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- it does not dilute 
- does not cluster, it is prob homogeneous 
-                  
- pulls the acceleration, FRW eq.   

··a
a

= − 4πGN

3 (1 + 3w)ρ

The cosmic inventory

FAvgQ: what’s the difference  
between DM and DE?

DM behaves like matter

DE behaves like a constant

- overall it dilutes as volume expands 
- clusters gravitationally on small scales 
-                            (NR matter) 

(radiation has                    )

w = P/� ⇥ �1

w = P/� = 0
w = �1/3

Most of the Universe is Dark
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Evolution of the components of the Universe
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The cosmic inventory

radiation

baryons

neutrinos

Dark Matter

At the time of CMB formation (380 Ky)



How do we know that  
Dark Matter is out there?
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Caveat:  
this treatment is over-simplified and 
is mostly a ‘negative proof’: visible 
matter with standard gravity can 
not reproduce the observed non-
rapidly falling rotation curves, 
something else is needed.  
Then, details are complex: curves 
a r e n o t e x a c t ly fl a t ( s o n o t 
necessarily 1/r2) and there are non-
universal parametrs to tweak in 
each galaxy... 
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1) galaxy rotation curves

2) clusters of galaxies
72 more collisions:

The Evidence for DM

Harvey et al., Science, 1503.07675

quantitative study of drag:

‘evidence for DM at 7.6σ’



3) ‘precision  
      cosmology’

1) galaxy rotation curves

2) clusters of galaxies

The Evidence for DM

WMAP

MillenniumPlanck



Andrey Kravtsov, cosmicweb.uchicago.edu

DM N-body simulations
2 106 CDM particles, 43 Mpc cubic box 

[back]

http://cosmicweb.uchicago.edu


DM N-body simulations
Aquarius project of the VIRGO coll.: 
1.5 109 CDM particles, single galactic halo

[back]VIRGO coll., Aquarius project, www.mpa-garching.mpg.de/aquarius/

http://www.mpa-garching.mpg.de/aquarius/


DM N-body simulations

Springel, Frenk, White, Nature 440 (2006)

SDSS: 106 galaxies, 
2 billion lyr

2dF: 2.2 105 galaxies

Millennium:  
1010 particles, 
500 h-1 Mpc

[back]

Of course, you have to 
infer galaxies within the 

DM simulation
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cold spots

hot spots

�T
T ⇠ 10�5
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The Evidence for DM

How would the power spectra be without DM? (and no other extra ingredient) 2

FIG. 1: Power spectrum of matter fluctuations in a the-
ory without dark matter as compared to observations of the
galaxy power spectrum. The observed spectrum [14] does
not have the pronounced wiggles predicted by a baryon-only
model, but it also has significantly higher power than does
the model. In fact ∆2, which is a dimensionless measure of
the clumping, never rises above one in a baryon-only model,
so we would not expect to see any large structures (clusters,
galaxies, people, etc.) in the universe in such a model.

small. The first failure has been exploited by many au-
thors to prove the existence of non-baryonic dark mat-
ter [16, 17], the statistical significance for which now
exceeds 5-sigma. The second failure is often ignored be-
cause analysts typically marginalize over the amplitude
of the power spectrum on the grounds that the power
spectrum of galaxies is likely to differ by an overall nor-
malization factor (the bias) from the power spectrum of
matter. But a baryon-only model fails miserably at get-
ting anywhere near the amplitude required to generate
galaxies and galaxy clusters even with an absurd amount
of bias. So if we really want to do away with dark matter,
we need to find a mechanism of growing perturbations
faster than in standard general relativity. This is pre-
cisely what Skordis et al. [15, 18] seemed to have found
in their treatment of perturbations around a smooth cos-
mological solution in TeVeS. Here we aim to move beyond
their numerical treatment to isolate what is causing en-
hanced growth. Our motivation goes beyond TeVeS, as
the exact Lagrangian in [13] will almost certainly need to
be altered even if the general idea turns out to be correct.
Indeed, as shown in Fig 1, even if structure grows faster
than in the standard theory, the shape of the baryon-
only spectrum does not match the observations. Rather,
we want to understand generally how to modify gravity
such that it solves not only the galactic rotation curve
problem but also the cosmological structure problem.

Cosmology in TeVeS. Ordinary matter couples to the
gravitational metric gµν in the standard way in the TeVeS
model. The metric which couples to matter, though, does
not appear in the standard way in the Einstein-Hilbert
action. Rather, it is useful to define a new tensor g̃µν

which is a functional of gµν and a scalar field φ and a
vector field Aµ. Specifically,

gµν ≡ e−2φ (g̃µν + AµAν) − e2φAµAν (1)

defines g̃µν . The action of g̃µν is the standard Einstein-
Hilbert action. The scalar and vector fields have dynam-
ics given, respectively, by the actions Ss and Sv:

Ss =
−1

16πG

∫

d4x(−g̃)1/2 [µ (g̃µν
− AµAν) φ,µφν + V ]

Sv =
−1

32πG

∫

d4x(−g̃)1/2
[

KFαβFαβ − 2λ
(

A2 + 1
)]

(2)

where µ is an additional non-dynamical scalar field,
Fµν ≡ Aµ,ν − Aν,µ, and indices are raised and lowered
with the metric g̃µν . The potential V (µ) is chosen to
give the correct non-relativistic MONDian limit. We will
consider the form proposed by Bekenstein [13]:

V =
3µ2

0

128π ℓ2
B

[

µ̂(4 + 2µ̂ − 4µ̂ + µ̂3) + 2 ln (µ̂ − 1)2
]

(3)
with µ̂ ≡ µ/µ0. There are three free parameters that
appear in the TeVeS action: µ0, ℓB and KB. The pa-
rameter λ in the vector field action is completely fixed
by variation of the action.

Armed with this action, we can solve [13, 15] for
the evolution of the scale factor a of a homogeneous
Friedman-Robertson-Walker (FRW) metric. This evo-
lution turns out to be very similar to the standard case,
with several small deviations. First, Newton’s constant
gets generalized to Ge−4φ/(1+dφ/d ln(a))2. Second, the
Friedman equation governing the evolution of a has, in
addition to the standard source terms of the matter and
radiation energy densities, the energy density of φ:

ρφ =
e2φ

16πG
(µV ′ + V ) . (4)

FIG. 2: Evolution of homogeneous TeVeS fields. Dashed line
shows logarithmic approximation for φ valid in the regime
when µ is constant. In that regime, ρφ scales as the ambient
density, with the ratio equal to (6µ0)

−1 in the matter era.
Early on, ρφ/ρtotal = −φ = 15/(4µ).

The TeVeS modifications to the standard cosmology
then depend on the evolution of the scalar field φ. Dur-
ing the radiation dominated era, ρφ is much smaller than
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MOND? TeVeS?

New physics at low accelerations Mordehai Milgrom

Figure 3: More MOND results for galaxy RCs (from [2]). The solid lines are the MOND curves; the other
curves are based on Newtonian dynamics: for the stellar disc (dots), gas (dash dots), and stellar bulge (long
dashed) contributions.

uncertain. Concentrating on studies that go to large galactic radii of isolated elliptical galaxies,
I mention here the analyses of [48] and [49], who find good agreement with MOND prediction,
in analyses based on planetary-nebulae, or companion-galaxy, probes. Recently, [50] published a
mass analysis of the isolated elliptical NGC 720, based of x-ray-gas hydrostatics. They find that
the mass discrepancy at a radius of 100Kpc is ∼ 10. I note here that this is in very good agreement
with the prediction of MOND: The MOND acceleration there is g(100Kpc)/a0 ≡ x ≈ 0.11, and
the predicted discrepancy is 1/µ(x), which is ≈ 1/x for small x.

3.4 Systems of galaxies

MOND has been tested also on systems of galaxies, for example, on poor galaxy groups, in
[51], and on super clusters; e.g., in [52]. These analyses showed that the very large mass discrep-
ancies shown by these systems disappear in MOND, within the uncertainties.

However, analyses of galaxy clusters, employing x-ray-gas hydrostatics, and gravitational
lensing, shows a persistent, remaining mass discrepancy, even when MOND is used (see e.g.,
[53, 54], and references therein, for earlier findings to this effect, going back to the early 1990s):
The typical mass discrepancy of galaxy clusters within a few megaparces of the center, which by
standard dynamics is of the order of a factor 10, is reduced in MOND to about a factor of two
only. The deduced density distribution of the MOND “phantom” DM is similar to that of galaxies,
and is rather more centrally concentrated than that of the x-ray gas, which makes the lion share
of the baryons. As a result, the remaining mass discrepancy is rather more pronounced near the
centers of the clusters. A more detailed discussion of this remaining discrepancy, and of possible
explanations of it, are reviewed in [55], advocating, specifically, that the discrepancy is due to yet

11

Instead of adding matter, modify Newton or GR.
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How would the power spectra be in MOND/TeVeS, without DM ?

(in particular: no DM => no 3rd peak!)

CMB LSS

The Tensor-Vector-Scalar theory and its cosmology 19

Figure 3. LEFT : The Cosmic Microwave Background angular power spectrum
l(l+1)Cl/(2π) for TeVeS (solid) and ΛCDM (dotted) with WMAP 5-year data [8].
RIGHT :The matter power spectrum P (k) for TeVeS (solid) and ΛCDM (dotted)
plotted with SDSS data.

the form of the matter power spectrum P (k) in TeVeS looks quite similar to that in
ΛCDM. Thus TeVeS can produce matter power spectra that cannot be distinguished
from ΛCDM. One would have to turn to other observables to distinguish the two
models. The power spectra for TeVeS and ΛCDM are plotted on the right panel of
Figure 3.

Dodelson and Liguori [75] provided an analytical explanation of the growth of
structure seen numerically by [73]. They have found that the growth in TeVeS cannot
be due to the scalar field. In fact the scalar field perturbations have Bessel function
solutions and are decaying in an oscillatory fashion. Instead, they found that the
growth in TeVeS is due to the vector field perturbation.

Let us see how the vector field leads to growth. Using the tracker solutions in the
matter era from Bourliot et al [67] we find the behaviour of the background functions
a,b and φ̄. These are used into the perturbed field equations, after setting the scalar
field perturbations to zero, and we find that in the matter era the vector field scalar
mode α obeys the equation

α̈ +
b1

τ
α̇ +

b2

τ2
α = S(Ψ, Ψ̇, θ) (40)

in the conformal Newtonian gauge, where

b1 =
4(µ0µa − 1)

µ0µa + 3
(41)

b2 =
2

(µ0µa + 3)2

[

µ2
0µ

2
a −

(

5 +
4

K

)

µ0µa + 6

]

. (42)

and where S is a source term which does not explicitly depend on α. If we take the
simultaneous limit µ0 → ∞ and K → 0 for which Ωφ → 0 meaning that the TeVeS
contribution is absent, we get b1 → 4 and b2 → 2. In this case the two homogeneous
solutions to (40) we τ−2 and τ−1 which are decaying. Dodelson and Liguori show
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a,b and φ̄. These are used into the perturbed field equations, after setting the scalar
field perturbations to zero, and we find that in the matter era the vector field scalar
mode α obeys the equation

α̈ +
b1

τ
α̇ +

b2

τ2
α = S(Ψ, Ψ̇, θ) (40)

in the conformal Newtonian gauge, where

b1 =
4(µ0µa − 1)

µ0µa + 3
(41)

b2 =
2

(µ0µa + 3)2

[

µ2
0µ

2
a −

(

5 +
4

K

)

µ0µa + 6

]

. (42)

and where S is a source term which does not explicitly depend on α. If we take the
simultaneous limit µ0 → ∞ and K → 0 for which Ωφ → 0 meaning that the TeVeS
contribution is absent, we get b1 → 4 and b2 → 2. In this case the two homogeneous
solutions to (40) we τ−2 and τ−1 which are decaying. Dodelson and Liguori show

C.
Sk

or
di

s,
 R

ev
ie

w
, 0

90
3.

36
02

C.
Sk

or
di

s,
 R

ev
ie

w
, 0

90
3.

36
02

TeVeS
⇤CDM TeVeS

⇤CDM

(here you can make it)

MOND? TeVeS?





 DM exists
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 neutral particle
 cold or not too warm
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 possibly a relic from the EU
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dilutes as 1/a3 with  
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‘dark’...

p/m <<1 at CMB formation
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90 orders of magnitude!

as diffuse as a 

dwarf galaxy

as big as a 

dwarf galaxy

DM de Broglie wavelength

λ = 2π/Mv ≲ 1 kpc

DM mass

M ≲ 104 M⊙

most likely 

composite 

best described as 

classical field 

best described as

particle 

most likely 

elementary 

occupation number

N ≃ ρ

M/λ3

M ≲ 0.1 keV
necessarily

 bosonic

M ≳ 0.1 keV
bosonic or
fermionic



Overview of 
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h

R

Original motivation: 
gravity in the ExDims, hierarchy problem

Arkani-Hamed, Dimopoulos, Dvali hep-ph/9803315
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Evolution: 
‘universal ExDims’, the SM in 5D
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R

�(y) = �(y + 2⇡R)

�(x, y) =
1p
2⇡R

�0(x) +
1X

n=1

1p
⇡R

h
�n(x) cos

⇣ny
R

⌘
+ �0

n(x) sin
⇣ny
R

⌘i

any field in the compact 5th dimension:

hence (Fourier) decomposition:

i.e. states (indexed by n) with mass
M2

n = m2 +
n2

R2
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ExDim DM in 2 minutes

h
h

1

R

conservation 
of 5D momentum (on orbifold boundary conditions,  

needed to have chiral SM fermions)

neutral

feebly int.

cold
stable
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Sub-GeV DM
 WIMPless Dark Matter

Feng & Kumar 0803.4196

a.k.a. hidden sector DM 
    secluded DM∼



 WIMPless Dark Matter ⟨σannv⟩ ≈ α2
w

M2 ≈ α2
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 WIMPless Dark Matter ⟨σannv⟩ ≈ α2
w

M2 ≈ α2
w

TeV2

⟨σannv⟩ ≈ α2
x

m2

Feng & Kumar 0803.4196

a.k.a. hidden sector DM 
    secluded DM∼

Production mechanism:
just thermal freeze-out  
of these annihilations

�

�̄

�, Z�

� �, Z

e+

e�

µ�

µ+

g0

g0

if       is small, 
     ‘naturally’ small 
(but nothing points to a precise value)

gx
m

Theory

Sub-GeV DM



 ‘SIMP miracle’:  
  scalar DM with relic abundance set by 3 -> 2 processes 

   points to 

Hochberg et al 1402.5143

DM

DM

DM
DM

DM

αeff

‘naturally realized’ in a dark-QCD-like setup
αeff = 𝒪(1) i . e . gx ∼ 4π

Theory

Sub-GeV DM



 WIMPless Dark Matter 
 ‘SIMP miracle’ 
 Asymmetric DM 
 ‘MeV (scalar) DM’ (Integral 511 KeV excess) 
 ‘simplified (light) DM models’  
 …

Theory

Sub-GeV DM?



 WIMPless Dark Matter 
 ‘SIMP miracle’ 
 Asymmetric DM 
 ‘MeV (scalar) DM’ (Integral 511 KeV excess) 
 ‘simplified (light) DM models’  
 …

Theory

Sub-GeV DM?  Why not! 

neutral

feebly int.
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Sterile neutrinos

Sterile neutrino decay

Theoretically ‘motivated’: 
one can complete the SM lepton sector 

mν ≳ few KeV to be cold enough



X-ray line

Text

Bulbul et al., 1402.2301

Boyarsky, Ruchayskiy, 
1402.4119

3.55 - 3.57 ± 0.03  KeV 
73 clusters 

z = 0.01 - 0.35

3.5 KeV 
Andromeda galaxy  

+ Perseus cluster 

z = 0 and 0.0179

& 4�

4.4�

(Chandra & XMM-Newton)

(XMM-Newton)
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so why is                       ? 

Perhaps because      is dynamical (a field)  
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MACHOs or PBHs as DM

��-�� ��-�� ��-� ��-� ��-� ��-� �� ���
�%

��%

��%

��%

��%

��%

��%

����� ���� � �� ����� ������

��
��
���
�
��
�
��
��
�
��
�
��
��
��
���
�
��
�
�
�
�
�
�

�����

����

����� ����

��% ����

����
����� ��%

����-� +
������ ����

��% ����

������
����
��%

������ ���
����
��%

����-�
+�����

����



DM can NOT be:
a baryon of the SM:an astro  je ne sais pas quoi:

- gas 

- Black Holes  
- brown dwarves

strong  
lensing



a baryon of the SM:an astro  je ne sais pas quoi:

strong  
lensing

- BBN computes the abundance of He in terms 
of primordial baryons:  
too much baryons => Universe full of Helium 

- CMB says baryons are 4% max

DM can NOT be:
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a baryon of the SM:an astro  je ne sais pas quoi:

strong  
lensing

- BBN computes the abundance of He in terms 
of primordial baryons:  
too much baryons => Universe full of Helium 

- CMB says baryons are 4% max

A loophole: Primordial Black Holes!
- produced before BBN 
- with masses too small/large to lens 
- perhaps GW observatories are seeing them?

- gas 

- Black Holes  
- brown dwarves

Primordial Black Holes



PBHs as DM

M. Cirelli, A. Strumia, J. Zupan 2406.01705

huge range of sizes: M ≃ 1015(t/10−23 sec) g (with many constraints)
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DM could consist of PBHs
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Constraints on Primordial Black Holes

DM could consist of PBHs

huge range of sizes:

constraints 

‘small’ PBHs emit today by
Hawking evaporation

M ≃ 1015(t/10−23 sec) g

T = 1
8π GN M

dM
dt

≃ − 5 × 1025 f (M ) ( g
M )

2
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dN
dt dE
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2π

G2M2E2

eE/T + 1

rate

spectrum
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90 orders of magnitude!

Basic concept: add something to the SM 
• SuSy DM  
• Scalar singlet DM 
• Sub-GeV DM 
• Sterile neutrinos 
• Axions 
• PBHs 
• ……

byproduct of wider theories 
‘ad hoc’ theories 

byproduct or pheno motivated 
theory/pheno motivated 

byproduct of wider theory 
non-particle DM 

……
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Figure 1: DM profiles and the corresponding parameters to be plugged in the functional forms
of eq. (1). The dashed lines represent the smoothed functions adopted for some of the computations
in Sec. 4.1.3. Notice that we here provide 2 (3) decimal significant digits for the value of rs (⇥s):
this precision is su⇥cient for most computations, but more would be needed for specific cases, such
as to precisely reproduce the J factors (discussed in Sec.5) for small angular regions around the
Galactic Center.

Next, we need to determine the parameters rs (a typical scale radius) and �s (a typical
scale density) that enter in each of these forms. Instead of taking them from the individual
simulations, we fix them by imposing that the resulting profiles satisfy the findings of
astrophysical observations of the Milky Way. Namely, we require:

- The density of Dark Matter at the location of the Sun r� = 8.33 kpc (as determined
in [48]; see also [49] 3) to be �� = 0.3 GeV/cm3. This is the canonical value routinely
adopted in the literature (see e.g. [1, 2, 51]), with a typical associated error bar of
±0.1 GeV/cm3 and a possible spread up to 0.2⇧ 0.8 GeV/cm3 (sometimes refereed
to as ‘a factor of 2’). Recent computations have found a higher central value and
possibly a smaller associated error, still subject to debate [52, 53, 54, 55].

- The total Dark Matter mass contained in 60 kpc (i.e. a bit larger than the distance to
the Large Magellanic Cloud, 50 kpc) to be M60 ⌅ 4.7⇥ 1011M�. This number is based
on the recent kinematical surveys of stars in SDSS [56]. We adopt the upper edge of
their 95% C.L. interval to conservatively take into account that previous studies had
found somewhat larger values (see e.g. [57, 58]).

The parameters that we adopt and the profiles are thus given explicitly in fig. 1. Notice that
they do not di�er much (at most 20%) from the parameter often conventionally adopted in
the literature (see e.g. [2]), so that our results presented below can be quite safely adopted
for those cases.

of spherical symmetry, in absence of better determinations, seems to be still well justified. Moreover, it is
the current standard assumption in the literature and we therefore prefer to stick to it in order to allow
comparisons. In the future, the proper motion measurements of a huge number of galactic stars by the
planned GAIA space mission will most probably change the situation and give good constraints on the
shape of our Galaxy’s DM halo, e.g. [46], making it worth to reconsider the assumption. For what concerns
the impact of non-spherical halos on DM signals, charged particles signals are not expected to be a�ected,
as they are sensistive to the local galactic environment. For an early analysis of DM gamma rays al large
latitudes see [47].

3The commonly adopted value used to be 8.5 kpc on the basis of [50].
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DM halo profiles
From N-body numerical simulations:

  cuspy: NFW, Moore 
  mild: Einasto 
  smooth: isothermal, Burkert

At small r: �(r) � 1/r�
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to as ‘a factor of 2’). Recent computations have found a higher central value and
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reader with ready-to-use final products, as opposed to the generating code. We make an
e�ort to extend our results to large, multi-TeV DM masses (recently of interest because
of possible multi-TeV charged cosmic ray anomalies) and small, few-GeV DM masses (re-
cently discussed because of hints from DM direct detection experiments), at the edge of the
typical WIMP window. Above all, our aim is to provide a self-consistent, independently
computed, comprehensive set of results for DM indirect detection. Whenever possible, we
have compared with existing codes, finding good agreement or improvements.

2 Dark Matter distribution in the Galaxy

For the galactic distribution of Dark Matter in the Milky Way we consider several possi-
bilities. The Navarro, Frenk and White (NFW) [35] profile (peaked as r�1 at the Galactic
Center (GC)) is a traditional benchmark choice motivated by N-body simulations. The
Einasto [36, 37] profile (not converging to a power law at the GC and somewhat more
chubby than NFW at kpc scales) is emerging as a better fit to more recent numerical sim-
ulations; the shape parameter � varies from simulation to simulation, but 0.17 seem to
emerge as a central, fiducial value, that we adopt. Cored profiles, such as the truncated
Isothermal profile [38, 39] or the Burkert profile [40], might be instead more motivated by
the observations of galactic rotation curves, but seem to run into conflict with the results of
numerical simulations. On the other hand, profiles steeper that NFW had been previously
found by Moore and collaborators [41].

As long as a convergent determination of the actual DM profile is not reached, it is
useful to have at disposal the whole range of these possible choices when computing Dark
Matter signals in the Milky Way. The functional forms of these profiles read:

NFW : ⇥NFW(r) = ⇥s
rs

r

⇤
1 +

r

rs

⌅�2

Einasto : ⇥Ein(r) = ⇥s exp

⌥
� 2

�

⇧⇤
r

rs

⌅�

� 1

⌃�

Isothermal : ⇥Iso(r) =
⇥s

1 + (r/rs)
2

Burkert : ⇥Bur(r) =
⇥s

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

Moore : ⇥Moo(r) = ⇥s

�rs

r

⇥1.16
⇤

1 +
r

rs

⌅�1.84

(1)

Numerical DM simulations that try to include the e�ects of the existence of baryons have
consistently found modified profiles that are steeper in the center with respect to the DM-
only simulations [42]. Most recently, [43] has found such a trend re-simulating the haloes
of [36, 37]: steeper Einasto profiles (smaller �) are obtained when baryons are added.
To account for this possibility we include a modified Einasto profile (that we denote as
EinastoB, EiB in short in the following) with an � parameter of 0.11. All profiles assume
spherical symmetry 2 and r is the coordinate centered in the Galactic Center.

2Numerical simulations show that in general halos can deviate from this simplest form, and the isodensity
surfaces are often better approximated as triaxial ellipsoids instead (e.g. [44]). For the case of the Milky
Way, however, it is fair to say that at the moment we do not have good observational determinations of its
shape, despite the e�orts already made studying the stellar tidal streams, see [45]. Thus the assumption

5
EinastoB = steepened Einasto 

(effect of baryons?)

6 profiles:
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DM halo profiles
From N-body numerical simulations:

Common features:

ρ⊙ ≃ 0.4 GeV/cm3

≃ 1012 M⊙Total mass of the MW:
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How was  
Dark Matter 
produced?

Basic concept: a relic from the Early Universe 
• Thermal relic / freeze-out DM 
• Asymmetric DM 
• Freeze-in DM 
• Oscillations


