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Abstract: String theory gives a consistent theory of quantum gravity, so we can ask about the nature of black hole microstates in this theory. Studies
of extremal and near-extremal microstates indicate that these microstates do not have a traditional horizon, which would have no data about the
microstate in its vicinity. Instead, the information of the microstate is distributed throughout a horizon sized quantum “fuzzball'. If this picture holds
for al microstates then it would resolve the information paradox. We review recent progress in the area, including some results on non-extremal
states. We a so discuss some conjectures about black hole dynamics suggested by the structure of fuzzballs.
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Resolving the information paradox

Work done with:

Avery, Chowdhury, Giusto, Lunin, Saxena, Srivastava
Many fuzzball results obtained by

Bena-Warner et. al.

Balasubramanian, Gimon, Levi ....

Skenderis, Taylor et. al.

and others ...
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Puzzles with black holes:

a) The entropy puzzle: Does the Area entropy’ correspond
0 a ‘count of states’ for the black hole ? ) e %)

.| AA4G
b) The information paradox: How can the Hawking radiation quanta
-arry the information in the hole ?

N A
: g / \ -1'-\!. VR
..e. Can general relativity and . ) o e i
quantum mechanics co-exist ? ‘ j’i‘ et
'c) The infall problem: What does an infalling observer feel ?
Some preliminary results ... %f ae ')
i N I' m—"
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Plan

(a) What is the information paradox ?

(b) Results on fuzzballs: summary

2-charge, 3 charge, 4-charge extremal states
Nonextremal states: Can see explicitly information
preserving ‘Hawking emission’ from one particular
microstate

(c) Dynamical questions:
Collapse of a shell

Infalling observer
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| The Information paradox

| (a review can be found in SDM 2008)

Pirsa: 09010027 Page 5/92



The information problem: a first pass

o ®)
O
f//_\* O
j" . 0|0
V awking radiaton o o O
O
O o

How can the Hawking radiation carry the
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information of the initial matter ? (Hawking '74)




If a wavepacket sits across the horizon, then we will
get particle creation. T he mode gets cut in two parts ...

1

-
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The entangled nature of the state

— '}
v _~b!é! -
)1 = Ce™11]|0). 10);
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(a) The b quanta are entangled with the ¢ quanta

(b) Thus there is no state as such for the b quanta alone,
but there is a state for the b and ¢ quanta together

(c) If the black hole vanishes, then the b quanta are
left ‘entangled with nothing’
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(d) There is not supposed to be any such state in quantum mechanics !




The entangled nature of the state
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(a) The b quanta are entangled with the ¢ quanta

(b) Thus there is no state as such for the b quanta alone,
but there is a state for the b and ¢ quanta together

(c) If the black hole vanishes, then the b quanta are
left ‘entangled with nothing’
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(d) There is not supposed to be any such state in quantum mechanics !




—

Our state is of this essential form

1
Y1 = —=(|0)p, ® |0)s + s, @|1),
V2

A factored state would be of the form

)1 = l(qpi“ b1 "“('1 1 by T e ] E_Dl'ni“ cy ~+ Dl ]_',- - e

-1

The essential point is that a small change in our state will
not make it a factored state :

D)1 = == (110}, @ [0, +0.91), B |1)e.)

V2
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is almost as entangled as the initial state we had




Thus a small change in the evolution of the wavemode will NOT
solve the information problem

We need a change of ORDER UNITY in the evolution of low

energy outgoing radiation modes

If we do not find such an order unity change, we will have to give
up either General Relativity or Quantum Mechanics
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The Hawking ‘theorem’:

If we are given that

(a) All quantum gravity effects are confined
to within a bounded distance like planck length or string length

and
(b) The vacuum of the theory is unique

Then there WILL be information loss

/j_._,_._\h‘
P o

’
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Review of fuzzball results
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The fuzzball picture
...... e ]
Y N\ WS
* ! X t ‘
. IR Q "'; (O|v) = 0

In the traditional black hole, quantum gravity effects are assumed to stretch
only over distances ~ [/, ,and so the state near the horizon is the vacuum.

But a black hole is made of a large number of quanta V, so we must
ask if the relevant length scales are ~ /[, or ~ N° [,

Pirsa: 09010027 Page 16/92




The paradigm for extremal holes

A supersymmetric brane state in string theory: Mass = Charge

™ B 'Eal

Infinite throat

i fuzzball cap’

: : o W
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What we will do ....

‘ U1 ) ) .. W)

i e T T g

E i - She I
. o Y-

Simple states are ‘capped’... compact circle fibers nontrivially over noncompact
directions, making pairs of KK monopoles and anti-KK monopoles

Generic states are expected to be the logical limit of the simple states ...
Versymguantum, messy ‘fuzzballs’ ... page 18192



Actual description of generic fuzzball is irrelevant to resolving the
information question ... once we have a reason to expect data
in the throat, there is no ‘paradox’

If someone still wants to argue there is a paradox, he needs to show that
the quantum corrections arising in the generic state take us back to an
infinite throat with horizon, so that pair creation occurs from a vacuum
region.

Note: (a) The information paradox cannot be solved by invoking AdS/CFT
(circular argument)

(b) Resolving the information paradox has nothing to do with
finding what an infalling observer feels ... i il
All we need to do is show that the outgoing
modes are not members of pairs created
from a vacuum.

2 5\ =
S
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Constructing Fuzzballs
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Microscopic entropy
expressions :

1B Mo,

2-charge
DIDS
system

— My X

=
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2-charges
3-charges

4-charges

S = jr.\ nynans;

44
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Constructing Fuzzballs
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What we will do ...

it T iR B TN

Simple states are ‘capped’... compact circle fibers nontrivially over noncompact
directions, making pairs of KK monopoles and anti-KK monopoles

Generic states are expected to be the logical limit of the simple states ...
Versmguantum, messy ‘fuzzballs’ ... page 2392



2-charges S =2V2x/nn,
Microscopic entro _ .
. p py 3—charges ) — 27\ Iyrary
expressions :
4-charges S =2mw\/nnsn3n,
”B ,‘Iliru.'_ — ,‘l[;_':_ X Tl o ‘-:.'
2-charge
DIDS S5 -
system
“l ”’,
= 4 Z
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Actual description of generic fuzzball is irrelevant to resolving the
information question ... once we have a reason to expect data
in the throat, there is no ‘paradox’

If someone still wants to argue there is a paradox, he needs to show that
the quantum corrections arising in the generic state take us back to an
infinite throat with horizon, so that pair creation occurs from a vacuum
region.

Note: (a) The information paradox cannot be solved by invoking AdS/CFT
(circular argument)

(b) Resolving the information paradox has nothing to do with
finding what an infalling observer feels ... i il
All we need to do is show that the outgoing
modes are not members of pairs created
from a vacuum.

: 5\—".‘
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What we will do ...
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N AT N RN
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Simple states are ‘capped’... compact circle fibers nontrivially over noncompact
directions, making pairs of KK monopoles and anti-KK monopoles

Generic states are expected to be the logical limit of the simple states ...
Veryhguantum, messy fuzzballs’ ... page 26192
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2-charges = 2V 2m, >
Microscopic entro . .
. p py 3—charges oy — jr.\ Iyrn-riy
expressions :
4-charges S =2m/nnsnzn,
HB _"l[u.'_ = ‘U( P I*L R
2-charge
DIDS 5 -
system
“i ”’I
= 4 %
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|
|
| "
o + | {M_aldacena an:_j Susskind 96,
Seiberg and Witten 98)
|
|
ni 5 ‘Effective string’ with
DI branes DS branes total winding number
rns
Entropy arises
from different ways
of partitioning the
effective string
into loops
E kmg =nyns S =2V 2w\/nins
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D|-D5 «<—— NSI-P

Té
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D | branes
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DS branes

’ | —
IF.J]. —— F't':l

NS|

|
|
|
—_— !

E kme = nyn;

‘Effective string’ with
total winding number
ILyns

v

String carrying

! ! : .
n,7  units E Xy = ”;”1
Page 29/92

of lightest excitation

- B NS




‘Naive NS|-P Actual NS|-P Actual DIDS
geometry’ geometry geometry
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DS branes

’ —
n, = ns

NSI

E kmg =nyns

‘Effective string’ with
total winding number

ILyrs
¥
String carrying
! ' r
n. Ny units E kmg = 1,1y
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‘Naive NS|-P Actual NS|-P Actual DIDS5S
geometry’ geometry geometry
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DS branes

‘r —
IF.J]. —— !rl".l

NSI

E kmg =nyns

‘Effective string’ with
total winding number

ILyrs
Y
String carrying
! r r
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of lightest excitation
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‘Naive NS|-P Actual NS|-P Actual DIDS5S
geometry’ geometry geometry
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DI-D5
CF1 state

DI-D5
gravity

dual
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Geometry for DI-D5

15> 21 (@t — Adri)? 4 (dy 4 Bdz')
\ l + A ' |

} " | - A
| V H

dr;dr; +  H(1+ K)dz,dz,

: Q) o dr .
H! i / ... - dB — — =, dA

(/ /h dv(F(v))~- (Lunin+SDM 01,
1)

Lunin+Maldacena+Maoz 02

Q [ dv Ef
- Lt / > o )|2 Taylor 05, Skenderis+ laylor 06)
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DI-D5
CFT state

DI-DS
gravity

dual
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dualities

g

NSI-P

geometry
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Geometry for DI1-D5

H

—(dt — A.dx*)* + (dy + B.dr*)*]
\ ] + A f |

{ J’r_-\-u = —

1l + K
V H

dr.ax; +  H(1l + K )dz,d>

L ) o dv ,
0 / .. dB = — +,dA

() /‘ dv(F(v))- (Lunin+SDM 01,
1) : 1

Lunin+Maldacena+Maoz 02

I . : ) Taylor 05, Skenderis+ laylor 06)
I JO r — F(v)l- :
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Energy gaps exactly agree between the CFT and the gravity solution...

‘O g ‘@7 .We must have ‘caps’

Wavefunctions 3
of supergravity E__§
quanta
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T
Scale of the ‘fuzzball’

Consider the typical state, and draw a boundary where it departs from the
naive metric by order unity

1 B (Lunin+SDM '02)
e \‘. Jr.I’JrJI'. el -L‘.{_-rg'rl'.-_.l — -—')'_T\ "}"'g Irji'lr}“'

1 )
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Energy gaps exactly agree between the CFT and the gravity solution...

‘g ;@ ‘@7 .We must have ‘caps’
& Tl a1

Wavefunctions $
of supergravity E__§
quanta

| Pirsa: 09010027 Page 41/92




—

Scale of the ‘fuzzball’

Consider the typical state, and draw a boundary where it departs from the
naive metric by order unity

1 (Lunin+SDM '02)
o “. Jr.lf.lr.f". el -L‘.{I.”- Ic — -—'“ \' "‘\ Irji'r?“’

i AG :
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2-charge extremal DIDS5 :

1
~ (nynj)sl,

Horizon
size

b —r—
/

3-charge extremal DIDS5 P ?

T s B

” : 77
i % £ i
S o _a - 2= wa
H . - - v
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Simple states: all components the same,
excitations fermionic, spin aligned

Generic DIDSP CFT state

\ total total nins fotal \nins . total \nyn- \ total
gytal _ (Jitotal ymins( j—total ymims ( j—fotalymns |9

Can make geometries for \ /

these simple states :

AdS; x S x T

U(l) X U(l) symmetry g

Geometry for simple
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= VH\Hs, Hi=1+X% Hy=1+=
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2-charges, 4+ | dimensions, noncompact excitations: Lunin+SDM "0|

2-charges, 4+ 1 d, torus excitations: Lunin+Maldacena+Maoz ‘02, Skenderis
+Taylor 07
2-charges, 4+ | d, fermionic excitations: Taylor '05

3-charges, 4+ d, one charge ‘test quantum’ wavefunction;
SDM+3Saxena+Srivastava 03

3-charge, 4+ d,U(l) X U(l) axial symmetry: Giusto+SDM+Saxena '04,
Lunin '04

3-charge, 4+I d, U(l) axial symmetry: Bena+Kraus ‘05,
Berglund+Gimon+Levi '05

3 charges, 3+ d, U(l) axial symmetry: Bena+Kraus '05

4-charges, 3+/ d, U(1)XU(|) symmetry: Saxena+Giusto+Potvin+Peet '05
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Simple states: all components the same,
excitations fermionic, spin aligned

Generic DIDSP CF1 state

1\ total _

dfotal \nin= dotal \nin= f total TS total
|I 1 ] 1 1 ] .
J o J ) VB } | &

Can make geometries for \ /

these simple states :

AdS; x S® x T

U(l) X U(l) symmetry " 4

Geometry for simple
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2-charges, 4+| dimensions, noncompact excitations: Lunin+SDM "0

2-charges, 4+ d, torus excitations: Lunin+Maldacena+Maoz ‘02, Skenderis
+Taylor 07
2-charges, 4+ | d, fermionic excitations: Taylor '05

3-charges, 4+ d, one charge ‘test quantum’ wavefunction;
SDM+Saxena+Srivastava '03

3-charge, 4+ d,U(l) X U(l) axial symmetry: Giusto+SDM+Saxena '04,
Lunin '04

3-charge, 4+1 d, U(l) axial symmetry: Bena+Kraus ‘05,
Berglund+Gimon+Levi '05

3 charges, 3+/ d, U(l) axial symmetry: Bena+Kraus '05

4-charges, 3+/ d, U(1)XU(l) symmetry: Saxena+Giusto+Potvin+Peet '05
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Non-extremal geometries, 3 charges, 4+ d, U(I)XU(!) axial symmetry:
Jejjalat+Madden+Ross+Titchener 05

Non-extremal geometries, 4 charges, 3+/ d, U(I)XU(|) axial symmetry:
Giusto+Ross+Saxena 07

2-charges, 4+ d, K3 compactification: Skenderis+Taylor 07

2-charges, [-point functions: Skenderis+Taylor 06

General structure of extremal solutions: hyperkahler base + 2-d fiber
(Gauntlett+Gutowski+Hull+Pakis+Reall 02, Gutowski+Martelli+Reall 03)

Decomposing known microstate solutions into base + fiber:
hyperkahler —> psedo-hyperkahler
(Giusto+SDM 04)
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Structure of general 3-charge and 4-charge geometries :|

Bound states of branes is on Higgs branch. Dipole charges form,
are held apart by fluxes ...

(Bena+Warner 05)

g—0 @

¢ NONZero

If we reduce to 3+| dimensions, get metrics for ‘branes at
angles’ (Denef '02, Balasubramanian+Gimon+Levi 05)

Recent work (Bena+Bobev+Ruef+Warner 08) ... supertubes in the throat’
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(Jejalla, Madden,
Ross Titchener '05)

------

The Non-Extremal Hole :

i

\_/
DI1-D5 CFT has both
left and right moving
excitations

Gravity dual again has
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As in any statistical system, each microstate radiates a little differently|

Cerr =V pL pr Lerr =V pL Pr
/ N/ \/

Emission Occupation numbers Occupation numbers

versex of left, right excitations for this particular
Bose, Fermi distributions microstate
for generic state

Emission from the special microstate is peaked at definite frequencies
randegrows exponentially, like a laser ... Page 5412
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(Jejalla, Madden,
Ross Titchener '05)

i

The Non-Extremal Hole :

left and right moving
excitations

\_/
DI1-D5 CFT has both @

Gravity dual again has
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no horizon or smguglzarity
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As in any statistical system, each microstate radiates a little differently|

b -

Lerr =V pL pr

£ \f

Emission Occupation numbers

bt o of left, right excitations
Bose, Fermi distributions
for generic state

O,QW

Lepr =1 /fi PR
Occupation numbers
for this particular
microstate

Emission from the special microstate is peaked at definite frequencies

rrandegrows exponentially, like a laser ...
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One finds :

J\

-~

|
|
CrET gravity |
=R ~ R | Emission happens, not from a horizon,
o — but from an ergoeregion
..-'..'f — ...."l.v o

(Cardoso, Dias. Jordan, Hovdebo,
Myers, '06, Chowdhury+SDM 07, 08)

Thus for a set of (nongeneric) microstates we can explicitly see
‘information carrying radiation’ which is the "Hawking radiation’ for these
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As in any statistical system, each microstate radiates a little diﬁerentlyl

i

Ferr =V pL pr

/ N/

Emission Occupation numbers

VEERES of left, right excitations
Bose, Fermi distributions
for generic state

@,@W

Lerr=V ﬂ'i PR
Occupation numbers

for this particular
microstate

Emission from the special microstate is peaked at definite frequencies

rrandegrows exponentially, like a laser ...
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One finds :

J\

-~

| 24 ot gravity |
=R = | Emission happens, not from a horizon,
CFT _ gravity but from an ergoeregion

(Cardoso, Dias, Jordan, Hovdebo,
Myers, '06. Chowdhury+SDM 0/, 08)

Thus for a set of (nongeneric) microstates we can explicitly see
‘information carrying radiation’ which is the ‘Hawking radiation’ for these
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As in any statistical system, each microstate radiates a little differently

b -

Cerr =V pL pr

/ N/

Emission Occupation numbers

b of left, right excitations
Bose, Fermi distributions
for generic state

@,@W

Lerr=V /»‘< PR
Occupation numbers

for this particular
microstate

Emission from the special microstate is peaked at definite frequencies

rrandegrows exponentially, like a laser ...
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One finds :

CrEl gravity ‘

T ~R | Emission happens, not from a horizon,
CFT _ ,;,,“,w ‘ but from an ergoeregion

-n.-j’ —

(Cardoso, Dias, Jordan, Hovdebo,
Myers, '06, Chowdhury+SDM 07, 08)

Thus for a set of (nongeneric) microstates we can explicitly see
‘information carrying radiation’ which is the "Hawking radiation’ for these
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Dynamical questions:

(A) Collapse of a shell
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Suppose we make a black hole by collapsing a shell of matter

How can this shell change into a fuzzball ?

4

'''''''''''''
-----

Light cones point inwards

How does data get out to horizon ?
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Two simple estimates :|

(A) Perhaps the interior of a black hole is very quantum ...

Amplitude to tunnel |
from any state in horizon | . M2 ] S = —— / Rd r
region to any other state |

H i —‘ N 3 =
L- G2
ot~ (CM)*
.H. T (-r'_.ll[:
Number of states that we can tunnel to
e
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Toy model|

Put a quantum in a potential well

A

Tunneling probability is small

J\

But there are many neighboring wells

In a time of order unity, the quantum spreads to a linear combination
of states in all potential wells

(SDM 08)

[
'] L]
LN ™ L N
L] L]
e e
o? o?
]
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(B) How long does it take for the shell to become a general linear
combination of fuzzballs ?

If it takes more than Hawking evaporation time, fuzzballs dont help !

1 |
AP> = |
I
1 ’ PAP  (AP)? 1|
St AE ~ > > —
M ~ M MR |

v) =Y cklEx 1
x tdephase ~ 75 < MR® |

Note that Le vap jIR:

So fah_ phase < fi‘ vap

S&tHE%tate becomes a linear combination of fuzzballs much before thé¥¥ie

T i T | e P e L LT



Toy model |

Put a quantum in a potential well

Tunneling probability is small

But there are many neighboring wells

In a time of order unity, the quantum spreads to a linear combination
of states in all potential wells

(SDM 08)

'=r
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Suppose we make a black hole by collapsing a shell of matter

How can this shell change into a fuzzball ?

4

'''''''''''''
-----

Light cones point inwards

How does data get out to horizon ?
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Two simple estimates :|

(A) Perhaps the interior of a black hole is very quantum ...

Amplitude to tunnel :

from any state in horizon | g _GM2 S = e / Rd r
. P e e

region to any other state | ¢ sl '

1 1
R~ "~ cmp
diz ~ (GM)?
S ~ GM*-
Number of states that we can tunnel to
R Shbek : GM? e

€ il




Suppose we make a black hole by collapsing a shell of matter

How can this shell change into a fuzzball ?

4

.............
-----

Light cones point inwards

How does data get out to horizon ?

Pirsa: 09010027 Page 73/92



Two simple estimates :|

(A) Perhaps the interior of a black hole is very quantum ...

Amplitude to tunnel 1 :
from any state in horizon | 5 A2 ‘ S = W / Rd*r
region to any other state | ¢ % it

i R 1 1
| [2 (GM)?
| dtr ~ (CM)>
.h". T {-r' _\l[:
Number of states that we can tunnel to
— .
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Suppose we make a black hole by collapsing a shell of matter

How can this shell change into a fuzzball ?

4

.............
-----

Light cones point inwards

How does data get out to horizon ?
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Two simple estimates :|

(A) Perhaps the interior of a black hole is very quantum ...

Amplitude to tunnel 1 :

from any state in horizon | g _GM2 S = T / Rd r
. T P ea g G

region to any other state | ¢ . '

R : :
L2 G\ )2
it ~ (GM)>
.h"‘. T (-r'_‘l[:
Number of states that we can tunnel to
s
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Suppose we make a black hole by collapsing a shell of matter

How can this shell change into a fuzzball ?

4

'''''''''''''
-----

Light cones point inwards

How does data get out to horizon ?
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Two simple estimates |

(A) Perhaps the interior of a black hole is very quantum ...

Amplitude to tunnel : :

from any state in horizon | . M2 ‘ S = W / Rd =
. 5 s s

region to any other state € ded ;

R 1 1
L2 GAM )2
&t ~ (CM)?
.h". T {-r'_‘l[:
Number of states that we can tunnel to
— —y "'.
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Toy model|

Put a quantum in a potential well

Tunneling probability is small

But there are many neighboring wells

In a time of order unity, the quantum spreads to a linear combination
of states in all potential wells

(SDM 08)

L]
L]
L L N
] L]
L ga®
® "l
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Tunneling is just ‘de-phasing’ of eigenstates :

I
+
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(B) How long does it take for the shell to become a general linear
combination of fuzzballs ?

If it takes more than Hawking evaporation time, fuzzballs dont help !

1
AP I |
|
PAP  (AP)? 1
N M MRZ |
M) = Ck f:h
f Z S 1 ]
k Ldephase ™ AE < MR-

Note that Le vap JIR:

SG f{ff_ phase < ff vap

S&tHE%tate becomes a linear combination of fuzzballs much before thé#itie

T e i R Ll = e g e e —



What does an infalling observer feel?

Does he hit something ‘hard’ at the horizon ?

Does he see something quite different from vacuum spacetime ?

.
. K L
S .
) L
™
= \_. i !
)
--._\_\d?-'_'_ T..,--'
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Note: Whichever answer we get, it has no direct bearing on the
Information Paradox

The information problem:

Low energy (energy order black hole temperature)
Slow process (Hawking evaporation time)
Outgoing quanta

The infall problem:
High energy (energy much higher than black hole temperature)
Fast process (Crossing time)
Ingoing quanta

J r’/ .l ¥ )
\ s Page 83/92
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Most people (not all) think that infalling person should feel very little
at the ‘horizon’, i.e., the boundary of the fuzzball

Can we check that ? A computation in progress (Avery, Chowdhury, SDM)

The nonextremal hole had an ergoregion, from which the Hawking radiation was
emitted. This ergoregion formed around the ‘profile curve’ of the extremal
geometry, where ¢;; = ()

The general state should have a very complicated shape of the ergoregion.

1 141
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Toy model Infalling quantum:
Solve scalar wave equation
In metric

- i‘fr.\: n"lfi - r.lJ‘f_1 T {_‘Iit}f i If.[;':|-I T H'}J"-‘
.-1'1.'~--_1 “H'_I - .rIr,_,_J - (_T.fff' -'.I".:l_J T rff"

Random choices of C

Ergoregion emission from near boundary

Long wavelength infalling quanta pass through

| | LR : : Puzzle : Which Lorentz
random metric as if traveliing in ‘effective vacuum

frame should this be ?
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Short wavelength infalling quanta quickly scatter




Summary
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All microstates of black holes made so far are found to be ‘fuzzballs’

/@G@ General CFT state for nonextremal D1D5
2-charge
2-charge extremal
extremal +
excitation
3-charge extremal: Large classes also known with CFT
state not yet identified

Nonextremal: Some
A A families known,
radiation agrees
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expect .....
." :._-g-
"*:_{'.__"".“ :
Page 88/92
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Lesson: Quantum gravity effects extend distances much longer than planck length
if many quanta are involved

1;1 R B -‘I‘N”-I [n
/ \.... ”\: .
il e N AW s %\ **a
[ i) KR
- = ] ! “-'--'-: '. ;)J <:i :"'N ey = U
?s-éé

Many pieces of evidence: 2-charge extremal, 3-charge extremal,
Energy gaps, Radiation from non-extremal states

Can use this fuzzball structure to analyze ‘Dynamics’

Large non-locality is providing interesting possibilities for
rrseco@@sdy Universe dynamics ... page 89192
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All microstates of black holes made so far are found to be ‘fuzzballs’

@ General CFT state for nonextremal DID5S
N

2-charge
2-charge extremal
extremal +

excitation

3-charge extremal: Large classes also known with CFT
state not yet identified

Nonextremal: Some
A A families known,
radiation agrees
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Toy model Infalling quantum:
Solve scalar wave equation
In metric

< ds® = —dt* + dz* + C(dt + dz)* + dr®

.-1'1_'&_1 'rh'_l - -I'f-.:_J - (_' fff -‘f.: |_J T fh'_

Random choices of C

Ergoregion emission from near boundary

Long wavelength infalling quanta pass through

_ _ AR : : Puzzle : Which Lorentz
random metric as if traveliing in ‘effective vacuum

frame should this be ?
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Short wavelength infalling quanta quickly scatter




