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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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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



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 (5)
radio loops directly in 
radio maps 

•  total Galactic population 
of up to O(1000) can 
contribute on all scales 
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Modelling the APS @ 408 MHz 

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

Mertsch & Sarkar, JCAP 06 (2013) 041 



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 

εi(ν)

atotallm =
�

i

ailm

ailm
� ∼ εi(ν)

� 1
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dz�Pl(z

�)gi(z
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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 





Anomalies in ILC9 (l≤20) �

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



Anomalies in ILC9 (l≤20) 

compare with MC    p-values  

�

temperature  skewness  

O(10−2)

in ring around Loop I 

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



Cluster analysis 
Naselsky & Novikov, ApJ. 444 (1995) 1 

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

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



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

Ωrest

ΩLoop I

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



ILC coefficients from Loop I region 

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



ILC coefficients from rest of sky 

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



difference ILCrest – ILCLoop I 

Liu, Mertsch & 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

Ade et al., arXiv:1405.0874 



Evidence for magnetised dust II 

Draine & Hensley, ApJ 757 (2012) 103 

thermal dust 
typical 
 
spinning dust 
low-    foreground 
 
magnetic dust 
very !at spectra, 
            ; 
dependence on 
compound, grain 
size, shape… 

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 



polarisation 
•  not a power law in 
•  dangerous frequency behaviour: BB! 
•  possibility of small-scale turbulence 

in loops è variation of polarisation 
fraction and angle 

•  none of the “dust models” covers this 

Signi"cance for cosmology 
temperature anisotropies 
•  observed loops contribute mostly at 
→  no impact at large   ? 
•  low-   anomalies (power de"cit,            ,                 alignment, parity asymmetry) 
•  CMB power even lower than observed?! 
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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 
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polarisation  
(1.4 and 23 GHz) 

polarisation angle 
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BICEP2 variance-weight map & loops 



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 


