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Principles of GW detection

AL = 6L, — 5L, = h(t)L

GW strain/

We measure difference in the proper
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Matched filtering

10f Erammeeaes - ] ‘Raw data Signal we are searching
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Numerical relativity
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We employ matched filtering: searching the data (deep inside the noise) using template
waveform. This implies that we need very accurate model of the signal (to control systematic
errors and loss in the detection).

~ ~

/ = (f)h* (f) Signal-to-noise ratio
p =
0

Likelihood _

L(d]9) o exp % Z (D) — di i () — i)
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Consistency check

Real signal Instrumental artifact
- 1024 120
1024
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The noise is not Gaussian: need to introduce additional consistency checks into the detection
statistic (distribution of power in the signal across the time /frequency).
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Template bank

| R L * We don’t know apriori parameters of

4 o~ R

\

T xa2f <005 SR » We construct the bank of templates:

1 r—~ X1,2| < 0.9895 //_{ _3 i

we populate the parameter space:
uniform taking into accounts the

e
-
Y

correlation between templates
(“volume of each template”)

« We filter the data through each
template to see which fits the best

| * We have used SEOBNR (non-
100 | A —— —___ I3 precessing templates)

Mass 2 [M]

10° 10* 10°  Total number of templates used
Mass 1 [M] ~250,000
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Significance estimation

“Zero lag”

9w 'y
A X L
Coincident signal
Time shift > light travel time
W ‘ L1
S X

Coincident background
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Significance estimation

“Zero lag”

W
R X

Coincident signal

H1
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Time shift > light travel time
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ODbservation

September October

1 2 3 4

8 9 10 11 5
14 15 16 17 18
21 22 23 24 25
28 29 30

6 7 8 9
13 14 15 16
19 20 21 22 23
26 27 28 29 30

» Used 38.6 days of calendar data, which gives 18.4 days of
coincident data (coincident lifetime ~48%)

* 20.7 hours of this data were contaminated by known
instrumental issues - left 17.5 days of data
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Statistical significance
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Signal modelling (EOB)

o Effective-one-body (EOB) model |[Buonanno & Damour 99| describes the
GR 2-body problem via
— effective 1-body Hamiltonian (spinning particle in deformed Kerr)

— radiation-reaction force
— analytic inspiral-merger-ringdown waveforms hy,,

Real problem -— Effective problem
Sq SKerr M — mi + mga
SKerr = 81+ 82
_ mpmy
o= mi + mo
S, = 85.(51.55)

o Each ingredient is a resummation of PN expressions
o Deformation parameter: v = /M € |0,1/4]

o Test-particle limit included by construction
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Signal modelling (EOB)

H
Hou = M2 1420 [ 2 1) — M2
uc?

o Nonspinning case: particle in deformation of Schwarzschild |[Buonanno &

Damour 99]
P2 1 [ A(R) R-P\2
_ 2 _ AR
Hegf = HcC \A(R) 1+ }lzcz + }42C2 (D(R) 1) ( = )
Schwarzschild 04 15
o —
A = 1-2u +2vid+ <? - inz) vu* + O(v®) (u= GM/Rc?)

o Spinning case: spinning particle in deformation of Kerr |Barausse &
Buonanno 10, 11|. Spin-orbit effects up to 3.5PN, spin-spin effects up to 2PN
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Signal modelling (EOB)

o Radiation-reaction force [Buonanno+ 00]

dE
JT;O(E

o Waveforms hy,,
— Inspiral-plunge: factorized resummation of PN hy,, |Damour+ 07, 09,
Pan+ 11]:

1 e
hy P8 — BN Sy o Tem(0em) e

— Ringdown: sum of quasinormal modes |Kokkotas+ 99| of the
remnant BH [Buonanno & Damour 00]

i10pm

Z A e_’ Wemnt o=t/ Temn
oscillatory damping

o Nonadiabatic EOB inspiral-plunge trajectory from Hamilton's equations

dR dP
E {R Hreal} E — {Pv Hreal} + F

o Integrate numerically from quasicircular initial conditions
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Signal Modelling (EOB)

Example of constructing full signal in EOB model

Y/IM

200 150 100
(t—RH/M

o ldentify RD (ringdown) attachment time based on the dynamics: light ring

o Use a time window near the light ring for continuos matching RD to the
inspiral-merger

o Allow for QNM mixing in EOB if orbits become retrograde [SB, Taracchini
& Buonanno (in prep)]
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Numerical Relativity

Solving Einstein equations “exactly” numerically: computationally very demanding
rather limited number of waveforms can be generated and they are short

NR simulations (AEI/SXS)

14



EOB - NR comparison

EOB waveform, spins are aligned with the orbital momentum

1 1 1 1 I I 1 I I I 1 I 1 I ] I 1 I 1 I 1 | | I I I 1 I I I 1 I

Ll

0 1000 2000 3000 4000 5000 6000
= . : 2 2
3 mass ratio = 1 and spins IS |/m’ = 0.98, IS |/m, = 0.98

— NR
- === SEOBNR

Ll Ll

lllllllll

gravitational waveform
S & 0 o o
N CE < SR

1 |

1 l | | 1 1 I
6000 6100 6200 6300 6400

Taracchini et. al. 2013
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Precessing BH binary (EOB)

Model precessing-frame waveforms with calibrated IMR
nonprecessing models. No recalibration of inspiral of underlying
nonprecessing models [Pan+13, Babak+(in prep)]

‘ 0121000 2000 3000 4000 _ 5000 6000 _ 7000
+ 005k SXS:0058 ‘

= 0.00- AAAAIA‘AAAAIAIIIA!A!A AAAAAAAAASA

\..; vv v \J \J VyVvyvyvyvyuyv
N -005F T Numerical relativity
-0.10 —-- Effective-one- body
0.10_ - I

=-Pye SVANEVAN /\/\/\f\/’\ ﬁAA -
S"-o.os\/ Y Vi \/\/ \ -

005507100 7200 7300 7400 7500

&l = #(0) (r—rIM
/0 NR simulations [SX513] w/ mass ratios b/w 1 and 5, spins
magnitudes up to 0.5, generic orientations |Eabak+(in prep)
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Basic parameters of the BH binary

Distance: 440 Mpc (z=0.09)

ml =39, m2 =30, remnant mass =67 massratio ~ 0.8

Position: face-off, south hemisphere , 600 sq.deg.

Duration (from 30Hz), ~200ms, ~10 cycles =~ Peak amplitude freq.: 150 Hz

QNM frequency: 250 Hz, damping time: 4 ms

Radiated energy: 2.25 M (between 30 and 240 Hz)

Peak luminosity: 3.6 x 10°¢ erg s

\\; 500/ A
:.4 — u:”’ - 9600
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Recovered parameters of the binary

Non-precessing Model

Precessing Model

M /Mg
MSOUI‘CC/N'O
M/Mg

MSOIH‘(‘.C/M@

my /Mg
mSIOUl'CC/MO
m2 /Mg
mgourCC/MO
Ms/Mg
‘M?OUTCC/LAQ
q
Xeff
Xp
a
az
as
Dy, /Mpc
z

At

70.3753

a+0.033
0.083 0.036

. qq+0.50
6.94 (712

(iti.();fl‘l
o)
‘ .— ].H
30.5 1%
+1.8

7 (
27 916
4 . *55
38.3 3¢
- +5.2
35.17373
o 0+3.6
32'2—5.1
29.513-3
y ; —0—311
67.4 3¢
, 3.7
blob :;.l

a+0.028
0.093. 0.036

« a4+0.48
6.94_ 39
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“Combined” spin along
orbital angular momentum

i
Xeff_ ™m1 ™mo M

“Combined” spin components in
the orbital plane

1
poan m max (Blle_a B2Su)

3 3
31:24_2’ 32:24_&
2m1 2m2
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Masses, distance, inclination

Posterior distribution function for masses, distance and orbital inclination: recovered in
post-processing analysis using Bayesian techniques.

Overall 800 - Overall
— IMRPhenom — |IMRPhenom
—— EOBNR —— EOBNR
600 -
2,
=' 400 -
~
—
Q
200 Jat
1 1
| |
I 0 A
[ | [ ]
| | | |
25 30 35 40 45 50 30° 60o 90o 1200 150o 180°
msource M 9
P M \ " off
90% credible interval face
LSC s . ]
-yl LVC arXiv:1602.03840 )
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Spins (IMRPhenomP)

S1, S2 are

aligned with L
1.00 -

0.75

0.50

-0.25

-0.50

-0.75 H !

S1, S2 are -1.00 -

—— Prior
— |[MRPhenom

anti-aligned with L 0.00 0.5

o08T o081

0.50 0.75 1.00
Xp

Slice orthogonal to the orbital plane No precession

>
Strong precession

Posterior distribution as reported by running data analysis with IMRPhenomP waveforms

S otentific LVC arXiv:1602.03840

Collaboration

21



Remnant BH

0.85
— Overall
0.80 S — IMRPhenom
—— EOBNR
0.75 * Parameters of the remnant BH: final spin
L - - - and mass
70 * Obtained using the fitting expression
5 0.65 - calibrated using NR data(Healy et.al.
oo W 2014)
* Mass deficit: Radiated energy: 2.25 M
0.55 between 30 and 240 Hz
; ;
0.45 , L ,
50 55 60 65 70
Mo M
LVC arXiv:1602.03840
élgsi;znggggtion Healy et al 2014.
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Consistency with GR (residuals study

H1:RESIDUAL L1:RESIDUAL
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Consistency with GR predictions

e Study of consistency of inspiral (early orbital evolution) and merger parts of the signal: they
show consistent estimation of the final mass and final spin of the remnant BH

* Quasi-normal modes produced during formation and relaxation of a remnant BH:
superposition of the exponentially damped eigen modes of a BH. We attempt to identify the
n=0 overtone (the longest lived mode) as a function of “post-merger” time
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7 A I e > e ‘) AP
p— N \ s' : : CG '& I'O': “\
g 04 F------ b T e . S 6l S0 YA T R S SO
A= B : - inspiral : < N o RN
R . ; ; ; 2 A ol/ ,'3 v Y
: ORI EPE P
- ¢ Y : ‘ *
02 Lo i Z, AroLet ,'3 """" """""""" SesLl T
N o » Oms ; .
| ] Ll ~ : ! -
s ; ; . . . . »0 TS eeeecaae-a==e30mS™T
0.0 i i i i i i i
40 50 60 70 80 90 100 110 120 0 | | | |
: 200 220 240 260 280 300
Final mass M (M
7 (Mo) QNM frequency (Hz)
LSC ke -
Scientific LVC arXiv:1602.03841

24



Constraining dispersion in the GW signal

i E
08} g At = ]. —|— Z. At |
= e
£ Nttt e
8 0| > / time of emission f’e
Z time of emission fe.
“90 100 10" 107 o0 0% 105 106 107 GR t
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= e
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Conclusion

- The gravitational wave event GW150914:
- First detection of gravitational wave signal
» First detection of Black Hole binary system
- First detection of the heaviest stellar-mass black hole
- We have accurate waveforms (theoretical models ) to reliably detect
GW signals and estimate their parameters
 The observational bias (selection) prefers BH systems face-on/off,
which in turn makes it hard to estimate well the spins and their
orientation
- All consistency checks performed on the GW signal show no
indication of any deviation from General Relativity and binary Black
Hole system
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