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ATIC, PAMELA, HESS, and Fermi data and nearby dark matter subhalos
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We study the local flux of electrons and positrons from annihilating dark matter (DM), and investigate
how its spectrum depends on the choice of DM model and inhomogeneities in the DM distribution. Below
a cutoff energy, the flux is expected to have a universal power-law form with an index n = —2. The cutoff
energy and the behavior of the flux near the cutoff is model dependent. The dependence on the DM host
halo profile may be significant at energies £ < 100 GeV and leads to softening of the flux n < —2. There
may be additional features at high energies due to the presence of local clumps of DM, especially for
models in which the Sommerfeld effect boosts subhalo luminosities. In general, the flux from a nearby
clump gives rise to a harder spectrum of electrons and positrons, with an index n > —2. Using the
Via Lactea II simulation, we estimate the probability of such subhalo effects in a generic Sommerfeld-
enhanced model to be at least 4%, and possibly as high as 15% if subhalos below the simulation’s
resolution limit are accounted for. We discuss the consequences of these results for the interpretation of

the ATIC, PAMELA, HESS, and Fermi data, as well as for future experiments.

DOI: 10.1103/PhysRevD.79.123517

L. INTRODUCTION

One of the corner stones of the standard big bang cos-
mology is the presence of dark matter (DM). Although DM
comprises at least 80% of all matter in the Universe,
surprisingly little is known about its nature. A recent rise
of interest in the DM problem has been triggered by
observations of anomalies in several high energy cosmic
ray experiments. The PAMELA Collaboration [1] reported
an increasing positron fraction in the energy range 10—
100 GeV, while the ATIC [2], PPB-BETS [3], and HESS
[4] experiments suggest a bump in the total e*e” flux
between 100 GeV and 1 TeV. Recent Fermi/LAT [5] and
HESS [6] data show a smooth spectrum, which is harder
than the expected background at energies E > 100 GeV
and has a break around 1 TeV but without significant
bumps.

The possibility that the anomalies are due to annihilating
or decaying DM is very exciting, although standard astro-
physical sources, such as pulsars or nearby supernova
remnants [7-16], provide a viable explanation as well.

In order for DM annihilation to produce the necessary
e e flux, the cross section must be 1001000 times larger
than the standard value ({ov)~3 X 10720 cm?s™!) in-
ferred from the relic DM abundance. Boosts due to DM
inhomogeneities are expected to be = 10 [17] in the solar
neighborhood, and an additional mechanism, such as the
Sommerfeld enhancement, is necessary [18-20]. The
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Sommerfeld enhancement can be further amplified in sub-
halos due to their lower velocity dispersions [21]. DM
models, proposed to explain the ATIC and PAMELA
anomalies, include the lightest supersymmetric particles
[22-27], Kaluza-Klein particles [28—30], and various phe-
nomenological scenarios [31-37] (for a recent review see,
e.g., [38,39]).

In the presence of a large number of competing possi-
bilities, one of the most important questions is what prop-
erties of the e"e~ flux are model dependent and what
properties are universal. In this work we study the depen-
dence of the e e~ flux on

(i) DM models,

(i1) the shape of DM host halo, and

(iii) the presence of subhalos.

The dependence on DM models and on the host halo
density profile was recently investigated in [31,40-42].
One may notice that the flux is nearly independent of the
density profile and that the choice of DM model seems to
affect the spectral shape only at high energies near the
break.

We show that for any DM model there exists an energy
E. < Mpy such that the e™ e~ flux has a universal behav-
ior F,:(E) ~ E? for energies 1 GeV < E < E,. In gen-
eral, for £ < E,, the index depends on the energy loss
function, £ = —b(E), for electrons propagating in the
interstellar medium (ISM)

1
b(E)

where b(E) ~ E? for E > 1 GeV. The behavior in Eq. (1)

F,- E<E, (1)
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does not depend on the DM model, but the value of E, is
model dependent. Equation (1) may be also modified at
energies £ ~ 10 GeV due to a dependence on the DM
density profile.

This paper is organized as follows: In Sec. II, we review
the propagation of electrons and positrons in the ISM and
derive Eq. (1). In Sec. III, we study the dependence of the
spectral index on DM models and on the spatial distribu-
tion of the DM. For our purposes, the most important
difference between DM models is the number of steps in
the annihilation-decay process, with more decay steps
leading to a softer e*e™ injection spectrum. However,
propagation effects then ensure that the final spectrum
exhibits the universal behavior of Eq. (1). Likewise, var-
iations in the DM spatial distribution also do not change
this behavior. As we show, the spectral slope is not affected
by linear gradients in the source function, with the leading
order correction arising from second derivatives. The Earth
is sufficiently far from the Galactic center such that the
corresponding effects are small, although the corrections
may become important at £ ~ 10 GeV due to an increase
in the characteristic diffusion distance.

A local clump of DM, on the other hand, may result in a
significant variation in the spectral index. In Sec. IV, we
investigate this possibility using Via Lactea II (hereafter
VL2), one of the highest resolution numerical simulations
of the DM structure of a Milky-Way-scale halo [17,43,44].
We find that on average there is one M > 10°M clump
within 3 kpc from Earth. Without Sommerfeld enhance-
ment, the likelihood of boosting the local flux by a signifi-
cant factor ( > 10) due to one such nearby subhalo is very
low, in agreement with previous findings [17,45]. Allowing
for Sommerfeld enhancement, however, the average lumi-
nosity from nearby clumps can match (or even exceed) the
smooth host halo contribution. We show that, in general,
the electron flux from a nearby DM clump is harder than
from the host halo (as also observed in [45-48]). In the DM
annihilation picture, the high energy ( ~ 600 GeV) flux
observed by ATIC, PPB-BETS, and HESS is consistent
with being produced by a single DM clump, but in order to
explain PAMELA the flux must be dominated by the
smooth host halo below energies of ~100 GeV (another
possibility to explain PAMELA is via a second, more
distant, large clump of DM as pointed out in [45]).
Recent Fermi and HESS data are significantly smoother
than the ATIC data and are fitted better with the flux from
the host halo without contributions from large subhalos.
We conclude in Sec. V by summarizing which properties of
the eTe” flux are model dependent and which are
universal.

II. PROPAGATION OF ELECTRONS

The propagation of electrons in the ISM is described by
diffusion in the Galactic magnetic field and energy losses
[49,50]. Atenergies E > 10 GeV, the main losses are from
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synchrotron radiation and inverse Compton scattering,
which can be estimated as

E = —byE?, )

where by = 1.6 X 1071® GeV ! s7! for the local densities
of starlight, infrared, and CMB photons [51] and a mag-
netic field of 3 uG [50]. For relativistic electrons, the
diffusion coefficient can be expressed as

E \é
1 GeV) ’ 3)

D(E) = DO(

In the examples, we will use Dy = 20 pc’>kyr™! and & =
0.6 [52-54]. We will also assume that the diffusion zone in
the vertical direction (away from the Galactic plane) is
sufficiently large, L = 4 kpc, such that the escape of elec-
trons from the Galaxy can be neglected. Models with a
small diffusion zone, L =< 1 kpc, tend to have exponential
suppression of the flux from DM at energies £ < 100 GeV
[40], which would contradict the PAMELA data. Our main
qualitative conclusions will not depend on the choice of
parameters by, Dy, and 6. As a useful simplification, we
will also assume that these parameters do not depend on x.
— _dN

The electron energy spectrum f = —77 evolves accord-

ing to the diffusion-loss equation [49,50]

3 = % bE)) + DBV + O E D). ()
ar  OE
The general solution of this equation is found in [49,55]. If
the source is constant in time, then df/d¢t = 0 and the
equation simplifies to the usual diffusion equation. If we
introduce a new variable A(E) such that

dA D(E
2 = _L, 5)
dE b(E)
then
Abf) _ o b(E)
= V4(bf) = x, E). 6
S -y = ps 0 B) ©
The Green’s function for the diffusion equation is
1 2
G(x, ) = ——— e /4, 7
and so the general solution to Eq. (6) is given by
1 00
x, E)=—— | & f dE,G(x — X, A(E, E,
100 E) = 55 [ @0 [ aEGOx — x0, ME Eo)
: Q(XO! EO): (8)
where
Ey D(E')dE’
ME, Ey) = —_— . 9
&5 = [ 2 ©)

Our approximation is valid if the characteristic propagation
distance x*> = 6A(E, Ey)| Ey—co 15 much smaller than the
size of the vertical diffusion zone L. For our choice of
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parameters, this gives

(10)

kpc?\1/(1-6)
E= (60 e ) GeV.

L2
If L ~ 4 kpc, then £ = 30 GeV. For smaller energies there
is an exponential suppression due to escape of electrons
from the Galaxy.

For a homogeneous monochromatic source Q(xg, Ey) =
Q08(E — Mpy), the solution to Eq. (8) is

Qo

f(E) :@,

(11
which has the behavior (1) announced in the Introduction.
For energies E > 1 GeV, b(E) ~ E? [cf. Equation (2)]
and therefore f(E) ~ E~2. One of the main purposes of
the paper is to elucidate how the index n = —2 changes for
different DM models and different DM distributions.

III. DARK MATTER IN A HOST HALO

The source function of electrons and positrons coming
from annihilating DM is

dNann

_ pzDM
O(x, ) = 5 LM () T,

2 My,

12)

where %“;‘4 is the DM number density, (ov) is the thermally

averaged annihilation cross section, and dN,,,/dE is the
differential energy spectrum of electrons and positrons
produced in a single annihilation event. Here, we assume
that the DM particle is its own antiparticle, e.g., a Majorana
fermion, otherwise there is an additional factor of 1/2.

As we discuss in more detail below, the cross section
may exhibit a velocity dependent boost factor {(ocv) =
(ov)yS(v), where {ov), is the cross section at freeze-out
and lim,_,.S = 1. Generically, this enhancement scales as
S ~ 1/v, although resonances exist for certain parameter
choices, in which case S ~ 1/v? [19]. Note that in either
case the boost saturates at small velocities.

DM halos in general are not isothermal and have lower
velocity dispersions, and hence higher boost factors, in
their centers [56—58]. Given a density profile, and assum-
ing equilibrium and spherical symmetry, it is straightfor-
ward to solve the Jeans’ equation for the corresponding
velocity dispersion profile o, (r). For an Navarro, Frenk,
and White (NFW) density profile, the resulting velocity
dispersions peak at about the scale radius and decrease
toward the center as o, (r) ~ r'/2 [59]. This is a limiting
case [60], and all other profiles (e.g., the Einasto profile)
have shallower velocity dispersion profiles.

The source function (12) can be split into a product of
x-dependent and E-dependent functions

O(x, E) = kL(x)Q(E), 13)

where
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= ;‘;& (14)
The x-dependent part is the luminosity
L(x) = ppy(x)S(v(x)), (15)
and the E-dependent part is the injection spectrum
ANy
Q(E) = — - (E), (16)

where we choose the normalization such that [§ Q(E)dE
is the total average number of electrons and positrons
produced in an annihilation.

A. Sommerfeld enhancement

In the following we will assume the standard DM den-
sity ppm = 0.3 GeVcem ™3 and a freeze-out cross section
(ov)y =3 X 1072 cm?s™!. This cross section is too
small to give a sufficient annihilation rate for the
PAMELA and ATIC anomalies, and hence a boost factor
of 100-1000 is necessary. Recent Fermi data are consistent
with this conclusion. If we assume that the PAMELA
anomaly is due to dark matter, then the absence of steplike
features in Fermi data below the cutoff requires Mpy =
1 TeV. Consequently, the same boost factor 100-1000 is
required to explain PAMELA.

An elegant way to increase the annihilation cross section
without affecting the relic abundance, is to assume the
existence of a new light force carrier ¢ in the dark sector,
mg ~ O(GeV). This additional force results in a
Sommerfeld enhancement [18], which is unimportant at
freeze-out when particles are close to relativistic, but can
significantly boost annihilation rates today. There may be
further enhancement, if the annihilation proceeds through
the formation of WIMPonium [61], a meta-stable bound
state of two DM particles. This process is analogous to the
annihilation of electrons and positrons through positro-
nium, which is dominant at low velocities. For some
parameters in the DM sector, it is possible to radiatively
create WIMPonium by emitting a ¢ particle, and in this
case the WIMPonium annihilation channel dominates over
immediate annihilation.

We now demonstrate that in every model with parame-
ters that do not allow for WIMPonium creation, there exists
an upper bound,

S = 2—77 (17)
Jv
on the nonresonant boost factor, where v is the relative
velocity of the particles.
Generic (nonresonant) Sommerfeld enhancement is [18]

ma

S(v) = - (18)

This enhancement factor saturates when the de Broglie
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wavelength of the DM particles becomes equal to the force
range ~ m%ﬁ, thus

Mpy v

M
s < T¢ v (19)
Mgy
WIMPonium cannot be created if the corresponding bind-
ing energy is smaller than the mass of the mediator

La?Mpy = M. (20)
Collecting these pieces together, we find

Ta  meMow 47 @1
v mg, o

and thus

a < 2y, (22)

which gives the bound (17). In any particular model the
precise value of the numeric coefficient in (17) may be
different, but the parametric form should be the same
(unless there are some additional reasons that prevent
WIMPonium creation).

At the location of the Sun (8 kpc), the velocity disper-
sion of the DM particles is o, = 200 km/s [21]. Taking
this as a proxy for the relative velocities of annihilating
DM particles, we find

S(200 km/s) =< 250. (23)

Thus, the local Sommerfeld enhancement S(200 km/s)
cannot exceed ~250 without taking into account
WIMPonium creation or resonance effects. If we allow
for WIMPonium creation (mg <1 /4a’Mpy), then the
annihilation cross section increases by an additional factor
of 7 (3) for fermionic (bosonic) DM particles [61], i.e., for
fermionic DM particles the enhancement factor is

S(w) =202, (24)
v

In order to parameterize the Sommerfeld enhancement
as a function of velocity, we need to specify the normal-
ization S, and the saturation velocity v,,;,. Then, for small
velocities (v K a),

S(w) = Sp—2—. (25)

+ vmln

We take v, to be the local velocity dispersion v, =
200 km/s. In the examples we discuss below, we set
Umin = 3 km/s and S, = 600. These parameters are rather
generic and can be obtained, for instance, in a fermionic
DM model with a vector boson mediator with & = 1/50
and m,/Mpy = 1073. The small mass ratio is necessary

. . . m
to have a small saturation velocity, “=» ~ M—wa For small

Unmin the role of small subhalos is greater since their veloc-
ity dispersion is smaller. For larger v ,;, the luminosity of
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small subhalos becomes smaller and the probability to have
an observable effect is reduced.

For Mpy ~ 1 TeV we have mgy ~ 10 MeV > 2m,-,
i.e., this model is kinematically viable. In building a real-
istic model, one has to check various constraints from
diffuse gamma rays and neutrino fluxes [41,42,62-64].
However, instead of trying to find a specific model that
satisfies all current observational data, we now discuss
some general properties of the e e~ flux from annihilating
DM.

B. DM model dependence

For a homogeneous monochromatic source, the electron
spectrum was derived in Eq. (11). In general, the spectrum
can be approximated as f ~ E" with an energy dependent
index n(E). Since at low energies we expect f(E)~
1/b(E), the variation of the index will be defined as

on= M (26)
dlogE
For a homogeneous source, the electron density is
E) Ey)dE 27
f(E) b( E) f O(Ey)dE,. (27)

If the injection spectrum has the form of a power law
Q(E) ~ a>—1, (28)

then the integral is saturated at E
of n is small for £ << Mpy,.
We define the break energy E. by the condition

on(E.) = —1. (29)

~ Mpy and the variation

The flux F,= ~ E~3 near E,, which is approximately the
same scaling as the backgrounds [2,65]. Thus, the ratio

1s maximal near E,.

F backgr
As an example, we consider DM annihilation followed
by a chain of (k — 1) two-body decays

2y = 2¢, — 4y — ... — 2K et £ 2k 1= (30)

We assume that m; | << m;, i.e., the decay products of ¢;
are relativistic in the rest frame of ¢;. The spectrum of ¢;
particles is [42]

Q\(E) =26(M, — E)

2 Moy 31)
Qi(E)—(l._z)!<10g E ) i>1

where we include the multiplicity 2 in the definition of the
source functions Q;(E).

The DM particle mass is not directly observed, rather the
experiments measure the peak of the bump, i.e., E.., which
is a function of Mpy;. Motivated by the ATIC data we fix
E. = 600 GeV and find the necessary Mpy in order to
satisfy condition (29)

’
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FIG. 1 (color online). The e* e~ flux depending on the number
of steps in the toy model DM annihilation (see text). In order to
keep the maximum values of E3F at E, = 600 GeV, we choose
the DM mass Mpy ~ ¢*~D/2E, . Apart from overall normaliza-

tion, the spectra look similar to each other for £ < E... Model
dependence shows up for energies E = E..

MDM

=1,235610... k=127345.... (32)

*

For large k, the ratio grows exponentially, X2t ~ ¢*=1/2,

The corresponding fluxes for k = 5 are shown in Fig. 1. At
energies £ < 600 GeV the spectra look very similar to
each other, indicating model independence. At higher en-
ergies, on the other hand, the spectral shape is sensitive to
the value of £, i.e., it depends on the DM model.

C. Profile dependence

In this section we calculate the variation of the index due
to a coordinate dependence of the luminosity. In order to
find the spectrum of electrons coming from DM annihilat-
ing in the host halo, we take the source function (13) and
substitute it in Eq. (8). At the observer’s position x = 0, we
get

bEfE) = [ dEwo(Ey
1 —(x2
. [d3XOW€ ( 0/4/\)L(X0). (33)

In the previous section we considered the variation of the
index due to the lower limit of the E, integration. Now the
integral over x, is a function of A(E, E;), and this introdu-
ces an additional E dependence.

The resulting variation is

_dlogA ;L) — L)

o 34
" logE (L) 34
where Z{ggg ~ (6 — 1) and the average of a function f(x) is
defined as
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1 2

= | BPx———— e &/ f(x). 35

= TEE . G9)

In particular, (x?) = 6A. Thus, for a uniform source, 6n =
0. For a linear gradient 8L = b;x', (L) = (% SL) = 0.
Consequently, the first correction to n follows from the
second derivative of L(x).

For slowly varying L(x),

2
on~—(1— 6)/\%. (36)

At the position of the Earth, the luminosity can be approxi-
mated as

L(r) = piyS ~r . (37)

Consequently,

V2L(r) = %arﬂa,(p;ng) ~ @L(r). (38)

Substituting this expression in Eq. (36), we get

on~—(1—-8)ala — 1)12 (39)
o
where ry = 8 kpc is the distance from the center of the
Galaxy to Earth. Since A < rJ, this variation is generally
small (Fig. 2).

The situation is different when the density inhomogene-
ity is due to a discrete subhalo. For a DM clump with size
Iy <K VA we can neglect the first term in the numerator of
Eq. (34). The correction to the index then becomes positive

and O(1), én ~ — ;l}ggg =~ (1 — &). This leads to a harder

electron spectrum, and the index is no longer independent

1000 . . . .
~ 500f —— Homogeneous DM distribution
I — — NFW profile
Tw ------ Einasto profile
2 100F e Isothermal profile
= 50}
>
S
~ 10t

zlg o
o
] L L L L L
10 50 100 500 1000
E (GeV)

FIG. 2 (color online). The dependence of e* e~ flux on the DM
halo profile. We use NFW [71], Einasto (a = 0.17) [72], and
Isothermal [73,74] profiles. The difference from the homoge-
neous distribution is proportional to x3(E)/r3, where ry =
8 kpc is the distance from the center of the Galaxy. For small
energies the characteristic diffusion distance increases and the
corrections are more significant. Similar results were obtained in
[75] for Mpy = 300 GeV.
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of the DM model and the properties of ISM. We consider
some examples in the next section.

IV. CLUMPS OF DARK MATTER

In this section, we describe the properties of subhalos
using the results of the VL2 simulation and study their
influence on the electron flux spectrum.

A. Via Lactea subhalos

With a particle mass of 4000 My, VL2 can resolve
subhalos down to ~10°M,. For our purposes, the impor-
tant subhalo properties are their size, their number density,
and their luminosity. Since the annihilation rate scales as
p?S, it is strongly peaked toward the centers of subhalos.
For an NFW profile, ~90% of the total annihilation lumi-
nosity originates from within the scale radius, which is
much smaller than the typical propagation distance of
~1 kpc. Consequently, we will treat the subhalos as point
sources.

We determined the properties of the local subhalo popu-
lation from the simulation by randomly placing 100 sample
spheres of radius 20 kpc, each at a distance of 8 kpc from
the host halo center. For each sample sphere, we identified
all subhalos whose centers fall within the sphere. The top
panel of Fig. 3 shows the mean, root mean square, mini-
mum, and maximum number of subhalos over the en-
semble, as a function of radius within the sample sphere.
To a good approximation the mean number of subhalos
grows as r3, and hence we will assume that the subhalo
number density is constant. On average there is one sub-
halo within » = 3 kpc. Note that these results refer solely
to the portion of the substructure hierarchy that is resolved
in the VL2 simulation, i.e., M, > 10°M,. The subhalo
mass function has been measured in simulations to be a
simple power law dn/dM ~ M~ over 4-5 decades of
subhalo mass [17,66], with a logarithmic slope « = 1.9
independent of distance from the host halo center. This
implies that the local density of subhalos with mass larger
than M may be extrapolated to M < 10°M, as

M \—-09
) . (40)
10°M,,

ngp(M) = 9 X 1073 kpc—3<

In the bottom panel of Fig. 3 we plot the mean and the
root mean square of L,/ Ly the ratio of the luminosity
from all VL2-resolved subhalos to the smooth host halo
luminosity, as a function of the enclosed radius within the
sample spheres. We assigned a luminosity to each subhalo
by assuming NFW density and velocity dispersion profiles
that are matched to the values of V., and ry.c as
measured in the VL2 simulation. V,,,, is the peak of the
circular velocity curve v2(r) = GM(<r)/r, and ry pay is
the radius at which this peak occurs, and both quantities are
robustly determined in the numerical simulation. We have
checked that our results do not change qualitatively if an
Einasto profile is assumed instead.
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FIG. 3 (color online). Some properties of DM subhalos using
results of Via Lactea II simulation [17]. The upper plot shows the
expected number of subhalos within a distance r from the Earth.
In the lower plot we show the ratio of luminosities of all subhalos
within 7 to the total luminosity of the host halo in the solid
sphere of radius r around the Earth. We plot the ratio of
luminosities without Sommerfeld enhancement, with generic
S ~ 1/v enhancement, and with resonant S ~ 1/v? enhance-
ment. These curves only account for subhalos resolved in the
Via Lactea II simulation, My, = 10°M, and should be viewed
as lower limits.

We compare three different models: one with § = 1 (no
Sommerfeld enhancement), one with S~ 1/v, and one
with S ~ 1/v2. Without Sommerfeld enhancement, the
average contribution to the total luminosity from M >
10°M, subhalos is negligible, in agreement with previous
findings [45]. In the S ~ 1/v model, however, this subhalo
contribution is already as large as that from the smooth host
halo, and in the § ~ 1/v? case it dominates by close to 2
orders of magnitude. We caution that these are ensemble
averaged ratios: even at a distance of 3 kpc only 70% of the
sample spheres contain one or more M > 10° M, subhalo,
and at 2 (1) kpc this fraction drops to 24% (3%). The
situation for models with Sommerfeld enhancement can
be summarized as follows:

(i) when one or more M > 10°M,, subhalos happen to
lie within the electron diffusion region, their com-
bined flux dominates that of the smooth host halo;

(i1) the probability of finding one or more such subhalos
remains below 50% out to 2.6 kpc, and a mean
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occupancy of one such subhalo is reached only at
3 kpc;

(iii) the ensemble averaged expectation value of
L/ Lios: is unity for 1/v models (M > 10°M,
subhalos are about as important as the host halo)
and ~100 for 1/v? models (M > 10°M,, subhalos
are much more important than the host halo).

These results suggest that if a model relies on the
Sommerfeld effect to explain the high energy cosmic ray
anomalies, then there is a non-negligible probability of an
individual DM subhalo affecting the high energy electron
flux.

We stress once more that these results refer merely to the
subhalos resolved in VL2. In the cold dark matter picture of
structure formation, the clumping of DM should continue
far beyond the artificial resolution limit of current state-of-
the-art numerical simulations like VL2. The total luminos-
ity from all subhalos below the simulation’s resolution
limit may very well dominate the local pair production
rate from DM annihilation, if the dense cores of such low
mass subhalos are able to withstand the disruptive forces
from tidal interactions with the DM host halo and with
stars and molecular clouds in the Galactic disk [67].
However, the diffusive nature of the electron propagation
would average out the contribution from subhalos with an
O(1) probability of lying within the diffusion distance of
~1 kpc, rendering their contribution indistinguishable
from the homogeneous host halo source. Let us define
the characteristic mass scale M, such that

%ﬂxgiff f P dng, = 1, (41)
M,

where xg; ~ 1 kpc in our case. For the local subhalo
abundance of Eq. (40), M| = 2, 600M,. Any additional
features in the electron spectrum from annihilating DM
must arise from a small number of large subhalos, M >
M, within the diffusion region.

B. The flux from a local clump

In this section we study an example of the flux from a
single DM subhalo in an S ~ 1/v model and compare it
with the flux from the host halo.

At first, let us estimate the probability to see a feature
from a single DM clump relative to the flux from the host
halo and the averaged flux from minihalos (defined to have
M < M,). Effectively, the answer to this question depends
on only one parameter, the logarithmic scaling s of the
subhalo number density with respect to the luminosity

dnsub

~ L% 42
L (42)

Qualitatively, if s > 2 then the integrated luminosity is
saturated by small clumps and the probability to have a
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significant flux from a large clump is negligible. If s < 2,
then the luminosity is saturated by the large clumps and the
probability to see an additional feature is significant.

Let us estimate the probability of an O(1) feature for the
equipartition distribution, s = 2. In this case ngy,(L) ~
L™!, i.e., subhalos with 10 times larger luminosity have
10 times smaller density. Denote by L; the luminosity
corresponding to a subhalo of mass M. Suppose that there
are p decades of subhalos below M, ~ 10°M, which in
the equipartition case each contribute an equal amount to
the total luminosity. For a minimum DM clump mass of
10712 — 107*M,, [68,69] we can roughly estimate p =
7-15.

The total luminosity of subhalos with L < L; is then
L nininalos = PL1. For the purpose of estimation, suppose
that the luminosity of the host halo is smaller than
L ininalos; then we should expect to observe an O(1) feature
if there is a subhalo with luminosity L, = pL; within the
diffusion distance. The probability of such a subhalo is

nsub(Lp) 1
~ =—~0.1, (43)
nsub(Ll) p

and is independent of the value of L and of the details of
the propagation model.

For general s, the luminosity of a subhalo that is able to
produce a significant feature is

Ly dngy s—1[( Ly \s2
L ~ dLL ~ —1|L;.
p(S) /L dL s — 2[(Lmin) ] !

" (44)

The luminosity L; is defined as %’Txgiff f 2 dng, = 1 and
xgee ~ 1 kpc in our case. The corresponding density is

nan(Ly) ~ Ly, (45)

and the probability becomes

m(s) ~

N (L) _ (Lp(s))l-‘. (46)

Ngun(Ly) L,

The normalization of this probability is model dependent.
In particular, it depends on the ratio of the host halo
luminosity to that in the subhalos. The shape of 7(s),
however, is universal. It has a break at s = 2 with a flat
probability for luminosities saturated by large clumps, s <
2, and a rapidly decaying probability for luminosity satu-
rated by small clumps, s >2. The function 7(s) for
Ly/Ly, ~ 10' is presented in Fig. 4.

In Fig. 5 we show an empirical determination of the
subhalo luminosity function dNg,/dL from the VL2 sub-
halos for the same three models we considered in Fig. 3. As
before, the subhalo luminosities are estimated using an
NFW density and velocity dispersion profile, and we use
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FIG. 4 (color online). The probability to observe an order one
feature at high energies from a clump of dark matter versus the
index s of the luminosity function [Eq. (42)]. The break at s = 2
corresponds to equipartition of DM luminosity. For s <2 the
luminosity is saturated by large clumps, for s > 2 the luminosity
is saturated by small clumps. The overall normalization is model
dependent.

the S~ 1/v model normalized to S, = S(200 km/s) =
600. We include all subhalos within the host’s virial radius
ry00 = 402 kpc. In the case without Sommerfeld enhance-
ment we find s = 2 (equipartition) down to the luminosity
completeness limit of L ~ 10*M2 pc™3. The turnover at
smaller luminosities is due to the fact that we do not
resolve halos with M < 10°M,, and correspondingly low
luminosities. When only subhalos with more than 250
particles (M > 10°M,) are included, then the distribution
departs from a power law at roughly 10 times higher
luminosities.

The Sommerfeld-enhanced luminosity functions are
steeper, with s = 2.8 for § ~ 1/v, and s = 4.9 for the § ~
1/v? model. In the smallest mass subhalos resolved in
VL2, the internal velocity dispersions become comparable
to the saturation velocity. Even smaller subhalos will be
fully saturated, and the slope of their luminosity function
should be identical to the non-Sommerfeld-enhanced case.
We thus expect a break in the power law right around the
saturation luminosity L. We estimate L, by determining
the mean luminosity of all subhalos with V,,,./c within
10% of vyin/c = my/Mpy = 1073, and find Ly, = 2 X
10°M% pc3 for § ~ 1/v and Ly, = 10" M2 pc 3 for S ~
1/v2. Since these values are very close to the VL2 com-
pleteness limit, it is difficult to clearly distinguish this
break. For a model with a higher force carrier to DM
particle mass ratio of mg/Mpy = 5 X 1073, this break is
indeed apparent at the higher saturation luminosity of
L = 2 X 10°M2 pc3. These results indicate that sub-
halos below the VL2 resolution limit are unlikely to either
strongly enhance or suppress the likelihood of having a
significant spectral feature due to an individual subhalo.

As a concrete example, we consider the electron flux
from DM annihilating in a clump at a distance xg; =

PHYSICAL REVIEW D 79, 123517 (2009)
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FIG. 5 (color online). The luminosity function from VL2 sub-
halos, assuming NFW density and velocity dispersion profiles
for the same three models as in Fig. 3. Without Sommerfeld
enhancement (circles) the luminosity function is equipartioned
(s =2) down to the simulation’s completeness limit, L ~
10*M3 pc™3. For comparison we also show the distribution
when the sample is restricted to subhalos with more than 250
particles (M > 10°My) [small circles]. In the S~ 1/v
Sommerfeld case (squares), the luminosity function is steeper
(s = 2.8) above the saturation luminosity of Lg ~2 X
10°M% pc—3. Below saturation the distribution is expected to
flatten to s = 2 (dashed lines), and indeed this behavior is clearly
seen for a model with a higher saturation luminosity of L, ~
3% 10"M2 pc=3  corresponding to  my/Mpy =5 X 1073
(small squares). For § ~ 1/v? (triangles) the luminosity function
above Ly, = 10''M2 pc3 is even steeper (s = 4.9).

1 kpc. We take the S ~ 1/v model with the normalization
Sy = S(200 km/s) = 600 and choose the following lumi-
nosity of the DM clump:

Lgy, = 10°M2 pc3. 47)

This luminosity is equal to the total luminosity in the host
halo within approximately 2 kpc from Earth. L, is about 4
times smaller than the luminosity resolved in VL2.
Consequently, in the equipartition case s = 2, the proba-
bility to find a clump of DM with L > L, is around 4 -
4% = 16%. The source function for the electrons and
positrons from DM annihilating in a subhalo at position
Xsup 1S

qub(XJ E)= KLsub53(X - Xsub)Q(E)' (48)

The flux from a DM subhalo can be obtained by substitut-
ing the source Qg,, into the general solution (8)

c 1
Fop = yp @KLsub

Mpm 1 2
. dEy———— e~ XW/*MO(E,). 49
[ e, T O(E).  (49)
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FIG. 6 (color online). The flux of electrons from a typical DM
subhalo at distances r = 0.5, 1, 2 kpc from Earth versus the flux
from the DM annihilation in the host halo. The flux from a
subhalo is significant for r = 1 kpc and the corresponding
spectrum is harder than the spectrum from the host halo. We
use S ~ 1/v Sommerfeld enhancement of annihilation, Mpy =
2.1 TeV, my/Mpy = 107°, a = 1/50, and Sy = 600. The sub-
halo luminosity is given in Eq. (47).

In our example, we use the DM toy model from Sec. 111 B,
with the annihilation chain 2y — 2¢; — 4¢, —
4et + 4e~. The corresponding source function Q;(E)
was presented in Eq. (31). This model can be considered
as a toy model for a more realistic decay through pions or
muons instead of ¢,. If there are four pions (muons) after
the decay of ¢, then there will be only 2 electrons and 2
positrons in the final state and the boost factor in this model
should be about twice larger than the boost factor in the toy
model with 4 electrons and 4 positrons in the final state.

In Fig. 6, we compare the flux from a subhalo with the
flux from the host halo

' Total flux + ATIC
- — — Host halo —— HESS1
T 10001 —--- 1 kpc clump —— HESS2 |
& T e Background —— PPB-BETS
Ttq —4— Fermi
S
8 100
[
< P P
N\
%,, S 10 i
53 \ \
v
- 7 ) ) ) ) ". \ )
10 50 100 500 1000 5000
E (GeV)

FIG. 7 (color online).
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C 1 Mpm
Fhost = a7 )(E) /E dEok{pppSo)O(Ep). (50)

Since the dependence on the host halo density profile
is insignificant, we use the homogeneous DM distribution
with  ppy = 0.3 GeVem ™3 and  {(ov), =3 X
10726 cm®s~!. We have chosen a local boost factor of
Sy = 600 and a DM particle mass of Mpy = 2.1 TeV in
order to fit the ATIC and PAMELA data (see Fig. 7). Thus,
the flux in the presence of significant contribution from a
subhalo is consistent with the ATIC and PPB-BETS data
but may contradict the Fermi data if we simultaneously fit
to the PAMELA positron ratio.

The flux from the host halo without subhalos is shown in
Fig. 8, where we use the same model as above but increase
the boost factor to S, = 900 in order to fit the PAMELA,
Fermi, and HESS points. For a smaller DM mass, one can
also fit the PAMELA and ATIC data (as was shown, for
instance, in [15]). Thus, either the ATIC or the Fermi data
can be explained by DM annihilation in the host halo for
different parameters in the DM models (but not simulta-
neously, since ATIC and Fermi data have significant devi-
ations from each other at energies between 300 GeV and
700 Gev). The fits of the flux from the host halo to the
Fermi-LAT and PAMELA data and the corresponding
ranges of parameters for a more realistic counterpart of
our toy model with the annihilation chain 2y — 2¢; —
4u™* can be found in [70].

V. CONCLUSIONS

In this paper we have studied the e ¢~ flux from anni-
hilating DM. We analyzed the dependence of the flux on
the choice of DM model, on the profile of the DM halo, and
on the presence of a local subhalo.

200 . . . . .
—— Total positron ratio —+— PAMELA
100 — — Host halo i
----- 1 kpc clump
500 Secondary background ]

100 200 500
E (GeV)

Electron and positron flux from annihilating DM in the host halo plus a 1 kpc clump shown in Fig. 6. The hard

spectrum of the flux from the subhalo is consistent with the ATIC bump around 600 GeV, but, in order to fit the PAMELA data, we
need the softer flux from the host halo at energies E < 100 GeV. We use the primary electron background ~E >3 and secondary
electron and positron backgrounds ~E~3%. The parameters of the DM model are the same as in Fig. 6.
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FIG. 8 (color online).
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—— Total positron ratio —+ PAMELA

100+ — — Host halo

........ Secondary background

10 20 50 100 200 500

The same as in Fig. 7 but without the contribution from the subhalo and with a larger local Sommerfeld

enhancement in the host halo S, = 1000 corresponding to @ = 1/30.

The DM models we have considered here are charac-
terized by the mass of the DM particle Mpy; and by the
number of step k in the annihilation-decay process from
DM to e" e . In particular, we studied a toy model where
the DM particles annihilate into two scalars that decay by a
chain of (k — 1) two-body decays into electrons and posi-
trons. In this model, logﬁ/[E—f’*M ~ k%l and, as expected, F ~

E~2 for E < E,. The behavior of the flux for E ~ E, is
model dependent. The spectrum has a sharper cutoff in
models with fewer decay steps.

The dependence on the shape of the DM host halo is
very mild, provided that the DM distribution is sufficiently
smooth. For the typical DM halo profiles, such as NFW,
Einasto, and Isothermal, én < 10%.

If a small number of DM subhalos contribute signifi-
cantly to the DM annihilation, then the corresponding
source function may have large variations and the index
of the propagated e e~ flux will change as well. In general
the index grows, i.e., the flux from a subhalo is harder than
the flux from the host halo. Using the Via Lactea II simu-
lation, we argue that, on average, we expect one M >
10°M, subhalo within 3 kpc from the Earth, and the flux
from such a subhalo will leave a significant imprint on the
electron spectrum above ~100 GeV, if its distance is less
than ~1 kpc. Thus, based on the Via Lactea II simulation,
there is at least a ~4% chance to observe the flux of
electrons and positrons from a local DM subhalo.
Extrapolating below the VL2 resolution limit, we estimate
that this probability may grow to ~15%.

In the presence of DM subhalos, there may be some
features in the et e~ flux spectrum at high energies, but
at low energies we should still expect the universal
index n = —2 of the DM annihilation flux. Future obser-
vations will help to distinguish between the following
possibilities:

(i) The additional flux is dominated by a local DM
clump at all energies. Then the index of the flux is
not universal and, as a rule, n > —2, i.e., the flux is
harder than the flux from the host halo. However, as
was pointed out in [15], we need a flux with an index
n=—22=%0.2 in order to fit both ATIC and
PAMELA data. This problem becomes even worse
if one tries to fit simultaneously the PAMELA points
and rather soft Fermi/LAT spectrum. Therefore, this
possibility contradicts current data.

(i) The additional flux is dominated by a local DM
clump at high energies, 100-1000 GeV, and by the
host halo at low energies, 10-100 GeV. We present

an example with a DM clump at 1 kpc from the
Earth consistent with the ATIC and PAMELA data.
However, this flux may be inconsistent with the
Fermi/LAT and the HESS data. The flux from anni-

hilating DM has an index n = —2 at energies E <
100 GeV and n > —2 at energies 100 GeV < E <
300 GeV.

(iii) The additional flux is dominated by the host halo at
all energies. For different DM models this flux can
fit either PAMELA and Atic or PAMELA and
Fermi data but not both. The property that the
positron ratio is fitted in both cases is a conse-
quence of a general fact that, independently of
DM model and the shape of the DM halo profile,
we expect an index n = —2 for energies much
smaller than the cutoff scale £ < E..

Our main conclusion is that at lower energies E <<
Mpy, i.e., in the PAMELA range 10-100 GeV for Mpy =
1 TeV, one should expect the flux from the DM to have a
universal index n = —2. At higher energies, i.e., in the
ATIC-Fermi range 100-1000 GeV, the behavior of the flux
is model dependent. In the presence of a significant nearby
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clump of DM one should expect an ATIC-like bump in the
spectrum, whereas in the absence of large nearby clumps
the flux should look smooth, similar to the Fermi/LAT and
HESS data.
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