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ApJL, 848:L12, (2017)
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What happened after the merger?

What are the progenitors of GRBs and kilonovae?
- Short/long GRBs explained by BNS?
- Diversity of kilonovae? f crB211211A, GRB230307A

Can BNS mergers explain the origin of all heavy
elements?

.«P‘ N Quark-Gluon Plasma
~ Aqcp

QCD phase transition?

Temperature

~ N Baryon Chemical Potential

Fujimoto+,
PRL 130, 091404 (2023)

16

Sarin & Lasky,
Gen. Relativ. Gravit. 53, 59 (2021)



https://doi.org/10.1007/s10714-021-02831-1
https://doi.org/10.1007/s10714-021-02831-1
https://doi.org/10.1007/s10714-021-02831-1
https://doi.org/10.1103/PhysRevLett.130.091404
https://doi.org/10.1103/PhysRevLett.130.091404

A. J. Levan+, Nature 626 737 (2024)
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GRB230307A Excess

* Not collapsar due to large offset (~40 kpc) from host galaxy
« Likely BNS merger but long GRB (~ 35 sec)

» Similar kilonova to 170817 but extremely red

Photometry, 61 days

29-day model

—— 61days ® Photometry, 29 days 0 AT2017gfo, 43 days
AT2017gfo, 10 days
[Te Ill] W [Selll]
230307, 29 days
’h [ . \. .h ulLulﬁW ﬁ | EIBH‘ E
" HL st Black body emission?
“L Dust? Missing radiation transport?
WD-NS/BH?
25 3.0 3.5 4.0 4.5 5.0 17

Observed wavelength (microns)


https://doi.org/10.1038/s41586-023-06759-1
https://doi.org/10.1038/s41586-023-06759-1
https://doi.org/10.1038/s41586-023-06759-1
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Events in the Mass Gaps

* 90 events found during O1-0O3 (2015-2020

Intermediate-Mass Black Holes
What is the origin?

Pair-instability mass gap (~65-130 M)

Stellar-Mass Black Holes

* " from gravitational collapse of stars

(~5-65 M,.)

NS or BH or ??? (~3-5 M,)

Neutron Stars (<~2 M‘@)‘



GW190521: First IMBH Event

« Low frequency sensitivity need to be improved to
see the inspiral, and to detect more of these events

10-218NG
~ %, 85M
N
T 10-22
-E 10—23 w
10-2¢| Lasted only N o
for ~0.1 sec
107% N1 N2 N3
10 10 10
frequency (Hz) GW190521
Hanford Livingston Virgo
17 Whitened Data 1 [
3 4|®m BayesWave b I
9 LALInference \ i |
1 - L

LV, PRL 125, 101102 (2020)

7/ cWB max-L ﬂ ' .
T T T T

20



https://doi.org/10.1103/PhysRevLett.125.101102
https://doi.org/10.1103/PhysRevLett.125.101102

Population Studies

* Peaks at ~10 M5 and ~35 M, origin uncertain

* More random spin tilt with respect to orbital axis
- At least some of them are formed dynamically

* No clear evidence for/against upper mass gap
- dynamical formation & hierarchical merger?

101 J X
- 10 &4 ——
o7 * —— FM
<‘ -
- 10°5 — P
> — RP
>
2 107!
£ —
ém—?-
103 4= i . ; . ; . . . ; . . 1 - o 3 i 3
10 20 30 40 50 60 70 80 90 100
my (M) 21

LVK, PRX 13, 011048 (2023)



https://doi.org/10.1103/PhysRevX.13.011048

Tests of General Relativity

Novel tests in strong-field regime
Inspiral and post-inspiral signals are consistent

No evidence for beyond-GR polarizations

- Need for 4+ detectors to distinguish 4+ polarizations
Takeda+, PRD 98, 022008 (2018)

Graviton mass < 1.3x1023 eV

LVK, arXiv:2112.06861
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https://doi.org/10.1103/physrevd.98.022008
https://doi.org/10.1103/physrevd.98.022008
https://arxiv.org/abs/2112.06861

p(Ho|x)[km~! s Mpc]

Cosmic Expansion Measurements

« Using luminosity distance measured by GW

« Dark siren also possible by using a galaxy catalog

* Independent test of DESI BAO dynamical dark energy
results should be possible in the future ¢ g. arxiv:2504.04646

006 = GW170817
0.05 - - Eigmczﬁogwnosn With BBH x galaxy
o Planck __— catalog

0.04 - SHEES (dependent on assumptions
on BBH source mass

0.03 - distribution)

7 _— GW170817 only

0.01 -

0.00 LVK, ApdJ 949, 76 (2023)

20 40 00 80 100 120 140 23
Ho[kms~1Mpc~1]


https://arxiv.org/abs/2504.04646
https://iopscience.iop.org/article/10.3847/1538-4357/ac74bb
https://iopscience.iop.org/article/10.3847/1538-4357/ac74bb
https://iopscience.iop.org/article/10.3847/1538-4357/ac74bb
https://iopscience.iop.org/article/10.3847/1538-4357/ac74bb

— A2 E N e
DESIIC K 5F 8Bk AIE
« Dark Energy Spectroscopic Instrument Data Release 2
- 4 m optical telescope in Arizona DESI, arXiv:2503.14738

« Baryon acoustic oscillation measurements from more than

14 million galaxies and quasars
ls DARK ENERGY changing??

Where predictions should fall if the

standard idea of dark energy is correct
(i.e. A, energy density is constant)

Expectations when

$ /v combining data from:
3 o
39
s U .
¥ p 68% of predictions %
S & based on data fall here .
€9
g P /
3 § 95% fall inside this line AN/
S
o
g 3
o - 0 28420

is ADCM tension

T he' combination of’our best meau;rtemente
Z g".dontfut the “best” model of the un-ver‘ae...‘;t 5 /T~ ?@ rKl—Eigj —Clgﬁb \ f?
something # KA~ ACDMDIEN, P

How dark ener gy behaves today 24

How the behavior of dark energy changes
P S—


https://arxiv.org/abs/2503.14738

Searches for New Physics
UItrallght dark matter (10-13..,10_1 eV range) Personal Picks!

log,omass {eWcz)
1013 m [eV/c ] 0-12

10?

102 Frequency[Hz]
frequency (Hz)

Vector DM from LV Vector DM from KAGRA Scalar DM from LIGO/GEQO
LVK, PRD 105, 063030 (2022) LVK, PRD 110, 042001 (2024) Gottel+, PRL 133, 101001 (2024)

Boson clouds Sub-solar-mass —————
- | ::::3: " primordial M e
E S black holes - |

108 | | | | 1 m/ . 2 \_h

0.5 1.0 15
black hole mass [solar masses] M (M)

LVK, PRD 105, 102001 (2022) LVK, MNRAS 524, 5984 (2023) 25



https://doi.org/10.1103/PhysRevD.105.063030
https://doi.org/10.1103/PhysRevD.105.063030
https://doi.org/10.1103/PhysRevD.105.063030
https://doi.org/10.1103/PhysRevD.105.063030
https://doi.org/10.1103/PhysRevD.110.042001
https://doi.org/10.1103/PhysRevD.110.042001
https://doi.org/10.1103/PhysRevLett.133.101001
https://doi.org/10.1103/PhysRevLett.133.101001
https://link.aps.org/doi/10.1103/PhysRevD.105.102001
https://link.aps.org/doi/10.1103/PhysRevD.105.102001
https://doi.org/10.1093/mnras/stad588
https://doi.org/10.1093/mnras/stad588
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Many More Events in O4

01+02+03 = 90, O4a* = 81, 04b* = 105, O4c* = 27, Total = 303

*Q4a, 04b, and O4c entries are preliminary candidates found online.

LIGO-G2302098

Ol 02 O3a O3b O4a O4b OAc

O4 (May 2023 ~ Nov 2025)
~213 events so far
1 event per 2-3 days

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400

LIGO-G2302098(7629070b), updated on 13 July, 2025 Time (Days) Credit: LIGO-Virgo-KAGRA Collaboration


https://dcc.ligo.org/LIGO-G2302098
https://dcc.ligo.org/LIGO-G2302098
https://dcc.ligo.org/LIGO-G2302098

Many More Events in O4

01+02+03 = 90, O4a* = 81, O04b* = 105, 04c* = 27, Total = 303
320 *0O4a, 04b, and O4c entries are preliminary candidates found online.

3991 1 160-G2302098 J/J
280 -

E o O4 resumed on June 11, 2025
g - Now with KAGRA detector!

Gravitational Wave Detector Network

Operational Snapshot as of Jun. 11, 2025 20:50:53 UTC

Detector Status Duration [hh:mm] Latency [s]
GEO600 04:13 34
LIGO Hanford 00:00 59
LIGO Livingston 03:07 45
Virgo 01:03 52
KAGRA 03:27 21

0 i |

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400

27

LIGO-G2302098(7629070b), updated on 13 July, 2025 ¥ime (Days) . ... 1160 virgo-kAGRA Collaboration


https://dcc.ligo.org/LIGO-G2302098
https://dcc.ligo.org/LIGO-G2302098
https://dcc.ligo.org/LIGO-G2302098

GW230529: Lightest NS-BH?

» Single detector event, no EM counterparts
LVK, ApJL 970, L34

FILLING THE MASS <—> GAP

with observations of compact binaries from gravitational waves

GW190425 | o :
(primary) (primary)
| (2] %

GW230529

(secondary) H® |
>3 GW190814
=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

Credit: S. Galaudage, Observatoire de la Cbéte d’Azur.


https://doi.org/10.3847/2041-8213/ad5beb

GW231123: Heaviest BBH

Released last week LVK. arXiv:2507.08219

Meet GW231123

a gravitational-wave signal from the most
massive binary black hole observed to date

travelling from 2 - 13 billion light years away ...
uolt only are th:hse black :
oles massive, they are ]
RGRl S RriE i GW231123 was detected on
5?:&. is rotating at -.-l:o-?;zgof November 23, 2023 at 13:54 UTC by 4
maximum possible r 'y
cm,?nd;,,gh ~400,000 HIERARCHICAL !
astrophysical “UPPER MASS GAP” times Earth’s rotation speed! ORIGIN STORY? I o
distribution of H1
kml:wln LVK black - a I'd
O GW231123
lighter black hole 225 and
the black ld'loles solar masses
merge an
b
GW231123 i ‘ 11 LIGO
heavier black hole
MR,
meabiac hote The high masses and ; e for a duration
- zg::;gnents dicate of 0.1 seconds.
: : : 4 : that they could come
0 50 100 150 200 250 from previous black
hole mergers.
MASS [SOLAR MASSES]
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LIGO-Virgo-KAGRA Observations

« Coordinated runs to detect GW signals by muiltiple
detectors for better sky localization etc.

Updated o1 02 03 04 05
2025-07-16
80 100 100-140 150 -160+ 240-325
LlGO Mpc  Mpc Mpc . Mpc Mpc
4
First detection 30 40-50 50-60 70-130
] Mpc Mpc Mpc Mpc
Virgo 1 ]
0.7 1-3 =10 25-128
KAG RA Mpc Mpc Mpc Mpc
| | | | | | | | 1 | | 1 | | | |
G2002127-v32 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 |ZO26 2027 2028 2029 2030 2031
https://observing.docs.ligo.org/plan/

" Today: O4c observing run
(Egg
KAGR 31
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 https://www.icrr.u-tokyo.ac.jp/
prwps/panorama/KAGRA/
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https://doi.org/10.1093/ptep/ptac055
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With Addition of KAGRA...

« Better sky coverage and 3+ detector duty factor

« Better sky localization helping multi-messenger
- 1~5 BNS detections/year localized < 10 deg?in O5
- 5~23 BNS detections/year localized < 10 deg?in O6

N

1 HSC/PFS FoV
| Rubin FoV

R

Sky localization error [deg?]

o T T e o

With KAGRA /4
With Virgo / . \
Hanford SN

Livingston “ 5/ /

* Fisher analysis for BNS at 100 Mpc
* Single detector duty factor of 80% assumed
* BNS merger rate
90-450 /Gpcd/yr
See, also:
R. Weizmann Kiendrebeogo+, 50
ApJ 958, 158 (2023)



https://iopscience.iop.org/article/10.3847/1538-4357/acfcb1
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https://iopscience.iop.org/article/10.3847/1538-4357/acfcb1
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LIGO-India (4 km, Room Temp.)

* Aundha site acquired in May 2023
« Being built as the Advanced LIGO configuration

* Aim to be operatlonal in the early 2030s
,,.,,,,!,,f.,,..,gg. e ———

®

NP g, .

Z— - S

Y
s - - . ] 2
A~ — 3 ~ AWy ﬂ ! 3
- ~ R > \ —me u\ 4
-

1 1 scale vacuum testlng

10 m prototype at RRCAT
~ being built for testing
# and training
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https://dcc.ligo.org/LIGO-G2500785
https://dcc.ligo.org/LIGO-G2500785
https://dcc.ligo.org/LIGO-G2500785
https://dcc.ligo.org/LIGO-G2401602
https://dcc.ligo.org/LIGO-G2401602
https://dcc.ligo.org/LIGO-G2401602

Next Generation Detectors

* Next generation detectors coming in late 2030s,
with space-based detectors (multi-band!)

Jpdated 01 02 03 04 05 06
80 100 100-140 150 -160+ 240-325 L I G O A#
Mpc  Mpc Mpc Mpc Mpc
LIGO HE _
. voe  Mpo YN Ses toxt Virgo nEXT
Virgo N T B
Mpe "Moo KA%HF ?
KAGRA | L
]
G2002127-v30 20I16 2017 2018 2019 2020 2021 2022 2 0 3 0 s | 2 0 4 0 s
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Einstein Telescope

« Xylophone configuration
- 10 K silicon interferometer for low frequency
- Room temp. fused silica interferometer for high frequency

« 10 km A ortwo 15 km L, underground

—-20._ Branchesi+, JCAP 07, 068 (2023)
1029,

10214 Y |

n
@ Jalico \ 2.,

A" A# (06)

CosmiclEprorer
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https://iopscience.iop.org/article/10.1088/1475-7516/2023/07/068
https://iopscience.iop.org/article/10.1088/1475-7516/2023/07/068
https://iopscience.iop.org/article/10.1088/1475-7516/2023/07/068

Cosmic Explorer

* 40 km and 20 km L-shaped
- 40 km only if ET in Europe

 Room temp. fused silica (technical overlap with A#)

A# (O6)

Cosmic|Explorer
100
frequency (Hz) 99
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