The gravitational S-matrix

Steven B. Giclclings

d CERN

e Yoe s g

S

- UCSb

Wednesday, October 7, 2009



An important goal: understand ultra~high energy (E > M, )

collisions in gravitational theorg.
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An imPortant goal: understand ultra~high energy (E > Mp )
collisions in gravitational theorg. Whg?

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

7 Genera”g high-@nergg scattering Probes the most Funclamental

structure o1C a theorg.

5) Such scattering encounters a cleep conceptual Paraclox

drlvmg a‘c the ]‘leart o1C the Comqict between general relatlwtg
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A complete theorg cnc quantum gravitg shoulcl
describe (or avoicb ultraplanckian collisions
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A complete theorg cnc quantum gravitg shoulcl
describe (or avoicb ultraplanckian collisions

The reason:
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A complete theorg cnc quantum gravitg slﬁoulcl
describe (or avoicl) ultraplanckian collisions

The reason:
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Indeed, nature Provicles us with observed
cosmic accelerators (Presumablg AGN)
rcaching alreaclg up to

TN APA Y
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In extra dimensional scenarios gielcling TeV-
scale gravity, even
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LI violation might alter this story, but:

~ harcl to violate such 53mme’cr9 a sma” amount

= Sk ngent constraints

& Potentia”g alters basic Properties of black holes
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E > M, :dynamics

O Control imPac’c Parameter b — wavepackets
P Large F. ~ semiclassical Picture
S dassica“g, Procluce black hole, + radiation

e Quantum corrections: Hawking radiation
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We then confront the “information Paraclox.”
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We then confront the “information Paradox.”

Lighteni ng review:

Hawking) upclatecl: nice slice argument

| ocal itg :

Yns) = paR ~ Trin|¥ns) (Wns]

Sur(x™ )~ —Tr (pgrlnpur)

Increasesto ~ Appg

at teyap

information lost

(Hawking, 1976)
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The Problem s, QM 1s remarkablg robust:

Banks, Peskin, Susskind (1984)
—— studied such info loss:
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The Problem s, QM 1s remarkablg robust:

Banks, Peskin, Susskind (1984)
—— studied such info loss:

Basic idea: transmitting into requires energy

. loss of info violates energy conservation
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If information isn’t lost, maﬂbe it's left
behind: in remnants?
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If information isn’t lost, magbe it's left
behind: in remnants?

But: begin w,/ arbitrarilg large black hole

2= inﬁnitespecies M ~ M,
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The “Paraclox:” a conflict between

| orentz/ditf invariance (macroscopic}
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The “Paraclox:” a conflict between

| orentz/ditt invariance (macroscopic)

| ocal

Quantum
Field

Quantum Theory Localit9
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The “Paraclox:” a conflict between

| orentz/ditt invariance (macroscopic)

| ocal

Quantum
Field

Quantum Theory Localit9
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What do the dominant quantum gra\/itg Paracligms sag?
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What do the dominant quantum gra\/itg Paracligms sag?

L QG: Working to recover the familiar world of (~)

Minkowski space, multi—-Particle Perturbations) and
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Strin g tl’xeoryz

, , dd liziblit
Hints(?) at a solution: addresses nonrenormaliziblity

extendedness/ nonlocalitg

microstate counting, etc.
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Strin g tl’xeoryz

, , dd liziblit
Hints(?) at a solution: addresses nonrenormaliziblity

extendedness/ nonlocalitg

microstate counting, etc.
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General Problem: investigate UH!

(D-dimensions)

— scatter ng,

(Provisional) summary of some of what we know:.

(One question: when/how strings relevant?)

(More detail: SBG; SBG, Gross, Maharana; SBG &
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Regimes:

) Born
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Regimes:

) Born
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Instead, |eacling corrections:

E —

ladders (+ crossed)
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iTeik (s, 1) = 23/dD_Q:I;Le_iQL'“(eiX(“’S) — 1)

= Peroindicular to CM momentum

x| ~ Impact Parameterb
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iTeik (s, 1) = 23/dD_QmLe_iQL'“(eiX(“’S) — 1)

= Peroindicular to CM momentum

x| ~ Impact Parameterb
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Consider the classical metric of a higln energy source:

Schwarzschild, boosted with / m=vy>1

Aichelburg—-Sex! solution:
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This indicates a second regime:

2) Eikonal ~ classical

iToic(s,t) = 2s | dP 2z e 9L %L (¢X(@Ls8) _ 1)

Wednesday, October 7, 2009



This indicates a second regime:

2) Eikonal ~ classical

dhicusai / P23 =i9LwL (iX(@1:8) _ 1)

Born/eikonal transition:
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This indicates a second regime:

2) Eikonal ~ classical

iToi(8,t) = 28 / dP~ 2y | e 1L 7L (giX(®L:8) _ )

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

intuitivelg, form a black hole
Indeed:
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First, consider the classical Problem;

intuitivey form a black hole
Indeed:
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But: what imPortant corrections?

~ stringg
- quantum (e.g. other loops)

First, let’s syst

matica”g look at

trin g corrections
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Begin w/tree-level amplitucle: hig}‘: E

['(—t/8) (2Ht/4 2t /4
T(1+¢/8)

string 2
Ttree (87 t) X gs

2 (D noncmpct dims)
il sbiai o Gl
( ) D ;

tree
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Begin w/tree-level amplitucle: high E

['(—t/8) (2Ht/4 2t /4
T(1+¢/8)

string 2
Ttree (87 t) X gs

2 () noncmpct dims)

tree

Tgrav(s’ t) X GDT

Wednesday, October 7, 2009



- However, as noted, cliagrams

compete foan e s L

b2
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Dominant N:

1

At t.~ —1 : NN(GDE2)D—3
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Dominant N:

1

At t.~ —1 : NN(GDE2)D—3

N - q. >
S R S
4 B EASTEE o S »‘.
A LR e n LS SR AP 2

l_. I Cl Cl 1 |/| } t
. i: - Laree ioop oraci ominates. T AR
R S e SN Ry i s o ReT N ety R e L O, SN LN ARG AT Wi Bl S 5 S SN ML B Y b TR T A A S M ¥ SR Ba B Xp By A e
P o B K i T e Tk s LS ST PR N TR AW A o SR ad oy s R e ,..“.n. oA S X o v o w o AR '-('

e . DR Lrarnd S Py § i E AL | TOO . iy 403 3 Feat i > FPaeN oY Lo A
Sl L LR pmiiin’ chcd s aat & Rl Ll R S U] ST G B b St S N A L e

¢ o itk e alpt U PG EA SN B il aR R N A o i i SR e B 0 S M R o N - 3 ) A Ay e ¥ A

g £1 e SR A e s SN e
P Lo e 2 ) -'AVA--P "/""
o R LSS N o Mg N

Wednesday, October 7, 2009



But - another eHect: can excite strings through
accumulated eftfect of grav é:><changf:—~ “ditfractive
excitation” (ACV)

InG eeci, unexcited (elastic) amplitucle, near

Schwarzschild imPact Parameter:

Wednesday, October 7, 2009



Wednesday, October 7, 2009




Wednesday, October 7, 2009




Wednesday, October 7, 2009




But there is a contrarg inturtion: string onlg

“sPreacls out’ “after” collision??

String sPreading IS a notoriously Fuzzg
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SRG, Gross, Maharana, arXiv:0705.1816
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Trappecl

sSu mcace
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Trappecl

sSu rmcace
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ummarize story in a propose ase diagram:
S t Yy prop cl“Ph d g 7

2
In K

Born scattering
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ummarize story in a propose ase diagram:
S t Yy prop cl“Ph d g 7

Born scattering
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ummarize story in a propose ase diagram:
S t Yy prop cl“Ph d g 7

Born scattering
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Strong gravitg region: an imPortant mgsterg.

lmPortant asl:)ect? :

The Problem appears intrinsica”g nonPerturbati\/e
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String Perturbative ﬁniteness, extendedness not

clearlg relevant
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String Perturbative ﬁniteness, extendedness not

clearlg relevant

What about state counting; clualitg/ lﬂolographg?

- Microstate counting;: not far from BPS, ~ solitonic
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Hologral:)hic duals: AdS/CFT.  ~ matrix theorg

- do tl’weg address the “Paraclox”?
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Hologral:)hic duals: AAS/ CFT;, ~ matrix theorg

- do tl’weg address the “Paraclox”?

need to compare inside and outside observers:

no gormulation OF local ObSCFV&bICS
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Hologral:)hic duals: AAS/ CFT;, ~ matrix theorg

- do theg address the “Paraclox”?

need to compare inside and outside observers:

no gormulation OF local observables

’ ,
- nonetheless, can investigate whether, e.g.. the
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- for clear interpretation, want to reProduce S~-matrix in

flat space limit, that is, on scales r < R

(then, cantake R — o0 )
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- for clear interpretation, want to reProduce S~-matrix in

flat space limit, that is, on scales r < R

(then, cantake R — o0 )

A imPortant open Probleml

Polchinski, hep—-th/99o5o+3
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An issue:
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An issue:

control sources at bounclarg

can theg be “focussed’
suFﬁcientlg to resolve

stoiicture.at: scales r<<R7?
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An issue:

control sources at boundarg

can theg be “focussed’
sugﬁcientlg to resolve

stoiicture.at: Scales r<<R7?

Gt might the

Douncﬂarg tl"lCOf'\lj Oﬂlg summarize

some version o

[ the bulk theorg theorg averaged

over scales <R~

(’thusj hologralohg onlg in “coarse—-grainecl” sense?)
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| et’s understand more carfncu”g:

(b=boundary point;
~ ACIS/CFT ¢($) — O (b) x=bulk Pgiri)

= consicler bounclarg SOUrces f’L (b)

2 Procluce bulk wave[:)acket as / dbfi(b)O(D)
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A test (SBG, 1999)

For E>1/R qg>1/R

¢ < 1/(GpEHYPY ~1/1,

Should be able to reProcluce Born amPIitucles:

S it G > i, . e ja- i
g X BV RGNS S 20 3R PN b p il 3 5
TN SR e u R R S L R S L AR
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(Since we clon’t |<now how to compute correlators 12 the

bounclary gauge theory) a warm-up test: it we use a bulk

theorg to define the boundarg correlators, canwe
recover the S-matrix of that bulk theory?)
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(Since we clon’t |<now how to compute correlators 12 the

bounclary gauge theory) a warm-up test: it we use a bulk

theorg to define the boundarg correlators, canwe
recover the S-matrix of that bulk theory?)

Immediate Problem: f(b) < YnN
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So, use normalizable solutions?
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So, use normalizable solutions?

PT’OblCm:

infinite #
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Only obvious way to Proceed: comPromise

comPact sources —- “bounclarg coml:)act wavefunctions”
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lncleecl) consider:
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lﬂcleecl) consider:

Wednesday, October 7, 2009

There is a limit:
n — 00
it an
w = fixed
AN AT nﬁ\t

(~Polchinski,
Susskind)
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Recall the target:

If isolate “by hand’

can ShOW
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A(z, 2)

ANE WA
b13 b24

(O(1) - O(bsg)) x

cross ratios: 27 =

b13b24 (1 e Z)(l e 5) i b14b23
b12b34 b12b34

singularitgz e
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A(z, 2)

ANE WA
blS b24

(O(1) - O(bsg)) x

, bi12b i
cross ratios: s A =
b12b34

singularitgz e

Can extract (quite exl:)licit, and

nontriv.) T from coett of singularitg N

Ascatt o /H [dbzfz<bz>] <O(bl> St O<b4)>scatt

(See 0903.4437)
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_thisis very suggestive.

- but: how do we know that the true CFT

correlators have such a singularitg?

_thisis a necessary condition for the correct

ﬂat~space kinematics (clelta funtion)
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~ this is veru suggestive.
N

- but: how do we know that the true CFT

correlators have such a singularitg?

_thisis a necessary condition for the correct

ﬂat—-space kinematics (cjelta funtion)

Heemskerk, Penedones, Polchinski, Su”g:

FORRE Tty SRR T TET T, S0 VRL OV oy, RS Sl A gy 113 . SO SRS " T - ol PP LN 25 i 5o i N R o o W S AN i Ak e AR LG Bk R SR SR L e e v SANT SRR T i N g g L N il . CC
P or it [ I o e & Rl rCEN gy ol S TS - L bl . RIS N LA Lo T el Sutats TN e REEA R T s 12 x> 2 T LA R e et 4 o5 b Sy
A Al SRR R R S e L e R e SR L s e ARG P S R L R S P AT L Y b S s i o S e T AR PR oniNEe
R R L P s o SN g, AP O S g0 R A G ML RIS it T Mt S e e et ity A i ok 3 B Rt A it LS T S D U SN M bl e e S D PRl S S e i S R el e T
’ ) i i P e N e Ve @ k7 i T s 3t A LIFh dek o = R ol ot A % A 4 LETTSr TR ey » . R D 7 \ I N e iy ¥ iny
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~-1t’s certain|9 important to investigate whether this is true.

- ifitis, declare victory?
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~-1t’s certain|9 important to investigate whether this is true.

- ifitis, declare victory?

- not so fast!

Wednesday, October 7, 2009



- 1t’s certainlg important to investigate whether this is true.
- ifitis, declare victory?

- not so fast!

Gary, SBG, arXiv:0904 5544

- plane-wave limit is rather singular -

. :\.~"-'«.1 <&
BTN
R A A T bt R s
o S R S SR S LI e B L AP R 2 AN SO RNt S R £t 2 b > AL SISO St L L B

B -~ - L NI 5 P Y Sl gy Aol « . e "
PR B A 3 b3 2 50 R N & A ¥ PRE B o TN |,
S M RS PN O e . TR AR L ALY A R Al T
et BN d Y T T ANl ey 2 o
J Zaden CET AN e o M - s B 2 A St < S
e e o !‘-,‘3""--2‘-\ A VS T RN RS G N VO R sty O e Uy Sy Febe ARRCED )
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Not necc—:ssarilg!

boundary comPac’c e low-—energg tails

become power law tails, in Position space;

dorn’t vanish in Kzimqnitg limit

p 02y, . R v i > M. -, ¢ A 1 . TR B
4 T R G .,-‘,_,‘\L,."é“.‘_-,; SR T s S St i L B R
s ik oy G e T SRS Dl i (RIS SRR e e N R FARE SRRl R s S s R & S (G
v
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E:xample of Possible eftfect:

AdS, top down view

Rutherford

VY,
exl:)erlment
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E:xample of Possible eftfect:

AdS, top down view

Rutherford

VY,
exl:)erlment
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~ Part of the issue: separating

<O T O>Scatt 1Crom <O T O>dz’7°ect

= Possible indication: need to excite N2 matrix clegrees

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 Procluces local clynamics on scales <<R

o o e
. Presence of certain smgularltles A ~ h(s,t,u)

= a2
with T ~ s

is this structure Present in the CFT7

T F) o ek e ek pdesh U R G AL L s L R Rt 2 ot el [ Y e N T T T SR RN, ¢ T e by AL P ) A kR (e i BN R ¢ s Bl e i
2Nt N & o N Wl -0 Ar WY e o (R ¥ v 9. - ~ - ~ ) - > 0
RNAE i 2T QT YA A Y O NN BOER T BN P, o - e - S
T e 1 i ¥ XY . iz DG TG T B9 )L 5 18 18 TRV

A/ AN/ETNNAAC KETS ANSEAENC € 1
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To summarize the AdS/CFT discussion:

We have found some nontrivial tests for whether
the CFT Procluces local clynamics on scales <<R

o o e
. Presence of certain smgularltles A ~ h(s,t,u)

= a2
with T ~ s

is this structure Present in the CFT7

NP 0 b HTE| ST B B, Fr N ER e el Ny G e A Nasa s Y iad i L ol s Bt e e R S e T
v L I LSRR Syl aAd) o i 13 R o e
s RN W (v o 01 1 [ A W K 7 ¥ e N Wi (7705 G o e SRR NG A [t e s
NI @RIGTEIRIES K WAVEDACKETS: Aahhsetrice

Wednesday, October 7, 2009



To summarize the broader string discussion:

= Perturbative string theorg (ancl its “ﬁniteness”} doesn’t

obviouslg address our set of c]uestions

_ there is so far no substantial indication of a role for

> - s it 5 £ - - » { - = L P ’ % - A " s Z -l L ! £ ¥ %
" 2 r I R e e S 1‘1‘ J’_",‘ b ’}',J‘. v PRt O T R G B R s ML e b fuig v‘).r‘\' L7 _4'; Py LY DR DR Pl YU A Lt 3 ‘fv;:";."c' e AL O ” s {\ prpn) s 11_¢ e e e A o g"«., "..-,,‘ 2y
> Ui Sl Al s £ LA SR R e i B £ i e SERIRIEE S Lo B A% RO it B N D B g R R L 39T N SRS e Fo ke U i e RO S e e WSS ¢ o R Bkl Sl el R ag o
P S o i o+ e R RSN Tl '-;"..a??éﬂ‘.-».*:_-& e R LNt e A P et G e IS S PR N N N N St L
N d ey E L e e SO SR o P <. J * W » o < o > e il

3 TR 2 e g SR,
Ig s N S L R N R
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Whether strings (or LQG) ultimatelg answer these

questions) can we see outlines of the answers?
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Whether strings (or LQG) ultimatelg answer these

questions) can we see outlines of the answers?

- We see strong indications for new effects at

scales ~ Rg(E)

~ NonPerturbatl\/e grav:tg (cllstmct From = g strmg

RF i P T ST SR GIAr e 2 e L s S T T Tl e A I 5 = e " IV ATNE L
S b e Wl S AT '-‘3~ P LT A e e AL S "“‘! LR (1 R R Pt SRRt Lo AL .. A Sle .*v_,. '1‘ :
Ot L oo s epaniai b IRE e ot SR AR oA e et EaRe L M ) iR e SRS AR SR S Db ) Wi SR A S o R S e ?‘ss-.s Ry
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Reasons to question Iocalitg, at ~ Rg(F
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Reasons to question localitgj at ~ Rg(F) :

1) information Paraclox

i keep | orentz invariance and QM:

On scale

ResoatCualliLss)

sl
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2) growth of size in scatter ng,

b

E )] D=3 indicates gravitational growth of object

(though not nonl:)erturbative regime)

black holes: 2 boclg b~ Rs(F)

(cormectxon fo nonPolgnomlalltg ~momentar1|3)

% o Ay -— o v T e

RN Y At S Tt -*:'»::_ b “.'-.»,' Rl M e '_,.\." i e Re % _4- .;..' ekt otk i Y e e \L.ié ) -.-~f-g.. P A Bt ..\ HEWEN

i 4 A ﬂ,'.l‘.‘.—. .' .-;rt A T g O v*'~1' N x- (o Se 4N c. )z ...’-A. ;...,, “"' LA 45 v‘ e " 8 "._-,«’f'.“..: ‘»‘Q"::' % Tw-‘»,“i‘.. i ‘-- e
g ¥ LR R e At R XSS e o o S SRR K e vt e L T st i ,.-" s TR e W (A A e , it gy NSO SRSk g 18 SUNURESIR el S g s Bio ooty
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Want to better understand Phgsics ~ abasic

set of c]uestions:

) Where does local QFT fail?

Corresponclcnce Doundarg

2) What is the mechanism?

x — 3 J I < 7 > * . i B g o o s v N 3 T 4 A . 3 L
e TR T YT 3% U PN G N RCREN, G SR RS i 1 g Bihen B LT el e AT AL S B S P AT ot R s e S e e SRR T IO bt s 7Y sy o d S e B e S R A i T o e B e g A T R SR L TR LF S
T oy gt b g B R R 1 Aol s oA S g T R el o e e e e S Fus e s e e D o S R RS A s O 7 SR S R S e i Solu i
s R Bt LI i B il o il 68 K 1A 30t G St L R I e A A e L L e SRR B A e s L R et A - e WA A e e . B3 i S R B R s W T 3 el
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Some Previous proposals fora

COFT'CSPOHCICHCC ]Z)OUI’ICLBFH ‘:or gravity:

Planckian curvature: R o M%

strin uncertaintg Principle:
- (Veneziano/Gross)

7 .}_rf';. o L ja s ';-v- P
) e viagcs gl ik (s "i"-"'ﬁ-??'--"\“'-'a Caghde iy

&
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Compare CM/QOM

clgnamical descript. valiclitg

AxAp > 1
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Compare CM/QOM

clgnamical descript. valiclitg

@VE x(t), p(t) AVFAV /I |

—I-QC,FIQZ ¢:Uap¢y7Q|O>

(min uncertainty wavepackets)
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Compare CM/QOM

clgnamical descript. valiclitg

@VE x(t), p(t) AVFAV /I |

GOl 0 gl e e s
S Bl 1z — y] p+ g

(min uncertaintg wavepackets)

y P A (G Ry R e A B R T T S AR b SR R R e R S ] iRPeh R e anl e Al el SN S e MY R L A B e L L ORI R e T S
LATE et F.‘J.‘v, Sl oy b £ Ko o 5 L o S e e wl ‘-';'-'.;K 22l oy ;{}. ITIR o T PO O L gy X £ ..4- ‘ S AR & L,‘ QR SOh SIS R A s N A R
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Compare CM/QOM

dgnamical descript. valiclitg

@VE x(t), p(t) AVFAV /I |

QI:T O gl D—3 G
e D, pPy,q|0) il i Gl sy

(min uncertainty wavepackets)

A M IR 34 VO e W 0% A _ oy 5 > J - O I et R AL B P A X N AL P Yolas SR L AN Fé & .
"'. By e B A i S *-.;.:f,.. 2 - LA O St fg s s g LS S ent S S S -}_ AR ST W | r. RS LRt Wowha ves A ok (-‘.- 3 A sy o
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Corresponclinglg) mechanism:

“delocalization w.r.t. semiclassical geometry,

intrinsic to unitarg clgnamics of nonl:)erturbative

gravity 2

~ “non‘ocality Principle”

/
= S e 3 W7 P B SO T B AN 1o N B L | i S = R Y N
AT N [ NS B /7 " 73 € 3 ). e ) R 3 « R
D e e it & G W SN e e L R S i e S SR
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How else to Proceec]?
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How else to Proceeci?

- How do we Probe/ quanthcg Iocalitg?

canit be absent as a Funclamental Propertg,

96‘5 emerge N an aPProximate sense”
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How else to Proceeol?

- How do we Probe/ c]uanthcg locality?

canit be absent as a Funclamental Propertg,

96‘: emerge N an aPProximate sense”

o= Iocal OIDSCI Vables
b IR i bRt S R RN e L S R

i A N A ARG A e » St IR Rt e S Rt s AT Ll ok A e ) - S %1t -
b SO R B SR L e I A Rt oK PR < TR N A S PR Ty 2 P S R TARA N T R G e R U RN

OGP L Ly SR, S b vty D T e g LN bl N NESL £y N R NI R S Sty oy Q x4 RN
e s -"""-l"ﬁ v' Q\- & - i bl Ter a-~~. e SN S S R Al i SRl Bes o 4 T "Q‘:.-' i s i o T e R
(3 e iHate LR IS SO Rttt jier e R g MOS AL St oy oot E Lo KATS - Lo S e A0 T ke Y ) 0 AR, S RN MCRERE LX) O E vt R R e SR AT Sa B RS uy SA ks i T8 BRI i St S D02 Lo A
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Indeed, inclepenclentlg interesting Problem:

The gravitational S-matrix
~ conjecture: well defined in “the” theorg of gravitg

- what are its general Prol:)erties, consistent with unitarg

quantum evolution + basic features of gravitg?

~canits stuclg Prov:de mformatxon about the Prmaples 01(:

R LSt Y EcRE e ot S e di s SR PR

o ey Y e D Ry . > 3 o ? o i b o L . ¥ X 7 h““-: TRy ¥ . Wi P hnde A AR I Y N S
et E SN s RN y= M s = - g e 2% st R 3 AN Ky B 0 5 AL A <. e e e St 2 T R e g A4 Tenin L Sy S VRl Ll > g
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Some basic features:

A

Born

scatterin g
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2 — 2 scattering: PW cxpansion:

T(s,t) = (const) E*~" Z v)CY (cos ) [ 2i01(s)=20u(s) _ 1
=8
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2 — 2 scattering: PW expansion:

T(s,t) = (const) E*~" Z v)CY (cos ) { 2101 (s)=2061(s) _ 1}
=0

Born, eikonal regions: “weak gravitg” regime can infer

atut DLk 5 Q N m ﬂ @ 2% 9@ Q r &

“,-}.',- R
,«h".s RO
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Strong gravity/ black hole region: | S ERg(E) =1L

. Black hole Ansatz:

S(E, 1)
4 BPPFOX. thermal ClCSCf’iPﬁOI’])

(Bekenstein-Hawking entrol:)g .

O ~

- 2.Black holes ~ resonances

A ,1"\“‘ - e P AR (U R o A, T T oo e S L) SABCRD A Lg ot IPP R Sk 5 ) 2 SECRL e /g Sb ) e

< Fednite” TR 45 A PR 2 R A n b sgisd b il Y ER LS X o re AN

Ax o Y ek il s o Y ’. o S P ey S &2, G B hA 2 ARy T &, £ - b K 2 g AP e TS -2 5 R «

oy T T . 0 O R e S R o e O T BT L0 MY AUy "SRR (e St PR e b et L S S SRR s S AN U e S el e ad e e S et Kt S AR L e et
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Features:

~ signiﬁcant indications, ampli’tuclcs not Polgnomial:

s P

T(s,t) ~
Plausiblg associated w/ lack of usual Iocalitg’?

related: viol. of Froissart, €Y OBH ™~ (Bl e
growth of range of gra\/ltg 4 energg

. v d
-~ INtEeres ,, ? g COoNstr M«,» S EEOER O >O '*’ g
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s

his is “outside” (asymptotic) viewpoint.
ymp P

——

o discuss “inside” (c:osmologgJ black hole)

ﬂCCCl ~ local ObSCFVB]DICS

Indeed, localitg - QF T
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For example) to Properlg formulate the
information Paraclox) need to discuss inside,

approximatelg local description:
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Possible resolution: Relational aPProach:

“Proto~|oca| observables”
see: SDPG, Marolmc, Hartle;

Gary & SBG: ch, concrete

Basic idea: o /d4x\/?gB($)O($)

Je—
£ AR S T RIS AR g Tt P .Vv-y:-\;,.v __“‘;:_‘ ._,;[.‘_ '..":‘“‘\ P .':. Mool AN ;\‘,.:“\ e g
5 R I B e AT B0 o T TR > Nt 5
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£ "‘,.;‘ ";: & ";'v - s \3 'y ‘.“ d I-A A
PRI, UL, z‘..} RIS R e T R 70 a
e k> i Eid PR gt L
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Can we find a flaw in nice slice argument, and see

Wl’"lCrC HBW‘(lﬂg went WFOﬂg 7

Some thoushts: SHarP coml:)utation of Sin
hep.-th/oéo 146

requires ﬁne~grainec1) local V)N s

Two Potc:ntial obstacles:
D) observing background =
large mods. to W>NS

2) backreaction of fluctuations =
large mods. to |¢>NS
Both bﬂ TPage ™ RsSpy

(literal CM/QM analogg may be another o)
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~ APParent signals of Pert. thg. breakclown;

Proposecﬂ resolution of information Paradox

~ Non—-Pert. completion would be requireci to

describe information “escal:)e” / restore unitaritg
but, aclue ...

- Interestingly, there are parallel areuments in ds,
S P &
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In general, expect this set of considerations to be

important IN COSMO ogy

Work w/ Marolf on dS, chG: arXiv:0705.1178, and WIP x2

- More general limitations on local QF T for

volumes e RdSeSdS

@g@ proto-local obs
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To sum up, should be Probing limits of local quantum

field theorg cﬂescription) likelg on scales > lp,In

certain circumstances

“unitaritg restored at Price of localitg ”
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To sum up, should be Probing limits of local quantum
field theorg cﬂescription) likelg on scales > lp,In

certain circumstances

“unitarity restored at Price of localitg ”

How to ma‘«—: Ni@ic cORGcicte PT’O%T'CSS?

(~ How to invent QM w/out exPeriment?)

T i . VT ENEETL SEACE, iy T, T L T 3 o BT i N et e Sl AR N o) o A o S R L 5
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To sum up, should be Probing limits of local quantum
field theorg ciescription) |i|<e|9 on scales > | p, N

certain circumstances

“unitarity restored at Price of localitg 2
How to make more concrete Progress?

(~ How to invent QM w/out exPeriment?)

’, ’, , ’,
~ Investigate properties or S-matrix
" s d ST : g €L 8 2 Wt s 3 . PP e e A S s M NS KSN?. e S ERT P S Rutcle 5 61 Ty TR - IR o
SN S St L b e T e e Dl ol Faal 7 P, 4 e TR (R LR U NS (et PN s e T G e ol ot R s e S e e N PSP e DS e LR o Y oAy S d S Sl b e SRR AR T s e S R e S s S SR SRR (R e e
T 5 Py o BR ¥ 15 IO EIEOC LSSy e FREPOTIC R SRS R S b Bl [ evs iy b GHTIIEDN SSH R T A S0 o NIRRT 2 e el Tgr e SN L N A BN Ll & AR SRLC s S A R SR RS Pty S el T
e b e S R de U R b A s Mgl S b D A g Sk i o S BRAES SRl A COS Sl Y B T G e SLad st &,
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How can we have a theorg w/ features of gravitgj

1) Consistent (~causal)

2) Quantum mechanical

%) Nonlocal

} essential tension

4) Nearlg-local

(i.e. behaves |oca”9 in usual low-
~ energy circumstances)

(L L) Lo A B R R 47y ARG I 2 b ;," oy gt Pt S o P g
2 SRy el e X 3 ) o Pas W i St s SRR S S P L LR e e
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