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ABSTRACT

Aims. Radio synchrotron polarization maps of the Galaxy can be used to infer the properties of interstellar turbulence in the diffuse
magneto-ionic medium (MIM). In this paper, we investigate the normalized spatial gradient of linearly polarized synchrotron emission
(|∇P|/|P|) as a tracer of turbulence, the relationship of the gradient to the sonic Mach number of the MIM, and changes in morphology
of the gradient as a function of Galactic position in the southern sky.
Methods. We used data from the S -band Polarization All Sky Survey (S -PASS) to image the normalized spatial gradient of the linearly
polarized synchrotron emission (|∇P|/|P|) in the entire southern sky at 2.3 GHz. The spatial gradient of linear polarization reveals
rapid changes in the density and magnetic fluctuations in the MIM due to magnetic turbulence as a function of Galactic position.
We made comparisons of these data to ideal MHD numerical simulations. To constrain the sonic Mach number (Ms), we applied
a high-order moments analysis to the observations and to the simulated diffuse, isothermal ISM with ideal magneto-hydrodynamic
turbulence.
Results. We find that polarization gradient maps reveal elongated structures, which we associate with turbulence in the MIM. Our
analysis indicates that turbulent MIM is in a generally transonic regime. This result for the turbulent regime is more general than
the ones deduced by the analysis of electron density variation data, because it is based on the stochastic imprints of the Faraday
rotation effect, which is also sensitive to the magnetic field fluctuations. Filamentary structures are seen with typical widths down
to the angular resolution, and the observed morphologies closely match numerical simulations and, in some cases, Hα contours.
The |∇P|/|P| intensity is found to be approximately log-normal distributed. No systematic variations in the sonic Mach number are
observed as a function of Galactic coordinates, which is consistent with turbulence in the WIM, as inferred by the analysis of Hα
data. We conclude that the sonic Mach number of the diffuse MIM appears to be spatially uniform towards the Galactic plane and the
Sagittarius-Carina arm, but local variations induced by nearby extended objects are also found.

Key words. ISM: general – ISM: magnetic fields – ISM: structure – radio lines: general – radio continuum: ISM

1. Introduction

Galactic magnetic fields and matter (i.e. atoms, ions and
molecules) spread between the stars constitute a complex dy-
namic plasma, known as the interstellar medium (ISM). The
density and temperature of the particles and the magnitude of
the fields are fundamental parameters that shape the structure
of the interstellar environment and characterize its evolution.
Earlier studies (for a review see e.g. Ferrière 2001; Cox 2005)
have pointed out the presence of magnetohydrodynamic (MHD)
turbulence in the ISM, which is responsible for the distribu-
tion and the dissipation of energy through a wide range of
spatial scales. MHD turbulence is thought to play an essential
role for many key interstellar processes (for a review see e.g.

Elmegreen & Scalo 2004), including star formation (see
Krumholz & McKee 2005; McKee & Ostriker 2007), cosmic
ray propagation (see Schlickeiser 2011; Lazarian et al. 2011)
and magnetic reconnection (see Lazarian & Vishniac 1999).
Additionally, astrophysical MHD turbulence is an integral part
of the dynamics of the Galaxy, providing a significant pressure
(and energy density) to support the diffuse ISM (Boulares & Cox
1990).

Many efforts have been made over the past decades to char-
acterize magnetic fields and turbulence in the ISM as well as
their mutual dependence (see review by Burkhart & Lazarian
2012a). The presence of a turbulent cascade in the ISM was ob-
tained by tracing density variations in the warm ionized medium
(Armstrong et al. 1995; Chepurnov & Lazarian 2010). However,

Article published by EDP Sciences A5, page 1 of 12

http://dx.doi.org/10.1051/0004-6361/201322982
http://www.aanda.org
http://www.edpsciences.org


A&A 566, A5 (2014)

MHD turbulence is traced in the different phases of the ISM by
several typical signatures, such as density, velocity (Pogosyan
& Lazarian 2009; Chepurnov et al. 2010), and synchrotron in-
tensity (Lazarian & Pogosyan 2012; Iacobelli et al. 2013) vari-
ations. Because observations of astrophysical MHD turbulence
and magnetic fields are challenging, the fundamental parame-
ters of ISM turbulence, such as the sonic and Alfvénic Mach
numbers, the magnetic field structure and strength, the Prandtl
and Reynolds numbers, and the physical scale of energy injec-
tion are still poorly constrained. Therefore observational studies
of MHD turbulence in the ISM, combined with analytic predic-
tions and numerical simulations, are essential. Radio observa-
tions are a fundamental tool for gaining insight into magnetic
fields, the density of the ionized gas, and their turbulent fluctua-
tions. In particular, radio polarization maps constitute a useful
diagnostic for studying turbulence and magnetic fields in the
diffuse, ionized ISM (see e.g. Wieringa et al. 1993; Gaensler
et al. 2001; Haverkorn et al. 2004a,b; Schnitzeler et al. 2007).
Surveys covering a large part of the sky add information on the
spatial dependence of these fields as well. Previous surveys of
the southern sky are affected by several limitations such as in-
complete sky coverage (e.g. the survey at 2.4 GHz by Duncan
et al. 1995, 1997), the absence of polarimetric data (e.g. the sur-
vey at 2.3 GHz by Jonas et al. 1985, 1998) as well as a lim-
ited angular resolution (e.g. the survey at 1.4 GHz by Testori
et al. 2008). The S -band Polarization All Sky Survey (S -PASS)
(Carretti et al. 2013) is a recent spectro-polarimetric survey of
the entire southern sky carried out with the Parkes 64 m tele-
scope at 2.3 GHz to diminish depolarization effects with respect
to 1.4 GHz surveys. The use of the spatial gradient of the polar-
ization vector to image the small-scale structure associated with
ISM turbulence has been recently discovered by Gaensler et al.
(2011) and exploited by Burkhart et al. (2012). They show how
to map the magnetized turbulence in diffuse ionized gas from
the gradient of the Stokes Q and U pseudo-vectors. In a 18 deg2

patch of the Galactic plane, they find an intricate filamentary
network of discontinuities in gas density and magnetic field.
In agreement with the result of (Hill et al. 2008) for the warm
ionized medium, these authors find turbulence in the magneto-
ionic medium (MIM) to be transonic, with a sonic Mach number
Ms � 2 and therefore weakly compressible. These results were
partially derived from the ability of statistical moments to char-
acterize the sonic Mach numbers from spatial gradient maps of
linear polarization by testing the sensitivity of statistical methods
to different regimes of turbulence. Analyses of Gaensler et al.
(2011) and Burkhart et al. (2012) find correlations between the
spatial morphology, the higher order moments of the distribution
of the spatial gradients of polarized emission and the sonic and
Alfvénic Mach number.

In this paper we present the first mapping of different
regimes of turbulence in the diffuse, ionized ISM over the en-
tire southern sky by applying the statistical moments analysis
to several regions. In particular, by comparing the analysis of
high order moments in both simulations of MHD turbulence and
observations we search for spatial variations of the sonic Mach
number. Galactic coordinates are used throughout the following
sections.

In Sect. 2 we present an overview of both the data and the
gradient method. In Sect. 3 we present the spatial gradient map
of the polarization vector displaying an extended network of fila-
ments, and in Sect. 4 different regimes of MHD turbulence in the
ISM are characterized from the moment map analysis. Finally,
we discuss our results and present conclusions in Sect. 6.

Table 1. Observational properties of S -PASS data.

Reference frequency ν = 2307 MHz
Bandwidth Δν = 184 MHz
Gridded beamwidth FWHM = 10.75′
Stokes Q, U maps rms σ � 1 mJy beam−1

Gain (Jy/K) at 2307 MHz 1 mJy = 0.55 mK

2. Data overview

The S -band Polarization All Sky Survey (S -PASS) is a single-
dish polarimetric survey of the entire southern sky at 2.3 GHz,
performed with the Parkes 64 m Radio Telescope and its S -band
Galileo receiver, which is a circular polarization system suitable
for Stokes Q and U measurements. S -PASS observational pa-
rameters are given in Table 1, while a description of S -PASS
observations and analysis is given by Carretti et al. (2013, and
in prep.). To realize absolute polarization calibration of the data,
an innovative observing strategy based on long scans along the
horizon towards the east and west of the Parkes telescope was
adopted. A system temperature of about 20 K was reached, with
an improvement of a factor of 2 with respect to the previous
continuum survey at the same frequency (see e.g. Duncan et al.
1997). Another main feature of the survey is its high angular res-
olution; due to a telescope beam width of 8.9′, final maps were
obtained with a beam of FWHM = 10.75′ with an improvement
of about a factor of 4 with respect to a previous continuum all-
sky survey at 1.4 GHz (see e.g. Reich 2001). The final maps of
the Stokes parameters resulting from the S -PASS survey will be
fully presented by Carretti et al. (2013, and in prep.). We used
the Stokes Q and U maps to image the spatial gradients of the
linearly polarized emission for our analysis of ISM turbulence.

2.1. Radio polarization gradients

Variations in polarized intensity and polarization angles of radio
synchrotron radiation are related to magnetic turbulence in the
ISM. However, both these quantities are not invariant to rotations
and translations in the Q–U plane, e.g. due to Faraday rotation
by a uniform foreground screen and incomplete interferomet-
ric sampling respectively, making their interpretation difficult.
A new diagnostic to investigate the turbulent fluctuations in the
ISM affecting the radio polarization measurements is the spatial
gradient of the polarization vector (Gaensler et al. 2011).

The radio polarization gradient (∇P) indicates the variation
in the polarization vector (P) as a function of position in the
image plane. In addition, the spatial gradient of the polarization
vector acts as a high-pass filter, allowing one to recover inter-
esting features from a map with a strong DC offset (see e.g.
Schnitzeler et al. 2009). To calculate the gradient of the polar-
ization vector, we follow Gaensler et al. (2011), determining the
magnitude as:

|∇P| =
√(
∂Q
∂x

)2

+

(
∂U
∂x

)2

+

(
∂Q
∂y

)2

+

(
∂U
∂y

)2

· (1)

In general, fluctuations in P are due to fluctuations in emis-
sion, as well as fluctuations in Faraday rotation (Spangler 1982,
1983). However, in this paper we treat the fluctuations in P as
the result of stochastic Faraday rotation due to Faraday screens
on a polarized background. In this Faraday thin approximation,
the magnitude of the gradient of the polarization vector traces
the Faraday rotation changes from one line of sight to another,
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as modelled in Burkhart et al. (2012). We use correlation coeffi-
cients (see Sect. 4) to show that this approximation is justified for
the fields of view under consideration. Gradients in the polariza-
tion vector can be caused by fluctuations in different quantities,
as detailed below.

1. Fluctuations in Stokes I alone. Even in the case of no
Faraday rotation or depolarization, variations in Stokes I will
cause variations in the polarized intensity (|P|) and therefore
a non-zero |∇P|. In this case, |P| ∝ I and |∇P| ∝ ∇I. Maps of
|∇P| will act as an edge detection algorithm for fluctuations
in synchrotron emission.

2. Fluctuations in polarization angle alone. This is the case of
a Faraday screen, which alters the direction of the polariza-
tion vector but not its amplitude. Then, |P| ∝ I, but |∇P| is
not correlated with either |P| or Stokes I. In this case, |∇P|
directly traces gradients in rotation measure (RM), hence tur-
bulence in the magneto-ionic ISM. This situation can be di-
vided into two special cases:
(a) A Faraday screen in front of spatially constant syn-

chrotron emission. In this case, both Stokes I and |P| are
constant, but |∇P| is not constant. Then (Burkhart et al.
2012),

|∇RM| = |∇P|
2λ2|P| (2)

and the quantity |∇P|/|P| should be used to track fluctu-
ations in RM, i.e. to track magnetic turbulence. This is
also the case in the simulations we use to compare to the
data.

(b) The Faraday screen emits thermal, unpolarized radiation,
such as an H ii region. In this case, some correlation be-
tween Stokes I and |∇P| may exist.

3. Fluctuations in the polarized intensity and polarization an-
gle, as caused by depolarization. In this case, Eq. (2) does
not hold. Turbulence, as traced by |∇RM|, is tracked by
|∇P|. This is the situation for which the polarization gra-
dient method was originally created (Gaensler et al. 2011):
RM fluctuations that cause depolarization canals are masked
by foreground/background polarized emission, but the po-
larization gradient method makes these RM fluctuations vis-
ible even in the presence of a polarized emission fore-
ground/background.

In the observations, gradients in the polarization vector will
be caused by a combination of these three effects. In the fol-
lowing, we estimate the importance of each of these three ef-
fects by investigating correlations among Stokes I, polarized in-
tensity |P|, and polarization gradient |∇P|. In fields where the
Faraday screen approximation is reasonable, the normalized gra-
dient map |∇P|/|P| traces fluctuations in RM. However, in fields
where this approximation does not hold, the un-normalised map
|∇P| should be considered.

Both the magnitude of the polarization spatial gradient (|∇P|)
and of the polarization vector (|P|) follow an asymmetric pos-
itive distribution, while the Stokes Q and U parameters fol-
low Gaussian distributions. The positive definite distributions
are signal-to-noise (S/N) dependent and are thus affected by a
bias towards high values at low S/N (Vinokur 1965). Wardle &
Kronberg (1974) suggested a widely used correction for the bias
of a positive defined distribution P(R) as

R ∼ R′M

[
1 −

(
σ′

R′M

)]1/2

, (3)

where R′M is the measured magnitude, σ′ the measured noise
level, and R the intrinsic magnitude of the signal vector. We
confirmed the Gaussian behaviour of Stokes Q and U maps
and determined a noise level of 1 mJy beam−1 from a small
region assumed to contain no emission from the sky. We also
assumed uniformity of the noise across the entire field. Finally,
we calculated the normalized gradient of the polarization vec-
tor and discarded lines of sight where P is at the level of the
bias |PR| = 1.25σQ,U , resulting in a fraction of blanked pixels of
about 1% in the final |∇P|/|P| map.

To quantify the impact of the foreground Faraday rotation
effects for these data, we looked at the correspondence between
total intensity and polarised intensity, by determining the degree
of correlation between the Stokes I and the |P| maps. If the po-
larization signal is due to foreground Faraday rotation, little lin-
ear correlation between the fluctuations of |P| and Stokes I is
expected. Thus, we adopted the Pearson correlation coefficient
(ρp) defined as

ρp =
cov (P, I)
σP σI

, (4)

where cov (P, I) is the covariance and σP, σI are the standard
deviations of the Stokes I and the |P| maps. We considered the
range of weak correlation to be |ρp| ≤ 0.35 and find a mild posi-
tive correlation ρp = 0.38, so the bulk of the |∇P|/|P| fluctuations
are not intrinsic to the sources of polarized emission and can be
interpreted in the framework of MHD turbulence in the ionized
ISM. In the following we select regions of low correlation where
the |∇P|/|P| fluctuations can be interpreted in the framework of
MHD turbulence.

3. Observational results

Figure 1 shows the final de-biased |∇P|/|P| sky map, clipped at
3σ for displaying purpose. The spatial gradient of the astrophys-
ical polarized synchrotron emission of the diffuse Galactic fore-
ground is depicted in this image at 2.3 GHz, producing a wealth
of structures. Faint artefacts are also present around the equato-
rial south pole due to the scanning strategy. We now describe the
main morphological features in the de-biased |∇P|/|P| map.

First, there are spatially compact and isolated structures, cor-
responding to bright extragalactic synchrotron sources. Several
hundred unresolved sources (mostly quasars and radio galax-
ies) are detected to be smoothly distributed on the sky plane.
Furthermore, a polarized extragalactic source showing a strik-
ing extended morphology is also present and marked in Fig. 1,
the bright radio galaxy Cen A, with a north-south extension of
about 8◦ of its structured emitting lobes.

There are also isolated Galactic structures on a range of
scales. Peaks in the normalized polarization gradient signal are
seen throughout the Galactic plane up to Galactic latitudes of
|b| ≈ 25◦ corresponding to bright supernova remnants (SNRs)
and nearby H ii regions. While the brightness of the former is
mainly due to their intrinsic polarization, the latter are traced
out by Faraday rotation along the line of sight to the observer
induced by their thermal electrons. Indeed nearby (distance
∼200 pc) and extended H ii regions are seen towards the inner
Galaxy, such as Sh 2-27 around the O-class star ζ Ophiuchi (at
l ∼ 8◦, b ∼ 23◦) and Sh 2-7 excited by the nearby star δ Sco (at
l ∼ 350◦, b ∼ 22◦).

The outstanding characteristic is that most of the polarization
gradients come from a network of filaments, which forms clearly
separated and extended regions well outside the Galactic plane.
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Fig. 1. Map of the normalised spatial gradient of linearly polarized emission, |∇P|/|P|, in Aitoff projection of the entire southern sky at a reference
frequency of 2.3 GHz and a resolution of 11′. The noise level in the map was obtained by averaging intensity over a small region with no signal
and intensity is clipped at 3σ. The scaling runs from 0.2 (black) to 1000 (white). Intensity unit is beam−0.5.

The typical width of these filamentary structures matches the an-
gular resolution. Furthermore, different morphological patterns
of these filaments are seen. In Fig. 2 we show an example of
the observed morphology for the normalized spatial gradients
of polarized synchrotron emission, as a result of fluctuations in
the MIM induced by different types of discontinuities (Burkhart
et al. 2012). The panel depicts a complex region above the
Galactic plane centred at (l, b) ≈ (278◦,+22◦) and displays fil-
amentary structures over a wide range of angular scales, up to
about six degrees, with no correspondence to Stokes I. This ex-
tended pattern of filaments is due to the presence of disconti-
nuities in the interstellar gas density and magnetic field. In par-
ticular, we note the presence of two evident structures that are
also seen in MHD simulations (for a comparison see Fig. 4 of
Burkhart et al. 2012) and are interpreted as due to different kinds
of discontinuities in the warm, ionized ISM: a “double-jump”
profile (box D) and a “single-jump” profile (box S), correspond-
ing to the case of a (strong or weak) shock and a cusp or shear
along the line of sight, respectively. Moreover changes in the
|∇P|/|P| brightness along the filaments due to variations of the
magnitude of turbulent fluctuations along the line of sight are
recognized.

Complex large-scale structures (such as the nearby and shell-
like G 353-34) are seen up to intermediate (|b| ≈ 40◦) Galactic
latitudes. A prominent arc-like feature is observed within the
longitude range 270◦ � l � 290◦. The base of this mag-
netic structure is around l = 270◦, and it extends up as an
arc from the Galactic plane up to about (l, b) = (285◦, 45◦)
with an overall length of ∼50◦. Up to this point the structure
is traced by the high polarization gradient intensity exhibiting

Fig. 2. A zoom of Fig. 1 centred on l ∼ 278◦, b ∼ 22◦, showing different
observed morphologies for different MHD turbulence cases “double-
jumps” (D boxed region) and “single-jump” (S boxed region) filaments
due to (strong or weak) shocks and a cusps or shears along the line of
sight, respectively. Intensity scale runs from 0.2 (black) to 2000 (white).

a complex morphology: mostly filamentary at Galactic latitudes
below 20◦ and mainly patchy, small-scale rich towards higher
latitudes. High intensity values of radio polarization gradients
are seen towards the third Galactic quadrant at high and negative
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Table 2. List of unambiguously identified SNRs in all of Stokes I,
polarized intensity, and polarization gradient S -PASS maps, by cross-
checking radio data taken from the Green (2009) database.

Name Other names Distancea

[kpc]

G261.9+5.5 2.9
G263.9−3.3 Vela (XYZ) 0.29
G296.5+10.0 PKS 1209-51/52 2.1
G327.6+14.6 SN 1006 2.2

Notes. (a) The distance values listed are taken from Milne (1970),
Dodson et al. (2003), Giacani et al. (2000), and Ghavamian et al. (2002),
respectively.

Galactic latitudes, forming a very extended and patchy pattern
up to b = −70◦ which is not spatially coincident with the nearby
(d � 500 pc) region of higher interstellar polarization pointed
out by Berdyugin et al. (2004).

3.1. The polarization horizon

To constrain the impact of depolarization, to perform a proper
comparison of data with numerical simulations, and to convert
angular scales to spatial scales, we need to estimate the distance
to which polarized emission is detected.

This spatial depth is referred to as the “polarization hori-
zon”, and it has been used in previous works (see e.g. Landecker
et al. 2002; Uyaniker et al. 2003). This quantity is a function
of the instrumental features (i.e. the beam size, the observing
frequency), as well as of the physical conditions of the probed
medium (causing an intrinsic degree of depolarization). The
smaller the beam and/or the higher the observing frequency, the
farther the polarization horizon; the brighter and/or more coher-
ent the synchrotron emission, the farther the corresponding po-
larization horizon. Recently, Carretti et al. (2013) have derived
an estimate of about 2−3 kpc for the “polarization horizon” of
these S -PASS data from the analysis of depolarized regions at
low latitudes towards the inner Galaxy. However, the polariza-
tion horizon depends on the viewing direction in the Milky Way,
and we consider the all-sky |∇P|/|P| intensity, so we need to
find estimates for the maximum spatial depth up to intermedi-
ate Galactic latitudes (|b| � 30◦) and towards the outer regions
(260◦ � l � 330◦). To estimate a lower limit for the polariza-
tion horizon, we cross-checked the radio catalogue1 of Galactic
SNRs (Green 2009) with detections in the Stokes I and |∇P|
S -PASS maps, and we considered SNRs with a minimum an-
gular size matching the S -PASS angular resolution. We used the
|∇P| map because for sources with a large intrinsic polarization
component, it acts as an edge detection algorithm, making the
source detection towards regions with strong diffuse emission
easier. Also, we note that the non-detection of polarization from
a SNR may be due to internal depolarization in the SNR itself,
constituting a limitation of the adopted method. Thus we decided
not to use non-detections to constrain the upper limit of the po-
larization horizon.

We find four SNRs that satisfy our criteria (see Table 2) and
suggest a lower limit for the polarization horizon about 3 kpc
away from the Galactic centre, which agrees with the above esti-
mate of Carretti et al. (2013) and is used throughout the follow-
ing sections. At this distance, the presence of radio polarization

1 The catalogue is available at http://www.mrao.cam.ac.uk/
surveys/snrs/

gradient features down to an angular resolution of ∼ 11′ corre-
sponds to a linear scale of <10 pc for the filament widths, and
therefore for the MIM fluctuations in the disk and the halo traced
by these filaments. The earlier detection of |∇P|/|P| filaments at
arcmin resolution by Gaensler et al. (2011), however, implies a
typical width of ≈1 pc, if a polarization horizon of about 3 kpc
is assumed for their data.

3.2. Galaxy-scale variations in |∇P| / |P|
The above lower limit of about 3 kpc for the polarization hori-
zon constrains our data to probe the nearby, major large-scale
Galactic features: the Local arm (Orion Spur) towards the outer
region (i.e. 210◦ � l � 280◦) and the Carina-Sagittarius arm
located at a distance of about 2 kpc (Georgelin et al. 2000) be-
tween the Centaurus-Scutum spiral arm (∼3.5 kpc) and the Sun
towards the fourth Galactic quadrant. Also some emission from
the nearest side of the Centaurus-Scutum spiral arm towards the
Galactic center and the Perseus arm towards the outer region (i.e.
l � 250◦) cannot be excluded. Moreover, out of the Galactic disk
our estimate of about 3 kpc for the polarization horizon indicates
a negligible amount of depolarization. Indeed, at Galactic lati-
tudes |b| � 45◦ this path length corresponds to a height �2.1 kpc,
which is consistent with the scale heights of the relevant ISM
components, the synchrotron-emitting thick disk (Beuermann
et al. 1985; Kobayashi et al. 2004) and the scale height of the free
electron density (Gaensler et al. 2008; Schnitzeler et al. 2012).

In this data set, regions of high |∇P|/|P| with no Stokes I
correlation effectively trace the loci of compression or rarefac-
tions of the magnetic fields and/or the warm ionized gas in the
ISM, as well as abrupt changes in the direction of the mag-
netic field. Because the spiral arms constitute the most extended
and synchrotron-emitting Galactic structures where these com-
pressions and rarefactions take place, a spatial dependence of
the |∇P|/|P| intensity with Galactic latitude and longitude is
expected.

To focus on the diffuse emission, we mask the Galactic plane
(|b| ≤ 2.5◦) where depolarization effects are strong. The resulting
map displays a diffuse foreground and a background consisting
of extragalactic discrete sources and noise. We explore the de-
pendence on Galactic latitude by looking at the distribution of
the |∇P|/|P| intensity over four latitude ranges (see Fig. 3). The
distribution peak position of the |∇P|/|P| intensities decreases
with distance from the Galactic plane, but not the distribution
width. In addition, the intensity counts are approximately rep-
resented by a log-normal distribution and the log-normal fit to
the |∇P|/|P| intensity distribution of the latitude bin |b| � 15◦,
which mostly probes the diffuse foreground emission, shows a
reduced-χ2 of 2.09. Increasing deviations from a log-normal dis-
tribution are found with Galactic latitude.

We highlight the presence of a longitude dependence of the
|∇P|/|P| emissivity by using the first two moments (i.e. the mean
and standard deviation) of the |∇P|/|P| distribution. We select
lines of sight out of the Galactic disk over the latitude range
5◦ � |b| � 10◦ to limit the impact of depolarization. We sample
the range of Galactic longitude with 5◦ sized squared bins, from
which the mean and standard deviation of the |∇P|/|P| intensity
are calculated and displayed in Fig. 4. We use the mean and stan-
dard deviation of |∇P|/|P| map as tracers of the diffuse emission
and the presence of compact sources (e.g. SNRs, H ii regions),
respectively. Both the profiles are characterized by the presence
of peaks corresponding to nearby extended structures (e.g. the
Vela SNR), as well as large-scale Galactic structures (e.g. the
Carina-Sagittarius spiral arm), and a longitude dependence is
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Fig. 3. Distributions of the |∇P|/|P| intensity of the masked map at four
ranges of Galactic latitude (|b|). Statistical errors in each intensity bin
are also shown.

seen with mean value of the normalized polarization gradient
gradually decreasing towards the outer region. Towards the anti-
centre (i.e. l � 240◦), no relevant diffuse emission is detected and
few compact sources are seen. These directions mostly probe
the Local-arm synchrotron diffuse emission, so both the |∇P|/|P|
mean and standard deviation have low values, perhaps due to de-
polarization of the far end of the arm. A sudden jump in both mo-
ments is found around l ∼ 260◦, corresponding to the extended
and nearby Gum Nebula and Vela SNR complex. Two minima
are seen at lMIN,0 = (277.5◦ ± 2.5◦) and lMIN,1 = (327.5◦ ± 2.5◦),
corresponding to the observed tangential directions (see Table 2
of Vallée 2008) of the Carina (282◦ ± 2◦) and Norma (328◦ ± 3◦)
spiral arms. The low values of the mean and standard deviation
may be explained by depolarization of the far end of the arms or
by the alignment between the line of sight and the direction of
the large-scale magnetic field. The latter option would imply a
drop in the synchrotron emissivity.

3.3. Thermal electron density and magnetic features

The presence of Faraday rotation effects in these data are evident
when comparing the |∇P|/|P| map with the Hα map. In this way
it is possible to highlight (nearby) extended structures with rel-
evant density and/or magnetic fluctuations. To this aim, we use
the all-sky Hα map of Finkbeiner (2003), which has an angular
resolution (of 6′) similar to that of the |∇P|/|P| map. We now
report on some structures induced by density and/or magnetic
fluctuations.

3.3.1. Nearby H ii regions

Nearby H ii regions are extended objects with prominent elec-
tron density fluctuations, for which a correspondence with Hα
intensity is expected. Indeed a clear correlation of the |∇P|/P|
and Hα intensity patterns is seen towards the nearby H ii regions
Sh 2-27 and Sh 2-7, as shown in Fig. 5. The Hα intensity con-
tours clearly trace features with higher |∇P|/|P| intensity both at
the edges and towards the centre. A weak radio continuum fea-
ture is only seen for Sh 2-27, and the degree of correlation be-
tween the |∇P|/P| and the Stokes I intensity is |ρp| = 0.30, 0.53

Fig. 4. Mean (solid lines) and standard (dashed lines) deviation profiles
towards the Galactic disk (5◦ � |b| � 10◦) for the |∇P|/|P| intensity
as a function of Galactic longitude. The ranges of Galactic longitudes
corresponding to the main Galactic features and spiral arms are also
indicated. Data points are obtained from square regions of size 5◦.

Fig. 5. Bubble-like |∇P|/|P| morphology of the nearby H ii regions
Sh 2-27 (on the left) and Sh 2-7 (on the right) shown together with the
contours of the Hα intensity from the all-sky map of Finkbeiner (2003).
The units of contours are 1, 13, 25, 50 and 100 Rayleigh. Colour scale
is the same as in Fig. 2.

for Sh 2-27 and Sh 2-7, respectively. The higher degree of corre-
lation found towards Sh 2-7 can be explained by the overlapping
with the Galactic central spur, a feature detected with S -PASS
in Stokes I and polarization (Carretti et al. 2013), and possi-
bly emanating from the Galactic centre. The interpretation of
the observed morphology in terms of ISM turbulent fluctuations
is therefore supported only for Sh 2-27. This bubble-like fea-
ture is crossed and filled by filaments exhibiting a “single-jump”
morphology, itself suggesting the presence of weak shock and/or
strong turbulent fluctuations (Burkhart et al. 2012).

3.3.2. Nearby, old SNRs

We find an evident correlation of |∇P|/P| and Hα intensity
patterns for two extended shells very likely caused by nearby
(dSNR � 500 pc), old (tSNR ≈ 1 Myr) SNRs: the Antlia
(McCullough et al. 2002) and G 353-34 (Testori et al. 2008)
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Fig. 6. |∇P|/|P| morphologies of the old SNRs Antlia (top) and G 353-
34 (bottom) shown together with the contours of the Hα intensity from
the all-sky map of Finkbeiner (2003). The units of contours for Antlia
and G 353-34 are 0.1, 20, 40, 80, 160 and 0.1, 1.5, 8, 16, 32 Rayleigh,
respectively. Intensity scale runs from 0.2 (black) to 2000 (white) and
from 0.2 (black) to 1000 (white) for Antlia and G 353-34, respectively.

SNRs. The radio features are seen as incomplete shells around
the centre and partially filled by fainter gradients in polarized
emission. Moreover, the Antlia SNR feature is seen in a field
with a complex pattern of |∇P|/|P| intensity with no Hα corre-
spondence. The Hα intensity contours show prominent arc fea-
tures throughout the old radio shell. Unlike the younger SNRs
listed in Table 2, both these evolved objects show prominent Hα
and weak radio continuum features, and an impressive morphol-
ogy of filaments in polarization gradients is seen matching the
Hα features (see Fig. 6). These extended and nearby structures
in polarization gradients and Hα are surrounded by and likely in-
teracting with complex environment in the ISM, as suggested by
the depolarization seen towards the brightest Hα features along
the two shells.

3.3.3. |∇RM| features A, B, C

We note the presence in the |∇P|/|P| map (see labels A, B, C
in Fig. 1) of three structures with no corresponding radio con-
tinuum emission. An elongated bubble-like feature (labelled A)
is depicted at (l, b) ≈ (6◦,−29◦) with a linear size of about 2◦.
|∇P|/|P| and Hα intensity correlate, but the Hα intensity peaks
at (l, b) ≈ (8◦,−30◦). A high normalized polarization gradient

filament is seen across the feature and displays a single-jump
morphology as shown in Fig. 7.

A long (∼8.4 deg) and thick (∼0.9 deg) linear structure (la-
belled B) extends from (l, b) ≈ (346◦.6,−14◦.8) to (l, b) ≈
(339◦.3,−17◦.1), and is prominent in both the |∇P|/|P| and
Hα maps, as displayed in Fig. 7. The morphology of the
|∇P|/|P| intensity may consist of two-filaments, both show-
ing a single-jump morphology and slightly diverging towards
(l, b) ≈ (339◦.3,−17◦.1), or a single filament displaying a
double-jump morphology. The comparison with the simulated
maps favours the two filaments case. The mean width of the up-
per and lower filaments is about 14′and 21′, respectively. The
|∇P|/|P| intensity correlates with Hα, which shows a peak of
∼12 Rayleigh (1 Rayleigh = 106/4π photons cm−2 s−1 sr−1)
at (l, b) ≈ (343◦.0,−16◦.0). The Hα contrast of the structure
with respect the background is ∼2 around the peak position,
decreasing to ∼1.3 over the rest of the feature. The mean Hα
contrast corresponds to an emission measure (EM) of about
4.4 pc cm−6. The polarization horizon of the |P| map places an
upper limit of about 3 kpc on the distance, implying a length
of �440 pc, a width of �50 pc, and a height of �900 pc above
the Galactic plane. Such extended structures are observed in nu-
merical simulations with sub-Alfvénic magnetic field strengths
(see Burkhart et al. 2012). Linear features may be organized by
large-scale magnetic fields and observed perpendicular to the
field orientation.

Finally, two prominent shell-like features are seen in |∇P|/|P|
towards the third Galactic quadrant. The loops are not sym-
metric, are characterized by high normalized polarization gra-
dients and have centres at (l, b) ≈ (251◦, 20◦) and (l, b) ≈
(242◦.5, 17◦.5), with radii of about 3◦ and 2◦, respectively. Along
with the extended filaments tracing the edges, a mottled pattern
of high |∇P|/|P| intensity is also seen on small (�0.5◦) scales.
No correlation with Hα intensity is found for these structures or
their surroundings, thus disfavouring the presence of a relevant
enhancement of the electron density due to an, e.g., H ii region.
Moreover, the |∇P|/|P| filaments are characterized by a single-
jump morphological pattern, suggesting the presence of a cusp
or shear in the medium.

4. ISM turbulent regimes

Polarization gradients are useful means to study turbulence and
to constrain the Mach numbers of diffuse and ionized gas be-
cause they are sensitive to variations in the free electron den-
sity and magnetic field strength. Variations in both the free
electron density and magnetic field strength can be induced by
strong shocks, thus polarization gradients are effective tracers
of transonic and supersonic type turbulence. In addition, turbu-
lence naturally induces discontinuities even in the incompress-
ible limit, so polarization gradients can also indicate subsonic
regimes.

The statistical determination of the sonic Mach number is
possible because of the relationship between turbulence regimes
and the probability distribution functions (PDFs) of the image
intensity distribution (Burkhart et al. 2012). The probability dis-
tribution function of an image distribution gives the frequency
of occurrence of intensities values and can be described by the
main statistical moments: mean, variance, skewness, and kurto-
sis. The higher order moments (skewness and kurtosis) measure
the degree of deviation of the PDF from a Gaussian, and are sen-
sitive to the imprints of turbulence encoded in the image inten-
sity distribution. For this reason, their use constitutes a common
diagnostic for astrophysical turbulence.
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Fig. 7. |∇P|/|P| morphologies of the |∇RM| features labelled A, B,
and C in Fig. 1 shown together with the contours of the Hα intensity
from the all-sky map of Finkbeiner (2003). The units of the Hα con-
tours for feature A (top panel), B (middle panel) and C (bottom panel)
are 0.1, 2, 3, 4, 16 and 3, 4, 7, 16, 50 and 3, 5, 8, 16, 32 Rayleigh,
respectively. Colour scale is the same as in Fig. 2.

The first-and second-order statistical moments (mean and
variance) used here are defined as follows: μξ = 1

N

∑N
i=1 (ξi) and

νξ =
1

N−1

∑N
i=1

(
ξi − ξ

)2
, respectively, with N the total number

of elements and ξi the distribution of intensities. The third and
fourth order moments, skewness, and kurtosis, respectively, are

Fig. 8. Selected boxed regions of the |∇P|/|P| map for the statistical
determination of the sonic Mach number.

defined as

γξ =
1
N

N∑
i=1

⎛⎜⎜⎜⎜⎝ξi − ξ
σξ

⎞⎟⎟⎟⎟⎠3

, (5)

βξ =
1
N

N∑
i=1

⎛⎜⎜⎜⎜⎝ξi − ξ
σξ

⎞⎟⎟⎟⎟⎠4

− 3, (6)

where σξ =
√
νξ is the standard deviation. In this section, we

investigate whether there is any large-scale spatial dependence
of the ISM turbulence regime as seen in the |∇P|/|P| map. To
search for spatial variations of the interstellar sonic Mach num-
ber, we selected eleven 25◦ × 25◦ sub-fields in the |∇P|/|P| map,
as shown in Fig. 8. These regions cover the relevant extended
features seen in the map of spatial gradient of linear polariza-
tion, and sample a wide range of Galactic longitude and latitude.
A small test region showing no extended emission was also cho-
sen to characterize the noise statistics.

We show correlations between the first-and second-order
moments of |∇P|/|P| of the twelve selected regions in the top
panel of Fig. 9, and the correlation between the third-and fourth-
order moments in the bottom panel of Fig. 9. Tight correlations
exist for the moments of all twelve maps, and interesting trends
are seen with respect to Galactic latitude and level of noise. In
general the noise maps have very low values for all four mo-
ments, and the low values of the higher order moments indicate
that the noise is Gaussian in nature. Regions with more struc-
ture exhibit higher values of the four moments, hence departures
from Gaussianity. In all fields towards the plane, the values of
the moments are very high, while the off-plane regions show a
range of moments, which may indicate systematic variations in
the ISM turbulence regime.

Figure 9 shows the moments for the S -PASS |∇P|/|P| data.
However if we would like to compare the S -PASS moments
with ideal MHD simulations, we must keep in mind two limita-
tions of the observational data and simulated observations. First,
the simulations cannot be normalized by the linear polarization
map because they contain only “Faraday thin” structures (i.e. the
emission and Faraday rotation take places in spatially separated
regions) and have no intrinsic background polarization fluctu-
ations. Thus as in the case of the ideal synthetic observations
used by Gaensler et al. (2011), one must work with the statis-
tics of the |∇P| map alone. Second, the observed polarization
gradient fluctuations can only be interpreted in terms of turbu-
lence once one has confirmed that the polarization signal is due
to foreground Faraday rotation. In this scenario, there should be
little correlation between the fluctuations of |P| and Stokes I. In
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Fig. 9. Mean vs. variance (top) and skewness vs. kurtosis (bottom)
for selected regions of the |∇P|/|P| map. Noise-dominated regions are
indicated by crosses, the X symbol referring to the noise test region.
Regions close to and off the Galactic plane are marked by filled squares
and points, respectively.

the case where P or |∇P| or |∇P|/|P| matches the morphology
seen in Stokes I, the polarized emission has a substantial intrin-
sic component and therefore does not necessarily describe the
foreground turbulence along the line of sight.

We show the Pearson correlation coefficients of |P| with
Stokes I in Table 3 for each region. The Pearson coefficient mea-
sures the linearity of a relationship, while the Spearman’s rank
coefficient measures any correlation. We tested it because the
linear relationship between Stokes I and |P| is expected in the
Faraday thin approximation. We see that in general strong corre-
lations do not exist between |P| with Stokes I in these maps.

Since there is no strong correlation between |P| and Stokes I,
we can assume that the bulk of the emission and features seen
in |∇P|/|P| arise from (foreground) Faraday fluctuations in the
turbulent MIM. Moreover, for cases that are properly described
by the Faraday thin approximation, |∇P|/|P| will tend to |∇P|
and the quantitative comparison with simulations is meaningful.
Thus we can make a comparison between the statistics of |∇P| of
the S -PASS observations and the MHD turbulence simulations
of Burkhart et al. (2012), since the emission in both arises from
turbulent fluctuations of ne and B along the line of sight. This is
the aim of the next section.

Table 3. Main properties of the selected regions and their correlation
degree of |P| with Stokes I (Col. 3), as derived by the Pearson’s coeffi-
cient (ρp) which assumes a linear relationship.

Field (l, b) coord. |ρp | |ρp | |ρs| Notes
|P|–I |P|–|∇P|/|P|

Reg.1 240◦, 0◦ 0.09 0.31 0.63
Reg.2 269◦,−50◦ 0.35 0.20 0.69
Reg.3 278◦,−25◦ 0.12 0.18 0.70
Reg.4 278◦,+25◦ 0.12 0.29 0.61
Reg.5 297◦, 0◦ 0.46 0.15 0.48 Faraday thin
Reg.6 310◦,+46◦ 0.37 0.45 0.60
Reg.7 327◦, 0◦ 0.16 0.21 0.49 Faraday thin
Reg.8 350◦,−28◦ 0.06 0.18 0.11 Faraday thin
Reg.9 357◦,−56◦ 0.52 0.36 0.37 Noise-dominated
Reg.10 358◦,+19◦ 0.19 0.23 0.47 Faraday thin
Reg.11 19◦,−14◦ 0.09 0.17 0.26 Faraday thin
Noise 74◦,−76◦ 0.23 0.18 0.17 Noise-dominated

Notes. The degree of correlation between |P| and |∇P|/|P| is indicated
in Cols. 4−5 by the Pearson and Spearman’s rank (ρs) coefficients. The
noise test field and region 9 correspond to noise-dominated fields in-
dicated in Fig. 9 by the black cross and X symbol, respectively. The
Faraday thin regions used in Sect. 4.1 for the quantitative comparison
with the MHD simulations are also shown.

4.1. Moments of |∇P| and the sonic Mach number

To test the goodness of the “Faraday thin” approximation for
the selected regions, we look at the correlation degree between
|P| and |∇P|/|P|. To this aim we use both the Pearson and the
Spearman rank (ρs) correlation coefficients, with ρs defined as

ρs = 1 − 6
∑

d2
i

N(N2 − 1)
, (7)

with di the difference in paired ranks of |P| and |∇P|/|P| inten-
sities. As discussed in Sect. 2.1, a negligible correlation is ex-
pected between |P| and |∇P|/|P| in the Faraday thin regime with
no intrinsic background polarization fluctuations. However, in-
trinsic background polarization fluctuations affect our data, so
we assume |ρ| < 0.5 as a threshold for low or mild correlation.

The relationship between Pearson and Spearman’s rank cor-
relation coefficients of |P| and |∇P|/|P| for each region is dis-
played in Table 3. In general, ρp and ρs point to the same re-
sults only in the following (extreme) cases: a linear relationship
exists between the inspected variables, or the variables are un-
correlated. A sample of seven regions is selected: two are noise-
dominated and two or three fields lie towards to/off the Galactic
plane, respectively. The noise (dominated) regions display the
lowest degree of correlation for both the correlation coefficients.
For each selected region, we check the degree of correlation be-
tween |∇P| and |∇P|/|P| maps, finding mild or high values (i.e.
>0.5) of the Spearman’s rank correlation coefficient. We then
assume the Faraday thin approximation to hold for these few
regions that sample a wide range of Galactic longitude and lat-
itude. The small test region showing no extended emission is
included to characterize the noise statistics. To search for spatial
variations of the interstellar sonic and number, results from the
statistical analysis of signal distributions of boxed 25◦×25◦ sized
sub-fields in the |∇P| map are then matched with numerical sim-
ulations of isothermal compressible MHD turbulence, since the
emission in both arises from turbulent fluctuations of ne and B
along the line of sight.

Following Burkhart et al. (2012), we performed a statistical
determination of the sonic Mach number by using the proba-
bility distribution function moments of the image distribution.
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Table 4. Summary of high-order moments analysis obtained from selected “Faraday thin” regions.

Field (l, b) coordinates Mean Variance Skewness Kurtosis Ms regime
mJy beam−1.5 [mJy beam−1.5]2

Reg.5 297◦, 0◦ 0.058 0.041 1.70 4.60 SUB/TRANS
Reg.7 327◦, 0◦ 0.16 0.11 1.56 3.42 SUB/TRANS
Reg.8 350◦,−28◦ 0.041 0.030 2.26 9.09 TRANS
Reg.9 (Noise) 357◦,−56◦ 0.015 0.0062 0.76 1.18
Reg.10 358◦,+19◦ 0.099 0.081 2.13 6.90 TRANS
Reg.11 19◦,−14◦ 0.088 0.093 3.03 19.65 TRANS/SUPER
Noise 74◦,−76◦ 0.014 0.0062 0.75 0.75

Notes. Noise and Region 9 correspond to noise-dominated fields indicated by the shaded box in Fig. 10.

In the framework of polarization gradients, the relationship be-
tween the moments of the |∇P| map and the sonic Mach number
has been studied by Burkhart et al. (2012). As a consequence of
the shock fronts creating more discontinuities and sharper gradi-
ents, a systematic increase in all four moments with increasing
sonic Mach number is found.

In the analysis that follows, we employ the same set of
MHD simulations that was used in the study by Burkhart et al.
(2012) to estimate the sonic Mach number in S -PASS data. The
database of 3D numerical simulations of isothermal compress-
ible (MHD) turbulence is generated by using the MHD code
of Cho & Lazarian (2003) and varying the input values for
the sonic and Alfvénic Mach number. We scale the simulations
to physical units, adopting typical parameters for warm ionized
gas. We assume an average density of 0.1 cm−3 (Gaensler et al.
2011). The simulations are assumed to be fully ionized, and we
do not include the effects of partial ionization. To make the maps
of |∇P|, we first calculate the line of sight rotation measure at
each pixel, then take the gradient of this rotation measure map
and convert it to |∇P|. For more information and details on these
simulations, we refer the reader to Cho & Lazarian (2003) and
Burkhart et al. (2012).

An additional effect that must be considered when applying
the moments to estimate the sonic Mach number in |∇P| data is
the question of the telescope resolution. It is clear from the anal-
ysis of Burkhart et al. (2012) that smoothing changes the distri-
bution of maps of |∇P|. As the resolution of maps of Stokes Q
and U decreases, so do the moments. Thus one needs to take
the smoothing of the data into account when comparing PDFs
of |∇P|. We address this issue in the current study by applying
four-pixel smoothing (equivalent to 10.75′ smoothing assuming
that a scaling of one of our pixels at 512 × 512 resolution is
0.048 degrees) to the simulated |∇P| maps. This conversion is
appropriate because the actual beam size of interest is a combi-
nation of the size scale of the beam in relation to the size scale
of the turbulent injection. Given that the S -PASS maps we inves-
tigate are 25 × 25 degrees wide with a polarization horizon of
≈3 kpc, this means we are sampling emission in these boxes up
to scales of ≈1 kpc. This is larger than the scale of the injection
of turbulence in the Galaxy, but compatible with the large-scale
driving of turbulence in our simulations.

4.1.1. Moments analysis: results

We calculated the values of the first four statistical moments
of the sub-field regions of the S -PASS selected Faraday thin
regions and compared the values with what is found in MHD
simulations for different values of the sonic Mach number (see
Burkhart et al. 2012). We used the full 512 × 512 sub-fields

for calculating of the skewness and kurtosis in order to obtain
meaningful estimates (Dudok de Wit 2004). However, simula-
tions show that this condition might be relaxed somewhat, while
still retaining valid results (Burkhart et al. 2010). Table 4 lists
the results of calculating the moments for the S -PASS regions.
Columns 3–6 show the all-map values of the skewness and kur-
tosis. We compare these values with the findings of Burkhart
et al. (2012), who report values of skewness and kurtosis for
sonic Mach numbers ranging from subsonic to supersonic values
of upwards of 10. Subsonic cases have typical values of skew-
ness �1.6 and values of kurtosis �5. Transonic simulations show
values of skewness from 1.6–3 and kurtosis values from 5–17.
Values higher than these are generally in the range of supersonic
turbulence.

From the values presented in Table 4, a tight correlation can
be found between mean and variance and between skewness and
kurtosis, with the highest sonic Mach numbers corresponding
to the highest values of moments and the lowest correspond-
ing to low Mach numbers. We find this correlation behaviour
of the four main moments also in the simulations, regardless of
the addition of beam smoothing. Noise-dominated regions show
systematically low values of the mean, the variance, and to a
lesser extent, the skewness and kurtosis. In order to highlight
any spatial dependence of the higher order moments for the se-
lected regions in our data, we plot the calculated all-map skew-
ness and kurtosis as a function of Galactic coordinates in Fig. 10.
A clear correlation of both skewness and kurtosis as a function of
Galactic latitude is seen, with the mid Galactic latitude regions
showing slightly higher skewness and kurtosis. However, this
trend implies only a weak variation in the sonic Mach number.
As a consequence, no systematic clustering of the sonic Mach
number values as a function of Galactic latitude is found, as is
seen in the lower panel of Fig. 10.

5. Discussion

Figure 3 shows that the distribution peak position of the |∇P|/|P|
intensities at Galactic latitudes |b| < 15◦ differs systematically
from the peak positions at higher latitude ranges. The evident
shift towards lower intensity values for higher Galactic latitudes
observed towards the inner regions relates to the vertical exten-
sion of the Carina-Sagittarius spiral arm. Assuming a distance of
∼2 kpc to this arm, the corresponding height above the Galactic
disk is �500 pc, in agreement with the typical vertical extension
of other arms (Feitzinger & Spicker 1986) and the scale height
of the arms in the Taylor & Cordes (1993) model of the free
electron density.

Moreover, the |∇P|/|P| intensity shows a dependence on both
Galactic longitude and latitude. In Fig. 3 we find that |∇P|/|P|
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Fig. 10. Skewness and kurtosis as a function of Galactic latitude for
the “Faraday thin” selected regions of the |∇P| map. Noise-dominated
regions are indicated by the shaded box.

emission is roughly approximated by a log-normal distribution,
with deviations towards small |∇P|/|P| fluctuations. A log-
normal distribution is expected for pure density perturbations in
a 3D turbulent and isothermal flow (see e.g. Vázquez-Semadeni
1994) and is observed for density tracers in the WIM such as
the emission measure (Hill et al. 2008). However, our obser-
vations trace an additional part of the MIM, called the warm
partially ionized medium (WPIM, see Heiles et al. 2001; Heiles
& Haverkorn 2012). This component is colder than the WIM
(T ≈ 5000 K) and does not emit Hα emission. However, it does
contribute to the Faraday rotation in the medium. Therefore,
our study traces both the WIM and WPIM, as opposed to the
Hill et al. (2008) results that are only sensitive to the WIM.
Furthermore the presence of magnetic fields in the MIM also in-
fluences the PDF of the perturbations (Kowal et al. 2007; Molina
et al. 2012; Burkhart & Lazarian 2012b). Therefore, the devia-
tions from a log-normal distribution we point out in Sect. 3.2
may be explained by the sensitivity of the |∇P|/|P| emission to
both density and magnetic fluctuations. In addition, the presence
in our data of a polarization horizon at a distance of about 3 kpc
also affects the observed PDF of |∇P|/|P|. As a consequence,
most of the diffuse polarized emission seen in the |∇P|/|P| map
in Fig. 1 is generated within the nearest spiral arm. The short
path length limits the number of the observed independent fluc-
tuations, thus affecting the convergence to a Gaussian.

In Fig. 10 small variations of the sonic Mach number are
observed in the Faraday-thin selected fields towards and out of
the Galactic plane at medium latitudes. These variations may be
consistent with turbulence in the MIM being driven by super-
nova explosions (see simulations by Hill et al. 2012), but they
may also be explained by the presence of spatially extended and
nearby objects triggering turbulence in (and interacting with) the
surrounding medium. These features affect the statistical infer-
ence of the turbulent regime in some of the target regions. Since
it is not possible to separate their contribution from the bulk of
the |∇P| features, they were not masked.

Finally, we report the detection of a prominent spur-like fea-
ture (see Sect. 3) clearly seen towards the edge of the third
Galactic quadrant in the |∇P|/|P| map but not traced by Hα
intensity. Because of the high latitude, extinction is not likely
to be responsible for the Hα non-detection, thus disfavouring a

thermal electron density enhancement. Moreover, this magnetic
structure has no radio continuum counterpart, suggesting that
the direction of the magnetic field is mainly pointed towards
the observer. The large angular size of this magnetic feature,
which is specific of to the |∇P|/|P| map, suggests the structure
is nearby. These characteristics, along with its shape, support its
association with Loop I, a local feature of the ISM (Berkhuijsen
et al. 1971; Heiles 1979) associated with an expanding SNR
(Spoelstra 1972; Heiles 1998; Wolleben 2007).

6. Summary and conclusions

Normalized spatial gradients of the polarization vectors have
been used for the first time to map the entire southern sky. The
large sky coverage allows the exploration of cases not treated
by the previous studies of Gaensler et al. (2011) and Burkhart
et al. (2012). The S -PASS |∇P|/|P| map displays a wealth of
filamentary structures with typical widths down to the angular
resolution. The emission is characterized by a polarization hori-
zon of about 3 kpc, implying density and magnetic fluctuations
down to a linear scale <10 pc given the angular size of the S -
PASS beam. An extended and patchy pattern of |∇P|/|P| inten-
sity is found within the third and fourth Galactic quadrants at
high (b � −60◦) latitudes towards the south Galactic pole.

Two different morphologies (i.e. “single” or “double” jump
profiles) corresponding to different MHD turbulence cases (i.e.
low or high sonic Mach numbers) are observed, thus supporting
the predictions of numerical simulations (Burkhart et al. 2012).
Normalized spatial gradients of the polarization vector are effec-
tive tracers of extended and Faraday rotating features, such as
H ii regions and evolved SNRs. Indeed we clearly recognize the
two known nearby and old SNRs Antlia and G 353-34. In addi-
tion, by combining the information from both the |∇P|/|P| and
Hα intensity maps we can highlight the presence of both electron
density and magnetic structures, in agreement with simulations
(Burkhart et al. 2012).

Although multiple scales of energy injection are expected in
the ISM (Nota & Katgert 2010), instabilities triggered by super-
nova events and Galactic shear in the ISM are expected to mainly
generate and sustain interstellar MHD turbulence (Mac Low
2004; Hill et al. 2012). Observational studies of turbulence in the
warm and ionized ISM also indicate a spectral index matching
that of the Goldreich & Sridhar (1995) theory of Alfvénic tur-
bulence, consistent with a weakly compressible medium. This is
the case for transonic turbulence as shown by Hill et al. (2008),
who estimated the sonic Mach number by comparing statistics
of Hα WHAM data with simulations. By applying a moment
analysis to a number of fields, we extend it to the MIM and con-
firm the earlier result of these authors, finding lines of sight to
be consistent with Ms � 2 (see Table 4).

The use of the spatial gradient of linear polarizations com-
bined with a robust statistical analysis makes mapping of the
sonic and Alfvénic Mach numbers spatial variations in the MIM
a feasible and mandatory aim of forthcoming radio observations
at high angular resolution. These studies will allow us to gain
complementary insight into the turbulence and shocks in the ion-
ized ISM over a wide range of plasma β-parameter regimes. To
gain a complete picture of Mach numbers and spatial variations
in the MIM, complete sky coverage is needed, requiring a corre-
sponding high resolution and sensitivity survey of the northern
sky.
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