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1 Introduction

Recent results in conformal field theories open the possibility to answer questions about their
real time dynamics [1]. Thanks to the venerable Wick rotation, a d-dimensional Euclidean
CFT is equivalent to a (d—1) 4+ 1 dimensional one with a time direction, a map which can
be used in either direction. Intuition about real-time processes, in particular lightcone and
high-energy limits, underlies many recent analytic results about CFTs [2—6]. On the other
hand, the currently most precise numerical results rely on Euclidean methods. In this paper
we attempt to use these numerical results to learn about the real-time dynamics of the
2+1-dimensional Ising CFT.

The most basic question we would like to answer is whether high-energy scattering
in this theory is transparent or opaque. A typical physical experiment we have in mind
consists of preparing a pair of lumps, regions of positive spins and some given transverse
size, to which we apply a large boost, see figure 1. Do the lumps pass through each other,
or disperse into oblivion?

This information is contained in the Regge limit of the four-point correlator of the spin
field o

<U40’20’301> - <O’20’1><0’403> xG-1. (1.1)

CFT four-point functions depend on two real variables. The Regge limit is attained by
applying a large relative boost between (1,2) and (3,4), and the two variables represent
respectively the boost factor and impact parameter (see [7]). Note that correlations near the
lightcone are sensitive to the physics of scattering, even if operators 1 and 2 are spacelike-
separated, as depicted in the figure 1. In the Regge limit we expect exponential dependence
in the boost:

lim (G —1) o el==n (1.2)

boost n—o0

The Regge intercept j. is interpreted as the spin of an effective Reggeized particle exchanged
between the lumps. It is known that j, < 1 in any unitary CFT [6]: the correlator is
asymptotically bounded. Let us review some general expectations about this limit, whose
study has a long history; see [8] for a historical overview combining experiment and theory.

There is a sharp qualitative distinction between the cases of j, < 1 and j, = 1:
scattering is asymptotically transparent or nontrivial, respectively. Transparency, for the
2+1-dimensional Ising CFT, would mean that highly boosted lumps pass through each
other without interacting. This is to be contrasted with the strong interactions (which
is not a CFT, but high-energy forward scattering can be discussed very generally) where
protons appear increasingly opaque at high energies, as witnessed experimentally by the
increasing elastic and inelastic cross sections. For CFTs, since high-energy scattering can
be viewed as late-time evolution in Rindler space, the question of transparency versus
opacity is equivalent to the question of whether the theory thermalizes on Rindler space,
transparency meaning lack of thermalization, see section 9 of [9].

What is typically easier to calculate is the pre-asymptotic behavior, which can often
be characterized by a power-law of the form (1.2) with a transient exponent jtransient
and a possibly small coefficient. If all known contributions satisfy j&ansient < 1 then



2X X4

T,

3X X1

Figure 1. Scattering of lumps. We probe this process by correlating four local measurements.

correlators become more transparent with energy and one expects the pre-asymptotic and
true asymptotic behaviors to match: j, = ji@sent < 1. On the other hand, if jiransient > 1
the transient growth cannot be the true asymptotics (because the correlator is bounded),
and other contributions neglected in (1.2) must eventually take over. The natural physical
expectation then is that the growth saturates in an opaque (or at least nontrivial) scattering
with 7, = 1.

The bound of chaos states that, in any unitary theory, jtransient < 9 [10] (the precise

transient _ 1) a5 a Lyapunov exponent is discussed in appendix A there).

interpretation of (j
A standard and plausible scenario is that in theories with jiransient > 1 opacity is first

reached at small impact parameters, leading to a black disc whose radius grows with energy.

Examples of theories with either type of behavior exist. To give a few examples, two-
dimensional minimal models have j, < 1 [11]. Holographic CFTs have j&ansient ~ 2 thus
nearly saturating the chaos bound. This reflects graviton exchange in the dual gravitational
picture [12, 13]. This feature is also observed in the Sachdev-Ye-Kitaev (SYK) model [14].
The two-dimensional version of SYK studied in [9] also exhibits transient growth, albeit
with a non-maximal exponent: 1 < jiransient < 9 For QCD, fits of hadron scattering data
suggest a Pomeron intercept jiramsient ~ 1,09 [15]. In the perturbative regime of a four-
dimensional perturbative gauge theory, the famous BFKL analysis shows, very generally,
that joransient ~ 1 4 O(ay) > 1. This conclusion is very much tied to the gluon having spin
1, and in weakly coupled quantum field theories without vector bosons, we thus generally
expect j, < 1.

In general, it can be difficult to determine which category a given theory fits in. On the
one hand, for many purposes the 3D Ising CFT appears to be “close” to a perturbative scalar
theory, as witnessed by the successful approximation of the spectrum by the e-expansion
around d = 4. This would suggest transparency. On the other hand, the theory lacks a
tuneable coupling constant, and it is unclear whether d = 3 is “close enough” to d = 4 for
this argument to be convincing. The main goal of this paper is to study this question using
numerical data on the excited states of the 3D Ising CFT. We will find numerical evidence
that the model is indeed in the category of vector-free perturbative theories: j, ~ 0.8 < 1.



More generally, we study the leading Regge trajectory of the model, j.(A), which reduces
to the intercept at a special point.

Let us briefly review the 3D Ising CFT. It is characterized by having Zs symmetry and
only two relevant operators, called o and ¢, which are respectively odd and even under Zs.
(From the bootstrap perspective, this defines the theory.) They are scalars and their scaling
dimensions and OPE coefficients have been determined using Monte Carlo simulations and
the numerical bootstrap. The best numbers available, including the errors, are

A, = 0.5181489(10) , A = 1.412625(10)

1.3
Froe = 1.0518537(41) feee = 1.532435(19) . (13)

The spectrum also contains multi-twist families made out of these operators. The leading
trajectory can be viewed as composites [0c]o s (defined below), which can be identified
unambiguously for J > 2. We will also study the leading odd trajectory [o€lg ;. We will
benefit from the high-accuracy data and analysis for these families and other operators
reported in [5]. Note that the stress tensor is a member of the leading trajectory: T = [00]o 2.

The intercept is but one point on a continuous curve, j, = j«(A = %) Our main tool
to study the full curve will be the Lorentzian inversion formula, which reconstructs the
dimensions and OPE coefficients in one channel, as a continuous function of spin, in terms
of operators exchanged in cross-channels. A well-understood large-spin expansion has been
known to work well even down to J = 2 [2-5]. We will approach the intercept in two
steps: first we will establish numerical convergence of the operator sum by reproducing the
known stress tensor dimension, A, (2) = 3, to high accuracy. From there we will gradually
reduce A.

In addition to the leading trajectory and intercept, we will discuss the following simple
question: do the spin-0 operators ¢ and € lie on Regge trajectories? We will find numerical
evidence that o lies on the shadow of the leading odd trajectory. Within the e-expansion, it
is known that € resides on an analytically continued branch of the leading trajectory [16];
we will find that the 3D numerical data is compatible with this hypothesis but by itself
does not significantly add to the evidence.

This paper is organized as follows. In section 2 we first review the Lorentzian inversion
formula and how it can be used to extract low twist CFT data in a general theory. Then
we focus on three dimensions and discuss the accurate numerical evaluation of the formula
using the method of dimensional reduction [17, 18], comparing the result with large-spin
approximations. In section 3 and 4 we apply this method to the 3d Ising model. We
specifically work on the (cooo) and the (oeeo) correlators to extract data for spin-two
operators in the [o0]y and [o€]p families, the intercept, and we describe our attempts to
reach spin 0. In section 5 we discuss various aspects relevant to the interpretation of
the results. In subsection 5.1 we comment on general distinctions between theories with
intercept above and below 1. In subsection 5.2 we analyze the leading trajectories of the
critical O(N) model at large N in both bilinears [¢;¢;]o and [¢;S]o, which we will find to
be analogous to the [oo]y and [o€] trajectories in 3D Ising. Finally, in subsection 5.3 we
propose a formula which relates the intercept being less than unity to regularity of the
heavy spectrum. Section 6 contains our concluding remarks. Appendix A contains explicit



inversion integrals utilized in the paper, appendix B records compact approximations to
large-spin operators, and appendix C provides a short proof that the leading trajectory
is convex.

Note. While this work was being completed, closely related methods have been applied
to the critical O(2) model [19].

2 Review of Lorentzian inversion formula and other ingredients

We consider a correlation function of 4 scalar primary operators

b
1 xﬂ ‘ 1’%4 -
(91(z1) P2 (w2)P3(23)Pa(4)) = S AiiAy , BaiA <w2 o G(z,2), (2.1)
(x12) " 2 (23y) 2 24 13
where z;; = x;—x;, a = A25A1, b= A35A4 and the conformal cross-ratios z, z are defined as
2 .2 2 .2
TioT T3
2= (1-2)(1-2) =531 (2.2)
L1324 T13T24

We can use the OPE for operators 1 and 2 together and for operators 3 and 4 to decompose
the correlator in s-channel conformal blocks as follows

G(z,2) =) f12<9f430G(Aa:3)(Z, z), (2.3)

AJ

where f;jo is the OPE coefficient and G(Aa”?(z, Z) is the s-channel conformal block, which

resums the contribution of the primary with dimension A and spin J and all of its descen-
dants. More explicitly, conformal blocks are special functions that are the eigenfunctions of
the quadratic and quartic Casimir equation. They admit closed form in even spacetime
dimension, for instance the conformal blocks in d = 2 dimension can be written as follows:

(a,b) (a,b) = (a,b) (a,b) (=
ka5 (2)kp () + kal y(2)kp "5 (Z)
(a,b) 5 A-J A+J A+J A—J d=2 2.4
GA,J (sz) 1 +6J70 ) ( )7 ( : )
where k is the hypergeometric function
KO (2) = 2212 4P (B/2 + a, 8/2 + b, B, 2). (2.5)

Here 8 = A 4 J is the conformal spin. We also introduce 7 = A — J which we refer to as
twist. We will use A, J, 5,7 in different contexts to specify the operators in the spectrum.
Conformal blocks do not admit simple closed-form expressions in odd spacetime dimen-
sions and one must resort to various approximations. The main approximation we will use
is to write 3d blocks as sums over 2d blocks [18], as reviewed in appendices A.1.
In general, we normalize the blocks so that: lim,«s«1 Ga j(2,2) = 2325 . The leading
term as z,z — 0 is then
Jim 650 (5) = ates (252).
(42T +d—2)
I'(d—2)T(J + 42)

(2.6)

where C;(n) oFy(—J,j+d—2, %! 177”)

2



The function C;(n) is a multiple of a Gegenbauer function, Cj(n) ng/ 271)(7)), satisfying
lim,, o0 Cy(n) = (20)”.

2.1 Lorentzian inversion formula

A good starting point for analytics is an alternate form of the OPE in which one integrates
over operator dimensions along the principal series, but where spin is still discrete and
needs to be summed over:

B 00 d/2+ic0 JA (a,b) B .
G(z,2) = Z / ‘ TC(A, J)Fp 7 (2, %) + (non-normalizable) , (2.7)
J=0/d/2—ico 4T

where non-normalizable modes describe operators with A < % (which includes, notably,
the identity). The CFT data is then encoded in the poles of the analytic function ¢(A, J).
These are located at the position of the physical operators in the conformal block expansion,
and the residues give the OPE coefficients in the following way

J120f130 = — AEESA C(Alv J). (2.8)

The harmonic function Fj ; is a single-valued, shadow-symmetric combination of the block
and its shadow [20]:

(a,b)
ab), 1 ab), d—A,J ~(ab _
Fg,J)(z,z) =5 (G(AJ)(Z’Z) +—ap G&_A)"J(z,z)> , (2.9)
KAy
where
B _ 8 B8 _ B
o PO @y @y L(E-)T(E+a)T(E-b)T(5+0)
Mor(a-gy e 2720(8 — DI(B)

(2.10)

The functions Fa ; satisfy an orthogonality relation which allows to read off the OPE

data from the correlator (Euclidean inversion formula). The Lorentzian inversion formula
reconstructs the same data using less information, the double discontinuity [6, 21, 22]:

(a;b) 1 ,l
8,0 =" [ [ ez e, 2) G s gl 2) DI [G(2, 7)), (201)
0 JO ’

which needs to be summed with the contribution of the u-channel to give the full coefficients:

(A, T) = (A, T)+ (=1) (A, ). (2.12)

c“(A, J) is obtained from c!(A,J) by exchanging the operators 1 and 2. The measure is'

1 d—2

Wz, 2) = (z2)2

(2.13)

74

'This form agrees with ref. [6] using the identity: G=*7%(2,2);a = ((1 — 2)(1 — 2))***G@Y) (2, 2) s A



The double discontinuity of the correlator is a certain linear combination of analytic
continuation around z = 1 which computes the expectation value of a double commutator [6]:

dDisc [G(z, )] = cos[m(a + )]G (2, 2) — %ei”(a%)go(zé) - %e_”r(‘”b)go(zé) . (2.14)

This combination is positive definite and is analogous to the absorptive (imaginary) part of
a scattering amplitude. The coefficient function which comes out of Lorentzian inversion is
automatically shadow-symmetric:

(A, ) c(d—AJT)

= . 2.15)
(a,b) (a,b) (
KA,J deA,J
Along the principal series, Re(A) = %, convergence of the Lorentzian inversion formula

is controlled by the Regge limit and requires J > j,, where j, is the intercept defined in
eq. (1.2). The Lorentzian inversion formula then manifests the analyticity of the spectrum
in spin, giving an organizing principle for operators of spin J > j,. In a unitary CF'T this
always includes all operators with J > 2.

In this paper we will focus on the leading trajectory A,(J). For integer J > 2, eq. (2.8)
shows that this is the pole nearest to the principal series, and positivity of the integrand (for
real A) implies convergence in a strip: d — A, (J) < Re(A) < A4(J). For non-integer spin,
the leading trajectory answers a simple question: when does the integral (2.11) converge?

The resulting smooth curve can also be parametrized as j.(A), where convergence is
satisfied for J > j.(A). With this definition, it is easy to show using positivity of the dDisc
that j.(A) is a real and convex function, see [23], extending the integer-spin convexity proved
in refs. [2, 24] using Nachtmann’s theorem (we give an alternative proof in appendix C).
Since the leading trajectory is also manifestly shadow-symmetrical, j.(A) = j.(d — A),
it follows that its minimum, the intercept must be at the symmetrical point: j. = j*(g).
This agrees with the physical definition of the intercept given earlier in eq. (1.2) since
convergence of the Lorentzian inversion formula at that point is controlled by the Regge
limit of correlator.

Two practical points worth mentioning are as follows: first, at the cost of a factor of
two, we can restrict the integration range in the Lorentzian inversion formula to z < z.
Second, when we are interested in extracting s-channel data from poles at A > d/2, we can
decompose the s-channel blocks as follows and restrict to the first term, gP"*® (defined to
have a single tower of terms in the limit 0 < z < z < 1):

FA-DI(-A+ ¢
GEIaJ’rlg—l,AJrlfd(z’ z) = gflcilggl{feAHfd(z’ zZ) + F(A(— %)F()—EA +—; i)d))gﬁbd)pfewd(zv z).
(2.16)
This is because the second term does not contribute to the poles A > d/2 and simply

ensures shadow symmetry. However, when one is interested in extracting data in the vicinity
of the intercept A ~ d/2 (as we will do in section 3.2) one cannot use this decomposition.

2.2 Extracting low-twist OPE data

For generic 3, we will only be interested in the poles and residues of ¢(z, 3), which will
come from the small-z limit of the integrand. In particular, for the pole corresponding to



the operator of smallest twist, it suffices to take z — 0 in the inversion formula (2.11):
Ldz . )
HA,J) / —~2732C%z, ) + (collinear descendents) (2.17)

where we are defining a generating function C*(z, 3):

Ldz
Cl(z, B) = / ‘fz kaks " (2) dDisc[G(2, 2)]. (2.18)

The generating function encodes the spectrum through power laws. More precisely, if we
expand it as

= Zcm(g)z%’”, (2.19)

it is easy to see that each power will produce in eq. (2.17) a pole TCmT, interpreted as an

operator of twist 7,,, following eq. (2.8). Note that eq. (2.17) does not subtract collinear
descendants, since neglected corrections by integer powers of z affect the residues at shifted
valued 7,, + 2, 7, + 4, . ... In this paper we will restrict ourselves to the lowest twist family
for which m = 0 and collinear descendants play no role (for more information on how to
treat higher twist families see [25]).

The exponents 7,,, give the twist of operators in the spectrum. The coefficient Cy, (/)
are related to OPE coefficients but the relation is slightly subtle because eq. (2.8) requires
residues computed at constant spin J, whereas C,,(/3) gives residues at constant . The
exact relation thus includes a Jacobian [5, 6, 26]:

d7,(B)
dg

Our strategy to gain knowledge from the inversion formula is to insert the t-channel

)_1 Cm(ﬁ)‘ . (2.20)

B—1=2J

J120f310 = (1 —

decomposition of the correlator (obtained from the s-channel by swapping operators 1 and
3, equivalent to fusing 1 with 4 and 2 with 3) into the generating function in eq. (2.18):

CHz,B) = > f140ff230'62/17}/A4(275) (2.21)
AL
where
@z (575
Z (ab . 2Z)” 2
cA, N7 Az, ) = / = (; )ké )(z)lesc ATAG G(A, J,)(l z,1-%)
: [(1-2)(1-2)] =
(2.22)
with o’ = %, b o= %. To obtain the u-channel generating function C* we

interchange A; with Ay wherever they appear in eq. (2.21).

We only know closed-form expressions for the integral (2.21) in special cases. An
important one is the ¢-channel identity (which can only be physically realized when Ag = Ag
and Al = A4)Z

C(z, )| = TR (), (2.23)

. . AgtAgz
t—channel identity (1 _ Z) B)



where

1 =
I(ALAZ)(B) — / %Kﬂkéfa’fa)(é)dDisc
0 <

72
T <5+A§*A2) T (5+A§*A1> T <5+A5+A2 o 1)
TANT(A)T(B 1) p(E=84=82 4 1)

(2.24)

Another important analytic result pertains to the case where we insert a two-dimensional
block in the ¢-channel, where the integral reduces to an SLa(R) 6j symbol [27-29]. Although
we are interested in d = 3, we will use this result by writing the 3d blocks as sums over 2d
blocks. A brief review on this method of dimensional reduction is given in appendix A.1,
here we quote the final result. A conformal block in d dimension can be expanded as a sum
over (d — 1)-dimensional blocks as shown in eq. (A.1):

GOz 2 d) =S AL A, NG, (25d-1)  0<n<Jm=0,12..., (2.25)

where the coefficients A are determined recursively using the Casimir differential equation.
Inserting this expansion into the inversion integral (2.21) for each individual block, we obtain
three-dimensional inversion integrals as a sum over two-dimensional inversion integrals given
analytically in eq. (A.8)

g
NPz B d=3) = 3 Y A (A TRt (2 Bid=2).  (2.26)
m=0n=0
In practice, the error in this method can be reduced to zero by including as many terms as
needed, since exponential convergence rapidly sets in. In our analysis, for most values of
J" and A’, going to m = 15 is more than enough. The analytic formulas for 2d integrals
requires the z integral in eq. (2.21) to have lower bound 0 instead of z; the difference is
negligible compared to other sources of error as long as we are away from the intercept
(however for completeness in figure 3.2 the twist of stress-tensor resulting from the inversion
formula with z > z is given as well). In section 3.2 we will use a different approximation
when we approach the intercept.

2.3 OPE data from truncated spectrum

In theory, the exponents in eq. (2.19) are obtained by analyzing the z — 0 limit of the
t-channel sum (2.21). In particular, the leading twist and OPE coefficient is equal to the
following limit:

i 220,C(z,B) . C(z,B)
7'(,8) == hmz_)OW7 C(ﬁ) == llmz%OW. (227)

In practice, however, we only have access to a finite number of terms in the t-channel
sum, which prevents us from taking z arbitrarily small: the limit lies at the boundary of
convergence of the ¢-channel OPE. In some previous analyses, a convenient value of z was
simply fixed [5, 17]; one could also consider fitting the z-dependence to a power law.



Our approach in this paper will be to plot the quantity 7 = %(g)ﬁ) as a function

of z and look for a plateau. If z is chosen too large, we expect errors due to neglected
higher-twist s-channel operators, while if z is too small, we expect truncation errors from the
t-channel sum. By restricting our attention to a plateau region we hope to simultanecously
minimize both sources of error (in addition to getting rough error estimates).

2.4 Relation to large spin expansion and its accuracy

The effectiveness of the analytical bootstrap in extracting large spin data is well established [2—
4]. These results are typically obtained by considering the double lightcone limit (z,z) —
(0,1), where one argues that singularities in the ¢-channel must be reproduced by large-spin-
tails in the s-channel. Let us briefly review how these results relate to the formulas just
reviewed, highlighting the ways in which our analysis will differ.

The basic physical picture is that large spin (or large [3) pushes the integral (2.21) to the
zZ — 1 corner, due to the shape of the k-function (defined in eq. (2.5)). At sufficiently large
spin, the t-channel identity given in eq. (2.23) thus dominates. Its specific z dependence
then implies the existence of so-called double twist families [¢¢2], 7, where J denotes the
spin of operator. Their twist approximates the naive dimensional analysis [2, 3, 30]:

Tprd2ln, g — A¢>1 + Ay, +2n +7, (2.28)

where v, the anomalous dimension of the operator, vanishes in the large-spin limit. From
the scaling relation /1 — z %, one can easily see that the leading correction, due to
exchange of t-channel operator of lowest nontrivial twist 7, decays like

y(n, ) =~ JZ"‘ : (2.29)

Such corrections are found by analyzing the collinear z — 1 limit of ¢-channel blocks.

(a’

. b - AT @y N
lim Gu(1-21-2) > (1 -2 7 kKol 1 -2+ 01 -2)% (2.30)

One can readily see that using this approximation, the inversion integral over Z is greatly

simplified and can be performed analytically; the result is particularly simple if one expands
1-7
z

taking the coefficient of logz in eq. (2.30) then gives a simple pocket-book formula for

instead in powers of , see eq. (2.24). For the leading trajectory in the Ising CFT,

large-spin corrections:

222,01 (40)’ T (Ao + Jo) ( 2 )TO (2.31)
E ' '

Tloolo,s ~ 285 — Z ]

ocer (A, = 7§)° T(Befle)’
We have chosen 8 — (3 — 1 as our expansion parameter since it is manifest from the
exact formulas that the series proceeds in even powers of § — 1 (the so-called reciprocity
relation [26, 31]). Numerically, this formula works surprisingly well down to spin J = 2,
although the errors are somewhat difficult to estimate a priori. Analogous formulas for
OPE coefficients and for [oo]; and [e€]y trajectories are recorded in appendix B.
One could try to estimate errors by studying further 1/J corrections, but let us report
here on a more straightforward exercise which is to simply compare the approximation
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Figure 2. Integrand of the inversion formula (2.21) with z = 1072, comparing the exact cross-
channel block for e-exchange (using the 3d to 2d series) with its collinear series in (1 — z). For
B =5, the collinear limit in eq. (2.30) approximates the dominant region well but underestimates
the integrand at small Z. At larger values of § this region becomes negligible. Note that we rescaled
the integrand by 2°3v/1 — Z to make features more visible.

in eq. (2.30) with the actual integrand entering the Lorentzian inversion formula. We do
this here for a single t-channel block (€), reserving discussion of the sum over blocks to the
next section. The z-dependence of the integrand of eq. (2.21) comes from two factors: the
s-channel block kg(%) and the ¢-channel block. Their product is shown for e-exchange in
figure 2 for § = 5 and 8 = 10. We show three approximations for the ¢-channel blocks:
the 3d to 2d expansion (called “exact” since terms beyond the third one are invisible on
the plot), and the collinear series in powers of (1 — Z) whose first two terms are given for
reference in eq. (A.16).

One can see that at the larger value § = 10 (corresponding roughly to J = 4) even
the leading collinear term matches the integrand very well. At the integrated level, it
underestimates the e contribution by only 3%. For 5 = 5 (corresponding to the stress
tensor) the error is up to 10%, coming mostly from the region of z not close to 1. Because
this multiplies a small coefficient, this corresponds to a 4 x 1073 error on the twist of the
stress tensor. Replacing the power of (1 — Z) by % produces similar numbers. Including
up to the third term in the (1 — Z) series reduces the errors to 0.3% and 2%, respectively.
Since our goal will be to do much better than this, we need to employ formulas which are
valid at all Z. We achieve this in the next section by using the 3d to 2d expansion of blocks,
which converges much faster.

3 Leading Zs-even twist family

In this section we study the leading Regge trajectory in the 3D Ising model (i.e., [oc]p
family) by applying the formalism developed in section 2, focusing on low spins.

We begin with the stress tensor, which is the spin 2 operator of [0o]y family. This will
serve as a benchmark case: while its twist is known from conservation laws, reproducing it
as an infinite sum over cross-channel operators is nontrivial. We show that in order to get
the best control over systematic errors, we need to work at significantly lower values of z

~10 -



than previously considered, which is feasible by including subleading families ([oo]; and
[e€]o) in the cross-channel and resumming their large-spin tails. We obtain both the twist
and OPE coefficient of the stress-tensor with error at the level 10~% which is compatible
with the error in the numerical data used in inversion formula (see the numerical error for
spin 6 operator of [ee]o family in table 4 of [5]).

In subsection 3.2 we apply a similar analysis to the intercept, where convergence in the
s-channel twist will be found to be slower. In subsection 3.3 we briefly discuss attempts
to reach the operator € itself through an analytic continuation of the trajectory near the
intercept.

3.1 Recovering the stress-tensor

Here we calculate the twist and the OPE coefficient of the stress-energy tensor in the [o0]g
family using the inversion formula. Since it is a conserved operator it saturates the generic
spin unitarity bound:

A=J+d-2. (3.1)

So when we are in 3 dimensions, the stress tensor has scaling dimension 3, twist 7 = 1 and
conformal spin § = 5. This operator belong to [oo]p family with asymptotic twist at large
spin equal to 2A0 &~ 1.036298. We will thus be looking for a small negative anomalous
dimension: vy ~ —0.036298.

We compute the generating function in eq. (2.21), analyzing the effect of various
truncations of the operators included in the t-channel. The truncations cause errors in the
twist and OPE coefficient of the stress tensor. The conformal blocks are computed using
the 3d to 2d series mentioned in eq. (2.25). This method was also used in [17]. However the
main difference between our approach and theirs is that we do not expand the argument
of the double discontinuity in eq. (2.21) at small z. This is important and allows us to
sum over infinite families. This is because the z — 0 limit and OPE sums do not generally
commute (beyond the leading trajectory) and retaining the full z dependence is necessary
to accurately cut off the sums at J' ~ 1/4/z (see [5, 6]). The 3d to 2d series converges
rapidly and we always include sufficiently many terms that we can neglect this source of
error, effectively treating the blocks as “exact”. We will comment on the small-z expansion
for the exchange of a single operator and its region of validity later in this section.

First, let us show the effect of various ¢-channel truncations to twist 7 = 2%(’;’)5),
evaluated at 8 = 5 and for various values of z. This will illustrate the relative importance
of subleading families depending on the value of z. The data used for exchanged operators
is from tables in the appendix of [5].? We see in figure 3 that including the subleading twist
families [oo]1 and [e€] significantly improves the result. In addition, we also observe once
we multiply C(z, ) with (1 — 2)?7, the plateau extends to larger value of z for each of
truncation in the cross channel. This is illustrated for € exchange in figure 3. The reason
for this is that the region of large z is contaminated both by collinear descendants of the
leading trajectory, and by higher-twist trajectories. Since A, is close to the unitarity bound,

*We thank Ning Su for pointing out that the treatment of fake operators in [5] might potentially be
improved, which could change our results slightly.

- 11 -
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Figure 3. The effect of different ¢-channel truncations in eq. (2.21) on the extracted stress-tensor
anomalous dimension yr = 77 — 2A4. Including more operators enables us to reach lower values of
z where we find a stable z-independent plateau.

the latter are much smaller, and the former are largely canceled by multiplying by the
mean-field factor (1 — z)2v. One salient point is that for sufficiently small z all the curves
eventually depart from the correct stress-tensor twist. This is because at smaller z the OPE
converges more slowly and operators with both higher spin and twist need to be included. It
is also apparent that summing up to a finite spin cutoff is not sufficient to create a plateau,
since operators with quite large spin are also important (see figure 4). By resumming the
higher spin tails in all the families in two different independent way, we bypass this problem
and produce two curves which as can be seen are the most successful curves in reproducing
the anomalous dimension of stress-tensor, both in terms of accuracy and stability, given the
publicly available numerical data. We will discuss how we performed these resummations
and obtained the stable curves in the paragraphs below.

Figure 4 shows that high spin tails are strongly needed for [e€]p family, which has not
yet converged at spin 40 at the shown values of z. In addition, it is also required for the
[oo]; family even though this family is converging more quickly. This is in contrast with
[oc]p family for which the sum is fully convergent for the whole region we are considering,
so resumming its high spin operators has a negligible effect as can be seen in figure 4.

A strong tail for the [ee]o family was to be expected physically since, in large-spin
perturbation theory, single-e exchange produces a log(z) term which accounts for a large
fraction of the stress tensor anomalous dimension (see eq. (2.31)). One may thus expect
the box-like diagram in figure 4(d) to contain a %log2 z term which exponentiates single-¢
exchange. Since such a log? z cannot be generated by individual ¢-channel operators and
must necessarily come from a large-spin tail [5, 32].

Accurate numerical data for large spin tails at spins J > 40 is unavailable. In principle
one could obtain good analytic approximations for this region using large spin perturbation
theory, where the couplings between oo and [ee] follow from mixed correlators, as was also
studied in [5]. We derive this analytic approximation with the inversion integrals having
lower bound z (this is done by subtracting 0 to z integral from the 2d integrals in eq. (A.8).
See appendix. A.3 for more details). However, in the spirit of the data-driven approach
followed in this paper, we adopt a simple modelling and fitting strategy as well. We will
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(c) [e€]o family. (d) large-spin diagram for [ee]o exchange.

Figure 4. Partial sum contributions to C(z, 8 = 5) for the first three leading families as a function
of the maximal spin. The [o0]o family converges for any z, but other families, especially [e€]o, are
very sensitive to large spins. Figure (d) shows how the exchange of [e€]g can contribute as log? z.

compare the two methods for estimation of the error in the tail. We do not directly fit
the OPE data of large-spin operators (twist and OPE coefficients) since all we will need
is their contribution to the z-integrated double-discontinuity. The important advantage
of this method is that the difficulties related to performing the inversion formula for large
spin blocks, such as the expensive 3d to 2d expansion is avoided. The cross channel block
has a simple z-dependence, as can be seen from the large spin and small z expansion (see

appendix A in [3]):
Gro(1—2,1—2) = kg(1 — 2)0" 2F(r,2) + O(1/VE, 1/ /), (3.2)

where kg(1 — 2) = (1 — 2)5/23F1(8/2 + a,3/2/ +b,8,1 — 2) was defined in eq. (2.5) and
the function ' won’t be important to us. The prime notation is associated with the
cross-channel operators. The next thing we want to estimate is the large spin expansion
of the OPE coefficients. At large spin the OPE coefficient of operators converges to their
~ 1+ (=1)Pyx 5, 0 Where

values in mean field theory [3], f2 ool s

A (Ao —d/2+1)7(Ag)n s
LN

4t = LT 2) e 2Byt —dt D) n (0Bt 2t 1)y @By =2y, )
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Figure 5. Partial sums contributing to C'(2=10"%?, 8=5), extrapolated to very large spins.

and where (a), denotes the Pochhammer symbol which is defined as (a), = Fl(fl(:)b). This
allows us to estimate the inversion formula in (2.21) at large spin as follows:

A1tAg
/ z7 2

Cp(2, ) ~ C'Py yon B " kg (1 = 2) ——5&- (3.4)

(1-2)
This fitting can be done for all of the three families included in the cross-channel. However
as just explained it only has an impact for subleading families. To account for the mixing
of the [oco]; and [e€]p family, we will fit their sum for each spin to the function given in
the r.h.s. of eq. (3.4), for which we will have n = 1 and 8 = 2J + 7, The fit is done
with data having spin 18 and higher for both families. The parameter of the fit and their

covariance matrix for each family is given as follows:

0.00002378 0.0006099

0.0006099 0.01568 |-
(3.5)

Note that 7 ~ 2A, which is the expected value. Using this fit we can estimate the

! o ’ . -
Clyolstledy = 0-009575, 7 g =09226,  COV = (

contribution of the tail of the aforementioned families to C(z, 5) and make the sum over
families a convergent sum as can be seen in the figure 5. By adding Gaussian noise to
the fitted values C’ and 7/ with the quoted covariance, we find branching curves results
in an error of order 1074 in the final answer for the stress-tensor twist (the size of the
branching is compatible with the difference between the analytic tail and the fit manifested
in a magnified version figure 5). We note that the fit uncertainties are highly correlated,
and varying C’ and 7’ independently would generate very different curves! We see that once
the contribution of higher spin is taken into account in the sum over families, the flatness
of the curve and thus independency of vy from z is restored (see figure 6 and figure 3).
The order ~ 10™% error in the tail at small z in figure 6 is comparable with the error on
the numerical data of the [ee]p family (see for instance the data for spin 6 operator table 4
in [5]). So one cannot hope to further reduce the discrepancy just by improving the tail. In
addition, errors on the numerical data (as opposed to the error caused by truncation of
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Figure 6. Magnified version of figure 3, showing the importance of resumming large-spin tails to
extract a z-independent stress-tensor twist. The difference between the two tails which is of order
10~* and is a result of the difference between blue and orange curves in figure 5, gives an estimate
of the error for the tail contribution).

the spectrum) do not have a definite sign, making it impossible to give an upper bound on
the result.

The final issue to be addressed is the range of z accessible to us. As predicted we cannot
get arbitrarily close to zero as the error of the tails would eventually become significant
(see figure 6). However, we are allowed to take any z such that in the range depicted in
figure 6. We choose the decade in which the curve has the smallest error (in terms of the
standard deviation with respect to the average of the function in the decade) which is
log,yz € (—3.8,—2.8). This would in turn determine the stability of the result.

7 =1.000134+5 % 107° (error from deviation from
(3.6)
flatness and differences between two tails)

It is crucial to address the question of removing the residual gap between this result
and the actual twist of the stress-tensor. We argue that this can be done by including
higher twist family in the OPE. To understand whether this is the right resolution, the
first thing to check would be whether the high twist operators push the curve down or up.

We do that by looking at 2limz_>o%l‘g;(;’)ﬂ) — 2A, for individual operators in figure 7

and checking that the contribution of each is well below the average derived in eq. (3.6).

Now that we have a reliable way of computing the twist for the 5 as small as 3 of the
stress-tensor, we can calculate it for other points in the vicinity of stress-tensor by repeating
this procedure. We can then use these points and get the function 7(/5) by interpolation.
The function we find is demonstrated in figure 8.

Now we know by eq. (2.20) that the squared of the OPE coefficient is related to C'(5 = 5)
with a Jacobian factor which we can then calculate with the function 7(8) derived above.
Thus we arrive at the value of the OPE coefficient.

Again confining ourselves to the decade log;, z € [—3.8, —2.8], we find

fror = 0.326077 £ 12 x 107 (3.7)
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Figure 8. 7(3) in the vicinity of 5 = 5. The intersection between 7(3) and the line J = 2 gives the
location of the stress-tensor.

AT fach
Inversion Formula (with fit of the tail) | 1.00013(5) | 0.326077(12)
Numerical Result 1 0.32613776(45)

Table 1. Twist and OPE of the stress-tensor, the spin 2 operator in [00]g, derived from the inversion
integral (all the 3 families and the high spin tail from the fit is included) compared with the value
derived from numerical bootstrap.

We summarize the result for the stress-tensor in the table 1. Remarkably we are able to
obtain the twist and OPE coefficient of the stress-tensor with accuracy 107!

Comparison between z — 0 and finite z. As mentioned in previous sections, when
we are interested in the exchange of the first few leading twist blocks in the cross-channel,
we have the luxury of taking z — 0 limit in eq. (2.21) since there is no infinite sum involved.
In this limit the inversion formula simplifies significantly. The closed form of the inversion
formula is known and is calculated in [28] which is a 7Fg function. However, one needs
to take into account the errors introduced both by truncation in the cross-channel OPE
expansion of the correlator in dDisc as well as error introduced by higher order terms in
the z expansion. As an illustration, in figure 9, we compare the anomalous dimension of
the stress-tensor derived by using the z — 0 expansion of eq. (2.21) when only € and T are
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Figure 9. Comparison between the twist derived by evaluating exactly individual blocks (using the
2d expansion) and their small-z limit. The agreement extends to larger values of z when the former
is multiplied by (1 — z)2¢.

exchanged in the cross-channel with the one derived with by keeping the full z dependence
(plotted in figure 3 in cyan color) as well as the subtracted full z dependant one (plotted in
figure 3 in gray color). We emphasize again that such comparisons only make sense when
there is no infinite sum involved.

From figure 9 one can observe that the z — 0 limit matches with the subtracted full z
dependant one up to z ~ 10~2. However the twist obtained by the unsubtracted integral
starts to differ at z = 10735, We can then conclude that z — 0 expansion can be safely
used as long as we confine ourselves to z < 1073 for the exchange of ¢ and T.

Comparison between z — 1 and finite Z. When [ is large enough, most of the
contribution to the integral in C(z, 5) comes from z — 1. As was shown before, in this
limit, the blocks appearing in the cross channel expansion simplify a lot. In this section we
compare the third order result in 1 — z expansion with the result non-perturbative in 1 — Z.
In section 2.4 we have already seen the error of the collinear expansion for the stress-tensor
is not negligible. However, it is worthwhile to compare the final results derived with this
expansion with the non-perturbative one. In figures 10 we compare the final answer for the
twist.

One can see from this plot that the relative error on the anomalous dimension is
approximately 6% which is compatible with the analysis in subsection 2.4.

3.2 Intercept

To understand the extent of validity of the inversion formula for low spin it is crucial to
study the [o0]y regge trajectory at spin below two. Similar to the stress-tensor, we extract
the information from (cooo) correlator.

In mean field theory, we know that operators in [¢¢]o family lie on a straight line in
J — A plane with A — J = 2A,. In addition due to the shadow symmetry (A <> d — A),
we have the straight line trajectory for the shadow family as well. The trajectory and its
shadow are plotted in figure 11.
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Figure 11. The Regge trajectory of [¢¢]p and its shadow in free field theory. The two trajectories
intersect at the shadow symmetric point.

Note from figure 11 that the two curves intersect each other at the shadow symmetric
point with A = d/2; the spin at this point is d/2 — 2A4.

Moving on to the interacting Wilson Fischer fixed point, operators acquire anomalous
dimension and they move away from the straight line trajectories and lie on a smoother
curve. Analyticity of the mentioned curve for J > j, has been established by the proof of
the Lorentzian inversion formula. However, in perturbation theory (e expansion) operators
with lower spins have also been found to lie on Regge trajectories that are analytic in
spin (see [16]).
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What we are interested in this section is to extend our methods to spin smaller than 2
and to capture the non-perturbative characteristic of the leading Regge trajectory, [oo]g
and its intercept, j..

There are subtleties associated with going to such low 5. One for instance is that as
discussed in section 2, close to the shadow-symmetric point, A = d/2 the mentioned decom-
position of the s-channel block in eq. (2.16) breaks down and our collinear approximation
for the s-channel block is not relevant any more. This means that another expansion of
the s-channel block is required. We find a relevant expansion using another set of complex
variables p and p which is related to z and z as follows (see [33])

P I
Grvimer e 58)

= s =
P /I 2p (1+p)?

We expand the s-channel block in eq. (2.11) in p, p — 0 which captures the contribution
of the block for z ~ zZ ~ 0 and A ~ d/2 and then we transform back to z and z. We will
denote the block expanded in these variables as Ggﬁ_T(z, Z). Here n is the order in which
we keep the terms in p and p expansions. This is the appropriate range for the vicinity of

the intercept. The generating function replacing eq. (2.21) is then as follows:

1 _
C(z,8) = K(B) / (;)2 (Z(z;)z“/?“)Gﬁ;g—T(z, z)dDisc[G(z, 2)] (3.9)
Note that for calculating eq. (3.9), the s-channel block is expanded in p and p to 6th order.
In addition, in order to perform the integral, we expand the correlator in cross-channel
expansion. Since we are interested in very small 3, it would be beneficial to use the full
cross-channel blocks. By numerically integrating the integral form of the conformal block
for spin 0 which is introduced in [34-36], we obtain the € exchange.

Gao(z,2)=
L'(A) a [t NS NP
r(A+§s4)r(A—2A34)“2/o do(1—(1—(1—z2)(1=2))o) >
XO_A+A23472(170_)A7A234722F1 <A+A12’A—A12’Ad—2’ zzZo(1—o0) _ >
2 2 2 '1-(1-(1-2)(1-2))o

(3.10)

This integral representation is exploited in different contexts in the literature, see for
instance [37]. In addition, one can also derive similar integral representation for the
exchange of conserved current:

(2%T(1+7)) Vzz 1—1—tz—z+1z \’

VIL(1/245)) (VI—tVt/1—tz—z+t2) <1+\/m>
(3.11)

specifying to spin 2 gives us the exchange of stress tensor. Now we have all the ingredients

1
Gj+d72,j(z72) :A dt(

to evaluate the inversion formula for the exchange of € and T which are the leading twist
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Figure 12. The function J(A) is plotted at low spin, for the exchange of € and for the exchange
of € and stress-tensor at two different values of z. The important takeaway is that the spin of the
intercept is below 1. The width created by these curves estimates the error of the analysis.

operators. Once the integrals of the blocks are done, one can perform the inversion integral
in eq. (3.9) numerically as well to obtain the generating function. We can then use this
generating function to obtain the twist at different values of conformal spin using eq. (2.27).
Now trivially the function 7(/3) gives us the function J(A), from which we can read off the
intercept as can be seen in figure 12.

In our analysis, we find that the smallest value of § for which eq. (2.21) agrees with
eq. (3.9) is Bmin ~ 3. For ’s smaller than this value we must use the latter.

However, note that since we are not exchanging the twist families, precision of our result
will be moderate. To quantify our error, we compare the twist derived at different values of
z with exchange of only € as well as exchange of both ¢ and T. We see that our results does
not change drastically in any of the mentioned cases. This comparison is plotted in figure 12
Remarkably one can see in figure 12, that the intercept of the leading Regge trajectory,
[oc]o is below one, j, &~ 0.8, which conclusively shows that 3D Ising theory is transparent
at high energies. We also estimate the (shadow symmetrical) residue at the intercept to be:

LA T

— ~ 0.02. 3.12

_3
A=5

Recently a similar estimate j©% ~ 0.82 was obtained in [19] for the O(2) model using
a related method. It would be interesting to compare the details. See section 5.1 for a
detailed discussion on the implications of this result.

3.3 Analytic continuation to spin 0: looking for €

It was shown in perturbation theory (see [38]), i.e. e-expansion, that one can obtain an
analytic curve for the leading Regge trajectory and analytically continue it to recover e and
its shadow on the continued curve.

—90 —



Data from e + 7T at z = 1073
"""" Fit of Data from e + T at z = 107*
Data from e + 7T at z = 1073
Fit of Data from e + T at z = 1072

J=A-2A,and J=d—- A —2A,

r ..
Ll et et g L gl T TFey e IS A_
PP s N

| -0,67 .04 -0.2 L 0.2 04136 2 ° A.—3/2and A:—3/2

Figure 13. The interpolation of data points and their fit for two sets of points considered in
figure 12 is given. The analytic continuation is obtained once the fit is found. The € and its shadow
are represented by the two red dots. We see the prediction for A, by looking at the intersection of
the curves and the A axis.

In this subsection we study the possibility of finding the ¢ operator on the curve
obtained by the analytic continuation of the Regge trajectory to spins below the intercept
in the full non-perturbative 3D Ising CFT. In order to perform the analytic continuation,
we need an ansatz for the leading trajectory near the intercept which reproduces the data
obtained from inversion formula properly. The ansatz we use for the function J(A) needs
to have two important characteristic. First, it should be symmetric under the shadow
transform (A < d — A). Second, asymptotically it must approach the lines J = A — 2A,
and J = —A+d—2A,. One simple ansatz that satisfies both of these condition is as follows.

(J—d/2+20,)% = (A —d/2)>+ A (3.13)

This corresponds to the following 7(/3) function:

7(B)

A
= + B — ﬁo 3.14
5 fo S
It follows that we must have 8y = d — 2A, and B = d — By, however, we keep their values
unidentified. The data points are fitted with this ansatz for each of the different cases
considered above to obtain the value for A, Sy and B in each case. As an example the
values for the fit of data obtained from e + T at z = 10~* is given (blue lines in figure 13):

A = —0.085593 Bo = 1.96857 B =2.98551 (3.15)

Having this ansatz, the analytical continuation of the Regge trajectory to J < j is
straightforward (see figure 13 for the trajectory and its analytic continuation). Evaluating
the function at J = 0 gives us an estimation of the conformal dimension of € operator
and its shadow. As an example the fit of data obtained from € + T at z = 10~* gives the
following estimates:

A, =1.11752 Az = 1.868 (3.16)
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These values are not particularly close to the ¢ operator. However the analysis predict their
existence as was seen before in perturbation theory. Note from figure 13 that a slight vertical
shift in the curve would suffice to make it pass through €. However it should be obvious that
using this method to determine quantitative properties of € would be numerically unstable.

4 Z,-odd operators

In this section we study low spin operators with Zs-odd quantum numbers by analyzing the
correlator (oeec), which in our notation corresponds to A = A, and Ay = A.. According
to our previous discussion this correlator gives information about odd operator in the
s-channel. The operators exchanged in the t-channel, where we fuse ¢ with ¢ and € with e,
include € and the families [oo]o, [00]1, [€€]o. In the u-channel we exchange instead Zz-odd
operators. We will use the data from [5] and include o as well as the family called [o¢€]g in
that reference, which were found to be numerically dominant for this correlator.?

There are many interesting physical facts about 3D Ising model that one can understand
by studying Zs-odd operators with low spins. A salient feature is the absence of a spin 1
conformal primary with scaling dimension near that of the [o€]y family. For example, in
the e-expansion, the operator 0200 is a descendant and there is no nearby primary.

From the perspective of the inversion formula, this is nontrivial since there are no
indications that the (odd-spin) [o€]p Regge trajectory shoots off near J =1 (see for example
figure 13 of [5]). If the analytically continued trajectory smoothly passes through J = 1, then
the absence of a J = 1 primary requires the residue along this trajectory to vanish precisely
at the J = 1 point. One of our goals in this section will be to verify this. Again, we will not
address possible degeneracies: our working assumption will be that the inversion formula at
low spins (J < 2) is numerically dominated by a single Zs-odd s-channel trajectory, which
we will denote as [o¢€].

Another compelling question is whether this family of operators contains a spin 0
operator, and if so, what is that operator. We try to answer this question by extending
Coven(z, ) to low spin. We show that indeed this family contains a spin 0 operator
whose quantum numbers are compatible with being the shadow of ¢. This is shown by
comparing the scaling dimension and the OPE coefficient and showing that they are in the
right neighbourhood.

As a warm up example, we start by studying the leading Zs-odd spin 2 operator, for
which we have controlled errors and accurate data. Again, we apply the procedure explained
in section 2.3 to derive the twist and the OPE coefficient. To control the error of the result
similarly as in section 3, we illustrate the importance of including the subleading twist
families to obtain a stable answer with controlled error. In addition, we see the range of
z in which the twist expansion is consistent, the sum over families are convergent and no
resummation is required. However, the overall accuracy of the result for the spin 2 operator

3The multiplicity of Z2-odd operators was not addressed in that reference and we do not address it here
either. At asymptotically large spins we expect operators from the family [coo]o to have lower twist, and in
general to mix with [o€]o, however such operators were not resolved in [5]. In effect, we will assume that the
u-channel OPE is numerically dominated by a single operator for each spin.
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(a) For the value of z = 107>, (b) For the value of z = 107*.

Figure 14. Partial sum over the contributions of different families for the spin 2 operator with
B =6.18.

in [o€]p is smaller compared with the spin 2 operator in [00]o, indicating that there are
families of higher twist that would need to be exchanged in the cross-channels (for instance
[o€l1, [e€]1 and [oo]s) to get smaller errors and a more stable result.

Once we have familiarized ourselves with the procedure, we move on to the spin 1 and
spin 0 operators by following the same steps. As expected, the result will be less stable and

we have less control over the errors.

4.1 Benchmark case: the spin 2 operator

In this section we verify with what accuracy the anomalous dimension and OPE coefficient,
foeo,, of the leading Z3-odd operator of spin 2, Oz, can be derived from the inversion
formula with various truncation in the t-channel expansion. The procedure and the steps
taken here are the same as the calculation for stress-tensor. However, the details of the
calculation are of course different. Again, since we are dealing with low spins, the 2d
expansion of the block is a good tool to use. But before we proceed to that, we need to
find the relevant range of z in which eq. (2.27) can be applied. This would be the range
in which the twist expansion of the argument of the dDisc breaks down. One can indeed
confirm that indeed convergence of the twist expansion breaks in relatively large z, which is
shown in figure 14.

With the same analysis performed in figure 14, we can conclude that the range of z in
which we have a valid twist expansion of the dDisc argument begins at 1073, Thus this will
be the lowest z for evaluation of the twist and the OPE coefficient.

In figure 15 we show the result for the anomalous dimension of the spin 2 operator.
The correlator in the argument of the dDisc in C? is built by exchanging €, [00]g, [00]; and
[e€]o in the t-channel and the argument for C* is built by exchanging o and [o¢]y for the
u-channel. We sum the contribution of the t-channel and u-channel since we are interested
in the spin 2 operator in the s-channel (see eq. (2.12)). We will call this function Ceyen(z, 3)
(in section 4.2, where we are interested in odd spin operators of [oe€]p, we subtract the
u-channel contribution from the t-channel and subsequently the function derived this way
will be called Coad(z, B)).

In order to understand the importance of the subleading families we compare the result
with the case that only €, [00]p and o are exchanged in figure 15.
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Figure 15. (8 = 6.18) is given for comparison between different truncation in the cross-channel
expansion of the dDisc. We see the importance of including the subleading families to get a plateau.
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In addition, multiplying Ceven(z, 8) with (1 — 2) 52 has been shown to extend the range of z in
which we have a flat curve (see the paragraph below figure 3 for explanation).

2.25) /
f /
r 7/
[ 7/
2 20?\{’\
/ €+ 0+ [o0]o + [o0]) + [e€|o + [o€]o
215} /
[ S = J=2
[ /
2.10F F4
[ /
/
[ /
2.05+ ,I
/
/
/ 5]
5.8 6.0 6.2 6.4

Figure 16. The intersection point of the line J = 2 and the curve 7(/3) is where the spin 2 operator
is located.

Following the same procedure as the one for stress-tensor, we choose the decade in
which we have the most stable result (the smallest standard deviation), which is log;, z €
[—2.3,—1.3]. Then by averaging over z in this region, we get the following result for the
twist of the spin 2 operator:

T = 2.1845 £ 0.0035. (4.1)

We can calculate 7(5) for a number of operators in the vicinity of the spin 2 operator,
ie., f = 6.18 for a fixed z. This will help us derive the function 7(8) by interpolation.
As another method of getting the anomalous dimension of the spin 2 operator, we again
intersect the spin 2 line with 7(/3) as done in figure. 16. The point of intersection is where
the spin 2 operator is located.

Same as [00]g, once we have the function 7(5), we can compute the OPE coefficient by
calculating C(f3) according to eq. (2.27) and multiplying it by the relevant Jacobian factor
in eq. (2.20) to get:

foe0, = 0.3907 + 0.0014. (4.2)
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Ao, foe0,
Inversion Formula | 2.1845(35) 0.3907(14)
Numerical Result | 2.180305(18) | 0.38915941(81)

Table 2. Twist and OPE of spin 2 operator, Oz in [o€], derived analytically compared with the
value derived from numerical bootstrap.

In the table. 2, we summarised our analytical result for the scaling dimension and OPE
coefficient of spin 2 operator along with values predicted by numerical bootstrap (see [5]).

4.2 Absence of a spin 1 primary in the [o€]o family

Now that we have familiarized ourselves with the basic process for extracting low spin
operators in [o€g, we try to extend the analysis to study the absence of a spin 1 primary in
the odd-spin family. Note that throughout this subsection all of the operators discussed in
subsection 4.1 are still exchanged in the cross-channel expansion of the double discontinuity.

The unitarity bound in eq. (3.1) indicates that a spin-1 operator must have dimension
at least 2, and we start the analysis by examining the function Coqq(z, ) in the vicinity
of B =3.

The first step is to realize the range of z in which we can trust the twist expansion
following the procedure illustrated for O2 operator in figure 14. We find that the inversion
formula is safe to use for z > 10725, Thus all of the analysis in this section is done with
three different values of z in this range, z = 1072, 2 = 1072 and z = 107, to evaluate
the stability.

Ax+A3  AgtAe
In figure 17, Cyq4(z, B) multiplied by the factor (1 —z)™ 2 /2~ 2 is depicted. The

Ag+As
(1-2) *3= factor is meant to approximately remove the collinear descendants and higher

twist contamination (see the paragraph below figure 3 for explanation) and division by
Ag+Ac /2
2z~ 2 reduces the z-dependence of Cyqq(z, 3) to 278/,

A few comments must follow: we emphasize much alike section 3.2 the stability in z is
moderate. The difference in the curve is suggestive of what the error should be.

We see that all three curves cross zero at 5 ~ 3.3. This implies the vanishing of the
OPE coefficient at a conformal spin near that value.

Theoretically, the J = 1 operator is absent from the spectrum if and only if the
vanishing of C' occurs precisely when the trajectory crosses J = 1. Because of C' vanishing,
the numerical evaluation of the twist using z9, log C' is however unstable. To assess whether
the vanishing of C' and J = 1 occur at the same point, we consider the following combination:

f(z,8)=(8/2—1—-20.)Coaa(z, B). (4.3)

Using eq. (2.27) it can also be written as:

f('%ﬁ) = (‘] - 1)Codd(z75)' (44)

Note that this function vanishes when the trajectory contains an operator with spin 1 or
when Coqq(z, B) is zero. If the residue at the spin 1 point vanishes (which in turn implies
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Figure 17. (1— z)énglCodd(z, B)/ 2555 for 6 in the vicinity of spin 1 operator for three different
values of z. One can observe the vanishing of the OPE coeflicient for g ~ 3.3.
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Figure 18. f(z,08)/z= 2 = (J—1)Coaa(z,0)/2z~ 2  for B close to A, + A +2 for three different
values of z. Within errors, this function seems compatible with having a double zero touching the

real axis.

the absence of spin 1 operator), then the two zeros in f(z, ) must be at the same place
and we expect to find a curve tangent to the z-axis. By examining the function f(z, /) in
figure 18, we see that the curves are almost tangential but not completely! We speculate
this to be caused by the truncation of the t-channel OPE.

Lastly, to recognize whether vanishing of Coqq(z, ) is due to a subtle cancellation
A2+A§ Ag+Ae
between the t-channel and u-channel, we study (1 — 2)7 2 Ceven(2,0)/2~ 2 for the

same values of /3 in figure 19, which differs by a factor of (—1)” for u-channel contributions.
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of z. One can observe that the function does not vanish for any S. This is in contrast with
Ag+Ag Ag+A

(1—2)"=2 Coaa(z,8)/2~ "2 ~ in figure 17 for the same range of f3.

Ag+Ae

In figure 19, we can explicitly observe that indeed when the t-channel and the u-channel
are added instead of subtracted as it is done in Ceven(2, ), there is no vanishing of the
OPE coefficient.

To sum up, we studied the odd-spin sector of [o¢€]y family through constructing Cyqq(z, 3)
and its derivative. We showed that the analytic calculation is consistent with the absence
of a Zs-odd primary operator with spin 1 in [o€]y family and this absence results from a
very interesting conspiracy between the u-channel and t-channel contributions.

4.3 Continuing to spin 0

In this section, we try to push the analysis to see whether [o€]y trajectory can contain
a spin 0 operator. Again the accuracy of our analysis is moderate since the range of z
accessible to us is small (by an analysis similar to what has been done in section 4.1 we
realize that z < 1072 cannot be used) and even in this region the result varies quite a bit
since the expansion of the dDisc converges more slowly for such a small value of 8 and more
subleading twist operators need to be exchanged as the contribution of each operator falls
with its twist as 1/37 .

That being said, we can still proceed with extracting the twist of such low g and
intersect it with J = 0 line to find out if the trajectory admits a spin 0 operator and if it
does, what the twist of such spin 0 operator is. Once again, the difference of the result for
different value of z, gives us an estimation of the error.

This analysis is done in figure 20. We see that the error is indeed, unfortunately, not
negligible, meaning that we cannot pin down the operator with great accuracy. However,
what is manifest from this analysis is that the [o€]y trajectory does include a spin 0 operator
with dimension in the neighbourhood of A ~ 2.5. If one calculates the squared of OPE
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Figure 20. The intersection between the three curves 7(/3) and the line J = 0 is the predicted
location of the spin 0 operator. The black dot on the J = 0 line is the actual location of shadow of
o operator.

A& f o€ed
Inversion Formula at z = 1072 2.69 1.16
Inversion Formula at z = 1071® | 2.53 1.10
Inversion Formula at z = 107! 2.44 1.15
Numerical Result 2.48185 | 1.4393

Table 3. Twist and OPE coefficient of spin-0 operator in [oe] trajectory estimated from the inversion
formula, compared with the value derived from numerical bootstrap.

coefficient of this operator, we find f2; ~ 1.15. We make the conjecture that this operator
is indeed shadow of o operator. As a support for this conjecture we remind the reader of
the scaling dimension of shadow of sigma, &, which is Az = 3 — A, ~ 2.48 and its OPE
coefficient, f2.. ~ 1.44 (this is calculated using (2.15) which relates c(A, J) and c¢(d— A, J)).
For convenience, these estimates along with what is expected from numerical bootstrap is
summarized in table 3.

Our analysis predicts that the spin-0 operator of [o€]p has its scaling dimension in the
vicinity of the shadow of o operator. However, the gap between the OPE coefficient of
shadow of ¢ and the result obtained from the inversion formula indicates that even though
our analysis is compatible with shadow of sigma belonging to [o€]y trajectory, using this
method to predict quantitatively properties of the operator would not be numerically very
effective. This is similar to what we observed for € operator in section 3.3.

We also obtain a Chew-Frautschi plot for this analytic trajectory, [o€]o cven in figure 23a
(as we did for the [o0]p family in figure 12). This figure is placed in section 5.2 below, for
comparison with similar trajectories in the O(/N) model.
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5 Extended discussion

To shed light on the results presented in this paper, we give an extended discussion on
the following aspects. First, we discuss the qualitative distinctions between the Regge
trajectories of transparent and opaque theories, we compare 3D Ising with the critical O(V)
model at large N (which is in the transparent class), and we work out a novel formula
showing that transparency implies regularity of the heavy spectrum.

5.1 Transparent versus opaque theories

When do we expect the spectrum to be analytic down to J = 07 Here we argue that, in
many situations, this is closely related to asymptotic transparency.*

Let us try to sketch, more generally, what singularities we expect in the complex
(A, J)-plane. We begin with the region of large spin and dimension. There we certainly
find double twist trajectories, which have approximately constant twist 7 ~ A; + A; + 2n
and lie near to 45° in the figure. More generally we also expect multi-twist operators, built
of products of many primaries and derivatives, and it is interesting to try and track their
trajectories. Since the number of local operators grows with spin, we expect the number of
trajectories to be infinite, likely accumulating at discrete twist values (with, presumably,
only a finite number of them having a nonzero OPE coefficient at a given integer spin).
These are the solid lines shown in figure 21. As explained in ref. [22], Regge trajectories
represent non-local operators, which reduce to line integrals of local operators at the position
of the crosses.

Although a general classification of nonlocal operators is still lacking, we also expect
near-horizontal trajectories. In a weakly coupled gauge theory these are well-known to arise

as color-singlet combinations of null-infinite Wilson lines U(z ) o Pe’ S det A 0mm)

+* = t 4+ 2 are lightcone coordinates. The simplest such trajectory, the BFKL

where z
Pomeron, is labelled by the positions of two Wilson lines, where the quantum number A is
conjugate to their transverse separation (see [12, 39-41] for various distinct perspectives).
Notice that since the gauge fields have spin 1 the integral [ dz™ A is formally boost-invariant
(momentarily neglecting the need to introduce rapidity cutoff); products of multiple Wilson
lines thus have the same spin (boost) quantum number. More generally, non-local operators

satisfy the standard addition law from Regge theory:
Jio,0,) ® Jo, + Jo, — 1, (5.1)

where the offset is due to the mismatching number of dz™ on both sides.

The sharp difference between Lagrangian theories which contain vector bosons, and
those which do not (“matter-like” theories) is where these near-horizontal trajectories lie.
A nonlocal composite of two scalars would give a single trajectory near J ~ —1, and
the first accumulation point of trajectories is delayed to J ~ —2; a composite of two
fermions may produce a single trajectory near J =~ 0, but it is still effectively isolated
from more complicated composites. In contrast, in gauge theories one immediately runs

4A discussion along these lines was first presented by one of the authors at the 2018 Azores workshop on
the analytic bootstrap.
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(a) Asymptotically transparent. (b) Asymptotically opaque.

Figure 21. Chew-Frautschi sketches for transparent and opaque theories. Solid lines indicate multi-
twist trajectories, and dashed lines show possible BFKL-like horizontal trajectories. Complicated
behavior could occur where accumulation points of trajectories intersect. (a) In scalar-like theories,
most serious complications would seem restricted to J < 0 making analytic continuation to J =0
plausible. (b) In nonabelian gauge theories, here at weak coupling, the perturbative leading trajectory
has intercept jiransient > 1 (solid disk). At higher orders in perturbation theory, near-horizontal
composites with ever-increasing spin must exist. Singularities above the thick red lines must
disappear nonperturbatively, by convexity.

into infinitely many trajectories that mix with each other. One reason why BFKL were
able to make progress is that mixing between states of different number of elementary
Reggeized gluons is suppressed by two effects: by weak coupling and/or the planar limit,
see [41]. Quantum corrections move the two-Reggeon intercept above 1 in both limits: the
intercept is j&rarsient — 1 4 O(a,) at weak coupling, and at strong coupling jiransient ~ 2 in
holographic theories, leading to interactions which grow with energies (opacity).

transient

Now if exchange of one object grows like some power e at large boost, one
naturally expects double exchange to grow twice as fast, giving an effective excitation of
spin 2jtransient _ 7~ jtransient = This aroument seems rather unavoidable due to cluster
decomposition in spacetime dimensions d > 2, since excitations can be widely separated in
the transverse plane. It is not possible to have just a single trajectory with j, > 1, there
must be an infinite tower! The growth of course can only be transient because the correlator
is bounded; it is generally expected that the higher trajectories stop the growth rather
than speed it up, in the same way that the higher-order Taylor coefficients of the function
(1 —e™*) limit its initial linear growth. See [12] for further discussions; we do not have
anything to add here about how saturation works, if only to note that convexity requires
that all singularities cancel above the red line in figure 21.

An important lesson from this discussion is that in asymptotically transparent theories it
seems perfectly reasonable (if numerically challenging) to analytically continue trajectories
to J = 0, while in opaque theories there may be much more serious obstructions to
crossing J = 1.

5.2 Analyticity to spin J = 0 in the large-N O(IN) model

The O(N) model at large N is a theory for which we have analytical control by using 1/N
expansion. This theory is a specifically suitable theory for testing the ideas put forward
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in this paper since its operator content resembles the one in 3d Ising. This is because 3d
Ising can be viewed as the O(N) model with N = 1. The leading-twist O(N) bilinear
families of the O(N) model have been studied at large N to order 1/N? in [38]. We will
reproduce their results with a slightly different approach up to order 1/N and compare with
our results on 3d Ising in section 3. In addition, we study the O(N)-fundamental family
up to order 1/N to study our conjecture about its spin-0 continuation discussed in the 3d
Ising case in section 4.

The O(N) model is a theory of N scalar fields ¢;, that transform in the fundamental
representation of O(N). The OPE of these fields can be separated into three different
tensor structures:

¢i X b5 =Y 0,0+ Oujy+ > Oy (5.2)
S T A

where S stands for singlet of even spin, 1" stands for symmetric traceless of even spin and
A stands for anti-symmetric tensors of odd spin. Similarly to previous sections, we want to
derive the CFT data (OPE coefficient and anomalous dimension) for low spin operators in
the spectrum.

Leading O(IN)-bilinear twist family. First we review how this works for the low spin
operators in [¢;¢;] double twist families, which are the leading twist families of the O(N)
theory. This discussion will follow closely [38]. The data for the spectrum will be derived in
the limit that N is large and is thus given as an analytic expansion in 1/N. We look at a
4-point function of these scalar fields, which can be again separated in three independent

tensor structures:
24,

2y why (i1 (22) Sk (w3)dn(4))
2
= 001 Gs(u,v) + (5il5jk + ik — N&;jdkl) Gr(u,v) + (5i[5jk; — 5ik5jl>g,4(u, v).

The functions that appear are just the usual conformal block expansion but with the sums

(5.3)

only over the operator in the given sector. We can also expand this correlator in the t and
u channels to obtain the following crossing symmetry equation:

1 N24+N-2 1-N

fs(U,U):Nfs(U,U)-F N2 fT(U7u)+ IN fA(U,’U,)
— %fg(v, u) + %fT(v,u) + %fA(v,u) ) (5.4)
Frlon,v) = folo,u) + 252 frlw,w) + 5 fa(v,u),
24

Fal,0) =~ fs(w,) + 22 frlv,u) + 3 fatv,u).

The leading equations at large N are the main tool of this section. The crossing equations
into the u-channel are essentially the same but with minus signs everywhere in the A sector.
The functions that appear are defined by f(u,v) = u=2¢G(u,v) to incorporate the factors
coming from crossing. The full correlation function can be expanded in 1/N and the explicit

expression at N = oo follows from Wick contraction and is as follows:

d—2
d—2 u\ 2
g?jkl(u,v) = 0;j0K +u 2 0;0 + (’U) 0310k - (5.5)
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This equations means that we have the following expansion for each decomposition:

Gs(z,2) =1+ %Qél)(u, v)+ ...

v 2

d—2 1 1
Or(7) =T (14 —z ) + 0 wo) + . (5:6)

Ga(z,2) = u'E (1 - d12> + igg‘l)(u,v) +...
v 2 N

Now we are equipped to look at the N scaling of different terms in the crossing equation.
First, we see that for T and A operators, there is a whole tower of double twist operators
exchanged at N — oo limit, so their OPE coefficients are of order 1 and are the ones from
generalized free fields. The double twist operators in the S sector do not appear at this
order so their OPE coefficients must have term that scale as a negative power of N (1/N1/2).
From dimensional analysis we can find that the leading scaling dimension of ¢ is 1/2. This
means that double twist operators of spin J have a leading dimension of 1 + J. There is
however still the possibility that the scalars that appear in the OPE are shadows of the
double twists, similar for the o operator in the [o€]o family of the 3d Ising model. This
possibility will be incompatible with the leading N behaviour of the correlator for the T
sector. However, for the S sector, if the shadow does not appear, we indeed run into trouble,
as the crossing would imply that T and A operator do not have anomalous dimension of
order 1/N. We will then call the operator appearing in the OPE S and it has a leading
dimension of d — Agg)5, = 2-

The idea for studying this theory using the inversion formula is to use the crossing
equations (5.4) to understand how to combine the different elements that appear in the
generating function C(z, 3). Crossing then dictates what combination of fr(v,u) appears
in the t-channel expansion of the inversion formula for [¢¢]r double twist operators in
each sector.

One can see from egs. (5.4) that the leading behaviour of the OPE coefficients is then
given by the identity contribution. This can be found by evaluating (2.24) at § =1+ 2J
and multiplying by 2 because the identity appears both in the t and u channels. The result
for S can be deduced from evaluating the answer at spin 0 and transforming to the shadow
with (2.15). We find:

f£¢s:7év+0(]$2)a
2F(J)F(J+§)2+O<1> |

2 _ 2 _
Jostootr;a ) = Nloowals ) = T pr7 7 10 N

(5.7)

The next step is to calculate anomalous dimensions. One important point to emphasize
with this setup is that whether we are summing over the whole twist family or considering
only the exchange of a single operator, taking z — 0 in the first step does not create any
problem. This is because the analyticity of the data in 1/N prevents problems caused by
loss of the log? terms when the wrong order of limits are taken and this problem is simply
resolved because log? terms appear only in next order in 1 /N.
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The simplest anomalous dimensions to first calculate are those in the T and A families
because they receive contribution only from S at order 1/N. This is done using the inversion
formula at z — 0 in eq. (A.9) together with fgss calculated above and it leads to

8
Noolea ) =~ ENGI T DRI 1)

(5.8)

One nice use for this result comes from the fact that we should recover that the spin 1
operator in the A sector is a conserved current with dimension 2. This can be used to fix
the correction to the dimension of ¢ since the dimension of the spin 1 operator is given by
2484 + 1+ Ygg) 4 (1). The result is

Ay = % + %%N : (5.9)
which is consistent with the previous calculations summarized in [38, 42, 43].

We can continue by calculating the anomalous dimensions of the singlet double twists.
Here the double twist operators in the other sectors contribute. We could again use eq. (A.9)
but it gets complicated for general spin. We instead lean on the fact that conformal blocks
for conserved currents (which describe the double twist operators at leading order) are very
simple. Using the method described in appendix A.4 we find that for conserved currents
the coefficient of the log is

_ eI+ (5.10)

e T(743)

This can be used directly in (2.21) along with the data already found for the T and A
double twist operators. The contributions are exactly the same for both sectors, except

z
1-2

GA“](l*Z,l *2)

that they contribute with even and odd spins. The result for the sum of the contributions
from ¢g (same as for T and A sectors) and the double twists is

8

Vigols (J) = TEN@I 1) (5.11)

We have now come to the point where a consistency check is possible. Indeed the spin 2
operator in this family should be the stress tensor and it should have a dimension of 3,
which we find to be the case given (5.9).

As a concluding remark we plot the Chew-Frautschi plot of [¢¢]p s at N = 1000 in
figure 22. The analogous plot for [o0]y is figure 12. At N — oo the intercept approaches
1/2. As N decreases we see that the value of the intercept increases:

. 1 8 /8
« = = — 5.12
J 2  3m2N + 2N ( )

This result can be compared with our result for the intercept in section 3.2. We emphasize

that for small N we do not expect this formula to be accurate. As mentioned above the
intercept for O(2) model is recently calculated to be ~ 0.82 in [19], where eq. (5.12) would
predict 1.00152. The difference for 3D Ising is of course more drastic. Eq. (5.12) for N =1

— 33 —



— N = 1000
N =10
| e 4\.\ . . . . I A _ §
-1.0 _-7%05 s 08T~ 1.0 2
22 : SR
/’ L \\
-2z -05- S

Figure 22. The Chew-Frautschi plot for [¢¢]s and its analytic continuation (dashed lines) of the
[@¢]o.s is plotted for N = 1000 and N = 10. We see that as N increase the intercept approaches
1/2 from above. Note that the curves plotted here are valid up to order 1/N. Dots indicate the
spin-0 S operator.

predicts the intercept to be 1.13013, whereas what was predicted in section 3.2 is ~ 0.8.
The formula should however be reliable for sufficiently large V.

Another remarkable fact is that if we analytically continue the Chew-Frautschi plot to
J smaller than the intercept, we can recover the spin 0 operator of [¢¢|p and its shadow (S)
on the continued curve (dashed line in figure 22).5

Leading O(N)-fundamental twist family. Now we turn to the leading O(N)-fun-
damental twist family, [¢;S]p. We study this family by considering the 4-point function
(0iSS¢;). The index structure of crossing equations is trivial for this correlator as there
is one possible option, d;;. This means that we can discard the indices from crossing and
consequently from inversion formula and use its stripped version as:

A1+Ag

u- 2
G(u,v) = —x575;9(v, u). (5.13)

v 2
To obtain information about [¢;S]p family form inversion formula, we first need to calculate
the t-channel and u-channel dDisc of the correlator. In 1/N expansion, dDisc;G(u,v) have
identity operator at leading order. This is the only operator exchanged at O(NV). At the
next order we have the exchange of operator S which is a single twist operator and its
large N suppression comes from its OPE coefficient, fss5fsss (in fact sin(Ag —2Ag)/2

® Analytic continuation of the leading Zs even trajectory to J < Jo has also been studied in e-expansion
in [16]. There it was shown that one can discover e operator on the analytically curve as the shadow of spin 0
operator in [oo]o family. One might hope to apply the same procedure to 3d Ising and analytically continue
the trajectory in figure 12 to find the € operator, however since we do not have an analytical expression for
the trajectory, this continuation could not be done in a numerically controlled convincing way.
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seems to introduce further suppression but this is cancelled with a factor of I'(1 — Ag/2) in
the inversion formula). To calculate the u-channel discontinuity we swap operators 1 and
2. The leading contribution to this expansion comes from the exchange of ¢; which gets
its large N scaling from the OPE coefficient f£¢s.6 Note that contribution of the double
twist operators in both channels are suppressed as 1/N? due to the sine factors of dDisc
(see eq. (2.14)).

Now, we have enough information to obtain the leading order OPE coefficient and
anomalous dimension of [¢;S]op operators. For our purpose which is to compare with
section 4, we would like to obtain this data for the spin 0 operator of the family and verify
whether this operator can be the shadow of ¢;. This would be analogues to our conjecture
that the shadow of o is on the [o€]y trajectory. The leading contribution to the OPE
coefficient of [¢S]y family comes from the identity using eq. (2.24):

Fosiosio, = T8029)(25 + Ay + As). (5.14)
If one uses this formula for the spin 0 operator, i.e., 8 = 5/2, one obtains the OPE coefficient

at order O(N?) to be 1. Now we can use the shadow transform given in eq. (2.15) to obtain

the f¢5[¢~S]070 to be:

4
2 _ o
¢S[6S]o,0 TN’

vanishes at order NV, this is because the shadow transform gives zero

0+ (5.15)

Notice that f2_ -
otice that f¢s[¢s}0’0
at leading order for operator with dimension % as can be easily seen from eq. (2.15). The

fact that fi S165]0 0

that ¢; is indeed the shadow of the spin 0 member of the [¢;S]o family.

Interestingly, if we assume analyticity down to spin 0 for this trajectory, we can have a
prediction for the OPE coefficient fggs at leading order (1/v/N) which is otherwise not
trivial to obtain. This can be done by imposing that

d— Apgsloo = D (5.16)

matches with f£¢s up to order 1/N is an evidence for our conjecture

The leading order contribution to the anomalous dimension of [¢;S]o,0 can be calculated
using the inversion formula with exchange of S in the t-channel and ¢; in the u-channel.
The only unknown in this equation is fggg. We get:

© _ @ © _ 1 _ M _ A0 (1)
d=08¢" =% —As =7 " Meslo = Do TV
L B afts+ fssstassl ] = 2+ — o
2" 3pIN  WeeS T ISSSIeSL AT o T Ny
where [...] is a nonvanishing numerical constant. Using that f£¢s = —~, we find that

remarkably the two sides agree provided that fsgs = 0/ VN at leading order. This nicely
agrees with results from [44, 45].” The Chew-Frautschi plots of [¢;S]o as well as [o¢]o are
plotted in figures 23a and 23b for comparison of their similarity.

It might seem that there is an extra 1/N? suppression because S has integer scaling dimension:
sin[w%]2 in the dDisc scale as 1/N?. However, these zeroes will get cancelled with factors of
I'(1 — Ag/2) in the inversion integral.

"We note that in arXiv version 1 of this work there was an error in the contribution proportional to f£¢s
in (5.17), which led to a nonzero fsgs. The plot in figure 23b was correspondingly updated here. We thank

Johan Henriksson for pointing out the mentioned references.
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(a) [o€]o,even family obtained at z = 1075, (b) [¢:S]o family for N = 6 including correction of
order 1/N.

Figure 23. Chew-Frautschi plot for leading non-singlet trajectories in the 3D Ising and O(N) model
respectively. See figure 12 and figure 22 for similar plots of the leading singlet trajectories.

5.3 Implications for anomalous dimensions heavy operators?

What does transparency imply for the spectrum of heavy operators? Naively one may expect
that it implies a certain regularity in the spectrum, to prevent different components of the
wavefunctions from arriving with random phases. This subsection summarizes our attempt
to derive a quantitative version of this statement. The argument is similar to that used
already in [46] to show that, in holographic CFTs, anomalous dimensions of large-(A’, J')
OPE data in the t-channel grows with energy A’ in a way controlled by exchange of a
s-channel Reggeized graviton. Our proposed formula, eq. (5.30), conversely shows that an
intercept j. < 1 implies decreasing anomalous dimensions: a regular spectrum.

The results in ref. [46] were obtained pre-Conformal Regge theory using the so-called
impact parameter representation, and were derived in the context the language of holography.
We try to give them a fresh look in light of ref. [7], which allows us to strip the formula from
its holographic context. We proceed in two steps: first we work out implications for the
Regge limit of the correlator in (z, z)-space, then we convert those to heavy cross-channel
operators. The second step will rely on an unproven identity about blocks in eq. (5.29),
but otherwise we believe that all steps are rigorous. The first step is achieved by the
Watson-Sommerfeld resummation of our eq. (2.7), as given in egs. (5.21) and (5.22) of
ref. [22] (restricting the blocks to the leading power given in eq. (2.6); see also [23]):

eiﬂ-(aer) (g(z, 2)0 _ g(z7 2))

d .
5 “+100

dA Z2+Z (A, J) +e ™A T), 1mg

9mi T : 1
. / 2mi Ci-a (2&) JZI}S(SA) [ k(A + J)(e=2im — 1) (22)2 (5.18)
5 =100

The formula simplifies significantly when considering the dDisc in eq. (2.14). We need to add
the complex conjugate conjugation path, which gives the same thing with just im — —im

8In our conventions, eq. (5.22) of ref. [22] reads, to leading power:

im(a+b) _~e) _ z+2z 1 _1=J
e (FA,J(Z,Z) *FA,J(ZVZ)) —Ci-a <2\/;) (AT ) (z2)7= .
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inside the square bracket, and eq. (5.18) reduces to:

d

Z+i00
. . N dA z2+z Ct(A,J) L 1-J
A APe G2 = | 5 s (zr) 2, [MMJ)(ZZ) o G

To our knowledge, this formula has not appeared in print before. Notice that the u-channel
coefficient has canceled, as well as the integer-spin poles: the t-channel dDisc is directly
related to the t-channel contribution to the Lorentzian inversion formula. This is perhaps
not too surprising given the form of the Lorentzian inversion formula in eq. (2.11): as a
consistency check, we tried inserting eq. (5.19) back into the latter, and we indeed recover
c(A, J) using the orthogonality relation between C;_a along the principal series. In other
words, to leading power, eq. (5.19) is just the inverse of the inversion formula.

Because of this interpretation, we can assume that eq. (5.19) is valid even for correlators
which do not grow in the Regge limit, even though the validity of eq. (5.18) in this case
does not strictly follow from the works [7, 22, 23] and may require further discussion [47].

What does eq. (5.19) imply for heavy t-channel operators? We follow the logic of
refs. [46, 48], where the z ~ zZ — 0 limit of the correlator is related to t-channel operators
with large dimension and spin A’ ~ J' ~ 1/,/z. We review the Euclidean case [48]. The
starting point is the fact that the unit operator in the s-channel is reproduced by an infinite
sum over t-channel operators:

> > A
= “1V) pO (A T zz> T s
1 n;=0<1+( 1) )P (A,J)<(1_Z)(1_Z) Gary(1—2,1-%) (5.20)
G ,(z2)

where A’ = 2A, 4 2n and the average spectral density PO (A/, J') = PAA,‘LJ,’J, is defined in
eq. (3.3). The term with (—1)7 is regular in the 2,z — 0 limit and can be ignored for the
present discussion. More generally, to study the limit we rewrite the OPE sum (exactly) as
an integral

i dA'd.]’ i
G(z,2) = / 5 O INGY i (2,2) % (C(A ), (5.21)

where the bracket is a sum over d-function at each local operators, divided by the mean
free spectral density:

2
/ ! i / !/

ca,Jh) = ; WZ,J’)&A —Ap). (5.22)
Note that our normalization of the spectral density is slightly different from [48]. As
discussed there, the fact that the z,z — 0 limit is dominated by identity implies that
(C(A',J")), after suitably smearing out in A’ and J', goes to 1 asymptotically, with
computable corrections. Namely, exchange of a s-channel scalar operator of dimension A
produces a correction suppressed by a relative A’~24:

AdJ
(22) /d 2ClJ

A
2

_ 0)v(d —2) = .
(0) / J’ () 7( Wh A 1
(& A N (;’ y (2,2) X —|—sul) eadlng,
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where

A1+ Ay — Az + Ay —
v(w)zf( L2 $>F( 3% 2 x) (5.24)
2 2
is a combination which will re-occur often, and
W=N+J -1, W=A-J—d+1 (5.25)

are combinations which transform simply (A’ +— +h’ or +h') under all SO(d,2) Weyl
reflections (A <> d— A, A<+ 1—J and j <> 2 —d — J). Although in eq. (5.23) we focus on
the leading term at large-A’ and J’, we find that using the Weyl-friendly form of A and h
makes subleading terms smaller (suppressed by a relative 1/A"?).

What about s-channel operators with spin? Using the Casimir recursion in Dolan-
Osborn coordinates (see section 2 of [33]) we could compute exactly the OPE coefficient dual
to a power of % times a Gegenbauer polynomial. This will be detailed elsewhere [49]
and here we simply record a compelling formula that we observed for the leading behavior
at large A’ and J':

A Z-'—i o dA/dJ/ (0) Vi / (t) = V(O)V(d_2)
(ZZ)QCJ(2\/;>—/ 5 C (A“])GA/’J/(ZWZ)X7(A—J)7(A+J+d*2)

A h? 4+ h'2 .

x (Wh')~=2Cy <2h’_h’> + subleading .
(5.26)

Notice the parallel between z and h~2 on the two sides of the formula, with Gegenbauers
turning onto Gegenbauers. This is the key observation made long ago in ref. [46] using an
auxiliary impact parameter representation, which allowed them to generalize the statement
that the Fourier transform of a Gegenbauer is a Gegenbauer. Here we sidestepped the
auxiliary space and we are simply making a statement about conformal blocks.

Comparing egs. (5.21) and (5.26) and summing over the s-channel OPE gives a formal

series expansion for the asymptotic spectral density:

P 0)v(d — 2)(Wh)~2 h'2 4+ B2
(c(a,Jh) = gflwfmv(z(—)}gv@ J)F(J +)d . 2)@, (%) +... (5.27)

where the dots stand for the omitted subleading terms in eq. (5.26). The formula shows that
the presence of an operator (A,.J) on the s-channel OPE implies ~ (h'h/)™ corrections
to the large-dimension spectrum in the cross-channel with the same Gegenbauer angular
dependence. The factors 1/~v(A — J) produce a double-zero when (A, J) is a double twist
operator: this was expected since such exponents can be generated by individual blocks and
do not affect the heavy spectrum. This factor grows at large A and likely causes eq. (5.27)
to be an asymptotics series in 1/h. Eq. (5.27) represents a technical extension of ref. [48]
to account for spinning s-channel operators. As explained there, a minimal but rigorous
“smearing” can be provided via Cauchy moments.

We now apply the same logic to the Regge limit (5.19) of the double discontinuity.
From the ¢-channel perspective, the double discontinuity simply multiplies the average in
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eq. (5.21) by two sines:
dDisc G(z,2) =

/ dA'dJ’
2

N, TYVGR) (2, 7) x (2sin(A=Lp2=0) gin (A=LZA=M) (A, ')
(5.28)

We need to find the average which reproduce the conformal Regge prediction (5.19).
This requires a generalization of eq. (5.26) where the Gegenbauer function is no longer
a polynomial, and for which the Casimir recursion mentioned above eq. (5.26) does not
terminate. However, we find the form of eq. (5.26) compelling enough to conjecture that it
is valid in general:

_1-J z+2z\ 2 [dAdT ) 0 A _ ~7(0)y(d — 2)
— == A a7 9
T (f72) £ [ WG < G

h/2 4 BIQ
2W' K

x (W'h) =10 _a ( ) + subleading .
(5.29)

We do not have a proof of eq. (5.29), but we give indirect evidence for it below. Plugging
eq. (5.29) into eq. (5.19) and comparing with eq. (5.28), we obtain the following formula for
the asymptotics of the spectral density:

c@. sy s ras

C(A', J")2sin*(--- dA T(A-1 -

’ ~ = = 0 Res (A, )(WR)'~1 (5.30

d74
B) 100

where 7, = h;};—’%& with &',/ defined in eq. (5.25) and

(A, JT)
(A, )y A= J)y(d=A=J)

¢
b (A, J) = % (5.31)
Eq. (5.30) is the main result of this subsection. It shows that the heavy spectrum must
be regular in theories that are asymptotically transparent, at least in so far as probed by
the four-point function. That is, if j, < 1, then the right-hand-side vanishes like A’20+—1)
implying that the average of 2sin?(---) tends to zero at large scaling dimensions. Operators
whose dimensions differ appreciably from double twists, A’ ~ As + Az + 2n + J', if they
exist, can thus only appear with decreasing coeflicients.

At large dimensions with h’ ~ b/, we expect the integral (5.30) to be dominated near
the intercept, which was studied in section 3.2. It would be interesting to confront the
prediction of this formula with the heavy spectrum of the 3d Ising model.

Conversely, for theories that are asymptotically opaque with dDisc — 1, we would
naively expect A to be uniformly distributed modulo 2 so that 2sin?(---) averages to 1, de.
the phase of €™ must be random. The condition that dDisc — 1 is however an additional
physical assumption which does not follow from eq. (5.30) alone.

An important comment on the regime of validity of eq. (5.30). We know of no guarantee

that the function b’ is power-behaved at large imaginary dimensions, since the y-factors in
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eq. (5.31) imply that b oc cte™MmAl and all we know from the Lorentzian inversion formula
is that ¢! is power-behaved. This means that the integral in eq. (5.30) may not converge
pointwise for a given &', . This is not a fundamental problem and simply means that we
need some smearing in A’: eq. (5.30) is an expression for the average spectral density. Just
how much smearing is needed is a question we leave to future work.

5.3.1 Comments on conformal Regge theory

As mentioned, a relation between Regge trajectories and the heavy spectrum is not new and
was discussed in the holographic context in [46]. To our knowledge, however, this was not
discussed in the more general context. Let us thus make contact with the conventions and
results of the conformal Regge theory paper [7]. We begin by rewriting our Gegenbauer-like
function C]_A in eq. (2.6) in terms of the harmonic function 2 defined there, which are the
same up to a proportionality factor:

r'A

d -1
475 Q0 (n) = — o Croa(n)]

(A (5.32)

A:g-{—iu '

[\
~— | —

We note that this is shadow-symmetric: €, = Q2_;,. We may then rewrite our eq. (5.18)
for the Regge limit of the correlator as

lim A(z,2)=

2,2—0

oo dy d z+z btgpe—2mid
[t (572)] ey [”(“Md“)ew_ﬂm Tl 63

where A = (@G (2, 2)° — G(z,2), b*(A, J) is defined similarly to eq. (5.31), and A =
¢+ iv where it appears. This form is in precise agreement with eq. (56) of [7].” For the
double discontinuity we get the same formula with % — %t.

We see that the only differences between the Lorentzian inversion and Mellin-space
formalisms is how the double twist poles vy are treated. What comes out of the Lorentzian
inversion formula is ¢ o yyb and from this perspective it seems like an arbitrary choice
to make explicit this factor in eq. (5.33). In holographic CFTs, however, the function b
turns out to be simple rational function (at tree-level) which makes the writing in eq. (5.33)
natural. In the Mellin space approach of ref. [7], the double-trace poles are built-in.

Comparing egs. (5.33) and (5.30), we see that the principal change in going from (z, 2)
space to (h/, ' ) space is the disappearance of the v+ double twist poles. This was already
observed using the impact parameter representation in ref. [46], understood there to be
directly related to the (', h') spectrum (called (h,h) in section 3.2 there); it was later
explained that going from the (z, z) Regge limit to the impact parameter representation

simply cancels factors of vy (see eq. (2.31) of [23]). Here our starting point was simply an

oa—J
We used that K(A,J)there = K(A“l])here ﬂzv(ffJ)j)(thny

and (43) of [7] with our eq. (2.8) we find b} (v)""™® = %(bt + b*)Pr° and, from eq. (54) there:
B(V)there — _g )b—QJ-(V)there'

Furthermore, comparing eqgs. (28)

Res
J=j« (A
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observed identity regarding the asymptotics of blocks, eq. (5.29), generalized from integer
spins, and we view the results of [23, 46] as further supporting that identity.

To our knowledge, it is an open question whether the function b is power-behaved or
not, or equivalently, whether the integral (5.30) (or equivalently (2.31) of [23]) converges
pointwise. This is not implied by the Lorentzian inversion formula, but it is known to be
true perturbatively in holographic theories. If this were to hold nonperturbatively, one
could imagine a version of eq. (5.30) (including subleading corrections) that represents the
exact spectral function, that is a sum over discrete d-function, as opposed to just smeared
averages as considered here. We leave this to future investigation.

6 Concluding remarks

In this paper we studied the spectrum of the 3D Ising model at low spin, combining the
Lorentzian inversion formula developed in [6] with the numerical data from [5]. Two leading
twist families are our main focus; [oo]p which is the leading Zo-Even twist family and [o¢€]g
which is the leading Z5-Odd twist family. Two compelling questions are studied in this
work. First, can these trajectories which are proven to exist for J > 2 be extended to
spin 0 to find € and the shadow of 0?7 Second, what is the intercept of the leading Regge
trajectory, [oo]o?

We started by studying a benchmark case, the stress tensor in section 3.1. This is
the spin 2 operator in [o0]y family. To evaluate the inversion integral to high accuracy
we used the method of dimensional reduction to express 3-dimensional blocks as sums of
2d ones with practically negligible errors (see [18] and appendix. A.1). We then summed
the conformal blocks over the known (truncated) spectrum determined in ref. [5], i.e., €
and operators belonging to [oc]o, [oo]; and [e€]y families up to spin 40. We also added the
high-spin tails to these families, which are under analytic control. In figure 3 we compare
the stress-tensor anomalous dimension obtained from different truncation in cross-channel
expansion in terms of stability and overall error. We obtain a stable result for twist and
OPE coefficient with a controlled error at 10~* levels (see table. 1).

We then proceeded to continuously lower the value of A (and spin) to reach the
intercept. The intercept answers the question of whether high-energy scattering in the
2+1-dimensional version of the model is transparent or opaque. However, the method is very
different from studying such scattering processes directly using the OPE, since the integrals
computed in section 3.2 are dominated by a region of large impact parameter, where OPE
convergence is improved. Such shuffling around of information is familiar from dispersion
relations. In the vicinity of the intercept we use accurate integral representations of the e
and T cross-channel blocks (see egs. (3.10) and (3.11)), as well as suitable approximations
(p-expansion) for the direct channel blocks. The truncation of spectrum is reflected in the
z-dependence of the result as depicted in figure 12, and we obtain the value of the intercept
to be ~ 0.8 with uncertainty less than 1 in the last digit.

By analytically continuing the leading trajectory fitted to a hyperbola (see figure 13)
we find a consistent picture where the € operator and its shadow lie on a different branch
of the leading trajectory, although we were not able to use this method to compute the
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properties of € numerically stable way. In the Zs-odd sector we find similar conclusions,
with a compelling picture of a odd-spin [o€]y trajectory having a zero at the location of
an (absent) spin-1 current, and where the even-spin trajectory is compatible with passing
through the shadow of o. This qualitatively picture arises rigorously in the large-N O(N)
model, as shown in section 5.2, with the [¢;¢;]o (discussed previously in [16, 38]) and [¢;S]o
trajectories replacing [oc]p and [o€]p respectively (see figure 13).

The finding that the intercept is below unity, j, < 1, indicates transparency in the
high-energy scattering of lumps or equivalently a negative Lyapunov exponent and absence
of chaos when the theory is placed in Rindler space. A specific prediction is regularity of
the heavy spectrum in eq. (5.30). While thus not chaotic, the 3D Ising CFT is certainly not
integrable, and a useful analogy may be the KAM theorem in classical mechanics, which
states (very roughly) that certain small enough deformations of an integrable system are not
chaotic.'® The approximately conserved quantities of the Ising CFT are likely higher-spin
currents [4, 50] and transparency suggests that these become increasingly powerful for heavy
operators with increasing dimensions.
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A Inversion integrals

In this appendix we discuss various inversion integrals employed in the body of the paper.
We first describe the dimensional reduction of 3-dimensional blocks over 2d ones, which
relies itself on a recursion for the series expansion of blocks; we present (for the first time) a
closed formula for the latter. Then we give analytic formulas for the inversion integral of 2d
block. Combined, these results provide an accurate way to compute the contribution of a
single cross-channel block. Lastly, we consider the collinear approximation to the exchange
of a single cross-channel block, which has been used to make comparison plots such as
in section 2.4.

A.1 Dimensional reduction for cross-channel blocks

In this section, we briefly review of the dimensional reduction method introduced in [18]
and employed in the body of the paper. The idea is to break the (Euclidean) d-dimensional
conformal group, SO(d+1,1), to its subgroup SO(d,1). This will help us to write different

10WWe thank Alex Maloney for this analogy.
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representations of the latter group in terms of the former. A primary operator in d-
dimensions is a sum of infinitely many primaries in (d — 1)-dimensions. This is because
a state corresponding to a primary operator must be annihilated by all the generators of
special conformal translations, K. Primaries of both of both groups are annihilated by
Ki,...,K4 1 but only SO(d) primaries are annihilated by K. Loosely speaking, taking
derivatives with P; generates new SO(d — 1) primaries. The SO(d) angular momentum
multiplets also decompose into SO(d — 1) multiplets. This consequently means that any
d-dimensional conformal multiplet of spin J and dimension A can be decomposed in terms
of infinitely many d — 1 dimensional mutiplet with spin 0 < ¢ < J and dimensions A +m
with m > 0. This in turn means that conformal blocks should also follow this decomposition

rule so that a d-dimensional conformal block can be written as follows:!!

Ggﬂ’?(g7 z;d) = ZA%”Z)(A, J)G(Aafime_n(z, zZ;d—1) 0<n<J, m=0,1,2...,
(A1)
where again a = % and b = %.
The coefficients with m = 0 describe the dimensional reduction of Gegenbauer polyno-

mials and are given as

0, otherwise

AP A = {Z’{/Q’ e (A2)

with, in our conventions,

(D 3= s

Zt_
t(J =2t + 55 (—J — 52,

with (a), = F%fé::)b) the Pochhammer symbol. Generally, the other coefficients vanish unless
m = n modulo 2. They can be obtained recursively by comparing the radial expansion
of the blocks in the two dimensions. This recursion was given for identical operators in
ref. [18] and we state here the general case:

m—+4n
2
a n a,b
Aan= 3 )(ZJ P (B T)
p=max(—"7",0

- Z ZA(a’b) (A, J)a(a,li) v (Ad+m—m' J—n+n;d—1).
T2
(A.4)

where the sum over n’ ranges from max(—m/,n — J + 6,/ 4n—r,04d) to min(m’,n) in steps

of 2. The coefficients a describe the radial expansion of blocks:

_ r+s +2
Gz zd) = Y alsP(A, Ty d)(22) "3 C ST(Z;d>. A5
O N R v (A.5)

In the case of identical operators, a closed form solution to eq. (A.4) was given in ref. [18],
which we reproduced. As shown in that reference, the expansion (A.1) converges very
rapidly, always at least as fast as the p-series.

here there

" Our subscripts differ from ref. [18] as: m =2m , as required for non-identical operators.
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A.2 New closed-form expression for radial expansion coefficients

The coefficients in eq. (A.5) are to be determined using another recursion [33] (see for
example appendix A of ref. [6] for nonidentical operators). We do not reproduce that
recursion here, because, inspired by recent formulas by Li [51] and a bit of guesswork, we

were able to find a closed formula!

S

a(‘lvb)(A J'd)— (W—Fa)r (%_’_b)r (%—Fa)S(%_’_b)
T,8 (] - (

r(A=J+2—d),(—J — 552),(J —r + &2), sI(A+ J)s
min(r,s)
e —stpp Al
P4F; 1
y (%3¢ p(%)p(—r)p(—s) (d=1=A+T=71)p(=J), _p>.
PIA = 52) (=T — s = 532),(J+d—2),

(A.6)

Note from eq. (A.5) that r increases the twist of the descendants and s the conformal spin.
The logic of this formula is that coefficients get progressively more complicated as one
goes away from the leading twist or leading conformal spin, where only the p = 0 term
contributes in both cases; a pattern was guessed empirically by working away from these
simple limits. The formula truncates in d = 2 and d = 4 due to the Pochhammers. In fact
the limit to even spacetime dimensions gives annoying 0/0 forms, and to evaluate eq. (A.4)
in d = 2 we use the following simplified result:

() (3 ), (420, (3400,
[+om  rA-J), SIA + 7). (A7)

(—r)s(A+s);
X <” <1—A—r>J<1+s>J)

alP(A, J;d=2) =

which is valid for j + s —r > 0 and should be set to 0 otherwise.

A.3 Lorentzian inversion in 2d

The 3d to 2d series (A.1) is useful for this work because of exact results for inversion integrals
that exist in d = 2. Let us denote as cﬁ}’ﬁ%As’A“ (B, z; d=2) the contribution eq. (2.21)
coming from a 2d t-channel block of (A’ J), as defined in eq. (2.4). Using eq. (3.38) in [52]

(see also [17, 53]), the result (integrated from z > 0 instead of z > z!) is written as:

sine 1357 (8) KO- )+ (7 )
A1,As A A z 2 Tagr \2) A
1,82,23, 4(5,2;(1_ )

o T L+ 0,0 ’
(A.8)
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where a' = %, b= % and [ }};,1"'h4(h) is the one-dimensional inversion given as:

F(h+h21)r(h—|—h43) F(h—h/+h1 + h3 — 1)
F(hz + h3 — h/)F(hl + hy — h/)F(Qh — 1) F(h +h' —hy — hg + 1)
[h'+hos h'+hay h'—hi—hs+1 B'—ho—hs+1 ]
X 4F3 i1
L 2h! h+h'—hi—hs h'—h—hi;—h3+2
+ 2sin (m (W —ho—ha)) sin (m(h —hy —hy)) S 54)
[h+hss h+hi2 h+hi+hs—1 h+hs+hs—1

F -1
AT on hephthyths—1 h—hAhi+hs }

I (h) =

(A.9)

with h;; = h; — hj. This result, inserted in the 3d to 2d expansion (A.l), gives the
formula (2.26) which is used repeatedly in this paper.

We stress that the analytic result (A.9) is only valid when integrating over the complete
range 0 < z < 1 in the inversion integral (2.21), whereas the formula instructs us to
invegrate only over z < z < 1. Since in practice we work at small z, we can correct for
this discrepancy by subtracting from eq. (A.9) the integral of the first few terms in the
zZ — 0 Taylor series of the integrand. For very small z this is completely negligible, but for
moderate values like z ~ 10~2 this is important for our precision study.

The hypergeometric series in eq. (A.9) terminates in special cases such as h' = hss.
These correspond to power laws in the ¢t-channel. Setting hy + ho = 7, hoy = a and h3y = b
the formula reduces to the integral recorded in eq. (4.7) of [6] (using also a <+ b symmetry):

a Ldz ab),; (—a,— . —Zz
I$ ’b)(ﬁ) = /0 ?Hg )ké b)(z)lesc [( ) ]
g
)

1 L(5-a)r(5+0)T
-1

P +0)T(=5-a I

) (
This integral allows to deal exactly with identity exchange and more generally large-spin
perturbation theory. The first hypergeometric function in eq. (A.9) can be interpreted as

summing up the (1 — z)/Z series according to this integral; this series is asymptotic, and the
second hypergeometric can be interpreted as a nonperturbative correction at large spin [17].

A.4 Collinear expansion Z — 1 for cross-channel exchanged blocks

Taking the limit z — 0 of Ga j(2,2) or 2 = 1 of Ga j(1 — Z,1 — 2) is a straightforward
procedure. In this limit the quadratic Casimir equation becomes a hypergeometric equation
so the leading behaviour of the conformal blocks in this limit is

Gay— 27 kays(2), (A.11)

where kg(z) is defined in (2.5). A nice way to organize the expansion, which was discussed
for example in [6], is in terms of these functions since they control the SLy(R) part of the
conformal group that remains after taking the limit. With a convenient factor extracted
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and focusing on d = 3, the expansion that we use is

V1-2/2Gay(z2) = Y 25 0"(5), (A.12)

m=0
with -
WE) = D AL ksaan(2). (A.13)

n=—m
The quadratic Casimir equation then gives the following recursion relation in m (see [6]):

m

S+ B = 1)+ m(m + 7 — 2 kg 420 (2)
r—3 r—3 m-1),. 1 e~ [2m'  2m' =1\  (m-m/),_
= (T mra) (T emo i@ -5 3 (T - e ) e,

m/=1

(A.14)
To isolate the coeflicient of kg2, (%) on the right-hand-side we need to use the shift relation

. B8y
Zhs(9) = ks-2(2)+ (5~ 552 ) ka(2) + L3 52(5)2(_4 - Vhpna), (A1)

to eliminate all explicit appearance of z, after which we can solve recursively for the

coefficients hgrf}n) .

The result of the recursion can finally be combined with the prefactor in eq. (A.12) to
expand the block in pure powers of z. The first two terms of this expansion are

_ T _ T B—T1 52—4 2 52—4b2 B4+1—2 _
GA,J(z,Z)%ZQkﬁ(Z)“QHL(B—T—l) ( 32561285(2_1)(6257—1) )’%+2(z)

T4+2a+2b ab((B—1)2—7+1) -
*( T e )‘W)

kg—o(2)+

+0(z21%).

(A.16)
For blocks with J non-integer, the same formulas give the expansion of gzuf]e(z, zZ).

B Compact approximations from large-spin perturbation theory

In this appendix we record compact but surprisingly accurate approximations for the
OPE data based on large-spin perturbation theory. Our formulas are essentially simplified
versions of results from [5].

Starting from the Lorentzian inversion formula, the idea is to truncate the ¢-channel
sum to just identity and a small number of operators. For each operator, we keep only the
leading term at large spin or f — oo, which comes from z — 1, and we extract anomalous
dimensions by looking at logarithmic terms as z — 0.

Considering the exchange of an operator O of twist 7o = Ap — Jo and conformal spin
Bo = Ap + Jo, we take the double limit (z,z) — (0,1) (for example starting from the
z — 1 limit recorded in eq. (2.30)):

2I'(Bo)

6. = (oez vk (B -1)) @)

lim G 1—-21—2)— —
20,21 Aoo! ’ )
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where H(z) = ¢(z + 1) — (1) is the harmonic number. Plugging into the inversion
integral (2.22) (replacing (1 — z) by 1%) and expanding eq. (A.10) at large 3, we obtain
the following approximation to the colhnear generating function:

> 212 o T(Bo)T(Ag)? Slogz + H(B2 — 1)]
o T(%2)’r(28e-m0)?  [(B-1)/2J0 |7

C(z, B) + C"(2,8) ~ C), (8)22 [1 -

(B.2)
where we defined the mean-field theory coefficient on the leading trajectory:
B
0 _ (00 ar(p) 1 I(g+a,-1
o @ =21%0 = ( ) (B.3)

7T (§)2 I'(A,)°T (g — A, + 1)

We stress that in eq. (B.2) only the lowest few operators should be included in the sum,
which is not a convergent sum. We include only € and T'. As noted in the main text, we
expand in 1/(8 — 1) because the series is even in that variable. Taking the coefficient of
%log z, and the constant, respectively, gives the “pocket-book” formula recorded for the

twist in eq. (2.31), and a corresponding formula for the OPE coefficients (including the
Jacobian factor in eq. (2.20)):

222, B 2\
T[O'U]OQQAU_ Z (@) ( ) ( O) <B > ,

oZer T(8e = 9)* T(%)* \f 1 B4
(0) - :
2 ool & C[Ualo(m 1— Z 202,00 (A ) I'(Bo) H(— _ 1) < 2 > ©
ooloolo ™ T T 2 _ :
T [ o DA - ) () -1

Note that § = A+ J = 7 + 2J enters the formula for 7. To compute the twist of an
operator of given spin J, we first evaluate the first line with 5 — 2A, + 2J to get a crude
approximation to 7; we then iterate using the improved value 5 — 7 + 2J. The procedure
converges rapidly. The resulting value of § is then inserted in both equations. In figure 24
we compare this formula with the numerical data of ref. [5]. Both plots exhibit relative
accuracy better than 10~ for all twists and the stress tensor OPE coefficients, but the
relative error is closer to 1073 for the spin-4 OPE coefficient.

Given the error budget discussed in section 3.1, we believe that the remarkable accuracy
of the approximation at spin J = 2 is a lucky accident of that particular formula. Indeed,
in the absence of accident one would expect the discrepancy to be significantly larger for
J =2 than for J = 4.

For the subleading trajectories, [oo]; and [e€]y are near-degenerate and mix substantially,
as pointed out in [5]. We thus need to study a 2 x 2 matrix of correlators. We including only
exchange and identity and the logarithmic term from exchange of . We begin with identity
exchange, first pretending that 2A. ~ 2A, + 2 so as to make the operators degenerate. We
then expanding the Lorentzian inversion formula to second order in z where needed (ie. to
subtract descendants of [o0]p):

9 Ao 1 9 2—2As
M(O) — (CO'O'O'O' Caaes) _ ﬂ rA 0)22 (ﬂ) 0 9_9A
CEGO'O' 05666 Z~2AU+2 0 ﬁ (%)

(B.5)
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Figure 24. Comparison of the large-spin approximation (B.4) for the [co]( family with the numerical
data of [5], for the twist and OPE coeflicients (divided by mean field theory). Only numerical errors
are shown: discrepancies on the left-hand side of the plots should be attributed to shortcomings in
the approximation not data.

To get anomalous dimensions we look for logarithmic terms %log z. We keep two sources:
identity exchange expanded to linear order in (2A, —2A, —2), and o-exchange. Multiplying
by (M(O))_1/2 on both sides to properly normalize the states, we find that the twists of the
[oco]1 and [e€]p families are the eigenvalues of the following matrix (respectively the higher
and lower eigenvalues):

2A,+2 X
T{lool1,leclo} = ( X 2Ae> (B.6)
with off-diagonal term
x = el (AT (Ag = AJT(Ag)? Ac— Ay — 1 ( 2 )AU (B.7)
B 2 A2 .
[(5) T (38252) V2A, =1 \p-1

2

To find the OPE coeflicients we compare a certain derivative of the matrix of generating
functions (220, — 7¢q,)C with the OPE:

Tlowts = Tec) (JJSU[fC]}l ) (fovtos Sooten) = (g1 [T(foofedoy = ieds] (MO)V2.
ooleelo
(B.8)

The right-hand-side is an explicitly given matrix of rank 1 and so the equation allows to
solve for foo(s0], a0d fec[so], > UP to overall sign conventions; couplings to the [ee]o family are
obtained similarly. These approximations are plotted in figure 25. Note that the accuracy
is less than for [0o]y since the approximation is more complicated due to the mixing yet far
cruder (we did not even account for e exchange).

C Convexity of the leading trajectory

Here we give an elementary proof that the region of convergence of the Lorentzian inversion
formula, in the real (A, J) plane, is convex. We consider a correlator of identical operators,
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Figure 25. Same as figure 24 but for the [oo]; and [e€]o families (top and bottom, respectively).

so dDiscG is a positive-definite distribution. Consider first the integration region where

z < zZ < 1. In this region, the block in eq. (2.11) has an exponential-like dependence on
J—A A+J
S A Grig1at1—d X 2 2 +d-123  The basic point is that the exponential function

is convex:
ePATI=D)B e 4 (1—x)e”, O0<z<l1. (C.1)

Therefore if the integral (2.11) converges at the two points (A4, J4) and (Ap, Jp), it
automatically converges everywhere along the line segment joining them: the region of
convergence is convex. Increasing J can only improve convergence, and adding imaginary
parts does not affect convergence.

The conformal blocks which enter the Lorentzian inversion formula are more complicated
functions than exponentials, but we can apply the same logic. A better model, which
reflects the shadow-symmetry of the curve, is a cosh function; indeed the z ~ z < 1 limit
of the blocks, in eq. (2.6), is bounded above and below by a multiple of a cosh:

2 z+z
c19(z) cosh (%(A — g) log E) < Catid <W

where g(z) = cosh (%(1 — %) log £) and the constants ¢; and ¢, depend only on spacetime

) < cag(2) cosh (J(A = 9)logZ)  (C2)

dimension but work uniformly for all A, z, z. This shows that Lorentzian inversion converges
if and only if the cosh model converges, and since cosh is a sum of two exponentials we
can apply eq. (C.1). This takes care of the region z ~ z < 1. The last region which can
potentially affect convergence is z — 0 with z ~ 1, but in this region the z and z dependence
of the block largely decouple and the dependence on the dangerous variable z — 0 is again
exponential as in eq. (C.1). We conclude that if Lorentzian inversion converges at two real
points (A4, J4) and (Ap, Jp), it also converges at all points with Re(A) and Re(J) on or
above the line segment joining them.
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