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ABSTRACT

A sample of large northern Spitzer Infrared Nearby Galagies/ey (SINGS) galaxies was observed with the Westerborithegis
Radio Telescope (WSRT) at 1300 — 1760 MHz. In Paper Il of thifes, we described sensitive observations of the linganigrized
radio continuum emission in this WSRT-SINGS galaxy samipige-scale magnetic field structures of two basic typedcaned:
(a) disk fields with a spiral topology in all detected targetsd (b) circumnuclear, bipolar outflow fields in a subset.eHee explore
the systematic patterns of azimuthal modulation of botHRdmaday depth and the polarized intensity and their vanatiith galaxy
inclination. A self-consistent and fully general model bath the locations of net polarized emissivity at 1 — 2 GHgj@iencies and
the global magnetic field topology of nearby galaxies eneriyet polarized emissivity is concentrated into two zooesatied above
and below the galaxy mid-plane, with the back-side zorfiesng substantial depolarization (by a factor of 4 — 5) re¢ato the
front-side zone in its propagation through the turbulend-piane. The field topology which characterizes the thiidk@mission
zone, is in all cases an axisymmetric spiral with a quadeipgelpendance on height above the mid-plane. The front-sidesion is
affected by only mild dispersion (10’s of rad ) from the thermal plasma in the galaxy halo, while the bade-smission is fiected
by additional strong dispersion (100’s of rad3pfrom an axi-symmetric spiral field in the galaxy mid-plafi¢e field topology in
the upper halo of galaxies is a mixture of two distinct typesimple extension of the axisymmetric spiral quadrupole fié the
thick disk and a radially directed dipole field. The dipolergmnent might be a manifestation of (1) a circumnucleaglaipoutflow,
(2) anin situ generated dipole field, or (3) evidence of a non-station&oigal halo.
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1. Introduction to a given component of polarized emission, is sensitivdéo t

integrated product of magnetic field component paralleht t

The magnetic fields in spiral galaxies are an important c6mpqyg (g,) and the thermal electron density in the foreground of
nent, but their basic three dimensional topology remairgely polarized emission component:

unknown. Two of their main characteristics are howeverykmo
First, the fields in relatively face-on spiral galaxies agersto telescope
follow the spiral pattern traced in the optical morphology. @ f neB-dl. (1)
the handful of more edge-on galaxies that have been imaged
to date, the field distributions are seen to extend into the hahe Faraday depth is defined to be positive wiBepoints to-
regions, and have a characteriseshaped morphology (eg.ward the observer, and negative whBnpoints away. When
Heesen et al. 2009). Apart from these basic properties, éhe dssessing the magnetic field geometry traced by these abserv
tails of the magnetic field topology are unknown. tional characteristics, it is essential to keep in mind thatob-
Observations of polarized flux, polarization vector oréent servable attributes may originate in distinct regions aicgp The
tions, and Faraday rotation measures all provide infonaticlassical Faraday rotation measure (RM) is an observalaia-qu
about the magnetic field associated witkfelient electron pop- tity derived from the polarization angleftiérence(shy between
ulations and at dierent projections with respect to the line ofwo (or more) frequency bands BR# = AX/(/lf - /lg). The em-
sight. Synchrotron emission originates in ultrarelatiziglec- pirically determined RM is only equivalent to the Faradapttie
trons spiralling around magnetic field lines, is beamedéndia @ for a simple background emitter plus foreground dispersive
rection of motion of the electron, and is polarized perpeunldir screen geometry.
to the orientation of the field line. Polarized synchrotradir Polarized emission can become depolarized in a number of
ation and polarization vector orientation are thus diremtdérs Wways: beam depolarization can arise because the spatdlies
of the magnetic fields perpendicular to the line-of-sigh®@), tion element is large relative to the size of significant ataoins
B., within the region where both ordered magnetic fields arid the field orientation or the thermal electron content, levhi
relativistic electrons are maximized. The Faraday rotaticea- Faraday depolarization can arise because synchrotrorsiemis
sure (RM), or more generally the Faraday degdththat pertains and Faraday rotation take place in the same extended volume
along the LOS. Polarized emission fronfidrent locations (ei-
Send  offprint  requests to:  Robert Braun, e-mail: ther separated spatially or along the LOS)fieeted by difer-
robert.braun@csiro.au ent amounts of Faraday rotation, such that at a given wagtien
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there may be orthogonal polarization angles that canagdtlisig planar and detected out to large radii, whereas appareit “ou
no net polarization at that wavelength. Beam depolarinatam flow” components extend much further from the plane and are
be circumvented in principle by using higher angular resofy only detectable at small radii. The magnetic field orieotagi
although the brightness sensitivity may then befhisigntto de- are in all cases simply related to the morphology of these-com
tect the extended emission at all. Faraday depolarizatiarbe ponents (as shown in Fig. 4 of Paper ).
circumvented in principle by achieving affaiently complete Disk fields have a spiral morphology that is strongly cor-
sampling of the1? measurement space (relevant for measureelated with the orientation and pitch angle of traditiotrak-
ments of RM andD), since cancellationfBects are confined to ers of spiral arms, such as massive stars and dust lanes. This
discrete wavelengths or ranges of wavelength. is despite the polarized emission possibly being both éabémt

All of these observables can be used to constrain the likekith, and independent of, other spiral arm tracers. Classic
magnetic field topology in the galaxies observed. In a previoamples of disk-dominated fields can be seen in galaxies sich a
paperi(Heald et al. (2009), hereafter Paper II), we predemie NGC 628, 5194, and 6946, although they are present in almost
polarimetric results for a large sample of nearby galaxies ocall of our targets with varying detectability. On the othamni,
served to a comparable sensitivity limit of aboutdly beam® outflow-related fields are typically oriented along the pkery
RMS. In this paper, we begin by briefly summarizing the obsewf the bipolar lobes, and are often brightest close to the dise
vations and data reduction steps of Paper Il in $éct. 2. Brermbntribution of outflow-related components may be appairent
noted in the data are described in Sétt. 3. In $éct. 4, we theéBC 4569, 4631, and possibly 4736.
explore how particular magnetic field geometries mighttesia Here, we illustrate and describe some of the trends present i
the observations. We conclude the paper in $éct. 5. the WSRT-SINGS dataset. We consider the polarized fluxidistr
bution (Sect_311), the Faraday depth distribution ($e2, &he
effects of depolarization in (Se€i_B.3 and SEcil 3.4). In Ekct.
we explore the predictions of a variety of global magnetildfie
The observational parameters and data reduction techsigt@pologies that can be used to model these trends.
of the WSRT-SINGS survey were presented in detail both by
5;?:r;net F?;. (2007), and specifically regarding the polaiora ? 1 Polarized flux

per Il. Here we recap the most important details:

For more information, the reader is referred to Sect. 2 amdremarkable pattern emerges for our sample relating to #he b
Appendix A of Paper II. sic distribution of polarized intensity in galaxy disks atigsfre-

The data used in this analysis were obtained using theencies. For small inclination angles, there is a geneaalignt
Westerbork Synthesis Radio Telescope (WSRT). Two obsein-the average polarized intensity that is approximateiynad
ing bands were used: of 13601432 MHz and 163% 1763 with the major axis of the target galaxy. This gradient froighh
MHz (centered on 22- and 18-cm, respectively), there beinglow polarized intensity has the same sign in all well-desd
512 channels in each band and in all four polarization prodases, from high values on the kinematically approachingma
ucts. Each galaxy in the WSRT-SINGS sample (refer to Pagsiis to low values on the receding major axis. Thiet can-
II) was observed for 12 hr in the Maxi-short configurationtwé t not be explained by a symmetric planar field geometry. As the
WSRT. During each 12 hr synthesis, the observing frequenigilination of the target galaxy increases, a pair of locakima
was switched between the two bands every 5 min. This providedpolarized intensity begins to separate from the apprioach
an dfective observation time of 6 hr per band, and gaedov- major axis and propagates toward the minor axis. This is sim-
erage in both bands. ply a geometrical fiect because maximum polarized emission

The data for both bands were analyzed using thenerges from magnetic fields perpendicular to the line dftsig
Rotation Measure Synthesis (RM-Synthesis) technigwhich, in the case of a planar field geometry, are strongest ne
(Brentjens & de Bruyn 2005, see also Paper Il). This providéise minor axis/(Stil et al. 2009). Even when the inclinati@s h
the possible reconstruction of the intrinsic polarizati@ttors become quite substantial, and the two local maxima of poddri
along each LOS, within the constraints set by the observiiigensity are near the minor axis, there is still a systeonati-
frequencies. The output of the RM-Synthesis procedure waency for the receding major axis to have the overall minimum
deconvolved along the Faraday deptb) (axis, as described polarized brightness.
in Paper Il. Polarized fluxes, polarization angles, and daya This pattern in the distribution of polarized flux in our tar-
depths were extracted from these data and are discussedgtstrgalaxies is visible first of all in Fig. 4 of Paper Il, which
each target galaxy in Paper Il. In that paper, we also estithat shows maps of the polarized flux in each galaxy. We quantify
contribution to the RM from the Milky Way foreground usingthis trend in Fig[IL by plotting the average peak polarize€rin
only background radio sources in the observed fields, rathsity, < P >, and the associated Faraday depth® >, within
than the target galaxies themselves. With this collectfastata, inclination-corrected wedges spanning 10 degrees of dhimu
we noted several patterns in the target galaxies, and tlat the disk of each galaxy in which extended polarized emission
basic patterns were common to the sample galaxies coldgtivwas detected. Azimuth is measured counter-clockwise figen t
In this paper, we seek to explain these patterns using a comnkinematically receding major axis (see Table 1 of Paper il fo
global magnetic field topology. basic data on each target). Error bars on the points in ths plo
represent the RMS variation within each wedge. The estiinate
foreground contribution tec ® > and its error caused by our
own Galaxy toward each target is indicated by the horizontal
Several interesting patterns emerge from our study of aelarines. The pairs of panels in the figure have been ordered-by in
sample of galaxy types. Polarized emission is found to origireasing galaxy inclination (top to bottom) extending friass
nate both in the disks of actively star-forming galaxies and than 10 degrees for NGC 628 to about 85 degrees in NGC 4631.
what appear to be either AGN or star-formation driven (aineu The simple trend described above is clear, the polarized in-
)nuclear or galactic wind outflows. “Disk” emission is rélaly tensity showing a global minimum toward the receding major

2. Summary of observations and data reduction

3. Observational trends
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axis and there being a systematic progression from one breaddium responsible for the Faraday rotation of th&ude po-
maximum at the approaching major axis to a pair of maxima thatized emission in our targets only extends over a smattifsa
move to the minor axes as the inclination increases. Therlatof the complete line-of-sight. A similar conclusion wasakeed
effect is due to geometry of a planar field, while the former orgy|Berkhuijsen et all (1997) for NGC 5194 based on the smaller
has no current explanation. We note that the polarizatigmas Faraday depths seen at 1.4-1.8 GHz relative to 5-10 GHz &br th
metry along the major axis is not as pronounced at frequenciarget.

of 5 GHz and higher (see elg. Beck (2007)).

An important conclusion that follows directly from a com-
3.2. Faraday depth parison of the< ®(¢) > and< P(¢) > plots is that the polarized
intensity and the Faraday rotation in the highly inclinedaga
The variation in Faraday depth with azimuth (shown in Eig. ¢s of our sample must originate in distinct regions alorg th
also shows systematic trends with increasing inclinatap, line-of-sight. This is because is proportional to B, while P
though not as cleanly as those seen in polarized intensitg. Qs proportional toB*. For any given field geometry, a peak in
complication is that each Faraday depth distribution caeibe B, will be accompanied by a minimum i&** and vice versa.
ther positive or negative, so both options need to be cormideThe observation that maximal excursions of bethd > and
in assessing a possible trend with inclination. Another giom < P > are seen in all four of the most inclined galaxies cannot
cation is the uncertainty in the foreground contributiondip be achieved with any co-extensive geometry of the emittirdy a
which is critical in distinguishing peaks (be they positiveneg- dispersing media.
ative) in the modulation patterns from minima (consistewiti
that foreground level). What is immediately clear from an as
sessment of the ®(¢) > patterns is that they are in no case
consistent with being symmetric sinusoids (either of pele  3.3. Depolarization
or &) in their excursions about the estimated foreground Farada
depth. The implication is that a thin axisymmetric or bisyatm N ) _
ric spiral disk is not a viable model for the medium respolesib!n addition to detecting a systematic pattern of Faradayidep
for the Faraday rotation of the polarized emission deteated€Xcursions across the full LMC disk, Gaensler et al. (200%) a
these frequencies (¢f. Kratise 1990). d_ocument the very substantlal depolarizirfteet of the LMC
The < ®(¢) > pattern that applies to a large fraction oflisk on ba_ckground polarized sources observed at 1.4 GHz.
our sample has a minimum Faraday depth (consistent with tR&spite a likely mean angular source size of only about 6 arc-
estimated foregound) that occurs close to the approacharg fec, Which projects to 1.5 pc at the LMC disk, these sourees ar
jor axis (at an azimuth of 18D and a single maximum excur- more depolarized (by a factor of more than two) when the LOS
sion near the receding major axis at low inclinations. Taime IS associated with thermal electrons in the LMC disk exceed-
pattern applies to many of the eight lowest inclination gela g @n emission measure of about 50 pc &nThe implication
and would also apply to NGC 6946 if the previously publishe@PPears to be that significant RM fluctuations are preseiteat t
estimate of the Galactic foreground val@e; = 40radm? 1.4 GHzobserving frequency on scates1.5 pc. Since eventhe
by [Beck (2007, were the correct one, rather thandize = diffuse |or_1|zed gas that permeates ga_laxy disks has an emission
23radm? + 2 we estimate in Paper Il. A similar consideraMmeasure in excess of about 20 pc €rin moderately face-on
tion applies to NGC 5194, for which Horellou ef al. (1092) esystems (e.g., Greenawalt etlal. 1998), we can expect isigni
timated ®rg = —5radm? + 12 rather than our estimate ofcant degree ofdep_olar_lzatlon for_any “b_ackS|de”em|s_S|mur
®rg = +12rad m? + 2. We plotted these alternate estimates @alaxy sample. This will be true in particular for thefdse po-
®rg in the figure with horizontal lines. We also note here a ty@rized emission originating in the target galaxy itseilice the
pographical error in the value dfrg for NGC 4321 in Table 1 felevant scale is then that of the observing beattb arcsec,
of Paper Il, which is-7 rad nT? and not-17 rad m? as stated Which projects across more than 700 pc at the typical galesxy d
there. This pattern of maximum and minimum is not a simple dance of 10 Mpc.
nusoid but has a clear asymmetry about an azimuth of &&Q
is most obvious in NGC 4321 and 6946. When the inclination Ittherefore seems likely that the polarized intensity flom
exceeds 69 there is a sudden change to a pattern of two peaikglination galaxy disks observed at GHz frequencies is idom
near the minor axis that is found in all four of the highly ineld nated by emission from that portion of the galaxy disl#o that
galaxies in our sample. It may well be of further significatie faces us. Corresponding structures from the far side ofalexy
several (and possibly all) of these highly inclined galaX@d would be dispersed and depolarized by turbulent magnetic-io
already been identified as having a morphology suggestige oftructures in the star-forming mid-plane. We recall that @nly
circum-nuclear or galactic wind outflow. in those regions dominated by a regular rather than a tumbule
Another critical observation is the magnitude of the Fayadanagnetic field that a net polarized emissivity is expecteallat
depth excursions from the foreground value, which is in aiven the strong concentration of massive-star formatiahits
cases very modest, typically between 10 and 30 rafl ifhis associated turbulent energy injection into the mid-plahete
is substantially less than the Faraday depth variations- meaay well be two zones of enhanced net polarized emissivély th
sured through the entire disk of the Large Magellanic Clouate dfset above and below the mid-plane. Each region of polar-
bylGaensler et all (2005) using distant background souhzgs tized emissivity will then experience the dispersivkeets of its
show average excursions of plus and minus 50 rad amd own line-of-sight foreground, which is likely to be domigdtby
peak excursions 0245 and-215 rad m?. Since the LMC thermal rather tharrelativistic plasma. For the near-side polar-
is in no way a remarkable galaxy in terms of its likely fieldzed emission, this is likely to be caused by the extendeuitake
strength (based on the synchrotron surface brightnessjeor t halo of the host galaxy, while for the far-side polarized €sitn
mal electron populations (based on the star-formatioa-dah- there will be the additional contribution of the dense (defo-
sity) relative to our sample galaxies, the implication iattthe ing and dispersive) mid-plane.
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3.4. The “second” polarized disk transition from one RM to the other is well-resolved and a sin

_ _ . gle RM value is observed over several beam-widths (of about
Because of the likely Faraday depth of the mid-plane mediugy arcsec or 0.1 pe at a distance of 1 kpc), while in other re-
it is conceivable that the near- and far-side polarized 8i0WS gions the transition is unresolved, such that both RMs aper!
zones in moderately face-on galaxies would experiencediéry gpatially with only the peak polarization showing the dseil
ferent Faraday dispersion, making it possible to distisguhe tjon petween the two values. When completely unresolvedext
two components along each line-of-sight usingthe RM synthga|actic sources are observed in this field, they display oné
sis technique, which we employed in our study. We conductgfl the other of these two possible foreground RMs (compare
a deep search for multiple Faraday depth components aleng {p|e 2 of Paper I1), but more extended sources show anascill
line-of-sight to detect disk emission from each of our sa&mpfign petween the two values180 rad m?2 occurring 3 — 4 times

galaxies, after applying a spatial smoothing to (@) cubes 55 often as OradT. The regular Galactic magnetic field ap-
that results in an angular beamsize of 90 arcsec. Solid det&i

: : e ! ars to be organized into discrete filamentary componadttis w
tions of faint secondary emission components were madeein ¥nsverse sizes significantly less than a parsec.
brightest face-on galaxies of our sample, as shown in Elgs. 2
M. In addition to the bright polarized emission that typligaé-
sides at a Faraday depth within only a few tens of rad of 4. Magnetic field distributions

the Galactic foreground value, much fainter polarized siois . . .
(by a factor of 4 — 5) is detected in NGC 628, 5194, and 694'ghe observational results summarized in $éct. 3 suggesga ma

which is dfset to both positive and negative Faraday depths ggtic field geometry dominated by an in-plane field described

about 200 rad 17?. We first considered whether these faint se@y N axisymmetric spiral structure (ASS) #mipossibly a bi-
trSymmetric spiral structure (BSS). These topologies assame

pPlanar field configuration (in thex(y) plane) given by a fam-
ily of logarithmic spirals defined in radial coordinatesd) by
the form

ondary components might be instrumental in nature, sineg
are similar to the Faraday depth side-lobes of our instruate
response (as described in Paper II), but concluded thatateesy
likely reliable. Indicators of the reliability of these faicom-
ponents are that (1) they do not occur toward the brightest I¢ _ aek¢+o), 2)
dispersion components; (2) the Faraday depth separatitire of

secondary components varies from source to source, wtele for a radial scaling constang, an angular scaling constai,
instrumental sidelobe response does not; and (3) the fasit p which is related to the spiral pitch anglg,, by,

tive and negative-shifted components form a complemetiary

tribution of eachother, rather than merely repeating tredves v}, = tan1(b) 3)

in detail. d | hich defi h in the famil
Detection of this highly dispersed and probably depolatizéz\? an angulariéset,c, which defines each curve in the family.

ssecond disk” supports the emerging model in which the pola e find it convenient to use the complement of the spiral pitch

ized intensity observed at GHz frequencies from nearbyxg(alaangle’wxy given by,

disks is dominated by a region of emissivity located abo _ ol

the mid-plane on the near-side, which subsequently expeage Yﬁxy = 90"~ iy = tan (1/b). “)
Faraday rotation within the extended halo of the galaxy amou The right-handed cartesian components of an inward diecte
ing to only a few tens of rad m. Significantly fainter polarized planar ASS logarithmic spiral are then given by,

emission (by a factor of 4 — 5) is detected from the farside of

the mid-plane, which displays the additional dispersiffeats Bx = BCOS@ + i) (5)
of that mid-plane zone amounting to plus and minus 150 — 26) = Bsin(p + yyy) (6)
rad nT2 within the three galaxies where this could be detectedBZ -0 @)

For the corresponding case of a planar BSS magnetic field with

3.5. Small-scale RM fluctuations the usually assumed sinusoidal modulatioBaefith ¢, we have,

Extremely small-scale RM fluctuations within our ow

"B, = B 8
Galaxy were discovered in our sample data for the field %f; C.OS(%JFWXYJF#) ®
NGC 7331. This target is observed through the Galaxy nedr = BSIN(2 + ¥y +4) ©)
(I,b) ~ (94,-21), within an extended (30x 30°) region B; = 0, (10)

. . 72
%he]irtté%l{ﬁgmttlaeig; nzeog(ﬁ)lvz l?:lt\)ﬂr?egsgzzd?r?g;ari;on(ggé whereu is used to _t(ack the positive peak in the field modulation
positive Galactic RMs is centered nedrhj ~ (250 -10). Patternfroman initial valugo such that,

These two regions correspond to the directions where we logk. . 1 [In(r/a)]/b (11)
directly along what is likely to be the axisymmetric spiraldi

of the Galaxy (e.g., Sun etlal. 2008).fidise polarized emission at radiug, in terms of the spiral scaling constants defined above,
from the lobes of a background head-tail radio galaxy, tis& dia andb.

of NGC 7331, and even the Galactic synchrotron itself displa The out-of-plane field topology is not well-constrained by
the remarkable oscillatory behavior of the Faraday depthef previous observations, but might be expected to have edther
polarized emission with position in the field. As shown in theven or odd configuration of the symmetry about the mid-plane
Faraday depth versus declination slices of Higis. 5[and 8e thésee Fig. 2 of Widrow 2002). An even configuration corresgond
are two dominant Faraday depths present in this field, one n&athe case where the azimuthal (toroidal) component of éhe: fi
-180rad m? and the other near Oradfn Depending on the has the same sign both above and below the mid-plane. The re-
exact location along the indicated declination slice, esitbne sulting field geometry has a quadrupole structure in theigalo

or the other of these RMs are encountered. In some regians, fileld and is the one predicted to emerge most naturally from an
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aw dynamo operating at intermediate to large radii in a galac- Combining the planar (E@] 4) and out-of-plane (EJ. 18) ge-
tic disk, where dterential rotation is important (Elstner et al.ometries permits the three right-handed cartesian conmisné
1992). An odd-parity configuration has the opposite signs tife modified ASS magnetic field in the frame of the galaxy to be
the azimuthal field above and below the mid-plane. The asswritten as,

ciated structure of the poloidal field is that of a dipole. hi

topology may be associated with th& dynamo process that Bx = BCOSE + i) cos{), (19)
may be dominant within the circum-nuclear regions wher&solBy, = Bsin(g + yxy) COS{-), (20)
body rotation may prevail in galaxiels (Elstner et al. 1992)e = Bsin,). (21)

aw dynamo in galactic halos may also generate dipolar fields
Sokoldf & Shukurov (1990). When viewed at an inclination, this yields the observer’s frame
Of stronger relevance is the expected height above and belowwmponents,
the mid-plane at which the polarlzed synchrotron emissimhin
originate. From the discussion in Séat. 3, we expect tharpol Bx = BCOSE + yyy) cosiy), (22)
ized emissivity may peak on either side of the galaxy midipla By, = Bsin(® + ¢xy) COs{;) cos) — Bsin() sin(), (23)
but that the near-side component will dominate the detqmted g i i i
larized intensity at GHz frequencies because of depoléwiza B BSIn@ + ) cosfz) sin() + Bsin@z) cos). (24)
in the turbulent mid-plane, which is an intervenor to thediale where the X,y,Z) are the major axis, minor axis, and line
emission. The Faraday depth distribution will reflect alltleé of sight, respectively. If the spiral is a trailing one (asrum-
relevant propagationfkects that the emission has experiencedtrated in every kinematically studied galaxy with a wedfided
For the near-side component this will reflect the extended-nenearside) then the positivé axis so defined corresponds to the
side halo of the target galaxy, while for the far-side comggun receding major axis. The projected parallel and perpetalicu
the additional dispersion in the mid-plane region will at&m- components of the magnetic field and the orientation angle of
tribute. B, are given by,
We extend the usual planar ASS and BSS field topolog

with the addition of an out-of-plane component taken froimal Bj = Bz (25)
ear combination of dipole and quadrupole topologies. Ttsicha_, > >
equations describing dipole and quadrupole fields and niagne* ~ V Bl + B (26)
flux functions can be found In_ Long etlal. (2007). For the sienpl By
case under consideration, there is cylindrical symmetguab Yo = arctar( ) (27)

the galaxy rotation axis, z. In terms of the angle from tha+ot

tion axis,d, and the distance from the origin, the two perpen- We recall that the Faraday depth caused by a magneto-ionic
dicular components of the poloidal magnetic field with a t&po medium is proportional t®, the polarized intensity is propor-
moment, D, and quadrupole moment, Q, (each with a non-trivigonal to B+, and the intrinsic polarization angle (giving the
sign) are given by, E-field onentanon) iSvo = xg — 90°.

_ 2Dcos(f) . 30[3c02(0) - 1] In the corresponding case of a modified BSS magnetic field,

B = (12) Wwe have
p p3 4p4 ’
5 _ Dsin®) _ 3Qsin(6)cos(t) 13) Bx = BCOS(2 + Yy + 1) COS{/2). (28)
TR 200 By = BSIN(2) + Yy + 1) COSY). (29)
B, = Bsin(,). (30)

The corresponding magnetic flux functiob, is given by,

When viewed at an inclination, this yields the observer’s frame
—S|n2(9)COS(9) (14) ComponentS,

P

BCOS(2 + Yy + 1) COS), (31)
The surfaces defined By = constant represents example sur— ~ Bsin(2+ + 1) Cos{y,) cosf) — Bsin@,) sinG). (32)
faces on which the magnetic field lines reside. The field compg'y - 2+ Yy + ZEESU TP % ’
nents out of- and within the plane are given by, Bsin(2p + ¢y + 1) cosg) sin() + Bsin;) cos(), (33)

2
¥ - Dsin<(6)

B, = B,cos(6) — Bysin(9), (15) and the correspondirg, B, andy; as above.
_ : With these definitions in place, it is possible to explore the

Br = B,sin(6) + Bocos(6), (16) parameter space of modified ASS and BSS field topologies and
which yield the total field strength and local orientatiorglen produce both images and azimuthal traces of the expected dis
from, butions ofB; andB,. We use these measures as proxies of the

5 s Faraday depth and polarized intensity, respectively. éngh-
B® = B; + B} (17) sence of a model for the spatial distributions of cosmicaag
U, = tani(B,/B,). (18) thermal electrons, we do not attempt to reproduce the observ

ables directly, but merely the systematic modulationB ahd®
The poloidal field topologies are shown in a plane that inetudwith azmiuth.
the rotation axis in Figl]7 for pure dipole, quadrupole, and a We present images and traces of the ASS and BSS predic-
mixed dipole plus quadrupole configuration. The units oftthe  tions in Figs[®EIR. Each group of>22 panels in the figure
axes in the plot are arbitrary, since the topologies aressgliiar. represents a contour plot & and B, (at top) and a series of
A three dimensional depiction of the pure dipole and quadlieup traces ofB(¢) and B, (¢) at fixed radii (below). The relative
field topologies is given in Fidll 8, where several surfacesoof  weights of a dipole (D) and quadrupole (Q) field (each includ-
stant magnetic flux are shown for each case. ing a nontrivial sign), galaxy inclination, spiral pitch angle,
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Yy (positive for counter-clockwise and negative for cloclkayis locations of maximum and minimuiy). As with the basic ASS
and distance(s), Z or (Z1 and Z2), from the mid-plane (pessiti fields, a higher inclination yields an increased fractionatlula-
toward the observer and negative away) are indicated abfhe tion of B;(¢) andB, (¢), while not dfecting the location of those
of the contour plots, together with an ASS or BSS designatiogxcursions. The strong radial dependence of these azihpattia
Two representative spirals are drawn for reference, botittiid terns implies that if there were significant averaging ofiréxy
inwardly for the ASS plots and one inward and the other outven as little as 20% inr/r for a pitch angle oy}, ~ 20°)
ward for the BSS plots. The inclination is defined such that fohen most of the predicted modulation would disappear. Ehis
kinematically trailing spirals, the receding and appraaglends particularly true ofB, (¢), for which the predicted modulation is
of the major axis are as indicated. The “near” and “far” deaig both intrinsically smaller and twice as rapid as thaBgp). The
tions in the plots also aid in demonstrating the spatiaiaton strong radial dependance of BSS models severely limits thei
of the disk unambiguously. An ellipse that ifset from the disk predictive power for the general patterns of azimuthal ntedu
by the distance Z is drawn to demonstrate its location reddti  tion that are observed in galaxies and so will not be consitler
the mid-plane. The radii at which the azimuth plots were madierther.
are marked by the same linetype on the contour plots. The az- The azimuthal modulation d8; andB, in the planar ASS
imuth angle increases counter-clockwise from the recedliag and BSS spiral topologies is apparently inadequate forritesc
jor axis. ing the general patterns noted above in $éct. 3. Neithereskth
We also plot the projected angle &f., x(¢), within the topologies predict a clear distinction between the reagdind
same panel that presents the trac®0of¢) using the right-hand approaching kinematic major axis in terms of either thdrnstc
scale. They(¢) traces are only plotted for the ASS cases, sindgightness of polarized intensity or the Faraday depthitiaay
the BSS cases vary so dramatically with radius. encounter.
For simplicity, we begin with a fixed spiral pitch angle,
v, = 20, since this corresponds well with the average meg- S
SL)jyred value for our sample galaxies {cf. Kennicutt 1981)ctvh %2 Thick disk models
vary from about 15-25 and we begin by considering counterin Figs[T0 IR, we explore the extension of the basic ASStopo
clockwise (CCW) spirals. Other values will also be consider ogy with either a dipo|e (D; 1, left-hand groups) or quadrupo|e
below. First we consider the predictions for the simple atan(Q = 1, right-hand groups) modification to the out-of-plane field
ASS and BSS spirals in FIg 9. A radial spiral scaling constars given by EJ_21. In keeping with the discussion of $écte3, w
a = 5, and a galaxy disk radiusmax = 35, are assumed for calculate a projected distribution that is populated withispec-
illustration. These choices have nidet on the results. ified range of mid-plane heights extending from Z1 to Z2 on the
near-side of the galaxy and frorZ2 to—Z1 on the far-side. For
lines-of-sight that intersect the mid-plane disk withie thomi-
nal galaxy radius, only the near-side region(8) contributes to
Planar, axisymmetric field topologies yield projected fietan- the integral, to approximate théfect of mid-plane depolariza-
ponents (as shown in the left-hand groups of Eig. 9) that afen. For other lines-of-sight, outto 1.2 times the nomielaxy
independent of radius and have very simple symmetBgg,) radius, both the nearside and farside zones are integfidtedn-
having positive and negative excursions that are fully sytnim  tegral is determined by first evaluatify andB, at a sequence
about zero. The single positive peak occurg at- }, offset of finely-sampled line-of-sight depths and then formingatier-
from the approaching major axis, the negative peak being-opmge. The two lower panels of each group were modified to allow
site to this (as also demonstrated/ by Krause 1990).BHe) more direct comparison with the data of Hig. 1 by plotting the
component has a complimentary behavior with two equal mimean modeled quantity within azimuthal wedges rather than t
ima slightly dfset from both major axes, and two equal maximazimuthal traces at discrete radii. The error bars reptdken
slightly offset from both minor axes. As the inclination increasé8MS variation within each wedge, which are principally cadis
from face-on toward edge-on, the amplitude of Bgp) and by a dependence on radius.
B, (¢) modulation increases, although there is no change in the We first consider the dipole and quadrupole models that are
azimuthal location of either the maxima or minima. The prantegrated over mid-plane heightsjaf = 2 — 4 (about 10%
jected orientation of the plane-of-sky fielg,(¢), has the ex- of the disk radius) in Fig._10. Although the azimuthal trade o
pected linear variation with azimuth for a nearly face-onmge projected field modulation with azimuth show some variation
etry, which becomes increasingly non-linear as the intilima amplitude with radius (as indicated by the error bars),dtee
increases. well-defined maxima and minima. The local modification to the
Changing the sense of the field to be outwardly directeglanar spiral field is illustrated in Fi§] 7 by the vector ortie-
rather than inwardly directed, changes only the sigBdf), tions along the horizontal line drawn at=Z+4. The addition of
and leaves, (¢) unchanged. This is true for all of the field ge-a poloidal field component has introduced several notalfilerdi
ometries we consider. ences from the planar case. Althougffp) exhibits maxima and
The basic BSS projected field patterns and their variationinima at the same azimuth as previously (near the majol) axes
with galaxy inclination are illustrated in the right-hantbgps it no longer has excursions that are symmetric aligjut= 0,
of Fig.[9. Because of the modulation of field sense with azimuB,(¢) being dfset to negative values d@, (for an inwardly-
along the family of spirals, there is a strong radial depecde directed spiral field) and showing complementary moduteitio
of the projected field components and their variation with athe dipole and quadrupole cases. The charactBr 0f) is more
imuth. By(¢) has positive and negative excursions that are stdlbstantially modified by the addition of a poloidal field. tivst
fully symmetric about zero, but it exhibits two equal maximaonsider the quadrupole case €Q1) shown in the right-hand
and two equal minima (rather than only one for ASS), whichroups of Fig[ID.
are located at dierent azimuth depending on the radiBs(¢) At low inclinations, a single minimum iB, occurs near the
displays four equal maxima at the azimuthal angles wBgfg) receding major axis @t ~ y/, and a broad single peak centered
has its zero crossings, and four equal minima in-betweethéat near the approaching major axis. As the inclination inaeas

4.1. Planar models
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the single global minimum i, remains close to the recedingment of the halo predictions for the quadrupole with the dasi
major axis, while the single broad maximum divides into twe: ®(¢) > patterns is reasonable for many of the low inclination
maxima that separate and shift toward the two ends of the rgalaxies of our sample. The dipole halo models (shown in the
nor axis. This is exactly the trend shown by the data in [Hig. eft-hand panels) with their maximal excursion near an atim
The other noteworthy attribute of these distributions et tithe of 180° reproduces the observations less successfully.
largest excursion ifBy| is found on the receding major axis at  Although the models considered to this point can reproduce
all inclinations, representing the greatest Faraday dapthis the general pattern of P(¢) > modulation at all galaxy incli-
azimuth for coextensive emitting and dispersive media.léwr nations and the: ®(¢) > modulations for many low inclination
inclinations, there is a broad minimum|ig| at the approaching targets, they have not provided any agreement with thendisti
major axis, which becomes a secondary peak at this locatfon {ive doubly peaked pattern &f ®(¢) > around the minor axes
opposite sign) as the inclination increases. This rougbhe@s seen in our four highest inclination galaxies. We now coaisid
with the patterns seen for the majority of lower inclinatgalax- an additional variant of our halo models in an attempt toaepr
ies in Fig.[1, these models still being more symmetric than tlduce those: ®(¢) > patterns. In Fig._12 we consider dipole and
data, which exhibit a much clearer neargideside asymmetry. quadrupole models for an extremely large pitch angle 6f 85
For the dipole case (B 1), shown in the left-hand groups ofillustrate the impact of a planar field component that is esse
Fig.[10, the receding and approaching major axes are ralersally radial. The distinctive doubly-peaked pattern<ofb(¢) >
since the poloidal field component of the dipole at positivd-m at large inclinations can be reasonably reproduced in #ie,c
plane dtsets is directed outward and not inward (as shown but only for the dipole topology.
Fig.[?). For this case, it is thapproaching major axis that is
predicted to have a global minimum By, and hence also the
minimum intrinsic polarized intensity. In a similar way,jstthe
approaching major axis for which the greatest value |8, Our analysis of the projected three-dimensional magneid fi
hence the largest associated Faraday depth is found. Theedeghpologies presented in Seft. 4 and their predicted obskerva
of modulation with azimuth is rather modest for the dipolseca consequences for the azimuthal modulatiBy(p) and B, (¢),
integrated over these heights. has provided a plausible explanation of the very general ob-
From this comparison, it is clear that a large-scalgerved trends noted in Sefl. 3. A self-consistent scenaso h
quadrupole ASS field topology provides an excellent model femerged that accounts for the polarized intensity and itasdesy
explaining the modulation of polarized intensity with ami, dispersion observed at GHz frequencies from galaxy diske. T
while the dipole clearly does not. The modulation of Faradajetected polarized intensity is dominated by a zone of awitigs
depth with azimuth is also explained qualitatively for tioevl above the mid-plane on the side of the galaxy facing the ebser
inclination systems, but is not reproduced in detail. Theeial  (at a height of perhaps 5 — 10 % of the disk radius). This thick
attributes of the quadrupole model in matching the obseaved disk emission arises in a region that is dominated by an axisy
imuthal modulation patterns P(¢) >, are the magnitude andmetric spiral with an out-of-disk quadrupole topology, wHis
particularly the sign of of the angig, as given by Ed._18. For responsible for a distinctive modulation Bf (¢) and its varia-
typical values of the spiral pitch anglé,, | < 25°, the projected tion with galaxy inclination. This emission isfacted by only a
field componentB, of Eq.[24 has minima and maxima neamodest amount of Faraday dispersion, of a few tens of rad m
¢ = 0and 180. The “hour-glass” shape of the quadrupole fielghithin the nearside halo of the galaxy in its subsequent prop
yields a positive sign of, for small positive values of, i.e. agation. For the majority of low to modest inclination gaéex
toward the observer, and this is what yields a minimunBof (< 6¢°), the dispersive foreground topology is consistent with an
near¢ = O for the nearside emission. The “donut” shape of thextension of the thick disk ASS quadrupole out to larger hisig
dipole field, on the other hand, yields a negative sigg-ofor above the mid-plane (of perhaps 30% of the disk radius).
small positive values of, resulting in a maximum oB, near The most highly inclined galaxies of our sample require
¢ = 0. an alternative halo field topology, in the form of a radially-
dominated dipole, which yields a distinctive doubly-pedke
modulation of®(¢). It seems significant that in many or pos-
sibly all of the highly inclined galaxies of our sample there
We now consider dipole and quadrupole models that extendiscevidence of a significant circum-nuclear outflow compadnen
more substantial mid-plane heights in an attempt to regreduo the polarized emission, in addition to that of the diskisTh
the azimuthal modulations of Faraday depth seen in the datecum-nuclear component would quite naturally be exptte
In Fig.[11, we illustrate the result of integrating the sanm@dm be associated with a dipole, rather than a quadrupole field, i
els just considered over mid-plane heightsaf = 4 — 10 view of the likely dominance of the? over theaw dynamo
(or about 30% of the disk radius). By considering first thenechanism at small galactic radii (e.g. Elstner &t al. 1998)s
quadrupole models in the right-hand panels, we see sulatantircum-nuclear dipole field would also be less likely to hang
similarity between these models and those originatingeclos association with the spiral pitch angle of the disk giveroitis
the mid-plane (Fig_10). The modulation patterrBn(¢) has a gin. Because of the shallower rolffowith radius of a dipole
slightly smaller amplitude. The modulation pattern of tredch compared to the quadrupole field (see Egd. 13), a dipole com-
By(¢), while similar to its thick disk counterpart, has a cleaponent may come to dominate the halo field of the associated
asymmetry in the approaching major axis minimum about aralaxy when both are present. Sokibl& Shukurov (1990) also
azimuth of 180, which is reminiscent of what is seen in the datargued that arw dynamo operating in the halo would directly
of Fig.[. The pattern shown is for a positive pitch angle of 2@roduce a dipole field. Non-stationary global halo modelg.(e
(CCW spiral), while for a negative pitch angle (CW spiralisit |Brandenburg et al. 1992) may also provide a natural exgtamat
mirrored about an azimuth of 180MNe recall that changing the of the dipole signature on the largest scales.
sign of the spiral field from inward directed (as shown) to-out In addition to the bright polarized emission originating in
ward directed changes only the signB{¢). Qualitative agree- the nearside, the corresponding rear-facing region ofrjzeld

5. Discussion

4.3. Halo models
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emissivity of the thick disk can also be detected in reldyive
face-on galaxies if dticient sensitivity is available. This emis-
sion is substantially weaker, by a factor of 4 — 5, and coestst
with depolarization caused by fluctuations in the magnetuiei
medium of the mid-plane on scales smaller than a pc. Thitgfain
polarized component idi@cted by much greater Faraday disper-
sion, corresponding to both plus and minus 150 — 200 ragl m
in its propagation through the dense mid-plane plasma, ds we
as the near-side halo. These two maxima (one positive and one
negative) in Faraday depth are aligned approximately vhieh t
major axes of each galaxy, and have approximately symmetric
excursions about the Galactic foreground value. This paite
consistent with the expectation for a simple planar ASS field
the galaxy disk.

Future observations of nearby galaxy disks at frequencies
below 200 MHz, such as with the upcoming LOFAR facility,
will likely detect net polarized emission from even largeights
above the galaxy mid-plane and exclusively from regiondsno
structed by the mid-plane in projection. A good indication f
the predicted observables is givenin Figl. 11 in which weegmes
model integrations of the upper halo (out to 30% of the disk ra
dius).
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Fig. 2. Polanzed intensity at distinct Faraday depths toward N@8. ’he dominant Faraday depth component centered near
—-30rad m? is shown in the center panel, while the two secondary compsreentered near213 and+145 rad m? are shown on

the left and right. The greyscale varies as indicated. Timtozws begin at 0.29 mJy beatand increase by factors of 1.1 for the
secondary components and 1.3 for the primary component.
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Fig.3. Polarlzed intensity at distinct Faraday depths toward NG@45 The dominant Faraday depth component centered near
+13rad m? is shown in the center panel while the two secondary commsrentered nearl80 and+200 rad m? are shown on

the left and right. The greyscale varies as indicated. Timgowos begin at 0.6 mJy beafmand increase by factors of 1.1 for the
secondary components and 1.3 for the primary component.
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Fig. 4. Polarlzed intensity at distinct Faraday depths toward NG@66 The dominant Faraday depth component centered near
+38rad m? is shown in the center panel, while the two secondary comptsreentered nearl62 and+228 rad m? are shown on

the left and right. The greyscale varies as indicated. Ttozws begin at 0.7 mJy beamand increase by factors of 1.1 for the
secondary components and 1.3 for the primary component.
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&0 40

Fig. 8. Depiction of the magnetic flux function for a pure dipole {Jefind quadrupole (right) field. In our modeling we assume tha
a planar logarithmic spiral field, as illustrated with thdictines in the Figure defines the anglg,, while the local orientation of
a dipole or quadrupole field that is symmetric about the imtedxis defines the anglé;, out of the plane.
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Fig. 10. (continued) Simulated field distributions. The galaxy ination is 60 in the upper series of groups and’80 the lower
series.
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Fig.11. (continued) Simulated field distributions. The galaxy ination is 60 in the upper series of groups and’80 the lower
series.
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Fig.12. (continued) Simulated field distributions. The galaxy ination is 60 in the upper series of groups and’80 the lower
series.
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