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Abstract: <p>Black hole entropy is arobust prediction of quantum gravity with no observational test to date. We use the& nbsp; Bekenstein-Hawking
entropy formulato determine the probability distribution of the spin of black holes at equilibrium in the& nbsp;microcanoni cal & nbsp;ensemble. We
argue that this ensemble is relevant for black holes formed in the early universe and predicts the existence of a population of black holes with zero
spin. Observations of such a population at& nbsp;L1GO, Virgo, and future gravitational wave observatories would provide the first experimental test
of the statistical nature of black hole entropy.</p>
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Quantum Gravity and Black Hole Spin in GW Observations:
a Test of the Bekenstein-Hawking Entropy

Joint work with Penn State collaborators:

Eugenio Bianchi, Anuradha Gupta & Sathya Sathyaprakash

[E. Bianchi, A. Gupta, HMH, & B.S. Sathyaprakash, arXiv:1812.05127]
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Are black holes simple or complex?

Pure classical solutions to GR:

Mass M, Spin .J

Huge entropy:

S(M,J) = -
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At fixed mass, rotating black holes have a smaller entropy

Dimensionless spin parameter S(M,a)

1]
GM?2/c’

Bekenstein-Hawking entropy

¢ 7 ‘)
J}T;”“

S(M,a) = (1 V19— a?)= 0 , |

H)'i) .
non-rotating extremal

Allows an in-principle test of the Bekenstein-Hawking entropy
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Outline .

[. The Black Hole Spin Ensemble

[I. Observation of BH Spins in Gravitational Waves

[II. Microcanonical Equilibration
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The BH spin ensemble

Number of microstates (M, a)

;’\.f" .»H‘ { M .a )

~ (

Probability of finding a BH of
spin a in a population of BHs
of mass M

)

(..\{_ M.a)/ lf",',”'-

‘1 A(M.a')/4¢
Jo ¢ '

>,
ra’?da’

Applies to an unbiased population

. Small spins are far more likely.

[Bianchi 2010, Bianchi & HMH NJP 2018]
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Rotating black holes can be represented as particular mixed states
Quantum BHs with asymptotically flat b.c.s are characterized by

. A / i ‘
M|M, j, o) = M|M,j.a) and J|M, j.a)=hy/j(j+1)|M.ja)

where «v enumerates a basis of the Hilbert space H ;.

This allows a decomposition of H into sectors

EB VH.UI,r-
0,5,1,...

H @ Har, with  Hyy
Y,

J

A rotating BH is maximally-mixed at fixed M and j

dim Hpy,

Z \M, g5 ) (M, 5 x|

(& l

YERE )N L
(/) > PMj = Jim Hsj
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Semiclassical methods ideal for computing dim H,;; at M > mp

Use the canonical partition function

Z(';L’D) TI’((' 2L AFAJ:”;) /“)!/;WJ(' ‘H.""I"'"f”‘l-’f'r’.

where Sg is the Euclidean gravitational action. [Gibbons Hawking ‘77, Sen '12]

The result

/ a2

dimHy; ~ \./S(""”~”_/'J &

S/ 3 2
e (‘H’_u‘,} ”]_

212
15

- / |
Ldim Harj ~ \/S(M,0) e S(M,0)
]

with S(M, a) the BH entropy and «; NI l)m.'f./j\/j. Hence

/)..”(‘}‘) — l)_.\/((I) for M > np.
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Outline .

[. The Black Hole Spin Ensemble

[I. Observation of BH Spins in Gravitational Waves

[II. Microcanonical Equilibration
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BH mergers and GW observations at LIGO/Virgo
(M, Jy) + (My, Jo) + L — (My, Jr) + GW

Final spin

Effective initial spin

[ Myay A J/gf?) i
Xeff = ( My + Mo y

with Yesr € [—1,1].

[Hl.nuh('l "14, Kesden et al "15, Gerosa et al 'I'—a]

e GWILTO0
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astrophysical spin model 1:

aligned BH spins

a uniform in [0, 1]

mass ratio

4\/_’ -
g = il aligned

M,

0
\l‘”

Binaries formed through common envelope evolution in galactic
fields are expected to have aligned spins [Postnov & Yungelson, 2014]

& GWIL09141 *GWISL012 AW IS1220 w GWILTOL0 « CGWITO608 s GWITOT29
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astrophysical spin model 2:

isotropic BH spins

a uniform in [0, 1]

mass ratio

M,

® isotropic ‘

2

q

I I
0 0.5
Xeft

Binaries formed in globular clusters or stellar clusters near active
galactic nuclei are expected to have isotropic spins

[Benacquista & Downing, 2013, Miller & Lauburg, 2009]

A CGWIG09141 yGWIGI012 <GWIL1226 » GWITOTO Wil M GWITOR * GAWITORTN
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Microcanonical BHs:
BH spins: Pys(a) ensemble

1st generation mergers:
1g-1g ~ ay =~ 0.69

1g-2g mergers:
g g g microcanonical
@ lg-lg

1.% o lp-2¢

0 0.5
\c'll'

2g

E. Bianchi, A. Gupta, HMH, & B.S. Sathyaprakash, arXiv:1812.05127
[ y

A& GWIL09141 *GWIS012 A0 \WIL1220 e CGWITO0 « (CWI1T0O00S s CGWITOT20 TWITOS09 ™, IR * GWITOs
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The BH microcanonical and astrophysical ensembles

/

p, ' (a) /

Microcanonical BHs: small spins by far most likely

[E. Bianchi & HMH 2018, E. Bianchi, A. Gupta, HMH, & B.S. Sathyaprakash, arXiv:1812.05127]
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Microcanonical vs. astrophysical ensembles

e i

.
»
v
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Imminent transition from single-event GW analysis to population
statistics can provide the first observational test of BH entropy

[
Cumulatives for final spin ay
M1: 90% aligned + 10% 1g-1g | (%
M2: 90% aligned + 10% 1g-2¢g .

M3: 90% isotropic + 10% 1g-1g
M4: 90% isotropic + 10% 1g-2g
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(.0

f

{ |5

| mp=Fe
';f"?"‘d

0.2 0.4 ”‘f 0.6

Anderson-Darling (AD) and Kolmogorov-Smirnov (KS) tests

population
A vs. M1

A vs. M2
| vs. M3
| vs. M4

_p—valt_,lc (AD tcst)_

78 x 101
1.3 x 1077
0.04
0.81

p-value (KS test)
C16x10°%
3.2x 1077
0.01
0.99
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Outline .

[. The Black Hole Spin Ensemble

[I. Observation of BH Spins in Gravitational Waves

[II. Microcanonical Equilibration
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When is a population of black holes well-described by the
microcanonical ensemble?

Not in stellar collapse:

the initial matter distribution already has angular momentum
and is far from microcanonical equilibrium.

angular momentum exchanges are not efficient and
microcanonical equilibrium cannot be reached.

in a dense environment, accretion can drive spin up.

Hence, larger spins are expected.

For example, X-ray binaries typically have a > 0.25, with several
having a > 0.9.
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Microcanonical BHs as primordial BHs

In QCD phase trans. pressure drops ~~ enhanced BH production

H . Toda ~ 14 billion years
Mass estimate: o N i

. -
Acceleration -~ 11 billion years
Dark an domina i 3

B 2G A I

Recombination Atoms form \—
Relic radiation ¢ s (CMBA
™

Matter domination

Onsel of gravitational collapse

Then with . AR

0.01 seconds

.

pqQcp ~ (150MeV) }//1:5(‘5

Supersymmetry breaking

Current GW observations probe saatasl
same mass range as PBHs

Inflation

formed in QCD phase transition e —

Spacelime desceiption breaks down
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0.35

The equation of state parameter w and

0.30 the sound speed squared c2s for the
Standard Model, plotted against
0.251 horizon mass, in units of solar mass.
0.20 - [Byrnes et al., “PBH with an accurate
QCD equation of state” 1801.06138 ]
0.15]
[Borsanyi et al, “Lattice QCD for
0.10{ — w cosmology”Nature 539 (2016)]
2
--- C
0.05 1 s
---- 1/3 Fig 1in [Byrnes et al., 1801.06138 ]
0.00 : : . - . ; .
104 10732 107¢ 107! 109 10! 102 103 104

Mu/Mg

e Early universe: during the QCD phase transition, the pressure drops =—> enhanced BH production

. . , ¢’ 1
- mass estimate: po = Mo/rd and rg = 2GMy/c? — M=
- U 2v2G3/2 /o
po ~ (150 MeV)1/h3e® My ~ 25 M,

- lattice QCD simulations: BH mass range 0.1 — 100 M,
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Microcanonical BHs as primordial BHs

In QCD phase trans. pressure drops ~~ enhanced BH production

Mass estimate: Today - 14 billion years

Life on earth f w»
Acceleration -~ 11 billion years
Dark an domina gt 3

B 2G A I

Recombination Atoms form \—
Relic radiation ¢ s (CMBA
™

Matter domination

Onsel of gravitational collapse

Then with A

0.01 seconds

B

pqQcp ~ (150MeV) }//1:5(‘5

QCD ' Elect
Ele
Supersymmetry breaking

Current GW observations probe soatasl
same mass range as PBHs
formed in QCD phase transition P —

Spacelime descAplion breaks down
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Primordial black holes formed in the early universe by density
fluctuations are candidates for microcanonical equilibrium

Begin with a matter distribution that is homogeneous over

cosmological scales and in thermal equilibrium;

Comoving length-

scales
) /\ Hubble scale

Lime
for a density perturbation near the critical collapse threshold,
matter within its own Hubble radius is trapped, and a BH forms.

The BH remains effectively isolated due to the cosmic expansion of

the surrounding matter, and accretion does not spin up the BH.
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Bekenstein-Hawking entropy and the spin of microcanonical BHs

Spin ensemble assumptions:
BH entropy, microstates
microcanonical population

‘..H.U.rf}‘.«" lf},”'_-’

Pl
a(a) 1 A(M,a') /4¢3

\ )
0 ra“da’

Imminent transition from
single-event GW analysis to
population statistics could
provide the first observational
test of BH entropy and the
statistical mechanics of black

holes.

Py (@)

P(ay)

| — lp-lg

— lu-gu
==« ISOLTOPIC

aligned
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