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Abstract

Parisi-Sourlas (PS) supersymmetry is known to emerge in some models with random
field type of disorder. When PS SUSY is present the d-dimensional theory allows for a
d — 2-dimensional description. In this paper we investigate the reversed question and
we provide new indications that any given CFT;_, can be uplifted to a PS SUSY CFT,;. We
show that any scalar four-point function of a CFT;_, is mapped to a set of 43 four-point
functions of the uplifted CFT; which are related to each other by SUSY and satisfy all
necessary bootstrap axioms. As a byproduct we find 43 non trivial relations between
conformal blocks across dimensions. We test the uplift in generalized free field theory
(GFF) and find that PS SUSY is a powerful tool to bootstrap an infinite class of previously
unknown GFF observables. Some of this power is shown to persist in perturbation theory
around GFE We explain why all diagonal minimal models admit an uplift and we show
exact results for correlators and CFT data of the 4d uplift of the Ising model. Despite
being strongly coupled 4d CFTs, the uplifted minimal models contain infinitely many
conserved currents and are expected to be integrable.
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1 Introduction

Parisi-Sourlas supersymmetry was first introduced in [1] in order to explain a very peculiar
behaviour of critical theories with quenched random field type of disorder. The story started
a few years prior when Aharony, Imry, and Ma conjectured that the IR fixed point of random
field models is described by pure models in two less dimensions [2]. This was motivated by the
behaviour of the Feynman diagrams of the random field Ising model in d dimensions, which in
the IR limit match the diagrammatic computations of the pure Ising model in d —2 dimensions.
Parisi and Sourlas provided an explanation of such behaviour by conjecturing that random
field models have emergent supersymmetry in the IR, which they further showed (through a
perturbative argument) to be responsible for the dimensional reduction [1]. Namely, following
picture 1, the relation A of Aharony, Imry, and Ma, was explained by Parisi and Sourlas by
a combination of B and C. The explanation by Parisi and Sourlas is very appealing since the
emergence of symmetries at a fixed point is not uncommon. Moreover the original perturbative
argument for C was later made non-perturbative and more rigorous [3-6]. A CFT argument
was also recently provided in [7].
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Figure 1: Relations between theories: the fixed point of a random field theories in d
dimensions (RF, f.p.), a Parisi-Sourlas SUSY CFT; (PS CFT,) and a pure CFT in two
lower dimensions (CFT,_,).

Unfortunately the beautiful conjecture by Parisi-Sourlas was quickly found to have flaws.
In particular the arrow A for the Ising model clearly cannot be fully correct. Indeed the RF Ising
model has a critical point in 3 < d < 5 [8], while the pure d = d — 2-dimensional Ising model
only has a critical point in 2 < d < 3. Thus A is certainly violated in d = 3. Furthermore
in later numerical studies it was found that both A and B fail in d = 4 [9]. It came as a
surprise that numerical simulations in d = 5 [10, 11] gave instead strong indications for the
both the emergence of supersymmetry B and the dimensional reduction A. The Parisi-Sourlas
conjecture can also be studied in a different random field model, RF ¢2, which has a phase
transition between d < 2 < 8. In this case numerical simulations indicate that the fixed point
is always compatible with A [12].

While many studies were produced in the past decades, no fully conclusive explanation of
when/why the conjecture works was found. This motivated a revised study of the emergence
of SUSY in RF models (arrow A) using a perturbative RG setup [13-16]. This series of works
showed in epsilon expansion that the PS CFT for the Ising case is reached in the vicinity of the
upper critical dimension, namely at d = 6 — € for small . Conversely, when € is of order 1,
some SUSY breaking deformations develop a large negative anomalous dimension becoming
relevant for d less than a critical value d.. A two-loop analysis predicts that d. ~ 4.2 —4.7,
which is in perfect agreement with the numerical simulation described above. The same setup
was also applied to the RF ¢ 3 model, showing that in this case all SUSY breaking deforma-
tions remain irrelevant in all dimensions, again in agreement with the numerical results. In
summary it was found that the SUSY fixed point sometimes is not reached because of new rele-
vant SUSY breaking perturbations. However, whenever it is reached, dimensional reduction is
expected to always occur. This thus provides an explanation for when/why the Parisi-Sourlas
conjecture works.

While this could seem the conclusion of a story, by revisiting the topic new interesting
directions emerged. In particular, as we mentioned, the arrow C of figure 1 was also studied
in an axiomatic CFT context in [7]. In this paper it was first defined what is a PS CFTj.
Then it was shown in which sense such a theory has a description in terms of a CFT;_,. It
was shown that a huge part of the spectrum and OPE coefficients of (also non protected)
superprimaries of the PS CFT,; exactly matches the CFT data of the CFT;_,. E.g. the spectrum
and OPE coefficients of all the scalar operators would match in the two theories (in d > 3).
This result was obtained by using arguments only based on symmetry and therefore applies
to any possible PS CFT,. The work of [7] thus motivated a new question: given any CFT;_,
is it possible to define a PS CFT; which dimensionally reduces to it? This is what we refer
to as the Parisi-Sourlas dimensional uplift, represented as the arrow D of figure 1, and it is
the focus of this paper. In particular the results of this paper are in support of the conjecture
that, independently on the properties of the CFT,_,, the uplift always exists. This is mostly
independent from random field models, meaning that the uplifted models may or may not
emerge at the fixed point of a disordered system. One may thus ask why should we study the
uplift. There are various motivations.
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Figure 2: Iterated uplift.

One important motivation is to understand the space of possible consistent CFTs, which
is the ultimate goal of the conformal bootstrap. If the uplift always exists, then it can also be
iterated. Therefore given a CFT; one could in principle define an infinite tower of PS CFT 4,5,
forn=1,2,... as shown in figure 2.

There is an important catch: PS CFTs are non-unitary. Therefore figure 2 shows that the
space of non-unitary CFTs is infinitely much larger than the one of unitary ones: for every
unitary CFT there exists an infinite tower of non unitary CFTs in higher dimension. The tower
in figure 2 has increasing amount of SUSY. It is interesting to speculate what could be the fixed
point of this sequence (indeed this would live in infinite dimensions and would enjoy infinite
SUSY).

Another very interesting motivation is to find the first examples of fully solvable non-trivial
CFTsind > 2. Indeed in d > 2 there is no example of interacting CFT where the full CFT data is
accessible exactly. The situation is much better in 2d where in the minimal models it is possible
to compute spectrum, OPE coefficients and even correlation functions exactly. The idea is
thus to uplift all minimal models obtaining infinitely many towers of infinitely many solvable
CFTs in all even dimensions. Notice also that such models might be physically relevant. For
example the uplift of the Yang-Lee minimal model describes the 4d universality class of RF
¢ model (which also describes systems like branched polymers and lattice animals [12]).
In this universality class there exists also a model defined by Brydges and Imbrie [17] (see
also [18]) which has SUSY at the microscopic level. The microscopic SUSY ensures the model
to dimensionally reduce all along the RG flow and not only at the IR fixed point. In the same
spirit, in [19] Cardy recently proposed a supersymmetric microscopic model that flows to the
uplifted Ising model. In d = 4 this thus flows to the uplifted Ising minimal model. It would be
very interesting to see whether new supersymmetric microscopic theories can be defined such
that they flow to other minimal models.

Another motivation is to use the supersymmetry of the uplifted theory as a tool for solving
problems of the original theory. This might sound surprising since we argued that the two
theories are somewhat equivalent. However the information is packaged very differently in
the two formulations and it can happen that the SUSY formulation is more suitable to answer
some questions, as we shall exemplify in the following.

Other applications will appear as we will enter the details of the paper. For example the
SUSY structure of the uplifted theory provides some powerful kinematical constraint on CFTs.
In particular we will see that PS SUSY implies a set of 43 relations between conformal blocks in
d —2 and in d dimensions, which are interesting in their own rights. For example one of such
equation was already obtained by Dolan and Osborn to compute conformal blocks in higher
dimensions from the knowledge of conformal blocks in lower dimensions. With this work we
find that such equation actually has a very clear physical interpretation in the SUSY theory.

The plan of the paper is as follows. We start section 2 with a basic introduction on CFTs,
which will be followed by a review on PS SUSY and dimensional reduction/uplift.

In section (3) we explicitly show how to extract different primary components from su-
perspace correlators with two, three and four scalar insertions. We show that all of them are
(as expected) compatible with conformal symmetry which is a further check that PS CFTs are
well defined. In the four-point function case we show that there are 43 independent primary
components in a generic four-point function which are obtained by acting with 43 differential
operators (in the conformal cross ratios) on the lowest component.
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In section 4 we show that these differential operators on d — 2-dimensional conformal
blocks can be written in terms of a linear combination of at most five d-dimensional conformal
blocks. We further analyze these relation and explain how the linear combinations are tuned
to cancel possible poles of the conformal blocks.

In section 5 we provide some examples of how to use the supersymmetry of the uplifted
theory as a tool to compute observables of the original theory. We find that in the uplift
of generalized free field theory (GFF) there exists an infinite class of non trivial correlators
which have some vanishing primary components. In terms of four-point functions this means
that some of the differential operators of section 3 annihilate the correlator. We then show
that this constraint can be used in two ways. Firstly to obtain a recurrence relation for the
coefficients in the conformal block decomposition, which we also show how to solve in the
case of (pp"Pp™¢p™) in closed form for any n, m (which is a new result in GFF). Secondly we
explain how to use the differential operators to fix the correlator itself (up to some constants).
Then we also show how this type of logic can be generalized to perturbative computations
around GFE, giving rise to differential equations for the perturbative correlators.

In section 6 we start by briefly introducing the minimal models. We give an RG argument
of why diagonal minimal models should have a well defined uplift. We then exemplify how
to uplift all four-point functions of Virasoro primaries in the Ising minimal model. We then
proceed at computing the first few terms of their conformal block decomposition. We end
the section by commenting on the properties of the spectrum which must contain an infinite
number of conserved higher spin currents.

Section 7 is devoted to a general property of all uplifted theories: they are expected to
have a larger set of operators than the reduced ones. These extra operators are projected to
zero under dimensional reduction. In section 7 we exemplify a class of such operators. We
then consider the uplift of a 1d GFF four-point function as a toy model to show how the larger
kinematic space of the uplifted theory (in 3d there are two independent cross ratios instead of
the single cross ratio of one-dimensional CFTs) is exactly reconstructed by the extra operators
of the uplifted theory, which in this case are the spin £ > 1 traceless and symmetric operators.

In section 8 we conclude the paper and mention future directions. More details are de-
ferred to the appendices. Finally, a Mathematica code with the definitions of the differential
operators (and some extra checks) is attached to the publication.

2 Background and review of Parisi-Sourlas CFTs

2.1 CFT basics

To set our conventions let us start by reviewing some basic facts on d-dimensional CFTs (see
e.g. [20] for a more detailed review). Correlation functions up to three insertions are fixed by
symmetry. One-point functions vanish besides the one of the identity which equals one. The
two-point function of a scalar primary O with dimension A takes the form

{(0(x1)0(x5)) = €8]

23 \A 2
X12)
where X = le - x;.‘ and x; € RY. In a unitary theory the basis of primary operators can
be diagonalized such that the two-point functions of different primaries vanish. Three-point
functions of scalar primaries O; with dimensions A; take the form

A
{01(x1)05(x2)05(x3)) = 123 , (2)

A1+Ar—A A1+Aq—A Ag+Aq—A
2 1 2 3 2 1 3 2 2 2 3 1
(x7)™ 2 Xy3)” 2 X53)7 2
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where 1,5 is a theory-dependent quantity called OPE coefficient. With four insertions we can
build two independent conformal invariant cross ratios,

2,2 2,2

_ X12X34 _ X14%93
2 27 = 2 42 (3)
X13X04 X13X04

therefore a four-point functions of scalars can be fixed as

{01(1)04(x2)03(x3)04(x4)) = Kp,(x;)f (w, v), 4
where f (u,v) is a theory-dependent function and K is a kinematic factor defined as

A2 Azgq

2 2 2 2
1 X X
Kp,(x) = —— 1 (%) (%) , (5)
(X%z)5(A1+A2)(X§4)5(A3+A4) X5 X13

where A;; = A;—A;. Sometimes we shall use different cross ratios as z,z and p, p [21]. They
can be related to u, v using

__ 5 _ 4P
C(1+p)’ (1 +p)2

A crucial property of CFTs is the operator product expansion (OPE) which allows to replace
two operator insertions by a sum of single operators insertions,

u=zz, v=(1—-2)(1-2), Z

(6)

x .. ox
01(x)0,(0) = 3 Auao | R om0+ %
AL

where the sum runs over all operators O with dimension A and spin £ and the dots stand for
the contribution of the descendants operators. Using the OPE of operators O; and O, inside
the four-point function (4), we obtain

Fw,v) =Y ancgaclu,v), 8)

Al

where an; = A150Ap34. This formula represents the decomposition of a four-point function
in conformal blocks g,, which are functions fixed by symmetry that encode the exchange of
a primary O with dimension A and spin £ along with all its descendants. The blocks g, are
function of the variables A;,, A3, and d, but we will often suppress these dependencies in
order to streamline the notation.

2.2 Conformal blocks

Conformal blocks are fixed by symmetry. In even dimensions d they can be expressed in closed
form [22]. For example in d = 2,4 they read [23]

ka—¢(2)kpse(Z) + kpto(2)ka_e(2)

(d=2)_ =y _

gAK (Z,Z) - 2€+55,0 > (9)
4, 25 [kay—o(@)kase(@) —kare(@ka_r_o(2)]

g(ie 4)(2’2): — A—(—2 A+ 5 A+L A—{—2 ) (10)

where k17 is defined as follows

(11)

—A + A
k, () =272 ,F, (7) 12 1 34’71’2)

2 72

6
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Table 1: Position of the poles and labels of the blocks at the residue in (12), where

Ap= A+ 1.
Type, n A% ny N
I, nell,o0] 1—{—n n {+n
I, ne[l,(] l+d—1—n n {—n
I, ne[1,00] d_n 2n ¢

For generic dimensions d, the blocks are typically not known in a closed form but never-
theless they can be determined in several ways (see [20] for a review of various techniques).
For this paper it will be useful to keep in mind a recursion relation [24-27] that defines the
blocks from their analytic structure in A. Indeed conformal blocks have poles in A with residue
proportional to other blocks,!

() Ry (@

gA[ ~ A_AZ gAA[A' (12)

The label A = type, n is specified by a type between I,II,III and an integer n in some range,
while all other labels appearing in (12) are defined in table 1. The coefficients R, at the residue
are known in a closed form as follows

Rl,nz% l_[ (?)n’

6=NA12,034
Re = —nf! (d+£—n-2), 6+1—n)
22— (S b—n) (E40-n—1), saa N 2 Jn (13)

—n(—1)”(%—n—1)2 5—0%—a€—n+1+0
Ry = n .
i (n!)z(%+€—n—1)2n(%+€—n) l_[ l_[ 2 a

2n 6=A1p,Az3 0=%1

One can thus reconstruct the full conformal blocks by summing all the poles and an entire
function in A. This gives rise to the following recurrence relation of the conformal blocks as
functions of the radial coordinates r = |p| and 1 = cosargp,

Ry
A—A

hae(r ) = hooe(r,m) + (4r)hy, e, (), (14)
A

where gfe)(r, 1) = (4r)2ha,(r, 1) and the sum over A is a sum over the three types and over
n. Finally the regular part in A of h,, is defined by

1-4 A1p—Ag4-1
0(1-r2)"2 (r2m2mr+1)" 2 o
o) (d _ st CF (M), (15)
( 2) (2 1)@ (T2+27]r+1)—2

heot(r,m) =

where C;’(x) is a Gegenbauer polynomial. The normalization of the blocks is chosen to match
the one of the closed form solutions in d = 2,4 written above.
2.3 Parisi-Sourlas supersymmetry

In this section we present a short introduction to PS SUSY based on the more complete results

of [7].

In even dimensions higher order poles are allowed to appear, but here we work in arbitrary d as an analytic
continuation around odd d, where only single poles appear.
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In order to introduce PS supersymmetry it is convenient to work in a superspace R412,
parametrized by coordinates y¢ = {x%, 60,0}, where the index a takes d + 2 possible values
a=1,...d,0,6. A QFT with PS SUSY is invariant under superrotations and supertranslations
which are the transformations that preserve the superspace distance

_ : & O
Y2 =y'y"(gapdap, Wwith ggp= ( 0 ) , (16)
8sp(2)
where g, is just the rank-d identity matrix which defines the metric of a Euclidean d-
dimensional space, while gg,0) = ((1) _01) is the symplectic metric. We name the generator
of supertranslations and superrotations respectively as P* and M. They can be represented

as
pa—= aa’ Mab — yaab _(_1)[a][b]ybaa, (17)

where the derivative in superspace is defined as d, = 3‘97 = (04,9, 95) and the bracket in
[a] measures if the index a is bosonic or fermionic, namely [a] = 0 for a = 1,...,d, while
[6]=1=[60]. APS CFT is further invariant under superdilation D and special superconformal
transformation K¢, which are represented as

D=-y%,, K¢ =2yayb3b—ybyb8a. (18)

The full set of generators of a PS CFT satisfies the osp(d + 1, 1|2) algebra.

It is convenient to consider local (super) operators O(y) inserted at points y“ in super-
space. We will consider operators that have a well defined superconformal dimension A un-
der the action of the superdilation generator D and that transform in irreducible represen-
tations of OSp(d|2), such that tensor indices will be of the form a; = 1,...,d,0,0. Stan-
dard OSp(d|2) representations are labelled by Young tableaux with [d/2] rows of length
€y =>4€y>...2 {421 = 0 and an arbitrary long column, as follows

| Jage (19)

where rows are graded symmetric, columns graded antisymmetric and all traces are removed.
For example the spin { graded symmetric and traceless representation is labelled by a single
row with £ boxes. We can write a spin £ operator in components as follows?

Ot (y) = OF (x) + 0O (x) + HOG (x) + 0O O (x). (20)

When ¢ = 0 the components O, and O, are bosonic while Oy and Oy are fermionic. As
a convention, throughout the paper we will use upper indices of operators to denote graded
tensor indices, while the subscript of the operator will be reserved to denote the components.
In terms of the usual dilation generator, the component operators in (20) have dimensions
A, A+ 1, A+ 2 where each theta in the expansion is responsible for a one unit shift in the
conformal dimensions. Since 6 and 6 do not carry indices, all components of O transform in

2The following notation slightly differs from the one of [7] in order to make R-symmetry properties of the
operators more readable.
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the same OSp(d|2) representation. However every OSp(d|2) representation can be decom-
posed in SO(d) ones, so each component of (20) can be further decomposed in four different
operators with SO(d)-spin equalto £, { —1,{ —2, e.g.

O(()ll...a[ (X) ) Ogl...a[,lg(x) ) Ogl...a[,19(x) i Ogl...ag,QQG(x) . (21)
a...0p
_ . 0

and Ogl'"al’zee are bosonic while (’)gl"'ae’lg and Ogl"'a"le are fermionic. It is also worth
commenting on the R-symmetry of the model, which is Sp(2) and it is generated by M?,

Every time an index takes the value a = 6, 8, then the operator changes grading. E.g. O

MP9 and M99 = M99 It is easy to see that, given a scalar O, the component Oy has charge

—1 under M%? while O, has charge +1. The bosonic components are charged zero. Similarly
by taking indices in the direction 8,9 we select operators with different R-symmetry charge.
E.g. given a vector O¢, (’)g has charge +1, Og has charge +2, while (’)g has charge 0. As
usual, R-symmetry is a global symmetry, thus all non-vanishing correlation functions must be
invariant under Sp(2).

Since the theory has superconformal symmetry, it is convenient to classify the operators
as superconformal primaries and descendants. The super primaries are operators (O(0) de-
fined such that they are annihilated by the special superconformal generators, [K%, O(0)] = 0.
Superdescendants are instead obtained by acting with derivatives d, on the superprimaries.

Correlation functions of local operators are restricted by superconformal symmetry. One-
point functions take the form (O(y)) = 6y, while two- and three-point functions are fixed
as

1
(O0O0(2)) = ——> (22)
Y12)
A
(01(31)02(¥2)O03(y3)) = S AtAr A Allzis,Az S AgrAiAl (23)
)™ 2 )™ 2 ()™ 2
where yl.aj =yl — y]‘.l. Four-point functions can be written as
(01(01)02(¥2)03(¥3)04(y4)) = Ka, (y)f (U, V), (24)
where the superspace cross ratios are defined as
_ Y1aY34 _ Y1aY25
U=s—52> =2,2° (25)
Y13Y24 Y13Y24
and K, is the same as in (5), where we replace x by y, namely
Al A3q
2N 2\ 2
1 Y1 Y14
Ka(yi) = —= —= . 26
A (i) (ylzz)%(A1+A2)(y324)%(A3+A4) (y224) (3’123 (26)

One can also introduce other cross ratios like the ones of (6), e.g. U=Z2Z,V =(1—-2)(1—-2)
and similarly for p and p. The OPE in superspace takes the form

y .. -y
O1(y)0,(0) = Z A20 [MZIIJFTCZ%O“"'“Z(X) +... ] , (27)
At

where because of the graded commuting properties of y“, the spin £ operators Q%% trans-
form in the graded symmetric and traceless representation of OSp(d|2). The dots contain


https://scipost.org
https://scipost.org/SciPostPhys.18.2.056

e SciPost Phys. 18, 056 (2025)

Y
Rd|2 Y1 ,n
* I

! |

I

w l

| ;

¥ x
n o n

My}

Figure 3: Dimensional reduction: All points y; € R4/ are projected to M a

contributions from the superdescendants. We can apply the OPE in the four-point function
and get

FW,V)=Y a0 G2 W, V), (28)
Al

(d]2)

a¢ 1s the superspace superconformal block, which is equal to a

where App = )(,1201034 and G

usual conformal blocks gfe_z) in two less dimensions [7]
(d2) _ _(d-2)
Gae =8ar - (29)

The equality between superspace superblocks and lower-dimensional blocks was proven in [7]
to hold also for correlators of generic tensor operators.

2.4 Dimensional reduction

Any given PS CFT can be dimensionally reduced to a CFT in two less dimension d=d-—2.
Let us explain how this works. The main idea is that, given a correlatorA in superspace, if one
restricts all the insertions to M; = {y € RY2: y =(%,0,0,0,0), % € R} as in figure 3, then
one defines the dimensionally reduced theory. Namely all reduced correlators are obtained as

(Ol(.yl) s On(yn»l./\/ld: (él(ﬁ'l) s én(fcn)) > (30)

where 0; are operators of a CFT;. Here we considered O; and O; to be scalars, but the gen-
eralization to operators with spin is straightforward (see comments below and in [7]). It is
well known that any set of correlators which arises from any type of reduction automatically
satisfies the axioms of crossing and conformal block decomposition as a usual CFT;. What is
special to this kind of reduction is that the resulting CFT; can be shown to be local® and with
a very small operator content, which is smaller (or equal) than the superprimary content of
the original PS CFT, [7]. Both properties are very atypical since: 1) the stress tensor is not
expected to be conserved on M since in principle the energy is allowed to leak orthogonally
to M and 2) usually for every operator in a higher dimensional theory we expect infinitely
many operators in the dimensionally reduced theory, and therefore a much larger spectrum.
These remarkable properties are due to a decoupling of infinitely many operators because of
SUSY. Let us explain how this decoupling arises.

Restricting operator insertions to a hyperplane in the CFT literature is often called
“trivial defect”. In our case the trivial defect breaks the OSp(d + 1,1|2) symmetry to
S0(d —1,1) x OSp(2]2) where SO(d — 1,1) is understood as the conformal group in d di-
mensions and OSp(2|2) is a global symmetry. The prescription to get dimensional reduction

3The precise statement is that, whenever the PS CFT contains a conserved super stress tensor, then the reduced
theory contains a conserved stress tensor (as long as d > 1). When d = 1, as expected, the reduced stress tensor
does not exist as we shall discuss in section 7.
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(30) focuses on the singlet sector of the OSp(2|2) symmetry. For any given primary operator
O there is an infinite set of OSp(2|2) singlets in the trivial defect. Indeed, in addition to the
0Sp(2|2)-singlet primary O(X) considered in (30), one may also consider OSp(2|2)-singlet
primary operators obtained as (8f)”(’)(fc), where 9, is the derivative in the direction perpen-
dicular to the hyperplane M, namely J}' = ggfzab. The statement is that all these operators
decouple from the theory if they are inserted in correlators of only OSp(2|2)-singlets. This can
be easily understood, since the g5, metric orthogonal to the plane has two free indices that
cannot be contracted with anything to build an OSp(2|2)-singlet. Indeed

gh%ib =0, g5 81200 =0, 31
the former relation due to the orthogonality of the vectors X; and the perpendicular metric,
while the latter due to the properties of the supertrace of the orthosymplectic metric which
satisfies str g4, = d —2. A similar decoupling works at the level of operators with spin. In this
case to define operators on the trivial defect we must project the tensor indices to directions
either orthogonal or parallel to M. The only OSp(2|2)-singlets which do not decouple have
all indices along the trivial defect M ;. So in practice given a superfield Oy that transforms in
a representation of OSp(d|2) labelled by a Young tableau Y as in (19), the reduced field trans-
forms in a representation of SO(d) labelled by the same Young tableau Y. It can happen that
the dimension of the representation Y in S 0(d) is zero. When this happens, the dimensionally
reduced field vanishes, so the superfield Oy is projected to zero upon dimensional reduction.
We will expand on this point in section 7.

2.5 Reduction and uplift of Lagrangians

There are explicit realizations of PS QFTs. An important class is defined through the following
scalar action in superspace [1],

Sd|2=fddxd9d9_ %8“@(y)8a<1>(y)+V(<I>(y)), (32)

where V is a given polynomial potential and the scalar superfield ¢ can be decomposed in
components as

B(x,0,0) = @(x)+ 0P (x) + O (x) + 00 w(x). (33)
We can integrate out the Grassmann variables obtaining the action
S = f d¥x %3, — w*+ Mo, + wV (@) +YPV(p), (34)
where we notice that the classical dimensions of the fields is
d - d d
[pl=5-2, [Wl=[l=5-1, [e]=3 (35)
This action can be dimensionally reduced to [1]
a1 A A
Sy = f ddﬁg(aucb(fc))z +V($(R)). (36)

In this case the dimensional reduction is more powerful than in (30). Indeed here we know
that correlators on the lhs of (30) which are computed using the action (32) can be equivalently
calculated by the prescription in the rhs defined using the action (36), e.g.

(@) ®ad)sy, | = (DR (), (37)

d
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Therefore there exist two separate computations which give the same result. Because of this we
can conclude that when a PS SUSY Lagrangian is available, not only dimensional reduction
is available, but also the uplift. Indeed the equivalence (37) can be also read backwards,
implying that every scalar action of the form (36) can be uplifted to (32) which can be used
to compute the same observables. The prescription to uplift Lagrangians is thus trivial and it
amounts to uplifting fields to superfields, and derivatives to superderivatives,

pR)—>e(y), 3,—3,. (38)

This can be further generalized to any number or scalar fields and also to theories where the
fundamental fields are not scalars, see for example the realizations for spinors and gauge fields
presented in [28].

2.6 Uplift of CFTs

While we showed that given a Lagrangian, its uplift is somewhat straightforward, this result
does not help much in defining the uplift of CFTs which typically do not have useful Lagrangian
descriptions. However in CFT we can use the power of symmetry to uplift some observables
for free. This is indeed a basic idea in CFT where it is known that one can use conformal sym-
metry to set the operator insertions to special locations. E.g. by knowing two and three-point
functions of scalar operators on a line one can recover their full dependence on coordinates,
and similarly four-point functions of scalar operators are completely determined by their ex-
pression on a plane. The same idea works for PS CFTs. For these theories the dimensionally
reduced two and three-point functions of scalar operators determine the uplifted ones as long
as d > 1, while for four-point functions of scalar operators the uplifted correlator is fully
reconstruct if d > 2. The reconstruction in these cases is trivial and it amounts to replace

-y, (39)

in correlation functions. For example a two-point function (O;(%;)0,(%,)) = |%1,/722 is
simply uplifted to (O;(y1)O05(y5)) = |y12/722, where now the distance is computed us-
ing the g4, metric instead of a g4_, metric. Similarly for any scalar four-point function
(01(21)05(22)05(£3)04(24)) = F(%; - %;), as long as d > 2, then its uplift is just given by
F(y; - y;) where all distances are replaced by superspace distances.

Of course this prescription cannot be used to fix all possible observables. In general for
any fixed dimension d, when the number of insertion is high enough and/or the operators
have spin large enough, then a piece of the information of the correlation function cannot be
reconstructed. One can easily see when this happens for any given observable by counting the
number of cross ratios and invariant tensor structures [29]. E.g. in d=1a four-point function
is fixed in terms of a single cross ratio and therefore one cannot simply reconstruct a full PS
CFT four-point function in d = 3, but only its restriction to a line (we expand on this point
in section 7). This is also related to the fact that some operators of the PS CFT are projected
to zero after dimensional reduction. This is easy to see, indeed in the PS CFT there can exist
operators with an arbitrary number of graded antisymmetric indices [7], but in d dimensions
one cannot antisymmetrize more that d indices otherwise the result is trivially zero. This will
be further discussed in section 7.

In this paper we will mostly focus on scalar correlators of n < 4 insertions in dimensions
d > 2 so for these cases the uplift will trivially work. It is interesting to stress that this is a
huge number of observables which know a lot about the theory. Indeed we are saying that all
possible four-point functions of scalar operators will be exactly uplifted. The latter contain in
their conformal block decomposition a lot of information about operators with spin. It is an
interesting open question whether the information contained in this infinite set of correlators
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is enough to fix the rest of the observables by e.g. applying bootstrap techniques. We leave
this question for future investigations.

3 Extracting primary components of correlation functions in
superspace

One of the results of this paper is to put on a firm footing the uplift of scalar n-point functions
for n < 4. For the uplift to make sense all components of the superspace correlator must
behave appropriately as correlators of a CFT4. In the following we show how to obtain the
different primary components from the superspace correlators for the cases of two, three and
four-point functions. We explicitly show the form of all components and that they indeed have
the correct covariance properties of correlators of primary operators. Moreover we will show
that all the primary components can be fully reconstructed by the knowledge of the lowest
component, which is fixed by the dimensionally reduced theory. This result will be important
for the rest of the paper where we will input a four-point function of a CFT; to obtain all the
primary components of the uplifted four-point functions. Since this philosophy works for any
CFT, (at least when d > 1) this result also supports the conjecture that the dimensional uplift
works for any theory.

Given a scalar superprimary O(y;) with dimension A, inserted at a point y; in superspace,
the correspondent primaries are defined as follows*

O(yilo = Oo(xy), (40)
99, 0(y)lo = Og(x;), (41)
95.0(yi)lo = Op(x1), (42)
D;;10(y)lo = @gé(xi), (43)

where throughout the paper the notation |, will mean that we set to zero all 6; and 6;. The
differential operator in (43) is defined as

Notice that, while Oy, Oy, O are the same as the components defined in (20), the tilded
operator O, differs from the component ©,;. The two operators are related since Oy is a
linear combination of Oy with a descendant of Q. In practice we can think of Op5 as an
improved version of O,; which is primary; indeed O, by itself is not a primary operator.

Correlation functions of a PS CFT; can be written in terms of superspace distances ylzj By
opportunely acting with the operators Jg,, aéi, Dy;) on superspace correlators we can extract
the correlators of CFT, primaries. The generic form is as follows

D31(01(31) -+ Op(yu D)o » (45)
where Dyz, is a differential operator in x;, 6;, 0; defined as follows
Drg1 = Dys, 5,1 = Disy1- Dys, 0 (46)
where each S can be either i or ij and we define

Dyj) =950,  ((#])). (47)

*One could change the normalization of the primaries and require that their two-point function is unit normal-
ized. We did not do it here since we privileged having a simpler form for the differential operators. Moreover in
our normalization A never appears at the denominator thus avoiding singularities in the differential operators at
special values of A.
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We find it convenient to use Dy(;51 instead of the building blocks Jg,, 89-j, because all observables
must be Sp(2) invariants, so if Jy, is used then we must also use agj for some j. As an example
the operators will be of the form Dy3337 = D13)Dj337 (of course this could be equivalently
written in terms of D[l@]D[Si])’ D[124] = D[I]D[Z]D[4]7 D[lel] = D[2]D[1Zl]

It will also be useful to introduce some shift operators ¥z, which take into account that
the dimension of the operator A; is shifted by one unit if Djg; contains J or J, and by two
units if Dyz; contains 972 — (2A; —d +2)J;,9,. To be precise

251 = Xis,.8,0 = 2is, 1 B[S, (48)

where g j implement the following shifts
Tig(Ar) = g(Ar +26y), Zi778(A) = g(Ax + 6+ 65i), (49)

for any function of g that depends on the conformal dimensions A, where k = 1,...,n in
formula (45).

3.1 Two-point functions

As we explained in section 2.3, the scalar two-point function in superspace is fixed as (22). Us-
ing the differential operators defined above, we can easily compute all the associated primary
components as follows

(Oo(x1)Op(x2))= (O(O)o = x%)A (50)
12
(Ou()03())= D2 OGO = 7 vy 51
12
(Ogg(x1)Ogg(x2))= Di121(0(1)O(2)) o = A+ INd+ 284 2)(d 420 +4) . (52)

( X%Z)A+2

We notice that all these two-point functions have the correct properties to be two-point func-
tions of primary operators. Moreover we further checked that the two-point functions of differ-
ent primaries are diagonal, namely (@99‘00> = 0. Indeed one of the ways to fix the differential
operator Dy;j is to require that the latter is true. We notice that the normalization of the two-
point functions above may be zero. This happens when A = 0, which is the trivial case of the
identity, but also at the free field dimension A = ‘12;2 and at A = % which is the dimension
of a free field in the dimensionally reduced theory. In section (6) we will see that indeed a
field with dimensions A =1 in d = 4 will appear, in that circumstance we will explain how

the vanishing norm (52) will have important implications.

3.2 Three-point functions

We now focus on three-point functions of scalar operators, which in superspace are defined
as (23). This observable contains 14 inequivalent three-point functions of primary operators
corresponding to the different primary components of the supermultiplets. To capture the
three-point functions of all components at once we use the following compact formula

1

(53)

A1+Ag—Ag

A Aog+Aq—A )
2 2 1 2 3 1
X7p)T 2 x33)

D31(01(¥1)02(¥2)03(y3))| = c312123 25
0 X5)~ 2

+A3—Agy
2

where Dz, are the differential operators defined in (46) and Xz, implement the shifts in
A; according to (48). In this notation we only need to define what the coefficients c[3) are.

14


https://scipost.org
https://scipost.org/SciPostPhys.18.2.056

e SciPost Phys. 18, 056 (2025)

They encode the relation between the OPE coefficient of the superprimary and the ones of its
superdescendants. When S is the empty list, which corresponds to the lowest component, the
coefficient equals one, namely ¢; ; = 1. All other cases are below

1] = —*13,20123 > Cl2] = —0Q23,10213,
€121 = —®12,3> C[231 = Q231>
C[123] = Q13,2Q123(B —d +2), C231] = @23,1Q213(B —d +2),
C[3] = —®31,20321 >
C[3i] = —Q31,2» (54)

C[313] = A31,20321(f —d +2),
ct12) = @123 (@123 +2) (B—d +2)(d —4—ay,3),
C[13] = Q13,2 (‘7‘13,2 +2)(B—d+2)(d—4— @132)
C[23] = Q231 (a23,1 + 2) (B—d+2)(d—4—ays1),
C[123] = Q231123013 2(B —2d +6)(f —d +2)(f —d +4),

where a;; = A; + Aj— A and f§ = Ay + A, + As. For the sake of clarity we show a couple
of three-point functions in a more explicit form,

Aoz (A1 — Ay —A3) (A — Ay + Ag)

(001(3(1)002()(2)@69_3()(3)) = 9 NALTATA32 5 (AjHA3H2Ay 5 | AptAgt2-dg (55)
(x35) X33) x33)
Aiga(Ag+ Ag—A4)
<001(X1)O§ Z(XZ)OQ 3(X3)) = A1+A27A;23 2A1+A3§A2 - Do +Az3—A1+2 * (56)

(sz) 2 x%3) 2 x%s) 2

As a comment, let us mention that it is a non-trivial consistency check that in all 14 cases these
take the form of three-point functions of primary operators. The shifts Xz, keep track of the
correct scaling of the operators and thus the theory behaves correctly as a CFT;. The OPE
coefficients of the (primary) superdescendants are just related to the ones of the superprimary
by some coefficients cjz; which are fixed by SUSY. Therefore by knowing the lowest component
one can reconstruct all the other ones.

3.3 Four-point functions

Scalar four-point functions in superspace are written as (24), in terms of a single function
f(U,V) of superspace cross ratios U, V. Of course since the theory is a CFT, all components
of this superspace four-point function should be written in terms of usual d-dimensional cross
ratios u, v. The lowest component is just f (u,v). The other components are obtained by acting
with a differential operator in u, v that acts on f(u,v). The latter can be computed by acting
with some differential operators on a four-point function, as follows

Dy51Ka, (vi)f (U, V)lg,5=0= (E(51Ka, (x:))Dp51f (, v), (57)

where Dz and X3 are defined in (46) and (48) while Di3 is a differential operator in u,v

which we computed for all 43 components. Some cases are too lengthy to be shown in a paper,®
but they will be collected in a Mathematica file included with the publication. Below we show

SIndeed the maximal order of the differential operator in 8, and 9, is eight, and the coefficients are polynomials
of the seven variables d, A;, A,, A;, A,, u, v Because of this, the resulting expressions are sometimes several pages
long.
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their explicit form in a few instances. First the lowest component is the trivial differential
operator D;; = 1. Let us now focus on the operators Dri fori=1,2,3,4,

Dy =[-A%, + A2 u— Ay App(u+v—1)—28, (Agy + Agy(v—1)) ]

—2u(App(u+v—1)—Agy(u+v—1)+24,v—2v)3,

(58)
—2v(=2(Ag+1)u+Apu+v—1)+24,(v—1))3,
+4uv(u+v—1)3,0, +4uzv8u2 +4uvz&'v2 ,
Drg) =(A2—A2) —4(A; —1Dud, +(2(—A1 + Ay +2)u—2(A, + Ay) (v—1)) 3, 59)
+4u28u2 +4uv8v2 +4u(u+v—-1)9,9,,
D) =(A3—A2) —4(A,—1)ud, + (283w —v+1)—204(u+v—1)+4u) 3, 60)

+4u2£9u2 +4uv3v2 +4u(u+v—-1)9,0,,

Dpg = [A1p (A —Asgg)u+ (A4 +A3) (Ags+ Ap(v—1))] +4uv(u+v—1)3,0,
—2u(Apu+v—1)+ Ag(—u+v+1)+2A,v—2v) 3, +4u?v3? (61)
+2v (28 5u+ Agg(u—v + 1)+ 2u—2A,(v—1)) 8, +4uv?d? .

We further exemplify the form of Dj;5;for 1 <i<j <4,

Dpzp =(=A1—Ay) +2ud,, (62)
Dpsj) =(—A3—A,) +2ud,, (63)
Dpy3y = —2u%/%8, — Agyvu —2/uv, (64)
Dpog) =—2u*%8, + Appv/u —2v/uva,, (65)
Dpay = (—Agp + Agg) VU +24/uva, , (66)
Dpy31 = 24/u0, . (67)
It is easy to see that Dj;;7 = —Dyj;}, so these components are redundant and are not taken into

account in the counting. Let us also show the cases of four fermionic components. In this case
there are only three independent operators given by
Dpy3sa) = (A1 + A) (Az+ Ay) + 40?02 +2(A1p— Asy—2)ud,
_2(A1 +A2 +A3 +A4—2)u3u _4uVaV2 5
D[1324] =2 (—Alz + A34 + 2) uzau + 4u38uz + 8u2v3u3,, — A12A34u
—2(A13—Ag4—2)u(v—1)3, +4u(v —1)va?,
D[124:§] = ((Al + Az) (Ag + A4) + A12A34u) +2 (Alz - A34 —_ 2) U.Vav
+2((A—Ags—2)u— (A, + Ay + Az + A, —2))ud, (70)
—8u*v3,0, +4(1—w)u?d? —4uv?a? .

(68)

(69)

The other combinations are equivalent, e.g. Dii534] = Dj1335]- Finally we show a single repre-
sentative of the family Dyjjxj since these are already quite lengthy,

Dp123)= + (A1 + Ag) Agg v (—d + 20, +2) —2(A) + Ay — Agy —2)u*? (d —2(A; + 1)) 3,
+ (40 (d =38, — Ay + Agy +2) —4(Ag — Agy—2) (u—1)%/?) 3,3,
—2/u[ (A + A v(d —2A1 + Agy) + (A1 — Az —2) (A + Ay + Agqu+2u) ] 5,
+8u%%v233% +8u%/%y (v +u—1)9,8% +4u®?(d —2(A, +1)) 82
+8u2v020, +4v/uv ((Ay + Ay — Aqpu+2A34u+ 6u) — (A + Ay)v) 82 . (71)
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The operator (71) has an explicit dependence on d. This feature is shared with all the other
operators which we are omitting from the text.

All differential operators are written in a form where the derivatives in u and v are on
the right and thus act directly on the function. This formulation is the most convenient for
computations, however there may exist a different formulation which makes the differential
operators more compact. We did not invest time in searching for compact rewritings, which
we postpone for future work.

We checked that the differential operators automatically satisfy crossing. For example the
crossing 1 «— 3 is written as

Drenf (u,v)
[}
D[g]f (u, v)|A1<—>A3,U<—>V =0g —Ap—A3  Ar+hy 2 (72)
Zl[g,]v z U~z

—Ag—A A1+A
where we assume that f(u,v) is crossing covariant, namely f(u,v) = v Ty fv,u)

(which must be the case since it comes from a well defined CFT;_,). Here we define
[S'] = [S]li3 and oz = =1 is the fermionic signature of S, namely it computes how
many permutations of the fermionic operators are needed to restore the canonical order, e.g.

03143 = 03134 = —O1334 = — 1.

We further checked the crossing 1 «— 2 and 1 «— 4, which also work out correctly. These
equations generically map D3 into a different D¢}, which is a check that all the differen-
tial operators are correct. Moreover this implies that all primary components of the super-
space four-point functions automatically satisfy crossing in all channels. This is an important
check for the uplift, indeed we find that given one four-point function in d — 2 we get 43 new
four-point functions in d dimensions which are crossing covariant and consistent with super-
symmetry. In the next section we explain that they can also be automatically decomposed in
d-dimensional conformal blocks.

4 Conformal block expansion in PS CFTs

In this section we want to study how the different components of a four-point function are all
compatible with the conformal block decomposition. This will give rise to 43 relations between
conformal blocks in d — 2 and d dimensions.

As explained in section 2.3, the scalar four-point function in superspace is determined in
terms of a single function f (U, V) of super cross ratios which can be decomposed in superspace
superconformal blocks G(Adl!z) as in (28). On the other hand f (u, v) also defines the dimension-
ally reduced four-point function (which depends on the usual cross ratios u, v) and thus it can
be decomposed in (d — 2)-dimensional blocks

Flv) =" dngs, 2w ), (73)

Al

where in principle d,, and a,, of the two decompositions could be different. In [7] it was
shown that they are actually the same d,;, = a,,, since also the conformal blocks are the same
function (29). This already explains that given a scalar four-point function in d —2 dimensions
compatible with the conformal block decomposition (and other bootstrap axioms like crossing)
one can define a scalar four-point function in R?? superspace which is compatible with the
superconformal block decomposition (and the other bootstrap axioms).

However it is also important to check that the d-dimensional PS CFT behaves as a good
CFT, and therefore its four-point functions are decomposed in terms of d-dimensional con-

formal blocks ggig. In particular this means that each component of Gﬂz)(U ,V) should be
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decomposed in terms of a finite number of gfg in a precise linear combination fixed by super-
symmetry. In [7] we showed that this is indeed true for the lowest component. In particular
since the lowest component of G(dlz)(U V) is also equal to the block g ~2) itself, we obtained
the following beautiful formula relanng conformal blocks in d — 2 and d dimensions [7]

d—2 d d
g(Alz )_g(Al?-i_Czog(A-i)-Zf—i_cl—lg(Ailé 1T Co, Zg(At? 2 TC2, zg(m)zz 2> (74)

where the generic scalar block in d — 2 dimensions is written as a linear combination of only
five blocks in d dimensions. The coefficients can be written in closed form as follows:

(A—DAA—A+HO(A+A 1+ (A=A + ) (A+Az4+L)

€2,0 = 7T 4(d—2n—4)(d—2A2)AH—D(AHR(AIFD)  ?
A—1)A1,A340
€1,-1= _(A+€—2)(A§-Z)(d)—Alie—BZ)(d—A-J-Z—Z) . (75)
_ (e—1)t
€o,—2 = ~{d+2l—6)(d+20—3) *
(A= DAUE-1Ud—A—A 1y H—)(d—A+ A1 H—A)(d—A—Agy+—4) (d—A+Az4+(—4)
C2,—2= 4(d—2A—4)(d—2A-2)(d+20—6)(d+20—4)(d—A+(—5)(d—A+{—4)2(d—A+(—3)

(d 2)

Because of this relation it is trivial to see that if f(u,v) is decomposed in g,, ~, then it can

be also decomposed in g( ) and the explicit form of the coefficients ¢; ; can be used to simply
map the OPE coefﬁc1ents of the d — 2 dimensional decomposition, to the OPE coefficients of
the d-dimensional one.

This relation however was obtained by only considering the lowest component of f (U, V).
Now we want to see how this relation generalizes for the other components.

4.1 43 relations between conformal blocks across dimensions

As we showed in section 3.3, inside a single superspace four-point functions there are 43 in-
equivalent four-point functions specified by the list S. Using (57) we can reconstruct each
primary four-point function by acting with a given differential operator D3y in the variables
u, v on the function f (u,v) that specifies the lowest component. This is of course also true at
the level of conformal blocks if we replace f — G(dlz) in (57). In particular this replacement
defines what are the superconformal blocks for each component. In other words G(dlz)(U V)
is the superspace superconformal blocks, while D; ]G(dlz)(u v) defines what is usually called a

superconformal block, which is just a function of u,v. Each D[S]G(dIZ)(u,v) must be decom-
posed in a finite number of d-dimensional blocks. Using again formula (29), we can replace
G2 — ¢4=2 and thus obtain 42 extra relations between blocks in d —2 and d dimensions
labelled by the component S. We can capture all such relations by the following compact
formula

(d-2) _ [s] (d)
Dis18as Z Cij “I818a+it+j ° (76)
(i,j)GP[g]

where we recall that Xz just implements some shifts in the conformal dimensions A of the
external operators by some units as defined in (48) and (49), while the differential operators
Dyzj are defined in section 3.3 and explicitly given in a Mathematica file attached to the pub-

lication. We computed in a closed form all coefficients c[ 5] for all 43 possible choices of S as
we will show in the following section and in appendix A (for convenience in the Mathematica
file we also include the full list of the coefficients together with a check of (76)).
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Table 2: For all possible components [S] of four-point function we show which is
their associated Pjg;. The set PO appears in 26 instances, P in 16 while P®) only
in a single one.

[1,[12],[34],[1],[2],[3],[4],[134],[234],[312],[412],[1234],[1243],
[12],[13],[14],[23],[24],[34],[1234],[3412],[123],[124],[134],[234],[1234]

pO 26

[13],[14],[23],[24],[2314],[1324],[2413],[1423],

PM 16 2 = - . - = 2 .
[123],[124],[213],[214],[314],[324],[413],[423]

p®@ 1 [1324]

Finally it is crucial that the summation over P is finite; in particular it contains at most 5

terms depending on the choice of §. Indeed Pz is defined as one the following three possible
sets

P® ={(0,0),(0,-2),(1,—1),(2,0),(2,—2)},  ifQ,[S1+Q,[S]1=0,
P@ ={(1,-1)}, if Q1[S]+Q,[S]= %2,

where Q. is the Sp(2) R-symmetry charge (computed by M?9) of the operator at the position
k. Namely if the k-th operator is a fermion then Q; = 1, if it is an antifermion Q; = —1, while
if it is bosonic Q; = 0. The charge of the k-th operator can be extracted from the list Sina
very simple way, by defining Q;[S]= Q[S1,...,S,]1=Qx[S1]1+ - + Qi[S,] with

Qlijl=6u—083,  Qlil=0. (78)

In table 2 we present a table that summarizes all components [S] of the four-point function
and their associated sets Pz

Of course it is natural that the rhs of (76) depends on the charge of the operators at position
1 and 2. Indeed, since the Sp(2) charge is conserved, the charge of these two operators speci-
fies which operator can flow in their OPE and thus which conformal blocks can be exchanged.
Keeping this in mind let us now explain why the specific form of (77) arises.

Let us first consider the case Q; + Q, = 0 when bosons are exchanged. In this case there
are 5 different primaries that can be exchanged for every spin ¢ super primary.® These are
obtained from a single spin £ super primary Q%% as follows

Oalu.ag Oal.,.a[,zeé
3

a...0p
0 O

aq...0p_10 ; n0ty..0p_1 0 ay...ap_»00
0 . os > O (O, ), O .79

06

These have quantum numbers (A,£), (A+2,0), (A+1,£—1), (A+2,£), (A+2,£—2)as
prescribed by (77) and (76). To be precise the operators above may not be all primaries,
but they can be always improved to be primaries, so this argument is enough to explain the
counting and the quantum numbers of the conformal blocks in the rhs of (76). Similarly when
Q1 +Q, = %1 there are 4 primaries which are fermionic (or antifermionic), which are related
to the following operators

Oal...ag,le Oal,..aé Oal.,.ag,zeé Oal...ag,le
5 >

0 0 0 > 00 ) (80)

®For this counting we consider ¢ large enough otherwise there may be less than 5 coefficients. The coefficients

cl.[s,] have zeros which automatically take into account when some contributions do not arise. Similar remarks hold
for the other cases below.
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for Q; + Q5 = 1 and similarly for the opposite charge. These corresponds to operators with
quantum numbers (A,£—1), (A+1,£), (A+1,£—2),(A+2,£—1), as shown in (77). Finally
when Q; + Q4 = %2 there is a single charge-2 (or —2) fermion

Ogl...a[_le(oglmai—lé), (81)

with quantum numbers (A + 1,¢ — 1). This simple analysis fully explains the sets in (77) and
thus the structure of equation (76). In what follows we explicitly show the form of cl.[‘j.].

4.2 Examples

In the prgvious section we introduced all ingredients for the equation (76) besides the coef-
ficient ci[’s.]. Here we want to show their form in a few examples (the rest can be found in
appendix A). While doing it we will also provide a few explicit examples of equation (76) for
some choices of S.

Let us first consider the case of S =i for i = 1,...4, namely when there is a single level-
2 superdescendant and all other operators are lowest components. Let us exemplify in this
case all the ingredients entering (76). The differential operators Dy;; are defined in equations
(58)-(61). The charges Q; and Q, defined in (78) are zero, thus Py = P© which contains 5
terms. We thus find that there are five d-dimensional conformal blocks appearing in the rhs of
(76), with A; shifted by two units (namely A; — A; + 2). We therefore obtain that (76) can
be unpacked as follows

D[i]gfe = c([)%ZigXig + c([)t]_ZZing)_z + Cgl,]—lzigxiillﬂ + C%Zigflu + Cgl,]—zzigflzz—z ,» (82)
where i = 1,2,3,4. For i = 1 the exact form of the coefficients is as follows,

) = Ca-nu-0CA+pL+0, (83)
1 = U=DEd=A—Ap =2 ([d+A=frp+(=2)

0,-2 (d+20—4)(d+2(—2) ’
C[1] — (1=A)A3l(d— 1) (A+ A1+ ) (—d+ A+ A1y — £ +2)

1-1 (A+L=2)A+0)(—d+A—0)(—d+A—0+2) ’

1]  Q—AAA+A+0)(A+Ap++2)(A—Agy+0)(A+ Az + ) (—d + A+ A1 —L+2) (—d + A+ frp +£)

2,0 428 —d)(—d +2A+2)(A+L—1)(A+02(A+L+1) ’

[1] _ A=AAU—1)(A+Ap+0)d—A—Ap+L—A)(d—A—Ap+E—2)2d—A— 1o +0—2)(d—A—Agq +L—2) (d — A+ Agg +£—2)
G2~ 4(d—2A—2)(d—2A)d+20—4)(d+20—2)(d—A+L—3)d—A+(—2)2(d—A+{—1) ’

where we introduced the notation f§;; = A; + A;.

All other coefficients cl.[l;] (for k = 2,3,4) are obtained by a simple map of the coefficient

el

i namely

2 1 3 1 4 1
Cl[,j] = ”(12)(34)%-[,]-]: Ci[,j] = ”(13)(24)Cf,j]> Ci[, j] = 775(23)(14)Cl<[,j]a (84)

where 7 implements permutations of the labels A;. In particular
i) F(A) = F(AW)|a e, i) Cinin) F (AK) = Ty - i F (AR (85)

for any function F of the conformal dimensions Ay.

Let us mention a common feature that we will see for most of choices of S: the relations
(76) can be though as equations for the conformal blocks, but the latter only depend on the
differences A;, and As,, while the coefficients cl.[j.] (see e.g. (83)) as well as the differential
operators Dygy (see e.g. (58)) depend also on 15, f34 (polynomially). Therefore one can
expand the equations (76) in 31, and 334 and each term of the expansion can be understood
as a valid equation for the blocks.
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Let us now consider the case of S = ij (i # j), which corresponds to two level-one superde-
scendants and two lowest components. There are two distinct situations. First we consider
(i,J) = (1,2),(3,4). In this case Pj;;) contains 5 terms. Therefore the action of Dy;;; (defined
in (62) and (63)) on the d — 2-dimensional conformal blocks can be written in terms of a sum
of five conformal blocks in d-dimensions,

_ (d=2) _ [ij]_(d) [ij] (d) [ij1 () [ij]1_(d) [ij1 _(d)
Dpist&ar = C0,0 8ar T 0 -28a1-2 T 1 18a+10-1 T €20 8at2e T €228 p4a¢—o- (80)

Here the conformal blocks are not shifted since they only depend on A, and A, and thus
the shift act trivially. The form of the coefficients is as follows,

C([),lo2] N ) (87)
12 -1 —d—a—1+2)
0,-2 (d+20—4)(d+2¢—-2) °

C[li] — (A=1)A15854¢ (B12—d)
1-1 (A+0=2)A+O)(—d+A—0)(—d+A—(+2)°

[12] _ A—DAA—Ap+0)A+215+0) (A=A +8) (A + Agg + ) (—d + A+ 1y +0)

2,0 428 —d)(—d +2A+2)(A+L—1)(A+0)2(A+L+1) ?
[12] _ (A—DAU-1)(d—A+ A +{—2)(Ap—d+A—0+2)(Bra—2d +A—(+2)(A—d—Agy—L+2)(A—d+ Ay — L +2)
Co-2 ~ 4d—20)d—2(A+1))(d+20—4)(d+20—2)(d—A+{—3)(d—A+L—2)2(d—A+L—1) ’

The other case [34] is defined by
34] _ 12
Ci[,j ] = 7T(13)(24)C£j ] (88)
In the cases (i,j) = (1,3),(1,4),(2,3),(2,4) the set Pj;;; contains 4 terms. We thus find
that the action of Dy; 7] (defined in (64)-(67)) on the d — 2-dimensional conformal blocks can

be written in terms of a sum of only four conformal blocks in d-dimensions, with A; and A;
shifted by one unit,

o (d=2) _ [ij] ¢ _(d) [ijls (D) [ij] s _ (@) [ij] s _(d)
Disgae = o 1%ij8n0—1 T €10 Zij8at1e T 61,251 8ar10—2 T 3 15178 pt00—1 - (89)
The coefficient for [13] takes the following form
4=,
3] _ (A-D(A+2+0(A+Ag+L)
Lo = 20A+L—1)(A+1) ’
a3 A=DU—1(d—A—Ap+E—2)(d—A—Ag+(—2) (90)

LD2T T u—D[dr2—2)d—D+l—2[d—A+Ll—1) °
5 (A=DALA+AR+O(A+ Ay +E)(d—A—Ap+L—2)(d—A—Agy +£—2)
271 4Q2A—d)(—d +2A+2)(A+L—1)(A+L)(—d+A—L+1)(—d + A—( +2)

The other three coefficients are defined by

[13] [13]

Ci[J = n(14)(23)ci[,j g Ci[,j = (W m@ae ;s o =1 T2t j g (91)

i i,
where (—1)/ changes the sign of the coefficients co—1 and ¢, _; (notice that these correspond
to operators with spin £ — 1, thus they have an extra sign with respect to operators with spin
for{—2).

Let us consider in details also the three cases when all four operators are level-one su-
perdescendant. In the first case 1234, the set Py;533) contains 5 terms and thus

(d—2) _ [1233] (d) , .[123%] (d) [1234] (d) [1234] (d) [1234] (d)
D133a18ar =0 8artC-2 8ai—2TC 1 &ar1e—11TC0 8atar T 2 &ntar—a> (92)
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where Dj;537) is defined in (68) and the coefficients read

C([)10234] = (Bra—A+0)(Bs—A+0), (93)
[1234]_([ (A +A—Pp+0— 2)([534—d A— €+2)

‘0,2 (d+20—4)(d+2(—2) 2

11233 — (A= (A12800 (=d + ra) (d — fag) + (A +L—2)(A+ (A —A+E—2)(d A+e))

G (A+0=2)(A+0)(d—A+(—2)(d—A+10)

C[1234]_(A DAA A=A+ A +0)(A— A34+€)(A+A34+€)(—d+A+ﬁ12+€)(—d+A+ﬁS4+€)

2,0 428 —d)(—d +2A+2)(A+L—1)(A+L)2(A+L+1)

11233 — (A—DAE-D(d—A—Ap+{-2)(2d—A—fi+{—2)(d—A+ A, +E— 2)(d—A—Agy+(—2)(2d—A—Pag+(—2)(d—A+Agy+{— z)
G2 4d—20)(d—2(A+1))(d+20—4)(d+20—2)(d—A+L—3)(d—A+{—2)2(d—A+L—1)

The case 1243 is similar and the coefficients are related to the ones above by
[1243] _ i [1234]
i,j =1 EDEW o
We now con51der the case 1324. This is the only case where the set Pj;3,3) contains only

one term. The single coefficient is defined as cllsfz‘ = 2(A — 1)¢, therefore the final formula
takes the very simple form
d—2) d
D[1324]g( - 2(A_ 1)£g(A-f)-1€—1’ (94)

where Dy3,37 is defined in (69). The differential operator Dpy3021/(2(A — 1)¢) is very useful
since it can be applied to define conformal blocks in higher dimensions knowing the ones in
lower dimensions.

Indeed the relation (94) was already found in equation (4.37) of [30]” by searching for
a differential operator that shifts the dimension of the conformal blocks. Now we can give a
physical interpretation to this relation as arising from supersymmetry.

We avoid the exemplifications of all other cases, but it should be clear that all 43 relations
in (76) can be easily implemented using the differential operators and the coefficients defined
in the Mathematica file attached to the publication. For completeness in appendix A we also
define the remaining coefficients.

4.3 Poles in the conformal blocks and SUSY

In this section we aim at studying the possible singularities in A of conformal blocks. Below
we warm up by considering a unitary CFT and show that in this case the blocks are always
finite even when they naively look singular. Then we turn to a PS CFT and consider the su-
perconformal blocks, which by equation (76) are written as a linear combination of conformal
blocks. We will show that in this case it may also happen that some blocks in the linear com-
bination diverge, but the specific linear combination provided by (76) is fine tuned to cancel
all singularities and gives a finite result. On one hand this remark can be understood as a con-
sistency check of (76). On the other hand it will also uncover some interesting features which
will play an important role in the conformal block decompositions of the following sections.

To start let us consider the conformal block decomposition of a four-point correlation func-
tion in usual (compact unitary) CFTs. In this case it is expected that both the OPE coefficients
and the conformal blocks appearing in the decomposition are finite quantities and sum up to
a finite result. The fact that conformal blocks are finite is non trivial since they have poles in
A as shown in (12), which for convenience we rewrite here

Ry
N NN A AL, (95)

where A}, Ay = A} +ny,{, are defined in table 1 and the coefficient R, is defined in (13). So
the conformal blocks seem to diverge for the exchange of an operator with labels A = A% /.

—2)((42),
7The normalization of the blocks is different g(d) here — % giz’thm .
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At a first sight this might be puzzling since these labels include the ones of a free scalar
(A =d/2—1,f =0) and a conserved tensors (with A =d +{—2 for any spin £ =1,2,...).
So naively it may seem that free scalars and conserved tensors cannot be exchanged. How can
this be compatible with the fact that these operators exist in physical theories? The answer is
simple. In unitary theories when A, { equals the ones of a free scalar or a conserved tensor
then the associated residue R, vanishes to cancel the pole. This gives a non trivial restriction
on the possible set of correlation functions that exchange such operators. For example for a
free scalar exchange the conformal block diverges as

Rup1le=o

Eae=0 " mgA_,_z’g:o, for A—>d/2—1 (96)

The residue at A = d/2— 1 vanishes when

(d/2—=1—=A1)(d/2=1+Ap)(d/2—1—As)(d/2—1+A
Ryple=0= = 4(1;—(2)d ) ) =0, (97

which implies that either A, = £(d/2—1) or Az4 = £(d/2—1). This is indeed what happens

in free theory: in order to exchange a free field in an OPE, the dimensions of the (external)

operators in the correlation function must differ by £(d/2—1), e.g. ¢" x ¢! ~ ¢.
Similarly when we exchange a conserved tensor of spin £ the conformal block diverges as

gAewmgA+l,e_1, fOr A_)d+€_2- (98)

Thus we need to require that the residue at A = d + £ — 2 has to vanish, namely

R _ A12A34€! (d + E - 3) _ O
L= o—11(d+20—4)(d+20—2)

(99)

which is possible only for either A5 = 0 or Ag4 = 0. This condition is indeed required by
Ward identities of the conserved tensors (¢, ¢, TH ) 0 G4 4, -

We thus found that in unitary theories the singularities of the conformal blocks are avoided
because the residue R, is zero. Let us discuss what this means physically. Let us consider a
conformal multiplet/module labelled by a primary with dimension A and spin £. Now we
want to see what happens to this multiplet when changing A. Using the notation of equation
(95), when A = A;'; the module becomes singular/reducible, namely it contains a descendant
labelled by A4, £, which becomes primary. The primary descendant together with all its de-
scendants define the submodule. All states of the submodule have vanishing norm. These are
responsible for the pole in the conformal block. The condition R, = 0 is equivalent to the fact
that there is a shortening condition that the primary descendant must satisfy. For example
O¢ = O for a free scalar or g, J"2>~# =0 for a spin £ conserved current. These shortening
conditions can be understood as a way to mod out the primary descendant and its associated
multiplet. This is necessary in a unitary theory to avoid non-trivial states with vanishing norms.
In the following we see how this does not happen in PS CFTs.

Avoiding poles with Parisi-Sourlas SUSY

Above we showed that a tuning of the conformal blocks is required when operators at the
unitarity bound are exchanged. Here we exemplify how this is not necessary in PS CFTs. This
will also generalize to exchanges below the unitarity bound which are naively singular (as we
detail in appendix B).
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Let us exemplify the new mechanism for the case of an exchanged scalar superblock with
A = d/2—1. We further think of this superblock as arising from the uplift of a d = d — 2-
dimensional block. Since in d dimensions nothing special happens for exchanges of operators
of dimensions A =d/2—1 = d/2, we would expect that the same is true for the superblocks
of the uplifted theory, however this is non-trivial since in d-dimensions the blocks have a pole
at this value of A (unless (97) is satisfied). Let us show how this pole is erased in the case
of the lowest component of a four-point function. The lowest component of a scalar ({ = 0)
superblock takes the form

(¢=0) _ _(A —Ap)(A+Ag) (A — A34) (A + A34)

O h . (100
Bat=oFCp0 "Batat=o,  WRETE Gy IAA+ DA —2A—D(d—-28—2) (100
We can explicitly see that the coefficient ngoz % in front of ga+a¢—0 diverges as follows
Ry
for A—d/2—1. (101)

20~ A d/2—1)

The contribution of ¢; gga12¢=0 exactly cancels the pole at A — d/2—1 of g~ defined in
formula (12), and thus we get that the combination provided by (the lowest component of)
the superblock

T 1p—0 = lim —o+¢ - 102
&8d/2—1¢=0 A_)01/2_1gu_0 2,08 A+20=0 (102)

is finite. Therefore in a PS CFT the pole at A = d/2—1 in the conformal block cancels thanks
to supersymmetry and the conformal block g4/5_1¢—( can always be exchanged independently
on the value of A, and As,4. This mechanism is unconventional because the pole of the block
is cancelled because of a divergent OPE coefficient (to be precise it is only the kinematic part
co,0 of the OPE which diverges). In all theories with finite OPE coefficients this can never
happen and the only mechanism allowed is the one of the cancellation of the residues R,.

The fact that R, # 0 means that the module of the primary descendant is not modded
out and thus it will be part of the spectrum. Another consequence of this is that we can
consider these primary descendants as insertions in a correlation function without getting a
vanishing result, because no shortening condition has to be satisfied (this is in contrast with
the unitary cases described above where if one considers e.g. ¢ as an insertion in any free
boson correlation function, the resulting correlator vanishes). We will see how all these facts
will play a role in the study of the uplifted minimal models.

There are other important cases where this mechanism takes place. Indeed, besides for
exchanges of operators at the unitarity bound, the conformal blocks diverge for infinitely more
values of A = A (the unitary values appear only for the type IIl,n = 1 when £ = 0 and for
II,n = 1 when { > 0, but in general one could consider any of the three types I, II, III for any n).
All these extra cases lye below the unitarity bounds, so these exchanges do not arise in unitary
theories. However these may arise in non-unitary theories, like the PS CFTs. For such theories
there should be a mechanism to cancel the singularities whenever one of these operators is
exchanged.

First it is interesting to ask which are the possible problematic exchanges which arise in
the Parisi-Sourlas uplift of a unitary d = d — 2-dimensional theory (these are the theories that
we consider in the rest of the paper). The answer is easy: the operators of such uplifts satisfy
bounds which arise by uplifting the unitarity-bounds of the lower dimensional theory. Namely
they satisfy A > % — 2 for scalar operators and A > d + { — 3 for operators of spin £ > 1. In
particular in these theories one can exchange scalar operators with dimensions A = %—2, %—1
and operators with dimensions A =d+{—3,d +{—2,d +{—1 and spin £. For all these values
the blocks have singularities. For the uplift to make sense it is crucial that all these singularities
are resolved. In appendix B we show that all these poles are erased, sometimes because Ry
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vanishes and sometimes because of the special linear combination of the blocks provided by
supersymmetry which gives rise to new regularized blocks that exactly cancels the singularity
as we showed for (102). The specific form of the regularized blocks computed in appendix B
is going to play a role in the next sections, when we will decompose correlations functions of
the uplifted minimal models.

5 Bootstrapping GFF using PS SUSY

In the previous sections we determined a set of kinematic properties shared by all PS CFTs. We
now want to apply the PS CFT framework to the simple theory of a generalized free boson field
(GFF). Below we will start by a basic introduction to GFF to set some conventions. We define
itind =d—2 > 1 dimensions (the case d = 1 is studied in section 7.2) so that the uplifted
theory lives in d > 3 dimensions (for the purposes of this section one could also drop the hat
of d in every formula). In the next subsection we will define the uplifted theory. We will show
that, besides being well defined, the PS uplift of GFF can be used to infer some properties
of the original GFE thus helping to bootstrap some observables. As an example we will be
able to compute, without doing any Wick contraction, the conformal block decomposition of
(pp"p™¢p™) for any power n, m, which is a new result in GFE We will also explain how the
uplift can be used to constrain perturbative computations around GFE

GFF can be defined through a non-local d-dimensional Lagrangian ¢O0°¢, where £ is a
real parameter. The theory is Gaussian and therefore is solvable. An equivalent way to define
the theory without introducing a Lagrangian is as follows. The defining property of GFF is
that correlation function of fields ¢ can be computed through Wick contractions where the
propagators are {¢(x)¢(0)) = |x|22¢. Since the theory enjoys a Z, symmetry (which acts as
¢ — —¢@) correlation functions of an odd number of ¢ fields vanish.

When Ay = d/2 —1 (which corresponds to £ = 1 in the Lagrangian) the theory is the
usual free theory, which has local equations of motions C¢p = 0 and infinitely many conserved
(higher spin) currents. However we shall study the more generic case of A, being a generic
real parameter. In this case the field ¢ does not satisfy any local shortening condition. Similarly
no local composite of ¢ (built out of an integer number of ¢ dressed with an integer number
of derivatives) can play the role of a conserved current/tensor, simply because it would not
have integer conformal dimensions (which is required by representation theory). So naively
we do not expect shortening conditions for any operator or in other words we do not expect the
correlation functions of GFF to satisfy any local differential equation. In the next subsection
we shall see that such differential equations can be defined because of the existence of the PS
uplift. Before that let us continue the review of GFF by describing some observables.

In GFF it is straightforward to compute correlation functions by Wick contractions. A
simple example is

(B 0P 0)p0)b (k) = gz [1+ude +udev o] (103)
X1g X3q

The OPE in GFF can also be fixed by Wick contractions, for example

1
|X|2A¢

$(x)$(0) = + > Anelx P PP (104)
n,{

where the first term is obtained as by Wick contraction of ¢ (x)¢(0) and is associated to the
exchange of the identity operator, while [¢ ¢ ],, are called double twist operators and A,
are the associated OPE coefficients. The double twists are obtained by Taylor expansion of
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: ¢ (x)¢(0) : around x = 0 and are defined as

[¢pply = pO"0"1---0Mp 1 +..., (105)

where the dots take into account terms that make the operator symmetric and traceless in the
indices wy ... u, together with terms that make the operator primary. By taking the OPE in a
four-point function we obtain

(9 (1)b () (x3) (x4)) =~ 1 +Z Q8 camstt ) (106)

x12 x34

Since we know the exact form of the four-point function we can easily read off the coefficients
Apg = )L,zl, , by simply expanding the conformal blocks and the four-point functions in powers
of the cross ratios and match the coefficients. There are more sophisticated ways to compute
a,  from the four-point function, e.g. the inversion formula of [31], which however will not
be needed for this work.

The same logic can be applied for any four-point function. In the following we show
how one can use the PS uplift as a tool to compute the conformal block decomposition of a
four-point function of (¢ p"2¢p"¢™) for generic ny, n3,ny. In this case the conformal block
expansion takes the form

(B (1P ()™ (k)" (xg)) = K (e[ @2"eg D o+ > @™ gD vee]s (107)
n,l

where Ay = Ay, A; = n; Ay (i = 2,3,4) and the contribution at A = —Aq, = (n; —1)A,
comes by taking a Wick contraction of ¢ with the operator ¢"2. Very interestingly PS super-
symmetry gives a set of recurrence relations for a, y, which we were able to solve in the case of
ns = nyu. Besides the specific result it is very interesting that just kinematic considerations of
PS supersymmetry can be used to fix the dynamical data a, ; with the only input of the Ansatz
(107).

Before explaining how this bootstrap problem works, let us present the simplest set of GFF
correlators. Because of the tower of double twist operator, in a four-point function we typically
expect the exchange of an infinite number of operators. However there is a set of “extremal”
four-point function where only one operator is exchanged. These take the simple form

(™ ()™ (x2)p™ (x3)Y (x4)) = K, (x)u™ 3 N1 =Kp (x)N! g@ a0 v), (108)

where N = n; +ny + n3 and Asy = (n3 —N)Ay. The factorial is simply obtained from the
combinatorics. Nicely enough this actually corresponds to a single conformal block exchange.®
Whenever n; =1 and 1+n,+n; = N we can compare the result (108) with the Ansatz (107),

which shows that all the coefficients a 2( ¥4 of the double twist operators vanish, leaving as

only contribution a™"N = NI,
Ny,N3,n .
Below we want to study a,* > for generic values of n;.

5.1 Bootstrapping GFF using PS supersymmetry

Given the GFF in d — 2 dimensions, we can obtain its relative PS CFT; by explicitly uplifting
the Lagrangian of the theory, namely q5(8“8“)5q5 — $(399,)°®. Like GFE its uplifted version

5 A
8Similarly if the operator ¢ is at position x; we get ggiiAue:O(u,v) =u?". Ifitisat X,, the single block is

A12 1 o s . . d Azq 1 -
gf)_Aue:O(u, v)= u " y2(212-834)  While if it is at X3, the single block is gi\‘iABM:o(u, v)=u 3 y2(8-ta) g0

in particular these exchanges are crossing covariant, meaning that a single exchange in the s-channel is mapped
to a single exchange in the t-channel.
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can be defined by saying that all correlators are computed by Wick contractions, where now
the two-point function lives in superspace (®(y1)®(y,)) = |y1,/724¢, where Ay is the same
as in the dimensionally reduced theory. When A, = d/2— 2, the model becomes the uplift of
free theory but we will keep Ay generic.” Composite operators are mapped by following the
rules that ¢ — ¢ and J, — J,.

Now we show how the existence of the uplift can be used to constrain (the dimensionally
reduced) GFE For example to constrain GFF correlation functions, we can leverage the simple
fact that

Dp11(®(y1)®(y2)) o= 0, (109)

where Dj112(y1)[o= &,5(x;) is the superdescendant of ®,. This two-point function vanishes
simply because it involves two different primaries, namely (®4(x1)®0(x;)) = 0.1° Indeed
any correlation function of the following form vanishes,

Dp1{®(y1)2™2(y2) ... 2" (¥ ) o= 0, (110)

for generic k and nq,...,n,. This is true because the correlation function in GFF is computed
by Wick contraction and therefore it is equal to as a sum of terms that contain a vanishing term
D;13(®(y1)®(y:))|o= 0. For the sake of clarity let us show how the vanishing result appears in
the simplest four-point function

Dp11(®(y1)@(y2)2(y3)2(ya)) o = +{@(¥3)@(¥4))Dr13{®(y1)2(¥2))lo
+(@(y2)2(¥4))Dp11(2(y1)2(¥3)) o (111)
+(2(¥2)2(y3))Dr11{@(y1)2(y4)} o= 0.

Equation (110) can be generalized to other differential operators: all those that do not involve
Dy;) at other points i # 1. Let us exemplify this for four-point functions,

Di51(®(y1)2™ (y2)®" (y3)@™(ya))lo=0,  [S1=1[1],[134],[124],[123]. (112)

Moreover for other differential operators the result is not zero but it greatly simplifies. E.g. for
S =[12],[1234],[12] the field at position 1 must be contracted with the one at position 2 and
no possible contraction 1—3 and 1—4 are allowed: the latter are the contractions responsible
to double twist contributions, which for these correlation functions are thus absent. In this
case we obtain that the correlator is written in terms of a single conformal block

n n n 23, d
Dy (@)™ (12)2"™ (1)@ (v lo= N5 (S51Ka, (X)) 802 _n,1mo>  (113)
[31=[12],[1234], [12],

gil—Aue:o(u’ V) = u= Py Because of the
absence of double twist operators, the correlators (113) behave like the extremal correlators
defined in (108).

In all cases (112) and (113) we found that the double twist contributions are annihilated
by the differential operators. Below we explain how to exploit this fact to find recurrence
relations for the OPE coefficients in the conformal block decomposition of the correlators. In
section 5.3 we also show how to use (112) to find the correlators themselves.

Ng,N3,My -
where N[;] *™ is an overall constant and g

°For the connection of uplifted free theory and random field models see [32].

Notice that $45 = (d —2 — 2A,)w + Og. This primary is identically zero in the uplift of local free theory
because Oy = —2w and A, =(d —4)/2. On the contrary it is non vanishing in GFE, where we do not impose the
latter constraints. In fact in GFF the operator 45 has a non vanishing two-point function.

"E.g. in a simple case Dy;5)(00®2®%) o= —8A,, (A4 + 1) (—d + 24, +2) (—d + 24, + 4) (Tp197Ka, (x;)), which
is constant in u, v and only exchanges the identity.
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5.2 Bootstrapping OPE coefficients

We now show how to use (112) and (113) to find recurrence relations for the OPE coefficients
in the conformal block decomposition of (¢ ¢p™2¢p™ ¢p™). We further show how to solve these
recurrence relations when n3 = ny, giving rise to new closed form expressions for these OPE
coefficients.

To start we uplift the Ansatz (107) and act with the operators D[g] with
[S1=1[1],[134],[124],[123]. According to (112) we find

0 =(ZggKa, () Dpgy(®(r1)8™(y2)8™ (y3)8™ (y))o

— i} (d-2) {n} (d—2) (114
=@ Dgi8 =—Appl= o, "“Z ¢ Drs18a= /312+2n+ez(u:")’

where we use the notation 81, = A; + Ay = (1+ny)A,. From equation (76) it is easy to see

that D[S]gAd Z)A 1—oW,v) =0 for [S]=[1],[134],[124],[123]. On the other hand D3y does
not trivially Vanlsh when acting on each double twist conformal block. Miraculously there is

a very non trivial cancellation which arises in the sum. Using (76) we find that

{ni} [s] (d) _
Z Z ( Z[S] gA+lf+](u ))A=ﬁ12+2n+K - 0' (115)

(i, ])EP[S]

We set A = f3;5 + 2n + £ because the coefficients c[ ] are functions of A, which should be
evaluated to the correct value depending on the exchanged block. Because of the shifts in i
and j, now the blocks at different values of n and £ can mix. It is however simple to rear-
range the formula above collecting the contributions of d-dimensional blocks with given A
and £. Let us do it first for the cases [S]=[1],[134] (we will see that this can be extended to
[S]=[12],[1234],[12]) which have Pz, = P,

_ {ny} ~[5] {nye} ~[ 51 {ne} ~[5] {ny} ~[S] {nyc} ~[5] (d)
O—Z(anek €00+ A1 p1a€0 2+ an 41611 T, +a, 4¢ ) 3]

n—1,6€2,0 T dn—2042%, 2 8at J
n,t A=Py+2n+L
(116)
where a{ it o =0 and the tilded coefficients ¢ are related to ¢ by simple shifts of A and £,
namely

~[51_ I8
Ci[,j] = Ci[,j]lA—>A—i€—>€—j : (117)

Similarly we can write this expansion for the cases [S] = [124],[123] which have Pz = p),

0= Z( {ri} ~S] +ain€k}cgg+a{nk} ~[5] + gl ~[5] )Z[S]g(d)

a@01,0%,-1 ne10+261 2 T4 g€ . (118)

A=f1p+2n+0+1

Now let us discuss the cases [S]=[12],[1234],[12] of equation (113). In practice the argu-
ment goes the same way besides that in these cases D[S]ggi E)A L= _ow,v) o< ggi_Aul:O(u, V).
But we can forget about this contribution in (114) and focus on the sum of double traces that
vanishes, thus equation (115) still holds for these cases. Now since the blocks in (116) and
(118) are linearly independent,12 in order to get zero the terms in the parentheses must be

vanishing. In summary with this simple argument we have found seven recurrence relations

121f the blocks were linearly dependent, the conformal block decomposition would not be unique. In the case of
(116) and (118) it is easy to see that this is not the case by expanding the blocks in powers of the cross ratios.
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n .
for afl é‘} which take the form
B A R S 5 N 15 £ RN (0 3 B L S 2 [1],[134],
0=a, "Eo 5+, 11280 2 T Oy 11 E1 1 T4 B0+ 4,75 1458 s - o [s]= [12],[1234],[13]°
—prp+2n , ,
(119)
(e} o8] | Indgl8] o) A8) L dmd I8 21— 1197 5
0=a n+k1£ 0,11y, ;Eot nkll+2 1,214, k1z+1cz 1 5 [S]=[124],[123].
A=P,+2n+0+1

Notice that the coefficients c[]] are all known in a closed form as shown in section 4.2. There-

fore these relations are very explicit. Let us show a couple of examples for concreteness. A
simple recursion can be obtained by summing the relation labelled by [S] = [124] with the
one of [S]=[123]. The result is

20 +1)(n3—14) Ay (—Prp+d—n—2) Bz + € +2n—2) (fra + £ +2n—1) (21 —d + 20 +2n+2) (d —284 —2n—2) (Ay +L+1) ()
a

(—Bia+d—2n—2) (=P +d—2n—1)(f1o + 20 +2n—1) (f15 + 2 +2n) (215, —d + 2¢ + 4n) n—1,6+1
2(IZ+1)(IZ+2)(d+2Z+2n 2)(—Pra+d—n—2)(Bp+{+2n—1)(d—204 —2n— 2)a{m (120)
(d+20—2)(d+20) (P13 +d—2n—1) n=1,0+2
4n([3’12+l+2n—1)(2[512—d+2£+2n+2)(A¢+Z+n) A
fra+2+2n—1 Qe :

Another nice combination is obtained by subtracting [S] = [124] with [S] = [123] (we also
divide by the factor 2(£ +1) (B + £ +2n—1) (d —2A4—2(n+ 1)) to shorten the expression,
this is normally allowed since we are taking A, to be an arbitrary real number),

(—Bra+d—n—=2)(Bry+L+2n—2)(—2Br+d —2( +n+ 1)) (Ay + €+ 1) ((—Prz+d —2(n+1)) (Brz + 2(C + 1) — (n3 —n,) 2A2 ) .
(—Bra+d—2n—1)(—P12+d—2(n+1)) (B2 + 20 +2n— 1) (B1o + 2(£ + 1)) (—2B15 + d — 2(£ +2n)) (—2P15 + d —2(L + 2n + 1)) In-1e41
(€+2)(n3—ny) Ag(d+2(6 +n—1))(—P1p +d—n—2) L)
(d+20—2)(d+20)(—B1p+d—2n—1)(—P1, +d —2(n+ 1)) Gn1e+2
2n(ny—ng) Ag (—2B12+d—2(¢ +n+1)) (A4 + +n) L
T+ 1) (Bry + 20 + 20— 1) Bz + 200 + 1)) (— —d+204+2n+2) nt

2n(d +2({ +n—1)) f
+ =0, 121
(Brz+€+2n—1)(—d +2A4 +2n +2)a"’Hl ( )

Similar nice combinations can be defined using the remaining five recurrence relations, but
we will omit them here to avoid clutter. One can in principle try to solve this set of seven
relations for generic n;. We did not invest enough time in this, however we want to point out
that the solution of the recursion is straightforward when n; = n,. Indeed in this case the two
recursions above greatly simplify (they only involve two terms) and can be solved by'?

B=1\ (B (2s) (As+1
s g )z(fl)é(z; )fl( =)y
4 12— 12
o2 )g( z )g (123)

(—d+Bro+3), (—5+ 25 +2), (BH=) (F52) (0+ap)n (-5 +E+Br2+1),
94np) (% Ty 1)n (—d+gu+3)n (E + % _ %)n (—d+2£z2/312+2) (—d+2izzﬂu+4)

n n

Here we solved the recursion only for £ even since the equality n; = ny selects only even spin
operators in the OPE. Notice that n, enters in the definition of 8,5 = (1+n,)A, while n3 only

13The recurrence relations take the following form which can be trivially solved

A An 11_[(p1 +q1 )r, :A AOl_[|:q (Zl +1) i|l; (122)

i=1 i=1

for any set of constants p;,q;, ; and any j € N. The second line of (123) comes by solving (5.2) in n while the first
line comes by solving (120) in ¢ (using the dependence in n just computed).
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appears in the overall constant agz’HB, which is the seed of the recursion for £ = 0 and n = 0.
We checked that this solution automatically satisfies the remaining five recurrence relations.

Interestingly we found in a closed form all the OPEs of double traces exchanges of any
correlator (¢ ™2 ¢ ¢™) without ever computing any correlation function. The expression is
given up to an overall constant which is the seed of the recursion and can be fixed from explicit
computations of the simplest double twist exchange, ¢™*!. Indeed the computation of such
coefficient is a simple combinatorial exercise which is solved by'*

ng+1\(1—ny+2n
ng,Ng __ 2 2 3
Q = HB!( ny+1 )(T)HZJJ ’ (124)
2 =
where n, must be even, otherwise the correlator vanishes. We also notice that the correlator is
extremal when n, = 14+2n3 and thus agz’ng = 0 for all n, > 142n4 as it should. The other OPE

coefficient which is missing in the Ansatz (107) is the one of the exchange of ¢™>~! which can
also be trivially computed by combinatorics a">"s"s = nzagz_z’n3, indeed the combinatorics is
the same as the one of agz’n3 but with two less fields n,, and adding an extra factor of n, to
take into account the left OPE ¢ x ¢™ ~ ny¢p™27 1,

As a consistency check, for the case of the four-point function of (¢ ¢ ¢ ¢) these coefficients
were computed in [33]; it is easy to see that our solution matches theirs once we restrict to
ny, =1 and we shift d — d + 2 (recall that the original GFF leaves in two less dimension).

In summary this method solves for the OPE coefficients that are harder to compute (the
ones of double twist operators which contain derivatives), while the remaining ones can be ob-
tained from a one-line combinatoric computation. Moreover, at a more abstract level, PS SUSY
provides a novel way to understand why double twist families (in GFF) are tied together: one
cannot simply modify one of the OPE coefficients in the family without violating the recursion
relations provided by supersymmetry.

5.3 Bootstrapping correlators and extension to perturbation theory

In the previous section we found a sophisticated way to extract information from supersym-
metry. There is also another simple way to make use these constraints. Indeed in (112) we
found that a differential operator was annihilating the correlators, therefore we obtained a
differential equation that the correlators must satisfy. Below we show how to use this infor-
mation to fix the form of the GFF correlators (¢ ¢™2¢™¢™) up to a few constants. Moreover
we will see that this logic can be also used to bootstrap the form of correlation functions in
perturbation theory around GFE

Let us first see how to use (112) to fix the correlation function. We require that the GFF
correlators are written as finite sums of powers u®v?. This is always true if the correlator
contains a finite number of fields and derivatives. Then we notice that the differential operators

Dz acting on u®v? produce a sum of terms with different powers, e.g. D[l]uavb is a linear
combination of u®v?, u@*1y? y2yb+1, Because of this reason and the fact that the correlator is
written as a finite sum of powers, the action Dz must annihilate separately each power. By
requiring

D[g]u“vb =0, (125)

we obtain a constraint on the possible powers a and b. If we apply this logic to (¢ ¢™2¢p™ ¢ ™)
using e.g. [S]=[1] we find that there are only three allowed powers and thus the correlator

14The rationale is the following: we need to find $"*" in the OPE of ¢™ x ¢, we thus choose "3 fields out
of the ny of both ¢" fields, which gives (n;é)z (these form the field ¢™*!), the remaining n, — "22“ fields of
each ¢™ should be contracted giving a (n; — "2; 1)1. Moreover we need to introduce an extra factor of (n, +1)! to

account for the normalization of the operator ¢">*!. Putting the factors together and simplifying the expression,
we obtain (124).
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must take the form

(P (x1)Pp™(x5)P™ (x3)P™ (x4))= KAi(Xi)[klunZZlA¢v_"2+n3z_n4_lA¢
(126)

no+1 _n2+n37n471 no+1 _n2+n37n4+1
+kou~2 Doy 2 By 4 ksu™2 Doy 2 Ay ] s

were k; are undetermined coefficients. In this case the computation of the four-point function
is actually quite simple, indeed by some combinatorics it is easy to find that the four-point
function indeed matches the form above and that the coefficients are'®

kl = nzcnz—l,n3,n4 5 k2 = n3Cn2,n3—1,n4 > k3 = n4Cn2,n3,n4—1 5 (127)

— ml!mz!m3!
my,my,Mm3 — (m1+m2fm3 )I( m)—mo+ms )'(7m1+m2+m3 )' .
2 : 2 : 2 :

where we defined C

In this example we were able to obtain the Ansatz (126) without doing any Wick contrac-
tion. This may not seem a very impressive result since the direct computation of the four-point
function is quite straightforward. However this idea can be applied to more generic cases,
where the computation is more involved as we show below.

Let us give an example of how to use this same logic for perturbative computations. We
consider the one-loop integral of a ¢* perturbation around GFE,

4
F(x;) = J d%xo(p ()P (x2) (x3)p (xx4)p*(x0)) = J d?x, l_[|xi0|_2A¢ . (128)
i=1
Instead of trying to compute the integral in RY we uplift the correlator to R412,

F(y)= f d9x0d0od 8o (®(y1)2(y2)2(¥3)®(¥4)8* (o)) - (129)

The fermionic part of the integral has the effect of taking the highest component of ®* which is
written in terms of &, ®;®2 and ®,;%;. Moreover can rewrite &, in terms of the primary &4
and 8x2<1>0. So F(y;) is obtained as a linear combination of the following five-point functions
integrated over X,

(22 [De5®051(x0)),  (BRBR[(37B0)P51(x0)), (BB [DeP5P51(x0)), (130)

where we suppressed the position y1, y,, ¥3, ¥4 of the first four ® fields to shorten the notation.
Looking at the correlators above, just from factorization and the fact that two-point functions
of different primaries are diagonal, we see that they are annihilated every time we act with at
least two differential operators of the form Dy; or Dy;51, namely

DisiF(y)lo=0,  [S1=T[ij] [ijk], [ijki], [ijk],[1234], (131)

where i, j,k, are all different and run over 1,2, 3, 4.
The same logic can be generalized to the correlator of n different generalized free bosons
¢; with dimension A;, coupled by the interaction ¢ - - - ¢, where at one loop we find

Fapn, (X)) = J daxo<¢1(x1) e a1 Brl(x0)) = f daxo l_[|xio|_2A"’i . (132)
i=1

13The OPE coefficients in the previous section are related to these coefficients as ay>" = 2n;C
a2 = n,C
2%n,

_; and

ng,ng,ng

2—1,n3,n3"
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Again the correlator can be uplifted to superspace and it is easy to see that for the same reasons
of above, it should satisfy a large set of differential equations. In particular by acting with two
or more differential operators of the type Dyj) or Dy, the uplifted correlator is annihilated.

Let us now focus of the case d = Z?:l A;, when the integral is conformal [34]. We further
consider a four-point function where by conformal symmetry we can write

Fa,np.050,(%1) =Ka (X)) f 00,050, V), (133)

where K A 1s the kinematic factor of (5). The set of equations (131) can then be written directly
in terms of u and v using the differential operator Dy,

Dig1fa,apne0, V) =0, [81="[ij], [ijk], [ijkl], [ijk],[1234]. (134)

These types of integrals are very common in the literature. Indeed F computes the so called
D-function which defines a contact Witten diagram in AdS (while f computes the D-function)
see for example [23]).1°

The fact that D-functions satisfy many relations is a well known fact in the literature. These
can be obtained by manipulating the integrals (e.g. by taking derivatives in the propagators)
and re-expressing the result as D-functions with shifted A;, see for example formulae (C.4),
(C.5) and (C.7) in [23]. Using the latter formulae we could prove that (134) is indeed correct
(the proof is included in the Mathematica file attached to the publication). It is however
interesting that for us the relations (134) came without doing any computation. In practice
it was sufficient to notice that the integral in 6, 8, cannot create more than one term &4 or
one term ®,®,;, which automatically implies that the external operators have vanishing Wick
contractions with the vertex.

Let us also mention that the relations (134) impose strong constraint on the shape of the
correlator. For example let us show what happens in the simplest case of A; = 1 and d=4,
where the form of the D function is known [23]

fi111(w,v) o< zzTii (log (5) log (2%2) + 2Li, (2) — 2Liz(z)) . (136)

First it is easy to check that (136) is indeed annihilated by all the differential operators in
(134). Moreover we found that (134) can be used to bootstrap the correlator. In partic-
ular one can consider the Ansatz made by a generic linear combination of the three terms
z%{log(%) log (22),Li, (£),Liy(2)} in (136).}7 We noticed that requiring that the Ansatz is
annihilated by any of Dy1333), Dj1343] OF D1323) (since Dy13337— Dp1343) — D1324) = O, these are
just two independent differential equations) is sufficient to fix the relative coefficients of the
three terms.

This section was a very basic sample of applications of the idea of bootstrapping correlators
using PS supersymmetry, which should be understood more as a proof of concept. One could
extend this to more sophisticated cases where the final answer is not known and leverage PS
SUSY to obtain new results. We leave this direction for future investigations.

16] et us match our conventions with the definition of D and D in [23],

27.[&/2 n&/zuA1+A2 _
Fa.n (x)=———"Dap.n,(x1), Fa1,80,85.8,( V) = —5——-D, n 550, V). (135)
] L A; d JERS n L 1,82,83,84 4 1,82,83,24
F(Z?:l 272 l_[i=1 r(a)

17This Ansatz can be motivated by the degree of trascendentality of the functions appearing in a one-loop integral.
Of course one could find a more restrictive Ansatz or even the full solution f; ; ; ; by requiring that it satisfies extra
conditions (e.g. we could impose that f ; , ; is invariant under z — % and/or is a single-valued function of the
cross ratios). Here we only wanted to show that (134) is also a powerful condition.

32


https://scipost.org
https://scipost.org/SciPostPhys.18.2.056

e SciPost Phys. 18, 056 (2025)

6 The 4d Parisi-Sourlas uplift of diagonal minimal models

The minimal models are an infinite set of solvable two-dimensional CFTs. They can be com-
pletely fixed through bootstrap constraints which yield the exact spectrum of conformal dimen-
sions and OPE coefficients. Their correlation functions can be also computed exactly giving
rise to the best known examples of interacting CFTs. In the following we will start by a quick
introduction to these models following [35] and then we will give an argument for why these
should have a Parisi-Sourlas uplift to four dimensions. In the next subsection we will further
investigate the uplift of the know correlation functions and show that they do not possess any
inconsistency.

Minimal models are defined by requiring that their spectrum only contains a finite number
of Virasoro primaries. They are denoted as M(p, p’) and are labelled by two coprime integers
p,p’ with p,p’ > 2 which determine the central charge [36]

—p")2
c=1-6L"F) (137)
pp
The holomorphic weight of the Virasoro primaries is labelled by
N2 (/)2
= (pr—p's)”"—(p—p’) ’ (138)

4pp’
with1 <r <p’—1and1<s < p—1. We will be mostly interested in the diagonal min-
imal models defined by |p — p’|= 1, where all Virasoro primaries have identical holomor-
phic and antiholomorphic weights, namely they are labelled by h = h = h, or equivalently
A=2h,,l=0.
Minimal models are known [37] (see also section 7.4.7 of [35]) to have an effective de-
scription in terms of the following Landau-Ginzburg Lagrangian,

S:Jdax %(aa¢)2+V(¢), (139)

where d = 2. By choosing a Z, invariant polynomial potential V(¢) of degree 2m
(m = 2,3,...) we obtain a multicritical system in the universality class defined by the di-
agonal minimal models (m + 2,m + 1) where m = 2 is Ising, m = 3 is the tricritical, etc. Of
course it is hard to use this action for actual computation since there is no small coupling.
Typically one performs computation in e-expansion (namely one works in d= d,. — € dimen-
sions where d,. = 2m/(m — 1) is the upper critical dimension) such that the interaction ¢>™
is weakly relevant. One can then tune all the strongly relevant perturbation ¢ with i < m
and study the IR fixed point in perturbation theory for small €. To recover the 2-dimensional
results one must then set € = d,, — 2. Similarly by introducing also Z,-odd terms in the po-
tential one can study a class of non-unitary minimal models, e.g. the cubic potential is in the
same universality class as the Lee-Yang minimal model which corresponds to M(5, 2).

The Lagrangian description (139) is not particularly useful to compute observables since
minimal models can be solved exactly through bootstrap methods. On the other hand this
formulation has a clear benefit for our purposes since it can be easily uplifted to d = d+2
dimension as we showed in section 2.5. Indeed the action (139) can be trivially uplifted to

S = J dixdedé %(8%)2 +V(®). (140)

One can consider this action in d = 4 which reduces to (139) in d= 2, where both actions
are strongly coupled.'® Alternatively it is also possible to consider (140) ind = d,, +2—e€

8Notice that when written in components the action becomes (34), where one can easily see that all polynomial
interactions are relevant since [¢] = 0.
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dimensions which corresponds to the uplift the e-expansion of the model (139). Since the
superspace action (140) dimensionally reduces to the d = d — 2 action (139) for any d, then
the e-expansion of (140) matches the one of (139) for every €. Therefore it is natural to
assume that e-expansion of (140) when continued to d = 4, dimensionally reduce to minimal
models. The action (140) in d = 4 therefore can be thought as a definition for the Parisi-
Sourlas uplift of the diagonal minimal models. While this Lagrangian description of the uplift
is not particularly useful (as it was the case for the usual minimal models), at least it tells us
that the uplift of the diagonal minimal models should exist. This argument is also valid for the
non-unitary minimal models which have a Lagrangian description (like Lee-Yang) and even
for the Liouville model which is also defined through a scalar field action. In the following we
assume that indeed the Parisi-Sourlas uplift of the diagonal minimal models exists, and we see
if any problem arises by looking at the concrete example of the Ising minimal model.

6.1 Example: Parisi-Sourlas uplift of the Ising minimal model

In this section we test the dimensional uplift on the explicit correlators of the 2d critical Ising
model. This model contains the identity and two scalar Virasoro primaries called o and e,
which respectively have conformal dimensions A = é and A = 1. The model has a Z, sym-
metry under which o is odd while € and the identity are even.

All correlators of Virasoro primaries can be computed in a closed form, see e.g. [38]. In
particular the four-point functions in the notation (4) take the form

2
P S O /. O P E
cooo — (1—p2)/4 (1—p2)1/4| ooee T 1 —p2| "’ (141)
_ p/1%(1 +6p + p?) - m ’
foeeo = 27/8(1—p)2(1+ p)1/8 > feeee = (1—p2)2 >

where we wrote f in terms of the cross ratios p, p defined in (6) to get more compact expres-
sions. The subscripts of f specify the correspondent four-point functions.

Being four-point functions of scalar operators, all correlators in (141) can be trivially up-
lifted to 4d using the prescription (39). Moreover, as explained in section 3, for each of these
four-point functions we obtain 43 different four-point functions in four dimensions, which
can be simply computed using the differential operators Dz, defined in (57). As an exam-
ple we present the action of these differential operators on the correlator of four e. We start
by showing in table 3 the components!® in P, In table 3 we show all the 16 components
in P, Finally let us show the remaining single component in P(®) which takes the form
D130a1fecce = 4uv™2(v —1)(u? —u(v+1)+v*+1). These results show that for any given
four-point function it is straightforward to compute all its 43 components. Of course many of
the entries in tables 3 and 4 are redundant since they could be obtained by permutations of
the external operators. However we decided to present all the components in order to show
that they are compatible with crossing. E.g. the component [1] and [3] are related by the
crossing 1 «— 3 which amounts to take the component [1], change u <= v and multiply by
u%(A1+A2)V%(_A2_A3) =2y L

We did repeat this exercise for the other correlators but we do not show the results here
because the expression are lengthy, however we stress that this can be easily done in all cases
using the differential operators D3y computed in section 3.3.

9The component [1234] did not fit the table so for cosmetic reasons we present it here:
Dp1gsayfecee =47v72[(8u% + 9u+8) v — (4u® + ? + u+4)v® + (8u* —u® —u + 8)v?
- (10u5 —out+ud+u*—9u+ 10)v +2(u—1)* (Zu4 —ud—u+ 2) —10(u + 1)v° 4+ 4v°]
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Table 3: For the components [S] € P(®) we present the explicit action Digyfecee-

[§] D[§]feeee

[] v_l(uz—uv—u+v2—v+1)

[1] 4V_1(UZ(V+1)—u3+u(V2+1)—(V—1)2(V+1))

[2] 42 (u(v+1) P +u(vi+1)—(v—1)*(v+1))

[3] 4y 2(uz(v+1)—u3+u(v2+1)—(v—1)2(v+1))
Eu )- )

(4] 4y~ 2(v+1)—ug+u(v2+1 (v=1)%(v+1)

[12] 2y~1 uz—v2+v—1)

[34] 2v_1(u2—v2+v—1)

[1234] —4v%(u—v)((u—1Du+(v—=1)v+1)

[1243] —4v 1{(=1+w)(1+u>—(1+u)v+v?)

[134] —8v H(—2(v+ D)+l +u(v+1)—(v—1)*(v+1))

[234] —8v_2(—uz(v+1)+u3+u(v2+1)—(v—1)2(v+1))

[312] —8v A (—2(v+1)+ul+u(v2+1)—(v—1)*(v+1))

[412] —8v_1(—uz(v+1)+u3+u(v2+1)—(v—1)2(v+1))

[12]  16v2(u3(v24+1) =B (v+D+ut+u(—3vi+v2+v—3)+2(v—1)?(v2+1))
[13] 16v2(u?(4v2+v+1)—u3(4v+3)+2ut+u(—4v3+v2—1)+(v—1)?(2v23+v+1))
[14] 16v_1((u2+1)v2+(—3u3+u2+u—3)v+2(u—1)2(u2+1)—(u+1)v3+v4)
[23] 16v_3((u2+1)v2+(—3u3+u2+u—3)v+2(u—1)2(u2+1)—(u+1)v3+v4)
[24]  16v2(u?(4v2+v+1)—u(4v+3)+2ut+u(—4v3+v2—1)+(v—1)%(2v2+v+1))
[34] 16v2(u?(v2+1)—ud (v+ 1) +ut+u(—3v3+v24v—3)+2(v—1)*(v3+1))
[1234] —32v_2(u2(v2+1)+u3(v+1)—u4+u(—3v3+V2+v—3)+2(v—1)2(v2+1))
[1234] —32v2(u?(v2+1)+uP(v+1)—u+u(—3v3+v2+v—3)+2(v—1)%(v2+1))
[123] —256v_3(uz—u(v+1)+(v—1)v+1)(—u2(v+1)+u3—u(v2+1)+(v—1)2(v+1))
[124] —256v_2(uz—u(v+1)+(v—1)v+1)(—u2(v+1)+u3—u(v2+1)+(v—1)2(v+1))
[134] —256v 2 (uw?—u(v+1)+(v—1)v+1)(—2(v+ D)+ —u(v+1)+(v—1)2(v+1))
[234] —256v_3(uz—u(v+1)+(v—1)v+1)(—u2(v+1)+u3—u(v2+1)+(v—1)2(v+1))

Notice also that the expressions (141) determine all correlators of Virasoro primaries, but
from these it is also possible to obtain the correlators global primaries by studying descen-
dants under Virasoro. In particular we could build an infinite set of scalar global primaries by
acting on each of these correlators with some appropriate choices of Virasoro generators (see
appendix C). All four-point functions of scalar global primaries can be equally trivially uplifted
to 4d and for any such correlator it is straightforward to obtain the 43 components as above.

From this exercise we therefore conclude that we know a huge amount of information
for the uplifted Ising minimal model. In this model we can in principle obtain all possible
correlators of global scalar primaries and we can easily uplift any of them and obtain all its
components as shown above. All components will automatically transform correctly under
crossing, respect supersymmetry, and —because of equation (76)— they will also have a good
four-dimensional conformal block decomposition. In what follows we will show some explicit
conformal blocks decompositions of the uplifts of the Ising correlators.

6.2 Conformal block decomposition of the uplifted correlators

We now consider some four-point functions of the uplifted Ising minimal model and show how
they decompose in d = 4 conformal blocks. In principle this exercise is automatic since it is
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Table 4: For all components [S] € P() we show the explicit action Dig1feece-

[g] D[,-S']feeee

[324] 8yuv?
[413] 8yuv™!
[423] 8yuv?

—u2(v+1)+u3—uv2+u+(v—1)(v2+1))
-2+ 1)+ —u+u+(v—1)(v2+1))
2(v+1)+u3+u(vz—1)—(v—1)(vz+1))

[13] —2y/uv” 1(u —uv+v —1)
[14] 2/uv” 1( - +u+v —1)
[23] —2fv—2((u—1)u—v +1)
[24] =2y (W2 —uy +v2—1)
[123] 8vw 2 (—2(v+ D +ud+u(v>—1)—(v—1)(v*+1))
[124] 8yw '(—2(v+ 1D +ud—w?+u+(v—1)(v2+1))
[213] 8vw 2 (—uw*(v+ D)+ —w?+u+(v—1)(v3+1))
[214] 8yw (- 2(v+ D)+ +u(vi—1)-(v-1(v*+1))
[314] 8yuv? (—uz(v +1)+u® +u(v2 — 1) —(v—1) (vz + 1))
(
(
(-

[1324] —32yuv2(u?(4v? +v+1)—u3(4v+3)+2u4+u(—4v3+v2+1)+(v—1)((2v—1)v2+1))
[1423] —32vuwv2((u? +1)v* + (-3 + > +u—3)v+2(u—1)* (u? + 1) + (u+ v —v*)
[2314] —32\/_v’3((u +1)vi+ (-3l + i +u—3)v+2w—1)2 (2 + 1)+ (u+ v —v¥)
[2413] —32v/uv 2 (u?(4v2+v+1)—u®(@v+3)+2u* +u(—4° +v2+ 1)+ (v — 1) (v —1)v2 + 1))

easy to compute the decomposition in two-dimensional conformal blocks (see appendix C.1)
and for each such block one can use formula (76) to obtain the four-dimensional counterpart.
However we find it useful to exemplify what happens in a few instances in order to discuss
some features of the theory. As we explained above, there are in principle infinitely many
correlators of scalar primary operators which we could consider and for each of them we
could further study 43 components. For the following examples we find it enough to only
consider the uplift of all four-point functions of Virasoro primaries. Moreover we will restrict
our attention to their lowest components, which in practice are exactly the ones in (141). In
appendix D we further show the decomposition of a few higher components of the four-point
function of e.

Correlator ecee

In d = 2 the correlation function of four e only exchanges a single Virasoro block associated
to the identity, which can be written in terms of infinitely many global conformal primaries
which contain all spin £ conserved currents (with £ even, since the odd £ operators are never
exchanged in the OPE of two equal operators). Let us see how is the d = 4 counterpart of

these exchanges
d=4
feeee = Z Z ] g(AZ )a (142)
A=2N3((=0,2,...,A

where the conformal blocks have A, = A34 = 0. To make this formula more transparent in
table 5 we explicitly list all the coefficients up to A < 10. As a first comment, we notice that
for this correlator a,, are just square of OPE coefficients. In a unitary theory a,, should be
always positive, while here we also find negative values, which signals the non unitarity of the
theory. This will be a recurrent feature also of the next decompositions.

Let us spell out some of the operators with interesting features. The first operator is simply
the identity with A = 0 and spin zero. Another important operator is the stress tensor with
A =4 and £ = 2. We notice that it is accompanied by a spin 2 lower dimensional counterpart
with A = 2, which lies below the unitarity bounds. Indeed the stress tensor multiplet takes
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Table 5: Decomposition of eeee: All coefficients for exchanged operators with di-
mension A < 10.

(a0) (0,0 (20 (22) 40 (42 44 (6,0)

ape 1 -1 4 1 2 & 2
A0 (62) (64 (66 (80) (82) (84  (86)

2 —8 32 1 =2 8 —16
dar 5 3 83 & 3B & B

(A0) (8,8) (10,0) (10,2) (10,4) (10,6) (10,8) (10,10)
a., & -1 1 -4 16 18 512
Al 429 700 189 231 429 6435 12155

the form ) ) )
T (x,0,0) =Ty (x) + 0T (x) + 0 T5P(x) + 06 T2 (x), (143)

where 76“ " has A = 2 and £ = 2 and dimensionally reduces to the two-dimensional stress
tensor. On the other hand 7'9“ év has A =4 and ¢ = 2 and is related to the 4d stress tensor (to

be precise this operator should be improved to be a primary, which we call 7'6“ év). Similarly
this happens for all higher conserved currents. We have

T (x,0,0) =Ty () + 0T () + 6.7 () + 00 T, 5 (x), (144)

where j# M€ has dimension A = ¢ and dimensionally reduces to a 2d conserved current.
This operator is below the unitarity bound in 4d and appears always accompanied with both

J : 91"'“[ and J; " 299 \vhich have dimension that satisfy A = ¢ + 2 and thus define 4d
conserved currents when opportunely improved to be primary operators which we shall call

TP and jé‘ I (31 interesting that these two operators correspond to 4d currents of
spin £ and £ —2 which appear inside the same spin £ supercurrent. In particular since there are
infinitely many supercurrents of increasing ¢ it means that there are typically two 4d higher-
spin conserved current for each spin. E.g. there is a stress-tensor-like field appearing as 7+

. 06’
but there is also one from jé* 799 \which appears inside the spin-four supercurrent. Both of
them have spin equal to two and dimension A = 4. This fact also means that the respective

coefficients a, ; in table 144 will contain an admixture of such contributions.

Correlator ocoee
Another d = 2 correlator which only exchanges the Virasoro identity block is the one of
ooee. Let us show how this can be decomposed in d =4,

d=
fO‘O’EE = Z Z aag g(AZ R . (145)

A=2N5( (=0,2,...,A

Examples of the coefficients a,, for all A < 10 can be found in table 6. As expected the same
supercurrents are exchanged and therefore we obtain two towers of operators with dimensions
A=fand A={+2.

Correlator oeeo

The correlation function oeeo in d = 2 is written in terms of the contribution of the single
Virasoro block associated to 0. Let us see how this contribution is written in the Parisi-Sourlas
minimal model in d = 4. We get a decomposition of this form (here the conformal blocks
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Table 6: Decomposition of ocoee: All coefficients for exchanged operators with
dimension A < 10.

(a,0) (0,0 (2,0) (2,2) (4,0) (4,2) (44) (6,0)
a 1 1 1 1 S 3 =
Al ~8 2 64 ~96 40 3072
(a0 (6,2) (6,4) (6,6) (8,0) (8,2) (8,4) (8,6)
3 —19 5 1 —19 5 —205
aae 1280 2240 336 16384 71680 10752 118272
(a0 (88 (10,0) (10,2) (10,4) (10,6) (10,8) (10,10)
a 175 —57 25 —205 175 —497 441
Al 54912 22937600 2064384 3784704 1757184 1317888 622336

Table 7: Decomposition of ogeeo: All coefficients for exchanged operators with
dimension A < 10.

(a6)  (1/8,0) (17/8,0) (25/8,1)  (25/8,3) (33/8,2) (41/8,1) (41/8,3) (41/8,5)
a 1 4 1 —4 32 16 332 16

Al 4 7 51 51 495 357 38335 1045
(A0)  (49/8,0) (49/8,4) (49/8,6) (57/8,3) (57/8.5) (57/8,7) (65/8,0) (65/8,2)
a 1 9496 32 64 1262672 —14400 —83 4

Al 2601 759525 215865 7315 766768275 4411463 1955085 53295
(A)  (65/8,4) (65/8,6) (65/8,8) (73/8,1) (73/8,3) (73/8,5) (73/8,7) (73/8,9)
a —128 3896384 256 142 -8 57600 52942784 —265984

Al 1511055 1472798433 4373439 246685725 11009115 30880241 157026025485 366285997

haVe Alz = —A34 = _7/8),
Ay
— (d=4)
fo‘eea - Z aAne8ap - (146)

1 —
A= 3 +N20 £=0

In table 7 we show all the non-vanishing coefficients with A < 10. We see that for each spin
there exists one contribution below the unitarity bound. In particular the scalar bound A > 1
is violated by an operator with dimension é. This in d = 2 corresponds to the field o itself. In
d = 4 we instead have a scalar superprimary

S(x,0,0) =Sy(x) + 0S5(x) + 0Sg(x) + 00Sy4(x), (147)
which has lowest component S, with dimensions %. The bounds for operators with spin are
A > { + 2. We see that there is a tower of operators below this bound which have spin £ and

dimensions A = % +{ (for £ = 3,5,6,7,...). All other operators are instead above unitarity
bounds.

Correlator cooo

In d = 2 the correlator of four & exchanges two Virasoro multiplets: the one of the identity
which we already saw in previous cases, and the one of €, which will give rise to new features in
the uplifted theory. Let us write the conformal block decomposition on the lowest component
of the uplifted correlator of four o operators in d =4,

DI I AL DI

A=0,2,...0=0,2,..A A=5,7,..0=0,2,...A—2

(d=4) ~(d=4)
aAZgAg +a108A:12:O + Z
A=57,...

5(d=4)
AAA-18Ap=A—1>

(148)

fG'O'UO' =
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Table 8: Decomposition of cooo: All coefficients for exchanged operators with
even dimension A < 10.

(4,0 (0,0) (2,0) (2,2) (4,0) (4,2) (4.4) (6,0)

a 1 -1 1 1 —31 9 —31
AL 64 16 4096 6144 2560 1572864

(4,0 (6,2) (6,4) (6,6) (8,0) (8,2) (8,4) (8,6)

a 9 —381 25 93 —381 25 —21653
Al 555360 1146880 57344 335544320 293601280 14680064 484442112

(a,0) (8,8) (10,0) (10,2) (10,4) (10,6) (10,8) (10,10)

a 15527 —3429 775 —21653 15527 —1600069 251145
Al 224919552 751619276800 22548578304 124017180672 57579405312 215922769920 20392706048

Table 9: Decomposition of cooo: All coefficients for exchanged operators with odd
dimension A < 10.

@0 10 (2 G4 74 (76 (9,0 9.6) 9.8)
a 1 —1 1 —29 1 1 —5501 1125
Al 8 16384 4096 1048576 20480 1073741824 1006632960 117440512
(d=4)

where the tilded conformal blocks are as follows: the block g Am10=0 is defined as in (102),
while the blocks §¢=%

&pg_n_, are defined as in (B.5) with [S] being trivial, i.e. the lowest com-
ponent. More about the tilded blocks below. We explicitly computed the coefficients a5, of
(148) for all operators with A < 10. All operators have integer conformal dimensions. There
is a tower of even dimensional operator whose coefficients are shown in table 8. There is also
a tower of odd dimensional operator whose coefficients are presented in table 9. All other
coefficient with A < 10 vanish.

We notice that the unitarity bound A > % —1=1forscalarsand A>{+d—2=/{+2 are
not always respected. Many special operators appear in this decomposition. Let us start by
analyzing the spectrum of operators with even scaling dimensions. These correspond in 2d to
the contributions of the Virasoro multiplet associated to the identity. Like for the correlation
function of coee and eeee above we recognize the exchange of the identity, the super stress
tensor 7% and all possible conserved super currents 7%~ with even spin £. In particular
we consistently see the pattern that each d = 4 conserved tensors A = { + 2 are always
accompanied with a lower dimensional operators with A = ¢ according to (144).

Let us now focus on the operators with odd scaling dimensions which in 2d correspond
to contributions of the Virasoro multiplet of €. First we find a scalar with dimension A =1
which has the same quantum numbers of the 2d field €. In d = 4 this corresponds to a scalar
superfield
E(x,0,0)=Ey(x)+0E5(x) + 0EH(x) +00Ey5(x), (149)

where the lowest component &£, has dimension A = 1. Since &, has the quantum number
of a free field in d = 4 we would expect a singularity in the respective conformal block with
A =1,{ =0 (see e.g. formula (96) with A, =0 = As,). However —as explained in section
4.3— supersymmetry works by exactly subtracting the singularity. Meaning that the conformal
block for the exchange of &, is divergent, but the singularity is exactly cancelled by the block
of the exchange of the primary built out of £, 5, namely

Az
gld=4
16(A—1)(A +1) °AT2(=0 |”

(150)

A—1

~(d=4) _ ;. d=4
g( _ ): = lim |:g(M:3—

which, because of formula (74), is equal to its two-dimensional counterpart
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gf:f 2:0 = ggi:f 220. To be precise, according to (43), the actual primary is defined as

Epg = [026 —(2Ag — d + 2)0500E19=¢ = 32&,, which is just the level-two descendant of
&y with dimension A = 3 and spin zero. This operator is both a primary and a descendant,
and it has zero norm as it can be easily seen by considering the form of the two-point function
(52) with A =1,d =4. It is however crucial to notice that while being an operator with zero
norm, &,4 should not be modded out from the spectrum. Indeed even if the two-point function
of (‘,:9 g is zero, its higher point correlation functions with generic operators are typically non-
vanishing. We can explicitly see this in the tables 3 and 4, by considering any [S] that contain
a bold entry. E.g. the case [1] is just the four-point function (599-506050), which is clearly
non vanishing. This can also be seen in full generality at the level of three-point functions by
looking at the explicit formulae of section 3.2, e.g. equation (55) with A; = 1.

In fact the presence of 599 is crucial since it plays the role of artificially shortening the
multiplet of &,. By this we mean that the pole in the block of & is associated to the exchange of
the desceindant 8x280, but this contribution is cancelled by the exchange of the supersymmetric
partner £,;5. So we can conclude that the tilded block is in practice encoding the exchange of
a shortened multiplet of &, Yvhere one removes the submultiplet of 3)(280 because of a tuned
addition of the multiplet of &y.

As an observation, we find it interesting that in two-dimensions the field € can be consid-
ered as a product of chiral free fermions € = 12). On the other hand in d = 4 the field £, has
the dimension of a free boson. In both cases this operator looks like a free field in a strongly
coupled theory. However the reason why this happens in the two situations is somewhat dif-
ferent. In d = 2 the reasoning is that the operator o does not have a simple local expression
in terms of v, so correlators involving o cannot be obtained by Wick theorem. On the other
hand in d = 4 the operator &, only shares the quantum numbers of a free field, but it does not
satisfy the same equations of motion, namely 92, = £yg # 0, where &, is a good primary
operator in the spectrum.

There is also another type of tilded block in (148), namely gNgiZZ_l
These correspond to the exchange of primaries in the supermultiplet of

for all odd A > 5.

Yt(x,6,0) = Vg 00 + 0V () + 0V (x) + 00V (x), (151)

where the lowest component yg 1M had dimension A = ¢ + 1 and lies below the unitarity
bounds.?°

In particular the tilded block g{4=%

Erv1e
with the primary built out of ygg"“ 299 (which we shall call 375;;"'“ =

A = { + 3 and spin £ — 2. In this case the block of yg ¥ has a pole due to the primary-

g

arises because of the exchange of yg 17 combined

00 . .
2”7 that has dimensions

descendant g, 3M2yg H2-Ht "which is erased thanks to the exchange of )755"'“[‘299. In partic-
ular,
2
[d=H _ | (d=4) | (t—A) (d=4) 152
10 40T [gM 64(—A+L—1)(—A+ 0 +1)58+262 (152)

The resulting regularized block can be written in a closed form (making use of formula (74))
and gives

_(d=4) _ 8L(E—2)272' 7K () [ ( 1, 1 )
—2),F [ L=, 0—=520—1;
Ser1e T ()20 —1)(z—2) (=20l | E =g bm g2~z (153)

—2(z—1)9F,; (Z—%,€+%;2£—1;z)]+z —Z,

These exchanges only happen for £ > 4, and in particular it is missing the operator with A = 3 and spin
¢ = 2. This is expected since this operator is also missing in the d = 2 decomposition because by BPZ equations
L ,e= %Lf L€ is a descendant [36]. Similar considerations apply to the module of o which satisfies L_,o = %LEIU.
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where K(x) is the complete elliptic integral of the first kind.

It is interesting that the operators in (151) come from the uplift of Virasoro descendants
ofeind =2 (e.g. L_je has dimension A = 1+ k and spin £ = k). On the other hand
yg‘ ¥ in d = 4 have the same quantum numbers of generalized currents, namely they satisfy
A = {+d—3. Operators with these quantum numbers typically satisfy a conservation equation
of second order in the derivative, however in this case the conservation does not hold namely

O, auzyg 121t £ 0 (as in the case of &, the shortening condition is artificial and due to the

exchange of ). So we see that, as € is uplifted to an operator with the same quantum
number of a free field, the uplift of the Virasoro descendant of ¢ also have the flavour of an
infinite set of (generalized) currents which one expects to find in free theories. However in
both the cases the uplifted operators do not satisfy the shortening conditions which one expects
in free theory and therefore are fundamentally different.

In the conformal block decomposition (148) there are also other operator exchanges in

the same supermultiplet of Y%% e.g. yg‘ 14299 yrhich has dimensions A = ¢ + 1 and spin

¢ —2. These other operators lye above the unitarity bounds and are associated to non-singular
conformal blocks.

~ 000
y 1 (-2

6.3 Comments on the operator spectrum

Let us summarize some features of the spectrum of the uplifted Parisi-Sourlas minimal mod-
els. First let us review some features of the original two dimensional models. In d = 2, given
a Virasoro primary O, one can build all possible Virasoro descendants applying the Virasoro
generators L,, L, as follows Z.f’;{ . iill Li’;{ . --LTIO. The resulting operators have quantum

numbers h = Z’:nzl nam+ho and b = 3%

meq Mtmm + ho (in the case of the two dimen-
sional Ising model O = 1,0, € and thus we get three towers of operators with respectively
(ho,ho) = (O, 0),(%, %),(%, %)). If the module is non-degenerate all the Virasoro descen-
dants are independent, however in minimal models all modules are singular, namely there are
relations between Virasoro descendants —the BPZ equations [36]— which should be modded
out. Between the independent Virasoro states one can generate all the global primaries by
requiring that they are annihilated by L, and L. It is easy to see that the number of the global
primaries exponentially grows with the Virasoro level. In appendix C we show the construction
of such primaries and their counting more explicitly in the Ising case.

Every global primary in d = 2 has an uplifted superprimary counterpart which itself has
various components. We could see the presence of such operators directly in the conformal
block decompositions above. We noticed that any holomorphic or antiholomorphic global
primary in the identity module (namely any operator built out of Lf’;{ ‘e szzl such that L,
annihilates it and similarly for the antiholomorphic case, as shown in appendix C) gives rise
to a superfield 7% with superdimension A = {. The number of such supercurrents grows
exponentially in ¢ (see appendix C). The supermultiplet of each 7% in contains various
interesting primaries which we explicitly observe in the conformal block decompositions.?!
The primaries J*"** and jé‘ 1He—200 play the role of four-dimensional conserved currents of
respectively spin £ and £ — 2. These appeared in the decompositions above. Moreover there
are also other important components of the same supermultiplet, like the fermionic currents
j(f 116 anq jé‘ 1-#t which appear in the decomposition in appendix D. They have dimension
A = { + 1 and spin respectively equal to £ —1 and £. These operators satisfy a generalized

conservation equation of the type(; 9,0, y 118 — 0 and O, auzjg‘ 1M = 0, Finally there
exists also a component é‘ 1-H1% which has charge two under Sp(2), and satisfies A = £ + 2

211t is worth noticing that the Virasoro identity multiplet can be exchanged only in the OPE of equal operators,
which is consistent with the fact that the higher spin currents can also only appear in the OPE of equal operators.
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with spin £ — 1. This also satisfies a conservation equation 8“1\7: #e1® — 0 With each
such current one can in principle construct topological operators that in turn define conserved
charges (whose number will also grow exponentially in £). This property is shared by all
minimal models since it only relies on the existence of the Virasoro multiplet of the identity.

Let us also stress that in d = 2 all the different global currents discussed above can be
packaged in a unique Virasoro multiplet. This structure should play a role also in the uplifted
theory. However in the uplifted theory for every current one can build more charges than in
d = 2. The simplest example is that of (super)translations. Indeed in d = 2 we can build a
topological operator by integrating the stress tensor to define the translations L_; and L_;.
When we do the same using the super stress tensor in d = 4 we can build six different types of
supertranslations: four bosonic and two fermionic. Only two of the bosonic ones are related
to L_; and L_;, while the other four are new charges that cannot be defined in d=2. If we
believe that these charges will be packaged with all the ones of the higher spin tensors inside
a single algebra, we should imagine that the resulting algebra must contain infinitely many
more charges than Virasoro. It would be very interesting to better understand this infinite-
dimensional algebra in the uplifted theory.

It is also important to mention that the existence of higher spin conserved currentsin d = 4
is in contrast with the no-go theorem of [39], which showed that under some assumptions the
only theory with higher spin symmetry in d > 3 is free theory. However this is not a paradox
since one of the assumptions of [39] is unitarity. Therefore [39] does not apply to the PS uplift
of the minimal models.

The rest of the operator content depends on the chosen minimal model. It happens that
the case of the Ising model is somewhat special since it also contains the operator € which has
dimension one. Because of this fact we find that in the supermultiplet of its uplifted counterpart
£ there exists the operator &, which has the same quantum numbers of a free scalar but does
not satisfy equation of motions. Similarly in the same Virasoro multiplet of ¢ there are all
the (anti) holomorphic global primaries which again they are defined by Lf’;{ e Lflle (and
barred version of it) which are annihilated by L; (L;) as in appendix C. The uplift of the
latter give rise to the superfields Y1+ with superdimension A = £ + 1 (again the number of
such superfields grows exponentially with £). In their supermultiplet there exist the primaries
yg‘ 1M which have A = £ +d — 3. Operators with these quantum numbers typically satisfy
the generalized conservation equations 9, 8, V:**?** =0, but in this case this equation does

[ A
not hold so these currents are not conserved. A similar story works for other components of

Y, like yg 2t apnd yg 2t opieh have the quantum numbers of higher spin conserved
currents but they do not satisfy shortening conditions as one can infer from (B.7) and (B.8).
The fact that all these operators do not satisfy shortening conditions implies that the theory
contains zero norm states which are not modded out. This would in principle be a problem
in the OPE, since the exchange of null states would give rise to poles. However because of
supersymmetry other operators in the same supermultiplet are perfectly tuned to cancel the
poles. This is an instance of the general discussion of section 4.3.

Finally for the case of the Ising model one can study the uplift of the Virasoro multiplet
of the spin operator o. Since the latter has rational dimensions it does not give rise to short-
ened global representations. However we can point out that the uplifted field S has lowest
component S, with dimension % which lyes below the unitarity bound and similarly that the
uplift of all the holomorphic global primaries in the multiplet of o have lowest component
with dimension A = % + ¢ which lye below the unitarity bound.

To complete the discussion on the spectrum we should mention that in the uplifted theory
there should exist new operators which do not exist in the dimensionally reduced theories. It
would be interesting to see if it is possible to reconstruct them by performing a bootstrap anal-
ysis of correlators that cannot be trivially reconstructed from their lower dimensional counter-
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parts, e.g. by considering the four-point functions of spinning operators (e.g. stress tensors)
or by increasing the number of insertions (e.g. the six-point function of o or € in the Ising
model). This might be possible since we know a huge amount of exact information for the
model. Another possible strategy to fill out this missing information is to better understand
the underlying infinite dimensional symmetry of the uplifted theory and see if this can be
used to completely solve the model, in the same spirit as it was done for its two-dimensional
counterparts.

7 Comments on the loss of information in the reduction

In this paper we always considered cases when the uplift works trivially. In particular we
could simply use the prescription (39), which replace the insertions in R¢~2 with insertions
in R4, This is possible when the symmetry of the observable is sufficient to reconstruct the
full kinematic dependence of the 2|2 extra dimensions. However in some cases this complete
reconstruction cannot be done. Here we want to mention a couple of explicit examples.

7.1 On the operators that dimensionally reduce to zero

In Parisi-Sourlas theories one is allowed to define some operators in OSp(d|2) representations
which cannot possibly be reduced to non vanishing operators in d = d — 2 dimensions. The
representations of OSp(d|2) allow for superprimaries labelled by a Young tableau of [d/2]
rows and one arbitrarily long column as in (19) (where rows are graded symmetrized and
columns graded antisymmetrized). In particular one can consider a superprimary with an ar-
bitrary number of graded antisymmetric indices. This for sure cannot have any dimensionally
reduced counterpart since there are no available representations of SO(d —2) labelled by these
Young tableau. Namely it is not possible to antisymmetrize an arbitrary number of indices of
a SO(d — 2)-tensor and therefore such operators are projected to zero in the dimensionally
reduced theory. In order to make this less abstract we want to give a very explicit construction
of such class of PS CFT operators which projects to zero.

A simple way to study this problem is to consider a Parisi-Sourlas O(n) vector model defined
by the action,

fddxdedé %(a%i)%v@f), (154)

where the summation of the vector index i = 1,...,n is understood and
®;, = p; + 0yY; + 01; + 00 w,;. This model can be reduced to

f ddx %(a’%ﬁi)z + V(D). (155)

For simplicity we shall work in the free case V = 0, but similar considerations would also apply
in perturbation theory.

As we explained in section 2.5, the map between the superprimaries of the PS CFT and the
primaries of the reduced theory is given by replacing ; — cﬁi and g, — J,. For example this
maps works perfectly when considering

- ¢, PP, 0% — ¢r0%9)). (156)

These are different operators, the first is a scalar O(n)-vector, the second is a scalar O(n)-
singlet, while the third is the current, which is a vector operator in the rank-two antisymmetric
representation of O(n). We could continue writing infinitely many of such examples which
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have a 1 «<— 1 map between the reduced theory and the uplift. Let us however consider the
superprimary??

O -1 = ghiln q)i1 gla q;l.z . aanfl]q)in , (157)

which is a O(n)-(pseudo)-singlet which transforms in the rank-(n — 1) graded antisymmetric
representation of OSp(d|2) (namely it is defined by a Young tableau (19) with a single column
with n —1 boxes). If we set all indices a; of (157) to 6 and take its lowest component, we see
that this operator just becomes

Og...e o< Z(—l)i%wl i i Y, (158)

i=1

This component can be written down in any dimension d and it is clearly non vanishing,
so the superprimary O%~%-1 is always non-trivial. On the other hand the prescription to
dimensionally reduce this operator to d = d — 2 dimensions does not always give a non-zero
result. Indeed it gives

Oal...an_l — éal.,.an_l — ellln ¢;ila[a1 ¢)12 ... aan_l]éin 5 (159)

which again is a O(n)-(pseudo)-singlet in the rank-(n — 1) antisymmetric representation of
SO(d). When n—1 < d the operator O% %=1 is non-vanishing.”> Conversely for every
n—1>d, the operator 0% %1 vanishes because it is not possible to antisymmetrize n — 1
indices that take less than n — 1 possible values. In the latter case we thus conclude that the
superprimary O%%-1 is projected to zero in the dimensionally reduced theory. This means
that it will not be part of the spectrum of the reduced theory and thus that when we uplift the
reduced theory we will not be able to get any information about such operator.

To conclude, (157) gives a very explicit example of a non-trivial operator that always
dimensionally reduces to zero independently on the chosen dimension d (when n is large
enough). While this was a fairly specific construction, we expect that the uplifted theory will
generically contain a larger spectrum with respect to the reduced one, where the extra oper-
ators project to zero when dimensionally reduced. Of course any correlation function which
contains at least one of these operators will dimensionally reduce to zero. A less trivial state-
ment is that these operators strongly affect the dimensional reduction also when they can be
exchange in the OPE. In the following we give a precise example of this phenomenon in d = 3.

7.2 On the uplift of one-dimensional GFF

In this paper we studied the cases when the prescription 5.1 fully reconstructs the uplifted
observables, however sometimes this is insufficient. The simplest example is when we uplift a
d=1 four-point function to d = 3. This procedure cannot reconstruct the full 3d correlator
because the latter is a functions of two cross ratios while in 1d only a single independent cross
ratio is available. Let us show in more details what happens in this case. In particular we focus
on the case of GFE, where we know both the 1d GFF and the 3d PS GFF and we can explicitly
see which part of the uplifted theory is reconstructed by the prescription of section 5.1.

It is easy to define the PS uplift of 1d GFE Indeed following the definition of sec-
tion 5.1 there is a natural way to uplift the 1d action f d* q§(82)543 to 3d by considering
f d®xd6d6®(8%8,)*®. Using this we can compute the four-point function of & which is equal

22The operator el gla ;0% - 6‘“"]<I>l-n would provide a simpler example, but it is a superdescendant of
O%+1 and for this reason we preferred the latter.

BForn—1< [&/ 2] the operator O% -1 automatically transforms in a standard S O(&) representation, while
for [d/2] < n—1 < d one should dualize the operator using the s0(d) epsilon tensor. E.g. in the limiting case of

n—1=d we can dualized it to a (pseudo) scalar eal_"a&éal“'“a.
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to 1+U% + US4V ~% (where Ay = 3/2—&), which is indeed the answer of the Parisi-Sourlas
uplift of GFF in any dimension d > 1. Let us consider the lowest component of this four-point
function, namely of (®,®,®,®,), which is just AP = 1 4+ % 4 y®ey~29. Its superblock
decomposition reads

lif 3 3 3 3
AP =1+ Z Z ane [822 20 g(AJ)rzl +Co,—2 gig_z T2 g(Aj—ZZ—ZiI » (160)
0=0,2... A=2A4+(+2N5
where c; ; are the coefficients (75) of the superblocks computed for d =3 and A}, = Agy =0.
We dropped the term proportional to ¢; _; which is zero for equal external operators. The
coefficients in the decomposition read

2 2
21 (Ay +3), (84) (161)

ntf1(e+3) (n+248,) (n+e+28,—3) (2n+0+244-1),

QoA y+2n+0,0 =

These coefficients are actually equal to the ones computed for GFF in generic dimensions d
when restricted to d = 1. For example (161) can be obtained from (123) setting n, =nz =1
and d = 3.

Let us now consider the setup for CFTs in 1d. First let us mention that in 1d a correlation
function of equal operators takes the simpler form

A(z)
312|229 |x 34|24 ’

((ﬁ(xl)ﬁ(xz)(ﬁ(xg)(ﬁ(xz;)) =

(162)

X12X . . . . X14X .
where z = ﬁ In principle one could also define a second cross ratio { = ﬁ, but it

is easy to see that in one dimension z + { = 1, so the two cross ratios are not independent.
R 2 .2
Notice that the d = 1 setup can be recovered from higher dimensions where % =u=2323
137724
by considering the diagonal limit z = 2 of the cross ratios.
In the next we shall focus on 1d GFE for which

z \%2¢
AZ)=1+ (T) 228 (163)
Let us now discuss how to possibly uplift this result to d = 3. If we are only given the final
expression for the correlator (without knowing to which uplifted theory it corresponds), our
only way to define the uplifted correlator becomes the replacement (39). This however is
ambiguous. Indeed z? uplifts to the cross ration U and {? to V, but since in 1d it is always
possible to replace z «— 1—{ we conclude that the uplifted correlation function is known only
on the slice /U = 1— +/V (which corresponds to Z = Z). Therefore the reconstruction of the
uplift provided by the prescription (39) is incomplete. But what does (39) reconstruct exactly?
To answer this question let us perform the conformal block decomposition in d=1,

AR =gP@+ Y. aagi), (164)
A=2A4+2N5
where g(Al) = 2% ,F,(A, A;2A;2) are the one-dimensional conformal blocks and a, are the
(squared) OPE coefficients for the exchange of the double twist operators ¢ 92"¢. These take
the following form
1
_2(84),(204),(Ay +3),

a2A¢+2n - 1 . (165)

@n)!(n+2A4—3),
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Now it is possible to perform the uplift of the 1d blocks to 3d blocks by applying equation
(74). In particular a d = 1 conformal block is uplifted to a sum of diagonal (i.e. with z = )
3d blocks as follows,

gVz) = gf’ﬁzo(z,Z) + Cz,ogfiz 1—0(%,2), (166)

where ¢y o = —A3/[4(A +1)(2A —1)(2A +1)] is the one of (75) restricted to £, Aqy, Agy =0
and d = 1. Since there is no spin in d=1, equation (74) defines d = 3 blocks which are also
scalar. Equation (166) can be checked using the closed form of the diagonal blocks [40]

3) _ (22 A2 A-1 A A. A+l 241, 22
gMzo(Z,Z) = (sz) 3Fz(T, 2,35 2 53 ﬁ) . (167)

One possible idea to get the uplifted correlator in 3d is to take the decomposition (164), uplift
each block according to (166), and finally make the 3d blocks depend on both z and Z as
follows

i - d=3 - d=3 -
ARG =1+ > aplg¥m8) + 00g oz 8] (168)
A=2A4+2N5

This prescription however clearly misses information. Indeed the conformal block decomposi-
tion of the 3d theory contains infinitely many spinning operators according to (160), however
we only see scalar exchanges, which is a trivial consequence of the fact that we only uplifted
scalar blocks. Of course (168) is not the full uplift, but now at least we know exactly which
information it reconstructs by comparing (168) with the true uplifted correlator (160). In
particular we can see that the coefficients (165) in (168) exactly match the ones of (161) in
(160) when restricted to £ = 0 (and so do the superblocks). Let us explain why this is the case.

Mathematically this happens because of an interesting property of the superblocks in the
square brackets of (160): one can check that they all vanish at g = z for £ > 2. A more physical
point of view is related to the fact that in the 3d PS GFF there are more operators than in 1d
GFE In particular we can define superprimaries in the graded symmetric and traceless repre-
sentation of spin £, which do not have any representative in one dimensions. The prescription
for the dimensional reduction indeed would be that a graded traceless and symmetric super-
primary O%% is mapped to a traceless and symmetric primary operator 0% % that lives
in two less dimensions. However the dimensions of spin £ traceless and symmetric represen-
tations of SO(d) is %, therefore in one dimension the only representations that
survive are the ones with £ = 0, 1. The spin one representation is better understood as a parity-
odd scalar by dualizing it with the epsilon tensor, e.g. O%¢,, but this will not play a role in
our discussion since we only probe even spin and parity-even operators in the decompositions
above.2* Therefore the dimensional reduction of graded traceless and symmetric spin £ > 2
superprimaries from a 3d PS CFT to 1d reads

04Ut - 0. (171)

We thus conclude that the spin £ > 2 operators in the OPE define the missing information of
the 1d correlator (164) with respect to its uplift (160). Their presence in the uplift is crucial

241t is instructive to show what happens when spin £ = 1 superblocks are exchanged in d = 3. As we explained,
these correspond to parity odd scalar exchanges in d = 1. Indeed we find
(A—1)(A+1)? ¢®
4(A+2)(2A —1)(2A + 1) 4+

88)(@) = g5y, (z,2) — (z2), (169)
where the coefficient above is obtained by evaluating c,, at { =1 = d, Ay, Ay, = 0 and the spin-one diagonal
blocks are defined as [40]

A+1
-~ (2—2)( %2 )2 ( 1 A 1 22 )
,z) = BR(2+2,2+2 221,05, 2 ). 170
Sam@A =" 1) o 2°2°72 2 4(z—1) (170)

N | D>
N[>
N[>

N =
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to get a four-point that depends on two cross ratios. These operators are projected to zero by
dimensional reduction which is also related to the fact that the 1d four-point function only
depends on one cross ratio.

Let us be very explicit on the missing operators in (168) with respect to (160). In the
uplifted theory we can write double twist operators labelled by two numbers n and £ as in
(105), and their reduction from 3d to 1d is as follows

$a2d (t=0),
(398,)" 0% - 0%% — { poa¥tld (Lt=1), (172)
0 >2),

where here we suppressed the normal ordering and the dots of (105) to shorten the notation.
So in practice (168) only captures the spin zero double twist operators ®(93,)"®.

Now that we explained that the complication in the uplift is due to the different opera-
tor content of the two theories, we may further ask whether starting from (168) one could
reconstruct (160). We did not attempt it here but we think that this might be possible. In
particular we notice that (168) contains the correct spectrum and OPE coefficients of the part
of the spectrum which is not projected to zero, namely all the scalar operators. Moreover, if on
one hand (168) misses completely the information of all spinning superprimaries, we never
imposed the constraint of crossing symmetry and we expect that the expression (168) is not
crossing invariant (one may try to prove this since the blocks at £ = 0 are known exactly in
every dimension, but we did not attempt it). It would be interesting to see whether by re-
quiring crossing symmetry and possibly inputting extra information about the uplifted theory
one could actually reconstruct the uplifted correlator from the one on the line. We leave this
problem for the future.

As a final comment it is interesting to notice that the uplift (160) can be understood as a
better analytic continuation of GFF to one dimension. In the sense that by continuing the OPE
and spectrum as function of the spacetime dimension we would find (160) and not (164). Also
the uplift (160) is expected to have all properties of a CFT5, which has a richer structure (e.g.
the operators should lie in Regge trajectories which are analytic in spin) and can possess a
conserved stress tensor (when A, = 1/2). It may be interesting to investigate better the uplift
of one dimensional theories to give them a higher dimensional interpretation. This study could
be also fruitful in order to find new ways to export tools which are better understood in one
dimension (e.g. the analytic functionals of [41-43]) to higher dimensions.

8 Conclusion and outlook

In this paper we started the study of the Parisi-Sourlas uplift of CFTs. We explained that
it is possible to uplift correlators of a generic CFT;_, to define correlators of a PS CFT,;.2°
In particular any given correlation function in d — 2 dimensions gives rise to a superspace
correlator in d dimensions, which can then be expanded in components generating a set of
correlators of primary operators in the uplifted theory. We explicitly checked that for two,
three and four insertions of scalar operators the kinematic structure of all components is (as
expected) compatible with conformal symmetry. All components can be extracted by the action
of known differential operators in superspace. In section 3.3 we further show that four-point
functions have 43 independent components which can be obtained by applying 43 differential
operators Dyzj in u and v on the lowest component of the four-point function.

25 As reviewed in the introduction, PS CFTs are known to have physical applications for models with random
fields, e.g. they describe the RF Ising model in d = 5 and the RF ¢ in 2 <d < 8.
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In section 4 we provide a very robust check that for any CFT,_, its uplifted PS CFT; makes
sense. Indeed we check that for any scalar four-point function in the CFT,_,, the 43 compo-
nents of the uplifted correlator have a good d-dimensional conformal block decomposition.
This is ensured by formula (76), which rewrites the action of Dz on block in d —2 dimension
as a linear combination of at most five conformal blocks in d dimensions. Formula (76) is
also a beautiful result for the theory of conformal blocks, indeed it provides very interesting
relations between blocks shifted by two dimensions.2® Between such relations we find (94)
which was already obtained by Dolan and Osborn in [30] to map lower dimensional blocks to
higher dimensional ones. Our work gives a clear physical interpretation of such equation.

PS CFTs are non unitary CFTs and by dimensional uplift we expect that their conformal
block decomposition often contains exchanges of subtle conformal block which naively seem
to diverge. However in section 4.3, by analyzing formula (76), we showed that all these
singularities are cancelled. Physically the singularities of the blocks signal the presence of null
states in the spectrum of the theory. In unitary theories these are cancelled by modding out
the null states. In PS CFT we show that null states can also be part of the spectrum without
giving rise to singularities in correlators, because these are subtracted by other conformal
blocks contributions with singular OPE coefficients. This structure is ensured kinematically at
the conformal block level thanks to PS SUSY.

These results can also be understood as new checks that both PS CFT make sense and that
they can arise from the uplift of any CFT,;_,. While some checks were also performed in [7], in
that paper it was given most attention to the lowest component of the superspace correlation
functions, which is the one entering the dimensional reduction. In this paper we wanted to
give extra motivation for the uplift, and therefore also the other components were carefully
studied.

We then give specific applications of the uplift. In particular we focused on models that
must possess a well defined uplift (because of Lagrangian arguments). The first case is GFE
while the second one consists in all the diagonal minimal models.

In section 5 we defined the uplifted GFF explaining how to compute any observable by
using Wick contractions in superspace and we show that this description is sometimes very
useful as a tool. In particular some observables of the original GFF are constrained by the
supersymmetry of the uplift. The constraints arise in GFF because of factorization (therefore
our computations can be extended to any theory with this property), namely the fact that any
GFF correlator can be written in terms of product of two-point functions. In the uplift we find
that some components of some infinite families of correlation functions vanish. This happens
because their factorized form always contains a two-point function of different primaries (be-
longing to the same supermultiplet), which therefore is zero. In practice this reasoning tells
us that some classes of GFF correlators are annihilated by some differential operators. In the
case of four-point functions these differential operators are a subset of the 43 possible Dyg;
defined in section 3.3. Combining the fact that Dz annihilates the correlator and that it maps
a block in lower dimensions to a sum of blocks in higher dimensions according to (76), we
find that PS SUSY gives rise to recursion relations on the OPE coefficients of the double twist
exchanges. We showed this for any four-point function of the form (¢ ¢™ ¢p™2¢™) for any
power n;. For all such four-point functions we find seven recurrence relations, which can be
compactly written as in (118). In the case of n, = n3 we show that these relations can be
easily solved by (123). This is a new result on GFF which was obtained by only assuming the
existence of double twist operators and imposing the supersymmetry of the uplift. It is quite
remarkable that such minimal assumptions fix the form of infinitely many OPE coefficients of
infinitely many correlators.

26Notice also that relations between conformal blocks can be used to find relations for exchange Witten diagrams
[44].
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On the philosophical side, the PS SUSY of the uplift defines a new mechanism (besides the
usual one of analyticity in spin) which links together different operators of the same double
twist family. Indeed the recurrence relations (118) just descend from the fact that a given spin £
double twist superprimary contains in its supermultiplet a number of primaries of different spin
and dimensions. So around GFE it happens that primaries belonging to different double twist
supermultiplets have the same quantum numbers and recombine in such a way to give zero
OPE coefficients in the conformal block decomposition, which in turns give rise to vanishing
correlation functions. In practice the fact that some components have correlation functions
requires a miraculous tuning of all the infinitely many OPE coefficients in the double twist
family.

Besides solving for the OPE coefficients, we can also use the fact that Dz annihilates some
correlators to solve for the correlators themselves. We showed this in some simple cases. In
particular we could fix the correlator of (¢ ¢p™ ¢"2¢ ™) up to three constants without doing any
Wick contraction. Moreover we show that this same logic can have application at perturbative
level (around GFF). For example we explain that the D-functions (which also describes contact
Witten diagrams in AdS) are also annihilated by some of the operators D3y and that this
can be helpful to bootstrap their form. This idea can be surely extended to a large set of
diagrammatic computations giving rise to a new tool to bootstrap correlators in perturbation
theory. This would be very interesting to explore. On a similar note it would be interesting
to check whether the uplifted formulation has benefits for the analytic conformal bootstrap,
which is also perturbative in nature.

In section 6 we turned our attention to the uplift of diagonal minimal models. We gave a
simple RG argument which explains why the uplift of such models should exist. The idea is
that diagonal minimal models can be obtained as the fixed point of the (multicritical) RG flow
of a scalar Lagrangian. Since scalar Lagrangians can be uplifted, then these RG flows can be
uplifted and so it must be the case for their IR fixed points. We focused on the Ising model
and considered the four-point functions of Virasoro primary operators (namely combinations
of € and o). We explained that they can be trivially uplifted to four dimensions (as it is
the case for all scalar four-point functions) and showed as an example the 43 components
of the uplift of (ece€). We then proceeded to the decomposition of the uplifted four-point
functions in 4d conformal blocks. This analysis shows explicitly that in the spectrum of the
uplifted minimal models there exist infinitely many conserved higher spin currents. These
were expected because they also exist in the minimal models themselves. Such operators can
be in principle used to define an infinite set of conserved charges which extends the one of
the minimal models. It would be very exciting to find the explicit expression for the charge
algebra, which certainly deserves further investigations.

Interestingly the integrability properties of minimal models (meaning the existence of in-
finitely many commuting charges) should uplift to higher dimensions, giving rise to examples
of non-trivial higher dimensional integrable models (these would be truly integrable in d > 2
without resorting to an auxiliary integrable 2d description). Notice that the existence of in-
finitely many conserved currents in a strongly coupled theory is in contradiction with the no-go
theorem of [39], however for PS CFTs this no-go theorem does not apply because it relies on
unitarity.

As a curiosity, the uplifted Ising model has special features with respect to other uplifted
minimal models. This is due to the Virasoro multiplet of €. By uplifting the operators in this
multiplet we find that they map to 4d operator with the same quantum numbers of free fields
and conserved currents. However we show that, despite the resemblance, the uplifted fields
do not satisfy shortening conditions. Namely the 4d multiplets contain null states which are
not modded out from the spectrum of the theory. In order to prove that the exchange such
multiplets is well defined we make use of the observations of section 4.3 which allows us to
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conclude that the conformal block decomposition of the uplift of (coo o) does not give rise
to singularities even if zero norm states are exchanged.

As we mentioned in the introduction, some of the uplifted minimal models have a micro-
scopic definition in terms of a supersymmetric statistical physics model [17-19]. It would be
interesting to see whether this type of construction can be extended to other uplifted minimal
models.

All along the paper we focused on observables that are “equivalent” in the CFT4_, and the
PS CFT,4, meaning that they can be dimensionally reduced or uplifted without ever loosing
information (or in other words the missing information of the uplift can be fully recovered
using the symmetry of the model). From this, it might seem that the uplifted PS CFT; is just
equivalent to a CFT4_,, but this is actually incorrect. The PS CFT, contains the whole infor-
mation of the CFT,_, but it also contains more operators and OPE coefficients, so it is a bigger
theory. Indeed it is easy to see that some operators of the PS CFT,; are dimensionally reduced
to zero. We exemplify a class of such operators in section 7. Moreover in the same section
we also explain that the projection to zero of these operators is responsible for the smaller
kinematic space (e.g. the number of cross ratios and tensor structures) in some dimensionally
reduced correlators. Indeed it is well known that the kinematic space of correlators depends
on the spacetime dimensions and it might seem surprising that the uplift should make sense
also when the two kinematic spaces are different. The easiest example is that scalar four-point
functions in a CFT; depend on a single cross ratio, while their uplifted PS CFT5 counterparts
depend on two. In section 7 we give the example of 1d GFF and its 3d PS uplift. The PS GFF
contains spinning operators which are absent in 1d and we show that these are responsible
for creating the dependence on the extra cross ratio in four-point functions. We believe that
this picture should hold in general, e.g. also in relation to the number of tensor structures in
correlators of spinning operators. It would be very interesting to check if this is indeed correct.

The existence of operators that dimensionally reduce to zero gives rise to a technical com-
plication in the uplift of theories, like the minimal models, that are defined only in terms of a
CFT (and not with a Lagrangian like GFF). Indeed for such theories we do not have access to
a part of the spectrum of the uplifted models and one may ask whether it is possible to recon-
struct it only by CFT considerations. While we do not have an explicit answer to this question
we think that by imposing the knowledge of the reduced theory along with crossing symmetry
it might possible to reconstruct the missing information. It would be very interesting to show
if this is the case. Indeed we think that the following conjecture might be true:2”

given any CFT4_,, its Parisi-Sourlas uplift exists and is unique.

Let us comment on this conjecture. As far as the existence, all results of this paper and of [7]
point to the fact that the uplift automatically holds just by kinematics, without ever requiring
specific properties of the CFT;_,. So this suggests that all CFTs should have an uplift. About
the uniqueness, we find it very unlikely to have two different PS CFT, realizations that share
such enormous part of their spectrum (which indeed defines a full non-trivial CFT;_,) and yet
differ on the CFT data of some more exotic spin representations. E.g. in d > 4 all the four-point
functions of scalar superprimaries of the uplifted theory are completely fixed by the CFT;_,
input. We think that the associated CFT data is too large to admit different completions.
It would be very interesting to find a proof of such statements, establishing rigorously the
existence and uniqueness of the uplift of generic CFTs.

A very interesting extension of this paper is to consider correlators of operators with spin.
This has various applications. First one can extend the relations (76) to spinning conformal
blocks. Also it would be interesting to see how the spinning setup constrains the CFT data of
theories which factorize. It would be nice to see whether one can reconstruct some spinning

27This conjecture probably requires a lower bound in the dimensions, which might be d > 3.
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correlators of the uplifted minimal models, like the ones involving the stress tensor. This is
not a straightforward uplift since the 4d spinning correlators contain more tensor structures
with respect to their 2d counterparts. However we might hope that such correlators will be
constrained enough by superconformal Ward identities.

A very promising idea is to use the uplift of spinning correlators to simplify the numerical
conformal bootstrap of setups that involve spinning operators like conserved currents and
stress tensors (these setups were sometimes considered in the literature [45-47], but they
are very heavy both to implement and at the level of the numerics). Let us explain how
this new strategy works. The main idea is to use the basic fact that the supermultiplet of
spinning operators (e.g. of spin one and two) contains scalar operators. One could thus
perform a bootstrap study of such scalar operators in the uplifted theory to learn about the
constraints of the spinning operators in the original theory. Notice that, while the uplifted
theory is non-unitary, the unknown OPE coefficients are actually the lower dimensional ones,
which satisfy the usual positivity properties that allow for efficient implementations of the
numerical bootstrap. We do not know how much information would be encoded in this uplifted
scalar bootstrap, but it is surely worth exploring this direction.

Finally one can also study deformations of the PS CFTs. Indeed we might hope that in
the near future some PS CFTs like the uplifted minimal models will be fully solved. So it is
natural to ask whether one can define new theories by deforming the uplifted ones. If the
deformations preserve PS SUSY, then the flows can be dimensionally reduced and thus they
would again correspond to uplift of known theories. However one could also deform the
model by operators that break (part of) the supersymmetry and get completely new higher
dimensional models which do not have any lower dimensional counterpart. This could be a
new tool to shed light on the space of higher dimensional QFTs.
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A Coefficients of the relations between conformal blocks
In section 4.2 we showed some explicit expressions for the coefficients cl.[j.] of formula (76).
In this appendix we present all remaining coefficients.

Let us start by considering the case of S = i, jk with i, j, k all different. There are two
separate cases. If (j, k) = (1,3),(1,4),(2,3),(2,4) (independently on i as long as it is different
from j and k) the set Pjz; contains only four elements. We can for example compute

=t (Bra—A+O(d+ APy +E—4), (A.1)
(11231 (A1 —pra = (A+ 8+ (A4 Agy +)[d—A—fr—L~2)

10 2A+L—1)(A+0) ?

[(123] (A—DU—d+A—Pr+L—D)(—d+A+ A —0+4)(—2d + A+ P —L+6)(—d + A+ Ay — L +4)

L—2 7 20d+20—6)(d+2{—4)(d—A+L—4)(d—A+L—3) ?
C[lsz(A—l)AL’(A+A12+€)(A+A34+()(d—A—A12+L’—4)(/3‘12—2d+A—€+6)(/312—d+A+E+2)(A34—d+A—€+4)
2-17 4d—2A+1D)d—2A+2))(A+L—1)(A+(d—A+L—4)(d—A+(—3) ’
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where we recall that f§;; = A; + A;. All other seven coefficients are defined by the following
maps,

[214] _ [123] [3,14] _ [123]
Gy T TaEH5,; Cj T Taea;

423 123 124 23
;" = magea” P = (1Y (A2)
213 123 323 .
28] = (“1Y iyl 12, l[} = (1 maenan )

413 123
Cl-[’j 1= (_1)J7T(12)(23)(14)Ci[’j

In the second case of S = i, jk with (j, k) = (1,2), (3,4), the set Pz contains five terms. For
[134] we obtain

SeP =53 (a—pau—1),

P =l (d+A—Bsg+0—4),

c§13j‘]_c§” (d—Bss—2), (A3)
B = [ (d—A—pyy—-2),

P =Y (2d— A~y +—6),

where here we relate these coefficients to the c 1 of (83) to get more compact expressions.
All other three coefficients are obtained as
[234] 34 312 134 4 134
= Wrapel P, BT = nppaad L T = mapead Y. @
Let us now consider two level-two superdescendants, namely the cases [S] = [ij]. In all

these cases there are five terms in Pz). However we find it convenient to separate the cases
[12],[34] from the rest. For [12], the result is

C([)102]_ €0,0 (/512 A+L+2)(—p+d—A—L—=2)(—Py+d+A+L—4),
C([le; o, ;(/512 A+0)(—Pro+2d—A+L—6)(—Pro+d+A+L—6),

2] 1131 (Bra— A+ O (—Pra+d—A—L—2)(—Py+2d —A+{—6) (P +d + A+{—4)
€117, = = . (A5)
Pratd—2
L= (Bro— A+ 0) (—Pro+d—A—l—4)(—Prp+2d — A+L—6),

[12]

¢, z_c;zz(ﬁu d+A+0+2)(—Pro+2d—A+L—8)(—fp+d+A+L(—4),

where we related these coefficients to cl.[?] defined in (87). The coefficients [34] are defined

by the relation
34 12
e = mayeac P (A.6)

We then define the case [13] in terms of the coefficients c 1 of (83),

([)lg]— }(}(A+A34+£)(_ﬂ34+A_€),

=, (d—Aa—Ng+0—4)(Bg—d—A—(+4),
sy _ g (B d +2)(8+ Mgy +0)(d— A~ Agy +(—4)

€156 A )
3 (A7)
(131 _ (A48 +0+2)(d—A—Dgy+£—4)(—Pss+d—A—L—2)
€2,0 2,0 A= Ag, 41 ,
[13] _ [1] (A+A34+€)(d—A—A34+€—6)([334—2d+A—€+6)
Co,—2=C o I—A+Aatl—2a )
34
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The other three coefficients are related to these by

[14] _ j [13] [23] _ j [13] [24] _ [13]
oy —(—1)]77:(34)cl.,j , ¢ —(—1)Jn(12)ci’j , ¢ = MaayesC (A.8)

We now focus on the cases S = ijmf. Again there are two different cases. First we consider
the case when (m,n) =(1,3),(1,4),(2,3),(2,4). We start by defining S = 1324,

3 = {2V (A + By + ) (d+ A —Pag +L—4),

el = T (A =g —0) (~d + A+ fog +0+2)

1328 cg}fgl (2d+A+Pyu—L+6)(d+A—P3+L—4),

Cg,l—sfzﬂ = c£,1_2?] (—d+A+Bs+0+2)(2d—A— Py +(—6),

(A.9)

where we defined these coefficients in terms of C[123] of (A.1). The other three cases are
defined by

1423 1324 241 1324 2314 1324

1[] ] _( 1)171:( )C[ ], E] ] = 7'[(12)(34)61-:’j ], l[] ] _( 1)"71'( )C[ ] (A].O)

Now we turn to § = ijm7 with (m, n) = (1,2), (3,4) and show the coefficients for § = 3412,

c([)s(;“z]_cgf](ﬁ34—A+£)(ﬁg4—A+£+2)([a‘34—d+A+£+2)(d—ﬁ34+A+£—4),

P = 12 (Bay — A +0)(2d — Pog— A+ —6)(d — Pag + A+L—6)(d— oy + A+L—4),

c§34}2]_c§12{ (Bsa—D+0)(d—Psy—A—L—2)(2d—P3s—A+L—6)(d—Pss+ A+EL—4), (A.11)

= 2 (Byy— A+£) (d —Pag —A—L—4) (d— Psg— A— £ —2) (2d — f3y — A+ —6),

PP= ) (Bog—d + A+ 0+2)(2d — Pog— A+L—8)(2d — Pag — A+ —6)(d — sy + A+L—4),

where c[lz] is defined in (87). The coefficients labelled by 1234 are then obtained through the
map
1234 3412
Ci[,j '= “(14)(23)01[,1- L. (A.12)

We proceed by defining the coefficients with S = ijk. For all four cases there are always

five coefficients. Let us define c[iz‘o’],
2= ([0 (B — A+ 0+2) (Bog—d—A—+4) (ag—d + A+ +2),

= U4 (B — A+0)(—P3s+2d —A+L—6) (—Pas+d + A+ —6),

123]_ m (/534 A+€)(—Bgg+d—A—€—2)(—Pgg+2d —A+L—6) (P +d+A+L—4)

A.13
b= e e . (A13)
D23 ([ (Boy — A+ 0) (~Bag +d—A—E—4) (—Pay +2d — A+L—6),
cglzgtc;sg (Bsa—d+A+0+2)(—Pss+2d—A+0—8)(—Psy+d+A+L—4),

where ci[i.g is defined in (A.3). The other three coefficients are then obtained as
124 134 123 134 [234 134
Ci[,j I= “(23)(14)51'[,1' ! Ci[,j 1= ”(24)(13)61'[,]' g CU '=(- 1Y mq )C[ L (A.14)

Finally we define the last coefficients related to the top primary components of all four oper-
ators. This takes the form

= (I (Bry— A+ L +2)(d—Pry—A—C—2)(d iy + A+L—4),
B= P2 (5, — A+ 0)(2d— 1o~ A+L—6)(d—Prp+ A+L—6),

(112341 3412](/312—A+5)(d Brz—A—L—2)(2d— ﬂlz—A'*‘e 6)(d—PrtA+L—4)
1,—-1 1 —1 d— [512 ’

= B (B, — A+ 0)(d—Pr— A—L—4)(2d — Prp— A+ —6),

2= B (B, —d+ A+0+2)(2d — Py~ A+L—8)(d—Pry + A+L—4),

(A.15)
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[341

L,J

where the coefficients ¢ 2] are defined in (A.11).

B Resolving the singularities of the conformal blocks

As we explained in section 4.3, there are various conformal block exchanges which naively
diverge in the PS uplift of a unitary CFT. These correspond to scalars with A = % -2, % —1
and operators with A =d+{¢—3,d+{¢—2,d+ ¢ —1 and spin £. In this appendix we show
that all the these exchanges are well defined, and non-singular.

d/2—1

First we pursue the study of the exchange of an operator with the same labels of a free scalar
in a PS CFT. In section 4.3 we explained what happens to the lowest component of the four-
point function but we need to investigate also all other 42 components. The result is that for
all 26 components that belong to the set P(?) (like the lowest component) the same argument
of section 4.3 holds. In particular we checked that all components [S] € PO of the scalar
superblocks collapse to the sum of two terms

~[5]
&d/2-11=0

. S 5
An s C([),gz[§]gAe:0 + Cg,gzmgmzz:o, (B.1)

where we checked that the coefficients satisfy

[S1,.[5] RIII,l

C2’0/C0’0 N—m, for A— d/2—1 (B.2)

~[5]

8d/2-1¢=0
the 16 cases belonging to [S] € P™) the situation is easier because the superblocks reduces to
a single scalar block with dimension A = d /2, which has no poles. For the remaining case in

P® the scalar superblock collapses to zero, so again no singularity is present.

So, as above, for all these cases, supersymmetry implies that the block is finite. For

A=d+(—2]

We now consider the case of the exchange of an PS superblock with spin £ and dimension
A =d +{ — 2. Again we can think of this as arising from the uplift of a d-dimensional block
with the same labels. As before in d dimensions there are no poles for this exchange so the
same should happen also in d, even if this is not trivial since a single conformal block has a
pole at A = d +£—2. In this case the superblocks of all 26 components P(?) generically contain
five contributions of ga s, 8a¢—2> §a+10—1> Ea+2e> EAa+ar—a2, Where g, is the only one that has
pole at A =d +{ — 2. The combination

~[8 _ 5 3
gg_gg_zg = A_}gle_z C([J,(}Z[S’]gu + CE,_]lz[S']gA+1€—1 ) (B.3)
which is contained in the superblock is perfectly tuned to cancel the pole of formula (98),

indeed
51 Ry

CE?_]l/C([)ON m, for A—-d+{-2, (B.4)

for all [S] € PO, The rest of the cl.[s;.] and respective conformal blocks inside the superblock

are finite. It is also easy to see that all the blocks exchanged in the cases P and P are not
singular.
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lA=d+(-3|

We now turn to the exchange of a superblock with spin £ and dimension A =d +{ — 3,
which again arises from the uplift of a non-singular block in d dimensions. Let us consider the
components in P(%) of the superblock. As for the previous case they contain generically five
contributions, where only g, has a pole at A = d + £ — 3 with residue equal to Ry 38a42¢—2-
In this case the combination

551 = [3] (5]
8ato—3¢ = A—}gfe-g CO,OZ[E]gAé + Cz,_zz[gng-t-zé—zn (B.5)

given by the superblock cancels the pole because of

6,8 Rup

1,1 CO,O ~ m 5 for A—>d+/{— 3, (B6)

C

for all [S] € P(9). In this case also for the components in P(!) there are poles to consider which
are due to ga,1p and g1, however in both cases the pole is cancelled because these blocks
appear in the combination

Bive-ar = i g8 0+ G Ssgasa i, ®.7
éc[igEK—B -1= A_}CETZ_B C([>,§—]1Z[§]gA -1t CE?EZZ[§]8A+1 2> (B.8)

where the coefficients satisfy
I P B L ST EY -

A—(d+£-3)°

Finally the block in P® is not singular.

Now we turn to the uplift of blocks that are at the unitarity bound in d dimensions. Because
of this, already in d dimensions, they must satisfy some constraints in order to be exchanged
(as shown in (97) and (99)).

A=d/2-2
Let us start by a the exchange of a scalar block with A = % — 2, which corresponds to the

exchange of a free field in d dimensions. The d-dimensional block must satisfy the condition
(97) with d — d. For simplicity we focus on the case

AIZ’A34::I:(§_2) . (B.].O)

Let us consider the components [S] € P of the superblock. Because of £ = 0, they are
written as a liner combination of only two conformal blocks, namely ga y—o and ga,2¢—¢ (see
e.g. (100)) where now in principle both blocks would diverge. However when we impose

(B.10) we find that the coefficients cgsg always vanish, so the superblock collapses to a single
contribution .

: 5

111;1 cg’gz[g]guﬁ,, (B.11)

A—>§—2

where the remaining single block diverges as gay—g ~ % &ayar—o for A — % — 2. For-
—(4-

tunately we could show that this singularity is always avoided. Indeed after imposing (B.10)
one of the following two conditions happens, depending on the choice of [S]:

* either X3Ryy» = 0 (e.g. for the lowest component) thus the superblock is non-singular,
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(51 _
0,0

* or c; , = 0, thus the superblock vanishes.

In both cases the resulting superblock is non-singular. This resolves all singularities for the
components P(?). The situation for PV is similar: the superblock collapses to

Ahm ZCHZ[S]gAHé 0> (B.12)

where g1 ¢=o in principle has a pole at A = %—2. However this singularity is avoided either
because the respective residue Xz;Ryy; vanishes, or because the coefficient in front of the

block is zero c[ S1_ = 0 depending on the case [S]. To conclude, for the component in P the
scalar superblocks vanish.

A=d+{—4
Finally we turn to the exchange of a conserved tensor in d dimensions, namely an operator
of spin £ and dimension A = d + { — 4, where we have to impose (99) (with d — d). In
particular, for conserved currents, we should require a stronger version of (99), namely

Alz, A34 =0. (B.].B)

Let us start by analyzing the components [S] € P(9 of the superblock and check that the five
conformal block contributions are non-singular. First we find that two blocks never contribute

because, when (B.13) holds, cls 12 C£S]2 = 0. Therefore the superblock collapses to

A—E{T@—A, c([fgz[g]gM + c([)‘,slzz[g]gM_z + cgi}z[g]gM% . (B.14)
The three blocks naively have a pole at A = d +{—4, but we shall argue that these singularities
are always avoided. First it is useful to notice that for all [S] € P(?) the action Tz on (B.13)
is such that Xg1A15, Xj51A34 = 0, +2,—2. Keeping this in mind it is easy to see that the block
Z5)8a¢ has no pole at A = d + { —4 because the residue Zjz;Ry; ,—3 vanishes. The fate of the
remaining two contributions depends on whether ¥z acts trivially or not. When ¥z, =1 the
blocks ga 42 and ga¢—p have no singularity at A = d +{ —4 because the residue Ry ,—; at this
pole vanishes thanks to (B.13). Conversely for all [§ ] such that Z[g] is non-trivial, we checked

that the coefficients c([)s_]z, gs(} are always zero which implies that the associated blocks are not

exchanged (this is important since the residue %3;Ry,; at their pole A = d +{ —4 can now be
non-vanishing because of the shift).
Let us now consider the components in P (which all satisfy T2, Zi5 Qs = £1).

[S]

First we checked that all c1 00 Co vanish because of (B.13). This leaves us with a superblock

A—}(lil}}e . ([) ]1Z[s]gM 1+C50] 2318a+1¢65 (B.15)
which is finite. Indeed, while in principle the two blocks have a pole at A = d + £ — 4, the
associated residue X3Ry,—p vanishes when ¥z;A 9, X3jA34 = £1. Finally in the case of
P® the block ga,1,—; has a pole at A = d + £ — 4 but the residue Ry ,=1 vanishes because
of (B.13).

With this we finished the study of possible singularities of the Parisi-Sourlas uplift of all
d-dimensional blocks with A above/at the unitarity bounds. We conclude that, because of
supersymmetry, the uplifted blocks are such that the singularities are always cancelled.
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Table 10: The first global primaries currents in the Virasoro multiplet of the identity.

n Holomorphic global primaries currents at level n

1 0

2 oLl

3 0

4 a(l—3L2,)I

5 0

6 (L gtepl gL o+ 22001022 (Salia o ;oy

7 0

8 (c1Lgtcpl gl ptesl sl g+ —ltit¥aye ( J00To9a) 2 | M08 S0 2y IS0 BOTTG ) 12 )y
9 ¢;(8L_g—6L_yL_»+12L_¢L_3—8L_sL?,—5L%,L_3+12L_4L_3L_,)I

C Global multiplets inside Virasoro multiplets

In this appendix we study the global primaries inside Virasoro multiplets. Given a Virasoro
primary O we can build the possible states in the module as L™ ---L™ L™ ---L™ 0. Global
primaries are annihilated by L; and L;, while descendants are created by applying L_;,L_;
on global primaries. In order to count the holomorphic global primaries we can take the
holomorphic Virasoro character y;(q) = q" ]_[;:i 1 I_qu and multiply it by (1 — q), indeed ﬁ
counts the descendants in a global multiplet. So the number of global primaries in a non-
singular Virasoro multiplet is encoded by y(q) x7(q)(1 —q)(1 —q).

We are interested in the multiplets which appear in minimal models. These are by defi-
nition singular, and thus satisfy BPZ shortening conditions. Let us first focus on the identity
multiple which satisfies the condition L I for all n > —1 (and similarly for the antiholomorphic
part). The possible states in the module are defined by ii’;{ e Z,fzsz’;c e LZZZ]I, which can be
global primary or descendants. E.g. L_,I is a global primary, while L_3I = L_;L_,T is a de-
scendant. Let us focus on just the holomorphic part of the multiplet, which is very important
since it only contains global conserved currents of spin £ = >, in; = A, where { also counts
the Virasoro level (see [48] for a related discussion). In table 10 we present the first few holo-
morphic global primaries in the identity multiplet. The constants c; in table 10 parametrize
the dimensionality of the space of such operators at each level. E.g. at level eight there are
three constants cq, ¢y, c3 and thus three possible independent primaries. It is easy to generate
a table of all such primaries at given level (e.g. with a simple code we could generate the 192
primaries at level 30), but this explicit computation quickly becomes too expensive since their
number grows very fast. In order to count the number pSD of such holomorphic primaries at
level n one can use the following character,

X]Iglobal(q):(l_q) l_[ 1 - —11+1 :Zpgl)q"_ (C.1)
k=2 (1 —q ) n=0

This is built as the generating function of all states in the multiplet ]_[;i 9 ﬁ where the
multiplication by (1 —q) removes all the global descendants. We subtract one and add one in
order to eliminate from the counting all the descendants of the identity since they vanish. It
is easy to see that pgl) = Ppn—2 —2Pp—1 + Pn + Op1, where p, counts the number of partitions
of the integer n. One can easily table these numbers, as shown in table 11. Using the known
large n behaviour of the partition of integers, it is straightforward to find that asymptotically
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p® grows as

2 m/ 2n
T 3

" 24+/3n2
This means that in the Virasoro multiplet of the identity there is an exponentially growing
number of higher spin currents of increasingly large spin (recall that £ = n). Using the global
conserved current it is possible to construct charges, which will satisfy an algebra inherited
from the Virasoro one. It is worth mentioning that there exists an infinite dimensional abelian
subalgebra which can be constructed by considering a special linear combination of these
currents for every even spin (see e.g. [48]). Finally in order to get all the global primaries
inside the Virasoro multiplet, one only needs to combine the holomorphic and antiholomorphic
modules (e.g. L_,L_,Iis a scalar global primary with A = 4). The resulting operators however
are typically not holomorphic (antiholomorphic) and they do not define conserved currents.
A similar construction works for the multiplets of € and o. For these cases the shortening
conditions are L_Ze—%Lfle =0and L_20—§L310 = 0 (and similarly for the antiholomorphic
part). One can generate again the global primaries in the multiplet by requiring this shortening
condition and that they are annihilated by L; and L;. In table 12 we present the explicit form
of the first few operators. We further want to count their number using a character. In this
case the holomorphic character is

(n — o00). (C.2)

2 oo
c=q"> pP%"  (0=0,e). (C.3)
n=0

oo

1—q
228 @) =g -a [

—q

k=1
Since the shortening condition has the same structure the two characters are the same for € and
o, thus p,(f) = pgf). Using this formula one can also obtain p,(f) = pr(f) = DPn—Pn-1—Pn—2+Pn-3
in terms of the partitions of integers p,. For concreteness in table 13 we show the number of
primaries up to degree n = 30. Finally we can study the asymptotic behaviour of p,(f) = pgf)

which reads,
@) = 5 M
n n 124/3n2

As before one could combine holomorphic and antiholomorphic multiplets to generate all
possible global primaries.

(n — o0). (C.4)

C.1 Global conformal block decomposition of minimal model correlators

Let us perform the conformal block decomposition of the four-point functions of Virasoro pri-
maries (141) in the Ising model. We present in table 14 the decomposition of (ee€€), in table
15 the one of of (coee), in 16 the one of (ceeo), and finally in 17 the one of (cooo). The
notation is as usual that fo 0,0,0, = Diardac &a¢ (Where we suppress the dependence of the
external operators in a, ). It is important to notice that all the decompositions are compat-
ible with tables 11 and 13. In particular the latter predict when a coefficient a, , is missing.
On the other hand the opposite is not true, meaning that there are more operators in tables
11 and 13 then the ones that are really exchanged in the OPE. This might be puzzling at first,
but it is ultimately due to the infinitely many symmetries that minimal models possess. Such
symmetries impose new selection rules which at first sight are not expected, e.g. they must

Table 11: Number of global primaries pl(lm at level n in the module of the identity.

3 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
0 31

4 2 7 3 10 7 14 11 22 17 32 28 45 43 67 63 95 96 134 139 192
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Table 12: First holomorphic global primaries in the multiplets of O = o, € where

respectively h = %, %

n Holomorphic global primaries in the multiplets of O = o, € at level n

1 0

2 0

3 ol )o

4 (Ll —23(h-1L_4—212,)0

5 ¢ (h?L_s—3hL_4L_;+(5h+2)L_3L_»—2L%,L ;)0

6 [ LES(MCZ%;?;}:S))&CZ}[”” ) + (oo )(93L(971—?+L57)2L7174L52 Liz) +c1L_gtcy (L75L71—2L,4L,2)i|0

Table 13: Number of global primaries pg") = pff) at level n in the multiplets of &
and e.

n 12 3 456 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
p;")0011122345 6 9 10 13 17 21 25 33 39 49 60 73 88 110 130 158 191 230 273 331

Table 14: Decomposition of eeee: coefficients (in the identity multiplet) with
A <10.

A0 (00 22 ‘40 44 (62) (66) (80) (84 (88) (102) (10,6) (10,10)
a 1 4 1 8 2 3 1 8 & 1 16 512
Al 2 2 5 5 63 200 63 429 315 429 12155

Table 15: Decomposition of ogoee: coefficients (in the identity multiplet) with
A <10.

(A0) (0,00 (22) (40 (44 (62) (6,6) (8,0) (8,4) (8,8) (10,2) (10,6) (10,10)
1 1 1 3 3 9 5 175 1 175 441

5
N 2 2 128 40 1280 336 819200 10752 54912 229376 1757184 622336

Table 16: Decomposition of oeec: All coefficient with A < 10.

(A,0) (1/8,0) (25/8,3) (41/8,5) (49/8,0) (49/8,6) (57/8,7) (65/8,2) (65/8,8)  (73/8,3) (73/8,9)
a 1 —4 =16 1 32 —14400 4 256 —8 —265984
Al 8 51 1045 5202 215865 4411463 53295 4373439 11009115 366285997

ensure that the coefficient a, , with (A, £) = (33/8,4) in table 16 vanishes. We checked that
this is indeed true because the OPE coefficients is zero. This can be shown by using the precise
form of the level four global primary defined in table 12 and applying it to the three-point
function with o and e. Similarly there is an extra selection rule in the OPE of equal opera-
tors which forbids the exchanges of global primaries built with an odd holomorphic and/or
antiholomorphic level. So for example L_5L_se is not exchanged in 17.
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Table 17: Decomposition of cooo. The table on the top contains even dimensions
exchanges which belong to the identity multiplet with A < 10. The table on the
bottom contains odd dimensions exchanges which belong to the e multiplet with

A <11
a0 (0,0) (2,2) (4,0) (4.4) (6,2) (6,6)
1 L 1 9 _9 _25
aat 2 16 8192 2560 655360 57344
(A0 (8,0) (8:4) (8,8) (10,2) (10,6) (10,10)
81 25 15527 45 15527 251145

AA(¢ 3355443200 14680064 224910552 7516192768 57579405312 20392706048

a0 (1o G4 (7.6 (9,0) (9.8) (11,2) (11,10)
a 1 1 1 1 1125 1 227
Al 8 3096 20480 2147483648 117440512 5368709120 117440512

Table 18: Decomposition of the component [14] of ecee: Coefficients for exchanges
with A < 10.

Q| (22 (40 (4,4) (6,0) (6,2)

ane 256 64 2B g6 322

(a0 (66) (80  (82) (8,4) (8,8)
2048 192  —640 512 65536
any 7 5 7 7 429

(a0) (10,00 (10,2) (10,4) (10,6) (10,10)
a —64 192 —1792 16384 163840
Al 7 7 33 429 2431

D More conformal block decompositions in the uplifted Ising
model

As we explained, for each four-point function in d = 2 there are 43 correlators in d = 4
which we can in principle decompose in conformal blocks. Let us consider e.g. the component
[14] of the correlation function of four &£, which is defined in table 3. Its conformal block

decomposition reads
d=4
Diatfecee= D, . ang; . D.1)
A=2N3( (=0,2,...,A

where we computed all ay, for A < 10, which are shown in table 18. We notice that the
decomposition of the correlator (£,550E0€g) is controlled by the OPE of £,5 with &, which
are different primaries, but still the only exchanged operators have even spin £ because of the
specific supersymmetric relation between these two fields (for this it is also crucial that the
superdimension of £ is equal to one). The decomposition (D.1) shares the same features of
the one of (142), in particular it contains the exchanges of the operators in the multiplet of the
supercurrents 7 of (144). However it is interesting to point out that the operators 7 : 5"'“ “ and

jé“"'“ 200 (or better their primary counterparts) which have A = ¢ + 2 are not exchanged,

as we mentioned in the discussion below equation (B.14). This must happen because such
exchanges would give rise to a singularity in the conformal block which is due to the fact that
the variables A;,, As, for the component [14] are shifted by two units and thus the condition
(99) is not satisfied.
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Table 19: Decomposition of the component [1] of eeee: coefficients for exchanged
operators with A < 10.

a0 (22) 40 44 (60 (6,2)

ane —32 8 =B 4 2

(a0) (6,6) (80 (82) (84) (8,8)
—256 4 —16 64  —2048

aae 21 5 7 21 429

(A0) (10,00 (10,2) (10,4) (10,6) (10,10)
a —4 8 =32 512 —4096
AL 35 T 33 729 2431

Table 20: Decomposition of the component [ 134] of eeee: All exchanged operators
with A < 10.

Qa0 (22) 40 44 (60 (6,2)

an, 64 16 = g &
(a0) (66) (80 (82) (84 (8,8)
512 8 32 128 409%
aae 71 5 7 21 429
(A) (10,0) (10,2) (10,4) (10,6) (10,10)
a -8 16 —64 1024 8192
AL 35 21 33 220 2431

Table 21: Decomposition of the component [ 1234] of ecee: All exchanged operators

with A <10.
(A,0) (2,2) (4,4) (6,0) (6,6) (8,0) (8,2) (8,8) (10,0) (10,2) (10,4) (10,10)
1179648 3276800 110592 —163840 205520896 —147456 307200 —344064 849346560
ane 16384 5 —6144 7 5 7 429 7 7 11 2431

In table 19, 20 and 21 we present respectively the decompositions of the components [1],
[134] and [1234] of eecee. We see that these share most of the features of the component
[14]. In the case of [1234] there are fewer coefficients because of the specific form of (A.15).

So far we only considered components in P(9), but it is worth showing a couple of examples
of components in P(Y), where fermionic operators are being exchanged in the OPE. In table 22
and 23 we show respectively the decomposition of the component [14] and [123] of ecee. A
first feature which we observe is that there are odd spin exchanges. This is generically expected
since we are taking the OPE of two different operators (even with different bosonic/fermionic
statistics). A more detailed property of these decompositions is the presence of new oper-
ator exchanges inside the supermultiplet of the supercurrents 7% %, In particular we see
superblock exchanges of the type (B.15) which are made of two finite contributions (because
Ay = 0= Ags). The two finite exchanges correspond to the operators j(;* #e? and J: Lohe

(or better their primary counterpart which we call jou A W/ 9“ 11ty which have dimen-
sions A = £ + 1 spin respectively equal to £ — 1 and £. These operators satisfy a generalized
conservation equation of the type J, J,, jé‘ b8 = 0 and aulauzjg 1M = 0. From these
operators it is therefore possible to build conserved charges. In table 24 we provide the final
example of the decomposition of the component [1324] of eeee. This belongs to P®) and
thus all the exchanges are charge-two under Sp(2). First we notice that there are exchanges
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Table 22: Decomposition of the component [14] of ecee: All exchanged operators
with A < 10.

a0 (21 32 (43 (5,00 (54) (61) (6,5

-8 32 —96 4 64

ane 8 5 5 2 35 s 21
(a0 (700 (72 (76) (81  (83) (87 (90)

1 -8 =320 -8 32 512 -1

ang 3 7 231 105 63 229 25

a0 2 04 (8 (101) (103) (10,5 (10,9
a 4 —16 -—3584 2 —32 32 1024
At 27 33 6435 315 693 143 2431

Table 23: Decomposition of the component [123] of eeee: All exchanged operators

with A < 10.
a0 @D (B0 (B2 @D (43 (50 (52 (54 61) (63
128 —64 —512 256 4224 112 —2112
ane —32 16 5 -5 = -6 = 55 5 T
a0 65 (70 72 @4 (76 (B (83 (83 87 (90
=2816 16 _g5 1408 2560 464 2048 1280 —4096  —28
any 21 3 21 21 105 63 21 39 25
(a0 (92 (94 (96 (98 (101) (103) (105 (107) (10,9
a 160 —1024 2048 530432 40 —3392 3712 —265216 —151552
Al 27 33 39 6435 63 693 143 6435 2431

Table 24: Decomposition of the component [ 1324] of eeee: All exchanged operators
with A < 10.

@0 B (3 7D 75 03 67
192 640 64 7168
16 2 3 &

any 21 9 429

of novel components of the supercurrents, namely .76“ et He, which satisfy A = £+2 and thus
have the quantum numbers of usual conserved currents in four dimensions. We also notice
that because of the form of (94), to each block in lower dimension we have at most one block
in higher dimension. Moreover (94) is such that all scalar exchanges are automatically pro-
jected to zero (and similarly A = 1 exchanges). Because of these reasons the decomposition
is extremely sparse and contains even less terms than the original one in table 14. It is quite
interesting that the action of the differential operator (69) on a correlator provides a new
crossing covariant correlator where all scalar contributions are subtracted. It would be nice to
find a bootstrap application of this observation.
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