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Objectives of This Lecture Series
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* The goal of this course is to deepen the
understanding of the principles of gravitational
wave detection using laser interferometers,
methods to improve sensitivity, the current status of
gravitational wave observations, and future plans.
Additionally, applications of gravitational wave
observation technology will be introduced.
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Topics Covered

Current status of gravitational wave observations
Laser interferometers and optical cavities
Fundamentals of spectral analysis

Seismic noise and thermal noise

Quantum noise

Applications of gravitational wave techniques to
other fields

Next-generation gravitational wave telescopes and
space-based gravitational wave telescopes

Open to any suggestions!



Further Reading

Eric D. Black, Ryan N. Gutenkunst, An introduction
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https://doi.org/10.1119/1.1531578
https://granite.phys.s.u-tokyo.ac.jp/wiki/Lab/?plugin=attach&refer=Brown&openfile=main2023.pdf
https://granite.phys.s.u-tokyo.ac.jp/wiki/Lab/?plugin=attach&refer=Brown&openfile=main2023.pdf

Logistics

In-class small assignment given at the beginning of each
lecture

~10 min at the end of each lecture will be allocated for
answering and answer sheets will be collected

Schedule:
Oct 20 (Mon) 2R 10:25-12:10
Oct 24 (Fri) 3R 13:00-14:45
Oct 31 (Fri) 308 13:00-14:45
Nov 17 (Mon) 28R 10:25-12:10
Nov 25 (Tue) 2[R 10:25-12:10 (Monday classes)
Nov 28 (Fri) 3[R 13:00-14:45
Dec 5 (Fri) 3R 13:00-14:45

Slides can be downloaded from the link below:
https://yutamich.qgitlab.io/lectures.htmi#lectures



https://yutamich.gitlab.io/lectures.html#lectures

Assignment for Oct 20

 What would you like to hear or learn about in this
lecture series?

* You may also answer from the Google Form below
https://forms.gle/6AwJ48XcpWQXgMon9

Don’t forget to put
your name and
student#

You may answer in
any language
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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 [EEETESETE—
— Beginning of astronomy

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

What are gravitational waves?
- Einstein’s general relativity

History of gravitational wave observations
- It took 100 years to detect them

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

How do we detect them?
- Laser interferometer

15



Gravity in General Relativity

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

T. Pyle/Caltech/MIT/LIGO Lab

5




Gravitational Waves

* ripples in space-time created by motion of objects




Characteristics of GWs

propagates at the speed of light
quadrupole radiation (+ mode and x mode)
high transmissivity <= very weak interaction
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History of Gravitational Waves

* 1915 Einstein formulated General Relativity
* 1916 Einstein predicted gravitational waves

* 1936 Einstein submitted a paper saying that GWs
do not exist on second thought — —
— got criticized and got angry

1957 Chapel Hill Conference ——

Feynman's “sticky bead argument” -
GWs started to theoretically accepted

Howard Robertson Richard Feynman John Wheeler

“— —




Pulsars and Indirect Evidence

* 1967 Bell and Hewish discovered a radio source
which has 0.04 sec pulse with a period of 1.3373011 sec
—Pulsar (later discovered to be a neutron star)

7

Little green men 1 21
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Weber’s “Detection”

* 1969 Joseph Weber claimed a detection of
gravitational waves

e |ater discovered to be
wrong

 But this motivated for
direct detection
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https://doi.org/10.1103/PhysRevLett.22.1320

Follow-up Experiments in Japan

Hiromasa Hirakawa, 1971 . i W

&

GW experiments in
Japan started at
Hongo Campus

Kimio Tsubono

24



Laser Interferometric Detectors

* 1960s Rai Weiss got the idea when he had to teach
a graduate course on general relativity at MIT
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Laser Interferometric GW Detectors

« Measures differential arm length change

> ¢ Beam
Laser source /. splitter Movable mirror
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Laser Interferometric GW Detectors

« Measures differential arm length change
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Feedback

Interferometer Control

« Control mirror positions to “lock” the fringe

>m - -
B Gravitational
—> GW signal | ¢ ¢ /
¢ Beam
ff Laser source > splitter Movable mirror
O W ——— Fringe
| Interference stop

28



Feedback

Linear System

« Control makes the system linear

| Actuator Gravitational
(Mirror) waves
¢— GW signal | |
-
Sensor
B (Interferometer)
e
c
®)
O
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Feedback

Noises and Sensitivity

* Noises in the loop limits the sensitivity

) [ ] [ ]
Electronics Als/lt_uator Gravitational
noise (Mirror) waves
—— GW signal | | ‘
Thermal — j—— Se’s;{mc
vibrations motion
Sensor
— (Interferometer)
) .
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Things You Need to Know

¢— GW signal

Thermal
vibrations

Seismic
motion




History of Laser Interferometers

« 1970s-1980s Prototypes at MIT (1.5 m—5 m) / Garching,
Germany (3 m—30 m) / Glasgow, Scotland / Caltech (40 m)
[ ISAS TENKO (10 m—100 m) / UTokyo (3 m)

« 1984 LIGO project started by Drever, Weiss, and Thorne
1995 TAMA300 started construction in Mitaka £
« 2000 TAMAS3O0O0 recorded the best sensitivity

« 2000s Initial detectors started operation (1G)
LIGO (US, 4 km) / TAMA300 (Japan, 300 m)
GEOG600 (Germany, 600 m) / Virgo (Italy, 3 km)

« 2011 LIGO started upgrade

« 2015 Advanced LIGO started
observing run, and first detection




First Detection by LIGO Detectors

* On September 15, 2015, two detectors separated
by ~3000 km detected almost simultaneously
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Binary Black Hole Merger

* Two black holes merging into one
https://youtu.be/c-2XIuNFgDO
-0.76s

§ 250


https://youtu.be/c-2XIuNFgD0
https://youtu.be/c-2XIuNFgD0
https://youtu.be/c-2XIuNFgD0
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Binary Neutron Star Merger

N Pt LIGO - Virgo

« GW170817

Coincident detection of

gamma ray burst
later with other
electromagnetic
observations
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https://iopscience.iop.org/article/10.3847/2041-8213/aa91c9

Binary Neutron Star Merger

« Short gamma ray burst after gravitational waves
https://youtu.be/e7LcmWiclOs



https://youtu.be/e7LcmWiclOs

Origin of Heavy Elements

* From light curves after the merger, ewdence for
r-process e Errn
elements was o
found a5
(kilonova) ¢
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https://iopscience.iop.org/article/10.3847/2041-8213/aade02/meta
https://iopscience.iop.org/article/10.3847/2041-8213/aade02/meta
https://iopscience.iop.org/article/10.3847/2041-8213/aade02/meta
https://iopscience.iop.org/article/10.3847/2041-8213/aade02/meta
https://iopscience.iop.org/article/10.3847/2041-8213/aade02/meta

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? ¢t Gre211211A, GRB230307A

Can BNS mergers explain the origin of all heavy
elements?

QCD phase transition?

.«P‘ A Quark-Gluon Plasma
~ Aqcp

Temperature

(Colo Superconducting
uark Matter

~ N Baryon Chemical Potential

Fujimoto+,
PRL 130, 091404 (2023)

39

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 40

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

Sound from Binary Coalescences

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

ATIONAL WAVES

GW150914
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https://youtu.be/gT1VwCTe_90

Mass of Events Detected So Far

Latest list including O4a results released on Aug 25, 2025

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars EM Neutron Stars
N
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N
N
O
E 10
5 8@
2| @

=]
LIGO-Virgo-KAGRA | Aaron Geller | Northwestern 49



Mass of Fvents Detected Sc

Intermediate-Mass Black Holes
of unknown origin (>~100 M,,)
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How do stars shine?

« Stars support its gravity with nuclear fusion

« Stars will gravitationally collapse in the end
Iron is the most stable

Fusion
(stars.
hydrogen -
bomb.

fusion power

*H ~ generation)
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Nuclear Fusion and Fission

« Gravitational collapse creates heavy elements

* Nuclear fission creates energy 530,
—Atomic bomb  Iron is the most stable EA5705 .
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Fate of Heavy Stars

 Mass gap between neutron stars and black holes,
upper mass gap due to palr-lnstablllty supernovae

— - [

No more
Red Giant

White Dwarf

(~1.4 My max)
Planetary Chandrasekhar limit
Nebula

e VO Neutron Star
b (~2 My max)

Tolman-Oppenheimer-Volkoff limit

AL . >
Supernova Y 8
>8 Mg P ,
Upper mass gap in Bl_ack Hole
65-130 M, due to pair- (Typically 5-10 M)

instability supernovae ~_— 46




Population Studies

* Peaks at ~10 M5 and ~35 M, origin uncertain
« Studies on spin to find out if binaries are formed In

10" 4

dR/dm [Gp('“:‘ yr~ M l]

Isolation or dynamically

=~ B-SPLINE, GWTC-4.0
—— BROKEN POWER LAW + 2 PeEAKS, GWTC-4.0
- Power LAaw + Peak, GWTC-3.0

LVK, arXiv:2508.18083
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https://arxiv.org/abs/2508.18083

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

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
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https://arxiv.org/abs/2504.04646
https://arxiv.org/abs/2509.04348

DESI Results for Cosmic Expansion

« 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 K\N
ls DPARK ENERGY chan ging?? ﬂ C \\
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https://arxiv.org/abs/2503.14738

Searches for New Physics
UItrallght dark matter (10-13..,10_1 eV range) Personal Picks!
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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) 5 1



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

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 on July 10, 2025

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 ]
AR 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
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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
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https://arxiv.org/abs/2507.08219

GW250114: Loudest BBH

LVK, PRL 135, 111403 (2025)

Released on 2 _— —
September 9, 2025 ¢ i /\/\/W\/w
Network SNR of 80 =z, QSRS T R,
(Hanford + Livingston) T
Confirmation Of Ny S ‘_i
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https://arxiv.org/abs/2509.08054
https://doi.org/10.1103/kw5g-d732

Global Network of GW Detectors




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 image: A@Mellinger)




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
ks



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) 58
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Cumulative Detections/Candidates

Now in O4 Observing Run

01+02+03+04a = 218, 04b* = 105, O4c* = 54, Total = 377

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

LIGO-G2302098

Ol 02 O3a O3b O4a O4b O4c

O

Gravitational
Wave Events

~1 event per 2-3 days

https://apps.apple.com/jp/app/ Details:

gravitational-wave-events/id1441897107 .
ORe%i0)
5 :
O

100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400
Time (Days)

LIGO-G2302098(85d3a4e6), updated on 29 September, 2025 Credit: LIGO-Virgo-KAGRA Collaboration

04 (May 2023 ~ Nov 2025)


https://dcc.ligo.org/LIGO-G2302098
https://dcc.ligo.org/LIGO-G2302098
https://dcc.ligo.org/LIGO-G2302098
https://apps.apple.com/jp/app/gravitational-wave-events/id1441897107
https://apps.apple.com/jp/app/gravitational-wave-events/id1441897107
https://apps.apple.com/jp/app/gravitational-wave-events/id1441897107
https://apps.apple.com/jp/app/gravitational-wave-events/id1441897107
https://apps.apple.com/jp/app/gravitational-wave-events/id1441897107
https://apps.apple.com/jp/app/gravitational-wave-events/id1441897107

Next Generation Detectors

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

Jpdated 01 02 03 04 05 06
Ajgc /\14(,);; 10/3;)1040 15%'-;SO+ 24&-;}25 LIGO A#

LIGO i ] 1 11 s -
30 40-50 50-60 70-130 Vir go_n EXT

Mpc Mpc Mpc Mpc

Vi rgo ] 1] L,

__
i3 KA%H F?

S,

0.7
Mpc

KAGRA |

2030s ! 2040s

G2002127-v32

LIGO India
Cosmic Explorer B B
Einstein Telescope TN

e




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) 61



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) 62




Space-Based Detectors in 2030s

* Arm length of O(10) km is a limit for ground-based
* Also, seismic isolation below 10 Hz is tough

— Space-based
detectors

e LISA(D): 1-10 mHz region
- ESA-lead
- To be launched 2035
- LISA Pathfinder succeeded in
2016
- Similar Chinese projects: TianQin ((KZ), Taiji (AIH)

» DECIGO(C=U\C): 0.1-10 Hz region
- Japan, 2030s por—= v, |




&

Electromagnetic Wave Spectrum

Discovery of Super-
Massive Black Holes

Discovery of Pulsars

Black Holes

Gamma-ray
Bursts

Black Hole
Shadow

ATMOSPHERE




Gravitational Wave Spectrum

Stochastic background from inflation

More @&
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Gravitational Wave Spectrum

Stochastic background from inflation
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Gravitational Wave Spectrum

Stochastic background from inflation
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Pulsar Timing Array

* Measures arrival times of pulses for years

* June 2023: Evidence for GW background

- NANOGrav: North America (15 years of data)

- EPTA: Europe

- PPTA: Australia

- InPTA: India .
Celebrat

- CPTA: China acCalach |

« Superposition of GWs from many

super-massive
BHs?




Cosmic Microwave Background

« CMB: Nearly isotropic 2.725 K black body radiation
from the universe

measurements

« LiteBIRD
Aiming for 2032 launch

« Simons Observatory
Observation started 2024




Summary

Gravitational wave astronomy has just started
First event on September 15, 2015
We now have more than 300 events

Detector improvements are necessary for better

understanding of the universe
- Neutron star physics
- Origin of heavy elements
- Origin of black holes
- Cosmic expansion
- Tests of gravity etc...

Developments in other frequency bands are also
underway

70



Assignment for Oct 20

 What would you like to hear or learn about in this
lecture series?

* You may also answer from the Google Form below
https://forms.gle/6AwJ48XcpWQXgMon9

Don’t forget to put
your name and
student#

You may answer in
any language



https://forms.gle/6AwJ48XcpWQXqMon9
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