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Why study Black Holes

* They exist in nature

— Binary Systems
M~1-30 M,

— Centers of galaxies
M~ 1 000 000 000 M{}

Quantum
Mechanics

< >

Great Conflict

General
Relativity




General relativity

BH produced by gravitational collapse
They have central singularity and a horizon

Everything, including light that crosses the
horizon cannot come out

Black holes have no memory of the the
objects that formed them



General Relativity

Information thrown into black hole is lost !!!

The only characteristics of black hole are:
- the mass

- the angular momentum

- the charge
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General Relativity

Information thrown into black hole is lost !!!

The only characteristics of black hole are:
- the mass

- the angular momentum

- the charge

J.A. Wheeler:
Black holes have no hair
(Les trous noirs n'ont pas de ....)

Impossible to distinguish between black holes formed by the collapse of
matter
antimattier
elephants
service du personnel bureaucrats



The Schwarzschild Black Hole




Quantum Mechanics:

Physics determined by wave function: ¥

i H

Y =6 WO

H = Hermitian =

Evolution of W is unitary:

Information is never lost !




Quantum Mechanics:

| et

We can associate to black hole an entropy and a temperature:

A
41%,

M,
Trr = 6.17 x 1078 K
BH X (ALH;>

§~1077 M black hole
S~ 107 Center of Milky Way black hole

lp =+/Gh/c3=16x10">m

SBH —

Black holes are thermodynamic objects !!!

1) dE=TdS+QdJ+VdQ
2) AS>0




The root of the information paradox

Schwarzschild black hole with .S ~ 10 20

109 10000000 ... 00000
Quantum | = e states
Mechanics:

General .
Relativity = 1 big fat state

Largest discrepancy
in all physics !




Black Holes

Quantum General
Mechanics: = > Relativity

QUESTIONS: Where is them black hole states ?
How do they look ?

Quantum Gravity / String Theory

* 10 dimensions @
- Strings, membranes (D-branes) @

o Build /ots and lots of black holes
putting together D-branes



WHERE ARE THE STA

ES ?

IOW DO THEY LOOK ?

« Simpler question:

— Count black hole states in any other way ?

Strominger and Vafa (1996)

+ 2000 other articles

/Strings% -

Zero Gravit

N

Branes

>

N

Black Hole
inite Gravit

)




« Simplest Black Hole:
D1 branes (strings), D5 branes, momentum P

%tum quanta :l

one D1 brane, 2mR —> OoP=1/R

Momentum quanta:|
\
21R



« Simplest Black Hole:
D1 branes (strings), D5 branes, momentum P

one D1 brane, 2mR —> OoP=1/R

N, D1b , 2TR
177 DrAnes, £ } —>  S5P=1/NR

one D1 brane, 211N, R
N, I%\tum quanta:|
A
4 ~
\ \




« Simplest Black Hole:
D1 branes (strings), D5 branes, momentum P

une D1 brane, 21R —> OP=1/R
N, D1 branes, 21R

1 D1 brane, 21TN,R
N, D1+ N; D5 branes }
effective string, 2N, N:R

} =>  5P=1NR

=> &P =1/N,N.R

%tum quantaj




Microstate Counting

 Total momentum N,/ R carried by quanta of
1/ N,NgR

 TJotal = N,N:;N; quanta

« Number of states < partitions of N.N_N.

 How many states (partitions) ?
N,N;No=2:(1,1) (2)
N.NsNo=3:(1,1,1) (2,1) (3)
N,N;No=5:(1,1,1,1,1) (1,1,1,2) (1,1,3) (1,4) (5) (1,2,2) (2,3)

N,N.N; quanta: €S states, Smicro = 2TT(N,N-N;)12



Bekenstein-Hawking entropy

2 \—3 2 ! / z f 2 2 1 2\
ds = —(Z12sZp) 3 dt™ + (Z12:Zp)3 (dr” +r “523/‘
\

2 r2 2
21=1+712. Zs =1+, Zp=1+—2%
6 2 8
T gs N1l re = goNsl? I gs Vpls
1 V ) 5} S S P RQV

* Horizonat r=0

SpH = 4 — 2 (N, N5 N)Y2 = Swmicro 1
41%,

More complicated black holes — hypergeometric functions ...



» Count quantum states at zero gravity
» Entropy matches black hole classical horizon area !
» 2 absolutely different calculations
(Cardy Formula vs. classical area)
» Amazing success
» Modular forms, hypergeometric, other beasts
» Unmatched in other theories of gravity

STATISTICAL STATES CET
ENSEMBLE MECHANICS (Boundary)
A
another way STROMINGER — VAFA

to understand: ENTROPY MATCHING

Gravity

BLACK HOLE =™ (Bulk)




Strominger and Vafa (1996):
Black Hole Microstates at Zero Gravity (branes + strings)
Correctly match B.H. entropy !!!

One Particular Microstate at Finite Gravity:
_“\\ '/,,_

= | J

Standard lore:

As gravity becomes stronger,

- brane configuration becomes smaller

- horizon develops and engulfs it |
Susskind

- recover standard black hole Horowitz, Polchinski

Damour, Veneziano



Strominger and Vafa (1996):
Black Hole Microstates at Zero Gravity (branes + strings)
Correctly match B.H. entropy !!!

One Particular Microstate at Finite Gravity:

™

(dentical to black
/ hole far away.
HO%W_) Smooth cap

‘ \,'F

J t our work over the
D past 12 years




BIG QUESTION: Are all black hole microstates
becoming geometries with no horizon ?

f?
Black hole = ensemble of horizonless microstates

Fuzzball Proposal
(Mathur & friends)

”flfY
DE



Other formulations: e.g. Bena, Warner, 2007

- Thermodynamics (EF T) breaks down at horizon.
New low-mass d.o.f. kick in.

- No spacetime inside black holes. Quantum
superposition of microstate geometries.

STATISTICALT.

FNSEMRIE - - STATES Boundary

MLCLIANICS

PRISLNI

STROMINCLR — VATA WORK

il = o ——

CONFIGURATIONS Bulk

BLLACK HOLE = “| WITH NO HORIZON

Not some hand-waving idea - provable
by rigorous calculations in String Theory




Analogy with 1deal gas

Thermodynamics

(Air = ideal gas)
PV=nRT
dE=TdS +PdV

Useful for
meteorology

Statistical Physics
(Air -- molecules)

‘ eS microstates

typical
atypical

Brownian Motion
Bose-Einstein condensation




Analogy with 1deal gas

Thermodynamics Statistical Physics

(Air -- molecules)

Air = ideal gas
( PV =n RQT ) ‘ e microstates

dJE=TdS +PdV typical
atypical

Statistical Physics
Microstate geometries

Physics at horizon
Information loss
Gravity waves ?

Thermodynamics
Black Hole Solution

Long distance physics
Gravitational lensing




Word of caution

» To replace classical BH by BH-sized object
— Gravastar
— Infinite density firewall hovering above horizon
— Gas of wormholes
— Bose-Einstein condensate of gravitons
— LQG configuration
— Quark-star, boson-star ...

satisfy 3 very stringent tests:

1. Same growth with Gy = gs? I!! Horowitz

« BH size grows with G
« Size of objects in other theories becomes smaller

- BH microstate geometries pass this test
- Highly nontrivial mechanism:

- D-branes = solitons, tension ~ 1/gs =» lighter as GN iIncreases




2. Mechanism not to fall into BH

Very difficult !!!

Thou shalt not put anything
Jatthehorizon! =

Null = speed of light.

- If massive: c© boost = oo energy
If massless: dilutes with time

- Nothing can live there !
(or carry degrees of freedom)
- No membrane, no spins

- No (fire)wall
Otherwise b.s)

Must have a support mechanism !




3. Avoid forming a horizon

— Collapsing shell forms horizon Oppenheimer and Snyder (1939)
— If curvature is low, no reason not to trust classical GR

— By the time shell becomes curved-enough for quantum effects to
become important, horizon in causal past

Go backwards in time !
BH has €° microstates with no horizon

Small tunneling probability = €5
Will tunnel with probability ONE !

Kraus, Mathur; Bena, Mayerson, Puhm, Vercnocke

Only e horizon-sized microstates can do it !




Microstates geometries

 Where is the BH charge ?

L =qAo 8 magrﬂj 2-cycles + magnetic flux

LL=...+AcFi2Fa+ ... '

 Where is the BH mass ?

E=..+Fa2F12+ .

 BH angular momentum
J=ExB=...+Foi Fiz+...

The charge is dissolved in magnetic fluxes. No singular sources.



Largest family of solutions known to mankind

Arbitrary functions of two variables: ©© X ©© parameters
Bena, Giusto, Russo, Shigemori, Warner
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Why not collapsing ? -+

* 5d : smooth solutions + quantizefd magnetic flux on
topologically-nontrivial 2-cycles

— cycles smaller — increases energy:

o F92¢ g% g% ~

— bubbling = only mechanism to avoid collapse in
semiclassical limit Gibbons, Warner

— If any state in the eS-dimensional BH Hilbert space has a
semiclassical limit, it must be a microstate geometry !

 4d : multicenter solutions Denef

— certain intersections of cycles — D6 brane centers with
negative charge and negative mass

— common in String Theory (e.g. orientifolds); nowhere else

— Highly unusual matter from a 4d perspective

— Usual matter does not hang around, just falls in BH



ﬁack Hole Deconstruction\ Black
: _ Denef, Gaiotto, Strominger,
Strogligg Vaia Van den Bleeken, Yin (2007) Holes
— 2l S ~ SgH
N—

Effective coupling (g )

Multicenter Quiver QM Smooth Horizonless
Denef, Moore (2007) Microstate Geometries
Bena, Berkooz, de Boer, El Showk,
Van den Bleeken.
S~ SBH |

Size grows
(o] . .
o 0 >

° o _
o No Horizon

Punchline:  Typical states grow as Gy, increases.
Horizon never forms

Pure black hole states have no horizon



Pure BH states have no horizon - 4 approaches:

(3) Follow microstates from weak to strong coupling

— BH deconstruction, String emission, Higgs-Coulomb map

Denef, Gaiotto, Strominger, Van den Bleeken, Yin, Giusto, Russo, Turton
Bena, Berkooz, de Boer, El Showk, Van den Bleeken; Lee, Wang, Yi,

(4) Build lots of BH microstate geometries = Hair !!!
— Mechanism: bubbles
— Can account for BH entropy




Why destroy horizon ? Low curvature !

* Answer: space-time has singularity:
— low-mass degrees of freedom : ( N\ / (
— change physics on long distances \ ( \ ( \

» Very common in string theory !!!
— Polchinski-Strassler
— Klebanov-Strassler
— Giant Gravitons + LLM
— D1-D5 system

* Nothing holy about singularity behind horizon

Bena, Kuperstein, Warner

|t can be even worse — these effects can be

significant even without horizon or singularity !
Bena, Wang, Warner; de Boer, El Showk, Messamah, van den Bleeken




A few questions for people who know
Quantum Mechanics better than me

Exp(10%) classical geometries
= coherent states forming basis
for BH Hilbert space

How do you interact with this mess ?

Throw in a photon. Expect not to come out

— Coherent state ? non-geometric: goes through all
geometries, destructive interference (multi-slit exp.)

— Decoherence ? just explores one geometry
spends a lot of time? absorbed? exciting the geometry?

Throw in a heavier probe

— Experience flat space ? Complementarity? Tunneling ?
— Plow through BH ? - get out on the other side ?



Strain (107"

A few questions for people who know

Quantum Mechanics better than m

 Throw in another black hole. LIGO.

« 3 phases: Inspiral,

1.0F
0.5

0.0

0SSk
-1.0 -

— Non-geometric: dipole moments ~ @5/2 §os

-1.0

Hanflore, Weshinglon (H1)
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— Geometric: larger dipole = inspiral bumps
— Mergers of non-aligned BH (5 days ago)

* Non-geometric: essentially Kerr solution
« Geometric: different solution
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Summary and Future Directions

Black Hole pure states have no horizon !
« Many different approaches
« Only way to reconcile GR and Quantum Mechanics

Can build them in String Theory

« Largest family of solutions known to mankind

* Highly-nontrivial matter

 Mechanism not to collapse

Very Unusual Quantum Systems.

* €S tunneling probability into €° horizonless microstates
 How do they interact ?

« Decoherence ? Geometric or non-geometric ?

Gravity wave experiments. Consequences ?






