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Assignment for Dec 5

« Describe your overall impressions of the lectures
and list up the topics you want to study further.

* 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

Plan of the Lecture Today

My Top 5 favorite gravitational wave events
Next generation detectors
Space gravitational wave detectors

Goal: Understand that improvements in the
detectors are necessary for better future



My Favorite GW Events

1. GW170817
GW;1:90524
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"o BW190814: 23M,, + 2.6M,

* Lowest mass ratio, mystery compact object

2020 ApJL 896 L44

Masses in the Stellar Graveyard

in Solar Masses

+ % 4 + ' GW190814 Factsheet /

Lowest mass ratio event to date
A Strongest evidence of higher order modes

Delay:

20 1 - Observed by: LIGO Hanford,
A = LIGO Livingston and
A Virgo detectors 29 —
Model 1
Source type: BH and compact 28 Model 2
object
10 Date: August 1412019
Time of merger: 21:10:39 UTC
Network SNR: 25
5 Distance: 196 — 282 Mpc
Redshift: 0.05 Spin Perpendicular to
Orbital Plane:
2 Chirp Mass: 6.1 Mg X
....................................................................................................................... R | o8 Mo A 1 Spin Parallel to
gimary - 2 © Orbital Plane:
EM Neutron Stars .
2 . e o, Sgcondagy Hass: 2.6 M@ spin of Final BH:
® L4 ° 0 P 2
® e ® ®oe o o . e ®e ° s ratigs 01 SNRin Octupole Mode: 5.2-7.9
. . . * e, . . ." ) '. L] . Final Mass: 25.6 Mg
e® %o ® P .. e® . ® e ® L ® o ®. 00 e® e '.. L . - #GW cycles (above 20Hz) 300 cycles
® .
1 . . LIGO-Virgo Neutron Stars e ® Sky Area: 18 deg?
Merger Rate: 1-23 Gpc3
yr'
Updated 2020-05-16 P sl Initial Public Alert 20 min

LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern
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M250114: Area Law, Overtones

» Largest network A
SNR of ~80 (L+H)

Strain [10721]
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31123: Heaviest Binary BHs

* Hint for the origin of heavy stellar-mass BHs?
2025 ApJL 993 L25

Meet GW231123

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

travelling from 2 - 13 billion light years away ...
xolt only are th:hsc black :
~ highly spinning. |  GW231123 was detected on
5?:;. is rotating at -balg.mof November 23, 2023 at 13:54 UTC by PN
maximum possible rate,
corresponding to ~400,000 HIERARCHICAL !
astrophysical “UPPER MASS GAP” times m" rotation speed! ORIGIN STORY? I o
distribution of H1
l(n(l;wln LVK black - a l'd
Ot Monses GW231123
lighter black hole 225 and
the black holes dor: m
?erge an
GW231123 ecome ... ‘ L1 L l G 0
heavier black hole
RSN,
meabiac hote The high masses and i c for a duration
. . — . , ' components indicate of 0.1 seconds.
that they could come
0 50 100 150 200 250 from previous black
hole mergers.
MASS [SOLAR MASSES]
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“NetN190521: First IMBH event

- Zwicky Transient Facility - BRL125,101102 (2020)

found the electromagnetic
flare consistent with
expectations for a kicked
binary black hole merger
In the accretion disk.
Repeat flare in 1.6 years?-—=

Livingston /irgo
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M. J Graham+, 10? Inspiral? Merger Ringdown Final BH
PRL 124, 251102 (2020) 2o e ® ®
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« Could be collision of Proca stars? |

Vector boson star of 8.7e-13 eV ooy I s gn
Juan Calderdn Bustillo+, PRL 126, 081101 (2021)
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LGW‘HOBW Multi- messenger Event

400.' LIGO -

Detected by HLV,
localized ~30 deg?

« Short gamma-ray burst,

kilonova detected GW
« Speed of gravity -

« Hubble constant oy =
o StUd'GS Of ;pﬂcal o E2C VT TR LT e At R m| |

neutron star

equation of state e
» Evidence for [t EaE Lo |
production of FE A i e
heavy elements L o .| B
» 9 ;
LV and many, ApJL 848, L12 (2017) |, o\l e

Radio



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

So, What's Left?

What is the origin of heavy black holes?
What are the compact objects in ~3-5 M, range?
What happened after the BNS merger?

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

- Diversity of kilonovae? c.f. GRB211211A, GRB230307A
Can BNS mergers explain the origin of all heavy elements?
QCD phase transition? -

Tests of general relativity with polarizations
Hubble tension, dynamical dark energy ...
Continuous waves, bursts from supernovae ...

Sarin & Lasky,
GRG 53, 59 (2021)

Clear need for more detectors with better sensitivity
More multi-messenger detections 10


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

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
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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
2025-11-15
80 100 100-140 150 -160+ 240-325
L | G O Mi:vc Mpc Mpc Mpc Mpc
A
First detection 30 40-60 50-60 70-130
] Mpc Mpc Mpc Mpc
Virgo L 1
0.7 1-3 =10 25-128
KAG RA Mpc Mpc Mpc Mpc
I I I 1 I 1 1 1 1 | 1‘ 1 1 1 | |
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Sensitivity Band and Science
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Sensitivity Band and Science

Nuclear EoS
GRBs, Kilonovae
Heavy Elements

Ringdowns
Spins
Cosmic Expansion
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Limiting Noises

Ringdowns
Spins
Cosmic Expansion

Nuclear EoS
GRBs, Kilonovae
Heavy Elements

Origin of
heavy BHs

@
Coating qua®
6,o'//'.l'hermal Lase’
10T
102 103
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requency (Hz) 15



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
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...;1‘7«12 R % o W'__, y
" 4 ¥
] 4 /
0

Higher Power

Squeezing
(frequency dependent)

Larger Mirrors

Coating Improvements

Cryogenics
requency (Hz)

LIGO-G2200805 1 7
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LIGO (US, 4 km, Room Temp.)

« Hanford & Livingston operating at ~150 Mpc
1020,

Measured

1
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LIGO (US, 4 km, Room Temp.)

« Various R&D underway
10_205

-

9
N
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4 Voyager:
200 kg Silicon
— @120 K option

strain (/V Hz)
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w S w

A# (06, 2030+): Further coating improvements,
further higher power, 40 kg - 100 kgI mirrors
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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 2 O
annular or

O5 or later

central heating G2500537-v1
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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°
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https://www.virgo-gw.eu/Laser/upgrade_1_F.html
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https://www.virgo-gw.eu/Laser/upgrade_1_F.html

KAGRA (Japan, 3 km, 22 K)

« Operating at ~7 Mpc at ~50 K (1x ~90 K)

10-20. o O3GK, 2020 O4a, 2023
ANE .\ i A
1041 ”“ Measured

(O4c, 2025)

E \ Wl Mm
Pk

10—24-; O KAGRA high frequency upgrade to
) ) 5T @) focus on neutron star physics? (O6)

—

9
N
N

KAGRA Design

ncy (Hz) 22



KAGRA (Japan, 3 km, 22 K)

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

T AT -

New vibration N N Scattered ||ght mltlgatlons
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New in-vac
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Sky Localization Simulatio
« O4 Honly |

S
R

event ID: 81 -w
50% area: 8,061 deg?
90% area: 24,219 deg?

For 1.4-1.4 BNS at 80 Mpc, calculation by Peony Lai and Alvin Li 24



Sky Localization Simulation
+ O4H+L A

event ID: 81 o L1¢o';L;§i'ﬁ;j5;§né' \Virgo ) /
50% area: 117 deg® N SN 7/
90% area: 428 deg® !

For 1.4-1.4 BNS at 80 Mpc, calculation by Peony Lai and Alvin Li 25



Sky Localization Slmulatlon
e O4H+L+V

event ID: 81 o hegiiided |\ Vi > /
50% area: 22 deg?® S SN 77 7
90% area: 93 deg® | A

For 1.4-1.4 BNS at 80 Mpc, calculation by Peony Lai and Alvin Li 20



Sky Localization Slmulatlon
« O4H+L+V+K(10 Mpc)

event ID: 81 .
50% area: 14 deg® S SN
90% area: 73 deg? | A

For 1.4-1.4 BNS at 80 Mpc, calculation by Peony Lai and Alvin Li 27



Sky Localization Slmulatlon
« O4H+L+V+K(25 Mpc)

event ID: 81 DeQidingotbnp | \ Yo

50% area: 2 deg? S SN
90% area: 9 deg*® | A

For 1.4-1.4 BNS at 80 Mpc, calculation by Peony Lai and Alvin Li

28



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?] 29


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

Cumulative probability

Sky Localization in OS5 (2028~)

« 1~5 BNS detections per 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?] 30


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

Cumulative probability

Sky Localization in O6 (2030+)

« 5~23 BNS detections per year localized < 10 deg?

1.0 ~95% chance —; With KAGRA HF
0.9 ~85% chance—__; With Virgo
. I
~70% chance !
0.7- ™y : Hanford and
0.6 'S : Livingston
. - ”
I L o l * Fisher analysis for BNS
0-5 0L ! 3 at 100 Mpc
0.4 oL = - * Single detector duty
o =2 = factor of 80% d
(&) S , = actor o o assume
0.3 7] 12 , N * BNS merger rate
0.2 | L | 90-450 /Gpc3/yr
' : : See, also:
0.1 =1 I R. Weizmann Kiendrebeogo+,
ol : ! ApJ 958, 158 (2023)
oo~4—-—"7 L ' .
1071 10° 10! 102 103

Sky localization error [deg?] 31


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

32


https://dcc.ligo.org/LIGO-G2500785
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https://dcc.ligo.org/LIGO-G2401602

Next Generation Detectors

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

Updated 01 02 03 04 05 06
2025-11-15
Ajgc ,\1’2(()3 1(;3;)1040 15(;/;;3% 24&;)3;25 LIGO A#
LIGO ] HEI S
: oo Mpe Vo T Virgo nEXT
Virgo ] _
o “pe KA%HF ?
KAGRA |
|
T T T T T

2030s ! 2040s

G2002127-v33

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
103
frequency (Hz) 34



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
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@

[ F Bronzinl, V.L. Hoang, A. Rezael

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 (technical overlap with A#)

A# (O6)

Cosmic|Explorer
100
frequency (Hz) 36
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Stray light mitigation

Layout studies

M Todd,
CE-G2500002

Filter Cavity

J 3 "
F i i g
e — . 3 s
= = R Y
i . w
4 ) | : 3
ez —
= -
!
1.2m V m

fibers

160 kg
mass

From M. Evans
(GWADW2025)
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https://dcc.cosmicexplorer.org/CE-G2500002
https://dcc.cosmicexplorer.org/CE-G2500002
https://dcc.cosmicexplorer.org/CE-G2500002
https://doi.org/10.1103/PhysRevApplied.17.024044

Different Strategies

 Different strategies for different detectors
. Multiole options for the future

pdeee, US, 4 km 25 ! (?(SA# LIGO Voyager
LIGO z.‘ﬁf. 300 K Fused Silica Mpe ~ LJ\
Italy, 3 km 70130 Virao nE]
Virgo 4: 300 K Fused Silica | ; 2 i US, 4 km
25-128 KA H 120 K Silicon
KAGRA Japan, 3 km, underground Mpe Gﬁ —
.t-. . 20 K Sapphire — |
G2002127-v33 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 20308 J 204os

LIGO India

Cosmic Explorer R B
Einstein Telescope B B

B-DECIGO |

Europe, 10 km, underground LISA
300 K Fused Silica/ 10 K Silicon

India, 4 km
300 K Fused Silica

S a1 US, 40 km
S5 300 K Fused Silica [




mechanical loss

Why Different Mirror Materials®?

 Thermal noise O T

e

ET.027-09 Temperature
107 ‘ ‘
1 6 01 06
° L4 1
[ ]
107 ¢ 8 3
® fused silica =
calcium fluoride 167 %
1 ©
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10 " r 4 silicon 16 34 ©
“17 - 4 g
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107°
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temperature [K]
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Mechanical loss angle
(temperature dependent)

= fused silica
calcium fluoride

1

Sapphire / silicon Fysed silica

Is good at
cryogenic temp.

iIs good at
room temp.

| | |
150 200 250 300
temperature [K]

Silicon has zero
thermal expansion
at18 Kand 123 K 39


https://workarea.et-gw.eu/et/WG5-Management/et-codified-documents/internal-docs/Nawrodt_ET-027-09-1.pdf/
https://workarea.et-gw.eu/et/WG5-Management/et-codified-documents/internal-docs/Nawrodt_ET-027-09-1.pdf/
https://workarea.et-gw.eu/et/WG5-Management/et-codified-documents/internal-docs/Nawrodt_ET-027-09-1.pdf/
https://workarea.et-gw.eu/et/WG5-Management/et-codified-documents/internal-docs/Nawrodt_ET-027-09-1.pdf/
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Different Wavelengths

 Different mirror materials require different laser
wavelengths

/Amorphus

Crystalline —

x =

Car

sed Silica

300 K Fu

120 K Silicon
LIGO, Virgo, Voyager @ 2050 nm
Cosmic Explorer 10 K Silicon
@ 1064 nm R = Einstein Telescope
20 K Sapphire @ 1550 nm

KAGRA @ 1064 nm 40



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)




Exciting R&Ds for Next Generations

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

Large silicon or sapphire mirrors (¢ 45 cm, 200 kg)
- Low birefringence
- Low absorption

Low thermal noise 0T
high-reflective coatings 10-z{ |\ \ |
: ~ IR B |
Suspensions for ¥ o022y o\ \ i
large mirrors I " nm !!!!,,,‘
. . 5 ~ st 81 [~
High power handling @ oo i /\,
Voyager Cosmic
_25] Explorer
. and more S T
frequency (Hz)



Birefringence and Its Fluctuations

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

 Birefringence fluctuations will also be additional
phase noise (8(An)<10-1% /NHz) v+, PRD 109, 022009 (2024)

« EXxcess birefringence noise reported by PTB/JILA

>

mitigation schemes 5|

Global
fluctuations

J. Yu+, PRX 13, 041002 (2023) Lﬁ’j_\
* Inhomogeneous birefringence »
experiences from KAGRA sapphire b s
H. Wang, ..., YM, PRD 110, 082007 (2024) 3\\ - Ve Q
Al [o11)
. Active research ongoing s . I . D <.
to study their effects and 5o - B

- 43
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https://doi.org/10.1103/PhysRevX.13.041002
https://doi.org/10.1103/PhysRevD.110.082007
https://doi.org/10.1103/PhysRevD.110.082007
https://doi.org/10.1103/PhysRevD.110.082007

Next Gen.
detectors
can observe
compact
binaries
throughout

cosmic
history

https://gravitationalwaves.
syracuse.edu/about/
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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

Unusual compact objects

Modified gravity

Uncertain

CE only

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 4


https://arxiv.org/abs/2109.09882

Next Gen. Science Personal Picks

Displacement and Spin Memory

15.0

2125 g it | Permanent shift in the displacement
R [ 4 and twist of the spacetime could be
£ 7 detected by ET and CE
S 25 s Goncharov, Donnay, Harms,

) 95 50 75 100 125 150 175 200 PRL 132, 241401 (2024)

o
=

Observation time [day]

Polarization and Sky Localization

y

Panyy 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)
o ¥ __ Model TSI Alnd, 0.0520 0.124 0569 Takeda+,
AQ,[deg?]  0.346 0.643 3.51
AAg, 0.0797 0.178 0013 PRD 100, 042001 (2019)

More polarization can be resolved & better sky
localization with ET and CE due to low
frequency sensitivity and Earth rotation 46



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

Binary neutron star range [Mpc]

Sensitivity Evolution

104 | — Next Geln.
New famhtya (E3°S|mic
- Upgrades & ein
1031 | | —
; Upgrades 05 ==
10 Upgrades ¢® : a —
] ® @
|LIGO . CJ °
101§ .? ? ®
|3 2 Virgo KAGRAf
o
10% e Steady improvements
i o over the past ~20 years
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Year 47



Space-Based Detectors in 2030s

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

Updated 01 02 03 04 05 06
2025-11-15
Ajgc ,\Z’g((); 1(;3;)1040 15(;/;;30+ 24&;)3025 LIGO A#
LIGO ] 11 S
: pe Moo pe. T Virgo nEXT

Virgo ] _

e “Wpe KA%HF ?
KAGRA |

|
T

2030s ! 2040s

G2002127-v33

T T T T T T T
2023 2024 2025 2026 2027 2028 2029 2030 2031
LIGO India

Cosmic Explorer B =
Einstein Telescope R B

= B-DECIGO =
LISA




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

10—18_
10~ 19 |

L 1071 LISA
S 1072

\
10—22 \ KAGRA

10-23- B-DECIGO .| N\_ |

1024 Einstein Telescope
_Cosmic Explorer /

10-3 102 10~! 10° 10! 102 103

frequency (Hz) 49

TianQin

strain




Super Massive Blackholes
* LISA observes SMBH binaries

\;30‘ n(\“"\
10-18 SN

=104

-

E 10—22

71072 B-DECIGO\| N\_] =~
1024 Einstein Telescope
10-25 Cosmic Explorer /

165 107 100 10° 100 107 10°
frequency (Hz) 50



Multi-band Observations

* DECIGO can predict merger time for follow up

10—19_

Merger Ring=

observations
T ¢ e s
10~18¢ TianQin _.. i
N\ MV

Einstein Telescope

Cosmic Explorer

165 102 101 10° 10' 107 10°
frequency (Hz) 51
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Primordial GWs from Inflation

« DECIGO band is suitable for observing primordial
gravitational waves

10_4j
1077}
10—14 I
10~ 19| (
G. Calcagni, S. Kuroyanagi
10_24 I JCAP 03(2021)019 .\
10-1¢ 10°1 107 0.1 104 10”

f [Hz] 52


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

LISA to be Launched Mid-2030s

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

10718 o
10-1°- v

£ 107° | |SA
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Shorter LISA will not be DECIGO

e Shorter arm Iength more power received,

but not more sensitive '
1019 1]

L 10-20. ~ il

LISA '
= 10214
E 10_22_ m
-H 1 —23 ] — ‘

101 10
frequency (Hz) 95




Shorter LISA will not be DECIGO

* Form an optical cavity to enhance the sensitivity

DECIGO 1000 km
B-DECIGO 100 kny

equency (Hz) 56



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!

K. Nagano, H. Takeda, YM+
CQG 38. 085018 (2021) 57



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

For DECIGO, LIFE etc. T. lto+, PASJ 77, 1080 (2025)

Proposal submitted to JAXA

In Feb 2020 (currently at mission definition
of JAXA's small satellite



https://doi.org/10.1093/pasj/psaf086
https://doi.org/10.1093/pasj/psaf086
https://doi.org/10.1093/pasj/psaf086

Astrophysical Reach to Binaries

. govers entire universe by 2030s
10%-

{ Cosmic B-DECIGO /&SA
103 { Explorer : A
5 _/ Einstein ﬁ,aan\
e

Jelesc

Distance (Gpc)
=
<,

0
10 aLIGO

10° 10! 107 10° 104 10° 10°
Chirp mass in source-frame (Mg) 59



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

= : /

Pulsar timing

CMB B-mode



Gravitational Wave Spectrum

Stochastic background from inflation

More @&
Mmassive B

If frequency iIs multiplied by 1015

age of _‘

Period yniverse Radio :ar IR UV X ray

Freq.
Hz 10-15 10 12 10-9 106 10-3 1 _ 103
Ground-based interferometers

CMB B-mode B



Gravitational Wave Spectrum

Stochastic background from inflation

More @&
massive B

If frequency iIs multiplied by 1015

age of _‘

Period yniverse Radio :ar IR UV X ray

Freq.
Hz 101 10 1210 10° 03 103
:rgind-bied interfirometers

LISAN &
=2 1GO

‘tracking intaleromel®rs Resonant bars

CMB B-mode B



But wait... Is DECIGO Feasible?

Common misunderstanding: “Forming an optical
cavity between satellites sounds impossible”

— It is hard, but possible by using multiple sensors
& actuators during initial acquisition sequence

(‘Q;‘D
oy N
Observation

Fa @ @ @ YM+, CQG 42, 225027 (2025)

Deployment Link acquisition Lock acquisition

Deployment

Link Lock DECIGO goal goal goal
acquisition acquisition — _
avity length difference m same same
\ Cavity length diff AL 2k
\ S @ @ Cavity length fluctuations dLyms — 34 cm 0.5nm
1 1

Relative velocity between mirrors v — 1.2 yms™ 23nm s~
Beam pointing Afpeam 3 mrad 0.46 prad —

Mirror relative alignment Af — 0.23 prad 0.035 nrad
B-DECIGO

Cavity length difference AL 40 m same same
Cavity length fluctuations dLms — 3.4cm 0.1 nm
Relative velocity between mirrors v — 0.12 pms ! 23nms
Beam pointing A6peam 3 mrad 1.5 prad —

Mirror relative alignment Af — 0.73 prad 0.35 nrad



https://iopscience.iop.org/article/10.1088/1361-6382/ae1b61
https://iopscience.iop.org/article/10.1088/1361-6382/ae1b61
https://iopscience.iop.org/article/10.1088/1361-6382/ae1b61

Design Comparison

LISA TianQin B-DECIGO
Arm length 2.5e6 km 1.7€5 km 100 km
Interferometry Optical Optical Fabry-Pérot
transponder transponder cavity (F=100)
Laser frequency | Reference cavity, | Reference cavity, | lodine, 515 nm
stabilization 1064 nm (~3 W) | 1064 nm (~1 W)
Orbit Heliocentric Geocentric, facing | Geocentric (TBD)
J0806.3+1527
Flight Constellation Constellation Formation flight
configuration flight flight
Test mass 1.96 kg 2.45 kg 30 kg (70 cm dia,
(46 mm cube of | (50 mm cube of |4 cm thick
Au-Pt alloy) Au-Pt alloy) Fused Silica???)
Force noise req. |8e-15 N/rtHz 7e-15 N/rtHz 1e-16 N/rtHz
Achieved CQG 33, 035010 (2016)

PRL 120, 061101 (2018)

64



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.061101
https://iopscience.iop.org/article/10.1088/0264-9381/33/3/035010/meta

Tough Part is the Large Mirrors

« Shorter arms and larger
mirrors are required for
reflecting all the light
to form optical cavities

B-DECIGO

(70 cm dia. 4 cm thick???)

LISAtype  Telescope

0.3 m dia.
Test mass 46 mm cube

KAGRA

(23 cm dia. 15 cm thick)

C

LISA

(46 mm cube)

DECIGO type

Test mass 0.7 m dia. to
avoid optical losses

65



Stringent Force Noise Requirement

« B-DECIGO requirement is most stringent due to
shorter arm length

10—18_
10—19_
EprSS
= 10-21-
10—22_
10—23

R [
10_24_ . N AN Le¢
- 2= R T N S
10~ 1072 101! 10° 101 102 103
frequency (Hz) 66

TianQin

=
©
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Let’'s Start from the Minimum Goal

* Minimum goal: Observe GW170817-like binary a month before
the merger (or GW150914-like binary an hour before the merger)

TianQin

Is required for .
achieving the goal
103 1072 107! 10° 10! 102 103
frequency (Hz) 6/

10—25




Sensitivity of Space Detectors

« Can be modeled with force noise and shot noise

Force noise

(Any force fluctuations . Gravitational
A to test masses) Shot noise
waves

>
o
> Cut-off coming from
" — N the cancellation of
= DN the gravitational Test Test
2 ~ wave signals at high mass mMass
Q frequencies
)
E= -
(4y)
4‘_'; Arm length L
m - - -

Gravitational wave signal

>

Frequency 68



Equations for the Noises

* Force noise Force noise spectrum
ny «

hf _ X% LISA Pathfinder achieved
T -15
mw? L 4%x10°15N/J/Hz @ 1 mHz

7
Mass of \ Arm length
test mass GW

frequency
— From M ¢ , requirement on mL is derived

« Shot noise

—_ Laser wavelength

1 hec\

h _ Finesse
shot 27TL 2@ Q.F/ X F=2/n for Michelson

Arm Iength/ Input power

— From laser wavelength and power,
requirement on [, F is derived




Requirement on Basic Parameters

» To Achieve 3X10-2'/\Hz @ 0.5 Hz goal

If the force noise is 4 X 10-1® N/VHz he — nf
'mL > 120kg - km |

If the laser is 515 nm and 10 mW, shot noise gives

LF>180km | . 1 [hedm
shot — 5 1
2rL N 2P 2F

kg-class test masses and km-class arm length are
required

Forming an optical cavity is not required if

L > 180km/(n/2) = 114 km



Mirror Size and Arm Length

* Force noise requirement gives allowed region in
mass-length plane
I o7

- Better sensitivifly 108
‘%ﬁkfi/ / N 105
) B %‘D& R
(V) [
10 Z oy, 10*
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o
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=

= -
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-
)
o




Mirror Size and Arm Length

* From diffraction losses, allowed region in mass-
length plane {sog)btained

% a g m u
Assuming _ - +Better | 10°
- fused silica density, I 7(‘_)_ N WAl 1.0 [
- aspect ratio 2r/t=3 — - Q\,% <DO 0.8 10°
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— | '1;;;; . o_—
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Mirror Size and Arm Length

 Shot noise can also be calculated from the arm
length and firi%§se

[
)
o

. Better sensitivifl 106

7(‘_}_ i F / 10 *8

— () Q z . SJE
2 102 %‘60'% > o 2
=10 2% il I
(V] o 7 — V)
n ’% °) b 0
© z 0.4 g 1035
c | s
[l ] : — i
— ? 0.2 £ g
= | v 10! E
v %

/1'0"7\1e-21/rtHz £ 2
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Mirror Size and Arm Length

* Arm length of 60 km, mass of 2 kg, Finesse of 10

seems to be thg
103

most feasible choice

for

~ 102;
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Mirror Size and Arm Length

* Arm length of 60 km, mass of 2 kg, Finesse of 10
seems to be the most feasible choice

B-DECIGO

(70 cm dia. 4 cm thick???)

KAGRA

(23 cm dia. 15 cm thick)

v

LISA

(46 mm cube)

“F-DECIGO” (18 cm dia. 6 cm thic 75



60 km & 2 kg “F-DECIGQO” Concept

Proposed in 2019
BAMIEFZ2019FNFEAE @LUUEARF

 Barely meets the goal £ 18[EIDECIGO Workshop @E&fAS
Later FF-DECIGO — SILVIA

4\
10-18 @7
1 2% TianQin
10 F-DECIGO
LE 10—20
= 10—21

B-DECIGO

10-3 10-2 10-! 10° 10! 102 103
frequency (Hz) 76


http://granite.phys.s.u-tokyo.ac.jp/michimura/presentation/JPS2019s_michimura.pdf
http://granite.phys.s.u-tokyo.ac.jp/michimura/presentation/JPS2019s_michimura.pdf
http://granite.phys.s.u-tokyo.ac.jp/michimura/presentation/JPS2019s_michimura.pdf
http://granite.phys.s.u-tokyo.ac.jp/michimura/presentation/DECIGO-WS18_michimura.pdf
http://granite.phys.s.u-tokyo.ac.jp/michimura/presentation/DECIGO-WS18_michimura.pdf
http://granite.phys.s.u-tokyo.ac.jp/michimura/presentation/DECIGO-WS18_michimura.pdf
http://granite.phys.s.u-tokyo.ac.jp/michimura/presentation/DECIGO-WS18_michimura.pdf

~ Horizon Dlstance
10*f B-DECIGO ,—LISA :

TianQin
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o an ' :
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Beyond F-DECIGO Concept

* Heavier mirrors are required for better range

N \ P
107*° R\«Heavier mirrors, o
- . TianQin
10-19] etter force noise = ~0IGO
E . NS Higher power,
= o LISA \\\M : Squeezing ‘“o‘\se
20 " NEEY 1
T 1022 WS
B 10-23 B-DECIGO m
10724 |
10_25 , , S, :

165 107 107 10° 101 107 10
frequency (Hz) /8



Not Satisfied?
Introducing... Q<DECIGO
. -

Quantum A

[

i
\ |

Distributed
Entangled and
Cooperated

Interfer ers for

al wave



Distributed Quantum Sensing

* By entangling sensing nodes, Heisenberg scaling is
possible (< N instead of standard quantum limit
scaling o YN)

Caveat: Will not work on

) ~1OO Of feaSibIe F_DECIGO WOUId classical fo_rce noise.
make B-DECIGO Sensitivity Have heavier reference

proof mass?

 Can also be applied to long baseline p goesman-,
stellar interferometry (e.g. LIFE) PRL 109. 070503 (2012)

1 ; : ..".:'. 7 ’ s

: \u ",o .,.. ' - I ' - ‘1
: : U ‘ ' et | I |

: . P r ~L1 | I R1 |
: N ' of o | 1 I |
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Data

Circuit

___________________

Sensor Mf Postprocessing Receiver L |0}z |1) R + ei‘5| |0} r Receiver R

Z. Zhang and Q. Zhuang, Entangled Photon Source 80
S QST 6, 043001 (2021)



https://doi.org/10.1103/PhysRevLett.109.070503
https://doi.org/10.1103/PhysRevLett.109.070503
https://doi.org/10.1103/PhysRevLett.109.070503
https://iopscience.iop.org/article/10.1088/2058-9565/abd4c3
https://iopscience.iop.org/article/10.1088/2058-9565/abd4c3
https://iopscience.iop.org/article/10.1088/2058-9565/abd4c3

Q-DECIGO Orbit

* |f geocentric orbit, relative force from Earth J2 term
is proportional to m [ Mirror
Earth mass mass Arm length

~ , j
2+ )
Earth radius Orbital altitude

J2 coefficient

sz = maj, ~~

® ¢00 km ™ 2 kg detector at 1800 km

1800km @™ . 2a-4 N from J2
®

® 100 m * 100 g detector at 800 km

800 km
81

— 4e-8 N from J2

Calculation done with T. Ito’s code



J2 Term and Sensitivity

If orbital altitude and actuator dynamic range is
given, achievable strain sensitivity can be
calculated dynamic range \

(Sf _ fJ2/DR N 3J2GMER]23/DR
mw?L  mw?L 202 (Rg + H)?

<3 x107%/vHz@0.5Hz

This requires altitude higher than 3.3e/7 m
with dynamic range 107 rtHz
(Geosynchronous orbit 3.6e7 m will do)
This cannot be avoided by increasing 1, [,

— Low Earth orbit won’t work. Back-linked?
82

f —



ummary

* The future is bright and loud!
* The future is yours to shape!

10 % 380000 100/200 million 1 billion 8.4 billion 13.8 billion Einstein Telescope

years years years years years
he solar syster Advanced LIGO / Virgo +
2 |wav background
2 | background e o

e TODAY

perennned
\
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Big bang e o 3.3 billion years | BINARY BLACK HOLE COALESCENCE

, BINARY BLACK HOLE COALESCENCE
$<.2 10.3 billion years ___ BINARY NEUTRON STAR COALESCENCE

1.7 billion years BINARY NEUTRON STAR COALESCENCE

13.4 billion years

SUPERNOVA EXPLOSION

13.4 billion years

NEW BORN NEUTRON STARS AND MAGNETARS

13.8 billion years RAPIDLY ROTATING NEUTRON STARS
GW190521, the farthest event 83

detected to date: 6.3 billion years
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Assignment for Dec 5

« Describe your overall impressions of the lectures
and list up the topics you want to study further.

* 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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