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ABSTRACT: We study families of one-dimensional CFTs relevant for describing gapped
QFTs in AdSs. Using the Polyakov bootstrap as our main tool, we explain how S-matrices
emerge from the flat space limit of CF'T correlators. In this limit we prove that the CFT
OPE density matches that of a generalized free field, and that this implies unitarity of the
S-matrix. We establish a CF'T dispersion formula for the S-matrix, proving its analyticity
except for singularities on the real axis which we characterize in terms of the CFT data. In
particular positivity of the OPE establishes that any such S-matrix must satisfy extended
unitarity conditions. We also carefully prove that for physical kinematics the S-matrix
may be more directly described by a phase shift formula. Our results crucially depend on
the assumption of a certain gap in the spectrum of operators. We bootstrap perturbative
AdS bubble, triangle and box diagrams and find that the presence of anomalous thresholds
in S-matrices are precisely signaled by an unbounded OPE arising from violating this
assumption. Finally we clarify the relation between unitarity saturating S-matrices and
extremal CFTs, establish a mapping between the dual S-matrix and CF'T bootstraps, and
discuss how our results help understand UV completeness or lack thereof for specific S-
matrices.
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1 Introduction

Recently, guided by conceptual and technical advances in the conformal bootstrap, the
S-matrix bootstrap program [1] has been brought back to life [2-5]. In this approach
to describing strongly coupled quantum field theories, we make elementary assumptions
on the scattering processes, such as analyticity and unitarity, and use these to constrain
typically low energy observables such as couplings and scattering lengths. While this
approach has already led to many interesting results [5-29],! it is clear that one of the
outstanding fundamental theoretical questions in this subject is how to rigorously justify
and determine the precise analyticity properties of S-matrices. While hard-fought progress
can be made starting from axiomatic approaches to QFT [31-33], we still find ourselves
in the embarrassing position of being far from a satisfactory understanding of even the
simplest case of two-to-two equal mass scattering.

One promising approach for dealing with this problem arises in the context of ‘rigid’
holography [2]. In this setup we consider a quantum field theory which is placed in an
asymptotically AdS space, where metric fluctuations are assumed to be absent or sup-
pressed, and study it using the standard tools of holography. It does not really matter how
this placement is achieved — i.e. for which curvature couplings, choice of boundary condi-
tions, and so on — as long as it can be done, in some way, for some sufficiently large AdS
radius. This is because what we are really after is an understanding of the physics of the
QFT for scales much smaller than the AdS radius, where such choices become irrelevant.
Any such theory defines a set of boundary observables which behave in essentially every
way as ordinary conformal correlators.? Recent work [34] (building on [35]) argued that
for gapped QFTs the S-matrix is essentially directly determined from such correlators.?
Hence, we may hope to understand how the properties of S-matrices arise from those of
CFT correlators, which are under better non-perturbative and analytic control [37-39).

The present work serves as the starting point for carrying out this program in the
context of gapped 2d QFTs on AdSs, which are described by families of 1d CFT correla-
tors. This setup is technically simpler since it avoids dealing with the intricacies of the
physics of spin, yet sufficiently rich to describe a wealth of interesting systems, including
integrable field theories. This case also allows us to establish a detailed dictionary between
the conformal and S-matrix bootstraps, via the language of extremal functionals [40-42],
enlightening us on both of them.

In detail, we will perform an in depth study of how 2d S-matrices, describing two-
to-two equal particle scattering, emerge from 1d conformal correlators of identical scalar
operators. Our approach is purely CFT-centric: by this we mean that we do not explicitly
consider QFTs in AdS», but rather we will show that any family of CFT correlators with
a sufficiently large gap in the OPE automatically leads to an S-matrix satisfying all the
expected properties. These properties include crossing symmetry, analyticity away from

See [30] for a recent overview.

2The CFTs lack a stress-tensor, but global Ward identities are still satisfied by correlators on conformally
flat space.

3See also [36].



the real axis, and unitarity. We will see that the latter corresponds to the statement that
CFT correlators in Euclidean kinematics approach generalized free fields in the flat space
limit. We will establish the analyticity properties by deriving a dispersion formula for the
S-matrix starting from one for CFT correlators. We fully characterise the singularities of
such S-matrices in terms of the CF'T data, and in particular we carefully prove a certain
phase shift formula for the S-matrix in physical kinematics.

We test our results on concrete perturbative examples. In particular we show how the
bubble, triangle and box diagrams in AdSs can be bootstrapped in the flat space limit,
and find direct agreement of our formulae with Feynman amplitudes. These examples will
also allow us to illustrate how our results may fail when the gap assumption is violated. In
S-matrix language this gap is necessary to avoid the possibility of anomalous thresholds. In
the CFT we explain that the gap is necessary to avoid unbounded OPE coefficients, arising
from the existence of unitary solutions to crossing without identity. We show that for the
triangle and box diagrams the appearance of anomalous thresholds precisely correlate with
unboundedness of the OPE in the flat space limit.

With our non-perturbative link between scattering and conformal physics well estab-
lished, we discuss the CFT description of unitarity-saturating S-matrices, such as those
describing integrable QFTs. We argue such S-matrices arise from families of extremal
CFT correlators, which contain a single tower of operators in the OPE with dimensions
determined by the phase shift of the S-matrix, and naturally saturate various bounds on
the CFT data. In particular we establish a general mapping between S-matrix and CFT
bootstrap optimization problems. We discuss the implications of our construction to the
understanding of UV completeness of S-matrices.

Let us now turn to a more detailed technical description of our main results.

Summary and outline.

Setting up the mapping. We will consider a family of CFT; correlators of four copies of
the same field ¢, and parameterized by its dimension Ag:

(B(a1)$(w2) b)) = —5 9 ) LTI (L)

B A T13%24

We should have in mind the prototypical example where this family of correlators arises
by taking a gapped 2d QFT in AdS, and considering AdS boundary observables in such
a theory.? In this case each correlator can be labeled by Ay ~ mRaqs, where m is the
mass of some stable particle in the theory. The flat space limit corresponds to taking
large AdS radius keeping physical masses fixed, and since scaling dimensions behave as
A ~ MR we must take them all to be large. In particular we must send Ay — oo. It
was argued in [34] that in this limit one may extract the S-matrix of the QFT from the
family of CFT correlators, more or less directly: the correlator becomes the S-matrix after
a suitable identification of kinematic quantities. However, the limit is subtle and must be
done carefully. The purpose of this work is to understand this procedure in detail.

4Conformal correlators are obtained by pushing AdS bulk insertions towards the AdS boundary [43].
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Figure 1. Schematic derivation of the flat space limit of the correlator. We start on the left with
the conformal correlator G(z) which has branch points at z = 0,1. We then take the limit when all

dimensions are large; this limit is not well defined in certain kinematic regions as shown in the red
blobs in the middle panel. Finally we consider the flat space limit where we analytically continue
from the safe to the problematic regions to obtain the S-matrix; after this continuation we may
encounter singularities in the S-matrix as shown in the right panel for the case of a single bound
state pole.

The concrete mapping between correlators and S-matrices is defined as:
S(s) = FlG(z)],  zs:=1-—s/4, (1.2)

where the operator F describes taking the flat space limit.> The action of F involves two
steps. Firstly, we take the limit Ay — oo of the correlator in a kinematic region (to be
found) where the limit is finite. Secondly, we must analytically continue the answer to
the desired kinematic point. We illustrate this procedure schematically in figure 1. To see
how this works in a simple example, consider the two families of correlators

GF(2) = +1 42720 4+ (1 — 2) 229, (1.4)

These are boundary correlators for a free scalar or fermion field in AdSs, or generalized
free fields, with the +/— sign for the Boson/Fermion. Since these are free fields we expect
the corresponding S-matrices to be +1. To extract this from the correlator, we act with
F. First we go to a region where the limit A, exists:

+1, if >1 & |1—2>1
lim G*(z) = itz 2 === (1.5)

Ag—ro0 00, otherwise .

Secondly, we analytically continue to all z. This step is trivial here, and we indeed have
S(s) = F[G] = £1. In general this second step is harder to perform, and we may encounter
singularities hidden inside the “blobs” of figure 1.

°In our present 1d/2d context, our conventions are such that our S-matrix would match that of a 2-to-2
scattering process of identical particles of unit mass, written as

out (P4, P3|P1, P2)in = (27)?AE1 B2 [5(Py — P3)0 (P2 — Pa) + 0(P1 — Pa)d (P2 — §3)] S(s) (1.3)

where s = —(p1 +p2)2.
SNote that we are implicitly assuming that every CFT datum has a well defined limit, but which does
not have to be finite.



Although the 2d QFT motivation described above is an important inspiration, we
will want to remain agnostic about the origin of the family of correlators, and formulate
everything purely in CFT language. In this sense, we can take equation (1.2) as a definition
of a function S(s), and ask about its properties depending on our assumptions about the
CFT. Our goals are two-fold:

o Determine the analytic properties of S(s) in the complex s-plane.
o Describe S(s), and in particular its singularities, purely in terms of CFT data.

The flat space limit. To achieve these goals we need to characterize the action of F. Our
main tool for doing so is the Polyakov bootstrap [42, 44-47|, which states that any CFT
correlator has a representation of the form:

G(z) =Po(2) + > aaPa(z). (1.6)

A>A

This is closely related to the usual OPE expansion (aa are the OPE coefficients squared),
but where conformal blocks are replaced by Polyakov blocks Pa(z), which are essentially
crossing symmetric sums of Witten exchange diagrams, as we review in section 2. In
particular, their analyticity properties are the same as those of ordinary CFT correlators.
Although in general Polyakov blocks are complicated functions, we will be able to compute
them explicitly in the flat space limit, allowing us to describe the action of F on each of
them individually. For instance one finds for A, < 2A, that”

2 2
g g
Flaa,Pa,(2s)] . L s SZ — = (Ap/Ag)?, gt xap,, (1.7)

which illustrates that after analytic continuation one can find singularities that were not
initially there.

Next, we must argue that the F operation commutes with the infinite sum over states.
This can be shown by deriving certain bounds on the OPE coefficients. To prove these
bounds it will be necessary to make certain assumptions on the CFT spectrum. In practice
it will be sufficient to demand that the lowest state in the OPE (above identity) should
have dimension Ag > \/§A¢ as Ay — 00. Such a condition is expected, since below some
critical gap there exist unitary solutions to crossing without identity which can always be
added with an arbitrarily large coefficient to any given CF'T correlator. Remarkably, in S-
matrix language this assumption translates into demanding that particle production must
begin for s > 2, which is a sufficient condition for the absence of anomalous thresholds.
We will investigate this link in several perturbative examples.

"The exact formulas are given in (3.10).



Under these assumptions, the sum over Polyakov blocks can be performed and becomes
a dispersion formula for S(s):

4m>2 . 00
S(s) =1+ / ds' K(s,5) p(s) — | ds' K(s,5') p(s") (1.8)
S0 4m
. —a an .2 | T
p(s) = lim Ay < ree) 4 sin {(A - 2A¢)]
Ag—roo AE%(S) afA 2
~ . _ an
p(s) = lim Ay <~ree> :
Apmro0 Ae%;(s) ax

Here both K ,% are simple Cauchy-type kernels given in (3.19) and (3.29), and a'y*, a’™
are both positive in the associated range of integration and determined by the OPE density
of a generalized free field. The discontinuities p, p are also completely specified as certain
averages of the CFT data. Further details on these expressions will be given in the main
text. The dispersion formula achieves our main goals: it proves that S(s) is an analytic
function in the complex-s plane with singularities determined by the CFT data.

Phase shift formula and extremality. It is of interest to have an expression of the S-matrix
evaluated for physical kinematics:

Spnys(s) := lim S(s + ie), s> 4m?. (1.9)
e—0t

To compute this we must take two limits on the CFT correlator in a specific order: first
large Ay and then small €. In section 4 we will prove that these limits can be commuted.
The CFT dispersion formula for S(s) already guarantees validity of the real part of the
phase shift formula. To complete the proof we will derive a dispersion relation for CFT
correlators involving their imaginary part (as opposed to the double discontinuity) and
then taking the flat space limit. Computing the physical S-matrix with the order of limits
reversed leads to a particularly nice expression for the physical S-matrix known as the

“phase shift formula”:

Spa(s) = lim 37 2 ZA ) omimA-280) K7y (A s) (1.10)

Ag—oo free
>2A,

with Na , (A, s) approaching a delta function imposing s = (A / A¢)2 whose explicit expres-

sion we give in (2.19).® Thus for these kinematics the full S-matrix is a certain average of

the CFT data. Importantly, the bounds on OPE coefficients mentioned previously guar-

antee unitarity of the S-matrix. Schematically, we have

apn ~ ax’ = |Sonys(s)] < 1 (1.11)

8This formula was first proposed in [2] in higher dimensions. It was shown to follow from the OPE
expansion of the correlator in [34], but it required assuming the commuting of limits. Our main result is
thus that we prove this assumption is justified for the particular case of 1d CFTs.



The phase shift formula also allows us to better understand what unitarity saturation
corresponds to in the CFT language: such S-matrices map onto CFT correlators whose
OPE in the flat space limit is effectively (or exactly) described by a single tower of operators
with dimensions described by the S-matrix phase shift.

Outline. The outline of this work is as follows. In section 2 we briefly review Polyakov
blocks and their computation using master functionals [48] before studying them in the
flat space limit. Section 3 is concerned with obtaining the action of F. We first determine
general bounds on the OPE density for states both above and below 2A4 which acts as
the physical threshold in S-matrix language. Using these bounds we obtain the flat space
limit of the correlator in terms of a dispersion formula for the S-matrix. In section 4 we
study the S-matrix directly in physical kinematics and prove that it satisfies a phase shift
formula. Section 5 considers various perturbative checks of our formulae. In particular we
study AdS bubble, triangle and box diagrams and show that they are correctly described
by our formalism. In the regime where our CFT spectrum assumptions are violated, we
find that the OPE decomposition of such diagrams contains a large unbounded component
coinciding with the appearance of anomalous thresholds. In section 6 we study various
consequences of our mapping between CF'T correlators and S-matrices. We argue that any
S-matrix which is a finite product of CDD factors may always be obtained as the flat space
limit of certain families of CFT correlators. In particular we propose these families can
always be chosen to be as extremal, i.e. as saturating a CFT bound. The section concludes
by establishing a precise link between the functional based conformal bootstrap and the
dual S-matrix bootstrap. We conclude with a discussion of the limitations and implications
of our construction for understanding UV completeness of S-matrices, and future research
directions. The paper is complemented by several technical appendices.

Note: while this paper was being concluded we became aware of [49] which discusses
topics related to the present work.

2 Polyakov blocks in the flat space limit

The main goal of this section is to compute Polyakov blocks in the flat space limit.
In the context of 1d CFTs, there are two simple kinds of Polyakov blocks PX, cor-
responding to bosonic/fermionic boundary operators with dimension Ay exchanging a
scalar /pseudoscalar state bulk field with dimension A in the AdS bulk. Polyakov blocks
are crossing symmetric combinations of Witten exchange diagrams together with carefully
chosen contact terms, and in principle we could use this to compute them. Instead, we will
follow a different route by using their representation in terms of master functionals [48].

2.1 Master functionals

Consider the OPE expansion for a correlator

G(2) = > anGa(z|Ay), Ga(z|Ay) = 22728 4 F1(A, A 24, 2), (2.1)
A>0



where ap = Ai(bOA are the OPE coefficients squared. Crossing symmetry is the statement
G(z) = G(1 — z), which using the OPE becomes:

S aaFA(:180) =0, Fa(:|Ag) = Ga(slAs) — Gall—2lA,).  (22)
A
We will often drop the explicit dependence on Ay below. One way to extract information
from the crossing equation is by defining suitable linear functionals [50]. An interesting
class is defined by the following ansatz: [40-42]:

1 %Jrioo

QFA]=(A) =3 |

1

dzf(z)Fa(z) + /1 dzg(z)Fa(z). (2.3)
3

Acting with such functionals on the crossing equation leads to sum rules on the CFT data’

Q Z aAFA(Z‘Aqg)

A>0

= aaf2(A) =0. (2.4)

A>0

The bosonic/fermionic master functionals are families of functionals labeled by a cross-ratio
w and denoted Qf,Q,. They were introduced in [48], where the reader can find further
details on their definition and properties. They correspond to choices of kernels that will
lead to particularly nice functional actions Q(A). Denoting these kernels fi, g, they are
defined by setting

9w (2) = 0 (2) £6(z —w), Gy (2) = (1 = 2272 f5 () (2.5)

with ff(z) = ff(1 — 2), as well as the gluing condition'

RofE() +gE(2) +gE(1—2) =0, for ze€(0,1). (2.7)

There are also certain boundary and analyticity conditions that we must impose to ensure
the solution to these constraints is unique.

The reason we care about such functionals here is due to their intimate connection to
Polyakov blocks Pa (w). These blocks are the crossing symmetric sum of Witten exchange
diagrams in AdSy [42, 44-46, 52]. As it turns out we have

QE(A) = F [PE(w) — Galw|ay)] . (2.8)

The functional sum rules associated to master functionals are therefore the statement of
the Polyakov bootstrap:

Y aa5(A) =0e G(w) =Y aaPx(w) (2.9)
A A

9Under certain conditions, see [51].
9Tn this work we define:

R.f(z) = lim f(z+ie) + f(z —ie)

, = . (2.6)
e—0t 2 e—0t 21




Equivalently, the same sum rules can be re-expressed as dispersion relations for CFT cor-
relators. These take the form [48]

J— 1 J—
G(w) = —/ dzg} (2)dDiscTG(2)
0 (2.10)

1
Gw) = + /0 dzjo (=)dDisc—G(2)

G(w) :==G(w) — Z aAPX(w), G(w) :=G(w) — Z apnPx(w) (2.11)

0<A<2A, 0<A<2A4—1

and
dDisc*G(z) := G(2) F (1 — 2)***R.G(:%7) - (2.12)

It follows from these results that if we know the master functional kernels we can compute
the Polyakov blocks. While we do not have analytic expressions for the kernels in general,
we do have them when A, becomes large:

1 B 2 jw(l—w) z—1/2 B
Ju (2) Ag—r00 :tw 2(z-1) z—w)(z—1+w)’ > 1 (2.13)

As a check, notice that this satisfies equation (2.7), which becomes
+ R.fE(2) ~ —6(w—2) — 61 —w — 2) (2.14)

since §.,(2) is exponentially suppressed relative to f,,(z) at large Ag.

After these preliminary remarks, we are now ready to compute Polyakov blocks in the
flat space limit. But first let us point out that for the special case A = 0 there is actually
no computation to perform. This is because the Polyakov blocks P(;:(w) are nothing but

the generalized free boson/fermion correlators:*!

PE(w) = GF(2) = +1 4 2728 4 (1 — 2) 7280, (2.15)

As for the other cases, we will be interested in the limit where both A and Ay are large
and the limit of the ratio A/Ay is fixed and strictly different from two. It is convenient
then to split the computation according to whether A is larger or smaller than ‘threshold’,
which is 2A4. This is because the master functional actions admit different representations
depending on these two cases.

2.2 Polyakov blocks for A > 2A,

While the action of the master functional is generally defined by equation (2.3), this is
not necessarily the most convenient form. Under certain conditions in A it is possible to

" This is shown in detail for instance in [42].



deform the contours in that definition to arrive at simpler expressions for the functional
actions [41]. In this way, and using (2.8), we arrive at the following expressions:

1
PL(w) = —2sin® [Z(A — 2A,)] /dzg;(z) Ga(z]Ag), A >2A4
0
X (2.16)
Px(w) = +2cos? [T(A — 2A,)] /dz 0(2)Galz1Ay), A >204-1
0

In passing notice that these expressions, together with validity of the Polyakov bootstrap,
imply the dispersion relations (2.10).

Let us now take the large A, limit. Since we already know the functional kernels, we
just need to study that limit for the conformal block. As it turns out, the exponential

suppression of the § kernels can be compensated by an exponential growth of the blocks.
At large A we have [53]:

—2\2%A z A —v1—-=z
(1—2)*22Ga(z]Ay) = (1 - ) ¢ [zllp_( 222)2, p(z) = 14-\/1—72' (2.17)

By further taking Ay — oo one finds that for A > 2A, (with A/A, fixed) the conformal
block is exponentially suppressed except in a narrow region around a specific value of z.
This can be expressed in the following way. Let us define:

o Ays3 Ays? s —4)\2
Na,(2,8) = mexp [—32(;)_4) (z - s) ] (2.18)

which is a Gaussian in the z variable centered at z = (s —4)/s of width O(,/Ay), tending
to a delta function in z. Alternatively, define

2

NA¢(A75): 7TA¢(S—4)

(A—\/W] 7 (2.19)

-2
P [ Ag(s — 4)
which is also Gaussian but now in the A variable, with width O(y/A), and also approach-
ing a delta function. We then have

2
16 Na,(z,s

(1= 22eGa(el0y)  ~ Nas(ma) (A
A,Ad,*)OO A¢SZ QA

(2.20)
9 NA¢(A7 %)

~J
AAg—500 ae

where ~ means up to exponentially suppressed terms and ak* is the OPE density for a



generalized free field:'?

YA T TRA 1) T(2A4)2T(A — 28, + 1) (2.22)

Since in the limit of infinite Ay the Gaussian becomes a delta function the integrals (2.16)
trivialize and we get:

4,/3a sin? [Z(A — 2A 1— -1/2
Pi(wmqs) - ¥ A [5( - 0)] Vw(d —w) zn—1/ :
N AV an za(za —1) (2a —w)(w+ 24 — 1)

(2.23)
where zp =1 — sa/4.

2.3 Polyakov blocks for A < 24,

Now we turn to the flat space limit of Polyakov blocks with dimension A < 2A4. To remind
us of this constraint we will sometimes denote such dimensions as Ay (’b’ stands for bound
state). The computation will be simpler to consider for general complex cross-ratio w —
the special case where w is real is treated in appendix A but leads to results consistent with
those here. For complex w the definition of the master functional action is almost exactly
as before, but now the kernel g:> no longer contains the delta function piece. However, the

kernel f: still has a pair of poles at w and 1 — w with unit residue. The functional action

1

for general Ay and Re[w] < 5 can be written as we have seen before in (2.3):

) = [T R + [ R (2.21)

Note that we can obtain the result for general values of w by deforming the contour of
integration to avoid the poles in fI. In the large Ay limit we can safely ignore the
exponentially suppressed contribution of g above if A, < 2A4. As for the fzf kernel, let
us write

fuw(2)

fu(z) = \/ﬁ (2.25)

Then the functional action can be written as

o=t M 8 g0y (2.26)

—100 Z(l — Z)

2
Let us set z, = % with my = Ap/Ay. In the large Ay limit with my, fixed one finds by
using the expressions of the previous subsection that the conformal block factor has a saddle

12By this we mean in particular that

™ free 11
g (w) = Go(w]Ag) + Y ah¥Gax(w|As), AT =28+ 20+ 5F 5 (2.21)

n=0

~10 -



point at z = z,. To do the integral we can therefore deform the contour of integration to
the steepest descent contour, which is defined by the condition

T {2z logldp(1 — 2)] — 2log(1 — 2)} = 0, (2.27)
where p(z) is defined in (2.17). However, we must be careful since when doing this we may
cross the poles of f*. Since there are two poles at w and 1 — w, this splits the complex-w
plane into several regions, bounded by the contour above and its image under crossing, as
shown in figure 2. We therefore find the result for the functional action is

Q5 (A =
w( b) Ab,A¢—>OO 2A¢ af&e;

where the first term comes from the saddle point approximation, and we introduced

free

dftee = aay (>0 for \/§A¢ <Ay <20y). (2.29)
b 2sin [mAy(2 — my)] a

As for the pole contributions, represented as the (...), it is easiest to write them in terms
of the Polyakov block. Using the relation between the latter and the master functional
actions we find:

B my w(l —w) zp—1/2
A,Ap—00 TApaRe \/zp(1 — 2) (2 —w)(w + 2, — 1)

Px, (w) + B, (w|Ay) (2.30)

with the crossing symmetric Ex, satisfying:

GAb(w|A¢) wel

0 well
Ea, (w|Ay) = 2.31
o (wlde) Ga,(1—w|Ay) w e 111 (2:31)

GAb(w’Aaﬁ) + GAb(l - w‘A¢>) welV
where the regions I through IV are shown pictorially in figure 2. In particular we have for
real w

wel < 0<w<min(zp, 1 — 2p)

well & 1—z<w< 2 (2.32)
w el & max(z,1 —25) <w < 1 ’
welV & Zp<w<1—2z

This completes our calculation. As we will see in the next section, the contributions to the
flat space limit arising from these Polyakov blocks are obtained by throwing out Ea, (w|Ay).

3 Flat-space limit: general kinematics

In this section we will derive the flat space limit of the CFT correlator. For this to be
possible we must have control over the behaviour of the OPE in the flat space limit. For
states below 2A, such bounds already exist [2, 41], under certain assumptions which we
will spell out. For states above 2A4 we will prove new bounds, which imply that on average
the OPE density of any CFT must universally match that of a generalized free field. With
these results we will show that the Polyakov bootstrap translates into a dispersion formula
for the S-matrix S(s), establishing its analyticity properties in the complex s-plane.
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Figure 2. In the flat space limit Polyakov blocks become piecewise functions defined in generically
four distinct regions. The boundaries of these regions are set by the conditions arg [Ga, (w|Ag)] =
0Uarg[Ga, (1 —w|Ay)] = 0. We show these regions in the complex w plane for A, = 1.8 (left),
Ay = /2 (center) and A, = 1.1 (right).

3.1 OPE bounds
3.1.1 States below threshold

We would like to determine the regions where the single bound state contribution aa, Pa, (w)
is well defined in the flat space limit. In order to do this we need to have a bound on the
OPE coefficient aa, (recall Ay < 2A4). Such a bound was obtained analytically in [41]
(following numerical bootstrap computations in [2], and similar results for the S-matrix
bootstrap [3]). Let us briefly review some aspects of the derivation.

Suppose we have some CFT correlator whose OPE has support on the identity operator
and a set S of scaling dimensions. Then we can obtain bounds on OPE coefficients by
constructing functionals with suitable positivity properties. Any functional w leads to a
sum rule:'?

w(0) + Z aprw(A) =0. (3.1)
AeS

Suppose now that the functional action satisfies the positivity constraints

w(A)>0 forall AeS. (3.2)
Then the sum rule immediately implies the bounds:
0
Z aprw(A) < —w(0) forany S’ C S = apn, < _:E(A)) . ApEeS. (3.3)
b

AeS’
Clearly, these bounds will in general depend on the set of states allowed on the OPE. We
will find it useful to distinguish two particular sets of assumptions on this set:

e« Weak OPE condition: the set S does not contain any pair of states A1, As such
that

2
A
SA; = 4 — SAs s SA = <A¢> . (34)

13We have written w instead of € to emphasize that the functional giving an optimal OPE coefficient is

different from the master functional.
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e Strong OPE condition: the set S only contains states for which

sA>2 e A>V2A,. (3.5)

To be more precise we have in mind imposing these conditions in the flat space limit, so
that equations are meant to hold in the limit Ay — oo. Clearly the strong condition
implies the weaker one. For simplicity, we will for the most part work with the stronger
assumption, although essentially all our results can be straightforwardly generalized for
the weaker one. Note that violation of the weak OPE condition can completely undo most
results in this work: a more detailed examination is conducted in section 5.5.

For CFTs satisfying the strong OPE condition, we can find an analytic functional
satisfying the necessary positivity conditions in the flat space limit. It is called the sine-
Gordon functional w*¢ and it can be obtained by choosing kernels [41]:

2 V(1 — 2) z—1/2 1

fjbc(z) = - — _ e )
T 2(z—1) (2 —2)(z — 1+ 2) S§(s2) (3.6)
g5 (2) = (1= 2272 f35 ()]

with s, = 4(1 — z) and the sine-Gordon S-matrix:

sG B S + mb 2 _
519 (s) = hv (m? = 4z). (3.7)
\/ S — S mb

The action of the functional w*¢ implies the bound

Z TZ; (?ﬁee> Iz SG(ZZ) <1, zZi =
ap

\/§A¢<Ai <2A¢

-~
7N
als
~—
(V)
~
w
oo
S~—

(3

and in particular

2 mp [ ap, e, 2 B
T A¢ < flee> S (gb ) Y Ab - mbA(b < 2A¢, (39)

where (ggG)Z = [2mZ(4 — m?)(mi — 2)7!| is the squared cubic coupling coming from the
sine-Gordon breathers’ S-matrix. This result nicely makes contact with the flat space S-
matrix bounds, since gi¢ is the maximum cubic coupling for a bound state of mass m;, [54].

This result can be generalized to any spectrum S satisfying the weaker OPE condition.
In this case one can obtain a suitable functional by replacing the sine-Gordon S-matrix by
a carefully chosen product of CDD poles. The point we wish to emphasize is that this
construction only works under the weak condition on the OPE: otherwise the functional
will not be positive. Technically this happens because the functional action below 2A is
essentially the value of the imaginary part of f evaluated at z = 1 —s/4, and this is always
antisymmetric under s — 4 — s.

After this review, let us assume the strong condition on the OPE so that the bounds
derived above are valid. The bound (3.9) now allows us to show that the Polyakov block
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obtained in equation (2.30) contains a finite piece in the flat space limit. We will shortly
prove that this is the only relevant such piece, so that:

1 Jw(l—w) g? g? 2my [ an
F pﬂ: P b b ’ 2 __ 2 b
[aAb Ab(w)] 4\ zp(1 — zp) (Zb —w + zp—1+w - Ay &Zebe
(3.10)
with the effective coupling bounded from above, gg < (g,fG)Q. To prove that this is the

indeed the only contribution, we must show that the flat space limit of aa, Ea,(w|Ag) is
zero. For example, in region III we have the product aa,Ga,(1 — w|A), which gives

2 2A
: s G @ ~free
Ailgl ap,|Ga, (1 —wlAg)| < A1¢)1I_>1f1 (95 ) p— baAb’GAb(l —w|Ay)l, (3.11)

(1— m%/ﬁl)2 (2 + my)™ (1 — Jw)™ Ag

<l (factor) X 1T B @ = myym (1§ )

A¢—>OO

Vw +1

wl/4

VA
2
(factor) = (g§G> X 8 3(;j m;1/2(2 + mb)_3/2(2 - mb)_1/2

T2

From the large Ay limit we get zero or infinity depending on the regions where the expres-
sion inside the absolute value in the second line is less or bigger than one. The final result
in the complex plane is shown in figure 3. The “bad” regions where we get divergences
are always contained in the ones for the identity block, and always cover a subset of the
real line 1 < z < 2 (which in S-matrix language is part of the physical values of the center
of mass energy 4 < s < 8).! Since outside these bad regions the large A, limit of these
factors, and therefore of aa,En,, is equal to zero, the analytic continuation is trivial and
the flat space limit of a single Polyakov block with A < 2A is indeed given by (3.10).

We thus conclude that the flat space limit of a single state below threshold (3.10) gives
precisely the crossing symmetric bound state pole in our normalization.

3.1.2 States above threshold

To understand the contributions of states above 2A,4 we have to obtain a bound on the
ratio aa/ax. Although such bounds have appeared before for finite Ay [42], they were
derived for large A and fixed Ay, whereas here we are interested in the limit where both
are large and of the same order of magnitude.

We begin by considering the quantity:

N, (1—2)%2 [Q(Z) — Y. aaGal(z]Ay)

(3.12)

= > 2| | Na (A )
Ag—ro0 A>2A4 (afA ) e

4 These bad regions match the ones corresponding to the presence of an AdS Landau diagram [34].
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Figure 3. Large A, limit of a single state below threshold A, = mAy < 2A4. Each color
represents different bound state masses. The limit is well defined for complex values of w outside
the shaded regions and diverges inside. The divergent regions (and their crossing symmetric images)
start at w = m?/4 (w =1 —m}/4) and always include a subset of the physical line w > 1 (w < 0);
they overlap whenever my;, < /2. These regions lie always inside the divergent region for the identity
given by the two discs depicted in gray.

where Na , Was defined in equation (2.19). We see that in the flat space limit, the Euclidean
correlator (with suitable subtractions) knows about the average OPE density around A =
2A,/+/1 — z, where the average is taken in a region of width \/Ai¢ To obtain a bound on
N, we invoke the following results proven by one of us in [48]:

G (2)+ Y. aaPr(2)<G(z) <G (2)+ > aaPi(z), 0<z<1(3.13)

0<A<2A, 0<A<2A,

Importantly, these bounds hold for any A,. They imply that for 0 < z < 1

(1—2)*29(G(2) — Go(2|Ap)) + R™(2) < N, < (1 - 2)*2(G7(2) — Go(2[A4)) + R (2),
(3.14)

where

RE(z) = (12 3 aa [PE(2) - Gal21Ay)] . (3.15)
0<A<2A,

Let us now make the same assumptions on the spectrum as for the previous subsection,
i.e. the strong condition on the OPE. In this case:

R¥(z) = 0. (3.16)

Aq{):)OO

This follows from the computation of Polyakov blocks in section 2.3 and the results from the
previous subsection. The point is that even though the combination aa [Pa(z) — Ga(z|Ay)]
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may diverge (as depicted in the bad regions of figure 3), the extra exponential decay of the
factor (1 — 2)2A¢ is enough to counterbalance the divergence and get a vanishing result.
Using the expressions for G, we conclude from 3.14 that:

Jim > o2 ( ‘ﬁﬁe> Na,(A,s)=1,  s€(4,0) (3.17)
e7®aS2n, \%A

Physically this means that, in the flat space limit, any CFT satisfying our assumptions on

the spectrum must have an OPE density above 2A4 which, in a precise sense, is the same

as that of a free field “on average”.!®

As we will later see, this result will tell us that the S-matrix for physical kinematics

s > 4m? must satisfy the unitarity condition |S(s)| < 1.

3.2 A dispersion formula for S

We will now use the expressions derived in the previous subsection to determine the flat
space limit of the correlator. In what follows we focus on the bosonic Polyakov blocks and
drop the + labels. Let us first consider the contributions coming from Polyakov blocks
above threshold. We have

U= Y axPale) = - 8§K<8273A>(§i)sin2 S

A>2A, Ao ASTA, A

(3.18)

K(s,s) = 2V =5) 2 (3.19)

w\/s(s" —4) (8 —s)(s+s —4)

The idea now is to take advantage of the fact that the summand splits into two factors,

with

one of which is varying slowly with A, another which is varying fast. Let us define

. — an .2 | T
pa(8):= lim A — | 4sin [ A —2A } , 3.20
(8):= \lim Ay AE%;(S) (afA > 5 ( ¢) (3.20)
with
Ba(s) :={A: VsAy <A <VsAy+ A}, (3.21)
a bin in dimension space of size Ay“. Setting o < 1, a simple calculation'® yields
G = - / d5' K (55, 5')pals’) (3.24)
A¢—>OO 4

5Note for a free field we have indeed
oo

S 2 (42 ) A =2 Y Ny eae+2n0 = [ aakn, a0, = 1.

— 00
A>24, n=0 284 ¢

which explains the awkward factor of two.
SHere’s the simple calculation. We write the overall sum in (3.18) into a sum over bins as

. 2,/sk
Jim Z anPa(z) ~ Z A\/l:" pa(se)K(sz,58), (3.22)
AT Y k=0 ¢
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It is clear that the end result must be independent of the particular choice of o. Hence all
Pa, at least for a > 1/2 converge to the same density in the sense of distributions. In fact,
we must have

pa(8) ~p(s) =R, [ lim G(z4)] < o0, (3.25)

A¢*>OO

where ~ means equality as distributions. In section 4 we will show that we may safely
commute the limit with R, giving us another expression for p(s). Crucially, the bounds
on the OPE density derived in the previous subsection imply

0 < pals) <2, 12<a<l. (3.26)

We conclude that G(z) has a finite flat space limit for any complex z, with its values
determined by formula (3.24).

Moving on, let us consider the contributions of Polyakov blocks below threshold. These
contributions are written as

Fl Y. aaPa(w)

0<A<2A,

=1+ > FlaaPa(w)]. (3.27)
0<A<2A,

On the righthand side we have separated out the contribution of the identity and made the
assumption that the flat space limit commutes with the sum over states. This is justified
under the assumptions we made on the OPE. Proceeding, let us write (3.10) as:

FlosPa(w)] — 22? (;ﬁ) K(sw sa), A <20, (3.28)
with
= o2 s(4—s) s —2
K(S,S)—W o) (78t 5 —1)° (3.29)

We can now distinguish between two situations. In the first, a state in the OPE with
dimension A sits isolated, i.e. the nearest states to lie at a distance which scales as Ag.

In this case we can write this expression as

f[aAbPAb (w)] = ﬂ—gl%%(sun Sb) s 91?

2V <aAb> . (3.30)

™ A¢ dfie:

The effective coupling gg is guaranteed to be finite thanks to the bound reviewed in sec-
tion 3.1.1. In a more general situation we again introduce a density

fals) = lim Az~ 3 (%) (3.31)

Ao A€B.(s) \9A

w2
with s = (%) . To convert the sum to an integral, note:
Ag' ™ dsk 2y/sk <
dk = — = — ds".
2 Ver > A, (3.23)

k

17 -



For an isolated bound state this would give a singular density which should be interpreted
as a delta function. The dependence on « is again essentially irrelevant and we can drop
it. In this way we obtain

Fl Y aaPa(w)

0<A<2A,

=1+ /34 ds' K (sw,s') p(s') . (3.32)

Note that 5(s) is non-negative by construction, but it may become arbitrarily large, as
in the delta function example above. However, this is not true for the integrated density.
Indeed, the bound (3.8) can be translated as:

/ ds’ SSg A(s') < 1. (3.33)

This implies that integrating the density against any smooth function of s yields a finite
result. Indeed, for real s it implies:

Vs0(4 — s0) + v/5(4 —
~ V(504 —s0) = /s(4

From this result it follows finiteness of the integral for any complex s away from the

4—5)<s<sg. (3.34)

/dsKss s) <

integration contour, by analyticity of the kernel K.

We have now obtained expressions for the flat space limit of states both below and
above threshold. Putting them together we obtain the following CFT dispersion formula
for S:

S(s) —1+/dsKss / ds' K(s,s") p(s) (3.35)
aA .9 T
p(s) = lim Ay~ ( ree) 4sin [(A - 2A¢)}
Apmr00 Ae%i(s) a3 2
~ an
p(s) = llm A¢ <~ ree) :
Adg*)OO AE;O‘(S) afA

This formula provides an expression for the flat space limit of the CF'T correlator anywhere

on the complex plane. An equivalent way of obtaining it would be in terms of the correlator

itself. Indeed, a different way of stating our results is that

1 1
_l’_

G(w) Ag—oo w2 (1—w

ox T D aaBay(wlde) +S(sw),  (3.36)
Ap<AR<2A4
with S(s) defined by (3.35) above. This expression makes clear that F[G] = S(s).
The CFT dispersion formula explicitly provides the desired analytic continuation of
S(s), which is initially defined only for sufficiently large s, to the entire complex plane. In
particular it establishes that S(s) is analytic everywhere except on the real axis. In turn,

its singularities can be obtained directly from this expression and are computable in terms
of the dual CFT data. Note that defining

T(s) :=24/s(4—s) (S(s)—1), (3.37)
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then we have

_ IT(s)
p(s) = /s d) s>4,
] I,7(s) (3.38)
= sa—s U

Then the bounds 0 < p(s) < 2 are consistent with unitarity of the S-matrix, while p(s) >0
is usually called “extended unitarity” [1, 55, 56]. To the best of our knowledge the latter
has not been established non-perturbatively in QFT, but here we see it follows simply from
the definition of p in terms of the CFT OPE.

To reiterate, really what we have learned from this construction are the analyticity
properties of S. It would of course be straightforward to arrive at a dispersion relation
for S(s) of the form above, interpreting p, p as discontinuities of S in the relevant cuts,
if we had assumed analyticity to begin with. Here we have instead begun with the CFT
correlator and its analyticity properties, which are well established, and ended up proving
those of S(s).

4 Flat space limit: physical kinematics

The goal of this section is to determine and justify a simple expression for the S-matrix in
physical kinematics, the phase shift formula. An expression very similar to ours was first
argued to hold for general holographic QFTs in [2]. The present derivation is essentially
the same as in [34], but simpler because it is specialized to d = 1. However, as we explain,
this derivation cannot be rigorously justified unless certain limits commute, and we will
therefore have to prove that this is the case.

4.1 Phase shift formula

We are interested in determining the S-matrix in physical kinematics. That is:
Spnys(sz) = lim F[G(z —ie€)], 2z <0. (4.1)

Ignoring for the moment the issue of analytic continuation, this involves taking the two
limits — flat space, and going to physical kinematics — in a definite order. Suppose that
the limits commute, so that we can write instead:

!
Spnys(82) = Ad}l—)H—li-oo 61_1)1(1;1+ G(z — ie), for s, >s9>4. (4.2)

Proving this is non-trivial and will be justified in the next subsection. For now let us take
it as given, and see what expression we may obtain for S,,,.. Using the OPE we have

1)
Sons(82) =  lim L2 o—im(A=244) 4.3
phy: ( Z Ag—rto0 Az>:0 A 2A¢ ( )
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for z < zg which we determine as follows. Separate contributions below and above thresh-
old, so that

Gal( z 1) (A—2A )

. - —im(A=2A)

S (82) _A¢II—>H}F°° A<22:A aA )2A¢ " g A>z2:A aA )2A¢ ; B
¢ ®

(4.4)
and let us assume the strong condition on the OPE, so that the bounds on OPE coefficients
reviewed in section 3.1.1 are satisfied. Then it is not hard to see that all terms in the first
sum are exponentially suppressed for z < —1, by the same logic used in section 3.1.2. So

zo = —1 and the analytic continuation of S,.

for all z < 0 is simply

77)
S - 1 —im(A— 2A¢)
oiys (52) A¢LniwA§A aA QA G (4.5)

Using expression (2.20) we get the phase shift formula:

— 1 —IF(A—2A¢)
Sonale) = i 2 2 (azee)/\fm e . (16)

This result allows us to express the physical S-matrix directly in terms of the CFT data.
As promised, the bounds on the OPE density derived in section 3.1.2 nicely translate into
unitarity of the S-matrix:

|Spnys(s)] < lim Z 2 < fKe> NA¢(A s)=1. (4.7)

A¢*>+OO A>2A

To justify the phase shift formula, we must show that the flat space and physical
kinematics limits commute, i.e.:

lim S(s+i€) = Spuy(s), (4.8)

e—0F

where the right hand side is understood to be computed by the phase shift formula. We
will prove this in two steps, first by showing this relation holds when taking the real part,
and then when taking the imaginary part.

4.2 Commuting limits: real part

We begin by recalling the dispersion relation (2.10) for the subtracted correlator:

/ dz g (2)dDisc™ G(2), (4.9)
which holds for any Ay. Taking the large A, limit we already know that the lefthand side
becomes

_ 4 _
lim G(zy) = S(s) — 1 — / ds'K (s, 8)p(s) , (4.10)
Ag—r00 S0
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since it is the sum of Polyakov blocks above 2A4. On the other hand, the righthand side
can be written as

1 oo
lim / dz g} (z)dDisct G(z) = / ds'K (s, 5") ppnys(5) (4.11)
0 4

A¢~>OO
with!?

Porys(s) := lim (1 — 2)**¢dDisct G(z) (4.12)

A¢—>OO

This means that the dispersion relation for G directly translates into a dispersion relation
for S(s). But we already had such a relation, and since they involve the same kernels K, K
they must agree. More precisely, this implies that as distributions we must have

Pals) ~ yaya(s) (4.13)

Now let us compute p,,,. directly. Using:

lim (1—2)**¢dDisct G(z) = lim (1 — 2)?*¢dDisc™

Ad,%oo A¢ —00

G(z)— > aaGa(?)

9

A<2A,
(4.14)
together with the OPE and the unitarity bound, we can find
Ponys(s) = lim Z ( aﬁ@) 4 sin? [W(A — 2A¢)] NA¢(A,5)
Ap=too NS0 \AX 2 (4.15)

= Re [1 — Sphys(s)]

where on the last line we use the phase shift formula for S,,,.. We see that indeed as
distributions pq (s) ~ puy(s) When o > 1/2, as can be seen by splitting the sum over states

in the latter into bins of size /A,. Hence we have proven:
Ru[1 = S(5)) = Re[l = Syupa(s)] (4.16)
which establishes that the phase shift formula holds for the real part.

4.3 Commuting limits: imaginary part

The previous derivation makes clear that if we are to prove the phase shift formula for
the imaginary part, we must write a dispersion relation for CFT correlators which will
depend on the imaginary part of G. Such a dispersion relation has appeared before in the
literature [57], but as we explain it suffers from some minor issues concerning subtractions
which we clarify and settle here.
The idea is to use Cauchy’s formula for the correlator,
!/
G(z) = § £ 9E) (4.17)

omi 2 — 2z

1"Recall from (2.5) the relation between the functional kernels G (z) = (1 — 2)?2? =2 £ (£=). A simple

z—1

change of variables z — %5 along with the identification fj;:l—s/él(z =1-5/4) = —K(s,s") leads to (4.11).
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and now deform the contour to pick up the discontinuities of G. However, there are two
issues. Firstly, we have to worry about contributions from z = co. Secondly, we may get
divergences from the contribution of the contour close to z = 0,1. To deal with these issues
we must implement subtractions. The cleanest way to do this is to define a subtracted
correlator G(z) = G(z) — >_a<aa,+1@aPa(z). This has improved soft behaviour near
z =0, 1 as compared to G(z) and leads to a dispersion relation

Gy — _ 704z w( —w) 2z -1 5
G(w) = /1 m z(1-2) (w_z)(erz_l)Izg(). (4.18)

which holds for any CFT. For the purpose at hand however, it is more convenient to work
with a slightly different dispersion relation, where we improve the behaviour near z = oo
instead. Let us set'®

C = lim G(2). (4.19)

Z—00

Then we can write the dispersion relation

® dz 2z —1 _
:C_/l e s L) (4.20)

This holds for arbitrary Ay. Using the CFT dispersion formula for s > 4 we have:
_ 4 —~
7, l lim g(zs)l —7, {S(s) - / ds'K (s, 5')3(s")
A¢—)OO
(4.21)
=7,S(s /dsIK(ss) 5(s’).

Alternatively, we can compute the same quantity directly using our new dispersion relation.
Matching the two we get:

L.5(s) = Jim_T0() + / AT, K (s, 5)j(s') . (4.22)

Our goal will be to prove that the righthand side is the same as Im S,;,,.. Consider first the
case where there are no states below threshold other than the identity. Using the OPE, a
computation which by now should be familiar gives

lim Z,G(zs) = Z 2 ( free> sin [7(A — 2A4)] NA¢(A,25)

Ag—00 A>2A, (4.23)

=Im Sphyb( )

as desired. To finish the proof, we must show that states below threshold do not change
the result. This will follow if we can show that:

4 —
im T, | S an[Pa(z) — Ga(l - 2)] :—/ A TR (s, 8)p(s), s> 4.
B6700 g A<on, 50

(4.24)

18Note that any 1d CFT correlator is bounded by a constant at z = oo, see e.g. [51].
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The meaning of this equation is that the phase shift formula for Polyakov blocks below
2A4 (which will appear on the left side of this equation) should give the same answer as
the flat space limit of those blocks as computed in sections 2.3 and 3 (the right side of the
equation). That is, we must check the limits commute by hand for these blocks. We show
this by direct computation in appendix B, which completes the proof.

5 Perturbative checks

In this section we check our flat space prescription in a few perturbative examples. Our
starting point is the theory of generalized free bosons ¢ with dimension A;. Throughout
this section we will focus on the four point correlator of this field, and so we will set
Ay = Ar. We will also refer to the mass of the corresponding AdS bulk field as m; but we
will set this to one , so that e.g. As/Aj = mo/mi = ma.

5.1 General remarks

Before any perturbation we have the generalized free boson correlator which has the fol-
lowing s-channel conformal block decomposition:

Go(w) =1+ Y afiiy, Gy, (w) = Po(w) (5.1)

with the double trace dimensions [11],, = 2A; + 2n. We then perturb the theory by
coupling ¢ to another generalized free boson ¢ with conformal dimension As. The four
point function of ¢, then admits a perturbative expansion of the form

G(w) = Go(w) + g Z( ap, G, (W] A1) + afify, v [(11)]naG[11 (w|Aq ))
+9g ZQQQ] [22], w’Al) B (5'2)

where 0G = IaG. In the first line we have the first order corrections to the dimensions and
OPE coefficients of double trace operators [¢1¢1], and in the second line the contributions
coming from the introduction of ¢.!? We can write (5.2) alternatively in terms of Polyakov
blocks as follows

G(w) = w) +g Z( aryy, 7D[ll]n w) + afrff]nfy[(lll)]nﬁp[ll}n(w)) +
+yg Za[m}np[gg]n(w) +.... (5.3)

Using the Polyakov blocks obtained from the free master functionals for ¢1 many of the
terms above are zero

G(w) = Po(w) + ¢* T (5.4)

1 ree 1
Z a[(2%}np[22]n (w) + af11]07[(11)]087)[11]o(w)

19We are assuming there is no coupling of the form g¢? @2 so that only double traces appear in (5.2). One
can consider particle ¢1 and ¢2 transforming differently under a Zs symmetry so that this cubic interaction
is not allowed.
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Figure 4. Bubble, triangle and box Witten diagrams considered in the main text.

This is because the Polyakov blocks have double zeros at the double trace dimensions
A = [11],. For the bosonic blocks this is true for every n except for n = 0, with
the last term amounting to a four-point contact interaction in AdSs, i.e. a D-function
IDINVNVNYNI () [58-60].

So far we have kept the discussion fairly general regarding the type of couplings between
¢1 and ¢o. We now restrict to cubic gioa¢1¢202 and quartic gi12001¢0102¢2 interactions,
where at one loop level we encounter bubble, triangle and box diagrams each associated
with different powers of g122 and gi122 (see figure 4)

G(w) = Go(w) + 9%122gbUbble(w) + 911229%22gtriangle(w) + gilmgbox(w) +... (5.5)

The idea is to illustrate in these specific examples how the flat space amplitude is
recovered from the CFT data using our dispersion relation (3.35). In other words, we want
to exhibit how the weighted sum of the Polyakov blocks for a specific diagram becomes the
interacting part of the amplitude

diagram dlagram F Tdiagram / dlagram /
92 oo, Py, (W) —— Q\/j—s =g [ dsp $)K(s,s'),  (5.6)
and the OPE coefficients the spectral density
diagram
a . T
G = (57)
[22] s(s —4)

as given in (3.38).

Before we proceed to the flat space limit of the one-loop diagrams, let us discuss
two building blocks needed to extract aggﬁf&m. Given the quartic gii122 and cubic g9
couplings, the building blocks for the one-loop diagrams are the contact and exchange
Witten diagrams, with associated coefficients a({;;iacmm and afée;]ihange. These coefficients

appear in the well known expansions of tree-level diagrams in terms of (s-channel) conformal
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contact,1122 contact,1122 contact,1122
ap,, a1y, A[22],,

Figure 5. Pictorial representation of equation (5.8) showing the OPE coefficients of the double
trace operators [11], and [22], appearing in the s-channel conformal block decomposition of the
contact diagram written in (5.8).

blocks. For the 1122 contact diagram we have?’

[e.o]

1122 1122
gcontact,1122(w) — DA1A1A2A2 (w) — Z aflolnjtnact, G[ll + Z ([:é);tact G[Q?]n (w) ,

n=0
(5.8)
11,22

which we represent pictorially in figure 5. Here G'5°" are appropriate conformal blocks for
contact, 1122

22], was computed in [60, 61] and reads up to

a 1122 correlator, and the coefficient a
a normalization

contact,1122 )\(1) )\(0)

[22],, 11[22],, 22[22],,
ﬁ(fl)nr(fT%l»Al7A2)F(H+A2)4F(H+A1+A27%)F(n#»ZAQf%)
2nIT(A1)2T(A2)2T(2(n+A2))T (2n4+28 1) ) 202 +2n <24,
x
3
T2 F(H+A2)4F(TL+A1+A2—%)F(n+2A2—%)
2n!sin[r(A1—A)]D(1+n—A1+A2)0(A1)2T(A2)2T(2(n+A2))T (2042482 1) 2R2+2n > 24,
(5.9)
Note that the zeroth order OPE coefficients )\(22[22} appear in the generalized free field
correlator G#222(z) where the external particles are ¢s, so that we have the relation
Tee __ free,22 (0) 2
alss, == (AQQ[QQ]R) . (5.10)

Now we review the second building block we use in our examples: the expansion of
the t-exchange diagram in s-channel blocks. It is given by

o0
_exch t-exch 11 22 t-exchange (11,22
gt exc ange(w) — Z a[ﬁ)]{; ange 11] + Z [262}](C ange [221& (w)’ (511)
n=0
where the double traces contain both parity even and odd states which we implement with
the notation [jj]7 = 2A;+n. The coefficients aET?T;hange can be obtained in terms of a[cjojr}‘ia“

by means of the recursion relation of [61].%!

20The relevant expressions and flat space limit for the equal dimensions contact term are discussed in

appendix B.
1 . . . .
21The schematic form of the recursion relation is
t-exch t-exch t-exch contact
Ha—-107-1 + Vils + Pat1Gaf1 = Qn=2a (5.12)

where the recursion coefficients p,v, p are rational functions of Aq, As,[22]5. For explicit expressions in
more general scenarios see section 4.2 of [61].
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Figure 6. The sum of ¢- and u-exchange Witten diagrams has an expansion in terms of purely
parity even OPE coefficients.

However, since we are dealing with scalar particles (as opposed to pseudo scalars), we

are only interested in parity even OPE coefficients ayy),,. This can be simply fixed by noting

the relation between t- and u-exchange OPE coefficients: a[u'Je]XChange = (—1)/ afjj?cmnge,

that by taking the sum of ¢- and u-exchange Witten diagrams we have an expansion purely

in terms of parity even states. The last point is displayed in figure 6.

. 1-loop di
The one-loop coefficients a[22?°p ragram
n

discussed above a‘é’ﬁ?“, aE;Tshange. In the following sections we explain how to extract this

can be computed in terms of the tree level data

one-loop coefficients and compute the flat space limit of each diagram.

5.2 Bubble diagram

Let us start with the crossing symmetric sum of bubble diagrams with external dimensions
A and internal dimensions Ay (see first diagram in figure 4). According to (5.4), its
Polyakov block expansion reads

[e.e]

gbubble(w) _ Z agg])blepm} (w) + contact , (5.13)
n=0

where [22],, = 2A2+2n indicates as usual the double trace dimensions of ¢, with even parity.
All we have to do now is to understand what the coefficients a][%k]’:le are. The idea is that
we can get this data from lower loop level data in the same spirit as one does for amplitudes
using the optical theorem. At the level of Witten diagrams, one can see this procedure as
cutting the intermediate bulk-to-bulk propagators giving rise to lower loop level diagrams
glued together conformally as nicely explained in [62]. For the bubble diagram at hand we
want to cut the two internal propagators and isolate the double trace contributions of ¢s.
The cutting and gluing procedure implies the following relation between the bubble and
contact OPE coeflicients:

2
bubbl 1
alte = (X)) (5.14)
2
To express aFQ‘g]’Ele in terms of a‘[jz"ﬁ‘f“ appearing in (5.9) we need to divide by ()\g;)[22]n) =
free,22
Q29),,

free,22
al[ngé}])}L)le _ (afg;tact) /a[2l;€]>n . (5.15)

This relation is depicted in figure 7.
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Figure 7. The OPE coefficients of the double trace operators [22],, appearing in the s-channel
bubble diagram can be extracted from the ones appearing in the conformal block expansion of the

. : tact,1122 free,2
Witten contact diagram ajey " d apor

22, 22]. 2 as illustrated.

We would like to check that in the flat space limit the OPE density matches the spectral
density of the flat space bubble amplitude. We will consider the less trivial case where the
internal dimensions are smaller than the external ones Ay < Aj (or mg < m; in flat space
amplitude), so that there is the two-particle cut for mg starting before the one for m;.
Normalizing the external mass to one m; = 1, we are instructed to set

B2 _ o[22

= /5, (5.16)

and compute the CFT dispersion densities as in (3.35). In this case the averaging procedure
is trivial and we get

bubble

. a122],, 1
pRRR(s) = lim | g2ty | = —. (s>4),
1 Q99 4y/s(s —4)\/s(s — 4m3) - 17
1[02u21]:,b1e 1 (5.17)
ﬁ](oj%‘b"[ble(s) = Ahm ~free?11 = 5 (5 < 4)a
170\ 92, 4/s(4 — 8)\/s(s — 4m3)

where we have chosen a particular convenient overall normalization in (5.9).22

Now we would like to compare our CFT density (5.17) with the spectral density of the
flat space amplitude. From (5.6) we need the discontinuity of the amplitude. We could
compute the full amplitude first and then take the discontinuity, but we will take a shortcut
and get the density directly from Cutkosky rules [55].23 (This method is especially useful
when considering more complicated diagrams like the massive box below, where computing
the exact analytic amplitude is difficult.) In principle we should consider all possible bubble
diagrams where we take all permutations of the external legs, but the discontinuity (or
imaginary part) for s > 4m2 is non-zero only for the diagram below. By replacing the
internal propagators with momenta ¢ and ¢o = ¢ — p; — p2 with delta functions that put

22This was chosen to match with the exact density computer for the amplitude further below. We
could of course also match the overall normalization factor by carefully choosing the normalization of AdS
propagators and couplings appropriately [2].

23See for example section 6.3.4 of [63] for details.
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the particles on shell we find the discontinuity of the amplitude

b1 q D4

1
ISTbubble(S) —
1

py 92=4—P1—P2 p3

—1 0 2
-5 / (%2 (27)? 0(¢°)0(—38) (¢ — m3)d (g3 — m3)

1 d
=3 8@% (|*| \/Ez_mQ):m (5.18)

where we have chosen the center of mass frame to do the computation so ¢ = (F,7) where
2F = /s is the total energy. The + indicates we need to sum over the two possible signs
for the spatial component of the internal momenta.

From here we see that indeed we have a match between the flat space CFT density
and the spectral density in the amplitude below and above threshold

bubbl Z,TPPMe(s) 1 bubbl
pTE(s) = = parr (8), (5.19)
2Vs(s—4) 4 s(s —4)y/s(s — 4m32)
I Tbubble 1
pubble(g) — (s ) = poubble(s) (5.20)

2y/s(d—s) 4 s(4—s)\/s(s — 4m3)

Finally, the constant term ambiguity in (5.13) can be fixed by comparing to the full
s, t,u crossing symmetric flat space amplitude which includes a constant term coming from
the s - u = 0 term.

5.3 Triangle diagram

Let us now consider the term associated with g2,,g1122 in the expansion (5.5) which is the
crossing symmetric sum of the triangle Witten diagrams.
Taking again the Polyakov block expansion (5.4) we have

[e.9]

G (1p) = 3 a Py (w) + contact, (5.21)
n=0

where the sum is over the double trace operators of ¢o with even parity. Same as for the
bubble diagram, we can extract the coefficients agi;]l:gle from the tree level diagrams we
generate when cutting internal propagators in a way such that we have two external legs
on the right and two on the left of the cut. In this case we are left with a t-exchange and

(1122) contact diagrams. The relation between OPE coefficients is then:

trlangle t,exchange contact __ t ,exchange contact free,22
Uoa), = M2, Alip2), = (9P, a2, Ay - (5.22)
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Figure 8. Comparison between the amplitude’s spectral density below threshold j **#a7ele(s) and
~ triangle

large dimension (A; = 500) numerical CFT density popy & (s) for m3 = 2/3.

This time one of the OPE coefficients afée;](shange is not available in closed form, but it can
be computed via the recursion relations of [61] sketched in (5.12). This fact prevents us

from computing the CFT density

atriangle [22] 2
A = gim ()= () < (5.29
QAo Ay

A1—>OO
[22]n

analytically, so we will resort to a numerical comparison by solving the recursion relations
for large enough dimensions. The result for A; = 500 and A3 = 2/3A? is shown in blue
dots in figure 8.

To compare with the flat space amplitude, let us extract the spectral density of the
triangle diagram using the Cutkosky rule. Taking the s-channel discontinuity we find

ISTtriangle (8) _

_ (=) [ dq i
T /(27r)2 (q_pl)z_m%+i€(2ﬂ)29(q0)9(—q3)5(q2—m%)é(qg—mg)

1 odq 04— B2 - m3) e

T2 SEQ (g p)2 - m3ti) o1+ o — ) /ol —dr) (5.24)

where the convention is the same as the bubble case. Using (5.7), we then get the exact
density below threshold
. -2
ﬁ trlangle(s) — S ) (525)
4(1+m3(s —4))\/s(4 — s)\/s(s — 4m3)
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In figure 8 we plot both the CFT and flat space densities and see that we get a perfect
match. This is the case also for the density above threshold as well as for any value of ms
such that m3 > 1/2. We will see in section 5.5 what happens for internal masses below
this value.

5.4 Box diagram

Finally, we have the crossing symmetric sum of box diagram from the term with gi,,
in (5.4). The procedure for the comparison is the same as for the triangle diagram. The
Polyakov expansion reads

GPX (w) = > aE%’}‘nP[gg]n(w) + contact . (5.26)
n=0
box

By cutting the box in two, we see that the coefficients 33}, are given by the square of the
(parity even) t-exchange diagram OPE coefficients

box t,exchange\2 t,exchange 2 free,22
aloin = Mipa, ) = (a[22]n g ) /a[Qz]n - (5.27)

As for the triangle, these coefficients are not available in closed form, so once again we
perform a numerical comparison with the flat space density.

To compare with the flat space computation, we take the imaginary part or disconti-
nuity of the amplitude for s > 4m%. As in the previous examples, we should consider all
possible box diagrams but only the box and twisted box below have non zero discontinuity
in this region. One can also make sense of this particular combination recalling that the
even parity coefficients a?ﬁ‘ihange are extracted from the sum of ¢- and u-exchange Witten
diagrams as in figure 6. This means that with the cutting and gluing procedure we have
precisely the sum of box and twisted box diagrams as below. Using Cutkosky rules we

arrive at

Is [TbOX(S) + Ttwisted box(s)} —

(=) dPq i —i
= o e e 2 a0 )3l —m)a(a3 —m3)

+ (pa <> p3)
1 dg 5(1a1 = /B2 — m3)
2.+ 8E|q] ((q — p1)? — m3 +i€) ((q — pa)? — m3 — ie
_ (s — 2)?

2(1 + m3(s —4))2\/s(s — 4m3)

) + (pa <> p3)

(5.28)
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Figure 9. Comparison between the amplitude’s spectral density below threshold p "°%(s) and large

dimension (A; = 500) numerical CFT density 4% (s) for m3 = 2/3.

and the corresponding spectral density is:

5Po%(s) = (s —2)° . (5.29)

4(1+m3(s —4))2/s(4 — s)\/s(s — 4m3)

In figure 9 we show the match between the expression above and the CFT density obtained
numerically for A; = 500 and m3 = 2/3. As for the triangle diagram, this match persists
for any m3 > 1/2. For m3 < 1/2 we encounter anomalous thresholds which are the topic
of the next section.

5.5 Anomalous thresholds

So far we have considered ranges of masses such that we avoid anomalous thresholds. The
latter are singularities in the amplitude which do not have a direct interpretation in terms
of intermediate physical states. One can obtain them by computing the associated Landau
diagrams where internal particles are on-shell (see e.g. [1]). In higher spacetime dimensions,
these singularities are typically branch points whereas in two dimensions we encounter poles
(a famous example are the Coleman-Thun double poles in the sine-Gordon model [64]). For
the diagrams discussed above we have anomalous thresholds for the triangle and box when
the internal mass has values mT% <mi < %%.24 As can be checked — e.g. from direct
computation of the Feynman integral or Landau equations — the leading singularity of the

triangle diagram is a simple pole

: ™ 1 m? m2
Tiransle(s) ~ — e Slemi<T (530)
ma\[4my —mi o <4m% _ m;)
my

2
24We shall not consider m% < %7 as particle with mass m; would become unstable (mi > 2m2) in this
region. For the sake of clarity we write all m; factors in this discussion.
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For the box diagram we have that the leading singularity is a double pole at the crossing
symmetric point, occurring only at specific value m3 = m?/2

4 m?

box, leading ~ 2_ 5.31
(S) (8 _ Qm%)z ) ) ’ ( )

anom

and the sub-leading singularity when reducing?® the box diagram to the triangle above

mi

Tbox, subleading(s) _ Ttriangle (S)
)
4

m2
fodsch rian, <mj < 71 : (5.32)

In all these examples, anomalous thresholds are present when m3 < 1/2, which implies
that the two-particle production cut begins at sy < 2. Equivalently, in CFT language, the
OPE contains a tower of states with dimensions [22],, beginning below v/2A ;. But this vio-
lates our assumptions on the CFT spectrum spelled out in 3.1.1, where they were required
in order to ensure boundedness of the OPE. It is tempting therefore to conjecture that
this unboundedness is related with anomalous behaviour in the S-matrix. The amplitudes
above provide then an excellent opportunity for understanding this.

Our first comment is that we do not believe that this unboundedness is merely an
artifact of the flat space limit. That is, we believe the OPE is genuinely unbounded (and
not just parametrically larger than our bounds) whenever our gap assumption fails. A
rigorous proof that this is the case when Ay < %Aqs follows from considering the following
family of functions:

1
Ba(z) = s (5.33)

This function is clearly crossing symmetric, and it admits a conformal block decomposition
with a leading operator of dimension Ay = aA, (i.e. without identity). But furthermore
the OPE is positive whenever Ag < $A4. For instance [65]:2°

o
B%(z) = by, G%A¢+2R(Z’A¢), (5.34)
n=0
404\ 2 204 8A4 C4Ay 40y
3 3F2 —27?,,7,27?,—’-7— 777771
with bn:<3>2" ( ’ ’ 2 >>0.

(2n)! (2n+ 552 —1)

This means that given a general unitary CF'T correlator G with Ay < §A¢, we can obtain
a new one by doing G — G + ABs with arbitrarily large positive A\. This establishes
there exist CF'T correlators for Whigh quantities like p and p are not in general finite, at
least when the gap is below %Adr This simple example explains the general mechanism
establishing that it is not possible to bound the OPE whenever the gap is below some
critical value: the existence of unitary correlators without identity whose overall coeflicient

ZWhen writing the amplitude in terms of Feynman parameters, the reduced diagrams come from some
of these Feynman parameters vanishing, effectively setting the length of the associated internal leg to zero.
#6See also appendix B of [66] for a related discussion.
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may therefore become arbitrarily large.?” Can we improve our proof for any gap below
\/§A¢? Unfortunately, an exploration of generalized free field correlators of composite
operators (where the above function arises) does not seem to lead to solutions with a gap
higher than %Aqs. Perhaps we did not try hard enough, or perhaps such solutions must
necessarily be interacting. Let us proceed assuming such solutions do exist, to avoid an (in
our view) artificial separation between gaps below %A¢ and above it.

Let us test our conjecture linking OPE unboundedness and anomalous behaviour on
the example of the box diagram, in the region mT% <m3 < mT% In this case, the correct
scattering amplitude is obtained by taking

~box ~box ~box m% 2 m%
p N (s) = p7(8) + Panom(S) » o <ma< o, (5.35)

~box LTS 1 )
= —0(s——5) . 5.36
) = g (o= o (5.36)
2
That is, the naive analytic continuation of the density to m3 < % fails, as we must add
a term with a delta function reproducing the simple pole in (5.32) and (5.30). We should
point out that, in fact, the density is not uniquely defined in the region (sg,4 — sp). This
is because

/3 ! ds'K(s,s)6p(s") =0,  0p(s) =op(4—s), 0p(s>4—s9) =0 (5.37)

owing to the antisymmetry property K (s,s') = —K(s,4 — ).

With this caveat in mind, we can compare the expected density with the one computed
from the OPE data in the CFT. This is shown in figure 10. We have chosen to set Ay = %A¢
for simplicity, but the figure looks similar for other choices. We see the density computed
from the CFT only matches the one obtained from the amplitude above some critical value
of s. In our explorations we find that it varies very little with A, but it depends strongly
on Ay. Also, this value is always above 4 — sg, so that the ambiguity in the definition of p
cannot help us cure the mismatch. Furthermore, we find the anomalous pole always lies in
the region where there is a mismatch. More strikingly, it seems that the anomalously large
piece of the CF'T density closely resembles the density computed from function B, that is

2
by ANy +2
Bo(s)= lim —" 5= <W> . (5.38)
Ay

These results suggest that anomalous thresholds are indeed directly correlated with un-
boundedness of the OPE. They also suggest that this unboundedness could follow from the
appearance of a large component in the CFT OPE which satisfies crossing symmetry by
itself. Therefore, it seems that to obtain the correct flat space limit of the full correlator
this piece must be first subtracted and its limit handled separately. Presumably this will

2TA general argument that this must be the case is as follows: if there is no bound on a particular
OPE coefficient, then it must be possible to construct unitary families of correlators G, where that OPE
coeflicient is some large number A. Then 0xGx|a=oo is a unitarity solution to crossing without identity.
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Figure 10. Densities p in the presence of anomalous thresholds, in the case 2A, = %A¢ & m3 = g.

The densities p5;., pLo. are computed with Ay = 500. Above a critical s a2 2.5 the CFT and exact
densities agree, but below this value the mismatch is exponential (getting worse with increasing
Ay). The anomalous pole contribution is shown as a dashed line. The ambiguity in p is only present
in the shaded band.

lead to the appearance of new, anomalous, contributions to the CFT density. Finally, note
that these results are consistent with the picture in [34]: the unbounded piece of the OPE
should map into the “wrong” saddles corresponding to AdS Landau diagrams.

6 Extremality

We have established a mapping from certain families of CFT correlators and S-matrices.
In this section we will explore general properties of this mapping and how they lead to
a detailed link between extremal S-matrices, extremal CFTs, and bootstrap problems in
both contexts.

6.1 Extremality and the flat space limit

Information loss. Our basic formula states that
S(s) = FlG(zs)]- (6.1)

The S-matrix may be computed for physical kinematics via the phase shift formula (4.6),
and elsewhere on the complex plane from the dispersion relation (3.35). Our definition of
the operation F is linear, so that given two distinct CFT families G1, G matching with
S-matrices S1 and S, we can build an entire family of new solutions:

Si2(s) = x51(s) + (1 — 2)Sa(s) = & FlG1(25)] + (1 — 2) F[Ga(zs)]

(6.2)
= .7:[$ gl(z) + (1 - x)QQ(z)] ’ RS [O’ 1]

The constraint x € [0, 1] simultaneously guarantees that the identity operator appears in
the sum of CFT correlators with unit coefficient, and that the unitarity condition |S142| <1
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holds from those of S1,S52. More interestingly, starting from any two S-matrices, their
product is also an S-matrix. This is ensured by

FlG1(25)G2(25)] = FlG1(25)F[Ga(25)] (6.3)

which follows from elementary properties of the limit and of analytic continuation. This
property is a bit surprising from the way we have effectively constructed the F operation,
which requires the OPE, and we clarify why it is true in appendix C.

These properties imply that the F operation loses information. For instance, we can
take any CFT correlator and multiply it by the generalized free field correlator, the flat
space limit will unaffected since F[GT] = 1. Or we could start with a correlator and add to it
the sum of generalized free fermion and boson correlators, whose flat space limits (S = +1)
add up to zero. In both cases the OPE structure of the CFT correlator before and after
multiplication/addition is very different, but in the flat space limit these differences are
subleading and get washed out. Thus, distinct families of CFT correlators can nevertheless
lead to the same S-matrix. This is of course in line with our general expectations: placing
a QFT in AdS for specific choices of boundary conditions and curvature couplings will lead
to specific families of CFTs, but any such choice must nevertheless have the same flat space
limit.

Extremality. A particularly interesting class of 2d S-matrices are those which saturate
unitarity for physical kinematics, i.e. |S(s)| = 1 for s > 4, which we will call extremal. This
is generally found to be the case for S-matrices saturating bootstrap bounds (see e.g. [13]),
and it is also true for integrable models [67, 68]. Extremal S-matrices can be expressed as
products of CDD factors, which describe zeros or poles, and take the form:

bole (g — V(4 — ) + /sp(4 — sp) soro (g — Vs(d—s) —Vsr(4 = s)
52 (5) V(4 —s) — /sp(d—sp) () V(4 —8)+ /s.(4—5,) (64)

A general extremal S-matrix is thus written as

IS|=1 = S(s) = [T S5 (s) [T Sz (s) - (6.5)

? J

Let us examine what the condition |S| = 1 means for the CFT data. Using the phase shift
formula we have

S(s) = lim Z 2 (ﬁ) NA¢(A, s)em(AT280) (6.6)
Bo7%0 ASOA,
with
. aa '\ o
lim 2| —— | Na,(A,s) =1. (6.7)
Agy—ro0 A§A¢ <afA ) ¢

Recall that the Gaussian Na , implies that in these sums the only states which contribute
lie inside a narrow window of width /A, centered around A = {/sAy. The only way in
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which the unitarity condition can be saturated is if in (6.6) the phases remain coherent
in any such window. More precisely, this should be true of the phases of the states which
contribute predominantly to the OPE (see apendix C). Such states should be described by
a single tower of operators with dimensions A,, = 2A4 + 2n + v,(Ag) satisfying:

2
. 2A¢ + 2n
n(Ag) v v(s),  s:= n,Ah;I—lmo A¢> (6.8)
n/A¢ fixed TL/A¢ fixed

That is, the anomalous dimensions can be promoted to a slowly varying function of s in the
large Ay limit. In this case not only is unitarity saturated but we can explicitly describe
the S-matrix in terms of the spectrum of the CFT:

S(s)= lim > 2 (“ﬁ) Ka (B, 5)e™™m(Be) = =M i g =1. (6.9)
Ny

At this point, we would like to pose two questions. The first is: can we construct fami-
lies of CFT correlators which in the flat space limit describe any S-matrix of the form (6.5)7
In the following two subsections we will formulate and solve bootstrap optimization prob-
lems whose optimal solutions are CFT correlators which map to single CDD pole and CDD
zero factors. Thanks to the product property (6.3), the answer to this question is therefore
affirmative.

The second question is, can such families be chosen to be extremal: that is, that the
OPE in the corresponding correlators contains a single tower of operators not effectively
but exactly, even away from the strict Ay, — oo limit. Tensor products and sums of corre-
lators do not satisfy this property, but extremal correlators do arise as optimal solutions of
bootstrap problems [42, 69]. Therefore, here we also believe the answer is affirmative: in
section 6.4 we will show that there is a direct mapping between large classes of S-matrix
and CF'T bootstrap problems. This means that the associated optimal solutions are also
mapped into each other, thus establishing a link between extremal S-matrices and families
of extremal correlators.

6.2 Bootstrapping the CDD pole

We will begin by describing an extremal correlator which in the flat space limit describes
the CDD pole. Although it is already known that this correlator can be obtained by
maximizing the OPE coefficient of a state corresponding to the pole [2, 41], here we will
follow a different route based on master functionals, by maximizing the correlator.?®

Consider then the problem of maximizing the value of a CFT correlator, G(w), whose
spectrum starts at some dimension Ay > \/§A¢, i.e. it satisfies the strong OPE condition.
A bound may be obtained by constructing a functional Q" satisfying the properties

Qa'(A) > Ga(w|Ay), for all A > Ay, (6.10)

Z8The correlator maximization problem with a gap Ao is expected to be extremized by the same correlator
which maximizes the OPE coefficient at Ag [48].
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since acting with such a functional on the crossing equation is easily seen to lead to
G(w) < Pg(wlldg),  PR(w) := Ga(w|Ay) — Q5 (A). (6.11)

If Pi*(w) matches a physical CFT correlator Pi*(w) = G™*(w) then the bound is optimal
and saturated by that correlator. Note that we should think of PR*(w) as a kind of
interacting version of ordinary Polyakov blocks, and the superscript serves to remind us of
this fact.

Such a functional can be defined in the same way as the master functionals QF of
section 2.1, but with the important difference that for general Ay the kernels g;* and f,*
aren’t simply related. However, for Ay — oo we can choose:

G (2)=gu'(2) +o(w—2),  gi'(z) ~ (=222 fi( )], (6.12)

Ad,*)OO

In the limit of large A4 the remaining constraint on f,;* becomes

Rofif(z) ~ =0(z —w) —0(1 — z — w) for z€(0,1) (6.13)
which can be solved as
. Sint(sw)
(%) = 4K (84, 52) S (s,) (6.14)

where we assumed S™(s) that has the analyticity properties of an S-matrix, but that it
does not have zeros for any complex s. The corrections shown as ... depend on the details
of S™ and would allow us to relax the absence of zeros, but we will not need to write
them out explicitly for the time being. Note that with S™ = +1 we recover the master
functionals fi-.
The sum rule for the functional Q" can be stated as validity of the interacting Polyakov
bootstrap:
Qo (0)+ Y. aadp(A) =0 & Gw)=Pw)+ > aaPr'(w)  (6.15)
A>Ag A>Ag
The computation of these interacting Polyakov blocks is essentially identical to the free
case, and we will give the result below. This equation translates into a dispersion relation
for the CFT, which we will write directly in the flat space limit in terms of the S-matrix:

S(s) = S"(s) — S (s / ds'Z, [ ,8) (1—55822,))} (6.16)

The bound can now be obtained as follows. The positivity conditions on Q™ are the

statement that
PR(w) <0, A>Ag. (6.17)

In the dispersion relation this is the constraint that the integral is positive. Indeed if that’s
the case the dispersion relation immediately implies the bound S(s,) < S™(sy). We split
the integral into two pieces:

S(s")
S’int(sl

4
Si“t(sw)/ ds'K (sw,s' )Ly {—
50

]+Smt / ds'K (s, s )Rs/[ S(s') }

Sint(s/)
(6.18)
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The second term on the right represents the contributions above threshold. Setting
|57 (s)| =1, s >4 (6.19)

and using |S(s)| < 1, then the integral will be manifestly non-negative as long as S™(s,,) >
0. As for the first term, notice that ZsS(s) = p(s) > 0, and hence we can make those
contributions positive as well by demanding that S™(s) is real and negative for sy < s < 4.

We are nearly done. The constraints on S™ imply that it can be written as a product
of CDD poles, with pole positions s, < sy and chosen such that both §™(s,) > 0 and
Sm(sp < s <4) <0. Any S™ of this form gives a valid upper bound, but the optimal
such bound is obtained by choosing an isolated CDD pole at precisely sg, since in this case
it can be saturated an S-matrix satisfying our assumptions. We conclude

S(s) < S2(s). (6.20)

To wrap up, let us check that the CFT extremal correlator Pj* which saturates our
bound is related to the extremal S-matrix in the way we expect, namely F[P§*] = S™.
Although below strictly speaking we have in mind the case S™ = St°'*, we will stick to the
‘int” notation since most steps in our computation hold more generally. We will therefore

compute:
Po(w) = Go(w|Ag) — 2,7(0) (6.21)

To obtain 2™(0) we use the fact that it is a valid functional, and so the corresponding
sum rule must be satisfied by any CFT correlator. In particular it must be satisfied by a
generalized free field. Therefore

Qint afree ant _ 1 + + afreePlnt 622
with A, = 2A4+2n. To compute the interacting Polyakov blocks, we use that in this case
the full interacting master functional is written
Sint (Sw)

Si(sn) T F35(2) Eag (w|Ay) (6.23)

f;;lt(z) = 4K(Swa 82)

with sg = 429 and f*¢ the sine-Gordon functional (3.6). The last term is chosen to insure
that 77““t (z) = 0. The computation of the interacting Polyakov blocks is now almost exactly
the same as the one we did for the free case in sections 2 and 3. In particular we find

o

. . o0 1
Z afée:’]jx:l (w) — Slnt(s) / dSlK(Sa S,)Rs/ |:1 Smt( ):| + aAo EAO (’UJ|A¢) (624)
n=0 4
where we used Y o2 afKZu)SG(An) = —w*9(0) = aA Evaluating the first line and putting

everything together we find

9" (u) =P 0) = s+ 7y

In this way we see that the flat space limit of the extremal correlator for the conformal boot-

on, t asd Eng(w]Ag) + S™(s0).  (6.25)

strap problem is indeed the extremal S-matrix for the corresponding S-matrix bootstrap
problem.
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6.3 Bootstrapping the CDD zero

We will now show that there is an extremal CFT that leads to the CDD zero S-matrix in
the flat space limit.
Let us introduce a functional Q2 whose kernels are given by

duw

0
=4K wrSz) a7~ .
fi(2) (815 6 )ng;‘)(sz) (6.26)
with
d e o 2w—1
dy = @SS”’ (sz) . - (6.27)
To satisfy the gluing condition we need to set
go(z) = (1= 2?27 fo(5)[ + &' (w — 2). (6.28)
Let us set
P2 (w) = 0uGalwldg) - Q(A). (6.29)

Note that the fg, gg kernels above are not derivatives of the master functional kernels
=, gf, and accordingly the 772 are not derivatives of ordinary Polyakov blocks. The sum
rule of Q2 now yields

Gw)=Plw)+ > aaPR,(w) —dy / dsK (54, 5) R {1 _ Sir(j) ] (6.30)
Ao<AL<2A4 4 (s)
It is easy to compute
1 1
P (w) = Dy l + + dy
0 w2A¢ (1 . w)2A¢, (6.31)
= 0wk 2—K(Sw, mjy) v
CLAbI]DAb (w) 2 Ay (w) + A¢ (S mb)st (mg)
Positivity now implies
1 1 1 1A\’
! < — — 70 .
G'(w) < Oy w2A¢+(1—w)2A¢ +dy, 2<w<4<A¢> (6.32)

with optimality achieved when S(s) = S57°(s). We conclude that the CDD zero S-matrix
arises from the flat space limit of the family of correlators which saturates an upper bound
on the derivative of the correlator at a point. This nicely ties in with the S-matrix derivation
in [6].

An apparent puzzle is how to characterize such CFTs from the point of view of the
OPE, since they have no bound states. In appendix D we argue that these CFTs arise as a
deformation of the generalized free boson where the leading scalar dimension A is pushed
parametrically close to the maximal gap 2A4 + 1.
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6.4 Dual S-matrix and conformal bootstraps

The goal of this section is to explain how the S-matrix bootstrap in its dual formulation [13,
18, 26] is related to the conformal bootstrap written in the language of functionals.

S-matrix bootstrap. We begin in the S-matrix picture. We want to solve the optimiza-
tion problem:

max Fp™*, Fpmat '—/ dsé(s —i—/ dsc(s (6.33)
with
S(s) _1+/ ds' K (s, ) / A K(s,s) p(s'),  |S(s) <1 (6.34)

The primal variables are p, p > 0 and ¢, ¢ are some chosen cost functions. To get an upper
bound we will introduce dual variables to get a quantity larger than Fp:

Fpmat < Fgmat 4 / ds [|k(s)| — )]+ / dsk(s (6.35)

where by assumption:
k(s)>0  for se (sg,4). (6.36)
Note that positivity of the first term follows from unitarity of the S-matrix. To get a bound
valid for any S-matrix, we first write S(s) in terms of the p, p using (6.34). We then impose

conditions on k(s), k(s) to eliminate all dependence on the primal variables from the right
hand side of the above. (An example will be given further below cf. (6.58)). The result is:

i [ dsllk(s)] - Rek(s)] (6.37)
4
and by construction we have
max Fp™* < min F5™. (6.38)

Optimality is achieved if?"

(6.39)

k(s)=0or p(s) =0, so<s<4
Sext(s) = |k(s)|/k(s), s>4

where Sey stands for the optimal (extremal) S-matrix.

29Note that in the region s > 4, optimality can also be attained through k(s) = 0 as numerically observed
n [13]. Here we do not consider this possibility but focus on unitarity saturating S-matrices.
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CFT bootstrap. Now consider the following CFT bootstrap optimization problem:

max Fp,  FpT= ) aapa (6.40)
A>Ag
with
G(2) = Go(2]Ag) + D anGa(z|Ay),  Ag>V2A,. (6.41)
A>Ag

The primal variables are now the OPE coefficients ap > 0, and pa are again some chosen
cost functions. For example, OPE maximization would correspond to pua = da a,, and
correlator minimization to ua = —Ga(w). The gap assumption may be replaced by the
weak OPE condition spelled out in section 3.1.1, and as we already know, it plays the role
of unitarity for the S-matrix problem since it implies the OPE is bounded.

To obtain a bound we will again add a positive quantity to the primal objective. Let
us introduce a functional satisfying:

Q(0) + Z anQ(A) =0, and QA) > pa(A) for A>Ag. (6.42)
A>Ag

To get an upper bound we consider

FEFT<FET Y aal(d) - pa(A)]. (6.43)
A>Ag

We now constrain our functional such that po = p. Using (6.42) we define
FprT = -0Q(0), (6.44)
from which we obtain an upper bound
max Fp' " < min Fp . (6.45)
Optimality is achieved if
arn =0 or Q(A)=pu(A), A>Ap. (6.46)
Mapping the problems. We have presented these optimization problems in a suggestive
way which makes clear that they are closely related. Let us now make the link more precise
starting from the CFT problem in the flat space limit.
First, it is clear that since p,p are directly related to OPE coefficients, the CFT

correlator may also be expressed in terms of those variables. It is also clear that it is
possible to choose CFT cost functions ua which will give FEmt = FEFT.30 Let us set

G(2) =G(2) — > anGalz|Ay). (6.48)

A<2A,

30Tn detail, this is achieved by setting

2/sa
C

na = por: (SA), A0§A<2A¢
A¢(1Aree

(6.47)

2
VIR in? [g(A - 2A¢)] c(sa), A>20,.

Ha = A¢afAree
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Then the phase shift formula and the bounds of section 3.1.2 can be written:

G(z) = S(s.), 2<0

(1—-2)22G(z) = 1, ze(0,1) (6.49)

We now parameterize our functional in terms of kernels f, g as usual. Inspired by previous
examples, we will set

9(z) = (1= 2?27 () +8g(2), =€ (0,1), (6.50)

11—z

with dg(2) introducing extra freedom and assumed to not scale with Ay, so that
R:f(2) ~ =dg(2) = dg(1 - 2) (6.51)

Using the definition of the functional action we can find

0 ~
> asl0®) - pa(d = [ a {1 - RG]
A>2A4 -
(6.52)
> aal0®) - pa(d) = [ dz(Z5G)p(0 - 52)
A0§A<2A¢ 0

where the pug(A) are in general non-zero, since computing just Q(A) leads to more con-
tributions other than those shown on the RHS. For instance on the first line we should
have

> aana(a) = [ az80()G(2) (6.5

A>2A,

It is now clear we should identify:
k(s) =4f(2s),  k(s) =4L.f(zs) (6.54)

In particular, this leads to

s = [ as() - Rokt9)) = [ ax(15)1 - Rap9)) = FFT. (659)

which completes our mapping between the two bootstrap problems.

For completeness, and to conclude, let us point out that it is straightforward to gen-
eralize these constructions to enforce specific constraints on S-matrices/correlators, such
as presence of states with definite couplings. In this case we should set the costs of such
states to be zero, and since they do not need to be eliminated we do not to constrain
the associated dual variables. For instance, in CF'T bootstrap language, this leads to a
modified dual objective of the form

0
FET =00 = Y aa (A0 = [ de[f()] = Raf(s))+ LIS - (656)

where the p; are given and fixed.
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Example: correlator maximization. Let us now illustrate the above map between
the CFT functionals and the dual S-matrix bootstrap problem through the example of
the correlator maximization problem considered in section 6.2. In the flat space limit, the
corresponding S-matrix bootstrap problem becomes bounding the amplitude evaluated at
a point S(sy) with s, € (4 — sg, S0). In particular, in this case the primal objective (6.33)
is given by the cost functions

é(s) = K (54,5) >0, s’ € (s0,4)

(6.57)
c(s) = —K(sy,s) <0, s >4

Fpmet=S(sy)—1 = {

as can be seen by directly evaluating (6.34) at s = s,,. The standard dual formulation
gives the minimization problem with the dual functional (6.37) where the dual variables
k, k are subject to the constraints:

B S (s —4 s—2 ,
Rsk(s) = —c ——][ ) (s—s’)(s’+3—4)Isk(8)’ s>4,

- VS (s — -2
—k(s) = ——/ (s i Tok(s'), sp<s<4.

) Vs(A—35) (s—8)(s'+s—4)"

(6.58)

which arise by demanding decoupling of the primal variables. Plugging in the cost functions,
we can solve these constraints by setting

k(s) = U 52 Tmk(s')

Swa ) (3_3/)(3’+5—4> # (659)

k(s) = Tk(s).
Notice this is consistent with (6.54). We also have
Rsk(s) = —0(s — sw) — (4 — s — Sy) - (6.60)

which is the same as equation (6.13) satisfied by fi*(z), again in agreement with (6.54).
It follows that we can also solve for k in the same way, by setting

S (S4y)
Sint(g)

k(s) = K(sw,$) (6.61)
The analyticity properties of k(s) imply that the function S™(s) should be crossing-
symmetric and meromorphic with branch points at s = 0 and s = 4. Recall (6.39),
i.e., optimality implies Sext(s) = S™(s) with [S™(s7)] =1 and S™(s) can then be chosen
to be a product of CDD poles. Now it is the positivity constraint (6.36) which forces these
poles to be located below sy, and choosing without loss of generality S™(s,,) > 0, we can
compute the dual objective (6.37) as:

Fma = gut(g ) L " dsK (51, 5) <1 _ R, { Snj(s)D — S (s) — 1.  (6.62)

Optimality is achieved when F3™* = Fp™* ie. when S(s,) = S™(sy), which happens if
both are given by a single CDD pole at s = sg, as before in section 6.2.
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7 Discussion and Outlook

In this work we have studied the detailed relation between families of 1d CFT correlators
and 2d S-matrices. Our main results are a derivation of the analyticity properties of
such S-matrices under certain gap assumptions, and a characterization of their singularity
structure in terms of the CFT data.

It would be important to clarify for which S-matrices do our results apply. The starting
point of our construction is that the S-matrix arises from a gapped QFT. Can any such
QFTs be placed in an AdS space of sufficiently large radius? This is certainly the case
for any Lagrangian QFT, but more generally it seems hard to imagine an obstruction
given that correlators in any such theory decay exponentially at scale separations larger
than the gap. For instance, it seems we could define the correlators of the theory in the
following manner: starting from local QFT correlation functions, we push fields away from
each other distances much larger than the inverse mass gap while keeping the effects of
curvature negligible. At this scale correlators factorize into products of two point functions
given by free massive propagators. We can then “complete” each such propagator to an AdS
bulk-to-bulk propagator by adding a small correction. At this point we can move around
operators to arbitrarily large distances, thus leading to fully well defined correlators in
AdS.

Conversely, we can hope to use our results to show that some S-matrices cannot arise
from a gapped QFT. Indeed, many if not most 2d S-matrices consistent with crossing,
analyticity and unitarity have a non-trivial UV behaviour, which can be understood in
the context of generalized TT deformations [70-73], and it would be great to understand
if we can use our results to investigate if these theories can arise from gapped QFTs in
AdS. One idea would be to show that such S-matrices do not arise from QFTs with local
observables: in practice one would need to show that it would not be possible to construct
local operators from such a theory’s S-matrix, i.e. by “inverting” LSZ. In CFT language
we would have to show that the bulk reconstruction problem [74] would not be solvable
given the CFT data implied by the S-matrix.

A different kind of argument relies on the fact that our construction implicitly acts as
an UV completion for S-matrices. Consider an S-matrix of the form:

Spp(s) = e V3l4=9) (7.1)
which arises in the context of 7T deformations. One of the peculiarities of this S-matrix
is that the associated density oscillates indefinitely with s:

prp(s) = 2sin’ (zﬂ/@) . (7.2)

But now recall that in CFT language the density p is given by the double discontinuity of
the correlator,

p(s) = lim {(1 — z)2A¢dDisc+§(z)} (7.3)

A¢*>OO
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Generally we would expect therefore that dp(s)/ds should instead decay with some power
related to the Regge behaviour of the correlator [48]. To make this expectation precise, we
can use the bounds on the correlator and its derivative derived in sections 6.2 and 6.3 to
find

d 4N
—_ <
dsp(s) T s—4

for s>8, (7.4)

where the bound holds up to exponentially small corrections in Ay. We should understand
this expression as telling us that Ay acts as a hidden UV cut-off, beyond which we must
have p(s) decay to a constant. S-matrices arising from a UV complete QFT must therefore
satisfy this constraint above some scale no larger than Ay. This makes sense: Ag = mRaqs
can also be thought of as an IR cutoff, and hence there should be no reason why high energy
processes should know about it. As an example, notice that any S-matrix expressed as an

arbitrary large (but finite) product of CDD factors satisfies this property.3!

In contrast,
for general S-matrices with an essential singularity at infinity such as S;7, the indefinite
oscillations in the density imply that there have to be corrections at a UV scale s ~ Ay/ 0
if they are to arise from a CFT;/QF T, system. Physically, one way of understanding how
an S-matrix can possibly fail this UV constraint is if it arises from a gravitational theory. In
this case there is indeed UV/IR mixing: we cannot scatter particles with arbitrarily large
energies while ignoring the arbitrarily large but finite size of the AdS box, since eventually
we can create black holes whose size grows with the center of mass energy. Thus our
argument suggests that essential singularities signal the presence of gravitational physics,
in agreement with the logic of [35].

There are several open questions and directions of research to pursue in the future.
The most important is to clarify the singularity structure in the presence of anomalous
thresholds. In the CFT these appear when the gap in the OPE is sufficiently small, causing
a catastrophic loss of control in the OPE data. We have conjectured that a resolution could
lie in an understanding of unitary solutions to crossing without identity and in particular
their flat space limit. It would be nice to understand what this means in practice, and
possible links to the observations based on the Mellin amplitude prescription made in [34],
for which the 1d Mellin amplitudes of [75] might prove useful.

An exciting direction to explore is scattering processes of higher numbers of particles,
with the most interesting being three-to-three. Firstly because analyticity properties in
this case are poorly understood, and secondly because of our map between extremal CFTs
and extremal S-matrices. Integrability can be formulated in terms of the Yang-Baxter
equation which expresses three-to-three scattering processes in terms of two-to-two, and it
would be nice to understand what these conditions mean for the CFT data.

It would also be interesting to generalize our study to CFT correlators of distinct
fields, which map onto S-matrices describing distinguishable particles. A special and rich
set of examples corresponds to S-matrices with global symmetry. In this case not only

3Tt is important to point out however that there should be extra consistency conditions in order for the
S-matrix to describe a UV complete theory. For the example of CDD factors at hand, one such condition
goes along the lines of not having more resonances than bound states in the theory (see [72, 73]).
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have S-matrix bootstrap studies been performed, but also CFT ones. Some of the S-
matrix components now have “left” cuts which are constrained by unitarity, and it would
be interesting to understand how these are determined by the CFT data. There are also S-
matrices saturating bounds with intricate analytic structure. It would be nice to understand
their CFT interpretation.
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A Polyakov blocks for A < 2A4: real argument

In this subsection we perform the computation of Polyakov blocks with dimension A < 2A
for the special case where the cross-ratio w takes real values. The computation follows in
the footsteps of a similar one in [41]. Again, we set A = A;,. After a change of variables
we can rewrite a general functional action in terms of a single conformal block

7+zoo

/ dz ——+ — / dz +/dzg /dzgl—z) Ga,(1—2|Ay) .

*—’LOO
(A.1)
In the large Ay limit with m; fixed the conformal block factor has a saddle point at
z=12zp = mg /4 with steepest descent direction now running along the imaginary axis. We
will therefore modify shift our contour, making use of the gluing condition (2.7) to obtain

2p+1i00 Zp
Q(Ay) = — / O / dz /dzg /dzg(l —2)| Ga,(1—2|Ay) .
Zp 2Zp—100 0

(A.2)
Now we restrict to master functionals QF(Ay). The first two integrals in the above equation
can be performed directly by the steepest descent method. Since the poles of fi lie on
the real axis we don’t have to worry about the steepest descent contour crossing them.
Instead those contributions now effectively appear through the last two terms above, since
g (2) = g (2) £ 0(w — z), where the kernel §,,(z) is exponentially suppressed with respect
to fuw(z). That leads us to the expression

QX (A = my Lo f ( [ dz6(z —w )—/d25(2—1+w) Ga,(1—2|Ay),

Ab7A¢—>OO A¢ ELZee

(A.3)
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where

free

~free: aAb
U8 T 9sin 1Ay (2 — my)]

(>0 for V2A4 < Ay <24y). (A4)

The last two terms with delta functions in (A.3) evaluate to different combinations of
individual conformal blocks, depending on the possible configurations between the saddle
point z; and the master functional parameter w. Using the relation between the Polyakov
blocks and the master functional actions we find:

my w(l —w) zp—1/2

Px - E A A5
Ab(w) A, Ap—00 FAd)&Zebe zb(4 — Zb) (Zb — U/)('w + 2z — 1) + Ab(w’ ¢>) ( )

with the crossing symmetric Ex, satisfying:

Ga,(w|Ay) 0 <w < min(zp, 1 — 2p)
0 l—zp<w< 2z
E Ay) = A6
8 (w1 As) Ga, (1 —w|Ay) max(zp, 1 — 2p) <w < 1 (A.6)
GAb(w|A¢)+GAb(1—w\A¢) p<w<1l—z

This is in agreement with the results in the main text.

B The phase shift formula for Polyakov blocks

The goal of this section is to show that the phase shift formula applied to Polyakov blocks
leads to the same result as their flat space limit computed in section 2.2. Consider then

[e.9]

[Palz) - =Y [an(A)Ga, (25) + Ba(A) IaGa, (25)] (B.1)
n=0

We want to prove that

lim lim [Pa(zs) — Ga(zs)] = ig? s(s—4) 2sA — 4

Ay—r00 €=0 sa(4d—sp) (s —sa)(s—4+sp) (B-2)

The sum over states localizes on those A, satisfying A,, ~ Agzy/1— 2. This means
that to compute the above we need to determine the functional actions in the limit where
n, Ay — oo with fixed ratio. We will do this relying on fact that we can write the Polyakov
block as a sum of Witten exchange diagrams:

Palz) = W (2) + W (2) + W () + n(a)C(2) (B.3)

with some suitably chosen n(A) and C(z) the U* contact term in AdSs. We have

[e.o]

=" [anGa, (2) + bu0aGa, (2)] (B.4)
n=0

with

b = giee (2 n)(Ag)n (40 — 1),
mT A a(n)2(244)2(200)3,

1
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We begin by applying the phase shift formula to the contact term. We begin by rearranging

- an anafree ree bn ree
cz) =3 {( - -2 A) axGa, () + 2 O [aznGAn(z>]} (8.6)
n=0 aAn aAn a n

In the flat space limit the second set of terms dominate. Using the asymptotic form of
conformal blocks (2.20) we find

—iT

C(zs) ~ m,

(B.7)

with s > 4, up to an irrelevant overall constant. The s-channel exchange diagram is simply
related to the contact diagram by the action of the Casimir operator (see e.g [61]). We
have

oo »(9) A
W) ~ 30 P o e, 2 (B

with Bq({q) ~ by /[A(A —=1) — Ap(A, —1)]. Including the precise normalisation and taking
the flat space limit one finds

Wi () = 258 VeallZsa) 1 (B.9)

TAgae \/s(s—4) s—sa’

Doing the same computation for the other channels is not trivial, since the OPE coefficients
are not known in closed form for general n, A,. However, we do know that whatever the
phase shift formula gives has to be a crossing symmetric expression, so we can simply sum
this result over images. This leaves the overall contact term to be fixed. Its coefficient is
determined by demanding that in the OPE expansion of Pa we have Gy(A) = 0. In the flat
space limit this means that we must tune the contact term such that Pa(zs) is suppressed
at threshold, s — 4. Doing this leads to the result:

G5 (Pa(zs) — Galen)) = —i Y8 2 V3ls 1) s =2

Ay m/sa(d—sa) (8—sa)(4—s5—5a) (B.10)

This agrees on the nose with the limit of expression (3.28).

C Products of CFT correlators and S-matrices

Let us adress an apparent puzzle. Consider two extremal CFT correlators leading to two S-
matrices saturating unitarity. The product property (6.3) then guarantees that the product
CF'T correlator will also lead to an extremal S-matrix simply given by the product of the
previous two. But this is surprising, since the product CF'T correlator is not “extremal”,
in the sense that it will not only the two towers of operators in G; and Go, but also new
operators arising from their tensor product. So naively these three towers of states, each
of which have different anomalous dimensions, should interfere with each other and lead
to |S] < 1. The solution as we is that there is a single subset of these operators which
dominates the OPE in the flat space limit.
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First note that if we say that G = GG corresponds to a given Ay, then we must assign
xAy to Gy and (1 — x)A4 to Go. For simplicity let us set « = 1/2. There are then three
towers of (non-identity) states with dimensions

A=Ay +2n+v1(n)
A27m = A¢ + 2m + ’)/z(m) (Cl)
Anm,p = Al,n + A2,m + 2]?

Then the statement is that the first two towers actually give subleading contributions to
the OPE in the flat space limit, while the third tower is then equivalent to a single tower

of states with dimensions Ao = 2A4 + 2p + 71(s) + 72(s), leading to the expected result
S(s) = e~ imns)+72(s)]

Let us see how the OPE coeflicients of each tower compare to ax*, introducing the
explicit dependence on Ag. Then at a given A the first two towers give contributions of
the form ak**(Ag4/2)/a*(Ag) which is exponentially suppressed. The last tower has OPE

coefficients
any n(Dg/2)any ;m(Dg/2) X MA1, Az, p) (C.2)
with n+m +p ~ (A —2A4)/2 and the X coefficients appear in
G (160, (2) = 3 MA1 A2 )G (2], ©3)
=
and are given explicitly by
2T (p+ §) (A1), (A2), (A1 + Aa +3)

VAL(p+1) (A1 + %)p (22 + %)p (A1+25+ %)M (A1 +Ap+1),

(C.4)
We begin by noting that \ decreases exponentially with p even for p, A1, As large, so the

(AI + AQ + 1)2}7*1

AA1, Ag,p) =

dominant contribution to the sum comes from p ~ 0. We are left with a sum over n,m,
but it is now easy to show

. GxXin(Bo/2)ax" A, ,(Bs/2) (1 A1, =A/2 (C.5)
Ag—ro0 aféee 0 otherwise '

and so the dominant contributions come from states with n ~ m and p = 0, i.e. with

A =204+ 20+ 71(s) + 72(s) - (C.6)

D Extremal CFTs for the CDD zero

There is a simple one parameter family of extremal CF'T correlators obtained as a de-
formation of the generalized free boson.??> These correlators saturate an upper bound on

32See [42] and [69] for analytic and numerical studies.
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the OPE coefficient of an operator sitting at the gap Ag = 2A4 + g, where g < 1, so
that each correlator is labeled by both g and Ay, i.e. G(2) = G4(2|/Ag). One finds both
numerically and analytically in perturbation theory that the spectrum of the correlator
G, varies smoothly as we dial g away from zero, where the correlator matches the gen-
eralized free boson. By this we mean that not only no new states appear beyond those
already contained in the generalized free solution, but furthermore that the dimensions of
the states vary continuously with g. The deformation is relevant, in the sense that for any
fixed g < 1, anomalous dimensions of operators eventually decay to zero at high energies,
but as g — 1 the spectrum approaches that of a generalized free fermion. Another way of
putting it is that the same family can in principle be obtained as an irrelevant deformation
of the latter solution.

We will argue that in the limit Ay — oo this family of extremal CFTs maps onto the
family of S-matrices described by a single CDD factor. This factor will be a zero or a
pole depending on g. For definiteness we will focus on the former case, and explain the
relationship to the latter in due course. That is, we claim:

STI(s) = S(s), SU(s) = FlGy(24)], (D.1)

where g is related to sgp and must be taken to scale with Ay in a precise way. The picture is
that for g/Ag < 0 and fixed for large Ay we recover CDD pole, where as for 0 < g < 1, we
have a CDD zero, where in particular a finite position of the zero requires 1 —g ~ 1/ \/Aid,

We can check this mapping perturbatively when g < 1. In this limit the CFT is a
small deformation of the free boson solution, and is described by a free boson in AdSs
with a small quartic contact interaction. The interaction shifts the dimensions of double
trace operators in the correlator, but does not introduce any new states to the theory. The
anomalous dimensions of operators are given by [42]

(2n)!(Ag)n(4A¢ — 1)ap

W(Ag) = A, —2A8 =2
n(B0) m T o m2(204)2(28,)3,

+ 0(g%) (D.2)

This leads to
49V/2
\/ TG/ s(s —4)

from which we can determine the S-matrix S". Expanding it we find a perfect match

(s) = +0(g%) (D.3)

with Sg if we equate

\/80(4—80)2 \/277;9. (D.4)

which implies that in this regime sg is parametrically close to threshold. Negative g requires
continuing sg around the cut beginning at s = 4, which turns the CDD zero into a CDD
pole. Hence, in a certain sense, the second sheet of the S-matrix is the region 2A4 < A <
2A4 + 1. The function ~(s) has an interesting form. The CFT computation which leads
to (D.2) requires that all anomalous dimensions are small. But this is true even when g

— 50 —



is not parametrically small, as long as we are not too close to threshold s ~ 4. Hence, for
finite g we should expect that

v(s) = ) - s0(4 — s0) = <(9) (D.5)

\Ags(s —4) 7

The function ¢(g) captures the non-perturbative dynamics which are only relevant for

He
-

A —2A4 = O(1) in the flat space limit. Unfortunately we do not have information about
this function beyond leading order.?* However, we expect that for any fixed g < 1, ¢(g)
remains finite, and hence the CFT family maps onto a single CDD zero parametrically
close to threshold.

Let us now assume the correspondence between S and 5% is true to see what can
be learned about the mapping between sy and g. Since g is the anomalous dimension of
operators close to threshold we impose the condition

Se(s=4+¢) =g (D.6)

where ¢ = ¢(g) should be parametrically small. In fact, we should expect ¢ = O(Ag™1). A
simple calculation yields

oot = s0) = /elg) tan (7 ) (.7)

Consistency with our results at finite g < 1 determines

Boelg)tan () = clo). (D.8)

For small g this yields €(g) = 87 /Ay, i.e. Ayge(g) is order one as expected. Assuming this
remains true for any g we see that to have a finite sy requires taking g parametrically close
to unity, 1 — g = O(A¢_1/2). In this regime ¢(g) becomes large and perturbation theory
breaks down.
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