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Structure of Talk:

oduction to gravitational waves and the LIGO observatories
sentation of two of my DetChar and commissioning projects when
LSC Fellow, 2018-2019

agnetars and the O3 x-ray burst GW follow-up search
he GW search over Fast Radio Bursts in O3a
reparations for O4: a stacked analysis



oL,
Lq

1 oL, 1
= +§h+ sin (wt) LyJ = —§h+ sin (wt)




al-wave observatories

O Livingston (LA) LIGO Hanford (WA

Jo Observatory,
taly

go.cfm
pill-gravit




Fabry-Perot Cavities

Michelson
Interferometer




——————

Power
Recycling

Low transmission
allows for power to
build up

|
|
I
v

Low transmission
allows for power to
build up




: 80 Mpe

2: 100 Mpe

)3: L1 - 130 Mpc
: H1 - 110 Mpec
: 160-190 Mpc

5: 330 Mpe (A+)

e
4 P e
ZZ

[u—
—
—
|
o
-
=

-
)
S—
|
[
—

-
Yt
e
—_—
5]
2
=
—_—
-~
N

—_—
O

1000
Frequency [Hz




Updated mm Ol == 02 == O3
2023-01-23

80 100 100-140
Mpc  Mpc Mpc

LIGO i BB

30 40-50
Mi)c Mpc

Virgo

KAGRA

G2002127-v18 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029


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




Optimal Feedforward
Filter

. P(M—~)S|))
P(a—}SD)

Qx =




PRCL FF

oo Mo Sedforward TF
M Fitto TF

_ Pimossp)

Q=
Pla-sp) % \

\

TF of ZPK filter | \

approximation

of alpha ™,

10
Fl‘vq {”7.}

Freq [Hz)



Trend from 19-08-27-21-04-44 1o 19-08-28-00-14-44

Ch 1: HI:CDS-SENSMON_CAL_SNSW_EFFECTIVE_RANGE_MFPC

Filter implemented
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Trend from 18-12-13-10-00-18 to 18-12-13-10-20-17

Ch 2: HI:ALS-C_TRY_A_LF_OUT_

potential ALS glitches
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ALS Glitch Rates, Hanford O3, additional control criteria
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Magnetar Overview

Neutron Stars with exceptionally strong external dipole magnetic fields, ~10'4-10'°
G. Potentially stronger internal toroidal magnetic fields.

Exhibit intermittent x-ray flaring activity, with energies up to ~10%* erg. Very rare
‘giant flares’ of energy up to ~10%° erg. Some are known to emit in radio
frequencies as well.

The flaring mechanism in a magnetar is not well understood, but theories include
crust cracking, magnetic reconnection, hydrodynamic deformation, etc.

If the flare excites non-radial modes (especially f-modes), then GWs might be
produced. F-modes are the fundamental pressure mode, ~1-3 kHz.

Magnetars are one of the leading progenitor models of Fast Radio Bursts (FRBs,
ms duration, high-energy radio bursts from well outside our galaxy)

~30 known galactic magnetars.
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Burst

Source

Date

Time (UTC)

Detectors Egy (erg)

GCN Circulars

2651

SGR 193542154

Nov 04, 2019

01:54:37

H V*

26169

2652

SGR 193542154

Nov 04, 2019

02:53:31

HV

1.4 x 10%?

26163, 26151

2653

SGR 193542154

Nov 04, 2019

04:26:55

HLV

1.1.%:10°7

26163

2654

SGR 1935+2154

Nov 04, 2019

06:34:00

HLV

26153

2655

SGR 193542154

Nov 04, 2019

09:17:53

HL

5.7 x 10

26163, 26154

2656

SGR 193542154

Nov 04, 2019

10:44:26

HL

2.2 x 10*°

26242, 26163, 26158, 26157

2657

SGR 193542154

Nov 04, 2019

12:38:38

HLV

2.7 x 10%°

26163

2660

SGR 1935+2154

Nov 04, 2019

15:36:47

HV

1.2 x 10

2661

SGR 193542154

Nov 04, 2019

20:29:39

HV

1.3:%:10°°

26165, 26166

2665

SGR 193542154

Nov 05, 2019

06:11:08

HV

7.8 x 10%°

26242

2668

SGR 193542154

Nov 15, 2019

20:48:41

7.7 x 10%8

2669

Feb 03, 2020

03:17:11

26980

2670

Feb 03, 2020

03:44:03

26969, 26980

2671

Feb 03, 2020

20:39:37

26980

2673

Swift J1818.0—1607

Feb 28, 2020

22:19:32

2674

Swift J1818.0—1607

Mar 12, 2020

21:16:47

27373
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SGR

SGR

SGR

SGR

SGR
SGR
SGR

SGR

Source

193542154
193542154
193542154
193542154
193542154
193542154
193542154
193542154
193542154

unknown
unknown
unknown

Ringdowns

EX{ (erg)
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1.1 x 10%7
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O3a Fast Radio Burst (FRB) search

e Short (ms duration) bright radio bursts with dispersion measures indicating
sources well outside our galaxy

e 2 classes: repeaters and non-repeaters

e Interesting properties - one FRB has a periodicity of ~16 days, and another
has periodic windowed behavior with period=157 days.

e FRB progenitors are not well known, but magnetars are a leading candidate
for repeaters
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FRB Name UTC Time R.A. Dec. Network DM Dy-Low Dj-high
s pccm™ _[Mpc]  [Mpe]

FRB20190817A 14:39:52 4"21™m08%  73°4A7 M1L1V1 189.5 19.5

FRB20190929C 11:58:29 4%227m925%  73°40' HIL1V1 191.6 20.8

FRB20190518A  18:13:33 1"58"14° 65°46' L1Vl 350.5 118.1 119.9
FRB20190518E  18:20:57 1B57m50° 65°43' L1VI 350.0 148.1 149.9
FRB20190519A  17:50:16 1"43m44% 65°48' H1V1 350.0 148.1 149.9

FRB20190519C  18:10:41 1"58m00°  65°47 HI1V1 348.8 148.1 149.9
FRB20190809A  12:50:40 1858m16°  65°43' HIL1 356.2 148.1 149.9
FRB20190825A  11:48:18 1"58=07 65°42' HIL1 349.6 148.1 149.9
FRB201908258  11:51:54 1P58™04*  65°23' LI 319.9 118.1 119.9
FRB20190421A  08:00:04  13"51™57° 48°10' HIL1VI 225.9 125.1 1260.8

FRB20190702B  03:14:36  13"52m25% 48°15' L1Vl 2241 125.8 1257.5




X-PIPELINE STATUS & PLANS

ESUTTON G2200255-V2

* Ciritical priorities:
|. Convert all python scripts from python2 to python3 [~one week]
2. Enable alerts to graced [not started]
3. Enable stacking for repeating FRBs and magnetars [not started — not needed for O4 start]
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X-pipeline Modifications to handle Stacking:

Currently, X-pipeline runs as a 2-part search

e 1st stage: Identifies loud clusters and assigns each a series of properties
(SNR, different measures of energy, peak time, peak frequency, etc.)

e 2nd stage: takes the list of loud clusters and calculates optimal cuts to make
based on WFs, signal consistency, etc.

e Uses these same cuts on the onsource and then looks at the most significant

surviving triggers.



X-pipeline Modifications to handle Stacking:

Currently, X-pipeline runs as a 2-part search

e 1st stage: Identifies loud clusters and assigns each a series of properties

(SNR, different measures of energy, peak time, peak frequency, etc.)
° : The onsource window is the time around each

trigger (say -1s,+4s). So combine all the properties of the clusters within these
times. List of offsource triggers would be generated the same way for equally

spaced times in time-slid data.
e 2nd stage: takes the list of clusters and calculates optimal cuts to

make based on WFs, signal consistency, etc.
e Uses these same cuts on the onsource and then looks at the most significant

surviving triggers.



Number of TF bins louder than event

Total TF bins




https://tracligo.caltech.edu/xpipeline/browser/xpipeline/branches/stacking

source: xpipeline / branches / stacking

visit: |
Name Size Rev Age Author
y REE
b _J auto_build 6187 ¢ 3 months | patrick.sutton
b _J dependencies 6152 ¢ 4 months | patrick.sutton
[ 6185 ¢ 3 months | patrick.sutton
P _] matlab 6259 ¢ 3 weeks | kara.merfeld
~| O0boot 145 bytes ¥, 5421 & 6 years |edward.daw
—| .gitignore 122 bytes ¥, 2070 & 15 years | jrollins
~| clean_svnversion.sh 611 bytes ¥, 5695 & 3 years | patrick.sutton
—| configure.ac 24KB %, 5421 4: 6 years |edward.daw
—| Makefile.am 173 bytes ¥, 5421 & 6 years |edward.daw
—-| README 1.9KBE 4, 6181 ¢ 4 months pat:'ic‘r:.sjgcm
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significance distribution - 5 triggers
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significance distribution - 17 triggers
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5 K 104 unweighted significances - 17 triggers

Number of TF bins louder than event
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Total TF bins significance of stack



Mean significance to achieve a p-value
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Significance histogram of unstacked clusters Mean significance to achieve a p-value
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Significance histogram of unstacked clusters Mean significance to achieve a p-value
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Significance of unstacked, weighted clusters

trigger2652, w=1.46
trigger2653, w=1.27
trigger2654, w=.271
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% 10° weighted significance - 2 triggers

10 15
significance of stack




weighted significance - 5 triggers
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weighted significance - 9 triggers
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weighted significance - 17 triggers

p Number of TF bins louder than event
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mean significance to achieve a p-value
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Number of triggers

trigger 2655 trigger 2656
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Search parameters available to tweak

e Time and frequency bin sizes - these should be set by astrophysical models

e The bright pixel percentage - where the initial stage of x-pipeline defines a bright pixel
(1% in burst searches.

e The superdecimate rate - the number of clusters per second that x-pipeline keeps
(averaged over each block of time it analyzes). Standard is 1 cluster per 4 s.

e The time-step dt which x-pipeline uses for the Fast Fourier Transform to make the original
time-frequency maps. Standard for an x-pipeline burst search is to use powers of 74
ranging from -1 to 7. We could maybe just use lower values (we expect short-duration
signals).

e Weighting by electromagnetic fluence - this should be determined by astrophysical
models.
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Sensitivities at different superdecimate rates
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Where is the benefit to stacking?

Effectively
. X-pipeline records the hrss needed to recover 50% of the injections

with a greater significance than the loudest background cluster, which could
be as high as 13 (our cutoff). Stacking would just require the mean
significance to just be as high as the mean significances calculated on the
previous slide, (as low as 4.9).

This analysis is run on magnetar flares which have already been analysed
individually using X and not shown evidence of a GW. So this is a way to look
for lower-significance GWs.



Stacking Summary:

e This method could obtain a

e The mean significance necessary to achieve a p-value of .0005 can get as
low as :

e \Ne already have sources to run and evaluate this on including 9 flares from
SGR 1935+2154, 2 from Swift J1818-1607, the 3 bursts from the unknown
magnetar.

e \We've run X-pipeline on repeating FRBs as well, if we have one with many
repeats this could be interesting.

e \We could have more sources and interesting events in O4 and beyond.



56 LIGO Scientific Collaboration papers published between 2018 and the
present.

Publications for which I was on the paper-writing team:

The LIGO Scientific Collaboration, the Virgo Collaboration, the KAGRA
Collaboration, and CHIME/FRB Collaboration. Search for gravitational
waves associated with fast radio bursts detected by chime/frb during the
ligo—virgo observing run o3a. 2022. Submitted to the Astrophysical Journal.

Publications for which I was a co-manager:

The LIGO-Virgo-KAGRA Collaboration. Search for gravitational-
wave transients associated with magnetar bursts in advanced ligo
and advanced virgo data from the third observing run, 2022. URL
https://arxiv.org/abs/2210.10931. Submitted to the Astrophysical Journal.

Publications for which I participated as a data analyst:

The LIGO-Virgo-KAGRA Collaboration. Search for gravitational waves
associated with gamma-ray bursts detected by fermi and swift during the
LIGO-virgo run o3a. The Astrophysical Journal, 915(2):86, jul 2021. doi:
10.3847/1538-4357 /abeel 5.

The LIGO-Virgo-KAGRA Collaboration. Search for gravitational waves
associated with gamma-ray bursts detected by fermi and swift during the
LIGO-virgo run o3b. The Astrophysical Journal, 928(2):186, apr 2022. doi:
10.3847/1538-4357 /ac532b.

Conference Preceedings:

Kara Merfeld. Search for gravitational-wave transients associated with

magnetar bursts during the third advanced LIGO and advanced virgo
observing run. Proceedings of the International Astronomical Union,

16(S363): 187-190, Jun 2020. doi: 10.1017/s1743921322002629. URL
https://doi.org/10.10172Fs1743921322002629.

Instrumental author list publications:

D. Davis et al. LIGO detector characterization in the second and third
observing runs. Classical and Quantum Gravity, 38(13):135014, jun 2021.
doi: 10.1088/1361-6382/abfd85. URL https://doi.org/10.10882F1361-
63822Fabfd85.

S Soni et al. Reducing scattered light in LIGO’s third observing run.
Classical and Quantum Gravity, 38(2):025016, jan 2021. doi: 10.1088/1361-
6382/abc906. URL https://doi.org/10.10882F1361-63822Fabc906.

A. Buikema et al. Sensitivity and performance of the advanced
LIGO detectors in the third observing run. Physical Review
D, 102(6), sep 2020. doi: 10.1103/physrevd.102.062003. URL
https://doi.org/10.11032Fphysrevd.102.062003.
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GLAST Burst Monitor - Trigger 2656 - Nov. 4th, 2019, 10:44:26.31 UTC
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FIGURE 5. Antenna response pattern for a gravitational wave detector for the +
polarization (left), the X polarization (center) and mean polarization (right) [6, 7).
The arms of the gravitational-wave detector are taken to lie along the black lines,
and the radius from a point on the surface to the origin represents the sensitivity to

gravitational waves of that polarization in that direction.




