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Abstract: Postulates are given for a quantum-gravitational description of black holes, that include correspondence with a quantum field theory
description for freely falling observers crossing the horizon. These lead to & oesoft gravitational structure,&e which can transfer information to
outgoing radiation either with or without large metric perturbations. Prospects for observing such departures from the standard field-theoretic
description of black holes will be briefly discussed.
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Apparently, the “Info. paradox” reveals a contradiction
between foundational principles underlying
Local Quantum Field Theory (LQFT)

1) Relativity 2) QM 3) Locality

... why the problem is so interesting

If so, one or more of these principles must be modified ...
Our analog of the hydrogen atom in classical physics?

Possible key role in inferring fundamental physics of gravity
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Note that these principles apparently imply the structure of
LQFT (folk theorem)

|.e. no need to separately introduce fields, or introduce other
structure, mechanisms. LQFT=solution to a problem:
reconciling these principles (though just special relativity)

And, if you start with LQFT and specify symmetries (gauge
group) and matter reps, you derive the Standard Model
So, what more complete principles accommodate gravity??
These quite possibly yield correct quantum structure

Black holes should supply critical clues
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How to approach?
- QM is well-tested and hard to consistently modify

Assume guantum-mechanical principles
(suitably generalized - see arXiv:0711.0757)

- Locality is difficult to precisely formulate in QG,
and Is suspect

But, a weakened version:

A BH is just another kind of guantum subsystem of a quantum
system (the Universe) — at least to good approximation

Likewise for its environment.
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A set of postulates - working towards principles:
1701.08765
(“as conservative as possible” - but forced to be somewhat radical)

Postulate I, Quantum mechanics: linear space of states, unitary S-matrix
(in appropriate circumstances) ...

Postulate II, Subsystems: The Universe can be divided into distinct quantum
subsystems, at least to a good approximation
(Subtle; see 1706.03104 w/ Donnelly;
“soft hair” discussions)

Postulate III, Correspondence with LOFT: Observations of small freely falling
observers in weak curvature regimes are approximately well described by a local
quantum field theory lagrangian. They find “minimal” departure from relativistic
LOFL

Includes observers crossing big horizons.

(“nonviolent™)

A challenge: can these be reconciled?
Yes or no: the answer is interesting!
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Explore these, beginning in LQFT context:

E.g.:
BH .
IR E—
o B : T
I
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Explore these, beginning in LQFT context:

E.Q.:

: In LQFT:

BH
§ H=H.+H, + H;

' H; : local at R;
P : Unitary evolution,

. ’/IF— ; T for G =0

/ : But, for G # 0 unitarity fails
Violate postulate |

i
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Explore these, beginning in LQFT context:

E.Q.:

: In LQFT:

BH
gi H:HQ‘I‘H\,‘FH,
o H; . localat R;
: | I Unitary evolution,

. ”_F— ; T for G=0

/ : But, for G # 0 unitarity fails
Violate postulate |
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Explore these, beginning in LQFT context:

E.Q.:

: In LQFT:

BH .,
o H,; : local at R;
P : Unitary evolution,

. ’/IF— ; T for G =0

/ : But, for G # 0 unitarity fails
Violate postulate |

K
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The reason unitarity fails, violating Postulate |:
G=0

Two related problems:
1) Hrqrt only increases entanglement with BH subsystem

Hawking radiation builds up entanglement;

Transfers info in

2) BH subsystem has unbounded dimension

When BH disappears, unitarity violated

Modifications to these needed to save QM (“unitarize”)
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Structural modifications needed for unitarization

— follow postulates (+1) 11740011 58870645

Postulate II:

Postulate I: address preceding problems
1) Interactions must allow information (entanglement) transfer out: H;

2) BH Hilbert space must behave finite-dimensionally

K=1,---,N~¢e° inrange AM ~1/R
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Have assumed subsystems and Hamiltonian evolution.
Next, Postulate Ill: Correspondence w/ LQFT description.
‘environment” approximately described via LQFT (r > R;)
H=H_.+H.+ H;, +H;
I ——
? ~LQFT

\ what structure?

(work in spirit of effective field theory...)
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Have assumed subsystems and Hamiltonian evolution.
Next, Postulate Ill: Correspondence w/ LQFT description.
“‘environment” approximately described via LQFT (r > R;)
H=H.+H. + H; +H;
I ——
? ~LQFT

\ what structure?

(work in spirit of effective field theory...)

Bilinear needed to transfer entanglement:

Hy = A 04 (2)
VAN

U(N) generators  Act on “environment”
(basic matrices

between BH states)
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Have assumed subsystems and Hamiltonian evolution.
Next, Postulate Ill: Correspondence w/ LQFT description.
“environment” approximately described via LQFT (r > R;)
H=H_.+H.+ H,;, +H;
! ——
? ~LQFT

\ what structure?

(work in spirit of effective field theory...)

Bilinear needed to transfer entanglement:

H[ = Z/ dV GA[,(:I?) /\A Ob(;}j)
Ab S AN

U(N).genere‘ltors Act on “environment”
(basic matrices

between BH states)

Gap(x) :  parameterize ignorance
Will constrain these.
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H; = Z / dV G’Ab(::1::))\"4 Ob(;:zj:)

Ab *©

Could be used to parameterize various scenarios

massive remnants: gravastars, fuzzballs,...; firewalls

Constraints:
1) Postulate Ill: “Minimize” departure from LQFT G ap() :

- Supported near the BH scale R,

- Not confined too near the BH

R, = R+1,: “Firewall” vs. R,~ R :Nonviolent
(tuned)

- Simplest implementation: characteristic scales ~R,

also AM ~ 1/R
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2) Consistency with mining; approx. w/ BH thermodynamics

—
cOosSMmic
string

Suggests: (optional??)

Postulate IV, Universality: Departures from the usual LQFT description
influence matter and gauge fields in a universal fashion.

Eg. H; = / dV Z/\"‘G{;"’(:r:)T#,V(:r)
A

\ also include pert.

gravitons
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2) Consistency with mining; approx. w/ BH thermodynamics

—
COosSmic
string

Suggests: (optional??)

Postulate 1V, Universality: Departures from the usual LQFT description
influence matter and gauge fields in a universal fashion.

E.g.: H; = /dV Z)\ G (2)T,, (x)
\ HISU;?:&E;DGH
H;.:.i.f (217)

~ “BH state-dependent
metric perturbation”

(operator on BH Hilbert space)
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Are such large effects necessary?

le /(“/ Z)\ (ﬂ”} / ;u;( )

Reorganize:
Expand G (z) = Z\: cay f1 (z) Small basis of functions
coefficients: :,1/ . (Postulate [1I-NV)
A p, l 7 N4 U B
= Z/\' CA~ 7; = 2: d‘/ fﬂ (2 )lﬁw( /)
A !
with &€~ 1/R
= £ Z 0,7, X “channels” or “pathways”
y=1

How do we see that sufficient information transfers?
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A problem and conjecture in guantum information theory:

Subsystems . . .
d e.g. |A| < |B] H=Hs+Hp+ Hj

Py

Common scale

Hi =& i ¢,07,07,
=1

lOAll = 10gll =1

How fast transfers information?
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A problem and conjecture in guantum information theory:

Subsystems . . |
Y e.g. |A| < |B| H=Hs+ Hp+ Hj

P

Common scale

\ x
Hr=£Y ¢,0%0%
v=1

lOAll = 10pll =1

How fast transfers information?

i
A

#ZWM I(A:B)=S5+58—-545g

s !
VIAl 5 o
Si=Sw(pjz), etc.

Take, e.g., Hjy =&Y ho\°
Zf‘.‘t(h’ﬂ)z/’A‘ — ]

~“random”
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Conjecture:

dt ~

dl .
— =C¢ E Ci for ey S1
v=1

arXiv:1701.08765

- working on checking (WIP w/ Rota and Nayak)
- evidence in 1710.00005 w/ Rota

- applications to decoherence, thermo.
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Some motivation: Fermi's Golden Rule

decay rate ~ info transfer rate

( see 1710.00005 w/ Rota)

gives &, normalization of operator, quadratic
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X

Black holes: Hr=£&) O
~y=1
et [[O4] =1 1751 ~1
dl ) 1
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Black holes: Hy=E&) O,
y=1
et  [O=1 [Tl ~1
dl ) 1
What does ||O~|| =1 mean? Suppose O, ~random
; o A
A
0 1 0 CAy ™ I/ch?_s””/z
A |1 00
A =10 0 o ete.

-------------
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X
H =Y 0,7, =Y Mea, T,
y=1 v, A z

couplings of environment to
transitions between BH states
Cay ~ \1/N ~ e~ Sen/2 tiny

Suffices to transfer information

(contrary to some previous lore and beliefs)
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In fact, in terms of Fermi’s rule,

dP

) = 2np(Ey)|H/|?

2
O(1) rate ~ (many final states) (tiny couplings)

(Large entropy: similar but different role suggested for e.g. fuzzballs)

Also means H* = N Mou ()
| G
Y, T f[“y Y, T N e—bbh/z
i i L v N

Compare preceding:

(¥, T

H" (x)|,T) ~
~ Incoherent, vs. coherent effect
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Observational constraints?

-no large ~classical fluctuations

-estimate effect on matter, light: ~ Golden Rule:

@
dt

-alsocanbe O(1/R) B

- typical  Ap~ (1/R) (“Nonviolent”)

- tiny effect on matter, light (mmvs. 107 km )

~ pPHMEX S (KO, 1) 2 [(BIT, o) 5
Y
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Observational possibilities?

Consider the general situation (indep. of my postulates):

1) There is common agreement that reconciling BHs
with QM requires modifying QFT at scales ~R

2) We are now acquiring two observational
windows on scales ~R, VLBI and GW

Something to really think about!

(see, e.qg., arXiv:1406.7001, 1602.03622, 1703.03387)
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Various new physics scenarios have been proposed

Begin to classity by relevant parameters

AR, : height of "atmosphere”
(or more generally departure)

ARH
(Compare € = AR, /R Cardoso/Pani)

. : scale of variation

“hardness” of structure
L« AR

also nature and strength of couplings to other fields
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These begin to characterize observational effects.

1602.03622
E.g. GW:
™ e
' " / |‘ "
‘\ " / .\ "
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These begin to characterize observational effects.
1602.03622

E.g. GW:

If NS: B £

(hard structure)

0.002
0.001 .,
0.000 '
0.001

Re[W??]

|
(=]
(=}
o
h

1505.01607

NL3 |
— DD2
| == SFHo
|-- T4 |

Palenzuela et. al, arXiv:

fowlkHZ]
OENNWWSE
wowowmowmo

2 4 6 8 10 12 14 16
time [ms]

Or, for EHT, BH image depends on light propagation near r=3M
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Beginning of classification of scenarios:

AR, L
i , )
Soft gravitational | DI -
sgtructure i ~ B (Rp) ~ R (Rq) } SOft
Firewall | " -
(AMPS, 1207.3123) | ™ ¢Planck = ™ ‘Planck
| hard
Fuzzball | " seoBie
(Mathur + others) | ' e
i !
| .
| important
| contrast

E.g. fuzzball: “capped-off” geometry supported by
fluxes and branes — microscopic/hard structure
(+ strong, vs. weak)
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Hard structure, e.qg. like fuzzball, apparently ruled out by
GW150914 for a range of values AR, ~ R

(hard structure at this radius ~ Neutron star)

Firewall: AR, <« R: hard, and hard to test?

2.0 0.2
_. 15 b W TT—
i 5 S 10 o i
UnleSS eChOS ?? Ll'c.}jl 05 ”‘fﬁl(l 400 600 B800 1000
= 0.0 "I,v ‘,A.\.._;.a.a.,.__.,.a,_._..
Cardoso et al, arXiv:1602.07309; 1608.08637 §"1”W o C1ePrO
\ . -1.0 —ee-BH
Abedi, Dykaar and Afshordi, 1612.00266 A

"0 100 200 300 400 500 600

; ; i . M
though, must assume rapid formation, specific properties '

Soft G-structure: possible effects on GW signal

depends on coherent vs. incoherent ...
possibly can estimate sizes of effects ...

how sensitive to objects inside light ring (“UCO")7?
(investigating models...)
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Important contrast, and challenge:

Electromagnetic images:
Just depend on propagation in background

“Simply take a picture”

Gravitational wave signal:

Need full dynamical evolution for predictions;
don’t have for any scenario

We theorists need to progress further.
(Toy models?)

But, observational opportunity:
look for deviations, particularly from plunge/merger
possibly GW observations can provide key clues about
quantum black holes!
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Summary

A simple, plausible set of postulates:
Postulate I, Quantum mechanics: linear space of states, unitary S-matrix (in
appropriate circumstances) ...
Postulate 11, Subsystems: The Universe can be divided into distinct quantum subsystems, at
least to a good approximation
“Information that goes in, must get out”

Postulate III, Correspondence with LOQFT: Observations of small freely falling observers in weak
curvature regimes are approximately well described by a local quantum field theory lagrangian.
They find “minimal” departure from relativistic LQFT.

Postulate 1V, Universality: Departures from the usual LQFT description influence matter and
gauge fields in a universal fashion.

HI+1V ~ “weak quantum equivalence principle”

- lead to “soft quantum structure” of BHs
- very weak interactions can transfer information out

(contrary to some prior thinking)
- an interesting connection with general problem of
transferring Q info between subsystems
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There are prospects for observational probes of/constraints on
this foundational problem:

Event Horizon Telescope
Image «, (M)
¢ e9¢ sGO
:H;- N AN AN \ l.d ‘
:j, V VYV V| ] LlGO/VlRGO
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Current theory questions:
Refine description of such “multiplicity-enhanced” transfer

also, size of exterior effects - GWs, etc.: more systematic

Observability
LIGONIRGO; EHT?
(H,) ~1 vs. (H"(z)) ~1/VN ~ e Son/?

becoming empirical question ...

Beyond effective description to more complete description

Connection w/ subsystem subtleties/dressing
maybe soft quantum hair ??

but, 1706.03104 w/ Donnelly...
More complete thermodynamic tests

Gauge independence

Foundational picture for QG, respecting principles
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