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Gravitational waves landscape
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LIGO-VIRGO

Detection of GW with LIGO

Black Holes of Known Mass
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X-Ray Studies
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LIGO-VIRGO

Detection of GW with LIGO

Masses in the Stellar Graveyard

Known Neutron Stars ~
°
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LIGO-VIRGO

Detection of GW with LIGO
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GW observatories on the ground

The network of the GW observatories on the ground.

Operational

Under Construction
Planned
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Laser interferometers as GW detector

Over-simplified scheme of LIGO interferometer.

test mass

light storage arm

test mass test mass

test mass

beam
splitter photodetector

al
-

“Detecting GWs” Stanislav (Stas) Babak 16-19 Jan. 2018, KISS 6/45



LIGO-VIRGO DA basics LISA GW sources in LISA band LISA data analysis

Laser interferometers as GW detector

Sensitivity during O1/02

Advanced LIGO strain data near GW150914
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Matched filtering

We are searching for a signal of a specific shape buried in the noise:
matched filtering.
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Matched filtering

We are searching for a signal of a specific shape buried in the noise:
matched filtering.
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Matched filtering

We are searching for a signal of a specific shape buried in the noise:
matched filtering.
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LIGO-VIRGO

Matched filtering

@ Assume that the data d(t) consists of the noise n(t) and a signal
s(t): d(t) = n(t) + s(t).

@ The matched filtering is optimal for the signal of a known shape. It
is done in frequency domain: d(f) = FFT(d(t)).

@ The matched filtering takes into account that the sensitivity of the
detector is not the same across the frequency band:

h*(f)

p= 4§R/ df 5. ()

@ Here we search for a signal of a specific shape h(f) (or h(t)). Note
that h(t) and the signal s(¢) might not be identical, but need to be
as close as possible.

@ If we average over the noise realizations and assume that the
template and the signal are identical:

_ < 3(f)5(f) 9 &
p—4§R/O GG g = SNR %)
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Matched filtering: GW150914
H1 L1

H1 matched filter SNR around event. “ L1 matched filter SNR around event
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noise

DA basics LISA GW sources in LISA band LISA data analysis

Matched filtering and parameter estimation

. .
= data - signal SN :
, ,
. —
:
| \/\
,
. .
. :
: ,
_ -
A
- E o 2 ] = ) o B 3 S
A

“Detecting GWs” Stanislav (Stas) Babak 16-19 Jan. 2018, KISS 10/45



LIGO-VIRGO DA basics

LISA

GW sources in LISA band

LISA data analysis

Matched filtering and parameter estimation

noise = data - signal
p(signal parameters) . _
= p(noise residuals) !

: o

maximum likelihood

“Detecting GWs”
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LISA

GW sources in LISA band

Matched filtering and parameter estimation:

H1

H1 whitened data around event

GW150914
L1

L1 whitened data around event

LISA data analysis
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Parameter estimation
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Parameter estimation

likelihood p(0]d) = 2d9pO)
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Parameter estimation
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Inferred parameters of binary systems: masses
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Inferred parameters of binary systems: spins
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Inferred parameters of binary systems: spins
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Correlations and degeneracies
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DA basics

Waveform modeling
The GW signal from binary system can be conventionally split in

L]

“‘inspiral”’, “merger” and “ringdown”

Quasi-circular Plunge Ringdown
inspiral and merger

//(y/"//‘

h(t)]
1 /\V/\VI\VI\VI\U nvﬂvnv,\v. i
Black hole

Post-Newtonian Numerical perturbation
techniques relativity ~ methods

The most accurate description of GW signal is given by numerical
solution of GR for two body problem. Requires large computational
resources and long time: short waveforms (~ 20 cycles). Simulations .
are not very reliable for large spins and large mass ratio. .

'
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DA basics

LISA

GW sources in LISA band

GW signals in frequency domain

LISA data analysis

Low mass systems: we see mainly inspiral. High mass binaries we see
dgdown.

mainly merger-rin
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Waveform modeling

@ Post-Newtonian (PN) approximation: slow motion approximation
(v/e<< 1)

@ Perturbative theory: small mass ratio (m/M <« 1)

o Effective-One-Body approach: combination of PN, Perturbative approach
and NR

Binary parameter space

Separation —»

Perturbation theory,
self-force

Numerical Relativity

al
1 Mass ratio —» @ }“(

[Leor Barack]
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Waveform modeling: Effective-One-Body and
Phenomenological Model

EOB: mapping two body problem to a test mass moving in effective perturbed Kerr spacetime

Real problem — Effective problem
S, L Kerr ::
S ~ R Tl 05|

[Babak+ PRD, 2016]
IMRPhenom: phenomenological approach uses PN for inspiral and fit for the late IMR

109 Region | Region Il
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Non-stationary noise

THE ART OF NAMING GLITCHES

ko FisH RAIN-DROP

The noise is non-stationary.

@ There are various
artifacts (glitches):
produce high SNR

@ Cross-detector

consistency eliminates FRIGEY THE SEA MONSTER
most

@ Some are understood, ‘
some not 8
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N
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Non-stationary noise

We check the consistency of the candidate event with what we expect
from the GW signal in time-frequency.

Real signal Instrumental artifact
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Non-stationary noise
The most unfortunate case is the glitch on top of the GW signal: binary
NS GW signals GW170817.
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LISA: laser interferometer in space.

@ LISA is a future space based GW observatory, to be launched around
2034.

@ LISA Pathfinder: very successful demonstration of LISA technologies.
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LISA vs ground based ifo: what are the common
problems

@ Modelling GW signal from BH binaries: the signal is total mass
invariant (¢/M, fM)

@ Continuous GW signals: single deformed NS in LIGO band, white
dwarf binaries in LISA band

@ Matched filtering: the main technique to search and estimate
parameters

X
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@ Non-stationary noise:
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LISA vs ground based ifo: what is different

@ Data size is small: (does not require large data storage, but the data products
could be significant)
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LISA vs ground based ifo: what is different

@ Data size is small: (does not require large data storage, but the data products
could be significant)

@ Data is dominated by signals: (requires global fit — multi- (trans)
dimensional fit)
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LISA vs ground based ifo: what is different

@ Data size is small: (does not require large data storage, but the data products
could be significant)

@ Data is dominated by signals: (requires global fit — multi- (trans)
dimensional fit)

@ TDI (time delay interferometry): (the main source of noise is the laser
frequency noise in measuring év /v, requires time delayed combination of measurements

to cancel this noise)
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LISA vs ground based ifo: what is different

@ Data size is small: (does not require large data storage, but the data products
could be significant)

@ Data is dominated by signals: (requires global fit — multi- (trans)
dimensional fit)

@ TDI (time delay interferometry): (the main source of noise is the laser
frequency noise in measuring év /v, requires time delayed combination of measurements
to cancel this noise)

@ Non-trivial response function: (many signal have Agw ~ L, it requires
computation of response beyond the long wavelength approximation)
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LISA vs ground based ifo: what is different

@ Data size is small: (does not require large data storage, but the data products
could be significant)

@ Data is dominated by signals: (requires global fit — multi- (trans)
dimensional fit)

@ TDI (time delay interferometry): (the main source of noise is the laser
frequency noise in measuring év /v, requires time delayed combination of measurements
to cancel this noise)

@ Non-trivial response function: (many signal have Agw ~ L, it requires
computation of response beyond the long wavelength approximation)

@ GW signals are long lived: (signals from the same and different kind of sources

are present simultaneously in the data, noise fluctuations are significant)

al
-

“Detecting GWs” Stanislav (Stas) Babak 16-19 Jan. 2018, KISS 25/45



LIGO-VIRGO DA basics LISA GW sources in LISA band LISA data analysis

LISA vs ground based ifo: what is different

@ Data size is small: (does not require large data storage, but the data products
could be significant)

@ Data is dominated by signals: (requires global fit — multi- (trans)
dimensional fit)

@ TDI (time delay interferometry): (the main source of noise is the laser
frequency noise in measuring év /v, requires time delayed combination of measurements
to cancel this noise)

@ Non-trivial response function: (many signal have Agw ~ L, it requires
computation of response beyond the long wavelength approximation)

@ GW signals are long lived: (signals from the same and different kind of sources
are present simultaneously in the data, noise fluctuations are significant)

@ Some GW signals are strong: (requirement on modeliing and hierarchy of the
search)
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LISA’ operating concept

LISA uses transponding laser interferometry.

local laser comparison

S/c an isolation

shield (uN jets) @
o

Transponding
_interferometry ~

science measurement

Laser
> L
/ O\

corner spacecraft

Free-falling

(S MEESEE Science data rate
9 low, 100bps
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TDI: unequal arm problem.

The laser frequency noise emitted at s/c 1 travels to the s/c 2, 3. We
need to take measurements after the light has traveled equal optical

path in different directions and subtract them: noise cancels exactly,
but not the GW signal.
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GW sources in LISA band

Sources: MBH binaries
@ We expect that all galaxies host MBH in their nuclei. (Milky Way,
S-stars: 4 x 10°M, BH)
@ We know that galaxies merge: formation of MBH binaries
@ We need to bring pair of MBHs close together (interaction with
gas, stars)
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Sources: MBH binaries

The MBHs are formed from initial seeds (large or small) by accreting
gas and by mergers

Qu'asi-drcular Plunge Ringdown
inspiral and merger
of K
F 08 /
h: [
N o/ 60 6
N "
G 4
o 4r 04
. h(:)]
£ s T
E=Ea 02 !
5 F - AAN Wi\
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2 a: g Moo VY Time ¢
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= 10} § 02
F § ; Black hole
12 Post-Newtonian Numerical perturbation
F 04 techniques relativity ~ methods

[credits: Gabriella De Lucia, Baumgarte and Shapiro]
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GW sources in LISA band

Main features of the signal from MBH binaries
Some signals are very strong and can be seen by eye:

-1.2 1
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Signal in X-TDI channel (x 10 ™)

. ! ! !
0 2000 4000 6000 Q48
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GW sources in LISA band

Main features of the signal from MBH binaries

@ We use matched filtering: need to know the model for GW signal
very well

@ The signal depends (in general) on 15 parameter (might be
eccentric)

@ Duration of the signal: from few weeks to almost a year (source
and detector dependent)

@ We will be able to detect precession and subdominant modes.
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GW sources in LISA band

LISA data analysis

Estimating parameters of binary systems

@ We are the most sensitive to the phase of GW signal: contains info about masses, spins of

individual objects (§M /M ~ 0.001 — 0.1, 5x ~ 0.01 — 0.1,861 2 ~ 1 — 10°)

@ Amplitude contains information about spin orientation, distance to the binary, polarization,

sky location (but need to disentangle)

@ Sky position: modulation of the amplitude (angular sensitivity as a function of time) and

doppler modulation of the phase

1070 = .
oot Galactic Background
N o 1 MBHBs at > — 3
107E N ! % Verification Binaries
~ 5 month = EMRI Harmonics
= LA = LIGO-type BHBs
£ 181 \ UM | eV T50014
& 10 o
0 \year Gal. Bin. (SNR > 7)
3 {
10" >
g \
]
=
g
51020
Observatory
21 Characteristic Strain
102"~ L \
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LIGO-VIRGO

Events
(4 years)
7

6

DA basics LISA GW sources in LISA band
MBHBs: Event rate
SNR | AQ < SKA (radio only) SKA + ELT
LSST " Total
>8 | 10deg? S8 Flare Jet Total | Spec Photo Total ot
209 15.3 0773 | 11.3 133 148 | 6.64  7.00 13.6 | 13.6
Insp+MR 4 years | 30.6 15.9 245 | 156 115 159 | 691  7.82 14.7 | 147
472 163 0.909 | 589 9.18 59.5 | 950 185  28.0 | 28.0
563 45.8 1.67 | 342 402 442 | 179 214 393 | 393
Insp+MR 10 years | 76.2 421 6.44 | 413 289 421 | 173 206 379 | 379
1180 424 2.56 148 236 150 | 25.6 456 7Ll | 7Ll
IMR - 4 years IMR - 10 years
Events
1 13.6 Light seeds (poplll) (10 years) 2393 Light seeds (poplll)
[ 14.7 Heavy seeds (delay) @ 37.9 Heavy seeds (delay)
[ 28. Heavy seeds (no delay) 5 [ 71.1 Heavy seeds (no delay)
10
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GW sources in LISA band

Extreme mass ratio inspirals (EMRIs)

@ MBH in galactic nuclei is surrounded by a dense cusp of stars

@ A compact object (NS, BH, WD) could be thrown toward MBH as a
result of N-body interaction

@ A compact object might be captured on a very eccentric orbit and
slowly spirals toward central hole until the final plunge

@ Extreme mass ratio inspiral (EMRI) - typical mass ratio 10~7 — 10~°

@ Compact object spends ~ 10° orbits close the central MBH in the
LISA band

l
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LIGO-VIRGO DA basics LISA GW sources in LISA band LISA data analysis

EMRIs waveform

@ The GW signal from EMRIs is rich in structure: three-periodic
motion with slowly evolving frequencies

@ "Holiodesy" — mapping spacetime of the central object: good for
testing GR.

Onbitin xy plane Oibitin xz plane
10 10
5 5
> 0 e - 0 L]
5 5
10 10
45 0 5 0 5 10 15 45 0 5 0 5 10 15
x x
Potertial Waveform, + polarization
01
4022
011
o1 2022
y :
ol | \ ’/ 2 0
014 | y 2022
015 ) -4s22
016 0 2000 4000 600D 8000 10000

(=] ¥
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LIGO-VIRGO

DA basics LISA GW sources in LISA band LISA data analysis

@ We can detect EMRIs down to SNR~ 20 (MLDC)
@ Rich structure allows ultra-precise parameter estimation, including
measuring the multipole moments of a central massive object

107 1
102 AK AKI
AK ) AK:
107 107*
107
S 107
E il
4 107
107
1o 107
107
1071 10710
M1 M2 M3 M4 M5 M6 M7 M8 M9 M10M11M12 M1 M2 M3 M4 M5 M6 M7 M8 M9 M10M11M12
model model
1 10%
[, AKK [ AKK
1072 Ak 1 AK:
10~ } 102
¢ 100 9 - /
4 10 < 4; 3 w0
107 1070
1071 10
107" 107 a
M1 M2 M3 M4 M5 M6 M7 M8 M9 M10M11M12 M1 M2 M3 M4 M5 M6 M7 M8 M9 M10M11M12 <>
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LIGO-VIRGO DA basics LISA GW sources in LISA band LISA data analysis

EMRIs event rate

The expected event rate is very uncertain. We have used several
models for MBHSs distribution and for the compact objects (10 or 30

Mg). Green and red curves are bounding the event rate for each
model.

—e AK
=—s NK
10*

10°

Events per year

10°

M1 M2a M2b M3 M4 M5 M6 M7 M8 M9 MI0 Mil

model [Babak+ (2017)]
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LIGO-VIRGO DA basics LISA GW sources in LISA band LISA data analysis

Galactic white dwarf binaries

@ LISA will observe ~ 107 Galactic WD binaries, only ~ 10* are
resolvable others form GW stochastic signal

@ GW signal is almost monochromatic with slow evolution of freq.
(GW radiation and mass transfer)

@ Verification binaries (GAIA, LSST)

: detected binaries: uﬁsubtraded
1036 F detached, foreground 4
mass transferring

1-year time series,
residual foreground

>
&

Sy [1/Hz]

1040}

| verification binafes—
1042k inst. + conf. noise

inst. noise A
residual foreground
10—44 n
10 107 102 \,‘

f [Hz] o 4%
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LIGO-VIRGO DA basics LISA GW sources in LISA band LISA data analysis

LISA data analysis

@ The data is signal dominated: many signal overlap in time and in
frequency

@ The problem is to detect and characterize as many signals as
possible: LISA data challenge has restarted:
https://lisa-1ldc.lal.in2p3.fr/home

107
Nonth Galactic Background
N § MBHBsatz=3
10" % Verification Binaries

m
NI day \ o = LIGO-type BHBs
A — GW150914 i
Gal. Bin. (SNR >T7)

Characteristic Strain
<)
3

Observatory

Characteristic Strain
21 ”
10 — - Total ‘ \’\\\
: .

107 10 107 1072 107 10°
Frequency (Hz) \‘(‘

[white paper arXiv:1305.5720]
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LIGO-VIRGO DA basics LISA GW sources in LISA band LISA data analysis

Data Analysis: matched filtering

@ Matched filtering has proven to be the way to accurately estimate
parameters of the signals and to disentangle the GW signals. n
LISA we will need to construct a multi-source/signal template allowing variable number of

signals and glitches
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LIGO-VIRGO DA basics LISA GW sources in LISA band LISA data analysis

Data Analysis: matched filtering

@ Matched filtering has proven to be the way to accurately estimate
parameters of the signals and to disentangle the GW signals. n
LISA we will need to construct a multi-source/signal template allowing variable number of
signals and glitches

@ Stochastic methods are the most successful data analysis
search methods. (as compared to the grid-based search adopted in LIGO-VIRGO
data analysis)

@ The stochastic methods: Parallel tempering Markov Chain Monte
Carlo, Reverse Jump Markov Chain Monte Carlo, Nested
sampling, Multimodal Genetic Algorithm
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LISA data analysis

Past Mock LISA Data Challenge

MLDC1

MLDC 2

MLDC 1B

MLDC3

MLDC 4

Galadiic
hinaries

* Verification
* Unknown
isolated
* Unknown
interfering

* Galoxy 3x10°

+ Verification
* Unknown

isolated

* Unknown

interfering

* Galaxy 6x107
chirping

Massive BH
hinaries

* Isolated

« 4-6x, over
“Galaxy” & EMRIs

* Isolated

* 4-6x spinning &
precessing over
“Galaxy”

EMRI

* Isolated
* 4-6x, over
“Galaxy” & MBHs

* 5 together,
weaker

Bursts

Stochastic
background

* Cosmic string
wsp

* Isotropic
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LIGO-VIRGO DA basics LISA GW sources in LISA band LISA data analysis

Multimodality of the likelihood

The main problems of LISA is multidimensionality and multimodality.//

By plotting spectrogram
(time-frequency map)
we can clearly see 3(4

signals )
Petiteau, Babak, Shang Yu, CQG 2009,
PRD 2010. }

Aouanbauy
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-
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LIGO-VIRGO DA basics LISA GW sources in LISA band LISA data analysis

Multimodality of the likelihood

The main problems of LISA is multidimensionality and multimodality.

MBHBs

Source  mode| AMUM AN/n A ASky Aay  Aa, AD/D A AS, AL Ag | 6 Fra
x10-5 §10* (sec) (deg) x107> x10~> x10>[ (deg) | (deg) (deg) x10°2

| —
True @] 44 61 118 27 62 62| 830|606 107 15 1.0 1387732

sreMC1 A 101 | 92 257 192 07 443 131 6439 [7959 8402 259.6 [0.999870 1387772
MBH-1  B,C 135 ) 86 246 804 67 289 224| 939 |1570 770 147 [0.999944 1387946
108 | 63 242 704 7.1 218 208 48.18 |19.07 620 406 J0.999952 1387914

True @3)] 72 91 o082 29 53 72| 152329 095 29 1.0 355588

sreMC2 A 136 | 48 290 133 28 283 198]104.65 [55.92 13855 4.1 J0.999939 355755
MBH-3 B 110 | 925 1546 17651 241 35 247| 5537 |54.86 8131 1357 J0.999827 355769
© 156 | 446 1589 1693 524 150 66.1) 1649 |64.82 1468 250 §0.997845 354301

True Q.D |'553 267 047 292 1514 1387| 2290 [6530 1617 1022 10 128142

sreMC3 A, B, C| 92 [1390 405 034 559 390.1 181315955 |7493 6338 73 J0.999311 128344
MBH-4 177) 852340 17948 965 5067 3196|6055 J87.22 4261 4132 0998723 128188

Source  Group SNR M %ﬁ ‘Suﬂl e E OT’\SSLL dspin osky &
(SNRtrue) x1073 %1073 x107° x1073 %1073 x10~ 3 (deg) (deg)

TEMRI3  MTAPCIOA | 19598 162 038 —0.10 -035 -094 —3.0 50 3.0-0.04

(19.507) BabakGair | 21.392  1.77  1.01 195 —1.2 —0.68 —2.3 116 45 0.13

BabakGair | 21.364 226 188 271 —2.0 —0.69 —2.5 65 6.1 0.14

BabakGair | 21.362  1.51 1.01 209 —1.3 —-050 —1.7 76 62 0.4

EtAG — 540 488 —7375 26 17 — — 32 083
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LIGO-VIRGO DA basics LISA GW sources in LISA band LISA data analysis

Multimodality of the likelihood

The main problems of LISA is multidimensionality and multimodality.

MBHBs

Source  mode| AMUM AN/n A ASky Aay  Aa, AD/D A AS, AL Ag | 6 Fra
x10-5 §10* (sec) (deg) x107> x10~> x10>[ (deg) | (deg) (deg) x10°2

| —
True @] 44 61 118 27 62 62| 830|606 107 15 1.0 1387732

sreMC1 A 101 | 92 257 192 07 443 131 6439 [7959 8402 259.6 [0.999870 1387772
MBH-1  B,C 135 ) 86 246 804 67 289 224| 939 |1570 770 147 [0.999944 1387946
108 | 63 242 704 7.1 218 208 48.18 |19.07 620 406 J0.999952 1387914

True @3)] 72 91 o082 29 53 72| 152329 095 29 1.0 355588

sreMC2 A 136 | 48 290 133 28 283 198]104.65 [55.92 13855 4.1 J0.999939 355755
MBH-3 B 110 | 925 1546 17651 241 35 247| 5537 |54.86 8131 1357 J0.999827 355769
© 156 | 446 1589 1693 524 150 66.1) 1649 |64.82 1468 250 §0.997845 354301

True Q.D |'553 267 047 292 1514 1387| 2290 [6530 1617 1022 10 128142

sreMC3 A, B, C| 92 [1390 405 034 559 390.1 181315955 |7493 6338 73 J0.999311 128344
MBH-4 177) 852340 17948 965 5067 3196|6055 J87.22 4261 4132 0998723 128188

Source  Group SNR M %ﬁ ‘Suﬂl e E OT’\SSLL dspin osky &
(SNRtrue) x1073 %1073 x107° x1073 %1073 x10~ 3 (deg) (deg)

TEMRI3  MTAPCIOA | 19598 162 038 —0.10 -035 -094 —3.0 50 3.0-0.04

(19.507) BabakGair | 21.392  1.77  1.01 195 —1.2 —0.68 —2.3 116 45 0.13

BabakGair | 21.364 226 188 271 —2.0 —0.69 —2.5 65 6.1 0.14

BabakGair | 21.362  1.51 1.01 209 —1.3 —-050 —1.7 76 62 0.4

EtAG — 540 488 —7375 26 17 — — 32 083
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LIGO-VIRGO DA basics LISA GW sources in LISA band LISA data analysis

Multimodality of the likelihood

The main problems of LISA is multidimensionality and multimodality.

MBHBs

Source  mode| AMUM AN/n A ASky Aay  Aa, AD/D A AS, AL Ag | 6 Fra
x10-5 §10* (sec) (deg) x107> x10~> x10>[ (deg) | (deg) (deg) x10°2

| —
True @] 44 61 118 27 62 62| 830|606 107 15 1.0 1387732

sreMC1 A 101 | 92 257 192 07 443 131 6439 [7959 8402 259.6 [0.999870 1387772
MBH-1  B,C 135 ) 86 246 804 67 289 224| 939 |1570 770 147 [0.999944 1387946
108 | 63 242 704 7.1 218 208 48.18 |19.07 620 406 J0.999952 1387914

True @3)] 72 91 o082 29 53 72| 152329 095 29 1.0 355588

sreMC2 A 136 | 48 290 133 28 283 198]104.65 [55.92 13855 4.1 J0.999939 355755
MBH-3 B 110 | 925 1546 17651 241 35 247| 5537 |54.86 8131 1357 J0.999827 355769
© 156 | 446 1589 1693 524 150 66.1) 1649 |64.82 1468 250 §0.997845 354301

True Q.D |'553 267 047 292 1514 1387| 2290 [6530 1617 1022 10 128142

sreMC3 A, B, C| 92 [1390 405 034 559 390.1 181315955 |7493 6338 73 J0.999311 128344
MBH-4 177) 852340 17948 965 5067 3196|6055 J87.22 4261 4132 0998723 128188

EMRI(S)

Source  Group SNR M %ﬁ iﬂol e E OT’\SSLL dspin osky &
(SNRtrye) x1072 %1072 x107° x107% %1072 %10 ° (deg) (deg)
EMRI-3 MTAPCIOA 19.598 1.62 0.38 —0.10 —-0.35 —0.94 —3.0 5.0 3.0-0.04
(19.507)  BabakGair 21.392 1.77 1.01 1.95 —1.2 —0.68 —2.3 116 45 0.13
BabakGair 21.364 2.26 1.88 2.71 —2.0 —-0.69 —2.5 65 6.1 0.14
BabakGair 21.362 1.51 1.01 2.09 —1.3 —0.50 —1.7 76 6.2 0.14
EtfAG — 54.0 4.88 —7375 26 17 — — 32 083
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LISA data analysis

Constrains on the GW signal modelling

@ Stochastic error: noise pushes the maximum likelihood away from
the true parameters. Scales with SNR (~ 1/SNR).

@ Systematic errors: error in modelling GW signal. For loud signals
could become a dominant source of error.

@ MBHB signal: requires complete (IMR) model with eccentricity,
arbitrary spins, subdominant modes

@ EMRI signal: requires going beyond the first order in perturbation
theory to model long signal (~ year)
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LIGO-VIRGO DA basics LISA GW sources in LISA band LISA data analysis

Summary

GW astronomy on the ground

@ LIGO and VIRGO have detected GWs from handful of
BBHs and one BNS

o GW detectors undergo upgrade: start operating with
improved sensitivity in O3

e Expect more signals (could be 1/week), looking
forward to detecting more BNSs and BH-NS

o LIGO-India and KAGRA: extending the network in the
near future (better sky coverage, localization, ...)

e Study the population of GW sources. Combine events
to have stringent constrains on deviations from GR
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LIGO-VIRGO DA basics LISA GW sources in LISA band LISA data analysis

Summary

GW astronomy in space

@ LISA is very strong now! LPF and GWs with LIGO: full
speed ahead with space-based project.

e Data will be signal dominated, requires new/improved
methods for analysing the data.

e Stringent requirements on the models of GW signals
from binary systems

e LISA: amazing astrophysical and fundamental physics
laboratory

o LISA data challenge:
https://lisa-1dc.lal.in2p3.fr/home

o LISA symposium:
http://ciera.northwestern.edu/LISAl12.php

|2
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