Challenges for multi-messenger astronomy with gravitational waves
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NASA

Independent measurement of Hubble constant

Insight into the nature of highly dense matter
See Phil Landry’s talk this afternoon!

Tests of general relativity in extreme spacetime curvature

Census of stellar remnants



Gravitational wave strain
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Current GW detector network (IGWN

LIGO/Caltech




Searching for signals with matched filtering
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B. P. Abbott et al. Phys. Rev. Lett. (2016)
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Typical GW sky localizations (examples from GWTC-2

April 8, 2019 18:18:02 UTC
GW190408 181802 T T
3.52 Gyr ago

EGO2INIRGD

GWTC-2: Gravitational -Wave Transient Catalog - Sky Localizations



NASA/Goddard Space Flight Center/Cl Lab



Prospects for early warning alerts for binary neutron stars

BNS SNR accumulation

29 Hz
32 Hz
38 Hz
49 Hz
56 Hz
1024 Hz
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Prospects for early warning alerts for binary neutron stars

Final SNR 11 18 25
Distance 250 Mpc 210 Mpc 160 Mpc
Sky
map (animated
GIF)
29 Hz Not detected Not detected 12000 deg?
32 Hz 10000 deg?
38 Hz 9200 deg? 8200 deg?
49 Hz 2300 deg? 1000 deg? /730 deg?
IGWN Public 56 Hz 1000 deg? 700 deg? 250 deg?
Alerts User
Guide 1024 Hz 10 deg? 31 deg? 5.4 deQ?




Inference of source properties

BN R «— Data model d = signal (through lens of detector network) h + detector noise n

20d;|2 1. ; Likelihood: we expect the residual of d-h to be consistent
TS, () 2R SRI/ with Gaussian noise
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Known compact object masses vs. estimated distance

| mm EM BH
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Milky Way center
Milky Way edge
Virgo cluster
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Mclver and Shoemaker, 2021



Independent measurement of Hubble constant

Insight into the nature of highly dense matter
See Phil Landry’s talk this afternoon!

Tests of general relativity in extreme spacetime curvature

Census of stellar remnants

NASA
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Advanced LIGO noise

Spectrum: L1:GDS-CALIB_STRAIN,rds

2019-05-30 03:30:00.000 | 1243222218 (360.0), fftlength=10.0, overlap=0.5
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Interferometric GW
detectors are extremely
complex.
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Challenge: known causes of GW detector glitches

Lightning Birds Refrigerators Radio contamination
Ocean waves Earthquakes Alr conditioners Telephones
Low humidity Irains SNow plows Thunder

Forklifts Hellicopters Airplanes Logging
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Challenge: GW detector transient noise

Loudest event: SNR = 57/52.97/, Peak = 1259251014 .22, Peak Frequency = 269.28
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The LIGO summary pages


https://www.gw-openscience.org/detector_status/

Challenge: GW detector transient noise

Loudest event: SNR = 5752.9/7, Peak = 1259251014 .22, Peak Frequency = 269 .28
H1:GDS-CALIB_STRAIN with Q of 57.8
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https://www.gw-openscience.org/detector_status/

A menagerie of GW
detector glitches
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Ditferent tools for ditferent problems

1. |s a candidate real (astrophysical)?

2. It real, is parameter estimation accurate” (Is the Gaussian noise assumption valid?)

Omegascan for S191109d v3 sub1 using H1 data
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Plots by D. Davis. Glitch modelling and subtraction using BayesWave: Cornish & Littenberg 2014 & 2020; Davis et al 2021. 21



What impact do glitches have on parameter estimation?

e Simulated GW signal injected at
different points in time relative to
detector glitch

o (W source parameter estimation
oroduced for signal at each injection
merger time

e Posterior distributions compared to
determine which parameters aftectec
most, what constitutes a “sate” time

itch

separation between signal and g

e See also recent skymap study; Macas
et al 2022.

Niko Lecoeuche
UBC PhD student
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Amplitude

Frequency (Hz)

Next level: simulated glitches

Simulated blips from
Melissa Lopez's 2022
Phys Rev D paper.

_ See also J. Powell et al.
6 | | | | | 2022 arXiv 2207.00207
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Recent work using ML to generate simulated glitches will allow us to have much more control
over the transient noise used in this study

Simulated Gaussian noise plus a simulated glitch will allow us to much better understand the
impact of lower SNR glitches
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The curious case of GW200129 - signs of precession?

,./‘e'li;( i Home > News
f@@h@%}ﬂ |

EXPRESS 'it:,z @ = Ong c?f thg most ex.treme.black hole

A e —————————T collisions in the universe just proved

HOME NEWS SHOWBIZ& TV SPORT COMMENT FINANCE TR Einsteln I"Ight

GIURIVSIAI  JANUARY 18,2023 | NEW SLEEP APNEA DRUG SHOWS PROMISING RESULTS IN HUMAN TRIALS By Brandon Specktor published October 12, 2022

UK POLITICS ROYAI WORLD US SCIENCE WEATHER WEIRD HISTORY

The black hole twisted 10 billion times faster than any ever

Home > News Science HOME SPACENEWS ObServed.

" JANUARY SALES - THE DEALS YOU CAN'T AFF 0000060

Most Extreme “Wobbling Black Hole” Ev

Colliding black holes produce Detected — Exotic Phenomenon Predicte
most extreme 'wobble' ever seen | Finstein’s Theory of Gravity

b ) b 0
ln One ln 1’000 event TOPICS: Astrophysics Black Hole Cardiff University

Gravitational Waves

This is the first time that this effect - known as precession - has been seen witt
black holes, where the "wobble" is 10 billion times faster than in observations o Science News from research organizations

other bodies.

'Wobbling black hole' most extreme example ever
detected

Gravitational waves identify what could be a rare one-in-1000 event

Date: October 12, 2022
Source: Cardiff University

Summary: Researchers have identified a peculiar twisting motion in the orbits of two colliding
black holes, an exotic phenomenon predicted by Einstein's theory of gravity. Their

H an n am et al ) N atu re ) 2022 study reports that this is the first time this effect, known as precession, has been seen

in black holes, where the twisting is 10 billion times faster than in previous
observations.




The curious case of GW20129

Original Data Subtracted Data
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Plots by Derek Davis; Davis et al 2022.
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The curious case of GW200129
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Fxample of more subtle noise features: $191213bb

51912139 was found in low latency by matched filter search GstLAL in both LIGO Hanford
and LIGO Livingston with FAR of 1.1 yr1.
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The need for automation

04 candidates:

H1 result:  Pass | Obsening

~100
, Task IFO Status Result
O5 candidates:
expectec rayleigh H Done ok Pass
| . .
>600 ° stationarity H1 Done 98437¢ Pass
Higher gspynettree H1 Done 99068 Pass
detection rate glitchfind H T Done . 2813 Pass
and longer

observing run Lockcheck al Done 1. Pass

The LVK data quality report, J. Areeda, D. Davis et al.

Danger: pass candidates with glitches to downstream analyses
(testing general relativity, rates and pop, etc)

28



. )
Introducing GSpyNetTree: ' §
- - - Tl
Slgngl—vs—glltch classitier e PR \E ) WL
fOr S”"]g‘e deteCtOr GW data Sofia Alvarez Seraphim Jarov Julian Ding ~ Sarah Thiele ~ Annduesh  Dr. Mervyn

| - - | i Ch
With Raymond Ng, UBC Data Science Institute Director yanage an

a GSpyNetTree considers three classifiers, one per mass
range, along with morphologically similar glitches.

Low mass CNN High mass CNN Extremely high mass CNN

GW (5-50 M) . GW (50-250 M)

GW (250-350 M@)
Blip . Blip

Blip

1
2.
Low Freguency Bli . Low Fregquency Bli 3. Low Freguency Bl
9 y Blip g y BlIp 9 y BlIP
A

No Glitch . No Glitch
Scratchy . Koi Fish
6. Tomte

No Glitch

Builds on the original GravitySpy architecture and training set: M. Zevin et al. 2017 CQG (arXiv 1611.04596)

Jarov S., et al., "A new method to distinguish gravitational-wave signals from detector glitches with Gravity Spy”, (in prep).
Alvarez-Lopez et al., “GSpyNetTree: A signal-vs-glitch classifier for gravitational-wave event candidates”, arXiv 2304.09977 (2023)




GW examples

Spectrogram of 0.5 s duration _ Soactiogramof 1 & duratior Speclogram ¢l 2 s curalion Soectrogram of 4 s duralior

Glitch examples
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Alvarez-Lopez et al., “GSpyNetTree: A signal-vs-glitch classifier for gravitational-wave event candidates”, arXiv 2304.09877 (2023)



A solution for robustness to glitches near
signals: a multi-label classitier

Multiclass Classification Multilabel Classification

Frequency (Hz)

o))
F =N

N
-
>
Q
c
®
>
o
®
.
L

o &
Normalized energy

CNN can only output one class (Chirp

e CNN may predict 0+ classes.
class is ignored)

Alvarez-Lopez et al., arXiv 2304.09977 (2023)



How well does GSpyNetTree perform?

>98% recall in all classifiers, in all classes!

The most commonly
confused classes are GWs
and no glitches; this is
expected, and an
equivalent result

Low mass
classifier
recall

Alvarez-Lopez et al., arXiv 2304.09977 (2023)

n

Label: No Glitch
f1=0.94737
recall=0.95294
precision=0.94186

Label: Chirp
f1=0.99635
recall=0.99635
precision=0.99635

Predicted

Predicted T



An example of where GSpyNetTree does well

GSpyNetTree result: DQ issue Stationarity test: PASS

(8230421 bb) GSpyNetTree prediction on V1 V1 Stationarity for GPS Time 136608
\. Plotting Results
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Challenge: detection

S190518bb case study

Automatic Preliminary Notice sent ~6 minutes after the event:
False Alarm Rate: 1.004e-08 [Hz] (one per ~3 years)
Probability system contains a neutron star: 100%
Probability the system is a binary neutron star merger: 75%
Probability the candidate is a detector glitch: 24%

event ID: G333313

50% area: 26 deg? event |1D: G333313
90% area: 130 deg’ distance: 28+15 Mpc




Challenge: S190518bb case stuay

H1.GDS-CALIB_STRAIN,reduced at 1242242379.923 with Q of 45.3

Perspective ot astronomers
engaged in GW alert follow-

up.

ldea from CIFAR G&EU 2019:
additional noise screening is
needed! What can we do
with information that is
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GWSkyNet: leveraging skymap information

Dr. Meryvn Chan

Two candidate triggers for the same “superevent” (i.e. nearby in time)

60°_— T _60° y sl A BN \\Q
(preferred event), o N
30° ‘ %"1 30 30° // V. / ) \ 30°
GWSkyNet score: 4.9e-16 / GWSkyNet score: AN
/ o \
| o / k 0.999
0.[\‘ 21" 18" 15h 12" gh 6" 3 9“ Ah\ 21" 18" 15" 12N gh '
\
-30\ . -30° -30°\
_60o“"---\-%__‘—__%____—‘--_——--_ - -60° True injection -60° —= //

sky location

Miriam Cabero et al. ApdL, 2020

GWSkyNet results available for O4 to LVK members via GraceDB.


https://ldas-jobs.ligo.caltech.edu/~manleong.chan/GWSkyNet/gevents_skymaps/specific_examples/S230204gd_geo/G874295.png
https://ldas-jobs.ligo.caltech.edu/~manleong.chan/GWSkyNet/gevents_skymaps/specific_examples/S230204gd_geo/G874296.png

Timeline of Advanced LIGO and Advanced Virgo

2010 2015 2020 *
eLIGO |—|'01— 2 ———— 3  — 04 —|7

/

Observing run 4 (O4)

e Started May 24 with improved
detector sensitivity (2 LIGO
detectors)

* Target: Advanced LIGO and
Advanced Virgo at improved
sensitivity

« KAGRA also plans to join at a

reduced sensitivity
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Pre-04 updates for Advanced LIGO
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L ooking aheao

As the GW detection rate increases, automation will become more important.

LIGO
- 80 Mpec
100 l\ipc O4 started on May
| /
. L - 130 Mpc 24!
3: H - 110 Mpc
: 160-190 Mpc —Xxpectation for the
: 330 Mpc third LIGO

=z

ving run (O3)

lll“ observi
,.- 1 signal/week!

, O4 expectation: up

100 1000 to a few signals per
Frequency [Hz] week

LIGO-Virgo arXiv 1304.0670 v11
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What else might we detect with current detectors?

Continuous waves
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The unknown?

B AR

Stochastic background

hours days years millennia

Waveform duration in-band in Advanced LIGO
Mclver and Shoemaker, 2021
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The UBC GW
astrophysics

group

Mervyn Chan Niko LLecoeuche
Alan Knee Annudesh Liyanage
Sofia Alvarey g Steven Hsueh
I ! [/ AL
_ProToono | m | ll “l | l’ ||'|‘ I
I , | T
|
Evan Goetz

/ Helen Du

event ID: G3285%7
0% arca: 201 acg?
80% area: 2677 deg®

B0°

Evan Goetz, Alan Knee,
Neev Shah, Kat Nell

Alan Knee
Heather Fong
Neev Shah
Vaibhav Garg
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