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Nikkei Newspaper [March 20th (Sun)]
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We installed our pol. monitor system in KAGRA!

Y-arm
(Dec 2021)

X-arm
(Jul 2021)

Almost ready for Axion DM search in O4 run.                 Nagano-kun’s talk 

Nagano, TF, Obata & Michimura 

PRL123,111301(2019)
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Workshop w/ A01 Group
“WS on very light DM 2021”

Joint Seminar Series

“Paris-Tokyo DM Seminar”

w/ SYRTE (observatoire de Paris)

▪ 184 participants (dom 67, Intr 117)

▪ 40 talks/3days

▪ Recorded talks are still available

▪ Almost every month

▪ Discuss exp. techniques and 

data analysis

▪ DAMNED experiment (Scalar DM)

carefully analyzed the data

Inspired us to work

on stochastic effect



6

Awards for B01 family members

New position

▪ T.Fujita won JPS young scientist award

▪ J. Kume won two JPS student presentation awards

▪ A. Nishizawa won MEXT young scientists’ prize 

▪ I. Obata won S. Nakamura award

▪ Prof. Michimura (PI) moves to Caltech
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Dark Matter

9 We live inside a high density DM halo!

Cosmic pie chart

27%

5%

68%

Local DM Halo

ҧ𝜌DM ≈ 10−6GeV/cm3

𝜌DM
local = 0.3GeV/cm3
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DM Candidates
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Bosons Neutrino

WIMP

PBH Other

Modified

gravity



90digits discovery space
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Who’s popular?
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Vector DM
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VDM  =  Electric wave with a mass

(a.k.a. Dark photon DM)

Theory :

Electric part : 𝑬 = − ሶ𝑨 ∼ 𝜔𝑨, Magnetic part : 𝑩 = 𝛁 × 𝑨 ∼ 𝑘𝑨,

Dispersion relation : 𝜔2 = 𝑘2 +𝑚𝐴
2 ≃ 𝑚𝐴

2 ≫ 𝑘2, 𝑘 = 𝑚𝐴𝑣, 𝑣DM
local ≈ 10−3𝑐

𝑬 ≃ 𝑬0 cos 𝑚𝐴𝑡 ≫ 𝑩

Electromagnetism

with a mass 

Electromagnetic wave!



DM density
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WIMP

Dense

Sparce ҧ𝜌DM ≈ 10−6GeV/cm3

𝜌DM
local = 0.3GeV/cm3



DM density
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WIMP Vector DM

Wave-like DM is also a good candidate!

Dense

Sparce Quiet

Amplified
𝑬

𝑚𝐴𝑡

𝑬

0 2𝜋

0 2𝜋

𝑚𝐴𝑡



VDM Coupling
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VDM  =  Electric wave with a mass

Theory : 𝐷 = 𝐵 or 𝐵 − 𝐿

Additional Interaction

Charge for VDM  =   B (baryon #) or    B-L (baryon # - Lepton #)

[Note: B(proton)=B(neutron)=L(electron)=1,  otherwise=0 ]

Coupling strength relative to electromagnetism : 𝜖𝐵 , 𝜖𝐵−𝐿 ≲ 10−23

Need to be extremely sensitive!



Axion DM
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ADM  =  Birefringent media

Similar to VDM.  Wave-like DM 𝜙 = 𝜙0 cos(𝑚𝜙𝑡)

(a.k.a. ALP DM)

But, 3 differences.  ADM is

1

2

3

Scalar :  no direction

Parity violating :  Left & right become asymmetric

Coupled to photons :  ℒin𝑡 =
1

4
𝑔𝜙𝐹𝜇𝜈 ෨𝐹𝜇𝜈 (Chern-Simons coupling)



Photon in ADM
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ADM  =  Birefringent media

EoM for photon with ADM 𝜙 is

𝜕𝑡
2 − ∇2 𝑨 = −𝑔 ሶ𝜙𝛁 × 𝑨 𝜙 = 𝜙0 cos(𝑚𝜙𝑡)

Dispersion relations of left/right polarization are modified as

𝜔𝐿,𝑅
2 = 𝑘2 1 ± 𝑔𝜙0

𝑚

𝑘
sin 𝑚𝑡 (𝑖𝒌 × 𝒆𝐿,𝑅 = ± 𝒆𝐿,𝑅)

Speed of light changes depending on circular polarization!

Additional Interaction

live in ADM



Vector Axion WIMP

Image
Electric wave

with a mass

Birefringent

media

Massive

Particle

Interaction B or B-L Photon Nuclei

Search
aLIGO DARM

KAGRA Aux.

Add PD to KAGRA

Data take in O4

Particle collider

Undergrond exp.
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DM Summary

Nagano-kun’s talk



Outline
News1

2

3

4

5

Ultralight DM (Intro.)

Status of Vector DM search

Stochastic Effect

Summary



VDM acts on Mirrors
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VDM (≈ electric wave) pushes mirrors, just as 𝐸 does electrons.

VDM : 𝑨 = 𝑨𝟎 sin 𝑚𝐴 𝑡 − 𝒗 ⋅ 𝒙

Force : 𝑭 = −𝜖𝐷𝑒𝑄𝐷 ሶ𝑨

Mirror : 𝛿𝒙 =
𝜖𝐷𝑒𝑄𝐷
𝑚𝐴𝑀

𝑨𝟎 sin 𝑚𝐴𝑡

mirror

𝑬 = − ሶ𝑨

𝐸



VDM acts on Mirrors

26

VDM (≈ electric wave) pushes mirrors, just as 𝐸 does electrons.

VDM : 𝑨 = 𝑨𝟎 sin 𝑚𝐴 𝑡 − 𝒗 ⋅ 𝒙

Force : 𝑭 = −𝜖𝐷𝑒𝑄𝐷 ሶ𝑨

Mirror : 𝛿𝒙 =
𝜖𝐷𝑒𝑄𝐷
𝑚𝐴𝑀

𝑨𝟎 sin 𝑚𝐴𝑡

VDM oscillates mirrors
oscillate

𝐸



Common Motion
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GW detectors measure the differential motion of the mirrors

𝜆VDM =
2𝜋

𝑚𝐴𝑣DM
≃ 107km

𝑚𝐴

10−13eV

−1
≫ 𝐿arm

distance 

unchanged

Pierce, Riles and Zhao, 

PRL121, 061102 (2018)

Wavelength of VDM is

VDM looks like homogeneous 𝑬

Signal suppressed by 𝑚𝐴𝑣DM𝐿arm
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Previous bound on VDM coupling to B from aLIGO O1 data

Pierce, Riles and Zhao, 

PRL121, 061102 (2018)

Guo, Riles, Yang and Zhao, 

Commun.Phys.2, 155 (2019)

𝑚𝐴(eV)

𝜖𝐵

comparable

to the other

constraints

by EP test

Eöt-Wash torsion pendulum

MICROSCOPE mission



𝒄 ≠ ∞ Effect
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There exists a VDM signal even if the mirror motion is common.

Morisaki, TF, Michimura, 

Nakatsuka and Obata 

[PRD103,051702 (2021)]

“Finite light-traveling time effect”

If round-trip time = period of VDM

𝐿arm/𝑐 = 𝜋/𝑚𝐴



𝒄 ≠ ∞ Effect

30

There exists a VDM signal even if the mirror motion is common.

“Finite light-traveling time effect”

Effective distance changes

Morisaki, TF, Michimura, 

Nakatsuka and Obata 

[PRD103,051702 (2021)]



𝒄 ≠ ∞ Effect
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There exists a VDM signal even if the mirror motion is common.

“Finite light-traveling time effect”

Effective distance changes

𝑐𝜏VDM =
2𝜋𝑐

𝑚𝐴
≃ 104km

𝑚𝐴

10−13eV

−1
≫ 𝐿arm

Signal suppressed by 𝑚𝐴𝐿arm
2

But still, it yields the dominant signal

Actual bound is better!

Morisaki, TF, Michimura, 

Nakatsuka and Obata 

[PRD103,051702 (2021)]
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Updated bound on VDM coupling to B

from aLIGO O1 data

𝑚𝐴(eV)

𝜖𝐵

×10 improved

the constraint

Morisaki, TF, Michimura, 

Nakatsuka and Obata 

[PRD103,051702 (2021)]
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Updated bound on VDM coupling to B-L

from aLIGO O1 data

𝑚𝐴(eV)

𝜖𝐵−𝐿

Morisaki, TF, Michimura, 

Nakatsuka and Obata 

[PRD103,051702 (2021)]
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Updated bound from aLIGO O3 data (LVK collaboration)

[arXiv:2105.13085]

O3 result includes

the 𝑐 ≠ ∞ effect.

~10 times better

bound than O1 run.

Stochastic effect

is not took into

account



How about

KAGRA?

35



KAGRA beats aLIGO
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You might guess  KAGRA < aLIGO in the sensitivity to VDM…

For B-L coupling, KAGRA goes beyond aLIGO
Michimura, TF, Morisaki, 

Nakatsuka and Obata 

PRD102, 102001(2020) 



Auxiliary channels
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All mirrors in aLIGO are fused silica, but KAGRA uses sapphire mirrors.

Michimura, TF, Morisaki, 

Nakatsuka and Obata 

PRD102, 102001(2020) DARM : 𝛿 𝐿𝑥 − 𝐿𝑦

MICH : 𝛿 𝑙𝑥 − 𝑙𝑦

SRCL : 𝛿[ 𝑙𝑥 + 𝑙𝑦 /2 + 𝑙𝑠]

KAGRA measures

MICH & SRCL observe distance btw mirrors made of different material

VDM acts differently

Sapphire

fused silica



B-L Charge
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Different material

𝐵 coupling  : 

𝑄𝐷 = 𝑁𝐵 − 𝑁𝐿

different charge for VDM

Acceleration : 𝒂 = 𝑭/𝑀 ∝ 𝑄𝐷/𝑀 charge/mass is important

𝐵 − 𝐿 coupling : 
𝑁𝐵−𝑁𝐿

𝑀
≈

𝑁𝐵−𝑁𝐿

𝑁𝐵

1

𝑚𝑛

𝑄𝐷 = 𝑁𝐵
𝑁𝐵

𝑀
≈

𝑁𝐵

𝑁𝐵𝑚𝑛
=

1

𝑚𝑛

Silica:  0.501,  Sapphire: 0.51  

VDM with B-L coupling differentiates mirror motion by 2%



• KAGRA uses cryogenic

sapphire mirrors for

arm cavities, and

fused silica mirrors

for others

• KAGRA can do better

than LIGO/Virgo which

uses fused silica for all

the mirrors

photodiode

DARM

Gauge field

ForceForce

Laser

Search with KAGRA

B-L charge 

Fused silica: 0.501

Sapphire: 0.510

By courtesy of 

Prof.Michimura
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KAGRA’s sensitivity to VDM
Michimura, TF, Morisaki, 

Nakatsuka and Obata 

PRD102, 102001(2020) 

×10 improve

the constraint

KAGRA will achieve the best sensitivity to VDM with B-L coupling

by using the auxiliary length channels.
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O3GK Data Analysis Underway

⚫ KAGRA performed joint observing run in April 2020 with GEO600 = O3GK

⚫ We have developed a data analysis pipeline to search for VDM

⚫ Applying the pipeline for two sets of 104 sec data & working on veto analysis
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Demonstration
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400 realization of simulated data.

Nakatsuka, Morisaki, TF+

[in preparation]

Every time estimate the upper bound

on 𝜖est and check whether 𝜖est ≶ 𝜖true

For 90%C.L., 90% of trials should

yield 𝜖est > 𝜖true, however….

Stochastic effect is crucial!



Model wave-like DM
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Wave-like DM

= Superposition of many waves

Wave has own velocity 𝑣𝑖 ∼ 10−3

Coherent time 𝜏 ≡ 2𝜋/(𝑚 ҧ𝑣2)

𝜙 𝑡, 𝟎 ∼ Σ𝑖 cos 𝜔𝑖𝑡 + 𝜃𝑖

𝜔𝑖 = 𝑚2 + 𝒑𝑖
2 ≃ 𝑚 +

1

2
𝑚𝑣𝑖

2

For 𝑡 ≪ 𝜏,
1

2
𝑚𝑣𝑖

2𝑡 ≃
𝑡

𝜏
≪ 1

For t ≪ 𝜏, DM coherently oscillates

with random but constant amp. & phase

cos 𝑚𝑡 + 𝜃1 + cos 𝑚𝑡 + 𝜃2

= cos 𝑚𝑡 + 𝜙2 + 2 cos 𝜃1 − 𝜃2

tan𝜙 = (sin2 𝜃1 + sin2 𝜃2)/ (cos2 𝜃1 + cos2 𝜃2)



Stochastic amp. & phase
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For 𝑡 ≳ 𝜏, however, the correction

term in 𝜔𝑖 becomes significant.

Expand around 𝑡 = 𝑡∗ ≳ 𝜏 and

absorb 𝑚𝑣𝑖
2𝑡∗/2 into the phase.

1

2
𝑚𝑣𝑖

2𝑡 ≃
𝑡

𝜏
= 𝒪 1

1

2
𝑚𝑣𝑖

2𝑡 + 𝜃𝑖 =
1

2
𝑚𝑣𝑖

2 𝑡 − 𝑡∗ + 𝜃𝑖

For t − t∗ ≪ 𝜏, DM coherently oscillates

again with different amp. & phase

cos 𝑚𝑡 + ෩𝜽𝟏 + cos 𝑚𝑡 + 𝜽𝟐

= cos 𝑚𝑡 + ෩𝝓2 + 2 cos ෩𝜽𝟏 − ෩𝜽𝟐

tan ෨𝜙 = (sin2 ෨𝜃1 + sin2 ෨𝜃2)/ (cos2 ෨𝜃1 + cos2 ෨𝜃2)

≪ 𝓞 𝟏

Stochastic behavior



Numerical result
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Superposition of 𝑁𝜙 = 104 waves

𝑡 ≪ 𝜏 : Coherent oscillation

𝑡 ≳ 𝜏 : Amp.& phase vary stochastically

Nakatsuka, Morisaki, TF+

[in preparation]



Numerical result
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Superposition of 𝑁𝜙 = 104 waves

𝑡 ≪ 𝜏 : Coherent oscillation

𝑡 ≳ 𝜏 : Amp.& phase vary stochastically

If measurement time 𝑇 ≪ 𝜏,

you maybe unlucky and Φ 0 < 𝑡 < 𝑇 ≪ Φ

Risk of too tight constraint.

Nakatsuka, Morisaki, TF+

[in preparation]



PDF of signal
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Fourier

amplitude

𝑇 = 𝜏/10 𝑇 = 5𝜏

Stochastic

variable
: Rayleigh distribution

Sum it over 𝑚 ≤ 2𝜋𝑓𝑛
w/ velocity distribution weight

Nakatsuka, Morisaki, TF+

[in preparation]



Time dependence of bound
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For long enough data,

we can ignore it.

Currently important.



aLIGO case 𝑻 = 𝟏𝐝𝐚𝐲

50 We’ll apply this analysis method to O3GK data & others!

Nakatsuka, Morisaki, TF+

[in preparation]



Summary
B01: laser interferometer search for ULDM

Use GW observatory to hunt ultralight vector DM (B, B-L coupling)

Developed a new analysis method including the stochastic effect

Analyze O3GK data and get ready for O4 run!



Thank You!
52


