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The information “paradox, In a nutshell:

Information cast into a black hole

- can't get out locality
- can't be destroyed QM; energy conserv.

- can't be left iIn remnant  catastrophic instabilities

Stupid mistake!

Harbinger of new physics!




A VIEWPOINT: REPRESENTS A
FUNDAMENTAL CONFLICT
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\ Quantum mechanics

- QM LI hard to modify (consistency, observation). Locality?

- [t's not about singularities, renormalizability! Long distance.
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A SEEMINGLY SIMILAR CRISES:

Classical atom

QM takes over
here
(CM irrelevant)

CM fails here
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A SEEMINGLY SIMILAR CRISES:
Black hole
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“CLASSICAL INSTABILITY PARADOX”

"BLACK HOLE INFORMATION PARADOX”
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What other guides do we have!
AdS/CFT?!

Microstates??

Cosmological comparisons; tests!

Locality/ local observables
S-matrix

Amplitude magic??
Correspondence

Quantum Info. transfer from BHSs

workshop/conference

workshop/conference

e.g. hep-th/05 12200,
w/ Marolf and Hartle

Erice lectures: | 105.2036

previous workshop;
nonperturbative!
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Comments on AdS/CFT  (More detail: 1105.6359)

- many regard as resolution -

A question: can we recover from the boundary theory a
sufficiently fine-grained bulk description, e.g., of evolution
of a small (<< R) BH, and of observers falling in?

Need:
M : Hyuk — Hbdy interacting

/ [-1, unrtary \

Ui = MTUM

Unitary bulk evolution?
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Approaches:

(~) local bulk observables

challenge In QG

much discussion at workshop

oeneral “relational’” approach: e.g SBG, Marolf,
Hartle hep-th/0512200; used in inflation

S-matrix (flat space limit)

2@

blem: construc

DOU

ndary data; ex

B SEEN

lering states from

desleny

Ine-grained S-matrix

not much discussion at workshop

there are challenges

(more discussion:
| 106.3553 w/ M. Gary)
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More general approaches:
. Investigate correspondence boundary
2. Quantum information transfer

3. The gravitational S-matrix
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Correspondence

Existing theory: LQFT, semiclassical background

various proposals: planckian curvature, modified/string
uncertainty, modified dispersion, holographic bounds ...

Configurations: ¢$,k¢m’,k’ O>

(min uncertainty wavepackets)

ACAR

¢$7k ¢£U/,]€/

VWhere description fails?
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Correspondence

Existing theory: L QFT, semiclassical background

various proposals: planckian curvature, modified/string
uncertainty, modified dispersion, holographic bounds ...

Configurations: ¢$,k¢x’,k’ |O>

(min uncertainty wavepackets)

VWhere description fails?
g g = (e =

“locality bound”

~ Helsenberg microscope
(multiparticle generalizations)
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We seek guides to this regime.

Assume: guantum mechanics (take seriously)

Also assume: guantum subsystems

—
y

HBH X Heazt

Information exchange; unitary

“Effective quantum theory;" and mo
(recall: "QOM+locality+Poincare = Q

Environment

&

=T ’>
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Another guide: “as close as possible” to LOFT

Outgoing
/\ Hawking

-

horizon

5 i nice-slice description

7 1 Y - sharpens tension
| X7 Xw o mulSKEeEE
T

welbe e i) = B
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“Hawking state” (explicit in 2d:

; SBG and Nelson, 1992)
|¢>Hawk = H Sjn‘0>‘0>

e

—1 —wj/QT T bT h .
] ~ asymp. frequency e {mnh L | (bj”’ i~ )}

n ~ position along slice 1 e —
’ - =~ 3 g ) ()

Fi {njn}
Inside: hatted outside: unhatted

o\ A ~or given |

W\/\/\/\/\”

n — 00 < — hekZen

Regularize:

1~ (R

Shorter modes “look like” vacuum
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“Hawking state’” (contd):

So rewrite:
N—1
V) aawk = | [ Sinl0)10) = [0)n | [ 1] (S10)]0)).
Im 7 T

= HBH X Hext
As discussed

- |0)n  can either go with BH, or “ancillary”

sEliBert spaces effectively Tinite dim. (T fintERRTEY
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N-—1

cvolution: eg 2d: U =1 |¢)uawr = 0w ] 1:[ (810)10)),,

0N —BH/2|T.. 1
= Y e PRI ST

{njn},n<N

more generally: ULgrr
(also, can Include infalling matter)

aAnal S|

Note: “generalized” unitary transform: dimensions of
Hpr, Hest Change

@ e timestep ~R (See also Mathur)
On — |0 v (‘(A)O> 4 \il})n:N

“qubrt model” | T
pairs produced (w; = 1TaE
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Nonunitarity Pezt = Trpa (V) Hawk(¥]) < > e {njn}){nsn}]

{njn},n<N

Sea:t T _Trpe:r;t In Pext

A

FSE Hawking
| SBH/2
. Unitary
| \I =
~ g% A

(Page)

arguments for failure of LOQFT/nice-slice description
laep-un@ s |6 B2 225, e, )
- problems making gauge invariant

- problems w/ perturbative quant.
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But how do we describe presumably correct unitary evolution?

HBH ®Hnear® Hfar

(nb: AdS/CFT could
work this way)

T oy B2 JLCIETE
>ome | U —REO
expectations: il e ST @)l

U # LQFT
Hpn # LQFT 2l

- o:  Tinite dimensional: log dimH g =05 e
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Physical constraints on evolution:
A =0
- - »n  (preserve “pain-
B) Innocuous to Infalling observers (?) free” horiaeil
@S di~ 1R ()
D) Near-Hawking;, ~thermodynamic (?)

S @shcsponacnce limit EORFFGR
) Energy conservation

@R Gemplete, consistent

Basic guideline: be as conservative as possiblel

i tlis ds close as possible tor R
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Explore Iexamples most conservative!
(e.g. qubit models)

Recap:

Hpm

N

Q
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Explore Iexamples Not most conservative!?
(e.g. qubit models)

|A) eg qubit“g=0,1"in:

Recap: — [a)[q)[¥)
e )
: U (1a)]4)) At~ R
: “Fast scrambling”  (enw/ [00) +[11) )
5 ()
(J\: : [~/ A /
\/ G them  [d@)[$) — &)l

\

(these are representative of more general finite dim models)

(separate scrambling/transfer)
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Not most conservative!?
Big departure from LOQFT evolution
(«>complementarity?)

Indeed, Hayden/Preskill:

After sufficient evolution, a BH behaves as an
information mirror on the scrambling time!

@G ascification:

Susskind i ka5 RIn R
Page = OB
HR, nat. slice ~u BT 0O

HR, nice slice OO OO
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Not most conservative! (contd)

IB) Massive remnant; fuzzball
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Not most conservative! (contd)

IB) Massive remnant; fuzzball

SpeE

big mods.to Hpnu

rapidly varying microstructure
outside horizon

rapid, more limrted(?) scrambling

(& nelliFentsE
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Unitary models: "more conservative”
00) + |11
00) + [11))

V2
01a)|a) — Ula)|01)U|a)

2) 00a)|a) — U\a>(

104)|a) — Ula)|10)U|a)

- ; 00) =Nl
S leftmost” \11&>\a>HU\&>(| >\/§‘ )
qubits i

Ula)

.. representative of more general (e.g. multimode) models:

(and e.g. extra unitaries)

“Hawking-like” “minimal’” mods to evolution

- Info Imprinted in typical Hawking modes

) <T7(‘)> Vi <T79>Hawking
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(10)/0) + [1)]1))

3)  |G1gaa)|a) — Ula) 00" |q1¢5) U a)

V2
v v
Usual Hawking ~ Not typically
particles occupled

(again, modulo unitaries)

.. representative of more general (e.g. multimode) models:

- more generic

- yield extra energy flux

(Bl el = 1 ¢
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information
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e

o
S Observer sees
o5 hard particles

A
horizon T

information
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\Observer sees ~ | extra quantum

of energy ~|/R per time R

(~INnocuous)

Observer sees
hard particles

A
horizon Ol

(n.b.1dea i1s: geometry not strictly
correct picture of physics -

nformation spacetime=approx. ! );
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Two further comments:

|) Pain-free horizon:
small 'dim off .
constraint on evolution

*

2) “Weak complementarity”
AsiiongrasHiaiis

(e.g. nice slice descript.
not good at long times)

horizon _

information
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- Can explore other restrictions from physical + g. info-
theoretic requirements (SBG & Shi [ 205.xxxx & WIP)

E.g. characterize information transfer

Minimal -- Simplest, most efficient form:

Wednesday, May 23, 2012



- Can explore other restrictions from physical + g. info-
theoretic requirements (SBG & Shi [ 205.xxxx & WIP)

E.g. characterize information transfer

Minimal -- Simplest, most efficient form:

A:A1®A2 B
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- Can explore other restrictions from physical + g. info-
theoretic requirements (SBG & Shi [ 205.xxxx & WIP)

E.g. characterize information transfer

Minimal -- Simplest, most efficient form:

Al = Al As 5

“Subspace transfer”

Mod unitaries Uy4,Up e€tc.  Saturates a subadd. condition

Wednesday, May 23, 2012



Contrast nonminimal:
0)
1)

0) — |0)|0)
0) — |1)|1)

Might allow you to measure dead or alive
Schrodinger’s cat inside a black hole, but doesn't
transfer quantum information ...

Example 2 was minimal; Example 3 was not

Possible reasons to ex

Weak coupling; ~ t

(extra flux)

bect (near-)minimal;

nermodynamic; small Hyear
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A proposed broader picture:
Quantum states more basic than spacetime

H1 Ho
Approximate . . o
“localization”
Hi Q@ Ho € H

Compare LQFT: (O(z), O(y)] =00 (=
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~ guantum analog
of manifold:

H Ho
, H2. "

(some common Ideas w/ algebraic
QFT; also Banks "HST" -- though
important differences)

- Unitary evolution; ~local, LQFT

H— SH olobal

- Symmetries
H — SiocH =651H1 ® SoaHa - - - local

Hilbert space networks: a possible framework for a
unitary theory of quantum gravity
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Summary:

The information problem appears foundational.

A "most conservative” approach is to modity
macroscopic locality. (not QM, LI)

Unitarity can be restored through QI transfer from
BH subsystem ... not LOFT (but "nearly?"”)

Proposal: approximate spacetime emerges from a
broader framework - Hilbert space network
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