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Gravitational Wave Spectrum

Stochastic background from inflation

age of
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Laser Interferometric GW Detector

* Measures differential arm length change

3 Top view
Laser source ’ > splitter  Suspended mirror
Interference Constant
Photodiode sower when

no GW 4



Laser Interferometric GW Detector

* Measures differential arm length change
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Global Network of GW Detectors
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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
2025-06-11
80 100 100-140 150 -160+ 240-325
L I GO Mpc  Mpc Mpc . Mpc Mpc
4
First detection 30 40-50 50-60
. Mpc Mpc Mpc See text
Virgo 1
0.7 1-3 =10 25-128
KAG RA Mpc Mpc Mpc Mpc
1 | I | | | | | I | I I | | | 1
G2002127-v30 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025| 2026 2027 2028 2029 2030 2030

https://observing.docs.ligo.org/plan/
Today: O4c observing run

K@F@ 7


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

GW150914: The First Event

* Detected by two LIGO detectors
« 10-year anniversary this September!

iniegiite] Merger: Rings Hanford, Washington (H1) Livingston, Louisiana (L1)
i down T T T T T T T T
1.0
( 0.5
0.0
,, ' -0.5
1.0 + " - 4 -1.0 — L1 observed -
:'\ P ‘\I‘ H1 observed (shifted, inverted)
= o 1 1 1 I T 1 1
1 — i’ 1.0 T T T T T T T T
O ~ . - -
= £ 05
= g .ol )
S | & 0.0
n -0.5 F -
-1.0 F— Numerical relativity I | -1.0 H — Numerical relativity - H — Numerical relativity o
Reconstructed (wavelet) Reconstructed (wavelet)
[ Reconstructed (template) | | I Reconstructed (template) I Reconstructed (template)
I 1 I I 1 1 | 1 | 1
05F T T T = E T T T T
0.0 WWVWWM/\AWWW WWWAVWW\/W
0,5 ot | i .
1

512
256
128
64

Frequency (Hz)

32

0.30 0.35 0.40 0.45 0.30 0.35 0.40 0.45
Time (s) Time (s)

LV. PRL 116, 061102 (2016) 8

o N b O ©
Normalized amplitude


https://doi.org/10.1103/PhysRevLett.116.061102

GW170817: Multi-Messenger Event

LV and many, ApJL 848, 12 (2017) ) 9

Detected by two LIGOs & Virgo, localized ~30 deg?
Short gamma-ray burst, kilonova detected

Speed of gravity
Hubble constant \

Studies of uco S
neutron star
equation of state

Fermi/ |
& GBM |

Evidence for R *| Fomomse
production of P
heavy elements e .

-30° , ‘30°



http://iopscience.iop.org/article/10.3847/2041-8213/aa91c9/meta

Power of Multi-Messenger Obs.

« GW170817 (GW + EM event) @ 40 Mpc
- Localized to 30 deg? with Hanford, Livingston, Virgo
- GW from BNS merger, short GRB, kilonova detected

« GW190425 (GW only event) @ 159 Mpc
- Localized to ~8000 deg? with Livingston, Virgo
- GW from BNS merger, no EM counterpart
- Probably prompt collapse to BH??
« GRB211211A (EM only event) @ ~350 Mpc Levan+,

Nature 626,
« GRB230307A (EM only event) @ ~300 Mpc 737 (2024)

- GW detectors not operating
- BNS merger??
- Long GRB

- kilonova spectrum different from
GW170817 (really BNS?7?)



https://doi.org/10.1038/s41586-023-06759-1
https://doi.org/10.1038/s41586-023-06759-1

Neutron Star Open Questions

What happened after the merger?

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

Can BNS explain all of the orlgln of the heavy
elements?

.«P‘ N Quark-Gluon Plasma
~ Aqcp

QCD phase transition?

Temperature

~ N Baryon Chemical Potential

Fujimoto+,
PRL 130, 091404 (2023)

11

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



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

NH or BH 222 (~3-5 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

14



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) 15

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://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 1 7
Ho[kms~1Mpc~1]


https://arxiv.org/abs/2504.04646
https://iopscience.iop.org/article/10.3847/1538-4357/ac74bb
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Cumulative Detections/Candidates
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LIGO-G2302098(a52dffbl), updated on 13 June, 2025
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Much More Events in O4

01+02+03 = 90, O4a* = 81, O4b* = 105, 04c* = 17, Total = 293

*0Q4a, O4b, and O4c entries are preliminary candidates found online.

LIGO-G2302098

Ol 02

O03a 03b O4a / 04b  Odc

04 (May 2023 ~ Nov 2025)
~203 events so far
1 event per 2-3 days

() A = = . . . . : : : - - - -
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400

Time (Days) Credit: LIGO-Virgo-KAGRA Collaboration


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

Much More Events in O4

01+02+03 = 90, O4a* = 81, O4b* = 105, 04c* = 17, Total = 293

300 - *0Q4a, O4b, and O4c entries are preliminary candidates found online.

,80] LIGO-G2302098 //’
260 -

240 O4 resumed on June 11, 2025
2201 Now with KAGRA detector!

gwistat

ndidates

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

v |
0 T T T T T T T T T T T T T
0O 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400
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LIGO-G2302098(a52dlffb1), updated on 13 june, 2025 ¥ime (Days) .. 160 virgo-kaGRA Collaboration


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

New Physics (Personal Picks!)

log,omass {eWcz)

UItrallght dark matter (10'13~10'11 eV range)

1013 m [eV/c ] 0-12

10?

Frequency[Hz]

102
frequency (Hz)

Vector DM from LV Vector DM from KAGRA
LVK, PRD 105, 063030 (2022) LVK, PRD 110, 042001 (2024)

Scalar boson clouds Sub-solar-mass |

o primordial
] black holes
107 1 “

20 40 60 80 100 fow
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LVK, PRD 105, 102001 (2022)
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Scalar DM from LIGO/GEQO
Gottel+, PRL 133, 101001 (2024)
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LVK, MNRAS 524. 5984 (2023) 2 1



https://doi.org/10.1103/PhysRevD.105.063030
https://doi.org/10.1103/PhysRevD.110.042001
https://doi.org/10.1103/PhysRevLett.133.101001
https://link.aps.org/doi/10.1103/PhysRevD.105.102001
https://doi.org/10.1093/mnras/stad588

Summary of Open Questions

What is the origin of heavy black holes?

What are the compact objects in ~3-5 M range?
After the merger of binary neutron stars?

What is the origin of heavy elements?

Test of no-hair theorem with black hole ringdowns
Hubble tension, dynamical dark energy ...

Continuous waves, bursts from supernovae ...

Clear need for more detectors with better sensitivity

More multi-messenger detections 9



Sensitivity Band

aLIGO Design Sensitivity
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Sensitivity Band and Science

10t 102 103
frequency (Hz)
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Sensitivity Band and Science

Nuclear EoS
GRBs, Kilonovae
Heavy Elements

Ringdowns
Spins
Cosmic Expansion

Origin of
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Limiting Noises

Ringdowns
Spins
Cosmic Expansion

Nuclear EoS
GRBs, Kilonovae
Heavy Elements

Origin of
heavy BHs
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Noise Reducing Techniques

Ringdowns
Spins
Cosmic Expansion

Nuclear EoS
GRBs, Kilonovae
Heavy Elements

Origin of
heavy BHs

Heavier Mirrors
Suspensions
Noise Cancellation
Machine Learning

Ny
! 3 §
N, B
e\ = 2ATK
...;1‘7«12 R % o W'__, y
" 4 ¥
] 4 /
0

Higher Power

Squeezing
(frequency dependent)

Larger Mirrors

Coating Improvements

Cryogenics
requency (Hz)

LIGO-G2200805 2 7



https://dcc.ligo.org/LIGO-G2200805

LIGO (US, 4 km, Room Temp.)

« Hanford & Livingston operating at ~150 Mpc
1020,

Measured

1

aLIGO Design

10t
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frequency (Hz)
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LIGO (US, 4 km, Room Temp.)

« Various R&D underway
10_205

-

9
N
=

4 Voyager:
200 kg Silicon
— @120 K option

strain (/V Hz)
(-
<

- - -
T 9 9
N N N
w S w

A# (06, 2030+): Further coating improvements.
further higher power. 40 kg —> 100 kq mirrors

10! 102 103
frequency (Hz) 29




LIGO (US, 4 km, Room Temp.)

« Various R&D underway

LIGO-T2100318

Voyager:
kg Silicon
.l asmwsbeam (0 K option

532 nm

m— 800-840 NM
1064 nM nents\

M |
\

s 10,600 nm
CO, lasers broadband IR ") [*'§
(4000-8000 nm)
Hartmann . toreduce  FROSTI
Wavefront . . Ring Heater  hormal front Hartmann
Sensor o2 transients surface \vavefront
with mask: Sensor
new for O5 heater 3 O
annular or

O5 or later

central heating G2500537-v1


https://dcc.ligo.org/LIGO-G2200805
https://dcc.ligo.org/LIGO-T2100318

Virgo (ltaly, 3 km, Room Temp )
» Operating at ~50 Mpc & v
10_205

Measured

AdV Design

\

Upgrade plan to be determined
(06: Virgo_nEXT)

LoMN 102 10°
o Al & requency (Hz) 31



https://www.virgo-gw.eu/Laser/upgrade_1_F.html

KAGRA (Japan, 3 km, 22 K)

« Operating at ~6 Mpc at ~50 K (1x ~90 K)

10-20. [ 03GK 2020 O4a 2023
AR AR

10—21
Measured

(O4c, 2025)

10-22 \ WW Wm
10-23 \ =

10—24-; O KAGRA high frequency upgrade to
)| ¥ @ focus on neutron star physics? (06)

KAGRA Design

strain (/\/E)

ncy (Hz) 32



KAGRA (Japan, 3 km, 22 K)

* Various efforts to |mprove senS|t|V|ty

T AT -

New vibration N N Scattered ||ght mltlgatlons
|solat|o table T N T

New in-vac
photodloges




Sky Localization in OS5 (2028~)

« 1~5 BNS detections per year localized < 10 deg?

1.0 With KAGRA
0.9 With Virgo
2 0.8
50.7- Hanford and
2 0.6- LiVingStOH
- i * Fisher analysis for BNS
g 0> at 100 Mpc
© 0.4 * Single detector duty
= factor of 80% assumed
£ 0.31 * BNS merger rate
5 0.2 90-450 /Gpc3/yr
' See, also:
0.1 R. Weizmann Kiendrebeogo+,
0.0 ApJ 958, 158 (2023)
1071 10° 101 102 103

Sky localization error [deg?] 34


https://iopscience.iop.org/article/10.3847/1538-4357/acfcb1

Cumulative probability

Sky Localization in OS5 (2028~)

« 1~5 binary neutron stars/year localized < 10 deg?

1.01 ~90% chance . With KAGRA
091 _80% chance With Virgo
0.8 ~
0.7 : Hanford and
| ..
: Livingston
0.6 ~30% chance % S | / g
0.5 LL o L 5 * Fisher analysis for BNS
. g_) L : o at 100 Mpc
0.4 O S - * Single detector duty
S 2! W= factor of 80% d
| o / S, N actor of 80% assume
0.3 %) o N * BNS merger rate
0.9 T 90-450 /Gpc3/yr
' See, also:
0.1 R. Weizmann Kiendrebeogo+,
0.0 Apd 958, 158 (2023)

10! 10 10! 102  10°
Sky localization error [deg?] 35


https://iopscience.iop.org/article/10.3847/1538-4357/acfcb1

Cumulative probability

Sky Localization in O6 (2030+)

« 5~23 binary neutron stars/year localized < 10 deg?

1.0 ~95% chance —; With KAGRA HF
0.9 ~85% chance—_ With Virgo
~70% chance
0./ 1 Ty Hanford and
0.6 'S . Livingston
: B ”.
I L o | l * Fisher analysis for BNS
0-> Py ! 5 at 100 Mpc
0.4 IO = - * Single detector duty
S 2! W= f f 809
&) = L = actor of 80% assumed
0.3 7] i , N * BNS merger rate
0.2 | L [ 90-450 /Gpc3/yr
' : : See, also:
0.1 =1 I R. Weizmann Kiendrebeogo+,
g ! ' ApdJ 958, 158 (2023)
oo~ e
107! 10° 101! 10° 10°

Sky localization error [deg?] 36


https://iopscience.iop.org/article/10.3847/1538-4357/acfcb1

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-G2401602

Next Generation Detectors

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

dsopin || ON | 2 03 s s LIC? g A#
80 100 100-140 150 -160+ 240-325 670 M pC
c c Mpc Mpc Mpc
UGo § B =R : "
i I\;gc ‘;\gp‘io 5,8,;)600 See text Vl rg O_n EXT
Vi rgo 0 B
Mpe “Voe. KA%HF ?
KAGRA | 7
]
G2002127-v30 i i I i [ 2024 2025 2026 2027 2028 2029 20 2 0 3 0 S | 2 0 40 S
LIGO India 2~7 for BNS
z>10 for BBH

Cosmic Explorer E B
Einstein Telescope E B

== B-DECIGO 58
LISA

38



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
100
frequency (Hz) 39



https://iopscience.iop.org/article/10.1088/1475-7516/2023/07/068
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Cryogenic payload in Rome
From L. Naticchioni (GWADW2025)



https://www.etpathfinder.eu/gallery/

Cosmic Explorer

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

 Room temp. fused silica (tec—ﬁhlal overlap with A#)

10—20:
| Conceptual Design
3+ yrs
Preliminary Design
~$75M, 2-3 yrs
B Final Design
& aLico ~$100M, 2 yrs
Construction
A# (06)  ~$1-2B, 5yrs
Operations
~$60M/yr, 50 yrs?

Cosmic|Explorer
100
frequency (Hz) 41
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Stray light mitigation

Layout studies

M Todd,
CE-G2500002

Filter Cavity
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160 kg
mass

From M. Evans
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https://dcc.cosmicexplorer.org/CE-G2500002
https://doi.org/10.1103/PhysRevApplied.17.024044
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https://gravitationalwaves.syracuse.edu/about/

Key Science Enabled by Next Gen.

Black Holes and Neutron Stars Throughout Cosmic Time

Cosmic Explorer
Science Themes

e ©

&

Compact objects history

Neutron star structure
QCD phase diagram

Certain

Nature of strong gravity

Modified gravity

Uncertain

CE only

Unusual compact objects

Quantum gravity, early universe

Dynamics of Dense Matter
Extreme Gravity and Fundamental Physics
Discovery Potential

arXiv:2109.09882

First black holes and
galaxy formation

Black holes from first stars

Central engine for 1eavy element
relativistic jets nucleosynthesis
Dark energy

Dark matter

, surprises, ...

Full 3G network 44


https://arxiv.org/abs/2109.09882

Personal Picks

Displacement and Spin Memory

15.0
9125 " Snong eidencs = Permanent shift in the displacement
R [ 4 and twist of the spacetime could be
_ 0 7z detected by ET and CE
S 25 Goncharov, Donnay, Harms,

0.0

0 25 50 75 100 125 150 175 200 PRL 132, 241401 (2024)

Observation time [day]

Polarization and Sky Localization

y

[©]

o

P BNS BNS BNS
/\\ ) / ﬁ\ x Parameter (ET-D—ET-D) (ET-D—CE) (CE-CE)
Kj h / SNR 75.2 120 151
(a) (b)
Vo ¥ __ Model TSI Alnd, 0.0520 0.124 0569 Takeda+,
AQ, [deg?] 0.346 0.643 3,51
AAg, 0.0797 0.178 0.913 PRD 100, 042001 (2019)

More polarization can be resolved & better sky
localization with ET and CE due to low
frequency sensitivity and Earth rotation 45



https://doi.org/10.1103/PhysRevLett.132.241401
https://doi.org/10.1103/physrevd.100.042001

Binary neutron star range [Mpc]

Sensitivity Evolution of LVK

. | | Next ng.
107 New famhtya Cosmic
' Expl!
- Upgrades & ain
1035 | | I
i Upgrades 05 ==
10 Upgrades ¢* o ° i _—
: ® ®
|LIGO . a] °
101 _° ?
| * o Virgo KAGRAE
o
10% e~ Steady improvements
| ® over the past ~20 years
= | ANV FR AN A A RN I E—
10 ‘00 '05 '10 '15 20 25 '30 '35 ‘40

Year

46



Message: Future is bright and loud!

 More events, more multi-messenger events
expected in future observing runs, with improved
sensitivity and an expanded detector network

* Global efforts are underway to realize next
generation detectors capable of observing
gravitational waves throughout cosmic history
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