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Self Introduction
ÅYuta Michimura ( ᴷẐ)

Department of Physics, University of Tokyo

ÅLaser interferometric 

gravitational wave detectors

- KAGRA

- DECIGO

ÅFundamental physics with

laser interferometry

- Lorentz invariance test

- Macroscopic quantum 

mechanics

- Axion search

etcé 2

(c) Enrico Sacchetti



Laser Interferometry
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ÅDetects length change as interference fringe

ÅExcellent sensor for

- displacement of mechanical oscillators

- force acting on mechanical oscillators

- deviations of the speed of light

- laser frequency change

Laser

Force from 
dark matter

gravitational waves
Lorentz violation

frequency fluctuation Decoherence

Axion -photon
coupling

... even if it is not quantum - limited



Plan of the Talk
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ÅBasics of Laser Interferometry (60 min)

- Michelson interferometer

- Fabry-Perot cavity

- Quantum noise and other classical noises

ÅTest of Lorentz Invariance (30 min)

ÅSearch for Axion Dark Matter (30 min)

ÅMacroscopic Quantum Mechanics (40 min)

ÅKAGRA Gravitational Wave Telescope (20 min)

ÅSlides available at https://tinyurl.com/YM20200109

https://tinyurl.com/YM20200109
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Michelson Interferometer
Åmeasures differential arm length change
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Movable mirrorLaser source

Interference

Beam
splitter

Photodiode



Fringe 
change

Michelson Interferometer
Åmeasures differential arm length change

7
Photodiode

Laser source
Beam
splitter

Interference

Movable mirror



Michelson Interferometer
ÅLetôs look into how Michelson interferometer works
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Laser source

Interference

Beam
splitter

Photodiode

Movable mirror



ÅElectro-magnetic waves

ÅElectric field can be written as

Laser Beam

9

amplitude

phaseangular
frequency
of laser

wavelength

phase at 
distance L

Electric 
field: E

Magnetic 
field

Speed of light: c



Photodiodes
ÅPhotodiodes (PDs)

Convert photons into electrons

Detects light power (square of amplitude)

We can only detect power

change

Phase change cannot be

detected directly
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Beam Splitter
ÅSplit beam in two

ÅHalf in power, 1/ã2 in amplitude

ÅSign flip in back reflection
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Output of Michelson Interferometer
ÅWhat is the power detected at the photodiode?
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Photodiode

Laser
Beam
splitter

phase at 
distance L



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

Differential arm length

Input power



ÅPower changes with differential arm length change

(interference)

Output of Michelson Interferometer
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Laser

Bright fringe in every 
half wavelength change 
in differential arm length



ÅRatio between power change and length change

Output of Michelson Interferometer
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Differential arm length 
change can be detected 
from power change at 
the photodiode

Laser



Enhancing the Signal
ÅUse of Fabry-Pérot cavity to sense mirror 

displacement multiple times

ÅSensing noise is reduced (displacement noise 

stays the same)

16

partially reflective mirrors



Fabry-Pérot Cavity
ÅMade from two parallel mirrors
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input mirror end mirror

infinite times with reduced amplitude...

partially 
reflected

partially 
transmitted

amplitude
reflectivity, transmittance



Fabry-Pérot Cavity
ÅLetôs calculate electric field inside the cavity
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input mirror end mirror

infinite times with reduced amplitude...

partially 
reflected

partially 
transmitted

amplitude
reflectivity, transmittance



infinite geometric series with  
a common ratio of

Intra-Cavity Field
ÅIntra-cavity field can be expressed as

19

input field



Reflected Field
ÅReflected field can be expressed as

20

infinite geometric series with  
a common ratio of



Intra-Cavity Power
ÅPower inside

the cavity
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Intra -cavity power 
can be much higher 
than input power
on resonance

resonance

constructive
interference



Intra-Cavity Power
ÅPower inside

the cavity
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Almost no intra -cavity
power at anti - resonance

anti - resonance

destructive
interference



Resonant Frequency
ÅCavity will be resonant when cavity round-trip 

length is integer multiples of laser wavelength

ÅIn other words, cavity will be resonant when laser 

frequency is integer multiples of free spectral range

ÅResonant frequency shifts

with mirror displacement

23

constructive
interference



Finesse
ÅPower inside

the cavity
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Resonance Spacing

Full width
half maximum

Sharpness of the resonance
can be evaluated with 

Spacing

FWHM

Higher finesse for
higher reflectivity

Finesse



Cavity Build-up
ÅPower inside

the cavity
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Cavity build -up

with
r1~1, r 2=1

Intra -cavity power at resonanceResonance



Phase of Reflected light
ÅReflected field
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Phase of the reflected 
beam changes 
drastically at the 
resonance 

Cavity build -up



Michelson and Fabry-Pérot
ÅThe phase of the reflected light is different by

Ÿ FP is more sensitive to mirror displacement

by        (~ finesse)

but linear range is smaller

27

Laser Laser



High-Frequency Response
ÅThe effect of mirror displacement

cancel at high frequencies
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Michelson

Fabry -Perot

For a given frequency, 
there is a limit where 
higher finesse won t 
help increasing the 
sensitivity

Laser



Sensitivity
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ÅSensitivity of laser interferometers is fundamentally 

limited by

- Seismic noise

- Thermal noise

- Quantum noise (shot noise and radiation pressure noise)

Laser FI

Seismic noise

Suspension

thermal noise

Quantum radiation

pressure noise

Shot noise

Mirror

thermal noise



ÅComes from Fluctuation-Dissipation Theorem

Thermal Noise
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ׇ

Damped
harmonic
oscillator 

Thermal 
bath

A
m

p
li

tu
d

e
Time

Energy dissipation

Thermal
fluctuating force



Thermal Noise Spectrum
ÅThermal fluctuating force is

when equation of motion is

given by

ÅForce to displacement is given by mechanical 

susceptibility
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Energy damping rate

Mechanical resonant frequency

viscous
damping

structural
damping



Quantum Noise
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ÅRadiation pressure noise

Number of photons impinging on the mirror 

fluctuates with

ÅShot noise

Number of photons impinging on the photodiode 

fluctuates with

Signal scales with

In total, shot noise scales with     
Quantum radiation

pressure noise

Shot noise



Quantum Noise Spectrum
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ÅGiven by

ÅStandard quantum limit

Radiation 
pressure

Shot

cavity pole

mechanical 
susceptibility

laser 
frequency



Standard Quantum Limit
ÅThereôs a limit to sensitivity which cannot be 

surpassed by simply changing the laser power
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Radiation pressure noise 
increases with power

Shot noise decreases
with power



Example Sensitivity Curve
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Å~1e-18 m/rtHz displacement sensitivity and

~1e-15 N/rtHz force sensitivity possible with 

realistic parameters
Å 1 mg, 10 cm cavity, Finesse 1e3, 100 W circulating, Qm=1e9, Tth=300 K

Quantum

Thermal (viscous)



Summary of the Basics
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ÅOptical cavities are sensitive to mirror displacement

ÅResonant frequency changes with

ÅQuantum noise and thermal noise are fundamental 

noise sources limiting the sensitivity of laser 

interferometers

ÅShot noise scales with

ÅRadiation pressure noise scales with

ÅThermal noise scales with



Plan of the Talk
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ÅSpecial Relativity (1905)

speed of light is constant

ÅLorentz invariance in electrodynamics

Åno one could find any violation

Åbuté

- quantum gravity suggests

violation at some level

e.g.

- anisotropy in CMB

possible preferred frame?

motivation for testing SR

Lorentz Invariance

38
http://en.wikipedia.org/wiki/File:WMAP_2010.png

http://www.cpt.univ-mrs.fr/

~rovelli/loop_quantum_gravity.jpg

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



ÅWe focus especially on the isotropy of the speed 

of light (Lorentz invariance in photons)

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

Test of Lorentz Invariance

odd-parity test

(Ives-Stilwell type test)

even-parity test

(Michelson-Morley type test)

39



Previous Even-Parity Experiments
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Electroweak scale 

normalized by Planck scale



Previous Even-Parity Experiments
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Michelson

Interfermeters

Optical and 

microwave 

cavities

Electroweak scale 

normalized by Planck scale



Previous Odd-Parity Experiments

42



Previous Odd-Parity Experiments
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Clock 
comparison

Doppler

Ions



ÅNot easy with ordinary interferometers or cavities 

since they are parity symmetric

ÅAsymmetric optical cavity

Proposal: M. E. Tobar+, PRD 71, 025004 (2005)

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

Ÿ We have improved the sensitivity

in this kind of experiments

Odd-Parity with Interferometers?

44

Laser

Laser



Previous Odd-Parity Experiments
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We 
improved 
the limit

Optical cavity



Åmultipole anisotropy comes from higher order 

Lorentz violation (standard model extension)

Higher Order Anisotropy

46

ǎ=0

ǎ=1

ǎ=2

ǎ=3

ǎ=4



Å limits with even-parity experiments

Å limits with odd-parity experiments

Previous Limits
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even-parity experiments using 

orthogonal cavities

odd-parity experiment

using asymmetric ring cavity
F. Baynes+: PRL 108, 260801 (2012) 

M. Nagel+, Nat. Commun. 6, 8174 (2015)

S. R. Parker+: PRL 106, 180401 (2011)

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


Åimproved limits on            (dipole) anisotropy

Ånew limits on             (hexapole) anisotropy 

Our Limits

48



Åsensitive to LV when a dielectric is contained

Å gives LV signal (null measurement)

Optical Ring Cavity

49

no LV
freq. shift

Ӓ LV 

LV

CCW CW

no dielectric

dielectric



ÅCavity length change gives common resonant 

frequency change, and can be rejected by 

differential measurement

ÅHighly insensitive to environmental disturbances

ÅDifferential measuremend done by double-pass 

configuration

Differential Measurement

50

CCW CW

Resonant frequency 
fluctuation from 
cavity length 
change is common

Resonant 
frequency shift 
from LV is 
differential



Åinject laser beam in CCW

Double-Pass Configuration 1/4

51

Laser

CCW
silicon



Ålock laser frequency to CCW resonance (      )

Double-Pass Configuration 2/4
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Laser

CCW

frequency

servo

silicon



Åreflect the beam back into the cavity in CW

Double-Pass Configuration 3/4
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Laser

CCW CW

frequency

servo

silicon



ÅLV signal obtained from cavity reflection

(null measurement)

Double-Pass Configuration 4/4
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Laser

CCW CW

frequency

servo

LV signal

silicon



Åfrequency comparison using double-pass setup

Årotate and modulate LV signal

rotate

Experimental Setup
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silicon

LV signal

collimator

frequency servo

vacuum enclosure (0.1-1kPa)

fiber

turntable

ring

cavity

Laser

extract LV from 

amplitude

1550 nm



Photo of the Ring Cavity
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Spacer made of 

Super Invar

(low thermal 

expansion 10-7/K)

With mirrors

Silicon piece inside

Silicon piece

(n=3.69 at

ɚ=1550 nm)



Photo of the Optics
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ring

cavity

PDs1
PDp1

PDs2
PDp2

collimator

Inside vacuum enclosure

(30cm¥30cm¥17cm)



Photo of the

Whole Setup
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laser source

vacuum enclosure

+ shielding

(optics inside)

turntable

electrical cables

4
0

 c
m



Rotation
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Å12 sec / rotation, alternately



Observation Data
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Åfrom July 2012 to October 2013 at Tokyo

Å393 days, 1.67 million rotations

Åduty cycle: 53% (64% after Oct 2012)



Ådemodulate each 1 rotation data with 

Data Analysis 1/3
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turntable

X

Y

Z

Sun

Earth

acquired LV signal

demodulation 

amplitudes are 

proportional to LV 

360 deg

rotational 

symmetry

frequency



Ånext, demodulate 1 day data with 

Data Analysis 2/3
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sidereal
X

Y

Z

turntable

Sun

Earth

360 deg

rotational 

symmetry

acquired LV signal
demodulation 

amplitudes are 

modulated by 

sidereal frequency

frequency



Åhigher order LV appear at higher harmonics

Data Analysis 3/3
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sidereal
X

Y

Z

turntable

Sun

Earth

frequency

360 deg

rotational symmetry
120 deg

rotational symmetry



Demodulation Amps( )
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Åzero consistent at 2ů

no significant LV can be claimed

average over

393 days

1 day data



Demodulation Amps(  )
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average over

393 days

1 day data

Åzero consistent at 2ů

no significant LV can be claimed



ÅMore than an order of magnitude improvement for 

dipole elements, new limits on hexapole elements

Our Limits on Anisotropy

66(improved limit) (new limit)



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

Åtest theory with all realistic Lorentz violation

Åour result put new limits on ñcamouflage 

coefficientsòof LV in photon sector

Our Limits on SME Coefficients

67

limits on LV of 

dimension 6

limits on LV of 

dimension 8

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


ÅStandard Model Extention

Åadd LV term in Lagrangian for electromagnetic field

Å is zero for non-LV, is mass dimension

Higher Order Lorentz Violation

68

4th order LV

minimal SME
SM 6th order LV 8th order LV

full SME with HOLV

d=6

+2nd order

differential

M-2 dimension

d=4

no dimension

d=8

+4th order

differential

M-4 dimension



ÅHOLV gives multipole anisotropy

Higher Order LV and Anisotropy

69

HOLV can be measured by 

measuring multipole anisotropy

4th order LV

minimal SME
SM 6th order LV 8th order LV

full SME with HOLV



ÅMeasure 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

ÅNo LV found and put limits on LV

dipole (improved) hexapole (new)

ÅYM+, PRL 110, 200401 (2013)

YM+, PRD 88, 111101(R) (2013)

Summary of LV Search

70

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


ÅAiming for higher sensitivity by reducing noise from 

rotation
- continuous rotation (by Sakai, -2017)

- monolithic optical bench

(by Takeda, -2017)

- larger turn table, new power supply

(by Takeda, -2019)

Recent Updates

71
H. Takeda,

Master thesis (2017)

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


Apparatus Comparison
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turntable

laser

semi -
monolithic

optics

vacuum enclosure

data 
logger

AC 
power

turntable

laser

non -
monolithic

optics

vacuum enclosure

data 
logger

AC 
power

rotary 

connector

Previous Model

- non-monolithic optics

- alternative rotation

New Model

- monolithic optics

- continuous rotation

PC

PC

wireless



ÅFloor noise at rotation stays almost the same with 

that at stationary

ÅNoise peak at rotation frequency

Latest Sensitivity

73

When rotating

(old)

When rotating

(new)

Stationary

(old)
Stationary

(new)



Plan of the Talk
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ÅBasics of Laser Interferometry (60 min)

- Michelson interferometer

- Fabry-Perot cavity

- Quantum noise and other classical noises

ÅTest of Lorentz Invariance (30 min)

ÅSearch for Axion Dark Matter (30 min)

ÅMacroscopic Quantum Mechanics (40 min)

ÅKAGRA Gravitational Wave Telescope (20 min)

ÅSlides available at https://tinyurl.com/YM20200109

https://tinyurl.com/YM20200109


Axion and Axion-Like Particles
ÅPseudo-scalar particle originally introduced to solve 

strong CP problem (QCD axion)

ÅAxion-like particles also predicted by string theory 

and supergravity

ÅLeading candidate of dark matter (m << keV, tiny 

interaction with matter)

ÅSearch through axion-photon coupling is popular 

(especially by using magnetic fields)

75

photon axion photon

magnetic 
field

Primakoff
effectmagnetic 

field



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

Haloscopes (ADMX etc.)

Helioscopes
(CAST etc.)

Xray, gamma - ray observations



Velocity of Circular Polarizations
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ÅAxion-photon coupling (                 ) gives different 

phase velocity between left-handed and right-

handed circular polarizations

ÅMeasure the difference as resonant frequency 

difference in an optical cavity

ÅSearch can be done

without magnetic field

coupling constant axion field
axion mass



Our Ideas
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ÅUse of bow-tie cavity

ÅUse 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

Laser
left - handed

right -handed

The effect is canceled 
in a linear cavity

Not canceled in a 
bow - tie cavity

left - handed

Y. Michimura+, PRL 110, 200401 (2013)

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


Double-Pass Configuration 1/4
ÅInject left-handed polarization

79

left - handed

CW laser

Photodiode



ÅLock the frequency of the laser to left-handed 

resonant frequency

(     ) 

Double-Pass Configuration 2/4
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Frequency servo

left - handed

CW laser

Photodiode



ÅTransmitted beam is reflected back into the cavity 

as right-handed

polarization

Double-Pass Configuration 3/4
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right -
handed

Double -pass
configuration

Frequency servo

left - handed

CW laser

Photodiode



Double-Pass Configuration 4/4
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ÅAxion signal is extracted from the cavity reflection

(null measurement)

ÅHigh common mode

rejection due to the

common path

Axion signalright -
handed

Double -pass
configuration

Frequency servo

left - handed

CW laser

Photodiode



Sensitivity Calculation
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ÅCavity length changes (displacement noises) will 

not be a fundamental noise due to common mode 

rejection

ÅUltimately limited by quantum shot noise

ÅSensitivity to axion-photon coupling can be 

calculated by assuming

axion density = dark matter density

input laser power
axion mass

finesse
cavity length



Search for Unexplored Region
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CAST

DANCE
round - trip 10 m
finesse 10 6

laser 100 W

Dark matter Axion search with ri Ng Cavity Experiment 

* Shot noise limited
1 year observation
Dark matter
dominated by axions



Prototype Experiment
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CAST

DANCE Act 1
round - trip 1 m
finesse 3ú10 3

laser 1 W

Dark matter Axion search with ri Ng Cavity Experiment 

* Shot noise limited
1 year observation
Dark matter
dominated by axions



Schematic of DANCE Act 1
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round -trip 1 m
finesse 3ú10 3

laser 1 W

Laser
1064 nm

EOMFI collimator

collimator

optical fiber

Frequency servo

Axion signal

QWP



DANCE Act 1
ÅCompleted the assembly of optics

ÅFinesse measured to be 515 +/- 6 (design: 3ú103)

ÅHaving trouble with stable lock now

87



DANCE Act 1
ÅCompleted the assembly of optics

ÅFinesse measured to be 515 +/- 6 (design: 3ú103)

ÅHaving trouble with stable lock now

88

Photodiode

collimator



ÅLinear polarization rotates at axion frequency

ÅSensitive when axion oscillation period and round-

trip time of optical cavity is the same

Left -handed is faster 
than right -handed

Search with Linear Cavity

89

p-pol

Rotates at 
frequency 

Right -hanged is faster 
than left - handed

Liu+, PRD 100, 023548 (2019)

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


ÅLinear polarization rotates at axion frequency

Search with Linear Cavity

90

p-pol

Rotates at 
frequency 

Axion oscillation

Laser

Fabry -Perot cavity

Polarization
detector

https://youtu.be/9NkGyl4cEks

https://youtu.be/9NkGyl4cEks


Linear Cavity in GW Detectors
ÅSuitable because of

long arms and high

power

ÅCan be done

simultaneously with

GW observation

ÅConsidering of

applying to KAGRA

91

Laser FI

p-pol
(Axion signal)

s-pol

s-pol
(GW signal)

Nagano+,

PRL 123, 111301 (2019)

CAST

Cosmic Explorer

p-pol
(Axion signal)

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


Other Recent Proposals
ÅThere 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 

92
YM+, arXiv:1911.05196

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
ÅProposed a new method to search for axion dark 

matter using a ring cavity
Obata, Fujita, YM, PRL 121, 161301 (2018)

ÅMeasure phase velocity difference between two 

circular polarizations

Bow-tie cavity and double-pass configuration

ÅSensitivity to axion-photon coupling can be 

improved by several orders of magnitude for axion 

masses

ÅPrototype experiment DANCE Act 1 is on-going

ÅAlso proposed a new method using laser 

interferometric gravitational wave detectors
Nagano, Fujita, YM, Obata, PRL 123, 111301 (2019) 93

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.161301
https://doi.org/10.1103/PhysRevLett.123.111301
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Quantum Gravity?
ÅWhether photon goes X-arm or Y-arm is in quantum 

superposition

95

Movable mirror

Interference

Beam
splitter

Photodiode

Laser source

Gravitational field of a mirror 

also in superposition??

What happens if we put 
a torsion pendulm here?



Macroscopic Quantum Mechanics
ÅQuantum mechanics do not depend

on scales

ÅBut macroscopic quantum

superposition has never been 

observed (double-slit experiment

upto 25 kDa (4e-23 kg))

ÅTwo possibilities at macroscopic scales

- Quantum mechanics is valid, but

too much classical decoherence

- Quantum mechanics should be 

modified
(e.g. non-linear Schrödinger Eq.,

Gravitational decoherence é)
96

Nature Physics 

15, 1242 (2019)

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


Experimental Proposals 1 / 4
ÅTowards Quantum Superpositions of a Mirror

Marshall+, PRL 91, 130401 (2003)

ÅIf no decoherence, photon

interference fringe should

revive at the period of

mirror oscillation

ÅGround state and

ultra-strong coupling necessary

97

Single photon 
source

Photon path and mirror motion is entangled

If mirror has decoherence, photon interference 

fringe will also disappear

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


Experimental Proposals 2 / 4
ÅEntanglement of Macroscopic Test Masses and the 

Standard Quantum Limit in Laser Interferometry

Muller-Ebhardt+, PRL 100, 013601 (2008)

ÅQuantum correlation between mirror common 

mode and differential mode

ÅNeed to reach SQL for common/differential 

measurement

98

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


Experimental Proposals 3 / 4
ÅLarge Quantum Superpositions and Interference of 

Massive Nanometer-Sized Objects

Romero-Isart+, PRL 107, 020405 (2011)

ÅPrepare superposition of nanoparticle at left or right 

(not at the center), and drop it to see the 

interference pattern

99

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


Experimental Proposals 4 / 4
ÅQuantum correlation of light mediated by gravity

Miao+, arXiv:1901.05827

ÅSearch for quantum correlation between two beams 

mediated by gravitational coupling of two mirrors

ÅThermal noise should be smaller than quantum 

radiation pressure noise

100


