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Lecture 1
Dark Matter evidence, properties, 

and hints from astrophysics of 
galaxies

Lecture 2
“Indirect detection” of Dark Matter: 

formalism and signals

Lecture 3
Constraints and anomalies in  

indirect searches: gamma rays, 
cosmic rays, neutrinos, and more…

Cosmology

Astrophysics

Particle 
Physics

Dark Matter
 (DM) What do the properties of Galaxies tell 

us about the nature of Dark Matter? 

What do astrophysical observations tell 
us about the nature of Dark Matter? 
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Dark Matter in Cosmology

[Planck, 1502.01589]

Credit: ESA/Planck Collaboration

Cosmic Microwave  
Background (CMB)

See Cosmology Lecture 3

Proton

Dark Matter

https://arxiv.org/abs/1502.01589
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Dark Matter in Cosmology See Cosmology Lecture 3

<latexit sha1_base64="a3u3GdEqCnbCRWxRx8IaJD0fLuY="></latexit>

~r2� = 4⇡Ga2⇢̄m (⌦b�b + ⌦c�c)

Dark Matter is essential in forming the large scale 
structure we see in the Universe today.  

Baryons decouple and begin to collapse to form 
structures only after recombination ( ), 
when . 

Dark Matter overdensities collapse earlier and 
provide the seeds for the formation of baryonic 
structures!

z ∼ 1000
c2

s = 0 ⇒ λJ ≪ λH
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Dark Matter in Galaxy Clusters

Lensing - Mass in the cluster lenses background 
galaxies. Projected surface mass density  can 
be inferred from the deflection field .

Σ
⃗α̂

X-ray observations - Assuming hydrostatic 
equilibrium of hot X-ray gas in the clusters allows 
us to trace out the mass distribution.

Dynamics - Velocity dispersion of member 
galaxies can be used to infer the enclosed mass 
through the Virial Theorem.
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Galaxy Clusters are the largest gravitationally bound 
structures in the Universe. They are highly Dark Matter 
dominated, with mass-to-light ratios of .∼ 100 M⊙/L⊙E.g. Coma Cluster

<latexit sha1_base64="Lo5h2QstyMrpGJHO/BcHbsOtjAI="></latexit>
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<latexit sha1_base64="miHol6HsROSVufBddXg5MSMd0iQ="></latexit>
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Problem 1.1

https://arxiv.org/abs/0904.0220
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Dark Matter in Galaxies

<latexit sha1_base64="1Nk5bhsJOpkUBSGczWZCZNzrnoc="></latexit>
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[2004.11688]
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Extent of disk

Rotational velocity  of stars (and gas) in 
disk galaxies allows us to infer (in principle) the 
enclosed mass distribution.

vrot(r)

<latexit sha1_base64="IOV/03BfY2gOTItrmz7a88CRYMI=">AAAB6HicdVDLTgJBEOzFF+IL9ehlIjHxtJlFQLgRvXiERB4JbMjsMAsjs4/MzJoQwhd48aAxXv0kb/6Ns4CJGq2kk0pVd7q7vFhwpTH+sDJr6xubW9nt3M7u3v5B/vCoraJEUtaikYhk1yOKCR6yluZasG4sGQk8wTre5Dr1O/dMKh6Ft3oaMzcgo5D7nBJtpKYc5AvYrpXxRamGsF3FDsYpcYqlCsbIsfECBVihMci/94cRTQIWaiqIUj0Hx9qdEak5FWye6yeKxYROyIj1DA1JwJQ7Wxw6R2dGGSI/kqZCjRbq94kZCZSaBp7pDIgeq99eKv7l9RLtV90ZD+NEs5AuF/mJQDpC6ddoyCWjWkwNIVRycyuiYyIJ1SabnAnh61P0P2kXbadil5ulQv1qFUcWTuAUzsGBS6jDDTSgBRQYPMATPFt31qP1Yr0uWzPWauYYfsB6+wQ5VI09</latexit>r

Problem 1.2

Rotation curve flattens at large radii, which 
cannot be explained by mass of observed gas 
and stars (expect Keplerian  at 
large radii).

vrot(r) ∝ 1/ r

DM density at Earth:
<latexit sha1_base64="BEg4QrAlBWHXbgVFQHklxf+U2Vw="></latexit>

⇢� ⇠ 5⇥ 10�25 g/cm3

⇠ 0.3 GeV/cm3

⇠ 0.008 M�/pc
3

[1404.1938]

https://arxiv.org/abs/2004.11688
https://arxiv.org/abs/1404.1938
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Dark Matter in Galaxies

<latexit sha1_base64="1Nk5bhsJOpkUBSGczWZCZNzrnoc="></latexit>
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Rotational velocity  of stars (and gas) in 
disk galaxies allows us to infer (in principle) the 
enclosed mass distribution.

vrot(r)

<latexit sha1_base64="IOV/03BfY2gOTItrmz7a88CRYMI=">AAAB6HicdVDLTgJBEOzFF+IL9ehlIjHxtJlFQLgRvXiERB4JbMjsMAsjs4/MzJoQwhd48aAxXv0kb/6Ns4CJGq2kk0pVd7q7vFhwpTH+sDJr6xubW9nt3M7u3v5B/vCoraJEUtaikYhk1yOKCR6yluZasG4sGQk8wTre5Dr1O/dMKh6Ft3oaMzcgo5D7nBJtpKYc5AvYrpXxRamGsF3FDsYpcYqlCsbIsfECBVihMci/94cRTQIWaiqIUj0Hx9qdEak5FWye6yeKxYROyIj1DA1JwJQ7Wxw6R2dGGSI/kqZCjRbq94kZCZSaBp7pDIgeq99eKv7l9RLtV90ZD+NEs5AuF/mJQDpC6ddoyCWjWkwNIVRycyuiYyIJ1SabnAnh61P0P2kXbadil5ulQv1qFUcWTuAUzsGBS6jDDTSgBRQYPMATPFt31qP1Yr0uWzPWauYYfsB6+wQ5VI09</latexit>r

Rotation curve flattens at large radii, which 
cannot be explained by mass of observed gas 
and stars (expect Keplerian  at 
large radii).

vrot(r) ∝ 1/ r

Extent of diskRubin, Ford & Thonnard (1980)

Problem 1.2

https://ui.adsabs.harvard.edu/abs/1980ApJ...238..471R
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Galaxies in Simulations

[IllustrisTNG simulation - 2101.12373]

Dark matter has become an integral part of the standard cosmological model - the  Cold Dark 
Matter ( CDM) Model. DM plays a key role in our understanding of how Galaxies form, their 
properties and distributions.

Λ
Λ

[E.g. 1609.05917  vs 1610.07663]

Cosmological simulations can now produce realistic (and beautiful) Galaxies.

Warning: Galaxy formation is messy and non-linear and still not fully understood 
(more on this later)

[See also e.g. Auriga Simulations - 1610.01159]

https://arxiv.org/abs/2101.12373
https://arxiv.org/abs/1609.05917
https://arxiv.org/abs/1610.07663
https://arxiv.org/abs/1610.01159
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Dark Matter in Simulations
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Dark Matter in Simulations
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Dark Matter in Simulations

Cosmological and zoom-in simulations point to two 
crucial aspects of the Dark Matter distribution…
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(1) Hierarchical Substructure

[Aquarius simulation - 0809.0898]

[0911.0436]

Structure formation proceeds ‘bottom-up’: small sub-halos assemble hierarchically to form larger halos.

<latexit sha1_base64="dlHXjeXixXp5kphANO5WTHjoPS4=">AAACMXicbVDLSgMxFM34rPU16tJNsAhuLDPic1d005VUsA/o1JJJM21okhmSjFCG+SU3/om46UIRt/6EaTtCHx4IHM65l9xz/IhRpR1naC0tr6yurec28ptb2zu79t5+TYWxxKSKQxbKho8UYVSQqqaakUYkCeI+I3W/fzfy689EKhqKRz2ISIujrqABxUgbqW2XvUAinHgc6Z7kSSe9b/9x1UvTKYPPGNCLZBjpEPKn5NQt3qRtu+AUnTHgInEzUgAZKm37zeuEOOZEaMyQUk3XiXQrQVJTzEia92JFIoT7qEuahgrEiWol48QpPDZKBwahNE9oOFanNxLElRpw30yOjlbz3kj8z2vGOrhuJVREsSYCTz4KYgZN0lF9sEMlwZoNDEFYUnMrxD1kKtSm5LwpwZ2PvEhqZ0X3snjxcF4o3WZ15MAhOAInwAVXoATKoAKqAIMX8A4+wKf1ag2tL+t7MrpkZTsHYAbWzy9KHqyg</latexit>

dNsh

dmsh
/ m�1.9

[Video on previous slide available here] 

https://arxiv.org/abs/0809.0898
https://arxiv.org/abs/0911.0436
https://www.youtube.com/watch?v=Fim6dWJhxz4
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(2) Universal Density Profiles
Density profiles of cold* Dark Matter halos can be well fit over many orders of magnitude by the cuspy 
“Navarro-Frenk-White” (NFW) profile (1996): 

[1911.09720]

[astro-ph/9611107]

Alternative fitting formulae include the Einasto 
profile (with ): α ≈ 0.16

<latexit sha1_base64="B3Y4YJFnJpZunAa8igxQ5D0wwGY="></latexit>

⇢NFW(r) =
⇢s

(r/rs)(1 + r/rs)2

<latexit sha1_base64="cWF1VR2R8LLng3sEhRnoBVZ9RZU="></latexit>

⇢Ein(r) = ⇢�2 exp
⇥
�2↵�1 ((r/r�2)

↵ � 1)
⇤

Mass and concentration of halo ( ) 
depends on redshift of formation, but density 
profiles are almost universal.

c = rs/rmax

<latexit sha1_base64="+4UqZgtGZOtGLLJvVXZ177WaXgM=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgxbArvo5BLx4jmAcka5idzCZjZmeWmVkhLPsPXjwo4tX/8ebfOEn2oIkFDUVVN91dQcyZNq777RSWlldW14rrpY3Nre2d8u5eU8tEEdogkkvVDrCmnAnaMMxw2o4VxVHAaSsY3Uz81hNVmklxb8Yx9SM8ECxkBBsrNdVDeuJlvXLFrbpToEXi5aQCOeq98le3L0kSUWEIx1p3PDc2foqVYYTTrNRNNI0xGeEB7VgqcES1n06vzdCRVfoolMqWMGiq/p5IcaT1OApsZ4TNUM97E/E/r5OY8MpPmYgTQwWZLQoTjoxEk9dRnylKDB9bgoli9lZEhlhhYmxAJRuCN//yImmeVr2L6vndWaV2ncdRhAM4hGPw4BJqcAt1aACBR3iGV3hzpPPivDsfs9aCk8/swx84nz8zo47m</latexit>

r�1

<latexit sha1_base64="Db0orsCeESWK/lCKRMQzCMcPOtk=">AAAB7XicbVDLTgJBEOzFF+IL9ehlIjHxItkVX0eiF4+YyCOBlcwOszAyO7OZmTUhG/7BiweN8er/ePNvHGAPClbSSaWqO91dQcyZNq777eSWlldW1/LrhY3Nre2d4u5eQ8tEEVonkkvVCrCmnAlaN8xw2ooVxVHAaTMY3kz85hNVmklxb0Yx9SPcFyxkBBsrNdRDelIZd4slt+xOgRaJl5ESZKh1i1+dniRJRIUhHGvd9tzY+ClWhhFOx4VOommMyRD3adtSgSOq/XR67RgdWaWHQqlsCYOm6u+JFEdaj6LAdkbYDPS8NxH/89qJCa/8lIk4MVSQ2aIw4chINHkd9ZiixPCRJZgoZm9FZIAVJsYGVLAhePMvL5LGadm7KJ/fnZWq11kceTiAQzgGDy6hCrdQgzoQeIRneIU3RzovzrvzMWvNOdnMPvyB8/kDNq2O6A==</latexit>

r�3

Caveat: inner density profile can be hard to 
probe due to resolution limitation.

*More on this shortly.

https://arxiv.org/abs/1911.09720
https://arxiv.org/abs/astro-ph/9611107
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Dark Matter properties
Dark Matter Shopping List

[0711.4996]

✴ Non-baryonic 
✴ ‘Neutral’ 
✴ ‘Cold’ (i.e. slow 

moving) 
✴ Produced in sufficient 

amounts

Non-baryonic: Dark Matter cannot consist of baryonic matter 
(protons, neutrons, etc). In particular, it cannot participate in 
Big Bang Nucleosynthesis (BBN) at T > 1 MeV, t < 3 mins

Observed primordial 
abundances

Neutral: Dark Matter cannot be charged*, 
otherwise it would couple to photons, affecting 
CMB anisotropies. It would also be able to 
dissipate energy (form visible stars/galaxies?)

*Strictly speaking, the Dark Matter cannot have a large 
charge-to-mass ratio (it could for example have a 
millicharge, much smaller than the electron charge). 

Cold relic: It has to be produced in the correct abundance, with the correct ‘temperature’ in order to 
explain the observed distribution of structure in the Universe…

https://arxiv.org/abs/0711.4996
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Dark Matter mass range

Too light!  
Has wave-like properties on  
galactic scales!

Too heavy!  
DM mass comparable to  
galactic masses!

Problem 1.3

10°79 10°69 10°59 10°49 10°39 10°29 10°19 10°9 101

MØ

10°45 10°35 10°25 10°15 10°5 105 1015 1025 1035
g

10°22 10°12 10°2 108 1018 1028 1038 1048 1058 1068

eV
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Dark Matter mass range

Primordial Black Holes 
(PBHs)

Weakly interacting  
massive particles 

(WIMPs)

Axion-like particles 
(ALPs)

Too light!  
Has wave-like properties on  
galactic scales!

Too heavy!  
DM mass comparable to  
galactic masses!

Problem 1.3
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Weakly Interacting Massive Particles

Weakly Interacting Massive Particles (WIMPs) are a class of particles with couplings comparable to the 
Standard Model Weak Interactions. Typically in the mass range .1 GeV ≲ mχ ≲ 100 TeV

WIMPs generically arise in models of Supersymmetry (SUSY), proposed to solve the Hierarchy Problem in 
the Standard Model (“why is the Higgs boson so light, when its mass should received receive corrections 
from loops of heavy particles?”)

Now, the term WIMP is used to mean a generic MeV-TeV mass particle with weak couplings to the 
standard model.

[hep-ph/9506380]

In some SUSY models (r-parity 
conserving), the lightest 
supersymmetric particle is 
stable, making it a natural Dark 
Matter candidate. DM

See Standard Model and Beyond Lectures

https://arxiv.org/abs/hep-ph/9506380
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Producing WIMP Dark Matter

Time

Size (of the Universe)

Temperature (of the Universe)

SM

SM DM
?

DMSM

SM

SM

SM

<latexit sha1_base64="bs2YhHSfxJ5kvEOucSCUXXa8gxw=">AAACb3icfVHLSgMxFM2Mr1pftS5cKBIsgiKUGfG1LLpxIyhaFTqlZNI7bWjmQXJHLcNs/UB3/oMb/8C0dqGt9ELgcM65z/iJFBod58OyZ2bn5hcKi8Wl5ZXVtdJ6+UHHqeJQ57GM1ZPPNEgRQR0FSnhKFLDQl/Do9y4H+uMzKC3i6B77CTRD1olEIDhDQ7VKbx7CKw7rZAraeeaFDLsqzO6u85we0qmyJyFAJTpdZErFL1PN00u1ShWn6gyDTgJ3BCpkFDet0rvXjnkaQoRcMq0brpNgM2MKBZeQF71UQ8J4j3WgYWDEQtDNbNg9p3uGadMgVuZFSIfs74yMhVr3Q984BzPqcW1A/qc1UgzOm5mIkhQh4j+NglRSjOng+LQtFHCUfQMYV8LMSnmXKcbRfFHRHMEdX3kSPBxV3dPqye1xpXYxOkeBbJFdsk9cckZq5IrckDrh5NMqW1vWtvVlb9o7Nv2x2tYoZ4P8CfvgG7Iywd4=</latexit>

SM+ SM $ SM+ SM
<latexit sha1_base64="Fg2Sj0Pi8Mp3A/BDlX6HHwS7ovY="></latexit>

X + X̄ $ SM+ SM
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The Boltzmann Equation

For a species  initially in thermal equilibrium, their number density  is 
governed by the Boltzmann Equation:

χ nχ

Dilution due to  
expansion

Annihilation 
of DM

Production 
of DM

See Cosmology Lecture 2

Equilibrium number density for fermions is given by:

Similar to neutrino decoupling…

This Freeze-out occurs roughly when the annihilation 
rate per particle equals the Hubble expansion rate:

If the interaction rate is large compared to Hubble expansion rate, then particles stay in equilibrium 
with the SM bath. Once interaction rate drops (for example, due to decreasing number density), the 
number density departs from equilibrium.

<latexit sha1_base64="KA4OzAzEwvyh/7iuhiy48wqzwxE="></latexit>

neq(T ) =

8
<

:

3
4
⇣(3)
⇡2 gT 3 for T � m� (relativistic)

g
⇣

m�T
2⇡

⌘3/2
e�m�/T for T ⌧ m� (non-relativistic) .

<latexit sha1_base64="qQs5Trqe0gVzvrp4H425265NMUI="></latexit>

ṅ� + 3Hn� = �h���̄vieq
⇥
n
2
� � n

2
�,eq

⇤

(Thermally averaged) 
DM annihilation cross 

section

<latexit sha1_base64="//VNUrtz4u8nCVLoiwxAwNA8q+Y="></latexit>

� ⌘ n�h���̄vieq ⇠ 1/H
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Freeze-out

10°2 10°1 100 101 102

x = m¬/T

10°7

10°5

10°3

10°1

Y
(x

)

Yeq(x)

∏ = 104

∏ = 105

∏ = 106

∏ = 107

Convenient to transform Boltzmann Equation in terms of , and the entropy density 
. The equation for the Yield  is then:

x = mX /T
s = (2π2/45)g⋆s(T)T3 Y(x) ≡ n/s

Relativistic Non-relativistic

<latexit sha1_base64="M5fPs7kTvilyeKCTeCi0W244QC4="></latexit>

dY

dx
= � �

x2

⇥
Y 2 � Y 2

eq

⇤ <latexit sha1_base64="kn3X8OBIZbiN723RGcrnMLC41J0="></latexit>

� =
2⇡2

45
g?s

m
3
�h�vi

H(T = m�)
Ricatti Equation:

At the freeze-out temperature , deviate from equilibrium. Solving numerically, typically find .xf xf ∼ 5 − 10

<latexit sha1_base64="1nar0EK7tZ4yhUtvSE49O+9u5IA=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBjSWpr7oQim5cVrAPaGOYTKft0JkkzEyEEiJu/BU3LhRx60+482+ctFlo64ELh3Pu5d57vJBRqSzr28jNzS8sLuWXCyura+sb5uZWQwaRwKSOAxaIlockYdQndUUVI61QEMQ9Rpre8Cr1m/dESBr4t2oUEoejvk97FCOlJdfcka51Ua6cW7DDkRoIHj9gntzFh0eJaxatkjUGnCV2RoogQ801vzrdAEec+AozJGXbtkLlxEgoihlJCp1IkhDhIeqTtqY+4kQ68fiHBO5rpQt7gdDlKzhWf0/EiEs54p7uTA+V014q/ue1I9WrODH1w0gRH08W9SIGVQDTQGCXCoIVG2mCsKD6VogHSCCsdGwFHYI9/fIsaZRL9mnp5Oa4WL3M4siDXbAHDoANzkAVXIMaqAMMHsEzeAVvxpPxYrwbH5PWnJHNbIM/MD5/AHPJlsw=</latexit>

s0 = 2890 cm�3

<latexit sha1_base64="C0gEiMcEulowuNEtYqlVKP6Rg/8="></latexit>

⇢DM = m�Y (x0)s0 / xf

h�vi

Increasing   
(at fixed )

⟨σv⟩
mχ

At late times, , solve to find the present-day yield 
 and the present day DM abundance given by:
Y ≫ Yeq

Y(x0) ≈ xf /λ

(where we’ve used that during radiation 
domination )a ∝ t1/2 ⇒ H(T ) ∝ T2

Problem 1.4
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Cold vs Hot Dark Matter <latexit sha1_base64="kn3X8OBIZbiN723RGcrnMLC41J0="></latexit>

� =
2⇡2

45
g?s

m
3
�h�vi

H(T = m�)

Fix  (to fix the correct relic abundance).  

Decreasing  decreases , pushing  smaller…

⟨σv⟩

mχ λ xf 10°2 10°1 100 101 102

x = m¬/T

10°7

10°5

10°3

10°1

Y
(x

) Yeq(x)

∏ = 103

∏ = 104

∏ = 105

∏ = 106

∏ = 107

Decreasing   
(at fixed )

mχ
⟨σv⟩

Very light relics  decouple and freeze out when they are still relativistic! We call such particles Hot 
Dark Matter. Standard Model Neutrinos are Hot Dark Matter!

m ≲ eV

In order to explain the observed structure in the Universe, Dark Matter must freeze-out when non-relativistic 
i.e. it must be Cold Dark Matter. 

<latexit sha1_base64="C0gEiMcEulowuNEtYqlVKP6Rg/8="></latexit>

⇢DM = m�Y (x0)s0 / xf

h�vi

As we will see, Dark Matter which is produced semi-relativistically may also be viable + testable: Warm 
Dark Matter.

<latexit sha1_base64="7djh3io2YMoYadFlxcvpnaP44JM="></latexit>

) ⌦DMh2 ⇡ 3⇥ 10�27 cm3 s�1

h�vi
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Free-streaming

<latexit sha1_base64="Agurn/7hW5IpF7EU4+JkgdHGbYY="></latexit>

�̈ + 2H �̇ +

✓
k
2
c
2
s

a2
� 4⇡G⇢̄

◆
� = 0

See Cosmology Lecture 3

Pressure GravityExpansion

Jeans equation for the growth of overdensities  in a collisional fluid:δ ≡ δρ/ρ̄

For a collisionless fluid, such as DM, the role of pressure is played by the 
velocity dispersion of the fluid, and we can replace .c2

s = σ2

Physically, we can think of the Jeans length as the scale at which the DM crossing time  is 
comparable to the gravitational collapse timescale . Free-streaming length can be 
evaluated roughly as , after which point the Jeans length drops rapidly.

tcross ∼ λ/σ
tcoll ∼ 1/ Gρ̄

λfs ∼ λJ(teq)

Hot Dark Matter freezes out when relativistic, then has a velocity dispersion which is too large at late times. 
This means that  is large: Structure is washed out on small scales! λfs

 : Gravitational Collapse 
 : Free streaming damping

λ > λJ
λ < λJ

As in the collisional case,  
we can write the Jeans length as 

<latexit sha1_base64="3LsuhBO1rtL1wv3PJGLVknYnfrg="></latexit>

�J(t) =

s
⇡�(t)2

G⇢̄(t)

Problem 1.5
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Alternative Production Mechanisms

Freeze-out [Kolb & Turner (1990)] 
Freeze-in [arXiv:0911.1120] 
Asymmetric Dark Matter [arXiv:1305.4939] 
Forbidden Dark Matter [arXiv:1505.07107] 
Secluded Dark Matter [arXiv:0711.4866] 
SIMP Dark Matter [arXiv:1402.5143] 
Self-interacting Dark Matter [arXiv:1510.08063] 
Misalignment Mechanism [arXiv:1105.2812] 
Gravitational production (WIMPzillas!) [hep-ph/9810361] 
Hidden sector freeze-out [arXiv:1712.03974] 
Early kinematic decoupling [arXiv:1706.07433] 
Elastically decoupling relics [arXiv:1706.05381] 
Semi-annihilating Dark Matter [arXiv:1611.09360] 

A wide range of alternative production mechanisms, depending on the DM candidate: 

But all of them should satisfy constraints from early Universe, structure formation and astrophysics!

http://arxiv.org/abs/1706.05381
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Small-scale problems

See also “Too big to fail”, “Plane of Satellites”, and others…

Core-vs-cusp problem

[Sales, Wetzel & Fattahi, 2206.05295]

(Now sometimes called the “diversity of rotation curves’ problem)

Measured  
rotation 
 curve

Rotation curve 
from comparable  
simulated dwarf 
galaxies with a 

‘cuspy’ DM 
density profile

[1504.01437]

Suggests some Dwarf Galaxies host ‘cored’ 
density profiles, rather than ‘cuspy’ NFW profiles!

[1011.2777]

https://arxiv.org/abs/2206.05295
https://arxiv.org/abs/1504.01437%5D
https://arxiv.org/abs/1011.2777
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Small-scale problems

See also “Too big to fail”, “Plane of Satellites”, and others…

Missing Satellites Problem

[Sales, Wetzel & Fattahi, 2206.05295]

Proxy for dwarf galaxy mass

[astro-ph/9901240]

CDM predicts many more low-mass satellite galaxies of the Milky Way (and Andromeda).  
Where is this small-scale structure?
Λ

https://arxiv.org/abs/2206.05295
https://arxiv.org/abs/astro-ph/9901240
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Warm Dark Matter

One proposal for resolving these ‘small-scale tensions’ is Warm Dark Matter, which freezes-out semi-
relativistically, washing out structure down to some small scale (but preserving structures on Galaxy 
scales)

[astro-ph/0010389]

A detailed calculation of the free-streaming 
damping finds that the comoving 
lengthscale at which the linear perturbation 
amplitude drops by a factor of 2 is:

<latexit sha1_base64="NEG5hCARXGt3V0Pm4vECO5PG8Sw="></latexit>

RS ⇡ 0.47

✓
keV

m�

◆1.15

Mpc

https://arxiv.org/abs/astro-ph/0010389
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Warm Dark Matter

[2011.08865]

Studying the properties and distribution of Milky Way Satellite galaxies allows us to constrain the Warm DM 
Mass to .mWDM ≳ 4 keV

[1308.1399]

Cold Dark Matter Warm Dark Matter ( )mχ = 1.5 keV

https://arxiv.org/abs/2011.08865
https://arxiv.org/abs/1308.1399
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Other Dark Matter Models

The small-scale structure of the Universe may also hint towards other models for DM. E.g. 

DM

DM

DM

DM

Wave-like Dark Matter Self-interacting Dark Matter

<latexit sha1_base64="2em/Xz5spcdkGAT4V3W+KfIfkDM=">AAACF3icbVBLSwMxGMzWV62vqkcvwSJUxLpb6uNY9CKeKtgHdNslm6ZtaHYTkqxQl/0XXvwrXjwo4lVv/hvTx0FbBwKTmflIvvEFo0rb9reVWlhcWl5Jr2bW1jc2t7LbOzXFI4lJFXPGZcNHijAakqqmmpGGkAQFPiN1f3A18uv3RCrKwzs9FKQVoF5IuxQjbSQvW3CZCXeQdwNdIbnQPO8cPRy2YweewFICA88Virbj49G9mHjZnF2wx4DzxJmSHJii4mW/3A7HUUBCjRlSqunYQrdiJDXFjCQZN1JEIDxAPdI0NEQBUa14vFcCD4zSgV0uzQk1HKu/J2IUKDUMfJMMkO6rWW8k/uc1I929aMU0FJEmIZ481I0Y1ByOSoIdKgnWbGgIwpKav0LcRxJhbarMmBKc2ZXnSa1YcM4Kp7elXPlyWkca7IF9kAcOOAdlcA0qoAoweATP4BW8WU/Wi/VufUyiKWs6swv+wPr8Ae+snUE=</latexit>

�J / (1 + z)1/4m�1/2
 

DM is wave-like, and follows the 
Schrodinger-Poisson Eq.

[1406.6586]

DM-self interactions allow 
energy to be distributed in 
the halo, flattening the 
central density.

[1208.3025]

https://arxiv.org/abs/1406.6586
https://arxiv.org/abs/1208.3025
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Galaxy formation is complicated! [Full animation available here: https://www.tng-project.org/media/]

IllustrisTNG50

~100 kpc
Need to model and tune ‘sub-grid 
physics’ (e.g. star formation, supernova 
explosions, winds)

Feedback mechanisms (supernovae, 
reionisation) can drastically affect both the 
DM density profiles and the threshold for 
galaxy formation.

If we want to modify the standard model of 
collisionless cold dark matter, we still have 
to worry about the complicated baryonic 
physics!

https://www.tng-project.org/media/
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Summary

Evidence for non-baryonic Dark Matter on all scales 
(cosmological down to galactic). 

Dark Matter must be sufficiently cold to produce the observed 
structure in galaxies and galaxy clusters. 

Simulations of cold Dark Matter (CDM) make strong predictions 
about DM halos: (1) hierarchical sub-structure, (2) Universal 
cuspy density profiles 

Observations suggest some tension with the standard CDM 
model on small (sub-galactic) scales. These can provide hints 
about the nature of Dark Matter! 

Next: can we actively search for DM?
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