
Dark Matter

Diego Blas Temiño



I. Dark Matter evidences & properties


II.  Dark Matter production & candidates


III. Dark Matter in the MW & detection



Bibliography
An Introduction:
• S. Profumo book: “An introduction to particle dark matter”, [1910.05610]
Some lectures:
• G. Gelmini, “TASI 2014 LECTURES: The Hunt for Dark Matter”, [1502.01320]
• T. Lin, “TASI lectures on dark matter models and direct detection” [1904.07915]
• P.J. Fox, ”TASI Lectures on WIMPs and Supersymmetry”, PoS(TASI2018)005
• M. Cirelli, http://www.marcocirelli.net/
Some good reviews:
• Particle Data group (https://pdg.lbl.gov/2023/reviews/rpp2022-rev-dark-matter.pdf)
• G. Bertone, D. Hooper, J. Silk, “Particle dark matter: evidence, candidates and constraints” Phys. Rep. 405 (2005) 279 [hep-

ph/0404175]
• J.L. Feng “Dark Matter Candidates from Particle Physics and Methods of Detection” Annu. Rev. Astron. Astrophys. 2010. 

48:495–545
• G. Jungman, M. Kamionkowski, K. Griest, “Supersymmetric Dark Matter”, Phys. Rep. 267 (1996) 105
• Einasto, “Dark Matter “, [0901.0632]
• Bergstrom, several reviews:  [0903.4849, 1205.4882, 1202.1170]
• M. Schumann,” Direct detection of WIMP dark matter: concepts and status”, J. Phys. G: Nucl. Part. Phys. 46 103003 

[1903.03026]
Maria Martinez, CAPA & Unizar                                                                                                TAE 2023, Benasque

+ D. Blas notes 



I. Dark Matter evidences & properties


II.  Dark Matter production & candidates


III. Dark Matter & detection



I. Dark Matter evidences

the circular gravitational orbits in a spherical configuration satisfy 
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Figure 1: Left: Solar system orbits and law (1). Right: Orbits in the NGC 3198 [8]..

Figure 2: Structure of the Milky Way

axisymmetric distribution of matter. Still, when one considers the observed distribution
of matter, the picture is the same. A famous example is shown in Fig. 1 [8]. Notice, in
particular, that the model of the matter in the disk works very well at small distances.
However, to reproduce a flat velocity rotation curve at larger r one needs ⇢(r) ⇠ r�2

from (1). So, one can say that the data fits the theory only if there is an extended rather
spherical ’halo’ of matter extending well beyond the limits of the disk of the observed
galaxies, and with an energy density profile ⇢ ⇠ r�2. We will come back to it, but this
kind of behaviour already tells us what DM can not be. For instance, in the Milky Way,
most of the visible galaxy is confined into a flat disk. The reason why standard matter
likes to form disks and not spherical configurations has to do with the cooling of the
primordial halos due to emission of photons. Hence, if DM can cool e�ciently, it can not
be distributed as a sphere. DM can not be charged as much as SM particles are! Note
also that the visible matter in the Milky Way extends up to2 10 kpc, while the DM halo
is supposed to extend up to 100 kpc. See fig. 2.

2
I’ll use the parsec (pc) as a measure of distance. The rule of thumb is 1 pc ⇡ 3 light years. The

conversion to km is left as an exercise, if you want to know it.

5

v ⇠ ct. M(r) ⇠ r

M ⇠ ct.

⇢ ⇠ ct. ! M(r) ⇠ ⇢ r3 ⇠ ct.r3

r1

r2

r1

v ⇠ r

1. Galactic rotation curves

1pc ⇡ 3 light years

Vera Rubin 1970s



Figure 1: Left: Solar system orbits and law (1). Right: Orbits in the NGC 3198 [8]..

Figure 2: Structure of the Milky Way

axisymmetric distribution of matter. Still, when one considers the observed distribution
of matter, the picture is the same. A famous example is shown in Fig. 1 [8]. Notice, in
particular, that the model of the matter in the disk works very well at small distances.
However, to reproduce a flat velocity rotation curve at larger r one needs ⇢(r) ⇠ r�2

from (1). So, one can say that the data fits the theory only if there is an extended rather
spherical ’halo’ of matter extending well beyond the limits of the disk of the observed
galaxies, and with an energy density profile ⇢ ⇠ r�2. We will come back to it, but this
kind of behaviour already tells us what DM can not be. For instance, in the Milky Way,
most of the visible galaxy is confined into a flat disk. The reason why standard matter
likes to form disks and not spherical configurations has to do with the cooling of the
primordial halos due to emission of photons. Hence, if DM can cool e�ciently, it can not
be distributed as a sphere. DM can not be charged as much as SM particles are! Note
also that the visible matter in the Milky Way extends up to2 10 kpc, while the DM halo
is supposed to extend up to 100 kpc. See fig. 2.

2
I’ll use the parsec (pc) as a measure of distance. The rule of thumb is 1 pc ⇡ 3 light years. The

conversion to km is left as an exercise, if you want to know it.

5

Figure 1: Left: Solar system orbits and law (1). Right: Orbits in the NGC 3198 [8]..

Figure 2: Structure of the Milky Way

axisymmetric distribution of matter. Still, when one considers the observed distribution
of matter, the picture is the same. A famous example is shown in Fig. 1 [8]. Notice, in
particular, that the model of the matter in the disk works very well at small distances.
However, to reproduce a flat velocity rotation curve at larger r one needs ⇢(r) ⇠ r�2

from (1). So, one can say that the data fits the theory only if there is an extended rather
spherical ’halo’ of matter extending well beyond the limits of the disk of the observed
galaxies, and with an energy density profile ⇢ ⇠ r�2. We will come back to it, but this
kind of behaviour already tells us what DM can not be. For instance, in the Milky Way,
most of the visible galaxy is confined into a flat disk. The reason why standard matter
likes to form disks and not spherical configurations has to do with the cooling of the
primordial halos due to emission of photons. Hence, if DM can cool e�ciently, it can not
be distributed as a sphere. DM can not be charged as much as SM particles are! Note
also that the visible matter in the Milky Way extends up to2 10 kpc, while the DM halo
is supposed to extend up to 100 kpc. See fig. 2.

2
I’ll use the parsec (pc) as a measure of distance. The rule of thumb is 1 pc ⇡ 3 light years. The

conversion to km is left as an exercise, if you want to know it.

5



I. Dark Matter evidences
2. Dynamics of galaxy clusters

⇠ 1 Mpc

⇠ 10 Mpc
Coma cluster from HST

2hEKi = �hEV i
Virial theorem: on average

Data 
v2 � �N (visible matter)

v2 ⇠ �N ⇠ G
X

Mi/ri

More mass!

1930s, Zwicky 



I. Dark Matter evidences
3. Collisions of galaxy clusters Bullet cluster
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I. Dark Matter evidences
4. Cosmological probes

Angular size of 
temperature fluctuations

WMAP and Planck satellites

⇠ 1 Gpc
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Large Scale Structure (LSS)

Maria Martinez, CAPA & Unizar                                                                                                TAE 2023, Benasque

Large galaxy surveys are mapping the Universe, like the 2-degree Field Galaxy Redshift Survey (2dFGRS), or the Sloan 
Digital Sky Survey (SDSS2). Astronomers observe galaxies located at varying distances from Earth, representing different 
points in the universe's past, thanks to the time it takes for their light to reach us. Through these observations, we can 
discern that gravity is gradually drawing more and more matter together over time, causing the universe to become 
increasingly clustered

.

I. Dark Matter evidences



I. Dark Matter evidences
N-body simulations

Maria Martinez, CAPA & Unizar                                                                                                TAE 2023, Benasque

As the Universe expands, gravity pulls together matter into large scale patterns. At present day, structures are much 
more clustered than in the early in the Universe. 

Credit: Andrey Kravtsov, Anatoly Klypin, National Center for Supercomputer Applications (NCSA)

Simulations of the expanding Universe (boxes growing in size)

Numerical simulations for the large-scale structure of the Universe

• pioneering work in the 1980s
• currently testing the ΛCDM model.



I. Dark Matter properties
1. Darkness

Small iterations with SM particles

e.g. charge

2. Coldness
Small kinetic energy: 
they need to accumulate in gravitational wells (e.g. galaxies)

T ⇠ EK ⇠ mv2

v2 ⇠ �N ⇠ G
X

Mi/ri



I. Dark Matter properties
3. Stable

We need DM at CMB times (~13 Gyr ago) and at today’s galaxies

4. Non-baryonic ⇢DM ⇠ 5⇢SM

5. Collision-less
It shows no self-interaction in galaxy cluster collisions!
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I. Dark Matter properties
Still, the most fundamental properties are unknown

Figure 7: https://imgs.xkcd.com/comics/dark_matter_candidates.png

halos should be close to spherical. Self-interactions and possibility to dissipate into
lighter species typically imply a loss of sphericity in the halos3. The bound that appears
from di↵erent probes is [16],

�/mDM . 1 cm2/gr. (12)

2.2.6 Is this enough to select a candidate?

No. The previous phenomenology can be reproduced by many models. We don’t know
anything about the fundamental properties of DM: the mass, the spin, the charges...
Take the mass: it can be anything from 10�22 eV to several times the mass of the Sun
(not as a fundamental particle, but as compact objects). Fig. 7 shows part of this puzzle.
We have some bounds which are robust:

• As discussed, for thermally produced DM, mDM & keV [14].

• Also, if DM is a fermion, mDM & 400 eV (Tremaine-Gunn bound [17]). This is
because the DM candidate should be able to generate virialized halos of a certain
size. The basic logic is the following: let’s consider a galactic DM halo as a box
in space. The smallest DM halos correspond to d ⇠kpc (dwarf spheroidals). For
a particle to be part of this bound structure, its velocity shouldn’t be too large,
or it would scape from it. Hence the momentum satisfies pDM = mDMv . mvesc.
For vesc in dwarf spheroidals, one can take vesc ⇠ 10�4c. Hence, a DM halo has a
finite size in phase space. But phase space is quantized, and for fermions of spin
1/2 one can only put two states per phase space state. By trying to fill the states
till we explain the mass of the dwarf spheroidals, you can derive this bound. Ex.

You’ll do it in the problem class.

• For bosonic DM, one can find a bound using related logic. The de Broglie wave-
length of the candidate should be smaller than the radius of the virialized structure
(d), or otherwise one can’t localize the wavepackets of the given momentum (< pesc)

3
Think about the Milky Way: the reason why it’s a disk and not a sphere has to do with SM particles

interactions and dissipation into photons.

12

Mass

Spin, Interaction properties, unification with SM, connection to SM puzzles…
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⇢Earth ⇠ 0.4 GeV/cm3

⇢NFW =
⇢0

r/rs (1 + r/rs)
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Dark Matter distribution
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Dark Scattering on Earth

EDM =
1

2
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Dark Scattering on Earth
Emax

R ⇠ 10keV
⇣ mDM

20GeV

⌘2 100GeV

mn

explains the loss of sensitivity at low masses

why this? n ⇠ ⇢/mDM



Dark Scattering on Earth

rate of events per recoil energy in a detector
with NT targets of mass mN 
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WIMP miracle for direct detection

�p /
µ2
pg

2

⇡
/ GeV2

⇡(300GeV)4

connected to new energy scale

N = nv�tNT ⇠ 10�2 events /kg/ day

NT ⇠ kg/(100GeV) and mDM ⇠ 1GeV



WIMPs Composite DM“Light” DM“Ultralight” DM PBH, MACHOs

Detecting ultralight dark matter
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it can be treated as a classical field
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ϕk ∼ ei(ωt−kx)

For ULDM, field has huge occupation numbers with random phases:

Dark Matter: which state?

m . 1 eV n�1/3 . �dB

What If It Is a Boson and Very Light?
Dark Matter Particles in the Galaxy

Decreasing DM Mass



Detecting ultralight dark matter
Virialized configuration: collection of waves


with distribution determined by properties from the galaxy

� /
Z vmax

0
d3v e�v2/�2

0ei!vte�im~v·~xeif~v + c.c.

!v ⇡ m(1 + v2)v ⇠ �0 ⌧ 1

�k in the MW�0 ⇠ 10�3c

2

FIG. 1. Simulated VULF based on the approach in Ref. [41]
with field value �(t) and time normalized by �DM and coher-
ence time ⌧c respectively. The inset plot displays the high-
resolution coherent oscillation starting at t = 0.

lacking 2 and is becoming more relevant as experiments
begin searching such regimes.

Here we focus on this regime, T ⌧ ⌧c, characteris-
tic of experiments searching for ultralight (pseudo)scalars
with masses . 10�13 eV [33–39] that have field coherence
times & 1 day. This mass range is of significant inter-
est as the lower limit on the mass of ultralight axions
is down to 10�22 eV and can be further extended if it
does not make up all of the DM [27]. Additionally, there
has been recent theoretical motivation for “fuzzy dark
matter” in the 10�22 � 10�21 eV range [27–30] and the
so-called string “axiverse” extends down to 10�33 eV [31].
Similar arguments also apply to dilatons and moduli [32].

Figure 1 shows a simulated VULF field, illustrating
the amplitude modulation present over several coherence
times. At short time scales (⌧ ⌧c) the field coherently os-
cillates at the Compton frequency, see the inset of Fig. 1,
where the amplitude �0 is fixed at a single value sampled
from its distribution. An unlucky experimentalist could
even have near-zero field amplitudes during the course of
their measurement.

On these short time scales the DM signal s(t) exhibits
a harmonic signature,

s(t) = �⇠�(t) ⇡ �⇠�0 cos(2⇡f�t+ ✓) , (1)

where � is the coupling strength to a standard-model field
and ✓ is an unknown phase. Details of the particular ex-
periment are accounted for by the factor ⇠. In this regime
the amplitude �0 is unknown and yields a time-averaged

2 We only found explicit investigation of the T ⌧ ⌧c regime in
Ref. [54] where the authors state the exponential distribution of
the dark matter energy density, and by the authors of Ref. [53]
discussing sensitivity in their Appendix E.

energy density h�(t)2iT⌧⌧c = �2
0/2. However, for times

much longer than ⌧c the energy density approaches the
ensemble average determined by h�2

0i = �2
DM. This field

oscillation amplitude is estimated by assuming that the
average energy density in the bosonic field is equal to the
local DM energy density ⇢DM ⇡ 0.4GeV/cm3, and thus
�DM = ~(m�c)�1p2⇢DM.

The oscillation amplitude sampled at a particular time
for a duration ⌧ ⌧c is not simply �DM, but rather a ran-
dom variable whose sampling probability is described by
a distribution characterizing the stochastic nature of the
VULF. Until recently, most experimental searches have
been in the m� � 10�13 eV regime with short coherence
times ⌧c ⌧ 1 day. However, for smaller boson masses
it becomes impractical to sample over many coherence
times: for example, ⌧c & 1 year for m� . 10�16 eV. As-
suming that �0 = �DM neglects the stochastic nature of
the bosonic dark matter field [33–39].

The net field �(t) is a sum of di↵erent field modes with
random phases. The oscillation amplitude, �0, results
from the interference of these randomly phased oscillat-
ing fields. This can be visualized as arising from a ran-
dom walk in the complex plane, described by a Rayleigh
distribution

p(�0) =
2�0

�2
DM

exp

✓
� �2

0

�2
DM

◆
, (2)

analogous to that of chaotic (thermal) light [55]. This
distribution implies that ⇠ 63% of all amplitude realiza-
tions will be below the r.m.s. value �DM.

We refer to the conventional approach assuming �0 =
�DM as deterministic and approaches that account for
the VULF amplitude fluctuations as stochastic. To com-
pare these two approaches we choose a Bayesian frame-
work and calculate the numerical factor a↵ecting cou-
pling constraints, allowing us to provide modified exclu-
sion plots of previous deterministic constraints [33–39].
It is important to emphasize that di↵erent frameworks
to interpret experimental data than presented here could
change the magnitude of this numerical factor [56–59].
In any case, accounting for this stochastic nature will
generically relax existing constraints as we show below.

Establishing constraints on coupling strength — We
follow the Bayesian framework [60] (see application to
VULFs in Ref. [41]) to determine constraints on the cou-
pling strength parameter �. Bayesian inference uses prior
information (such as assuming that one candidate makes
up all of the DM, or conditions imposed by the SHM) to
derive posterior probability distributions for given propo-
sitions or model parameters. One additional prior we
assume here is that the DM signal is well below the ex-
perimental noise floor. The central quantity of interest in
our case is the posterior distribution for possible values

Centers et al 19

⌧c ⇠ 65 years

✓
10�3

V0

◆2 ✓
10�18eV

m�

◆

(~k = m~v)



Detecting ultralight dark matter
� behaves as a classical field. What happens if you coupled to it?
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no recoil energy, but field effects
at low energies!



Detecting ultralight dark matter

https://cajohare.github.io/AxionLimits/

ga���Fµ⌫F↵�✏
µ⌫↵�


