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We study the Sunyaev-Zel’dovich effect potentially generated by relativistic electrons injected from

dark matter annihilation or decay in the Galaxy, and check whether it could be observed by Planck or the

Atacama Large Millimeter Array (ALMA), or even imprint the current CMB data as, e.g., the specific

fluctuation excess claimed from an recent reanalysis of the WMAP-5 data. We focus on high-latitude

regions to avoid contamination of the Galactic astrophysical electron foreground, and consider the

annihilation or decay coming from the smooth dark matter halo as well as from subhalos, further

extending our analysis to a generic modeling of spikes arising around intermediate-mass black holes. We

show that all these dark Galactic components are unlikely to produce any observable Sunyaev-Zel’dovich

effect. For a self-annihilating dark matter particle of 10 GeV with canonical properties, the largest optical

depth we find is �e & 10�7 for massive isolated subhalos hosting intermediate-mass black holes. We

conclude that dark matter annihilation or decay on the Galactic scale cannot lead to significant Sunyaev-

Zel’dovich distortions of the CMB spectrum.
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I. INTRODUCTION

The Sunyaev-Zel’dovich (SZ) effect stands for the dis-
tortion of the cosmic microwave background (CMB) spec-
trum by the scattering of thermal or relativistic electrons1

[1]. In this paper, we aim at studying the SZ effect as
a possible signature complementary to other indirect
probes of dark matter annihilation on the Galactic scale
(e.g., [2–7]), even though it was recently shown to be
hardly observable for galaxy clusters [8,9]. This study is
partly motivated by the recent hint for �10� angular scale
SZ signals in the WMAP 5-year data away from the
Galactic plane by [10], potentially of Galactic origin,
which might be explained by a column density of electrons
of �1022 cm�2, i.e., an optical depth as large as �10�3.

A simplistic comparison of the physical scales relevant
to the calculation already provides some interesting infor-
mation, since the SZ signal is roughly independent of the
target distance (except for angular resolution effects). In
galaxy clusters, the main contribution to the SZ signal,
already difficult to observe to high precision, comes from a
typical thermal electron density nthe � 10�2 cm�3 inte-
grated along a line-of-sight spatial scale l� 500 kpc.
The SZ effect amplitude is roughly set by the electron
optical depth �e � �Tnel, where �T is the Thomson
cross section. With the previous numbers we readily get
�e � 10�3 for thermal electrons in clusters, consistent with
most predictions (e.g., [11]), which provides a reference
value for detectability. In the Milky Way, the typical rela-

tivistic electron density measured at the Earth, which con-
stitutes a sound local upper bound to the yield potentially
originating from dark matter annihilation at the GeV-TeV
energy scale, is �10�11–10�12 cm�3 around 1 GeV (see,
e.g., [12]); this density can be associated with a typical
spatial scale of a few tens of kpc for the bulk of usual dark
matter density profiles. This translates into �e & 10�12
for relativistic Galactic electrons of energy >1 GeV.
Although the lower energy part of the electron spectrum
should play an important role (see the discussion in
Sec. III A), we could at zeroth order bet for no significant
effect caused by dark matter annihilation or decay products
at this stage.
Nevertheless, dark matter can collapse on scales as small

as its free-streaming length at the twilight of the radiation
era in the early universe, which is much smaller than the
size of the Galactic halo for generic weakly interacting
massive particles (WIMPs) (e.g., [13]). Such dark lumps
are called subhalos and are commonly observed in N-body
simulations of structure formation (e.g., [14]), though on
scales larger than a few tens of pc due to numerical limits.
This clustering implies a significant degree of inhomoge-
neity in the Galactic dark matter distribution which may
lead to a global increase of the annihilation rate [15]. This
may consequently increase the electron density injected by
dark matter annihilation over the entire Galaxy, and there-
fore along a given line of sight—in contrast, the effect is
expected much less important for decaying dark matter for
which the decay rate scales only linearly with its density, so
that the global injection rate is fixed by the total mass of the
Galaxy. Indeed, although it was shown that subhalos could
not drastically enhance the local dark-matter-induced elec-
trons [16], the SZ effect is a cumulative effect along a line
of sight which may therefore be more affected by subhalos,
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lavalle@to.infn.it

1In the following, the term electron denotes electron or
positron indifferently, unless specified otherwise.
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as is the case for the complementary gamma-ray signals
[17]. Moreover, in addition to this class of inhomogene-
ities, other putative Galactic compact objects like
intermediate-mass black holes (IMBHs) could raise spikes
of dark matter [18] and might also be able to seed SZ
features in the CMB spectrum. It is not as straightforward
as above to estimate the contributions of these different
components, and it is consequently interesting to clarify
this issue by means of explicit calculations, which we
perform below.

The outline is the following. In Sec. II, we first focus on
the basic physical parameter that sizes the amplitude of the
CMB spectral distortion, i.e., the optical depth. In Sec. III,
we calculate the optical depths for the smooth dark matter
halo, and for both the resolved and unresolved subhalos. In
Sec. IV, we briefly discuss the IMBH case, before conclud-
ing in Sec. V.

II. SIZING THE SZ AMPLITUDE:
THE ELECTRON OPTICAL DEPTH

Dark matter annihilation in the GeV-TeV energy range
leads to the injection of relativistic electrons. Interestingly
enough, the SZ signal generated by these electrons should
not suffer too much from the Galactic foreground if de-
tected at sufficiently high latitude, since the astrophysical
sources of electrons are expected to be concentrated in the
Galactic disk. Moreover, no significant additional thermal
SZ is expected to shield the potential dark matter contri-
bution, in contrast to the galaxy cluster case.

Two different formalisms were developed to calculate
the SZ effect, one based on radiative transfer (e.g.,
[11,19–21]), offering a nice analytical framework for ther-
mal or relativistic electrons as long as the Thomson ap-
proximation is valid, and another relying on the covariant
Boltzmann equation for which relativistic corrections to
the thermal case were often obtained by means of Taylor
expansion methods (e.g., [22,23]). In fact, these two
formalisms were recently shown to be equivalent in the
Thomson regime [24], in which analyticity is therefore
preserved [24,25]. In the following, we use the formalism
presented in Ref. [9], to which we refer the reader for
more details.

One of the most important physical parameters entering
the SZ prediction is the so-called optical depth �e charac-
terizing the electrons responsible for the spectral distortion
of the CMB. Averaging it over the angular resolution ��
of the detector, we have

h�eires ¼ �T

��ð�resÞ
Z
��ð�resÞ

d�
Z

dlneð ~xÞ; (1)

where dl denotes the line of sight, �T is the Thomson cross
section, ne is the electron density in the target, �res �
cosð�resÞ features the angular resolution �res. The typical
optical depth leading to observable thermal SZ is �e * 10�3
in galaxy clusters [11], which provides us with a benchmark

value useful for further comparisons, while current and
coming experiments can reach micro-Kelvin temperature
fluctuations, or equivalently �e � 10�4 (e.g., [26–28]).
In the following, we compute the electron density ne

expected for the different dark matter components intro-
duced above.

III. SZ FROMTHEANNIHILATION PRODUCTSOF
THE DARK MATTER HALO AND SUBHALOS

Electrons potentially injected in the Milky Way from
dark matter annihilation or decay (say, on the GeV-TeV
energy scale) are expected to diffuse on small-scale mov-
ing magnetic turbulences and lose their energy through
Compton interactions with the interstellar radiation fields
(CMB is one of them) and the magnetic field, and through
Coulomb interactions with the interstellar gas. For regions
distant by more than a few kpc to the Galactic plane and
almost devoid of interstellar gas and magnetic field, the
main target for energy loss is the CMB. Nevertheless,
independent of the peculiar regime, the transport equation
that describes the evolution of the electron phase-space
density after injection has to include all important
processes—the associated general mathematical formal-
ism is well established (e.g., [29,30]).

A. Galactic foreground

There exist many astrophysical sources of high-energy
electrons in the Galactic disk, like supernova remnants or
pulsars (see, e.g., [31] for a recent analysis of the local
flux), which justifies to preferentially look for dark-matter-
induced SZ signals at high Galactic latitude. The SZ fore-
ground due to this specific population can be grossly
assessed by slightly refining the argument discussed in
the Introduction. The Fermi experiment has recently
measured the flux of electrons in the energy range
10–1000 GeV [32,33], which amounts to �eðEÞ �
2� 10�5ðE=10 GeVÞ�3cm�2 s�1 sr�1 GeV�1. This flux
translates into a density of dnastroe ðEÞ=dE � 8�
10�15ðE=10 GeVÞ�3cm�3 GeV�1. A naive integration of
this power law down to 1 MeV provides a reference value
of nastroe ð>1 MeVÞ � 4� 10�6 cm�3. Assuming that
this density is constant up to L� 5 kpc in the direction
perpendicular to the Galactic plane, which roughly corre-
sponds to the vertical extent of the cosmic-ray confinement
region, and vanishes beyond, we can derive an approximate
optical depth of

�astroe;rel � �Tn
astro
e L � 4� 10�8: (2)

This gives an indication about the high-latitude contribu-
tion to the SZ of astrophysical relativistic electrons located
close to the disk, which the dark matter yield in the same
region cannot exceed too much without exceeding the local
electron flux in the meantime. This is likely an overesti-
mate since the astrophysical electron density is expected to
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decrease quite fast away from the disk, where most of the
sources are located.

To complete the astrophysical foreground picture, we
need to account for the thermal electron contribution. We
take advantage of the well-known NE2001 model designed
in Ref. [34] from pulsar dispersion measures, from which it
is quite easy to numerically perform the line-of-sight in-
tegral perpendicular to the Galactic plane, from the Earth
location. Taking the thin disk and thick disk components of
this model, we find that

�astroe;th � 10�4: (3)

Thus, the local thermal astrophysical foreground is likely
the dominant one, with a rather large amplitude. Such a
value is actually not that surprising since it was already
emphasized in Ref. [35] that the SZ flux generated by
thermal electrons in nearby galaxies could be detected.
Note that in the previous estimate, we did not include
electrons from the very local interstellar medium nor
from the nearby spiral arm, which we do not expect to
significantly change this approximate result.

B. Dark matter contributions

1. Smooth-halo contribution

In contrast to high-energy electrons of astrophysical
origin, dark-matter-induced electrons are produced every-
where in the Galactic halo, and the relevant line-of-sight
length can therefore reach�100 kpc. As briefly mentioned
in the Introduction, the very simple exercise of using the
local astrophysical electron density as a maximum for the
dark-matter-induced density at Galactic radii r > r� ¼
8 kpc would lead to �e & 8� 10�11, rather far away
from current experimental sensitivities. Nevertheless, it is
worth quantifying more accurately the density distribution
of the electrons injected by dark matter annihilation (or
decay) along the line of sight in the high Galactic latitude
regions.

The transport of electrons in regions distant from the
disk is not very well constrained because it is difficult to
predict the value of the diffusion coefficient. This latter
should at least be much larger than locally because mag-
netic turbulences, somehow connected to small-scale in-
homogeneities in the cosmic-ray plasma, are expected to
fade away (e.g., [36]). In any case, the transport of elec-
trons usually relies on a diffusion equation which can
sometimes be solved in terms of analytical Green functions
(see, e.g., [29,30] for extensive reviews, and Sec. III B 5 for
a few further details). In this context, the Green function G
represents the probability for an electron injected at posi-
tion ~x and energy Es to have propagated to position ~x, still
carrying energy E � Es (we only consider energy losses
here), so that the electron density dn=dE can be expressed
in terms of a source Q as follows:

dnðE; ~xÞ
dE

��������propag
¼

Z 1
E

dEs

Z
d3 ~xsGðE; ~x

 Es; ~xsÞQðEs; ~xsÞ: (4)

As a minimal approach, which will be shown overoptimis-
tic later on, we first neglect all processes but the energy
losses caused by inverse Compton scattering with the CMB
photons. If making such a maximal assumption, which
greatly facilitates the calculation, is not enough to predict
an observable SZ effect, then rather trustworthy conclu-
sions can easily be drawn. We therefore suppose that
electrons lose energy at their production site; i.e., we
neglect spatial diffusion. In that case, referred to as diffu-
sionless limit hereafter, the Green function GðE; ~x 
Es; ~xsÞ ! �ð ~xs � ~xÞ=bðEÞ, such that the electron density
at point ~x is related to the local annihilation rate as follows:

dn

dE
ðE; ~xÞ � 1

bðEÞ
Z 1
E

dEsQnðEs; ~xÞ; (5)

where the source term Qn encodes the dark matter prop-
erties as

Q nðEs; ~xÞ ¼ Sn

�
�ð ~xÞ
�0

�
n dN

dEs

: (6)

The parameter �0 featured above is a reference density,
while dN=dES is the injected electron spectrum. The index
n is equal to 2 (1) in the case of dark matter annihilation
(decay), for which the parameter S reads

S n ¼

8>>><
>>>:

���0

m�
n ¼ 1

� h�vi2

�
�0

m�

�
2

n ¼ 2:
(7)

We recognize the WIMP mass m�, the annihilation cross

section h�vi, and the decay rate ��. The parameter � is

equal to 1 if annihilation involves identical WIMP parti-
cles, or to 1/2 for Dirac fermions.
For simplicity, we first consider annihilation or decay

into electron-positron pairs, so that dN=dEs ¼ 2�ðEs �
nm�=2Þ. Indeed, it is clear from Eq. (5) that the integrated

electron density will mostly depend on the total number of
electrons produced from dark matter annihilation or decay,
so it will not be difficult to extrapolate the results obtained
with this specific simple case to other injected spectra (as
far as the optical depth is the only quantity under inves-
tigation and the diffusionless limit is considered). From
this assumption, we obtain

neð ~xÞ ¼ Sn

�
�ð ~xÞ
�0

�
n
�lF ðEminÞ; (8)

where �l is the energy-loss timescale. In the Thomson
approximation, the energy loss caused by interactions
with the CMB is merely given by bðEÞ ¼ b0ð	 � E=E0Þ2
with b0 ¼ E0=�l ¼ 2:65� 10�17 GeV=s, such that the
integrated spectrum F can be expressed as
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F ðEminÞ ¼ 2E0

�
1

Emin

� 2

nm�

�
’ 2E0

Emin

: (9)

In the following, we set E0 to 1 GeV, which implies
�l ¼ 3:8� 1016 s. Note that neglecting other sources of
energy loss, e.g., bremsstrahlung or ionization, is justified
far away from the disk where the interstellar gas density is
negligible.

We have now to specify the dark matter mass density
shape �ð ~xÞ. While there are still issues regarding how dark
matter concentrates in the centers of galaxies, essentially
because baryons dominate the central gravitational poten-
tial in these structures, the off-center regions are less sub-
ject to debate. Basically, N-body simulations agree on the
prediction that the total dark matter density (including
subhalos) should fall like�r�3 in the outskirts of galaxies,
which means that line-of-sight integrals should not differ
too much among different Galactic halo models towards
high-latitude regions. In the following, for comparison, we
use the results of two recent high resolution N-body simu-
lations of Milky-May-like objects, Via Lactea II [37] and
Aquarius [38], in which the dark matter halos are found
well approximated by spherical profiles; a summary of the
relevant ingredients can be found in [39]: the former is
featured by a r�1 Navarro-Frenk-White (NFW) profile [40]
with a scale radius of 21 kpc and a local mass density of
�ðr� ¼ 8 kpcÞ ¼ 0:42 GeV=cm3, while the latter follows
an Einasto profile with a slope 
 ¼ 0:17, a scale radius of
20 kpc, and a local density of 0:57 GeV=cm3. Though
different, these local normalizations are in reasonable
agreement with the latest constraints to date [41,42].

In a spherical system centered about the Galactic center
with an observer located at point ~r�, the vector running

from the observer along the line-of-sight ~l and making an
angle �0 � �� � with ~r� can be related to the Galactic

radius r through ~r ¼ ~r� þ ~l, such that

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2 þ r2� � 2lr� cos�

q
(10)

, l ¼ r� cos�þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 � r2�sin2�

q
: (11)

This angle � can actually be expressed in terms of the
pointing angle of the telescope c with respect to the
Galactic center direction, the angle � that describes
the angular resolution, and the angle � that runs circularly
around the pointing direction,

cos� ¼ sinc sin� cos�þ cos� cosc : (12)

Note that because of the spherical symmetry, c merely
corresponds to (minus) the Galactic latitude b for an ob-
server located on Earth, as measured at longitude 0�.
Armed with these relations, we can readily compute the
electron density at a given position l along the line of sight,
such that the optical depth averaged over the resolution
angle �res defined in Eq. (1) is finally given by

h��e;nðc Þires ¼ �TSn�lF ðEminÞð2r0J nðc ; �resÞÞ; (13)

where�res ¼ cosð�resÞ. Similarly to what is encountered in
indirect dark matter detection with gamma rays [43], we
have defined the dimensionless parameter J , the averaged
line-of-sight integral, as follows:

J nðc ;�resÞ� 1

4�r0ð1��resÞ
�
Z 2�

0
d�

Z 1

�res

d�
Z 1
0
dl

�
�ðlðr;c ;�;�ÞÞ

�0

�
n
:

(14)

We will further use �0 ¼ 0:3 GeV=cm3 and r0 ¼
r� ¼ 8 kpc.
The results obtained for the numerical calculation of

J 2ðc ; �res ¼ 10Þ are displayed in Fig. 1. The high-latitude
zone corresponds to 70� & c & 110� (the colored region
in the plot), for which the astrophysical foreground is
expected to be the lowest. The dash-dotted curves represent
the so-called smooth approximation for both the dark
matter profiles discussed above, i.e., disregarding the po-
tential presence of subhalos—their impact is discussed in
Sec. III B 2. The parameter J 2 associated with the smooth
dark matter halo is found & 2 in the region of interest
(shaded). We find similar results on large latitudes for the
dark matter decay case, as illustrated in Fig. 2.
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FIG. 1 (color online). Plot of the parameter J ann � J2 corre-
sponding to the dark matter annihilation case [see Eq. (14)] for
two configurations, the first one inspired from Via Lactea II [37]
and the other one inspired from Aquarius [72]. The dashed
curves correspond to the smooth only contributions, the dash-
dotted curves to the smooth approximation, the dotted curves to
the subhalo contributions, and the solid curves the sum of the
smooth-only and subhalo contributions.
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To summarize, we provide a crude estimate of the
optical depth in the smooth approximation. We define

�N �
n � �l

3:8� 1016 s

Sn

1:35� 10�27 cm�3 s�1

� F ðmeÞ
2=ð511� 10�6Þ

r0 � J n

8 kpc� 2
; (15)

which is equal to �—i.e., 1 or 1/2 [see Eq. (7)]—(or 1) for
the canonical values of the parameters made explicit above
in the case of dark matter annihilation (decay, respec-
tively). The reference value given above for Sn was
obtained by assuming h�vi ¼ 3� 10�26 cm3=s (n ¼ 2,
annihilation) or �� ¼ 4:5� 10�27 s�1 (n ¼ 1, decay),2

for m� ¼ 1 GeV and �0 ¼ 0:3 GeV=cm3 [see Eq. (7)].

The average optical depth is then approximately

h��e;nð90�Þi10 ¼ 1:3 10�8 �N �
n : (16)

This value, which roughly sizes the amplitude of the SZ
signal expected from high latitudes, is very small, much
smaller than the typical optical depth found for Galactic
thermal electrons and, more importantly, than the current
experimental sensitivities. Indeed, we recall that new gen-
eration experiments, like Planck [26] or Atacama Large
Millimeter Array (ALMA) [27,28], can hardly constrain
electron populations of optical depths& 10�4. We empha-
size that we used a rather light WIMPmass of 1 GeV in this

estimate (see, e.g., [45,46] for more detailed phenomeno-
logical aspects on light dark matter) and considered the
favorable case of a diffusionless ‘‘transport’’ for electrons.
Likewise, we employed a value of F down to the rest
energy of electrons, and a reasonable angular resolution of
10—the angular resolution does not play a significant role
when the line of sight is offset from the center of the target
structure. These optimal assumptions still lead to a weak
result, comparable with what we obtained for the relativ-
istic astrophysical foreground but much smaller than the
thermal one [see Eqs. (2) and (3)], which makes the SZ
effect a too feeble tracer of dark matter annihilation or
decay for a smooth Galactic halo.
A larger amplitude could be reached with lighter dark

matter particles, but additional astrophysical constraints,
e.g., coming from hard x-ray observations of the Galactic
center [47], may then bound the annihilation cross section
to smaller values as well [48,49]. The presence of dark
matter substructures could also increase the amplitude in
the case of dark matter annihilation, which is precisely the
topic of the next paragraph. Note that for dark matter
decay, subhalos, which are small-scale inhomogeneities,
are not expected to significantly boost the SZ signal be-
cause the decay rate scales linearly with the dark matter
density: the above smooth-halo approximation is likely a
rather good approximation in that case.

2. Subhalo contributions

So far, we have considered a spherical and smooth dark
matter halo without discussing the role of subhalos (see
Sec. III B 2). In this section, we study two different cases:
(i) the collective effect of a subhalo population and (ii) the
impact of a single big subhalo located along the line of
sight. We recall that subhalos are expected to play a more
minor role in the case of dark matter decay.

3. Average subhalo contribution

Let us first assume that subhalos contribute another
smooth injection of electrons, the rate of which is set by
their inner properties averaged over their spatial and mass
distributions. Subhalos are indeed usually described in
terms of (i) their global properties, i.e., their mass and
spatial distributions, and (ii) their inner properties, i.e.,
their mass m, mass density shape �sh, concentration c,
and position r in the host halo. Theoretical prescriptions
can be found for both types from cosmological simulation
results. Once the subhalo properties are fixed, the global
associated annihilation rate can be calculated. Thus, the
dimensionless J factor associated with the electron injec-
tion from a population of subhalos is given by

J shðc Þ¼ Ntot
sh

4�r0ð1��resÞ
Z 2�

0
d�

Z 1

�res

d�
Z 1
0
dlhðlÞim

�dP ðlðr;c ;�;�ÞÞ
dV

; (17)
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FIG. 2 (color online). Plot of the parameter J dec � J1 corre-
sponding to the dark matter decay case [see Eq. (14)] for the
same two configurations as in Fig. 1. For dark matter decay,
subhalos do not play any role on average.

2The decay rate cannot be much larger than this value to obey
the diffuse gamma-ray constraint �� & 10�26 obtained in [44].
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where Ntot
sh is the total number of subhalos in the

Milky Way, dP=dV is the spatial probability distribution
function (pdf), and

hðlÞim �
Z

dm
dP
dm

Z
d3 ~xsh

�
�shð ~xsh; r; m; cÞ

�0

�
2

(18)

is proportional to the mean subhalo annihilation rate
(dP=dm is the mass pdf).

Using this smooth approximation for a subhalo popula-
tion implies making the assumption that the electron den-
sity carried inside the angular resolution of the telescope
does not fluctuate. It is therefore more appropriate for
large-index mass pdfs (scaling typically between M�1:9
andM�2) that favor the relative contribution of the lightest
subhalos, which are also the smallest, the most concen-
trated, and the most numerous—see [16] for more details
on the influence of the subhalo parameters.

The impact of considering the average subhalo contri-
bution is reported in Fig. 1, where we used the Via Lactea II
and Aquarius subhalo phase spaces defined in [39], for
which the mass functions scale like M�2 and M�1:9, re-
spectively—a free-streaming cutoff of 10�6M� is taken.
The dashed curves correspond to the contribution of the
smooth host halos only—different from the smooth ap-
proximation studied in Sec. III B 1 (dash-dotted curves)
because part of the dark matter mass is now in the form
of subhalos. We note that the smooth approximation and
the smooth-only contribution are almost superimposed in
the case of the Aquarius model, which is partly due to the
fact that subhalo mass fraction is much smaller in this setup
(17%) than in the Via Lactea II one (51%); the slightly
disadvantageous mass distribution and internal subhalo
structure also contribute to diminish the impact of subhalos
in the Aquarius case. The values obtained for J shðc Þ,
namely, the average subhalo contributions, appear as dot-
ted curves. We see that in the shaded foreground-free zone,
the subhalo contribution of the Via Lactea II model ex-
ceeds the smooth host halo one by half an order of magni-
tude, reaching J shð90�Þ � 5. In contrast, the Aquarius
subhalo configuration leads to an average signal lower
than the smooth host halo one, lying 1 order of magnitude
below what is obtained for Via Lactea II. Such a difference
mostly comes from the larger mass index of 2 taken in the
Via Lactea II setup, which results in more mass in the form
of subhalos, and favors the relative contribution of smaller
and more concentrated objects. This gap between these two
dark matter modelings provides an idea of the average
theoretical uncertainties affecting the predictions involving
subhalos.

In summary, it seems that subhalos, when taken globally,
can lead to an average SZ signal enhancement up to a
factor of �5 in the high-latitude predictions, which, by
means of Eq. (16), corresponds to an optical depth of
h��n i � 5� 10�8, still far below experimental sensitivities.
We also emphasize that the theoretical prescriptions that

we employed here for substructures are inferred from dark-
matter-only cosmological simulations. We could expect
the Galactic baryonic disk and bulge to further decrease
the subhalo impact due to more efficient tidal stripping. We
address the case of single objects in the next paragraph.

4. Individual subhalo contributions

To study the contribution of isolated objects, we con-
sider three subhalos within the mass range 106–108M� and
with inner NFW density profiles—adopting instead an
Einasto shape would not change the final results. Their
radial extents r200 are connected to their scale radii rs via
the concentration parameter c200 through the relation
c200 ¼ r200=rs. The parameters that we use are reported
in Table I, where the angular sizes of the scale radii are
given assuming a distance to the observer of 10 kpc for all
objects. These parameters are close to those inferred from
the Via Lactea II setup used in [39], to which we refer the
reader for more details, and roughly correspond to what
can be expected for subhalos located at �10 kpc from the
Galactic center (the closer to the Galactic center, the more
concentrated).
From Table I, we can already notice that, since most of

the annihilation should occur within the scale radius of an
NFW target, all objects look extended to any (sub)arcmin-
resolution experiment when assuming a distance of 10 kpc
and a diffusionless transport for electrons. Since the scale

radius roughly scales like M1=3, the biggest resolved ob-
jects have masses & 103M� at this distance. Interestingly
enough, the lower mass range down to 10�6M� is the one
that dominates the overall subhalo contribution for a pdf
mass index larger than 1.9 [16]—it is equal to 2 in the Via
Lactea II model adopted here—which itself bypasses the
smooth host halo yield. Therefore, treating apart big sub-
halos as we do here has no consequence on the average
subhalo contribution that we worked out earlier, which
does not have to be depleted. As we will see later, however,
the subhalo size does not reflect, in fact, the actual electron
distribution extent associated with the object, due to spatial
diffusion effects.
It is clear that though extended, our template single

subhalos should increase the detection potential if crossing

TABLE I. NFW parameters of the subhalos used for the
isolated source analysis.

Subhalo mass r200 rs �s

[M�] [kpc] c200 [pcð0Þa] [GeV=cm3]

106 2.01 56.7 35:4ð12:20Þ 22.2

107 4.32 50.0 86:4ð29:70Þ 15.9

108 9.31 43.5 213:9ð73:50Þ 11.0

aThe angular size associated with the scale radius rs is derived
assuming that the object is located at a distance of 10 kpc from
the observer.
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the line of sight of the telescope, because of the dark matter
cusps they contain. To estimate the corresponding optical
depths, we can first calculate the J single ¼ J 2ðc ¼ 0�Þ
factor defined in Eq. (14) for each object, which implicitly
corresponds to using the diffusionless limit. We show our
results in Fig. 3, where J single is plotted against the angular

resolution. We see that for an angular resolution around 1’,
values of �103–104 can be reached for a big subhalo
located at a distance of 10 kpc. By using Eqs. (16) and
(17) and parameters therein, this translates into an optical
depth of h��n i � 10�5–10�4. Note that since the angular
extent of the scale radii of our objects is larger than the
reference angular resolution of 1’, we can use the line-of-
sight approximation of J 2 proposed in Ref. [9], which is
analytical [denoted J 2

los in their Eq. (3.20)]. The relation

between both formalisms is the following:

J 2ðc ¼ 0�Þ � rs
r0

�
�s

�0

�
2
J 2

los

�
�
�s

�0

�
2 ð1þ�resÞ�

2

r2s
r0bres

; (19)

where bres � d sin�res is the impact parameter. This ap-
proximation is demonstrated to be very accurate in Fig. 3
except when the angular resolution exceeds the subhalo
scale radius. We recall that the main assumption behind

this formula is to approximate an inner profile to its central
behavior, namely, �ðrÞ � �sðr=rsÞ��.
Such a result, i.e., h��n i � 10�5–10�4, might fall within

the current experimental sensitivities and is therefore worth
being more deeply investigated—note, however, that it is
obtained for a quite light WIMP of 1 GeV. In particular, it
is important to study the additional and fundamental role of
spatial diffusion.

5. A focus on spatial diffusion effects

Our most critical assumption so far was to neglect the
spatial diffusion of electrons, so it is first interesting to
compare the relevant spatial scales. An angular size of 1’
corresponds to a physical of �3 pc for a target located at
10 kpc, scaling almost linearly with the distance. If
we write the diffusion coefficient as KðEÞ � K0ðE=E0Þ�
(see, e.g., [30]), then the electron propagation scale � can
be defined in a steady-state regime as

�2ðE EsÞ � 4
Z Es

E
dE0

KðE0Þ
bðE0Þ

¼ 4K0�l
ðE0=EÞ1��
ð1� �Þ

�
1�

�
E

Es

�
1���

; (20)

where bðEÞ is the energy-loss rate (taken in the Thomson
approximation), Es the injected electron energy, and
E< Es the energy after the electron has propagated over
a distance of � > 0 on average. It is difficult to determine
the diffusion coefficient far away from the Galactic disk
because most of observational constraints are local (see,
e.g., [50] or [51]). Nevertheless, we can consider the local
value as a lower bound, since diffusion is expected to be
more efficient in a less dense and less turbulent medium
[36]—the densities of interstellar matter and cosmic rays
are expected (and observed) to decrease with the distance
to the disk. For simplicity, let us assume that K0 ¼ 3�
1027 cm2=s (E0 ¼ 1 GeV) and � ¼ 0:7, values close to
those inferred from local constraints (see, e.g., [50,52]).
Further supposing, as before, that the energy-loss rate is
only driven by interactions with the CMB, we have,

�ðE EsÞ ¼ 12:6 kpc

��
1 GeV

E

�
0:3 �

�
1 GeV

ES

�
0:3
�
1=2

:

(21)

Thus, if we consider an injected energy of Es ¼ 1 GeV,
the propagation scale becomes larger than�3 pc for �E �
Es � E> 2� 10�7 GeV. This tremendously small value
of �E actually defines the spectral domain of validity of
our previous estimate of the optical depth, when spatial
diffusion was neglected. The actual electron density traces
the squared dark matter density in subhalos at the very
moment of injection, and is smeared out afterwards due
to propagation effects, which induces the formation of a
core of electrons. By comparing the scales, it is clear that
diffusion effects completely overcome angular resolution
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FIG. 3 (color online). The dimensionless J single factors for
three different subhalo masses, taken in the range 106–108M�,
as functions of the resolution angle �res. The analytical approxi-
mation proposed in [9] is also shown. All objects are assumed to
be located at 10 kpc from the observer. This factor is computed
using c ¼ 0�, where c refers to the angle of the line of sight
with the subhalo center.
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effects: the propagation scale derived above is as large as,
or even larger than, a big subhalo itself. The fact that the
smearing due to propagation dominates angular resolution
effects was already emphasized in the context of galaxy
clusters in Ref. [9], and in the context of dwarf spheroidal
galaxies in Refs. [53,54]. More generally, smearing effects
are important whenever the source gradient is large over a
typical diffusion length.

To more precisely illustrate the role of spatial diffusion,
we adopt a very simple three-dimensional isotropic and
homogeneous diffusion model which is defined by the
steady-state equation

�KðEÞ�N ðE; ~xÞ�@EfbðEÞN ðE; ~xÞg¼QðE; ~xÞ; (22)

for which the Green function is analytical:

G ðE; ~x Es; ~xsÞ ¼
expf� ð ~x� ~xsÞ2

�2 g
bðEÞ½��2	3=2 : (23)

Supposing a still subhalo, the propagated equilibrium elec-
tron density at position ~x in the subhalo is therefore given
by plugging the previous Green function into Eq. (4).

In Fig. 4, we report the equilibrium electron density
calculated for different positions in the 108M� subhalo
featured in Table I, obtained both (i) in the diffusionless
approximation (dashed curves) and (ii) in a full diffusion-
loss propagation model (solid curves). A direct annihila-
tion into electron-positron pairs is assumed in the left panel
(Es ¼ m�), and for completeness, we also consider the

case of a �þ�� (b �b) annihilation spectrum in the middle
(right) panel. For each case, we take a WIMP mass of
10 GeV and the canonical value for the annihilation cross
section, and we compute the electron density at different
positions in the subhalo in between a thousandth of rs and
rs, i.e., in the bulk of the injection region. We stress that a
10 GeV WIMP annihilating into b �b pairs is already likely
excluded by cosmic-ray antiproton data [55], but such an
example is still useful in terms of spectral properties. In the

left panel, the diffusionless approximation is demonstrated
to tend towards the full calculation only in the limit
�E! 0, as expected, while the discrepancy is shown
dramatic over the remaining—i.e., almost entire—part of
the spectrum. We notably see that below �200 MeV, all
electrons have diffused away from the subhalo, and that
their density is almost constant all over it for higher
energies—except for �E! 0. This can be understood
from Eq. (21): for Es ¼ 10 GeV, � becomes larger than
rs ¼ 214 pc when �E * 0:1 GeV, which results into
smearing the differential electron density over that scale,
setting a cored spatial distribution over most of the spec-
trum. In this pair-injection case, the diffusionless approxi-
mation can lead to an overestimate of the electron density
by more than 3 orders of magnitude, a discrepancy that
strongly increases from the edge of rs to the very central
region of the subhalo. The error is slightly decreased when
considering a continuous �þ�� or b �b spectrum because
injection proceeds at any energy less than the WIMP mass.
In that case, it still amounts to a few orders of magnitude,
increasing when energy decreases. We also note that
though the annihilation rate varies by a factor of
�4; 0002 (NFW case) between rs and 0:001rs, the differ-
ential electron density only spans a bit less than 2 orders of
magnitude in the �þ�� or b �b case, which shows that
diffusion is a very efficient spatial smearing process. It is
therefore clear that accounting for spatial diffusion will
rescale the optical depth to much lower values than esti-
mated before in the case of individual massive subhalos.
In Fig. 4, we have assumed K0 ¼ 3� 1027 cm2=s for

spatial diffusion. Such a value, which is constrained lo-
cally, is not expected to be relevant to regions distant by
more than a few kpc from the Galactic plane, where
diffusion should become closer and closer to free propa-
gation. Nevertheless, we emphasize that using a more
realistic value will not qualitatively change our argument
about spatial diffusion. Indeed, a more realistic value for
the K0, though still to be determined, should at least be
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larger than the local one, and would therefore lead to a
larger propagation scale for electrons, which even strength-
ens the diffusion effect.

We can now go further in the calculation of the optical
depth by adopting the full diffusion-loss transport model
described above. In Fig. 5, we derive the electron density
profile associated with our 108 subhalo (left panel) and
the corresponding cumulative optical depth (right panel).
We again consider a 10 GeV WIMP annihilating into the
three different final states discussed above and illustrate the
discrepancy between a full diffusion-loss transport model
(solid curves) and the diffusionless approximation (dashed
curves). In the left panel, the electron density as derived
in the full transport model exhibits a quasicore up to the
subhalo extent r200 ¼ 9:3 kpc, which is incidentally of the
same order of �, whereas the diffusionless density scales
completely differently like �2ðrÞ / r�2—in the full trans-
port model, the electron profile extends beyond the subhalo
itself. This has important consequences for the optical
depth (right panel), which is the line-of-sight integral of
the density, since it increases linearly with the radius up to
r200 in the former case, while logarithmically in the latter
case. The total optical depth can be read off at the border of
the object, and we see that the discrepancy between the two
transport hypotheses lies within 3 to 5 orders of magnitude,
from soft to hard spectral properties (the diffusionless
curves are rescaled by a factor of 10�3). Finally, we see
that for such a massive subhalo and for a 10 GeV WIMP
with canonical properties, the optical depth �e < 10�11, far
away from experimental sensitivities. Going to lower
WIMP masses would favor the annihilation into lepton-

antilepton pairs and would therefore not benefit of the
favorable 1=m2

� factor as optimally as necessary.

To summarize this section, we find that, considering
the GeV mass scale for WIMPs, subhalos are not expected
to provide an observable SZ contribution due to the
very weak optical depth they generate—of the order of
�e & 10�9 collectively down to �e & 10�11 individually,
for a 10 GeV annihilating particle. In the former case, our
calculations were derived in the optimistic diffusionless
limit but still led to pessimistic values. In the latter case,
spatial diffusion was shown to have the most dramatic
impact on predictions because it dilutes away the electron
density injected at high rate at subhalo centers. This is in
agreement with the pessimistic results found in the context
of dwarf spheroidal galaxies [53,54], which can be consid-
ered as very massive subhalos, though with a sizable
baryon fraction inside—the energy-loss rate of electrons
is then driven by ionization at low energy. For annihilating
dark matter, decreasing the WIMP mass down to the MeV
scale would increase the electron injection rate by 6 orders
of magnitude if one merely considers the favorable 1=m2

�

scaling relation. Nevertheless, we see from the right panel
of Fig. 5 that this would even not be sufficient to get a
reachable optical depth, since the annihilation channel
would be eþe� in that case. Moreover, other astrophysical
constraints on the annihilation cross section, from x-rays or
gamma rays, must then also be taken into account, which
can be summarized as h�vi & 10�31 cm3=sðm�=MeVÞ2
[48,49]. Such constraints strongly limit the possible in-
crease in the optical depth. Other ways to increase the
electron density can still be advocated, like the presence
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FIG. 5 (color online). Left: electron density as a function of the subhalo radius for different injection spectra. Right: corresponding
optical depth against the subhalo radius (r ¼ l=2, where l is the line-of-sight length). In both panels an annihilating 10 GeV WIMP is
assumed; dashed curves represent the diffusionless case, while solid curves refer to a full diffusion-loss transport model.

SUNYAEV-ZEL’DOVICH EFFECTS FROM ANNIHILATING . . . PHYSICAL REVIEW D 82, 083521 (2010)

083521-9



of black holes in the centers of some subhalos. We discuss
this hypothesis in the next section.

IV. ADDITIONAL IMPACTS FROM
INTERMEDIATE-MASS BLACK HOLES

In this section, we complete the study of Galactic dark
sources by considering a putative population of IMBHs.

Although the formation scenario of IMBHs is still de-
bated and probably not unique, there are many observa-
tional hints for their existence, as, e.g., ultraluminous x-ray
sources (see [56] for a recent case, and [57] for a review).
Among interesting possibilities, IMBHs could be the end
products of very massive Population III stars, those with
typical masses* 250M� [58], and thereby seed the super-
massive black holes observed in most of the galaxies [59].

If IMBHs are common objects among the first stars,
some should still wander in the halos of galaxies. One
appealing idea is that if they have formed from baryon
gas cooling in protohalos of dark matter, they could have
raised minispikes from the adiabatic compression of the
surrounding dark matter [60], making them excellent
Galactic or extragalactic targets in the search for dark
matter annihilation signals. This idea was proposed in
Ref. [18] for gamma-ray searches, and further promoted
with more details in Ref. [61] (see also [62] for a recent
review). The authors of the latest reference discussed
scenarios in which the number of Galactic IMBHs—within
a Galactic radius of�200 kpc—could vary from hundreds
to thousands.

The most optimistic scenarios are already in tension
with current observations in gamma-ray astronomy [63],
but the general picture is still valid and can be probed with
new generation large-field-of-view gamma-ray instru-
ments, like the Fermi satellite [64]. For a better relevance
in the frame of dark matter searches, it is important to
detect such signals outside the Galactic disk and bulge to
escape astrophysical foregrounds and minimize interpreta-
tion issues. Likewise, it is important to detect complemen-
tary signatures which could help to confirm or infirm their
dark matter origin. Antimatter cosmic rays are probably
not interesting (i) because the astrophysical background is
not under control in some cases, (ii) current measurements
are compatible with astrophysical explanations (see, e.g.,
[31] for the Galactic electrons and positrons, and [65] for
antiprotons), and (iii) sources distant by more than a few
kpc from the Galactic disk are not expected to contribute
significantly to the local cosmic-ray flux because of the
diffusive nature of their propagation in the interstellar
medium. As for subhalos, we check here whether dark
matter annihilation around IMBHs could generate any
observable SZ signal.

Although some population modelings are available in
[61], the associated theoretical uncertainties remain to be
investigated (see [66] for a more detailed discussion).
Therefore, it seems safer to concentrate the present analysis

on individual objects without accounting for any putative
statistical property. Proceeding so, we aim at checking
whether isolated high-latitude IMBHs could generate sig-
nificant SZ contributions in contrast to isolated subhalos.
Nonetheless, before starting, it is interesting to use the
averaged properties of some minispike scenarios to check
their potential as SZ targets. If we take an average annihi-
lation volume hspi � 104 kpc3 for minispikes, reminiscent

of the most optimistic scenario of [61] (see, e.g., [63,67]),
then the total average annihilation rate in those objects is
/ S2hspi. Converting this in terms of an average electron

density inside a 107M� subhalo of scale radius rs � 100 pc
(annihilation to electron-positron pairs), we get the follow-
ing zeroth order estimate of the optical depth:

h��2 isp � 2�TS2rs
hspi
Vs

� 1:95� 10�6
S2

1:35� 10�29 cm�3 s�1
hspi

104 kpc3

�
�

rs
100 pc

��2
; (24)

where S2 was computed using m� ¼ 10 GeV with the

other canonical values, and where we have assumed that
r0J 2 � rshspi=Vs. This is thereby worth a more detailed

investigation.
Aside from statistical properties that may depend on

structure formation and evolution, considering single
IMBHs allows us to motivate a quite generic modeling of
dark matter distribution around them by simply accounting
for the adiabatic compression [60] of the host dark matter
microhalo during the IMBH growth—this is also one of the
main assumptions of Ref. [61], upon which the authors
plugged an evolution history by means of numerical
simulations to estimate the survival population statistical
properties. Thus, starting from a microhalo density profile
scaling like r��, the adiabatic growth of a forming IMBH
raises a spike of index �sp ¼ ð9� 2�Þ=ð4� �Þ by angular
momentum conservation. For instance, choosing � ¼ 1
(NFW) implies a spike index of �sp ¼ 7=3 ’ 2. Further

adopting an NFW initial profile as a generic case, the final
dark matter density shape around the IMBH can be de-
scribed as

�ðrÞ ¼
��sat rsch < r � rsat
�spð rrspÞ��sp rsat < r � rsp

�s
ðr=rsÞ�1
ð1þr=rsÞ2 r > rsp

(25)

where the subscript sp is related to the spike (density,
extent, index), rsat is the radius at which the annihilation
rate saturates [68], and rsch ¼ 2Gmbh=c

2 ’ 9:6�
10�14 pcðmbh=M�Þ is the Schwarzschild radius of a black
hole of mass mbh below which neither particles nor light
can get out [69]. We have the implicit relation �sp ’
�srs=rsp, provided rsp 
 rs. The actual spatial scales can
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be inferred from the radius of gravitational influence rh
of the black hole. It was indeed found in Ref. [61] that
rsp � 0:2rh in most cases. Furthermore, it turns out that rh
can be related to rs from the implicit equation [70,71],

Mð<rhÞ ¼ 4�
Z rh

0
drr2�ðrÞ ¼ 2mbh; (26)

which is analytical in the NFW case:

2mbh

4�
¼ �sr

3
s

�
ln

�
rh þ rs

rs

�
� rh

rh þ rs

�
(27)

� �srsr
2
h

2
: (28)

The last line was obtained with the limit rh 
 rs, even-
tually leading to

rh �
ffiffiffiffiffiffiffiffiffiffiffiffiffi
mbh

��srs

s

� 3:9 pc

�
mbh

100M�

�
�s

10 GeV=cm3

rs
100 pc

��1�1=2
:

(29)

Note that this approximation is only valid for rh 
 rs;
Eq. (27) must be used otherwise. Now, although the spike
radius should in principle be computed numerically, we
can use the scaling relation rsp � 0:2rh [71]. Finally, all

these spatial scales have to be compared with the saturation
radius defined by the saturation density [68],

�sat � �ðrsatÞ �
m�

h�vitbh
� 108 GeV=cm3

m�

GeV

� h�vi
3� 10�26 cm3=s

tbh
10 Gyr

��1
;

(30)

where tbh is the black-hole age.
We now take a template example relying on the study of

single subhalos we performed in Sec. III B 5, implying
quite a massive subhalo of 108M�, the NFW profile of
which has now to be compressed and develop a spike
because of the presence of an IMBH in its center.
We consider two IMBH mass cases reminiscent of the
scenarios proposed in [61], a soft case with mbh ¼ 200M�
and a strong case with mbh ¼ 105M� (see also [62]).
The associated parameters that we derived according to
Eqs. (26)–(30) are listed in Table II. We are thus armed to
calculate the electron density arising from dark matter
annihilation in such objects, using the same diffusion-loss
transport model as in Sec. III B 5.
We plot our results in Fig. 6, where the electron density

profile is reported in the left panel and the corresponding

TABLE II. Spiky-NFW parameters for a prototype 108M�
subhalo hosting a black hole of (i) 200 and (ii) 105M�. The
remaining subhalo parameters can be found in Table I.

BH mass rh rsp �sp rsat rsch
[M�] [pc] [pc] [104 GeV=cm3] [10�3 pc] [10�11 pc]

200 1.02 0.20 114.81 4.17 1.92

105 24.41 4.88 4.59 25.17 960
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cumulative optical depth appears in the right panel. We
compare three different configurations: a single 108M�
subhalo (solid curves, same as in Fig. 5), the same subhalo
with a 200M� central black hole (dotted curves), and with
a 105M� central black hole (dash-dotted curves). As be-
fore, we assumed a 10 GeV WIMP with the annihilation
channels discussed above. As expected, we see that the
presence of a central black hole (through its related spike)
has drastic consequences on predictions. The optical depth
is shown to increase by 1 (3) order of magnitude provided a
spike raised by a 200 ð105ÞM� central black hole, inde-
pendently of the injection spectrum. This can actually be
related to the increase of the annihilation rate averaged
over the diffusion length, which, unfortunately, has no
analytical form. The optical depth can reach �e � 10�7
in the most favorable b �b spectral case, but such a level is
still, unfortunately, irrelevant to observation.

V. CONCLUSION

In this paper, we have studied the SZ effect potentially
generated by dark matter annihilation (or decay) products
on the Galactic scale, in the high-latitude sky. We have
focused our analysis on (i) the smooth Galactic halo
(see Sec. III B 1), (ii) subhalos (see Sec. III B 2), and
(iii) putative spikes raised by black holes in the centers
of individual subhalos (see Sec. IV). We have considered
canonical properties for annihilating (or decaying) dark
matter, though in the very light mass range below 10 GeV.

For the smooth-halo contribution, we have derived our
predictions in the diffusionless limit of the electron trans-
port, which is valid whenever the electron injection rate
does not vary significantly over a diffusion length. In this
approximation, we have found that �e & 10�8 for a 1 GeV
annihilating or decaying WIMP, rescaled to & 10�10 for a
10 GeV annihilating WIMP. The average contribution of
subhalos was then shown to boost the signal by 1 order of
magnitude at most in the case of dark matter annihilation,
but only when using a rather favorable subhalo phase space
(mass index of 2)—the effect is strongly diminished for
decaying dark matter, since the injection rate then scales
like the density, not like the squared density; we did not
further explore the impact of subhalos in this context.

The study that we performed on isolated subhalos has
led us to abandon the diffusionless limit of electron trans-
port, which was shown unjustified for a source exhibiting a
strong spatial gradient over the typical diffusion length
(like the central cusps of galaxy clusters [9]). Indeed, a
108M� subhalo, i.e., quite massive, has a radial extent of a
few kpc, of the same order as the diffusion length. We have
notably illustrated how a core radius emerges in the elec-

tron distribution because of spatial diffusion, indepen-
dently of injection spectra. This smearing strongly dilutes
the electron density so that the optical depth cannot reach
values of interest. For a quite massive subhalo of 108M�,
we found an optical depth �e & 10�11 for a 10 GeV anni-
hilating WIMP with canonical properties. These results are
in agreement with those obtained in similar studies on
dwarf spheroidal galaxies [53,54].
Finally, we checked whether dark matter spikes raised

by IMBHs in massive subhalos from adiabatic compres-
sion could lead to observable SZ signals. To proceed,
we have designed a generic spike modeling featured by
the properties of the host subhalo and by the IMBH mass.
We have focused on a template example consisting in a
200ð105ÞM� central black-hole located at the center of a
108M� subhalo. We have shown that such a spike could
boost the optical depth by 1 (3, respectively) order of
magnitude, which is in fact related to the increase in the
annihilation rate averaged over a typical diffusion length.
Nevertheless, even such an increase is not enough to get an
electron density large enough for leaving a SZ imprint in
the CMB sky. We found �e & 10�7 for our 10 GeVWIMP,
which leads us to conclude that dark matter is globally not
expected to generate SZ fluctuations on the Galactic scale.
Because of these quite modest values obtained for the
optical depth, it is not necessary to go deeper in the spectral
analysis to derive the full SZ distortion spectrum [9].
Note that when dealing with isolated massive subhalos,

hosting IMBHs or not, we have computed the electron
densities in the frame of a diffusion-loss transport model
for which we assumed a local diffusion coefficient and an
energy loss driven by interactions with CMB only. Though
the latter hypothesis seems reasonable far away from
the Galactic disk in a medium almost devoid of gas and
stars, the former is more difficult to justify, since electrons
should be close to free propagation in such regions.
Nevertheless, we have argued that considering a more
realistic transport would actually strengthen the advocated
smearing effect coming from spatial diffusion, since the
diffusion coefficient should then be increased, which in
fact makes our predictions rather conservative. Still, more
accurately relating the phenomenology of transport to the
interstellar medium properties remains a vast topic to
undertake so as to improve all analyses focused on non-
thermal cosmic-ray electron-induced radiations.
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[17] L. Bergström, J. Edsjö, P. Gondolo, and P. Ullio, Phys.

Rev. D 59, 043506 (1999).
[18] H. Zhao and J. Silk, Phys. Rev. Lett. 95, 011301

(2005).
[19] E. L. Wright, Astrophys. J. 232, 348 (1979).
[20] Y. Rephaeli, Astrophys. J. 445, 33 (1995).
[21] T.A. Enßlin and C. R. Kaiser, Astron. Astrophys. 360, 417

(2000).
[22] A. Challinor and A. Lasenby, Astrophys. J. 499, 1

(1998).
[23] N. Itoh, Y. Kohyama, and S. Nozawa, Astrophys. J. 502, 7

(1998).
[24] C. Bœhm and J. Lavalle, Phys. Rev. D 79, 083505

(2009).
[25] S. Nozawa and Y. Kohyama, Phys. Rev. D 79, 083005

(2009).
[26] Planck Collaboration, arXiv:astro-ph/0604069.
[27] Science with ALMA, Astrophys. Space Sci. 313, 1

(2008).
[28] A. Wootten and A. R. Thompson, IEEE Proceedings 97,

1463 (2009).
[29] V. L. Ginzburg and S. I. Syrovatskii, The Origin of Cosmic

Rays (Macmillan, New York 1964).
[30] V. S. Berezinskii, S. V. Bulanov, V. A. Dogiel, and V. S.

Ptuskin, Astrophysics of Cosmic Rays, edited by V. L.
Ginzburg (North-Holland, Amsterdam, 1990).

[31] T. Delahaye, J. Lavalle, R. Lineros, F. Donato, and N.
Fornengo, arXiv:1002.1910.

[32] A. A. Abdo et al., Phys. Rev. Lett. 102, 181101
(2009).

[33] M. Pesce-Rollins (Fermi-LAT Collaboration),
arXiv:0912.3611.

[34] J.M. Cordes and T. J.W. Lazio, arXiv:astro-ph/0207156.
[35] J. E. Taylor, K. Moodley, and J.M. Diego, Mon. Not. R.

Astron. Soc. 345, 1127 (2003).

[36] A. Shalchi, Nonlinear Cosmic Ray Diffusion Theories,
Astrophysics and Space Science Library Vol. 362
(Springer-Verlag, Berlin, 2009).

[37] J. Diemand, M. Kuhlen, P. Madau, M. Zemp, B. Moore, D.
Potter, and J. Stadel, Nature (London) 454, 735 (2008).

[38] V. Springel, S. D.M. White, C. S. Frenk, J. F. Navarro, A.
Jenkins, M. Vogelsberger, J. Wang, A. Ludlow, and A.
Helmi, Nature (London) 456, 73 (2008).

[39] L. Pieri, J. Lavalle, G. Bertone, and E. Branchini,
arXiv:0908.0195.

[40] J. F. Navarro, C. S. Frenk, and S. D.M. White, Astrophys.
J. 490, 493 (1997).

[41] R. Catena and P. Ullio, J. Cosmol. Astropart. Phys. 08
(2010) 004.

[42] P. Salucci, F. Nesti, G. Gentile, and C. Frigerio Martins,
arXiv:1003.3101.

[43] L. Bergström, P. Ullio, and J. H. Buckley, Astropart. Phys.
9, 137 (1998).

[44] L. Zhang, C. Weniger, L. Maccione, J. Redondo, and G.
Sigl, J. Cosmol. Astropart. Phys. 06 (2010) 027.

[45] C. Bœhm and P. Fayet, Nucl. Phys. B683, 219 (2004).
[46] C. Bœhm, P. Fayet, and J. Silk, Phys. Rev. D 69, 101302

(2004).
[47] J. Knödlseder et al., Astron. Astrophys. 441, 513 (2005).
[48] C. Boehm, D. Hooper, J. Silk, M. Casse, and J. Paul, Phys.

Rev. Lett. 92, 101301 (2004).
[49] Y. Ascasibar, P. Jean, C. Bœhm, and J. Knödlseder, Mon.

Not. R. Astron. Soc. 368, 1695 (2006).
[50] D. Maurin, F. Donato, R. Taillet, and P. Salati, Astrophys.

J. 555, 585 (2001).
[51] A.W. Strong and I. V. Moskalenko, Astrophys. J. 509, 212

(1998).
[52] A. Putze, L. Derome, and D. Maurin, Astron. Astrophys.

516, A66 (2010).
[53] S. Colafrancesco, S. Profumo, and P. Ullio, Phys. Rev. D

75, 023513 (2007).
[54] F. Huang, X. Chen, Q. Yuan, and X. Bi, arXiv:1005.2325.
[55] J. Lavalle, arXiv:1007.5253.
[56] S. A. Farrell, N. A. Webb, D. Barret, O. Godet, and J.M.

Rodrigues, Nature (London) 460, 73 (2009).
[57] M. C. Miller and E. J.M. Colbert, Int. J. Mod. Phys. D 13,

1 (2004).
[58] J. R. Bond, W.D. Arnett, and B. J. Carr, Astrophys. J. 280,

825 (1984).
[59] P. Madau and M. J. Rees, Astrophys. J. Lett. 551, L27

(2001).
[60] P. Gondolo and J. Silk, Phys. Rev. Lett. 83, 1719 (1999).
[61] G. Bertone, A. R. Zentner, and J. Silk, Phys. Rev. D 72,

103517 (2005).
[62] M. Fornasa and G. Bertone, Int. J. Mod. Phys. D 17, 1125

(2008).
[63] T. Bringmann, J. Lavalle, and P. Salati, Phys. Rev. Lett.

103, 161301 (2009).
[64] M. Taoso, S. Ando, G. Bertone, and S. Profumo, Phys.

Rev. D 79, 043521 (2009).
[65] F. Donato, D. Maurin, P. Brun, T. Delahaye, and P. Salati,

Phys. Rev. Lett. 102, 071301 (2009).
[66] P. Sandick, J. Diemand, K. Freese, and D. Spolyar,

arXiv:1008.3552.
[67] P. Brun, G. Bertone, J. Lavalle, P. Salati, and R. Taillet,

Phys. Rev. D 76, 083506 (2007).

SUNYAEV-ZEL’DOVICH EFFECTS FROM ANNIHILATING . . . PHYSICAL REVIEW D 82, 083521 (2010)

083521-13

http://dx.doi.org/10.1103/PhysRevLett.53.624
http://dx.doi.org/10.1103/PhysRevLett.53.624
http://dx.doi.org/10.1103/PhysRevLett.55.257
http://dx.doi.org/10.1103/PhysRevLett.55.257
http://dx.doi.org/10.1103/PhysRevLett.56.263
http://dx.doi.org/10.1103/PhysRevLett.56.263
http://dx.doi.org/10.1103/PhysRevD.34.1921
http://dx.doi.org/10.1086/156335
http://dx.doi.org/10.1086/156336
http://dx.doi.org/10.1088/1475-7516/2009/10/013
http://dx.doi.org/10.1088/1475-7516/2009/10/013
http://dx.doi.org/10.1088/1475-7516/2010/02/005
http://dx.doi.org/10.1088/1475-7516/2010/02/005
http://dx.doi.org/10.1088/1475-7516/2010/08/027
http://dx.doi.org/10.1088/1475-7516/2010/08/027
http://dx.doi.org/10.1016/S0370-1573(98)00080-5
http://dx.doi.org/10.1016/S0370-2693(00)00588-8
http://dx.doi.org/10.1088/1367-2630/11/10/105027
http://dx.doi.org/10.1038/nature03270
http://dx.doi.org/10.1038/nature03270
http://dx.doi.org/10.1086/172846
http://dx.doi.org/10.1051/0004-6361:20078723
http://dx.doi.org/10.1051/0004-6361:20078723
http://dx.doi.org/10.1103/PhysRevD.59.043506
http://dx.doi.org/10.1103/PhysRevD.59.043506
http://dx.doi.org/10.1103/PhysRevLett.95.011301
http://dx.doi.org/10.1103/PhysRevLett.95.011301
http://dx.doi.org/10.1086/157294
http://dx.doi.org/10.1086/175669
http://dx.doi.org/10.1086/305623
http://dx.doi.org/10.1086/305623
http://dx.doi.org/10.1086/305876
http://dx.doi.org/10.1086/305876
http://dx.doi.org/10.1103/PhysRevD.79.083505
http://dx.doi.org/10.1103/PhysRevD.79.083505
http://dx.doi.org/10.1103/PhysRevD.79.083005
http://dx.doi.org/10.1103/PhysRevD.79.083005
http://arXiv.org/abs/astro-ph/0604069
http://dx.doi.org/10.1007/s10509-007-9602-9
http://dx.doi.org/10.1007/s10509-007-9602-9
http://dx.doi.org/10.1109/JPROC.2009.2020572
http://dx.doi.org/10.1109/JPROC.2009.2020572
http://arXiv.org/abs/1002.1910
http://dx.doi.org/10.1103/PhysRevLett.102.181101
http://dx.doi.org/10.1103/PhysRevLett.102.181101
http://arXiv.org/abs/0912.3611
http://arXiv.org/abs/astro-ph/0207156
http://dx.doi.org/10.1046/j.1365-2966.2003.07025.x
http://dx.doi.org/10.1046/j.1365-2966.2003.07025.x
http://dx.doi.org/10.1038/nature07153
http://dx.doi.org/10.1038/nature07411
http://arXiv.org/abs/0908.0195
http://dx.doi.org/10.1086/304888
http://dx.doi.org/10.1086/304888
http://dx.doi.org/10.1088/1475-7516/2010/08/004
http://dx.doi.org/10.1088/1475-7516/2010/08/004
http://arXiv.org/abs/1003.3101
http://dx.doi.org/10.1016/S0927-6505(98)00015-2
http://dx.doi.org/10.1016/S0927-6505(98)00015-2
http://dx.doi.org/10.1088/1475-7516/2010/06/027
http://dx.doi.org/10.1016/j.nuclphysb.2004.01.015
http://dx.doi.org/10.1103/PhysRevD.69.101302
http://dx.doi.org/10.1103/PhysRevD.69.101302
http://dx.doi.org/10.1051/0004-6361:20042063
http://dx.doi.org/10.1103/PhysRevLett.92.101301
http://dx.doi.org/10.1103/PhysRevLett.92.101301
http://dx.doi.org/10.1111/j.1365-2966.2006.10226.x
http://dx.doi.org/10.1111/j.1365-2966.2006.10226.x
http://dx.doi.org/10.1086/321496
http://dx.doi.org/10.1086/321496
http://dx.doi.org/10.1086/306470
http://dx.doi.org/10.1086/306470
http://dx.doi.org/10.1051/0004-6361/201014010
http://dx.doi.org/10.1051/0004-6361/201014010
http://dx.doi.org/10.1103/PhysRevD.75.023513
http://dx.doi.org/10.1103/PhysRevD.75.023513
http://arXiv.org/abs/1005.2325
http://arXiv.org/abs/1007.5253
http://dx.doi.org/10.1038/nature08083
http://dx.doi.org/10.1142/S0218271804004426
http://dx.doi.org/10.1142/S0218271804004426
http://dx.doi.org/10.1086/162057
http://dx.doi.org/10.1086/162057
http://dx.doi.org/10.1086/319848
http://dx.doi.org/10.1086/319848
http://dx.doi.org/10.1103/PhysRevLett.83.1719
http://dx.doi.org/10.1103/PhysRevD.72.103517
http://dx.doi.org/10.1103/PhysRevD.72.103517
http://dx.doi.org/10.1142/S0218271808012747
http://dx.doi.org/10.1142/S0218271808012747
http://dx.doi.org/10.1103/PhysRevLett.103.161301
http://dx.doi.org/10.1103/PhysRevLett.103.161301
http://dx.doi.org/10.1103/PhysRevD.79.043521
http://dx.doi.org/10.1103/PhysRevD.79.043521
http://dx.doi.org/10.1103/PhysRevLett.102.071301
http://arXiv.org/abs/1008.3552
http://dx.doi.org/10.1103/PhysRevD.76.083506


[68] V. S. Berezinsky, A.V. Gurevich, and K. P. Zybin, Phys.
Lett. B 294, 221 (1992).

[69] K. Schwarzschild, Sitzungsberichte der Königlich-
Preussischen Akademie der Wissenschaften, Sitzung
vom 3, Februar 1916, S. 189–196.

[70] D. Merritt, Rep. Prog. Phys. 69, 2513 (2006).
[71] D. Merritt, arXiv:astro-ph/0301257.
[72] V. Springel, J. Wang, M. Vogelsberger, A. Ludlow, A.

Jenkins, A. Helmi, J. F. Navarro, C. S. Frenk, and S. D.M.
White, Mon. Not. R. Astron. Soc. 391, 1685 (2008).

JULIEN LAVALLE PHYSICAL REVIEW D 82, 083521 (2010)

083521-14

http://dx.doi.org/10.1016/0370-2693(92)90686-X
http://dx.doi.org/10.1016/0370-2693(92)90686-X
http://dx.doi.org/10.1088/0034-4885/69/9/R01
http://arXiv.org/abs/astro-ph/0301257
http://dx.doi.org/10.1111/j.1365-2966.2008.14066.x

