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Timeline of Gravitational Wave Observatories and Astronomical Surveys & Facilities
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https://arxiv.org/abs/2203.11226
https://arxiv.org/abs/2203.11226

Masses in the Stellar Graveyard

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars
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390 GW events
e 2-3 binary neutron stars

e 5-7 neutron star black holes
1 confirmed EM counterpart (a dozen
candidates)

~8 GRB kilonovae

LIGO-Virgo-KAGRA | Aaron Geller | Northwestern
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Credit: NASA's Goddard Space Flight Center/Cl Lab

Relativistic jet - gamma rays
(magenta)

Ejecta from kilonova -
UV/optical/infrared (violet and white
to red)

Afterglow - X-rays, optical, radio


http://www.youtube.com/watch?v=x_Akn8fUBeQ

rgers EM counterparts

EM Counterpart

No EM Counterpart



http://www.youtube.com/watch?v=VwWLpQ4JFIc
http://drive.google.com/file/d/1-CF9B8_YmPtJVWuvXCnExZ0yRBK_c9UO/view
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ApJ arXiv:2410.10579

AP & Kunnumkai 2025,

O’Connor,

Kaur



See also Bartos+17

Ram-pressure strlppln + Bondi talil (McKernan+19 Antoni+19)

=LY A

Jet breakout, shock cooling (Tagawa+23, 24) Jet afterglow (~Wang Lazzat| &
(b) o - Pernat22)
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1. Compact binaries merge at cosmological distances, and we
will be able to observe them all the way to the first mergers

2. GWs travel unaltered through the Universe, except for

gravitational lensing

3. GW wavelengths are of astrophysical scale

4. Signals are understood from first principles — distance

measurement is too!

Sub-percent H,precision with XG+Rubin

Other cosmological parameters constraints not
competitive on their own, but interesting when

combined with other probes
(bright sirens)

Gravitational Wave horizons
2035+

2025+

Now

so[oy yoepq Areurgg

3.0 Gyr

3.8 Myr =7

Age of the Universe
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The big bang
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e 0O(10) multimessenger events to discern between formation channels that trace stellar mass, halo
mass, SFR (Adhikari+20)

e Morphology studies: Galaxy merger-driven formation pathways may play a significant role
(AP+2017; Skobe+2026)

e Offsets and delay times inform formation channels

AP+2017
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* Cosmological Parameters
* Peculiar velocities
* LSS Cross-correlations for bias and
cosmological parameters
* Modified Gravity
* Luminosity distance vs GW distance
* Dark Matter
* Gravitational lensing of gravitational waves
* Primordial black holes, exotic compact objects

Also consider: NS equation of state, unmodeled
sources and new discoveries, black hole seeding
and evolution with LISA

Combined sky[ localization

60°

90°

Hannuksela+2020

19



Massive Black Hole Binaries

m EM bright or dark, out to

z<10
Stellar black holes
B Expected dark

Extreme Mass Ratio Inspirals

® bright? May relate to
TDES/QPEs
Galactic binaries

Characteristic Strain

l MBHBs at z =3

= EMRI Harmonics
= LIGO-tyvpe BHBs
I — awisonid

Galactic Background

# Verification Binaries

Gal. Bin. (SNR =7

10° 10" 103 1% 10”
Frequency (Hz)
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 LISAmassive black hole binaries - Rubin prospects

10-150 “verification” binaries detectable in
Rubin and later in LISA (Xin & Haiman 2021)

Identifying the EM counterpart may be possible
at 1 week/month before merger with Rubin
candidates (Xin & Haiman 2024), enabling
multiwavelength/pointed follow up

LISA sky localizations: 0.1-1000 deg?
Mass/z not enough for identification

Continued monitoring through the LISA
lifetime is ideal also to catch “Changing-look
inspirals” (Zrake et al. 2025)
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e By 2036:
© We may not have a large (100s) sample of multimessenger events yet
o BNS Rates are uncertain but we know GRB rates
o Rubin may have identified candidate MBHBSs, possibly not confirmed by LISA yet
e Opportunities for Rubin from 2036:
o Contribute to precision cosmology and population studies with a large dedicated
multimessenger program
A lot of other science cases not discussed here
Some of the most interesting results from GW astronomy came/may come from
what we did not expect - a facility with a dynamic strategy is crucial
o Coordination between GW detectors and Rubin+EM facilities (e.g. timelines). PI-
led campaigns will become less and less sustainable in the XG era.

Contact: palmese@cmu.edu - DES, DESI, LISA, Cosmic Explorer, Discovery Alliance, Rubin Observatory as
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eration GW detectors timeline
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https://emfollow.docs.ligo.org/

Fig ceedit: Dan@ Be'rr'y; ékchq'rks Digital, Ihc.

Binary neutron
star mergers
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e Ideal to understand Hubble constant tension:
1. Self-calibrating: Independent of distance ladder

2. Cosmological model independent
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(Some) limitations:
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GW strain amplitude

le-19

|
w

2.5 1 S

hs ,-—-L. 90 deg (Edge-on)
0.0 - st T ‘ ,
-2.51 '

Time [s]

Credit: S. Mastrogiovanni
31



- viewing angle

Break distance-inclination degeneracy by constraining viewing angle from EM

observations
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_ GWA70817 bright standard siren - viewing angle

e (GW170817 Afterglow at ~3.5 years: including data beyond peak brightness

e Hydrodynamic simulation-based JetFit (Wu & MacFadyen 2018) to model the
afterglow, consistently from X-ray to radio, with simulations from McDowell &
MacFayden 2023

10° GW and EM Afterglow Posteriors
---- 3GHzx6

“‘,}—“~+~\g+ - 6GHzx1 s EM Afterglow
*t,‘-‘ N ---- 5.0e+14 Hz x 100 - GW
',_——' ﬂ ---- 1keV x 800
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AP, Kaur, Hajela, Margutti, McDowell & MacFadyen 2024, PRD arXiv:2305.19914 33
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CMB 2025 (ACT-DR6)
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- peculiar velocities
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DESI observed 39 group galaxies CMB 2018 Planck .

CMB 2025 (ACT-DR6)
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GW190425 - Optical observations. -

No EM counterpart found (e.g. Hosseinzadeh+2019, Coughlin+2019, Smartt+2024), but:

Single-detector detection (>7000 sqg. deg. localization), and ~160 Mpc away, massive (small ejecta masses)

Keinan & Arcavi 2024

0 log10(Times Observed) 2.35218 38



Simulate BNS+NSBH GW
detections+KNe

Power law+dip+break model

= BROKEN POWER LAaw + Dip

my [A[_;]
Farah+2022, ApJ; LVK 2024, ApJL

1

Mulimessenger KN detection prospects

BNS rates updated (rough estimate) based on no
detections of BNS so far in O4

Produce lightcurves to inform follow-up campaigns

GW detection rate

KN detectability (yr~!)

Run | Binary type (yr~1) Argus Rubin
g r g 4 :
s wol% |2l 2ty | 0T 32Tyl seatyl
NSBH 135617580 | 0.12934% 0167055 | 0341335 040703 0.3210%

!

Pretty much all
Mass gap

39

Kunnumkali, AP, Farah, Bulla, Dietrich, Pang, et al. 2025, ApJ arXiv:2411.13673



https://arxiv.org/pdf/2411.13673

Neutron star-
black hole
mergers
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GW230529: likely NSBH merger with 2.5-4.5
Mo black hole (Abbott et al. 2024, ApJL,
arXiv: 2404.04248)

No EM counterpart detected

FILLING THE MASS <—> GAP

with observations of compact binaries from gravitational waves

DY
GW190425

(primary) GW230529 GW200115
(primary) (primary)

—e—

GW230529
(secondary) o

>y GW190814
2)
4 (secondary)

Mass of compact object (M) 1 2 3 4 5 6

Includes components of compact binary mergers detected with a False Alarm Rate (FAR) of less than 0.25 per year

uasi-
u(rﬁversal Surrogate
i model
'ﬂ:‘ relation Ejecta
properties :>
Bulla 2019,
2022

Kilonova production: 2-41% chance if NSBH
Kilonova detectability: High detectability in optical

0.7 BNS posterior &N
0.6, -~ BBH posterior F G
—— NSBH posterior .-: \ DEcam
0.5 LVK 04 BNS limit
O | LVK 04 mgNSBH /
" ! ;
O o3 % O
o i o &S
0.2 3
01 /)/:. 2 \
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Magnitude g
Kunnumkai, AP, Bulla, Dietrich, Farah & Pang, 2024, arXiv:2409.10651
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woH u,

'Ca'brefa, AP, ét al.,

2025 arXiv:2506.2262
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.W—MI\/IADS DECa‘i_’_,s'earch SJZEZP;TJ;’QZ 25

Rule out >40% kilonova models brighter/similar to GW170817 kilonova at ~320 Mpc

If prompt observations were possible, we would have excluded >80% of all models (or
found the counterpart!)

Ruled out by —20
18 DECam & TB80S
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BNS merger rate [Gpc=3 yr1]
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Fishbach et al. 2026
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See Kunnumkai, AP, O’Connor, Farah, Magana-Hernandez 2026

arxiv:2604.05046
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~2% measurement with ~50 events, enough to shed light on H, tension
(Chen+2018, Feeney+2019), ~10 with viewing angle constraints
Need to wait for end of O5 (~2031) to reach ~2%

o %]

100 -

B GW+EM
ow - GW170817 B GW+EM+KN 6

] Northern Surveys Northern Surveys + DECam
T T T
0 5 10 15
N

Adapted from AP+2019, arxiv:1903.04730

Potential sources of systematics/limitations:

GW selection effects

GW modeling (e.g. Kunert+2024)
Peculiar velocity (nearby sources)

Jet modeling (e.g. Gianfragna+2024), jet
misalignment (Muller+2024)

EM selection effects (e.g. Chen+ 2024,
Mancarella+2024)
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Ideal environment for formation of massive stellar black holes through
repeated mergers of smaller BH in AGN disks

7 AGN flare in coincidence with GW190521 (ZTF, Graham+2020, PRL
arxiv:2006.14122), and other events (Graham et al 2023, ApJ,
arxiv:2209.13004)
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WTC-3 multimessenger constrain

ZTF Flares from Graham et

al. (2023) + GWTC-3

<3% of LVK BBH mergers

give rise to ZTF-
observable AGN flares
(90%Cl)

Up to 40% of LVK BBH
can still originate in AGN
disks, consistent with
theoretical predictions
Fainter AGNs/flares to be
probed

GWTC-3.0 (76 BBHs — 8 flares)
):]g = 0.016..’[90% =0.031

BBHs with flares (8 BBHs)
Ao =0.140, Aggs, = 0.290

0°

-30°

m <40 Mg (47 BBHs — 3 flares)
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Cabrera, AP & Fishbach 2026, ApJ arXiv:2510.20767
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" Cabrerd, AP et al- (GW-MMADS),
2024, PRD arXiv:2407.10698

Binary black hole with M, ,~70 M
AT 2023aagj: DECam nuclear transient in AGN, >5¢ deviation from typical AGN variability

Spectral variability indicative of off-center source (predicted in McKernan et al. 2019), Bondi
accretion interpretation

First live search and multlwavelength photometric, and spectroscopic monitoring of a GW BBH
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* Dark Energy Survey-like galaxy simulations (DeRose

et al. 2019, Wechsler et al. 2021) U oua = 2%
« Simulated GW events on a galaxy at z with H,=70
km/s/Mpc 3 o_g . ad/dﬁ — ]
- Single events: posterior expected to have peaks 3
corresponding to large scale structure along the line §0_0 = '
of sight 0.2 gj/i ;01103‘70(1%)3 KCombined .
- Peaks are broadened and blended if d or z AN Mg EyEnts
uncertainty increases. 0.0 — T T T
. Converge to the input value of H, from combining 0B 0 st(kmys/M;Bc) 0% %

enough events (O(100))
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0.005¢

Systematics related to photometric
redshifts: bias correction, full redshift PDF
GW Selection effects
Galaxy catalog completeness corrections
(e.g. Fishbach+2019, Gray+2020)
Expectations from different BBH formation
scenarios

o Some work on galaxy weighing Perna

et al. 2024; Hanselman et al. 2025)
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SPECTRAL SIRENS

{dr(2), maet = (1 + z)m}
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Credit: J. Ezquiaga log[Detector frame mass]
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0.051

Planck

SH()ES Bright siren === Dark + bright sirens =~ === Spectral + bright sirens

Bright siren

. I This work (Updated)
—— Spectral sirens

— s Abbott et al. 2021 GWTC-2.0 [7 CBCs]
Dark sirens ApJ, Vol. 909, No2 i = fEas TR e e e
—— Dark + Bright sirens | GWTG-3.0 [43 CBCs]
Abbott et al. 2023 1
ApJ, Vol. 949, No2 | GWTC-3.0 [47 CBCs|

————————————————

GWTC-4.0 [142 CBCs]

Abac et. al 2025 1
arxiv 2509.04348 | GWTC-4.0 [142 CBCs]

| GWTC-5.0 [236 CBCs] ’S*E’:ge’};‘gi' o
This work | GWTC-5.0 [236 CBCs] ij:;;e:, o |
06 S0 100 1m0 10 160 180 200 e
Hy [kms~ Mpc™}
GLADE+ and DES galaxy catalogs
Marginalize over possible population
~26% precision improvement compared to GWTC-4 (up to O4a)
60

LVK 2026 https://arxiv.org/pdf/2605.27227
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e Realistic O5 and A# black hole mergers
simulation+Uchuu LSST-like cosmological
simulation

e Top 10 A# events/year - 1-1.5% H, precision
(achievable ~2030s?)

e Top 10 O5 events - 1-4% precision in O5

e DESI-like volume limited sample provides
unbiased results

e Minimal impact of weighting scheme

Dang, Amsellem, Magafia-Hernandez, AP, Sathyaprakash 2026, arxiv:2607.17284
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https://arxiv.org/abs/2607.17284

Standard sirens are unique cosmological probes
2% H,precision needed to provide insights on Hubble tension

o ~10 bright standard sirens with EM viewing angle constraints
o ~10 extremely well localized dark standard sirens
o Possible by ~2032
Standard sirens can measure cosmological parameters beyond H,

Different kinds of standard sirens are complementary and powerful when combined
There is a lot more to learn from combining GW+EM observations: modified gravity,
neutron star equation of state and nuclear physics, origin of black holes and
neutron stars, the formation of the heavy elements in the Universe

Contact: palmese@cmu.edu - DES, DESI, LISA, Cosmic Explorer, Discovery Alliance, Rubin Observatory
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e Combining upcoming GW H,
constraints (1% precision) + future
CMB + BAO significantly
improves constraints beyond
ACDM
Breaks geometrical

degeneracies between
parameters from CMB

Factor 1.6-2.8 improvement on
dynamical DE parameters

Di Valentino, Holz, Melchiorri, Renzi 2018, PRD






Hierarchical Bayesian inference in presence of selection effects and measurement uncertainties - modified
Poisson process (Mandel+2019)

Likelihood of obtaining Nobs observations, each described by some parameters 8, in a GW data collection {x}, for
non overlapping signals, for a given observing time Tobs:

Nehs
L{x}A) oc e New® ]_[ f L(x,-l@)%(A)dtd@
=1 Nox [ £(x16) ppop(BIA)dE

L(x|A) ;
(x ) i=1 fpdet(e)ppop(glA)dg

a7 (A)Nohs dN
THexe Tops i18) ——(A)d8.
o | [ L0 5 )

Focus on parameters of interest and move to source frame with a cosmology:

Nes [ f(x;|z, m, cost, Q, Hy) (z,m, cos ¢, Q|A) dzdmd cos ¢ dQ
L(xlA)ocl_[ f i 0J)Ppop ‘
1 f Ddet(z, m, cost, £, Hy)ppop(z, m, cos ¢, 2|A) dzdm d cos ¢ d€2

Explicitly model: the population distribution of CBCs in the source frame
ppop(zy m, cos¢, Q|A) = ppop(ZlA)ppop(mlA)ppop(COS LlA)ppop(QlA)-
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AP & Mastrogiovanni (2025) arXiv:2502.00239



Defining a population distribution conditioned on galaxy catalog CAT:
Ppop(2,m, cos ¢, Q|A, CAT) = pyop(z, QCAT, A)ppop(m|A) ppop(cos tA).

ppop(z, Q|CAT7 A) o< fd(z - Zg)pgal(zg: Q) {lCAT)phOSl(é‘:r zglA)dé‘ng'
Ppop(2, QICAT, A) = f(2, Q)ppop(2, QICAT, A) + [1 = f(z, )] Ppop(2lA) Ppop (CUA),

ff;?m(z,ﬂ) SCh(M’ Z)phOSt(M9 ZlA)dM

f]b:aim Sch(M, z)phost(M , ZlA)dM ’

[z, Q) =

67
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Nobs f L(xilz, m, cost, , Hy).Lem(yilz, cos t, ) ppop(z, m, cos ¢, Q[A) dz dm d cos ¢ dQ2

L(x]A)
i1 f pSVEM(z,m, cost, Q, Hy) Ppop(z, m, cos ¢, @A) dz dm d cos ¢ dQ

Eqg. can simplify:

the redshift is perfectly known, the source frame mass distribution will not introduce any reference
Assume most limiting selection for detection is given by GW detectors

N obs

L(IlA) - L(xlldL(ZS) HO))

i=1
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AP & Mastrogiovanni (2025) arXiv:2502.00239
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https://iopscience.iop.org/article/10.1088/1361-6382/ad424f

Bright and dark sirens H,
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https://iopscience.iop.org/article/10.1088/1361-6382/ad424f

Kiendrebeogo et al 2023
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Huge increase in detection rates:
o 10°-10° BNS per year

e Much higher SNR for mergers in 2G band

e Many mergers (~10k/year) with 1 sg. deg. localization

Combination of CE+ET (or 2+ detectors configurations) improves:

- localization
- distance uncertainty
- early warnings



Galaxies’ Peculiar Velocities: motions on top of cosmological expansion

Follow inhomogeneous clustering of structures and the laws of gravity

PV field probes large scale structure and its growth, and gravity

One possibility is to use galaxies with distance measurement (e.g. FP, SNe Ia)

Use GW BNS from 3G GW detectors - forecast

We use PV power spectrum, overdensities power spectrum, and their cross-correlation

Power Spectra depend on:
|
— O Y
fD =Q,;,exp (/ QMdlna,)
a

Linder 2005
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http://arxiv.org/abs/2005.04325v1

"¢ Schutz 1986 -

" Holz & Hughes 2005

MacLeod & Hogan 2008
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