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Diffuse backgrounds 

•  Background	  for	  
(point)	  sources	  
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Source C•  Foreground	  for	  CMB	  studies	  
(and	  searches	  for	  DM	  signals)	  

•  Informa7on	  on	  distribu7on	  of	  
CR	  sources,	  CR	  transport,	  
interstellar	  radia7on	  fields	  etc	  



The galactic radio background 

408 MHz 

Haslam et al., A&AS 47 (1982) 1 



…	  is	  predominantly	  synchrotron	  radia7on	  by	  CR	  
electrons	  spiralling	  in	  the	  Galac7c	  magne7c	  field:	  
 
 
 
 
 
 
 
 
 
 
…	  and	  we	  observe	  its	  line-‐of-‐sight	  projec7on:	  
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Ingredients 

CR	  electrons:	   •  Sources:	  SNRs,	  pulsars?	  PWNe?	  	  
	  	  	  Large-‐scale	  distribu7on?!	  

•  Distribu7on:	  Stochas7city	  of	  sources?	  

•  Propaga7on:	  Diffusive,	  Convec7ve?	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Reaccelera7on?	  Energy	  losses?	  

Galac7c	  magne7c	  field:	   •  Large-‐scale,	  ordered	  component	  

•  Small-‐scale,	  turbulent	  component	  
	  



Propagation of Galactic cosmic rays 
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Parameter studies 
Transport	  equa7on	  can	  be	  solved	  (semi-‐)	  analy7cally	  (USINE) or 
numerically (GALPROP, DRAGON) 

The Astrophysical Journal, 729:106 (16pp), 2011 March 10 Trotta et al.
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Figure 3. Two-dimensional marginalized posterior probability distributions for some parameter combinations. The yellow and blue regions enclose 68% and 95%
probability, respectively. The encircled red cross is the best fit, the filled green dot the posterior mean.
(A color version of this figure is available in the online journal.)

5.3. Quality of Best-fit Model

We now assess the quality of our best-fit model. Define the
χ2 as

χ2 ≡
5∑

j=1

Nj∑

i=1

(
ΦX(Ei, Θ,φ) − Φ̂ij

X

)2

σ 2
ij /τj

, (18)

i.e., we compute the χ2 using the rescaled error bars for the
data points (note that the χ2 #= −2 log P (D|Θ,φ, τ ), i.e., the
χ2 is not minus twice the log-likelihood because of the pre-
factor containing τappearing in Equation (8)). There are N = 76
total data points and M = 16 fitted parameters, including both
the modulation and the error rescaling parameters. Therefore,
the number of degrees of freedom (dof) is 60, and for the
best-fit model we find χ2 = 69.3, which leads to a reduced
chi-squared χ2/dof = 68/60 = 1.15. This is not surprising,
since by construction the error bar rescaling parameters, τ , are
adjusted dynamically during the global fit to achieve this. A
more detailed breakdown of the contribution to the total χ2 by
data set is given in Table 3.

The predictions for the fitted CR spectra of the best-fit model
parameters are shown in Figures 4–6, including an error band
delimiting the 68% and 95% probability regions. The species
shown are B/C and 10Be/9Be ratios, and the spectra of carbon
and oxygen. In each plot, we show the spectrum modulated with
the potential corresponding to our best-fit parameters from our
global fits for each of the data sets employed. We also show
the data sets, each with error bars enlarged by the best-fit value
of our scaling parameters, τ , as given in Table 2. The yellow/
blue band delimits regions of 68% and 95% probability, and is
modulated according to the potential given in the each panel.
We emphasize that the power of our statistical technique is
such that we can, for the first time, provide not only a best-
fit model but also an error band with a well-defined statistical
meaning.

In order to better visualize the comparison of our best-fit
model to the fitted data, we plot in the bottom part of each panel
the best-fit residuals, i.e., the difference between data and best-
fit model, divided by the experimental error bar (enlarged by the
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However,	  secondary-‐to-‐primary	  ra7os	  depend	  on	  	  	  	  	  	  	  	  	  	  	  	  ➙	  degeneracy	  
(need	  separate	  measurement	  of	  	  	  	  	  	  	  	  	  to	  break	  this	  degeneracy)	  

Trotta et al., ApJ 729 (2011) 106



Local e- spectrum and synchrotron 
A. W. Strong et al.: Cosmic-ray electron spectrum from synchrotron

in mind this difference, which does not affect our conclusions.
We do not address the high-energy positron excess reported by
the PAMELA group Adriani et al. (2009), since the main excess
lies above the energies of importance for synchrotron, and in ad-
dition because the absolute PAMELA positron spectrum is not
yet available.

Lower energy (100 MeV and below) electron data are avail-
able from the Voyager (Webber & Higbie 2008) and Ulysses
(Heber et al. 2005) spacecraft, but they are not constrained by
synchrotron and will not be used here.

6. Results

6.1. Pure diffusion model

We consider first a “pure diffusion” model, with a halo height of
4 kpc. The complete set of GALPROP parameters are given in
Strong et al. (2010), model z04LMPDS. The electron injection
spectrum breaks at 4 GeV and 50 GeV, with indices 1.6/2.5/2.2.
The break at 50 GeV is to fit the Fermi-LAT low-energy upturn,
the break at 4 GeV to fit low-frequency synchrotron. A cutoff
at 2 TeV is introduced to reproduce the H.E.S.S. data, although
this has no effect for the synchrotron, the corresponding frequen-
cies being far too high. Figure 1 shows the interstellar electron
and positron spectra for this model, and also for various modu-
lation levels using the force-field approximation. Figure 2 shows
that this model gives a reasonable fit to the synchrotron spec-
trum, and illustrates the role played by the secondary leptons
which have a steeper spectrum than primaries and contribute sig-
nificantly to the low-frequency synchrotron. Figure 3 shows the
spectral index as a function of frequency for this model, for pri-
mary and secondary leptons and for total leptons.

We next show the effect of varying the low-energy (<4 GeV)
electron injection index, from 1.0 to 2.5. Figure 4 shows the in-
terstellar electron spectra for these models, and also for various
modulation levels using the force-field approximation. It is clear
that the electron data alone cannot distinguish the models due to
the modulation uncertainty, so that the synchrotron constraints
are essential.

Figure 5 shows that a low-energy primary electron injection
index of 2.0 is at the limit of the low-frequency synchrotron
data. The best fit is actually for an injection index around 1.3.
Figure 6 shows the synchrotron spectral index for these models,
compared to values from the literature described in Sect. 4.1.

In Fig. 7, the primary electron spectrum has been cut off be-
low 4 GeV to illustrate the contribution from those energies;
since removing these low-energy electrons eliminates most of
the low-frequency synchrotron from primaries, it shows that
low-frequencies (below 100 MHz) are dominated by leptons
with energies less than 4 GeV. Secondary leptons produce one
third of the observed low-frequency intensity and hence make
determination of the primary spectrum more difficult. Secondary
leptons together with primaries above 4 GeV already account
for 50% of the low-frequency synchrotron.

6.2. Reacceleration model

We now consider a reaccleration model, also with halo height
4 kpc. The complete set of GALPROP parameters are given in
Strong et al. (2010), model z04LMS; the injection spectral in-
dex above 4 GeV has been reduced from 2.42 in that model
to 2.3 to better fit the Fermi electron data above 20 GeV. The
range 7−20 GeV shows a slight steepening in Fermi-LAT and
PAMELA data, but no attempt has been made to reproduce this

Fig. 1. Electron (upper) and positron (lower) spectra for pure dif-
fusion model with primary low-energy electron injection index 1.6.
Modulation Φ = 0, 200, 400, 600, 800 MV. NB Fermi-LAT in-
cludes positrons. Cyan open circles: AMS01; green crosses and filled
circles: CAPRICE; blue squares: HEAT; red filled circles: Fermi-
LAT; black filled circles: PAMELA; blue triangles: SANRIKU; red
crosses: BETS, PPT-BETS; cyan open circles: ATIC-1-2; green filled
and open squares: H.E.S.S. For references see text.

in the reaccelation model since we want to test an existing pub-
lished model; it has no effect on our conclusions. As in the case
of the pure diffusion model a cutoff above 2 TeV has been in-
troduced to fit the H.E.S.S. data, although this has no signifi-
cance for synchrotron. The lepton and synchrotron spectra for
this model are shown in Figs. 8, 9 and the synchrotron indices in
Fig. 10.

It is clear that this particular reacceleration model is not con-
sistent with the observed synchrotron spectrum, since the sum
of primary and secondary leptons produces too high intensi-
ties at low frequencies, and the low-frequency spectral index is
too large. It could be adjusted by making the low-energy injec-
tion index smaller, as for the pure diffusion model. However a
large part of the excess comes from the secondary leptons which
have a large peak due to reacceleration which makes them equal
to primary electrons around 1 GeV, and which cannot be ad-
justed very much in this model; this peak is not present in the
pure diffusion model (see comparison for secondary leptons in
Fig. 2). Decreasing the B-field can improve the low-frequency
fit but then the high-frequencies are under-predicted since the

A54, page 5 of 13

A&A 534, A54 (2011)

Fig. 2. Synchrotron spectra for pure diffusion model with primary low-
energy electron injection index 1.6. Synchrotron from primary electrons
(upper), secondary leptons (middle) and total (lower). For synchrotron
data references see Sect. 4.2.

overall spectrum is steeper than the model predicts. Only if the
secondaries are removed does the synchrotron give a good fit,
while the secondary production is certainly present. Arguing dif-
ferently, we note that the secondaries already produce the low-
energy synchrotron intensities, which would preclude the exis-
tence of electron primaries. Either way the model is problematic
for synchrotron. This does not mean that reacceleration models

Fig. 3. Synchrotron spectral index for pure diffusion model with pri-
mary low-energy electron injection index 1.6. Synchrotron from pri-
mary electrons (upper), secondary leptons (middle) and total (lower).
The experimental ranges are based on values from the literature as re-
viewed in the text, and are only intended to be indicative of the gen-
eral trend since the measurements cover different sky areas. Data: red:
Tartari et al. (2008); blue: Rogers & Bowman (2008); cyan: Roger et al.
(1999); black dashed: Giardino et al. (2002); black dotted: Platania et al.
(1998); green: Platania et al. (2003); cyan: Kogut et al. (2007); orange
full: Miville-Deschênes et al. (2008); orange dashed: Gold et al. (2009);
orange dotted: Dunkley et al. (2009); black full: Kogut et al. (2011).

A54, page 6 of 13

•  Require	  break	  in	  IS	  electron	  spectrum,	  e.g.	  at	  ~4	  GV:	  	  
•  Fix	  local	  (turbulent)	  magne7c	  field:	  
•  Constrain	  certain	  propaga7on	  models,	  e.g.	  disfavour	  reaccelera7on	  

A&A 534, A54 (2011)

Fig. 2. Synchrotron spectra for pure diffusion model with primary low-
energy electron injection index 1.6. Synchrotron from primary electrons
(upper), secondary leptons (middle) and total (lower). For synchrotron
data references see Sect. 4.2.

overall spectrum is steeper than the model predicts. Only if the
secondaries are removed does the synchrotron give a good fit,
while the secondary production is certainly present. Arguing dif-
ferently, we note that the secondaries already produce the low-
energy synchrotron intensities, which would preclude the exis-
tence of electron primaries. Either way the model is problematic
for synchrotron. This does not mean that reacceleration models

Fig. 3. Synchrotron spectral index for pure diffusion model with pri-
mary low-energy electron injection index 1.6. Synchrotron from pri-
mary electrons (upper), secondary leptons (middle) and total (lower).
The experimental ranges are based on values from the literature as re-
viewed in the text, and are only intended to be indicative of the gen-
eral trend since the measurements cover different sky areas. Data: red:
Tartari et al. (2008); blue: Rogers & Bowman (2008); cyan: Roger et al.
(1999); black dashed: Giardino et al. (2002); black dotted: Platania et al.
(1998); green: Platania et al. (2003); cyan: Kogut et al. (2007); orange
full: Miville-Deschênes et al. (2008); orange dashed: Gold et al. (2009);
orange dotted: Dunkley et al. (2009); black full: Kogut et al. (2011).
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R−1.6 → R−2.5

∼ 7.5µG



Haslam vs GALPROP 

Averaging	  over	  large	  parts	  of	  sky…	  
	  
•  Assumes	  factorisa.on	  in	  longitude	  

and	  la7tude	  
•  Leads	  to	  loss	  of	  sensi.vity	  for	  

structures	  on	  intermediate	  scales	  



1.  Radio	  sky:	  

	  

2.  Spherical	  harmonics:	  

3.  Angular	  power	  spectrum:	  
	  
	  
Advantages:	  Informa7on	  ordered	  by	  spa7al	  scale	  
•  Sta7s7cally	  meaningful	  quan77es	  
•  Natural	  for	  some	  applica7ons,	  e.g.	  CMB	  foreground	  subtrac7on	  
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Angular power spectrum 
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1.  Even/odd	  structure	  
reflects	  symmetries	  
of	  sky	  map	  

2.  Smoother	  for	  higher	  
mul7poles	  

3.  Power-‐law:	  
	  	  	  	  	  with	  
	  (Kolmogorov	  turbulence)	  

m ∼ 11/3

Haslam 408 MHz survey 

2	  
3	  

1	  

C� ∝ �−m
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GALPROP 408 MHz 

2	  

1	  

1.  Deficit	  of	  power	  in	  
high	  mul7poles	  

2.  Discrepancies	  at	  	  
	  low	  l,	  e.g.	  dipole	  

	  
…	  how	  about	  adding	  in	  
small-‐scale	  emission	  

from	  ISM	  turbulence?	  	  



•  Plasma	  perturba7ons	  described	  by	  MHD	  modes,	  	  
	  	  	  	  	  	  e.g.	  Alfvén	  waves	  
	  
•  Two-‐point	  correla7on	  func7on:	  

•  Fourier	  transform	  	  
➙	  power	  spectrum:	  
	  
•  Observed	  in	  space	  plasma	  and	  	  

computer	  simula7ons	  …	  	  
	  	  	  	  	  for	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ,	  with	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (Kolmogorov	  turbulence)	  m = 11/3

P (k) =

�
dr eik·r�B(r0)B(r0 + r)�r0

�B(r0)B(r0 + r)�r0

P (k) ∝ k−m

Turbulence cascade 

k ∈ [k1, k2]

r	  



Turbulence simulation in MC 

Ø  S7ll	  deficit	  of	  
power	  at	  high	  
mul7poles	  

Ø  Discrepancies	  at	  
low	  mul7poles	  
improved!	  

2	  

1	  



Radio loops 

poles suggest that most of the dust absorption occurs within
200 pc. To select stars outside the dust column for jbj >10!, we
limit the sample to the 1578 stars with heliocentric distances
greater than 500 pc. For jbj<10!, the model is problematic be-
cause there is ample dust emission from distances further away
than the stars sample.

We represent the starlight polarization data, (Q?; U?), in terms
of a polarization amplitude, P?, and direction, !?:

Q? ¼ P? cos (2!?);

U? ¼ P? sin (2!?): ð14Þ

We then smooth the starlight data by convolving (Q?/P?) and
(U?/P?) with a Gaussian window with a FWHM of 9.2!. The
smoothing is required because the measurements are coarsely
distributed. As a result, this dust model is applicable only for
lP15 and jbj > 10!. Above, !? describes the direction of this
smoothed starlight polarization field. We can quantify the ag-
reement between the starlight and WMAP K-band polarization
measurements by computing their correlation in each pixel, Z ¼
cos 2(!? % !K)þ "½ (, where !K is the direction in K band. Fig-
ure 11 shows a plot of the correlation as a function of position. The
median correlation coefficient is 0.72 implying that the dust and
K-band directions typically agree to 20!. Because of noise in both
the K-band and starlight maps, this is an underestimate of the cor-
relation. Nevertheless, the correlation tells us that the basic model
relating the starlight, the dust, synchrotron emission, and the mag-
netic field agrees with observations.

4.1.3. Thermal Dust Emission

Based on the detection of starlight polarization, thermal dust
emission is expected to be polarized atmillimeter and submillimeter

Fig. 9.—Left : Observed K-band polarization, P. The color scale ranges from 0 to 0.1 mK. Right: Model prediction of the K-band polarization based on the Haslam
intensity map. The model has one effective free parameter, the ratio of the homogeneous field strength to the total field strength as shown in eq. (13). This plot shows
the results for #s ¼ %2:7 and q ¼ 0:7.

Fig. 10.—Top: Haslam 408 MHz map is shown with circles indicating loops
from Berkhuijsen et al. (1971). These ridges of enhanced Galactic radio emission
are seen across the sky at low radio frequencies. The North Polar Spur (‘‘Loop I’’)
and the Cetus arc ( ‘‘Loop II’’ ) are examples of these features, which have been
described as the remnants of individual supernovae, or of correlated supernovae
outbursts that produce blowouts, or as helical patterns that follow the local
magnetic fields projecting out of the plane. Four such loops can be seen in the
Haslam 408 MHz radio map and the WMAP map. Note that the color stretch is
logarithmic in temperature.Bottom:WMAPK-band polarizationmapwith the same
loops superimposed. Note that the highly polarized southern feature is close to the
North Polar Spur circle andmay be related to the same physical structure. Note also
that the polarization direction is perpendicular to the main ridge arc of the North
Polar Spur, indicating a tangential magnetic field. This is also seen in the southern
feature. Whether or not they are physically related remains unclear.

Fig. 11.—Map of the correlation, Z, between the polarization angle derived
from the polarization of starlight, and the polarization angle in the K band. In the
regions of high K-band polarization, the correlation is strong. The polarization
directions are anticorrelated in the Orion-Eridanus region near l ¼ %165!, sug-
gesting spatially distinguished regions of dust and synchrotron emission.

WMAP 3 YEAR POLARIZATION MAPS 345No. 2, 2007

² Probably	  shells	  of	  
old	  SNRs	  

² Can	  only	  observe	  4	  
radio	  loops	  directly	  
in	  radio	  sky	  

² But	  es7mated	  total	  
Galac7c	  popula7on	  
of	  up	  to	  ~104	  SNRs	  
can	  contribute	  on	  
smaller	  scales	  …	  
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Angular Power Spectrum of a shell 

…	  aher	  projec7on	  along	  	  
line-‐of-‐sight,	  the	  shell	  of	  
homogeneous	  emissivity	  
has	  angular	  profile	  g(r)	  
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Boosted emissivity in old SNRs 

Sarkar, 
MNRAS 
199 
(1982) 97

Van der Laan, MNRAS 
124 (1962) 125

If	  the	  compression	  in	  the	  shell	  is	  by	  a	  factor	  η then	  a	  power-‐law	  CR	  
spectrum	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  is	  modified	  to:	  
	  
	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  …	  aher	  pitch-‐angle	  scaiering	  behind	  the	  shock	  



Angular Power Spectrum of a shell 

Angular	  power	  
spectrum	  for	  shell	  i:	  
 
 
 
 
…	  thickness	  of	  shell	  
determines	  cut-‐off	  
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? 

Galactic population of loops 

Angular	  power	  
spectrum	  for	  shell	  i:	  
 
 
 
 
…	  thickness	  of	  shell	  
determines	  cut-‐off	  
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Angular	  power	  	  



Galactic population of loops 

? 

Angular	  power	  
spectrum	  for	  shell	  i:	  
 
 
 
 
…	  thickness	  of	  shell	  
determines	  cut-‐off	  
 

Ci(�) ∝
�
Pl

�
cos

Ri

di

��2

…	  fills	  in	  the	  	  
missing	  power!	  	  



GALPROP	  

Free-‐free	  

Point	  sources	  

408	  MHz	  map	  
Sum	  

Turbulence	  

Residuals	  

The ‘standard’ galaxy model does not match the data 



… but adding old SNR shells fills in the deficiency nicely! 

GALPROP	   Free-‐free	  

Point	  sources	  

408	  MHz	  map	  

Sum	  

Turbulence	  

Residuals	  

scaier	  ⇒	  different	  realisa7ons	  
of	  the	  SNR	  distribu7on	  in	  Galaxy	  



Adopted parameters 



… and this is our best fit @ 408 MHz (test at 1.4 GHz?)  

GALPROP	   Free-‐free	  

Point	  sources	  

408	  MHz	  map	  

Sum	  

Turbulence	  

Residuals	  



408	  MHz	  map	  

GALPROP	  
+	  turbulence	  

Free-‐free	  

Old	  SNR	  shells	   Radio	  loops	  

Sum	  



Summary 

smooth 

turbulent 

radio loops 

Small-‐scale	  fluctua7ons	  can	  
also	  be	  well-‐modelled	  by	  a	  
(Kolgomorov)	  turbulence	  
cascade	  in	  the	  magne7c	  field	  	  	  

However	  in	  order	  the	  match	  the	  angular	  power	  
spectrum	  of	  the	  full-‐sky	  radio	  map	  (408	  MHz)	  on	  
intermediate	  scales	  requires	  adding	  in	  ~1000	  shells	  of	  
old	  supernova	  remnants	  (aka	  `radio	  loops’)	  	  

Understanding	  this	  component	  will	  prove	  crucial	  for	  foreground	  subtrac7on,	  especially	  for	  
polarised	  emission	  …	  these	  contribute	  at	  high	  galac7c	  la7tudes	  so	  cannot	  easily	  be	  masked	  

The	  ‘standard’	  model	  	  of	  foreground	  galac7c	  radio	  
emission	  assumes	  a	  smoothly	  varying	  emissivity	  …	  
Provides	  a	  reasonable	  match	  to	  observed	  frequency	  
spectrum	  and	  la7tudinal/longitudinal	  profiles	  


