The Black Hole Spin Puzzle

Physics Friday
Hal M. Haggard, Bard College
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The event horizon 1s "a
perfect unidirectional
< membrane: causal
O . .
XY, influences can cross it
M in only one direction”.
' —D. Finkelstein 1958
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:’;- Why do black holes form?
oultslde The non-linearity of
ob?'erver oravity leads to all sorts

v of wonderful instabilities.

| e Grawvity for shell of mass m:

P GMm
> Pressure on this shell:

—M, F,=pA

1.
And (1) Y
m=m,+ ——
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O o m=r s B

Fg=Fp->r,§ =



What are the spins ot black

holes that form wvia collapse?

5|
0<a= > <1
GM?/c
Table 1 The masses and spins, measured via continuum-fitting, of ten stellar black holes®.
System A M/Mg References
Persistent
Cyg X-1 > 0.95 14.8+ 1.0 Gou et al. 2011; Orosz et al. 2011a
LMC X-1 0.9270-02 109+ 1.4  Gou et al. 2009; Orosz et al. 2009
M33 X-7 0.84 £0.05 15.65+1.45 Liu et al. 2008; Orosz et al. 2007
Transient
GRS 19154105 > 0.95% 10.1 £+ 0.6 McClintock et al. 2006; Steeghs et al. 2013
4U 154347 0.80 4 0.10° 9.4+ 1.0 Shafee et al. 2006; Orosz 2003
GRO J1655-40 0.70 + 0.10% 6.3 + 0.5 Shafee et al. 2006; Greene et al. 2001
XTE J1550-564  0.3470°50 9.14+0.6  Steiner et al. 2011; Orosz et al. 2011b
H1743-322 0.2+0.3 ~ 8° Steiner et al. 2012a
LMC X-3 < 0.34 76+ 1.6 Davis et al. 2006; Orosz 2003
A0620-00 0.12+0.19 6.6 = 0.25 Gou et al. 2010; Cantrell et al. 2010
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Binary Black Holes

n
Gravitational Waves






Kepler’s 3rd Law
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p3 = W w i
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When the wave carries energy off,
the black holes get closer.

Smaller R » smaller P



Far from the binary system...
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...you get a wave pattern that repeats with period P, .



T'he wave begins to chirp

e e e

R —

: L

osf

h-10718

0 0.2 0.4 0.6 0.8 1
t (seconds)

h(t) = A (t)cos(P(1))

2/3
2G> M, M,)>>
a(r) = 24 i and . = M)
cr P, (D)



VIRGO-Cascina
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Some Fun Scales

nG
Hal’s favorite scale:  Zp=4/— ~ 107" m

c3

, o o 26
Robservable universe ~ Bg ~ 107 m

S50, you ( Lyoy ~ 2 M ) are closer to the size of the
observable universe, than to my favorite length scale!
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Some Fun Scales

nG
Hal’s favorite scale:  Zp=4/— ~ 107" m

c3

, o o 26
Robservable universe ~ Bg ~ 107 m

S50, you ( Lyoy ~ 2 M ) are closer to the size of the
observable universe, than to my favorite length scale!

¢ hG h
tp=—=1/—~10"%s and Ep=—~10°J
c o tp;

But, interestingly, there are non-quantum Planck scales:

E h o
Pp=—=—=—~102W.
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Inspiral Merger Ring-
down
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M, ~ 35.6My + M, ~ 30.6M, — M, ~ 63.1M, = 3.1M,

T'he collision let oft 3 suns worth of energy in about 0.2 seconds,
which 1s

3.1Mc?/(0.2 S) ~ 10*® W .

Our guess, 10°2 W, was essentially right. If you put in all the
details,

32 G* M{M5(M, + M,)
5 ¢ r

p

and you get the right correction of 107



How did they do something so spectacular?
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How did they do something so spectacular?
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I don’t know, ask Antonios!



The mirrors
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What do the waves tell us?



Observation of black-hole spins in GW events

(My,d1) + (Ma,d@2) + L — (My,dy) + GW
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Observation of black-hole spins in GW events

(My,d1) + (Ma,d@2) + L — (My,dy) + GW

A GW150914 v GW151012 <« GW151226

1 | I !
Dimensionless spin
GM?/c Bl J
0, 1 T
a € (0,1]. _
$0.6 F

Etftective initial spin

- Mya, + Maas L 0.4 L
Xeff - R )

My + My |L

with Xeft € [_17 1]

0.2 I I I



Observation of black-hole spins in GW events

(My,d1) + (Ma,d@2) + L — (My,dy) + GW

A GW150914
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Do all black holes spin?

Is there another way to
form black holes?

Are these first 10 results
typical?
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GraceDB
https://gracedb.ligo.org/superevents/

public/ O3/



https://gracedb.ligo.org/superevents/public/O3/
https://gracedb.ligo.org/superevents/public/O3/
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Observable Universe




1'he observable universe 1s nearly
homogeneous and 1sotropic

ds Recall Pythagoras
ds,
ds* = ds? + ds;
ds,

and 1t’s dynamical(!):

ds® = c?dt* — a*(t)[dr? + r*(d6?* + sin® 0dg?)]



For fun, the metric
ds* = c*dt* — a*(t)[dr? + r*(d6? + sin? Od¢?)]

evolves according to the Einstein
equations tor the universe:

2 ‘.
a SnG a 4rG
H? = (—) = p (p+3p)

- 3¢2 a 3c?

p=—3H(p+p)



Strikingly, an ‘apparent’ horizon can form

Observable Universe

H VLS5 N
- (frgd slpasiust

P15 %
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Equal lett and right

1400 molecules on the left,
600 on the right

1600 molecules on the left,
400 on the right
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In the early 1970°s Bekenstein and Hawking argued that

black holes have an enormous entropy...




AM, J)
SIM,J) =k




In the early 1970°s Bekenstein and Hawking argued that
black holes have an enormous entropy...

..., but, of course, this entropy 1s only present when
a black hole can form.



Bekenstein-Hawking Entropy and Gravitational Wave Observations:
Statistical Equilibrium as a Mechanism for Small Black Hole Spins

Joint work with Penn State collaborators:

Eugenio Bianchi, Anuradha Gupta &  Sathya Sathyaprakash

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



When do primordial BHs form?

Staller mass BHs are formed due to the QCD Today — 14 billion years
transition’s drop in pressure. This is after the Lite on earth Qe e
: Acceleration \— 11 hillion years
formation of hadrons and before atoms form Dark energy dominated® S
Solar system form e & SRIR-10 _
0.35 Star formation peak \EESSSSSSSNEHIRONYEAISIS===—
0.30. Galaxy formation era\ y . :
Earliest visible galaxies - 700 mill.ion years
0.251
0.20- Recombination Atoms form £-400,000 years =
Relic radiation decouples (CMB) .ﬁ:g : (;Q} 'Q
0.151 ' . .=,
Matter domination — 5,000 years
0.101 —— w Onset of gravitational collapse
e (2 £
0.05- s Nucleosynthesis - 3 minutes
_____ 1/3 Flg 1 II"I ByrneS et al, 1801 06138 nght elements Cl‘eated—D, He, Li 4'-, B o > -,,__~
00 ——4—mm Nuclear fusion begins “——— 0.01 seconds —
104 103 102 107! 10° 10! 102 103 104 g b e T ST

Mu/Mq

Quark-hadron transitien, |-
Protons and neutrons formed

Early Universe: during the QCD phase transition,

the pressure drops Electroweak transition

3 Electromagnetic and weak nuclear

_ 3 _ 2 o C 1 forces first differentiate
Po — MO/TS rs — QGM()/C iMO — 2\/§G3/2 \/% Supersymmetry breaking

Axions etc.?

po ~ (150 MeV)4/ he’ :> Mgy ~ 25 Mg Grand unification transition |=

Electroweak and strong nuclear
forces differentiate

Inflation

lattice QCD simulations: 0.1 — 100 M@ T — T
BH mass range * Spacetime description breaks down




At fixed mass, rotating black holes have a smaller entropy

Dimensionless spin parameter

]
GM?/c’

a € [0,1].

Bekenstein-Hawking entropy

27 M?

S(M,a) = (1+V1 — a?) -

mp

S(M,a)

—

0
non-rotating

a

1
extremal



Black-hole entropy and the spin distribution of black holes

Number of microstates at fixed (M, a)

N ~ 6S(]W,a)

In thermal equilibrium

(at fixed energy M ),

the probability that a BH

has spin @ 1s

2
oA(M,a) /463, 2

1
/ 2
/ AM,a") /4l 12 g1
0

PM(CL) —

Prediction: BHs in mucrocanonical equilibrium have small spins



Observation of black-hole spins in GW events

(My,d1) + (Ma,d@2) + L — (My,dy) + GW
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Observation of black-hole spins in GW events

(My,d1) + (Ma,d@2) + L — (My,dy) + GW

1
Final spin
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Eftective mitial spin af
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Observation of black-hole spins in GW events

(My,d1) + (Ma,d@2) + L — (My,dy) + GW

1 | |
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V/
Af o 069 S
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: 0.6 -
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of numerical-relativity =
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Observation of black-hole spins in GW events

(My, @) + (M, d@) + L — (My,d5) + GW

1 | |
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e o
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Observation of black-hole spins in GW events

(My, @) + (M, d@) + L — (My,d5) + GW
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Observation of black-hole spins in GW events

(My,a@1) + (Ma2,d@) + L — (My,dy) + GW

1 |
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GW Transient Catalog GWTC-1 (Novl8)
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[E.Bianchi, A.Gupta, HMH, B.S. Sathyaprakash, 2018]

Farr et al. "Distinguishing Spin-Aligned and Isotropic Black Hole Populations With Gravitational Waves," Nature 548 (2017) 426
Belczynski et al., “The origin of low spin of black holes in LIGO/Virgo mergers,” 1706.07053
Rodriguez et al., “Illuminating Black Hole Binary Formation Channels with Spins in Advanced LIGO,” Astrophys. J. 832 (2016)
Piran and Hotokezaka, “On The Origin of LIGO’s Merging Binary Black Holes,” 1807.01336




In solar masses

80 LIGO-Virgo Black Holes
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Watch out...



Watch out...

...I'm actually starting to
believe my own story.



Could 1t be that the black holes

that the gravitational
wave Instruments are measuring
are black holes formed 1n the
early universe?

—




The End



[Gibbons Hawking '77]

Quantum gravity and the microcanonical ensemble (Brown York 93] Sen 1]

[ Bianchi Haggard "18]

e QG with asymptotically-flat b.c.: microstates |\, j, ) of fixed mass and spin
orthonormal basis of H s

e Microcanonical ensemble: microstates of given energy M are uniformly populated

1
- J'\[, .. ) 1\[ .. X
PM Z, dim'H..qu ;¥| 7 n)( J (1|

e Microcanonical ensemble = mixture of microstates of fixed mass and spin
1

PyM = ZPM(J) PM; where PMj = T Hor Z M. j,a)(M, ]«
v
J o
e Probability of finding spin j in the microcanonical ensemble
() dim H 5y
PMm\J)) = :
> dimH py 0
. . . ) , a) /462
e Semiclassical one-loop calculation of the number of microstates Py (a) eA(M,a)/4lp 42
Mmla) = — ‘
dimHyp; ~ \/S(M, a;) % 7 ¢S M) g2 — / eAM.a") /Ay 412 g
0

A(M, a;)
404,

where a; =+/j(j+1)m2/M?* and S(M,a;)=




Event m /Mo  my/Me  M/Mg Xeff M; /Mg ar Eraa/Moc?) Lpear/(ergs™)  dp/Mpc Z AQ/deg?
GWI50914 356718 30620 2867¢ —001702 631733 0.69°00  3.170% 36045 10% 430730 0.09°0% 180
GWIS1012 2337140 13,674 15220 004703  357%99 067013 15703 32%08%10% 1060730 021109 1555
GWI51226 137758 77722 8903 (181020 00564 (74007 10701 34107 10% 4407180 0,09:0%% 1033
GW170104 31.0°72 20.1%9 21521  —0.0401 49.1%52 0.66'0% 22103 334065 10% 96030  (.19%007  9n4
GWIT0608 109733 7.6*13  7.9%2 003719 17.8732 069700 097005  35104510% 3p0r120 071002 396
GW170729 50.6168 34.3%91 35713 036102 037146 0811007 48717 42109 10% 27507130 0481019 1033
GW170809 352753 238732  250%21  0.07'016 564732 (70008 27106 351005 10% 990t (201005 340
GW170814 307737 253729 242+ (070012 534732 (720007 0704 374045 10%  5g0+I60 (121003 g
GWI70817 146*012 1279000 11861001 (0002 <28 <089  >004  >01x10° 40710  001%% 6
GWI70818 35573 26873 267%21  —0.00018 598748 067007 27103 341035 10% 1020%0 0201007 39
GW170823 39.6100 29.4%63 2932 (081020 65694 0711008 33109 364005 10% 85080 034:013 1651

GW Transient Catalog GWTC-1

LIGO/VIRGO Collab.

1811.12907

(Nov18)

lastro-ph.HE]
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GW Transient Catalog GWTC-1 (Novl8)
LIGO/VIRGO Collab. 1811.12907 [astro-ph.HE]
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