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ABSTRACT: Quantum field theories with quenched disorder are so hard to study that even
exactly solvable free theories present puzzling aspects. We consider a free scalar field ¢ in d
dimensions coupled to a random source h with quenched disorder. Despite the presence of a
mass scale governing the disorder distribution, we derive a new description of the theory that
allows us to show that the theory is gapless and invariant under conformal symmetry, which
acts in a non-trivial way on ¢ and h. This manifest CFT description reveals the presence of
exotic continuous symmetries, such as nilpotent bosonic ones, in the quenched theory. We also
reconsider Cardy’s CFT description defined through the replica trick. In this description, the
nilpotent symmetries reveal a striking resemblance with Parisi-Sourlas supersymmetries. We
provide explicit maps of correlation functions between such CFTs and the original quenched
theory. The maps are non-trivial and show that conformal behaviour is manifest only when
considering suitable linear combinations of averages of products of correlators. We also briefly
discuss how familiar notions like normal ordering of composite operators and OPE can be
generalized in the presence of the more complicated local observables in the quenched theory.
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1 Introduction

Theoretical modelling of real-world phenomena is necessarily built on approximation. Any
experimental setup contains impurities which are virtually impossible to describe exactly at
the microscopic level. Sometimes these impurities can be neglected, but in other cases, they
cannot and can lead to a drastic change in the physics of the problem. When impurities are
in thermal equilibrium with the system they define the so-called annealed type of disorder.
When they are out of equilibrium in a fixed configuration we have the so-called quenched
type of disorder. We will be interested in the case of quenched disorder. If we assume
that impurities are random, a notable class of observables are taken by averaging over the
impurities with a chosen distribution.

Probably the most notable model of quenched disorder is the Ising model on a d-
dimensional lattice with random couplings. The case where the spin-spin interaction coupling
is random is usually called “random bond” while a random magnetic field gives rise to the



so-called “random field”. The case of random field (RF) is particularly interesting because
this type of disorder leads to drastic effects in the theory. The RF Ising model has a very
long history and rich phenomenology, see e.g. [1-15].

In the continuum limit, lattice models of quenched disorder can be described by an
ensemble of Euclidean QFTs where the coupling constants are space-dependent. More in
general, one can study QFTs with quenched disorder independently of a UV lattice realization.
QFTs with quenched disorder are notoriously very hard to study analytically. In fact, such
theories present theoretical challenges which make even free theories puzzling at first sight!

To introduce the problem, let us consider QFTs of the form

S[h] = So + /ddx h(z)Oo(z), (1.1)

where Sy is the action of a pure system, h(x) is the random source, and Oy is a local operator of
So- In an ordinary pure QFT, a good set of local observables is given by correlation functions
of local operators. For instance, if we start from a UV CF'T and the theory undergoes an RG
flow, we can determine whether the theory flows to a conformal one (or scale-invariant only)
or to a gapped theory by looking at the IR behaviour of such correlation functions.

In disordered theories, the “quenched” analogue of correlation functions of local operators
are given by correlation functions at fixed random field A configuration

JIdp] eSO, (1) - - - Op(y)
J1dp] e=ST] ’

(O1(x1) - - Op(zp))p, = (1.2)

where [du] denote the path integral measure and O; are local operators of the theory S,
which are then averaged against a statistical distribution P[h] for the random field

(Or(z1) -+ Op(ar)) = /[dh]P[h] (O1(z1) -+ On(k))y, - (1.3)

In the presence of disorder, however, we can also consider averages of products of correlators

<ﬁ 0;)-+( i ;). (14

Jji=1 JN=1

of the form

Typically one is interested in studying the critical behaviour of RF models, where all local
observables like (1.4) should be described by correlation functions of a CFT. A couple
of questions immediately arise: how can we accommodate the existence of the additional
correlators (1.4) within a pure CFT description? How do we relate the pure CFT data to the
RF description? It is difficult to answer these questions in full generality but, as mentioned,
the above questions turn out to be non-trivial also for free theories, in the absence of an
actual RG flow. In other words, in contrast to pure theories, the identification of the correct
UV CFT and its symmetries before adding deformations is not totally trivial.

While the typical approach in the literature was to solve interactive RF models all at
once, we will take a step back and focus on the free case and see how the model can be



understood in the modern CFT language. We will then study in detail a free scalar field
theory of the form (1.1) with

So = /d% %(&p)?, O(z) = —o(x), (1.5)

and take a Gaussian distribution for P[h] defined in (1.3) as

P[h] x exp(—zlv2 /ddac h(m)2> . (1.6)

We will denote such theory as the random free field theory (RFFT).! Despite the presence of
the dimensionful parameter v governing the width of the Gaussian distribution P[h], we will
show that the RFFT can be seen as a CF'T, to all values of v, at any scale. The presence
of the correlators (1.4) makes the mapping between the quenched average correlators and
CFT correlators very non-trivial.

Besides being a rare example of a solvable RF model, the RFFT has also physical
applications. Indeed, it can be understood as the UV fixed point of interacting RF models,
as the RF Ising model and the RF ¢ model (see e.g. [15, 16] and references therein). As
such, the RFFT also defines RF models above their upper-critical dimension, e.g. the RF
Ising model in d > 6 and the RF ¢3 model in d > 8.

We will provide two different CFT descriptions of the RFFT. The first, denoted by («, )
theory, is just based on a trivial, but rather peculiar, change of variables in the disordered
theory. The second description, which already appeared in [13-15] (see also [17] for a nice
review), is based on the replica trick defined in a suitable basis introduced by Cardy [4],
and will be denoted as the Cardy theory.?:3

The two descriptions are complementary in various respects. The («, ) theory is
the simplest and it is the most useful to reveal some of the exotic (including higher spin)
symmetries of the RFFT, as well as to generalize properties like normal ordering and OPE
in a quenched theory. This description is however hardly extended to interacting theories,
since local deformations in the RFFT are generally mapped into non-local ones in the («, 3)
theory. The Cardy description is the actual proper CFT description of the RFFT, mapping
local deformations in the RFF'T to local ones in the CFT. On the other hand, the analysis
here is somewhat complicated by the categorical nature of the theory, which is based on
a free vector model with O(—2) symmetry. Yet we can identify the manifestations of the
exotic symmetries found in the (a, ) theory above in the Cardy description, as well as
other symmetries, providing in this way an alternative perspective possibly useful when
studying deformations of the RFFT.

! Another relevant class of random theories is obtained by taking Oy = ¢, which describes the continuum
limit of random bond lattice models. The resulting QFT in this case is not exactly solvable, so we will discuss
in this paper only the random field case with Oy = —¢.

2The CFT nature of the RFFT in the Cardy description was already recognized and studied in [13-15].
However, the main emphasis of these works was on the RG of the random field models seen as a deformation
of the RFFT. In this work we focus on the RFFT and we study in depth some features which have not been
previously considered (e.g. its symmetries and various aspects of the map to the original RF variables).

3We refer the reader to appendix A of [14] for a comparison between the Cardy theory and other descriptions
of RF models.



We start in section 2 by introducing the RFFT. We show why assigning a scaling
dimension to ¢ does not make sense for v # 0 and how scaling invariance is realized in a
peculiar way. We also discuss how the usual notion of normal ordering and OPE should be
extended for averages of products of correlators like (1.4).

The («, B) theory is discussed in section 3. In section 3.1 we show that the RFFT is
equivalent to the direct sum of two free CFTs based on a higher derivative ((J?) and an
ordinary (O) free scalar, denoted respectively as a and . They define the («, ) theory,
whose action is (3.7). The («, ) theory is an ordinary CFT, but the map with the most
general correlator (1.4) of the RFFT requires to consider products of correlators. The map
of local correlators between the two theories is reported in (3.14). The (o, ) theory is
useful in elucidating how normal ordering of operators and OPE work in the RFF'T, topics
discussed in section 3.2, where various examples of correlator maps are also given. The
global symmetries of the («, ) theory are considered in section 3.3. Interestingly enough,
even simple symmetries such as a Zo symmetry 5 — —(, when mapped back to the RFFT,
reveals a non-manifest symmetry of the theory. These are exact disordered symmetries which
emerge on average, in the terminology of [18]. The («a, ) theory reveals the existence of
further interesting (continuous) nilpotent Heisenberg-like symmetries of the RFFT. These
symmetries are intrinsic of the disordered theory and go beyond those discussed in [18].
Together with other (higher spin) symmetries, they give rise to a large set of selection rules
among the correlators (1.4).

We discuss the Cardy description in section 4. We review the construction of this theory
in section 4.1, which is based on the replica trick and on a way to take the n — 0 limit
at the action level by-passing possible subtleties occurring at n = 0 by a suitable change
of field basis. Also the Cardy theory can be recast as the direct sum of two free CFTs, a
higher derivative ((0?) and a O(—2) free scalar theory (see (4.18) with n — 0). The latter can
formally be defined in terms of Deligne categories, as recently discussed [19], although such a
description would not be needed for our purposes. The map of local correlators between the
Cardy theory and RFFT is given in (4.19). We discuss various examples of correlator maps
in section 4.2 and show how the set of Cardy correlators describes all possible observables
of the RFFT, providing an important consistency check of this description. Like the (o, 3)
theory, the Cardy theory enjoys a large set of symmetries, some of which are analyzed
in section 4.3. We exemplify how symmetries translate into selection rules for the RFFT
observables. While some symmetries, like O(—2) and additional Zy symmetries, are quite
obvious and were already considered in [13-15], we show that new less trivial symmetries are
present. Interestingly, while all new symmetries are bosonic, some of them take the form of
a Heisinberg-like symmetry which is nilpotent (of degree three). We show how these share
striking similarities with the fermionic Parisi-Sourlas superconformal symmetries discussed
e.g. in [3, 20, 21]. Moreover, we explain that the replica permutation symmetry (which
should be also preserved by interactions) can be written in terms of a combination of a O(—2)
rotation combined with a nilpotent transformation.

In section 5 we extend the discussion to the case in which ¢ is a generalized free field (GFF)
of dimension A. The derivation of the («,3) theory and the Cardy theory can be easily
applied to this case. The resulting theory is again a CFT, given by a direct sum of a GFF of



dimension 2A — % with a GFF A in the (o, ) theory, the latter being replaced by an O(—2)
GFF of dimension A in the Cardy case. The correlator mapping with the random field theory
works in the same way as for the RFFT. This generalization is not totally academic, since
we can induce an actual (though exactly tractable) RG flow by adding a ¢? deformation.
When the perturbation is relevant, the IR theory is the direct sum of two identical GFFs
of dimension d — A in the («, ) theory, one of the two being replaced again by an O(—2)
GFF of the same dimension in the Cardy description.

We summarize our results and discuss possible future developments in the concluding
section 6. Two appendices complement the paper. In appendix A we discuss the spectrum
of primary operators in the (a, 3) theory,* while in appendix B we provide further details
on correlator mapping between the RFFT and the Cardy description.

2 Random field description

The action of the RFFT is defined by (1.1), (1.5), and (1.6). Ordinary dimensional analysis
fixes [v] = 1, where v is the width of the Gaussian distribution (1.6). In a free theory,
we have the luxury to do computations directly in the disordered theory, by-passing the
replica trick. Correlators involving only the elementary field ¢ can be obtained from the
following generating functional:

2170 = [laole % —exp(5 [l dy (h(o) + T@)Gla — p)(by) + T) ) - (2:1)

rE-1)

where

[VlfsH

_ 0

G(z) , (2.2)

e,

W

7r
is the massless propagator of a free scalar in d dimensions. Upon taking functional derivatives
of Z|[J,h] with respect to J and averaging over h, we get

@) = Gl —y) +0* [0 G 0l —2) = g + g (2)
where we used h(x)h(y) = v26®(z — y) and we defined
)2
e (2.4)
We also have
6@, = [dyGla—yhty) £0, (6 =0. (25)

“In non-unitary CFTs, such as the (0? a-theory, it can happen that a primary operator at the unitary
bound does not lead to a short multiplet, and that null states do not completely decouple. This leads to a
peculiar case of multiplet recombination of operators. The phenomenon has been studied in [22] and explained
in terms of “extended Verma modules”, with operators which are neither primary nor descendants. We observe
(by inspection in d = 5 and d = 6) that the characters of the “extended Verma modules” can be recast
as the sum of two characters of standard Verma modules (corresponding to the primary and the first null
primary-descendant).



The second term in (2.3) corresponds to the disconnected average:

K

B 0 =2 [ 426l ~ )Gy —2) = =" (26)
so that the averaged connected component of the two-point function reads
—_— K
= 2.7
G0 = (27)

In d =4 and d = 2, the correlators (2.6) and (2.7) develops logarithmic terms proportional to
log |x — y|, respectively. We then focus on the case where d # 2,4. We will briefly comment
on these two special values at the end of section 3.1.

We can also compute correlators of composite operators. For example, the two-point
function of ¢? reads

- 22 2KFR 272
2 2 —
(9% (2)d*(y)) |z — y[2d4 + |z — y[24-6 + |z — y[2d-8"

(2.8)

where, as we will explain later, we have normal ordered ¢? such that (¢2(x)) = 0. Similarly

we can compute average correlators of higher n-point functions (O;(z1)...On(x,)) of local
operators ;. In the presence of disorder, we can also consider more general averages of
products of correlators of the form (1.4). The pattern for a generic correlator is similar
to (2.3) and (2.8). Correlators are given by a sum of terms which decay as power-like. The
mass scale v enters polynomially (& o v?) and is responsible for the presence of different
powers of |z — y| in the correlators.

There are peculiar features of this theory which are confusing at first sight. The theory is
manifestly gapless since all correlators are power-like suppressed. A gapless theory generally
is expected to be conformal invariant, or at least scale-invariant, but at the same time, it has
a mass scale, the Gaussian width v. The presence of this mass scale allows us in principle to
define an IR of the theory, as v|z| > 1. From this point of view, we might naively interpret
the exact two-point function (2.3) as an RG flow from a UV where the scaling dimension
Agv = (d—2)/2 to an IR where Ag{ = (d —4)/2. However, a UV scaling (d — 2)/2 is not
compatible with (2.6), which would suggest a scaling (d —4)/2 to all scales. A consistent
IR scaling is also problematic, as has been shown in [23] by looking at the behaviour of the
connected two and three-point functions of ¢2. This puzzling behaviour led [23] to conclude
that the RFFT cannot be scale invariant. As we will see and develop in the rest of the paper,
in contrast, the theory is actually conformal invariant, but the identification of which operators
should have a well-defined scaling dimension (i.e. are primary operators of the putative CFT)
is non-trivial. The Gaussian width v is dimensionless with this modified scaling assignment,
and no RG flow takes place, the RFFT being the same CFT for all finite values of v # 0.°

In order to simplify the notation, it is useful to often omit to write integrals and the
space dependencies of the fields ¢ and the random coupling h. We then have

So(¢) = %¢K¢, Z[h] = Z[J = 0,h] = ezhCh (2.9)

50f course, at v = 0 all correlators collapse to the ones of an ordinary free scalar field (and of prod-
ucts thereof).



where

K(z,y) = —0,6D(z —y), (2.10)

and G = K~!is given in (2.2).
For the same reason, we denote simply by A(¢) = O1(x1) - - Or(zk) a product of local
operators at different points, and write

A = 757 [0l a0),  TAGN, = flne = (A, . (211

Conformal symmetry. The RFFT is invariant under a scaling symmetry x — Ax where
the fields ¢ and h transform as follows:®

—2

_d=2 _d—4
¢ >N (p—Gh)+\"T Gh,

) (2.12)
h— \"2h.

The origin of (2.12) will be clear when we will discuss the (a, 3) theory in section 3. The
scaling of h is precisely what is needed to have a scale-invariant Gaussian measure (1.6). The
transformation of the action is easily established:

d d—2 d—4 d—2 d—4
S = %¢K¢—h¢ - % (A‘?(¢—Gh)+)\‘TGh>)\‘2K()\‘T(qS—Gh)—M‘TGh)
—AATER(ATE (9—Gh)+ATE Gh) (2.13)
=S+F[h], Flh]= %(1—)\2)hGh.

The action is not invariant, but the non-invariance is given by a functional of A only. The same
functional is obtained in the denominator of (1.2) when computing normalized correlators,
so that such factors cancel. Before average, we have

(A(¢18:)), = (AD)p (2.14)

where h/(x) = A¥2h(\z). For averages of arbitrary products of correlators, we can always
absorb the change in h by a change of variables in the h path-integral. Therefore, on average
we have “scaling invariance” in the following sense:

k

k
[T1{A (X5 00a) + (A5 =A%) (600, )), = [T (@), (215)
i=1

i=1

The invariance under general conformal transformation can also be established. We claim that
the RFFT is invariant under a conformal transformation # — /() if ¢ and h transform as

$(z) = ¢ (&) = Qa)~ 7 ((x) — Gh(z)) + Qx) 7 Gh(z),

d—4 (2.16)
h(z) = B (@) = ~Op (Qx)"F Gh(a)),

5Note that we are allowed to also transform the random field coupling h because the symmetries we discuss
are realized after ensemble averaging, and are not symmetries of the individual theories at fixed h.



where %”;l ~ = Q(z)R(z) is the Jacobian of the conformal transformation with R(z) € SO(d).
In (2.16) we see that ¢ transforms as a linear combination of two primaries, while h as a level
two scalar descendant. To be more precise, (2.16) can be understood as the transformation
of = a+ f and h = —Oa where «, § are primaries of dimensions (d —4)/2 and (d — 2)/2
respectively. The origin of this transformation will be clear when we discuss the («, 8) theory
in section 3, for now let us show the consequences of (2.16). Consider for example the two-point
function (¢(x1)@(x2)). This is not conformal invariant in the usual sense (it is e.g. a sum of

two homogeneous pieces with different scalings), but under the above transformation we have
(¢'(21)' (w2))y = (¢ (1) (23)),
A2 da d—4 d—4 d—2 d-2 .
= Q% Qy° ((z])d(24))), + (912 Q7 -y ? 7 ><¢(95/1)>h (9(z3))), (2.17)

= (p(x1)P(22))}, ,
where Q; = Q(z;). In the first equality we used the fact that the Gaussian random field

distribution (1.6) is invariant under the transformation of h. This can be easily seen by
noticing that under the replacement h — Ca, the distribution [h%(z) = [d% (Oa)? is
manifestly invariant under conformal transformations if « is a primary of dimension (d —4)/2.
The last equality follows instead from (2.3) and (2.6).

Altogether, this shows that the RFFT enjoys conformal symmetry. Finally, the scaling
transformation (2.12) makes clear that the Gaussian width v is dimensionless. Note that
insisting in assigning [v] = 1 and hence to take a “RG picture”, is inconsistent. As discussed,
a UV scaling (d — 2)/2 (for v|z| < 1) and an IR scaling (d — 4)/2 (for v|z| > 1) cannot be
assigned to ¢ consistently at operator level across observables of the type (1.4).

A more complicated example is given by four-point correlators of the elementary field.
In this case, the set of average correlators in a RFFT is significantly larger than correlators
in an ordinary theory, due to the possibility of taking averages of products of correlators.
They take the form

x4)>}- (2.18)

While each term in Vgp does not scale like a CFT four-point function, we will show

E\\/—\
=]
NI
=

8
<
=
2
=

8
N
<

8
N
=

that in the correct variables, these appear in linear combinations which define standard
CFT correlators.

Summarizing, the conformal symmetry of the original free theory action is exactly
restored after quenching on average correlators. While conformal symmetry was present
also in the pure theory, the action on the fields of the disordered conformal symmetry is
different from the pure one. For example, while ¢ is a good primary operator under the pure
conformal symmetry, it fails to be so under the average conformal symmetry because of a
non-trivial mixing between the field ¢ and the random coupling h, as we have seen. This
kind of symmetry restoration is beyond those recently discussed in [18].



Normal ordering. A feature of disordered theories that we will discuss in the next sections
in the context of the RFFT is the appearance of a new form of coincident point singularities.
As well-known, even in ordinary free quantum field theories, naive composite operators
are affected by coincident point singularities. The usual way to regulate these divergences
in free theories is to use normal ordering, namely, we define e.g. the operator :¢™: as the
regulated form of the operator ¢”, where all self-contractions among the n fields have been
subtracted. When inserted in a correlation function, this operation amounts to neglect all
Wick contractions which involve the elementary fields within ¢™. In a RFFT we can similarly
have coincident point singularities associated with a composite operator, e.g.

(o(21)? P(x2)d(3)) (2.19)

but also new forms of coincident point singularities when two fields in different correlators

approach the same space-time point, e.g.

(¢(21)) (P(x1)(22)P(23)) - (2.20)

The normal ordering in principle could be performed, for each given correlator, by sub-

tracting the singularity through an explicit computation. For example by computing the
correlator (2.19)

(01 2é(w2)0(zs5)) = 2(!961:!‘“2 * \$12/Td_4> (\wl?jd_Q * !361:!(1_4)

+ ol ( r n i ) ( KR )
11m
ei—a \ |21 — 2472 |z — 2|94 ) \|w3]d=2  |agg|dt )

we can interpret the divergent part as the disconnected correlator (¢(x1)?) (¢p(z2)p(x3)),

(2.21)

which indeed equals the second line of (2.21). We can thus define the normal ordered
correlator in the RFFT as

(:0%(x1): B(22)@(3)) = (P(21)2d(22)P(23)) — (P(21)?) (P(z2)d(73)) - (2.22)

Similarly for the more exotic singularity appearing in (2.20) an explicit computation shows that

the divergent piece equals ($(x1))? (p(z2)¢(x3)). We can thus define a regularized correlator
H{p (1)) (9(w1): dw2)d(ws)) = (@(a1)) (@(1)d(w2)d(w3)) — (¢(21))* ($(w2)(ws)) . (2:23)

Regularizing specific correlators is however not enough. In order to define a normal ordering

at the operatorial level, we have to regularize at once all possible correlators where ¢ can
be inserted. In section 3.2 we will show how to do that and we will see that the needed
subtractions are automatically implemented by the usual normal ordering in the two CFT
descriptions. In particular, we will see that operatorially

167 (x):= ¢*(x) — ($*(2)) (2.24)
valid when inserted in any average of product of correlators. Similarly in order to regulate
the new forms of coincident point singularities we have

H{p(2)A1(9)) (d(x): As(9)) B = (6(2) A1(9)) ((w) A2(9)) B — (¢(x))” (A1(9)) (A2(9)) B,
(2.25)
where B schematically denotes products of correlation functions with local operators supported

away from z.



OPE. A similar remark works for the leading OPE singularity, which takes the following form

lim G@)0)A(3) B ~ [9(@)9(0)) x [A(G)) B+ reg. (2.26)
lim  {(2)A1(9)) (0(0) 42(9)) B ~ (0(x)) (3(0)) x (A1(9)) (Ax(0) B +res.,  (2.27)

where reg. denotes regular terms. These leading OPE will also serve as a tool to show the
operatorial definitions for the normal ordering. For example from (2.26) we obtain

(:9%(z): A(9)) B = (¢*(x)A(9))B — (¢*(x)) (A(9)) B, (2.28)

which directly proves (2.24). Similarly we see that the relation (2.25) naturally follows
from (2.27). In section 3.2 we will show how (2.26) and (2.27) can be proved using the
(a, B) theory.

3 CFT description I: (a, 8) theory

We start in section 3.1 by defining the («, 8) theory and by showing how arbitrary average
correlators in the RFFT are mapped to this theory. Various examples of this map and its
inverse, as well as the normal ordering of composite operators and OPE in the RFFT, are
analyzed in section 3.2. We discuss in section 3.3 the symmetries of the theory. The spectrum
of the theory is discussed in appendix A.

3.1 Derivation of the («a, 3) theory

The first CFT description of the RFFT is based on simple manipulations in which the
external field h is effectively treated as a quantum field. Within quenched disorder, this
is possible because we can exactly compute Z[h] appearing in the denominator of (1.2),
reported in (2.9). Consider first the average of a single general n-point correlation function
of composite operators:

[T, = [fane3ze3oh [aglesrtoag). .)

We can put together the two path integral measures and interpret the hGh term as part of a
new non-local action S involving both h and ¢ as quantum fields:

(A@)), = [ lanjidgle 59 (), (32)

where
~ h2
S(h = —
( Y ¢) 21)2

The action S is diagonalized by performing the following change of variables

+ ShCh + 50K — ho. (3.3)

Since the transformation is linear in the fields, the Jacobian carries no field dependence.
Thanks to the form of the transformation of h in (3.4), the action is now local in o and 3:

1 1
S(a8) = 2702([(0[)2 +5BKB. (3.5)
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The action (3.5) defines the («, 8) theory, namely a CFT which is the sum of two free CFTs:
a non-unitary free scalar with a higher-derivative (J? kinetic term (o) and an ordinary free
scalar (f). The scaling dimensions of the two fields are

d—4 d—2
AQ—T, AB—T. (3.6)
In a less compact notation, the action (3.5) reads
i (L o2 L 2)
Stas) = / d x<2v2 () + 5 (06)?) (3.7)
Plugging the action (3.5) in (3.2) gives
(@), = [ dalidgleSem Ag = a+ ). (33)

Averages of products of multiple correlation functions of composite operators

k 2k

[T = [lane™ 2= [T (i@, (39)

i=1 =1
can also be mapped in the («, ) theory, but they require a bit more work. First, we
define h = K« in (3.9), namely we change variables (3.4) only for the external coupling
h. In this way we get

k 7(K0¢)2 k

[T i@ = [Idale™ 5 T[40 ca (3.10)

i=1 =1

The individual blocks (A;(¢))ka are easily evaluated:

(Ai(@) o = e 2K [[agled0KoTK L, (9) = [lape s Aa+p),  (3.11)

where in the last step we changed variables from ¢ to § via a shift: ¢ = 8+ a. We can also
Taylor expand the factors A;, taken to be polynomials in the fields:

(Aot Bia = 3 31 [ler -l (AP ] aler) e (312)

where we have defined

A8 = AP B)(x1,. .., m)

Il

BN
—~
)
N~—

. (3.13)
f=8
The n-th derivatives are now a function of 8 only. Proceeding in this way in all the terms
in (3.9), the correlator turns into a product of independent correlators determined by the
free theory (f3), while the products of fields a appearing in all the A; combine into a unique
correlator in the « theory. Putting everything together, we arrive at the final formula

k 1 Eo L ' k . ko1 '
(Ao = 3 ( JIL1I ddy;?) (H<A£”[ﬁ]>)<n II a(yf,?>>. (3.14)
1 i\

% ;>0 i=1m=1 i=1 i=1m=1
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For k =1 (3.14) boils down to the Taylor expansion of (3.8), as it should be. The CFT nature
of the RFFT is made manifest in the («, 8) description. Any average correlator in the RFFT
is mapped to a linear combination of products of correlators in a pure (non-unitary) CFT.

We also have a map from a single n-point correlator in the (a, ) theory to the RFFT.
The inverse of (3.4) is

B = ¢ - <¢>h ; o = <¢>h ,  with <¢)>h = Gh, (3'15)

and hence

<ﬁ oi<a<a:@->,ﬁ<xi>>> - <ﬁ Oia = (¢(@i))y B = (i) - <¢><xi>>h)> . (316)
i=1 i=1 h

We will discuss these maps and other features of the («, ) theory in more detail in
the rest of this section.

Let us comment on the role of the Gaussian width v in (3.7). As long as v # 0, this
parameter could be removed from the CF'T description with a field redefinition o — va. This
would change however the map (3.14) where v factors would enter explicitly. For the sake

2 is included in

of having lighter formulas, we have decided to keep the convention where v
the « kinetic term and not in the map with the RFFT.

When d = 4 or d = 2, the fields « or § are no longer good primary fields, as their
correlators develop logarithmic terms. For d = 2, the ordinary free scalar, the story is
well-known. A proper CFT is obtained by gauging the symmetry under which 3 shifts, so that
[ is no longer a gauge invariant operator. In this way we get a compact scalar, where good
primary operators are given by derivative and vertex operators. A similar analysis might be
performed for «, where by appropriate gaugings a proper CFT might be obtained by adding

suitable vertex operators. We do not further elaborate on these two cases, taking d # 2, 4.

3.2 Correlator mapping, OPE, and normal ordering

We elucidate here the non-trivial map (3.14) by discussing a few relevant examples, starting
from correlators involving elementary fields only. The simplest case is the average of a single
2-point correlator A(¢) = ¢(x1)d(x2). Using (3.14) or the simpler (3.8), we have

(P(x1)9(72)) = (a(z1)a(22)) + (a(x1)) (B(22)) + (B(21)) ((®2)) + (B(21)B(22)) (3.17)
= (a(x1)a(x2)) + (B(21)B(22)) = Gp(12) + GalT12), '

where terms with an odd number of fields vanish by Zo symmetry and z;; = x; — ;. The
two propagators G, and Gg are defined as’

di%p 1 R
G — 2/ ipzT12 ,
a(l'12) v (27T)d (p2)26 |x12|d74 (3 18)
Golarg) = [ X2 L s K
A CHL T

"Recall that

ddp 1 eip_(z_y> _ F(d/2 - Of) 1 )
(2m)* (p*)* domd2T(a) |z — yl|d—2e
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where k and & are respectively given in (2.2) and (2.4). Of course (3.17) reproduces the
result (2.3) discussed previously, but it makes manifest that the correlator (¢(x1)p(x2))
does not qualify as a two-point function of a primary field in a CFT, but is rather the sum
of 2 two-point functions of two distinct CFT primaries. In contrast, the combinations of
correlation functions in the RFFT

(3.19)

map to proper 2-point correlators in a CF'T. Higher point correlators can be treated similarly.
For example, we have

(9(21)@(x2)(23)P(24))

I
=
)
5
SN—
=
)
KD
=
—~
=
L
=
—
IS
o

(3.20)

_l_
—~
=
8
[
S~—
@
—~
=
<
X
—~
8
<
2
8
Ny
=
+
Ot
i)
D
=
=
w0
N

We can also consider averages of products of more than one correlator. For example,
using (3.14), we have

(O(21)d(22)) (P(23)P(24)) = (B(21)B(22)) (B(23)B(x4))
+ (B(z1)B(22)) (a(xz)a(ra)) + (a(zr)al(zs)) (B(23)5(z4))
+ (a(z1)a(ze)a(z3)a(zy)) -
(3.21)
We see again that an average of products of correlators does not define a proper 4-point
function in a CFT, but a linear combination of correlators. Moreover, they also involve
products of correlation functions in the (a, 8) description, as follows from (3.14).

The map in the («, ) theory of averages of products of correlators becomes quite involved
as the number of fields increases. For illustration, we report the general map involving four
elementary fields. On the random field side, the possible 4-point functions are given by Vip
defined in (2.18), while in the («a, 8) theory the possible 4-point structures, taking products
of f-correlators into account, can be grouped into the following vector:

Via8) = { (a(z1)o(@2)a(zs)a(zs)), (a(z1)a(zs)) (B(x2)B(x4))  ((@1)a(s)) (B(x2) B(23)) |

(az1)a(e2)) (B(x3)B(2a)), (wa)a(wa)) (B(x1) B(x3)) , (a(w2) () (B(a1)B(x4))
(a(zz)a(zs)) (B(x1)B(22)), (B(x1)B(x3)) (B(22)B(24)), (B(22)B(23)) (B(21)5(24))
(B(x1)B(w2)) (B(w3)B(x4)) , (1) B(x2) B(w3)B(24)), (B(x1)u(w2) B(w3) B(4))
(B(x1)B(w2)ales)B(xa)), (B(21)B(x2)B(x3)(2a)), (B(21) B(w2) B(23) B (24)) }

,13,



There is a linear invertible map relating the two vectors of observables

1
11
1 1
11
1 1
1 1
1 1
Ver = Map Ve, M= 111 1 ) (3.23)
1 1 1 1
1111 1
1111 1
11 11 1
1 1 1 1 1
1111111 11111

where the empty entries are zero. Note that the basis of 4-point functions defining V(, g)
includes manifestly vanishing correlators whenever we have an odd number of « or S fields.
When mapped to RFFT observables, we get non-trivial selection rules. We postpone a
discussion of symmetries and selection rules to section 3.3.

We can use (3.16) to identify the linear combination of RFFT correlators which give
rise to a bona fide CFT 4-point correlator. For example, we have

(
+ (@(22)) (p(21)9(x3)) (P(x4)) + (D(21)) (P(22)P(23)) (P(74)) — (D(21)P(22)P(23)) (P(24))
+ (9(22)) (d(23)) (D(z1)B(24)) + (D(21)) (d(23)) (P(22)(24)) — (D(23)) (d(21)P(22)P(24)
+ (o(21)) (D(22)) (p(23)P(74)) — (D(22)) (P(21)P(23)P(24)) — (P(21)) (P(22)P(23)P(24))
+ (p(21)p(z2)P(23)P(24))

Specific classes of averaged correlators map to a single product of correlators in the («, 3)
theory. For example,

(P(x1)0(22)) - (P(T2m-1)P(T20)) (D(T2041)) - - (D(T2n4k))

(3.25)
= (B(21)B(22)) -+ (B(w2n—1)B(22n)) (a(T2n41) - - T2n4k)) -

OPE. The («,3) theory can also be used to provide an intuition on how the OPE works
in a disordered theory. In particular, it allows us to easily prove (2.26) and (2.27). In the
presence of averages of products of correlators, the OPE can be taken either between two
operators in the same correlator, as usual, or between different correlators. For concreteness,
we focus on an example for each of the two cases, starting with OPE between operators in
the same correlator. We want to determine the most singular part of the correlator

(9(x)0(0)A(8)) , (3.26)

where A(¢) schematically denotes products of local operators with support outside a neigh-
bourhood of x = 0. In the («, ) description this is

(6(2)p(0)A()) = ((a(x) + B(2))(a(0) + B(0)) Ala + B)) - (3.27)

— 14 —



The singular contributions as |z| — 0 arise from the identity exchange in the a x « and
B x B OPEs:

K

(G0 AD)) = 1= (A +a)) + W (A(B + a)) + reg. . (3.28)

Using (3.19) and going back to the random field notation we simply have

(9(2)9(0)A(¢)) = ((d(2) — (d(2)))(¢(0) = (#(0)))) (A()) + (¢(x)) (¢(0)) (A(¢)) + reg.
= (¢(2)9(0)) (A(¢)) +reg. as  [z[ =0,

(3.29)
Consider now the case where the two fields lie in distinct correlators:

(0(2)A1(¢)) (6(0)A2(9)) , (3.30)

where again A;(¢) and As(¢) denote products of local operators with support outside a
neighbourhood of x = 0. In the («, ) theory we make use of (3.14) to write

(0(2)A1(¢)) (6(0)A2(¢))

=2 i [(e@aaln)- - almat) ol (A7 181w)) (AT B0
+7m;>0 = [(@@atw) - alm)atzn) - ) (5 AT B0 )AL 8]0
N mZ = [ta@atm) - atmatz) ) (A7 (81w )(BO) AP 8)(=0))
+ m;o ﬁ /(a(yl) - algm)a(ar) - alz)) B@) A B ) (B0) AL [B)(=))

(3.31)
A singular contribution in the |z| — 0 limit can only arise from the first line in (3.31) due
to the identity exchange in the @ x @ OPE. Note that this time there is no contribution
for the 8 x 8 OPE because they lie in different correlators. Hence

(@(@)41(6)) (6(0)42(0)
’U2 m n
= T 2 [t atm)a) - alz)(AT18](w)) (AL [B)(20) + reg,

= (#(2)) (¢(0)) (A1(¢)) (A2(0)) +reg.  as  [z[—=0.

(3.32)
This analysis can be generalized to more general averages of multiple correlators, resulting
eventually in (2.26) and (2.27). More general OPEs can also be analyzed. The upshot of the
analysis is that we can use the ordinary OPE in the (a, 8) theory to argue how the OPE
works in an arbitrary average product of correlators in the RFFT.

Normal ordering. We now turn to composite operators. First, we show how to define
more general classes of normal ordered operators in RFFT, then we show that these normal
ordered RFFT correlators are mapped to normal ordered correlators in the (o, 3) theory.

,15,



Before considering the RFFT case let us review the pure case. For a pure free scalar field
¢ with a two-point function G, a proper formal operatorial definition of :¢™: can be given using
smooth test functions f in terms of ¢(f) = [d% f(y)¢(y). One has (see e.g. eq. (6.3.9) of [24])

1" (f)i= 2 Pa(cV20(f)), (3.33)
where
—G(1.1) = [ Aty Gla.y)f(a)f (). (3.34)
and qn
Py (z) = (—1)%%2/2@@*22/2 (3.35)

are Hermite polynomials. We will use in what follows the more heuristic notation :¢"(x):
(used in most QFT textbooks), which corresponds to (3.33) if we formally take f = 6(4)(z —y).
For simplicity, we focus on scalar composite operators but a similar analysis can be repeated
for spinning composite operators.

We now turn to the RFFT case and generalize (2.24). First we notice that (2.24)
coincides with (3.33) for n = 2, provided one replaces the formally divergent constant ¢
with its average analogue

cr = (P(x)?). (3.36)
Then one can check that this generalizes for any n as follows
0" (@)= 1P (e P o(a) ) (3.37)

In order to generalize the peculiar normal ordering (2.25) it is convenient to introduce
the notation ¢(z);¢(x); which defines a composite operator where each field is in a different
correlator: one ¢ appears inside A;, while the other in A; in the notation of (3.9). In
this way (2.25) can be compactly rewritten as :¢(z)1¢(x)2:= ¢(2)16(x)2 — (¢(x))?. Higher
dimensional composite operators can have more exotic forms as we can insert pieces of the

operators in different correlators. For example one can consider all operators of the form
n
11 6% (2): (3.38)
i=1

namely all possible combinations of composite operators ¢7' entering the correlator ¢ in the

quenched average. One can check that the normal ordering of the class of operators (3.38)

with ¢; = 1, when A;(¢) = 1, can be written in closed form and is similar to the pure
case (3.33) and to (3.37):

{o@)"= PP (e3P (02))) e2 = (0(@))”. (3.39)

We did not attempt to find a general form for the normal ordered version of all operators (3.38).
We report for illustration a couple of slightly more complicated examples

{(2)A(9)) (6(2))*: = (B(x) A(0)) (6(x))* — 2c2 (A(9)) (6(x)) — 2 ($(2)A(9)) ((2))
{92 (2) A()) (¢%(2)): = (¢2(2)A(9)) (2(@)) — c1 (A(9)) (62(x)) — c1 ($2(x) A(9))
(6(x)A(0)) (6(2)) + cF (A(9)) + 2¢3 (A(9)) .

— 462
(3.40)
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Having exemplified some composite operators in the RFFT, we now want to show that
the normal ordering of composite operators in the (a, ) theory as given by (3.33) is enough
to properly regularize coincident point singularities occurring in the RFFT. As an example we
report the expression of the correlators (2.22) and (2.23) when mapped to the («, 3) theory

(:0%(x1): d(w2)d(w3)) = 2 (B(a1)B(x2)) (a(x1)a(zs)) +2 (ale )( N BB}
+ (:B82(@1): Blw2)B(ws)) + (:0(@1): az2)a(ws) ), '
{(6(@1)) (6(21): G(w2)d(w3)) = (:0?(a1): alw2)alzs)) + (o (21)B(x3))

)m) ( 2)) (8 )

+ (a(zr)a(zs)) (B(x1)B(22))
We see that the right-hand sides only contain composite operators which are normal ordered

in the usual sense of (3.33). From (3.16) one can find another class of average correlators
in the RFFT that maps uniquely to the a-theory:

m

[T (o)™ = <H :a”k($k)i>, (3.43)
k=1

k=1

namely, all correlators which are averages of products of one-point functions (¢) only. Note
that we have in (3.43) :(¢(xg))™*: and not (:¢(xy)":), which would lead to a correlator
involving both « and g fields. A class of RFFT correlators which maps uniquely to the
[B-theory are instead of the peculiar form

<ﬁ (Blax) — () )> - <ﬁ g <xk>:> . (3.44)

k=1 k=1

Like for elementary operators, generic averages of correlators involving composite opera-
tors (or products thereof) do not define proper CFT correlators, but linear combinations of

them. This in particular applies to the (¢?¢2) two-point function:

(02 (21): 107 (22):) = (@ (w1)::0® (w2):) + (6% (21)::5%(w2):) + 4 {a(x1)a(@2)) (B(x1)B(a2))

(3.45)
which reproduces the correlator (2.8) discussed previously. The upshot of our analysis,
based on various examples considered, is that the ordinary normal ordering in the («, )
theory regularizes the coincident point singularities of the RFFT, both the ones coming from
ordinary composite operators and the ones coming from the more exotic operators (3.38).
We conjecture that this applies generally to all composite operators of the RFFT.

3.3 Symmetries

The («, 8) theory is manifestly conformal invariant. It contains a conserved traceless sym-
metric stress tensor which takes the form (see e.g. appendix A of [22])

1

T“,, = m(da{uﬂau}ﬁ - (d - 2>ﬁa{/ﬁ8’/}ﬂ>
1
- TS (2(d + 28,00,y 0a — (d — 49)ad;,d,yOa — 40,00°0,d,50  (3.46)
4d d(d+2)
d 28 ﬁ{uaapﬁy}a — d_zmaa{uau}a> )
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where {} denotes the traceless-symmetric part. From the scaling assignments (3.6) and the
map (3.4), it is simple to prove the transformations (2.12) and (2.16) introduced in section 2.
For instance, under a scaling * — Ax, we have

a—2

_d-4 _d-2 _d4 _d-2
p=a+B SN Ta+tA T B=A"7 (d—Gh) +A = Gh,
d—
2

Lda ., 4 (3.47)
h=Kaoa — A AN “Ka=\2h.

Let us now turn to global symmetries. The RFFT has a manifest Zs symmetry under
which ¢ — —¢, h — —h. Since the h distribution (1.6) is Zg invariant, we also have that

k
1:[ (Ai(=0))n = 1:[ (Ai (@), (3.48)

which is interpreted as a restoration of the Zo symmetry ¢ — —¢ of the free theory before
adding the random coupling. The («, ) theory action (3.7), on the other hand, is manifestly
invariant under two Zo global symmetries®

o — —Q a— -
Ly , Zy (3.49)
{ﬁ — —f {5 — —p

The first Zo corresponds to the ¢ — —¢, h — —h symmetry just described, while the second
one is less manifest in the RFFT. In terms of h and ¢ it reads

z {¢ = 2(0), — ¢ (3.50)
h—h

This is indeed a symmetry of the action (1.1). Recalling that (¢), = Ghand G = K, we have
1 1
§' = 5 (2Gh= @)K (2Gh - ¢) ~h(2Gh—6) = 56K 6 —2hé —2hGh+2hGh-+ho = S . (3.51)

Note that this is a symmetry at fixed h, and hence for each theory in the ensemble. Upon
average, we get the identities

k k
[{4:(2460, — 0)), =TT Ao, (3.52)
. I

1= 1=

valid for arbitrary averages of products of correlators. At face value, the symmetry (3.50) is
not manifest in the RFFT. For example, for the ¢? two-point function (3.52) implies that

—16{p(21))* (d(w2))* + 4 (x1)?) ($(2))” + 16{d (1)) ((x2)) ($(21)d(x2)
— 4(9(x2)) ($(21)20(x2)) + 4(d(1))” ($(2)2) — 4{(21)) (d(21)(22)2) =0,

which is not immediately clear. When mapped to the («, ) theory, the correlators in (3.53)

(3.53)

become linear combinations of products of correlators of a and ( all containing an odd

number of fields inside each correlator, manifestly vanishing one by one.

8In generalizations of random free theories with N scalars ¢; with O(NN) global symmetry coupled to random
couplings ¢;h; with an O(N)-invariant Gaussian distribution, the non-manifest Z, symmetry upgrades to a
whole non-manifest O(N) continuous symmetry as the (a, 8) theory enjoys a O(N)q x O(N)s global symmetry.
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Similarly, one can start from the (a, ) theory to obtain non-trivial selection rules in
the RFFT. The symmetries in (3.49) imply that correlators with an odd number of « or
[ fields vanish. For example, one has

0=(B(z1)B(x2)B(w3)a(x4)) = 2(d(x1)) (D(22)) (d(23)) (P(24)) — (D(21)d(22)) (D(23)) ((4))
—(#(x2)) (¢(x1)¢(x3)) (P(24)) = (B(21)) (¢(22) P(23)) (P(24)) +(B(21)P(w2) P(3)) (P(4)) -

The right-hand side is non manifestly vanishing. The appearance of relations among the

correlators in the RFFT is not surprising, since averages of products of correlators represent
a vastly over-complete set of correlators.

Heisenberg-like symmetry. Interestingly enough, the (o, 3) theory has an additional
continuous exchange symmetry which does not commute with scaling symmetry. To exhibit
its form, it is convenient to integrate-in an auxiliary field v and rewrite the action (3.7) as

U2

S(a,8.7) = [d'a ((aamw .

v+ ;(aﬁf) : (3.54)

The action (3.54) is invariant under the following one-parameter group of transformations

o o la *%CLQ
Bl —=T)|B], T(a)=[01 —a (a € R). (3.55)
¥ ¥ 00 1
The matrices T(a) form an abelian group
T(a+b) = T(a)T(b), T(—a)=T(a)}, (3.56)

which is a subgroup of the Heisenberg group. Its generator is given by

01 0
Ss=|00-1], (3.57)
00 0

it is nilpotent of degree three S* = 0, and therefore
a2
€S =1+aS+ ?SQ = T(a). (3.58)

The infinitesimal form of the transformation with parameter e, with and without the auxiliary
field v, are respectively given by

da=¢€f o = €
R =N
The Noether current associated with this symmetry is
Jy = 0uf0a — p0,0c . (3.60)
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The Ward identities involving J, relate correlators in the o and S-theory. As a simple
example, let us consider the following Ward identity

1
(Oud" (x1)ax(22)B(23)) = 6(212) (B(22)B(23)) + —50(213) ((2)D(z3)) - (3.61)
After integration over x1 we obtain the following correlator identity

(Oa(z1)a(wz)) = —v* (B(21)B(w2)) - (3.62)

The resulting identities in higher correlators are less trivial than in this example and generically
relate insertions of Oa, i.e. the level two scalar descendant of «, to insertions of the [ field.
These identities are not manifest in the RFFT and can be mapped to disordered averages
with the insertion of the random field h, since h = —Oa under the map (3.4). These kinds of
observables are more general than average products of correlators (1.4), but thanks to these
Ward identities, some of them can be rewritten as linear combinations of average products of
correlators. For instance, the identity (3.62) is mapped to the following identity in the RFFT:

A (9(@2)) = v ({6l a(@2) — 3() (6(@2))) - (3.63)

In the RFFT the transformations (3.59) act on ¢ and h as

h
5 = e<¢ _Gh— 1}2> , 5h = (Ko —h), (3.64)
and are a symmetry of the action (3.3). The current (3.60) is mapped to the operator
Jy=Jdu—= )y > Jy = h0,¢ — pO,h . (3.65)

The conserved current (3.65) has the same form as the ones of disordered symmetries
discussed in [18], i.e. symmetries of the pure action Sy which are broken by h but reappear
after the quenched average. However, the current (3.65) is not a conserved current of the free
theory (1.5), as can be seen by its explicit dependence on h, but a truly “emergent” symmetry
induced by the disorder. The current (3.65) implements a set of Ward identities relating
different average correlators, including also insertions of the disorder h, like e.g. in (3.63). We
will not discuss further the selection rules coming from such identities.

Note that the current (3.60) is not a primary operator, but a level-one descendant of
the spin two primary

d—4 1
,C;w = a{uaﬁy}ﬁ — Waa{ud,},é’ — 5,88{“8,,}0[ . (3.66)

Indeed one can check that 0*K,, o J,. The operator K, is a spin-two primary with
dimension d—1, which therefore satisfies a higher order “conservation equation” 90*9"KC,,, = 0.
Starting from /C,,,,, we can construct other d+1 Noether currents by combining the primary X,

9 According to the classification of [25], K, is a type II operator with n = 2. It is the first of the class of
higher-spin conserved currents (3.71) discussed below. This has a degenerate multiplet because its level-two
descendant 0"0" K, is a primary.
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with appropriate Killing scalars satisfying 0,,0,€(x) = 0 (see e.g. [22, 26] for generalizations).
The currents are obtained as

Jﬁ = et&,ICW — ICW&,et, (3.67)

where €/(z) are the three types ¢t = 1,2,3 of Killing scalars given by €!(z) = ¢, ¢2(z) = ez,
e3(z) = éx?, with constant €, ¢, € (for a total of d + 2 currents). The current J; coincides
with (3.60). The other d + 1 currents define d 4+ 1 continuous symmetries which give rise
to the following infinitesimal transformations on the fields:

o = —%e,‘xﬂﬂ daw = —é%:ﬂﬂ
58 = geufﬂ“’y +e, Mo 68 = 26(90 0+ 94— 2)04 + %69027 : (3.68)
6y = €08 oy =2¢(z-0+ )8

It is not difficult to show that also the generator of the infinitesimal scalar transformations
shown in the right of (3.68) is nilpotent of degree three.

Higher-spin symmetries. The -theory is an ordinary unitary free scalar theory, it satisfies
the equation of motions [J58 = 0, and it has the usual higher-spin conserved currents

Tyopy = B0y -0y B+, MLy, =0, Ar=d+l-2, (£>2even), (3.69)

where {} denotes the traceless symmetric part and - --” denotes additional terms necessary
to have a primary operator. The a-theory is a more peculiar non-unitary [J?-theory where the
field o satisfies the equation of motion (2 = 0. As discussed in [22], there are two families
of spinning operators that are conserved when contracted with one or three derivatives:

Ty = @y - Oupyat -, M2 g0 =0, Ago =d+L—4, (£>4even),
TN e = adpy, -0y Oa+ -, TN =0, Agay=d+L—2, (£>2even).
(3.70)

We also have conserved currents which are obtained by combining o and j3:
Kpgoope = B0y -+ Oppyac+-- s MOy, =0, Ax=d+L-3, (£=>2). (3.71)

The current ICpy, in (3.66) is the explicit form of the operator written in (3.71) for £ = 2,
while the stress tensor is given by the sum of Z and J() with ¢ = 2 as in (3.46). From each
of the higher-spin conserved currents, one can build several Noether currents (associated
with conserved charges), as we exemplified for K, in (3.67) and as it notably occurs for
the energy-momentum tensor. We will not discuss the nature of the algebra defined by this
extended set of currents and the form of selection rules they give rise to.

In appendix A we study in detail the spectrum of the («, ) theory by explicitly decom-
posing the partition function in conformal characters in d = 5 and d = 6. The structure of
higher-spin conserved currents is confirmed by tables 1 and 2, where we find the first operators
of all the towers of currents listed in (3.69), (3.70), and (3.71) as primary operators (blue rows).
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4 CFT description II: Cardy theory

The second description of the RFFT is more standard and is based on the replica trick
and then on a change of basis due to Cardy [4], explaining its name. This approach has
been recently discussed in [13, 14, 21], but no detailed analysis of the RFFT has been
provided, the main focus being instead on the RF Ising model and the fate of the so-called
Parisi-Sourlas supersymmetry [3].

We start in section 4.1 by briefly recalling the replica trick and the Cardy basis in the
context of the free field theory. We show in section 4.2 how average correlators in the RFFT
are mapped to this theory, as well as various examples of the map. We discuss in section 4.3
the symmetries of the theory. Further details are found in appendix B.

4.1 Derivation of the Cardy theory

The standard way to discuss quenched average correlation functions in a disorder QFT is
given by the replica trick. In the schematic notation introduced in section 2, let (A(¢)), be
the average of a generic correlation function of local operators. We can insert an arbitrary
number of (1), = Z[h]/Z[h] = 1 in the average and write

Plh]

n—1
(A, =A@, (@) = [1a g [ldale @) (oo [aggemsoer)
(4.1)

We combine the integrals by assigning a label, obtaining
. 1 o n
(A@Nn = [P g [la0r]- o e Zia 00 in A (42

Since the l.h.s. is independent of n we can take the n — 0 limit. By assuming that we can
exchange the limit and the integral in [dh] we have Z[h]" — 1.9 If the random coupling
distribution P[h] is Gaussian as in (1.6), we can perform the h integral:

(@), =l [ (6] [doa]e™50 Alon) (43)

where
n v2 n 2
Srep = 3 Sol6a) = / m(z gba(a:)) . (4.4)
a=1 a=1

A similar trick can be performed for more generic observables

@ @y = lim, [ [l e Somion - Ao (45)
a=1

This construction allows us to recast average correlators (and average products thereof) in
terms of a pure theory with replica action S, for generic n. Assuming analyticity in n,

90ne typically assumes that the n — 0 limit can be applied first to Z[h]™ and then to the rest. In the
free case, this assumption is not needed, since we can compute Z[h] exactly, see (2.9). The result amounts
effectively to change the disorder distribution exp(f;;—i) to exp(—3h(Zz + nG)h). This changes the form of
the replica action (4.11) below by introducing some n-dependent non-locality but does not alter the Cardy
action (4.12). We drop these contributions in what follows to keep the rest of the section more readable.
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which in a Gaussian theory is satisfied, the original correlator is obtained by taking the n — 0

limit. The replica action in general enjoys a S,, permutation symmetry that permutes the

various copies of the replica theory. In the specific case where the action Sy is the free scalar

theory, the first term in (4.4) is invariant under a continuous O(n) symmetry, broken to

O(n — 1) by the (3, ¢a)? term. Hence the replica symmetry S, is enhanced to O(n — 1).
Due to the replica symmetry, the propagator decomposes as

<¢a(m)¢b(0)>rep = 5abG1 + GZ 5 (46)
where J . ,
— ﬂi ip-x — / d p v ip-x
¢ = /(27T)d p? o G2 = (2m)? p2(p? — nv?) “ (4.7)
We have

(01(2)¢1(0) 1o = G1 + G, (01(2)$2(0)) 1 = G2 (4.8)

Using the map (4.5) between the replica and the disordered theory, we see that (3.19) is
reproduced since G1 = Gg and G2 — G, as n — 0. Note that the theory has very different
features when n # 0 since the propagator G2 has a massive pole proportional to n. This mass
makes it puzzling to identify the conformal symmetry of the replica theory, which reflects the
peculiar features of the RFFT discussed in section 2. It turns out that we can make more
manifest many properties of the n — 0 limit by a change of basis in the replica fields, at the
expense, however, of losing manifest replica symmetry. The new basis consists in n + 1 fields

©,w, Xi, © = 2,...,n, subject to a constraint. The change of basis reads [4]:
1 1 n
fr=p+gw,  di=p-jwtX, > xi=0. (4.9)
i=2

Its inverse is

1 1 1 “

P w=h- e Xxi=dim e p=2_ @i (410)

1
p=50+ty n—1 1

(n—1
The replica action in this basis reads
Srep = SCardy + O(n) , (4.11)

where

v2 n
Scay () = [ ((am(aw) - T+ §Z<axi>2> . (412)
1=2

The manifest symmetry is reduced to O(n — 2), the symmetry rotating the fields x;. We
will later discuss the fate of the missing generators of the original O(n — 1) symmetry. The
advantage of this basis appears if we naively take the limit n — 0 directly at the action level.
In that case the fields ¢, x; and w acquire well-defined scaling dimensions, namely

d—4 d—2 d

Ap==0—, A=, M=o (4.13)
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This naive procedure of taking the limit n = 0 partially, i.e. neglecting the O(n) terms
in (4.12) but keeping all the replica fields ¢, x;,w, compute the correlators, and then taking
once again the limit n — 0, simply works.

The equation of motion of w, derived from Scarqy, indicates that w is a level-two
descendant of ¢. Integrating it out fixes

w=——=0p, (4.14)

and leads to

SCardy((Pv X) = /ddx<211)2(|390)2 + ;zn:(a)(z)z) 5 Xn:Xz =0. (415>

The non-vanishing two-point functions are given by

(Ploel@) = . Oalen(e) = Goln)—r5.  Gigln) =8 — ——, (410
12 12

with & and & as in (2.2) and (2.4). The constraint on the x;’s is satisfied since } i’y G;j(n) =
0.'1 We can also choose a basis for y; that diagonalizes the matrix G(n). This matrix has
two eigenspaces: one of dimension 1 with eigenvalue 0, the second of dimension n — 2 with
eigenvalue 1. The eigenspace of dimension 1 is associated with the singlet > 1" 5 x; which is
set to zero by the constraint. The second eigenspace is spanned by the eigenvectors

k—2
1
Gh=————|—X2— D Xn—jr1 + (k= D)Xn—ts2 | , (4.17)
k(k—1) =
for k = 2,...,n — 1. In these variables, we get yet another action for the Cardy theory

in terms of unconstrained fields:

SCardy((P C /dd (212 D(p %Z 8Cl > : (418)
=2

The action (4.18) is the direct sum of a [J? free scalar CFT, the same CFT entering in the
(a, B) description, and the CFT given by n — 2 free scalars. While the limit of n — 0 may
seem unconventional, it is clear that the n — 2 free fields (i for any integer n > 2 give rise to
a well-defined free CFT. The formulation (4.18) makes clear that the limit n — 0 of the CFT
data is consistent and can be given a proper mathematical meaning by the same categorical
description used in [19] to define O(N) models with N € R. We will however not use a
categorical description, but rather the descriptions (4.15) or (4.18) in terms of “index-ful”
fields x; and (;, which we find more convenient in computations. Putting all the steps together,
we get the final form of the map between RFFT correlators and the Cardy description:

k

S
T (45(6)), = lim ([l TTidv) <2X> e [Laale ), (19
p=1 =2

" The matrix G(n) also satisfies the following properties G(n)* = G(n), G(n)? = G(n) and tr[G(n)] = n —2,
which are useful in computations.
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where Scardy is the action (4.15) and the map between the fields ¢, and (¢, x) is given
by (4.9) with w = —Op/v2. Tt is important to emphasize that the map (4.19) is not unique
as a consequence of the loss of the manifest S,, replica symmetry in the Cardy basis. If we
reshuffle the assignments of replica fields to the various factors (A,(¢))n, the Cardy correlator
will correspondingly change. For this reason, and to get rid from the beginning of the field w,
it is practically more convenient to start from Cardy correlators in terms of the fields ¢ and
xi and use (4.19) in its inverse form to read the resulting REFFT correlators. We will discuss
various examples and properties of correlator maps in the next subsection and in appendix B.
We will denote in what follows by “Cardy theory” the theory obtained using the ac-
tion (4.15) and by “replica theory” the theory defined by (4.11), including the O(n) terms.
Care should be paid in distinguishing the two descriptions when working with n # 0.

4.2 Correlator mapping and normal ordering

The simplest example is given by the two-point functions of fundamental Cardy fields. For
the two-point function of ¢, the result is

(ol )ele2)) = lim 1 ((61()61(2)) — (91(21)p() — (p(1)o(22)) + (pla1)p(w2)))

= (¢(z1)) (¢(22)) ,
(4.20)

where in the first equality we used (4.10) and we recall that p = Y"1 5 ¢;. For the second

equality we used the fact that (¢;¢;) = (¢) (¢) for any i # j and (p;¢;) = (¢¢) for any i. So,
we reproduce the fact that the disconnected correlator (¢) (¢) qualifies as a good, independent,

two-point correlator for a primary operator with scaling dimension A = (d — 4)/2.
We now consider (x;x;),

(i) (w2)) = Tim ((6i(21)65(w2)) + (di(w1)p(w2)) + (p(21)d;(22)) + (p(a1)p(2)))

=1
n—0

= Gy ((8(e1)é(@2)) — (8(e1) (@(e2)) |

(4.21)
where

Gij = Gi]’ (TL = 0) = 6ij +1, (4.22)

is the tensor structure of the two-point function in (4.16) evaluated at n = 0. As expected,
the connected correlator qualifies as a good, independent, two-point correlator for a primary
operator with scaling dimension A = (d — 2)/2.

Let us show how to apply this map to four-point functions. If we consider four fundamental
operators, the possible 15 observables in the RF side are the ones defined in (2.18). We
want to find one set of 15 Cardy correlators that generates all RF correlators. A set that
works is the following

Voa = {(p000) , (0exaxs) » (px20Xs) » (Xa0oxs)  (0XaX30) » (X203} » (XaX309)
(exaxaxs)» (xa¥x2x3) » (X2X29X3) » (X2X2X39) » (4.23)

(x2x2Xx3X4) , (x2x2X3X3) » (X2X3X2X3) , <X2X3X4X5)} :
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where we used the convention that the i-th operator in the correlators is inserted at x; (we
will use this same notation below). By mapping Vi, to RF variables we find that

Ven = (Mgg)*l Var (4.24)

where Mg;) is reported in (B.10). The matrix (B.10) is invertible so that we can reconstruct
all possible RF correlators Viy from the ones defined in Cardy theory. Notice that the set in
Va is not unique but all other choices are related by symmetries.

Before concluding this section let us show a couple of examples of inverse maps as we
did in (3.19) and (3.20) for the (o, 3) theory. As explained in appendix B.3, these can
be compactly written as

(pddd) = () + ({(pexax3) + 5 perms) + (x2X3X4X5)

(90) (0d) = (o) + (pxaxsp) + (x20pXs) (4.25)

1 7
— (x2X2X3X4) — 3 (x2x3Xx2X3) + 3 (X2x3X4X5) -

We stress again that a single average (of products) of RF correlators generically corresponds
to a linear combination of Cardy correlators. In the Cardy formulation, in contrast to the
(cv, B) description, no product of correlators is present on the right-hand side of the equations.

Normal ordering. Normal-ordered correlators can be also considered in the Cardy theory.
The situation here is very similar to what was already said for the (o, ) description, so we will
be brief (more details are also presented in appendix B.1 and B.2). The upshot is that the set
of normal ordered correlators in the Cardy theory describes the set of correlators of composite
operators of the RFFT when regularized to subtract the coincident-point singularities precisely
in the way discussed in section 2 and 3.2. As an example, let us consider the normal ordered
correlators (2.22) and (2.23) mapped to Cardy variables. We have

(:0(21)2: @(22)p(23)) = (0% 0 ) + 2 (:pxa: 9 x3) + 2 (X2t X3¢) + (X2X31 X4 X5)
(4.26)

H{o(21)) (D(21): 9(22)8(23)) = (0% 0 @) + (ioxat 9 x3) + (1ox2: X3 9) | (4.27)

as shown in appendix B.2. Both (4.26) and (4.27) are written in terms of three-point functions

of normal-ordered Cardy fields, which ensures that the expressions are finite.
The class of correlators in the Lh.s. of (3.43) admits a simple mapping also in the
Cardy theory:

ﬁ {p(zg))™ = <ﬁ :(p(xk)”’“:> . (4.28)

k=1

Similarly, the correlators (3.44) can be mapped to the Cardy theory as follows

<ﬁ :((b(xk) — (p(zx)) )"’“:> = <ﬁ :sz(xk):> . (4.29)
k=1

k=1

Note that if we simply map the r.h.s. of (4.28) and (4.29) to RFFT variables, we typically
find complicated linear combinations of RF observables. However, because of selection rules,
most of the terms vanish leaving the results above.
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4.3 Symmetries
4.3.1 Symmetries of the Cardy theory

The symmetries of the Cardy theory are more easily discussed in the formulation with the
variables (;. This has two main advantages. First, in terms of (;, the theory looks more
similar to the («, 8) theory which we have already discussed. As we will see, several conserved
currents will have a similar structure provided one replaces («, 8) — (¢, ¢;) in the appropriate
manner. Second, the formulation in terms of {; can more easily be rewritten using categories.
However, we do not use the categorical language for clarity of the exposition. We will then
loosely talk about representations of O(—2) as if it was O(NN) for N integer (analytically
continued to N — —2).

Let us start by writing the complete set of infinite conserved currents as we did for the
(a, B) theory. We will then discuss some interesting examples.

The currents of the ¢ sector are identical to those in (3.70) with a@ — ¢:

j,E?.)..M = @0y - Opyp+ o, 3“18“23“3‘7,““2“3 =0, Ay =d+{l—4, ({>4even),
T e = 000 - 04y D + -+ TN =0, Agay=d+£—2, (£>2even).
(4.30)

In the (; sector, we have the well-known currents of a free O(/N) model (see e.g. the review
of [27]) in the limit of N — —2. In particular (3.69) are replaced by currents valued in the

singlet S, antisymmetric A and traceless-symmetric T representations of O(—2):!2
T s = GO O G B+ T =0, Ar=d+(-2, ({>1),

(4.31)
where [Pr]?l are projector decomposing the tensor product of two vectors into a representation
r=S,A, T (with £ even for S, T and ¢ odd for A). Finally the analogues of (3.71) read

Ko 1 :Qa{m "'8M}<,0+'~ , 8“18“2ICZ~7M1...W =0, Ax=d+(-3, ((>2),
(4.32)
and transform in the vector representation of O(—2).
Let us now exemplify the symmetries associated with some of these operators.

Conformal symmetry. The stress tensor is built as a combination of the stress tensor of
the O(—2) theory I,(E) with the one of the ¢ theory J,Ei). As usual, this operator defines the
Noether currents and the associated charges that generate the conformal group.

O(—2) symmetry. Another important operator is the spin-one O(—2) current. This
operator and its associated transformation take the canonical form

A)M = (9"Cj 6Gi = €55, (4.33)

where the parameter ¢;; is in the antisymmetric representation of O(—2).

2In categorical language, these can be written following [19] as
Iﬁ(t? e = COuy - Oy Qo P

where now ( is a field in the vector representation n of O(—2) seen as an object in a Deligne category, and
P™ is the morphism embedding the r = S, A, T representation into the tensor product n ® n.
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Heisenberg-like symmetry. As discussed in the (o, 8) theory, see (3.67), we can construct
three types t = 1,2, 3 of Noether currents qu =€l 9, K" — K" €, starting from the tensor
K in (4.32), where €} (z) = €, €2 (x) = e'z,, € (x) = &2°. They give rise to the following
field transformations:

dp = €G; op = 65(—%%9) dp = Q(—%gﬂ(i)
0G = —cw (5@:6?(%:@01—1—6#@) : 54@’:251'[(33‘8‘1‘%—2)@—1-%:102@)} .
ow=0 dw = €'d,¢ 5W:2€i<$'8+g)€i

(4.34)
Here we reintroduced the Lagrange multiplier w of (4.12) that plays the same role of 7 in
the (a, 8) theory and can be eliminated by the equations of motions (4.14). There are a
total of d + 2 parameters, each transforming in the vector representation of O(—2). We shall
refer to the first set of symmetries parameterized by ¢; as the “Heisenberg-like symmetries”
as we did for the («, 3) theory. It is easy to see that the transformations parameterized
by € and €& are nilpotent of degree three.

Since the Heisenberg-like symmetry is abelian and is valued in the vector representation
of O(—2), the full algebra formed by the transformation in (4.33) and the first transformation
in (4.34) results in a ISO(—2) algebra (as we will also see in section 4.3.4). Moreover, it is
important to stress that while the O(—2) part commutes with dilations, the Heisenberg-like
part does not, and indeed the first transformation in (4.34) increases the conformal dimension
of the fundamental fields by one unit.

In principle, one can build several Noether currents from each of the other primary
operators. We will not discuss the nature of the algebra defined by such a set of currents.

Spectrum. The spectrum of the Cardy theory is the direct product of the one of a [1? theory
and of a O(—2) vector model, as follows from (4.18). Its explicit form could be derived with
character techniques, though the computation is technically more challenging than the one
in the (o, 8) theory because of the O(—2) sector, and we have not attempted to do it. A
possible way to proceed is by reconstructing the O(N) characters for generic positive integer
N from those of the permutation group Sy, as discussed e.g. in appendix B.2 of [28], and
then continue the result to N = —2. This could also be used to check the above structure of
higher-spin conserved currents as we did for the (a, 3) theory. We expect the presence of a
complicated structure of multiplet recombination among the operators due to non-decoupling
null states, as discussed in the context of the spectrum of the («, ) theory. It would be
interesting to address this point in the future.

4.3.2 Consequences in the RFFT

In this subsection, we want to exemplify how some of the previously defined symmetries can
be used to obtain selection rules in the RFFT. To do so we will need to use the map (4.10)
which replaces correlators of ¢, y;,w with RFFT observables.

In principle, we could take all the results of the previous subsection and map them in
terms of x;, since they are related via the linear map (4.17). This becomes a bit cumbersome
since the map is complicated. It is simpler to give directly a prescription to build irreducible
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representations in x; and use it to directly build the spectrum of the theory. Let us explain how
this works. Besides the n — 0 limit (which can be tackled using [19]), the main complication
is that the O(n — 2) symmetry of the action (4.15) does not act conventionally because there
are n — 1 fields subject to the constraint >, x; = 0. However, this problem can be easily
taken into account using the fact that G;; defined in (4.22) is the invariant tensor of O(—2)
when parametrized in terms of y;.'® Representations follow the usual classification for O(V)
models, just replacing the invariant tensor d;; by G;;. As usual, we define the representations
by applying projectors. For a rank-two tensor, the projectors are

GitGji — GaGjk

GG+ GG GijG
2 ’ * ’

2

_ GijGr

Ml = ——5 Al = [zl = 5
(4.35)
All operators can then be constructed as usual. For example, the scalar quadratic operators

made out of y; are constructed by contraction with the projectors above and result in

GH
O =:XkXkt > Oij =:xixj + kath (4.36)

where we used that G;x; = x; to simplify the expressions. Similarly, we can classify currents
which look exactly as in section 4.3.1 with the only difference that (; — x; and the projectors
are built using II instead of P. As an example, the O(—2) current is

A )

This takes the canonical form since G;jx; = x;. The variation will also look similar,
dXi = €ijX;j (4.38)

but now crucially the parameter €; should be antisymmetrized using IIa, namely é;; =
[HA]%EM. As a result of this construction, the parameter satisfies

&y =—¢Cyj, Y &;=0. (4.39)
%

The constraints on €;; reduce the number of independent generators to the correct one.
A similar story holds for all other symmetries, but let us give only the extra example of
Heisenberg-like symmetries, which take the form

5Xi = —Q‘ W, (4.40)
ow=0,

3The O(n — 2) symmetry is realized by (n — 1) x (n — 1) linear transformations that preserve the
vector (1,1,...,1) (up to a sign). Rotations act as x; — Ri;x; where R satisfies both RTR = G(n) and
RTG(n)R = G(n) with Gy;(n) as in (4.16). The fact that RT G(n)R = G(n) implies that G(n) is an invariant
tensor. The action of rotations can be derived by using the map (4.17) to the standard O(n — 2) basis, which
we write as (; = A;jX;. A is a rectangular (n — 2,n — 1) matrix satisfying AAT = 1 and ATA = G(n) and
Zj A;; = 0. It is then easy to see that a rotation (; — Q;;(; with QTQ =1 is mapped to x; — Ri;x; where
R = ATQA. The constraints on R are then a consequence of the properties of A and the constraint Q7 Q = 1.
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where € = Gjje; projects to the correct vector representation and automatically satisfies
the constraint >, €&, = 0. The transformation (4.40) is nilpotent of degree three, the finite
transformation is obtained by exponentiation and is given by

<p—>90+l;ix1—%l3?w, Xi = Xi — biw, w—w, (4.41)
where lA)Z = Gy;b; and b; is a finite vector. Now that we have explained how to translate
the representation theory and the symmetries to y; variables, let us give some examples
of the selection rules that they imply in RFFT.

Let us exemplify the case of O(—2) symmetry. We consider the generic two-point function
of quadratic operators in y; which can be decomposed by O(—2) symmetry as a sum of
its singlet and traceless symmetric part,

1
(xaxgtixexe:) = (O Opr) + 1GiiGr (00) . (4.42)

By this symmetry, we find that varying i, j, k, [, all possible correlators should be expressed
in terms of only two different quantities. In particular (4.42) implies

(:x2x2: :x3X35) — 3 (txaxe: ixaxa:) + 2 (ix2x3: ixaxs:) = 0. (4.43)

As shown in appendix B.1, the condition (4.43) gives a non-trivial selection rule on the RF

correlators which takes the form!*

6(¢(21))? (B(22))” — 2(6%(x1)) ($(22))” — 8(d(21)) (B(2)) (B(71)B(x2))
+2((21)p(w2))” + 2((2)) (¢%(w1)B(x2)) — 2(d(21))” ($2(22)) (4.44)
+(P%(1)) (92(22)) + 2(d(21)) (B(21) % (22)) — ($?(21)¢*(22)) = 0.

Similarly, the four-point function of x; can be decomposed according to O(—2) sym-
metry in 3 tensor structures (associated to the exchange of operators in the S, A and T
representations in any channel). Explicitly we have

GiiG GiGj GG ) (4.45)

- — 2
<X1XJXle>_"3(d2d2+d2d2+d2d2
L1g T34 L13 Loy T14 To3

As we discuss in appendix B.3, it is necessary to include 4 of the y;-correlators to reconstruct
the whole Vip in (2.18). There must be then linear relations among the RFFT correlators in
Vir because of the form (4.45), see appendix B.3 for further details.!®

!4 This relation maps to <:,82 (w1)::ﬂ2($2):> — 2(B(x1)B(z2))* = 0 in the (o, B) theory. Tt is interesting to
notice that (4.44) is implied by Wick contraction in the («, 8) formulation, while in the Cardy formulation by
rotational symmetry of the fields x;.

15Since the theory is free, the three structures are actually all related to each other, leading to further con-
straints.
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4.3.3 Parisi-Sourlas supersymmetry

It is known that the correlators of the Cardy theory (4.12) which enjoy an extra O(—2)
symmetry in the fields x, e.g. (>, X?)k, can be described by a model containing 2 Grassmann-

valued scalar fields ¢ and ¢ whose action reads [4]:'¢
v? -
Ssusy = /ddm ((890)(&0) - ?aﬂ + (8¢)(8¢)> . (4.46)

Each of the two theories contains operators which are not present in the other theory. However,
O(—2) invariant operators y turn into Sp(2) invariant operators in terms of v, 1, e.g.

DX 2 (4.47)

The operators which are different are the ones that are not O(—2) invariant in terms of
the fields x; and that are not Sp(2) invariant with respect to 1, 1. For example the field
X itself or ), Xf for k& > 2 cannot be mapped to 1,. Similarly, the field ¢ cannot be
mapped to the variables y.

While this formulation does not capture the full RFFT, it has some nice features.
First, it does not involve a negative number of fields, thus it is less subtle than the Cardy
formulation. Secondly, the action (4.46) enjoys Parisi-Sourlas superconformal symmetry
OSp(d +1,1]2) [3, 20] (in particular since it is a free theory it has a higher spin enhancement
of this symmetry, which we will disregard in the following). Using the notation of [21] the
generators of OSp(d + 1,1]2) are supertranslations P4, superrotations M45, superdilation
D and special superconformal transformations K4, where the indices take values A, B =
1,...,d,0,0. When A, B =1,...,d the generators define the conformal algebra, the Sp(2) R-
symmetry is generated by M9 M 9‘5, M éé, while the other generators with a single 6 or 6 are
fermionic. The fermionic transformation P%, M, K with a = 6, 6 are respectively given by

bp=taet [0 = (—Fara)es dp = (— a2y,
oY* = —we , § Yt = (%x“w + 8“@)62 , oYt = 2{($ -0+ % — 2)90 + %wa} e,
Suw =0 Ju = DHipyel dw=2(z-0+ %)

(4.48)
where all the parameters " = {€, eé}, € = {eZ, eﬁ}, e ={e&, 65} are femionic, 1* = {1, ¥}
and 1, = {—1,9}. These transformations bear striking resemblances to (4.34) if we think of
Y < (; (or similarly % <+ x; in (4.40)). The number of parameters also formally matches if
we count the —1 bosonic parameter as 1 fermionic parameter. However, due to the different
statistics and number of fields involved, it is not trivial to find a precise map between the two
transformations. Let us also mention that the O(—2) symmetry is related to the R-symmetry
Sp(2). Here there is also a formal match of the parameters since the dimension of the
antisymmetric representation of —2 components is equal to 3. So roughly speaking we can
map all generators of OSp(d+ 1,1|2) to generators of the Cardy theory, in terms of the Cardy
stress-tensor, the operator K* and the O(—2) current.

Tntuitively, this can be seen from the fact that —2 scalars have formally the same partition function as +2
Grassmann scalars. The O(—2) symmetry of the fields x is converted to a Sp(2) symmetry of ¥, 1.
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It is instructive to show explicitly how correlators that involve the fermionic fields are
mapped to the original RF variables. At first sight, this might look puzzling since the RFFT
only has bosonic fields. However, we should remember that only Sp(2) singlets have good
representatives in the RFFT and these contain combinations of the type 11 which behave
like bosons. The simplest example is the two-point function of (:hth(x): :p1)(y):) which can
be rewritten in terms of x; using (4.47). The correlator in terms of x; can be easily expressed
in RF variables using (B.3) and (4.42). The result is

(@) i (y):) = 6(6@)7(6W)) — 30626 — 6(6(@)) (e()) (#(2)6(y)
+ (6@)oW))?2 — (6(@)26(1)?) + 2(6 W) (#(2)26(W))
— 3(6@)7(6()?) + 26(@)*) (6(y > ) + 206@)) (6(2)6 (1))
+6@)2) (W) - 6W)7) + (6@ (6(v)*) — (w)?) -

4.3.4 Symmetries of the replica theory

H

(4.49)

In contrast to the Cardy theory (4.15), where conformal invariance is obvious, for any n # 0
the replica action (4.11) is not conformally invariant. More precisely, by looking at the
O(n) and O(n?) terms in the action (4.11), it is straightforward to show that the scaling
assignments (4.13) do not admit a smooth local deformation away from n = 0 which keeps
Srep scale invariant. This is a reflection of the nature of the n — 0 limit pointed out before.
In other words, the “categorical” description of the Cardy theory (4.15) for generic n has a
manifest conformal symmetry for any n, while the finite n replica action (4.11) does not.

O(n — 1) symmetry. As already discussed, the replica action (4.11) enjoys an O(n — 1)
symmetry. This symmetry is not manifest in the Cardy basis and it would naively seem that
in the limit n — 0 this would amount to an O(—1) symmetry as opposed to the ISO(—2)
symmetry discussed in section 4.3.1. Similarly, the S,, subgroup of O(n — 1), which plays
an important role being preserved by interactions in the replica formulation, is also not
manifest in the Cardy basis so one might wonder if this symmetry can be recovered in
terms of ISO(—2) transformations.

Let us first recover the O(n— 1) symmetry on Cardy fields by working at finite n. Namely,
we consider the action (4.11) without dropping O(n) terms and look for its symmetries. We
use the unconstrained fields (; where symmetry transformations are most easily written.
The action reads

1 1 —2)? —2 —2
SrepZQO(nK—nQUQ)go—i—w(ZK—(n )1)2>w+90(—n K—l—n(n )UQ)w

2 2 4 2 2
[nt (4.50)
+5 Z Gl G-
=2
This is a quadratic form %ﬁTM il where @ = (,(a,...,Cu_1,w)T. Linear transformations

that keep the action invariant are generated by matrices Q (6& = Qi) such that QT M +
MQ = 0. The constraint is solved by the generators of O(n — 2) acting on the vector

¢ = (Ca5---,Cn1), namely
(Qij)ab = 5ai5bj — 5aj6ln' y i,j = 2, e, — 1 s (4.51)
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where a,b =1,...,n label the components of i, and by the following set of (n — 2) matrices

2(n —1 2
(Qi)ab = 0q10p;i — (71_2)5@51,” + ni_n25anébi , k=2,....,n—1. (4.52)

To be more explicit, these infinitesimal transformations on the Cardy fields act as

2(71__21)5,-jw, S = ¢, (4.53)

dip = G, 0;Cj = — —"

Despite the unusual form of the €2; generators, they can be put together with the €;;
generators to reconstruct the manifest O(n — 1) symmetry of the replica action (4.4). Indeed,
it is easy to compute the following commutators

[Qij, Q] = 062 — 93y,
2n(n—1) (4.54)

which imply that the generators L., defined as

(n—2)

Lli = *Lil = *m

Qi s Li]’ = Qij R (455)
form an so(n — 1) algebra.

However, the O(n — 1) generators in (4.55) do not have a smooth n — 0 limit. Indeed,
as can be seen in (4.54), the algebra of the generators {€2;,Q;;} acting on the Cardy fields
undergoes a form of Inonu-Wigner contraction as n — 0. This is quite non-standard since the
parameter n controlling the algebra’s contraction also changes its dimension. Nevertheless,
this “formal” contraction of the O(n — 1) algebra to an ISO(—2) algebra, nicely accounts
for the symmetries of the Cardy theory described in section 4.3.1. The );; generators have
a “manifest” limit to O(—2) generators as n — 0, while the transformations (4.53) reduce
to the first of the Heisenberg-like transformation given in (4.34).

S, symmetry. Given the previous discussion, it is clear that we should be able to map
permutations in S, seen as a subgroup of O(n — 1), to limits of ISO(n — 2) transformations
as n — 0. When 4,7 > 1 the permutation ¢; <+ ¢; is just mapped to a permutation x; < x;.
This is simply a O(n — 2) transformation acting on Y;, which of course commutes with
dilations. Taking e.g. i = 1 and j = 2 the map ¢; < ¢; becomes [13]

¢££>¢+X2—W, wﬁz—ﬂm X2£Ii>2w—X2, Xk23££>Xk—X2+W,(4.56)

where we have dropped O(n) terms. Note that the map does not commute with dilation
since it mixes fields with different scaling dimensions in the Cardy theory.

The transformation (4.56) can be written as a composition of a O(n — 2) rotation with a
Heisenberg-like transformation, both in the limit n — 0. The Heisenberg-like transformation
is (4.41) with parameters by = (n —2) — —2 and by, = —1 for k = 3,...,n. This corresponds
to the transformation T'

Do —xa—w, 2o+, ko xEtw, W, (4.57)
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The discrete O(n — 2) rotation will be named R and takes the following form'”

R R
X2 — —X2, Xk — Xk — X2 - (4.58)

By composing these two transformations it is easy to show that
Po=RT. (4.59)

Since T is a Heisenberg-like transformation, T =¢° =1+ S + %52, we can also write
SQ
Py =R (1 +S+ 2), (4.60)

where S defines the infinitesimal transformations

dsp = —x2, Osx2=2w, Osxp=w, Osw=0. (4.61)

5 Random field in generalized free theory

The two CF'T descriptions of the RFFT can be easily extended to the case where the action
So in (1.5) is replaced by a generalized free theory (GFT) defined in terms of a generalized
free field (GFF) ¢ of dimension A. GFTs can be seen as decoupled sectors of a local CFT at
leading order in a 1/N expansion.!® They are dual to a free scalar of mass L?m? = A(A — d)
in a rigid AdS441 space with radius L. GFTs in the presence of a random field were already
considered in [23], where the flow induced by ¢? deformations was studied. We reconsider
this setup in light of the CFT descriptions introduced in the previous sections.

Let us first settle some notation. A GFF ¢ of dimension A gives rise to a CFT which
can be defined through the two-point function

(6(2)6(y)) = Gla,y) = |$_1y|A , (5.1)

and by the prescription of computing higher correlators by the Wick theorem. This is
equivalent to using a path integral with a pure action of the form (2.9), where now K = G~}
is the non-local kernel

48T (A)
(47)d/21(d/2 — A)

K(z,y) = Ag(A) / dp d=24gip-(r=y) Ag(A) = (5.2)

@)t
The theory in the presence of a random field, which we denote for brevity as random
generalized free theory (RGFT), has correlation functions that are still defined through
formulas (1.1), (1.2), (1.3) and Oy = —¢.

"This is a rotation in the sense explained in footnote 13. Namely, it is the n — 0 limit of

R R
X2 — —X2, Xk — Xk +

n—2X%

for which Q = ARAT satisfies QTQ = 1.
'8GFTs also appear as the continuum limit of long-range lattice models. See e.g. [29-32] for studies of
long-range lattice models with random field interactions.
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We will also consider the effect of adding a local A¢? deformation. This is of interest
because it allows us to study a non-trivial (though exactly solvable) RG flow in a disordered
theory. Let us first review the effect of ¢? terms in the absence of disorder. The action has
the usual form of (2.9) where now the kernel is

d
Ky = [ %(Ad(mpd—% +2)erten), (5.3)

with A4(A) as in (5.2). Since correlation functions are given by Wick theorem, it is sufficient
to consider the two-point function which is now given by

a4 1
©@ow) = [ G g A

e (@=y) (5.4)

We focus on the case A < d/2, where the deformation is relevant. In the UV limit, at
distances S\\x —y| < 1, with XA = A/(d=24) “the pd=2A term dominates with respect to A
in the denominator of (5.4) and we recover the undeformed correlator (5.1). The IR limit
Mz — y| > 1 is instead controlled by the opposite limit (p — 0) where A dominates over
p?=22 . In this limit, we obtain a GFF of dimension d — A:"?

(p(x)d(y)) ~ / (ddp <_Ad(A)pd—2A> oip-(a—)

27)d A2
_ _Ad(A)fid;d —A) — y‘lg(d_A) L Nr—yl>1. (5.5)
Thus the ¢? deformation leads to the RG flow
GFT, — , GFT, A, (5.6)

in agreement with the flow induced by a double trace deformation in large N theories [33, 34].
In the next sections, we discuss the RGFT, and the ¢? deformations, using the descriptions
introduced in sections 3 and 4.

¥For A = (d — 1)/2 the two-point function can be written in terms of Bessel J and Struve H functions

Y m(ng(s) Si_a(©) 2%(5))]

r(4t cos(%)  sin(%f) sin(md)

. 1
=yl

(¢(z)p(y))

where £ = Az — y|/Aa((d — 1)/2). Using the small- and large-argument expansions of the above special
functions one reproduces the UV and IR behaviours (5.1) and (5.5). The small momentum expansion of the
integrand in (5.4) breaks down when A = (d — 2)/2, namely when ¢ is an ordinary free scalar and A¢® is a
mass deformation m = v/A. In that case, as is well known, the two-point function is exponentially suppressed

d—2

dép 1 ip- 1 (m> 2 m=z e Ml
—— P = —— (= Gaz (mlz]) ~ ——= —— -
/(27r)d p2 +m? (2m)d/2 \ |z| - 2(27T)d21 |x|d21

More generally, the small p expansion is ill-defined when A = d/2 — 2k, with k € N, where it would lead to an

uncontrolled series of distributions f (g:)pd (p*) e ~ O"6 D ().
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5.1 (a, ) theory

The derivation of the («, 3) theory in section 3.1 applies in this more general case since it relies

only on the quadratic structure of the action. The ending result is that (3.14) holds, where

the a and (3 correlators are computed using the same action (3.5) and the same map (3.4),

the only change being in the kernel K, which is now given by the non-local expression (5.2).
Two point functions of the («, ) theory are explicitly given by

o Ad (2A B %) 1
Ad(D)? g - yp2a-s) (5.7)

1
(B(z)B(z)) = m-

(a(z)a(z)) = v

Hence, the RGFT admits a description in terms of two decoupled GFFs of dimensions
respectively A, = 2A — % and Ag = A. Interestingly enough, for A > (d —1)/2 both a and
B are above the unitarity bound and hence correlators in the (a, §) description are reflection
positive. We take A # d/4 to avoid logarithms in the correlators.

The (o, 3) theory is not very flexible to generic local deformations of the pure action
because it requires computing exactly the Z[h] factor. However, a ¢? deformation leaves the
theory Gaussian and can be treated. In the presence of disorder, the derivation of the («, )
theory in section 3.1 applies again. The two-point functions are now given by

dp v?

(2m)® (Ag(A)pd—22 4 ))?
a4 1

(B3 = [ Gt a3

For A < d/2 the (3 sector has exactly the same RG flow as (5.6). The UV behaviour of the

« sector is given by a GFF with A, = 2A — %, while the IR one is given by a GFF with
A, = d— A, as can be easily derived observing that (aa) = —1128% (BB).
+20

(a(@)a() = | ),

(5.8)
ip-(z—y)

Thus we conclude tha
UV : RGFTA + M\p? — IR : GFTy_a x GFTy_A . (5.9)

5.2 Cardy theory

The Cardy description allows for any type of deformation, not only Gaussian ones. However
since we studied other Gaussian theories in the (o, 3) theory formulation, it is worth checking
that also the Cardy framework would give compatible results.

First, let us define the RGFT in Cardy variables. We can follow the same steps for the
derivation of the Cardy theory in section 4.1 but using now the kernel K given in (5.2). The

20The effect of a A¢? deformation in a GFF in the presence of disorder has previously been discussed in [23].
Although we agree that in the IR we have a conformal behaviour with A = d — A, our picture is quite different
in several aspects. The disorder does not induce an RG flow, the RFFT being the same CFT at all scales for
any finite value of v # 0. When v = 0 the a-sector decouples both in the UV and in the IR and we have the
usual flow GFTa — GFT4_a. The A¢? deformation triggers instead a proper RG flow in the («, 8) theory,
as in (5.9). In particular, we do not find evidence for the “disordered fixed point” depicted in figure 1 of [23].
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ending result is that (4.19) holds with the action given by

1 1 &
SCardy = ﬁ‘PKZSD + 5 ZXZKXl ) (510)
1=2

which implies that the operators ¢ and x; have respective dimenzions Ay = 2A — % and

A, = A, while the auxiliary field w = U%K ¢ has dimension A, = 5. This exactly matches
the structure seen in the (o, 3) theory, where again the only difference is that we now have
—2 fields x; instead of only one field 5.

One can also treat the A\¢? deformation. This perturbation is mapped in Cardy variables
to )\(gpw + %Z?:z X?) It is easy to see that this has the effect of changing the propagators
of ¢ and y; in the same way as we saw in (5.8). So again we find the same result with the
exception that the —2 fields y; replace the single 3.

Let us conclude by discussing what happens to RGFT after applying the map (4.47).
It is easy to check that the resulting action does not respect Parisi-Sourlas supersymmetry.
One might then wonder if there exists a random field version of GFF which when mapped
to fermionic variables respects Parisi-Sourlas supersymmetry. To answer this question let

us consider the more general model,

1
Slh] = 5¢K1¢ — hK29, (5.11)
where both K; and K are (possibly long range) kinetic terms of the form (5.2) which we
respectively parametrize by A1 and As. This action thus allows for a non-local coupling of the

random field variable to the field ¢.2! By applying Cardy construction to this action we find

1)2

n
SCardy = pE1w — gw(Kz)Qw + % > o xiKixi, (5.12)
i=2
where we notice that w now has a kinetic term so it is no longer a simple auxiliary field.
The scaling of the operators is A, = 2(A; — Ag) + 4, A\ = Ay and A, = 2A, — 4. By
choosing Ay =14+ A and Ay =1+ % + % parameterized by a single constant A, we obtain
that the three operators have dimensions A, = A, A, = A+ 1 and A, = A + 2. In this
case, when we map the action to fermionic variables we find a generalized free model that
respects Parisi-Sourlas supersymmetry.??

6 Final remarks

We have shown in this paper that the RFFT is invariant under a peculiar conformal symmetry
under which the elementary field ¢ is not a primary operator. Adding the h¢ interaction
in (1.1) does not give rise to an RG flow, but directly to a new (UV) fixed point. Adding further
local interactions to the action Sy would instead give rise to an RG flow, but with starting
point the new UV fixed point. In contrast to ordinary pure QFTs, the conformal behaviour
is manifest only when considering specific linear combinations of (averaged) correlators of

21 This is equivalent to the problem of long-range disorder, which has a long history, see e.g. [35-37].
22This model was considered in [38, 39].
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local operators. Aside from the emergence of exact global symmetries after quenched average,
such as the Zo symmetry ¢ — —¢, we have shown that the RFFT also has a large set of
new symmetries, such as the Z), in (3.50) or the continuous Heisenberg-like symmetries (3.59)
and (3.68), which are not present in the action Sp of a free scalar field. We have also
started to explore how the notion of normal ordering of composite operators and OPE can
be extended in the presence of quenched disorder. Such properties have been derived using
the (a, B) description, the direct sum of two simple free CFTs. Despite its “rigidity” of not
admitting a simple generalization in the presence of interactions, the (a, #) theory is itself
an interesting theory with a large set of (higher-spin) currents, including peculiar bosonic
nilpotent symmetries like the Heisenberg-like symmetry, worth further investigation.

Local deformations in the RFFT remain local and can be studied perturbatively in the
Cardy theory, which is the actual CFT describing the RFFT. We investigated the symmetries
of this model. Besides O(—2) and conformal symmetry, it also enjoys a O(—2)-vector of
Heisenberg-like symmetries and an infinite set of higher-spin extensions. We showed in a
few examples how the new symmetries of this formulation (e.g. the O(—2) symmetry) give
rise to non-trivial selection rules on the RFFT correlators. Moreover, we discussed the
connection between the bosonic Heisenberg-like symmetries with the fermionic Parisi-Sourlas
symmetries. As a by-product of this work, we have clarified the role of the S,, replica
symmetry in the Cardy theory, which is written as a composition of a O(—2) rotation and
a Heisenberg-like transformation. Replica symmetry is important because is preserved by
all local deformations of the RFFT, such as the quartic interaction leading to the random
field Ising model and the cubic one leading to the random field ¢ model. We plan to use
the new understanding of this symmetry as a vantage viewpoint to give a fresh look to the
RG of this important class of physical models.
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A Spectrum of the (a, ) theory

The spectrum of primary operators of free scalar field theories can be obtained with standard
techniques using conformal characters [40, 41]. Let x(¢)[q, Z] be the conformal character of
the elementary field ¢ = «, 8, where ¢ is the fugacity associated to the dilatation operator
and ¥ = (x1,...,2,) is the vector of r fugacities labeling the representations of SO(2r) or
SO(2r+1). In terms of an orthonormal basis of vectors e; € R, ez(j) = 63, (4,75,=1,...,7), the
fugacities z; are defined as x; = exp(e;)(¢) = €%, where £ = 3", l;¢; is a weight of SO(d) in the
e; basis. The weights ¢ are half-integer valued and are related to the ordinary integer-valued
Dynkin labels A; as 7= Bt(C_l)tX, where «; = B;jej, with a; the simple roots of the algebra
s0(d) and C its Cartan matrix. For example, for the spinor representation of SO(2r + 1) we
have X = (0,...,0,1), 7= (1/2,...,1/2). Notably, in both basis spin ¢ traceless symmetric
representations are given by (¢,0,...0), reported simply as ¢ in what follows.

We discuss first the individual partition functions Z, g of the two free theories in
isolation, given by

- — 1 L
Zslg, 7] = explz kx(qb)[qk,:rk}] , =, (A1)
k=1
where ¥ = (2%,...,2%). The spectrum is obtained by re-expressing the partition func-

tion (A.1) in terms of a sum of conformal characters over the primary operators O:
Zsla, 7] =) 94(O)x(O)[a. 4], (A.2)
@

where g4(0O) is the multiplicity of the operator. The xo’s are the conformal characters
associated with the primary operator . The elementary fields « and 3, as well as the
conserved currents (3.69) and (3.70) discussed in section 3.3, satisfy shortening conditions,
and so will the corresponding characters. A general expression of x(O) for d = 2r and
d = 2r + 1 dimensions has been given in [42]. Given an unconstrained primary operator O
with scaling dimension A and spin ¢ = >, ¢;e;, we have

r

X(O)[g, & = x(A, 0)[q, 7] = ¢* (H (1—qup) (1 - qw;1)1>x[(f) . d=2r,
k=1
X(0)[g. 7] = (A, 0)[g, 7] = T (H(l —qup) (1 - qx;1)1>xg(f) . d=2r+1,

1=q\;5
(A.3)
where () are the SO(d) characters of the spin £ representation. See egs. (B.4) and (B.8)
of [42] for their explicit expression in even and odd dimensions, respectively.
The short characters for the field « and for the conserved currents (3.70) of the a-

x(a) = X(d;4,0> - X(CZ;FA‘,()) ;

X(j}(’)) =x(d—4+0,0) —x(d—1+0,0—3), {>4even, (A.4)

theory are

X(jz(l)) =x(d—=2+£6,0)—x(d—1+£,£—1), £>2even,
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where for simplicity of notation we left implicit the (¢, Z) dependence of the characters. The
short characters for the field 5 and for the conserved currents (3.69) of the S-theory are
d—2 d+2
=x|—70)—x{—.,0
x(P) x( 5 ) x< 5 )
X(Zo) =x(d=2+0,0) —x(d—14+£6,0—1), £>2even.

(A.5)

We report in table 1 the spectrum of the first primary operators in the o and 3 theories for
d =5 and d = 6. More precisely, we report all operators up to A < 5 and A < 7 in the «
theory in d = 5 and d = 6, respectively, and all operators up to A <21/2 and A < 11 in the
[ theory in d = 5 and d = 6, respectively. We also report the multiplicity g and the number of
elementary fields p of the operator. The latter is easily obtained by adding a further fugacity
in the partition functions. Note that in the non-unitary (0% a-theory, it can happen that an
operator at the unitary bound does not lead to a short multiplet, despite having an infinite
number of descendants with zero norm. Indeed, while in a unitary theory null states are
guaranteed to be orthogonal to all the states in the theory by the use of a Cauchy-Schwarz
inequality, the latter does not hold in non-unitary theories. Zero-norm states arising from
a conservation equation are instead guaranteed to be orthogonal to any other state also in
non-unitary theories. Only the last ones are associated with short multiplets.? In table 1
blue rows correspond to these conserved operators. The null states which do not decouple
recombine in a peculiar way, as pointed out in [22], where this structure was given the name
of “extended Verma modules”.?* We observe that eventually the contributions of these states
to the partition function can be cast in terms of two standard Verma modules. The operators
involved in the recombination process are highlighted in orange and linked by arrows in table 1.

Let us see this in more detail. In panel 1(a), the fourth primary operator in the list is a
scalar operator () with A = 3/2. Despite the operator being at the unitarity bound, it
does not satisfy a shortening condition. Its level-two scalar descendant Oa? is null and is
proportional to the first scalar primary operator with A = 7/2, which is also null. The states
in these two Verma modules recombine and eventually give rise to the two full conformal
characters with p =3, A =3/2 and A = 7/2. A similar phenomenon occurs with spinning
operators which are at the unitary bound Ayg = d — 2 + £, but are not conserved. The
primary operators of this kind have p = 6 and have a null level-1 descendant, which is
proportional to a primary operator with p = 6, scaling Ayg + 1, and spin £ — 1. The first
operator of this kind appears at A = 6 for £ = 2, and is the only operator at A = 6 which
we report in panel 1(a), the one in orange at the bottom of that panel. An analogous story
applies in d = 6, where the scalar operator at the unitarity bound has p = 2 and A = 2 (a?).
It has a level-2 null descendant, and the scalar operator with p = 2, A = 4, is proportional
to it. The non-conserved spinning operators at the unitary bound have now p = 4, and are
proportional again to a primary operator with p = 4, scaling Ayg + 1, and spin £ — 1. An
operator of this kind appears at A = 8 for £ = 3, and is the only operator at A = 8 which we

2When writing the character decomposition (A.1), all primary operators are taken unit normalized.
In this basis, a null primary gives rise to divergent OPE coefficients in three-point functions with other
primary operators.

24The divergences in the conformal block expansion of 4-point functions due to the zero norm of such states
nicely cancel in the recombination and the final conformal blocks associated with these operators are finite.
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report in panel 1(b), the one in orange at the bottom of that panel. In d = 8 we also can
have non-conserved spinning operators with p = 3 at the unitary bound, while in d = 7 and
d > 8, there are no, non-conserved, primary operators at the unitarity bound.

For completeness, we report in panels 1(c) and 1(d) the first primary operators of the
ordinary free theory in d = 5 and d = 6.

The full spectrum of the («, 8) theory is obtained by decomposing in irreducible characters
the product Z,Z3. In addition to the operators discussed before, it involves primary operators
built with both a and S fields. The short characters associated to the conserved primary
currents Iy (3.71) are of the form

Y(Ko)=x(d=3+00 —x(d—1+0,0-2), (>2. (A.6)

We report in table 2 the primary operators in the combined («, 3)-sector up to A <5 and
A < 7in d =5 and d = 6, respectively. As before, blue rows correspond to conserved
operators (short multiplets) and orange rows to operators with non-decoupled null states
which recombine in a way similar to that described before. The operators involved in the
recombination process are linked by arrows in table 2. As before, we report in table 2 the two
operators (and only these) above A =5 and A = 7 which are involved in a recombination
process, the ones at the bottom of the panels 2(a) and 2(b). Note that the conserved

currents of type 89y, -0

ey + -+ do not appear in the spectrum, as expected, being

level-1 descendants of ICy.
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(a) a-theory, d=5 (b) a-theory, d =6 (c) pB-theory,d =05 (d) p-theory, d =6

A (l,b) p g A (L1,05,03) p g A (bil) pg A (li,la,03) pyg
0 (0,00 0 1 0 (0,0,0) 01 0 (0,00 01 0 (0,0,00 01
1/2 (0,0) 1 1a 1 (0,0,0) 11« 3/2 (0,0) 113 2 (0,000 113
1 (0,00 2 1 2 (0,0,0) 21 3 (0,00 21 4 (0,00 21
3/2 (0,00 3 1 C3 (0,0,0) 3 1 9/2 (0,00 31 6 (0,000 31
2 (0,00 4 1 4 (0,0,0) 21 5 (200 2176 (2,000 211
5/2 (0,00 5 1 4 (0,0,0) 41 6 (0,00 41 8 (0,000 41
3 (0,00 21 4 (2,000 21 13/2 (2,00 31 8 (2,000 31
3 (0,00 6 1 5 (0,0,0) 31 7 (4,00 217y 8 (4,000 217
3 (2,00 21 5 (0,0,0) 51 15/2 (0,0) 51 9 (3,0,0) 31
7/2 (0,0) 3 1 5 (2,000 31 15/2 (3,0) 31 10 (0,0,0) 5 1
7/2 (0,0) 7 1 6 (0,0,0) 41 8 (2,00 41 10 (2,000 41
7/2 (2,0) 3 1 6 (0,0,0) 6 1 17/2 (2,2) 31 10 (2,2,0) 31
4 (0,00 41 6 (1,0,0) 31 17/2 (4,00 31 10 (4,0,0) 31
4 (0,00 8 1 6 (20,00 21 7Y 9 (0,0 61 [10 (6,00 21T
4 (2,00 41 6 (2,0,0) 41 9 (3,00 41 11 (3,0,0) 41
9/2 (0,0) 5 1 6 (3,000 31 9 (6,00 217511 (4,1,0) 31
9/2 (0,0) 9 1 6 (40,00 217" 192 (2,00 51 11 (50,00 3 1
9/2 (1,0) 3 1 7 (0,0,0) 31 19/2 (4,1) 31
9/2 (2,0) 5 1 7 (0,0,0) 5 1 19/2 (5,0) 3 1
9/2 (3,00 3 1 7 (0,0,0) 71 10 (0,0) 4 1
5 (0,00 6 1 7 (1,0,0) 41 10 (2,0) 41
5 (0,00 10 1 7 (2,0,0) 32 10 (2,2) 41
5 (1,00 4 1 7 (2,0,0) 51 10 (4,00 4 2
5 (20 2 17%Y 7 (22,00 31 21/2 (0,0) 7 1
5 (2,00 6 1 7 (3,0,0) 41 21/2 (3,0) 5 1
5 (3,00 4 1 7 (40,00 31 21/2 (4,2) 31
5 (400 2 179 : 21/2 (6,0) 3 2

: 8 (2,0,0) 43
6 (1,00 6 1

Table 1. Spectrum of the first operators in the free non-unitary [(? theory («) and the ordinary free
O theory (8) for d =5 and d = 6. A is the scaling dimension, (¢1,...,#,) are the labels of the so(d)
representations in the e;-basis, p is the number of elementary fields entering the primary operator
and g is its degeneracy. Blue rows denote conserved operators/short multiplets. Orange rows denote
non-conserved operators at the unitarity bound with null states. The arrows denote the operators
subject to a recombination effect, as described in the main text. Not all orange operators are involved
in the recombination when their multiplicities differ (the number of arrows denoting the number of
operators involved).
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(a) d=5 (b) d=6

A (l1,02) pa P 9 A (01,02,03) pa D3 9
2 (0,0) 1 1 1 3 (0,0,0) 1 1 1
5/2 (0,00 2 1 1 4 (0,000 2 1 1
3 (0,0) 3 1 1 4 (1,0,0) 1 1 1
3 (L0 1 1 1 5 (0,0,0) 1 2 1
7/2 (0,00 1 2 1 5 (0,000 3 1 1
7/2 (0,00 4 1 1 5 (1,000 2 1 1
7/2 (L,0) 2 1 1 5 (20,0 1 1 1K
4 (0,00 2 21 6 (0,00 2 1 1
4 (0,00 5 1 1 6 (0,000 2 2 1
4 (1,00 3 1 1 6 (0,0,0) 4 1 1
4 (20 1 1 1K 6 (1,0,0) 1 2 1
9/2 (0,00 2 1 1 6 (1,000 3 1 1
9/2 (0,0) 3 2 1 6 (2,000 2 1 2
9/2 (0,00 6 1 1 6 (3,000 1 1 1K
9/2 (1,o) 1 2 1 7 (0,0,00 1 2 1
9/2 (1,00 4 1 1 7 (0,000 1 3 1
9/2 (2,0) 2 1 2 7 (0,0,00 3 1 1
5 (0,0) 1 3 1 7 (0,0,0) 3 2 1
5 (0,00 3 1 1 7 (0,0,00) 5 1 1
5 (0,0) 4 2 1 7 (L,0,0) 2 1 2
5 (0,00 7 1 1 7 (L,0,00 2 2 1
5 (L,o) 2 2 1 7  (1,0,0) 4 1 1
5 (1,0) 5 1 1 72,000 1 2 2
5 (2,00 3 1 2 7 (20,00 3 1 2
5 (30 1 1 1K;s 7 (21,00 2 1 1

: 7 (3,000 2 1 2
6 (1L0) 3 1 3 7400 1 1 1K

8 (2,00 2 1 3

Table 2. Spectrum of the first operators in the («, 8) theory for d =5 and d = 6. A is the scaling
dimension, (¢1,...,¢,) are the labels of the so(d) representations in the e;-basis, p, s are the number
of elementary «, 8 fields entering the primary operator and g is its degeneracy. Blue rows denote
conserved operators/short multiplets. Orange rows denote non-conserved operators at the unitarity
bound with null states. The arrows denote the operators subject to a recombination effect. Not all
orange operators are involved in the recombination when their multiplicities differ (the number of
arrows denoting the number of operators involved).
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B Further details on the correlator mapping in the Cardy description

We report in this section some details regarding the correlator mapping between the RFFT
and the Cardy descriptions.

B.1 Two-point functions of quadratic fields

Let us consider the case of two-point functions of composite operators made out of two fields.
In (2.28) and (2.25) we explained how to write normal ordered correlators in the RF model.
Here, as a proof of principle, we will not assume (2.28) and (2.25) and we will check that
these formulae are compatible with the normal ordering defined in the Cardy basis.

Keeping this in mind we define a list of all possible RF observables with two ¢ at position
x1 and two ¢ at position zy as follows,

There are 13 elements in VSF). The last four components of (B.1) are divergent and should

be subtracted from the first 9 in some specific tuned way to obtain the finite results which
were predicted by (2.28) and (2.25).

We now want to write a set of 13 correlators in the Cardy basis and get an invertible map
from Cardy to RF. We want 9 normal ordered Cardy correlators which are finite. Also, we
need 4 divergent correlators to match the divergent pieces in the RF theory: indeed divergent
correlators of colliding Cardy fields can be mapped to RF variable e.g. (¢?(z)) = (¢(z))2.
Under these considerations, a possible list of two-point functions of Cardy fields reads

2
V& = { (%:9%), (oxarioxst) s (xaxer xaxa) s (ixaxa: Xaxas)
(ix2xs: ixaxss) » (xaxs ™), (@%xaxs) s (oxatixaxa), (xaxs:xa@:),
(% (1)) (P2 (w2)) » (PP (1)) (B (22))  (X3(21)) (¥*(22)) , (X3(21)) (X3 (w2)) }
(B.2)
Here the first 9 components are two-point functions of normal ordered operators which
give rise to a finite result (we keep the convention that the first operator is inserted at

x1 and the second at z3), while the last 4 terms are the sets of divergent contributions
built out of four fields.?>

2We parametrize the divergent pieces with a product of correlators in order to match the product of
averages in (B.1). We could have avoided products of correlators by considering single correlators of non-
normal ordered operators. In both cases, we can show that all finite RF observables are functions of the first

normal-ordered components.
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We find that there is a invertible linear map between Vgr and Vi, provided by

10 £-3 100-7-31000
10 -2 110-7 11030
10 $-2 201 ;—-313500
11 -3 300 0 01000
10 1-2 111 F 1133
L 123 §-301 3 51100
V= (&), M =12 17 300 L 11000 (B.3)
12-3 9-310 7 51050
14-1 3-111 § 3153574
00 0 0 000 0 01000
00 0 0 000 0 01040
00 0 0 000 0 01300
00 0 0 000 0 01537

The last four components of Vi, are written in terms of the last components in Vgyp. Instead,
the first 9 components of Vi, exactly provide the correct linear combinations of the 13
components in VRg which define good CFT two-point functions. In particular, we checked that
the 9 finite components are indeed written in terms of the normal ordered RF combinations
predicted by (2.28) and (2.25).

Equation (B.3) therefore provides a one-to-one map between Cardy variables and random
field ones. Let us stress that the vector (B.2) is only a possible choice of observables,
e.g. we have chosen (:x;x;::p%:) with (4,5) = (2,3) and we omitted (i,j) = (2,2) because
the latter does not provide a linearly independent combination of RF observables since
(xixg 9®) = Gij (txaxsi ™).

It is also important to mention that the basis (B.2) gives an overcomplete description
of the Cardy theory, indeed many correlators in (B.2) vanish. e.g. in the free Cardy theory
the components 6,7,8,9 of (B.2) vanish because (x;¢) = 0. Similarly, there are only two
independent two-point functions of operators x;x; because of O(n — 2) symmetry. Altogether
these facts give a set of five constraints that RFFT correlators must satisfy, namely

1

w

-1
(MQLj%Wsz (i=16,7,8,9), (B.4)
1

<.
Il

M=

[@Aﬁx;—3@dng+2@42¥ﬂvmﬁ:0. (B.5)
1

<.
Il

We thus find that of the possible 9 linear combinations of RF correlators, 5 of them
vanish because of simple properties of the Cardy theory.
B.2 Three-point functions

The simplest set of three-point functions in the RFFT is written in terms of one quadratic
field and two fundamental fields. Again we will not assume the knowledge of the normal
ordered RF correlators provided by (2.28) and (2.25) and we will check that the result is
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compatible with such formulae. The RF observables are

Vi = {(6(21) (9(22)) (6(3)), (#(21))” ($(w2)d(w3)), (@(z1) (@(22)) (6(z1)d(ws)),
)

(o(z1)
(0(21)) (P(x1)d(22)) (¢(3)), (P(x1)d(22)) (P(21)d(23)), (D(21)) (D(21)d(22)P(3)),
(0(1)%) (D(w2)) (d(w3)), (D(21)?) (P(w2)P(23)), ((x2)) (¢(x1)*P(3)),
(@(1)2d(22)) (D(23)), (d(1)?d(w2)(3)), ((21)?) (¢(2)) (¢(x3)),

(o(x1)%)

)
0(@1)%) (G(@2)d(@s)), (9(1))” (G(wa)) (G(xs)), (6(1))” (6w2)o(w )>},

);
{

z1

(B.6)
where the last 4 components are just divergent pieces used to normal order the first 11
components.
Similarly, a choice of Cardy observables is
3
VE = { (0% w) , (oo oxa) » (oxar xa9) » (0% Xaxa) » (iXaxs: 90}, (XaXs: 9Xa)
(sxax3: Xa®) 5 (X2t X3Xa) s (IX2X3T XaX2) » (X2X3: X3X2) » (:X2X3: X4X5) 5

(p(z1)?) (plx2)p(x3)) , (x2(@1)X3(21)) {p(x2)p(23)) |
(p(21)%) (xa(@2)x3(23)) , (X2(®1)x3(21)) (X2(22)X3(3)) } ;

(B.7)

where the first 11 components are finite (and the operators are inserted in order at the
points x1, xo and x3), while the last four are used to reproduce the four last components
in Vfg (also in this case footnote 25 applies). Again we find an invertible map between
the two sets of correlators

1 1 1 3 1
tooto 1 11 1ioto
11000 11 0-3 1 Iig00
10100-1 1 o3 1 Iig00
8 8 4 4 2
11100 § 5 -2 1 11000
11110 & & 5 $-2-31010
. 10001 & §-3-2 % $1100
Ve = (M) v, ME =|1o011 L L 15 1 51111, (BS)
12001 3 & 3 $-32-31100
10201 & § 3 $-3-31100
12211 § 3§ § 3-1-11111
00000 0 0 0 0 0 01100
00000 0 0 0 0 0 01111
00000 0 0 0 0 0 01000
00000 0 0 0 0 0O 01010

We can again check that the last 4 components of the two vectors map into each other as
they should. Moreover, we checked that the first 11 components of Vi, are written in terms
of the normal ordered expressions of (2.28) and (2.25).

The vector Vi, ; contains vanishing correlators for ¢ = 4,5,6,7,8. Moreover there exists
a single independent three-point function of (:x;x;: xxx;) which takes the form

2
K
(xixg (z1): xw(z2)xi(23)) = (GirGj1 + Gilij)W : (B.9)

12 L13
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Using these constraints we can write all normal ordered RFFT correlators in terms of only
four normal ordered correlators in Vg,. An example of such formulae is shown in (4.26).

B.3 Four-point functions

Finally, we consider the case of the four-point functions defined in the main text. The
vectors of observables Vyp in (2.18) and Vi, in (4.23) are linearly related by the invertible
map (4.24) where Mé? reads

1000000-3% -5 -5-45-2 3 0 1
1010000 & -5 H-45-3 1 0 3
1000100 & -%5-45 £-3 1 0 3
1100000 & &H-45-45-3 1 0 3
1000010-3%5 -4 £-3 1 0 3
1001000—? 1—12 1—%—?—% % 0 %
@ _|1010010 % 2 R PTA L )2
Mg =|1o010010 & & & 4L -2 2 1 1 (B.10)
1001100 5 15 15 15 -5 3-—3 5
1100001 & & & L -2 1 0 1
1110100 2 & 4L L 2-3 o-3
1101010 & 2 L L 9-3 o3
1011001 & & 3 L 9-3 -3
1000111 & & & 32 2-3 o-3
1111111 2 2 3 3 3.1 0-1

It is easy to see that the list V, is overcomplete because some correlators trivially vanish,
while others can be related by symmetry. As an example in (4.23) there are four correlators of
three fields x; and one ¢, which all vanish in free theory. Similarly, there are four correlators
of x; but by symmetry only three of them are independent (there are only three 4-index
invariant tensors corresponding to the projectors from the tensor product of two O(n — 2)
vectors into singlet, traceless symmetric and anti-symmetric representation).

The two examples above give rise to the following selection rules on RF correlators?®
MY (Vo) = 0 | =8,9,10,11 B.11
Z( Ca)ij< RF)]_ ) (’L_ s Iy y )7 ( . )
J
ANV {OM @\t _
Z[g(MCa)lzj (MCa)lgj 2(MCa)15j (VRF>J =0. (B'12>

J
The presence of vanishing (linear combinations of) Cardy correlators means that Vyr can be
reconstructed by summing over a smaller number of terms. In particular, using the selection

rules above, we can obtain all terms in Vyr by summing over 10 Cardy correlators as shown
in equation (4.25) in the main text.

26Using the expression (4.45) we directly get 3(x2x2Xx3X4)— (xaXx2Xx3X3) —2{x2Xx3XaX5) = 0, which reproduces
the relation (B.12).
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