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Lecture 22 : paradoxes with the
eternal black hole

Before we start
,
we will revisit a

question from yesterday.

a) If we couple a CFT state dual to a large th
to a bath

,
we expect to see a page

curve . What does this tell us about
the interior ?

Ans) Nothing!

As we emphasized ,
the Page curve can

be understood as a nongravitational
question .
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Excited Cftdt ,
state bath
in CFTD

we are guaranteed to see the Page curve .

One may ask : if the geometry has a

firewall
,
how will the dual holographic

• computation work ?

Ans) we don't know ! Since no one has written
a firewall " metric"

we will have to generalize the holographic
EE prescription in some way .



Yesterday we reviewed the eternal black hole
and said we would find a paradox with

the following 3 assumptions :

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 .

[written a little confusingly in the review at the moment .

See arXiv : 1503.08825 or arXiv : 1502.06692
]



Consider the experience of an infallingobserver who jumps in from the right
boundary .

The experience of this observer is

described by some correlations measured

along the observer 's trajectory .
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is we are only interested
* in the exterior and

the region just behind
-mm the horizon .



Now consider translating the entire

trajectory ly time 8 .

Since there is no natural origin of
time

,
we expect that
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Moreover this should be true for

arbitrary 3 C- C- d. a)

[This is also clear from the geometry .

Explain because the Penrose diagram may
be confusing.]



But now we can write
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The Rey point is that this has to
be independent of T for arbitrary
To .



This can only happen if the second
term vanishes .
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Now
, by the usual argument of equivalence

of ensembles
,
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where IE> is a typical energy eigenstate
From the band of energies
relevant at temperature B- !

So if we have operators trail that
can be used in all time- shifted
States , they also yield the experience
of the observer is the disentangled state .



Now let us invoke the
"
no wormhole

in disentangled States
" assumption

This means that in the state IE
,
E>

no unitary on the left can affect
the right infalling observer

so
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for any unitary operator UL .



If this is true for any unitary
Vc then locxi) must be operators
only in the right CFT .

But now we -know there are no

operators in purely the right CFT
that can describe a smooth

experience for the infilling observer
in typical energy eigenstates .

So using the same paradoxes as

we used in the single- sided black
hole

,
we now find a paradox

For the eternal b.h .



Recap of logic
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But previous paradoxes

apply here !



Some elaboration

Before these arguments ,
and even now

sometimes
,
we find the argument that

the reconstruction in the eternal
b -h . should be as follows
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i. e . a common proposal is :

set Iw = a}
a"wR ← modes from the left tight CFT.

Indeed it is true that
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But these operators do not yield
the right correlations in the

time-shifted States
.
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so the use of auf as Gw
would suggest that the state

.

eiHrE It Efa)

is singular at the horizon
.

But this
is unphysical .

Second
,
note that if we allow

ourselves to violate the " no wormhole "

condition
,
it is possible to write



down operators that work correctly in

ltffd) and also in the time-shifted
states

.

See 1503.088255 Pg 64 .



Paradoxes about exponential decay

There are other kinds of paradoxes for large
Vhs which are not conceptually puzzling ,

but

are amenable to calculations .

Consider the two - point function of

a boundary operator in a typical
pure state
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Here we consider a boundary operator
dual to some propagating scalar
field .

So this can also be computed using
bulk methods .

For simplicity , we set

(Elo co) IE> =O

[ one - pt Fn is o]



If we do a bulk computation
,
we

find this decays indefinitely as

e
- KT

where k is controlled by the

quasinormal modes of the -th .

But let us see what we expect
from the CFT perspective at

late times .

A) Oct) 0.es/t7=0Ce-Sl2 ) at late

times

[we are looking at overlap of two random
vectors in a es dim space .]



We see that at

1- = Ocs)

we find a contradiction between the
bulk result and the expectation from
unitarily .

This is a nonperturbative correction .

It may even come from the

other saddle (
gas

of gravitons) that
we have neglected .



A similar issue arises with the

analytically continued partition function

or spectral form factor .

We considered previously a set of

time - shifted thermofield doubled States

yay> = e-
IHRT I tread>

What is the overlap with the original
state ?
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For short times
, we can compute .
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At late times we have .
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since es terms contribute to both sums
but we have random phases in the

numerator .

In some cases
,

this can be

computed , and turns out to have
a rich structure.



Bags of gold

we can also set up a simplified
version of a paradox called the
"

bags of gold
"

paradox
As we discussed the volume of

Max- volume slices grows at large
times
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Now say we try and count the

entropy using naive techniques

we can try and put low-energy
excitations on the slice while

removing energy from the background .
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if we think of these as a gas then



Sagas LV

so at late times

Sgas D Shh
.

This is similar to the paradox we

considered while studying islands
.

Here we can try and understand
the resolution more directly .



we can try and
"

create
"

this dilute

gas of excitations directly
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← looks like a
dilute

- gas
of excitations

if Ki - Tj)

is large .
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But the key point is that the inner -product
between such States never gets
driven to zero

.
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so even though these States might appear
to be independent naively,
the inner - product has a fat - tail

that tells us that we are

overwriting if we count all these

excitations independently .


