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ABSTRACT: We provide an effective solution of the 1D crossing equation. We begin by arguing
that crossing constraints can be recast in terms of bases of sum rules associated to special
sets of CFT data — extremal solutions — which solve these constraints in a minimal way and
naturally saturate positivity bounds on the space of CFTs. We conjecture, argue and check
extensively that any extremal solution behaves as a generalized free field in the UV. This
allows us to reconstruct the entirety of their CFT data using a rapidly convergent “hybrid
bootstrap” method, which combines numerics and analytics. Strikingly, as we approach
special corners in the space of extremal solutions we find that their CF'T data can present
non-trivial structure up to arbitrarily large energies. We interpret these corners as flat space
limits of QFTs in AdSo, which extremal solutions naturally describe. This picture allows us to
bootstrap their CFT data in these limits in terms of 2d S-matrices, and conversely provide a
microscopic CFT construction of the latter. Further evidence for this QFT in AdS description
of extremal solutions comes from an explicit construction of bulk QFT operators solving an
AdS locality problem. Concretely we show that it is possible to canonically associate one
or more such operators to any extremal solution by explicitly solving for their BOE data.
In the special case where this operator is the bulk stress-tensor we combine crossing and
bulk locality constraints to derive stronger bounds on the OPE and BOE data, including
an exact bootstrap lower bound on the central charge Cp > 1/2.
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Figure 1. Extremal solutions. By saturating a CFT bound using IV crossing constraints we find
approximate solutions with O(N) operators. In this work we will provide methods for bootstrapping
the N — oo limit of this construction.

1 Introduction

The principles of holography tell us that CFT spectra of scaling dimensions encode energies
of quantum theories in AdS. Thus cutting open a typical CFT correlator we generically
expect to find a horrendous chaotic, exponentially dense set of states exchanged in the
OPE. The bootstrap program bravely attempts to reconstruct such correlators from simple
assumptions, the most important of which is crossing symmetry. But how constraining
is crossing? More to the point, is it sufficient to fix the exponentially dense CFT data
contained in a typical correlator?

In this paper we examine this question in the context of 1d CFTs. Quite generally such
CFTs arise as boundary duals! of QFTs in spaces containing an AdSs factor.? We focus on
the simplest bootstrap problem in these simplest of all CFTs: understand crossing for a single
correlator of identical operators. What we find is that in this case crossing is not all-powerful:
it has just enough constraining power to determine the CFT data of a single tower of “double
trace” operators in the OPE, but no more. These act as a basis of states sufficiently flexible to
soak up the constraints of crossing no matter which further states are contained in the OPE.

This begs the question: which CF'T correlators are completely constrained by crossing?
We call such correlators extremal. They include all CFT correlators which arise as the optimal
solutions of bootstrap numerical optimisation problems (cf. figure 1), but also more general
non-unitary solutions to crossing [1, 2]. Their defining property is that they contain the single

!The word ‘dual’ might irk some readers, as in such cases we don’t have a nice local description of the
CFT independent of the bulk as in usual AdS/CFT. But in a sense we do as the CFT can be defined by the
bootstrap axioms. We would argue that this work provides evidence that this picture can be made concrete.

2This includes the case where the QFT is a CFT, so that by a Weyl rescaling the 1d CFT could describe a
conformal line defect, including the trivial one, i.e. dimensional reduction of a higher-D CFT to a line.



tower of operators that we just mentioned, as well as a finite set of states that one must input
by hand and which define the solution. In this work we will give an essentially complete
characterization of extremal solutions, as well as efficient methods for computing the entirety
of their CFT data, so that we have now an effective solution of the 1d crossing equation.?

There are two key results that allow us to do this. Firstly, based on extensive observations
we make a non-trivial conjecture that all extremal solutions asymptote to a generalized free
field. Denote by A* the scale at which this transition occurs. We will exploit this knowledge
of the UV to derive a “hybrid bootstrap” method for reconstructing the entire extremal
solution.* The method combines numerical solution of the data of states with A < A* with
an analytic solution of the (infinite) states with A > A*. Generic extremal solutions have
A* = O(1) and this method works extremely well.

The second result has to do with the interpretation of extremal solutions as arising from
QFTs in AdS,. We show that the flat space limit of such QFTs can be described by going
to special corners in the moduli space of extremal solutions. In these corners A* — oo
and the hybrid method becomes difficult to apply. However, what happens now is that the
extremal CFT data is well described by smooth functions. Indeed we show that the extremal
data can now be packaged in a flat space S-matrix, describing scattering in the bulk QFT.
Bootstrapping an extremal solution then amounts to constructing a unitarity saturating
S-matrix. Conversely we can use our knowledge of such S-matrices to helps us reconstruct
the CF'T data in these hard to reach corners of moduli space, in what we name the “S-matrix
method” for constructing extremal CF'T correlators.

If an extremal solution is to have a QFT in AdS interpretation then it should be possible
to reconstruct operators that behave locally in the AdS bulk. Thanks to previous work [4, 5],
we show that indeed to any extremal solution one can canonically associate one or more AdS
operators which are relatively local to the extremal OPE. Schematically:

(pdpdpd)  extremal = (¢ Prqs) local (1.1)

As mentioned already in that work, this is far from a trivial statement, as it requires a delicate
matching between bulk locality and crossing constraints.

While this is always possible generically, extra requirements on the bulk operator can
lead to non-trivial constraints on the extremal solution. In this work we show for the first
time that crossing and bulk locality constraints can be combined to obtain stronger bounds
on OPE and BOE data. This is a direct CFT analog of similar work done in the context
of the S-matrix/form factor bootstrap (and to which it maps to in the flat space limit) [6].
Our construction is possible thanks to the harder UV behaviour of the crossing equation
functional bases that we consider, as compared to the standard derivative basis. In particular
we derive bounds on OPE and BOE data, as well as the UV central charge of the bulk
theory, by setting ® to be the bulk stress-tensor, including an exact bootstrap lower bound
Cr > 1/2 under certain assumptions on the OPE.

3You can see these methods in action for yourself at https://cft.starfree.app/ — a webapp developed
by Eliott Morgensztern.

4Our method is reminiscent, but distinct, from a proposal by N. Su [3]. In particular our approach involves
treating the high energy, not high spin sector, analytically. More importantly our construction still leads to
rigorous bounds on all CFTs.
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The outline of this paper is as follows.

e In section 2 we set up the bootstrap problem as well as various sets of complete bases
of crossing constraints. Among these we define extremal bases and their associated
extremal solutions which we conjecture to have universal asymptotic behaviour.

e This conjecture is used in section 3 to derive a hybrid bootstrap method for efficiently
constructing any extremal solution. This method relies on the conjectured asymptotics
to solve for CFT data numerically at low energies and analytically at high energies.

e In section 4 we give a QFT in AdS interpretation to extremal solutions. Most notably
we show that the moduli space of extremal solutions includes special corners suitable
for describing the flat space limit of such QFTs. In these corners the CFT data is slowly
varying and can be described by a bulk flat space S-matrix. We prove this directly
follows from crossing constraints, and use it to solve these constraints efficiently in these
limits. We also show that local bulk operators in AdS can be canonically reconstructed
from an extremal solution and determine their form factors with boundary insertions in
the flat space limit.

e Section 5 is concerned with several applications of the methods described in the previous
sections. We study in detail two families of extremal solutions: a scalar in AdSy with
a A®?* interaction, and a fermion coupled to a pseudoscalar via a Yukawa interaction.
We reconstruct the spectrum of the solutions and study them in the flat space limit,
recovering both S-matrices and operator form factors, with macroscopic parameters
such as resonance masses determined by the microscopic CFT data.

e In section 6 we investigate numerical bootstrap bounds which combine crossing and bulk
locality constraints into a larger semidefinite problem. In particular, by reconstructing
the bulk stress-tensor we are able to derive an exact lower bound on the bulk UV central
charge. We also show that it is possible to derive bounds on the combined OPE/BOE
data of operators of interest.

The paper is complemented by several technical appendices.

2 Extremal solutions to crossing

2.1 Functional bases and sum rules

We begin by laying out some basic definitions and notation. We are interested in 1d CFT
four point functions of identical operators ¢ of dimension A, which we write as:

(¢(00)p(1)9(2)9(0)) = G(2) (2.1)
The OPE allows us to write the correlator G as a sum of conformal blocks,

G(z) =Y anGalz),  Galz) =272 2Fi(A,A,24,2) (2.2)
A



where we defined ap = )\é¢0A as the square of OPE coefficients. Crossing symmetry of
the correlator can be written as.

G(z)=G(1-z2) & Y aaFa(z)=0, (2.3)
A
where we defined the crossing vector
Fa(z) =Ga(z) = Ga(l = 2). (2.4)

The crossing equation presents us with a continuously infinite set of constraints on a continu-
ously infinite set of CFT data. But linearity of the equation in the aa suggests introducing
a (countable) basis in the space of crossing vectors,

(0.9]
Fa(z) = Z wn(A) Bn(2) , (2.5)
n=0
where the w,, are elements of the dual space, i.e. linear functionals,
wn[Bm] = 0nm , wn(A) := wp[Fa]. (2.6)

In terms of this basis the crossing equation becomes equivalent to a set of sum rules on
the CFT data:

G(z)=G(1—2) & ZaAwn(A) =0, neNy. (2.7)
A
There are many possible choices of bases. In typical bootstrap applications one sets [7]
1 1
B,(z) = E(Z — )t wn(A) = 012" Fa(2) , 0= (2.8)

This choice has the advantages that it is simple and is manifestly a basis. However, the
resulting sum rules are as difficult to solve as the initial crossing equation. In particular, if we
are given a solution to crossing it is non-trivial to determine that it does indeed satisfy the
infinite set of sum rules (2.7). In the following section we will show that there exist special
bases for which we can check they admit explicit solutions.

2.2 Extremal bases

A natural idea is to choose bases elements to be crossing vectors themselves. That is we
ask for decompositions of the form:

o0

Fa(2) =) T(A)Fa,(2) (2.9)

n=0
There are at least two reasons why such decompositions are interesting. Firstly, the above
can be interpreted as providing us with infinitely many solutions to the crossing equation,
labeled by A. Secondly, the duality conditions on the w, now tells us something about
the functional actions:

Tn(Am) = Onm. (2.10)

This provides us with a measure of control of the functional actions which we can exploit
to our advantage. These arguments lead us to the following definition:



Single-zero basis

A single-zero basis determined by a basic spectrum & := {A,}5° is a collection of
functionals {Tne = o, such that the following properties hold:
e Duality
e Completeness
Crossing & ZaATne(A) =0 n>0 (2.12)
A

In this definition, we should think that duality determines functionals given a sequence
A, while completeness then constrains the allowed sets of A,. As we already mentioned,
to any such basis we can associate a canonical family of solutions to crossing which we
call crossing blocks:

0R(z)=0R(1—2),  OR(2):=Galz) = Y 7S(A)Ga,(2). (2.13)
n=0

Using completeness, crossing symmetry of an arbitrary correlator can now be recast as
&
G) =6(1—2) & G(z)=Y ar0%(2) (2.14)
A

There is a particularly important case of basis which arises as a degeneration of the above
where an infinite number of pairs A,,, A, +1 collide. In this case the functionals 7,, develop
double rather than single zeros and it is convenient to go to a new basis of functionals,

Tn + Tn+l . Tn+1 — Tn
—5 B~  lim

Oy ™~ D eEEE———
Apt1—Ap An—i—l — An

(2.15)

The most useful cases correspond to when either all pairs collide, or when all but the first
do. This leads to the following definitions:

Fermionic/Bosonic double-zero basis

A fermionic double-zero basis determined by a basic spectrum ® := {A,}72 is a collection
of functionals split into two sets, {a,’?}fﬁzo U {B? 122, such that the following properties
hold:

e Duality



e Completeness
SaaroD(A) =0
Crossing & (2.17)
Saaafd(A) =0

A bosonic double zero basis satisfies almost exactly the same properties, except that the
functional By is identically zero. This requires dropping the righthand side of the duality
conditions for m = 0.

J
For a double-zero basis, the crossing vector decomposition formula is now
N[ )
Fa(2) = Y [aR(A) Fa, () + BY(A)0aFa, (2)] (2.18)
n=0
and accordingly the crossing block takes the form?®
QR(2) = Ga(2) = Y [aD(8) G, (2) + BY(A)0aGa, (2)] - (2.19)
n=0

As their name indicates, double-zero functional actions oz:?(A), B,? (A) have double zeros
at prescribed locations. This makes it more likely for such functionals to be sign definite
across extended ranges. Such sign definiteness property is crucial in unitary bootstrap
applications where one wishes to determine bounds from positivity. We will discuss this
further at the end of this subsection.

Up to now the sets A, are only constrained by the demand of completeness. This still
allows for infinitely many possible choices. We thus need to introduce some new set of
constraints that will uniquely specify preferred sets of A,. This leads us to the final set
of bases that we will consider:

Extremal basis/solution

Consider a fized set of CFT data S:
S={(A;,a;), i=1,...K} (2.20)

The extremal basis labeled by S is a double-zero basis ® = D(S) such that

K
821s) =3 @D (A) =0 (2.21)

i=1

The extremal solution determined by S is then the set of CFT data,

E=SUD, D={(AE af), n=0,...00} (2.22)
with
AE=AD, & =-alfs (2.23)

®For special sets of A,, these are nothing but Polyakov blocks [8-11].



If all data in S is specified then ® is fermionic. But it is possible to leave one of the a;
in S undetermined, say a1, which we would denote as (Aj,e) € S. In that case ® is of
bosonic type and we set

A

AD:=A,, 4 =dE=—a][s] (2.24)

J

A generic double zero basis comes bundled with the associated crossing blocks, which
are special solutions containing essentially only the basic spectrum. The problem with such
solutions is that they generically include derivatives of conformal blocks. In contrast, the
special property of an extremal basis is that it admits a unique special solution that does not
have these derivative terms. This solution is precisely the set of CF'T data E. Indeed, consider

K 00
gE(z) = Z &ZGAZ(Z) + Z CLEGAQ(Z) . (2.25)
i=1 n=0 "
We have
oPE] =0  (aP[s]=—ak
GE(z) -G (1-2)=0 & & (2.26)
BRIEI =0 BRs] =0

where we first used completeness and then duality of the basis ©. The right-hand side is
now indeed satisfied by (2.23) and (2.21). Equivalently we have shown that the special
combination of crossing blocks:

K
gF =Y a0 . (2:27)
=1

does not include derivatives of blocks in its OPE.

The extremality equations (2.21) are an infinite set of constraints for the basic spectrum
D, but one may wonder if their solution is unique. We will not be able to settle this question
here. But let us offer a simple remark. Imagine one could continuously deform ® to a new
set ©'. Deforming the solution GE and demanding crossing would lead to

o0
0 {&anA? + aEy,OaF AD| =0, (2.28)
-

for éa,, v, Regge bounded.® But now acting with ,6’? , a? on this equation and using duality
determines that these quantities must all vanish so that in fact no such deformation exists.
Thus, if multiple solutions to the extremality equations do exist, they must at least be isolated.

To summarize, we have defined special extremal bases of sum rules for the crossing
equation that naturally come associated to particular sets of CFT data. As promised, for

5By Regge bounded we simply mean that deformations of the above form must result in a new correlator
which is O(1) for large z. Essentially, this translates into the statement that both da,/a% and v, should decay
for large n.



any such basis it is trivial to verify that this data is a solution. Each such basis is labeled
by a particular choice of input data S which is not fixed by crossing.

A few comments are in order. Firstly it is possible that not all sets S are allowable, in
the sense that there may be no real A, satisfying the extremality conditions. Conversely, in
the above definition, all aZ are assumed to be a priori strictly non-zero, but not necessarily
positive. For unitary CFTs, this together with positivity of the A,, imposes implicit constraints
on the allowed choices of S. Secondly, here we will always take the first operator in S to be
the identity, denoted 1 and corresponding (A,&) = (0,1). However this is not mandatory,
and it is certainly possible to find extremal solutions without the identity.

Finally, in principle K could be taken to be infinite, but this would require specifying
infinite sets of CF'T data so here we will focus on finite K.

Our construction associates a canonical solution to crossing, given a finite set of inputs.
But in the numerical bootstrap, there is also a way to do the same thing: given a finite
set of assumptions on the CFT data we can solve an optimisation problem in the space of
all CFTs and look for the extremal solution [1, 7]. These two constructions are, in fact,
related. We have defined two sets of extremal solutions, which are bosonic and fermionic.
Then often we have the basic relation:

e Bosonic type: extremal solutions saturate an upper bound on the OPE coefficient af
of an operator of dimension Af, for all CFTs consistent with the CFT data in S (and
some minimal gap assumptions, e.g. Ay > Af).

e Fermionic type: extremal solutions saturate an upper bound on the gap to the first
operator in the OPE, for all CFTs consistent with the CFT data in S.

That this is the case follows from the fact that extremal solutions are associated to bases
of functionals. These functionals imply bounds on unitarity CFTs thanks to the positivity
properties implied by duality. In particular the above two bounds can be obtained by
considering of and §. For an example of this the reader may refer to figures 3 and 5.
Depending on the choice of S it might be that some other choice of bound will lead to the
associated extremal solution. Also, many different bounds are actually saturated by the same
extremal solution. For instance, the generalized free boson to be discussed below saturates
an upper bound on the OPE of an operator of dimension A = 2A,, but it also maximizes
the gap above such an operator — the last bound being given by the functional 3.

2.3 Two important examples and a conjecture

Up to now, our discussion has been quite abstract, so let us now discuss two important
explicit examples. These two extremal functional bases are labeled F, B for Fermionic and
Bosonic and they correspond to the choices:

F: s ={1} = D= {(Al,al)}2, (2.20)
B: s={1,(Ag=AF,0)} = D={(e,af)}U{(AF, aD)}2, '
with
AP =2A,+2n, AL =2A5+1+2n. (2.30)



The fermionic basis corresponds to having as input only the existence of the identity operator,
while for the bosonic basis we additionally demand the existence of an operator of dimension
AP =2A4 in the OPE (but unfixed OPE coefficient). The corresponding extremal solutions
are simply generalized free field correlators

GPE(z) = L 4y (2.31)

Z2A¢ (1 _ Z>2A¢ :

with +(—) for boson (fermion), from which we get
grt  /T2BTAL(A) (A +2A, — 1)

—_ABF a -
INOVE S T(A-1)T(A-22, + DT (24,7

B,F __ _gff
a, = ap

(2.32)

Although it is non-trivial to prove, the bosonic/fermionic bases do satisfy completeness
as required [11], i.e.:

Yaanat(A) =0
Crossing < (2.33)

2A aAﬁf’F(A) =0

The relevance of these bases follows from the following conjecture:

Conjecture: asymptotic Freedom

Any extremal solution E of bosonic/fermionic type labeled by a finite set S behaves as a
free field asymptotically, in the following sense:

(AE aE)y  —  (ABF BT (2.34)

nn n—00 ron
(& /

As we will see, this property means that we can efficiently construct generic extremal
basis/solutions using the two explicitly constructed bases.

Unfortunately, we will not be able to prove this conjecture here, but needless to say
we were unable to find any counterexamples nor do we have any clue on how one might
go about constructing a finite set S which would violate it.” We can gain some intuition
for why the conjecture should be true with a few simple arguments. For instance, it is
easy to show that if we assume that an extremal solution has a spectrum asymptoting to
dimensions of the form 2A4 + ¢+ 2n then ¢ = 0 or 1 are the only possibilities. This is a
consequence of the analysis of functional equations at large n, A done in section 4.2, and
essentially it follows from a mapping of extremal spectra to S-matrices of unit modulus. But
this argument does not exclude more exotic behaviour where the extremal spectrum has
O(1) anomalous dimensions that never decay.

To see this is unlikely, we can give a perturbative argument. Consider a fermionic
extremal basis labeled by S:

D={AM},,  s=1U{(A,a), i=1,.. K} (2.35)

"Note that if S is allowed to be infinite then the conjecture is false. For instance, one can easily construct
double zero bases with basic spectra of the form 2A4 + ¢+ 2n. For generic ¢ and finite S these are not extremal,
but they can be for infinite S. For instance the 2d Ising correlator restricted to a line has a spectrum of the
form 2A4 + % +n, so we can simply set AE to be the states of even n and S to contain states of odd n.

,10,



and now set
Dy :=DAS],  AS:=1U{(A;Na), i=1,...,K} (2.36)
such that
Do={Ar},  ®={A%} (2.37)

In other words, 9, is a family of spectra which interpolate between the free fermionic one
and the desired basis. The idea now is that we can construct ®, perturbatively in A. For

instance, to leading order in A, the extremal solution is constructed as
K
Gr(2) = G"(2) + A [Z a;QF (z)} +0(\?) (2.38)
i=1
from which we read off

K
aE =al’ =\ [Z aiaf(Ai)] +0(\?)
=1

p (2.39)

a; A
Yo = AL =By ==X [ZQF@?(A»

i=1""

+0(\?)

This computation easily generalises to higher orders. The upshot is that we can check for
asymptotic freedom explicitly, by examining the large n behaviour of the fermionic functionals
BE for fixed argument (cf. appendix A). For instance, if all A; > 1 one finds

0 P
P e ) (2.40)

n—oo n2

where the above is a result to all orders in perturbation theory. This is not a proof though,
since the correct order of limits we would like to take is first consider high n — oo and then
A — 0. And for good reason too, since perturbation theory can and does break down for
special sets S, or in the present context for large enough A\. We will see examples of this in
the application section. However, when this happens we find that this breakdown is driven
by an extremal solution transitioning from bosonic to fermionic asymptotics or vice-versa.
Incidentally, these transition regions are precisely the interesting region for probing the
flat-space limit of a bulk QFT, as we will discuss in section 4.

3 Hybrid bootstrap

In this section, we will describe a method for efficiently constructing an extremal spectrum E.
As we will see, this actually does not require explicitly constructing the associated functional
basis, although once E is found, this can be achieved straightforwardly. The idea for the
method is to make use of the asymptotic freedom conjecture together with the two special
bases which we have already constructed explicitly.

— 11 —



3.1 Hybrid bootstrap method

Our goal is to construct the extremal solution E associated to the fixed set S. To do so, we
will use as a working assumption the validity of conjecture (2.34), which tells us that the CFT
data of E becomes approximately free at sufficiently large A. We introduce a scale A* and split

E=LUH (3.1)

where L (low energy) contains states with scaling dimension below A*, while H (high energy)
contains all other states. The idea is to choose A* so that these high energy states are
sufficiently close to being free. Our strategy will be to solve for the finite set of data in L
numerically, while treating the infinite set H analytically in perturbation theory.

The CFT data E has to satisfy a complete set of crossing sum rules. Up to now, we
have constructed only two such complete sets, which were denoted as bosonic and fermionic
free functionals. Below, we denote simply &, Bn for the elements of each such complete set,
without explicitly specifying if it is the bosonic or fermionic basis we are using. However,
it will always be implicitly understood that we work with the complete basis of bosonic
functionals if E is of bosonic type, and conversely if it is fermionic. Recall that this is
known a priori, as it only depends on the structure of the fixed inputs S. For convenience
we will introduce the notation

B:h,=204+2n  F:h,=204+1+2n. (3.2)

After these preliminaries, the crossing sum rules which an extremal solution must satisfy
can be written as:

Blt]+ BulH) =0, GufL]+anfH] =0 By <A,

R R (3.3)
Ball] + BulH =0,  Gu[L]+anH] =0  hy, > A,

The idea now is to use the duality conditions together with asymptotic freedom to simplify

the functional actions on the high energy states. Recall that duality gives®

&n(hm) = Onm , OAGn(hm) =0
) = G OG(hin) -
Bn(hm) =0, 8Aﬁn(hm) = Onm
while asymptotic freedom implies
AE = h, + v, Yo K1 for h, > A" (3.5)

We thus have a small parameter which can be used to set up a perturbative scheme for
the high-energy data. We expand

M M
AE=n,+3 9P, E=dD+>al,  hy>AT (3.6)
k=1 k=2

8For the bosonic basis, Bf = 0 and the right column duality relations do not hold when m = 0.
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up to some desired order M, where %(Lk) = O[(%(ll))k]. The second set of equations in (3.3)

can now be solved for perturbatively making use of the duality conditions. We find for
instance for the first two orders:

agLO) = —Gn[L]
a%o)%l) = _BH[L]
1 & A
@i =3 2 an'bin FORAn () (37)
1 & R
a,(f) D) m;ﬁ a7(’2) [VS)]Qazan(hm) .

We can use these results to set up an iterative scheme for constructing an extremal solution.
Concretely, let us rewrite the sum rules (3.3) as:

B [L9] + B, [10D] =0, an [LO] 46, [HOV] =0 B, <A,
Bn [L(i)} + Bn [H(i)} =0, 0

and define H® as the empty set. At step ¢ we begin by numerically solving the finite set
of equations in the first line to determine an approximation to the low-energy data. Next,
we solve analytically the equations on the second line to find the high-energy data. This
is then fed back into the low-energy equations and we repeat the process until convergence
is found. We find in practice that a handful of iterations suffices to achieve convergence.’
Our scheme requires being able to compute the high-energy data for all n. In practice, we
can derive analytic formulae for this data by exploiting the asymptotic expressions for the
functional actions, as we will see momentarily as well as in more detail in appendix A.4.
Finally, once the extremal solution is found, it is straightforward to obtain the associated

dual functional basis as we will describe in the next subsection.

To gain some intuition for the outcome of this procedure, let us examine the leading order
approximation of the scheme where M = 1. For simplicity, we assume that all operators in
S have A > 1. The high-energy CFT data is given by

O =-B,[)/a?, o =-a,1] (3.9)

n

These equations are valid for all h > A*, but let us now take h > 1. With large n holding
A > 1 fixed the functional actions simplify and we find (cf. appendix A):

R a%FF A 1 a?LFF
Bn(A) ~ h; £(A), an(A) ~ ian h; £(A) (3.10)

9Sometimes it can be necessary to input a better initial guess for H®, e.g., using the expected form of
anomalous dimensions described below.
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where £(A) is a certain functional.!? This gives us to leading order in the large h expansion:!!
a &L (0) ., GFF
Tn h% ’ Qp, ahn_’_%(}) (312)

These expressions provide us with an approximate high-energy spectrum for all h above A*
which is self-consistent with the hypothesis of asymptotic freedom. However, they do not
imply it. To see this, we note that the functional £(A) has large A behaviour

ETED) o s [g(A - ho)] < A (3.13)
and thus what one must really check for asymptotic freedom is whether £[L] grows with A*
or if it eventually saturates. It is only in the latter case that our scheme makes sense, as
results then become independent of the arbitrary choice of A* (as long as sufficiently large).
As an extreme example, if we tried to apply our scheme using a bosonic basis to bootstrap a
fermionic solution, we would find that £[L] ~ O[(A*)?] and we would never get convergence
in A*. More generally, the method described here is particularly useful if A* is not too
large, as we must still solve numerically for low-energy data up to that scale. As we will
see later, in order to extract the flat space limit of CFT correlators describing QFT in AdS
we will have to consider extremal solutions where A* > 1. In this case we will show that
there is an alternative method to construct the extremal solution, where the high-energy
data is solved for in terms of a bulk S-matrix.

3.2 Constructing the extremal bases

Let us now explain how to construct the extremal functional bases dual to an extremal
solution E. The dual basis is useful in particular if one wishes to prove bounds which hold
for any CFT — bounds saturated by the extremal solution. We follow the same logic as
in the construction of the extremal spectrum: we again do the split between low and high
energies, and focus on the construction of the low-energy extremal functionals. Denote one
such functional as w. Using the completeness of the free functional basis, we can write

Ww=wLtwyg = Z [Améém + Bmém} + Z [Amdm + BmBm} (3.14)

m<n* m>n*

To determine the coefficients appearing above we have to impose the correct duality conditions,
which are for all but one n of the form

W(AE) = 0aw(AE) =0 (3.15)
We now write again, for m > n*:

Ap=AD 4+ A® 1

3.16)
1 2 (
Bp, =BW 4+ B2 4
10This functional however, can only act on super Regge bounded correlators.
A better approximation for al?) is actually
1
o = agt + iﬁn(aﬁf’yﬁf)) . (3.11)
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and get solutions:

1
AR = S O3 ()
Bﬁ,}) = _'YmaiwL(hm)
1 1 & .
AR = 3 vmd3wn(hm) + 5 30 BIUAR0R By (hm) (3.17)
p=n*
B =~z 0Aw(hm) = 37 BV mOR Bp(hum)
p=n*

While it is possible to go further, below we will stick to this approximation. Note that B is
small in the vicinity of h,,, so that we are correct in keeping these terms but not By(,i’). The
strategy is now as for the construction of the extremal solution: we write

w= wl(f) + w}(f_l) ) w}({o) =0 (3.18)

and proceed iteratively, imposing duality conditions to determine wl(j) numerically and w}(f)
analytically. At the end of this construction, the functional has double zeros at the correct
locations all the way to infinity.

We conclude this section with a small technical point. If we want to obtain fully rigorous
numerical bounds is that we want our basis functionals to be asymptotically sign definite.
This is true for any basis functional &, and Bm and any finite linear combination of them:
in particular they have exact double zeros at Ap,. However, after dressing our functionals
have only approximate double zeros instead at A,;, = h,, + Ym, since we had to treat 7,
as a small parameter in solving the equations. Thus, in general, these will only be local
minima, and we would like them to be as close to the real axis as possible but not below
it. To deal with this, we simply add a small positive contribution to the dressed functionals
in the vicinity of the local minima:

w=wt 3 [(Am+7m)am + Bunfn (3.19)
m=N-+1

with A,,, By, determined as before. In practice, we can choose r,, to be a small constant
for any m,w.

3.3 Applications
3.3.1 Generic S

In this section, we will demonstrate how to apply the hybrid bootstrap method described
above in several cases.

We begin by constructing a fermionic-type extremal solution. As discussed, we claim such
solutions correspond to sets S containing operators for which we specify both dimensions
and OPE coefficients, and that they are naturally associated to bounds on the maximal gap
above operators in S. For the numerical results shown below we have chosen

S = {(Ara;)} = {]1, (22) , <Z 1) , (il) i)} | (3.20)
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Figure 2. CFT data for the fermionic solution. Red circles are computed numerically, while crosses
are obtained in perturbation theory using (3.7). Left: anomalous dimensions for the fermionic solution.
The black line corresponds to the prediction from (3.12). Right: OPE data for the fermionic solution.
The black line correspond to the prediction from equation in footnote 11.

and set Ay = 1. There is nothing particular about this choice, and our construction works
equally well for others.

We apply the method described by equations (3.8), working with the free fermionic
functional basis. To solve the equations for the low-lying data, we simply use Newton’s
method with an initial guess: at step ¢ we use the solution constructed at step ¢ — 1 as our
initial guess, and at step 1, we take it to be described by a generalized free fermion. In this
example, we set A* = hy, with N, = 10, so that the first ten operators other than those in S
are solved for numerically, while higher states are determined from (3.7). Ten iterations of
the dressing procedure were performed, and Newton’s method was run in five steps each time.

The resulting anomalous dimensions and OPE coefficients are shown in figure 2. As we
can see, the CF'T data rapidly converges to that of a generalized free fermion, in agreement
with the asymptotic freedom conjecture. Note that this is not an artifact of our choice of
basis: if this was the case, the low and high-energy data would not connect smoothly. The
fact that they do signals that our method has converged, providing a holistic approximation
to the entire extremal solution. Once we find the extremal spectrum, we can also reconstruct
the associated basis of extremal functionals. As an example, we show the curve for 5y(A) in
figure 3. This functional is constructed to satisfy 5y [S] = 0 and have double zeros on all other
operators in the extremal solution except the first one. We can see the resulting functional is
actually positive above Ag. Thus, for any solution to crossing containing the states in S this
functional gives a rigorous upper bound on the dimension of the first operator in the OPE
above states in S, a bound which is saturated by the extremal solution we have constructed.

The next case we consider is a bosonic solution. As our set S we take the same states as
before but now we also take the dimension of the first operator in D to be fixed:

3 7 21 1 " "
S—{(A,,az)}_ {]]-7<272> ) <471> 7(1074) 7(AO,.)} 5 A0—2A¢)+4/5 (321)
with Ay = 1 once again. As we explained, in the extremal solution the OPE coefficient ag

is not a free parameter. Here we expect such a solution to be of bosonic type, so that it is
convenient to apply the hybrid bootstrap method with the generalized free boson functional
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Figure 3. Interacting fermionic solution and its associated extremal functional. The dots represent
the positions of the operators: in red is the set S, while in black is the set D. The dashed lines mark
out the dimensions of operators in the generalized free fermion solution. The contribution from the
identity cancels with those of other operators in S so that 3y[S] = 0. The positivity properties of g
imply the existence of an operator in the green region for any CFT. This bound is optimal for CFTs
whose spectrum includes the states in S, as it is saturated by the corresponding extremal solution.
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Figure 4. CFT data for the bosonic solution. Red circles is computed numerically, while crosses are
obtained in perturbation theory using (3.7). Left: anomalous dimensions for the fermionic solutions.
The black line scorrespond to the prediction from (3.12). Right: OPE data for the fermionic solution.
The black line correspond to the prediction from equation in footnote 11.

basis. Resulting anomalous dimensions and OPE coefficients are shown in figure 4. In this
case ag[S] = —dE, and ag(A) > 0 for A > Ag.

As before, we can build the dual set of extremal functionals. We show the «g functional
in figure 5. This functional implies an optimal upper bound on the OPE coefficient of
an operator of dimension Ao in any CF'T containing the spectrum in S, a bound which is
saturated by the extremal solution:

ap < —ap [S] = af (3.22)

As was the case for the fermionic solution, both the OPE data and scaling dimensions rapidly
approach those of a generalized free boson.
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Figure 5. Bosonic extremal solution and the associated extremal functional agy. The dots represent
the positions of the operators: in red is the set S, while in black is the set D. As A increases, the
operators approach the generalized free boson values.

3.3.2 Finetuned S

In both examples discussed above, we saw that the extremal spectrum rapidly converged
towards its expected free asymptotics. This is what we observe to be the case for generic
choices of the data in S. However, it is possible to fine-tune this data so as to make the
approach towards free asymptotics arbitrarily slow.

To see how, consider, for instance, a fermionic solution with 8 = {1, (AO, dp)}. We know
that not every value of ag is allowed: after all there is a maximum for it corresponding to
the extremal solution labeled by S = {1, (AO, )}, which is bosonic. Therefore, our solution
is of fermionic type for 0 < ag < af (with a9 = 0 corresponding to the free fermion), but
of bosonic type when ag = af. There is thus some kind of discontinuity. What happens is
that away from the maximum af, the solution always asymptotes to the generalized free
fermion as it should, but it takes longer and longer to do so as we approach this maximum.
Concretely, there is an order of limits issue:

0=, g, 7 1, o =1 (3.23)
A similar situation can be arranged for bosonic type solutions. Consider now instead
S = {1,(Ag,e)}. The dimension Ay cannot be arbitrary but in fact has a maximum value
AF?* = 2A4 + 1 for which the solution is in fact the free fermion. As we approach this
maximum value there is again a discontinuity and the solution takes longer and longer to
asymptote to a free boson as Ao approaches its maximum.

The takeaway is that the method we have described becomes more and more difficult to
use as we perform finetunings such as these on our sets S, or more precisely as we approach
the boundaries of the set of all S consistent with unitarity. It is in this sense that the choices
we made earlier for the sets S were generic, as they were well away from these boundaries.
To find extremal solutions with S close to these edge cases we have to use more and more
functionals in order to reach the scale A* which is being pushed off to infinity.
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Figure 6. Left: anomalous dimensions for different values of 7{". Dots/dashed curves represent the
low /high energy CFT data computed numerically /analytically with the hybrid bootstrap method. In
the finetuning limit v{" — 0 the CFT spectrum contains structure up to arbitrarily large scales. Right:
extremal spectrum obtained with and without the hybrid bootstrap procedure for 7" = —8 x 1074.

To investigate this question, let us for definiteness consider the family 8 = {1, (AO, o)},
and set ¢ = Ag—1— 2A4, so that 7¢" < 1 s the finetuning limit. On the left of figure 6 we
show the spectrum of anomalous dimensions as we lower ¢ . As we can see, although these
curves eventually do decay, they take longer and longer to do so, so that there is structure
in the spectrum up to larger and larger scales. This means that in our method if we hold
our cutoff A* fixed, the anomalous dimension at the cutoff increases as ’yém is lowered, so
that eventually our approximations break down. In passing, note that before this happens is
precisely when our method is most useful, as the corrections to the spectrum which is obtained
without UV completion are then the largest. This is displayed on the right of the figure 6.

At this point we can make two observations. Firstly, as we finetune, we see that the
spectrum curves seem to be approaching smooth functions of the label n. Secondly, although
the scale n at which the curves bend is varying with ,yé? , the curves themselves all seem to
be very similar. This suggests rescaling the z axis and replotting, which we do in figure 7.
Remarkably, the curves now all look identical. In this way of parametrising them, lowering
7{" just corresponds to densifying the number of points until we approach a smooth function.
In the next section, we will argue that this function turns out to be determined by a 2d
integrable S-matrix, in particular:

1) = —Targ(S(s),  S(s) = (321

with s = —"A2

In fact, we will understand that the finetuning limits we have been mentioning here
correspond to flat space limits of dual QFTs in AdSs. But for the purposes of this section, these
results bring with them a hopeful message: although in these limits the hybrid bootstrap
method eventually breaks down, we may hope to replace it by working with a smooth
description of the CFT data in terms of an S-matrix, and this is exactly what we will do.
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the same smooth curve described by equation (3.24)

4 Bulk reconstruction and the flat space limit

A very general procedure for constructing 1d CFTs is to consider QFTs in spaces of the
form AdSs x M. In this section, we will explore how extremal solutions are intimately
related to such constructions.

4.1 The flat space limit

A QFT in AdS, induces a family of 1d CFTs living on its boundary.'> This family is
parameterized by a dimensionless coupling A,., = mqrrRaqs Which can be taken to be some
typical mass scale of the QFT multiplied by the AdS radius. Now, while any QFT in flat
space can be thought of as an RG flow between a UV and an IR CFT, when we place it
in AdS we introduce an effective IR cutoff which prevents us from probing the full flow.
Nevertheless, by adjusting the free parameter A,,, we can smoothly interpolate between the
two extreme cases where the bulk QFT becomes the UV or IR CFT5 in AdS,. Incidentally,
note that in these limits the bulk theory becomes a CFT in AdS which is Weyl equivalent to
a CFT with a boundary, so that the whole setup becomes equivalent to a BCFT5.

In order to access the flat space physics of the QFT we must take a double scaling limit:
we must certainly take mqrr to be very large, so that the entire RG flow can happen in
a very small patch of AdS of negligible curvature; but at the same time, this means that
to probe this flow we must consider high energy observables, sensitive to distances much
smaller than the AdS scale. Thus the appropriate limit is:

ERjqs — 00, mgerRaqs — 0, E/mqpr fixed. (4.1)

Since energies in AdS space correspond to scaling dimensions of operators in the boundary
CF'T, it follows that the flat space limit is obtained by probing the high scaling dimension
region of CF'T spectra, in the limit where the bulk QFT is approaching the IR BCFT.

12 Actually, many such families depending on choices of boundary conditions, curvature couplings, and so on.
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The question of how precisely one can extract flat space observables from CFT data has
been addressed in a number of works e.g. [12-22]. Here we are interested in the case where the
QFT has massless states in flat space, so that the IR BCFT mentioned above is non-trivial.
One observable of interest is the flat space S-matrix which describes scattering of the massless
states. Concretely, suppose that a CFT operator ¢ has overlap with a massless state in the
bulk. For d > 1 there is a recipe proposed by Penedones in [16] for extracting the S-matrix
from the Mellin amplitude, but this recipe cannot be extended to d = 1. Here we propose that
the on-shell 2-to-2 flat space S-matrix may be extracted from the phase shift formula [19]:

: 1 an \ _ir(a—2a
S(s) = Jim Ay 2 <agff> e “2)
P BT | A—/50gap|=(Agap)? A

where we should take 0 < 8 < 1. Essentially, this formula is an average of phase factors
for each exchanged primary, weighted by the OPE density, around a mean energy +/s. This
formula was proven to hold when the QFT is gapped [20, 22|, which is the case where in the
flat space limit we have Ay — co. It is however very natural to suppose the above also holds
in the gapless case. After all, when the theory is massive the formula is valid at all energies,
including energies much higher than the mass gap where it becomes irrelevant. Alternatively,
we can imagine a situation where there is a gapless QFT which subsequently gets deformed by
a mass term, in such a way that the scale of the flow is much larger than the mass term, which
in turn is much larger than the AdS scale. Either way, the above formula should be correct.

4.2 S-matrices from extremal correlators

We will now show that the construction of extremal solutions is deeply connected to the
construction of 2d integrable S-matrices. In particular, in the flat space limit, we will show
that these problems become essentially the same.

First, let us discuss kinematics. We want to consider extremal correlators which access
the flat space limit of the bulk QFT. Interesting dynamics occurs at scales A ~ A, i.e. at
energies comparable to the QFT scale mqpr ~ A,.,/Raas, and in the flat space limit we have
A,., > 1. Since the RG flow is happening in AdS it is IR regulated. To keep track of this
IR cutoff it is convenient to introduce a scale 1 <« Ap < A

an IR cutoff on the QFT below which curvature effects become relevant. In particular, the

gaps Which we can think of as
discreteness of the spectrum of the theory becomes apparent only below this scale.

Let us consider then an extremal solution, whose spectrum consists of the operators in S
together with a tower with dimensions A, = 2A4 + 2n + 7, with lim,, o 7, € Z. Let us
make the assumption that its CFT data is described by slowly varying functions:

an,,
Tn - V(STL) ’ GFF = IO(STL) (43)

TLNAgap aAn n’\‘Agap

with

Sp = s(hy) , s(A) = (Aip>2 . (4.4)

Thanks to this assumption we can apply the phase shift formula to the extremal solution
to obtain

S(s) = p(s)e” M (4.5)
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Thus S(s) neatly packages the entire CFT data of the extremal solution. We will now apply
the functional sum rules of the bosonic/fermionic free functional bases to constrain the
possible functions v(s), p(s) and check that the above does behave as an S-matrix. We focus
on sum rules for functionals with label h ~ A, , and introduce the shorthand notations:

sp:=s(h) = <A]:ap>2 , Sk = $(AR) = <AA;:)>2 ) (4.6)

We will analyse the  and « functionals separately. In fact it turns out be convenient to
work with slightly modified a functionals, &, = & — cnBr which have improved large A
behaviour, see appendix A. Using the asymptotic expressions for the functional actions in
that appendix, we find:
a
2 an(A) =0

GFF
N

AR,
an . 8 ][oo S ( )
SNy A A = __Sh
& ; azFFah( ) AT d8(52 - si)QRe IS(s)| FS(s) )+ |S(sn)l,

(4.7)

S olon

Here we have approximated the sum over states above Az by a continuous integral and
the —(+) sign corresponds to the bosonic/fermionic basis. Note that the second term on
the right arises from summing over states with A = h + v(sp) + 2k with k integer, which
is ommited by the principal value prescription on the integral. In the flat space limit we
take A
lefthand side they are also suppressed for large h, with the exception of the identity for which

«p — 00 s0 that the entire integral is suppressed. As for terms in the sum on the

an(0) = —a§FF. Overall this then leads to the equation:

p(s) =15(s)| =1 (4.8)

Thus to leading order the OPE data of the extremal solution coincides with the GFF one
and the function S(s) has unit modulus for real argument. Moving on to the  functional
equations, using |S(s)| = 1 and focusing on leading terms we now get:

an A 2 [ s
X (&) =0 =f ds 5™ 5 Re (867 1) = mS(en) (4.9)

The g sum rules have become an integral equation for the anomalous dimensions encoded
in S(s). It is easy to construct solutions to this equation. Let us introduce a function
S(s) satisfying

1. §(s) is analytic on the upper half-plane and S(s*) := S*(s).

2. It is crossing symmetric: S(s) = S(—s)

3. It is bounded on the upper half-plane, |S(s)| <1
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Note that these are precisely those properties satisfied by a 2-to-2 S-matrix. Any such
function satisfies a dispersion relation (from Cauchy’s formula):!?

S(s) ==+1+ —/ ds ———R[S(s) F1] for Ims > 0 (4.10)

_ 32]
Setting now
S(s) 21%8(34—16), s € Rxo (4.11)

it is easy to see that (4.9) is indeed satisfied from (4.10).
The S-matrices suitable for describing extremal solutions must satisfy crossing and

saturate unitarity. A general ansatz for such S-matrices is given as a product of Castillejo-
Dalitz-Dyson (CDD) factors:

P — .
S(s) = [ =X (4.12)

i1 ST My
with Im p; > 0 and further constrained so that S*(—s) = S(s).

4.3 Extremal correlators from S-matrices

So far we have discussed only those functional sum rules with h ~ A_,,. As a consequence
all information about the fixed inputs S, contained in the sum over states below A, has
dropped out. At this level, any S(s) satisfying the assumptions spelled out above can in
principle be associated to an extremal solution. In order to determine which precise S-matrix
must be associated to a particular extremal solution, we must match the high energy with
the low energy CFT data by considering the sum rules with h = O(1). Let us therefore take
a closer look at sum rules with A < Aj. They take the form:

& an Ap, >
S () = / ds———Re[1 F 5(s)]
~ TEAD s sy
K (4.13)
398 5 a) = D / T ds Re[l T S(s)]
A a(};LFF " 2Agap SIR 82 - 8}21 *

As s — 0 the S-matrix must go to +1. We can then choose to work with a functional basis
such that the righthand side of these equation is suppressed, namely the fermionic/bosonic
basis if S = —1 or +1 respectively. Therefore these equations can be solved numerically to
leading order with zero righthand side. The matching at this order is trivial: this numerical
solution will asymptote to a nearly free spectrum as A — Az. At subleading order however
there is a non-trivial matching between a candidate S-matrix on the righthand side and the
low energy CFT data. More generally we can use these equations as follows:

3Here we set

Rf(z) i= lim 2[f(= + i) = f(z —i0)], Tf(z) = lim - [f(= +i€) — f(= — ie)]

e—0 e—0 2
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Step 0:

1. Write down a trial S-matrix made up of a finite number P of CDD factors on the right
hand side. This finite number should line up with the number of parameters in the set
S, dimensions and OPE coeflicients.

2. Solve equations (4.13) numerically for the IR data (setting the right hand side to zero)
excluding the first P functionals (distributed equally among « and f type functionals).

Then we iterate:
Step i:

1. Plug in the IR CFT data determined at step ¢ — 1 into the first P functional equations
to determine the parameters in S(s), determining a solution S (s).

2. Plug S®(s) into the remaining functional equations and solve for the IR CFT data.

In practice convergence of this method is achieved in a handful of steps. The output is
the full set of CFT data describing the extremal solution, in the IR as given by a finite set
of discrete data, in the UV as an S-matrix. In the present approach Az plays the role of
A* in the hybrid bootstrap method of section 3, in the sense that it represents the scale
splitting the IR states, which we solve for numerically, from UV ones, which we solve for
analytically. Unlike the previous method however, this is not the scale where the spectrum
is weakly coupled, but rather where a continuous description in terms of an S-matrix takes
over. We can trust the results of our method by 1. checking that the output is unchanged

as A is changed 2. checking that the final set of CFT data satisfies exact sum rules up

2
gap”®

to corrections suppressed by 1/A

4.4 Bulk operator reconstruction

We now switch gears to discuss another aspect of the relation between extremal solutions
and QFTs in AdS,. Concretely we will explain how to any extremal solution it is possible
to canonically associate one or more operators which behave as local fields in a dual AdS»
space. This construction was essentially already described in previous work [4, 5], so that
the contents of this subsection are mostly a review.

Local fields in AdS can be described in terms of the CFT living at the boundary of the latter
using what is known as the boundary operator expansion (BOE). Introduce the AdSs metric,

2 2
gs2 = du” +da” (4.14)
w2
A bulk field ¥(y,x) (which need not be elementary) can be written as
U(u,x) =Y pX C(u?d7)On(x) (4.15)
A

with C a known function fixed by the AdS symmetry, and where the sum runs over primaries
of the boundary 1d CFT. Below we will be interested in what we call AdS form factors, which
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are three point correlators of one bulk field and two boundary operators. We can write them as

(¥, 2)o(z)0w)) = = Hw), = ok Vs 116
B e s R s
Applying the BOE decomposition leads to the representation
A A 1
Hw) =S baHalw),  Ha(w)=Nawbofi (3,584 50) @)
A

where we set bp := ”X)‘(é(i and the normalisation factor is chosen by convenience to be

r(3)?

No=Ta+ Dy

(4.18)

For spacelike separated operators we have w € (0,00). In this kinematical region the form
factor F(w) should be analytic, but this is not guaranteed by the BOE which converges only
for w < 1. Instead, the coeflicients ,uX must be delicately tuned so as to avoid unphysical
singularities [23]. These tunings are ensured by sum rules that these coefficients must satisfy:

A

In [5] it was shown that there are a great many possible choices for the functional actions
0:4(A). Given any spectrum of the form

A= {AN =20+ 20+, , Yo = O(Mn™9, €>0 (4.20)

then a complete set of sum rules is obtained by setting:

> A—-AM A+ AR 1)
o= [ AR X (4.21)
n A_ ANA A A _ .
m=1,m#n (An Am)(An + Am 1)
Note that in particular we have the duality conditions
0N AR) = bnm,  nom>1. (4.22)

The sum rules (4.19) completely encapsulate the constraints of locality, and moreover they
constrain the large w behaviour of a form factor. In particular applying sum rules with a
given value of a demand F(w) = O(w*T1=") for some n > 0.

Suppose we are given an extremal spectrum. Is it possible to construct a local AdS
operator whose BOE expansion consists of the operators in that solution? I.e. can we find
solutions to the equations:

K o]
SThtM AR + D bt (AE) =0, n=1...,0 (4.23)
i=1 m=0

Thanks to the freedom in the choice of A the answer is in general yes. This can be
seen by simply choosing A to essentially coincide with the spectrum of operators in the
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extremal solution. In particular let us choose A = {AE 1> = This choice is compatible
with (4.20) thanks to the asymptotic freedom conjecture. Then the locality sum rules have
the manifest solution

N

b = —bofr (AE) — Z (4.24)

in terms of K 4 1 parameters. Defining local blocks as
LA (w) Z 07 (A)Ha(w) (4.25)
then the most general form factor with a BOE matching an extremal solution is written
K A
H(w) = bOL“A“S (w)+ > biﬁg‘%(w) (4.26)
i=1

This solution contains a number of free parameters. One such parameter simply encodes
the overall normalisation of the bulk operator and cannot be fixed by locality. The other
parameters must be input by hand as they reflect different possibilities in our construction of
a local bulk operator. To understand these ambiguities, and for definiteness, let us suppose
that the extremal solution is of bosonic type. Then the extremal spectrum consists of K
‘bound states’ or ‘single trace’ operators, together with an infinite tower of double trace
operators. Let us denote bulk fields dual to such bound states as ¥; and ® as the dual to the
CFT operator ¢. Then the candidate local operators are ¥;, ®* and (AdS bulk) derivatives
thereof. In terms of BOE content these operators can be defined as solutions to locality
above where all but one coefficient on the r.h.s. is switched off.

4.4.1 An example

As an important example of this construction, let us describe the extremal form factors
associated to the GFF correlators of external dimension Ag. In this case we choose

a=Ag Boson

Ar = hy=2a+2m, = { (4.27)

a=As+ % Fermion

The functional actions corresponding to these choices are denoted H(Q)(A) and they admit
closed form expressions,

(7)o (2B — 1) sin [5(8 = )
2 lio4 (2R, — 1) sin[Z
0l (A) = = 2 2 4.28
W (A) w(%)l (hn +A=1)(A hn) (4.28)
§+2a
In particular certain local blocks can be written down in closed form:
Lie) (w) = w =37 6% (ho) Hp, (w)
0 (4.29)
Z nbgff (w)
n=0
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where by definition

2 (AEQQ)%HQ (24 —1)

F(1+20) @+20-D2a-1)

£f
V= (4.30)
which is the analytic continuation in n of (—1)”97(10‘)(%).

4.5 Form factors from extremal correlators

We now describe the flat space limit of form factors associated to an extremal solution.
In this case we have [4]:

. 1 b _iT(A—
F(s) = lim 5 Z < 2 ) e~ 13 (A7280) (4.31)

A, A gff
g0 ( gap) |A—\/§Agap|:(Agap)B bA

with F'(s) := (k1, k2|¥(0)). The averaging kernel is chosen so that for free theory we reproduce
the expected outcome, essentially because the average becomes trivial. From the discussion
in section 4.4 it is sufficient to consider the limit for a single local block of fixed dimension
A, denoting the result as F;. When applying it to an extremal solution the averaging
is trivial, and we get:

Fi(s) =e ™% Z)Af;)(gf_fl)n (4.32)
JANS An=Agap/s
Now note
ba, (1) = (—=1)"6;(A)
_ ﬁ (A= Ap)(A+ A, —1) (4.33)
men | (B = ) (An + Ay — 1)

Taking logarithms and approximating the resulting series as an integral we can find
0 d /
Agap][ i log
st 24/144A2 s

2 A\ 2 2
Agap Agap Agap

and where the ellipsis represents contributions which are independent of s. The first integral

1 [ s’ —3
—=f dsy(s) 1 (434
2T §7'(s") log | Z—|+... (4.34)

s'—3
log[ba, (—1)"] =

s’ —s

with

can be done straightforwardly, while on the second we can do integration by parts. Taking
the large A,,, limit we get

1 rds s , 5
B _ 5 4.36
loglea, (<1") = 5 T B )]+ (815 ) og(A)) (430)
On the other hand we have
1
logl&"] = (Agff - 2) log(An) + ... (4.37)
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It is then easy to see that
Fi(s) = lim Fil(s +ie), (4.38)

with
s

i) =C@ad) 0 F e [T ) 0] o] @)

for some constant C. This expression is manifestly analytic way from s > 0, i.e. it is local,
and it is easily checked that
Fils+ie .
lim A(i) =7 = §(s) (4.40)
e—0t ‘FA(S — ze)
which is Watson’s equation for a form factor. We conclude that in the flat space limit our
solution for the AdS form factor precisely agrees with expectations.

5 Applications to QFT,/CFT,

In this section we will bootstrap extremal solutions which represent RG flows in AdS and
extract their flat space limit.

5.1 The OPE max/®* family

We begin by considering what is perhaps the simplest example of a family of extremal
solutions which can be interpreted as describing a QFT in AdS,. It has been previously
studied in [4, 11, 24]. This family is defined by the choice:

5= {1, (Ag,®)} (5.1)

That is, we include the identity as well as an operator of dimension AO, and thus the family
is labeled by this number. For generic values of this number this a bosonic type extremal
solution. It includes as a special case Ao = 2A4 where we already know that this solution is
the generalized free boson correlator. We also expect that it should be somehow connected
to the generalized free fermion solution as we push Ao — 14 2A4. Note that the OPE
coefficient ap, is determined by the extremality conditions, and in fact, its value for the
extremal solution is an upper bound valid for any CFT correlator.

One interesting regime is when Ay is close to 2A4. In this case the extremal solution
can be constructed perturbatively and matched with the theory of a free scalar field ® in
AdS; with mass m? = Ay(Ay —1) and a g ®* interaction, with coupling g5 = O(Ag — 2A4).
Instead, the strong coupling regime corresponds to Ao — 1+ 2A4. In this limit, dimensions
of operators approach 1 + 2Ay4 + 2n, but this approach is non-uniform over n. We would
like to understand the scale at which dimensions of operators transition from fermionic
type to bosonic type, i.e. how to determine the scale A, for this family of correlators.
Let us set gr = 1+ 2A4 — Ao. Around strong coupling the extremal correlator is well

M This bound follows from the ag sum rule of this extremal solution.
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described at low energies by a free fermion deformed by an irrelevant interaction of coupling
gr, schematically (¥@¥)2. We then have

F F 2
=A,—A ~
Tn n n P> 1n<Agap grmn (52)

This effective theory breaks down at energies A ~ 1/4/|gr|. Hence we can set:
1

A, =
a — 5.3
o \/1+2A¢—A0 ( )

The UV completion of this EFT description of the extremal correlator is given by the free

bosonic theory. Indeed, since the ®* interaction is relevant in the bulk, no matter how large
we make gp we should trust perturbation theory for high energies. In particular, anomalous
dimensions of operators should decay eventually,

2
W= B - Al = clgn) (B22) (5.4)
with c(gp) = O(1).

We can think of this family of extremal solutions as a simple, universal approximation
to bulk RG flows involving a single scale. The flow starts off in the UV as a free boson
and ends in the IR as a free fermion. The simplest example of this is a ®* type theory
in AdSs. From the bulk perspective, to define this as our theory one would need a priori
to tune an infinite number of relevant couplings. This tuning is not the same as the one
performed in flat space, as we are always free to add new couplings of order of the AdS scale
without modifying the flat space RG flow. The extremal family of solutions mashes up all
such couplings into just two, namely A[) and Ag. This is because other couplings control
how operators of the form ¢™ couple to the ¢ x ¢ OPE, but such states cannot appear in a
single correlator extremal solution — at least not without explicitly adding them by hand
as part of our fixed inputs S. The flat space limit is where Ag is sent to 1 + 2A4. This
limit should be independent of Ay as long it is held fixed, or more precisely, as long as we
do not scale it to infinity in taking the flat space limit.

As an application, consider a flow from the 2d free boson CFT in the UV to the 2d
Ising CFT in the IR. More precisely, we begin by considering a free massless 2d boson ® in
AdSs with Dirichlet boundary conditions. This has a boundary description equivalent to a
generalized free boson of dimension 1. We then turn on a ®* deformation with a coupling gg
that is eventually taken to satisfy gpR2,s > 1. We can track the flow via a curve in the space
(A, Ag) as exemplified in figure 8. The precise curve will depend on the choice of relevant
couplings, with the mapping non-trivial. However, we do know that for each such point we
can provide a unique extremal solution, which should be thought of as an approximation to
the exact correlator. The flat space limit is the limit where we approach the Ising CFT in the
IR with a specific choice of boundary conditions, which given our UV starting point should
be the Zs preserving ones, corresponding to the so-called ordinary transition. This BCFT
contains in its spectrum a primary of dimension 1/2, whose correlator is precisely the same
as a generalized free fermion — the end point of our flow. Hence the natural conjecture is
that the curve in (Ag, AO) space approaches in the flat space limit the point (%, 2).
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Figure 8. Possible one parameter flows. The allowed phase space is labeled by A, and Ao, where
the OPEis ¢ x ¢ = 1 + OAO + .... The colored region is excluded by bootstrap bounds and the
top/bottom red curves correspond to the generalized free fermion/boson solutions. The marked points
correspond to BCFT correlators for the indicated bulk 2d CFTs and the dashed lines represent possible
flows between them. For these flows the flat space limit corresponds to a region infinitesimally close
to the IR fixed point.

Let us finally turn to an analysis of the extremal solutions corresponding to this family
of correlators in the flat space region. In section 3.3.2 we have already obtained these.!”
As a sanity check, in figure 9 we show a comparison of the spectrum of the extremal
solution obtained using the hybrid bootstrap method versus the S-matrix method described
in section 4.3. Both methods agree within each others accuracy, but the latter method is
much more efficient, as we need only to numerically solve for a much smaller set of operators.
At the end of our procedure we have produced a complete set of CFT data which we claim
solves all crossing constraints. As a non-trivial test that this is indeed the case, we can take
this data and plug it into a sum rule of a completely different functional basis than the
one used to produce it, and check that it satisfies it. We do precisely this for a single-zero
functional in figure 10.

The spectrum of these solutions has the expected qualitative features: in the IR the
spectrum approaches that of a generalized free fermion, while in the UV it transitions back
to a free boson. Furthermore, we have found that the CFT data is quantitatively described
by a smooth function describing a very simple integrable S-matrix. Defining s := (A/A,,,)?

15 As discussed, we find the result is qualitatively unchanged if we shift A, by any O(1) number. In the
application to a flow terminating at Ising this corresponds to adding a mass term for the fermion sitting at
the boundary in the BCFT.
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Figure 9. Comparison between the hybrid and S-matrix methods for constructing an extremal
solution. Dots indicate dimensions of operators obtained numerically, while dashed lines represent
analytic results for the remainder of the spectrum. The solution for ¢ = —8 x 10~* was obtained in
figure 6 and is reproduced on the left. On the right, we show the same solution obtained with the

S-matrix method. Both curves and numerical data points match to a precision A2 = O(107%).
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Figure 10. We act with a large—h functional on a full solution: the IR CFT data is obtained
numerically, while the UV CFT data comes from the flat space computations. In this case, we have
11 operators in the IR, and we act with the single zero functional labeled by h = 2A4 4+ n = 60,
Ay = 1. More details on this basis of functionals can be found in appendix D. The solution is labeled

by 7" = —4 x 107%. As we increase the number of operators the functional acts upon, the result
-2

initially rises as we move away from GFF. Eventually, it converges to a constant of order A_*2.

with A,,, given above in (5.3) this S-matrix takes the form

S(s) = S (5.5)

s+1im

The parameter m can be found in two distinct but equivalent ways by matching to the
microscopic CFT data. Firstly, in the IR the fermionic EFT picture predicts a specific
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growth of anomalous dimensions,

c(A 48T (A) T (Ag + 1) T (Ay + 2
T =, 0 c(Bo)n® ~ = (44’) sny  (Dg) = (29) § ¢ 1) (; ). (5.6)
7T (8 +3) T (284 +3)

Matching this to the S-matrix in the IR limit we find

1 2 8
F

=—-1——logs ~ = = =

Tn i 8 (52) ol ma " " mc(Ag)

(5.7)

Alternatively we can use the functional sum rules to perform the matching, as explained
in section 4.3. Acting with 8§ we have

AR

16A¢ o0 dS
anfl = —7/ % Re[l + S(s)]
Az::[) m2c(Ag)AZ,, stk s (5.8)
16A
F_ o, 926
< 2867 c(A@wmASaP

leading to the same result.

This S-matrix is then meant to describe the flat space RG flow of a free boson deformed
by a ®* interaction, with mass term tuned so that the theory flows to the Ising CFT in the
IR. It is essentially the only S-matrix we could have written down, given the sparse number
of inputs in the extremal solution, the fact that it had to interpolate correctly between
bosonic and fermionic free S-matrices in the UV and IR, respectively, and that it had to
saturate unitarity. To be clear, we do not claim that this is the exact S-matrix describing
the ®* flow. For instance, that S-matrix is certainly not integrable. Rather, just like the
extremal solution is an approximation to the exact CFT correlator by neglecting couplings
to “higher trace” operators like ¢", the above is an S-matrix which approximates the exact
one by neglecting particle production.

There is another way to understand why we obtained the S-matrix above. In fact, it
is known that there is an integrable deformation'® of the (supersymmetric) tricritical Ising
model that terminates at Ising, and in the IR the scattering of the massless goldstinos has
been argued to be described precisely by the S-matrix above [26]. To get an RG flow in AdS,
we can start off with the tricritical CEFT with the so-called (2,2)4 boundary condition [27].
The 1d CFT has an operator of dimension 1/10 which fuses into the identity as well as a
primary 135 of dimension 3/5. Upon adding the integrable bulk deformation, plus suitable
couplings of order the AdS scale, we generate a flow. It is natural to conjecture that under
this flow the operator 1/10 goes to the boundary spin operator of dimension 1/2 in the Ising
CFT, while 13,5 becomes the displacement with dimension 2, as exemplified once again in
figure 8. As we approach the Ising point we must recover the exact S-matrix describing
the tricritical to Ising flow, and indeed we do.'”

6Whether such integrable deformations can survive being placed in AdS is an open question, see [25] for a
recent negative result.

17Strictly speaking the physical meaning of this S-matrix is unclear; after all the Ising CFT is not the same
as a free fermion, and the goldstinos are really in the twisted sector of the theory. We thank A. Antunes for
discussions on this point.
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Figure 11. Form factor corresponding to the single parameter flow. Analytic prediction is the
dashed curve versus direct numerical computation shown as black dots at values s, = A2/ Agap with
Ay = 100.

Finally, we may also determine a form factor associated to this family of solutions [5]. The

most interesting case corresponds to the flat space limit. Using the formula (4.39) derived
18

in the previous section we can determine
D(i 1
lim F(s £ ie) Vs : exp{(lm/s)ilog[S(s)]} , s>0
e—0 (m2 + s2)1 T 2 5.9
5.9
/— D(i
F(s)ocslexp{(lm/s)}, s<0
(m? 4 s2)1 &
with D(z) the Bloch-Wigner function,
D(z) = Im [Lis(2)] + arg(1 — 2) log |2] . (5.10)
Note we have
skl
(5.11)

F(s) ~ /s,
F(s) =0(1),
which is consistent with the expected behaviour of the form factors of operators V¥ and

®? in the IR fermionic/UV bosonic theory, see appendix C. In figure 11 we show that this
predicted analytic form of the form factor perfectly matches numerical results for the BOE

s>1

coefficients obtained by direct application of formulae (4.24) and (4.21).

5.2 Fermion coupled to an extra state
We will now examine the next-to-simplest family of extremal solutions, where the set of

inputs consists of a new operator. We take:
(5.12)

S = {]17 (A’d)}

181t is of course possible to obtain an expression valid for any complex s, from which we can derive the ones

shown here.
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In this case extremal solutions are of fermionic type, and so for generic values of (A, a) the
extremal spectrum rapidly converges to that of a generalized free fermion as we approach
the UV. For instance, for small ¢ the extremal solution can obtained by starting with a free
massive Majorana fermion in AdSs and weakly coupling it to a pseudoscalar field dual to a
primary of dimension A. Denoting this coupling g o @ the extremal correlator is then simply

G(z) = G&*(2) + g PL () (5.13)

Here Pg is the Polyakov block, a crossing symmetric sum of Witten exchange diagrams
in AdSs [11]. It is the same as the crossing block Q% introduced in (2.19) specialized to
the free fermionic basis. Examining the OPE of this correlator, we find that the extremal

spectrum contains operators with dimension
a ~
Ap =20+ 2+ 147, m=——58(A), (5.14)
n

and 7, decays for large n, e.g. v, = O(n~2) if A> 1.

To approach the flat space limit we must perform a tuning. The first such tuning we will
consider is to crank up a close to its maximal value. If we would set it literally to its maximal
value then we would go back to the family of solutions studied in the previous section (cf.
footnote (14)). But those solutions always behaved as a boson in the UV. Thus by taking a
close to but not exactly its maximal point we expect to get an extremal solution describing a
flow from a fermion in the deep UV to a boson in the IR. To be more precise this is true
only for generic values of A. Indeed as long as we stay away from A=1+ 2A, then the
particular choice of A shows up only as a modification of the IR boson spectrum which is
invisible in the flat space limit. In contrast, tuning both & and A towards their values in the
generalized free fermion solution leads to interesting flows that begin and end with a free
fermion, while passing through a bosonic intermediate phase. We will look into this in the
next subsection. Figure 12 helps to visualize this phase space of extremal solutions.

5.2.1 One fine tuning

For simplicity, let us set A= 2A4 and a close, but not equal to, its free value aéB = 2 (which

is also the maximum allowed value):
a=2-1da (5.15)

For very small §a the extremal spectrum in the IR is well described by the free bosonic
one. However, we know that at some point the fermionic nature of the extremal solution
will have to appear. Indeed, we can understand the deformation of the free boson as being
described by an irrelevant contact interaction in AdS, of the schematic form go*®*. More
precisely it is possible to choose a basis of contact interactions such that the corresponding
deformation of the free bosonic correlator is

09%(z) = =CW(2),  CW() = X [S0nGanian(z) + af T I0Ga8,42(2)] - (516)

n=0
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Figure 12. Phase space of extremal solutions with one input state, S = {1, (A,a)}. On the left the
allowed region by unitarity. As we approach the free fermion point along different curves the spectrum
of the extremal solution has different possible behaviours. These are shown on the right in terms of
the S-matrix S(s) = exp[—imy(s)] with s ~ n?. Data are shown for A, = 1.

where 784) = 0 and dag := da. The %(,,4) are known in closed form [28]. They satisfy

2
o (Ay+3) T (244 +1)
W = SacP(Agm®,  BAy) = (20+1) - .
0 VIAGD (g +1)°T (2004 + 3)

This implies a breakdown of effective theory at a scale which can be set to

(5.17)

1 1
Agap = R (— W) (5.18)
where in parenthesis we presented the result expected now for any choice of A (not paramet-
rically close to 14+ 2A,). At and above this scale anomalous dimensions become order one
and we expect that the extremal solution goes back to a free fermion.
Given that this is a simple flow between a boson and a fermion we expect that in the
flat space limit the extremal spectrum is well described by the S-matrix
s—1im

S(s) = — (5.19)

s4+im’

that is, the same as the one in the previous section but with an overall minus sign. Accordingly
the anomalous dimensions (defined with respect to the bosonic free values) are the same as
before but with a —1 shift. The parameter m can once again be determined by matching
with the microscopic CFT data:

log(S(sn)) 2 8
4) — _08Wn)) 2 - °
T im sl am - " TeB(Ag) (520)
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Figure 13. Anomalous dimensions v, := A, — AB for the single parameter family labeled by a.
Dots correspond to the IR data solved for numerically, while the dashed lines are the analytic result
from (5.19). Ay is set to 1. In the UV the solution becomes a free fermion.

In figure 13 we show the extremal solution spectrum for various values of A,,, bootstrapped
using the method described in section 4.3. The results show perfect agreement with our
expectations.

Finally, we can once again construct a form factor associated to this solution. Since the
S-matrix is of the same form as before, so the canonic form factor is almost the same: it
merely comes multiplied by an extra factor of \/s. Note we have

F(s) ~ s, s <1

F(s) ~ /s, s >1 (5:21)

which are now the expected behaviour of form factors of ®V2® and WV in the IR bosonic/UV
fermionic theory.

5.2.2 Two fine tunings

Let us now discuss the case where we finetune both the dimension A and the OPE coefficient
a of the operator in S to approach those of the first operator in the generalized free fermion
solution:

A=2054+1,  a—al =20, (5.22)

In this case, we expect that the low-energy spectrum is well described by a free fermion in
AdS; with two irrelevant deformations. The two leading such deformations have two and
six derivatives and lead to changes in the CFT data, which we write as

2524 . 5G£LQ), 7(Lz) ‘
z<6)(96q,4 5 1(6) with " = 0" (5.23)
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Under these deformations, the CFT data changes at leading order as
San = an — a8 = g5 + ¢ 54

(5.24)
Y= Ap = AF = gPy ) 4 gO5 )

In particular, it is possible to choose a basis of contact terms such that fy(()ﬁ) =0 [28]. The
reason we emphasize this is a leading order result is that we have not discussed the relative
sizes of the couplings ¢(® and ¢(®). Thus higher order corrections in ¢ can a priori appear
before ¢(®). To see that this is the case, let us proceed naively. We can choose our basis
of contact terms such that

9% =

(5.25)
9© = dag — ~oc

with ¢ := (5a((]2) a known constant.!” Since these are irrelevant perturbations, the EFT
description breaks down for sufficiently large scaling dimension. There are a priori two
possible scales, which can be written in terms of physical quantities as

A~

=A-1-2A4<0
@_ 1 A0 1 {70 ¢

gap \/_770 ’ gap (dmax _ &)1/6 ’

We now see that in order for these scales to be of the same order we must actually have
9% = O[(¢?)?].
As we will see shortly, the primary consequence of this fact is that the effective cutoff

(5.26)
Gmax := 20y +Y0¢ + O(13)

scale is modified whenever we try to bring Ag% below Ag;)) Ignoring this case then, there
are several regimes of interest. Firstly, by tuning a very close to .. and v < 1 we can
have Ag?_, > Agg > 1. This describes a two step RG flow:

uv Fermion ?) Boson
AG

gap

Fermi I
E ermion R (5.27)

gap

In the Agg — o0 limit with fixed A ~ Ag% we recover the family of extremal solutions
already discussed in section 5.1, interpolating between a free fermion in the IR and a boson
in the UV, while if we zoom in on the region A ~ A in the same limit (or set A2) — 0)
we recover the family of the previous subsection. Secondly, we can set both scales to be
the same order. In this case we obtain a flow:
uv Fermion Ag;)pjg o Fermion IR (5.28)
We can write down what we expect to get for the spectrum of the extremal solution in
terms of an S-matrix. Given that we have two parameters, the natural guess is then

so--(Zm () -(am) o

gap

Y Explicitly,

1 _ 2 _ 3 _
(Ag +1) 2A4 —1 2A4 +1

5@82) = 2A¢ |:2 HAd)_% +HA¢ — I‘IQAQ5 +10g(4):| .
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This S-matrix saturates unitarity, as appropriate for describing an extremal solution, but it
must be further constrained to satisfy crossing symmetry, i.e.:

S(-5)=8(s) = 5(~s)=S(s) (5.30)
In particular we must set
1—+/1-— 1 1-—
1 o - V@ , o X 2@'u ) a>0. (5.31)
@ e

Let us now go back and try to understand the fermion EFT a bit more carefully. We
can think of this EFT as having a cutoff scale A;g. The EFT is weakly coupled at the
cutoff since Ar/A,., < 1. We first switch on the 9?U* type interaction with coefficient
g@ =~y = Ag_af,. This leads to anomalous dimensions 7" ~ ygn? at leading order. At the

gap

loop level, we necessarily need to add new irrelevant terms to the EFT. These terms must be
fine-tuned as they naturally come suppressed only by powers of the cutoff Az whereas the

true cutoff of the theory is at the scale A For instance, at one-loop we generate a behaviour

gap*
Yo ~ Yan® ~ Agaps?’ in contradiction with the low energy expansion of the S-matrix.

In principle, all such terms are generated by analysing the matching equations described
in section 4.3. If we solve them numerically, then there is no difficulty, but aiming for an
analytic result as we do here seems more difficult. Luckily, there is a shortcut: we can use
the fact that we already succeeded in performing the matching for an S-matrix described
by a single CDD zero. The difference between that S-matrix (with a suitable choice of
parameter m) and the present one first appears at O(s%), and can be accounted for by an

extra ¢(®9%0* term in the EFT with coefficient
99 = = (= O[(g®)") (5:32)

where G,,,, is the OPE coefficient we would have obtained at two loop level had we not
switched on this interaction. This new term in the EFT leads to additional growth in the
anomalous dimensions of the form

43R (A +2)T (244)°T (Ay + 3)

n = —(Gmax—0) d(Ap)n®,  d(Ay) - (5.33)
g© ">1 r(as+3)T (20, +4)
This can be matched to the O(s®) terms in the S-matrix. Concretely:
_ 10g[S)u1 5 (5) = Sm(s)] ‘ _ 2 (Ml + ,u2) 3
i e Hin2  S<KL T u2p3 (5.34)
i(py+p2)
Thus, we have two equations
3
. .. T <u1+u2> 12 8
Opax — a4 = —1 . — (535)
2Td(Ay) \ pius i(p1 + p2) Tc(Ag)
which have solutions precisely of the form in (5.31):
16¢ 1FVI -«
H1,2 = s (5.36)
mc(Ag) !
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but where o now is determined by the CFT data:

R . 6
o= goasr (M=) - e A (5.37)
w2 e(Ag)? \ =3 m2e(Dg)3 \AL) )

Note that the prefactor in a is O(1) for generic Ay.
This result for the S-matrix has several interesting regimes which line up with our
previous discussion:

e The first regime corresponds to having |ua| o Agl / Agg > 1 implying oo < 1. In this
case, the S-matrix reduces to a single CDD zero and we recover the previous families of
extremal solutions that we studied. Concretely, holding s fixed and sending po — oo
we recover the UV boson to IR fermion flow; while holding s/u9 fixed in the same limit,

we recover the UV fermion to IR boson flow.

e The second regime corresponds to 0 < o < 1. Here we have A(6) > A(il and p; = |l

gap nv g
and the flow is from a fermion in the UV to a fermion in the IR.

e Finally we can ask what happens after lowering Ag’g enough so that o — 1. Beyond
this we have |u1| = |p2| and both move towards the real axis while shrinking in absolute
value. In this regime the S-matrix has a single feature located at a scale s ~ 1/« which
thus moves towards s — 0 as we continue to lower Agg. From the EFT perspective,
the effective cutoff is thus no longer Agg but rather Ag% /V/@, so that in particular the
EFT tends towards strong coupling at the scale Az as we increase «.

Note that there is a simple understanding of why something had to break down eventually
as A and A® collide. In particular, consider the extreme case where 7 is set to zero.
In this case, for any choice of a, there is only one extremal solution, namely a free fermion
at all scales. Concretely, in that case, we must necessarily have Ag = A and ag = aft — a.
But then the same must also be true for any given fixed & as we send 49 — 0. This signals
that in this regime, it is not correct to think of the EFT as describing a single free fermion,
but instead as a free fermion coupled to an extra state.

Our numerical checks of these expectations are shown in figures 12, 14 and 15. In the
first we have chosen to represent the extremal spectrum in terms of the S-matrix. We
can clearly see that there are three distinct regimes. The second figure is now in terms
of anomalous dimensions but represents the same physics. All results were obtained using
the S-matrix method of section 4.3. Finally in the last figure we check that our results
are not modified as A is increased.

6 Mixed locality/crossing bounds

6.1 Setup

In this section, we explore the constraints arising from combining those from crossing with
those of locality. We have seen that they may be written in the form

Do Maan(A)=0,  DINAB(A) =0, Y AapX6(A)=0 (6.1)
A A A
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Figure 14. Anomalous dimensions for the two parameter family labeled by (A, a). The parameter a
is related to these by equation (5.37). Dots correspond to the IR data solved for numerically, while
the dashed lines are the analytic result from (5.29) and (5.37). A, is set to 1 and 7" = —4 x 1074
When « < 1, the data fits the bosonic solution (
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the dip becomes sharper and moves towards the IR.
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In order to obtain bounds on the combined OPE/BOE data we will need some kind of
constraint which is quadratic in the BOE coefficients. Consider the two point function
of the bulk field:

(U(yr, 21)W(y2, 22)) ~ Y _(1X)*falX), (6.2)

A

where the precise form of the bulk block fa(x) and the cross-ratio xy won’t be necessary.
For a generic bulk operator there is unfortunately no a priori constraint on this two point
function. One possibility is to choose some set of linear functionals v; and demand

Y (wR)vi(A) = C; (6.3)

A
Physically, we have the freedom to rescale the bulk operator by any factor so that one of
these constraints merely sets the overall scale of the BOE data, but any additional ones are
physically meaningful. To proceed, one could, for instance, choose functionals which are
sensitive to the short distance limit and demand an appropriate power law behaviour. It
would be interesting to explore this approach, but we will not attempt to do so here.

Instead, we will choose to consider a very special bulk operator, namely the trace of

the stress tensor of our QFT in AdSy denoted ©. In this case it turns out that there are
additional sum rules which can be included [29]. These take the form:

S AnRES(A) = Ay,
A (6.4)

> (uR)v(A) = Cr.
A

where & is a free parameter and C7p is the central charge. The important point is that morally
the first sum rule sets the overall normalisation of the operator, while the second now provides
a non-trivial constraint on the BOE in the terms of the UV central charge of the bulk 2d
QFT. The precise form of the functionals v, x read as:

4
R 121 () 48
YD) = A T22(A T 12T 20)
a4 1 T@r(a-y)
VT(A+1)(2—-A) 2\/77F(&+%+%)F<07—%+1)
1 1
a5, - La—1,6+1,6-
X |3Fh A A il +~_14F3 A A 13l
A= =41, a+ 4= -1, 4=
a 2+,a+2+2 , O 2+,a+2+2 5

Our expressions differ from [29] by an overall factor of I'(A/2)2/T(A + 1/2) owing to our
normalisation conventions, cf. equations (4.17) and (4.18)

With the addition of these constraints, the most general sum rule on the combined
CFT/BOE data is written as

Y (aspa) - QA) - (Aaspa) = fAy + gCr (6.6)
A
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with
> (@nan (D) +buBu(A)) 532, dubil (A) + %f’{(&)(A>> (6.7)

e (5 o dubif () + 3 RO (A) gv(&)

The strategy for finding bounds now is to choose €2 such that it is a positive semi-definite
matrix for some range of A, together with additional constraints depending on the specific
bound of interest. It is important to note that this might not be possible for asymptotically
large A. In this regime the functionals scale as follows,

1 1
n(B) ~ 13
w ( ) agAff AS
gff gff
v(A) ~ Zf%,B 2% ~ Zf%,l“ 2%
(bA ) (bA ) (68)
@) A 1 1 1 1
0 (A) ~ bgAff’B A—284+2a+3 bgAff’F A—284+2a+2
~ 1 1 1 1
,i(a)(A)

~ BT A28, F2a+1 T (gffF A 28,424
A A

gff F  ;gff
where b3 = b} ’a:A¢+1/2
fermion and boson respectively. Thus to ensure asymptotic positive semidefineteness we

and bgAff’B = bgAff|a: A, are the ba for the generalized free

choose a and a:

a2A¢+%, azA¢+; (6.9)
More precisely, note that bases with higher values of « (shifted by one) can be obtained from
those with lower values by taking linear combinations. Thus, while we could have chosen
lower values for these parameters, in practice, positivity would have landed us on these
choices anyway. Let us make the comment here that had we chosen to work in the usual
derivative basis for the crossing equation, then asymptotic positivity would be impossible, as
such functionals are parametrically softer for large A then the «y, B,.

6.2 Bounds on the central charge

6.2.1 An exact bound Cr > %

As a first application, we will construct an exact functional establishing a lower bound on
the central charge:

1
Cr> = (6.10)

2
under mild assumptions on the CFT spectrum. This is, of course, a well-known result from
2d CFT, but here we do not rely on Virasoro symmetry.?’ The idea for constructing the
functional is simple: as the lower bound is saturated by a free fermion in AdS», the functional

should have double zeros on the generalized free fermion spectrum. More precisely, since it is

20 A numerical lower bound on Cr > 1/2 was obtained a long time ago from the 2d correlator bootstrap [30].
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a matrix, the functional has to have a zero eigenvector for A = AX. The direction of this
eigenvector is fixed by the known free fermion solution. Let us then set:

D(A) = Q(A)] D(A, 1) = (1, 1) - D(A) - (1, 1) (6.11)

g=1’
We require
(AL r)) = Oa0(AL 1) = 0.0(AL 1) =0 (6.12)

where
A (D)2 (n 4 Ay + 1T (n 4 Ag + 1)I(n + 2A4)

Tl (24,4 — 1)I(2A44)T (n + %) r (2n + 244 + %)

T (6.13)
is the ratio of OPE to BOE data in the free fermion solution. To solve these conditions,
we work with the fermionic basis of functionals and set a@ = Ay + % and & = Ay + %
Then we get simply:

v(AF) 1

dy = —2——n2 =-—,
Tn f A¢

1
b, = — (u'(Af) +rn Y dmbh, (A) + frn’il(Ag))?

n

(6.14)

An easy computation now determines the action of the functional on the identity to be:

1
v[1] := (1,ar) - 2(0) - (1,ar) = —C¥ = -5 (6.15)
where ar := pd is the vev of © (which actually does not contribute since all functionals apart

from a;, vanish at A = 0). Overall the sum rule (6.6) becomes

AZ:>0(/\A’MA> D(A) - (Aa, pa) = COr — % (6.16)

This equation gives us a bound as long as 7 has appropriate positivity properties. We
find experimentally:

DA)=0  for A>AL(Ag), Ay >1/2. (6.17)

thus establishing C'1 > % as long as the CFT contains an OPE channel ¢ x ¢ =1+ O with
Ao > AL (Ay). One has approximately Ay (Ag) ~ 2A4 —2/5. Below Ay = 1 the functional
we constructed develops a negative region, and the bound is lost. While we were unable to
find a deep reason for this statement, we show explicitly in appendix B that fermionic type
solutions coupled to an extra state with dimension arbitrarily close to 1 + 2A, support the
reconstruction of a bulk stress tensor with Cp < 1/2. Since this is a valid solution of all
sum rules, it cannot be ruled out by the © functional, which accordingly develops a negative
region. This result does not mean that there is no lower bound below Ay = %, but it does
mean it will necessarily be lower than C7 = 1/2 and sensitive to our choice of gap.
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Figure 16. Positivity of the dressed functional ©. The lowest eigenvalue ©_ of the functional is
positive above some critical value A .

6.2.2 Bounds assuming displacement operator

Under further assumptions it is possible to get a tighter bound on the central charge. Let
us assume that an OPE of the form

dbxp=14+D+0..., Ap=2 (6.18)

That is, we assume the first operator in the OPE is the displacement, which appears if the
bulk QFT is actually a CF'T, followed by an operator with dimension Ay. In this case strictly
speaking the stress-tensor trace vanishes, and we must bootstrap instead the stress-tensor.
As explained in [29] this can be achieved in practice by simply setting ug = ,uz (2_AA). It now
follows that for Ay (Ay) < Ap and Ag > 1+ 2A4 the bound on the central charge must

necessarily improve, as these assumptions rule out the free fermion solution.

To find this improved bound we may use a positive semidefinite solver such as SDPB [31, 32]
to construct an appropriate Q(A) satisfying

QAp) =0 S oo Q1] — fA,

(6.19)
QA) =0 for A>Ag, g

However, there is a simpler approach that does not require solving an optimization problem.
Given our assumptions on the OPE, we expect that any such bound will be saturated by
an extremal solution with

s ={1,(Ap,ap)} (6.20)

where ap can be thought of as controlling (or being determined by) our choice of Ag. This
solution is of fermionic type and can be bootstrapped. The locality functionals 6, x uniquely
determine the entirety of the BOE data with the exception of a single BOE coefficient, say up.
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Figure 17. Central charge bounds for CFTs containing an operator D and a gap to the next operator
of dimension Ay. The curves represent lower bounds on the central charge and terminate at the
maximal allowed gap. The bounds are saturated by a fermionic type extremal solution coupled to the
state D. As the gap increases towards its maximum so does the OPE coefficient of D and the solution
approaches the bosonic OPE maximization solution. Only the finite range 1/2 < A, < 3/2 is allowed.
The curves were obtained with a cutoff on all functionals equal to n,,,, = 20 and have converged.

The v sum rule is quadratic in pp, from which we can extract a value of the central charge
which we identify as the lower bound saturated by this solution. To construct the functional
that determines this lower bound we use the fact that it must annihilate this extremal
spectrum and can be thus obtained in a similar fashion to the one found for Cp = % We then
merely check that it indeed satisfies the right positivity conditions. We have found that this
simple procedure leads to functionals in perfect agreement with those produced by semidefinite
optimization methods using SDPB. The results for the lower bound are shown in figure 17.

6.3 Bounds on OPE/BOE

As our final application we will derive bounds on the combined OPE/BOE data associated
with a specific operator, assuming the existence of a local QFT bulk dual. Concretely, we
assume an OPE of the form

GXp~1+O05+... (6.21)

and demand the existence of the (trace of) the stress tensor in the bulk. We write the CFT
data associated with this operator as

AL 1) = (A ) = A(1,1/7) (6.22)

A?

A generic constraint on a solution to crossing and locality is written

Q]+ N QA M) + Y (Aaria) - D) - (A, ia) = fFAs +gCr (6.23)
A>Ap
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Now, for a given # we demand
QA7) =1, QA =0 for A>A (6.24)
which gives an upper bound on 22
A2 < fAs+ g0 — Q[1] (6.25)

We can now search over all ) satisfying the constraints to find the best possible bound.

Let us try to understand what result we should expect. Recall that we have already
considered the problem of OPE maximization and bulk reconstruction: it corresponds to
the family of extremal solutions considered in section 5.1 (more precisely, the «g functional
for this solution implies an upper bound on A3 valid for any CFT, which it saturates). We
also solved the constraints of locality, assuming a BOE matching the extremal spectrum. In
the present context there are two key differences. Firstly, we are now aiming to reconstruct
a specific bulk operator, the stress-tensor, which presents us with additional constraints.
Secondly, we have relaxed the locality constraints: in that section we used 6 functionals with
o = Ay whereas here we require o« > Ay +1/2. In practice, here we choose the smallest such
number corresponding to a solution with bosonic/fermionic asymptotic spectrum, so either
a=Ay+1/20r a=Ag+1 (both these bases introduce equivalent constraints).

Let us discuss the effect of these changes and whether they can rule out the solution we
previously constructed, in which case the bound must improve. Firstly, in that solution we
had succeeded in determining all but one piece of BOE data, corresponding to the overall
normalisation of the bulk operator. Here we have also relaxed the locality constraints, leaving
us thus with not one with two undetermined BOE coefficients. However, these are respectively
fixed by specifying # and by the £(® sum rule. At this point we have fixed all the OPE and
BOE data in our extremal solution. We can now plug the BOE data into the lefthand side
of the v sum rule in (6.4) and read off the result, which we can call the “effective” central
charge C§¥. There are two possibilities. If the C5" > Cr then the solution is ruled out and
therefore the bound on the OPE coefficient must improve relative to the one found by using
crossing alone. If instead C' < Cp then the bound will not improve. This is because we
can extend our extremal solution by an arbitrary set of operators with non-zero ,u% and zero
OPE M\4¢0. This leaves all sum rules unchanged except for the v sum rule, to which such
operators can be chosen to contribute by a positive amount, thus soaking up the difference
between the effective and real central charges.

Next, let us discuss what happens if the bound does indeed improve. In this case we
expect that the nature of the associated extremal solution will have to change. Since before
we had a bosonic type solution, it is natural to expect we will now have a fermionic one, with

s ={1,(A,A2)} (6.26)

where |Ag| should be taken below the OPE maximum of the bosonic solution but otherwise
free.?! It may seem confusing that we are choosing A here, but the point is that in this way
of approaching the problem it is 7 which will end up being fixed, leading us to a curve on the

21f we take it above we can still construct an extremal solution, but it will not lead to a bound.
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Figure 18. Allowed regions in the (A, /i) plane of an operator of dimension A= 2084 + %, for different
values of the central charge and Ay = % The allowed regions lie to the interior of the colored curves.

Similar plots can be done for other values A, > 1/2 and A, with results qualitatively unchanged.

When Cp = % the allowed region collapses to the origin.

(/A\7 i) plane traced out by the extremal solution. Let us go through the logic. First, we can
construct the fermionic solution associated to the set S, namely the OPE coefficients and
dimensions for all fermionic double trace operators, as was done in section 5.2. Secondly,
we use the locality functionals with a = Ay + 1/2 to fix the BOE data for all but one of
those operators. This leaves us with & and figp unfixed. These are now in turn fixed by
the x and v sum rules.

At this point, we have fixed all the OPE and BOE data of the extremal solution, which
we denote:

{(Avj‘EnaE} U {(Any)\nvun)};ozo (627)

with A, asymptoting to the free fermion dimension 1 + 2A4 + 2n. We can associate to
this solution a functional Qg:

Qp(A,7g) =1, Qe(An, ) = OaQe(Ap, 1) = 8,Q8(An, ) =0 (6.28)

If this functional satisfies the positive semidefiniteness conditions spelled out in (6.24) then it
gives a rigorous bound saturated by this extremal solution for the choice 7 = 7g:

A2 < fA, + gCr — Qg[1] = N2 (6.29)

We show the result of this construction for Ay = 1/2 and various values of Cp in figure (18).
Concretely, we have constructed an extremal solution for each point on the plot and verified
that we have derived a proper bound by checking positivity of Q. As a cross-check we also
independently computed the same bound using SDPB. In general, we expect a flat region in
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the plot corresponding to A\g = +A.... In this region the solution is bosonic, and the value
of the central charge depends on fi. However, below a certain value (Cr ~ 0.669), any such
solution has a greater central charge, and this flat region disappears. As we lower Cr the
allowed region progressively shrinks until for Cr = 1/2 only the origin remains, consistent
with our exact lower bound (as only the generalized free fermion solution is allowed). Note
that this implies that for fixed 5\, [1 it is possible to derive an improved lower bound on C7r.

7 Discussion

In this paper we examined the consequences of crossing symmetry for 1d CFTs. We have
argued that crossing is not all-powerful: it can at most fix the CF'T data of states in an
extremal solution. Furthermore we have given a characterization of such solutions: they have
simple spectra consisting of a single tower of operators with spacing A1 — A, ~ 2 [11]
and eventually asymptoting to a generalized free field. An immediate consequence is that
even when given the exact (exponentially dense) spectrum of a correlator, crossing cannot
fix the OPE data of this spectrum completely. This is consistent with what has been found
on works in 1D CFTs where the spectrum is known from integrability [33-37].

To improve on this state of affairs we must necessarily include extra four-point functions.
A natural guess based on existing constructions of functional bases [38] is that extremal sets
of CFT correlators will have OPEs consisting of multiple ‘double trace’ operator towers, built
by fusing all possible pairs of external operators. Thus by adding more and more correlators,
we can obtain denser and denser OPEs, and a better and better match to the actual CFT
OPE proceeding from low to high energies.

It is also natural to expect that some version of our results holds in higher dimensions. The
key point is that functional bases have to be, well, bases. In particular they have to provide
a complete set of constraints, and completeness poses global constraints on the allowed set of
scaling dimensions, most notably on their asymptotics, as was made precise in recent work
analysing the bootstrap problem of bulk locality [5]. This reasoning leads us to expect that
solutions which saturate bootstrap bounds in higher dimensions will have relatively simple,
constant density spectra. A noteworthy point is that this picture seems to be in tension with
arguments coming from the lightcone bootstrap [39] which would be important to clarify. In
any case if it is correct than including more four-point functions is again expected to improve
solutions, but not fundamentally so. This might seem puzzling as the bootstrap has been so
successful in determining properties of actual CFTs, see [40] for a recent dramatic example.
An answer to that is that, luckily, CF'T data at low energies is highly insensitive to the fine
details of what happens in the UV, probably thanks to the exponentially fast convergence of
the OPE [41]. Extremal solutions then merely replace a complicated chaotic UV in the exact
CFT correlator with a particularly simple set of GFF like states. This picture predicts on
the one hand that for any fixed low-energy observable we should expect to see exponential
improvements in its determination as we include more four-point functions; but on the other
that no matter how many correlators we bootstrap, their high-energy OPE content will
always be incorrect. Thus, arbitrarily small islands with respect to low-energy CFT data can
hide large variations in the possible behaviour of the high-energy data.
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The emergent picture seems to be that the bootstrap is a method for building a series of
exact solutions to crossing which approximate actual CFT correlators. These exact solutions
approximate the actual solution by successively incorporating more and more “particle
production”, i.e. the presence of more and more complicated operators in the OPE associated
to many particle states. This seems to be literally the same mechanism at work in the
S-matrix bootstrap, which is not surprising since in principle it follows from the CF'T one.
At some point, including more four-point correlators presents diminishing returns as we hit
the barrier of an exponentially large number of states in the OPE. It is thus important to
find ways to characterize and approximate the structure of these states.

An important outcome of this paper is that CFT; correlators seem to be especially well
adapted to describe local QFT physics in AdS. Technically, this follows from a matching
of the constraints of crossing on one hand and locality on the other [5]. The tight control
over extremal CFT data presents us with an opportunity to extract flat space physics of
QFTs of interest from a CF'T analysis. In this work, we have focused on single correlators,
which allowed us to extract flat space S-matrices with no particle production. In the future
it would be important and interesting to extend our analysis to mixed correlator systems.
This would allow us to go one step further and bootstrap S-matrices that do contain particle
production, without including it by hand, as in e.g. [42, 43]. More importantly they may
illuminate how to directly tackle this problem in flat space.
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A Asymptotics of functional actions

In this appendix we describe asymptotic formulae for functionals, building on previous
work [11]. As in the main text, it is convenient to trade the ‘n’ label on functionals by a new
parameter h. This parameter is defined slightly differently for bosonic and fermionic bases:

B: h=2A,+2n, F: h=1+2A4+2n (A1)

With this notation we can describe the asymptotic of bosonic and fermionic basis simul-
taneously.
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A.1 Large A,h

First, let us consider the limit of large A and h with A/h fixed. We set

on(A) = 4sin? [E;(QA — h)] (Zé;) Ru(A,R) (A.2)

with w a functional. This functional can be either 3 or ¢. The latter is defined as
&, = &y, — By (A.3)

with rj, chosen so that the large A behaviour of ¢ is improved. In particular it can be
determined from knowledge of the CFT data of two and four derivative contact terms,
which may be bootstrapped by such functionals. Such contact terms were constructed in
reference [28]. One simply finds

ri = On [log(afy;, )]

(A.4)
B,(4
r = on [log(afF ;)]
The full expressions are too unwieldy to give here, but we have
1+8A 3+ 16A
rn, = —log(4) + o 4 AN (A.5)

2h 8h?

These coefficients differ between bosonic and fermionic bases only at O(h™>). We then have:

4h2A 16h°A
(Ah) ~ T RyAR) o~ B (A.6)

i Ah—oo (A% — h4)’ Ah—oo (A% — h*)2

(]

A.2 Large A, fixed h

To determine the large A behaviour we can use the fact that subtracting a fixed functional
with a correctly chosen coefficient we can improve this behaviour to get new functionals
which bootstrap higher derivative contact terms. For instance, consider

B — By (A7)

for some fixed h'. If we choose mj, appropriately this functional will have softer behaviour
at large A. Acting on a two derivative contact term we find

mp, X aﬁjeefy,(f) (A.8)

Hence the dependence on h of the large A behaviour of 3 is given by my. We can fix the
overall proportionality constant by matching with the large h, A result from before. A similar
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logic applies to the & functionals but now using six derivative contact terms. We get

B}f‘ M/BF 7F,(2)
Bor(B1) (S0 A7 = ( T
By MBB
Ra(Bh) (5 A7 = ( )
(A.9)
Ryr(Ah) = b L A s e
dF( ’ )Ar)oo Ag ' free F(G)
’th
Ros(A ) — A, On (afoy ™) = rff ajey
dB( ’ )A—_)oo A3 = free B?(S)
Tho
with
T80T (Ag + 3) T (204 + 3)
Man =
pr L (Ag)T(Ap+1)T (A +2)
T4~ (405 + 1) T (Ag +3)T (244 + 3)
Myn = 3) 2 5
r (A¢ + 5) r (A¢ + §) (A.10)
L BVEUAG BT (A + )T (A0 + )T (28, + )
af = T(Ap+3)T(Ay+4)T (28, +1)
Y 3m2 728071 (Ay + 1) (484 + 3) (484 +5) T (Ay +6)T (244 + 1)
aB =
D (2g+3)T (A +3)T (A5 +5)
A.3 Large h, fixed A
In this case we get:
R ) )
Br(d) _ . £(A) N I'(2A4) 1 tan[FA] N
alFF O h? T(2A,—A)) B2 1
) (A.11)
an(8) _ . EA) [ T(24Ay) 1

These formulae are only the leading terms in the large h expansion. There are further
corrections of the form h~* as well as h=227%. The coefficient ¢y is given by

412727 (Ay = 1) T (8 + §)?
22T (44, — 2)
42071 (1 - 204) T (Ay — 1) T (Ay)°
1
wl’ (A¢ - %) r <2A¢ — 5)
Furthermore, ¢%¥(A) can itself be identified with a functional action. More precisely, it
is a kind of prefunctional, as it arises by acting with a functional kernel with insufficiently

B : Co =
(A.12)

F: co =
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soft asymptotics, i.e., a ‘non-swappable’ functional. We have

Bi o ea) =)

(A.13)
Foog(A) = 04F1(A)
where these functionals satisfy:
~F AF -9 ~F AF _ ~F AF _ ( : )
a—l( m)_ Aa—l( m)_07 a—l( —1)_1

Explicit expressions for these functionals are given in a supplementary material Mathematica
notebook. They can be derived by exploiting the relation between the kernels of these
functionals to the kernels of known ordinary bosonic and fermionic functionals. We have

2 3
BE(AlAg) = cp(A ( —2+2p|A¢—2) (A.15)
p=0
with
CQ(A) = 1,
A% A -1
B = "5BA )11 24) (A.16)
A) = A +2A3 + A2
2(A) = [60A - 1)1 + 28)2(3 1 2A) -
Similarly,
2
A (AJAg) = N(Ay) [ =55 (AJAg) + D dp(A)3F (A — 2+ 2p|Ay — 1) (A.17)
p=0
with AL A )
_ 16 Ap(Ag — 1
N(&¢) = 3= 4(Ag—1) Ay (40 —5)’
do(A) =1,
TAZ —7A -5 (A.18)
A(A) = 2(2A — 3)(2A + 1)
2 2
dy(A) = A%(1+ A)

162A —1)2A + 1)2(2A +3)

A.4 Analytic results for ~,

In this section we describe how to obtain analytic results for the anomalous dimensions in
the UV. The hybrid method equations to second order are given by:

ah’Yh = —Bh[ ]
A.19
ah’Yh = Z an ['YA} 8Zﬁh(A) ( )
A>A*
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Using the asymptotic expressions for the functional actions we get

m_ Gl ia £(A)+3 (A.20)
with )
1 I'(2A,) ) tan [JA]
Yacq = A21
= A; 22 (F(2A¢,—A) m (A.21)

Thus 7}(11) decays as h? generically, or as h~?21 with A; the lowest dimension in the spectrum

if it is below unity. To second order we get:

@ 1 [*® (1)12 4AR?
The T T ), aa [VA } A% — pt (4.22)
As long as A; is above 1/2 we can take the large h limit inside the integral, leading to a
term O(h™?) which amounts to Y x>+ aa&(A). The leftover piece is then O(h™*A1), or
O(h=%) if Ay > 1. Thus we find

C
Wy = h%é"[L +HY]+ Bac (A.23)

is correct up to O(h~?).

B Central charge near free fermion

In this appendix we show that for Ay, < 1/2 crossing and locality are consistent with extremal
solutions supporting a bulk stress tensor with Cr < 1/2 for A sufficiently close to 2A4 + 1.
To see this we consider a fermionic type solution with

s={1,(A=af-ca)} (B.1)

i.e. a generalized free fermion coupled to an extra state. To leading order in €, crossing
is solved by setting

A

Yo = i6, 5CLO =—a (B.Q)
ao
with all remaining CFT data unchanged. Here a,, = af and v, =+ = A,, — AL, One can
think of this solution as taking the generalized free fermion and splitting the first operator
into two, one slightly below 2A4 4 1, and one slightly above, with their OPE coefficients
adding up to the original GFF value ag = 2A.
We now use locality equations to solve for all b, except b, using @ = Ay + 1/2 and
& = Ay + 3/2 (we will keep these implicit for readibility). The result is:

I

by = —b+ 20 1 e
Ko

! !
Kobn,0 — “Oen,o A
Ob, = ——————xae

Ko
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bgff
— gﬁ The central charge is a second degree
an

Where we introduced the variable x : g
polynomial in z:

SCr = agox® + ae(gra® + gox + g3) (B.4)

To leading order in ap and e, the g; read as:

go =1
g1 = —1
208 ok — 1/(/)/-@0 bgff ,
92 = et T P Z P n) (o0 = Kol ) (B.5)
0

££\ 2 ’

g5 = b% VoK
3= 7| Tgff T
aé Ko

0

We can minimize the central charge varying z, to find

Cmin = - + af B (B.6)
= ale _— ) = — ae .
% 4(go +e€g1)” 2 95

N)\»a

g3 is positive for Ay > 1/2 and negative for Ay < 1/2. Consequently, in the latter case,
it is possible to obtain a central charge smaller than 1/2 by coupling the fermion to an
extra state, sufficiently close to 2A4 + 1.

C Majorana fermions in AdS,

In this section, we summarize the form taken by free correlators for massive majorana fermions
in AdSs. These are not new results and have already been derived in other works [44]. We
use the Poincaré patch coordinates (u,z), u > 0, with the metric given by

2 2
gs? — du ;—de (C.1)
and define:
. 2 . 2
(X1, X0) = (X1 — Xz)2 = (1 = 22)" + (ur — up) (C.2)

uULU2

We introduce the lightcone coordinates z,z = u =+ iz, and the corresponding derivatives
0 =0y —idy, 0 = 0y +10,. The action for a pair of massive Majorana fermions in AdS,
reads as:

1 dudx . 7
S=—5 /A " U (wh0 + B+ 2mib) W= (C.3)

Boundary condition have to be imposed at u = 0. There are two independent choices,
corresponding to

¥(0,2) = £i(0, x) (C.4)
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The basis of gamma matrices we take is 79 = 02,71 = 01. We introduce the two point
function G(X1, X»):

(X0, Xs) = << o (©5)

It verifies the equation of motion:

1
(v-V+m)G(X1, X2) = (uy00y + uy10s — 570 +m)G (X1, Xs) = —6(X1, X2) (C.6)

The solution can be expressed in terms of two hypergeometric functions:

—ul—uz—i(wl—ﬁ&)a(f) Lﬁu—uz)g(g)
G(X1, Xa) = ~Na ( S (1)
Wﬁ(f) Vuiuz a(f)
where 4
1 1 1
o LB (A=, A= 2A, =
a(§) sign(m) gA—l/Q(g 4 4) 241 < 2 2 f) (C 8)
1 1 1 4 '
and we set
1 47AT(2A)

The trace of the stress tensor is © = 22 : 1) :. Its two-point function can be obtained from G:
™

(O(X1)0(X2) =~ det(G(X,, X))

4m? 1 1 1 4\2 1 1 1 4\ 2

= N2 | =R (A—=A+-2A ) —— R [A-Z A—Z=2A ——
2 A(fm“( 25y ’5) §2A—1(5+4>“( 27y f))
(C.10)

Finally, we compute the form factor between a bulk field ©(X;) and two boundary
fermions 1/32,3(:@,3), defined as

—A '¢(ua :E) + Z’(E(’LL, ‘7:)

Yy(z) = llg%u 2Ni/2 (C.11)

Their two point function read as:

A - r1 —xo 1+sign(m
elm)iales)) = Cobxien g (m) (C12)
Then the form factor is
N A 2\m w \ 2112 1 + sign(m
(OUX1)dxa)b (o)) = 2Ny oy — ) () 2 (e
23
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D Single zeros functionals

We summarize briefly the properties of the single zero functionals, denoted as 7,,. They are

n—1

constructed through the functional kernel f,,(z) = z=" ", with n > 1 integer. Conveniently

they are known in closed form for any Ay [45]:

_sin[w(A — hy)] [D(2A)T () D(A — hy)

() 7r T(A)ZT(A + hy) D)
o D(h)T(A =284 + 1) AN A =20+ 1 '
e F(A+n+1) " < 20, A +n+1 1)]

where h, = 2A4 + n. They are dual to both generalized free fermion and boson in the
following sense:

Tn(Ap) = 6mm m>n (D.2)

~

A orthonormal basis verifying 7,,(A,) = 0 for all m > 1 can be constructed with the usual
Gram-Schmidt algorithm. Although no closed form is known for generic Ay, it is possible
to find one for any given 2A, integer. Following the conventions of appendix A, the 7,
functional have the following large A and h behavior:

fa(a) = Snlm&=h) <h> Ro(A k)
" “a (D.3)
4h*

Br(Bsh) e A(ATZ pA)

Similarly to section 4.2, one can write down crossing as integral equations. The relation
involving the difference of two consecutive 7, yields p(s) = 1. Then the analog of (4.9) is:
an . 1 [ 25%
Soemn(d) =0 — " ds— T tm(S(s) = Re(S(sn) — S0 .
~ a(f}LFFTh( ) o 88(82—8}21) Hl( (3)) e( (Sh) ( )) (D 4)
which is equivalent to (4.10).
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