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Black hole
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_Black hole
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- Underlying stat. mechanical nature?

- Where are microstates (hair)?
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'BH microstates (hair)
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_Black hole
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—> Underlying stat. mechanical nature?
- Where are microstates (hair)?
@ Info. paradox
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'BH microstates (hair)
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BH mlcrostates (halr)

€ Quantum gravity / string = microstates?
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_BH mlcrostates (halr)

@ Quantum gravity / string = microstates?
@ Classical BH =

“effective description™ after “coarse graining”
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_Black hole
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_BH mlcrostates (halr)

€ Quantum gravity / string 2 microstates?
@ Classical BH =

effectlve description” after “coarse graining”
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Such a statement doesn’t
mean much...
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Such a statement doesn’t
mean much...

unless one can really do
something!
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Explicit example:
D1-D5 system
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Explicit example:
1-D5 system
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Explicit example:
D1-D5 system

vN1/4):

. small BH

@ A large class of sugra microstates with the
same charges are known

sugra microstates
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Explicit example:
_D1 -D5 system

& D1-D5 svs (S~ }“-]- Y small BH
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. small BH
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@ A large class of sugra microstates with the

same charges are known

sugra microstates

LM geo "- small BH
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Plan
¢ Introduction v
* AdS/CFT
¢ D1-D5 system
¢ Typical States
* The effective geometry
* Conclusion
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AdS/CFT

S R R, T e R
@ Gravity/string theory in AdS (DUIK)
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.AdS/CFI' and BH

® Black hole «— statistical mechanical
ensemble in CFT
=« Can study BH from CFT:
Bek.-Hawking entropy, correlation function,

= Even valid for “small BH™

1 stat. mech.
ensemble

1/ in CFT
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Ensemble vs. microstates
— CFT side
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Ensemble vs. microstates
— CFT side

Stat. mech. ensemble
= weighted collection of microstates
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Ensemble vs. microstates
— CFT side

Stat. mech. ensemble
= weighted collection of microstates

—>» Nothing stops one from considering
individual microstates in CFT
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Ensemble vs. microstates
— CFT side

Stat. mech. ensemble
= weighted collection of microstates

—>» Nothing stops one from considering

—

individual microstates in CFT
@ General expectations
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Ensemble vs. microstates
— CFT side

Stat. mech. ensemble
= weighted collection of microstates

-3 Nothing stops one from considering
individual microstates in CFT

@ General expectations

= For large N, most states are very similar
to each other —— —typical state™
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Ensemble vs. microstates
— CFT side

Stat. mech. ensemble
= weighted collection of microstates

—>» Nothing stops one from considering
individual microstates in CFT

@ General expectations

= For large N, most states are very similar
to each other —— “typical state™
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]
Ensemble vs. microstates

— CFT side

 Stat. mech. ensemble
= weighted collection of microstates

—>» Nothing stops one from considering
individual microstates in CFT
@ General expectations

= For large N, most states are very similar
to each other —— —typical state™

= Result of “typical™ measurements for “typical state”
very well approximated by that for thermal ensemble
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Ensemble vs. microstates

— CFT side

~ Stat. mech. ensemble
= weighted collection of microstates

—>» Nothing stops one from considering
individual microstates in CFT
@ General expectations

= For large N, most states are very similar
to each other —— —typical state™

= Result of “typical™ measurements for “typical state”
very well approximated by that for thermal ensemble
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Ensemble vs. microstates

— CFT side

~ Stat. mech. ensemble
= weighted collection of microstates

—>» Nothing stops one from considering
individual microstates in CFT
@ General expectations

= For large N, most states are very similar
to each other —— —typical state™

= Result of “typical™ measurements for “typical state”
very well approximated by that for thermal ensemble
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Ensemble vs. microstates
— bulk side
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Ensemble vs. microstates
— bulk side

. AdS/CFT —> 1-to-1 correspondence between
bulk state and CFT state
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Ensemble vs. microstates
— bulk side

) AdS/CFT =—>» 1-to-1 correspondence between
bulk state and CFT state

—3 | here must be “bulk microstates”
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-]
Ensemble vs. microstates

— bulk side

T AdS/CFT =—>» 1-to-1 correspondence between
bulk state and CFT state

—3 |here must be “bulk microstates”

@ Expectation for bulk microstates:

= Result of “typical™ measurements
for “typical state” is very well approximated
by that for stat. mech. ensemble, i.e. classical BH!

- effective geometry

bulk microstate |
= classical BH

| T
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Boundary Bulk
= - AdS/CFT
Macro | nsin;_re - G Black Hole

(effective)

coarse  AdS/CFT
this talk

B CEh
M ICro microstates

cf. Mathur’s conjecture

AdS5: Balasubramanian et al.
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D1-D5 system
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D1-D5S system
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D1-D5 system
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D1-D5S system
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'D1-D5S system

€ Simplest link between BH & CFT
€ N,=0: Ramond ground state
(To=T,=0, “1/4 BPS")

@ S =2v2xV/N : macroscopic for large N=N; N
= Classically, horizon size vanishes

= Still, must have some properties of BH

=« Stringy corrections makes it a small BH
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D1-D5S system

Most importantly,
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D1-D5 system

Most importantly,
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Setup: D1-D5 System
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'D1-D5S system

Most importantly,

@ Large class of bulk microstate geometries

o
ot

are known

bulk microstate

o) = 0(0)|0) e=p geometry

CFT state
(R ground state)
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'D1-D5S system

€@ Simplest link between BH & CFT
€ N,=0: Ramond ground state

(T:=T,=0, “1/4 BPS")

@ S =2v2xV/N : macroscopic for large N=N;Ns
= Classically, horizon size vanishes

= Still, must have some properties of BH

= Stringy corrections makes it a small BH
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D1-D5S system

Most importantly,
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'D1-D5S system

€ Simplest link between BH & CFT
€ N.,=0: Ramond ground state
(Tg=T,=0, “1/4 BPS")

@ S =2v2xV/N : macroscopic for large N=N;Ns
= Classically, horizon size vanishes

= Still, must have some properties of BH

=« Stringy corrections makes it a small BH
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Setup: D1-D5 System
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‘Setup: D1-D5 System

€ Configuration:

Rﬁl Sl -T4
ml - o -

= N, D1-branes on St
= N D5-branes on St x T .
« SO(4), x SO(4), symmetry o Bl 2. 009
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‘Setup: D1-D5 System

€ Configuration: R+ st 714
= N, D1-branes on St
= N. D5-branes on St x T4 DS
= SO(4) x SO(4); symmetry = e

el - O -~

€ Boundary CFT:
= N=(4,4) supersymmetric sigma model
= Target space: (T¥)N/S,,, N= N;N.




Setup: D1-D5 System

» Conﬁguration: R4 gl T4
= N, D1-branes on St
= N. D5-branes on St x T4 - |
« SO(4), x SO(4), symmetry | A5 ELS

Bl = ) -~

€ Boundary CFT:
= N=(4,4) supersymmetric sigma model
= Target space: (TH)N/S,,, N= N;N.
€ We use orbifold point (free) approximation
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D1-D5 CFT
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D1-D5 CFT
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D1-D5 CFT

4 —
P -~ ~u, e . e o
!:’ Sy
= r—
L j-"'
g = . |
. - -
e po—
V. o, - = o - D g S, —
L oy ) — Y
% 3
, - " - - - . S S —

Pirsa: 06100014 Page 61/127




D1-D5 CFT
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3 Bundlng blocks: 8+8 single-trace twist ops.
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D1-D5 CFT
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4) SO(4); = [SU(2); SU(2) ] x [S S

@R ground states
3 Bulldlng blocks: 8+8 single-trace twist ops.
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D1-D5 CFT
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o ,(.|:_".
SO(4 ) = SO(4); [STT(2) - g

€R ground states

P Bwldlng blocks: 8+8 single-trace twist ops.
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= General: o = [[(e)Nm ()N
I J”
= Specified by distribution {~,,, N}, ,} s.t.
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‘Map to FP system
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‘Map to FP system

®D1-D5 sys is U-dual to FP sys:

- . [ |
= F1 winds N: times around S! A8 ool ad
= N, units of momentumalong S* |, . o .

irsa: 06100014 Page 66/127




‘Map to FP system
'<0>D1-D5 sys is U-dual to FP sys:

= F1 winds N: times around St . - x
_ F1| - O ~
= N; units of momentum along S | . | . 5 _

@ BPS states: any left-moving excitations

[1 (e, )Nt , )N | Ny, N
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‘Map to FP system
@®D1-D5 sys is U-dual to FP sys:

= F1 winds N: times around St =
_ e T T
= N, units of momentum along St | . | . 5 _

@ BPS states: any Ieft—movmg excitations
H( L )Nnu| Ny, Ng

@®0One-to- one LorrecDondence
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D1-D5 CFT

@S vmmetry:

\"'1'*-.-_._;-- *-q,f "'"'—:f- . — _-,_.-r' 2% o i il B ] r : .

@R ground states

I‘---.---

1 Bmldlng blocks: 8+8 single-trace twist ops.

SS :’l'ﬁj SO {Jr'-

('TH 7 (T?J 7 ‘H. 7 H — O-‘“. TIH
1<n<N. s.saB8=+
L 7 { \_:r.-f
s General: o= 1](eh) ()™
. L
= Specified by distribution {~,,, N}, ,} s.t.
N N + N 3 = You =003 2 | ... Ny, = 0,1
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Map to FP system
@D1-D5 sys is U-dual to FP sys:

= F1 winds N: times around St > vz
_ ERFL. ¥y
= N, units of momentum along S* |, . o _

@ BPS states: any left-moving excitations

[T (e )Nt )N | Ny, N,




‘Map to FP system
@®D1-D5 sys is U-dual to FP sys:

= F1 winds N: times around St =y
_ Expl. e o
= N, units of momentum along St | . | . 5 _

o 0
H( ot ) e '1—)\”\1 N,

@®0One-to- one correspondence

f{l. E ~ J,{J'l -—-fr‘]r 1}' |
In = —n 'n ¢

D1-D5 P D1-D5 FP
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-]
D1-D5 microstate geometries

oot [ul Bessmte | f CoR
D1-D5 sys Y =1
o =TI (!

o R :
FPsys [udwl| D1-D5 75 il o
geometry geometry

dsgering = _ [—(dt — + (dp+ B ?:] + v/ [ifsde’dx” +
viif fs
= __ -'F_-|_ — {ij._'f II[ . .. :-ll. 3 — {ij : ||I : I__IJ.I:'_“
fs i x—F(v) YT L Jo x—FMWZ
i F-(v)
g — %> | IB — — x4 dA
L x — F(v)

irsa: 06100014 Page 72/127




Typical states
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Statistics & typical states
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‘Map to FP system
_<4>D1—D5 sys is U-dual to FP sys:

= F1 winds N: times around St &z
: ekl v | o
= N, units of momentum along St | . | . 5 _

@ BPS states: any left-moving excitations
1 (e, ) Vre (g, Y Nru| Ny, N5,

®0ne-to-one correspondence:

7 e ——— = L
) = L —_— ."’ J = e— ! i
o, ) s W .

D1-D5 FP D1-D5 FP
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O
D1-D5 microstate geometries
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Statlstlcs & typlcal states
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Statlstlcs & typlcal states
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Statistics & typical states
?@ R gnd states: specified by distribution {Nnu: Ny}

- - - .
n{ Nnu + N, .. )

L L. L

@® Large N =
- Macroscopic number (~ ¢2V2™VY) of states
—> Almost all microstates have
almost identical distribution (typical state)
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Statistics & typical states

-©R gnd states: specified by distribution {Nngu. Ny}

®Llarge N =3, ,n(Nnu + Nj,,)

- Macroscopic number (~ ¢2V2™ V) of states
—> Almost all microstates have

almost identical distribution (typical state)

@ Expect: result of “typical” measurements for
almost all microstates are very well
__approximated by that for typical state
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Typical distribution
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Typical distribution

- @Consider all possible distribution of twists
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Typical distribution
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Statistics & typical states

‘@R gnd states: specified by distribution {Nnu Ny}

®Large N =5, ,n(Nus + N3,
- Macroscopic number (~ ¢2V2™VV) of states
—> Almost all microstates have

almost identical distribution (typical state)

@ Expect: result of “typical” measurements for
almost all microstates are very well
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Typical distribution

- #@Consider all possible distribution of twists
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Typical distribution
 @Consider all possible distribution of twists

g —_ L —_— —

P is not physical temp

©M|crocanon|cal (N) % canonical (B)

7777777777




Typical distribution
- #®Consider all possible distribution of twists

o .—..—- - e e —

B is not physical temp

©M|crocanon|cal (N) % canonlcal (B)
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Typical distribution
 #®Consider all possible distribution of twists

- ¥ . L !

¢ is not physical temp

<¢>M|crocanon|cal (N) = canonlcal (B)
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The Effective
Geometry

RS 06 ) 0 01720 e s P ol g €] 9.3 /1277




__What we’ve learned so far:

#®R ground states of D1-D5 system is
SpeCiﬁEd by {+\*r'e;u- AT:;_JU;}

#®For large N, there are macroscopic
number (~e>) of them

#® Almost all states have almost identical
distribution (typical state).
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__What we’ve learned so far:

#®R ground states of D1-D5 system is
SpeCiﬁEd by {+\Trz,u ; +\r:”£ }’

#®For large N, there are macroscopic
number (~e>) of them

#® Almost all states have almost identical
distribution (typical state).
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What we’ll see:

@ We will compute CFT correlator (o] AT A|o)

# For generic probes, almost all states give
universal responses
—> effective geometry: M=0 BTZ

4 For non-generic probes (e.g. late time
correlator), different microstates behave
differently

* How about bulk side? Why not —“coarse-grain— bulk metric?
= Technically hard
« LLM/Lunin-Mathur is at sugra level JSesele,

s

5

L)
80 é
e 88 b
L

L
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2-point func of D1-D5 CFT

Pirsa:
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Probe the bulk
geometry
corresponding to

/A Rground statec

= (o' A' Ao)
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2-point func of D1-D5 CFT
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2-point func of D1-D5 CFT

#®Background: general RR gnd state
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2-point func of D1-D5 CFT
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2-point func of D1-D5 CFT

#®Background: general RR gnd state
*:Hr"l .. .__,.\.__'._..,.._ﬂ — b
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2-point func of D1-D5 CFT

#®Background: general RR gnd state

#Probe: non-twist op.

i _ % 1 1 = ] A = ) X 2 , X -

Fd | i
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2-point func of D1-D5 CFT
. #®Background: general RR gnd state

_— — i —_ - — o . —_ —_ — o

@®Probe: ﬁon-twist op.

Y === : S A 4 .. A | — ) X 1( 2 .:"_'-Y I1. Z),

A\
I.I."u- f 4 l“' 1

@ Correlator decomposes into contributions
from constituent twist ops.:

n

g E 1 A i 3 =
f | ¥, \ ; T ; i | / / 1 \
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2-point func of D1-D5 CFT
. #®Background: general RR gnd state

®Probe: ﬁon-twist op.

Y A e.g. Ay=8X5(z)oXxi(=@),

@ Correlator decomposes into contributions
from constituent twist ops.:

L S 1 5 ;
/ : Kk b, TR T s, W L AT TAN
{.\ rT ! ..-'_l ...-4(..}- f T \_t: Fi lrl _.'_-\ _J‘,l‘ :JI.-; ..- \ [(J-.{-II ] | u’4 ; ll._.-_i l {T.;; -_,." -
_]l = l Page 105/127
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Typical state correlator: example

1 : : -
AT Ay = =3 nN,; 3 (0BT Al Ay 08
L ¥ - _l

it

@®Operator: A4 =98X(2)dX(3),
#Plug in typical distribution:

11111111111




Typical state correlator: example

@®0perator: A, =90X(2)dX(2).
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Typical state correlator: example

og! Al Ag) = = N \_ 3 i-"":_':_-.,—:t.-au—l.l'i"'f; :
R Y =1

——

@®0perator: A4 =90X(2)9X(3).
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Typical state correlator: example

T®Short-time behavior:

G(r.¢=0) 6”“3:0}
l': 0.05
0.8 0.04}
: B=0.01
0.6} 0.03 \
l 1 /A
o= =S \ / W o~
0.2 0.01 \b/ “ JFlem po
| t J! \/ MI
0 2 4 6T 8w 10 0 2 4 6T 8w 10
=« Decays rapidly at initial times (¢ < 7fa4<)

= As N—co (p—0), approaches a certain limit shape
(actually M=0 BTZ correlator!)
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Typical state correlator: example
@Long-time behavior:

| &(r:iIFﬂ)
0.8
zi 8=0.01
‘:’“’-': '"LJ\NU%‘L\/ Aﬁjw\'k W#’ JAJU“HJ
0 20 40% 1007

= Becomes random-looking, quasi-periodic
= The larger N is, the longer it takes until the quasi-

periodic regime

=« Functional form depencls ON MICroscopic
distribution { W
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Typical state correlator: example
€ Long-time behavior:

] G(1.0=0) G(1.0=0)
1 :::.::5_; 6-0.01
0.8 ﬂ-i}a;g ﬂ |\ \
: ! 1 ||
s
B:OOI ! | W | | N W |/
0.4 Jj\ p-oz) [L\N\Jbﬁ% J.J L'M I\ lji J\J "u'LJ
6 0% 40% MMI 0 zmww:{}m;mvzgarm ﬂ;&m;éx;

= Becomes random-looking, quasi-periodic

= The larger N is, the longer it takes until the quasi-
periodic regime

=« Functional form depencls ON MICroscopic
distribution { Nng. NV,

Pirsa: 06100014 Page 112/127




Effective geometry
__of microstates

General non-twist bosonic correlator for (k. A)
2 = -~ |2nsin =N i

= Substantial contribution comes from terms with

R —

n~1/8~ VN
« For ¢+ < n , can approximate the sum:

“\ ~ E = “
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Effective geometry
_of microstates

bosonic correlator for (k. k)

- 1
ey, iy gl L e gy i e =1 A rn et

et B e B | 1 = BT !
et g ] Mg i Nl -t 1 i ! ot b

{ i \ \

— — & —

* -
|

e

s Substantial contribution comes from terms with
n~1/8~ VN

s For ¢+ < n , can approximate the sum:

=
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!

‘For t < t. = O(\/N), correlator is indep. of details of

microstates:

-:-‘1_ (‘_1‘

(A(w1)A(wr)) = e 3 : ="
( 1) ( 2 2 _ (”-‘ — 27:11)2”(1’_!' - 2'7:{3)2'”

k=——o0C

Correlator for M=0 BTZ black hole

@ Crucial points:

= For N>>1, correlator for any state is very well

approximated by that for the “typical state™
= Typical state is determined solely by statistics
= Correlator decomposed into constituents
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!

‘For t < t. = O(\/N), correlator is indep. of details of
microstates:

b9 ('r
-..A(Lt‘l),i(wg)} ~ T _ -
o (w —27k) (W — 2wk)<R

k=——oc

Correlator for M=0 BTZ black hole

@ Crucial points:
= For N>>-1, correlator for any state is very well

approximated by that for the “typical state™
= Typical state is determined solely by statistics
= Correlator decomposed into constituents
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Comments:

@ M=0 BTZ has no horizon

o

—> we ignored interaction
@ Still, M=0 BTZ has BH properties
= Correlation function decays to zero at late times

= Well-defined classical geometry
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@ Notes on correlator

= M=0 BTZ correlator decays like 1 (2

= Microstate correlators have quasi-periodic fluctuations with
mean ~ 1/VN
Cf. for finite system: mean
—>need effect of interaction? ~ «

' i

= Periodicity: At ~LCM(1,...,VN) ~ eV =e°
as expected of finite system

@ Fermion correlator also sees M=0 BTZ

€ Can do J=0 case too (small black ring)
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Consistency check:
‘where are we probing?

probe particle

Adx /
stretched

# At sufficiently early times, bulk geometry is
effectively described by M=0 BTZ BH

@ At later times (t > t. ~ N/2), description by
effective geometry breaks down
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Consistency check:
‘where are we probing?

probe particle
C&tched

/ horizon
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Conclusion

@ For large N, almost all microstates in D1-D5
ensemble is well approximated by typical state

# Form of typical state is governed solely by
statistics

@ At sufficiently early times, bulk geometry is
effectively described by M=0 BTZ BH

@ At later times (t > t. ~ N/2), description by
effective geometry breaks down
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Message:

A black hole geometry should be
understood as an effective coarse-grained
description that accurately describes the
results of "typical” measurements, but
breaks down in general.
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