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Introduction and outline

* O3 general

e CBC catalog(s)

* Rates and populations and tests of GR from CBC catalog events
* NSBH discovery

* 0O3a sub-solar mass

* O3 search for short-duration bursts

* Lensing signatures

e IMBH search

 03aGRB



O3 observation and publications
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O3 data taking

1G==° —

« 0O3a: 1% April 2019 — 1%t October 2019 £ 0
* 03b: 15t November 2019 — 27t March 2020 5 102
e 0O3a duty cycle ~71-76% for each detector, for an effective .
observation time of f

* 177 days — (at least) one detector 1024

* 139 days — (at least) two detectors
* 81 days — three detectors 0.40
* Several improvements wrt previous data taking il
0.30 1
* BNS range wrt 02 : x1.64 (LIGO Hanford), x1.53 (LIGO P
Livingston) x1.73 (Virgo) .
* Similar order of magnitude (in some cases better) for O3b 5 0.15 -
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O3a LVK CBC catalog(s)

* Two available catalogues on O3a CBC observations |

« GWTC-2 (Phys. Rev. X 11, 021053 (2021) arXiv)

* cWB, GstLAL, PyCBC
* Mixture of low-latency and offline calibrated data
e List of 39 candidates built based on the FAR

* GWTC-2.1 (arXiv) — superseding GWTC-2
* GstLAL, MBTA, PyCBC
» Offline calibrated data (improved noise subtraction), improved data quality
* PE on 44 candidates built based on p_,,
* Release 1201 subthreshold candidates (FAR < 2/day)

* In the following mainly focus on GWTC-2.1
e Brief discussion on the few notable differences

* Population and testing GR publications based on GWTC-2


https://arxiv.org/abs/2010.14527
https://arxiv.org/abs/2108.01045

GWTC-2.1

* Three pipelines participated to the search : Parameters space and waveforms

* GstLAL — also looking for single-trigger events * Total masses up to 400 (GstLAL), 500 (PyCBC), 200 (MBTA)
* TaylorF2 for low mass, SEOBNRv4_ROM otherwise

 MBTA — splits analysis in two frequency bands . _ : _ ,
* (anti-)aligned spins with |y |<0.05 if m<2, 0.998 otherwise

* PyCBC - generic and focussed BBH

e All use data from LIGO Hanford, LIGO Livingston, and Virgo

| Expected distributions
I Template of GW signals for
banks different CBC sources
h(t) v
. . List of
I CBC search Lls.t of candidates
| ipeline candidates with FAR and
PP with FAR
Data Pastro
quality




GWTC-2.1 — List of candidates (p,,>0.5)

* 44 high-probability (p,.;o>0.5) CBC candidates, including
* 8 new candidates (not in GWTC-2)

* 4 single-detector

* 8 candidates with pgys or prser>0.01, one perefrred BNS, two preferred NSBH

1201 candidates with FAR<2/day in ANY of the search pipelines

Number of observed events with FAR<2/day (ranges showing spread of different pipelines results)

e 24.95-44.50 BBH
* 0.66-3.80 NSBH
* 0.22-0.81 BNS

Name Inst. MBTA GstLAL PyCBC PyCBC-BBH

FAR (yr™') SNR pastro| FAR (yr™') SNR pastro| FAR (yr~') SNR pastro| FAR (yr™') SNR pastro
GW190403.051519 HL mac sy = Seos i mae SN 77 8.0 0.61
GW190408_181802 HLV| 8.7x10° 14.4 1.00|< 1.0 x 107° 14.7 1.00| 2.5 x 10~* 13.1 1.00|< 1.2 x 10™* 13.7 1.00
GW190412 HLV|< 1.0 x 107° 18.2 1.00|< 1.0 x 107° 19.0 1.00|< 1.1 x 1074 17.4 1.00|< 1.2 x 10* 17.9 1.00
GW190413.052954 HL - e —— el 170 8.5 0.13 0.82 8.5 0.93
GW190413.134308 HLV 0.34 10.3 0.99 39 10.1 0.04 21 9.3 0.48 0.18 8.9 0.99
GW190421_213856 HL 12 9.7 0.99| 0.0028 10.5 1.00 5.9 10.1 0.75 0.014  10.1 1.00




GWTC-2.1 vs GWTC-2 notable differences

* Non-recovered candidates (3)

* 1 single-detector BBH, excluded because of better usage of data-quality
information

* 1 event with low p_,, (NSBH)
* 1 event with significance lowered by better usage of data-quality information

* New high-probability candidates (8)
* 1 candidate with pysgy>0.2
* Only 2 have p_,,>0.5 from more than one pipeline
* Most distant event (z~1.14)



GWTC-2.1 — BBH and BNS rates

* BBH and BNS events rates (re) measured from high number of events (not only significant ones)

-_ Rggy from populations paper, using only

8.2
sl 2601—68 significant (FAR< 1 yr1) events, and allowing
for uncertainties in the population model
MBITA 2501‘2% parameters.

+14.3~, . —3_ —1
PyCBC 25,6190 23.9"7¢ Gpe yr

+490 . —3 1
32075,,Gpc “yr

GstLAL 286+§§3
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GWTC-2.1 Searches sensitivities

- Template
h(t) banks
+
injections y Search.p.lp.e.llnes
CBC search sensitivities
pipeline (depending on
injected populations
Data j pop )
quality
Injection populations Sensitive hypervolume V (Gpc® yr)
mass mass range spin redshift  max. GStLAL MBTA PvCBC PyCBC All
S /|
distribution (Mgp) range evolution redshift % BBH
BBH p(m;) o my; %% 2 <m <100 _
(INJ) p(malmy) cma 2 < mg < 100 Ix12] <0.998 k=1 1.9 0.258 0.196 0.194 0.234  0.308
(ggg) POWER LAW + PEAK  (see text) |x12| <0.998 k=0 19 | 122 085 0914 120 1.44
: 1<mi <25 . 3
BNS uniform lemy <25 PX120<04 k=0 015 | 000594 0.00631 0.00657 0.00781
p(mi) cxcm; %% 25 <m; <60 |x1| <0.998 B
NSBH A l<ms<25 Ixs|<04 ®=0 025 | 00174 00165 0.0181 0.0221

Comparable
sensitivities
Pipelines
complementarity

11



GWTC-2(.1) Sources parameters estimation

* Physical parameters of the candidates inferred with Bayesian inference algorithms

* Noise assumed to be Gaussian, stationary, and uncorrelated between detectors

* Different sampling methods (LALInference, RIFT, Bilby)

* Multiple waveform models (different modelling techniques, including different physical effects)

* BBH : IMRPhenomPv2, SEOBNRVA4P, + at least one waveform with HM (IMRPhenomPv3HM,
SEOBNRV4PHM, NRSur7dq4)

* If at least one component with m<3M,,, =2 waveforms with matter effects (PhenomD NRTidal
and IMRPhenomPv2, TaylorF2, TEOBResumS, SEOBNRvAT)

* For NSBH consistent candidates, both BBH and NSBH waveforms
(SEOBNRv4_ROM_NRTidalv2_NSBH, IMRPhenomNSBH, )
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GWTC-2 Sources parameters Estimation
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GW190917 114630 consistent with NSBH

GW190725 174728 one component in lower mass gap

GW190403 051519 and GW190426 190642 high total mass, component
masses in pair-instablity mass gap = dynamical formation channel (CBC,
repeated stellar collisions in dense star clusters, extreme gas accretion from
disk, PBH, peculiar stellar evolution)

GW190403_051519 high ¥, high positive y .« extreme g

(BN

4



O3a rates and populations

Population properties of compact objects based on 47 CBC from up to GWTC-2
(FAR<1/yr)

® Merger rates measurements
— — — _ =
Rppp = 23.975%°GpePyr™!  Rpng = 3207555Gpe Cyr ! z

New insight on BBH population properties

* A truncated power law for primary masses fails to fit the high-mass BBH events
(Power law + peak? Broken power law ? Multi-peak?)

* Observe BBH systems with component spins misaligned with the orbital
angular momentum, with 12 to 44% of BBH systems spins tilted by more than
90° (negative y.5) = a fraction of those formed by dynamical interaction?

* Rggy z evolution consistent with one of star formation rate

e Masses from GW190412 (asymmetric) and GW190521 (high m;) consistent
with the models, the low secondary mass of GW190814 is an outlier.

ApJL 913 L7 (2021) (arXiv)

107!

—— TRUNCATED
—— BROKEN POWER LAaw
—— POWER LAW + PEAK
—— MULTI-PEAK

20 40 60 80

-

—— Power Law + Peak
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https://arxiv.org/abs/2010.14533

)

O3a testing GR

* Tests of GR using 47 CBC from up to GWTC-2 (FAR<1/yr) - no evidence for new physics beyond

1.0

Phys. Rev. D 103, 122002 (2021) (arXiv)

=== Null hypothesis

general relativity —— Messurement /
w081
* Parameterised modifications to waveforms (varying post-Newtonian and phenomenological
coefficients = constraints ~2x stronger than previous 5067 7
* Gravitational-wave dispersion = constraints on Lorentz-violating coefficients improved by a factor = |
. 2 /
of ~2.6, graviton mass m, < 1.76 x 10-23 eV/c2 @90%CL. E 7
 Ringdown frequencies, damping times = constrain fractional deviations from the Kerr frequency 4
(fundamental and first overtone), no evidence of post-merger echoes. ny
) 0.0 0.2 0.4 ().16 0.8 1.(
* Data consistent with tensorial polarizations (template-independent method). AM; M s
7{ - Mti_nsp + Msosu'nsp
-1PN OPN 05PN 1PN 15PN 2PN 25PN® 3PN 3PN® 35PN T
0.010 o 3 1.0 i i AXf/Xf
0.005 ? 0.5 é AMI/ Al[
L 1 4 i é 3
Py i P P N / \, ‘ - - GWTC-2
0.000 A 0.0 o : 0 (}9 s I 0.0 - — e
Y N \(v ¢ Y ) ‘Y V ( /J 7 Q ¢ E« 5 | GWTC-1
~0.005 0 \\ y -0.5 Phenon ’ "g &
. 772 "‘v,y : 1enom ﬁ ; h %
~0.4 \ SEOB 1 G ) A
0.010 T T T T T -3 T T T T -1.0 T T T T T : \\\
P2 ©o P1 2 ®3 Ps Y5t Y6 el Pr B2 Bs Qs Qg ay o == "1 a ; i 1 S : 'l\'~
-04 -0.2 0.0 0.2 0.4 0.6

Fractional deviation
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https://arxiv.org/abs/2010.14529

NSBH discovery

. GW200Q115 .
ApJL, 915, L5 (2021) (arXiv) o 30°
* No EM counterpart to date . /A O I 0°
« GW200115 - HL(V) coincidence, (best) FAR 10-5yr! _ h A 1 s i ‘ o
* GW200105 - Single-detector (L) event, FAR (1/2.8)yr? N - 900 deg’ o B
* Secondary objects masses below limits for NS masses v v
* Lensing excluded by non-overlapping posterios EHEGOTOE

- .

Merger rate consistent with limits from O1 and 02
30°

| |
o" 21h A 15h 12"

7700 deg?

17


https://arxiv.org/abs/2106.15163

O3a Sub-solar mass (ariv)

02<mi <10 02<me <1

Sub-solar compact objects predicted by many models
m
* Primordial Black Holes (BHs) from overdensities in early Universe 0.1< —2<1

. . mi
Dissipative Dark Matter.(Dl\./I) Ixi| < 0.1(0.9) if m; < 0.5 (otherwise)
* BH from DM accumulation in NS cores

* Observation of astrophysical compact objects with mass<Mg wouldbea [ & = Gl AT
clear sign of new physics ol

* Duration up to ~450s (low frequency cut-off 45 Hz) = | " — PyCBC fff |

I.

* X~2 number of templates wrt standard search ,?;;

* Inspiral-only waveforms, with phase terms up to 3.5PN and no E‘ i | |
amplitude corrections 5 ; :

* No observation = constraint on the merger rate Preliminary —

* Interpretation in two models

102 _1 1 1 1

18


https://arxiv.org/abs/2109.12197

O3a Sub-solar mass: interpretations

10°

Phenomenological model from [Phys.Rev. D58 (1998) 063003]

single mass PBH, randomly distributed in space

Merger rate depends on the abundance of PBH, parametrised as a fraction of the
dark matter density

Fraction of DM in PBH fpzy<5% for same-mass PBH with mass in [0.2,1]

Dissipative DM model from [Phys. Rev. Lett. 120, 051102 (2018)], with eccentricity ~1
approximation of the formulas from [Phys. Rev. 136, B1224])

Two dark fermions + 1 massless dark photon

DM can form bound states, dissipate energy by radiation and collapse to form a BH
Power-law distribution for BH masses (unknown cutoff M)

Upper limit (function of M,,,;,) on the fraction of DM that ends up in BH

Lowest upper limit : f;54,<0.002% (M., = 1Mg)
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https://arxiv.org/abs/astro-ph/9807018
https://arxiv.org/abs/1707.03829
https://journals.aps.org/pr/abstract/10.1103/PhysRev.136.B1224

Cumulative number of events

101 .

10 4 A

O3 Search for short GW bursts

* Transient [ms-s] GW signals in [24—-4096] Hz, no assumption on signal morphology

* Coherent WaveBurst (cWB) ML ratio statistic applied to excesses of signal power in time—
frequency. Wilson—Daubechies—Meyer wavelet transform with multiple resolutions, to adapt to
signal features. Low and high frequency analysed separately. Cut on network correlation

coefficient.

* BayesWaves (BW) Bayesian algorithm modelling GW signals and non-Gaussian noise
transients as sums of sine-Gaussian wavelets. Detection statistic used is Bayes factor between
signal+noise and noise only. Computationally very expensive — used to follow up on subset of
dataset judged interesting by cWB, to better assess significance of candidates

—e— Search results
Search results

—k- (CBC removed)
Predicted
1230

BW (followup
on cWB)

107! 10° 10* 102 10%
iFAR (years)

Cumulative number of events

1024-4096 Hz (HL network)

10! 4

10() -

—— Predicted
: PPelimina,Py —& - Search results
; 1230
cWB HF
1072 101 10° 10 10? 10° 10?

iFAR (years)

Cumulative number of events

Cumulative number of events

101 1

10 1
102

10" 4 W

10() —

(arXiv)

32-1024 Hz (HL network)

— Predicted

—e— Search results

—& - Search results (CBC removed)
1230

cWB LF

10! 10? 10% 10?
iFAR (years)

1071 10"

32-1024 Hz (HV and LV networks)

= Predicted

—e— Search results

—4& = Search results (CBC removed)
1,230

cWB LF

) T T v Ui | T T T
10-1 10° 10* 10? 10% 10?
iFAR (years)
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https://arxiv.org/abs/2107.03701

O3 Search for short GW bursts

s18

m20

s9

m39

350C

No GW detection (iFAR>100 yr) beyond the CBC ones

Sensitivity studies based on simulations

Generic signal morphologies: sine-Gaussian wavelets (SG), Gaussian pulses (GA), and

band-limited white-noise bursts (WNB).

CCSNe: different models (s18, m10, s9, m39, 350C) with max distance (25, 5, 5, 70, 70) kpc

Pulsar glitches (GW bulk emission described by f-mode), Vela Pulsar standard candle. EoS:

APR4 (soft) and H4 (hard)

Betelgeuse gGaIactic center

T

—

T

]
=5 @

10! 10" 10!

Distance (kpc)

10%

Distances
at which
[10%-50%]
efficiency
is reached.

1.75-2.00

~1.50-1.75

Mass (M

1.25-1.50

1.00-1.25

Rate density 90% CL
upper limit
10°
B  Elliptical SG
— % WNB (03)
T; w074+ WNB(02) -
'TU _ o &
& 1 Preliminary . .*®
2 .
P 10* 4 =
é" + " )
2 10* 4 .
© . .
107! T .
102 10°%
Frequency (Hz)
[ APR4
[ = Ha Detectable glitch size for
' €=0.5, iFAR 2100 yr.
Box width = variation
over mass bin.
Glitch sizes for Vela-like
pulsars need to be >~10
‘ ‘ 4 to have 50% chances of
L i being detected in O3.
10~ 2x 1074
Av, (Hz)

% Search for long bursts (e.g. magnetars), no event with iFAR>50yr factor ~2 sensitivity improvement wrt 02 (see backup) 21



Lensing of O3a BBH (ankiv

» Studied high BBH with primary mass>50Msun, GW190425 (high-mass BNS), and GW190426
(low-significance NSBH)

* No robust conclusion based on magnification alone
* Multiple images (sky-localisation and most parameters consistent, constrained time-delay)

5.0

* Analyse posterior overlap of all GWTC-2 candidates o 0728-0930
. . . . 4.5 1 . .
—> Joint-PE analysis for most promising Preliminary
. . 4.0
* Coherent ratio (lensed/unlensed evidence), g lg ke
weighted by population and selection effects g o
9Q o 0803-0910
* 11 GWTC-2 pairs with high parameters consistency, g 30 @ 0TOTO%0
none prefers the lensed hypothesis 3 s o 0706-0719
o 0727-0424 .0731_09100 oAl
* No evidence of multiple images in additional 1 Bt~ 43. §07i0803
. . 0915-0719 X o
sub-threshold events, or microlensing o e
n B 0 i )
al
parameters overlap login Rg'\

time delay


https://arxiv.org/abs/2105.06384

All-sky IMBH search

* cWSB, GstLAL, PyCBC. Potential candidates = coherent Bayesian PE (NRSur7dq4, SEOBNRv4PHM,
IMRPhenomXPHM - all with HOM and precession). Considered IMBH if :

+00 oo
f f dm, dM; p(M;,m|D, H) > 0.9
100 65

(arXiv)

Events GPS Time cWB FAR (yr'!) PyCBC FAR (yr!) GstLAL FAR (yr!) p

GW190521 1242442967.5 2,010 1.4x1073 1.9%x 1073 45x1074
114 _ | 1263002916.2 581072 8.6 x 10*2 3.6x10* 1.2x 107!

200214 224526 5544.5 1.3 x:10™" - - 25 %101

1

Marginally significant, and potentially affected by noise artifacts

R = 0.08+8:£Gpc_3yr_

* Sensitivity studies through injections campaign,
added top the O3 strain data (363.38 days)

* 43 IMBH binary waveforms, over the parameter
space studied in 01+02+03, M, up to 800, g in
[0.1,1], 4 with aligned spins, 4 with anti-aligned
spins, 11 with precessing spins

* NRsimulations computed by the SXS, RIT, and
GeorgiaTech codes.
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https://arxiv.org/abs/2105.15120

O3a GRB

Search for GW transient associated with GRB (Fermi/Swift)

105 GRB analysed (X-Pipeline) + BNS/NSBH specific search
(PyGRB) for 32 (out of 105) short GRBs

141 GRB GCN notices during O3a from Fermi and Swift—=> 105
where enough GW coincident data, of which 105 long
(T90+|dT90|>4s) and 32 short (T90+|dT90|<2s) or ambiguous,
w/wo z measurement

X-pipeline: excess power coherent in different detectors, max{[T90-dT90,
T90+dT90],[-600,60]} around GRB time stamp analysed in [20, 500]. Events = clusters
of pixels in time-frequency.

PYGRB: IMRPhenomD, mass in [1.0, 2.8]M for NSs, [1.0, 25.0] M for BHs,

| chi|<0.05(0.98) for NS(BH). Data around GRBs timestamps (-5,1)s analysed in
[30,1000]Hz, 30-90 minutes around used to establish PSD and build background.

No GW signal associated to a GRB. Sensitivity determined on
simulation

Astrophys. J. 915, 86 (2021) ( arXiv)

Modeled search NSBH NSBH
(Short GRBs) BNS Generic Spins Aligned Spins
Dgo [Mpc] 119 160 231

Unmodeled search CSG CSG CSG CSG
(All GRBS) 70Hz 100Hz 150Hz 300Hz

Dgo [Mpc] 146 104 73 28

Unmodeled search ADI ADI ADI ADI ADI
(All GRBs) A B C D E

Dyo [Mpc] 23 123 28 11 33
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https://arxiv.org/abs/2010.14550

Not only transient |

* Full O3 all-sky binaries CW arXiv
e Full O3 targeted J0537-6910 CW arXiv
* O3 isotropic stochastic arXiv

* O3 all-sky cosmic strings search arXiv

* O3 directional stochastic arXiv

e Early O3 SN remnants CW arXiv

* O3 constraints on dark photon and dark matter arXiv
e O3 all-sky isolated CW arXiv

* O3 twenty AMXPs CW arXiv
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https://arxiv.org/abs/2012.12128
https://arxiv.org/abs/2012.12926
https://arxiv.org/abs/2101.12130
https://arxiv.org/abs/2101.12248
https://arxiv.org/abs/2103.08520
https://arxiv.org/abs/2105.11641
https://arxiv.org/abs/2105.13085
https://arxiv.org/abs/2107.00600
https://arxiv.org/abs/2109.09255

Conclusions

* O3 big success for the LIGO-Virgo collaboration

* 1 year run with 3-interferometers network. Efficient operation, detector characterisation and
noise handling. Automatic alerts.

* Many varied scientific results

* 44 high-probability CBC candidates from O3a

e Unfortunately no EM counterpart observed until now

* Constraints on sources populations and rates, tests of GR

» Searches performed for (non-CBC) bursts, CW emission, SGWB, DM..

* Although no evidence (other than CBC) for the moment, sensible improvements in constraints
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NSBH discovery

300 30°
00
0° I A4 I I I
OV 2 gl AFS] Al TP gh 6" 3 on
AplJL, 915, L5 (2021) (arXiv) Spe ‘ s
900 deg?
* No EM counterpart to date - o
* GW200115 - HL(V) coincidence, (best) FAR 10yr* GW200105 o
* GW200105 - Single-detector (L) event, FAR (1/2.8)yr?
30°
OO
Oh
0
-30°
~10 &
=
T T L 15 W Event GsTLAL MBTA PYCBC SPIIR
| ¥ LLO, GW200105 5? .
L1 “\ | ¢ LHO, Gw200115 - 20 = GW200105 low-latency  13.9 13.3 13.2 13.2
e RN X LLO, GW200115 offline 13.9 134 g B
. LHO, GW190426.152155 || | —25 5
<> LLO, GW190426_152155 GW200115 low-latency ~ 11.4 114 1.3 1.0
Bl - L - offline 11.6 112 108 =
10 102
p=3S/N
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https://arxiv.org/abs/2106.15163

NSBH parameters

* Coherent Bayesian analysis of 32s of data for GW200105 and 64s for GW200115
* IMRPhenomXPHM, SEOBNRv4PHM
* Spin-induced orbital precession and higher order multipole GW moments, no tidal effects (checked)

e PBILBY+DINESTY (RIFT, LALInference)
* NS low-spin prior (galactic BNS), agnostic high-spin prior

* Standard flat ACDM cosmology (Hy=67.9kmstMpc1, ,,=0.3065)
"—— Prior
GW200105 GW200115 i S 3 i, 00Y
Low Spin High Spin Low Spin High Spin 600F| —  high spin B GW200105 |
(x2 <0.05) (x2<0.99) (x2 < 0.05) (x2 < 0.99) === low spin B CW200115
Primary mass mi/Mg 8.9%1 3 gigf2 5:9123 3 (R 500k
Secondary mass ma /Mg B L 147048 1 B gpgs
Mass ratio g 021350  0.22703 0.24%55  0.26103 _
Total mass M /M 10,8538 10.9%12 73712 155 2,400 1\
Chirp mass M/Me LR 3415000 24o¥ens  ouprias =,
Detector-frame chirp mass (1 + z)M /Mg 3.61919-906  3.6191+0-907 2i58010-008. ‘957912007 Q_ sl
. . . 2 X g K : 1,
Primary spin magnitude x: 0.09jg.})§ 0.0Bfg%g 0.31*_’3‘23 0.334_”84;3
Effective inspiral spin parameter xes —-0.01%5:9%  —o0.01%g1y  —0.147037  —0.197033
Effective precession spin parameter X, (1) st 0:00E9 2% a9 (13 B 200F
Luminosity distance Dy,/Mpc 280F110 o80+110 31027130 300" 150
Source redshift z 0.0679 02 0.06"0:05 007 0o O o 1004 =) _-/') 7 1L
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NSBH parameters

—  high spin
GW200105 0 0 GW200115 0°  0° low spin
(ch\) k?Oo A i (bQO ! I L?oo .
- 0.8- arccos (sz) 2 0.8 - . |~ prior
N 061 2, 8 - 06- 2
N - 04 \N 7 4
o « 021 i 0 . GW200115
z - /:f/ ° > 5 primary BH
l i ) \ \\-\\
057 . & o
primary <81 <08Tsecondary ¥
2
* GW200105 spin strongly peaked about zero R SR o
* GW200115 negative effective inspiral spin my(M.) X1l X1.:

GW200115 BH spin negatively aligned with respect to the orbital angular momentum, correlated with
smaller m1 - dynamical formation? No formation process is excluded.

Compare precessing and non-precessing models = no evidence of precession (not a surprise given
inclination and SNR)
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NSBH interpretation

(no tidal disruption expected)

impact than tidal)

and Galactic NS)

* Merger rate (based on
the only two events, or
on a larger population
of less significant triggers
with m; in[2.5,40] and m,
in [1,3]), is consistent with
limits from O1 and O2

Lensing excluded by non-overlapping posteriors

A9

Remnant properties, post-merger, testing GR — too small SNR to get useful
constraints. No constraint on tidal deformabilities of secondary objects

Waveforms systematics (precession and higher-order modes have more

Secondary objects masses below limits for NS masses (for non-rotating NS

—— Broad population: 13071 Gpe=yr

|.0F —— Event-based: -l-—>f_;: Gpe i

().8F
=
o, 0.0

£2

1

~10 ‘ 00
R l(;[)r VI

mo (M)

GW200115

Phenom NSBH

EOBNR NSBH (x: < 0.5)
Phenom (x;1 < 0.5)
EOBNR (x; < 0.5)

== Phenom HM (x, < 0.5)

=+ EOBNR HM (x, <0.5) ]
q
7 =1/3
q 1/3 ]
1.0 12 14 1.6 18
ma(Mo)

—  high spin

\
- lowspin |7 |
i

Bl GW200105

W GW200115

Bl GW190814
GW190426_152155

10 5 20 %5
my (M)
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Cumulative source probabilities

Cumulative source probabilities

GWTC-2.1 — Candidates

= [ g {mee
i T EEIO‘O;_ISZ’ZH ,,,,, ] » 1201 candidates with FAR<2/day in

- | B ANY of the search pipelines

11 quipgeomssl mmoioe | 2] * Poisson rates of sources with
1'0g""lﬁ'&'é';"ﬁfé'i' - é 10\\‘““_0“ ________________ FAR<2/day (ranges showing spread

1 | I 1 of different pipelines results)
e * 24.95 - 44,50 BBH

10° 101 102 10° 101 102
Events Preliminary g * 0.66-3.80 NSBH
(a) GstLAL (b) MBTA
5 . . B . * 0.22-0.81 BNS
3 [—_— : k3 1 s NSBH I
| == NSBH ' h= 1 BBH :
BBH i | i E T I
10.0 3 : - | g ! T .
i g | ‘g 10.0 5 i Least significant candidate
N P - R e .- i ‘ with pastro>0.5
i . | 5] o :
104 : GW190612_115526 E ------------------------------------------- - NNspp 2 LL
T3 GWILIELE ] z 103 " GW190725.174728 :
N GWj‘,909244|O21846 ‘ g o "\?W190924-021846H\1\‘\A Events Wlth pBNS or
j I SR SR [— S | NpNs =022, ] ] I }
01 LA I I lIlIIl% II I llIIII; I LI 0.1 T I T TTTTm I llllllll; I LI
10° 10! 102 10° 10 102
Events Events 32

(c) PyCBC (d) PyCBC-BBH



GWTC-2.1 — Candidates

* List of candidates with non zero pBNS or pNSBH

Name

GW190425_081805
GW190707-093326
GW190720-000836
GW190725.174728
GW190728_064510
GW190814 211039
GW190924 021846
GW190930-133541

PBBH

1.00
1.00
0.59
1.00
0.93
0.92

0.87

MBTA

PNSBH PBNS

0.00
0.00
0.00
0.00
0.07
0.07
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00

Pastro

1.00
1.00
0.59
1.00
1.00
0.99
0.87

| PBBH
0.00
1.00
1.00

1.00
0.19
1.00

0.76

GstLAL
PNSBH PBNS
0.00 0.78
0.00 0.00
0.00 0.00
0.00 0.00
0.81  0.00
0.00 0.00
0.00 0.00

Pastro

0.78
1.00
1.00

1.00
1.00
1.00
0.76

| PBBH
0.93
0.95
0.79
0.97
0.54
0.44

0.93

PyCBC

PNSBH PBNS

0.07
0.05
0.17
0.03
0.46
0.56
0.07

0.00
0.00
0.00
0.00
0.00
0.00
0.00

Pastro

1.00
1.00
0.96
1.00
1.00
1.00

1.00

PyCBC-BBH

PBBH PNSBH

0.93
1.00
0.58
0.97
0.44
0.85

0.07
0.00
0.24
0.03
0.56
0.15

Pastro

1.00
1.00
0.82
1.00

1.00

1.00
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GWTC2 and 2.1 parametes space

GstLAL
TaylorF2 is mchirp<1.73, SEOBNRv4_ROM otherwise
(anti-)aligned spins with |chi|<0.05 if m<2, 0.999 otherwise

MBTA

m1in [1,195], m2 in [2,195] with mtot<200

m1in [1,100], m2in [1,2]

(anti-)aligned spins with |chi|<0.05 if m<2, 0.997 otherwise
TaylorF2 if m1 and m2<2 and SEOBNRv4_ROM otherwise

PyCBC
TaylorF2 if Mtot<4, SEOBNRv4_ROM otherwise
(anti-)aligned spins with |chi|<0.05 if m<2, 0.998 otherwise

mm m;  ma M g X1,z X2,z Jmin(Hz)
0.99 1.3 1.3 <6 0.33,1 low low 15
097 3,150 1,3 <153 0.02,1 high low 15
0.99 3,91 3,50 <100 0.1,1 high high 15
0.97 30,392 3,36 <400 0.02,0.1 high high 15
0.99 50,400 9,400 > 100 0.1,1 high high 10
Region | m; /Mg ) ma/Mg ) [x1, Z|m;x [x2, z‘| max | fo (Hz) ufc (Hz) Waveform Waveform
(bank) (analysis)
1 1;2 [1;2] 0.05 0.05 25 80 TaylorF2 SpinTaylorT4
2 1:2 2:100 0.05 0.997 23 85 SEOBNRv4.ROM | SEOBNRv4
3 [2;195] 2:195 0.997 0.997 23 85 SEOBNRv4 ROM | SEOBNRv4
(my +my) < 200 Mg

IClass ‘Masses (Mg) ‘Aligned spins |Waveform model

BNS [mi2 €[1,3] |x1,2 € [£0.05]|Post-Newtonian

NSBH|m; € (2,50] |x1 € [£1] Effective-one-body
ms € [1,3]  [xo € [20.05]

BBH |mi2>3 X1,2 € [£1] Effective-one-body
M < 100

BBH |M € [100,500]|x1,2 € [£1] Effective-one-body
g €[1,10]
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Combined key Waveform name Precession Multipoles (£, |m|)
ZeroSpinIMR* IMRPhenomD X (2, 2)
AlignedSpinIMR SEOBNRv4_ROM X (2, 2)
IMRPh HM X 2, 2), (2, 1), (3, 3), (3, 2), (4,4), (4,3
T enom (2,2, (2,1), (3,9, (3,2, (4,4), (4 3
SEOBNRv4HM_ROM X (2, 2), (2, 1), (3, 3), (4, 4), (5, 5)
: . SEOBNRv4P v (2,2),(2,1)
PrecessingSpinIMR
IMRPhenomPv2 v (2,.2)
IMRPhenomPv3HM v (2, 2), (2, 1), (3, 3), (3, 2), (4, 4), (4, 3)
PrecessingSpinIMRHM  NRSur7dq4 v £<4
SEOBNRv4PHM v (2, 2), (2, 1), (3, 3), (4, 4), (5, 5)
IMRPhenomD.NRTidal X (2, 2)
: sn 02, TEOBResumS X (2, 2)
AlignedSpinTidal’
SEOBNRvAT .surrogate X (2, 2)
PrecessingSpinIMRTidal'! IMRPhenomP_NRTidal v (2, 2)
AlignedSpinInspiralTidal’ TaylorF2 X (2, 2)
SEOBNRv4_ROM_NRTidalv2_ NSBH X (2, 2)
AlignedSpinIMRTidal NSBH
IMRPhenomNSBH X (2, 2)
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O3 Search tfor long GW bursts farkiv)

* Transient [2-500]s GW signals in [24—2048] Hz, no assumption on signal morphology

» Stochastic Transient Analysis Multidetector Pipeline - all sky (STAMP-AS Zebragard, seed-based and
Lonetrack, seedless), cWB (long-duration config)

* No trigger with FAR<1/50 yr-1

* Sensitivity to many different signals is assessed : post-merger magnetars (Magnetar), BH accretion disk instabilities (ADI),
newly formed magnetar powering a gamma-ray burst plateau (GRBplateau) [16], eccentric inspiral-merger-ringdown CBC
waveforms (ECBC), broadband chirps from innermost stable circular orbit waves around rotating BH (ISCOchirp), band-
limited white noise burst (WNB) and sine-Gaussian bursts (SG).

10-18
2 ADI 0% Easin ‘
= GRBplateau i :Eggg_g
1019 . :ESCCBO(;hIrp 4 i ECBC_C
. = o ECBC_D
il > Magnetar = 24 /] |—€cecE )
5 == - wne "y 2 Factor ~2 improvement
10" « SG ] B
= 2 10°F 23 wrt 02
243 - o
< i o
£ o = : More expected for 04 !
l a 2 71;
2 O PR &
= a2 = | ESERRECeE =
10 o 107 F 10° 10!
t—‘: Distance [Mpc|
~
1072
B . .
: Preliminary
H1 PSD
107 10° : 36
10° 10" 10?2

Mean frequency [Hz| Distance U\Il)d


https://arxiv.org/abs/2107.13796

All-sky IMBH search (arXiy

e cWB: minimal assumptions on signal morphology, multi-resolution wavelet transform in time-frequency pixels, signal-
dependent vetoes to remove noise artifacts

e GstLAL: fmin 10Hz, SEOBNRv4, mtot in [50, 600], g in [0.1,1], (anti-)aligned spins (mag<0.98) . Signal consistency, penalty
on significance for triggers in noisy periods. Also considers single-detector triggers.

* PyCBC: fmin 15 Hz, SEOBNRv4, mtot in [100, 600], q in [0.1,1], spins (projected mag<0.998). Gating, signal consistency,
penalty on significance for triggers in noisy periods. VT sensitivity wrt BBH focussed search similar for redshifted total mass
of 100, but up to a factor ~12 higher (for redshifted total mass of 600)

* Potential candidates = coherent Bayesian parameter estimation analysis (NRSur7dq4, SEOBNRv4PHM, IMRPhenomXPHM
- all with higher-order multipole moments and orbital precession)

+00 +00
f f dm; dM¢ p(Ms,m|D,H) > 0.9
100 65

Events GPS Time cWB FAR (yr~!) PyCBC FAR (yr'!) GstLAL FAR (yr 1) p

GW190521| 1242442967.5 2.0x 104 1.4%x 1073 1.9x 1073 4.5x% 107
200114 020818 7| 1263002916.2 5.8 x 1072 8.6 x 10*2 3.6 x 10+ 1.2x 107!
200214 224526 1265755544.5 1.3x 107! - - 2.5 %1071

Update on merger rate:

R = 0,08‘1‘8‘(1)2(}1)@_3};1'_1 .| Marginally significant, and potentially affected by noise artifacts 37



https://arxiv.org/abs/2105.15120

All-sky IMBH search

» Sensitivity studies through injections campaign, added top the O3 strain data (363.38 days)

e 43 IMBH binary waveforms, over the parameter space studied in 01+02+03, M,.; up to 800, qin [0.1,1], 4
with aligned spins, 4 with anti-aligned spins, 11 with precessing spins

* NR simulations computed by the SXS, RIT, and GeorgiaTech codes.

Xp =0 Xp = 0.42
M =600 M =800
................................ ., . B
wi =40 Preliminary LR detected” If o, o2
0f  UUTTRRLLTY 0 T W0 p-value<0.251 @
2001, ' ] N [ B
M = 209 M = 209 e AT,
------- ‘]%g - —0‘.8 .'; % r s 65
“ 100 Xett = 0.0 1 .40 - .-
% Mt 120 11 X f1—20.8 A/I§120 3 T 15 e _—4'3
g 60 \l\' ., 1 \J\—"'" -, 3 :
g =2 13 s 4= " P . - -
> o 48 o & =
4}1-% ,—"‘ P 4\Jr'} i
2 [ ¥ = W
’ BT Sk =
9=- i - - - 2w
101 23 @ . ; S : .
60 100 200 300 400 60 100 200 300 400

my [Mg)

10!

(VT )sen [Gpcy1]

38



