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Foreground removal 
•  mask out strongly contaminated regions:  

Galactic disk & point sources 
•  look at uncontaminated regions 

actively removing foregrounds 
1)  ILC (Internal Linear Combination): 

exploiting different spectral behaviour 
2)  template subtraction: 

exploiting different (spatial) distribution 



Internal Linear Combination 

in that it relies only onWMAP data, so the calibration and system-
atic errors of other experiments do not enter. There are a num-
ber of ways the coefficients can be determined, some of which
require only minimal assumptions about the nature of the fore-
ground signals. In the first year WMAP papers we introduced a
method in which the coefficients were determined by minimiz-
ing the variance of the resultingmap subject to the constraint that
the coefficients sum to unity, in order to preserve the CMB sig-
nal. We called the resulting map the ‘‘ILC’’ map. In this section
we elaborate on the strengths and limitations of the ILC method
and quantify the uncertainties in the ILC map.

Eriksen et al. (2004a) have also analyzed the method as an
approach to foreground removal. They devised an approach to
variance minimization that employed a Lagrange multiplier to
linearize the problem and dubbed the resulting map the ‘‘LILC’’
map, where the first L denotes Lagrange. They found their LILC
map differed somewhat from the ILC map in certain regions of
the sky. We have since verified that the two minimization meth-
ods produce identical results for a given set of inputs and that the
differences were due to an ambiguity in the way the regions were
defined in the original ILC description. Because the linearized
algorithm is considerably faster than our original nonlinear min-
imization, we have adopted it in the present work.

5.2.1. Uniform Foreground Spectra

In order to better understand how errors arise in the ILC map,
we first consider a simple scenario in which instrument noise is
negligible and the spectrumof the foreground emission is uniform
across the sky, or within a defined region of the sky. In this case,
a frequency map, Ti( p) ! T (!i; p), may be written as a superpo-
sition of a CMB term, Tc( p), and a foreground term, SiTf ( p),
where Si ! S(!i) describes the composite frequency spectrum of
the foreground emission, and Tf ( p) describes the spatial distribu-
tion, so that Ti( p) ¼ Tc( p)þ SiTf ( p). A linear combinationmap
has the form

TILC( p) ¼
X

i

"iTi( p) ¼
X

i

"i Tc( p)þ SiTf ( p)
! "

¼ Tc( p)þ !Tf ( p); ð6Þ

where we have imposed the constraint
P

i "i ¼ 1, and have de-
fined ! !

P
i "iSi.

Suppose we choose to determine the coefficients "i by mini-
mizing the variance of TILC. Then,

#2
ILC ¼ hT 2

ILC( p)i& hTILC( p)i2 ð7Þ
¼ hT 2

c i& hTci2 þ 2! hTcTf i& hTcihTf i
! "

þ !2 hT 2
f i& hTf i2

h i
ð8Þ

¼ #2
c þ 2!#cf þ !2#2

f ð9Þ

where the angle brackets indicate an average over pixels, and we
have defined the variance and covariance in terms of these av-
erages. Note that this expression would still hold if we added an
arbitrary constant to each frequency map, Ti ! Ti þ T0; i. The
ILC variance will be minimized when

0 ¼ @#2
ILC

@ "i
¼ 2

@!

@ "i
#cf þ 2!

@!

@ "i
#2
f : ð10Þ

Thus the coefficients "i that minimize #2
ILC give!¼&#cf /#2

f , and
in the absence of noise, the corresponding ILC solution is

TILC( p) ¼ Tc( p)&(#cf =#
2
f )Tf ( p); ð11Þ

with

#2
ILC ¼ #2

c & #2
cf =#

2
f : ð12Þ

In this ideal case, the frequency maps combine in such a way
as to maximize the cancellation between CMB signal and fore-
ground signal, producing a biased CMB map with #2

ILC ' #2
c .

We have tested this result with ideal simulations in which we
generate five frequency maps, Ti, which include a Galaxy signal
with a constant spectrum, Si, and random realizations of CMB
signal and instrument noise. We then generate ILC maps from
each realization and compare the residual map, TILC & Tc, to the
bias prediction,&(#cf /#2

f )Tf . The results confirm that the above
description is correct, and that instrument noise is not a signifi-
cant concern in this situation. The level of the bias is typically
(10 $K in the Galactic plane.

5.2.2. Nonuniform Foreground Spectra

To minimize the anticorrelation bias we should choose regions
that minimize the covariance between the CMB and the fore-
ground, hTcTf i. However, in the previous analysis we assumed
that the spectra of the foreground signals were constant over the
sky. In reality these will vary as the ratio of synchrotron, free-free,
and dust emission varies across the sky (and as the intrinsic syn-
chrotron and dust spectra vary). In this case, the bias analysis be-
comes more complex. Specifically, the foreground component at
each frequency may be written as Si( p)Tf ( p), and the ILC map
takes the form

TILC( p) ¼ Tc( p)þ !( p)Tf ( p); ð13Þ

where !( p) !
P

i "iSi( p). The ILC variance then generalizes to

#2
ILC ¼ hT 2

c i& hTci2 þ 2 hTc!Tf i& hTcih!Tf i
! "

þ h!2T 2
f i& h!Tf i2

h i
: ð14Þ

Using the same reasoning that led to equation (10), we obtain the
following result for the minimum variance solution

h!Tf SiTf i ¼ &hTc SiTf i: ð15Þ

This has the same interpretation as equation (10), in the sense
that it relates the foreground variance to the CMB-foreground
covariance. We can solve this equation for !( p) by noting that
!( p) !

P
i "iSi( p), so that

X

j

hSiTf SjTf i"j ¼ &hTc SiTf i: ð16Þ

Now define Fij ! hSiTf SjTf i and Ci ! hTc SjTf i, whereby

! ¼
X

i

"iSi ¼ &
X

i j

Si(F
&1)i jCj; ð17Þ

which is themultifrequency analog of equation (11). Once again,
however, the bias in the ILC solution is proportional to (minus)
the CMB-foreground covariance.

HINSHAW ET AL.300 Vol. 170

WMAP maps 

advantage:  no external maps needed 
issue:  ILC map somewhat biased 

H
in

sh
aw

 et
 a

l.,
 A

pJ
S 

17
0 

(2
00

7)
 2

88
 

can be thought of as sum of CMB and foreground map with spectrum 

reduce “presence” of foreground in ILC by minimising the ILC variance, 
but due to CMB-foreground correlation 
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cant concern in this situation. The level of the bias is typically
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each frequency may be written as Si( p)Tf ( p), and the ILC map
takes the form
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χ2 "t to data with 
foreground model: 

Template subtraction 

5.3. Foreground Template Subtraction

The ILC method discussed above produces a CMB map with
complicated noise properties, while the MEMmethod discussed
in x 4.5 is primarily used to identify and separate foreground com-
ponents fromeach other. Formost cosmological analyses onemust
retain the well-defined noise properties of the WMAP frequency
bandmaps. To achieve this we form low-noisemodel templates of
each foreground emission component and fit them to the WMAP
sky maps at each frequency. After subtracting the best-fit model,
wemask regions that cannot be reliably cleaned because of limita-
tions in the template models. In this section we describe themodel
templates we use for synchrotron, free-free, and dust emission, and
we estimate the residual foreground uncertainties that remain after
these templates have been fit and subtracted. TheWMAP bandmaps
are calibrated in thermodynamic temperature units; where appro-
priate, we convert Galactic signals to units of antenna temperature
using the factors g! given in Table 2.

In our first-year model we used the Haslam 408 MHz map as
a template for synchrotron emission. We now use the WMAP

K- and Ka-band data to provide a synchrotron template, as de-
scribed below. This is preferable because: (1) the intrinsic sys-
tematicmeasurement errors are smaller in theWMAP data than in
the Haslam data, and (2) the nonuniform synchrotron spectrum
producesmorphological changes in the brightness as a function of
frequency (Bennett et al. 2003c), so that the low frequency Haslam
map is less reliable at tracingmicrowave synchrotron emission than
the WMAP data.
There are two potential pitfalls associated with using the K-

and Ka-band data for cleaning: (1) the data are somewhat noisy,
and since the template subtraction will be common to all cleaned
channels, there can be a noise bias introduced in the inferred
angular power spectrum. (But note that we use separate templates
for each year of data, so the correlation only acts across frequency
bands within a single year.) (2) Since the K- and Ka-band data are
contaminated with point sources, this signal could interfere with
the primary goal of cleaning the diffuse emission. Using the fitting
coefficients obtained below and the known noise properties of
the K- and Ka-band data, we estimate the noise bias in the final
power spectrum to be<5 "K2 near the first acoustic peak (<0.1%
of the CMB signal), and even smaller at lower and higher multi-
poles. Furthermore, assuming the point source model given in
equation (43), and the fact that the template has been smoothed
to an effective resolution of 1N0 FWHM, we estimate that sources
contribute<1 "K2 to the power spectrum at l ¼ 400 in the TK"
TKa template, and thus may be safely ignored. In the end, these
pitfalls are not a source of concern for the 3 year analysis.
The difference map TK " TKa, in thermodynamic units, can-

cels CMB signal, while it contains a specific linear combination
of synchrotron and free-free emission (and a minimal level of
thermal dust emission). We use this map as the first template in
the model. For the second template we use the full-sky H# map
compiled by Finkbeiner (2003) with a correction for dust extinc-
tion (Bennett et al. 2003c). This template independently traces
free-free emission, allowing the model to produce an arbitrary
ratio of synchrotron to free-free emission at a given frequency
(the limitations of H# as a proxy for free-free are discussed be-
low). For dust emission, we adopt ‘‘Model 8’’ from the Finkbeiner
et al. (1999) analysis of IRAS andCOBE data, evaluated at 94 GHz
(see x 4.3). The full model has the form

M (!; p) ¼ b1(!)(TK " TKa)þ b2(!)IH# þ b3(!)Md; ð19Þ

where bi(!) are the fit coefficients for each template at frequency
!, and Md is the dust map. As discussed below, this model is
simultaneously fit to the Q-, V-, and W-band maps, and we con-
strain the coefficients b2 and b3 to follow the specified frequency
spectra to minimize component degeneracy.
To clarify the physical interpretation of b1 and b2, we first note

that TK " TKa may be rewritten in terms of synchrotron and free-
free emission as

TK " TKa ¼ RsTs þ RATA; ð20Þ

where Ts and TA are the synchrotron and free-free maps in an-
tenna temperature at K-band, Rc & gKSc(!K; p)" gKaSc(!Ka; p)
is the surviving fraction of emission component c (synchrotron
or free-free) in TK " TKa, and Sc is the spectrum of component c,
in antenna temperature, relative to K-band. To a very good approx-
imation, the spectrum of free-free emission is SA ¼ (!/!K)"2:14

(x 4.1), so that RA ¼ 0:552. For synchrotron emission, variations
in the spectrum as a function of position will produce variations

Fig. 9.—Top: First-year ILC map reproduced from Bennett et al. (2003c).
Middle: 3 year ILCmap produced following the steps outlined in x 5.2.Bottom: Dif-
ference between the two (1 yr" 3 yr). The primary reason for the difference is the
new bias correction (Fig. 8). The low-l change noted in x 3 and shown in Fig. 3 is
also apparent.
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(K-Ka) difference map: 
certain combination of 
synchrotron and  
free-free 

Hα map: 
tracer of free-free 

IR map (extrapolated 
to 94 GHz): 
tracer of dust 

advantage:  extract spectral information about foregrounds 
issue:  direction-dependent spectral indices/morphological 

changes with frequency 
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Before and after 

degree towhich these residual errors contaminate the CMBpower
spectrum.

6. EXTRAGALACTIC FOREGROUNDS

6.1. Point Sources

Extragalactic point sources contaminate the WMAP anisot-
ropy data, and a few hundred of them are strong enough that they
should be masked and discarded prior to undertaking any CMB
analysis. In this section we describe a new direct search for sources
in the 3 yearWMAP bandmaps. Based on this search,we update the
source mask that was used in the first-year analysis. In x 7.2 we
describe our approach to fitting and subtracting residual sources
in the data. Page et al. (2007) discuss the treatment of polarized
sources.

For the first-year analysis, we constructed a catalog of sources
surveyed at 4.85 GHz using the northern hemisphere GB6 cat-
alog (Gregory et al. 1996) and the southern hemisphere PMN
catalog (Griffith et al. 1994, 1995; Wright et al. 1994, 1996).
The GB6 catalog covers the declination range 0! < ! < þ75! to
a flux limit of 18 mJy, while the PMN catalog covers #87! <
! < þ10! to a flux limit between 20 and 72 mJy. Combined,
these catalogs contain 119,619 sources, with 93,799 in the region

bj j > 10!. We have examined the 3 yearWMAP skymaps for evi-
dence of these sources as follows: we bin the catalog by source
brightness and, for each bin, we cull the corresponding sky map
pixels that contain those sources. The data show a clear correlation
between source strength and mean sky map temperature that dis-
appears if the skymap pixels are randomized. Themultifrequency
WMAP data suggest that the detected sources are primarily flat-
spectrum, with " $ 0.
In the first-year analysis, we produced a catalog of bright

point sources in theWMAP sky maps, independent of their pres-
ence in external surveys. This process has been repeated with
the 3 year maps as follows. We filter the weighted maps, N1/2

obsT
(Nobs is the number of observations per pixel) in harmonic space
by bl/(b

2
l C

cmb
l þ C noise

l ) (Tegmark & de Oliveira-Costa 1998;
Refregier et al. 2000), where bl is the transfer function of theWMAP
beam response (Page et al. 2003a; Jarosik et al. 2007), C cmb

l is
the CMB angular power spectrum, and C noise

l is the noise power.
Peaks that are >5 # in the filtered maps are fit in the unfiltered
maps to aGaussian profile plus a planar baseline. TheGaussian am-
plitude is converted to a source flux density using the conversion
factors given in Table 5 of Page et al. (2003a). When a source is
identified with >5 # confidence in any band, the flux densities for
other bands are given if they are >2 # and the fit source width is

Fig. 10.—Galactic foreground removal with spatial templates. All maps in this figure are 3 year maps that have had the ILC estimate of the CMB signal subtracted off
to highlight the foreground emission. The maps have been degraded to pixel resolution 5, are displayed in Galactic coordinates, and are scaled to%30 $K. The white con-
tour indicates the perimeter of the Kp2 sky cut, outside of which the template fits were evaluated. The frequency bands Q throughWare shown top to bottom. Left: Sky maps
prior to the subtraction of the best-fit foregroundmodel (x 5.3).Middle: The same skymapswith the first-year template-basedmodel subtracted. Note the high-latitude residuals
in the vicinity of the North Polar Spur and around the inner Galaxy due to the use of the Haslam 408MHz map as a synchrotron template.Right: The same sky maps with the
3 year template-based model subtracted. This model substitutes K- and Ka-band data for the Haslam data, which produces lower residuals outside the Kp2 sky cut. There are
still isolated spots with residual emission of order 30 $K in the vicinity of the Gum Nebula and the Ophiuchus Complex (see Fig. 7). Note also that substantial errors
(&30 $K) remain inside the Kp2 cut due to limitations in the template model.
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source mask that was used in the first-year analysis. In x 7.2 we
describe our approach to fitting and subtracting residual sources
in the data. Page et al. (2007) discuss the treatment of polarized
sources.

For the first-year analysis, we constructed a catalog of sources
surveyed at 4.85 GHz using the northern hemisphere GB6 cat-
alog (Gregory et al. 1996) and the southern hemisphere PMN
catalog (Griffith et al. 1994, 1995; Wright et al. 1994, 1996).
The GB6 catalog covers the declination range 0! < ! < þ75! to
a flux limit of 18 mJy, while the PMN catalog covers #87! <
! < þ10! to a flux limit between 20 and 72 mJy. Combined,
these catalogs contain 119,619 sources, with 93,799 in the region

bj j > 10!. We have examined the 3 yearWMAP skymaps for evi-
dence of these sources as follows: we bin the catalog by source
brightness and, for each bin, we cull the corresponding sky map
pixels that contain those sources. The data show a clear correlation
between source strength and mean sky map temperature that dis-
appears if the skymap pixels are randomized. Themultifrequency
WMAP data suggest that the detected sources are primarily flat-
spectrum, with " $ 0.
In the first-year analysis, we produced a catalog of bright

point sources in theWMAP sky maps, independent of their pres-
ence in external surveys. This process has been repeated with
the 3 year maps as follows. We filter the weighted maps, N1/2

obsT
(Nobs is the number of observations per pixel) in harmonic space
by bl/(b

2
l C

cmb
l þ C noise

l ) (Tegmark & de Oliveira-Costa 1998;
Refregier et al. 2000), where bl is the transfer function of theWMAP
beam response (Page et al. 2003a; Jarosik et al. 2007), C cmb

l is
the CMB angular power spectrum, and C noise

l is the noise power.
Peaks that are >5 # in the filtered maps are fit in the unfiltered
maps to aGaussian profile plus a planar baseline. TheGaussian am-
plitude is converted to a source flux density using the conversion
factors given in Table 5 of Page et al. (2003a). When a source is
identified with >5 # confidence in any band, the flux densities for
other bands are given if they are >2 # and the fit source width is

Fig. 10.—Galactic foreground removal with spatial templates. All maps in this figure are 3 year maps that have had the ILC estimate of the CMB signal subtracted off
to highlight the foreground emission. The maps have been degraded to pixel resolution 5, are displayed in Galactic coordinates, and are scaled to%30 $K. The white con-
tour indicates the perimeter of the Kp2 sky cut, outside of which the template fits were evaluated. The frequency bands Q throughWare shown top to bottom. Left: Sky maps
prior to the subtraction of the best-fit foregroundmodel (x 5.3).Middle: The same skymapswith the first-year template-basedmodel subtracted. Note the high-latitude residuals
in the vicinity of the North Polar Spur and around the inner Galaxy due to the use of the Haslam 408MHz map as a synchrotron template.Right: The same sky maps with the
3 year template-based model subtracted. This model substitutes K- and Ka-band data for the Haslam data, which produces lower residuals outside the Kp2 sky cut. There are
still isolated spots with residual emission of order 30 $K in the vicinity of the Gum Nebula and the Ophiuchus Complex (see Fig. 7). Note also that substantial errors
(&30 $K) remain inside the Kp2 cut due to limitations in the template model.
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Polarised emission 

synchrotron-free region and at l-values beyond where this simple
parameterization can be tested, there is not a conflict with their
results. The same is true for the CBI experiment (Readhead et al.
2004), which also observed at 30 GHz but at a predominantly
higher l and in a predetermined clean region of sky. The dust
amplitude in the model is especially uncertain. Depending on the
region of sky within the P06 cut, and the l of interest, it may be
an order of magnitude off.

For a more complete model of the power spectra of foreground
emission, one must take into account the correlations or anticor-
relations between various foreground components and between
the foreground components and the CMB. For example, a reason-
able fit to the l ¼ 2 EE spectrum, which is dominated by fore-
ground emission, is given by

BEE(!)¼ as(!1!2)
"s þ #sdasad(!

"s
1 !"d

2 þ !"d
1 !"s

2 )þ ad(!1!2)
"d ;

ð26Þ

where #sd is the dust synchrotron correlation coefficient, !1 and
!2 are the frequencies of the two spectra that are correlated, "d

and "s are the dust and synchrotron spectral indices, and ! ¼
(!1!2)1/2. This fit is shown in Figure 18. After normalizing the
frequency to 65 GHz, the following coefficients were found to
reasonably represent the data: as ¼ 0:64, "s ¼ %2:9; ad ¼ 0:65;
"d ¼ 1:5, and #sd ¼ 0:46. In order to produce the KV, KW, and
KaW features, there must be significant correlations between dust
and synchrotron emission. For the l ¼ 4 EE spectrum a similar
expression fits the data if #sd is negative.

Some care is needed in interpreting the statistical significance
of power spectra that include foreground emission and a cut sky.
The lack of statistical isotropy of the foreground emission means
that it must be treated separately from the CMB when assess-
ing the net noise. In the presence of foregrounds, the random
uncertainty becomes

!C 2
l ¼ 2

(2l þ 1) f 2
sky

½N 2
l þ 2NlF l'; ð27Þ

where F l is the foreground emission at each l. We plot only the
first term in Figures 17 and 18 to indicate the size of the statis-
tical error. In addition, with the sky cut there is a noise-foreground
coupling between N E;B

l
and F E;B

l(2
, and between NE;B

l and F B;E
l(1 .

This is analogous to the noise coupling shown in Appendix C.

5.2. Power Spectrum of Foreground-cleaned
Maps Outside the P06 Mask

We next discuss the power spectrum after removing the fore-
ground emission from the maps. Cleaning foregrounds not only
changes the mean of Cl, but it reduces !Cl because of the cou-
plings. The choice of model makes little difference to the con-
clusions. For all the following we have subtracted the best-fit
KD3Pol Q and U templates from the Ka through W maps (both
r4 and r9 versions) as described in x 4. Table 5 shows the EE
l ¼ 2 and BB l ¼ 5, the multipoles with the largest foreground
contributions, for both before and after the subtraction. Where
the foreground signal is dominant, the subtraction can reduce its
level by a factor of 6Y10 in temperature.

When we fit and subtract the foreground templates, we use es-
sentially all of the available data on polarized foreground emis-
sion. The error bar on the power spectrum of the cleaned maps
is dilated in the cleaning process as discussed above. We do not
include an additional error for systematic uncertainty in themodel.
Rather, by comparing spectra of precleaned to cleaned maps, we
estimate that the model removes at least 85% of the synchrotron.
This is demonstrated, for example, in the KKa and KaKa com-
binations for l ¼ 2 EE in Table 5, in the subtraction shown in
Figure 15, and to a lesser degree by the null EB and BB power

Fig. 17.—Absolute value of the EE (solid lines, violet through green) and BB
(dashed lines, violet through green) polarization spectra for the region outside
the P06 mask. The best-fit "CDMmodel to TT, TE, and EE data with $ ¼ 0:09
and an additional tensor contribution with r ¼ 0:3 is shown in black. The cross
spectra have been combined into frequency bins according to Table 5 and into
the following l bins: [2, 3, 4Y5, 6Y8, 9Y15, 16Y32, 33Y101, 102Y251,
252Y502]. In the presence of a dominant synchrotron spectrum, the averages
over frequency are dominated by contributions from the lowest frequencies as
can be seen by comparing the above at l ¼ 2 to Fig. 18. Diamonds (EE) and
boxes (BB) denote the data points that are negative. The points are plotted at
their absolute value to limit clutter. They should be interpreted as indicating the
approximate noise level of the measurement. The 1 % upper bounds and down-
ward arrows mark points that are positive but consistent with zero. The general rise
in the data for l > 100 is due to the large noise term. The red line corresponds to
eq. (25) evaluated for ! ¼ 60 GHz for the BB foreground emission.

Fig. 18.—Frequency spectrum of the EE and BB power spectra for the region
outside the P06 mask. To increase the signal-to-noise ratio, multiple values of l
are averaged as indicated. Only statistical errors are shown. Negative values are
not plotted. The frequency band combinations are given in Table 5. The thin red
line running close to the l ¼ 2 EE spectrum is the model in eq. (26). The dot-
dashed red line corresponds to eq. (25) evaluated for BB at l ¼ 2.

WMAP 3 YEAR POLARIZATION MAPS 353No. 2, 2007
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Haslam 408 MHz 

Haslam et al., A&AS 47 (1982) 1 
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e galactic radio background… 
… is predominantly synchrotron of CR electrons 
on the galactic magnetic "elds… 
 
 
 
 
 
 
 
 
 
… and we look at its line-of-sight projections: 
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Ingredients 
CR electrons: •  sources:  SNRs! pulsars? PWNe?  

 large-scale distribution?! 

•  conceptual: stochasticity of sources? 

•  propagation: diffusive! convective? 
 reacceleration? energy losses? 

Galactic magnetic "elds: •  large-scale, ordered component 

•  small-scale, turbulent component 
	
  



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).
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•  require break in IS electron spectrum, e.g. at source:  
•  "x local (turbulent) magnetic "eld: 
•  constrain certain propagation models, e.g. disfavour reacceleration 

R−1.5 → R−2.2

∼ 8µG

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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Haslam vs GALPROP 

averaging over large parts of the sky… 
•  assumes factorisation in longitude 

and latitude 
•  leads to loss of sensitivity for 

structures on intermediate scales 



Difference: Haslam - GALPROP 



1.  radio sky: 

 

2.  spherical harmonics: 

3.  angular power spectrum: 
 
advantages: 
•  information ordered by scale 
•  statistically meaningful quantities 
•  natural for some applications, e.g. CMB foreground subtraction 
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1.  even/odd structure 
re$ects symmetries of 
sky map 

2.  smoother for higher 
multipoles 

3.  power-law 
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Smooth component only… 

synchrotron:  
smooth emissivity 
(GALPROP) 
 
free-free:  
WMAP MEM-template 
 
unsubtracted sources: 
shot noise 
 

Mertsch & Sarkar, JCAP 06 (2013) 041 



Smooth component only… 

synchrotron:  
smooth emissivity 
(GALPROP) 
 
free-free:  
WMAP MEM-template 
 
unsubtracted sources: 
shot noise 
 

Mertsch & Sarkar, JCAP 06 (2013) 041 



•  plasma perturbations described by MHD 
modes, e.g. Alfvén waves 

•  two-point correlation function: 

•  Fourier transform ➙ power spectrum: 

•  observed in space plasma and 
simulations 
 
 
for                         with 
(Kolmogorov turbulence) 

m ∼ 11/3

P (k) =

�
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Turbulence cascade 
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Turbulence in projection 

θ �

Chepurnov, Astron. Astrophys. 
Transact. 17 (1999) 281 

•  consider two-point 
correlations on sphere 

•  power-law in wavenumber 
re$ected by power-law in 
angle    (or multipole   ) 
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…including turbulent component 

synchrotron:  
smooth emissivity 
and turbulence 
 
free-free:  
WMAP MEM-template 
 
unsubtracted sources: 
shot noise 

Mertsch & Sarkar, JCAP 06 (2013) 041 



…including turbulent component 

power-law in wavenumber 
 
re$ected by power-law in 
angle    or multipole    : 
 
Chepurnov, Astron. 
Astrophys. Transact. 17 
(1999) 281 

P (k) ∝ k−m

θ �
C� ∝ �−m

Mertsch & Sarkar, JCAP 06 (2013) 041 



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

•  probably shells of old 
SNRs 

•  can only observe 4 radio 
loops directly in radio 
sky 

•  total Galactic population 
of up to O(1000) can 
contribute on all scales 
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to GC



Haslam 408 MHz 

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



Difference: Haslam - GALPROP 



WMAP9 polarisation 

Bennett al., ApJS 208 (2013) 20 



ROSAT 0.75 keV 



Difference: Fermi-LAT - GALPROP 

Ackermann et al., ApJ 750 (2012) 35 



Faraday Rotation 

Oppermann et al., A&A 542 (2012) 14 

reconstructed dimensionless signal 



assumption: $ux from one shell factorises into angular 
part and frequency part: 
 
frequency part          : 
magnetic "eld gets compressed in SNR shell 
electrons get betatron accelerated 
emissivity increased with respect to ISM 
 
angular part              : 
assume constant emissivity in thin shell: 
 
 
 
 
 

Jshell i(ν, �, b) = εi(ν)gi(�, b)

Modelling individual shells 
Mertsch & Sarkar, JCAP 06 (2013) 041 

εi(ν)

gi(�, b)

ailm
� ∼ εi(ν)

� 1

−1
dz�Pl(z

�)gi(z
�)



assumption: $ux from one shell factorises into angular 
part and frequency part: 
 
frequency part          : 
magnetic "eld gets compressed in SNR shell 
electrons get betatron accelerated 
emissivity increased with respect to ISM 
 
angular part                  : 
assume constant emissivity in thin shell: 
 
 
 
 
add up contribution from all shells 

gi(cosψ)

Jshell i(ν, �, b) = εi(ν)gi(�, b)

Modelling individual shells 
Mertsch & Sarkar, JCAP 06 (2013) 041 
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…including ensemble of shells 

O(1000) shells of old SNRs 
present in Galaxy 
 
we know 4 local shells 
(Loop I-IV) but others are 
modeled in MC approach 
 
they contribute exactly in 
the right multipole 

Mertsch & Sarkar, JCAP 06 (2013) 041 



Best "t of local shells and ensemble 

O(1000) shells of old SNRs 
present in Galaxy 
 
we know 4 local shells 
(Loop I-IV) but others are 
modeled in MC approach 
 
they contribute exactly in 
the right multipole 

Mertsch & Sarkar, JCAP 06 (2013) 041 





correlation between Faraday depth and WMAP7 ILC 
 
MC simulations: standard deviation of correlation anomalous with p-value  

CMB contamination at high latitude? 

Hansen et al., MNRAS 426 (2012) 57; Dineen & Coles MNRAS 347 (2004) 52 

< 5× 10−4



Anomalies in ILC9 (l≤20) �

Bennett al., ApJS 208 (2013) 20 



Anomalies in ILC9 (l≤20) �

Bennett al., ApJS 208 (2013) 20 



Anomalies in ILC9 (l≤20) �

Bennett al., ApJS 208 (2013) 20 



Anomalies in ILC9 (l≤20) 

compare with MC    p-values  

�

temperature  skewness  

O(10−2)

in ring around Loop I 

Liu, PM & Sarkar, ApJL 789 (2014) 29 



Cluster analysis 

Liu, PM & Sarkar, ApJL 789 (2014) 29 

Naselsky & Novikov, ApJ. 444 (1995) 1 

from 100,000 MC runs: probability for smaller         in last four bins   �G� ∼ 10−4



How to evade foreground cleaning: 
•  ILC coefficients from minimizing variance over whole sky (         ) 
•  but Loops contribute only locally (              ) 

Ωrest

ΩLoop I

Liu, PM & Sarkar, ApJL 789 (2014) 29 



ILC coefficients from Loop I region 

Liu, PM & Sarkar, ApJL 789 (2014) 29 



ILC coefficients from rest of sky 

Liu, PM & Sarkar, ApJL 789 (2014) 29 



difference ILCrest – ILCLoop I 

Liu, PM & Sarkar, ApJL 789 (2014) 29 



What do we know about anomaly? 
•  spatially correlates with Loop I 

•  unlikely synchrotron (checked with our synchrotron model) 

•  frequency dependence: 
which spectral index     gets “zeroed” by ILC method, 
 
i.e. solve                                 for   
 
 
for WMAP9:                ,         and 
 
 
 
for Loop region:                 and  

Liu, PM & Sarkar, ApJL 789 (2014) 29 

W�

j=K

Wjν
β
j = 0 β

1.7 . . . 1.8β ∼ −3 −2

∼ 1.4

β

β ∼ −3

synch free-free thermal dust 



Spectral index 

•  WMAP polarised intensity in  
-  W (60 GHz) 
-  V (90 GHz) 

•  correlate with ILC9 

•  ratio of average intensities in 
Loop I region: 1.7 

•  spectral index: ~1.3 

Liu, PM & Sarkar, ApJL 789 (2014) 29 





Evidence for magnetised dust I 
•  correlation                 of WMAP and Planck 

frequency maps with dust template (353 
GHz) in intensity and polarisation 

•  model as 
–  CMB: achromatic 
–  synchrotron:  
–  thermal dust: 
–  AME: spinning dust 

•  in intensity:                      and 
(cf. in FIR,                  ) 

•  possible interpretation: 
magnetised dust, BB spectrum 

→  7σ evidence for magnetised dust?! 

α353(ν)

Adν
βdB(ν, Td)

Asν
βs

βd � 1.52Td � 19K

Planck Collaboration: Frequency dependence of thermal emission from Galactic dust in intensity and polarization
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Fig. 8. Mean dust SED in KRJ units, normalized to 1 at 353 GHz, with different spectral fits and the respective residuals. The three

parametric model fits are DI+AI (top left), DII+AI (middle left), and DII+AII (bottom left), as presented in Sect. 7.2. Right: residuals

after removing the best fit model listed in Table 4, from the mean dust SED. The three spectral models provide an equally good fit

to the data, with residuals compatible with zero.

7.3. Astrophysical interpretation

The three spectral models DI+AI, DII+AI, and DII+AII pro-

vide equally good fits to the observed dust SED in intensity. We

discuss the astrophysical interpretation of the dust emission for

each model.

In model DI, the spectral index of the thermal dust emission

is constant from FIR to microwave frequencies. The change of

13

βd ∼ 1.7



Evidence for magnetised dust II 

Draine & Hensley, ApJ 757 (2012) 103 

thermal dust 
typical 
 
spinning dust 
low-    foreground 
 
magnetic dust 
very $at spectra, 
down to             , 
depending on 
compound, grain 
size, resonances… 

β ∼ 1.6. . . 1.7

ν

β ∼ 0



Magnetic dipole radiation 

Draine & Lazarian, ApJ 508 (1998) 157, ibid., ApJ 512 (1999) 740 
Draine & Hensley, ApJ 765 (2013) 169 





BICEP2 variance-weight map & loops 
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Foregrounds: spectral index 
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•  bandpowers 1-5 
•  spectral index 
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Foreground models 
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Foreground models 
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•  based on 100 and 240 μm data at few degree resolution 
•  largely compatible with WMAP 94 GHz morphology, but 

underestimating dust at GHz by up to 30% 
Gold et al., ApJS 180 (2009) 265 

•  5% polarisation fraction and constant angle 

•  based on FDS dust map, modeling different 
large-scale galactic magnetic "eld 

•  5% polarisation fraction, angle has only large scale structure 
O’Dea et al., MNRAS 419 (2012) 1795 

•  similar to O’Dea et al., structure on scales 3-20 degrees from 
synchrotron maps 

based on Planck 353 GHz dust map: 
-  assuming 5% polarisation fraction, angles from PSM 
-  polarisation fraction & angles read off from Planck slides (?) 
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Conlcusion 
radioloops 
efficiently modelled in angular power 
spectrum 

contamination in CMB maps 
anomalous temperature & clustering 

 magnetised dust? 

Wolleben’s “New Loop” 
potentially high polarisation fraction 
potentially low spectral index 


