coskE N e
v (‘: ) | = ‘ A KETHORK FOR CRAMITATIONAL
EUROPEAN COOPERATION Z N oAYes, BEOPATSICS AND
IN SCIENCE & TECHNOLOGY

Introduction to Machine Learning for
Gravitational Wave research

Elena Cuoco, EGO and SNS

Twitter: @elenacuoco



http://www.elenacuoco.com/

March 25th 2019, Data Science School

What are Gravitational Waves []

ON GRAVITATIONAL WAVES.
BY

A. EINSTEIN and N. ROSEN.

ABSTRACT.

The rigorous solution for cylindrica }
ravenience of the reader the theory of gravitational waves an 1 their production,

gravil

already 7 i principle. is given in the first part of this paper. ‘ter encoun- — mn
vering relationships which cast doubt on the eqistenc e of rigorous solutions for
raviatory gravitational fields, we investigate rigorousls the case o ,’7

tational w It turas out that rigorous soluripns exist a

problem reduces to the usual cylindrical wawes g euclidean space.

Gravitational Waves (1916)

I APPROXIMATE soLuTion oF THE PROBLEM OF PLANE Wavgs
AND THE PRODUCTION OF GRAVITATIONAL WAVEs.

It is well known that the appros
Lration of the gravitational] equations of the gencral relativity
theory leads to the existence of gravitational way es. The
method used js as follows: We stare with the equations

Ry —~ lg R — _ L (1)

We consider that the g,, are replaced by the expressions

1ate method of inte-
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Astrophysical sources
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CBC Gravitational Wave signals

An artist'simpression of two stars orbiting each other and progressing (from left to right)

x 102 Example Inspiral Gravitational Wave to merger with resulting gravitational waves. [Image: NASA/CXC/GSFC/T.Strohmayer]
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Tana.{se0) An example signal from an inspiral gravitational wave source. [Image: A. Stuver/LIGO]
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GW detection
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Astrophysical transient signals

CBC

 BH-BH
 BH-NS

« NS-NS Matched-Filter

Excess power signal finder
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Matched filter

Template

K(F) 0(F) o

p(t) = j (1

Power Spectral Density
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Matched filter
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https://github.com/gwastro/pycbc-config/tree/master/O1/bank
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Coherent Wave Burst

« Meyer Wavelet time-frequency decomposition
« ldentify excess of signal over background
* Found GW150914 while running in low latency

I

frequency

995 996 997 99.8 999 100 100.1 100.2 100.3 100.4
time, sec

S.Klimenko, December 16, 2007, GWDAW12, Boston, LIGO-G070839-00-Z
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Noise transient signals: Glitches

Livingston
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Noise transient signals: Glitches

-weighted
SNR

410 >65
X =8

Trigger rate [Hz]
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Detection confidence
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Strain (1027)

Why Machine

earning in
, Gravitational
Wave research
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QOur “signals”
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Fxample of other noise signals

Spectrogram of V1:spectro_LSC_DARM_300_100_0_0 : start=1189644747.000000 (Sun Sep 17 00:52:09 2017 UTC)
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Normalized amplitude

Fxample of GW signals
in Time-F requency plots
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Phys. Rev. Lett., 119 (14), pp. 141101, 2017.
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http://dx.doi.org/10.1103/PhysRevLett.119.161101

Fxample of Glitch signals

https://www.zooniverse.org/projects/zooniverse/gravity-spy

108@Lines 14@0Ripples Air_Compressor Blip Chirp Extremely_Loud Helix
Koi_Fish Light_Modulation Low_Frequency_Burst Low_Frequency_Lines None_of_the_Above Paired_Doves Power_Line
Repeating_Blips Scattered_Light Scratchy Tomte Violin_Mode Wandering_Line Whistle

Gravity Spy, Zevin et al (2017)
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How Machine Learning can help

Data conditioning Signal Detection/Classification/PE
Identify Non linear noise coupling - A lot of fake signals due to noise
Use Deep Learning to remove - Fast alert system
NoISE - Manage parameter estimation
Extract useful features to clean
data
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Numbers about Virgo data

Data Stream : Number of Number of

« 50MB/s  1-3PB » 1/week e 1/sec
» 1/day? * 0.1/sec?
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Why Signal Classification?

If we are able to classify
the noise events, we can
clean the data in a fast and
clear way

We can help
commissioners

We can identify glitch
families
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Machine learning models

Unsupervised Semi-supervised

1/
*Few labeled :’
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Artificial Intelligence workflow

PREDICTIONS
Machine Learning o
Q(.ﬂg
P VALIDATION \‘*‘!J “l
Select and prepare trainiig data BATA

A
MWhich data?

o’ l
) §°4 |

Select the algorithm |

/\

Prediction

March 25th 2019, Data Science School WU}QQN}T CEDE': Elena Cuoco



Glitch classification strategy for GW detectors

Training Process
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Two different approaches

Images Time series

This should be the event

Frequency(Hz)

Image-based deep learning for classification of noise transients in gravitational wave detectors,

Wavelet-based Classification of Transient Signals for Gravitational Wave Detectors, Elena Cuoco,
Massimiliano Razzano, Elena Cuoco, Class.Quant.Grav. 35 (2018) no.9, 095016

Massimiliano Razzano and Andrei Utina, #1570436751 accepted reviewed paper at EUSIPC02018
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Deep learning for Classification

INPUT CONV POOL CONYV POOL FC OUTPUT

CAT DOG

IS THIS A o
CAT 2 DOG? e e—— outeur |
|
ACTIVATED
NEVRONS
INPUT DEEP
LAYER
NETINORK

Copyright https://selmandesign.com/ga-on-machine-learning/
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Massimiliano Razzano and Elena Cuoco

2018 Class. Quantum Grav. 35 095016
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Deep learning with CNN

CHIRPLIKE

SCATTEREDLIKE

WHISTLELIKE

0.000

Confusion Matrix (Normalized)

0.000

0.046 0.000

0.000

0.000 0.000

0.000

0.015

0.000

0.068

0034

0.000

0.000

0.000

29



h(t) [107']

Slmulated S|

B
— GAUSS glitch
TF
ol
sl
Foal |
¥ |
2 |
= 3r [
= ‘u'
2p |
/ \
il / \
ol _/ N
~0.03 ~n.02 -0.01 0.00 0.01 0.02 0.03
gps time 1196360693 528 [5.]
a4
—— AD gitch
N
FaN
£l |\ )
g ‘ ||
z 1) AV P
e ||| |\||‘|.‘| fnnnann
sl
H J'
Sk
15
— SCATTEREDLIKE glitch
1.0}
05|
0.0
—=0.5
=10}

-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
gps time -1196360689.580 [s.]

March 25th 2019, Data Science School

ignal Families

8
— sGgien
& 1 r
‘ |
-2 |||
g
= -\f\"‘ll‘|| ‘ ||| e —
s | ‘|| |
. \ ‘
-6
gl . .
—o10 Toos 0.00 5.0 010
gps time -1196360691.815 [s.]
15
— CHIRPLIKE glfch
10 ‘

hit} [10-4]

ht) [107*]

-05 0.0
gps time -1196360689.809 [s.]

LE2NET SE

Waveform

Sine-Gaussian

Chirp-like

Whistle-like

To show the glitch time-series
here we don't show the noise
contribution
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Signals in whitened data
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Building the images

Spectrogram for each image

2-seconds time window to highlight

fatures in long glitches

Data is whitened

Optional contrast stretch
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Classification accuracy : confusion matrix

CHIRPLIKE

GAUSS A

NOISE 1

True class

SCATTEREDLIKE
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SOPHIA.2018 Al & Space
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Predicted class
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Deep CNN able at distinguishing
similar morphologies
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Classify Real LIGO

G I tC h eS F. Morawski, R. Corizzo, M.Razzano, A. Trovato
GW data challengs
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International Collaboration
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The First triple detection

4 detector —

Virgo observed its first BBH
coalescence ,GW170814

Hanford Livingston

L 1 T g ,
‘i I - = -i

V«'\M W

Time (5]

3-detector network SNR: 18.3

March 25th 2019, Data Science School

2 detector = 100 -1000 deg?
3 detector = 10 - 100 deg?
< 10 deg?

LH 1160 square degrees
LHV 60 square degrees

PRL, 119, 141101 (2017)

Credit: Leo Singer
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The MultiMessenger Astronomy
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https://it.wikipedia.org/wiki/Digital_object_identifier
http://dx.doi.org/10.1103/PhysRevLett.119.161101

The first GW catalog

GWTC-1: A Gravitational-Wave Transient Cataloqg of
Compact Binary Mergers Observed by LIGO and Virgo
during the First and Second Observing Runs
arxiv.org/abs/1811.12907
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https://arxiv.org/abs/1811.12907
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