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Afterglow Light
Pattern
375,000 yrs.

Dark Energy
Accelerated Expansion

Dark Ages Development of
Galaxies, Planets, etc.

1st Stars
about 400 million yrs.

Big Bang Expansion

13.77 billion years




GW150914: First Sound

« September 14, 2015:

Two LIGO detectors in the US
detected gravitational waves
from merging black holes

— Beginning of astronomy

with “sound”

« 1609: Galileo made telescopes PESIEIESSIE—
— Beginning of astronomy

with “|Ight” (electromagnetic waves)
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Plan of the Talk

What are gravitational waves?
- Einstein’s general relativity

How do we detect them?
- Laser interferometer

The status of gravitational wave observations
- By LIGO-Virgo-KAGRA detectors

Next generation detectors
- Voyager, Cosmic Explorer, Einstein Telescope

Space-based detectors
- LISA, DECIGO

Particle physics with GW detectors
- Ultralight dark matter, quantum gravity 3



Gravity In General Relativity

« space-time bends with presence of mass
* bending affects motion of objects — gravity

T. Pyle/Caltech/MIT/LIGO Lab
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Gravitational Waves

* ripples in space-time created by motion of objects




Characteristics of GWs

propagates at the speed of light
guadrupole radiation (+ mode and x mode)
high transmissivity <= very weak interaction
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Laser Interferometric GW Detector

* measure differential arm length change

Top view

> ¢ Beam
Laser source > splitter  Suspended mirror
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Laser Interferometric GW Detector

* measure differential arm length change

1

SN

Top view
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Amplitude of GW is Tiny

Electron

 for example, h ~ 1041
108 m for 1 km arm
Size of proton: 101> m

LIGO Hanford Data Predicted
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LIGO-Virgo-KAGRA QObservation

« Coordinated runs to detect GW signals by multiple

detectors
Updated mm O1 02 wm O3 mm O4 O5
2024-07-11
80 100 100-140 150 -160+ 240-325
|_| G O Mlpc Mpc Mpc Mpc Mpc
T 30 40-50 50-80
. i See text
. First binaryMpc Mpc Mpc
V| I’gO black holes - - /I
A
T 0.7 1-3 =10 25-128
KAGRA  Firstbinary [ g )
neutron stars /
| | | | | | | | | | | | | | | |
G2002127-v26 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 }025 2026 2027 2028 2029 2030
https://observing.docs.ligo.org/plan/ .
First neutron star-

black hole binary Today
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https://observing.docs.ligo.org/plan/

Inspiral Range

« X2 the sensitivity, x8 the detection rate

Signal amplitude is

1024 { Area between signal and noise inversely proportional

IS SNR. . to distance
S5 Range is distance where SNR=8 ‘
101 102 103

frequency (Hz) 17



O4 Observing Run

Started on May 24, 2024
 End on June 9, 2025 (planned)

* More than 150 events reported by LIGO and Virgo
LIGO-G2302098

01+02+03 = 90, O4a* = 81, 0O4b* =71, Total = 242

* O4a and O4b entries are preliminary candidates found online.
Circulars/Notices/Messages. 240
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https://apps.apple.com/ip/app/
gravitational-wave-events/id1441897107
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https://dcc.ligo.org/LIGO-G2302098
https://apps.apple.com/jp/app/gravitational-wave-events/id1441897107

Sound from Binary Coalescences

* Louder If closer, tone is higher if mass is lighter

ATIONAL WAVES

GW150914
]
35.6Mg o
%} 63.1M o
30.6M g " - o) L 2L i
_ Time [‘39(0}1(1‘3] fr'orﬂ_ZOl_S{JQ-lJ (,>9:5(J_:45 UT{, (112@3594({2,:‘)) _
First detection, first black hole merger
'_|o 200 Run 1 Run 2 > Run 3
= s
= 100 =
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Time [year] By: SYSTEM Sounds



https://youtu.be/gT1VwCTe_90

Why Multiple Detectors?

 Triangulation for sky localization
— allows to look for electro-magnetic
counterparts (hear and see the event)

« Measure polarization of GWs
to estimate distance better
— Hubble constant

« Look for non-standard
GW polarizations to test =
general relativity

First binary neutron
star event (GW170817)

Credit: LIGO/Virgo/NASA/Leo Singer (Milky Way imaggQMellinger)
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Sensitivity Curves

« Smaller the better in y-axis
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Noise Sources

 Various noises limit the sensitivity

[1369604500-1369605500, state: Locked]
IGWN gravitational-wave strain

v m GEO600
GEOGOO ® Hanford

m Livingston

m Virgo
KAGRA

a| density [strai

en when 5 detectors are locked simultaneously on June 1, 2023
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Reducing Noises

Seismic noise

- Multi-stage suspensions
- Underground (only KAGRA)

Thermal noise

- Use materials with low dissipation
- Larger beam size

- Cryogenic cooling (only KAGRA)

Quantum noise
- Squeezing

- Heavier mirrors

- Interferometer configuration

Larger is better

Q30290
Q092009
(% % I S S B
2909009
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Vibration Isolation
Sstems
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Quantum Noise
 Shot noise X 1/\/? Backaction o \/ﬁ
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Quantum Noise
« Cannot beat SQL just by changing the power
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Injection of Squeezed Vacuum
 Still cannot beat SQL
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Frequency Dependent Squeezing
« Can beat SQL

3
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First demonstration by NAOJ and MIT
Y. Zhao+, PRL 124, 171101 (2020)
L. McCuller+, PRL 124, 171102 (2020)
Already installed in LIGO and Virgo
D. Ganapathy+, PRX 13, 041021 (2023)
Virgo, PRL 131, 041403 (2023) 23



https://doi.org/10.1103/PhysRevLett.124.171101
https://doi.org/10.1103/PhysRevLett.124.171102
https://doi.org/10.1103/PhysRevX.13.041021
https://doi.org/10.1103/PhysRevLett.131.041403

Frequency Dependent Squeezing

D. Ganapathy+, PRX 13, 041021 (2023)

m  Reference (No squeezing) Quantum noise model

= [requency-independent squeezing Classical noise estimate
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https://doi.org/10.1103/PhysRevX.13.041021

Next Generation Detectors

* Cryogenic upgrade plan: LIGO Voyager

* 10-40 km plans in the US and Europe
05 LIGO Voyager

Updated == O1 02 == QO3 == O4
2024-07-11
80 100 100-140 150 -160 240-325
Mpc  Mpc Mpc Mpc i Mpc 500-700 MpC
ueo  'f i min
30 40-50 50-80
] Mpc Moc Mpc See text
Virgo ] o
0.7 1-3 =10 25-128
Mpc Mpc Mpc Mpc
KAGRA | "
T T T T T T T T T T T T T T T T :
G2002127-v26 23 2024 2025 2026 2027 2028 2029 2030 20303 20403
LIGO India
z~7 for BNS

z>10 for BBH

Cosmic Explorer .

hsar = \/mw2L2
Einstein Telescope E B
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Next Generation Detectors

* Cryogenic upgrade plan: LIGO Voyager
* 10-40 km plans in the US and Europe

Updated — l O4

05

LIGO Voyager

eHr 8 US’ 4 km -160+ 240-325
LIGo———y 300 K Fused Silica = 500-700 Mpc
: Italy, 3 km Y See text US, 4 km
Virgo —— 300 K Fused Silica [# 120 K Silicon
KAGRA Japan, 3 km, underground 7
~~ 20 K Sapphire — i
G2002127-v26 2015\9r| pp 2028 2029 2030 20305 J 20405
. LIGO India
India, 4 km 2~7 for BNS
300 K Fused Silica _ z>10 for BBH
Cosmic Explorer -
US, 40 km %
300 K Fused Silica ] ]
Einstein Telescope E B
Europe, 10 km, underground
300 K Fused Silica / 10 K Silicon 31




mechanical loss

Why Different Mirror Materials?
+ Thermal noise 0C 4/ 1'®
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https://workarea.et-gw.eu/et/WG5-Management/et-codified-documents/internal-docs/Nawrodt_ET-027-09-1.pdf/

Different Wavelengths

 Different mirror materials require different laser
wavelengths

/Amorphus

Crystalline —

x =

300 K Fu 120 K Silicon

LIGO, Virgo, Voyager @ 2050 nm

Cosmic Explorer 10 K Silicon

@ 1064 nm - W, =~ Einstein Telescope
20 K Sapphire @ 1550 nm

KAGRA @ 1064 nm 33



LIGO Voyager

* Cryogenic upgrade to existing 4 km LIGO
* Intermediate step towards 10-40 km detectors

IMagnetic:CZ silicon
(commercially grown
up to 45 cm diameter)




Mariner: 40m Voyager Prototype

* Prototyping key technologies:
- Silicon test masses
- Radiative cooling

- 123 K operation *
- 2050 nm Iaseir IteCh
|

 To be Installed
2025



Cosmic Explorer / Einstein Telescope

e CE: 40 km, 300 K fused silica
e ET: 10 km, 300 K fused silica & 10 K silicon

coSMIC

EXPLORER
U

E ' EINSTEIN
I TELESCOPE



Exciting R&Ds for Next Generations

« Stable, high-power laser at 1.5-2 um
* High quantum efficiency photodiodes for 2 um

« Large silicon mirror (¢ 45 cm, 200 kg)
- Low Dbirefringence
- Low absorption

* Low thermal noise 107 T
high-reflective coatings 10-2/ \\ \ |
. 5 | MW |
« Suspensions for ¥ o2y o\ \ i
large mirrors I NN i !!!!-ff‘
. . 5 ~ et ) ¥~
 High power handling @ . i /\,
Voyager Cosmic
10—25_ IR P Explorer
... and more 10* 107 1977

frequency (Hz)



Birefringence and Its Fluctuations

 Birefringence (An~10-7 for silicon) needs to be small
for reducing optical losses

 Birefringence fluctuations will also be additional
phase noise (8(An)<10-15 /NHZz) vum+, PRD 109, 022009 (2024)

« EXcess birefringence noise reported by PTB/JILA

J. Yu+, PRX 13, 041002 (2023) iy
* Inhomogeneous birefringence »
experiences from KAGRA sapphire - s
H. Wang, ..., YM, PRD 110, 082007 (2024) A\ P L‘]’
» Active research ongoing s . I - D <.
to study their effects and & o - B

Global
fluctuations

-y 38

mitigation schemes 5|



https://doi.org/10.1103/PhysRevD.109.022009
https://doi.org/10.1103/PhysRevX.13.041002
https://doi.org/10.1103/PhysRevD.110.082007

Space-Based Detectors in 2030s

« Aiming below 10 Hz which is inaccessible with
ground-based detectors (no seismic noise)

Updsed w01 e 02 mm O3 - 04 05 LIGO Voyager
I 150-160+ 240-32
Moo Mpe  Mpo. o T 500-700 Mpc
LIGO [] ] -1 3
. I\j;))c 4;3'0500 5,8,-::0 See text
Virgo ] o
07 13 =10 25-128
Mpc Mpc Mpc Mpc
KAGRA | .
|
G2002127-v26 I alos ooz | 20gs 2005 meT Ph B %0 2030s l 2040s
LIGO India z~7 for BNS

z>10 for BBH

Cosmic Explorer -
Einstein Telescope B B

B-DECIGO il
LISA
39




Space-Based Detectors: Sensitivity
e LISAat 1-10 mHz, DECIGO at 0.1-1 Hz

10—18_
10—19_

N 71—
107 | |33

= 102
10—22_
1074 B-DECIGO |
10241 Einstein Telescope

Cosmic Explorer /

102 10=2 10! 10° 10t 10%2 103
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Super Massive Blackholes
* LISA observes SMBH binaries

\;30‘ n(\“"\
10-18 SN

<
E 10—22
71077 B-DECIGO |
10241 Einstein Telescope
1025 Cosmic Explorer /

163 102 10°' 10° 10 102 10°
frequency (Hz) 41



observations
10—18_

Multi-band Observations

* DECIGO can predict merger time for follow up

Einstein Telescope

Cosmlc Explorer

10-3 10-2 10-! 100

ol 107 10°

frequency (Hz) 42



Primordial GWs from Inflation

« DECIGO band is suitable for observing primordial
gravitational waves

10_4f
10_9j
= 10141
) L
G
1019 [ (
G. Calcagni, S. Kuroyanagi .
1 0_24 - JCAP 03(2021)019 .,

10°1¢  10°11 107°¢ 0.1 10* 107
f [Hz] 43


https://doi.org/10.1088/1475-7516/2021/03/019

LISA to be Launched Mid-2030s

e Three satellites, 2.5X10°% km arms

 Free-fall demonstrated
with LISA Pathfinder
In 2016

« Optical transponder:
Measures phase of
laser beam




LISA Sensitivity Curve

1 W emitted, ~100 pW received

1018 oY
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frequency (Hz) 45




Shorter LISA will not be DECIGO

* Shorter arm Iength more power received,

but not mare sensitive
10—18_
10—19_

5 10-2 “4

I LISA
= 102
5 1072 q\\
n —-23.

0-3 10° :\_/100 10T 1

frequency (Hz)




Shorter LISA will not be DECIGO

* Form an optical cavity to enhance the sensitivity

10—18_

DECIGO 1000 km
B-DECIGO 100 km

equency (Hz) 47



$

Exciting R&Ds for DECIGO

 Interferometer configuration

Interferometer control scheme
Demonstration experiments
at UTokyo

Stable laser source

* |nitial link acquisition
* Low noise thrusters

« Drag-free controls

Orbit and satellite
controls

... and more! . ST
% = j( ? K. Nagano, H. Takeda, YM+ 48

C,’ THE UNiversiTyorTokyo  CQG 38, 085018 (2021)



https://doi.org/10.1088/1361-6382/abed60

SILVIA Project

Space Interferometer Laboratory VVoyaging
towards Innovative Applications |

Demonstration of
ultra-precision formation flying
with laser interferometer
petween satellites

—or DECIGO, LIFE etc.

Proposal submitted to JAXA

In Feb 2020 (currently at mission definition

of JAXA’'s small satellite
msion o

i




Distance (Gpc)

Astrophysical Reach to Binaries

. govers entire universe by 2030s
1044

| Cosmic | B-DECIGO /&SA
103 { Explorer : A

; -/ Einstein ﬁ,aan\
102-; H z=10
101

z=1
lﬂﬂg
1071
10~

10 10% 102 103% 104 105  10°
Chirp mass in source-frame (Mg) 50



Gravitational Wave Spectrum

Stochastic background from inflation

More @&
massive g

age of
Period universe year hour sec msec
Freq. | | | | | | | a
Hz 10-15 10-12 10—9 106 10-3 1 103

Ground-based interferometers

/

Resonant bars

M

Pulsar timing

: Doppler gpace
tracking interferometers



Gravitational Wave Spectrum

Stochastic background from inflation

More @&
massive B

If frequency is multiplied by 1015 .

age of _‘

Period yniverse Radio :ar IR UV X- ray
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Hz 10 1012 10° 106 1073 1 _ 103
Pulsar timing Ground-based mtrferoeters
Doppler gpace
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trcklng interferometers

Resonant bars



Gravitational Wave Spectrum

Stochastic background from inflation

More @&
Mmassive B

If frequency is multiplied by 1015
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Particle Physics with GW Detectors

. Mirror thickness
Tiny forces

mwm changes from Metric
from f ) scalar DM changes
vector DM Ntre 600 424 Gozy  FrOM

LIGO-Virgo-KAGRA,
PRD 105, 063030 (2022)
LIGO/Virgo O3 analysis

GEOG600 analysis Spin-2 DM
Y. Manita+,
LIGO-Virgo-KAGRA Beam PRD 107, 104007 (2023)

PRD 110, 042001 (2024) | aser splitter Suspended mirror

KAGRA O3GK analysis
Ex/ NSNS 2 VANVANVANVAVANVAVAVAN

S NI NN NS NN NSNS\

AV VA VA VANV VA VA

AV VA VAV VAV AN

Power

Speed of li ht/ ¢ changes
. : %”""/::KM/\

changes from —

i haghbl | =@

K. Nagano, T. Fujita, YM, I. Obata,
PRL 123, 111301 (2019) Proposal Interference

v. Oshima+, PRD 108, 072005 (2023) Photodiode
Table-top experiment DANCE analysis 54
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https://doi.org/10.1103/PhysRevD.107.104007
https://doi.org/10.1103/PhysRevD.105.063030
https://doi.org/10.1103/PhysRevD.110.042001
https://www.nature.com/articles/s41586-021-04031-y
https://doi.org/10.1103/PhysRevLett.123.111301
https://doi.org/10.1103/PhysRevD.108.072005

Ultralight DM with Interferometers

« Bosonic ultralight field (<~1 eV) are well-motivated
from cosmology

» Behaves as f =242 Hz (
classical waves

mMpMm )
1012 eV

e [aser interferometers are sensitive to such

Caltech/MIT/LIGO Lab.

oscillating changes




Particle Physics with GW Detectors

i

Quantization

Bearr.Of space-time

sphtter Suspended mirror

E SO PN
VAV AVAVAVAVAVAVAVYVANS
Power

A changes
AVAVAY) ®

VA

Interference

AV VA VA VANV VA VA

VA VAV AV Vv vE

§ N AN
A /\/\)&

2

K. M. Zurek,
arXiv:2205.01799

%

7N\

D. Li+, PRD 107, 024002 (2023)
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https://doi.org/10.1103/PhysRevD.107.024002
https://arxiv.org/abs/2205.01799

Summary

Gravitational wave astronomy and physics have
just begun

Detector developments will directly enhance
observational science

Next generation detectors enable observations of
binary coalescences from entire universe

Space based detectors enable multi-band
observations and observation of gravitational wave
background from inflation

Future Is bright and yours to shape!
57



Additional Slides
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KAGRA Design Sensitivity

* Not good at low freq. because of thick and short
filber (35 cm, 1.6 mm) tO extract heat, and lower mass

N
E:
<
e
7
10-2 3 km 40 kg
o0 107 108

frequency (Hz)

23 kg was
the largest
available
sapphire
mirror

4 km G- <



Sensitivity of Next Generations

* An order of magnitude improvement
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Resonant Sideband Extraction

* Power Recycling

« Resonant Sideband
Extraction

Power recycling mirror:
Effectively increase power

\ ~]1 kW
-

~100 W ~1 MW

Signal recycling mirror: _—"
Effectively reduce finesse while
keeping arm cavity power

' 62




Polarization Modulation from Axions

« Axion-photon coupling ( YoF,, F*™) gives different

phase velocity between left-handed and right-
handed circular polarizations

CL/R = \/]_ __/ga,yc;,;(ml\a SiIl mat + 0 )

. aX|on mass
coupling constant axion field

Rotate

* Linear polarization

,f ~\

will be modulated - o PRolgl eRol
p-pol sidebands willbe | VB D
generated from s-pol \ ;] B I |
\ ’ = coupling
- Search can be done "~¥.-- C R
without magnetic field iaser frequency

63



axion-photon coupling |gay| (GeV~1)

Sensitivity of DANCE

« Sensitivity better than CAST limit

frequency (Hz) 1 year
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https://doi.org/10.1103/PhysRevLett.121.161301

Axion Sensitivity

Arm cavity
transmission
ports

Axion
signal

Additional
optics

p-pol from axion Additional
9 optics
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https://arxiv.org/abs/2106.06800

Vector Boson

Possible new physics beyond the standard model:

New gauge symmetry and vector boson
New vector boson can be dark matter

B-L (baryon minus lepton number)

- Conserved in the standard model

- Can be gauged without additional ingredients

- Equals to the number of neutrons

- Roughly 0.5 per neutron mass,
but slightly different between materials
Fused silica: 0.501
Sapphire: 0.510

Vector boson DM
gives oscillating force

vector

field
66



Oscillating Force from Vector Field

 Acceleration of mirrors
, charge vector boson mass

N
a(t,z) = eDe—\/Q,oDMeA sin (mat — k- T)

. / M \ \polarlzatlon f
coupling mirror mass different phase at
(normalized by e) DM density different position

« \ector boson mass and Force Force
coupling can be measured - -
by measuring the oscillating
mirror displacement I

« Almost no signal for symmetric < >
cavity if cavity length is short LX
(phase difference is 10~ rad @ 100 Hz for km cavity)

« How about using interferometric GW detectors? 67

A. Pierce+, PRL 121, 061102 (2018)



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.061102

Previous Searches with LIGO/Virgo

Vector boson dark matter search with LIGO O1
data and LIGO/Virgo O3 data have been done

H-K Guo+, Communications Physics 2, 155 (2019)
LIGO-Virgo-KAGRA Collaboration, PRD 105, 063030 (2022)

Better constraint than equivalence principle tests

logigmass (eV/c?)

Even better
constraint could —
be obtained from &1} e
KAGRA B 0
10—

101 102 @8

frequency (Hz)


https://www.nature.com/articles/s42005-019-0255-0
https://doi.org/10.1103/PhysRevD.105.063030

Search with GW Detectors

e GW Detectors are A

sensitive to differential A
arm length (DARM)
change Ly TN
. Most of the signal Vector field
Is cancelled out -
(LIGO/Virgo case) v Force Force
e =) =)
Laser F—— 7‘% r
nd) X
- L
DARM

photodiode'LX — Ly 69



« KAGRA uses cryogenic ,
sapphire mirrors for
arm cavities, and
fused silica mirrors [,
for others

« KAGRA can do better
than LIGO/Virgo which ¥

uses fused silica for all &

y

Vector field

& oce

g

<€ >

B-L charge “ LX

Fused silica: 0.501
Sapphire:  0.510 DARM

photodiode' LX — Ly /70



Search with KAGRA

* By measuring the
lengths of auxiliary part
of the interferometer,
force difference L
between sapphire
and fused silica can be
measured

y

Laser

Auxiliary
lengths

photodiode'LX T Ly

A

Vector field

Force

)

orce

Ly

DARM
71



B-L coupling |eg -]

KAGRA Vector Boson Sensitivity

« Auxiliary length channels have better design
sensitivity than DARM (Gw channel) at low mass range

« Sensitivity better than equivalence principle tests
frequency (Hz)

1 3 YM, T. Fujita, S. Morisaki,
—20 1? 10 10 H. Nakatsuka, I. Obata,
10 \ I | P35 A PRD 102, 102001 (2020)
y
107211 N\ [ f/f’ S. Morisaki, T. Fujita, YM,
\ i [ /;';/ H. Nakatsuka, I. Obata,
10-22 \p \_,\ . 253 PRD 103, L051702 (2021)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.102001
https://doi.org/10.1103/physrevd.103.l051702

KAGRA Data Analysns Results

o Still ~5 orders of
magnitude worse than .

equivalence principle

tests T
Demonstrated the

feasibility of using
auxiliary channels
for astrophysics

New data will be
available from O4b
and beyond

LIGO-Virgo-KAGRA, arXiv:2403.03004
(Paper written by J. Kume with 1800+ authors!)
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https://arxiv.org/abs/2403.03004
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