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We know that magnetic fields are pervasive across all scales in the Universe and over all of cosmic
time and yet our understanding of many of the properties of magnetic fields is still limited. We do
not yet know when, where or how the first magnetic fields in the Universe were formed, nor do
we fully understand their role in fundamental processes such as galaxy formation or cosmic ray
acceleration or how they influence the evolution of astrophysical objects. The greatest challenge
to addressing these issues has been a lack of deep, broad bandwidth polarimetric data over large
areas of the sky. The Square Kilometre Array will radically improve this situation via an all-
sky polarisation survey that delivers both high quality polarisation imaging in combination with
observations of 7-14 million extragalactic rotation measures. Here we summarise how this survey
will improve our understanding of a range of astrophysical phenomena on scales from individual
Galactic objects to the cosmic web.
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Giardini Naxos, Sicily, Italy
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1. Magnetism Science

Magnetism science can be considered on a variety of scales and the origin and evolution of
magnetic fields in the Universe is one of the great outstanding mysteries of modern astrophysics.
We do not yet know how magnetic fields first arose in the Universe, nor if these fields formed via
a top down or bottom up process. Although we are aware that magnetic fields manifest in a range
of astrophysical objects, over vastly differing physical scales from the Mpc-scale halos in galaxy
clusters to sub-pc scale jet features in radio galaxies, we are still speculating as to how those fields
are important in the ongoing life-cycles of these objects. Additionally, understanding magnetic
fields and their associated signatures in radiation fields is of crucial importance for experiments
to detect and characterise the Epoch of Reionisation, and for models of inflation theory using
B-mode polarisation of the cosmic microwave background radiation. The detailed properties of
cosmic magnetic fields are fundamental to resolving the enduring mystery of the origin of ultra-
high energy cosmic rays, and the Square Kilometre Array (SKA) will provide this information.
Finally, wide-area surveys have the potential to unveil the magnetic field of the cosmic web itself.

Although there are several methods for observing magnetic fields in other parts of the electro-
magnetic spectrum (e.g. optical polarisation, IR polarisation, observations of synchrotron emission
in the optical and X-ray) or indirectly inferring the presence of magnetic fields (e.g. observations of
magnetic Kelvin-Helmholtz or Parker instabilities (Vikhlinin et al. 2001) or Zeeman splitting (Ro-
bishaw et al. 2015)), all of these methods are limited in both their accuracy and range. Fortunately,
observations in the radio are able to detect and characterise magnetic fields to high precision across
much of the history of the Universe.

Historically, however, it has been difficult to undertake detailed studies of the magnetic fields
of large numbers of objects due to limits in sensitivity, resolution and difficulties with polarisation
calibration of the current generation of radio telescopes. Additionally, understanding the complex
nature of polarised signals was difficult prior to the advent of techniques to allow us to probe
Faraday spectra generated by rotation measure synthesis and to statistically disentangle effects of
the line-of-sight foregrounds. With the current generation of new or upgraded instruments, along
with better analysis techniques and improvements in computer modelling, we are starting to see
an increase in the type and quantity of polarisation science that can be undertaken. Polarisation
surveys on current instruments such as the Polarisation Sky Survey of the Universe’s Magnetism
(POSSUM) (Gaensler et al. 2010) on ASKAP (Hotan et al. 2014), the polarisation analysis of
the GaLactic and Extragalactic All-sky MWA (GLEAM) survey (Wayth et al. 2015) on the MWA
(Tingay et al. 2013) and the Multifrequency Snapshot Sky Survey (MSSS) (Heald et al., in prep.)
on LOFAR (van Haarlem et al. 2013) as well as smaller experiments on such instruments (Bernardi
et al. 2013; Jeli¢ et al. 2014) will lay the foundations for an unprecedented period of magnetism
science. The first phase of the SKA will take this work one step further providing instruments with
high sensitivity, large bandwidths and good sky coverage, moving us into the "Era of Precision
Magnetism Science’.

In order to exploit the vast potential of the SKA for magnetism science, the greatest priority
for the magnetism community is a polarisation survey of the entire observable sky that provides
both the polarisation properties of objects and the associated rotation measures. In fact, the goal
of conducting an all-sky polarimetric survey on the Square Kilometre Array has been a mainstay
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for cosmic magnetism science for over a decade (Gaensler et al. 2004; Feretti & Johnston-Hollitt
2004). The resultant rotation measure (RM) grid continues to provide a compelling observational
target to understand both the polarised sources themselves, and as a means to statistically probe
numerous important extended foreground sources including the Milky Way, Magellanic Clouds,
clusters of galaxies, the lobes of giant radio galaxies, external galaxies and perhaps even the elu-
sive warm-hot intergalactic medium (WHIM). A suitably dense RM grid will provide information
along the entire line of sight which, combined with improved statistical techniques, will allow us
to answer such outstanding science questions as:

e What is the mechanism to generate and sustain magnetic fields in the Milky Way, Magellanic
Clouds and other nearby galaxies?

e How do magnetic fields influence galaxy formation and evolution?

e How do magnetic fields manifest in HII regions, supernova remnants, planetary nebulae and
high velocity clouds in the Milky Way?

e Over what scales and at what strengths are magnetic fields generated in galaxy clusters and
how does this correlate with cluster dynamical state?

o What is the large-scale structure of the magnetised Universe and can we statistically detect
the magnetic fields in the cosmic web?

e What is the evolution of magnetic fields in intervening galaxies and clusters over cosmic
time?

Here we will explore the science to be derived from a polarisation survey and the associated
RM grid on the Phase 1 SKA and discuss the survey parameters needed to achieve characterisation
of the most scientifically interesting objects.

2. Polarisation Science

In this section we will summarise the polarisation science priorities that have been identified
for the SKA. We have grouped the topics in terms of the physical scale:

e Large scales (~Mpc): galaxy clusters and the cosmic web,
o Intermediate scales (<kpc): the Milky Way and nearby galaxies, and

e Small scales (kpc to pc): pulsars, masers, supernova remnants, high velocity clouds, shells
and bubbles in the Milky Way and other galaxies.

2.1 Galaxy Clusters and the Cosmic Web

We know there are magnetic fields permeating galaxy clusters on Mpc-scales via the presence
of diffuse synchrotron emission seen as either central radio halos or peripheral radio relics, and
via the statistical increase in rotation measures seen through cluster lines of sight (Hennessy et al.
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Figure 1: Statistical observations of RMs through galaxy clusters; left panel - observations of 22 clusters
with 1-2 RMs per cluster, blue and black points are from Clarke et al. (2001) and red points are from
Johnston-Hollitt & Ekers (2004). The plot includes the first observations through a radio relic showing an
enhanced RM denoted by the two circled red points on the plot and in the inset showing their location in the
relic (Johnston-Hollitt 2004); middle panel - observations of RMs through a single cluster, Coma (Bonafede
et al. 2010, 2013) the region of the Coma relic is shown by dashed lines; right panel - predicted number of
RMs through a Coma-like cluster as seen with the SKA in Phase 1 (Bonafede et al. 2015). The arrow at the
bottom indicates the improvements to this type of work over time going from having only a statistical sample
over many clusters 15 years ago to over 10 RMs per cluster in 2010 to finally several tens of RMs per cluster
in the SKA era. Note the Galactic RM contribution has been estimated and removed in data presented in the
left and middle panel using the latest results from Oppermann et al. (2012).

1989; Kim et al. 1991; Clarke et al. 2001; Johnston-Hollitt 2003; Johnston-Hollitt & Ekers 2004;
Bonafede et al. 2013). However, to date, we lack detailed information on the extent or filling factors
of the magnetic fields and their relationship to or influence on the dynamical state of the cluster.
The SKA has long been thought to be an excellent tool for improving our understanding of clusters
using statistical RMs (Feretti & Johnston-Hollitt 2004), and more recently it has been shown to
allow the observation of polarised filaments in cluster halos across a range of redshifts (Govoni
et al. 2013, 2015).

Progress in our understanding of cluster magnetic fields has been hampered by lack of de-
tail regarding the contributions from foregrounds (both intrinsic and extrinsic), poor sampling of
background sources for RM measurements (a result of lack of sensitivity) and poorly sampled po-
larisation data leading to incorrect RM fits (the result of lack of bandwidth). Progress to statistically
sample cluster magnetic fields via the use of RMs of background sources has been slow but steady.
We have moved from having to amass statistical values over a number of clusters in which there
are only 1-2 measurements per cluster (Clarke et al. 2001; Johnston-Hollitt & Ekers 2004) to being
able to easily detect several sources in an individual cluster (Bonafede et al. 2013). Predictions for
SKAT1 show we will have several tens to a few hundreds of background sources to probe clusters up
to a redshift of 0.1'. Additionally, we will be able to conduct statistical studies with 1-2 RMs per

I Assuming a 1 Mpc radius and extrapolating the current polarised source counts to 4 uJy (Rudnick & Owen 2014;
Hales et al. 2014; Stil et al. 2014) gives 60-115 RMs per cluster at z=0.05 and 15-30 at z=0.1, very large, nearby clusters
like A3266 would have 180-360 background RMs.
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Figure 2: Schematic of a nearby galaxy cluster showing X-ray emission in purple, an extended radio source
in pink, and unresolved radio sources in white if unpolarised and gold if polarised. Different path lengths
to polarised sources are marked including unresolved background radio galaxies (dashed lines), unresolved
embedded sources (dot-dashed lines) and extended embedded sources such as large tailed radio galaxies, the
lobes of which are polarised and can be used as screen to examine the cluster magnetic field (solid lines).
The wealth of sources located at different locations within the ICM will allow the first Faraday tomography
of the magnetic field in galaxy clusters.

cluster out to a redshift of 0.5, this is important to understand the way magnetic fields grow in the
intracluster medium (ICM). The vast increase in the number of RMs available in the outskirts of
clusters will also allow measurements through magnetic fields in the cluster relics that are thought
to be generated by shocks. Observations have shown relics to have highly aligned magnetic fields
running perpendicular to the direction of shock propagation. To date only observations through the
NW relic in A3667 have shown an increase in RM (Johnston-Hollitt 2004), but simulations pre-
dict such enhancements will be readily detectable, particularly with SKA2 (Bonafede et al. 2015).
Observations of relic RMs combined with RMs of sources seen in projection through relics will
greatly assist in disentangling the shock geometry and allow the first statistical samples of the mag-
netic fields in shocks to be constructed. Figure 1 provides a schematic to illustrate the improvement
in background RMs seen through cluster magnetic fields commencing in 2000 and going through
to the expected SKA levels in 2020. By allowing detailed measurements of the magnetic field
strength and distribution of individual galaxy clusters, the door is opened to examine changes in
the magnetic field as a function of other cluster properties such as X-ray luminosity/mass, dynami-
cal state and importantly will allow us to determine the radial profile of the field and its connection
to the gas density.
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For nearby galaxy clusters (z < 0.1) we will have sufficient sources in both the background
and embedded within the ICM to perform Faraday tomography of the magnetic field of the cluster.
In particular, we will have a host of background sources, embedded point sources and embedded
extended sources such as tailed radio galaxies with which to probe different path lengths through
the ICM (see Figure 2). The use of embedded cluster sources to probe the magnetic field has
already occurred in a few isolated examples (Guidetti et al. 2008; Pizzo et al. 2011; Pratley et al.
2013), but to date we have been unable to undertake the detailed tomographic studies the SKA
will allow. In fact, not only will the SKA allow Faraday tomography of the field via the use of a
large number of sources as probes to the cluster RM, the resolved structures in some tailed radio
galaxies such as the so-called ‘corkscrew’ radio galaxies could potentially provide information on
the magnetic field in clusters over very small scales (Johnston-Hollitt et al. 2015a,b).

Moving away from statistical studies, the SKA will also allow detailed mapping of the mag-
netic fields associated with cluster relics and potentially even halos which are expected to be de-
tected in large numbers (Cassano et al. 2015). Whilst we have seen polarised filamentary structure
in only two cluster halos (Govoni et al. 2005; Bonafede et al. 2009), we expect the SKA, and in
particular SKA2, to have sufficient sensitivity to image such structures (Govoni et al. 2013, 2015),
potentially at a range of redshifts>. This provides the exciting possibility to measure the evolution
of central cluster fields as a function of time, examining variables such as changing strength, degree
of order, turbulence scales and power spectra. Magnetic fields in galaxy clusters are thought to be
turbulent and thus will produce characteristic Faraday depth spectra observable with sufficiently
high resolution in Faraday depth space, using the SKA an examination of clusters will thus be able
to disentangle different spectral templates attacking questions about field geometries, in particular
questions surrounding the existence of asymmetry and vertical components to the field.

Looking on the largest scales, one of the most exciting challenges for the SKA is to discover
and characterize the WHIM in the cosmic web, which is the last, major unproven piece predicted
by standard inflationary cosmology. Since it is likely that the intergalactic magnetic field (IGMF)
permeates the WHIM in the cosmic web (Ryu et al. 2012), in the coming decades the SKA will
be the most promising facility to discover and characterize such fields. Direct imaging of the
cosmic web has been shown to finally be a possibility with SKA1 (Vazza et al. 2015; Giovannini
et al. 2015) and it will also be possible to measure the dispersion measure (DM) of the WHIM
via fast radio bursts (Macquart et al. 2015), however, we also expect to detect the statistical RM
signal (Taylor et al. 2015). Previous attempts to detect the statistical RM have been difficult due
to foreground contamination (Schnitzeler 2010; Xu & Han 2014), but the dense RM grid obtained
with the SKA dramatically improves the ability to account for intervening foregrounds and the
broad bandwidths of the telescope provide an opportunity to select sources passing through the
WHIM (Akahori et al. 2014b) based on Faraday depolarisation and Faraday tomography (Gaensler
et al. 2015). The detection of the IGMF and the resultant comparison with theoretical predictions
(Akahori et al. 2014a) will be a breakthrough in our understanding of the way in which magnetic
fields assemble on large-scales in the Universe.

2The ability to detect polarised emission in filaments is a function of the resolution and sensitivity, for SKA1 we
expect to be able to see polarisation from only the most luminous radio halos (Lj 4 > 3 x10%°> W/Hz), while SKA2 will
be able to achieve similar results for intermediate brightness halos (Lj 4 > 2 x 102* W/Hz) see Govoni et al. (2015) for
further details.
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Figure 3: Top projection: The RM sky in Galactic coordinates as interpolated from ~1000 extragalactic
RMs over a decade ago (Johnston-Hollitt 2003; Johnston-Hollitt et al. 2004). Middle projection: The RM
Sky as determined from more sophisticated signal processing methods for ~40,000 extragalactic RMs (Op-
permann et al. 2012, 2015). Note that the large-scale features of the field are largely unchanged between
the top and middle panel, but the small scale information regarding the magnetic field of the Milky Way is
greatly improved with a higher density of RMs. The bottom panel denotes that an all sky RM survey on
SKA phase 1 with a sensitivity of 4 puJy/beam at 2" resolution should provide 7-14 million extragalactic
RMs with which to probe the RM sky. Red colour scales denote positive RMs and magnetic fields coming
out of the plane of the sky, whilst blue colours denote negative RMs and fields going into the plane of the
sky.

For further information see the following chapters in the 2015 SKA Science Case: Bonafede
etal. (2015); Cassano et al. (2015); Gaensler et al. (2015); Giovannini et al. (2015); Govoni et al.
(2015); Johnston-Hollitt et al. (2015a); Macquart et al. (2015); Taylor et al. (2015); Vacca et al.
(2015); Vazza et al. (2015).

2.2 Magnetic Field of the Milky Way

Mapping the magnetic field of the Milky Way has been steadily improving over the last decade.
The use of extragalactic background sources, embedded pulsars and observations of the diffuse
synchrotron emission in polarisation surveys (Reich et al. 2004; Haverkorn et al. 2006; Stutz et al.
2014) have all played important roles in examining the large-scale magnetic field of our Galaxy
(Stil et al. 2011; Oppermann et al. 2012). Such work continues to reveal surprising and previously
unknown features such as giant magnetised outflows (Carretti et al. 2013), and has permitted map-
ping of the magnetic field in a range of discrete Galactic objects (McClure-Griffiths et al. 2010;
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Harvey-Smith et al. 2011; Purcell et al. 2015) and given the first information on the Mach number
of Galactic turbulence (Hill et al. 2008; Gaensler et al. 2011). Despite these advances, many ques-
tions as to the exact field configuration remain, including controversy surrounding the direction of
the large-scale regular field in the spiral arms, details of the field in the Galactic centre and infor-
mation on the power spectrum of the turbulent field. The SKA will resolve many of these questions
and allow the first reconstruction of the 3D field via detailed Faraday tomography using external
and embedded sources.

The leap forward that SKA will provide in our attempts to reconstruct the magnetic field of
the Milky Way cannot be overstated. In the last decade, we have moved from initial attempts to
reconstruct the large-scale field using only ~1000 RMs gathered from inhomogeneous observations
combined with relatively simple interpolation (Johnston-Hollitt et al. 2004) to having access to
~40,000 RMs (Taylor et al. 2009) and advanced statistical techniques (Oppermann et al. 2012,
2015). Improving the sampling rate by a factor of 40 to the level of 1 source per square degree
has facilitated a tremendous leap forward for Galactic magnetism (see Figure 3), the phase 1 SKA
will further improve the sampling rate by over two orders of magnitude, providing an astounding
7-14 million discrete RMs at a sampling rate of approximately 230 to 450 sources per square
degree. Additionally, SKA1 is expected to increase the number of Galactic pulsars by a factor of 5
(Keane et al. 2015) taking the total to roughly 10,000. Parallax measurements will provide accurate
distances to a large number of pulsars distributed through the Galaxy (Smits et al. 2011; Keane et al.
2015; Janssen et al. 2015). As with observations of nearby galaxy clusters, combining the rotation
measure information from extragalactic background sources and embedded pulsars at precisely
known locations will allow an unprecedented 3D reconstruction of the magnetic field of the Milky
Way and will resolve uncertainties around field reversals in the spiral arms and complexity in
the field configuration in the Galactic Centre as well as provide detailed constraints on the power
spectrum of the Galactic magnetic field (Haverkorn et al. 2015; Han et al. 2015).

For further information see the following chapters in the 2015 SKA Science Case: Haverkorn
etal (2015); Han et al. (2015).

2.3 Magnetic Fields on kpc to pc star forming scales

As noted above, the currently available extragalactic RMs have a density of roughly 1 source
per square degree which has been sufficient to obtain information on the magnetic fields in a host
of Galactic objects including supernova remnants, HII regions, high velocity clouds, star forming
regions and shells and bubbles in the Milky Way. As we move to sampling at a rate of approxi-
mately 230 to 450 sources per square degree we have the opportunity to probe a huge number of
discrete Galactic objects on kpc to pc scales in both the Milky Way and the Magellanic Clouds (see
Haverkorn et al. (2015) for further details). Theoretical models suggest that magnetic fields play a
vital role in the evolution of dense molecular clouds and the associated star formation within them,
this is supported by the extraordinarily close radio—IR correlation observed locally within galaxies
(Tabatabaei et al. 2013). The generation of small-scale magnetic fields by supernova-induced tur-
bulence is one possible scenario to explain this correlation, or it may be that a more fundamental
relation exists between magnetic fields and molecular gas. Investigating these relations both within
the Milky Way and nearby galaxies is crucial to understanding the role of magnetic fields in the
structure formation of the molecular interstellar medium (ISM), and in particular, the formation of
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100 rad/m”"2

Figure 4: Examples of information that the proposed polarisation survey will provide on the magnetic field
of nearby galaxies using different techniques. Top left: Rotation measure values overlaid with polarisation
vectors for NGC 6946 (Heald 2012). Top middle: Magnetic field lines from synchrotron polarisation obser-
vations overlaid on an optical image of IC342 (Beck 2015b). Top right: rotation measures associated with
NGC 6946 (Beck 2007). Bottom left: Total radio emission and magnetic field vectors of the edge-on galaxy
NGC 891 overlaid on the optical image from CFHT (Krause 2009). Bottom middle: Contours of the strength
of Faraday dispersion for NGC 6946 overlaid on Ho emission (Williams et al. in prep). Bottom right: Ex-
tragalactic rotation measures seen in projection through the Large Magellanic Cloud (Gaensler et al. 2005).
Note the colour scales of some images have been altered from the original to better highlight features.

giant molecular clouds that are the cradles of massive star formation. Observations of the in-situ
synchrotron radiation emitted by dense molecular clouds is also a possibility with SKA (Dickinson
et al. 2015) and imaging the polarised emission from such clouds will provide constraints on the
internal magnetic fields and their distribution in these clouds, which will be crucial to addressing
questions regarding the effect of magnetic fields in star formation.

For further information see the following chapters in the 2015 SKA Science Case: Dickinson
etal. (2015); Haverkorn et al. (2015).

2.4 Magnetic Fields in Nearby Galaxies

Ordered magnetic fields of spiral shape are observed in all spiral galaxies and even in floccu-
lent galaxies without a spiral pattern in the gas (Beck 2015a). Ordered magnetic fields are generally
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strongest in the regions between the material spiral arms, in some cases forming ‘“magnetic arms”
with exceptionally high degrees of polarisation (Beck & Hoernes 1996). Although models of large-
scale (mean-field) dynamos can basically explain these phenomena (Chamandy et al. 2015; Moss
et al. 2015), the physics of galactic dynamos is still far from being understood. Present-day MHD
models (including dynamo action) can achieve resolutions of the physically relevant scale of turbu-
lence of a few tens of pc within kpc-size boxes of the ISM (Gent et al. 2013). Global MHD models
including gravitational instabilities like bars and spiral arms, and MHD models of galaxy evolution
are still to come.

In contrast with simplistic models, real galaxies have complex field patterns that can be de-
scribed by a power spectrum of Fourier modes imprinted in Faraday rotation measures. Field
reversals, density waves, bars and mergers also leave specific signatures in the power spectrum
which SKA will be sensitive to. Field reversals between spiral arms on scales of several kpc, like
that observed in the Milky Way, have not been detected in external galaxies so far. Such reversals
could be present as relics from the early epoch of galaxy evolution, or triggered by a major merger.
The number and extent of field reversals may provide new insight into the history of galaxies. RM
data with high spatial resolution (less than about 100 pc) are required for a systematic investigation
of these phenomena.

The formation of spiral arms is another area where the role of magnetic fields is an open
question. Density waves including magnetic fields have two modes of propagation (Lou & Fan
1998). In the fast MHD mode, magnetic field waves that are in-phase with the gas waves may
stabilize spiral arms. The out-of-phase magnetic fields of slow MHD waves may become unstable
and develop into Parker loops which can be observed via azimuthally periodic variations in Faraday
rotation measures (Beck 2015b).

High-resolution polarisation images of nearby galaxies are needed to study and understand the
physics of large- and intermediate-scale interstellar magnetic fields, supplementing observations of
local small-scale magnetic fields in the Milky Way. There are three basic techniques that we can
employ to explore the magnetic field in nearby galaxies.

The first and most straightforward approach is direct imaging of the polarised synchrotron
emission emitted by a galaxy to reveal the features in the large-scale ordered fields in the plane
of the sky, preferably at high frequencies (above 3 GHz) where the angular resolution is highest
and the effects of Faraday rotation and depolarisation are sufficiently small to observe the field’s
intrinsic orientation and degree of order.

A complementary approach at somewhat lower frequencies is to investigate the polarised emis-
sion and its variation across a wide frequency band. The resulting Faraday rotation measure and
frequency-dependent depolarisation can be used to examine the detailed internal structure of the
magnetoionic medium, both across the galaxy and along the line-of-sight via Faraday tomogra-
phy (Heald et al. 2015). Details that can be studied include the coherence length of the line-of
sight magnetic field, the large-scale three-dimensional magnetic field structure including the verti-
cal structure of magnetic fields and the properties and dynamical impact of magnetic fields in the
disk-halo interface of star forming galaxies. To achieve excellent resolution in Faraday depth, we
require a wide coverage in A2, i.e. wide frequency coverage in a lower frequency band (such as
proposed for the polarimetric sky survey).

Finally, as with the Milky Way, we can use the RMs of polarised background galaxies to obtain

10
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information about the magnetic field in the foreground galaxy, averaged along the line-of-sight (the
“RM grid” approach). Because this method does not depend on the occurrence of synchrotron-
emitting cosmic-ray electrons (CREs) in the foreground galaxy, it can also be exploited to detect
and study magnetic fields in the outer regions of galaxies where CREs cannot reach, providing
comprehensive information about the extent to which magnetic fields are expelled by outflows at
these large radii.

Figure 4 provides examples of each technique. These methods are highly complementary
and provide us with the unique opportunity to better understand the magnetic field in a range of
galaxies. SKA will permit observations of nearby galaxies using these techniques at kpc resolution
out to a redshift of at least 0.025, providing a comprehensive sample of all galaxy field geometries
in the local volume.

For further information see the following chapters in the 2015 SKA Science Case: Beck et al.
(2015); Heald et al. (2015).

2.5 Magnetic Fields in Active Galactic Nuclei and the Faint Polarised Sky

The lobes and jets of Active Galactic Nuclei (AGN) are rich laboratories to investigate a range
of phenomena associated with magnetised plasmas. The polarisation survey on SKA1 will image
and provide RMs for a vast number of AGN across cosmic time allowing a diverse set of studies
including direct imaging of the magnetised lobes and jets of nearby galaxies, examination of the
rotation measure structure (Guidetti et al. 2008, 2012; O’Sullivan et al. 2013) and depolarisation
characteristics (Fomalont et al. 1989) across such lobes, use of the lobes themselves as Faraday
screens to investigate their local environment, and use of background galaxies to probe structure
within the lobes (Feain et al. 2009). Maps such as the spectacular image of Fornax A shown
in Figure 5, which shows the rich depolarisation structure evident across the radio lobes, will be
possible for all nearby radio galaxies. Such data allow exploration of structure within the lobes
themselves and detection of local depolarising screens (e.g. the ‘ant’ in the western lobe of Fornax).
A census of such emission as a function of cosmic time will provide constrains on the environment
surrounding these sources (Gaensler et al. 2015; Taylor et al. 2015).

The SKA will enable observations an order of magnitude deeper than current instruments and
the observations will be carried out over a large enough area of the sky to provide a statistical
overview of the magnetic properties of the faint radio source population. Deep imaging with SKA1
will probe the polarised properties of normal galaxies to high redshifts allowing us to monitor their
evolution of these properties over cosmic time and to investigate when magnetic fields in galaxies
first emerged and how quickly they were amplified. A deep survey capable of probing star forming
galaxies over a wide range of redshifts will capture the population in different stages of evolution.
In particular, we will observe galaxies as they convert gas to stars, a process which is believed to
be strongly tied to their magnetic properties.

Additionally, examining the polarisation properties of active galaxies over cosmic time pro-
vides a powerful tool to constrain jet magneto hydrodynamic and emission models. Deep SKA
surveys will thus present the first opportunity to address the longstanding problem of the compo-
sition of AGN jets, and their plasma acceleration using large, well designed samples. With such a
survey we will be in the ideal position to finally understand the effect of increasing fractional po-
larisation with decreasing flux density/observational frequency, an effect that suggests there must
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Figure 5: Fornax A shown here in a hue-intensity plot in which flux is represented by intensity and frac-
tional polarisation is represented as hue with regions of high depolarisation appearing red. The depolarisation
structures presented here result from a range of phenomena including internal depolarisation in the lobes,
depolarisation due to foreground gas (e.g. the ‘ant’ in the western lobe) or intervening galaxies and instru-
mental beam depolarisation (Fomalont et al. 1989). SKA1 will routinely produce information across the
resolved lobes of radio galaxies.

be either changes in the internal source field structure or their Faraday screens, likely related to the
immediate environment of the galaxy. Furthermore, deep SKA surveys will probe the AGN popula-
tion to redshifts of up to 10, capturing these sources at a time when the interstellar and intergalactic
media were considerably denser than the present day. Observing these frustrated sources as they
attempt to break out of their host galaxies provides an exciting and potentially unique opportunity
to probe not only the magnetic fields, but also the surrounding intergalactic medium (Gaensler et al.
2015; Taylor et al. 2015).

Finally, although we will get the first hints of the magnetic field in the cosmic web through
the wide-field polarisation survey, the challenging nature of detecting such faint RMs will be most
appropriately ameliorated via a deep survey at high Galactic latitudes, away from galaxy clusters
(Taylor et al. 2015).

Even with the sensitivity and depth of the SKA there will be a significant population of objects
for which no polarisation signal is detected. Recent work on the faint polarised source population
has shown that information can still be obtained on the polarisation properties of these faint sources
via stacking analysis (Stil et al. 2014). In the context of the SKA stacking provides an extension
to the results of deep surveys, particularly regarding understanding the fractional polarisation as a
function of redshift and as a means to investigate the polarisation luminosity function (Stil & Keller
2015).

For further information see the following chapters in the 2015 SKA Science Case: Agudo et al.
(2015); Gaensler et al. (2015); Laing (2015); Peng et al. (2015); Stil & Keller (2015); Taylor et al.
(2015).
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2.6 Other Magnetism Science

Although the wide-area polarisation survey and the associated RM grid experiment cover a
great deal of magnetism science, there are other important magnetism topics which are worth elab-
orating on here. Studies of the Zeeman effect in both emission and absorption towards atomic and
molecular clouds in the Milky Way with SKA1 will provide information on the magnetic field in
the warm and cold, neutral components of the Galaxy while Zeeman observations of OH masers
provide information on large-scale galactic fields (Robishaw et al. 2015). Thus all Zeeman ob-
servations will be highly complementary to the extensive Faraday rotation measure observations.
Looking forward to SKA?2 such work could potentially be extended to nearby galaxies and in par-
ticular observations of megamasers are expected to extend out to z = 1.

Finally, one intriguing possibility is to use the SKA to probe the nature of dark matter in cosmic
structures, from dwarf galaxies to galaxy clusters. Under the assumption that dark matter annihila-
tion produces an observable component to the synchrotron emission detected in cluster and galaxy
halos on top of that generated from cosmic rays and star formation, we should detect low-level
polarised emission associated with these structures. This is especially the case for (sub-)structures
with low star formation activity or cosmic ray density. Studying the magnetic fields in clusters and
galaxies is therefore crucial to disentangling the dark matter particle density from the magnetic
energy density that is contributing to the predicted annihilation-induced synchrotron emission. The
RM grid experiment will be unique in these respects being able to provide simultaneous measure-
ments of the magnetic field while putting constraints on the putative annihilation-generated radio
halo emission (Colafrancesco et al. 2015).

For further information see the following chapters in the 2015 SKA Science Case: Colafrancesco
etal. (2015); Robishaw et al. (2015).

3. Polarisation Surveys

In order to capitalise on the immense opportunity the SKA provides for magnetism science
it is vital that a polarisation survey over the entire accessible sky at 950-1760 MHz (the so-called
SKA1-MID band 2) is undertaken down to a sensitivity of 4 pJy/beam. This survey must provide
not only full polarisation imaging at 2" resolution, but also deliver the RM catalogue of the expected
7-14 million discrete extragalactic sources, or provide sufficiently calibrated data for these RMs to
be determined in post-processing. Such a survey will be a powerful legacy dataset with which to
undertake an extensive range of high impact science including the RM grid experiment, imaging of
the magnetic field of all nearby galaxies within 100 Mpc radius, detailed mapping of the magnetic
field structure in cluster relics and possibly halos, and finally the survey will probe the magnetic
field in a range of astrophysical objects from the jets and lobes of radio galaxies to supernova
remnants. This survey will thus advance a great deal of progress in a broad range of science cases
and is the highest science priority of the SKA magnetism community. We estimate that the survey
will require 2.5 years of observing time (inclusive of calibration overheads) on the SKA1-MID
instrument in South Africa. This will produce a legacy survey of vast scientific potential, not
only for magnetism, but for a host of high-priority continuum science (see Prandoni & Seymour
(2015) for further details). The polarisation survey is well suited to be undertaken in a commensal
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mode with the survey proposed by the SKA Continuum working group and with the Galactic HI
absorption grid experiment. Additionally, there is strong synergy between the observations of
nearby galaxies that will be undertaken as a matter of course in the wide-area polarisation and
continuum survey, and the spectral line observations of nearby galaxies that will also be performed
by the HI group. Comparisons of the polarisation, continuum and HI data for nearby galaxies
is pertinent to understanding the physical connections between gas, star formation, and magnetic
fields.

Additionally, we propose a series of smaller, deeper surveys to examine the polarisation prop-
erties in the very faint galaxy population and to allow an expansion of the accessible range over
which we can probe the evolution of magnetism in different classes of objects. The first of these
surveys would be a high Galactic latitude survey of order 10 square degrees from 950-1760 MHz.
Ideally such a survey would reach a depth of 75 nJy/beam at 2" resolution and would allow the first
statistically significant investigation of the faint polarised sky (see Section 2.5 for further details).
The definition of other deep survey areas will be the subject of future discussions. Finally, we note
that all continuum observations on the SKA will provide useful polarisation information and we
would encourage the SKA to provide full polarisation products, including RMs for all observations.

Looking forward to SKA2 we will have even greater sensitivity, resolution and potentially
larger bandwidths, all of which will allow another leap forward for magnetism science. We will
continue to enhance the density of sources on the RM grid, sampling at least 40 million radio
sources allowing an even finer level of detail with which to resolve magnetic fields in a diverse
range of objects. The higher spatial resolution will take us into a resolution regime which is cur-
rently only accessible with VLBI, but unlike present day VLBI will not be restricted to bright,
compact objects. This will be an almost unimaginable change in radio astronomy allowing for un-
precedented imaging of jets of AGN, magnetic fields in nearby galaxies, and detection and imaging
of the polarised component of radio halos out to redshifts close to 2 when the first clusters were
formed. Additionally, we will delve deeper into the history of the Universe in our quest to resolve
the overarching questions of where, when and how magnetic fields arose in the Universe.

4. Summary

Future wide-area radio surveys via instruments such as SKA1 will provide very sensitive and
yet observationally affordable ways to explore a wide range of science goals, including those asso-
ciated with the detection and characterisation of magnetic fields over a range of scales. The planned
polarisation survey on SKAT and its associated RM grid will give transformational science for al-
most every class of astronomical object. With this survey we will undertake a complete census of
magnetic properties in normal galaxies and AGN as a function of cosmic time, probe the detailed
physics of magnetised plasmas in both the jets of AGN and the cores of galaxy clusters, and mea-
sure RM enhancements in shock-driven relics out to a redshift of 0.5. We will conduct Faraday
tomography on the magnetic fields in clusters, nearby galaxies and the Milky Way in astounding
detail placing limits on the extent, turbulence and radial profile of these fields. Additionally, we
will undertake the first analysis of the evolution of magnetic fields in a host of objects and de-
termine their connection to other physical parameters. We will elucidate properties of the medium
surrounding AGN potentially to redshift 10 and unveil the first polarisation spectral energy distribu-
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tions. Furthermore, the phase 1 SKA will place tight constraints on the magneto-ionic turbulence in
our Galaxy, nearby galaxies and perhaps even make the first detection of the magnetic component
of the cosmic web itself.

In conclusion, the SKA’s sensitivity, bandwidths and field of view will provide a transfor-
mational capability with which to explore magnetic fields. The immensely rich polarimetric data
provided by the SKA will allow us to finally address fundamental questions relating to the original,
evolution and influence of cosmic magnetic fields on all scales in the Universe, and will mark the
start of the "Era of Precision Magnetism Science".
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