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Figure 1: All-sky view of the magnetic field and total intensity of dust emission measured
by Planck. The colours represent intensity. The “drapery” pattern, produced using the line
integral convolution (LIC, Cabral & Leedom, 1993), indicates the orientation of magnetic field
projected on the plane of the sky, orthogonal to the observed polarization. Where the field
varies significantly along the line of sight, the orientation pattern is irregular and di�cult to
interpret.

1 Polarized thermal dust emission

Planck has produced the first all-sky map of the polarized emission from dust at sub-mm
wavelengths. Compared with earlier ground-based and balloon-borne observations (e.g., Benôıt
et al., 2004, Ward-Thompson et al., 2009, Matthews et al., 2009, Koch et al., 2010, Matthews
et al., 2014) this survey is an immense step forward in sensitivity, coverage, and statistics. It
provides astrophysicists with new insight into the structure of the Galactic magnetic field and
dust properties and provides cosmologists with the first statistical characterization of the main
foreground to CMB polarization. The wealth of information that is encoded in the all-sky
maps of polarized intensity, P , polarization fraction, p, and polarization angle,  , presented in
Planck Collaboration C12 (2015) is illustrated in Fig. 1. Here we summarize the main results
stemming from the data analysis by the Planck Consortium. The release of the data to the
science community at large is expected to trigger many more studies and much more progress.

1.1 The dust polarization sky

Planck Collaboration Int. XIX (2014) presents an overview of the polarized sky as seen by
Planck HFI at 353GHz, the most sensitive Planck channel for polarized thermal dust emission,
focusing on the statistics of p and  . At all NH below 1022 cm�2 p displays a large scatter. The
maximum p, observed in regions of moderate hydrogen column density (NH < 2⇥ 1021 cm�2),
is high (pmax ' 20%). There is a general decrease in p with increasing column density above
NH ' 1⇥ 1021 cm�2 and in particular a sharp drop above NH ' 1022 cm�2.

The spatial structure of  is characterized using the angle dispersion function S, the local
dispersion of  introduced by Hildebrand et al. (2009). The polarization fraction is found to
be anti-correlated with S. The polarization angle is ordered over extended areas of several
square degrees. The ordered areas are separated by long, narrow structures of high S that
highlight interfaces where the sky polarization changes abruptly. These structures have no
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Color: Intensity at 353 GHz
Lines: Direction of magnetic field as projected on the sky. Normalized length.
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Example of a filaments where the magnetic field follows matter
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RCrA 
30’ resolution

Example of filaments where the magnetic field follows filaments
See poster by A. Bracco (Planck Collaboration) for statistics
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Table 1: Properties of the large retained (LR) science regions described in Sect. 3.3.1. For each region, fsky is the initial sky fraction,
f

e↵
sky its value after point source masking and apodization, hI353i the mean specific intensity at 353 GHz within the region, in MJy sr�1,

and NH i the mean H i column density, in units of 1020 cm�2 (Kalberla et al. 2005). For the power-law fits in multipole `, we also list
the exponents ↵

EE

and ↵
BB

(Sect. 4.2), the �2 of the fits with fixed exponents ↵
EE

= ↵
BB

= �2.42, the value A

EE of the fitted DEE

`

amplitude at ` = 80 (in µK2
CMB at 353 GHz, Sect. 4.3), and the mean of the amplitude ratio

⌦
A

BB/AEE

↵
(see Sect. 4.4).

LR24 LR33 LR42 LR53 LR63 LR72

fsky . . . . . . . . . . . . . . . . . . . . . . 0.3 0.4 0.5 0.6 0.7 0.8
f

e↵
sky . . . . . . . . . . . . . . . . . . . . . . 0.24 0.33 0.42 0.53 0.63 0.72
hI353i/MJy sr�1 . . . . . . . . . . . . . . 0.068 0.085 0.106 0.133 0.167 0.227
NH i/1020 cm�2 . . . . . . . . . . . . . . 1.65 2.12 2.69 3.45 4.41 6.05

↵
EE

. . . . . . . . . . . . . . . . . . . . . . �2.40 ± 0.09 �2.38 ± 0.07 �2.34 ± 0.04 �2.36 ± 0.03 �2.42 ± 0.02 �2.43 ± 0.02
↵

BB

. . . . . . . . . . . . . . . . . . . . . . �2.29 ± 0.15 �2.37 ± 0.12 �2.46 ± 0.07 �2.43 ± 0.05 �2.44 ± 0.03 �2.46 ± 0.02

�2
EE

(↵
EE

= �2.42, Ndof = 21) . . . 26.3 28.1 31.8 38.3 32.7 44.8
�2

BB

(↵
BB

= �2.42, Ndof = 21) . . . 18.9 14.0 21.1 22.1 15.4 21.9

A

EE (` = 80) . . . . . . . . . . . . . . . 37.5 ± 1.6 51.0 ± 1.6 78.6 ± 1.7 124.2 ± 1.9 197.1 ± 2.3 328.0 ± 2.8
⌦
A

BB/AEE

↵
. . . . . . . . . . . . . . . . . 0.49 ± 0.04 0.48 ± 0.03 0.53 ± 0.02 0.54 ± 0.02 0.53 ± 0.01 0.53 ± 0.01

cross-power spectrum at a given frequency ⌫ is

C`(⌫ ⇥ ⌫) ⌘ C`(D1
⌫ ⇥ D

2
⌫), (3)

where D

1
⌫ and D

2
⌫ are the two independent DetSet 1 and DetSet 2

maps at the frequency ⌫. The Planck cross-band spectrum be-
tween the frequencies ⌫ and ⌫0 is

C`(⌫ ⇥ ⌫0) ⌘
1
4

h
C`(D1

⌫ ⇥ D

1
⌫0 ) +C`(D2

⌫ ⇥ D

2
⌫0 )

+C`(D1
⌫ ⇥ D

2
⌫0 ) +C`(D2

⌫ ⇥ D

1
⌫0 )
i
, (4)

or equivalently the cross-spectrum between ⌫ and ⌫0 of the aver-
aged frequency maps (D1

⌫ + D

2
⌫)/2.

We recall that from each computed C

EE

` spectrum we
subtract the Planck best-fit ⇤CDM C

EE

` model (Planck
Collaboration XVI 2014), i.e., the theoretical C

EE

` model ob-
tained from the temperature data fit, while C

BB

` spectra are kept
unaltered.

3.3. Selection of regions

To measure the dust polarization power spectra with high S/N,
we select six large regions, the analysis regions of interest at
intermediate Galactic latitude, which have e↵ective coverage of
the sky from 24 to 72 % (see Sect. 3.3.1).7 For statistical studies
at high Galactic latitude, we compute spectra on a complete set
of smaller regions or patches (Sect. 3.3.2), similar in size to the
patches observed in typical CMB experiments.

3.3.1. Large regions

For selection of all of the large regions, we used the Planck

CO map from Planck Collaboration XIII (2014), smoothed to
a 5� resolution, to mask the sky wherever the CO line brightness

7 Although the selection process is similar to that in Planck
Collaboration XV (2014), there are di↵erences in detail.

Fig. 1: Masks and complementary selected large regions that re-
tain fractional coverage of the sky fsky from 0.8 to 0.3 (see details
in Sect. 3.3.1). The gray is the CO mask, whose complement is
a selected region with fsky = 0.8. In increments of fsky = 0.1,
the retained regions can be identified by the colours yellow (0.3)
to black (0.8), inclusively. Also shown is the (unapodized) point
source mask used.

ICO � 0.4 K km s�1.8 This mask is shown in Fig. 1. The com-
plement to this mask by itself defines a preliminary region that
retains a sky fraction fsky = 0.8.

We then mask the sky above successively lower thresholds
of I857 in the Planck 857 GHz intensity map, smoothed to a 5�
resolution, chosen such that together with the CO mask we select
five more preliminary regions that retain fsky from 0.7 to 0.3 in
steps of 0.1. These six regions are displayed in Fig. 1.

To avoid power leakage, these six masks are then apodized
by convolving with a 5� FWHM Gaussian which alters the win-
dow function by gradually reducing the signal towards the edges
of the retained regions and thus lowers the e↵ective retained sky

8 We use the CO (J = 1! 0) “Type 3” map, which has the highest
signal-to-noise ratio. At this resolution and for this map, the cut we
apply corresponds to S/N > 8.
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maximum contribution comes from ✓ ⇡

p

3/2l. The con-
tribution from far away rings are down by the 1/✓̃

2
.

FIG. 3. Examples of polarization vectors inside filaments.
The two circles indicate points that contribute with equal
weight to E and B at the center of those circles. The con-
tribution from points along the smaller circle cancel as one
moves along the circle. The contribution from the second cir-
cle is di↵erent from zero. In the case shown the contribution
is mainly E. The first two filaments (labelled a), produce
mainly E type polarization inside the filaments while the sec-
ond two ( labelled b), produce mainly B type.

Although we have presented a very simplified example
we see two important features of the E � B transforma-
tion. If the Q�U fields are constant over a scale l, rings
smaller than that do not contribute to E or B. Around
a particular point, if the polarization vectors tend to be
aligned or are perpendicular to the direction over which
magnitude of the polarization is changing the pattern has
a larger E than B. To have B the pattern has to form
an angle of approximately 45o with that direction. In the
case of a filament this is illustrated in figure 3.

Finally we consider a case in which the polarization
patter is very random, formed by regions of finite extent
of typical size L inside which the polarization is constant.
Di↵erent patches are independent. We sketch such a pat-
tern in figure 4. We want to know how the typical values
E and B at a point ✓ inside a particular region compare.
From our above examples we can conclude that the con-
tributions to E and B coming from external patches are
statistically the same, only depending for any particular
external patch, on the relative orientation of the polar-
ization in that patch and the separation vector ˜✓. The
contribution from points inside the same patch cancels

to a great extent but some E and B are left. Which
dominates at a particular ✓ depends again on the rel-
ative orientation of the polarization and the separation
vector between ✓ and the center of the patch. Thus for
a random pattern we expect similar levels of E and B.

FIG. 4. For illustration purposes we show a random pat-
tern of polarization with a coherence length we call L. For the
two points at the center of the filled circles, only the regions
outside the circles contribute. External patches contribute on
average the same to E and B. Only points inside the patch
(but outside the circles) will contribute dominantly to E or to
B. Which contribution is larger depends on the orientation
of the polarization inside the patch and the position of the
point where E and B are being calculated.

Our final example argues that for polarization patterns
that have a finite coherence length one should expect to
have roughly the same E and B. This shows how remark-
able it is that density perturbations do not produce any
B modes. In order for B to be zero, the integral of U

r

has to vanish identically (not just statistically) for every
possible ring around any point, regardless of the radius
of the ring. It is clear that this important symmetry will
not hold for most random processes.

B. Supernova remnant

In this section we consider a more realistic model for
polarized emission, a model for the emission of a super-
nova remnant (SNR) [16]. It has been used successfully
to model the emission from the the Galactic Spurs at
radio frequencies around 1.4 GHz.

The basic features of the model can be summarized as
follows. Radiation is produced by synchrotron emission
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and move on to that neighbouring pixel. The neighbouring pixel193
becomes the new reference point and we search for its neigh-194
bours that satisfy both conditions. In our algorithm, ✓s

� is fixed195
by the starting pixel, which has the most negative ��. We con-196
tinue this friend-of-friend algorithm to connect pixels until one197
of the conditions is no longer satisfied. We limit our selection198
to filaments with a length (L, defined as the maximum angu-199
lar distance between pixels within a given structure) larger than200
or equal to the threshold length L0, which we choose to be 2�.201
This process yields a set of 259 elongated filaments, as shown202
in the lower left panel of Fig. 2. Hereafter, we refer to this set as203
our filament sample. Selected sky pixels represent 2.2 % of the204
high-latitude sky considered in our analysis. There is no overlap205
between the filaments in our sample.206

The column density is computed from the Db
353 map using207

the conversion factor, 0.039 MJy sr�1 per 1020 H cm�2; this was208
derived in Planck Collaboration Int. XVII (2014) by correlating209
the Planck 353 GHz dust total emission map with an Hi column210
density map over the southern Galactic polar cap. We average211
the column density along each filament and assign one mean212
column density, N̄b

H, to each. This column density is computed213

on the filtered intensity map. The histogram of N̄b
H for the fila-214

ment sample is presented in Fig. 4. The number of filaments per215
N̄b

H is represented by NF.216

Fig. 4. Histogram of the mean column density of the filament
sample. The column density is computed from the Db

353 map us-
ing the conversion factor derived in Planck Collaboration Int.
XVII (2014).

4. Interplay between the filament orientation and217

the magnetic field218

In this section, we study the orientations of matter structures and219
BPOS in our filament sample (Sect. 3). The orientation angle of220
BPOS is derived from the observed Stokes Q353 and U353 maps221
using Eqs. (2) and (3). We also consider the orientation angle222
(�m) of Bm,POS, as estimated from starlight polarization observa-223
tions (Heiles 1996) and pulsar rotation measures (Rand & Lyne224
1994; Han et al. 1999). We compare these three orientations, as225
represented in Fig. 5. Our analysis follows Planck Collaboration226
Int. XXXII (2014), which used a set of pixels representing ap-227
proximately 4 % of the sky at low and intermediate Galactic lat-228

North

South

WestEast

+x

-x

-y+y

Bm,POS

�̄m

 ̄

BPOS

�̄

✓̄�

Fig. 5. Sketch of the mean orientation angle of the filament (✓̄�),
the magnetic field (�̄), the polarization angle ( ̄), and the large-
scale GMF (�̄m) along the filament. All the angles are defined
with respect to the GN and follow the IAU convention.

itudes. Only 25 % of the pixels in our current filament sample 229
were considered in this earlier study. 230

4.1. Relative orientation of the magnetic field and the 231
filaments 232

We study the angle di↵erence between the orientations of BPOS 233
and the filaments in our sample. First we associate one POS ori- 234
entation angle with each of the filaments with respect to the GN. 235
By construction, due to our selection criteria on the angles, the 236
filaments are fairly straight and, hence, they may be described 237
with a single orientation angle. Given one filament, we measure 238
the mean orientation angle, ✓̄�, over the n pixels that belongs to 239
it. We make use of the pseudo-vector field with unit length com- 240
puted from the values of ✓� for each pixel. This pseudo-vector 241
has components Q� = cos 2✓� and U� = � sin 2✓� (following 242
the HEALPix convention for the Q� and U� components). The 243
mean POS orientation angle ✓̄� of the filament is obtained by 244
first averaging Q� and U� over all n pixels and then calculating 245
the position angle of this averaged pseudo-vector. It is given by 246

✓̄� = 0.5 ⇥ atan2
0
BBBBB@�

1
n

nX

i=1

U� ,
1
n

nX

i=1

Q�

1
CCCCCA . (7)

If we rotate the Stokes Q353 and U353 maps by ✓̄�, i.e., into the
frame where the axis of the filament is in the North-South direc-
tion, the rotated Q353 and U353 can be written as

Q0353 = Q353 cos 2✓̄� � U353 sin 2✓̄� , (8)
U0353 = Q353 sin 2✓̄� + U353 cos 2✓̄� . (9)

Combining Eqs. (8) and (9) with Eqs. (1) and (2), we get

Q0353 = P353 cos 2( � ✓̄�) = � P353 cos 2(� � ✓̄�) , (10)
U0353 = � P353 sin 2( � ✓̄�) = P353 sin 2(� � ✓̄�) , (11)

where the orientation angle � is defined in Eq. (3). Similar to the
computation of ✓̄�, we average Q0353 and U0353 over all n pixels

5
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-­‐  259	
  filaments	
  at	
  high	
  Galac5c	
  la5tude	
  (|b|	
  >	
  300)	
  with	
  comparable	
  column	
  densi5es.	
  
-­‐  Filaments	
  have	
  typical	
  lengths	
  larger	
  or	
  equal	
  to	
  2	
  deg	
  	
  (corresponding	
  to	
  3.5	
  pc	
  length	
  

for	
  a	
  typical	
  distance	
  of	
  100	
  pc).	
  

Bond et al. 2010
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and then calculate the position angle of this averaged pseudo-
vector

Q̄0353 =
1
n

nX

i=1

Q0353 ⌘ � P̄353 cos 2��̄�✓̄� , (12)

Ū0353 =
1
n

nX

i=1

U0353 ⌘ P̄353 sin 2��̄�✓̄� , (13)

where

��̄�✓̄� = 0.5 ⇥ atan2(Ū0353,�Q̄0353) , (14)

P̄353 =
q

Q̄02
353 + Ū 02

353 . (15)

The angle di↵erence ��̄�✓̄� measures the weighted mean of the247
angle di↵erence per pixel between the orientations of the given248
filament and BPOS. The index �̄ refers to the mean orientation249
angle of BPOS along the filament. Note that we directly mea-250
sure the angle di↵erence between the filament and BPOS, without251
computing �̄ for each filament.252

The histogram of relative orientation (HRO) between the fil-253
ament and BPOS for our filament sample is presented in the upper254
panel of Fig. 6. The mean value of the histogram is 2.�3 com-255
puted using the equivalent of Eq. (7). Our histogram agrees with256
the pixel-by-pixel analysis at intermediate and low Galactic lati-257
tudes presented in Planck Collaboration Int. XXXII (2014). Like258
in this earlier study, we find that the filaments are statistically259
aligned with BPOS. A similar alignment between the filaments260
in the intensity map and BPOS has been reported for synchrotron261
emission observed by WMAP at 23 GHz (Vidal et al. 2014).262

To quantify the shape of the histogram of ��̄�✓̄� , we fit it with263
a Gaussian plus a constant. The Gaussian has a 1� dispersion264
of 19�. The constant arises from the projection of the magnetic265
field and filament orientations on the POS as discussed in Planck266
Collaboration Int. XXXII (2014).267

4.2. Relative orientation of the magnetic field and the268
large-scale Galactic magnetic field269

Here, we compare the orientation of BPOS on the filaments with270
that of Bm,POS. Heiles (1996) derived the orientation of Bm,POS271
pointing towards l0 = 82.�8 ± 4.�1 and b0 = 0.�4 ± 0.�5 from272
the polarization pseudo-vectors of stars more distant than 500273
parsecs. Slightly di↵erent l0 values have been reported in other274
studies. From the rotation measures of nearby pulsars within a275
few hundred parsecs of the Sun, Rand & Lyne (1994) found the276
direction of Bm,POS pointing towards l0 = 88� ± 5�. In another277
study of pulsar rotation measures, Han et al. (1999) derived the278
direction of Bm,POS as l0 ' 82�. These two studies do not report279
values for b0, which is assumed to be zero. Based on these ob-280
servations, we assume that the mean orientation of Bm,POS in the281
solar neighbourhood is l0 = 84� ± 10� and b0 = 0� ± 10�, with282
the same uncertainty on b0 and l0.283

We construct a pseudo-vector field with unit length based284
on the uniform orientation of Bm,POS. This pseudo-vector has285
components: Qm = cos 2 m = cos 2(�m � ⇡/2) and Um =286
� sin 2 m = � sin 2(�m � ⇡/2) (following the HEALPix con-287
vention for the Qm and Um maps), where  m is the polarization288
angle of Bm,POS. The procedure to go from the uniform Bm,POS289
pointing towards (l0, b0) to  m is detailed by Heiles (1996). The290
mean orientation angle (�̄m) of Bm,POS for each filament is ob-291
tained by first averaging Qm and Um over all n pixels within a292
filament and then calculating the position angle of this averaged293

�80 �60 �40 �20 0 20 40 60 80

��̄��̄�
[deg]

0
8

16
24

32

N
F

Fig. 6. Upper panel: HRO between the filaments and BPOS.
Middle panel: HRO between BPOS and Bm,POS. Lower panel:
HRO between the filaments and Bm,POS.

pseudo-vector. We compute the angle di↵erence, ��̄��̄m , between 294
the orientations of BPOS and Bm,POS on the filament in a similar 295
manner to the method described in Sect. 4.1. 296
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and move on to that neighbouring pixel. The neighbouring pixel193
becomes the new reference point and we search for its neigh-194
bours that satisfy both conditions. In our algorithm, ✓s

� is fixed195
by the starting pixel, which has the most negative ��. We con-196
tinue this friend-of-friend algorithm to connect pixels until one197
of the conditions is no longer satisfied. We limit our selection198
to filaments with a length (L, defined as the maximum angu-199
lar distance between pixels within a given structure) larger than200
or equal to the threshold length L0, which we choose to be 2�.201
This process yields a set of 259 elongated filaments, as shown202
in the lower left panel of Fig. 2. Hereafter, we refer to this set as203
our filament sample. Selected sky pixels represent 2.2 % of the204
high-latitude sky considered in our analysis. There is no overlap205
between the filaments in our sample.206

The column density is computed from the Db
353 map using207

the conversion factor, 0.039 MJy sr�1 per 1020 H cm�2; this was208
derived in Planck Collaboration Int. XVII (2014) by correlating209
the Planck 353 GHz dust total emission map with an Hi column210
density map over the southern Galactic polar cap. We average211
the column density along each filament and assign one mean212
column density, N̄b
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ment sample is presented in Fig. 4. The number of filaments per215
N̄b

H is represented by NF.216

Fig. 4. Histogram of the mean column density of the filament
sample. The column density is computed from the Db

353 map us-
ing the conversion factor derived in Planck Collaboration Int.
XVII (2014).

4. Interplay between the filament orientation and217

the magnetic field218

In this section, we study the orientations of matter structures and219
BPOS in our filament sample (Sect. 3). The orientation angle of220
BPOS is derived from the observed Stokes Q353 and U353 maps221
using Eqs. (2) and (3). We also consider the orientation angle222
(�m) of Bm,POS, as estimated from starlight polarization observa-223
tions (Heiles 1996) and pulsar rotation measures (Rand & Lyne224
1994; Han et al. 1999). We compare these three orientations, as225
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Fig. 5. Sketch of the mean orientation angle of the filament (✓̄�),
the magnetic field (�̄), the polarization angle ( ̄), and the large-
scale GMF (�̄m) along the filament. All the angles are defined
with respect to the GN and follow the IAU convention.

itudes. Only 25 % of the pixels in our current filament sample 229
were considered in this earlier study. 230

4.1. Relative orientation of the magnetic field and the 231
filaments 232

We study the angle di↵erence between the orientations of BPOS 233
and the filaments in our sample. First we associate one POS ori- 234
entation angle with each of the filaments with respect to the GN. 235
By construction, due to our selection criteria on the angles, the 236
filaments are fairly straight and, hence, they may be described 237
with a single orientation angle. Given one filament, we measure 238
the mean orientation angle, ✓̄�, over the n pixels that belongs to 239
it. We make use of the pseudo-vector field with unit length com- 240
puted from the values of ✓� for each pixel. This pseudo-vector 241
has components Q� = cos 2✓� and U� = � sin 2✓� (following 242
the HEALPix convention for the Q� and U� components). The 243
mean POS orientation angle ✓̄� of the filament is obtained by 244
first averaging Q� and U� over all n pixels and then calculating 245
the position angle of this averaged pseudo-vector. It is given by 246

✓̄� = 0.5 ⇥ atan2
0
BBBBB@�

1
n

nX

i=1

U� ,
1
n

nX

i=1

Q�

1
CCCCCA . (7)

If we rotate the Stokes Q353 and U353 maps by ✓̄�, i.e., into the
frame where the axis of the filament is in the North-South direc-
tion, the rotated Q353 and U353 can be written as

Q0353 = Q353 cos 2✓̄� � U353 sin 2✓̄� , (8)
U0353 = Q353 sin 2✓̄� + U353 cos 2✓̄� . (9)

Combining Eqs. (8) and (9) with Eqs. (1) and (2), we get

Q0353 = P353 cos 2( � ✓̄�) = � P353 cos 2(� � ✓̄�) , (10)
U0353 = � P353 sin 2( � ✓̄�) = P353 sin 2(� � ✓̄�) , (11)

where the orientation angle � is defined in Eq. (3). Similar to the
computation of ✓̄�, we average Q0353 and U0353 over all n pixels
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-­‐  The	
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  a	
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Projec5on	
  effects	
  

Projec5on	
  effects	
  (3D	
  to	
  2D)	
  are	
  crucial	
  for	
  the	
  
interpreta5on	
  of	
  the	
  shape	
  of	
  the	
  distribu5on.	
  	
  	
  



Stacking	
  of	
  filaments	
  in	
  our	
  sample	
  

-­‐  Q’	
  and	
  U’	
  are	
  the	
  Stokes	
  Q	
  and	
  U	
  maps	
  computed	
  with	
  respect	
  to	
  the	
  axis	
  of	
  the	
  filament.	
  
-­‐  The	
  average	
  filament	
  appears	
  as	
  a	
  nega5ve	
  feature	
  with	
  respect	
  to	
  the	
  background	
  in	
  <Q’>	
  image	
  

and	
  is	
  not	
  seen	
  in	
  <U’>	
  image.	
  
-­‐  The	
  1	
  sigma	
  uncertainty	
  on	
  the	
  <Q’>	
  and	
  <U’>	
  images	
  is	
  1.3	
  uKCMB.	
  	
  	
  
-­‐  The	
  homogeneous	
  background	
  in	
  the	
  <Q’>	
  and	
  <U’>	
  images	
  reflects	
  the	
  smoothness	
  of	
  BPOS	
  over	
  the	
  

patch	
  size	
  of	
  7x5	
  square	
  degrees.	
  
-­‐  The	
  mean	
  polariza5on	
  frac5on	
  of	
  the	
  dust	
  emission	
  in	
  these	
  intensity	
  filaments	
  is	
  11%.	
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for both independent subset of Planck data. In the idealized457
description of the filaments in Zaldarriaga (2001), we will ex-458
pect the average filament to appear similarly in the EE, BB459
and T E maps. The di↵erences between these three images460
shows that the reality of the dust sky is more complex than461
the idealized model.462

6.2. Measured E-B asymmetry463

We measure the E-B asymmetry at the filtering scale over the
high-latitude (HL) region. We compute the variances (V) of the
Eb

353 and Bb
353 maps using the relations

VEE (HL) =
1

NHL

NHLX

i=1

Eb
353,HM1Eb

353,HM2 = (46.6 ± 1.1) µK2
CMB ,

(34)

VBB (HL) =
1

NHL

NHLX

i=1

Bb
353,HM1Bb

353,HM2 = (29.1 ± 1.0) µK2
CMB ,

(35)
where NHL is the total number of pixels in the HL region. The
ratio of the filtered B353 and E353 variances is

VBB (HL)
VEE (HL)

= 0.62 ± 0.03 . (36)

The uncertainty on VEE is computed by repeating the calcu-
lation of Eq. (34) using the di↵erent cross-products, i.e., the
two HalfRing (HR1 and HR2) and the two DetSet (DS1 and
DS2) maps. We use the cross-HalfMissions as a reference for
mean VEE . The 1� uncertainty on VEE comes from the di↵er-
ences of these cross-products (DetSets minus HalfMissions and
HalfRings minus HalfMissions). This 1� uncertainty is domi-
nated by systematic e↵ect rather than statistical noise. This is
in agreement with the uncertainties on power spectra over the
same ` range, as shown for fsky = 0.5 in Figure 2 of Planck
Collaboration Int. XXX (2014). The statistical noise on VEE

is estimated from the cross-HalfMissions between their two
HalfRing half-di↵erences, NEE = (Eb

353,HR1 � Eb
353,HR2)HM1/2 ⇥

(Eb
353,HR1 � Eb

353,HR2)HM2/2 as

�n
VEE (HL) =

�NEEp
NHL

= 0.02 µK2
CMB . (37)

A similar procedure is applied to compute the uncertainty on464
VBB. The ratio of the B353 and E353 variances di↵ers slightly465
from the measurement at the power spectra level (Planck466
Collaboration Int. XXX 2014), because of the multipole range467
over which the ratio of the B353 and E353 variances are computed.468

We compute the covariances of the three maps over the high-
latitude sky using the relations

VT E (HL) =
1

NHL

NHLX

i=1

Db
353 Eb

353 = (124.1 ± 1.4) µK2
CMB , (38)

VT B (HL) =
1

NHL

NHLX

i=1

Db
353 Bb

353 = (3.0 ± 1.5) µK2
CMB , (39)

VEB (HL) =
1

NHL

NHLX

i=1

Eb
353 Bb

353 = (�0.2 ± 0.3) µK2
CMB . (40)

The above covariances divided by VEE are listed in Table 1. The469
ratio VT E/VEE that we find is consistent with the measurements470
of Planck Collaboration Int. XXX (2014) at the power spectrum471
level.472

6.3. Contribution of filaments to the variance of the E and B 473
maps 474

In this section, we compute the variance of the Eb
353 and Bb

353 475
maps over the sky pixels used to produce the stacked images in 476
Fig. 10, and compare the values with those measured over the 477
HL region. These pixels are within the 7� ⇥ 5� patches, with an 478
orientation angle ✓̄�, centred on the filaments (Sect. 5.1). These 479
pixels define the grey regions in Fig. 12. We label them as SP 480
and the rest of the high-latitude sky as O. The stacking procedure 481
includes the filaments along with their surrounding background 482
emission and, hence, e↵ectively increases the selected fraction of 483
the high-latitude sky, f1, from 2.2 % (filament pixels as described 484
in Sect. 3.2) to 28 %. 485

We compute the variance from the SP pixels using the rela-
tion given in Eq. (34),

VEE (SP) = (137.5 ± 1.4) µK2
CMB . (41)

The sky variance of the Eb
353 map in the high-latitude sky can be

written as the sum of contributions from SP ( f1 = 0.28) and O
(1 � f1 = 0.72) regions. It is given by

VEE (HL) = f1 ⇥ VEE (SP) + (1 � f1) ⇥ VEE (O) . (42)

The ratio (RSP) of the variance from the stacked pixels to the
total sky variance is given by

RSP =
f1 ⇥ VEE (SP)

VEE (HL)
= 0.83 . (43)

The value of RSP is expected to be high, since the filaments are 486
bright structures on the sky. The pixels we used for stacking con- 487
tribute 83 % of the total sky variance in the high-latitude sky. A 488
similar result has been reported for the synchrotron emission, 489
where bright filaments/shells are also measured to contribute 490
most of the sky variance in polarization (Vidal et al. 2014). 491

It has been noted that the structure in the Planck 353 GHz 492
dust polarization maps is not fully accounted for by the filaments 493
seen in the total dust intensity map. In particular, the local dis- 494
persion of the polarization angle shows structures in the polar- 495
ization maps that have no counterpart in total intensity (Planck 496
Collaboration Int. XIX 2014). These structures are thought to 497
trace morphology of BPOS uncorrelated with matter structures 498
(Planck Collaboration Int. XX 2014). However, as our RSP value 499
shows, these polarization structures do not contribute much to 500
the variance of the dust polarization. 501

In the same way as in Sect. 6.2, we compute the variances 502
VEE , VBB, VT E , VT B, and VEB over the SP and O regions. Table 1 503
presents the ratios of the variances computed over di↵erent sky 504
regions. 505

Table 1. The ratios of the variances computed from the selected
pixels (SP) used in the stacking analysis and the rest (O) of the
high-latitude sky (HL).

Ratio SP O HL

VBB/VEE 0.66 ± 0.01 0.51 ± 0.05 0.62 ± 0.03
VT E/VEE 2.74 ± 0.04 2.48 ± 0.15 2.67 ± 0.07
VT B/VEE �0.07 ± 0.04 0.12 ± 0.04 0.06 ± 0.03
VEB/VEE �0.01 ± 0.02 0.02 ± 0.02 0.00 ± 0.01
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where NHL is the total number of pixels in the HL region. The
ratio of the filtered B353 and E353 variances is

VBB (HL)
VEE (HL)

= 0.62 ± 0.03 . (36)

The uncertainty on VEE is computed by repeating the calcu-
lation of Eq. (34) using the di↵erent cross-products, i.e., the
two HalfRing (HR1 and HR2) and the two DetSet (DS1 and
DS2) maps. We use the cross-HalfMissions as a reference for
mean VEE . The 1� uncertainty on VEE comes from the di↵er-
ences of these cross-products (DetSets minus HalfMissions and
HalfRings minus HalfMissions). This 1� uncertainty is domi-
nated by systematic e↵ect rather than statistical noise. This is
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same ` range, as shown for fsky = 0.5 in Figure 2 of Planck
Collaboration Int. XXX (2014). The statistical noise on VEE
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A similar procedure is applied to compute the uncertainty on464
VBB. The ratio of the B353 and E353 variances di↵ers slightly465
from the measurement at the power spectra level (Planck466
Collaboration Int. XXX 2014), because of the multipole range467
over which the ratio of the B353 and E353 variances are computed.468

We compute the covariances of the three maps over the high-
latitude sky using the relations
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The above covariances divided by VEE are listed in Table 1. The469
ratio VT E/VEE that we find is consistent with the measurements470
of Planck Collaboration Int. XXX (2014) at the power spectrum471
level.472

6.3. Contribution of filaments to the variance of the E and B 473
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pixels define the grey regions in Fig. 12. We label them as SP 480
and the rest of the high-latitude sky as O. The stacking procedure 481
includes the filaments along with their surrounding background 482
emission and, hence, e↵ectively increases the selected fraction of 483
the high-latitude sky, f1, from 2.2 % (filament pixels as described 484
in Sect. 3.2) to 28 %. 485

We compute the variance from the SP pixels using the rela-
tion given in Eq. (34),

VEE (SP) = (137.5 ± 1.4) µK2
CMB . (41)

The sky variance of the Eb
353 map in the high-latitude sky can be

written as the sum of contributions from SP ( f1 = 0.28) and O
(1 � f1 = 0.72) regions. It is given by
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The ratio (RSP) of the variance from the stacked pixels to the
total sky variance is given by

RSP =
f1 ⇥ VEE (SP)

VEE (HL)
= 0.83 . (43)

The value of RSP is expected to be high, since the filaments are 486
bright structures on the sky. The pixels we used for stacking con- 487
tribute 83 % of the total sky variance in the high-latitude sky. A 488
similar result has been reported for the synchrotron emission, 489
where bright filaments/shells are also measured to contribute 490
most of the sky variance in polarization (Vidal et al. 2014). 491

It has been noted that the structure in the Planck 353 GHz 492
dust polarization maps is not fully accounted for by the filaments 493
seen in the total dust intensity map. In particular, the local dis- 494
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ization maps that have no counterpart in total intensity (Planck 496
Collaboration Int. XIX 2014). These structures are thought to 497
trace morphology of BPOS uncorrelated with matter structures 498
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shows, these polarization structures do not contribute much to 500
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In the same way as in Sect. 6.2, we compute the variances 502
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Table 1. The ratios of the variances computed from the selected
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description of the filaments in Zaldarriaga (2001), we will ex-458
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where NHL is the total number of pixels in the HL region. The
ratio of the filtered B353 and E353 variances is
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Fig. 12. Map of the selected pixels (grey colour) used in the
stacking analysis. It covers 28 % of the high-latitude sky. Each
tile in the image is a 7� ⇥5� patch around the filament centre and
rotated by ✓̄�.

6.4. Analytical approximation506

Following the description of the filaments in Sect. 5.2 and the
stacked images in Fig. 10, we can express the E- and B-modes
of a given filament as

ĒF
353 ' � Q̄0F353 = P̄F

353 cos 2�F
�̄�✓̄� , (44)

B̄F
353 ' � Ū0F353 = � P̄F

353 sin 2�F
�̄�✓̄� , (45)

where P̄F
353 is the mean polarization intensity of the filament.

The direct relation between ĒF
353 and Q̄0F353, and B̄F

353 and Ū0F353
only holds for an idealised filament. For N idealized filaments
oriented arbitrarily on the sky with respect to the GN, the ratio
between the variances of the B and E maps is given by

VBB

VEE =
hB̄F

353B̄F
353i

hĒF
353ĒF

353i
=

P 2`+1
4⇡ CBB

` B2
`P 2`+1

4⇡ CEE
` B2

`

, (46)

which is expanded in terms of power spectra CBB
` and CEE

` un-
der the assumption of statistical isotropy and homogeneity. The
beam window function (B`) is the filter function. Both the ob-
served CBB

` and CEE
` dust power spectra follow a power-law

model with the same slope ↵ (Planck Collaboration Int. XXX
2014). This reduces Eq. (46) to

VBB

VEE =

P
(2` + 1) ABB `�↵ B2

`P
(2` + 1) AEE `�↵ B2

`

=
ABB

AEE . (47)

From the histogram of the upper panel of Fig. 6, the distribu-
tion of the angle �F

�̄�✓̄� is known for our filament sample. Similar
to the assumption made in Sect. 5.2, we assume that all the fila-
ments have the same polarized intensity and therefore

ABB

AEE =
hsin2 2�F

�̄�✓̄�i
hcos2 2�F

�̄�✓̄�
i = 0.66 . (48)

We have computed the ratio ABB/AEE using the two independent507
subsets of the Planck data (HM maps) and find the same mean508
value of 0.66. This value of the ABB/AEE ratio based on this an-509
alytical model matches the observed mean value of 0.62 ± 0.03510
(Sect. 6.2). We note that the model value is directly inferred from511
the distribution of �F

�̄�✓̄� for our filament sample. If the HRO of512

�F
�̄�✓̄� was flat with uniform probability between �90� and +90�,513

we would have found equal variances in both the E353 and B353514
maps.515

In summary, we propose that the alignment between BPOS 516
and the filament orientations accounts for the E-B asymmetry in 517
the range of angular scales 30 < ` < 300. A similar alignment 518
must exists between the matter structures and BPOS over the 519
rest of the high-latitude sky. With our filament-finding al- 520
gorithm, we only consider the strong filaments, which con- 521
tributes most of the sky variance in polarization. Some high 522
Galactic latitude sky areas, such as the BICEP2 field (BICEP2 523
Collaboration 2014), do not include any of the strong filaments 524
from our study. The Planck 353 GHz polarization maps do not 525
have the required signal-to-noise ratio to measure the ABB/AEE 526
ratio for individual BICEP2-like fields (Planck Collaboration 527
Int. XXX 2014). Therefore more sensitive observations will be 528
needed to test whether our interpretation is relevant there. 529

7. Conclusion 530

We present a statistical study of the filamentary structure of the 531
353 GHz Planck Stokes maps at high Galactic latitude, relevant 532
to the study of dust emission as a polarization foreground to the 533
CMB. The main results of our work are summarized as follows. 534

We filter the intensity and polarization maps to isolate struc- 535
tures over the range of angular scales where the E-B power 536
asymmetry is observed. From a Hessian analysis of the Planck 537
total dust intensity map at 353 GHz, we identify a sample of 259 538
filaments in the high-latitude sky with lengths L � 2�. We mea- 539
sure the mean orientation angle of each filament in this sam- 540
ple and find that the filaments are statistically aligned with the 541
plane of the sky component of the magnetic field, BPOS, inferred 542
from the polarization angles measured by Planck on the fila- 543
ments. We also find that the orientation of BPOS is correlated 544
with that of Bm,POS in the solar neighbourhood. Our results show 545
that the correlation between the structures of interstellar matter 546
and BPOS in the di↵use ISM reported in Planck Collaboration 547
Int. XXXII (2014) for intermediate Galactic latitudes also ap- 548
plies to the lower column density filaments (a few 1019 cm�2) 549
observed at high Galactic latitude. 550

We present mean images of our filament sample in dust in- 551
tensity and Stokes Q353 and U353 with respect to the filament 552
orientation (Q0353 and U0353), computed by stacking individual 553
7� ⇥ 5� patches centred on each filament. The stacked images 554
show that the contribution of the filaments is a negative feature 555
with respect to the background in the Q0353 image and is not seen 556
in the U0353 image. This result directly follows from the fact that 557
the histogram of relative orientation between the filaments and 558
BPOS peaks and is symmetric around 0�. Combining the stacked 559
images and the histogram, we estimate the mean polarization 560
fraction of the filaments to be 11 %. 561

We relate the E-B asymmetry discovered in the power spec- 562
trum analysis of Planck 353 GHz polarization maps (Planck 563
Collaboration Int. XXX 2014) to the alignment between the fil- 564
aments and BPOS in the di↵use ISM. The set of 7� ⇥ 5� patches 565
we stack represents 28 % of the sky area at high Galactic lati- 566
tude. The power of the E-mode dust polarization computed over 567
this area amounts to 83 % of the total dust polarization power 568
in the high-latitude sky. We show with an analytical approxima- 569
tion of the filaments (based on the work of Zaldarriaga 2001), 570
that the HRO between the filaments and BPOS may account for 571
the CBB

` /CEE
` ratio measured over the high-latitude sky. Our in- 572

terpretation could also apply to the E-B asymmetry reported for 573
the synchrotron emission (Planck Collaboration X 2015), since 574
there is also a correlation between the orientation angle of BPOS 575
and the filamentary structures of the synchrotron intensity map 576
(Vidal et al. 2014; Planck Collaboration XXV 2015). 577
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Eb
353 and Bb

353 maps using the relations

VEE (SP) =
1

NSP

NSPX

i=1

Eb
353,HM1Eb

353,HM2 = (137.5 ± 1.4) µK2
CMB ,

(34)

VBB (SP) =
1

NSP

NSPX

i=1

Bb
353,HM1Bb

353,HM2 = (91.2 ± 1.3) µK2
CMB ,

(35)

where NSP is the total number of pixels in the HL region. The
ratio of the filtered B353 and E353 variances is

VBB (SP)
VEE (SP)

= 0.66 ± 0.01 . (36)

The uncertainty on VEE is computed by repeating the calcu-
lation of Eq. (34) using the di↵erent cross-products, i.e., the
two HalfRing (HR1 and HR2) and the two DetSet (DS1 and
DS2) maps. We use the cross-HalfMissions as a reference for
mean VEE . The 1� uncertainty on VEE comes from the di↵er-
ences of these cross-products (DetSets minus HalfMissions and
HalfRings minus HalfMissions). This 1� uncertainty is domi-
nated by systematic e↵ect rather than statistical noise. This is
in agreement with the uncertainties on power spectra over the
same ` range, as shown for fsky = 0.5 in Figure 2 of ?. The sta-
tistical noise on VEE is estimated from the cross-HalfMissions
between their two HalfRing half-di↵erences, NEE = (Eb

353,HR1 �
Eb

353,HR2)HM1/2 ⇥ (Eb
353,HR1 � Eb

353,HR2)HM2/2 as

�n
VEE (HL) =

�NEEp
NHL

= 0.02 µK2
CMB . (37)

A similar procedure is applied to compute the uncertainty on438
VBB. The ratio of the B353 and E353 variances di↵ers slightly439
from the measurement at the power spectra level (?), because440
of the multipole range over which the ratio of the B353 and E353441
variances are computed.442

We compute the covariances of the three maps over the high-
latitude sky using the relations

VT E (HL) =
1

NHL

NHLX

i=1

Db
353 Eb

353 = (124.1 ± 1.4) µK2
CMB , (38)

VT B (HL) =
1

NHL

NHLX

i=1

Db
353 Bb

353 = (3.0 ± 1.5) µK2
CMB , (39)

VEB (HL) =
1

NHL

NHLX

i=1

Eb
353 Bb

353 = (�0.2 ± 0.3) µK2
CMB . (40)

The above covariances divided by VEE are listed in Table 1. The443
ratio VT E/VEE that we find is consistent with the measurements444
of ? at the power spectrum level.445

6.3. Contribution of filaments to the variance of the E and B446
maps447

In this section, we compute the variance of the Eb
353 and Bb

353448
maps over the sky pixels used to produce the stacked images in449
Fig. 10, and compare the values with those measured over the450
HL region. These pixels are within the 7� ⇥ 5� patches, with an451
orientation angle ✓̄�, centred on the filaments (Sect. 5.1). These452
pixels define the grey regions in Fig. 12. We label them as SP453

and the rest of the high-latitude sky as O. The stacking procedure 454
includes the filaments along with their surrounding background 455
emission and, hence, e↵ectively increases the selected fraction of 456
the high-latitude sky, f1, from 2.2 % (filament pixels as described 457
in Sect. 3.2) to 28 %. 458

We compute the variance from the SP pixels using the rela-
tion given in Eq. (34),

VEE (SP) = (137.5 ± 1.4) µK2
CMB . (41)

The sky variance of the Eb
353 map in the high-latitude sky can be

written as the sum of contributions from SP ( f1 = 0.28) and O
(1 � f1 = 0.72) regions. It is given by

VEE (HL) = f1 ⇥ VEE (SP) + (1 � f1) ⇥ VEE (O) . (42)

The ratio (RSP) of the variance from the stacked pixels to the
total sky variance is given by

RSP =
f1 ⇥ VEE (SP)

VEE (HL)
= 0.83 . (43)

The value of RSP is expected to be high, since the filaments are 459
bright structures on the sky. The pixels we used for stacking con- 460
tribute 83 % of the total sky variance in the high-latitude sky. A 461
similar result has been reported for the synchrotron emission, 462
where bright filaments/shells are also measured to contribute 463
most of the sky variance in polarization (?). 464

It has been noted that the structure in the Planck 353 GHz 465
dust polarization maps is not fully accounted for by the filaments 466
seen in the total dust intensity map. In particular, the local disper- 467
sion of the polarization angle shows structures in the polarization 468
maps that have no counterpart in total intensity (?). These struc- 469
tures are thought to trace morphology of BPOS uncorrelated with 470
matter structures (?). However, as our RSP value shows, these 471
polarization structures do not contribute much to the variance of 472
the dust polarization. 473

In the same way as in Sect. 6.2, we compute the variances 474
VEE , VBB, VT E , VT B, and VEB over the SP and O regions. Table 1 475
presents the ratios of the variances computed over di↵erent sky 476
regions. 477

Table 1. The ratios of the variances computed from the selected
pixels (SP) used in the stacking analysis and the rest (O) of the
high-latitude sky (HL).

Ratio SP O HL

VBB/VEE 0.66 ± 0.01 0.51 ± 0.05 0.62 ± 0.03
VT E/VEE 2.74 ± 0.04 2.48 ± 0.15 2.67 ± 0.07
VT B/VEE �0.07 ± 0.04 0.12 ± 0.04 0.06 ± 0.03
VEB/VEE �0.01 ± 0.02 0.02 ± 0.02 0.00 ± 0.01

6.4. Analytical approximation 478

Following the description of the filaments in Sect. 5.2 and the
stacked images in Fig. 10, we can express the E- and B-modes
of a given filament as

ĒF
353 ' � Q̄0F353 = P̄F

353 cos 2�F
�̄�✓̄� , (44)

B̄F
353 ' � Ū0F353 = � P̄F

353 sin 2�F
�̄�✓̄� , (45)
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ratio of the filtered B353 and E353 variances is

VBB (SP)
VEE (SP)

= 0.66 ± 0.01 . (36)

The uncertainty on VEE is computed by repeating the calcu-
lation of Eq. (34) using the di↵erent cross-products, i.e., the
two HalfRing (HR1 and HR2) and the two DetSet (DS1 and
DS2) maps. We use the cross-HalfMissions as a reference for
mean VEE . The 1� uncertainty on VEE comes from the di↵er-
ences of these cross-products (DetSets minus HalfMissions and
HalfRings minus HalfMissions). This 1� uncertainty is domi-
nated by systematic e↵ect rather than statistical noise. This is
in agreement with the uncertainties on power spectra over the
same ` range, as shown for fsky = 0.5 in Figure 2 of ?. The sta-
tistical noise on VEE is estimated from the cross-HalfMissions
between their two HalfRing half-di↵erences, NEE = (Eb

353,HR1 �
Eb

353,HR2)HM1/2 ⇥ (Eb
353,HR1 � Eb

353,HR2)HM2/2 as

�n
VEE (HL) =

�NEEp
NHL

= 0.02 µK2
CMB . (37)

A similar procedure is applied to compute the uncertainty on438
VBB. The ratio of the B353 and E353 variances di↵ers slightly439
from the measurement at the power spectra level (?), because440
of the multipole range over which the ratio of the B353 and E353441
variances are computed.442

We compute the covariances of the three maps over the high-
latitude sky using the relations

VT E (HL) =
1

NHL

NHLX

i=1

Db
353 Eb

353 = (124.1 ± 1.4) µK2
CMB , (38)

VT B (HL) =
1

NHL

NHLX

i=1

Db
353 Bb

353 = (3.0 ± 1.5) µK2
CMB , (39)

VEB (HL) =
1

NHL

NHLX

i=1

Eb
353 Bb

353 = (�0.2 ± 0.3) µK2
CMB . (40)

The above covariances divided by VEE are listed in Table 1. The443
ratio VT E/VEE that we find is consistent with the measurements444
of ? at the power spectrum level.445

6.3. Contribution of filaments to the variance of the E and B446
maps447

In this section, we compute the variance of the Eb
353 and Bb

353448
maps over the sky pixels used to produce the stacked images in449
Fig. 10, and compare the values with those measured over the450
HL region. These pixels are within the 7� ⇥ 5� patches, with an451
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emission and, hence, e↵ectively increases the selected fraction of 456
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bright structures on the sky. The pixels we used for stacking con- 460
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where bright filaments/shells are also measured to contribute 463
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seen in the total dust intensity map. In particular, the local disper- 467
sion of the polarization angle shows structures in the polarization 468
maps that have no counterpart in total intensity (?). These struc- 469
tures are thought to trace morphology of BPOS uncorrelated with 470
matter structures (?). However, as our RSP value shows, these 471
polarization structures do not contribute much to the variance of 472
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In the same way as in Sect. 6.2, we compute the variances 474
VEE , VBB, VT E , VT B, and VEB over the SP and O regions. Table 1 475
presents the ratios of the variances computed over di↵erent sky 476
regions. 477

Table 1. The ratios of the variances computed from the selected
pixels (SP) used in the stacking analysis and the rest (O) of the
high-latitude sky (HL).
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6.4. Analytical approximation 478
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nated by systematic e↵ect rather than statistical noise. This is
in agreement with the uncertainties on power spectra over the
same ` range, as shown for fsky = 0.5 in Figure 2 of ?. The sta-
tistical noise on VEE is estimated from the cross-HalfMissions
between their two HalfRing half-di↵erences, NEE = (Eb

353,HR1 �
Eb

353,HR2)HM1/2 ⇥ (Eb
353,HR1 � Eb

353,HR2)HM2/2 as

�n
VEE (HL) =

�NEEp
NHL

= 0.02 µK2
CMB . (37)

A similar procedure is applied to compute the uncertainty on438
VBB. The ratio of the B353 and E353 variances di↵ers slightly439
from the measurement at the power spectra level (?), because440
of the multipole range over which the ratio of the B353 and E353441
variances are computed.442

We compute the covariances of the three maps over the high-
latitude sky using the relations

VT E (HL) =
1

NHL

NHLX

i=1

Db
353 Eb

353 = (124.1 ± 1.4) µK2
CMB , (38)

VT B (HL) =
1

NHL

NHLX

i=1

Db
353 Bb

353 = (3.0 ± 1.5) µK2
CMB , (39)

VEB (HL) =
1

NHL

NHLX

i=1

Eb
353 Bb

353 = (�0.2 ± 0.3) µK2
CMB . (40)

The above covariances divided by VEE are listed in Table 1. The443
ratio VT E/VEE that we find is consistent with the measurements444
of ? at the power spectrum level.445

6.3. Contribution of filaments to the variance of the E and B446
maps447

In this section, we compute the variance of the Eb
353 and Bb

353448
maps over the sky pixels used to produce the stacked images in449
Fig. 10, and compare the values with those measured over the450
HL region. These pixels are within the 7� ⇥ 5� patches, with an451
orientation angle ✓̄�, centred on the filaments (Sect. 5.1). These452
pixels define the grey regions in Fig. 12. We label them as SP453

and the rest of the high-latitude sky as O. The stacking procedure 454
includes the filaments along with their surrounding background 455
emission and, hence, e↵ectively increases the selected fraction of 456
the high-latitude sky, f1, from 2.2 % (filament pixels as described 457
in Sect. 3.2) to 28 %. 458

We compute the variance from the SP pixels using the rela-
tion given in Eq. (34),

VEE (SP) = (137.5 ± 1.4) µK2
CMB . (41)

The sky variance of the Eb
353 map in the high-latitude sky can be

written as the sum of contributions from SP ( f1 = 0.28) and O
(1 � f1 = 0.72) regions. It is given by

VEE (HL) = f1 ⇥ VEE (SP) + (1 � f1) ⇥ VEE (O) . (42)

The ratio (RSP) of the variance from the stacked pixels to the
total sky variance is given by

RSP =
f1 ⇥ VEE (SP)

VEE (HL)
= 0.83 . (43)

The value of RSP is expected to be high, since the filaments are 459
bright structures on the sky. The pixels we used for stacking con- 460
tribute 83 % of the total sky variance in the high-latitude sky. A 461
similar result has been reported for the synchrotron emission, 462
where bright filaments/shells are also measured to contribute 463
most of the sky variance in polarization (?). 464

It has been noted that the structure in the Planck 353 GHz 465
dust polarization maps is not fully accounted for by the filaments 466
seen in the total dust intensity map. In particular, the local disper- 467
sion of the polarization angle shows structures in the polarization 468
maps that have no counterpart in total intensity (?). These struc- 469
tures are thought to trace morphology of BPOS uncorrelated with 470
matter structures (?). However, as our RSP value shows, these 471
polarization structures do not contribute much to the variance of 472
the dust polarization. 473

In the same way as in Sect. 6.2, we compute the variances 474
VEE , VBB, VT E , VT B, and VEB over the SP and O regions. Table 1 475
presents the ratios of the variances computed over di↵erent sky 476
regions. 477

Table 1. The ratios of the variances computed from the selected
pixels (SP) used in the stacking analysis and the rest (O) of the
high-latitude sky (HL).

Ratio SP O HL

VBB/VEE 0.66 ± 0.01 0.51 ± 0.05 0.62 ± 0.03
VT E/VEE 2.74 ± 0.04 2.48 ± 0.15 2.67 ± 0.07
VT B/VEE �0.07 ± 0.04 0.12 ± 0.04 0.06 ± 0.03
VEB/VEE �0.01 ± 0.02 0.02 ± 0.02 0.00 ± 0.01

6.4. Analytical approximation 478

Following the description of the filaments in Sect. 5.2 and the
stacked images in Fig. 10, we can express the E- and B-modes
of a given filament as

ĒF
353 ' � Q̄0F353 = P̄F

353 cos 2�F
�̄�✓̄� , (44)

B̄F
353 ' � Ū0F353 = � P̄F

353 sin 2�F
�̄�✓̄� , (45)
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Fig. 44. Angular EE (left panel) and BB (right panel) power spectra for polarized synchrotron (at 30 GHz) and thermal dust emission
(at 353 GHz), evaluated with 1� FWHM apodization and including a total e↵ective sky fraction of 73 % of the sky. The dashed lines
show the best-fit power-law models to each case, and the solid black lines shows the best-fit ⇤CDM power spectrum as fitted to
temperature observations only (Planck Collaboration XI 2015; Planck Collaboration XIII 2015). The dashed black line in the BB
panel shows the spectrum for a model with a tensor-to-scalar ratio of r = 0.05.

Planck Collaboration Int. XXX (2014). The corresponding best-
fit parameters are tabulated in Table 11 for all three apodization
scales, and including multipoles in the range ` = (10, 150) for
synchrotron and ` = (10, 300) for thermal dust emission. Note
that no synchrotron results are shown for the 5� FWHM apodiza-
tion scale. In this case, the e↵ective sky fraction is too small to
allow a robust estimate of the synchrotron spectrum.

For thermal dust emission these parameters may be com-
pared to the results presented in Planck Collaboration Int. XXX
(2014), although a few caveats are in order. In particular: (1)
the masks used in the two analyses are di↵erent, and the mask
adopted in this paper e↵ectively removes more sky around bright
point sources after apodization; (2) the map considered in the
present analysis is the Commander thermal dust map, whereas
the original analysis considered the raw 353 GHz map; (3) the
multipole ranges adopted for the parameter fits are slightly dif-
ferent; and (4) we make the fit to the single-` power spectrum,
not the binned spectrum.

Nevertheless, we see that the results derived here are in good
agreement with those found in Planck Collaboration Int. XXX
(2014). In particular, when considering the same apodization
scale of 5� FWHM, we recover an identical BB/EE ratio of
0.53 ± 0.01, and the EE power-law index agree to 0.5�. For
BB, the spectral index di↵erence is slightly larger, but still within
2�. The power spectrum amplitudes, on the other hand, are dif-
ferent because of the di↵erent e↵ective sky fractions of the two
corresponding apodized masks.

Comparing the di↵erent apodization scales, we note both
that the BB/EE ratio increases slightly, and that the power-law
indices steepens slightly, as the mask smoothing scale increases.
This is due to thermal dust emission being a highly non-isotropic
and non-Gaussian field, as discussed in Planck Collaboration
Int. XXX (2014). It is not surprising that its statistical proper-
ties may vary between the Galactic plane and the high Galactic
latitudes. In addition, there is an algorithmic uncertainty in the
form of so-called E-to-B leakage, due to ambiguous polarization
modes near the mask edge. This leakage is far stronger for fore-

grounds than for CMB, simply because the foreground field by
construction is at its maximum near the mask boundary. As a re-
sult, it is important to specify the properties of the analysis mask
when summarizing the power spectrum of a foreground field, as
demonstrated in Table 11.

Overall, however, the mask dependence on the angular
power spectrum is modest, and D` provides a useful summary
for foreground fields as well as for the CMB field. Indeed, one
of the interesting results reported by Planck Collaboration Int.
XXX (2014) was the asymmetry between the B- and E-mode
thermal dust power spectra, with a power ratio of BB/EE ⇡ 0.5.
This has strong implications for the underlying astrophysics, and
indicates the presence of significant filamentary structures on in-
termediate angular scales. In this paper, we find that the same
holds also for synchrotron emission, with an even stronger asym-
metry of BB/EE ⇡ 0.35. Thus, polarized synchrotron emission
appears to be more strongly aligned along filamentary structures
than thermal dust.

We also find similar power-law indices for synchrotron emis-
sion as for thermal dust, with ↵⇡�0.4. However, the uncertain-
ties are relatively larger, because of the lower signal-to-noise ra-
tio of the 30 GHz channel compared to the 353 GHz channel.

These power-law fits can be used to model the total fore-
ground level as a function of both multipole moment and fre-
quency. This is illustrated in Fig. 45 for the 1� FWHM apodiza-
tion case in terms of iso-contour plots of the following amplitude
ratio,

f =

s
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`
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where subscripts ’s’ and ’d’ refer to synchrotron and thermal
dust. The frequency spectra, ss(⌫) and sd(⌫), are the synchrotron
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panel shows the spectrum for a model with a tensor-to-scalar ratio of r = 0.05.

Planck Collaboration Int. XXX (2014). The corresponding best-
fit parameters are tabulated in Table 11 for all three apodization
scales, and including multipoles in the range ` = (10, 150) for
synchrotron and ` = (10, 300) for thermal dust emission. Note
that no synchrotron results are shown for the 5� FWHM apodiza-
tion scale. In this case, the e↵ective sky fraction is too small to
allow a robust estimate of the synchrotron spectrum.

For thermal dust emission these parameters may be com-
pared to the results presented in Planck Collaboration Int. XXX
(2014), although a few caveats are in order. In particular: (1)
the masks used in the two analyses are di↵erent, and the mask
adopted in this paper e↵ectively removes more sky around bright
point sources after apodization; (2) the map considered in the
present analysis is the Commander thermal dust map, whereas
the original analysis considered the raw 353 GHz map; (3) the
multipole ranges adopted for the parameter fits are slightly dif-
ferent; and (4) we make the fit to the single-` power spectrum,
not the binned spectrum.

Nevertheless, we see that the results derived here are in good
agreement with those found in Planck Collaboration Int. XXX
(2014). In particular, when considering the same apodization
scale of 5� FWHM, we recover an identical BB/EE ratio of
0.53 ± 0.01, and the EE power-law index agree to 0.5�. For
BB, the spectral index di↵erence is slightly larger, but still within
2�. The power spectrum amplitudes, on the other hand, are dif-
ferent because of the di↵erent e↵ective sky fractions of the two
corresponding apodized masks.

Comparing the di↵erent apodization scales, we note both
that the BB/EE ratio increases slightly, and that the power-law
indices steepens slightly, as the mask smoothing scale increases.
This is due to thermal dust emission being a highly non-isotropic
and non-Gaussian field, as discussed in Planck Collaboration
Int. XXX (2014). It is not surprising that its statistical proper-
ties may vary between the Galactic plane and the high Galactic
latitudes. In addition, there is an algorithmic uncertainty in the
form of so-called E-to-B leakage, due to ambiguous polarization
modes near the mask edge. This leakage is far stronger for fore-

grounds than for CMB, simply because the foreground field by
construction is at its maximum near the mask boundary. As a re-
sult, it is important to specify the properties of the analysis mask
when summarizing the power spectrum of a foreground field, as
demonstrated in Table 11.

Overall, however, the mask dependence on the angular
power spectrum is modest, and D` provides a useful summary
for foreground fields as well as for the CMB field. Indeed, one
of the interesting results reported by Planck Collaboration Int.
XXX (2014) was the asymmetry between the B- and E-mode
thermal dust power spectra, with a power ratio of BB/EE ⇡ 0.5.
This has strong implications for the underlying astrophysics, and
indicates the presence of significant filamentary structures on in-
termediate angular scales. In this paper, we find that the same
holds also for synchrotron emission, with an even stronger asym-
metry of BB/EE ⇡ 0.35. Thus, polarized synchrotron emission
appears to be more strongly aligned along filamentary structures
than thermal dust.

We also find similar power-law indices for synchrotron emis-
sion as for thermal dust, with ↵⇡�0.4. However, the uncertain-
ties are relatively larger, because of the lower signal-to-noise ra-
tio of the 30 GHz channel compared to the 353 GHz channel.

These power-law fits can be used to model the total fore-
ground level as a function of both multipole moment and fre-
quency. This is illustrated in Fig. 45 for the 1� FWHM apodiza-
tion case in terms of iso-contour plots of the following amplitude
ratio,
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where subscripts ’s’ and ’d’ refer to synchrotron and thermal
dust. The frequency spectra, ss(⌫) and sd(⌫), are the synchrotron
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2.4 Bias-corrected polarisation maps

We prepared bias-corrected polarisation intensity maps of
WMAP K, Ka and Q-bands maps, smoothed to a common resolu-
tion of 3◦. At K-band, some pixels show a noise value (terms inside
the bracket in Eq. 2) that is larger than the observed polarisation in-
tensity. This will produce some pixels with imaginary values after
the bias correction (see Eq. 2). These pixels are masked-out for the
analysis. Given the nature of the known-angle de-biasing method
that we use for Ka– and Q–bands –the knowledge of the true po-
larisation angle– we have masked out the pixels that show an un-
certainty in the polarisation angle at K-band larger than 5◦.8, which
are the ones that have a SNR in polarisation intensity, SNRP < 5.
This corresponds to a total masked sky-area of 17.3%. This SNR
cutoff was chosen to be sure that any residual bias will be smaller
than 5%, as shown in Vidal, Leahy & Dickinson (2014). In Fig.
1 we show the maps, with the masked areas shown as grey. Also
plotted on each map are the polarisation vectors, aligned parallel to
the magnetic field direction (we have rotated the vectors by 90◦).
We also include the 1.4 GHz polarisation map from Wolleben et al.
(2006).

By looking at WMAP K–band in Fig. 1, it can be seen that
most of the emission outside the Galactic plane comes from a num-
ber of individual large scale features. Regions we can easily iden-
tify are the Galactic plane, the fan region centred at l ≈ 140◦, and a
number of loops and filaments than run mostly perpendicular to the
Galactic plane. The biggest of these filaments is Loop I, running
perpendicular to the plane at l ∼ 30◦. We note also that the mag-
netic field vectors are coherent with the direction of the filamentary
structures; we will quantify this observation in the next section.

The most obvious difference between the WMAP maps and the
Wolleben map at 1.4 GHz is the inner Galaxy between b ! |30◦|.
Faraday rotation produces a depolarisation region in the 1.4 GHz
map, which cancels out most of the polarised emission close to the
Galactic plane, but as noted above, this is negligible at WMAP fre-
quencies, except towards the Galactic Centre (see Section 6).

3 POLARISED LARGE-SCALE FEATURES.

A number of radio loops have been described in the literature, Loop
I or NPS being the best known. Most have been observed in low fre-
quency (ν< 1 GHz) continuum radio surveys. Six loops have been
described in the literature. These loops are well fitted by small cir-
cles on the sky (see e.g. Berkhuijsen, Haslam & Salter 1971) in the
low frequency continuum data. Table 1 lists some properties of the
loops along with comments and references. We identify the loops
in polarisation based on the 1◦ de-biased polarised intensity map at
K–band. Additionally, we prepared a high-pass filtered version of
the 0.408 GHz map from Haslam et al. (1982) to highlight the fil-
amentary structure in the continuum map. This was done using an
unsharp-mask (Sofue, Reich & Reich 1989) which filters out the
emission at angular scales larger than 10◦. In Fig. 2 we show the
WMAP K–band polarisation intensity map and the filtered version
of the 0.408 GHz Haslam et al. map.

A number of filaments are easily recognisable over the sky;
most of them lie in the inner Galaxy, with Galactic longitude in
the range −90◦ < l < 90◦. Here we concentrate on the filaments
that have a “circular” arc shape. The continuum loops I, III and IV
are visible in polarisation although the more diffuse Loop II is not
obvious.

We fitted small-circle arcs to the coordinates of the pixels that

Figure 2. Top: WMAP –K band polarisation intensity map. Middle: Un-
sharp mask version of the Haslam et al. map. The angular resolution of the
unfiltered maps is 1◦ and the filter beam has a size of 10◦ FWHM. The
location and sizes of the 13 loops and arcs are listed in Table 1. Bottom:
Template showing the filaments visible on the top panel. They are defined
following maximum brightness points along each filament.

trace the peak of the circular features in Fig. 2. Table 1 lists the
parameters found for the three previously known continuum loops
that are visible in the polarisation data, as well as the parameters
published on the literature from continuum fits to the data. We did
not attempt to fit for Loop II (Cetus Arc) due to the very low emis-
sion observed in the WMAP polarisation maps. There is a good
agreement for the radii and centres of the loops between the low
frequency continuum data and the WMAP polarisation data. Loop
III is the one that shows the larger discrepancy between the geom-
etry measured in continuum with respect to polarisation, where the
emission in polarisation peaks 5◦ away from the continuum. This
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Figure 3. The panels on the top show maps of each filament as defined in the bottom panel of Fig 2. The adjacent circles in each filament show the apertures
that we use to measure the difference between the polarisation angle (represented by the small black vectors) and the direction of the filament (defined by thin
grey line running along the filament). The panels at the bottom show the difference between the polarisation angle, χ, and the angle defined by the direction
of each filament, α, along the filament. In these plots, the distance along the filament is measured in the direction indicated by the black arrow. The error bars
represent the random fluctuation in the polarisation angle, including an additional 5◦uncertainty assigned as a conservative systematic error in the definition of
the direction of the filament.
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Figure 4. Continuation of Figure 3
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same mechanism, where the local magnetic field is distorted by an
expanding shell.

In summary, we have used a simple model, based on the idea
from Heiles (1998) where a expanding shell is deforming the local
magnetic field to explain the large scale polarisation features seen
by WMAP . There is a very good agreement between the polar-
isation direction predicted from the model with the WMAP data,
as can be seen in Fig. 15, and also with the polarisation orien-
tation as measured by starlight observations. We remark that this
good correlation with the starlight only occurs when the selected
stars are nearby, i.e. d ! 300 pc. This is good evidence that the
magnetic structures that give rise to the polarisation observed by
WMAP is of local origin. We also note that a large number of the
filaments described in Sec. 3 are represented by this model. This
means that some of the filaments, such as I, Is, IX, CGS, CIV, XIII,
VIII, XII, XII and XI from Fig. 2 are likely to be part of the same
local structure. In order to get a more clear picture, the Planck po-
larisation is very valuable as it provides polarisation data sets bot
at low frequency, tracing the synchrotron emission and also, more
importantly, full sky polarisation maps of the dust emission, which
could be related with HI data. This analysis however is outside the
scope of this paper.

7.3 CMB foreground contribution

With the aim of quantifying the contribution of the polarised fil-
aments in the context of foreground to the CMB, we have calcu-
lated the power spectra of the polarised synchrotron sky. Using
masks which include/remove the observed filaments, we calculate
the spectra and then compare these with the expected E and B-
modes components of the CMB, to asses the level of contamina-
tion that the filaments induce at different angular scales. Recently,
Liu, Mertsch & Sarkar (2014) suggested that the radio Loops can
also be traced at high frequencies by polarised dust emission so
there might be significant CMB foreground contamination at their
location.

In order to test the contribution of the filaments to the power
spectrum of the full sky, we calculated the BB spectrum of the
WMAP K–band polarisation maps using two different masks: one
that suppresses all the pixels on a 10◦ strip on the Galactic plane
and a second mask that masks out the polarised features at high
latitudes. These masks can be seen in Fig. 16.

The power spectrum was computed using the publicly avail-
able PolSpice package (Chon et al. 2004). This software measures
the the angular auto- and cross- power spectra C(l) of Stokes I, Q
and U . It is well suited for our applications because it can correct
for the effects of the masks, taking into account inhomogeneous
weights given to the pixels of the map. The mixing of the E and B
modes due to the masked sky and pixel weights is corrected for, so
an unbiased estimate of the B-mode spectrum is given.

We also calculated a theoretical CMB power spectrum using
the CAMB package (Lewis, Challinor & Lasenby 2000). For this,
we used the cosmological parameters from the WMAP 9-year re-
lease, listed in Hinshaw et al. (2013). We used a tensor-to-scalar ra-
tio r = 0.2 for the B-mode spectrum calculation based on the recent
measurement by the BICEP2 collaboration6 (BICEP2 Collabora-
tion et al. 2014). We calculated the power spectrum for two differ-

6 We note that there has been considerable debate about whether this detec-
tion is contaminated by foregrounds (Flauger, Hill & Spergel 2014; Mor-
tonson & Seljak 2014), which may result in a much lower value for r.

Figure 16. The two mask used in the analysis. On the top is the one that
masks the Galactic plane, all the pixels where |b| ! 5◦ and it covers ≈ 7%
of the sky. On the bottom is the one that we used to mask the emission from
the filaments. This masks covers ≈ 27% of the sky.

ent frequencies. First, at 23 GHz, where the polarised synchrotron
is expected to dominate and also at 150 GHz, where its contribu-
tion is significantly reduced. Because we aim to estimate the con-
tribution of the synchrotron filaments, we do not include any dust
contribution at these higher frequencies. We used a polarised spec-
tral index of β = −3.0 to scale the emission from 23 to 150 GHz.
This value is an average for the high latitude filaments as we have
derived previously. We note that β23−150 might be steeper than the
–3.0 value that we used due to a possible frequency steepening of
the spectrum. If this occurs, the contribution that we show here at
150 GHz will be an overestimate for the power of the synchrotron
filaments at 150 GHz.

In Fig. 17 we show the resulting polarisation power spectrum
at 150 GHz. The black lines shows the expected B-mode, including
the primordial and a lensing component. The red line show the B-
modes spectrum of the polarised synchrotron map computed using
only the Galactic plane mask, while the blue lines show the spec-
trum computed using the filaments mask. The difference between
the spectra calculated using these two masks is more pronounced
at the large angular scales (low multipole value), as expected given
the extension of the filaments. The B-mode power calculated us-
ing the filament mask is ∼ 10 times smaller for ℓ = 5 than the
power estimated using only the Galactic plane mask. With increas-
ing multipole value, the difference of the spectra calculated with
the different masks is smaller. The large difference at low-ℓ on the
B-modes spectrum is important because the “low-ℓ bump” of the
CMB B-modes spectrum will be a target for the experiments that
aim to detect the cosmological B-mode signal (see e.g. Katayama
& Komatsu 2011). However, at 150 GHz the synchrotron power
is expected to be small compared with the B-modes spectrum if
r = 0.2. We note that the last bins in the power spectrum are noise
dominated.

The poorly-constrained modes in the WMAP polarisation data

c⃝ 2002 RAS, MNRAS 000, 1–19

Polarised radio filaments outside the Galactic plane 19

Figure 17. B-modes power spectra for the polarised synchrotron compo-
nent at 150 GHz compared to the theoretical CMB B-modes spectrum. In
black are the CMB spectra where the B-modes were calculated using a
tensor-to-scalar ratio value of r = 0.2. In colour are the B-mode spectra
of the synchrotron polarisation map calculated using the two masks shown
in Fig. 16. The dot-dashed line shows the contribution from lensing to the
cosmological B-mode spectrum.

will give excess power at ℓ ! 8 (Jarosik et al. 2011). In the
WMAP analysis, these were explicitly downweighted in the power
spectrum estimation, but we have not done this. This implies that
our power spectrum is slightly high in this multipole range.

8 CONCLUSIONS

The polarised sky at 23 GHz is dominated by synchrotron emis-
sion and, away from the Galactic plane, it originates mostly from
filamentary structures with well-ordered magnetic fields. Some of
these structures have been known for decades in radio continuum
maps: the “radio loops”, with the North Polar Spur being the most
studied. The origin of these filaments is not clear and there are
many filaments that are visible for the first time in these polari-
sation data. We have identified 11 filaments, including three of the
well known radio continuum loops. Five of these filaments are only
visible in the polarisation data. The geometry of these filaments
can be described using circular arcs. We fitted for the centres and
radii of these “loops”. We also compared polarisation angles along
the filaments with the direction defined by their extension. The po-
larisation angle is well aligned along the filaments, being typically
tangential to their direction. We found however some systematic
differences between the polarisation angle χ and the direction de-
fined by the extension of the filament.

We measured the polarisation spectral indices of 18 small re-
gions in the sky and we found significant variations in β over the
sky. Some of the regions show a spectral index flatter than the
usual β = −3.0, for example the Fan region, around Galactic lon-
gitude l = 140, which shows βK−Ka = −2.68±0.16. On average,
no significant steepening with frequency of the spectral index is
observed between βK−Ka and βKa−Q, although some individual re-
gions do show some steepening, such as some regions on the Galac-
tic plane. The average spectral index in all the 18 regions consid-
ered is βK−Ka =−3.04±0.02.

We quantified the polarisation fraction of the synchrotron
emission over the entire sky, using different templates to estimate

the synchrotron total intensity at 23 GHz. The results depend criti-
cally on the model used for the synchrotron total intensity. Never-
theless, some of the polarised filaments show a large polarisation
fraction (Π ≈ 30%) regardless of the synchrotron total intensity
template used.

We measured the Faraday rotation between K and Ka bands at
an angular resolution of 1◦ . We only find signs of Faraday rotation
on the inner Galactic plane. Here, the change of polarisation angle
between K and Ka bands has an rms value of 4◦.7, corresponding
to a rotation measure of 890 rad m−2. This region however, covers
only 0.9% of the total area of the sky. Over most of the sky, the
difference in polarisation angle between K and Ka bands is less
than 1◦ (RM = 190 rad m−2).

To explain the large-scale observed polarisation pattern, we
invoke a model originally proposed by Heiles (1998), in which
an expanding shell, located at a distance of 120 pc compresses the
magnetic field in the local ISM. Under the assumption that the un-
perturbed magnetic field lines are parallel to the Galactic plane, an
expanding spherical shell will bend the lines in a simple manner.
We calculated how these field lines would appear from our vantage
point within the Galaxy. The predicted direction of the magnetic
field lines is in good agreement with the observed polarisation an-
gles at 23 GHz for most of the relevant area of the sky. We high-
light that this model includes emission from many of the observed
filaments, therefore connecting them as part of a big local struc-
ture. This result suggests that a substantial part of the filamentary
and diffuse emission seen by WMAP is local. This has to be taken
into account when trying to model the global Galactic polarisation
emission and magnetic field.

Finally, we estimated the level of contamination that the fila-
ments add to the CMB E- and B-mode power spectra. We compared
the B-mode power spectrum of the sky at 23 GHz using two differ-
ent masks, one that covers only the Galactic plane and a second
one that masks-out the diffuse filaments. The power measured at
ℓ= 3 using the Galactic plane masks is ∼ 10 times larger than the
power measured using the filaments mask. This implies that a care-
ful subtraction is required to precisely measure the CMB B-mode
spectrum at the largest angular scales.
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Fig. 12. Map of the selected pixels (grey colour) used in the
stacking analysis. It covers 28 % of the high-latitude sky. Each
tile in the image is a 7� ⇥5� patch around the filament centre and
rotated by ✓̄�.

6.4. Analytical approximation506

Following the description of the filaments in Sect. 5.2 and the
stacked images in Fig. 10, we can express the E- and B-modes
of a given filament as

ĒF
353 ' � Q̄0F353 = P̄F

353 cos 2�F
�̄�✓̄� , (44)

B̄F
353 ' � Ū0F353 = � P̄F

353 sin 2�F
�̄�✓̄� , (45)

where P̄F
353 is the mean polarization intensity of the filament.

The direct relation between ĒF
353 and Q̄0F353, and B̄F

353 and Ū0F353
only holds for an idealised filament. For N idealized filaments
oriented arbitrarily on the sky with respect to the GN, the ratio
between the variances of the B and E maps is given by

VBB

VEE =
hB̄F

353B̄F
353i

hĒF
353ĒF

353i
=

P 2`+1
4⇡ CBB

` B2
`P 2`+1

4⇡ CEE
` B2

`

, (46)

which is expanded in terms of power spectra CBB
` and CEE

` un-
der the assumption of statistical isotropy and homogeneity. The
beam window function (B`) is the filter function. Both the ob-
served CBB

` and CEE
` dust power spectra follow a power-law

model with the same slope ↵ (Planck Collaboration Int. XXX
2014). This reduces Eq. (46) to

VBB

VEE =

P
(2` + 1) ABB `�↵ B2

`P
(2` + 1) AEE `�↵ B2

`

=
ABB

AEE . (47)

From the histogram of the upper panel of Fig. 6, the distribu-
tion of the angle �F

�̄�✓̄� is known for our filament sample. Similar
to the assumption made in Sect. 5.2, we assume that all the fila-
ments have the same polarized intensity and therefore

ABB

AEE =
hsin2 2�F

�̄�✓̄�i
hcos2 2�F

�̄�✓̄�
i = 0.66 . (48)

We have computed the ratio ABB/AEE using the two independent507
subsets of the Planck data (HM maps) and find the same mean508
value of 0.66. This value of the ABB/AEE ratio based on this an-509
alytical model matches the observed mean value of 0.62 ± 0.03510
(Sect. 6.2). We note that the model value is directly inferred from511
the distribution of �F

�̄�✓̄� for our filament sample. If the HRO of512

�F
�̄�✓̄� was flat with uniform probability between �90� and +90�,513

we would have found equal variances in both the E353 and B353514
maps.515

In summary, we propose that the alignment between BPOS 516
and the filament orientations accounts for the E-B asymmetry in 517
the range of angular scales 30 < ` < 300. A similar alignment 518
must exists between the matter structures and BPOS over the 519
rest of the high-latitude sky. With our filament-finding al- 520
gorithm, we only consider the strong filaments, which con- 521
tributes most of the sky variance in polarization. Some high 522
Galactic latitude sky areas, such as the BICEP2 field (BICEP2 523
Collaboration 2014), do not include any of the strong filaments 524
from our study. The Planck 353 GHz polarization maps do not 525
have the required signal-to-noise ratio to measure the ABB/AEE 526
ratio for individual BICEP2-like fields (Planck Collaboration 527
Int. XXX 2014). Therefore more sensitive observations will be 528
needed to test whether our interpretation is relevant there. 529

7. Conclusion 530

We present a statistical study of the filamentary structure of the 531
353 GHz Planck Stokes maps at high Galactic latitude, relevant 532
to the study of dust emission as a polarization foreground to the 533
CMB. The main results of our work are summarized as follows. 534

We filter the intensity and polarization maps to isolate struc- 535
tures over the range of angular scales where the E-B power 536
asymmetry is observed. From a Hessian analysis of the Planck 537
total dust intensity map at 353 GHz, we identify a sample of 259 538
filaments in the high-latitude sky with lengths L � 2�. We mea- 539
sure the mean orientation angle of each filament in this sam- 540
ple and find that the filaments are statistically aligned with the 541
plane of the sky component of the magnetic field, BPOS, inferred 542
from the polarization angles measured by Planck on the fila- 543
ments. We also find that the orientation of BPOS is correlated 544
with that of Bm,POS in the solar neighbourhood. Our results show 545
that the correlation between the structures of interstellar matter 546
and BPOS in the di↵use ISM reported in Planck Collaboration 547
Int. XXXII (2014) for intermediate Galactic latitudes also ap- 548
plies to the lower column density filaments (a few 1019 cm�2) 549
observed at high Galactic latitude. 550

We present mean images of our filament sample in dust in- 551
tensity and Stokes Q353 and U353 with respect to the filament 552
orientation (Q0353 and U0353), computed by stacking individual 553
7� ⇥ 5� patches centred on each filament. The stacked images 554
show that the contribution of the filaments is a negative feature 555
with respect to the background in the Q0353 image and is not seen 556
in the U0353 image. This result directly follows from the fact that 557
the histogram of relative orientation between the filaments and 558
BPOS peaks and is symmetric around 0�. Combining the stacked 559
images and the histogram, we estimate the mean polarization 560
fraction of the filaments to be 11 %. 561

We relate the E-B asymmetry discovered in the power spec- 562
trum analysis of Planck 353 GHz polarization maps (Planck 563
Collaboration Int. XXX 2014) to the alignment between the fil- 564
aments and BPOS in the di↵use ISM. The set of 7� ⇥ 5� patches 565
we stack represents 28 % of the sky area at high Galactic lati- 566
tude. The power of the E-mode dust polarization computed over 567
this area amounts to 83 % of the total dust polarization power 568
in the high-latitude sky. We show with an analytical approxima- 569
tion of the filaments (based on the work of Zaldarriaga 2001), 570
that the HRO between the filaments and BPOS may account for 571
the CBB

` /CEE
` ratio measured over the high-latitude sky. Our in- 572

terpretation could also apply to the E-B asymmetry reported for 573
the synchrotron emission (Planck Collaboration X 2015), since 574
there is also a correlation between the orientation angle of BPOS 575
and the filamentary structures of the synchrotron intensity map 576
(Vidal et al. 2014; Planck Collaboration XXV 2015). 577
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Fig. 2. Locations and sizes of the regions selected for analysis. The background map is the gas column density, NH, derived from
the dust optical depth at 353 GHz (Planck Collaboration XI 2014).

Table 1. Locations and properties of the selected regions

Region l b �l �b Distancea hNHib Max (NH)b
D
NH2

E
c

[�] [�] [�] [�] [pc] [1021 cm�2] [1021 cm�2] [1021cm�2]

Taurus . . . . . . . . . . 172.5 �14.5 15.0 15.0 140 5.4 51.9 1.6
Ophiuchus . . . . . . . 354.0 17.0 13.0 13.0 140 4.4 103.3 1.1
Lupus . . . . . . . . . . . 340.0 12.7 12.0 12.0 140 3.8 30.8 1.2
Chamaeleon-Musca . 300.0 �15.0 16.0 16.0 160 2.3 29.7 1.3
Corona Australis (CrA) 0.0 �22.0 12.0 12.0 170 1.1 40.5 1.2

Aquila Rift . . . . . . . 27.0 8.0 12.0 12.0 260 9.3 58.7 1.9
Perseus . . . . . . . . . . 159.0 �20.0 9.0 9.0 300 3.9 94.8 2.6

IC 5146 . . . . . . . . . 94.0 �5.5 5.0 5.0 400 3.7 22.6 1.0
Cepheus . . . . . . . . . 110.0 15.0 16.0 16.0 440 4.2 21.3 1.2
Orion . . . . . . . . . . . 212.0 �16.0 16.0 16.0 450 5.0 93.6 2.2

a The estimates of distances are from: Schlafly et al. (2014) for Taurus, Ophiuchus, Perseus, IC 5146, Cepheus, and Orion; Knude & Hog (1998)
for Lupus and CrA; Whittet et al. (1997) for Chamaeleon-Musca; and Straižys et al. (2003) for Aquila Rift.

b Estimated from ⌧353 using Eq. (1) for the selected pixels defined in Appendix A.
c Using the line integral WCO over �10 < vk/(km s�1) < 10 from the Dame et al. (2001) survey and XCO = 1.8 ⇥ 1020 cm�2 K�1 km�1 s.

includes an open cluster surrounded by a bright optical nebulos-
ity, called the Cocoon Nebula, and a region of embedded lower-
mass star formation known as the IC 5146 Northern4 Streamer
(Harvey et al. 2008). The Cepheus Flare, called simply Cepheus
in this study, is a large complex of dark clouds that seems to
belong to an even larger expanding shell from an old supernova
remnant (Kun et al. 2008). Orion is a dark cloud complex with
ongoing high and low mass star formation, whose structure ap-
pears to be impacted by multiple nearby hot stars (Bally 2008).

Taking into account background/foreground emission and
noise within these regions, pixels are selected for analysis

4 In equatorial coordinates.

according to criteria for the gradient of the column density
(Appendix A.2) and the polarization (Appendix A.2).

4. Statistical study of the relative orientation of the
magnetic field and column density structure

4.1. Methodology

4.1.1. Histogram of Relative Orientations

We quantify the relative orientation of the magnetic field with
respect to the column density structures using the HRO (Soler
et al. 2013). The column density structures are characterized by
their gradients, which are by definition perpendicular to the iso-
column density curves (see calculation in Appendix B.1). The
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and then calculate the position angle of this averaged pseudo-
vector

Q̄0353 =
1
n

nX

i=1

Q0353 ⌘ � P̄353 cos 2��̄�✓̄� , (12)

Ū0353 =
1
n

nX

i=1

U0353 ⌘ P̄353 sin 2��̄�✓̄� , (13)

where

��̄�✓̄� = 0.5 ⇥ atan2(Ū0353,�Q̄0353) , (14)

P̄353 =
q

Q̄02
353 + Ū 02

353 . (15)

The angle di↵erence ��̄�✓̄� measures the weighted mean of the247
angle di↵erence per pixel between the orientations of the given248
filament and BPOS. The index �̄ refers to the mean orientation249
angle of BPOS along the filament. Note that we directly mea-250
sure the angle di↵erence between the filament and BPOS, without251
computing �̄ for each filament.252

The histogram of relative orientation (HRO) between the fil-253
ament and BPOS for our filament sample is presented in the upper254
panel of Fig. 6. The mean value of the histogram is 2.�3 com-255
puted using the equivalent of Eq. (7). Our histogram agrees with256
the pixel-by-pixel analysis at intermediate and low Galactic lati-257
tudes presented in Planck Collaboration Int. XXXII (2014). Like258
in this earlier study, we find that the filaments are statistically259
aligned with BPOS. A similar alignment between the filaments260
in the intensity map and BPOS has been reported for synchrotron261
emission observed by WMAP at 23 GHz (Vidal et al. 2014).262

To quantify the shape of the histogram of ��̄�✓̄� , we fit it with263
a Gaussian plus a constant. The Gaussian has a 1� dispersion264
of 19�. The constant arises from the projection of the magnetic265
field and filament orientations on the POS as discussed in Planck266
Collaboration Int. XXXII (2014).267

4.2. Relative orientation of the magnetic field and the268
large-scale Galactic magnetic field269

Here, we compare the orientation of BPOS on the filaments with270
that of Bm,POS. Heiles (1996) derived the orientation of Bm,POS271
pointing towards l0 = 82.�8 ± 4.�1 and b0 = 0.�4 ± 0.�5 from272
the polarization pseudo-vectors of stars more distant than 500273
parsecs. Slightly di↵erent l0 values have been reported in other274
studies. From the rotation measures of nearby pulsars within a275
few hundred parsecs of the Sun, Rand & Lyne (1994) found the276
direction of Bm,POS pointing towards l0 = 88� ± 5�. In another277
study of pulsar rotation measures, Han et al. (1999) derived the278
direction of Bm,POS as l0 ' 82�. These two studies do not report279
values for b0, which is assumed to be zero. Based on these ob-280
servations, we assume that the mean orientation of Bm,POS in the281
solar neighbourhood is l0 = 84� ± 10� and b0 = 0� ± 10�, with282
the same uncertainty on b0 and l0.283

We construct a pseudo-vector field with unit length based284
on the uniform orientation of Bm,POS. This pseudo-vector has285
components: Qm = cos 2 m = cos 2(�m � ⇡/2) and Um =286
� sin 2 m = � sin 2(�m � ⇡/2) (following the HEALPix con-287
vention for the Qm and Um maps), where  m is the polarization288
angle of Bm,POS. The procedure to go from the uniform Bm,POS289
pointing towards (l0, b0) to  m is detailed by Heiles (1996). The290
mean orientation angle (�̄m) of Bm,POS for each filament is ob-291
tained by first averaging Qm and Um over all n pixels within a292
filament and then calculating the position angle of this averaged293
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Fig. 6. Upper panel: HRO between the filaments and BPOS.
Middle panel: HRO between BPOS and Bm,POS. Lower panel:
HRO between the filaments and Bm,POS.

pseudo-vector. We compute the angle di↵erence, ��̄��̄m , between 294
the orientations of BPOS and Bm,POS on the filament in a similar 295
manner to the method described in Sect. 4.1. 296
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