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While gravitation sustains the on-going evolution of the cosmos, it is magnetism that breaks grav-
ity’'ssymmetry and that provides the pathway to the non-thermal Universe. By enabling processes
such as anisotropic pressure support, particle acceleration, and jet collimation, magnetism has for
billions of yearsregulated the feedback vital for returning matter to theinterstellar and intergal ac-
tic medium. After reviewing recent results that demonstrate the unique view of magnetic elds

provided by radio astronomy, | explain how the Square Kilometre Array will provide data that
will reveal what cosmic magnets look like, how they formed, and what role they have played in
the evolving Universe.
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Revealing Cosmic Magnetism with Radio Polarimetry

1. Introduction: Magnetism Matters!

Most astronomical research does not explicitly incorporate the effects of magnetic elds. Nev-
ertheless, there are fundamental reasons why we need to try to understand the various roles played
by magnetism in astrophysical processes.

Zweibel [f] provides two speci ¢, clear motivations for further studies o f cosmic magnetic
elds. First and foremost, the origin of magnetic elds in the Universe is afu ndamental and un-
solved cosmologica problem [B, B]. We do not know whether the rst mag netic elds emerged
through exotic processes such as phase transitions or string cosmology, or through standard plasma
physics such as turbulence, instabilities or the battery effect. It is unclear whether the diffusion of
these seed elds throughout the Universe was then a top-down or a botto m-up process. Were mag-
netic eldsin the early Universe strong enough to moderate the formation of la rge-scale structure?
What role could these elds have played in the formation of the rst starsan d galaxies?

Second, magnetic elds are the key to answering many long-standing problems in plasma
physics and astrophysics [, B]. On the largest scales, the coherent magnetic elds that stretch
over enormous physical scales in galaxies and clusters allow us to test the extremes of dynamo
theory and turbulence. Magnetic elds are at the core of any viable theor y for the acceleration
and propagation of cosmic rays. Magnetism drives the physics, geometry and evolution of active
gaactic nuclei (AGN). And nally, a whole variety of important physical pr ocesses that drive
galactic ecology, including star formation, thermal conduction, diffusion and accretion, al rely
heavily on the strength and geometry of the ambient magnetic eld.

If our goal as astronomersis to better understand the Universe, then we need to include mag-
netic elds in our observations and in our models. In this paper, | outline some of the recent
progress and future prospects in this area. In §J}, | briey review the w ays in which radio data can
map magnetic eldsout to large distances. In §3]& 84] 1 show somerecent ap plicationsto the large-
scale magnetic elds of the Milky Way and of the Large Magellanic Cloud (LMC) , respectively.
In &8, | discuss some of the experiments on magnetic elds at intermediate and h igh redshifts that
can be conducted with the Square Kilometre Array (SKA).

2. Mapping Magnetic Fields

There are various indirect approaches to studying magnetic elds in astro physical sources
[B]. Measurements of optical starlight polarisation (e.g., [[]), polarised radio synchrotron emission
(e.g., [B]) and infrared/sub-mm dust polarisation (e.g., [H]) al characterise the structure of the
magnetic eld in the plane of the sky, B-». While this provides information on two of the three
spatial components of the eld vector, a crucial limitation of these approache sis that they al only
provide the orientation of B, but not its direction. For example, simple compression of a tangled
magnetic eld can produce a set of polarisation vectors which will appear q uite ordered, but which
have no spatia coherence.

Zeeman splitting is distinct from these other approaches, in that it measures the line-of-sight
component of the magnetic eld ( By), and can determine the direction of this eld (e.g., [10] 1I]).
However, most Zeeman experiments require long integrations, and often probe localised regions of
relatively high gas density.
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The remaining approach to studying magnetic eldsis Faraday rotation, which has proven to

be a very powerful probe of B,. Faraday rotation is a change in the linear polarisation angle of a

radio signal asit propagates through a magnetised plasma. The orientation of the observed electric
eld vector is:

©=0y+RM A% (2.1)

where A is the observing wavelength, ©q is the intrinsic polarisation angle emitted by the source,
and © isthe observed polarisation angle. The rotation measure (RM) is apath integral through the
magneto-ionised foreground: 7

RM =K neBdl (2.2)

where the free electron density, ne, and line-of-sight eld strength, By, are integrated from the
observer to the source along aline element dl, and K isaconstant. An example of Faraday rotation
seen in the polarised emission from aradio pulsar is shown in Figurefl.

Faraday rotation has three important advantages. First, as for Zeeman splitting, it provides
adirection for B, along a given sightline, allowing us to test for eld coherence if we have RM
data for several adjacent positions on the sky. Second, since Faraday effects are strongest in the
radio part of the spectrum, interstellar extinction can be disregarded, and magnetic elds can thus
be probed out to cosmological distances. Finally, Faraday rotation is an absorption experiment,
in the sense that the signal-to-noise ratio of the measurement is determined by the ux of the
polarised background source, rather than any properties of the region being studied. M easurements
of magnetic eldsinregionsthat are not easily observable directly, such a sthe Galactic halo and the

‘ ’
i/
’
’
’
ol A ]
0 /
%
i A
7
o A
& / y
i) /}/ //
~ O ’ , —
@ j/ //
i 4
7 //
/ $
@} /% //
0 - 4 / —
! //\ | | | | | J/% |
0.046 0.048 0.05 0.052 0.054

[A (metres)]?

Figure 1: Faraday rotation in the Galactic interstellar medium, seen toward the radio pulsar B1154 62 [.
The data points indicate multi-channel spectropolarimetric measurements in the 20 cm band made using the
Australia Telescope Compact Array (ATCA), while the dashed line shows the best t of Equation (2.1) to
these data. The slope of thislineisRM = +495 6 rad m 2, indicating that the mean magnetic eld along
thissightline is directed toward us.
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intergal actic medium (IGM), then become possible, provided that appropriate background sources
can be identi ed.

3. The Galactic Magnetic Field

It haslong been established that there are magnetic elds of signi cant str ength throughout the
interstellar medium of the Milky Way [[13, [I4]. Points of general consensus are that the eld has
both large-scal e (ordered) and small-scale (random) components, that the magnetic eld is concen-
trated in and is generally oriented parallel to the disk of the Galaxy, and that the ordered component
of the eld probably broadly follows the spiral arms. Studies of pulsar RMs , extragalactic RMs
and optical starlight polarisation show that the large-scale eld within akpc o f the sun is directed
clockwise (as viewed from the North Galactic Pole) 4, [[], but that the e ld in the Sagittarius-
Carina spiral arm, afew kpc closer to the Galactic Centre, is oriented counterclockwise [[L6, [L7].
Thisclearly indicatesthat alarge-scale reversal of the large-scale magnetic eld occurs somewhere
between these two arms. The presence and properties of such reversals provide crucia constraints
on dynamo theories and on the origin of galactic magnetic elds (see [18]).

For more distant parts of the Galaxy, especially beyond the Galactic Centre, the geometry
of the €d is still unclear, mainly due to the lack of known pulsars in these regio ns. Recent
studies have come to a variety of conclusions as to the overall Galactic eld ge ometry. Just to
provide a few examples: Weisberg et al. [[[9] have argued that the eld f ollows the spiral arms,
with areversal between each arm; Han et al. [R(] have proposed that the eld is a spiral, but with
reversals on both sides of every spiral arm, so that eldsin arm and inter -arm regions are directed
in opposite directions; Vall@e [2]L] has suggested that the eld is purely azimuthal rather than a
spiral, with reversals in concentric rings. As noted by Vall@e [2P], the situatian is not unlike the
early exploration of Australia, during which half the coastline had been mapped in detail, with the
more distant partstrailing off into terraincognita, as shown in Figure 7]

3.1 Polarised Extragalactic Sources

Most of the work mentioned above has relied heavily on pulsar RMs. Pulsars have several
advantages for such studies. they are at known distances (albeit with signi cant uncertainty for
individual sources), they are within the Galaxy (so that pulsars at a range of distances can be used
to make differential magnetic eld measurements), and both dispersion and Fa raday rotation of
their signals can be measured (so that the nedl term in Eqn. [R.3]) can be independently estimated).

However, pulsars aso have their limitations. Most pulsars are relatively nearby. This means
that individual H 11 regions and other dense gas clumps along the line of sight can make alarge con-
tribution to the overall RM, making it more dif cult to probe the properties of lar ge-scale magnetic
elds (e.g., [44]). The distance estimates to individual pulsars from stand ard models (e.g., [P5])
can sometimes be signi cantly in error, making it dif cult to match the magnetic eldd irectionin-
ferred from a pulsar's RM to Galactic structure such as spiral arms. Pulsars are a small population
of faint sources (there are less than 2000 known pulsars, withamedian 1.4 GHz ux of  0:5mJy),
so that the density and total number of RM sightlines that they can provide are both relatively low.
Finally, even in regions such as along the Galactic plane, where the sky density of pulsar RMsis
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Figure2: Anearly map of Australia, drawn by the French cartographer Melchis@ddech Thdvenot ( Hollandia
Nova detecta 1644; Terre Australe decouuerte I’an 1644 , Map RM 689A, [E]). Reproduced with permis-
sion of the National Library of Austraia.

higher than average, the RM sample cannot be easily smoothed to bring out large-scale structure,
because each pulsar is at a different distance.

To make substantial further progress in studying the Milky Way’s magnetism, an additional
approach is therefore needed. We have consequently undertaken a coordinated effort to greatly
expand the number of polarisation and RM measurements for extragalactic sources (i.e., radio
galaxies and AGN). These sources are at large distances, and so provide a measurement of the
Faraday rotation through the entire Milky Way aong a particular direction. In fact, the observed
RM is the sum of multiple contributions. from the source itself, from the IGM, from the Earth’'s
ionosphere, and from the Milky Way. However, in most cases, and certainly when averaged over a
large sample of such data, the rst three terms are small and can be disrega rded, and the total RM
can be used as a useful probe of the Galaxy’s magnetism.

It is important to emphasise that RM data for extragalactic sources only provides an integral
of neBidl, as per Equation (R.2). Thusiif the actual value of By is of interest, amodel is needed of
ne asafunction of | (e.g., [PT]). However, many important problems require knowledge only of the
geometry of B, without accurate estimates of its strength. Since the sign of the RM is determined
by the sign of By, the overall magnetic con guration can be studied from the RMs alone, witho ut
needing to invert the integral.

Brown et al. [6, 7| have recently completed two large surveys of extragalactic RMs behind
the Galactic plane: 380 RMsin the outer Galaxy, derived from the Canadian Galactic Plane Survey
(CGPS)! and 148 RMsin theinner Galaxy, measured as part of the Southern Galactic Plane Survey

Lhttp://www.ras.ucalgary.cal CGPS]
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Figure 3: Distribution of RMsin two strips along the Galactic plane, corresponding to the survey regions of
the CGPS (upper panel) and SGPS (lower panel) [, @] The circles mark the positions of RM measure-
ments: blue for previously measured extragalactic RMs, red for pulsar RMs, and green for new CGPS/SGPS
data. Theradius of each circle corresponds to the magnitude of the RM for that source; Iled circlesindicate
positive RMs and open circles show negative RMs. Figures are courtesy of Jo-Anne Brown.

(SGPS).2 The resuilts are shown in Figure §; the vast improvement in the sample size compared to
previous data-sets reveals a striking coherence in the large-scale magnetic eld con guration. For
the CGPS, the RMs are almost all negative, showing that the Perseus spiral arm (through which
these sources are viewed) has a clockwise magnetic eld [48]. For the SG PS, the situation is
considerably more complicated, with alternating regions of positive and negative RMs, with regions
of low jRM]j between them. The implications of the RM structure seen in the SGPS are considered
in the following section.

3.2 The Magnetic Geometry of the Milky Way

Figure 4 shows a smoothed version of the extragalactic RM data from the lower panel of
Figure. The spatial coherence of Faraday rotation as afunction of Galactic longitudeisvery clear.
There arelocal maximaof jRMj inthreedirections. * 292 ,¢ 312 and“ 338, asshown by
the dashed vertical linesin Figure . These sightlines are tangent to the Carina, Crux and Norma
spiral arms, respectively. On either side of these peaks are directions where jRMj O rad m 2,
shown by dotted linesin Figure . Superimposed on this oscillatory behaviour, is an overal large-
scale signature: for < < 304 , RMsareamost all positive, and for © = 304 , RMs are predominantly
negative (apart from some high RMs close to the Galactic Centre). This dividing lineismarked in
red in Figuref4.

Qualitatively, these patternsin RM immediately reveal s some properties of the global magnetic
eld structure of the Galaxy. The peaksin jRMj along each spiral arm demonstrate that the eld

“pttp://www.atnf.csiro.au/research/H1/sgps|
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Figure 4: RM vs. Gaactic longitude for extragalactic RMs in the SGPS region. The purple diamonds
represent smoothed RM data, with error barsindicating the standard error of the mean in each bin. The dotted
(dashed) lines indicate approximate longitudes of minimum (maximum) jRMj in the smoothed distribution.
Thered line marks the approximate transition from predominantly positive RMs (* < 304 ) to predominantly
negative RMs (“ > 304 ). Adapted from [27].

strength and/or gas density are high in these regions, while the low values of jRMj indicate low
values of these quantities in the inter-arms (see [27] for a detailed discussion). The change in
overal signof RM at © 304 suggeststhe presence of alarge scalereversal inthe eld along this
sightline. of this direction.

This is quanti ed in Figure %] where we show a joint t to extragalactic and pu lsar RMs

in the southern Galaxy, alowing a series of concentric, spiral, annuli to each have a differing
eld strength and eld direction. The best t shows that the Galactic magnetic  eld is primarily
clockwise, except for a strong counterclockwise eld in the Scutum-Crux spiral arm (and possibly
aso in the molecular ring in the inner Galaxy). Sightlines at * > 304 pass through the Scutum-
Crux arm, and are dominated by negative RMs; at * < 304 , eld lines are directed toward the
observer, and RMs are consequently positive. The qudlity of the tisind icated in Figure §, where
we compare RM data to the predictions of the model in Figure f. For extragalactic data, the model
RMs and the data match very well. For pulsars, the scatter is larger (mainly because pulsar RM
data cannot be meaningfully smoothed), but the major features are reproduced.

Thisglobal tisat oddswith earlier studies utilising smaller data-sets, in that it s uggests that
the Galaxy can be modelled with a predominantly clockwise eld, plus a single rev ersed region.
This structure isin line with what is seen also for other spiral galaxies, but needs to be veri ed by
a better mapping of extragalactic RMsin the rst Galactic quadrant.

4. TheMagnetic Field of the Large Magellanic Cloud

The LMC is also particularly amenable to extragalactic RMs as a probe of its magnetic eld,
because of itslarge angular extent (6 ) onthe sky. Gaensler et al. [9] re-analysed archival LMC
data taken with the ATCA, and extracted polarisation and RMs for 292 background sources. The
results, shown in Figure [, show that RMs are generally positive on the eastern half of the galaxy,
and negative on the western half. Analysed in more detail, these RMs reveal a sinusoidal pattern



Revealing Cosmic Magnetism with Radio Polarimetry

Modeled IBI Contours Legend
(nG)

3.0
2.0
1.5
1.0
0.5
0.25
0.10

-0.10
-0.25
-0.5
-1.0
-1.5
-2.0
-3.0

Figure 5: A simple model of the magnetic eld in the southern Galaxy, fr om ajoint t to the RMs of 149
extragalactic sources and 120 pulsars. Coloured regions show the total strength of the model magnetic eld
in separate regions bounded by the green lines. The limiting longitudes of the SGPS are shown as black
lines, while the grey scale represents the NE2001 electron density model of Cordes & Lazio [@]. Adapted

from [B7].

as afunction of azimuth, implying a coherent, spiral, pattern in the LMC’s magnetic eld, with a
strength of about 1 G [R9].

The presence of thisrelatively strong, ordered, eldissomewhat surp rising inthe LMC. Stan-
dard turbulent dynamo theory requires 5 10 Gyr to amplify aweak primordial seed eld to micro-
gausslevels, but the repeated tidal interactions betweenthe LM C, Milky Way and Small Magellanic
Cloud should disrupt any eld that might be slowly built up through this proce ss. The coherent eld
revealed in Figure[] must have been ampli ed and organised rapidly, in only afew hundred million
years. One possibility is a cosmic ray dynamo (e.g., [B0]), which should thrive in the vigorous
starburst environment supplied by the LMC.
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5. Magnetism with the Square Kilometre Array

5.1 TheRotation Measure Grid

The results presented in §3 & 8§ can be greatly expanded upon with a larger sample of
RMs (see also Kronberg, these proceedings). With the SKA, we envisage an al-sky rotation
measure grid [81] $2], which would be derived from a 1.4 GHz full-Stoke s continuum survey.
For an SKA eld of view of 5 deg ?, six months of observing would result in an RMS sensi-
tivity of  0:1 puJy beam 1. To estimate the yield of the resulting RM grid, one needs to con-
sider logN logP, i.e., the differential source countsin linear polarisation, analogous the u sual
logN logS function in total intensity [B1, B3]. This results in a distribution like that shown in
Figure[d. While there are uncertaintiesin extrapolating to the low ux levels exp ected for the SKA
(see discussion by [B3]), we can roughly predict that the RM grid should yield about 108 sight-
lines, with a typical spacing between measurements of ~ 1'. A simulation of the polarised sky as
might be seen with the SKA is shown in Figure . Such a data-base will provide a fantastic probe
of al manner of extended foreground sources, either individually (like the case of the LMC) or as
astatistical ensemble (see [B4] and Arshakian et a ., these proceedings).

5.2 The Magnetic Universe
One of the main applications of the SKA's RM grid will be to study the growth of galactic-
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Figure 6: RM vs. Galactic longitude for extragalactic sources (upper; purple points) and pulsars (lower;
black points) in the SGPS region; the extragal actic data have been smoothed asin Fig. H The green symbols
show the RMs predicted by the best- t model of [E at the posi tions of each of the observed sources. The
model data for extragalactic sources have been smoothed in the same way as for the observations. Adapted

from [R7].
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Figure 7: RMs of extragalactic sources behind the Large Magellanic Cloud [@]. The image shows the
distribution of emission measure toward the LMC in units of pc cm 8. The symbols show the position,
sign and magnitude of extragalactic RMs: lled (open) circl es correspond to positive (negative) RMs, while
asterisks indicate RMs which are consistent with zero within their errors. The diameter of each circle is
proportional to the magnitude of the RM.

scale magnetic elds as a function of cosmic time. The expectation is that the sightlin es to distant
extragalactic sources should generally intersect one or more foreground galaxies, as is seen in
the Ly-a and Mg absorption lines in the optical spectra of quasars. Such intervenors should
generate an RM signature in the background source, and this signature should potentially evolve
with redshift. In particular, Equation (R.2), if rewritten to take into account cosmological effects,
containsa (1+2) 2 dilution term because of redshift of the emitted radiation, but in some models
can aso contain co-moving terms with dependencies ne 0 (1+ 2)2 and B, O (1 + 2)? [B]. The
overall RM may then potentially evolve as rapidly as RM O (1+ 2)3, in which case we expect that
laments and absorbers should begin to show anincreasingly large RM at h igher z. If we can obtain

10
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Figure8: Thepredicted ux distribution of extragalactic radio sour cesin both total intensity (solid lines) and
in linear polarisation (dashed lines), adapted from [@]. The upper panel shows the differential source count
distribution, while the lower panel shows the integral distribution. Approximate ux limits for wide- eld
surveys with the EVLA and with the SKA are indicated.

alarge sample of both RMs (from the SKA) and accompanying redshifts (from the next generation
of photometric and spectroscopic optical surveys), we can apply avariety of statistical teststo the
distribution of RM vs. zto map the magnetic evolution of the Universetoz 3 [B5, Bg, B7.

5.3 Magnetic Fieldsat z>5

There is already good evidence that microgauss-strength magnetic elds e xist out to redshifts
z 1 2[B% B3 If we can extend such data out to z> 5, we can potentially obtain strong con-
straints on how large-scale magnetic elds were created and then ampli ed. S uch measurements
can be made by obtaining RMs for polarised sources at very high redshifts.

Indeed, radio emission has already been detected from two classes of sourcesat z> 6: gamma-
ray burst afterglows [B9] and quasars [A]. We currently lack the sensitivity to detect linear polar-
isation and RMs from these objects, but such measurements should be possible with the SKA.
Furthermore, since the cosmic microwave background is linearly polarised, deep observations at
the upper end of the SKA frequency range may be able to measure RMs against it [£], f3]. Such
an experiment, while challenging, would probe the integrated Faraday rotation over amost al of

11
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Figure9: A simulation of a one-hour SKA observation in linear polarisation, for a eld of view of 1 deg 2.
The angular resolution is a few arcsec, and the gray scale is in units of uJy. The image was created by
sguaring the intensity values of an NVSS eld to generate a Ri cean noise distribution, and then adjusting
the ux and spatial scales to simulate the SKA source density predicted by Fig. E The insets show some
hypothesised distributions of position angle vs. A2 for three sources in the eld, from which RMs can then

be calculated.

the Universe's history. In considering such measurements, it is important to note that an RM mea-
surement to a high-z source does not provide any direct constraints on high-z magnetic eldson its
own, sincethe observed RM will also contain contributions from low-z components of the sightline,
and from the Milky Way foreground. Once a high-z RM data point has been obtained, deep radio
and optical observations of that eld can yield alarge number of RMs and r edshifts for adjacent
foreground objects (see Fig. ). When the corresponding foreground contribution is then removed,
the high-z magnetic eld can be isolated studied.

6. Conclusions

Cosmic magnetism is a vigorous and rapidly developing eld. What makes this ar ea partic-

12
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