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PRES ENTATION

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?

O  ADM can be very light. (107%2eV < m)

©  ADM breaks parity l©> <©>

left handed right handed

©  ADM may be coupled to gauge fields!
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Axion- Coupling
() Interaction term: quy g¢y¢ vﬁuv
FHv = %EuvpanG

Axion-Graviton Coupling

© Interaction term: Ly, = 9CS¢prg Rpuvpo

puvpo = 1 _uvap phv
2 af
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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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g 15° | | . . .

i
VMB =
LSW (OSQAR) (PVLAS) &
-8
10° &
'% Helioscopes (CAST) ;
S 4010 L "
. e e Horizontal Branch Stars
> SN 1987A
<C
S 19 NGC1275 - Chandra __Fermi-LAT
o 10 I I
T‘—; I
= |
O 1014 L ! Target spa.ce
S | in our project
& I (Possible region for ALPs DM)
10716 |- |
|
|
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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

wig =k* [1 + ggbo%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\ ¢ 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)
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4 s . Gary [ : Gu~ Ao
Birefringence o=~ [p 1 e vg| = L0 39

() Rotation angle synchronizes with Axion

t+T -
T )= / ow(t)dt = — (2” p(t+T) — o(t)],
Jt

() Motion of the linear polarization plane
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e - . Jav [ : Gu~ Ao
Birefringence o= [+ k- vo] = I

() Rotation angle synchronizes with Axion

4T Gar
1) = [ st dt =22 (ot +T) - (1)
Jt

() Motion of the linear polarization plane

o
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e - . Jav [ : Gu~ Ao
Birefringence o= [+ k- vo] = I

() Rotation angle synchronizes with Axion

4T Gar
1) = [ st dt =22 (ot +T) - (1)
Jt

() Motion of the linear polarization plane
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® ® PDM = 1712c§%/2 ~ 0.3 GeV/cm3
Birefringence

O 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?

-~ B
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 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 [Hashimoto et al. APJL729:L17(2011)]

() We expect a concentric pattern of linear polarization.

Our Simulation without Axion DM

400
10
T
200 g
o
<
>
3
E
g o ]
c
L
0.1 é
N
-200 8
[e]
o
0.01
s
= = perp radial
-400 scattering pol.

-400 -200 0 200 400 . e
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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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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) =
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[Hashlmoto et aI. APJL729:1L17(2011)]
Obsevatlon of PPD

The observation data reveals

f#=90°1+0°2 M) |Af] <5x1073

1
09 -
08 r
0.7 -
06 -
05 r
04 -
03 r

| NS

86 88 90 92 94
Angle [degree]

Slimulated I
Hashimoto+11 —— |

Our simulation confirms
the effect of multiple
Scatterings is negligible.

Normalized number
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. [TF. Tazaki & Toma (2018)]
New constraint

See also 1903.02666 for CMB

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

-9

—10

SN 1987A |

.................................................................

—11

—12

g

—13

: 1 v —1
Y810 ( Gar .,a"f (T eV )

ALPS-II eeeee- i
IAXO —-=- 1

. Soft X-ray = =« =
Y—Tray transparency ==
Best bound on , b

This work (optimistic) |

| | | | 'IThis wclnrk (cmllservatilve |
Fuzzy DM 21 2

22 21 —20 —19 —18 —17 —16 —15
logg(m/eV)

m|eV]



Fedderke+ PRD100,015040(2019)

Frmres

M

107°

10—10

10—13

= AC oscillation

SN1987A 3

o o e s e s e s s s o

Polarization washout = ]

107923 o= B T T/ T
mg [eV]
After our paper, the “first” paper on
ADM constraint from CIVIB appeared!

D
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Long -term Obs of PPD

If we observe a PPD for longer time than m™-,
the periodic shift of 8 should be detected.

M\ Simulated
I Hashimoto+11 ——

Normalized number

90 92 94
Angle [degree]




- Chlgusa Moroi & Nakayama 1911.09850 gf’

I pobaten,

10g10(27r/ m, / sec)

Forecas\>
of future
ADM
Search
o M ALPS I ||
IAXO |
-=- jets
pulsar
-  PPD
— CMB-S4|]
24 23 27 BT 30 19 18 17 .16

logl()(ma /GV) |

PPD has the biggest potential
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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 use GW interferometers

to search for Axion DM?
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[DeRocco & Hook, PRD 98, 035021 (2018)]

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

e Y
power mirror
recycling - 4 km
mirror F bw Pérot

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

Linear Polarized Laser is used

& :/
é—.photodetector S =/
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() Measure the other polarization component (horizontal)
by filtering the original pol. component (vertical)

t Vi)
¢
N
e e Onlyif 8 #0
i S — by ADM, we
T i) L L] detect signal
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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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Sensitivity Curve for 1 year run

107 g
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o
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w

Cosmic Explorer

-

o
-
SN
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-
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-
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T
I

-
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I
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Sensmwty Curve for 1 year run

107°
10-10 Helioscope i L l
- e l'(””\ \j
> 10 Amnihl,
@)
—_— -12
= 10
S
2 4r\‘13

Current generation
GW observatory :
can put best limit
on ggy OF dISCOVEr | oo o o :

10" 10" 10" 10"  10° ,
Axion mass [eV] Y i
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O Prototype exp. (Act.1) is being
constructed in U. Tokyo. (ando lab)

© We got a grant (35kUSD/yr)
and applied for another one

to extend our experiment.

O The first result (Tm, 3months)
will be obtained within a year

L e s b g I

DANCE Act.1 has started! 4

DANCE Act 1MDERK

1106 -nn 2W Jjﬁ[?%; n]_]o‘
1 x10-
MIESeER HEE 1 W
,Jm&aLma,L./
3 my
»—'D_?-.‘E =4
collimator
Qwp
EigEE LEEEZS
< POSAAES
XV, —VR '*
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Axion- Coupling
() Interaction term: quy g¢y¢ vﬁuv
FHv = %EuvpanG

Axion-Graviton Coupling

© Interaction term: Ly, = 9CS¢prg Rpuvpo

puvpo = 1 _uvap phv
2 af
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[Yoshida & Soda (2017)]
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GW amplification

[arXiv:1708.09592v2]

Exploring the string axiverse and parity violation in gravity with gravitational waves

Daiske Yoshida* and Jiro Sodaf
Physics Department, Kobe University.
(Dated: October 17, 2018)

We study gravitational waves in the presence of the string axion dark matter and the gravitational
Chern-Simons coupling. We show that the parametric resonance of gravitational waves occurs due to
the axion coherent oscillation and the circular polarization of gravitational waves is induced by the
Chern-Simons coupling. For example, the gra\ 1tat10nal waves should be enhanced ten tlmes every
10~ pc in the presence of the axion dark ges : — sl == sy Stant

¢ = 10® km. After 10 kpc propagation ahd the
polarization of GWs becomes completely . .
This indicates that the Chern-Simons coupling constant and/or the abundance of the llght stnng
axion should be strongly constrained than the current limits £ < 10® km and p < 0.3 GeV/cm .

PACS numbers: 04.30.-w, 14.80.Va,95.35.-+d

Keywords: string axiverse, parity violation in gravity, gravitational waves
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GW amplification

Interaction term
1 ' ;
Scs = —a [ da*

i —gPRR
o =g | 7

Oscillating axion

b = P cos(mn) .

EoM for GWs

ead cos(mn)

h'x + khs + k*ha

1 + €A ,"7;6 sin(mn)

Small parameter

X ‘
== — 772.2‘1)(_)
&Y

[Yoshida & Soda (2017)]

[arXiv:1708.09592v2]

Exploring the string axiverse and parity violation in gravity with gravitational waves

Daiske Yoshida® and Jiro Sodat
Physics Department, Kobe University.
(Dated: October 17, 2018)

We study gravitational waves in the presence of the string axion dark matter and the gravitational
Chern-Simons coupling. We show that the parametric resonance of gravitational waves occurs due to
the axion coherent oscillation and the circular polarization of gravitational waves is induced by the
Chern-Simons coupling. For example, the gravitational waves should be enhanced ten times every
10~ pe in the presence of the axion dark matter with mass 107" eV provided the coupling constant
£ = 10° km. After 10 kpc propagation, the amplitude of GWs are enhanced by 10" and the
polarization of GWs becomes completely circular. However, we have never observed these signatures.
This indicates that the Chern-Simons coupling constant and/or the abundance of the light string
axion should be strongly constrained than the current limits £ < 10° km and p < 0.3 GeV /em®.
PACS numbers: 04.30.-w, 14.80.Va,95.35.+d

Keywords: string axiverse, parity violation in gravity, gravitational waves

Iogj%l(_a\ntnplitude of hg)

10.0
75
10 50
5 8x10"
25
51x107"" s 0 5
505x10""" o=l
5.x10""" 2x10"
Klev] 4.95N
4.9x10-" 0 »
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GW amplification

[arXiv:2003.02853]
10—21 ‘E’ 150 _
100
2
50
E 10_22 B E o ]
u-:: 49 50 51
GW frequency (Hz)
10—23 L 4
3OMG-30M®1 400 Mpc, MW axion hala,
10-24 | =54x107 km, my =4 1x107"% eV (fy = 50 Hz) |
0 50 100 150 200

GW frequency (Hz)

- "

S SRR

[Jung, Kim, Soda and Urakawa (2020)]

GW central resonance frequency fy (Hz)
10 50 100

500 1000 5000

| A

E

X

=

8

©

E

g

<

= [ -

=2 S A A N\ N\ —e-..

= 71 =R

g 10°= LGo o1& 02 ” E

S £ MW axion halo N i
I Criterion: x = 100 e :
»1 l 3 .l | Il L1 l 1 1 l L1 1.1 'l 1 1 i
10-"3 10712 10~

Axion mass (eV)
FIG. 2. The upper limit on the axion Chern-Simons cou-

pling ¢, assuming the absence of a resonance peak in the 11
GW observations at LIGO O1402. The gray shaded re-

Taking into account the axion coherence, the amplification becomes mild.

But they still claim a sharp resonant peak in GW spectrum is produced.
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s t [TF, Obata, Tanaka & Yamada in prep]

Action:

5= [dev=g [‘{E’IR “jl\‘/%&o RR — L (V67" +2V(4)) + c]
Oscillating axion Axion amplitude

o(t,z) = % (o(z)e™™ + ¢ (z)e™) E(z) = %m Go(x)

EoM for GWs

- )- L. —im * imt\ o s
(0f — 02 hg 1, — 52/\R/L (s(2)e™ + *(x)e"™) OOz hy 1, = 0.

So far, the same as Kobe group. J
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Analysis on resonance

Landau says a resonance is caused by the interaction
btw 2 opposite modes, w ® m/2 and w = —m/2.

Ansatz in the constant amplitude & phase case (¢ = const.)

hR/L (t, .@) - AOe—iwt—}—ikx Boe—’i(w—nz)t—{—ik‘x C.C.

EoM vyields the dispersion relation

2
e 9

- 2 = 1 o o ) = /;..
64 €] w =~ k=~ m/2.

-y O
w* = 0k* —

m|e]| |

mm) Resonant amplification within the band [5k| <
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Wave packet
We know how a plane wave behaves:

B : ; le]? m2
hso o< exp [—ub,‘ (f — ()/f)] . ok = \/I 61 52 °

As more realistic GW signal, consider a Gaussian wave packet « exp[—dw?/2K?].

_ —im(t—x)/2 o ef (0w (dw) = —idw | t — \/ + le]? m? dw?
= g TR, T w el 0w) dw idw [t —axy/1 =
P 2K . L Jow) 1 l 64 ow? 2K?

Saddle point integral gives analytic results which respect the causality

mle
it (¢ > 2) ~ exp | 75
L2 2
hpacket (t < ) ~exp —§Ix (x —t) &y
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Causal ampllflcatlon

w—mt/27=180

\
|
|
|
i
= 1
= ! — mt/277=140
3 i —— mt/2/7=100
~ j 1 1 —— mt/i2,7=60
i : mt/2,7=20
! 1 — mu27=-20
|
M 1 M M . al l! " L
100 150
mx/2 7t

GW packet itself is not amplified much, ‘ <-
but it gets a long growing tail behind it. - 7 A
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How we observe?
1.0:_ | | | -
0.5} _
o-ﬂf m A“wf’“wmwm mw% — Re[hp]
[ | = Im[hp]
:;::/M \W/)(\/M\ P
| W/\)‘ z
160 165 170 175 180
mt/2T
GW packet itself is not amplified much, T/

but it gets a long growing tail behind it. < 4 g

¢



P

-i Previous Works S

| |

- -'::v-—-..--: -:-:\. PO | Mg o NI B . S P T A S g T I, T T Ny P e I 7 ) U D 3 B o ISR, NP AT PO O SN N A A N T s B I 4 N, I OTOS TR S g, S o S
[TF, Obata, Tanaka & Yamada in prep]

Axion Coherence

Axion oscillation is NOT coherent over a scale 1. = (mv) ™.

d(t,x) = P(x) cos(mt + 5(x)) and & (x) varies

rian formulatlon A simple simulation inside Milky way galaxy (v = 10~3)
Po(x) = P(x)e0™ Phase 6 (x)
& ; | i
502 /
g(x) = \/:{‘""\‘111"’(')(,(.1')

Mp !
C 10x/A,

Account for e(x) ! s T A |
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Re-analysis on resonance

Ansatz in the varying amplitude & phase case (¢ # const.)

hr/L(t,x) = (A(:z:) e~ 2 . Blp) e 2) g —toult =gty A

EoM yields our master equation w.r.t. X = A" /A

, 5 , g’ m* 5
X7 X 4 | iy —— X+64|s| =

c

We found a consistent analytic solution for |e| < 1

172,2 ",I:('.—‘I]t'l

X(@) =22 [ dye(w)et (y)e 2y
4 H

- . . 2 (x —y)*
Evaluate it with a Gaussian €  (=(#)s"(w)) = |5]" exp [- SN2 ] : AL
=7Ycoh A
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Incoherent amplification
0% o C>1

1 ; — g A0 g2 : 3.25C
<h'pa.cket.> X \/_ C—%zm(t—m) /dQ 5 41&2/\03}1 & lﬁ,\wh GCe O (1+erf(iQ)) ——> e
2/\coh .
1_\,7"'_’////,,: e
C = ——5;———— controls the amplification.
D (
1 Solid = Numerical
{ Dashed = Analytic
g i Y
§ 1 — mu2r=140 ‘( WH i)
~J I ‘ ‘
] — mu27=100 .Ihaw i
J 'Jus,‘us',.'Urw.l» L
] C=0.6 — Re[€]
' — Im[g] ¥
m(x-t)/25r - T

Analytic and numerical results are in good agreement
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How large is C?

Axion DM starts oscillating at m = H(t,sc) and then ¢ is homogeneous.

After that, the amplitude decreases and the incoherence develops.

‘ Amplification is most efficient at t,s. in the early universe!?

Require the backreaction not to alter the Axion DM dynamics.

GW Amplification  hgper = €M Apefore  iSmild N, <10 at H = H,

Then we can estimate the parameter € at present

NS - S A L PDM ¥ = H, \7”
~ 0207 ) [ ' 7 x 1014
C=3x1 (24" (Teq) ( ]()) (l()kp(') (().3 C-(\V/('lll") <7 X ]()_’l> H(teq) i

No significant amplification by Axion DM....
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Way out‘”. 2
It the axion is not DM, there may be a chance to have great amplifications.

Conditions

O Axion has to start oscillating well after m = H

O  Non-DM axion forms clouds

Preliminary estimate

w . l ; /9
1 [ 3+v/7! 2\') (mlyes ')1 ' g £ 49 Ui /3 -
C = = A ‘ 1 L ~ 10 (— (mflacs }l “(L1H.,)
2 (L1 H.,) 10



Outline of Talk

1. Introduction
2. Protoplanetary Disk (Photon)
3. GW Interferometer (Photon)

4. GW Amplification (Graviton)
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©  Axion DM may be coupled to photon & graviton

© Photon coupling causes Birefringence

Observations of protoplanetary disks are useful
to search for ultralight ADM (m ~ 10742)

GW interferometer are sensitive to ADM
with 1071%eV < m < 107 12eV

© Graviton coupling causes GW amplification

GW packet itself is not enhanced but gets a amplified tail

Considering cosmology, ADM won't cause significant amplification.
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