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Why (ultra)light dark matter?
Equivalence principle?

Illustration by James Edwin McConnell (1903-1995) depicting Galileo’s demonstration of the principle of equivalence 
from a top the tower of Pisa in 1591.  J.-E. McCONNELL/LOOK AND LEARN/BRIDGEMAN IMAGES
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In fact, the lightness of DM mass changes 
all the aspects of DM physics!
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In fact, the lightness of DM mass changes 
all the aspects of DM physics!



Properties of dark matter

• Long-lived


• Non-relativistic (cold)


• (Almost) electrically neutral

Profile

Properties

Production

Searches
Light DM



• Long-lived


• Non-relativistic (cold)


• (Almost) electrically neutral

Light DM can naturally be long-lived
e.g. axion decays into two photons
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• Long-lived


• Non-relativistic (cold)


• (Almost) electrically neutral

Light DM can naturally be long-lived

XENON1T, arXiv:2006.09721 KeV-scale bosonic DM (axion, hidden photon)?
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e.g. axion decays into two photons

B04 (X-ray), C01 (Quantum gravity), also 
B05 (Belle II)
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• Long-lived


• Non-relativistic (cold)


• (Almost) electrically neutral

Light DM can naturally be long-lived

Light DM can also be warm/hot DM

Properties of dark matter

B02 (PFS), B03 (HSC)

C02 (Structure formation)

Lovell et al, arXiv:1104.2929
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• Long-lived


• Non-relativistic (cold)


• (Almost) electrically neutral

Light DM can naturally be long-lived

Light DM can also be warm/hot DM

Properties of dark matter

B02 (PFS), B03 (HSC)

C02 (Structure formation)

Lovell et al, arXiv:1104.2929
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if thermally produced.
The bound depends on the production 
mechanism.
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Production of dark matter

WIMP

GeVkeV

• Thermal production (for )

• Non-thermal production required for 

mDM ≳ keV
mDM ≲ keV

✓i

<latexit sha1_base64="OXVt1EgQRTb/TsseyU0EMzR5gKM="></latexit>

•The misalignment mechanism •Gravitational production for e.g. hidden 
photon

e.g.)
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• Pauli exclusion principle
DM cannot be fermionic if  since 
the phase space is limited by the Pauli blocking.

mDM ≲ 𝒪(100) eV

Mass is important even if one considers only gravitational 
interactions. Itʼs Quantum Mechanics.

dwarf spheroidal galaxy
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• Pauli exclusion principle


• Uncertainty principle

DM cannot be fermionic if  since 
the phase space is limited by the Pauli blocking.

mDM ≲ 𝒪(100) eV

Mass is important even if one considers only gravitational 
interactions. Itʼs Quantum Mechanics.

For bosonic DM with , many particles exist 
in its de Broglie wavelength  and they behave like 
wave. For , the Jeans scale ~  ~ O(kpc).

mDM ≲ 𝒪(1) eV
λdB

mDM ∼ 10−22 eV λdB

dwarf spheroidal galaxy
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“Fuzzy DM”

Cored profile
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ダークマター質量

粒子的波的

Dark matter mass

10°
12

10°
11

10°
10

10°
9

10°
8

10°
7

10°
6

10°
5

10°
4

10°
3

10°
2

10°
1

100
101

102
103

104
105

106
107

ma [eV]

10°19

10°18

10°17

10°16

10°15

10°14

10°13

10°12

10°11

10°10

10°9

10°8

10°7

10°6

|g
ag

|[
G

eV
°

1 ]

KSVZ

DFSZ II

THESEUS

X-rays
EBL

Ionisation
fraction

BBN
+N

eff
SN

1987A
Solar n

Horizontal branch

ADMX

R
B

F+U
F

ABRACADABRA

C
A

PP

ORGAN

Plasma haloscope
MADMAX

K
LA

SH

TOORAD

BR
ASS

ADBC

DANCE

aLIGO

CAST

IA
XO

PVLAS

ALPS-I
OSQAR

CROWS

Fermi-SNe
DSNALP

Hydra

M87
HESS

Mrk 421

Fermi

M
U

SE

V
IM

O
S

Star

clu
ste

rs

Ferm
i SN

Neutron stars

B
la

ck
ho

le
sp

in
s

SHAFT

ABRA
10 cm

A
LP

S-
II

Particle-like DMWave-like DM



Mass scale of light dark matter

WIMP

GeVkeVeVzeV*

*zepto = 1e-21

100eV

Thermal production
Non-thermal production

Fermionic DM
Bosonic DM

Particle-like DMWave-like DM



Mass scale of light dark matter

WIMP

GeVkeVeVzeV*

*zepto = 1e-21

100eV

Thermal production
Non-thermal production

Fermionic DM
Bosonic DM

Particle-like DMWave-like DM

QCD axionFuzzy DM
Hidden photon

Gravitino
Sterile neutrino

SIMP

Moduli
Ultralight axion

Asymmetric DM
Anomaly-free ALP

Hidden neutron
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CMB constraints on the CB
Isotropic CB

https://physics.aps.org/articles/v13/s149
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based on a new method that uses both the CMB and Galactic foreground 
to distinguish between CB ( ) and detector orientation miscalibration ( ).β α

Minami et al, PTEP 2019  083E02 , Minami PTEP 2020 063E01, Minami and Komatsu PTEP 2020 103E02

cf. The reported isotropic CB in the past:
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0.31± 0.05 deg Planck

�0.61± 0.22 deg POLARBEAR

0.63± 0.04 deg SPTpol

0.12± 0.06 deg ACT

0.09± 0.09 deg ACT

from Planck 18 pol. data
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•The hint of the isotropic CB:                                              

Implications for ALP
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•The ALP prediction:
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The ALP must have moved by                       for               
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We study the ALP domain wall connecting the 
two adjacent vacua separated by                 .               
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The interpretation in terms of a homogeneous 
ALP was studied in e.g. Fujita et al 2011.11894

after recombination
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KiloByte CB from ALP domain walls
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There will be O(103-4) domains on the LSS, and the CMB polarization from each 
domain is either not rotated at all or rotated by a fixed angle,                        .
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“KiloByte Cosmic Birefringence”

（KBCB)
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Isotropic CB

Predictions of KiloByte Cosmic Birefringence
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�obs = 0.35± 0.14 degcf.
Minami, Komatsu, Phys. Rev. Lett. 125, 221301 

can be
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explained for                 .
The predicted isotropic CB is the same over

the viable parameter space (green triangle).
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Summary
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There are many light DM candidates in this vast mass range, 

and we will clarify their production, evolution, and experimental 
implications  to get closer to the nature of light DM.


