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The third observing run



The third LVK observing run

The third observing run from April 2019 to March
2020 with a 1 month break for commissioning.

Total number of gravitational waves observed to date
(with probability of astrophysical origin > 0.5): 90

GWTC-3 catalogue: arXiv:2111.03606

KAGRA.'Credit: ICRR, Univ. of Tokyo- 7_ '_; ; - LIGO Livingston. Credit: Caltech/MIT/LIGO Lab 'LIGO Hanford. Credit: LIGO


https://arxiv.org/abs/2111.03606
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A selection of interesting events

e GW190425: the second binary neutron
star to be detected. Around 160 Mpc
away. Detected by L1, V1.

e GW191219, GW200105, GW200115:
first confident NSBH detections

The LIGO Scientific Collaboration and the Virgo
Collaboration, Astrophysical Journal Letters 892 (2020) L3

e GW190814: an asymmetric mass
compact binary. Only 240 Mpc away, and
localised to 18.5 deg?.



Cosmological analyses with standard
sirens



CMB with Planck
Balkenhol et al. {2021), Planck 2018+SPT+ACT - 67.49 + 0,53
Pogosian et al. (20201, eBOSS+Planck D,H7: £9.6 =
‘Aghanim et al, 12020) Planck 2018: 67.27
Agharim et al. {2020), Planck 2018+CMB §
Ade et al. 2016} m,mk

CMB without Pla

L4 Dutcher et al, [2021), SPT: 68,
Aicla et al. |2020), ACT: 67.
Aol et al, (2020) WMAP3FACT. 67
" 9) 8.
Hnsna al 3)

No CMB, with BBN

9'Amco ot al. 12020), OS5 OR12 4BB: 6R.5 + 2.2
Calas at al, (2020]. 8055 DRI2+HEN 68,7 + 1.5
Phicex et al. {2020}, ¥, +HAQ+BEN 68,6+ 1.1
lvanoy et al. 2020}, BOSS+BEN. 67.9+ 1.1

Alam et al. (2020], BOSS+ 3055+ BBN: 6

Currently there is a tension between early 1+ B losing

Philcox et al. 12020), €M lensing: 70.
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Cardora, Kunz, Pettorine (2016 PEN ] 2.

bd Freedman et al. [2012): 322,
)

Possible causes:

Freedman et al. {2020

Reid, Pesce, R 12019), SH

Freedman et al, 1201

Yuan at al, {201

1. Systematics?
2. New, unknown physics? T

Tully — Fisher Relation (TFR)
Keurkchi et al. {202 6.022.6

Schombert, McGaugh, Lelli 12020): 75.12 2.8
Surface Brightness Fluctuations
Blakeslee et al. (2021] IR-SBF w/ HST: 73,3225
tan et al. (2020) w/ LMC DEB: 71.1 24.1

SN

de Jaeger ot al, |2020). 7

H galaxles

Tension lies at 4 - 60. OO ..o L

Lensing related, mass model - dependent
Denzel et al. |2021}: 7182
Birrer et al. (2020), TDCOSMO+SLACS: 67.4:41, TDCOSMO. 74,
Yang. Birrer, Hu (2020] Ho = 73. H
Milan ot al, 2020), TOCOSMO: 74.2 + 176
Baxter et al. (2020}

Shajib et al. (2019), STRIDES: 74,27
Wong et al. (2018}, HOL COW 2019 73.3.

Hu, J.-P.; Wang, F.-Y. https://doi.org/10.3390/universe9020094 s R cow ke A

Di Valentine (2021) 72.94 £ 0.75
Ultra - conservative, no (ephelds. no lensing

Eleonora Di Valentino et al https://doi.org/10.1088/1361-6382/ac086d v

Geyathr et al. (20201

Abbott et al. (2017), GW170817: 7

L1001 e ety

E. Di Valentino et al. arXiv:2103.01183 e 70 75 80



Gravitational waves as standard sirens

Signal amplitude is (inversely)
proportional to luminosity distance
to source, and independent of the
cosmic distance ladder:

M.
dr

A= f(M., 1)

Redshifted chirp mass:
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p(Hy | GW170817) (km™" s Mpc)
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The LIGO Scientific Collaboration and The Virgo Collaboration, The 1M2H Collaboration, The Dark
Energy Camera GW-EM Collaboration and the DES Collaboration et al. Nature 551, 85-88 (2017).

GwW170817
DECam observation
(0.5-1.5 days post merger)

GW170817
DECam observation
(>14 days post merger)

M. Soares-Santos et al. 2017
ApJL 848 L16

11



Cosmological analyses with standard sirens

“Bright sirens” “Dark sirens” “Spectral sirens”

An EM counterpart is No EM counterpart No EM counterpart or

observed and used to observed. Galaxy galaxy survey is used.

obtain the host galaxy surveys are used to Features in the mass

redshift. provide redshift distribution of the
estimates for potential GW population break
host galaxies. the mass-redshift

degeneracy.
AKA the EM AKA the galaxy AKA the redshifted

counterpart method catalogue method masses method

12



Using galaxy catalogues for cosmological
inference

13



The dark siren + galaxy catalogue method

Don’t know the true host galaxy, so
treat all galaxies in the GW
localisation as potential hosts and
marginalise over them

(see, e.g. Schutz 1986, Del Pozzo 2012, Chen+

2018, Soares-Santos+ 2019, Gray+ 2020, Finke+
2021..)
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The dark siren + galaxy catalogue method

A

GW data

A

Galaxies

A

=

/\-'

A
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The galaxy catalogue

The galaxy catalogue analysis made use of the GLADE+ galaxy catalogue [1], constructed
from the GWGC, 2MPZ, 2MASS XSC, HyperLEDA, and WISExSCOSPZ galaxy catalogues,
and the SDSS-DR16Q quasar catalogue.

30 , 25 s 30°

— GW150914
- GW151226
- GW170104
— GW170608

30 GW170809
- GW170814
- GW170817
— GW170818

The LIGO, Virgo and KAGRA collaborations,
1200 1250 100 Sept 2021, arXiv:2111.03604

Mihr

[1] G Dalya et al. MNRAS, Volume 514, Issue 1, July 2022, Pages 1403-1411 16



Galaxy catalogue incompleteness

1.0
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The LIGO, Virgo and KAGRA collaborations, Sept 2021, arXiv:2111.03604
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GWTC-3 dark sirens

GW190814
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GW190814: the most informative dark siren so far

Redshift distribution

P(Glz, Ho)
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Results from galaxy catalogues

Uses 42 BBH detections,
GW190814, two BNS events
and two NSBH events.

All are analysed with the
GLADE+ galaxy catalogue in the

K-band (apart from GW170817).
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The LIGO, Virgo and KAGRA collaborations,
Sept 2021, arXiv:2111.03604 21



Impact of population assumptions

Changing the population parameters
which correlate most strongly with
Hy(m__ Y ), leads to a
significant shift in the posterior.

The galaxy catalogue analysis is
not separable from redshifted
masses.

p(Ho|x)[km~" s Mpc]
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The LIGO, Virgo and KAGRA collaborations,

Sept 2021, arXiv:2111.03604
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Using the black hole mass distribution for
cosmological inference

23



Cosmological + population inference with N _ GW events

Individual GW
event likelihoods

\s /
Novs [1p(2:]®, 0fppop (6] @ )d0
Pdet (6, P)ppop (0| P)dE’

priors

Probability of detecting
a GW from the
mget population
1 4+ z(Dy; Ho, Qm, wo)

m; =

24



Black hole mass distribution
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The LIGO Scientific Collaboration, the Virgo Collaboration and the KAGRA Collaboration,
Phys. Rev. X 13, 011048, March 2023

25



Correlation of cosmological and population parameters

m__ (maximum black hole mass)

U, (position of the peak in the primary
mass distribution)

v (low-z power-law slope of a
Madau-Dickinson-like merger rate)

Sharp features in the mass distribution
are correlated with HO.

(See e.g. Farr+ 2019, Mastrogiovanni+ 2021)
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Results from redshifted masses

Marginal posteriors on H,, 2 and w, using 42 binary 3 1
black holes with SNR > 11, for 3 different mass i

Hy = 6874* kms~! Mpc ™!
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A new way forward
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Integrating galaxy information to a population analysis

J

Npix —Nget
p(Al{zawh {Dawh D) o pAIDP(Nace|A, 1) ! [ [ pawio. & DpEID S w10, I)dedz}

Naet Npix
X H [//ZP(xGWi|Qj,0,A,I)p(0|A,I)p(z|Qj,A,I)d0dz}
g I

(2

L OS redshift prior: can pre-compute this to
include galaxy catalogue information and
the out of catalogue correction.

M 14.327

R. Gray et al 2023 (in prep), see also Mastrogiovanni et al 2023
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The line-of-sight redshift prior

Galaxy catalogue
contribution

Ngal(Qi)
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R. Gray et al 2023 (in prep) 30



LOS redshift prior (example pixel)
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—— with catalogue
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R. Gray et al 2023 (in prep)



Case study of GW 190814

Impact of resolution
choices on the
posterior for

GW190814.

R. Gray et al 2023 (in prep)
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A new result

42 BBHs, 2 NSBHs, 0.045 —
GW190814, GW190425 0.040 —— NSBHS + GW190814

= GW170817

analysed with GLADE+, and 0,035 — all events

Planck

GW170817+counterpart. SHOES

o
o
w
o

o
o
N
wu

Full population+cosmological
inference, then marginalisation
over population params.
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What'’s next?



The gravitational wave data side
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The galaxy survey side

So far have used GLADE+ because it covers majority of the sky, and it's
incompleteness in K band is well understood.

In the coming years we need to make use of current surveys with large sky areas
which go to higher redshifts (e.g. the DESI Legacy surveys, DES, etc. (see e.g.
Palmese et al 2023)), as well as prepare for upcoming surveys such as LSST.

|deally we need

e Reliable redshift estimates
e Source-frame luminosity information
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IG
Summary Kﬁﬁ?g

No confirmed EM counterparts during O3, so two methods were used for cosmological
inference on the detected events:

e Black hole mass distribution
e Galaxy catalogue

Cosmological results provide interesting hints of what is to come, but are not yet
competitive with non-GW measurements.

04 has started and will last for 18 months, which will greatly expand the catalogue of GW
detections.

Estimates which combine mass distribution and galaxy catalogue information (plus use of
more complete catalogues) will maximise the cosmological information gained.

@ This material is based upon work supported by NSF’s LIGO Laboratory ii’é University
which is a major facility fully funded by the National Science Foundation. -
J of Glasg&w



Extra slides



Photometric redshifts

Spectroscopic redshifts are S R R i
costly/time-consuming, so

most galaxy surveys

provide photometric

redshifts.

These are much cheaper, .

but come with larger N B
uncertainties and can be 3 % s

unreliable at faint i Boe
magnitudes/high redshifts. B

Zhou et al. MNRAS, Volume 501, Issue 3, March 2021, Pages 3309-3331
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Redshifting of galaxy luminosities

Galaxies don’'t emit uniformly in all bands. We observe in some band b, but the
light detected has been redshifted.

Solution? K corrections
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More dark siren measurements

5021072 K—band, L/L. > 0.6, Py, = 0.7
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Cumulative detections to date

01 =3, 02 =8, O3a = 44, O3b = 35, Total = 90
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BNS

GW190425 is the second binary
neutron star to be detected, after

GW170817. Around 160 Mpc away.
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NSBHs

|
|
: star mass?
|
|
|

S

Maximum neutron

Secondary mass
(A

GW200115
GW200105 " @
awigatg | 1 1

GW190917

GW190814
GW200210

0.5 5 10 15 20 25 30 35
my (J'\C[)
Primary mass

The LIGO Scientific Collaboration, the Virgo Collaboration, the KAGRA Collaboration, GWTC-3 webinar
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Events from O3a
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Events from O3b
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Lower mass gap
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Evolution of merger rate with redshift
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Population only result

42 BBHs with network SNR >
11.

Good agreement with GWTC-3
cosmology paper.
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nside 32 vs 64

Mth map
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Summary

e This version of gwcosmo is ~1000 times faster than the one used during O3.

e The amount of memory the LOS redshift prior requires is not dependent on

the number of galaxies in the galaxy catalogue (good for large surveys in the
future!)

o Butit does depend on the pixel resolution

o And also on the redshift resolution required to accurately capture redshift uncertainties

e Can carry outinference on H,, MG parameters (see Anson’s talk) and GW
population parameters.

o Other cosmological parameters (Q,, w,, w,) remain a as a challenge to be implemented in
the future.
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