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Revealing Cosmic Magnetism with Radio Polarimetry

1. Introduction: Magnetism Matters!

Most astronomical research does not explicitly incorporate the efféntagnetic fields. Nev-
ertheless, there are fundamental reasons why we need to try to undatstavarious roles played
by magnetism in astrophysical processes.

Zweibel [1] provides two specific, clear motivations for further studiesasmic magnetic
fields. First and foremost, the origin of magnetic fields in the Universe imdaimental and un-
solved cosmological problenf][B] 3]. We do not know whether the firstratig fields emerged
through exotic processes such as phase transitions or string cosnarltdgpugh standard plasma
physics such as turbulence, instabilities or the battery effect. It is unelesther the diffusion of
these seed fields throughout the Universe was then a top-down or enbagitprocess. Were mag-
netic fields in the early Universe strong enough to moderate the formatiorgef¢aale structure?
What role could these fields have played in the formation of the first stdrgalaxies?

Second, magnetic fields are the key to answering many long-standing proilegtasma
physics and astrophysicl| [, 5]. On the largest scales, the cohmegmtetic fields that stretch
over enormous physical scales in galaxies and clusters allow us to testttémes of dynamo
theory and turbulence. Magnetic fields are at the core of any viableytlieothe acceleration
and propagation of cosmic rays. Magnetism drives the physics, geoaretrgvolution of active
galactic nuclei (AGN). And finally, a whole variety of important physicabgesses that drive
galactic ecology, including star formation, thermal conduction, diffusich @rcretion, all rely
heavily on the strength and geometry of the ambient magnetic field.

If our goal as astronomers is to better understand the Universe, theeateo include mag-
netic fields in our observations and in our models. In this paper, | outline sdrttee recent
progress and future prospects in this area.[Jn §2, | briefly review #ysw which radio data can
map magnetic fields out to large distances.[In §3}& §4, | show some req@ittaions to the large-
scale magnetic fields of the Milky Way and of the Large Magellanic Cloud (LM&3pectively.
In B, | discuss some of the experiments on magnetic fields at intermediatéghnedishifts that
can be conducted with the Square Kilometre Array (SKA).

2. Mapping Magnetic Fields

There are various indirect approaches to studying magnetic fields irplagsioal sources
[B]. Measurements of optical starlight polarisation (e[g., [7]), polaniaéib synchrotron emission
(e.g., [B]) and infrared/sub-mm dust polarisation (e.g., [9]) all chterese the structure of the
magnetic field in the plane of the skig, . While this provides information on two of the three
spatial components of the field vector, a crucial limitation of these appreasliieat they all only
provide the orientation oB, but not its direction. For example, simple compression of a tangled
magnetic field can produce a set of polarisation vectors which will appet& ardered, but which
have no spatial coherence.

Zeeman splitting is distinct from these other approaches, in that it measarksetof-sight
component of the magnetic fiel®(), and can determine the direction of this field (e.p] [0, 11]).
However, most Zeeman experiments require long integrations, and oftke jocalised regions of
relatively high gas density.
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The remaining approach to studying magnetic fieldsaiaday rotation which has proven to
be a very powerful probe d3. Faraday rotation is a change in the linear polarisation angle of a
radio signal as it propagates through a magnetised plasma. The orienfatierobserved electric
field vector is:
©=09+RM A2 (2.1)

whereA is the observing wavelengtR) is the intrinsic polarisation angle emitted by the source,
ando is the observed polarisation angle. The rotation measure (RM) is a patlairttegugh the
magneto-ionised foreground:

RM =K [ neydi (2.2)

where the free electron density, and line-of-sight field strengtiB, are integrated from the
observer to the source along a line elenmd#inandK is a constant. An example of Faraday rotation
seen in the polarised emission from a radio pulsar is shown in Figure 1.

Faraday rotation has three important advantages. First, as for Zeelitdngspt provides
a direction forB along a given sightline, allowing us to test for field coherence if we have RM
data for several adjacent positions on the sky. Second, since Fatidets are strongest in the
radio part of the spectrum, interstellar extinction can be disregardednagdetic fields can thus
be probed out to cosmological distances. Finally, Faraday rotation isaorgtion” experiment,
in the sense that the signal-to-noise ratio of the measurement is determined thyxtiof the
polarised background source, rather than any properties of thareegiiog studied. Measurements
of magnetic fields in regions that are not easily observable directly, sutie &alactic halo and the
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Figure 1. Faraday rotation in the Galactic interstellar medium, geerard the radio pulsar 81154—12].
The data points indicate multi-channel spectropolarimeteasurements in the 20 cm band made using the
Australia Telescope Compact Array (ATCA), while the dashied shows the best fit of Equatiolﬂlz.l) to
these data. The slope of this line is RM+495+ 6 rad m 2, indicating that the mean magnetic field along
this sightline is directed toward us.
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intergalactic medium (IGM), then become possible, provided that apptefx@ékground sources
can be identified.

3. The Galactic Magnetic Field

It has long been established that there are magnetic fields of significamgttthroughout the
interstellar medium of the Milky Way[[13, [L4]. Points of general consemseghat the field has
both large-scale (ordered) and small-scale (random) components,dmaatmnetic field is concen-
trated in and is generally oriented parallel to the disk of the Galaxy, and thatdiered component
of the field probably broadly follows the spiral arms. Studies of pulsar RiMgagalactic RMs
and optical starlight polarisation show that the large-scale field within a kffeecsun is directed
clockwise (as viewed from the North Galactic Polg)[[7, 15], but that tHd fiethe Sagittarius-
Carina spiral arm, a few kpc closer to the Galactic Centre, is oriented colaulewise [16,[1]7].
This clearly indicates that a large-scad@ersalof the large-scale magnetic field occurs somewhere
between these two arms. The presence and properties of such iepeosiade crucial constraints
on dynamo theories and on the origin of galactic magnetic fields [see [18]).

For more distant parts of the Galaxy, especially beyond the Galactic Cémergieometry
of the field is still unclear, mainly due to the lack of known pulsars in these megidRecent
studies have come to a variety of conclusions as to the overall Galactic fiefdeggy. Just to
provide a few examples: Weisberg et 41.][19] have argued that the &ibtavE the spiral arms,
with a reversal between each arm; Han et[al} [20] have proposed éfeltthis a spiral, but with
reversals on both sides of every spiral arm, so that fields in arm anebimteregions are directed
in opposite directions; Valléd [P1] has suggested that the field is purely #mimather than a
spiral, with reversals in concentric rings. As noted by Val[é¢ [22], the situasimot unlike the
early exploration of Australia, during which half the coastline had been ethppdetail, with the
more distant parts trailing off into “terra incognita”, as shown in Fidlire 2.

3.1 Polarised Extragalactic Sources

Most of the work mentioned above has relied heavily on pulsar RMs. Ruteae several
advantages for such studies: they are at known distances (albeit wiificsigt uncertainty for
individual sources), they are within the Galaxy (so that pulsars atgerahdistances can be used
to make differential magnetic field measurements), and both dispersion sadbfaotation of
their signals can be measured (so thatijed term in Eqn. [2.2]) can be independently estimated).

However, pulsars also have their limitations. Most pulsars are relativelope This means
that individual Hil regions and other dense gas clumps along the line of sight can make adarge ¢
tribution to the overall RM, making it more difficult to probe the properties gjéascale magnetic
fields (e.g., [2B]). The distance estimates to individual pulsars from atendodels (e.g.[[25])
can sometimes be significantly in error, making it difficult to match the magnetic fiddtin in-
ferred from a pulsar's RM to Galactic structure such as spiral armsaiRuse a small population
of faint sources (there are less than 2000 known pulsars, with a medi&@Hk flux of~ 0.5 mJy),
so that the density and total number of RM sightlines that they can provide#raelatively low.
Finally, even in regions such as along the Galactic plane, where the skitydehpulsar RMs is



Revealing Cosmic Magnetism with Radio Polarimetry

UE O LS ND L
= S "

= i

Figure2: An early map of Australia, drawn by the French cartographelckisédech Thévenot (“Hollandia
Nova detecta 1644; Terre Australe decouuerte I'an 1644 Rl 689A, ]). Reproduced with permis-
sion of the National Library of Australia.

higher than average, the RM sample cannot be easily smoothed to bringgaiséale structure,
because each pulsar is at a different distance.

To make substantial further progress in studying the Milky Way's magnetiaradditional
approach is therefore needed. We have consequently undertakemdinated effort to greatly
expand the number of polarisation and RM measurements for extragalagteesdi.e., radio
galaxies and AGN). These sources are at large distances, andvsdepaomeasurement of the
Faraday rotation through the entire Milky Way along a patrticular directiorfadt) the observed
RM is the sum of multiple contributions: from the source itself, from the IGMpfrthe Earth’s
ionosphere, and from the Milky Way. However, in most cases, andiclgrtahen averaged over a
large sample of such data, the first three terms are small and can be istegand 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 onlydpsogn integral
of neBy dl, as per Equatior (2.2). Thus if the actual valuépfs of interest, a model is needed of
ne as a function of (e.g., [25]). However, many important problems require knowledge drttyeo
geometry ofB, without accurate estimates of its strength. Since the sign of the RM is determined
by the sign ofB, the overall magnetic configuration can be studied from the RMs alone, wtitho
needing to invert the integral.

Brown et al. [2b]2]7] have recently completed two large surveys of gakaatic RMs behind
the Galactic plane: 380 RMs in the outer Galaxy, derived from the Can&dikactic Plane Survey
(CGPSY and 148 RMs in the inner Galaxy, measured as part of the Southern G&lacteSurvey

Lhttp://www.ras.ucalgary.ca/CGPS/
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Figure 3: Distribution of RMs in two strips along the Galactic planefresponding to the survey regions of
the CGPS (upper panel) and SGPS (lower pa@)@& 27]. Thkesimark the positions of RM measure-
ments: blue for previously measured extragalactic RMsfaedulsar RMs, and green for new CGPS/SGPS
data. The radius of each circle corresponds to the magnitiuttie RM for that source; filled circles indicate
positive RMs and open circles show negative RMs. Figures@ueesy of Jo-Anne Brown.

(SGPSY. The results are shown in Figufe 3; the vast improvement in the sample sizexaahip
previous data-sets reveals a striking coherence in the large-scaletrodigfe configuration. For
the CGPS, the RMs are almost all negative, showing that the Perseusaspiréthrough which
these sources are viewed) has a clockwise magnetic figld [28]. For tR&,SBe situation is
considerably more complicated, with alternating regions of positive andineMs, with regions

of low |RM| between them. The implications of the RM structure seen in the SGPS are cedside
in the following section.

3.2 The Magnetic Geometry of the Milky Way

Figure[# shows a smoothed version of the extragalactic RM data from the fmwel of
Figure[3. The spatial coherence of Faraday rotation as a functionaé@dongitude is very clear.
There are local maxima 0RM| in three directionst ~ 292, ¢ ~ 312 and/ ~ 338, as shown by
the dashed vertical lines in Figufle 4. These sightlines are tangent to timaGarux and Norma
spiral arms, respectively. On either side of these peaks are directiogre |RM| ~ 0 rad nT2,
shown by dotted lines in Figuf¢ 4. Superimposed on this oscillatory behaisau overall large-
scale signature: fof < 304, RMs are almost all positive, and 62 304, RMs are predominantly
negative (apart from some high RMs close to the Galactic Centre). ThdrdjMine is marked in
red in Figurd J.

Qualitatively, these patterns in RM immediately reveals some properties of tred glalgnetic
field structure of the Galaxy. The peaks|RM| along each spiral arm demonstrate that the field

“http:/lwww.atnf.csiro.au/research/Hl/sgps/
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Figure 4: RM vs. Galactic longitude for extragalactic RMs in the SGR§ion. The purple diamonds
represent smoothed RM data, with error bars indicatingtdredsird error of the mean in each bin. The dotted
(dashed) lines indicate approximate longitudes of mininfomaximum)|RM]| in the smoothed distribution.
The red line marks the approximate transition from predamily positive RMs { < 304°) to predominantly
negative RMs( = 304). Adapted from[[27].

strength and/or gas density are high in these regions, while the low valuBsobfindicate low
values of these quantities in the inter-arms (§eg [27] for a detailed disajussibe change in
overall sign of RM af ~ 304° suggests the presence of a large scale reversal in the field along this
sightline. of this direction.

This is quantified in Figur¢]5, where we show a joint fit to extragalactic arnsapiRMs
in the southern Galaxy, allowing a series of concentric, spiral, annuli ¢b bave a differing
field strength and field direction. The best fit shows that the Galactic madiedtidas primarily
clockwise, except for a strong counterclockwise field in the Scutum-§piral arm (and possibly
also in the molecular ring in the inner Galaxy). Sightlineg at 304 pass through the Scutum-
Crux arm, and are dominated by negative RMs/ at 304, field lines are directed toward the
observer, and RMs are consequently positive. The quality of the fit isatedl in Figurd]6, where
we compare RM data to the predictions of the model in Fifure 5. For extraigadata, the model
RMs and the data match very well. For pulsars, the scatter is larger (mairdydepulsar RM
data cannot be meaningfully smoothed), but the major features are vepobd

This global fit is at odds with earlier studies utilising smaller data-sets, in thaggests that
the Galaxy can be modelled with a predominantly clockwise field, plus a singtesexV region.
This structure is in line with what is seen also for other spiral galaxies,drdsito be verified by
a better mapping of extragalactic RMs in the first Galactic quadrant.

4. TheMagnetic Field of the Large Magellanic Cloud

The LMC is also particularly amenable to extragalactic RMs as a probe of itsetiadjeld,
because of its large angular extent®’) on the sky. Gaensler et g. [29] re-analysed archival LMC
data taken with the ATCA, and extracted polarisation and RMs for 292 bagkd sources. The
results, shown in Figur 7, show that RMs are generally positive on sterazalf of the galaxy,
and negative on the western half. Analysed in more detail, these RMd eesgmusoidal pattern
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Figure 5: A simple model of the magnetic field in the southern Galaxyyfra joint fit to the RMs of 149
extragalactic sources and 120 pulsars. Coloured regiawe tie total strength of the model magnetic field
in separate regions bounded by the green lines. The limitingitudes of the SGPS are shown as black
lines, while the grey scale represents the NE2001 electeosity model of Cordes & LazideZS]. Adapted

from [R7].

as a function of azimuth, implying a coherent, spiral, pattern in the LMC’s ntagiield, with a
strength of about LG [R9].

The presence of this relatively strong, ordered, field is somewhatisitgpin the LMC. Stan-
dard turbulent dynamo theory requires 5-10 Gyr to amplify a weak primaeéa field to micro-
gauss levels, but the repeated tidal interactions between the LMC, Milkyané$mall Magellanic
Cloud should disrupt any field that might be slowly built up through this pec€he coherent field
revealed in Figurf] 7 must have been amplified and organised rapidly, i é&aly hundred million
years. One possibility is a cosmic ray dynamo (e[g], [30]), which shouldetfmi 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 irf]83 &]84 can be greatly expanded upon with a kagwle of
RMs (see also Kronberg, these proceedings). With the SKA, we emvisagll-sky “rotation
measure grid”’[[31[ 32], which would be derived from a 1.4 GHz full-Stokentinuum survey.
For an SKA field of view of 5 degy six months of observing would result in an RMS sensi-
tivity of ~0.1 uJy beaml. To estimate the yield of the resulting RM grid, one needs to con-
sider “logN — logP”, i.e., the differential source counts in linear polarisation, analogousghal u
logN — log S function in total intensity [31[ 33]. This results in a distribution like that shown in
Figure[8. While there are uncertainties in extrapolating to the low flux levelsoteg for the SKA
(see discussion by [B3]), we can roughly predict that the RM grid Ishyiald about~ 10° sight-
lines, with a typical spacing between measurements if. A simulation of the polarised sky as
might be seen with the SKA is shown in Figdfe 9. Such a data-base will pravigietastic probe
of all manner of extended foreground sources, either individually tlikecase of the LMC) or as
a statistical ensemble (s€e][34] and Arshakian et al., these proceedings)

5.2 The Magnetic Universe
One of the main applications of the SKAs RM grid will be to study the growth dgjic-
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Figure 6: RM vs. Galactic longitude for extragalactic sources (upperple points) and pulsars (lower;

black points) in the SGPS region; the extragalactic data baen smoothed as in FE;. 4. The green symbols
show the RMs predicted by the best-fit model@ [27] at the tpmss of each of the observed sources. The
model data for extragalactic sources have been smoothée seime way as for the observations. Adapted

from [R7].
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Figure 7: RMs of extragalactic sources behind the Large Magellanim@l]. The image shows the
distribution of emission measure toward the LMC in units ofgam 8. The symbols show the position,
sign and magnitude of extragalactic RMs: filled (open) esatorrespond to positive (negative) RMs, while
asterisks indicate RMs which are consistent with zero witheir errors. The diameter of each circle is
proportional to the magnitude of the RM.

scale magnetic fields as a function of cosmic time. The expectation is that the sighdlidistant
extragalactic sources should generally intersect one or more foreyigalaxies, as is seen in
the Ly-a and Mgil absorption lines in the optical spectra of quasars. Such intervenousdsho
generate an RM signature in the background source, and this signatuie potentially evolve
with redshift. In particular, Equatior (2.2), if rewritten to take into accowsneological effects,
contains &1+ 2z)~2 dilution term because of redshift of the emitted radiation, but in some models
can also contain co-moving terms with dependenaie (1+2)® andBy O (14 2)2 [B]. The
overall RM may then potentially evolve as rapidly as RM1+ z)2, in which case we expect that
filaments and absorbers should begin to show an increasingly large Riyhath If we can obtain

10
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Figure8: The predicted flux distribution of extragalactic radio smgin both total intensity (solid lines) and
in linear polarisation (dashed lines), adapted fr@ [3He Tpper panel shows the differential source count
distribution, while the lower panel shows the integral iilisttion. Approximate flux limits for wide-field
surveys with the EVLA and with the SKA are indicated.

a large sample of both RMs (from the SKA) and accompanying redshifis (fine next generation
of photometric and spectroscopic optical surveys), we can apply ayafistatistical tests to the
distribution of RM vszto map the magnetic evolution of the Universezte 3 [B5,[36,[3F].

5.3 Magnetic Fieldsat z> 5

There is already good evidence that microgauss-strength magnetic fiedtisid to redshifts
z~1-2[B%,[38]. If we can extend such data outztd 5, we can potentially obtain strong con-
straints on how large-scale magnetic fields were created and then amplifiell.nf@asurements
can be made by obtaining RMs for polarised sources at very high reishif

Indeed, radio emission has already been detected from two classes@dsar > 6: gamma-
ray burst afterglows[[39] and quasafs|[40]. We currently lack theitieity to detect linear polar-
isation and RMs from these objects, but such measurements should lideposth the SKA.
Furthermore, since the cosmic microwave background is linearly poladseg, observations at
the upper end of the SKA frequency range may be able to measure RMstagfd], [42]. Such
an experiment, while challenging, would probe the integrated Faraday rotates almost all of

11
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Figure 9: A simulation of a one-hour SKA observation in linear polatisn, for a field of view of 1 deg
The angular resolution is a few arcsec, and the gray scafe usits of uJy. The image was created by
squaring the intensity values of an NVSS field to generatecedi noise distribution, and then adjusting
the flux and spatial scales to simulate the SKA source depséglicted by Fig[|8. The insets show some
hypothesised distributions of position angle ¥$.for three sources in the field, from which RMs can then
be calculated.

the Universe’s history. In considering such measurements, it is impadotaote that an RM mea-
surement to a higlasource does not provide any direct constraints on kigtagnetic fields on its
own, since the observed RM will also contain contributions from im@mponents of the sightline,
and from the Milky Way foreground. Once a higlRM data point has been obtained, deep radio
and optical observations of that field can yield a large number of RMs edighifts for adjacent
foreground objects (see F{d. 9). When the corresponding foradroontribution is then removed,
the highz magnetic field can be isolated studied.

6. Conclusions

Cosmic magnetism is a vigorous and rapidly developing field. What makes #zgartic-

12



Revealing Cosmic Magnetism with Radio Polarimetry

ularly relevant for the SKA is that magnetic fields at cosmological distaneesraquely probed
at radio wavelengths. By studying the evolution of magnetic fields over tiveet$e’s history, we
can simultaneously address a variety of major topics in fundamental physiestrophysics. This
work also has strong synergies with other astronomy and astropartidements, such ailanck
LSST,JWSTHESS and Auge[43, #4].

In the coming years, a host of SKA pathfinders will begin to finally reveabigpth and detail
of the polarised sky[[44, #6], culminating in an exploration of the full Mdgn@niverse with the
Square Kilometre Array.
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