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1. our Universe
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image?
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•bullet cluster　1E0657-558 Clowe et al., 2006



image?
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• galaxies & galaxy clusters 
• ordinary stars (e.g. Sun, … ) 
• exotic stars (neutron star, white dwarf, ..) 
• planet 
• … 

our “visible” Universe 

(our eye: gravitational wave,…)γ, ν, e±, p, p̄,



ingredients of visible world
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visible Universe: galaxy cluster
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•bullet cluster　1E0657-558 Clowe et al., 2006

passing mass?



visible Universe: galaxy cluster
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invisible mass?

Zwicky, 1937



visible Universe: galaxy
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invisible mass?

Begeman  et al., 1991

stars
gas



visible Universe: CMB observation
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cosmic microwave background
temperature fluctuation  

 density fluctuation∼

cosmological 
requirement

Planck, 2018



2.the things we know 
about dark matter
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in order to achieve the CMB pattern…
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dark energy baryon (SM “matter”)

dark matter 

5.0%
68.5%

radiation: 0.0..%

energy density chart of our Universe

(DM)



cf. property of each component
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- matter(baryon) 

- dark matter (DM) 

- dark energy 

- radiation(  1%)≪

matter in the Standard Model, ρ ∝ V−1 ∝ a−3

matter-like something, ρ ∝ a−3

not matter-like something,  ρ ∝ a0

(mainly) photons( ) and neutrinos( ),  γ ν ρ ∝ a−4



brief cosmological history
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Inflation(0s) 

radiation dominated era 

matter dominated era 

current Universe 

DM (halo) structure formation starts

baryon structure formation starts
CMB(photon decoupling)

T ∼ 104 K

T ∼ 2.7K (z=0)

(z=3500)

T ∼ 103 K (z=1100)



dark matter should 
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provide gravitational potential  
for baryon fluctuations to evolve

DM structure: halo 
(form earlier)

baryon structure: galaxy

******** ***
* ****

we need “matter” different from baryon



- feel gravity  

- cold (warm, hot) 

- stable (or lifetime longer than cosmic age) 

- (almost) neutral 

- (almost) invisible 

what we have learned so far…
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- feel gravity  
because it should form halos and provide potential 

- cold (warm, hot) 
in order not to erase small-scale fluctuations 

- stable (or lifetime longer than cosmic age) 
because otherwise it should decay 

- (almost) neutral 
in order to start structure formation before decoupling 

- (almost) invisible 
since we have not seen electromagnetic signatures

what we have learned so far…

candidate = anything which satisfies these properties



examples
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- Weakly Interacting Massive Particle (WIMP) 

- Strongly/self- interacting massive particle (SIMP) 

- sterile neutrinos 

- axion and/or axion-like particle (ALP) 

- primordial black hole (PBH) 

- …



indicators of DM
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- stellar motions in stars: 

gravitational potential controls the motion 
- anomalous emissions from Universe 

DM interaction leads to SM particle emissions? 
- modulation of astrophysical emissions 

Can DM interaction can change the prediction for 

astrophysical emissions in the SM context?

What kinds of interactions can we assume?



gravitational interaction
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Requirement for DM

Ishiyama et al., 2021

hierarchical structure of halo

https://arxiv.org/abs/2007.14720


3. physics of  
dark matter halo
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characterization of halo
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• redshift range  

• mass range:  

mass function  

• hierarchical structure formed through  
accretion, merger, and tidal interaction 

•
density profile (e.g. NFW )

zeq − 0

𝒪(10−6)M⊙? − 𝒪(1016)M⊙

dN

dm
= m−α (α ∼ 2)

ρ(r) = ρs ( r

rs )
−1

(1 +
r

rs )
−2

physics of halo ranges widely



story of DM halo
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1, initial fluctuation

3, halo evolution

2, gravitational collapse 
   (halo formation)

4, hierarchical structure 

• merger 
• accretion 
• tidal stripping

MW

dSph



story of DM halo
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1, initial fluctuation

3, halo evolution

2, gravitational collapse 
   (halo formation)

4, hierarchical structure 

• merger 
• accretion 
• tidal stripping

MW

dSph

(semi-) analytic description

CMB EPS theory 
(analytic)

analytic descritpion



- \

why (semi-) analytic?
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- approximation & simplification  
- no resolution limit & wide scale coverage 
- cost effective 

- precise (most physical processes can be included) 
- high computational costs 
- resolution limit

numerical (e.g. N-body simulation) : 

(semi-)analytic: 

high applicability in halo study



Extended Press-Schechter formalism:

  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)) ]

halo formation and evolution
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- halo formation 
= collapse of overdensity 

- two parameters:  
• collapse redshift  
• mass scale  

δ(z)

σ(M)

fraction of halo of which mass was  at  in  at m z + Δz M z

   unique progenitor  ∃m(z + Δz) > M(z)/2 ⇒

comparison:  
Uchuu simulations  
(Ishiyama+ 2021)

NH, Ando, Ishiyama, 2022

https://arxiv.org/abs/2206.01358


subhalo accretion:
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host M(z)

low zhigh z

  
M(z)

∑ m(z + Δz) dN(m)

= M(z) − M(z + Δz)

mass increment of the host = sum of accreted halo mass

z = 0

normalization condition 
from host evolution

unevolved mass function 
as the sum of ones at each z

NH, Ando, Ishiyama, 2022

“unevolved” subhalo mass function

https://arxiv.org/abs/2206.01358


evolution after accretion
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1. mass-loss rate:  
2. host potential 

,  
3. pericenter( ) & apocenter( ) 

 

4. orbital period:  

5. truncation radius 

·m = [m − m( < rt)] T−1

Φ(R) = − V2
vir

ln [1 + chost
vir R /Rvir]

f(chost
vir )R /Rvir

cvir = rvir /rs

Rp Ra

R−2 + 2 [Φ(R) − E] L−2 = 0

T = 2∫
Ra

Rp

dR

2(E − Φ(R)) − L2/R2

rt = Rp

m( < rt) . M( < Rp)

2 + L2(RpGM( < Rp))−1 − d ln M/d ln R |
Rp

1/3

Rp

Ra



subhalo mass function at z = 0
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assumption:  

• Milky Way-like host (  ) 

• tidal mass-loss rate at pericenter

M ∼ 1.3 × 1012M⊙

NH, Ando, Ishiyama, 2022

https://arxiv.org/abs/2206.01358


application: density profile
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indirect search of WIMP:

ϕγ =
1

8π

⟨σv⟩

m2
DM

∫
mDM

Eth

dN

dE
dE ⋅ ∫

ΔΩ

dΩ∫
l.o.s

dsρ2
DM

high J  high flux from DM annihilation↔

(astrophysical) J-factor 

DM+DM->SM+SM 
@ source

observer
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•~40 are confirmed 

•  do not show star formation activities 

•  ,  

•   

•  # of stars: 

M/L ≲ 103M⊙/L⊙ M ∼ 108−9M⊙

Δθ ≲ 𝒪(1∘)

𝒪(10 − 1000) Milky Way

𝒪(1kpc)

∼ 50kpc𝒪(100pc)

∼ 300kpc

M ∼ 1012M⊙

application: density profile
target: dwarf spheroidal galaxies (dSphs) 

dark & dense galaxies in subhalos of Milky Way



application: density profile
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red: # of the satellite 
with EPS theory 
=physical prior(white) 
black: likelihood 
blue: posterior 

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

• # of subhalos at accretion : 
EPS prediction 

• tidal evolution after 
accretion: analytical model 

• density profile: NFW (w/ 
truncation) assumption 

• profile parameter evolution:  
fitting formula from N-
body simulation 

• stellar kinematics: 
constraints on  plain(ρs, rs)

https://arxiv.org/abs/2002.11956
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Ando, Geringer-Samteh, NH, Hoof, Trotta, Walker, 2020

application: density profile

https://arxiv.org/abs/2002.11956
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ϕγ =
1

8π

⟨σv⟩

m2
DM

(∫
dN

dE
dE) ⋅ J

• Bayesian analysis  
combining 31 
dSph’s data 

• Weaker constraints 
(by a factor of 2-6)

Ando, Geringer-Sameth, NH, Hoof, Trotta, Walker, 2020
application: density profile

halo physics impacts 
constraints on  
WIMP models

https://arxiv.org/abs/2002.11956


application: cosmology
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curvature perturbation 𝒫R(k) = 𝒫(0)
R

+ 𝒫bump

R

different  
P(k)

different  
σ(M)

different  
host  
evolution

different  
subhalo  
mass function 

& satellite 
galaxy count

Ando, NH, Ishiwata, 2022

https://arxiv.org/abs/2207.05747


application: cosmology
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bump ( )

𝒫R(k) = 𝒫(0)
R

+ 𝒫bump

R

nb = 4

(A − 𝒫(0)
R (kb))( k

kb
)

nb

(k ≤ kb)

0 (k > kb)

requirement: 
# counts of satellites  

 

& 
GD-1 stream observation

N(Vmax > 4km/s) > 94

Ando, NH, Ishiwata, 2022

https://arxiv.org/abs/2207.05747


4. summary
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message
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• We need dark matter to realize our Universe. 
• Dark matter form halos through its gravitational 
interaction. 

• Understanding of halo is important for 
unravelling the nature of dark matter. 

• (Semi-)analytic framework is powerful in 
investigating  halo physics which ranges in wide 
mass and redshift spaces. 
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