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o Lectures I-ll: Basics of gravitational waves

o Lectures llI-1V: Motivations and development of effective-
one-body (EOB) theory (two-body dynamics and waveforms)

| ecture V: Using waveform models to infer astrophysical and
cosmological information through gravitational-wave observations

e Lecture VI: Using waveform models to probe dynamical gravity
and extreme matter with gravitational-wave observations
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Parameters in GW from quasi-circular binary systems

Binary GW propagation | Detector orientation
M,V,Sl,SQ 951a952,¢51_¢52 'Q'L'?'a'é‘bﬁ'a ¢51+¢S2 @,SO 9, ¢)"\b
Basic Local Directional

plus distance D & time at coalescence t.

ZT Source

* |5 parameters for waveforms from
quasi-circular binary systems

(AB, Chen & Vallisneri 03)



GW polarizations in gravity

* Generic metric theories of gravity have 6 geometrically distinct

polarizations
Z hoa(x A=1---.6

(Will 72) T T
6 amplltudes 6 polarization tensors
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Detector antenna patterns for different GW polarizations

b [T * Angular responses of a

differential-arm detector
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Testing extra GW polarizations with two LIGOs & Virgo

® Angular responses of a
differential-arm detector

Iy |

ldetector tensor

hI(t,X]) — Dij hij (t, X[)

\

T T depends only on
geometry, ['4
depends on
GW source (a) Plus (+) (b) Cross (x)

examples of antenna patterns:

F (9,p,1) =— % (1 + cos® ) cos 2¢ cos 21 )
tensor — cos ¥ sin 2 sin 2v) |
1 . 9 (¢) Vector-x (x) (d) Vector-y (y)
Fon(v,p,v) = F5 sin Y cos 2p
scalar .
t:‘.)
* Two LIGOs are nearly co-aligned, approximately _ .

sensitive to the same linear combination of polarizations. () s ()



GW signal observed by ground-based detectors

* Polarizations for non-spinning compact objects:

2
ho(t) = g/l (Mw)?/3 (1 + cos® O) cos(2D + 2B)
4
hy (1) = g/l (/\/lw)Q/3 cos © sin(2® + 2®,)  (Finn & Chernoff 93)

e Detector response:  h(t) = hy (t) F. + h«(t) Fx

F - 2 cos © F'y I (l—}—(()\‘ ©) Fy
* " [(14cos2©)2 F?+4 cos? © F2]1/2 T 7 [(14cos2 ©)2 F2+4cos?© F2]1/

=1 = cosa=F, sina=F

*Defining:  A(0, ¢, 1;0) = [(1 + cos? ©)? F'2 + 4 cos* © [Z]1/2

2 cos © Fy
(14cos? ©) Fy

tan a6, ¢,1;0) =



GW signal observed by ground-based detectors (contd.)

* Polarizations for non-spinning compact objects:

ho(t) = 22/1 (Mw)?/3 (1 4 cos? ©) cos(2D + 2®)

hy (t) = 42/1 (Mw)?/3 cos © sin(2® + 2®;)  (Finn & Chernoff 93)
e Detector response:  h(t) = hy (t) F. + h«(t) Fx

h(t) = % A[Muw(t)]?/? cos(2®(t) + 2®¢—)

T it can be re-
averaging over angles absorbed in

ﬁ _ 16/25 initial phase

*Defining:  A(0,¢,1;0) = [(1 + cos? ©)2 F? + 4cos? © F2]1/?

o Lo Q) — 2 cos © F'y
tan a(6, ¢, y; O) Moo &) I



GW signal observed by ground-based detectors (contd.)

* Polarizations for non-spinning compact objects:

2
ho(t) = g/l (Mw)?/3 (1 4 cos? ©) cos(2D + 2®)
hy(t) = 42/1 (/\/lc,u)Q/3 cos © sin(2® + 2dy)  (Finn & Chernoff 93)
e Detector response:  h(t) = hy (t) F. + h«(t) Fx
2 M
h(t) = == A[Mw(O)]* cos(2®(t) + 2@0—)
T averaging over angles T :bi?):l:):drien-
A2 — 16/25 initial phase

e Fourier transform:

h(f) = fj-OC p27ift h(t)dt = % fj;o dt A(t) [627rif't+i<1>c;w(t) 4 627Tift—i‘1’c;w(t)]



PN templates in stationary phase approximation

];(f) — % fj’;c dt 44“) [BQW%QGW(I‘,) 14 e?*mjft—z'(I)GW(t)]

assuming | > 0
e Dominant contribution from the vicinity of the stationary points in the phase
(Sathyaprakash & Dhurandhar 91)
Assuming f > 0 and posing ) (t) = 27 ft — Paw

: dd
Imposing (‘fi—‘f) . =0 = (%) : =27 f = 27 F (ty)
Expanding the phase: (t;) = 27 ft; — ®aw(ts) — m E(ts) (t — tg)?

hSPA(f) WT 1) gi2m ftp—Paw(ty))—im/4

e How do we compute ®cw(ts) and F(tf)?




PN templates in stationary phase approximation (contd.)

e We need to solve v = &qw M /2 and E(v) = —F(v)

. _dE
t(v) =te+ M [ dv §(<v)> E'v) = -~
Paw(v) = b +2 [ dv v HL (Sathyaprakash & Dhurandhar 91)

= Y(f) =2nfte— P — /442 [ “(v: —v)F((z;dv

= [(tf) =2 =81y M3/3,1/3

ilSpA(f) — AbPA(f) el 1spa (f) ASPA(]D) — A 21/3 (9_56)1/2 M5/6 f—7/6

o Vspa(f) =2n ft.— B, —m/4+ f73/3 (z/)0+¢1f2/3_|_¢3/2f_|_...)

Yo = Yo(M), Y1 =Pi(mi,ma), P32 =1P3/a(mi,mo,S-L),---



GW amplitude in frequency domain during inspiral

(Abbott et al. PRX 6 (2016) 041015)
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PN templates in stationary phase approximation: TaylorF2

h(f) = Aspa(f)e"'sPaly)

OPN

o ) . .
bapa(f) = 2mfte — Do — m/d + —— (e MF)"/3 {1+ graviton with
128 PN / non zero mass
. __ Y s (~I—P\/I?l )23 L2 x DM (rMf)*® spin-orbit
dipole _—" "336wpp | 3 A2(1+z) g l
radiation 3715 55\ . PN ., 1.5PN .Y 15PN
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Waveforms encode plethora of physical effects

* Binary black hole merger

inspiral ringdown

Spin effects / / \
SN —~ S tail effects BH absorption quasi-normal modes
M+ \_‘/0/'

ma2
(credit: Hinderer)

e Compact-object binary with matter or in modified theory to GR!?
merger

LATATAVN e, e

echoes?

inspiral

(credit: Hinderer)
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Phenomenological waveforms used in Ol & O2 follow-up analyses

* First works in mid-late 2000 (Pan, AB et al. 07, Ajith et al. 07, Santamaria et al. 10)

* Fast, frequency-domain waveform model hybridizing and fitting EOB
& NR (Khan et al. 15; Husa et al. I 5; Hannam et al. |3)
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On phenomenological inspiral-merger-ringdown waveforms

(Santamaria, Ohme et al. 10)

il(f, >\z) — A(f, )\,L) 1P (fiAi)

(

M f —7/6 i f < (1.()1/2-{-()01/—!-00
agv 2 +bor+cq M
A f )\ _ Y M f _2/3 . (1.01/2+b01/+co (1.11/2+b11/+cl
agr<+bor+-cq
r (1.11/2—|-b11/+cl 321/2+b‘)1/—|—02 y (1.11/2+b11/—|-01 < (1.31/2—|-b31/+03
wh | S 3.7 a— T 1 T S /< T
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6 M) = 21t + g0+ 300 4 ) (rME

k=0

* Extended to spin effects, including effective precession.

(Khan et al. 15; Husa et al. 15; Hannam et al. | 3)



Spinning precessing waveform models
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Precessing (co-rotating) frame
(AB, Chen & Vallisneri 03, Boyle et al. I |, (Pan et al. 14, Babak et al. 16)
Schmidt et al. | |, O’Shaugheessy et al. | | )

* Single effective-spin precessing waveform model in frequency domain (IMR
phenomenological, | 3-independent parameters). (Schmidt et al. | 2, Hannam et al. 14)

* Double-spin precessing waveform model in time domain (EOBNR, |5-
independent parameters). (Pan et al. |4, Babak et al. | 6)



Detection confidence with modeled search in O2

* Matched filtering employed only (2,2) & (2,-2) modes use in templates
(Dal Canton & Harry 17) (Abbott et al. PRL 118 (2017) 221101)

M >4:

| inspiral-merger-ringdown,
effective-one-body

M<A4:

10% || inspiral-only,
i post-Newtonian

T

GW170104 |

Mass 2 [M ]
Number of events

107%[ m Ssearch Result

' |—— Background

> 8.0 8.5 9.0 9.5 10.0 10.5
Detection statistic o

1

10 10

Mass 1 [M ]

¢ Modeled-search: at detection statistic value of GW 170104, GW 170814,
GW170608, false alarm rate is less than | in 70000, 40000, 3000 years of

coincident observing time.
®* Modeled-search: false alarm rate is less than | in 80,000 years for GW170817.



Detection confidence with modeled search in O2 (contd.)

* Matched filtering employed

~ o0 1072 + M Virgo
d = / dtK d( ) B Hanford

— 00 T . 1 B8 Livingston
fllter @ 10—21 E
ldata lnoise lmgnal R ] l
=~ ]

d(t) = n(t) + h(t) £ s

S =< d > <4— expectation value over several 1()—23 - k

noise realizations/time average

Strain

(1011%1 (£102) 611 Tdd ‘P 1@ 1n0oqqy)

100 1000

N = \/(< d\Q > < d\ >2) Frequency (Hz)

[h=0 <4— Vvariance when signal is absent

oOptimaI SNR: <—) = (h‘h) ‘Optimizing SNR: f((f) ~ il(f)

hilhs) = 4R / df — e Statistics: | p = —
(h1lh2) € ; f S, (f) Statistics: | P N



Assessing confidence in LIGO detection

Could the signal be due to noise fluctuations!?
(animation by Nuttall)
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Assessing confidence in LIGO detection

Building larger background by time-shifting the data
(animation by Nuttall)
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Assessing confidence in LIGO detection

Building larger background by time-shifting the data
(animation by Nuttall)
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Assessing confidence in LIGO detection for GW 150914

Number of events

(Abbott et al. Phys.Rev. X6 (2016) no.4,041015)
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Assessing possible modeling systematics of GW events

(visualization credit: Dietrich, Haas @AEI)
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e Systematics due to
modeling are smaller
than statistical errors.

(see also Abbott et al.
CQG 34 (2017) 104002 )



Assessing possible modeling systematics of GW events

:\ 0.4 — —
C? i
o022} i
\\—_L L
LAV ATAAVATAV ATV AVATRVAVATATATAVAYATAT -
© —02} . -
) | l | : | | .
7 —oat /\/\/\ R
. AVAVAVA
—-0.94 —-0.90 —0.86 | ,
—-0.48 —-0.44 -0.40 N
Reconstructed (template)
—— Numerical relativity ' :
| . | | | . | . | | ._0'0|1 .O'Oo | O.'01 |
—~ 800 F— ! ' ! ! ; - ; - ;
N 400 F |— GW Frequency |
E %88: X  Peak GW amplitude J |
\ 40 :_ ) ] ) ] ) ] ) ] ) ] ) ] ) ] ) ] ) ] ) ] ]
-1.0 -0.9 —-0.8 -0.7 -0.6 -0.5 -04 -0.3 -0.2 —-0.1 0.0

(visualization credit: Dietrich, Haas @AEI)

(Ossokine, AB & SXS project)

(Abbott et al. PRL |16 (2016) 241103)

Time (s)

0.5

0.33
0.25

e Systematics due to
modeling are smaller
than statistical errors.

(see also Abbott et al.
CQG 34 (2017) 104002 )

>



On systematics due to modeling comparing to NR waveform

* Mock signal from NR simulation with
parameters close to GW150914.

w—  (Jverall
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* Overall, no evidence for systematic bias relative to the statistical error of

original parameter recovery of GW|50914.

(Abbott et al. CQG 34 (2017) 104002 )
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On systematics due to modeling comparing to NR waveform (contd.)

45|’ ! ! ! ' —/—H
(Abbott et al. CQG 34 (2017) 104002 ) M<ies fz—l?f(;l::i:llon
40F O __ :E;?;Ci;n
E 5 { =2 edge-on
« Parameter biases are found to occur = 35|
for some configurations disfavored .
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* E.g, biases are present for binaries 35 40 45 50 55 60
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(see also Williamson et al. 2017)

* Biases can be present for binaries with -0.2
eccentricity > 0.05.
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Comparing EOBNR & IMRPhenom models: detection

* Aligned/anti-aligned waveform models. Only dominant (2,2) mode.
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Comparing EOBNR & IMRPhenom models: inferring parameters

* Aligned/anti-aligned waveform models. Only dominant (2,2) mode.

e Differences for large mass ratios (> 4) and large spins (> 0.8).
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Extending waveform model in all BBH parameter space

e Difficult to run NR simulations for large mass ratios (> 4) and large spins
(> 0.8), with large number of GW cycles (> 50).

(Bohe’,..., ABetal 16)

OO0 0O SEOBNRv4
OO SEOBNRv2
O Teukolsky

A validation

1.0}

0.5}

~1.0}

141 NR waveforms

0.00 0.05 0.10 0.15 0.20 0.25
14

A e gi (g =8,x1 = 0.85, x2 = 0.85)

1 NR waveform with only

15 GW cycles, it

| constrains EOBNR

| model only for masses
| larger than 150 Msun.

* For large mass ratios (> 4) combine PN & GSF results in EOB framework.
(Damour 09; Barausse et al. 12, Le Tiec et al. |2, Bini et al. | 2-16,Antonelli et al. in progress)

® Inclusion of GSF also important for EMRIs (LISA) and IMRIs (3G detectors).



Inferring sources’ properties/model selection upon detection

* Bayes theorem:

Likelihood function ‘ ‘ prior probability

P(6]d, H) oc A(d|0,H) x P(0,H)

!

posterior probability
distribution

e Likelihood function for observed
data d(t) = n(t) + h(t), given hypothesis
that there is GWV signal with
parameters §:

A(d|0, H) ocexp( Z’d fi) f“ O )

10—20

= | Virgo
B Hanford
1 B8 Livingston

o

100

Frequency (Hz)

1000

(1011%1 (£102) 611 Tdd [P 1° 10qqy)



Inferring sources’ properties/model selection upon detection

* Bayes theorem:

Likelihood function prior probability
i ‘ Data Wayvelets BBH A
1.0 _
P(0|d, H) oc A(d|6,H) x P(6,H) ! Hanford 3
T 0.5 1 N
posterior probability |§ - _\/W\/\/\Nl\l_’\_ "
distribution g —0.5 3 - -2 o
. . . G —1.0 7 : —4 bg
e Likelihood function for observed g ! Livingston
data d(t) = n(t) + h(t), given hypothesis § 057 2

that there is GWV signal with : :
parameters § : 05 - -

©

o
I
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o

7 T . 2 _-:"'I"'I"'I"'I"'I"'-_
A(d]0,H) o exp (22d(fi)_h(fi79)> 100.50 0.52 054 0.56 058  0.60 0.624

Sn(fi) Time from Wed Jan 04 10:11:58 UTC 2017 [s]

e Subtracting best-fit GR waveform model (MaP) from data
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Unveiling binary black-hole properties: masses

(Abbott et al. PRL 118 (2017) 221101)

10 - — Average

—— Effective Precession
—— Full Precession
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(Abbott et al. Ap| 851 (2017) L35)
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e Chirp mass is best measured. Individual masses can be better measured if
merger is observed, because total mass is measured at merger.



Unveiling binary neutron star properties: masses

mo (Mg ]

0.8

0.7

0.6

B [x-| <0.05
B x| < 0.89

1.25 1.50 1.75 2.00 2.25
mq [Mg]
(Abbott et al. PRL 119 (2017) 161101)

2.50 2.75

* Degeneracy between masses
and spins.

* Fastest-spinning neutron star

has (dimensionless) spin ~0.4.

* Observation of binary pulsars

in our galaxy indicate spins are
not larger than ~0.04.



Unveiling binary black-hole properties: spins

(measurements @ 25Hz)
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Unveiling binary black-hole properties: spins

GWI150914
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* BHs’ spins not maximal, and for

GWI51226 one BH’s spin larger
than 0.2 at 99% confidence.

* Spins < 0.7. No information about precession.
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Unveiling binary black holes properties: spins

GW170104 O e 0
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* Probability that Xeg < 0 is 82% (Abbott et al. PRL 118 (2017) 221101)

* Measurements disfavor large total spin positively aligned, but do not
exclude zero spins.



Binaries’ distance and inclination

(Abbott et al. PRX 6 (2016) 041015)
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Effect of orientation of binary’s orbital plane

spin nonprecessing binary
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Effect of orientation of binary’s orbital plane

spin precessing binary
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Importance of higher harmonics: varying mass ratio
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® Merger-ringdown EOBNR model reproduces time & phase shifts between
NR modes’ at peak.



Importance of higher harmonics also depends on geometric factor

oY (O,0)|/]-2Y (0, ¢))
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T geometric factor is important
to determine strength of

Cotesta, AB et al. 18
(Cotesta et al. |8) higher harmonics
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Accuracy of multipolar EOBNR model against NR

® Non-precessing spin EOBNR waveform model with (2,1), (3,3), (4,4)
& (5,5) modes.
(Cotesta,AB et al. 18)

_ 141 NR waveforms NR(¢£ < 5, m # 0) vs SEOBNRV4HM (£, m) = [(2,2),(3,3),(2,1),(4,4),(5,5)]
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¢ Extending analysis to other modes requires producing accurate NR
waveforms for those modes.

(for modeling see also Mehta et al. | 7, London et al. | 7; for searches see Capano, ...,AB 16, Harry et al. |8)



Three-detector observation during O2: GW 170814

(Abbott et al. PRL 119 (2017) 141101)

Frequency [Hz]

Whitened Strain [10'21]

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0.46 048 050 052 054 0.56 0.46 048 050 052 054 0.56 0.46 048 050 052 054 0.56
Time [s] Time [s] Time [s]

e GW170814:SNR=7.3 (Hanford), 13.7 (Livingston), 4.4 (Virgo)



Three-detector observation improves source sky-localization

(Abbott et al. PRL 119 (2017) 141101) * GW amplitude & phase
information at different

detectors improve
localization.

Rapid Io’:aliiation

OO

Bayesian

Sh 6h 4h h L
localizatign

D=0 250 500 750 1000
Mpc

e GW170814: with Virgo, sky-localization reduced from | 160 to 60 square
degrees (90% credible regions). Distance measurement also improved.



Cosmography: Inference of Hubble constant with GW 170817

* Compact-object binaries are standard candles (sirens). (Schutz 1986)

e Standard candles are sources whose distance from Earth can be inferred from

their Iuminosity. Hubble flow
1 par‘ayeters velocity source’s distance
h(t) oc = F(p;)v2(t; ps t; p; \ 4
( ) X E (pz)”U ( 7pZ) COS[¢GW( 7p7,)]
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2% ] . : N group (through optical
i i I counterpart) to obtain
001 - i | N Hubble flow velocity.
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Sky localization and rapid EM follow up

e 28 square degrees
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(Abbott et al. AP| 848 (2017) L12)



Hubble parameter correlates with binary’s inclination
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Constraints on binary’s inclination angle using Planck/SHoES
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(Abbott et al. Nature (2017) 24471)
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