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1. Motivation for 
particle DM search
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Evidence of invisible matter
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Begeman et al., 1991

• mass of galaxy cluster 
• Rotation curves of galaxies 
• bullet cluster observations 
• large scale structures 
• …

Markevitch et al., 2004

Zwicky, 1937



Cosmological Requirement

5Planck 2018



Brief cosmological history
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Inflation 

radiation dominated era 

matter dominated era 

current Universe 

DM structure formation starts

baryon structure formation starts
CMB

T ∼ 𝒪(104) K

T ∼ 2.7K (z=0)

(z=3500)

T ∼ 𝒪(103) K (z=1100)



Our understanding
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• motivation 
 
 

• properties

- structure formation 
- rotation curves 
- bullet cluster 
- …

- non-relativistic 
- cold (warm, hot) 
- almost invisible 
- feel gravity

DM=non-baryonic matter in the Universe of ΩDMh2 ∼ 0.12

**** **
*

DM structure baryon 
 structure

halo galaxy



WIMP: a famous example
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- the mass  

- freeze-out scenario to  
achieve the relic  

abundance 0.12 

- the annihilation  
cross-section  

 

mDM ∼ 𝒪(GeV) − 𝒪(TeV)

ΩDMh2 ∼

⟨σv⟩ ∼ 𝒪(10−26cm3s−1)

Behave as cold dark matter (CDM)

Saikawa & Shirai, 2020

DM + DM  SM + SM : signal search @z~0→



CDM structure
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Ishiyama et al., 2021



•  density profile of at Galactic Center (G.C.) 

•  dwarf spheroidal galaxies (dSphs) 

•density profile near the solar position 

•subhalo number count 

•minimum mass of the halo in galaxy 

•…
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DM halo for DM search
DM halo for DM search

 indirect search→

 direct search→

 particle nature→

mass range :  (?) - 𝒪(10−6) M⊙ 𝒪(1016) M⊙

DM + DM  SM + SM→

DM + SM  DM + SM→

ℒDM = …



2. Semi-analytic 
subhalo mass function
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•halo mass function 

•halo density profiles
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Key quantities

Obstacles
•wide halo mass range ( ) 

•wide redshift range  

•different evolution histories of individual halos  

•halo statistics

∼ 10−6M⊙ − 1016M⊙



Story of DM halo
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1, initial density fluctuation

3, halo evolution

2, gravitational collapse 
     (halo formation)

4, hierarchal halo structures

• merger 
• accretion 
• stripping

MW

dSph



Story of DM halo
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1, initial density fluctuation

3, halo evolution

2, gravitational collapse 
     (halo formation)

4, hierarchal halo structures

• merger 
• accretion 
• stripping

MW

dSph

CMB EPS formalism 
(analytic)

analytical modelingdensity profile parameters



Extended Press-Shechter
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- overdensity collapse to form halo 

- two parameters:  
collapse redshift ( ) & mass scale ( ) 

- initial condition: power spectrum 

- distribution function

 

δ(z) σ(M)

f(σ2(m), δ(z + Δz) |σ2(M), δ(z)) =
1

2π

δ(z + Δz) − δ(z)
[σ2(m) − σ2(M)]3/2

exp [−
(δ(z + Δz) − δ(z))2

2(σ2(m) − σ2(M)) ]
fraction of halo of which mass was  at  in  at m z + Δz M z



evolution history of M(z)
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- distribution function

 f(σ2(m), δ(z + Δz) |σ2(M), δ(z)) =
1

2π

δ(z + Δz) − δ(z)
[σ2(m) − σ2(M)]3/2

exp [−
(δ(z + Δz) − δ(z))2

2(σ2(m) − σ2(M)) ]

  

  unique progenitor  

∃m(z + Δz) > M(z)/2

⇒



unevolved mass function
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M(z)

low zhigh z

  
M(z)

∑ m(z + Δz) dN(m)

= M(z) − M(z + Δz)



unevolved mass function
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tidal evolution: assumption
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• The DM density distribution of the host and 
accreting subhalo follow the NFW profiles 

          

• Tidal stripping rate is determined at the 
pericenter of the accreting orbit 

• The DM distribution of subhalos after the tidal 
stripping are NFW profile with truncation

ρ(r) = ρs ( r
rs )

−1

(1 +
r
rs )

−2



evolved mass function
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- # distribution at accretion: given 
(unevolved mass function) 

- tidal effect:  
determined by the host mass & redshift 
 
 
 

different host evolution  different tidal evolution↔

·m(z) = − A(M, z)
m

τdyn ( m
M )

ζ(M,z)



evolved mass function
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3. Applications
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(a) observable vs intrinsic
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- observed/simulated:  
 
 

- intrinsic 
 
 
 

• definite host mass at ,  
 

• no Poisson fluctuation in the # count

z = 0

• host mass uncertainty (obs.) 
or finite mass range of the sample host (sim.) 

• always with Poisson fluctuation (obs. & sim.)

1)calc. for different host masses 
2)incl. of the error in the host mass estimate 

Poisson distribution of expectation value N 
-> recalculate mass function



(a) comparison
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(b) individual history
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density profiles of MW satellites

ϕγ =
1

8π
⟨σv⟩
m2

DM ∫
mDM

Eth

dN
dE

dE ⋅ ∫ΔΩ
dΩ∫l.o.s

dsρ2
DM

J-factor 

Geringer-Sameth et al., 2015

uncertainties in 
dSph’s J-factor  

 uncertainties in 
annihilation cross-
section constraints

↔
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• red: number of the 
satellite in Via Lactae 
II simulation 

• white: “informative” 
prior distribution 

• black: likelihood 
• blue: posterior 

distribution

Ando, Geringer-Sameth, NH, Hoof, Trotta, Walker, 2020

making use of the evolution history of DM halos to 
obtain good priors for the Milky Way’s satellites

(b) prior construction



(b) J-factor estimate
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• The J-factor shifts 
to a lower value. 

• The probability 
distribution of the 
J-factor gets 
sharper.

J = ∫ΔΩ=0.5∘

dΩ∫l.o.s
ρ2

DM(r)ds

Ando, Geringer-Sameth, NH, Hoof, Trotta, Walker, 2020

ϕγ =
1

8π
⟨σv⟩
m2

DM (∫
dN
dE

dE) ⋅ J



Constraints on the < σv >
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ϕγ =
1

8π
⟨σv⟩
m2

DM (∫
dN
dE

dE) ⋅ J

• Bayesian analysis is 
conducted 
combining 31 
dSph’s data 

• The constraints 
gets milder by a 
factor of 2-6 due 
to the shifts in the 
J-factors.

Ando, Geringer-Sameth, NH, Hoof, Trotta, Walker, 2020



4. Summary
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Summary:
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- Halo is a key to access the nature of DM 
- Evolution of CDM subhalo can be well-described in 
semi-analytical ways. 
- Quick calculation of halo evolution enables us to 
probe physics beyond the Standard scenarios using 
observational data around our Galaxy. 
- Further applications are now being considered.  
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