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Gravitational waves

Newton’s gravity
="distant force between an apple
and Earth”

Einstein’s gravity
="free fall in curved spacetime”

-

“dynamic change of spacetime
must propagate as a wave”

Einstein’s prediction
of gravitational wave | ;94
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Laser interferometric GW detector

Far universe

supernovae, neutron star, Massive astronomical events

blackhole merger, etc.

_/ , Gravitational Waves | g,tical path length changes

S 1

Can be observed by
a large interferometer

e GEO in Germany [600m]
e KAGRA in Japan [3km]

Earth

oto- e LIGO in US [4km]
detector e Virgo in Italy [3km]



GW detector history

1916 Einstein’s prediction of GW

1969 Weber’s announcement of first detection
(considered as noise)

1974 Indirect measurement of GW by Hulse&Taylor
(1993 Nobel Prize)

1999 TAMA (JP) started observation
2002 LIGO (US) started observation

2009 LIGO-Virgo joint run for 1 year
(no GW detected)

2010 Upgrade to second generation GWs
KAGRA's construction started in Japan

2015 Advanced LIGO’s first detection



Advanced LIGO

¢ 4km interferometer x2

e 10-times better
sensitivity than LIGO

e Started obs. in 2015



KAGRA Kamioka, Gifu pref.

3km interferometer
Underground
Cryogenic mirrors
Joined the observation
run in 2020

Credit: ICRR



What can we learn from GW?

[image:NASA]

Inflation

o ‘ (Big Bang plus 10-35 seconds?)

Big Bang plus
43 = . .
10-4 seconds Cosmic microwave background,
distorted by seeds of structure
vy~ and gravitational waves

S

Big Bang plus
300,000 Years

e Proof of Einstein’s theory

e Early universe
e Blackhole population

e Binary neutron star merger

Interaction with
matter is weak

O

Information is
different from EM

GR

Cosmology

Astronomy

N
N
N
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Advanced LIGO’s first detection

LIGO Hanford Data (shifted)

bty

Strain (1027)

LIGO Livingston Data

0.35 0.40
Time (sec)

Binary blackholes with 36 and 29 solar masses

62 Ms BH was generated after the merger

Two detectors observed it with a 10-ms time diff.
Waveform matched to numerical relativity prediction
The source is 1.3B light-years from Earth

SNR was 24 and FAR was 1/200k-yrs or less

(False Alarm Rate) 8



Sensitivity of Advanced LIGO in 2015
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e Mainly limited by quantum and control noises
e The sensitivity is x2 better in 2022
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Qua ntu m nOise (IFO=Interferometer

GW=Gravitational Waves)

v Operating Michelson

differential -
motion IFO at dark fringe
(Light goes back to laser)

o

~>

GW causes differential

|

ol motion of the mirrors
Signal

i \} 9 to send signal light to

_Cj the dark port.

Laser fluctuation goes back to the laser.
= What would be the noise source then?
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Qua ntu m nOise (QN=Quantum Noise

SNR=Signal-to-Noise Ratio)

v Even without light,
differential th .
motion ere exists vacuum
(zero mean, non-zero variance)
Laser >

~>

-

Vacuum field entering
from dark port is the

i
jn .
VacuumT i u Signal source of QN.

Vacuum fluctuation is equivalent to ¥2 photon
= SNR is defined by the ratio to signal photons



1W

Qua ntu m nOise (IFO=Interferometer

GW=Gravitational Waves)

‘1' . | 1W laser light contains
differential — N=5e18 photons/sec.

motion
(A is set to 1064nm)
Laser

T ~>

—>
-

As GW changes the path

|
! length by AL,
Vacuum] | Jy Sional e YL,
| AN = (\/NT) photons
_Cj leak to the dark port
Sensitivity is given by solving AN ~ 1/2
= For 1W IFO, it is AL=5e-17(m/rtHz) y




Optical CaVitY (IFO=Interferometer)

Light travels back With a cavity to circulate

and forth n times ~ light 400 times, both VN

and AL increase by 400

1W  Laser ©99% @100%

—>

~>

[ AN = <4002 X VN nAL)
VacuumT :u Signal A
|

Sensitivity is given by solving AN ~ 1/2
= For 1W IFO, itis AL=1e-19(m/rtHz)




Optical CaVitY (BW=Bandwidth)

Signal outside bandwidth
. will not increase in cavity.
C

bandwidth~ ——
4L
— € O

ramermiitanta. | With 99% input mirror
and L=4km, BW is~30Hz.

We like to have more light in the cavity
but we do not want to decrease the BW

= A coupled cavity
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Coupled cavity (BW=Bandvidth

BS=Beam Splitter)

Coupled cavity w/ O3
determines the power.
Coupled cavity w/ @@
determines the BW.

~>

I

[ "Power-recycled
|:|:| @ Resonant-sideband-extraction"
I

Both Advanced LIGO &
_Cj KAGRA use this system.

Currently, Advanced LIGO uses ~1.5kW at BS
and sensitivity reaches AL=2e-20(m/rtHz).




w—— \[casured noise (O3)
m— Sum of known noises
m— (Juantum
e Thermal

Seismic
= Newtonian
Residual gas
® Auxibiary length control
® Alignment control

o0 o950 00

Quantum noise of LIGO in 2020

Beam jitter

Scattered light

Laser intensity

Laser frequency
Photodetector dark

Output mode cleaner length
Penultimate-mass actuator
01

02

(BW=Bandwidth
LF=Low Frequencty
QN=Quantum Noise)

[LIGO, PRD 2020]

(3
c" _—
—

Frequency [Hz|

A 3dB squeezing was injected to effectively
double the arm power (to be explained later).
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Thermal nOise (TN=Thermal Noise,

1/Q represents dissipation)

7 Thermal noise is given by
Suspension | 1 ) kgT
—mv- = —
7, 2 Q
ltemperature
) juctuartioﬁ:r @
\\ Substrate X~ 2kp ] ~9 X 10_21(m/ I‘tHZ)

Coatings QmQ3
(Suspension TN at 100Hz)

Each thermal noise level is calculated with
the fluctuation-dissipation theorem.
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Thermal noise

//

Suspension j/

7

P juctuation

.\\ Substrate
Coatings

Y: Young’s modulus
c: Poisson ratio

Cs: heat capacity

¢: loss angle

Xexpressed with a simple model

- Coating Brownian TN (rary, 20023
_4k,T (1+o0)1-20)2d,,

0 Y W 7

Decreases with a larger beam size (w)

S

)Dtemperature - Suspension Brownian TN (sauison, 1990]

ak.T [anvg(d, Y’
Sy = —5 Dy
mQ m 4/
Decreases w/heavy mirror (m) and thin wire (d)

- Substrate thermoelastic noise
5 5 5 [Braginsky, 2003]
_ 16k T (1+0) o,k

JTC WQ?

Decreases w/low thermal expansion (a) 21

S
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Thermal noise

7 LIGO’s strategy
Suspension | e Find a better coating material

7

e Increase the beam size
e Use thin monolythic wires
e Optimize the wire thickness

)D teuI:I aleargtoi re
j KAGRA's strategy

Coati\kgs Substrate e Cool the mirror down to 20K
e Use cryogenic sapphire wires

Choice of the strategy to reduce TN makes the
difference between LIGO and KAGRA.
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Cryogenic system
] & TN e Radiation shields

i

- - I - . ]
Vibration E o 3 —

Isolation System
(Room temp.)

Inverted
Pendulum

Disp. 'Eensor

=1« o Heat transfer via heat links

pure Al
(99.999%)

$=0.15mm

| GAS filter

|

 Heat transfer via sapphire wire
$=1.6mm

A

e Mirror temperature 20~23K

Upper Platform

Recoil Mass |——Damping magnets

Cryogenic Upper Mass

Suspension 'éestI_Masss .

4K-20K ooling >ystem 1
( ) I st Lin sapphire crystal
Coil-magnet — —_

Actuators || | }+Test Mass Pump m - 2 3 kg / Q the 1 e8

Recoil {1

(Main IFO) Vibration

Isolation | Cryo-pump

Mass

4.2K shield ‘77K shield
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Multiple suspension in Virgo

[Frasconi, APPEC Forum 2018]
[Ballardin, RSI 2001]

1 - MODEL

10°
é 10"
1]
5
™ 1 0-18
5
g 10%
=

10° | [ 7F horizontal

16 - === TF vertical x 10*
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Frequency(Hz)

H || 18 order seismic isolation at 100Hz
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U n d e rg ro u n d [KAGRA, PTEP 2020]
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Seismic noise at 1Hz is low at a quiet place.
Seismic noise above 10Hz is low in the underground.
Surface Newtonian noise is low Iin the underground.
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How small are we going to measure?

A
1010 T Sun-Earth distance
elium - (150,000,000km) ratio
1 = 10~-21
10km 4
1cm <+
T strain
1onmT = 107-24
le-14m 4 iy
© 4 1G sensitivity (1e-19m)
1e-20m _| / Quantum limit (100Hz;40kg)
+ "~ sensitivity goal 2



Quantum noise in GW detector

Noise Spectrum (1/rtHz)

1G detector QN

(arm power ~10kW)
2G detector QN

(arm power ~1MW)

10e-21 |_ Radiation pressure noise
10e-22

10e-23 7
10e-24 -
10e-25 -

d
| LN ! UL L L LI | ! UL L LY
10 100 1k 1(Q\AXAD 2 E}
Frequency (Hz)
Uncertainty Principle

High precision | m————— | Back action

ll ll
Shot noise reduction w/high power laser Radiation pressure

There is a limit that cannot be exceeded by
simply increasing laser power.




Source of guantum noise SOl Stondar

Quantum Limit)
——1

Vacuum field consists of

amplitude and phase fluctuations.
Laser

Ve

I /4 SQL derives from a commutator

—
<

11 of these two components.
Vacuum | Signal
|

<

time time
photon number fluctuation

v

radiation pressure noise
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Relative Noise Power [dB]

0 ptica I Sq u eeZi n g_ (RP=Radiation Pressure

LF=Low Frequency

[Mehmet, Opt.Lett. (2010) HF=High Frequency)

12¢ - ] 1 - ]

PV VNI, I Anlisqueezed V?QLJU”"_”Q'SE TS W ]
10F-tel el N i S )
BE—it V% i Vacuum field
6" Al L IS squeezed.
2- ----- vacuum.(sHot) noise n'"'.l ﬂlk —> <4+ <:> -
8] B w'-,:l S S S WV e N TS m ]
2] - ]
-4f ‘I"ﬁ lf squeezed vacuum-neise—
-6 -LF'"" ey ! M’”\ﬂ"’\f‘d‘"\”‘d‘.-\s‘“‘m\_.‘"m‘r ¥y u:%r:ﬁw AT I VB eI A R R A -
o 60 80 100 _}_20 140 160 180 260

mefmel— shot noise RP noise
7dB squeezing is low is low

Optical parametric ampllfl_catl_on " -
process creates a correlation in e
upper and lower sidebands. Sensitivity improves either at LF

or HF according to the choise of
the squeezing angle.
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Frequency-dependent squeezing

orage: lossless, pink: with loss — (SQ=Squeezing,
102 Il FDSQ=Frequency-
E ) Dependent Squeezing)
5+ 1 =
4 £
T =T* S
% 2+ &= .%
= 10dB, 50! [Kimble, 2001]
E 9] SQ angle: 45 deg 2
g 25 | : S
« 49 |' / { Arm Cavity \
5 ] | Lasar (e —
S I
g 2+ -y ™ * | ﬂl \ ’
10_24_ % ,L CHrculator
= 4
6 Squeszed I . _FiE" GE""WL .
56789 2 3 4 56789 2 3 4 56 789! Vacuum | A *r_____d—-:"—"‘l
10 100 1000 L- —
Frequency (Hz) FPhoty-
tetactor

e SQ angle is rotated in filter cavities
e Rotation angle depends on the frequency

This technique has been installed in LIGO & Virgo.



Optical spring

(RP=Radiation Pressure
GW=Gravitational Wave
OS=Optical Spring)

T
NA ~= Far from reso — less RP
-4 > |
U Approach to reso - more RP
Laser I
- N
7 [l detune Optomechanical restoring force

GW response increases
at OS resonance.

optical spring J

KAGRA plans to implement this technique3.3



Optical spring

(QN=Quantum Noise

NS=Neutron Star
SQL=Standard Quantum Limit

KAGRA design sensitivity Hp=Home Page)

1020
~ 10'21& l I
) 10'22 ]
> total |
E 10-23—_______“_"R ;-N\ l /quaﬂtum _
& 1024} seismic

Frequency (Hz)

+gravity \ fLEpEﬂSlon\]wmIt
10-25 /

[KAGRA HP]

QN exceeds the SQL at the optical spring frequency.
= 20% sensitivity improvement to observe binary NS.
34



Toward the SQL

(QN=Quantum Noise
SQL=Standard Quantum Limit)

—— Total noise of interferometer with unsqueezed vacuum state
10.0 3 S
‘ = Quantum noise model with unsqueezed vacuum state
—— Total noise with squeezing injected at ¢ = 35°
| \ - |nferred quantum noise with squeezing injected at ¢ = 35°

& - Quantum noise model with squeezing injected at ¢ = 35°
N -=-= SQL
% \ - 3 dB below SQL
8 :
'o e S | y,
3 | ) '
z v \|
& el ) [Yu Nature 2020]
o 7
«©
&
a

1.0 - i "

0.9 - . —_— N

20 40 100 1,000
Frequency (Hz)

LIGO demonstrated their QN exceeds the SQL by 3dB
with a post-processing removal of classical noise.
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How come the sensitivity can go
beyond the SQL?

L Brangisky’s explanation in his paper,
[PRD 67, 082001 (2003)] is as follows:

Laser Xo-Po  “GWD measures the external force on
e A [I the mirror. Its initial position x; is not
B measured and remains quantum.”

noise but one can measure the external
force without seeing the fluctuation of
the test mass.

<~ A
|
[
| .
VacuumT:w Signal  The mirror fluctuates with back action

In other words, the output field y(t) commutes at
different times: [y(t), y(t))] = 0.
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How come the sensitivity can go
beyond the SQL?

L Khalili's updated theory in his paper,
[PRA 86, 033840 (2012)] is as follows:

Laser “mKm \  “Qscillator’s initial fluctuation z,cosw,,t
B —> /) dissipates in time and a thermal field
- 7 enters. If T is low, the zero-point

T w fluctuation of the thermal field takes
Vacuum Signal  gyer the initial quantum fluctuation.”

K

_Kmt ] t _km-t) sinw,,(t — t'
Xq(t) =e 2 [k\ocoswmt + Po sinwmt] + J e 2 m( )F(t’) dt’
mw,, w mw,,

Y(©) = 2(t) + Xpa () +Xq(8) Either z + x5, or x, does not

shot RpN initial commute at different times, but

noise position
commutators cancel and y does
commute at different times.



Displacement ASD [m/+/Hz|

Zero-point fluctuation in GWD

Total Pendulum mode quant.
w——— Optical quantum == == Test-mass quant.
== Test-mass thermal == == (Optical thermal

1071° 4

10719 4

10—22 -

10—25 _

10—28 -

10° 10! 102 103
Frequency [Hz]

[Whittle, arXiv 2023]

Whittle et al. demonstrated to
calculate test mass quantum
fluctuation in Advanced LIGO,
which is very low compared with
quantum noise of light.

(dashed curves)

orange: pendulum mode only
purple: all mechanical modes

red: thermal fluctuation of photons
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Macroscopic QM on various mass scales

- #
‘ 4 & AN
1g pendulum

fg Pg ng v mg g kg

Some microresonators have reached the SQL (not
the zero-point fluctuation). None above the Planck
mass has reached the SQL.

331fg nanobeam 7ng membrane

Reference
331fg nanobeam [Chan, Nature (2011)], 48pg membrane [Teufel, Nature (2011)], 7ng membrane [Peterson, PRL (2016)],
50ng cantilever [Cripe, Nature (2019)], 7mg pendulum [Matsumoto, PRL (2019)], 1g pendulum [Neben, NJP (2012)]
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su m ma rY (SQL=Standard Quantum Limit

GW=Gravitational Wave
QM=Quantum Measurement)

Quantum noise in GW detector consists
of quantum fluctuation of light.

SQL can be surpassed in several ways;
(i) squeezing, and (ii) optical spring.

Sensitivity of GW detector is quite close
to exceed the SQL.

Test mass quantum noise is a few orders
below the quantum noise of light.

Macroscopic QM experiments are going
on in various mass scale.
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