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Istituto Nazionale di Fisica Nucleare, Sezione di Torino, I-10125 Torino, Italy
3
IFIC, CSIC–Universidad de Valencia, Edificios Institutos, Apartado Correos 22085, E46071 Valencia, Spain
(Received 4 August 2011; revised manuscript received 20 October 2011; published 29 December 2011)
2

The ARCADE 2 Collaboration has recently measured an isotropic radio emission which is significantly
brighter than the expected contributions from known extra-galactic sources. The simplest explanation of
such excess involves a ‘‘new’’ population of unresolved sources which become the most numerous at very
low (observationally unreached) brightness. We investigate this scenario in terms of synchrotron radiation
induced by weakly interacting massive particle (WIMP) annihilations or decays in extra-galactic halos.
Intriguingly, for light-mass WIMPs with a thermal annihilation cross section, the level of expected radio
emission matches the ARCADE observations.
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The detection of a nongravitational signal of dark matter
(DM) would be one of the greatest pillars of modern
physics, simultaneously confirming our views of cosmology, astrophysics, and particle physics. This possibility
might not be far from realization if DM is in the form of
weakly interacting massive particles (WIMPs), which currently are the most investigated class of DM candidates [1].
Signatures of this scenario include a multiwavelength
spectrum associated with radiative emissions involving
electrons and positrons generated in WIMP annihilations
or decays (for a recent review on this topic see, e.g.,
Ref. [2]).
Recently, the balloon-borne experiment ARCADE 2
(Absolute Radiometer for Cosmology, Astrophysics and
Diffuse Emission) [3] reported radio measurements of the
sky temperature at frequencies ranging from 3 to 90 GHz.
Observations have been performed on a region which is
roughly an annulus centered at ðl; bÞ ¼ ð70; 0Þ with a radius and width of 30 and 20 deg, respectively [4].
An isotropic component can be isolated from the
ARCADE data by subtracting foreground Galactic emission [5]. Surprisingly, the level of the remaining flux
(which has been interpreted in terms of extra-galactic sky
temperature) is about 5–6 times larger than the total contribution from the extra-galactic radio sources detected in
current surveys [6,7]. Even extrapolating the source number counts to lower (unreached) brightness, such excess
still remains.
Most sources of systematic effects which could explain
the ARCADE excess have been ruled out [5]. An astrophysical galactic origin appears to be rather unlikely (see
discussions in Refs. [4,8]). Indeed, free-free emission has
been excluded based on the spectral shape, and diffuse
Galactic synchrotron foreground is estimated using two
different methods (namely, a cosecant dependence on
Galactic latitude and the correlation between radio
0031-9007=11=107(27)=271302(5)

and atomic line emissions), which agree well with
each other.
The observed isotropic temperature can be fitted by the
cosmic microwave background (CMB) blackbody contribution plus a power law:


h=ðkT0 Þ
 
þ Ts
;
(1)
TðÞ ¼ T0
exp½h=ðkT0 Þ  1
GHz
where T0 ¼ 2:729  0:004 K [5] is the CMB thermodynamic temperature. Performing analogous analyses on past
surveys at 22, 45, 408, and 1420 MHz similar results
are obtained, and fitting all data simultaneously the
ARCADE Collaboration derived  ¼ 2:62  0:04 and
Ts ¼ 1:19  0:14 K [5].
Such a level of cosmic radio background does not have
an immediate explanation in standard astrophysical scenarios. In Ref. [8], radio supernovae, radio quiet quasars,
and diffuse emission from intergalactic medium and clusters (as well as a missed flux from well-known sources)
have been considered, concluding that none of them can
significantly contribute. A new population of numerous
and faint radio sources (able to dominate source counts
around Jy flux) has to be introduced [8,9]. Ordinary starforming galaxies with a radio to far-infrared (FIR) flux
ratio which increases significantly with redshift can in
principle offer a solution. On the other hand, this possibility is strongly constrained by multiwavelength observations. Indeed, the radio to far-infrared emission has to be
increased by a factor of 5 above what is observed in local
galaxies [10], while current measurements show very mild
evolution, at least up to z  2–3 [12]. An explanation of the
ARCADE excess through radiative emission of secondary
electrons in star-forming galaxies would overproduce the
gamma-ray background from pion decays [13]. The same
is true also for primary electrons unless such putative
galaxies have extremely low gas density (and, in turn,
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low ratio of primary electrons to pions) or extremely
efficient proton escape. The picture that seems to emerge
from ARCADE measurements [5,8] and subsequent interpretations [8,9,12,13] suggests the need for a population of
numerous and faint synchrotron sources generated by primary electrons with a hard spectrum and with no or very
faint correlated mechanisms at infrared and gamma-ray
frequencies.
In our current understanding of structure clustering, any
luminous source is embedded in a DM halo, and therefore
extra-galactic DM halos can be seen as the most numerous
source population. The flux induced by WIMP annihilations or decays is predicted to be very faint. It is associated
with primary electrons and positrons generated as the final
state of annihilation or decay, and WIMP models with large
annihilation or decay branching ratios into leptons induce
hard spectra of eþ =e with very faint gamma-ray counterpart (and, of course, no straightforward thermal emission).
Therefore, WIMP sources represent an ideal candidate to
fit the ARCADE excess, and in this Letter we quantitatively investigate such a possibility.
Assuming a one-to-one relation between the mass M of
extra-galactic DM halos and the intrinsic luminosity L of
the source, the total isotropic intensity per solid angle at a
given frequency  is given by (for a more detailed derivation of equations considered in the following, see, e.g.,
Refs. [14,15])
Z
c Z
dz
dn
I ¼
ðM; zÞLðE; z; MÞ;
dM
4 ð1 þ zÞHðzÞ Mc
dM
(2)
where z is the redshift, H is the Hubble rate, Mc is the
minimum mass of an emitting halo, and the luminosity L is
a function of the redshifted energy E ¼ E ð1 þ zÞ with
E ¼ h. The luminosity function, including also the contribution of substructures within the DM halo, can be
written as
L ¼ ð1  fÞa

Z Rv
0

d3 r
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dN^ i Z
dn Z Rv 3 dN^ i
þ dMs s
;
dr
dE
dMs 0
dE
(3)

where Rv is the virial radius of the DM profile  and f is
the fraction of halo mass in substructures (with a ¼ 1 and
a ¼ 2 for decaying and annihilating DM, respectively). In
Eqs. (2) and (3), dn=dMðMÞ and dns =dMs ðf; Ms ; MÞ denote the mass function of the DM halo and of substructures, respectively. For synchrotron emission,
Z M
dN^ i
¼2
dE0 Psyn ð; B; E0 Þne ;
dE
me

(4)

where me is the electron mass, Psyn is the synchrotron
power [16], B denotes the magnetic field, and  is the
frequency of emission [as opposed to frequency of observation in Eq. (2)]. The electron or positron equilibrium

number density ne is obtained solving a transport equation
for e =eþ injected by DM with an energy spectrum set by
dNe =dEe [15]. The source terms of this equation for annihilating and decaying DM are
Qa ¼

ða vÞ 2 dNe

;
dEe
2M2

Qd ¼

 dNe
;
d M dEe

(5)

where M is the mass of the DM particle, ða vÞ is the
nonrelativistic annihilation cross section, and d the decay
rate.
For what concerns the ‘‘astrophysical’’ parameters, we
focus on two benchmark cases, which are fairly realistic
(for a detailed discussion of impact of astrophysical uncertainties, see Ref. [15]). We adopt the halo mass function
dn=dM from Ref. [17], recent N-body simulation results
for concentration of halos [18], a DM distribution inside
halos following a Navarro-Frenk-White (NFW) profile
[19], and the minimum halo mass is set to Mc ¼ 106 M
(model A, in order to consider only objects for which
we can guess a reasonably large magnetic field), and to
Mc ¼ 106 M (model B). The contribution from substructures is modeled such that f ¼ 10% of the total mass is in
substructures and dns =d lnðMs Þ / 1=Ms , which leads to a
boost in the signal of bfsub ’ 7 (model A) and no boost in
model B. The magnetic field is assumed to be constant in
space and time with magnitude B ¼ 10 G (model A) and
B ¼ 2 G (model B), and eþ =e are assumed to radiate at
the same place where they are injected. [Notice that for the
DM candidate of specific interest here (i.e., light or inducing a soft spectrum of eþ =e ), electrons are mostly emitted
at GeV energies, namely, are injected at energies relevant
for radiation at GHz frequencies. Therefore they do not
travel significant distances before radiating, while electrons emitted at larger energies would take some time to
cool down, and diffusion and escape time would become
much more relevant.] The normalization of the emission
roughly decreases by an order of magnitude going from
B ¼ 10 G to B ¼ 1 G, increases by 2 orders of magnitude going from Mc ¼ 106 M to Mc ¼ 106 M , scales
linearly with bfsub , and is mildly dependent on the halo
mass function, concentration, and profile of DM. (For
example, the case of an isothermal cored profile leads to
a reduction in the intensity by, roughly, a factor of 1.5.)
The excess spectrum reported by ARCADE and
described in Eq. (1) is rather hard, and requires a hard
electron or positron spectrum dNe =dEe . This can be
produced by DM scenarios with a large branching ratio
of annihilation or decay into leptons. For illustrative
purposes, we chose the þ   channel. To reproduce
the absolute normalization of the excess with a
‘‘thermal’’ annihilation rate ða vÞ ¼ 3  1026 cm3 s1
in our benchmark model A, we need a WIMP with
M ¼ 10 GeV (M ¼ 25 GeV in model B), which, even
though it induces a slightly softer spectrum than the best-fit
power law, provides a reasonable agreement with the
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data, as shown in Fig. 1. For this benchmark case
we have 2 =d:o:f: ¼ 26:9=13. The actual best fit for
model A is obtained with a mass M  30 GeV,
(2 =d:o:f: ¼ 14:3=13), but at the price of increasing the
cross section by 1 order of magnitude. 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 interesting, especially in light of recent claims of signals compatible with a
DM interpretation from direct detection experiments
(DAMA [20], CoGeNT [21], and CRESST [22]), that can
in fact be accommodated with a 10 GeV WIMP [23]. In
the case of the ARCADE excess, the best option to explain
the effect in terms of DM annihilation requires a light DM
particle which annihilates mainly into leptons, and therefore that does not couple dominantly to quarks (coupling
relevant to the direct detection scattering cross section).
Nevertheless, it is not very difficult, from the modelbuilding point of view, to foresee a model where a DM
candidate, which annihilates mainly into leptons, still has a
relatively large scattering cross section off the nuclei. For a
concrete example, see, e.g., Ref. [24]. Note also that the
radio emission in the Milky Way halo induced by WIMPs’
fitting ARCADE data can either easily satisfy constraints
(for cored galactic DM profiles) or be close to a possible
detection in the central region of our Galaxy (for cuspy
profiles) [25].
Similar conclusions on the viability of a light ‘‘leptophilic’’ DM particle in explaining the ARCADE data can
5

10

10

also be drawn in the decaying case: for a DM mass of
M ¼ 10 GeV, the excess is reproduced if the lifetime is
d ¼ 3  1027 s (with a curve similar to the one shown for
the annihilating case).
Since the ARCADE excess can be explained by DM
annihilation or decay in terms of sizable production of
electrons and positrons, emissions of x rays and gamma
rays by means of inverse-Compton (IC) processes on interstellar radiation fields (here we include CMB only) 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 and have to be
checked against available bounds. For the benchmark cases
considered, these multiwavelength constraints are easily
satisfied, as shown for x rays and rays in Fig. 2.
In Fig. 1, we also show the case of a more ‘‘classic’’
WIMP candidate with 100 GeV mass and hadronic anni pair in the shown benchmark). This
hilation channel (bb
scenario is less appealing than previous cases. The spectrum is relatively too soft in order to reproduce well the
ARCADE data and the fit is worse (2 =d:o:f: ¼ 49:5=13)
than for DM annihilating into leptons; note that the excess
is sizable up to at least 3 GHz (although not clearly visible
in Fig. 1 due the smallness of the error bars and the scale of
the plot), so a viable explanation has to roughly overlap the
dashed best-fit curve up to those frequencies. Moreover,
since now the DM mass is larger, the required boost factor
is accordingly larger (by a factor of 20 in this specific case),
which can stem from a larger annihilation cross section
related to a nonstandard formation of DM relic density,
from a Sommerfeld enhancement, or from a larger
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FIG. 1 (color online). Extra-galactic radio background as derived by ARCADE [5], together with three possible interpretations of the low-frequency (< 10 GHz) excess in terms of WIMP
annihilations (blue, green, and orange curves, see text for details). 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 reported [6].
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FIG. 2 (color online). X-ray and gamma-ray fluxes for the
three benchmark WIMP cases shown in Fig. 1. The
CHANDRA [32] bound in the x-ray band and the COMPTEL
[33] and FERMI [34] extra-galactic gamma-ray fluxes are
shown.
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FIG. 3 (color online). Differential number counts for AGNs
(dashed line), star-forming galaxies (dotted line), and the same
10 GeV benchmark DM model (solid lines) shown in Figs. 1 and
2. For DM, we consider a case such that all substructures are
resolved, and an opposite case where all substructures are unresolved. For data and astrophysical models, see [11] and references therein.

contribution of substructures with respect to what is
considered here (see, e.g., [26] for further details on possible boost factors). Heavier DM with hadronic annihilation or decay final states is also more strongly constrained
by the -ray channel, as can be seen in Fig. 2.
As a further analysis on the radio emission arising from
light DM annihilation or decay, able to adapt to the
ARCADE excess, we show in Fig. 3 the differential number counts of sources at 1.4 GHz. If we assume all substructures to be unresolved, they mainly boost the signal of
large and bright halos (since the latter host more subhalos).
On the contrary, if all substructures are assumed to be
resolved, counts drop much more slowly at low brightness.
To highlight uncertainties related to the possibility of
resolving substructures in the future, these two extreme
cases are shown in Fig. 3 as solid lines, for the same
10 GeV DM benchmark of Fig. 1. As discussed above,
the key point for our analysis is that in both scenarios the
number of DM sources definitely becomes dominant over
astrophysical contributions (AGN, star-forming galaxies)
at the sub-Jy level. The contribution of star-forming
galaxies, which is dominant over AGN emission at low
fluxes, decreases more rapidly (assuming FIR-radio correlation holds at all redshift) than the expected contribution
from DM, in both resolved and unresolved substructures.
From Fig. 3 we notice that the flattening at low brightness
in current data, although it can be easily accounted for by
standard astrophysical populations (for a review see, e.g.,
Ref. [11]), nevertheless could be well fitted by a DM model
between the two extreme cases presented in Fig. 3.
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In summary, we discussed the possibility that synchrotron emission induced by WIMP annihilations can account
for the isotropic radio component measured by the
ARCADE 2 Collaboration. Although galactic or extragalactic astrophysical interpretations of the excess cannot
be excluded, they currently present some puzzling issues
[4,6,8]. Under reasonable assumptions for clustering, we
found that light-mass WIMPs producing hard-spectrum
electrons and positrons (as in the case of leptonic annihilation channels) in extra-galactic halos with a ‘‘thermal’’
annihilation rate can fit the excess and satisfy constraints at
other wavelengths. A population of sources which can
generally explain ARCADE measurements has to become
the most numerous at brightness around Jy, so it will
certainly be studied in detail by SKA [27], and possibly
also by its precursors, ASKAP [28] and MeerKAT [29]. If
the excess is due to extra-galactic DM, a clear discovery of
a nongravitational signal of DM might not be far away. A
dedicated study of closest and brightest (in terms of DMinduced signal) objects with current radio telescopes (e.g.,
ATCA [30] and EVLA [31]) can start to probe this scenario
in the near future.
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