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Quantum BHs

— Hawking radiation
— BH information loss paradox

— stretched horizons, quantized BH area etc--

Quantum BHs has been discussed mainly in the theoretical side.
There are several predictions & conjectures in the literature.
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Quantum BHs

— Hawking radiation
— BH information loss paradox

— stretched horizons, quantized BH area etc--

Quantum BHs has been discussed mainly in the theoretical side.

There are several predictions & conjectures in the literature.

How we can observationally probe
the quantum properties of BH ?
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How about Hawking radiation ?

.MQ Ty ~107° K< TCMB ~ 2.7 K

How about the Planck size structure of space?

To reach the Planck scale with a particle accelerator,
its size should be comparable to the solar system.
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How about Hawking radiation ?

.Mo Ty~ 107° K< TCMB ~ 2.7 K

How about the Planck size structure of space?
To reach the Planck scale with a particle accelerator,

Ringdown GWs tell us about
the horizon structure.
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GWs from a BH binary

LIGO collaboration, PRL (2016)

[—Nlclcrc] l H'lt |(vn|| emed)
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i G\W150914
e oy (the first detection of GWs by LIGO)

LIGO collaboration, PRL (2016)
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Inspiral Merger Ring
down

$ sisge

Numerical relativity
I Reconstructed (template)

Pirsa: 20020085 Page 7/50



Pirsa: 20020085

GWs from a BH binary

LIGO collaboration, PRL (2016)

[— H1observed
T

=

L1 observed
H1 observed (shifted, Inverted)
i z

T

" GW150914
R TG (the first detection of GWs by LIGO)

Reconstructed (wavelet)
Reconstructed (template )

LIGO collaboration, PRL (2016)

T T
Inspiral

Numerical relativity
I Reconstructed (template)

$ sisge

T
Merger Ring
down

ringdown GWSs consists of quasi-
normal modes (QNMs)
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GWs from a BH binary

LIGO collaboration, PRL (2016)

GW150914
(the first detection of GWs by LIGO)

LIGO collaboration, PRL (2016)
T T H I 1
Inspiral Meraer: Ring - ringdown GWs consists of quasi-

down normal modes (QNMs)

0/ ) () G 0 . QNMs depends only on its

mass and angular momentum

|
|

y
‘ 1 observation of ringdown GWs
] is useful to test gravity theories.

Numerical relativity
I Reconstructed (template)
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GWs from a BH binary

LIGO collaboration, PRL (2016)

= G\ 150014
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rmgdown GWs may be useful

to test quantum gravity

- QNMs depends only on its
mass and angular momentum

observation of ringdown GWs
is useful to test gravity theories.

umerical relativity
econstructed (template)

Pirsa: 20020085 Page 10/50



Hawking radiation Is
observer-dependent.

Hawking effect : Unruh effect
: g

Near horizon




Hawking radiation Is
observer-dependent.

Hawking effect : Unruh effect
: g

Hawking
radiation

[ |
accelerating |
observer

Near horizon
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Hawking radiation Is
observer-dependent.

‘J—(Zmﬁing ﬁéct Unruh eﬁéct

Unruh

radiation -

freely-falling radiation static \
observer accelerating observer \

NO observer

Hawking

radiation . .+~ accelerating
’ observer

Near horizon Minkowski space
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stretched horizon iIs

observer-dependent

Susskind+ (1993)
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stretched horizon Is
observer-dependent

Susskind+ (1993)




stretched horizon Is
observer-dependent

Susskind+ (1993)

-/

We are distant observers
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stretched horizon Is
observer-dependent

Susskind+ (1993)

-/

We are distant observers

-

In this sense, stretched horizon is real !!




membrane paradigm

K. Thorne+ (1986)

According to a distant observer, BH horizons behave like viscous fluid.

junction between the interior and exterior

(K48 — K hAP) — (KAP — K_pAP) = 87748 = ()
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membrane paradigm

K. Thorne+ (1986)

According to a distant observer, BH horizons behave like viscous fluid.

junction between the interior and exterior

(KA — Ky hAB) — (KAB T8 = 87748 = ()

gravity (near horizon) expansion

_ | ) 1 ) ) )
7ﬂ:}(KL;fmmh—f—Qﬂﬁ+M(:+g
ST 8T \ shear = \2 A

surf

/ gravity
viscous fluid

T4 = Péy — 2nop — CO5p
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membrane paradigm

K. Thorne+ (1986)
According to a distant observer, BH horizons behave like viscous fluid.

Junction between the interior and exterior

(K = Ky hP) — (KAB g8y  gppas _

o&o gravity (near horizon) expansion
«f o KA 7 1, <a 0
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shear 2 a

surfa
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shear Viscosity Volume Viscosity

Prossure

Page 20/50
Pirsa: 20020085




Modeling viscous membrane

viscosity blue-shifted
\ / frequency

Q) d? N d?
—1 ' ‘
Epy dr*? dr*?

Planck
energy

classical general relativity

+ w? — w(v--*)] Y, =0
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2
1
0
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Modeling viscous membrane

viscosity blue-shifted

classical general relativity

—I—w — Vi(r )] Y, =0

\ Jfrquency
752 dz N d“
Epl dr* 2

Planck
energy

angular momentum barrier

3 I\I\/ LU

—_— O = N W

i r/GM
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Modeling viscous membrane

viscosity blue-shifted

\ ./ frequency classical general relativity

752 d2 - d“
Epl dr* dr*

Planck
energy

> 4 w? = Vo(r*) | 1 = 0

angular momentum barrier

LG

RGO 40 _20
F2GM

isc?us membrane
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Modeling viscous membrane

viscosity blue-shifted
\ / frequency

752 d2 - d“
Epl dr* dr*

Planck
energy

classical general relativity

—I—w —Vi(r*) | ¥, =0

angular momentum barrier

isc?us membrane
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Modeling viscous membrane

viscosity blue-shifted

\ ./ frequency classical general relativity

752 d2 - d“
Epl dr* dr*

Planck
energy

—I—w —Vi(r*)| ¢, =0

angular momentum barrier
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Boltzmann reflection from the membrane
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Boltzmann reflection from the membrane
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Boltzmann reflection from the membrane
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infalling observer

distant observer

R = e @/ TH
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infalling observer

| —w /T e
How is the ringdown

GWs modified??
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Echoes from a quantum BH

ringdown GWs
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Superradiance

Superradiance may cause the instability of ringdown GWs.
H. Nakanot+ (2017)

PEP Prog. Theor. Exp. Phys. 2017, 071EO01 (10 pages)
DOI: 10.1093/ptep/ptx(093

Letter

Black hole ringdown echoes and howls

Hiroyuki Nakano'**, Norichika Sago’, Hideyuki Tagoshi*, and Takahiro Tanaka*’

The super-radiant amplification looks dangerous. There are extensive works on this problem (see,
e.g., Refs. [24-26], and Ref. [27] for a review). The latest analysis [28] shows that the time scale
can be larger than the age of the Universe if the location of the reflection boundary is sufficiently far
from the horizon. The above means that if BHs have a complete reflecting boundary at a distance
of the order of the Planck length from the horizon, all astrophysical BHs become non-rotating, i.e.,
Schwarzschild BHs. If we observe GW howls due to the super-radiant amplification, it means that

nly Schwarzschild B st '
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Superradiance

Superradiance may cause the instability of ringdown GWs.
H. Nakano+ (2017)

PEP Prog. Theor. Exp. Phys. 2017, 071EO01 (10 pages)
DOI: 10.1093/ptep/ptx(093

Letter
Black hole ringdown echoes and howls

Hiroyuki Nakano'**, Norichika Sago’, Hideyuki Tagoshi*, and Takahiro Tanaka*’

The super-radiant amplification looks dangerous. There are extensive works on this problem (see,
e.g., Refs. [24-26], and Ref. [27] for a review). The latest analysis [28] shows that the time scale
can be larger than the age of the Universe if the location of the reflection boundary is sufficiently far
from the horizon. The above means that if BHs have a complete reflecting boundary at a distance
of the order of the Planck length from the horizon, all astrophysical BHs become non-rotating, i.e.,
Schwarzschild BHa If we ob:serve GW howls due to the super-radiant amplification, it means that

We should conflrm NO instability !
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Rotating quantum BHSs

— 77y 1? 1? 1
o, (‘)+ (.)—]'—( VAR
VO(r)Ep dr= — dr*= dr*

viscosity Sasaki Nakamura equation

lim  §(r*) = C%exp [2k477], lim F(r*) =0,

r*——o0 rt——00

ma

]
lim U(r*) = -0 (a) = — (c‘d — ) ,
rr— —00 ’ 27'+

‘(:) ((1,) ‘ Hawking temperature
R — CXpP | — TH (0) 1 m

Ty(a) = ; : ‘
H( ) ™, (27‘4—/7‘{;)2 + a?
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Rotating quantum BHSs

—iyw A d? i
o L F S U =0,
VO(r)Ep dr= — dr*= dr*

viscosity Sasaki Nakamura equation

lim  §(r*) = C%exp [2k477], lim F(r*) =0,

r*——o0 rt——00

]
. - - ma \ "~
lim U(r*) = -0 (a) = — (iu — ) :
"o 2

‘(:) ((1,) ‘ Hawking temperature
R — CXpP | — TH (0) 1 m

Ty(a) = '- : ‘
H( ) ™, (27‘4—/7‘{;)2 + a?

In the extreme limit (a -> 1), the temperature becomes zero.
ma

R > O except for W = ——

27'+
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Tyw/Ton = 1

r I "1‘”/’1 ‘(2” ~ (.37
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ergoregion instability
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Tyw/Ton = 1

f eem--- 'T”/’I‘QH ~ (.37

- NO erg

oltzmann model
ergoregion instability
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What’s NEXT?




Ring-
down

° Is It possible to test

the candidates of

guantum gravity
with ringdown 77

(e.g., loop quantum gravity
Horava-Lifshitz gravity,
causal dynamical triangulation)
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E~ Fp ===
horizon \/1 —2GM/r . .
r>2GM
r=2GM _ _ ; \
(wavelength) ~ (size of microscopic structure)

— modified dispersion relation

K2

]
~

Pl

02 = K* (1 AUl g

v

+ O(K* /E-#,l))

[ 0p1

/\ 'Ionger wavelength
picture of wave propagation breaks down!

— infinite blue-shift may NOT take place 02 = K2

— normal dispersion relation
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space has a special length (Planck length)

\

Lorentz symmetry is broken =% preferred frame may exist

infalling atoms atoms stuck at horizon

preferred frame
preferred frame

atoms of spacetime

Schwarzschild coordinate

Kruskal coordinate . .
(distant & static observer)

(freely falling observer)
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model

dispersion relation ds? —

02 — K2 (1 Lozt )

)
L)

N.O. and Afshordi (2018)
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QNMs with modified DRs

X C=0(NDR)

—~
o (C=-d4n/3

L]

' * long-lived modes

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

"..r,‘u-";’l’

smaller microstructure

!

more long-lived QNMs

N.O. and Afshordi (2018)
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Supporting evidence of atoms of spacetime

- echoes from a black hole -
o . N.O. and Afshordi (2018)

0.6 0.8 1.0

W

echoes

\pﬁwwwﬂwﬂ

50 100 150 200 250
f./-ry
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Supporting evidence of atoms of spacetime
- echoes from a black hole -
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Horava Lifshitz Gravity

Renormalizable gravitational theory

proven for projectable case [A. O. Barvinsky+ (2016)]

low-energy limit high-energy

* GR recovered
e 2+1D.0O.F

e Lorentz breaking theory

¢ superluminal

scalar (khronon)

two graviton polarizations
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Horava Lifshitz Gravity

Renormalizable gravitational theory

proven for projectable case [A. O. Barvinsky+ (2016)]

dynamics of khronon tells us the preferred frame

khronon field on Schwarzschild space

-> new horizon structure!!
e Lorentz breaking theory

e 2+1D.0O.F i
e superluminal

scalar (khronon)

two graviton polarizations
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khronon field and universal horizon

Figure 2: The leaves of constant khronon field (thin solid lines) superimposed on the upper
half of the Penrose diagram of the Schwarzschild black hole. The thick solid line shows the

universal horizon.

D. Blas+ (2011)

superluminal modes inside the Killing horizon can escape to infinity

Pirsa: 20020085 Page 50/50



