Gravitational scattering, black
holes, and information

Steven B. Giddings
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An important goal: understand ultra-highenergy ( E! My )
collisions in gravitational theory.  \Why?

1) Any candidate theory of quantum gravity should describe this
regime, at least in principle. (E.g. could put on big computer.)

2) Generally high-energy scattering probes the most fundamental
structure of a theory.

3) Such scattering encounters a deep conceptual paradox,
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A complete theory of quantum gravity should
describe (or avoid) ultraplanckian collisions

The reason:

e.
R

Boost to E! My
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LI violation might alter this story, but:

- hard to violate such symmetry a small amount

- stringent constraints

- potentially alters basic properties of black holes
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In TeV-scale gravity models, even
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E > M, :dynamics

¥ Control impact parameter b -- wavepackets
¥ large E: | semiclassical picture
¥ Classically, produce black hole, + radiation

¥ Quantum corrections: Hawking radiation
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We then confront the Oinformation paradox.O

Quick review:

Hawking, updated: nice slice argument

Locality:
Monsil b= Thind Loy Hlve |
SBH = Tr( I out In ! out) ; ABH

Information lost

(Hawking, 1976)
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The problem is, QM is remarkably robust:

Banks, Peskin, Susskind (1984)
-- studied such Info loss:

Basic idea: transmitting info requires energy

! loss of info violates energy conservation
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If information isnOt lost, maybe itOs left
behind: Inremnants?

But: begin w/ arbitrarily large black hole

InPnite species M ! M,
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The Oparadox:O a conRict between

Lorentz/diff invariance (macroscopic)

Local
Quantum
Fleld

Theory
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WIll try to infer a plausible story - in the spirit of:

O... when you have eliminated the impossible, whatever
remains, however improbable, must be the truth ...O

-Sherlock Holmes

~
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QM -- canOt see how to consistently modify
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Indeed, keeping Lorentz invariance and quantum
mechanicsapparently tells us to revisit locality:

On scale:
RS | (GDM)l/(D! 3)

Sais | 5
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Wil in fact argue that:

1) We are plausibly in a situation analogous
to the transition from classical to quantum
physics, where new principles are required
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Questions to answer:

1) Where does local QFT fail? Correspondence boundary

what is wrong with nice slice argument?

2) What Is themechanisn?

how does it preserve unitarity?
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What does string theory say?

. . addresses nonrenormaliziblit
Hints(?) at a solution: y

extendedness/nonlocality

microstate counting, etc.
(at least near BPS)

Idea: Oholography:O
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Investigate UHE scattering (D-dimensions)

When/how strings relevant?

Parameters: E=energy,! Mp
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Regimes:

1) Born Db!"
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Instead, leading corrections:

E —

ladders (+ crossed)
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Exercise:
Show that for -t<<s, the combined N-loop ladder +

crossed ladder amplitude can be expressed as:
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Sum over loops, to get eikonal amplitude:

iTeik(s,t) = 2s/dD! oxe @ A (gt s

GDS

D
!

l (21 ,s) = ( const.)

Impact parameter b
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iTei(s,t)=2s [ dP' 2x. g 1 & (g (x8) 1 q)

E.g. saddlepoint:
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Consider the classical metric of a high energy source:

Schwarzschild, boosted with E/m =1 1 1

Aichelburg-Sexl| solution:
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E.qg. test particle motion:
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This indicates a second regime:

2) Elkonal + classical

e = Zs/dD! S GEeAld iR (el S )

Born/eikonal transition:
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First, consider the classical problem;

Intuitively, form a black hole

Indeed:
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But: what important corrections?
- stringy

- quantum (e.g. other loops)

First, letOs syst

ematically look at string corrections
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Begin w/tree-level amplitude: high E

strlng | ( t/ 8) 2+t 4 2! t/ 4

tree (S t) X gsl (1+ t/ 8)S €
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- However, as noted, diagrams
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But - another effect: can excite strings - Odiffractive
excitationO(ACV)

Indeed, unexcited (elastic) amplitude, near

Schwarzschild impact parameter:
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But there Is a contrary intuition: string only
Ospreads outO OafterO collision??
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Where Is the string?

Karliner, Klebanov, Susskind: it depends
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trapped surface
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Trapped

surface
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Thus:

¥String appears to behave ~locally during
collision

¥ Trapped surface (aka black hole) appears

to safely form
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Summarize in a proposed Ophase diagram:O

2

=
D! 4

Born
scattering
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The problem apparently becomes intrinsically
nonperturbative:

#
Rs (E) 2(D! 3)

b
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+ O

4 $
Rs(E) 2(D! 3)

b

- manifestly divergent, b! R(E)

(not even asymptotic)

i
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- perturbative string theory addresses perturbative non-
renormalizability, but apparently doesnOt address this
regime

- recall EW theory, w/out Z, has both renormalizability

and unitarity problems (likewise, Higgs)
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A proposed (part of a) story:

A. Assuming scattering is Pnite and unitary:

unitarization apparently via intrinsically
nonperturbative gravitational effects?
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String perturbative Pniteness, extendedness not
clearly relevant

What about state counting; duality/holography?

- Microstate counting: not far from BPS, : solitonic

(not Schwarzschild)
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Holographic duals: AdS/CFT,  matrix theory

- do they address the OparadoxO?

need to compare inside and outside observers;
no formulation of local observables

i nonetheless can mvestlgate whether eg they |

\.v“ 4 ‘.'. -ﬁ-y
‘.~,,_.-.", S m‘r\ ’\.
M At 'S LN PPN

b ’_‘,‘-.; n'.a‘,.

¥ ~,,,~\,-__ 2

Friday, September 18, 2009



- for clear interpretation, want to reproduce S-matrix in

Rat space limit,thatis,onscales r! R

(then, cantake R " )

An important open problem!

Polchinski, hep-th/9903048
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An Issue:

control sources at boundary

can they be OfocussedO
sufbciently to resolve
structure at scales r<<R?

Or, might the boundary theory only summarize
some version of the bulk theory theory averaged
over scales <R?
(thus, holography only in Ocoarse-grainedO sense?)



LetOs understand more carefully:

(b=boundary point;

- AdS/CFT: p(X) ! O(b) x=bulk point)

- consider boundary sources fi(b)

- produce bulk wavepacket as dbf; (b) O(b)
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A test (SBG, 1999)

For E! 1R g! 1R

¢! 1/(Gp E®)Y PP < )

Should be able to reproduce Born amplitudes:
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(Since we donOt know how to compute correlators in the

boundary gauge theory, a warm-up test: if we use a bulk
theory to debnethe boundary correlators, can we
recover the S-matrix of that bulk theory?)

Immediate problem: f(D! !nn
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So, use normalizable solutions?

problem:

Inbnite #
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Only obvious way to proceed: compromise

compact sources -- Oboundary compact wavefunctionsO
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Indeed, consider:

There is a limit: (~Polchinski,
Susskind)
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Recall the target: ~ s=1+i(2)°" (Y p)T

Gp S?
t

T!

If isolate Oby handO  'O(by) - - - O(by)"scat

can show
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A(Z,7)

1O(by) aaay)" #

s
i : i b13b24 = bl4b23
cross ratios: 2B= 1! 2)1' B 01, baa

singularity: z =@

Can extract (quite explicit, and
nontriv.) T from coeff of singularity in

g n/

Ascatt o | [dbfi (h )] !O(bl) St O(b4)"scatt

=1

(See 0903.4437)
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- this Is very suggestive.

- but: how do we know that the true CFT
correlators have such a singularity?

- necessary condition for the correct [3at-space

kinematics (delta funtion)

Heemskerk, Penedones, Polchinski, Sully:
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- itOs certainly important to investigate whether this is true.
- if it 1s, declare victory?

- hot so fast!

Gary, SBG, arXiv:0904.3544.
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Not necessarily!

boundary compact ! low-energy tails

become power law tails, in position space,
donOt vanish in R=inbnity limit
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Example of possible effect:

/”

1

AdS, top down view -

Rutherford
experiment
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- Part of the Issue: separating

<O é é. é. Qca’[t frOm I O é. é. é. Qirect

- possible indication: need to excite N % matrix degrees

of freedom? (Some indications all along)
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To summarize the AdS/CFT discussion:

We have found some nontrivial tests for whether
the CFT produces local dynamics on scales <<R

T
" B?

1. Presence of certain singularities A'!
wuitinee e Lol g

h(s,t,u)

IS this structure present in the CFT?
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To summarize the broader string discussion:

- perturbative string theory (and its ObnitenessO) doesnC
obviously help with our set of questions

- there 1s so far no substantial indication of a role for
extendedness of strings (or branes ...)
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Whether or not string theory ultimately answers these
guestions, can we see outlines of the answers?

- We see strong indications for new effects at
scales ! Rgs(E)

- Nonperturbative gravity (distinct from, e.g. string

extendedness?)

A S P i Ty ) ey 5
g A e SR o X, Ll FWE T,

3 iy R +/5 £ 2 - " F ol " 2 P <4 e 5 N - R 3,59 558 P " vy e
X P A 0 B U R T R P & 0 i § I e A i e TSt R s O e o B o e a _y e A S P R A PR AT S s ey L e J o ally
3 1'! "v 3 ey g £ RN e PRRR o fRig o0 > SR ;. Ll £ “' “-? o (b R R G "m""" AT, SN gle ek vy oy 0 I R4 .2 Lo
T s LSt Lotk o T S A0 0 Lo A i SRR SRR R e e P o PER L g £ L SRl b ST S A IO ’?-,." VL ey gt Pk A L T S dapaiee SR B R i S i Bl g
- S s L e AN A R S g5 vty R 3 4 1 - Fip A T : e & LF, ey

Friday, September 18, 2009



Reasons to question locality, at ! Rs(E)

- Information paradox

- growth of size In scattering

I 11
| " Rg(E) AT indicates gravitational growth of object

b (though not nonperturbative regime)
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Since locality Is a pillar of QFT, this certainly would
Indicate revision of QFT

- nonetheless, locality (and effective pPeld theory)
should be valid in all familiar:  [3at circumstances

- theory must not violate causality in a way producing
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Search for clues: back to our questions:

1) Where does local QFT fail? Correspondence boundary

2) What Is themechanisn?

3) What physical/mathematical framework replaces
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Breakdown of classical mechanics:

1) Where fails: | x! p=1 (pWe)

(correspondence boundary)

2) Mechanism: wave behavior of matter
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Some previous proposals for a
correspondence boundary for gravity:

planckian curvature: R < I\/Ig

string uncertainty principle: | X | i Lilan

(Veneziano/Gross) THTCOMEI
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Compare CM/QM

dynamical descript. validity

CM: X(t), p(t) I xI p>1

?GF-IR-, ' xp!y.qlO! bl s el L gl

(min uncertainty wavepackets)
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Correspondingly, suggested mechanism:

Odelocalization w.r.t. semiclassical geometry,
Intrinsic to unitary dynamics of nonperturbative
gravityO

_ Ononlocality principleO
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What else might we say about the

mathematical/physical formalism?

- quantum mechanical

need sufpciently general formulation, not assuming
locality, spacetime, etc.; appropriate for
cosmology; possible generalization of HartleOs
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Asymptotically [3at space:
The gravitational S-matrix

Investigate general properties of scattering,
consistent with unitary quantum evolution,
basic features of gravity
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2 — 2 scattering: PW expansion:

" s ?
T(s,t) = (const)E* P (1+ 1)C/ (cos") e 1(8) 24(s) _q
|=0

A. Can infer features of !i,!1 in Oweak gravity®

regime (la -- Born, eikonal)
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Features:

- signibPcant indications, amplitudes not polynomial:

T(s,1)! &t
plausibly associated w/ lack of usual locality?

(and thus consistent with the story so far)
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This is OoutsideO (asymptotic) viewpoint. To

discuss OinsideO (e.g. a black hole or a

cosmology) need -local observables

Indeed, locality - QFT:
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Likely resolution: Relational approach:

Oproto-local observablesO
see:. SBG, Marolf, Hartle;

Gary & SBG: 2d, concrete

Basic idea: it "gB(x)O(x)
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In the inside perspective, can bnd Raw in nice slice
argument, and see where Hawking went wrong ?
Some thoughts: Sharp computation of SgH

hep-th/0606146 requires bne-grained, local |! 'ns

Two potential obstacles:

1) observ. background =

large mods. to |! !ns
2) backreaction of Buctuations =
large mods. to |! !'ns

Both by TP age l RsSgH

(literal CM/QM analogy may be another out...)
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- Apparent signals of perturbative breakdown:
proposed resolution of information paradox

- Non-pert. completion would be required to

describe information OrelayO/ restore unitarity
but, a clue ...

- Interestingly, there are parallel arguments in dS,
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In general, expect similar considerations to possibly
be important in cosmology

Work w/ Marolf on dS, etc. arXiv:0705.1178, and WIP x

(a good testing ground for ideas)

- More general limitations on local QFT for
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To sum up, should be probing limits of local quantum
Peld theory description, likely on scales L p

Possible slogan:

Ounitarity restored at price of localityO
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Analogy to emergence of quantum mechanics, pre 1925

M _? (NLW)
|

G
Hydrogen atom Black hole

UV catastrophes Information paradox, ...
Old quantization rules Holographic princ; 1=A/4
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Thought experiments, pursuing a consistent
guantum description of

- high energy scattering

- observables

- cosmology
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In particular, how can we have a theory w/
features of gravity, that Is:

1) Consistent (_ causal)

2) Quantum mechanical

3) Nonlocal . .
essential tension

4) Nearly local
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