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We describe a recent full-polarization radio continuum survey, performed using the Westerbork
Synthesis Radio Telescope (WSRT), of several nearby galaxies in the Spitzer Infrared Nearby
Galaxies Survey (SINGS) sample. The WSRT-SINGS survey has been utilized to study the polar-
ized emission and Faraday rotation measures (RMs) in the targets, and reveals an important new
observational trend. The azimuthal distribution of polarized flux seems to be intimately related to
the kinematic orientation of galaxies, such that in face-on galaxies the lowest level of polarized
flux is detected along the kinematic major axis. In highly inclined galaxies, the polarized flux is
minimized on both ends of the major axis, and peaks near the minor axis. Using models of various
three-dimensional magnetic field geometries, and including the effects of turbulent depolarization
in the midplane, we are able to reproduce the qualitative distribution of polarized flux in the tar-
get galaxies, its variation with inclination, and the distribution of RMs, thereby constraining the
global magnetic field structure in galaxies. Future radio telescope facilities, now being planned
and constructed, will have properties making them extremely well-suited to perform vastly larger
surveys of this type, and are thereby poised to significantly increase our understanding of the
global structure of galactic magnetic fields. We discuss progress that can be made using surveys
which will be realized with these new facilities, focusing in particular on the Aperture Tile in
Focus (APERTIF) and Australian Square Kilometre Array Pathfinder (ASKAP) telescopes, both
based on Focal Plane Array (FPA) designs, which are expected to be particularly useful for wide-

field polarization applications.
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1. The WSRT-SINGS Survey

Magnetic fields are a critical component of the interstellar medium (ISM) in galaxies, yet
major questions still remain about their properties. One of the unknowns is the three-dimensional
structure of galactic magnetic fields. The most effective way to measure magnetic fields in galaxies
is through radio measurements of synchrotron emission (using the polarized emission to study
the ordered fields perpendicular to the line of sight, and its associated Faraday rotation to trace
fields parallel to the line of sight). Observations of face-on spiral galaxies have shown that the
planar component of magnetic fields traces the spiral arms (e.g. [2]), while observations of edge-
on disks tend to show a characteristic X-shaped morphology (e.g. [13]). Galactic magnetic fields
are expected to take either a dipolar or quadrupolar form (e.g. [17]), but previous observations of
external galaxies have not been able to strongly constrain which type of field might be present.

The Westerbork Synthesis Radio Telescope (WSRT) was recently used to observe a sample
of several Spitzer Infrared Nearby Galaxies Survey (SINGS; [12]) galaxies, in full polarization,
in order to provide supplementary data on the radio continuum emission. The WSRT-SINGS sur-
vey itself is described by [3], and the polarization analysis by [10]. Briefly, each of the targets
was observed for a total of 12 hours. Polarization data were obtained in two wide bands (effec-
tive bandwidth ~ 132MHz in 512 channels) centered at frequencies of 1366 and 1697 MHz. A
band-switching technique was employed which provided an effective integration time of 6 hours
in each band, while retaining the full uv coverage in both. Following calibration, each channel was
imaged individually. The Rotation Measure Synthesis (RM-Synthesis) technique [6, 9] was used
to coherently detect the polarized emission, and its associated RM, across the two observing bands.
The key strengths of this method are that it avoids the n7 ambiguity problem that plagues tradi-
tional RM determinations; and that it allows the detection of polarized flux, and its associated RM,
even at very low signal-to-noise levels. The typical rms noise level achieved in the WSRT-SINGS
polarization maps is ~ 10 uJybeam~'. Of the 28 galaxies studied in the polarization survey, 21
were detected in polarized emission. All 21 detections were of spiral galaxies; the few Magellanic
and elliptical galaxies in the sample (three and one of these, respectively) were all undetected in
polarized emission. The output of the RM-Synthesis step was used to generate maps of polarized
intensity, polarization angle, and Faraday rotation measure. Image galleries are presented by [10].

2. Observational Trends and Interpretation

Two major observational trends are observed when considering the resulting data for the entire
WSRT-SINGS sample:

1. All galaxies with extended polarized flux show a clear pattern in its azimuthal distribution. In
face-on targets, the minimum in polarized flux always occurs near the kinematically receding
major axis. Two of the clearest examples of this behavior, NGC 6946 and NGC 4321, are
shown in Figure 1. Highly inclined galaxies have a minimum level of polarized flux along
both sides of the major axis, and maxima near the minor axis. The shifting of the peak
polarized flux from the approaching major axis to the minor axis appears to occur smoothly
as the inclination of the galaxy increases.



Magnetic fields in nearby galaxies George Heald

2. All galaxies with compact nuclear radio emission have complicated nuclear Faraday spectra.
Examples are shown in Figure 2. The limitations of our observing setup (specifically, the
relatively low observing frequencies) make it unclear whether these features are indicative
of a detection of multiple Faraday thin media in the galaxy nuclei, or rather a single Faraday
thick medium which causes substantial depolarization (at RM values between the main peaks
in Figure 2). Further measurements at higher spatial resolution and higher frequency will be

required to clarify the physical situation in these nuclei.
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Figure 1: Two galaxies observed in the WSRT-SINGS survey: NGC 6946 (left panels) and NGC 4321 (right
panels). The optical pictures (top panels) were composed using images from the Digitized Sky Survey. The
location of the kinematically receding major axis is indicated with a white arrow. Polarized flux is shown
with red contours, starting at 50uJybeam™! and increasing by powers of two. Magnetic field orientations,
derived from the Faraday rotation corrected polarization angles, are shown with orange lines. The bottom
panels show the mean azimuthal variation in polarized flux. The receding major axis corresponds to azimuth

0°.

That the polarized flux is always minimized along the receding major axis in the more face-on
targets implies that this feature is a key handle on the fundamental relationship between the struc-
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Figure 2: Faraday dispersion functions for four of the WSRT-SINGS galaxies, showing the polarized emis-
sion as a function of RM in the nucleus of each target. The dotted lines show the estimated local foreground
RM value. Polarized emission is clearly detected at two different RM values (perhaps three in the case of
NGC 6946), which appear symmetrically distributed about the zero-level. The numbers indicate the polar-
ization angle (in degrees) at the local peak of the Faraday dispersion function.

ture of the magnetic field, and that of the galaxy itself. In [4], we model several three-dimensional
forms of magnetic field geometry in an attempt to match the observations of both polarized flux and
Faraday rotation measure. A key feature of the models is that midplane depolarization prevents us
from observing the backside of galaxy disks at frequencies near 1.4 GHz. In fact, high frequency
observations of NGC 6946 (see [1]) show that the strong azimuthal variation in the polarized in-
tensity vanishes at wavelengths of 3 cm and 6 cm. We interpret this as a reduction in the midplane
depolarization at high frequencies. Using this assumption, we are able to constrain the vertical
morphology of the large-scale magnetic field, finding that the observations prefer an axisymmetric
spiral plus a quadrupolar component. The model is also consistent with the disappearance of the
azimuthal dependence of polarized intensity at higher observing frequency. Details of the modeling
results are provided by [4].

Future observations are needed in order to confirm this trend in a larger sample of galaxies. A
larger sample will also provide leverage on any variation in the three-dimensional magnetic field
geometry with other galaxy properties such as Hubble type, star formation rate, and rotation speed.
Additional high-frequency measurements are also required in order to confirm the prediction that
the azimuthal variation in polarized intensity vanishes above ~ 5 GHz.

3. Future Facilities

Polarization observations are expected to flourish with the advent of future radio facilities such
as the planned WSRT upgrade Aperture Tile in Focus (APERTIF; [14]) and the Australian Square
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Kilometre Array Pathfinder (ASKAP; [5]). These radio telescopes in particular, which are both
based on dense Focal Plane Array (FPA) technology, are by their nature expected to provide ex-
cellent data sets for making progress in understanding the issues described above. The key desired
observational characteristics for future polarization surveys are (1) large field-of-view; (2) excellent
control and/or suppression of instrumental polarization; and (3) wide observing bandwidth.

Both APERTIF and ASKAP are expected to perform radio continuum surveys of large areas
of the sky; in tandem, it is possible that they will together survey the entire sky. The expected noise
levels resulting from large-area continuum surveys with both telescopes are comparable to the
sensitivity achieved with the WSRT-SINGS survey. With their wide bandwidth, the precision with
which RM values can be determined using the RM-Synthesis technique is excellent (for example,
using a nominal 1000-1700 MHz bandwidth, the expected native RM resolution is approximately
0 ~25rad m~2, and the effective RM resolution improves with increasing signal-to-noise; see e.g.
[6]). By comparison, the native RM resolution of the WSRT-SINGS observations described above
was 6 ~ 6lradm 2.

Polarized radio continuum maps will be one of the data products produced by the polarization
surveys to be performed with APERTIF and ASKAP. One of the main science drivers for such
a massive polarization survey is the development of an all-sky Rotation Measure grid (RM-grid),
which will be a powerful intermediate step as we work towards the incredible RM-grid which will
be provided by the Square Kilometre Array (SKA) [8]. During such a survey, a large number of
nearby (i.e., spatially resolved) galaxies will also be observed. To roughly estimate the number of
resolved galaxies which will be detected in such a survey using APERTIF, the Nearby Galaxy Cat-
alog [16] was queried for spiral galaxies above a declination of 30° and with angular size sufficient
for 2 10 resolution elements at the nominal angular resolution of the WSRT. Such a query results
in 226 galaxies. If, as in the WSRT-SINGS sample, ~ 40% have detectable extended polarized
emission at 1.4 GHz, a much larger version of WSRT-SINGS in the northern hemisphere would
be able to place about 100 galaxies in a future version of Figure 1. Extending to the entire sky, a
huge sample of about 350 galaxies can be built up. Of course kinematic information will also be
available for all targets, since HI surveys will also be performed by both instruments.

One of the main reasons that FPA designs are expected to be so powerful for large-area polar-
ization surveys is a side-effect of the digital beamforming. To provide such a large field of view,
FPAs form multiple, angularly separated but densely packed beams simultaneously on the sky. This
is achieved by electronically applying the proper complex weights to the signals coming from the
individual FPA elements. It is expected (but remains to be shown with a prototype system) that this
same weighting procedure can be used to control the polarization response of the system, with the
end result that instrumental polarization can be greatly reduced without a significant impact on the
overall sensitivity of the telescope (e.g. [7]).

Of crucial importance in the interpretation of the polarization data obtained for each galaxy
is an estimate of the foreground RM contribution. The best way to estimate this quantity is to
investigate the RM of polarized background sources surrounding the target galaxy. By utilizing
such a “local RM grid,” rather than relying on the mean RM value of the target itself, information
about a zero-level offset (as might result from a vertical magnetic field in a face-on target) is not
lost. The current field of view of the WSRT is sufficient to detect a handful of such surrounding
background sources. With future facilities and their large fields of view, the ability to estimate the
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foreground RM level will be greatly enhanced.

Future radio facilities with smaller instantaneous fields of view, such as the Expanded Very
Large Array (EVLA; [15]) and the Karoo Array Telescope (MeerKAT; [11]) have the benefits of
higher sensitivity in a single pointing, and also being able to operate at higher observing frequencies
than either APERTIF or ASKAP. They will be able to provide sensitive polarization observations
of local galaxies both at ~ 1.4GHz and at higher frequencies, allowing not only observations
of weaker magnetic fields and increased RM resolution due to the increased sensitivity, but also
crucial tests of midplane depolarization and the polarization properties of galactic nuclei at the
higher frequencies.
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