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Laser Interferometry

A Detects length change as interference fringe

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

gravitational waves
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Plan of the Talk

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

A Test of Lorentz Invariance (30 min)

A Search for Axion Dark Matter (30 min)

A Macroscopic Quantum Mechanics (40 min)

A KAGRA Gravitational Wave Telescope (20 min)

A Slides available at https://tinyurl.com/YM20200109
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Michelson Interferometer

A measures differential arm length change
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Michelson Interferometer

A measures differential arm length change
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Laser Beam

A Electro-magnetic waves
X

. Speed of light: ¢
Electric —-
field: E

Magnetic

<€ >
Y field wavelength )\
A Electric field can be written as 5
\ A
/ angular phase 21 L phase at
amplitude  frequency ¢ — distance L

of laser )\ 9



Photodiodes

A 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
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Beam Splitter

A Split beam in two
A Half in power, 1/42 in amplitude
A Sign flip in back reflection
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Output of Michelson Interferometer
A What is the power detected at the photodiode?
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Output of Michelson Interferometer

A What is the power detected at the photodiode?
From Y -am From X -arm
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Output of Michelson Interferometer

A Power changes with differential arm length change
(interference)

1 A _
Pppy Prp = §P0 (1 — COS i )

Bright fringe in every
half wavelength change
In differential arm length

"L 14




Output of Michelson Interferometer

A 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

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

A Sensing noise is reduced (displacement noise
stays the same)

partially reflective mirrors
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Fabry-Pérot Cavity

A Made from two parallel mirrors

amplitude
reflectivity, transmittance
T, .tl TZ)_tQ
mput MIrror end mirror
partially ) R partially>
reflectef:d / /| transmitted
\ < R}
<€ /ﬂv /
\ S >
Infinite times with reduced amplitude... ) 17




Fabry-Pérot Cavity

ALet ds calcul ate electri

amplitude
reflectivity, transmittance
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Intra-Cavity Field

A Intra-cavity field can be expressed as

Emrc = tlEoezwt + tl’l”l’l“gEoez(wt = ) + tl (7“17“2)2E06Z(wt_ 47FL) + ...
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Reflected Field

A Reflected field can be expressed as
E..q = —r Epe™t + t%rgEoei(‘”t_%) — t%rlfrgEoei(wt_%) +

= (—r; + t%rzei% + t%rlrg%i% + ... ) Epe™"
l l
Infinite geometric series with -
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in.-cav. power [/P,]

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

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

2L = NA

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

TTC
Weay = INWFSR = Nf

constructive

A Resonant frequency shifts interference

with mirror displacement — 2>

Weny AN

OWeny = 0L NN

L I e
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in.-cav. power [/P,]

A Power inside
the cavity

Resonance  gpacing &
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in.-cav. power [/P,]

Cavity Build-up

A Power inside
the cavity
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phase shift [deg]

Phase of Reflected light

A Reflected field
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Laser

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

2F

T

Y FP is more sensitive to mirror displacement

by 2'_7: (~ finesse)
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but linear range is smaller
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phase sensitivity (rad/strain)

High-Frequency Response

A The effect of mirror displacement
cancel at high frequencies

£ = 1 (2FL _1_ c

014 ¢/ T

0L3 Fabry - Perot c
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Sensitivity

A Sensitivity of laser interferometers is fundamentally
limited by
- Seismic noise
- Thermal noise
- Quantum noise (shot noise and radiation pressure noise)

Quantum radiation  Suspension
pressure noise thermal noise

N

Mirror Seismic noise
Shot noise thermal noise

Laser

29



Thermal Noise

A Comes from Fluctuation-Dissipation Theorem

-
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Thermal Noise Spectrum

A Thermal fluctuating forceis 7 Em = muwy,
pring

VSEW) = VaksTomym 0000 ™

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

/

m|Z(t) + Zm:i:(t) + w2 z(t)] = F(t)

Energy damping rate

2

VYm = w_mviscous (w) — “m structural
m (), damping o wW(), damping
A Force to displacement is given by mechanical
susceptibilityx<w) 1

Xm (W) = F(w) - m(w2 — w? + iypw) 3t



Quantum Noise

A Radiation pressure noise
Number of photons impinging on the mirror
fluctuates with \/ﬁ

A 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
A Given by

sor [ 1
—+K
\/ \/ (lC )
laser mechanical Shot Radiation
frequenc& susceptibility pressure
N
= 8wLPc1rc‘Xm( )‘ 1
Lcwcp 1 —+ (w/wcp)2
\
cavity pole

A Standard quantum limit
TSQL = \/Zh‘Xm(w)‘




Standard Quantum Limit

AThereds a |l imit to sensi
surpassed by simply changing the laser power

Radiation pressure noise
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Example Sensitivity Curve

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

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

A Optical cavities are sensitive to mirror displacement
A Resonant frequency changes with

ov oL oc

v L ¢

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

A Shot noise scales with 1/4/ Prirc
A Radiation pressure noise scales with v/ Peire/™
A Thermal noise scales with\/ Ty, /Qm
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L orentz Invariance

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

A Lorentz invariance in electrodynamics
A no one could find any violation

Abut é
- 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
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Test of Lorentz Invariance

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

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

ﬁdd-parity test

(Ives-Stilwell type test)

c(0)

\ @/en-parity test

e
A

>

<€

\_

c(f + m)

c(0 + /2

T

~

(Michelson-Morley type test)




fractional shift in the speed of light ic/c

Previous Even-Parity Experiments
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fractional shift in the speed of light ic/c

Previous Even-Parity Experiments
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fractional shift in the speed of light ic/c

Previous Odd-Parity Experiments
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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?

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

c+ oc
c— 0C
¢
Laser <> o
Laser — —<>— ®
®
il 3
A Asymmetric optical cavity i

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

oc

Y We have improved the sensitivity c

<107
In this kind of experiments
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fractional shift in the speed of light ic/c
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rO

Higher Order Anisotropy

A multipole anisotropy comes from higher order
Lorentz violation (standard model extension)




Previous Limits

A | = even limits with even-parity experiments
Al = 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

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




Optical Ring Cavity

A sensitive to LV when a dielectric is contained

A no dielectric
S S UV V_ dielectric
+ |
Sl |eecw CW
v
Vi = 1) Vy =V freq. shift
no LV V_ = g =y A LV
/
/
vV, = 1 vy =V — 0V
LV V_ = 1 UV_ =Vv+0v

AV, — V_gives LV signal (null measurement) ..



Differential Measurement

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

A Highly insensitive to environmental disturbances
A Differential measuremend done by double-pass
configuration

CCW cw VUt

V 7 5Vnoise _ 5VLV
VT é‘Vnoise + 5VLV

UV UV_. V_ —
“4 ™ Resonant frequency Resonant
fluctuation from frequency shift
cavity length from LV is

change is common differential  so



Double-Pass Configuration 1/4

A inject laser beam in CCW

[}

CCW '

|1\ S
; 1 Silicon

vV, =V — 0V v

Laser




Double-Pass Configuration 2/4

A lock laser frequency to CCW resonance (V4 )

CCW

silicon

Vy =V — OV

Uy V4
Laser > >
A
frequency

Servo r



Double-Pass Configuration 3/4
A 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

A 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

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

N

rotate

vacuum enclosure (0.1-1kPa)

silicon

rng
cavity
1550 nm .
collimator
s Tber L —
I rd
~d

frequency servo

<>

+, {

extract LV from
\ amplitude

I

60 120180 240 300 360 420 480 540 600 660 720 780
rotational angle ¢ [deg]

/ LV signal

anisotropy signal

0

»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 _
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Photo of the
Whole Setup

electrical cables

laser source

vacuum enclosure
+ shielding
(optics inside)

turntable




Rotation

A 12 sec / rotation, alternately




Observation Data

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

6000 | p8/01 . 09/01 . 10/01 11/01 . 12/01 : 01/01 . 02/01 : 03/01 . 04/01 . 05/01 . 06/01 . 07/01 .  08/01 .  09/01:  10/01]

— :tot_al ()300)
3000F L1 dally

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

rotations




Data Analysis 1/3

A demodulate each 1 rotation data with wWyot

c— 0cC
>
<€
c+ oc Sun
" 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

A next, demodulate 1 day data with (Wgy

/
c— ocC
>
<€
WalWa c+ oc Sun Y
" 360 deg
| rotational d |
symmetry 5' erea
CrO Wg
turntable
>
Wrot frequency Wrot

acquired LV signal

demodulation
amplitudes are =
modulated by ;
sidereal freqQUEeNCY . . oo s .

rotational angle ¢ [deg]

Earth




Data Analysis 3/3

A higher order LV appear at higher harmonlcs

o

S|dereal
Cro Wy
turntable

Wol|Wa

Wrot

360 deg Earth
rotational symmetry

rotational symmetry 63



Demodulation Amps(Wrot

Azero consistent at

— No significant LV can be claimed
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Demodulation Amps(3w,q¢)

Azero consistent at 2

— 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_
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Our Limits on Anisotropy

A 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

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

A test theory with all realistic Lorentz violation

A our result put new limitson fAcamouf | ac
coef fioflLVenmphowrosector

Dimension C()((gng ;t 1\[(JélHlll‘()lll(:flt - IImItS On LV Of
d=6 (@ Do (—0.1+ 1.5) x 10* GeV 2 _ _
Re[(@F )11 ] (=084 1.1) x 10* GeV > dimension 6
Im|(e) 20 )it (—0.6 4+ 1.0) x 10* GeV 2 _ 3 _9
d=8 —0.020(z ;)‘1? + (@8 (=0.2+1.9) x 101 GeV—* 10 GGV
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http://prd.aps.org/abstract/PRD/v58/i11/e116002

Higher Order Lorentz Violation

A Standard Model Extention
A add LV term in Lagrangian for electromagnetic field
A k}fl)is zero for non-LV, ( is mass dimension

full SME with- HOLV
minimal SME

; SM . 4t order LV . 6t order LV | 8th order LV
‘C — _ZFHVFMV+ZFHA(k'l(f))K)\MVF,LW"FZFR/\(kg))ﬁ)\“yFuv_l_ZFn)\(k'](j))&)\”VFuv )
d=4 d=6 d=8
no dimension +2nd order +4th order
differential differential

M-2 dimension M-+ dimension

68



Higher Order LV and Anisotropy

A 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

A 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

A No LV found and put limits on LV

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

A 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

A 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 | vacuum enclosure
- semi -
PC monolithic

J| laser ——

vacuum enclosure

mo:cc))lﬂhic wireless |l lle O
optics PC rotary power
turntable connector
Previous Model New Model
- non-monolithic optics - monolithic optics

- alternative rotation - continuous rotation



frequency noise 6v/v [1/VHZ]

Latest Sensitivity

A Floor noise at rotation stays almost the same with
that at stationary
A Noise peak at rotation frequency
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Plan of the Talk

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

A Test of Lorentz Invariance (30 min)

A Search for Axion Dark Matter (30 min)

A Macroscopic Quantum Mechanics (40 min)

A KAGRA Gravitational Wave Telescope (20 min)

A Slides available at https://tinyurl.com/YM20200109



https://tinyurl.com/YM20200109

Axion and Axion-Like Particles

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

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

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

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

photon axion photon
NSNS
Primakoff
magnetic magnetic effect

field field



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

axion-photon coupling |g,,| (GeV™1)

Lig
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102 3
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DPES w" ;:ﬂ
| (CAST  etc.) s i

10~ ‘
10-12
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Xray, gamma -ray observations

o d o 1{ S
Uﬂe*p\o“ a etic % ,Jﬁ.}" &

—
-

-
-

A= o) _..-_':_‘.'-"""'rHaI

oscopes (ADM)
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Velocity of Circular Polarizations

A Axion-photon coupling (2% ] 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

A Measure the difference as resonant frequency

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

A Search can be done VR
without magnetic field 77




Our ldeas
A Use of bow-tie cavity ‘N‘

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

left - handed
Laser — —ma———— ft -handed
right -handed M

A 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

A Inject left-handed polarization

X VI, — Vlgser
CW laser a

é Photodiode
left -handed

Ulaser

/
\
. |

T=E==== v
\
/

79



Double-Pass Configuration 2/4

A Lock the frequency of t

ne laser to left-handed

resonant frequency .

Freguency servo

(VL) e
CW laser

Photodiode

30



Double-Pass Configuration 3/4

A Transmitted beam is reflected back into the cavity
asright-handed _ rrequency servo

polarization E ~ Shotodiode
CW laser

Double -pass  rght -
configuration ~ handed »



Double-Pass Configuration 4/4

A Axion signal is extracted from the cavity reflection
(null measurement) _1Frequency servo

\I Photodiode
CW laser

left -handed

A High common mode
rejection due to the
common path

V1,

Double -pass = fight - Axion signal
configuration  handed Nac 1 — ppl g



Sensitivity Calculation

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

A Ultimately limited by quantum shot noise
\V shot | m2
47TP L2.7:2 >

aX|on Mass
Input laser power /
finesse
cavity length

A 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 ri Ng Cavity Experiment
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Dark matter

axion-photon coupling |9, (GeV™1)
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Prototype Experiment

AXxion search with ri
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Schematic of DANCE Act 1

_~1 Frequency servo

‘l' FI EOM collimator N
Laser —{ | — |
1064 nm round -trip 1 m
o ) finesse 30 103
optical fiber
laser 1 W
QWP
collimator

{‘

Axion signal
X VYV, — Vr °©°



DANCE Act 1

A Completed the assembly of optics
A Finesse measured to be 515 +/- 6 (design: 30 103)
A Having trouble with stable lock now




DANCE Act 1

A Completed the assembly of optics
A Finesse measured to be 515 +/- 6 (design: 30 103)
A Having trouble with stable lock now




Search with Linear Cavity

A Linear polarization rotates at axion frequency

Rotates at @
_--~"\frequency MM, I@ :
<€ = >

Carrier

-

Signal

"/p—pol

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

A 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

A Linear polarization rotates at axion frequency

Rotates at
- ”)\freq uency My

<€ _-
«~" p-pol
Axion oscillation
O
Polarization
Laser ! detector

‘ \ ‘\’ l'l 'nl Ivl |'| ‘\’ ‘II‘ ln ‘- Ic . ‘.' , »

| I | | | 'i ‘ | | 1 | . | |l ' ‘

—N A AN iRl 151 l (111 H R
1’ I. q' \J 1/ | WA " l‘ II ll /| ! '

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



https://youtu.be/9NkGyl4cEks

Linear Cavity In GW Detectors

10°

A Suitable because of
long arms and high ©“F~

-1

power °
< 10712
A Can be done 3
simultaneously with &
GW observation 08 i al
A Considering of 107 =
applying to KAGRA 10 e e o e
S- p OI Axion mass [eV]
5 Nagano+,
L T-T_ PRL 123, 111301 (2019)
s-pol p-pol - pol

(GW signal)  (Axion signal) (Axion signal) 91


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

Other Recent Proposals

A 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 -
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axion mass m (eV)

Half waveplate [7] Polarising beam splitter
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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

A Proposed a new method to search for axion dark
matter using a ring cavity
Obata, Fujita, YM, PRL 121, 161301 (2018)
A Measure phase velocity difference between two
circular polarizations
Bow-tie cavity and double-pass configuration

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

A Prototype experiment DANCE Act 1 is on-going

A 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

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

A Test of Lorentz Invariance (30 min)

A Search for Axion Dark Matter (30 min)

A Macroscopic Quantum Mechanics (40 min)

A KAGRA Gravitational Wave Telescope (20 min)

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

A 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 source 4 o, . splitter Movable mirror

U Gravitational field of a mirror

Photodiode  &/SO In superposition??
95



Macroscopic Quantum Mechanics

A Quantum mechanics do not depend

on scales he
. R

A But macroscopic quantum

superposition has never been

observed (double-slit experiment

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

A Two possibilities at macroscopic scales /

- Quantum mechanics is valid, but
too much classical decoherence Awt

A A

- Quantum mechanics should be &~
modified ¢ S
(e.g. non-linear Schrodinger Eq.,

Gravitational decoherence é )

-

96


https://www.nature.com/articles/s41567-019-0663-9
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Experimental Proposals 1/ 4

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

Interference fringe should

A If no decoherence, photon _/Agvnwmr
Oscillator
e

revive at the period of

mirror oscillation
A Ground state and

1

o 1 2 3 4 5 6

Time [1/®m]

ultra-strong coupling necessary |

PBS W4 s
<} < I 7 B
BS (50:50)
D2

N
W

/’ \_/ Di
Single photon
source

Photon path and mirror motion is entangled
If mirror has decoherence, photon interference
fringe will also disappear o7


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

Experimental Proposals 2/ 4

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

A Quantum correlation between mirror common
mode and differential mode

A 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

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

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

MRS AV RSN S

b) z d) ‘g 2



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

Experimental Proposals 4 / 4
A Quantum correlation of light mediated by gravity
Miao+, arxXiv:1901.05827

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

A Thermal noise should be smaller than quantum
radiation pressure noise

100



