What does high-energg scat’cering teach
us about the quantum Phgsics of gravitg?

Steven B. Giclclings

™ s AR ST S L % B ST ; 27K, S a5 S R - G A Ta A R S o LA S AL Rt 4 e T F P A i B W - L Y & e
' Tk s VA X N Y N ed B 4 T g T oA RO 10 SRS b et Yadiy e i IO w.é}.. y R R L YR s ¢ g ) i 0k PROTA Y N RN wie ¥ V.S SN
’ 2 St LLL L (e B e Ao D E e U SR RS o R A A O e b e P Sog 5o Kl he i N NMEEN L T . L e T £4¢ : % o b
AR AT s g B P o e e i b VI S iR B S B ol s B Tt Al g e A S R N P FaRE NS e -

Friday, September 18, 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 > M, )

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 coml:)uter.)

2) Genera”g high-@nergg scattering Probes the most fundamental

structure o1C a theorg.

&) Such scattering encounters a cleep conceptual Paraclox,

clriving at the heart of
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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
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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

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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Indeed, keeping | orentz invariance and quantum
mechanics aPParentlg tells us to revisit localitg:

On scale

Rg o (GpM)Y D=3

sl
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JAN Parablc from “Plasmaworlcl”

Consider an advanced civilization of Plasma-beings:
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JAN Parable from “Plasmaworlcl”

Consider an advanced civilization of Plasma-]:)eings:
~ Theg have never seen a hgclrogen atom

o theg know well classical mechanics and electroclgnamics
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JAN Parablc—: from “Plasmaworlcl”

Consider an advanced civilization of Plasma-beings:
~ Theg have never seen a hgclrogen atom

o theg know well classical mechanics and electroclgnamics

e 7 /
~ their science advances to the discovery or electrons
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In the hgpothetical world, outside the PIasma—-

the UV 5ingu|arit3 Problem:

CM breaks down; S
’ ‘e electron

what new Phgsics? \ \

® Proton ’:
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This is absolutelg Wrong!

In our “cold” world, resolution guiclecl

clirectlg bg exPeriment:
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Are we in an analogous situation?

Atom

CM breaks QM takes over

\
down here 2 /
\
\

here
(CM irrelevant)
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Are we in an analogous situation?

Black hole

“‘QG7 becomes

important here?

LQFT breaks

CJOWﬂ ]”ICT'C
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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: worldng 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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D No al:)l:)arent ro|e 1Cor string extencleclness

SBG, heP—-’ch/ 0604072; SBG, Gross, Maharana, arXiv:0705.1816

2 A
D_4lnE NG )

Born
\

Friday, September 18, 2009



Eikonal regime:

g § \%\ § ;é/ many sogtexchange&

(expectation: same clgnamics obscures Possible would-be
UV fixed Point 2)
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2) The Problem appears intrinsica||9 nonperturbative
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%) Microstate counting;: not far from BPS
(Schwarzschild)

4) NonPerturbative holographic “duals”’don’t clearlg

contain sutficient information

- A test: recover the flat space S-matrix

leltCCl Progress Garg, SBG Peneclones aanv 0905 4457
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Wlﬁether Prol:)osecl tlﬁeories ultimatelg answer these

questions) can we see outlines of the answers?
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Wlﬁether Prol:)osecl tlﬁeories ultimatelg answer these

questions) can we see outlines of the answers?

- We see strong indications for new eftfects at

scales ~ Rg(E)

= Nonperturbative gravity (distinct from, cozastune

extendedness?)
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Reasons to c]uestion locali’tgJ at ~ Rg(F) :

— information Paraclox

- growth of size in scattering

o [RS(E )] e indicates gravitational growth of object

b (though not nonl:)erturbative regime)
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Search for clues - a basic set of C]uestions:

) Where does local QF T fail Corresl:)onclence bounclary

2) What is the mechanism?
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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)
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Compare CM/QOM

clgnamical descript. valiclitg

CM: 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)
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Compare CM/QOM

dgnamical descript. valiclitg

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

Gl 0 L De i o
Moot D, pPy,q|0) il i Gl sy

(min uncertainty wavepackets)
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Corresponclinglg) mechanism:

“delocalization w.r.t. semiclassical geometry,

intrinsic to unitarg clgnamics of nonl:)erturbative

gravity 2

~ “non‘ocality Principle”

/
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SPeciﬁcaug, compare quantum mechanics) pre 1925

@)V

h

chlrogen atom
v catastrol:)hes

old quantization rules
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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”
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Indeed, inclcpenclentlg interesting Problem:

Investigate general Prol:)erties of scattering,
consistent with unitary quantum evolution,

basic features of gravity

(asgml:)totic Minkowski sPacc)
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2 — 2 scattering: PW expansion:

T(s,t) = (const) E*~" Z v)CY (cos ) { 2i01(5)=201(s) _ 1}
I=0

A. Can infer features of 51, B1 in “weak gra\/itg”

regime ‘ (Iarge impact param. -- Darn. eikonal)
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Features:

~ signhqc:ant indications, aml:)litucles not Polgnomial:
T(s,t) ~ e’

Plausibly associated w/ lack of usual localitg?

(relatecﬂ: viol. of Froissart, EOLTBIEO [RS(E)]D_2>
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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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T_.i|<e|9 resolution: Relational aPProach:

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

Gary & SBG: ch, concrete

Basic iclea: o /d4x\/ng(:U)O(x)

= b(
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In the inside Perspectivej can find flaw in nice slice
argument, and see where Hawking went wrong 7
Some thoughts: Sharp coml:)utation of Sur

héiP*’fh/ 0606146 requires ﬁne—-graineclj local |Y)ns

Two Potential obstacles:

) observing background =
large mods. to |¥) s
2) backreaction of fluctuations =
large mods. to |¥) s
Both ]33 TPage ~ RsSBH

(literal CM/QM analogg may be another o)
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~ APParent signals of Perturbative breakdown ;

Proposecﬂ resolution of information Paracﬂox

~ Non—-Pert. completion would be requireci to

describe information “relag” / restore unitaritg
but, aclue ...

~ Interestinglg, there are Para”el arguments in ds,
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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

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

certain circumstances

“unitarity restored at Price of localitg”

How to ma|<e more concrete PrOngSS?

, , '7
~How to invent M w/out experiment
- . - » h . & d ¥ i X 3 Q. - 3
Ly 0 N T o P ) g Y e e e CE e TR ARG ) Lt et i i S a sl A GL L A B e e e [ e R L s 5 i SRR e g L L T i ey P e S
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ax & SR L 35 S VR, o) e FToy o LRI e A ey S ISt S N S T S 3R A 5 LT, > B e 3 % i S P Y B 5. B R e N ety A oy c
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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)
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