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1 Introduction

With the recent resurgence in the applications [1-14] of the conformal bootstrap program
in higher dimensions, it is of interest to ask which of these results are universal and will
hold for any conformal field theory (under some minimal set of assumptions). Among other
things, such results may prove useful tests for the burgeoning set of numerical tools (see
e.g. [15-18]) being used in the program. In this paper we will prove one such result in any
d-dimensional CFT with d > 3.

We will consider CFTs in dimensions greater than two. We will assume that there is a
scalar operator of dimension Ay and a minimal twist (7 = d—2) stress energy tensor. Then
using the arguments of [19, 20|, one finds that there is an infinite sequence of large spin
operators of twists 7 = 2A4 + 2n where n > 0 is an integer. By assuming that there is a
twist gap separating these operators from other operators in the spectrum, we can go onto
setting up the bootstrap equations which will enable us to extract the anomalous dimension
v(n, ) of these operators [19-21]. In [21], we derived ~y(n,{) for 4d-CFTs satisfying the
above conditions in the large spin limit. We found that the n > 1 result was universal in
the sense that it only depended on n, ¢ and ¢y the coefficient appearing in the two point
function of stress tensors, with no dependence on Aj;. We were able to show an exact
agreement with the Eikonal limit calculation by Cornalba et al. [22—-24]. In this paper we
will extend this analysis to arbitrary dimensions greater than two.



One of the key results which will enable us to perform this calculation is the derivation
of a closed form expression for the conformal blocks in arbitrary dimensions in a certain
approximation. This was already initiated in [19, 20] and we will take this to the logical
conclusion needed to extract the anomalous dimensions. In particular, we will derive an
expression that solves a recursion relation (see eq. (70) appendix A of [19] which follows
from [25]) relating the blocks in d dimensions to the blocks in d — 2 dimensions. In the
large spin limit, the blocks simplify and approximately factorize. This is what allows us to
perform analytic calculations.

We find that the anomalous dimensions 7(n, £) in the limit £ > n > 1 take on the form

8(d+1) T'(d)? n?
(n, 0) = —CTEdJ_F 1))2r((g))4€d‘2 . (1.1)

Here cp is the coefficient appearing in the two point function of stress tensors. Since £ > 1
we do not need cr to be large to derive this result. However, if cr is large we can identify
the operators as double trace operators. One of the main motivations for looking into this
question was an interesting observation made in [26] which relates the sign of the anomalous
dimensions' of double trace operators with Shapiro time delay suggesting an interesting
link between unitarity of the boundary theory and causality in the bulk theory. We found
in [21], that y(1,¢) could be positive if Ay violated the unitarity bound.

We will show that the bootstrap result is in exact agreement with the holographic
calculation performed in [22]. In this calculation, one needs to assume both large spin and
large twist. Moreover, why the sign of the anomalous dimension is negative as well as why
the result for the anomalous dimension in this limit is independent of o’ corrections are
somewhat obscure. We will turn to another calculation in holography, proposed in [28]
which has three advantages: (a) one can consider £ > 1 but n not necessarily large (b) it
makes it somewhat more transparent why o’ corrections do not contribute to the leading
order result except through ¢y and (c) it relates the negative sign of the anomalous dimen-
sion to the positive sign of the AdS Schwarzschild black hole mass. We will extend the
results of [28] who considered n = 0 to finite n.

Our paper is organized as follows. In section 2, we write down a closed form expression
in a certain approximation for conformal blocks [25, 29, 30] in general dimensions. In
section 3, we set up the calculation of anomalous dimensions (for double trace operators)
in general dimensions > 3 using analytic bootstrap methods. In section 4, we perform
the sums needed in the limit £ > n > 1 and derive the universal result eq. (1.1). In
section 5, we turn to holographic calculations of the same results. We conclude with a brief
discussion of open problems in section 6. Appendix A shows the exact n dependence in
d = 6 extending the d = 4 result [21].

1See [27] for a recent work on the sign of anomalous dimensions in A/ = 4 Yang-Mills in perturbation
theory.



2 Approximate conformal blocks in general d

We start with the bootstrap equation used in [19, 21],?
1423 P 0.0) + 0w+ = (1) 7S b, 1g® 2.1
+ Z KZ mU 2 f'r'm,gm( ’U) + (u 2 ) - ; Zg T,egq',ﬁ (U? u) . ( ‘ )
m 7-7

For general d dimensional CFT, the minimal twist 7,,, = d — 2. This is the twist for the
stress tensor which we will assume to be in the spectrum. The function f. 4 (0,v) is of
the form,

me,em (07 U) = (1 - ,U)Zm 2F1 (Tén + ETI’H 7—77” + gm) Tm + 2€m7 ]' B U) ’ (22)

On the r.h.s. of (2.1), g_(rdg (v,u) denote the conformal blocks in the crossed channel. In the
(d)

limit of the large spin, g, (v, u) undergo significant simplification as given in appendix A

of [19]. For any general d, the function gidf) (v,u) can be written as,

%) (v,0) = kgir (1 — W) FD(r,0) + O(e724V7) | (2.3)

where subleading terms are exponentially suppressed at large ¢ and,

kg(w) = 27 o Fy <§, g,ﬁ,w) : (2.4)
In the limit of large ¢ and fixed 7 and for u — 0, following appendix A of [19],
0 0,u) = ka1 — up™FD(r,0) + O(1/VE, V). (2.5)

Thus to the leading order we need to find the functions F(? (7, v) to complete the derivation
of the factorizaion ansatz given in (2.5).

To derive a form of the function F@(r,v), we start by writing down the recursion rela-
tion relating the conformal block in d dimension to the ones in d—2 dimensions (see [19, 25]),

- 2
_ 72 ) @ _
(909) it
(d—2) o A=2)(d+H0=3)  (d-2)
9a-20+2(0 W) = Ta o Gy ai—zy a2
4(d-A-3)(d-A-2) (A+0)? 20
(d—2A-2)(d—28) [16(A+L—1)(A+e+1) 20421
B (d+0—4)(d+£—3)(d+l—A—2)? (d_z)(v %)
A(dt 20— A)(d+20—2)(d+l-A-3)(d+i—A-1)ar Y]
where u = 2z and v = (1 — 2)(1 — 2). In the limit when ¢ — oo at fixed 7 = A — ¢,
(2.6) becomes,

- 2
Z—2z d 1 (d-2 d—2 L (a2
(; ) 80010 2 65200 = 95200 = 0l (0)

1—2)(1-2)
(d—7—27 (d-2) 1
+16(d—7—3)(d_7_1)97,z (U,U)+O<£>.

(2.7)

*The factor of 1 on the Lh.s. is to match with the conventions of [21].



Furthermore for z — 0 and 2 < 2 =1—v + O(z) < 1 we can write the Lh.s. of (2.7) as,

(m)&? w02 |(55 ) + 0o 0. (23)

Finally putting in the factorization form in (2.5), we get,

(1 —0)2F9(7,0) = 16F 2 (7 — 4,v) — 20F 42 (r — 2,v)
(d—71-2)? 2 12(d—2)
F 2.9
P led—r—3)d-7-1)" (7, ) (29)

+0(1/Ve,\/u).

We find FD(r,v) to be,?

JalC) (1,v) = 2P 5 , 5

27 (T—d+2 T—d+2
(1—wv) =

,T—d+2,v>. (2.10)

To see whether (2.10) satisfies the recursion relation in (2.9), we plug in (2.10) in (2.9) and
expand both sides in powers of v. Then the Lh.s. is,

(1= )P (7, 0) =
i“k 52t (d? — 4k — 2d(—2 —:_7'2) +(2+7))2(-1—-¢+k+D)T(-d+7) '
pars (1—v)72 21+ k)2 (=)0 (—d + k +7)

(2.11)
The r.h.s. under power series expansion gives,

n (d—17)?
16(d—7—1)(d—7+1)

— o 27T (d—7) T (- 14+ k+5)T(2—d+7)

kZ:O 1-0v)% ((—1 +d? — 2d7 + 72) (=2 + k) T2 (ZE0)D(—d + k + 7)

2T(=2—d+ 7)I%(k — 24=7) T (—d+ ) (= 1+ k- 457) >

(
W2 (EH0 (=2 —d+k+7)  (—1+k)T2(L) (-1 —d+k+7)
(2.12)

16F D (7 — 4,v) — 20F D (7 — 2,0) V2 F D (7, v) =

_|_

Using properties of gamma functions the above series simplifies to the one given in (2.11).4
Since the two series are the same, the expression (2.10) is the solution to the recursion
relation (2.9) for any d.> With the knowledge of F@ (7, v) for general d, we can now do the
same analysis for the anomalous dimensions in general d, following what was done in [21]

for d = 4.

3We guessed this form of the solution by looking at the explicit forms of F(® (r,v) for d = 2,4.

*We have checked in Mathematica that the expression in (2.12) after FullSimplify matches with (2.11).

®One can show that using (2.10) in (2.1) reproduces the exact leading term 1, on the Lh.s., by cancelling
all the subleading powers of v. This shows that (2.10) is indeed the correct form of F(?(7,v) for general d.



3 Anomalous dimensions for general d

F@(7,v) can be written as,

27 - (r—d)/2+1),?
FO(rv)=—"— N d, ¥ where, d,j= k. 3.1
(m.v) (1-v)F kZ:O SO k (1 —d+ 2)k! (3.1)

where (a), = I'(a+b)/T'(a). The MFT coefficients for general d, after the large ¢ expansion
takes the form,

1 -
P2A¢+2n (= \i;q ¢,7’L€2A¢ 3/27 (32)
where,
S _g3er D(Ap+n—d/2+1)°T(2A; +n—d+1) (3.3)
TBom =2 (AT (Ay — d/2+ 12T (20 + 20 —d+ 1) '
The r.h.s. of (2.1) can be written as,
> PYFTuz=Re 280 (1 — 0)30kyy(1 — 2)FD(7,0). (3.4)

70

The twists are given by 7 = 2A4 + 2n + y(n,£). Thus in the large spin limit, to the first
order in y(n, f) we get,

J4
Ejzﬂgﬁenz[ E)bgﬂl’{/1KT@ﬂV@ZA¢ﬂ“WA¢FMM2A¢+2”ﬂ07 (3.5

where K((2¢+/z) is the modified Bessel function. Moreover for large ¢, the anomalous
dimensions behaves with ¢ like (see [19, 21]),

g
y(n, l) = ETZ , (3.6)
where 7, is the minimal twist. With this we can convert the sum over ¢ into an integral [19
21] giving,
o0 1 T 2 Im
zR9 / (PRo717Tm K (204/2) = 4F<A¢ — ;) Z7, (3.7)
0

Thus the r.h.s. of (2.1) becomes,

Tm

1 2 Im A
il _m q n _ (d)
16I‘<A 5 > z72 gn qaymlogv vy (1 —v) 2 FYY(2A4 + 2n,v) . (3.8)

On the Lh.s. of (2.1), we will determine the coefficients of v as follows. To start with,

we move the part (1 —v)2¢~(@=2)/2 in (3.8) on the Lh.s. to get the log v dependent part,
P, (T + 20m) Tm/2+£ )n
_ ™M1 — ) ™1 :
R s 2§j< ) g, (39)



where b = T2 + (,,, + %% — Ay, Rearranging (3.9) as .00 ) B4v®, where n + k = a and
then summing over k from 0 to oo gives the coefficients B¢,

Bt — APl (T + 2Um) z“: (T /2 + b)ai > B!
o (T /2 4 4m) — (v — k)! k(b —k)!

AP (7 4 200)D (i /2 + Uy + @)? (3.10)
- D(1+ )T (7 /2 + €)*

2

The coefficient of v*logv in (3.8) thus becomes,

2 «

T

Ha = F<A¢ — ;1) 222A¢+2a ZkQA¢a k;dQAd)—f—Qa 2k.k Yo—k » (3'11)
k=0

where we have put 7 = 2A4 + 2n and further n = o — k due to the fact that we have
regrouped terms in v with same exponent « and dp, j, is given by (3.1). Equating H, = B¢
for general d dimensions,% we get following the steps in [21],

Y = Z Crtm B s (3.12)

where for general d dimensions, the coefficients C,‘f’m takes the form,

. (_1)m+n F(A¢)2 n! (2A¢ +n+1-— d)m
Com = Ay —dR T D = m) Tay -y B13)

where 7,,, = d — 2 for non zero £,, and the general d dimensional coefficients B¢, for general
d dimensions is given in (3.10).
4 Leading n dependence of ~,

To find the full solution” for the coefficients v, of the anomalous dimensions in general
dimensions is a bit tedious. Nonetheless we can always extract the leading n dependence
of the coefficients for large n. -, can be written as,

n
Tn = Z Anm , (41)
m=0

where,

_ Pu(=1)™T(n 4+ D02 4 26)0(Ag)°T(1+ 0 +m)*T(1 +m +n — 26 + 24,)
fnm = 2r(1 + 5)4F( +n—25+20,)T(n—m+1DT(m+ 1)20(1 +m — § + Ay)?

x Z ’;d (4.2)

®In [31], there was a numerical study of this recursion relation for d = 4.
"We present the d = 6 solution in the appendix. The d = 4 solution can be found in [21].




where the summand is obtained by writing out 3F5 in (3.10) explicitly, § = d/2 and
xr = Ay—26. To find the leading n dependence we need to extract the leading m dependence
inside the summation in (4.2). To do that we expand the summand around large m upto
2§ terms and then perform the sum over k£ from 0 to m. The large m expansion takes the

form,
i (—m)*(2)r, m>1 D20+ 1)I(m + 2+ 1) . (43)
= (—m — 82 k! I(m+ 1)(z+25+1) ' '
The terms in - -- are the subleading terms which will not affect® the leading order result

in n. Thus to the leading order,
 Pu(~1)™T(n + DI(2 + 28)T(Ag)2T(1 + 6 +m)T (1 +m + n — 26 +2A,)

nm = T O (14 0) T (1 + 1 — 26 + 2A8)T(n —m + DI (m + 1)20(1 +m — 0 + Ay)?
T35+ D)0m+ Ay =26+ 1)

4.4
Fm+1DI'(Ay +1) (44)
We can now separate the parts of a, ,, into,
P (—=1)™1T(28 4+ 1)I(2 + 26)[(Ay)? " F'1+m+n—264+2A,)
Anm = —
’ 2I(1 4+ 0) T (1 +n — 20 + 2A4)L(Ay + 1) F(l+m—38+Ay,) (4.5)

y n! T(m+86+1)2T(m+ Ay —25+1)
ml(n—m)!| T(m+1)2 T(m+Asz—56+1) "

The leading term inside the bracket is m®. Thus to the leading order in m, the coefficient

an,m is given by,
P (=1)™1T(26 + 1)T'(2 + 25)F(A¢)2 F(14+m+n—20+2Ay)

G = TP+ 0T (1 +n — 20 + 280 (Ay + 1) T(1+m—0+Ay)
é

(4.6)
nlm

m!(n —m)!
for general d dimensions. Note that to reach (4.6), we just extracted the leading m de-
pendence without making any assumptions about ¢ apart from § > 0 and § € R. More
specifically ¢ takes integer values for even dimensions and half integer values for odd di-
mensions. We will now need to analyze the m dependent part of a, ,,. For that note first
that using the reflection formula,

T
(14+m =0+ Ag)L'(0 —m ¢) = (-1) sin(l =0 1 Ag)r’ (4.7)
we can rewrite the coefficients a,, ,, as,
= (—1)"H1 sin(Ag — )7 Pun!T (26 + 1)0(2 + 20)[(Ay)2
- ™ T (1+0)" T(Ay + L)T(1 + 1 — 26 + 2A) s
) .
m
—— — 25 +2A,)T(0 —m — Ay) .
m!(n —m)! (IT+m+n—20+204)0(0 —m—Ay)

8This can be explicitly checked in Mathematica.



Further using the integral representation of the product of the I'-functions,

Fl4+m+n—20+20)' (0 —m—»Ay) = / / drdy e~ (@HY) gmAn=204286 0-m=Rs =1
0o Jo

(4.9)
we pull the m dependent part of ay ,, inside the integral and perform the summation over
m to get,

( 1)n+1sin(A¢ — 67 PyunlD(26 + 1)T(2 + 26)(Ag)?
Tn = (—

™ (1 + 0)'T(Ag + 1)I(1 +n — 20 + 2A,)
5 (4.10)

oo [0 "Lz \™ m
o Jo = \y m!(n —m)!

At this stage we will need the explicit information about whether § is integer or half integer.

4.1 Even d

For even dimensions, ¢ is an integer. The summation over m can be performed with ease
now. We first put z = log(x/y). After this substitution, the summand can be written as,

3 <x>mm‘5 _y e (4.11)
= \y m!(n —m)! = m!(n —m)!

It is easy to see that starting from a function f,(z) and acting 0, repeatedly on it can give
back the above sum provided,

n

falz) = Z::U TR i (4.12)
For integer 9,
n m6
> memz =3 fu(2). (4.13)

m=0

The leading order term in the derivatives of the generating function f,(z) is of the form

& fulz) = M(l +e(Lte ™) 0 e (4.14)
where - - - represent the subleading terms in n. Substituting for z and then into the integral
representation in (4.10), we get,
na1Sin(Ag — )7 PpnT'(26 + 1)I'(2 + 20)I'(Ay)
= (=1) ™ 20(1 + 0) AL (1471 — 26 + 2A4)(n — 9)!

n )
% /Oo/oodxdye—(m+y)mn—25+2A¢y§—A¢—1<x+y> ( €z ) ‘
o Jo Y T+Yy

2

(4.15)

The integral can be performed by a substitution of variables z = 72 cos? § and y = r?sin? 6

and integrating over r = 0,00 and 6 = 0, 5. This gives,
_ sin(Ag—0)m Pon!T(26+1)I(2+20)T(Ay)

Tn = 7 20(1+0) AT (1+n—20+204)(n—0)
_ Ppl(20 +1)1(20 + 2) Fn+1)I(1+n -8+ 2Ay)
B (1 +6)*A7  T(n+1-0)0(1+n—20+24s)

T(1+n—05+2A,)
T
T(1+A,)

i csc(Ag—0)

(4.16)



The leading term in n for the last ratio in (4.16) is n?% giving the leading n dependence of
v, for even dimensions as,

P T(25+ DT(26 +2) o
= 20 (1 + 6)*A2

(4.17)

4.2 0dd d

In odd d as well we will start with (4.10) but in this case the calculation is slightly different
from the previous one in the sense that now ¢ takes half integer values. We start by writing
0 = p—1/2 where p € Z, and separate the \/m contribution by an integral representation,

\/\/Tin = / T ey (4.18)

We can now write the sum in (4.10) for half integer ¢ as,

mP e 1 & mP o 2
_ m(z—t*) ) 4.1
Z,/ m'n—m)! \/Emz:om!(n—m)!/_ooe dt (4.19)

Here p € Z. The generating function f,(z) for this case which provides with the above

expression is,
o] (1 + ez—t2)n

fu(2) = \/17?/ gt (4.20)
and (4.19) is,

Z fjjjf;_ i = #h(2). (4.21)

The leading order term in 8% f,,(2) is given by,

1 I'(n+1) oo 2 e 42
I f, el S e S dt{(1 2=t\n=p(,2=t"\p | | 4.99
) = et | AT ey 4
where - - - are the subleading terms which does not affect the leading order results. We can

now determine the integral by saddle point method by letting the integrand as,
92 where g(t,z) = (n—p)log [1+ ez_tQ] + p(z —12). (4.23)

Setting ¢'(t, z) = 0 we see that the saddle is located at ¢ = 0. Expanding around the saddle
point upto second order the integrand becomes,

1
explat, )] = exp [o(0.2) + 330,06 + - . (1210
where the terms in --- contribute at O(1/n) after carrying out the integral over t. Thus
to the leading order,

X f(n(z) = Jrnln+i-p\ =0, Z)e = T (nt1—p) %(1 + &) (1+e*)79,

(4.25)



where 6 = p — 1/2. Substituting for z, we get the leading order in n as,

P fn(z) =" (“ + y>n< v >6. (4.26)

n! Y T+y

We can now substitute (4.26) into (4.10) and carry out the integral over x and y giving

us back,

_Pul(26 + DD(20+2) T(L4n =5 424y) (427)
Ar(1+0)*A7  T(1+n—20+24y) ‘

Tn =

The large n limit of the last ratio of the I-functions is again n’® giving,

PoT(26 + D26 +2) o5
- n-.
2T (1 + 0)*A

Tn = (4.28)
Thus for both even and odd dimensions we get the universal result for the leading n
dependence for the coefficients v,

P, l'(d+1)I'(d+2) 4

o , 1.2
K oT(1+dj2)'A2 (429)

. d?A2
USlng Pm == ﬁ [20]’
d*T(d+ 1)T'(d + 2) 8(d+1) T'(d)?
’}/n:— d 4 nd:_ d_l 2 d 4nd‘ (430)
2(d— 12T (1+ 9 er cr(d—1)21(4)

In figure 1 we show plots for v, for various dimensions for different Ay. At large n the
plots coincide which proves the universality of the leading order n dependence of ~,.

5 CFT vs. holography

This section will focus on the matching of the findings from CFT with predictions from
holography. We start by matching the CFT coefficient P,, with the Newton constant G
appearing in the holographic calculations.

5.1 Comparison with the Eikonal limit calculation

Following [22-24] we find that in terms of the variables h = Ay + ¢+ n and h = Ay +n,
the anomalous dimension v, ; is,

Y = —16G N (hh)Y 1L (h, ), (5.1)

where II(h, h) is the graviton (j = 2) propagator given by,

. _73y271-A . T
I, (hF) = }ll F(Adl) {(h h)] QF{A_LQA d+172A_d+1;_ 4@2 7
(5.2)

~10 -



log E—Tane'Aq,»J )
Es

1 B 3 : s e

Figure 1. log(—v, P/ Ai) vs. logn plot showing the dependence of ~, on n for different values
of Ay in different dimensions. For n > 1, the coincidence of the graphs of different A4 for each d
indicates the universal formula given in (4.29).

and A = d for the graviton. Thus the overall factors multiplying v, ; are given by,

8Gy Td—1), — -
e m(hh)g(f% h), (5.3)

Yhh =

where g(h,h) is the remaining function of A and h. In the limit h,h — oo and h > h,

o 8GyId-1) K sGyI(d-1) n' (5.4)
PR (g4 1) (k=R pir(d ) e

where 7, = d — 2 for the graviton. Following [20], G can be related to the central charge
CT as,
_d+1 1 T(d+1)7%?

ON = T %mer O

(5.5)

which leads to 7;, 7, = —7vn /€™ that matches exactly with the 7, from (4.30). Note that
we needed ¢ > n > 1 in the holographic calculation.

5.2 Another gravity calculation

In this section we will extend the calculation in [28] to non-zero n. Unlike the eikonal
method this approach has the advantage of considering n = 0 as well. We leave the exact
(in m) matching as an important and interesting open problem and address the leading
order (n > 1) calculation in the present work. We list the salient features of the calculation
below.

- 11 -



e The key idea is to write down a generic double trace operator [010s],, ¢ of quantum
number (n, ¢) formed from the descendants of operators O; and Oy in the field theory,
having quantum numbers (n1,¢;) and (ng, ¢3) where

bi+bly=F, and ni+ns=n. (5.6)

e Such an operator is given by,

[0102]71,[ = Z cijam T aﬂel (82)m Ola,ul o 'aW.Q (82)n2 Os, (5.7)
1,7
where ¢;; are the Wigner coefficients that depend on ny, no, 1 and f3. For the n =0
case and for large ¢, ¢1 = {5 = £/2. For the n # 0 it is reasonable to assume that the
maxima of ¢;; will occur, in addition to the £ variable, for n; = ny = n/2. Thus 02
will be equally distributed between the two descendents O and Os.

e From holography we can model the two descendants O; and Qs as two uncharged
scalar fields with a large relative motion with respect to each other (correspond-
ing to £ > 1) or equivalently one very massive object which behaves as an AdS-
Schwarzschild? black hole and the other object moves around it with a large angular
momentum proportional to £.

e The calculation of the anomalous dimension for [O10s], ¢ from the field theory is
then equivalent to the holographic computation of the first order shift in energy of
the above system of the object rotating around the black hole.

The AdS-Schwarzschild black hole solution in d + 1 dimensional bulk is given by,

1
ds® = —U(r)dt* + i (T)dﬂ + r2d0?, (5.8)
where,
2
I r
=1 - —— —_—. .
U(r) o= + R (5.9)
The mass of the black hole is given by,
(d—1)Q_1p
M=—" 5.10
167Gy ( )
The first order shift in the energy is given by,'"
SEg, = (. Corb | SH|n, Corb)
2—d (5.11)
H d=1 7. 3d—1 r 2 ,2-d 2
= -5 Q T _oNo T s torb/ -
5 /7" drd (1, Lorb| <(1 oy (Oe)” +1°7%(0,0) >|n Corb)

9A cleaner argument may be to replace the AdS-Schwarzschild black hole with the AdS-Kerr black hole.
The normalization outside should be 1/2 and not 1/4 as used in [28]. We thank Jared Kaplan for
confirming this.
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The label ‘orb’ implies that currently we are considering one of the masses of the binary
system. We can also add higher derivative corrections coming from the o' corrections to
the metric. This is one of the advantages of doing the anomalous dimension calculation
in this approach. It will make transparent the fact that the o’ corrections will not affect
the leading result. The metric will be modified'' by adding corrections to the factor
724 (1 + cpa™r=2") where h is the order of correction in a’/. The wavefunction of the
descendant state derived from the primary is given by,

1 , d
76_1En’£tn7J(Q) |:Sin€ pcos™e poFy (— n, Ay +L+n,l+ > sin? p)] ,

1/%7&7(@0, Q) = NA s
¢TL
(5.12)

where E,, o = Ay + 2n + £ and,

N = (1) nIT2(0 + HT(Ay +n — 52) (5.13)
o Tn+t+HT(Ay+n+0) ‘

Using the transformation tan p = r we can write the scalar operator as,

lor no b ok
St ) 0 SR ()
= zn: PP (1, Q) (5.14)
k=0
where,
PR (1, Q) = %€_iEn’zorbt}/eorb’J(Q) TE"IJQSHMb(—”)k(A¢>+d€orb+n)k < r? 2)'“
Agnlory (1+72) "2 (forb+ §)k k! 1+r

(5.15)
Putting (5.15) in (5.11) and carrying out the other integrals we are left with just the radial
part of the integral,

SEL, = —,u/r(l + ChO/hT‘_Qh)dT[ Z (Mfggéwzrb(r)@bgrb(r) + 3rwzrb(r)0rwgrb(r)>]
k,a=0
=11+ 1o, (5.16)

where Z; and Zy are the contributions from the first and the second parts of the above
integral. The leading /.., dependence comes from the first part of the integral which is
also true for n # 0 case and for any general d dimensions is given by (1/foy,)@2)/2. Thus
we can just concentrate on the first part of the integral for the leading spin dominance of
the energy shifts. Thus the integral Z; can be written as,

n

M (_n)k(_n)a(Ad) +n+ Eorb)k(Ad> +n+ gorb)a

B Ng¢neorb k"azo (EOI‘b + g)k(gorb + %)a k'OK'

T, =

(5.17)
T240r1,+2k+204

o
th,.—2h
X/o r(1+cpar )d7"<1+r2)2+A¢+£orb+k+a'

"There will also be an overall o dependent factor which can be absorbed into ¢z [32].
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The r integral gives,

00 b _oh T2€0rb+2k+2a
r(1 4+ cpor=*")dr =
/0 ( ) (1 + r2)2+A¢+£orb+k+Oé

D(1+ AgT (1 + Lot + k + @) + cp" (1 + h + Ag)T(1 + Lo, + k +a — h)
(24 Ay + Lo, + k + @) ‘

(5.18)

Hence the integral Z; becomes,

H . (7n)k(7n)a(A¢ +n+‘€orb)k(A¢ +n+£orb)a
2Ni¢nﬁ (Eorb + %)k (Eorb + %)a Kla!

D(1+ Lo + k + a)T(1+ Ay) + cnd/" T(1 + h+ Ag)T(1 + lop + k + . — h)

T =—

orb k’a:(]

X
(5.19)
Using the reflection formula for the I'-functions we can write,
o [(n+1)2
(=)o = (1) et (5.20)

'n+1-KkT(n+1—-a)’
Putting in the normalization and performing the first sum over a we get,

11(Lort+21)°T (Corp+ 2 +n) z": (=T (E + Loy + 1+ Ap)
2F(£orb+2)r(1—7+n+Aq5 I (loro+ 3 +k)D(n+1—k)T(2+k+Llon + AT (k+1)

I =
k=0

d
X |:F(1+€orb+k)r(]—+A¢)3F2< n, k+Lop+1, foerrnJrAqb,foerr 24k Lorn+ Ay >
4+ cp"T(1 + lo, + k — W)T(1 4+ Ay + h)
d
X Iy (— n,k+ Lo +1 — h,forb +n+ A¢;forb + 5, 2+ k+lorp, + A¢; 1):| . (5.21)

To the leading order in £, (after the exapnsion in large £,},) this is the expression for 5Egrb

or equivalently 7y, ¢ , from the CFT for general d dimensions. Since the /., dependence

orb
does not rely on n dependence we can use the n = 0 to show the £, dependence from the

o/ corrections. Thus in (5.21) we put n = 0 to get,

1 o2 1\

,u th

1 = — 1+ . 5.22
! 2F(1 — 5 + A(i)) (gorb) |: e <€0rb> :| ( )

In IIB string theory o' corrections to the metric start A = 3 due to the well known R*

term. Thus the o/ corrections contribute at a much higher order, O(1/£3,), in 1/fy and
hence does not affect the leading order result. In the rest of the work, we will consider only
the leading order result in £u1, (set ¢ = 0) for general d.

For even d we can calculate Z; for n = 0,1,2--- and infer a general n dependent
polynomial. Using this polynomial, the leading n dependence of the energy shifts become,

a—2

SEL, = ”(fib)2<r(g)rr({l§)+1)nd/2 + - > (5.23)
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log (€ GE4, (1) log (o 6L, /1) 10g (£,rs OES, J14)

90

RS5F

48 50

Figure 2. The blue lines are log(égﬁs_léEg b/ 1) vs. logn for large values of {1, and the red lines

r

are the log-log plot for rhs of (5.23), in odd d. The matching of both lines at large n is the numerical
proof of (5.23) in odd d.

where - -- are terms subleading in n. For odd d the polynomial realization is less obvious
due to factors of F(A¢+ %) etc. nevertheless one can show (see figure 2) at least numerically
that the leading order n dependence for odd d should also be the same as (5.23). Hence
the above form in (5.23) is true for general d dimensions.

Note that we are retrieving only half of the n dependence from (5.23). The other half
will come from the definitions of £y, its relation with ¢ and g which is related to the black
hole mass via (5.10). The relation between £, and ¢ can be derived following [28]. For
the orbit state of an object rotating around a static object, £, is related to the geodesic
length x that maximizes the norm of the wave function (5.12). We can approximate the
hypergeometric function appearing in (5.12) by taking the large ¢ approximation in each
term of the sum in (5.14),

d "L (- Ay + Loy
o b <_ n, Aqb + Eorb + n7£0rb + 5 SiHQ P)] = ( n)k( ¢ i bt n)k (Sin2 p)k
k

2 = (lorp + 9) K
n k
Korb’:)oo (_n)kgorb - 2k
~ ) Tk g P
k=0 orb
= cos™ p. (5.24)

Using this approximation in (5.12) we find the maxima of 2 4,7+ Which occurs at,

14
p = tan_l ﬁ . (525)

Now using the relation, sinh x = tan p, we find for large £y,

1 4eorb
=1 — 2
" 2(%<A¢+n> (5:26)

12Here there is a factor of 2 mismatch with the corresponding result given in [28]. We thank Jared Kaplan
for pointing out that this was a typo in [28].
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But our case is that of a double trace primary operator where none of the two objects is
static. However in the semi-classical limit the energy shift of the former case is same as
that of the primary if the geodesic distance between the two objects is same in both cases.
This gives, kK = k1 + Ko, where

404
A¢ +n’

k1(= ko) = %log (5.27)
Since we have a composite operator which is like two particles rotating around each other,
the conformal dimension of each descendant state gets the maximum contribution when
U1 = Uy = (/2 and n1 = ny ~ n/2 for large ¢ and n. This is why we have ¢/(Ay + n) inside
log in the above equation. From (5.26) and (5.27) we get, £o1, &~ £ /n for large n. So, the
other factor sitting in front of (5.23) is given by,

po 2GNMzl@"221(4) pdl?
(d—2)/2 d—1 pd—2 "

(5.28)

Korb
Here we have used the equation for black hole mass (5.10). Since M relates to the case of
one massive static object at the centre, we will put M = Ay, +n ~ n. Using equation (5.5)
we get the anomalous dimension to be,

8(d+1) T'(d)? n?
CT(d _ 1)2 (%)4 pa—2"

v(n,l) = — (5.29)

which is the same as that found from CFT.

6 Discussions

We conclude by listing some open questions and interesting future problems:

e One obvious extension of our analysis is to find the full n dependent expression for
arbitrary dimensions. We know that closed form expressions exist for even dimensions
(see the appendix for the d = 6 result) but it will be interesting to see the analogous
expressions for odd dimensions. It should also be possible to repeat our analysis for
general twists 7,,. We restricted our attention to the case where this was the stress
tensor.

e The n > / case for arbitrary dimensions which we expect to work out in a similar
manner following [21]. In this case we needed ¢/n bigger than some quantity which
on the holographic side was identified with a gap — this was similar to the discussion
in [26]. This means that for operators with ¢/n smaller than the gap, the result would
be sensitive to o/ corrections. It could be possible that the anomalous dimensions
of these operators would not be negative indicating a problem with causality in the
bulk. It will be interesting to extend our holographic calculations to n > ¢ > 1.

e One should compare our results with those from the numerical bootstrap methods
e.g. in [15-18].
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e One could try to see if there exists a simple argument for the leading n dependence
following the lines of [33].

e [t will be interesting to match the CFT and holographic calculations to all orders in
n at least for a class of theories (e.g. N' = 4 results in [34]).
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A Exact n dependence in d = 6

Here we will use the general d expressions discussed in section 3. For general d, ~, is
given by,

- Zn: (4Py,)(—=1)™ " nl(2 + d)F2(1 + % + m)FQ(A¢)(1 —)m—1(d—m —n—204)m
" ST2(Ag — 2T (1+ )21+ m) (1§ + Ay),,

(i”(;‘ - :ij tA‘f’) , 1] . (A.1)

m=0

X 3F2

B Z (1—k+m)22—k+m)2(B—k+m)’[(—6+k+ Ay)

B (14 m)2(24+m)2(3 + m)2kIT(—6 + Ay)

360(—2 4 m+ Ay) (=24 2m + Ay) (10(—2 + m)m + Ag(—1 + 10m + Ay))
1+m)24+m)(B+m)T'(4+m)I'(1+ Ay) '

(A.2)

To see how to get the above result, we will use the tricks introduced in the appendix of [21].
Note that we can write,

(1—k4+m)?(2—k4+m)?(3—k+m)?=Ak(k—1)(k—2)(k—3)(k—4)(k—5)
+Bk(k—1)(k—2)(k—3)(k—4)+Ck(k—1)(k—2) (k—3)
+Dk(k—1)(k—2)+Ek(k—1)+ Fk+G, (A.3)
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where,

A=1,

B=3—-6m,

C =3+ 15m?,

D = -2(1+2m)(3+5m(1+m)), (A.4)

E=3(1+m)*(6+5m(2+m)),
F=-3(1+m)?2+m)*3+2m),
G=(1+m?*2+m)*B+m)
So the summation in (A.2) breaks up into seven different sums of the general form shown
below,

= ) Lz +k) F'm+z+1)
D k= 1) (k=i ) = e T T @) (A.5)

Once again the above result was derived in [21]. With this and summing up the respective
terms, the hypergeometric funtion simplifies to the form shown in the second line of (A.2).
The main equation (A.1) in d = 6 has the form,

B z”: 70(—1)" " Pyn! T(=5 4+ m +n+ 2A4)T(3 —m — Ay)I'(Ay) sin(Ay)
T = Agml(n —m)IT(=5 +n+2A4)7

X (=24 2m + Ay) (10m? +10m(—2 + Ay) + (=1 4+ Ap)Ay) . (A.6)

To get the above, we have used the reflection formula of gamma functions, I'(1 — 2)I'(z) =
7/sin(mz). To do the sum we write the gamma functions in the numerator as,

F(S—m—A¢)F(—5+m+n+2A¢)—/O /0 drdy e~ () p=6FmAnt286, 2=m=8y (A7)

Let us write f(m) = (=2 + 2m + Ay) (10m? + 10m(—2 + Ag) 4+ (=1 4+ Ay)Ay). Then the
sum over m becomes,

Zn: (x/y)"f(m) _ (z+y)"

- m!(n—m)!  y(x+ y)3n!

(20n3m3 + (2 +)3(=2+ Ad)(—1 + Ad)Ad

+ 30n%2* (z(—2 + A¢) + yAe)

+ 2nz (20302 —3(x +y)(Tz +2y) Ao + 6(z + y)2A¢2)) .
(A.R)

The final result can now be obtained by integrating over x and y. To do this, we change

2 2

the variables to z = 72 cos? 6 and y = r?sin®f. Then we get,

N 70(=1)"Ppun!T(Ay) sin(Aym) / / drdy e~ (3+0) g—6+n+200, 2 A¢Z (x/y)™
" Ayml(n—m)IT(=5+n+2A4)m — m'n m)

__0p (20n° + 60(—5 + 2A4)n° + 10(170 — 132A4 + 27A2)n?

AQ
’ +20(—5+2A4) (45— 3244+ TAZ)n® +2(2740—- 37804 4 +-2121A% —582A3 +66 A7 )n”
+4(—54244)(120— 14044 +T3AZ —21AS+3A0)n + (—24+A4)% (—1+A4)°AZ) .
(A.9)
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Figure 3. ”Yn:l(Ai,/Pm) vs. Ay plot in d = 4 (red curve) and d = 6 (blue curve), showing
that the anomalous dimension may take positive values if unitarity is violated. Unitarity demands
Ay > (d—2)/2.

This is the result for v, in d = 6. Note that we simply extended the tricks used for
d = 4 in the appendix of [21]. The same can be done to evaluate =, for any even d > 2.

The figure 3 shows the range of Ay, in d = 4 and 6 for which v,-; takes positive
values. Interestingly, for both the cases positive values of 1 are over those values of A
which violate the respective unitarity bounds. In fact this behaviour of the anomalous
dimensions is true in any dimension. We found that for n > d — 1, ~,, was negative for any
A¢ > 0.
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