Gu(x —y)

<a < ay (mx—y])"7" . (4.64)

We do not give a rigorous proof here, but it is clear that « should be sufficiently larger than
1 (say 10), which allows to establish a value for a;, itself depending on «, but saturating for
large o. The constant ay is chosen in order to bound VG,,(z — z) by its maximal value on
M, which has to scale with m by power-counting in the way given above.

We are now in a position, to put everything together.

The integration over the distance s := x —y (which contains the possible UV-divergence)
can now be written for small s as follows (we drop all constants for simplicity of notations)

/:s Xs 2z “Xs X D=1 for £ (4.65)

The factor of s” comes from the integration measure; s~ %374 is the leading UV-divergence
in F(x,y); the next factor s2>~P) is the short-distance scaling of [G,,(0) — Gy (x — )], and
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the remaining factors have been established in (f.63) and (f.64) respectively. Using e =
2D — %d, this can be rewritten as

ds {SQ(Q_D) , for S

o o (4.66)

— S X
S

As long as D < 2, all integrals are UV-convergent in the limit of ¢ — 0. Thus no additional
counter-terms are needed. The only possible UV-divergence is when first taking D — 2
before ¢ — 0. Note however, that this divergence only effects the contribution to the
free energy (proportional to the counter-term 1), but cancels in all properly normalized
observables.

c. General analysis: We now consider the MOPE for the operator with one ¢%(r — r') and
P =>"p,; fields r

N
O(x,y,z;) = 6%r( H rPi(z (4.67)

=1
when the N + 2 points x, y, z; — o. The generating functional for these operators is

N
(2 d4k k() —r(y e
31t = rty)) [] v es= | S H
i=1

B / dk OO arte) (4.68)
(2m)d o
— K2 [Gm(o)—Gm(X_y)}"l‘% ;quJG’m(Zz_Z])“l‘lZ kqi[Gm(X—Zi)—Gm(y—Zi)]
i£] 7

X e

Expanding the normal ordered operator in x, y and z, using the short-distance expansion
for the propagator GG, and integrating over k we get the MOPE. We see that in this MOPE
for (f267) local operators appear, of the form

A= MYV Ver, 0SM<P, r;>0. (4.69)

The dimension of the operator ([.67) is dim[O] = ¢ —2D + P(2 — D) /2, while the dimension
of (E69) is dim[A] = (M + Q)(2 — D)/2 — R where R = )" r; > (). Hence the coefficients
J

in the MOPE
O(x,y,z;) ZCA X,Y,z;;m) A(o) (4.70)

scale as
CQ(Sx, Sy, Sz;;m) ~ S“CY(Sx, Sy, Szi;m) + - -+, (4.71)
where
w=dim[O] —dim[A] =e—-2D+ (P —-M)(2—-D)/24+Q(4—-D)/2+ (R—Q) . (4.72)

There will be short-distance UV divergences if the integration over the N + 1 independent

positions x, z; is not convergent. This occurs if

2—D 4—-D
2 2

D(N+1)4w<0 = e+D(N—=1)+(P—M) +R—-Q < 0. (473)
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The case N = 0 has already been studied. When N > 1, since P > M and R > () we see that
as long as D < 2 the condition ([.79) is satisfied only if e = 0, N = 1 and P = M. Let us look
at what this last condition means. P = M means that all the r”* in O appear in A, namely
that no combination of propagators of the form [[[ G, (x —z;) — Gi(y — 2)] [[ G(z; — z)
appear in the coefficient C' of the MOPE, which therefore depends only on x —y. In other
words, this particular coefficient comes from the product of two independent expansions

1. The N =0 MOPE  §%(r(x) — r(y)) — |x —y|[*2P1

2. The trivial OPE  [] :rP(z;): — :r¥:  with coefficient 1.

and contains no connected diagram with propagators connecting any of the z;’s to x or y.
Thus this apparent divergence is not real. It is part of the N = 0 leading divergence at e = D
and disappears in the connected expectation value (- --(r(x) — r(y))U(r(z)) - - - )connected,
All other coefficients of the MOPE have scaling dimension w, which satisfy the inequality
(E772). No additional UV divergences occur beyond those which appear already for the free
manifold and the manifold in a harmonic potential, even when € = 0.
The same argument can be developed when there are two ¢ operators and several U'’s.

One can show that when considering the short-distance expansion of

5%(r(x0) — r(y0))o4(r(x1) — r(Yl))HU(Xi)HU(W) ;o X, X — X and  y1, i — Yo

(4.74)
bilocal operators are generated by the MOPE. Power counting shows nevertheless that no
additional UV divergence appears beyond those already studied for x; — xg, y1 — yo while
all other distances remain finite.

This is sufficient to prove (at least at one loop) that the counterterms which make the
SAM model UV finite at e = 0 also render the SAM in a confining potential UV-finite, as
long as D < 2.

d. The limit D — 2: It is interesting to notice that there is a potentially divergent term
when € = 0 and D — 2 which corresponds to

N=1,Q=R=0, 0<M < P arbitrary . (4.75)

(We have already seen that the case M = P is not relevant). This fact is not unrelated to
the following observation. In the MOPE ([£4§) for the single bilocal operator d(r — r'), the
third term, which is a subdominant term in the MOPE of the form

3(r(x) = r(y))  —  mx—y| TP
is not UV divergent if D < 2, but when D — 2 it becomes of the same order as the divergent

term
§Ur(x) —r(y))  —  x—y|7P (V)%

and is potentially dangerous when D — 2. Since this term depends on m, it depends linearly
on the potential V/(r), like the N = 1 terms that we consider here. It would be interesting
to study this more.
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Since ) = R = 0, this means that there are no Vr involved in the MOPE and we are
only interested in the terms of the MOPE of the form
5 r(x) —r(y)) :rP(z): — :r(o): 0<m<p. (4.76)
It is quite easy to compute the corresponding coefficients. We find

a? (Gm(x=2)~Gm(y=2))?

§(r(x) = r(y)) €@y = (4m) " (G (0) = Grulx —y)] T 7T EnOEne e,

(4.77)
hence at short distances
o2
6l r(x) —r(y)) 2@ — (drdy) ¥ |x —y| e T2 HEY2) | gar(@) ‘m (4.78)
with the function H(x,y,z) defined as
% — 7|2-D _ |y — 7|2-D 2
Hixyz) = A7l =2) (.79

x =[P
or, after averaging with weight exp(a?.J/4)

5(r(x) — r(y)) :e’"@
— (drdy) 2 [x — y|T2P [1 — JdoH (x,y,2)]"¥? e/ @0 Tdo vl (g 80)

D. Renormalization
1. Explicit form of the UV divergences for the determinant det’(S”[V])

From the definition ([L14)) of tr[Q] as an x integral and the MOPE (E4J) for §4(r — '),
we see that the x integral (f.I4) has short-distance UV divergences if ¢ < D. The usual rule
of dimensional regularization

1
/de Ix|7* = SDD—

implies that tr[Q] has an UV pole at ¢ = D, proportional to the insertion of the identity
operator 1, i.e.

+ finite terms (4.81)
a

1
e—D <
(of course (1), = 1), with the residue Cy given by

tr[O] = Cq 1), + regular terms at e = D (4.82)

[S]IoH

CQ = CQ(D, d) = SD [47Td0(D)]_ (483)

Sp is the volume of the unit sphere in R” and dy(D) = 1/(2 — D)Sp the coefficient of the
first subleading term in the OPE of G(x); they are given in (f.34]).

Using dimensional regularization, tr[Q] is analytically continued to 0 < e < D. The next
term in the MOPE gives the UV divergence at € = 0, hence a pole given from ([.4§) by

1
tr[0] = C; = (:(Vr)’1), + regular terms at € = 0 (4.84)
€
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with residue .

4Ddy(D)
Similarly, tr[Q?%] has an UV pole at ¢ = 0, given from ([£5J) by

¢, =Cy(D,d) = —-8p [47do (D) . (4.85)

1
tr[0%] = Cy = (0%(r1(x0) — r2(yo)))y + regular terms at € =0 (4.86)
€

with residue

1 T(D/2- D))’

_ Q2 —d/2
C2_C2<D’d)_SDQ—DF(QD/@—D)) '

[4mdo(D)] (4.87)

Here r; and ry are associated to two independent copies M; and My of the infinite flat
manifold M. Thus we have

rx0) = )y = [ % (0% ) = D (6 a0) — )y = [ @t Gplo)y I

where p(r) is the manifold density in bulk space. Using (JL.I(]) and the discussion of section
[V B, we see that the logarithm of the determinant of the instanton fluctuations £ = log(®)
has a UV pole at e = 0 given by

Co

£ = tog(aetls") = * (~ei((vrP), Pl S) + s (489

where £ys is the UV finite part of £, obtained by subtracting the UV pole of £ at € = 0;
hence the “MS” (for minimal subtraction) subscript.

2. Renormalized effective action

We now study how the perturbative counterterms modify the effective action S[V'] used
in the instanton calculus. For this purpose, we now repeat for the renormalized theory the
transformation S[r] — S[V] and the rescalings performed for the bare theory in Sect. [L.
and [IT.B.

a. Renormalized original action Syenlr]:
The renormalized action for the SAM model is according to [[[3]

Sualtl = 252 [ (wrt0y? + =20 [ 590 — ety (4.50)

b, is the dimensionless renormalized coupling constant and g is the renormalization mass
scale. At one loop the counterterms Z(b,) and Z,(b,) are found to be

1
Z(b) =1 _br% , Zo(b) = 1+br§% (4.90)
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with C; and C, the same residues as those obtained above in (f.83) and (E.87). We first

rewrite the renormalized action as the bare action S|r] plus the “one-loop counterterm A;S]r|.

Sunlt] =S+ A48l 5 S = 5 [ (960 + 225 [ [ 5060~ riy)

eM ,YEM

At = =025 [ o+ B2 ] st~ )

emM

(4.91)

Note that (Vr)? =:(Vr)?:g +d §”(0)1 and that in dimensional regularization 67 (0) = 0.

b. Renormalized effective action Syen[V]:

We repeat the transformation of Sect. [I.IJ to pass from the action S|r] to the effective action
S[V] for the effective field V(r), keeping A;S[r] as a perturbation. We thus arrive at the
representation for the renormalized partition function Z.,(b;)

[P ep=5unlt) = [DEDVI e (~ [ [3907 40 + 5 [v2 -2l
= [owesn (-mai+ o [V) e Al

(4.92)
We now perform the same rescalings and the same rotation in the complex coupling-constant
plane as for the bare theory (see section [II.B):
i _2-D
x = ([be|pLP) P x r— (b |pL”)" =9 x| 0 = Arg(b,) — 7.  (4.93)

Starting from a finite manifold M with size L (volume L), we end up with a rescaled
manifold M with volume Vol(M;) and renormalized effective coupling g,

1 D _ _De
gr = m ) Vol(M;) = [b,] € [L,u] . (4.94)

The functional integral becomes

—if

Zunlte) = [ DIV exp (~Fae 1]+

T

ASH = b {—C—;% /Mgvou%wc—; / / 5d[<r—r'>] | (4.96)

As in section [IL.B], § = Arg(b,). We are interested in the semiclassical limit b, — 0. Since
this limit is a thermodynamic limit, where the volume of the manifold Vol(M,) = g- ! — oo,
it is natural to assume that clustering takes place (since for the instanton configuration the
manifold is confined in the potential V). We may thus approximate the contribution of the
counterterm by

[1*) e -aisiy, @)

(exp (=A15[M))y = exp (= (A1S[)y) (4.97)
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up to terms exponentially small in g,. The last expectation value is

(ALS[]), = bVol(M,) (—5? (Vr(0))?), L& gf G2 / (5%(r(o r(x)>v) . (4.98)

Now we easily check that

—€

b, Vol(M,) = b, /g, = € (grl/DuL) (4.99)

and that when e = 0 it reduces to e = O(1). The first expectation value in ([E98) ((Vr)?),,
is of order O(1). The study of the second expectation value is slightly more subtle. We

write J
d?k .
D d _ D ik(r(o)—r(x))
/ d x (5%(r(0) — r(x)), = / oy /M dPx (rE-rey (4.100)
From clustering we expect that what dominates is the large-|x| regime where

<eik(r(o)fr(x))>v _ <eikr(o)>v <efikr(X)>V = (p(k)y (B(=K))y , (4.101)

and where p(k) is the Fourier transform of the manifold density p(r), see (B-49). So we finally
obtain

. . atk :
o [ (51(0) =100, = aVolM.) [ 555 00 (= = [ (4102

r

also of order O(1). (EI00) contains an UV-divergence when x — 0 and this will give a
double pole when € — 0 in ([L.9§), but this divergence is of order b,Vol(M,)g, ~ g,. This is
in fact a two-loop divergence that we do not have to consider here.

The final result is that we can rewrite the renormalized functional integral (at one loop)
as

Zren(b2) / D[V] exp (——3[ ] — %P (u L)EAls[V]) (4.103)

with S[V] the bare effective action (B.33) and A;S[V] the one-loop counterterm for the
effective action

AV = =S, + /mmf. (4.104)

This amounts to state that the renormalised effective action S,e,[V] at one loop is

SenV] = S[V] 4% P (uL)“AS[V] | (4.105)

with S[V] the original bare effective action (B.33), and A;S[V] given by (E.104).

3. 1-loop renormalizability

It is now easy to show that the renormalized action for the SAM model which makes
perturbation theory finite at one loop makes also the determinant factor for the instanton
D = det/(S"[V™]) UV finite at ¢ = 0.
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a. Instanton contribution in the renormalized theory

If we evaluate the renormalized functional integral around the instanton saddle point
Vinst by the saddle-point method, we see that the contribution at one loop of the instanton

in the bare theory (in (B.53) and (B-54))
¢ oSV det/(S"[V])| 72 = e 5SIVImaRel® (4.106)
is replaced in the renormalized theory by
e SV |det! (S"[V])| 2 e DA — o5 SIVIm3Re(Een) (4.107)

where the “renormalized trace-log” of the instanton-fluctuations’ determinant £,
10g(Dren) is simply (from now on we set § = +7)

Son = £-2 (g? uL) A8V (4.108)

b. Limit € — 0 and UV finiteness.

From Eq. (£.I04) for the counterterm and Eq. ({.8§) which gives the UV poles of £, one
easily checks that £, is UV finite when € — 0. It is given in this limit by

1
Lren = Lus — <5 log g, + log(,uL)) B when e=0, (4.109)

where £yg is the UV-finite part of £, as defined in Eq. ([E88), and the coefficient B is (minus)
the residue in ({.8§)

B = Ci((Vr)?), +%/rV(r)2 : (4.110)

(We used the instanton equation (p(r))y + V(r) = 0 to simplify the last term).
Finally it is shown in Appendix [{] that for the instanton potential V' we have

(V2y = —d (1 - %)1 S | /rV(r)Q ) (1 - %)1 S, (4.111)

where & = S[V] is the instanton action. Hence for € = 0 we have

B = (—dC;i+C)6 . (4.112)

c. UV pole at e = D

A similar calculation shows that the counterterm which subtracts the perturbative UV pole
in ESOD also subtracts the leading divergence for the instanton. This justifies our use of
dimensional regularization to deal with this divergence.
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E. Large orders for the renormalized theory
1. Asymptotics

From these results we can easily obtain the large-orders asymptotics for the renormalized
theory at € = 0. The semiclassical estimate (B.5@) for the discontinuity of the partition
function Z(b) becomes for the renormalized partition function 2, (b;)

NI

1 4
I Zin(h) = F= L0 [b]75 ¢ BT [D,0]”
2 (4.113)

1

1 B B _ 1 _
= F5 L7 BT (L)} o 9 (D]

=

with Dy = exp(Lys). The large order asymptotics for the renormalized partition function

Zien(be) = > Zpnbf (4.114)
k=0
are
Zren (_1)kr L — 4 _ i LL*QD (,uL)g 2 ‘@ ]_% 6$+%71€ (4 115)
BT 9-D 2D| 2x M '

and the analog of (B.59) obtained by using d/2 =4/(2 — D) — 2 at ¢ = 0.

2. Discussion

From these semiclassical estimates we expect that the Borel transform of the renormalized
theory still has a finite radius of convergence, given by the instanton effective action &. We
also see that as in ordinary QFT, renormalization at ¢ = 0 implies a dependence on the
renormalization scale p, an anomalous dependence on the size L of the manifold (anomalous
dimension) and an anomalous power dependence in the renormalized coupling constant g,.
These anomalous dimensions are given by the factor B, which combines the perturbative
anomalous dimensions C; and C, with the instanton action &.

V. VARIATIONAL CALCULATION

In [[4] we used a Gaussian variational approximation to compute the instanton Vi»' and
its action S, Moreover we showed that the variational method was a good approximation
for the instanton in the limit d — oo (for fixed €), and the 0-th order of a systematic 1/d
expansion. We computed explicitly the first correction in the 1/d expansion, and showed
that for the instanton action S5 it was finite when € — 0.

We apply the same strategy here to compute the fluctuations around the instanton,

namely the determinant factor

2E[V]

D =det(§") =det(1-0) , On =~ 5y 570

(5.1)

We first recall briefly the principle of the variational method. Then we present a direct
calculation of ® using a variational estimate for . We show that this method does not
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treat properly the fluctuations and thus the UV divergences. We then present a calculation
of ® based on the variational method and the reorganization of the perturbative expansion

at large d already used in [[4] and in section [V.Q.

A. Variational approximation for the instanton

We first briefly recall the variational approximation developed in [[4]. We use a trial
Gaussian Hamiltonian Hyyar] of the form

Hiar] = /Mde E(Vr)2 + %(r— ro)M(r—ro)| (5.2)

where the variational parameters are the position of the instanton rg and the variational
mass matrix M = (M) (a symmetric real d x d matrix). The variational approximation for
the free energy of the manifold M in the potential V is
Fvar [V] - mll\% [Fvar [V, M7 rOH 5 Fvar[v; M, rO] - F’trial + <H - Htrial>Htria1 . (53)
ro,
Fiial = — In [ [ D[r] exp (—Hyia[r])] is the free energy for the trial Hamiltonian, and is a

function of M only (translational invariance). We are interested in the limit of the infinite
flat manifold M — RP, and we consider the free energy densities

1 1
gvar[v] - W Fvar [V] ) gvar[va M7 rO] - W Fvar [V, M7 rO] . (54)
Obviously
Evar[V] = min [Evar[V; M, 1o]] (5.5)

Evar|V; M, rg] can be written in terms of the Fourier transform of the potential V(r)

Vip) = /ddre_iprV(r). (5.6)

and in [[[4] is given as

117 (2— L ddp T7 ipro—1
gvar[V;M, I’Q] = BW tr (MD/Q) + / (27T)d V(p)epo 7PGp ’ (57)

where G = (G®) is the “variational tadpole” matrix, defined as

A’k 1 rie-2) o,
G =GM) = /(27T)D B - ampe T (5:8)

Extremization of (5.7) with respect to the variational parameters M and rq for fixed V gives
the two equations for the the variational parameters Ml = M[V] and ry = ro[V] as a function
of the potential V'

d’p 1 ipro— 4 pGp
Mg, = — Wpapb Vi(p)e 2 (5.9)

d4 ~ :
V= / @—&Pawp) efPro=zPCp (5.10)
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Inserting these solutions in (B.7) gives Evar[V] = Evar [V, M[V], r0[V]]. Now, extremization of
the variational effective action

SwarlV] = EwlV] + %/VQ (5.11)

with respect to variations of V(r) leads to the equation for the variational instanton Vst

Vinst(r) + (5%(r — r(:z:o)))Hmal =0. (5.12)

The variational instanton is rotationally invariant (as expected), so the associated mass

matrix My, = M[VI2] and the tadpole matrix Gy,, = G(M[V5"]) are constants times the

unit matrix 1,

r-s5)
(4)D/2

(b-19) implies that the variational instanton has Gaussian profile, and (5.9) gives M,,, as

the solution of

Mvar - ]\4vaur:ll s Gvar - G(Var]1 5 Gvar - -Z\4val“§71 . (513)

2 Moy (47)%2 G2 = 1. (5.14)
The variational instanton is a Gaussian well (centered at ry), its width is given by v/Gyar
Vis(p) = —e P V() = = (21 Gly) e T T (5.15)
The variational instanton action was found to be [[[4]
St = SarlViE] = GuarMar (1- 5 - (5.16)

B. A poor man’s direct variational calculation of the instanton determinant ©
1. The approximation

We have to compute the determinant of the fluctuations around the instanton solution
Vinst

(5.17)

D = det'v[ SV ]

dV[r]dV[l"] V=Vinst .
In section [V.A], we have calculated the instanton solution in the variational approximation

Vinst = A first approximation for @ is to replace it by

var

d2S[V]
Dvar = d t/ y 5.18
o [dwdde] vevig o
but this is still difficult to compute. A further approximation is to replace this by
d2S.a[V]
Dy = det, | o . 5.19
| v v 19

since we have seen that Sy, [V] for a general potential V' is easy to calculate.

This first and simple approximation (p.19) is presented in details in this section. We
shall see from the result that it misses important features of the true result, especially the
UV-divergences due to the fluctuations, which are expected as we have discussed in section
[V]. In the following section V.(, we will therefore calculate (b.1§), which seems to be more
appropriate.
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2. Reduction to a finite dimensional determinant in variational space

In order to calculate (B.19), we start from (b.7), and we need

d d
var|V] . 5.20
dV(r) dV(r’)g V] (5:20)
We e d o9  drp & A 9
To
= — . 5.21
W v T avinen T avi) oM (5:21)
Thus
dgvar o agvar dTO 6gvar dM agvar . 6gvar (5 22)
dvi(r)  oV(r) dV(r) Oy  dV(r) OM OV (r)’ '
since due to the saddle-point equations
85var agvau"
o 0 and M 0 (5.23)

The second derivative is

d2gvar 82 gvar + d’f‘o 82 gvar dM 82 gvar
dV(ndV(r) — oV (noV(r)  dV(r)oV(r)dr,  dV(r') OV (r)OM
dTO 82 gvar dM 82 gvar

= W) OV, T dV(r) BV (rOM (5:24)

since the explicit dependence of &, on V is linear. Using the saddle-point equations (£.23)
we obtain

d 0 0= DPE o drg 0*Er dAM 0%, (5.25)
dvi(r) dr, — ~ OV(r)dry  dAV(r) Orgdry AV (r) OreOM '
d 0 0— 0*E o drg  0*Evar N dM 9?Eyar (5.26)
dv(r) oM ~ 9V(r)OM  dV(r) OrgOM  dV(r) OMOM '
Egs. (£.29) to (b.29) lead to (attention to the counter-intuitive sign)
dM 62 gvar 82 gvar dM
d d dv(r) | | oMOM oMo dv(r)
———Eur[V] = — 0 (5.27)
dV(r) dV(r ) d?”o 625var azgvar dTQ

dV(r) OrgOM  OryOrg dV (r)
with (remind that everything is evaluated at the saddle-point)

ins 1 r (2 B 2)
e [V M o] = G5t (M°17) —

L det(Al + G)~M2e 20mmm | (5.28)
m

The quantity A is defined as follows:

A= Gt (5.29)

var
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i.e. it is the same as G, defined in (B.13), but always taken at the variational instanton.
Thus when varying V', and thus M and G, only G changes, but not A.
The determinant to be calculated is (the prime indicating that the zero-modes are omit-

ted)

/ d2 Svar [V] / d d2 gvar [V]
L= det!, |2 2varlV] | et ) S arlV ]
Ove v {dV(r)dV(r’)} v {5 (r=r)+ AV (nav(r)
dM 62 gvar 82 gvar dM
= det, |o4(r—r)— | V) | [ OMOM OMr, | | dV(r) (5.30)
dro 625var azgvar dro

dV(r) OrgOM  OryOrg dV(r)

Now we use the cyclic invariance of the determinant? to reduce the above expression (f-30),
which is the determinant of an integral kernel operator over R%, to the determinant of a finite
dimensional matrix, acting on the space of the variational parameters ry (d dimensional) and
M (d x d-dimensional):

dM dM 62 gvar 82 gvar
:detﬁOM 1— /dd'r’ dV(r) ® dv<r) OMOM 8M8r0
, dl’o dro aQSVM 82€VM
dV(r) dV(r) OrgOM  OryOrg
dM dM 62 gvar 82 gvar
d - ~ ~
_ det! |1 / d P V() || dV(=p) OMOM  OMOr, (5.31)
(27T) dro dr() 625var 825vaur
AV (p) AV (—p) OrgOM  OryOry

1 is the corresponding d(d + 1)-dimensional unit-matrix. In fact the variational mass ma-
trix parameter space is d(d + 1)/2 dimensional, since one has to consider only symmetric
mass matrices M. However in our calculation is is simpler to consider the d?-dimensional
variational space of all real matrices M.

3. The calculation

We now evaluate the elements of the matrix. First of all, due to rotational invariance
and parity of the instanton, the off-diagonal blocks of the two matrices {0} and (OJ) vanish

PEvar
5ot =0 (5.32)
d
/ dpd M o _ (5.33)
(2m)4 9V (p) OV (—p)

2 If X is a n x m matrix and Y a m x n matrix, and det’ denotes the product over non-zero eigenvalues, we
have the general identity det’[1 — XY] = det’[1 — Y X], although the first determinant is the determinant

of a n X n matrix, and the second one the determinant of a m x m matrix.
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The second relation will be explicitly checked below. As a consequence (p.31]) takes block-
diagonal form, leading to the factorization of the determinant as the product of the deter-
minants over each diagonal block

D = Dy Dis (5.34)
dM dM 0%
oW, — det’ [11— / — ® — } 5.35
i p dV(p) — dV(—p) IMOM 2:39)
2
9%, = det’ []1— / o g _dro 0 5} . (5.36)
p dV(p) — dV(—p) Irodro

Second, we shall see that the second block, relative to the zero-mode collective coordinate
ro, is also 0. Indeed, we shall show that

2
/ dro o _dro e _ (5.37)
p dV(p) — dV(—p) Iredro
so that
92 = det'[0] = 1. (5.38)

Thus it remains to compute the determinant of the first block, involving only dependencies on
the variational mass M. Using (b.2§) and the matrix derivative rules gathered in Appendix
D, we find
0?Eqar A2—
OMOM M 32

with E the projector on symmetric matrices and P the projector on the unity matrices

1

Do+ DE—d2— D)P] . (5.39)

Eijm = 5 (00 + dadjn) (5.40)
Pijm = ééijékl- (5.41)
;Sg'i”) . (p-9) and varying V' yields
SMY[V] = /( )dpp] SV (p) P e~ 2P’ Gy

/ )d p'p’ V(p) e e3PPI Gij pFpldGyy (5.42)

Using that at the saddle-point 6G = 2:24.5M and V(p) from Eq. (5IH), we obtain

2

.. ddp .~ X 1.9 1 dd 5 2 A
5MZ.] V e 1 ~J 5‘/ 1Pro ~— 5P A . ] *P Ak l _5M
v /(%)dpp (p)ehe 2/(2 i PP e Bl o
de . , - 9 _
= — / (27TF))d pzp_] 5V(p) e'P'0 o7 2P A + _8_5Mkl (dPZ],kl -+ 2El],kl) i (543)
This leads to

2—D 24+ D dp - ' e
——dPM — ——— M = o~ ipro 1p m
S ) 1 ) / (27 p'p’ dV(p)e®PPe (5.44)
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and finally upon varying V'

oM (2—-D 2+ D ) e 1024
— dP— ——FE | =ppePle 2P, 5.45
v (p) < 8 4 P&P (5.45)
This can be inverted (in the subspace of symmetric matrices) as
oM 4 4d(2 — D) o
_— = — ]E — IP) pro 5P ) 546
oV (p) ( 2+ D (24 D)(4 — 2d + 2D + Dd) )p@pe e ( )

Next, we need 6?}3) ® 6?}{{) g;/ﬂggﬁjﬂ. Due to the saddle-point equations, or more explicitly

looking at Egs. (5.45) and (5.39), the following combination is relatively simple:

M PEn  A2-D
SV (p)OMOM M 4

p® peiP e P A (5.47)

and after (Gaussian) integration over p we obtain finally

MoM = E +

d%p oM M 0%Eyar 2-D 2d(2 — D)
/ (2m)d (517(—p) @ 5V(p) 0 2+ D (24 D)(s +2 — D)P . (5.48)

The first block determinant (5.35) is therefore the determinant of the following operator
acting on the d(d + 1)/2 dimensional space of d x d symmetric matrices

= det’( 2D g _ 2d(2 = D) IP’) : (5.49)

o
2+D (2+D)(e+2-D)

var’

Since in this space the projector E reduces to the identity, while P is the projector on the
1-dimensional subspace generated by the identity, it is easy to see that the operator has
d(d+1)/2 — 1 eigenvalues equal to 2D /(2+ D), plus one eigenvalue equal to 2D /(2+ D) —
2d(2—-D)/(2+ D)(e+2—D)=—-2(D —¢)/(e+2— D). Hence the final result is

d(d+1) 4

2(D —e¢) 2D 2
M _ o
Qvar’ - Qvar €—|—2 D (2—|—D) . (550)

4. Terms associated with the zero modes

Before discussing this result, we calculate the other entries of the matrix (§.27), associated
with the 0-modes. First we vary Eq. (B-10) with respect to dry and the corresponding dV (p):

ddp . —1pGp ipro ddp (7 —2pGp ipro
<2W)d5V(p)zpe 2PEPelPT0 — (27T)dV(p)pe 2PEPE™P (pérg) (5.51)

Deriving with respect to 6V (p) and evaluating at Vi yields

1442 & ddp ~ 1 ; dr
- —5ApT Lipro — o 3PGp L ipro 0
p;e 277 e / (27r)dv<p) pie 2 € (pdV(p))

J J
SV S R V7 SR N (5.52)
dV(p) dV(p)
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This gives ‘
(~1r0 = —iipi e 24P P (5.53)
dV(p) ‘/inst M
Combining Egs. (b.40) and (5.53) checks (p.33).

We now calculate the determinant of the lower block, for which we need

d ] k d
[l w1 e Lo (o

2m) 1V (p)dV (—p) M2 ) (2n) M
as well as
O _0 0 / I V(p)eProe 2P P = / AP ipe = Mg (5.55)
8r68r6 Vit 8r3 8r6 (27T)d (27T)d

where we used that the first term of &£, in (B.1) does not depend on ry, as well as the
instanton at the saddle-point from Eq. (.19) and the mass from Eq. (.14). Hence the
second block matrix, relative to the zero mode ry, is identically zero. This is not surprising.

Therefore A
/ dp Eiré ~dr"g 825\@ _ sk (5.56)
(2m)? AV (p) AV (—p) | arior] ’

and indeed the determinant (5.31]) is the contribution of the d translational instanton zero-
modes.

o®

var’

= det! [0] = 1. (5.57)

5. Discussion

We now discuss our result (B.50) for ®, in our simple variational approximation. We
see that ®, is finite and negative for ¢ < D, thus we recover the unstable mode with a
negative eigenvalue for S”. However we see that for e = 0, ., is still finite, while we expect
from our general argument that ® will have UV divergences. Thus our approximation does
not properly take into account the short-wavelength fluctuations around the instanton, and
renormalization, which is important when € — 0.

Finally it is interesting to look at the behavior of ®,, in the limit d — oo, € fixed. We
find for the logarithm of ®.,,,

d €
£vaur’ = log(gvar/) = _5 (1 - 1) = O(d) (558)

as expected from the variational approximation. However, as we shall see later, the better
approximation £, and the exact solution £ behaves respectively at large d as
d d?
£:Vaur = ) L~ —.

€2 €

(5.59)
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C. Expansion around the variational approximation and 1/d expansion
1. The large-d limit

A better method to compute D is to start from ([.3)

Oy, = / (5(r — r(0))8%(ry — r(x)))) (5.60)

(o is an arbitrary point on M = RP) and to make a perturbation expansion around the
variational Gaussian Hamiltonian Hi,,. Since the problem is invariant under translations,
we chose for V' the instanton centered at the origin (ro = 0). m will denote the variational
mass (M = m?) and G,, the variational tadpole G,, = (47)~P/2I'((2 — D)/2)m*> P. m is
solution of (p:I9), that we rewrite

2m*G,, = (4nGp)~Y? . (5.61)

a. Large-d limit and the variational approximation:
The first crucial point used in [[4] is that when the variational instanton potential (5.17) is
written in terms of normal products relative to the variational mass m, it takes the simple
form , ,

VInst(p) = —(47G) " 0" 10m 1y = —2mP Gy e Wm 1y, (5.62)
that we rewrite as the variational trial potential %mQ r? plus a perturbation U(r) as in section

[V (see (E29))

2

inst - _9 2 1 m : 2: = —92 2 — | — : 2 n:
V() = 2miGn it £ UM U0 = 200G ) T g ) (),

2
(5.63)
and to treat U(r) as perturbation, see ([.29) and Fig. [

Vv

AN /

r

FIG. 4 The variational instanton (black) and its approximation by a harmonic potential (grey)
(here for D =1, d = 4). Note that the curvature of V(r) is the quadratic term before normal-
ordering, whereas in the variational approximation the quadratic term after normal-ordering ap-
pears.

The second point is that in the limit when

d — oo e fixed (5.64)
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these perturbative terms are subdominant (of order 1/d) with respect to the leading term
obtained by replacing V' by the trial harmonic potential %2 :r?:,,. This is seen by rescaling
x and r in units of the variational mass m (as described in detail in Appendix [3@), so that
m — 1, and the propagator G,,(x) becomes G(x) = G (z)

(%) = G(x) = Gt (x) = (27) % K2 ([x]) (5.65)
and the tadpole amplitude G,,, becomes
2—D 1 d
Gm — ¢o(D) = G(0) = (4m) F( 5 ) ~ T when d— oo, e fixed .

(5.66)
co(D) is noted C in [[4]. When we shall not deal with the explicit dependence on D of ¢y(D)
we shall denote it simply by cy.

The variational instanton potential becomes (see Appendix [3)

ins 1 - 1 —1 " n
VISt = —2¢p 1 + §:r2: +U(r) , Ulr) = —QCOZQE (4—00) ()", (5.67)

where the normal product : - - - : refers to the normal product with respect to the unit mass
m=1,1e - =1

Since ¢y ~ d, in perturbation theory, the 2n-leg vertices carry a weight d'~" and closed
loops carry a weight d (summation over bulk space indices). Counting the resulting factors
of d for each graph, as in the large-N expansion for vector models, only “cactus diagrams”
with tadpoles survive in the large-d limit. However within our normal product scheme, there
are no tadpoles. Therefore for any observable at large d we can replace

1
(Observable) i = (Observable), + subdominant terms in 7 (5.68)

where (---), = refers to the expectation value with respect to the trial variational action

1 m2
yar - — /§(Vr)2+ 7r2 . (5.69)

For the same reason, as shown in [[4], at leading order in 1/d, the variational instanton,
solution of

Vinst(y) 4 <5d(r — r(o))>m =0 (5.70)

is a good approximation for the exact instanton V"' solution of (B41)):

Vinst() = Vinst(y) (1 +o( /d)) . (5.71)
The first correction of order 1/d was computed in [[4]. Finally the action for the variational
instanton was found to be
Smst — P (1 - i) co(D) . (5.72)
D
If we rescale the effective coupling constant g (or equivalently the initial coupling constant b)
in terms of the variational mass m,

g — mPyg ie. b — mP b (5.73)
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the instanton action becomes

St — (1 - %) a(D) = Od) . (5.74)
This rescaling will the done at the end, but for the time-being, we keep the explicit mass
dependence.

b. Large-d limit for Q:

For our problem, in the large-d limit, we shall firstly approximate the Hessian O in the
exact instanton background, with kernel Q,,,, given by (b.60), by the Hessian Q" in the
variational instanton background, with kernel O given by

o, = [ (5% = r0))5"(r2 — rG)) (575

var

and then approximate this Q" by its large-d limit Q¥ with kernel

@ff‘é /<5d(r1 —r(0))0%ry — r(x))>:;nn ) (5.76)

This will be the leading term of a systematic é expansion, which can be performed along

similar lines as in [[4].
@flarl; can easily be computed, since we now deal with a massive free theory. It is even
easier to compute its Fourier transform

AK?{(; _ / / i(kiri+kare) @;flaer / <elk1r (o) 1k2r x)> <eik1 r(o) >m<eik2 r(x) >m

. (5.7T)
o= (G+K3)Gm(0)/2 / [e—kleGm(x B 1]

where G,,(x) is the massive scalar propagator (£.31]). Note that we have G,, = G,,(0).

c. Zero modes:
In order to compute ©, we must take into account the translational zero modes of S"= 1-0
and the projector [P, onto the subspace of zero modes. According to section [II.(J, these zero

modes are the partial derivatives of Vst VZre — g Vinst and from section [V-A] (see (EG))
the projector is

0r1r2 = ¢ Za Vlnst Vlnst( )

(with the constant c, such that P = Py). In the large-d limit we may approximate P, by
]P)OVaI'
By — cOZa Vst (¢)9, VISt (1) (5.78)

Orqrg var var

and since V' is a Gaussian function, Pj* is easily computed. We obtain for its Fourier

var

transform

-~ var k1k2 1202
kg = — g e H DO (5.79)
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Finally, in the large-order formulas such as (B:53), to the instanton zero-modes is associated

the weight factor
Tl NG
QU:gD[QFd/(VV )} .

In the large-d limit this gives

. 1 ) d/2 2 d/2 y_% d/2
w =g o [ovee| =[] - |5 (5.80)

log (") = O(d) .

so that

2. Large-d calculation of £

a. Series representation for £:
We now apply these results to the computation of the determinant, or rather of its logarithm

£ = log (det'[S"]) . (5.81)
Since §” = 1 — O and since det’ subtracts the zero modes, we can write
£ =trllog(1-Q)] ; Q =0-P. (5.82)

Note that £ has an imaginary part since S” has one negative eigenvalue A\~. We expand the

log as
_ vl (5.83)
k;
k=1

As we shall see, further simplifications occur in the large-d limit. In this limit we can
approximate Q by Q" given by

Qvar’ _ @var’ . ]Povar : (584)

where 0" defined by (5-78) is the Hessian —&” at the variational instanton, computed in the
variational approximation, while " defined by (p.79) is the projector on the zero-modes
of §” in the variational approximation. Therefore we approximate £ by

£Var’ _ i

k=1

[ (@) ] (5.85)

wl»—‘

b. “Beads” and “necklace” diagrammatic representation:
Starting from (B-71), (E-79) and using the fact that [ G,,(x) = 1/m?, we can write the
kernel of Q" as

K?er 7(k2+k2)Gm(0)/ / [efk1k2Gm(X) -1 + k1k2 Gm<x)] , (586)
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. . . . . . Nvar’
and expanding in kiky, we get a simple diagrammatic representation for Q' =~ as a sum of
“watermelon” diagrams

Avar’ —(k24+k2)Gm - (_1)n n n
kyky = © (ki +k3)Gm(0)/2 Z ol (kika) /Gm<x)
n=2 X

(5.87)

:Q+®+©+m.

Each line represents a propagator GG,,. No internal M momentum flows in the diagram, the
p’s are external momenta relative to the embedding space R?. In this series the term n = 0
is removed by the fact that O is defined by a connected correlator in (5.60); while the term
n = 1 is removed by the projector onto the zero modes F,.

Now we consider the tr[(@var/)k] in (p.89). Each trace is given by

var’\ ¥ ddk1 ddkk Avar’ Avar’ Avar’
ul (@ )}:/(2w)d”'(2w)d e e ke Rk T (588)

/ .
Thus £ can be represented as a sum over “necklace” diagrams made out of the “beads”

of (B.87). The integration over the k’s can be done explicitly and gives a decomposition of
the form

tr[((@var/)k]: > Pun(d) H2m2am(0)2i’2i! : I":/{g:gﬂn (5.89)

where P,, . (d) is a polynomial in d (the bulk space dimension), with integer coefficients,
given by the average

i (d) = (—kika)™ (—kakz)™2 - - - (—kiky )™ (5.90)

.....

with the normalized Gaussian independent variables k; € R? ie. kfk? = §%0; . The
polynomial P can be computed by Wick’s theorem. Typical configurations are:

3 5 3 3 7 3 2 4 2 6 4

Note that the first and last points are identified. Let us denote by N the total number of
lines N = > n; in the diagram. From (5.90) the P’s are non zero if and only if the n;’s are
either all even, or all odd.

e If £ =1 this is always true and P,(d) is of degree n in d.
e If £ > 1 and the n;’s are even, N > 2k and the degree of P(d) is N/2 > k.
e If £ > 1 the n;’s are odd, N > 3k and the degree of P(d)is 1 + (N —k)/2 > k.
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c. Large-d power counting:
We now look at the behavior of these terms when d — o0, € fixed. First we rescale everything
in units of the variational mass m,

2—-D

X —x/m | p—pm =2 Gm(x) = m*PG(x) , (5.91)

that is set the variational mass m to unity in our calculations, since the tr[Q*] are dimen-
sionless quantities. We refer to Appendix [4 for the details on this rescaling. Then we note
that the propagator G(x) for x # 0 given by (£.31)) is of order O(1) when d — oo

G0 = @m) E W Ko () — 5 Follx) = 0(1),

while G(0) is of order O(d) since

1 1 d
212—D  4rw(4—e)

G(0) = (4m)" 3T (2352) —

2

.
|
S
=

Thus the integrals I,, given by (b.89) are of order d™"

- (o8] o

and the term associated to the k-bead necklace [ny, no, - -+ ,ny] in the decomposition (f.89)
is of order

[nl, Ng, - 7nk] N O (ddegree[P}Jrk—N)

where N = > n,.

e If & =1, we have seen that degree[P] = N, and all the terms are of order d. Therefore,
if the series over the n’s converges (we shall discuss this later)

t%@w]:(%ﬁ. (5.92)

e If £ > 1 we have seen that there are two cases. For even necklaces the n;’s are all
even and degree[P] = N/2 > k so we obtain a term of order d =% < d° We note that
the most dominant terms are those with N = 2k. These are the [2,2, - -, 2] necklaces
whose beads contain 2 links (chains of bubbles).

XXX (5.93)

For odd necklaces, the n;’s are all odd and degree[P] = 1 4+ (N — k)/2 > k, while
—k

N > 3k. This gives a term of order dl_NT < d'"%* <« 1. The conclusion is that (as
long as we can sum the necklace series) the £ > 1 terms are of order O(1)

k>1 = u“@“ﬁ}zom, (5.94)

and that the dominant contribution is given by the chain of bubbles.
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d. Final result:
All the & > 1 terms in (p.89) are subdominant with respect to the & = 1 term. In the large-d
limit, £ is of order O(d) and can be approximated by

Jop— [Q} +O0() . (5.95)
We shall check this result with explicit calculations. As we shall see, the summation of
the necklace series is not completely obvious, and is impaired by the UV divergences of the

theory. Let us also note that the imaginary part which comes from the unstable eigenmode
of §” = 1— O is an effect of order O(1) (since it is associated with one single eigenvalue).

D. Explicit calculations at large d

1. tr[@var/} and its large-d limit for ¢ > 0:
We first consider the leading term tr [Q"ar'], given by

tr [@Vaf’] - [@Vaf/] 4 (5.96)

a. x-integral representation: tr [@Var/} is easily calculated from (5.71) and (p.8§).

/ ddk / k2G 2
var _ var’ - (0) ka(x
o] = [amert = [ [

The k-integration is Gaussian and gives, using the equation for m ()

o [@Var/] — om? Gm(O)/X<[1— gmgﬂg —1> (5.97)

Since tr [(O)Var/] is dimensionless we can set the variational mass m to unity m = 1, in the

r.h.s. of (5.97) (see Appendix [G]). Using the explicit form (B.63) for the propagator G(x)

and integrating over the x angular variables via [ dPx = Sp fooo do 2P~! with 2 = |z| we
obtain
da
tr o] = 22—D(7;Q/ dz 2P [1 23] "~ | -1 699)
r'(z) Jo 2l T (37)

Let us first consider this integral for finite (but a priori large) d, and study its convergence.

b. IR convergence:

At large x the integral is convergent. Indeed the massive propagator is exponentially de-
creasing as G(x) ~ exp(—|x|). For finite d, and thanks to the —1 that comes from the
subtraction of the disconnected part, the integrand in (5.97) is also exponentially decreasing
at large x.
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c. UV divergences:

The small-x behavior of the integral (5.97) has in fact already been studied in Sect.([V.Q).
It was shown that this behavior is governed by the MOPE ({.4§) and is related to the UV
divergences at one loop of the model. The integrand in (F-9§) behaves as [, dzz"P~'C,
with Co given by (f83). We thus recover the expected UV divergence at ¢ < D, which is
proportional to the insertion of the operator 1. This UV divergence appears in the series
representation (5-89) of tr [(O)Var'] as the onset of the nonsumability of the series®. Indeed,
this series is

tr [@Vaf’] ~26(0)Y Z ’jl(?fj) I, with P,=d(d+2)--(d+2n—2), (5.99)
n=1 ’

and I, = [ [G(z)/G(0)]" ~ n~ 775 at large n. It is easy to check that the series (£-99)

behaves as ) n 2725 and is convergent only if € > D.

Since the model is defined for ¢ < D by dimensional regularization, the analytic continu-
ation of the integral (5.97) is its finite part (in the sense of distribution theory). Therefore
tr [@Var'} is defined for ¢ > 0 by

o [@Varf} — 2G(0) x f.p./x<[1— gégg]d —1) , (5.100)

or equivalently by the resummation of the series (5.99) by a zeta-function prescription.
For € = 0 the integral has another UV divergence, which is canceled by the (Vr)? coun-
terterm of the renormalized theory. We shall discuss this point later.

d. large-d limit: We can now take the limit of (5.099) when

d— oo e>0 fixed .
Since in this limit . 1 4
GO0 = 5 Kol) . GO) =
we obtain
tr [(O)W'} = d4 i - f.p. /Oooda:x [6(4_E)K0($) —-1] + 0(1). (5.101)

From the short distance behavior of the 2-dimensional propagator Ky(z) ~ log(1/x), the
last integral is

Ti(e) = f.p./ dzz [e9F0@ 1] = / doz [ 9F0@ 1 gt
0 0

and is UV finite for 0 < € < 2. Thus we recover that tr [@Var/} = O(d) in this case.
Ti(e) has a single pole at € = 2, as expected. It is UV divergent when ¢ — 0. This will
be studied later.

3 This nonsumability has of course nothing to do with the large-order behavior we are after.
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A 2
2. tr[(@"ar > } and its large-d limit for € > 0:

We now perform the same analysis for tr [Q?]. We have, using (F.61))

N 2 d?k; ddky ~ d?; ddk, 2,2
t var _ var’  Ayvar’ _ —(k3i+k3)Gm (0)
Il<@ >} | it @ = [ Gritami© :

/ / 7k1k2Gm () 14 kiko G, (Xl)] [ —kikeGm(x2) _ 1 4 kleGm<X2>:|
X1 J X2

(5.102)
Setting m = 1 and performing the k integrations we get
// Glx) +Gx)]?| * L [et) 4 L _[Gle) 2 _:1
2G( ) 2G(0) 2G(0)

X1 X2

G(x1)G(x2) G(x1)]”
~ ey [“‘bam_

_%_1
_1}

(5.103)

This integral is IR and UV finite as long as € > 0. When ¢ = 0 we recover the UV divergence
when both x; and x; — 0.

Now in the large-d limit, ¢ fixed, since G(0) ~ d and G(z) ~ 1 we can expand the [- - -]~/
and get
3d(d+2) 3
G(x2)? = —(2D—€¢)(2+D— d!
TG | [ Gy Gear + o) = D=9 @+D=0+ 0
€\ 2 1
~ 3 (1 - Z) + 0d™Y (5.104)

This expansion is not valid for x; and xo = 0 when € = 0 and this gives the 1/e UV pole
(coupling constant renormalization), but this is an effect exponentially small in the large-d
limit. We have thus checked the fact that

tr[(@vaf’ﬂ —0(1) (5.105)

N
3. tr[(@"ar > } and its large-d limit for € > 0:

Calculation of higher powers can be done along the same line. We get
AN €\ k
tr[(@var> ] — (1 - Z> Lo . (5.106)

VI. 1/d CORRECTIONS TO THE LARGE d LIMIT

In this section we study the first 1/d correction to the variational solution, which was
shown to be valid for large d, € being kept fixed.
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A. 1/d diagrammatic

We first recall in this subsection how is constructed and organized the 1/d expansion,
following the ideas of our first paper [[4. We have performed the rescaling (5.91)) so that
the variational mass m is set to unity. This rescaling is detailled in Appendix [G We denote
by co the normalized tadpole amplitude? and the integration measure over d-momenta k is
now normalized so that we have

m=1 , ¢ =4n)"P?r((2-D)/2) @ / “e0 = 26, (6.1)

The exact instanton potential is in these units of the form

VinSt(r):2coi ! (i)nun:(rQ)":, (6.2)

ol
s 2" 200

where now the normal products are defined with respect to the unit variational mass m = 1,
le.

‘m=1

and the coefficients p,, are of order 1 in the large-d limit, and are found to be

On _
= =14+ =+ O(d™?) (6.3)
in the large-d limit, with 6, = 6,(D,d) given by a self-consistent equation that we recall
later. We remind the reader that if we set the u,, = —1 we recover the variational instanton
Vlnst.
order n 0 1 2 3 4

2n — vertex ° —_——— > < 7 >\/<

couplings co(d/2 — 2pu0) w1+ 1 ETHOQ (2’;”)2 (;C‘;‘)lg,

O(1/d)  cod/2+2-20/d) % % GaP P

FIG. 5 Self energy (n = 0), mass (n = 1) and interaction (n > 2) vertices and couplings in the U
expansion (the symmetry factors 1/(2"n!) for the vertices are not written).

The perturbative diagrammatics is obtained by writing

Vinst(y) = %rQ + U(r) (6.4)

4 ¢g is denoted C in [[[4].
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and treating U as a perturbation. The corresponding 2n-vertices and couplings are schemat-
ically depicted on Fig. J. The last line represents the couplings which have to be kept at
order 1/d. The propagator is the usual bosonic propagator with unit mass G(z). The one-
loop tadpole graph is absent since it is subtracted by the normal-product prescription. The
external r-space indices @ = 1,-- - | d flow along the closed lines as in a standard O(n) model.

---------- 1+ O+ OO+ OO0

FIG. 6 The chains of bubbles in the large-d expansion

It was shown in [[4] that the diagrams can be reorganized in a 1/d expansion by summing
all the chains of bubbles, as depicted in Figf]. More precisely, the propagator for the chain
is given by the geometric series (in Fourier transform w.r.t. x space)

---------- = H(p) = {HM%B@)} - (6.5)

p being the D-momentum flowing through the chain, and B(p) the bubble amplitude (one-
loop diagram)

O =86)= [ &

(6.6)
1 arcth (p/ Vi + p2> 1 arcsinh (p/2)
— — when D =2
T pyA+p? T pyVA+p?
For zero momentum, we have
2—D
B(0) = 5o - (6.7)

In practice we also have to consider the chains with n > 1 or n > 2 bubbles. They are
depicted as follows, with the associated amplitude H)(p) and H® (p)

----- oo = O OO OO

- (6.8)
= HY(p) = {1 + Mz%B(p)] ~1
----- e OO OO N

d - d

= HOp) = Lt g B)| 1+ B)
At the diagrammatic level this reorganisation of perturbation theory is very similar to what
is done in the 1/N expansion for the (linear or non-linear) sigma models, where the bubble
chain is the propagator for an auxiliary o field, and the interaction involves only rro and
o® (k > 3) terms. The analytic structure of the perturbation theory is nevertheless quite
different, in particular for the UV and IR divergences of the theory, as already discussed in
[[4], and as we shall see below.
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FIG. 7 The vertices contributing to —V™*(r) and their couplings in the large-d-reorganized per-
turbative expansion.

After this resummation the new vertices with their couplings are depicted in Fig.[]. The
crucial point is that in the limit d — o0, € fixed, since D — 2 the tadpole coefficient ¢
diverges as d so that

MQQLZO 87 (1—2) — 0(1) (6.10)

and the bubble propagator H(p) is of order O(1), while the vertices are of order 1/v/d, 1/d,
etc. It was shown in [[4] that only a finite number of diagrams contribute to a given order
in 1/d, and explicit calculations where done at the first non-trivial order.

With these notations we have found in [[4] that at order 1/d the following diagrams
contribute to the expectation value of the exponential (or vertex) operator

e | O T
Q Q
(6.11)

The symmetry factors of the diagrams are not written, they are respectively 1/2, 1/4, 1/2,
1/4, 1/4 and 1/8 for the diagrams in (p.11)). No r-space indices flow through the unclosed
line® diagram is (taking into account the couplings and the symmetry factors)

<j>::

® This is different from the following graph considered in [IE}, whose amplitude differs by a factor of d d.

<:>

2—-D

() [GoP = 25204 pa

(NN

VIS

(1+m) [ G607
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Similarly for the last diagram

o= s | fesreyraeey

The exact instanton saddle-point equation, which is (once again)
V(k) + (") =0 (6.12)
fixes the p,’s. In particular py is given by
1 217 fﬁc
= k“V(k)e 2z (6.13)
k

and using (p.13) and (B.I1) at order 1/d we get the equation for u; (i.e. ;) which reads
diagrammatically

2¢ =
_._+7° Q fffff +k6Qd =0, (6.14)
@ @

where k and k6 mean the average value of k* and kS respectively with the Gaussian weight

e~k Since F_% (22))2 | E:d(d+<22c)o()d+4) <26010)3 (6.15)

are of order O(1) we recover that yy = —1+ O(1/d).

B. The Hessian O

We now show how this method to construct a 1/d expansion can be applied to compute
the matrix elements of the Hessian S” and of the associated operator @. We start from the
expression for @ in momentum space

@k1k2 — /<eik1r(o)eik2r(x)>“?/°“n _ /<eik1r(o)eik2r(x)>v N <eik1r(o)>v <eik2r(x)>v (6.16)

and we use our perturbative rules to expand the e.v. (---), in 1/d.

1. O at order 1:

At leading order O(1), we get (b.71) that we can represent as a sum over diagrams with
n > 1 propagators between o and x, integrated over x

@l((?)k2 _ /e—(k§+kg)c0/2 [e—klkgG’(x) . 1]

_ Zefk%co/2e*k300/2(ik1 - kg )™ o@x = Z @@»
v n=1

n=1

(6.17)
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where the integration over x and the symmetry factor 1/n! of the graphs are implicit. We
have introduced here an additional diagrammatic notation, which will be very convenient in
the following discussion.

2. A diagrammatic representation for the vertex V (k):

The circles in the last graph are a symbol for the factors which depend respectively on
k; and ko and are attached to the vertices o and x. More precisely, the circle represents the
exponential e ¥%/2 and each line entering into the circle represents an additional (multi-
plicative) factor ik, with an external space index a carried by the line. Thus the following
picture, a circle with n external lines, represents the factor

1
o 2
kC%:r = e /2 (k) ... (1kn) (6.18)

n

3. O at order 1/d:

Now we make the perturbative expansion and keep the diagrams which contribute to O
at order O(1/d) only. We find that only (!) 21 different (classes of) diagrams contribute

PN
, N
. \
I 1
\ /

-
Ok, = Q/c Q/ﬂ +++

O O, O () |
****%Q*%;*
‘ e

""

(6.19)



67

4. Diagrammatic for the mass renormalization and V':

Moreover, Eq. (B.14) for the mass renormalization p; may be rewritten at order O(1/d)

with our notations as y
o= i 4+ i+

+0(1/d%) . (6.20)

While Eq.(FI)) for V reads
OO
—?(k):o+©+©+©+©++M+O(1/d2) (6.21)

Note that in Eq. (-I9) the first 4 diagrams of lines 1 and 2, and the 4 diagrams of line 3 can
be absorbed into a mass shift m =1 — m = 1 — < in the leading contribution represented
in (6.17). The same mass shift absorbs the diagrams 2-5 in Eq.(B.21) for V.

C. The zero-mode projector P,

We now compute the projector onto the zero-modes

A~ ~

N ik V (kp) - ko (ko)
okikso - =
i J KV (k)2

(6.22)

1. P, at order 1

We have already seen that at leading order in the 1/d expansion [, k*V (k)? = d and since
[.G(x) = (A}’(O) = > = 1 so that with our diagrammatic notations

Prsoka = / (—kiko)e M2 502G (x) = o0 . (6.23)

X

Thus the projector P, subtracts the one-line diagram in O (see Eqs.(5.8G)-(p.87)).

2. B, at order 1/d

We can now compute explicitely the first correction in 1/d to B,, using (6.21) for V. It
is easy to see that the numerator in (p.2) gives all the diagrams in the lines (rows) 1 and
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2 of (p.19) with n = 1 line between the two points o and x.

(—ky - ko) V (k) V (k) = G—0 + i
@ o+© o++@@+@@+§?—@ (6.24)
<:> " :,\

o0 Qe .0 01 O, &

The denominator is computed from the explicit form of V' given by (B.20)-(p-2]]). In fact it
is easy to see, using (6.11]), that

e
- C .‘ 6.25
é/k%/(k) _1—2%+O(1/d2):1—,— - T - +ou/d) (6.25)
k | | |

and since G(0) = 1 we can write GO X +« = G—+—=o | etc. We obtain that only (!)
16 diagrams contribute to P,; the final result is

Pokik, = © O+o—+046—+ o046+ ot o
+@©+@©+L+ ; O+ ; O+Qjﬁ—©

a0, 0,.6..0. 0. . oui

(6.26)

We note that the denominator gives all the one-line reducible diagrams (with only a s1ng1e

line joining o and x) with a tadpole-like graph attached to the line. The diagrams M

UO—O G—Qo although one-line-reducible, are not contained in ([5.24).
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3. An all order argument relating I, with tadpole graphs

A simple general argument shows that the denominator in (6.29), given at first order by
the tadpole diagrams depicted in (.27), is given at all orders by the tadpole diagrams with
two truncated external legs attached to the same vertex. In diagrammatic language we shall

show that
1— ; é k2 V (k)2 (6.27)

k
The Lh.s. of (B-27) is nothing but

1—0—?—9— e = $<V”(r(o))>v with — V”(r) = Ll (6.28)

oreQre

(the two r derivatives pick two legs out of the vertex V(r)). We can rewrite it as

V" (r(0)) :/V”(r)(s((r—r(o)) = /k( k) V (k) ') (6.29)

r

and using the exact equation (p.19) for the instanton potential, we get

(V"(r0))), = / (—k) V(k) (™)) = / K2V (k)2 (6.30)

k k

Q.E.D.
(p-27) implies that P, will contain all the tadpole chains with tadpole graphs attached at
the o and x end-points, of the form

00000 631

D. Final result for Q = 0 — P,

As a consequence the subtracted operator Q = O—P, is given at order O(1/d) by the same
diagrams as those depicted in Eq.(6.19) for O, with the simple restriction that the diagrams
in the first two lines of (B.19) must have at least 2 lines joining the two end-points (n > 2),
and that the diagrams in the third line must have at least one non-dressed line joining the
two end-points (n > 1), while for the diagrams in the fourth line, there is no additional
restriction (no constraints on the number n of simple lines, n > 0). Using equation (f.20)
for p1; we can rewrite it as a sum over only 12 graphs ( 1nstead of 211)

(6.32)
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E. The determinant ©

We now compute the log of the determinant of instanton fluctuations

= L
£ =1log(D) = trlog(1-Q) = - Y —tr (6.33)
k=1

1. Diagrammatic representation of the trace

With our rescalings (see Appendix [3) each trace still reads

- tr(@k) = / T @kl,—kg@kg,—kg T @kk7—k1 (634)
k1 kg

and with the representation for the kernel @, we have to compute integrals over k of the
form,

/kek%o(_ikal) coe (—ik®m) (ikbl) e (ikbn) = (_1)m Z o -0, (6.35)

pairing

Using Wick’s theorem we can represent each term by pairing of lines between the left Q and
the right Q, as already discussed when we introduced the diagrammatic necklace represen-
tation for £. This is depicted below

%& = m lines entering {%&} n lines exiting (636)

)1’”2*"5@6 . (6.37)

[z

For instance for m =n = 2

S = > 39
and form =3, n=1 A
=>4 (639

The vertical dotted line indicates that no M-momenta p flows through the vertex, since
each QQ is attached to a different replica of the manifold M. With these graphical notations,
if we represent the kernel Q by the “bead”

Q = @ (6.40)

tr[Q*] is represented by the k-bead necklace (with periodic boundary condition between the
left and right dashed vertical lines)

(6.4i)
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2. tr[Q]

We first consider the term k = 1. We have already seen that at leading order in 1/d

tr [QU] :/ o = // Koo (G0 1—k2G(x)) = 0(d) (6.42)

(Q® = 0© —P®). This can be depicted graphically as

tr [Q(O)] — nf; 2c)’! [{@}

nlines -

(6.43)

= > ) {O+Q+\/\/} + o@/d)

and one checks easily that the first graph is of order O(d), the second and the third of order
O(1), since each closed loop carries a factor of d, and there are periodic boundary conditions
between the left and right vertical dashed lines.

It is easy to see that the trace of the first order correction is of order O(1)

tr[QY] = tr[0" —BY] = 0(1) (6.44)

\

and that at this order it is given by the following 12 diagrams

Q;@;+E@E+QQ%@@

DQ
W

(6.45)

This corresponds to a specific, but complicated analytical expression, that we do not write
here.

Finally it is quite easy to check that higher order diagrams that contribute to the term
of order O(d™") of Q, will contribute to the terms of order O(d'~") of tr[Q).

3. tr [Q7]

We have seen in Sect. V. that tr [QVM/Q] was of order O(1). Since Q"* = Q@ we

could have expected that the next order correction Q) would contribute by a term of order
O(1/d) to tr[Q?. We shall see that this is not exact, but that there are nevertheless a lot
of simplifications, and that a simple subclass of diagrams contributes at order O(1).
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In fact there are simply two beads which contribute at leading order to tr[Q?]. These are

@ﬁOﬂi} """" @ (6.46)

More precisely, the only 2-bead necklaces which are of order O(1) are

TN N : L : (N (Y o (Y B
HOOHOO-0+0-0O+0-00-0)
A careful but not difficult analysis shows that each of these diagrams is of order O(1), and
that all the other possible diagrams are of order O(1/d).

The first diagram contributes by

o - %dz (2¢)) 2 B(0)® = 2 [4%3(0)} (6.48)

(we have taken into account the different contractions of the vertices of (f.3§) which give
this diagram). The four last one give the square opf a single bead amplitude

[Q * QO]Z (6.49)
with the single bead amplitude
OO0 = 5 (3480 + & 5 BOPHO) ) = 00

where we used (6.) and (B.4).

We thus see that the chain of bubbles contributes already to tr[Q?] at the leading order
O(1). In the large-d limit, € being fixed, since ps — —1 and dB(0)/4co — 1 — €/4 we get

1+ 11920

4cqo

(6.50)

d B(0)
1 + 4co ] ’

tr[Q? = 2 (1 — 2)2 + (% — 1)2 + O(1/d) . (6.51)

4. tr [QF], k> 2
The same analysis can be done for the general term tr[Q*]. Here also the only diagrams

that contribute to order O(1) are those of (6.44), and more precisely those with the beads
of (B.50). Tt follows that at leading order

tr[QF] = [©+ QQF = E—lr + O(1/d) . (6.52)

We shall comment later on the meaning of the pole in 1/e.
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5. Summation of the log series

We see that, except for more complicated graphs coming from the £k = 1 and k£ = 2 terms,
the whole series (B:33) for £ = log(®) contains the series — Y, _; +(4/€ — 1)¥ which can be
resummed formally as a logarithm, so that (the second term compensates for the missing
term in the sum giving the log)

g = —tr[Q® + QW] + E - 1} + [1 — 2]2 + log {2 - ﬂ + O(1/d) . (6.53)

This last series is not convergent if ¢ < 2 and the argument of the logarithm is negative,
hence £ has an imaginary part £.

In fact this is not surprising, and is a feature of the model, since we have in fact recovered
the unstable eigenvalue A\, = 1 — A_ of §” of the Hessian &7, which indeed gives an
imaginary part £ to £. We show this fact in the next section.

F. The unstable mode

It was shown in [[4] and in Sect. [I.C.9 by general arguments that as long as 0 < e < D
the Hessian S”[V1"] has one single negative eigenvalue A\, < 0, corresponding to the mode
of unstable fluctuations around the instanton configuration.

In appendix [] we derive a variational estimate for an upper bound for this Api,. This
estimates is given by Eq. (F1g) and becomes in the large-d limit

—2¢(D —¢€)

var _ 4
A = G-D)2D— o1& — 2— - when D — 2, € fixed . (6.54)

This is precisely the argument of the log in (f-53).

Here we show that this is not a coincidence, and that the variational bound A% is
saturated in the limit d — oo, € finite, so that the infinite series of necklace diagrams, with
beads made themselves out of chains of bubbles of (5.50) reconstructs precisely the logarithm

of the unstable eigenvalue log(Amin)-

4
Amin = 2—— when d— oo, € fixed . (6.55)
€

To obtain this result, we shall simply take the following ansatz W _ for the unstable eigenmode

~ 1 2
U_(k) = 5k? e Keo/2 (6.56)
and show that at leading order
1-QVU_. = (2—-4/e)V_ + O(1/d) . (6.57)
Let us first compute QO W _
P ~ ~ 1 e ke - x
QOT_ (k) = / Qﬁ?),_kQ\IL(kQ) =3 eklco/2/ e k302 / [e kikeG(x) _ 1 4 k1k2G(X)]
k2 k2 X

1 2 K ae? (k2 G(X)2 d d
— 29 —k160/2/ i Bt Sl SAVARR I I
=€ . ¢\ c + 2¢o 2¢o
(6.58)
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In the limit d — oo since ¢y ~ d the dominant term is

1 d d 1 =~

- %2 —kie/2 2 o %+ _ &
yie e /XG(X) ~ g U-(0) (1 4) T (k). (6.59)

Note that we may represent graphically U_ and @\Tl_ by

V. =0 , QU = C@r (6.60)

(where the little handle represents d,,) and that the dominant contribution (f.59) at large
d corresponds simply to the diagram

: 1d
(0) \I]_ ~ 0 = B — = \II_ . . ]-
Q G >o= B3 (6.61)

Note that the rightmost little loop is just o = d/2.

We can now compute in the large-d limit the contribution of QMW W_. It is given a priori
by all the diagrams of (f.19) inserted into (f.60). However a careful but easy analysis shows
that the only diagram which contributes finally at leading order O(1) is the chain of bubbles,
that appears already in (6.50)

; — o d 1d
Wy~ 5 ool o = BOYHO)-2% Bo)— v
Q OO0 = BOHOZ 3 B0z 5% .
4 €\2
= E(l_i) V_ when d— o0

Now if we consider the graphs that appear in the higher-order terms Q) of the 1/d
expansion of (O, one can see that when applied to W_ they also give only terms of order at
most O(1/d). Hence we have

QU = QUU_4+QWT_ +0O(1/d) (6.63)
and combining (p.59) and (p.69) we obtain (p.57). Q.E.D.

G. The zero-mode measure

Finally, we have to compute the 1/d correction to the weight 20 for the collective-
coordinate measure for the instanton. According to (B.53), this weight is given by

d/D 1 2 v d/D 1 277 (1.)2 v

and using the explicit form for V', and in particular (£.23) we get (for D — 2)

}dﬂ g7 e MO(1+0(1/d) , (6.65)

g
w - |
27
where 01 (€) is the coefficient for the mass correction at order 1/d defined by (.3). d1(e) is
of order O(1) in the large-d limit, its exact value is given by the self-consistent equation
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(6:13)-(B-20). The large-d limit for d;(e) was already obtained in [[4]. It is given by the

integral

00 =75 [ [ [ o] - [ 0] 0= D,

(6.66)

which is convergent as long as € > 0.

VIl. THE LIMIT ¢ =0 AND THE RENORMALIZED THEORY

We are interested in the renormalized theory in which the UV divergences have been
subtracted and the limit ¢ — 0 has been taken. We have already discussed in Section [V] the
UV divergences and how they are renormalized. Here we discuss this limit in more detail
and its interplay with the large-d limit. Our main result is that the 1/d expansion is plagued
by IR divergences when ¢ = 0, so that the limits d — co and € — 0 do not simply commute.
As we shall see in our discussion, this does not mean that our instanton calculus does not
make sense at € = (0, but rather that when ¢ = 0 the large-d limit is of a different nature
and contains non-analytic terms in d such as logarithms of d.

A. Minimal subtraction schemes

To study the renormalized theory at a given dimension d we must first specify a renor-
malization scheme. We shall use the minimal subtraction scheme (MS) such that the field
and coupling-constant counterterms in the original action subtract the poles at € = 0 (see
Egs. (E89)-(£.90)). In fact the definition of a MS scheme requires some care. Indeed, since
e =2D—d(2—D)/2 depends both on D and d (the manifold and bulk space dimensions) the
limit € — 0 to construct the renormalized theory of a D-manifold in d = d.(D) = 4D/(2—D)
dimension can be taken in different ways. These different limits corresponds to different
renormalized theories which differ by a finite renormalization of the field and the coupling
constant, i.e. these limits correspond to different renormalization schemes.

1. Definition of the MS-D and MS-d schemes

1. MS-D scheme: A first scheme is to work at fixed manifold dimension D = D, and to
take the limit d — d.(D.) = 4D./(2 — D). Then ¢ = (d. — d)(2 — D.)/2. This allows
direct comparison with the field theoretical calculations for SAW and polymers, since
for D. =1 and € = /2 where € = 4—d is the parameter of the standard Wilson-Fisher
expansion.

2. MS-d scheme: Another scheme, more natural for 2-dimensional manifolds (D = 2),
is to fix d = d, and to take the limit ¢ — 0 by varying D. In this case ¢ = (2 +
d./2)(D — D.) with D. = D.(d.) = 2d./(4 + d.).
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2. Relation between the schemes

In both schemes we take as counterterms
Cl (D07 dC)

€

1Cy(D,,d.)

Z(b) =1—1b o Zb) =1+ b (7.1)

€

and the relation between the bare fields r and coupling constant b and renormalized ones r,
and b, is

r=2"2 , b=0buZ 2. (7.2)
We see that both € and d appear explicitly in the second relation for b. At one loop it gives
1Cy —dC
b= ucb, 1+br§#+--- . (7.3)
€

In the MS-d scheme the last term gives
Cy — dCy = Cy( Dy, d.) — d.Cy(De,d.) (7.4)
while in the MS-D scheme it gives
2C1(D., d.)
2—D,

We see that renormalization in the MS-D and the MS-d schemes with the same subtraction
mass scale y amounts to a finite coupling-constant renormalization
Cq
bus—da = bus_p + b2 —
MS—d Ms—D F Ovs—p 5 D.
or equivalently that the MS-d subtraction scale pns_q and the MS-D subtraction scale piys_p
are related by

C2 — dC1 = Cg(Dc, dc) — chi (Dc, dc) + € (75)

(7.6)

Hvs—d 2 Cy
log |:,UMSD} 5-DC, —dc. (7.7)
Let us also note that we recover the combination of counterterms C, — dC; that appears in
the result (LITF) for the coefficient B (defined by Eq. (EII0)) of the UV pole in + for the
effective action S[V] (see Eq. (.104)) and for £ = trlog S"[V].

B. Variational mass subtraction scale

Now for simplicity and in order to study more easily the large-d limit of the renormalized
theory we shall work with the normalizations of Appendix [ where x and r are rescaled as
X — MuyarX, I — My 2~ P)/2 and the coupling constant b is redefined by b — My~ Pb so that
the variational mass is now set to unity (my, = 1) in all the calculations. Since the rescaling
of the coupling constant amounts to g — M. ¢, this last rescaling amounts to choosing as
subtraction scale a multiple of the variational mass (yt — pmy,,) in the renormalized theory.

In this normalization the field and coupling-constant counterterms (as defined in (f.91))
C; = C4(D,,d.) and Cy = Cy(D,, d.) in the action become (see Appendix [G and in particular
Fas. (C30)-(C30)

—SD |:CO:| I+

2D |d,

d
2

(V]IS

C1: ) C2:

252 T[D/(2— D)]? {Co]H (7.8)

(2 D)*T[2D/(2 - D)] |do
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The logarithm of the renormalized instanton determinant £, is still given by ([.108)

L € |C C
L, =L+ (grD ,uL) [f((Vr)Q)V + 2—2 /V(r)ﬂ : (7.9)
We have seen that in the large-d limit (e fixed), the first counterterm is of order one C; = O(1)
while the second one is exponentially small, C; ~ O(exp(—d)). For our discussion of the
variational approximation and of the large-d limit we only have to consider the wave-function
counterterm C; = Cy(D, d.(D)) = C1(D.(d), d) which is given explicitly when e = 0 by
4 (mPr [ r((2— D)/2) }— _ 4 (4mys [—r[—4/<4+d>q—
DT[D/2] |-T[(D —2)/2] Cdrd/(4+ ) | TH/(4+d)]

[S]IsH

C, = (7.10)

C. Renormalized theory in the variational approximation for finite d

We first consider the renormalized instanton determinant in the variational approxima-
tion, but for finite embedding space dimension d, following the lines of Sect. V.D]. We thus
approximate £ = logdet'[S”] by £ = —tr [Q(¥] (as defined by Eq. (5-43)). This gives,
after integration over k and using ([GL1)),

d
2

£0 = _r [QO] = _/ke—"%/x[ek20<x> —1- kQG(x)} = d—2¢ / <[1 - Gé:)} - 1)

(7.11)
To renormalize consistently £ we must take for the condensate ((Vr)?)y in the counterterm
in ([.9) its value in the variational approximation

2

(VO)Hy — (VD)1 = d/p2p+1 = —dcy (7.12)

(we use dimensional regularization), and neglect the coupling-constant counterterm C,, since
there is no coupling-constant renormalization in the variational approximation. Thus we
obtain for the renormalized log in the MS-D scheme

: L —¢ Cy(D) 1
0) _ 0) _ D L _ - (0)
Lron = E_ﬂl}g}a » {2 dcy <9r ,LLL> . ] = —Byar [ D log(g:) + log(,uL)} + Lyisop
(7.13)
with ,
32 I'l(2—-D)/2] |2P
Bvar - _dC(D)Cl(D)CO(D) = (2 o D)2 |:_1—[\<[(D o ;;/]2]] (714)
and e (D)
(0) _ : (0) _ 2\
LMS—D e—>0171117r}%xed {2 dcg ; } . (7.15)

Integrating over the angular degrees of freedom of x we can rewrite £ as

_d
20 =d—20(D)Sp3 , T= f.p./ dz 2P7! <{1 - G@)} - 1) , (716
0

Co
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7

where the finite part prescription “f.p.” deals with the short-distance divergence at z = 0
still present when € > 0. The UV divergence of J comes from the short-distance behavior of
the propagator G(x), obtained from (f.33)

2-p , “ 2 do 4-D 4
. 0 2 ) 1
G(x) =co—dox top? 2(4_D)x + O(z") (7.17)
This implies that the integrand in J behaves at small = as
da
~ o |2 ~D-1 d co .4 d +1-D 11
J o~ dr |— ¢ — 2 - — 1 O(zx* . 7.18
/0 ! {do] {x Tt “am-p . o) (7.18)

The first term gives the UV pole at e = D, which is subtracted by dimensional regularization,
and is dealt with by the f.p. prescription. The second term gives the UV pole at ¢ = 0.
The third one gives a non-singular pole at ¢ = D — 2, but will be important in the large-d
limit. Now we use the explicit result ([.§) for C;, which implies that we can rewrite the
counterterm in ([.17) as

de(
Co

¢, (D) R g
1 _ e—1
= —2¢0Sp [—do] —4D/o de ™" . (7.19)

€

dCO

Thus this counterterm cancels the pole at e = 0, but we must notice that since we use the
MS-D scheme, there is a slight difference between the coefficient of the 7! term in ([Ig)
and ([19): the first one contains [cy/dg]'T®? and the second one [co/dg)'+%(P)/2. Since
d=d.(D)—2¢/(2 — D) this gives a difference of order O(¢) for the residue of the poles at
¢ = 0, hence a term of order O(1) in the limit ¢ — 0. We carefully rewrite the expression

(TTA) for £43% o as
e = q+ 2o | Tl (w7 SpJ
MS-D — eHO,llr)nﬁxed 4D do € do oD

*qe oot [[1 - €@ wl? oo d ],
~N D—1 1 — 1 == e-D-1 U e—1 1 —
J /0 dz [ZL’ H o ] [do] x 1D [do] (1 — x)
(7.20)

0(1—z)=11ifx <1,0if x > 1 is the Heaviside step function. This integral representation
is a priori valid for ¢ > 0 but is now convergent if we take the limit ¢ — 0. We can
interchange this limit and the small x integration and obtain, using d.(D) = 4D /(2 — D)
and Sp = 1/(2 — D)d,,

2+D

© Co C|*P Q] 2 G
Sus—n = 4T 5Ty [do] ©8 [do] 2_Ddy”
0 G( ) -5 p 1 e
~N D—1 1 — z a —1| = C_O a -D-1 C_O B -1 1 —
J /0 dz |z “ o 2 x 5D |, x0(1 —x)

(7.21)

This last integral over x is UV and IR convergent as long as D < 2. It can be computed
numerically.
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For D = 1 we have ¢y = 1/2, dy = 1/2 and G(z) = e 171 /2, and we obtain

£=4-27 |, 3/:/Oodx [[1—e*"”]]_Q—1—x’2—x’19(1—x)] :C(O):—%
0

(7.22)

Details of the calculation: We compute the integral
o )
£=4-27, 3':/ dx [[1—6_:”]} —1—,7:_2—30_19(1—30)} :
0
First we put a regulator ¢, and notice that the last term is here to subtract the pole in ¢

3 = hmfj(s)—é, 3(e) = f.p. /Ooodmf [[ue—ﬂ]‘%@ :

e—0
Now
Je) = Z(n +1) /000 dzafe™ = Z(n + DI+ 1)n "' =T(e+1)(¢(e) + (e + 1))

(O =3, C1+e) =1+ +0(), T(1+e)=1-1e+0()

and obtain L1 .
3(5):g—5+(’)(5) hence I:—§

But note that Mathematica® 5 gives the result directly. ~ For D # 1 this integral representation

d Jo]2fa]e6][s8]wo]2]1al16]20
20 o2 |401]5 |6.60]9.16]13.0|18.5]25.9(35.6|62.7

TABLE I

allows easy numerical integration. This gives the following results, presented on Table [] and
Figure §. Finally, we see on the numerical results that ES)S_D diverges when d — oo (i.e.
when D — 2). As we shall see later, it behaves as

20 o~ (20m) 7 P (7.23)

and this asymptotic behavior is reached as soon as d ~ 20, as shown on Fig. .
Details of the calculation: To compute the integral 3’ numerically, it is more convenient to separate the

integral over x €]0,1] and over x € [1,00[

1 o)
¥ =3 4+, 3;=/dx[---], 3g=/ dz [-] . (7.24)
0 1

For the second one we can integrate directly the first term, and explicitly the counterterms and get

— o +7] 3 / T dpatt |1 - €0 o 1 (7.25)
=—= |5 = rxT - — . .
2 D dO 2 ? 2 1 CO

For the first one it is better to over-subtract it, in order to improve the integration at x = 0 and the study

of the large-d limit, and write

2—D
] + 737 (7.26)
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FIG. 8 L = 21(3)8_]3 as a function of the external dimension d.

10

1 2 3 4 5

FIG. 9 £ (d) (black curve) in Log-Log coordinates compared to its large-d asymptotics (grey
curve, straight line).

o co do 2—D |dy (2—D)(4— D) | do '

(7.27)
Both integrals 3 and 7’ are convergent for any D < 2 and have a smooth limit when D — 2.
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D. Do the limit d — oo and the limit ¢ — 0 commute?
1. An apparent paradox

For € > 0 the variational approximation L for L has a regular large-d limit. We have
studied it already in Sect. V.D.3. It is of order O(d) and is given by the convergent integral

f.p./ dzz [e9F0@ 1]) : (7.28)
0

which is the large-d limit of the integral ([[-16) (Ko(x) is the Modified Bessel function of the
2nd kind).

This integral can be computed numerically. To study its UV structure, we use the small
x expansion for the 2D propagator

1
) — 1 —
£ d< 1

— €

Kolw) = —log(z/2) — i + 32° (~ log(z/2) + 1~ 75) + O(z*) (7.29)

The integrand in ([.29) behaves at small = as

4 —
ot (o704 25

€t (—log(x/2) — yE + 1) + O(z'*log x)) —1. (7.30)
The first term z¢~3 gives the UV pole at € = 2, and is subtracted by the f.p. prescription.
The second term z¢~! gives the poles at ¢ = 0 but the log z gives in fact a double pole, so
that | .
O~ —ddeE (4 =+ O(1)) . 7.31
e 5+ 2+ 0(1) (7.31)
There seems to be a discrepancy between this calculation and the results of the previous
section:

e Here we take the limit d — oo, then € — 0; £(°) has a UV pole o d/¢?
e Previously we took the limit € — 0, then d — oo; £(%) has a UV pole o d?/e

Clearly the limits ¢ — 0 and d — oo do not simply commute.

2. Resolution of the paradox

This apparent paradox can be understood if we use the results of the previous section
to study carefully how the bare quantity £© = d — tr[0®] behaves when both ¢ — 0 and
d — co. £ is given by (FI9) and in that limit the dominant contribution is the integral
J, and more precisely the terms of order x=! when z — 0 in the integral (7.1§) for J. There
are two such terms, the dominant one of order z¢~! (which will give the UV pole at ¢ = 0),
and the subdominant one of order z¢T'=?. These two terms combine so that in the large-d,
small-e limit, we have

I i

© ~ — % with e=2D-%12-D). 32
£ ; +6—|—2—D with € 2( ) (7.32)
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If we take the limit ¢ — 0 with d finite and large (hence 2 — D small but non-zero) the
first term is singular, and we recover the standard single UV pole, while the second one
stays finite. Renormalization within the MS-scheme amounts to subtracting the first term
and we recover P -

All the other terms contributing to 29 are at most of order d2. Thus we recover the fact
that the renormalized £ is of order O(d®).

If we now take the limit d — oo with € non-zero but small, we rewrite ([.32) as
d*(2—D)  2d(2D —e) i

- = (7.34)

o0 ~ 2 ) 2R T o
e(e+2—D) e(e+2—D) €2

and we recover the fact that the bare £ is of order O(d) but with a double pole when ¢ — 0.
Thus ([7.33) contains both ([.33) and ([[.34).

3. Discussion

Of course in the full theory, it is the first limit (¢ — 0 then d — oo) which must be
considered to study the large-d behavior of the renormalized theory. At the level of the
variational approximation framework, from the previous calculations one can show that at
large-d the variational renormalized log det 21(\?5)_,3 has a regular large-d asymptotic expansion
in powers of 1/d,

LRy = B+ 108 + 10d + 13d° + --- (7.35)
with the [’s real and finite.

Indeed, setting e = 0, starting from ([.21)), using equations ([[.24)-([.27) and the fact
that c¢q/dy is analytic in 1/d (co/dy = 1 + O(1/d)), one sees that the only possible non-
analytic terms are the integrals 37 and 7. Now the mass= 1 propagator G(z) is analytic
in 1/d ~ 2 — D, except at x = 0, where it has a log(x) singularity when D = 2. At z = o
it behaves as exp(—z) for any D and it is then easy to see that J” is analytic in 1/d. The
integral J/ given by ([227) behaves at D = 2 as [ dzx loga and its n' derivative with
respects to D behaves as fo dx x log" x and is convergent for any n. Hence we deduce that
37 too has an (asymptotic) expansion in 2 — D ~ 1/d. Q.E.D.

Thus the variational renormalized theory at ¢ = (0 scales with d as d® (and not as d),
but still is amenable by a 1/d expansion. As we shall see in the next section, the situation
becomes more complicated when we deal with the corrections to the variational approxima-
tion. Indeed, the perturbative expansion studied in Sect. [V]is plagued with infra-red (IR)
divergences at ¢ = 0, in addition to the UV divergences, and we shall argue that this means
that the renormalized theory contains non-analytic terms such as log(d)’s in the large-d
limit.

E. Renormalized theory: first 1/d correction and IR divergences

1. The IR divergences at ¢ =0

In section V] we have isolated the classes of diagrams in the expansion of the kernel Q
which give a contribution of order O(1) in £ = trlog[1— Q]. This analysis is valid provided
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that € > 0. Indeed, as long as € > 0 the individual diagrams are IR and UV convergent, and
the summation over the diagrams in each class in also convergent.
If we now take the limit ¢ — 0, IR problems may occur when summing these diagrams.
First we consider the diagrams that contribute to tr[Q™], depicted in (F.45). In each of
the 11 classes of diagrams in (.49) the sum over the n lines joining the left to the right
contribute to a similar sum as the sum considered in Sect. [V.D.]] at leading order, i.e. to
integrals of the form

// (e_kQ(co—G(X)) _ e_kQ(CO)) SR 200/ <[1 - G(x)/co]fd/2 - 1) X e
x Jk x

These integrals are UV and IR finite when ¢ > 0 (with a finite-part prescription to deal
with the singularity at x = 0). When ¢ = 0 they are still IR finite (the x-integration is
convergent at |x| — oo since the propagator GG(x) is massive, hence exponentially decaying
at large distance). On the other hand, these integrals are UV divergent when ¢ = 0 (there
is a singularity at x = 0 which gives a 1/e UV pole) but this divergence is dealt by the
renormalization procedure.

Now the second infinite sum in the 11 classes of (f.47) is given by the “chain-of-bubbles”
propagator of the 1/d expansion

H(p) = -=ozmamnm- =1+ O+ OO+ OO+

given by (B.9) and depicted in Fig.fj. Combining the results of sect. [VIZ4, in particular (p.5),
(B-0)) and (B-10), we easily obtain that in the limit d — oo, € finite, this propagator is

HE) = 1= (1-)J@)] " with ) = %%

(we use the notations of [[I4] for J(p), B(p) is the bubble amplitude (6.4) at D = 2). For
large p the UV behavior of H is

= 7B(p)  (7.36)

1
H(p):1+(4—e)0g2p+--- as p — 00 (7.37)
p
and does not raise additional UV problems. For small p its IR behavior is
1
H(p) ~ —— 0. 7.38
(p) ey (7.38)

As long as € > 0, the IR behavior of H is that of a massive scalar field with effective mass
Mep = \/3€/2 (7.39)

to be compared with the variational mass m.,, = 1. However, when ¢ = 0, this propagator
becomes massless meg = 0 and since we are dealing with an effective theory in two dimensions
(D = 2), IR divergences occur! Indeed, in the diagrams of (6.45) there are two sources of
IR divergences:

1. Firstly, the mass shift depicted by = is given by the solution of (f.2{) which involves
tadpole diagrams with the propagator H(p) at zero momentum p = 0, which gives
potential powerlike IR divergences = oc H(0) since
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2. Secondly, both the tadpole diagrams in the r.h.s. of (6.20) and the other diagrams in
(6-49) contain internal loops with the propagator H(p). Integration over the internal
loop momentum gives logarithmic IR divergences since

/ H(p) = o log(1/e) +

If we now consider the diagrams which contribute to tr[Q®], k > 2, depicted in (F.47),
they also contain the zero-momentum propagator H(0) = 4/e. Their amplitudes at large d
are given by (B.53) and have a powerlike IR divergence in 1/€*.

This IR problem was in fact first discovered by the authors in [[[4], and its significance for
the calculation of the instanton action studied. It was shown in [[[4] that these IR divergences
exist for the instanton profile V/(r), but cancel in the first 1/d correction to the instanton
action Sius. As we shall see now, some partial cancellations of IR divergences also occur in
the contributions of the fluctuations around the instanton, but the first 1/d correction i)
to the renormalized fluctuation contribution £, is still IR divergent at € = 0.

2. Cancellation of IR divergences in the mass shift d;

We first look at the mass shift §; depicted by « and solution of (f.20). We have already
computed d; in [14] and ¢; is in fact IR finite when ¢ — 0. We refer to sect. 6.5 and
Appendix B of [[[4] for the details of the calculation, the final result being given by Eqs. (135),
(137) & (138) of [[4], i.e. the integral

0= g [ (Closl )] - (1- ) 1)

— ;liifooodpp (—log [1 — <1 — i) J(p)] - <1 - i) J(p)) (7.40)

4—¢€ [~ € v € v
- oo (=tog 1= (1) ] = (- 5) )
2—6/0 v °8 4/ sinhv 4/ sinhv

= 7.5583... for e=0.

This integral is IR and UV convergent even for e = 0, since it behaves at small p as fp 1 and

at large p as fp p~*log*(p).
To prove the IR finiteness of d; it is sufficient to rewrite (p.20) as

e 0 0,0,7.1..0,0,

Since no momentum flows through the first (vertical) H line we have

T 1 4 d d 1
1 2¢o € whre @ 2 (0) 247
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is finite, and the last two diagrams contain log(e) IR divergences. However, one can easily
check that these IR divergences cancel. Indeed the coefficient of the log is obtained by using
that as long as fp f(p) is not itself IR-divergent,

/ ---------- f(p) = [ H(p) x f(0) + infrared convergent terms
P p
3
= 5 In(1/€)f(0) + infrared convergent terms . (7.42)
s
This means that any H line ---------- is to be replaced by % log(1/€) and treated as if no

momentum flows through it. We thus obtain

3 1 . d 1
= 5 log(l/e)Q—COQ + O(1) with @ =5

while for the second graph

/,’ff\\ 3 1
1 Vo= o log(l/e) + O(1) .

St

The coefficient of the log(1/¢) IR divergences is therefore zero, since

-
U 3 d 1 1 3
O 2 Zog(1/e) [ —2) ~ - clog(1
+ o 1os(1/e) <4c0 S 2) 65 <lostl/e)
Thus eq. ([.41)) for 4, is of the form

5 = %[51+c9<1)] ~ 5 =0(1) when =0, (7.43)

3. IR divergences in Q(1)

We now perform the same analysis for the first 1/d correction to the Hessian Q, QW)
calculated in Sect.VT. The Fourier transform of Q) is given by the graphs of (F.39). For
reasons that will become clear later, let us separate QW) into 4 parts

@ @ (1a) + Q(lb + Q(lc) + @ (1d) (744)

@(1“) is the sum of the graphs which contain the mass shift «

@(m) — 2% + 2& + 2 (7.45)

Q (1) is the sum of the graphs which are really irreducible”

b d % @ﬂ
i = i i (7.46)
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@(15) is the sum of the 4 graphs

Q0 = oI o1 2T 2T g (7.47)

and @(1d) is the single remaining graph.

Qo — L7 (7.48)

QU9 is IR finite since the mass shift « is IR finite.

QU — o(1). (7.49)

@(”’) and @(10) have a logarithmic IR divergence in log(1/¢). By the same argument as
above, the coefficient of the IR divergence is obtained by removing the H propagator in the
graph, so that

~

1 3 ~
) — = 2 og(1/e) DWW 1 .
5 2 og(1/e) + O(1) (7.50)

e e R R e

Similarly for Q19 we have

(=]

with

]ﬁ)(lb

4

~ 1 3 ~
Q19 = 5o 3n log(1/€) DU + O(1) (7.52)

with

DY = o ot 1 oo S (7.53)

Finally @“‘” has an IR pole in 1/¢, since the bubble propagator carries zero momentum,

QU = 0(1/e) . (7.54)

4. Partial IR cancellations in tr[Q()]

Now come the IR cancellations in tr[Q®]. We first consider the second term. We notice
that the diagrams in ([7-51)), which contribute in D™®) are obtained by two mass insertions
in the diagrams which contribute to Q(©,

QO = G mm= O (7.55)
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and more explicitly, since a mass insertion corresponds to (minus) a derivative with respect
to m? (where m is the variational mass in the propagators)

2
]]’j)(lb) _ 1 J <eik1r(o) eikgr(x)>conn —d
ki,ka 2 a(m2)2 g m

The effect of the derivative on the propagators from o to x is easy to understand. The
tadpoles with one or two mass insertions are generated by the derivative acting on the circle
(b.1§) at o or x.

_ L & 5o
28(m2)2 ki,ka

(7.56)

m=1 m=1

The kernel D is clearly non-zero, but it is traceless for € = 0. Indeed,

tr B = L& i) ’ (7.57)
20(m?) m=1
and tr [@(0)] scales with the mass m like
tr [Q(O)} = mP¢ tr [Q(O)} ’mzl : (7.58)
Therefore, since in the large-d limit, D = 2, we have
tr [DUY] = —6(%6) tr [Q] (7.59)

and formally® tr []D)(lb)} = (0 when € = 0.

Similarly we can compute the IR coefficient D19 for the 3rd term and its trace. We
obtain easily the explicit result

tr[DU)] = drco (1 —e/4) = de?/4 . (7.60)
It is also zero when € — 0.

Details of the calculation: We have

1\? .
(5) R ki) et

o Q!
4 \4n
? Z 1 1 2 —(k2+k2)co /2
~ 2 \4r (—ki)(—kikg) e itra)eo
1 1 2 —(k2+k3)eo /2
o= 5 (52) (R (k)
o o = (—kiko) e~ (KitkD)e0/2
we integrate over k; = —ky to obtain the trace and we use the fact that
d
4—00 = 47T(1 — 6/4)
Q.E.D.

6 One must be cautious since tr [Q(*)] has an UV pole at € = 0, so there is a mixture of IR and UV

singularities, that we shall discuss later.
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The final result is therefore that the IR divergence of tr[Q™] comes only from the last single
diagram in ([-48), which gives Q9! It is a single IR pole in 1/e, since

a1/ 1Y\ 14 2
N(d) 2 2y . — (k2+k2)co /2
Qe = 7 <E) 50 <KD (ke)e it/ (7.61)
hence 4 )
€
tr[QUD] = E(l_i) . (7.62)

5. IR divergence and the unstable mode

We now look at the IR singularity in the other terms of the expansion for £,
=1
£ =trlog[l—-Q] =— Z z tr[Q"] .

We have shown in section [VI.H that the next terms tr[Q¥] are of order O(1) and can be
computed explicitly at that order, since they are given by the contribution of two diagrams

only (see (b.44)) in Q, namely the single bubble diagram O, which is IR finite, and

the diagram @ ....... Q, which is nothing but the IR divergent diagram of ([.48). Thus

we see that all the IR divérgences of £ i.e. the term of order O(1) in the 1/d expansion
of £ are contained in the last term of (f.53), namely in the summation of the log series

4
£~ log (2 — —) + IR finite (but UV divergent) term when ¢ — 0 . (7.63)

€

Now we have shown in Sect. VL] that this IR singular log(2 — 4/¢) is nothing but the
contribution of the smallest (and negative) eigenvalue of the Hessian S”[V] associated to the
unstable eigenmode (dilation) for the instanton

4
Amin =2——- < 0. (7.64)
€
The conclusion of our analysis of the IR divergence of £ = logdet’[S”] is that, at least at
order 1/d, the IR divergence can be attributed entirely to the contribution of the smallest
eigenvalue. This is in fact quite natural, since IR divergences must come from the large
distance properties of the fluctuations around the instanton configuration.

6. A conjecture for the large-d behavior of the unstable mode

This IR divergence in our large-d estimate of the negative eigenvalue A, for the instanton
Hessian does not mean that A,;, is IR singular when ¢ = 0, but rather that A\,;, does not
behave in the same way when d — oo, depending on whether € > 0 or € = 0.

e If € > 0, we have seen that Ay, = O(1) when d — oo.
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o If d is finite and we take the limit ¢ — 0, we have also A, = O(1), as can be checked
explicitly for the case d = 4, ¢ = 0, where we recover the classical ¢} instanton for the

O(n = 0) model for SAW.

e Therefore we expect that the IR pole in ([.64) means simply that when we first take
e =0, then d — 00, A\yin is no more of order O(1), but becomes infinite (A, — 00).

In fact we conjecture that for the renormalized theory, A\, scales as d
Amin(€ =0,d) ~ O(d) when d— o (7.65)

by analogy with the behavior of the leading term £(°) which is found to behave as

- — when d— oo then e¢—0
€ (7.66)
-d when e€— 0 then d—

ala s

The first g being an UV pole, and only the last % ~ d being IR. Even if this form of the
conjecture is not correct, it is clear that once again for the unstable mode the limits ¢ — 0
and d — oo do not commute.

VIill. CONCLUSION

In this paper we have shown how to compute at one loop the fluctuations around the
instanton in the self-avoiding manifold model, and how this is related to the normalization
for the large order asymptotics for the SAM model. We have shown that the perturbative
counterterms which make the SAM model UV finite in perturbation theory do renormalize
(at one loop) the instanton contribution. We have constructed a systematic 1/d expansion,
and studied the first terms of this expansion and the interplay between the 1/d expansion
and renormalization.

Although we have obtained many results in this article, and checked at one loop the
consistency of the instanton calculus for the SAM model, several points deserve further
studies:

e [t would be interesting to get a better understanding of how to resum the IR diver-
gences present in the 1/d expansion for the renormalized theory at e = 0, or to find
another approximation scheme which does not suffer from IR divergences.

e We have checked that the instanton factor obtained by our method is for D =1 (self-
avoiding walk) equal to the factor obtained by field theoretical methods. However, it
would be interesting in this case to compare the approximate result that we obtain via
the large-d limit with the exact result (as was done for the instanton action in [[L4]).

e A practical application of the theoretical results obtained in this paper would be to
compare our large-order asymptotics with our explicit calculations at 2-loop order
for the scaling exponents for the SAM [B2, RJ]. Since the non-perturbative effects
become small when d is large, it is expected (and checked numerically) that the 2-loop
estimates for the critical exponents are reliable for large d. Such a study would help
our understanding of the domain of validity of the 2-loop calculations, and perhaps
suggest better resummation procedures than those used previously.
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e For renormalized local field theories, in addition to instantons, other contributions
occur in the large-order asymptotics, denoted renormalons. They are associated both
to the short-distance behavior of the theory (UV renormalons) and to its large-distance
behavior (IR renormalons). We expect that such effects occur also for the SAM model
at € = 0, since for D = 1 it is equivalent to the ¢* theory, but it is not known how
to treat these renormalon effects (if they are present) in the framework of the SAM
model, which is a multi-local theory.



91

References

[1] D. R. Nelson and L. Peliti, J. de Physique 48 (1987) 1085.

[2

(3

]

]

Statistical Mechanics of Membranes and Surfaces, Proceedings of the Fifth Jerusalem Winter
School for Theoretical Physics (1987), D. R. Nelson, T. Piran and S. Weinberg Eds., World
Scientific, Singapore (1989).

Statistical Mechanics of Membranes and Surfaces - 2nd Edition, D. R. Nelson, T. Piran and
S. Weinberg Eds., World Scientific, Singapore (2004).

K. J. Wiese, Polymerized membranes, a review, in “Phase Transitions and Critical phenom-
ena”, vol. 19, C. Domb and J. Lebowitz, eds., Academic Press, London, 1999.

Y. Kantor, M. Kardar and D. R. Nelson, Phys. Rev. Lett. 57 (1986) 791.

Y. Kantor, M. Kardar and D. R. Nelson, Phys. Rev. A 35 (1987) 3056.

J. A. Aronovitz and T. C. Lubensky, Phys. Rev. Lett. 60 (1988) 2634.

M. Kardar and D. Nelson, Phys. Rev. Lett. 58 (1987) 2774.

M. Kardar and D. Nelson, Phys. Rev. A 58 (1988) 966.

S. F. Edwards, Proc. Phys. Soc. Lond. 85 (1965) 613.

For a general review see:

J. des Cloizeaux and G. Jannink, Polymers in solution, their modeling and structure, Claren-
don Press, Oxford, (1990).

F. David, B. Duplantier and E. Guitter, Phys. Rev. Lett. 72 (1994) 311.

F. David, B. Duplantier and E. Guitter, Renormalization Theory for the Self-Avoiding Poly-
merized membranes, Saclay Preprint T /97001, cond-mat/9702136.

F. David and K. J. Wiese, Nucl. Phys. B 535 (1998) 555-595.

F. J. Dyson, Phys. Rev. 85 (1952) 631.

C. S. Lam, Nuovo Cimento, 55A (1968) 258.

C. M. Bender and T. T. Wu, Phys. Rev. 184 (1969) 1231.

L. N. Lipatov, JETP Lett. 24 (1976) 157; Sov. Phys. JETP 44 (1976) 1055; JETP Lett. 25
(1977) 104; Sov. Phys. JETP 45 (1977) 216.

For a general review on instanton calculus see:

J. Zinn-Justin, The principles of instanton calculus, in Recent advances in field theory and
statistical mechanics, XXXIX Les Houches Summer School 1982, J.-B. Zuber and R. Stora
Eds., North Holland (1984) Amsterdam;

J. Zinn-Justin, Quantum Field Theory and Critical Phenomena, Clarendon Press (1993), Ox-
ford.

P.G. de Gennes, Phys. Lett. 38 A (1972) 339.

J. des Cloizeaux, J. de Physique 42 (1981) 635.

F. David and K. J. Wiese, Phys. Rev. Lett. 76 (1996) 4564.

K. J. Wiese and F. David, Nucl. Phys. B 487 (1997) 529.

B. Duplantier, Phys. Rev. Lett. 58 (1987) 2733; and in [J].



92

APPENDIX A: Measure and normalizations for the functional integral

In this appendix we precise the normalization for the functional integration over the fields
and the treatment of the zero modes.

1. DeWitt metric and measure for the functional integral

We consider the free membrane model. The functional measure D[r] is normalized as
follows. We start from the DeWitt metric G over the manifold configuration space C = {r(x)}

_ /g D 2 1 2
G(or,or) = o d¥x|or(x)|* = 2—||5r||2. (A1)
M T

™

| ... is the Ly norm over M. This metric depends explicitly on an (arbitrary) normaliza-
tion mass scale p.
The corresponding measure is defined (formally) by D[r] = [], d%(x) v/det G. This cor-

responds to the normalization

/ D[] exp (-%3 /Mder(a:)2> — 1. (A2)

With this normalization, a quadratic form A with kernel A%, ie. (Ar(x))* =
J Py A%, (x,y)r'(y), yields

| Pl ex (—% /Mde /MdDyr<x>A<x,y>r<y>) —det[A/2 T (A9)

To evaluate the partition function for the free membrane

Zo — / DIY] exp <—% /MdeVr(x)2> |

we must treat separately the zero modes ro(x) = rq of the scalar Laplacian A, over M and
the fluctuations ¥ orthogonal to the zero mode, G(ry,¥) = 0. Let G© be the metric for the
collective coordinate ry of the zero mode induced on the “moduli space” of minima of the
action r(x) = ro by the DeWitt metric

2 2
G(0r, 6ry) = 5—7(; / dPxore> = GWorort = G = g—iVol(M)éab. (A4)
M

Hence the measure is

2 d/2
du(rg) = doroy\/det(GY)) = d’r [%Vol(/w)] . (A5)

The integration over the modes ¥ orthogonal to the zero modes gives

(det! [-A/p2]) ™, (A6)
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where det’ is the reduced determinant, that is the product over the non-zero eigenvalues of
the operator —A/u2. Hence

Zo = [ dulrl (@t [-8/,3]) " = [t 24 (A7)
with the partition function for the marked manifold Z,
—A 27 —d/2
2 = (det { } ) . AS
" ( ug | pg Vol(M) s

2. Zeta-function regularization

The det’ requires UV regularization for its definition. We use the standard zeta-function
regularization (see for instance [[J] and [4]).

log(det/[~A/ud]) = t(logl-A/i) = — <C(s)] (A9

s=0

where the zeta-function ((s) for the operator A = —A/u2 is defined by the sum over the
non-zero eigenvalues \;
Cals) = D A (A10)
Xi#0
for Re(s) large enough, and by analytic continuation down to s = 0. tr’ means the trace
over the subspace orthogonal to Ker(A) ( w.r.t. to the metric G).
The operator —A scales with the internal size L of the manifold M as L=2. Therefore
((s) scales as
C(s) = (Lpo)*C(s) . (A11)
where ((s) is a scale invariant zeta function which depends on the shape of M but not on
its size L.

~If there is no global conformal anomaly, ((s) is analytic around s = 0 and ¢'(0) =
¢'(0) + 2log(Lp)¢(0). Moreover, for any such A, one has

C4(0) = —dim(Ker(A)) = —number of zero modes of A . (A12)
Indeed, one can show that if A has no zero-mode, for instance A = —A + m?, then (4(0) =

tr(1) = 0 (this is analogous to the celebrated rule §(0) = 0 in dimensional regularization), and
if A has N zero modes, (a(s) = lim¢_o[Care(s) — Ne*], therefore (4(0) = lim,_o[Case(0) —
N] = —N. The Laplacian A has one zero mode, and therefore

¢(0) = -1, ¢(0) = ¢'(0) —2log(Lpo) - (A13)
Using the fact that the size of the manifold is defined as
L = Vol(M)YP (A14)
we obtain for the partition function
F10y 742
¢'(0)
z _ pde-D)/2 |° Al
0 2m (A15)

The dependence on the mass scale jig used to define the measure D[r] has disappeared, as
expected in the absence of a conformal anomaly.
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3. Conformal anomaly

It is known that there is no conformal anomaly if

1. D =1 and the manifold has no boundary (closed loop). This corresponds to a ring
polymer.

2. D = 2, the manifold has no boundary and has Euler characteristics y = 0. This
corresponds to a closed membrane with the topology of a torus (or a Klein bottle).

3. D non-integer. The model is defined by dimensional regularization, as detailed in [[[J.
This is the relevant case for the e-expansion.

If there is a conformal anomaly, ((0) # —1 and there is an additional power of Ly in the
partition function Z;, which depends explicitly on the scale pgy. For instance for D = 2
(membrane) it is known that

¢(0) = -1 + gx ,  with ¢ =1 the central charge for the free boson . (A16)

Hence
2y x (Lpo)l®. (A17)

APPENDIX B: Integration paths for the functional integration over V[r]

In this appendix we discuss in more detail via the steepest descent method the functional
integration over V/(r) and the relative position of the instanton V™' and of the integration
contour over V', as the argument 6 of the coupling constant b varies in [—m,7|. This is
required to treat properly the contribution of the unstable eigenmode of the Hessian S”[V]
for the instanton.

For general 0 € [—m, 7] we know from (B:2§) that the functional integral for the rescaled
potential V'(r) is normalized so that

/D[V] exp <62_;/ddr\/(r)2) —1 (B1)

(g is real positive). The effective action for V is given in (B.33)

—if
SelV] = E[V] — /ddrV(r)2 (B2)
and for large V' is dominated by the last term [ V2. The steepest descent integration path
for V(r) in C is such that (at least for large |V])

T+ 0
2

Arg(V) = (B3)
(see figure). Thus it turns anti-clockwise from the positive real axis for § = —r to the
imaginary axis for # = 0 to the negative real axis for 6 = .

For general 6 the instanton V™' is an extremum of Sy[V]. For negative coupling (6 =
+7), the instanton is known. It is the solution found and studied in [[4], VIt = Vst i is
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FIG. 10 Integration path for V' as a function of § = Arg(b)

real and negative; it lies on the steepest descent integration path given by Eq. (BJ). Let us
start from the case § = 7, i.e. b lies above the discontinuity along the negative real axis, and
look at what happens when 6§ — 0. From the solution for the instanton at 6 = m, Vi*st(r),
the instanton for general § < 7, V"!(r), is obtained by analytic continuation from real r to
complex r. Indeed, we know from [[[4] that for a general V'(r), under a scale transformation

V() — V() = A=V (Ar) (B4)

the two terms in the effective action S[V] scale respectively as

eV = M ey /vf _ /v?. (B5)

If we assume that the instanton V™'(r), obtained in [[[4] for real r, can be continued
analytically to complex r’s, then it is enough to take instead of a real scaling factor \ a
complex phase factor

A= e (B6)
and to choose as phase
wi = (r—6) 2= D (B7)
0 2(D —¢)
to know that .
(eiw)ﬁ Vinst (eiwr) (B8)

with w = w, an extremum of Sy[V]. Therefore the instanton for 6 < 7 is

Vi) = o yi (i) (BY)
It is clear that this instanton V™" is now a complex field configuration, since it involves both

a“global Wick rotation” in r space and the multiplication by a global phase. In particular
for & = 0 (real positive coupling constant) the instanton is

. ir D . in 2—D
Voii(r) = e m-q |t (e 2(D-e) r) . (B10)
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The same argument applies for § € |—m,0]. If we start from the same real instanton at
f = —m and deform it to # = 0 we obtain another instanton, which is the complex conjugate

configuration Vg:g of the instanton obtained by starting from 6 = .

How is V™' located with respect to the steepest descent integration path over V(r)?
Rather than considering the functional integral over V(r) for real r’s, it is more convenient
to rotate the space coordinate r in the complex plane. This is equivalent to deforming the
time contour in the complex plane when dealing with time correlation functions in finite
temperature QM and FT. Consider as bulk-space coordinates r defined as

Po= ey (B11)
and make the change of variables in the functional integral for V'
V() — VE) =V() r real . (B12)

The functional measure becomes 13[\7], the measure for 17, and from (B1) it is normalized

so that L
D[V] exp (29 emidwf / dd?f/(?)?) —1. (B13)

The steepest descent integration path for V is therefore the line with argument @j

~ ~ T+ 0+dw T—60 D

(B14)

(remember that ¢ = 2D — d(2 — D)/2). In the new variable V the instanton differs from the
original real instanton V™' by a pure phase (see Eq. (B9))

‘//\veinst(f) _ ei(n—G)DL_eVinst(f) ' (B15)
Since V¢ is real and negative, its argument is  and therefore Aei“St('f’) has a fixed argument

(independent of #) Qit given by
D

Arg (Vi) = O = 7+ (r—0) . (B16)
D —e¢
For 6 < , Q%st is larger than O
Qiem > Qj if 6 <m and e< D. (B17)

This means that the instanton lies below the integration path for \7, see figure [[]. When
0 — 7 the integration path becomes the real axis (with the standard orientation from —oo
to = o0), while the complex instanton Vinst hecomes the real (and negative) instanton Vst

With this result the steepest descent integration prescription for the unstable mode
around the instanton at # = 7 is fixed. We boldly denote by V this mode. The inte-
gration path from 0 to —oo has to start from V = 0 (the real vacuum, minimum of the
action S[V]), go on the real negative axis up to the instanton V™' < (0 which is a local
extremum of S[V] with action S™' = S[V*t] > S[V = (0] = 0, then “turn right” (see
figure [[J) in the upper half complex plane in order for the action to continue to increase,
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FIG. 11 The integration path for V and the instanton Vot for § = m,0< 60 <mand 6 =0 (we
have set € = 0).
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____________ ) = hd

FIG. 12 Steepest descent integration paths for the unstable mode for 6 = +7.

while leaving the instanton below, then go to —oco. The first part of the contour (from Vs*
to 0o) contributes only to the real part of the partition function Z for negative coupling
(and is dominated by the classical vacuum V' = 0). The second part of the contour (from
—o0 to V™) contributes to the imaginary part of Z; in fact the dominant contribution to
the imaginary part comes from half the Gaussian integral in the imaginary direction at the

instanton Jinet
/ dVv (B18)

Vinst_;’_ioo
and gives a factor

—i % [det (8"[V™])| (B19)
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when compared to the full contribution of the Gaussian integral (the factor —i comes from
the integration path, the factor 1/2 from the fact that we integrate the unstable mode from
ico to 0, not from ico to —ico).

The same argument shows that for § — —= the instanton is above the real axis. Therefore
for the unstable mode the steepest-descent integration path has to stay below the real axis,
with factor

i% ‘det (S/I[Vinst])‘*l/Q .

These are the results used in Section [L1I.C.2.

APPENDIX C: SAW: D =1 SAM versus O(n = 0) field theory

In this appendix we recall the “Laplace-De Gennes” equivalence between the zero-
component O(n = 0) ¢* field theory and the (weakly) self-avoiding walk model, which
corresponds to the case D = 1 for the SAM model. The first part of this appendix (sect.
1-3) is basically textbook material, recalled here to fix the notations and the normalizations.
We then show that the standard instanton calculus for the O(n = 0) model gives the same
result as our instanton calculus for the SAM model in the special case D = 1. This provides
an important check for the consistency of our method.

1. Free Field and Brownian walk:

The action for the scalar free field in d-dimensional space is (note the factor 1/4, which
is not the most commonly used 7)

R P (1)

The 2-points correlation function is

Golrr, s m?) = (S()d(r))o = (1| ———|r) = /dee‘LmWniem/ﬂrzm<cz>

and is the Laplace transform with respect to L of the heat kernel K (ry, ro; L) = (ri|e"®/2|r,),
which admits the random-walk representation

1/:0\2
K(ri,r; L) = (n]e"?|r,) = Dlr] e~ Ju 3(0)%ds (C3)
r(0)=rq
r(L)=rg
" Two choices of normalizations are convenient for polymers: Here we use So[¢] = [ I (V, ¢)2 n mTQ 42,

which corresponds to having the polymer action Spolymer = fX % (Vr(x))Q. The other convenient choice
is to use Spl¢] = [ 1 (V,0)? + %2(;52, which corresponds to Spolymer = [, 3 (Vr(x))®. This is the choice
most often taken, see e.g.[E]. Here we employ the first choice, since we want to use the most convenient
normalization for the polymer action. We also note that for both choices, e*Lmz, with L the length of

the polymer is the weight in the Laplace-De Gennes transform.
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with 7 = dr/ds. To check the normalization, use the semi-classical estimate for the small-L
limit of the r.h.s. of (C3), K ~ exp (—|r|*/2L) and check that 20K /0L = AK. In particular

at coinciding points

G = (=5 si) = | T AL e (r|ePA ) (C1)

and the heat kernel at coinciding points admits the closed random-walk representation:
K(n,ri;L) = (nfe"?n) = [ Dife 20 = 2z, . (C5)
r(0)=r(L)=ry

It is the partition function for a closed 1-dimensional membrane (i.e. a closed polymer, or a
loop) with length L, attached to the point r;. Similarly for the one-loop connected diagram

% [<¢(r1)2¢(r2)2)0 - (¢(r1)2>0(¢(r2)2)0] = {<r1|ﬁ|r2>

o] L
0 0

— / dL e " L7 R (1, 1)
0

1 2 2\conn __
SR =

D=1,

This means that the first derivative w.r.t. m? of the Lh.s. of () is the Laplace transform of

the 2-point correlation function 7'\’,82) for a free closed loop with length L. Similarly connected
correlators of a product of N ¢? operators are associated to N-point correlation functions
for the closed loop.

2. SAW and O(n = 0) field theory:

It is well-know that this equivalence extends to the Edwards Model, defined with the
normalizations as in (2:19). The O(n)-invariant ¢* model is defined by the action

sl = [atrg (9:6) + 56 + 56 (1)

with gz; a n-component real vector field:

¢ = {¢%a=1,n} (C8)

t = m? is the squared mass, b is the coupling constant.

The model is equivalent to the Edwards model of polymer with (weak) 2-chain repulsive
contact interaction, as defined by the model of (B.19) for the D = 1 case. The equivalence
holds thanks to the very same Laplace transform between correlation functions as in the
free case (b = 0). It is valid to all orders in perturbation theory, that is as an asymptotic

series expansion for small b. The operator %520) is represented by a d-distribution, or more
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formally®
Lo D
§¢ (r) < /d xO(r(x) —r) . (C9)

For instance, for the 1-point correlators we have

lim 2 <%<5(r1)2> = /OO dLe ™™ Z(n)|, (C10)

0

$(r2)2> = /oo dLe ™ L7'RP (1, 1), (C11)

0

ete. ..

3. Instanton calculus and large-orders for the O(n) field theory

We now recall the principle of instanton calculus and large-order estimates for the scalar
O(n) ¢* field theory, following the standard references. This example is useful, since in the
limit of n = 0 it describes polymers, i.e. D = 1 membranes. The field is a n-component real
vector field ¢(r), ¢ = (¢ a = 1,n). The action is the O(n)-invariant ¢* action

é_»

s = [air; (7:8) + 5@ + @27 (c12)

2 2

t = m? is the squared mass, b the coupling constant. We are interested in observables O[gz_ﬂ

which are local monomials in ¢ with degree d, in ¢, the simplest being the energy operator
E

Elr] = (0)%(r)) ;  degree(E)=dg=2. (C13)

The expectation value for the observable O is given by the standard formula

© = [p@ode=a/ [Dged. (C14)

We are interested in the large orders of the perturbative series expansion in b. As we
have seen, we have to use the dispersion relation in the complex-b plane and consider what
happens for small b close to the negative real axis, where b is complex and its argument is
close to +m. Therefore we rescale the field

¢ = bV ;  with 6 = Arg(b) . (C15)
This gives
1 1 t i
Sl = sl o Sl = [arg (e + Gt + S (1o

8 Note the factor of % Intuitively it is there to compensate for the fact that the two fields of (52 can be

contracted in two different ways. This also leads to a relative factor of 4 between the interactions (P.19)

and (IC7).
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so that
do do 75 [ }/|b|
(Ol6ly = - Ol = pi-F LEASHIC T )

For small positive b the functional integral is dominated by the constant classical saddle
point

Go(r) = Go = 0 (C18)
constant and absolute minima of Sy for # = 0. The functional integral is in fact well defined

as long as —7m < 6 < +7m. Now along the cut at b < 0, that is for §# = 4, another real
extremum of the action Sy becomes important, the instanton

(ﬁi = (ﬁi(T‘;TQ,ﬁo) = QOZ‘(T—TQ)’JQ . (019)

The instanton is characterized by its position rg in space, and its orientation iy in the
internal n-dimensional space (#y being a unit vector in R™). ;(r) is the real finite-action
solution of the equation

S =0, (c20)

which is rotationally invariant around the origin (i.e. depends only on |r|) and is non-zero
except for |r| — oo (or equivalently > 0, this is enough to define it uniquely).

The contribution of the instanton in the functional integral is at one loop proportional
to

—Av; + to; —

e %@ [Det! [S1(Z)]] 2 (C21)

The measure for the collective coordinate ry (the position of the instanton) is easily obtained,
since the metric is

1 1 1
h = _— dd — _’- _’- = 22
ab 27T|b| / r d (aagolabgpl) 2 |b|d ||VQ01|| 5ab (C )

Hence the measure is .
1 . 2
d = d' |s—=lIVeills| - C23
) = dto | Il (29
The measure for the internal coordinate w, (the orientation) is

— — 1 d =2 nT_l 2 %
= - ‘ = 24
duti) = i | [ateg?] T = | ] (21)

with duy the standard measure on the unit sphere S,_; in R". For the O(n) invariant
observables which are of interest to us, the integration over S,,_; can be performed explicitly,
giving the factor €, (the volume of the unit sphere in R™)

)~ Vo _ 27z

Note that this volume factor €2, vanishes as n when n — 0. However, since O( ) invariant
observables such as @?/n behave in the background of the instanton @; as ¢?/n and are
therefore of order 1/n, the factors n and n~! compensate to give a finite n — 0 limit.
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Now the Hessian is a n X n matrix in internal space,

0Sp(¢)
pa(r)0pp(r')

Hence for the instanton background ¢; = ¢; iy the Hessian can be written as the product
of the longitudinal operator

w(nr) = = da(=A+1) = (0u /24 ¢"¢") . (€C26)

3

S = —A+t-— 5%2 (C27)
times n — 1 transverse operators
" 1 2
ST = —A+t—§g0i . (C28)

S" =8"® (S!)"" . Note that S’ has d zero modes ¥}, = Oup; and that SY has one zero
mode 9] = ¢;, so S” has d + n — 1 zero modes. Thus

det’(S") = det/(9")det’(S7)"* (C29)

and in the n = 0 limit det'(S)
1/ QN et/ ll

S/ has one (and only one) eigenvector ¢, with negative eigenvalue A\, < —2t. Therefore
det 5" <07

To understand which signe must be chosen for the square-root of the negative determinant
[det(S”)]7*/2 ( 4+i or —i ?7) we have to consider the steepest-descent integration path for the
global ¢ variable. It has to go from Argy = 7 £ 6/4 to F60/4, hence for § = +r it is as
depicted on Fig. C3

Hence the instanton contributes to the imaginary part of an observable by a coefficient

:F%|det’(6}”)|_1/2 if g =tr. (C31)

The rest goes into the real part together with the contribution of the classical vacuum .
Putting things together, and using Eq. (B.1J) we obtain for the imaginary part at b < 0
of the e.v. of the O(n) invariant observable O and for arg(b) = 0 = £«

12

det' (")) (det'(S![p:)])"”
det(S"[po])"

Im(0) = F % |b‘*do/2 e*ﬁ(s[e@i}*s[vo])

—1

[mn%nzf Solei] " @ [ @t (Ol - Ofen)
(C32)

9 This is true for d < 4, for d = 4 there is no instanton solution for ¢t > 0, for ¢t = 0 there is an instanton
with an additional zero mode ¢ ; = (rVy + 1)p; corresponding to the scale invariance of the massless
theory under scale transformation ¢(r) — Ap(Ar). The instanton at d = 4 is obtained from the instanton
for d < 4 by taking the limit d — 4, t x 4 — d.
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@

(b) ©

FIG. 13 Steepest descent integration path for the global ¢ variable for # = 0 (a), § = 7 (b) and
6 = —7 (c). The black dot represents the classical vacua ¢ = 0 and the white dots the 2 instanton
saddle-points ¢ = F¢;.

while of course

Re((0)) = O(wv) - (C33)
In particular for n = 0 and O a product of energy operators E defined as
N
Oiln] = lim —(¢(n))” (C34)
1,- .
Oalrira) = lim = (3(r1))"(6(r2)” (C35)

and omitting the ¢ subscript for “instanton”, we obtain

d+1 _L | det’ S Vil|?
mioy = ¥ % e | o < | ”] led: (C30
1 . _ass — L det’S/" |~ \V4 3 B
m(Olnonl) = ¥ % e [ o' I P e 20— )
(C37)

* denotes the usual convolution product f*g(r) = [ dr' f(r +r). Note also a few useful
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results
Slpo] = 0 (C38)
dirf (C39)

1
/ddr(Vgoi)Z = —t/ddr<p§ + é/ddrcp? : (C40)

4. Instanton calculus for the SAW model of polymers

Since the Edwards model for SAW is the inverse Laplace transform w.r.t. ¢ = m? of the
O(n) model, instanton calculus must take into account this transformation and is (slightly)
modified, as is explained here.

The action for the SAW model is

1 t b

st = [ 3V + 30— Ry (1)

We have by inverse Laplace transform, for a closed polymer of length L
Z(rL) = /HOO At e (O1(r; 1)) (C42)

T ) 2ir he
+ioco dt I
R(rl, ra] L) = L ﬂ (§ <02<|’1, ro; t)> . (C43)
So we consider the effective action

5—1232—@“—L C44
00 = [ |3(V0) + 56— L2 - ir. (C44)

To factorize |b| and L we must rescale both ¢, ¢ and r with

1 1 -2 —2

o(r) = 7D LT3 V20(r)  ,  r=[p|TELTEY = [pT2LTr  (C45)

The action becomes

2 4—d
Slot] = 2plL) F2Sle,7] 5 e= (C46)
and the effective action is now
T 1 _, T _ 1 _o\ 2

Storl = sldl-7 Sl = [(Jre3e-1@) . o

The effective coupling constant is

11 17

bt = 5 | IL] (C48)

instead of |b|.
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The instanton is given by the saddle point equations

. N A
G =iy ; —5<p+w—903=0 ; /90221 (C49)
and the Hessian is
S/l (ﬁ’
so[27] e

It can still be separated into its transverse part, which is n — 1 times the transverse operator
s
A
Sl = —5+7'—g02 (C5h1)
times the longitudinal part

&1/ — Szt 90 ; ,SE/I = —é —'— T — 3(’02 s (C52)
e 0 2

which has d translational zero modes, namely the ¥, = [1/(})“ ] since ¢ -, = [ @I, =

% [ 9,0* = 0. It is then easy to show, denoting by Fy the projector onto the kernel of 5"
generated by its zero modes, and defining the “inverse” of 5" as

1Y "y py-
EIRECET R (C53)
1
that!’
det'S" = det (Sl ;rt B gg) = det (S + P) det (= ¢'(S/ + Po)"'¢)

/
= —det'5" (g0~ [%] ~g0) : (C54)
g

But it turns out that

1Y 1
d

Indeed, one can check that rVy as well as ¢ are orthogonal to 1, and an explicit calculation
shows that

2

It follows that the additional factor in the determinant (which comes from the integration
over 7 at the saddle point) is

17 1 d—2 ) d—2

{—é+7—3¢2} (r-V+1p = =27¢. (C56)

A B
C D

10 This is an application of the general formula for the determinant of bloc square matrices det

det [A] - det [D — CA™!B]
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7 is > 0 if d < 4, so this factor is negative for 2 < d < 4, but the integration path over 7 is
also imaginary (it goes from —ico to +ioco). Thus the integration over 7 gives the factor

(2m)~ |b|72 L= (C58)
(coming from the measure #=) times
1/2
2m
eff 4

coming from the Gaussian integration. This gives

d—217"*
{ﬁ } |b|7=2 Lo (C60)
T

For the observable ¢?/n the integration over the zero modes gives

a2 0, —d -2
2lb|72 Loz - /(pQ = 2|72 LTe (C61)
n
times the measure and determinant factors
lel? 1™ [IVel?]™ |det'sy |2 [ﬂbmmﬁ [Vel?]7* | det'sy |
27 begr 2mbegd det'S” d det’S” : )
C62
Putting things together we get
1 d 1
1 - 24 J72 |det'S" |72 [|Ve]2]2 (d—2)\ ®
I Z L — - LT b LE d—2 —(25—7’) [‘b‘L] 1 2
mZ(r; L) :F2 [|| } ¢ det’SY md AT
(C63)

Remember that |b| L is dimensionless. We show below that with our normalizations and the
equation for the instanton.

r=@A—-d)S ;  |Ve|?=2dS . (C64)

This simplifies slightly (C63)

— 1 d B
L 4 (T2 |det'S"| 2 [257% [44 — d)S]?
ImZ(r:L) = == L% [|b|[€]72e (425 [\b\L] i a0 4(4—-d)5 .
mZ(r; L) :F2 [|| } e dot'S" - —

(C65)

5. d — 4 limit and scale invariance

The O(n) model at d = 4 (¢ = 0) becomes scale invariant and the instanton has an
additional zero mode associated with dilations. For the SAW model nothing special occurs
when ¢ — 0 (as far as global scale transformations are concerned). Here we show in detail
how the dilation zero mode is absorbed in the transformation O(n) — SAW, and the form
of the instanton and of the large-order results at ¢ = 0.
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We first derive a few exact results. If ¢ is the instanton, solution of (=5 + 7)p — ¢* =0

2
and the Hessian is §’ = —5 + 7 — 3¢? then

17 1
1
17 1
{y] P> = —5¢ (C67)

@0V +19) = [Fevene= [arive =277 [t (o9
= =27 (¢’ [5] ) = =27 (¢ [é] ¢°) (C69)
= 7(plp) :T/<p2 . (C70)

The instanton action is

_[1 212_14_/1_é _14_1/4
5—/4(W)+2s0 9= | gl e — et =1 [ ¥ (C71)
Hence L

/soQ: ;S ; /(Vs@)2=2d5 ; /&:45. (C72)

Now remember that 7 is fixed by the normalization [ ¢* = 1. In the limit d — 4, we must
take the limit 7 — 0 to get the finite-action instanton. The general solution of the equation
—Ap=2p%atd=141is

2r0 2 2

: with corresponding action Sygy = —m° .
21 rg ) p g d=1= 3

P(r)a=1 = (C73)
ro is the instanton size. The size is arbitrary for the massless d = 4 theory by scale invariance.
For r > rg, o satisfies the linearized equation —p” — =1’ +27p = 0 and is a Bessel function

T

o(r) oc r' 2Ky e 1 (V277) (C74)
and is such that
o(r) ~ Cr* for ro<<r<<1/y/7 ; o(r) oc e VAT for r>1//7. (C75)

To match this behavior with the large-r behavior of the instanton at d = 4, the constant C
must behave as

C(d) =2ry (1 4+ O(¢e)) with e=4—d. (C76)
For fixed ry, we must let 7 — 0, but at which rate? The evaluate this, use the equation
(C72) which tells us that 7 [ ¢? ~ £S;—4 when ¢ — 0. When evaluating [ ¢?* in this limit,
it is easy to see that it is the contribution of the domain ry < r < 1/4/7 which dominates
the integral, so that

00 e
/@2 = Qd/ drrtp(r)? ~ 27r2/ drré=t (C rzfd)2 ~ 272 (2rg)* In(1/ro\/7) .
0 ro
(C77)
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Therefore 7 goes indeed to zero as d — 4 according to
e=4—d~671rgIn(1/7ry) . (C78)

Now if we consider the polymer, we have to keep its length L = 1 fixed, hence [ p* = 1.

Then the instanton size ry has to vanish together with 7 as ¢ — 0.
€ 212 1

1=-5 = 77— =

T 3 o= omy/In(1/e)

Finally, we are interested in the smallest positive eigenvalue A™ of the Hessian §” and the
corresponding eigenvector ). As e — 0 we expect that AT — 0 and v — (rV + 1)p the
zero-mode for scale transformations. In this limit AT can be estimated as follows

(C79)

/
ol |g5| 9 = (o (s0)
But the Lh.s. is equal to
2l > 5 (ele) = 5 (c81)
Using the asymptotics obtained for ¢ in the ¢ — 0 limit
o(r) ~2rr? = T(r)~ —2rr? for rp<r<1/y/1 (C82)
we obtain
W) = —(ele) = =1 (@T1") = (ele) =1 for e—0.  (C83)

Hence the smallest positive eigenvalue of §” vanishes as € when d — 4, as expected

2
T
)\+227':?5 for ¢ —0. (C84)
Thus in the limit d — 4 the Hessian S" gets an additional zero mode, so that the zero-mode
subtracted determinant det’ is discontinuous at d = 4 (limg_4 det’ [§"] # det’ [limg_4 S"]),
but we can write in the semiclassical estimates

det' [§"]  =~q_a AT -det’ [§ (C85)

o] -

The singular factor 77 in eq. (C63), which comes from the integration over ¢, is canceled
by the AT in det'S”, as expected, since we cannot have IR divergences in the semiclassical
estimate at d = 4. We get the IR-finite result

“2 16 72

9 )

1 _ax2 | det’ S
ImZ(r; L) = :|:§L‘2|b\‘4e s [S2 5

det/Si’ (C86)

where the IR singular terms coming from the dilation zero mode have disappeared. The UV
divergences are contained in the two determinants det’[S”].
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6. Comparison SAM versus O(n) field theory for the coefficient of the instanton

We are now ready to check that the determinant factor for the instanton obtained by
our method (non-local SAM model) is equal to the coefficient obtained by instanton
calculus in the O(n = 0) local field theory.

We have already checked in [[4] that for D = 1 the instanton corresponds to the instanton
for the ¢* field theory.

For D = 1 the free energy density £[V] is nothing but the ground state energy Ej of a
particle with unit mass in the potential V', i.e. the lowest eigenvalue Ej of the Hamiltonian
operator

H= - % + V() (C87)

acting on functions over RY. We denote v the corresponding ground-state wave function.
EV] = Ey ; Hy = Egty ; | o ||? = /wé = 1. (C88)

The saddle-point equation is (using first order perturbation theory)

Ve = =S = -Gl

6V (n)
So it can be written as the non-linear Schrodinger equation + constraint

[v0) = —Wo(r)‘Q- (C89)

1
—3 Apy — Egtpo — b3 = 0 : Eq such that /@/}3 = 1. (C90)
This is equivalent to the saddle-point equation for the polymer instanton

1
—Ap + T — écp?’ =0 : 7 such that /gpQ =1 (C91)

by the identification
Uo(r) =¢(r)  Eg=-1. (C92)
In particular for L = 2 this gives ¢y = ¢/2, r =1 and Ey = 7/2.
Using second order perturbation theory we have
52 E,
oV (r1)oV (rq)

= 200(n)ln | }/|r2>¢0(r2)> (C93)

Ey—H

where as in a previous section the “inverse prime” of an Hermitian operator means the
inverse of this operator restricted to the subspace orthogonal to its kernel

1 ! 1
{EO—H] B mﬂ% ;o Poo= [¥o) (Yol - (C94)

If we denote by ¢ the operator which multiplies any function v by 1

Yo 1 Y — oy, (C95)
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we rewrite ([C93) as

OB (ri24 L /@/) |ra) (C96)
V()oV(n) T By —H] T
The second derivative of the effective action I' is thus
/
" =1 2 .
+ 2% [Eo — H} Yo (C97)

If there where no problems with the zero modes, we could write

[ onlgha] o] - e - SR
quite similar to the ratio of determinants
7
e (e
but the zero modes require some care. Let
A=H—-FEy=-A/2— Ey— 1} (C100)
B =H-Ey— 20 =-A/2—Ey— 3 (C101)

1y is the zero mode of A and since d,A = B, V,, = 0,1, are the d zero modes of B, while
W, = ¥o0,1y are the d zero modes of I' (as can be seen by using W, = —0,V/2, or by
direct calculation).

We use the following simple result. Let E be a hermitian operator. If E has zero
modes, let n = dim(Ker(E)) and ®; a basis of Ker(E) and Ky = ), |P;)(®;| the projector
on Ker(E). Let I be another hermitian operator such that its restriction to Ker(E),
" = KyF Ky is invertible. Then

det[F+€F] = €"det'(E) det(F’)  with of course det(F') = det [(®;| F|®;)] . (C102)

Now we consider

IV=T"+¢€l, (C103)
and obviously
det (L") = edet/(I') . (C104)
Rewrite 1_p
I/ =1+¢—2 0 C105
e =LA e W R Yo (G105)

(this does not depend on the real number «). Then, since we now deal with invertible
operators, we have

1—-F
det (I)") = det [(1 )W g,
1
= det l((1+€)(H_EO+aPO) — 2¢5(1 _PO))H_EO+QPO

_det [(1+ €)(H — Ey) — 203 + (1 + ) + 2¢03) P)]
B det [H — Ey + a] ' (G106)




Obviously
det [H — Ey + o] = adet’ [H — Ey] .

Now consider the (non-hermitian) operator in the numerator
B.=(1+¢)(H — Ey) — 25 + (1 + €)a + 2¢0) Py
which is not very different from the hermitian operator
C.=(1+4¢€)(H — Ep) — 27 .

If v is a vector orthogonal to Ker(H — Ey), i.e. (¢|1)g) = 0 (or Pyyp = 0) we have

BJ/’ = CE’QZ) :
So the only difference between B, and C. is when applied to
Bapg=(1+eJavy 5 Cehg = —205 .

In a basis of the eigenvectors v¢; of H — Fy, B, and C, have respectively the form

B — (1+€)a bj . O — a bj
with
Thus

det (B.) = (1 + €)adet(d;;)

while

det (C.) = (a—b-d™"-b") det(d;;) .
Now B = Cc—¢ has d zero modes, the V,, = 0,4, hence

@uquﬁwwm%PmH—&Mﬂ

IViull?

Wil = [ @) = [ 190k

and since (H — Ey)V,, = 23V,

We have

(VUH — Eo|V,) = / Y20, 0B, o = / BRIl 5

since 1) is invariant by rotation. Hence

o [ BV ) J V]’
V.I? [ 190

111

(C107)

(C108)

(C109)

(C110)

(C111)

(C112)

(C113)

(C114)

(C115)

(C116)

(C117)

(C118)

(C119)
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It remains to calculate the coefficient a — b - d~! - bt. For this we use the fact that

1

1
a_b-dln <¢olal¢o>, (C120)

which follows from (CI19). Now a simple calculation shows that

B(7- Vo + o) = (=A/2— Eo—3¢5)(F- Vibo + ) = 2Epi (C121)
and since 1)y is orthogonal to the kernel of B we can write

1

o1 1 L o=
11_1}01 ai/fo = Ei/fo = Q—Eo(r'v%‘i‘?/io) . (C122)

Therefore, integrating by part and using the fact that [|¢|* = [¢& = 1 we obtain

. 1 1 . - . o . .
i iy~ 2, Wl Vet o) = 2—E0/wo(r-v¢o+wo) = 45 ()
Hence finally
2—d |, [ 45|Vl ddet’[H_EO_ng]
Wil = ST , (C124)
t S V)2 det'[H — Ey]
Putting this result into (B50) we get (using the fact that V = —2)
/2 s »
! V[l 2—-d det'B
P By i B 4 B | R .
mZ(b) :FQ/ o wd {4E0 ] e ) (C125)

to be compared to ([C80).
For this remember that we are dealing with rescaled fields and couplings (with tildes).
So we go back to the original variables by rescaling

De

2—D
r— [BILP] TP Vs || (C126)

It gives for D =1
e [BIL] e o Vo o AL (C127)
Since Z(b) = [ d?rZ(b) we obtain

det’B| Y2

det’ A

d(6—d)

1 2
ImZ(b) = :|:§|b|*d7—d2L_m [

/ .
Vol ™ 2]
wd 4E0

(C128)
This is the same as ([C8@) since

1
EOZ_T s B:Sl” ) A:Si ) ?/}0280 ) P:EO+§/¢§:(d_2)S (0129)



113

APPENDIX D: Usefull formulas for derivatives of traces and determinants
To compute the Hessian matrix (.39) of the variational energy &, given by (5.2§) we
need to compute the matrix derivatives
2 2

D/2
gt (M) and e

D—2 D-27\ —1/2 1
(det [Mva%: 1+ M,? D with M, = 5 (M + M)
(D1)
the symmetrized of the matrix M, at the special value Ml = M, 1. To compute these
derivatives it is useful to define the matrix Q) = e; ® ¢; as the matrix which on the line i
and row j is 1 and is 0 elsewhere'!, so that for any matrix A = {4;;}

0A oA, 1
DA, @(U) ) 0A;; 9 (Q(U) + Q(ﬂ)) (D2)
Using this we can compute the first derivatives
0 a a— 0 —
8Aijtr[A } = atr [Q(ij)A 1] " A, det [A} = det [A] tr [Q(ij)A 1} (D3)
and using the important formula
Q) Quty = Qqary Iy - (D4)
the second derivatives for the trace
J0 0 ala—1) 5
tr [AS = — > A“ 10 10 D
oa; 04" M|, 2 (Ourdju + 05u0u) (D5)

and for the determinant (n being the dimension of the matrix, so that det[Al] = A™)

o 0 !
—— [det(A“T+ AY)] 2

2A%) "2
= % (0425ij5kl + a(2 — a)(5i15jk + 5zk5]l)) (D6)
A=A1

APPENDIX E: Instanton condenstates

Here we show that if V'(r) is the instanton potential, and & its action, we have the exact
identities

Wiy == [Ver = 2 (1-5) s (E1)

(V) = =5 [V = -a(1-5) s, (E2)

r

where the e.v. ( )y refers to the auxiliary model of a free (non-self-interacting) manifold
trapped in the potential V' (r), with action

Syl = /%(W + V) (E3)

X

Hie Quy = {Qf;) = dndj}
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The first equality in ([ET)) follows from the instanton equation of motion (p) +V = 0 and
from

(V(rkxo)))y = /V(r) (0(r —r(x0)))y = /V(r) )y (E4)

r r

while the second equality comes from a simple result of [[4], rederived in Appendix [], see

Egs. (FQ) and (FY).

The first equality in (EJ) follows from the equations of motion for the auxiliary model
with action (EJ) and the instanton equation. If we made the change of variable

r(x) — Ar(x) (E5)

in the functional integral we obtain (up to contact terms proportional to §”(0) which vanishe
in dimensional regularization, and which correspond to the normal-product definition of the
composite operator (Vr)? =:(Vr)?:))

(V)?%)y + (rVV (), = 0. (E6)

Now we can rewrite this second term as

(r-ViV(r), = /r-VrV(r) (0(r —r(x0)))y (E7)

r

and using the instanton equation and integrating by part we rewrite it as

(r-VV(r), = —/r-VrV(r) xV(r) = —%/r-vr (V(r)?) = g/V(r)Z. (E8)
Q.E.D.
Then we use ([E])) to obtain the second equality in (EJ).

APPENDIX F: A variational bound for the smallest (negative) eigenvalue

In this section we derive a bound for the (negative) smallest eigenvalue A_ of the Hessian
S” which is associated to the unstable mode. The basic idea is as follows: The instability is
visible by studing a rescaling of r and correspondingly x, V' and £. The unstable mode has
a non-vanishing overlap with this dilaton, which leads to a variational bound.

First of all, we recall the rescaling

r —  Ty=Ar (F1)
X — Xy = ATDx (F2)
V() —  VA(r) =AZBV(Ar) . (F3)

Under this rescaling the two terms of the effective action scale as
EV] —  EVA] = ATBEV] (F4)
FIV] —  FVi=AroF[V]. (F5)
Now we consider the full effective action

SV = E[Vi] + F[Vi] . (F6)
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The saddle-point equations for the instanton inforce

d 2D : 2¢
— )\ _ inst

f[VinSt] ’ (F?)

which implies

5[Vinst] — —%f[VinSt] (F8)

The dilaton-mode is

(A%)QS[VW] — (%)Qe[vinst] + ( 5 ie D)Qf[vinst] = %ﬂvm] . (F9)

Note that it does not matter, due to (F7), of how one exactly defines the dilaton: one could
use A\?d?/d)\? instead.
On the other hand

A\’ it
o inst] _ QY. F1
(r5) s =5 (F10)
with .
)\_ inst Fl]_
D) = A () (F11)
Expanding in eigenmodes,
S =S e A ) 2 i (8- (F12)
Therefore we have the exact bound
Q. )\i2svinst
)\min S (¢ S w) = d (insctl)\) [i 2 ins]t : (Fl?))
(Y- 9) (Vamst(r) - S Vimst(r)
Using
d 2—D
)\d)\V)\ = WV +rVV(r) (F14)
one obtains the still exact bound
€D —¢) S, V2(r)

' F15
2D? IR [V(T) + %T‘VV(T‘)} (F15)

This bound can of course not be calculated exactly, if we do not know exactly the instan-
ton potential V. However, we can use the variational approximation for V%t to calculate
the r.h.s. of (F1H) approximately. Using for V(r) the Gaussian V(r) = exp(—r?/2) (all
normalizations and the width cancel at the end), one obtains

)\mln < avar — 6( 6)

mn = O DY2D — o)+ (F16)



116

APPENDIX G: Normalization w.r.t. the variational mass m.,, in the variational and
post-variational calculations

In this appendix we discuss the rescaling used in the variational and large-d calculations
of Sect. V], where all quantities are expressed in units of the variational mass scale m.
This rescaling is in fact quite simple and natural, but it might become confusing in some
calculations, so we present it here carefully and thoroughly.

1. The rescaling for x, r and g

The variational mass m satisfies the equation (p.14), which amounts to
mP=¢ = 2¢q(4mey)V? | (G1)
where ¢y = ¢o(D) is the tadpole

= (4m)"PPI((2 - D)/2) = Q (G2)

As in [[4] we perform the rescalings x — x in D-space and r — r in d-space, with
x=m'x , p=mp ; r=mP D | k=mE P (G3)

in order to set the variational mass to unity m — m = 1. In the new units the instanton
potential V' is and its Fourier transform are rescaled as V' — V with

V() =m"V(r) . (G4)

In addition we also redefine the measure over r in d-space (and the corresponding measure
over k in reciprocal space) as

/ddr — / with / me” D/ddr—m /dd (G5)
[omo= [ [ e [

With this new measure the definition of the Fourier transform E of V in d-space is changed
into

2®=/€Mm>; z@zlwﬁm (G7)

and using ([G4) the rescaling for the Fourier transform V of the potential V' is V — V with
V() =T(k) . (Gs)

Finally since the functional integration measure D[V] over V' is normalised by (BJ]) which
involves the measure over r and the effective coupling constant g, (this is equivalent to
state that the metric G(0V,0V) = (—e ™ /47g) [ 6V (r)? over the space of V configurations
depends on ¢ and the measure over r), the rescaling of the r-integration measure ([G3)
amounts to a rescaling of the effective coupling constant g — ¢ with

g=mP g (G9)
or equivalently of the original coupling constant b — b with

b=m"". (G10)



117

2. Consequences
a. Normalization for integrals and distributions

With these normalizations all powers of m disappear in the variational and post-
variational calculations, but we have to be careful when we perform Gaussian integrals.
Indeed the following Gaussian integral gives

/e—"%0 = 2 , (G11)
k

where ¢y is given by ([GI)). Indeed, we have using ([Gf) and the equation ([GJ]) for the

variational mass

/ek%o = mP(4nce)™Y? = m™P(UnG)~Y? = mP2m%G,, = 2¢ . (G12)
k
One has also to take into account the fact that the Dirac distribution in r space is now

3(r) = mP =<6 (r) such that /é([) =1. (G13)

r

b. Action and Hessians

Once this is done, all the results for the instanton and the large orders still hold without
any factor m, in particular (B.51))-(B.53)). The effective action S for the potential V' is rescaled
into S[V] given simply by

S[V]=¢€V]+ % /KZ ,and is such that  S[V] = m”S[V], (G14)

r

as well as its functional derivatives S'[V] = mPS'[V], 8"[V] = mPS"[V], etc. The instanton
equation (B.41) is still

V (k) + (@) =0 (G15)

and the Hessian is still given by (E2)- ([£3), i.e. (in reciprocal space)
§'=1-0 with I, =80 %), 0=-€ ic O, /< () iar() )

— EAYREAV] —_— LAY 2
(G16)
The logarithm of the Hessian is now
E L

£ = £=logdet'[S"] = trlog [1 - — G17
et = wlog [1-@] = =3 g (G17)

with in particular

:/@k e tr [Qz} :/ @k L @k I ete. . (G18)
K RATRENRAY Kl KQ 21 B2 220 21

Finally the zero-mode measure factor 2 is rescaled as expected

W=m'2W , W= [Qid/(v V) r/g . (G19)
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c. Instanton

In particular, this gives the variational instanton potential (obtained by replacing the e.v.
in the instanton potential ( ), by e.v. in the quadratic potential ( ), _, in (GI3))

Vst (k) = —e ¥0/2 and by Fourier transform VIBst(r) = —2¢ 292 e717/C0)  ((20)

—var —Vvar

The instanton potential expanded in normal products w.r.t. the unit variational mass (i.e.

‘m—1) reads
V(r) = 20022:”! (2_—;)) pn (%) (G21)
1 o\ .
fin = d(d+1)---(d+n—1)/k(_k) Ve . (G22)

d. Renormalized quantities and counterterms

Finally let us see how the UV counterterms and the renormalized action transform under
this rescaling. In Sect. the one-loop counterterm A;S for the effective action S was
found to be given by (f.104)

C; 1

A S[V] = -3 (Vr)2>v—%i/V(r)Q

and the renormalised effective action S,e,[V] was

SenlV] = S[V] = g: 7 (uL)AS[V] .

If we now perform the rescalings it is easy to see that
((Vun)?), =m” ((Vur)?),, and /V(r)2 =mP” /K([)Q : (G23)

We define the rescaled renormalized couplings b, and g_as for the bare couplings ([G9)-([GI0)

g = ngr and b, =m” b, . (G24)
Then the rescaled renormalized effective action S, [V] defined by
Sten[V] = m”S,,[V] (G25)
is given by
SilV] = SIV] —g,7" (L) A8V (G26)
with the rescaled one-loop counterterm A;S[V] given by
A SV] =m A SV] (G27)

and using ([G23) we write A;S[V] as

MSIV) = = 22V, - 2 V0 (@23)



119

with the rescaled counterterms
Cc,=m”C; and C,=m""°C,. (G29)

Now we use the explicit perturbative results ([.85)-([L.87) for the counterterms C; and C,
and Eq. ([G])) for the variational mass m and obtain for the counterterms C, and C,

1+4 2 144
¢, = _Sp |l C 28p 11D/ = D) fco | (G30)
=t 2D |dy " T2 (2-D)2T[2D/(2 - D)] | do ’
where we remind that
Sp=27"2/T[D/2) ,  cfdy=—2""T[2~D)/2]/T[(D~2)/2] (G31)
and in the limit d — oo, € fixed, C, is of order O(1) since
C,=-—n22e U1 L O1/d)] ve Euler’s constant . (G32)

while C, is exponentially small.

3. Final results

With these notations, the final results for the large orders have the same form, with the
unrescaled quantities replaced by the rescales ones.

In the bulk of the paper, when we use these normalisations, we rely on (GI]]) and ([G21))
and omit the underlinings x for all the quantities and the fields such as x, r, V', g, S etc.



