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アクシオンを特徴づける2つのスケール
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“アクシオン”
QCDアクシオン

• “Strong CP problem” 解決のために導入
[Peccei & Quinn (1977), Weinberg (1978), Wilczek (1978)]
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Axion-Like Particles (ALPs)

• 質量     と崩壊定数    は独立なパラメータma fa

• 非摂動効果 : QCDインスタントン (⇤ ⇠ ⇤QCD ⇠ 100MeV)

“アクシオン” � QCDアクシオン, ALPs, …



アクシオンの相互作用

• カイラル対称性の破れで生成 ̶> 擬スカラー
• NGB ̶> 相互作用は    で抑制fa

グルーオン 重力電磁場 フェルミオン
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BG磁場と平行な成分がアクシオンと混合

(                 : モデル依存)ca�� = O(1)



重力電磁場

アクシオンの相互作用

• カイラル対称性の破れで生成 ̶> 擬スカラー
• NGB ̶> 相互作用は    で抑制fa

グルーオン フェルミオン

中性子の電気双極子モーメント(EDM)を誘起

QCDアクシオンの場合 (“Strong CP problem”の解決)

CASPEr (Cosmic Axion Spin Pression Experiment)

dn ⇠ 10�16

✓
�(t)

fa

◆
e cm

L✓ =
↵s

8⇡

�

fa
GG̃



アクシオンの相互作用

重力電磁場

• カイラル対称性の破れで生成 ̶> 擬スカラー
• NGB ̶> 相互作用は    で抑制fa

グルーオン フェルミオン
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fifth force : スピン依存

: 制限は弱い
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アクシオンの相互作用

重力電磁場

• カイラル対称性の破れで生成 ̶> 擬スカラー
• NGB ̶> 相互作用は    で抑制fa

(axion in modified gravity : Aoki & Soda [1601.03904, 1703.03589])

グルーオン フェルミオン
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Einstein方程式

エネルギー運動量テンソル
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※ 重力理論は一般相対論を仮定



アクシオンのパラメータ空間

※ QCDアクシオン
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1/fa QCD axion
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アクシオン探索の分類

アクシオン粒子

アクシオンDM
×

電磁場

重力
…

フェルミオン
グルーオン
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アクシオン探索の分類

アクシオン粒子

アクシオンDM
×

電磁場

重力
…

フェルミオン
グルーオン



地上観測実験

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

Light Shining through a Wall (LSW)

検出器

Wall

レーザー

ALPS (Any Light Particle Search) @ DESY

Axion Helioscope (太陽望遠鏡) 
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天体物理学・宇宙論からの制限

• 天体の冷却 : 相互作用が大きいと天体からのエネルギー散逸が大きすぎる

• SN1987a : ニュートリノと同時に光子が観測されなかった

• ガンマ線バースト : 円偏光が観測されていない

への制限 : 磁場のモデルに依存ga��B

for
(BMilky Way ⇠ µG)
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ga�� . 5.3⇥ 10�12GeV�1

forga�� . 6.6⇥ 10�11GeV�1 ma . 100 keV

ma . 4.4⇥ 10�11 eV

※ 銀河間磁場についてはほとんど何も分かっていない

[Masaki, Aoki & Soda (2017)]
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Figure 14

Existing limits on the photon coupling of axions and axion-like particles and the projected
coverage of ongoing upgrades for these experiments. Figure adapted from Ref. (39) (the Particle
Data Group).
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Black Hole Superradiance
スカラー場がKerr BHから回転エネルギーを引き抜きBHを不安定化

the SR boundary would decrease it. The top of the
exclusion varies as the square root of bosenova size, and
logarithmically on the SR rate. At small α there is the
possibility of mode mixing due to the companion star

(Sec. V); the bound at light axion masses has a Oð10%Þ
uncertainty assuming Oð1Þ uncertainties in SR rates and
deviations of the cloud profile in the Kerr metric from
hydrogen wave functions.
We present more details about the stellar black holes we

use to set limits in Table III. These have spins determined
by both methods, as well as precise mass measurements
and an estimated age for the BH system. Stellar BH limits
are quite robust: the binary systems are well studied, as seen
from the measurements of BH properties. These exclude
the mass range 2 × 10−11 > μa > 6 × 10−13 eV, corre-
sponding to 3 × 1017 < fa < 1 × 1019 GeV for the QCD
axion: parameter space that has not been reached with any
other approach so far (but see [51] for an experimental
proposal to search for high-fa axions).
Table IV lists the masses and spins of SMBHs we use to

set limits. Their ages are unknown, but it is understood that
they accrete to reach their current mass, so the age is by
definition longer than the accretion time [39]. The dynami-
cal time scale τbh is instead set by violent events. Recent
measurements indicate that a star falls into a given SMBH
roughly every 3 × 104 years [35]. The star is incorporated
into the accretion disk; however, an infalling BH or neutron
star could cause a large perturbation to the cloud. To
estimate the rate of such violent events, we conservatively
take 10−2 of the star infall rate, since about one in 100 stars
is a BH [36].
The properties of the SMBHs are less well-known, and

the spin measurements so far employ only the x-ray method
[50], so we consider our limits preliminary.
As more black holes are measured with higher precision,

the limits may extend further. If, on the other hand, a light
axion is nearby, the data will begin to trace out Regge
trajectories where the BH is likely to remain for long times:
in Fig. 10, we expect to find BHs only outside the SR
regions or on their boundaries. This requires a lot of
progress, but can be another avenue toward axion detection.
Black holes that may be on Regge trajectories are also
candidate point sources for directed GW searches, as they
may be emitting GWs from annihilations.
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FIG. 11 (color online). Limits on mass and self-coupling of light
axions derived from (a) quickly rotating stellar black holes (at 2σ)
and (b) quickly rotating supermassive black holes (at 1σ). The
limits disappear for lower fa because the axion cloud can collapse
due to self-interactions before extracting a significant fraction of
the BH’s spin. The lighter regions are where the BH may be on a
Regge trajectory and are therefore not excluded. We also translate
the fa dependence to the quartic coupling λ (right axes).

TABLE III. Stellar black holes that set limits on light bosons (data compiled in [44] unless otherwise specified). Errors for masses are
quoted at 1σ, spin limits at 2σa. GRO J1655 − 40 has a 2σ-discrepancy between continuum fitting and x-ray reflection [45]; we use the
continuum spin values, which are lower. GRS1915þ 105 has periods of unusually high luminosity: the spin measurement [52] uses
only data from the low-luminosity periods, when _M= _ME < 0.3; in addition, we conservatively use τbh ¼ τeddington=10 to set the limit.

No. Object Mass (M⊙) Spin Age (yrs) Period (days) Mcomp star (M⊙) _M= _ME

1 M33 X-7 15.65% 1.45 0.84þ0.10
−0.10 [53] 3 × 106 [54] 3.4530 [55] ≳20 [55] ≳0.1 [55]

2 LMC X-1 10.91% 1.4 0.92þ0.06
−0.18 [56] 5 × 106 [54] 3.9092 [57] 31.79% 3.48 [57] 0.16 [57]

3 GRO J1655 − 40 6.3% 0.5 0.72þ0.16
−0.24 [53] 3.4 × 108 [58] 2.622 [58] 2.3–4 [58] ≲0.25 [59]

4 Cyg X-1 14.8% 1.0 > 0.99 [60] 4.8 × 106 [61] 5.599829 [54] 17.8 [54] 0.02 [54]
5 GRS1915þ 105 10.1% 0.6 > 0.95 [53,62] 4 × 109 [63] 33.85 [64] 0.47% 0.27 [64] ≳1 [64].

aWe thank J. Steiner and J. McClintock for providing the latest 2σ errors on the spin measurements.
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the SR boundary would decrease it. The top of the
exclusion varies as the square root of bosenova size, and
logarithmically on the SR rate. At small α there is the
possibility of mode mixing due to the companion star

(Sec. V); the bound at light axion masses has a Oð10%Þ
uncertainty assuming Oð1Þ uncertainties in SR rates and
deviations of the cloud profile in the Kerr metric from
hydrogen wave functions.
We present more details about the stellar black holes we

use to set limits in Table III. These have spins determined
by both methods, as well as precise mass measurements
and an estimated age for the BH system. Stellar BH limits
are quite robust: the binary systems are well studied, as seen
from the measurements of BH properties. These exclude
the mass range 2 × 10−11 > μa > 6 × 10−13 eV, corre-
sponding to 3 × 1017 < fa < 1 × 1019 GeV for the QCD
axion: parameter space that has not been reached with any
other approach so far (but see [51] for an experimental
proposal to search for high-fa axions).
Table IV lists the masses and spins of SMBHs we use to

set limits. Their ages are unknown, but it is understood that
they accrete to reach their current mass, so the age is by
definition longer than the accretion time [39]. The dynami-
cal time scale τbh is instead set by violent events. Recent
measurements indicate that a star falls into a given SMBH
roughly every 3 × 104 years [35]. The star is incorporated
into the accretion disk; however, an infalling BH or neutron
star could cause a large perturbation to the cloud. To
estimate the rate of such violent events, we conservatively
take 10−2 of the star infall rate, since about one in 100 stars
is a BH [36].
The properties of the SMBHs are less well-known, and

the spin measurements so far employ only the x-ray method
[50], so we consider our limits preliminary.
As more black holes are measured with higher precision,

the limits may extend further. If, on the other hand, a light
axion is nearby, the data will begin to trace out Regge
trajectories where the BH is likely to remain for long times:
in Fig. 10, we expect to find BHs only outside the SR
regions or on their boundaries. This requires a lot of
progress, but can be another avenue toward axion detection.
Black holes that may be on Regge trajectories are also
candidate point sources for directed GW searches, as they
may be emitting GWs from annihilations.
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FIG. 11 (color online). Limits on mass and self-coupling of light
axions derived from (a) quickly rotating stellar black holes (at 2σ)
and (b) quickly rotating supermassive black holes (at 1σ). The
limits disappear for lower fa because the axion cloud can collapse
due to self-interactions before extracting a significant fraction of
the BH’s spin. The lighter regions are where the BH may be on a
Regge trajectory and are therefore not excluded. We also translate
the fa dependence to the quartic coupling λ (right axes).

TABLE III. Stellar black holes that set limits on light bosons (data compiled in [44] unless otherwise specified). Errors for masses are
quoted at 1σ, spin limits at 2σa. GRO J1655 − 40 has a 2σ-discrepancy between continuum fitting and x-ray reflection [45]; we use the
continuum spin values, which are lower. GRS1915þ 105 has periods of unusually high luminosity: the spin measurement [52] uses
only data from the low-luminosity periods, when _M= _ME < 0.3; in addition, we conservatively use τbh ¼ τeddington=10 to set the limit.

No. Object Mass (M⊙) Spin Age (yrs) Period (days) Mcomp star (M⊙) _M= _ME

1 M33 X-7 15.65% 1.45 0.84þ0.10
−0.10 [53] 3 × 106 [54] 3.4530 [55] ≳20 [55] ≳0.1 [55]

2 LMC X-1 10.91% 1.4 0.92þ0.06
−0.18 [56] 5 × 106 [54] 3.9092 [57] 31.79% 3.48 [57] 0.16 [57]

3 GRO J1655 − 40 6.3% 0.5 0.72þ0.16
−0.24 [53] 3.4 × 108 [58] 2.622 [58] 2.3–4 [58] ≲0.25 [59]

4 Cyg X-1 14.8% 1.0 > 0.99 [60] 4.8 × 106 [61] 5.599829 [54] 17.8 [54] 0.02 [54]
5 GRS1915þ 105 10.1% 0.6 > 0.95 [53,62] 4 × 109 [63] 33.85 [64] 0.47% 0.27 [64] ≳1 [64].

aWe thank J. Steiner and J. McClintock for providing the latest 2σ errors on the spin measurements.
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[Arvanitaki et.al. 2015]

super massive BH

stellar mass BH

Kerr BHの質量と回転パラメータから        への制限ma

※ 軽いboson場に対する一般的な制限
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アクシオン暗黒物質

H = ȧ/a : Hubble parameter
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アクシオンDMの残存量

残存量は と(ma, fa) & �i fa 7 HI で決まる

✓i = �i/fa

: pre-inflation / broken scenariofa > HI(i)

: 現在の宇宙でひとつの値・free parameter
※ 微調整しないなら �i ⇠ fa

: post-inflation / unbroken scenario(ii) fa < HI

h✓2i i = ⇡2/3 (✓i 2 [�⇡,⇡])

(    はfree parameterではない)✓i



QCDアクシオンの残存量

Axion as a non-WIMP dark matter candidate Ken’ichi Saikawa

The detailed investigation of the parameter space showed that there exits a loophole if the

order of the operators (3.2) is N = 9 or 10 [18]. In such cases, the axion can explain the observed

dark matter abundance in higher mass ranges, 5.6×10−4 eV ! ma ! 1.3×10−1 eV (for NDW = 6),

if we allow a mild tuning of the symmetry breaking parameter g. Intriguingly, such higher mass

ranges are compatible with those preferred by stellar cooling anomaly observations [19].

4. Conclusions

The axion is a well-motivated hypothetical particle as it provides a solution to the strong CP

problem and can be a good candidate of non-WIMP dark matter. The prediction for the axion

dark matter strongly depends on the early history of the universe and hence the underlying particle

physics models. The mass ranges predicted in various cosmological scenarios are summarized in

Fig. 2. Recently, a lot of new experimental projects are proposed, which enables us to investigate

the properties of the axion in the relevant parameter ranges [see, e.g., Ref. [20]]. Discovery of the

axion in such future experimental searches would bring about a tremendous development not only

in dark matter physics but also in cosmology and fundamental physics.

pre-inf.

post-inf. (N = 1)

post-inf. (N = 6)

tuned
θi → 0

tuned
θi → πdominant / subdominant subdominant

overclosure
dominant

(uncertainty?) subdominant

overclosure dominant / subdominant

10 1013 1012 1011 1010 109 108 107

10-8 10-7 10-6 10-5 10-4 10-3 10-2 10-1 1

!![GeV]

"![eV]

Figure 2: Predictions for the axion dark matter mass ma or the decay constant fa in the pre-inflationary PQ

symmetry breaking scenario (first line), the post-inflationary PQ symmetry breaking scenario with NDW = 1

(second line), and that with NDW = 6 (third line). The yellow regions correspond to the mass ranges in

which the axion can be the main constituent of dark matter. The gray regions are excluded since the relic

axion abundance exceeds the observed dark matter abundance. The gray hatched regions correspond to

the mass ranges in which more than 10% tuning of θi is required in order to explain the observed dark

matter abundance. Here we give a conservative estimate of uncertainty in the axion dark matter mass for the

models with NDW = 1, taking account of the difference between the results obtained from the conventional

simulation method [13, 14] and those obtained from the modified simulation method [17].
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QCDアクシオンの場合 (ma, fa) は独立ではない

Pre-inflation : (ma, ✓i)
free parameter

Post-inflation : ma

Axion DM
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Existing limits on the photon coupling of axions and axion-like particles and the projected
coverage of ongoing upgrades for these experiments. Figure adapted from Ref. (39) (the Particle
Data Group).

ACKNOWLEDGMENTS

PWG acknowledges the support of NSF grant PHY-1316706, DOE Early Career Award

de-sc0012012, the Terman Fellowship, and the Heising-Simons Foundation. I.G.I acknowl-

edges support from the Spanish Ministry of Economy and Competitiveness (MINECO)

under contracts FPA2011-24058, FPA2013-41085 and CSD2007-00042 (CPAN project), as

well as from the European Research Council under the T-REX Starting Grant ERC-2009-

StG-240054 of the IDEAS program of the 7th EU Framework Program. SKL and KvB

acknowledge support from the National Science Foundation, under grants PHY-1067242,

and PHY-1306729, respectively. We thank J.A. Garcia for the help with figure 9.

LITERATURE CITED

1. Weinberg S. Phys. Rev. Lett. 40:223 (1978)

2. Wilczek F. Phys. Rev. Lett. 40:279 (1978)

3. Peccei R, Quinn HR. Phys. Rev. Lett. 38:1440 (1977)

4. Peccei R, Quinn HR. Phys. Rev. D16:1791 (1977)

5. Asztalos SJ, et al. Ann. Rev. Nucl. Part. Sci. 56:293 (2006)

www.annualreviews.org

•
Experimental Axion Searches 27

[Graham et. al. 2016]

QCDアクシオンDMの探索 :
10�6 eV . ma . 10�4 eV

共振空洞を用いてDMハロー内の 
アクシオンを光子に変換

※ 制限は太陽系のDM密度に依存

ADMX : 

⇢dm = 0.45GeV/cm3

Axion Haloscope

(Axion Dark Matter eXperiment)
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Ultralight Axion (ULA)

On the hypothesis that cosmological dark matter is composed of ultra-light bosons

Lam Hui⇤

Department of Physics, Columbia University, New York, NY 10027
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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 ⇠ 10 kpc or less. This lack of success is usually explained by the di�culty of modeling
baryonic physics (star formation, supernova and black-hole feedback, etc.). An intriguing alternative
to CDM is that the dark matter is an extremely light (m ⇠ 10�22 eV) boson having a de Broglie
wavelength � ⇠ 1 kpc, often called fuzzy dark matter (FDM). 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/10�22 eV)�3/2 M

�

do not form, and the abundance of halos smaller than a few
times 1010(m/10�22 eV)�4/3 M

�

is substantially smaller in FDM than in CDM; (ii) FDM halos are
comprised of a central core that is a stationary, minimum-energy solution of the Schrödinger–Poisson
equation, sometimes called a “soliton”, surrounded by an envelope that resembles a CDM halo. The
soliton can produce a distinct signature in the rotation curves of FDM-dominated systems. (iii) The
transition between soliton and envelope is determined by a relaxation process analogous to two-body
relaxation in gravitating N-body systems, which proceeds as if the halo were composed of particles
with mass ⇠ ⇢�3 where ⇢ is the halo density. (iv) Relaxation may have substantial e↵ects on the
stellar disk and bulge in the inner parts of disk galaxies, but has negligible e↵ect on disk thickening
or globular cluster disruption near the solar radius. (v) Relaxation can produce FDM disks but an
FDM disk in the solar neighborhood must have a half-thickness of at least ⇠ 300(m/10�22 eV)�2/3 pc
and a mid-plane density less than 0.2(m/10�22 eV)2/3 times the baryonic disk density. (vi) Solitonic
FDM sub-halos evaporate by tunneling through the tidal radius and this limits the minimum sub-
halo mass inside ⇠ 30 kpc of the Milky Way to a few times 108(m/10�22 eV)�3/2 M

�

. (vii) If the
dark matter in the Fornax dwarf galaxy is composed of CDM, most of the globular clusters observed
in that galaxy should have long ago spiraled to its center, and this problem is resolved if the dark
matter is FDM. (viii) FDM delays galaxy formation relative to CDM but its galaxy-formation history
is consistent with current observations of high-redshift galaxies and the late reionization observed by
Planck. If the dark matter is composed of FDM, most observations favor a particle mass & 10�22 eV
and the most significant observational consequences occur if the mass is in the range 1–10⇥10�22 eV.
There is tension with observations of the Lyman-↵ forest, which favor m & 10–20 ⇥ 10�22 eV and
we discuss whether more sophisticated models of reionization may resolve this tension.
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ULAはFuzzy DMの候補 ※ QCDアクシオンはCDM

のスカラーDM : Fuzzy DMm ⇠ 10�22 eV [Hu et.al. (2000)]
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冷たい暗黒物質 (CDM)とその問題点

宇宙論的距離スケール : 1 pc ≃ 3光年 ≃ 3× 1016m

Gpc Mpc kpc

宇宙の大きさ 銀河団 銀河

CMB観測

CDM

銀河スケールの観測

CDMモデルとの不一致
“銀河スケール問題”

冷たい暗黒物質(CDM)とその問題点
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CDMの銀河スケール問題と解決方法
CDMは銀河スケールの構造を作りすぎてしまう．

“Missing Satellites” : 銀河系の伴銀河の数
“Cusp-Core” : 銀河内 DMの密度分布

→ 理論と観測の一致のためには，何らかの「圧力」が必要．

銀河スケール問題の解決方法
バリオンの寄与 (星間ガスや超新星爆発)

*バリオンが少ない矮小銀河でも問題
Self-Interacting DM

*大きな自己相互作用 (σ/m ! 0.1 cm2 · g−1)が必要
Fuzzy DM : 軽いスカラー場 (波動性による圧力)

[Hu, Barkana, & Gruzinov (2000)]

CDMの小スケール問題と解決方法
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Fuzzy DMと Jeans不安定性
DMのエネルギー密度揺らぎ δ = δρ/ρ̄の成長

δ̈ −
(
4πG ρ̄− k2c2s

)
δ = 0 ,

(
cs : 音速

)
.

重力 > 圧力 : 不安定 (δ 成長) ⇔ 重力 < 圧力 : 安定

スカラー場 : スケール (波数 k)に依存した音速 cs

c2s =
k2

4m2
.

Jeansスケール (重力 = 圧力)

kJ ∼
1

30 kpc

( m

10−22 eV

)1/2
.

◦ k < kJ (大スケール) : CDMと同じ振舞い
◦ k > kJ (小スケール) : 構造が “ぼやける”

Fuzzy DMとJeans不安定性
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CMBへの影響

[Hlozek, et.al. (2015)]

A search for ultralight axions using precision cosmological data
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Ultralight axions (ULAs) with masses in the range 10−33 eV ≤ ma ≤ 10−20 eV are motivated by string
theory and might contribute to either the dark-matter or dark-energy densities of the Universe. ULAs could
suppress the growth of structure on small scales, lead to an altered integrated Sachs-Wolfe effect on cosmic
microwave-background (CMB) anisotropies, and change the angular scale of the CMB acoustic peaks. In
this work, cosmological observables over the full ULA mass range are computed and then used to search
for evidence of ULAs using CMB data from the Wilkinson Microwave Anisotropy Probe (WMAP), Planck
satellite, Atacama Cosmology Telescope, and South Pole Telescope, as well as galaxy clustering data from
the WiggleZ galaxy-redshift survey. In the mass range 10−32 eV ≤ ma ≤ 10−25.5 eV, the axion relic-
density Ωa (relative to the total dark-matter relic density Ωd) must obey the constraints Ωa=Ωd ≤ 0.05 and
Ωah2 ≤ 0.006 at 95% confidence. Forma ≳ 10−24 eV, ULAs are indistinguishable from standard cold dark
matter on the length scales probed, and are thus allowed by these data. For ma ≲ 10−32 eV, ULAs are
allowed to compose a significant fraction of the dark energy.

DOI: 10.1103/PhysRevD.91.103512 PACS numbers: 95.35.+d, 98.80.-k, 98.80.Cq

I. INTRODUCTION

A multitude of data supports the existence of dark matter
(DM) [1–12]. The identity of the DM, however, remains
elusive. Axions [13–15] are a leading candidate for this DM
component of the Universe [16–23]. Originally proposed to
solve the strong CP problem [13], they are also generic in
string theory [24,25], leading to the idea of an axiverse
[26]. In the axiverse there are multiple axions with masses
spanning many orders of magnitude and composing
distinct DM components. For all axion masses ma ≳
3H0 ∼ 10−33 eV, the condition ma > 3H is first satisfied
prior to the present day. When this happens, the axion
begins to coherently oscillate with an amplitude set by its
initial misalignment, leading to axion homogeneous energy
densities that redshift as a−3 (where a is the cosmic scale
factor). If ma ≳ 10−27 eV, the axion energy-density dilutes
just as nonrelativistic particles do after matter-radiation
equality, making the axion a plausible DM candidate.
The fact that axions can be so light places them, like

neutrinos, in a unique and powerful position in cosmology.
For as we shall show, unlike all other candidates for DM,
axions lead to observational effects that are directly tied
to their fundamental properties, namely the mass and
field displacement. Signatures in the cosmic microwave-
background (CMB) and large-scale structure (LSS) can be
used to pin down axion abundances to high precision as a
function of the mass; these constraints can be used to place

stringent limits on the mass of the axion as a candidate
for DM. Furthermore, the nature of inhomogeneities in the
axion distribution yield, as with primordial gravitational
waves, a direct window on the very early universe and, in

FIG. 1 (color online). Marginalized 2 and 3σ contours show
limits to the ultralight axion (ULA) mass fraction Ωa=Ωd as a
function of ULA mass ma, where Ωa is the axion relic-density
parameter today and Ωd is the total dark-matter energy density
parameter. The vertical lines denote our three sampling regions,
discussed below. The mass fraction in the middle region is
constrained to be Ωa=Ωd ≲ 0.05 at 95% confidence. Red regions
show CMB-only constraints, while grey regions include large-
scale structure data.*dmarsh@perimeterinstitute.ca

PHYSICAL REVIEW D 91, 103512 (2015)
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log10(m/eV)

Axion DM + CDM
Ax
io
n 
/ 全
DM

mφ > 10−24 eVは CDMと区別がつかない．

CMBからFDMへの制限
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パルサータイミング観測によるアクシオン DM探索
アクシオン場 : Klein-Gordon eq.

(!−m2)φ = 0 .

第ゼロ近似解 : m ∼ 10−22eV ∼ (1 pc)−1 ≫ k ∼ (10 kpc)−1

φ = φ0 cos(mt) .

エネルギー密度と圧力

ρ =
1

2
φ̇2 +

1

2
m2φ2 =

1

2
m2φ2

0 ≡ ρdm ,

p =
1

2
φ̇2 − 1

2
m2φ2 = ρdm cos(2mt) .

太陽系近傍の DMエネルギー密度 :

ρdm ≃ 0.3GeV/cm3 .

アクシオンの圧力振動と重力ポテンシャル
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パルサータイミング観測によるアクシオン DM探索

圧力の振動が重力ポテンシャルを励起 (Einstein eq.)

δΦ =
ρdm
8m2

cos(2mt) .

(*計量 : ds2 = −(1 + 2Ψ)dt2 + (1− 2Φ)dx⃗2)

重力ポテンシャルの変化 = 時空の変化
パルサーからのパルス信号のズレとして観測できる．

δΦamp =
ρdm
8m2

= 5× 10−18

(
10−22 eV

m

)2

,

f =
2m

2π
= 5× 10−8 Hz

( m

10−22 eV

)
.

*パルサー : 正確な周期の電磁パルスを発する天体 (中性子星)

パルサータイミング観測によるFDM探索
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パルサータイミング観測によるアクシオン DM探索
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Figure 1. Pulsar timing signal from the scalar field dark matter (3.9) for a range of scalar

field masses m. Shaded wedges represent the estimated sensitivity of various pulsar timing

array observations (adopted from [7]). For masses below 10�23 eV the scalar field behaves

like hot dark matter, and is incompatible with the observed power spectrum of density

perturbations [3, 13].

Therefore, the scalar field dark matter has the same e↵ect on the pulsar timing

measurements as gravitational wave background with characteristic strain

h

c

= 2
p
3 

c

= 2 · 10�15

✓
⇢

DM

0.3GeV/cm3

◆✓
10�23 eV

m

◆2

, (3.9)

at frequency

f ⌘ 2⇡! = 5 · 10�9 Hz
⇣

m

10�23 eV

⌘
. (3.10)

The amplitude of the signal from the scalar field dark matter for a range of masses

m is shown in Fig. 1 together with the sensitivity curves of the pulsar timing array

experiments. The sensitivities are taken from [7] where three cases are considered.

The current limit from the Parkes PTA [9] corresponds to h

c

⇡ 2 · 10�14 at the

frequency f = 8 · 10�9 Hz. The sensitivity achievable by PPTA by monitoring

20 pulsars for 5 years with the timing precision �t

rms

= 100 ns is estimated as

h

c

⇡ 2 · 10�15 at the frequency f = 7 · 10�9 Hz. Finally, assuming that SKA will

be able to monitor 100 pulsars for 10 years with the timing precision 50 ns, the

sensitivity of h
c

⇡ 10�16 at the frequency f = 3 · 10�9 Hz can be achieved. We see

from Fig. 1 that the scalar field dark matter signal can be observed with SKA pulsar

timing array for the dark matter mass m . 2.3 · 10�23 eV.

– 7 –

[Khmelnitsky & Rubakov (2014)]

m [eV]

f [Hz]

am
p.

signal

パルサー観測によるFDM検出可能性
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重力波干渉計の仕組み

Laser

Mirror

Beam Splitter
Mirror

Detector
(干渉縞)

重力波の通過

空間の伸び縮み

干渉縞の変化

x̂

ŷ

重力波干渉計の概念図

重力波干渉計を用いたFDM探索 [Aoki & Soda 2016]
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アクシオン DMは重力波干渉計で検出できる?

アクシオンの圧力の振動は等方的
干渉計の 2本の腕は同じだけ伸び縮み
干渉縞は変化しない

→ 干渉計でアクシオン DMの振動は検出できない?

太陽系は銀河のなかを v ∼ 300 km/s = 10−3c で運動
→ アクシオンの「風」!

~v

axion wind
x̂

ŷ

重力波干渉計でFDMは検出できる?
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重力波干渉計で見えるアクシオン DMの信号
空間計量のゆらぎ δgij (Lorentz変換) :

δgij =
ρdm
8m2

vivj cos(2mt) .

(*速度 vi からテンソルを作るので vivj に比例)

アクシオンの信号 :

s = α · ρdmv
2

8m2
cos(2mt) .

(α ≡ (v̂ · x̂)2 − (v̂ · ŷ)2 : アンテナパターン)

信号の振幅・周波数

samp =
ρdmv2

8m2
= 5× 10−24

( v

10−3

)2
(
10−22 eV

m

)2

,

f =
2m

2π
= 5× 10−8 Hz

( m

10−22 eV

)
.

FDMによる重力波干渉計の信号
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アクシオン DMの信号と干渉計の感度曲線

eLISA

DECIGO

f [Hz]

m [eV]

st
ra
in

10�23 10�21

ASTROD-GW

signal

10�19 10�17 10�15 10�13

10�22 eV [Aoki & Soda (2016)]

FDMの信号と重力波干渉計の感度曲線



まとめと展望

• 直接探索のターゲットはQCDアクシオン
• QCD axion DMに手が届きかけている (ADMX)

電磁気

重力
• 天体物理・宇宙論からの制限には磁場の理解が必要

• QCD axionはCDM, ULAはFDM

• 重力相互作用はaixon DMモデルを棄却できる

(CMB) (BH)
10�24 eV < ma < 10�18 eV•                                            を調べるのは宇宙論的に面白い

フェルミオン(電子)
• 物性を利用したテーブルトップの実験


