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1. Introduction

The nature of non–baryonic Dark Matter (DM) is one of the great puzzles of modern Cosmol-
ogy. A non–gravitational detection of DM would be a fundamental step toward the understanding
of its properties. This could be obtained in several ways, the most promising and popular methods
being direct searches in low–background underground experiments and indirect detection methods.
Particle searches at colliders can offer a complementary tool to identify the fundamental properties
of DM.

Indirect detection techniques are based on the identification of the products of DM annihi-
lations or decays, notably neutrinos, antimatter and photons. Indirect searches are particularly
promising if DM is in the form of Weakly Interacting Massive Particles (WIMPs). In the early
Universe, WIMPs decouple non–relativistically from the thermal plasma and inherit the correct
relic abundance if they possess a thermally averaged annihilation cross section of the order of
〈σv〉= 3×10−26 cm3s−1. Annihilations of WIMPs inside galaxies are able to inject large amounts
of relativistic electrons and positrons, which then produce synchrotron radiation by interacting with
the galactic magnetic fields . This is a generic prediction of WIMP models, except for the pecu-
liar case of WIMP candidates annihilating only into neutrinos. For galactic magnetic fields with
a strength of the order of µG and electrons energies below about 10 GeV, synchrotron emission
occurs at frequencies around and below the GHz, i.e. in the radio band. Radio observations ap-
pears therefore to be appropriate tools for indirect WIMP searches and they have been extensively
discussed in the context of WIMP annihilations in our Galaxy or in the extragalctic environment
[1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15].

In this note we will discuss the relevance of radio signals for WIMP dark matter detection.
We will focus on both the galactic and extragalactic components, considering also the possibility
to extract information from the angular correlations on the radio sky, profiting of the good angular
resolution of radio detectors. Notably, we will comment on a detected extragalactic radio excess
below few GHz, commonly called the “ARCADE excess”, and we will show that this potential
excess is compatible with a signal from DM annihilation [1]. Future and foreseen radio detectors
will be able to test this hypothesis. These note is based on Refs. [1, 2, 3], where additional details
can be found.

2. The galactic emission

Dark matter annihilations in the Galactic halo inject relativistic electrons and positrons which
then generate a synchrotron radiation when they interact with the galactic magnetic field. As shown
in Ref. [2], the low–frequency range (from 22 to 1420 MHz) offers a new window in the search
for DM, especially for those low–mass WIMPs which are currently under deep scrutiny in direct
detection searches [16, 17, 18]. Indeed, for magnetic fields of µG, as is typical in the Galaxy,
synchrotron emission below GHz–frequency is produced by electrons and positrons with energies
well below 10 GeV. In particular, WIMP candidates annihilating into light leptons with a “thermal”
annihilation cross-sections can be strongly constrained for masses MDM < 10GeV [2].

Details of the calculation of the galactic radio emission are found in Ref. [2], where five
different radio surveys with frequencies below few GHz and a large sky coverage were selected
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NFW
Isothermal

Figure 1: Left panel: Temperature versus frequency calculated at the galactic poles (b = ±90◦) for µ+µ−

and bb̄ annihilation channels, MDM = 10,100 GeV. We adopt a galactic magnetic field as in Ref. [2], an
NFW dark matter profile and the median propagation model for electrons/positrons in the Galaxy [2]. The
data points denote the temperatures at the north and south galactic poles, averaged over a 10◦ circle. Right
panel: Temperature versus galactic latitude at 45 MHz. Data refer to a thin strip |l|< 3◦, with l the galactic
longitude. Lines are predictions for DM models for l = 0◦. The vertical blue band corresponds to |b|< 10◦

directed towards the Galactic center. Predictions are showed for different annihilation channels, NFW and
isothermal DM profiles, for the same galactic magnetic field and propagation parameters as in the left panel.
Figures adapted from Ref. [2].

as the most suitable for DM analyses. As a first result, which shows the capabilities of radio
measurements for DM studies, we report in the left panel of Fig. 1 the average temperature observed
at the galactic poles at different frequencies. The data have been averaged over a 10◦ circle. The
vertical bands identify the average frequency of the synchrotron radiation produced by electrons of
a given energy and suggest that synchrotron emission produced by < 100 GeV DM particles peaks
at sub–GHz frequencies. These frequencies are therefore particularly suitable to search for light or
intermediate DM masses. Moreover, both WIMP models with dominant hadronic annihilation final
states and leptophilic light–WIMP models, induce a synchrotron spectrum which is softer than the
observed galactic one. One of the main motivations of this study therefore resides in the fact that
low radio frequencies have the largest constraining power for such WIMP models.

The right panel of Fig. 1 compares observations and DM emissions at 45 MHz for different DM
models and astrophysical configurations. The data refer to a thin strip crossing the galactic center
and perpendicular to the galactic plane (|l|< 3◦). The figure shows that it is viable to search for a
DM signal outside the inner galactic center region (|b|> 10◦). Inside this region, displayed by the
blue band, the astrophysical uncertainties on the propagation model, the DM distribution, and the
contamination from the astrophysical background become more important [2]. As expected, for a
cored isothermal model for the galactic DM halo, the emission is strongly reduced at small galactic
latitudes and longitudes, as compared to the emission from a more pronounced NFW profile. The
scaling of the signal with the magnetic field strength is ∝ B−2. In general, the emission does not
significantly change for different typical assumptions galactic magnetic field spatial profiles, unless
one considers a large mismatch between the size of the diffusion box and the scale at which the
magnetic field becomes suppressed [2].

While the observed radio emission is dominated by the astrophysical background, Fig. 1 nev-
ertheless suggests that DM could substantially contribute to the radio flux, especially close to the
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Figure 2: Left panel: upper bounds on the DM annihilation cross section (σv) versus the DM mass, for
annihilation into b̄b quarks, for the NFW and isothermal DM profiles and for a galactic magnetic field as in
Ref. [2]. The horizontal line shows the value of the “thermal” annihilation cross section. The bounds are
from all sky and from a combination of 5 frequency skymaps, as in Ref. [2]. Right panel: upper bounds
on the DM annihilation cross section (σv) versus the DM mass, for annihilation into the µ+µ− channel,
for the NFW and for a galactic magnetic field as in Ref. [2]. The plot shows the dependence of the bound
on individual frequencies. The horizontal line shows the value of the “thermal” annihilation cross section.
Figures adapted from Ref. [2].

galactic center or just away from it. Certainly a DM detection is challenged by the large uncertain-
ties which affect the determination of the background. In the following, in order to be conservative
we directly use the present observational data to constrain DM models, without attempting any
background subtraction [2]. This will prove to be already quite constraining, especially for light
leptophilic WIMPs.

The bounds on the dark matter parameter space are therefore conservatively inferred requiring
that dark matter synchrotron emission does not exceed the data, without attempting any subtraction
of an astrophysical component (background). Our procedure is the following: the sky is subdivided
in 232 patches obtained as explained in Ref.[2]; we then compute the average DM radio emission
(TDM) and the average observed radio flux (Tobs) in each patch covered by the data in the data sam-
ples we use (notice that most of the surveys do not cover all the sky [2]). The constraints inferred
from each patch is obtained requiring that: TDM ≤ Tobs +3σ where σ is the rms temperature noise
[2]. This calculation is repeated for all the frequencies and then a bound on the DM annihilation
cross section (σv) is set by taking the most constraining patch. Some of the results are summarized
in Fig. 2. The bounds do not dramatically vary for different annihilation channels. We find that
models with DM masses MDM < 10 GeV and “thermal” value of the annihilation cross section
(σv) = 3× 10−26 cm3 s−1 are strongly constrained in the case of the NFW profile (especially for
a leptophylic WIMP), while the bounds drastically weaken for an isothermal DM profile, since it
possesses a much lower DM density in a large region around the Galactic center. For an NFW DM
profile and for the µ+µ− and e+e− annihilation channels, thermal values of (σv) can be already
excluded for MDM < 4−6 GeV [2]. Dependencies on the electron/positron propagation models and
on the galactic magnetic field properties, and how these uncertainties reflect on the determination
of the bounds on the DM properties, are discussed in details in Ref. [2].

The relevance of the different radio surveys (which cover different frequency ranges) in deter-
mining the constraints on the DM properties are shown in the right panel of Fig. 2. As anticipated
above, the lowest frequencies are more constraining for low DM masses (MDM < 10 GeV) while
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Figure 3: Extragalactic radio (left panel) and X/gamma ray (central panel) emissions for different DM
benchmark in the annihilating (solid) and decaying (dotted) cases (B1: WIMP with a 100 GeV mass, pro-
ducing b quarks; B2: WIMP with a 10 GeV mass, producing muons; in both cases, the annihilating WIMP
has a “thermal” cross section (see Ref. [3] for additional details). For the radio case, main astrophysical
source contributions (black–solid), CMB (black–dotted), and the best–fit of ARCADE data (black–dashed)
are shown [19]. The right panel shows contributions at different redshifts of the emissions produced by
synchrotron radiation at 1 GHz, inverse Compton scattering on CMB at 1 MeV, and π0-decay at 1 GeV, in
the benchmark case B1 (all normalized to unity). Figures adapted from Ref. [3].

O(GHz) frequencies become relevant for heavier DM candidates. Let us also remark that the con-
straining power of a single survey also depends on the fraction of sky coverage and on its sensitivity:
this is visible in the right panel of Fig. 2, where the 820 MHz survey provides worse constraints
than the 1420 MHz one.

3. The extragalactic emission

Dark matter annihilation (or decay) in cosmic structures external to our Galaxy may produce
a radio flux of extragalactic (or cosmological origin). A detailed analysis on this topic has been
performed in Ref. [3], to which we refer for all the details. Ref. [3] showed that three relevant
observables may be fruitfully used to study the cosmological radio emission: flux intensity, differ-
ential number counts of extragalactic sources and angular correlations of the radio sky–temperature.
Ref. [3] showed that source counts and angular correlation data could be particularly relevant to
disentangle the DM contribution from astrophysical sources, such as radio loud active galactic nu-
clei (AGN) and star forming galaxies (SFG). It was also noticed that cosmological radio emission
induced by WIMP DM has a fast decrease with redshift [3]: the main contribution arises from
structures at z� 1. Moreover, DM halos can significantly contribute to the source counts at bright-
ness below the µJy level. Therefore, a specific property of the extragalactic WIMP–induced source
population is to peak at low redshift and low brightness. This hypothesis can be tested by radio
telescopes with flux sensitivity able to reach the µJy level, that will be reached by upcoming radio
experiments, in particular by the Square Kilometer Array (SKA).

A feeling about the expected DM signals and how they compare to astrophysical emissions
can be obtained by analyzing a few relevant benchmark models. Let’s consider a WIMP DM
candidate (model B1) with mass MDM = 100 GeV, “thermal” annihilation cross section (σav) =
3 · 10−26 cm3s−1 and final state of annihilation into quarks bb̄ (and similarly a decaying case with
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lifetime τ = 4 ·1028 s). Motivated by recent indications from direct detection experiments (DAMA
[16], CoGeNT [17], and CRESST [18]) and by a possible DM interpretation of the ARCADE
excess [1] (discussed in the next Section), we introduce also a DM candidate (model B2) with
mass MDM = 10 GeV, again with “thermal” annihilation rate, but annihilating into a purely leptonic
final state µ+− µ− (to enhance the synchrotron signal), together with a decaying case with τ =

5 · 1027 s. A detailed discussion on the DM halo mass function, the halo concentration, the DM
distribution in halos and the cosmological model adopted in this analysis are discussed in Ref. [3].
No substructures are considered in this benchmark scenario and the minimum halo mass is set to
Mcut = 105M�. The magnetic field is assumed to be constant in space and time with B = 10 µG,
and e+/e− are assumed to radiate at the same place where they are injected. The validity of these
assumptions and the impact of relaxing them is analyzed in Ref. [3].

The left and central panels of Fig. 3 show total intensities: in the radio band (left panel) and
in the X and gamma bands (central panel). X and gamma emission are expected to be counter-
part of DM radio emission, since the same electrons produced by DM annihilation or decay and
that produce a radio signal as synchrotron radiation, can induce higher energy photons by inverse
Compton (IC) scattering on the CMB and radiation fields. Moreover, if the DM particle produces
hadronic final states in its annihilation/decay process, these states necessarily produce gamma–rays,
the most prominent channel being π0 decays. In the case of annihilation/decay into leptons, final
state radiation again contributes to the X and gamma bands. Note that the DM contribution in those
benchmark scenarios is roughly at the same level of the astrophysical emissions and that the extra–
galactic sky temperature reported by the ARCADE 2 collaboration [31] cannot be explained by
ordinary models of AGN plus SFG. In Ref. [1] we discussed the possibility of interpreting the AR-
CADE data in terms of a DM–induced synchrotron emission. WIMP models can actually account
for the excess, with viable scenarios being only slightly more optimistic than the benchmark cases
considered here [1]. This possibility of interpreting the so–called “ARCADE excess” in terms of a
DM signal is further discussed in the next Section. Comparing the left and central panels of Fig. 3,
one can see that radio extragalactic data are more constraining than the gamma–ray counterpart for
WIMP models with a dominant leptonic annihilation/decay channel (approximately by one order
of magnitude in the B2 case); on the contrary, for WIMP models with significant π0 production (as
the B1 benchmark), gamma and radio data have roughly the same constraining power.

In Fig. 3 we have considered energy losses due to synchrotron radiation and to IC scattering
on CMB only. The effect of the electron and positron interactions with interstellar radiation fields
(ISRF) is difficult to model since it is mostly related to the properties of the astrophysical sources
hosted within each halo, rather than to the halo mass. However, the IC loss associated to the ISRF
is expected to be subdominant in the extragalactic signals. To corroborate this point, we performed
a calculation with energy losses on a simple ISRF with constant density of 1evcm−3 in all halos
at any mass M and redshift z. This density is of the order of the mean optical ISRF density of the
Milky Way and can be considered as an overestimate of the actual field, since it is known that either
lager (e.g. cluster) and smaller (e.g. dwarf spheroidal galaxies) structures have much lower density.
The effect on the total intensity curves shown in Fig. 3 reflects in an overall depletion of about 15%
[3]. We can therefore assume energy losses due to IC on ISRF as a (relatively) subdominant effect.

In the right panel of Fig. 3 we show the redshift distribution of main radio, X–, and gamma–
ray signals. Inverse Compton scattering on CMB is completely set by the evolution of the DM
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Figure 4: Left panel: differential number counts for active galactic nuclei (dashed), star–forming galaxies
(dotted), and the benchmark B2 annihilating DM model (solid) described in Fig. 3. Data are taken from Ref.
[20]. Data and curves referring to different frequencies are multiplied by a factor c (given in the figure inset)
for clarity. Central panel: differential number counts at 1.4 GHz for the benchmark DM models described in
Fig. 3. Right panel: redshift distribution of bright (S > 3 mJy, lower) and faint (0.1 µJy < S < 1 µJy, upper)
astrophysical sources (only the dominant population is shown) and the benchmark DM models B2. Figures
adapted from Ref. [3].

spatial distribution. Indeed, the dilution of CMB energy density due to the expansion of the Uni-
verse affects both energy losses and IC power, producing basically no net effect on the emission.
There can be a further suppression in the emission at low z if synchrotron losses take over at late
times. Moreover, the location of the IC peak is approximately redshift–independent (and therefore
the same occurs for the energy of the emitted electrons), since the factor 1/(1+ z) arising from
emission to the observer is exactly compensated by the increase (1+ z) in the CMB photon en-
ergy [21]. For π0-decay emission, there is an additional decrease with redshift which depends on
the WIMP annihilation/decay energy spectrum, since the emission is given by dNγ/dE[(1+ z)E].
Correspondingly, the contribution at high redshifts becomes less prominent as compared to the IC
on CMB case. An important conclusion that can be obtained from the right panel of Fig. 3 is that
the synchrotron total intensity is given by emissions at low redshift, lower than in the case of the
IC case. This is easily understood as due to the rapid increase in the energy loss associated to IC
scattering on CMB (that scales as (1+ z)4), while a large increase with z of the magnetic field is
not expected.

Let’s move now to the discussion of number counts, shown in Fig. 4. The annihilating WIMP
model B2, which leads to a total intensity comparable to astrophysical contributions (as shown in
Fig. 3), is now compared to AGN and SFG counts in the left panel of Fig. 4. AGN contributions
largely dominate at strong brightness, while SFGs emerge below mJy–fluxes. The DM emission
becomes dominant in the sub-µJy regime. The corresponding decaying case has a steeper spec-
trum (see the central panel of Fig. 4): therefore, although at large brightness it is relatively more
important than the annihilating case (but still subdominant), it starts dominating only much below
the µJy level. This occurs because of the ρ2 scaling in the annihilating case (combined with the
increase of the concentration parameter as the halo mass decreases) which makes the smaller and
fainter structures relatively more important than larger and brighter halos.

The right panel of Fig. 4 shows again (along the same line of the right panel of Fig. 3) that

7



P
o
S
(
D
S
U
 
2
0
1
2
)
0
0
3

When particle physics meets the dark Universe Nicolao Fornengo

10 100 1000

Multipole l

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

l 
(l

+
1
) 

C
l/(

2
π

)

10
-5

10
-4

10
-3

10
-2

1.4 GHz     S > 10 mJy

1.4 GHz      S < 1 µJy

SFG

AGN

DM

DM

NVSS

10 100 1000 10000

Multipole l

10
-6

10
-4

10
-2

10
0

10
2

l 
(l

+
1
) 

C
l/(

2
π

) 
[µ

K
2
]

10
2

10
3

10
4

10
5

10
6

10
7

10
8

l 
(l

+
1
) 

C
l/(

2
π

) 
[m

K
2
]

SPT

408 MHz

150 GHz

AGN+SFG

fro
m Hasla

m et al. m
ap

AGN+SFG

DM ann

DM ann

DM dec

DM dec

0.1 1 10

Angle θ [degrees]

10
-6

10
-5

10
-4

10
-3

10
-2

C
o
rr

el
at

io
n
 f

u
n
ct

io
n
 w

(θ
)

10
-4

10
-3

10
-2

10
-1

1.4 GHz    S > 3 mJy

1.4 GHz     0.1 µJy < S < 1 µJy

SFG

AGN

FIRST

DM ann

DM ann

DM dec

DM dec

Figure 5: Left panel: angular power spectrum at 1.4 GHz of bright (S > 10 mJy, lower) and faint (S <

1 µJy, upper) astrophysical sources (only the dominant population is shown) and the DM benchmark B2
for the annihilating case, described in Fig. 3. Data points are derived from NVSS as in Ref. [22]. Central
panel: angular power spectrum including contributions from sources at all brightness at 408 MHz (upper:
observational band derived from Ref. [23], see Refs. [24, 25]) and 150 GHz (lower: data from Ref. [26])
for astrophysical sources, benchmark DM models B2 (at 408 MHz), and a WIMP model (at 150 GHz)
with MDM = 1 TeV and (σav) = 3 · 10−23 cm3s−1 (annihilating) or τ = 1026 s (decaying) (i.e. fitting the
PAMELA positron excess [27]). Angular correlation function at 1.4 GHz of bright (S > 3 mJy, lower) and
faint (0.1 µJy < S < 1 µJy, upper) astrophysical sources (only the dominant population is shown) and DM
benchmark models B2 (data are from [28]). Figures adapted from Ref. [3].

most of the WIMP–induced radio emission comes from sources at very low redshift. For large
brightness, AGN dominates and the DM emission is subdominant almost at all redshift. On the
contrary, in the sub-µJy regime, DM sources are more numerous than SFG up to z∼ 1. The exact
shape of SFG counts is not completely understood yet, and curves in Fig. 4 represent one possible
model. However, the overall normalization and the fact that the SFG contribution peaks at z > 1
are rather robust predictions [20]. This means that we can firmly conclude that a WIMP source
population which provides a significant contribution to the total intensity has to dominate in the
source count at low brightness (S < µJy) and low redshift (z < 1).

As a last observable for the cosmological radio emission, we consider the angular correlation
of radio sources, reported in Fig. 5. The dimensionless angular power spectrum C` and the an-
gular correlation function w are normalized to the mean intensity 〈I〉 and to the number counts
N corresponding to the astrophysical contributions, respectively. Regarding the power spectrum,
the one–halo term, which basically behaves as a Poisson–noise term (C` ∼ const) up to very large
multipoles, dominates at large brightness (namely, at brightness currently covered by data), where
the DM contribution is then much smaller than the AGN one. In the sub–µJy regime, the two–halo
term is instead the most important one, and the DM population starts dominating, especially at low
multipoles, i.e. large scales. Notice also that the DM power spectrum is quite different from a
flat C` (except when considering only the brightest halos): this tells us that it is mostly given by
the two–halo term. This again occurs because the DM source peaks at very low redshift, which
explains also why the DM tends to have more power on large scales. For data corresponding to ob-
servations which integrate over all brightness, like the Haslam et al. map [23] at 408 MHz and the
SPT survey [26] at 150 GHz, the C` are mostly due to the brightest objects and the DM contribution
gives only a marginal contribution at ` < 100 (where, however, any estimate of the extragalactic
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Figure 6: Left panel: bounds obtained from total intensity (solid), source counts (dashed), and angular corre-
lation (dotted) for WIMPs with dominant annihilation channel µ+µ−. Clustering and other astrophysical as-
sumptions are as described in Ref. [3]. The reference “thermal” annihilation value (σav) = 3 ·10−26 cm3s−1

is shown for comparison. Central panel: constraints on the parameter space of WIMP annihilating models
in the MIN (solid) and MAX (dashed) propagation schemes (see text and Ref. [3] for details). Final states of
annihilations are bb̄ (blue) and µ+µ− (orange). Right panel: same as in the central panel, but for decaying
DM. Figures adapted from Ref. [3].

spectrum is undermined by uncertainties in the Galactic anisotropies). The decaying model is again
less/more favorable for faint/bright fluxes, when compared to the annihilating case. Notice also that
it has relatively more power on large scales, as a consequence of the ρ2 dependence of the signal
in the annihilating situation, that enhances the relevance of small scales. Similar considerations
apply also to the angular correlation function plotted in the right panel of Fig. 5, with slightly more
favorable conclusion for WIMPs.

A caveat is in order here: we have treated the source population given by DM–induced signals
as a separate population from AGN and SFG. Actually, any astrophysical source is embedded in
a (typically much fainter) DM halo. This means that if one subtracts bright sources to isolate, for
instance, sub–µJy sources, she/he might be subtracting also emissions from the corresponding DM
halos, and potentially a significant fraction of the total DM contribution can be subtracted as well.
Plots in Figs. 4 and 5 are theoretically ideal predictions: experimentally, it could be difficult to fully
test the predictions, since observations will be probably biased towards DM sources hosting a faint
baryonic counterpart. A possible way to circumvent this problem is to compute the total emission
for each structure in the Universe (namely to add together both the DM and astrophysical emissions
coming from the same source), and then comparing the results between the cases with/without DM,
and applying different brightness cuts. This would require to associate to any DM halo of mass M
and redshift z all the different possible astrophysical source populations and spatial distributions in
a statistical way. This is theoretically very challenging and deserves a dedicated analysis.

Finally we move to discuss the constraints that can be currently derived on the WIMP DM
properties. We conservatively choose not to add any other astrophysical contribution to the theo-
retical flux, and to compare directly the theoretical predictions for the DM radio emission to the
experimental data (summarized in Ref. [3]). Considering the benchmark scenario discussed above,
we show in the left panel of in Fig. 6 the bounds arising from total intensity, source counts, and
angular correlation. The exclusion curves scales roughly as M2

DM for MDM above few tens of GeV,
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while for lighter WIMPs the induced spectra can become significantly softer than data, which leads
to a flattening of the curves. Note that the total–intensity bound is subdominant. However, as
already mentioned, we have been exploiting extragalactic estimates from the ARCADE collabora-
tion which are 5–6 times larger than the expected emission. Whether this excess will be ascribed
to instrumental or galactic contaminations rather than to extragalactic sources, the bound should
be accordingly rescaled. Moreover, for different scenarios with an enhanced total emission due to
the inclusion of low brightness objects (e.g. reducing Mcut or introducing (resolved) substructures),
the intensity constraint becomes more effective than number counts since for the latter there are no
data at low brightness.

As stressed in Ref. [3], the experimental data currently available make constraints from
anisotropies and number counts significantly weaker with respect to what one could in principle
achieve with deeper future survey (while the total–intensity bound is not expected to dramati-
cally improve). On the other hand, since DM halos can host much brighter baryonic components,
the induced emission of the former can be observationally hidden by the latter for what concerns
measurements of number counts and two–point angular correlation function. Here, to derive con-
servative constraints we consider only total intensity and angular power spectra C` derived from
observations with single–dish telescopes and CMB satellites (which get contributions from sources
at all brightnesses). The lowest multipole considered at low (high) frequency is `= 50 (`= 3000)
because of contaminations from galactic (CMB) anisotropies which make any estimates of extra-
galactic source contribution on larger scales too uncertain [25, 24, 29].

For our final constraints on WIMP parameter space, we define two sample cases bracketing the
effect of quantities which affect the extragalactic DM radio flux but not directly related to DM mi-
croscopic properties (namely: clustering, substructures, magnetic field, and spatial diffusion). The
first scenario (called MIN) is such that the flux is minimized, while the second (MAX) corresponds
to the most optimistic assumptions (for a detailed explanation of the choice of parameters for the
two configurations, see Ref. [3]). Again two benchmark final states of annihilations (decays), are
chosen: bb̄ (inducing a softer e+e− spectrum) and µ+µ− (inducing a harder e+e− spectrum). The
annihilating case is shown in the central panel of Fig. 6, while the decaying case is plotted in the
right panel. Although the impact of various single assumptions is quite different in annihilating
models with respect to decaying scenarios, there are roughly three orders of magnitude between
the MIN and MAX constraints in both cases. Only for low mass WIMPs and fairly optimistic
assumptions we can reach the benchmark “thermal” annihilation rate (σav) = 3 ·10−26 cm3s−1. In
the decaying case, the inclusion of angular power spectrum data leads to significant improvements
with respect to constraints derived from total intensity, especially for large masses (while in the
annihilating case the improvement is negligible).

4. The ARCADE excess

Recently, the balloon–borne experiment ARCADE 2 (Absolute Radiometer for Cosmology,
Astrophysics and Diffuse Emission) [30] reported radio detection of the sky temperature in the
frequency range from 3 to 90 GHz. After subtraction of the foreground galactic emission, an
isotropic component has been isolated from the ARCADE data [31]. Surprisingly, the level of this
remaining flux (interpreted as an extra–galactic sky temperature) is about 5–6 times larger than the
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Figure 7: Left panel: Extragalactic radio background as derived by ARCADE [31], together with three
possible interpretations of the low–frequency (< 10 GHz) excess in terms of WIMP annihilations (blue,
green, and orange curves). The astrophysical source contribution estimated from number counts (red line),
the CMB contribution (black–dotted line), and a best–fit power–law of the excess (black–dashed line) are
also shown [19]. Central panel: X–ray and gamma–ray fluxes for the three benchmark WIMP cases shown
in the left panel, together with the CHANDRA [32] bound in the X–ray band, and the COMPTEL [33] and
FERMI [34] extragalactic gamma–ray flux measurements. Right panel: differential number counts of active
galactic nuclei (dashed line), star–forming galaxies (dotted line), and the same 10 GeV benchmark DM
model (solid lines) shown in the left panel. For DM, we consider two cases: all substructures are resolved;
all substructures are unresolved. For data and astrophysical models, see [20] and references therein. Figures
adapted from Ref. [1].

total contribution from the extra–galactic radio sources detected in current surveys [19, 35]. Even
extrapolating the source number counts to lower (currently unreached) brightness, such excess
persists. Most systematic effects which could explain the ARCADE excess have been ruled out [31]
and an astrophysical galactic origin appears to be quite unlikely [36, 37]) Free–free emission has
been excluded on the basis of the spectral shape, and a diffuse Galactic synchrotron foreground is
estimated using two different methods (a simple co–secant dependence on the Galactic latitude and
a correlation between radio and atomic line emissions), which agree well among each other.

Such level of cosmic radio background does not have an immediate explanation in standard
astrophysical scenarios. In Ref. [37], radio supernovae, radio quiet quasars and diffuse emission
from intergalactic medium and clusters (together with a missed flux from well–known sources)
have been considered: Ref. [37] concludes that none of these emissions can significantly con-
tribute. A new, currently unknown, population of abundant and faint radio sources (able to domi-
nate source–counts around µJy fluxes) needs to be introduced [37, 38]. A possibile solution could
be offered by rdinary star–forming galaxies with a radio to far–infrared flux ratio which increases
significantly with redshift. However, this possibility is strongly constrained by multi–wavelength
observations. Indeed, the radio to far–infrared emission would need to be increased by a factor of
five above what is currently observed in local galaxies. An explanation of the ARCADE excess
through radiative emission of secondary electrons in SFG would actually overproduce the gamma–
ray background from pion decays [39]. The same occurs also for primary electrons, unless such
galaxies possess either extremely low gas density (and, consequently, low ratio of primary elec-
trons to pions) or extremely efficient proton escape. The picture that is currently emerging from the
ARCADE measurements [31, 37] and subsequent interpretations [37, 38, 39, 40] suggests the need
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for a population of several faint synchrotron–sources prompted by primary electrons with a hard
spectrum and with no or very faint correlated mechanisms at infrared and gamma–ray frequencies.

Synchrotron emission due to electron/positrons produced by DM annihilation or decay in the
extragalactic environment can offer a solution to this significant radio excess [1]. Considering the
current understanding of structure clustering, any luminous source is embedded in a DM halo, and
therefore extragalactic DM halos can be seen as the most numerous source population. The radio
flux induced by WIMP annihilations or decays is predicted to be very faint. WIMP models with
large annihilation or decay into leptons induce hard spectra of e+/e− with very faint gamma–ray
counterpart (and no straightforward thermal emission). Therefore, WIMP emission represent an
ideal candidate to fit the ARCADE excess [1].

The radio excess spectrum reported by ARCADE is rather hard, and this requires a hard elec-
tron/positron spectrum. Such a behavior can be obtained in DM scenarios where WIMPs annihilate
or decay mostly into leptons. In the left panel of Fig. 7 we show the case of annihilation in the
µ+µ− channel. The absolute normalization of the excess is reproduced with a “thermal” annihi-
lation rate (σav) = 3 · 10−26cm3s−1 and a DM mass around 10 GeV: even though this candidate
induces a spectrum slightly softer than the best–fit power–law, it provides a reasonable agreement
with the data. The fact that light DM, in the 10 GeV mass range, can fairly well reproduce the
ARCADE excess, without the need of unrealistically large DM overdensities is particularly inter-
esting, especially in light of recent indications coming from direct detection experiments (DAMA
[16], CoGeNT [17], and CRESST [18]), that can be in fact accommodated with a∼ 10 GeV WIMP.

Since the ARCADE excess could be due to by DM annihilation/decay into electrons and
positrons, production of X–rays and gamma–rays by means of inverse–Compton processes on in-
terstellar radiation fields and direct production of gamma–rays from the DM particle annihilation
(either by production of neutral pions or by Final–State–Radiation (FSR)) are present. For the
benchmark cases considered here, these multi–wavelength bounds are easily evaded, as shown for
X- and γ-rays in the central panel of Ref. 7.

As a further analysis on the radio emission arising from light DM annihilation/decay, able to
explain to the ARCADE excess, we show in Fig. 7 the differential number counts of sources at the
frequency of 1.4 GHz. When all substructures are assumed to be unresolved, they mainly boost
the signal of large and bright halos (since the latter host more sub–halos). On the contrary, if it
is possible to resolve all substructures, number counts drop much more slowly at low brightness.
To bracket the uncertainties related to the possibility of resolving or not substructures, the two
extreme cases are shown in Fig. 7 as solid lines, for the same 10 GeV DM particle shown in
the left panel. As discussed above, the key point for our analysis is that in both scenarios the
number of DM sources undoubtly becomes dominant over the astrophysical contributions (AGN,
SFG) at the sub-µJy level. The contribution of SFG, dominant over AGN emission at low fluxes,
decreases more rapidly than the expected contribution from DM (assuming FIR/radio correlation
holds at all redshift), both for resolved and unresolved substructures. From 7 we notice that the
flattening at low brightness exhibited by current data, although it can be easily accounted for by
standard astrophysical populations, nevertheless could be well fitted by a DM model between the
two extreme cases presented in Fig. 7.

Therefore the possibility that synchrotron emission induced by WIMP annihilations can ac-
count for the isotropic radio component measured by the ARCADE 2 Collaboration appears to be
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a viable possibility. A population of sources which can explain ARCADE measurements has to
become the most abundant at brightness around and below the µJy level: this will be studied in
details by SKA [41], and hopefully also by its precursors, ASKAP [42] and MeerKAT [43]. A
dedicated study of closest and brightest (in terms of DM–induced signal) objects with current radio
telescope (e.g., ATCA [44] and EVLA [45]) can start to probe this scenario in the near future.

5. Conclusions

In this note we have discussed the relevance of radio signals for WIMP dark matter detection.
We have seen that radio emission in the MHz–GHz frequency range may be easily produced by DM
annihilation/decay in our Galaxy or in the extragalactic environment and that this radio emission
may be at the level of detectability with current or foreseen radio detectors.

Under reasonable assumptions on the DM distribution and on the astrophysical magnetic
fields, radio signals are already able to pose bounds on WIMP dark matter comparable to other
indirect detection searches: in fact, the galactic radio emission is close to detectability for “ther-
mal” annihilation cross sections for light DM and NFW halo profiles. In particular, low–frequency
surveys are quite competitive to search for light DM particles. Potential channels of discovery are
offered by source number counts at low brightnesses (below the µJy level) and angular correlations
of the radio sky temperature at low multipoles and low brightnesses. In order to be able to properly
access these channels, increased sensitivities are necessary, but the foreseen experiments appear to
be well suited to approach them.

The prediction of the radio emission requires the knowledge of a large number of astrophysical
inputs: not only the dark matter distribution in galaxies and in the extragalactic systems, but also
the modeling of electron/positron transport phenomena (propagation and energy losses), as well the
size and distribution of galactic and extragalactic magnetic fields. Among the DM indirect detection
signals, the radio signal is maybe the one most affected by sources of uncertainty: nevertheless, it
possesses specific features which make it unique and, considering the promising future that foresees
the development of many new, high–sensitivity detectors (like ASKAP, MeerKAT, LOFAR, SKA),
the radio channel for DM detection may well produce interesting surprises. Stay tuned!
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