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INTRODUCTION (I): THEORY
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[Sources: Blanchet, arXiv:1902.09801;
SXS Project: http://www.black-holes.org]
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INTRODUCTION (I): THEORY

[Teukolsky, Phys. Rev. Lett. 29, 1 1 14 (1972)]

® Perturbation theory is governed by Teukolsky’s equation (TE) CTeukolsky, Astrophys. 185, 635 (1973)]

® TE solution can be expressed through the complex strain:

| M
h+—th:D—£Z

Ilmn

{Almn —QSlmn(a’f ajlmna Ly (I))ei(t_tlmn)ajlmn + C-C-}

where:

-/Zilmn — Almnei(blmn
_9Stmn(af Oimn, t, ®) = {spin-weighted spheroidal harmonics}

a)lmn(Mfa af) — wlmn(Mfa a’f) —+ i/Tlmn(Mf7 af)
®  Wpmn(My,ay) are called quasinormal modes (QNMs)

e The signal is a superposition of damped sinusoids
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INTRODUCTION (iI): TOOLS

® Bayes’ theorem: Posterior Prior Likelihood {M;,az,Dyp,...}

0
> p(éTI’HZ-, I)p(d|§, H;, I)  AO)=n)+h@)
p 0 d’ H":’ I)= H; = {our assumed model}

Evidence

I = {our prior information}

We can use this probability density function to determine

estimators (e.g. median value) and credible intervals (e.g. 90% CI) A T) = /d@ . dh dla. 4. D01 T
for any of the waveform parameters (e.g. mass, spin, distance, etc.) pld|#i, 1) ! n (|0, Hi, Dp(6[H:, T).

e (Odds’ ratio: O = p(H;|d, I)
_ p(Hi|I) p(d|Hs, I)
p(H;1) p(d|H;, 1)
_ p(Hill) =) ’
— p(?—[j ])& —» Bayes’ Factor

DANNY LAGHI, UNIVERSITY OF PIsSA PIsA, QFC2019, 24 OCTOBER ’19



A LONG-STANDING PROPOSAL

e Bekenstein & Mukhanov (for nonextremal black holes): [Bekenstein, PRD 7, 2333 (1973)]
[Bekenstein, Lett. Nuovo Cimento | 1,467 (1974)]

[Mukhanov, JETP Letters 44, 63 (1986)]
[Kogan, JETP Letters 44,267 (1986)]

A% p— &l% / \/ [Garcia-Bellido, arXiv:hep-th/9302127 (1993)]

[Danielson, Schiffer, PRD 48,4779 (1993)]
[Maggiore, Nucl. Phys. B 429,205 (1994)]
where; [Bekenstein, Mukhanov, Phys. Lett. B 360, 7 (1995)]

+ [Lousto, PRD 51, 1733 (1995)]
N S Z [Bekenstein, 8th Marcel Grossmann Meeting, Pts. A, pp. 92-111 (1997)]

[Hod, PRL 81,4293 (1998)]

[p ~1.6 X 10~3°m [Maggiore, PRL 100, 141301 (2008)]
[Davidson, Int. . Mod. Phys. D 23, 1450041 (2014)]

oa=0 ( 1) [Bekenstein, PRD 91, 124052 (2015)]
[Volkel, Kokkotas, arXiv:1908.00252 (2019)]

[Hod, arXiv:1909.04057 (2019)]

-« = 8T  (Bekenstein '74, Maggiore '08)
- ¢ = & In 2 (Davidson, ‘05)

® Some “popular” proposals for &:
o = 4 In 3 (Hod,98)

- o = 4 In 2 (Mukhanov '86, Bekenstein & Mukhanov ‘95)
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“QUANTUM BLACK HOLES AS ATOMS”

Bekenstein, Brazilian National Meeting on Particles and Fields, Braz. Phys. Society, pp. 59-69 (1996
g Y Y PP
[Bekenstein, PRD 91, 124052 (2015)]

e Central claim:

Q _ sKerr

A9 = AK

where(c=1):
AS = ahGN AR =81G* (M? + /M2 — J?/G?)
e Differentiate both sides and use QM:

AN = —n

AM = —hw,,
AJ = —hm

e Get the quanta spectrum (a = J/GM?):

1 navl1—a?+ 8ram
W,, =
MG 167(1+ V1 - a2)
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“IS A GRAVITON DETECTABLEY?”

[Dyson, Int. J. Mod. Phys.AVol. 28, No. 25, 1330041 (2013)]

~ Black Hole |
Physics

v
Gravitational VWave
| Physics |
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A HEURISTIC RINGDOWN MODEL

® Foit & Kleban: heuristic interpretation of the Bekenstein-Mukhanov conjecture

[Foit, Kleban, CQG 36 035006 (2019)]
[Cardoso, Foit, Kleban, JCAP 2019 006 (2019)]

e MAIN CONSEQUENCE: the remnant BH settles down according to the
“nGR” quantised QNM frequency:
1 ay/l—a;}+16may

- MG 167(1 + /1 —a3)

wl(va af, Oé)
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A (PARTIAL) CLAIMWITH GWI50914

i = _ _
| Class. Quantum Grav. 36 (2019) 035006

Can we make
a more thorough analysis
on real data?’

This label
should be &

— e ——

[Foit, Kleban, CQG 36 035006 (2019)]
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OUR FRAMEWORK

[DL, Carullo,Veitch, Del Pozzo, in preparation]

e Full time-domain analysis: pyRing [Carullo, Del Pozzo, Veitch, PRD 99, 123029 (2019)]

L Sam P I er. C P N est [Del Pozzo,Veitch, https://github.com/johnveitch/cpnest]
’ [Skilling, AIP Conference Proceedings, 2004]
Bayes’ factors

Posterior distributions of intrinsic and extrinsic parameters
{My,ap,a, Az, P20, L, P, o} {o/,6", Dp, b}
® Priors: uniform + o € [0, 50]

® Ringdown start time prior: ¢, € [10,20]M  after a fiducial GPS merger time ty

~ [3.5,7.0]ms peak strain amplitude of (h3 + h2)(t)
[Abbott et al. (LVC), PRL 116,221101 (2016)]
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OUR nGR QUANTISED RINGDOWN MODEL

[DL, Carullo,Veitch, Del Pozzo, in preparation]

® Kerr-like ringdown waveform:

h220 = h_|_ — th = ./2(220 2 L (I) i(t—to)(w1+i/71) —|— C.C., t 2 to
L
“nGR” quantised “nGR’ quantised
QNM frequency: QNM damping time:
1 aq/l—a?+167raf /\
wl(Mf,af,oz): MG 5 ' .
P 16m(L+ (/1= ap) No ansatz: /" Ansatz from GR
71 € [0.5,20] ms quality factor QSy:

My, ay)
T (My,ar, ) =2 So5(My, ay
1( f f ) C(.)l(Mf,a/{f—,)

e Conclusions are very similar, so a posteriori we assume the functional ansatz
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GR vs nGR WAVEFORMS

[DL, Carullo,Veitch, Del Pozzo, in preparation]
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MEASURING x FROM GWI150914

-—-- Median

0.030 1
0.025 1
0.020

0.015 1

p(a|D)

0.010 4

0.005

0000 T T T T L T
0 10 20 30 40
a

Uniform priors:
My € [10,250] M,
as € [0.0,0.99]
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Compare with:
[Foit, Kleban, CQG 36,035006 (2019)]
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[DL, Carullo,Veitch, Del Pozzo, in preparation]

-';-—- Median
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My € 62,75 Mg
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SIMULATIONS

[DL, Carullo,Veitch, Del Pozzo, in preparation]

® Single events in general do not provide much information about «

What about a population of GW 509 [4-like events?
e Generate {A220, $220} using a non-precessing BBH ringdown model  tondon,arxiv. 1801 08208

® Injection: GR signal vs nGR signal
w220:w220(Mf,af) w1 :wl(Mf,af,a)

TQQOZngo(Mf,CLf) leTl(Mf,CLf,CV)
[Berti, Cardoso, Will, PRD 73,064030 (2006)]

e Recovery: GR template vs nGR template

wag20 = waoo(My,ay) w1 =wi(My,ar, @)
7'220:7'220(Mf7af) T1 :Tl(Mfaafaa)

® We can make model selection: e.g.log BA%" = log

P(D|GR)
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SIMULATIONS (GR)

[DL, Carullo,Veitch, Del Pozzo, in preparation]

® |njection:|GRJsignal vs nGR signal
w220 = w220(Mf7 af)

7220 = 7’220(Mf7 af)
[Berti, Cardoso, Will, PRD 73,064030 (2006)]

o Recovery:@template vs{nGR]template

wag20 = waoo(My,ay) w1 =wi(My,ar, @)
7’22027'220(Mf,af) T1 ZTl(Mf,aﬁCY)

® We can make model selection: e.g.log BA%" = log P(DIGR)
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SIMULATIONS: GR POPULATION

19'0—1—3'8 [DL, Carullo, Veitch, Del Pozzo, in preparation]

0.35 - ]

1Al

1 1

1 1

0.30 - 1

1} 1

1}l

1[1]1

3 025 1 il

& i

Ijijl

> 0.20 - i

- i

o M
Q 0.15 A f 1
S :
Q. 0.10 A i
B

0.05 - k%

-

0.00 4 = — il

. T L1 : : |
0 10 20 30 40 50
a

DANNY LAGHI, UNIVERSITY OF PIsA PIsA, QFC2019, 24 OCTOBER ’19



SIMULATIONS: GR POPULATION
19.012% \\ISLJT\’ Look at [DL, Carullo, Veitch, Del Pozzo, in preparation]
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SIMULATIONS (nGR)

[DL, Carullo,Veitch, Del Pozzo, in preparation]

* Injection: GR signal vs{nGR}signal

o Recovery:@template vs{nGR}template

w220 =w220(Mf,af) w1 :wl(Mf,af,oz)
7'220:7'220(Mf7af) 1 :Tl(Mf,af,a)

® We can make model selection: e.g.log BA%" = log

P(D|GR)
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SIMULATIONS: nGR BEKENSTEIN BHs

Bekenstein value

2574—%2 [DL, Carullo,Veitch, Del Pozzo, in preparation]
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STEALTH BIASES: (1)

[DL, Carullo,Veitch, Del Pozzo, in preparation]

w1 =wi(ag, My, a = ap)

® Simulate the signal of a Bekenstein QBH

1 =T7i(ar, Mf,a = ap)
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w220 = w220(af>Mf)

T220 = 7'220(af7Mf)

® Recover the signal assuming a GR template
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CONCLUSIONS AND PROSPECTS

e We developed an infrastructure to measure possible GR deviations analysing the ringdown

e We have shown how it could be used, e.g. to test the area quantisation conjecture

e If a theory predicts nGR QNMS:

—

wWnor = wWnar(M¢,ay,0)

ThGR = TnGR(Mfa af, 9)

we can test it on real data and explore its observational effects through simulated events

OUTLOOK
e Applying the method to all the GWTC-I| events
e Article with detailed results in preparation
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