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Black-hole uniqueness

In General Relativity coupled to electromagnetism in 3+1 dimensions:

Bulk State Functions (M + angular momemtum + conserved charges)
uniquely specify the solution/metric outside the horizon

& Black holes have no hair = Microstate structure is invisible from
outside the event horizon of the black hole

Hawking Radiation originates from
quantum fluctuations in a region just
outside the event horizon

= Hawking Radiation is almost featureless:
It encodes only the Bulk State Functions: mass,
angular momentum and charge of the black hole

General Relativity + Quantum Mechanics
=  Black holes, no matter how they form, evaporate into
the same (largely featureless) cloud of Hawking Radiation
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The exterior structure of a black hole, and
the Hawking radiation is unique

Trash

One (1) state

The Information Paradox:
ast number of initial ThIS PFOCGSS Can.nOt be .
states described by Unitary Evolution
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Goals since late 1990’s:

(I) GNewton, Estring F 0

(i) No supersymmetry; broken supersymmetry
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State counting using a supersymmetric index

The perturbative microstates are supersymmetric index states and so should be
preserved under deformations, including changes in GNewton and gstring.

So what do these perturbative string states become at finite GNewton, E5tring?
What do black-hole microstates actually look like?

There still appears to be a serious problem with such microstates structure:
The Horowitz-Polchinski Correspondence Principle

As the string coupling, gs.ring gets larger, GNewton, grows larger:

* Matter and hence the microstate structure grow smaller
2 GNewton M

2

* Horizon areas grow: Rg =

= As the string coupling, gstring, increases
whatever Strominger and Vafa counted
disappears behind a horizon:

= Microstates shrink to Planck scale fuzz
deep inside the black hole

We seem to be back where we started ...
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Geometric Transition
< >
Bena and Warner, hepth/0505166

Singular electric source: Cohomological Magnetic Flux Sources:
Black hole: singularity + horizon Topology + Smooth geometry
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String theory can resolve singularities:

Geometric Transition
< >

... in more than (3+1) dimensions

But it must do more

The information problem is caused by the presence of a
horizon ...

= Event horizons must go!
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Remain consistent with the triumphs of | :
General Relati Vity : GO E_Jaliech./ MIT IIIlustrafion

e Stringy resolutions on horizon scale = Very long-range effects =
Massless fields (only other scale in String theory is the Planck scale)

Microstate Geometries

» Smooth, horizonless solutions to the bosonic sector of supergravity

(the low-energy limit of string theory) with the same asymptotic structure as
a given black hole or black ring
Singularity resolved; Horizon removed
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* 2013: Microstate geometries are essential Gibbons and Warner, arXiv:1305.0957
Old “No Go” theorems about solitons in supergravity corrected and repurposed =

Any coherent expression of horizon-scale microstate structure must be a microstate geometry

* 2015-8: Precision holography of Microstate Geometries

Holographic duals of families of some Strominger-Vafa microstates

Bena, Giusto, Martinec, Russo, Shigemori, Turton and Warner
arXiv:1503.01463, arXiv:1607.03908, arXiv:1711.10474
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Scaling microstate geometries:

+ Look like black holes until arbitrarily
close to the horizon but cap off smoothly

+ Depth of throat, z, a free classical parameter
= Red-shift to the cap

+ Black-hole throat: AdS = Holographic field
theory of black-hole microstates

New physics at the horizon scale:
The cap, non-trivial topology “bubbles,” and motion/structure encoded on them.

The Dual CFT
In the system built with momentum waves on a system of D1 and D5 branes

Black-hole CFT: a marginal deformation 4
of an orbifold (1+1)-dimensional CFT
Central charge Energy gap . R
1
C=6N1N5 Egapz N:Ns R v
D1

D5
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The Holographic Energy Gap

New physics of microstate geometries:

Agap = maximally redshifted wavelength,
at infinity of lowest collective mode of
bubbles at the bottom of the throat.

Egap ~ (Agap)””

Classical black holes Eg, = 0

BPS: Semi-classical quantization of the moduli of the microstate geometry:
Bena, Wang and Warner, arXiv:hep-th/0608217
de Boer, ElI-Showk, Messamah, Van den Bleeken, arXiv:0807.4556

The throat depth, or z, is not a free parameter: It is quantized and there is a
maximal depth = There is a minimum energy for excitations of the geometry

We found that this exactly matches Egap ~ (Cert)? for the softest stringy
excitations underlying the original state counting of Strominger and Vafa .....

= Excitations of scaling microstate geometries access the softest modes of the
“typical sector” that provides the dominant contribution to the entropy ...
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The Holography of Topological Bubbles

UV CFT UV CFT

uv

Holographic
RG Flow

Geometric Transition

New IR phase
Black Hole: Singular/bad AN of CFT
holographic limit
grap )\T

Holographic field theory:
e Magnetic fluxes «<— vevs of order parameters of new phases

e Scale, AT, of topological bubbles «— Magnitude of vevs

* Most Singular geometries are pathological/wrong phase
This was established in the holographic description of confining gauge theories

Essential ideas:

 Microstate geometries «— IR phases of the CFT

* Fluxes <« Order parameters

* New scales in the physics of black holes:
* Order parameters: At * Energy gap: Egap

* Fluctuations of microstate geometries «<— Excited states of the CFT
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the fluctuations spectrum of the fields and the geometry!?
* Classify these states holographically
* Classify the phase structure of the microstate geometries
Can these states sample phase space with enough fidelity to give a semi-classical

description of black-hole thermodynamics?
Bossard, Katmadas, Massai, Mathur, Moscato, Puhm, Skenderis, Taylor
IPhT: Bena, Giusto, Martinec, Russo, Shigemori, Turton, NPW + many students

+ Use microstate geometries to study intrinsically stringy effects within given
coherent phases of the black-hole system
o Stringy excitations within these geometries  Martinec, Massai, Turton
e Brane wrapping, W-branes Martinec and Niehoff: arXiv:1509.00044
Find intrinsically stringy descriptions of microstates in horizon-scale environment

+ Study the holographic field theory of microstate geometries
e States and partition functions

e Correlation functions in the CFT and the geometry
Giusto, Russo, Shigemori, Turton Raju, arXiv:1804.10616

IPhT: Bena, Guica, Heidemann, Monten, NPW arXiv:18XX. XXXX
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The ERC Project: Quantum Black Hole Structure

with losif Bena and Ruben Minasian

The primary focus: The Dynamics of microstate structure

+ What happens to matter as it falls into microstate geometries!?
* Probes: particles, branes, Green functions
* How does matter get scrambled and encoded into microstate structures

4+ How does matter and information returned to the environment/encoded
in Hawking radiation?

+ How does the microstate structure, particularly the soft, ultra-low energy
modes (Egqp) at the horizon scale affect physics in the neighborhood of

the event horizon?
e Effective hydrodynamics of horizon-scale structure
* Could there be observable signatures?
Effective viscosity for accretion disks? Echoes at LIGO?

+ Can we use microstate geometries to model ideas of emergent space-time!?
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Scrambling
Eperon, Reall and Santos: arXiv:1607.06828

Matter gets trapped for long periods in
microstate geometries =

Non-linear instabilities of microstate geometries?

Marolf, Michel and Puhm: arXiv:1612.05235

“Instabilities” are entropically driven to higher frequencies/string modes
= Instabilities are simply scrambling of infalling matter into string states

Tyukov, Walker and Warner: arXiv:1710.09006

For deepest, scaling microstate
geometries: Tidal stresses reach
Planck/Compactification scale
half-way down the throat

Microstate geometries should indeed:

* Trap matter for extremely long periods e Scramble matter into microstructure

What is the evolution of this scrambling! What is the back-reaction?
How is infalling matter incorporated into the microstate structure!
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Return of information and Hawking Radiation

Green function calculations Raju, arXiv:1804.10616
Bena, Guica, Heidemann, Monten, NPW arXiv:18XX. XXXX

Imperative:

Break supersymmetry: non-BPS microstate geometries with THawking #0

+ We have examples of non-BPS microstate geometries but so far they are
isolated “atypical outlier” states of the black hole

+ Systematic construction of non-BPS microstate geometries

e Solution generating methods Bena, Bossard, Katmadas, Turton
e Numerical methods

4+ Perturbative methods

* Non-BPS fluctuations and motions on moduli spaces

* Topology of BPS microstate geometries make them robust under perturbation

* BPS holographic dictionary: track the evolution in dual CFT



New horizon-scale physics?

Microstate geometries, fuzzballs and Mathur’s small corrections theorem
predict that black holes must have a vast number of low energy,“soft modes,”
at the horizon scale ...



New horizon-scale physics?

Microstate geometries, fuzzballs and Mathur’s small corrections theorem
predict that black holes must have a vast number of low energy,“soft modes,”
at the horizon scale ...

These soft modes must interact with and scramble infalling matter,
incorporating it into the black-hole microstate structure.



| New horlzgn-scale DhlSlCS’

[

1f'~7'."f-tate geometries, fuzzballs and Mathur’s small corrections theorem
redlct that black holes must have a vast number of low energy, “soft modes,’
at the horizon scale ...

These soft modes must interact with and scramble infalling matter,
incorporating it into the black-hole microstate structure.

- ' - -

o

"4
" './
/ 2
.-'/-
T
=

What is this interaction?

How might it observably
influence infalling matter?

Image credit: NASA/JPL-Caltech



New horlzon-scale DhlSlCS’
. Microstate geometrles fuzzballs and Mathur’s small corrections theorem
. "redlct that black holes must have a vast number of low energy, “soft modes,”

" at the horizon scale ...

These soft modes must interact with and scramble infalling matter,

incorporating it into the black-hole microstate structure.
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What is this interaction? 7, / ' /
How might it observably /i /

influence infalling matter!
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Image credit: NASA/JPL-Caltech

From RHIC and the study of quark-gluon plasmas:
Supergravity calculations in Holographic Field Theories are extremely good at

giving universal, effective hydrodynamics, like viscosity, coming from complex, strongly

coupled quantum systems.




