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Self Introduction

« Yuta Michimura BN IEX)
Department of Physics, University of Tokyo

» Laser interferometric
gravitational wave detectors
- KAGRA
- DECIGO

« Fundamental physics with
laser interferometry
- Lorentz invariance test
- Macroscopic guantum
mechanics
- Axion search ®
etc... , 2

“(c) Enrico Sacchetti




Laser Interferometry

« Detects length change as interference fringe

« EXxcellent sensor for
- displacement of mechanical oscillators
- force acting on mechanical oscillators
- deviations of the speed of light
- laser frequency change

gravitational waves

Axion_—photon Lorentz violation Force from
coupling \C / /dark matter
— L
v !
/ 56 6L v e \
- = . = Decoherence

frequency fluctuation — —

0 L 1% C
... even If it is not quantum-limited



Plan of the Talk

Basics of Laser Interferometry (60 min)
- Michelson interferometer
- Fabry-Perot cavity
- Quantum noise and other classical noises

Test of Lorentz Invariance (30 min)

Search for Axion Dark Matter (30 min)
Macroscopic Quantum Mechanics (40 min)
KAGRA Gravitational Wave Telescope (20 min)

Slides avallable at https://tinyurl.com/YM20200109
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Michelson Interferometer

* measures differential arm length change
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Michelson Interferometer

* measures differential arm length change
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Michelson Interferometer

e Let's look into how Michelson interferometer works
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Laser Beam

« Electro-magnetic waves
X

Elactric Speed of light: c

field: E

Magnetic

Y field wavelength )\
 Electric field can be written as
i(wt—o) 2TC
E = Epe W= —

T\ )

/ angular Phase 9 [ hhase at

amplitude frequency ¢= distance L
of laser A\ 9




Photodiodes

* Photodiodes (PDs)
Convert photons into electrons
Detects light power (square of amplitude)

P« |E?> = E?

We can only detect power
change

Phase change cannot be
detected directly

10



Beam Splitter

« Split beam In two
» Half in power, 1/2 in amplitude
 Sign flip in back reflection

1 .
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Output of Michelson Interferometer
* What is the power detected at the photodiode?
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Output of Michelson Interferometer

* What is the power detected at the photodiode?
From Y-am From X-arm

]_ ( t_47rLy) ]_ ( t_47er) 2
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= —Fy| 1— cos
|
Input power — Ly — L.
Differential arm length 13



Output of Michelson Interferometer

* Power changes with differential arm length change
(interference)

1 Al _
Pppy Prp = §P0 (1 — COS i )

Bright fringe in every
half wavelength change
in differential arm length

"L 14




Output of Michelson Interferometer

« Ratio between power change and length change

O0Ppp 27F, . 4nwL_
= sin

Ppp OL_ A A

----------------------------------------------- Laser

Differential arm length
— change can be detected
from power change at
the photodiode

"L 15




Enhancing the Signal

« Use of Fabry-Pérot cavity to sense mirror
displacement multiple times

« Sensing noise Is reduced (displacement noise
stays the same)

partially reflective mirrors

ST~
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VIVIVIVIVIVIY

16




Fabry-Pérot Cavity

* Made from two parallel mirrors

amplitude
reflectivity, transmittance
| 1 r9, o
input mirror end mirror
partially ) R partiall;
reflectjed / )| trarjsmitted
\ N R
< ~ /
- ,
infinite times with reduced amplltude;\} 17




Fabry-Pérot Cavity

 Let’s calculate electric field inside the cavity

amplitude
reflectivity, transmittance
AT t_l ra, t2
input mirror end mirror
5 . by 2mL
Ein = E0€Mt tl Eoeth tthNEOeZ(“t >\>
partially W partiall
N Y
reflectjeﬂlLoe) /| transmitted
. 47 L
t2ry Ege 5 (i AL | i(udt— 6L
17270 \17“1T2E0€Z(wt A tthTlrzﬁxoez(Wt A
>
8L O
r1r2EOe fwt==5") )
2 t_ 87TL
1 (r17g)? Boe'™ X
infinite times with reduced amplltude\} 18




Intra-Cavity Field

* Intra-cavity field can be expressed as
Ecirc = tlEoeiwt + tl’l”l’l“gEoez(wt 47r ) + tl (7“17“2)2E06Z(wt_ 47FL) + ...

8L

(tl + t1T1T226 >‘ + tl(T1T2)226 IR S )Eoe'“"t

l l
infinite geometric series Wlth \ |
a common ratio of ryrqe’ Y input field
— 2 E..

47rL
1 —ryrqoe* x
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Reflected Field

* Reflected field can be expressed as

E.q = —r Epe™t + t%rgEoei(“’t_%) — t2'r17“2E067’(°"t =) +

= (—r; + t%rzei% + t2r1r22e Rl ) Ege™?
l l
infinite geometric series with

a common ratio of ryrye’ By

4L
t2roe’ X
= | —7r1+ AL Ein
1 —riroe’ x
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in.-cav. power [/P,]

Intra-Cavity Power
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in.-cav. power [/P,]

N
o

Intra-Cavity Power
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Resonant Frequency

« Cavity will be resonant when cavity round-trip
length is integer multiples of laser wavelength

2L = NA

 In other words, cavity will be resonant when laser
frequency Is integer multiples of free spectral range

TC
Weay = INWFSR = Nf

_ constructive

« Resonant frequency shifts interference

with mirror displacement —~—2__ < _

Weay A

5wcav — 5L TN N N

L I e

23



in.-cav. power [/P,]

Finesse

« Power Inside

the cavity

A

|Ecirc|2 — Rn
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Cavity Build-up

 Power Iinside
the cavity
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phase shift [deg]

Phase of Reflected light

 Reflected field

t2r e"'%
17 2
Ereﬂ = | —7r1 AL Ein

1 —7ryrqge’ >

180 . ' | 1 Phase of the reflected

120! B e B W beam changes
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/
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Laser

Michelson and Fabry-Peérot
» The phase of the reflected light is different by —

2F

T

— FP Is more sensitive to mirror displacement

by 2'_7: (~ finesse)

T

but linear range is smaller

<€ L >
b= L o¢
A oL

L

<€

Laser —T .

2F
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phase sensitivity (rad/strain)

« The effect of mirror displacement
cancel at high frequencies

fe

High-Frequency Response

1

:27'('

oF L\ o c

/ T

2

T

v Fabry-Perot ;

" 2L
For a given frequency,

010{ Michelson

there is a limit where
higher finesse won't
help increasing the
sensitivity

10°

101 102 103 104 10°

frequency (Hz) 28



Sensitivity

» Sensitivity of laser interferometers
limited by
- Seismic noise
- Thermal noise

Is fundamentally

- Quantum noise (shot noise and radiation pressure noise)

Quantum radiation  Suspension

pressure noise

thermal noise

Laser

N

Mirror

Seismic noise

Shot noise thermal noise

29



Thermal Noise

* Comes from Fluctuation-Dissipation Theorem

-

’AAAAAAAAAAAAAANAAAAAAA%>
HHJVVVUVVVVVVVVVV Time
|

Amplitude

Damped
harmonic
oscillator Energy dissipation

Thermal
bath

Spring

)

- Thermal

Tin

Damper

fluctuating force




Thermal Noise Spectrum

Thermal fluctuating force is % kmsz_mwm
pring

V/SE(w) = v/Aks Ty B0

when equation of motion Is in
given by Mechanical resonant frequency Damper m

m|(t) + meif(t) +wyz(t)] = F(?)

Energy damping rate o

VYm = “m iscous W’m(w) — “m_ structural
(), damping W)y, damping
Force to displacement is given by mechanical
susceptibility 7(w) 1

Xm (W) = F(w) - m(w?2 — w2 + iynw) 31



Quantum Noise

« Radiation pressure noise
Number of photons impinging on the mirror

fluctuates with \/ﬁ

« Shot noise
Number of photons impinging on the photodiode

fluctuates with/p

Signal scales with P
In total, shot noise scales with 1/\/5

Quantum radiation
pressure noise

@«—— -.-.- ”_.j:fﬁm\-f

Shot noise

32



Quantum Noise Spectrum
« Given by

(=5 ()

laser mechanical  Shot Radiation
frequency susceptibility pressure

N\ N\
8wL Peire|Xm (W) 1

Lewep 1+ (w/wep)?

N
cavity pole

IC:

« Standard quantum limit
TSQL = \/ZH‘Xm(W)‘




Standard Quantum Limit

* There’s a limit to sensitivity which cannot be

surpassed by simply changing the laser power

Radiation pressure noise

10214\ increases with power
NN
* 10-22. Shot noise decreases
= b with power
= N
510723 - 5
R
10-24. ~~ =7
10! 107 10° 9

ooooooooooooo

frequency (Hz)

Spiegel

34



Example Sensitivity Curve

+ ~1e-18 m/rtHz displacement sensitivity and
~1e-15 N/rtHz force sensitivity possible with

realistic parameters
« 1 mg, 10 cm cavity, Finesse 1e3, 100 W circulating, Qm=1e9, Tth=300 K
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Summary of the Basics

Optical cavities are sensitive to mirror displacement
Resonant frequency changes with

ov oL oc

v L ¢

Quantum noise and thermal noise are fundamental
noise sources limiting the sensitivity of laser
Interferometers

Shot noise scales with 1/4/ Peirc
Radiation pressure noise scales with v/ Peirc/m
Thermal noise scales with/ Ty, /Qm
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L orentz Invariance

A C —
Special Relativity (1905) "
speed of light Is constant ) —)»

Lorentz invariance in electrodynamics
no one could find any violation

but...
- quantum gravity suggests
violation at some level

e.g. 6c/c ~ 10717

D. Colladay and V. Alan Kostelecky:PRD 58 (1998) 116002

http://www.cpt.univ-mrs.fr/
: e ~rOVelli/loop_quantum_gravity.jpg

- anisotropy in CMB e
possible preferred frame? £
— motivation for testing SR &

http://en.wikipedia.org/wiki/File:WMAP_2010.png T

38



Test of Lorentz Invariance

* We focus especially on the isotropy of the speed
of light (Lorentz invariance in photons)

 two types of test: even-parity and odd-parity

ﬁdd-parity test

~

(Ives-Stilwell type test)

c(0)

>

<€

\_

c(d + m)

/

@/en-parity test

~

(Michelson-Morley type test)

s N
A

c(0 + /2




fractional shift in the speed of light ic/c

Previous Even-Parity Experiments

10-12 |
10-13 |
1074}
10-15 i
10-16 i
10-1? i

10-18
10° -19

Brillet-Hall(1979),

Electroweak scale
normalized by Planck scale

7~ N\

N

~—~

<

Michélson-Mdrley : f -
AT AT T M e S B >
L2 e Essen(1955) 5y

| e
Eisele+(2009),

Nagel+(2014), .

year

1880 1900 1920 1940 1960 1980 2000 2020
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fractional shift in the speed of light ic/c

Previous Even-Parity Experiments
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10-10 : ' AS) S-:/ v
| % ; P < >
-11 . : '
10 | Michelson _ c(0)
10 Interfermeters
10-13 | : ' |
14 | | . Optical and
o BrilletHal197¢h o\ | microwave
10 - - - "
oy e cavities
10 e s
107! | | | \sele+(2000,  JJl OC| 10-18
108! Electroweak scale agel+(20144 ]| o | ™
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fractional shift in the speed of light ic/c

Previous Odd-Parity Experiments

10
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| o |
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D
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fractional shift in the speed of light ic/c

Previous Odd-Parity Experiments
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Odd-Parity with Interferometers?

* Not easy with ordinary interferometers or cavities
since they are parity symmetric

c+ oc
c— 0C
J
Laser <> o
Laser —— —>— ©
®
il 3
« Asymmetric optical cavity i

Proposal: M. E. Tobar+, PRD 71, 025004 (2005)
Demonstration: F. Baynes+, PRL 108, 260801 (2012)

oc

— We have improved the sensitivity c

<107
In this kind of experiments

44



Previous Odd-Parity Experiments

fractional shift in the speed of light ic/c
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1077}
10-10 ]
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:Optical cavity
| We
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rO

Higher Order Anisotropy

* multipole anisotropy comes from higher order

Lorentz violation (standard model extension)

.[:O c+ dc
e’
TR -




Previous Limits

. [ = even limits with even-parity experiments
« [ = odd limits with odd-parity experiments

even-parity experiments using
orthogonal cavities

M. Nagel+, Nat. Commun. 6, 8174 (2015)
S. R. Parker+: PRL 106, 180401 (2011)

oc <107
o

o 5 10—17

using asymmetric ring cavity

F. Baynes+: PRL 108, 260801 (2012)

47



http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.108.260801
https://www.nature.com/articles/ncomms9174
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.106.180401

Our Limits

« improved limits on| — ] (dipole) anisotropy
» new limits on | = 3(hexapole) anisotropy




Optical Ring Cavity

e sensitive to LV when a dielectric i1s contained

A no dielectric
ug ug V. V_ dielectric
+ |
O O CCW CW
v
Vi = 1) Vy =V freq. shift
no LV V_ = 1 5y = oc LV
/
/
vV, = 1 vy =V — 0V
LV V_ = 1 V. =V 0V

» V4 — V_gives LV signal (null measurement) .



Differential Measurement

« Cavity length change gives common resonant
frequency change, and can be rejected by
differential measurement

« Highly insensitive to environmental disturbances

 Differential measuremend done by double-pass
configuration

CCW $ CW Vy =V T 5Vnoise — 5VLV

vy V_ Ve =V T é‘Vnoise - 5VLV

“4 ™ Resonant fréquency  Resonant
fluctuation from frequency shift

cavity length from LV is

change is common differential so



Double-Pass Configuration 1/4

* Inject laser beam in CCW

[}

CCW '

|1\ _—
, 1 Silicon

vV, =V — 0V v

Laser




Double-Pass Configuration 2/4

* |lock laser frequency to CCW resonance (V4.)

CCW silicon
Vy =V — OV
I/+ V_|_
Laser > >

A

frequency

Servo r




Double-Pass Configuration 3/4

* reflect the beam back into the cavity in CW

CCW - CW
silicon
vV, =V — 0V V_=V+ o0V
I/+ V_|_
Laser > 2

A

frequency

servo
53




Double-Pass Configuration 4/4

LV signal obtained from cavity reflection
(null measurement)

CCW - CW
silicon
vV, =V — 0V V_=V+ o0V
I/+ V_|_
Laser > .

A

: .
frequency : LV signal

W
servo r u« Vy — I/_]
54




Experimental Setup

« frequency comparison using double-pass setup
 rotate and modulate LV signal

N rotate
vacuum enclosure (0.1-1kPa)
extract LV from
ring \ amplitude
cavity ) I
1550 nm _ silicon :
collimator
Laser fib > —> <> | || || |
I er V+ V+ 0 60 120 180Z?gtg?igl?;oaté?:g?d?go] 600660720780
I , ‘ / LV signal
e
~

frequency servo

»X Vy —V_

\_/‘\ turntable ”



Photo of the Ring Cavity

Spacer made of
Super Invar

(low thermal ¢
expansion 107/K) oo

With mirrors



Photo of the Optlcs

Inside vacuum enclosure _
~ (30cmX30cmX17cm) 4 \

e

¥

-3

ring

* colllmator

#

Y

_&



Photo of the
Whole Setup

electrical cables

laser source

vacuum enclosure
+ shielding
(optics inside)

turntable




Rotation

« 12 sec / rotation, alternately




Observation Data

« from July 2012 to October 2013 at Tokyo
« 393 days, 1.67 million rotations
« duty cycle: 53% (64% after Oct 2012)

6000_mijmmmyigmmmwgymm54mnjmmmLL“mmlLgﬂmmﬁpmmjmmMLL_meL@Mmj“@&mimp%njmmmL

SOOO_MMWQWWMWQ_WW__

4000_mmmfmmmmﬁ_mm__

— total (/300)
|l daily

W
o
o
o

rotations

O _.———._._-l_LL_l_l_LJ_ ______________________________________________________________________

0 3 60 90 120 150 180 210 240 270 300 330 360 390 428, 450
days since 2012/07/25




Data Analysis 1/3

 demodulate each 1 rotation data with wyot

c— 0cC
>
<€
c+ dc Sun Y
" 360 deg
rotational X
symmetry
turntable
T w
Wrot frequency rot
acquired LV signal
demodulation
amplitudes are ~ ¢ Earth
proportional to LV  *

61
rotational angle ¢ [deg]



Data Analysis 2/3

* next, demodulate 1 day data with W

c—oc,
<€
WalWa c+ dc Sun Y
‘ 360 deg
| rotational

ow

turntable

>
Wrot frequency Wrot

acquired LV signal

demodulation
amplitudes are ,.. Earth
modulated by :

sidereal frequency . wuumsmasuoithmnns ”




Data Analysis 3/3

* higher order LV appear at higher harmonlcs

g

S|dereal
Cro Wy
turntable

Wol|Wa

Wrot

360 deg Earth
rotational symmetry

rotational symmetry 63



Demodulation Amps(Wrot

e zero consistent at 2o

— No significant LV can be claimed

LIJ-, Sfo/éO_M o

\ average over s i
| 393 days & s
T 1 day data

L',-. 0182/&,0_14 o

; ;
b LA VY X e % ¥ L T
0 «* 0A | =" LI 9 e
x * ¥ . owE S K xS
o opin ot oz B
5 = 5¢ 5
0.5 x 0.5 x 0.5 X 0.5 F 2 %
” ¥ R
= s = =t o
0 = E 05 0 ,T 05, o = ; 0
| " | i
o : o o x *
w & a

S

I
u
I
L
I s
U-|Sl3

-5 0 5 -5 0 5 -5 0 5 —5 0 45
Cip/1071 Sy/107H Ciy/1071 Siy/107H



Demodulation Amps(3w,q¢)

e zero consistent at 2o

— No significant LV can be claimed

@i N average over g,
s :@
: 393 days SN
T 1 day data sl
0 5 -5
Co/10°
| L L
=0 =0
_5 | _5 _5_
0 5 -5 0 5 -5 0 5 _5 0 = 5



Our Limits on Anisotropy

* More than an order of magnitude improvement for
dlpole elements, new limits on hexapole elements

|-
é

Amplitude [1071?]

S===c==
LR JW

—| <6x107F
C (improved limit)

7 Re'ﬁi&] Imfﬂl] A Ref@%] Im|y; Re[@%] Tm|y3] Ref@%] Imf@%]

0 | 0 ;

Xl <2x10715

¢ (new limit) 66




Our Limits on SME Coefficients

Standard Model Extension (SME)
[ D. Colladay and V. Alan Kostelecky: PRD 58, 116002 (1998) ]

* test theory with all realistic Lorentz violation

 our result put new limits on “camouflage
coefficients” of LV in photon sector

Dimension ((N(gl(g ;t 1\[(”a“"lll-(ﬂll(’%lt' S IImItS On LV Of
d=6 G 3 )Lo (—0.1£1.5) x 10* GeV 2 _ :
Re(@8)0F)) (0.8 4 1.1) x 10? GeV—2 dimension 6
[m(2 w))g‘;?} (—0.6£1.0) x 10° GeV—2 3 —2
d=8 —0.020(@)10) + (@) (=0.2£1.9) x 10 GeV—t 7 10 GGV
(8

EHODT (1.4 41.3) x 101 GeV—

aOE (0.1 £ 1.3) x 101 GeV— limits on LV of

Re[—0.020(20) 95 +
Re[—0.020(2) 07 +

(P )30 (~0.8 £ 3.3) x 101 GeV— _ _
Rf—*[(?fé"]).%%‘i:j] (0.3 £ 1.9) x 101 GeV— dimension 8
L [(@ ) (—2.8+1.9) x 101 GeV—! B
f"tf-f[(?é]).%%f)] (2.2 £ 1.3) x 101 GeV—* 1019 GeV 4
Tm((7 )| (0.241.3) x 101 GeV—*
Re[(@3)g35] (=0.1 4 1.6) x 1019 Gev—4
T [(@F)zs| (—0.1£1.6) x 10" GeV—*



http://prd.aps.org/abstract/PRD/v58/i11/e116002

Higher Order Lorentz Violation

« Standard Model Extention
« add LV term in Lagrangian for electromagnetic field
. k(d)is zero for non-LV, ( is mass dimension

F
full SME with- HOLV
minimal SME

; SM . 4t order LV . 6t order LV | 8th order LV
[ — _ZFNVFMV+4F (k(4))n>\uuF 1/—|_4F (k(ﬁ))nAuuF V‘I'ZFM(]{?))MWFW
d=4 d=6 d=8
no dimension +2nd order +4t order
differential differential

M-2 dimension M-+ dimension

68



Higher Order LV and Anisotropy

« HOLV gives multipole anisotropy

full SME with HOLV
minimal SME

SM . 4th order LV . 6t order LV . 8th order LV
KO Byt P99 Bt L KO B

T

1 v
L — _ZF/'“/FM —|—

8’3
’“ze

ﬂ-?&% %

<
¢
¢
¢

N
W* %S

¥ HOLV can be measured by
€ measuring multipole anisotropy



Summary of LV Search

« Measure the speed of light difference between
counter propagating directions with an optical ring
cavity

large asymmetry with silicon
null measurement with double-pass configuration

rotated the cavity for a year
* No LV found and put limits on LV

dipole (improved) hexapole (new)
oc <6x 1071 oc <2x1071
C C

. YM+, PRL 110, 200401 (2013)
YM+, PRD 88, 111101(R) (2013) 70



https://doi.org/10.1103/PhysRevLett.110.200401
https://doi.org/10.1103/PhysRevD.88.111101

Recent Updates

* Aiming for higher sensitivity by reducing noise from

rotation |
- continuous rotation (by Sakal, -2017)
- monolithic optical bench
(by Takeda, -2017)
- larger turn table, new power supply
(by Takeda, -2019)



http://t-munu.phys.s.u-tokyo.ac.jp/theses/takeda_m.pdf

Apparatus Comparison

AC
power

data
( logger |

—)

J| laser ——

vacuum enclosure

non-
monolithic
optics

turntable

Previous Model
- non-monolithic optics
- alternative rotation

vacuum enclosure

semi-
monolithic

wireless
PC rotary
connector
New Model

- monolithic optics
- continuous rotation

AC
power




frequency noise 6v/v [1/VHZ]

Latest Sensitivity

* Floor noise at rotation stays almost the same with
that at stationary

* Noise peak at rotation frequency
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Plan of the Talk

Basics of Laser Interferometry (60 min)
- Michelson interferometer
- Fabry-Perot cavity
- Quantum noise and other classical noises

Test of Lorentz Invariance (30 min)

Search for Axion Dark Matter (30 min)
Macroscopic Quantum Mechanics (40 min)
KAGRA Gravitational Wave Telescope (20 min)

Slides avallable at https://tinyurl.com/YM20200109



https://tinyurl.com/YM20200109

Axion and Axion-Like Particles

« Pseudo-scalar particle originally introduced to solve
strong CP problem (QCD axion)

* Axion-like particles also predicted by string theory
and supergravity

« Leading candidate of dark matter (m << keV, tiny
Interaction with matter)

« Search through axion-photon coupling is popular
(especially by using magnetic fields)

photon axion photon
w N NINS)
Primakoff
maghnetic maghnetic effect

field field



Search for Axion-Photon Coupling
Light Shining through Wall (ALPS etc.)

axion-photon coupling |g,,| (GeV™1)
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Velocity of Circular Polarizations

* Axion-photon coupling ( YoF,, F*™) gives different
phase velocity between |éft-handed and right-
handed circular polarizations

CL/R = \/1 __/gafya]f/rn\a SiIl mat + 5

. aX|on mass
coupling constant axion field

* Measure the difference as resonant frequency

difference in an optical cavity .\
oc _ - R %

. Search can be done VR
without magnetic field 77




Our ldeas

* Use of bow-tie cavity ‘N‘

The effect is canceled Not canceled in a
In a linear cavity bow-tie cavity

| =lranded gy eft-handed

right-handed M
* Use of double-pass configuration

Transmitted beam is reflected back into the same
cavity as different polarization to realize a

null measurement of the resonant frequency
difference Y. Michimura+, PRL 110, 200401 (2013)

/8


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.110.200401

Double-Pass Configuration 1/4

* Inject left-handed polarization

X VI, — Vlgser
CW laser a

é Photodiode
left-handed

Ulaser

/
\
. |

T=E==== v
\
/

79



Double-Pass Configuration 2/4

* Lock the frequency of the laser to left-handed
resonant frequency _ rrequency servo

(VL) % Photodiode
CW laser

30



Double-Pass Configuration 3/4

« Transmitted beam is reflected back into the cavity

as right-handed _ Frequency servo
polarization

Double-pass = right-
configuration handed .



Double-Pass Configuration 4/4

* Axion signal is extracted from the cavity reflection
(null measurement) _+Frequency servo

\I Photodiode
CW laser

left-handed

* High common mode
rejection due to the
common path

V1,

Double-pass = right- Axion signal
configuration handed X V[, — VR| =



Sensitivity Calculation

« Cavity length changes (displacement noises) will
not be a fundamental noise due to common mode
rejection

« Ultimately limited by quantum shot noise
\V shot | m2
47TP 1)2.7-_2 >

aX|on Mass
Input laser power /
finesse
cavity length

« Sensitivity to axion-photon coupling can be
calculated by assuming
axion density = dark matter density 83



Search for Unexplored Region

Dark matter Axion search with riNg Cavity Experiment
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Prototype Experiment

Dark matter Axion search with riNg Cavity Experiment

10-8
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[1=]

10-10 _ CAST —— m -

10—11
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,. 'DANCE Act 1
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axion-photon coupling |g,,| (GeV™1)

1077 round-trip 1 m,

107 Re finesse 3x103"

0721 == laser 1 W 4 “I% Shot noise lim|ted
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Schematic of DANCE Act 1

_~1 Frequency servo

‘l' FI EOM collimator ~
Laser — | - .
Sotical fiber () finesse 3x103
laser 1 W
QWP
collimator

{‘

Axion signal
X UV, — VR ©°



DANCE Act 1

« Completed the assembly of optics
* Finesse measured to be 515 +/- 6 (design: 3xX103)
« Having trouble with stable lock now




DANCE Act 1

« Completed the assembly of optics
* Finesse measured to be 515 +/- 6 (design: 3xX103)
« Having trouble with stable lock now




Search with Linear Cavity

« Linear polarization rotates at axion frequency

Rotates at
,,/’Z\frequencyma I@ :

< =

<" p-pol

Signal
Carrier

Wy — m, @y Wy + m "
Liu+, PRD 100, 023548 (2019)

» Sensitive when axion oscillation period and round-
trip time of optical cavity is the same

Left-handed is faster
than right-handed
® Right-hanged is faster @
than left-handed 89



https://doi.org/10.1103/PhysRevD.100.023548

Search with Linear Cavity

 Linear polarization rotates at axion frequency

Rotates at
b4
-~ 7\fr ncy m
- - )\ equency MM
“" p-pol
Axion oscillation
O
Polarization
Laser b e ot e oty s | detector
I "’ ||l I'I 'Ili II "’ l‘l‘ lll "‘ I‘I' ; |"l 'lx 'I
Cﬂ | ll 'l 1' | | l' [ | | ‘| ‘* li |l | '\ ' 'i I' l || ‘I " . I' | | ll ‘." I
SIRIRIR |'Hl ]‘rl 1R VVVvVVV YV
| Iua '\' (] |'| / | j ‘ | |l ,'|
r .l

_ https://youtu.be/9NkGyl4cEks
Fabry-Perot cavity 90



https://youtu.be/9NkGyl4cEks

Linear Cavity In GW Detectors

+ Suitable because of [T

long arms and high :z 7

power o

Can be done —g :

simultaneously with &

GW observation 1019

Considering of 1076 =1

applymg to KAGRA 10-1170"‘5 107 gt 10 ggie gl 3% 0¥
-pol e

PRL 123, 111301 (2019)

Laser —

l

s-pol p-pol p-pol
(GW signal) (Axion signal) (Axion signal) 91



https://doi.org/10.1103/PhysRevLett.123.111301

Other Recent Proposals

There are also different proposals for axion dark

matter search with laser interferometers
DeRocco & Hook, PRD 98, 035021 (2018)

Liu+, PRD 100, 023548 (2019) ; Martynov & Miao, arXiv:1911.00429

10—18 -
10-1710-1%10-1°10-%10-1310-1210-1110-12 109 108 107

axion mass m (eV)

Half waveplate [7] Polarising beam splitter

. frequency (Hz) v !

n 10~%2 10~t 10% 10! 107 103 104 10> 10° 107 : :
> 100y . 4 —
@ ~ Rn"‘lm“

S‘Ep 10_1[} _- H"‘ ~ CLSII = L : FIG. 3. A diagram of our proposed axion interferometer where

= e = = - = —— —— — — —— — — — -
> 10 Fme e s NS T N ,
S 1 \ M87 T: _‘: _____ - . _‘- . \'J\ NG e TTINGY
o 10712 """ -=" = ood- PBS :\‘\ g™ B
_ - \_.—

.= Axion Interferometr - ’ . R ¢ 2
- 10713 y___‘;- APBC [ %\ 7=7m
-] -7t ~ .

o 10-14 DANCE Act- 1 't 1 Yadvanced LIGO Orp ADBC Experiment
o {L =1 m, F=3x ll:l -.P =1 Il.” ,.pl" FIG. 2: Schematic of the ADBC experiment. The red optical
(- 10—15 .m® u __-"" ‘/FAL;ilia_ry\)

E mmmun® - —_.#'# 1 2<1_cavﬁy_|
D lD_lﬁ DANCE G .-'##" E&‘ - Main cavit N
P (L=10 m, F= T8&£7= 100 W) gm&ﬂ =" 2 ’
ﬂl- 1[}_1? ﬁP\‘E‘ .E;P f;j' Squeezed light
g - Ouantum Eﬂha I‘ICEd = S-polarised =——P-polarised Auxiliary beam
P
(v]

YM+, arXiv:1911.05196 2



Phys. Rev. D 98, 035021 – Published 15 August 2018
https://doi.org/10.1103/PhysRevD.100.023548
https://arxiv.org/abs/1911.00429
https://arxiv.org/abs/1911.05196

Summary of Axion Search

Proposed a new method to search for axion dark
matter using a ring cavity

Obata, Fujita, YM, PRL 121, 161301 (2018)
Measure phase velocity difference between two
circular polarizations

Bow-tie cavity and double-pass configuration

Sensitivity to axion-photon coupling can be
Improved by several orders of magnitude for axion
massesm, < 107%eV

Prototype experiment DANCE Act 1 Is on-going

Also proposed a new method using laser

Interferometric gravitational wave detectors
Nagano, Fujita, YM, Obata, PRL 123, 111301 (2019) °3



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.161301
https://doi.org/10.1103/PhysRevLett.123.111301

Plan of the Talk

Basics of Laser Interferometry (60 min)
- Michelson interferometer
- Fabry-Perot cavity
- Quantum noise and other classical noises

Test of Lorentz Invariance (30 min)

Search for Axion Dark Matter (30 min)
Macroscopic Quantum Mechanics (40 min)
KAGRA Gravitational Wave Telescope (20 min)

Slides avallable at https://tinyurl.com/YM20200109
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Quantum Gravity?

* Whether photon goes X-arm or Y-arm is in quantum
superposition e

What happens if we put

a torsion pendulm here?
/7774

> ¢ Beam —
Laser sourceq o, - splitter Movable mirror

U Gravitational field of a mirror

Photodiod  @lSO In superposition??
95



Macroscopic Quantum Mechanics

* Quantum mechanics do not depend =~ |
on scales fm A

* But macroscopic quantum

superposition has never been

observed (double-slit experiment

upto 25 kDa (4e-23 kg)) Nature Physics
15, 1242 (2019)

« Two possiblilities at macroscopic scales /

- Quantum mechanics is valid, but
too much classical decoherence /A

- A A

- Quantum mechanics should be  “=_
modified ¢ S
(e.g. non-linear Schrodinger Eq.,

Gravitational decoherence ...)

-

96


https://www.nature.com/articles/s41567-019-0663-9

V' 1};

0.6}
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0.4f1

0.2} |

Experimental Proposals 1/ 4

« Towards Quantum Superpositions of a Mirror
Marshall+, PRL 91, 130401 (2003)

 If no decoherence, photon
Interference fringe should
revive at the period of
mirror oscillation

 Ground state and

1

o 1 2 3 4 5 6

Time [1/®m]

D2

ultra-strong coupling necessary |

‘/“ Tiny Mirror
Oscillator g
"“--________1______,./

N

/7

A
(//? >
BS (60:80)

W

\_/ DI

Single photon
source

Photon path and mirror motion is entangled
If mirror has decoherence, photon interference
fringe will also disappear

97


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.91.130401

Experimental Proposals 2/ 4

« Entanglement of Macroscopic Test Masses and the
Standard Quantum Limit in Laser Interferometry
Muller-Ebhardt+, PRL 100, 013601 (2008)

* Quantum correlation between mirror common
mode and differential mode

* Need to reach SQL for common/differential
measurement test-mass = mirror (north)

T com. mode

photodetection A
com. mode (west) PR mirror —p com. mode

laser input

Faraday rotator ¥


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.100.013601

Experimental Proposals 3/ 4

« Large Quantum Superpositions and Interference of
Massive Nanometer-Sized Objects
Romero-Isart+, PRL 107, 020405 (2011)

* Prepare superposition of nanoparticle at left or right
(not at the center), and drop it to see the
Interference pattern

a)j/‘\_/_;/__\/zﬂj T i “: u)

b) z d) ‘g 2



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.107.020405

Experimental Proposals 4 / 4

Quantum correlation of light mediated by gravity
Miao+, arxXiv:1901.05827

Search for quantum correlation between two beams
mediated by gravitational coupling of two mirrors

* Thermal noise should be smaller than quantum
radiation pressure noise |

=%D—|®I—D§=

FIG. 1. Schematics showing the setup of two optomechanical cav-

ities with their end mirrors coupled to each other through gravity.

The quantum correlation of light is inferred by cross-correlating the 100
readouts of two photodiodes.



https://arxiv.org/abs/1901.05827

Requirements to Optomechanics

* These systems are called optomechanical systems
Interaction between light and mechanical oscillator

i

« Common requirements
- Make thermal fluctuation smaller than quantum
radiation pressure fluctuation (make quantum
cooperativity larger than 1)
- Reach standard quantum limit
- Ground state cooling of mirror (make photon
number smaller than ~1) 101



Optomechanical Systems

« SQL not yet reached above Planck mass scale

Double-slit
Fs5Br i @i

Planck mass (22 ug) Factor of ~3 to SQL
, s 2

Quantum radiation |
molecules, 40 zg pressure .
Fein+ (2019)

Ground state cooling

\
V
P

<€

|

|

|

|

I : .

! suspended disk, 7 Mg g shended disk, 40 kg
! Matsumoto+ (2019)  Agvanced LIGO
: —
|

|

|

|

cantilever, 50 ng
Cripe+ (2019)

2pm‘

membrane, 48 pg
Taufel+ (2011)

suspended bar, 10 mg
Komori+ (2019)

/4

I
I

I

I

I

I L
nanobeam, 331 fg membrane, 7 ng ! suspended disk, 1 g
Chan+ (2011) Peterson+ (2016) W Neben+ (2012)

fg Pg ng ug mg g kg 102



https://www.nature.com/articles/nature10461
https://www.nature.com/articles/nature10261
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.063601
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.071101
https://arxiv.org/abs/1907.13139
https://iopscience.iop.org/article/10.1088/1367-2630/14/11/115008/meta
https://www.nature.com/articles/s41586-019-1051-4
https://www.nature.com/articles/s41567-019-0663-9

Optomechanical Systems

« SQL not yet reached above Planck mass scale

Double-slit
I

P Quantum radiation I

molecules, 40 y4o pressure .
Fein+ (2019)

Ground state cooling

Planck mass (22 ug

Factor of ~3 to SQL
F ok o

<€

suspended disk, 7 Mg B ¢ .shended disk, 40 kg
Matsumoto+ (2019) WM aAdvanced LIGO

o, 4

We are focusing on
mg-scale experiments to
probe boundary between
quantum world and
gravitational world

suspended bar, 10 mg
Komori+ (2019)

Q/ i
nanobeam, 331 fg membrane, 7 ng suspended disk, 1 g
Chan+ (2011) Peterson+ (2016) Neben+ (2012)

fg Pg ng ug mg g kg 103



https://www.nature.com/articles/nature10461
https://www.nature.com/articles/nature10261
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.063601
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.071101
https://arxiv.org/abs/1907.13139
https://iopscience.iop.org/article/10.1088/1367-2630/14/11/115008/meta
https://www.nature.com/articles/s41586-019-1051-4
https://www.nature.com/articles/s41567-019-0663-9

Three Approaches

« Simple pendulum (suspended disk)
Reduce thermal noise by use of very thin wire

» Torsion pendulum (suspended bar)
Reduce thermal noise by lowering mechanical resonant
frequency

* Optical levitation
Remove suspension thermal noise

AN\ AN\ po—
suspension Optical
thermal 4> levitation
noise N

=— /]

Simple pendulum  Torsion pendulum W 104



7 mg Suspended Disk

. Displacement sensitivity at %f' "‘”%ﬁ
e
3e-14 m/NHz @ 280 Hz ;}
« Thermal noise limited ranest s
+ Possible to measure 100 mg gravity in a second
' Matsumoto, ..., YM+, PRL 122, 071101 (2019)
" rocking mode ﬂptlcall}? trapped COM mode 1-st violin mode
10 AT A ] ——Measured (high gain) ——
:l ! l Measured (low gain) /
N ‘II 5 Frequency noise
lU’”—j\ - j SR | | - Thermal noise .
L ,\ "' —Intensity noise / T

“Ihlﬂlhmmnnw il

L s e -.~.....:.-4 S
10 10 IU 10 10
Frequency [Hz] 105

Displacement [rru“HzI Jr2]

107+

'
R



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.071101

Monolithic Suspension

* Currently developing a suspension with lower
mechanical loss Catafio-Lopez+, arXiv:1912.12567

silica block
ng r
a. cm
long
@ 1um
: 7 mg sﬁ)'ica disk
Fused silica fiber attached Fused silica fiber welded
with epoxy
Pendulum Pendulum
resonant frequency 4.4 Hz resonant frequency 2.2 Hz
Qm=1e5 Qm=2e6
After optical trap After optical trap (planned)
resonant frequency 280 Hz resonant frequency 300 Hz

Qeff=1e8 Qeff=4e10 106


https://arxiv.org/abs/1912.12567

Possible Application to DM Search

« As a force sensor, optomechanical system can be
used for dark matter search

 Already sensitive enough to search for ultralight
vector dark matter which couples to B-L charge

frequency (Hz)
10! 107 10° 104

EP tests (UWaSh) Adve_inced LIGO
(design)

. 10—20

-

9
N
'_'I

10—22_
10—23_

DM wave

laser in

[

9
N
N

10—25_
Our 7 mg pendulum

10-27 | | Carney+, arXiv:1908.04797
1014 10~13 10-12 10-11
vector dark matter mass my (eV) 107

-

9
N
[#)]

B-L coupling constant gg —



https://arxiv.org/abs/1908.04797

10 mg Torsion Penduluml |

10},
AN

» Torque sensitivity

2e-17 Nm/NHz @ 100 Hz 3"
(2e-15 N/VHz in force)

« Most sensitive mg-scale

torsion pendulum
Komori, ..., YM+, arXiv:1907.13139 Torsion pendulun

input mirror

Controlled mirror
with an actuator

Front view Side view 108


https://arxiv.org/abs/1907.13139

Optical Levitation

 Alternative approach is to support a mirror with
radiation pressure alone

« Both suspended mirror and levitated mirror will be

ultimately limited by thermal noise from residual

gas and mirror coating

ANNNY .
Suspension

U thermal noise U

Tensionf Radiation 1 Levitated
pressure

- mirror
N
Gravity‘ — Gravityl

Suspended mirror

109



Sandwich Configuration

« Optical levitation have never been realized

« Simpler configuration than previous u
proposals

YM, Kuwahara+, Optics Express 25, 13799 (2017)

 Proved that stable levitation iIs Levitated

possible and SQL can be reached mirror .
i, N

— T - R; K
o r?‘_‘b——-—-“, — v
N\ 3

Bt
Y

\
\
(/(\\z

’;
20

—4

Z SiO L

- s <o -

S. Singh+: PRL 105, 213602 (2010) G. Guccione+: PRL 111, 183001 (2013)
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https://doi.org/10.1364/OE.25.013799
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.105.213602
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.111.183001

Stability of Levitation

* Rotational motion is stable with gravity
* Vertical motion is stable with optical spring
* Horizontal motion is stable with cavity axis change

. Cavit
enter _ .
of Optical axis
curvature Spring change
«
Gravity

Rotation Vertical Horizontal



Reaching SQL

* 0.2 mg fused silica mirror, Finesse of 100,
13W + 4 W input
107"°

SQL can be
reached at 23 K

‘ Quantu:

Displacement [m/Hz“Z]
S

10 10° 10% 10° 10°
Calculation by Y. Kuwahara Frequency [Hz] 112



Experiment to Verify the Stability

« Especially, stablility of the horizontal motion Is
special for this sandwich configuration

« Experiment with torsion pendulum s
IS underway to measure |
the r_estoi Yaw motion

M ‘ frce L -
\ :

&M)’

Horizontal motion

-

113



Phase[deg]

Experiment to Verify the Stability

« Resonant frequency of torsion pendulum increased
when optical cavity Is locked

— Successfully measured the restoring force

Spring constant increase with power

le—5

Resonant frequency measurement Estimated
104 3.01 HH  Optical spring constant : T
— fit(no cavity) 25k J_
10°L fit{upper cavity) E . _I_
£ OG(no cavity) _ “E S ol J_
& +  OGlupper cavity) E— = .
107 L ____F_,_,-——-"" 3
§ 1.5
19, 152 3% 102 4x102 ' 6 % 102 2ok )+1
Frequency [Hz] %

180

— fitino cavity)

=
Lh

se—

90 —— fitjupper cavity)
o p:aSEEm can.rltyfjlt | o | 0 10 20 30 40
. r .
phase{upper cavity Intra-cavity power [W]
_gD -

10— 3x1072 4% 1072 ' 6 x 1072 pIOt by N K|ta 114

Freguency [Hz]



Fabrication of Levitation Mirrors

« Fused silica mirror with dielectric multilayer coating

* Looking for alternative methods

nave been tried, but cracks due to coating stress

For SQL Prototype | For suspended
|| experiment
Mass 0.2 mg ~1.6 mg ~7mg
Size (mm) | ® 0.7 mm ® 3 mm L @ 3mm
t 0.23 mm t0.1 mm t 0.5 mm
RoC 30 mm convex | 3010 mm convex 100 mm concave
(measured: (previously flat
15.920.5 mm) ones were used)
Reflectivity |97 % >99.95 % 99.99%
(finesse 100) | (measured: >99.5%)
Comment | Optics Express 25, | Only one out of 8 Succeeded
13799 (2017) 115

without big cracks



https://www.osapublishing.org/oe/abstract.cfm?uri=oe-25-12-13799

Photonic Crystal Mirror ?

« M. S. Seghilani+, Optics Express 22, 5962 (2014)
R > 99% Phase in % of A\

RoC =20 mm Lo

N °
. B ,E*' msz{f}lﬁuglfuhation o ~10r
. e h | A, = 1010nm SMSR > 46 dB
Distributed Bragg reflector S [ S w| i
. .. = osol | Y e
(DBR) for high reflectivity 2. 8-
P % ek N i’ § -of
(@ Q, e, %9 ol ) N e TS
’94%’)) QOAQ% %, ° Circular o : I L -50f l
-0.35 0.0 035 h L | | 1 1
TEMy,Beam Far field angle (°) -400 -300 -200 -100 O 100 200 300 400
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https://www.osapublishing.org/oe/abstract.cfm?uri=oe-22-5-5962

Summary of MQM Experiments

* Working on milligram scale experiments to test
guantum mechanics at macroscopic scales

* Three approaches

- Simple pendulum
Sensitivity of 3e-14 m/rtHz achieved
Fabricating monolithic suspension with Qeff~4e10

- Torsion pendulum
Sensitivity of 2e-15 N/rtHz achieved

- Optical levitation
Successfully demonstrated the stability
Trying to make a levitation mirror

* Also interested in dark matter search using these

systems
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Plan of the Talk

Basics of Laser Interferometry (60 min)
- Michelson interferometer
- Fabry-Perot cavity
- Quantum noise and other classical noises

Test of Lorentz Invariance (30 min)

Search for Axion Dark Matter (30 min)
Macroscopic Quantum Mechanics (40 min)
KAGRA Gravitational Wave Telescope (20 min)

Slides avallable at https://tinyurl.com/YM20200109



https://tinyurl.com/YM20200109

Gravitational Waves

Ripples in space-time
Stretches and squeezes length

Strain amplitude: .:.
fraction of length change ST e
Two polarizations h = —

L

(plus and cross)



Global Network of GW Detectors

* Network of ground-based Advanced interferometric
gravitational wave detectors Advanced LIGO

LIGQ-India (af)prove | ‘r
imndige



Designed Sensitivity
« aLIGO, AdV and KAGRA has similar designed

sensitivity

Advance

| Virgo Advanced
10 e GO =
104 102 103

frequency (Hz)

121



Noise Sources

» Sensitivity Is limited by seismic noise, suspension
and mirror thermal noise, and quantum noise

—

9
N
=

—

9
N
N

strain (/VHz)

EEmEsad \ K.
101 102 103

frequency (Hz) YM+, Phys. Rev. D 97, 122003 (2%1282)



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.122003

Differences from aLIGO/AdV

Built underground for lower seismic noise

23 kg sapphire test masses at 20 K
(aLIGO and AdV uses 40 kg fused silica test
masses at room temperature)

Compared with aLIGO and AdV

- suspension thermal noise is higher due to thick
and short suspension to =
extract heat

- mirror thermal noise is
lower due to cryogenic

Interferometer topology Is
similar




Interferometer Topology

« Dual-recycled
—abry-Perot Michelson
nterferometer (DRFPMI)

Arm cavities
to effectively increase
the arm length

\ ~1 kW

Laser [ ]

~100 W ~1 MW

Signal recycling mirror —
to extract signal before cancellation
(effectively reduce arm cavity

finesse without loosing power) '
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http://granite.phys.s.u-tokyo.ac.jp/michimura/presentation/TianQinSummerSchool2019_michimura2.pdf#page=29
http://granite.phys.s.u-tokyo.ac.jp/michimura/presentation/TianQinSummerSchool2019_michimura2.pdf#page=29

Figure of Merit for Sensitivity

» Usually use binary neutron star inspiral range
« Sky-averaged distance to which SNR > 8

al to distance

(not distance?)

102", e
o i initial LIGO
o . eff post-Newtonian inspiral
— 22 Clivey
= 107" 4 4
e~ - r@a betW
y— qQ
Al gi
s 1073 .
C E advanced LIGO
©
-
\-—s-:‘: 10—24 -
9p)
IR : Einstein Telescope
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J. Astrophys. Astr. 38, 58 (2017) f (Hz)
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https://link.springer.com/article/10.1007%2Fs12036-017-9463-8

Observing Scenario of LVK

mm O1
80 100 110-130
Mpc  Mpc
LIGO §
30
1 Mpc
Virgo
8-25
Mpc
KAGRA »
KAGRA to be
joined by the
end of 2019

LIGO-India

02 mm O3 wm O4 == O5

160-190

25-130
Mpc
~ designed
171 Target
sensitivity 330 Mpc
Upgrade h

26—

. ! !
arXivi1304.0670 5445 o016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026



https://arxiv.org/abs/1304.0670

KAGRA Project KAGRA

« Budget approved in 2010
« 110 institutes, 360+ collaborators (200 authors)
 Cryogenic and underground Join us!

Aug 2019
F2F meeting
@ Toyama
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KAGRA Location

* 1 hour drive south from Toyama station

‘ > Mt. Ikenoyama:
/- : Super-Kamiokand
Office

Control room

B 3 - \KAGRA Tunnel

entrance

//‘,P4 V
7
p / z Google

1000km




KAGRA Tunnel

« Laser beam goes
back and forth inside
two 3 km vacuum tubes




KAGRA Timeline

2014 Tunnel excavation done

2015 Inauguration of initial-phase facility

First test run at room temp. (IKAGRA)
KAGRA Collaboration, PTEP 2018, 013F01 (2018)

2016

2017

First cryogenic test run (Phase 1)
KAGRA Collaboration, arXiv:1901.03569

MoA between LIGO and Virgo signed
- --- Expect to join observing run O3

2018

2019
2020
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https://academic.oup.com/ptep/article/2018/1/013F01/4817346
https://arxiv.org/abs/1901.03569

Completion Ceremony on Oct 4

* Almost all components installed

« Agreement between LIGO/Virgo signed
. s = —

GO, KAGRA and LIGO &

: Vi o
eremonyof MOA betiween AZRE R nE= “
. https://www.u-tokyo.ac.jp/focus/ja/

gEHKAGR
articles/z0508 10010.html

signing C :
sﬁgaalnﬂ



https://www.u-tokyo.ac.jp/focus/ja/articles/z0508_10010.html

KAGRA Joining Observation

* Improves 3+ detector duty factor
LHV 34 % — LHVK 65 %

(assuming 70 % duty factor for single detector) S. Haino,
: : JGW-G1808212

(roughly by factor of ~3)"¢0Vreeony_

g
»’:L.’;’,a( ?

90% C.L. area (deg?)

* Enables better GW
polarization
measurements,
distinguish non-GR
polarization

H. Takeda+, PRD 98, 022008 (2018)

90% C.L. area (deg?)



https://doi.org/10.1103/PhysRevD.98.022008

KAGRA Status

« Maximum range
upto ~30 kpc
* EXxpect to start

the run by Feb
2020 (will be “joint”
observing run with
LV if more than
1 Mpc)
* Two Issues
- Mirror frosting
- Birefringence

« Maximum sensitivity
at O3 will be ~2 Mpc

Hz)

strain (/

10—18_
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bKAGRA
Phase 1 (2018)
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temperature [K]

=

finesse

W
o
o

Effect of Frosting

Finesse decreases at cryogenic temperatures

(below ~30 K)

Frosting from residual gas adsorption on mirrors
Need to cool down the mirror at good vacuum

Y-arm temperature and finesse measurements

-
o
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Frosted mirror

seen with

green laser
Y. Enomoto+, klog #9861



https://klog.icrr.u-tokyo.ac.jp/osl/?r=9861

Effect of Birefringence

Sapphire crystal axis and K. Somiya, E. Hirose, yN I
beam axis was not aligned | PRD 100082005 (2019)

well enough, and there’s .
also inhomogeneity =
Hard to lock power and
signal recycling cavities i
due to large losses and a few % p-pol
dirty effects Y Rl reflection

s-pol
e >
| aser [ =

Power and signal
recycling cavities
contaminated by p-pol

' 135

p-pol beam
shape from
ITM reflection

K. Kokeyama+, klog #9495


http://granite.phys.s.u-tokyo.ac.jp/michimura/presentation/TianQinSummerSchool2019_michimura2.pdf#page=29
http://granite.phys.s.u-tokyo.ac.jp/michimura/presentation/TianQinSummerSchool2019_michimura2.pdf#page=29
https://klog.icrr.u-tokyo.ac.jp/osl/?r=9495

Latest KAGRA Noise Budget

« Limited by controls noise and frequency noise
NB from 2019 Dec 6 13:12:00 to 2019 Dec 6 13:17:00

1&—11

Displacement [m/V Hz]
)

1[}—15 -

1&—1? 4

1[}—19

T. Yamada, klog #12247
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https://klog.icrr.u-tokyo.ac.jp/osl/?r=12247

Future Plans of KAGRA

O3b (2020): ~2.3 Mpc at max
(PR)FPMI at room temperature
04 (2021-2023): ~80 Mpc at max

Install polarizers to remove unwanted
polarizations
O5 (2024-): ~180 Mpc
Install new sapphire mirror
Frequency dependent squeezing with 60 m filter

cavity

Ultimately 500 Mpc? &
Lower absorption 200 kg mirror
300 m filter cavity




Summary of KAGRA

* More news to come In next decades
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Summary of Summary

Test of Lorentz Invariance

First experiment done, upgrade on-going
YM+, PRL 110, 200401 (2013) ; YM+, PRD 88, 111101(R) (2013)

Search for Axion Dark Matter

Proposed, prototype experiment on-going
Obata, Fujita, YM, PRL 121, 161301 (2018)
Nagano, Fuijita, YM, Obata, PRL 123, 111301 (2019)
YM+, arXiv:1911.05196

Macroscopic Quantum Mechanics
Experiments on-going at milligram scale with different

approaches (pendulum, torsion pendulum, optical levitation)
Matsumoto+, PRL 122, 071101 (2019) ; Komori+, arXiv:1907.13139
YM+, Optics Express 25, 13799 (2017)

KAGRA Gravitational Wave Telescope
Will start the run from Feb 2020
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