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2. DARK MATTER  
 MODELS



Bertone�&�Tait�(2018)

Among these models, one thing we could say that cold dark 
matter model has worked best!



Cold Dark Matter Model!

Observed Galaxy Distribution

White (1986)

Cold Dark MatterHot Dark Matter

Galaxy distribution can tell something important!



Non-linear Structure Formation
Numerical Simulations of Structure Formation

(Horizon Run 
1-4) +

+ (Horizon 
Run 5)

Vogelsberger 
(2020)



Non-linear Structure Formation
Numerical Simulations of Structure Formation



HR5 team - Full version: https://www.youtube.com/watch?v=oDEQ6Y_5Qdo

여민락 (與民樂) Enjoy with People

https://www.youtube.com/watch?v=oDEQ6Y_5Qdo


Cold Dark Matter Model!
Numerical Simulations of Structure Formation



Observational Challenges to CDMΛ

➢ Missing Satellite Problem 
➢ Low-Density Cores Versus High-Density Cusps 
➢ Too-Big-to-Fail 
➢ Planes of Satellite Galaxies



1. Missing Satellite Problem

Bullock & Boylan-Kolchin 17

Dark Matter only Simulation with ΛCDM

Q: Where are those satellite halos (i.e. galaxies)?



2. Low-Density Cores Versus High-Density Cusps
Profile of Dark Matter Halos

➢ The density profile of halos over spherical shells seems to have a universal 
function form (by Julio Navarro, Carlos Frenk & Simon White); NFW profile

➢ Using a suite of simulations, of different cosmologies, 
they showed that the density profiles of the dark matter 
haloes can always be fit by a universal fitting function.



7.6 Properties of Dark Matter Halos
7.6.1 Profile of Dark Matter Halos

➢ The density profile of halos over spherical 
shells seems to have a universal function form 
(by Julio Navarro, Carlos Frenk & Simon 
White); NFW profile

where  is a characteristic radius where the 
slope of the density profile changes 
➢ At ;  
➢ At ; 

rs

r ≪ rs ρ ∝ r−1

r ≫ rs ρ ∝ r−3

where 
➢  
➢ Concentration index:

x = r/r200



2. Low-Density Cores Versus High-Density Cusps
➢ The central regions of DM-dominated galaxies as inferred from rotation 
curves tend to be both less dense (in normalization) and less cuspy (in 
inferred density profile slope) than predicted for standard CDM halos.



3. Too-Big-to-Fail (대마불사 大馬不死)
➢ The local Universe contains too few galaxies with central densities indicative of  halos. 
➢ Halos of this mass are generally believed to be too massive to have failed to form stars,  
    so the fact that they are missing is hard to understand. 

Mvir ≃ 1010M⊙

They are massive enough to 
form galaxies, but not seen?!



4. Planes of Satellite Galaxies
➢ The orbits of the satellite galaxies of the Milky Way, of M31, and of Centaurus A (CenA), whose properties 
are well-measured, tend to be aligned in significantly flattened configurations. Moreover, the satellites have 
significant kinematic correlations. These spatial alignments and kinematic coherence are extremely rare in 
CDM simulations. 
➢ The combination of the spatial and kinematic coherence has probability ~10-3 of appearing in CDM 
simulations. 

Pawlowski+2018



Observational Challenges to CDMΛ

➢ Missing Satellite Problem 
➢ Low-Density Cores Versus High-Density Cusps 
➢ Too-Big-to-Fail 
➢ Planes of Satellite Galaxies

➢ How to solve these problems? 
➢ Do more realistic simulations: i.e. baryon physics - 
                               hydrodynamics for star formation 
➢ Adopt different dark matter models

➢ First, why do need non-baryonic matter for dark matter?



WHY NOT NORMAL MATTER?
Big Bang Nucleosynthesis (BBN) limits the 

amount of baryons (atoms) in the universe.

Candidates Ruled Out:
Gas, Dust, Brown Dwarfs, and Planets 

(MACHOs) cannot account for the full deficit.

Constraints from Helium and Deuterium 

abundance fix .

However, dynamical mass estimates require 
Therefore, Dark Matter Must be Non-Baryonic.

■

■

■

7Li

Observation1: deuterium =>

Observation2: Lithium =>

Schramm Plot



Thermal History of the Universe
Primordial Nucleosynthesis

Baryon content of the Universe
➢ Measurements of the relative strength of the 
Ly⍺ lines of H and D, which have slightly 
different transition frequencies due to the 
different masses of their nuclei, in QSO 
absorption lines : D/H ≈ 3.4 × 10−5

Schramm Plot

➢ It looks ok, but there was a difference in 
Lithum abundance between observations (y-
axis) and predictions (cross of cyan and 
purple)! - Cosmological Lithum Problem!



4.4 Thermal History of the Universe



4.4 Thermal History of the Universe

In conclusion, it does not 
solve the problem, but 
proved that the promising 
theory is not correct. 



Dark Matter Candidates

WIMP

Sterile  
neutrinos

Normal  
neutrinos



Dark Matter Particles

➢ Astrophysical evidence alone (rotation curves, clusters, CMB anisotropies, structure formation) 
strongly implies a dominant non-luminous matter component. 

➢ To explain the microphysical nature of this matter - what it is - requires models of new 
fundamental particles. 

➢ Such particles must be stable (or long-lived), non-baryonic, and non-relativistic (cold) at the era 
of structure formation to match observations.

1. Motivation for Particle Dark Matter

WIMP

Sterile  
neutrinos

Normal  
neutrinos



1) Normal (Active) Neutrinos

➢ Active neutrinos are real and massive,  
     but they are too light to be dark matter. 
➢ Their relativistic free-streaming suppresses small-
scale structure, limiting their contribution to a minor hot 
dark matter component.



2) Sterile (Non-Active) Neutrinos
➢ Neutrino-like particles that do not interact via Standard Model forces (no weak interaction) 
except gravity and possibly mixing. 

➢ Warm dark matter: if their mass is ∼keV, they behave between hot and cold dark matter, 
affecting small-scale structures and leaving distinct signatures in galaxy formation. 

➢ Remain viable in some parameter space and motivate X-ray and cosmological searches. 
➢ Production: Mixing with active neutrinos in the early universe.  
➢ Decay: Can decay radiatively into a photon + neutrino. 
➢ Anomaly: X-ray telescopes (Chandra, XMM-Newton) saw a hint of a line at 3.5 keV  
     in galaxy clusters, though it remains controversial (could be Potassium line).

Bulbul+2014



2) Sterile (Non-Active) Neutrinos

: Production rate of sterile neutrinos 
via oscillations from active neutrinos  
→ more sterile neutrinos  
→ higher dark-matter abundance.

sin22θ



3) Weakly Interacting Massive Particles (WIMPs)
➢ Despite the successes of the (particle physics) standard model, it is known to be incomplete! 

➢ According to the standard model, neutrinos should be massless - but it is not! 

➢ The standard model needs an extension which allows the existence of a finite neutrino mass.  
➢ There are other issues: 

➢ it is “technically unnatural” since the energy scale of the Higgs boson, ~125 GeV is so much 
smaller than the Planck mass (1019 GeV); gauge hierarchy problem => one needs some new 
physics at an energy scale of 100 GeV (e.g. quantum gravity?). 

➢ it can also not explain why there are more baryons than anti-baryons in the current Universe.   

➢ Solution: there exists a electrically neutral particle X which is stable, has a mass of order the 
energy scale of the model, i.e., somewhere between 100 GeV and 10 TeV, and interacts only 
weakly - Weakly Interacting Massive Particles (WIMPs)!

➢ At  (i.e. particles are non-
relativistic) during thermodynamic equilibrium, the density is 
described by the Boltzmann factor (+ normalization factor 
T^3/2),  

➢ At , no more equilibrium (no more production) 
 - freeze out!  (i.e. constant comoving density) 
➢If , the resulting density of these WIMPs 
would yield ! - WIMP miracle!

Tuniverse ∼ mXc2 = 𝒪(1 TeV)

T ≈ 0.05mX

mX ≈ 300 GeV
ΩX ∼ 0.2 ≈ Ωdm

Q: Who first introduced WIMPs?



3) WIMP



4) Self Interacting Dark Matter
➢ Self-Interacting Massive Particles (SIMPs) and other strongly interacting dark matter classes 
are considered to address galactic dynamics or small-scale structure without contradicting large-
scale constraints. 
➢ These particles interact strongly among themselves but weakly with ordinary matter, thereby 
affecting halo structure differently from collisionless dark matter.

r (kpc)



4) Self Interacting Dark Matter

From Bullet Cluster:  (Cha+2025)σ/m ≲ 0.2 cm2g−1



1. Missing Satellite Problem: Solutions?

1.  Different Dark Matter Model? 
1.  Cold Dark Matter 
2.  Warm Dark Matter 
3.  Self-Interacting Dark Matter? 
4. …

2.  Implementation of Baryonic physics  
        (i.e. galaxy formation mechanism)? 
1.  Dark matter only simulations 
2.  Not all dark matter halos form galaxies 
3.  Role of Baryonic physics  

 ⇒ Cosmological Hydrodynamic Simulation!



Effects of Dark Matter: Different Structure 
Formation Depending on Dark Matter Properties

Bullock & Boylan-Kolchin 17

Clearly Different Dark Matter models make differences!

Cold Dark Matter Self Interacting Dark Matter Warm Dark Matter



ΛCDM: Missing Satellite Problem - One Solution

Wetzel+16

•  Implementation of Baryonic physics? 
•  Latte Project (Wetzel+16; see also ParkC+18; Jung,KimJ+23):  

    the Milky Way on Feedback in Realistic Environments (FIRE) 
•  FIRE’s stellar feedback generate dark-matter cores  

        with reduced dynamical masses and the stellar velocity dispersions 
•  Host galaxy’s stellar disk destroys some sub halos.

=> This naturally predicts the existence of dark matter only objects! 
(i.e. 1) dark clumps in a galaxy, 2) dark galaxies)



5) Axions and Axion-like Particles
➢ Axions were originally proposed to solve the strong CP (charge + parity) problem in QCD 
(quantum chromodynamics), and later recognized as excellent dark matter candidates (you need 
to ask particle physicist for details). 

➢ They are very light, weakly interacting bosons produced non-thermally (e.g., via the 
misalignment mechanism), and can behave like cold dark matter despite low mass.

Detection of Axion-Like Particles from 
astronomical observations 

(Malyshev+2025)



6) Ultralight Bosons (“Fuzzy Dark Matter”)
➢ Models with ultralight scalar particles (mass ≲10⁻²¹ eV) have re-emerged to address small-scale 
structure tensions (e.g., cores vs cusps in dwarf galaxies). 

➢ This "Fuzzy" nature prevents structure formation below the wavelength scale. 

➢ At such tiny masses, quantum pressure produces wave-like dark matter halos with cores. 

➢ These models can alleviate some discrepancies between cold dark matter predictions and 
observations at galactic scales.



DM - More than one type?
Milky Way - Disk Galaxy



Disk of the Milky Way: General structure

• Thin disk (young stars, H I, CO, star clusters, OB associations) 

• Young thin disk : hz ~ 100 pc 

• Old thick disk: hz  ~ 325 pc 

• Thick disk (old stars) : hz =1.5 kpc, only 2% of the total mass 

• Gaseous disk : hz =65 pc

Gilmore & Reid (1983)
Bensby & Feltzing (2009)



Dark matter disk:  
   height - 50 pc or less

Disk Galaxies





Dark Matter Detection
1. 직접검출 

1.우리 주변 암흑물질이 지하의 검출기에 있는 원자핵에 부딪혀서 얻게 되는 원
자핵의 변화를 측정하는 것 

2. 간접검출 
1.우리 은하나 그 밖에 존재하는 암흑물질이 소멸하거나 붕괴할 때 나오는 대전
된 입자나 중성미자 또는 감마선, 엑스선과 같은 신호를 검출하는 것. 

3. 가속기에서 검출 
1.거대강입자가속기(Large Hadron Collider, LHC)와 같은 고에너지 가속기
에서 양성자를 가속하여 서로 충돌시킬 때, 암흑물질이 만들어지고 검출기에
는 반응을 하지 않으므로 사라진 에너지의 양으로부터 간접적으로 암흑물질
을 검출하는 것. 출처: 천문학자들이 만든 천문학 백과사전



1. Direct Detection



1. Direct Detection



Solid-state crystals
Bonds and bands in silicon
➢ A crystal: a mega-molecule  
              in which the pattern of atoms and bonds repeats periodically with location

https://courses.lumenlearning.com/cheminter/chapter/crystal-structures-of-metals/



Solid-state crystals
Bonds and bands in silicon
➢ Consider the formation of a silicon crystal (atomic number: 14) 

➢ What happens to the energy levels of an isolated silicon atom  
                     when a second silicon atom is brought closer and closer to it 
➢ The nearer the neighbor, the greater is its influence,  
                                     and the greater the splitting of levels 
➢ If we construct a crystal atom by atom,  
                      new energy states appear with each addition



Solid-state crystals
Bonds and bands in silicon
➢ Consider the formation of a silicon crystal (atomic number: 14) 

➢ Even a tiny crystal containing on the order of 1017 atoms,  
           each causing a split in the energy levels,  
           the spacing between levels must be on the order of 10-17 eV 

➢ Treated as a continuous band of available energies 
➢ If bands do not overlap, they are separated by energy band gaps.



or Dark Matter
The property of this photon 
depends on the material!



Slide From Hyun Su Lee



* The light is in the visible range.



* DAMA experiment claimed the detection of dark matter, which was not 
reproduced in any other experiments!



* DAMA experiment claimed the detection of dark matter, which was not 
reproduced in any other experiments!



➢ Neutrino ( ) background 
➢ Neutrinos scatter off nuclei just like WIMPs do. 
➢ Once we hit this floor, a WIMP signal becomes statistically indistinguishable from 
the neutrino background without advanced techniques (like directional detection).

ν



Dark Matter Detection
1. 직접검출 

1.우리 주변 암흑물질이 지하의 검출기에 있는 원자핵에 부딪혀서 얻게 되는 원
자핵의 변화를 측정하는 것 

2. 간접검출 
1.우리 은하나 그 밖에 존재하는 암흑물질이 소멸하거나 붕괴할 때 나오는 대전
된 입자나 중성미자 또는 감마선, 엑스선과 같은 신호를 검출하는 것. 

3. 가속기에서 검출 
1.거대강입자가속기(Large Hadron Collider, LHC)와 같은 고에너지 가속기
에서 양성자를 가속하여 서로 충돌시킬 때, 암흑물질이 만들어지고 검출기에
는 반응을 하지 않으므로 사라진 에너지의 양으로부터 간접적으로 암흑물질
을 검출하는 것. 출처: 천문학자들이 만든 천문학 백과사전



2. Indirect Detection



Indirect Detection

Observed gamma-ray emission from the Galactic 
disk, with the bulge region indicated. The insets 
show the expected profiles of excess radiation 
coming from dark matter and stars respectively. The 
researchers were able to show that the stars profile 
matches the measurements much better than the 
dark matter profile (Bartels+2018)



ORIGIN
Formed from the collapse 

of large overdensities in 

the universe fractions of a 

second after the Big Bang.

LENSING
Microlensing surveys 

(MACHO, EROS, Subaru) 

constrain their abundance. 

They cannot make up 

100% of DM in most mass 

ranges.

GW SIGNATURES
LIGO mergers might be 

PBH binaries. If true, this 

links DM to Gravitational 

Wave astronomy.

PRIMORDIAL BLACK HOLES (PBH)



Summary of Major Dark-Matter Models



Summary of Major Dark-Matter Models



Numerical Simulations with Various dark matter models

Dark 
Matter

Gas

Stars

CDM SIDM vSIDM WDM



Numerical Simulations with Various dark matter models



V. Alternatives

MOND, Emergent Gravity



WITHOUT dark matter?

How about 
changing the 
gravity law?



WITHOUT dark matter?



대안 중력 이론



➢ MOND (Modified Newtonian dynamics by Milgrom (1983)): 
                    Successful in explaining galaxy rotation curves, but 

1. Difficult to reproduce the large-scale distribution of galaxies yet 
2. No physical background why the gravitational constant should 

change with physical scale 
➢ Another alternative model: emergent gravity

What is important here is not 
the emergent gravity model 
itself, but is a trial without 
considering dark matter!

WITHOUT dark matter?



Emergent Gravity
Erik Verlinde thinks 

“The observed phenomena that are currently attributed to dark 
matter are  
- the consequence of the emergent nature of gravity and  
- caused by an elastic response due to the volume law  
  contribution to the entanglement entropy in our universe”

➢ By adding mass into the space,  
   dark energy (in our universe with positive Λ) acts like elastic medium &  
   the elastic response of dark energy is interpreted as an apparent dark matter.

Verlinde (2011; 2017)



➢ Gravitational accelartion in the Verlinde’s emergent gravity: 

where gB is the Newtonian gravity from baryonic matter and  
           gD is the gravity from apparent dark matter.

where 𝝆B is the the baryonic matter density,  
            is the direction of the Newtonian gravity,  
            is the constant, and 
            is the potential.

n
a0
ΦB

Q: Can this model explain well the observational results?  
       (e.g. scaling relation for galaxies;  
               kinematic data vs. baryon data)

Thanks to my collaborator working on the theory

Emergent Gravity



1. Radial acceleration relation:  observed acceleration 
from rotation curves vs. acceleration from baryon mass

(a) Newtonian gravity

Yoon,�Park�&�Hwang�(2023)

Emergent Gravity



1. Radial acceleration relation

(b) Emergent gravity 

➢ We could successfully explain this relation with the 
emergent gravity without considering dark matter!

(a) Newtonian gravity

Yoon,�Park�&�Hwang�(2023)

Emergent Gravity



2. Baryonic Tully-Fisher Relation:  
an empirical relationship between 
the mass of a spiral galaxy and its 
rotation velocity

Prediction from 
 with 

dark matter
ΛCDM

Can the 
emergent 

gravity explain 
this relation?

Emergent Gravity




