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Total brightness of extra galactic sky
Collect all radio emission arriving from the sky

Requires subtraction of galactic foregound 

Add up single contributions from all EG sources 
Individually resolved sources
Statistical determination from fluctuations below detection

threhold

The two do not match

Faint emitters are required
New population(s) of astrophysicsl sources
Dark matter
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Table 5
Covariance Matrix for the Data Including the Covariance from the Galactic Modeling

Ch 90 31 29 10.5 9.72 8.33 7.98 3.41 3.20 1.42 0.408 0.045 0.022

0.022 0 0 0 3.8e4 4.0e4 5.9e4 5.1e4 5.0e5 5.6e5 5.3e6 8.4e9 2.8e10 2.7e13
0.045 0 0 0 8700 9000 1.3e4 1.1e4 1.1e5 1.3e5 1.2e6 3.9e7 2.5e11
0.408 0 0 0 53 55 82 71 700 780 7300 1.2e7
1.42 0 0 0 1.6 1.7 2.47 2.1 21 24 2.8e5
3.20 13. 4.1 3.9 2.5 2.86 26.9 23.4 6.78 93.9
3.41 7.2 2.70 2.50 1.76 2.04 14.8 13.0 69
7.98 41.0 11.8 11.0 5.48 6.79 86 173
8.33 47.2 13.4 12.6 6.16 7.72 222
9.72 4.3 1.9 1.8 1.19 30.1
10.5 3.5 1.7 1.6 30.3
29.5 5.7 2.2 2.4e4
31 6.1 5800
90 370

Notes. Units are mK2 thermodynamic. See the text for a discussion of individual contributions.

Table 6
Various Combinations of Low-frequency Data (LF), ARCADE 2 Data (ARC), and FIRAS Data (FR) Used to Determine

the Temperature (Thermodynamic) of the CMB and the Excess Radio Emission (Antenna Temperature)

Data Sets T0 (K) Index TR (K) ν0 @1 GHz χ2/dof

LR+ARC+FR 2.725 ± 0.001 −2.599 ± 0.036 24.1 ± 2.1 310 1.148 17.4/11
LR+ARC 2.731 ± 0.004 −2.623 ± 0.042 95.3 ± 9.2 180 1.060 15.1/10
LR+FR 2.725 ± 0.001 −2.586 ± 0.097 3110 ± 360 48 1.209 0.54/2
ARC+FR 2.725 ± 0.001 −2.60 23.9 ± 3.0 310 1.136 16.8/8
LR 2.77 ± 0.58 −2.589 ± 0.095 3670 ± 420 45 1.197 0.54/1
ARC 2.731 ± 0.004 −2.60 21.1 ± 3.0 310 1.006 14.3/7

Notes. The reference frequencies are selected separately for each data set combination. For each combination, the radio spectrum is
evaluated at 1 GHz for ease of comparison. The FIRAS data are treated as a single independent point with an effective frequency of
250 GHz.

covariance results in substantially, the same answers although
the final uncertainty is higher with the full covariance treatment.

Inclusion of low-frequency radio surveys allows unambigu-
ous characterization of the excess signal in the ARCADE 2 data.
The data from Table 4 are fit to the form

T (ν) = T0 + TR(ν/ν0)β , (6)

where T0 is the CMB thermodynamic temperature and TR is the
normalization for a radio background. The radio background
is expressed in units of antenna temperature, related to the
thermodynamic temperature T by

TA =
(

x

ex − 1

)
T , (7)

where x = hν/kT , h is Planck’s constant, and k is Boltzmann’s
constant.

The errors and their correlations in the data are described by
the matrix shown in Table 5. Although the covariances are not
shown in the plots, they are used in the calculations. The fit
is nonlinear so strictly speaking the final uncertainties are not
Gaussian. At the solution the fit is not strongly nonlinear so the
Gaussian approximation is still valid. However, the selection
of the reference frequency, although irrelevant to the final
χ2 or model, does affect covariances of the parameters. The
correlation between the β uncertainty and the TR uncertainty is
strongly affected by the choice of ν0 and the best choice of ν0
depends on the frequencies and uncertainties of the data sets
being fit. The details are addressed in the Appendix. We obtain
best-fit values T0 = 2.725 ± 0.001 K, TR = 24.1 ± 2.1 K,
and β = −2.599 ± 0.036 with χ2 = 17.4, for reference

Figure 5. Excess antenna temperature as a function of frequency. The line is
the best-fit line with a −2.6 index. Diamonds are low-frequency points from
the literature. Squares are ARCADE 2 data. The 30 GHz data point is included
in the fit but since its excess temperature comes out negative it does not appear
on the plot. The 90 GHz error bar just appears at the lower right corner of the
plot. The covariances are not shown, but they are included in the fit.

frequency ν0 = 310 MHz and 11 dof. Figure 5 shows the radio
background after subtracting off the best-fit CMB temperature.
The ARCADE 2 data are in good agreement with the excess
radio spectrum derived from the low-frequency surveys.

A χ2 of 17.4 for 11 dof should be expected ∼10% of the
time. Most of this excess χ2 is from two points, the 8 GHz low
channel and the 30 GHz high channel. If these two points are
excised the result is T0 = 2.725 ± 0.001 K, TR = 24.4 ± 2.1 K,
and β = −2.595 ± 0.037 with a χ2 of 8.2 for 9 dof. This shows
the result does not depend on these two points. We have no a
priori reason that these two points should be bad. Further each
of the points is only effectively 2σ and in a data set this large
one 2σ point should be expected. We thus include all data when
fitting for the uniform temperature.
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Figure 4. Thermodynamic temperature as a function of frequency. The solid
line is the best fit to the ARCADE 2 data with a constant CMB temperature plus
a synchrotron like component with an assumed −2.6 index. The vertical lines
are ±1σ . Additional covariance was used in the calculation but is not shown
here. The dotted line is the FIRAS CMB temperature.

or the observed correlation between radio and atomic line emis-
sion. The three reference lines of sight provide consistent es-
timates for the total Galactic emission, with scatter 5 mK at
3 GHz, 0.5 mK at 8 GHz, and 0.4 mK at 10 GHz.

The structure of the uncertainty of the Galactic emission is
complicated by the correlations in the models and correlations
in the data. In some cases, the uncertainty of the raw data is itself
only a guess from the authors. We use a full matrix to include
all of the uncertainties and the correlations between them.

6. EXCESS RADIO SPECTRUM

Figure 4 shows the radio spectrum measured by the
ARCADE 2 instrument. Although the data at 10, 30, and 90 GHz
are consistent with the CMB temperature 2.725 ± 0.001 K
measured by the COBE/FIRAS instrument at frequencies above
60 GHz (Fixsen & Mather 2002), the data at 8 and 3 GHz show
a clear excess. The excess is statistically significant, with both
3 GHz channels lying more than five standard deviations above
the FIRAS value.

The ARCADE 2 data alone cannot constrain the spectral de-
pendence of the excess signal to extrapolate to other frequencies.
Additional data from the literature were selected to compare to
the ARCADE 2 data. Although there are many published mea-
surements at frequencies below 3 GHz, only a few have small
enough beam and sufficient sky coverage to separate the Galac-
tic component from the uniform component. We use surveys
at 22 MHz (Roger et al. 1999), 45 MHz (Maeda et al. 1999),
408 MHz (Haslam et al. 1981), and 1420 MHz (Reich & Reich
1986) to estimate the Galactic and uniform temperature. As with
the ARCADE 2 data, the total Galactic emission is estimated
along three reference lines of sight (north or south Galactic poles
plus the coldest patch in the northern Galactic hemisphere) us-
ing both a csc|b| model of the plane-parallel spatial structure
or the measured correlation between radio emission from each
survey and atomic line emission traced by the C ii survey. The
two methods agree well for the total Galactic emission along
each independent line of sight.

To generate a full covariance matrix, the uncertainties and
the correlations of the input data are required. The uncertainties
of the data are not clearly stated in two of these papers and
the uncertainty is estimated from the comments of the original
authors. In addition, the 22 MHz declination gain dependence
is partially determined using the 408 MHz Haslam map. This
introduces a correlation between the two data sets which we
estimate at 50%.

Table 4
Temperatures Used in the Determination of the CMB and

Low-frequency Rise Estimates

Source Frequency Temperature Uncertainty
(GHz) (K) (K)

Roger 0.022 20355 5181
Maeda 0.045 3864 502
Haslam 0.408 13.42 3.52
Reich 1.42 3.271 0.526
FIRAS 250 2.725 0.001
ARCADE 2 3.20 2.787 0.010
ARCADE 2 3.41 2.770 0.008
ARCADE 2 7.98 2.761 0.013
ARCADE 2 8.33 2.743 0.015
ARCADE 2 9.72 2.731 0.005
ARCADE 2 10.49 2.738 0.006
ARCADE 2 29.5 2.529 0.155
ARCADE 2 31 2.573 0.076
ARCADE 2 90 2.706 0.019

Notes. The FIRAS data are treated as a single point since its uncertainty is domi-
nated by the common calibration error. The ARCADE 2 final measurements are
listed here along with their uncertainties. All measurements have been converted
to thermodynamic temperature.

The process of Galactic modeling adds more correlation
between both the low-frequency points and the ARCADE 2 data.
To track these, a full 60 × 60 covariance matrix was formed
including a term for each of the 10 frequencies in the Galactic
model, each method (csc|b| or C ii), and each of three lines of
sight (Galactic north pole, Galactic south pole, and darkest patch
of sky) and all of the relations between them. We distinguish
between uncertainties common to different model techniques
but independent between different data sets and uncertainties
common to different data sets but independent between different
model techniques. For example, the C ii method estimates
the Galactic radio emission along a specific line of sight as
the product of the radio/C ii correlation slope a(ν) and the C ii
line intensity IC toward that line of sight, TG(ν) = a(ν)I 0.5

C .
The uncertainty δa(ν) in the radio/C ii correlation slope is
included in the covariance between the C ii method along all
three lines of sight at frequency ν, but is not included for the
covariance between the C ii and csc|b| methods at frequency ν
or between the C ii method at frequency ν and the C ii method
at any other frequency. In contrast, the uncertainty δIC in the
C ii line intensity along a specific line of sight is included in the
covariance between the C ii method along that line of sight at
all frequencies, but is not included for the covariance between
the C ii method and any other method or the C ii method along
that line of sight and the C ii method along a different line of
sight. Similar considerations apply for the formal propagation
of other uncertainties through the full covariance matrix.

Since the errors are highly correlated the full matrix must
be treated carefully. We use a simple average of the three lines
of sight and the two methods to generate Table 4, including
the 30 and 90 GHz ARCADE 2 data which were not used in
the Galactic modeling. The matrix of frequency to frequency
covariance is shown in Table 5 which includes the covariances
of the ARCADE 2 data from the instrumental effects. This
matrix is used in the various fits in Table 6.

While the data points at the same frequency have high
covariance (dominated by calibration and offset uncertainties)
and must be treated carefully, the different frequencies have
only modest covariance. Ignoring the frequency to frequency
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Radio Surveys

Requirements
Good coverage of high latitudes

necessary to determine the EG emission
Large fraction of the sky observed

useful to anchor galactic foreground models

Frequency Angular rms Noise Calibration Zero-level Fraction Survey
[MHz] resolution [K] error [K] of Sky reference

22 1.1� ⇥ 1.7�/ cosZ 3000 5% 5000 73% Roger et al. [24]

45 5� 2300/300 10% 544 96% Guzman et al. [25]

408 0.85� 1.2 10% 3 100% Haslam et al. [26]

820 1.2� 0.5 6% 0.6 51% Berkhuijsen [27]

1420 0.6� 0.017 5% 0.2 (0.5) 100% Reich et al. [29–31]

2326 0.33� 0.03 5% 0.08 67% Jonas et al. [33]

Table 1. Main parameters of surveys analysed in this work.

Among the radio datasets available, we then selected the most sensitive ones trying
to sample the whole radio frequency band (disregarding very-high radio frequencies
which are largely dominated by the CMB). Since we do not expect a high level of
polarization in the extragalactic isotropic component of the sky, we focus on total
intensity only. Properties of the selected maps are summarized in Table 1. They
include surveys of total intensity at 22, 45, 408, 820, 1420, and 2326 MHz. The
corresponding images are shown in Fig. 1 in the HEALPix [23] format. They have
been obtained by regridding the original maps into a much finer grid (in order to avoid
spurious projection e↵ects) and then filling pixels in the HEALPix tassellation scheme
(with a final linear size of pixels close to the original resolution of the survey).

With a single ground-based telescope, it is not possible to survey more than about
70% of the sky. All the full-sky radio maps are thus obtained combining observations
from di↵erent instruments: this introduces non-uniform noise and zero-level o↵sets,
which can a↵ect the signal in a non-straightforward way when di↵erent observational
strategies are combined (i.e., di↵erent patches observed by di↵erent telescopes located
in di↵erent places). We have therefore to be conservative in the error estimates.

The map at 22 MHz has been obtained in Ref. [24] reanalyzing past observations
performed with the Dominion Radio Astrophysical Observatory (DRAO) in the period
1965-1969. It is the most complete map at the lowest radio frequency (below which
the line-of-sight absorption becomes relevant). The zero-level is reported to be 5000
K, while the rms noise is not quoted and we assume it to be 3000 K (however, this
assumption does not significantly impact our results).

At 45 MHz, a northern and a southern surveys have been recently combined [25]
to form a nearly full-sky map with an angular resolution of 5�. The southern data were
observed between 1982 and 1994 thorugh an array of 528 E-W dipoles with a beam of
4.6�⇥2.4� and a system noise of 300 K. The northern data were obtained in the periods
of 1985-1989 and 1997-1999 by means of the Japanese Middle and Upper Atmosphere
radar array with a beam of 3.6� and a system noise of 2300 K. The zero-level correction
has bees estimated to be 544 K in Ref. [25].

A standard reference of full-sky radio map is the Haslam et al. [26] map at 408
MHz. It is the composition of four di↵erent experiments, with data taking extending in
the 60’s and 70’s. The northern celestial polar region and the Galactic anticenter were
observed with two telescopes at the Jodrell Bank observatory. The remaining northern
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Maps

Figure 1. Maps of radio intensity considered in this analysis. Top row, from left to right:
22 MHz, 45 MHz, 408 MHz. Bottom row, from left to right: 820 MHz, 1420 MHz, 2326
MHz. We plot log(T⌫2.5) with T measured in Kelvin and ⌫ in MHz. All the maps are shown
at the resolution N

side

= 64.

part was observed with the E↵elsberg 100-m telescope, while the entire southern sky
map was carried out with the Parkes 64-m telescope. Those observations are combined
in a map of resolution of 0.85�, with an average zero-level estimated to ±3 K and a
(conservative) noise of 1.2 K 2.

A radio continuum survey of declinations between �7� and +85� at 820 MHz was
conducted with the Dwingeloo telescope in the period 1965-1967 [27]. The o↵set level
of the map has been derived to be ±0.6 K. Adding up random (0.2 K) and systematic
(0.3 K) errors, we considered an overall “noise” of 0.5 K.

The most recent map we will be considering is at 1.4 GHz, and is a combination
of a survey of the south celestial hemisphere carried out with the Villa Elisa 30-m tele-
scope [29] and a northern sky survey [30, 31] made with the 25-m Stockert telescope
(the region of overlap is between declinations of �10� and �19�). The two surveys have
a similar rms noise ⇠ 17 mK. From absolute horn measurements, the zero-level accu-
racy is derived to be ±0.5 mK. By comparing the map with the 408 MHz survey [26]
it can be however reduced to . 0.2 mK [32].

2The map has been downloaded from [28] where the data were processed to mitigate baseline
striping and strong point sources.

– 5 –
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Models

T (l, b) = TE + TS(l, b) + TG(l, b)

Isotropic EG 
emission (constant) Discrete sources

(mask or templated)
Galactic diffuse 

emission
(model)



Galactic diffuse emission

Free-free
Traced through Hα line template with free norm
Not that crucial, since we mask the galactic plane

Synchrotron
Primary electrons
Secondary electrons and positrons
Most relevant energy range (1 - 30) GeV

Finkbeiner et al, ApJS 146 (2003) 407



Synchrotron source term

Primary electrons
Radial profile from SNR distribution
Vertical profile:                          with zs = 0.2 Kpc

Secondary electrons and positrons
Interactions of primary p and He on ISM

Sources injection spectra: broken power laws
Spectral indeces                 and
Breaks at 9 GeV/4 GeV  for nuclei/electrons

[a]  Strong et al, ApJ 772 (2010) L58
[b]  Lorimer et al, MNRAS 372 (2006) 777

[a,b]

exp(�z/zs)

�inj,nuc �inj,e



Propagation setup
GALPROP v. 54.1.984

Cylindrical box:
Radial size: 20 Kpc
Vertical half-height: L = 1÷40 Kpc

Pure diffusion (no reacceleration)
Reacceleration: increases secondary e± at low 
energies as compared  to pure diffusion: some 
tension with low frequency radio data

Energy losses



Magnetic fields

Reference model: Jansson & Farrar
Large-scale regular field

disk component
toroidal halo
out-of-plane component 

Small-scale random field
Striated random field

Constrained on extragalactic Faraday rotation measures 
and on 22-GHz WMAP7 polarized and total intensity 

ApJ 761 (2012) L11
ApJ 757 (2012) 14



Magnetic fields

To allow flexibility in the mid-high latitude emission (relevant
for the determination of the extragalactic background), we let
the random component to be more general:

The z-scaling represents the main source of uncertainty
related to the magnetic field modeling

B(R, z) = B0 exp[�(R�RT )/RB ] exp(�|z|/zB)

RT = 8.5 kpc
RB = 30 Kpc
B0: determined by the fit

Model a: zB = L
Model b: zB = 2 kpc < L      (only for L = 4, 8, 16 kpc)



Benchmark propagation models
JCAP04(2014)008

code name L D0 �inj,nuc �inj,e B0 color coding
[kpc] [1028 cm2s�1] [µG]

L1 1 0.75 1.80/2.3 1.20/2.3 12 red
L2 2 1.7 1.80/2.3 1.20/2.35 8.0 blue
L4 4 3.4 1.80/2.3 1.20/2.35 6.0/7.0 green
L8 8 5.8 1.80/2.3 1.20/2.35 4.6/4.7 orange
L16 16 8.0 1.80/2.3 0.5/2.35 4.0/4.7 cyan
L25 25 8.1 1.80/2.3 0.5/2.35 3.9 maroon
L40 40 8.3 1.80/2.3 0.5/2.35 3.8 brown

Table 2. Benchmark models of CR propagation. The di↵usion coe�cient is described by
D

xx

= D

0

(⇢/⇢
0

)0.5, where ⇢ is the rigidity and ⇢

0

= 4 GV. The spectral index �

inj,nuc

for nuclei
has a break at 9GeV (and the two values below/above the break are reported), while the spectral
index �

inj,e

of electrons has a break at 4GeV. The adopted models assume no reacceleration or con-
vection. The normalization B

0

of the random magnetic field-strength is reported for models a/models
b, i.e. models with z

B

= L/z
B

= 2 kpc. When only one value is reported, it refers to model a.

being the spectral index of the di↵usion term. The primary spectral index of injection which
is required to fit the data is thus rather hard: �inj,e . 1.5. This is an extreme value if thought
in the context of shock acceleration, but a discussion on this subject is beyond the goal of
this work, and in the following we will assume for definiteness �inj,e = 1.2.

The CR spectrum at energies above 10GeV is less a↵ected by solar modulation. How-
ever, the two most recent experiments, Fermi-LAT and AMS-02, show some level of disagree-
ment. Since the AMS-02 data are still preliminary [41], we choose to tune our models to fit the
Fermi-LAT spectrum [42]. This translates, for the propagation setup chosen, into �inj,e ' 2.3
above the break. This range of energy is not crucial for the low-frequency synchrotron emis-
sion considered in this work, but we verified with an explicit example that taking a model
that fits the AMS-02 data (up to 100GeV, while at higher energy, the contribution of local
sources can be significant) our results in the derived isotropic radio emission are unchanged.
In the example, the spectral index above 7GeV is taken to be �inj,e = 2.6 (with the solar
modulation potential being � = 900 MV).

3.2 Propagation setup

We are not interested in performing a full scan to estimate confidence intervals for the propa-
gation parameters, but rather, we want to investigate how they can impact the high-latitude
radio emission. To this aim we consider the simplest model that can accommodate CR data,
i.e., plain di↵usion (see, e.g., ref. [43] for a review). This is also motivated by the fact that
reacceleration, which is sometimes included to improve the fit to CR data, seems to be in ten-
sion with radio maps at low frequencies. Indeed models with reacceleration tend to increase
the flux of secondary e

+
e

� at low energy. Once the proton spectrum is fixed to fit local proton
data, and even taking an extremely hard spectrum for the primary electrons (as mentioned
in the previous section), the contribution of secondaries makes the final spectrum of e+e�

too soft, as already noticed in ref. [44]. This is not the case for pure di↵usion, where the
secondary contribution is less important. The vertical scale of the di↵usion box is the propa-
gation ingredient with the largest impact on the high-latitude behaviour of the CR emission.
We will consider a conservative broad range of L, from 1 to 40 kpc. The extreme values
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[1] [2]            [3]            [4]

[1]
[2] Index below/above break at 9 GeV
[3] Index below/above break at 4 GeV
[4] Model a or Model a/Model b

D(⇢) = D0 (⇢/4GV)0.5

Tuned on CR data



Comparison with CR data

Boron/Carbon



Comparison with CR data

Antiprotons



Comparison with CR data

Electrons



Fitting procedure of radio maps

CMB monopole is subtracted:   T = (2.72548 ± 0.00057 ) K

Radio maps averaged over 15 deg scale (Nside = 4)
The GMF components have 2 different scales

Regular: O(kpc)
Random: O(100 pc)

Stocasticity due to the random component 
introduces variance on the scale of its coherence 
length

Better to compare emission averaged on this scale
Best angular scale not obvious, due to LOS effect
15 deg as a conservative assumption



Fitting procedure of radio maps

�2 =
X

i=pixels

(T data

i � Tmodel

i )2

�2

i

�2

i = (�B
i )2 + (�exp

i )2

σi
B: Variance induced by turbulence  (data variance in pixel i)

σi
exp: Experimental uncertainty

Tmodel

i = TE + c
gal

T gal,synch
i + c

brem

T gal,brem
i



Extended sources

Galactic disk mask: |b| < 10 deg
Intercepts galactic points sources and low lat sources

Extended local sources (like radio loops)
High-lat sources

Masks
Modeling



Masks – Take 1
Iterative method:

1. Fit of the map (out of the |b|<10 deg mask) with model

2. Compute residuals
3. Compute mean TR,i   and σR,i  in 50 deg regions around the pixel i
4. Mask defined as
5. Repeat, with masked pixel excluded

Iteration stops when masks stabilises

The model fit is then performed on Nside = 4 downgraded maps

Tmodel

i = TE + c
gal

T gal,synch
i + c

brem

T gal,brem
i

Ri � T data

i � TBFmodel

i

Ri > TR,i + 5�R,i



Iterative masks
JCAP04(2014)008

Figure 4. Masks (white areas) in the model L8a obtained through the iterative method described
in section 4.1. The maps of figure 1 are shown in the background. Top row and from left to right:
22MHz, 45 MHz,408 MHz. Bottom row and from left to right: 820 MHz, 1420 MHz, 2326 MHz.

In principle, one can include those two parameters in the fit, but this would involve a
large number of GALPROP runs to find the best-fit values. We instead fix the two param-
eters to benchmark values which, approximately, already provide a good fit. Then, at all
frequencies, we introduce a coe�cient in the fitting procedure, which normalizes the Galactic
template. Ratios of coe�cients at di↵erent frequencies di↵erent from one would account for
a mismatch in the electron spectral index, while their overall absolute normalization allows
to adjust for a mismatch in the magnetic field intensity. We will see that the best-fit values
for such coe�cients come out to be very close to one, meaning that we are indeed using syn-
chrotron templates which agree with data. We also notice that allowing the normalization
to vary for di↵erent maps, we are also e↵ectively taking into account possible o↵sets due to
di↵erent calibrations or di↵erent sky coverages among the various experiments.

4.1 Masks

In this section, we attempt to identify and mask the regions of the sky which contain bright
radio sources. To this aim, we implement an iterative method. The idea is that outside the
source regions, the emission is well described by the di↵use emission of the model depicted
above. As a first trial, we fit the coe�cients of the di↵use emission without any mask.
Comparing this model to the observational map, we identify as sources those regions where
the model largely underestimates the data. We mask these regions and repeat the fit of
the coe�cients in the remaining part of the sky, in order to better tune the models against
the data. Then, we define sources as discussed above (i.e. considering the full map) but
with the new model. We repeat the previous steps, and after a certain number of iterations
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Masks – Take 2 and 3

In order to cross-check and/or improve the impact of masks, we 
perform two additional trials:

WMAP mask at 22 GHz

SExtractor to determine masks at different frequencies
Analyze original maps on 50 deg scale: mean, std deviation, detection 

threshold at 5σ
Similar to the iterative method: difference stays in flat local 

backgroud, while with iterative method galactic foregroud 
variations are taken into account

Slightely larger masks



JCAP04(2014)008

Figure 5. Top row : Mask (in black) from WMAP [56]. Middle and bottom rows : Masks (in black)
from Sextractor from 22 MHz to 2326 MHz. All the maps are at the resolution N

side

= 64.

However, one can wonder how much the result will change if considering di↵erent masks,
in particular covering larger portions of the sky. To this aim, we perform two additional
analysis by adopting two di↵erent sets of masks. In one case, we use the mask employed by
the WMAP7 collaboration based on data at 22 GHz,7 shown in figure 5, which covers about
27% of the sky. In the second case, we generate, for all the surveys analyzed, a mask using
of the publicly available software SExtractor [58]. It is a package for source detection, which
proceeds through segmentation by identifying groups of connected pixels that exceed some
threshold (which is set in term of the rms) above the background. The background and rms
noise maps are obtained iteratively, splitting the original map in regions of a certain size (we
choose 50 degrees) and computing the mean and the standard deviation of the distribution of

7Specifically, we use the mask wmap polarization analysis mask r9 9yr v5.fits of ref. [56] and described in
ref. [57].

– 15 –

Wmap mask

SExtractor masks



Templates
Polarization template to intercept the most intense synchro 

sources

Template: DRAO + Villa Elisa T > 5σ σ = 45 mK

JCAP04(2014)008

Figure 6. Left : Map of polarization at 1420 MHz in K. Right : For the same map reported in the
left panel, we show in red the pixels with T > 0.225 K: this gives the region of our source template.
See section 4.2 for details. All the maps are at the resolution N

side

= 64.

pixel values in such regions. This computations is repeated many times, each time discarding
the most deviant values, until all the remaining pixel values are within 3-� from the mean.
Thresholding is then applied to the background-subtracted map to isolate connected groups
of pixels, and we set the detection threshold at 5-� above the local background. We take the
map of sources constructed in such a way as our mask.

It is clear that the SExtractor algorithm is quite similar to the one we discussed above.
The main di↵erence is that in SExtractor the background is taken to be constant over a certain
region and computed as the mean in that region (discarding the brightest pixels), while in
our algorithm it can vary and comes from a physical model, i.e. the Galactic synchrotron
emission.

The WMAP and SExtractor masks are similar among themselves, although larger than
those computed with out iterative method. In all cases, we will obtain quite similar results
for the determined extragalactic isotropic emission, as we will discuss in section 5.

4.2 Template

At the frequency we investigate, the majority of sources in the sky are synchrotron sources.
They typically show a high degree of polarization. The extended Galactic radio loops go in
this category as well. Indeed, supernova explosions accelerate particles (including electrons)
and compress the surrounding medium, amplifying the magnetic field, with a resulting po-
larized synchrotron radiation. Polarization surveys have been extensively used to reveal and
study SNR radio loops (see, e.g., ref. [59] and references therein).

We attempt to trace the most intense synchrotron sources by means of a template based
on the full sky polarization map at 1420 MHz obtained combining very recent observations
at DRAO [? ] and Villa Elisa [61] telescopes. The two maps have similar rms noise (⇠ 15
mK) and angular resolution (⇠ 360), and agree well in the region where thry overlap, once
the zero level is adjusted. The zero-level accuracy is estimated to be 30 mK [61], so we take a
total error of 45 mK. The map is shown in figure 6a. Note, for instance, that the prominent
Loop I is clearly visible.
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Figure 7. Results of the fits obtained following the method of section 4.1, i.e. when iteratively-
derived masks are adopted. The left column shows the best-fit values for the isotropic temperature T

E

(multiplied by ⌫

2.5) vs. the map frequency ⌫ for the various Galactic models adopted in the analysis;
the lower black points [65] and the solid line which fits them show the extragalactic temperature
expected from number counts. The central column reports the values of the normalization coe�cients
c

gal

for the Galactic contributions. The right column shows the �2

/ndf for our best-fits: in the upper
panel, each line refers to a di↵erent frequency, and shows the values of the �2

/ndf as a function of the
extension L of the cosmic rays confinement volume; the lower panel shows �2

/ndf vs. the frequency
⌫. Models labelled with a and b have been defined in section 3.3 and table 2. Models L4F and L4L
are discussed in section 5.1.

low frequencies, hence a smaller normalization coe�cients cgal is required. Even taking an
unrealistically large primary spectral index for the electrons, the problem persists being the
spectrum of electron/positron secondaries related to primary CR nuclei, which are in turn
fitted to data. Still, this does not seem to have any impact on the estimation of the isotropic
radio background, which is the main focus of this work.

The second exception is at 820 MHz. Here the coe�cient of the Galactic component
is typically larger than one. This might be due to calibration issues of the survey or to the
limited fraction of the sky available at that frequency (see figure 9). Indeed, the smaller is the
available map the more the Galactic and extragalactic components become degenerate and
the less information we have (this fact can possibly lead to peculiar fluctuations with large
error bars). This is also testified by the anomalously low reduced �

2 obtained at 820 MHz.
The most solid results are instead obtained at the frequencies where the largest portion of
the sky is available, thus in particular at 45 MHz, 408 MHz and 1420 MHz.

We note that the reduced �

2 are around one in most of the cases. This suggests that
the Galactic emission models are detailed enough to describe the observational data. In
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Figure 7. Results of the fits obtained following the method of section 4.1, i.e. when iteratively-
derived masks are adopted. The left column shows the best-fit values for the isotropic temperature T

E

(multiplied by ⌫

2.5) vs. the map frequency ⌫ for the various Galactic models adopted in the analysis;
the lower black points [65] and the solid line which fits them show the extragalactic temperature
expected from number counts. The central column reports the values of the normalization coe�cients
c

gal

for the Galactic contributions. The right column shows the �2

/ndf for our best-fits: in the upper
panel, each line refers to a di↵erent frequency, and shows the values of the �2

/ndf as a function of the
extension L of the cosmic rays confinement volume; the lower panel shows �2

/ndf vs. the frequency
⌫. Models labelled with a and b have been defined in section 3.3 and table 2. Models L4F and L4L
are discussed in section 5.1.

low frequencies, hence a smaller normalization coe�cients cgal is required. Even taking an
unrealistically large primary spectral index for the electrons, the problem persists being the
spectrum of electron/positron secondaries related to primary CR nuclei, which are in turn
fitted to data. Still, this does not seem to have any impact on the estimation of the isotropic
radio background, which is the main focus of this work.

The second exception is at 820 MHz. Here the coe�cient of the Galactic component
is typically larger than one. This might be due to calibration issues of the survey or to the
limited fraction of the sky available at that frequency (see figure 9). Indeed, the smaller is the
available map the more the Galactic and extragalactic components become degenerate and
the less information we have (this fact can possibly lead to peculiar fluctuations with large
error bars). This is also testified by the anomalously low reduced �

2 obtained at 820 MHz.
The most solid results are instead obtained at the frequencies where the largest portion of
the sky is available, thus in particular at 45 MHz, 408 MHz and 1420 MHz.

We note that the reduced �

2 are around one in most of the cases. This suggests that
the Galactic emission models are detailed enough to describe the observational data. In
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Figure 7. Results of the fits obtained following the method of section 4.1, i.e. when iteratively-
derived masks are adopted. The left column shows the best-fit values for the isotropic temperature T

E

(multiplied by ⌫

2.5) vs. the map frequency ⌫ for the various Galactic models adopted in the analysis;
the lower black points [65] and the solid line which fits them show the extragalactic temperature
expected from number counts. The central column reports the values of the normalization coe�cients
c

gal

for the Galactic contributions. The right column shows the �2

/ndf for our best-fits: in the upper
panel, each line refers to a di↵erent frequency, and shows the values of the �2

/ndf as a function of the
extension L of the cosmic rays confinement volume; the lower panel shows �2

/ndf vs. the frequency
⌫. Models labelled with a and b have been defined in section 3.3 and table 2. Models L4F and L4L
are discussed in section 5.1.

low frequencies, hence a smaller normalization coe�cients cgal is required. Even taking an
unrealistically large primary spectral index for the electrons, the problem persists being the
spectrum of electron/positron secondaries related to primary CR nuclei, which are in turn
fitted to data. Still, this does not seem to have any impact on the estimation of the isotropic
radio background, which is the main focus of this work.

The second exception is at 820 MHz. Here the coe�cient of the Galactic component
is typically larger than one. This might be due to calibration issues of the survey or to the
limited fraction of the sky available at that frequency (see figure 9). Indeed, the smaller is the
available map the more the Galactic and extragalactic components become degenerate and
the less information we have (this fact can possibly lead to peculiar fluctuations with large
error bars). This is also testified by the anomalously low reduced �

2 obtained at 820 MHz.
The most solid results are instead obtained at the frequencies where the largest portion of
the sky is available, thus in particular at 45 MHz, 408 MHz and 1420 MHz.

We note that the reduced �

2 are around one in most of the cases. This suggests that
the Galactic emission models are detailed enough to describe the observational data. In
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Figure 7. Results of the fits obtained following the method of section 4.1, i.e. when iteratively-
derived masks are adopted. The left column shows the best-fit values for the isotropic temperature T

E

(multiplied by ⌫

2.5) vs. the map frequency ⌫ for the various Galactic models adopted in the analysis;
the lower black points [65] and the solid line which fits them show the extragalactic temperature
expected from number counts. The central column reports the values of the normalization coe�cients
c

gal

for the Galactic contributions. The right column shows the �2

/ndf for our best-fits: in the upper
panel, each line refers to a di↵erent frequency, and shows the values of the �2

/ndf as a function of the
extension L of the cosmic rays confinement volume; the lower panel shows �2

/ndf vs. the frequency
⌫. Models labelled with a and b have been defined in section 3.3 and table 2. Models L4F and L4L
are discussed in section 5.1.

low frequencies, hence a smaller normalization coe�cients cgal is required. Even taking an
unrealistically large primary spectral index for the electrons, the problem persists being the
spectrum of electron/positron secondaries related to primary CR nuclei, which are in turn
fitted to data. Still, this does not seem to have any impact on the estimation of the isotropic
radio background, which is the main focus of this work.

The second exception is at 820 MHz. Here the coe�cient of the Galactic component
is typically larger than one. This might be due to calibration issues of the survey or to the
limited fraction of the sky available at that frequency (see figure 9). Indeed, the smaller is the
available map the more the Galactic and extragalactic components become degenerate and
the less information we have (this fact can possibly lead to peculiar fluctuations with large
error bars). This is also testified by the anomalously low reduced �

2 obtained at 820 MHz.
The most solid results are instead obtained at the frequencies where the largest portion of
the sky is available, thus in particular at 45 MHz, 408 MHz and 1420 MHz.

We note that the reduced �

2 are around one in most of the cases. This suggests that
the Galactic emission models are detailed enough to describe the observational data. In
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Figure 7. Results of the fits obtained following the method of section 4.1, i.e. when iteratively-
derived masks are adopted. The left column shows the best-fit values for the isotropic temperature T

E

(multiplied by ⌫

2.5) vs. the map frequency ⌫ for the various Galactic models adopted in the analysis;
the lower black points [65] and the solid line which fits them show the extragalactic temperature
expected from number counts. The central column reports the values of the normalization coe�cients
c

gal

for the Galactic contributions. The right column shows the �2

/ndf for our best-fits: in the upper
panel, each line refers to a di↵erent frequency, and shows the values of the �2

/ndf as a function of the
extension L of the cosmic rays confinement volume; the lower panel shows �2

/ndf vs. the frequency
⌫. Models labelled with a and b have been defined in section 3.3 and table 2. Models L4F and L4L
are discussed in section 5.1.

low frequencies, hence a smaller normalization coe�cients cgal is required. Even taking an
unrealistically large primary spectral index for the electrons, the problem persists being the
spectrum of electron/positron secondaries related to primary CR nuclei, which are in turn
fitted to data. Still, this does not seem to have any impact on the estimation of the isotropic
radio background, which is the main focus of this work.

The second exception is at 820 MHz. Here the coe�cient of the Galactic component
is typically larger than one. This might be due to calibration issues of the survey or to the
limited fraction of the sky available at that frequency (see figure 9). Indeed, the smaller is the
available map the more the Galactic and extragalactic components become degenerate and
the less information we have (this fact can possibly lead to peculiar fluctuations with large
error bars). This is also testified by the anomalously low reduced �

2 obtained at 820 MHz.
The most solid results are instead obtained at the frequencies where the largest portion of
the sky is available, thus in particular at 45 MHz, 408 MHz and 1420 MHz.

We note that the reduced �

2 are around one in most of the cases. This suggests that
the Galactic emission models are detailed enough to describe the observational data. In
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Figure 8. Results of the fits obtained following the method of section 4.1, i.e. when iteratively-derived
masks are adopted. The left panel shows the increase of �2 when one assumes that the extragalactic
temperature T

E

is zero; the right panel refers to the case when one assumes the T

E

value deduced
from radio number counts. The two horizontal lines set the 2� and 3� C.L. Models labelled with a

and b have been presented in section 3.3 and table 2. Models L4F and L4L are discussed in section 5.1.

particular, this can be considered as an a posteriori check that the scale assumed for the
averaging of magnetic turbulences is appropriate. We checked that with di↵erent scales we
would get a reduced �

2 far away from one.

In agreement with previous analysis [62–64], we find that models with small L are
disfavored by radio data, as can be understood by comparing the �

2 of the various cases.
This occurs because the latitude profile of the synchrotron emission is too steep when L .
kpc. The values of the �

2 also give an indication of the values of L preferred by radio data,
which is around 8 kpc. However, a precise determination of its value would require a more
complete scan of models and parameters. This is beyond the scope of this paper, which is
instead focused on the extragalactic estimate.

The temperature of the isotropic background, that we have obtained from the fits, has
some dependence on the model of Galactic synchrotron emission considered: the left panels
in figure 7 show some scatter among the derived values of T

E

at each frequency, for the
di↵erent Galactic models. However, the variation of the results due to Galactic modeling is
quite limited at all frequencies, typically within a factor of 2, and it is especially small for
those frequencies where the radio maps have a large fraction of the sky available. This is the
main result of the paper, telling us the the estimates of the isotropic radio background T

E

is
robust.

To get more insight on this result, we computed the mean values of T

E

and the
corresponding standard deviations �

TE , among all the models and methods we employed.
Although this has not a specific statistical relevance, it nevertheless provides a qualita-
tive understanding. We found T̄

E

= (1.55 · 104, 3.30 · 103, 11.1, 2.19, 0.551, 0.098) K and
�

TE = (3.3 · 103, 310, 0.8, 0.19, 0.030, 0.016) K, at the frequencies 22 MHz, 45 MHz, 408
MHz, 820 MHz, 1420 MHz, and 2326 MHz. Notice that the standard deviations are a factor
of few smaller than the total uncertainty band one could derive by folding in all the errors of
all the models (this can be understood from figure 7, but will be shown and discussed later
on, in the left panel of figure 17). This means that the uncertainty is predominantly due to
observational limitations rather than from a scatter of the central values obtained with the
di↵erent models: the latter is actually moderate. This is another reason to believe that the
isotropic estimate is robust against the variation of the Galactic models.
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Frequency [MHz] T

E

[K] T

NC

[K] zero-level [K] Tcold spot [K]
22 (1.04± 0.24)⇥ 104 6.92⇥ 103 5000 1.80⇥ 104

45 (2.95± 0.34)⇥ 103 1.0⇥ 103 544 3.84⇥ 103

408 11.8 ±1.1 2.61 3 12.14
820 2.21 ±0.39 0.39 0.6 2.91
1420 0.580 ±0.025 0.09 0.2 0.589
2326 0.073 ±0.013 0.024 0.08 0.098

Table 3. Estimates of the isotropic component T

E

at di↵erent frequencies from the best-fit model
in our analysis, compared to the estimates T

NC

obtained from number counts, the zero-level error of
the surveys, and the temperature T

cold spot

of the coldest spot (15� of radius) in the maps.

isotropic background temperature T
E

, and we found fully compatible results among the di↵er-
ent methods, with a moderate scatter, which makes us to believe that the estimate is robust.

Our findings on T

E

lie above expectations from what can be estimated by extrapolation
to low intensities of number counts of observed extragalactic sources: the reconstructed values
of T

E

exceed them by a factor & 3 in the maps with the largest fraction of sky available (45
MHz, 408 MHz, and 1.4 GHz), which is where our estimates are more solid. Therefore,
our results confirm the so called “ARCADE” excess, although our estimates are somewhat
smaller than the results in ref. [4].

In the radio maps, the isotropic component dominates the emission at high latitudes
making the total profile quite flat at b & 50�. A Galactic component with a spatial distri-
bution related either to the disc, or to a DM halo (as in the case of annihilating or decaying
DM), or being very local would introduce some latitude dependence which is not seen in
the data. For this reason, a Galactic origin for the mismatch between our estimate and
the integral of number counts appears unlikely, unless some new model, with quite di↵erent
properties with respect to what is usually considered, will be developed.

On the other hand, from statistical estimates of the source count at fluxes below the
faintest sources that can be counted individually, no significant deviation from the standard
extrapolation of extragalactic source count is expected above few hundreds of nJy [2].

We therefore conclude that observational radio maps point towards a puzzling excess. It
could be due to to a systematic o↵set in the surveys (although in the same positive direction
for all the maps), to the need of a profound modification of our current understanding of the
Galactic synchrotron emission, or to a novel population of very faint extragalactic sources.
The extragalactic interpretation is quite interesting, since its origin could be linked to a dark
matter emission [11].

Next future telescopes, and in particular LOFAR [66–68] for the Galactic di↵use emission
and SKA [69–71] (with its precursors) for the source counts, will bring important tiles to solve
this intriguing puzzle.
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Figure 17. Left : Uncertainty band of our estimate of the isotropic background temperature T

E

,
compared to the ARCADE-2 determination (points with error bars) and to the number count esti-
mate (black solid line). The inner (green) area is obtained by convolving all the results obtained by
considering the variation of the Galactic modeling and the di↵erent analysis techniques. The outer
(blue) region further takes into account the experimental zero-level error. Center : Strength of the
random component Bran

0

of the magnetic field which best-fits the data, within the models we consid-
ered. Right : Source counts at 1.4 GHz. We show data (red points) of observed sources, the best-fit
(black solid line, extrapolated following the evolutionary model of ref. [3]) and the 1-� region (violet)
of the P(D) analysis of ref. [2]. We additionally show two di↵erent examples (Gaussian bumps) of
source counts distributions which could account for the excess in the isotropic emission obtained in our
analysis: one just below the current observational threshold (dotted orange line), one for a population
of fainter radio emitters (blue dashed line) satisfying the bound from [2].

ters, taken on a su�cient fine grid to allow us to perform a posteriori statistical analysis and
marginalization, and to repeat the masking or template adaptation techniques discussed in
section 4 for each of these models. On the other hand, since our benchmark choices of propa-
gation setups and Galactic magnetic fields explore the most relevant sources of uncertainties
in the modeling of the Galactic emission, we do not expect an increase of the scatter in the
estimates of the isotropic component T

E

by varying other parameters (as discussed in the
previous sections). By including in our results all the synchrotron models described in the
previous sections, we believe to have a rather conservative estimate of the uncertainty band
associated to the isotropic emission.

The blue (outer) area in the left panel of figure 17 shows the uncertainty band once
we further add (in quadrature) the experimental zero-level error, reported in table 1 for the
various radio surveys. The estimate of the isotropic background obtained by the ARCADE-2
collaboration (the black points with error bars) [4] is all contained in this area, and therefore
is fully compatible with our estimate. However, we wish to recall that if we focus on the
models of Galactic emission with better �2, the isotropic contribution tends to be somehow
smaller than the estimate of ARCADE-2, as shown in figures 7 and 10.

In the previous sections we have quantified the excess with respect to the level of
isotropic emission expected from number counts of extragalactic sources. A simple way to
visualize this excess is shown in figure 15. In the left and center panels, we show the latitude
profiles of the best-fit models and of the data, focusing at a the frequency of 408 MHz. For
the experimental points, we have considered the average temperature in strips of constant
latitude (with a width of 5 degrees). We masked bright sources using the WMAP-7 mask

– 27 –

Conservative uncertainty 
band on TE

(points: ARCADE 2)

Random component of 
magnetic field

Overall significance of the excess: 4.5σ
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Morphology of radio sky at 45 MHz

observed

10 GeV DM
Annihilation into muon with thermal cross section
Exp decaying B(r,z) with BTOT = 6 microG (GMF I)

NFW
MIN propag params

NFW
MAX propag params

NFW
MED propag params

NFW tuned to Via Lactea II
No substructures included
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Data: |l| < 3°
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DM could substantially 
contribute to the radio flux

MED, MAX: allow to search for 
DM outside the GC region 
(while form MIN is too 
concentrated)
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Galactic radio signal: bounds
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Bounds excluding GC region                                 
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Galactic radio signal: bounds
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Conclusions
Isotropic radio emission systematically in excess of what 
inferred from number counts: about a factor of 3 ÷6 

Results appear stable against:
Galactic halo modeling (mild dependence on the resulting T)
Galactic magnetic fields
Spatial distribution of cosmic rays sources
Different resolution of maps

Radio bounds on dark matter from our own galaxy provide 
relevant bounds, comparable to what obtained from other 
indirect detection signals 


