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Topics
1. Processing the data

• resolution: best not high
• filtering: averaging, wavelets

2. Analysis & interpretation

• look at three approaches:
a. phenomenological (pick an object)
b. comparing different models
c. constraining a parameterised model



The problem/challenge
The complex polarization ...

... is well named.

P = p0

!
V D(x, y) ![B!(x), ncr(x)] exp{2i ["0(B!(x)) + 0.81#2

!
z ne(x)B"(x)dz]}dV!

V D(x, y) !(B!(x), ncr(x)) dV

beam synchrotron
emissivity Faraday rotaton

angle on
emission

Aim: retrieve (some useful properties of) B
from observations of P.



Resolution 1
1. Processing the data

Require the appropriate resolution to study the 
scales of B that are of interest.

This is not necessarily the highest resolution 
available.



Resolution 2
1. Processing the data

Example: Faraday rotation in M51 (3cm & 6cm)
Observations: combined VLA & Effelsberg,
resolution 4”  15”; painstaking reduction.

3cm 6cm



Resolution 3
1. Processing the data

Example: Faraday rotation in M51 (3cm & 6cm)
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Resolution 3
1. Processing the data

Example: Faraday rotation in M51 (3cm & 6cm)
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1. Processing the data

Smoothing & filtering
Suppress outliers, isolate trend, extract regions, separate scales



1. Processing the data

Smoothing & filtering
Suppress outliers, isolate trend, extract regions, separate scales

Fig. 3.—RMvs. Galactic longitude for RM sources in the SGPS region. In the top panel, circles represent the individual SGPS EGS sources (errors are smaller than the
symbol size), while open red diamonds represent data averaged into independent longitude bins containing nine sources (the end bin at 255! contains 13 sources). Where
symbol size permits, the error bars are the standard deviation in longitude andRM for each bin. In themiddle panel, purple diamonds represent boxcar-averaged SGPSEGS
data over 9! in longitude with a step size of 3!. In contrast to the binned data in the top panel, the error bars are the standard error of the mean. The solid line marks the ap-
proximate longitude of transition from predominantly positive RMs to negative RMs (l " 304!) Dotted lines (dashed lines)mark approximate longitudes ofminimum (maximum)
jRMj in SGPS data. In the bottom panel, squares represent the individual pulsars with known RM in the SGPS region (errors are smaller than the symbol sizes).
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Fig. 3.—RMvs. Galactic longitude for RM sources in the SGPS region. In the top panel, circles represent the individual SGPS EGS sources (errors are smaller than the
symbol size), while open red diamonds represent data averaged into independent longitude bins containing nine sources (the end bin at 255! contains 13 sources). Where
symbol size permits, the error bars are the standard deviation in longitude andRM for each bin. In themiddle panel, purple diamonds represent boxcar-averaged SGPSEGS
data over 9! in longitude with a step size of 3!. In contrast to the binned data in the top panel, the error bars are the standard error of the mean. The solid line marks the ap-
proximate longitude of transition from predominantly positive RMs to negative RMs (l " 304!) Dotted lines (dashed lines)mark approximate longitudes ofminimum (maximum)
jRMj in SGPS data. In the bottom panel, squares represent the individual pulsars with known RM in the SGPS region (errors are smaller than the symbol sizes).
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Fig. 3.—RMvs. Galactic longitude for RM sources in the SGPS region. In the top panel, circles represent the individual SGPS EGS sources (errors are smaller than the
symbol size), while open red diamonds represent data averaged into independent longitude bins containing nine sources (the end bin at 255! contains 13 sources). Where
symbol size permits, the error bars are the standard deviation in longitude andRM for each bin. In themiddle panel, purple diamonds represent boxcar-averaged SGPSEGS
data over 9! in longitude with a step size of 3!. In contrast to the binned data in the top panel, the error bars are the standard error of the mean. The solid line marks the ap-
proximate longitude of transition from predominantly positive RMs to negative RMs (l " 304!) Dotted lines (dashed lines)mark approximate longitudes ofminimum (maximum)
jRMj in SGPS data. In the bottom panel, squares represent the individual pulsars with known RM in the SGPS region (errors are smaller than the symbol sizes).
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Smoothing & filtering
1. Processing the data

Suppress outliers, isolate trend, extract regions, separate scales

where hBjjid1!d0 is the mean line-of-sight field component
in microgauss between distances d0 and d1, !RM " RMd1 !
RMd0, and !DM " DMd1 ! DMd0.

The location of spiral arms in our Galaxy is a subject of much
debate (see Burton 1976; Russeil 2003, for good summaries of
the uncertainties). Based on observed tangent points (cf. Fig. 13)
and locations of giant molecular clouds, H ii regions, and star
formation complexes (Grabelsky et al. 1988; Solomon & Rivolo
1989; Bronfman et al. 1989; Dame et al. 2001; Georgelin &
Georgelin 1976; Downes et al. 1980; Caswell & Haynes 1987;
Russeil 2003),we have adopted locations for themajor spiral arms
as shown in Figure 1. These arms are approximately equiangular
spirals with pitch angles of between !10# and!12#. While the
locations (or even existence) of these arms is quite uncertain,
especially in directions toward the Galactic center, most of the
discussion in this paper is based on regions around the tangential
points, which are reasonably well determined. Uncertainties in
pulsar distances also have the least effect in these directions.

We have applied equation (5) to regions near the tangential
points of the spiral arms as marked on Figure 4 where the large-
scale field and the lines of sight have maximum projections. For
regions around Galactic longitude l $ 0# (and also 180#), the
large-scale field is nearly perpendicular to our line of sight and
hence not measurable using Faraday rotation. We have taken all
pulsars with RMs having errors of less than 25 rad m!2 with
jbj < 8# and lying within 4# of the central longitude and within
the distance ranges indicated on Figure 4. The DM range cor-
responding to the adopted distance range was computed using
the NE2001 model. We have determined RM-DM slopes using
the robust straight-line fit method (see x 15.7 in Press et al.
1992), which minimizes the effects of anomalous outliers in the
plots due, for example, to H ii regions (Mitra et al. 2003), to give
the mean field hBkiwithin the region. The uncertainty of hBki is
determined from the absolute mean deviation of RMs from the
fitted line together with the average of DMs of pulsars in the
region. We reject any fits if the uncertainty,7 !, is greater than
1 "G or if hBki has a significance of less than 2 !. Similar fits

have been made to interarm regions as indicated in Figure 4. For
completeness, we briefly review previously published results for
the large-scale magnetic field in the local region and near and
beyond the Perseus arm.

3.1. The Norma Spiral Arm

The large-scale field in the Norma arm, the innermost iden-
tified arm in the Galaxy, has been discussed in detail by Han
et al. (2002) based on the present data set but using distances
based on the Taylor & Cordes (1993) electron density model.
Here we analyze the data with distances based on the NE2001
electron density model. Figure 5 shows RMs as a function of
distance and DMs for low-latitude pulsars lying near l " 18#

and 335#. The fitted lines for distances between 6 and 10 kpc are
within the Norma arm (see Fig. 4). The line between 3 and 5 kpc
at l " 335# corresponds to the adjacent interarm region and is
discussed in x 3.4. It is clear that the conclusions of Han et al.
(2002) are maintained. The RM gradient for pulsars between 6
and 10 kpc from the Sun is positive for l " 18# and negative for

Fig. 5.—Dependence of RM with distance and DM for pulsars lying in
directions passing through the Norma arm (l " 18# % 4# and 335# % 4#). In this
and subsequent figures of this type, RMs from this paper are shown as squares
and previous measurements as circles, and the lines are robust straight-line fits
to RMs for pulsars lying within the defined regions (see text). The corre-
sponding mean field from eq. (5) and its statistical uncertainty are shown on the
plots. [See the electronic edition of the Journal for a color version of this figure.]

Fig. 4.—Distribution of pulsars with known RMs and jbj < 8# (as in Fig. 1)
with boxes showing the regions near tangential points of spiral arms and in interarm
regionswhere values of hBki have been estimated using eq. (5) in Figs. 5–8 and 10.
Interarm boxes are marked with thin lines. The dashed circle is the locus of
tangential points for equiangular spirals of pitch angle!11#. [See the electronic
edition of the Journal for a color version of this figure.]

Fig. 6.—Dependence of RMwith distance and DM for pulsars lying in direc-
tions passing through the Scutum (l " 32#) and Crux (l " 310#) spiral arms. The
short fitted line at l " 310# is for the interarm region between the Crux and Carina
arms. [See the electronic edition of the Journal for a color version of this figure.]

7 The uncertainty of the fit reflects the mean deviation of the data, which is
dominated by random magnetic fields in the sample region. To judge the di-
rection (i.e., sign) of the large-scale field, a 2 ! significance should be adequate;
all our results below are, in fact, greater than 3 !.
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Wavelet transform: similar to Fourier transform, 
except basis functions are localised.  
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Wavelet transform: similar to Fourier transform, 
except basis functions are localised.  

wavelet
coefficient

scale position

image wavelet

W (a,x) =
1
ak

! !

"!

! !

"!
f(x#)!$[(x# ! x)/a]dx#



Smoothing & filtering
1. Processing the data

Original Wavelet coefficients at different scales

Suppress outliers, isolate trend, extract regions, separate scales

Many uses, e.g.:
•trace spiral arms
•scale-by-scale correlation
•separate arm & inter-arm

Frick, Beck et al. 2001

Frick et al. 2000

Fletcher et al. 2011



Smoothing & filtering
1. Processing the data

Suppress outliers, isolate trend, extract regions, separate scales

Wavelet transform can be applied to discrete data

100 J.L. Han et al.: Antisymmetric rotation measures in our Galaxy

Fig. 1. Galactic distribution of RMs of extragalactic radio sources from the Broten et al. (1988) catalogue, selected as described in the text to

show the large-scale structure of the Galactic magnetic field. Filled circles represent positive RMs (magnetic field directed toward the observer)

and the area of the circle is proportional to |RM| within limits of 5 and 150 rad m!2.

Fig. 2. Galactic distribution of RMs for pulsars with |b| > 8" from Taylor, Manchester & Lyne (1993), Rand & Lyne (1994), Qiao et al. (1995)

and Manchester & Johnston (1995). Filled circles represent positive RMs and the area of the circle is proportional to |RM| within limits of 5

and 150 rad m!2.

(1960), that Loop I is an old supernova remnant shell or bubble
located 100 – 150 pc from the Sun. This interpretation is strongly
supported by the distance dependence of starlight polarization
in the region (Mathewson & Ford 1970), radio continuum and
HI observations (Berkhuijsen, Haslam & Salter 1971), radio po-
larization observations (Spoelstra 1972) and X-ray observations
(Egger & Aschenbach 1995).

Although Loop I has weak emission extending to about l =
60! at b > 10!, the strongest parts of the loop are confined to

l < 35! (Berkhuijsen 1971; Sofue 1994). In contrast, the region
of positive RMs in the first quadrant extends to about l = 80!.
Furthermore, if Loop I is caused by a nearby expanding bubble
compressing the prevailing local field, at least at latitudes less
than ! 50!, we would expect negative RMs around l = 30!

rather than the positive RMs observed. We conclude therefore
that Loop I does not contribute significantly to the observed
RMs in this region.

In Fourier analysis, a similar quantity is known as the spectral

energy density. The normalization factor in equation (5) is chosen

so that structures of the same amplitude but different scales would

contribute equally to M(R). As can be seen in Fig. 2, M(R) has a

wide maximum at about R ! 708 for all three catalogues used. The

maximum in the spectrum is due to the largest structures in the RM

distribution, i.e. the magnetic field in the Orion arm (see Section 5).

As indicated by a slower decrease of M with R, the catalogue of

Broten et al. (1988) and the joint catalogue contain more structure

at small and intermediate scales.

We note that the wavelet used here is devised to obtain a good

spatial resolution at the expense of a poorer resolution in the space

of scales R (or the wavenumber space). Therefore, the imprints of

underlying structures may be hardly visible in Fig. 2, the more so

that M(R) is an integral parameter that smears individual features

even if they are strong. Such features are better visible in the

wavelet transform maps in the (l, b) plane.

The use of an isotropic wavelet does not preclude the

detection of strongly elongated structures. In such cases the

dominant scale R corresponds to the smaller dimension of

the structure, and w at this scale has an elongated maximum.

The curvature of an elongated feature contributes to the wavelet

transform at larger scales.

5 STABLE FEATURES IN THE RM SKY

The wavelet transforms presented in this section have been

obtained from the sample of Simard-Normandin et al. (1981)

unless stated otherwise. Fig. 3 shows the wavelet transform at

the scale R ! 678 where M(R) is maximum in all three

catalogues (within 38). The main features of this map are two

structures located at about l ! 908 and 2708; they have opposite

signs. These maxima are imprints of the large-scale magnetic

field in the local (Orion) arm and Loop II (the Cetus arc) (see

also Section 6). |RM| has slightly different peak values in the

first and fourth quadrants and the zero-level contour is

asymmetric in Galactic longitude. The other two features visible

in this map are a mild maximum of w at l . 308 and a minimum

at l . 3008 in the northern hemisphere. These are manifestations

of Loop I (see below).

It is notable that the dominant structures at l . 908 and 2708 are

shifted from the Galactic equator to negative Galactic latitudes.

The asymmetry between large-scale RM distributions in the

northern and southern Galactic hemispheres is well known from

earlier studies discussed in Section 2.

In order to quantify the north–south asymmetry we consider for

a moment the two hemispheres separately. In Fig. 4 we show

wavelet transforms and integral spectra for the two hemispheres.

The spectra are maximum at very different scales, R ! 358 in the

north and R ! 768 in the south. This indicates that the magnetic

field in the northern hemisphere is contaminated by distortions

whose dominant angular radius is 358. The large-scale features

Figure 2. The integral wavelet spectra M(R ) for the catalogues of Simard-

Normandin et al. (1981) (solid line), Broten et al. (1988) (dashed line) and

the joint one (dotted line). The spectra are normalized by the maximum

value of M(R ) for the catalogue of Simard-Normandin et al.

Figure 3. Contours of the wavelet transform w(a, l, b) in radm22 at the

dominant scale R ! 678 for the catalogue of Simard-Normandin et al.

(1981).

Figure 4.Wavelet transformsw(a, l, b) of the sample of Simard-Normandin

et al. (1981) obtained separately for the northern and southern Galactic

hemispheres at scales corresponding to the maxima in their respective

energy spectra M(R). (a) Contours of w (in radm22) at R ! 358 for the

northern hemisphere (upper panel) and at 768 for the southern hemisphere

(lower panel). (b) M(R) for the southern (solid line) and northern (dashed

line) hemispheres. M0 is the maximum of M(R) for the southern

hemisphere.

654 P. Frick et al.

q 2001 RAS, MNRAS 325, 649–664

Extra-galactic RMs Wavelet coefficients at 
dominant scale 67°

Units are rad m-2

Broten catalogue in Han et al. 1997 Frick, Stepanov et al. 2001



Smoothing & filtering
1. Processing the data

Suppress outliers, isolate trend, extract regions, separate scales

Basic wavelet methods can be extended:

Use anisotropic wavelet 
to trace and measure 
elongated structures.
w(a,x,θ), θ=orientation
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Smoothing & filtering
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Suppress outliers, isolate trend, extract regions, separate scales

Basic wavelet methods can be extended:
direct reconstruction of an irregularly sampled field

R. Stepanov et al.: Wavelet tomography 367
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Fig. 7. The wavelet transforms of the distribution of Fig. 4b sampled
at 1600 randomly distributed points at the scales a) a = 3 kpc and b)
a = 1 kpc. The Galactic centre is marked with cross and the Sun is at
the centre of the frame.

6. Discussion

We have introduced a new wavelet devised for the analysis of
the pulsar Faraday rotation measures in terms of the large-scale
magnetic field (or of any other observable that is an integral
of the quantity studied, e.g., the pulsar dispersion measures).
This is a tomography approach because the field is directly re-
constructed from its integral estimator. The method works well
with data given on a regular mesh or scattered randomly but
with gaps between the data points not exceeding a/2, with a

!10 !5 0 5 10

!10

!5

0

5

10

Fig. 8. The wavelet transform of the distribution of Fig. 4b on the
real, irregular data grid of the pulsar catalogue of Taylor et al. (1995)
(323 points) at a scale a = 1.5 kpc. The region where !S > a2/5
and the results are inaccurate is filled with uniform grey. The Galactic
centre is marked with cross and the Sun is at the centre of the frame.

the scale of the wavelet. The separation of pulsars with known
RM exceeds this limit beyond about 3 kpc from the Sun.

An advantage of the method is that it involves neither ad
hoc assumptions about magnetic field structure nor model fit-
ting. However, the wavelet transforms on the data grid of the
pulsar catalogues available appear rather confusing and di"-
cult to interpret. The advantages of the wavelet analysis and
model fitting can be combined in a single approach applied by
Frick et al. (2001) to the Faraday rotation measures of extra-
galactic sources. Instead of fitting a magnetic field model to
noisy RM data, these authors fitted the wavelet transform of
the model RM to the wavelet transform of the observed RM
with smaller scales (mainly responsible for the nose) filtered
out. This has resulted in a significant improvement in the qual-
ity of the analysis. The application of the wavelet introduced
here will allow us to fit the wavelet transforms of the magnetic
field derived from RM to the model. We expect that this will re-
sult in a significant improvement of the results against the usual
procedure of fitting model RM to the observed noisy data.

Another way to improve the results would be to analyze
simultaneously the Faraday rotation measures of pulsars and
extragalactic radio sources. Since many extragalactic sources
occur at high Galactic latitudes, a plausible assumption about
the vertical distribution of the magneto-ionic medium will have
to be adopted.

Acknowledgements. We acknowledge financial support from the
Russian Foundation for Basic Research (Grant 01-02-16158), NATO
Collaborative Linkage Grant PST.CLG 974737 and the University of
Newcastle (Small Grants Panel). RS thanks Science support founda-
tion, DAAD for support and Astrophysikalisches Institut Potsdam for
hospitality.
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Fig. 1. The 323 pulsars with known RM from the catalogue of Taylor
et al. (1995) are shown in the galactic plane. Here and below, scale is
given in kiloparsecs and the Galactic centre is shown with cross; the
Sun is at the centre of the frame.

of our method, which can be applied in various contexts. The
algorithm is described in Sect. 4, and the advantages and lim-
itations of the method are discussed in Sect. 5. The e!ciency
of the method when applied to the pulsar RM is discussed in
Sect. 6.

2. Obtaining magnetic field from RM
and electron density from DM

Faraday rotation measures of pulsars probe the Galactic mag-
netic field in a variety of directions. A pulsar’s own contribution
to the observed RM is minor because the pulsar magnetosphere
is populated by electron-positron pairs resulting in zero net
Faraday rotation. This makes pulsars a major source of infor-
mation about the large-scale magnetic field of the Milky Way
(e.g., Rand & Kulkarni 1989; Rand & Lyne 1994), especially in
conjunction with their dispersion measures. However, there are
several complications in the derivation of magnetic field and
electron density from pulsar RM and DM.

Firstly, pulsars are very non-uniformly distributed in space.
They concentrate in spiral arms and the number density of
known pulsars decreases rapidly with distance from the Sun,
as shown in Fig. 1. Even though the number of known pulsars
rapidly grows with time, the non-uniform nature of their spatial
distribution remains. Most pulsars are found near the Galactic
midplane. Yet, some of them are located far away from the mid-
plane, and thereby allow a study of the vertical distribution of
the magneto-ionic medium. Nevertheless, in this paper we re-
strict ourselves to a two-dimensional analysis by projecting the
pulsar data onto the galactic plane; our method can be gener-
alized to three dimensions, but better data would be needed to
justify this.
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10

Fig. 2. The thermal electron density ne distribution in the Galactic
plane, following the model of Taylor & Cordes (1993), with the
Galactic centre marked with cross and the Sun at the centre of the
frame. Darker shades of grey correspond to larger densities.

Secondly, the electron density can be obtained from disper-
sion measures only if the distances to the pulsars are known.
Distance estimates now exist for a few hundred pulsars, result-
ing from three basic techniques: neutral hydrogen absorption
(in combination with the Galactic rotation curve), trigonomet-
ric parallax and from associations with objects of known dis-
tance (Lorimer 2001). The distance of a pulsar can be obtained
from DM if the distribution of ne is known. Taylor & Cordes
(1993), based mainly on the scintillation and dispersion mea-
sure data, have suggested an electron density model expected
to provide distance estimates with an average uncertainty of
about 30%. However, distances to individual pulsars may be as
wrong as by a factor of two (e.g., Johnston et al. 2001).

The method suggested in this paper can be applied to pulsar
dispersion measures to obtain thermal electron density using
pulsars with known distances. Then magnetic fields can be ob-
tained from RM using the same method. However, dispersion
measures alone are not su!cient to obtain a reliable distribu-
tion of ne, and a model for the electron density should be used
in order to derive magnetic field distribution from Faraday ro-
tation measures.

The largest catalogue of pulsars contains 706 objects
(Taylor et al. 1995). Faraday rotation and dispersion measures,
together with the distances, are known for only 323 of them. In
what follows, we apply our method to reconstruct ne from DM
using model examples. However, our ultimate goal is to apply
the method to pulsar Faraday measures; therefore we discuss
data given on the data grid of the pulsars with known RM.

The simplest estimate of the line of sight component of
the large-scale magnetic field B can be obtained by dividing
RM by DM. This would be justified if both B and ne were
uniform along the line of sight, which is definitely not the
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separation of the data points can be comparable to the scale of
the wavelet, a.

In our case, a convenient method to calculate the integrals
is the Monte-Carlo technique, leading to

w(a, r, !)=!!S (a, r, !)"
a

N
!

i=1

"a,r,!(r
#
i , !
#
i ) G(r#i , !

#
i) r#i , (14)

where N is the number of data points for G(r, !) and !S is
the average area element of an individual data point. For a uni-
form distribution of the data points, !S is a constant, but this is
not true for a non-homogeneous distribution. We chose !S (a
function of position and the scale of the wavelet, identified with
the e"ective weight of a data point) so as to minimize the er-
ror arising from the non-uniform distribution of the data points.
The contribution of a data point to the integral sum (14) must
be small if the point is far away from the centre of the wavelet,
r#, as compared with the scale of the wavelet, a, so that we take
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where # is defined below. The value of a2/!S gives the ap-
proximate number of sample points within the wavelet localiza-
tion area. So, a2/!S should be large enough in order to achieve
su$cient accuracy.

Another problem arising in the numerical realization of the
wavelet transformation is the necessity to satisfy the admis-
sibility conditions (12) and (13) with su$cient accuracy. We
use for this purpose the gapped (or adaptive) wavelet technique
(see Frick et al. 1997, 1998) wherein the “analyzing wavelet”
is represented in the form

%(x) = h(x)#(x), (16)

where #(x) is a positive definite function that determines the
position of the wavelet (the envelope). For the “Mexican hat”,
Eq. (4), #(x) = exp(! 1

2 x2) and h(x) = 2! x2. The main idea of
the technique is to modify h(x) in order to satisfy the two con-
ditions (12) and (13). This can be achieved by introducing two
quantities C1 and C2, functions of scale a and position (r, !),
such that

%(x) = [h(x) + C1 +C2x]#(x). (17)

These functions are determined from the discrete versions of
Eqs. (12) and (13) for each scale a and wavelet position (r, !).

5. Testing the method

In order to assess the possibilities of the method, we consider
a test function F(r, !) = ne similar to that of the Milky Way
(Taylor & Cordes 1993). We first calculate the corresponding
values of G(r, !) $ DM(r, !) using Eq. (7) and then apply our
method to obtain F(r, !) from G(r, !) on a selection of data
grids. We have also performed similar analysis with F(r, !) =
neB% and G(r, !) $ RM(r, !) with a suitable choice of B% to
reach similar conclusions.

We show in the upper panel of Fig. 4 a test function
F = ne(r, !) that includes an annular and spiral structures with
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Fig. 4. a) The test function F and b) the corresponding distribution of
G calculated from F using Eq. (7). With F = ne, G is proportional to
DM. Lighter shades of grey correspond to smaller values. The Galactic
centre is marked with cross and the Sun is at the centre of the frame.

characteristic scales (transverse half-widths) a = 3 kpc and
a = 1 kpc, respectively. This distribution in similar to (but not
identical with) that of Fig. 2. The lower panel of Fig. 4 shows
the corresponding G = DM(r, !) calculated in the whole plane
using Eq. (7).

The quality of the reconstruction of F from G obviously
depends on how well G is sampled. For a reliable reconstruc-
tion of a simple, isotropic isolated object whose structure is
similar to that of the wavelet itself, one needs at least 10 data
points within it. Then one would need about 2000 data points
distributed uniformly in (r, !) in order to detect structures of the
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separation of the data points can be comparable to the scale of
the wavelet, a.

In our case, a convenient method to calculate the integrals
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where N is the number of data points for G(r, !) and !S is
the average area element of an individual data point. For a uni-
form distribution of the data points, !S is a constant, but this is
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ror arising from the non-uniform distribution of the data points.
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where # is defined below. The value of a2/!S gives the ap-
proximate number of sample points within the wavelet localiza-
tion area. So, a2/!S should be large enough in order to achieve
su$cient accuracy.

Another problem arising in the numerical realization of the
wavelet transformation is the necessity to satisfy the admis-
sibility conditions (12) and (13) with su$cient accuracy. We
use for this purpose the gapped (or adaptive) wavelet technique
(see Frick et al. 1997, 1998) wherein the “analyzing wavelet”
is represented in the form

%(x) = h(x)#(x), (16)

where #(x) is a positive definite function that determines the
position of the wavelet (the envelope). For the “Mexican hat”,
Eq. (4), #(x) = exp(! 1

2 x2) and h(x) = 2! x2. The main idea of
the technique is to modify h(x) in order to satisfy the two con-
ditions (12) and (13). This can be achieved by introducing two
quantities C1 and C2, functions of scale a and position (r, !),
such that

%(x) = [h(x) + C1 +C2x]#(x). (17)

These functions are determined from the discrete versions of
Eqs. (12) and (13) for each scale a and wavelet position (r, !).

5. Testing the method

In order to assess the possibilities of the method, we consider
a test function F(r, !) = ne similar to that of the Milky Way
(Taylor & Cordes 1993). We first calculate the corresponding
values of G(r, !) $ DM(r, !) using Eq. (7) and then apply our
method to obtain F(r, !) from G(r, !) on a selection of data
grids. We have also performed similar analysis with F(r, !) =
neB% and G(r, !) $ RM(r, !) with a suitable choice of B% to
reach similar conclusions.

We show in the upper panel of Fig. 4 a test function
F = ne(r, !) that includes an annular and spiral structures with
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Fig. 4. a) The test function F and b) the corresponding distribution of
G calculated from F using Eq. (7). With F = ne, G is proportional to
DM. Lighter shades of grey correspond to smaller values. The Galactic
centre is marked with cross and the Sun is at the centre of the frame.

characteristic scales (transverse half-widths) a = 3 kpc and
a = 1 kpc, respectively. This distribution in similar to (but not
identical with) that of Fig. 2. The lower panel of Fig. 4 shows
the corresponding G = DM(r, !) calculated in the whole plane
using Eq. (7).

The quality of the reconstruction of F from G obviously
depends on how well G is sampled. For a reliable reconstruc-
tion of a simple, isotropic isolated object whose structure is
similar to that of the wavelet itself, one needs at least 10 data
points within it. Then one would need about 2000 data points
distributed uniformly in (r, !) in order to detect structures of the
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Abstract. We have obtained new rotation measures for 11 pulsars observed with the E!elsberg 100-m radio telescope, in the
direction of the Perseus arm. Using a combination of 34 published and the 11 newly measured pulsar rotation measures we
study the magnetic field structure towards the Perseus arm. We find that two pulsars towards l " 149# (Region 1) and four
pulsars towards l " 113# (Region 2) lie behind HII regions which seriously a!ect the pulsar rotation measures. The rotation
measure of PSR J2337+6151 seems to be a!ected by its passage through the supernova remnant G114.3+0.3. For Region 1,
we are able to constrain the random component of the magnetic field to 5.7 µG. For the large-scale component of the Galactic
magnetic field we determine a field strength of 1.7 ± 1.0 µG. This average field is constant on Galactic scales lying within the
Galactic longitude range of 85# < l < 240# and we find no evidence for large scale field reversal upto 5–6 kpc. We highlight
the great importance to include the e!ects of foreground emission in any systematic study.
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1. Introduction

Pulsars are excellent probes of the Galactic interstellar medium
(ISM). Pulsar signals arrive at a radio telescope by pass-
ing through a complex medium made up of gas, dust and
magnetoionic plasma. Already in the discovery paper Hewish
et al. (1968) pointed out that the pulsed signals were delayed to
lower frequencies, typical of a dispersion in ionized hydrogen.
The dispersion measure (DM) of pulsars has been used, in con-
nection with models of the distribution of the column density
of electrons, as a method of determining the pulsar distance.
In addition to dispersion, the linearly polarized pulsar emission
su!ers Faraday rotation due to the electron density ne and a
component of Galactic magnetic field B$ along the propagation
path (e.g. see Lyne & Smith 1989). The combination of DM
and rotation measure (RM) can be used for determination of
the local average magnetic field (Smith 1968).

The dispersion of a pulsar signal is caused by the pres-
ence of free electrons in the ISM. Several papers investi-
gated the contributions to measured pulsar DMs by HII re-
gions (e.g. Prentice & ter Haar 1969) or by OB-stars (Grewing
& Walmsley 1971). Complications arise from the observation
that for HII regions ne can vary significantly (e.g. Mitra &
Ramachandran 2001). These observed variations in ne should
lead to seemingly anomalous RMs for pulsars and extragalac-
tic (EG) sources, complicating the study of the Galactic mag-
netic field.

Send o!print requests to: D. Mitra,
e-mail: dmitra@mpifr-bonn.mpg.de

Several pulsars are known to be associated with super-
nova remnants which can also contribute to the measured RMs.
Studies of individual supernova remnants (e.g. Vallée &
Bignell 1983; Downes et al. 1981; Kim et al. 1988; Uyanıker
et al. 2001) suggest that RM values of %150 < RM <
150 rad m%2 are found in the Galactic plane1. In the super-
nova remnant G127.1+0.5 the RM is seen to vary between
%30 to %130 across the remnant (Fürst et al. 1984). The phys-
ical mechanism for the origin of these high RMs in super-
nova remnants is unknown. Kim et al. (1988) studied point
sources seen through G166.2+2.5 and came up with values of
RM " 120± 30. Such complicated RM behaviour of the super-
nova remnants clearly suggests that RMs of pulsars will have
significant contributions due to its passage through the super-
nova remnants.

The observed RMs of point-like EG sources vary sig-
nificantly. Early observations of Centaurus A by Cooper &
Price (1962) showed Faraday rotation with a RM of %70
that was attributed to radio emission passing through the
Galactic halo. Studying the RM of EG point sources became
“big business”, culminating in the work by Simard-Normandin
& Kronberg (1980) where data of 552 sources were pre-
sented. The observed RM values varied by about "±300 (see
also the catalogue of Broten et al. 1988), but in most cases
high RM values are probably intrinsic to the source. Indeed,
only a very few of the previously catalogued sources are re-
ally seen through the plane of the Galaxy. The sample of

1 Henceforth wherever a numerical value of RM is quoted the unit
used will be rad m%2.
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Fig. 4. Pulsar positions overlayed on (left) Region 1 and (right) Region 2 as seen in several frequency ranges. The upper most panels shows
an H! map, while the middle and bottom plots show radio continuum maps at "21 cm and "11 cm, respectively. The crosses in the figures
indicates the position of the pulsars. The (RM, DM) and the pulsar name are indicated next to the crosses in the topmost figures of the right and
left panel.

object. The change in sign pertains to two pulsars, both seen
through the bright HII region. The DM of the other pulsars is
similar suggesting them to be close to each other. There are
two more observables givng evidence of dense ionized HII re-
gion towards a pulsar. Firstly it is expected that electron density
fluctuation in strongly ionized HII regions will result in scat-
ter broadening of pulsar signals (see Mitra & Ramachandran
2001 and references therein). Secondly the emission measures
towards these directions should be significantly higher. While

the pulse shape of PSR J0357+5236 shows an apparent sig-
nature of scatter broadening in the form of an conventional
exponential decay of the pulse profile, we are not aware of
any measurements available for this pulsar in the literature. In
fact no conclusion can be drawn regarding this without any
detailed analysis as scattering measurements are influenced
strongly by the intrinsic pulse shape (Löhmer et al. 2001). The
scatter broadening time for J0358+5413 is 2.3!10"4 msec, al-
most 4 times higher than the nearby pulsar J0332+5434 (refer
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ing through a complex medium made up of gas, dust and
magnetoionic plasma. Already in the discovery paper Hewish
et al. (1968) pointed out that the pulsed signals were delayed to
lower frequencies, typical of a dispersion in ionized hydrogen.
The dispersion measure (DM) of pulsars has been used, in con-
nection with models of the distribution of the column density
of electrons, as a method of determining the pulsar distance.
In addition to dispersion, the linearly polarized pulsar emission
su!ers Faraday rotation due to the electron density ne and a
component of Galactic magnetic field B$ along the propagation
path (e.g. see Lyne & Smith 1989). The combination of DM
and rotation measure (RM) can be used for determination of
the local average magnetic field (Smith 1968).

The dispersion of a pulsar signal is caused by the pres-
ence of free electrons in the ISM. Several papers investi-
gated the contributions to measured pulsar DMs by HII re-
gions (e.g. Prentice & ter Haar 1969) or by OB-stars (Grewing
& Walmsley 1971). Complications arise from the observation
that for HII regions ne can vary significantly (e.g. Mitra &
Ramachandran 2001). These observed variations in ne should
lead to seemingly anomalous RMs for pulsars and extragalac-
tic (EG) sources, complicating the study of the Galactic mag-
netic field.
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nova remnants which can also contribute to the measured RMs.
Studies of individual supernova remnants (e.g. Vallée &
Bignell 1983; Downes et al. 1981; Kim et al. 1988; Uyanıker
et al. 2001) suggest that RM values of %150 < RM <
150 rad m%2 are found in the Galactic plane1. In the super-
nova remnant G127.1+0.5 the RM is seen to vary between
%30 to %130 across the remnant (Fürst et al. 1984). The phys-
ical mechanism for the origin of these high RMs in super-
nova remnants is unknown. Kim et al. (1988) studied point
sources seen through G166.2+2.5 and came up with values of
RM " 120± 30. Such complicated RM behaviour of the super-
nova remnants clearly suggests that RMs of pulsars will have
significant contributions due to its passage through the super-
nova remnants.

The observed RMs of point-like EG sources vary sig-
nificantly. Early observations of Centaurus A by Cooper &
Price (1962) showed Faraday rotation with a RM of %70
that was attributed to radio emission passing through the
Galactic halo. Studying the RM of EG point sources became
“big business”, culminating in the work by Simard-Normandin
& Kronberg (1980) where data of 552 sources were pre-
sented. The observed RM values varied by about "±300 (see
also the catalogue of Broten et al. 1988), but in most cases
high RM values are probably intrinsic to the source. Indeed,
only a very few of the previously catalogued sources are re-
ally seen through the plane of the Galaxy. The sample of
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ABSTRACT

Rotation measures (RMs) of pulsars and extragalactic point sources have been known to reveal large-scale
antisymmetries in the Faraday rotation sky with respect to the Galactic plane and halo that have been interpreted as
signatures of the mean magnetic field in the Galactic halo. We describe Faraday rotation measurements of the diffuse
Galactic polarized radio emission over a large region in the northern Galactic hemisphere. Through application
of RM synthesis we achieve sensitive Faraday rotation maps with high angular resolution, capable of revealing
fine-scale structures of "1# in the Faraday rotation sky. Our analysis suggests that the observed antisymmetry in
the Faraday rotation sky at b > 0# is dominated by the magnetic field around a local H i bubble at a distance of
100 pc, and not by the magnetic field of the Galactic halo. We derive physical properties of the magnetic field
of this shell, which we find to be 20–34 µG strong. It is clear that the diffuse polarized radio emission contains
important information about the local magneto-ionic medium, which cannot yet be derived from Faraday RMs of
extragalactic sources or pulsars alone.

Key words: Galaxy: halo – ISM: bubbles – ISM: magnetic fields – magnetic fields – polarization
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1. INTRODUCTION

Linearly polarized radio emission is Faraday rotated as it
passes through the interstellar medium (ISM) by an angle

!! = "#2 = 0.81
! nearside

far side
ne(l)B$(l)dl #2, (1)

where ", called the Faraday depth, is the integral along the line
of sight (l.o.s.) l/( pc) of the product of the free electron density
ne/( cm%3) and the component of the magnetic field along the
l.o.s., B$/( µG). For wavelengths (#/(m)) greater than a few
centimeters, !! is a few degrees or more for typical interstellar
values of ne & 0.1 cm%3 and B$ & 1 µG along kpc path lengths.
Thus, in principle, the Faraday rotation of polarized emission
can be used to identify the structure of the magnetic field of the
Milky Way.

The Faraday rotation of (mainly unresolved) polarized ex-
tragalactic sources (EGS) and pulsars can be readily measured
but provides an irregularly sampled, sparse grid of " which
may include contributions from Faraday rotation within the
sources. In the case of EGS, the Faraday rotation arising in the
Galactic magneto-ionic medium is integrated along the entire
l.o.s. through the Milky Way, while using pulsars one can try to
compare the Faraday rotation from pulsars that are nearby on
the sky but lie at different distances to sample the magnetic field
in localized regions. In either case, the existence of small-scale,
high rotation measure (RM) structures in the Galactic neighbor-
hood makes it difficult to distinguish the contributions of large

10 Covington Fellow.

local features, such as the North-Polar Spur (NPS), from the
global Milky Way magnetic field structure. The interpretation
of the data requires careful statistical analysis and modeling to
try to tease apart these effects.

In the case of polarized synchrotron emission originating from
the diffuse ISM, the Faraday rotation is uniformly sampled at
the scale of the telescope beam but a major problem is that
Faraday rotation can depolarize the emission, with a nonlinear
dependence on frequency, so " cannot always be reliably
identified with the rotation measure

RM = !!/!#2, (2)

obtained from observations at different wavelengths (see Burn
1966; Sokoloff et al. 1998). This can be partly overcome using
RM synthesis (Brentjens & de Bruyn 2005) with observations
that contain many frequency channels across a wide band.
Choosing a value for ", the observed polarization vector in each
frequency channel is derotated by "#2 and the rotated vectors are
coherently added to obtain an image of polarized intensity (PI)
at that value of Faraday depth. The final product of RM synthesis
is a three-dimensional data cube (of polarized emission) with
the first and second dimensions being the coordinates on the
sky, and the third dimension being Faraday depth, " (rad m%2).
Faraday depth is usually not related to physical distance.

We have produced an RM-synthesis cube of a large field
toward the Galactic center, using new wide-band data obtained
with the 26 m Telescope of the Dominion Radio Astrophysical
Observatory (DRAO). In this paper, we present evidence that
a nearby H i bubble produces a large-scale RM pattern on the
sky that mimics the effect that an overall antisymmetry in the
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Fig. 4. Pulsar positions overlayed on (left) Region 1 and (right) Region 2 as seen in several frequency ranges. The upper most panels shows
an H! map, while the middle and bottom plots show radio continuum maps at "21 cm and "11 cm, respectively. The crosses in the figures
indicates the position of the pulsars. The (RM, DM) and the pulsar name are indicated next to the crosses in the topmost figures of the right and
left panel.

object. The change in sign pertains to two pulsars, both seen
through the bright HII region. The DM of the other pulsars is
similar suggesting them to be close to each other. There are
two more observables givng evidence of dense ionized HII re-
gion towards a pulsar. Firstly it is expected that electron density
fluctuation in strongly ionized HII regions will result in scat-
ter broadening of pulsar signals (see Mitra & Ramachandran
2001 and references therein). Secondly the emission measures
towards these directions should be significantly higher. While

the pulse shape of PSR J0357+5236 shows an apparent sig-
nature of scatter broadening in the form of an conventional
exponential decay of the pulse profile, we are not aware of
any measurements available for this pulsar in the literature. In
fact no conclusion can be drawn regarding this without any
detailed analysis as scattering measurements are influenced
strongly by the intrinsic pulse shape (Löhmer et al. 2001). The
scatter broadening time for J0358+5413 is 2.3!10"4 msec, al-
most 4 times higher than the nearby pulsar J0332+5434 (refer
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1. Introduction

Pulsars are excellent probes of the Galactic interstellar medium
(ISM). Pulsar signals arrive at a radio telescope by pass-
ing through a complex medium made up of gas, dust and
magnetoionic plasma. Already in the discovery paper Hewish
et al. (1968) pointed out that the pulsed signals were delayed to
lower frequencies, typical of a dispersion in ionized hydrogen.
The dispersion measure (DM) of pulsars has been used, in con-
nection with models of the distribution of the column density
of electrons, as a method of determining the pulsar distance.
In addition to dispersion, the linearly polarized pulsar emission
su!ers Faraday rotation due to the electron density ne and a
component of Galactic magnetic field B$ along the propagation
path (e.g. see Lyne & Smith 1989). The combination of DM
and rotation measure (RM) can be used for determination of
the local average magnetic field (Smith 1968).

The dispersion of a pulsar signal is caused by the pres-
ence of free electrons in the ISM. Several papers investi-
gated the contributions to measured pulsar DMs by HII re-
gions (e.g. Prentice & ter Haar 1969) or by OB-stars (Grewing
& Walmsley 1971). Complications arise from the observation
that for HII regions ne can vary significantly (e.g. Mitra &
Ramachandran 2001). These observed variations in ne should
lead to seemingly anomalous RMs for pulsars and extragalac-
tic (EG) sources, complicating the study of the Galactic mag-
netic field.
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Several pulsars are known to be associated with super-
nova remnants which can also contribute to the measured RMs.
Studies of individual supernova remnants (e.g. Vallée &
Bignell 1983; Downes et al. 1981; Kim et al. 1988; Uyanıker
et al. 2001) suggest that RM values of %150 < RM <
150 rad m%2 are found in the Galactic plane1. In the super-
nova remnant G127.1+0.5 the RM is seen to vary between
%30 to %130 across the remnant (Fürst et al. 1984). The phys-
ical mechanism for the origin of these high RMs in super-
nova remnants is unknown. Kim et al. (1988) studied point
sources seen through G166.2+2.5 and came up with values of
RM " 120± 30. Such complicated RM behaviour of the super-
nova remnants clearly suggests that RMs of pulsars will have
significant contributions due to its passage through the super-
nova remnants.

The observed RMs of point-like EG sources vary sig-
nificantly. Early observations of Centaurus A by Cooper &
Price (1962) showed Faraday rotation with a RM of %70
that was attributed to radio emission passing through the
Galactic halo. Studying the RM of EG point sources became
“big business”, culminating in the work by Simard-Normandin
& Kronberg (1980) where data of 552 sources were pre-
sented. The observed RM values varied by about "±300 (see
also the catalogue of Broten et al. 1988), but in most cases
high RM values are probably intrinsic to the source. Indeed,
only a very few of the previously catalogued sources are re-
ally seen through the plane of the Galaxy. The sample of

1 Henceforth wherever a numerical value of RM is quoted the unit
used will be rad m%2.
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ABSTRACT

Rotation measures (RMs) of pulsars and extragalactic point sources have been known to reveal large-scale
antisymmetries in the Faraday rotation sky with respect to the Galactic plane and halo that have been interpreted as
signatures of the mean magnetic field in the Galactic halo. We describe Faraday rotation measurements of the diffuse
Galactic polarized radio emission over a large region in the northern Galactic hemisphere. Through application
of RM synthesis we achieve sensitive Faraday rotation maps with high angular resolution, capable of revealing
fine-scale structures of "1# in the Faraday rotation sky. Our analysis suggests that the observed antisymmetry in
the Faraday rotation sky at b > 0# is dominated by the magnetic field around a local H i bubble at a distance of
100 pc, and not by the magnetic field of the Galactic halo. We derive physical properties of the magnetic field
of this shell, which we find to be 20–34 µG strong. It is clear that the diffuse polarized radio emission contains
important information about the local magneto-ionic medium, which cannot yet be derived from Faraday RMs of
extragalactic sources or pulsars alone.

Key words: Galaxy: halo – ISM: bubbles – ISM: magnetic fields – magnetic fields – polarization

Online-only material: color figures

1. INTRODUCTION

Linearly polarized radio emission is Faraday rotated as it
passes through the interstellar medium (ISM) by an angle

!! = "#2 = 0.81
! nearside

far side
ne(l)B$(l)dl #2, (1)

where ", called the Faraday depth, is the integral along the line
of sight (l.o.s.) l/( pc) of the product of the free electron density
ne/( cm%3) and the component of the magnetic field along the
l.o.s., B$/( µG). For wavelengths (#/(m)) greater than a few
centimeters, !! is a few degrees or more for typical interstellar
values of ne & 0.1 cm%3 and B$ & 1 µG along kpc path lengths.
Thus, in principle, the Faraday rotation of polarized emission
can be used to identify the structure of the magnetic field of the
Milky Way.

The Faraday rotation of (mainly unresolved) polarized ex-
tragalactic sources (EGS) and pulsars can be readily measured
but provides an irregularly sampled, sparse grid of " which
may include contributions from Faraday rotation within the
sources. In the case of EGS, the Faraday rotation arising in the
Galactic magneto-ionic medium is integrated along the entire
l.o.s. through the Milky Way, while using pulsars one can try to
compare the Faraday rotation from pulsars that are nearby on
the sky but lie at different distances to sample the magnetic field
in localized regions. In either case, the existence of small-scale,
high rotation measure (RM) structures in the Galactic neighbor-
hood makes it difficult to distinguish the contributions of large
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local features, such as the North-Polar Spur (NPS), from the
global Milky Way magnetic field structure. The interpretation
of the data requires careful statistical analysis and modeling to
try to tease apart these effects.

In the case of polarized synchrotron emission originating from
the diffuse ISM, the Faraday rotation is uniformly sampled at
the scale of the telescope beam but a major problem is that
Faraday rotation can depolarize the emission, with a nonlinear
dependence on frequency, so " cannot always be reliably
identified with the rotation measure

RM = !!/!#2, (2)

obtained from observations at different wavelengths (see Burn
1966; Sokoloff et al. 1998). This can be partly overcome using
RM synthesis (Brentjens & de Bruyn 2005) with observations
that contain many frequency channels across a wide band.
Choosing a value for ", the observed polarization vector in each
frequency channel is derotated by "#2 and the rotated vectors are
coherently added to obtain an image of polarized intensity (PI)
at that value of Faraday depth. The final product of RM synthesis
is a three-dimensional data cube (of polarized emission) with
the first and second dimensions being the coordinates on the
sky, and the third dimension being Faraday depth, " (rad m%2).
Faraday depth is usually not related to physical distance.

We have produced an RM-synthesis cube of a large field
toward the Galactic center, using new wide-band data obtained
with the 26 m Telescope of the Dominion Radio Astrophysical
Observatory (DRAO). In this paper, we present evidence that
a nearby H i bubble produces a large-scale RM pattern on the
sky that mimics the effect that an overall antisymmetry in the
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Fig. 4. Pulsar positions overlayed on (left) Region 1 and (right) Region 2 as seen in several frequency ranges. The upper most panels shows
an H! map, while the middle and bottom plots show radio continuum maps at "21 cm and "11 cm, respectively. The crosses in the figures
indicates the position of the pulsars. The (RM, DM) and the pulsar name are indicated next to the crosses in the topmost figures of the right and
left panel.

object. The change in sign pertains to two pulsars, both seen
through the bright HII region. The DM of the other pulsars is
similar suggesting them to be close to each other. There are
two more observables givng evidence of dense ionized HII re-
gion towards a pulsar. Firstly it is expected that electron density
fluctuation in strongly ionized HII regions will result in scat-
ter broadening of pulsar signals (see Mitra & Ramachandran
2001 and references therein). Secondly the emission measures
towards these directions should be significantly higher. While

the pulse shape of PSR J0357+5236 shows an apparent sig-
nature of scatter broadening in the form of an conventional
exponential decay of the pulse profile, we are not aware of
any measurements available for this pulsar in the literature. In
fact no conclusion can be drawn regarding this without any
detailed analysis as scattering measurements are influenced
strongly by the intrinsic pulse shape (Löhmer et al. 2001). The
scatter broadening time for J0358+5413 is 2.3!10"4 msec, al-
most 4 times higher than the nearby pulsar J0332+5434 (refer
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Abstract. We have obtained new rotation measures for 11 pulsars observed with the E!elsberg 100-m radio telescope, in the
direction of the Perseus arm. Using a combination of 34 published and the 11 newly measured pulsar rotation measures we
study the magnetic field structure towards the Perseus arm. We find that two pulsars towards l " 149# (Region 1) and four
pulsars towards l " 113# (Region 2) lie behind HII regions which seriously a!ect the pulsar rotation measures. The rotation
measure of PSR J2337+6151 seems to be a!ected by its passage through the supernova remnant G114.3+0.3. For Region 1,
we are able to constrain the random component of the magnetic field to 5.7 µG. For the large-scale component of the Galactic
magnetic field we determine a field strength of 1.7 ± 1.0 µG. This average field is constant on Galactic scales lying within the
Galactic longitude range of 85# < l < 240# and we find no evidence for large scale field reversal upto 5–6 kpc. We highlight
the great importance to include the e!ects of foreground emission in any systematic study.

Key words. Galaxy: structure – magnetic fields – ISM: HII regions – stars: pulsars: general

1. Introduction

Pulsars are excellent probes of the Galactic interstellar medium
(ISM). Pulsar signals arrive at a radio telescope by pass-
ing through a complex medium made up of gas, dust and
magnetoionic plasma. Already in the discovery paper Hewish
et al. (1968) pointed out that the pulsed signals were delayed to
lower frequencies, typical of a dispersion in ionized hydrogen.
The dispersion measure (DM) of pulsars has been used, in con-
nection with models of the distribution of the column density
of electrons, as a method of determining the pulsar distance.
In addition to dispersion, the linearly polarized pulsar emission
su!ers Faraday rotation due to the electron density ne and a
component of Galactic magnetic field B$ along the propagation
path (e.g. see Lyne & Smith 1989). The combination of DM
and rotation measure (RM) can be used for determination of
the local average magnetic field (Smith 1968).

The dispersion of a pulsar signal is caused by the pres-
ence of free electrons in the ISM. Several papers investi-
gated the contributions to measured pulsar DMs by HII re-
gions (e.g. Prentice & ter Haar 1969) or by OB-stars (Grewing
& Walmsley 1971). Complications arise from the observation
that for HII regions ne can vary significantly (e.g. Mitra &
Ramachandran 2001). These observed variations in ne should
lead to seemingly anomalous RMs for pulsars and extragalac-
tic (EG) sources, complicating the study of the Galactic mag-
netic field.

Send o!print requests to: D. Mitra,
e-mail: dmitra@mpifr-bonn.mpg.de

Several pulsars are known to be associated with super-
nova remnants which can also contribute to the measured RMs.
Studies of individual supernova remnants (e.g. Vallée &
Bignell 1983; Downes et al. 1981; Kim et al. 1988; Uyanıker
et al. 2001) suggest that RM values of %150 < RM <
150 rad m%2 are found in the Galactic plane1. In the super-
nova remnant G127.1+0.5 the RM is seen to vary between
%30 to %130 across the remnant (Fürst et al. 1984). The phys-
ical mechanism for the origin of these high RMs in super-
nova remnants is unknown. Kim et al. (1988) studied point
sources seen through G166.2+2.5 and came up with values of
RM " 120± 30. Such complicated RM behaviour of the super-
nova remnants clearly suggests that RMs of pulsars will have
significant contributions due to its passage through the super-
nova remnants.

The observed RMs of point-like EG sources vary sig-
nificantly. Early observations of Centaurus A by Cooper &
Price (1962) showed Faraday rotation with a RM of %70
that was attributed to radio emission passing through the
Galactic halo. Studying the RM of EG point sources became
“big business”, culminating in the work by Simard-Normandin
& Kronberg (1980) where data of 552 sources were pre-
sented. The observed RM values varied by about "±300 (see
also the catalogue of Broten et al. 1988), but in most cases
high RM values are probably intrinsic to the source. Indeed,
only a very few of the previously catalogued sources are re-
ally seen through the plane of the Galaxy. The sample of

1 Henceforth wherever a numerical value of RM is quoted the unit
used will be rad m%2.
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ABSTRACT

Rotation measures (RMs) of pulsars and extragalactic point sources have been known to reveal large-scale
antisymmetries in the Faraday rotation sky with respect to the Galactic plane and halo that have been interpreted as
signatures of the mean magnetic field in the Galactic halo. We describe Faraday rotation measurements of the diffuse
Galactic polarized radio emission over a large region in the northern Galactic hemisphere. Through application
of RM synthesis we achieve sensitive Faraday rotation maps with high angular resolution, capable of revealing
fine-scale structures of "1# in the Faraday rotation sky. Our analysis suggests that the observed antisymmetry in
the Faraday rotation sky at b > 0# is dominated by the magnetic field around a local H i bubble at a distance of
100 pc, and not by the magnetic field of the Galactic halo. We derive physical properties of the magnetic field
of this shell, which we find to be 20–34 µG strong. It is clear that the diffuse polarized radio emission contains
important information about the local magneto-ionic medium, which cannot yet be derived from Faraday RMs of
extragalactic sources or pulsars alone.

Key words: Galaxy: halo – ISM: bubbles – ISM: magnetic fields – magnetic fields – polarization
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1. INTRODUCTION

Linearly polarized radio emission is Faraday rotated as it
passes through the interstellar medium (ISM) by an angle

!! = "#2 = 0.81
! nearside

far side
ne(l)B$(l)dl #2, (1)

where ", called the Faraday depth, is the integral along the line
of sight (l.o.s.) l/( pc) of the product of the free electron density
ne/( cm%3) and the component of the magnetic field along the
l.o.s., B$/( µG). For wavelengths (#/(m)) greater than a few
centimeters, !! is a few degrees or more for typical interstellar
values of ne & 0.1 cm%3 and B$ & 1 µG along kpc path lengths.
Thus, in principle, the Faraday rotation of polarized emission
can be used to identify the structure of the magnetic field of the
Milky Way.

The Faraday rotation of (mainly unresolved) polarized ex-
tragalactic sources (EGS) and pulsars can be readily measured
but provides an irregularly sampled, sparse grid of " which
may include contributions from Faraday rotation within the
sources. In the case of EGS, the Faraday rotation arising in the
Galactic magneto-ionic medium is integrated along the entire
l.o.s. through the Milky Way, while using pulsars one can try to
compare the Faraday rotation from pulsars that are nearby on
the sky but lie at different distances to sample the magnetic field
in localized regions. In either case, the existence of small-scale,
high rotation measure (RM) structures in the Galactic neighbor-
hood makes it difficult to distinguish the contributions of large
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local features, such as the North-Polar Spur (NPS), from the
global Milky Way magnetic field structure. The interpretation
of the data requires careful statistical analysis and modeling to
try to tease apart these effects.

In the case of polarized synchrotron emission originating from
the diffuse ISM, the Faraday rotation is uniformly sampled at
the scale of the telescope beam but a major problem is that
Faraday rotation can depolarize the emission, with a nonlinear
dependence on frequency, so " cannot always be reliably
identified with the rotation measure

RM = !!/!#2, (2)

obtained from observations at different wavelengths (see Burn
1966; Sokoloff et al. 1998). This can be partly overcome using
RM synthesis (Brentjens & de Bruyn 2005) with observations
that contain many frequency channels across a wide band.
Choosing a value for ", the observed polarization vector in each
frequency channel is derotated by "#2 and the rotated vectors are
coherently added to obtain an image of polarized intensity (PI)
at that value of Faraday depth. The final product of RM synthesis
is a three-dimensional data cube (of polarized emission) with
the first and second dimensions being the coordinates on the
sky, and the third dimension being Faraday depth, " (rad m%2).
Faraday depth is usually not related to physical distance.

We have produced an RM-synthesis cube of a large field
toward the Galactic center, using new wide-band data obtained
with the 26 m Telescope of the Dominion Radio Astrophysical
Observatory (DRAO). In this paper, we present evidence that
a nearby H i bubble produces a large-scale RM pattern on the
sky that mimics the effect that an overall antisymmetry in the
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rotation whereas emission from the far side is rotated by the
whole layer. The observed RM spectra for l.o.s. in this re-
gion generally have a strong peak (with polarized intensities
>100 mK), which we interpret as the Faraday rotation of the
background polarized emission, but many l.o.s. show weak
emission from a range of Faraday depth, indicating that low
level (!50 mK) emission might also be coming from the shell.
The shell acts as a Faraday screen to the strong background
polarized emission (thin in !) and also as a much weaker mixed
emitting and rotating slab. No radio continuum emission from
this bubble is seen in total intensity at 408 MHz (Haslam et al.
1982) and 1.4 GHz (Reich 1982; Reich & Reich 1986), but
!50 mK emission is too low to stand out from the synchrotron
background in these maps.

The Faraday depths of the emission rotated by the bubble
allow us to determine its magnetic field configuration. Note
that with 1" resolution all structures within the bubble that are
bigger than about 3 pc are resolved. The positive ! in the east
(Figure 2(a)) changes to negative ! in the west (Figure 2(c)),
suggesting that the magnetic field is wrapped around the bubble,
pointing toward us in the east and away from us in the west. The
polarized emission at ! = 0 along the center of the bubble links
these two regions: ! = 0 means that either B# = 0 or ne = 0.
In this central region, the magnetic field pattern indicated by
optical polarization measurements of local stars (Heiles 2000),
as well as radio polarization data at 1.4 GHz (Wolleben et al.
2006), shows that B$ closely follows the shape of the H i bubble.
This suggests that, in this part of the shell, B# must be small
with a B$ component of unknown strength. The bottom of the
bubble lies near the Galactic plane and is not clearly visible in
any ! frame.

Theoretical models of magnetic fields in interstellar bubbles
symmetrically inflated by stellar winds and SNRs (e.g., Ferriere
et al. 1991; Tomisaka 1992) predict that the ambient B-field
is compressed in a shell by the expanding shock wave. The
shape and implied magnetic field configuration of this H i bubble
suggest that it has expanded asymmetrically. In particular, for
B# to have constant magnitude but opposite signs at the two ends
of the bubble indicates that its expansion is constrained to only
one direction along the l.o.s. The dense wall of the Local Bubble
lies in the right direction and at the right distance to constrain the
expansion of shells powered by the Upper Scorpius subgroup
(5–6 Myr old) toward us. It seems likely that magnetic pressure
in the wall of the Local Bubble has caused an asymmetric
expansion. Figure 4 shows a sketch of the deduced bubble and
magnetic field configuration.

4. DISCUSSION

We have searched the combined VTSS/SHASSA/WHAM
survey (Finkbeiner 2003) for signs of the H i shells and bubble
in H" emission but could not find any. Assuming no optical
extinction, this suggests that the high Faraday rotation from the
shells is caused by a local enhancement of magnetic field and
not electron density. The emission measure toward the shells
is around 2.4 cm%6 pc. Assuming a scale height for the warm
ionized medium of 0.9 kpc (Savage & Wakker 2009) to 1.8 kpc
(Gaensler et al. 2008), we have an average electron density along
b = 20" of 0.03–0.02 cm%3. The shells have an approximate
thickness of 5" or #r & 13 pc, giving a maximum path length
through a shell of L & 2

'
2r#r & 100 pc. At the ends of the

major axis of the bubble, where we expect the magnetic field to
be mainly directed along the l.o.s., the observed Faraday depth

ol = 90

o ol = 45l = 340

to GC

WALL
LOCAL BUBBLE

SUN

* *
*

*

*
***
Sco
OB2_2

Figure 4. Sketch depicts the position and geometry of the H i shell and its
magnetic field relative to the Local Bubble. Sco OB2_2 is drawn at its current
position. GC denotes Galactic center.

of |!| & 50–60 rad m%2 corresponds to a magnetic field strength
of B# & 20–34 µG. It is noteworthy that the Faraday rotation
pattern has been fractured into confined filaments; naively one
would expect a Faraday rotation distribution which changes
smoothly from positive on one side to negative on the other.

Such strong magnetic fields are difficult to reconcile with a
simple sweeping up of a typical ambient 2–3 µG field by a single
strong adiabatic shock, such as an SNR in the Sedov–Taylor
phase, which has a compression ratio of only 4. Two possibilities
to explain the strong magnetic fields are (1) the SNR and/or
stellar winds that inflated the bubble have entered the radiative
stage of their evolution (plausible given the 5–6 Myr age of
the subgroup), allowing stronger compression to occur; (2) the
Upper Sco subgroup OB stars had already entered the dense
wall of the local bubble, with its already compressed magnetic
field of about 8–9 µG (Andersson & Potter 2006; Mao et al.
2010), when the new bubble expanded. The latter possibility is
compatible with the elongated shape (Section 3).

The main astrophysical consequence of this nearby bubble
and its associated Faraday rotation is its effect on the interpre-
tation of EGS and pulsar Faraday rotation in terms of the global
magnetic field structure of the Milky Way.

Maps of pulsar RMs (e.g., Han et al. 1997) show a clear
antisymmetry in the sign of RM in the northern Galactic
hemisphere looking toward the Galactic center, with positive
RMs dominating in the region 60" > l > 0", b > 0" and
negative RMs at 0" > l > %60", b > 0. The recent Faraday
rotation map of NRAO VLA Sky Survey sources by Taylor et al.
(2009), which provides the most densely sampled grid of RMs
to date, shows a similar antisymmetric pattern of RMs. The
RMs of pulsars and EGS in this region have magnitudes up to
100 rad m%2, similar to the maximum Faraday depths found in
our RM-synthesis cube.

It is tempting to interpret such large-scale antisymmetries in
Faraday rotation as a signature of the regular magnetic field of
the Milky Way (Andreasyan & Makarov 1988; Han et al. 1997;
Sun et al. 2008), especially as galactic dynamo theory makes
predictions about the expected mean field symmetries in the
disk and halo (e.g., Beck et al. 1996). But several authors have
pointed out that the antisymmetry may be due to radio Loop I
and its bright, polarized segment, the NPS. Simard-Normandin
& Kronberg (1980) find that the effect of the NPS on the RMs
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Fig. 4. Pulsar positions overlayed on (left) Region 1 and (right) Region 2 as seen in several frequency ranges. The upper most panels shows
an H! map, while the middle and bottom plots show radio continuum maps at "21 cm and "11 cm, respectively. The crosses in the figures
indicates the position of the pulsars. The (RM, DM) and the pulsar name are indicated next to the crosses in the topmost figures of the right and
left panel.

object. The change in sign pertains to two pulsars, both seen
through the bright HII region. The DM of the other pulsars is
similar suggesting them to be close to each other. There are
two more observables givng evidence of dense ionized HII re-
gion towards a pulsar. Firstly it is expected that electron density
fluctuation in strongly ionized HII regions will result in scat-
ter broadening of pulsar signals (see Mitra & Ramachandran
2001 and references therein). Secondly the emission measures
towards these directions should be significantly higher. While

the pulse shape of PSR J0357+5236 shows an apparent sig-
nature of scatter broadening in the form of an conventional
exponential decay of the pulse profile, we are not aware of
any measurements available for this pulsar in the literature. In
fact no conclusion can be drawn regarding this without any
detailed analysis as scattering measurements are influenced
strongly by the intrinsic pulse shape (Löhmer et al. 2001). The
scatter broadening time for J0358+5413 is 2.3!10"4 msec, al-
most 4 times higher than the nearby pulsar J0332+5434 (refer
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(e.g., Sofue & Fujimoto 1983; Rand & Lyne 1994; Heiles1996b).
Such a radial variation has been derived from modeling of the
Galactic synchrotron emission (E. M. Berkhuijsen 1995, un-
published but cited in Beck et al. [1996]) and the Galactic !-ray
background by Strong et al. (2000). In the local region, mea-
surements of themean field strength give values of 1:5 ! 0:4 "G
(Han & Qiao 1994; Indrani & Deshpande 1998), whereas Han
et al. (2002) find a value of 4:4 ! 0:9 "G in the Norma arm.
With the much extended pulsar RM data now covering about
one third of the Galactic disk, we are better able to investigate
the dependence of field strength on galactocentric radius.

Taking the field strengths for directions in the inner Galaxy
and the local field strength from Han & Qiao (1994), and cor-
recting for the angle between the assumed dominant azimuthal
field direction and the line of sight, we obtain the field strengths
shown in Figure 11 as a function of galactocentric radius. Al-
though uncertainties are large, there are clear tendencies for fields
to be stronger at smaller galactocentric radii and weaker in interarm
regions.

To parameterize the radial variation, we tried fitting different
functions to the data: a constant (Rand&Kulkarni 1989; Han&
Qiao 1994), a 1/R function (Sofue & Fujimoto 1983), a linear
gradient, and an exponential function (Strong et al. 2000). The
exponential function not only gives the smallest #2 value but
also avoids the singularity at R " 0 (for 1/R) and unphysical
values at large R (for the linear gradient). The fitted function
shown in Figure 11 is

Breg(R) " B0 exp
#(R# R$)

RB

! "
; %6&

with the strength of the large-scale or regular field at the Sun,
B0 " 2:1 ! 0:3 "G, and the scale radius RB " 8:5 ! 4:7 kpc.

5. GLOBAL STRUCTURE OF MAGNETIC FIELDS
IN THE GALACTIC DISK

Although there remain considerable uncertainties in several
regions, a striking pattern emerges from the above discussion:
large-scale magnetic fields in spiral arms are counterclockwise
(viewed from the north), but in the interarm regions the fields
are clockwise. Figure 12 summarizes the evidence for this bi-
symmetric global pattern, which is mainly based on the field

directions near the tangential points derived in x 3. These data
are relatively insensitive to uncertainties in the pulsar distance
scale or errors in distances to individual pulsars.

To further quantify this evidence, we have used equation (5)
to compute the mean line-of-sight field strength in regions tan-
gential to an equiangular spiral pattern of pitch angle#11'. The
locus of these tangential points is shown in Figure 12. At 4'

intervals of longitude, the RM versus DM dependence was
determined by a least-squares fit of a line to data for pulsars with
jbj < 8' lying within a box of longitude width 8' centered on
the tangential point. The ends of the box were defined by the
points at which the spiral through the tangential point reached a
longitude that is 4' from the longitude of the tangential point,
typically 1–2 kpc from the tangential point. RMs with uncer-
tainties greater than 30 rad m#2 were omitted from the fits. Fig-
ure 13 shows mean tangential fields determined in this way,
plotted as a function of Galactic longitude. We emphasize that
the pulsar samples used to compute these mean fields are uni-
formly selected according to above criteria and that they are
independent of any model for the large-scale structure.

Also plotted in Figure 13 is the mean line-of-sight field
strength from a simplified model of a bisymmetric spiral field of
pitch angle#11', which is counterclockwise within spiral arms
and clockwise in the interarm regions. A rectangular field vari-
ation with galactocentric radius was assumed, with discontinuous
changes in field direction at the arm-interarm boundaries. The
arm width was assumed to be equal to the interarm width. Both
arm and interarm fields were assumed to vary according to equa-
tion (6)with a scale radius of 8.5 kpc and a strength atR " 8:5 kpc
of 2.1 "G. For each longitude, the mean field was computed over
a path centered on the tangential point with end points defined as
described above, therebymodeling the procedure used to compute
the observed mean fields.

While there remains considerable uncertainty in many of the
derived field strengths, overall there is very good agreement
between the field directions predicted by the bisymmetric model
and those from the data, giving strong support to this model for
the large-scale field in the Galaxy. The only places where there
is substantial disagreement between the observed and modeled

Fig. 12.—Global pattern of magnetic field directions inferred from RM-DM
fits to the pulsar data and assuming an overall spiral pattern for the large-scale
field. Field directions in the local region (<3 kpc from the Sun) and in the
Perseus arm were taken from previous studies (e.g., Han & Qiao 1994; Indrani
&Deshpande 1998) (see text). The dashed circle is the locus of tangential points
for equiangular spirals of pitch angle #11'. [See the electronic edition of the
Journal for a color version of this figure.]

Fig. 13.—Mean line-of-sight field strengths derived from RM vs. DM gra-
dients for pulsars lying near the tangent points of an equiangular spiral pattern of
#11' pitch angle as a function of Galactic longitude. Points are plotted at the mean
longitude of the pulsars lying within a defined region, and the crosses represent
the rms scatter of longitude and mean field. Tangent points for spiral arms in the
inner Galaxy based on observational data (Grabelsky et al. 1988; Solomon &
Rivolo 1989; Bronfman et al. 1989; Dame et al. 2001; Georgelin & Georgelin
1976; Downes et al. 1980; Caswell &Haynes 1987; Englmaier &Gerhard 1999;
Drimmel 2000; Russeil 2003) are marked by small vertical arrows. The varia-
tion of the mean tangential field expected for a simplified bisymmetric global
model in which fields are counterclockwise within spiral arms and clockwise in
interarm regions is shown by the solid line. See the text for more details. [See the
electronic edition of the Journal for a color version of this figure.]
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Figure 6. Comparison of magnetic field regions and delineation for the three
sectors investigated in this paper. Top panel shows the three sectors with previous
or comparative model delineations: Region A: logarithmic spiral with 11.!5
magnetic pitch angle; Region B: model from Brown et al. (2007); and Region
C: ASS+RING model from Sun et al. (2008). The bottom panel shows the region
delineations and magnetic field directions for our proposed models in the three
sectors. The numbers correspond to the regions listed in Table 2. We note that
the field directions indicated on the lower panel are an output of the model, and
were not assigned a priori.
(A color version of this figure is available in the online journal.)

acknowledge that this modeling technique is limited in the sense
that it relies heavily on the validity of the assumed electron
density and magnetic field models. However, the NE2001 model
reproduces well the dispersion measures of pulsars and observed
spiral structure at low latitudes, though it does have limited value
at mid to high latitudes (Gaensler et al. 2008). In our case, we
are only interested in low latitudes, so with all other caveats,
we have chosen to use this electron density model. While it
is possible to construct magnetic field models using a constant
electron density (e.g., Nota & Katgert 2010), such models put
all of the structure of the RMs into the magnetic field. Instead,

Table 2
Best-fit B-field Values for Our Model Sectors Shown in Figure 6

Sector and Magnetic Pitch Radial Ba (in µG)
Region Angle Dependence

Sector A
1 0! R"1 "1.20 ± 0.48

Sector B
1 0! Constant 0.85 ± 0.06
2 11.!5 Constant 1.0 ± 0.4
3 11.!5 Constant "0.54 ± 0.07
4 11.!5 Constant "0.92 ± 0.06
5 11.!5 Constant 1.71 ± 0.06
6 11.!5 Constant "0.90 ± 0.08
7 11.!5 Constant "0.34 ± 0.06
8 0! R"1 "0.78 ± 0.12

Sector C
1 0! Constant "0.15 ± 0.04
2 11.!5 Constant "0.40 ± 0.01
3 11.!5 Constant 2.23 ± 0.13
4 11.!5 Constant 0.09 ± 0.05
5 0! R"1 "0.86 ± 0.09

Notes. a Indicated field strengths for R"1 regions are values at a Galactocentric
radius of 8.5 kpc (i.e., at the Sun). Positive values correspond to a counter-
clockwise field as viewed from the north Galactic pole, while negative values
correspond to a clockwise field.

we were interested in attempting to explore the relationship
between the spiral arms and the magnetic field.

The magnetic field models investigated here are defined in
terms of several regions with distinct magnetic field configu-
rations (direction and magnetic pitch angle), as illustrated in
Figure 6, but the strength and direction of the field are outputs
obtained minimizing the difference between the data and the
model through linear inversion theory (Menke 1984). By defini-
tion, within the model positive fitted field strengths correspond
to a counterclockwise field (as viewed from the North Galactic
pole) within that region, while negative fitted field values cor-
respond to a clockwise direction. In addition, since the goal of
our modeling is to explore the large-scale field, we ignore the
small-scale clumps and voids of NE2001, and use only the thin,
thick, and spiral arm components.

In addition, we placed the following restrictions on all
of the models we investigated. First, the magnetic field for
Galactocentric radii R > 20 kpc or R < 3 kpc was set to zero.
Similarly, the field was assumed to be zero for |z| > 1.5 kpc.
In addition, all models have a circular region containing the
molecular ring of the NE2001 electron model (3 kpc ! R !
5 kpc) with a circular magnetic field regardless of the geometry
being tested in the rest of the Galaxy.

Using the best-fit values for the magnetic field regions in
each model (given in Table 2), we are then able to determine
the model RMs for each of the observed source locations. To
assess the quality of fit of each model, we calculated the root
mean square of the residuals in RMs,

#(!RM)2$1/2 = #(RMobserved " RMmodel)2$1/2, (3)

where the goal was to minimize this value with the modeling.
Due to the intrinsic scatter of the EGS RMs and the high angular
density of EGS available to us, we smoothed the observed and
modeled EGS RMs, as described below, before calculating the
#(!RM)2$1/2 value.
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where hBjjid1!d0 is the mean line-of-sight field component
in microgauss between distances d0 and d1, !RM " RMd1 !
RMd0, and !DM " DMd1 ! DMd0.

The location of spiral arms in our Galaxy is a subject of much
debate (see Burton 1976; Russeil 2003, for good summaries of
the uncertainties). Based on observed tangent points (cf. Fig. 13)
and locations of giant molecular clouds, H ii regions, and star
formation complexes (Grabelsky et al. 1988; Solomon & Rivolo
1989; Bronfman et al. 1989; Dame et al. 2001; Georgelin &
Georgelin 1976; Downes et al. 1980; Caswell & Haynes 1987;
Russeil 2003),we have adopted locations for themajor spiral arms
as shown in Figure 1. These arms are approximately equiangular
spirals with pitch angles of between !10# and!12#. While the
locations (or even existence) of these arms is quite uncertain,
especially in directions toward the Galactic center, most of the
discussion in this paper is based on regions around the tangential
points, which are reasonably well determined. Uncertainties in
pulsar distances also have the least effect in these directions.

We have applied equation (5) to regions near the tangential
points of the spiral arms as marked on Figure 4 where the large-
scale field and the lines of sight have maximum projections. For
regions around Galactic longitude l $ 0# (and also 180#), the
large-scale field is nearly perpendicular to our line of sight and
hence not measurable using Faraday rotation. We have taken all
pulsars with RMs having errors of less than 25 rad m!2 with
jbj < 8# and lying within 4# of the central longitude and within
the distance ranges indicated on Figure 4. The DM range cor-
responding to the adopted distance range was computed using
the NE2001 model. We have determined RM-DM slopes using
the robust straight-line fit method (see x 15.7 in Press et al.
1992), which minimizes the effects of anomalous outliers in the
plots due, for example, to H ii regions (Mitra et al. 2003), to give
the mean field hBkiwithin the region. The uncertainty of hBki is
determined from the absolute mean deviation of RMs from the
fitted line together with the average of DMs of pulsars in the
region. We reject any fits if the uncertainty,7 !, is greater than
1 "G or if hBki has a significance of less than 2 !. Similar fits

have been made to interarm regions as indicated in Figure 4. For
completeness, we briefly review previously published results for
the large-scale magnetic field in the local region and near and
beyond the Perseus arm.

3.1. The Norma Spiral Arm

The large-scale field in the Norma arm, the innermost iden-
tified arm in the Galaxy, has been discussed in detail by Han
et al. (2002) based on the present data set but using distances
based on the Taylor & Cordes (1993) electron density model.
Here we analyze the data with distances based on the NE2001
electron density model. Figure 5 shows RMs as a function of
distance and DMs for low-latitude pulsars lying near l " 18#

and 335#. The fitted lines for distances between 6 and 10 kpc are
within the Norma arm (see Fig. 4). The line between 3 and 5 kpc
at l " 335# corresponds to the adjacent interarm region and is
discussed in x 3.4. It is clear that the conclusions of Han et al.
(2002) are maintained. The RM gradient for pulsars between 6
and 10 kpc from the Sun is positive for l " 18# and negative for

Fig. 5.—Dependence of RM with distance and DM for pulsars lying in
directions passing through the Norma arm (l " 18# % 4# and 335# % 4#). In this
and subsequent figures of this type, RMs from this paper are shown as squares
and previous measurements as circles, and the lines are robust straight-line fits
to RMs for pulsars lying within the defined regions (see text). The corre-
sponding mean field from eq. (5) and its statistical uncertainty are shown on the
plots. [See the electronic edition of the Journal for a color version of this figure.]

Fig. 4.—Distribution of pulsars with known RMs and jbj < 8# (as in Fig. 1)
with boxes showing the regions near tangential points of spiral arms and in interarm
regionswhere values of hBki have been estimated using eq. (5) in Figs. 5–8 and 10.
Interarm boxes are marked with thin lines. The dashed circle is the locus of
tangential points for equiangular spirals of pitch angle!11#. [See the electronic
edition of the Journal for a color version of this figure.]

Fig. 6.—Dependence of RMwith distance and DM for pulsars lying in direc-
tions passing through the Scutum (l " 32#) and Crux (l " 310#) spiral arms. The
short fitted line at l " 310# is for the interarm region between the Crux and Carina
arms. [See the electronic edition of the Journal for a color version of this figure.]

7 The uncertainty of the fit reflects the mean deviation of the data, which is
dominated by random magnetic fields in the sample region. To judge the di-
rection (i.e., sign) of the large-scale field, a 2 ! significance should be adequate;
all our results below are, in fact, greater than 3 !.
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where hBjjid1!d0 is the mean line-of-sight field component
in microgauss between distances d0 and d1, !RM " RMd1 !
RMd0, and !DM " DMd1 ! DMd0.

The location of spiral arms in our Galaxy is a subject of much
debate (see Burton 1976; Russeil 2003, for good summaries of
the uncertainties). Based on observed tangent points (cf. Fig. 13)
and locations of giant molecular clouds, H ii regions, and star
formation complexes (Grabelsky et al. 1988; Solomon & Rivolo
1989; Bronfman et al. 1989; Dame et al. 2001; Georgelin &
Georgelin 1976; Downes et al. 1980; Caswell & Haynes 1987;
Russeil 2003),we have adopted locations for themajor spiral arms
as shown in Figure 1. These arms are approximately equiangular
spirals with pitch angles of between !10# and!12#. While the
locations (or even existence) of these arms is quite uncertain,
especially in directions toward the Galactic center, most of the
discussion in this paper is based on regions around the tangential
points, which are reasonably well determined. Uncertainties in
pulsar distances also have the least effect in these directions.

We have applied equation (5) to regions near the tangential
points of the spiral arms as marked on Figure 4 where the large-
scale field and the lines of sight have maximum projections. For
regions around Galactic longitude l $ 0# (and also 180#), the
large-scale field is nearly perpendicular to our line of sight and
hence not measurable using Faraday rotation. We have taken all
pulsars with RMs having errors of less than 25 rad m!2 with
jbj < 8# and lying within 4# of the central longitude and within
the distance ranges indicated on Figure 4. The DM range cor-
responding to the adopted distance range was computed using
the NE2001 model. We have determined RM-DM slopes using
the robust straight-line fit method (see x 15.7 in Press et al.
1992), which minimizes the effects of anomalous outliers in the
plots due, for example, to H ii regions (Mitra et al. 2003), to give
the mean field hBkiwithin the region. The uncertainty of hBki is
determined from the absolute mean deviation of RMs from the
fitted line together with the average of DMs of pulsars in the
region. We reject any fits if the uncertainty,7 !, is greater than
1 "G or if hBki has a significance of less than 2 !. Similar fits

have been made to interarm regions as indicated in Figure 4. For
completeness, we briefly review previously published results for
the large-scale magnetic field in the local region and near and
beyond the Perseus arm.

3.1. The Norma Spiral Arm

The large-scale field in the Norma arm, the innermost iden-
tified arm in the Galaxy, has been discussed in detail by Han
et al. (2002) based on the present data set but using distances
based on the Taylor & Cordes (1993) electron density model.
Here we analyze the data with distances based on the NE2001
electron density model. Figure 5 shows RMs as a function of
distance and DMs for low-latitude pulsars lying near l " 18#

and 335#. The fitted lines for distances between 6 and 10 kpc are
within the Norma arm (see Fig. 4). The line between 3 and 5 kpc
at l " 335# corresponds to the adjacent interarm region and is
discussed in x 3.4. It is clear that the conclusions of Han et al.
(2002) are maintained. The RM gradient for pulsars between 6
and 10 kpc from the Sun is positive for l " 18# and negative for

Fig. 5.—Dependence of RM with distance and DM for pulsars lying in
directions passing through the Norma arm (l " 18# % 4# and 335# % 4#). In this
and subsequent figures of this type, RMs from this paper are shown as squares
and previous measurements as circles, and the lines are robust straight-line fits
to RMs for pulsars lying within the defined regions (see text). The corre-
sponding mean field from eq. (5) and its statistical uncertainty are shown on the
plots. [See the electronic edition of the Journal for a color version of this figure.]

Fig. 4.—Distribution of pulsars with known RMs and jbj < 8# (as in Fig. 1)
with boxes showing the regions near tangential points of spiral arms and in interarm
regionswhere values of hBki have been estimated using eq. (5) in Figs. 5–8 and 10.
Interarm boxes are marked with thin lines. The dashed circle is the locus of
tangential points for equiangular spirals of pitch angle!11#. [See the electronic
edition of the Journal for a color version of this figure.]

Fig. 6.—Dependence of RMwith distance and DM for pulsars lying in direc-
tions passing through the Scutum (l " 32#) and Crux (l " 310#) spiral arms. The
short fitted line at l " 310# is for the interarm region between the Crux and Carina
arms. [See the electronic edition of the Journal for a color version of this figure.]

7 The uncertainty of the fit reflects the mean deviation of the data, which is
dominated by random magnetic fields in the sample region. To judge the di-
rection (i.e., sign) of the large-scale field, a 2 ! significance should be adequate;
all our results below are, in fact, greater than 3 !.
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where hBjjid1!d0 is the mean line-of-sight field component
in microgauss between distances d0 and d1, !RM " RMd1 !
RMd0, and !DM " DMd1 ! DMd0.

The location of spiral arms in our Galaxy is a subject of much
debate (see Burton 1976; Russeil 2003, for good summaries of
the uncertainties). Based on observed tangent points (cf. Fig. 13)
and locations of giant molecular clouds, H ii regions, and star
formation complexes (Grabelsky et al. 1988; Solomon & Rivolo
1989; Bronfman et al. 1989; Dame et al. 2001; Georgelin &
Georgelin 1976; Downes et al. 1980; Caswell & Haynes 1987;
Russeil 2003),we have adopted locations for themajor spiral arms
as shown in Figure 1. These arms are approximately equiangular
spirals with pitch angles of between !10# and!12#. While the
locations (or even existence) of these arms is quite uncertain,
especially in directions toward the Galactic center, most of the
discussion in this paper is based on regions around the tangential
points, which are reasonably well determined. Uncertainties in
pulsar distances also have the least effect in these directions.

We have applied equation (5) to regions near the tangential
points of the spiral arms as marked on Figure 4 where the large-
scale field and the lines of sight have maximum projections. For
regions around Galactic longitude l $ 0# (and also 180#), the
large-scale field is nearly perpendicular to our line of sight and
hence not measurable using Faraday rotation. We have taken all
pulsars with RMs having errors of less than 25 rad m!2 with
jbj < 8# and lying within 4# of the central longitude and within
the distance ranges indicated on Figure 4. The DM range cor-
responding to the adopted distance range was computed using
the NE2001 model. We have determined RM-DM slopes using
the robust straight-line fit method (see x 15.7 in Press et al.
1992), which minimizes the effects of anomalous outliers in the
plots due, for example, to H ii regions (Mitra et al. 2003), to give
the mean field hBkiwithin the region. The uncertainty of hBki is
determined from the absolute mean deviation of RMs from the
fitted line together with the average of DMs of pulsars in the
region. We reject any fits if the uncertainty,7 !, is greater than
1 "G or if hBki has a significance of less than 2 !. Similar fits

have been made to interarm regions as indicated in Figure 4. For
completeness, we briefly review previously published results for
the large-scale magnetic field in the local region and near and
beyond the Perseus arm.

3.1. The Norma Spiral Arm

The large-scale field in the Norma arm, the innermost iden-
tified arm in the Galaxy, has been discussed in detail by Han
et al. (2002) based on the present data set but using distances
based on the Taylor & Cordes (1993) electron density model.
Here we analyze the data with distances based on the NE2001
electron density model. Figure 5 shows RMs as a function of
distance and DMs for low-latitude pulsars lying near l " 18#

and 335#. The fitted lines for distances between 6 and 10 kpc are
within the Norma arm (see Fig. 4). The line between 3 and 5 kpc
at l " 335# corresponds to the adjacent interarm region and is
discussed in x 3.4. It is clear that the conclusions of Han et al.
(2002) are maintained. The RM gradient for pulsars between 6
and 10 kpc from the Sun is positive for l " 18# and negative for

Fig. 5.—Dependence of RM with distance and DM for pulsars lying in
directions passing through the Norma arm (l " 18# % 4# and 335# % 4#). In this
and subsequent figures of this type, RMs from this paper are shown as squares
and previous measurements as circles, and the lines are robust straight-line fits
to RMs for pulsars lying within the defined regions (see text). The corre-
sponding mean field from eq. (5) and its statistical uncertainty are shown on the
plots. [See the electronic edition of the Journal for a color version of this figure.]

Fig. 4.—Distribution of pulsars with known RMs and jbj < 8# (as in Fig. 1)
with boxes showing the regions near tangential points of spiral arms and in interarm
regionswhere values of hBki have been estimated using eq. (5) in Figs. 5–8 and 10.
Interarm boxes are marked with thin lines. The dashed circle is the locus of
tangential points for equiangular spirals of pitch angle!11#. [See the electronic
edition of the Journal for a color version of this figure.]

Fig. 6.—Dependence of RMwith distance and DM for pulsars lying in direc-
tions passing through the Scutum (l " 32#) and Crux (l " 310#) spiral arms. The
short fitted line at l " 310# is for the interarm region between the Crux and Carina
arms. [See the electronic edition of the Journal for a color version of this figure.]

7 The uncertainty of the fit reflects the mean deviation of the data, which is
dominated by random magnetic fields in the sample region. To judge the di-
rection (i.e., sign) of the large-scale field, a 2 ! significance should be adequate;
all our results below are, in fact, greater than 3 !.
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where hBjjid1!d0 is the mean line-of-sight field component
in microgauss between distances d0 and d1, !RM " RMd1 !
RMd0, and !DM " DMd1 ! DMd0.

The location of spiral arms in our Galaxy is a subject of much
debate (see Burton 1976; Russeil 2003, for good summaries of
the uncertainties). Based on observed tangent points (cf. Fig. 13)
and locations of giant molecular clouds, H ii regions, and star
formation complexes (Grabelsky et al. 1988; Solomon & Rivolo
1989; Bronfman et al. 1989; Dame et al. 2001; Georgelin &
Georgelin 1976; Downes et al. 1980; Caswell & Haynes 1987;
Russeil 2003),we have adopted locations for themajor spiral arms
as shown in Figure 1. These arms are approximately equiangular
spirals with pitch angles of between !10# and!12#. While the
locations (or even existence) of these arms is quite uncertain,
especially in directions toward the Galactic center, most of the
discussion in this paper is based on regions around the tangential
points, which are reasonably well determined. Uncertainties in
pulsar distances also have the least effect in these directions.

We have applied equation (5) to regions near the tangential
points of the spiral arms as marked on Figure 4 where the large-
scale field and the lines of sight have maximum projections. For
regions around Galactic longitude l $ 0# (and also 180#), the
large-scale field is nearly perpendicular to our line of sight and
hence not measurable using Faraday rotation. We have taken all
pulsars with RMs having errors of less than 25 rad m!2 with
jbj < 8# and lying within 4# of the central longitude and within
the distance ranges indicated on Figure 4. The DM range cor-
responding to the adopted distance range was computed using
the NE2001 model. We have determined RM-DM slopes using
the robust straight-line fit method (see x 15.7 in Press et al.
1992), which minimizes the effects of anomalous outliers in the
plots due, for example, to H ii regions (Mitra et al. 2003), to give
the mean field hBkiwithin the region. The uncertainty of hBki is
determined from the absolute mean deviation of RMs from the
fitted line together with the average of DMs of pulsars in the
region. We reject any fits if the uncertainty,7 !, is greater than
1 "G or if hBki has a significance of less than 2 !. Similar fits

have been made to interarm regions as indicated in Figure 4. For
completeness, we briefly review previously published results for
the large-scale magnetic field in the local region and near and
beyond the Perseus arm.

3.1. The Norma Spiral Arm

The large-scale field in the Norma arm, the innermost iden-
tified arm in the Galaxy, has been discussed in detail by Han
et al. (2002) based on the present data set but using distances
based on the Taylor & Cordes (1993) electron density model.
Here we analyze the data with distances based on the NE2001
electron density model. Figure 5 shows RMs as a function of
distance and DMs for low-latitude pulsars lying near l " 18#

and 335#. The fitted lines for distances between 6 and 10 kpc are
within the Norma arm (see Fig. 4). The line between 3 and 5 kpc
at l " 335# corresponds to the adjacent interarm region and is
discussed in x 3.4. It is clear that the conclusions of Han et al.
(2002) are maintained. The RM gradient for pulsars between 6
and 10 kpc from the Sun is positive for l " 18# and negative for

Fig. 5.—Dependence of RM with distance and DM for pulsars lying in
directions passing through the Norma arm (l " 18# % 4# and 335# % 4#). In this
and subsequent figures of this type, RMs from this paper are shown as squares
and previous measurements as circles, and the lines are robust straight-line fits
to RMs for pulsars lying within the defined regions (see text). The corre-
sponding mean field from eq. (5) and its statistical uncertainty are shown on the
plots. [See the electronic edition of the Journal for a color version of this figure.]

Fig. 4.—Distribution of pulsars with known RMs and jbj < 8# (as in Fig. 1)
with boxes showing the regions near tangential points of spiral arms and in interarm
regionswhere values of hBki have been estimated using eq. (5) in Figs. 5–8 and 10.
Interarm boxes are marked with thin lines. The dashed circle is the locus of
tangential points for equiangular spirals of pitch angle!11#. [See the electronic
edition of the Journal for a color version of this figure.]

Fig. 6.—Dependence of RMwith distance and DM for pulsars lying in direc-
tions passing through the Scutum (l " 32#) and Crux (l " 310#) spiral arms. The
short fitted line at l " 310# is for the interarm region between the Crux and Carina
arms. [See the electronic edition of the Journal for a color version of this figure.]

7 The uncertainty of the fit reflects the mean deviation of the data, which is
dominated by random magnetic fields in the sample region. To judge the di-
rection (i.e., sign) of the large-scale field, a 2 ! significance should be adequate;
all our results below are, in fact, greater than 3 !.
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where hBjjid1!d0 is the mean line-of-sight field component
in microgauss between distances d0 and d1, !RM " RMd1 !
RMd0, and !DM " DMd1 ! DMd0.

The location of spiral arms in our Galaxy is a subject of much
debate (see Burton 1976; Russeil 2003, for good summaries of
the uncertainties). Based on observed tangent points (cf. Fig. 13)
and locations of giant molecular clouds, H ii regions, and star
formation complexes (Grabelsky et al. 1988; Solomon & Rivolo
1989; Bronfman et al. 1989; Dame et al. 2001; Georgelin &
Georgelin 1976; Downes et al. 1980; Caswell & Haynes 1987;
Russeil 2003),we have adopted locations for themajor spiral arms
as shown in Figure 1. These arms are approximately equiangular
spirals with pitch angles of between !10# and!12#. While the
locations (or even existence) of these arms is quite uncertain,
especially in directions toward the Galactic center, most of the
discussion in this paper is based on regions around the tangential
points, which are reasonably well determined. Uncertainties in
pulsar distances also have the least effect in these directions.

We have applied equation (5) to regions near the tangential
points of the spiral arms as marked on Figure 4 where the large-
scale field and the lines of sight have maximum projections. For
regions around Galactic longitude l $ 0# (and also 180#), the
large-scale field is nearly perpendicular to our line of sight and
hence not measurable using Faraday rotation. We have taken all
pulsars with RMs having errors of less than 25 rad m!2 with
jbj < 8# and lying within 4# of the central longitude and within
the distance ranges indicated on Figure 4. The DM range cor-
responding to the adopted distance range was computed using
the NE2001 model. We have determined RM-DM slopes using
the robust straight-line fit method (see x 15.7 in Press et al.
1992), which minimizes the effects of anomalous outliers in the
plots due, for example, to H ii regions (Mitra et al. 2003), to give
the mean field hBkiwithin the region. The uncertainty of hBki is
determined from the absolute mean deviation of RMs from the
fitted line together with the average of DMs of pulsars in the
region. We reject any fits if the uncertainty,7 !, is greater than
1 "G or if hBki has a significance of less than 2 !. Similar fits

have been made to interarm regions as indicated in Figure 4. For
completeness, we briefly review previously published results for
the large-scale magnetic field in the local region and near and
beyond the Perseus arm.

3.1. The Norma Spiral Arm

The large-scale field in the Norma arm, the innermost iden-
tified arm in the Galaxy, has been discussed in detail by Han
et al. (2002) based on the present data set but using distances
based on the Taylor & Cordes (1993) electron density model.
Here we analyze the data with distances based on the NE2001
electron density model. Figure 5 shows RMs as a function of
distance and DMs for low-latitude pulsars lying near l " 18#

and 335#. The fitted lines for distances between 6 and 10 kpc are
within the Norma arm (see Fig. 4). The line between 3 and 5 kpc
at l " 335# corresponds to the adjacent interarm region and is
discussed in x 3.4. It is clear that the conclusions of Han et al.
(2002) are maintained. The RM gradient for pulsars between 6
and 10 kpc from the Sun is positive for l " 18# and negative for

Fig. 5.—Dependence of RM with distance and DM for pulsars lying in
directions passing through the Norma arm (l " 18# % 4# and 335# % 4#). In this
and subsequent figures of this type, RMs from this paper are shown as squares
and previous measurements as circles, and the lines are robust straight-line fits
to RMs for pulsars lying within the defined regions (see text). The corre-
sponding mean field from eq. (5) and its statistical uncertainty are shown on the
plots. [See the electronic edition of the Journal for a color version of this figure.]

Fig. 4.—Distribution of pulsars with known RMs and jbj < 8# (as in Fig. 1)
with boxes showing the regions near tangential points of spiral arms and in interarm
regionswhere values of hBki have been estimated using eq. (5) in Figs. 5–8 and 10.
Interarm boxes are marked with thin lines. The dashed circle is the locus of
tangential points for equiangular spirals of pitch angle!11#. [See the electronic
edition of the Journal for a color version of this figure.]

Fig. 6.—Dependence of RMwith distance and DM for pulsars lying in direc-
tions passing through the Scutum (l " 32#) and Crux (l " 310#) spiral arms. The
short fitted line at l " 310# is for the interarm region between the Crux and Carina
arms. [See the electronic edition of the Journal for a color version of this figure.]

7 The uncertainty of the fit reflects the mean deviation of the data, which is
dominated by random magnetic fields in the sample region. To judge the di-
rection (i.e., sign) of the large-scale field, a 2 ! significance should be adequate;
all our results below are, in fact, greater than 3 !.
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(e.g., Sofue & Fujimoto 1983; Rand & Lyne 1994; Heiles1996b).
Such a radial variation has been derived from modeling of the
Galactic synchrotron emission (E. M. Berkhuijsen 1995, un-
published but cited in Beck et al. [1996]) and the Galactic !-ray
background by Strong et al. (2000). In the local region, mea-
surements of themean field strength give values of 1:5 ! 0:4 "G
(Han & Qiao 1994; Indrani & Deshpande 1998), whereas Han
et al. (2002) find a value of 4:4 ! 0:9 "G in the Norma arm.
With the much extended pulsar RM data now covering about
one third of the Galactic disk, we are better able to investigate
the dependence of field strength on galactocentric radius.

Taking the field strengths for directions in the inner Galaxy
and the local field strength from Han & Qiao (1994), and cor-
recting for the angle between the assumed dominant azimuthal
field direction and the line of sight, we obtain the field strengths
shown in Figure 11 as a function of galactocentric radius. Al-
though uncertainties are large, there are clear tendencies for fields
to be stronger at smaller galactocentric radii and weaker in interarm
regions.

To parameterize the radial variation, we tried fitting different
functions to the data: a constant (Rand&Kulkarni 1989; Han&
Qiao 1994), a 1/R function (Sofue & Fujimoto 1983), a linear
gradient, and an exponential function (Strong et al. 2000). The
exponential function not only gives the smallest #2 value but
also avoids the singularity at R " 0 (for 1/R) and unphysical
values at large R (for the linear gradient). The fitted function
shown in Figure 11 is

Breg(R) " B0 exp
#(R# R$)

RB

! "
; %6&

with the strength of the large-scale or regular field at the Sun,
B0 " 2:1 ! 0:3 "G, and the scale radius RB " 8:5 ! 4:7 kpc.

5. GLOBAL STRUCTURE OF MAGNETIC FIELDS
IN THE GALACTIC DISK

Although there remain considerable uncertainties in several
regions, a striking pattern emerges from the above discussion:
large-scale magnetic fields in spiral arms are counterclockwise
(viewed from the north), but in the interarm regions the fields
are clockwise. Figure 12 summarizes the evidence for this bi-
symmetric global pattern, which is mainly based on the field

directions near the tangential points derived in x 3. These data
are relatively insensitive to uncertainties in the pulsar distance
scale or errors in distances to individual pulsars.

To further quantify this evidence, we have used equation (5)
to compute the mean line-of-sight field strength in regions tan-
gential to an equiangular spiral pattern of pitch angle#11'. The
locus of these tangential points is shown in Figure 12. At 4'

intervals of longitude, the RM versus DM dependence was
determined by a least-squares fit of a line to data for pulsars with
jbj < 8' lying within a box of longitude width 8' centered on
the tangential point. The ends of the box were defined by the
points at which the spiral through the tangential point reached a
longitude that is 4' from the longitude of the tangential point,
typically 1–2 kpc from the tangential point. RMs with uncer-
tainties greater than 30 rad m#2 were omitted from the fits. Fig-
ure 13 shows mean tangential fields determined in this way,
plotted as a function of Galactic longitude. We emphasize that
the pulsar samples used to compute these mean fields are uni-
formly selected according to above criteria and that they are
independent of any model for the large-scale structure.

Also plotted in Figure 13 is the mean line-of-sight field
strength from a simplified model of a bisymmetric spiral field of
pitch angle#11', which is counterclockwise within spiral arms
and clockwise in the interarm regions. A rectangular field vari-
ation with galactocentric radius was assumed, with discontinuous
changes in field direction at the arm-interarm boundaries. The
arm width was assumed to be equal to the interarm width. Both
arm and interarm fields were assumed to vary according to equa-
tion (6)with a scale radius of 8.5 kpc and a strength atR " 8:5 kpc
of 2.1 "G. For each longitude, the mean field was computed over
a path centered on the tangential point with end points defined as
described above, therebymodeling the procedure used to compute
the observed mean fields.

While there remains considerable uncertainty in many of the
derived field strengths, overall there is very good agreement
between the field directions predicted by the bisymmetric model
and those from the data, giving strong support to this model for
the large-scale field in the Galaxy. The only places where there
is substantial disagreement between the observed and modeled

Fig. 12.—Global pattern of magnetic field directions inferred from RM-DM
fits to the pulsar data and assuming an overall spiral pattern for the large-scale
field. Field directions in the local region (<3 kpc from the Sun) and in the
Perseus arm were taken from previous studies (e.g., Han & Qiao 1994; Indrani
&Deshpande 1998) (see text). The dashed circle is the locus of tangential points
for equiangular spirals of pitch angle #11'. [See the electronic edition of the
Journal for a color version of this figure.]

Fig. 13.—Mean line-of-sight field strengths derived from RM vs. DM gra-
dients for pulsars lying near the tangent points of an equiangular spiral pattern of
#11' pitch angle as a function of Galactic longitude. Points are plotted at the mean
longitude of the pulsars lying within a defined region, and the crosses represent
the rms scatter of longitude and mean field. Tangent points for spiral arms in the
inner Galaxy based on observational data (Grabelsky et al. 1988; Solomon &
Rivolo 1989; Bronfman et al. 1989; Dame et al. 2001; Georgelin & Georgelin
1976; Downes et al. 1980; Caswell &Haynes 1987; Englmaier &Gerhard 1999;
Drimmel 2000; Russeil 2003) are marked by small vertical arrows. The varia-
tion of the mean tangential field expected for a simplified bisymmetric global
model in which fields are counterclockwise within spiral arms and clockwise in
interarm regions is shown by the solid line. See the text for more details. [See the
electronic edition of the Journal for a color version of this figure.]
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Figure 6. Comparison of magnetic field regions and delineation for the three
sectors investigated in this paper. Top panel shows the three sectors with previous
or comparative model delineations: Region A: logarithmic spiral with 11.!5
magnetic pitch angle; Region B: model from Brown et al. (2007); and Region
C: ASS+RING model from Sun et al. (2008). The bottom panel shows the region
delineations and magnetic field directions for our proposed models in the three
sectors. The numbers correspond to the regions listed in Table 2. We note that
the field directions indicated on the lower panel are an output of the model, and
were not assigned a priori.
(A color version of this figure is available in the online journal.)

acknowledge that this modeling technique is limited in the sense
that it relies heavily on the validity of the assumed electron
density and magnetic field models. However, the NE2001 model
reproduces well the dispersion measures of pulsars and observed
spiral structure at low latitudes, though it does have limited value
at mid to high latitudes (Gaensler et al. 2008). In our case, we
are only interested in low latitudes, so with all other caveats,
we have chosen to use this electron density model. While it
is possible to construct magnetic field models using a constant
electron density (e.g., Nota & Katgert 2010), such models put
all of the structure of the RMs into the magnetic field. Instead,

Table 2
Best-fit B-field Values for Our Model Sectors Shown in Figure 6

Sector and Magnetic Pitch Radial Ba (in µG)
Region Angle Dependence

Sector A
1 0! R"1 "1.20 ± 0.48

Sector B
1 0! Constant 0.85 ± 0.06
2 11.!5 Constant 1.0 ± 0.4
3 11.!5 Constant "0.54 ± 0.07
4 11.!5 Constant "0.92 ± 0.06
5 11.!5 Constant 1.71 ± 0.06
6 11.!5 Constant "0.90 ± 0.08
7 11.!5 Constant "0.34 ± 0.06
8 0! R"1 "0.78 ± 0.12

Sector C
1 0! Constant "0.15 ± 0.04
2 11.!5 Constant "0.40 ± 0.01
3 11.!5 Constant 2.23 ± 0.13
4 11.!5 Constant 0.09 ± 0.05
5 0! R"1 "0.86 ± 0.09

Notes. a Indicated field strengths for R"1 regions are values at a Galactocentric
radius of 8.5 kpc (i.e., at the Sun). Positive values correspond to a counter-
clockwise field as viewed from the north Galactic pole, while negative values
correspond to a clockwise field.

we were interested in attempting to explore the relationship
between the spiral arms and the magnetic field.

The magnetic field models investigated here are defined in
terms of several regions with distinct magnetic field configu-
rations (direction and magnetic pitch angle), as illustrated in
Figure 6, but the strength and direction of the field are outputs
obtained minimizing the difference between the data and the
model through linear inversion theory (Menke 1984). By defini-
tion, within the model positive fitted field strengths correspond
to a counterclockwise field (as viewed from the North Galactic
pole) within that region, while negative fitted field values cor-
respond to a clockwise direction. In addition, since the goal of
our modeling is to explore the large-scale field, we ignore the
small-scale clumps and voids of NE2001, and use only the thin,
thick, and spiral arm components.

In addition, we placed the following restrictions on all
of the models we investigated. First, the magnetic field for
Galactocentric radii R > 20 kpc or R < 3 kpc was set to zero.
Similarly, the field was assumed to be zero for |z| > 1.5 kpc.
In addition, all models have a circular region containing the
molecular ring of the NE2001 electron model (3 kpc ! R !
5 kpc) with a circular magnetic field regardless of the geometry
being tested in the rest of the Galaxy.

Using the best-fit values for the magnetic field regions in
each model (given in Table 2), we are then able to determine
the model RMs for each of the observed source locations. To
assess the quality of fit of each model, we calculated the root
mean square of the residuals in RMs,

#(!RM)2$1/2 = #(RMobserved " RMmodel)2$1/2, (3)

where the goal was to minimize this value with the modeling.
Due to the intrinsic scatter of the EGS RMs and the high angular
density of EGS available to us, we smoothed the observed and
modeled EGS RMs, as described below, before calculating the
#(!RM)2$1/2 value.
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Figure 6. Comparison of magnetic field regions and delineation for the three
sectors investigated in this paper. Top panel shows the three sectors with previous
or comparative model delineations: Region A: logarithmic spiral with 11.!5
magnetic pitch angle; Region B: model from Brown et al. (2007); and Region
C: ASS+RING model from Sun et al. (2008). The bottom panel shows the region
delineations and magnetic field directions for our proposed models in the three
sectors. The numbers correspond to the regions listed in Table 2. We note that
the field directions indicated on the lower panel are an output of the model, and
were not assigned a priori.
(A color version of this figure is available in the online journal.)

acknowledge that this modeling technique is limited in the sense
that it relies heavily on the validity of the assumed electron
density and magnetic field models. However, the NE2001 model
reproduces well the dispersion measures of pulsars and observed
spiral structure at low latitudes, though it does have limited value
at mid to high latitudes (Gaensler et al. 2008). In our case, we
are only interested in low latitudes, so with all other caveats,
we have chosen to use this electron density model. While it
is possible to construct magnetic field models using a constant
electron density (e.g., Nota & Katgert 2010), such models put
all of the structure of the RMs into the magnetic field. Instead,
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Region Angle Dependence
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1 0! Constant 0.85 ± 0.06
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3 11.!5 Constant "0.54 ± 0.07
4 11.!5 Constant "0.92 ± 0.06
5 11.!5 Constant 1.71 ± 0.06
6 11.!5 Constant "0.90 ± 0.08
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3 11.!5 Constant 2.23 ± 0.13
4 11.!5 Constant 0.09 ± 0.05
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Notes. a Indicated field strengths for R"1 regions are values at a Galactocentric
radius of 8.5 kpc (i.e., at the Sun). Positive values correspond to a counter-
clockwise field as viewed from the north Galactic pole, while negative values
correspond to a clockwise field.

we were interested in attempting to explore the relationship
between the spiral arms and the magnetic field.

The magnetic field models investigated here are defined in
terms of several regions with distinct magnetic field configu-
rations (direction and magnetic pitch angle), as illustrated in
Figure 6, but the strength and direction of the field are outputs
obtained minimizing the difference between the data and the
model through linear inversion theory (Menke 1984). By defini-
tion, within the model positive fitted field strengths correspond
to a counterclockwise field (as viewed from the North Galactic
pole) within that region, while negative fitted field values cor-
respond to a clockwise direction. In addition, since the goal of
our modeling is to explore the large-scale field, we ignore the
small-scale clumps and voids of NE2001, and use only the thin,
thick, and spiral arm components.

In addition, we placed the following restrictions on all
of the models we investigated. First, the magnetic field for
Galactocentric radii R > 20 kpc or R < 3 kpc was set to zero.
Similarly, the field was assumed to be zero for |z| > 1.5 kpc.
In addition, all models have a circular region containing the
molecular ring of the NE2001 electron model (3 kpc ! R !
5 kpc) with a circular magnetic field regardless of the geometry
being tested in the rest of the Galaxy.

Using the best-fit values for the magnetic field regions in
each model (given in Table 2), we are then able to determine
the model RMs for each of the observed source locations. To
assess the quality of fit of each model, we calculated the root
mean square of the residuals in RMs,

#(!RM)2$1/2 = #(RMobserved " RMmodel)2$1/2, (3)

where the goal was to minimize this value with the modeling.
Due to the intrinsic scatter of the EGS RMs and the high angular
density of EGS available to us, we smoothed the observed and
modeled EGS RMs, as described below, before calculating the
#(!RM)2$1/2 value.
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Figure 6. Comparison of magnetic field regions and delineation for the three
sectors investigated in this paper. Top panel shows the three sectors with previous
or comparative model delineations: Region A: logarithmic spiral with 11.!5
magnetic pitch angle; Region B: model from Brown et al. (2007); and Region
C: ASS+RING model from Sun et al. (2008). The bottom panel shows the region
delineations and magnetic field directions for our proposed models in the three
sectors. The numbers correspond to the regions listed in Table 2. We note that
the field directions indicated on the lower panel are an output of the model, and
were not assigned a priori.
(A color version of this figure is available in the online journal.)

acknowledge that this modeling technique is limited in the sense
that it relies heavily on the validity of the assumed electron
density and magnetic field models. However, the NE2001 model
reproduces well the dispersion measures of pulsars and observed
spiral structure at low latitudes, though it does have limited value
at mid to high latitudes (Gaensler et al. 2008). In our case, we
are only interested in low latitudes, so with all other caveats,
we have chosen to use this electron density model. While it
is possible to construct magnetic field models using a constant
electron density (e.g., Nota & Katgert 2010), such models put
all of the structure of the RMs into the magnetic field. Instead,

Table 2
Best-fit B-field Values for Our Model Sectors Shown in Figure 6

Sector and Magnetic Pitch Radial Ba (in µG)
Region Angle Dependence

Sector A
1 0! R"1 "1.20 ± 0.48

Sector B
1 0! Constant 0.85 ± 0.06
2 11.!5 Constant 1.0 ± 0.4
3 11.!5 Constant "0.54 ± 0.07
4 11.!5 Constant "0.92 ± 0.06
5 11.!5 Constant 1.71 ± 0.06
6 11.!5 Constant "0.90 ± 0.08
7 11.!5 Constant "0.34 ± 0.06
8 0! R"1 "0.78 ± 0.12

Sector C
1 0! Constant "0.15 ± 0.04
2 11.!5 Constant "0.40 ± 0.01
3 11.!5 Constant 2.23 ± 0.13
4 11.!5 Constant 0.09 ± 0.05
5 0! R"1 "0.86 ± 0.09

Notes. a Indicated field strengths for R"1 regions are values at a Galactocentric
radius of 8.5 kpc (i.e., at the Sun). Positive values correspond to a counter-
clockwise field as viewed from the north Galactic pole, while negative values
correspond to a clockwise field.

we were interested in attempting to explore the relationship
between the spiral arms and the magnetic field.

The magnetic field models investigated here are defined in
terms of several regions with distinct magnetic field configu-
rations (direction and magnetic pitch angle), as illustrated in
Figure 6, but the strength and direction of the field are outputs
obtained minimizing the difference between the data and the
model through linear inversion theory (Menke 1984). By defini-
tion, within the model positive fitted field strengths correspond
to a counterclockwise field (as viewed from the North Galactic
pole) within that region, while negative fitted field values cor-
respond to a clockwise direction. In addition, since the goal of
our modeling is to explore the large-scale field, we ignore the
small-scale clumps and voids of NE2001, and use only the thin,
thick, and spiral arm components.

In addition, we placed the following restrictions on all
of the models we investigated. First, the magnetic field for
Galactocentric radii R > 20 kpc or R < 3 kpc was set to zero.
Similarly, the field was assumed to be zero for |z| > 1.5 kpc.
In addition, all models have a circular region containing the
molecular ring of the NE2001 electron model (3 kpc ! R !
5 kpc) with a circular magnetic field regardless of the geometry
being tested in the rest of the Galaxy.

Using the best-fit values for the magnetic field regions in
each model (given in Table 2), we are then able to determine
the model RMs for each of the observed source locations. To
assess the quality of fit of each model, we calculated the root
mean square of the residuals in RMs,

#(!RM)2$1/2 = #(RMobserved " RMmodel)2$1/2, (3)

where the goal was to minimize this value with the modeling.
Due to the intrinsic scatter of the EGS RMs and the high angular
density of EGS available to us, we smoothed the observed and
modeled EGS RMs, as described below, before calculating the
#(!RM)2$1/2 value.
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Figure 6. Comparison of magnetic field regions and delineation for the three
sectors investigated in this paper. Top panel shows the three sectors with previous
or comparative model delineations: Region A: logarithmic spiral with 11.!5
magnetic pitch angle; Region B: model from Brown et al. (2007); and Region
C: ASS+RING model from Sun et al. (2008). The bottom panel shows the region
delineations and magnetic field directions for our proposed models in the three
sectors. The numbers correspond to the regions listed in Table 2. We note that
the field directions indicated on the lower panel are an output of the model, and
were not assigned a priori.
(A color version of this figure is available in the online journal.)

acknowledge that this modeling technique is limited in the sense
that it relies heavily on the validity of the assumed electron
density and magnetic field models. However, the NE2001 model
reproduces well the dispersion measures of pulsars and observed
spiral structure at low latitudes, though it does have limited value
at mid to high latitudes (Gaensler et al. 2008). In our case, we
are only interested in low latitudes, so with all other caveats,
we have chosen to use this electron density model. While it
is possible to construct magnetic field models using a constant
electron density (e.g., Nota & Katgert 2010), such models put
all of the structure of the RMs into the magnetic field. Instead,

Table 2
Best-fit B-field Values for Our Model Sectors Shown in Figure 6

Sector and Magnetic Pitch Radial Ba (in µG)
Region Angle Dependence

Sector A
1 0! R"1 "1.20 ± 0.48

Sector B
1 0! Constant 0.85 ± 0.06
2 11.!5 Constant 1.0 ± 0.4
3 11.!5 Constant "0.54 ± 0.07
4 11.!5 Constant "0.92 ± 0.06
5 11.!5 Constant 1.71 ± 0.06
6 11.!5 Constant "0.90 ± 0.08
7 11.!5 Constant "0.34 ± 0.06
8 0! R"1 "0.78 ± 0.12

Sector C
1 0! Constant "0.15 ± 0.04
2 11.!5 Constant "0.40 ± 0.01
3 11.!5 Constant 2.23 ± 0.13
4 11.!5 Constant 0.09 ± 0.05
5 0! R"1 "0.86 ± 0.09

Notes. a Indicated field strengths for R"1 regions are values at a Galactocentric
radius of 8.5 kpc (i.e., at the Sun). Positive values correspond to a counter-
clockwise field as viewed from the north Galactic pole, while negative values
correspond to a clockwise field.

we were interested in attempting to explore the relationship
between the spiral arms and the magnetic field.

The magnetic field models investigated here are defined in
terms of several regions with distinct magnetic field configu-
rations (direction and magnetic pitch angle), as illustrated in
Figure 6, but the strength and direction of the field are outputs
obtained minimizing the difference between the data and the
model through linear inversion theory (Menke 1984). By defini-
tion, within the model positive fitted field strengths correspond
to a counterclockwise field (as viewed from the North Galactic
pole) within that region, while negative fitted field values cor-
respond to a clockwise direction. In addition, since the goal of
our modeling is to explore the large-scale field, we ignore the
small-scale clumps and voids of NE2001, and use only the thin,
thick, and spiral arm components.

In addition, we placed the following restrictions on all
of the models we investigated. First, the magnetic field for
Galactocentric radii R > 20 kpc or R < 3 kpc was set to zero.
Similarly, the field was assumed to be zero for |z| > 1.5 kpc.
In addition, all models have a circular region containing the
molecular ring of the NE2001 electron model (3 kpc ! R !
5 kpc) with a circular magnetic field regardless of the geometry
being tested in the rest of the Galaxy.

Using the best-fit values for the magnetic field regions in
each model (given in Table 2), we are then able to determine
the model RMs for each of the observed source locations. To
assess the quality of fit of each model, we calculated the root
mean square of the residuals in RMs,

#(!RM)2$1/2 = #(RMobserved " RMmodel)2$1/2, (3)

where the goal was to minimize this value with the modeling.
Due to the intrinsic scatter of the EGS RMs and the high angular
density of EGS available to us, we smoothed the observed and
modeled EGS RMs, as described below, before calculating the
#(!RM)2$1/2 value.
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Figure 6. Comparison of magnetic field regions and delineation for the three
sectors investigated in this paper. Top panel shows the three sectors with previous
or comparative model delineations: Region A: logarithmic spiral with 11.!5
magnetic pitch angle; Region B: model from Brown et al. (2007); and Region
C: ASS+RING model from Sun et al. (2008). The bottom panel shows the region
delineations and magnetic field directions for our proposed models in the three
sectors. The numbers correspond to the regions listed in Table 2. We note that
the field directions indicated on the lower panel are an output of the model, and
were not assigned a priori.
(A color version of this figure is available in the online journal.)

acknowledge that this modeling technique is limited in the sense
that it relies heavily on the validity of the assumed electron
density and magnetic field models. However, the NE2001 model
reproduces well the dispersion measures of pulsars and observed
spiral structure at low latitudes, though it does have limited value
at mid to high latitudes (Gaensler et al. 2008). In our case, we
are only interested in low latitudes, so with all other caveats,
we have chosen to use this electron density model. While it
is possible to construct magnetic field models using a constant
electron density (e.g., Nota & Katgert 2010), such models put
all of the structure of the RMs into the magnetic field. Instead,

Table 2
Best-fit B-field Values for Our Model Sectors Shown in Figure 6

Sector and Magnetic Pitch Radial Ba (in µG)
Region Angle Dependence

Sector A
1 0! R"1 "1.20 ± 0.48

Sector B
1 0! Constant 0.85 ± 0.06
2 11.!5 Constant 1.0 ± 0.4
3 11.!5 Constant "0.54 ± 0.07
4 11.!5 Constant "0.92 ± 0.06
5 11.!5 Constant 1.71 ± 0.06
6 11.!5 Constant "0.90 ± 0.08
7 11.!5 Constant "0.34 ± 0.06
8 0! R"1 "0.78 ± 0.12

Sector C
1 0! Constant "0.15 ± 0.04
2 11.!5 Constant "0.40 ± 0.01
3 11.!5 Constant 2.23 ± 0.13
4 11.!5 Constant 0.09 ± 0.05
5 0! R"1 "0.86 ± 0.09

Notes. a Indicated field strengths for R"1 regions are values at a Galactocentric
radius of 8.5 kpc (i.e., at the Sun). Positive values correspond to a counter-
clockwise field as viewed from the north Galactic pole, while negative values
correspond to a clockwise field.

we were interested in attempting to explore the relationship
between the spiral arms and the magnetic field.

The magnetic field models investigated here are defined in
terms of several regions with distinct magnetic field configu-
rations (direction and magnetic pitch angle), as illustrated in
Figure 6, but the strength and direction of the field are outputs
obtained minimizing the difference between the data and the
model through linear inversion theory (Menke 1984). By defini-
tion, within the model positive fitted field strengths correspond
to a counterclockwise field (as viewed from the North Galactic
pole) within that region, while negative fitted field values cor-
respond to a clockwise direction. In addition, since the goal of
our modeling is to explore the large-scale field, we ignore the
small-scale clumps and voids of NE2001, and use only the thin,
thick, and spiral arm components.

In addition, we placed the following restrictions on all
of the models we investigated. First, the magnetic field for
Galactocentric radii R > 20 kpc or R < 3 kpc was set to zero.
Similarly, the field was assumed to be zero for |z| > 1.5 kpc.
In addition, all models have a circular region containing the
molecular ring of the NE2001 electron model (3 kpc ! R !
5 kpc) with a circular magnetic field regardless of the geometry
being tested in the rest of the Galaxy.

Using the best-fit values for the magnetic field regions in
each model (given in Table 2), we are then able to determine
the model RMs for each of the observed source locations. To
assess the quality of fit of each model, we calculated the root
mean square of the residuals in RMs,

#(!RM)2$1/2 = #(RMobserved " RMmodel)2$1/2, (3)

where the goal was to minimize this value with the modeling.
Due to the intrinsic scatter of the EGS RMs and the high angular
density of EGS available to us, we smoothed the observed and
modeled EGS RMs, as described below, before calculating the
#(!RM)2$1/2 value.
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or comparative model delineations: Region A: logarithmic spiral with 11.!5
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C: ASS+RING model from Sun et al. (2008). The bottom panel shows the region
delineations and magnetic field directions for our proposed models in the three
sectors. The numbers correspond to the regions listed in Table 2. We note that
the field directions indicated on the lower panel are an output of the model, and
were not assigned a priori.
(A color version of this figure is available in the online journal.)

acknowledge that this modeling technique is limited in the sense
that it relies heavily on the validity of the assumed electron
density and magnetic field models. However, the NE2001 model
reproduces well the dispersion measures of pulsars and observed
spiral structure at low latitudes, though it does have limited value
at mid to high latitudes (Gaensler et al. 2008). In our case, we
are only interested in low latitudes, so with all other caveats,
we have chosen to use this electron density model. While it
is possible to construct magnetic field models using a constant
electron density (e.g., Nota & Katgert 2010), such models put
all of the structure of the RMs into the magnetic field. Instead,

Table 2
Best-fit B-field Values for Our Model Sectors Shown in Figure 6

Sector and Magnetic Pitch Radial Ba (in µG)
Region Angle Dependence

Sector A
1 0! R"1 "1.20 ± 0.48

Sector B
1 0! Constant 0.85 ± 0.06
2 11.!5 Constant 1.0 ± 0.4
3 11.!5 Constant "0.54 ± 0.07
4 11.!5 Constant "0.92 ± 0.06
5 11.!5 Constant 1.71 ± 0.06
6 11.!5 Constant "0.90 ± 0.08
7 11.!5 Constant "0.34 ± 0.06
8 0! R"1 "0.78 ± 0.12

Sector C
1 0! Constant "0.15 ± 0.04
2 11.!5 Constant "0.40 ± 0.01
3 11.!5 Constant 2.23 ± 0.13
4 11.!5 Constant 0.09 ± 0.05
5 0! R"1 "0.86 ± 0.09

Notes. a Indicated field strengths for R"1 regions are values at a Galactocentric
radius of 8.5 kpc (i.e., at the Sun). Positive values correspond to a counter-
clockwise field as viewed from the north Galactic pole, while negative values
correspond to a clockwise field.

we were interested in attempting to explore the relationship
between the spiral arms and the magnetic field.

The magnetic field models investigated here are defined in
terms of several regions with distinct magnetic field configu-
rations (direction and magnetic pitch angle), as illustrated in
Figure 6, but the strength and direction of the field are outputs
obtained minimizing the difference between the data and the
model through linear inversion theory (Menke 1984). By defini-
tion, within the model positive fitted field strengths correspond
to a counterclockwise field (as viewed from the North Galactic
pole) within that region, while negative fitted field values cor-
respond to a clockwise direction. In addition, since the goal of
our modeling is to explore the large-scale field, we ignore the
small-scale clumps and voids of NE2001, and use only the thin,
thick, and spiral arm components.

In addition, we placed the following restrictions on all
of the models we investigated. First, the magnetic field for
Galactocentric radii R > 20 kpc or R < 3 kpc was set to zero.
Similarly, the field was assumed to be zero for |z| > 1.5 kpc.
In addition, all models have a circular region containing the
molecular ring of the NE2001 electron model (3 kpc ! R !
5 kpc) with a circular magnetic field regardless of the geometry
being tested in the rest of the Galaxy.

Using the best-fit values for the magnetic field regions in
each model (given in Table 2), we are then able to determine
the model RMs for each of the observed source locations. To
assess the quality of fit of each model, we calculated the root
mean square of the residuals in RMs,

#(!RM)2$1/2 = #(RMobserved " RMmodel)2$1/2, (3)

where the goal was to minimize this value with the modeling.
Due to the intrinsic scatter of the EGS RMs and the high angular
density of EGS available to us, we smoothed the observed and
modeled EGS RMs, as described below, before calculating the
#(!RM)2$1/2 value.
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(e.g., Sofue & Fujimoto 1983; Rand & Lyne 1994; Heiles1996b).
Such a radial variation has been derived from modeling of the
Galactic synchrotron emission (E. M. Berkhuijsen 1995, un-
published but cited in Beck et al. [1996]) and the Galactic !-ray
background by Strong et al. (2000). In the local region, mea-
surements of themean field strength give values of 1:5 ! 0:4 "G
(Han & Qiao 1994; Indrani & Deshpande 1998), whereas Han
et al. (2002) find a value of 4:4 ! 0:9 "G in the Norma arm.
With the much extended pulsar RM data now covering about
one third of the Galactic disk, we are better able to investigate
the dependence of field strength on galactocentric radius.

Taking the field strengths for directions in the inner Galaxy
and the local field strength from Han & Qiao (1994), and cor-
recting for the angle between the assumed dominant azimuthal
field direction and the line of sight, we obtain the field strengths
shown in Figure 11 as a function of galactocentric radius. Al-
though uncertainties are large, there are clear tendencies for fields
to be stronger at smaller galactocentric radii and weaker in interarm
regions.

To parameterize the radial variation, we tried fitting different
functions to the data: a constant (Rand&Kulkarni 1989; Han&
Qiao 1994), a 1/R function (Sofue & Fujimoto 1983), a linear
gradient, and an exponential function (Strong et al. 2000). The
exponential function not only gives the smallest #2 value but
also avoids the singularity at R " 0 (for 1/R) and unphysical
values at large R (for the linear gradient). The fitted function
shown in Figure 11 is

Breg(R) " B0 exp
#(R# R$)

RB

! "
; %6&

with the strength of the large-scale or regular field at the Sun,
B0 " 2:1 ! 0:3 "G, and the scale radius RB " 8:5 ! 4:7 kpc.

5. GLOBAL STRUCTURE OF MAGNETIC FIELDS
IN THE GALACTIC DISK

Although there remain considerable uncertainties in several
regions, a striking pattern emerges from the above discussion:
large-scale magnetic fields in spiral arms are counterclockwise
(viewed from the north), but in the interarm regions the fields
are clockwise. Figure 12 summarizes the evidence for this bi-
symmetric global pattern, which is mainly based on the field

directions near the tangential points derived in x 3. These data
are relatively insensitive to uncertainties in the pulsar distance
scale or errors in distances to individual pulsars.

To further quantify this evidence, we have used equation (5)
to compute the mean line-of-sight field strength in regions tan-
gential to an equiangular spiral pattern of pitch angle#11'. The
locus of these tangential points is shown in Figure 12. At 4'

intervals of longitude, the RM versus DM dependence was
determined by a least-squares fit of a line to data for pulsars with
jbj < 8' lying within a box of longitude width 8' centered on
the tangential point. The ends of the box were defined by the
points at which the spiral through the tangential point reached a
longitude that is 4' from the longitude of the tangential point,
typically 1–2 kpc from the tangential point. RMs with uncer-
tainties greater than 30 rad m#2 were omitted from the fits. Fig-
ure 13 shows mean tangential fields determined in this way,
plotted as a function of Galactic longitude. We emphasize that
the pulsar samples used to compute these mean fields are uni-
formly selected according to above criteria and that they are
independent of any model for the large-scale structure.

Also plotted in Figure 13 is the mean line-of-sight field
strength from a simplified model of a bisymmetric spiral field of
pitch angle#11', which is counterclockwise within spiral arms
and clockwise in the interarm regions. A rectangular field vari-
ation with galactocentric radius was assumed, with discontinuous
changes in field direction at the arm-interarm boundaries. The
arm width was assumed to be equal to the interarm width. Both
arm and interarm fields were assumed to vary according to equa-
tion (6)with a scale radius of 8.5 kpc and a strength atR " 8:5 kpc
of 2.1 "G. For each longitude, the mean field was computed over
a path centered on the tangential point with end points defined as
described above, therebymodeling the procedure used to compute
the observed mean fields.

While there remains considerable uncertainty in many of the
derived field strengths, overall there is very good agreement
between the field directions predicted by the bisymmetric model
and those from the data, giving strong support to this model for
the large-scale field in the Galaxy. The only places where there
is substantial disagreement between the observed and modeled

Fig. 12.—Global pattern of magnetic field directions inferred from RM-DM
fits to the pulsar data and assuming an overall spiral pattern for the large-scale
field. Field directions in the local region (<3 kpc from the Sun) and in the
Perseus arm were taken from previous studies (e.g., Han & Qiao 1994; Indrani
&Deshpande 1998) (see text). The dashed circle is the locus of tangential points
for equiangular spirals of pitch angle #11'. [See the electronic edition of the
Journal for a color version of this figure.]

Fig. 13.—Mean line-of-sight field strengths derived from RM vs. DM gra-
dients for pulsars lying near the tangent points of an equiangular spiral pattern of
#11' pitch angle as a function of Galactic longitude. Points are plotted at the mean
longitude of the pulsars lying within a defined region, and the crosses represent
the rms scatter of longitude and mean field. Tangent points for spiral arms in the
inner Galaxy based on observational data (Grabelsky et al. 1988; Solomon &
Rivolo 1989; Bronfman et al. 1989; Dame et al. 2001; Georgelin & Georgelin
1976; Downes et al. 1980; Caswell &Haynes 1987; Englmaier &Gerhard 1999;
Drimmel 2000; Russeil 2003) are marked by small vertical arrows. The varia-
tion of the mean tangential field expected for a simplified bisymmetric global
model in which fields are counterclockwise within spiral arms and clockwise in
interarm regions is shown by the solid line. See the text for more details. [See the
electronic edition of the Journal for a color version of this figure.]

PULSAR RMs AND GALACTIC MAGNETIC FIELD 879No. 2, 2006
The Astrophysical Journal, 728:97 (14pp), 2011 February 20 Van Eck et al.

Carina

Norma

outer Galaxy

Sagittarius

Perseus

Arm

Arm

Arm

Arm
Scutum-
Crux Arm

local

Figure 11. Sketch of the magnetic field in the disk of the Galaxy based on this
work. The bold arrows in the local arm and Q1 of the Sagittarius–Carina arm
show the only generally accepted location of the large-scale reversal in Q1 (see
discussion in Brown 2011). The remaining arrows show the field directions as
concluded from this study. The dashed arrows are less certain due to the paucity
of data available in these regions.

5. SUMMARY AND DISCUSSION

We have processed a set of VLA observations and produced
a catalog of 194 RMs of EGS in the Galactic disk, filling in
critical gaps in RM coverage between the CGPS and the SGPS.
Using these data, we conclude that of the three popular models
investigated by Sun et al. (2008), the most consistent with our
new data is the ASS+RING model.

We propose our own model, stemming from a new modeling
strategy that studies the disk field in three different sectors.
The division of sectors is roughly between the outer Galaxy
(quadrants 2 and 3), quadrant 1, and quadrant 4. Our modeling
suggests that the inner Galaxy has a spiral magnetic field that is
aligned with the spiral arms, while the outer Galaxy is dominated
by an almost purely azimuthal field. This is consistent with
a significant decrease of the magnetic pitch angle with the
galactocentric radius, to small (almost zero) values beyond the
solar orbit. Such a decrease is also seen in external spiral galaxies
(Figure 8 in Beck et al. 1996). For example, the pitch angle in
M31 decreases from !19" ± 3" near the Galactic center to
!8" ± 3" at r = 12–14 kpc (Fletcher et al. 2004).

Our model also indicates that the magnetic field in the Galaxy
is predominantly clockwise, with a single reversed region that
appears to spiral out from the center of the Galaxy. This is
similar to the ASS+ARM model described by Sun et al. (2008),
except that the pitch angle varies with radius in our model. In
some sense, our model provides a “unification” of the two ASS
models discussed by Sun et al. (2008).

The origin of magnetic reversals remains poorly understood.
An obvious possibility to explain them is a bisymmetric mag-
netic field (perhaps of primordial origin; see Sofue et al. 1986
and references therein). A bisymmetric magnetic structure has
reversals between spiral-shaped regions, i.e., both in radius and
azimuth. However, it is now believed that bisymmetric mag-
netic fields are rare in spiral galaxies, and that galactic magnetic
fields are maintained by some form of dynamo action (Beck
et al. 1996). Dynamo mechanisms generally favor axisymmetric
magnetic structures, with non-axisymmetric features resulting
from secondary effects (such as the spiral pattern and/or overall
galactic asymmetry). Our results indicate that the regular mag-
netic field in the outer part of the Milky Way is predominantly
axisymmetric. Ruzmaikin et al. (1985) suggested that radial
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Figure 12. Predicted RMs for a slice of the Galaxy at z = 0 using our three
sector model as illustrated in the lower panel of Figure 6, and Figure 10. The
smaller circles represent RMs for individual pulsars, while the large circles
represent RMs for boxcar-averaged EGS sources over 9" longitude with a step
size of 3". The EGS are placed at the edge of our model (R = 20 kpc). The
central black circle is the inner edge of the molecular ring (R = 3 kpc).

reversals of an axisymmetric magnetic field can be maintained,
for periods comparable to the galactic lifetime, provided the
initial (seed) magnetic field had such reversals, for example,
if the seed field was random (resulting, e.g., from the fluctua-
tion dynamo action). Ruzmaikin et al. (1985) confirmed that a
few reversals can persist in the Milky Way if the half-thickness
of the ionized layer is within the range 350–1500 pc, whereas
this range is much narrower in the case of M31, 350–450 pc
(these estimates can be model dependent). This seems to ex-
plain the presence of at least one reversal in the Milky Way and
their absence in M31. Asymptotic analysis of the mean-field
galactic dynamo equations with !-quenching (Belyanin et al.
1994) shows that the radial reversals can be persistent at those
galactocentric radii r where

r2" (r)
!

1
r

+ 2
B #

0(r)
B0(r)

"
+

1
2
r2" #(r) = 0,

where " (r) is the local growth rate of the regular magnetic
field due to the dynamo action, B0(r) is its local saturation
strength (presumably corresponding to the energy equipartition
with the turbulent energy), and prime denotes derivative with
respect to radius (see Shukurov 2005 for a review). Thus, the
occurrence of the reversals is sensitive to rather subtle details
of the galactic dynamo that are poorly known. This severely
restricts the predictive power of the theory and limits the value of
numerical results, which are inevitably obtained with idealized
and often heavily parameterized models.

As another way to visually examine our modeling efforts,
we have combined our three magnetic sectors with NE2001 to
produce an RM map at z = 0, as shown in Figure 12. The small
circles along the interior show the pulsar RMs, and the larger
circles around the outside (at R = 20 kpc) are the smoothed (9"

bin widths, 3" steps between bins) EGS RMs, corresponding to
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Find the best model
2. Analysing the data

Fit a model to the data
Search for a statistically good fit
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Fig. 1.—(a) Total radio intensity contour map of NGC 4736 at 8.46 GHz
and 8.6! # 8.6! resolution (from combined VLA and Effelsberg data) super-
imposed on the infrared 24 mm image (in colors, from Spitzer survey of SINGS
galaxies: Kennicutt et al. 2003). The contours are at 28, 72, 176, 320, 440,
800, 1040, and 1600 mJy beam!1. (b) Radio polarized intensity at 8.46 GHz
in contours and the infrared map in colors. The contours are at 21, 42, 70,
and 98 mJy beam!1. The galaxy is inclined by (Buta 1988) and the green35!
line in (a) denotes its major axis. The inner (rs) ring and the central minibar
are indicated, whereas the faint, outer (R) ring is out of the figure and also
invisible in the radio data.

Fig. 2.—Polarized intensity contour map of NGC 4736 at 8.46 GHz and
8.6! # 8.6! resolution with observed magnetic field vectors of the polarization
degree overlaid on the Ha image (from Knapen et al. 2003). The contours are
at 21, 42, and 84 mJy beam!1 area. The vector of corresponds to the!!10
polarization degree of 25%.

The observed total radio emission of NGC 4736 at 8.46 GHz
is clearly dominated by the galaxy’s bright inner pseudoring
(Fig. 1a) and resembles the distributions of infrared, Ha, and
UV emission (e.g., Waller et al. 2001). All pronounced radio
features in the ring correspond to the enhanced signal in the
mid-infrared (in colors in Fig. 1a) and must result from an
intense star formation process providing dust heating and strong
radio thermal and nonthermal emission. The radio contours in
the galaxy’s bright bulge region (within radius) are slightly!!20
elongated in position angle P.A. " 30 . They likely correspond!
to the nuclear minibar seen in optical and CO images (§ 1).
Outside the galaxy’s bright radio disk, weak radio emission is
detected from a star-forming plume (Fig. 1a), being another
feature of the galaxy’s resonant dynamics (Waller et al. 2001).

The polarized radio emission of NGC 4736 at 8.46 GHz
reveals a dramatically different morphology (Fig. 1b). It does
not clearly correspond either to the inner pseudoring in the
infrared emission or to the distribution of total radio emission.

The degree of polarization is slightly lower in the ring (about
on average) than in its close vicinity ( ),10% " 1% 15% " 1%

and rises to about at the disk edges. The observed vectors40%
of regular magnetic field (Fig. 2) are organized into a very
clear spiral pattern with two broad magnetic arms. Surprisingly,
the inner ring hardly influences the magnetic vectors: they seem
to cross the star-forming regions without any change of their
orientation. This is opposite to what is observed in grand-design
spiral galaxies (§ 1), where the magnetic field typically follows
a nearby spiral density wave.

The revealed spiral magnetic pattern at 8.46 GHz, is fully
confirmed at 4.86 GHz. The observed similar orientation of
magnetic field vectors at both radio frequencies indicates only
small Faraday rotation effects in this galaxy (see below). Hence,
the magnetic vectors presented in Figure 2 give almost precisely
the intrinsic direction of the projected magnetic field (within
7 ) in most of the galactic regions.!

3. PURE DYNAMO ACTION?

The observed spiral structure of the magnetic field in NGC
4736 contradicts the main feature of its optical morphology:
the starbursting inner pseudoring. To investigate the exact pat-
tern of regular magnetic field without projection effects, we
constructed a phase diagram (Fig. 3) of magnetic field vectors
along the azimuthal angle in the galaxy plane versus the natural
logarithm of the galactocentric radius. It confirms that the mag-
netic vectors cross the Ha-emitting ring (which constitutes a
horizontal structure in Fig. 3) without changing their large pitch
angle of 35! " 5!. The two broad magnetic spiral arms (§ 2)
clearly emerge from close to the galactic center, at azimuths
of about and . Inside the inner ring, around azimuths0! 180!
of and , the magnetic pitch angle attains smaller val-120! 300!
ues, from to , which may result from gas flows around0! 20!
the central minibar (§ 1). Despite this, the observed pattern of
regular field in NGC 4736 seems to be the most coherent one
observed so far in spiral galaxies (cf. Beck 2005).

The comparison of the magnetic pattern in NGC 4736 with
the Hubble Space Telescope and other filtered optical images
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Fig. 3.—Diagram of the deprojected regular magnetic field vectors in the plane of NGC 4736 at 8.46 GHz (without correction for Faraday effects). The
galactocentric azimuthal angle is measured counterclockwise from the northern tip of the major axis (P.A. p 295 ). The vector’s length is proportional to the!
polarized intensity, also presented in contours. The Ha image is shown in colors.

Fig. 4.—Faraday rotation measure distribution (in colors) of NGC 4736, at
resolution, computed from 8.46 and 4.86 GHz data, in rad m , with!! !215

contours of Ha emission.

Fig. 5.—Magnetic maps of NGC 4736. (a) Total, (b) random, and (c) regular
magnetic field strength (in mG) in colors, with contours of (a) infrared 24 mm
and (b, c) Ha emission.

indicates further disagreement of the regular magnetic field with
other galactic structures, e.g., the prominent, almost circular, long
dust lane west of the center (Waller et al. 2001), or spiral dust
armlets (probably of acoustic origin) in the central part of the
galaxy (Elmegreen et al. 2002). Outside the ring, the relation of
magnetic vectors with optical, flocculent features (Waller et al.
2001) is ambiguous, and contrary to the magnetic structure the
optical features do not continue inside the ring. The kinematics
of CO- and H i–emitting gas near the ring is well described by
pure circular differential rotation with a velocity of about 200
km s and small residuals, typically less than about 10 km!1

s (Wong & Blitz 2000). This assures that galactic shearing!1

motions in the vicinity of the inner ring are strong. Hence, the
observed magnetic spiral could result from apure MHD dynamo
action that develops without support from spiral density waves
(§ 1).

The strongest observational test for the origin of the galactic
magnetic field is the distribution of Faraday rotation measure
(RM), which is sensitive to the sense of direction of the magnetic
field. Magnetic fields produced locally by ejections from stars or

by small-scale MHD dynamos, compressed in shocks or stretched
by gas shearing flows, yield random fields and incoherent (chang-
ing sign) RM patterns. Only the large-scale dynamo can induce
unidirectional magnetic field and produce a coherent RM pattern
on the galactic scale. The typical RM values observed in NGC
4736 (Fig. 4) are small, about "50 rad m , reaching locally!2

rad m . As the galaxy is located at high Galactic!2FRMF 1 100
latitude ( ) the influence of the Milky Way on observed RM76!
could be omitted. Globally, NGC 4736 shows a large area of
statistically positive RM in the northwestern part of the galaxy
and negative RM in the southeastern one. This gives a strong
argument for a large-scale MHD dynamo working in this object.

From maps of total and polarized emission and the direction
of magnetic field vectors corrected for Faraday rotation we derive
“magnetic maps” (Chyży 2008)—the strength of total, random,
and regular magnetic field throughout the galaxy plane, corrected
for projection effects. In calculations we assume equipartition be-
tween the energy of the magnetic field and cosmic rays with an
Ep300 MeV cutoff in the cosmic-ray proton spectrum, the energy
ratio k p 100 of cosmic-ray protons and electrons, and an un-
projected synchrotron disk thickness of L p 500 pc. The thermal
emission is separated from the observed radio intensity assuming
a nonthermal spectral index of 0.9. The total magnetic field (Fig.
5a) is strongest in the galactic center and in the starbursting ring
where its strength varies from 18 to even 30 mG. The field is
dominated by the random component (Fig. 5b) which roughly
correlates with star-forming regions of Ha emission, as also seen
in other galaxies. Contrary to the random component the regular
magnetic field (Fig. 5c) is strongest in the southern part of the
ring and in the regions outside the ring, reaching locally 13 mG.
These local values are similar to the largest ones found in the
nonbarred late-type spirals (Beck 2005).

Polarization angle:

Faraday rotation:
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! = !0(B!) + RM(B")"2 + RMfg"
2

Br = B0 sin (p0) + B1 sin (p1) cos (! ! "1) + . . .

B! = B0 cos (p0) + B1 cos (p1) cos (! ! "1) + . . .

Bz = Bz0 + Bz1 cos (! ! "z1) + . . .

Seek statistically good fits
for Bi, pi, βi by minimising

weighted squared-difference 
between model and observations.

Data at several λ, averaged in sectors
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58 A. Fletcher et al.: The magnetic field in M 31

Fig. 2. Polarization angles (!, measured from the local radial direction
in the plane of M 31) against azimuth (") for the ring 6–8 kpc. Fit
(solid) and observations (squares with error bars, horizontal lines with
error bars show excluded points) are shown for #6 cm, #11 cm and
#20.5 cm from top to bottom. The error bars show the 1$ deviations.

mode is added to the dominant axisymmetric (m = 0) mode.
The m = 2 mode will produce a %/2 periodicity in RM.

The fitted RMfg is constant, within errors, between adjacent
rings and varies weakly across the whole radial range in agree-
ment with the expected small fluctuations in foreground RM
from our Galaxy in the direction of M 31 (Han et al. 1998).
This is an important reliability check for the model; the val-
ues of RMfg in Table 2 were independently derived for each
ring by fitting a non-linear model to the observational data. It is
reassuring that there is agreement between rings within errors
and with earlier estimates. The value of RMfg is broadly con-
sistent with earlier estimates of !88 ± 2 rad m!2 (Beck 1982),
!100 ± 33 rad m!2 (Ruzmaikin et al. 1990), !93 ± 3 rad m!2

(Han et al. 1998) and !92±3 rad m!2 (Berkhuijsen et al. 2003).
The median amplitude of the axisymmetric mode R0

reaches a maximum at R " 11 kpc, the radius of the well known
bright radio “ring” of M 31. However, the maximum is only
marginally pronounced, and the values of R0 only show radial
variation at the 2$ level. This implies that the synchrotron ring
in M 31 is prominent either because the synchrotron emissivity

Fig. 3. As in Fig. 2 but for the ring 8–10 kpc.

Table 2. Parameters of the fitted model and their 2$ errors. RMfg is
the Faraday rotation measure arising in the Milky Way, Rm and pm

are the amplitude and pitch angle of the mode with wave number m,
and &m is the azimuth where a mode with azimuthal wave number m
is maximum. The minimum value of the residual and the value of '2

are shown for each fit in the bottom lines.

Units Radial range (kpc)
6–8 8–10 10–12 12–14

RMfg rad m!2 !93 ±5 !99 ±5 !93 ±5 !89 ±4

R0 rad m!2 +83 ±7 +96 ±9 +115 ±9 +99 ±6

p0 deg !13 ±4 !19 ±3 !11 ±3 !8 ±3

R2 rad m!2 +45 ±10

p2 deg !2 ±12

&2 deg !43 ±7

S 58 59 62 62
'2 63 63 65 65

depends on a high power of the magnetic field strength or be-
cause the density of relativistic electrons is higher in the ring.
The underlying maximum in the magnetic field itself is very

Br = B0 sin (p0) + B1 sin (p1) cos (! ! "1) + . . .
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2. Analysing the data

Components of a model
Faraday screens: modulation of background 

polarized emission in a Faraday rotating layer.

Q. Cosmic ray electron distribution inhomogeneous?
Q. What exactly is a Faraday screen?

Figure 4.1: A 2 layer slab - layer 1 extends along 0 ! z < z1 and layer 2 z1 !< z2 therefore the
first layer is further away from the observer,(z = "). Each layer is a uniform slab with depth hi

having constant emissivity, !i and constant Faraday rotation, niBi, (i = 1, 2). Outside the slab
there is no synchrotron emissivity or magnetic field.

We start by finding the Faraday depth using Eqn.(3.3),

!(z) = K"2

!
"""""#

"""""$

% z1

0 n1B1 dz! +
% z2

z1
n2B2 dz! if z ! 0,

% z1

z n1B1 dz! +
% z2

z1
n2B2 dz! if 0 < z ! z1,

% z2

z n2B2 dz! if z1 < z ! z2,

0 if z2 < z.

(4.2)

We use this result in Eqn.(3.2) to find the local polarization angle, #(z),

#(z) = #0i(z) +

!
"""""#

"""""$

F1 + F2 if z ! 0,

F1(1# z
h1

) + F2 if 0 < z ! z1,

F2(1 + h1
h2
# z

h2
) if z1 < z ! z2,

0 if z2 < z.

(4.3)

Where Fi = k"2hiniBi (i = 1, 2), the total Faraday depth of the ith slab and #0i is the
initial angle of polarzation for layer i which we will take to be constant. If there was any
emission behind the slab this would be e!ected by the total Faraday depth of the slab,
F1 + F2. Any emission infront of the slab would not be e!ected at all as there is no line
of sight magnetic field component so no Faraday rotation occurs.
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Summary

1. Processing the data

• resolution: best not high
• filtering: averaging, wavelets

2. Analysis & interpretation

a. take care with data selection
b. resist “by eye” interpretation 
c. if practical fit a model to data


