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In this project ...

e Code up a simple matched filtering algorithm
Newtonian chirp waveform
Gaussian white noise

e Search for a “fake” signal (with above assumptions)
When?? [time]  How heavy?? [mass]

e Look at stretches of LIGO-Virgo-KAGRA data (gwpy)
Determine its noise properties

e Try to generalize above algorithm for real data analysis

Discuss complications
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Pros and cons . ..

Project likely on the easier side :)

In line with the GW lectures by Elena Cuoco :)

Limited help available until until the very end :(

Python, SciPy, conda (gwpy) . ..| cluster / laptop
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Gravitational-wave data analysis

Typically signal buried in noise significantly louder than itself.

In order to search for / study any signal,
one needs a thorough understanding of the detector noise.

7 of 33



Stationary Gaussian noise

Detector noise is random: detector output in absence of signal is a
random number at every instant of time.

Stationary?

Its statistical properties do not change over time!

Caveat: they do!
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Stationary Gaussian noise

Correlation of noise with itself at an earlier (or later) time

T/2
(e )= 3 [ deneyn(e =) = n(r)

T/2

is a such a statistical property | “ergodicity”

In Fourier space power spectral density
(R(F)A*(F')) = Sp(F)S(f — f'), where S,(f) z/ dt k(t)e™ "

K(T) = k(—7) = Su(f) is real dimensions of time unit: Hz™ !

9 of 33



Stationary Gaussian noise

Sp(f) = constant ; white noise
1 . .

Sp(f) 7 flicker noise
1

Sn(f) 7 random walk
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Non-stationary effects

PSD slowly changing with time transient “glitches”

1400Ripples Adr_Compressor Extrenely_Loud

Light_Hodulation Low_Frequency_Burst Low_Frequency_Lines None_of_the_bove Paired_Doves Power_Line

2=

Repeating_Blips Scattered_Light Scratchy Violin_ode Mandering_Line whistle
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Searching for modelled signal in detector data

detector data = possible signal 4 noise: x(t) = h(t — tarr) + n(t)

Correlation of template g(t) with detector output.

o(r) = /_OO dt x(t) q(t + 7)

lag 7: effectively concentrates all information in signal in one place

optimal filter g(t) maximizes c(7) when h(t) in detector output

In frequency domain
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Searching for modelled signal in detector data

S=(c(r) = /_OO df B(F) §* (F)e~2mf(T—tw)

N? = (Jc— (c)?) = /Oo df S(f) |a(f)[?

— 00

Noise-weighted inner product given a(t), b(t)
< df ~ I ~x T
=2 <o ((F)B*(F) + & (£)B(F)]

Signal-to-noise ratio (SNR):

£ - <hei27rft|5nq>
N (S,qlSq)?

p
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Searching for modelled signal in detector data

Signal-to-noise ratio (SNR)
£ - <hei27rft|5nq>
N (5,q|Snq)?

p

Optimal template that maximizes p is
f,(f)emwf(t—ta")

d(f) ~ Sn(f)

e SNR maximized when 7 = t,,
e Optimal filter = signal weighted down by PSD (not just copy of signal)

il

Optimal SNR
(hlh) = (h|h)? = [/ df

T
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Searching for unmodelled signal in detector data

e Wavelet reconstruction: look for coherent excess power

Morlet-Gabor

e-22 signal model in H1
1316893747379 3
15 — Hl:signal
— L:signal
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56 58 o ¥
Time, 1 ) after GPS time of 11316893695 with srate = 8192Hz
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Detector strain from an astrophysical signal

e Location of source w.r.t (arms of) the detector: (¢, ¢)

e Polarization angle: ¥
Fi(0,0,9) =7%(1+c0520)c052¢ cos 2y — cos 0 sin2¢ sin 21 (A.10)
Fx (0, ¢, 9) = +%(1+cosz 6) cos 2¢) sin 2y —cos 0 sin 2¢ cos 21 . (A.11)

These beam pattern functions are shown in Figure A.1.

Figure A1 The beam pattern functions F3 (6, ¢,y = 0) (a) and F% (0, ¢,y = 0) (b) foran
interferometric gravitational-wave detector with orthogonal arms along the x- and y-axes.

detector strain  h = F(0,¢,0)hi(t — tarr) + Fx (0, P, )y (t — tarr)
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Searching for unmodelled signal in detector data

Multiple reconstructions: which reconstruction to choose?

Bayesian Occam’s razor: simpler reconstruction; fewer params

detector strain = signal 4 glitch 4 gaussian noise

signal model: Fio (0, ¢, %) Ay (t — tarr) + Fpcror (0> 3, V) Ax (t — tarr)
glitch model: independent sum of wavelets in each detector

noise model: gaussian noise of given (or measured) PSD

Giitch

[LE
\
\
\

Bonus: model selection & glitch removal!

40 30 20 10 0
[ET—]
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Compact binary coalescences




Two-body problem in GR

1 14 cos2¢p sin 2¢p
li==pr? sin 2 1 —cos2
v 2 ,u r12 SO <)0 @(t) = 271—forbt
0 m,
QI;
G
reduced mass p = _mmz 9
e 26M 1
hi(t) =— iU (mMfgw)?(1 + cos? 1) cos 2¢(t)
g 265 ctd
Yot 4GM
ca hy(t) = J(WMfgw)Q cos ¢ sin 2¢(t)
C4d[_
mym
M=m;+ ms n= /\1/122
total mass symmetric mass ratio
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Two-body problem in GR

1G5 32¢° , (nGMfgw\ """
L — Z = {].]Y — e o2 2ETTTGW
ow 56<”> 5Gn< c3 )
Larmor formula
dE
Low = ——
GW dt

1
E= E,UL(WG/\/lfGW)2/3
energy conservation

Newtonian energy

diaw _ 96 a5 (GM\"? a1
dt 5 c3 W

(m1m2)3/5

with chirp mass M. = W
Leading order of the post-Newtonian expansion.
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Post-Newtonian expansion

. v 2
Expansion in powers of (—)
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GW150914: LVC: Abbott+, PRL 116, 061102 (2016)
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Waveform

Post-Newtonian

Hybrid, phenomenological

Effective one-body
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Intrinsic parameters

e Component masses, m; >

e Component dimensionless spin angular momenta, §j »

0y
I
Em‘ ~

e Tidal deformability parameters for neutron stars, A; »

NS in binaries deform in gravitational field of companion
deformation depends on NS composition (equation-of-state)
leaves imprint on GW signal (waveform)

e Any residual eccentricity? radiated away Peters & Matthews (1963)
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Two polarizations

Dominant (2,2)-mode to leading order:

2M
hi() = = P e M) (1 + cos? 1) cos 2¢(t)
L
4/\/I
hy(t) = " )2 cos ¢ sin 2¢(t)
mpm
M=mi+my n= /\1/,22

e Distance, d;

e Inclination angle, ¢

e Phase at coalescence, ¢,
e Time of coalescence, t.

27 of 33




Antenna beam pattern functions

e Two angles in the sky (8, $) — («, d), right ascension and declination
e Polarization angle, ¢

Fi(0,¢,9) = 7%(1 + cos? ) cos 2¢ cos 21 — cos 0 sin 2¢ sin 2y (A.10)

Fx(0,¢,v) = +%(l+cosz 0)cos 2¢ sin 23 —cos 0 sin2¢ cos 2y . (A.11)

These beam pattern functions are shown in Figure A.1.

@ ®

Figure A.1 The beam pattern functions Fi(ﬂ, ¢,y = 0) (a) and F2 (0, ¢,y = 0) (b) foran
interferometric gravitational-wave detector with orthogonal arms along the x- and y-axes.
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CBC parameters

Intrinsic parameters: {my, my, 51,5, A1, A2, ...}

Extrinsic parameters: {«,6,d[,¢,9, pc, te}

thtector(e’ ¢7 w)h+(t - tarr) + Fditector(e’ ¢7 w)hx (t - tarr)

masses of the components
spin angular momenta
tidal deformability for neutron stars

eceentrieity

distance d;
sky position «,
euler angles {0, ¢, v} = fn.({¢,%, vc})

time of arrival
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Bayesian parameter estimation

Obtain the posterior probability distribution on the parameter
space given the data and a prior probability distribution.

Posterior(Q3|data, I) =

Prior(§3|1) £(data|$3, 1)
Evidence(data, /)

ﬁ = {Ma q7 §ia 527 )‘17 )\25 a,sin 57 dL)COSL7¢7 @Cv tc}

['(data|§v )= P(data|5igna|(§)v 1) data = signal(Q) + noise,n

—  AdvLI

GO ZDHP

S(£)

30 of 33

= exp (f% <data — signal(€)|data — signa|(§)>)

[ 2
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Bayesian parameter inference algorithms

Markov Chain Monte Carlo (MCMC)

Metropolis-Hastings

Parallel tempering (MCMC)

Nested sampling
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Data analysis workflow of CBCs

Searches Implications
generate (real-time) triggers fundamental physics, astrophysics, cosmology
LVC: Abbott+, PRX 6, 041015 (2016 . . /
ilaudmiid Moo Parameter estimation
: Eﬁ,;‘?:“ \\ rigorous analysis of data around trigger

awisizzs Ak i

gy s g Low latency High latency
f quick accurate

o BayesSTAR LALINFERENCE
my [Mo] RapidPE BILBY

le—43
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secondary mass (M. )
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LVC: Abbott+, PRL 116, 061102 (2016)

Parameter estimation results
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