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Abstract

Dark matter halos are predicted to be non-spherical by N-body simulations. Using data from the large N-body cos-
mological simulation Bolshoi, we quantify the systematic uncertainties due to halo asphericity on the determination
of local dark matter density and the J factors for dark matter annihilations and decay from the galactic center.
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1. Introduction

The existence of non-luminous Dark Matter (DM) is
by now well established [1, 2]. In order to detect and
constrain the nature of DM three complementary and
competing strategies have been developed, namely: col-
lider searches, direct and indirect searches. In contrast
to collider DM searches, direct and indirect methods de-
pend crucially on the properties of the Milky Way DM
halo. For example: direct detection experiments depend
on the flux of halo DM particles streaming through the
detector, which naturally depends on the local density
of DM particles. Indirect detection experiments which
measure the flux of gamma-rays and neutrinos that are
products of DM annihilations or decays, depend on the
shape and orientation of DM halo in the direction of ob-
servation.

The Milky Way is usually modeled by decomposing
the galaxy into three components: the bulge, the disc
and the dark halo respectively; with the bulge and the
disc embedded in a spherical DM halo. However, it is
well known that N-body simulations of structure forma-
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tion predict DM halos to be triaxial. In this talk we re-
visit the question: “What is the impact of halo aspheric-
ity on direct and indirect searches?” !. To formulate a
sensible answer we analyze a sample of 10° DM-only
Milky Way like halos from Bolshoi simulation [5].

The remainder of the talk (based on Ref. [6]) is or-
ganized as follows: In Sec. 2 we emphasize the de-
pendence of direct and indirect methods on DM halo
density profile. The data we select from the Bolshoi
simulation to construct the density profile is briefly dis-
cussed in Sec. 3. In Sec. 4 we use three examples to
illustrate the impact of halo asphericity on the local DM
density and on the so-called J factors. Sec. 5 is devoted
to the observational priors used. The conclusions are
presented in the last section.

2. Direct and Indirect Searches

Direct detection experiments aim at detecting halo
DM particles by measuring nuclear recoils resulting
from scattering of DM with the nuclei in the detector.
Qualitatively, the event rate R is given by [7]

! The effects of triaxiality on the estimates for the local DM density
have been studied in Ref. [3], using a simulation with only DM, and in
Ref. [4], with simulations of two Milky-Way-like galaxies including
baryons.
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R~ Po 0 (V) ' (1
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Here o is the DM-nuclei scattering cross section, pg is
the local DM density, (v) is the average relative speed of
DM with respect to the target, m, is the DM mass and
my is the mass of the target nuclei. Thus, the measure-
ment of recoil rate is directly proportional to the local
DM density, pe.

For indirect detection of DM annihilations or decays
from the galactic center (GC), the spatial distribution of
DM in the halo is important. The differential flux of
resultant products (prompt gamma-ray or neutrinos) of
DM annihilation (decays) in the smooth Milky Way DM
halo coming from a direction within a solid angle AQ,
can be written as [8]

dD,n, (ov) dNi, - AQ
E,AQ) = BR; an(Q
(. AQ) Z] P Tan(Q)

d<D 1
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Here (ov) is the thermally averaged total DM anni-
hilation cross section times the relative velocity, 7, is
the DM lifetime, the discrete sum is over all DM an-
nihilation (decay) channels, BR; is the branching ratio
of DM annihilation (decay) into the i-th final state and
demn /dE (dN},./dE) is the differential gamma-ray or
neutrino spectrum from the i-th channel. The quanti-
ties Jonn(Q) and Jy.(Q), also known as J-factors, which
depend on the DM distribution are defined as

1

J_ann(Q) E
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Here the integral of p(r)? and p(r) is performed along
the line of sight within the solid angle of observation
AQ.

3. Bolshoi Simulation

The data used in this work is publicly available
through the MultiDark Database? presented in Ref. [9].
The cosmological parameters, which are inputs to the

*http://www.multidark.org/MultiDark/MyDB

simulation, are compatible with the results from the
ninth year data releases from the Wilkinson Microwave
Anisotropy Probe [10], with Q,, = 0.27, Q, = 0.73,
= 095, h = 0.70 and og = 0.82 for the matter
density, dark energy density, slope of the matter fluc-
tuations, the Hubble parameter at z = 0 in units of 100
km s~! Mpc~! and the normalization of the power spec-
trum, respectively. With these parameters the mass of a
simulation particle is m, = 1.4 x 108h7'My. The sim-
ulation follows the non-linear evolution of DM density
fluctuations in a cube of length 2504~! Mpc with 20483
particles. The halos formed in this simulation are well
fit by Navarro-Frenk-White (NFW) profile [11, 12].
The data set we analyze contains 87132 halos which
have virial masses in the Milky Way range, i.e., M, =
[0.7, 4.0] X 10'2 M. Typically a spherically symmetric
DM density profile can be parametrized by two vari-
ables, the virial mass M, and concentration parameter
c,. However, in order to describe a triaxial halo two
more variables are required which describe the shape:
the axes ratios b/a and c¢/a. Here a > b > c are the
eigenvalues of the shape tensor for a given halo.
The standard spherically symmetric NFW profile is
given by
N
PO = I+ P @
and is generalized to a triaxial shape by re-
parameterizing r as,

y 2 2\
— 2 [ 2 =
r*”‘JX%MJ+tm»

The resulting distributions for the parameters of triax-
ial NFW profile are shown with the black lines in Fig. 1.
The average values of the parameters in this sample are:
(M,y = 1.55 x 1012 Mo, {c.) = 8.9, (b/ay = 0.81 and
{c/a) = 0.66.

Hierarchical structure formation predicts that massive
halos are formed by mergers of smaller halos. This fea-
ture is nicely illustrated in the probability distribution
of M, in Fig. 1. A larger number of halos exist for
low masses. This dependence of the halo abundance
as a function of halo mass is well understood and is
parametrized through the halo mass function. How-
ever, as for the Milky Way, its mass is quite uncertain
(within an order of magnitude). In order to avoid an un-
fair weight to the low mass range due to cosmological
effects in the simulation, we also consider a flat prior
on M, by weighting all bins such that all values of M,,
in the range M, = [0.7, 4.0] x 10'> My, are equiproba-
ble. With this exercise we can study systematic effects
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Figure 1: Probability distributions of the halo parameters: black
lines for our data sample and red lines when a flat prior on M, is
imposed. The upper panel depicts the probability distributions of the
halo mass M, and the lower panel the probability distributions of the
concentration parameter c,.

independently of the cosmological bias. The probabil-
ity distributions of the parameters for this re-weighted
sample, with a flat prior on the halo mass, are depicted
in Figs. 1 and 2 with the red curves.

4. Impact of Halo Asphericity

In this section we describe the possible impact of hav-
ing a non-spherical halo on quantities such as the local
DM density (pe) and J factors. Consider a set of ob-
servers at a given distance from the halo center who are
able to locally measure properties of the halo and are
able to compute po. In a spherically symmetric halo
all observers would obtain the same value. However,
in a triaxial halo these measurements would lead to a
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Figure 2: Probability distributions of the halo parameters: black
lines for our data sample and red lines when a flat prior on M, is
imposed. The upper panel depict the probability distributions of the
axes ratio b/a and the lower panel depict probability distributions of
the axes ratio c¢/a.

significant variance with respect to the spherically aver-
aged value [13]. We show that there exists similar devi-
ations from the spherically averaged value for J factors
as well.

We consider three example halos: an almost spherical
halo (a = b = ¢), a prolate halo (a > b ~ ¢) and an
oblate halo (a = b > ¢). We assume the galactic disc
to coincide with one of the symmetry planes of the dark
halo. 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 M,, c., b/a
and c/a, we proceed to compute the local DM density,
Po, and the J factors for a region of interest (ROI) of
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3° x 3° (a square of 3° side) around the GC. We do so
for different points along a circle of radius (Rg = 8.3
kpc) for the three planes of symmetry. Then, we com-
pute the average quantities in a spherical shell of the
same radius®, (po). The results corresponding the ap-
proximately spherical halo are depicted in Fig. 3; where
we show the deviation of pg with respect to its spheri-
cal average as a function of the angular position 8 along
a circle of radius Ry. We choose 8 = 0 as a reference
point, which corresponds to the occurrence of the maxi-
mum value of each quantity. In all panels, the solid red,
dashed blue and dotted black curves indicate the varia-
tion along the a — b plane, the a — ¢ plane and the b — ¢
plane, respectively. Similar results are found for (Jyn,)
and <Jdec> [6]

As expected, the deviations from the spherical av-
erage are the smallest for the approximately spherical
halo. A maximum variation of ~ 5% for the local DM
density is found and only ~ 1.6% and ~ 2.5% for Juu,
and Jyec, respectively. On the other hand, in the case
of the prolate halo we consider here, deviations of up
to ~ 46%, ~ 14% and ~ 20% are possible for po, Jann
and Jyec, respectively. The oblate halo considered here
being closer to the spherical case, presents deviations of
up to ~ 20%, ~ 6% and ~ 9% for pe, Jann and Jyec,
respectively.

Its important to note that the deviations for the J fac-
tors 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 for a given ROI. For DM annihilations, the rel-
ative 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 smaller than for DM decays. Hence,
the deviations from the spherical average are smaller for
DM annihilations. We encounter this below once again
when discussing our results.

Thus halo asphericity could give rise to significant
deviations from the spherically averaged values of rel-
evant quantities for DM searches. Indeed, these devia-
tions 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.

3The average density (o) is the quantity inferred from dynamical
measurements in the galaxy.
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Figure 3: Deviation from the average DM local density in a spherical
shell of radius R, for the three symmetry axes. The results shown are
for the following DM halos: approximately spherical (upper panel),
prolate (middle panel) and oblate (lower panel). The a — b plane is
represented by the solid red curve, the a — ¢ plane by the dashed blue
curve and the b — ¢ plane by the dotted black curve. The angle 6
represents the angular position along a circle of radius Ry for each
plane of symmetry.
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Gaussian priors

Central value | 1o error
MM 10" M,] || Mg =4.0 | 060 =0.7
EPM M, pe?] oM =17 os =6

Table 1: Limits for the central values and 1o errors for the enclosed
DM halo mass at 60 kpc (MG%M) [14] and the local DM surface density

(=P [15], which are used for the priors discussed in the text.

Flat priors
Lower cut | Upper cut
M, [102M,] || M™" =0.7 | M™* =40
R [kpc] RUn =75 | RIX=9

Table 2: Limits for the halo virial mass (M,) and the Sun’s galacto-
centric distance (Rg), which are used for the priors discussed in the
text.

5. Observational Priors

To realistically estimate the systematic effects due to
the halo shape we include several observational con-
straints as priors in our analysis. In addition to a flat
prior on the virial mass, we also include Gaussian pri-
ors on the enclosed mass at 60 kpc, the local DM surface
density and the Sun’s galactocentric distance. Hence,
for each plane of symmetry, the probability distribution
function of the original data sample is modified as:

PDF”. (@) =C 22FD) gt — pmmy o — )
prior PDF(M,) v v
R@mmx MDM _ M 2
X dRO exp J— M
. 2 2
Ro™" 60
2 zDM _ 2}7 R , 2
xf dyr exp[—( Ll 1'12( o) } )
0 2 O’2

®)

where C is a normalizing constant, @& =
(M,, c., b/a, c/a), PDF(@) is the original prob-
ability distribution function and PDF(M,) is the
probability distribution function after marginalizing
over (c.,b/a,c/a). PDFg riOr(a_ﬁ) is computed for the
three symmetry planes, p = a—b, a—c and b — ¢, where

¥ is the azimuthal angle at the solar circle. The limits,

central values and errors, are indicated in Tab. 1 and
Tab. 2 for Gaussian and flat priors respectively. Note
that the prior on Mg 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 [6].

6. Results

Using an ellipsoidal NFW profile for each halo in
the simulation sample, we evaluate the probability dis-
tribution of variations with respect to the spherically
averaged quantities of interest in this work: the local
DM density and the so-called J factors in indirect DM
searches.

All halos are binned according to their value of the
spherical average (O). Here O is an observable equal
t0 Po OF Jann OF Jyee, depending on the context. Then,
for every halo, O is evaluated in a grid of 300 differ-
ent points along a circle of radius R, for each plane of
symmetry and for 6 values of Ry covering the range in
Tab. 2. The results for the deviations from the spheri-
cally averaged value are depicted in Figs. 4, 5 and 6,
corresponding to po, Jum and Jye. respectively. In the
figures, we show the deviation of O from its spherically
averaged value (O) for the three symmetry planes as a
function of (O). The dark blue (light orange) contours
represent the 68% (95%) most probable regions of the
deviation. On the top and the right of each panel the
projected probability distributions of (O) and %) —1are
depicted, respectively.

6.1. Systematic uncertainties on pg

The value of py deduced from most dynamic mea-
surements often refers to the spherically averaged den-
sity (po). We noted that, in a non-spherical halo, the
actual DM density in the solar neighborhood could ac-
tually differ significantly from that value (see Sec. 4).
Here, we consider the whole sample of halos and study
this type of uncertainties as a function of the local aver-
age of the DM density.

In the principal plane a — b, the local density tends
to adopt values larger than those of the average density,
whereas in the plane b—c the values are typically smaller
than the average. The deviations (in absolute value) in
the a — b plane are larger compared to the ones in the
b — ¢ plane due to the fact that there are more prolate
than oblate halos. The densities in the plane a — ¢ are
intermediate, spanning over a large range that goes from
the lowest values reached in the b—c plane to the highest
values in the a — b plane.
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Figure 4: Systematic uncertainties on po, due to the non-sphericity
of the Milky Way DM halo. We depict the probability distribution
of the deviation of the local DM density from its spherically average
value, {po), for the three symmetry planes as a function of (o). The
dark blue (light orange) contours represent the 68% (95%) most prob-
able regions. On the top and the right of each panel we depict the
projected probability distribution with respect to that quantity.

Fig. 4 shows important deviations with respect to the
spherically averaged local DM density, especially for
low values, (po) < 0.2 GeV/ecm®. Such small values
for (pe) are common in very triaxial halos which, in
turn, naturally generate large deviations. We also note

St +20% (+40%\ +15%
that the deviations are of the order of 2/ (71 5 ), %

(*357%) and *9%, (*19%) for the 68% (95%) most probable
regions in the a — b, a — ¢ and b — ¢ planes, respectively.

6.2. Systematic uncertainties on Jug and Jyec

Analogous to the analysis performed to estimate the
uncertainties on the local DM density (Fig. 4), we com-
pute the systematic uncertainties, caused by the non-
sphericity of the Milky Way DM halo, on the deter-
mination of the J factors for DM annihilation and de-
cay. Our results are depicted in Fig. 5 for Jy,, and in
Fig. 6 for Jye, as a function of their spherically aver-
ages, (Jum) and (Jye), for the three symmetry planes
and for a square ROI of 3° x 3° around the GC. These
figures have essentially the same features of Fig. 4: for
intermediate and high values of (J), approximately the
same uncertainty is found, whereas larger errors are ob-
tained for low values* of (J). For DM annihilations
(Fig. 5) and for intermediate and high values of (Ju,),
the deviations are of the order of a few percent (up to
~10%) for the 68% (95%) most probable regions. On
the other hand, for DM decays (Fig. 6), the deviations
from the average value for intermediate and high (Jyec),
are of the order of a few percent, up to ~10% (up to
~15%) for the 68% (95%) most probable regions. Fi-
nally, let us stress that we have verified that the varia-
tions with respect to the average value for the J factors
depend very weakly on the chosen ROL.

7. Discussion and summary

Using data from large N-body simulation Bolshoi
we have presented the probability distributions of the
parameters that define their shape and use them to study
the impact of halo asphericity on the determination of
the local DM density and the J factors relevant for indi-
rect searches of signals from the GC. This is illustrated
in Sec. 4 with three example halos: an approximately
spherical halo, a prolate halo and an oblate halo.

4The bump in Fig. 6, which occurs at very low values of (Jgec),
is due to the presence of a small number of approximately spherical
halos with very large concentrations in the first bin, which further get
favorably weighted by the priors. It is a statistical effect due to the
finite size of the sample and the chosen size of the bins. It does not
show up in Fig. 5 because the number of halos in the first bin is two
orders of magnitude larger.
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els and colors of the different contours represent the same as in Fig. 4.
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Having performed a statistical analysis of the whole
halo sample it is shown that for values of the spherical
average of the local DM density of the order of current
estimates, i.e., (0p) =~ 0.3 — 0.4 GeV/cm?, the actual
value of pg, if the stellar disk coincides with the a — b
plane of the DM halo, with a probability of 95%, lies in
the interval (see top most panel of Fig. 4)

Po
o)

On the other hand, if the stellar disk coincides with the
a — ¢ (b — ¢) plane the range, with a probability of 95%,
the range is po/{po) = 0.62 — 1.27 (0.67 — 1.08).

Analogously, we have also computed the impact of
halo asphericity on the values of the J factors rele-
vant for indirect searches of gamma-rays and neutri-
nos from DM annihilations and decays at the GC. We
note that the variations with respect to the average value
depend very weakly on the chosen ROI. However, in
these cases the variation with respect to the spherical
averages are much smaller than those obtained for the
local density. For the case of DM annihilations and
(Jamn) = 590 (GeV/ecm?)? kpe (for a square ROI of
3° x 3° around the GC), the actual value of J,,,, if the
stellar disk coincides with the a — b plane of the DM
halo, with a probability of 95%, lies in the interval (see
upper right panel of Fig. 5)

=0.83-135. ©6)

Jann
<Jann>

whereas it is Jun/{(Jam) = 0.90 — 1.07 (0.88 — 1.01), if
the stellar disk coincides with the a — ¢ (b — ¢) plane.

For DM decays and (Jyec) = 43 (GeV/em?) kpc (for
the same ROI), the actual value of Jy, if the stellar disk
coincides with the a — b plane of the DM halo, with a
probability of 95%, lies in the interval (see upper right
panel of Fig. 6)

=0.95-1.09, 7

j dec
<J dec >

whereas it is Jgec/{Jgec) = 0.82 — 1.12 (0.83 — 1.04), if
the stellar disk coincides with the a — ¢ (b — ¢) plane.
The ranges above are quoted for values of the spheri-
cal averages equal to the J factors for a spherical NFW
profile with r; = 20 kpc and pp = 0.3 GeV/cm® at
Ry = 8.3 kpc (for a square ROI of 3° x 3° around the
GQ), i.e., (Jann) = 590 (GeV/cm?)? kpc and (Jyec) =
43 (GeV/em?) kpc. However, it turns out that the corre-
sponding values for other spherical DM profiles span a
larger range than that owing to halo asphericity. Thus,

=0.93-1.13, ®

we conclude that uncertainties originated from the non-
sphericity of the Milky Way DM halo are smaller, and
thus less important, than the uncertainties coming from
the DM density profile.

In summary, we have quantified the systematic un-
certainties on the local DM density and the J factors in
a statistical way. We note that halo asphericity could
imply systematic errors on the local DM density at the
level of current uncertainties, but in the case of the J
factors they tend to be smaller than other errors. The
determination of the DM density profile, not only is im-
portant for a better understanding of our galaxy, but also
because they represent crucial parameters in direct and
indirect DM searches. Hence, assessing their systematic
uncertainties, and in particular due to halo asphericity, is
of prime importance. Extracting DM properties from a
positive signal or from a combination of positive signals
will critically depend on the value of these parameters.
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