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2. DARK MAITTER
MODELS

DARK MATTER

o o o Needs confirmation e e e

PROPERTIES
I(J¥¢) MASS WIDTH DECAY MODES PRODUCTION
7077 747 TE7 STABLE ? o(??7 =1 =7

Table 1: Summary of currently known Dark Matter properties.



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

(CDM):
m ~ 100 GeV,
020~ 0kms™"'

Warm dark matter

(WDM): m ~ 1keV,
v:0 ~ 0.03kms™’

Hot dark matter

(HDM): m ~ 1€V,

Hot Dark Matter Observed Galaxy Distribution

White (1986)

Galaxy distribution can tell something important!




Non-linear Structure Formation

Numerical Simulations of Structure Formation

Dark matter only (N-body)

Vogelsberger
(2020)

Zoom (details)

Via Lactea

Bolshoi

Large volume (statistics)

Millennjum

(Horizon Run
1-4) +

Dark matter + baryons (hydrodynamical)

APOSTLE

Latte/FIRE

+ (Horizon
Run 5)




Non-linear Structure Formation

Numerical Simulations of Structure Formation

Most important astrophysical processes
L

Gas Interstellar Star Stellar Supermassive Active Magnetic Radiation Cosmic
cooling medium formation feedback black holes  galactic nuclei fields fields rays
Atomic/ Effective Initial stellar Kinetic/ Numerical Kinetic/ Ideal MHD/ Ray tracing/ Production/
molecular/ equation of mass thermal/ seeding/ thermal/ cleaning Monte Carlo/  heating/
metals/ state/ function/ variety of growth by radiative/ schemes/ moment anisotropic
tabulated multiphase probabilistic sources from accretion quasar model  constrained based diffusion/
network sampling/ stars, prescription/ radio mode transport streaming
enrichment supernovae merging
Numerical discretization of matter components
'a I ™~
l |
Collisionless gravitational dynamics Hydrodynamics
* N-body methods based on integral 2P ) * Lagrangian methods
Poisson's equation @ © © ) (such as smoothed particle
(such as tree, fast multipole) e © ° © hydrodynamics)
* N-body methods based on differential e 0 @ o * Eulerian methods
Poisson's equation o0 @ © (3] ® (such as adaptive mesh refinement)
(such as particle-mesh, multigrid) o © © ° * Arbitrary Lagrangian-Eulerian methods
* N-body hybrid methods (TreePM) @ © (such as moving mesh)
* Beyond N-body rpethods ' DO, * Mesh free/mesh based T
(such as Lagrangian tessellation)
Generating initial conditions
'd I ™~
l ]
Sample of ) ) N Individual
Volume [] gala?xies < Linear perturbation theory o | Zoom [m]| galaxy
Cosmological framework
i L e o e e .
Gravity Dark matter Dark energy Initial conditions

* Newtonian gravity in an
expanding background
* Modified gravity as dark

matter alternative
* Modified gravity as dark

energy alternative
a

* Cold dark matter * Cosmological constant

* Warm dark matter
* Self-interacting
dark matter

* Fuzzy dark matter
. -

* Dynamical dark energy

* Inhomogeneous dark
energy

* Coupled dark energy

* Inflation-generated
initial perturbations on
top of homogeneous

Friedmann model

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

Cold Dark Matter Model!

Numerical Simulations of Structure Formation

Fig. 7.11 Simulations of the
dark matter distribution in the
Universe for four different
cosmological models: £2,, = 0.3,
24 = 0.7 (ACDM), £, = 1.0,
24 = 0.0 (SCDM and CDM),
and 2, = 03,2, =0
(OCDM). The two Einstein—de
Sitter models differ in their shape
parameter I” which specifies the
shape of the power spectrum

P (k) through the location of its
peak. For each of the models, the
mass distribution is presented for
three different redshifts, z = 3,

z = 1, and today, z = 0. Whereas
the current mass distribution is
quite similar in all four models
(the model parameters were
chosen as such), they clearly
differ at high redshift. We can
see, for instance, that
significantly less structure has
formed at high redshift in the
SCDM model compared to the
other models. From the analysis
of the matter distribution at high
redshift, one can therefore
distinguish between the different
models. In these simulations by
the VIRGO Consortium, 2563
particles were traced; the side
length of the simulated volume is
~ 240h~! Mpc. Credit: VIRGO
Collaboration, J. Colberg/MPA
Garching. The simulations were
carried out by the Virgo
Supercomputing Consortium
using computers based at the
Computing Centre of the
Max-Planck Society in Garching
and at the Edinburgh parallel
Computing Centre. Research
article: A. Jenkins et al. 1998,
Evolution of Structure in Cold
Dark Matter Universes, ApJ 499,
20
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Observational Challenges to ACDM

> Missing Satellite Problem

> Low-Density Cores Versus High-Density Cusps
> Too-Big-to-Falil

> Planes of Satellite Galaxies

Standard

Cosmological
Model




1. Missing Satellite Problem
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Bullock & Boylan-Kolchin 17

Dark Matter only Simulation with ACDM

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




2. Low-Density Cores Versus High-Density Cusps

Ps

Profile of Dark Matter Halos p(r) = (7.59)

(r/rd)(1 +r/r5)? ’

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

Fig. 7.17 For eight different 1 2 3 4 1 2 3 4
cosmological simulations, the ASSSERREREAREERRREE
density profile is shown for the j
most massive and the least
massive halo, each as a function
of the radius, together with the
best fitting density profile (7.59).
The cosmological models
o o represent an EdS model (here
|}"1| Bt Il Lo ,H‘ L IH denoted by SCDM, top left), a
TR ACDM model (top right), and
different models with power
spectra that are assumed to be
power laws locally, P (k) o k". )
The arrows indicate the softening
length in the gravitational force
for the respective halos; thus, the
major part of the profiles is
numerically well resolved.
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> 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

p(r) =

Ps

(r/r)(L+r1/r)? |

(7.59)

>AtrLrgp
>Atr>rg;p

1
3

X1
X1

where 7, is a characteristic radius where the
slope of the density profile changes

p = 200p:(z) = At 13

3

TTT 500

dx x?2

1200
/ 4rcr? dr p(r)
0

1
=3S ’
p/() cx (1 + cx)?

(7.60)

where
> X = 7‘/7‘200

> Concentration index: |€ = 7.

(7.61)

200

Ps = T Per (Z)

c3

In(1+c¢)—c/(1+c¢)




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.

T LI | T T T rrrr T
Angle from the GC in degrees - N DM denSity pro Fi le -
10” 30”1’ 510" 30’ 10 20 5°1020°45° - ’
10 %\NFW DM halo rs in kpc  p, in GeV/cm3 [} A cusps
103 & - §
K E Ein E NFW 14.46 0.566 0 e
S 1) 10 a~-1.0] 4 S
N Einasto 13.63 0.154 R 1
g E Iso B '*' P v
Z2 — Burkert 10.62 1.143 ” = " =
Y £ Py Bur Q? " | =l w
-1 L - -
10 ] Isothermal 4.00 2.112 e - = nw)
10_2:1111111 Ll Lol L Lo L1 It Q 4
103 102 107! 1 10 102 L = Z
Galactocentric r in kpc O 'V Q
Figure 2.3: DM profiles (figure left) and (table right) the corresponding parameters in the parametriza- 1 Oo v "
tions of the profiles in Table 2.1. The procedure to determine the parameters of the Isothermal profile is

cores
o~ -0.13 ﬁf
10 100
R/RO.S
(Galaxy Radius)

Oh et al. (2015)

different from the other ones, see the text for details. In the table we provide s (ps) to 2 (3) significant
digits, a precision sufficient for most computations. Still more precise inputs are needed in specific cases,

such as to precisely reproduce the J factors (discussed in section 6.2) for small angular regions around
the Galactic Center.

1 lllllll




3. Too-Big-to-Fail (CHOIEAI XEAR3E)

> The local Universe contains too few galaxies with central densities indicative of M, ;. ~ 1010M® 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.
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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 ~10-3of appearing in CDM
simulations.

Vast Polar Structure (VPOS) of the Milky Way Great Plane of Andromeda (GPoA)
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Observational Challenges to ACDM

> Missing Satellite Problem

> Low-Density Cores Versus High-Density Cusps
> Too-Big-to-Falil

> 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? e v

protons
10~2 neutrons He4
Big Bang Nucleosynthesis (BBN) limits the g " 2
10
amount of baryons (atoms) in the universe. g .
w 10
" Constraints from Helium and Deuterium é‘ 8 N's
abundance fix| 25 < 0.182 ¢ 0 /k
However, dynamical mass estimates require |£2, = 0.30)] w2l 1 I/, - =
_ 3 x 109 1x10° 3}{108
Therefore, Dark Matter Must be Non-Baryonic. temp erature (kelvins)
- |
Jedenm Schramm Plot
\ :
Lower limit :
‘ of density :
Observationl: deuterium => || i |
° Deuterium i Q
i Q aburjdance falls : =
Candidates Ruled Out: §| inthisrange. 2
= @
Gas, Dust, Brown Dwarfs, and Planets § i 2
|<
(MACHOs) cannot account for the full deficit. / ™ Lithium-7
|
|
’ :
Observation2: Lithium =>  |p-—-------- g/ i
|
11,1 | Lithium-7 abundance Upper limit |
falls in this range. of density |
1% 5% 10% 100%

Density of baryonic matter relative to critical density



Thermal History of the Universe

Primordial Nucleosynthesis

Baryon content of the Universe

> Measurements of the relative strength of the
Lya 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 X 107

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

Schramm Plot

Fraction of critical density
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Fig. 4.17 BBN predictions of the primordial abundances of light
elements as a function of today’s baryon density (py o, lower axis) and
the corresponding density parameter £2;, where 2 = 0.65 was assumed.
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4.4 Thermal History of the Universe
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4.4 Thermal History of the Universe
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In conclusion, it does not
solve the problem, but
proved that the promising
theory is not correct.




Dark Matter Candidates

78 Chapter 3. What? Main paradigms regarding the nature of Dark Matter
Candidate Date Reference(s) Section
Primordial BH 1966, 1971 | Zeldovich & Novikov, Hawking [86] 3.1.1
MACHOs 1981, 1986 Petrou; Paczynski [83] 3.1
Gravitinos 1981, 1982 | Fayet; Witten; Pagel & Primack [100] 10.1.2
Axions 1983 Preskill, Wise & Wilczek [101] 10.4
Neutralinos 1984 Ellis et al. [102] 10.1.2
Strangelets 1984 Witten; Fahri & Jaffe [103] 9.1.2
Q-balls 1984 Witten [104] 10.5.3
Extra-dimensional DM 1984 Kolb & Slansky; Servant & Tait [105] | 10.1.3
WIMPs 1985 Steigman & Turner [106] 9.3.3
Sterile neutrinos 1993 Dodelson & Widrow [107] 9.2.2
Fuzzy DM 2000 Hu, Barkana & Gruzinov [108| 3.4
Sub-GeV DM 2003 Boehm, Fayet et al. [109] 4.1.4
Table 3.1: Some historic DM candidates (mostly in the particle DM category) or classes of candi-
dates. ;
Sterile
Fields neutrinos Particles Macroscopic objects
: g
Too Ultra-light : 2 thermal Too
big scalars E s 7 relics PBHs heavy
10—30 10—20 10—10 eV GeV 1020 kg 1010 1020 100 1040
Hubble Toow A-l weak scale Planck scale Asteroid mass  Solar mass
WIMP
Normal

neutrinos



Dark Matter Particles

1. Motivation for Particle Dark Matter

> 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.

Sterile
Fields neutrinos Particles Macroscopic objects
: g
T(?O Ultra-light 5 2 thermal Too

big scalars 5 f 2 relics PBHs heavy
= '

10~ 1072 10710 eV .f' GeV 10%° kg 1010 10% 10F0 104

Hubble Thow Al weak scale Planck scale Asteroid mass  Solar mass
WIMP
Normal

neutrinos




1 ) N orm al (Active) N e utri nos Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)

- : _ _ o | D F©® @ || @ |- ¢
Active neutrinos are real and massive, wp || charm || top || gluon higgs
but they are too light to be dark matter. e — ,

> Their relativistic free-streaming suppresses small- @ IF® IF'® || @

scale structure, limiting their contribution to a minor hot down J strangﬂ bottom J[ photon

dark matter Component' =0.511 MeV/c2 =105.66 MeV/c2 =1.7768 GeV/c2 =01.19 GeV/c? ) m

. & |- @ |- @ @ |5
electron muon tau Z boson N %)
” °n ) ") JL ) 8§
% <1.0 eV/c? <0.17 MeV/c? <18.2 MeV/c? =80.39 GeV/c? ) IJJ 8
=@ |- @ |- & || Ox
% electron muon tau W <DE g
- heutrino neutriry neutrino lW boson oY
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White (1986)




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).

Flux (cnts s ' keV')

Residuals

I ' I ' l

3.57 +0.02 (0.03) XMM-MOS —

Full Sample -

2 ergy (kei/é) 38 * |Bulbul+2014




2) Sterile (Non-Active) Neutrinos

K.N. Abazajian / Physics Reports 711-712 (2017) 1-28

Hitomi (30)

e -

Esuy

107} y =

4 l mgi Bl4

M14 Dwarfs (90%) |

A—

5115 Perseus (90%
% ' ‘1 ' y
) ‘
. 2 ~ _30 —1 (SIN"26 ms \° o, 107101 y ‘ -
I, (ms,sin” 20) ~ 1.36 x 107" s ( 107 ) (1 keV) % 5 P ste‘ lusters

sin®20: Production rate of sterile neutrinos
via oscillations from active neutrinos

— more sterile neutrinos 1071}
— higher dark-matter abundance. '

M31 FIT4 M3T (90%)|
*

| 1

6.6 6.8 7:0 7.2 7.4
mg [keV]

Fig. 7. X-ray line detections consistent with sterile neutrino dark matter are shown here. The dark colored regions are 1, 2 and 3 o from the MOS (blue)
and PN (red) stacked clusters by Bulbul et al. [29], the Bulbul et al. core-removed Perseus cluster (green), and M31 (orange) from Boyarsky et al. [30]. Also
shown are the 1 and 2 o regions of the detection in the Galactic Center (GC) [210] as well as the > 20 line detections in 1. Abell 85; 2. Abell 2199; 3. Abell
496 (MOS); 4. Abell 496 (PN); 5. Abell 3266; 6. Abell S805; 7. Coma; 8. Abell 2319; 9. Perseus by lakubovskyi et al. [215]. Numbers in the plot mark the
centroid of the regions, with MOS detections in orange and PN in purple. We also show, in purple, the region consistent with the signal in Chandra Deep
Field observations, with errors given by the flux uncertainty, i.e., not including dark matter profile uncertainties [216]. The lines show constraints at the
90% level from Chandra observations of M31 (14) [131], stacked dwarf galaxies (M14) [204], and Suzaku observations of Perseus (T15) [205]. Stars mark
the models shown in Fig. 4.



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 (101° 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 T, oo ~ Mxc” = O(1 TeV) (i.e. particles are non-

Standard Model of Elementary Paricles Irelativistic) during thermodynamic equilibrium, the density is
(R A ~__|described by the Boltzmann factor (+ normalization factor

2 e o o) (e : e X (mx T) 2™
‘@O IO || @

> At T = 0.05my, no more equilibrium (no more production)
‘@[O0 (@ | @ - freeze out! (i.e. constant comoving density)

electron muon tau Z boson

e >If my ~ 300 GeV, the resulting density of these WIMPs
i ) it )] 55 would yield Qy ~ 0.2 & Q! - WIMP miracle!




3) WIMP

Table 7.1. The 1977 Introduction of the CDM Prototype

Paper Date received

Date published

Hut (1977) April 25
ILee and Weinberg (1977a) I May 13
Sato and Kobayashi (1977) May 23
Dicus, Kolb, and Teplitz (1977) May 31
Vysotskii, Dolgov, and Zel’dovich (1977) June 30

July 18,1977 [ e st
July 25,1977 & 3::::':3:%5:’; 6
December 1, 1977 §
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Cosmological Lower Bound on Heavy-Neutrino Masses

Benjamin W. Lee®
Fermi National Accelerator Labomtory,“’) Batavia, Illinois 60510

and

Steven Weinberg(®
Stanford University, Physics Depavtment, Stanford, California 94305
(Received 13 May 1977)

The present cosmic mass density of possible stable neutral heavy leptons is calculated
in a standard cosmological model. In order for this density not to exceed the upper lim-
it of 2x 10~2 g/em3, the lepton mass would have to be greater than a lower bound of the
order of 2 GeV.

| THE ASTROPHYSICAL JOURNAL, 223:1015-1031, 1978 August 1
© 1978. The American Astronomical Society. All rights reserved. Printed in U.S.A.

SOME ASTROPHYSICAL CONSEQUENCES OF THE EXISTENCE OF A
HEAVY STABLE NEUTRAL LEPTON

J. E. Gunn*
California Institute of Technology; and Institute of Astronomy, Cambridge, England

B. W. Leet
Fermi National Accelerator Laboratory;} and Enrico Fermi Institute, University of Chicago

1. LERCHE
Enrico Fermi Institute and Department of Physics, University of Chicago

D. N. SCHRAMM
Enrico Fermi Institute and Departments of Astronomy and Astrophysics and Physics, University of Chicago

AND

G. STEIGMAN
Astronomy Department, Yale University
Received 1977 December 1; accepted 1978 February 14

ABSTRACT

Recently, high-energy particle theorists have constructed new extended gauge theories which
may fit experiment somewhat better than previous already very successful theories. One of the
predictions which is often discussed is the possible existence of a stable neutral lepton, probably
with a mass of a few GeV/c?. Following this motivation we here investigate some cosmological
consequences of the existence of any stable, massive, neutral lepton, and show that it could well
dominate the present mass density in the universe. The contribution to the mass density depends
on the mass of the lepton, which should eventually be determined with high-energy accelerators.
It is interesting that the more massive the lepton the smaller 1ts contrlbutlon to the present mass
density. It is unlikely that the
size objects. However,
and for the mass requite : AT ; Tobb:
these structures should be detectable At the end of the paper a brlef mentlon is made of the
astrophysical constraints on the mass-lifetime relationship if the neutral lepton is unstable.




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.

VOLUME 84, NUMBER 17 PHYSICAL REVIEW LETTERS 24 ApriL 2000

Observational Evidence for Self-Interacting Cold Dark Matter

David N. Spergel and Paul J. Steinhardt

Princeton University, Princeton, New Jersey 08544
(Received 20 September 1999)

Cosmological models with cold dark matter composed of weakly interacting particles predict overly
dense cores in the centers of galaxies and clusters and an overly large number of halos within the Local
Group compared to actual observations. We propose that the conflict can be resolved if the cold dark
matter particles are self-interacting with a large scattering cross section but negligible annihilation or
dissipation. In this scenario, astronomical observations may enable us to study dark matter properties
that are inaccessible in the laboratory.
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4) Self Interacting Dark Matter

'aBuII.et-(’:Iu'st;ef(NA.SA) |

From Bullet Cluster: 6/m < 0.2 cm?g™! (Cha+2025)




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)?
. Dark matter only simulations
. Not all dark matter halos form galaxies
3. Role of Baryonic physics
— Cosmological Hydrodynamic Simulation!

NS




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

Cold Dark Matter Self Interacting Dark Matter Warm Dark Matter

Bullock & Boylan-Kolchin 17

Clearly Different Dark Matter models make differences!




ACDM: Missing Satellite Problem - One Solution

stars

300 dark matter in dark-matter-only simulation dark matter in baryonic simulation

200

100

Z [kpc]

—100 e

—200

0 .
—300-200-100 O 100 200 200 100 O 100 200 200 100 O 100 200 30C

Yy [kpc] y [kpc] y [kpc

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

the Milky Way on Feedback in Realistic Environments (FIRE)

e FIRE’s stellar feedback generate dark-matter cores
with reduced dynamical masses and the stellar velocity dispersions

e Host galaxy’s stellar disk destroys some sub halos.




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.

Stack of pairs:
AGN AGN + galaxy cluster AGNs + galaxy clusters

Fig.1|Illustration of how stacking spectrareveals information about
photon-to-ALP conversion. Left: AGNs have featureless spectra of y-ray
emission. If ALPs exist in nature, some of the AGN photons will be converted to
ALPs while passing through galaxy clusters that are large reservoirs of magnetic
fields. Such a photon-to-ALP conversion creates a set of absorption features
inthe AGN spectra. Centre: for each particular AGN, these features cannotbe
predicted due to the lack of detailed knowledge about the magnetic field in
individual clusters. Right: by stacking many observational pairs (AGNs plus
clusters), the overall absorption feature becomes regularly shaped. v,, photon
frequency; F,, spectral flux density.

Detection of Axion-Like Particles from
astronomical observations
(Malyshev+2025)




6) Ultralight Bosons (“Fuzzy Dark Matter”)

> Models with ultralight scalar particles (mass =<10%" 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. Because of the de Broglie wavelength:
h
AdB = ——
mu
For a particle with:
e m~ 10*eV
e v ~ 10 3¢ (typical galactic velocities)
you get:
>\dB ~ kpC
&J The wavelength is comparable to galaxy cores




DM - More than one type?

Milky Way - Disk Galaxy

Halo
. Globular clusters
GNP
*: . ' Thick Disk
-Galaxy Central Thin Disk
Center Bulge

GSP .



Disk of the |V|i|ky Way: General structure

® Thlﬂ dISk (young stars, H |, CO, star clusters, OB associations)

Young thin disk : h, ~ 100 pc
Old thick disk: h, ~ 325 pc

e Thick disk (old stars) : h, =1.5 kpC, only 2% of the total mass

* Gaseous disk : h, =65 pc

log space density

l | | I
Gilmore & Reid (1983)

distance (pc)
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[km s-1]
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Disk Galaxies NN - DARK MATTER
"THE DINOSAURS

Dark matter disk:
height - 50 pc or less

e Thin disk (young stars, H |, CO, star clusters, OB associations) d8de &4 .,
* Young thin disk : h, ~ 100 pc
e Old thick disk: h, ~ 325 pc

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

* Gaseous disk : h; =65 pc . - Sajst Mo K|Est 4SS BESS S 2!
5 _7) &2\ TLIO} B3} Chgt 4, RIE|ALte] THat, WK

AIOIOIA
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week ending

PRL 110, 211302 (2013) PHYSICAL REVIEW LETTERS 24 MAY 2013

Dark-Disk Universe

JiJi Fan, Andrey Katz, Lisa Randall, and Matthew Reece

Department of Physics, Harvard University, Cambridge, Massachusetts 02138, USA
(Received 5 March 2013; revised manuscript received 22 April 2013; published 23 May 2013)

We point out that current constraints on dark matter imply only that the majority of dark matter is cold
and collisionless. A subdominant fraction of dark matter could have much stronger interactions. In
particular, it could interact in a manner that dissipates energy, thereby cooling into a rotationally supported
disk, much as baryons do. We call this proposed new dark matter component double-disk dark matter
(DDDM). We argue that DDDM could constitute a fraction of all matter roughly as large as the fraction in
baryons, and that it could be detected through its gravitational effects on the motion of stars in galaxies,
for example. Furthermore, if DDDM can annihilate to gamma rays, it would give rise to an indirect
detection signal distributed across the sky that differs dramatically from that predicted for ordinary dark
matter. DDDM and more general partially interacting dark matter scenarios provide a large unexplored
space of testable new physics ideas.



Dark Matter Detection
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1. Direct Detection

Current/past DD exp
Future DD exp

Current/past ID exp
Future 1D exp

Colliders / HEP labs

Current/past axion—-like exp
Future axion—like exp

Space ghuule
AMS-01
AMS-02

CALET® 18
ISS—Cream

Chinese SS : 12 point

HERD ALADINO
®HEAO-1 (satellite) W Sa AMS-100
@ROSAT (satellite) ]

@HEAT (satellite)
@ COMPTEL (satellite)
@ EGRET (satellite)
@ Chandra (satellite)
@ XMM-Newton (satellite)
@Integral (satellite)
@ Swift (satellite)
@ SUZAKU (satellite)
@ NuStar (satellite)
@PAMELA (satellite)
@FERMI (satellite)
@DAMPE (satellite)
@ HXMT (satellite)
@HITOMI (satellite)
@c—Rosita (satellite)
@ ComPFair (satellite)
@ Gamma-400 (satellite)
@ATHENA (satellite)
@ As/e—Astrogam (satellite)
@ ADEPT (satellite)
@ AMEGO (satellite)
@APT (satellite)

@ COSI (satellite
.}&HSM ( sa)ne]]ite)

ORGAN UPLOAD

Figure 4.7: The experiments trying to detect particle DM are performed all over the Earth (on surface as well as below ground and in orbit).



1. Direct Detection
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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

Cubic body centered (bcc) Cubic face centered (fcc) Hexagonal
Fe, V, Nb, Cr Al, Ni, Ag, Cu, Au Ti, Zn, Mg, Cd

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

> 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

when a second silicon atom is brought closer and closer to it

15%25%2p°35%3p°

(@) 4 (b) 4
Fig. 7.4 (a) Changes in the

electron energy levels in

a silicon atom as a E \ 3p
second atom is brought >< 3s
/,
—
—

into close proximity. (b)
The same diagram for the
case of five atoms in a
linear matrix.

S

2s >:

>

Nuclear separation (2 atoms)

Interatomic spacing (5 atoms)



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.

(b) A

3p
3s

= 2

S

2s

L
>

Interatomic spacing (5 atoms)

Fig. 7.5 Schematic
diagram of the bands in
silicon crystals. The
diagram at right shows
the bands formed at the
preferred inter-atomic
spacing. Dark-gray bands
are occupied, light-gray
are empty but permitted.
Energies in the band gaps
(white) are forbidden to R,
electrons.

Anti-bonding

Interatomic spacing

Per atom:

Four hybrid sp3
states

Four hybrid sp?
states

Six 2p states

Two 2s states
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\. @) (b) Scintillation
lonizing w
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e property of this photon
or Dark Matter depends on the material!
Activator
ground state
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Annual modulation of dark matter
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Nal crystal for particle detection

Pro
* High light output
*+» 40,000 photons/MeV
*» >60,000 photons/MeV?

 Easy to grow

**» Cheap —— . ,
ropartios From Saint-Gobain
’:’ La rge SIZG Density [g/cm?] 3.67
 The most widely used scintillator Melting peint [
Thermal expansion coefficient [C1] 47.4 x 10©
* The light is in the visible range.
Cleavage plane <100>
Con Hardness (Mho) 2
Hygroscopic yes
° H uge hyg roscoplc materlals Wavelength of emission max [nm] 415
o Conta m i n ation Of n atu ral POtaSSi u m Refractive index @ emission max. 1.85
% ~ 3keV X-ray from 4K e ey e o
. . g . . pg otZ:\eS/ eVy *8
° NO gOOd Identlfl Catlon Of n UCIear reCOIl :'err‘nperatukrevcjefficient of light yield -0.3%C"

Hyun Su Lee,  Center for Underground Physics (CUP), Institute for Basic Science (IBS)



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

Nal(Tl) for rare event searches : Dark Matter

Physics Letters B
Volume 295, Issues 3-4, 3 December 1992, Pages 330-336 RAPID COMMUNICATIONS
199 2 PHYSICAL REVIEW C VOLUME 47, NUMBER 2 19 93 FEBRUARY 1993
1 1 Application of a large-volume Nal scintillator to search for dark matter
Search for neutralino dark matter with Nal pplicatio e
K. Fushimi, H. Ejiri, H. Kinoshita,* N. Kudomi, K. Kume, K. Nagata, =
detectors H. Ohsumi, K. Okada,’ H. Sano, and J. Tanaka Kam 10 ka
L N G S Department of Physics, Osaka University, Toyonaka, Osaka 560, Japan
A. Bottino, V. de Alfaro, N. Fornengo, G. Mignola, S. Scopel, Beijing - Roma - Saclay (BRS) Collaboration, C. Bacci ?, (Received 30 September 1992)

P. Belli ®, R. Bernabei °, Dai Changjiang ¢, Ding Linkai , E. Gaillard ¢, G. Gerbier 9, Kuang Haohuai ¢, A. Incicchitti 2, J. PICO I ON
Mallet 9, R. Marcovaldi #, L. Mosca ¢ ... Xie Yigang ¢ -
& Show more

1998

Physics Letters B

=

Volume 433, Issues 1-2, 6 August 1998, Pages 150-155

"
Nuclear Physics B - Proceedings Supplements ==
Volume 48, Issues 1-3, May 1996, Pages 73-76 =

25l Measurement of scintillation efficiencies and
1996 pulse-shapes for nuclear recoils in NaI(T1) and
A Search for annual and daily modulations of dark | |CaF,(Eu) at low energies for dark matter

matter with Nal scintillators at Canfranc experiments Boulbv Mine
anfranc P y

M.L. Sarsa, A. Morales, ). Morales, E. Garcia, A. Ortiz de Sol6rzano, J. Puimeddn, C. Sdenz, A. Salinas, J.A. Villar

D.R. Tovey a, V. Kudryavtsev a, M. Lehner a, J.E. McMillan a, C.D. Peak a, J.W. Roberts a, N.J.C. Spooner a, ).D. Lewin b

ANAIS COSINE

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 3



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

SCIENCE ADVANCES | RESEARCH ARTICLE

PHYSICS

COSINE-100 full dataset challenges the annual
modulation signal of DAMA/LIBRA

Nelson Carlin', Jae Young Cho?*?3, Jae Jin Choi*?, Seonho Choi*, Anthony C. Ezeribe’,

Luis Eduardo Franca', Chang Hyon Ha®, In Sik Hahn”'*?, Sophia J. Hollick'®, Eunju Jeon*?,

Han Wool Joo*, Woon Gu Kang?, Matthew Kauer'', Bongho Kim?, Hongjoo Kim?, Jinyoung Kim®,
Kyungwon Kim?, SungHyun Kim?, Sun Kee Kim*, Won Kyung Kim”?, Yeongduk Kim??,
Yong-Hamb Kim??, Young Ju Ko'%*, Doohyeok Lee?, Eun Kyung Lee?, Hyunseok Lee”?,

Hyun Su Lee*?*, Hye Young Lee’, In Soo Lee?, Jaison Lee?, Jooyoung Lee?, Moo Hyun Lee??,

Seo Hyun Lee”?, Seung Mok Lee*t*, Yujin Lee®, Douglas S. Leonard?, Nguyen Thanh Luan?,
Vitor Hugo de Almeida Machado’, Bruno B. Manzato', Reina H. Maruyama'®, Robert J. Neal’,
Stephen L. Olsen?, Byung Ju Park®?, Hyang Kyu Park'?, Hyeonseo Park'?, Jong-Chul Park'°,
Kangsoon Park?, Se Dong Park?, Ricardo L. C. Pitta', Hafizh Prihtiadi'®, Sejin Ra?, Carsten Rott'”"'3,
Keon Ah Shin?, David F. F. S. Cavalcante', Min Ki Son'>, Neil J. C. Spooner’, Lam Tan Truc?,

Liang Yang'?, Gyun Ho Yu'’?

For over 25 years, the DAMA/LIBRA collaboration has claimed to observe an annual modulation signal, suggesting
the existence of dark matter interactions. However, no experiment using different target materials has observed a
dark matter signal consistent with their result. To address this puzzle, the COSINE-100 collaboration conducted a
model-independent test using sodium iodide crystal detectors, the same target material as DAMA/LIBRA. Analyz-
ing data collected over 6.4 years by the effective mass of 61.3 kilograms, with improved energy calibration and
time-dependent background modeling, we found no evidence of an annual modulation signal, challenging the
DAMA/LIBRA result with a confidence level greater than 3¢. This finding represents a substantial step toward re-
solving the long-standing debate surrounding DAMA/LIBRA’s dark matter claim, indicating that the observed
modulation is unlikely to be caused by dark matter interactions.

Copyright © 2025 The
Authors, some rights
reserved; exclusive
licensee American
Association for the
Advancement of
Science. No claim to
original U.S.
Government Works.
Distributed under a
Creative Commons
Attribution License 4.0
(CCBY).
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> Neutrino () background
> Neutrinos scatter off nuclei just like WIMPs do.
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Dark Matter Detection
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Figure 6.1: Cartoon of indirect detection: DM annihilations or decays in the Milky Way produce SM
particles that reach the observer in a solar system, possibly producing an excess in the energy spectrum of
cosmic rays over the observed astrophysical background.
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Indirect Detection | ETTERS

Discovery of very-high-energy ~-rays from the
Galactic Centre ridge

F. Aharonian’, A. G. Akhperjanian®, A. R. Bazer-Bachi’, M. Beilicke?, W. Benbow', D. Berge', K. Bernléhr™>,

Uncovering a gamma-ray excess at the galactic center

PSRN

-~

PSR 17472958

Dark matter Stars in the
annihilation Galactic bulge

PSRIN7463239

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)

Unprocessed map of 1.0 to 3.16 GeV gamma rays Known sources removed

At left is a map of gamma rays with energies between 1and 3.16 GeV detected
in the galactic center by Fermi’s LAT; red indicates the greatest number.
Prominent pulsars are labeled. Removing all known gamma-ray sources (right)
reveals excess emission that may arise from dark matter annihilations.

T. Linden, Univ. of Chicago
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ORIGIN

Formed from the collapse
of large overdensities in

the universe fractions of a

second after the Big Bang.
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LENSING

Microlensing surveys

(MACHO, EROS, Subaru)

constrain their abundance.
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Summary of Major Dark-Matter Models

Dark matter model

WIMPs (Weakly Interacting

Massive Particles)

Axions [ ALPs

Sterile neutrinos

Fuzzy DM (ultralight bosons)

Self-interacting DM (SIDM)

Asymmetric DM

Primordial Black Holes (PBHs)

Typical mass

~1 GeV - 10 TeV

~10™" -10"% eV (QCD

axion narrower)

~1-100 keV

~107?% eV

~MeV - TeV

~1-10 GeV

~10" g — 100 Mo

Dominant interaction

Weak-scale

Axion—photon, axion—

fermion

Weak mixing with v

Gravitational

DM-DM scattering

Model-dependent

Gravity only

How to detect

Direct, indirect, collider

Direct (haloscopes),

astrophysical

Indirect (X-ray)

Structure formation

Astrophysical

Direct, collider

Lensing, GW, dynamics

Key observational signatures

Nuclear recoils (SI/SD), y-rays,

neutrinos

Resonant microwave photons, stellar

cooling

Mono-energetic X-ray line

Suppressed small-scale structure,

solitonic cores

Cored halos, cluster offsets

No annihilation signal

Microlensing, merger rates



Summary of Major Dark-Matter Models

Detection channels vs models (at a glance)

Detection method Best-suited models

Direct detection (nuclear recoil) WIMPs, asymmetric DM

Direct detection (electron [ photon) Axions, dark photons

Indirect detection WIMPs, sterile neutrinos, decaying DM
Collider searches WIMPs, dark-sector mediators
Astrophysical structure Fuzzy DM, SIDM

Gravitational probes PBHs



Numerical Simulations with Various dark matter models
The AIDA-TNG project

galaxy formation in alternative dark matter models
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Numerical Simulations with Various dark matter models
The AIDA-TNG project

galaxy formation in alternative dark matter models

Name Box  Physics mMpM Mpar ef;&* CbM WDM WDM WDM SIDM vSIDM

[Mpc] [Ms] Ms] [kpc] lkeV 3keV 5S5keV 1cm? gl Correa+21
100/A 110.7 DMO  7.1x10’ — 1.48 v — v — v v
FP 6.0x107 1.1x107 1.48 v — v - v v
100/B 1107 DMO 5.7x10% — 2.95 v v v - v v
FP 48x10% 8.9x107 2.95 v v — - v v
50/A 51.7 DMO  4.3x10° — 0.57 v — v v v v
FP 3.6x10% 6.8x10° 0.57 v - v - v v
50/ B 51.7 DMO 3.4x10’ - .15 v/ v v -~ v v
FP  29x107 54x10° 115 v v v - v v

Notes. We run each box at two resolution levels, where ‘A’ is the highest. The 100/A(B) and 50/A(B) boxes start from the same initial conditions
of the TNG100-2(3) and TNG50-2(3) boxes of the original IllustrisTNG project (Nelson et al. 2019). We list the resolution of each run and mark
the dark matter models that are included in this work.
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Fig. 2. Properties that distinguish alternative models from CDM. Left: Input matter power spectrum P(k) in CDM and WDM models at the initial
time of the simulations (z = 127). Warmer models show a cut-off at increasingly larger scales, corresponding to smaller k values. Right: Self-
interaction cross-section o-/m, as a function of velocity. We consider a model with a constant cross-section (blue line) and one with a steep velocity
dependence (green line) from Correa (2021).



V. Alternatives

MOND, Emergent Gravity



WITHOUT dark matter?
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WITHOUT dark matter?

P. Bull et al. / Physics of the Dark Universe 12 (2016) 56-99
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Fig. 3. Tree diagram of modified theories of gravity.
Source: (Tessa Baker, reproduced with permission.).
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WITHOUT dark matter?

> 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

1 ' What is important here is not
the emergent gravity model
itself, but is a trial without
considering 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”

7
Ax
<t >®
m
AS
Verlinde (2011; 2017) /

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




Emergent Gravity

> Gravitational accelartion in the Verlinde’s emergent gravity: | oy, = — \/ ng 4+ g%

where gg 1s the Newtonian gravity from baryonic matter and
gp 1s the gravity from apparent dark matter.

Thanks to my collaborator working on the theory

284
47 Gpp + n- VgB

ag , -,
820230( -Vop +2¢gp) Pp=

where pg 1s the the baryonic matter density,

7 is the direction of the Newtonian gravity,
ay 1s the constant, and

® 1s the potential.

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




Emergent Gravity

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

1. Radial acceleration relation

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

—8 ’ /’
(@) Newtonian gravity ,"af'. (b) Emergent gravity ‘;;;f'.
._9 -
&
|
7))
é -10 -
>
2
&
5’ -11
_12 -
. ol Yoon, Park & Hwang (2023)
5 Y ] ] ] ] | ! ' '
>
-
=
=
=
m | | 1 T Ll Ll ] T
§ -12 -11 -10 -9 -8 -12 -11 -10 -9 -8
log(gpa/(m s72)) log(gye/(m s72))




Emergent Gravity

2. Baryonic Tully-Fisher Relation:
an empirical relationship between
the mass of a spiral galaxy and its
rotation velocity
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LAURA BAUDIS, UZH: THE NATURE OF DARK MATTER, A 100 YEARS CHALLENGE
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Of course, “the probability of success is difficult to

estimate, but if we never search, the chance of
SUccess iS ZerO" G. Cocconi & P. Morrison, Nature, September 1959




