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Lecture 21 : Paradoxes for large
Ads black holes

we now consider large black holes in

global Ads .

For such black holes
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- fasdt't draft> traded?

where
a

FG) = I - Mrs tr
rd -2

[ µ = sit
#
TCE ]



The picture we have in mind is as

follows

murmur

←region of interest

✓horizon

g- in falling matter

#

we will later consider eternal black holes
but ,

for now ,
we are thinking of

pure States .



Difference between large Ads black holes
and evaporating black holes

Large Ads black holes dominate the
microcanonical ensemble .

of one takes a typical state .

at high
energies , in a theory in Ads

,

it corresponds to
a large l -h .

•

.

c-Myst States are
age black holes

°

•

Tatypical states .



evaporating th are just the opposite .

( s
')

the entropy
of Hawking radiation > entropy

of b -h .
Cs)

so if pick a state " at random" with
prob

S- s
'

I - e

it will ve a gas of Hawking
radiation .

•

g-most States are
. gas

of gravitons tother particles
°

•

T evaporating
black holes .



large b.h
. has positive specific heat

evaporating b -h .
has negative specific heat .

This will be important below as we

will take a trace over the microcanonical
ensemble to obtain our paradoxes .



The main takeaway is the Following . The following
two statements are inconsistent :

1) Typical pure states at high - enough energies are black holes
with empty interiors where one can use

EFT

⇒ Dof in the interior are described by
the same operators in the -CFT for

different microstates .

T

[Explain . May seem like an innocuous

assumption but will turn out to

be important .]



Let us recall what effective field theory
tells us

consider a bulk scalar field propagating in
the L -h . geometry.

By smearing the field appropriately
-

we can extract

c) Modes aw by smearing the fieldoutside the horizon

2) Modes Iw by smearing the
field inside . the horizon



We must have
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[Emphasize that this follows from a

2-pt Fn across the horizon .]



Furthermore

[It
,
aw3= - waw

[It
, AT] = waw

This is important so let us briefly
understand how this is derived .



Negative occupancy paradox

we stated that in typical states

straw Ewtn =÷e- Bw
and
[H

,
a~w3= wTw

We also know [purely based on kinematics]
that expectation values in a typical
state are close to thermal
expectation values

.

[This also uses equivalence of ensembles
,
and

we are not writing terms here .]



so
, we

need
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Now
, using the cyclicity of the trace
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SO

T
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But T is the expectation value of

a positive operator!

so this negative result is absurd !



What does the paradox imply ?

c) It suggests that if we look for fixed

Ew that behave correctly in typical
States , we run into a paradox .

[Does not rule out Naw that behave
correctly in a small fraction of States]

2) It was used to
argue

for

a) either large black holes in Ads
have a firewall behind their

horizon .

b) The boundary theory does not
describe the interior of typical
States and must be

supplemented with additional dof



3) Note that holography of information )

complementarity is insufficient to
resolve this .

We made no assumption about the
factorization of the Hilbert space .

ul This paradox is inapplicable Cas it stands)
to black holes in flat space
or to small black holes in Ads .

These never dominate the ensemble]

[ Emphasize again , by reviewing the
trace argument.]

So it is possible this paradox is a problem
in Ads and not for more realistic
black holes .



The infilling number operator

consider the operator
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for States with a smooth horizon
,

we expect

LtlNatt> =o
for States with a smooth horizon .



Now consider eigenstates of

the Schwarzschild number operator
+

N = Aw aw
w

Nwl n> = n In>

Notice that

t.nl aw Tw In> =o

This is because

we
Nw Twin> = hatin> [9%953]
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But now note that

[A. Nw3=o [ gem Yearns]



Now consider a trace over the micro- ens .
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But since [Nw
,
H] =o , we can

perform a Shange of basis in

the trace and evaluate the trace

in the number eigenlasis .

But
-PW

⇐ E EntNal n> 3 set
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so we again have a contradiction.

The same comments as previously
apply here .

This paradox involves a trace .

It

does not preclude the possibility
that a small fraction of

energy eigenstates have Eva> =0 .



We will later see how these paradoxes
can be resolved via state - dependence .

But , we now want to emphasize an

important point -

et is sometimes believed that these

paradoxes afflict only single - sided
black holes .

We now explore how the same

paradoxes also apply to the
eternal black hole

.



Review of the Eternal black hole

we consider the maximal extension
of the geometry

Is? - fondle't II, traded?
FG) = I - M- tf
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Note there is no
"
t -52

"

in the metric
above

.



The geometry looks like this

run

←right future horizon

left → ←right asympt . region
asymptotic

region might past horizon

It is believed that this is dual to
the thermo field doubled state of

EWOCFTSH>
zfd

= ztpjk € e
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E.)



where the sum runs over all eigenstates
[ typo in current version of the review . ]

sum is missing !

This is the canonical example of

ER = EPR

Note a remarkable feature of this

proposal

The two CFTS are entangled but

nonintersecting .

In general ,
when this happens , no

unitary on one system can affect

anything on the other system .



But here we find something interesting
rumrunners

c-worldline of observer

who jumps in
from the right

a
Utt)
mmmm

shock-wave
created

by unitary
action on

the left
.



The experience of a right in falling observer

can be affected by a Shockwave thrown
from the left !

Note that this only happens in the
- interior . we cannot send any signals
From the left boundary to the

right one .



We now point out that the following
3 assumptions are inconsistent

1) Eternal black hole is dual to the
thermofield double state

21 Dof in the interior are described by
the same operators in the eternal
b.h . and a class of States

related to the eternal b -h . by
Hamiltonian time evolution

3) Disentangled states IE
,
E> are

not connected by a wormhole .

T

Explain last point .


