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More on state dependence

Last time we introduced the notion
of state - dependent operators .

The idea was that the mirror operators
that describe "

right movers
" behind

the horizon might depend on the microstates

More precisely in the little Hilbert space
Ht = span { Ai 147}

otw acts linearly and like an ordinary
operator

But we might need a different operator about
a different microstake .



Resolving paradoxes .

.

If we follow this idea
,

we see that

it resolve all paradoxes associated
with large black holes .

Negative occupancy paradox

For instance
,
we clearly have .
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Because the operator Tw depends on the
state IE> .

Note that the trace is not directly
observable

.

So this dependence is not directly
observable as emphasized earlier .

The same resolution works for the
paradox with the in falling number
operator
Recall

Na a Caf- e-PHEW)Caw- e
-Buffy

+ Caff - e
-Bwtawycaw - e

-Buffy



Clearly

Na 147=0

For an equilibrium state .

But it is also true that

LnlNath> to

where In> is a Schwarzschild
number eigenstate .

Since Na is state dependent

⇐LEINate> ¥ ELMNain) .



Finally let us consider the paradox
with the eternal black hole .

The paradox was that we were unable
to find operators Ew that had
the right correlations in States

@iCHLtHRITltEfd7.We
can simply use the construction

of the mirror operators .

But there is another approach that

yields insight into the origins of
state dependence .



Recall that if we use the modes
of the left CFT aw

, ,
then

we do have
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Let

PT le the projector on the little

Hilbert space constructed about e
- ICHLTHRITK

( 'tffd>

then Got

aI=f¥ S d- awteiwtpz
-⑤
cot

has the right correlations in the
thermofield double state and nearly
time -shifted States .

The measure is designed using

K¥1471? e
-Taare

where C is the specific treat



The measure is defined so that the

projector acts like a delta - function

AT Ai Itt> = aw.Leiwta.lt?

The additional factor of e'
'WT
is

exactly what we need

why is this state dependent ?

Note the cutoff
, Ocut

Got

Fw = Fps S d- awteiwtpz
-⑤
Cot



This is necessary because if we try and
take dat → • ,

then we ran into
'

trouble

First note

( Hed) Pz ltefd) ~ CeCe
-
S)

since we are integrating over an

infinite range of 3
,
this

" fat tail
"

means that even

~aw lttfd)

receives a contribution from large 8 and
so even

<ttfd) aw AT lttfd)

ceases to have the correct value if

•
cut → a



The picture is as follows
.

We are considering
a l - parameter family of States

To taut

-Que QUE

we can use a single operator for an

exponentially long interval - [marked in red]

But eventually ,
we need to switch to

a new operator that again works for

a long interval [marked in green .}



We see that the paradoxes for the

eternal black hole do not arise

since
,
to obtain the

. paradox , we

assumed that a~w was the same

operator on Itefd> and .

@iCHLtHRlTl2ltf.fd>
For arbitrarily long T .

This is
,

not true if Trw is

state dependent .



Consistency of state - dependent maps

'Although state dependence is very effective
in resolving puzzles ,

it must be carefully
checked for consistent

.

[ Explain significance]

One such puzzle was pointed out in

arXiv : 1506 . 01337

we will describe a generalisation and
reformulation from 1604.03095 .



The main physical point is that if A
is a state - independent observable .

then one can derive some constraints
on how much it changes under a
low energy excitation

The result is as follows .
Consider a

typical state at energy
E and

a unitary operator , U that increases

the energy by SE

[ Unit aries must increase the energy of

typical States since they do not annihilate

any state
so -they have to map

the space at energy E to the

slightly larger space at energy ETSE]



U

→

HE HE TSE

Then the result is that if A is

some Hermitian observable then

SA = ILIUIUTAU It> - Glatt> lfzipseo
when BSE KI and
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Sketch of derivation

yHu⇐
HE TSE

HE

Let Hue be the image of He in

HETSE

Hue has dimension es

HEISE has dimension est
BSE

so a vector in HETSE Can be
written as orth to

→
from Huf → HUE

It
'

> = a - p I 14=7 + ipse Ito>



Since the temperature associated with
Et SE is also 1-

B

SB =

GEESE =
- B- SEE = OCI)

tspecific heat
extensive .

So

Lt
'

I A) to
'

> = LtlAlt) for typical States
typical typical

A'"

steel Alte> = Ltl ut Ault)

so from decomposition of It
'

>

I LilAlt> - Ltl ut Ault> I = ocrpse)
some more work yields the precise bound -



The idea of the puzzle is as follows

consider the Schwarzschild number operator

Nw -

- awtaw
This operator has almost o energy but

not quite because aw is a slightly
smeared mode .

Now consider

IO Nw

U = e

This operator has very low energy because
Nw almost commutes with H .



But consider its effect on the correlation

( tlawaw It> = e

- BWA

F-par

since
, utawu = e

- ioaw i Uta~wU=aw

we have

< til Utaw aw U It> = e

- ioe-Buk
-

I - e
- BW

so the correlation is altered by a large
amount and not a small amount .



There is a partial resolution to this
problem outlined in 1604.03095

so far we have described simple operators
as polynomials in the modes aw

, Aw
etc .

But physically how does one perturb
a state 1yd U and make an

observation .

1) We deform the boundary Hamiltonian

by a local simple operator act)

Act) = It t JCHQCEJ

Note the condition on the operator being
"
local

"

in time .



This modifies the state at time t

on the boundary as

Hots> = t { e
- Ituano } 1µg .

I

It is important that act) be a simple
operator .

otherwise if act) is arbitrary any unitary
can be written in the form I

eg we can write .

⑦Ct) lock - T
,) locttt )

=
④CES EIHT ' ④aye

-iHTe- IHI ④ ee, @ IHT ,

so it is an operator at time t .

But this is not a simple operator



2) We have considered arbitrary correlations
of "

simple
"

operators .

But not all are easily observable .
For

instance

I
← Collapsingmatter

creates

b.h .

horizon

For instance consider the points x ,
and

Xz marked above .



It appears that

Ltl local base) It>

is a good observable .

But it cannot be observed by a simple
bulk observer because even if observers
at x

,
and Xz signal each other at

the speed of light , those light signals
cannot meet before the singularity .

"

A set of points is in a causal patch
if future directed null Hineline geodesics
from the points can meet at a

common point
"

1h figure x , ,Xz are in a causal patch .



so we can further restrict bulk
observables to

Lt l local
- . .

loan) 147

where Xi are in a single causal

patch .

[Note : Entire discussion is in the context
of QFT in curved spacetime ,

where we

neglect
"

holography of information" and
other aspects of subtlety with locality
in gravity .

Appropriate perspective for leading order
field correlations .]



Then it is a very remarkable property of

Ads correlations that for -

✓ = eiftcsctsact)

and

A = lock)
.
.

.
.

loan)

where Xi are in the causal patch
that ends at Ec on the boundary
we do have

< 41 Uta Ult) - LNAH> ftp.E6



I don't know of any simple way to

motivate this result but it follows
From an analysis of position- space
Ads correlations

.

What this means is that when

we further restrict simple observables

by using bulk locality to ask which

observables can be measured and which
perturbations can be generated dynamically ,
the

"

anomalous sensitivity of black holes
to low -

energy excitations
"

goes away !



But this is not a complete resolution
to the paradox .

Consider the original paradox framed in

terms of

@
IONW

where
Nw = af aw

in position space , we would write

Nw = t footie
-iwtfoceyeiwt

'

G-w

J
C- number



To act with this operator at t - o
requires operators "

from the future
"

so the resolution does not apply to
deformations of this kind . We
declare that these are unobservable
in simple experiments .


