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PPD and GW detector provide new and best
methods to search for axion dark matter.

PPD observation improves limit on Fuzzy DM.
GW interferometer can be ADM detector for free.




Plan of Talk

1. Introduction - What's axion DM?
2. Protoplanetary Disk - New obs. limit
(m ~ 10722¢V)
3. GW Interferometer - New Exp. limit
(m ~ 10~ 12eV)

4, Summary
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Who is Dark Matter?
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Scalar Dark Matter (BAxmn & ALPs)

©  Ditterent from particle DMs: production & evolution

In this talk, we make no assumption on its production & evolution.

©  Oscillating Scalar Field: m >» H t V(o)

b = (a/ao)_% ¢, cos(mt + 6)

$

pp < a3, 6, < amplitude pert. §¢(t, x)
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What characterizes ADM?

©  ADM can be very light. (107%%eV S m < 103eV)
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What characterizes ADM?

©  ADM can be very light. (107%%eV S m < 103eV)

A QEEIE NG

Fuzzy DM Decay into vy

cf. Lyman-o limit hopeless to detect
_fymanaimt - {op )
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What characterizes ADM?

©  ADM can be very light. (107%%eV S m < 103eV)

©  ADM breaks parity l©> <©>

left handed right handed
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What characterizes ADM?

©  ADM can be very light. (107%%eV S m < 103eV)

©  ADM breaks parity l©> <©>

left handed right handed

©  ADM may be coupled to photon!!
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What characterizes ADM?

©  ADM can be very light. (107%%eV S m < 103eV)

©  ADM breaks parity

©  ADM may be coupled to photon!!
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Axion-Photon Couplmg

. 1 ~
© Interaction term: Ly, = quwaF“"
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Axion-Photon Couplmg

. 1 ~
© Interaction term: Ly, = quwaF“"

Photon: [Btz == BiZ]A = —gpV x A

Axion: [92 — 8% + m?|¢p = —gA-V x A

O e P

N e

P o,
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Axion-Photon Coupling

. 1 ~
© Interaction term: Ly, = quwaF“"

Photon: [Btz == al?]A = —gpV x A

Axion: [92 — 8% + m?|¢p = —gA-V x A

\ J
|

Non-linear

> Conventionally constant magnetic field is introduced
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Axion-Photon Conversion

() Assume constant Magnetic Field B

N

Photon: |02 — 07|A = —gBo¢

Axion: [92 — 07 + m?|¢p = —gB, - A

39 )
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Experiments with AP conversion

() Axion Helioscope

A
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1. Introduction - What's axion DM?

- New obs. limit
(m ~ 10722¢V)

3. GW Interferometer - New Exp. limit
(m ~ 10~ 12eV)

4. Summary




. introduction "

A I S g P SISO | gl NIV P ST P, T N g T S . TN T N P el I 0 S U s N A O Bl Ol NP PP AT D P B IS N 5 A AN P A NI e, P ST NG o, Ot

Axion-Photon Coupling

. 1 ~
© Interaction term: Ly, = quwaF“"

Photon: [Btz == al?]A = —gpV x A

Axion: [92 — 8% + m?|¢p = —gA-V x A

\ J
|

Non-linear
> Anything other than magnetic fields?
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What if Axion is Dark Matter?
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Blrefrmgence

) Assume background DM axion: ¢(t) = ¢, cos(mt)

—ma, sin(mt)

Photon EoM: [Btz - BiZ]A = —gpV X A
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Birefringence

) Assume background DM axion: ¢(t) = ¢, cos(mt)

—ma, sin(mt)

Photon EoM: [Btz - BiZ]A = —gpV X A

lk X eL’R - i eL’R

> Dispersion relations of Left/Right Pol. are modified

w}g = k? |1+ gpo = sin(mt)] @ @’

Speed of light changes depending on polarization!
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Birefringence

O Another consequence: Rotation of liner pol. Plane

Linear pol. Photon can be (l)l(l)+l< 1 )
decomposed into circular pol. 0 2\ 1 2\ —t /)’

: * 4T
e Cl‘ikT 6'1‘ tt+T dwdt 1 —+ 6_'i ¢ T 5udt 1
phase velocity 9 ; _Z,
are different, e
I i iRT COQ’( Ow (lf}
—> polarization — B 1
plane rotates — sin L T owe t)

dw = — /(;’7 [ + k- V()}

P
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® ® PDM = 1712c§%/2 ~ 0.3 GeV/cm3
Birefringence

() Rotation angle is ~107% for largest coupling g

[ 0(t,T) ~ 2 x 10~ 2 sin E sin(mt + Z + §) g1o Moy ]

— 2 g = gax/(10-2GeV ),
E=mT/2 = 104(T/10pc)m,,

Moy = m/(lO—zzeV)

()  How can we observe this?

-~ N
In astro, we don’t know the initial

polarization plane. Can’t measure 0 ...
o /
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ProtoPlanetary Disk

() Observations of PPD can be used!

PPD is a flattened gaseous object surrounding a young star.

PPDs are bright simply by scattering the central star’s light.

Real data Artist’s image
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Polarlzatlon of scattered Ilght

Consider incoming radiation from
the left being scattered by 90
degrees out of the screen:

Since light cannot be polarized
along its direction of motion,
only one linear polarization state
gets scattered.

[Credit: Weyne Hu’s homepage]
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Polarlzatlon of scattered Ilght

[Credit: Weyne Hu’s homepage]

Consider incoming radiation from
the left being scattered by 90
degrees out of the screen:

Quadrupole

Anisotropy

Since ligh
along its ¢
only one
gets scatt

Thomson

—~ 5 ! Scattering

Linear
Polarization
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Polarlzatlon of PPD

() Scattered light should be polarized perpendicular
to the scattering plane (=this monitor).

Initial polarization
Plane is known!!

\

vAg
PYA
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Obsevatlo“ of PPD [Hashlmoto et al. APJL729:L17(2011)]

() We expect a concentric pattern of linear polarization.

Observation by SUBARU

Our Simulation without Axion DM

400
10

200

[au]

0.1

-200

Polarized Intensity [mJy/(arcsec)Z]

0.01

perp radial

-400 - St
scattering pol.

-400 -200 0 200 400 :

[au] AB Aurigae (160pc away) =



' 4

B T e L T o e T e i e S T e R e e P e L VU N e

Axion DM rotates pol. plane?

Axion

—

Birefringence
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Axmn DM rotates pol plane’

0 o

Axion

‘.___
‘.___

Birefringence

Is this angle 90° or not?
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[Hashimoto et al. APJL729:1L17(2011)]
Obsevation of PPD

The observation data reveals

f=90°1+0°2 M) |AQ|<5x%x1073

Ty Figure 3 shows the observed polarization vector (the position
angle as 0.5 arctan(U/Q)) image of AB Aur (see the caption
of Figure 3 about the construction of the vector image) and a
histogram of the angles between the polarization vectors and
lines from the stellar position to the vector position. The polar-
1zation vector pattern is a good indicator of whether the Stokes
Q and U are affected by residual speckle noise of the bright
central star. This is because when the Stokes Q and U contain
such noise, the polarization vectors show either random or par-
allel alignment. As a result of Gaussian fitting in the histogram,
we found that the central position and FWHM are 9071 £ 072
and 473 4 074, respectively. Since the polarization vectors are
clearly centrosymmetric, we conclude that the residual speckle
. il | . noise of AB Aur is quite low and any features identified in our
80 85 90 95 100 PI images (the ring gap, dips, and peaks) are real.

Angle (degree)

600
|

Number
400

200
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[TF. Tazaki & Toma (2018)]

() Compared to the prediction, we obtain the best
constraint on g of ultralight ADM (m ~ 107%%¢V)

-9

—10

SN 1987A |

—11

—12

logqo( Gary ;,-*‘ GeV! )

—-13
ALPS-IT «ceess i
- IAXO —-= 1
—14 = Soft X-ray = = = _
i y—ray transparency = =— i
This work (Optimistic) ——
- | | Ihlb uorl (ccnllbena,tne
_15 L T v by o b oy by

L I 1 1 1
-25 24 23 22 -21 —20 —19 18 —-17 —-16 —-15 V
l()glo{ m ff U\,.-" j] m e :
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1. Introduction - What’s axion DM?
2. Protoplanetary Disk - New obs. limit
(m ~ 10~22eV)

- New Exp. limit
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[Obata, TF, Michimura(2018)]

left-handed

: photon
ight—handed
\ / ;ﬁgton anee
laser(1550nm) A
i [ ] —> 1|:|
rd
U <
\ mirror
A B
frequency ;
Lock 3| signal
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‘Pisa

GEO600
(600m)

B :./' '
(3km)

State of Washington
(4km)

LIGO

(in construction)

GW Laser

Interferometers )
State of Louisiana - T o INDIGO | J
(4km) Competltlon => Cooperatlon (in preparation
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Can we play the same game

with GW interferometers?
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Yes!! Because GW interferometer is

mirror

Photon reflects many times
(aLIGO: typically 500 times)

Very Long Baseline
(aLIGO: 4km)

4 km
Fabry-Pérot
cavity

Designed to detect
tiny signals

power
recycling 4 km
mirror F bw Pérot

| ‘ avity I |
laser L 1
/\ beamsplitter mirror mirTor
1

Linear Polarized Laser is used

& :/
é—.photodetector S =/

e P
mirror
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Target mass is changed

) Rotation angle is ~107# for largest coupling g

[ A(t,T) ~ 2 x 10~ sin E sin(mt + Z + §) g1o Moy ]

™
-
D

mT /2 =~ (m/107%%eV)(T /1kpc)

w

() Rotation angle becomes tiny...

m -1
[H(t, T) =~ 10712 (10‘12eV) sin Z sin(mt + c)glz]

™
-
D

mT /2 =~ (m/10712eV)(T/10ms)



Coemst W|th GW observatlon
) Tiny signal compensated by long operation time

HWP PBS BD:

! D m '

1

i

I PDreﬂ: I PDtrans :
DeteEtiBn—pSrt (b) Detection pBrt- (5)

Additional instruments at the tail enable interferometers
to probe ADM during the GW observation run
without loosing any sensitivity to GWs > Long Run!

<<
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1. Introduction - What's axion DM?
2. Protoplanetary Disk - New obs. limit
(m ~ 10722¢V)
3. GW Interferometer - New Exp. limit
(m ~ 10~ 12eV)







PPD and GW detector provide new and best
methods to search for axion dark matter.

PPD observation improves limit on Fuzzy DM.
GW interferometer can be ADM detector for free.
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) Axion has been constrained by a < y conversion

© The same coupling causes Birefringence w/ ADM

O Laser experiments (for GW) are sensitive to it
and ADM with 1071 < m < 10712 can be searched.

O Observations of protoplanetary disks are useful
to search for ultralight ADM (m ~ 10722)

O Just beginning. Let’s think new one together!
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) GW laser interferometer
can be converted into
ADM search experiment
by adding detector at talil

) KAGRA may be reborn
as the best ADM detector
while keeping its ability
to observe GWs.

[1/GeV]

©

9 107141

- New experiment
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107°
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107121

-13 1
. 10T
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1016
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[Nagano, Obata, Michimura & TF (in prep)]

DECIGO
w—— CE
KAGRA |+

- == DARC
- == CAST

10‘6 10‘5 10‘410‘3 10‘2 10” 10‘0 109 108

Axion mass [eV]
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[Obata, TF, Michimura(2018)]

© Dispersion relations for Left/Right pol. are different

Travel distance (kx) < # of oscillation (w+t)

O How can we experimentally measure it?
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[Obata, TF, Michimura(2018)]

© Dispersion relations for Left/Right pol. are different

Travel distance (kx) < # of oscillation (w+t)

O How can we experimentally measure it?

Left O<>O< > Mirror




B New experiment

s

“ >P

I B I gy I PG, SO | By NV BN PNt AP s TV S g e VN, P TN s el AP 1 )\ s N 3 i, B Nk ISPl i, M NP AP g O O P NSNYA  N T E N ps BW IRI  n, P OO T! JE OGN g, i S

[Obata, TF, Michimura(2018)]

© Dispersion relations for Left/Right pol. are different

Travel distance (kx) < # of oscillation (w+t)

O How can we experimentally measure it?

Right

Left

() nasonanes £

e

Mirror

: Mirror
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[Obata, TF, Mlchlmura(2018)]

© Dispersion relations for Left/Right pol. are different

O How can we experimentally measure it?

©  Optical length changes for left/right pol.

© Resonant Frequency changes in optical cavity
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cavity length L

Ei Et
— > —>
<

By

front mirror end mirror
g, tF e, tE

E changes its phase by ¢ = 2Lw for one round trip.

—ig/: —3ig/: 2 2 —5id/2
E. = Eitptge /% 4+ Eitprirrtge 3?@/2+EifF?‘]23?‘EfE€ D)2y L

(trtg)?
(1— I’F‘I’E>2 + 4rprg sin” ((55/2)

Pt. — |Et|2 — |Ei|2
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cavity length L

Ei Et
— —
<

By

front mirror end mirror

Sharp Resonance at ¢ = 2nN

g

Transmittance is almost unity

|Et|2 == |Ei|2 for g = 1%

laser frequency shift [Hz/vgi]
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cavity length L

= Fabry-Perot Resonator 557

o

o A A A T I 4 N, I SOS T RGP tpr

2]

Cavity virtually vanishes
at the resonance!

Transmittance is almost unity

|Et|2 == |Ei|2 for g = 1%
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transmitta
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laser frequency shift [Hz/vgi]
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[Obata, TF, Michimura(2018)]
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laser(1550nm)

frequency
lock

[Obata, TF, Michimura(2018)]

left-handed
photon

right-handed
photon

Forget
this part
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[Obata, TF, Michimura(2018)]

Mirrors

left-handed
photon

Only left-handed
Photons pass

right-handed
photon

laser(1550nm)

Forget
this part

Pol. is flipped by
mirror reflection

frequ
lock
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[Obata, TF, Michimura(2018)]

Mirrors
Cavity is vertically left-handed
. photon
stretched. Right
. . right-handed
mode is dominant photon

laser(1550nm)

Detector A sees
resonance of Righty

frequency
lock
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Mirrors

Pol. is flipped by
mirror reflection

Left y travels other
way in the cavity

laser(1550nm)

Detector B checks
resonance of Lefty

\ .
! B
3 signal
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[
This experiment can test
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Obata, TF, Michimura(2018)]

the birefringence of ADM
via d fres btw right/Left y.

Double-pass configuration
realizes high common mode
rejection of environmental

disturbances

laser(1550nm)

No magnetic field is used.
Great advantage in both A

Bow-tie configuration of
cavity cancels the Sagnac
effect (the spin of Earth).

technology and cost.

Trequency

lock

3 signal




