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One plate meal Buffet

In the Buffet dishes, | use the same spice

Axion Birefringence

Today’s menu 5P
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3. ALP Dark Matter

QCD Axion Search by Astro. Obs.
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- (Conventional) motivation of ALPs *»s},f"’

e I Y g I A, SO |

Rt i e T

L o~ .

LR AP

o A T S AT IO 1 N, I SO TNN! SR g, Gt S

B QCD axion
— Strong CP problem:

Baker, et al. (2006)

focp =
EUQ(.'U = —'3:)7?2 Tr(_-r/u/C,l“ ()Q('I) 5 1() 1]
L Fayl]

— One of the solutions is QCD axion:

by the electric dipole moment of neutron

O 1 ~ Peccei&Quinn. (1977)
| bl Y i
[’”cer.'n = (HQ( D+ f) 3972 GG Winberg(1978),Wilczek (1978)

B Axion-like particles by String Axiverse
“String theory predicts many ultralight axions” Arvanitaki+ (2009)

— ALPs have mass nonperturbatively, which is exponentially suppressed:

2 o (M) o-Si
Mg & (f_2> e _rinst Marsh (2015)

—| ALP as Dark Matter: 107%?eV < m,
—| ALP as Dark Energy: mg, < Hp ~ 10733V

Observational hints motivate the studies of ALP! \ Y e
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What characterizes ALPs?

O ALP can be very light (m &<« 1eV) by its shift sym.

©  ALP breaks parity l©> <©>

left handed right handed

©  ALP 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: [82 — 87 + 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: [82 — 87 + m?|¢p = —gA -V x A

\ J
|

New terms!

> 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 ay conversion

) Axion Helioscope

B A
- L -
Solar b [
axion k%
flux 3\
11 v
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------- ] ] : ‘ ' : ' ) '
....... > B field! ) — :
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’ X-ray detectors
Shieldin
Movable platform T 8
[Irastorza&Redondo(2018)]
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How can we detect

Axion like particles?
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Axion-Photon Coupling

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

Photon: [Btz == al?]A = —gpV x A

Axion: [82 — 87 + m?|¢p = —gA -V x A

\ J
|

New terms!
> Anything other than magnetic fields?
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[Harari & Sikivie, Phys. Lett. B 289, 67 (1992)]
[ ] (]
Birefringence

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

—ma, sin(mt)

Photon EoM: [Btz - BiZ]A = —gpV X A
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[Harar|&5|k|V|e Phys. Lett. B 289, 67 (1992)]

Blrefrmgence

) 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\ 1 2\ —t )’

: * 4T
Wlth b ejiva fli tt+T dwdt 1 —+ G—i ¢ T 5udt 1
phase velocity 9 ; _I,
are different, e
I i iRkl COQ’( Ow (llL)
— polarization — B 1
plane rotates — sin L T owe t)



bl
>

I A e L T, S| By NIV N e I P TN g i N, T TN e Pl I 0 A )\ N 1.1 N A NS PRI P O I NN A N T N P N s I e, I OIS GI g S
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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 - . Janv [ : Gu~ Ao
Birefringence P Y P e

() Rotation angle synchronizes with Axion

4T G
.1 = [ dwtydt =22 (ot +T) - (1)
Jt

() Motion of the linear polarization plane

o
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() Rotation angle synchronizes with Axion

4T G
.1 = [ dwtydt =22 (ot +T) - (1)
Jt

() Motion of the linear polarization plane
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I The standard cosmology [

B ACDM Paradigm

e All the cosmological observations are
explained by the DE+DM universe.

(but for the Hubble tension) Energy component of current universe
Atoms
Dark
4.6% Energy
B DarkE (DE) Dark T
ar ner
sy Matter
24%

e Measuring the current Hubble parameter
indicates the accelerated expansion.

« Dynamics : constant or scalar potential V(¢) TORAY credit:WMAP
which slowly rolling

_ ¢*-2(p) _ )
W= e —1Sw<—095(95%C.L)
, [Planck2018]
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. Review of Cosmic Birefringence _

New Extraction of the Cosmic Birefringence from the Planck 2018
Polarization Data

Yuto Minami and Eiichiro Komatsu
Phys. Rev. Lett. 125, 221301 — Published 23 November 2020

ADCTD AT
ABS | KACL | -

We search for evidence of parity-violating physics in the Planck 2018 polarization data and report on a
new measurement of the cosmic birefringence angle 5. The previous measurements are limited by the
n the absolute polarization angles of the Planck detectors. We mitigate this

completely by simultaneously determining 3 and the angle miscalibration using

systematic uncertain
systematic unce

sta?(wcal significance of 2.4¢.

“cosmic birefringence angle B” “finding B = 0.35 % 0.14 deg (68% C.L.), which excludes B = 0 at 99.2% C.L.
New signal? This corresponds to the statistical significance of 2.40.”

> What is Cosmic Birefringence ?
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. Review of Cosmic Birefringence _

B Polarization signal in Cosmic Microwave Background (CMB)

et ) E-mode / B-mode
- B { e /4! Parity Even Parity Odd
L TS =M
S < (1) Al

B\ v &

B Birefringent material rotates direction of polarization

Birefringent material 4

[T f . iy Polarization rotated !!
I:I/7I | ! |I ﬂ /‘{YZA ]
] /

Polarized photon

[ cosmic birefringence = polarization rotation signal ] > How to measure ?
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. Review of Cosmic Birefringence _

B W/o cosmic birefringence, parity is conserved, j Parity transformation]\

\N /7
. _ . - _ . —
* Parity of B-mode: P(B) B /I B/ 4..>\' a
E-mode: P(E) = +E ~N— — |

VAN VAN
| E <] 3 |
\N_/ \N_/ )

* P((E\B;r)) = —(E;Byr), so when parity is conserved,
(ElBl’> = P(<ElBl’>) == O

Polarization rotation L

B With Cosmic Birefringence,

TN\ /\'~ Credit: Y.Minami/KEH
* Mixing E-mode to B-mode I/ 1 >/ J' \/‘
\N_/ \ ~ /,3

* Parity violating {E;B,r) is produced
1 :
(EB1) = 5 (EiEy) — (B, B)) sin(4p)

) .
Minami&Komatsu reported rotation angle
f =0.35+ 0.14 deg
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How to explain

this observation?
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B \xion causes CMB Biref. IS

: : 1 1 , 1 e
B Axion-Photon coupling L= —Eaﬂd)aﬂgb —V(¢) — ZFM,,F“ + ZgnguuF“ 1

Polarization of Initial ghotgn

Polarization rotation angle
B ——f ___(¢f o) | 0 ' Y
]A¢ ..........

Harari&Sikivie (1992)

M Different mass range | Lsw(0SQAR)

Helioscopes (CAST)

What kind of axion can
reproduce the observed ?

Lighter |
Axion T ey
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B \xion causes CMB Biref. IS

M How to calculate Cosmic Birefringence:

* In this talk, focus on background motion.

—_ A (perturbations ¢ result in anisotropic birefringence signal:
¢(t’ X) ¢(t) +M Pospeloy, et.al., (2008), Caldwell, et.al., (2011) )

« If V(¢p) = m?p?/2, background field dynamics is governed by axion mass m

(E + BHQS + m2q3 =0 , H:Hubble expansion rate V(¢)
¢ (trss)
t
* Axion-photon coupling qb(?s)
g=2B(d(ty) — p(tiss) )™, B=0.35deg
Hereafter, we write ¢ as ¢. q[)

[Determine axion-photon coupling g for a given m ]
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B \xion causes CMB Biref. IS

nz/l?b
10 106 107 102 10° 102 10* 108 -
] I |CAIST| I L ‘ 'MOdGIV—m¢/2
L -0 T 0 00 O 0 5 B -0 -0 8 N 6 30 m : aXlon mass

SN1987A
Chandra

(4: present energy fraction
On the lines, the rolling axion
explains the observed B!!

Vmass

1072 | ¢ oo o e v e o]
1070 107® 107% 10 107 107 1073 107%

m[eV]
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B \xion causes CMB Biref. IS

771/}qb
1078 107¢ 107* 102 10° 102 104 108

* Model: V = m?¢?/2

DR m : axion mass

6 e .......5{.19.;57.{ ..... ,:;is(i] ................... ‘Q‘d): present energy fraction
Chandra '

LR\ N el On the lines, the rolling axion

explains the observed B!!

T
> 1015 :
& * Axion dark energy
™ I —— Form < 10733eV,
AL 5 we find Qg max = Qa.
i = Dyins The axion explains the current
- [Vingss accelerated expansion, too!
10078 | o Lo b ey

10—»10 10—38 10—36 10—3al 10—3‘2 10—30 10—'25 10—‘26 .
* We also study cos potential

m[eV] g 7
""':".(,xra((;)) — ’”‘fﬁ [1 — 8 (‘7)‘|
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Early Dark Energy (EDE) is scheme to alleviate “Hubble tension” problem.

M Discrepancy between:

* local astrophysical measurements at low redshifts (cosmic distance ladder)
* CMB and large scale structures

4

Early
Plonclﬂé18+§ACDM
—e

BAO+BBN 2H
@

ro+ inversg lodder

BAO+ACTPol, SPT,WMAP
s e

|

> %Lote

Here
e

Gaio DR2,HST 7 (R180,b: SHOES)

SN la NIR (gJLW,CSP B818)

HOLICOW—4 I.enses (Birrer18)

R16 ‘SHOES)

Reanalysis of R’16 (C16,FK17,FM18)

("
Hubble Space Telescop;
74.03 £+ 1.42km/s/Mpc

Planck 2018
. 67.4+0.5km/s/Mpc )

64 66 68

Ho (km s™' Mpc™)

70

72 74 76

[A. G. Riess, et al. 2019]

> How does EDE work?
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. Early dark energy alleviates H|, tension_

Energy fraction of each component Qy

— — O

A ]

B EDE modify cosmology around last scattering. 10
* Reduce sound horizon at last scattering. e
1 . 0.001 ¢ .
* Increase H, estimated by CMB observation E%:d'ﬂes
101—“ 0.601 0_0'10

Hy ~ 68 - (70 — 72)[km - s/Mpc]

0.100 1

Last scattering a present

— DE —— Matter —— Radiation —— EDE(n=3)

M How to achieve the above dynamics?

n
1 —cos (%)} , n22  [poulin+ 2018]

)

2n
’é:)R((,)) = Vp ( "‘}PI) n>?2 [Agrawal+ 2019]

—_ 202

roll down
(m ~ H(D)

* Before oscillation, V is almost constant oscillation

» After oscillation, V decreases like or faster
than radiation forn > 2.
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. Early dark energy alleviates tension _

m Required abundance of EDE V. Poulin, et.al. (2018)
* a,: scale factor to start oscillation Probability distribution by MCMC
. . V. Poulin, et.al. 2018
* fepe(ac) = pp(ac)/prot(ac): energy fraction at a, s
75 ¢ -
o.1ooé.>~/\ 69 ]
p.010¢ fepe(ac) : ;
0.001
1074 fg
—5:.1 R B Rres | A s | S - AP R S S e | ko
10 1074 0.001 0.010 0.100 1 .3-3
aC
a
— DE —— Matter —— Radiation —— EDE(n=3) I l().(l)5 O.iO

feoe(ac)

> Does EDE produce cosmic birefringence?
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. Does EDE reproduce CMB Biref.? _

M Cosmic birefringence of EDE

* Let ¢ have the CS coupling to photon

. m/ Hy n=2
* Convert (fEDE' aC) Into (¢i' m¢) Y 17 108
. LG e T T | e o o e
by assuming f = M, |
Ll v I:
V. Poulin, et.al. 2018 - |
- (.1}
o 04
=
& 0
(.21
0.05  0.10 e i
fEDE(ac) v Ill.!A"-"_ 120 10-%
m(eV]

[Allowed mass range is limited for EDE. ]
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. Does EDE reproduce CMB Biref.? _

(i, m) (9.m)

"?/H(p
6| 1" 107 10" 10
+ § B TV T 7Y T T 30 B 3 3 3 3 T
chandra
I i 12
|
ko)
I
* 10-!
1
— b
u ]l‘ll 1 — 1 : é “ . y
’ = 10! ()'0
m[eV] \/:Q)[’ o
> oy’
A ool R

The observed CMB birefringence

g =2p(p(to) = (Pss) ™" = il e

f =0.35deg

. J
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. Does EDE reproduce CMB Biref.? _

n=2 case : VéﬁR(‘)—VO< i1 )

B Other models Me
7’)"/ HU Tri ,[[()
106 107 i =
1012 1) 12
1o-14] 1=
2 107 2 107F
3 &
= ".7....’..‘__.--,.: = ,'u'--‘--". ¢
¢ g '
. :. 1! v A
P f Al
4 L | L/—/' e
.~ AR
10-20 ¢ lV(n=3) | o= (n=2)
N - | " cos VRnR
10-27 1026 0
e
mleV 71
[eV] m|eV

n=3 case : V& =m’? [1 — cos (?ﬂ EDE models typically constrained
g ~ (10720 — 10717) GeV~1




. Summary of EDE as ALP

 EDE model is expected to alleviate

“Hubble tension problem”.

e ALP as EDE can explain reported rotation angle

B ~ 0.35 deg.

* Typical coupling constant is expected to be

g~ (10720 — 10717) GeV ™1,

g [GeV™ .

which means following nontrivial relation:

g~ Mp;.

39

Early g : = Late
Here :

Planck18+ACDM

o Gaia DR2HST n_(R18a,b: SHOES)

BAO+BBN 2H Pty e

SN lo NIR (DJL17,CSP B18)

BAO+ACTPol,SPT,WMAP
AR Rl

HOLICOW—4 lenses (Birrer18)
®

R16 iSHOES)

rs+ inverse lodder

Y TS VO N N N N S R [N T | [N, O N (N [

Reanalysis of R16 (C16,FK17,FM18)
— —

1
64 66 68 70 72 74 76

Ho (km s™" Mpc™)

1) ()

-

(-

h)

‘

s

o )

m B b ’

n L )

A _ ol '

pe——— 1
.
'
'
‘ ‘

! ‘ - 1
\ .
» )
| p/ \ (n=2)
CoN
() 1
n
m|eV]

1)
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. Future Prospect of ALP EDE _

In this talk, | focused on the background ¢(t).

m/H,

B fluctuation modes 6¢(x, t) 109

* Hubble fluctuation during inflation

 gravitational growth of adiabatic perturbation 10

Predicted sensitivity of
014 anisotropic birefringence

* 0¢,ps: another source of isotropic rotation angle for EDE Lm.capparell; et.al.(2019)
* §¢;ss: direction dependent rotation angle

(anisotropic cosmic birefringence)

Pospelov, et.al., (2008), Caldwell, et.al., (2011) ' ." Z
A g A i G ,:
63 (n) = E (_6¢L55(n)) | 'v' V'(nz'l}
=~ Ccos

Anisotropic cosmic birefringence is useful mleV]
tool to investigate axion-photon coupling.

g [Gev™]
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Who is Dark Matter?




Dark Matter

Cosmic pie chart Local DM Halo

Dark Matter

Bark Energy




Dark Matter

Cosmic pie chart Local DM Halo

21% :! Fom ~ 10-6GeV /cm3

Oark Eneryy piocdl = 0.3GeV/cm?

We live inside a high density DM halo!
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DM candidates
Scalar Neutrino
I\/I _G raVIty Dark Matter Wenk Scalo ‘; Wl M P

WIMPxzills

PBH Other F—/
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Berton&Tait[1810.01668] v W |
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DM candidates

PRESENTATION
sc a Ia r D M S i frergy Hvond

Light bosons Neuatrinos

Super- Extra
symmetry dimensions

Dark Matter Weak Scale

¥ : Effective
Simplified Fiokd

Models Theory

Other
Particle

WIMPxzills

Self- 1

Superfiuid
P mieracting

& . \

PN

Berton&Tait[1810.01668]
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Scalar Dark Matter (= Axion & ALPs)

©  Ditterent from particle DMs: production & evolution

(In this talk, we don't specify its production mechanism.)

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

3

¢ = (a/ay) 2 ¢pycos(mt + 6)

$

. What about
Pp X a perturbation?




DM density

piocal = 0.3GeV/cm?®

ppm = 1076GeV/cm3




DM density

Scalar DM

Wave-like DM Is also a good candidate! I‘
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(0 Core-cusp problem () ADM resolves it!

Schlve et al. (2014)

MW dSphs Gilmore+ (2007)

z=120

8
10° 10 z=80
+«—NFW cusp b w22
7 z=09
10 = z=00(res x8) T

a z=-0.0

--#--- Saoliton collision
wesmess COM (z = 8.0) A
=== NFW

Dark matter density[M/pc?]

10 10 "‘."\"‘i u, . .\&
| | “’t_ N N

107 |\ ||| A._.:

10 = - — 10" . - ] lﬂ \L“\‘-
" Radius[kpc] i * iy '°
ppwMm profile @ galaxy center Uncertainty Principle
. = m
N-body sim. = cusp ppm = mv ~ kpc™! (10_22ev)

Observation = core DM can’t condensate



Who's popular?

WIMP DM 1050
# Of paper 1000 4/6223

Axion9 DM
4
The hit count of

“XX dark matter”
in Google scholar

Vector DM
for every 5 years
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Era of non-WIMP DM!

Big grant for DM Search

(Comprehensive study of the huge discovery space in dark matter) .

© 14M USD/ 4yr in total

© 1.5M USD/ 4yr for my team

You can apply for jobs
and open-solicited Research

Prof. Hitoshi Murayama
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How to search for

Axion like DM
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-' New ALP searches
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Ultra-light Axion Dark Matter (new)

10—20

—_—— L
e =

10—10

s

2 4

N Tl I et e P NOSTENS O R ™ 570, Pt plp SN

WIMP (conventional)

1 1010

———mma,,

Dark matter
mass[eV]

\

(MPPD observation

o EENFRTN DM
h5HBFE RICEA

o PUOIAIDREERE
FESE, R R REERN

o MEAICRER LHS

@Table-top exp.

o ADMZREER= L5888

o FRMEIBINEZES.
BRATS50cmaE ek

o TENIF40005MKER
S5mOKIRIRAREIEA

@GW Observatory

o ENREEFENT7IIA
JRE(CHATHIFRTEE

o KAGRATOZRIRICEIF
PR EREE(1.618)

o KFO4THBRERTE

WIMP Search

o NERFCHFRER
TRFEWIMPRE

o IUFTIVIEERER
o ERBEX{LHRE

Looking into new light mass window, New obs/exp. will reveal DM!!
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-' New ALP searches
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Ultra-light Axion Dark Matter (new)
e & i = Dark matter
MDPPD observation @Table-top exp.

o RENFRTN DM
h5HBFE RICEA

o PUOIADREERE
FESE., R R R EERN

o MEAICRAER LHS

o ADMZREER= L5888

o FRMEIBINEZES.
BRATS50cmaE ek

o TENIF40005MKER
S5mOKIRIRAREIEA

@GW Observatory

o ENREEFENT7IIA
JRE(CHATHIFRTEE

o KAGRATOZRIRICEIF
PR EREE(1.618)

o KFO4THBRERTE

o HMEEROHITRER
TREWIMPHRE

o IUFTIVIEERER
o ERBEX{LHRE

WIMP Search

Looking into new light mass window, New obs/exp. will reveal DM!!
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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
AT
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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 2
e
1<
>
3
E
T z
c
2L
0.1 §
N
-200 §
o
o
0.01
i > perp radial
-400 scattering pol.

-400 -200 0 200 400 N P :
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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. APIL729: 117(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 . o
scattering pol

-400 -200 0 200 400 :

[au] AB Aurigae (160pc away) =
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[Hashimoto et al. APJ L729.L17(2011)]
Obsevatlon of PPD

The observation data reveals

f#=90°1+0°2 M) |Af] <5x1073

: - .

09 | 1\ \ Hashimotos1 The width of the observed

2 le histogram is not full
@ 07 ang € g y
5 o8] explained....
E 05 -
5 ol - Our simulation confirms

02 w the effect of multiple

01

ok Scatterings is negligible.

86 88 90 92 94
Angle [degree]
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[TF. Tazaki & Toma (2018)]

New COnStl‘aint See also 1903.02666 for CMB

() Compared to the prediction, we obtain the best
constraint on g of ultralight ADM (m ~ 107%%¢V)
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SN 1987A |

.................................................................
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i y—ray transparency == i

This work (optimistic) e
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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)
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Y810 ( Har .,a"f (T eV )

ALPS-II eeeee- i
IAXO —-=- 1

. Soft X-ray = = =
y—ray transparency ==
Best bound on . i

This work (Optimistic) ——
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Fuzzy DM g

—22 -21 —20 —19 18 17 -16 15
logig(m/eV)
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- Chigusa Moroi&Nakayama: PLB803,135288(2020) & 7
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-1 structure o
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PPD has the biggest potential
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O

Never give up!
We should purs

We used old data (Hashimoto+ 2011)
whose exposure time was 3mins.

Now Subaru's d

Many PPDs have been found.

Let's make our own observations of PPDs!

ue our approach.

etector is upgraded!

Applied for Bg 3

- to hire postdoc analyzing data




Subaru Application 5P
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\,o;,',‘»'“ NG\ Semester S21B
| v ) Subaru Telescope Proposal ID S21B0132N
.\'\ St 7/ National Astronomical Observatory of Japan Received 03/09/2021

Application Form for Telescope Time
(Normal+Intensive Programs)

2

Kenji Toma

Ipolafimetry of Six Protoplanetary Disks to Search for Axion Dark Matter Ul NS

2. Principal Investigator

Name: Toma Kenji

Institute:  Tohoku Univ.
Mailing Address: Sendai 980-8578, Japan

E-mail Address: toma@astr.tohoku.ac.jp Phone: +81-22-795-4402
3. Scientific Category

D Solar System [:[ Extrasolar Planets Star Formation and Young Disk [:[ ISM

|:| Normal Stars l:[ Metal-Poor Stars |:[ Compact Objects and SNe D Milky Way RyO Taski
D Local Group D Nearby Galaxies [:[ IGM and Abs.Line Systems [:[ Cosmology el S it A
[[] Gravitational Lenses [] Clusters and Proto-Clusters [ | Galaxy Properties and Environment

El High-z Galaxies(LAEs, LBGs) |:[ High-z Galaxies{others) E[ AGN and QSO Activity E[ Miscellaneous

4. Abstract (approzimately 200 words)

We propose SCExAO fast-PDI imaging of six protoplanetary disks (PPDs) to search for axion dark matter. Axion
is predicted by particle physics and has recently received great attention as a dark matter candidate. Axion weakly
interacts with photon and particularly rotates its linear polarization vector. Thus we can search for a signature of axion
dark matter by seeking small deviations in polarization angles from intrinsic circular pattern of polarization vectors of
PPDs in the near-infrared wavelengths. Based on this new idea of ours, we have put the best bound on axion dark matter
with polarimetric data of AB Aur previously observed by Subaru/HiCIAO (which employs slow-PDI, i.e., the detector
read-out speed of H2RG is 1.4 second). Thanks to the new sophisticated fast-PDI imaging mode on SCExAO (which
employs a very high frame rate C-RED ONE camera with >1 kHz, and is available for the open use from S21B), we can Jun Hashimoto
achieve over one order of magnitude more stringent bound on axion dark matter, which may not be easily overcome by Astrobiology center

observations of other astronomical sources. If we detect a signal from one PPD or more, this will be a major discovery,
and have a strano immnact on astronhvaice and narticle nhvasics




Subaru Application
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(Page 3) Proposal ID S21B0132N

N G I Tt N P T s A I N,

Title of Proposal
Polarimetry of Six Protoplanetary Disks to Search for Axion Dark Matter

12. Observing Run

Instrument #Nights Moon Preferred Dates Acceptable Dates Observing Modes

FPDI4-SCExAO+NGS 1.5 any Jan. Jan. fast-PDI

2nd choice:

comments:

Total Requested Number of Nights | 1.5 Minimum Acceptable Number of Nights

13. Scheduling Requirements [ ToO [ ]Time Critical
Since 5 of 6 targets are only observable in 1st half might on January, we request to allocate one full night and on
We also request to avoid the following dates since the angular separation from the moon is too close (<30 degrees)

Jan. 11- 1l

14. List of Targets

RA Dec Magnitude (Band)
LkHa 330 034548.28 +322411.8 10.5 mag (R), i =30 deg
AB Aur 045545.84 +303304.2 6.9 mag (R), i =30 deg
V1247 Ori 053805.25 -011521.6 9.4 mag (R), i =30 deg
GW Orni 052008.39 +115212.6 8.7 mag (R), i =37 deg
MWC 758 053027.52 +251957.0 7.9 mag (R), i =20 deg
l TW Hya 110151.90 -344217.0 9.5 mag (R), i =10 deg

Kenji Toma
Tohoku Univ.

Ryo Tazaki

Amsterdam Univ.

Jun Hashimoto
Astrobiology center
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Subaru Application

LS

Polarimetry of Sixz Protoplanetary Disks to Search for Axion Dark

Matter
(Toma, K., Hashimoto, J., Fujita, T., Tazaki, R., Lozi, J., Kudo, T., Guyon, O., & Tamura, M.)

1 Scientific Motivation

Modern astronomy postulates the existence of dark mat-
ter, yet, the nature of dark matter has been an outstand-
ing problem for about a century. Among many can-
didates for dark matter, an elementary particle
named *“axion” has recently received great atten-
tion (for a review, e.g. Irastorza & Redondo 2018).
Axion is predicted by particle physics including string the-
ory, and can resolve the astrophysical “core-cusp prob-
lem”, which is a tension between observations and sim-
ulations of dark matter profile at galactic centers (Hu,
Barkana & Gruzinov 2000; Hui et al. 2017). Many astro-
nomical observations as well as laboratory experiments
with various detection schemes pursue the first signal of
axion dark matter and improve the best constraints on it.

O R, G NER P TSI SR/ BN (O NRPRS, LIS s, B (I

Circular Spiral
S
N
) / X /
Polarization \/

vector

Blirkng Propa
Space filled with

_ axion dark matter

2 Proposed Observations

Here we propose SCExAO fast-PDI imaging
(which is newly available for the open use from
S21B) of six PPDs (see § 3) to search for axion
dark matter. Since we seek small deviations in polariza-
tion angles from the circular pattern of polarization vec-
tors, precise measurements of polarization in PPDs are
essential. In our previous studies of AB Aur (Hashimoto
et al. 2011; Fig. 1), the error in measured polarization
angles was (.2° with total exposure time of ~3 min. In
proposed new observations, thanks to (a) a high frame
rate C-RED ONE camera (~1 kHz) in the fast-PDI mode,
(b) a higher Strehl ratio with Z0.8 by the extreme adap-
tive optics system SCExAQO, (c) precise distortion correc-
tions (see Technical justification), and (d) longer exposure
time of 75 min, we expect to achieve the error in polar-

The degree of polarization [%]

0 20 40 60 80
' i=30 deg

T

100
e w

Kenji Toma
Tohoku Univ.

Ryo Tazaki

Amsterdam Univ.

". .‘
Jun Hashimoto
Astrobiology center
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3 Experimental Design

Errors in polarization angles — We calculate angles
between the polarization vectors and lines from the central
star to the vector position, and derive the mean (f) and
the standard deviation (gy) of calculated angles. 8 = 90° —
£ Es asact ehinat o e Kenji Toma
corresponds to the exact circular pattern of polarization R ORe
vectors. oy represents the typical error in each of the
polarization vector. The standard deviation of the mean

T r -
\]

(] All _De ¢S (1 9 (] — e {
number of polarization vectors. We expect that the
value of o7 is improved to an order of 0.01° in our
new proposed observations (which is ~ 10 times
|

better than previous our observations in AB Aur
in Fig. 1) as )aesanea in § 2. : Ryb-Tavaki

Amsterdam Univ.

Improve the sensitivity
By a factor of 10 !!

L e
Jun Hashimoto
Astrobiology center
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-' New ALP searches
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Ultra-light Axion Dark Matter (new)
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WIMP (conventional)

1 1010

(MPPD observation

o EENFRTN DM
h5HBFE RICEA

o PUOIAIDREERE
FESE, R R REERN

o MEAICRER LHS

@Table-top exp.

o ADMZREER= L5888

o FRMEIBINEZES.
BRATS50cmaE ek

o TENIF40005MKER
S5mOKIRIRAREIEA

@GW Observatory

o EREEFENT7IIA
JRE(CHATHIFRTEE

o KAGRATOZRIRICEIF
PR EREE(1.618)

o KFO4THBRERTE

Dark matter
mass[eV]

\

WIMP Search

o NERFCHFRER
TRFEWIMPRE

o IUFTIVIEERER
o ERBEX{LHRE

Looking into new light mass window, New obs/exp. will reveal DM!!



New experlment 55

‘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?




[DeRocco &Hook (2018),

- New experlment Obata, TF, Mlchlmura(2018)]'
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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 mirror
recycling L
mirror Fabry—Pérat
- cavity
laser el | L
beamsplitter | mirror mirror

Linear Polarized Laser is used

é—» photodetector
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() Measure the other polarization component (horizontal)
by filtering the original pol. component (vertical)

t V(o)
¢
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:

1 D 7 m i

1

1

I PDreﬂ: I PDtrans :
DeteEtk_)n-part (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
10'9§
10710 \ Helioscope

R

z 1 ] LAt
o~ w’q SN1987A A L ‘m‘l”“

— —
(@) o
LA
N -

il

o
Py
w

Cosmic Explorer

-

o
-
SN

Coupling constant [GeV ]

N
&)
-
(6)]
T
I

-
@)
-
(o)}
T
!

—
T T TTTTm T T TTTT LBRELERLLL

Axion mass [eV] Y

10°



. New Experiment ol

I IS ol T, IO | By N, P

Sensitivity Curve for 1 year run
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What are these spikes?
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Lost sensitivity

It axion oscillation period is longer than 4km/c
rotation is cancelled and isnt accumulated

e.g. Right-handed :>
mode is faster
A

mirror Fabry—Férat

cavity l [
laser ; g 1
beamsplitter I mirror mirror

D=
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Resonant point win = K2[1 £ ggo 2 sin(m)]

I axion oscillation period/2 = 4km/c,
rotation is accumulated.

Right-handed :>
mode is faster @ @
A

Fabry—Perat

L 4 | 'i Then left-handed
laser peamspitter! b L mode gets faster

Rotation is addd! @ <: @
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Sensitivity Curve for 1 year run
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Ultra-light Axion Dark Matter (new)
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(MPPD observation

o EENFRTN DM
h5HBFE RICEA

o PUOIAIDREERE
FESE, R R REERN

o MEAICRER LHS

10—10

s
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WIMP (conventional)

@Table-top exp.

o ADMZREER= 588

o FRMEIBIKEZIES.
BRATS50cmaE ek

o TENIF40005MKER
S5mOKIRIRAREIEA

@GW Observatory

o ENREEFENT7IIA
JRE(CHATHIFRTEE

o KAGRATOZRIRICEIF
PR EREE(1.618)

o KFO4THBRERTE

WIMP Search

o NERFCHFRER
TRFEWIMPRE

o IUFTIVIEERER
o ERBEX{LHRE

Looking into new light mass window, New obs/exp. will reveal DM!!
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Lost sensitivity

It axion oscillation period is longer than 4km/c
rotation is cancelled and isnt accumulated

e.g. Right-handed :>
mode is faster
A

mirror Fabry—Férat

cavity l [
laser ; g 1
beamsplitter I mirror mirror

D=
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IO S e I PG, SO | By NIV N Nt A s TV N S g N VN, TP TN T sl WS 8 P )\ NP 3 1 N I C SRl M PP AP g O OIS N YA N At I S N W IO 4 N PO ST PO OGN g, D i S

ark matter Axion search with rilNg Cavity Experiment [Obata, TF, Michimura(2018)]
[Liu+(2018), ADBC experiment]

Frequency Bow-tie optical
Lock ring cavity resonater

' ’ Double reflection
Detector . )
amplifies the signal

Pol. Splitter

- w— e o -

Axion Signal —




- New experlment DANCE
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[Obata, TF, Mlchimura(2018)]

10—10_ CAST |
________________ e
SNT9STA  _mxo N =

10712}

; 4 2 T 1802.07273
) - (L,F,P)=(1m,10 ,10° W) - |
O tandard, F=100,1 MW)
i

< -14| i
= 10

o

10-16L (L,F,P)=(10m,10°,10° W) We can improve the

—
-,

- constraint by several

107 ' =t - Orders of magnitude!

axion rrrass(ev)
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- New experiment : DANCE 557
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[Obata, TF, Michimura(2018)]

A prototype experiment is on-going in U. Tokyo!




- New experiment : DANCE |.{:

L -
-
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© We gota grant (35kUSD/YN) ey Nov. 2020 Ver._Mar.22_1

"E’&n - ”' T4 '_,
<A.~ . : L ‘J\“’

last year and started with
a 50cm-size prototype.

O We (2 students) work on Frequency [Hz]

10?2 10°* 10° 10' 10° 10°® 10* 10° 10° 107 10°

noise hunting and ol

1074 4

s : . . . 10—5’:

1 postdoc will join in fall. -
1077
10—811
102 5
10_101

© Long way to go to get am

the ideal sensitivity, but 1022,

10~ 3

. -15 J

we're proceeding! R == i

1071710710510 41071072101 1071° 10°° 10°% 1077 10O
Axion mass m; [eV]

[GeV-1]
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-' New ALP searches

i e e S i T et A e e e

Ultra-light Axion Dark Matter (new)

10—20

—_—— L
e =

10—10

s

2 4

N Tl I et e P NOSTENS O R ™ 570, Pt plp SN

WIMP (conventional)

1 1010

———mma,,

Dark matter
mass[eV]

\

(MPPD observation

o EENFRTN DM
h5HBFE RICEA

o PUOIAIDREERE
FESE, R R REERN

o MEAICRER LHS

@Table-top exp.

o ADMZREER= L5888

o FRMEIBINEZES.
BRATS50cmaE ek

o TENIF40005MKER
S5mOKIRIRAREIEA

@GW Observatory

o ENREEFENT7IIA
JRE(CHATHIFRTEE

o KAGRATOZRIRICEIF
PR EREE(1.618)

o KFO4THBRERTE

WIMP Search

o NERFCHFRER
TRFEWIMPRE

o IUFTIVIEERER
o ERBEX{LHRE

Looking into new light mass window, New obs/exp. will reveal DM!!



Outline of Talk

1. Introduction of ALPs

2. ALP Dark Energy

3. ALP Dark Matter

QCD Axion Search by Astro. Obs.




- a-y conversion around

i it e e o T

NS

10®

3
=

Darling (2020) put a new
imits on axion DM from
a magnetar (psr 11745-2900)

S,
s

Axion Coupling |GA.n, | (Gev")
= =
= <

3
:

-18 i
" 10°
Axion Mass my (eV)
102
10‘10—2 I = | —
&
>
(]
e
=
T
>
Ei;‘“’\ ¥
I A/
;// .,
Frequency (GHz) ==/
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- a-y conversion around NS 57

I Tt I I, TN M| gl NI N SNl I P TN gy T VN . TN TN N Pl I 08 A ]\ N N 1 N N N OIS Rl PP IO P O OIS I N T N Nl W IO 4 N, P OO TN JE R g i P

O EoMs for a&y in matrix form

Photon: [ﬂf = 6;2];1 =—gpV x A > 2 4
Axion: [{j.,:2 — 6,;2 + m2]¢. = _gj], VXA m]/ — wpl — nane/me

: ‘ —m2 gBw A
—> [w2+0?+( 5 .)”(f):o.
. gBbw —mZ a

©  Same as neutrino oscillation!

Mixing sin 260 = £ (B = 2gBw)

angle \/[)’2+(‘m)2,—m(21)2




 a-y conversion around NS 5

o2

I T i I T, SO | g NI N e s I P TN S g T VN . A TN T el NI 8 A ] SN N 3 3 NS N OISRl M PP DA PO GOSN N A I S N IO 4 N, P OO TR SR g G it

When m, =m,? B Noice m, o« ng/?(x)

V7N
7|
W{Witte+(2021)]

At this sweet spot (surface), the most efficient |
a-y conversion occurs: ADM=radio wave |




|

[ a-y conversion around NS =

I S ey I I, TSN | g o NIV BN S SNk AN P TN S g N N . T A0 TN Pl I 8 A SN N 1 NS ISR M PPN P O e

Detailed studies are await to o | .Mﬁ;ﬁ: o

] Wil 17
| Vs "“ 1

determine the spectrum, etc " W
[Witte+(2021)]

'l Jo

The sensitivity to ADM is unsettle...

T T T T AT LA | T
—= Fidecual -!
vees 4 Time E

L. Ci

3 - E
— x,‘....-..x.... .....--"""‘ 1
3 3
- F PSR 11745-2900 1
e E— (NFW Praofile) 1

144 ! L+ b 3l i A4 s 139l
1076 10-% 10~
m, [eV]

[Hook-l-'kzll018)] [Safdi+(2019)] [Witte+(2021)]



Outline of Talk
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QCD Axion Search by Astro. Obs.




- Summary
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O

O

ALPs are a well-motivated DM/DE candidate
Its coupling to photon causes Birefringence

CMB found cosmic birefringence f = 0.35° + 0.14°.
[t may indicate DE is ALP withm < Hy =~ 10733eV

Observations of protoplanetary disks are useful
to search for ADM in Fuzzy DM range, m ~ 10~%%¢V.

Laser experiments are sensitive to 10717 < m/eV < 10719

Radio waves from neutron stars provide a new
probe of ADM in the QCD axion mass range



THE THEME
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Thank you !
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SN1 987A (201 5) JCAP 02, 006 (2015)

 Absence of gamma-ray signal from SN1987A

- ALPs would be emitted from core-collapse supernova via
Primakoff process

- ALPs eventually convert into gamma-ray in the magnetlc

field of Milky Way (~ uG ~ 0.1 nT over ~ kpc)

 data from GRS (Gamma Ray Spectrometer) Of
SMM (Solar Maximum Mission) satellite
coincidence with neutrino signal was used

" Jansson and l"'n'll'n (¢ ()I |

« Better limit possible by al Dahiskov ef ol (2012)
Fermi-LAT observation

 Dependent on supernova 3 |
models and Milky Way 1
magnetic field 1 ———"

0 | 2 3 | ] 6 T K 9 10
: (kpe)

uG

Aft
Figure 8 Norm of the transverse Galactic magnetic field as a function of the distance iffthe direction
of SN198TA in various models,

By courtesy of Y. Michimura



. M87 (201 7) JCAP 12, 036 (2017)

 Absence of substantial irregularities in the X-ray power law

spectrum from M87 galaxy in Virgo cluster
- close (16.4 Mpc) and hosts SMBH bright in X-ray
- X-ray photon to ALPs conversion under magnetic field
- magnetic field in Virgo (~35-40 uG) modeled from

Faraday rotation measurements

(magnetized plasma is birefringent and induces wavelength-dependent
rotation of polarization of photons)

- photon-ALP conversion probability
IS energy dependent and thus X-ray
spectrum would change

data from Chandra was used
Dependent on Virgo magnetic field

By courtesy of Y. Michimura
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[Obata, TF, Michimura(2018)]

10710 Measurement time 1 year J
------------ =~ axion coherent time S e S e e e
SN1987A A
1075 Z / -1
> 4 T o 1802.07273
) - (L,F,P)=(1m,10 ) : i
O tandard, F=100,1 MW)
—
< 1n-14
= 1071 -
(@)
10-16L (L,F,P)=(10m,10°,10° W) L _ ) -
~~ee_ Rount-trip time in cavity
. Tl ~ axion oscillation period | -
-18 ! !
07 1015 1013 1011
axion mass(eV) - N
2r 107" eV



Axion coherent time

If measurement time T is longer than axion coherent time 7,
the sensitivity improves only slowly

SNR o< /T e (r T):48

People often discuss 7, is (de Broglie wave length)/(relative velocity)

2T 10_16eV)

T, 122 ~ 1lvr
T mv? y(m

Therefore, for m > 107 1%eV, the sensitivity highly depends on 7,
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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



- New Observation S
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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.

A\ Simulated
HIL Hashimoto+11 —

vll' ADM effect

O

90 92 94 Oscillates
Angle [degree] in time

Normalized number




