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Understanding gravity and black holes from the holographic principle.
Start modestly: AdS spacetime and conformal field theories (CFT).
Holographic CFTs: minimal ingredients for a holographic description.

CFT correlation functions & Gravitational amplitudes
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Consistency conditions (unitarity, causality, KMS condition, ...)

Crossing Equations & OPE:

(O1(21)O1(22)O2(x3)Oa(4))

01 X 01 — 1+ 03 S oo e 02 X 02, direct-channel

O1 x Oy — O1 x Oy, cross-channel
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Holographic CFTs:

e Energy-momentum operator T),,.

o (T,,,T)s) x cr. Focus on the large ¢ expansion.

<01010202> = <0101> <0202> + CIT( . )

e Another characteristic scale: Ayqp.

Focus on Agyy, = co: the CFT contains only a finite number of
primary single-trace operators with spin j < 2.
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e “single-trace” primaries: Oy, Og,--- , J¥, .- [ TH,

e “double-trace” primaries:
My : 010,,..0,,(0*)"Oa,  010,,...0,, (8*)JH, - - -

e “multi-trace” primaries:

[010102 cee J]{&... ,b},{m,m fm} : (918,“...8”&82”02 tee 8“1...8‘%827”(]“

<0101> ~14.- 5 <[0202H0202]> ~1l+---

1
(0202[0203] 5 0) ~ 14 -+, (0101[0202)n.4) ~ — 4
T
1
Ver
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Results:

e Crossing equation and locality /unitarity of the holographic
description.

e Unitarity (causality) imply that Einstein’s theory of general
relativity is the only consistent description.

e Correlation functions in certain kinematic regimes.

e Higher order CFT-data (OPE coefficients, anomalous dimensions
etc).
e Thermal CFT structure.

[huge list of authors many of whom are present|
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Multi-stress tensors: a class of operators present in generic CFTs.

Ty t=d—2,s=2
SN N PREEETO P tmin =2d—4,s =4+m
f Do Tpapa = O Ous ++ Ou Loy pioy - tmin = kd — 2k, s =2k +m
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Multi-stress tensors play an important role in HHLL correlators:

HHLL = <OH(OO)OL(1)OL(Z, Z)OH(O»

Op: characterised by Ay ~ O(er) with %TH = fixed.

Opr: with A ~ O(1).
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When the state created by O is thermal:

(O (00)OL(1)OL(2,2)0mn(0)) ~ (OL(1)OL(z, 2))r

Via the AdS/CFT dictionary the thermal two-point function can be
obtained from the study of fluctuations around a black hole geometry.

In the dual gravitational description (e.g. d = 4):

2 Mppt3 03 A
H_ — P = (MpuRaas) 1

=

2 53 3
Ras Rias Ras &
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At=m

SO

A physically relevant kinematic limit is the Regge/Eikonal limit.

. 1-=2
z—=ze¥™, (2,Z) = (1,1) with T3~ fized,
—Z
where
5= DAY 5 i(At-Dp)

[Fitzpatrick, Huang, Karlsson, MK, Li, Ng, Parnachev, Sen,Tadi¢, ..]
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The object of interest here is the bulk phase-shift.
£90) / dze (O (00) O (1) O, (2, 2) O (0))
e What does the bulk phase shift compute in gravitaty?

Consider first high energy (large s, finite t) two-to-two scattering in flat
space. The amplitude is well described by the eikonal phase:

A~ €e(s,b)

with b the impact parameter. A is the result of the summation of an
infinite number of diagrams, which exponentiate the graviton exchange:
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The eikonal phase can also be computed from the time-delay a particle
experiences when traversing a shock-wave.

AdSy,1/CFT,

eié ~ /d$3d£1746ip3x36ip4z4 <01 (:1:1)(’)1 (xz)OQ(.Tg)OQ(.Tg»
0= —py- (Av) ~ slly_1(L)
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So the bulk phase shift here is the eikonal phase induced when one
particle is much heavier than the other.

CFT:

O / de® (O51(00) O (1O (2, 2) O3 (0))

In holographic CF'Ts this regime is dominated in the direct channel by
an infinite tower of spinning operators: the stress-tensor sector and
double-traces.

OrxO0r—=14+upuTw+-)+-— 0O xOg,

Their contribution can in principle be computed with Regge conformal
theory order by order in u.

WY ER T E AGTI ER'S VA RN U A S S IR OINILT{MBll Phase shift and two-sided geodesics 06.09.2024 14 /28



The Fourier transform is expected to eliminate the double-traces. Only
the stress-tensor sector contributes.

The leading order phase shift is fixed by the stress-tensor contribution,

5~ | /—pQHd_l(L)

where 1141 (L) is the propagator in the transverse Hy 1 space of a
particle with m? = (d — 1)2. The result nicely matches the AdS eikonal
phase.
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AdS-black hole

ds® = —f(r)dt*+ f(r) " dr? + r? (de® + sin® pdQ]_,)

')"2 1%
f(r):]'—'_ﬁ_ma

A highly energetic particle exhibits a phase-shift d:
6= —p- (Az) = p'(At) — p?(Ap)
with time-delay and deflection

pSD

o oo
VY N I S
ro f 1—%22f ro  p2 /1—%2f p
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Null geodesics are labelled by the impact parameter, b:
1 1 1

2 a2 R?

For p = 0 it reduces to the standard pure AdS definition of impact
parameter. For R > «, b ;eads to the flat space expression.

e’} 2
s=2lp! [~ 1= s

To match the CFT result (alternative parametrisation):

t
+ p¥
ezL:p p

= b = RsinhL
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Integrals reduce to hypergeometrics with many variables, solvable in
principle.

5= Zuké(k), §®) ~ /—p?Tlg ok 11 (L)
=1

O(p*) contribution as if produced by a spin-2 conserved operator with
twist equal to the minimal twist of the corresponding multi-stress
tensor operator at each order: A = kd — 2k + 2,5 =2

The radius of convergence of the series for L. corresponds with the null
geodesic approacing the circular null orbit.
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For values of the impact parameter beyond L., the particle does not
return to the boundary but rather falls into the black hole.

This is inelastic scattering. The phase shift develops an imaginary part
related to the absorption cross section.

It is possible to compute the imaginary part by analytically continuing
the exact result for the phase shift obtained.

This was in fact computed and shown to reproduce the correct
geometric absorption cross-section in the small impact parameter,
equivalently, in the asymptotically flat space limit. [Sen, Parnachev]
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An alternative approach: re-evaluate ¢ for the bouncing geodesic.
Recall what happens when p¥ = 0.

At =2 dr = —ié + real part
o f(r) 2

r=0

Im(t) = —i B/2 Im(0) =0

r>1 r>1

Im(t) =1 p/4

r<l1

v
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The imaginary part is fixed and the particle “appears” on the other
boundary.

Evaluated on the thermo-field double state

Z 250 | B,y | Bn)z

the thermal correlator computed is really

(6100 0P ®)w) = <0(Ll)(0)(9(£) (—t - Z§)>T

[Fidkowski, Hubeny, Kleban, Shenker|
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It is not difficult to incorporate angular momentum.

For values of L < L., the expression under the square root is always
positive definite. A singularity appears in At when crossing the horizon
in the same way as for p¥ = 0.

At—2/ L
o pfi-sr

The imaginary part of the phase shift is then fixed:

+5

Im(8) = —p'3

Are both analytic continuations meaningful?
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d=2

For p1 < 1: AdS3 with conical deficit. Geodesics return to the boundary
and the phase shift is:

6 =7/ —ple L <

=)

CF'T reproduces this result. The Virasoro vacuum block captures the
stress-tensor sector of the correlator.

1
sin [ﬂ(ﬂ + %)]

(Or(0)0m(0)O0L(1)0L(2)) o

The Fourier integral picks up the pole where the argument of the sine
function vanishes reproducing the gravitational result.
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For p > 1: all null geodesics fall into the black hole.
oo
At =2 / = —ié
0 2

CF'T appears to reproduce the result from the Virasoro vacuum block.

Additional evidence that the phase shift is sensitive only to the
stress-tensor sector.
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The contribution of the stress-tensor sector of the correlator was
recently studied [Ceplak, Liu, Parnachev, Valach].

G(1) = Gr(T) + Glo,0,(T), T=teg+ity, 0<tp<p

1 & \ %
Grtn =z 20 (5)
k=0

The stress-tensor sector of the correlator behaves as the “naive”
spacelike geodesic solution, which at 7 ~ 7. approaches the null.

)—(2AL—2) p iZi kT

GT(T ~ 7—0) ~Nr T (Tc - T , Te= —F=€

It appears as if the stress-tensor sector contains information about the
black hole singularity.
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The contribution from double-traces is expected to restore the
periodicity and smoothness of the correlator.

For A > 1, Gp(7) is identified with a complex geodesic (order of
limits issue).

The impact parameter representation of the correlator should confim
the story.
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Summary:

It is worth exploring the bulk phase shift in holographic CFTs and
beyond.

@ Stress-tensor sector.
e Singulaity.

@ Inelastic scattering: is there more than one way?
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Thank you.
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