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ABSTRACT: We introduce analytic functionals which act on the crossing equation for CFT's
in arbitrary spacetime dimension. The functionals fully probe the constraints of crossing
symmetry on the first sheet, and are in particular sensitive to the OPE, (double) lightcone
and Regge limits. Compatibility with the crossing equation imposes constraints on the
functional kernels which we study in detail. We then introduce two simple classes of func-
tionals. The first class has a simple action on generalized free fields and their deformations
and can be used to bootstrap AdS contact interactions in general dimension. The second
class is obtained by tensoring holomorphic and antiholomorphic copies of d = 1 function-
als which have been considered recently. They are dual to simple solutions to crossing in
d = 2 which include the energy correlator of the Ising model. We show how these func-
tionals lead to optimal bounds on the OPE density of d = 2 CFTs and argue that they
provide an equivalent rewriting of the d = 2 crossing equation which is better suited for
numeric computations than current approaches.
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1 Introduction

In the last decade, a ruthless siege of the crossing equation has yielded a number of detailed
insights into the structure of conformal field theories (CFTs) in general spacetime dimen-
sion d. The surprising observations that even simple proddings of crossing equations [1, 2]
yield strong constraints on CFT spectra have since led to the development of numerical
(see [3] for an extensive, but still far from complete review) and analytical methods to
bound and determine CFT data. An incomplete list of the latter includes applications
of Tauberian theory [4-8], large spin expansions and systematics [9—-16] and the Polyakov
bootstrap [17-21].

In recent work [22], it has been proposed that it is possible to unify at least some of
these approaches in a single framework.! The main idea is to consider appropriate complete
bases of linear functionals which act on the crossing equation. The functionals have access
to all the information that is contained in this equation, and in particular they treat
the Euclidean and Lorentzian regimes equally. The guiding principle which distinguishes
these bases is that they should be dual (in a precise sense) to sparse or extremal solutions
to crossing [30-32]. Extremality of functionals not only leads to tight bounds on CFT
data, but also implies that it is possible to “flow” from one extremal solution to another,
numerically and analytically.

The main achievement of [22] was to recast the constraints of crossing symmetry on a
line (or for d = 1 CFTs) into an equivalent form:

D aaFa(z)=0 forall z€(0,1)
A

PN (1.1)
ZaAan(A) =0, ZaA,Bn(A) =0, foralln e N>g.
A A

The first line is the ordinary formulation of crossing symmetry for a correlator of identical
operators. It defines a continuous set of constraints, labeled by z, on the OPE density ana,
with Fa(z) a known function determined in terms of SL(2,R) conformal blocks. The second
formulation can be obtained from the first by acting with a countably infinite set of linear
functionals «,, 8, on the crossing equation. Choosing these functionals appropriately leads
to not only necessary but also sufficient conditions for crossing to hold. In this sense we say
that such functionals form a complete basis, and the resulting set of functional bootstrap
equations is then equivalent to the original crossing equation.

Following our guiding principle, it turns out that we can choose functionals to be dual
to a particular sparse solution to crossing in d = 1, namely the fundamental field correlator
of a generalized free field (GFF). In this case, duality means essentially that the functionals
bootstrap the generalized free solution, as well as arbitrary small deformations away from
it, see equations (2.11) and (2.12) below. These duality properties lead in turn to nice posi-
tivity properties of the functional actions. The functional bootstrap equations become sum
rules which determine stringent bounds on the OPE density of unitary theories. This can

'For precursors to that work see [23, 24]. See also [25-29] for related developments.



be done analytically but also numerically. In the latter approach, by considering finite sub-
sets of the functional bootstrap equations, we can determine rapidly convergent numerical
bounds [28], making contact with and (finally) improving on the original methodology of [1].

Furthermore, the functional actions a;,(A), B,(A) turn out to compute the confor-
mal block expansion of (crossing-symmetric sums of) Witten exchange diagrams. The
functional bootstrap equations are then essentially the same as those proposed in the so-
called Polyakov bootstrap [18-21]. More precisely, they rigorously define what is meant by
Polyakov bootstrap, at least in d = 1. Thus, these functionals unite in a single framework
analytic and numerical bounds, and the Polyakov bootstrap, which is often used for exact
computations of CFT data. In d = 1 there is no spin, so we cannot really make contact
with the large spin methods which exist for d > 2. Nevertheless, we point out that the
functionals can also be understood as arising from a crossing-symmetric d = 1 version [26]
of the Lorentzian OPE inversion formula of Caron-Huot [14]. It remains to be understood
if and how Tauberian methods can also be understood from a functional perspective.

These results are encouraging, but the restriction to the line is severe and one may well
wonder if similar constructions are possible for the significantly more complicated crossing
equation in higher dimensions. To be clear, we wish to know if complete bases of functionals
can be constructed for this equation, if they are dual to special solutions to crossing and
if they lead to tight bounds on CFT data. The goal of the present work is to make the
case that all these statements are true, while creating the appropriate formalism along the
way. Specifically, we will propose a general framework for functionals which act on the
full crossing equation. The functionals probe the Euclidean OPE, (double) lightcone and
Regge limits, and are constrained by the properties of CFT four-point functions in those
limits. After studying these constraints in detail, we then introduce two simple classes
of interesting functionals which satisfy them. Omne of these, we claim, has the desired
properties in the special case of d = 2.

The first class, which we name HPPS functionals in honor of [33], is defined by simple
meromorphic functional kernels. In spite of this simplicity, the resulting functional actions
are very interesting: they have finite support on the generalized free field spectrum, and
furthermore are non-negative above a certain twist for each spin channel. This means that
such functionals can be used to bootstrap generalized free fields in any spacetime dimen-
sion.? Furthermore, just as in [33], they can also be used to bootstrap certain deformations
away from generalized free fields exactly, namely those that arise from considering contact
interactions in AdS space. Unfortunately however, they are not suitable for bootstrap-
ping deformations of generalized free fields involving an infinite number of spins. Hence,
they come close but are not quite sufficient to define the higher dimensional version of the
Polyakov bootstrap.

The second class is obtained by tensoring holomorphic and antiholomorphic copies of
1d functionals, some of which have appeared in the literature [22-24, 29] (including the
ones mentioned above), others which we construct in detail. These product functionals

exist in d = 2 thanks to the special form that conformal blocks take in that dimension.?

2Up to some important caveats as we shall see, namely that this functional set is not complete.
3A similar construction can be done, less usefully, in d = 4 for the same reasons, see appendix E.



The functionals are dual to a simple class of solutions to crossing symmetry which includes
the energy correlator of the 2d Ising model. The functional basis again has nice positivity
properties following from this duality, and leads to a rigorous upper bound on the OPE
density for any 2d CFT. Numerical explorations give stringent bound on operator dimen-
sions, which indicates that the basis is complete, although we will not rigorously prove it.
In particular, we show that one special functional basis element gives an optimal scaling
dimension bound which is saturated by the 2d Ising model correlator mentioned above.

The plan for this work is as follows.

In section 2, we will briefly summarize what is known about 1d functional bases, leaving
a detailed review and construction of such functionals to appendix A. These bases will be
used when considering product functionals in d = 2. Furthermore, they give us a flavor of
how to define general functionals for the higher dimensional case.

In section 3 we introduce our general functional ansatz and the associated kernels.
Demanding that the functionals are well defined on the crossing equation constrains the
functional kernels in a way that is determined by the behaviour of correlation functions
in various limits, notably the double lightcone limit which we will consider in some detail.
This leads to a set of boundary conditions on the functional kernels. Several details of the
computation are left for appendix B.

In section 4 we introduce one of the simplest possible class of functionals which has nice
positivity properties, the HPPS functionals. We show that choosing functional kernels to
be simple meromorphic functions leads to functional actions which are generically positive
and have double zeros on the generalized free field spectrum. An important result is that
these functionals do not form a complete set, in the sense that they do not fully capture
the constraints of crossing symmetry. Nevertheless, they do constrain possible solutions to
crossing enormously, and in particular are sufficient to bootstrap general contact interac-
tions in AdS for any dimension. We show how the infinity of such solutions to crossing is
compatible with the functional equations by understanding the interplay between the Regge
behaviour of contact interactions and boundedness conditions on the functional kernels.

Section 5 defines a class of functionals obtained by tensoring two copies of d = 1
functionals, suitable for acting on the d = 2 crossing equation. The resulting functionals
can be used to bootstrap certain tensor product correlators, which include the energy four-
point function in the 2d Ising model. The functionals imply bounds on scaling dimensions of
operators, and in particular an optimal bound which is saturated by that correlator. More
generally they can be used to determine numerical bounds, which we compare against
the more traditional derivative functional basis, finding substantial improvements at least
in some regimes. Finally, we show that the product functional basis leads to a universal
upper bound on the fixed spin OPE density which is exactly saturated by the tensor product
solutions (and hence optimal in those cases).

After a discussion in section 6 of the lessons learned in this work and future prospects
for the functional bootstrap, a few appendices follow. In appendix A we provide a detailed
construction of the 1d functional bases, as well as a study of special cases and asymptotics of
functional actions. Appendix B provides details on the determination of the constraints on
the higher dimensional functional ansatz. In appendix C we show how 1d functionals may



be made compatible with such ansatz. Appendix D explain how the HPPS functionals that
we introduce relate to the original work [33]. Finally we comment on product functionals
for d = 4 in appendix E.

2 Bases of 1d functionals

In this section we consider functionals appropriate for the simplified setting of a CFT on
a line, or equivalently where we take into account only an SL(2,R) subgroup of the full
conformal group. These 1d functionals form a distinguished subset of general functionals
which act on the full crossing equation. Below we will present complete bases of such
functionals, where completeness means that they fully capture the constraints of crossing
symmetry on the line. Some of these bases have already appeared in print, while the exis-
tence of others was only indicated [22-24, 29]. In any case, all of them are reviewed and/or
constructed (accordingly) in appendix A, to which we refer the reader for further details.

2.1 Basic kinematics

In one dimension a CFT four-point function is a piecewise real-analytic function on the
three intervals (—o0,0), (0,1) and (1, 00), which depends on a single cross-ratio z:

g
<¢<ml>¢<xz>¢<x3>¢><m4>>1@24&05, T TR

For z € (0,1) we can express the correlator in terms of SL(2,R) conformal blocks as:

G(2) =) anGa(zAy),  Galz|lAg) = 227229, (A A, 24, 2). (2.2)
A

One should think of the sum over scaling dimensions A as a sum over operators Oa
appearing in the OPE ¢ x ¢. The aa correspond then to values of the OPE coefficients
squared and are positive for unitary theories. Crossing symmetry of the four-point function
is the statement that G(z) = G(1 — z). Let us define the crossing vectors:

Fia(2]Ag) = GazlAg) £ Ga(l - 2Ay), (2.3)

in terms of which crossing becomes:
>_asF-a(z)=0. (2.4)
A

The F; A functions appear in more general crossing equations, for instance in the context
of correlators with global symmetries.

A simple but important example of a four-point correlator satisfying crossing corre-
sponds to generalized free fields, for which we have:

1 1
G(x) = +1+ 55, + T8

z€(0,1), (2.5)



where the +(—) sign corresponds to a free boson/fermion respectively. In this case the
spectrum appearing in the four point function includes the identity operator with A = 0,
as well as “double-trace” operators with dimensions AZ = 2A,+2n and AL = 1+2A,+2n
for a boson and fermion respectively. The corresponding OPE coefficients are a‘if B, with

g 2D(A)? L(A+2A,—1)
“ATTRA 1) TRAL)T(A —28,+1)

(2.6)

2.2 Functionals

We want to consider linear functionals w+, which act on F4 A and which are crossing-
compatible. By this we mean that their action should commute with crossing equations,

w4 [Z anFia(z|Ag)| =) anws(AlAy), (2.7)
A A
where we defined the shorthand
wt(AAg) == wi [Fy A(2]Ay)] . (2.8)

Using the analyticity properties of the blocks, a very general class of functionals is
defined by:

* dz

wx(8180) = [ Fhal) TEaAG1A) (2.9)
1
with the discontinuity defined as:

T.F(2) = lim F(z—i—ie)—F(z—ie).

2.10
e—0T 21 ( )

By making a suitable choice of kernels h., it is possible to construct two sets of functionals

which are dual to the 1d bosonic and fermionic generalized free field solutions to crossing,
B,F ,B,F . . .

wi = o, , 877, - Duality means the following relations:

okl (Af) = bum, 004, (AF) =0,
F P F P (2.11)
ﬂi,n(Am) = 07 8ﬁi,n(Am) = 571771
for the fermionic basis, and
afn(Ag) = Onm, 8ain(Aﬁ) = _Cim(smﬂv
B (AB B AR (2.12)
B:I:,n(Am) =0, aﬁi,n(Am) = Opm — d:l:,n(SmO
for the bosonic one, for some coefficients c4 ,,, d+ , which may be determined explicitly and
BE,O =0.
These functionals allow for the basis decompositions:
+oo
Fra(zlAg) =) [O‘i,n(A)Fi,Af(*Z) + Bi,n(A)aAFi,Ag(Z)] : (2.13)
n=0



with a similar expression for the bosonic case. In the (—) case, it is natural to plug in this
decomposition into the crossing equation (2.4) and commute series to arrive at the result:

ZaAF_,A(z) =0 forall ze(0,1)
A

& (2.14)
ZaAa_m(A) =0, ZGAB—,n(A) =0, forallneNxg.
A A

We have omitted the B, F' label on the second line since we may choose the one we wish,
each set of functionals being complete independently. The statement that the series can
be commuted is not trivial, but it can be proved [22]. The set of functional bootstrap
equations in the second line are thus a rephrasing of the original crossing equation and
must be satisfied by any hypothetical solution to crossing. One can for instance check
that the GFF solutions satisfy the equations trivially as long as we use the correct dual
functionals. This follows from the duality conditions (2.12), (2.11) together with

BE ) =0, aZ(0) = —atlnr. (2.15)
Similarly, it can be checked (in practice, numerically) that the generalized free fermion
(say) also satisfies the equations of the bosonic functional basis.

We should point out that the functional bootstrap equations also provide valid con-
straints on the OPE density for CFTs in any dimension, by restricting them to the line
and decomposing blocks with respect to the SL(2,R) subgroup. In this process we lose a
lot of information, including information about spin. Remarkably, this does not mean such
constraints are weak: in fact they can even be optimal.? However, the main application
of these functionals in this work is that they will allow us, by making use of holomorphic
factorization, to construct simple tensor product functionals which act on the 2d crossing
equation (and less usefully in 4d, see appendix E).

3 Functionals in general dimension

In this section we will propose a general framework for functionals acting on the higher
dimensional crossing equation. Our ansatz now involves functional kernels which depend on
the two available independent cross-ratios z,Zz. An important simplifying assumption will
be that the overall analytic structure is essentially a product, in that analyticity properties
in one cross-ratio are independent of the other one. One way to lift this assumption is
to allow for poles in one cross-ratio whose position depends on the other one. It would
be easy to generalize the discussion in this section to that case. As a simple example, in
appendix C we show how such poles allow for the 1d functionals of the previous section to
be incorporated into the general formalism that will be described below.

4For instance, as pointed out in [28], the 8L equation applied to d = 2 CFTs implies the existence of a
spin-0 primary of dimension less than 1+ 2A, when Ay < 1/2, a constraint which is saturated (and hence
optimal) as Ay — 1/2 by a ¢ = 1 vertex operator correlator.



A key condition that functionals must satisfy is that they should be compatible with
the crossing equation, i.e. that their action should commute with the infinite sums of
crossing vectors involved in that equation. This imposes constraints on the functional
kernels appearing in the ansatz, as we will examine in detail. The constraints depend
on knowledge of the behaviour of correlators in various limits: OPE, Regge and (double)
lightcone. In particular, the latter is not completely understood and we will have to make
some reasonable assumptions to make progress.

3.1 Basics

Let us quickly review some basic kinematics. We have in mind four-point correlators of
scalar operators which depend on two independent cross-ratios z, z, as follows:

_ 9(%72) __ w3y _, _ 2373
(O(z1)(22)d(23)d(24)) = M, e (1-2)(1-2) = 2ot (3.1)

Such correlators satisfy s-channel conformal block decompositions

- - 2
G(2,2) = D aniGas(=218g),  ane =20, (3.2)
Al
where the sum runs over primary operators Oa ¢ in the OPE ¢ X ¢ ~ 37 A s App0n ,On s
with dimension A and transforming under the traceless symmetric O(d) irreducible repre-
sentation of spin £. Note that we have introduced the useful notation
Gaul(z,2)

SIAL) —
GA,E(ZaZ| ¢) PO V=Y.

(3.3)

9

with Ga ¢(z,Z) the ordinary conformal block. The conformal blocks themselves are not
known in closed form in general spacetime dimension, although many of their properties are,
see e.g. [34-36]. In particular it is known how to compute them numerically efficiently [37],
at least when z, Z are not too close to unity. A useful result is the lightcone expansion:

oo a
GA,Z(Z7 2|A¢) = Z Z Ca,bngraiAéG%er(aA(ﬁ) ) (3.4)
a=0 b=max{—a,—{}
where we have introduced the twist 7 = A — ¢, the conformal spin p = A+ and Gp,(z|Ay)
are the SL(2,RR) blocks introduced in the previous section. The coefficients ¢, may be
computed by using the fact that conformal blocks are eigenfunctions of the Casimir operator
of the conformal group [35]. The first few coefficients are given by

017_1 N f(d — 2) 6170 N A -7
Td+20-4" o 4
€0,0 €0,0 , (3.5)
a1 (d—2)(A—=1)(A+2)
coo 16(A+L—1)(A+L+1)(2+2A—-4a)’
and in our normalisation conventions,’
_ _ Y
2D (451) T (£2-2) 56

WO= T AT+ 0 — 2)

®Qur choice matches entry 3 of table I in [3].




Crossing symmetry follows from Bose symmetry, implying G(z,z) = G(1—2,1—2). In
conjunction with the OPE decomposition, this leads to the crossing equation:

D aniFauz2|0) =0, (3.7)
AL

where we have introduced the crossing vectors:
Fau(z,2|Ag) = Ga(z,2|Ap) — Gap(l — 2,1 — 2|Ay). (3.8)

The crossing equation establishes equality of the OPE decompositions of the correlator in
the s and t-channels, where x1 — z9 and x1 — x4 respectively.

To conclude this subsection, we point out that in general spacetime dimension the
generalized free boson correlator (pppe) takes the form:

1 L]
[(1=2)(1=2)]%  (22)%

G(z,2) =1+ (3.9)

Decomposing into conformal blocks we find the identity operator, together with double
trace operators of dimension A,y = 2A4 + 2n + £ for all n € N> and even spins £. The
corresponding OPE coefficients are (in our normalization conventions) [38]:

sff [ __
an,@ T aAn,[vé

_2ivE D(d+0-2) (Ao, (1+86—9): (3.10)
Ul T (GHT(E40-1) (§40),, (14284 —d+n), (2D +0+2n—1),

3.2 General ansatz

Our goal is to construct a class of functionals which act on the crossing equation and in
particular on the crossing vectors Fa ¢(z, Z). The analytic properties of the crossing vectors
follow from those of the conformal blocks: they are holomorphic in the subset of C? defining
the crossing region R = R® R, with R and R both given by C\(—00,0] U [1,00). This is
incidentally the same region where the OPE converges in both s and ¢-channels, and hence
the crossing equation.

It will be useful to define:

R Y S Y A A Y

Consider a function F(z, z) with the same analyticity properties and symmetries as crossing

vectors. We can use Cauchy’s theorem to write down a dispersion relation:®

f(zaz)z/adww (3.12)

™ w—z

where the discontinuity has been defined in equation (2.10). The analyticity properties of
F(z,%) in zZ now imply that I,F(z, z) is also analytic for z in C\R. For crossing vectors

6Arcs at infinity drop out as long as Ay > 0, since for fixed Z we have Ga ¢(z, 2) = O(2°) for any € > 0
as z — 00.



this can also be argued from the fact that discontinuities of conformal blocks must also
satisfy the Casimir equation and satisfy the same analyticity properties. In any case, we
can write a double dispersion relation:

F(z,2) /dw/dw Lolu fw_wz)). (3.13)

From this representation it follows that very general linear functionals that act on
F(z, z) can be defined by integrating the double discontinuities against some kernels. There
are a priori four different boundaries to consider and accordingly four different kernels. For

crossing vectors however, we have the symmetry F(z,z) = —F (1 — 2,1 — z), which reduces
this down to two. Explicitly, such functionals are given by
dzdz dzdz
w [f] = / 77‘2 h++(2, E)IZIEF(Z, 2) + / 2 h+7(2, Z)IZIEJ:(Z, 2) . (314)
++ -

We will have in mind kernels h4,hy_ which are analytic in the regions of integration.
Since we are interested in the action of the functional on crossing vectors, we can demand

hiy(z,2) = hyt(Z, 2), hy(2,2)=—hs_(1—-2,1—2). (3.15)

In the above we made a specific choice in the ordering of the discontinuities, but it
is easy to see this is irrelevant. Thinking of the integrals above as contour integrals, it
follows that commuting the discontinuities will have a non-trivial effect only if F(z, z) has
singularities for z = z, which is never the case.

Let us furthermore assume that hy(z,z) and hy_(z, z) are both separately holomor-
phic in z and Z away from the real line. We also assume that these kernels decay sufficiently
fast at infinity. Then by deforming the contours of integration (as in the 1d case [24], see
our appendix A) this allows us to derive an alternative representation of the functional
action:

N /p+ 2mi /F+ 5 (22 (2.2) + f(2,1 = 2)F (2,1 - 2)]

/2m/ e(z,2)F(z,2) /27”/ F(z,2)

+ﬁ izﬁ %[g(z,z)f(zviwrﬁ(z, 2)F(2,1—2)]. (3.16)

The contours of integration above are explained in figure 1. The various functions above
are determined in terms of hy4,hy_ as

F(2,2) = hyy(2,2) —ha(2,2) — hys(1 — 2,1 — 2) + hy (1 — 2,1 — 2)

(2,2) Z. [hy4(2,2) — hi—(2,2)]

€(z,2) = ZLilhyy(z,2)+he(1—2,1-2)], (3.17)
(2,2) _=_ T-Tshi4(2,5),

) oSy LT (2,2).

Note that there is a redundancy, in that e(z, z) = é(z, 2).



Figure 1. Contours of integration defined throughout this work. The vertical sections run along
the line § -+ iR. The horizontal sections wrap around the real line segments (0,1/2) and (1/2,1).

This representation has two advantages. Firstly, the kernels above are simpler than
hi4,hs_, since they involve for the most part discontinuities of the latter. Secondly,
this representation makes clearer what boundary conditions to impose on the kernels.
We should note that having arrived at this representation, we no longer have to discuss
hii,hy_ at all. Instead, the kernels f, e, €, g, g remember their origins by satisfying the
following “gluing” constraints:

IZf(Z7Z) 0<j<1 6(27 Z) + 6(1 -z, 1- Z)7 Igf(Z,Z) O<j<1 6(272) + 6(1 -z, 1- Z)v (3 18)
Tze(z, Z) O<;<1 9(z,2) — g(1 — 2, 2), T.é(z, %) 0<z72<1 9(2,2) +g(z,1 = 2),
as well as the symmetries
e(z,2) =e(z,z2), 2,2) =¢g(%,2),
(z,2) =e(z,2), 9g(2,2) =g(%,2) (3.19)

g(z,f) = —g(?, Z) f(Z,Z) = _f(l —z1- 2) - f(zv z)

The gluing constraints are so called because they are what allow us to put these kernels
back together to reconstruct hy4 and hy_.

3.3 Constraints on functional kernels

Quite generally, well-defined functionals should satisfy two conditions, as emphasized
in [39]. Firstly, they should be finite when acting on all crossing vectors Fa ¢ allowed
by unitarity. Secondly, they should be crossing-compatible: one should be able to commute
their action with infinite sums of crossing vectors, or more precisely those infinite sums
consistent with crossing symmetry. That is:

WY aneFap(z2Ag) | =) ancw(A lA), (3.20)
A ALY

with w(A,|Ay) = w[Fa(2,Z|Ag)]. Since the functional actions are given by integrals
which probe the boundary of the region where the OPE converges, the latter condition is
non-trivial and in general more constraining than the first.
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These requirements impose constraints on the kernels defining the functional action. It
turns out to be more convenient to use the form of this action which depends on f, g, ¢, €, g,
and g kernels, i.e. equation (3.16). Our strategy is to demand that the various integrals
which depend on these kernels converge absolutely when applied to infinite sums of crossing
vectors. Schematically, we demand

/ / dedzlm(z,2)| Y ang

for each such integral. By the Fubini theorem this guarantees that the integrals may be

Fay(z,2)] < o0 (3.21)

swapped with the series, and in this way both our requirements will be satisfied.

We will demand and analyse the above for each piece of the functional action separately.
For each of these the non-trivial constraint arises from examining the behaviour of the
integrand near the boundary of integration, where we approach OPE, Regge or lightcone
limits. As previously mentioned, the behaviour of the infinite sum may be different from
that of each individual term. In each case we will be able to relate the infinite series above
to an associated correlation function G(z, z), which will make the behaviour in these limits
more transparent, with

G(z,2) =) Gauz2) G(2,2) =G(1—2,1=2) & > anFae(z218) = 0. (3.22)

A
Al (22)%¢ AL

To establish finiteness we must probe the boundary of the integration region by scaling
z and Z in all possible ways. Intuitively, the worry is that the integral may be dominated
by regions where both z and Zz approach the boundary but not necessarily at the same
rate. To make this more concrete, consider K(z,z) = K(Z, z) a positive analytic function
on z,z € (1,00). Consider its integral,

/loodz/loodle(z,z) :2/100dz/12dle(z,z). (3.23)

We would like to determine appropriate asymptotic conditions on this function to ensure
convergence. If we parametrize z = A, Z = A%, the integral becomes

00 1
2/ dA/ dalog(A)A“KC(A, A®) (3.24)
1 0
Let us demand that:

K(AAY) = OA 1) forall ac]0,1], (3.25)

A—oo

for some € > 0. This implies that for any « € [0, 1] we can bound

o C
for sufficiently large C' independent of o, A. Hence:
o0 1 N N 0 qA
2 1 dA ; dalog(A)AK(A,AY) <2C A log(A) < co. (3.27)
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In appendix B we apply this logic to obtain constraints on the kernels f,e,g and g (e
is redundant). The results can be summarized as follows:

3.28
O (AHI=80)=€) g =2, a€[0,1], Ay >0 (329

O (

O (Ae=2e=¢) = d>2, a€0,1), Ay > %2

O (A28e7e) | d>2,a=1, Ay<d—2
O (A972867¢) | d>2,a=1, Ayz>d-2

These constraints concern the limit of large positive A, and must hold for each « € [0, 1]
for some € > 0. In each case z,Z should be chosen such that each kernel is evaluated on
its respective integration contour.

The peculiar form of the constraints on ¢ follows from the properties of correlators in
the double lightcone limit. More precisely, they rely to some extent on certain assumptions
about this limit, which could turn out in practice to be overly restrictive. To better
understand this, we will now study this limit in some detail.

3.3.1 The double lightcone limit

In order to understand the constraints on the functional kernels, we must understand the
behaviour of the correlator G(z,Zz) in various limits. As we will see in appendix B, all
such limits can be simply understood in terms of the OPE in various channels, with the
exception of the double lightcone limit, which will be our focus here. This limit is defined by

lim G(1— Aam’ iz Ly, a € [0,1], (3.29)

A—oo

and we will have to study separately the cases « < 1 and a = 1.
Let us then set o < 1 such that the limit corresponds to z < z. We can use the small
Z expansion of conformal blocks (3.4) to obtain

_710(®)

91-2%2) ~ e % C00Any(0)yre,0 2 2 0 GTOTMJH(l —z[Ag). (3.30)

sLy

The sum runs over those operators in the OPE with lowest twist 79(¢) for each spin. If d > 2
the lowest twist operator is always the identity. Hence in the limit above we simply obtain

1
1—2z2.z ~ — f 2. 3.31
G(1—2z2) e FAY or d> ( )

For d = 2 there are an infinite number of possible twist zero operators which in general
must be summed over,

G -22) ~_ 2A¢ ZaMGe 1—2z[Ag). (3.32)
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Each term in the sum diverges logarithmically for small z, but the full sum could have a
stronger divergence. The limit is controlled by the tail of the sum over spins, and we have
used that co = (1 + o) for d = 2.

To say something about the small z behaviour of the sum we would need to be able
to bound the OPE coefficients ay for large ¢. The (suboptimal) d = 1 bounds on OPE
coefficients of SL(2,RR) blocks [22] tell us that ay, is bounded by the 1d generalized free
OPE density a§" given in (2.6). From this it follows that

D areGe(l—z|Ay) = O(z%%). (3.33)
¢

However, this is likely too weak a bound. For d = 2 we can think of the presence of
infinite twist zero operators as signalling the existence of a chiral algebra. In this context,
understanding the limit above amounts to studying the ¢-channel OPE limit of the s-
channel chiral algebra identity block.” Recently this has been studied for the simplest case
of the Virasoro algebra in [11, 40], when ¢ > 1. Equations 2.27 and 2.29 of that reference
are compatible with the stronger result

D acGe(l—z|Ag) = O(z~%%). (3.34)
¢

sz
When ¢ < 1 the s-channel identity block can be written as a finite linear combination of
t-channel blocks, leading to the same result. This bound is also compatible with the double
lightcone behaviour of the ¢ = 1 vertex operator correlator, which contains a piece of the
form [2Z(1—z)(1 —2)]~?¢. We will henceforth assume the above is correct for any 2d CFT.

Now let us consider the case where @ = 1. The reason why this is more subtle is that
terms in the block expansion that are naively suppressed in z for having higher twist, can
be reinforced by the divergence at z — 0 arising from the infinite sum over spin. The
simplest example of this phenomenon occurs in the GFF correlator,

1
+ :
(1—2)Rez8  28¢(1 — z)2

Gl—2z,2)=1+ (3.35)
When we take Z < z < 1 above (i.e. @ < 1), a single term dominates, which can be thought
of as the contribution of the identity in one channel. By symmetry the same is true when
z € z < 1. However, for z,z < 1 with z/z fixed (o = 1), two terms contribute. The extra
contribution comes from summing over an infinite number of blocks of twist 7 = 2A4:

1 1 1
o va E% 0,002 4+0,6G A, +e(1 — 2) ~ 2, T 5, (3.36)

G(1—2,2)

The infinite sum thus reproduces the identity of the cross-channel, and both terms are of
the same order. Note that this is consistent with crossing symmetry here, which implies
invariance under z <> Z. In fact because of crossing, as long as the identity contribution
dominates, the result above must hold for any CFT correlation function. However, the

"We thank Scott Collier for discussions regarding these points.
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limit may be dominated by a different set of operators with higher twist. For instance we

can have )

_T0_
z:%... €0,00ro+2¢,4% 2 A¢G%0+e(1 —2) 25050 I (3.37)
This is indeed dominant over the identity contribution if 79 < Ay. Together with the uni-
tarity bound, this implies that there is a window d — 2 < 7 < Ay where this behaviour is
available. As we have mentioned above, for d = 2 we have twist zero operators and this be-
haviour is indeed observed. In particular this corroborates our previous assumption (3.34).
But what about d > 27 We are not aware of any examples where terms such as the above
dominate over the identity. Going back to the GFF theory, if we consider correlators of
composite operators ¢” we can indeed find terms like the one above, but they are always
comparable to the identity contribution:

9(1=27) vzl kz—:_o (1=k/n) A¢zkA¢/n (3.38)

for some coefficients ¢;, = ¢, and where we have still used Ay for the dimension of ¢".
In particular for even n the term ¢, /, takes the above form, but 7o = Ag.
Let us set z = 1/A% z = 1/A. Then we can summarize the d = 2 results by:

G1— L by = oA (F)Re) d=2, Asy>0, ac|0,1]. (3.39)

A—oo
As for d > 2, the worse possible divergence corresponds to:

d—2

g(l_l\laai)A_:)OOO(AAqs)? d>2’ A¢>?’ OéG[O,l),
G1= 32,3, OU™), d>2, Ay<d-2, a=1, (3.40)
g(l_A%’%) A—:>oo O(A2A¢+2_d)v d>2, A¢Zd_2’ a=1.

If we postulate however that the behaviour can be no worse than that of generalized free
fields, we would instead have continuity in «:

g(l_A%7%) Ajoo O(AA¢)7 d>2, Aqﬁ > ?, a € [0, 1] (341)
We have no way of checking this postulate. If it is false and we allow for a behaviour such
as (3.37), in general this means that the double lightcone limit is very different according to
whether we approach it with z, Z of the same order or not. Alternatively, if the postulate
is true and general CFT correlators always fall into the “GFF class”, then the identity
contribution is never subdominant. In this case the double lightcone limit still presents a
certain discontinuity, but not by a parametrically large factor. Just as for d = 2, in order
to more precisely determine what happens we would need to determine a bound on OPE
coefficients at large spin and finite twist.
For the purposes of this paper this is somewhat irrelevant, as we will propose function-
als which either act on the d = 2 crossing equation or for which § = 0 anyway. While for
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aesthetic reasons we believe the GFF like constraint is most likely the correct one, we have
chosen to present the strongest possible constraints in equation (3.28), with the caveat that
this might be too restrictive. It would obviously be important to settle this question in
the future.

4 HPPS functionals

In this section we will introduce a simple set of functionals suitable for bootstrapping
generalized free fields and perturbations around them with finite support in spin. In a
sense they provide a functional perspective on the seminal work [33], hereby referred to as
HPPS. For pedagogical reasons, we find it is better to discuss here the functionals on their
own terms without making reference to the HPPS procedure, but the connection between
the two approaches is clarified in appendix D.

Our motivation is to construct a basis of functionals which is dual to generalized free
fields, much as was possible to do in d = 1. Such a basis should allow us not only to
bootstrap the generalized free field solution itself but also small deformations around it.
Ideally, we would like to obtain functionals o, s, 85,7 satisfying

am,J(An,Zv E) = 5m,n5J,27 aAam,J(An,Ka E) =0

(4.1)
B, (Ap e, ) =0, OABm, 1 (Dn g ) = Ommdie

Such functionals can be applied to crossing equations arising from deformations of gener-
alized free fields,

S o F a5 2106) + a0 08 F i, i(5,1189)| = S(22), (42)
n=0 ¢=0

(where S(z,z) parametrizes the deformation), to read off the various coefficients in the
perturbation uniquely. We will not be able to obtain such functionals, and as we discuss
in section 6, it’s not even clear to us that the above even is achievable.® Nevertheless, let
us try to emulate this structure and see how far we can go.

4.1 Ansatz

The duality conditions above imply that the functionals are such that the associated func-
tional actions will have double zeros on the spectrum of the generalized free field solution,
so this is what we should aim for. As we’ve seen in section 2 (and appendix A), obtaining
such functionals in d = 1 is not at all a trivial task. A nice surprise is that in general
dimension, it is quite easy to get functionals which (almost) behave in the correct way.
The reason is that even in d = 1 it is simple to obtain functionals with first order zeros. In
higher dimensions we can simply take a product of these to obtain the desired double zero
structure.

8In general, we expect as for bosonic functionals in d = 1 cf. equation (2.11), that there should be small
modifiations to the duality conditions, but this is not the problem.
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Starting from the functional action (3.14), we set hy_ =0 and choose hi 4 (z,z) = h(z,z)
to be a meromorphic function with possible poles at z,Z=0,1. This immediately gives
g=g=e=€eé=0and f(z,2) =h(z,2)—h(l—2z,1—Z). In this case our ansatz can be written
simply as:

w(A,f) — h(z,2)F, Z|A 4.

/27rz/ 21 (2,2)Fae(z 2180) (43)

The boundedness conditions at infinity discussed in section 3.3, together with meromor-

phicity, demand h(z, z) ~ 1 /z%. In particular this allows us to deform the contours of
Famde.el

integration to get

w0, = [ hen) - b - 21 -2 LI [G“(A)] L@

T (22)

as long as possible singularities at z, Z = 0 are integrable, as we’ll discuss below. We now
use that for even /£:

GA%(Z,E) .2 ™ GA,Z(Zila gil) _
IZIg |:(ZZ)A¢ = Sin [5 (A — 2A¢)i| A z < 0, z < 0 (45)

After a change of variables z — _*5 we find

(AL 0) = sin? [3 (A — 2Ay)]

[0(A1A,) = n(A]A)] (4.6)

with

(480 = [ TZh () (Wﬁ Gl

0 2222 2Z

dedz (1—2)(1—2)\2? @7
O (AN, = | —Zp (4 L) (—= 2 5.
(A, ¢) /00 2252h(1z’1z)< 23 > GA,K(Z’Z)

This shows that quite generally the functionals will indeed have double zeros when eval-
uated on the generalized free spectrum, as desired. In fact this is not exactly so, since
these expressions might diverge for sufficiently small values of A due to singularities near
z,zZ = 0,1. The more precise statement is that the functionals will have finite support on
the GFF spectrum.

4.2 General properties

There are two sets of functionals we are interested in:

1 1
Opygq h(z,z) = 5 [WW + (2 < 2)] )
(4.8)
1 1
EYE h(z, z) = 5 [M—z)‘ﬁz + (2 & z)} .

We are being slightly inconsistent in notation here, since these functionals will not have
as simple duality properties as those in (4.1). Nevertheless, they do share some of those
properties, so we ask for the reader’s indulgence.
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We wrote the powers in a funny way because of the constraints of section 3.3. These
imply that for large z, Z we must take p,q € N>¢. Depending on p, g, the integrals (4.7)
can have divergences as a function of A, ¢, arising from the integration regions where z or z
approach zero. These divergences can then cancel partially or completely the double zeros
coming from the sine squared prefactor in (4.6).

A simple way to understand the precise structure of zeros is to go back to the original

functional representation (4.3), which is always valid and finite. Let us consider the a4
functionals for definiteness. Then we have

dzdz Gay(z,z|Ay) _/ dzdz Gaelz,2|1Ay) (4.9)
r

Al =
a2 0) /m @r)? RN Jrgr @miP (1 2)P0(1 - 2P

To obtain representation (4.6) we want to close both z and Z contours on the left. This is
possible as long as the singularities near z, Z = 0 are integrable. Since the conformal blocks
have an expansion for small z of the form (3.4) we see that this is possible only if

T > 2A4 + 2+ 2max{p, q} . (4.10)

Below this point the double zeros will generically become simple zeros. To determine the
finite support of the functionals on the GFF spectrum, A, o = 2A4 4 2n + £, one simply
notes that in this case the blocks have no discontinuity for z,zZ < 0, and hence closing
the contours on the left merely computes the residues at z,z = 0. These residues will be
non-zero if:

0<n<N, N =1+ min{p,
{p,q} (4.11)
0<l<J+2(N-n), J=|p—ql.
Note that this residue computation also easily determines the functional action at these
points.

The analysis of the /3, , functionals is very similar. In that case, it is easy to see that
one can never find a simultaneous non-vanishing residue in both z,z when acting on the
GFF spectrum, and hence these functionals are zero on the entire GFF spectrum. However,
since single residues are still available the functional action will have double zeros on the
spectrum only if (4.10) holds.

To summarize: when acting on GFF operators, the 3, , are zero everywhere, whereas
the a4 have finite support in twist and spin, depending on p,q. However, when these
functionals act on derivatives of crossing vectors of the GFF spectrum, then both a,
and 3,4 have finite support in twist, but not in spin. In this way, we see that those
equations in (4.1) involving derivatives of functional actions can never be satisfied, at least
not by taking any finite linear combination of oy, and 3,,. The conclusion is that these
functionals, in spite of their nice properties, do not give us exactly what we were looking
for. Nevertheless, as we shall see in the following subsections, they still have their uses.
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4.3 Bootstrapping GFFs and completeness

From the discussion above, we see that the oy, ; functionals can be used to bootstrap the
generalized free field solution. We write the crossing equation

oo
Foo(z,2)+ Y > a,,Fa, (2,2 =0 (4.12)

n=0/¢=0,2,...
and let us imagine we did not know the solution for a, ¢ given by (3.10). To determine the
a, ¢ we act on this equation with the ayp g, where we can take ¢ > p. Since the functional
actions have finite support on the full GFF spectrum, this always leads to equations which
involve a finite number of unknown OPE coefficients, namely those allowed by the finite
support conditions (4.11).

These equations can be solved systematically as follows. Let us fix p. Then equations
with ¢ = p + 2k and ¢ = p + 2k 4+ 1 for non-negative integer k will involve the same set
of OPE coefficients, whereas for ¢ = p + 2k + 2 two new coefficients make an appearance.
Hence the growth in the number of unknowns matches that of the constraints, but we
must check initial conditions. On the one hand, the (p,q) = (0,0) equation gives a relation
between not two, but three distinct OPE coefficients, a, o, ag g and ag 5. Overall, equations
of the form (0, q) leave then one undetermined coefficient which we can choose to be ay .
On the other hand, once all equations with fixed p have been solved, equations (p+1,p+1)
and (p+1,p+2) only involve one new unknown (namely g, 12)- So it may even seem that
we have an overconstrained system, but of course we know a solution exists. The question
then is only whether a ; eventually becomes fixed to its GFF value or not. While this may
seem like a small point, it is important since it determines whether the p, g-functional basis
is complete or not, i.e. whether it fully captures the constraints of crossing symmetry.

In general, we have not been able to answer this question definitively. To the extent that
we were able to investigate, (by writing down and solving equations up to some maximum
p,q) we do find that ag o is never fixed.” We can gain further insight into this question by
examining in detail a special case. Let us set d = 2 and Ay = 1. In this case, there is
a solution to crossing whose spectrum partially overlaps with the GFF spectrum, namely
the (geee) correlator in the 2d Ising model. As reviewed in section 5.2, this correlator is
obtained by taking a (chiral) product of two 1d generalized free fermions, and contains the

operator content
A=2A4+2+4n+4L, £=0,2,..., n € N>,
¢ =0 (4.13)
A=Y, £=0,2,...

with A, = 1. We now point out that, as is easy to check, the action of oy, 4 on the conserved
currents with A = ¢ with £ # 0, vanishes for this value of A;. Hence, from the point of
view of these functionals, we could modify the crossing equation to:

[ee) [ee]
Foo(z.2)+ > acFre(z.2)+ Y Y a,0Fa,,0(2,2) =0 (4.14)

0=24,... n=0/=0,2,...

9 Although interestingly, in some cases we do find that changing this coefficient sufficiently far away from
the GFF value can make some other OPE coefficients become negative, violating unitarity.
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It follows then that ago must not be fixed by the «a,, equations, since both the GFF
and Ising correlators satisfy this equation with different values of ag. In particular, the
Ising correlator corresponds to setting agop = 0, and we have checked that in that case the
ap,q equations precisely reproduce the correct OPE coefficients of the Ising solution. For
instance we find that the equations set ag ¢ o< ago for all integer k.

But what of the conserved currents? How can then these be determined? Although
the action of the oy, , functionals on these is vanishing, this is not the case for the 3, ,.
Since these functionals annihilate the GFF spectrum, the 3, , equations take the form

Y aBpg(tit) =0, (4.15)
0=24,...

where

E 1 Gy(z)
r 2mi 22tP 2

ﬁp,q(gaf) = % [

In particular one can check that £,,(¢,¢) = 0 for £ > 2 + max{p, ¢}, and hence it is

—(pea)| - (4.16)

straightforward to solve for the OPE coeflicients systematically. In fact, the solution to
the full set of equations is obtained by setting

4T(0)?
ree—1)’

free

ag o< 2a;(a =1 = (4.17)

since:

1 dz 1 oo Go(2)
> abt0xs | [sram | X a ) —eeq
(=24... (=24,... (4.18)

1 dz 1 1
2 [/F 27g 24P <1—z ) (qu)] 0

These results are consistent with the OPE coefficients of the conserved currents for the Ising

correlator as they should be, with the exact results obtained by setting the proportionality
constant in (4.17) equal to one, cf. equation (5.23). Again, this proportionality constant
could not have been fixed by the 3, , equations, since after all the GFF solution exists and
there this constant is zero.

The conclusion then seems to be that as far as the p, g functionals are concerned, there
are two undetermined degrees of freedom in this case, which we can take to be ago and
ap—s. At this point, either we are missing a new solution to crossing, or the p, q basis of
functionals is not complete, in that it does not fully capture the constraints of crossing.
As it turns out, it is this latter possibility that is correct. To see this is the case, we shall
explicitly introduce a new functional which will fix the relation between ag ¢ and a;—2. This
functional can be chosen from the set of d = 1 functionals:

0 [F] = /F 1oz A= /F 1z (419

2mi 22N 2mi (1 — z)2tn
As usual we have in mind acting on the higher dimensional crossing equation by restricting
it to the line z = z. Acting with 6y on the crossing equation (4.14) gives:

ap,0 + ag=2 = 2. (4.20)
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In particular this gives the correct result for the GFF (ay=2 = 0) and Ising (agp = 0). At
this point we have fixed all possible OPE coefficients, and one can check that the conditions
obtained by acting with other 6,, are also satisfied.

To summarize, in the special case d = 2 and Ay = 1 we can prove definitively that
the p, ¢ functionals cannot fix ag o, and that this is a direct consequence of the existence
of the Ising solution. The p,q functionals correctly bootstrap these solutions up to two
undetermined coefficients. For more general d and Ay, we have checked to high orders in
D, q that the a4, 8y 4 functionals do not determine ag . On the other hand, one can easily
check that for any d and Ay the 6y equation does correctly determine agp = 2. The 0
functionals should be thought of as infinite sums of p, ¢ functionals since we can think of

them as including a factor Z%

= over which we take a residue, a statement which will be
made more rigorous in section C.

Overall these results strongly suggest that the p, ¢ functionals do not form a complete
basis, in the sense that they do not fully capture the constraints of crossing symmetry. To
complete the basis requires adding at least one extra functional, which we have chosen to
be 6y. Whether this, or even including the full set of 6, is enough to obtain a complete

basis of functionals, remains to be understood.

4.4 Bootstrapping contact interactions

We will now show how the HPPS functionals may be used to bootstrap contact interactions
of scalar field in AdS space. It is not our goal to repeat the analysis of [33], but rather to
show how it can be recovered with our language of functionals.

The correlation functions we are interested in here arise from considering scalar fields in
AdS space perturbed by four point contact interactions, which may have various numbers

/ o1, /(v<1>-vq>)2, (4.21)
AdS AdS

In the presence of such interactions, the generalized free field correlator gets perturbative

of derivatives, viz.

corrections which may be written as

oo L
Z Z [ A, g z E‘A(b) + aff[)/n,ﬁaAGAn’[,é(Z, §|A¢) (4.22)
n=0 =0

We can act with functionals on the crossing equation for this correlator, which will lead

1)

to equations on the unknown parameters a, , and 7y, ¢, which correct OPE coefficients and
scaling dimensions respectively. It will be important for us below to note that if 2k is the
number of derivatives then'?

Yne = O(n*+373) (4.23)

T n—oo
Unlike the computations in the previous subsection, the crossing equation now involves
derivatives of blocks evaluated on the generalized free spectrum. As we pointed out before,
when functionals act on these they have finite support in the twist 7 ~ n but not in the
spin £. So it would seem that acting with functionals would lead to equations involving

10T his follows e.g. from thinking about the flat space limit of the amplitude [41].
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infinite numbers of variables which would be too difficult to solve. What saves the day is
that for contact interactions such as the ones above, the sum over operators only involves
those up to a fixed spin L, which depends on the number of derivatives of the contact
interaction. Hence, for this special set of deformations, we still obtain equations in a finite
number of variables which we can then hope to solve for.

An important point is that G(Y) (z, Z) is not an ordinary crossing symmetric correlator,
both because of the fact that it involves derivative of conformal blocks, as well as the fact
that the signs of the coefficients above are not a priori positive. This means that in principle
the behaviour of this function as we take various limits in z, Z does not have to be, and in
general is not, the same as an ordinary four-point function. Hence the assumptions that
led to the constraints on the functional kernels in section 3.3 are in general not applicable.
In particular, for the HPPS functionals we are considering here, the integers p, ¢ will be
constrained differently depending on the specific contact interaction we are considering.

To make these two points clear, we will shortly see that in the case of the ¢* interaction
with no derivatives we can apply 5_10 to the crossing equation (notice p < 0, which is
disallowed for ordinary correlation functions). This leads to the equation:

d(d —4A4)Ag

_ _ 4.24
O = 90 2A,)(d— 2 — 2A,) 1°° (424)

This matches the results for the ¢* interaction deduced in [33] for d = 2,4. It is straight-
forward to apply other functionals and reconstruct the data of the contact interactions in
this way, and we have done this in a number of cases. However, since the main focus of
this work is understanding the general structure of functionals we will not do this here, but
instead describe how the functional kernels must be constrained depending on the contact
terms we consider.

4.4.1 Constraints on kernels

We can write the functional action as

/ dz / AZ G A F (2 + f(e1 — B F (51— 2)] (4.25)
I T

+ 2mi Jp+ 2w

As usual we must ask whether the action of the functional commutes with infinite sums
of crossing symmetric vectors. One condition for this is that the action on the correlator
GW(z, 2) should be finite. We start from the observation that

GW(z,z) = e ﬁ(ll))(z(:l; Z_Zi;Aqb + imsgn [Imz] HW (2, %), Imz x Imz >0
g(l)(z Z) = g(l)(zil’ 251) Imz x Imz <0 -
’ (z—1)2¢(z —1)R¢’
with L
HD(2,2) =Y a2y GA"’Z(’i(Zz)Ald)’ =1 : (4.27)
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As in section 3.3, we send z, Z to infinity at different rates (z ~ A%,z ~ A). Consider first
finiteness when acting on the GV piece. We use crossing to find

g(l)(zfl’ Zil) o g(l)(liz’ lif) -
(z—=1)2¢(z =12 (2 —1)2(2 —1)2¢ Asoo

O(A~2s(1F0)y (4.28)

which follows from the OPE expansion of G(!). Hence, we must surely require
F(A%2, AZ) = O(ABe~DOFa)=e) for some € >0 (4.29)
A—o0

Notice that as long as Ay > 0 this is weaker than for an ordinary four point function
(cf. (3.28)), and can be traced back to the absence of an identity operator for the contact
term. Roughly speaking this demands that near infinity we have f(z,2) ~ (2z)2¢~17¢
Let us turn to H(M (2, 2). In this case we cannot use crossing to determine the behaviour
at infinity, so we’ll have to do a direct computation. We will do our analysis in d = 2 for
simplicity, although the results will be d independent. This is because as functions, the
contact term correlators G(z, z)are independent of d > 1. Using the known form of the

OPE coefficients together with (4.23) we find
(0) F(2A¢ + 2n) F(2A¢ +2n + 20) O (niBet2k-3
= 4.30
Tt I'(Ag+n)? LAy +n+ 0)?2  n—oo (n ) ( )
On the other hand, zooming on the limit where 2,z — co with n/y/z,n/v/Z both kept
fixed, we have [42]
a ( P 3 ) F(2A¢ —+ 2n) F(2A¢ + 2n + 25)
Ap 0\ 2770 =1 T(Ag+n)2 T(Ag+n+0)?

a

Ko(n/v/z)Ko(n/VZ) (4.31)

and hence
HWO(z,2) ~ 27Rezf / dnn*®e 3K (n/v/2) Ko(n/VZ)
sEee (4.32)
A
~ 2R (i) ¢ 2F1(2A¢ +k—1,204 +k— 1,404 + 2k - 2,1 — z/Z).
Z
We conclude that finiteness of the functional action requires:
F(AYz, AZ) = O(A™I-ohFAs(I—a)=e) (4.33)

It is not hard to see using the kind of arguments of section 3.3 that these constraints
are also sufficient for the swapping condition to hold. This constraint is in general stronger
than that of (4.29), namely for £ > 0 or k = 0 and A, > 1/2. The key point to retain
here is that as we increase the number of derivatives in the contact term, we must ask for
softer behaviour of the functional kernels at large z,z. As we do this, some functionals

become disallowed, which means less functional equations, and therefore less constraints
(1)

n,l
correspond to the contact terms we are trying to bootstrap.

on the coefficients a, , and 7, ¢. This allows for more solutions, solutions which precisely

As an example, when £ = 0 and Ay = 1 we can use functionals with p,q > —1, but
when k£ = 2 we must set p > —1 and ¢ > 1 or p,q > 0. This means that in the latter we
lose those functional equations obtained by acting with functionals with (p,q) = (=1, —1)
and (p,q) = (—1,0). We have checked that this leads to one extra solution which precisely
corresponds to the contact term with k& = 2.
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5 d = 2 product functionals

In this section we will study a class of functionals which act on the d = 2 crossing equation.
The form of these functionals follows from the factorized structure of the d = 2 conformal
blocks. Indeed, these are essentially the product of two copies of the d = 1 conformal
blocks (2.2), one for each cross-ratio z,z. This suggests then acting on each factor inde-
pendently with a d = 1 functional. In the next subsection we give more details on these
product functionals and their action on the crossing equation. In particular we focus on
the case where both factors in the product functionals belong to the d = 1 bases discussed
in section 2 and appendix A, which are dual to generalized free fields. In subsection 5.2 we
show that the resulting set of functionals bootstraps a simple set of correlation functions
in d = 2, which includes the energy correlator for the 2d Ising model. In subsections 5.3
and 5.4 we show how these functionals can be used to obtain analytic and numeric bounds
on 2d CFT data.

5.1 Functional form and basis decomposition

We begin by introducing convenient notation:

kh(z‘A(b) = Zg_Ad) 2F1 (hvhaha Z) )
2°2

Fr(z[Ag) == kn(2|Ag) — kn(1 — 2[Ag),

kh(Z|A¢) + kp(1— Z’Aqg)

=
=
>
<
Il

Note that in terms of the 1d notation of section 2 we have

(215),  Fu(zldg) = F_(2152), Ha(:l0¢) = F, x(41%).  (5.2)

’ 2

kh(Z|A¢) =G

[Ny

For convenience we will also define Fy, = OAF_ A|a—p/2 and similarly for 0Hp,.
In two dimensions the conformal blocks take on a factorized form:

Gaslz2) = % br(h(2) + (20 2)] . T=A—f, p=A+l.  (53)

Accordingly the crossing vectors become:

[Fr(2l80) Hp(21Ag) + Fy(2|Ag) Hr(2|Ag) + (2 <> 2)]  (5:4)

AN

FA,E(Za 2|A¢) =

In section 2 we have seen that in d = 1 there are functional bases which act nicely on
Fj,, Hy,. Hence it is natural to take a tensor product of those functionals acting separately
on each such factor in the equation above. This can be achieved by defining functionals
w_ ® wy which act as follows:

dzdz
2

(W ®ws)(A,f) =2 /

o h—(2)hs(2) [LI:Fap(2,2) + TL:Fap(z,1 — 2)] (5.5)

with AL being d = 1 functional kernels. The functional form was chosen without loss of
generality such that we symmetrize under z <+ 1 — z before acting with the functionals.
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The above is a d = 2 functional which in the notation of section 3 corresponds to setting

hit(2,2) = h—(2)h4(2) + h—(2)h4(2)

_ _ _ (5.6)
hy(2,2) = hy(2)h-(1 - 2) = h(2)hy (1 - 2),
or in terms of representation (3.16):
flz,2) /7% = = [f-(2) f+(2) + f- () f4(2)] ,
e(z,2)/m* = &(z,2)/m* = —ilg—(2) f+(2) + g+ (2) f-(2)] ,
o ~ - (5.7)
9(z,2)/m" = 9-(2)9+(2) + 9-(2)9+(2) ,
9(z2,2) /7% = g_(2)g+(2) = 9-(2)g+ (),

where the single variable fi, g4 are determined in terms of hi(z), as explained in ap-
pendix A.1.'' Note that for the moment the above are true for any choice of d = 1
functionals, whether they belong to GFF-dual bases or not.

In order for the above to be valid d = 2 functionals, we must ensure that the constraints
determined in section 3.3 are satisfied. This in turn implies constraints on the d = 1
functionals we can use. These constraints turn out to be the same as the constraints that
guarantee that the d = 1 functionals are consistent with the d = 1 crossing equation for
d = 1 correlators. These are determined as in the higher dimensional case by demanding
that the action of the functional commutes with infinite sums of crossing vectors.'> They
demand [24]:13

f(z) = 0@
o) = Ol(1— )21+, o
z—1
Assuming these it is easy to see that the constraints on f, g, e, € summarized in (3.28) also
hold, and in fact they do so in the tightest sense possible, meaning that the e factors in
those equations and in the above turn out proportional to each other.

In this way any well-defined d = 1 functionals induce well-defined tensor product
functionals in d = 2, and acting with these functionals on the crossing equation leads to a
valid functional bootstrap equation:

gau (- ®@wy) (A 4Ag) =0. (5.9)

The functional action itself reduces to a product of d = 1 actions. Given (5.2) it will be
convenient throughout this section to redefine the d = 1 functional actions as

w <Z'A2¢> — w(h|Ay) . (5.10)

' A small technicality is that it is assumed that, where they appear in equations (5.7), the fi+ should be
evaluated with their argument on the upper half-plane; otherwise they should be multiplied by an extra
minus sign).

1276 be precise there are many kinds of such sums, but here we have in mind those which are associated
to crossing symmetry of an ordinary, unitary 1d correlation function of identical operators.

3In the constraint on g(z) we have taken Ag — A, /2, consistently with (5.2).
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Keeping this is mind, the functional action of a tensor product functional w_ ® w4 is
given by:

L o (rl A (pIAg) +w_ (1A ) (r]A) (5.11)

(w-®wi)(A,lAy) = 3

We can choose any 1d functionals we wish as long as they are consistent with the 1d
crossing equation. As an example, we could use the 6, 6 functionals introduced in (4.19). In
that case it is easy to see that the tensor product functionals are simply the d = 2 HPPS
functionals of the previous section. Instead, here we are interested in using the d = 1
functionals reviewed in section 2 and appendix A, namely o, 5+. For definiteness we will
focus on the fermionic bases here and for convenience change notation as w’ n —w,. We
will denote schematically the four different kinds of functionals as

w, ® W;L — Oy m, aﬁn,ma Ban,rm /B/Bn,m . (5'12)

Notice that in this notation the first functional in the product is always of the — type. The
tensor product functional actions take the schematic form

W (A, £) = sin? [g(f - hn)} sin? E(p - hm)} Rum(T,p) + (p & 7) . (5.13)

Here the h, are determined by the 1d generalized free fermion operator dimensions and
given by h,, = 2A4+2+4n. We see that the functionals have generically quadruply spaced
fourth-order zeros for even spins ¢ = 2(n —m) and A = 2A, + 2 + 4m + ¢ (setting n > m
without loss of generality).

Recall that the 1d functionals provide basis decompositions of the form (2.13)

“+o00

Hy(2) = Y [ (h)Hp,, (2) + B (h)OHy,, (2)] (5.14a)

m=0
+oo

Fu(2) =Y [am(h)Fh,, (2) + Bn(R)OF),, (2)] - (5.14b)

m=0

Plugging in these expressions into the 2d crossing vector (5.4) we obtain:

Faslz.?) i > { len ot () + an(af ()] Fi ()i (2
m,n=0
+ (B (e (p) + By (p)a (7)) OFh, (2)Hi, (2) (5.15)
+ [ap (1B (p) + ap ()8 (7)] Fh,, (2)0Hp, (2)

#8153 (0) + BB ()] 9P, (2008, ()}
Hence, we can think of the product functionals as extracting the decomposition coeffi-

cients of the crossing vector into a basis of functions made up of products of F', H and their
derivatives. In particular the product functionals satisfy orthonormality relations which
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follow directly from those stated in (2.12). Setting A,y = 2 4+ 2A4 + 4p + ¢ we have for
instance
OéOémm(Ap’g, f) = 671,P6€,2(m—n) + 5m,p6€,2(n—m) )

5.16
OACm (A 0, 0) = 0p0t n(Ap, ) = OAOpactum n(Ap e, €) = 0. ( )

and similar ones for af, Ba and SB. It is interesting to compare these with the duality
conditions (4.1) (for functionals which, we remind the reader, we did not obtain). There
we had two sets of functionals which were associated with the GFF spectrum. The GFF
spectrum has operators spaced in steps of two. Here instead we have two times as many
functionals, but they are dual to a spectrum with operators spaced in steps of four, so in
a (ill-defined) sense, the number of degrees of freedom is still the one to be expected.

Relatedly, we may wonder whether the present basis is associated to some simple
solution to crossing, as it would be the case for generalized free fields. In d = 1 one way
to see this was to start from the basis decomposition equation (5.14b) and set h = 0. This
eliminates the derivative terms on the righthand side (since $,(0) = 0), and turns the
equation into the crossing equation for the 1d GFF correlator. In fact, even for non-zero
h the same equation expresses crossing symmetry of (crossing-symmetric sums of ) Witten
exchange diagrams in AdSs. In the present context, the situation seems to be very different.
For instance, the decomposition (5.15) does not even express the general crossing vector
FA ¢ in terms of other crossing vectors or their derivatives. In the next subsection we will
see how the basis decomposition can nevertheless sometimes be associated to a special class
of solutions to crossing, although as far as we able to determine, not in general.

To summarize, we have shown that there exists a set of product functionals which
acts on the 2d crossing equation. In fact although we have focused on taking products of
fermion x fermion in the holomorphic and antiholomorphic sectors, nothing stops us from
considering other choices, such as bosonx boson or even mixed bases fermion x boson
or boson x fermion. Acting with these functionals leads to a set of functional bootstrap
equations in 2d:

ZGA,e atm (A 0Ay) =0, ZGA,Z BBmn(A,lAs) =0,

A ALY
(5.17)

> aneBma(A A =0, > anBamn(A Ag) =0,

AL AL

which must hold for all integer m,n > 0. These equations are certainly necessary for
crossing symmetry to hold. Whether they are also sufficient is a harder question which we
will not resolve in this work. We will comment on the missing ingredients to proving this

in the discussion section.

5.2 Bootstrapping the (eeee) correlator

In the 2d Ising model, the correlator of four energy operators € takes on a simple factorized
form

G(z,z _ 1 1 1 1
<€5€8>:ﬁ, G(z,2)= <2A¢ +(1—z)A¢ —1> <ZA¢ +(1_2)A¢ —1), (5.18)

L13 Loy
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with Ay = 1. The correlator is a product of two d = 1 generalized free fermion solutions,
and is part of an infinite family of solutions to crossing with A4 an odd integer (had we
taken the product of two 1d generalized free boson solutions, we should have instead chosen
Ay even). This restriction to integer Ay arises not from the crossing equation itself, but
from demanding that only integer (even) spins appear in the conformal block decomposition
of the correlator. To see this, we begin by noting:

+oo
1 kp,, (2)
- 1= E free "n \""/ 5.19
(1 _ Z)A¢ vt ahn ZAd? ( )

where h,, = 2+ 2A4 +4n and the coefficients afree are simply related to the a’\ ¢ introduced

A¢,
afree — 21—‘ (%) F <h+22 2) (5 20)
T T(h—DT(A)? (L+2§¢+2> ' ‘

in section 2:

Using expression (5.3) for the 2d conformal blocks, the correlator becomes:

(22)29G(z, 2) = 1+22aﬁeeG”(z z)
k=0

+ E a/free freeGhn+hm ‘hn_hnl‘<z Z)
(=1400+2k im0

(5.21)
We see that the spectrum contains twist zero operators as well as operators with dimension

Amd =2+2A4 +4n + ¢, with ¢ even, n € Nxg, (5.22)

and corresponding OPE coefficients

2
fr _
prod (a2f2A¢+4n) ) =0
(g 1= Approd y = frec ) 5 93
n ’ T — —
2a559n , 4an 93520y pams £ = 20 —ml. (5.23)

are = 2a5;° 0=1+ A4+ 2k, k € N>g.

The twist zero states will only have even integer spin if Ay is an odd integer. It is inter-
esting to note that regarding the functional bootstrap equations (5.17), the constraint of
integrality of spin is somewhat artificial. The above solutions do satisfy those equations
if we allow for a moment arbitrary real spin. The upshot is that while for generic Ay the
solutions to crossing strictly speaking do not exist, the dual functional bases still do and
in fact make perfect sense, as do the set of associated bootstrap equations.

It is interesting to see how these product solutions actually solve the functional equa-
tions. We write the crossing equation as

—Foo(z,2) ZGMFM 2,Z) = Zap“’dF prod g (2,2), (5.24)

(=1+04+2k  'pg

and attempt to recover the correct OPE coefficients (5.23) using the functional equations.
To begin with we note that the action of functionals on the righthand side is particularly
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simple: the aay, 4 functionals pick out the term with ¢ = 2|p — ¢| and n = min{p, ¢} (as
follows from (5.16)), whereas all other functionals completely annihilate it. The action
of the B and B is even simpler, since they also trivially annihilate the left-hand side.
Acting first with a8 we find

=0
(=1+As+2k (5.25)

+oo
~2a, (0)8,(0) = D age [ (0)5)(20) + ag (20)5; (0)]
k=0

=0

= B;_(O) (2@2;0 — ag’g>
Z=1+A¢+2q

which agrees with (5.23) since hy = 2 4+ 2A4 + 4¢q. Here we have used the duality proper-
ties (2.12) as well as the identity action (2.15). We should thus think of the Sa functionals
as bootstrapping the twist zero Regge trajectory. Acting now with the a«a functionals fixes
the higher twist sector in terms of this low twist data:

n,l

+oo
(1+0pq) a2y = =205} (0)ag (0) = " 2aj [ (0)ary (20)+a) (20)ary (0)]
k=0 (=14+A4+2k

2 £ £ .
ree free ’ _ , , {=2|lp—aql. 5.26
1 . a,hp ahq n= mln{p q} |p q’ ( )

Sary=
A different perspective on this solution of the bootstrap equations comes from the basis
decomposition (5.15). As we’ve pointed out, and unlike the analogous equation (2.13) in
1d, this equation does not relate crossing vectors on both sides, so there is no obvious way
to recover from it something resembling a crossing-symmetry equation. This is the case for
instance if we take that decomposition and set A = ¢ = 0. However, if instead we consider
the full twist zero trajectory i.e. the left-hand side of equation (5.24) and use then (5.15),
then it does lead to the righthand side of the former equation on the nose. Indeed, this is
a completely equivalent way of bootstrapping the tensor product solution. This suggests
that basis decomposition equations might take a simpler form if we use them to express
whole Regge trajectories rather than individual operators.

5.3 Analytic and numeric dimension bounds

The functional bootstrap equations (5.17) constitute a set of sum rules that the OPE
density aa ¢ must satisfy. In this subsection and the next we explore how these can be used
derive bounds on the CF'T data, by exploiting positivity of the OPE density together with
positivity properties of the functional actions.

A typical bootstrap question is to ask whether there is an upper bound on the scaling
dimension of the first non-trivial scalar operator [1]. In the functional language we ask what
is the largest allowed Ag such that the functional bootstrap equations can still be satisfied,

w0,00+ > anow(A,0)+ D arw(A ) =0 (5.27)
A>Ap A>Y, (=24, ...

"“The difference between a3 versus SBa for instance arises because 3, (0) = 8, (2 + 24, + 4k) = 0 =
B (2 4+ 244 + 4k), but B (0) # 0.
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Figure 2. Schematic plots of the functional actions ag (k) and 3, (h) for Ay = 1. Since we only
care about their positivity properties, we have rescaled them by non-negative functions of h for
clarity. For Ay < 1 the curves look similar replacing 4,8,... by 2+ 2A4,4 +2A,, .. ..

where w can stand for any functional in the product basis. In practice we can tackle such
problems by taking w to be a finite linear combination of basis elements and demanding

w(0,0) >0, w(A,0) > 0, w(Al) > 0 £=2/4,... (5.28)
A>A A>E
which together with positivity of the aa  would contradict (5.27).

We begin by showing that simply taking w = Bag o gives an upper bound Ag <2+2A,
when Ay < 1. When A, =1 this bound is optimal as it is saturated by the (eeee) corre-
lator in the 2d Ising model which we discussed in the previous subsection. The functional
action is

Bago(A, 0) = By (T)ad (T +20) + By (T + 20)ad (1) (5.29)

In figure 2 we plot the functionals aar, B, for Ay = 1. The figure changes little for Ay < 1.
By inspection, when Ay < 1 the functional ozg is non-negative when its argument is. As
for 3, it is also definitely positive when its argument is larger than 2 + 2A,4. It follows
that the complete action is positive if 7 > 2 + 2A4 independently of spin. However to get
a valid bound conditions (5.28) tell us that we need to ensure that for ¢ > 2 the functional
action is actually positive for all 7 > 0, i.e. for all operators consistent with unitarity for
those spins.

Let us therefore examine the action (5.29) for small 7 and ¢ > 2. As 7 approaches
zero the first term vanishes, since 8, (0) = 0. The second term will be positive only if
20 > 2+ 2A4. The strongest constraint thus comes from ¢ = 2, which implies Ay < 1.
As we turn on the twist, the first term in (5.29) starts out negative (8, (7) is negative for
small enough 7), and we must check whether it does not swamp the contribution of the
second term. By inspection, we find that indeed it does not: figure 3 shows the functional
action computed numerically for several spins, which demonstrates positivity explicitly.
We conclude that the functional Bagg provides a valid upper bound 2 4 2A, for Ay < 1,
a bound which is optimal for Ay, = 1.

15More rigorously, strict positivity of the functional action on the identity demands the addition of cuevoo
with an infinitesimal coefficient.
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Bago(h,0) o /\ Al Bago(h,2)

Bago(h,4) Bago(h, 6)

h h

Figure 3. Functional actions Bago(A,¢) for various spins and Ay = 1. For £ = 0 the functional
becomes positive when A > 4. Similarly there is a first order zero at A = ¢ = 2. These imply that
for Ay =1 there must be at least one scalar operator with dimension smaller or equal to four, and
higher than ~ 1.215.

Allowing for more general linear combinations of functionals can lead to stronger
bounds, although in general one cannot obtain these analytically. Typically such bounds
are obtained by considering functionals which are linear combinations of derivatives act-
ing at particular points. Recently it has been argued that in d = 1, the functional basis
reviewed in section 2 vastly improves on the derivative basis [28]. Is this also true for
the product basis in d = 27 It seems quite likely this can be the case, since after all for
Ay = 1 we get an exact optimal bound on the nose with a single functional component.
As a cursory exploration of this question, we consider a simple basis of functionals made
up of aaggy, afog, Bago and BByy. We have seen that Sagg alone already determines a valid
bound Ag < 2 + 2A4 for Ay < 1. In figure 4 we show the best upper bound obtainable
with this larger set of functionals in the same region. We see that for the same number of
components the functional basis compares favorably with the derivative basis for Ay 2 1/8
but eventually gives worse results for small enough Ay. In fact, for Ay 2 1/8 the results
obtained with the functionals are in fact comparable with a derivative bound using a much
greater number of components. Of course, independently of the number of derivatives, the
functional basis is bound!'® to do better as we approach Ay = 1. The fact that the bounds
are so close to those of the derivative basis even with so few components also strongly sug-
gests that the functional basis is complete (since the derivative basis certainly is). Overall
we find these results promising, although further work is necessary, in particular to deter-
mine how the numerical bounds converge as the size of the functional bases increase.

No pun intended!
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0.0 0.2 0.4 0.6 0.8 1.0
Ay

Figure 4. Scaling dimension bound. The thick red curve is the best bound with a basis of
functionals aagg, aBgo, Bago and SBgg. The blue dashed curves represent bounds obtained with
the ordinary derivative basis, with 4 and 21 components. The crosses at (1/8,1) and (1,4) indicate
the 2d Ising (cooo) and (eeee) correlators and the one at (1/2,2) the ¢ — 1 limit of minimal model’s
¢1,2 correlator. These are all points which we expect will saturate an optimal dimension bound.

5.4 Upper bound on the OPE density

We will now show that the tensor product functionals lead to an upper bound on the OPE
density. The discussion mimics the one for the d = 1 case [22]. The idea is to consider
the aap, functionals, or rather small modifications of these. These functionals have a
small negative region at small twist and a positive bump centered around Af:%d with n,
¢ fixed in terms of p,q. The corresponding functional bootstrap equation then bounds
contributions from the OPE density in the bump in terms of that in the negative region at
small twist. In the large p, ¢ limit contributions from the negative region are suppressed for
all operators except the identity, whose OPE coefficient is trivially known, and we obtain
a simple bound.
We begin by introducing a small modification of the o functionals:

&t =of 4t (5.30)

The coefficients ¢t are chosen such that the corresponding kernels fdﬂg (defined in ap-

pendix A) have softer behaviour at large z,

& 2500 )
PR— (5.31)

as compared to z73 and 272 fall-offs respectively. Equivalently, these particular func-
+

> (h) which have softer behaviour

tional combinations correspond to functional actions &
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for large h.'” The point of this definition is that it leads to the following properties:

for all T2>0,

0
(5.32)
(1)>0 forall 72> 719(Ay).

In particular, in the above we can choose 7y independent of m. Furthermore, we find
T < 2A4 in all cases we've checked.
We set n > m. Acting with the functional &, ® &, on the crossing equation we obtain

the exact sum rule:

Y ane [Gn (1) & (p) + dr(p) 5 ()] = 0. (5.33)
AL

The &y, (h) have bumps centered around h = hy, = 2 + 2A4 + 4m. Using the positivity
properties mentioned above, the sum rule implies

Y. (LH0e0)ansdn (Mg (p) < = Y ane [ (1)a) (o) + g (p)dt (7))
|a—aPel|<2, 0<7<m,

=0,2,...
{=2(n—m) £=0.2,

(5.34)

This places an upper bound on the OPE density for spin ¢ = 2(n — m), inside the bin in
A space centered around A;rl‘jg =2+ 2A4+ 2m + £. The bound is determined in terms of
the contributions of small twist operators. Note that we can guarantee optimality of the
bound for A, an odd integer, since in this case the tensor product solutions of section 5.2
saturate the above inequality for all m,n.

The bound takes a simpler form when we consider the large A limit at fixed spin, i.e.
m,n — oo with n—m fixed. We examine the functional actions in this limit in appendix A.4.
One result is that in this limit the contributions at fixed 7 > 0 are suppressed relative to

those with 7 = 0 since:

~ 4 ~ free ~ 4 ~ free 7min{h,2}

a, (O) N 00 ahn ) ap (h) N 00 ahn X O(h‘n )

) ] o (5.35)
Gn(0) ~ i (h) ~ e x O(hy )

The functional actions & (k) also simplify in the region where both h, h,, are large but
h — h,, is fixed:

an(h) = <a;;§;) <4sm [Z(h_hm)]>2 (5.36)
m - free h — hm :

h,hm—>00 ap, s

17The functional actions at large A involve the integral

/0 dz(1 — z)A¢_2f(i)kh(z|A¢) .

For large h the integral is dominated by the z ~ 1 region and hence controlled by the large z behaviour

of f(2).
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Let us examine the contribution of the twist zero operators with ¢ > 2 appearing on the
righthand side of (5.34):

lim sup — Z agg [ (0)a (20) + a7, (20)G57 (0)] =

n,Mm—00

(=24,...
2sin [5(0—6)]\" [ 2sin [5(—60)] )
:1 free free aZ,E 7811’154 . 7u
nlj[:lniuolg ahmahn e; <af2rze T g _En T E — Em

(5.37)

with ¢, = 1+ Ay + 2p. It now follows that, as long as the fast, exponential dependence
of agy on spin matches that of af;°, then this limit vanishes. More precisely, the result
holds as long as at large spin we can bound as, from above by af;° times some power of
£. Notice that this is consistent with our conjecture in section 3.3 regarding the double
lightcone behaviour of 2d CFT, which will be satisfied if a;, < Ca5;° for some constant C'
(which must be larger or equal than two, given result (5.23)).

With this assumption, we can finally write the simplified version of the bound (5.34):

4
gsin |G (A — A;’:’;)
lim sup Z (afr;ﬁ) — {4 } <1. (5.38)
a .

d
n,Mm—00 ™ A — AP
|A_A7p:f)ed‘g2’ A,Z ’I’I’LJ

{=2(n—m)

where

2
rod ree , free
DT T o az*ay (5.39)

captures the OPE density of the higher twist operators in the product solutions of

section 5.2.

A few comments are in order. On the left-hand side we are free to extend the summa-
tion limits in A, and we may also add up the contributions of other spins, as long as these
extensions do not scale with m,n. We can alternatively shrink the summation region. In
particular we can find an upper bound on individual OPE coefficients

4
limsup aa ¢ < CaZf’;, 1<C< <g) (5.40)

A—00

The bound is strongest when A = A”°} ¢ = 2(n — m) for some n,m, and if A, is such
1.18

that a tensor product solution exists it is also optima In particular this shows that the
strongest possible bound is not in general saturated by generalized free fields. For these,
Ap e = 2A4+2n 4 so that in each bin we sum over three states, but the OPE coefficients

are smaller so that the bound (5.38) is indeed satisfied.

6 Discussion

In this work we have begun the construction of interesting classes of functionals which act
on the crossing equation of CFTs in general dimension.

18Existence of solution here means in particular that the spins of all operators should be even integers.
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We have proposed a general functional ansatz given by equations (3.16), (3.18)
and (3.19). In order for these to be valid crossing-compatible functionals, the kernels
should satisfy the boundary conditions summarized in equation (3.28). Some of these con-
ditions relied on an understanding of the double lightcone limit of correlation functions,
an understanding which remains incomplete. This did not affect any of the other results
in this work, and given our general analysis it would be straightforward to modify these
constraints in light of any new information concerning this limit.

Assuming our analysis is correct, it is interesting to note that there can be discontinu-
ities in the boundary conditions, either at d = 2 due to the absence of a twist gap in that
case, or for fixed dimension as we cross a certain threshold in the external dimension A.
This suggests that quantities such as bounds on scaling dimensions or OPE coefficients
might be discontinuous as we vary these parameters. Such discontinuous behaviour is in-
deed manifest in some contexts, such as the lightcone bootstrap [9, 10, 42] in the behaviour
of the large spin spectrum as a function of d, but to our knowledge such discontinuities
have never been observed in any numerical bounds. Presumably this is because they are
sensitive to the large spin behaviour which is hard to access numerically.

We have introduced a simple set of functionals which we have called the HPPS class.
The functional actions for these have finite support on the generalized free field spectrum
which can be easily computed. Unfortunately, if we attempt to bootstrap away from this
solution, these functionals will mix up anomalous dimensions of all spins for low enough
twist, so they are only useful for analytic computations if such perturbations are bounded in
spin. In this sense they are like a poor man’s version of the Polyakov bootstrap functionals.
Nevertheless they can still be useful. For instance it would be interesting to combine them
with other methods which determine the part of the spectrum which is analytic in spin [14].

The HPPS functionals are simple to compute, have nice positivity properties for large
enough twist, and automatically incorporate the expected structure of crossing-symmetric
solutions with generalized-free field type asymptotics. It is therefore tempting to try to use
these functionals for the numerical bootstrap, perhaps combined with d = 1 functionals.
An obstacle seems to be that the functional actions will typically have negative regions
for small enough twist and for all spins, whereas in typical applications we would want
to demand positivity of functionals above unitarity for all spins above some small value.
Adding d = 1 functionals into the mix does not seem to help, since (experimentally) the
functional actions for these care about dimension, not twist, and hence could make positive
at most a finite number of spins. It would be very interesting to explore this and related
problems in more detail.

In d =1, up to now all available evidence seems to show that interesting sets of func-
tionals fall into the GFF class: that is, they are dual to solutions to crossing whose spectra
eventually asymptotes to that of a generalized free field. Whether this is really true or not
in d = 1, we now know that in higher dimensions it definitely isn’t. In this work we have
considered product functionals in d = 2 which have a very different structure, but which
nevertheless seem to provide a perfectly good basis of functionals. In particular they are
dual to a solution to crossing which saturates a bound. On the other hand, in the same
dimension it can be observed numerically that bounds on leading operators with spin ¢ > 2
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are saturated by generalized free fields. The associated basis of functionals should allow
us to bootstrap small deformations away from that solution, and hence should be directly
linked to the Polyakov bootstrap. For this to be possible, the associated functional actions
should have doubly-spaced double zeros on the generalized free field spectrum. Together,
these results suggests that in general one should consider different bases of functionals de-
pending on the problem under consideration. In particular some should be better suited for
numerical applications than others. In fact this is already manifest in d = 1, where choosing
between bosonic or fermionic functionals can lead to dramatic differences in convergence
of numerical bounds [28].

It remains to be shown that the product basis is complete. To prove this we would need
to show that it is possible to plug in the basis decomposition (5.15) into the 2d crossing
equation and commute the series over basis elements with the one over the spectrum. To
show this we must have sufficient control over the tails of those series, and in practice this
requires establishing upper bounds on the OPE density aa ¢ both at large dimension A and
fixed spin ¢, as well as large spin and fixed twist. We have established the former but not
the latter. In fact, even this is not quite right, since for the bound at large A we obtained a
simplified answer only after assuming a bound on OPE coefficients at twist zero. Perhaps
such a bound can be found by taking clever combinations of the product basis functionals.
We have made some attempts in this direction without success. Here we would just like to
point out that the meaning of such a bound would be somewhat puzzling, since it would
be obtained by acting with functionals which were themselves constrained by assuming a
bound on the double lightcone behaviour of correlation functions, and this is the very same
bound we are trying to determine. So it seems the most we could aim for is self-consistency.

There are a few difficulties with the notion of functionals which would rigorously define
the Polyakov bootstrap. Naively, based on the results in d = 1, one might expect there
to be functionals oy, ¢, 3, ¢ which would allow us to bootstrap arbitrary Witten exchange
diagrams, i.e. that the corresponding crossing equation can be written as

Fag = [one(A, J)Fa, 0+ Buo(D, J)0nFa, ] - (6.1)

n,l

However, it seems unlikely such equations can be true with the coefficient functions being
given by functional actions. This is because as we vary J the Regge (large z, Z on the same
upper half-plane) behaviour of Witten exchanges becomes worse. Therefore, just as for our
HPPS functionals and the bootstrapping of contact interactions, we should expect that we
would need to constrain functionals more and more to bootstrap higher and higher spin J
exchanges. Note that in general it would not be possible to simply add contact interactions
to improve the Regge behaviour of exchange diagrams, basically because even for large z, Z
we would still have a full function of z/Zz that has to be cancelled. Another reason is that
if decompositions as the above were true then, just as in d = 1 [22], they would indicate
that in perturbation theory one could modify the generalized free field result to arbitrary
orders without introducing new operators. However, we expect that for d > 1 and beyond
leading order generically multi-twist operators will have to appear [15].
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An interesting possibility which is corroborated by our tensor product basis is to relax
decompositions as the one above and include extra basis elements, such as derivatives with
respect to spin of the conformal crossing vectors. These spurious elements could then drop
out after summing over whole Regge trajectories. Another hint that this is correct is that
such sums can have softer Regge behaviour than any individual piece. So perhaps it is
really whole Regge trajectories which should satisfy basis decomposition rules such as the
one written above, rather than individual crossing vectors. It would be very interesting to
make this precise.
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A Bases of 1d functionals

In this appendix we show how to construct bases of 1d functionals which are dual to the
generalized free fermion or boson solutions to crossing. Note that the full bases of w_
type functionals were previously constructed in [22] based on earlier results [23, 24]. The
w4 functional bases however have not been fully constructed explicitly before, with the

exception of the fermionic 8; functional in [29].

A.1 Fundamental free equation

We begin by recalling the functional action definition:
dz
w2(818g) = [ EhaILFLaCGIAy). (A1)
1

We take h(z) to be real analytic for z > 1 and holomorphic away from the real axis. Hence
we can write the above as a contour integral wrapping the z > 1 half-line. Deforming the
contour we get

A|A¢ / 7]7,:‘: Fi7A(Z|A¢)

1 (A.2)
= 2/ dz fi(2 )Fi,A(Z|A¢)+[ dz g+ (2)Fe a(2]Ag)
r+ 2
where the contours I',,, I'" are explained in figure 1 and
h +he(l-—
fe(z) = £(2) , £ Z), Imz > 0,
1 v (A.3)
9+(2) = - Z.hi(2), z€(0,1).
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Real analyticity of h(z) for z > 1 implies fi(2) = Ff1(1 — z*). We set fi(2*) = fi(z) to
get f1(z) = Ff+(1 — z). Note that the above imply the gluing condition:

szi(z) = —gi(z) + gi(l - Z)v zZ e (07 1) (A4)
with _ .
Rof(2) = el_ifél+ f(z+ze)—;—f(z—ze) . (A5)

Now let us go back to the functional action. Doing some contour manipulations we obtain:

* dz

wx(A18g) = [ Tha()TFealla0)

0 dz !
:—/ WIz{[ihi(l—z)+hi<z)]GA(zA¢)}+/0 dzg(2) Galz|Ag).

—0o0
The advantage of this representation is that it involves the discontinuities of the conformal
blocks for negative argument. These are very simple, since

. Ga (55| Dg)
lim GA(Z + Z€|A¢) _ ewr(A—2A¢) ( 1‘

alEafe) 0. (A.6)
f TS VI

In particular they are oscillating functions of A—2Ay. In order to satisfy the orthonormality
conditions (2.11), (2.12) we want to aim for functional actions which have double zeros
for scaling dimensions A in the generalized free spectrum, namely AZ = 2A4 + 2n and
AP = 2A4 + 2n + 1 for bosons and fermions respectively. A strategy for getting this
structure is to get rid of the sin m(A —2A,) factor and then make use of the trigonometric
identity cos(2z) = 2sin?(x) — 1. Accordingly we first demand

R.[thi(z)+he(1—2)]=0, z <0, (A.7)

or equivalently,
T.he(2) = Rofr(2) = fr(2). z2<0. (A.8)
If we now impose

z

ga(z) = (1 — 22, ( ) L ze(), (A.9)

z—1

the functional action takes the desired form:
1
w+(A) =[1 —ncosm(A —2A4)] / dz g+(2)GA(2]Ag) . (A.10)
0

Here 7 is chosen equal to plus (minus) one for bosons (fermions).
We are not quite done yet, since fi, g4+ are not arbitrary, being linked together by the
gluing condition. Plugging (A.9) into the (A.4) we get the fundamental free equation:

nRe fi(z) = £(1 — 2)22e72f, <1iz> — 22Re72f, <i> . (A.11)

This must now be solved for fi(z) = Ff+(1 — 2) real for z > 1 and analytic on the upper
half-plane.
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A.2 General solution

We want to construct solutions of the fundamental free equation corresponding to func-

tionals satisfying the duality conditions

F (A Onm, 0k (ALY =0,
a:;,n( m) a:}tr,n( 7;) (A12)
B:l:,n( m) =0, 8/Bj;7n(Am) = dnm
for the fermionic basis, and
B F B

A 671 ms 8 n ATn = - n5m )

Oég,n( m) az, ( B) C+ n0mo (A.13)

B:I:,n( m) = 0 66:|:,n(Am) = 5nm - d:l:,n(sm()

for the bosonic one. By constructing several solutions of the fundamental free equation for
particular Ay it is possible to guess the general solutions. It is important to point out that
in order for the functionals to be well defined on infinite sums of crossing vectors, we must
demand that the kernels f(z) o O(z717¢) for some € > 0 [24, 39]. In practice we are
able to find solutions with e = 1 for f_(z) and € = 2 for f,(2).

To describe the general solution we begin by constructing “shifted” functionals

$0Las fa(2) = [+ — 1] Nalc|Ag + 30) (A1)
sozin : fi(z) =[2(z — 1)]_2nLi(z|A¢ + 3n)
where
P(3+A)T (5+280) 3F2 (—3. 3, 3+2863+086, 5+ 80 31
N+(Z|A¢):_ 142A 3 3
2 o (§+A¢) w2
I A — T(3+As)T (A +2A,) sF (3,3, 1+ 2A¢,,2+A¢,2+A¢, =)
+(2]Ag) =— 4-+2A 5
2 ¢7TF( +A¢) w2
2z—1 13 1
N,(Z|A¢):—I{(A¢) w3/2 |:3F2< 2 2 2A¢+ A¢+1 A¢+2 —4w> +
9 15 1
LR 2A5+ 1 Ag+2, A - (A.15)
T 16w® 2(2 2’ ¢+ @12 Bot3 4w)]’
2(z=2)(z+1) [ - 1 1 3 1
L_(z|Ag)=r(Ay) —————— L [3F5 | —=, —= 2A 4+ Ay +2. Ay +2: ———
(Z‘ ¢) K’( ¢) (22—1)’11}3/2 342 27 27 ¢+27 ¢+ ) d)+ ) 4w +
(284+3)(2A4+5) 11 5 1
F ,2A (A A —
* 16w 2\ g 2Rt gife 3 Aot im0
3(4A4+5) ~ (3 3 7 1 N_(z|Ap)
-2 3 F ,2A i Ap+4, Ap+4;—— _—,
256w? 2< ot oiBe TRt 4w>}+2(1+A¢,)

Here 3F» stands for the regularized hypergeometric function, w = z(z — 1) and the normal-
ization factor is given by
I'(4Ay +4)

K(Ag) = BTy + 1) (A.16)

— 38 —



The normalizations were picked such that near z = 1 we have

2 1
N U —
j:(Z z—1t w2 (Z — 1)2
(A.17)
La(2) 2 log(z—1)+c¢ et
z —_—— ¢ constant.
+ z—1t 2 (Z — 1)2 ’

The shifted functionals provide a complete basis of n = —1 functionals. They satisfy:

sall ,(AF) =0, 0sal ,(AF)
sBL (AF) =0, 0sBl (AL)

m>n,
(A.18)

0,

0, m>n.
Hence for each n one can perform a (finite) Gram-Schmidt orthonormalization procedure
to obtain the a4 ,, B+ ,. For general Ay the solution to this orthonormalisation step is not
currently known in closed form for all n, i.e. it has to be done case by case. One can write

down a closed form result for special values of Ay, as we show in the next section.

Finally let us describe the bosonic functionals. In this case we set

88,0 fa(x) = [e(z = D] Na(2]Ag — 3/2 4+ 3n)

saf, i fi(z) =[2(z = D' Lo (2]Ay — 3/2+ 3n) (A.19)

™

Demanding that the kernels fall off faster than 1/z at infinity we see that only n > 1
is allowed for the s3 functionals (L, L_ fall off as 1/2z* and 1/2° respectively). Again
an orthonormalisation procedure may be applied if so wished, by imposing the duality
conditions (2.11), (2.12).

A.3 Special cases

For special values of Ay it is possible to find closed form solutions for the orthonormal
kernels. These solutions are written in terms of the building blocks

14+
2T(242m)* [ Pomta (232) Py (Z,’i>

BzF . — z
PR f-(2) 72 T(3 + 4m) 228, 1 (z — 1)2 28

2 T(1+2m)? [ Pom (52)  Pom (iff)

z

B,F | _~
pﬁ—f—,m . f+(Z) 2 F(l + 4m) 22—2A¢ + n(z _ 1)2—2A¢

1
pali s fo(2) = S0 feps (2) (A.20)
2 T(2+2m)°T(2+2m)?
T2 T3+ 4m) T4+ 4m)
1
paln s f(2) = SO0m e ppin(2)

2
2 T(1+2m)?T(2 + 2m)?
TR T(1+4m) T(4+4m)

Gatom(1/2)

Giyam(1/2),
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where as before n = 1, —1 for the bosonic/fermionic case respectively. One can check these
prefunctionals satisfy the fundamental free equation for all integer m when:

(-) ease:  Ages+Z  and p=-1
(—) case: Ay €Z and 7= +1 Ao
(+) case: Ay € % +7Z and n=+1
(+) case: Ay eZ and 7= -1

However, they are not good functionals because they do not satisfy correct fall off conditions
for large z. For these special cases, the general orthonormal solutions can be obtained by
first constructing the S functionals:

F _ oF
B = pﬁ—,A¢—%+m + lower

B _ B
B = 8% o, 1 + lower A2

F F
B _ . ;B
BYm = pﬂ—,A¢+%+m + lower,

with “lower” meaning a finite set pS and pa of lower m, with coefficients chosen as to
guarantee that the functional kernels have fall-off faster than 1/z at infinity. The ay,
functionals are then simply obtained by replacing pS,, above with pa,, and differentiating
those m dependent coefficients, call them c¢;(m), with respect to m. For instance for Ay = 1:

F F F
ﬁ—&-,m = pﬁ—,m—l—l - c+71(m)pa_70

F

(A.23)
Oy m = p/BE,qul - d-hl(m)pai,o

with
(14 2+ 2m)? 1

T+ 4+ 4m) di1(m) = B mCy1(m) . (A.24)

4
cra(m) = 5(3 +5m + 2m?)

A.4 Asymptotic expansions

For the special cases mentioned in the previous subsection it is possible to compute the
functional actions very explicitly, as explained in the appendices of [22, 28]. In particular,
appendix A.2 of the latter explains how asymptotic expansions for the functional actions
may be derived in various regimes. We write the functional actions in the following way:

4sin? |5(A - AT (afggf>

W T (AlAg) = RST(A AT M) + EZT (A, A7 |Ay)

2
(A.25)
In the limit of large A and h with A/h fixed we find that E, (A, h|A) is exponentially

suppressed, while

B 4h2A B.F 16h°A
© (A, h[A 7V S VY = (A, h|A ~ —
Ry (8,hlAg) Ah—oo (A% — h4)’ R (Bsh1Ag) Ah—oo (A% — ht)2 (A.26)
B.,F 4h4/A B,F 16h7/A ’
ROT(ARAG) ~ Ra  (Bshldg) |~ (AT Ay

A,h—00 (A4 — h4) ’
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On the other hand, with large h holding A fixed we find

4A 16A
RFT(ARAG) ~ —=g MPT(AIAG), RIT(ARIAY) ~ == MPT(AA)
B,F 4  BF B,F 16 . BF ’
REF(ABAG) ~ — T MEF(AIA,),  REF(AMAG) ~ 0 MEF(a|a,)
and the universal behaviour
I'(2A4) 2 e T
ERWAMA):¢< i ) htan |=(A —h)|,
Bs ¢ [(2A4—A)) h2A [2 } (8.28)
EPF(A A — + (L2 ) i |
ar TR T A T2As —A) ) R2AC
Furthermore we find that the functions Mf ’F(A]A¢) satisfy
M (A]Ag) ~ 1 A2

MPF(A|AG) >0 for A > AN

where A, (Ay) is never above 2A .

B Derivation of constraints on functional kernels

Here we provide more details on how to derive constraints on the functional kernels, fol-
lowing the general logic described in section 3.3.

B.1 The g(z,2) and g(z, Z) kernels

We begin with the simplest case to examine, which is the piece of the functional ac-
tion (3.16) which depends on g(z,z). We want to impose:

1 1
[z [ azloe > an
2 2 AL

We begin by noting that

1 1
[ = [ dzlot 2 Y as
2 2 YAW

FAvg(Z, 2)

< 0. (B.1)

FA’Z(Z, 2)

1 1
gz/l dzﬁ dzlg(=2)|6(1—2,1-2) (B.2)

where G(z, Z) is the crossing symmetric function described previously (in particular G(z, z)
is positive inside the integration region). Since G(z, ) is smooth away from the OPE limits
and we also assume smoothness of the functional kernels along the integration contours, to
check convergence it is sufficient to examine the asymptotic regions.

Although the general logic has already been described in subsection 3.3, it may be
worth repeating it here in a slightly different manner. In the case under consideration the
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dangerous region is when z and or Z approach unity. We can probe this region by scaling
z, Z towards one with generically different powers:

1 1

/dz/ dz\g(z,Z)Ig(l—Z,l—Z):/ / —2’
1 1 2

> AT a/ dﬂf/ dx‘g Aax’ A%E)lg(A}*x’A%’&)

The last equation holds for sufficiently large A, with 0 < ¢ <1 and 0 < o < 1, and gives a

EENI6 (50 2)

(B.3)

lower bound for the value of the integral. For large A the Euclidean OPE limit gives

AQ+a)Ay
11
g(A&xﬂﬁ) A—)OO xA¢xA¢ (B4)
It is natural to demand then that
S S [N T —(1+0¢)(A¢—1)—6)
g (1 Aoz 1 Az) Ao O (A for all o€ [0, 1] , (B5)

and some € > 0. More precisely, the above argument shows that it is certainly necessary
for convergence that € > 0; the general argument given at the beginning of the subsection
tells us that strengthening this to € > 0 is then also sufficient.

The analysis for g(z, z) is similar:

1 1
[z [ azlate a3 an
2 2 YAW

Again we must study the approach to the boundary of integration where z,Z — 1 at

FA,Z(Za 1-— 5)

1 1
32/1 dz/l dz[§(z, 2)G(z1-2)  (B.6)

generically different rates. Using the results on the double lightcone behaviour derived in
subsection 3.3.1 we find:

O (AHU=80)=€) g =2, a€[0,1], Ay >0
3 _Jo (AR L d>2,a€(0,1), Ay > 52
91~ A“w’l_E)Aioo O (A2Be7) | d>2,a=1, Ay<d-2 (B.7)
O (A4=28¢7¢) | d>2,a=1, Ay>d-2

B.2 The f(z,Zz) kernel

Let us now analyse the term in the functional action involving f(z,z), again demanding
absolute convergence:

dz/ dz|f(z, z N
[ [ e DI

where we have dropped some irrelevant factors. The analysis of the term involving f(z,1—2)

FAj(Z,Z) < 0 (BS)

is similar. On the contour of integration we have 1 — z = z* and hence

1
for z,z¢€ 5t iR. (B.9)
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At this point it is useful to use the radial coordinates p(z), p(z) introduced in [43], with'®

(2) - i B.10
)= —— 2= —"Q. )
P (1+vI—2)? (1+p)? (510
With slight abuses of notation we have

Gae(z,2) = |Galp, p)| < Gaelpl, [P]) = Gaelze, Z) (B.11)

with the effective z. = 4|p(2)|/(1 + |p(2)|)?. We have then

>\ Ag
Pyl <2 [ s dzwf<z,z>|g<ze,ze><zeie>
’ r+ r+ |ZZ|

dz | az|f(z 2
[ [ aelal Yo

A

dz | dzlf(z, 2 NEAN
_/r+ z:/F+ z|f(z,z)\g(1—ze,1—ze)<|ZZ|) .

The dangerous region to be examined is when z, Z approach infinity. Note that

1

1—26 z—)'\}oom’ (B12)

so that in this limit we again probe the Euclidean OPE of G. Following our general
argument, convergence will be guaranteed if

f(A%z,AZ) = OA~(F)=¢)  forall ael0,1]. (B.13)

—00

B.3 The e(z, Z) kernel

In this case we have z € (%, 1) and z € % +¢R. On the contour we have

GA!(Z,E@) GA,Z(]- _Z7ze)

Fay(z,2)] <
N A (ST

(B.14)

where Z. is defined analogously to z. but with Z instead of z. Hence in this case we have

1
/dZ/ dz|e(z,2)|ZaA7g
rJ3 AL

< 2/F+ dz /; dzle(z, 7)| (E)Ad’ G(2,2.) + G(1 — 2, %,)] (B.15)

FA7K(Z, Z)

Again we are led to study the asymptotic region where Z — oo and z — 1. Since 1 — Z, ~
1/(2|z]) we see that for the term involving G(z, z.) = G(1 — 2,1 — Z.) this becomes a simple
Euclidean OPE limit, from which we deduce

e(l — 1=, A7) = O(A1-8e)=17e) (B.16)

A—o0

19The variable p here should not be confused with the conformal spin p = A + £ introduced previously.

43 —



As for the term involving G(ze, 1 —Z), going to the boundary of integration now corresponds
to taking the double lightcone limit. Making the same assumptions as before on the
behaviour of the correlator we find

O(A 1A<za)1€)7 d=2,a€l0,1], Ay >0

O (A=DI=2)=) 4 >2 aef0,1), Ay > %52
O(A e) d>2,a=1, A¢§d—2
O(AT_A¢ E), d>2,a=1, Ag>d-2

(B.17)

Overall, the dominant condition is (B.16), i.e. the one arising from the Euclidean OPE
limit for general d.

C Uplifting 1d functionals

A special class of higher dimensional functionals is given by setting z = Z and acting with
any 1d functional. We would like to uplift these functionals to higher dimensions using our
ansatz. However, it seems that this cannot be achieved without imposing the existence of a
different analyticity structure on the kernels. In particular we must look for kernels which
have singularities when z = z. We have found that the following ansatz does the trick:

S e LRt Gk (1)

zZ—2z zZ—2z

h++<2, 2) =

where h(z) is a 1d functional kernel. Although hy_(z, Z) has a singularity when z = Z this
does not affect the real analyticity properties for z > 1,z < 0 where h,_ starts off being
originally defined.

To see that this functional does reduce to a 1d functional, we start with the functional
action definition and perform a contour deformation

w[]:]:/ hyy(z,2)L,I:F (2, 2)—}—/ hy_(2,2)IT,I:F (2, %)

dz h (z2)—h(z dz h(z)—h( 1—2) B
/ 27i /F/ 2ri Z—z Fl2:2) / 27i /F/ 27i e A

The primes on the contours indicate an infinitesimal shift. This is to prevent that the two

(C.2)

contours overlap, so as to avoid possible singularities at z = z. For definiteness we take
this shift in an outward direction, i.e. towards the left and right for the I'; and I', contours
respectively. Thanks to these shifts we can split each integral above into two pieces. If we
combine the first terms of each we get

dZ h _ dz
/ 271'7, // F’ 271'@2; — Z]:(Z’Z) - /Fr 27Tih(2:)./."(2;,2:) . (C3)
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where we have used analyticity of F(z, z) for z € C\(—o0,0)U(1,00). As for the other two
terms, we can show their contribution is vanishing:

dz h( dz h(l —
oan e SR = e M2 re.
2mi I 27TZZ—Z i T oz — 2
dz h(z dz h(z B
/27”/’27”2_2 /1“127”//27”2—2 (2,2) (C.4)

dz h(z
// 2m/p -, 27rzz—z‘7:(z’z) =0,

where in the first step we used F(z,z2) = —F(1 — 2,1 — Z) and in the last the known
analyticity properties of F(z, z). So overall the functional action does reduce to a 1d one.

D Why HPPS functionals?

The goal of this section is to understand how the HPPS functionals precisely relate to the
method introduced in the paper [33] (see also [44]). We start from the crossing equation
for contact interactions:

>

n=0 ¢

Mh

{ GAngé(Z Z|Ag) +G£LZ’YM(9AGAM, (2,2|Ag)

Il
o

oo L
= Z Z [ neGAne, (1—2,1-2|As)+ ai Z%MAGAM o(1—2,1— Z|A¢)} (D.1)
n=0 /=0

and specialize to the case d = 2, for which

1

G’ - -
A 2,8670¢

(2, 2|Ag) = [Gayn(2)Gayinie(Z) + Gayin(2)Gayinie(2)] . (D.2)

n,ly

Now we note that z=2¢Ga »+k(2) with k integer has no branch cut for negative z, and

fdz Gi-ny—m(2) Ga,4n(2)

2i 228 2R = Omn (D-3)

where the contour is a small anticlockwise circle around z = 0. Orthonormality follows
since both factors are eigenfunctions of the Casimir operator of the conformal group with
generically different eigenvalues, except when m = n.

We can think of this as applying a linear functional of the form

dz Gi-a,—m(z
w[F] = 3 szA:()]:(z) (D.4)

to the crossing equation. The HPPS procedure amounts to applying the product of two
such functionals, in z and z around zero and unity respectively, to obtain equations for the
anomalous dimensions appearing in the crossing equation.

To make contact with our approach, we begin by noticing that these are not really
good functionals as is, since we cannot apply them to arbitrary crossing equations. Indeed
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generic conformal blocks will have discontinuities for z < 0 so the above expression for w is
in general ill defined. To make it well defined, we can imagine opening up the contour so
that it runs along z € % + iR together with an arc at infinity. If this arc could be dropped

wlF] /ézGlyéxXH@ (D.5)

This is the case if Ay € [0,1) but not more generally. How to improve the behaviour at

we would obtain:

large 27
The (3, functionals give us the answer. Their action on the crossing vector takes
the form

dz 1 Gapl2) raz 1 Gax(?)
Bp—1,4-1(A,0) = B [/F 27rzzl+pzA¢/p2m'(1—Z)1+‘1 5, + (0 —2)

—(peq) (D.6)

We consider functionals which fall off at infinity at least as fast as 1/z, so that p,q > 0

here. Focus on the factor
dz 1 Gp(z)

r 2mi 21tP 280

(D.7)

and set h = Ay + n. In this case the block has no branch cut for negative z and we
may close the contour on the left, picking up the residue at z = 0. The expression will
be non-zero as long as p > n. It is natural to demand orthonormality, i.e. that it is only
non-zero if p = n exactly. This can be achieved by combining functionals with different p.

Indeed:
dz 1 Ga,n(2)

r2mi 2 2R

/ dz 1 1- ﬁz GA¢+TL(Z) o
o 22 2 284 - ol

/ dz 1 1+ A¢ A¢ ( + A¢) 9 GA¢+n(Z)
——(1- z+ z
r 2mi 23 2 4(1+2A4)

dz GA¢+H(Z)
g nteA80) 2 = b,

with

LD (AW |
— - —m, — : 2) .
fm(z189) z ml (284 +m —1)n aFz ( L=m, 14200 15 Ag, B z (D-9)

The orthonormality relations above hold for n > 0. Note that all kernels f,,(z) behave for
large z as 1/z. We can improve the fall off by relinquishing some of the orthonormality
conditions, defining

1D(e180) = 2 fn(z, 8o +p). (D.10)

The modified kernels fy, ) will then satisfy orthonormality only for m,n > p. So for instance,
if we wanted to orthonormalise the ordinary f,, functionals which fall off at least as fast

(0)

as 1/22, we would use féll ) instead of I’
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We now notice that we can rewrite
Gi-a,-m(2) = COm(2]Ay)

fm(z|8g) = 24,
O (ol — TEZ BT (5= B = m) 4 (1,2 = Ag, 2= A3 — 20, = m,2 s 2)
m ] \/E22A¢+2n71 F(2 + m)F(B — 2A¢ — m)F(l _ A¢> _ m)

(D.11)
Overall we see that these functionals take the form of (D.5) together with a correction.
The correction does not change the orthonormality relations (D.3), but it is such that the
functional kernel is now better behaved at infinity (since in particular it is O(z~1) for all
Ag). Technically orthonormality follows because we have

[Co— (1= Ay —m)(Ag = m)] [T fin(2]Ag)] =
=[Co— (1= Ay —m)(Ay —m)] Crn(2]Ap) = ez 22 (D.12)

where Cy is the Casimir operator of the d = 1 conformal group?’ and ¢, is some constant.
Even though Cy,(z|Ay) is therefore not an eigenfunction of the Casimir operator, it is close
enough, since the remainder on the righthand side is purely normal:

dz GA¢+7”L(Z)
O Ty vaE 0, forall n>0. (D.13)

To summarize, the (orthonormalized) 5, , functionals are indeed intimately related
to the HPPS procedure: they are essentially modifications of the naive HPPS functionals
given by (D.5), modifications which make them well defined when acting on general CET

correlators.

E Comments on product functionals for d = 4

We now make some comments on why the product functionals can exist for d = 2 and what
happens for d = 4. We apply our functional ansatz to the crossing vector Fa , and try
to mimick the 1d procedure as in appendix A so as to get functional actions with integer
spaced zeros. The idea is to rotate contours judiciously so as to pick up contributions from
those cuts of the conformal blocks which involve phases. Starting from (3.16) we get:

W[Fad = — /_ L[ - 51— 2)Gasle 718

+ /0 T [e(5,2)Ga (e 710 + /_ T [o(2)Ga (2, 510) (E.1)
+ /00 g(z, Z)GAJ(Z, 2‘A¢) .

Interestingly g(z, z) drops out from the final expression. The reason why it is possible to
get simple functional actions for d = 2 boils down to the fact

GdA:’g(z, z) = ei%GdA:f( £ Z), ¢ even, Imz >0, (E.2)

z—1

20Tn detail,
Co=(1—2)2°92 — 2°0z.
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which allows us to rewrite the terms involving e, € in terms of the blocks themselves up to
a transformation in z or Z and multiplication by a phase. In general spacetime dimension
this identity does not hold. However, from the expression for the blocks themselves,

4= L 2 ey (2)hra(2) — kra(2)hp(2)] | (E:3)

GATK(Z,Z):l—FEZ—Z

We see that after multiplying by an appropriate prefactor, it is a sum of two terms, each of

which will satisfy a similar relation to the one above, so there is a hope to have the product
type functionals working here too.
This is easiest to see from the crossing vectors, which can be written as:
1 Hy(2|Ap—1)Hr2(Z|Ap—1)+Fp(2|Ap—1)Fr_2(Z|Ag—1)— (2 > 2)
(1+2) z2—Z

FA75(Z,Z|A¢) = 5

(E.4)
From this expression we see that we should take functional kernels which multiply by
z — z and then either symmetrize or antisymmetrize in z, followed by holomorphic and
antiholomorphic actions of d = 1 functionals in z and z. There are hence two sets of
product functionals:

(wgkmémXAJy:2/1(u?ﬁﬁ%@hfka@—ZHLJJ%ijytgLIAAa1—ay
+

L
(E.5)
That is, the functional kernels are chosen as:
hii(22) = [ha(2) V0D (2) - B RP ()] (2 - 2),
(E.6)

hio(22) = £ [ha() VR (1= 2) - PP (1 - 2)] (2 - 2).
From the form of the 4d crossing vectors we should take 1d functional kernels appropriate
for acting on 1d crossing vectors with:
d=4
A s —1
2
In the 2d case we had A¢d:1 = Ag:2/2. Accordingly, let us for the purposes of this

d=1
A = (E.7)

appendix redefine 1d functional actions as
h|Ag—1

2
Then the two sets of functionals have functional actions are given by

>%wmm@. (E.8)

@ @w)(A,080) =L (plag)w? (7 = 28,) — @ (ol (r —218,) ()

As in the d = 2 case, it is natural to take for the 1d functionals the bases discussed in
section 2. However, it is no longer true that any choice of such 1d functionals leads to
crossing-compatible functionals in 4d. This is because of the factor z — z in (E.5). The 1d
functional kernels fi(z) (which are related to hy(z), see A.1) satisfy
2f+(2) = 0(="?)
) (E.10)
f(z) = O(")

Z—00
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The constraints of section 3.3 imply here that the fall-off must be strictly faster than z~1.
Hence, while any choice of 4+ type functionals works, this is not so for the — type. The
solution in the latter is to take differences of functionals such that the behaviour at infinity
is improved:

By, = Br = Bn— bubo s by such that  fz-(z) = O(z™),

e A (E.11)
a, — Q, =an —apfo, an such that  fz-(z) = O(z™7%).
n z (e.)
Hence we have six sets of possible product functionals:
BYrepBL, nom>0, n#m
at®@al, n,m>0 n#m
By @ oy, mm >0, (E12)

B;@B;L, n,m>1 n#*m
&, @&, n,m>0, n#*m

By ®am, n>1m>0,

with functional actions determined by (E.9). Interestingly, because of the shift in 7 by
2 in that expression, these actions generally have second order zeros on the generalized
free field spectrum. Unfortunately the annoying relative minus sign in the same expression
means that it is harder to get functional actions with sufficiently nice positivity properties,
that would for instance allow us to get interesting bounds. Furthermore the subtraction
procedure above also strongly suggests that this set of functionals is not complete. We
leave more extensive explorations of these interesting functionals for future work.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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