Searches for gravitational-wave S|gnals N
with ground-based interferometers

— Introduction: LIGO-Virgo gravitational-wave detectors
— Noise description
— Searching for:

- transient signals

- continuous signals
— stochastic backgrounds
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Injection system

— high power laser (200W)
— power and frequency stabilization

— mode cleaner
— beam shaping and alignment
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Injection system

— high power laser (200W) Fabry-Perot cavities

— power and frequency stabilization | we |—finesse = 450

— mode cleaner _ \ — number of round trips ~ 300

— beam shaping and alignment — 2 dof to control the interferometer
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Injection system

— high power laser (200W)

— power and frequency stabilization

— mode cleaner

— beam shaping and alignment
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Fabry-Perot cavities

— finesse = 450

— number of round trips ~ 300

— 2 dof to control the interferometer
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Injection system

— high power laser (200W)

— power and frequency stabilization
— mode cleaner

— beam shaping and alignment

SWEE

i

WE

Fabry-Perot cavities

— finesse = 450

— number of round trips ~ 300

— 2 dof to control the interferometer

© J. van Heijningen

Power recycling cavity

— Increase the power on BS

— Gain ~ 38

— =1 dof to control the detector
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Injection system

— high power laser (200W)

— power and frequency stabilization

— mode cleaner

— beam shaping and alignment

SWEE

i
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WE

Fabry-Perot cavities

— finesse = 450

— number of round trips ~ 300

— 2 dof to control the interferometer

Central Michelson interferometer
— =1 dof to control the detector

F{} %

siez

Power recycling cavity
— Increase the power on BS

— Gain ~ 38

— =1 dof to control the detector
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Optical benches

— suspended to reduce the ground vibration

—in vacuum

— pick-off beams to monitor/control the interferometer
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Control the detector working point

— all the dofs are controled:
- longitudinal : PR, MICH, Narm, Warm
- 16 angular dofs

— fast feedback loops using digital filters

— electromagnetic actuators

— 10 Hz <f< 100 Hz

— + local controls on each detection bench
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SWEB

Fundamental noises

— seismic noise (f < 10 Hz)

— radiation pressure (f < 10 Hz)

— thermal noise (10 Hz < f < 100 Hz)
— shot-noise (f > 100 Hz)
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SWEB

i

Instrument noise
ikt — laser stabilization (frequency, amplitude and jitter)
Mode — detector control
CAeanar — alignment fluctuations
— scattered light
— read-out electronics
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SWEB

i

Close environment noise
i & — cooling fans
Mode x — vacuum pumps
CAeanar — air conditioning
s B — electromagnetic radiation from cables and electronics
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SWEB

i

Environment noise
— seismic noise
- earthquakes
- Sea activity
- human activity
- wind
— electromagnetic noise
o ~ electronics
Cleaner - lightning
= - cell phones
— acoustic noise
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‘Detector response:

SP,=G x P.C

Typical shot noise at 50 mW:
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A In reality the reconstruction is frequency dependent
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Signal digitization
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[ Analog signal |
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Sample

— The photodiode analog signal (a voltage) is digitized
— The signal is processed numerically

= h(t)=h[j] t,—t=1/f,

— The strain amplitude time series is saved to disk
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Fourier transform

Y(f):fio x(t)e > qdt (forward)
X(t):fio X (f)e’ ™" df (backward)

The signal is decomposed in characteristic frequencies

A time series s(t) can be projected over a basis of sinusoidal functions:

Discrete Fourier transform

0 1 % * | | | N\-l
| | I R >
<> f Nl
1 s
At=— X -
fs /( N k=0
f purely real
Af=3
<>
9 :} % E( NIZ NI‘2+1 N-1
| S =" > f
/ f_ 2& k& E 1_N/2f __fs N—
N N 2 N N < 1 Z
DC frequency . / — f 20
(purely real) Nyquist frequency Negative frequencies
(purely real)
X[k]=%*[ N K]

10/17/19 Florent Robinet - JOGLy

+2inkj/N

—2in:kj/N

16



‘Detector noise

Power spectral density (PSD)

1
}rl_f)?o ?|XT(f>|2

Estimator for a finite data set: periodogram %|>’<‘“T(f)|2
The data must be windowed to prevent spectral leakage
1 Nz_l i ik/ p)
2 x[jlwljle """
Nfs j=0

- The frequency resolution is set by the number of points (N must be large)
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‘Detector noise
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— LIGO h(t) data sampled at 2048 Hz
— Periodogram evaluated over 2 seconds
- N=2048 x 2 =4096 - df =0.5 Hz
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‘Detector noise

Power spectral density (PSD)
1
lim _|XT(f>|2

T=>x T

Estimator for a finite data set: periodogram %|>’<‘“T(f)|2

The data must be windowed to prevent spectral leakage

1 Nz_l ix jkIN |2
— | 2. x[jlwljle "7
Nfs Jj=0

Welch method: average multiple periodograms to reduce the variance
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‘Detector noise
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A lot of data must be considered to provide a reliable and precise estimate of noise:
— maximize N for each periodograms
— average many periodograms to reduce the variance
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Detector noise floor

[1251849618-1251936018, state: Locked]
Virgo gravitational-wave strain
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Detector noise floor

[1251849618-1251936018, state: Locked]
Virgo gravitational-wave strain
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Noise hunt: bring the sensitivity curve down to the fundamental noise
(seismic+thermic+quantum noise)

10/17/19 Florent Robinet - JOGLy



23

Detector noise floor
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Detector noise floor

Strain [1/rt(Hz)]

Control noise (MICH dof)
dominant for f < 25 Hz
(subtracted by active feed-forward)
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Shot noise (analytical model)

2P,hc
5Pshot: A

PD electronic noise
measured with shutter closed

Scattered light
monitored using the DC power
In the central interferometer

\ Laser frequency control

I

(Virgo 02)

(spectral lines)

Thermal noise from wire suspensions (steel in O2)

(analytical model)
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Detector noise spectral structures

[1251849618-1251936018, state: Locked]
Virgo gravitational-wave strain
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Detector noise spectral structures

1251849618-1251936018, state: Locked|
Virgo gravitational-wave strain

< ] - mechanical resonant modes (mirror and
E ] suspensions): typical lorentzian spectral shape
:m\j\ ||| — very narrow lines associated to electronic
- \ i | L devices

g \“MJJ\JLLUM . . -

F 107 ., — line combs often associated to digitized

; it ] o :‘)jll).«ftlﬁl(\ll, Mid low’ (P1200087) ClOCkS

O 1 100 10°

Frequency [Hz]

— Line harmonics resulting of the coupling of 2+ frequencies

— Calibration lines are intentionally injected to monitor the detector response

The line frequency can often be associated to electronic devices: cooling fans, vaccum
pumps, water pumps, wi-fi, badges identification devices...

Spectral noise investigation is often based on a deep knowledge of the detector and its
environment
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Noise variations

The detector noise varies at all time scales during a LIGO-Virgo science run

O(run) - The detector performance is often improved during a run

O(1 month) - The data set often covers several seasons; the noise gets worse in winter
O(1 day) - Day/night variation (mostly temperature driven)

O(1 hour) - Environment (temperature, human activity, weather...)

O(<1 min) - Transient noise (so many sources!)
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Noise variations

The detector noise varies at all time scales during a LIGO-Virgo science run

O(run) - The detector performance is often improved during a run

O(1 month) - The data set often covers several seasons; the noise gets worse in winter
O(1 day) - Day/night variation (mostly temperature driven)

O(1 hour) - Environment (temperature, human activity, weather...)

O(<1 min) - Transient noise (so many sources!) Typically noise Is estimated
every few minutes

A Welch method is biased by transient noise

— Use a median estimator instead of mean

N-1
S, (k)= Median . ey 1 35 x, Lidwljle ™"

10/17/19 Florent Robinet - JOGLy 28
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Spectrograms

Short Fourier transforms X (r,q)):f x(t)w(t—t,p)e ™ dt

Time-frequency analysis: the signal amplitude is computed in small regions in time and
frequency

freq freq

tme Hme

Heisenberg uncertainty principle: time and frequency resolutions are inversely proportional

Generalization of SFT: wavelet decomposition

10/17/19 Florent Robinet - JOGLy 29



Spec trogmms

Short Fourier transforms
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Spectrograms

+ o0
Short Fourier transforms X(t,p)= I x(t)w(t—t,p)e ™ dt
Virgo gravitational-wave strain
+ Normalized by the median
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Wandering lines
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Whitening

GW data must be whitened.

Several methods are used :
- reweighting of frequency bins

~ () XUf)
X(f)_)Jm

- linear prediction
— White noise is mandatory for a
statistical interpretation of the data

— measure of signal-to-noise ratio
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Transient noise

Example : Q-transform

+00

X(7,9,Q)=J x(t)w(t—7,0,Q)e ** dt

— o0

~ window width ~1/¢

~ Short Fourier transform with a Gaussian window

- Use whitened data to measure a signal-to-noise ratio

Q=71.13
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GW150914

Output power

Livingston " Hanford ' " o,

Output power
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GW150914
h(t)

Data Is calibrated
- GW strain amplitude h(t)

(including high-pass filter f > 10 Hz)

h(t)
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GW150914

Data are low-pass filtered
(here, < 500 Hz)
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‘Transient triggers

H1-DCS_CALIB_STRAIN_C02_OMICRON: Q=5.851

SNR

SNR threshold

1262594‘5&1@% 4625
112 259461 5625946
1126259461. g

A trigger = a tile with a SNR value above a given threshold

H1-DCS_CALIB_STRAIN_C02_OMICRON H1:DCS-CALIB_STRAIN_C02: GPS = 1126259462.000
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Transient triggers

H1:DCS-CALIB_STRAIN_C02: GPS = 1126259462.000 Triggers are clustered in time

- given by the tile with
the highest SNR

. /D)
I
g I“ One cluster:
g — time
= — frequency
— SNR

'I
1
== ' d ' bandwidth
. + duration, banawidtn...
Y .
—\

_I
=
B
o |

/|
I AP A [ Ii'm
-0.5 0.4 -0.3 -0.2 . g 01 0. 0.3 2 0.5

Time [s]

Loudest tile: GPS=1126259462.418, {=138.655 Hz, SNR=12.834

Triggers are saved to disk for further analysis
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Transient triggers = glitches

Frequency [HZ]

One typical week of glitches in Virgo data (02)
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Transient triggers = glitches

Magnetic glitch .
Magnetic sensor

Scattered-light glitches

TCS glitches
TCS power
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Transient triggers = glitches

THE ART OF NAMING GLITCHES

FRINGEY THE SEA MONSTER

frequency
frequency
frequency

IS ke

time time

Nutsinee Kijbunchoo ANTIMATTERWEBCOIMICS.COM
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Noise summary

Yy
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Gravitational-wave sources
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Gravitational-wave sources

Yy

Compact binary merger
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Gravitational-wave sources

Yy

frequenc

Virgo eravitational-wave strain

1000 Hz-

Black hole

100 Hz -

10 Hz L.~

Compact binary merger
Newly-formed black-holes

1 min 1 min 1 hour
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Gravitational-wave sources

Compact binary merger
Newly-formed black-holes
Core-collapse supernovae

vs
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g Core-collapse supernova
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Compact binary merger

Gravitational-wave SOUTCes Newy-ormed biackhoies

Core-collapse supernovae

A Neutron star instabilities
>
O
c
g Core-collapse supernova
o
S
1000 Hz_L ‘g0 gravitational-wave strain |
Pulsar glitch Black hole f s 5
100 Hz} El:
2 }
10 Hz - )
Compact binary sytem ' 5 :
I I I _H 1 ) ,.\a t OP LI OO \\>
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Gravitational-wave sources

Compact binary merger
Newly-formed black-holes
Core-collapse supernovae

vs

A Neutron star instabilities
o Cosmic strings
§ Core-collapse supernova
o
S
00 eravitational-wave strain
1000 Hz - _
Pulsar glitch Black hole j =
: COSmlc
'strings
10 Hz - ¢
Compact binary sytem 5
I : ZH/v/ U ) ,.\a t OP LI OO
1 min 1 hour uration
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Gravitational-wave sources

Yy

frequenc

1000 Hz-

100 Hz -

10Hz_L &

o0 eravitational-wave strain

849618

Integration over time and space

Stochastic background

\iplitude

10/17/19

Florent Robinet - JOGLy

I |
| | — e
1 min 1 hour duration
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Transient gravitational waves

-

frequency

00 eravitational-wave strain

1000 Hz-

100 Hz -

10 Hz L.}

' : (00]
I : _H wa ] ,.\a t O Ot \\>
1 min 1 hour uration
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Transient gravitational waves

Burst searches

— Compact binary merger
— for low-mass systems, less sensitive than a template search
— signal reconstruction — deviation from GR

— Core-collapse supernovee
— iconic burst source
— different GW signatures (rotating core collapse / neutrino-driven SN)
— model/simulation are incomplete
— use ad-hoc models (damped sine, white-noise burst)

— Pulsar glitches
— cause is unclear: crust fragmentation, stellar interior dynamic

— Cosmic strings
— simple waveform model - template search

Goals
1/ make a detection
2/ reconstruct the waveform
3/ extract the source parameters
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Transient gravitational waves

Burst searches

— Several search pipelines were developed, all of them based on time-frequency
analysis

H1:DCS-CALIB_STRAIN_C02: GPS = 1126259462.000

—_—
I
juny
=
==
o
c
[+4]
o
o
@
L

. e 0.5
Time [s]
Loudest tile: GPS=1126259462.418, f=138.655 Hz, SNR=12.834

How to separate a true signal from a glitch?

10/17/19 Florent Robinet - JOGLy
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Back ground reduction

111 | 11 101N l

Pipeline triggers

Apply data quality vetoes based on noise investigation

>

| 1 1 1§ I | Auxiliary channels are used to witness
transient noise and veto the resulting events

Magnetic glitch

1024
512 <
256 -
128 -

Frequency [Hz]
w
~N

2_
1 1 1 I I
2 -1 0 0 +8
Time [seconds] Time [secands
Airplane glitch Seismic glitch
2048
10244
|
512 4
2 i i
Z 2364 i ! ll! lhiﬁ iy |p I
g f w [ i
2 1238 4 a3 e N e
=3
2
w644
2 —
. —
16 T 1 1 1 1} T 1 16 1 T 1 1 1 T T 16 T T T T
B 4 (] +4 +8 2 1 0 +1 +2 g 4 0 +4 g
Time [se ds] Time [seconds] Time [ ds]
—
1] 1 2 3 4 5 6 7



Back ground reduction

111 | 11 101N l

Pipeline triggers

@ Apply data quality vetoes based on noise investigation

True experiment = noise + signal

Coincidence between detectors

time

>
 BEIIINE B DU DRI R e

H Coincidence time window

‘ | | .l I ‘ .] ‘ I ‘ . ‘Livingston

&

. Hll ; |

List of candidates

Coincidence rate:
R ...~RyR At
~(1Hz)x(1Hz)x(10"%s)=10"* Hz

coinc



Back ground estimation

111 | 11 101N

Pipeline triggers

Apply data quality vetoes based on noise investigation

>

| | 1 1§ | |
True experiment = noise + signal Fake experiment = noise only
time > time -
1 I e I | Hanford il mni I |
H Coincidence time window H
‘ I I .I I ‘ .] ‘ I ‘ . ‘Livingston |—H I I .I I ‘ .] ‘ I ‘ . ‘
i Hill \I | u H R 1 |
List of candidates List of background events

Coincidence rate:
R ~R, R, At

coinc win

~(1Hz)x(1Hz)x(10"%s)=10"* Hz

A very large number of fake experiments can be simulated
using multiple offsets O(1,000,000)




Back ground er detection

10/17/19

Number of events

104
103

102}

101}

10°¢f
10~}
102}
103}
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105}
106}
107}

20 30 4g 50 > 50
mmm Search Result
— Search Background
— Background excluding GW150914

| n |

ol GW150914 |

hh'l’i"‘l.-._-—-, n N

U uy -l]_ll'l-l_l |_I.l

10 12 14 16 18 20 22 24

Detection statistic .
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Back ground ¢r detection

104
103

102}

101}

10°¢f
10~}
102}
103}
104}
105}
106}
107}

Number of events

10/17/19

20 30

40 50 > 50

mmm Search Result
— Search Background
— Background excluding GW150914
| | |
GW150914
10 12 16 18 22 24
Detectio istC ¢
1 NIl e o1

RUE IR BN [/NNER B
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Coherent search

The sensitivity of the detector is not uniform over the sky

BOF L B
3 \ .
40 k | s f
_ 20 O
2l . TSy T A
E 0 . - S DL - D 1,- . : * % Jq_;-'égl-’\-""'@\\ . ot
5 |-*LIGO-India (58.2°+kx90 }{ ) 8 SN
—20[—*LIGO Hanford (171.0°) | . S s N
_40| ~*LIGO Livingston (242.0°) - L B
~*Virgo (115.6°) ) : .
-60]  KAGRA (75.0°) T, ) s peepepocune  p
-180-150-120 -90 -60 -30 0 30 60 90 120 150 180
A (deg)

Ey \/FE—I—FE:

GW (t)=EF.(t,ra,dec,¥)xh,(t) + E/t,ra,dec,¥)xh,t)

Source position  Source polarization
angle

The signal is coherent between detectors, the noise is generally not
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Coherent search

The sensitivity of the detector is not uniform over the sky

B T T i

- BOF T g
40 B 6“ & ;._j;
! ] o0t 12 o

w-\ > | ,. T

el E 0 3 - y 1 Q‘i\.ﬁ.._."ﬁi’\__""'—-._‘%}_
7 . & | ""*LIGO-India (58.2°+k<90°%) SN

" ) ~20[ —*LIGO Hanford (171.0% |-/ N

'4 =
|

e

e

—*LIGO Livingston (242.0°) v/ ol
~*Virgo (115.6°) '
-60]  KAGRA (75.0°)

-180 -150 -120 -90 —Sb -30 0 30 60 90 120 150 180
A (deg)

Ey \/FEJFFE
(t,,ra,dec,¥)xh,(t,) + E,(t,,ra,dec,¥)xh(t,)
, (ty,ra,dec, W)xh(t,) + E,(t,,ra,dec,¥)xh/(t,)
s (t3,ra,dec, W )xh(t;) + E;(t;,ra,dec,W)xh(t;)
(t,)+GW,(t,+8,, )+ GW5(t,+8,5)
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Coherent search

A coherent data stream is considered:

hcoh: hl(t)+h2<t+612)+h3<t+613)

The times of arrival are unknown:
|612|<6Tzax( :10m5) |613|<6T3ax( =27 mS)

Multiple values of o must be tested
such that the coherent SNR is maximized

& (deg)

I

“**LIGO-India (58.2°+kx90°%)

—20[ =*LIGO Hanford (171.0°)

—*LIGO Livingston (242.0°)
Virgo (115.6°)

-60 KAGRA(75.09 |

1

1

SRR .

-180 -150 -120 -90 -60 -3

0
A (deq)

30

60 90 120 150 180

— To optimize the computing, the coherent burst pipeline time-shifts time-frequency maps

- Maximum-likelihood-ratio method

— Null data stream to reject spurious events

— The network sensitivity is not limited by the least sensitive detector

— Source location is reconstructed
10/17/19

Florent Robinet - JOGLy
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Coherent-wave burst ptpe[me

Time-Frequency H1 Time-Frequency L1
— 400 i S iy -
E r,’ “\\
= = ,~~ For each sky location "~
g 20 —> | maximum likelihood " <—
o 100 . Isused to extract the ,r' T
ol - - - /;\“signal from noisg,*'\ - - o
Time (sec) . h‘_-----ﬂjh _F o g Time (sec)
multi resolution TF levels Time delay wlr ifo =K h+E 7R multi resolution TF levels
H1 & L1 Synthesis
400_
:mnf_ I
Reconstructed Signal H1 200F I Reconstructed Signal L1
100}

sky localization map probability

Time (sec)

4 N\

waveform
parameters

270 180 90 5}
RA (deg)

1

|

Time (sec)

detections statistic

77 = SNR - Coherence
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Coherent search results (01)

C1: low-Q events (short-duration & wide-band)
C3: events for which the frequency increases with time
C2: any other events
10% . . . ; ; . : 103
C1 Background —— Background
= C2 Background - 102- —e— Search results

C3 Background
Search results

= = 10t
S CRR:
2 e
= g5 100
a1 [a 1
g ] g .
E 1 g 10~ -
< GW150914 =
) A 1 5]

= A L
ol =
1073 ¢ 1073
. ‘

“]—-1 I L 1 1 I 1 “]—-1 1 1 1 L

7 8 9 10 11 12 13 14 8 9 10 11 12 13
Coherent Network SNR, 1, Coherent Network SNR, 7,
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Coherent search results (01)

RAIN-DROP

frequency

>
O
G=
&
=)
o
o

C1: low-Q events (short-duration & wide-band)
C3: events for which the frequency increases with time
C2: any other events

—— Background
—o— Search results

= (1 Background

= == (2 Background - 102-
C3 Background i

—e— Search results

o = l0t-
S CRR:
e 2 ol
= " 10°;
[~ o ]
g : g
E | E 101
< GW150914 4
D] A 3 D)
. L
b
LY
v [
L L 1 -3
10-31 - i 1079 ¢
: :
1[]—1 I 1 | L 1 1“—1 1 1 1 L
T 8 9 10 11 12 13 14 b 9 10 11 12
Coherent Network SNR, 7, Coherent Network SNR, 1,
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Coherent search results (01)

Parameter estimation for GW150914

60°

309

16"

—-30°

10/17/19

1211

—60°

gh

4}1

LIB LALInf
— (WB s BW

Dh

20}1

Florent Robinet - JOGLy
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0.38

Time (s)

0.40

0.42
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Coherent search results (02)

= Predicted
=& Search results (No BBH)
—&— Scarch results

10! _'.

Cumulative number of events
Cumulative number of events

o -

. IR - EEEE IR [
102 107! 10" 10! 10° 10° 104 102 10t
iIFAR (years)

f<1024 Hz

10/17/19 Florent Robinet - JOGLy
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123 &
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Targeted burst searches

False Alarm Proability (FAP)

See also: GW + high-energy neutrino trigger coincidence

10/17/19

va targeted search

Superno
T T Tt T Tt 1 T

Backgrounds and loudest events
—@— SN 2015as (1.47 days, C2)
— @— - SN 2016B (4.03 days, C1)
—%— SN 2016X (2.86 days, C1)
A=+ SN 2017eaw (1.39 days, CI

-+ SN 2017gax (1.66 days, C2)

)

L S d

? I%;—:';\_____\ _g

- . — T
| | I | | | | |
3] 6 7 8 9 10

Florent Robinet - JOGLy
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http://arXiv.org/abs/arXiv:1908.03584
http://arXiv.org/abs/arXiv:1907.01443

ow-latency searches

GW ID Event Time Fiual atatus Source Triggers . r Latency (min)
urc Classification Search(es)® Online FAR (yr ) GraceDb submission  Initial GCN notice
' T b
G268556 | 9017.01-04 10:11:58 | Confident S EyCBC; cWB 1.9 264 395
GW170104 EM-Bright: 0% GstLAL, oLIB
: ; ) Burst
G270580 | 2017-01-20 12:30:59 | Retracted cWB 5.0 2 67
EM-Bright: N/A
G274296 | 2017-02-17 06:05:53 NFI Bujrat cWB 5.4 715 813
EM-Bright: N/A
; : ; ; ; NS-BH " :
G275404 | 2017-02-25 18:30:21 NFI PyCBC, GstLAL 6.0 < 24
EM-Bright: 90%
G275697 | 2017-02-27 18:57:31 NFI B L2 R R 45 <1 27
EM-Bright: 100% MBTAOnline
G277583 | 2017-03-13 22:40:09 NFI Sht cWB 27 3 30
EM.-Bright: N/A
G284239 | 2017-05-02 22:26:07 NFI Bhiish oLIB 4.0 12 963
EM-Bright: N/A
o b
G283732 | 317.06-08 02:01:16 | Confident it PyCBC, cWB, GstLAL® 2.6 650 818
GW170608 EM-Bright: 0%
G296853 | 50170800 08:28:22 | Confident Bet Cotll e Wn 0.2 <1 19
GW170809 EM-Bright: 0% MBTAOnline
G297595 | 917.08-14 10:30:44 | Confident BEH CHtk AL, oLIE; 1.2x10~5 <1 31
GW170814 EM-Bright: 0% PyCBC, cWBH!
G298048 | 5417.08.17 12:41:04 | Confident i GstLALY, PyCBC 1.1x10 % 6 27
GWI170817 EM-Bright: 100%
G298389 | 2017-08-19 15:50:46 NFI Dk oLIB 4.9 16 192
EM-Bright: N/A
G298936 | 50170823 13:13:59 | Confident BRL ENEE; GLIB, JGEtE A, 5.5% 104 <1 22
GWI170823 EM-Bright: 0% PyCBC, MBTAOnline
: L " NS-BH — ,
G299232 | 2017-08-25 13:13:37 NFI MBTAOnline 5.3 <1 25
EM-Bright: 100%
10/17/19 Florent Robinet - JOGLy 70
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Continuous gravitational waves

Yy

00
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&)
c
g Core-collapse supernova
o
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‘g0 gravitational-wave strain
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Black hole
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o 8 Neutron stars
: Cosmlc
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Continuous gravitational waves

Gravitational-wave radiation from a time-varying quadrupolar mass-moment:
2

2G d

Il [ Iu v]

h
et de?

Rapidly-rotating neutron star with ellipticity

—1 2
r fGW € IZZ

h~1.1x10*
lkpc) \1kHz) |10 °]|10*kg-m°

fGWZZfrot

Mass asymmetry:

ar frequency lf
. . . . . I -lli %5 pr

— distortion due to elastic stresses or magnetic field LI [ sl g
— distortion due to matter accretion

— free precession around rotation axis O

— excitation of long-lasting oscillations (e.g. r-modes)

10/17/19 Florent Robinet - JOGLy | 72



Continuous gravitational waves

— The continuous gravitational waveform is well modeled by a sinusoidal wave
A(t) = ho ( Py (¢, ao, 3o, %) 5~ cos(D (1)) +

+ F« (t, ag, 0, 0) cos(t) Sin(CI)(t))) :

Virgo gravitational-wave strain

—

9
—
o

Specific noise concerns:
- lines at known pulsar frequencies
— wandering lines

10—2“;
1621

10 2%

10723

f -- -‘.\-’.i"rgu |
Obs. scen. "Mid low’ {P1200087}) |

1024 ——— ————
10 100 10°

Frequency [Hz]
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Continuous gravitational waves

— The continuous gravitational waveform is well modeled by a sinusoidal

wave

- Rupture point of neutron star matter

— Normal nuclear matter e<107°
— Hybrid (hadron-quark core) €<107°
— Quark star e<10™*

- Gravitational-wave frequency

— Tri-axial ellipsoid fow=2F o
— r-mode fluid oscillations fow~413f
— free-precession fow=Trot ] pre

- The science of continuous waves

— Neutron star equation of state, maximum mass, spin and ellipticity
— Exotic state of matter

— Tests of general relativity

— Neutron star dynamics

10/17/19 Florent Robinet - JOGLy
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Continuous gravitational waves

The gravitational waveform is Doppler-modulated by the Earth rotational & orbital motion

— you need to correct for that for every sky location you observe

N

63
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3 = |
g 3
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Continuous gravitational waves

M
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Continuous gravitational waves

)
600'*
<
60\6 ‘
o
G’b'(o‘(\ 30&0‘;5\‘ \g‘a ,a(cx\ Q
$° .0 SY O e
Qe‘eé S RO 5
S s N ¥ O, O 2 oV
< \(S\O\“ o € oV ! oS° W © v»\\ A©
A NS\ /v “\(S\ o
A A

~ 600 known pulsars spinning faster than 5 Hz
~ Almost half of them are in binary systems

Neutron stars spin down
— result of gravitational radiation

: Spin-down (f,,,) limit can be used to place constraints
on GW emission - useful benchmark

.. 8
22 L Advancoed detectors

1072 102 107! 10° 10°
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Continuous gravitational waves
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Continuous gravitational waves

;p)
P
<
60\6
X O o o
N @)
;“6 0O gea( e\@é% e@(o‘i:\ S
0 S e e Rt
(O ¥ 3 R \‘9\& <
ot OV (@ i ® PR

A \\V\(\ /’ “\(\(\ ,

- A

' Low-mass X-ray binary Scorpius X-1
2.5e-25 N o l)) > |
a ! J 9
1.5e-25 | \\QUWLI MM'M |s
;“’ S ‘ 3
W"l;? :
le25 \l)‘.’.lv‘ . \,”, | :o;
5e-26 \\‘ | j | ‘ ‘ g

Frequency [Hz]

10/17/19 Florent Robinet - JOGLy


http://arXiv.org/abs/arXiv:1906.12040

Continuous gravitational waves

ey
o
<
0‘30\6
QAC
X (2
$C Ot \§ XN
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Q’e\e (\Q\x SO eo‘e (\0\\ «\e’&\ 9“‘\) o O
\ N\ » S \\ O o 50 \\' ®)
/v\(\\\ (\0““ o ‘% (\O\ﬁ o ¥
A A

Brute-force (and very expensive) search over a huge parameter space:
- gravitational-wave frequency (LIGO-Virgo sensitive band)

- frequency derivative (~x10° Hz/s)

— sky location (all-sky)

- source inclination and polarization angle (anything)

- signal phase (anything)

(more parameters for binary systems !!!)
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Continuous gravitational waves
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Stochastic back ground

Yy

Stochastic background

frequenc

o0 eravitational-wave strain

1000 Hz-

\iplitude

100 Hz -

849618

Integration over time and space

10Hz_L &

Ve

I |
| | — e
1 min 1 hour duration
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Stochastic back ground

Incoherent superposition of many [

unresolved sources. PG 5 What powered the big b.ang?
F Only gravitational waves can escape from

¢ C08m0|OgIC8.| ; the earliest moments of the Big Bang

* Inflationary epoch,

preheating, reheating -. .

e Phase transitions e Rang gl % g - (Big Bang plus 10 seconds?)

* Alternative cosmologies i S ey
 Astrophysical: i e

e Supernovae e | S,

* Magnetars B e e

* Binary black holes

Potentially could probe physics of
the very-early Universe.
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Stochastic back ground

— A physical gravitational-wave spectrum is produced by the superposition of
astrophysical (or cosmological) sources

[1251849618-1251936018, state: Locked|
Virgo gravitational-wave strain

—

9
—
o

Specific noise concerns:
- spectral structures
- unknown noise contribution

—
i
E

10-21 -

N

10-22

10723

| ‘_\-’irga |
Obs. scen. ‘Mid low’ {PIZDDDS?‘LE

10_24- - - : :
10 100 10

Frequency [Hz]

GW amplitude spectral density |strain/v/Hz|
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Stochastic back ground

Assumption : stationary, unpolarized, and Gaussian stochastic background
— Cross correlate the output of detector pairs to eliminate the noise
h=n+GW.

<h1 ’h2>:<GW1 ) GW2> +<n1’GW2>+ <GW1 ’n2>+<n1 ) n2>

~

0 0 0

witn (x1,%:)= J X7 (F)D(F) () df

Optimal filter:

overlap of antenna pattern

/ GW spectrum
y(F)Qa(f)* anlf=ar
f7S,.(£)S,(f)

A

Detector PSDs

Q(f)ee

O1 isotropic search, for a.=0: Q. (25Hz)<6.0x10°
PRL.118.121101 (2017)
10/17/19 Florent Robinet - JOGLy



Stochastic back ground

Use astrophysical (/cosmological) models to predict expected backgrounds
and amplitude - constraints on models

Earth s Normal Modes, .

| =L

1072 107° 107° 1 o‘3 1 o° 10° 10° 10

Frequency (Hz)
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Stochastic back ground

Use astrophysical (/cosmological) models to predict expected backgrounds

and amplitudes - constraints on models
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Conclusions

03:
— The LIGO-Virgo O3 run started on Apr. 1st 2019
- The detectors improved their sensitivity (/O2)
- The first half of the run is completed, offline data analyses are on-going

Burst:
- 1 single public alert so far (excluding CBC): it has been retracted
- Lots of work on transient noise to maximize the search sensitivity
— Great hopes to witness THE supernova of the 21t century

Continuous waves:
- keep digging the noise...

Stochastic background:

- BBH/BNS background is not far...
— Challenge: identify the source
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