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We consider the two-dimensional XY model with quenched random symmetry-breaking fields and
excluded vortices. We study the vicinity of its glass transition temperature T¢, in an expansion in
small 7 = (T. —T)/Tc where T denotes the temperature. We derive renormalization group equations
in cubic order in the anharmonicity, and show that they contain two universal invariants. Using
them we obtain that the correlation function in the super-rough phase for temperature T' < T,
behaves at large distances as ([0(x) — 0(0)]2) = Aln*(|z|/a) + O[In(|z|/a)], where the amplitude A
is a universal function of temperature A = 272 — 27% + O(r*). This result differs at two-loop order,
i.e. O(7?), from the prediction based on results from the “nearly conformal” field theory of a related
fermion model. We also obtain the correction-to-scaling exponent.

I. INTRODUCTION

Although in two-dimensional (2D) systems with con-
tinuous symmetry and short-range interactions thermal
fluctuations prevent the existence of long-range ordert,
they do not prevent phase transitions. The 2D XY
model, much studied in that context, describes a large
class of physical systems with continuous symmetry,
which includes superfluid and superconducting films,
magnetic systems and one-dimensional quantum liquids.
It exhibits a topological phase transition between the
low-temperature phase with quasi-long-range order and a
disordered phase at high temperatures. This Berezinskii-
Kosterlitz-Thouless transition is driven by unbinding
of vortices due to an increasing amount of thermal
fluctuations®3. From the technical side, the XY model
is conveniently studied within the equivalent 2D sine-
Gordon (SG) model, which is amenable to powerful field-
theoretical treatments?. The SG model can be seen as
an XY model in the dual phase variable, with excluded
vortices in presence of a symmetry-breaking field. It ex-
hibits a high temperature quasi-long-range ordered phase
and a low temperature massive phase. When additional
terms are added to the SG model new universality classes
can emerge®. For a pure system, the simplest example
is an additional field gradient in one direction®, which
describes the commensurate-incommensurate transition
in 2D and realizes, for example, when an atomic layer
of noble gases is deposited on the periodic substrate of
graphite’. Both models, with and without the tilt, are
exactly solvable®? and are by now well understood.

The random versions of the 2D SG model allow for
more scenarios and much less exact results are known.
Via bosonization they are related to fermions with disor-
der and have also been much studied in that contexti®. A
well known example is the 2D SG model with a quenched
random phase that depends on only one coordinate in the
cosine term. Such a model describes a classical 2D model
with correlated disorder, and also a 1D quantum system
with point disorder (the second direction being imagi-
nary time). In the latter case it is related to 1D disor-
dered Luttinger liquids and belongs to the Berezinskii-
Kosterlitz-Thouless class!?. Seen as a 2D classical model
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FIG. 1. The renormalization group flow diagrams of the sine-
Gordon model. At small temperatures, T' < T. the tentative
fixed point is disconnected from the line of Gaussian fixed
points that exist for T' > T. when the strength of the anhar-
monic term g of the SG model flows to zero. In the context of
one-dimensional fermions with disorder the same flow diagram
apply provided the temperature is replaced by the strength
of interaction and that g denotes the disorder strength®.

it exhibits quasi-long-range order (i.e. an infinite corre-
lation length) in its high-temperature phase, which is de-
scribed by a line of Gaussian fixed points of the renormal-
ization group (RG) where the cosine term is irrelevant.
Its low-temperature phase is glassy and described by RG
fixed points at large disorder strengths, see Fig. Il This
scenario first found in one-loop order? is not changed at
two-loop order2.

In this paper we study the Cardy-Ostlund (CO)
model** where the quenched random phase depends on
both coordinates. This model describes 2D periodic dis-
ordered elastic systems, such as a randomly pinned pla-
nar array of vortex lines!® or surfaces of crystals with
quenched disorder!. It also exhibits a phase transition at
a critical temperature T, below which the random cosine
term becomes relevant. This transition was first studied
in an expansion in 7 = (T, — T')/T using a one-loop RG
approach in Ref14. The physics of the CO model is how-
ever quite different from the previously mentioned dis-
ordered model. While the high-temperature phase is de-
scribed by a line of Gaussian fixed points, similarly to the
SG model, the low-temperature phase is glassy and de-
scribed by a line of non-Gaussian fixed points where the
renormalized disorder gradually increases from zero when
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FIG. 2. The renormalization group flow diagram of the
Cardy-Ostlund model (). The line of fixed points (red curve)
in the low-temperature phase T' < T. occurs at finite disorder
strength and it is continuously connected with the line (blue
curve) of Gaussian fixed points at 7' > T.. While the line
of nonzero fixed points is a linear function of temperature to
the lowest one loop order, it gets quadratic correction beyond
that. The correlation function at 7' < T has a super-rough
logarithm-squared form**.

decreasing the temperature below T., see Fig. The
glass phase for T' < T, is super-rough, i.e. the variance
of the fluctuations of the phase field grows as logarithm-
squared of the distance in contrast to the standard rough
logarithmic form at high temperaturest!. Within the
RG approach this is due to an unbounded growth of
the off-diagonal disorder (in replica space) at low tem-
peratures that determines the correlation function. Fur-
ther RG studies predicted that the amplitude A of the
logarithm-squared correlations is a universal function of
temperature!®, with A = 272 + O(73) to one loop order
accuracyl®i7,

The existence of the super-rough phase has been
confirmed in several numerical studies at zero
temperature!®1? and for all temperatures 0 < 7' < T,
see Refs.20:21, These studies consider discrete random
height models, or discrete-line models, believed to be in
the same universality class as the CO model. These are
further mapped onto the dimer covering problem with
random weights?2 24, Powerful polynomial algorithms
then allow to generate all possible coverings of the lattice
by dimers23. Using such algorithms A(7) was estimated
in2? where the quadratic behavior A(7) o 72 at small 7
was confirmed. Very recently more accurate data have
been obtained in2!:28 (see below).

Some recent studies opened the hope that A could
be obtained non-perturbatively. Considering a model of
disordered noninteracting fermions in 2D, Guruswamy,
LeClair, and Ludwig?” used methods of “nearly confor-
mal” field theory to predict the exact form of the corre-
lation functions as well as the scaling equations for their
fermionic model. Upon bosonization, these results where
interpreted as corresponding to the CO model exactly on
its fixed points at finite disorder (see Fig. 2]). In Ref.28
this correspondence and the translation to the parame-
ters of the CO model was performed in details, with the
conclusion that if the exact beta function of?7 is correct
then one should have A = Aycrr = 272(1 — 7)? ex-

actly in the whole super-rough phase 0 < 7 < 1. As
discussed in2® this however raises some puzzle: numerics
exclude the amplitude vanishing at 1" = 0, and the non-
monotonous behavior of Aycpr with temperature is sur-
prising. Hence the formula, correct to one loop accuracy,
can hold exactly at best in a vicinity of T, i.e. for 7 < 7*
with some unknown 7*. Since the numerical values are
larger by a factor ~ 4 than the maximum Aycpr(1/2)
the true amplitude should be larger than the predicted
one. Possible scenarios are discussed in Ref.28 such as the
mapping between free fermion models and the CO model
failing below some temperature, or some new operators
becoming relevant at 7*. In addition a functional RG
study performed in Ref28 leads to a non-vanishing am-
plitude at 7" = 0 as a result of including higher harmonics
of the disorder that are relevant there.

In the present paper we revisit the CO model using
perturbative renormalization group methods to the next
two-loop order and compute the amplitude of correla-
tions in the super-rough phase including O(73) terms. A
short summary of the present work has been presented
in Ref.28. Here we give all the details. We perform a
systematic calculation in terms of the strength of the an-
harmonic term g, see Eq. ([8). The problem is studied
within a bosonic formulation using field theory methods.
We use two complementary methods, which are explained
in a pedagogical way. The first one is based on the cal-
culation of the effective action and the second on the
operator product expansion. We study both the theory
regularized by a small distance cutoff a and, for T' < T,
directly in the continuum limit, and obtain the precise
dependence of the results on the cutoff functions. Our
main findings are the scaling equations (@) and (), the
correlation function (83]) and the correction-to-scaling ex-
ponent (B0). The equations beyond lowest order contain
non-universal coefficients that are connected by relation
([@8). For the amplitude of correlations in the glass phase
T < T, we find A = 272 — 273 + O(7*). Hence it con-
firms the conclusion of2® that the translation of the re-
sults of Ref.27 into an exact result to all orders for the CO
model cannot be correct. Since the discrepancy arises al-
ready at two loop order (i.e. 7* = 0) it also casts some
doubts on the fermion calculation done in Ref.2” or on
its consequences for the bosonic model as given in Ref.2”
and in Ref.28. Note that our result for the amplitude is
indeed larger than Aycpr (for small 7) hence it goes
in the right direction. Interestingly, it also appears to
better fit the most recent numerical results of2! up to
7 = 0.5, although it is a perturbative calculation around
T, i.e. around 7 = 0.

To be complete let us mention that many other studies
have adressed the CO model, its thermodynamics24:22,
its stability to RSB and links to fermions?, its dynamics
near T,3134 its equilibrium dynamics at all 72236 and
its aging dynamicst”3738 It would be interesting to push
such methods to two loop accuracy, as done here for the
statics.

The outline of this paper is as follows. In section II we



introduce the model. Using the replica method we derive
the replicated Hamiltonian which is our starting point for
the systematic field-theoretic renormalization group pro-
cedure. We also define several correlation functions of
interest. In section III we calculate the effective action
of the model order by order in the disorder strength and
from it we derive the beta functions. Further we examine
the universality of coefficients in the beta functions. In
section IV we evaluate the coefficients in the beta func-
tions using two different methods and find three universal
coefficients, one of them from one-loop and two of them
from two-loop. In section V we give the final form of
the scaling equations, find the correction-to-scaling expo-
nent and obtain the correlation function (that measures
the fluctuations due to the disorder) in the super-rough
low-temperature phase. In section VI we present a first
principle derivation of the correlation function. In sec-
tion VII we use the operator product expansion method
which is found in agreement with the results of the effec-
tive action method. Section VIII contains conclusions.
Numerous technical details are relegated to appendices.

II. MODEL, REPLICATED HAMILTONIAN,
AND CORRELATION FUNCTIONS

A. Model

We consider the 2D XY model for a real phase field
0(z) € (—o0,00) without vortices in the presence of a
random symmetry-breaking field. The Hamiltonian reads

e [l

where k is the elastic constant, a is the short-length-scale
cutoff, and h(z) and £(z) are quenched Gaussian random
fields, the first one real and the other complex. Their
nonzero correlations are given by

hi(z)hi (y) =
()€ (y) =
where 7,5 € {1,2} denotes the components of h. For fu-

ture convenience we define the disorder strengths Ay, ¢ in
terms of the dimensionless parameters o and g as follows:

—h-V, 9——(§ew+hc) ,
(1)

And5(z — ), 2)
Aed(z —y), (3)

g
Af = T2%a (4)

0 0

Ap=T 5
where T is the temperature. Note that the disorder h(z)
must be introduced as it is generated by the symmetry-
breaking field under coarse graining. We denote disorder
averages by . . .. Depending on context z and y will
be used either to denote 2D coordinates (as in previous
equations) or as their norms, i.e. x stands either for x or
|x].

B. Replicated Hamiltonian

We use the replica method to treat the disorderi®
The partition function for the model () is given by
Z = [DOe H/T. In order to perform the disorder av-
erage, we use the replica trick, and the free energy of the
system F' = —T'In Z is written as

1)/n. (5)

The average with respect to disorder can now be done
since one can write 2 = [ ([['_, D0,) e #" /T where
0o, = 1...n are the replicated fields. In the following
by Greek indices «, 3, ... we denote replicated fields and
we do not write explicitly the boundaries in the sums.

The replicated Hamiltonian reads

F = lim(Z" —
n—0

H™ = HI + HIP, (6)

where the harmonic part is

Hrep
0 :aZB /d2${ﬁ6a6

g
~ =Vl vweﬁ}. (7)

[(Va0a)? +m?(0a)?]

The mass m is introduced in the model as an infrared
cutoff. We will perform calculations with finite m and
study the limit m — 0 at the end. The system size
is infinite throughout the paper. The anharmonic part
reads

erp 2
— = 27ra2 Z /d x cos(0, — 03). (8)

We introduced the symbol > " which denotes a summa-
tion where all replica indices are different. While after
replicating the model () one formally obtains a sum over
all unconstrained replica indices, for convenience we use

@).

C. Correlation functions

Our aim is to compute the two correlation functions:

G(z) = (0(x)0(0)) — (6(x))(0(0)), 9)
Go(x) = (0(x))(0(0)), (10)

where G(x) measures the (disorder averaged) thermal
fluctuation while Gy (z) measures the fluctuations due to
disorder of the (thermally averaged) phase field.

These disorder averaged correlations can be obtained
from correlation functions of replicated fields. For in-
stance

G(z) = lim = 5" Gas (@), (11)

Go(w) = lim (1 —bap)Gas(2), (12)



where
Gap(x) = ((fa(2)05(0))). (13)
It can also be expressed as
Gap(®) = 0apG(x) + Go(), (14)

which contains both correlations defined in @). G(x) is
also called the connected part and Gy(z) the off-diagonal
part. To this aim we will use the harmonic part H, as
the ”free” theory and treat H; Y in perturbation theory,
i.e perform a perturbation theory in g. Here and below
we denote by ({..)) (exact) averages over the complete
Hamiltonian H"¢P and by (..) averages over the free part
H(P (it also designates thermal averages in the unrepli-
cated theory, as no ambiguity can arise).

We start by computing the correlation function for the
harmonic part, i.e. for g = 0. It is easily found in Fourier
space:

_ oW [ B2 2 0 o]
Gas(a) =(0a(0)05(=0) = [7(a* +m*)das — 5=0']
T 1 o T? q>
—nE et o E @ e T O
(15)

where in the last step we inverted a replica matrix keep-
ing only non-vanishing terms in the replica limit n — 0.
Going to real space one obtains

Gap(z) = (0a(2)05(0)) = bapG(z) + Go(x).  (16)
The connected part reads

G(z) = 2(1 — 1) Ko(mv/ 22 4 a?), (17)

and everywhere in the paper the parameter 7 denotes
T=1-T/T.. (18)

By Ky we denote the modified Bessel function of the
second kind3?. Our model () has a phase transition at
temperature T, = 47k (see Fig. @), i.e. for 7 = 0. In
the following we will repeatedly use the expression for
G(z), which has the following behavior at small distances
|z] < (em)~?

G(z) = —(1 —7)In [*m*(2* + a%)] (19)

with the constant ¢ = €72/2 and «g is the Euler con-
stant. In (IT) we have introduced the ultraviolet regular-
ization by the parameter a. Such choice of regularization
is preferable to some other choices in momentum space,
since our RG procedure is most easily done in coordinate
space. 49

The off-diagonal part of the correlation function for
g = 0 reads
oT? m|z|

5 | Kolmlal) = "S5 Ky (mlal)| +O(n),

Go(z) = @n2?
(20)

which at small distances |z| < (cm)~! becomes

Go(z) = —20(1 — 7)* {1+ 1In [¢®m?*(z® + a®)] } + O(n).
(21)

The model studied here possesses an important sym-
metry, the statistical tilt symmetry (STS), i.e. the non-
linear part H;’ is invariant under the change 6, (z) —
0o (x)+ ¢(z) for an arbitrary function ¢(x). As discussed
in many works!®16:41.42 " and recalled below, this implies
two important properties:

(i) Go(z) does not appear to any order in perturbation
theory in ¢ in the calculation of e.g. the effective action
(see the following section);

(ii) the disorder averaged thermal correlation is uncor-
rected to all orders:

G(x) = G(x) (22)

i.e. independent of g. This implies that 7 or T'/T, can be
measured from the amplitude of the logarithm in G(z) ~
2(1 — 7)Inz at large z, hence they are uncorrected by
disorder3.

Because of property (i) Go(x) only receives additive
corrections, e.g. corrections to o which, in the present
model, change its logarithmic behaviour (2I)) into a
squared-logarithm behavior for Gy(z), as discussed be-
low.

The perturbation theory thus depends only on the
function G(z). While the precise form of the correlation
function for the model (@) can be explicitly calculated
and takes the form (7)), we will explicitly check below
that the precise form of G(z) is not important as long as
it satisfies the two conditions: (a) the limiting behavior
of the correlation function (IT) is logarithmic as given
in (I9) and (b) the propagator tends (exponentially) to
zero at large distances. The crossover length is given by
the infrared cutoff, which is the inverse mass in our case.
The freedom of the propagator that satisfies conditions
(a) and (b) is manifested through the renormalization
group equations which will contain several non-universal
constants that, when appropriately combined, produce
some universal numbers. These universal numbers deter-
mine in turn the amplitude of the correlation function
in the super-rough phase, as well as the correction-to-
scaling exponent.

III. EFFECTIVE ACTION OF THE MODEL

In this section we calculate the effective action func-
tional T' for the model (). It will directly lead to the
scaling equations of the model () and critical properties
of the system. It extends to the next order in perturba-
tion theory the calculation of I' in?. In the framework of
diagrammatics, I' can be expressed as a sum over all one-
particle irreducible graphs?4. Here we will not calculate
I" using a diagrammatic approach but via an equivalent
algebraic method. The definition and the derivation of



the final form of the effective action (AIZ), to the re-
quired order in perturbation theory, is presented in ap-
pendix [Al The difference with the standard Wilsonian
procedure of Ref42 is that one integrates out fields that
live in the whole momentum space and not only in the
high-momentum degrees of freedom. These fields that
are integrated out are denoted by  in (AI7). Translated
to the replicated Hamiltonian, our aim is to evaluate the
following expression

rep

H,
r=—2
T

+ I+ 71 +I‘3+(9(g4), (23)

where T'; is the corresponding term from (AIT) propor-
tional to ¢°.

A. Derivation of I

To lowest order in g we have
Iy = (H{(0+x)/T)*

= L0y / 2rcos(fa —05).  (24)
af

In the previous and all forthcoming terms of similar form,
evaluation of averages of the type (---)X is quite simply
done by making use of Wick’s theorem when one gets
contractions of x fields with respect to the quadratic
Hamiltonian (7). Due to “charge neutrality” of (8) only
the diagonal part (I7)) of the correlation function Gas(x)
survives in expressions of the type ([H{*"(0 + x)/T)")",
where p is a positive integer.

In order to obtain I's we use the transformation of sum

rule (BI) when evaluating the corresponding term from
(AT7). The final result reads

’ e 2G(0) ;1 { ZB ' /d2xd2yA(:v —y,25) cos [0 (x) — s0a(y) — 0s(x) + s05(y)]

+ Z ' /d2:vd2y2A(x —y,5) cos [0q(z) — 0 (y) — Op(x) + 50, (y)] }, (25)
afy

where

Az, p) = e*®) —1 - pG(x). (26)

The second-order term I's consists of two- and three-replica contributions. It turns out that only terms with s = +1
give contributions to the renormalization. The term multiplied by A(x — y,1) is responsible for renormalization of
the coupling constant g, while the other term multiplied by A(z — y,2) renormalizes the off-diagonal part of (7).
One should notice that the second term of Eq. (AT7) proportional to g2 that contains the integral basically makes
the total contribution (proportional to g?) of Eq. (AI7) to be one-particle irreducible and produces terms —aG(z) in

Eq. (26).

In order to obtain the next-order contribution, similarly as we did for I'y, we use the sum transformation (B2)) when
we evaluate the term (AIT) proportional to g3. The final result reads I's = I'; 4+ I'j with

1 g \3 _
r_t(_ 3G(0) 2,92, 12
1"3—6( 27ra2) e /d xd yd z{

BB(x —y,y— 22— 2,-2,2,2) Y cos[fa(@) + Oaly) — ba(2) — O5(x) — 65(y) + 05(2)]

ap

+12B(zx —y,y — 2,z —x,2,1,—-1) Z / cos[ba(z) — 04 (y) + 0a(2) — 0s(x) + 05(y) — 0,(2)]

afy

+2B(x—y.y—22-2,1,1,1) Y coslfa(@) — Oa(y) — 0p(z) + 05(2) + 04 (y) — 0,(2)]

aBy

+6B(r—y,y— 2,2 —2,1,1,0) Y cosla(x) = ba(y) + O5(y) — 05(2) + 0,(2) - 96(96)]}, (27)

afyé

while the other part I'j is not important for critical properties of the model and is given in (CI)). In the previous

equation the common term B is defined as

B(x,y,z,a,b,c) =eaCG @) TG () +cG(2) _ qaG(x) _ obG(y) _ o¢G(2) 4y 9 _ B, (z,y,2,a,b,c), (28)



where the part of B that makes it one-particle irreducible reads

Bi(z,y,2,a,b,¢) =e"“DDHG(y) + cG(2)] + "

W[aG(z) 4 ¢G(2)] + e““@[aG(z) + bG(y)]

— abG(z)G(y) — acG(x)G(z) — bcG(y)G(z) — 2aG(x) — 2bG(y) — 2¢G(z). (29)

It arises from the last two terms in Eq. (AT7).

The summands of I's can be distinguished by the sum
a+b+cof the corresponding B-functions. For purposes of
renormalization of the model () the only relevant terms
are these for which a + b + ¢ equals either two or three.
The former contribute to the renormalization of the cou-
pling constant g, see Eq. (8), while the latter renormalize
the off-diagonal part of (7). All other summands pro-
duce nondivergent contributions to the effective action
and hence can be neglected. For completness of presen-
tation they are given in (CTJ).

B. Expansion of I'

Having obtained the effective action I' in the preceding
part, we are now prepared to study its renormalization.
The perturbative expansion of I' in the bare coupling
constant g contains divergencies when the cutoff a tends
to zero. In order to remove such divergencies from the
theory it turns out that two renormalization constants
suffice. They relate the initial coupling constants ¢ and
g and the “renormalized” ones, or and gr respectively.
Written in terms of renormalized quantities, the effec-
tive action will be free of divergencies (up to third order,
which is the order we are working with). In the following
we will calculate the divergencies of the effective action
@3) in a double expansion in two small parameters, g
and 7, meaning close to the critical temperature and for
weak anharmonic terms of the model ().

We now write I' in the same form as the starting Hamil-
tonian with new coefficients, plus irrelevant terms. That
allows us to define gr and or below.

The first-order term (24)) is already in a proper form.
The second-order term I’y [Eq. (23] contains terms with
two and three replica sums. The former gives contribu-
tion to the off-diagonal part of Hy®, while the latter
changes H{?, as we will see below. It is important to
stress here, that even if we had started without the term
~ h in () [i.e. without the term ~ o in ([@)] this term
would have been generated under the RG coarse grain-
ing procedure, as first noted by Cardy and Ostlund1?.
This term is very important for the behavior of correla-
tion function at T < T, and its super-rough In® form.1!
We will come to that point later when we investigate the
correlation function of the model. After expanding the

two-replica part of I'y [Eq. (28])] one obtains

_1 g\’ 260\ 87“11/ 2
F2—2( 27ra2> e QZB o d*x cos(0n — 03)

2masg 9 9
+ pp— /d z (Vgba — Vab3) +...], (30)
where ... stands for many irrelevant operators and we

define the dimensionless integrals:

2,2

a =" / d2yA(y, 1), (31)
2
4, 4

ay = [ d2yPAy, 2). (32)

2

Finally the cubic term in g after expansion produces
the following terms

e () e |

af

b; —8b 12a2
ﬂ/d%cos(% — )

cAmA
b
where
ctm? 2 .32
b1 :(27'()2 /d xd yB(w-i-y,fCaya _27272)’ (34)
ctm? 2 .12
b2 :(27T)2 /d zd yB(xvyaI +y527 15 _1)5 (35)
Smb
bs =2y /dedel’QB(x,x+y,y,1,171)- (36)
s

are dimensionless integrals. We emphasize here that in
the above expressions [B0) and (B3]) we already take into
account the replica limit n — 0. Had we kept n we would
have obtained 2(2 — n)a; instead of 4a; in ([B0) and by +
4(n—2)by+2(n—2)(n—3)a? instead of by —8by +12a7 in
([3). We should also mention that the term a? in (B0) is
basically the second-order term [ d?zd?yB(z,y,0,1,1,0)
that could be written as repetition of (BIl) term.
The final expression for the effective action reads

T gﬁ:/d%{%%ﬁ [(V2ba)? + m*(0a)?]

OR

47

Vala - Vil — g—Rc2m2 cos(f — 95)} (37)
Y



where

_ 1 _
gr =0 — 2a13° + 5(b1 — 8by + 12a7)3°, (38)

or =0+ S5 — b, (39)

with § = ge=¢(© /(cma)?. In the following it will be
useful to have the inverse expression of ([B8) which reads

- 1
g:gR—i—Qalg%— 5(()1 — 8by —4a%)g§’%. (40)

In 317) we have returned to the unrestricted replica sum,
since Y0 5(Vabo—Vabp)? = 3 5(Vaba — Vabs)?, while
the cosine term (8)) differs from the corresponding cosine
in B7) by O(n) which goes to zero.

C. Beta functions of the model

In this subsection we obtain the general form of the
beta function of the model () in terms of the integrals
a;,b; defined in 3I), (32), and B4)-(B6). We are gen-
erally interested in the flow of the effective action when
the cutoff is varied, and the beta functions describe the
flow of the terms (i.e. operators) which become relevant
at the transition. Here they are thus defined by comput-
ing derivatives of gg and or with respect to the cutoff
for a fixed microscopic model, i.e. keeping g and o fixed,
as a function of gp itself:

- mang = ﬁg(gR)v (41)
— MmOmor = Bs(gr). (42)

We thus obtain from 3), (38), (39):
By(gr) =27gRr — 2(2017 — MIpa1) g7,
1
+5 [47(by — 8bg + 4a3})
— mOm (b — 8z + dai)|gir + Olgr).  (43)

1
Bo(9r) = <2m2 - §m3m02> 9%

+ [27(4a1a2 — 3bs) — 2a1mOmas + MmOy bs] g%
+O(gr) (44)

When deriving the last two expressions we used that in
the limit ma — 0 one can replace®® § = g(cma)~2" which
gives mO,,g = —27g. We have also used the inverse
relation (Q).

Egs. @3) and ([@4) should be understood as an expan-
sion of beta functions in powers of gr where the first
three powers are taken into account. Anticipating that
the fixed point is gg ~ O(7) for 7 > 0 we thus need to
compute the coefficients of g% to O(7) and the ones of
g% to order O(7°) to study this equation in the vicinity
of the fixed point consistently to the desired order in 7.

D. TUniversality and the beta function

From the above considerations we can thus surmise,
and will check below by explicit calculation, that our
beta functions have the form

Bg(gr) = 27gr — Agy, — Brgh + Cgp,  (45)
B+(9r) = Dgx + Egs, — Fgh, (46)

where the constants A, B,C, D, FE, and F are for now
undetermined, and computed below. We can already ask
what is the amount of universality in these coefficients.
One way to address it is to allow for a class of changes
in definitions of the renormalized parameters or and gr
such that the new parameters o, and g5 are expressed
in terms of the old ones as

9 = Ggr+ Hrgr+ Igh + ..., (47)
op=0r+Kgh+..., (48)

where . .. stands for higher-order terms that do not inter-
fere with beta functions to third order that we are con-
sidering. Note that a change of the scale of o is not per-
mitted since it occurs in the quadratic part, hence is an
observable. Although one can always consider a broader
class of changes, this one is broad enough to account for
changes in definitions of the small- and large-scale cutoff
and cutoff functions while keeping the structure of ([4H)
unchanged. In particular, the coefficients in Eq. (@3]) and
(@) contain some dependence on the details of the cutoff
function, through the values of the integrals a; and b;.

One easily finds that the beta functions for the new
variables is the same as for the old ones ({@B]) with the
change A — A/G, C — C/G?, D — D/G?, and

B—)B AH +21 _)E 2DH 4+ 4KG
G G2 7’ G? G? ’
F  2DI -2AGK

Hence we find that there are the following three invari-
ant combinations, which we define as:

4D 4C F+BD - {AE
2 T It

To see what they mean we consider the value of the
fixed point B4(g3,) = 0 of [@5):

. 2  202C-AB
dgr = ZT+ (TB)T2+O(T3) (51)

D= (50)

a value which is not universal. Then we find that one in-
variant combination is related to the correction-to-scaling
exponent w, by definition?:

—w = B(gR) = —27 +C7° + O(7%). (52)

The other two invariant combinations enter into the
expansion of

Bolgy) = D% 4+ (CD — T)7° + O(14) (53)



which will turn out to be related to the amplitude of the
squared-logarithm, and are universal.

We now turn to the explicit calculation of the coeffi-
cients of the beta functions, and of their universal com-
binations.

IV. EVALUATION OF BETA FUNCTIONS

In this section we calculate the coefficients in the beta

functions. The integrals defined in (1), (32), B4), (B3),
and (B6) are dimensionless numbers of the form:

b; = bi(T,ma), (54)

a; = a;(T,ma),

i.e. they depend only on 7 and on the dimensionless ratio
ma. This is easy to see by the rescaling y — y/(mc)
which means they can be computed setting m = ¢ =1
and replacing a2 — a?m?2c?. Note that for these integrals
one has —mao,, = —ad,.

Hence we will now consider two alternative approaches.
In the first one (finite ultraviolet-cutoff method) we keep
finite @ in the propagator and evaluate the divergent
parts of the integrals in an expansion in powers of 7.
In the second approach, close in spirit to the dimensional
regularization method, we start at fixed 7 > 0 in the
glass phase. In that case we find that these integrals are
ultraviolet convergent, hence one can set a = 0 and com-
pute these integrals directly in the continuum limit for
T>0:

The divergent nature of this integrals then implies that
they admit a Laurent series expansion, i.e. a pole expan-
sion around 7 = 0.

The renormalizability of the theory manifests itself by
the fact that the coefficients of the above beta functions
[e.g. (@3) and ([@4)] will be found to be finite in the limit
ma — 0 and in the vicinity of the transition 7 = 0, order
by order in an expansion in powers of 7.

a; = a;(7) = a;(7,0),

A. Finite-a method

For 7 = 0 all the integrals B1), (32), 4), (35), and

[B6) contain divergencies when a — 0 due to (I9). Our
aim will be to calculate the coefficients close to the tran-
sition temperature T = T, (i.e. 7 = 0) in the form of
a T-expansion. Inspection of [3]) and ([@4) shows that
to obtain the beta functions up to cubic terms we need
the term a; and ag evaluated to O(r) accuracy, while for
the remaining terms it is sufficient to consider the limit
7 = 0. The detailed procedure for evaluation of integrals
is given in appendix [Dl Here we only state the important
results. We mention that a similar method is used for
the SG model by Amit et al.4.
The coefficient a; reads

=L a1 0M] 06}, (66)

where the constant ¢; is defined in (D4]) and depends on
the detailed form of the cutoff function. It is thus non-
universal. It is important to keep that constant only for
RG equations beyond g%. We thus keep it here for our
two loop calculation and will check that it does not enter
the final result. We introduced the abbreviation

A = In(c?*m?a?). (57)
The other coefficient as is
2
agz—g—TA—2;+mﬂ1+0@n+ov%,(%)

where the other non-universal constant is ¢y defined in
(06).

The evaluation of two-loop integrals b; and bs is
somewhat complicated. The final results are given in

Egs. (DI2) and (DIT). The important combination that
appears in the beta functions now reads

by — 8by +4at = —\ —c3 + O(7). (59)

There are two important things to be mentioned. The
first one is that the A\? divergence from all summands
in (B9) vanishes when combined. That is important for
the renormalizability of the theory and leads to a finite
beta function. The other point is that the non-universal
term c; A\ that appears in by and a? is canceled in the
combination, leaving the universal coefficient in front of
g% in the first beta function (@3).
The last two-loop integral reads
bs = i [/\2 —2(2c2+ 1A+ 04} ) (60)
with some constant cs. Using mO, A = 2 we finally ob-
tain the beta functions

By(g) =279 — 29 + c17g® + g¢°, (61)
1 1
Bs(g) = 592 + (14 2c2)79* — (1 +des+ 2)g°. (62)

The beta functions as obtained here are independent of
the details of the chosen function G(z) to lowest one-loop
order [the first two terms in (GI]) and the first one in (G2])]
but not to the next two-loop order. The apparent one-
loop universality is only due to our fixed choice of the
definition of g in terms of the effective action, which is
an observable. It is spoiled by any change of scale in g
[coefficient G in [AT))], or any other change in definition
of g.

One thus finds A =2, C =1, and D = 1/2 and the
universal combinations defined in (B0 are

D—1/2, C=1, I:F+%B—E:0 (63)

B. Dimensional method

In this subsection we calculate the integrals by the di-
mensional method. As discussed above, A divergencies



obtained using the finite-a method now become poles in
7. In addition all integrals in the present method become
m independent, so only the terms that do not involve
mOpy, in beta functions [@3) and ([@4) survive. Hence,
from ([{3)) and (@) we see that the constants in the coef-
ficients of the beta functions {AH) and [@6]) are determined
from the integrals a; and b; as follows.

The pole and finite part of the one-loop integrals de-
termine the four coefficients:

day = 4 + B+ O(r), (64)
T
D

2a0 = — + E+ O(7). (65)
T

The details of the calculation are presented in appendix
[F] with the result

A=2,
D =1/2,

B = —4d}, (66)
E = —2¢, (67)

where ¢} and ¢, are again two non-universal constants

defined in (F2) and (E3).

The two-loop integrals come in two combinations
which determine C' and F' as:

by — 8by + 4a} = %g +0(7Y), (68)
T
F
6bs — 8ajay = — + O(7°). (69)
T

From appendix[Flboth 1/72 poles and some non-universal
1/7 terms cancel in the first combination, which is found
to have the form (G8) with

C=1. (70)

The third two-loop integral is
by = — — =+ O(7°). (71)

Forming the second combination (69) one finds a cance-
lation of the 1/7% pole and

F=2(c) — ¢). (72)

In summary, one finds the following beta functions

By(g) =219 — 2¢° + 4\ g*T + ¢°, (73)
1
Bs(g) = 592 — 2dhg°T + 2(ch — &h)g”. (74)

Note that the coefficients A = 2 and D = 1/2 needed
for the lowest one-loop-order calculation are the same
as obtained above in (@I by a different scheme. Again,
this is because the definition of the coupling constant
gr is the same in both cases and fixed by the effective
action. Although the other coefficients, needed for the
next-order calculation (two-loop) are not the same, one
can check that the universal invariants D, C, and Z yield

the same values as in (63)). The two calculations are thus
consistent.

For sake of completeness we have performed two ad-
ditional calculations, both using dimensional regulariza-
tion. In appendix[dlwe have independently confirmed the
calculation of the present paragraph (and of appendix [F)
for a specific choice of the cutoff function G(x) which al-
lows explicit calculation of all coefficients. In section [VII]
and appendices [l and [Jl we have done a different calcu-
lation using the operator product expansion and a dif-
ferent cutoff scheme. The beta functions obtained there
lead again to A = 2, D = 1/2, and C = 1 and now
B = FE = F = 0 which leads again to the same values as
in ([G3)) for the three invariants. All four calculations are
thus consistent.

V. RENORMALIZATION GROUP EQUATIONS
AND CORRELATION FUNCTION: RESULTS

Let us summarize what has been achieved. First we
have established the following RG equations, in terms of
the scale ¢ = — Inm:

dr

hkap—! 75
o (75)
dg

= 279r — 2% — Broh + i, (76)
dUR 1

P 59122 + ETgh — Fg}, (77)

where we recall that 7 = 1 — T/T,. Although the more
general expression are ({3l and {6) from now one we
use A =2, D = 1/2 which, as discussed above, has been
obtained in several schemes. Here B, E, and F are non-
universal constant which we found satisfy

1
I=F+5B-E=0. (78)

These equations generalize to next order (two loop) the
one-loop equations obtained in Refs 114716 We have
also clarified their universality to next order in section
The first equation (70) encodes the exact result
@2) from STS. The first two equations show that the
model has a transition at T'=T,.. For T > T, the renor-
malized coupling gr(¢) flows to zero, while for T' < T, it
flows to a finite value g} which continuously depends on
T

gR=T+ %(1 - B)* +0(1%), (79)
i.e. the line of nonzero fixed points, shown in Fig. 2l is
here computed to next order. Its precise value however
is non-universal. What is universal however is its attrac-
tive character for T' < T, together with the value of the
leading attractive eigenvalue —w (in the effective-action
functional space) which defines the correction-to-scaling

exponent (52)):
w=-27+7%4+O(7?) (80)



for 7 > 0, while it is w = 27 in the high temperature
phase for 7 < 0 in the vicinity of T.. As an example
of application, we can expect that the dimensionless sus-
ceptibility fluctuation ratio computed to first order in 7
in Ref1® will exhibit a L~ finite size correction as a
function of system size L.

We now consider the RG equation for og. From it we
can obtain the value of the universal amplitude A of the
squared logarithm, by a simple but non-rigorous argu-
ment, as was done int?. Indeed the asymptotic solution

of (T7) is
or(l) = oo + Bs(gr)l (81)

where oy depends on all details of the initial condition
and is unimportant as it leads only to a subdominant
single logarithmic growth. To estimate the off-diagonal
correlation at a given wave-vector ¢, one may consider
the limit of small mass m <« ¢ and argue that ¢ itself
sets the scale ¢* = In[1/(aq)] at which one should stop
the RG. At the same time one replaces o by its effective
value at that scale, i.e. ¢ — or(¢). Hence from (IH]) one
writes:

ol
2M|fz “=In[1/(ga)]

In[1/(qa
728 (gi) 2L,

Go(q) ~8w(1—1)

~ys0 87(1 — (82)

We can now compute the variance of the phase fluctua-
tions as

2
B —B(0))° = 2 / (;’nga ~cosqr)Golq).  (83)

Using ([82) and the following estimate of the momentum
integral:

d%q Inf1/(ga)]
/ W(l - cosqac)T

[V dg In[1/(ga)
~ / o1t = (o) L L
_ % In*(z/a) + Oln(z/a)] (84)

we obtain the leading squared-logarithmic behavior

(0(x) — 6(0))2 = Aln*(z/a) + O[ln(z/a)]. (85)

The amplitude in the above equation is

—7)Bs(97)
— )P [D+ (CD-D)r+O(r%)]  (86)

A=4(1
=41

and using the values of the invariants computed above
([63) we obtain our main result

A =272 273 1 O(). (87)
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In the following section we present a calculation of the

correlation function from first principle which confirms

and complement the above more qualitative argument.
Before we do so, two comments are in order. The cor-

relation function ([0(z) — 0(0)]*) in the leading order has
the same behavior as the one in ([B88]). Their difference is
the thermal correlation function [c.f. ([@)] that is a loga-
rithm for the present model due to STS. Another com-
ment is about the region above the critical temperature
T > T.. There og(¢) saturates to a finite value at large
scales. This leads to simple logarithmic growth of the off-
diagonal disorder averaged phase fluctuations (83) with
a non-universal prefactor.

VI. EXPLICIT CALCULATION OF THE
TWO-POINT FUNCTION

As is well known, the correlation function can be ob-
tained from the inverse of the quadratic part of the ef-
fective action, i.e. in Fourier space

Gas(q) =T 5(q)- (88)

The inversion is in replica space and I'4(q) is defined
by expanding the effective action (23)) into powers of the
fields to quadratic order, i.e.

=35 [ o0

up to a constant (which encodes for the fluctuations of
the free energy). It is convenient to decompose the replica
matrix as

0a(q)05(—q) + O(6)  (89)

Lag(q) =Te(q)das + I'(q). (90)
Because of the STS we expect that
Ll0) = g = o (@ +m?), (91)
MM=C) T ma-n" ’

and one can indeed check explicitly on the expressions
@4), @5) and (1) that there are no corrections to any
order in g to I'c(g). This leads to the exact formula (22)
for the disorder average of the thermal correlation.

We now turn to the off-diagonal part I'(¢) which gives
the second correlation defined in (), in Fourier space

(4m)

I'(q) (92)

from replica matrix inversion of (@) in the replica limit
n — 028 We now examine its perturbative expansion
with respect to the anharmonic perturbation (8), i.e. as
an expansion in g, which can be written as a sum

)= > T, (93)



where T'(;)(¢q) is coming from the corresponding term I';
in (23).
The lowest-order term in I'(¢) is the inverse propagator

(@5)

Loy(q) = —%q ) (94)

while the next-order term is trivially obtained from (24))
and reads

Tay(g) = —2525e 6O (95)

2ma?

and it is momentum independent. The first nontrivial
term is obtained from (25) and reads

2
g — ig-x .
We 20(0)/d2${eq [QSlnhG(x)

— sinh 2G(x)] + 3 — 4 cosh G(x) + cosh 2G(a:)}. (96)

Loy(q) = —4

Note that expanding this expression at small ¢ one finds
that the coefficient of ¢? does not yield exactly the renor-
malized —opr/(27) as defined for convenience in (B7).
The difference however is related to corrections to irrel-
evant terms in the effective action, and vanishes in the
limit of zero mass. Indeed the expansion of the second-
order term of the effective action (25) which produces
(0) is somewhat different from the expansion (@6). The
reason for that is that the second cosine term multiplied
by A(z — y,1) from (25) produced the cosine in (B0),
while the first cosine multiplied by A(z — y, 2) from (25)
produced the gradient in (30). On the other hand, all
terms of (28] contribute to ([@f). However, in the limit
m — 0 only the term multiplied by A(z — y,2) gives a
finite contribution that is evaluated below in ([@9), and
in that sense the terms (@9) and the gradient term of
(B0) are similar. The finite mass effects are studied in
appendix

The previous expressions can be evaluated in presence
of a small-scale cutoff @ in the limit m — 0. Using that
e~ %) = (mca)?=7) one finds from (@5) that

Ly(g) =0. (97)

To evaluate (@6]) in the limit m — 0 (and 7 small) we
note that there is a factor e 260 ~ m*(1=7) in front and
the integrand can be split in a sum of terms of the form
eP% —1. For p = —2, —1 one can rescale x — x/m and the
corresponding integrals are convergent in the limit m —
0, hence the original integrals are bounded by O(1/m?).
For p = 1 (and 7 = 0) the same holds up to a factor
Inma. Hence we find that all terms except e2¢(®) — 1
vanish as m — 0. The limit can be computed by using
(@), equivalently written as

e2G(;E) ~ e2G(O)(1 + x2/a2)—2(1—‘r)' (98)

The powers of m (produced by of e(®)) exactly match
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hence we are left with:
elrr — 1

2
_ 9 2
F(2)(q) _2(271')20,4 /d $(1+$2/a2)2(1_7—)

__ g 1 47(qa)' "> K_115-(qa)
2ra? |1 - 27 (2 -27)
92

57— [1 - qaKi (g0)] — 23— {1 + Ko(aq)
+ aglln(cag) — 1K (aq)} + O(g*7%)  (99)

Expanding at small ag we find

2
Ly(q) =— g—wq2 In(aq) {—% +7[2(Inc—1) + ln(aq)]}

+0(6°7%,6°°). (100)

The cubic term of the two-point function is obtained
from @27). In the limit m — 0 the only term that
survives contains B(x — y,y — 2,2 — x,1,1,1). This
is similar to the simplification which occurs for T'(2)(q)
where only relevant terms in the effective action need
to be considered in the limit m — 0. After trans-
forming the sum over three different rephca indices into
sums over unrestricted indices using Zaﬁ,y (o, B,7y) =
Za,@y f(a,ﬂ,”y) - 22& f(O[,O[,O[) - Zaﬁ[f(o‘ao‘aﬂ) =+
fla,B,a) + f(a, 8, 8)], the only term that survives in
the replica limit is

3
( —3G O)Z/d2fﬂd2yd2

1—‘(3)( )=2

B(:E —YYy—=zz —(E,l,l,l)ea( )[9,3( ) - eﬁ(y)] +...
(101)
where ... stands for all other terms that vanish in the

limits m — 0,n — 0 and for terms that are more than
quadratic in the fields. After using (I9)) in the limit 7 — 0
the previous expression becomes

Fe)(@) =255 Z/dzxdzyf z—y)

><9a( ) [0p(x) = 0s(y)], (102)
r— )2 1+ a2t
flx—y) = /d%[(y — 5)2 " Zg][(t — ]96)2 - (108)
Doing a Fourier transform one finally obtains
4 1—elae 1 x
Fanl9) = <2i> J () (104)
oy T 5240 (e D)

zvVx? +4

After evaluation of the previous integral we find

(@) = 2 * n(ag) R(tne - 1) + In(ag)] + O(c?).
(106)



To obtain this result one method is to perform the angu-
lar integral in (I04), to differentiate twice with respect
to ¢ and then to use the following property:

Lwdﬁ@@

0

e In(z+..)

1 (o]
= —£(0) In? In dzf'(z)Inz 4+ O(1 107
370t g+ing [ a0, (107

where the .. means subdominant terms in the large x
limit, f(z) vanishes at infinity and z is arbitrary. This
formula is obtained by rescaling x — x/q followed by a
partial integration and an expansion at small g. It is then
applied to f(z) = C?—;[1 — Jo(z)] and gives (I06).

We can now add formulas (@4]), (I00) and (I06) and
obtain

(108)
with
o(q) =olL + O(g*)] - % In(ag) — (g° — g°r)In* (ag)
+2(Inc — 1) In(aq)] + O(g>T, g*1%). (109)

Having obtained (I08]) we should reexpress the bare cou-
pling ¢g in terms of the renormalized one gr. One has

from (40)

g = glema)®™ = gr(1 + 7A + 2a1g9r) + O(g9%, T°9R, T9%)-

(110)

Since we want I'(q) to order 72, considering that gr =
O(7), we obtain

7(a) =o[1 + O(g3)] ~ 5 In(aa)ga(1 +27A + argr)

— (9% — 9%7)[In*(aq) + 2(Inc — 1) In(aq)]

+ Ok, 977), (111)

where to this order we can replace 4a; — —2X — ¢; from
(G6). We recall that A = In(c*m?a?). Now, the renor-
malized coupling gr depends a priori on am and on the
bare value g. However we know that it satisfies the flow
equation (GI]) as a function of m. Since here we work in
the limit m — 0 it has thus reached its fixed point g,
hence we must set in the above calculation

1+¢

gR=gh =T+ ™+ 0(r°) (112)

obtained from (GI). Remarkably, all non-universal con-
stants cancel and we are left with

o(q) = o[l + O(1?)] + %[72 + 7% + 0" In[1/(aq)].
(113)

Another remarkable fact is the cancelation of the con-
tribution from T'(3)(¢) with the O(7) part of the I'(5)(q)
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contribution. Taken together these cancelations are likely
to be equivalent to the vanishing of the invariant Z = 0
found in the method using or. One can notice that
([@4) is the subdominant contribution in the small-g limit.
Stated differently, the presence of the (bare) disorder
h(z) in the starting model (), that is characterized by
the bare disorder strength o present in ([I3)), is not im-
portant for the leading low-energy behavior of the effec-
tive action. However, the generated disorder h(x) under
the RG procedure [contained in terms o In(aq) in (II3))]
determines the behavior of the correlation function.

We can now compute the amplitude .A. From inserting

a(q)q”

_ 2
into ([83), in the limit m — 0, we recover exactly the

same result as (87) for the amplitude.

VII. RG VIA OPERATOR PRODUCT
EXPANSION

A. Operator product expansion as an efficient tool
to extract the renormalization constants

The operator product expansion (OPE) is a very ef-
ficient tool to extract the RG-functions for renormaliz-
able field theories. The first to construct a general the-
ory of renormalization were Bogoliubov and Parasiuk?,
followed by Hepp®?. They introduced what since then
is called a R-operation, which subtracts the divergences
from a given Feynman-diagram, and renders all observ-
ables, as e.g. correlations functions finite. This was
done by considering each ordering of the distances in the
Feynman-integral, the since then so-called Hepp-sectors,
separately. The R-operation can be thought of as an
OPE, or Taylor-expansion of a diagram for all possible
ways to contract the points, from which are retained
as counter-terms only the divergent contributions, re-
stricted to the sector in which they diverge. Further
it could be shown that the R-operation can indeed be
interpreted as a multiplicative renormalization, i.e. to in-
troducing Z-factors. This was most clearly demonstrated
by Zimmermann®!, who reformulated the R-operation in
terms of forests, i.e. mutually disjoint or included sets.
An equivalent formulation, which in some respects is
technically more convenient uses nests. It is this for-
mulation of the proof of perturbative renormalizability,
introduced by Bergere and Lam52, which finally has been
generalized by David, Duplantier and Guitter®3 26, and
Wiese?? to polymerized tethered membranes, and which
we will use here. It is a very generally applicable tech-
nique, which correctly treats distributions, and allows for
local as well as multi-local divergences. We state the gen-
eral criterion for renormalizabilityP”:

A statistical field theory is perturbatively renormaliz-
able, if

(i) the theory is renormalizable by power-counting,



(ii) divergences are short-ranged, i.e. no divergences
appear at finite distances,

(iii) the dilation operators commute,

(iv) there exist a operator product expansion, which de-
scribes these divergences,

(v) the divergences of the operator product expansion
do not have an accumulation point at dimension 0.
Especially, after subtracting them, the integrand
has to be convergent when the distances are con-
tracted.

This leads us to the Theorem of Renormalizability
(i) The renormalized integral

is UV-finite at 7 = 0.

(ii) The renormalized integral, which contributes to the
connected expectation value of the observable O at
n-th order,

O (21, ..., Zm) ;:ﬂ
T

is UV-finite and IR-finite at 7 = 0.
(iii) In perturbation theory, the renormalized expecta-
tion value of an observable is given by

- = _gn n)/ - -
,zm):zz( ) Og)(zl,...,zm).

n!

R IG™(%,...,ZN) ,

Or(z1,...
n=0
(iv) The subtraction operation R is equivalent to mul-
tiplicative renormalization, i.e. to introducing Z-
factors in the standard way.

In practice, what these two theorems mean for a the-
ory like the Cardy-Ostlund model is summarized by the
following remarks:

(i) The microscopic model can be defined without a
microscopic cutoff, as long as one is below the up-
per critical dimension (7 > 0). It may or may not
contain a macroscopic cutoff, e.g. the system size.

(ii) The macroscopic (renormalized theory) is defined
via perturbation theory. The latter depends on a
large-scale cutoff L. The choice which is imple-
mented in the above theorem, is to bound all dis-
tances which appear in the space-integrals of the
perturbative expansion by L. If there are strong
UV divergences, they are to be treated via finite-
part prescription.

(iii) Knowledge of the working of the proof of renor-
malizability, i.e. usage of the operator product ex-
pansion, is a useful tool to identify and subtract
subdivergences. The latter can in general easily be
calculated analytically. Since the resulting (sub-
tracted) integral is absolutely convergent, it can be
evaluated in an expansion in 7, i.e. for the order
we need at 7 = 0. While the OPE is useful to ana-
lyze subdivergences, it is not necessary to know its
working to calculate the needed integrals.
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(iv) The theorem then ensures that with this renormal-
ization all expectation values are finite, for any cut-

off.
(v) All critical exponents are universal.

For the practical calculation, we rely on the techniques
developed in27 8%, The simplest and most pedagogical
example of a two-loop calculation in this scheme is given
in®l. An example at four-loop order can be found in%2.

B. Bare Model and renormalization conventions

We consider the same bare model as in section [[Il How-
ever for simplicity here and below we make the choice
k =1/(27), hence T, = 2 and

T =2(1-7). (115)

The bare action thus is Sy = H,*? /T with

1 Vo (2)]* g0 " ilbal@)—05(2)]
80_27T;/1 2T _277/:5(123 e '

where we recall that 3" denotes sums where all replica
indices take different values. The notation : e®=(*) : de-
notes normal ordering; implicitly a vertex operator de-
pending on a single point as e??=(*) is considered normal-
ordered, i.e. <ei9a (x)> = 1. The correspondence with (8]

is that gg = %ec(o)' The free correlation function for

go = 0 is

(0o (2)05(y)) = —TéapIn|z| . (116)
Noting the partition function as Z := [D[f]e %, the
effective energy is S = —In Z, defined by expanding the
partition function to a given order in presence of a back-
ground field €, taking the average over the fluctuations
around this background field, and re-exponentiating,

keeping only the relevant terms near 7T.. It is param-
eterized as

- 1 Kaﬂvea(x)veﬁ(x)
5= o ;/m 2T

_M/Z’ ilfa@)=05@)] ;  (117)
27 © 5
Kog 0

7 =~ (14 0(g0)] — o (118)
or=0(g5) , grL™> =go+0O(g3) (119)

We now compute the renormalized couplings gr and og
in perturbation theory of the bare coupling go. We are
working for 7 > 0 and in the continuum limit, taking
a— 0.



C. One-loop diagrams
1. First diagram (one loop)

We use the graphical notation

@---0p = eilba(@)=0p(2)] (120)

Further, an ellipse will enclose same-replica terms. Here
and below we denote §S; = f 0s; the contributions to
the effective energy at 1 loop (i = 1,2) and 2 loop (i =
3,...,6).

The first contribution is

®®
_a Z/

—681
a(@)=05(2)=0a(y)+05(y)] .

72T1n|x y| (121)

where C7 = 1 and here and below we use ellipse to show
which same-replica terms are contracted. The combina-
torial factor is as follows: a factor of 1/2 from the expan-
sion of e the factor C; = 1 follows from the fact that
the second pair of replica sums has exactly one choice for
this diagram.

This term contains a strongly divergent contribution to
the free energy (which we do not need) and the important
sub-dominant term

—0si~ 7 g—;)zg//ylw—yl‘” x
x (@ - yz) Vo (x) = (@ —y) - VOs(x)]:
BY'S [
X :[Vlo () — VOs(z)]*: (122)

This corrects the quadratic term (in the the limit of n —
0) as

§Kos 1
T - _598 X —[17
4T

— 1 2/,,12=2T _ L
b= [Py < 1) =

(123)

(124)

Here and below we are using the prescription that all
distances are bounded by L, see Remark (ii) in section
[VITA] above. It thus produces the contribution to og:

1
OR = —gg x 1.

)
0 2

(125)
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2. Second diagram (one loop)

—682:

0""0
= )2%: / i100(2) 0, ()] . o—il05 (@) +05 ()],
aBfy

xe~Tinle—yl, (126)
The combinatorial factor is Co = 2 from the 2 choices to
contract the ends.
Projecting onto the interaction yields
— b8y~ (29—) (n—2 Z ellla(@=0-@)] 1, (127)
where the basic integral is
1 2T
=5 [yl 7O < 1) - (128)
Therefore
6Pg=m—-2)g2x1, . (129)

where n — 0 has to be taken at the end.

D. Two-loop diagrams

Expanding the partition sum to next order one finds
the following four 2-loop diagrams.

1. Third diagram (two loops)

The first diagram at 2-loop order is

58

3' 27T

(130)

il (2)=0a(y)+0a(2)] .
5 U
w o H0s(x)=05(y)+05(2)] .
X672T[ln |z—y|+In |y—z|—In |z—2z|] )
The combinatorial factor is C'3 = 3 from the pattern with

one dot within an ellipse differently colored from the rest.
This yields

Cs  (90)* 3

— 553 = ? X (%) - Ig, (131)
C

599 = Lgir, (132)



The non-trivial integral I3 is, setting y — 0:

f= o [ [ (52) et —stiel <1y

(133)
We remind that finite-part prescription is used to define
this integral. In appendix [1] we show that

B (1 _ 7_)2 L4T L4T
== -0 (13Y)
2. Fourth diagram (two loops)
The fourth diagram is
Yy

_C
- 490 142 cos(fn —05)  (135)

Cy
5wg:§w$4 (136)

The combinatorial factor is Cy = 12(n —2) =3 x 2 x 2 X
(n — 2) with a factor 3 for choosing the leftmost vertex;
2 for choosing which of its ends to put inside the left
ellipse; 2 for choosing the second black dot within this
same ellipse from the two possible interactions; then all
combinatorial factors are fixed apart from a factor of n—2
for the replica sum in the second ellipse. Setting y — 0,

we find
( |z 2|2

) O(z — 2|, la]. || < L).

(137)
In appendix [[2] we show that
(1 _ T)2L4T L4T (1 _ T)L4T 0
I = - - O .
! 1672 872 & o)
(138)
3. Fifth diagram (two loops)
T Yy z
- =y
G598
=3 9 I Z cos(0y — 03) (139)
C
g = 29315 (140)

The combinatorial factor is C5 = 6(n — 2)(n — 3) = 3 X
2 x (n —2) x (n— 3) with a factor 3 for choosing the
middle vertex; 2 for choosing the second white dot in the
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left ellipse — then all vertices are placed; (n —2) x (n—3)
for the replica sums within the ellipses. The integral is

Oz, 2], |z — 2| < L)

1
Is = 141
e R .
In appendix [3] we show that
L4T o

I5 = p + O(T ) (142)

4. Sizth diagram (two loops)
Cs¢ = 2 is the combinatorial factor of this diagram

(corresponding to the 2 choices for ordering the 3 vertices,
up to cyclic permutations).

T s N2

—586 —Q, \p
3
90 1
B “‘Z // |z —y|Tly — 2|z — 2|"

5+ @100 (2)=0a(2)] 4il05 (2)=05 (1)] 416+ (1) 0 (2)] .

_90 Cﬁ -1 // 1
B Z 2l —ylTly — 2|7z —2|T

x :[(z — z)V@a + (2 —y)VOs + (y — 2)V0,]*:
+... (143)

In the analysis, let us distinguish between the resulting
1-replica and 2-replica terms. We start with the 1-replica
term:

T s N2

a0

1 rep

90 Cﬁ -3 // 1
- Z 2 le = ylTly — 2|T]z —2fT

x :[(z — 2)VO,)°:

:%(%_SX:/LM—

1 )
5 [Voal*: +

:v—z)2

Ty — 2"z — 2"

In the last step we did the angular integral (average). We
need to calculate the following integral:

(r —2)?
a 144
o= o || = 049
The calculation in appendix [4] gives
LGT
Is, = +0(79) . (145)

62



This yields the correction to K,p

6a
K Gln-1)n-2)-3 ,
T 30 g Jof6alap -

We now consider the term off-diagonal in replica-space:

mz
Y 2 rep

3
1
- 9_03cﬁ(n - 2)2 5 V0Vl

(146)

(x—2) (y—2)
. (147
P // ey e a7
The integral to be calculated is
(x—2) - (y—2)
. 148
el W e v e U
In appendix |L_5_| we show that
LGT 0
Iﬁb = m + O(T ) . (149)
This yields the correction for the off-diagonal term
5K(5¢6b) Ce(n—2
- Tﬂ - 6(3' )39316b(1 —6ap)- (150)

Taking together diagonal and off-diagonal terms yields in
the limit of n — 0

6K(§6a) +5Ké6b) C 1
e "7 a6 3 516(15&[3 + Igp(1 = 64p)

T 5 90
LGT
=52 +0(r%) (151)
This gives a correction of og,
3 LGT
§@op = gé) +0() . (152)

It is an important consistency check that only o gets
renormalized, but not the diagonal term (temperature),
as necessary due to the statistical tilt symmetry of the
problem.

E. Beta functions to two-loop order

Summing all one- and two-loop contributions calcu-
lated above, we find

grL™Y =gy +6Wg+ 6@ g+ Wg + 50y
9 27 3L4T 3L4T 4
=90—9%—to% =z toh -+ O(g0) (153)
L4T LGT

or=0WMo+6Fg = g2=— 5 —9867_2...

(154)
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Here the beta functions are defined as the variation w.r.t.
the large-scale cutoff L, keeping fixed the bare coupling
go- The result, reexpressed in terms of gg, is

B

Bal9) = Lypor| =27gr— 29% + g% + O(gR), (155)
9 1

Ba(9) = Loron W 59R + O(g%)- (156)

Comparing now with the general expression ([@3]) and (46)
we have obtained the coefficients:

A=2 B=0,
D=1/2, E=0,

C =1,
F=0, (157)
and we can now repeat the analysis of section [IIl Re-
markably, the universal invariants in the beta functions
B0) assume, using ([I57) the same values (63) as found
above. The various methods, while quite different, are
thus mutually consistent and predict the same amplitude
A as in (87) and finite-size-correction exponent w as in

E0).

VIII. CONCLUSIONS

In this paper we have reexamined the Cardy-Ostlund
model, i.e. the 2D XY model in the presence of a random
symmetry-breaking field, in the case of excluded vortices,
equivalently the random-phase sine-Gordon model. We
performed a perturbative RG calculation in the vicin-
ity of the glass transition temperature, in a systematic
expansion in 7 = (T — T.)/T, to the next order (two
loop) than was considered previously (one loop). We
used several different RG schemes which yield consistent
results. We have obtained the scaling equations of the
model, i.e. the beta functions, given by Eqs. (T8, (G,
and ([77) to next order in the non-linearity. We eluci-
dated the structure of these RG equations which contain
several non-universal constants, and two temperature-
dependent universal invariants. The first invariant yields
the correction-to-scaling exponent (B2) which control,
e.g. the finite-size dependence of the susceptibility fluc-
tuations in the glass phase. We further calculated the
correlation function in the low-temperature phase, and
found that it has the super-rough squared-logarithm form
given by Eq. (88). Its amplitude, which is related to the
second invariant in the beta functions, was obtained to be
A =272-273+0O(r%). To O(7?) it agrees with the one-
loop result first correctly obtained ini®. The next order
O(73) obtained here is in discrepancy with the prediction
A = 27%(1 — 7)? obtained in Ref.28 by a simple transla-
tion to the CO model of the exact results of2” based on
the fermionic version of the model ([Il). The fact that this
latter prediction could not be correct for all0 < 7 < 1, on
physical grounds and inconsistency with the zero temper-
ature numerics was pointed out in Ref.28. Here however
we find that the disagreement occurs already at two-loop
level. Hence it would be important to perform the RG



calculation for the model () directly in a fermionic lan-
guage and locate the origin of the discrepancies between
our results and the ones from Ref.2” . This goes beyond
the scope of this paper and is left for future work.

Another apparent discrepancy can be noted, since a
calculation taking into account corrections of orders g
and g2 (which both lead to zero contribution) leads
to the following result for the Edwards-Anderson order
parameterl4,

(ell0@) POy (e~ 6@ -0y  (z/a) **~7) | (158)
which is different from the one quoted in?? which has a
temperature independent universal decay exponent equal
to —4. More studies are then called for to clarify the full
connection between the model considered in the present
paper and the one from??. Note that the predictions
made in this paper have been compared to a numerical
simulation, with excellent agreement. The numerical re-
sults and the comparison is presented in Ref.26.
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Appendix A: Effective action

In this appendix we derive an analytic formula of the
effective action up to third order of perturbation the-
ory. We have not found in the literature a systematic
derivation of such an expression apart from the result in
second order perturbation theory in Ref.f3. An advan-
tage with respect to the traditional diagrammatic per-
turbation theory is that it gives all the terms in a certain
order in the coupling constant without need to for deter-
mination of multiplicative prefactors for diagrams. Our
aim is to calculate the effective action for a theory de-
fined by the reduced action (or Hamiltonian in our case)
S(p) = So(v) + gV (p), perturbatively in g where Sy
is the quadratic part of the action and V' some pertur-
bation. Denoting by W (J) the generator of connected
correlations#

W) — /D(pe—S(wHJsa' (A1)

The effective action is defined as** T'(p) = Jp — W (J).
Using

(A2)
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after translating the field ¢ — ¢+, Eq. (A1) eventually
becomes

e T = /Dx exp [—S(gﬁ +x) + /da:x(x) (5;75{:5)} :

Further we introduce I'(¢) = I'() — So() + log Zo, and
Eq. (A3) is transformed into

= 1
e~ (e :70 /’Dxexp [— So(x) — 9V (e +x)

+ /dxx(x)%z)}

= <exp l/ d:rx(x)%a) —gV(p+x)

>(A4)

When deriving Eq. (A4) we have used that Sy is a
quadratic action, so it satisfies

Su(e+20 =50e) + [ daz2ox(a)

1 528,
+ = [ dedy—=20
2 / Vso@)se(y) *

=So(p) + /d:v 52?27) x(x) + So(x).

Here one should notice that is important to define T as
difference between I' and Sy in order to avoid further
complications when solving the implicit equation for I'.

The next step consists in solving Eq. (AZ]) and extract-
ing T out of it. This can be done by iterations. We write
T in the form

(x)x(y)

(A5)

T(p) =D g"Val9) (A6)
n=1
and use the cumulant expansion
oo 1 .
In <€A> = Z E < >cv (A7)
n=1
where the first few connected cumulants read$4
(4), = (4), (A8)
(A%), = (4%) —(4)*, (A9)
(A%) = (A3) +2(A)° - 3(A) (A?). (A10)
Then we easily obtain
Vi) = (Ve + X))- (A11)
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Next, we get

(), = Vo + )+ [ dndyGle— )50 [ O 52Vt X))

bp(@) |Sp(y) 7T dply)
_ V(e +x)) 6{V(e+x))
= > (V2o +X))e — ¢° /d:vdyG(:v —y) ) o) T O(g"), (A12)
where we used the notation G(xz —y) = G(y — z) = (x(x)x(y)) and the identity
B O [ 4 CR Y
Vip+xx@) = [ duGla—p T EIA (A13)
Therefore,
Vali) = ~5 (Vo + e+ [ eyl — gy WEELN IV L) (A14)
In a similar way we obtain
1 3V (e +x)) 5(VZ(¢ + X))e
Va(p) = 6<V3(<p +X)) / dadyG(e —y)==5"rs 50)
U dodudodt Gl — Nt — 0V e +x)) 6(VIe +x)) (Ve + X))
* / dodydzdiG(z = )Gy ~1) dp(2)op(t)  dp(x) dp(y) 7 (A15)
where we used
2
V(o4 0N = Vo + )Gt — )+ [ asatGlo - )60 -0 522X, (A16)
Our final expression for the effective action up to third order in the potential V reads
2
I(6) =Su(e) ~log Zo-+ 9(V (64 ) = SV + 00+ & [ drayle - LLELN AN
g° g’ (Ve +x)) 3{V3(p +x))e
+ g(V?’(w tX)e = /dxdyG(x - ) 50(2) 5000
9 [ dedudodiCla — Gl — 0V e+ X)) 6V (e +x)) 5V (0 + X)) 4
+ 5 /d dydzdtG( )Gy —t) 5o(2)00 () 50() ) + O(g%). (A17)

This formula straightforwardly extends to the case where the fields carry indices, such as replica indices. In that case
the propagator G carries a double index. These indices can be restored unambiguously using the spatial coordinate
of the field by matching the field indices with the propagator ones.

The obtained formula (AT7) agrees with the one of Ref.22 to O(g?) terms. (The formula of Ref.53 is written only
to O(g?)). We have tested (AIZ) on the sine-Gordon model to two-loop order (i.e. including g® terms) and found
agreement with the effective action from Amit et al.#. The final expression (5.1) of Amit et al.# contains a typo: the
argument of the last term in the third line of (5.1) should be y instead of x.

Appendix B: Transformation of sums

When one calculates camulants of () one needs to decompose the two sums over pairs of unequal indices, Egs. (BI)
and (B2)), into sums where all addends are sums over all unequal indices [denoted by superscript ‘e Y oa 48 gla, B) =

Z;ﬁ g(a, B)]. These relations read:

> g0 8.7.0) =Y [gla, B0 ) + g(a, B. B, 0)] + Y [g(a, B, y) + glev, B, B,7) + g(a, B,7, ) + g, 8.7, B)]

a#B af aBy

Y#S
+ 3 glen. 8,7,9) (B1)

afyé



and

ji? aBy aByd aBydp afyéuv
nF#V
where g2 = g(o, 8, o, 8,0, B) + g(e, B, 0, B, B, &) + g(ev, B, B, a0,y B) + g(av, B, B, o, B, ) and
g3 :g(a,ﬁ,a,ﬁ,ary) + g(a, ﬁ,a B, B8,7) + g(a, ﬁ,a By, ) + gla, By, 8,7, B) + g, B, e, v, v, B)
+9(a, B, a,7,0,7) + g(a, B, a7, B, @) +g(a, B, 0,7, 8,7) + g(e, B, 0, 7,7, @) + g(a, B, a, 7,7, B)
+ g(e, B8, 8,0, 0,7) + gl 66, ;) + g(a 66, o, 7, @) + g(a, B, 8,0,7, B) + g(e, B, 8,7, o, B)
+ 9(e, 8, 8,7, a,7) + g(a ﬁﬁvﬁ, ) +g(a, B, 8,7, 8,7) + gle, B, 8,7, 7, @) + g(e, B, B,7,7, B)
+9(a, 8,7, a, a,6)+g( By, any) + g(a, By, o, By ) + gla, By, o, B,y) + glas By, 1y, @)
+9(, 8,7, 0,7, 8) + g(e, B,7, 8,0, B) + g(e, 8,7, B, a,7) + g(a, B,7, B, B, @) + g(e, 8,7, B, 8,7)
+9(, 8,7, 8,7, )+9(ﬁ767ﬁ),
91 =g ( B0, 8,7,0) + g(a, B, ,%a,5)+g( ,B,a,7,8,0) + g(a, B,,7,7,0) + g(a, B, , 7,6, )
+ g(a, B, a,7,6, B) + g(a, B, a,7,6,7) + g(a, B, B, o, 7, 8) + g(e, B, 8,7, @, 6) + g(a, B, 8,7, 8,9)
+9(a, B, B,7,7,0) + g(aﬁﬁ”yﬁa) g, B,8,7,6,8) + g(a, B, B,7,6,7) + g(a, B, 7, @, , )
+9(, 8,7, , 8,0) + g(a, B,7,,7,6) + g(a, B, v, a, 6, ) + g(e, B, 7, @, 6, B) + g(a, B, v, , 0,y
+9(, 8,7, 8,a,9) + g, 8,7, 8, 8,9) + g(a, B, 7, B,7,0) + g(, B,7, B, 6, ) + g(, B,7, 8,6, B
+ g(e, 8,7, 8,0,7) + g(a, B,7,0,c, 8) + g(a, 8,7, 6, ,7) + g(e, B,7, 9, ,8) + g(av, B,7,6, B, )
+9(a, 8,7,9,8,7) + gla, B,7,0, 8,0) + g(e, B,7,0,7, @) + g(a, B,7, 9,7, 8) + g(a, B,7,0,7,0)
+9(a, B,7,6,6,a) + g(a, B,7,6,6, 8) + g(, B,7,6,0,7),

95 =49
+g(a, B,7,6, 8, 1) + g(a, B,7,0,v, 1) + g(e, B,7,8,0, ) + g(ev, B, 7,0, p, ) + g(e, B, 7,9, 1, B)

Zg(o‘aﬁa’}/véauﬂ ZQQ+Z 93+Zg4+ Zg5+ Zgﬁ

(o, B, 0,7, 0, 1) + gla, B, 8,7, 0, ) + g, B, v, a0, 0, i) + g(ev, By, 8,6, 1) + g(e, B, 7,6, 1)

+g(o, 8,7, 0, p1,7) + g(e, 8,7, 0, 11, 6),

96 :g(aaﬁa’)/?éaﬂu V)'

In this appendix we quote the remaining term of I's, that is not important for purposes of renormalization:

"o__
3 =

1

6
Bz —y,y—2,2—x,—-2,-2,-2) Z/ cos[0q () 4+ 04 (y) + 0a(2) — 0s(x) — 05(y) — 05(2)]

Appendix C: The remaining term of I's

(—2ga2)3eBG(O)/d2iEd2yd2Z{
T

aff

F6B(x— g,y -2z -2, -2, -1, ~1) Y coslfa (@) + ba(y) + 0a(2) — O(z) — O5(y) — 0(2)]

aBy

+6B(zx—y,y—z,2z—1x,-2,1,1) Z ' cos[fn(x) + 0a(y) — 0a(2) — Os(x) — 05(y) + 0,(2)]

aBy

+6B(z—y,y—z,2z—z,—-1,—-1,1) Z/ coslla(x) + 0a(y) — 05(z) + 05(2) — 0, (y) — 0,(2)]

afy

+6B(x — gy — 22— ~1,—1,0) 3 coslbla (@) + Oa(y) — O5(y) — 05(2) + 0,() - b3(2)]

afyé

+12B(z —y,y — 2,2 — z,—1,1,0) Z " cos[la () + baly) — 0s(y) + 0s(2) — 0(2) — 05(x)]

afyé

+6B(e—yy—zz—o.1,1,-1) 3 coslfa(@) — a(y) +0a(2) + O5(y) — 0,(2) — O5()]

+2B(z —y,y — 2,

afyd

afyé

z—x,—1,-1,-1) Z ' cos[la () + 04 (y) + 0a(2) — 05(y) — 0,(2) — 05(3:)]}.
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(B2)

(B3)

(C1)



Appendix D: Evaluation of integrals: finite-a method
1. One-loop integrals

In this appendix we will evaluate the unknown inte-
grals that appear in expressions for the beta functions
@3) and (@). One should have in mind that we need
the divergent contributions (when a — 0) from these in-
tegrals in a power law expansion with respect to the small
parameter 7. The divergent contribution to a; comes
from the region of integration when the argument of G(x)
in A(x,p) [Eq. (20)] is around zero. After shifting the
variable of integration and using the small-z expansion
of G(x) given by Eq. (I9) we obtain

2m?2 A y
= yAly, 1) = [ dy—2—
@ == / yA(y, 1) /0 Vo

x {1+ 7In[c*m?*(y* + a®)] + O(7?)} +ft.

1
=—7 [2A+ 7A* + O(7%) + £t.] (D1)
where A is defined in Eq. (57)). The introduced parameter
A satisfies

a <A< (em)™t, (D2)

and will further serve us to split the divergent part of
G(z) from the non-divergent one when a — 0 in integrals.
In the region (D2) one can always use the expansion of
the propagator (I9). The abbreviation f.t. stands for
“finite terms” and denotes all terms that do not diverge
in the limit a — 0.

Using a similar reasoning as above, for the other con-
tribution as we get

Am A ys
= A2yy? Ay, 2) = / dy——2>——
az =—— / yy~Aly, 2) . WoEr e

x {1+ 2rIn [¢®m*(y* + a*)] + O(7*)} +ft.

1 1
=—gA-TA- 57/\2 +O(7%) + f.t. (D3)

One may notice that divergent contributions come only
from the term e“®) of A(y, 1) in (DI) and only due to
e?¢@) from A(y,1) in (D3). The remaining terms in
A(y,2) and A(y, 1) determine the finite part of the in-
tegrals.

For our purpose of calculating the renormalization of
the effective action up to third order in the coupling con-
stant ¢ it turns out that finite parts in expressions (D)
and (D3) are important, since they contribute in the beta
functions. It is important to notice that these finite parts,
denoted by ¢; and ¢z in Eqs. (3I) and (32]), multiply the
renormalized parameters g3, or 7g%, so for our order of
accuracy of renormalization (that is third order in g) it
is sufficient to evaluate them for 7 = 0 in (DI)) and (D3)).
Here we should have in mind that our general strategy
of double expansion of the effective action 1) is in g
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and 7, which are assumed to be of the same order. That
explains why we need constants ¢; and ¢y to order 7’.

The constant ¢;, which is a finite term in the expression
(DI) in the limit of 7 = 0 and for a — 0 is determined
from the expression obtained from (DTJ),

2m2 1

taken in the limit @ — 0 and with the propagator G(y) =

2Ko(m+/y? + a?). This leads to
¢ = lim {—4 In (ep) — 402/ dtt [62K0(t) - 1] } + 8¢
p—0 P
~ 1.891. (D5)

We should mention that the contribution 8¢2 in ¢; comes
from the term —G(x) that renders A(z,1) one-particle
irreducible.

Similarly, the finite part in (D3]) is determined from

4,4
1
c2m /d2yy2 {ezG(.w —2G(y) — 1} = —sA+co, (D6)
- 2

taken in the limit a — 0 for 7 = 0. This leads to

1 oo
co =— =+ lim < 1n(ep) + 64/ dtt? {e“(“(t) - 1}
2 p—0 P

— 16¢* ~ 1.611. (D7)

The contribution —16¢* in ¢y comes from the term
—2G(x) that makes A(x,2) one-particle irreducible.
With that, we arrive at the final expressions for a; and
az given in the main text, Eqgs. (B6) and (G8]).

2. Two-loop integrals

We will now calculate the coefficients that stand in
front of the operators in ([33). To achieve that we use the
procedure described in appendix [El for evaluating of the
divergent parts of double integrals. We emphasize here
that in all terms in I's we set 7 = 0, since our purpose
is to obtain the renormalized action to third order in
the small parameters g and 7, and I's already contains a
prefactor g3. We emphasize here that for simplicity we
calculate separately the part of B without By (terms with
superscript /) and afterwards we evaluate By (terms with
superscript "), see Eq. [28). The first term of interest is

04 m4

(2m)?

bl - /dQ'rdeB(x + Y,T,Y, _25 27 2) = b/l - bll/v
(D8)

which has divergent contributions from three regions of
integration, (a), (b), and (c), see Eq. (E2). In the first
region (a) after angular integration we have

A A 2,2 4
dzy® —a
b, = d d
1“ /0 x/o R+ )
A

A 2
- F 4mZ a2 40 (a—ﬂ e
4 a a




Combining the contributions from regions (b) and (c) we
easily obtain

A [e'S)
/1bc = — 204771,4/ d.’IJ(E3€2G(I) / dyyf(27 y) + f.t.
0 A

=—61In Al 81n a In(emA) +f.t. (D10)
a a

The contribution that comes from Bj in (D)) reads

4

b = (0;7:;2 /d2xG(x)/d2y {6_20(‘”) +G(y) — 1} :
(D11)

It does not contain divergencies and contributes only to
finite terms. Therefore the final result reads
by =5\ + A\ + fit.

by = blla + blbc (D12)

where X have been defined in Eq. (57]).
The second term of interest is

cAm?

" =)y

/dedzyB(x, v,z +y,2,1,—1) = by — b,
(D13)

As in the previous case we consider three regions of inte-
gration, (a), (b), and (c), see Eq. (E2). In the first region
(a) after angular integration we get

2
v, = d d <
R R s

1. A 2 A a?
——§1nz+1n +O<A2>+f't'

(D14)

Combining the contributions from regions (b) and (c) we

6,,,6

2m)?
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easily obtain
A o
by =c4m4/ d:v/ dywy{ — 222C@ f(1,y)
0 A

G<””)} + £t
= {—1 + *m? / dyy [eG(y) — 1} } In A
A a

4 C@+GE) _ g

A
—In - In(emA) + £.t. (D15)
The contribution that comes from B; in (DI13) is
" c'm? 2 2 G(y)
— v _
b E /d :CG(:C)/d y {e 1]
= — 2% In(ema) + f.t. (D16)

Using the definition of ¢; in Eq. (D)) after simple algebra
we finally obtain

6—|—Cl
8

1
by = by, + bhy, — by = ZAZ + A+ft. (D17)

There we used the following result

o 1
/ dzz [eG(Z) - 1] =5
A cem

{28 - % - ln(cmA)}

2
+0 (A2,m2A2) , (D18)
where ¢; is defined in (D).
Finally we calculate the integral
cSmS 2 12 2 / %
b3 = W/d xd®yx*B(x,x + y,y,1,1,1) = b — b.
(D19)

Contrary to the previous three cases where the region
(d) [see Eq. (E2)] has not yielded divergent terms, in the
case of (DI9) it produces divergent terms. First we will
evaluate (DI9) in region (a). We have

B, = M / A22d%ya? { G@)+GW)+G(ety) _ (G@) _ (Gl) _ (Glaty) | 2}
jal Jyl<A

3
it F 1t

Ala AJa 27r
d d
/ x/ y/ 2 (@ + 1)+ 1)

+ a2+ 2zycosp + 1)

Ala Ala Ty 1
:/ dx/ dy (1 — 2—) + f.t.
R R TN L e RS AR

Ala 2
Yy A 2
= dy—2 {In | = +1 -2+
/0 ITZESVA Rl 2 Y ﬂ

A
== +ft.
a

Only the first term on the right-hand-side of the first

A2 2 A2
?4‘1) —|—y —2(——1)

—In2 p +1.t.

(D20)

line in Eq. (D20) contributes divergencies. After using



the expansion (Id), rescaling the variables * — ax,y —
ay and doing the angular integration one ends up with
two terms given in the third line of (D20). Only the
first term gives a divergent contribution when a — 0.
By doing one more integration over x we end up with
only one integration over y, see the fourth line of (D20).
Expanding the obtained integral with respect to the large
parameter A/a followed by integration over y leads to the
final result.

The sum of contributions in regions (b), (c¢) and (d) is

A
baped =2cﬁm6/ dza [14 O(2?)] @)
0

X /00 dyy?® [eQG(y) - 1]
A

A o0
=2¢'m*In - /A dyy? {e2G(y) - 1} +ft. (D21)

The contribution from B; in (DI9) is

SmS
b =25 [ Padty? (Gly) + Glo+ ) [0~ 1]
(2m)?
+ f.t. = —32¢* In(ema) + f.t. (D22)
At the end we get
1 2 1
b3 = béa + bébcd — bg == Z}\2 — C2 + )\ + ft (D23)
There we used the following result
e 1 1
3 [.2G(= _ 4
/A dzz [e ()—1} —W{CQ‘Fi‘FlGC
a2
—ln(cmA)} +0 (F,m2A2> ,  (D24)

where co is defined in (D7).

Appendix E: Important integrals

The coefficient in front of operators in I's contain inte-
grals of the common type that will be calculated in this
appendix. They can be written in the following form

I:/d2Idzyypeac(m)75G(z+y)+wG(y), (E1)

where the propagator G(z) = 2Ko(mva? + a?) is ob-
tained by setting 7 = 0 into Eq. (). The param-
eters in Eq. (EI) are assumed to belong to the set
a,B,v € {0,1,2}, p € {0,2} that occur in unevaluated
expressions in Eqs. (34)), (33)) and [B8). The (logarithmic)
divergence of integral (EI) arises because of the behavior
of G(z) at * < a < m™*. In order to isolate divergent
from non-divergent parts we split the range of integra-
tion in (EI) by a parameter A which is introduced in
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appendix [D] and satisfies (D2). We distinguish four re-
gions of integration
(a) |zl |yl <A, (b)
() [z[>A [yl <A, (d)

[ < A, ly[ > A,
=), [yl > A, (E2)

and analyze integral (EI]) in these regions.

In region (a) one could use expansion ([I9) for all cor-
relation functions in (EI)) and evaluate the integral. We
will not do it explicitly here for the most general case.
Particular cases are calculated in appendix

In region (b) we can expand the correlation function
around y:

Gl + ) = Gllyl) + hrC (o)

[l
1 9 1 " 1 /
+5h [EG (|y|)—WG(|y|)] +O(r),  (E3)

with b = 22 + 2z -y. Then after expanding the term

e PG(=+Y) for small h and doing the angular integration
one gets

A 9]
Ib :(27T)2 / dZC/ dywyl"'peac(w)'i‘(’Y_B)G(y)
0 A

x [1—a?f(B,y) + O@*)], (E4)
where for convenience we have introduced a function
1
1) =2 @ w + 2o - ser|. @)

Using similar manipulations as above in region (c), with
the difference that we expand G(z + y) around z, after
exchanging the integration variables we get

A o
1. :(2#)2/ da:/ dyztPye ¢ @ +Ha=HGy)
0 A

x [1—2?f(B,y) + O] . (E6)

While the divergent terms of integral (EI) in regions
(b) and (c) arise only when one of the variables is around
zero and the corresponding propagator diverges, in region
(d) both |z| and |y| are large. However, their sum |z +
y| could be a small number which may in certain cases
produce divergencies. Therefore, region (d) may contain
divergencies when |z 4+ y| < A and 8 < 0. Changing
the variables of integration z +y — z and after using
expansion (E3]) one ends up with

I, = / 22y PG @) —AG(E+y) +1G()
ol yl>A

A S
:(27T)2/ dx/ dyay 1 +Pe—BO@+Hat)G W)
0 A
x [14+ O(2?)] +f.t. (E7)

The last expression has divergences for § = —1. That
type of integral appears during evaluation of b3, see



Eq. (36). The case 8 < —1 could be also analyzed, but
it is of no interest for us.

We close this appendix by explicitly evaluating three
integrals. The first one is

> ﬁ2 1 2. 2A2
/ dyyf(B,y) =% |1+ - +In(c"m~A*)
A 2 B

+ 0 (m*A%,a%/A?) . (E8)
It could be done by expanding the propagator G(x) =
2Ko(mvxz? 4+ a?) around a = 0 to zeroth order, since
A > a. The remaining terms of that expansion produce
after integration a result which is at least ~ a?/A%. We
remind the reader that we have already set 7 = 0 in all
terms that come with the overall prefactor g3, i.e. in all
terms that arise from I's.

The second and the third one can be easily done by
using the expansion of the propagator (I9)) followed by
simple integrations. They read

A
1
/0 dzzeC®) = oy In (A/a) + O(a®/A?) (E9)
and
A 1
/0 4z = 1 ln (A fa) — 1/2) + O(a?/A).

(E10)

Appendix F: Dimensional method

In this appendix we calculate integrals 11, (32)), (34,
B3), and (B6) by a dimensional method. The main idea
is to consider 7 > 0 (i.e. T' < T¢) where one can set the
short-distance cutoff a to zero in all correlation functions
that appear in the above-mentioned integrals. The log-
arithmic divergencies contained in the parameter A [see
Eq. (51)] will become poles with respect to 7 in final ex-
pressions. The calculation is straightforward once one is
acquainted with the techniques and ideas presented in
appendix

While some results at intermediate steps in appendix
are calculated using the Bessel function (I) for the
propagator, here we show that this is not necessary be-
cause the universal parts of the integrals come from the
short-distance behavior of the propagator, that is univer-
sal. For distances |z| < (em)™1, it reads

G(x) = —(1 — 7) In(c*m?2?). (F1)
In addition the limiting behavior G(oo) = 0 is necessary
for the calculation, which is a quite weak assumption.
Later we will see that we need one more condition and it
is limy 00 yG'(y) = 0.

The first term of interest is (3I)) and it can be evaluated
by splitting the integration range by a parameter A that
satisfies A < (ecm)~! [c.f. (D2)]. The divergence arises
from the region of integration 0 < x < A, while the
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remaining region x > A delivers a constant ¢}. The final
result can be written in the form

1
=5 = e+ O(1). (F2)
Similarly we get
1
az = - = ey + O(1), (F3)

where again we have a constant ¢}, that only depends on
the precise form of the correlation function G(z). We
should mention that for the special choice of propagator
(@) the constants ¢j and ¢, are well defined, however
their precise value is immaterial for our purposes.

Further we compute two-loop integrals by the new
method (they have been already calculated in appendix
[DIby another method), and we closely follow the notation
from that appendix. In the following we are only inter-
ested in the divergent parts of the expressions in the limit
7 — 0. It is convenient to introduce the abbreviation

A
gn(A) = / dza?® e, (F4)
0
which after using (ET) yields
&) = | L fin(ema) (F5)
IR = gz g TR
(A) = ! = + In(cmA) (F6)
92 P ’

valid in the limit emA — 0.
The first term is defined in (34). It has divergent con-
tributions from three regions of integration, (a), (b), and
(c), see Eq. (E2)) for the definition. In the first region all
correlation functions have the logarithmic form (FT]) and

we obtain
, 1 1 —2In(emA)

la ™ 9r2 T

+0O(1Y). (F7)

Regions (b) and (c¢) combine into the form given in the
first line of Eq. (DI0). After evaluation one gets

1

e = 5 [1 = A(A)], (k)
where h(A) = [ dyyG’(y)*. We also used
/A dyyf(B,y) = — ZyG’(y)IZO - %h(A)
B B
=0 - Tha), (F9)

where the assumption lim,_, yG’(y) = 0 has been used.
The remaining term (DI1]) does not contain divergencies,
and we finally obtain

1 3 4ln(emA) + h(A)

b= — — =
=) 2T+ 2T

+0(r%). (F10)



Further we calculate the term given in (38). In region
(a) we obtain

3 1 —61In(ecmA)
o _ 0
2a — 1672 ST + O(T )

(F11)

The first two lines of (DI5) after simple manipulations
become

S = @) [ w10+ 08 o1 - 1(8)

+91(A)% / A22G(x), (F12)

while the divergent part of the contribution (DI6]) reads

1
by = c4m4g1(A)% / d*zG(x). (F13)
Combining the previous expressions one obtains
3 44 8¢ —41ln(emA) — h(A) 0
by = - .
27 162 167 +0()
(F14)

The important combination that appears in the beta
function ([@3) now reads
o 1 0
by — 8by +4a] = o +O(1). (F15)
T
There are several important things to mention about the
last result. First, all non-universal terms connected with
A and ¢| from (FI0) and (F14) have canceled in (F15]).
Also there is no 1/72 divergence in the combination. This
is quite reminiscent to the situation we had in the same
term evaluated by another method, see Eq. (B9).
The last integral we evaluate is defined in ([B6]). How-

ever, it is more convenient to rewrite it in an equivalent
form

SmS
b= ooy [ Qadyla ) Bloo 4y 1 L1)
(27)?
(F16)
In region (a) we obtain
1 In(ecmA) o
béa = @ + f + O(T ) (Fl?)

In regions (b), (c), and (d) now there are two contribu-
tions. The terms multiplied by 22 + y? from (F16) give
a contribution that is two times larger than the result
stated in the first two lines of (D2I). The remaining
term 2x -y has divergent contributions only in the region
(d) that equals (D2I]) multiplied by minus one. Overall
we obtain the same contribution as given in the first two
lines of (D2])). After simple regrouping we obtain

ggﬁ =2g1(A) [az — g2(A)] + 491@% / Sy ).
(F18)
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The divergent part of (D22) reads

" Cﬁmﬁ 2,2
by = 4——g1(8) | dyy"Gly), (F19)
and finally we obtain
1 /
by = —5 — 2+ 0(7°) (F20)
67 T

Appendix G: Two point function at finite mass and
one loop in the continuum limit ¢ — 0

In this appendix we study the one loop result (@4]) for
the two-point function derived in the main text. We focus
on the continuum limit a — 0, keeping m finite, which
exists for 7 > 0. To recover this limit we must express
the result in terms of g, or equivalently of gr using (40]).
We use G(z) = 2(1 — 7)Ky(mz), perform the rescaling
x — x/(me) and get by adding the first and second order
in g contributions ([@3) and (@0):

I'(g)=A (%) + Ag (G1)

1 ~
AO — —;c2m2gR [1 —+ 2(&1 + Cbl)gR] (G2)

a) = / xdw [e_zé(w) — 3e7G@) _ ¢CGlo) 4 3} . (G3)
0

Here G(z) = 2(1 — 7)Ko(z/c), and we note that in the
combination

a1+ a1 = / xdx [e_zé(w) — 3e=Cl@) _ Glz) + 2}
0

= —0.0473276, for 7 =0 (G4)

the logarithmic divergencies cancel yielding a finite result
for Ag at 7 = 0. The momentum dependent part is:

1 . ~
A(p) = — pczngf%/dzx(emm —1)[2sinh G(x)

— ginh 2@(1‘)} (G5)

Let us now consider its limit for large p = ¢/m limit
obtained by rescaling z = y/p. Using

lim p~*"'~7) sinh[2G(y/p)] = 1/ [23/4(1‘7)} . (G6)
p—00
lim p~ =7 sinh[G(y/p)] = 0, (G7)
p—00
one finds
1 —4aT > — —T
A(p) = —c*m?gip® ™" /O ydy(Jo(y) — 1)y~ 0=
1y 99 5 4 227 - 1)
—xC M IRP I'2-27) (G8)

i + 1p2 In(pc/e) + O(7)| .

Ll 5o
_wcng[ 167 4
(G9)



Let us now comment on the various regimes for I'(¢) as
a function of ¢q. By comparing with (I00) we see that
the In ¢ behavior (that leads to super-rough correlation)
extends from the region ¢ ~ 1/a up to the region g ~ m.
However for very small g, ¢ ~ me~'/(7) the coefficient
—27T(q)/q? saturates to 1/87 (plus a finite part). The
pole in 7 has precisely the value obtained in ([89) together
with (68) and (67)) by considering the limit ¢ — 0 first.
Finally the above result allow to determine the correla-
tion function Go(q) = f(g/m)/m?* as a scaling function

of ¢/m using (@2).

Appendix H: More on two loop integrals:
simplifications and explicit evaluation for a simple
cutoff function

In this appendix we calculate the integrals (31I), (32l),
and (34)—(B8) using a simple cutoff function.

1. Simplifications

First we show that the terms linear in G(x) in all inte-
grals, which make the effective action a sum of one par-
ticle irreducible graphs, cancel in universal invariants in
the beta functions. We also provide simpler expressions
for evaluation of two-loop integrals.

Let us start with one-loop integrals. We define:

2.2

o = 5 [0 p60) - 1. (1)
2 Y
2.2

of) =T [ e pow) -],
2 Y
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(1)

so that a1 = a; (2)

and az = ay . Here we denote [, =

J d?y. Analogously we define expressions without the
term linear in G(x):

2 2
o =5 / PGW 1, (H3)
2 v
aP) _ m?c? /yz {epG(y) _ 1] (H4)
2 2 Y '

This changes only the finite parts in the one-loop inte-

grals since the integrals linear in G(y) are finite. More
precisely ([64]) and (GH) are changed into
g A LA
441 =44, = —+ B+ O(1), (H5)
T
iy —oa =D g
200 =24y = — 4+ E+ O(7), (H6)
T
with B = B — 422 [ G(z) and E = E —
4’”227702 [, 22G() (in other words A = A and D = D).

For the two-loop integrals we will use an expression
equivalent to (28]):

B(z,y,z,a,b,¢c) = [eac(m) - 1} [ebG(y) - 1] [eCG(Z) - 1} + [eac(m) —aG(z) — 1} [ebG(y) —bG(y) — 1}

+ [ebc(y) - bG(y) — 1} [ecc(z) —cG(z) — 1] + [e“G(I) —aG(z) — 1} [eCG(Z) —cG(z) — 1} . (H7)

Then one can rewrite the needed combinations of two-loop integrals:

4.4

by — 8by + 4a2 = K/ {e—gcw _ 1} [ezc(z) _ 1] {egc<y> _ 1} + (@) + 26 1 4@y
x+y+2z=0

(2m)?

(2m)?

4.4
s { mie / {e_c(z) B 1} [e2G(m) _ 1} [ec(y) B 1} n d§2)d§1) i d?)dg*l) I dgl)dgl)} + finite
z+y+2=0

(H8)

the same expression without the hats and the additional finite part being exact [by definition from (HZ))]. Comparing
with (68]) it means C' = C, i.e. C' can be computed discarding linear terms in G(y). The second combination (69) can

be rewritten:

4.4

6bs — Sajas =6£/ o2 [eG@) - 1} [ec@l) - 1} [ec@ - 1}
r+y+2=0

(2m)?

2
+ 24414y — 8aqdy 4+ 8 C
21

: / [a2G(z) — a12°G(x)] + finite

x



again the same expression without the hats, the terms
linear in G, and the additional finite part being ex-
act. Comparing with (69) one sees that now the coef-

ficient F is changed ie. F = F + éle;f2 [, G(x) -
2/1’”2277c2 [, 2*G(z). However the combination

1 A a 1 -
F+BD—§AE:F+BD—§AE (H10)
does not change and since A and D are also unchanged
the three universal ratios (B0) are unchanged. Hence one
can just suppress the terms fw G(z) and fm 22G(z) since
they cancel in universal quantities.

2. Calculation with a simple cutoff function

We consider the continuum (or dimensional) limit
scheme where a = 0 and 7 > 0. Until now we have
used the Bessel cutoff function G(z) = 2(1 — 7) Ko(mz),
and noted that all factors mc in the definitions of the
integrals can be set to unity by rescaling x — z/(mc).
This is equivalent to using G(x) = 2(1—7)Ko(z/c). Here
we will test further the universality with respect to the

From (HJ) and [9) the coefficient F' can be extracted as

F
—+001) = 6/ (€@ — 1) (%W — 1)(e%®) — 1) + 24a169 — 8a1dy = Ny — — + —
T r+y+2=0 T
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choice of the cutoff function by considering

@ =9 < 1)z 24+ 0z > 1) (H11)
such that G (x) is continuous and has the same logarith-
mic behavior at small = as the Bessel function cutoff and
vanishes at infinity. For convenience we also suppress the
tilde (and set m = ¢ =1 in all definitions).

The one-loop integrals are:

1
ay :/ dea(z®™2 - 1) = (H12)
0

! 3 4T —4
d — — —
/ xrr (I ) ;

as (H13)

so that

A=2 B=-2 D=1/2, E=-1/2. (H14)

3

a. Coefficient 2

LS ms)

T2

where we have used (HIZ) and computed the one loop integral a ds = 5 fol dra®(z=2 — 1) = 1/(87), keeping only

divergent parts. We have defined

1
Ny =

(27T)2 / 1 1 1 2(:172 + y2 + 22)(I2T—2 _ 1)(y27—2 _ 1)(227'—2 _ 1)
r<1l,y<l,z<

(H16)

To compute this integral (which is ultraviolet convergent) we use symmetry to restrict to the domain0 <y <z <z <1
and write y = wr and 0 < w < 1 and 22 = 2%+ 9%+ 2xyc with ¢ = cos(¢). The measure is then 12z3wdrdwde/v/1 — ¢2
with ¢ € [—1,1]. The condition z < z < 1, i.e. 2% < 2% = 2%(1 + 2cw + w?) < 1 implies that 2¢+w > 0, hence we use
that

dzz0(w +2¢ > 0)...

1/vV/1F2cwtw?
/ (H17)

g 1
...=27T/ 7/ dwl2w
/x<1.,y<1,z<1 1vV1l=¢2Jo 0

After integration over x for 0 < x < 1/v/14 2cw +w?  That would naively give N1 ~ A/7 but there is a pole at

one finds w = 092, To treat this pole one checks that replacing in
{18) g — g7 = g- — g% with
N 1/1d /1 A (w,0)0(w +2¢> 0) T T
= w ——g.(w,c)0(w + 2¢
! 2w 0 -1V 1-— C2g
(H18) » 16(7 — 1)2w?7 1
=—————0(0 1 H20
e = SO0 <w < 1) (H20)
with
gr(w,c) = 1 8lw(c +w) +1] +0(19) (H19) one finds a finite integral ~ A/7 as 7 — 0. Hence we can

7w (2cw +w? +1) write N1 = NT + N{“ where the contribution of the pole



is

gr(w,c)

1 /1 1
Ny = —/ dw/
27 Jo —w/2

| AT —1)? [ar =3 x47By (r+4,1)]

V1—c?

2 372 (272 + 57 + 2)
1 a—12

==+ 2 +0(1). (H21)
T T

3pM(1/3)— w“>(5/6>

Here a = 5273 and the regularized part is
8c
N’I‘eg —
! / /w/2 1—c2720w+w2+1
+0(°) = —; +0(7Y) (H22)
where we have checked that the remainder O(7°) is inte-

grable. In total we have Ny = 1/72 —9/(27) which gives
F =1/2 and the combination F' 4+ BD — %AE = 0 using
(HI4). Hence we find that the universal combination is
7 =0, in agreement with the other calculations.

b. Coefficient C

To treat the other two-loop coefficients one should
group the terms so that the integral is ultraviolet finite
for 7 > 0. This leads to:

—C 1 2

+O(TO):b1_8b2+4a%:M+Q+___

2T Y-
(H23)

_ (271T)2 /Hy“_o 0—2G(2) |:e2G(z) _ 1} [GQG(y) _ 1}

Q=" 8# /acherz—O o [GQG(E) - 1} [eG(y) - 1}

+{[e20@ — 1] + [e6W —1] } [e=6@) —1] .

(H25)

After symmetrization on the arguments z,y,z one ob-
tains (with « + y + z = 0 implicit):

M+ Q= N1+ Na, le/ Ji(z,y, 2),
rx<l,y<l,z<1

N2:3/ fg(l',y,Z),
r<l,y<l,z>1

since when two or more distances are larger than 1 the
integrand is identically zero. The functions fi and fo
are easily obtained using Mathematica. For the sector

(H26)
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x < 1l,y < 1,z < 1 we perform the same manipulations
as above. We find again (HIS) with now

-8 {w [w3 —2¢*w + 6c2w + 3¢ (w2 + 1)} + 1}
Tw (2cw + w? 4 1)°

g‘r(wa C) =

+0(7°). (H27)
The pole at w = 0 can again be treated via a substraction
with now:

8(r — Dw?™~!

D) 00 <w<1).

gr(w,c) = (H28)
To see this we note that g, can be split in three terms:
(i) the coefficient of w~1727 which gives the above g? (ii)
the coefficient of w=3+4" which turns out to simplify into
an expression yielding no pole in w (due to a cancelation
of poles between M and @) (iii) an expression regular at
w = 0. Hence we have again N1 = N¥ + N/ where the
contribution of the pole is:

| 2= 1) [ar -3 x 4By (r+ 11)]

NP =—
Yor 3r2(r+1)
12— 0
=—§+ - +(9(T ). (H29)
and the regularized part is
N = dw/ {
w/2 V1— Vi=¢2
1 8(20 w—2¢ w+cw2+c+2w)
>< —
T (2cw + w? + 1)
+1
+ O(TO)} 275 (H30)
T

In total we have Ny = —1/72 +5/(27). Next, one easily
checks that Ny is finite, as the expansion of the inte-
grand (g,) up to O(7) at small w is regular. Hence from
(@23) and below we find cancelation of 1/7% poles and
the residue C' = 1. This is again in agreement with the
other calculations.

Appendix I: 2-loop integrals for the OPE method
1. Integral I3

The first integral at 2-loop order is

e o [ (52) et st <

(I1)
We remind that this and other similar integrals are
defined via finite-part prescription. Integral ([I) is
a counter-term of the theory, which has itself sub-
divergences. It can be calculated by brute force, but the
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FIG. 3. The geometry used for Js.

task is simplified by recognizing that the structure of the
renormalization group dictates these sub-divergences, or
equivalently lower-order counter-terms. After subtrac-
tion of these counter-terms, which themselves are easy
to calculate, the rest can be written as a convergent in-
tegral and be calculated. This is the road we will follow.
To show how this works, consider the OPE-coefficient
associated to I3, which is the integral of 3 interactions
projected onto a single one (not writing the replica con-
tent), which we note as (not yet setting y = 0)

Subdivergences occur for x — y or z — y. Let us consider
x — y, keeping in mind that a similar term appears for
z — y. Then, we use the OPE to extract the small-z
behavior:

1y> (1, ®@---0:| @---0)

®® Vﬁ(y)) (V;0(y) @---0:| @---0)
@@y vjvke(y)> x

(ViVid(y) @---0:| @---0O)

®§ Vﬂ(y)vk@(y)) X

(Vi0(y)Vib(y) @---0:| @---0)
T (13)

The above symbolic notations mean that we first consider
the OPE of the upper two interactions, and projecting in
the order of their appearance: On the identity operator
at position y, 1, (termed relavant counter-term below)
times the contraction of 1, with the interaction; then on
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V,;0(y) (termed relevant odd counter-term below) times
the contraction of V;6(y) with the interaction; then on
V;Vi(y) times the contraction of the latter with an
interaction; and finally on the interaction itself times the
projection of the interaction with the final interaction,
termed marginal counter-term, or RG below, since this is
the repeated counter-term from 1-loop calculations. The
coefficients in the order of their appearance are

(54

y @Oz

1y> = o -y (14)

®---O0)=1 (I5)

2i.§C— 7
(@ ® w»)-ﬁ (16)
(V;0(y) @O | o---o)—% (17)
(@ ® Va0l ) i( |y>j;:|c2;y>k )

(V;Vib(y) @---0:| @---0)
_ iTon(z — y)? —2(z —y);(z — y)

|z —y|* (19)
<®®z Vje(y)Vke(y)> = _2(x|;€);|(f:r_ b
(110)
(Vi0(y)Vi0(y) @----Oz| @---0)
TPy —2);(y— 2k (111)

ly — 2[4

Some remarks are in order: In a first-principle calcula-
tion, the replica content would have to be written explic-
itly. Thus, e.g. the factor of 2 in ([6) comes from the 2
possibilities to expand either the left our right replica. In
the effective action calculation presented earlier in this
article, the first 3 terms of (I3 are absent, since they
correspond to 1-particle reducible diagrams, which are
automatically subtracted.

This allows us to give the list of counter-terms. Note
that if we only know that such an expansion exists, but
do not know the coefficients, Eq. (I3 can be obtained via
simple Taylor-expansion. (That is actually what we did,
except to check the working of the OPE on an example.)

Counter-terms for integral Is: To simplify notations,
we set y = 0. First, the relevant counter-terms, minus
the product of ([4]) times ([A)), since we want I3 plus the
counter-terms to be finite, (plus an analogous term with
x and z exchanged) are

|2T] O(z—z|< L) .

o [ [
(112)

This expression is zero due to analytical continuation.
Second, the odd relevant counter-terms, minus the
product of (I6) times ([7) (plus an analogous term with

c,rel
Iy =



x and z exchanged),

IC ,odd 2T zZ-X
S IZIQIIIQT |[2]2]>"
xO(|z|,|z| < L) . (I13)

These terms are zero due to analytical continuation, and
zero due to parity. The marginal counter-terms reads

c,RG __
I - 271' / /

[22 2AT - 1)(z - 0)?

|z]2T 24

O] <|z[ < L)

2222+ 2(T — 1)(2 - z)?
22T 24

O(lz] < |z| < L)]|.
(114)

We have written two contributions: the first ~ T2 is
the repeated counter-term from RG, equal to minus
([10) x (I1d) (plus an analogous term with z and 2
exchanged). Note that we have put ©-functions to re-
strict the counter-term to the sector in which it is needed
to subtract the divergence. The second contribution is
([I]) x [ (plus an analogous term with z and z ex-
changed). It is zero due to radial integration, but makes
the integral absolutely convergent (it can e.g. be put on
a computer).

Consider Jy = L[l + I3 + Iy + 1979 .
Using the mapping theorem of appendix [Jl to map onto
|z —z| =L <1, using z = x — 1 we can write with the
respective counter-terms regrouped in one line

Js = At [13 + I+ I 4 IngG}

L=1
LaaL |:IB +IC rc1+Ic odd+Ic RG:|L:1
1 max(1, |z|,|1 — z|)~*
" 2r [ |z[>7 |1 — [>T
1 1
TR T e

2T [x - (1 — z)] max(|z|, |1 — x])~*
271 — af?
2T [z - (1 — )] max(|z|, |1 — z|)~*
|21 — 2[>"
—2)?+2(T - 1)1 -2)-2]?
|z[*7(1 — z)*
xO(|lz| < |1 —z|)|1 — |77
2?2(1—2)2+2(T - 1)[(1 —=z)-2)?
|1 — z|2T 4

_Tx2(1

=T

xO(|1 — z| < |z|) |z|~*" (I15)
_ Jgormal_’_Jéﬁnomal'

There are normal and anomalous terms, where the latter
are those for which the difference between the above max-
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functions matters, even though in the limit of 7 — 0 they
all become 1.
The normal term is

g L[

o2 [z]2T]1 — z|?T  |z|?T |1 —=z|?T
2Txz-(1—2)] 2T[z- (1 —x))
P —ar PPt

_7@(1‘@|ﬂ£( %ﬁ_x”x]@m4<u_xw
- |1_(x|2T§£“‘W] O(11 | < o)
x max(1, |z, |1 — z|)~* (I16)

Since we have constructed the counter-terms such that
this integral is convergent in each sub-domain, one can
take the limit T" — 2, i.e. 7 — 0. This yields, up to terms
of order T,

el 4 0(r) =0, (117)

since in that limit the integrand vanishes identically.

We now turn to the anomalous terms. Those come
from the regions where the divergences do not cancel ex-
actly, either z — 0, or z — 1. Due to symmetry, we
consider  — 0 only (this gives a factor of 2). We write
the different contributions as follows:

(II9) — (TI5) = 32"+ 3o+ O(r) (118)

The first term is

_2i/ 1—H1&X(17|I|,|1—I|)74T
21 Jy [>T
xO(|z| < 1/2) | (119)

Janomal

Janomal _

but one could have taken a smaller number than 1/2 for
the cutoff. This gives

1 [|1 —F 1

Janomal —9 -
o 72T

} o7 < 1/2)
xO(Z-1 < 0), (120)

where we have made explicit that Z is a vector, see Fig.
Going to complex coordinates gives

2 [[l-—2)¥1-3)> -1
27T/m [ (zz)" ]
x (2] < 1/2)0(R(z) < 0)

2 / {27(:5 +Z) + A%z 4+ 27(27 + 1) (2% + xz)/ﬂ

Janomal _

27 (zz)T
O(lz] <1/2) O(R(z) < 0) +
1 1 371'/2 X .
= 2/ de ™3 — / [27':1:(6“25 + e7?) 4 47222
0 /2

+ 727 4+ )22 (e? + e %?) 4 }

= O(r), (121)



since the only (logarithmically at 7 = 0) diverging terms
are the term ~ 47222 — O(r) after integration, and the
last one, which vanishes due to angular integration.

The interesting term is

Janomal

B 4T/ F(1-d)
C2m J @I -

x [max(|@], |[1—2|)

(7] < 1/2)

4T _ max(1, |Z], |1—:E'|_4T)]

AT [ Z- (1= 2)[|1 —z|~* —1]
om ), 2271 — 2]
x O(|Z] <1/2)0(Z-1 > 0)
AT [ 3(z+7—227)27(z +T+..)
S om ), (z2)T(1 — x)(1 — )
x ®(|:v| < 1/2) (R(z) > 0)

4T

-7 dqs / dz ¥
—m/2
(ze'® + pe™ — 22%)(2e!® + xe™¥ + )
(1 — ze'?)(1 — ze—?)

ATT [7/2 . . z
=—— de (e + e_z‘z’)?/ dra?™! 4 ...

27 —7/2 0
=-T+ O(7). (I22)

The remaining anomalous terms only diverge logarith-
mically at small x, thus when expanding the factors of
max(...) "%, this yields an additional factor of 7|z|, en-
suring convergence; thus these terms can be neglected.
Therefore, calculating ([14) analytically, and using ([15)
we conclude that

C,RG anoma,
Iy = —I + 4 J !
1— L4T L4T
UL o Lop). 2s)
2 T2 4T

2. Integral I4

1= oo [ [ () ot sl el < .

(124)
We follow the same strategy as for I3, first identifying the
counter-terms. The relevant counter-term to be added is

o | | ot

We can again add the following (relevant) odd (i.e. van-
ishing) counter-term

dd _
e = o //|:E|QT22 (2|, |2 < L).  (126)

5t = — —z|<L). (125)
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This time, there are two marginal counter-terms. The
marginal counter-term for z — 0 comes from the inser-

tion of (I2I)):
“wr L

IC,RG,I

h =
The marginal counter-term for z — 0 comes from the
sub-divergence (I20):

eRG2 _ 1 // 1
179% = s | [ ot < el < 1) (29)

Consider now the combination

+x222
2Iﬂcl2T|2|4
xO(|z| < |z| < L).

(127)

0 c,re c,0 c C,
Jii= Lo [14+I4 e e
1 1 T —A4T
=5 [ | (g ap) st =
1
|.'L'|2T
ZC(].—JJ) —4r
T max(|z|, |1 — z|)~*
T =2 () a2 —a)?
222711 — o]
O(lz] < [1 —z)[1 — |~
1 ar
R Ol < e
_ JEormal Jjnomal ) (129)

The normal contribution is

T
Jnormal 1 / 1 _ 1
2r J, [ \[«]?[1 — 2| |[*T
x-(1—2x)
T =
|2[*T[1 — x]?
(T —2)z-(1—2)?+221—-2)2
T 202|271 — z[* O(fa| <1 —2)
_1 —4
- e O~ al < Jab)] max(lel 11 - )
=0(7) . (130)

The integral is convergent, since the counter-terms where
constructed in order to cancel exactly all sub-divergences.
Taking the limit of 7 — 0, one finds that the integrand
identically vanishes, which shows that the expression is
O(7).

There are two potentially anomalous terms,

anomal
J4b + e o

Jdnomdl Jdnomdl

(131)

For the first term, a calculation identical to (I19) shows
that

anomal

/ PES [max(|z|, 1, |1 —z|)~* — 1]
(I32)



The second term is, up to a prefactor of 1/4 identical to

(22), and reads

— :f)
Janomal 1/2) %
o | o < 2
x [max(L, |7, [1 = Z~*7) — max(|7|, |1 - #])~*"]
Jggxomal T
_ __t 133

Calculating explicitly the integrals (I27)) and ([2]) yields

I, = _IZRGJ _ IZRG 2 4 Janomal
(1 _ 7_)2L4T L4T (1 _ )L4T 0
= -—+0 . (I34
16r2 ' 812 gr O (1Y

We remark that the contributions proportional to T2 ~
(1—7)% from I3 and I, cancel. We will see later that the
only terms which appear in the RG-functions come from
the anomalous terms.

3. Integral Is

The integral I5 is

QZQVALG

Clearly, the marginal counter-terms are subtracted by

(I2)*:
I; — I3 =

a0

Using the mapping prescription, we find

d
LE [I5 - 122} L=1

/ max(|z|,|1—2[,1)~*" — max(|z|, |[1—z|)~*
T on 271 — 2|T

(=], l2], |z = 2| < L)
|z [z"

(135)

(=], |2], | = 2] < L) —
[ T]z[T

Oz, || < L)

(136)

= O(r (137)

Thus there is again no genuine contribution. This is not
astonishing for a bubble-chain. The final result is

L4T

I5 :IQQ‘FO(TO) = w

+0(1Y) . (138)

4. Integral Ig,

The integral Ig, is

(lz —ylly—zl,|z— 2| < L)

//x—z
Toa = a2 2 — y[Tly — 2[T]z — 2|T

(139)
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It has two subdivergences, due to 1-loop counter-terms
for the coupling ¢: for z — y — 0 and for y — 2z — 0,

CRG _1

(140)

—yl<ly—=zl <L)

[ (y—Z)2 oz

lz —y|T ly — 2|>T

1 (z—y)?
|z —y|T |z —y|>T

Oz —yl<|r—y| <L)

We have explicitly written the subdivergence (first fac-
tor) times the remaining term (second factor) times the
restriction on the sector (third factor, ©-function). Note
that we have used our freedom to put the second factor
at a point of our choice.

We now note that (i) when combining the integrands
of Iq + I "R there are no subdivergences, and (i) the
integrand Vamshes in the limit of 7 — 0. Therefore,

c,RG

Isq + Ig,"~ = finite , (I141)
and
RG LGT
Isa =I5, +0O(°) = 62T o) . (142)
T
5. Integral Ig
The integral Igp, is
/ / (x—2) (y—2)
|z —y|Tly — 27|z — z|”
xO(lz —yl, |y — 2],|z —z| < L). (143)

It has a sole subdivergence, when x —y — 0. It is sub-

tracted by
—2)?

X
[II —y|T Iy 2|*T

We have decided to use this specific form of the counter-
term (for later convenience) but a symmetrized version
would also be possible. We claim that Ig, + IgéRG
O(7°%). To prove this, we set y = 0, vary L, and map
onto |z| =1

Ic ,RG __

=~y (144)

xO(lz—yl<ly—=zl <L)

Jo = (I I5 )
6 L . 6b + 1g;
L 2+ (2 —1)max(|z[,1,|1 — z|)~¢
27 |z|T|z — 1|T
O(|z| > 1) max(|z|, |1 — 2]) 767
2272 , (145)



The integral is finite, thus one can go to the critical di-
mension. This yields

_ Lo ,RG
Jg 1= % . (Iﬁb +Iﬁb )
1 z-(z—=1) 0O(z>1)
C2m ), [22(2— 1)2 22 - (146)

The integral can be split into two parts, Jo = J5 + Jg,
calling J§ the part where |z| < 1, and the other term the
part for |z| > 1. We get

1 z-(z2=1)
Ji=— [ dz0 I
6 271'/ Z (|Z| < )Z2|Z—1|2
11 |22 — 12 -1
=-— [d*z0 1) ————
427 26(z < 1) 22|z — 12
11 (2z—-1)(2z*—-1) -1
=-— [d*z0 1 147
427 20(]zl <1) 22%(z = 1)(z*—1) (147)

where in the last line we have introduced complex coor-
dinates. This gives
11

JS=—-—
6 2927

9 1 1
dz0(z] < 1) L(l —z%) + 2*(1 —2)
(I48)
Since |z| < 1, Taylor expansion can be used around zero.
It shows that there are only terms which vanish upon
angular integration. Therefore

Ji=0. (149)
We now turn to Jg:
11
>:___ d2 1
=55 [ 00> 1)
1 1 2
—1. (I50
X[z(l—z*)—i_z*(l—z)—i_zz*} (150)
Using that the Taylor-expansion for z — oo is
1 1 1 1 1 1
—_Z =——(14+4+=+4... 151
1—2z 21-1/z z(+z+22+ )’( )

we conclude that the terms of order 1/(zz*) cancel, and
the remaining terms vanish upon angular integration.
Therefore

JZ=0. (152)
Putting the pieces together, we conclude that
Iy + I51C = finite . (153)
We checked that one can also map onto |z — z| = 1,
yielding
Jop = g—i . (ten + 157°) (I54)

) [é#ﬁ - $|) ) @Gﬂ; 1)}
1 1 1
~or ), [233:1:* T2(1-2)(1-2)

1 Ozl <) _
+2xa:*(1—:17)(1—x*) xx* ] =0,
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using again the Taylor-expansion method, this time sep-
arating into |z| < 1 and |z| > 1. Thus, renaming the
variables,

Igp = —I&RG +0(1Y)
1 1 (2)?
~ o L | et < s+ 06
LGT

+0(79). (I55)

T 1272
We note a consistency relation between integrals Ig, and
Iep: Rewriting the numerator of (I39) as (z — 2)? = (v —
y)2+(y—2)2+2(x—y)-(y—2), we deduce that I, = 21gp.
This is indeed satisfied by our results ([42)) and (I53]).

Appendix J: The conformal mapping theorem

In this appendix we discuss a convenient method to
extract the divergence of an integral, known as the con-
formal mapping theorem®7:28:60  This method we use to
extract the 1/7 contribution of the 2-loop integrals.

In general, we have to compute integrals over N points,
equivalent to N(N — 1) distances z,y, . .., of the form

Pl e
max(z,y,...)<L

with a homogeneous function f such that the integral
has a conformal weight (dimension in L) x: I(e) ~ L*".
For the integrals which appear in N-loop diagrams, this
weight is simply x = 2N 7 (renormalization of g), or kK =
2(N + 1) 7 (renormalization of ).

The integral over the distances is defined by the inte-
gral over N — 1 points, keeping one chosen point fixed.
The residue is extracted from the dimensionless integral

)
J¥ =k LR =L " L—=TI°
& oL

= L/ f(z,y,...) max(z,y,...)"" .
max(z,y,...)=L

(J1)

(J2)

Note that the last factor is nothing but L=", but we have
chosen this form as will become apparent shortly. The
domain of integration can be decomposed into “sectors”,
for instance

{..<y<z=L},{ .. <z<y=L}, (J3)
and we can map these different sectors onto each other
by global conformal transformations. As we show below,

we can for instance rewrite the integral (I3]) sector by
sector as

JSEL/ i f(x,y,...) max(z,y,...)""
x=L;y

S Yseen

=L ~/y—L;;E,... f(x,y,...) max(z,y,...)~" . (J4)



The constraint on the maximum of the distances is re-
placed by the constraint on an arbitrarily chosen dis-
tance. Due to our normalization [, := & [d?z, this
is equivalent to fixing the both endpoints of this largest
distance.

To formalize the above, consider the integral over a
function f at order N — 1 loops. Suppose f(z1,...,2nN)
is a homogeneous function of dimension —2(N — 1) + k.
Define the function

Forceosin) i= foaes o) [maxlss = 1)

(J5)
(This is the combination which appears in ([J2). Then
the integral over z1,...,zn_1 (the relative coordinates
between points), cut off by C(z1,...,2n) = [[,; O(|zi—
zj| < L)

In(a, L) ::/ fGz1,...,28) C(21, ..., 2n) (J6)

..... —

has L-dimension 0. Consider a sector S (ordering of the
distances). Be x4 1= |2;— 2], with 1 < a <m := N(N —
1)/2. Then S = {z1,...,}, st. 21 < 22 < -+ < Tpy.
(Actually, we have chosen the labeling of the distances
o to account for the ordering. This is not always the
most practical thing to do.) Also define the character-
istic function xs(x1,...,Tn) of a sector S as being 1 if
all distances satisfy the inequalities of the sector and 0
otherwise. The L-derivative of the integral restricted to
the sector S' is

JS = Lilf,(a,L)

oL
:/f(zl,...)

The conformal mapping theorem , whose proof we
reproduce below for completeness, states that if the in-
tegral (I7) is Riemann-integrable everywhere (or at least
via finite-part prescription), then

JSE/f(zl,...)

In words: The above integral can be evaluated by fixing
any of the distances to be L (or 1 equivalently). (I4) is
then a simple corollary of (IS).

Xs(@1, ..y xm) . (J7)

Tm=

57,58,60

Xs(T1, .oy ) - (J8)

xr|=

To prove the latter, we start from ([IT). First of all,
since z,,, = L, and introducing a d-function to enforce it,
J® becomes

JS:/f(zl,...)5(3:m—L)Xg(xl,...,a:m). (J9)
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We now aim at integrating over the distances x1,..., 2
instead of the coordinates. For an arbitrary function g
of the latter distances, this is

/d2z1 codian gz, )

:/dxl...dxm W@y, .o xm)g(T1, .. xy) - (J10)

The measure is easily constructed as

W@y, .., Tm) = /d221 o d?zy 1 6(x — |21 — 22]) X
X...0(xm — |zn—1 —2n]) . (J11)

where the d-distributions enforce the x;’s to be the dis-
tances between the z;’s.

We now want to map onto x; = L. To achieve this, we
can always do the integration over x; last. This gives for
JS

JS = /dxl/dxl...dxl_ldxlﬂ cood@y, p(z1, . )
X8(Xm — L) f(z1, ..., (J12)

We now make a change of variables. For all ¢ but [, set

33m)XS(3317---733m) .

x; = Tz /L . (J13)
We also define Z; := L, and introduce this into ([I12)) as
1= [d# é(z, — L):
JS:/dxl/dfcl...dfcm (1, .. Fm) 6(F — L)
x f(Zq,..
X 0(Zmay/L — L)

T )XS(Z1y ey Tm)

L
—. J14
- (114)
2 \N(N=1)/2-1
7)
ﬂ)(Nfl)(%%)
L

2(N

Note that the factor of z% consists of (
from the terms dz; but dz;; a factor of (

from the measure; and a factor of (%) Y from f.

Using that

/dxl Sima/L— L)L =1 (J15)

x

we obtain

JS:/dgzl...d:zm p(Z1, .. ) 0(F — L)

X (&1, ..., %m)O(Fm /%1 < L/a)
X xS(1,- -, ) - (J16)

Dropping the tildes, this is nothing but (J12) with z,,
replaced by x; which completes the proof.
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