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ABSTRACT

The large-scale magnetic field of the Milky Way is thought to be created by an αΩ dynamo, which
implies that it should have opposite handedness North and South of the Galactic midplane. Here we
attempt to detect a variation in handedness using polarization data from the Wilkinson Microwave
Anisotropy Probe. Previous analyzes of the parity-even and parity-odd parts of linear polarization of
the global dust and synchrotron emission have focused on quadratic correlations in spectral space of,
and between, these two components. Here, by contrast, we analyze the parity-odd polarization itself
and show that it has, on average, opposite signs in Northern and Southern Galactic hemispheres.
Comparison with a Galactic mean-field dynamo model shows broad qualitative agreement and re-
veals that the sign of the observed hemispheric dependence of the azimuthally averaged parity-odd
polarization is not determined by the sign of α, but by the sense of differential rotation.
Subject headings: dynamo — magnetic fields — MHD — turbulence — polarization

1. INTRODUCTION

The main purpose of the Wilkinson Microwave
Anisotropy Probe (WMAP) and Planck satellites was to
map the cosmic background radiation. However, most
of the polarized emission comes from the Galactic fore-
ground (Planck Collaboration Int. XXX 2016; Planck
Collaboration XI 2018). Removing this contribution re-
mains an important goal in observational cosmology for
the detection of primordial gravitational waves and mag-
netic fields. This requires a thorough understanding of
the detailed foreground emission. The Galactic magnetic
field is also of great interest to astroparticle physics, as
it is a key factor in tracing high-energy cosmic rays to
their origin. It could also be critical for understanding
the hemispheric dependence of the handedness in the ar-
rival directions of cosmic rays (Kahniashvili & Vachas-
pati 2006) and, in particular, the gamma rays observed
with the Fermi Large Area Telescope (Tashiro et al.
2014). The WMAP satellite data also allow us to learn
new important aspects about the Galaxy (e.g. Jansson &
Farrar 2012) that have never been possible to assess sys-
tematically with conventional techniques. In particular,
Galactic synchrotron and dust polarizations can reveal
important information about the nature of its magnetic
field that can be best understood by comparing with
synthetic polarization maps form numerical simulations
(Väisälä et al. 2018).
The determination of the magnetic field of the Galaxy

is a difficult task. Most progress has been made by using
the rotation measure (RM) of pulsars or extragalactic ra-
dio sources (Haverkorn 2015). However, the large-scale
pattern of the Galactic magnetic field is still largely un-
known (e.g. Men et al. 2008). Sun et al. (2009) have
shown an axisymmetric disk distribution with reversals
inside the solar circle using all-sky maps at 1.4GHz from
the Dominion Radio Astrophysical Observatory and the

Villa Elisa radio telescope, the K-band map from the
WMAP mission, as well as the Effelsberg RM survey.
Other efforts include the work by Brown et al. (2007),
who used RM of extragalactic radio sources to infer an
axisymmetric pattern of the disk magnetic field. A re-
cent review of the models for the Milky Way magnetic
field can be found in Boulanger et al. (2018).
Synchrotron emission from the Galaxy dominates at

low microwave frequencies (< 30GHz), while thermal
dust emission starts to dominate at higher frequencies
(> 70GHz). Full-sky continuum maps at lower frequen-
cies are available, for example, at 408MHz (Haslam et
al. 1982), and at 1.4GHz (Reich & Reich 1986). Ruiz-
Granados et al. (2010) have carried out a systematic com-
parison of a number of Galactic magnetic field models,
which were fitted to the large-scale polarization map at
22GHz.
It is believed that the Galactic magnetic field is gen-

erated by a turbulent dynamo process, which can pro-
duce both small-scale and large-scale magnetic fields at
the same time. Several techniques have been devised
to determine signatures of dynamo-generated magnetic
fields. One such aspect concerns the twistedness of the
magnetic field at large and small length scales. Twist is
generally quantified by magnetic and current helicities,
and various approaches have been explored to determine
these quantities (Volegova & Stepanov 2010; Junklewitz
& Enßlin 2011; Oppermann et al. 2011; Brandenburg &
Stepanov 2014; Horellou & Fletcher 2014), which are all
based on Faraday rotation. A significant uncertainty is
imposed by the fact that the polarization data are only
sensitive to the magnetic field orientation in the plane of
the sky, but not to its direction. Under certain condi-
tions of inhomogeneity, however, the sense of twist can
be inferred from just the polarization pattern projected
on the sky (Kahniashvili et al. 2014; Bracco et al. 2019;
Brandenburg et al. 2019).
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Magnetic fields that are generated by an αΩ dynamo
(Krause & Rädler 1980) have, on average, opposite hand-
edness North and South of the disc plane. It may there-
fore be possible to detect signatures of such a field by
analyzing the polarization patterns of the Galaxy. Ex-
ploring this for our Galaxy is the main purpose of the
present work.
The basic idea is to use the decomposition of linear po-

larization into its parity-even and parity-odd parts. In
the analysis of the cosmic background radiation, one usu-
ally computes spectral correlations between the parity-
odd polarization and the temperature. However, as al-
ready pointed out by Brandenburg (2019), even just the
parity-odd polarization itself can sometimes be used as a
meaningful proxy. This quantity is a pseudoscalar, sim-
ilar to kinetic and magnetic helicities. This means that
it changes sign when viewing the system in a mirror. A
difficulty in applying it as a proxy for magnetic helicity
is that the parity-odd polarization is only defined with
respect to a plane, and that we can only expect a non-
vanishing average if the plane is always seen only from
the same side, i.e., if one side is physically distinguished
from the other.

2. E AND B POLARIZATIONS

The Stokes Q and U linear polarization parameters
change under rotation of the coordinate system. How-
ever, it is possible to transform Q and U into a proper
scalar and a pseudoscalar, which are independent of the
coordinate system. These are the rotationally invariant
parity-even E and parity-odd B polarizations. They are
given as the real and imaginary parts of the spherical
harmonic expansion (Durrer 2008)

E + iB ≡ R =

Nℓ
∑

ℓ=2

ℓ
∑

m=−ℓ

R̃ℓmYℓm(θ, φ), (1)

with some truncation Nℓ and coefficients R̃ℓm that are
related to the spectral representation of the complex
linear polarization P = Q + iU in terms of spin-
weighted spherical harmonic functions. They are given
by (Kamionkowski et al. 1997; Seljak & Zaldarriaga 1997;
Zaldarriaga & Seljak 1997)

R̃ℓm =

∫

4π

(Q+ iU) 2Y
∗

ℓm(θ, φ) sin θ dθ dφ, (2)

where 2Y
∗

ℓm(θ, φ) are the spin-2 spherical harmonics, θ is
colatitude, and φ is longitude. We choose Nℓ = 48 for the
spherical harmonic truncation. This results in some cor-
responding smoothing, making it easier to discern large-
scale patterns in the resulting E and B polarizations.
It should be noted that Zaldarriaga & Seljak (1997) use

another sign convention; see their Equation (6), which
corresponds to a minus sign in Equation (1). Here we
use Equation (5.10) of Durrer (2008); see the correspond-
ing discussion by Brandenburg (2019) and Prabhu et al.
(2020).
Following Vasil et al. (2016, 2018), we compute the

spin-weighted spherical harmonics using Jacobi polyno-

mials P
(a,b)
ℓ (cos θ) as

sYℓm(θ, φ) = Ns
ℓm sina( θ2 ) cos

b( θ2 )P
(a,b)
ℓ−ℓ0

(cos θ) eimφ,

(3)

where a = |m+ s|, b = |m− s|, and

Ns
ℓm = (−1)max(m,−s)

√

(2ℓ+ 1)(ℓ+ ℓ0)!(ℓ− ℓ0)!

4π(ℓ+ ℓ1)!(ℓ− ℓ1)!
(4)

is a normalization factor with ℓ0 = max(|m|, |s|) and
ℓ1 = min(|m|, |s|). Equation (4) differs from that of Vasil

et al. (2018) by a factor
√
2π to conform with the nor-

malization of Goldberg et al. (1967).

3. DATA SELECTION AND ANALYSIS

Our analysis is based on the K-band (equivalent to
22GHz) polarization data obtained by the WMAP satel-
lite after the full nine years of operation (Bennett et al.
2013). This data can be downloaded from the LAMBDA
website1 in the HEALPIX format2 (Górski et al. 2005).
In the K-band, the emission is entirely dominated by

Galactic synchrotron emission, with spinning dust, ther-
mal dust, and the CMB being sub-dominant (Bennett et
al. 2013). Thus, this band is best to study the Galactic
magnetic field.
The first two panels of Figure 1 show the all-sky Stokes

Q and U maps at 22GHz using the HEALPIX resolution
parameter Nside = 512 (which corresponds to a pixel size
of 6.8 arcmin). We mapped this data onto a uniform grid
of standard spherical coordinates, (θ, φ), where θ is co-
latitude and φ is longitude, which increases eastward (us-
ing the interpolation function in the HEALPY PYTHON
package). We also use Galactic coordinates (l, b), where
l = 360◦ − φ is Galactic longitude and b = 90◦ − θ is
Galactic latitude (e.g. Page et al. 2007). The Galactic
latitude b is not to be confused with the components of
the magnetic field, which will be denoted by the bold face
symbol b⊥ so as not to confuse them with the parity-odd
constituent B of the linear polarization.

4. RESULTS

4.1. Global E and B polarization for the Galaxy

In Figure 1, we show images of Q and U along with the
rotationally invariant counterparts E and B as functions
of θ and φ. We see thatQ is mostly positive near the mid-
plane and has maxima at φ = 0 and 225◦. Near φ = 0, U
is positive (negative) in the Southern (Northern) hemi-
sphere. The E polarization has negative extrema at
φ ≈ 90◦ and 270◦, and is positive at intermediate lon-
gitudes and also at high Galactic latitudes. Around the
Galactic center, the B polarization has a characteristic
cloverleaf-shaped pattern, which is best seen in the recen-
tered lower panels of Figure 1; see the white box. This
is similar to what was reported in the appendix of Bran-
denburg & Furuya (2020). This pattern is a result of the
B-decomposition of a purely vertical magnetic field near
the Galactic center.
To study the systematic latitudinal dependence more

clearly, we show in Figure 2 the φ-averaged profiles of Q,
U , E, and B, which we denote by angle brackets with

subscript φ, i.e., 〈Q〉φ =
∫ 2π

0
Q dφ/2π, and likewise for

the other quantities. We also show the standard devi-
ation and statistical error of the mean, where we took
data that are separated by more than 10◦ as statistically

1 http://lambda.gsfc.nasa.gov/product/map/current
2 http://healpix.jpl.nasa.gov/
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Fig. 1.— Polarization results for the Galaxy. Top: Q(θ, φ) and U(θ, φ) in mK. Galactic (l, b) coordinates are indicated on the outer axes.
Middle: E(θ, φ) and B(θ, φ) in mK. Bottom: same as middle panels, but shifted such that the Galactic center is in the middle. Note that
θ increases downward, so North (South) is at the top (bottom).

independent. We clearly see that, near the equatorial
plane (θ = 90◦), 〈Q〉φ and 〈E〉φ have a similar sym-
metric θ dependence about θ = 90◦, but with opposite
signs.3 Also 〈U〉φ and 〈B〉φ have opposite signs relative
to each other, but both are roughly antisymmetric about
θ = 90◦. There is, however, a negative (positive) spike
in 〈U〉φ (〈B〉φ) at θ = 90◦. It may be associated with an
imperfect cancelation of the cloverleaf-shaped feature at
the Galactic center.
It should be noted here that the use of azimuthal av-

erages breaks the rotational invariance under coordinate
transformations. This is why the azimuthal average 〈E〉φ
depends solely on 〈Q〉φ, and 〈B〉φ depends solely on
〈U〉φ.
The full sky maps of E and B in Figure 1 yield a

prominent m = 2 variation with odd symmetry about
the equator. The odd m = 0 variation cannot be seen
without azimuthal averaging. To quantify the relative

3 Note a different sign convention in Seljak & Zaldarriaga (1997).

importance of the m = 0 and 2 contributions, we list in
Table 1 the first few coefficients Ẽℓm = (R̃ℓm+R̃∗

ℓ,−m)/2

and B̃ℓm = (R̃ℓm − R̃∗

ℓ,−m)/2i, which is opposite to the

sign convention of Seljak & Zaldarriaga (1997) for E and
B. To assess the robustness of the result, we also com-
pare with WMAP data in the Q-band (41GHz). We
distinguish the two bands by superscripts K and Q; see
Brandenburg & Brüggen (2020) for the full set of coef-
ficients. We also compare with simulation data (super-
scripts A–D) discussed in Sect. 4.2.3. The hemispheric

handedness is quantified by the coefficients B̃
(µ)
3 0 , which

are negative, except for the models µ = B and D dis-
cussed in Sect. 4.2.3.

4.2. Comparison with a Galactic dynamo model

4.2.1. Review of the model

To see how our results compare with a Galactic mean
field dynamo model, we analyze the model of Branden-
burg & Furuya (2020), which was recently applied to
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Fig. 2.— Azimuthally averaged polarization results for the Galaxy. Top: 〈Q〉φ(θ) and 〈U〉φ(θ). Bottom: 〈E〉φ(θ) and 〈U〉φ(θ). The
statistical error of the mean and the standard deviation are indicated by dark and light shades, respectively.

TABLE 1
First few expansion coefficients of Equation (1).

m µ κ κẼ
(µ)
2m κẼ

(µ)
4m κB̃

(µ)
3m κB̃

(µ)
5m

0 K 1000 56 −34 −18 6
Q 5000 45 −27 −35 10
A 0.1 73 −22 −0.038 −0.002
B 0.1 92 −34 +0.014 −0.13
C 5000 68 −27 −7 +8
D 0.1 73 −22 +0.038 +0.002

1 K 1000 1− 9i 4 + 17i 4 + i 8− 5i
Q 5000 1− 8i −i −10− 2i 2i
A 0.1 1 1 −4i i

B 0.1 −41− i 13 12i −5i
C 5000 57 + 5i −15− 8i −2− 36i 2 + 9i
D 0.1 1 1 −4i i

2 K 1000 7− 8i 9− 22i −20− 17i −13 + 5i
Q 5000 −1− 7i −15i −13 −9
A 0.1 41 + 3i −4 2− 26i 5i
B 0.1 28 + 2i −5 1− 10i −2i
C 5000 31 + 4i 12− 4i 5− 50i −7 + 13i
D 0.1 41 + 4i −4 3− 26i −1 + 5i

The κB
(µ)
3 0 are in bold. The factor κ is adopted for compacter notation.

assess the parity-even and parity-odd polarizations for
an edge-on view of the galaxy NGC 891. In the present
work, however, we use the same model to compute a
view from the position of the Sun, located in the mid-
plane 8 kpc from the Galactic center (µ = A). We also
compare with 3 kpc distance (µ = B), and how models
with opposite signs of the α effect (µ = C) and both α
and Ω (µ = D).
The models have parameters similar to that of Bran-

denburg et al. (1993), which was designed to describe the
halo magnetic field of NGC 891. The vertical wind in the
model of Brandenburg et al. (1993) was omitted.
We adopt a Cartesian domain of size 20× 20× 5 kpc3

with normal field boundary conditions. The computa-
tions are performed with the Pencil Code (Branden-
burg & Dobler 2010) using 256× 256× 64 meshpoints.
The distribution of the α effect in the model has a

radius of 15 kpc and a height of 1.5 kpc. In Branden-
burg et al. (1993), this height was associated with the
thick disk (Reynolds layer). For the rotation curve, a
Brandt profile was assumed with an angular velocity of
Ω0 = 75Gyr−1 and a turnover radius of ̟Ω = 3kpc,
where the rotation law attains constant linear velocity
with V0 = Ω0̟Ω ≈ 225 km s−1. The α effect has a
strength of α0 = 22 km s−1 near the axis, but declines
with increasing distance from the axis and has 8 km s−1

at ̟ = 8kpc. It is also reduced locally by α quench-
ing, which limits the mean field to about 10µG. The
resulting magnetic field has quadrupolar symmetry with
respect to the midplane, i.e., the sign of the toroidal field
is the same above and below the midplane.

4.2.2. Computation of the polarization

To compute the apparent magnetic field from the
position of the Sun in our model, we set up a local
spherical coordinate system to inspect the local emis-
sion from a sphere around the observer at the position
r0 ≡ (x0, y0, z0) in the direction n̂, where n̂ is the unit
vector of r − r0, with r being the position of a point
on the sphere around the observer, and s = |r − r0| the
distance. The cylindrical radius around the observer is
̟ = |̟|, where̟ = (x−x0, y−y0, 0), which allows us to
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Fig. 3.— Polarization results for the mean-field model with the Faraday rotation term in Equation (6) included. Top: Q(θ, φ) and U(θ, φ).
Bottom: E(θ, φ) and B(θ, φ).

compute the local azimuthal unit vector as φ̂ = ẑ × ˆ̟ ,
where ˆ̟ = ̟/̟ and ẑ = (0, 0, 1) are the cylindrical
and vertical unit vectors, respectively. The third coor-
dinate direction in our local coordinate system is colat-

itude with the unit vector θ̂ = φ̂ × n̂. The polarization
on the unit sphere of the observer is then computed from
b⊥ = (bθ, bφ), whose components are given by bθ = b · θ̂
and bφ = b · φ̂.
For given wavelength, the synchrotron emissivity is ∝

nCR|b⊥|σ, where σ ≈ 1.9 (Ginzburg & Syrovatskii 1965).
In the following, we assume σ = 2, so that the emissivity
in the complex polarization can simply be written as

Pintr(s, θ, φ) = −ǫ0 nCR(bθ + ibφ)
2, (5)

where ǫ0 is a positive constant, nCR is the cosmic ray
electron density, and s is the distance from the observer.
The minus sign in Equation (5) reflects the fact that the
polarization plane represents the electric field vector of
the radiation which is orthogonal to the magnetic field
in the plane of the sky.
We compute the observable complex polarization along

the line of sight as

P (θ, φ) =

∫

∞

0

Pintr e
2ibr/bF ds, (6)

where bF = (kFneλ
2s)−1, with kF = 2.6 × 10−17 G−1

being a constant (e.g. Pacholczyk 1970), ne the thermal
electron density, and λ the wavelength. Absorption can
safely be neglected for our purposes. For the sake of illus-
tration, we adopt Gaussian profiles for thermal and cos-
mic ray electron densities, ne = ne0 exp(−z2/2H2

e ) and
nCR = nCR0 exp(−z2/2H2

CR), with He = HCR = 1kpc

and midplane values ne0 and nCR0 for the electron den-
sities. For λ = 1.36 cm (corresponding to 22GHz),
ne0 = 0.03 cm−3, and s = 1kpc, we have bF = 230µG.
This is large compared to the typical Galactic magnetic
field strength of a few µG, so Faraday rotation effects are
weak. We perform the line-of-sight integration by com-
puting P (θ, φ) on a (θ, φ) mesh with 36× 72 meshpoints
for distances s from the observer going up to 5 kpc in
steps of ∆s = 0.2 kpc.

4.2.3. Results from the mean-field model

In Figure 3 we show the results for Model B of Bran-
denburg & Furuya (2020). In spite of the parameters
being unrealistic for the Galaxy, there are characteristic
features that are similar to what is seen in Figure 1 for
the Galaxy: positive Q at φ = 0 and 180◦, along with
negative E at φ = 90◦ and 270◦. The results for U and
B are not immediately obvious because there are two
nearly equally big patches of opposite sign in each hemi-
sphere. Only after φ-averaging do we recognize a latitu-
dinal dependence that is similar to that of the Galaxy;

see Figure 4. The observed sign of B̃
(µ)
3 0 emerges only

when we place the observer at a distance sufficiently far
away from the Galactic center (µ = A), while for smaller
distances (µ = B), the sign changes and the 〈B〉φ(θ) pro-
file becomes similar to that shown in the top–right panel
of Figure 1 of Brandenburg (2019). Faraday rotation
is weak, but it contributes a profile that is symmetric
about the equator. This is because the global magnetic
field has quadrupolar symmetry; see Brandenburg (2019)
for a corresponding result for a dipolar field. Changing
the sign of α0 results in a qualitatively different (oscilla-
tory) dynamo, but, to our surprise, it does not change the
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Fig. 4.— Azimuthally averaged polarization results for the mean-field model with Faraday rotation using bF = 230µG (solid lines) and
without Faraday rotation (dashed lines). Top: 〈Q〉φ(θ) and 〈U〉φ(θ). Bottom: 〈E〉φ(θ) and 〈B〉φ(θ). The statistical error of the mean and
the standard deviation are indicated by dark and light shades, respectively, except for panels (b) and (d), where only the former is shown.

sign of B̃
(µ)
3 0 . The sign only changes when the differential

rotation changes and thereby the global Galactic spiral.
Changing the signs of α0 and Ω0 simultaneously has the
advantage of leaving the dynamo properties unchanged.

An important difference between model and observa-
tion is the fact that in our model, the amplitude of
〈B〉φ(θ) is several hundred times smaller than that of
〈E〉φ(θ), while for the Galaxy, it is only about ten times
smaller; see Table 1. We recall that the quadratic EE
correlation was found to be about twice that of the
BB correlation (Planck Collaboration Int. XXX 2016).
This came as a major surprise (Kandel et al. 2017) and
triggered numerous investigations trying to explain this
(Kritsuk et al. 2018). In the present paper, however, we
have not studied quadratic correlations, but the signed
functions E and B themselves.

5. CONCLUSIONS

The most important result from our work is Fig-
ure 2(d). Except for the spike at the equator, we see
a clear hemispheric dependence of the longitudinally av-
eraged parity-odd B polarization. This shows that the
magnetic field in North and South, which is responsible
for the polarization pattern, must be mirror images of
each other, statistically speaking. To our knowledge, this
is the first time that such a clear measurement of handed-
ness has ever been made for the Galaxy. Remarkably, the
results obtained for the mean-field dynamo agree quali-
tatively with those for the Galaxy, although the signal is
much weaker in the model; see Figure 4(d).
To interpret our results further, we must learn how

to decipher the B signal. There is no one-to-one cor-
respondence between B polarization and magnetic heli-

city. Indeed, B can be zero even for fully helical tur-
bulence (Brandenburg et al. 2019; Bracco et al. 2019).
We only obtain a finite signal if one viewing direction
is preferred over another, as was discussed in those two
papers. Whether or not this argument actually works
for the Galaxy is not a priori clear because the α effect
produces magnetic helicity of opposite signs at large and
small scales. In the Sun, for example, observations of ac-
tive regions tend to reveal only the small-scale contribu-
tion (Prabhu et al. 2020). Our present paper now shows
that this may be different for the Galaxy. Beck et al.
(2019) emphasized, however, that much of the Galactic
polarized emission is caused by a turbulent anisotropic
component, which Jansson & Farrar (2012) called sti-
ated. It is therefore plausible that the detected hemi-
spheric handedness is caused by the opposite orientations
of the Galactic spiral in the two hemispheres; see the re-

versed sign of B̃
(µ)
3 0 for µ = D in Table 1.

Our paper reveals a number of other properties in the
(θ, φ) maps of E and B that also agree qualitatively with
the dynamo model: negative extrema of E at the equa-
tor near φ = 90◦ and 270◦, and two positive (negative)
extrema of B at φ = 45◦ and 225◦ in the North (South).
However, the sign of the azimuthally-averaged B appears
not to be related to the sign of the α effect, as was orig-
inally hoped, but it seems to reflect the spiral nature
of the Galaxy. Looking South gives a mirror image of
the Galactic spiral compared to the view towards North.
This new finding is supported by considering the quan-
tity B̃3 0 in our models.
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spheric dependence of 〈B〉φ after we posted our preprint.
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