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Abstract

We use Mellin space dispersion relations together with Polyakov conditions to derive a
family of sum rules for Conformal Field Theories (CFTs). The defining property of these
sum rules is suppression of the contribution of the double twist operators. Firstly, we

apply these sum rules to the Wilson-Fisher model in d =

4 — € dimensions. We re-derive

many of the known results to order ¢* and we make new predictions. No assumption
of analyticity down to spin 0 was made. Secondly, we study holographic CFTs. We use
dispersive sum rules to obtain tree-level and one-loop anomalous dimensions. Finally,
we briefly discuss the contribution of heavy operators to the sum rules in UV complete

holographic theories.
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1 Introduction and Summary

Mellin space is a natural arena to perform computations in conformal field theories [1-4].
In [5] Mellin amplitudes were studied in a nonperturbative setting, and their main proper-
ties, such as existence, analyticity and polynomial boundedness, were established. It was also
found that Mellin space is extremely convenient to write down nonperturbative Conformal
Field Theory (CFT) dispersion relations which when combined with Polyakov conditions, or
equivalently consistency with the Operator Product Expansion (OPE), lead to various sum rules
with interesting properties. There are other ways to derive similar sum rules in coordinate
space directly [6,7]. Recently, in [8] equivalence between various approaches to dispersion
relations in CFTs was established, providing bridges between various methods and allowing to
take advantage of each based on the problem at hand. In the present paper we use function-
als derived using dispersion relations in Mellin space to study the four-point function of the
fundamental scalar field ¢ in the Wilson-Fisher (WF) model in d = 4 — ¢ dimensions [9]. We
reproduce and confirm previously known results up to order €, as well as derive new results.
We also consider perturbative scalar field theories in AdS and provide further nontrivial tests
of the dispersive Mellin sum rules and their utility.

The e-expansion of the Wilson-Fisher model has been studied using conformal bootstrap
techniques previously [10-13]. Most notably, in [14-16] a bootstrap scheme based on the
sum of Polyakov blocks in the three channels was proposed. This method was used to obtain
CFT data up to order €. It is unclear whether such a method holds nonperturbatively, or if it
can be used in the Wilson-Fisher model to extract predictions to higher order in € [8]. In [17]
the e-expansion was studied to order e* using the Lorentzian inversion formula and large spin
re-summation.

In section 3, we use dispersive Mellin sum rules to derive the OPE data of low twist opera-
tors perturbatively in the e-expansion. We confirm the predictions of [14,17]. Our procedure
is systematic and no assumptions of analyticity down to spin 0 were made. Furthermore, we
make some new predictions. These are

e The averaged OPE coefficients of twist 4 operators at order €3, see table 2.

e The coefficient of ¢2 in the ¢ x ¢ OPE at order €*, see table 3.
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It would be very interesting to develop the methods of this paper further. This can poten-
tially enable the computation of CFT data at order e> and higher. Doing this requires a better
handle on the various sums and integrals that involve Mack polynomials that we discuss below.
We leave this for future work.

In section 4, we consider applications of dispersive sum rules to perturbative field theories
in Anti-de Sitter (AdS) space. We study scalar fields with quartic and cubic interactions at
tree and 1-loop level. In this context, our main technical result is formula (79) for the 1-loop
anomalous dimension of the leading double-twist operators in A¢* theory. We also discuss
the implications of dispersive Mellin sum rules for UV complete holographic CFTs, i.e. dual
to quantum gravity in AdS. We explain that the contribution of heavy operators is enhanced
relative to the naive perturbative expansion. This general mechanism is discussed in more
detail for the theory of a derivatively coupled scalar (see section 4.3). It would be interesting
to understand precisely how heavy operators contribute to the dispersive sum rules in CFTs
dual to weakly coupled AdS gravitational theories.

The plan of the paper is the following. In section 2, we briefly review the derivation of
sum rules from dispersion relations in Mellin space. We introduce a family of sum rules and
test them with Mean Field Theory (MFT). Sections 3 and 4 are the main part of the paper and
were described above. We include appendices: A on Mack polynomials, B on the known CFT
data of the WF fixed point and C with some auxiliary formulas.

2 Sum rules from dispersion relations in Mellin space

We consider the four-point function of a scalar primary operator O of scaling dimension A.
The Mellin amplitude M(y12,714) encodes the connected part of the correlator via the double
integral

1 d d x2 xz —Y12 xz x2 —V14
OO = L [ Bt ()™
C

2
(x%gxi (2mi) X{3X5, X13X5,

X T(r12)°T(r14)*T(A — Y12 = 114)*M (Y12, 714)

where the integration contour C guarantees that the OPE in every channel is correctly repro-
duced. Crossing symmetry of the correlator implies that

M(v12,714) = M(¥14,712) = M(Y12,713)> Y12+t Y13+ Y14 = A. M

Mellin space dispersion relations are analogous to the scattering amplitude dispersion re-
lations and allow (upon subtractions) one to express the Mellin amplitude in terms of its dis-
continuity, which is given by the OPE data of the correlator [5]. Equivalently, in coordinate
space one can reconstruct the correlation function from its double discontinuity [6, 7].

Let us briefly review the derivation of sum rules from Mellin space. Firstly, one assumes
the Regge bound [5]

M T
lim (le,lY;s) —0, Reyqs > A — 8p
lrial—oo  [yq2|tt 2

6>0, (2)

where T, is the minimal twist operator different from the unit operator that appears in
the OPE of O x O. The Regge bound (2) is supposed to hold in any unitary CFT.! In some
theories, called transparent in [18], the Regge bound above holds also for 6 = 0 because the
nonperturbative Regge intercept obeys j, < 1. This seems to be the case for the 3d Ising

!Similarly, it is supposed to hold for correlators that come from unitary QFTs in AdS.
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CFT [18], and the 3d O(2) CFT [19]. In principle, one can take advantage of this property to
derive more sum rules but we do not do it in this paper.
Then, our sum rules follow from

dy
Wp = f 5 2 M(y1, 713)F (Y12, 713) = 3)
c. 2mi

where the contour C, encircles y;, = 00 and the rational function F decays at least as fast
as 1/ Y?z at large y;,. Different choices of the function F and different values of y3 lead to
different sum rules after closing the integration contour using Cauchy’s theorem and

Res, —a—1-mM(y12,713) = ——Cng n(—27Y13), 4

where m is a non-negative integer, C ; is the square of the OPE coefficient of the operator
O with twist T = Ap_, —{ and spm { that appears in the OPE of O x O, and the Mack

polynomials QZ’i(_Z'}/lg) can be found in appendix A.

It is convenient to choose F to be a rational function with poles at special locations where
the Mellin amplitude vanishes (this will be made precise in the next section below).? Such
choices lead to sum rules that only involve the CFT data (7 and C.,) and not the Mellin
amplitude itself.

All such sum rules have double zeros at the position of double trace operators T = 2A+2n,
n € Zsq above certain twist 7o which depends on the choice of F in (3). This is due to the
simple fact that in (4), Q;’i(—zylg) ~ (sin T_zzA n)z. Sum rules with this property were called
“dispersive” in [8]. ,

2.1 Polyakov Conditions

The most convenient location for the poles of F(y13,713) is at y;; = —nforn=0,1,2,.... As
discussed in [5], naively, the Mellin amplitude vanishes quadratically at these points. This
follows from consistency with the OPE and the assumption that the theory does not contain
operators with twists T = 2A + 2n. The latter condition is not necessary and more generally
consistency with the OPE fixes the value of the Mellin amplitude and its first derivative at
vij = —n in terms of the relevant OPE data. This was recently emphasized in [8] and we
review it below.

Therefore, in a generic nonperturbative CFT a simple or double pole of F at such points
does not contribute to the sum rule (3). More precisely, these points are accumulation points
of double twist poles of the Mellin amplitude. The double twist operators have twist

T(n,0) =2A+2n+7y(n,t), (5)

where n is a non-negative integer and y(n,£) ~ £~ *sw for large £. Let us compute the contri-
bution to the sum rule from the poles accumulating at Y1, = —p € Z, in the case where F
has a pole of order k at this accumulation point,

dy1o M(v12,713) _ a)’lz M(=p,713) ii 1 c2 r(ne)d( 2r13),
21i (y12+p) r(k) — L (—y(n, 6)/2)k PRECOVRE '
(6)
where the contour integral is taken counterclockwise around y;5 = —p. For k = 1,2 in a

generic nonperturbative CFT the first term in the RHS of (6) is zero. These are familiar

2Alternatively, we can also consider F’s with poles at more general positions and then use crossing symmetry
to eliminate the dependence on the Mellin amplitude. We consider such functionals in section 4.

4
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Figure 1. The Mellin-Mandelstam plane. The axis at 120° ensure that every point
on the plane satisfies Y15 + y13 + Y14 = A. The accumulation points y;, = —n for
n=0,1,... are shown in blue. The region of convergence for sum rules with a func-
tion F with a simple/double pole at one of these points is shown in red/green. Notice
that the red region contains the green region.

Polyakov conditions. More generally, when there are operators with twist T = 2A + 2p in
the theory it is non-zero but is again given in terms of the OPE data of the theory (we write the
precise formula below). For k > 2 we expect BY]‘;M (—p, y13) to be non-zero and not easily
computable given the OPE data of the theory. Therefore below we restrict our analysis to the
functionals with k < 2.

Convergence of this sum is determined by the large spin behaviour of the summand. It
is well known that the OPE coefficients approach the ones of mean field theory at large spin
[20,21]. Using the asymptotic behaviour (121) of the Mack polynomial, we find

1 1 0.d 3 3 .
Wicg(’%),l Qr(n ) (—2713) ~ P (k=2)Tgap=2y13+2A4—1 | (Yls PR Y14) ’ )

{,p—n
where y14 = A + p —y;3. Therefore, the sum over ¢ in (6) converges if and only if
2—k 2—k 2—k
ReYlB: REY14>A_ 2 Tgap = A- 2 Tgap<ReY13<p+ 2

These convergence regions are shown in figure 1 in red for k = 1 and in green for k = 2.
The previous analysis can be equivalently stated in terms of the behaviour of the Mellin
amplitude close to the accumulation point y;5 = —p,

Tgap - (8)

1421232 142042
M(v12,713) ~ (Y12 +DP) s +(y1a+p) " s +0(y15 +p)*. )
We conclude that the naive Polyakov conditions
M(y12=-p,113) =0 and 0,,M(y12=-p,113) =0 (10)

can be imposed, respectively, inside the red and green regions of figure 1.
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Exact double twist operators In writing (10) we tacitly assumed that the s-channel OPE,
or xfz — 0, expansion of the correlator does not contain operators of twist T = 2A. This is
the case for the sum rules that we analyze in this paper and in a generic CFT. More generally,

we can have

M(y12=-p,7113) = ap(v13) and 0,,M(y12=—pP,v13) =bp(r13) (A1

if the s-channel OPE contains the derivative of the conformal block \ Gy o540, (u, v) with
n < p, which contribute to the former, and conformal blocks Gaa 12,4 ¢(u, v) also with n < p,
which contribute to the latter. This fact was recently discussed in detail in [8]. Very of-
ten a convenient way to derive a,(y;3) and b,(y;3) is to first use (10) and then think of
OAGontantee(u,v) and Goptonie(u,v) as emerging as we expand the nonperturbative sum
rules in some small perturbative parameter.

Let us be more precise about it. Imagine we have an operator of twist T = 2A + 2n with
n > 0 and spin £ that appears in the OPE. It is convenient to take T slightly away from this
value and then take the limit T — 2A + 2n. We can compute the behaviour of the factor
M(¥12,713)T%(y12) in the integrand in (1) close to the pole at y15 = A — 5 — (p —n) where
p = n. This gives

1,2 ,d
) CT,[ Q;,p—n(_z}/lS)

oAty
le—(A—%—(P—n))F (A 2 (p n))
_ % c2 Q~2A+2n,d (—2y13)

M(y12, 71300 (r12) &

2A+2n,0 ={,p—n ’ (12)
T—2A+2n Y12+ P
where -
N2A+2n,d T Td_ 2 —— _—(p—
Gy =2 = lim Qpi(2rnart (-2 —(p-m). (13)

This means that an exact double twist operator with T = 2A + 2n gives rise to simple poles
in the Mellin integrand in (1) at y;5 = —p for all integer p = n. From this fact together with
lim, _,_, T2(y12)(r12+p)? = # we conclude that the contribution of such an operator to the
derivative of the Mellin amplitude b,(y;3) takes the form

(p1?

=92A+2n,d
bp(YlB) = _TC22A+2n,£ Qg’pinn (_ZYIS); p 2n. (14)

2.2 Family of Functionals

Let us introduce a family of functionals that will be useful in the present paper. They are
specified by a simple rational function F(y;,,7;3) that enters into the sum rule (3) and takes
the following form

2
(r12+ P12+ P2)(y14 + P3)’

FP1;P2,P3 =

Di €Zsg - (15)

Note that switching yq5 <= v14in F, , .

metry M(y12,713) = M(y14,713)- For fixed y,5 and large y,, we have Fpl,pz,p3(Y12’ T13) ~ 7_%2
and arcs at infinity indeed do not contribute. We denote the corresponging functional

leads to the same functional due to the crossing sym-

«w = Wp .
P1,P2,P3 P1,P2-P3
Using the Polyakov conditions (10) we get the following sum rule

oo
_ 2 Tlm
©p1paps = Z Cr,prl,pz,ps_o’ (16)
7>0,{,m=0
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where w;iez’)r: s denotes the contribution of a given family of descendants from the primary
operator with twist T and spin £ into the sum rule,
d d
wrbm = sz(—zhs) B QZ’m(—zYls) a”n
P1:P2:P3 ’

2
[T (ris—m—pi—5(A—m+ps—3) [l (A—m+p;—3)—y13+m+ps+3)

Let us discuss properties of these functionals. First of all, these functionals are not all
independent. Obviously, w, . ,. = wp, . .. Moreover, it is easy to check that

@p1,ps.ps = Ppi,papr * (18)

Next using figure 1 we can understand convergence properties of the functionals w, ., ... The
dangerous contribution comes from the large spin double twist operators. To discuss this it is
convenient to distinguish two cases p; = p, and, without loss of generality, p; > p,.

When p; = p, we use the subleading Polyakov condition in y;, which converges in the
green region in figure 1, we also use the leading Polyakov condition in y14 which converges in
the crossing transformation of the red region in figure 1. As a result we conclude that

wp » p, cONverges when p > 1, p3 >0, ;3 € green region
T
< A <Reyj;3 <min (p,pg + gzap) . (19)

When p; > p, we use the leading Polyakov condition both in y;, and y;4 which converges in
the red region (and its crossing transformation) in figure 1 so no extra constraints arise and
we have

Wy, py.ps CONVErges when py > p,y, 713 € red region,
T T
& A——F <Reyyz <min(py,ps) + — - (20)

The defining property of w functional is sensitivity to the double twist operators with

P1,P2,P3
twists T = 2A + 2n, where n < p;. Indeed, the Mack polynomials QZ’i(—Zylg) have double
zeros at T = 2A + 2n, whereas the brackets in (16) have poles at T = 2A + 2(p; —m) which
enhances the contribution of the corresponding double twist families. See figures 2 and 3.

In our analysis of the Wilson-Fisher model in d = 4 — € dimensions below we will only
study the properties of the leading, n = 0, and the first sub-leading, n = 1, double twist family
of operators. This naturally restrict our attention to the functionals with p; < 1. Together

with linear dependence and convergence properties explained above it leaves us with two
functionals

w100, “W11,1- (21)

2.3 Check with Mean Field Theory

In mean field theory (MFT), there are only exact double twist operators in the OPE ¢ x ¢,

where ¢ is the gaussian field. Therefore, the functionals w, , .. annihilate every term of

the sum in (16) because the functions Qz”i(—Z)/lg) have double zeros at T —2A € Zs(. This
conclusion is not correct if we choose p; = p, € Z- because the double pole of F at y;, = p;
cancels the double zero.

For concreteness consider the functional w; ; ,. Using the MFT OPE coefficients, we obtain

22+2A o0 211—‘(% + A +Z)P[('}/13)
CVATA(A)(1+A—y13+p) S (d+20)(2—d +4A+200T(A+L+1)’

even

(22)

Wi1p =
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W1,1,1

N :

l— 2a 2A+2 2A+4 2046

e e} T,0,m

Figure 2: A plot of the a)1 1 = Zm 0@11 1
of the exchanged operator. We picked A = 5, Y13 = %, ¢ =2 and d = 3. The plot
is qualitatively the same for other values. We sum in m from O to 50, since this is
enough to have an accurate plot of the functional. Notice that the functional does
not vanish for twists T = 2A =1 and 7 = 2A + 2 = 3. However, it has double zeros
for all T = 2A + 2n, forn > 2.

functional as a function of the twist T

wW1,0,0 wW1,0,0

Figure 3: On the left, a plot of the w, o functional as a function of the twist T of
the exchanged operator. We picked A = 1.1, yy3 = %, ¢ =2 and d = 4. The plot
is qualitatively similar for other values. We sum in m from O to 50, since this is
enough to have an accurate plot of the functional. Notice that the functional has
single zeros for twists T = 2A = 2 (though it is not very clear from the left plot) and
T = 2A + 2 = 4. However, it has double zeros for all T = 2A + 2n, where n > 2.
On the right, we zoom in to the region around T = 2A, so that we can observe the
single zero at T = 2A.

where

Py(113) = (d +20)(€ + A)Q[ ;24 (=2713) + (2 — d +24)(24 + 20 + 1)Q[ o 22 (—2713).
(23)

Here we used the (non-calligraphic) Mack polynomials Q’ tm 4 defined in appendix A. Notice
that only the double-twist operators with twist T = 2A and 7 = 2A + 2 contribute to this sum
rule. The polynomial P;(y;3) inherits the symmetry P;(y;3) = P;(1 + A —v,3) from the Mack
polynomials.
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SJ“ SJA
2 — J=0 0.35F °
J=10 0.30
! J=20 0.25
0.5 — J=30 0.20
— J=40
- 0.15 -
02 =50
— J=60 ‘-.\\
0.1 . ‘ ‘ ‘ ‘ R
0.4 0.6 0.8 1.0 1.2 77/13 2 5 10 20 50 j

Figure 4: Partial sum S;(y3) defined in (25) ford =3 and A = % On the left, one
can see that only for A < y;3 < 1 the partial sum converges to zero as expected.
On the right, we fix y3 = % and use a log-log plot to exhibit the large J behavior
predicted by (26). The straight orange line is a fit (to the points 20 < J < 60) with
slope given by (26).

As predicted by equation (7), the large £ behaviour of the summand in (22) is given by
~ Zmax(ZA—Zylg—l,Zylg—B) , (24)

which implies convergence of the sum over £ for A < y;3 < 1. In figure 4, we plot the partial
sums

Z +A+E)PE(Y13)
(d+2£)(2 d+4A+20)0T(A+L+1)°

even

S;(ri3) = (25)

for several values of J. One can see that S;(y3) tends to zero when J —» o0 if A < y3<1
and it diverges otherwise. Moreover, one can also check the large J behaviour

logS;(y13) & max(2A —2yq3,2y13—2) logJ, (26)

in agreement with (24).

The knowledgeable reader may ask: how can we get a sum rule for MFT using Mellin
amplitudes? Indeed, the Mellin amplitude for MFT vanishes identically [5]. One way to un-
derstand the success of the exercise above is as follows. Consider an interacting theory with a
continuous coupling A, such that at A = 0 we obtain MFT. The Mellin amplitude is non-trivial
and leads to the sum rules (16) for any A > 0. Then, one obtains the sum rule (22) for MFT
in the limit A — 0.

Let us now consider the functional

21+24 izfr(%+A+£)QT 2A,d
VAT2(A)A—yi3+p) &= OT(A+E) T8O

even

Wo,0p = — (—2713)- (27)

One can check that this sum vanishes for A < Rey;3 < 0 in agreement with the general
formula (19). Notice that in unitary CFTs there is no convergence region for this sum rule
because A < 0 is forbidden. Nevertheless, we shall use the functional

@0,0,0

in the e—expansion by applying it to the difference between the CFT data in the interacting
theory and in MFT. This trick will give rise to a finite region of convergence for the sum rule

@0,0,0-
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3 € - expansion

In this section we apply the dispersive Mellin sum rules described in the previous section to
the Wilson-Fisher fixed point in d = 4 — e spacetime dimensions. This theory contains the
lightest scalar operator ¢ of dimension A, and we consider the four-point (¢ ¢ ¢ ¢) and the
associated CFT data which includes the following operators:

e The lightest scalar that appears in the OPE ¢ x ¢. We denote this operator by ¢ with
dimension A 4. and OPE coefficient Cy2.

* The leading twist operators j, (also called twist-two) with twist 7, and the three-point
function C;,. These are non-degenerate (there is a single operator for every even spin
¢ > 2) and can be identified with the double twist operators with n = 0.

* Twist-four operators of even spin £ > 0. These are non-degenerate for { = 0,2 [22], and
degenerate for { > 4. They also include the double twist family with n = 1. We will
study their OPE data on average.

* Higher twist operators. These have twist six and higher when ¢ = 0. We do not say
anything about these operators. They will not appear in the dispersive Mellin sum rules
to the perturbative order that we analyze them.

From the bootstrap point of view this model can be defined as follows. We start with
(¢ ¢ ¢ ¢) being the mean field theory correlator in d = 4—e dimensions. Next we assume that
the CFT data (scaling dimensions and OPE coefficients) depends on ¢ as a power series. We
then study the crossing equations perturbatively in €. Such perturbative solutions to crossing
were analyzed in [23] and they include infinitely many ambiguities due to contact interactions
in AdS. It is reasonable to conjecture that these are completely fixed by requiring that at every
order in € the correlator satisfies the Regge bound (2) and that the stress energy tensor is
conserved. In particular, this means that we can use the dispersive Mellin sum rules order by
order in €.

3.1 Review and Notation

Let us state our definitions. The known results for the OPE data in the Wilson-Fisher fixed
point in d = 4 — € and the relevant references can be found in appendix B.
We follow [17] and define the expansion parameter g to be the anomalous dimension of

¢2
A¢z = 2A¢ +g. (28)
Then, the spacetime dimensionality d
d=4+a,g+ayg*>+asg’ +ag*+.... (29)

Using this equation one can find g as a function of € and vice versa. For the conformal dimen-
sion of ¢ we write
d—2 2 3 4
Ay =T+Y1(¢)8+Yz(¢)g +713(P)g” +rale)g™ +.... (30)
We will derive that y,(¢) = 0. So, the correction to the dimension of ¢ starts at order g2.
Similarly, we write for the twist of the twist-two operators

Te =28 + 110008 +120)g* + 130> + 14G)g* +..., £=2. (31)

10
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We will derive that y;(j,) = 0. The twist of the stress energy tensor is protected 7, = d — 2.
For the twist-four operators due to the degeneracy we only compute the averaged values of
the relevant OPE data

T4i(0)) =284 +2+71(74;(0))g+..., (32)

where i denotes various degenerate operators at g = 0. We will only compute averaged mo-
ments of the twist-four anomalous dimensions as follows

Zi 634’1,(;3)}"1(’54,1'(5))
2 J
Zi CT4,i(£)
where the sum is over the degenerate operators. Note that £ = 0,2 operators are not degen-
erate.

Concerning OPE coefficients, we define them relative to the mean field theory. In MFT, the
square of the OPE coefficient of the operator of dimension 2A4 +2n + ¢ and spin £ is equal to

(r(T4(0)") =

(33)

1+0H(a-E+1)2 %2, o4

F(£+1)F(n+1)(%+€) 2A—-d+n+1),2A+£+2n—1), (m—%ﬂm)

2 _
Cn,[ -
{

where A is the dimension of the fundamental field and d is the spacetime dimension, both
of which are nontrivial functions of g.

We parametrise the OPE coefficients of ¢2, of the leading twist operators j, and the sum
of squares of OPE coefficients over degenerate twist 4 operators T,4(l) as

C32=Coo x (14c1(¢™)g +ca(¢™)g* +c3(M)g® + caldDg* +...),
C? =y x (1+c1(0)g +c2(je)g* + cs()e® + calidg + -, (35)
PC2 = C2x (a0 + ba(0)g +..) ~ O(g?),

1

respectively, where we plug Ay and d as functions of g as above. In the last line we emphasized

. . . 2 _ . _ .
that since in the free field theory anl,ll A=tz = 0 the twist four operators, or n = 1, first

contribute at order g2. Higher twist operators, or n > 2, first contribute at order g*.
The quantities c;(¢2), c;(j;), and b;(¢) are to be determined using the dispersive Mellin
functionals below.

3.2 Order g°

Let us discuss the action of the functionals w; o, w117 and wg o o at order g°. When g = 0 the
correlator (¢ ¢ ¢ ¢) is the one of the free scalar field in 4 dimensions. The relevant action of
the functionals on mean field theory was discussed in section 2.3 to which we refer the reader
for the relevant formulas. In the following applications, we always consider the difference
between the action of the functionals on the Wilson-Fisher fixed point and their action on
mean field theory.

3.3 Order g’

Let us discuss the action of w; g and wq . w1 has single zeros for the leading and sub-
leading twist trajectories, whereas it has double zeros for the other twist trajectories. For
this reason, the contribution of the twist 2 and twist 4 operators comes proportional to their

11
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anomalous dimensions, whereas the contribution of twist 6 or higher operators comes pro-
portional to their anomalous dimensions squared. For this reason, twist 6 operators do not
contribute at this order. Furthermore, the OPE coefficients of twist 4 operators vanish at order
¢°. Thus, twist 4 operators do not contribute to wy o to first order in g.

So, only twist 2 operators contribute at first order in g. Their contribution is given by

2
(—2+713)
s i 2200+ 3)

— (=2+713)/nl(€ +1)2

even

w100lg1 = (QF24= (—2713) — Q=04 (—2112)) (36)

(QE,TnZ;‘é:4(—2Y13) - QZ;z;dl:Af(—zﬁs))h (Je) -

The first line corresponds to the contribution of ¢? and the second line corresponds to the con-

tribution of the operators in the leading twist trajectory with even spin £ > 2. It turns out that

the contribution of ¢? vanishes identically since Q;:é:izg(—Zylg) = QZ:OZ”;Z‘{ (—2y13)=1.
We will want to apply the orthogonality relation (108) to (36). The decomposition

&3 2760 T (e + DT (6 + 3)

Q)= 20+ Yl O BN €7)
£,m=1 £,,m=0 [Z:O T (E]_ + %) F(Ez + 1)2 £,,m=0
will be important. Furthermore, let us define
X0+1
G=2,— G- (38)
(=2

even

Then, by permuting the order of the sums, (36) can be rewritten as

ZOO 203 T(L+3) Zg lit3 T=2,d=4
-2 1= — JEE — = i TN =2 .
2 )en0ols iy T(e+1)2 (Cl = 4 Yl(Jfl))Qg,m=0 (F2na). 39)

even

Since the Mack polynomials are orthogonal (see (108)), every term in the sum over £ in (39)
must vanish. Then, the term with £ = 0 implies that {; = 0. The term with £ = 2 implies
¥1(j¢=2) = 0. The term with £ = 4 implies y;(jy—4) = 0 and so on. We therefore conclude that

r1(¢) =0. (40)

Conservation of the stress tensor implies that 2Ay + y(jy—2) = d — 2. Expanding this to first
order in g and using v;(j,—») = 0, we obtain

r1(¢)=0. (41)

Let us consider now the action of wg . This functional does not vanish for the leading
twist trajectory, but it has double zeros for all the subleading twist trajectories. For this reason
only the twist 2 operators contribute to first order in g. We have that

S G ) .
20t (=2
; (=1 +7y13)V/nT(€ +1)2 al0Qy 2y (—2713)

even

40+ ($D) cmpaa,
(_1+Y13) Q€=0,m=0( 2Y13)' (42)

The orthogonality relation (108) applied to (—1 + y13) % (42) immediately implies that

(01,0,0|g1 =

() =-1, c;(£)=0. (43)
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3.4 Order g>

Let us consider the action of the w, oo functional. At order g2, only ¢2 and operators in the
leading Regge trajectory j, contribute. The twist four and higher operators do not contribute,
since their OPE coefficients start at order g2 and the functional w1 00 vanishes for the exchange
of sub-leading twists.

The contribution of ¢?2 is equal to

> A,20

2 2> ,m
E : Cy2®100
m=0

The contribution of the leading twist trajectory is equal to

_ 2+ a(=1+yi3) + 713
g2 (—2+713)(=1+713)

(44)

i w,lz,ol _ i 2°2r(C + %)((E + 1)Q1§,Tnzz’((i):4(_27’13) - Q;,Tnz:’(i:Ar(—zﬁs))Yz(ftz)
i 100 8 T £ (=2 + 713)(€ + DVAT(L + 1) '

even even

(45)

Recall that y,(j,) is the anomalous dimension of the leading twist operators.

In order to extract the anomalous dimensions y,(j,) we will use the orthogonality relation
(108) among m = 0 Mack polynomials. We will also use equation (37) to decompose m =1
Mack polynomials into m = 0 Mack polynomials. From the sum rule (44) + (45) = 0 we can
obtain several equations by multiplying it by (=2 +v13)T2 (y13) T2 (1 —113) Qz’zzz’%:4(—2y13),
integrating over y,5 and using the orthogonality relation (108). For even £ we obtain

- 21 )r20i)
_vEepGre ey | YR TP (X S )
(€+1r(¢+3) r(e+1)
—1+ioco ds 4ts N2 i
ZJ—HOO %(aﬁz_ﬂ)r(_ﬁ) F(z ) Qo ) (46)

——1 2 2,5(1) 2qp(D) (L2
_ VRO 1P (12D (541) -+ 129D () - )+5eo(1+a1),
(€+1)2r (¢ +3) ’

where s = —2y3, ¥(x) is the order 1 polygamma function and we compute the integral
above in appendix C.2. We also introduced the quantity
20+1) .

. 47

Z T 1)}’2(]13) (47)

even

We treat { as an independent parameter from the anomalous dimensions, that we will com-
pute.

Furthermore, the orthogonality relation with respect to odd spin Mack polynomials is also
very useful. It is given by

V21T (0 4 1)? (C DI [—(2%2123“)})
— - (48)
r (E + 5)
O VEZEITU 1A (12D (54 1) - (0 + 1)y D (52) - 4) 49)
- (€+1)2T(¢+1) '

2
We used the spin 1 equation to determine { = 75 — 1.
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Knowing {, then equations (46) can be solved in the following manner. The spin 0 and
spin 2 equations determine a; and y,(2). The spin 4 equation determines y,(4) and so on.
More generically,

1
(+1)°

a; =-3, 1.(je))=— (50)

This agrees with known results.
Since we already know the anomalous dimensions of the leading twist operators, we can
fix the dimension of ¢ by demanding that the stress tensor has twist d — 2

21,($)+712(2) =0 = | 1) = . 1)

In order to compute the corrections to the OPE coefficients of the operators in the leading
twist trajectory, let us consider the action of wq . At order g2 only ¢2 and the leading twist
trajectory contribute. The contribution of ¢?2 is

2 Agpom. 2a, 2c5(¢%) 4(Y13 —2)113+ (13— D2YPD(2—713) +5
Zczwooo gz_z( - 3 )
Yis—1  7viz— 1 2(r13—1)
(52)

The contribution of the leading twist trajectory is
s 2021 (e +3)
C2wgle=—2 - x Q)20 (—2y13)
2.6 Z S = DI+ 12 60

even even

X (Cz(je)+Yz(je)(251(25)—351(5)+ 2(%4_%))) (53)

+Y2(Je) szZ‘é *(=2r13).

The above series converges for 0 < Re(y;3) < % We determined c,(¢) and c,(¢?) in the
following manner. The series (53) contains a part proportional to c,(£) and another part
proportional to y,(¢). We have already determined y,(¢) in the preceding section. So, we can
sum the part of the series (53) that is proportional to y,(£). In practice, we used, from spin
2 to 100, the exact expressions for Mack polynomials and, from spin 102 to infinity, we used
the approximation (121), (122) to Mack polynomials to sum the tails.

After doing this summation we can apply the orthogonality relation (108). We evaluate
such integrals numerically. Proceeding in this manner we obtained

co(p?) =—1. (54)

We also obtained c,(j,) for low spins. It precisely matches the formula®

$1(20) = S1(6) + 7y
(e+1)

C2(j€) = ’ (55)

3At low orders in g, our work consists in rederiving known formulas, so we do not keep track of error bars when
executing our numerical procedure. However, when making new predictions, we were careful with errors and we
do present our results with error bars.
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derived in [14], where

{

S, (0) = Z (56)

m=1

Thus far we have deduced the conformal data of ¢, ¢2 and the leading twist trajectory to
order g2. Let us compute the OPE coefficients of the twist 4 operators at order g2, using the
w1 1,1 functional. The contribution of ¢? is equal to

A20m
2 é _
E:Cz W11 gz_

2( ap  2c() n 2(r13 =5)r13((r13 = 5)r13 +13) + 85 + Y4 Y13))
Y13—3 7r13—3 2(r13—3)(r13—2)? 2(r13—3)

(57)

Of course we already know the values of a; and c,(¢?), we are just exhibiting which CFT data
matters for the action of w ; ;.
The contribution of the leading twist trajectory is given by

oo 204200 + 2)
C2 et ) 2 58
2 Gt = Zﬁ(Y13—3)F(€+1)F(€+2) G8)

even even

(QF24=* (<2115 (ca) + 720251 (20)— 38, () + x T 573 -+ D)
2

2,d=
+Y2(J@) sz 1 - 2Y13))
The contribution of the subleading twist trajectory is equal to

L 2rz(¢)2‘+3(b2(6)—1)r(u%)Qz;“;%:“(—zm))
ZZ 7 (0111 |g2_2 T VA —3){+ D+ 2T+ DrE+2) 5

=0
even even

(59)

Our goal is to compute the averaged OPE coefficients of the twist 4 operators, which we call
b,(£). For this reason we will use the orthogonality relation with respect to m = 0 twist 4
Mack polynomials. (58) is a complicated expression, however we can in principle evaluate
it, since we already know all of the conformal data that enters the expression. This involves
summing tails, like before. After doing such a summation and using the orthogonality relation
(numerically), we managed to obtain b,(£) at low spins. Our results agree with the analytical
expression

6
b2(€)= 1+m, (60)

derived in [17].

3.5 Order g°

Let us compute the order g2 corrections to the OPE coefficients of the leading twist trajectory.
We assume the formulas for a, and y5(j,) [17], see appendix B.
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We will use the wy g ¢ functional. The numerical procedure to extract CFT data is the same
as before. The action of the w ( ( functional allows us to calculate the OPE coefficients c3(¢?)
and c5(j;) at low spins. This precisely matches the analytic formulas [15]

. 3(81(0)—51(20)+55(20)=2(S2(0)—51(0)S1(20+5,())  3(£+3)(S1(20)—2)—(+3)5,(0)
cs(je) = + , (61)
L(L+1) 02(0+1)2
5 7¢(3
c3(¢p?) = et —ﬁ ). (62)

Let us turn our attention to the twist 4 operators. Let us apply the w; o o functional, in order
to obtain their first order correction to the anomalous dimensions. Since their OPE coefficients
start at order g2, this means we need to study the w1 00 functional to order g3,

There are three types of contributions: from ¢2, from the leading twist operators and from
the subleading twist operators. The contribution of ¢?2 is equal to

2

4420, m . 351(—r13) YE(6Y13—3)  2713(6(y13—3)r13+19)—19
Z Cor0100 g2 =—57 > + >
2 (Y13 —3y13+2) 133 —3r13+2 2 (y%B —3y13+2)

where we used the Euler Gamma constant yp.
The contribution of the leading twist operators is equal to

icz 0L, 0| s = Z( 2r(¢ + %) x (r (E)Qf=z,d=4(_2}/ )+
= “100ls L\ [(yys — 2)202T(L +2)2 T Lm=0 13

No=24=4 3210 +3) 63
O 2+ S (63)

(220247 (—2r15) — (1 + 02,Q] 247 (—2r13) + 8:Q) 247 (—2113))).

where r;(£) and r,(¢) are written in appendix C.1.
The contribution of the subleading twist operators is

{+1
o, o 27 +3)+8)r (0 +3) emtdma,
ZZC (0100 g = Zw (m—z)(e+1)r(e+3)2“( Qg (2115).

=0
even even

(64)

Expression (3.5) is cumbersome and for this reason we did not manage to compute y;(7,4(¢))
analytically. We computed y,(74(£)) through the following numerical procedure: we can sum
the series (3.5) and evaluate the orthogonality integral for QT =hd= 4( —2y,3) numerically. The
obtained results can be found in table 1. The integrals can be evaluated extremely efficiently
and the reported errors are not due to the evaluation of the integrals. The errors are due to
using the approximation (121) for Mack polynomials at large spins, so as to sum the series
(3.5). The preceding table agrees with the expression [24]

)= GO = G T s T T6: (65

for the averaged anomalous dimensions of twist 4 operators.
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Table 1: Numerical results for the averaged anomalous dimensions of the twist-four
operators y;(74(£)) at order g! and comparison with the analytic expression.

y1(74(£)) Numerical Result Analytic Expression (65)
(=0 | 3.000000=+(2x107°) 3 3.000000
(=2 1.33334£(4 x 107°) 3 =1.33333
=4 0.6667 £ (2 x 10~%) 2 =0.6667
(=6 0.3872+(6x 1079 7 =0.3871
(=8 0.250 + (2 x 107°) 7 =0.250
(=10 0.175+ (5 x 1073) o+ =0.174
(=12 0.13+(2x 1072) 2 =0.13

Table 2: Numerical results for the averaged corrections to the three-point functions
of the twist four operators at order g°.

b;(£) Numerical Result
£=0 | —29.99998 £ (6 x 107>)
(=2 | —3.7541+(3x107%)

(=4 | —1.3029+(8x107%)
(=6 | —0.628+(1.5x107%)
(=8 —0.358 £ (3 x 1079)

(=10 —0.226%+(5x107%)
(=12 | —0.152+(7x107%)
(=14 —0.107+(5x107%)

Finally, let us consider corrections to the OPE coefficients of twist 4 operators. We com-
puted the function b3(£) for low spins numerically using the functional w; ; ;. As before to find
bs(£) we use the orthogonality property of Mack polynomials (108). By integrating s 1 1/g2
against (8—2y13)T? (y13) T2 (2—713) QZ;‘L’%:“(—ZYB) we get an equation that expresses b({)
in terms of the previously found OPE data. The results that we found are presented in table 2.
These predictions are new. We could not guess an analytic formula for b5({). It is clear from

the numerical results that b3(0) = —30.

3.6 Order g*

Let us outline the computation of the OPE coefficients of the leading twist trajectory and of
¢? at order g*. We assume the formulas for y,(j;) and a;.* We will use the wg 0,0 functional.
The computation is numerically more involved than at lower orders, since there are more tails
to sum, as we will see next.

Let us take into account the dependence on the quantum number m. The sum rule can
be written as >, , >, C., a)gf;gl = 0. For nonzero m, woom has double zeros for every

double twist operator. For m = 0, coo wL, m has double zeros at the subleading twist trajectories,
T=2A+2,2A+4,...and it is nonzero for the leading twist trajectory at T = 2A.
The OPE coefﬁc1ents of operators of twist 6 or of higher twist are at most of order g*.

“Expression (3.21) in [25] for y,(j,) contains a typo. There should be —65/96 instead of —65/81. We are very
grateful to Apratim Kaviraj for letting us know about it and for his precious help in navigating the ¢ expansion
literature.
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Table 3: Numerical and analytic results for the three-point functions of the twist two
operators and ¢? at order g*.

Three-point function Numerical Result Analytic Expression
c(9?) —15.830116 % (2 x 107°) ?
ca(2) 0.0814153 + (3 x 1077) L0857 3£8) — 0.08141533356
c4(4) 0.05753436+ (5 x 107%) |  [oe452l77. _ 956) _ g 05753437588
c4(6) 0.05416485 + (5 x 1078) | 20178094509693 _ 2313) _ () 05416483628

Since wg o vanishes for the subleading twists, their contribution comes proportional to the
anomalous dimensions squared, which are generically of order g'. We conclude that twist 6
operators or higher do not contribute at order g*. So, only twist 2 and twist 4 operators will
contribute to the wq o sum rule at order gt

Concerning twist 4 operators, their contribution at a given spin [ will come proportional to
>.C 12_4’1_ ( g)yz(u,i(ﬁ))l 4> where the index i denotes the degeneracy of twist 4 operators at spin

i. We obtained the value of this quantity from [17] (combine equations 3.6 and 3.10 in [17])

V272N +3) +6)T (L + 1)
C+1)(C+22T(+3)

D2 o Tl = (66)

For this calculation, we implement a numerical scheme that is a little different from the
previous cases. We consider the functional f,(s) = (2 +5)3(4 +s)2w0’0’0(s). Afterwards, we
use the orthogonality relation (108) for each spin ¢, even and odd. This will give us nontrivial
equations that determine the CFT data. f,(s) has the advantage that it allows to compute the
m = 0 contributions of the operators in the leading and subleading twist trajectories easily.
Such operators contribute polynomially to the sum rule. So, we can just decompose their
contribution into Mack polynomials, without needing to do the integrals (108) explicitly. We
computed the OPE coefficients of twist 2 operators with low spins and the results that we
obtained are presented in table 3. The errors come from not taking into account large spin
tails. These are hard to compute because of difficulties in evaluating Mack polynomials at
large spins. c4(£) for £ > 2 were computed exactly in [17]. Our numerical estimates agree
with the exact values which can be computed using the explicit formula presented in appendix
B. The prediction for c,(¢?2) is new.

Based on the structure of the perturbative expansion in g we expect the analytic answer
for c,(¢?2) to contain 7#, {(3), {(5) with some simple rational coefficients. For example we

6m*

can consider
L6t 31L(3)
5 24
Our precision is not good enough to exclude or confirm various possibilities of this type.
Let us compare c,(¢2) that we obtained with the values from the 3d Ising model [26,27]. In
that case the relevant three-point function is CCZT ve = 1.1063962(92). This should be matched
to the results of the e-expansion at € = 1:

+95¢(5) =—15.83011567...

2¢ 34 1863¢(3)—611
CZ =2 _ - 2 3 67
6859  323¢(3) 80¢(5) w* 2 23 4
- - +—+— _
( 472392 1 729 81 T a05 Tar® ))eflems
= 2.0000000 — 0.6666667 — 0.4197531 + 0.3722981 — 0.656398
=0.62948,
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where we used that c,(¢?) = —15.830116. Notice that the order e* correction makes the
agreement with 3d Ising model worse. At order €2 the deviation between C; 52 and C(ZT R

—0.1927. At order €2 it is 0.179518. At order €% it is —0.47688. This is a manifestation of the
asymptotic nature of the e-expansion. °

4 More Functionals and Holographic Applications

It is interesting to consider a broader family of functionals than the ones that we discussed so
far. To do it we relax the condition that the function F(y;4,Y13) that enters (3) has only poles
at integer locations. In particular, we consider

2

= M(Y19,713) + (OPE data) =0, (68)
(r12 + P2)(v14 + P3) T12:713

w—hz,Pz,Pz

where we explicitly wrote the residue that involves the Mellin amplitude itself and not the OPE
data. It is then convenient to define

(r12 + p2)(v14 + P3)
2 —Y12,P2,P3 *

wPP3(y19,713) = (69)

To get a sum rule that involves only the OPE data and not the Mellin amplitude itself we
use crossing symmetry. More precisely, y,3 <= 714 crossing symmetry of the Mellin amplitude
M(y12,Y13) implies that

WPPP3(y19,713) — PPP3(y19,714) = Z C?,EAZ;?@?;(YB’YH) =0. (70)

T,0,m

Since M(y13,713) cancels in (70), this sum rule involves only the OPE data.® This family of
functionals depends on two integer parameters p, and p5, and two continuous parameters y13
and y14. The function Ai zzp (Y13, Y14) has zeros at the double twist locations T = 2A + 2n. It
has single zeros when m + n = p, or m+n = p3, where m > 0 and m € Z, and otherwise the
zeros are double zeros.

We will find it useful below to consider p, = p; = 0. In this case the functional has a single
zero at the leading double twist trajectory and double zero otherwise.” An example of the

functional of this type was considered in [5], namely

A A
3’3

A A

_ .00
x)—w (3,3

o, [wo’o( + x)] lieo=0. (71)

This functional was found to possess interesting positivity properties, namely all operators
with T > 2A produce a nonnegative contribution.
We can similarly consider
2
(Y12 +P1)(r12 + p2)

Wp. pr—r1s — M(y12,Y13) + OPE=0. (72)

>Padé approximations are often used in this context (see for example [28]). We checked that a rational ansatz

for C; e with a degree 3 polynomial of € in the numerator and a degree 2 denominator, which is completely fixed
2

by the Taylor expansion (67) and the condition C pope;
approximation gives C; sp2 1.15 for € = 1. This result is relatively insensitive to the e* term.

®The same applies to wP2P3(y1,,713) — wWP>P3(y1,,714) but we do not consider this case in the present paper.
"Note that we do not have such a functional within the class w discussed in the previous section.

= % for € = 2, does not have poles for 0 < € < 2. This

P1,P2,P3
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Again defining

. (r12 +P1)(y12 + P2)
PPy 1y v13) = Y12 P12Y12 D2 AN 73)

and using crossing symmetry of the Mellin amplitude we can get sum rules in terms of the OPE
data only

OPTP2(y,, YlS) — PP (yq,, Y14) =0. (74)

A new feature here compared to (70) is that by setting p; = p, = p we are probing the sub-
leading Polyakov condition. In this case the functional has zeros at the position of double twist
operators T = 2A + 2n except at n + m = p, where m > 0 and m € Z. Next we consider a few
examples of applications of these functionals.®

4.1 XA¢*in AdS at one loop

Let us consider a scalar field in AdS of dimension A and introduce a quartic interaction

5Sp = %f dix /go*. (75)

At tree-level this interaction leads to anomalous dimension of spin zero double twist operators
[29]

o 27 a2 (4 n)r(a+n)r(A—S+n+3)T(2a—% +n)

= . (76)
PEC T () T+ DT (A +n+ ) T(A— 4 +n+1)TRA—d +n+1)
We next consider the action of the functional (70) with p, = p; = 0 which gives °
A 3 Y14(Y13 + 14— A)(T +2m—y3— A)QZ m( 2713)
whm = (r +2m —2y3)(T + 2m + 2y 14 — 2A)(T + 2m — 2A)(T + 2m — 2713 — 2714)
T13(r13 + 114 — A)T +2m— Y14—A)Q[ m( 2714) 77)
(r +2m —2y14)(T +2m + 2715 —2A)(T + 2m —2A)(T + 2m — 2713 — 2714)
Expanding to the leading order in A, we find
oo
1
Z 3 n[ —olr 512 002N onson = Om+ZCn oﬂoga Ar=2pm=0=0, (78)
m,n=0 (=2

even

where }/5)22 is the O(A2) anomalous dimension of the leading double twist trajectory operators.
The situation is depicted on fig. 5.

We then plug the formula (77) into (78) and note that the sum rule factorizes. In other
words, it takes the form f(y,3) = f(y14) for arbitrary y,3 and y;4. The solution to this of

8In this section, we apply dispersive CFT sum rules to holographic CFT’s. Let us clarify which results we obtain
are new and which are not. We compute the one-loop anomalous dimensions of double twist operators in ¢*
theory for the case in which the conformal dimension of the external scalar is not fixed. See formula (79). To our
understanding, this is a new result. We compute the tree level anomalous dimensions of double twist operators
induced by the exchange of a scalar in the bulk, see formula (85). Such anomalous dimensions were originally
derived in [30]. We show that in A(3 ¢ )* theory one must have A > 0, a result that was originally derived in [32].
Finally, we investigate the contribution of heavy operators to the dispersive sum rules. This analysis is novel.

°From now on, we do not write the superscripts p, = p; = 0 and the arguments y13, Y14 of the function A
to avoid cluttering.

T,0,m
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Figure 5: The functional A, ,, given in (77), and its contribution to the sum
rule (78). The red dots signify double zeros of the functional, A;  ,,, and the blue
dots signify single zeros of the functional. At subleading order, the sum rule (78)
receives two types of contributions. A contribution at{ =0andn=0,1,2,... com-
ing from contact diagrams in AdS. And a contribution from the leading tracjectory
T=2Aand { = 2,4,6,... coming from the 1-loop bubble diagrams in AdS.

course is that f(y;3) = const. Next we project this result to the collinear Mack polynomial
of given spin £ > 2 and T = 2A using (108). The collinear Mack polynomial captures the
contribution of the leading SL(2,R) exchanged primaries. Note that the unknown constant is
projected out. In this way we get the following equation

2 _ 1+ ( 1) 1
Y =— ZCM o T, £22, (79)

, iz‘m“z“ 4I‘(m+n+1)2F(A+n+%)F(ZA—%+2n+1)
=
v T(m+ 1A +n)3T (2A— 4 +m+2n+1)

L T@rr(ate—z) (74 Q) rz(—i)rz(”m)
(A +0OT2A+(—1) 4ni s +m+n+A 2 2 '

—i00

It is possible to compute 7, , precisely using the results of [30] as we explain in the next
section, see equations (85)-(86). More precisely we get that

T,,exch
— 1 (5hp|pert + 5hp|n0ﬂpert) = 1 Yg x | (80)
nt = CZ (A+n— _)2 Ty 24420 ZCZ (A+n ) i

where 6hP| ey is given by (2.36) and 6hP|,onpere Dy (2.37) in [30] upon substituting h; = %,

hp = %’f and h=A+J. By y;”’eXCh we denote the anomalous dimension induced by the tree
level exchange of a scalar field y in AdS, analyzed in the next section. The constant C, is the
coefficient of the three point function (¢ ¢ y) and it is proportional to the corresponding bulk
cubic coupling. Eqs (79) and (80) compute the 1-loop anomalous dimension in A¢* theory,
in terms of an infinite sum of tree-level anomalous dimensions in g¢?y theory.'°

10This is reminiscent of the identity [G,(X,Y)]* = >, a,(A)Gya 42,(X, Y) that expresses the square of the AdS
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We checked numerically that the formulas above agree with the conformal data from [31],
who computed the 1-loop diagrams in AdS,, see (5.16) there. They computed double trace
anomalous dimensions for the leading twist n = O trajectory and spin J, for two values of
external A =1,2:

) _ My 2 >9 A=1
Toe = [2e+1¢ (E+1)+ e(£+1)]y’ £z2, ’
@ _ 6 2
(>2, A=2, 81
Yol = s D+ +3) = (81)

. _

nJ=0 =3 nz , which turns out to be inde-

where 7y is the tree level anomalous dimension y = y
pendent of n for A=1,2and d = 3.

The one loop diagram diverges in d > 3, where d refers to AdS;,; . In that case, the con-
formal data is defined by analytic continuation in d. We numerically checked the convergence
of our formula for the one-loop anomalous dimensions in several cases, including in d > 3,
provided [ > 2. In fact, for d = 3 our formula for the one loop anomalous dimensions agrees
with the formulas derived in [31], who examined the issue of compatibility between renor-
malized perturbation theory and the conformal block expansion. The UV divergence of the
bubble diagram corresponds to a divergent counterterm for the quartic coupling. We know
that a purely quartic interaction (no derivatives) only contributes to the anomalous dimen-
sions of spin 0 double twist operators. Therefore, the UV divergence should not appear in our
formula (79), which is valid only for spin greater or equal to 2.

It should be possible to determine one-loop anomalous dimensions of higher twist opera-

tors Yg{zg using the functional (70) with p, + p3 > 0 but we do not pursue this here.

4.2 Tree-level scalar exchange in AdS

Consider the interaction g¢2y in AdS, where ¢ is a scalar with scaling dimension A and y is
a scalar field with twist 7. At tree level, the sum rule is:

T 4-exch

Cy Z AU om T Z Cn =0,e7¢ aTA'r:ZA,l,m:O =0, (82)

even

where the functional A ; , is defined in (77). The first term above is the single trace exchange

of y, the second term is the double trace contribution from the leading trajectory n = 0, and
T,,exch . . . ..
are the double-trace anomalous dimensions with n = 0, arising from exchange of a

bulk field y. The second term above can be written explicitly as:

2717 (2A + 20)T(2A + 20 — 1)
) ( 259(=2y13) —Qiﬁ’d(—z}’m)) . (83)

O- A — =0 =—
T r=2A0,m=0 F(A + €)41—'(2A +4—1 Qf 0

. ,exch
The equation above depends on y;5 only through QZA’d(—Z)/lg). Thus, we can extract y;" e

by integrating (82) against | A r2(=5)r2(3° )Q2A d(s) with s = —2y,5, and using orthogo-

nality of the Mack polynomials. This gives:

cpexch | —CETHAN(A+L—] )F (s + ZA) Q24(4) i A
Te w2t ZAF(A +0r2A+6—1) ) _ 4m Lo T Ty 0m>

(84)

bulk-to-bulk scalar propagator G, (X,Y) as a sum of propagators with double-trace dimensions [29]. This identity
can be used to write the 1-loop diagrams of A¢* theory in AdS in terms of tree level exchange diagrams, which is
what formulas (79) and (80) achieve.
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where £ > 2. This equation computes the n = 0 double trace anomalous dimension arising
from a tree level exchange of a scalar y. Plugging Eq. (77) inside (84) gives:

Ty exch C228+2A ZFZ(A)F(A +4— 2) F(TX)SIHZ(TC(A )) Zmo204T, 42
m

> r’(———=+)
mr(A+£)r(2A+£—1) T4(£) Z:;F(mﬂ)(fx—%“)m

+2A 1 1
x (-1 (- f)rz(s ) + . (85
& )J Q“’ 2 2 (s+2m+’tx —s+2m—2A+Tl) (8>

In principle, this computation can be generalized to exchanges of operators with spin J > 0.
The main difference is that the associated tree-level Mellin amplitude grows like y{;l in the
Regge limit. This means that we need to take into account the contribution from the arcs at
infinity in (3) or choose a function F decaying faster than 1/ }/”1 at infinity.

Note that the RHS of (84) has double zeros at T, = 2A+2n, due to the factor sin?(m(A— %)).
We now take the limit T 4 > 2A+2n of Eq. (85), and notice that we get:

7., ,exch

1
ZC)% (A+n_%)2 T, —2A+2n

Tt (86)

where 7, , is given in (79). In other words, the coefficients of the double zeros are proportional
to Z,, ,. We used this result in equation (80).

We could also study ¢ theory at 1-loop level. Notice that this involves Witten diagrams,
like the box diagram in AdS, that are not present in ¢* theory. Using methods similar to
the ones in section 4.1, one should be able to derive formulas for the one-loop anomalous
dimensions of the leading twist operators Ygfg . We leave a detailed analysis of this model for
the future.

4.3 (0¢)*in AdS

Let us next consider a weakly coupled theory in AdS with the following low energy action

Sy :fdd+1x¢§[%(8u¢)2+A(8“q58“q5)2+...], (87)

where A is a small parameter and ... stands for terms that are higher order in A.
We can study this theory with the functional (71) which was also considered in [5]. It
takes the following form

A A
8x[ 00(5 E_X)_ 00(5 §+X):| |x =0 = Z Créa’rﬂm 0, (88)
T,0,m
o _ 16A (T+2m—A)QZ’i(Y13 =%) . Qe m(Y13 2)
T3 -2 om)(c— Lt 2m)\ (- B 2m)(c— L +2m) 3 T+2m—24 )

At tree level, the contact diagram contributes only to the OPE data of the double twist
operators with spin £ = 0 and £ = 2. Since the functional (88) has double zeros at the position
of double twist operators for £ = 0, the only contribution at order A comes from £ = 2 and
T = 2A (i.e n = 0). Operators with n > 1 contribute at order O(A2). The sum rule at order
O(A) therefore takes the following form

2AA+1)2A+1)T(2A+4
(A+DRATIICA+D o o 5 cﬂaﬂm’ =0. (89

4 n=0,{= 2V n= 0,{=2
BF(A + 2) T>2A,0,m
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Non-negativity of the functional a,>; ¢, then implies non-positivity of the anomalous di-
mension

(1)
Tno=2 = 0- (90)

This matches the previously derived causality constraint from [32,33]. As discussed in [5] the
argument above only applies to &2 < A< 3(d 2)
improve this range in the present paper.

Let us now briefly discuss a possible mechanism how (89) can be satisﬁed. In order for
it to work, there must be a cancelation between the tree level result ~ Y 0 /—, and heavy
operators T > 2A. We want to estimate the contribution of the heavy operators into the sum

rule. At large energies the theory becomes non-perturbative, we can estimate this scale by
a ) ©)

, where our functional converges. We do not

looking at the anomalous dimensions v, ,_, at large n and demanding that T ~ 1. Using
dimensional analysis we can 1mmed1ately erte , we have
Yszzo,z ~ A(energy)®*! ~ And*1, (91)

Therefore, the value of n above which non-perturbative effects become important is:
-1 -1
n, ~ A@ — T~ 2N, ~ AT, (92)

Using the result from appendix F of [5], we can estimate the expected contribution to the sum
rule at large 7 and fixed ¢ as

[
dt dt 1 |°
C o ~ ~ _—~ _ N}, 93
E 0 7€m|7rl rd+2 Aﬁ rd+2 rd+1 )Lﬁ ©3)

T=2A,m

This estimate is therefore consistent with the structure of the sum rule (89). In the estimate
above we assumed that the universal OPE asymptotic derived in [34] for fixed spin OPE data
does not change in the presence of sin? @. In the terminology of [18] we assumed that
the UV completion of (87) is opaque. It would be interesting to understand what are other
possibilities to satisfy (89).

4.4 UV Complete Holographic Theories

More generally, we can consider a theory with a weakly coupled gravity dual. Asin the previous
section we can compute the tree-level Mellin amplitude and we will find that

1
Yélm Myree(v12,713) = erfIR(YB)(l + O(Yl 1)) ~ (c_) ’ o4
T

where ¢y is the central charge of the CFT and it is inversely proportional to the AdS gravita-
tional coupling. In the formula above fiz(y13) receives contributions from the exchanges by
spin two particles, e.g. graviton exchange, as well as tree-level higher derivative interactions
(8H¢8“¢)2 considered in the previous section, as well as from qSqu;Wqu;“"" , see [23], which
together contribute as f;,4(y13) = ¢1+¢2Y 13- On the other hand, spin zero and spin one particle
exchanges will not contribute to (94).

Let us also present for completeness the result for the graviton exchange, see formula (164)
in [35],

(d—1)dF(d+2)3F2(d Aty —A—-1;4 41,9 4y Al)

foav(r13) =C
grav\i/13 321"( +1) 1"(—§+A+1) (d—2A+2y;3—2)

(95)

""The coupling constant has mass dimension [A] =—d — 1, and y,,, is dimensionless.
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If we now consider a function

F(r12,713) = =5~ (1+O(y1 ) (96)
Y12

in the functional (3) we will find

dy
f 21.2 Miree(Y12>Y13)F (Y12, Y13) = fir(v13) - (97)
c., 2mi

On the other hand, by closing the contour on the singularities of M,;e. and F(y,,713) we will
get the type of sum rules that we analyzed in the paper, namely

nmax
0),0,
C%L Z +ZZCT(M)£ F0: m_fIR(Y13) (98)
m= n=0 {,m

where the second term in the LHS of (98) represents the contribution of the double trace
operators. For simple choices of meromorphic F that we consider here only a finite number
of double trace families contribute at leading order in é This is signified by n,,, in the sum
above.!?

Consider now a UV complete theory which at low energies is given by Miee(Y12,713)- We
can apply to this theory a functional w to get a sum rule

wF—Zczew;emZO. (99)

T,0,m

Imagine we now want to analyze this sum rule to leading order in é The contribution
of M,,., to the sum rule (99) can be conveniently computed using (98). Of course, we can
alternatively sum over the relevant single and double trace operator OPE data that contributes
at order in é in (99) however it is much simpler to use (98) instead. In this way we get that
(99) becomes

finris)+ D €2 0" L =0, (100)

T,0,m

where by Z/ we denoted the contribution of all operators that are perturbatively suppressed
and are responsible for the fact that the sum rule is satisfied in the non-perturbative theory.
We can think of these operators as the UV completion of the theory. For example, in the theory
of a scalar minimally coupled to gravity fIR(Ylg) = fgrav(v13)- The argument above can be
repeated for more general F(y1,,713) ~ Y%kﬂ This would lead to similar sum rules which are
sensitive to the i terms in the large c; expansion.

An interesting situation is when each term in Z/ is non-negative. We discussed some
example of such functionals in the present paper, see e.g. section 4.3. The sum rule (100)
then is an interesting prediction about the UV completion of a given theory. It would be
very interesting to understand a detailed mechanism how such sum rules are satisfied in the
UV completion of gravitational theories and if it imposes any new nontrivial constraint on the
consistent low energy effective theories. We leave this interesting question for the future work.

12For example, given F(y1,,73) that satisfies (96), one can consider a theory ¢y and explicitly check that the
correction to the OPE data of double trace operators exactly cancels the contribution of the operator dual to y in
agreement with the general argument above.
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A Notes on Mack Polynomials

We denote the residue of the Mellin amplitude M(y5,713) as

d
1 Cf,g QZ,m(—zYls)

M , N —— . 101
(r12,713) 27— (A—T—m) (101)
The calligraphic Qz’i(s) is related to the usual Mack polynomial QZ’i(s) as follows
’T.',d _ T,d
Qyn(s) =—K(7,£,m)Q,’ (s), (102)
where the proportionality factor is given by
20+ —1),T(20 +
K(t,6,m) = B Ch it NE ek . 03)
2T (3(20+ 7)) T(m+ DI (—m+A—3) (—§+0+7+1)
Note the minus sign in (102).
For the Mack polynomial QZ’i (s) we use the following representation [36]
L s T
T,d Al Vi
Q) =41 Y Y, (S + 5)n1 w(t,my,ny,7,d),  (104)
n;=0m;=0
where
27tr+ (=)™ (d4+0—1) (b—m+3%) (n+2 m+n+<
‘U,(E,m, n, T,d) = (2 )—m( Z)m( 2)€—n( Z)Z—m—n
'(m+1DI(n+1rl—m—n+1)
20+7—1), ><4F3(—m,—g+I+1,—é+£+1,€+n+7—1;€—m+z,n+z,—d+f+2;1).
2 2 2 2 2 2
(105)

A.1 Mack Polynomial Projections

We will also find it very useful to consider functionals that are obtained by integrating
Wy, p,p,(Y13) against Mack polynomials. To agree with the standard conventions for Mack
polynomials we switch to the s variable

S = _2')/13 . (106)

We then consider the following projection

e ds S s+ 7T

(v6) = 7,d 2(_2\r2

wPiPz,PB _f o 27i wPl;szps(S)Ql,O ()T ( Z)F ( 2 ) . (107)
—i
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where the reduced Mack polynomials QZ’i(s) were defined above. Note that Q;’g (s) is d-

independent. The collinear Mack polynomials Q;’g (s) satisfy the orthogonality relation

+ico 0.0 7\4
d Spp(—1)4'TU+1)T (L + =
| amenoaror (5)e ()= g i)l o
oo AmiH ; 2 2 2l+7-1)(l+7—1); Tl +7—1)
Another useful identity is the following
0 s s s+7T
7,d 7,d 2 2
Qe (-2 )2 (55)
Loo 4qui THOTITTEE0 2 2
0 U<te,
= (—1)t24 =27 1 T(L+ )T+ T (E+7—1)I (L' +1) V> (109)
=0 +t+7-1) T(L+5HrE+54) -t
A.2 Proof of Positivity of m = 0 Mack polynomials
The m = 0 Mack polynomials are given by the formula
28((x/2)) s T T
T,d 4
= F (4 l+T—1,—; =, —;1). 110
Qo = (r 1o 1), 2™ ToLegigyt (110)

Mack polynomials are related to continuous Hahn polynomials, which obey useful recursion
relations to study their positivity properties. A continuous Hahn polynomial is defined by'?
L (a+c)u(b+d),

pa(x;a,b,c,d) =1 sFy(—n,n+a+b+c+d—1,a+ix;a+c,a+d;1)111)
I'(n+1)

Continuous Hahn polynomials obey a recursion relation. Let us define

'n+1)
= ;a,b,c,d 112
pn(x) = pnlx;a, b,c, )(n+a+b+c+d—1)n’ (112)
__(n+a+b+c+d—1)(n+a+c)(n+a+d) (113)
" (@n+a+b+c+d—1)2n+a+b+c+d)’
_ nin+b+c—1)(n+b+d—1) (114)
" @n+a+b+c+d—2)2n+a+b+c+d—1)
Then,
Xpn(x) =ppy1 () +i(A, + C, +a)pp(x) —A,—1Cppr1(x). (115)
We have that
pe(0) =27"i'Qy (116)
provided we pick
a=—S p=_S SHTog_stT (117)
2 2 2 2
Let us define Q(¢) = 27* Q;’g (s). Then,
(—2+0+T1)(—24+204+7T) 254 T « .
— {—1)— H+QL+1)=0. 118
16(—3+2€+7)(—1+2£+7)Q( ) 4 AO+Q ) (118)

13We took formulas for continuous Hahn polynomials from the book [37], see the pages 200 and 201.
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Let us use this recursion relation to demonstrate that m = 0 Mack polynomials are positive,
i.e. Q(¢) =0, provided s > —3. For spins £ =0, 1, 2:

25+ 7T
4

QO)=1, Q)= (119)

(T +2)
T+1 '

. 1
, A =1¢ (452 +4sT +

By mathematical induction the recursion relation implies the positivity at all positive integer
¢. Furthermore the recursion relation

1. (—24+0+1)(—2+20+7) _ - 254+ 7T .~ ~ _
U0 16(—3+20+7)(—1+20 + 1) aQlt=1) 4 Q) +aQE+1) =0,
together with
200 =0, 20 =5 AQ()=32+7), (120)

implies that 3,Q(¢) is positive for s > —5. We believe that this argument can be generalized
to establish positivity of higher derivatives of Mack polynomials, but we have not tried to do
that.

A.3 Limits of Mack polynomials

Let us study Mack polynomials when the spin ¢ is much bigger than all the other quantum
numbers. The following expansion

V27 m 2T (0 IV P04 7 — Dp ()T (S + £+ m+ 7 +1)
r(e+3-Dr(e+i+Or(-¢+e+r+1)r(AEm+s+1)°

(=1 272 (04 DY T(C + 7 — 12T (—2m—s — )T (—% Fltm+TH 1)

Q) ~ (12

+
r(—=3)’re+:-Dr+3+Hr(-¢+r+7+1)
+O(%), (>1.

can be derived [38] from the recursion relation in m, see (124). p,,(s) is an m-th degree
polynomial in s and it obeys p,,(s) =s™ + (9(%). We found that

d—2
po(s)=1, p1(3)=7+s+%. (122)

A.4 Some facts about Mack polynomials

Mack polynomials obey the following symmetry property
Q)= (-1 Qp (s =7 —2m). (123)

For this reason, at s = —5 —m odd spin Mack polynomials vanish and even spin Mack polyno-
mials have a vanishing derivative. Mack polynomials obey the following recursion relation in
m for fixed 7 and £ [39]

Q(s,m) (—4dm — 402 —40(t — 1)+ 4m? — 4ms + 4mT — 25% — 257 — Tz) (124)
+2mQ(s,m—1)(d—-2l +m+ 1)) +2mQ(s +2,m—1)(d —2({ + m+ 7))
+52Q(s—2,m)+(2m+s+1)*Q(s +2,m) =0.
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We also found it useful to express m > 0 Mack polynomials in terms of m = 0 Mack
polynomials. In d = 4 the relevant formulas are

d= T d=
Q1) =G+ 5 + Q7 =o(s) (125)
and
d: d d:
Qpsa(8) = Q5o a(s) + aQy e (s), (126)
where
(=3l +7—1)2L+7—4)*(45*(t — 1) +4s (> + 31 —4) + > + 61% + 87— 16) (127)
a, = 5
! 16(t —1)(26 + T —5)(20 + T —3)
8s3(t—1)+12s% (72 + 31 —4) +5(67° + 407> + 487 —96) + t* + 107° + 327% + 167 — 64
as =

8(t—1)
(128)

We believe similar recursion relations can be generated at any finite m and in any d.

B OPE data

For our purposes, it is important to know what has been computed before. The dimensions
of ¢ and ¢? are known to the order € [40]. The dimensions of the leading twist trajectory
(which starts at spin 2) are known to order e* [25]. As to the subleading twist trajectory, twist
4 operators are degenerate for a given spin. This degeneracy was analysed in [22,41] to order
€2, where anomalous dimensions and OPE coefficients are given for operators with low spins.
However, no formulas for arbitrary spin are given. We conjecture a formula for the averaged
anomalous dimensions of twist 4 operators (65).

The OPE coefficient of ¢2 with two operators ¢ is known to order €3 [14]. We compute
the order €* correction (see table 3). The OPE coefficients of the leading twist trajectory are
known to the order e* [17]. A formula for the averaged OPE coefficients of twist 4 operators
is known to the order € [17].

Using our notation from section 3.1, let us register the value of known quantities in the €
expansion. The spacetime dimensionality d defined in (29) takes the form

d=4—3g+§g2+(—12§(3)—§) +(75§(3)+1zog(5) 77_3m )g +asg’ +.
(129)

where for completeness we also note here as that was computed in [40] even though we did
not use it in our paper

159¢(3) ) 4175 289n*  10m°
=" 727(3)% —5044(5) — 1323¢(7) + + + ) 130
5 2 ¢@3) ¢(5) ¢(7) =6 T 240 51 (130)

Similarly for the dimensionality of the scalar defined in (30) takes the following form

d—2 1 5 7 70(3) 1
A, —— 2= — 24 4+(—+—) L 131
6= 5 =128 Y58 1028 16 ' 2304)¢ (131)
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For the twist-two operators the OPE data was defined in (31). The anomalous dimensions
that are known but were not explicitly written in the main text take the following form

1 250 | 3(202-1)
1200 =gy U0 ="y Y a2

, 3S,(0) +282(¢) €(*+20*—3(—4 -1 , 2
r4(e) = — 2€(£+1)1 + ( 403(0 +1)3 )(52( 5 )—52(5)4‘%)

(5302 +17¢ —18)S,(£) 1
602(0 + 1)2 1203(0 +1)3

(—58¢*+26¢3+814%—15¢(—33) . (132)

For the three-point functions of the twist-two operators that were defined in (35) we have

$120)—$,(O) + 71
LL+1) ’
3(0+3)(5:20-5)-(+3)8,(0) N 3(81(0)—S1(20)+85(26))—2(S2(€)—S, (£)S1(20)+55(£))
02(0 +1)2 (L+1) ’
20 (2963 —9( + 1) (€2 + ¢ +4) {(3) — 480> — 380 + 24) + 33
1203(¢ + 1)
2530 . S2(20) . sf(e)(zsl(%) | ((530+29)— 15,
0240 202(L+1)2 02+ 6£2(L +1)2
(L +2)—7)—4)S5(5))  (£(£(E(89L + 130) — 10) + 45) + 48)S,(¢)
2030+ 1)° * 12030 + 1)°
+51(2e)(€ (¢(5802 —26¢ —81) +27) + 33 . (02 +¢—4)S,(5) . 2(02+¢ +2)52(€))
1203(¢ +1)3 202(¢ +1)2 02(0 +1)2
(30—L(71L +17))S5(20) (€2 +€—4)S3(5) (4—7(L+1))S5(€)  9S5(2¢)
6£2(L +1)2 402(0 +1)2 02(0+1)2 0244
+Sl(£)(e(e(83—2e(29e +40)+9)—33 (12—£(53( +17))S,(2¢)
1203(¢ 4+ 1)3 602(€ +1)2
(2+0—-4)Sy(5)  (=60(£ +1)—4)S,(£) | 655(20)
“wmare T ease. Tl

c(je) =

cs(je) =

c4(Je) =

C Auxiliary formulas

C.1 Miscellaneous formulas

Here we present a few bulky formulas to which we refer from the main part of the paper.

1
r1(0) =12yg(y13 —2)0(€ + 1) — 14(y13 — 2)0(£ + 1)S1(£) + 6(y13 —2)(£ + 1)S, (£ + E)
+2(67130% + (y13— 2)(£ + 1)e1log(64) — 3713 — >+ 30 +6) , (133)
1
ro(€) = 14(y13 — 2)€S1(£) — 6(y13 — 2)(S1 (£ + E) —12yg(y13—2)

B (+1 '

(134)
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C.2 Computing (46)

Consider the integral (46). The part proportional to a; can be computed using (108), since the

spin 0 Mack polynomial is equal to 1. Let us deduce an analytic expression for the nontrivial

part of the integral (46), which is the part not proportional to a;. The idea will be to consider

(46) for noninteger £ and use the Mellin representation for the Mack polynomial.
Q;;f:"é:‘}(s) has the following Mellin representation

Q=5 = 2TU+0) dsy T(s1)0(— —51)T(1 +£ —5))0(=5 —5,)(-1) ™"
tm=0 )= 1+0,r(=0r=3) ) 2mi I'(1—s)? .
(135)

In the formula above /£ is taken to be non-integer. The contour is bent, in such a way as to pass
to the right of the poles of I'(s;) and to the left of poles of I'(—€ —s;)I'(1 +£ —s1)I'(—5 —s7).

We plug this expression in (46), exchange the order of integration and evaluate the s
integral. This gives

2

As eSS S ot ts m 1w
J4m’r( Z)F( 2 Sl)r(2+1) 2+s_I‘(sl)sin(nsl)(sin(nsl)z s1—1 ¥ (sl))'
(136)

We obtained this formula by deforming the contour to the right, picking up the poles from
I'(—3)I'(—5 —s;) and evaluating the infinite sum over residues. The contour of the integral
above is supposed to be bent, separating left from right poles.

Thus, the nontrivial part of (46) is equal to

2T(1 +¢) ds, ,
A0 + ), f 5 L= sOT(L 4+ £ =5)T(s1)° %

7'C2

sin(rsy (1) ——y0). a3y

sin(7ts;)2  s;
We evaluate the s; integral by picking the poles at s; = 0,—1,—2,.... We thus transform the
s, integral into an infinite series. Let us take the limit where £ becomes an integer again. The
infinite series must diverge, in order to cancel the 1/T'(—{). For each integer £, only £ terms
out of the infinte sum contribute to the divergence. In fact the terms come from just I'(—£ —s; ).
Thus we conclude that the nontrivial part of (46) is equal to

AT+ 02— (1) T(A+L+n), 1+n  yYOQ+n)
(1+20), Z:) I'(1+£¢—n) (r(2+n)2Jr r(1+n)2)' (138)
We checked that (138) is equal to
27+ 12 (€ + 12D (L +1) =+ 1)2pD (42) -4
I G Vu (Vi CR) bl R il o ) n? NPT

(C+1)2r(e+3)

that we quoted in the main text.
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