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-« Disclaimer WWWWWMM

I will go trough:

e Data conditioning techniques

e Optimal detection filter

e Transient signal search

e Application of Machine Learning

techniques to GW
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- Introduction to GW W

eneral Relativity (1915)
3G
G = T

v 4 v
u . T

ON GRAVITATIONAL WAVES.
BY
A. EINSTEIN and N, ROSEN.

ABSTRACT.

The rigorous solution for cylindrical gravitational waves is given. For the
convenience of the reader the theory of gravitational waves and their production,
already known in principle, is given in the first part of this paper. After encoun-
tering relationships which cast doubt on the existence of rigorous solutions for
undulatory gravitational fields, we investigate rigorously the case of cylindrical
gravitational waves. It turns out that rigorous solutions exist and that the
problem reduces to the usual cylindrical waves in euclidean space.

S Free propagation along “z-axis” in vacuum (T, = 0):
Tt is well known that the approximate method of inte- u

gration of the gravitational equations of the general relativity
theory leads to the existence of gravitational waves, The

method used is as follows: We start with the equations ] - '
Ry — 38R = — T (1) Dhuv = 0 :> h‘uv(t, Z) = h‘uvel(kz wt) Wlth (U/C = k

We consider that the g,, are replaced by the expressions GkAVllfa.tlloha/ WAVeJ' (1 ?76}

= 8, " 2)
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The GW search: a long history
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The detector



https://docs.google.com/file/d/1_YgBVolVB4nOZzkzZclBkrajzQud0NbU/preview

« ITF detector and their sensitivity
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« GW astrophysical sources

EGO - Virgo

CCSNe

Pulsars

GW Background

Do we know
their

aveforms
2

Which is the
signal
duration?
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Why more than 1 detector?

Source localization using only timing for a
two-site network yields an annulus on the
sky.

For three detectors, the time delays restrict
the source to two sky regions which are
mirror images with respect to the plane
passing through the three sites.

With four or more detectors, timing
information alone is sufficient to localize to a

single sky region, <10 deg? for some signals.

EGO - Virgo
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arXiv:1304.0670

o 2 detector = 100 -1000 deg?
~ 3 detector = 10 - 100 deg?
o 4 detector — < 10 deg?



« The O-run timeline

The detector strain sensitivity is the minimum detectable value of the strain produced by an incoming GW:
= It is determined by the detector noise.

BNSinspiral range: the distance, averaged over GW polarizations and directions in the sky, at which a single detector can
observe with matched-filter Signal-to-noise Ratio (SNR) of 8 the inspiral of two neutron stars.

Updated = O1 02 == O3 == O4 05
2023-10-11
80 100 100-140 150 160+ 240-325
Mpc  Mpc Mpc Mpc Mpc
LIGO i ]
30 40-50 40-80 150-260
. Mpc Mpc Mpc Mpc
Virgo ] B
0.7 1-3~10 =10 25-128
Mpc Mpc Mpc Mpc Mpc
KAGRA | 11
T T T T T T T T T T i T 1 T I

G2002127-v21 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029

https://observing.docs.ligo.org/plan/
10

EGO - Virgo

(@) ELENACUOCO



e GRAVITATIONAL WAVE MERGER DETECTIONS
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GW170817: the first multi-messenger event

Sky localization

Gravitational Waves
LIGO-Virgo

GRB by Fermi GBM
+1.7sec

X-ray

Chandra X-ray

[

+10.8h

—

+16days

coincident short GRBs detected in gamma rays

first direct evidence that at least some BNS mergers are
progenitors of short GRBs

the host galaxy has been identified: NGC 4993

GW170817
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an opticalfinfraredOV counterpart
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Abbott et al. 2017 and refs. therein
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l Radio afterglow

(AT20179fo) has been detected

« first spectroscopic identification of a kilonova

JVLA
fa
» An X-ray and a radio counterparts have been
' identified
3 ‘off-axis afterglow from a structured jet
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GW Detections WWWWWWWWWWWM

01+02+03 = 90, O4a* = 81, Total = 171

180 % O4a entries are preliminary candidates found online.

[
)]
o

O4 Significant Detection Candidates:

81 (92 Total - 11 Retracted)

O4 Low Significance Detection Candidates:
1610 (Total)
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- GW detector data www»mmwwwwwm

e Time series sequences... noisy time series with low amplitude GW signal

buried in
WE
3 km
wi
3 km
BS N NE
From m—l ”
the laser > N_I H
PRM Fabry-Perot arm cavity

Photodetector
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Time series WWWWWWW

e A time series x[n] is a sequence of data points measuring a
physical quantity at successive times spaced at uniform
time intervals.

e We say that x[n] is a stationary process, if its statistical
description does not depend on n.
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Signal
processing
U.t].].].t].es Encapsulating the data

information
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Autocorrelation function MWMWWWWWM

Given a discrete random process x[n] we define the mean as l

é"{x[n]} = Hx

Thel autocorrelation function (ACF) l

e [k] = E{x"[n]x[n+ k]}

17



Autocovariance function MWWWWMWWWM

The autocovariance function is defined as

S K] = E{(x"[n] — ) (x[n + k] — 1) } = oc[k] — [11x]?

Similar definition for cross-correlation bewteen x[n| and y|[n].
Some properties of ACF:

o0 2 [nocl k]l p[—k] = rulk] o [—k] = ryxl]

EGO - Virgo
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Power Spectral Density

We define the Power Spectral Density (PSD) l

o o

Polf)= Y nr«lklexp(—i2nfk) Py (f)= Y nylk]exp(—i2nfk)
k=—oo k=—oo

This relationship between PSD and ACF is often known as

Wiener-Khinchin theorem.

The PSD describe the content in frequency in power of the signal x|[n].

In the following we will refer to Py (f) as PSD

The PSD is periodic with period 1. The frequency interval

—1/2 < f <1/2 will be considered as the fundamental period.

The ACEF is the inverse Fourier transform of the PSD and hence

1/2

£ |0] = Pt )t
I

—

19



P Whlte IlOlSe A

One particular process is the discrete white noise. It si defined as a
process having as ACF

rok] = 628[K]

where 0 [k] is the delta function.
The PSD of such a process is a flat function with the same value for all

the frequency f

5

PSD [Usart(Hz)]

5

w
frequency [Hz]

EGO - Virgo
20
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Gausslian random process WWWWWMWWWM

A Gaussian sthocastic process is one for which each set
{x[no],x[n1]...x[nn_1]} is distribuited as a multivariate Gaussian PDF.
If we assume that the process is stationary with zero-mean, then the
covariance matrix is the autocorrelation matrix r,

[ rec0] o [—1] oo Bx[—(N—=1)]
MY rex [0] oo B[—(N—=2)]
| i N—A] B JN-—2] ... E5)0] |
rec[k] = E{x"[n]x[n+ k]} . (2)
We can write the probability density function of a real random gaussian
process a
1 xTr x
P[x] = e™ Tax ®, (3)

| (2717)N/2!rxx\1/2
() 2



-~ White random Gaussian process WWWWWMWW

EGO - Virgo

[t is a process x[n] with mean zero and variance 62 for which

x[n] ~ N(0,02) —oo < N < oo

r|m—n) = &(x[n]x[m])) =0 m#n
where x ~ N(ly,02) means that x[n] is Gaussian distributed with a
probability density function
1 1 ox%— My

() = el ()

— o0 X < o

22



= (Gaussian noise distribution

The distribution is
characterized by its
bell-shaped curve, which is
symmetrical around the
mean value. The mean,
median, and mode of the
distribution are all equal,
and the standard deviation
determines the width of
the curve.

1]
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Gravitational Wave
signal detection
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GW Signal

Dete Ction and e Defining the problem
- e The Neyman Pearson Criteria
MatChed Fllter e The MZtched Filter

for known
waveforms Switch to pdf slides..-

EGO - Virgo


https://drive.google.com/file/d/1cpnp88N4vuxdEekAdjdx6Yaq2ODEk45o/view?usp=sharing

I ’f’

Optimal Filter is Matched Filter, if the noise WWWWMW
1s gaussian distributed

Maximizing the likelihood
ata Template

T AT ()

P(t) — eZn‘ifl‘ df

Noise power spectral density

Look for maxima of | p(t)| above

some threshold = trigger

26
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*+ pyCBC (Usman et al, 2015)

+ MBTA (Adams et al. 2015)

+ gstlal-SVD (Cannon et al.
2012)

Matched-filter

Data \ ) /-—Template

_ ’pr;(’(f) h-(f) 2o7if
o) =4 =0 e df

/

Noise power spectral density

How we detect transient | l‘

signals: modeled search

tirme

o =2 4 S 8 10

27



- CBC template generation ”“WWWWWWW

h(f) = A(f)e*D)
7
=Y (or + P log(£) PR+ 3" orf

k=1 7k
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- CBC template generation WWWWWWMWM
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Comparison of the effective-one-body model )o a numerical-relativity waveform
of a precessing black-hole binary. © A. Taracchini/AEl
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To cover in efficient way the parameters
space, we build a templates bank requiring
that the signal can be detected with a

How many templates?

maximum loss of 3% of its SNR

Soe6
205
9]

S04

]
> 0.3

EGO - Virgo

(@)

Insplral Merger Rlng
down

f)f)oo

— Numerical relativity
I Reconstructed (template)
T T

|| — Black hole separation

=== Black hole relative velocity -
C 1 1 1 1 j
0.30 0.35 0.40 0.45

Time (s)

O NWARA

Separation (Rs)

102 L 4o pungg

Ix1,2] < 0.05

Ix1] < 0.9895, |x2| < 0.05
T Ix1,2] < 0.9895

Mass 2 [Mg)]
2

10° 10! 102
Mass 1 [Mg]
~250000 waveforms used for GW150914

LVC Phys. Rev. X 6 (2016)
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= Qverall

Parameter estimation — s

p(0H)p(d)0, H)

p(O|d, H) = p(d|H)

e MCMC and Nested Sampling

o MCMC Random steps are taken in
parameter space, according to a proposal
distribution, and accepted or rejected
according to the Metropolis-Hastings
algorithm.

o Nested sampling can also compute
evidences for model selection.

Parameter estimation for compact binaries with ground-based gravitational-wave observations using
the LALInference software library

J. Veitch et al. Phys. Rev. D 91, 042003 LVC (PRL:116, 241102)

EGO - Virgo

(@) o



« - Data mapping, preserving the info

EGO - Virgo
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071

07

03

Time-domain

Frequency-domain

Time-frequency domain

Time-series at the output of the detector (be
careful with the sampling theorem)

Fourier transform
o  Useful for stationary data
o  Useful for persistent signals
o It captures the global frequency information

Short Fourier Transform
o  Useful for not stationary data
o  Useful for transient signals

Wavelet decomposition (useful for
multiresolution analysis)
Q-Transform (useful for transient)
Hough-transform (useful for lines)



« Time-Frequency domain: STFT WWWWWWWW

The short time Fourier transform (STFT) function is simply the Fourier
transform operating on a small section of the data. Here a moving
window is applied to the signal and the fourier transform is applied to
the signal within the window as the window is moved.

STFT{#t)—=X(%.0 )= / x(t)g(t—t)exp(—2imft)dt
S xbgt)
N A X

1] v



- Spectrogram

EGO - Virgo
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To have easy access to the information of the STFT we can plot the
spectrogram.
It is defined as

Spectrogram(t.f) = |X(z.f)|?

So we will have a bidimensional plot where on x-axis usually is plotted
the time, on y-axis the frequency, while the color of the map is the the
amplitude of a particular frequency at a particular time.
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The scale of the wavelet is determined by the

Wavelet decomposition of time series

The wavelet transform replaces the

Fourier transform sinusoidal waves by a

family generated by translations and

dilations of a window called a wavelet.

WF(a,b) =< f,Yap >= /

parameter b.
When b is decreased, the wavelet appears more

compressed, allowing it to capture
high-frequency information.

The location of the wavelet is determined by the

Increasing the value of b elongates the wavelet,

enabling it to capture low-frequency

information.

parameter a.

If we decrease the value of a, the wavelet will be
shifted to the left, whereas an increase in a will
shift it to the right.

Note that the location of the wavelet is crucial
because, unlike waves, wavelets are only
non-zero within a short interval.



« - Data representations

1e-20

— Rawdata
— Filtered data with fitfilt
— Filtered data with Ifiter

10-38

10-40

10-42

10-44 4

PSD [V**2/Hz]

10-46

10-48 4

10-50

10t 102 10°
frequency [Hz]

Time-domain Frequency-domain

20
+1.1675591e9

Spectrogram of Vt:spectro_LSC_DARM_300_100_0_0: stat=11896¢4747.000000 (Sun Sep 17 00:52:09 2017 UTC)

Frequency (Hz)
au/sqri(Hz)

= mte———— 1070
19/09 20/09 21/09 22i09 23/09 24/09
UTC Time (day-hou)

116735596

EGO - Virgo
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—0O2 H1 sensitivity
—O2 L1 sensitivity
—02 V1 sensitivity

Strain (h/YHz)

Data 4

10-24\ 1 I L | L Lol i 1 L

]
10 10? 10°
re p r O C e S S 1 I l g Start=Aug 14 10:13:39 2017 duration=300 sec Freq (Hz)

Spectrogram of V1:spectro_LSC_PRCL_300_100_0_0 : start=1189731268.000000 (Mon Sep 18 00:54:10 2017 UTC)

100 E=

Frequency (Hz)
au/sqrt(Hz)

10°
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UTC Time (day-hour)
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Whitening

XU L) e gy
S, (f)

E Whitening

We can do in frequency domain
estimating the PSD

p) = 4]0

EGO - Virgo

PSD [V**2/Hz]

1
frequency [Hz]
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= Signals in whitened data - WM

,,,,,

Not Whitened

\\\\\

1 . Whitened
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= Whitening in time domain wwmwmwwmm

We need parametric modeling

el IPSD

It can be useful for
on-line application

PSD [1/sqrt(Hz)]

It can be implemented
for non stationary noise

It can catch the

autocorrelation function
to larger lags p—

1) 40



EGO - Virgo

AR parametric modeling

An AutoRegressive process is governed by this relation

x[n] = — kX:a[k]X[n — k| +w|[n],

and 1ts PSD for a process of order P is given by

62

Par(f) =
AR(1) |1+Zleakexp(—i27rkf)}2

Kay S1988 Modern spectral estimation: Theory and Application Prentice Hall Englewood Cliffs



EGO - Virgo

Advantages of AR modeling

v

Stable and causal filter: G il
same solution of linear O
predictor filter |

e[n] = x[n] — X[n]

P
2-1
Emin = rxx[O] — Z Werx[_k]s
k=1 (o) x[n-p]
Wi = —ak |
2 Wiener-Hopf equations
Emin — O Preq

42



PSD AR(P) Fit

Thermal+shot noisc

le-16

— h-simulated
—— Burg fit P=512

le-24

10 100 1000 10000

f(Hzy

Cuoco et al. Class.Quant.Grav. 18 (2001 1727-1752 and
Cuoco et al Phys.Rev.D64:122002,2001

EGO - Virgo
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* The effect of whitening
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Searches for
unmodeled
signals

What we do for signals with
unknown waveforms

EGO - Virgo

Computer simulation of gravitational waves emitted

by a supernova. Credit: J Powell / B Mueller



https://cerncourier.com/wp-content/uploads/2022/03/supernova.png
https://cerncourier.com/wp-content/uploads/2022/03/supernova.png

How we detect transient
signals: un-modeled search

e Strategy: look for excess power
in single detector or

coherent/comaa’ent in network Coherent WaveBurst was used in the first direct detection of gravitational waves
a’ata (GW150914) by LIGO and is used in the ongoing analyses on LIGO and Virgo data.

o Example cWB

(https:/fowburst.qitlab.io/)
o  Time-domain data

preprocessed
Wavelet decompostion

o  Event reconstruction

Time-Frequency maps of GW150914: Livingston data (left), Hanford data (right)
First screenshot of GW150914 event

Burst search
Phys. Rev. D 93, 042004 (2016)

Class.Quant.Grav.25:114029,2008
EGO - Virgo 46
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https://gwburst.gitlab.io/

« - Coherent WaveBurst

Excess power are selected from

a set of wavelet
time-frequency maps

Data from both detector are
combined together

Triggers are analyzed
coherently to estimate signal
waveform, wave polarization,

source location, using the
constrained likelihood method

CORE PIXELS (E)

BOTTOM CORE (Cb)
BOTTOM HALO (Hb)
The event are ranked using a
variable n,
Selects the best fit waveform E. 9 Normalized coherent energy
which corresponds fo the between the two detectors
maximum likelihood statistic E, = normalized noise energy
over a 200000 sky positions derived by subtracting the 2E
reconstructed signal from the c
data —
Anflafndn, (1 + En/Ec)
AL .
i) l




Coherent WaveBurst

e End-to-end multi-detector coherent pipeline
o construct coherent statistics for detection and rejection of artifacts
o performs search over the entire sky
o estimates background with time shifts

A g g
-
3
5
>
=l
— 995 996 99.7 99.8 999 100 1001 100.2 100.3 100.4 99.5 99.6 99.7 99.8 99.9 100 100.1 100.2 100.3 100.4 0
99.6 99.7 998 999 100 100.1 100.2 100.3 100.4 time, sec time, sec
time, sec .
> time
£
g coherent statistic
— F’ z
ék — h"‘E‘k _I_ hx xk "{‘__’
2 2
(1 _ xk[taf]_(xk[taf]_ék[taf])
/)= max, , o 2
T o, ()
EGO - Virgo
{{@}} S.Klimenko, December 16, 2007, GWDAWI12, Boston, LIGO-G070839-00-Z 956 897 ool 999 00 1001 160:2 100.3 100.4

time, sec



« - Glitch-gram

Time-Frequency distribution by SNR slice

EGO - Virgo

(@)

Frequency

V1:Hrec_hoft_16384Hz: Time frequency glitchgram
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* 5<=SNR<7
® 7<=SNR<10
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20<=SNR<100
® SNR>=100
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= From a glitch-gram to Event selection

Select the trigger in coincidence among the detector
Perform data quality check

Apply veto procedure

Define the coincidence level of detection

% & & &
P P D

10-8 ; - .
EEE After category 1 Generic transient search Binary coalescence search
B After signal-consistency culs ] m [ 2030 _10 -~ 510
':F:' B After category 2 . 2030 40 460 >4.60 2 20 30 40510 >510
=y After category 3 10 mmm Search Result (C3) 10 usm Search Result
% 1()‘“) 10! — Search Background (C3) 10! — Search Background
= 100 964 Search Result (C2+C3) * 10°} Be = ~—— Background excluding GW150914 &
b5} u — Search Background (C2+C3) b}
2101 g0 g
i) BT >
= @ 10 (7]
“6 o GW150914 "6 GW150914
1()—12 5 10 =
g1 £
14 16 18 3107 3
Coherent Network SNR 10-6
arXiv: 1602.03844 1077 ””
10-8 : : Ly 10-8 -
8 10 12 14 16 18 20 >32 8 10 12 14 16 18 20 22 24

Detection statistic n¢ Detection statistic g¢

EGO - Virgo

(@) PhysRevLett.116.061102



= Low latency analysis  :&ny .y ).

[ P
020

From few minutes to 30 minutes

Pipelines assess Data Quality evaluated
the significance autonomously for initial
o of candidate alert

Initial alert released on
order of | minute; Notice on
order of 10 minutes

Pipelines running

real time

Root

IVORN ivo://nasa.gsfc.gen/LVCH#[ (T, M}]SYYMMDDabc-{1, 2, 3} -
q /0 W'}a ten Cy Fa ISG A,,a m {Preliminary, Initial,Update, Preliminary-Retraction}

i i{oie | W{’n’bs’e;v'ati'arnr, éest)
CBC search Rate (FAR) Who
. . R Date Time sent (UTC, ISO-8601), e.g. 2018-11-01T22:34:49
p/pe//nes‘ based OV) Author | LIGO Scientific Collaboration and Virgo Collaboration |
6 stLA L) em p[y[ca / }y WhereWhen | Time of signal (UTC, ISO-8601), e.g. 2618-11-01722:22:46. 654437
. . ‘What

MBTA OVI//V)e, measured noise GraceID | GraceDb ID: ({7, H})sy¥mopabe. Example: s181161abe

Packet Type GCN Notice type: {Preliminary, Initial,Update}

PyCBC Live,
and SPIIR

properties
The initial

GCN notice .°™

| Numerical equivalént of GCN Notice type: {156,151, 152}
Estimated false alarm rate in Hz

SkyMap | URLof HEALPix FITS localization file
I GW burst searches focus : o =
roup urst
seaq VCh pipe//'V)e.‘ on detect/'on not Pipeline | {GstLaL,M8TAONLine, PyCBC, SPIIR} | {cB,oLIB}
. . ’ CentralFreq N/A Central frequency in Hz
cWB (Coherent on estimating Duration Duration of burstn s
Fluence Gravitational-wave fluence
WaveBurst) the parameters Paplepine
BNS, NSBH, Probability that the source is a N/A
Of the Source BBH, Noise BNS, NSBH, NSBH merger, or
| terres\yia} (i.e., noise) respectively
HasNS, Probability, under the
HasRemnant that the source is not noise, that at
least one of the compact objects
was a neutron star, and that the
system ejected a nonzero amount
EGO - Vi of neutron star matter,
o respectively. Y 51
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s PUb 1 1 C A ]_e rt GraceDB — Gravitational-Wave Candidate Event Database
[

HOME | PUBLICALERTS | SEARCH | LATEST | DOCUMENTATION |

LIGO/Virgo O3 Public Alerts

Detection candidates: 35

SORT: EVENT ID (A-Z) ¥

Event ID Possible Source (Probability) uTC GCN Location FAR Comments
Nov. 17, 2019 GCN Circulars 1 per 2.8433e+10

$191117j NSBH (>99%) . s 4 RETRACTED
06:08:22 UTC Notices | VOE years
Nov. 10, 2019 GCN Circulars  No public skymap image

S$191110af i 1 per 12.681 years RETRACTED
23:06:44 UTC Notices | VOE  found.
Nov. 10, 2019 GCN Circulars <

S$191110x MassGap (>99%) i N 07774 1 per 1081.7 years RETRACTED
18:08:42 UTC Notices | VOE
Nov. 9, 2019 GCN Circulars £ / 1 per 2.062e+05

$191109d BBH (>99%) \/ 4
01:07:17 UTC Notices | VOE years
Nov. 5, 2019 GCN Circulars \

$191105e BBH (95%), Terrestrial (5%) b 58 oA 1 per 1.3881 years
14:35:21 UTC Notices | VOE <

Sept. 30, 2019 GCN Circulars

5190930t NSBH (74%), Terrestrial (26%) 1 per 2.0536 years

14:34:07 UTC Notices | VOE

https://gracedb.ligo.org/superevents/public/03/
EGO - Virgo 52
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https://gracedb.ligo.org/superevents/public/O3/

- GW alert system

Time since gravitational-wave signal

Set Preferred Event [J] |
Automated Vetting |
Classification | i

Rapid Sky Localization [

Parameter Estinppdtion

Human Vetting [T

Classification

ial Alert or
gtraction Sent

10 sécond 1 mi'nute

EGO - Virgo

(@)
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Can Machine learning help?

EGO - Virgo



