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. “Strong CP problem” #2;RMD 7= (CE A
[Peccei & Quinn (1977), Weinberg (1978), Wilczek (1978)]

. FEEFRIR : QCDA VY RY YV KV (A~ Agep ~ 100 MeV)
A2 12
Mg ?GD ~ 6 x 107 °%eV (10 fGeV)

Axion-Like Particles (ALPs)
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NGB —> 18E1ER (L fo THH!
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- NGB —> 188G EAI3 fo THH
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=S TIV—A Y JTIL=AY

Liml
[T

QCD7 O VAV DimE (“Strong CP problem” Df#R)

Qg <b
8T fa
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d, ~ 1071 <gb;t)> e cm

=_> CASPEr (Cosmic Axion Spin Pression Experiment)
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B =AY  TIIIIZHY FhH
Y =-e,n,p,... b, 0,
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Jaiy------------- Jaj
(gaﬂmb ~ 1/fa)
% %‘

fifth force : A BV IKTZ
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(axion in modified gravity : Aoki & Soda [1601.03904, 1703.03589])
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Axion Helioscope (KF5E5=Hz)

Garyy

CAST (CERN Axion Solar Telescope)
IAXO (International AXion Observatory) : Next generation

Light Shining through a Wall (LSW)
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ALPS (Any Light Particle Search) @ DESY
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Gay~ B \DHIR : BIZDETILICIKTT

- RIKOSH] : BEERNAZEVWEREDNSOIRILF—ERHIKETED
Jary $6.6 x 107HGeV ! for mg S 100keV

- SN1987a: Za—kU/ ERABCHFHEFISNGEN o1
Jary $5.3x 10712GeV ™ for m, 4.4 x 107 eV
(Bl\/hlky Way ™ MG)
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[Masaki, Aoki & Soda (2017)]
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Black Hole Superradiance

AN —mHKerr BHNS[EEE T R L F—% 5| ZIREBHZ RNZE(L
GM ~ mgl (GMg ~ (107 eV)™]
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—RFAFEICHIITDIRANS—5 o(t)
¢+ 3Hp+m?¢ =0

H = a/a : Hubble parameter
IBIEDE : Hy ~ 1072 eV

(i) H>m o) =

(i) H<m o) = ﬂ cos(mt)

3/2
5 o ST 2 -3 _ Po
THE—BE: p= O+ omPe = Pt =
2 2 a
EAND: p= l(bQ — 1qubQ — 20 cos(2mt)
2 2 a3

= “BU\" 7O F 2V IECDM-like




PIOIAYDMORES

BESE (M, fo) & ¢ & foS H TRES

(i) fo > Hj :pre-inflation / broken scenario

0; = ¢i/ fo : BEDFETOEDDIE - free parameter

X HERARBR UBWERS ¢ ~ fq
o0
o
O

(i) fo < Hj :post-inflation / unbroken scenario
07) =7%/3 (0; € [-m,7])

(0; [Ifree parameter T(E7%RL\)




QCD7 ¥V A > DERFE

//

QCD7 O VAV DIHBE (My, fo) (FIRIZTIEARLN

Pre-inflation : (my, 6;)
free parameter | |
Post-inflation : my

falGeV]
10 10" 10 10" 1010 10° 108 10

inf tuned _ _ tuned _
pre—int. 6 >0 dominant / subdominant 6 > 1t subdominant
. dominant _
post—inf. (NDW — 1) overclosure (uncertainty?) subdominant
post—inf_ (NDW — 6) overclosure dominant / subdominant

0% 10" 10° 10° 10* 102 10%2% 107 1
Axion DM mg[eV] [Saikawa 2017]
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Axion Haloscope
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Axion Mass m (eV) [Graham et. al. 2016]
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Ultralight Axion (ULA)

On the hypothesis that cosmological dark matter is composed of ultra—hght bosons

Lam Hui*
Department of Physics, Columbia University, New York, NY 10027

Jeremiah P. Ostriker!
Department of Astronomy, Columbia University, New York, NY 10027 and
Department of Astrophysical Sciences, Princeton University, Princeton, NJ 08544

Many aspects of the large-scale structure of the universe can be described successfully using
cosmological models in which 27 & 1% of the critical mass-energy density consists of cold dark
matter (CDM). However, few—if any—of the predictions of CDM models have been successful on
scales of ~ 10kpc or less. This lack of success is usually explamed by the dlfﬁculty of modehng
baryonic physics (star formation, supernova and black- o/-, eechyaeks=¢
to CDM is that the dark matter is an extremely lighf [
wavelength A ~ 1kpc, often called fuzzy dark matter (EBMe = We—describe the arguments from
particle physics that motivate FDM, review previous work on its astrophysical signatures, and
analyze several unexplored aspects of its behavior. In particular, (i) FDM halos or sub-halos smaller

than about 107(m/10722eV)~3/2 My do not form, and the abundance of halos smaller than a few

1072 eV D RS —DM : Fuzzy DM [Hu et.al. (2000)]

ULA(ZFuzzy DMOD{xfE X QCD7 O > A Y (ECDM
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CDM RFERART—ILDBEZIEDITETULES.

@ “Missing Satellites” : ERAIRDFIRTTDEY
@ "“Cusp-Core” : fR;AIN DM DZEE S

L BREBNO—BOLDICIR, ASHD TEH) HBE.

#HRA AT —IVEIRE DEERTT A

o NUAYVDEFS (ERNAVEMERR)
IV 7 o AR WRINRRI T 6 IRE

@ Self-Interacting DM
*REBZBSHEER (0/m > 0.1cm? - g7 1) B E

@ Fuzzy DM : BWA AT —i15 (RENMEIC K BERN)
[Hu, Barkana, & Gruzinov (2000)]




Fuzzy DM & JeansAZE M

DM QOIRIVF—BERSE ) = p/p DK

0 — (47TG,5—I<2CS2)5:0, (cs: B ) .
SN >EN  ARE(CBRR)  EN < XN BE

o ANF7—35 : AT—I (B& k) IKIKFULEEE

o Jeans AT —Ib (E71 = [£75)

. 1 ( m )1/2
17 30 kpe \10722 eV '

o k < ky (RAR7—=JL): CDM &R UIRE L
o k> ky (INART—=I) : BED “FPITSH"
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Axion / DM

Axion DM + CDM

1.0 : : | | | | | |
CMB |
CMB + WiggleZ |
0.8} /
Axion as Dark energy Axion as |
0.6 / Dark matter
0.4

0.2

—32

Constrained Region

—31 —30

log,o(m/eV)

—29 —28 —27 —26

[Hlozek, et.al. (2015)]
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o 7Y VAV 1 Klein-Gordon eq.

(O-m%)p=0.

o BEDELME : m~ 10 2eV ~ (1pc)~! > k ~ (10kpc)~*
¢ = ¢ cos(mt) .

o IRIF—EBELEA

1. 1 1

p= S0+ MG = PR = pam
1. 1

p = §gb2 — §m2qb2 = pPdm COS(2mt) .

o KEERiEFED DM IRILF—FE -

——

Pdm =~ 0.3 GeV/cm? .



NIV —5 1 =78 AIIC K S5FDMEER

o ENDIREIDEAIRT > > v L&k (Einstein eq.)

0P = 8'0272 cos(2mt) .

(*EtE : ds? = —(1 +2¥)dt? + (1 — 20)dx?)
o ENRTVIVILDOZEL = BHEDE(L
o NILY—DSDNILABEDAL ELTHATES.
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5¢amp:%:5x1018< me ) |
2m _3g m

f—E—SX]-O HZ(]_O_22eV) .

*INIVY— . IEEGABDOEBE/INIVAEFHT 5KIE (PEFE)
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[Khmelnitsky & Rubakov (2014)]



EHRERFHsTZ2BHUVT-FDMERESR [Aoki & Soda 2016]
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o ZEMEIEDWWSE ig; (Lorentz &)

d
08 = %v;vj cos(2mt) .

57 VY IVEEBDT viv; ICEEH))

*EE Vi \

N

s = Pgr;\; cos(2mt)
(= (V-2)>=(V-9)°: PYTFNG—=Y)

samp = g 103 m
2m m
f= " =5x10°Hz ( )
o 2 “\10-2ev
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(1072 eV) m [eV] [Aoki & Soda (2016)]
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