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Direct DM Searches

R ⇡ n�� h⌫i
mN

n� = ⇢�/m�

LUX, Xenon,CDMS and many more
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Indirect DM Searches

N = � ·Aeff · Texp

Fermi-LAT, Ice-Cube, AMS and many more

Freitag, 12. Juni 15



Indirect DM Searches
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✤ What is the impact of aspherical Halos?
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N-Body Simulations: Bolshoi
Klypin et.al ’11

3.3 Simulation Results

Parameter PLANCK WMAP7 Bolshoi Description
h 0.671 0.71 0.70 Hubble parameter
⌦⇤ 0.6825 0.734 0.73 density parameter for dark energy
⌦m 0.3175 0.2669 0.27 density parameter for matter

(dark matter+baryons)
⌦b 0.0489 0.0449 0.0469 density parameter for baryonic matter
n 0.9624 0.963 0.95 slope of the power spectrum
�8 0.8344 0.801 0.82 normalization of the power spectrum

Table 3.1: Cosmological parameters used in Bolshoi simulation compared with the best fit values obtained from
PLANCK and WMAP7

Parameter Millennium-II Bolshoi
Box size 100 h�1 Mpc 250 h�1 Mpc
Number of particles 21603 20483

Mass resolution 0.0069 109 h�1 M� 0.135 109 h�1 M�
Force resolution 1.0 h�1 kpc 1.0 h�1 kpc
Initial red shift 127 80

Table 3.2: Parameters of N-body simulation.

3.3.1 Halo finding

A generic prediction of CDM theory is that the process of halo formation is bottom-up, i.e, large halos
form from the mergers of smaller halos. Identification of DM halos in large simulations is a challenging
problem. To extract halo distributions and clustering of halo population, halos with centers that do not
lie within any larger virialized system and smaller halos located within the virial radii of larger systems
should be identified.

The halos are identified using the Bound-Density-Maxima (BDM) algorithm [125]. The details of the
algorithm and parameters being used in the halo finder can be found in [126]. Here, only the main steps
involved in finding a halo is briefly described.

First, the algorithm starts by calculating the local overdensity � = ⇢(z)
⇢cr(z) at each particle position and at

each time step using the smooth particle hydrodynamics (SPH) smoothing kernel 2 of 20 particles.The
number of kernel particles corresponds to the lowest halo mass that can be identify. Then, particles
are sorted according to their overdensity and use all particles with � � 200 as potential halo centers.
This specific value of � is chosen after trial and error to ensure completeness of the halo catalog while
maximizing the e�ciency of the halo finder algorithm. Next, starting with the particle with the highest
overdensity, a sphere of radius r f ind is constructed around each potential center. Typical value of r f ind
is dictated by the smallest system that is aimed to identify. After all potential centers are identified, the
density distribution and velocities of surrounding particles is analyzed to test whether the center corres-
ponds to a gravitationally bound clump. Specifically, density, circular velocity, and velocity dispersion
profiles around each center is constructed and unbound particles are iteratively removed using the pro-
cedure developed by [125]. Finally, density profiles are constructed using only bound particles and use

2 http://www-hpcc.astro.washington.edu/tools/tools.html

21

✤ The density distribution in Bolshoi  is best fit by NFW profile.
✤ Halo parameters such as the virial mass, radius and shape 

parameters are extracted.
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Simulation Results:
Halo Parameters

105 halos

Freitag, 12. Juni 15



Bolshoi Simulation
Halo shape
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Define axes ratios:
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Simulation Results:
Shapes

Spherical halos are in 
fact very rare!

Parameterize shape with 
Triaxiality parameter (T):

T =
1� (b/a)2

1� (c/a)2

Prolate (Sausage shaped)

Oblate (Pancake shaped)

Triaxial

a � b ⇡ c(1 > T > 2/3)

a > b > c (2/3 > T > 1/3)

a ⇡ b � c (1/3 > T > 0)

Freitag, 12. Juni 15



Impact of Halo Asphericity

Halo Type Mv [1012M�] Rv [kpc] ce b/a c/a

Approx. Spherical 3.8 242 9.73 0.97 0.91

Prolate 3.6 404 5.33 0.58 0.48

Oblate 2.0 419 9.79 0.97 0.77

Table 1. Parameters of the example halos used to illustrate the impact of asphericity in Fig. 3.

In order to illustrate this, we consider three example halos: an almost spherical halo,
a prolate halo and an oblate halo; which are described by the parameters in Table 1. A
typical ellipsoid is defined by three axes of symmetry, the major axis (a), intermediate axis
(b) and the minor axis (c). Correspondingly there exists three orthogonal planes denoted by
a � b, a � c and b � c. We assume the galactic disc to coincide with one of the symmetry
planes of the dark halo, although this is not guaranteed [43, 87]. However, due to the lack
of a definite solution to the problem of the shape and orientation of the halo, we assume the
alignment of the stellar disc with one of the three symmetry planes of the halo in order to
bracket the uncertainties. Consequently, our ignorance of where the solar system might reside
in a triaxial halo motivates us to evaluate the aforementioned quantities individually for each
plane of symmetry.

With the halo profile exactly defined by Mv, ce, b/a and c/a, we proceed to compute the
local DM density, ⇢�, and the J factors for a region of interest (ROI) of 3� ⇥ 3

� (a square of
3

� side) around the galactic center. We do so for different points along a circle of radius R�
(= 8.3 kpc) for the three planes of symmetry. Then, we compute the average quantities in a
spherical shell of the same radius2, h⇢�i, h ¯Janni and h ¯J

dec

i. The results corresponding to the
three halos (one approximate spherical, one prolate and one oblate) defined in Table 1 are
depicted in Fig. 3, where we show the deviation of each quantity with respect to its spherical
average as a function of the angular position ✓ along a circle of radius R�. We choose ✓ = 0 as
a reference point, which corresponds to the occurrence of the maximum value of each quantity.
In all panels, the solid red, dashed blue and dotted black curves indicate the variation along
the a� b plane, the a� c plane and the b� c plane, respectively.

As expected, the deviations from the spherical average are the smallest for the approxi-
mately spherical halo (left panels in Fig. 3). A maximum variation of ⇠ 5% for the local DM
density is found and only ⇠ 1.6% and ⇠ 2.5% for ¯

J

ann

and ¯

J

dec

, respectively. On the other
hand, in the case of the prolate halo we consider here (middle panels in Fig. 3), deviations of
up to ⇠ 46%, ⇠ 14% and ⇠ 20% are possible for ⇢�, ¯

J

ann

and ¯

J

dec

, respectively. The oblate
halo (right panels in Fig. 3), being closer to the spherical case, presents deviations of up to
⇠ 20%, ⇠ 6% and ⇠ 9% for ⇢�, ¯

J

ann

and ¯

J

dec

, respectively.
A common feature among the different quantities shown in Fig. 3 is their angular de-

pendence, i.e., the peaks and troughs occur at the same angular position. This is related to
the exact position of observation on a given plane. As we move around a circle of radius R�
from the galactic center, the angular dependence is periodic. The amplitude is proportional

2
The average density h⇢�i is the quantity inferred from dynamical measurements in the galaxy.

– 9 –
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Impact of Halo Asphericity
Approx. Spherical Prolate Oblate

Figure 3. Deviation from the average in a spherical shell of radius R� for the three
symmetry axes. We show the results for three quantities: ⇢� (top panels), ¯

Jann (middle panels)
and ¯

Jdec (bottom panels) for a square ROI of 3� ⇥ 3

� around the galactic center. Each column refers
to a given halo: approximately spherical halo (left column), prolate halo (middle column) and oblate
halo (right column). In all panels, the a� b plane is represented by the solid red curve, the a� c plane
by the dashed blue curve and the b � c plane by the dotted black curve. The angle ✓ represents the
angular position along a circle of radius R� for each plane of symmetry.

to the overall normalization, which in turn depends on the shape of the halo. For example,
oblate halos have larger deviations from the spherical average on the b � c plane than on
the a � b plane. This trend is inverted for a prolate halo. Let us also note that the devia-
tions for the J factors are larger for DM decay than for DM annihilation. Heuristically, this
can be understood by considering the contributions to the J factors away from the center
of the halo. As the flux from DM annihilations depends on the square of the DM density
distribution, in contrast to the linear dependence for DM decays. For DM annihilations, the
relative contribution to the J factors from the outer regions (i.e., regions which are closer to
the boundary of the ROI) with respect to the contribution from the center is expected to be

– 10 –
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Gaussian priors Flat priors

Central value 1� error Lower cut Upper cut

Virial mass [10

12
M�] – – M

min

v = 0.7 M

max

v = 4.0

DM mass within 60 kpc [10

11
M�] M

DM

60

= 4.0 �

60

= 0.7 – –

Local DM surface density [M� pc

�2
] ⌃

DM

1.1 = 17 �

⌃

= 6 – –

Sun’s galactocentric distance [kpc] – – R�
min

= 7.5 R�
max

= 9

Table 2. Limits for the halo virial mass (Mv) and the Sun’s galactocentric distance (R�) and central
values and 1� errors for the DM halo mass at 60 kpc (MDM

60 ) and the local DM surface density (⌃DM
1.1 ),

which are used for the priors discussed in the text.

of cosmological DM simulations tend to imply larger masses, & 10

12

M� [93–100], but there
are few distant tracers beyond ⇠ 80 kpc, where the DM dominates. There are, though, ex-
ceptions in both cases [101–106] and combinations of these data sets to obtain rotation curves
up to large distances allow for a wide range of values based on modeling [107–113]. Fitting
of dynamical models with kinematic and photometric data tends to provide best fit values
above 10

12

M� [2–6]. On the other hand, more indirect determinations can be obtained from
combinations of galaxy-galaxy lensing and Tully-Fisher data [114, 115] or from the relation of
the halo mass and the stellar mass [116–118], both predicting a mass of the Milky Way above
10

12

M�. From all these results, the virial mass of the Milky Way is expected to lie within a
large range of values, 8 ⇥ 10

11

< Mv/M� < 3 ⇥ 10

12. In this work we have selected a data
set from the MultiDark Database, which covers the mass interval Mv = [0.7, 4.0] ⇥ 10

12

M�
and, as discussed in Sec. 3, we use a flat prior for this interval in order to compensate the
cosmological bias which favors low mass halos.

5.2 The mass of the Milky Way within 60 kpc

Within the innermost ⇠80 kpc of the Milky Way there are numerous kinematic tracers,
beyond this distance there are only a few known globular clusters and satellite galaxies (see
Ref. [90], for instance). This introduces significant errors when estimating the total mass of
the Milky Way. Therefore, we expect the estimate of the mass in the inner ⇠ 50 � 80 kpc
to suffer from fewer uncertainties. This mass has been determined using kinematic data
of halo stars [89, 90, 92–94, 102, 104]. In this work we consider the result based on a set
of 2401 blue horizontal-branch halo stars from the Sloan Digital Sky Survey with distances
from the galactic center up to ⇠60 kpc [89], M

60

⌘ M(< 60 kpc) = (4.0 ± 0.7) ⇥ 10

11

M�,
and implement Gaussian priors. Let us note that M

60

is the total mass within 60 kpc and
that the galactic disc and bulge (visible matter) are estimated to contribute with a total
mass of about an order of magnitude lower, ⇠ (5 � 7) ⇥ 10

10

M� [5, 62, 119, 120], which
represents approximately the 1� error on M

60

. We do not correct for this difference, i.e., we
take M

DM

60

= M

60

.
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smaller than for DM decays. Hence, the deviations from the spherical average are smaller for
DM annihilations. This is seen in Fig. 3 and below when discussing our results.

The point emphasized by this exercise is that halo asphericity could give rise to significant
deviations from the spherically averaged values of relevant quantities for DM searches. Indeed,
these deviations could be quite large depending on the shape of the halo and could have a
substantial impact on direct and indirect DM detection. In the following, we quantify these
uncertainties statistically by using the whole halo data set.

5 Observational priors

In addition to showing results for the original sample from the MultiDark Database, which
represents a selection of halos in a mass range compatible with the mass of the Milky Way,
we also consider several observational constraints and show results after applying the cor-
responding priors. In addition to a prior on the virial mass, we also include priors on the
enclosed mass at 60 kpc, the local DM surface density and the Sun’s galactocentric distance.
We add flat priors for the virial mass (to compensate for the cosmological bias) and the Sun’s
distance to the galactic center. Gaussian priors are used for the other two observables. Hence,
for each plane of symmetry, the probability distribution function of the original data sample
is modified as:

PDF

p
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, (5.1)

where C is a normalizing constant, ~! = (Mv, ce, b/a, c/a), PDF(~!) is the original probability
distribution function and PDF(Mv) is the probability distribution function after marginalizing
over (ce, b/a, c/a). PDF

p
prior

(~!) is computed for the three symmetry planes, p = a� b, a� c

and b � c, where  is the azimuthal angle at the solar circle. The limits, central values and
errors, discussed below, are indicated in Tab. 2. Note that the prior on M

60

is a global prior
for a given halo, whereas the prior on the DM surface density is a local constraint which
depends on the exact position of the observer in the halo and thus, on the plane of symmetry
under consideration. Given a triaxial halo, the value of the surface density at various angular
points can be significantly different.

5.1 The virial mass of the Milky Way

We have selected our data set by the criterion of halo mass (see Sec. 3). Observationally,
different methods have been used to determine the mass of the Milky Way, such as grav-
itational lensing, gas rotation curves, escape velocity arguments or Jeans modeling of the
radial density and velocity dispersion profiles of kinematic tracers (blue horizontal branch
stars, carbon stars, asymptotic giant branch stars, globular clusters, satellite galaxies), or
timing arguments. In general, estimates based on stellar kinematics tend to yield a low mass,
. 10

12

M� [88–92], but usually infer the total mass from an extrapolation from the inner halo
to the virial radius using models for the different components of the Milky Way. However, esti-
mates based on distant tracers, such as globular clusters or satellite galaxies, and on statistics

– 11 –

Observational Priors

SDSS

Bovy and 
Rix

Freitag, 12. Juni 15



Results: Local density

Note that the 
deviations are of the 

order of  10 - 40 %
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a-b plane:

a-c plane:

b-c plane:
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Results: J factors

Fermi-LAT, Daylan et al.  2014
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Results: J factors for decay

Deviations from
 spherical average

are in the range 10 - 15 %

Typically 
quoted value 

hJ̄deci = 43
�
GeV/cm3

�
kpc
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Results: J factors for annihilations

Deviations from
 spherical average

are in the range 5 - 10 % hJ̄anni = 590
�
GeV/cm3

�2
kpc

Typically 
quoted value 
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Conclusions

✤ Direct and Indirect DM searches crucially depend on Milky-Way DM 
halo properties, such as the local density and J factors.

✤ N-body simulation favor halos that are non-spherical. Spherical halos 
are rare.

✤ Using data from large N-body simulation Bolshoi, systematic 
uncertainties due to halo asphericity in DM searches are quantified.

✤ We find: ⇢�
h⇢�i

= 0.83� 1.35

J̄dec
hJ̄deci

= 0.93� 1.13 and
J̄ann
hJ̄anni

= 0.95� 1.09

Freitag, 12. Juni 15


