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 How do cold dense structures form from the diffuse ISM?


How do stars drive turbulence and energy into the ISM?


 What is the role of the magnetic field in the formation of structures and stars?


 How do dust grains and molecules evolve in the ISM?
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Planck Collaboration: Probing the role of the magnetic field in the formation of structure in molecular clouds

Fig. 1. Magnetic field and column density measured by Planck towards the Taurus MC. The colours represent column density. The
“drapery” pattern, produced using the line integral convolution method (LIC, Cabral & Leedom 1993), indicates the orientation of
magnetic field lines, orthogonal to the orientation of the submillimetre polarization.

of relative orientation, so that the statistical significance of each
study depends on the total number of clouds observed. In a few
regions of smaller scales, roughly a few tenths of a parsec, Koch
et al. (2013) report a preferred orientation of the magnetic field,
inferred from polarized dust emission, parallel to the gradient of
the emission intensity.

By measuring the intensity and polarization of thermal emis-
sion from Galactic dust over the whole sky and down to scales
that probe the interiors of nearby MCs, Planck

2 provides an un-
precedented data set from a single instrument and with a com-
mon calibration scheme, for studying the morphology of the
magnetic field in MCs and the surrounding ISM, as illustrated
for the Taurus region in Fig. 1. We present a quantitative anal-
ysis of the relative orientation in a set of nearby (d < 450 pc)
well-known MCs to quantify the role of the magnetic field in the
formation of density structures on physical scales ranging from
tens of parsecs to approximately one parsec in the nearest clouds.

The present work is an extension of previous findings, as re-
ported by the Planck collaboration, on their study of the polar-
ized thermal emission from Galactic dust. Previous studies in-
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Planck (http://www.esa.int/Planck) is a project of the

European Space Agency (ESA) with instruments provided by two sci-
entific consortia funded by ESA member states (in particular the lead
countries France and Italy), with contributions from NASA (USA) and
telescope reflectors provided by a collaboration between ESA and a sci-
entific consortium led and funded by Denmark.

clude an overview of this emission (Planck Collaboration Int.
XIX 2014), which reported dust polarization percentages up
to 20 % at low NH, decreasing systematically with increasing
NH to a low plateau for regions with NH > 1022 cm�2. Planck
Collaboration Int. XX (2014) presented a comparison of the po-
larized thermal emission from Galactic dust with results from
simulations of MHD turbulence, focusing on the statistics of the
polarization fractions and angles. Synthetic observations were
made of the simulations under the simple assumption of homo-
geneous dust grain alignment e�ciency. Both studies reported
that the largest polarization fractions are reached in the most dif-
fuse regions. Additionally, there is an anti-correlation between
the polarization percentage and the dispersion of the polariza-
tion angle. This anti-correlation is reproduced well by the syn-
thetic observations, indicating that it is essentially caused by the
turbulent structure of the magnetic field.

Over most of the sky Planck Collaboration Int. XXXII
(2014) analysed the relative orientation between density struc-
tures, which is characterized by the Hessian matrix, and po-
larization, revealing that most of the elongated structures (fila-
ments or ridges) have counterparts in the Stokes Q and U maps.
This implies that in these structures, the magnetic field has a
well-defined mean direction on the scales probed by Planck.
Furthermore, the ridges are predominantly aligned with the mag-
netic field measured on the structures. This statistical trend be-
comes more striking for decreasing column density and, as ex-
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SKA: a unique machine to study the ISM

 Frequency coverage (50 MHz — 15 GHz) 


HI, OH, H2CO, radio recombination lines (H, He, C), complex molecules (COMs — glycine?), 
continuum (free-free, synchrotron, anomalous microwave emission, dust)


Pulsar dispersion measures, rotation measures


Faraday tomography, Zeeman effect (HI, OH, CH, radio recombination lines)


Angular resolution (25%better/4 times the resolution of LOFAR/JVLA) 

Small-scale structures: disks, filaments, shocks, dissipative structures


Astrophysics of other galaxies 


Sensitivity (8/5 times more sensitive than LOFAR/JVLA) 


Small-scale structure, faint line emission, Galactic halo, external galaxies 


Mapping speed (135/60 times faster than LOFAR/JVLA) 


Multi-scale/multi-phase physics 
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1. The nearby interstellar medium

2. Turbulent cascade

3. The formation of cold atomic structures

4. Molecular complexity in cold cores and hot corinos

5. Interstellar dust
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7. Magnetic fields in star forming regions: Zeeman 
effect of RRLs

8. Jets, outflows, and young stellar objects

9. Supernova remnants

10. Pulsar census and probe of the interstellar medium

11. Distance determination



Gas phase transition

7.4. Power Spectra of Maps of Centroid Velocity

We also analyzed the centroid velocity maps for all VCs in
DF, EN, and UM (Figures 20, 21, and 34, respectively), with
the goal of determining the power spectrum of the 3D velocity
field (Miville-Deschênes et al. 2003b). To quantify the power
spectrum, the centroid velocity data were deconvolved by the
DRAOST beam and modeled with a power law. Interestingly,
the noise component at high k is similar to the noise template
used for the NH I power-spectrum models up to ~k 0.8;
however, the shape is not as consistent, and so we chose to fit a

power-law model without a noise template. This precludes the
use of high-k power in the model fit, limiting the range to
<k 0.06 arcmin−1. An associated systematic uncertainty in the

exponent in comparison to analysis of NH I maps of the same
VC could amount to 0.1.
As summarized in Table 3, the power-law exponents for the

centroid velocity maps are for the most part the same as those
found for the NH I maps, within the uncertainties. This interesting
empirical result is not a general expectation of theory and
implies that the 3D velocity field and the 3D density field (see
discussion in Section 7.2) have rather similar statistical proper-
ties. An exception might be the centroid velocity map of
DF IVC, which, being a combination of IVC1 and IVC2 with
distinct velocities and spatial structure, is more complex.

Figure 24. Illustration of dramatic changes in channel maps with velocity in
DF (upper panel) and UM (lower panel). RGB images were made using three
distinct LVC channels from the cubes at 7.59 km s−1 (red),
5.12 km s−1 (green), and 2.64 km s−1 (blue); for each colorthe identical
intensity range was used, from 0 K (black) to 40 K (color saturation). Upper
left portion of UM image joins onto lower right of DF image (see also
Figure 1). In parts of the overlap, the different angular resolutions of the
DHIGLS and the GHIGLS data can be appreciated (a black curve separates
the two).

Figure 25. Similar to Figure 24, but for IVC channels with intensity extremes
at 0 and 15 K because the IVC emission is fainter. The three distinct channels
used from the cubes were at −49.28 km s−1 (red), −51.76 km s−1 (green), and
−54.23 km s−1 (blue).
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How do cold dense structures form from the warm and diffuse phase?  
And how do they evolve into the molecular (star-forming) phase?

7.59 km/s

5.12 km/s

2.64 km/s

Cold & warm neutral medium (CNM & WNM)

T~ 20 — 200 K vs. T ~ 104 K

Transition: Thermal instability [Field 1965]

Need to estimate the amount and properties 
(temperature, cloud density, velocity) of gas 
over a large range of physical conditions.

HI @ 1’ [Blagrave+2017]
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HI @ 1’ [Blagrave+2017]

How do cold dense structures form from the warm and diffuse phase?  
And how do they evolve into the molecular (star-forming) phase?

7.59 km/s

5.12 km/s

2.64 km/s

SKA will provide fully-sample imaging of HI 
emission at high angular & velocity resolution;

~ 2x105 absorption measurements against radio 
sources [McClure-Griffiths+2015]

The Astrophysical Journal, 793:132 (16pp), 2014 October 1 Stanimirović et al.
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Figure 3. Example Gaussian fits to emission and absorption spectra. Left: 3C131. Right: 4C+27.14. In the top panels, the thin solid line is the expected profile, Texp
(see Section 2.1 for derivation). The thin dot-dashed lines display the sum of WNM Gaussian components and the thick dashed lines display the total contribution to
the Texp profile by the CNM from the absorption profile. The thick solid line is the total WNM and CNM fit. The residuals from the fit are plotted below zero, with ±
∆Texp overplotted. In the bottom panel, the thin solid line shows the optical depth profile (e−τ ), with CNM components displayed in the thin dotted lines and the thick
solid line representing the fit to the optical depth profile. The residuals from the fit are plotted at the bottom of the figure, with ± ∆e−τ overplotted.

Table 2
Gaussian Parameters Associated with All CNM and WNM Components for Each Source

Source TB VLSR ∆V τ Ts Tk,max N(H i)20 F or O
(1) (2) (3) (4) (5) (6) (7) (8)

3C067 1.88 ± 0.06 −25.8 ± 0.1 4.71 ± 0.18 0.006 331. 835 0.17 1.0
3C067 1.95 ± 0.00 −11.6 ± 0.4 41.30 ± 0.64 0.004 438. 2077 1.27 0.0
3C067 5.34 −5.8 ± 0.1 4.81 ± 0.18 0.096 ± 0.002 69.10 ± 8.88 325 0.62 2
3C067 21.02 ± 0.35 −2.3 ± 0.2 9.75 ± 0.17 0.017 1254. 861 3.99 0.5
3C067 23.05 −0.3 ± 0.0 2.14 ± 0.04 0.412 ± 0.008 42.88 ± 8.28 607 0.74 0
3C067 17.71 1.2 ± 0.1 5.99 ± 0.13 0.186 ± 0.005 89.34 ± 14.82 489 1.94 1
3C067 3.41 ± 0.19 8.3 ± 0.2 6.28 ± 0.31 0.001 6748. 485 0.41 0.0

Notes. The CNM components have Ts shown with an uncertainty, while for the WNM components, the listed Ts is a lower limit only
(see Section 4).

(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding
its form and content.)

high Galactic latitudes. We note that HT03’s sensitivity varies
across sources as their survey was searching for strong sources
suitable for Zeeman measurements.

Very recently, Fukui et al. (2014b) suggested a new approach
to estimate properties (optical depth and spin temperature) of
cold H i by utilizing dust emission. They noticed that the Planck
dust optical depth τ353 at 353 µm correlates with N (H i), but
the scatter in this relation is much smaller when different dust
temperature regimes are considered separately. By assuming
that the highest dust temperature sub-sample is associated

with the optically thin H i, the saturation seen in the τ353–N (H i)
relation was attributed to the existence of the high optical depth
H i solely. By inverting the relation, they estimated a single
value of Ts and τH i per pixel from their all-sky τ353 images (after
masking low-latitude regions with |b| < 15◦ and regions with
internal dust heating as traced by the Hα emission). They found
that 85% of data points have τH i > 0.5 and Ts < 40 K. Similar
results were obtained for the high latitude clouds MBM 53-55
(Fukui et al. 2014a), increasing the H i mass of MBM 53-55
clouds by a factor of two. Fukui et al. (2014b) suggested that

7
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Interstellar turbulence
Interstellar turbulence 

• Importance of turbulence 
• sets how matter is organized 
• sets the efficiency of star formation 
• sets the mass distribution of stars 

• Interstellar turbulence is complex
• compressible 
• multi-phase 
• supersonic or sonic 
• magnetic 

• The questions are
• What are the properties of interstellar 

turbulence in each phase ? 
• How does turbulent energy  

dissipate ? 
• What SKA will bring

• Multi-scale and multi-phase (ionized 
and neutral cold/warm) description 
of turbulence  

• Study of the dissipation process 
(density and velocity fluctuations at 
10s AU scales)

- CFHT Megacam g band 

- resolution : 1.3” 

- fov : 1 square deg. 

- P(k) ~ k^-2.9 

- Miville-Deschenes+ 2016 

What are the properties of turbulence in each ISM phase?  
And how does turbulent energy dissipate?

Turbulence determines the distribution of 
matter in the ISM ➡ regulates star formation

ISM is turbulent: 

— energy injected at large scales (100s pc — kpc) 
by massive stellar feedback, Galactic shear 

— energy cascades down to smaller scales (10-5 pc) 
until it dissipates

Need to probe turbulence in different phases 

(inc. in polarisation) and across a large range 
of spatial scales (~kpc to AU)

Spatial scales & power-law index give information 
on the nature of turbulence [e.g. Kolmogorov+1941, 
Goldreich & Sridhar 1995, Kritsuk+2007]

➡ compressible, super-sonic, sonic, magnetic!…

M.-A. Miville-Deschênes et al.: Probing interstellar turbulence in cirrus with deep optical imaging
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Fig. 1. Top: MegaCam g-band image of the field around NGC 2592 and NGC 2594. The two galaxies are located close to the center of the image.
Bottom-left: Planck radiance. Bottom-right: WISE 12 µm. The black rectangle indicates the area of the MegaCam field. The dashed-line rectangle
on the radiance map indicates the area of the WISE field shown on the right.
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CNM in scattered light @ 1.3’’ 

(MegaCam g-band)

Miville-Deschênes+2016

50 pc

0.01 pc

P ∝ k-2.9 ± 0.1

Planck
WISE

MegaCam



Interstellar turbulence

What are the properties of turbulence in each ISM phase?  
And how does turbulent energy dissipate?

Turbulence determines the distribution of 
matter in the ISM ➡ regulates star formation

 SKA HI data (high angular resolution, CNM/WNM separation)

Probe smaller physical scales (scales of 10s AUs)


 SKA RRL, OH spectral data

Probe different gas phases



Interstellar turbulence

What are the properties of turbulence in each ISM phase?  
And how does turbulent energy dissipate?

Turbulence determines the distribution of 
matter in the ISM ➡ regulates star formation

 SKA HI data (high angular resolution, CNM/WNM separation)

Probe smaller physical scales (scales of 10s AUs)


 SKA RRL, OH spectral data

Probe different gas phases


SKA synchrotron and polarisation data

Probe magnetised turbulence

M. Iacobelli et al.: The first diffuse Galactic foreground detection with LOFAR

Fig. 9. Power spectra of total intensity from the LOFAR (dots) and
WSRT (crosses) observations. The error bars indicate statistical er-
rors at 1σ. The fitted power law (dashed line) with a spectral index
α = −1.84 ± 0.19 for ℓ ∈ [100, 1300] is also shown.

latitudes there will be more emissivity near the disk than further
away in the halo. The scale at which the power spectrum tran-
sits from Kolmogorov to a shallower slope is the critical scale
ℓcr ∼ πLmax/Lout.

For a characteristic scale height of the Galactic synchrotron
emission of Hsync = 1.0 ± 0.4 kpc (see e.g. Page et al. 2007),
the path length Lmax through the Galactic synchrotron layer is
Lmax = Hsync/sin b, with b the Galactic latitude. At the latitude
b = +7◦ of the Fan region, the distance up to the boundary of the
probed volume is Lmax = 8.2±1.6 kpc. This path length indicates
an average emissivity of ϵb= 7◦ = 5.5 ± 1.1 K/kpc, in agreement
with the synchrotron emissivity of ∼7 K/kpc at 408 MHz in the
solar neighborhood (Beuermann et al. 1985). The LOFAR power
spectrum corresponds to the shallow (large angular scale) regime
of the model by Cho & Lazarian (2002), which means that the
critical multipole ℓcr is a multipole larger than the higher multi-
pole of the power law before the spectrum flattens to noise. The
higher multipole of the power law is ℓ ∼ 1300 ± 300, indicating
an outer scale of turbulence of Lout ! 20 ± 6 pc.

4.2. Constrain Bo/Br from Lout

The importance of statistical investigations of the Galactic MHD
turbulence and its properties has been recently exploited by
Lazarian & Pogosyan (2012), providing an accurate and quanti-
tative description of the synchrotron fluctuations for an arbitrary
cosmic ray spectral index. However, because the artefacts affect-
ing the accuracy of the data and the calculated power spectrum
do not allow us to aim with such a precision, we adopt the ear-
lier model of Eilek (1989a,b) with a fixed cosmic ray spectral
index of about three. The effects of MHD turbulence in subsonic
and transonic regimes on the total and polarized intensity of an
extended radio source were explored by Eilek (1989a,b) under
the assumptions that the characteristic outer scale (Lout) is much
smaller than the source size (Lmax) and the fluctuations obey a
Gaussian statistics. This author shows how (strong) MHD tur-
bulence produces detectable fluctuations in total intensity and
how the mean (⟨I⟩) and variance (σI) of the total intensity of an
extended synchrotron source can be interpreted in terms of the

total intensity source function

S I = S 0

!
B⊥
Bo

" γ+1
2

(4)

and its standard deviation σS I , where B⊥ is the magnetic field
component perpendicular to the line of sight, Bo is the ordered
field component, and γ is the spectral index of the electron en-
ergy distribution N(E) = N0E−γ. Then the fractional source-
function variance ((σ2

S I
)1/2/S I) is given by

(σ2
S I)

1/2

S I
≃

#
Lmax

Lout

σI

⟨I⟩ , (5)

(Eilek 1989a). Because variations of S I reflect variations in the
random magnetic field, the ratio of source-function variance and
mean points to an estimate of the ratio of the random to ordered
magnetic field strengths within the extended source. For sub-
sonic turbulence, the fluctuations in synchrotron emission are
likely predominantly caused by magnetic field fluctuations, with
only slightly varying relativistic electron and positron densities,
so that (σ2

S I )
1/2/⟨S I⟩ ≈ B2

r /(B
2
r + B2

o). However, for transonic
turbulence, density fluctuations will also be important and the
source function behaviour can be approximately represented as
S ∝ B4 (Eilek 1989b), so that (σ2

S I )
1/2/⟨S I⟩ ≈ B4

r /(B
2
r + B2

o)2. A
major dependence by density fluctuations is also expected for su-
personic turbulence, but this case is not treated by Eilek (1989b).

We compute the ratio of random to ordered magnetic field
Bo/Br for our LOFAR data set using the prescriptions above.
Since this is an interferometric measurement, short spacing in-
formation is missing and we cannot estimate ⟨I⟩ from our data.
Instead, we obtain ⟨I⟩ from the absolute flux calibrated all-sky
map at 408 MHz (Haslam et al. 1982): the Stokes I bright-
ness temperature at 408 MHz is about T I

408 = 45.0 ± 4.5 K
around (l, b) ≈ (137.0◦,+7.0◦). The frequency dependence of
the spectral index for the synchrotron brightness temperature
has been investigated by several authors, e.g. de Oliveira-Costa
et al. (2008) and recently Kogut (2012). For a spectral index of
β = −2.64 ± 0.03 (Kogut 2012), the corresponding sky temper-
ature at 150 MHz is T I

150 = 632 ± 32 K. Next the isotropic ex-
tragalactic background component is subtracted. We scale the
value of about 28 K at 178 MHz of Turtle et al. (1962) to
150 MHz, obtaining a contribution of about 45 K. Therefore the
final sky temperature at 150 MHz is T I

150 = 587 ± 30 K, which
is in agreement with the sky temperature of about 600 K around
(l, b) ≈ (137.0◦,+7.0◦) of the Landecker & Wielebinski (1970)
survey at 150 MHz (Reich priv. comm.). From the residual map
after source subtraction, we estimate the Stokes I variance from
the FWHM to be about 2.9 mJy beam−1, which corresponds to
about 22 K. Suitably scaled at 150 MHz, this value corresponds
to a Stokes I variance of 25 K.

Observational studies of turbulence in the warm ionised
medium indicate a transonic (Hill et al. 2008; Gaensler et al.
2011; Burkhart et al. 2012) regime. Rewriting Eq. (5) for the
transonic case gives

Bo

Br
= (A1/2 − 1)1/2 where A =

⟨I⟩
σI

!
Lout

Lmax

"1/2

· (6)

For a turbulent outer cell size Lout ! 20 pc, the ratio of magnetic
field strengths Bo/Br " 0.3.
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P ∝ k-1.84 ± 0.19

Iacobelli+2013

LOFAR 150 MHz @ 80’’

turbulent fluctuations in the free-electron density and magnetic field
throughout the interstellar medium15 (ISM).

A limitation of previous studies is that they usually interpreted
the data in terms of the amplitude, P, and/or the angle,
h:(1=2)tan{1(U=Q), of the complex Stokes vector P ; (Q, U).
However, neither polarization amplitude nor polarization angle is
preserved under arbitrary translations and rotations in the Q–U plane.
These can result from one or more of a smooth distribution of inter-
vening polarized emission, a uniform screen of foreground Faraday
rotation, and the effects of missing large-scale structure in an inter-
ferometric data set. In the most general case, we are thus forced to
conclude that the observed values of P and h do not have any physical
significance, and that only measurements of quantities that are both
translationally and rotationally invariant in the Q–U plane can provide
insight into the physical conditions that produce the observed polar-
ization distribution.

The simplest such quantity is the spatial gradient of P, that is, the
rate at which the polarization vector traces out a trajectory in the Q–U
plane as a function of position on the sky. The magnitude of the
gradient is unaffected by rotation and translation, and so has the
potential to reveal properties of the polarization distribution that
might otherwise be hidden by excess foreground emission or
Faraday rotation, or in data sets from which large-scale structure is
missing (as is the case for the data shown in Fig. 1). The magnitude of
the polarization gradient is
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The expression in equation (1) can be calculated simply, and the
corresponding image of j=Pj (Fig. 2) reveals a complex network of
tangled filaments. In particular, all regions in which j=Pj is high con-
sist of elongated, narrow structures rather than extended patches. In
the inset of Fig. 2, we plot the direction of =P for a small subregion of
the image, demonstrating that =P changes most rapidly along direc-
tions oriented perpendicular to the filaments. We can explore the

frequency dependence of these filaments, because the 1.4-GHz
ATCA data shown in Fig. 1 consist of nine independent spectral
channels of width 8 MHz, spread over a total bandwidth of 96 MHz.
We have constructed images of j=Pj for each individual spectral
channel, and these show the same set of specific features as in the
overall image, albeit at reduced signal-to-noise ratios. The lack of
frequency dependence indicates that the high-gradient structures seen
in this data set correspond to physical features in the ISM rather than
to contour lines introduced by the particular combination of observing
frequency and angular resolution used15,17.

We first consider the possibility that these filaments of high gradient
are intrinsic to the source of emission. Abrupt spatial transitions in the
strength or geometry of the magnetic field in a synchrotron-emitting
region would generate a large gradient in (Q, U). However, processes of
that sort would also produce structure in the overall synchrotron
emissivity, such that we would observe features in the image of
Stokes I that match those seen in j=Pj. No such correspondence is
observed, demonstrating that the regions of high polarization gradient
are not intrinsic to the source of polarized emission but must be
induced by Faraday rotation in magneto-ionized gas.

Because the amount of Faraday rotation is proportional to the line
integral of neBI from the source to the observer (where ne is the density
of free electrons and BI is the uniform component of the line-of-sight
magnetic field), the filamentary structure seen in j=Pj must corre-
spond to boundaries across which ne and/or BI show a sudden increase
or decrease over a small spatial interval. Such discontinuities could be
shock fronts or ionization fronts from discrete sources, as have been
observed in polarization around the rims of supernova remnants, H II

regions and planetary nebulae11,18. We have examined this possibility
by carefully comparing our image of j=Pj with images and gradient
images of Stokes I (tracing shock waves seen in synchrotron emission;
ref. 11), 21-cm H I emission16 (tracing atomic hydrogen) and 656.3-nm
Ha emission19,20 (tracing ionized hydrogen) over the same field, but do
not find any correspondences.

We conclude that the features seen in j=Pj are a generic component
of diffuse, ionized gas in this direction in the sky. To test this hypo-
thesis, we performed a series of three-dimensional isothermal simula-
tions of magnetohydrodynamic turbulence in the ISM, each with
different parameters for the sonic Mach number, defined as
Ms:hjvj=csi, where v is the local velocity, cs is the sound speed and
the averaging (indicated by angle brackets) is done over the whole
simulation. For each simulation, we propagated a uniform source of
polarized emission through the distribution of turbulent, magnetized
gas. The resultant Faraday rotation produces a complicated distri-
bution on the sky of Stokes Q and U, from which we generated a
map of the polarization gradient using equation (1). Images of j=Pj
for representative simulations of the subsonic, transonic and super-
sonic regimes are shown in Fig. 3. Narrow, elongated filaments of high
polarization gradient are apparent in each simulation in Fig. 3,
although they differ in their morphology and degree of organization.
In particular, the supersonic case (Fig. 3c) shows localized groupings of
very high-gradient filaments, corresponding to ensembles of intersect-
ing shocks5,21,22. By contrast, the subsonic (Fig. 3a) and transonic
(Fig. 3b) cases show more-diffuse networks of filaments, representing
the cusps and discontinuities characteristic of any turbulent velocity
field6,21,23.

Visual comparison of the simulated distributions of j=Pj with real
data (Fig. 2) suggests that the subsonic and transonic cases shown in
Fig. 3a, b more closely resemble the observations than does the super-
sonic case. We can quantify this statement by calculating the third-
order moment (skew, c) and the fourth-order moment (kurtosis, b) of
the probability distribution function of j=Pj for both observations and
simulations: these quantities parameterize the degree of Gaussian
asymmetry in the probability distribution function, and hence provide
information on the amount of compression due to shocks in the
data6,24.
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Figure 2 | =P | for an 18-deg2 region of the Southern Galactic Plane Survey.
| =P | has been derived by applying equation (1) to the Q and U images from
Fig. 1; note that | =P | cannot be constructed from the scalar quantity
P ; (Q2 1 U2)1/2, but is derived from the vector field P ; (Q, U). | =P | is a
gradient in one dimension, for which the appropriate units are (beam)20.5.
Because P measures linearly polarized intensity in units of millijanskys per
beam, | =P | has units of millijanskys per (beam)1.5. The scale showing | =P | is
shown on the right of the image, and ranges from 0 to 15 mJy per (beam)1.5. The
inset shows an expanded version of the structure with highest | =P | , covering a
box of side 0.9 deg centred on Galactic longitude 329.8 deg and Galactic latitude
11.0 deg. Plotted in the inset is the direction of =P at each position, defined as
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For clarity, vectors are shown only at points where the amplitude of the gradient
is greater than 5 mJy per (beam)1.5.
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Magnetic fields: diffuse interstellar medium 

How does the magnetic field control the formation and evolution of interstellar structures? 

Faraday depth

LOFAR @ 115—175 MHz [Jelić+2015]

Faraday tomography

(synchrotron emission + Faraday rotation):

magnetic field in cosmic-ray and ionised media in 3D 


➡ New structures in the ISM!



Magnetic fields: diffuse interstellar medium 

How does the magnetic field control the formation and evolution of interstellar structures? 

Faraday depth & Planck magnetic field lines

[Zaroubi+2015]

Faraday tomography

(synchrotron emission + Faraday rotation):

magnetic field in cosmic-ray and ionised media in 3D 


➡ New structures in the ISM!


➡ Unexpected correlation! 

    Tracers of the field in ionised and neutral media

Galactic ISM filaments: LOFAR vs. Planck L47

The physical quantities that the two probes measure are in general
thought to be unrelated. Whereas Faraday rotation at low frequen-
cies is sensitive to localized structures in Faraday space, which
in the 3C196 field mostly have small Faraday depth, the Planck
dust polarization gives the density weighted mean orientation of the
magnetic field component perpendicular to the LOS, ⟨B⊥ ⟩. Indeed,
in a number of LOFAR observational windows, e.g. ELAIS-N1 and
NCP (Jelić et al. 2014), no correlation between the two probes is
evident. However, in this Letter, we report a strong correlation be-
tween the two probes in the 3C196 field. We discuss possible further
observations that might help understand the physical origin of this
correlation.

In Sections 2 and 3 of this Letter, the LOFAR and Planck satel-
lite data towards the 3C196 quasar are presented, respectively. In
Section 4 we discuss the correlation between the two fields and we
conclude with discussion and summary in Section 5.

2 TH E L O FA R 3 C 1 9 6 DATA

The 3C196 field is one of the primary fields of the LOFAR-Epoch of
Reionization key science project (de Bruyn, in preparation), centred
on the very bright compact quasar 3C196. It is located in a radio
cold region towards the Galactic anticentre (l = 173◦, b = +33◦).
It has been observed on a large number of nights with the LOFAR
High-Band Antennas (HBA). For this Letter we use images based
on one fully processed 8 h synthesis, taken in 2012 December.
A detailed description of the data, their processing and the image
quality obtained from them are found in Jelić et al. (2015). For
completeness, we present here a brief overview of the data.

The data set contains all four correlation products between pairs
of orthogonal LOFAR dipoles from which full Stokes (IQUV)
images were made in the frequency range of 115–175 MHz with
183 kHz resolution. The images were produced with a frequency-
independent resolution of about 3 arcmin. On these images we
apply RM synthesis (Brentjens & de Bruyn 2005) to study the lin-
early polarized emission as a function of Faraday depth. Faraday
depth gives the amount of Faraday rotation due to the intervening
magneto-ionic medium between the source of the polarized emis-
sion and the observer,

! = 0.81 rad m− 2
! observer

source
neB∥dl. (1)

Here ne is the electron number density in cm− 3, B∥ is measured
in µG, and dl is the LOS element in pc. The spectral resolution
and frequency range of the data constrain the resolution of our
cubes in Faraday depth to δ! = 0.9 rad m− 2 and the largest Faraday
structure that can be detected #! = 1.1 rad m− 2 (Brentjens & de
Bruyn 2005).

Detected structures of Galactic polarized emission are spread
over a wide range of Faraday depths (from − 3 to +8 radm− 2) and
their peak brightness temperature is between 5 and 15 K (Jelić et al.
2015). Fig. 1 shows the most interesting morphological features of
this emission in a composite image of polarized structures at dif-
ferent Faraday depths. A ‘triangular’ feature showing emission at
negative Faraday depths (− 3 to − 0.5 radm− 2) is shown in green.
Relatively, straight filamentary structures running from south to
north at Faraday depths around +0.5 rad m− 2 are shown in yel-
low, while the prominent diffuse background emission arising at
Faraday depths from +1.0 to +4.5 radm− 2 is given in violet. The
filaments are displaced by ≈− 1.5 radm− 2 in Faraday depth relative
to the surrounding background emission, suggesting a magneto-
ionic medium located in front of the bulk of the emission (Jelić

Figure 1. A composite image of morphological features of the 3C196 field
detected with LOFAR at different Faraday depths and the magnetic field
lines orientation (grey lines) inferred from the Planck dust polarization maps
at 353 GHz. A ‘triangular’ feature displayed in green (marked with C) is
emission at negative Faraday depths (− 3 to − 0.5 radm− 2), the filamentary
structures at Faraday depth of +0.5 radm− 2 are given in yellow (marked
with A and B). The violet shows the prominent diffuse background emission
arising at Faraday depths from +1.0 to +4.5 radm− 2. The resolution of the
LOFAR image is 3 arcmin.

et al. 2015). Note that Faraday depth is uncertain at the level of
≈0.1 radm− 2 due to the ionospheric correction uncertainty.

3 TH E PLANCK MAGNETI C FIELD DATA

The Planck satellite has measured the sky in nine frequencies rang-
ing from 30 GHz to 857 GHz. An inspection of these maps reveals
that the lowest frequencies (30 and 70 GHz) and the highest frequen-
cies (≥217 GHz) are dominated by Galactic synchrotron emission
and thermal dust emission, respectively (Planck Collaboration I
2015). In particular, the Planck satellite team used the polarized
data at ν= 353 GHz to construct an all-sky map of the Galac-
tic magnetic field orientation projected on to the plane of the sky
(Planck Collaboration I 2015).

Interstellar dust particles are non-spherical, which gives rise to
polarized emission reflecting this asphericity. Coherent polarized
emission is observed because the elongated dust grains tend to be
aligned, along their short axes, with respect to the magnetic field.
The details of the grain alignment process are not completely clear
but there is a broad agreement that radiative torques are an effective
means of grain alignment in the diffuse ISM (for more details see
Draine & Weingartner 1996; Lazarian 2007) are an effective means
of the observed grain alignment in the diffuse medium (Planck
Collaboration XX 2015). As a result, the dust polarization angle is
at 90◦ of the perpendicular component of the magnetic field vector
averaged along the LOS, ⟨B⊥ ⟩.

For this Letter, we use the line integral convolution (LIC; Cabral
& Leedom 1993) representation of the magnetic field inferred from
the 353 GHz polarization maps publicly available at the Planck
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SKA will be a true Faraday tomography machine 
owing to large frequency coverage 

➡ deeper in Faraday (physical) depth



Magnetic fields: from diffuse medium to star formation regions

How does the magnetic field control the formation and evolution of interstellar structures?  
And ultimately the formation of stars?
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➡ Zeeman effect

State-of the-art of Zeeman effect measurements 

(courtesy of T. Troland, 2015)



Magnetic fields: from diffuse medium to star formation regions

How does the magnetic field control the formation and evolution of interstellar structures?  
And ultimately the formation of stars?
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State-of the-art of Zeeman effect measurements 
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frequency coverage will make it possible to achieve fine resolution in FD space. More quantitatively, if the wave-

length range extends from �min to �max, the FD resolution is given by �� ⇡ 2
p
3

��2
, where ��

2 = �
2
max��

2
min, and

the maximum detectable Faraday thickness is given by ��max ⇡ ⇡

�
2
min

(Brentjens & de Bruyn 2005). Thus, with

the frequency range 50 – 350 MHz SKA-LOW will reach �� ⇡ 0.10 rad m�2 and ��max ⇡ 4.3 rad m�2, and
with the frequency range 0.35 – 15 GHz, SKA-MID will reach �� ⇡ 4.7 rad m�2 and ��max ⇡ 7 850 rad m�2.
It then appears that SKA-LOW will be able to probe the local ISM with a finer FD resolution than LOFAR
currently does (�� ⇡ 0.80 rad m�2, for the presently used frequency range 115 – 189 MHz), in addition to its
finer angular resolution, while SKA-MID will be sensitive to Faraday-thick objects and able to probe the internal
structure of objects like supernova remnants (�� ⇠ 100 rad m�2) at sub-arcsec resolution.

References:
Burn, B. J., 1966, MNRAS, 133, 67; Brentjens, M. A. & de Bruyn, A. G., 2005, A&A, 441, 1217

2.3.7 Magnetic fields in star formation regions: Zeeman e↵ect of RRLs

Magnetic fields play a crucial role in the formation and evolution of interstellar objects. With typical strengths of
a few microGauss in the di↵use interstellar medium (ISM) to a few milliGauss in the denser star formation regions
(see e.g. Crutcher et al. 2010), magnetic fields can be as important for the gas dynamics as turbulent motions
and gravity forces. One way to assess how magnetic fields control the flow of matter in the ISM is to quantify
the variation of the field strength with gas density: this relation is di↵erent if, for instance, gas compression
happens parallel or perpendicular to the magnetic field lines. Such studies rely on the Zeeman e↵ect, which is the
only available technique for directly measuring magnetic field strengths in the ISM of the Milky Way and other
galaxies (e.g. Crutcher et al. 1993; Robishaw et al. 2015). Despite the continuous work, observations are still
sparse and so is our understanding of the impact of magnetic fields in the di↵erent interstellar environments.

Regions of massive star formation are the richest objects of the ISM for they comprise di↵erent environments.
Notably, around the stars we find regions of ionised (Hii) gas, which are separated from the parent molecular
cloud by a thin layer of neutral gas, called the photodissociation region (PDR) (see Fig. 32). As a result of their
di↵erent physical conditions, these media will emit di↵erent types of radiation. Of interest to this chapter are
hydrogen and carbon radio recombination lines (RRLs): H RRLs sample Hii regions, where the hydrogen is fully
ionised, whereas C RRLs sample PDRs, where the hydrogen is atomic but the carbon is singly ionised. RRLs are
powerful diagnostics of the physical conditions of the emitting gas (see e.g., Gordon & Sorochenko 2009; Oonk
et al. 2015) and potentially equally strong probes of the magnetic field through their Zeeman e↵ect.

Molecular)cloud)

HII)region:)H)RRLs)

PDR:)C)RRLs)

Figure 32: Cartoon showing the di↵erent media in a
star formation region and where the H and C RRLs
originate. Typical values of gas density and tempera-
ture in PDRs are nH ⇡ 104–106 cm�3 and T ⇡ 100–
300K; the gas in Hii regions is much warmer, T ⇡
104 K, and can be fairly dense, nH ⇡ 103–104 cm�3,
if one considers compact (<⇠ 1 pc) and ultra-compact
(<⇠ 0.1 pc) Hii regions (Tielens 2005).

The Zeeman e↵ect is the splitting of a spectral line into three or more components (linearly or circularly polarised).
The splitting between two consecutive sub-lines is �⌫Z = (b/2)|B|, where B is the magnetic field strength and
b is the splitting coe�cient that depends on the spectral transition. When the frequency shift is much lower
than the spectral line width, �⌫Z ⌧ �⌫ (which is the case for all Zeeman detections except in OH masers), the
splitting is only detectable in the Stokes V spectrum. The V spectrum is the di↵erence between the two circular
polarisations. It has the (horizontal S-) shape of the derivative of the Stokes I spectrum and is proportional
to B||, the line-of-sight component of the magnetic field. For a Gaussian line profile having central intensity
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Dust evolution in the interstellar medium

characterise their properties in all interstellar phases and how they do evolve from one phase to the other, and
second to provide critical inputs for other areas of Galactic astronomy (see the other sections of this chapter).
We will outline two key science topics for which SKA1 will advance our understanding of dust: the Anomalous
Microwave Emission and the grain growth in protoplanetary disks towards the formation of the rocky cores of
planets.

Figure 29: Left: maps of LDN1622 from GBT 13.7 GHz, Herschel 250 µm, and Spitzer 8 µm observations.
Right: theoretical spinning dust emissivity for various interstellar environments from di↵use (CNM, WNM, WIM
with increasing gas temperature) to dense (MC) and for a photodominated region (Orion Bar). Maps adapted
from Harper et al. (2015) and spectra from Ysard et al. (2010).

Anomalous Microwave Emission

In the late 1990s, a new emission component was detected between 10 and 50 GHz, which could not be explained
by the traditional emission mechanisms known in this frequency range (CMB, free-free, synchrotron, and thermal
dust). As a result, it was baptised the “Anomalous Microwave Emission” (AME). Since then, AME was detected
in various interstellar environments: di↵use cirrus, dense clouds, compact H ii regions, star forming regions (e.g.,
Ghosh et al. 2012; Harper et al. 2015; Dickinson et al. 2009; Scaife et al. 2010). At the arcmin scale, AME
intensity is correlated with dust emission at mid-IR and far-IR wavelengths (Fig. 29), the carriers of which are
ultra-small grains (PAHs, a few nm in size) and bigger grains (⇠ 100�150 nm), respectively. A number of models
have been proposed to explain the AME and so far, even if still questioned (Hensley & Draine 2016), the most
plausible is electric dipole radiation from rapidly spinning PAHs (a.k.a. spinning dust, Draine & Lazarian 1998;
Ali-Häımoud et al. 2009; Ysard & Verstraete 2010). However, only a few studies have been able to tentatively
show a better correlation between AME and PAHs than AME and bigger grains in a handful of clouds (Ysard et
al. 2010; Harper et al. 2015). It is also di�cult to tackle the environment physical properties responsible for
the thermal and rotational excitation of PAHs, leading to mid-IR emission and AME, respectively. A large part
of these di�culties arises from the lack of angular resolution of the existing facilities. With a frequency coverage
up to 24 GHz and an angular resolution down to a few arcsecs, the SKA1-MID is perfectly suited to study
AME and has the potential to deliver unique science for AME. Sensitive and high resolution SKA observations
of dense clouds would give a clear picture of AME. AME studies would also benefit from the SKA bands 3 and
4 at lower frequency since they would allow us to distinguish AME from free-free and synchrotron emissions.
Combined with higher frequency data (e.g., ALMA band 1 at 30 GHz and Spitzer IRAC in the mid-IR), it would
be possible to establish the full spinning dust SED for a variety of targets. Once the spinning dust hypothesis
would be confirmed, it would be possible to use this original tracer of PAHs as a new probe of the ISM. Indeed,
the rotational excitation of PAHs depend on a number of parameters otherwise di�cult to constrain: PAH size
and electric dipole moment distributions, interstellar radiation field, H+ and C+ density, photoelectric emission,
and H2 formation. All these parameters are significant inputs when one tries to understand the chemical and
dynamical properties of interstellar clouds.

Dust in protoplanetary disks

Protoplanetary disks, rich in gas and dust, are the birthplace of planets and therefore of life itself. Dust grains
play an important role in disk evolution: their settling and growth are the first steps towards the formation of
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Ali-Häımoud et al. 2009; Ysard & Verstraete 2010). However, only a few studies have been able to tentatively
show a better correlation between AME and PAHs than AME and bigger grains in a handful of clouds (Ysard et
al. 2010; Harper et al. 2015). It is also di�cult to tackle the environment physical properties responsible for
the thermal and rotational excitation of PAHs, leading to mid-IR emission and AME, respectively. A large part
of these di�culties arises from the lack of angular resolution of the existing facilities. With a frequency coverage
up to 24 GHz and an angular resolution down to a few arcsecs, the SKA1-MID is perfectly suited to study
AME and has the potential to deliver unique science for AME. Sensitive and high resolution SKA observations
of dense clouds would give a clear picture of AME. AME studies would also benefit from the SKA bands 3 and
4 at lower frequency since they would allow us to distinguish AME from free-free and synchrotron emissions.
Combined with higher frequency data (e.g., ALMA band 1 at 30 GHz and Spitzer IRAC in the mid-IR), it would
be possible to establish the full spinning dust SED for a variety of targets. Once the spinning dust hypothesis
would be confirmed, it would be possible to use this original tracer of PAHs as a new probe of the ISM. Indeed,
the rotational excitation of PAHs depend on a number of parameters otherwise di�cult to constrain: PAH size
and electric dipole moment distributions, interstellar radiation field, H+ and C+ density, photoelectric emission,
and H2 formation. All these parameters are significant inputs when one tries to understand the chemical and
dynamical properties of interstellar clouds.

Dust in protoplanetary disks

Protoplanetary disks, rich in gas and dust, are the birthplace of planets and therefore of life itself. Dust grains
play an important role in disk evolution: their settling and growth are the first steps towards the formation of

65

characterise their properties in all interstellar phases and how they do evolve from one phase to the other, and
second to provide critical inputs for other areas of Galactic astronomy (see the other sections of this chapter).
We will outline two key science topics for which SKA1 will advance our understanding of dust: the Anomalous
Microwave Emission and the grain growth in protoplanetary disks towards the formation of the rocky cores of
planets.

Figure 29: Left: maps of LDN1622 from GBT 13.7 GHz, Herschel 250 µm, and Spitzer 8 µm observations.
Right: theoretical spinning dust emissivity for various interstellar environments from di↵use (CNM, WNM, WIM
with increasing gas temperature) to dense (MC) and for a photodominated region (Orion Bar). Maps adapted
from Harper et al. (2015) and spectra from Ysard et al. (2010).

Anomalous Microwave Emission

In the late 1990s, a new emission component was detected between 10 and 50 GHz, which could not be explained
by the traditional emission mechanisms known in this frequency range (CMB, free-free, synchrotron, and thermal
dust). As a result, it was baptised the “Anomalous Microwave Emission” (AME). Since then, AME was detected
in various interstellar environments: di↵use cirrus, dense clouds, compact H ii regions, star forming regions (e.g.,
Ghosh et al. 2012; Harper et al. 2015; Dickinson et al. 2009; Scaife et al. 2010). At the arcmin scale, AME
intensity is correlated with dust emission at mid-IR and far-IR wavelengths (Fig. 29), the carriers of which are
ultra-small grains (PAHs, a few nm in size) and bigger grains (⇠ 100�150 nm), respectively. A number of models
have been proposed to explain the AME and so far, even if still questioned (Hensley & Draine 2016), the most
plausible is electric dipole radiation from rapidly spinning PAHs (a.k.a. spinning dust, Draine & Lazarian 1998;
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What are the properties of dust grains in the different phases of the ISM and how do they evolve?  
What is the nature of the “anomalous microwave emission”?

AME: microwave emission correlated with infra-red dust emission; most likely PAHs — still debated!


What are the real carriers of AME?

SKA will provide the high angular resolution to observe dense clouds - key to advance in these studies


Confirmation of AME mechanism would make this emission a new probe of ISM physics

[Harper+2015]
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Dust evolution in the interstellar medium — protoplanetary disks

How do dust grains grow to pebble size in disks?

Figure 30: Left panel: sketch of a protoplanetary disk giving the main sources of continuum emission from the
infrared to radio domains, the processes for grain growth, and the scales probed by various facilities in nearby
star forming regions. Right panel: 1 to 3 mm spectral index ↵ versus 1 mm flux of disks in nearby star forming
regions and for the di↵use ISM. Low values of ↵ indicate grain growth. Reproduced from Testi et al. (2014).

the rocky cores of planets. It is thus quite central to characterise their size and structure as a function of their
location in the disks. The main observational proof of grain growth is the decrease of the mm-cm mass opacity
spectral index from the di↵use ISM to very dense disks (Fig. 30). Observations have revealed that grains can
grow up to pebble-size (e.g., Ricci et al. 2010), which is di�cult to explain theoretically due to the radial drift
of solids towards the central star. One way to overcome this problem is dust trapping in pressure maxima (e.g.,
Fromang & Nelson 2005). Observations also showed a radial dependence of the grain size in protoplanetary disks
(Guilloteau et al. 2011). All these previous observational results imply that the only way to achieve breakthrough
science in dust studies is to perform spatially resolved observations of disks at low frequency. For the first time,
it will be possible to resolve disks in the microwave domain using SKA1-MID. SKA is also able to detect and
spatially resolve the wind emission (see Fig. 30) which has to be subtracted very accurately to study the dust
properties. Combined with ALMA observations, SKA1-MID observations would allow us to radially trace grain
growth down to a resolution of a few AU in nearby star forming regions. This kind of observational constraints
are crucial to ascertain whether dust trapping is a realistic explanation for grain growth to the biggest sizes and
also to determine timescale for the formation of the rocky cores of planets. Finally, mid-IR observations of disks
around Herbig Ae/Be stars have shown that a big amount of mass can be trapped in nanometer-sized particles
(e.g., Harbart et al. 2006). Detecting spinning dust emission from disks with SKA1-MID would allow us to better
constrain their properties and the origin of this small grain population.
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2.3.6 Faraday tomography

In the past few years, Galactic magnetism has become a recognised and rapidly growing field of research in
astrophysics – an evolution that was made possible by the great improvements in observational capabilities and
in computational power. However, observations of the Galactic magnetic field face several important di�culties.
Indeed, the classical methods relying on Faraday rotation, synchrotron emission, and dust polarisation are neither
direct (they involve the density of free electrons, cosmic-ray electrons, or dust) nor complete (they give only
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 SKA will for the first time resolve disks in the microwave domain + detect wind emission

Trace grain growth down to a few AU scales


SKA will tell us more about AME in protoplanetary disks!

PAHs? Nano-diamonds? [Greaves+2018, Hoang+2018]


 SKA will detect numerous complex organic molecules (e.g. HCnN) in low-mass protostars 

SKA2 (higher sensitivity and higher frequency coverage) to hope to detect glycine! 



Conclusion

 SKA will revolutionise our understanding of the Galactic ISM 

The French ISM community has unique expertise (White Book) 
and will be able to carry out new science with the SKA

Thank you!


