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Haverkorn & Heitsch (2004) 



Pulsar B1154-62 (Gaensler et al. 1998) 

RM = +495 ± 6 rad m-2
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Faraday Rotation 

θ =θ0 +RM λ2

  RM = K neL

0
∫


B ⋅ d

l

Foreground 
magnetised gas 

Radio 
telescope 

Smooth 
polarised 

background 

(RM = rotation measure) 



Faraday Rotation 



Southern Galactic Plane Survey, ATCA 1.4 GHz  (Gaensler et al. 2001, 2011) Linearly polarised emission, |P| ≣ (Q2 + U2)1/2 from same region  (Gaensler et al. 2001, 2011) 
 

The Polarisation Gradient 
Polarisation gradient, |∇P| = [(∂Q/∂x)2+(∂Q/∂y)2+(∂U/∂x)2+(∂U/∂y)2]1/2  (Gaensler et al. 2011) 
 



› Mottled morphology of P  ≣ Q + iU    
due to fluctuations in foreground RM  
as function of sky position 

›  Structures that induce these 
fluctuations can be revealed through 
gradient of linear polarisation: 

-  cusps/jumps in foreground electron 
density or magnetic field 

›  Similar structures seen in simulations; 
produced by shocks, vortices, shear 
(Burkhart, Lazarian & Gaensler 2012; 
Iacobelli, Gaensler et al. 2014) 

-  direct visualisation of interstellar 
turbulence 

  

Snakes in the Plane 
G

aensler et al. (2001, 2011) 

|∇P| for MHD simulations and observations 
(Haverkorn & Heitsch 2004; Gaensler et al. 2011) 
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Are We Sure It’s Turbulence? 

Sun, Gaensler et al. (2014) 

Stokes I |P| |∇P| 



›  For P = Q + iU and 𝓅 = |P|, compute structure functions: 
         SFP(dx) ≡ ⟨|P(x) – P(x + dx)|2⟩      SF𝓅 (dx) ≡ ⟨|𝓅(x) – 𝓅(x + dx)|2⟩ 

-  for intrinsic polarisation, no correlation between intensity and angle 
   →  SFP(dx) and SF𝓅(dx) should be power laws with same slopes 
-  for Faraday rotation, anti-correlation between angle fluctuations and intensity 
   →  SFP(dx) and SF𝓅(dx) should be power laws with different slopes 
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Quantitative Investigations 

Gaensler et al. (2011) 

Observed data 



Wide-Field Polarimetry 
2.4 GHz all-sky polarisation gradient (Iacobelli, Gaensler et al. 2014) 
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Wide-Field Polarimetry 
2.4 GHz polarisation gradient (Iacobelli, Gaensler et al. 2014) 

A&A 566, A5 (2014)

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. 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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subsonic/ 
transonic 

supersonic? 



› Galaxy is suffused with ∇P filaments 
-  loci of cusps & edges in foreground ne or B 
-  stochastic network of turbulence & shocks 
- morphology & moments → sonic Mach number 

 

› Work in progress:  
-  frequency-dependence of ∇P  (Purcell +2014) 

-  comparison of ∇P & ∇RM  (Geisbuesch+ 2014)  
-  additional geometric diagnostics (Herron+ 2014) 
-  low frequencies →  local structure  (Lenc+ 2014) 
 

› Gradient of polarisation can: 
-  directly visualise turbulence in diffuse gas 
-  give quantitative info on turbulent parameters 
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