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Galaxies

• Rotation curves of spiral galaxies
• Gas temperature in elliptical galaxies

Clusters of galaxies

• Peculiar velocities and gas temperature
• Weak lensing
• Dynamics of cluster collision
• Filaments between galaxy clusters

Cosmological scales

Anisotropies in the Cosmic Microwave Background

Dark Matter is a necessary (and abundant) ingredient in the Universe

WCDM h2 = 0.1196 ± 0.003

It is one of the clearest hints of 
Physics Beyond the SM

Planck 2013
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Rotation curves of spiral galaxies become flat for large distances  

From the luminous matter of the disc one 
would expect a decrease in the velocity 
that is not observed

Galaxies contain vast amounts of non-luminous matter 

Faber, Gallagher ‘79
Bosma ‘78, ’81

van Albada, Bahcall, Begeman, Sancisi ‘84

Rubin ‘75
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~ Spherical  
Dark Matter Halo 

10 kpc 

100 kpc 

Galaxies contain vast amounts of non-luminous matter  



Rotation curves of spiral galaxies become flat for large distances   

From the luminous matter of the disc one would 
expect a decrease in the velocity that is not 
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Isothermal Spherical Cow Halo (a.k.a. Standard Halo Model) 

Isotropic 
 
density distribution 
 
it has reached a steady state (Maxwell-Bolzmann distribution of velocities) 

ar
X

iv
:1

30
3.

68
68

v2
  [

as
tro

-p
h.

CO
]  

18
 Ju

l 2
01

3

Model independent determination of the dark matter mass from direct detection
experiments

Bradley J. Kavanagh∗ and Anne M. Green†

School of Physics & Astronomy,University of Nottingham, University Park, Nottingham, NG7 2RD, UK
(Dated: 19th July, 2013)

Determining the dark matter (DM) mass is of paramount importance for understanding dark
matter. We present a novel parametrization of the DM speed distribution which will allow the DM
mass to be accurately measured using data from Weakly Interacting Massive Particle (WIMP) direct
detection experiments. Specifically, we parametrize the natural logarithm of the speed distribution
as a polynomial in the speed v. We demonstrate, using mock data from upcoming experiments,
that by fitting the WIMP mass and interaction cross-section, along with the polynomial coefficients,
we can accurately reconstruct both the WIMP mass and speed distribution. This new method is
the first demonstration that an accurate, unbiased reconstruction of the WIMP mass is possible
without prior assumptions about the distribution function. We anticipate that this technique will
be invaluable in the analysis of future experimental data.

PACS numbers: 07.05.Kf,14.80.-j,95.35.+d,98.62.Gq

Dark matter (DM) has thus far only been detected
through its gravitational interaction with Standard
Model particles and its particle nature is not yet known.
Weakly Interacting Massive Particles (WIMPs) are a
good DM candidate as they are generically produced in
the early Universe with the required abundance and Su-
persymmetry (SUSY) provides a concrete well-motivated
WIMP candidate in the form of the lightest neutralino
(e.g. Ref. [1]). WIMPs can be detected directly in the lab
or indirectly via their annihilation products. They can
also be produced at particle colliders such as the LHC.
Direct detection experiments [2, 3] aim to observe nuclear
recoils produced by WIMPs passing through terrestrial
detectors (such as XENON100 [4] or CDMS [5]). While
WIMPs are within the reach of near future direct detec-
tion experiments their convincing detection is likely to
require consistent signals (i.e. with the same WIMP pa-
rameters) from direct, indirect and collider searches (e.g.
Ref. [6]). An accurate determination of the WIMP pa-
rameters would also be instrumental in constraining the
parameter space of SUSY models (e.g. Ref. [7]).

Measuring the rate of nuclear recoils as a function of re-
coil energy should in principle allow the WIMP mass and
interaction cross-section with nucleons to be extracted.
However, the analysis of direct detection data requires
assumptions to be made about the astrophysical distri-
bution of the DM within the Milky Way halo. The local
velocity distribution, f(v), encodes the speeds of DM
particles and determines the recoil energies observed in
experiments. Direct detection experiments usually as-
sume the simplest possible model for the Milky Way halo
(referred to as the Standard Halo Model). This model
assumes that the halo is isotropic, has a density distri-
bution ρ(r) ∝ r−2 and has reached a steady state, in
which case it has a Maxwell-Boltzmann velocity distri-
bution in the Galactic frame. However, high resolution
N-body simulations [8, 9] suggest that the true distribu-

tion function is non-Maxwellian. In particular there may
be features in the high-speed tail of the speed distribution
from particles that are not yet virialised [10]. Further-
more, the effect of baryons on the DM halo is not yet
fully understood. For example, some simulations [11, 12]
show evidence for a dark disk (DD) which corotates with
the baryonic disk and which may significantly affect the
direct detection rate [13].

These uncertainties in the velocity distribution can
lead to an order of magnitude uncertainty in estimates
of the interaction cross-section [14] and significant bias
in the recovery of the WIMP mass from direct detec-
tion data [15]. It is therefore imperative to account for
this uncertainty in the current and future analysis of
such experiments. Several different approaches have been
proposed. One option is to simultaneously fit Galac-
tic parameters, for example the lag speed (the speed
of the Solar System with respect to the peak of the
WIMP speed distribution), the velocity dispersion and
anisotropy, alongside the WIMP mass and cross-section
[14, 16, 17]. However this method assumes that the Milky
Way halo is fully equilibrated and requires that it can be
described by one of a relatively small class of models. Pe-
ter proposed a more model-independent approach where
f(v) is parameterized as a series of constant bins in veloc-
ity space [15]. Subsequent studies have explored param-
eterizing the momentum distribution [18], while Ref. [19]
parameterises f(v) in terms of integrals of motion. How-
ever, these approaches still have significant shortcomings
and either result in a substantial bias in WIMP param-
eters [15, 18] or assume that the WIMP mass is already
known [19].

In this letter we present a new model-independent
parametrization method for f(v) which allows the ac-
curate, unbiased reconstruction of the WIMP mass. In
order to demonstrate the robustness of the method, we
generate mock data sets for three proposed experiments



Rotation curves have also been measured for a large number of spiral galaxies

The mismatch in the shape cannot 
be compensated by modifying the 
contribution from luminous 
components (disk and bulge)

Faber, Gallagher ‘79
Bosma ‘78, ’81

van Albada, Bahcall, Begeman, Sancisi ‘84
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The effect of DM has also been observed in the Milky Way... 

Bovy, Tremaine 2012

• Observations also show that there is need for DM in the solar neighbourhood

Rotation curve of the Milky Way
Bertone, Iocco, Pato 2015

• There is DM in the centre of our Galaxy

Benasque
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There are substantial uncertainties in the description of our DM halo
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The Local Dark Matter Density

Fabrizio Nesti,a Paolo Salucci∗b

aUniversity of L’aquila - I-67100, L’Aquila, Italy
bSISSA
E-mail: nesti@aquila.infn.it, salucci@sissa.it

We present the recent robust determination of the value of the Dark Matter density at the Sun’s
location (ρ⊙) with a technique that does not rely on a global mass-modeling of the Galaxy. The
method is based on the local equation of centrifugal equilibrium and depends on local and quite
well known quantities such as the angular Sun’s velocity, the disk to dark contribution to the
circular velocity at the Sun, and the thin stellar disk scale length. This determination is inde-
pendent of the shape of the dark matter density profile, the knowledge of the rotation curve
at any radius, and the very uncertain bulge/disk/dark-halo mass decomposition. The result is:
ρ⊙ = 0.43(0.11)(0.10)GeV/cm3, where the quoted uncertainties are due to the uncertainty a) in
the slope of the circular-velocity at the Sun location and b) in the ratio between this radius and the
exponential length scale of the stellar disk. The devised technique is also able to take into account
any future improvement in the data relevant for the estimate.

VIII International Workshop on the Dark Side of the Universe,
June 10-15, 2012
Rio de Janeiro, Brazil

∗Speaker.

c⃝ Copyright owned by the author(s) under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike Licence. http://pos.sissa.it/

Nesti, Salucci 2012

• local DM density 
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SISSA 34/2009/EP

A novel determination of the local dark
matter density

Riccardo Catenaa

Piero Ulliob

a,bSISSA, Scuola Internazionale Superiore di Studi Avanzati,

Via Beirut 2-4, I-34014 Trieste, Italy and

INFN, Istituto Nazionale di Fisica Nucleare,

Sezione di Trieste, I-34014 Trieste, Italy

Abstract

We present a novel study on the problem of constructing mass models for the

Milky Way, concentrating on features regarding the dark matter halo component.

We have considered a variegated sample of dynamical observables for the Galaxy,

including several results which have appeared recently, and studied a 7- or 8-

dimensional parameter space - defining the Galaxy model - by implementing a

Bayesian approach to the parameter estimation based on a Markov Chain Monte

Carlo method. The main result of this analysis is a novel determination of the

local dark matter halo density which, assuming spherical symmetry and either an

Einasto or an NFW density profile is found to be around 0.39 GeV cm−3 with a 1-σ

error bar of about 7%; more precisely we find a ρDM (R0) = 0.385±0.027GeV cm−3

for the Einasto profile and ρDM (R0) = 0.389±0.025GeV cm−3 for the NFW. This

is in contrast to the standard assumption that ρDM(R0) is about 0.3 GeV cm−3

with an uncertainty of a factor of 2 to 3. A very precise determination of the

local halo density is very important for interpreting direct dark matter detection

experiments. Indeed the results we produced, together with the recent accurate

determination of the local circular velocity, should be very useful to considerably

narrow astrophysical uncertainties on direct dark matter detection.

aEmail: catena@sissa.it
bEmail: ullio@sissa.it

M. Weber, W. de Boer: Constraints on Galactic Dark Matter 9

] [MtotM
1210

]
-3

 [G
eV

 c
m

,D
M

ρ

0.22

0.24

0.26

0.28

0.3

0.32

0.34

0.36

0.38

0.4

0.42

1

2

3

4

5

6

7

Fig. 6: The local DM densities ρ⊙,DM are shown for different fits with different parameters. The numbers correspond to the numbers
of the fit results in Table 5.

model is not very sensitive to this inner region, the parameters
of the bulge will not be varied anymore.

To optimize the remaining parameters in order to best de-
scribe the data, the following χ2 function was minimized using
the Minuit package (James and Roos 1975)

χ2 =
(Mcalc

tot − D)2

σ2Mtot

+
(vcalc⊙ − D)2

σ2v⊙
+
(ρcalctot − D)2

σ2ρtot
+

(Σcalcvis − D)
2

σ2
Σvis

+
(Σcalctot − D)2

σ2
Σtot

+
(rcalcd − D)2

σ2rd
+

(RCcalc
S lope − D)

2

σ2RCS lope
+
((A − B)calc − D)2

σ2A−B
(18)

The index calc means the observables were calculated from the
fitted parameters, while D denotes the experimental data for the
observable and σ its error. The constraints have been summa-
rized in Table 4.

The fit shows a more than 95% positive correlation between
the local dark matter density and the scale length of DM halo a
and an equally large negative correlation with the scale length rd
of the baryonic disc. Consequently, it is difficult to leave param-
eters free in the fit. Therefore the fit was first performed for fixed
values of a (rows 1-3 of Table 5) and then rd was fixed (rows 4-
7). With the other free parameters all experimental constraints
could be met, as indicated by the χ2 values in brackets below the
fitted values in Table 5. Of course, the total mass changed for the
different fits. Fig. 6 shows the resulting local DM density versus
the total mass, as calculated from the fitted parameters. It shows
that in spite of the small errors for the local density in individual
fits the spread in density is still quite large.

The fit was repeated for other halo profiles, which gave simi-
larly good χ2 values, as shown by rows 9-11 in Table 5. So with
the present data one cannot distinguish the different halo profiles.

Sofar only spherical halos have been discussed. Allowing
oblate halos with a ratio of short-to-long axis of 0.7 the local

DM density increases by about 20%, as shown by the last row
of Table 5. As mentioned before, dark discs can enhance this
value considerably more, so the uncertainty usually quoted for
the local dark matter density in the range of 0.2 to 0.7 GeV cm−3
(0.005 - 0.018 M⊙ pc−3) (Amsler et al. 2008; Gates et al. 1995)
is still valid in spite of the considerably improved data.

5. Conclusion
In this analysis five different halo profiles are compared with
recent dynamical constraints as summarized in Table 4. The
change of slope in the RC around 10 kpc (Fig. 3) was ignored, so
the monotonical decreasing RC for the smooth halo profiles do
not describe the data well. The change of slope may be related
to a ringlike DM substructure , as indicated by the structure in
the gas flaring (Kalberla et al. 2007) and by the structure in the
diffuse gamma radiation (de Boer et al. 2005). Such a ringlike
structure of DM gives a perfect description of the rotation curve,
especially the fast decrease between 6 and 10 kpc. If the DM sub-
structure is included, the local DM density increases above the
values found in this analysis, so the values quoted here should
be considered lower limits.

The astronomical constraints are consistent with a density
model of the Galaxy consisting of a central bulge, a disc and an
extended DM halo with a cuspy density profile and a local DM
density between 0.2 GeV cm−3 (0.005 M⊙ pc−3) and 0.4 GeV
cm−3 (0.01 M⊙ pc−3), as shown in Fig. 6. Strong positive and
negative correlations between the parameters were found in the
fit and they are causing the obvious correlations between ρ⊙,DM
and Mtot in Fig. 6. For non-spherical haloes these values can be
enhanced by 20%. If dark discs are considered, densities up to
0.7 GeV cm−3 (0.018 M⊙ pc−3) can be easily imagined, so the
previous quoted range of 0.2 - 0.7 GeV cm−3 (0.005 - 0.018 M⊙
pc−3) seems still valid. This range is considerably larger than the
values quoted by analyses which used a Markov Chain method
to minimize the likelihood; they find ρ⊙,DM = 0.39 ± 0.03 GeV
cm−3 (Catena and Ullio 2009) and ρ⊙,DM = 0.32 ± 0.07 GeV
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Abstract

We present a novel study on the problem of constructing mass models for the

Milky Way, concentrating on features regarding the dark matter halo component.

We have considered a variegated sample of dynamical observables for the Galaxy,

including several results which have appeared recently, and studied a 7- or 8-

dimensional parameter space - defining the Galaxy model - by implementing a

Bayesian approach to the parameter estimation based on a Markov Chain Monte

Carlo method. The main result of this analysis is a novel determination of the

local dark matter halo density which, assuming spherical symmetry and either an

Einasto or an NFW density profile is found to be around 0.39 GeV cm−3 with a 1-σ

error bar of about 7%; more precisely we find a ρDM (R0) = 0.385±0.027GeV cm−3

for the Einasto profile and ρDM (R0) = 0.389±0.025GeV cm−3 for the NFW. This

is in contrast to the standard assumption that ρDM(R0) is about 0.3 GeV cm−3

with an uncertainty of a factor of 2 to 3. A very precise determination of the

local halo density is very important for interpreting direct dark matter detection

experiments. Indeed the results we produced, together with the recent accurate
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aEmail: catena@sissa.it
bEmail: ullio@sissa.it
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The Dark Matter Density in the Solar
Neighborhood reconsidered

W. de Boer, M. Weber

Institut für Experimentelle Kernphysik, Karlsruher Institut für Technologie (KIT), P.O.
Box 6980, 76128 Karlsruhe, Germany

Abstract. The peculiar dip in the outer rotation curve at a distance of 9 kpc, which
was recently confirmed by precise measurements with the VERA VLBI array in Japan,
suggests donut-like substructures in the dark matter (DM) halo, since spherical or elliptical
distributions will not cause a dip. Additionally, such a donut-like DM structure seems to be
required by the dip in the gas flaring of the disk. In this paper we consider the impact of such
DM substructure in the disk on the rotation curve, the gas flaring, the local DM density and
the local surface density. A global fit shows that the rotation curve is best described by an
NFW DM profile complemented by two donut-like DM substructures at radii of 4.2 and 12.4
kpc, which coincide with the local dust ring and the Monocerus ring of stars, respectively.
Both regions have been suggested as regions with tidal streams from ”shredded” satellites,
thus enhancing the plausibility for additional DM. If real, the radial extensions of these
nearby ringlike structures enhance the local dark matter density by a factor of four to about
1.3±0.3 GeV/cm3. We find that i) this higher DM density is perfectly consistent with the
local gravitational potential determining the surface density and ii) the s-shaped gas flaring
is explained. Such a possible enhancement of the local DM density is of great interest for
direct DM searches and the ringlike structure would change the directional dependence of
gamma rays for indirect DM searches.

Keywords: Dark Matter Profile, Dark Matter Substructure, Rotation Curve, Dark Matter
Density, Gas Flaringar
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The Dark Matter Density in the Solar
Neighborhood reconsidered

W. de Boer, M. Weber

Institut für Experimentelle Kernphysik, Karlsruher Institut für Technologie (KIT), P.O.
Box 6980, 76128 Karlsruhe, Germany

Abstract. The peculiar dip in the outer rotation curve at a distance of 9 kpc, which
was recently confirmed by precise measurements with the VERA VLBI array in Japan,
suggests donut-like substructures in the dark matter (DM) halo, since spherical or elliptical
distributions will not cause a dip. Additionally, such a donut-like DM structure seems to be
required by the dip in the gas flaring of the disk. In this paper we consider the impact of such
DM substructure in the disk on the rotation curve, the gas flaring, the local DM density and
the local surface density. A global fit shows that the rotation curve is best described by an
NFW DM profile complemented by two donut-like DM substructures at radii of 4.2 and 12.4
kpc, which coincide with the local dust ring and the Monocerus ring of stars, respectively.
Both regions have been suggested as regions with tidal streams from ”shredded” satellites,
thus enhancing the plausibility for additional DM. If real, the radial extensions of these
nearby ringlike structures enhance the local dark matter density by a factor of four to about
1.3±0.3 GeV/cm3. We find that i) this higher DM density is perfectly consistent with the
local gravitational potential determining the surface density and ii) the s-shaped gas flaring
is explained. Such a possible enhancement of the local DM density is of great interest for
direct DM searches and the ringlike structure would change the directional dependence of
gamma rays for indirect DM searches.

Keywords: Dark Matter Profile, Dark Matter Substructure, Rotation Curve, Dark Matter
Density, Gas Flaringar

X
iv

:1
01

1.
63

23
v2

  [
as

tro
-p

h.
C

O
]  

31
 M

ar
 2

01
1

De Boer, Webber 2011

ar
X

iv
:0

90
7.

00
18

v2
  [

as
tro

-p
h.

C
O

]  
30

 Ju
l 2

00
9

SISSA 34/2009/EP

A novel determination of the local dark
matter density

Riccardo Catenaa

Piero Ulliob

a,bSISSA, Scuola Internazionale Superiore di Studi Avanzati,

Via Beirut 2-4, I-34014 Trieste, Italy and

INFN, Istituto Nazionale di Fisica Nucleare,

Sezione di Trieste, I-34014 Trieste, Italy

Abstract

We present a novel study on the problem of constructing mass models for the

Milky Way, concentrating on features regarding the dark matter halo component.
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including several results which have appeared recently, and studied a 7- or 8-

dimensional parameter space - defining the Galaxy model - by implementing a

Bayesian approach to the parameter estimation based on a Markov Chain Monte

Carlo method. The main result of this analysis is a novel determination of the

local dark matter halo density which, assuming spherical symmetry and either an

Einasto or an NFW density profile is found to be around 0.39 GeV cm−3 with a 1-σ

error bar of about 7%; more precisely we find a ρDM (R0) = 0.385±0.027GeV cm−3

for the Einasto profile and ρDM (R0) = 0.389±0.025GeV cm−3 for the NFW. This

is in contrast to the standard assumption that ρDM(R0) is about 0.3 GeV cm−3

with an uncertainty of a factor of 2 to 3. A very precise determination of the

local halo density is very important for interpreting direct dark matter detection

experiments. Indeed the results we produced, together with the recent accurate

determination of the local circular velocity, should be very useful to considerably

narrow astrophysical uncertainties on direct dark matter detection.

aEmail: catena@sissa.it
bEmail: ullio@sissa.it

• DM density profile 
(DM density at the galactic centre)

• Velocity distribution of DM particles

Maxwellian distribution is a good fit in the Milky Way
Uncertainty in astrophysical parameters

Benasque
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EAGLE HR

Figure 2. DM velocity modulus distributions in the Galactic rest frame (coloured data points with
1� error bars) for two haloes in the eagle HR simulation which satisfy our selection criteria and
have the speed distributions closest to (halo E12, shown in green) and farthest from (halo E3, shown
in magenta) the SHM Maxwellian (top left), and two haloes in the apostle IR simulation satisfying
our selection criteria (bottom left). The right panels show the velocity modulus distributions for the
same haloes shown in the left panels but in a DMO simulation. The black solid line shows the SHM
Maxwellian speed distribution (with peak speed of 230 km/s), and the coloured dashed lines show the
best fit Maxwellian distribution for each halo (with matching colours).

is actually a lower limit on the true MW escape speed, it is the commonly adopted value.
Also, the larger vesc values of the haloes in the eagle HR simulation are due to the larger
M200 of those haloes compared to the MW. However, as discussed in section 3, this does not
a↵ect the predicted signals in direct detection experiments. The local Galactic escape speeds
are in the range of 720 – 1083 km/s (617 – 646 km/s) for the selected eagle HR (apostle
IR) haloes. These escape speeds are computed for each simulated halo from the total mass
enclosed in a sphere of radius 7 kpc, which is the inner radius of our defined torus. Therefore,
these escape speeds represent an upper limit on those expected at the Solar circle.

We now discuss how well the DM velocity modulus distributions of the simulated MW
analogues can be fitted with various fitting functions that have been proposed in the past for
the DM velocity distribution. We adopt the following parameterizations of the DM velocity
modulus distribution:

– 9 –



Observations

Auriga
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(Time from Big Bang)

Old stars are deposited in the Galactic 
inner regions by disruption events. 

DM and metal-poor stars in the Solar 
neighbourhood could share  similar 
kinematics due to their common origin

We can use the metallicity as a proxy 
for the star’s formation time.

Can we use stars to trace the DM velocity distribution?
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Can we use stars to trace the DM velocity distribution?

Bozorgnia et al. 1811.11763

It has been suggested that the local dark matter velocity distribution can be 
inferred from that of old or metal-poor stars

Results from high resolution magneto-hydrodynamical simulations of Milky Way-
like galaxies of the Auriga project do not show a strong correlation

Herzog-Arbeitman, Lisanti, Necib 1704.04499
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FIG. 1. Left: Earth frame velocity distribution for the SHM++ in the radial and horizontal directions. We assume a Sausage
fraction of ⌘ = 0.2. The shapes of the round component, fR(v), and Sausage component, fS(v), in velocity space are traced
with red and blue contours respectively. The radial anisotropy of the Sausage component can be clearly seen. The white point
marks the inverse of the velocity of the Sun (LSR + peculiar motion) and the white circle indicates the path of the full Earth
velocity over one year. Right: Earth frame speed distributions for the SHM (red dashed) and the SHM++ (blue). The shade
of blue indicates the fraction of the halo comprised of Sausage. The lower blue line isolates only 0.2fS(v). The e↵ect of the
Sausage component is to make the speed distribution colder.

anisotropic Sausage component. It depends on the fa-
miliar Galactic constants already present in the SHM,
namely the local circular speed v0, the local escape speed
vesc and the local DM density ⇢0. There are two addi-
tional parameters in the SHM++: the velocity anisotropy
� ⇡ 0.9 ± 0.05 of the Gaia Sausage and the fraction of
DM locally in the Sausage ⌘, which we estimate in the
next section.

On Earth, the incoming distribution of DM particles
is found by boosting the DM velocities in the galactic
frame by the Earth’s velocity with respect to the Galactic
frame: vE(t) = (0, v0, 0)+ (U, V,W ) +uE(t). Explicitly,
this means that the Earth frame velocity distribution is
flab(v) = f(v + vE(t)). The Earth’s velocity is time
dependent owing to the time dependence of uE(t), the
Earth’s velocity around the Sun. Expressions for uE(t)
are given in Refs. [107–109].

We plot the Earth frame distribution of velocities and
speeds in Fig. 1. The velocity distribution (left panel) is
displayed as the two-dimensional distribution flab(vr, v✓),
where we have marginalised over v�. The blue contours
associated with the Sausage component clearly show the
radial bias in velocity space compared to the circular
red contours associated with the round component of the
halo. In the right panel, we show the speed distribution,
flab(v) = v2

R
d⌦flab(v), for the SHM, SHM++ and the

isolated Sausage component. For the SHM distribution
(red dashed line), we have used the parameters in the
upper half of Table I. For the SHM++ distribution (blue
shaded), we have used the parameters in the lower half of
Table I with the exception of ⌘, which we have allowed to

vary in the range ⌘ = 0 (corresponding to only a round
halo component) to ⌘ = 0.3. The solid blue line shows
the contribution from only the Sausage component with
⌘ = 0.2.

Comparing the SHM and SHM++ distributions, we see
that the SHM++ distribution is everywhere shifted to
higher speeds. This is primarily because of the larger
value of v0. Comparing the SHM++ distribution with
⌘ = 0 (the lightest edge in the shaded region) to the
distribution with ⌘ 6= 0, we see that the impact of the
Sausage component is to increase the peak-height of the
speed distribution while decreasing the overall dispersion
of the distribution, i.e. the Sausage component makes the
total speed distribution colder compared to a halo with
only the round, isotropic component. The di↵erence in
the dispersion arises from the di↵erent expressions for
the velocity dispersions in the Sausage distribution (fS)
compared to the round halo (fR).

B. Constraining ⌘

The fraction ⌘ of DM locally in the Gaia Sausage is
not known, but an upper limit can be estimated. The
stellar density distribution of the Sausage is triaxial with
axis ratios a = 1, b = 1.27±0.03, c = 0.57±0.02 near the
Sun, and falls o↵ like ⇠ r�3 [105]. As a simple model,
we assume that the Sausage DM density is stratified on

Evans, O’Hare, McCabe 1810.11468

A sausage in our Galaxy??

The DM (and stars) velocity distribution function is sensitive to the merging history.

A head-on collision with a smaller object left a characteristic imprint in the  
angular and radial velocities.

Evans, et al. 2018



16/09/2019 15

O’Hare, McCabe, Evans, Myeong, Berlokurov 1807.0900

4

To combine the stream with an isotropic halo model
we assume that it comprises some fraction of the local
density ⇢str/⇢0, so that the total distribution is

fSHM+str(v) =

✓
1� ⇢str

⇢0

◆
fSHM(v, t) +

⇢str
⇢0

fstr(v, t) .

(4)
Although ⇢0 = 0.3 GeV cm�3 is a widely-used value of
the local DM density, more recent investigations using
vertical kinematics of stars tend to find the somewhat
larger value of ⇢0 ⇡ 0.5 GeV cm�3 [68–71].

Of course, the underlying assumption here is that the
DM particles have the same kinematic properties as the
stars. This is unlikely to be correct in detail. For ex-
ample, the DM streams of Sagittarius are believed to be
more extended then the stellar streams and misaligned
from them [14, 15]. Judging from the mass of its stellar
content, the Sagittarius progenitor is almost certainly a
dwarf irregular galaxy [72], whereas the S1 progenitor is
a dwarf spheroidal [2]. In the former case, the stars are
distributed in a disk, whereas the DM is spheroidal, so
mismatches between the stellar and DM tails are only
to be expected. In the latter case, the stars and DM
start out as both spheroidally distributed, though possi-
bly with di↵erent flattenings. The process of tidal strip-
ping does refashion the more compact stellar and more
extended DM content di↵erently [e.g., 73], so mismatches
are still possible – but perhaps not as substantial as in
the case of dwarf irregulars. Similarly, the velocity dis-
persion of DM particles in dwarf spheroidals is somewhat
larger then the dispersion of the stars [74] – against which
must be balanced the fact there almost certainly remain
some contaminants in the S1 stars, so our present stellar
dispersion may be an overestimate. In fact, the velocity
dispersion of a stream can evolve considerably both with
time since disruption and along the stream at the present
day [75, 76].

We show the range of f(v) in the lab frame (which is
modulated over one year) in Fig. 3 for both the SHM
and SHM+S1 model, assuming ⇢str/⇢0 = 0.1. We clearly
see that the SHM+S1 model has a larger number of high
speed DM particles compared to the SHM alone. The
distribution in this case was calculated by numerically in-
tegrating the 3-dimensional multivariate Gaussian form
for f(v) including dispersion velocities �r,�,z

str
in each di-

rection. All the results we present here are essentially in-
sensitive to this multivariate treatment of the stream ve-
locity distribution. One could instead use, more straight-
forwardly, the same velocity dispersion in all three direc-
tions (for which there are analytic formulae for all neces-
sary direct detection signals). Accounting for the annual
modulation, the average value that best reproduces the
full multivariate distribution is �str ⇡ 46 km s�1.

The velocity of the lab (and hence the lab frame ve-
locity of the stream) is time dependent due to the revo-
lution and rotation of the Earth. This gives rise to well
known annual and diurnal modulations [77, 78]. The di-
urnal modulation in speed is likely unobservable for any
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FIG. 3. Laboratory frame speed distributions for the SHM
(green) and SHM+S1 (red) models. The shaded region de-
limits the range taken by the speed distribution modulated
over one year. In the SHM+S1 model we have assumed that
the stream comprises 10% of ⇢0.

realistic experiment (with the possible exception of cer-
tain axion experiments [79]), so we focus on the annual
e↵ect. We calculate the velocity of the lab using for-
mulae detailed in Ref. [45, 80]. The velocity of the Sun
is set by the velocity of the local standard of rest and
the peculiar velocity of the Sun with respect to the LSR:
v� = (11.1, 232.8+12.24, 7.25) km s�1. When combined
with the Earth revolution velocity, for the year 2018 we
find

vlab = v�+v� (cos[!(t� ta)] ✏̂1 + sin[!(t� ta)] ✏̂2) (5)

where ! = 2⇡/(365 days), ta = 22 March, v� =
29.79 km s�1 and the vectors are,

✏̂1 = (0.9941, 0.1088, 0.0042)T , (6)

✏̂2 = (�0.0504, 0.4946,�0.8677)T . (7)

We emphasise again that our assumptions made for
the various input astrophysical parameters are a depar-
ture from the commonly agreed upon benchmarks. Here
we favour instead more recent determinations, notably
⇢0 = 0.5 GeV cm�3, vesc = 520 km s�1 and v0 = 232.8
km s�1. This is in part to obtain some self-consistency
given that we are using a particular determination of the
stream velocity. In addition it enables us to advertise the
ongoing refinement of these values.

IV. SENSITIVITY OF XENON DETECTORS

Current and existing dual phase xenon detectors [81]
are the most sensitive to DM-induced nuclear recoils for

There can also be streams of Dark Matter

Using Gaia data, a stream (in visible starts), S1, has also been found in the 
Milky Way

If DM is also present in the stream it will modify the local velocity distribution 
function
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Andromeda (M31)

2.5 million light years away
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Sample Dark Matter 
halo from the

Aquarius DM simulation

Andromeda (M31)
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Galaxy clusters also contain large amounts of non-luminous matter 

Gavazzi et al.: Weak lensing in Coma 3

Fig. 2. Top panel:Convergencemap for the Coma cluster. Green
contours represent signal-to-noise ratios of 1, 2, . . .5, corre-
sponding to κ = 0.01, 0.02, . . .0.05. Red crosses represent the
bright cluster members lying on the red sequence. Bottom
panel: Gray-scale view of the luminosity distribution of clus-
ter red sequence members with the overlaid contours in green.
The blue dotted contours show the excess X-ray emission over a
smooth β-model X-ray emissivity map (Neumann et al. 2003).

3. Radial mass profile
We now investigate the azimuthally-averaged tangential shear
profile γt(R) which is simply related to the azimuthally-averaged
projected surface mass density profile Σ(R) by the relation

Σcritγt(R) ≡ ∆Σ(R) = M(< R)/(πR2) − Σ(R) , (2)

where we have defined the frequently used rescaled shear ∆Σ
and M(< R) is the projected mass enclosed by radius R.

We measure the radial shear profile average in circular annuli
centered on the peak of the convergence map (α=12:59:39.007,
δ=+27:57:55.93) which is only 40′′ east of NGC 4874, i.e. in
the direction of NGC 4889, which are respectively the brightest
and second brightest member galaxies. Fig. 3 shows the radial
shear profile γt(R) out to the edge of the Megacam field of view
(∼1 Mpc). The bottom panel of this figure shows the same pro-
file once galaxies are rotated by 45◦, which is the curl or B-mode

component of the ellipticity field. In the absence of systematic
PSF correction residuals, this rotated shear profile should be con-
sistent with zero at all scales. This is what we observe.

Fig. 3. Top panel: Radial shear profile measured in Coma as a
function of projected distance. The best-fit NFW profile is over-
laid. Bottom panel: B-mode shear profile showing the negligi-
ble residuals in the rotated shear component.

We attempted to fit a radial shear profile as predicted by the
NFW mass density profile of the form

ρ(r) = ρs(r/rs)−1 (1 + r/rs)−2 (3)

coming from cosmological simulations (Navarro et al.
1997). The corresponding lensing quantities were derived
by Bartelmann (1996). The two relevant quantities that
we fit are the mass M200c enclosed in the radius r200c in
which the mean density is 200 times the critical density
ρcrit and the concentration parameter c200c = r200c/rs. This
implies that ρs = ρcrit

200
3 c

3/ [ln(1 + c) − c/(1 + c)]. Fig. 4
shows the constraints we obtain on these two parameters.
Marginal distributions yield the following constraints2:
M200c = 5.1+4.3

−2.1 × 10
14 h−170M⊙ and c200c = 5.0+3.2

−2.5, which
corresponds to r200c = 1.8+0.6−0.3 Mpc. Fig. 4 also shows the mass-
concentration relation and its 1σ dispersion that were recently
reported by Macciò et al. (2008) assuming WMAP5 cosmo-
logical parameters (Komatsu et al. 2008). The two-dimensional
contours are in good agreement with these predictions. Taking
the conditional p(c200c|M200c) from Macciò et al. (2008) as a
prior on c200c, we marginalize again over the poorly constrained
concentration parameter and obtain constraints on the mass
M′200c = 9.7

+6.1
−3.5 × 10

14 h−170M⊙ or again r200c = 2.2
+0.3
−0.2 Mpc .

In order to allow a comparison with other mass estimates in
the literature, we calculate the virial mass Mvir ≡ M100c and the
corresponding concentration cvir ≡ c100c, since a density con-
trast ∆vir ≃ 100 is better suited for the assumed cosmology. All
our results regarding both (M200c, c200c) and (Mvir, cvir) as well
as corresponding r200c and rvir values are given in Table 1

These results are in good agreement with mass estimates in
the literature. Kubo et al. (2007) performed a weak lensing mass
estimate of Coma based on the much shallower SDSS data – re-
sulting in nbg ≃ 1arcmin−2 – but extending out to ∼ 14 h−170 Mpc.

2 Assuming a flat uniform prior in logM200c betwen 13 and 16 and on
c200c between 0.01 and 20 to infer respectively the marginal PDFs p(c)
and p(M200c)

Gavazzi et al 2009 
Kubo et al. 2007 

Weak lensing techniques also allow to 
“weigh” galaxy clusters by measuring the 
distortion (shear) of distant galaxies behind 
the cluster. 
 

Coma Cluster 
 

Peculiar motions of galaxies in the Coma cluster 
show that the total mass is much larger than the 
luminous one 
 Zwicky 1933, 1937 

17 
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Galaxy Cluster

You are here

Distant galaxies

Provides a measurement of 
the amount and distribution 
of DM

The DM in Galaxy clusters can also be observed through weak gravitational lensing

Observe collective distortions in the shape of distant galaxies whose light has crossed 
a heavy object ( such as a galaxy cluster)
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The DM in Galaxy clusters can also be observed through weak gravitational lensing

Observe collective distortions in the shape of distant galaxies whose light has crossed 
a heavy object ( such as a galaxy cluster)

E.g., reconstruction of the 
DM distribution  using 
Hubble observations.



The bullet cluster (a.k.a. merging galaxy cluster 1E0657-56)  

Clowe, González, Markevitch 2003 
Clowe et al. 2006 

Bradac et al. 2006 

The observed displacement between the bulk of the baryons and the gravitational 
potential favours the dark matter hypothesis versus modifications of gravity. 

21	HEP	School	2015	
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Cluster collisions suggest it is not modified gravity
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Numerical simulations show the importance of DM for structure formation 
showing a filamentary network 

Millennium Simulation
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Figure 1: Mass reconstruction of A 222/223. The background image is a three colour-
composite SuprimeCam image based on observations with the 8 m Subaru telescope
during the nights of Oct. 15 (A 222) and 20 (A 223), 2001 in V-, Rc- and i⇤-bands.
We obtained the data from the SMOKA science archive (http://smoka.nao.ac.jp/).
The FWHM of the stellar point-spread function varies between 0.⇤⇤57 and 0.⇤⇤70 in our final
co-added images. Overlayed are the reconstructed surface mass density (blue) above
� = 0.0077, corresponding to � = 2.36� 1013 M⇥ Mpc�2, and significance contours above
the mean of the field edge, rising in steps of 0.5⇥ and starting from 2.5⇥. Dashed con-
tours mark underdense regions at the same significance levels. Supplementary Figure 1
shows the corresponding B-mode map. The reconstruction is based on 40,341 galax-
ies whose colours are not consistent with early type galaxies at the cluster redshift. The
shear field was smoothed with a 2⇤ Gaussian. The significance was assessed from the
variance of 800 mass maps created from catalogues with randomised background galaxy
orientation. We measured the shapes of these galaxies primarily in the Rc-band, sup-
plementing the galaxy shape catalogue with measurements from the other two bands for
galaxies for which no shapes could be measured in the Rc-band, to estimate the gravita-
tional shear25,26. A 222 is detected at ⇥ 8.0⇥ in the south, A 223 is the double-peaked
structure in the north seen at ⇥ 7⇥.

Dietrich et al. 2012

Dark matter filament between two 
galaxy clusters

... and dark matter filaments might have been recently observed

Dark matter bridge between two 
galaxies

Epps, Hudson 2017

Abell 223

Abell 222



Observations of the Cosmic microwave Background can be used to determine the 
components of our Universe 

Dark Energy

Dark Matter

Baryons

68.5%

26.6%

WMAP and Planck precision data of the
CMB anisotropies allow the determination
of cosmological parameters

4.9%

The dark matter abundance is measured accurately

Spin values

Authors
1 Instituto de F́ısica Teórica, UAM/CSIC, Universidad Autónoma de Madrid, Cantoblanco, E-28049, Madrid, Spain and

2 Departamento de F́ısica Teórica, Universidad Autónoma de Madrid, Cantoblanco, E-28049, Madrid, Spain

Here abstract.

ΩΛh
2 = 0.3116± 0.009 (1)

Ωch
2 = 0.1196± 0.003 (2)

Ωbh
2 = 0.02207± 0.00033 (3)

COBE, WMAP, Planck

Planck 2013
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van Albada, Sancisi ‘87 

Challenges for DARK MATTER in the 80’s 

-$
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Current challenges for DARK MATTER 

!"#$%&'&'()*$

•  Experimental detection:  
Does DM feel other interactions apart from Gravity? 
Is the Electro-Weak scale related somehow related to DM? 
How is DM distributed? 

 
•  Determination of the DM particle parameters: 

Mass, interaction cross section, etc…  
 
•  What is the theory for Physics beyond the SM: 

DM as a window for new Physics 
Can we identify the DM candidate? 
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We don’t know yet what DM is... but we do know many of its properties

It is a NEW particle

• Neutral
• Stable on cosmological scales
• Reproduce the correct relic abundance
• Not excluded by current searches
• No conflicts with BBN or stellar evolution

Many candidates in Particle Physics

• Axions
• Weakly Interacting Massive Particles (WIMPs)
• SuperWIMPs and Decaying DM
• WIMPzillas
• Asymmetric DM
• SIMPs, CHAMPs, SIDMs, ETCs... 
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The Standard Model does not contain any viable candidate for DM

Dark Matter is one of the clearest hints of Physics Beyond the SM 

Neutrinos constitute a tiny part of (Hot) 
dark matter

1

σSI = 10−9 pb

σSD = 10−5 pb

mχ = 50 GeV

ϵ = 300 kg yr (1)

σSI = 0

σSD = 10−3 pb

mχ = 70 GeV

ϵ = 300 kg yr (2)

σSI = 10−8 pb

σSD = 10−5 pb

mχ = 10 GeV

ϵ = 300 kg yr (3)

ϵGe = 300 kg yr ϵSi = 40 kg yr (4)

(fp/fn)Ge = 0.79 (5)

(fp/fn)Si = 1 (6)

(fp/fn)Xe = 0.70 (7)

(fp/fn)Na = 0.92 (8)

(fp/fn)F = 0.9 (9)

(10)

Ωνh
2 =

∑
i mνi

91.5eV
! 0.003 (11)

Hot dark matter not consistent with 
observations on structure formation.

30IPPP 2015
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“Lone DM”

• The DM particle is the only exotic 
addition to the Standard Model

• For example: Higgs-portal DM

• Or axions…

S
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Figure 1: Singlet-scalar Higgs portal scenario (SHP): annihilation processes of the DM can-

didate, S.

detection and ξ2 for indirect detection. In the region where ξ < 1, S cannot be the only

DM component, so contributions from other particles (e.g., axions) are needed. The region

where ξ > 1 (gray area) is obviously excluded (though perhaps could be rescued if some non-

standard cosmology is invoked, see below). For this reason, we have not showed the shadowed

regions inside this gray area. It is worth noting that the excluded areas are extremely sensitive

to astrophysical uncertainties in the DM halo parameters [57] and nuclear uncertainties in

the hadronic matrix elements [47].

Current bounds from direct DM detection, most notably from the new results from LUX

[58] and PandaX-II [59], set an upper bound on the DM-nucleon elastic scattering cross

section (and hence on the DM coupling to the Higgs). This rules out the red area in Fig. 2.

Next-generation experiments, with larger targets and improved sensitivity are going to further

explore this parameter space. We indicate in the figure the expected reach of the LZ detector

by means of a green dashed line. Similarly, Fermi-LAT data on the continuum gamma-ray

flux from dwarf spheroidal galaxies (dSPh) and monochromatic gamma-ray lines from the

Galactic Centre set upper bounds on the DM annihilation cross section which also rule out

some areas of the parameter space, mainly for DM masses below 100 GeV (light brown and

cyan areas respectively). It should be noticed that, as λS decreases, the ξ−factor increases,

so that the indirect detection rate increases as well. Consequently, the excluded areas from

indirect detection extend downwards in the plot. Finally, for masses below ∼ 63 GeV, the

DM can contribute to the invisible decay of the SM Higgs boson. Current LHC constraints

on this quantity set an upper bound on the DM-Higgs coupling [53]. The blue region in Fig. 2

is excluded for this reason.

For comparison, the right panel of Fig. 2 shows the direct and indirect detection con-

straints when the local DM density is assumed to take the canonical value, ρ0 = 0.3 GeV cm−3,

regardless of the computed thermal relic abundance; in other words, we have set ξ = 1. This

would apply if non-thermal effects modified the final relic abundance, reconciling it with the

3

DM ZOO
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“Dark sector”

• The DM particle is accompanied 
by other new exotics.

• New “mediators” would 
connect the dark sector to the 
Standard Model.
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indirect detection extend downwards in the plot. Finally, for masses below ∼ 63 GeV, the

DM can contribute to the invisible decay of the SM Higgs boson. Current LHC constraints

on this quantity set an upper bound on the DM-Higgs coupling [53]. The blue region in Fig. 2

is excluded for this reason.

For comparison, the right panel of Fig. 2 shows the direct and indirect detection con-

straints when the local DM density is assumed to take the canonical value, ρ0 = 0.3 GeV cm−3,

regardless of the computed thermal relic abundance; in other words, we have set ξ = 1. This

would apply if non-thermal effects modified the final relic abundance, reconciling it with the
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“Dark sector”

• The DM particle is accompanied 
by other new exotics.

• New “mediators” would 
connect the dark sector to the 
Standard Model.

• For example, SUSY

Supersymmetric rave

DM ZOO



Some basics on Dark Matter Production

Dark matter was present in the Early Universe and it is present now, 
however, there are many different mechanisms to account for its 
correct abundance

- Thermal production (freeze-out)
- Out of equilibrium production (freeze-in)
- Late decays of unstable exotics
- Vacuum misalignment (axions)
- Asymmetry


