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•DM candidates 

•DM search directions 

•New direction of DM search 
(Neutron star as DM target)
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What is Dark Matter?



• Vertical stellar motion of solar neighborhood  
→ Our universe (=visible component) lacks the mass → Missing mass problem

Missing mass

Dark Matter
[Oort (1932)]

“Dark Matter” [Zwicky (1933)]

2-1. ダークマターの存在
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Dynamical mass of Coma cluster (Fritz Zwicky, 1933)

© NASA, JPL-Caltech, SDSS, Leigh Jenkins,  
Ann Hornschemeier (Goddard Space Flight Center) et al.

Fritz Zwicky
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• Dynamical mass of Coma cluster is analyzed


• Virial theorem is applied 
 @stable system2(Kinetic energy) = (Potential energy)

Rotational curve of galaxy [Rubin, et al. (1970)]
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Rotation curve of Milky Way (Sofue et al. 2009)

8.0kpc=26100光年

Sofue et al. (2009)

太陽系の位置

R0 = 8.0 kpc, Θ0 = 200 km/sを仮定。
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：広がった質量分布を示唆

Solar position

• Expectation:

2 WIMP Dark matter and its thermal history

Abstract: We accumulated overwhelming evidence that suggest the existence of DM in our

universe. The various possibilities of DM are proposed in various contexts. One interesting

possibility is that DM is an unknown elementary particle. Besides, if DM couples to the

SM particles and is thermalized in the early universe, we may obtain predictions that are

less dependent on the initial conditions of the universe. Solving the Boltzmann equation

for the DM number density, we may derive a prediction on the current DM energy density.

Requiring the predicted value to realize the observed DM energy density, we may constrain

the parameters in DM theory. In Sec. 2.1, we briefly review DM evidence, which is pointed

out in a wide range of the cosmological scale. One of the most popular DM candidates

is WIMP. We review the thermal history of WIMP and summarize how to solve the time

evolution of DM energy density. In Sec. 2.2, we show a more dedicated treatment of solving

DM density evolution assuming the degenerated parity-odd particles in the system. The

derived formulas are necessary to discuss the electroweak-interacting DM system where we

have a nearly degenerated parity-odd spectrum.

Keywords: Thermal History of Dark Matter, Weakly Interacting Massive Particle, Coan-

nihilation

2.1 Dark Matter evidence and WIMP hypothesis

DM evidence is discovered in various independent astrophysical observables of various cos-

mological scales. First, the total mass of the cluster can be estimated from the visible source

in the astrophysical observation where the missing mass in our universe is discovered [1].

The DM existence in our universe was first claimed by Zwicky [1] through the analysis of the

dynamical mass of the Coma galaxy cluster.

Second, the rotation curves of spiral galaxies also imply a missing gravitational source [2,

3]. The spiral velocities are measured through the Doppler shift of Hydrogen 21 cm line

observations. Applying the Newton’s gravitational law for the spiral galaxy, the circular

speed vc is estimated to be

vc =

√
GM<

r
, (2.1)

where G is the gravitational constant and M< is the mass in the range of radius r. The

observed velocity is flat in large r that is outside of the visible disc. This fact implies an
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(Newtonian gravity)

• Observed:         vc ∼ (constant)

→   

→  

→ Invisible mass?

M(r) ∼ r
ρ(r) ∝ 1/r2mv(r)2

r
= GmM(r)

r2

M(r) = ∫ dr4πr2ρ(r)cf.



• Rotational curves of galaxy


• Bullet clusters


• Gravitational lensing

DM: Necessary condition

Markevich et al. (2002), Clowe et al. (2006)

Rubin et al. (1980)

Oguri et al. (2018)

※ Evidences are discovered independently in various scales

※ Required as necessary component in our universe (discussed later)

X-ray photo by Chandra

0.5 Mpc

Invisible(=“Dark”) unknown massive source

10 kpc

Implication?

Qualitative feature of DM
• Electrically neutral 


• Behave as matter @structure formation (~Massive)


• Stable /long-lived

Vast possibilities for DM candidates

But no suitable candidate in the Standard Model (SM)

DM evidences (summary)



(review) Standard Model Particles
SM particle contents [Picture from Wikipedia]

Quarks 
→ Exist as baryon/meson
Proton   : charged

Neutron : neutral but unstable

Pion       : charged &/or unstable

: unstable

: charged

W boson: charged & unstable

Z boson : neutral but unstable

H boson : neutral but unstable 

Neutrino?: neutral but relativistic  
                  @ structure formation

Electron : stable but charged
Leptons

: massless

: strong int.

If DM is an elementary particle, we need to update the SM table
What is the particle nature of DM?  
(eg. DM mass, DM spin, DM interaction w/ SM particle, DM self-interaction, …)




• N-body simulation of Cold DM profile 


• Center part:          shallower than 


• Near viral radius:  steeper than 

∼ r−1

∼ r−2

Navarro-Frenk-White profile

DM density profile

[Navarro, Frenk, White (1996)]

Introduction of Dark Matter: Exercise
Motoko Fujiwara,∗ Martin Wolf†

Physik-Department, Technische Universität, München,
James-Franck-Straße, 85748 Garching, Germany

May 12, 2023

This is an exercise for the course of “Applied Multi-Messenger Astronomy 2.”

1 Dark Matter (DM) density profile
(1) Plot the Navarro-Frenk-White (NFW) profile density as function of r (distance from

the galactic center) by using python. The NFW profile is defined below as function
of the distance from the galactic center, r.

ρNFW(r) ≡ ρs

(
r

rs

)−1 (
1 + r

rs

)−2
, (1)

where

rs = 24.42 kpc, (2)
ρs = 0.184 GeV cm−3. (3)

Hint: In the center part of the galaxy, there is a black hole. To focus on the DM
density that can contribute to the experimental/observational signatures, we should
get rid of the region that is characterized by the Schwarzschild radius of the black
hole (BH) [1].

ρχ(r) =




0 (r ≤ 2Rsch)
ρNFW(r) (2Rsch < r ≤ Rvir)

. (4)

This classification is crucial to avoid the singularity in ρNFW at r = 0. We can use
the following numerical values for the plot.

c = 299792458 m/s, : Speed of light (5)
G = 6.67430(15) × 10−11 m3 kg−1 s−2, : Gravitational constant (6)

MBH = 4.154(14) × 106 M", : Mass of BH (for SgrA∗) (7)
r" $ 8.4 kpc, : Distance from galactic center (8)

Rsch = 2GMBH
c2 = 3.975 × 10−10 kpc, : Schwarzschild radius of BH (9)

Rvir = 200 kpc. : Halo’s virial radius (10)

Answer: See the blue curve in Fig. 2.
∗E-mail address: motoko.fujiwara@tum.de
†E-mail address: martin.wolf@tum.de
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Solar position ↑

∝ 1/r

∝ 1/r2

-body simulationN
• Realizing DM halo in computer fixing cosmological model (such as  model)


• Global ( ) profile of DM halo can be predicted → vs observations

ΛCDM
∼ 100 kpc

1/r behavior around center is discussed in [Dubinski, Carlberg (1991)]



Cusp vs Core

Variation of DM density profiles
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interesting region is

1.02 . mZ0

mV
< 2, (4.2)

to discuss the signal discrimination. The lower and upper values come from the g0 perturbative

unitarity and the kinematical suppression of the Z
0
� annihilation mode, respectively. If we focus

on this region, the condition �E�

mV
& 0.1 is always satisfied. Therefore, we can discriminate the

gamma-ray peak originated from the ��/Z� modes and the peak from the Z
0
� mode. This double-

peak gamma-ray spectrum is an outstanding feature of our DM model, and we can read out the

values of mV and mZ0 from this double-peak spectrum.5

We define the “line cross section”, which contributes to the gamma-ray line signal. We introduce

two types of line cross sections that predict the di↵erent final photon energy.

h�vreli
line
��,Z� = h�vreli�� +

1

2
h�vreliZ� Energy peak: E� = mV , (4.3)

h�vreli
line
Z0� =

1

2
h�vreliZ0� Energy peak: E� = mV

✓
1 �

m
2
Z0

4m
2
V

◆
. (4.4)

We derive the excluded region by using the experimental bound shown in Fig. 6 of Ref. [30]. In

their analysis, all the final state particles are assumed to be massless, and thus we can directly

compare these constraints with h�vreli
line
��,Z� . We can also derive the constraint on h�vreli

line
Z0� by

noting that the horizontal axis of Fig. 6 in Ref. [30] corresponds to E� . These constraints are

derived by assuming the three cuspy DM density profiles as defined below.

• Einasto profile [31]/Einasto2 profile [32]

⇢Einasto(r) ⌘ ⇢s exp


�

2

↵s

✓✓
r

rs

◆↵s

� 1

◆�
. (4.5)

• Navarro-Frenk-White (NFW) profile [33]

⇢NFW(r) ⌘ ⇢s

 
r

rs

✓
1 +

r

rs

◆2
!�1

. (4.6)

In Table. II, we summarize the parameters for the cuspy DM density profiles used in Ref. [30].

Another choice is the cored DM density profile. The core radius, rc, depends on the model of

baryonic physics, and cores extending to rc ⇠ 5 kpc can potentially be obtained [34]. The cored

5 Similar signals are predicted in the context of the extra-dimensional models. See Ref. [31] for the discussion in the
model with six-dimensions.

• Cusped profile

• Cored profile
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Table II: The cuspy DM density profiles used in Ref. [30].

Profiles Einasto [31] NFW [33] Einasto2 [32]

⇢s [GeV cm�3] 0.079 0.307 0.033

rs [kpc] 20.0 21.0 28.4

↵s 0.17 – 0.17

Einasto profile is defined as shown below.

⇢(r) =

8
<

:
⇢Einasto(r) for r > rc,

⇢Einasto(rc) for r < rc,

(4.7)

where ⇢Einasto(r) is defined in Eq. (4.5). For the cored profile, ⇢s is chosen to realize the value

of the local DM density. We show the current excluded region with the cusped DM density

profiles assumed in the analysis of the H.E.S.S. collaboration [30]. The sensitivity of the H.E.S.S.

experiment is studied for the cored profiles in Ref. [35], which is focusing on the pure Wino DM

search.6 From this study, the upper bound on the line cross section will be weakened by a factor

of O(10 � 100) if we use the cored DM density profile.

4.2 Constraint from gamma-ray line signatures

We compare the predicted line cross section between our spin-1 DM and the Wino system. In

Fig. 1, we show the predicted value of h�vreli
line
��,Z� and experimental upper bounds. The solid

(dashed) black curve shows the line cross section including Sommerfeld enhancement for our spin-1

DM (the pure Wino DM). The green region with solid boundary is the excluded region by the

H.E.S.S. observation [30] for the Einasto profile [31]. We also show green dashed and green dotted

curves as the upper limits on the cross section for the cusped NFW profile [33] and the Einasto2

profile [32], respectively. Since our spin-1 DM and the Wino DM have the SU(2)L triplet features,

the Sommerfeld resonance structures are almost the same. The line cross section for the spin-1

DM is larger than that for the Wino DM by 38
9 , and thus we obtain more severe constraints on

the spin-1 DM. We find the following excluded regions for our spin-1 DM depending on the DM

density profiles.

6 See the left panel of Fig. 7 in Ref. [35].

(  : core radius)rc
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Einasto
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presence can account for the missing mass that is appar-
ent in astrophysical environments [1]. The annihilation
of dark matter particles is expected to produce photons
with energies up to the mass of the dark matter particles
[2]. The detection of γ-rays from a given direction can
thus indirectly probe the presence of dark matter parti-
cles along the corresponding line of sight.
The central region of the Milky Way is of particular in-
terest for indirect searches for annihilating dark matter
because the squared dark matter density integrated over
the line of sight towards the target region (i.e. the as-
trophysical or J-factor) is expected to be large [17]. The
J-factor for observations of the Galactic center region de-
pends strongly on the dark matter density distribution
within the Milky Way. Simulations of the dynamics of
the dark matter content of galaxies predict to universal
dark matter density distributions. Towards the center
of the galaxies, the influence of baryons on the distribu-
tion of dark matter is not yet resolved. The formation
of pronounced density cusps towards the center of galax-
ies ([14], [15]) and, more recently, the prediction that
the dark matter density in the central few hundred pc is
almost constant [5], [4], [6] have been discussed. The lat-
ter prediction of an almost constant dark matter density
in the central region of the Galaxy is considered in this
work.
The current strongest constraints on the velocity aver-
aged cross section for the self-annihilation of dark mat-
ter particles with masses in the range of ∼ 400 GeV to
∼ 10 TeV result from a search for an extended emission
of γ-rays in the central region of the Milky Way with
H.E.S.S. [7]. However, the constraints apply only if the
dark matter density distribution in the central ∼ 500 pc
of the Milky Way is cusped (see dotted lines in Fig. 1).
An alternative search for the annihilation of dark matter
particles is presented in this paper and strong constraints
on 〈σv〉 are derived without the assumption of a dark
matter density profile that is cusped in the central 500
pc of the Milky Way.

THE HIGH ENERGY STEREOSCOPIC SYSTEM

The High Energy Stereoscopic System (H.E.S.S.) is
an array of imaging atmospheric Cherenkov telescopes
(IACT) in the Namibian Khomas Highland. IACTs
detect the Cherenkov light emitted by electromagnetic
showers that are induced when primary γ-rays interact
with air nuclei in the Earth’s atmosphere. Charged cos-
mic rays also induce showers in the Earth’s atmosphere
and constitute background for the IACT detection of
γ-rays. Cosmic ray background events that cannot be
suppressed during the analysis of H.E.S.S. data (see [9])
are typically treated with a background subtraction tech-
nique [13]. The background subtraction relies on the def-
inition of a signal region for which a background region is
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FIG. 1. Dark matter density as a function of the distance
to the Galactic center. The parametrizations for the cusped
Einasto and NFW profiles are taken from [12]. The cored
Einasto and NFW density profiles follow the respective cusped
profiles at distances to the Galactic center that are larger than
the core radius of 500 pc.

constructed. The construction of the background region
must be performed such that the ratio of the acceptance
for background events in the signal and the background
region is known from instrumental characteristics. The
definition of the background region enables a compari-
son between the number of events that are detected in
the signal region and the number of background events
that are expected in the signal region. The acceptance
for background events of H.E.S.S. is in general strongly
influenced by atmospheric conditions, the pointing zenith
angle and the night sky background in the observed field
of view. See [9] for more information on the H.E.S.S.
experiment.

ON/OFF OBSERVATIONS OF THE GALACTIC
CENTER REGION WITH H.E.S.S.

The ON/OFF observation mode (see also [19], [13])
refers in this study to a special observation strategy
where a background (OFF1) region, the signal (ON) re-
gion and another background (OFF2) region are observed
consecutively for 33 min each. Figure 2 shows the ob-
served regions in galactic coordinates. The signal region
has a radius of 2◦ and centers at l = 1◦, b = −0.7◦

in galactic coordinates or α = 267.7◦, δ = −28.4◦ in
equatorial coordinates (J2000). The centers of the two
background regions have a symmetric offset of ±35 min
in right ascension to the signal region center. The two
minute difference between the right ascension offset be-
tween the signal and background regions and the obser-

[Abramowski, et al. [H.E.S.S] (2015)]
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FIG. 2. The signal region close to the Galactic center and
the two background regions with a symmetric right ascension
offset of ±35 min to the signal region. A right ascension -
declination coordinate grid is overlaid. The exclusion of the
Galactic plane (|b| < 0.3◦) in the signal region and the regions
with a ±35 min offset in right ascension to |b| < 0.3◦ in the
background regions are visible.

vation length allows for a transition time between the
observations. The ON/OFF observation pattern allows
the equalization of the azimuth and zenith angles that
are covered by array pointings in each of the obser-
vations. Differences in the acceptance for background
events which result from differences in the zenith angle
array pointing range can thus be neglected. The time dif-
ference of 35 min between the observations is a compro-
mise between the demand for small atmospheric changes
(i.e. small time differences) and a large offset in right
ascension (i.e. large time differences). Two background
regions are observed, to better control residual imbal-
ances in the acceptance for background events between
the observations.
Figure 3 shows the J-factor for a given line of sight as
a function of the angular distance, θ, between the direc-
tions of the line of sight and the Galactic center. The
J-factor is proportional to the expected number of dark
matter annihilation events in the respective direction.
The θ angle ranges that are covered by the signal and
background regions in the OFF1/ON/OFF2 observations
are indicated in Fig. 3. It is concluded from this figure
that the expected number of dark matter annihilation
events is larger in the signal than in the background re-
gions when the radius of the core of constant dark mat-
ter density around the Galactic center is 500 pc or less.
This is a clear advantage of the ON/OFF method when
compared to the background subtraction technique that
is applied in [7] which relies on the simultaneous obser-
vation of the Galactic center region and a background
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FIG. 3. Line of sight integral over the squared dark mat-
ter density as a function of the angular distance between the
direction of the line of sight and the direction of the Galac-
tic center. A 500 pc core radius is assumed for the cored
dark matter density profiles. Overlaid is the range of angu-
lar distances to the Galactic center covered by the signal and
background regions of the OFF1/ON/OFF2 datasets.

region in the same finite H.E.S.S. field of view with ∼ 2◦

radius.
The application of standard quality criteria for H.E.S.S.
data [9] and the additional requirement for compati-
ble instrumental and atmospheric conditions within an
OFF1/ON/OFF2 observation result in a total of six
OFF1/ON/OFF2 datasets. All datasets were taken
within one week in 2010 with the H.E.S.S. I array of
four identical IACTs. The total dead-time corrected ob-
servation time for each of the three observed regions is
3.05 h. The mean zenith angle of the array pointing for
the datasets is 12◦.

DATA ANALYSIS

The image cleaning (see [9]) low and high pixel inten-
sity thresholds for the data are chosen to be 7 pe (photo
electrons) and 10 pe. Using the observed distribution
of pixel intensities in cosmic ray events, it was checked
that these image cleaning cut criteria eliminate effects
due to differences in sky brightness between the observed
regions. Standard Hillas criteria [9] for the selection of γ-
ray events are applied to the data. The thresholds used
for image cleaning lead to an energy threshold of 290
GeV. Only events with reconstructed directions within
the central 2◦ angular distance around the pointing posi-
tion of each observation are considered to account for
the truncation of γ-ray images near the edges of the
H.E.S.S. field of view. The Galactic plane (|b| < 0.3◦)

Cusped profile: Enhancement in flux for small angle 
                         Numerical impact → several orders

Einasto2: [Cirelli, et al. (2011)]
Einasto: [Bertone, et al. (2009)]

→ Huge uncertainty from DM density profiles 
     especially to probe DM in indirect detection

(  We need global DM density profile)∵



DM candidates



DM candidates (1/2)

[although broad spectra have also been argued not to produce
appreciable clustering (Moradinezhad Dizgah et al., 2019)].
Anyway, PBHs could become bounded as the Universe
evolves. A proper determination of their clustering properties
at later times is of great importance, for instance, in order to
estimate their merger rates (Desjacques and Riotto, 2018; De Luca
et al., 2020a). Indeed, the formation of clusters could alleviate
some constraints on the PBH abundance (Belotsky et al., 2019).

On another hand, since PBHs would be formed from the
collapse of high density peaks relatively spherically symmetric,
their torques and angular momentum are expected to be small
(Chiba and Yokoyama, 2017; Mirbabayi et al., 2020). It is usually
quantified with the dimensionless spin parameter,
S ! S/(GM2

PBH), where S is the spin. Estimations of for PBHs
show that it is a small quantity, equal or lower than 0.01 (De Luca
et al., 2019a). In contrast, astrophysical BHs are expected to have
substantially larger spins, since angular momentum must be
conserved during the collapse of their stars of origin, which are
often rotating. Hence, the spin can serve as a good proxy to
distinguish the nature of a population of BHs. The
measurement of low spin parameters could represent a hint for
the detection of PBHs. The latest Bayesian analyses of LIGO/Virgo
mergers suggest that low values of the spin parameter are strongly
preferred by data, regardless of the assumed priors (Garcia-Bellido
et al., 2020). Note, however, that the PBHmass and spin depend on
the accretionmechanism and their time evolution is correlated (De
Luca et al., 2020c).

Furthermore, due to the discrete nature of PBHs, a Poisson
shot noise contribution to the matter power spectrum, constant in
wavenumber, Psn(k)∝ f 2PBH n−1PBH ∝ fPBH MPBH, would be
expected (Afshordi et al., 2003; Gong and Kitajima, 2017).
PBHs fluctuations give rise to isocurvature modes (Afshordi
et al., 2003; Chisholm, 2006; Inman and Ali-Haïmoud, 2019),
and thus, affect only at scales smaller than the horizon at the
epoch of matter-radiation equality (Peacock, 1999). Therefore,
this leads to an enhancement in the matter power spectrum,
increasing the population of low-mass halos, which can be
constrained by large scale structure and Lyα forest analyses.
This effect is different from the one induced by other non-
CDM candidates, such as warm DM or fuzzy DM, which
suppress small scale fluctuations, washing out small structures.
This contribution becomes relevant for low-mass halos not large
enough to cool and collapse to form stars, which are commonly
known as minihalos. It has been argued that this enhancement
may produce a non-negligible 21 cm signal from the neutral
hydrogen in minihalos (Gong and Kitajima, 2017, Gong and
Kitajima, 2018). However, consistently accounting for the heating
of the IGM due to PBH accretion increases the Jeans mass and
suppresses the minihalo 21 cm signal, making it almost negligible
(Mena et al., 2019).

6 OBSERVATIONAL CONSTRAINTS ON
PBHS AS DM

PBHs can impact cosmology and astrophysics in a wide range of
ways, leaving different observational effects which allow to

constrain their properties. In this section, we review the most
important bounds on the current fraction of PBHs as DM,
fPBH ! ΩPBH/ΩDM, for a wide range of masses MPBH, for
monochromatic mass functions. A collection of limits from
the different probes is depicted in Figure 2. For a more
comprehensive list of constraints, see Green and Kavanagh
(2021); Carr and Kühnel (2020).

Evaporation
Since BHs emit energy due to Hawking radiation, those with a
lifetime shorter than the age of the Universe must have
disintegrated nowadays, a fact which excludes PBHs with
MPBH <M*x4 × 1014 g to form part of the current DM (Page,
1976). Moreover, PBHs with masses small enough, although still
present, should emit a strong c ray and cosmic ray background
which could be observed. Absence of its detection strongly
constrains the range of masses MPBH ≲ 1017 g. In particular, the
maximum fraction allowed is fPBH ≲ 2 × 10− 8(MPBH/M*)3+ϵ,
with ϵ ∼ 0.1 − 0.4 (Carr et al., 2016). Comparable limits have
been found from INTEGRAL and COMPTEL observations of the
Galactic Center (DeRocco and Graham, 2019; Laha, 2019;

FIGURE 2 | Compilation of constraints on the PBH fraction (with respect
to DM) as a function of the PBH mass, assuming a monochromatic mass
function. The different probes considered are: impact of PBH evaporation
(red) on the extragalactic c-ray background (Carr et al., 2010) and on the
CMB spectrum (Clark et al., 2017); non-observation of microlensing events
(blue) from the MACHO (Alcock et al., 2001), EROS (Tisserand et al., 2007),
Kepler (Griest et al., 2014), Icarus (Oguri et al., 2018), OGLE (Niikura et al.,
2019b) and Subaru-HSC (Croon et al., 2020) collaborations; PBH accretion
signatures on the CMB (orange), assuming spherical accretion of PBHs within
halos (Serpico et al., 2020); dynamical constraints, such as disruption of stellar
systems by the presence of PBHs (green), on wide binaries (Monroy-
Rodríguez and Allen, 2014) and on ultra-faint dwarf galaxies (Brandt, 2016);
power spectrum from the Lyα forest (cyan) (Murgia et al., 2019); merger rates
from gravitational waves (purple), either from individual mergers (Kavanagh
et al., 2018; Abbott et al., 2019) or from searches of stochastic gravitational
wave background (Chen and Huang, 2020). Gravitational waves limits are
denoted by dashed lines, since they could be invalidated (Boehm et al., 2021).
Dotted brown line corresponds to forecasts from the 21 cm power spectrum
with SKA sensitivities (Mena et al., 2019) and from 21 cm forest prospects
(Villanueva-Domingo and Ichiki, 2021). Figure created with the publicly
available Python code PBHbounds (Kavanagh, 2019).
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Primordial blackhole (PBH)
• Compact object formed in early universe


• (density fluctuation)> (critical value)  
→ Corresponding region collapse


• (BH scale) ~Universe @collapse time


• BH mass can be flexible 
cf. (stelar BH mass) 

≃ c2
s

∼ M⊙ variance σ2(M) at a mass scale M, the initial abundance, defined
as β(MH) ! ρPBH(tf )/ρtot(tf ), is given by (Sasaki et al., 2018;
Green and Kavanagh, 2021)

β(MPBH)xc∫∞

δc
P(δ) dδxc

""
2
π

√
σ(MPBH)

δc
exp[ − δ2c

2 σ2(MPBH)
] ,

(3)

where in the last equality, σ(MH)≪ δc has been assumed. For the
standard cosmological scenario with an initial scale invariant
power spectrum, at CMB scales, the amplitude of the fluctuations
is around σ(MPBH) ∼ 10− 5, leading to β ∼ 10− 5exp(−1010),
which is completely negligible (Green, 2014). Therefore, in
order to have a relevant population of PBHs, larger values of
the initial power spectrum are needed. On the other hand, the
assumption of a Gaussian distribution may not be consistent with
enhanced fluctuations and the presence of PBHs, so deviations
are unavoidable (Franciolini et al., 2018; De Luca et al., 2019b)
[except for specific inflationmodels presenting an inflection point
Atal and Germani (2019)]. Non-gaussianities could have a great
impact on the initial fraction and lead to a larger population, as
well as leaving detectable signatures in gravitational waves (Cai
et al., 2019). Finally, note that the above formula follows the
simple Press-Schechter approach, whereas to account for the
non-universal nature of the threshold, the use of peak theory
provides more accurate results (Green et al., 2004; Germani and
Musco, 2019). Its validity, however, is limited to relatively narrow
power spectra, while broader spectra require the use of non-linear
statistics (Germani and Sheth, 2020).

Nonetheless, although the initial fraction β is a very small
quantity, since matter and radiation densities scale differently
with redshift [∝ (1 + z)3 and ∝ (1 + z)4 respectively], the PBH
contribution can become relevant at current times. The fraction
β(M) can be related to the current density parameters of PBH
and radiation, ΩPBH and Ωc, as (Carr et al., 2010),

ΩPBH(M) ! β(M)(1 + zf )Ωcxc1/2[ β(M)
1.15 × 10−8

](M
M⊙

)− 1/2

.

(4)

For initial fractions as low as β ∼ 10− 8 of solar mass BHs, the
fraction of energy in PBHs could be, thus, of order unity.

Depending on the specific mechanism of formation, a
population of PBHs with different masses could be generated.
The specific shape of the enhancement of fluctuations determines
the mass distribution function. Sharp peaks in the power spectrum
imply approximately monochromatic distributions. For instance,
chaotic new inflation may give rise to relatively narrow peaks
(Yokoyama, 1998; Saito et al., 2008). However, inflation models
with an inflection point in a plateau of the potential (García-
Bellido, 2017; García-Bellido and Ruiz Morales, 2017), or hybrid
inflation (Clesse and García-Bellido, 2015), predict, instead,
extended mass functions, which can span over a large range of
PBHs masses. In this review, we focus on monochromatic
distributions for simplicity, although it is possible to translate
constraints to extended mass functions, which can be very
stringent despite the fact of having more parameters to fit (Carr
et al., 2017; Bellomo et al., 2018). Nonetheless, even if there are
bounds that exclude fPBH ∼ 1 in the monochromatic case, there are
choices for the mass function which allow PBHs to constitute most
or all of the DM abundance (Lehmann et al., 2018; Ashoorioon
et al., 2020; Sureda et al., 2020).

4 ACCRETION ONTO PBHS

One of the consequences of the existence of PBHs with greater
impact on different observables is the process of accretion.
Infalling matter onto PBHs would release radiation, injecting
energy into the surrounding medium, and strongly impacting its
thermal state, leaving significant observable signatures. The
physics of accretion is highly complex, but one can attempt a
simplified approach considering the spherical non-relativistic
limit, following the seminal work by Bondi (1952). In this
framework, the BH is treated as a point mass surrounded by
matter, embedded in a medium which tends to constant density
far enough from the BH. The relevant scale is the so-called Bondi
radius, defined by

rB ! GMPBH

c2s,∞
, (5)

where cs,∞ is the speed of sound far enough from the PBH. At
distances around ∼ rB, the accretion process starts to become

FIGURE 1 | Sketch of the formation of PBHs from overdensities for three different successive moments. When fluctuations larger than a critical threshold δc ∼ c2s
enter the horizon, i.e., their wavelength λ ! 2π/k (which characterizes the size of the perturbation) is of the order of the Hubble horizon (aH)−1, the overdense region
collapses and a PBH is produced. As can be seen in Eqs 1, 2, longer modes (large λ, low k) enter the horizon later and lead to more massive PBHs.
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 speed of soundcs :

Current status
• :  

PBH evaporates in current universe


• : 
100% DM is possible but some constraints  
are under debate


• : 
constrained by Microlensing, CMB, etc

MBH ≲ 10−16 M⊙

MBH ∈ [10−16,10−12]M⊙

MBH ≳ 10−12M⊙



• Even if we focus on particle DM candidates, we have vast possibilities for DM 
→ DM identification is ultimately a challenging task


• What kind of information do we need for DM identification?


• DM mass

• Coupling w/ SM particles

Particle DM

Concrete candidates
• Weakly Interacting Massive Particle (WIMP) 

• Sterile neutrino 


• Axion


• Feebly Interacting Massive Particle


• Strongly Interacting Massive Particles


• Self-interacting DM …

Plot in “Observational and theoretical motivation for particle dark matter”

DM candidates (2/2)



DM is an unknown elementary particle  
that “weakly” interacts w/ SM particles

Assumption

Weakly Interacting Massive Particle

Let’s see what happen once we assume this hypothetical unknown particle  
in the expanding universe

DM

SMDM

SM
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DM Annihilation

• DM is thermalized in early universe


• WIMP candidate often appears  
if we extend the SM frame work


• We have various channels to test  
(& crosscheck) DM property

Features



⟨σannv⟩ = ∑
final

∫ |ℳχχ→final |
2 ( f χ

eq)2d(phase space)
∫ ( f χ

eq)2d(phase space)

Annihilation rate

…

χ

χ
final particles

DM pair annihilation:

ℳχχ→final : Annihilation amplitude of DM

- related to probability of each process

- highly depends on individual model

feq,i =
1

e
Ei
T ± 1

⇠ e�
Ei
T
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Ei
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T
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: energy of particle
: temperature 

Definition:

Adding all the possible modes distribution function of DM @ equilibrium

Phase space , internal d.o.f.(x, p)



Time evolution of DM number density 

Boltzmann equation

dnχ

dt
+ 3Hnχ = − ⟨σannv⟩(n2

χ − n2
χ,eq)

Change of DM # in time evolution  
of expanding universe

Change of DM #  
due to particle processes

• Annihilation rate control process → 


• Pair annihilation process             → 


• No change @equilibrium              → 

∝ ⟨σannv⟩
∝ (DM # density)2

∝ (n2
χ − n2

χ,eq)

Solve this equation → prediction on DM energy density observed today

CMB observation    → Observationally favored DM energy density 

We can test this scenario by comparing theoretical prediction in light of observation
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SM

DMSM

DM
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inflaton
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Production
eg1. DM production from SM particles  
        produced during reheating

eg2. DM production directly from inflaton

※ Many possibilities for initial condition
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Equilibrium
DM is in thermal equilibrium through the interaction w/ SM particles 

DM

SMDM

SM

<latexit sha1_base64="mOdrJ3/sr7tYK5D5vz5SIJHNoes="></latexit>

Production

Annihilation

→ Physics after equilibrium can “forget” about initial condition  
     We can derive general predictions independent of initial condition
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Annihilation
During cosmic expansion, temperature keep decreasing

→ Thermal bath can no longer produce DM pair

→ DM # density decrease exponentially

DM

SMDM

SM
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Production

Annihilation

nχ,eq = g∫ d3p
(2π)3 e− Eχ

kBT =
g (

mχT
2π )

3
2

e− mχ
kBT

gT3

π2

(mχ ≫ T )

(mχ ≪ T )

: internal d.o.fg
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Thermal relic

Freeze-out

DM

SMDM

SM
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Production

Annihilation

DM cannot meet with annihilation partner due to expansion
(cosmic age)  vs  (typical scale of DM annihilation)

1/H 1/(nχ,eq⟨σannv⟩)≃
!

: Hubble constantH

⟨σannv⟩ ≃ 3 × 10−26 cm3/s

To explain correct DM energy density, 



WIMP Scenario
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よく見る図

1 10 100 1000

0.0001

0.001

0.01

Figure 1. A schematic of the comoving number density of a stable species as it evolves
through the process of thermal freeze-out.

Hubble expansion. When this takes place, the comoving number density of
WIMPs becomes fixed — thermal freeze-out has occurred.

The temperature at which the number density of the species X departs
from equilibrium and freezes out is found by numerically solving the Boltz-
mann equation. Introducing the variable x ≡ mX/T , the temperature at
which freeze-out occurs is approximately given by

xFO ≡
mX

TFO
≈ ln

[
c(c + 2)

√
45

8

gX

2π3

mXMPl(a + 6b/xFO)

g1/2
! x1/2

FO

]
. (6)

Here, c ∼ 0.5 is a numerically determined quantity, g! is the number of
external degrees of freedom available (in the Standard Model, g! ∼ 120 at
T ∼ 1 TeV and g! ∼ 65 at T ∼ 1 GeV), and a and b are terms in the non-
relativistic expansion, < σXX̄ |v| >= a + b < v2 > +O(v4). The resulting
density of WIMPs remaining in the universe today is approximately given
by

ΩXh2 ≈
1.04 × 109 GeV−1

MPl

xFO

g1/2
! (a + 3b/xFO)

. (7)

5

D. Hooper, lecture note [arXiv:0901.4090]

DM

SMDM

SM

<latexit sha1_base64="mOdrJ3/sr7tYK5D5vz5SIJHNoes="></latexit>

time

Decoupling of DM  
from thermal bath

Thermal relic



Implication of WIMP scenario

DM

SMDM

SM
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c = 3⇥ 108 m/s
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= Typical cross section for weak process

What happen in weak process? (eg. Decay of charged pion)

Electroweak boson

(  boson, )

mediates interaction 
W mW = 80.4 GeV

Mediator in electroweak scale?

- Higgs boson?

-  boson?

- new particles?

…

Z



DM search directions
Focusing on WIMP DM



How to probe WIMP DM?

DM

SMDM

SM
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DM pair production

DM pair annihilation

DM scattering w/ SM particle

Collider experiment

Indirect detection

Direct detection



Collider search (overview)
DM

SMDM

SM
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[Slide of P. Pani’s talk @TAUP2019]

Theoretical framework

�6

production

DM

DM

SM

SM

?
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- Mediator-SM particle interaction

- Mediator mass

- Mediator’s decay width

- DM-SM particle interaction

- DM mass

Parameter for analysis



Typical event: Large missing ET

DM search @LHC

→ missing + pp X gluon, photon, …X =

SM

ETmiss Invisible

visible

What we observe: Large missing transverse momentum 

We need  so that we can read out transverse momentum for reconstruction

Emiss
T

X

DM passes through the detector due to small interaction  
w/ the SM particles

?

p
DM

p DM
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gq = 0.25, glep = 0, gDM = 1 E
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2m
DM = m

Z’

Axial-vector mediator
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Figure 1: Schematic representation of the dominant production and decay modes for the V/AV model.
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�/t

t

Figure 4: Diagram 4

2

(a)

Z �
B

Z �
B

q

q̄

�̄

�

h

Figure 3: Diagram 3

u

Z �
V FC

g

u

�̄/ū
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Figure 2: Schematic representation of the dominant production and decay modes for the VBC model (a) and VFC
model (b,c,d).

Z
0

boson to all flavour quarks, gq, the coupling to all lepton flavours, gl, and the coupling to DM, g�.147

Representative diagrams for this model are shown in Fig. 1. The Z
0
mediator can decay to either a pair of148

quarks, a pair of leptons or a pair of DM particles. In the latter case, an additional visible object has to be149

produced in association with the mediator as initial state radiation (ISR), as shown in Fig. 1(a). The visible150

object can either be a jet, a photon or a gauge boson (W/Z). In order to highlight the complementarity151

of dedicated searches based on di�erent final states [102], two coupling scenarios are considered for the152

interpretation of these models: the case of a leptophobic and the case of a leptophilic Z
0

mediator (see153

Sec. 7.1.1).154

2.1.2 Baryon-charged interaction155

The baryon-charged mediator simplified model [79, 98] (VBC) considers a vector mediator as in the156

V/AV model and additionally assumes that the charge of the U(1) symmetry coincides with the baryon157

number and it is spontaneously broken by a baryonic Higgs scalar. The DM candidate in this model is158

a stable baryonic state and it is neutral under the SM gauge symmetry. While the model can provide159

an ISR signature through a s-channel Z
0

B-mediator production subsequently decaying into a pair of DM160

candidates as for the V/AV models described in the previous section (Fig. 1(a)), it can also display a161

distinctive h+Emiss
T signature [98], as shown in Fig. 2(a). The model has 5 parameters [98], whose values162

are chosen to enhance the cross-section for h+Emiss
T final states with respect to traditional ISR signatures.163

The mixing angle between the baryonic and the SM Higgs bosons, ✓, is fixed to sin ✓ = 0.3 in order to164
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Indirect detection

h�annvi ⇠ 3⇥ 10�26 cm3/s
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h, Z,W, t, ⌧, · · ·
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Fragments
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Annihilation Fragmentation

Implication of WIMP scenario → Possibility to probe DM through annihilation  
→ Direct test of WIMP scenario

What we observe: Fragment (stable particles) from DM annihilation

DM

SMDM

SM
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annihilation



Differential # of photon (eg. )χχ → γγ

Photon flux from DM annihilation 5
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FIG. 2: Left: A schematic of the key physical contributions for the precision calculation as relevant for a H.E.S.S. search for
heavy wino annihilation. DM particles, �, annihilate to the detected photon (in red), which recoils against a jet (in blue), i.e.
a collimated spray of electroweak radiation. Low energy isotropic radiation (in green) also yields important physical e↵ects.
The winos collide with non-relativistic velocity, and the exchange of electroweak gauge bosons gives rise to the Sommerfeld
enhancement (in purple). Right: The spectral shape of the endpoint contribution at NLL (orange solid line), as compared to
the line which is a pure delta function (black dashed line). The theoretical spectrum is shown for a thermal wino of mass
mDM = 2.9 TeV.

files with flattened density within 100 parsec or more of
the GC. In order to avoid this limitation, one can ex-
tract the residual background energy distribution from
extragalactic observations [57]. In this case, the residual
background is extracted from blank fields at high Galac-
tic latitudes in the same observation conditions as for the
GC dataset. Alternatively, Monte Carlo simulations can
be used to predict the residual background rate, since
they can be performed in the same observational condi-
tions and telescope configurations as for the GC dataset,
allowing for reduced systematic uncertainties [59].

C. Precision Signal Spectrum

Due to the large backgrounds, the most striking sig-
nal for DM annihilation is a line signal, which in this
energy range should not arise from astrophysical back-
grounds. However, because of the finite energy resolu-
tion of IACTs, it is impossible to measure only the line
spectrum; gamma-ray photons from DM annihilation to
� � or � Z will inevitably be accompanied by gamma-ray
photons from other annihilation final states, and these
cannot be distinguished on an event-by-event basis if the
energy of the resulting photon varies by an amount less
than the energy resolution of the telescope. Furthermore,
if a smooth background model is included in the fit, as

in [5], the unaccounted-for presence of lower-energy sig-
nal photons could potentially bias the background model.
Thus to obtain precise and accurate constraints, it is
important to have a theoretical prediction for the full
photon spectrum to compare with the data, rather than
simply comparing constraints on an isolated line to a the-
oretical prediction for the strength of the line signal.

Obtaining a reliable prediction for the photon spec-
trum from wino annihilation is complicated by the pres-
ence of the hierarchical scales mW , and mDM, and in the
endpoint region – where

z ⌘ E

mDM

, (4)

is close to 1 – by the presence of non-trivial phase space
restrictions. By looking for a line signal within the
H.E.S.S. resolution of mDM, the final state must be close
to a two-body decay, for which z = 1. More precisely,
it must consist of collimated energetic radiation recoiling
against the detected photon (an electroweak jet), as well
as additional low energy radiation. Any additional radia-
tion would make the energy of the photon far from mDM.
This configuration is shown on the left of Fig. 2. This
restriction introduces perturbative Sudakov double loga-
rithms ↵W log2(mDM/mW ) [60–66], and ↵W log2(1 � z)
[11, 61, 64, 65] , as well as Sommerfeld enhancement

[Rinchiuso, et al. (2018)]eg. of dNγ /dE

• Energy spectrum of photon 

  for   

→ Forming line-like (monochromatic) spectrum


• Rate of annihilation 
probability for  to occur within 


• Ratio of observable photons  
(Effective area for observation) / (Full emotion area)

dNγ

dE
= 2δ(E − mχ) χχ → γγ

χχ → γγ [E, E + dE]

: effective areadA

: line-of-sight lengthℓ

dNγ =
dNγ

dE
(σχχ→γγv)

2! (
ρχ

mχ )
2

dtdEdV
dA

4πℓ2



Flux formula

• Particle physics 

• DM mass 

• Annihilation cross section 

• Energy spectrum 

• Astrophysics 

• DM density profile 

• Region of integral

Source of uncertainty to test prediction

cf.  for WIMP scenario(σannv) ≃ 3 × 10−26 cm3/s

We can directly test WIMP scenario by probing annihilation process

→ Characterized by -factor (see backup slide)J

dΦγ

dE
=

dNγ

dtdEdA
= 1

4π
(σχχ→γγv)

2!m2χ

dNγ

dE ∫
ρ2

χ

ℓ2 dV



Direct detection (idea)

earth

X
e

230 km/s

WIMP’s windMilky way galaxy (from north pole side)

230 km/s DM

Nucleus

Sketch of direct detection
DM

SMDM

SM
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Direct detection (event rate)
DM

SMDM

SM
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原子核 µ ⌘ mNmDM

mN +mDM
⇠ mN
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dR

dER
=

1

mT

⇢DM

mDM

Z vesc

vmin

d3~v vf(~v,~vE)
d�scat

dER
(v,ER)
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Particle physics

Astrophysics

vmin =

s
mTEth

2µ2
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(N = n, p)
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�scat ⇠
1

32⇡
G2

Fµ
2 ⇠ 4⇥ 10�4 pb ⇠ 4⇥ 10�40 cm2
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GF ⇠ 10�5 GeV�2
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- DM density profile

- velocity distribution

Depending on particle nature of DM
- DM mass

- DM-nucleon cross section

Naive dimensional analysis 
for DM w/ electroweak charge

: Escape velocity of DM

: Reduced mass



Neutrino background
DM

SMDM

SM
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• Underground experiment can control background well


• Less uncertainty from DM profile (we only need local info. on density & velocity dist.)


• Serious background due to neutrino scattering effects

Pros & Cons

ν floor

XENONnT (SI, prospect)PandaX − 4T (SI)

XENON1T (SD, neutron)White region:  
We can probe DM-nucleon scattering 

Gray dashed curve:  
Prospect of next generation exp.

Orange region:  
Coherent neutrino scattering is expected  
→ We may not probe DM in this region

How to probe DM-nucleon scattering  
in this neutrino background region?

Naive estimation

(→ next slide)



• Dark unknown gravitational source are independently implied


• Necessary component to provide density fluctuation in early universe

DM in our universe

Summary: Part 1

• Compact object:     eg. Primordial blackhole


• Particle candidate:  eg. Weakly Interacting Massive particle (WIMP)

DM candidates

Exp./Astrophys. information is indispensable for DM identification

• Collider search: Direct production by injecting energy


• Indirect detection: Direct test of WIMP scenario


• Direct detection: Background is well-controled but neutrino w/ BG

WIMP DM search

Developing new direction to probe DM is mandatory!

10 kpc

  

The cosmic pie

https://sci.esa.int/web/planck/-/51557 
-planck-new-cosmic-recipe

https://sci.esa.int/web/planck/-/

