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Direct detection of gravitational waves: GW150914

Hanford, Washington (H1) Livingston, Louisiana (L1)
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Detector noise introduces errors in measurement. Parameters with a range (e.g. distance) are 90%
credible bounds; fractional error on parameters without a range is less than 10%. Acronyms: L1=LIGO
Livingston, H1=LIGO Hanford; Gly=giga lightyear=9.46 x 10'? km; Mpc=mega parsec=3.2 million
lightyear, Gpc=10% Mpc, fm=femtometer=10" m, Mo=1 solar mass=2 x 103 kg
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Black hole
spectroscopy



No-hair theorems and black hole spectroscopy

“In my entire scientific life, extending over forty-five years, the most
shattering experience has been the realization that an exact solution of
Einstein's equations of general relativity, discovered by the New Zealand
mathematician, Roy Kerr, provides the absolutely exact representation of
untold numbers of massive black holes that populate the universe.”

S. Chandrasekhar, The Mathematical Theory of Black Holes

“After the advent of gravitational wave astronomy, the observation of [the
black hole’s] resonant frequencies might finally provide direct evidence of
black holes with the same certainty as, say, the 21 cm line identifies
interstellar hydrogen.”

Steve Detweiler, ApJ 239, 292 (1980)
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Critical SNR for black hole spectroscopy

O In GR, black holes oscillate [EB+, gr-qc/0707.1202]
in a set of discrete 10* g—— g
complex-frequency modes [7=m’=3| 1
(quasinormal modes) ——t/r=m =4
determined only by ot NS T ——_ i
mass M and spin a =l T~ T T

0

(1 One mode: (M,a) c% L A\ ]

O Any other mode frequency:  p N T-~"=0=mee
No-hair theorem test e

105 15 2 2.5 3 3.5 4

1 Feasibility depends on SNR: 7

for nearly equal-mass binaries (q~1), need SNR>50 or so
GW150914: ringdown SNR of ~7



Timeline for commissioning of advanced detectors

Color Code:
" Simulation

LIGO Instrument Science White Paper:

https://dcc.ligo.org/public/0120/T1500290/002/T1500290.pdf



Earth vs. space-based interferometers
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Astrophysical population models

Stellar mass black hole binaries:
Startrack (Belczynski+)

d M1
Standard, M<100M_,,

d M10
Pair-instability mass loss
M<50M,,

J Model M3
Pessimistic
High kicks, lower limit on rates



Astrophysical population models

Stellar mass black hole binaries:
Startrack (Belczynski+)

d M1
Standard, M<100M_,,

d M10
Pair-instability mass loss
M<50M,,

J Model M3
Pessimistic
High kicks, lower limit on rates

Massive black hole binaries:
Barausse+

 Poplil
Light seeds

J Q3nod
Heavy seeds
No delays

J Q3d
Heavy seeds
Final parsec problem



events/year

Earth-based: detection rates
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Space-based: detection rates
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Earth-based: redshift distribution
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Multiband astronomy
and binary formation



Multi-band gravitational wave astronomy
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Time of arrival: seconds, localization: <1 deg?
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Field or cluster formation?

f=10 Hz i
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Eccentr|C|ty measurable if e0>10 3at f=102Hz
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Field or cluster formation?

30 50
eLISA base Nobs N50 N90 N5() Ng()
N2A2-2y 11-78 35 >100 95 >100 Not en.ough
N2A5-2y 85595 34 95 80 >100 detections?
N2A2-5y 45310 25 60 61 100 :
N2A5-5y 3302350 25 62 60 100 50 confidence

with 90% probability

Table 1. Expected number of sources (column 2) for each eLISA baseline
(column 1), compared with the number of observations needed to distinguish
between models field and cluster at a given confidence threshold in 50%
(N50) and 90% (Ngg) of the cases (columns 3-6).

Predictions may be pessimistic!
Correlations between e and masses/spins/kicks will help
Breivik et al.: field/cluster e distributions more separated

[Nishizawa+,1606.09295]
[Breivik+, 1606.09558]



Summary

v Black hole spectroscopy:

On Earth, despite the high SNR of GW150914, we need:
Voyager-class detectors for significant rates
Einstein Telescope for z~3
Cosmic Explorer forlargez

...or better data analysis!
null tests? [Ghosh+, 1602.02453]
stacking? [Lasky+, 1605.01415]

LISA can do this with almost all detected systems (few-hundreds)
v" Promise of multiband astronomy:

Early warning [Sesana]

Improved parameter estimation [Vitale]

Improved GR tests [Barausse+]
BH formation via eccentricity in LISA band [Nishizawa+, Breivik+, Seto+]
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Astrophysics: dense stellar clusters or field formation?
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[Klein+,in preparation]



Errors on primary (circles) and secondary (diamonds) spins

punoIn+vSIT [%06]°0

[Vitale, 1605.01037]

7,[90%] Ground



Improved tests of GR
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Field or cluster formation?

Probability
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Astrophysics: dense stellar cIusters or field formatlon?
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Black hole dynamics: wave scattering

Ergo-region

Potential

Barrier
region

Potential Well

:  Exponential
i growth region

— Black Hole Horizon

Quasinormal modes:

1 Ingoing waves at the horizon,
outgoing waves at infinity
1 Discrete spectrum of damped

exponentials (“ringdown”)
[EB++, 0905.2975]

[Arvanitaki;rDubovsky, 1004.3558]
Massive scalar field:

J Superradiance: black hole bomb
when 0 < ® < mQ,

1 Hydrogen-like,
unstable bound states
[Detweiler, Zouros+Eardley...]



Ringdown: black hole spectroscopy
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Spectroscopy of rotating (Kerr) black holes

0.180

Angular momentum removes m-degeneracy
"Zeeman splitting”
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The LIGO GR test paper: signal consistent with GR merger

1) LALinference: “maximum a posteriori” waveform
BayesWave: residual after subtraction is consistent with noise
2) Inspiral and post-inspiral predict the same (M, a;)
3) Data post-peak consistent with fundamental QNM for the given (M, ay):
f=251Hz, T=4ms
[LVC, 1602.03841]
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The LIGO GR test paper: gIMR and propagation

4) gIMR (“generalized” IMR): measure PN and parametrized waveform

coefficient (related to ppE)
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Theoretical Physics Implications of GW 150914

Theoretical Mechanism GR Pillar i ‘ 18] Exsmple‘Theory Constraints
GW150914 | Repr. Parameters GW150914 Current Bounds
o SEP -1 |1.6x107* | /lagacs| [km] 107 [39], 2 | ]
2 Scalar Field Activation SEP, No BH Hair -] 1.6 x 10~ % |¢| [l/scc] 10-¢ [ ]
‘5 SEP, Parity Invariance | +2 1.3 x 10* Viecs| [km] 108 [44, 45)
'q")' Vector Field Activation SEP, Lorentz Invariance| 0 7.2x 1073 (c+,c-) (0.9,2.1) (0.03,0.003) [16, 17]
S Extra Dimension Mass Leakage 4D spacetime -4 [9.1x107° £ [pum) 5.4 x 10'° 10-10° | ]
&) Time-Varying G SEP -4 |9.1x107% | |G| [107"%/yr] 5.4 x 10'® 0.1-1 | ]
Massive graviton massless graviton +1 [1.3x107? mg [eV] 1.2 X 10722 [12]|10~3%-10"28 | ]
Modified Dispersion Relation B +4.75| 1.8 x 10? A >0 [1/VeV] 8.1 x 1073
g (Multifractional Spacetime) Vo =6 +4.75| 1.8x10%® | A<0[1/VeV] | 8.1x1022 1.9 x 10~26 [53]
= Modified Dispersion Relation N +5.5 | 2.8 x 10? A>0|[1/eV] 1.6 x 1077
?}) (Modified Special Relativity) Y=o +5.5 | 2.3 x 102 A <0 [1/eV] 1.6 x 107 2.7 x 10738 [63)
CQU_ Modified Dispersion Relation . — e +7 8.7 x 10? A >0 [1/eV?] 9.3 x 10*
E (Eztra Dimensions) o +7 8.7 x 10? A<O [1/"\/2] 9.3 x 10* 4.6 x 107°¢ [63]
A~ e SEP, Lorentz Invariance cy 0.7 [64] (0.03,0.003) [16, 17]
(Lorentz Violation)
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Strong field probes: black hole mergers
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Pulsar Timing Arrays




Dynamics: radiation reaction timescales
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Pathfinder launch (Dec 3 2015)
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