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Abstract. The configuration of the regular magnetic field in M 31 is deduced from radio polarization observations at the wave-
lengths 146, 11 and 20 cm. By fitting the observed azimuthal distribution of polarization angles, we find that the regular
magnetic field, averaged over scales 1-3 kpc, is almost perfectly axisymmetric in the radial range 8 to 14 kpc, and follows a
spiral pattern with pitch angles of p ~ —19° to p = —8°. In the ring between 6 and 8 kpc a perturbation of the dominant axisym-
metric mode may be present, having the azimuthal wave number m = 2. A systematic analysis of the observed depolarization
allows us to identify the main mechanism for wavelength dependent depolarization — Faraday rotation measure gradients arising
in a magneto-ionic screen above the synchrotron disk. Modelling of the depolarization leads to constraints on the relative scale
heights of the thermal and synchrotron emitting layers in M 31; the thermal layer is found to be up to three times thicker than
the synchrotron disk. The regular magnetic field must be coherent over a vertical scale at least similar to the scale height of the
thermal layer, estimated to be hy, ~ 1 kpc. Faraday effects oftfer a powerful method to detect thick magneto-ionic disks or halos

around spiral galaxies.
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1. Introduction

The Andromeda nebula, M 31, is the nearest spiral galaxy to
the Milky Way. Despite its high inclination to the line of sight,
the large angular size of the galaxy allows detailed studies of
its magnetic field and interstellar medium (ISM). In particu-
lar, the large scale morphology of the magnetic field can be
investigated with unmatched precision. M 31 is thus of prime
importance in bringing together observational data and theory
about galactic magnetic fields.

Early radio wavelength observations of M 31 at 473 cm
(Pooley 1969) and 111 cm (Berkhuijsen & Wielebinski 1974;
Berkhuijsen 1977) show the continuum emission concentrated
in a ring, at a radius of r ~ 50" ~ 10 kpc. The first radio po-
larization observations at 411 cm, using the 100 m Effelsberg
telescope (Beck et al. 1978), indicated that the magnetic field
in the southern part of M 31 is aligned with the optical spiral
arms. Beck (1982) interpreted the 411 cm data by comparing
the observed polarization angles with a model of the polarized
emission to reveal a predominantly azimuthal large-scale mag-
netic field, concentrated in the r ~ 10 kpc “ring”, directed in the
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same direction as the rotation of the galaxy. Faraday rotation
measures (RMs) from polarization observations of the south-
western arm of M 31 at 416, 20 cm confirmed the presence of a
basically axisymmetric spiral magnetic field (Beck et al. 1989).
A bisymmetric component of the magnetic field was suggested
by Sofue & Beck (1987) from an analysis of the deviation of
the polarization angles at 411 cm from those expected due to
a purely axisymmetric regular magnetic field; however it is not
clear whether the inferred bisymmetric mode is statistically sig-
nificant. Ruzmaikin et al. (1990) modelled the 2111 cm polar-
ization angles of M 31 with an azimuthal Fourier expansion for
the regular magnetic field and ascertained that deviations of
the magnetic field from axial symmetry are evident statistically
and may indicate bisymmetric or higher modes. More recently,
RM:s of 21 background radio sources in the field of M 31 were
found to be compatible with the same magnetic field structure,
but extending far away from the r ~ 10 kpc “ring”, probably to
5 < r <25 kpe (Han et al. 1998). This remains to be substanti-
ated with a statistically significant number of sources.

Recently, Berkhuijsen et al. (2003) presented a new 16 cm
survey of M 31 and concluded that: the regular component of
the magnetic field is probably as strong as the turbulent field;
the regular magnetic field has an average pitch angle of ~—15°
in the range 8 < r < 12 kpc, with a negative value indicating
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a trailing spiral; gradients in Faraday rotation measure may be
an important cause of depolarization.

In this paper we seek to take the next logical step in un-
derstanding the magnetic structure of M 31 by developing a
detailed and self-consistent description of the magnetic field.
We use all of the radio polarization surveys (446, 11,20 cm)
and fit together information on polarization angles, Faraday ro-
tation, non-thermal radio emission intensities, depolarization
and the scale heights of ISM components. Our analysis has two
main components: deducing the large-scale geometry of the
magnetic field and deriving parameters of the magneto-ionic
ISM from analysis of depolarization of the synchrotron emis-
sion. Our approach is the latest in a sequence of methods used
to interpret radio polarization observations of external galaxies.
Ruzmaikin et al. (1990) considered the variation of polarization
angles at a single wavelength, Sokoloff et al. (1992) extended
this approach to multiple wavelengths and Berkhuijsen et al.
(1997) introduced variation in the intrinsic angle of polarized
emission in a galaxy. We develop a new model, by combining
an analysis of multi-wavelength polarization angles — based on
the earlier methods — with modelling of the wavelength depen-
dent depolarization.

A short description of the data we use is presented in
Sect. 2. The properties of the synchrotron disk are discussed in
Sect. 3. In Sect. 5 we use polarization angles at 116, 11,20 cm
to deduce the three-dimensional structure of the regular mag-
netic field in M 31. The method, developed from that used by
Berkhuijsen et al. (1997) to determine the regular magnetic
field of M 51, takes into account the intrinsic angle of polarized
emission in the disk of M 31, Faraday rotation by the magneto-
ionic medium in M 31 and Faraday rotation in the Milky Way.
In Sect. 6 we analyze the radial and azimuthal variation in the
depolarization between wavelengths 16 cm and 420 cm, and
derive constraints on the scale heights of the thermal and syn-
chrotron emitting disks of M 31. This demonstrates a new and
potentially powerful method for extracting such information
from radio polarization observations of spiral galaxies. A short
discussion of the preliminary results was presented in Fletcher
et al. (2000).

2. Observational data
2.1. Radio continuum emission at 116, 11 and 20cm

For the analysis in this paper we adopt the following parameters
of M 31: a distance of 690 kpc (1’ = 196 pc on the major axis),
a centre position of RAsy = 0M40™ 158, Decsy = 40°59'46”, an
inclination angle of i = 78° (Braun 1991) where 0° is face-on,
and a position angle of the northern major axis of 37°.

Berkhuijsen et al. (2003) observed a field of 150" x 70" at
16.2 cm with the 100 m Effelsberg telescope. The original reso-
lution was 24. Figure 1 shows the polarized intensity smoothed
to a beamwidth of 3’, along with ellipses showing the radial
range considered in this paper. Preliminary results were also
discussed by Han et al. (1998) and Beck (2000).

The A11.1 cm map of M31 was obtained with the
Effelsberg telescope and was published by Beck (1982). The
original resolution of 44 was smoothed to 5’ for this paper.

The VLA map at 420.5 cm by Beck et al. (1998) has an
original resolution of 45”, used in the analysis of polariza-
tion angles in Sect. 5. For the comparison of polarized inten-
sities at 446, 20 cm presented in Sect. 6, the 120 cm map was
smoothed to 3’, the same as the 16 cm map. Since we are
interested in wavelength dependent effects (Faraday depolar-
ization) we require the same degree of wavelength indepen-
dent depolarization at 16 cm and 420 cm and so the resolu-
tions must be the same (wavelength independent depolarization
arises from unresolved fluctuations of the polarized emission —
see Appendix A).

From the 120 cm map in total intensity, smoothed to a reso-
lution of 3’, and the 16 cm total intensity map at the same reso-
lution Berkhuijsen et al. (2003) computed a spectral index map
and maps of thermal and non-thermal emission at these wave-
lengths. Combination of the polarized and non-thermal emis-
sion at each wavelength then yields the non-thermal degrees of
polarization that are analyzed in Sect. 6.

Missing spacings affect the diffuse emission at 120 cm de-
tectable by the VLA. This was corrected in total intensity with
the help of Effelsberg data at the same wavelength. A further
complication is that M 31 lies behind a spur of the Milky Way
seen in 120 cm non-thermal emission (see., e.g., Grive et al.
1981; Beck et al. 1998). The total emission from the fore-
ground at 420 cm was removed using an Effelsberg map of
the extended region of sky in the direction of M 31, but the
polarized emission cannot be separated into Milky Way and
M31 components so that a correction for missing spacings
was not possible in the maps of Stokes Q and U (Beck et al.
1998). However, strong spatial variation in the Faraday rota-
tion intrinsic to M 31, shown in Fig. 7 for RM derived using
A16, 11,20 cm data means that at 120 cm Stokes Q and U orig-
inating from M 31 will change rapidly with position and hence
the effect of missing spacings is probably small for the emis-
sion from M 31. Note that a similar pattern is present when RM
is determined using only 416, 11 cm (Fig. 12 in Berkhuijsen
et al. 2003).

2.2. Data averaging in rings and sectors

The maps in the Stokes parameters I, Q and U, at each of the
three wavelengths, were averaged in sectors of 20° azimuthal
and 2 kpc radial width, in the range 6 < r < 14. The size of the
sectors was chosen to match the resolution of the data at A6 cm.
Next we describe how the average Q and U intensities in each
sector were combined to give the average polarization angle
and the average polarized emission intensity in each sector.

2.2.1. Polarization angles

The polarization angle in a individual sector was calculated as
Y= % arctan (U)/(Q), where (. ..) denotes the average value of
the parameter over the pixels within a sector. The resolutions
used were 3’, 5" and 45" at the wavelengths 446, 11,20 cm re-
spectively. The errors in polarization angle were computed as
the standard deviations, within one sector, between all pixels
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Fig. 1. Polarized intensity (contours) of M 31 with the orientation of the emission B-vector also shown (dashes, not corrected for Faraday
rotation) with their lengths proportional to the degree of polarization, observed at A6 cm with the Effelsberg radio telescope (Berkhuijsen et al.
2003). Note that the foreground RM of —90 rad m~2 (Table 2) corresponds to Faraday rotation of about 20° so that the intrinsic B-vectors are
roughly azimuthal. The beam width is 3’ and the rms noise is 0.2 mJy/beam. Contour levels are 1,2,3,4,6 x (5 x 107*) Jy/beam. A length of
B-vectors of 3’ corresponds to a degree of polarization of 36%. The northern major axis is to the left and the ellipses show the radial range of

the data analyzed in this paper, 6 < r < 14 kpc.

whose intensity is stronger than three times the rms noise level.
If the number of pixels in a sector was below five, the error was
calculated by averaging several adjacent sectors (this procedure
was suggested by Berkhuijsen et al. 1997). For two measure-
ments (both at 120 cm, in the ring 6-8 kpc at § = 120° and in
the ring 8—10 kpc at 8 = 60°) the error thus obtained was less
than the noise in the maps and here the noise error was taken.
These average polarization angles are analysed in Sect. 5.

The 120 cm polarized emission from M 31 is mixed with
a substantial amount of emission from the Milky Way fore-
ground. At 45” resolution the polarized emission from the
M 31 “ring” and nucleus is clearly visible and the polarization
angles are clustered in coherent cells, sometimes connected
with the position of OB associations in M 31 (see Figs. 2 and 6
of Beck et al. 1998). Thus, the average 120 cm polarization an-
gles in sectors with a surface area several tens of times larger
than the 45” resolution, are a reliable measure of the emis-
sion from M 31 at this wavelength. The foreground Milky Way
emission merely contributes to the dispersion of angles in a
given sector and hence to the standard deviation used as our
error estimate.

A further check is applied, by repeating the modelling de-
scribed in Sect. 5 using only the 246, 11 cm data. The charac-
ter of the deduced regular magnetic field does not substantially
change if the 420 cm is excluded, though naturally the param-
eters are less well defined.

2.2.2. Polarized intensities

We define the average polarized emission of a sector as Pl =

((Q)2 +{(U)* - 1.20'?2’11)1/2, where o ¢ is the rms noise in Q
and U and provides an approximate correction for positive bias
in PI (Wardle & Kronberg 1974). The Q and U intensities
of all pixels in a sector were averaged to compute P/. Errors
in non-thermal and polarized intensities were estimated as the
standard deviation between all pixels in a sector as described in
Sect. 2.2.1.

In Sect. 6 we compare the degree of polarization at 120 cm,
where Faraday effects are strong, with that at 16 cm, where
minimal Faraday rotation occurs. It is necessary to smooth the
A20 cm map to the 3’ resolution of the 46 cm for this analysis.
When smoothed to a resolution of 3’ the “ring” like polarized
emission from M 31 becomes less distinct than at 45" and nar-
row strips of zero polarized intensity become apparent in the
A20 cm map. These “canals” are interpreted as depolarization
effects in the foreground polarized emission of the Milky Way
by Shukurov & Berkhuijsen (2003). The “contamination” of
the 3’ resolution polarized intensity by Milky Way emission
is therefore probably more serious than for the polarization
angles. The azimuthal pattern of the degree of polarization
at 111 cm is somewhat similar to that at 120 cm. However, the
difference in the degrees of polarization at 411 cm and 16 cm
is not large enough to allow detailed modelling as a check on
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Table 1. Properties of the synchrotron disk in M 31.
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r Is Ps Biot B b he hao
(kpe) (mJy/beam) (%) 1G) 1G) 1G) (pc) (pe)
6-8 3.72 £ 0.06 30+ 1 7.3 49 5.4 220 290
8-10 4.71 £0.05 33+1 7.5 5.2 54 240 330
10-12 4.19 + 0.05 31 +1 7.1 49 5.2 270 360
12-14 2.71 £ 0.05 35+1 6.3 4.6 4.3 290 390

Notes: r is the radial range, /s the average non-thermal radio intensity per beam area at 16 cm (HPBW = 3’), P¢ the non-thermal degree of
polarization at 46 cm obtained from the average polarized intensity per beam area divided by Is; hg and h, the exponential scale heights of
the synchrotron emission at 16 cm and 420 cm, respectively; By, B and b are the average equipartition strengths of the total, regular and
turbulent fields, respectively. The uncertainty in the derived field strengths is about 20%. See Sect. 3 for further explanations.

our results in Sect. 6. Therefore, the observed 120 cm polarized
intensities are an upper limit on the emission from M 31.

3. The non-thermal disk

Our analysis of depolarization in Sect. 6 requires an estimate
of the scale height of the non-thermal disk and the discussion
of the regular magnetic field, revealed by our model in Sect. 5,
is aided by an estimate of the magnetic field strengths based on
equipartition arguments. In this section we derive both of these
quantities.

3.1. The scale height of the non-thermal emission

In a study of an arm region in the southwest quadrant of M 31
Berkhuijsen et al. (1993) found that the half-width of the arms
at 420 cm in the plane of the sky is equal to that of the total
neutral gas (H1+2H,) suggesting similar scale heights for radio
continuum emission at 420 cm and neutral gas.

We cannot yet check this for other regions in M 31, but we
can compare the scale heights at 120 cm derived by Moss et al.
(1998) with the scale heights of HI given by Braun (1991).
Moss et al. (1998) determined the scale height of the contin-
uum emission from four cuts parallel to the minor axis go-
ing through the bright “ring” at about 20’ on either side of
the centre. The arms were cut at radial distances between 6
and 11 kpc, and the mean of the exponential scale heights
is 325 + 43 pc. Braun (1991) described the exponential scale
height of the HI emission as hy; = (182 = 37) + (16 + 3) r,
where the radius r is in kpc and hy; in pc. For the same posi-
tions as the radio continuum cuts, the mean scale height of H1
is 310 + 45 pc. Hence, the scale height of the radio continuum
emission at 120 cm is the same as that of HI within errors. At
this wavelength the width of the radio continuum emission is
determined by the synchrotron emission, because the thermal
emission is weak and has a narrower distribution (Berkhuijsen
et al. 2000). Therefore we take the synchrotron scale height
at 120 cm equal to the HT scale height as given by Braun
(1991).

The synchrotron scale height depends on frequency as
v 025 as observed in NGC 891 (Hummel et al. 1991) and M 31
(Berkhuijsen et al. 1991), thus the scale heights at 111 cm and
A6 cm are somewhat smaller than at 120 cm (see Table 1).

3.2. The equipartition magnetic field strength

The transverse component of the total field strength By, (the
quadratic sum of the regular and turbulent components) can be
evaluated from the intensity of the non-thermal emission as-
suming, for example, equipartition between the energy densi-
ties of magnetic field and cosmic rays (see Pacholczyk 1970;
Longair 1994). However, we use a fixed integration interval
in cosmic-ray energy rather than a fixed interval in radio fre-
quency (see Beck et al. 1996). In this case, and for a non-
thermal spectral index @, ~ 1, the equipartition field strength is
identical to the minimum-energy field strength. The polarized
intensity yields the strength of the transverse regular field, B, ;
the transverse turbulent field strength b, is then found from
b2 = B2, — B>. The values of By, and the regular field
strength B one obtains by deprojection assuming that B is ori-
ented parallel to the plane of M 31, and b = (% bi)l/2 assuming
statistical isotropy. As Faraday effects are small at 16 cm, we
evaluated the field strengths from the A6 cm data.

In Table 1 we show the average equipartition field strengths
in four 2 kpc-wide rings covering the bright emission from
M 31 between 6 kpc and 14 kpc radius. We used a non-thermal
spectral index @, = 1 (Berkhuijsen et al. 2003), and the stan-
dard ratio of relativistic proton to electron energy density k =
100. The line of sight through the emission layer was taken as
L = 2hg/ cosi with i = 78°; we note again that the synchrotron
scale height depends on A.

The magnetic field strengths derived only weakly depend
on the errors in I, L and k (as the power 1/(3 + ay) =~ 1/4).
The main uncertainties are in L and k (about 50% each) so
that the uncertainty in the derived field strengths in Table 1 is
about 20%.

In each ring we also calculated the average magnetic field
strength in the sectors described in Sect. 2.2; within the er-
rors By, Band b are constant in azimuth.

4. Overview of the method

A short overview of the method we use may help the reader fol-
low the main part of the paper. We develop two linked models
in the following two sections. First, an analysis of the average
polarization angles is used to deduce the underlying structure
of the regular magnetic field in M 31. One of the parameters in
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this model, &, in Eq. (4), can be estimated from a second model
of the Faraday depolarization. However the second model, of
the depolarization, uses rotation measures derived in the first
model. We will try to find solutions that satisfy both models
and are consistent with each other i.e. the parameter &, is the
same, within errors, in each model.

5. The 3D structure of the regular magnetic field

In this section, we deduce the regular magnetic field in
M31 from polarization angles of synchrotron emission at
A6, 11,20 cm. The method used is an extension of that em-
ployed by Berkhuijsen et al. (1997) and is only briefly de-
scribed here.

5.1. The model

The polarization angle of synchrotron emission is given by

¥ = Yo( B) + *RMi( B) + A* RMy, (D

where i is the intrinsic polarization angle, RM; is the Faraday
rotation measure in the galaxy, RMy, is the Faraday rotation in
the Milky Way and A is the wavelength.

The cylindrical components of B = ( B,, By, B,) are ex-
panded in Fourier series in the azimuthal angle 6,

B, = By sin py + By sin p; cos(6 — 1)
+ B; sin p; cos 2(6 — B2),

By = By cos pg + By cos p; cos(6 — 1) 2)

+ B3 cos pp cos 2(0 — 52),
B; = By + B;1 cos(6 — B:1) + B cos 2(6 — B2),

where B, and B, are the amplitude of the mode with az-
imuthal wave number m in the horizontal and vertical fields,
P 18 the pitch angle of the mth horizontal Fourier mode (i.e.
the angle between the field and the local circumference) and g3,
and S, are the azimuths where the non-axisymmetric modes
are maximum. Expressions for 9 and RM in terms of the ex-
pansions shown in Eq. (2) are given in Egs. (A3) and (6) of
Berkhuijsen et al. (1997). We note here that iy depends on
magnetic field components in the sky plane whereas RM de-
pends on those along the line of sight. Therefore, fitting Eq. (1)
allows us to obtain all three components of B. Since the ob-
served polarization angle depends on RM, i.e. on the product
of the magnetic field strength, thermal electron density and the
path length, the amplitudes of the Fourier modes are obtained
from fitting in terms of the variables R,, whose dimension is
rad m=2:

_ By (ne) L
=09 (1) e )

where (n.) and L are the average density of thermal electrons
and the line of sight path length through the thermal disk in a
given ring.

Only a fraction of the synchrotron emitting disk may
be visible at a given wavelength due to Faraday depolariza-
tion. Therefore, observations of polarized emission at different

3

wavelengths probe the galactic disk to different depths and our
analysis can reveal variations in the disk parameters along the
line of sight. This has allowed Berkhuijsen et al. (1997) to re-
veal a two-component magneto-ionic structure in M 51 com-
prising a disk and a halo. M 31 does not have an extensive
synchrotron halo (Gréve et al. 1981), and so we consider one-
component (i.e. disk only) fits where the galactic disk is probed
to different depths at different wavelengths. Correspondingly,
Faraday rotation is scaled by a wavelength dependent factor
&< 1,50

RM; = £&RMy, 4

where RMj is the Faraday rotation measure produced through
the whole disk thickness (observable at short wavelengths),
and &, can be understood as the fraction of the disk thick-
ness transparent to polarized emission at a wavelength A.
In Sect. 6 we discuss depolarizing mechanisms in detail, and
from models of the observed depolarization we adopt & = 1.0,
&11 = 0.96 and & = 0.75 (see Egs. (8) and (9)). The fitted pa-
rameters describing the magnetic field were found to be rather
insensitive to the adopted values of &;.

Using Egs. (1), (2) and (4) we fit the modelled, three-
dimensional B to the observed polarization angles in a ring,
simultaneously for all wavelengths, by minimizing the residual

n = 9,, 2

n

where i, is the observed angle of polarization, ¥(6,) the mod-
elled angle and o, are the observational errors. The y? test is
used to ensure that the fit, for all wavelengths in a ring, is suffi-
ciently close to the measured angles. Application of the Fisher
test verified that the fits are equally good at each individual
wavelength (see Berkhuijsen et al. 1997). This model is aimed
at analysis of a global structure of the magnetic field and is not
devised to capture local details in the field structure. Therefore,
where a few data points deviate very strongly from the gen-
eral pattern they can be discarded to obtain a statistically good
fit. The number of points discarded for this reason was 6% of
the total measurements and most of these points occur where
y varies very strongly with 6, leading to underestimated errors.
The exclusion of points is discussed further in Sect. 5.3.

We determine the errors in the fit parameters by varying
them independently and in paired combinations to determine
the parameter ranges consistent with the y? test. For fits requir-
ing a small number of parameters, we checked these error es-
timates by plotting contours of the residual S in the parameter
space. The resulting errors, quoted below, are all 20~ deviations.

5.2. Results of fitting

Figures 2 to 5 show the variation of observed polarization an-
gles (¥, measured anti-clockwise from the local radial direction
in the plane of M 31) with azimuthal angle 6 and the fits for
each ring. The fitted parameters are given in Table 2. Generally
we find that an axisymmetric field, lying parallel to the galac-
tic midplane provides the best fit to the measured polarization
angles. For the innermost ring a weaker, m-periodic (m = 2)
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Fig. 2. Polarization angles (¢, measured from the local radial direction
in the plane of M 31) against azimuth () for the ring 6-8 kpc. Fit
(solid) and observations (squares with error bars, horizontal lines with
error bars show excluded points) are shown for 46 cm, 411 cm and
120.5 cm from top to bottom. The error bars show the 1o deviations.

mode is added to the dominant axisymmetric (m = 0) mode.
The m = 2 mode will produce a 7/2 periodicity in RM.

The fitted RMj, is constant, within errors, between adjacent
rings and varies weakly across the whole radial range in agree-
ment with the expected small fluctuations in foreground RM
from our Galaxy in the direction of M 31 (Han et al. 1998).
This is an important reliability check for the model; the val-
ues of RMy, in Table 2 were independently derived for each
ring by fitting a non-linear model to the observational data. It is
reassuring that there is agreement between rings within errors
and with earlier estimates. The value of RMj, is broadly con-
sistent with earlier estimates of —88 + 2 rad m~2 (Beck 1982),
—100 =+ 33 rad m~? (Ruzmaikin et al. 1990), =93 + 3 radm™2
(Han et al. 1998) and —92 + 3 rad m~2 (Berkhuijsen et al. 2003).

The median amplitude of the axisymmetric mode Ry
reaches a maximum at R =~ 11 kpc, the radius of the well known
bright radio “ring” of M 31. However, the maximum is only
marginally pronounced, and the values of Ry only show radial
variation at the 20" level. This implies that the synchrotron ring
in M 31 is prominent either because the synchrotron emissivity
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Fig. 3. As in Fig. 2 but for the ring 8-10 kpc.

Table 2. Parameters of the fitted model and their 20~ errors. RMj, is
the Faraday rotation measure arising in the Milky Way, R,, and p,,
are the amplitude and pitch angle of the mode with wave number m,
and B, is the azimuth where a mode with azimuthal wave number m
is maximum. The minimum value of the residual and the value of x*
are shown for each fit in the bottom lines.

Units Radial range (kpc)

6-8 8-10 10-12 12-14
RM;, radm~2 —-93 45 —99 45 —-93 45 —89 +4
Ry rad m +83+7 +96+9  +115+9  +99:6
Do deg —13+4 -19+3 -11+3 -8+3
R, rad m2 +45 £10
D2 deg -2+12
B2 deg —43 +7
S 58 59 62 62
X? 63 63 65 65

depends on a high power of the magnetic field strength or be-
cause the density of relativistic electrons is higher in the ring.
The underlying maximum in the magnetic field itself is very
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Fig. 4. As in Fig. 2 but for the ring 10-12 kpc.

weak, of about 20%, or even less if the thermal electron den-
sity has a maximum in the ring.
We now describe the fits for each ring in detail.

5.2.1. The ring r = 6-8kpc

A combination of a strong m = 0 mode perturbed by a weaker
m = 2 mode provides a good fit for the innermost ring (i.e.,
one that satisfies both the y? and Fisher tests). The rotation
measure in this ring varies by a factor of 3 between the maxima
(~130 radm2 at § = 130°, 310°) and minima (~45 rad m~2 at
6 = 50°, 230°). If (n.)L is about constant in the ring, the field
strength varies by the same factor. The pitch angle of the m = 2
mode is small but leads to a variation of +10° in the mean pitch
angle of the regular magnetic field, p = arctan( B,/ By), with
minimum pitch angles of p = —25° and maxima of p = —-9° at
6 = 40,220° and 140, 320°, respectively.

To achieve this fit we excluded two data points (at 16 cm
the sectors § = 0° and 160°) out of 54. Both sectors are in the
region of a vary rapid change in i, so it is plausible that the
error in i is underestimated in the two sectors. If we try to ob-
tain a good fit for the combination m = 0 + 1, it is necessary to
exclude four measurements (at A6 cm 6 = 0°, 160°, 340° and
at 111 cm 6 = 180°) and the fitted RMs, = —113 + 2 rad m™>
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Fig.5. As in Fig. 2 but for the ring 12-14 kpc.

is not consistent with RMy, in the other rings. Nine measure-
ments must be excluded in order to achieve a fit using only the
axisymmetric m = 0 mode, so the addition of three extra pa-
rameters describing the m = 2 mode is supported by the use of
seven extra data points.

A possible explanation for the m = 2 mode in this ring can
be that the disk inclination angle i is different from that in the
other rings. Braun (1991) argues that the inclination angle of
the H1 disk varies significantly along radius in M 31.

Another, more plausible possibility is that the m = 2 com-
ponent is a response to the two armed spiral pattern, but re-
stricted to the thin magneto-ionic disk. The latter restriction
is needed to explain why this magnetic field model does not
deliver a good fit to the Faraday depolarization in this ring dis-
cussed in Sect. 6.2. As we argue there, the depolarization, due
to a Faraday screen, occurs in the upper layers where the field
is basically axisymmetric

5.2.2. The rings 8-10, 10-12 and 12-14 kpc

A satisfactory fit using only the axisymmetric m = 0 mode
is found for each of these rings. The mode amplitude reaches a
weak maximum in the ring 10—12 kpc and then decreases in the
outermost ring. The pitch angle of the regular magnetic field
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becomes smaller (i.e., the field becomes more tightly wound
with increasing radius, see Sect. 5.4).

The fit for the ring 8—10 kpc requires the omission of four
measured y out of the total of 54, two near the major axis at
6 = 340° for 116,11 cm, and two at 220 cm, 6 = 200°, 220°.
For the ring 10-12 kpc three measurements must be omitted to
achieve the m = 0 fit, two on the major axis (at 16 cm, 8 = 160°
and A11 cm, 6 = 0°), along with the sector 8 = 40° at 2120 cm.
Finally, the measurements at 16 cm 6 = 0°,340° and 420 cm
0 = 340° are omitted in the outermost ring.

Figure 6 shows a face-on view of the galactic disk with the
sector grid and the fitted regular magnetic field vectors shown
in each sector. The azimuthal component of the field is stronger
than the radial component in all sectors (that is, the pitch angle
is rather small). The effect of the m-periodic, m = 2, mode in
the innermost ring can be clearly seen in the varying length and
direction of the magnetic field vectors.

5.3. Excluded measurements

In order to include all of the observations in any of the rings, we
find that more than two extra modes must be added to the mag-
netic field models discussed above. For example, in the ring
10-12 kpc we cannot achieve a good fit with the combination
m = 0+ 1 + 2 even though an extra 6 parameters are used to
try and accommodate three previously excluded measurements.
This strongly suggests that either (i) the excluded sectors are
not dominated by any large-scale structure but by localised per-
turbations of a more regular underlying pattern or (ii) the errors
in the omitted polarization angles are underestimated.

All but two of the excluded measurements lie close to the
major axis of M 31. Here, the detected polarized emission is
weakest as the small pitch angle of the regular magnetic field
means that its component perpendicular to the line of sight,
B, is small near the major axis. Also, near the major axis of a
highly inclined galaxy with a strongly azimuthal regular mag-
netic field, the observed polarization angle (in the sky plane)
changes rapidly. These effects can lead to underestimation of
the errors in ¢ for sectors near the major axis. Furthermore,
any deviation from an axisymmetric field (e.g. due to inter-arm
bridges) near the major axis of M 31 contributes to the line-of-
sight magnetic field and distorts the smooth pattern of Faraday
rotation measures.

5.4. Magnetic pitch angles

The pitch angles of the regular magnetic field are p ~ —17°
between 6 < r < 10 kpc and then become smaller with increas-
ing radius, reaching p ~ —8° in the ring 12 < r < 14 kpc.
These values are more reliable than earlier estimates — more
data are used in the modelling and interpretation methods have
improved — but are in broad agreement with the results of Beck
(1982), Ruzmaikin et al. (1990) and Berkhuijsen et al. (2003).
The regular magnetic fields maintained by galactic dynamo ac-
tion must have a non-zero pitch angle, since the dynamo gen-
erates both radial and azimuthal magnetic field components
(Shukurov 2000). The sign, magnitude and radial trend of the

8=270°

Fig. 6. Face-on view of M 31 showing sectors and regular magnetic
field vectors obtained from the fits shown in Table 2. The grid radii
are 6, 8, 10, 12 and 14 kpc. The length of the vectors is proportional
to B.

magnetic field pitch angles are in broad agreement with the
predictions of a range of dynamo models for M 31 (Shukurov
2000).

Observations of CO (Guélin et al. 2000) and HI (Braun
1991) have been fitted with logarithmic spirals tracing the
gaseous arms with a constant pitch angle of ~-7°. In those
nearby spiral galaxies where density waves are believed to be
present, the regular magnetic fields generally follow the spi-
ral structure (see Beck 1996 and references therein). The dif-
ference between the magnetic and spiral arm pitch angles for
6 < r < 12 kpc may be because density waves are absent or
very weak in M 31. A detailed comparison with the spiral struc-
ture, seen e.g. in the CO line emission, is required to clarify the
relation between the magnetic and gas spirals.

6. Depolarization

The observed degree of polarization of non-thermal emission
from external galaxies is generally less than the intrinsic max-
imum of Py =~ 0.75 for a completely regular magnetic field
structure. The reduction in the degree of polarization can be
due to the physical properties of the ISM in the galaxy and to
effects arising from the finite size of the telescope beam. By
investigating depolarization mechanisms we can recover infor-
mation about the ISM.

A convenient measure of depolarization is the ratio of rela-
tive polarized intensities at two wavelength, i.e.,

P()
P()’
where P(A) is the degree of polarization at a wavelength 4;

DP,,/,, = 1 means no depolarization between the two wave-
lengths. A variety of depolarization mechanisms in radio

(6)

N/ =
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sources are discussed by, e.g., Burn (1966), Pacholczyk (1970)
and, specifically for spiral galaxies, by Sokoloff et al. (1998).
A description of several concurrent depolarization mechanisms
can be rather complicated. Wavelength-independent depolar-
ization and that due to Faraday rotation (and so wavelength-
dependent) can be easily isolated as they result in independent
factors in the total depolarization; in Eq. (6) the wavelength in-
dependent contributions to depolarization at A and A, are equal
to each other and cancel, so that the observed DP is a mea-
sure of depolarization due to Faraday effects. Among wave-
length dependent depolarization mechanisms, depolarization in
a Faraday screen and in the synchrotron source can be disentan-
gled because they occur in non-overlapping regions. However,
distinct Faraday depolarization mechanisms that occur within
the same volume cannot be represented as independent factors
in the total depolarization in the general case. An approxima-
tion that allows one to separate the internal Faraday dispersion
from other depolarizing effects in the synchrotron source has
been suggested by Sokoloff et al. (1998, their Sect. 6.3) and
called the “opaque layer approximation”. In Appendix A we
briefly describe the different depolarization mechanisms affect-
ing observations of external galaxies and give the equations
used later in this section to model the observed depolarization.

Depolarization of the non-thermal emission must be care-
fully considered when interpreting the data. For example, the
synchrotron disk can be transparent to polarized emission at
short wavelengths but opaque at longer wavelengths (see e.g.
Berkhuijsen et al. 1997). Therefore, the amount of Faraday
rotation is no longer proportional to A>. (This is the motiva-
tion for introducing the parameter &, in Sect. 5.) First though,
we look at the observed depolarization in a qualitative way.
Then we attempt to construct a model for the observations, in
terms of parameters describing the state of the ISM.

6.1. The dominant depolarization mechanism in M 31

The ring 10 < r < 12 kpc is chosen for an initial, closer look
at depolarization. In Fig. 7 we show the azimuthal variation of
some key properties in this ring. RM and B, have been de-
rived from the polarization angle model presented in Sect. 5;
B, has been obtained assuming that (n.)L (see Eq. (3)) is con-
stant in azimuth, and normalized. We also show the observed
degrees of polarized emission at 16 cm and 420 cm (Pg and Py
respectively). The pattern of RM versus azimuthal angle is de-
termined by the geometrical variation of B, with the strongest
RM near the major axis where the regular magnetic field lies
along the line of sight to M 31. Note also that the sine-like
variation of RM results in the strongest gradients in RM ly-
ing near the minor axis. Furthermore, Berkhuijsen et al. (2003)
noted that the azimuthal variation of the polarized emission at
A6 cm is almost completely due to the geometrical variation
of B, with azimuthal angle. Figures 7b and 7c clearly show
that this also holds for Pg, with the Pg highest near the minor
axis where B, is strongest. In contrast, the degree of polar-
ization at 120 cm, Py, has a less marked azimuthal variation.
If anything, the pattern of Py is the inverse of Pg, but with

N
—

(a) Rotation measure

150
100

50

-50

RM (rad m™)

—100
-150

]
]

o
T[T T
2]
=]
cob b bl b

o

100 200 300

(b) Component of magnetic field in sky plane

o

o o
o o o o

Normalized B,
o

© o o o o
o > » @

o

100 200 300

(c) Degree of polarization at 6¢cm

0.8[ |
g 0.6 { 1
Soef P b P ]
5 I i t i@ ]
o2y @ i ¢! i 7 E
0.0LC ]

0 100 200 300

(d) Degree of polarization at 20cm

0.20: ]
Rr E
2 r 1
E 0.10 -
£ ool { i ; % E
r I % ]
000k §§%$§ i IR

0 100 200 300

Azimuthal angle, 6 (°)

Fig.7. For the ring 10 < r < 12 kpc. a) Rotation measures derived
from the fitted magnetic field shown in Table 2. b) The normalized
amplitude of the component of the regular magnetic field lying in the
sky plane, B, derived from the fitted magnetic field shown in Table 2.
¢) The observed degree of polarization (P = polarized intensity/total
nonthermal intensity) at A6 cm. d) The observed degree of polarization
at 120 cm (Py).

a lower amplitude. The wavelength dependent depolarization,
DP;/s, is obtained by dividing Py (Fig. 7d) by P¢ (Fig. 7c).
Can we recognize the signature of any of the depolariza-
tion mechanisms discussed in Appendix A in the observations?
Before considering a model based on a combination of effects it
is instructive to consider each of these mechanisms separately.

The effect of wavelength independent depolarization is re-
moved by considering Eq. (6). By comparing the ratio of
the observed degrees of polarization at 120 cm and A6 cm,
DPyyj6 = Pao/Ps, with that expected from Eqgs. (A.1) to (A.5),
we identify which wavelength dependent depolarization mech-
anisms are dominant.

The observed DPys, plotted in Fig. 8, has a marked az-
imuthal variation with strong depolarization at 420 cm near
the minor axis (6 = 90° and 270°, where DP5p/s =~ 0.1) and
less depolarization on the major axis (6§ = 0° and 180° where
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DPyy;s > 0.4). Note that the observed DPyy6(6) is roughly
proportional to the derivative of RM(6) (Fig. 7).

Gradients in the foreground RM due to magnetic fields in
the Milky Way, RMyg, in the direction of M 31, are weak (Han
et al. 1998) and unlikely to cause the observed variation of RM
and DP with azimuth in M 31. Thus, depolarization must occur
within M 31. For the rest of the analysis of depolarization we
consider the RM intrinsic to M 31, RM; = RM — RMj,.

The smooth, sinusoidal azimuthal variation of RM (Fig. 7a)
can be completely accounted for by an azimuthal variation
of Bjdeducedin Sect. 5, indicating that (n.)L is indeed roughly
constant in azimuth. The turbulent magnetic field, b, derived
using the equipartition approach described in Sect. 3, is also
constant in azimuth for each ring. Therefore the dispersion
in RM, ogy, and hence depolarization due to Faraday disper-
sion, is roughly constant at a given radius, and the azimuthal
variation in DP5(/s cannot be explained by Faraday dispersion
(Eqgs. (A.2) and (A.3)). This does not mean that Faraday disper-
sion is ineffective in M 31, but rather that the strong azimuthal
pattern in D P56 cannot be explained by this mechanism.

The remaining wavelength dependent depolarizing mecha-
nisms are all caused by the regular magnetic field: differential
Faraday rotation, RM gradients within the emitting layer, and
RM gradients in a foreground Faraday screen. The first two
effects are unavoidable while the third effect requires the ex-
istence of a “thick disk” of magnetic fields and thermal gas
invisible in synchrotron emission. Differential Faraday rotation
in the source is strongest near the major axis where the line-
of-sight magnetic field Bj is maximum, resulting in a depolar-
ization pattern very different from that observed (Fig. 8a). The
azimuthal gradient in B is also maximum near the minor axis
(where it changes sign). Therefore, depolarization due to gra-
dients in RM in the synchrotron source is strong near the minor
axis and weak near the major axis, but still does not overcome
the differential Faraday rotation that produces a different pat-
tern (Fig. 8b). On the other hand a foreground Faraday screen
does not produce any differential Faraday rotation, and so de-
polarization due to the RM gradients in a foreground screen is
dominant, producing a correct pattern shown in Fig. 8c.

Thus, the global pattern of the azimuthal variation of
DPyy/s can only be reproduced by depolarization due to
RM gradients in a Faraday screen (the bottom frame of Fig. 8).
This mechanism must be the dominant cause of the azimuthal
pattern in wavelength dependent depolarization. This is true in
the whole radial range 6 < r < 14 kpc. Berkhuijsen et al.
(2003) found that contours of RM and DP e are often perpen-
dicular to each other where they cross (see their Fig. 14) and
noted that this suggests RM gradients as an important cause
of depolarization. Earlier, Berkhuijsen & Beck (1990) found
that RM gradients were primarily responsible for depolariza-
tion in the southwestern quadrant of M 31 and Horellou et al.
(1992) observed that contours of DP and RM are perpendicular
at crossing points for the galaxy M 51.

The minima in DP5(/s produced by the Faraday screen are
noticeably deeper than those observed (at 8 ~ 90° and 270°
in Fig. 8c). As discussed in Sect. 6.2, this can be explained by
other, less important depolarization mechanisms.
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Fig. 8. Observed (squares with error bars) and expected (solid line) de-
polarization between 420 cm and A6 cm, D P, for the ring 10 < r <
12 kpc assuming various depolarization mechanisms. The azimuthal
angle 6 is measured counterclockwise from the northern major axis.
Depolarization due to a) differential Faraday rotation using Eq. (A.1),
b) RM gradients in the synchrotron source and differential Faraday ro-
tation from Eq. (A.4) and ¢) RM gradients in a Faraday screen given
by Eq. (A.5) are represented by solid lines. RM and the gradient in RM
are derived from the fitted magnetic field described in Sect. 5. We con-
clude that foreground RM gradients, illustrated in panel ¢), dominate
other wavelength dependent depolarization mechanisms.

6.2. The thermal and synchrotron disk scale heights

We have identified RM gradients in a Faraday screen as the
dominant depolarizing mechanism responsible for the observed
azimuthal pattern of D P56 in M 31. The fit to observations in
Fig. 8c can be improved by including other depolarizing ef-
fects, especially Faraday dispersion. Also, the effectiveness of
the Faraday screen depends upon its relative thickness, com-
pared to that of the synchrotron emitting layer. Now we attempt
to recover information about the relative heights of the emitting
and Faraday rotating layers from fitting the depolarization.
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Fig. 9. Observed (squares with error bars) and expected (solid line) de-
polarization between 4120 cm and A6 cm, DPy6, due to RM gradients
and differential Faraday rotation using Egs. (8), (11) and (12), for the
ring 10 < r < 12 kpc and with different ratios of the synchrotron to
thermal disk scale heights, g = hgyn /hy.

A full description of depolarization due to the regular mag-
netic field (i.e., differential Faraday rotation, RM gradients in-
side the synchrotron emitting layer and in a Faraday screen)
is given by the product of Eqgs. (A.4) and (A.5). The intrinsic
Faraday rotation measure RM; and its increment A RM across
each sector can be calculated from the fits for the regular mag-
netic field discussed in Sect. 5. We split RM; into two compo-
nents, RMg arising within the synchrotron disk and RMj aris-
ing in the part of the thermal layer above the synchrotron disk
(see Fig. 10); the scale height of the synchrotron layer is taken
from Sect. 3.1. The first component will produce depolariza-
tion due to differential Faraday rotation, but the latter will only
contribute to Faraday screen effects. The gradient in RM; is
similarly split into A RMy and A RM;. In terms of these vari-
ables, the degree of polarization with allowance for Faraday
dispersion, differential Faraday rotation and rotation measure

Faraday
screen

By,

Fig. 10. Sketch showing the scale heights of the thermal disk, Ay, syn-
chrotron disk, hy,, and the depth in the thermal disk from which po-
larized emission is visible at 420 cm, Az. The galactic midplane is at
z = 0, i.e., at the bottom of the figure. The deeper layers of the syn-
chrotron disk are invisible in polarized emission because of internal
Faraday dispersion. This sketch is only an illustration: note that Az
can exceed Ay, if more than half the disk thickness is visible. However,
hip = hsyn < Az < hy, + hgyy with the extreme values corresponding to
DPyy6 = 0 and 1, respectively.

gradients in both the thermal disk and Faraday screen is
given by

P(A) = PyPin(D)Pex()

. 2 2\2
exp [21 RMo A2 =2 (A RM2%) ] (7)

sin(2A RM4A%s) d '
SR RS 44l

1
X 4i RMyy°
foeXp(l 0 R M

where subscript zero refers to a value at the sector centre. We
can reasonably assume that depolarization due to Faraday dis-
persion in the emitting layer is much stronger than Faraday dis-
persion in the foreground screen (turbulent magnetic fields and
thermal gas density will be stronger near the mid-plane) and so
P inP ex ™ P in-

Since the galactic disk may be opaque to polarized emission
at longer wavelengths, mainly due to internal Faraday disper-
sion, the effective path length can differ from that suggested by
the disk scale height (cf. Sokoloff et al. 1998; Berkhuijsen et al.
1997). We use the “opaque layer” approximation of Sokoloff
et al. (1998, Sect. 6.3) to describe the visible depth Az in terms
of the depolarization due to internal Faraday dispersion assum-
ing that all the observed polarized emission at 120 cm arises
from an upper layer in the synchrotron disk. Figure 10 shows
how hy,, heyn and Az are related. The path lengths over which
the observed polarized emission is produced are Az— (g —higyn)
at 420 cm (here Az is a function of 1) and 24y, at 46 cm, where
the disk is assumed to be transparent to polarized emission.
Then a crude estimate of Az in terms of the observed degrees of
polarization follows from assuming that depolarization due to
internal Faraday dispersion is constant for all sectors in a ring:

Az = hip + hyn (2 DPiy — 1), (®)

where DPy, = P;,(20 cm)/ Py, (6 cm) is depolarization due to in-
ternal Faraday dispersion alone (see Sect. 3.3.3 in Berkhuijsen
et al. 1997). Since some depolarization due to other mecha-
nisms occurs within Az, this yields minimum values for the
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Table 3. Parameters derived from the model of Faraday depolarization
and their 20 errors.

Ring (kpc) q = heyn/h, DP;, hy, (kpe)
6-8 No statistically good fit found

8-10 0.6+0.1 0.1+0.1 0.55+£0.10
10-12 04704 0.3407 0.90+0%
12-14 03793 02+0.2 13728

thickness of the visible layer. Equation (8) then gives the pa-
rameter &; in Eq. (4), in terms of g = hgyn/hw and DPyy,, via
(Berkhuijsen et al. 1997)

1 AZ_hsyn
=1+ —=], 9
& 2( + I ) 9
so we have
&1 =1+ q(DPy - 1). (10

The parameter &, links the modelled regular magnetic field de-
scribed in Sect. 5, from which we obtain RM and A RM, and
the model for Faraday depolarization described in this section.
Our aim is to obtain satisfactory fits for both models using the
same &, in each.

For a thermal layer thicker than the synchrotron disk (the
configuration that produces a foreground Faraday screen), Az >
h — hsyn, Berkhuijsen et al. (1997) showed that
RMog = 1 Rty 2=~ i) (l:h fagn) _

th
hlh - hsyn
h

q RMy DPiy, 11

RMo, = RM = (1 - q) RMo, (12)
where the final equalities result from substitution of Eq. (8).
Using Egs. (11) and (12) we can express P(1) in Eq. (8) as a
function of g = hAgyn/hu, the ratio of the scale heights of the
synchrotron and thermal disks, and DP;,. We fit the values of g
and DPj, by comparing DP»q;¢ obtained from Eq. (8) to the ob-
served values in each sector. Figure 9 compares the calculated
DPys, for g between 0.1 and 0.4, with observed values in the
ring 10-12 kpc, and shows how increasing the relative scale
height of the synchrotron disk reduces the effect of the Faraday
screen and enhances depolarization due to differential Faraday
rotation, which is strongest on the major axis.

Figure 11 shows the azimuthal variation of the depolariza-
tion for the best fitting ¢ for each ring. The fitted values of
q = hgyn/hy and DPy, are given in Table 3, where the quoted
20 errors represent the extent of the (g, DPj,)-parameter space
within the relevant ,\(2 contour. These errors are large, but it
is remarkable that we can successfully model Faraday depo-
larization in such a complex system using such a simple, two
parameter model. Despite the uncertainty in the precise values
of the model parameters, the key result of this section is ro-
bust; the strong azimuthal pattern of depolarization can only be
explained by a Faraday screen acting within M 31 and hence
the thermal electron layer must be significantly thicker than the
synchrotron emitting layer.
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Fig.11. Observed (squares with error bars representing lo- error)
and expected (solid line) depolarization between 120 cm and 16 cm,
DP6, due to Faraday effects using Eq. (8), (11) and (12), for each
of four radial rings. The expected depolarization is fitted by varying
the ratio of the synchrotron to thermal disk scale heights, g = hgyy/h
and depolarization due to internal Faraday dispersion, DP;,. The fitted
values of g are 0.6, 0.4, and 0.3 and of DP;, 0.1, 0.3 and 0.2 in pan-
els b), ¢) and d), respectively. The solid line was obtained using RM
derived from the regular magnetic field fits of Table 2.

For 8 < r < 14 kpc the modelled D P56 reproduce the ob-
servations well. For each of these rings the fitted D P56 meets
the y? test for statistical significance at the 20" level. In the two
rings at largest radii the results of the depolarization modelling
are fully consistent with the polarization angle model used to
deduce the regular magnetic field structure in Sect. 5. The two
models are linked by the parameter £, — a weighting for the
depth in the emission layer visible at long wavelengths — in
Egs. (4) and (10). For the rings 10-12 kpc and 12-14 kpc, g
and DPj, in Table 3 give &y = 0.7+0.3 and &y = 0.8 £0.2, re-
spectively. In Sect. 5 we adopted &, = 0.75 for all of the rings
and discrepancies of order +0.1 have a negligible effect on the
fitted magnetic field parameters given in Table 2.

For the ring 8-10 kpc, ¢ and DPy, give &9 = 0.5 + 0.2,
whereas the best fit to the polarization angles in Table 2 re-
quires &9 = 0.75. We can achieve self consistency between
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the magnetic field and depolarization models by discarding
more measured polarization angles in Sect. 5, i.e. by mak-
ing the model of the magnetic field worse. However, the main
problem with the depolarization model in this ring is that
around the north end of the major axis our method of aver-
aging the data gives zero average polarized emission at 420 cm
in three sectors. (The polarized intensity is averaged from maps
smoothed to 3’ resolution; the polarization angles are derived
from 45” maps at 120 cm and do not suffer from this problem.)
Without measurements at both ends of the major axis the fitted
DPy6 favours a model with stronger Faraday dispersion i.e.
a model that has a less prominent double minimum. For these
reasons we prefer to retain the magnetic field model obtained
with & = 0.75 — to keep &, the same for each ring — and ac-
cept that the depolarization model for this ring is poorer than
for 10-12 kpc and 12-14 kpc.

The quality of the fit is bad in the ring 6-8 kpc (Fig. 11a)
where the magnetic field, deduced in Sect. 5, contains both
the axisymmetric (m = 0) and the quadrisymmetric (m = 2)
components as given in Table 2. In Sect. 5.2.1 we show that
this ring may have a more complicated regular magnetic field
structure than the purely azimuthal fields in the other rings. The
modelled azimuthal patterns of RM and the gradient in RM are
rather complicated in the ring 6-8 kpc and no good fit can be
obtained. The results would be better if we used a simpler fit
involving a purely axisymmetric magnetic field. However, as
explained in Sect. 5.2.1, nine polarization angle measurements
must be discarded to make an m = 0 magnetic field model, and
the consequent degrading of the regular magnetic field model
is not justified.

Using hgyy, at 120 cm, from Table 1, we can estimate Ay,
from the fitted values for ¢ = hgyn/hw. The results are shown
in Table 3. These scale heights are about a factor of two or
more greater than previously expected in M 31, where the low
star formation rate and absence of a radio halo were thought to
imply the likely absence of a thick ionized disk (Walterbos &
Braun 1994).

We emphasize that the gradients in rotation measure pro-
ducing most of the depolarization in M 31 are due to the highly
axisymmetric regular magnetic field that we find from an analy-
sis of polarization angles in Sect. 5. For simplicity, in modelling
the depolarization we assumed that the regular magnetic field
has the same configuration and strength throughout the full
vertical extent of the thermal layer (including the synchrotron
emitting disk). If the regular magnetic field strength or the ther-
mal electron density has a maximum above the emitting disk
(i.e., at z 2 300 pc), the RM required to produce the observed
depolarization can be generated in a thinner layer and Ay, will
be lower than estimated above, but still Ay > hgyy.

In Sect. 2.2.2 the limitations of the 420 cm polarization
data when smoothed to 3’ were discussed; foreground emis-
sion from the Milky Way cannot be subtracted from the emis-
sion from M 31 and so the 420 cm polarized intensities are
upper limits. The values of ¢ = hgyn/hw and DP;, shown in
Table 3 were derived assuming that all of the polarized emis-
sion at 420 cm comes from M 31 and so are upper limits on g
and DP;,.

The corresponding lower limits (i.e., giving depolarization
stronger than required) can be obtained assuming that the emis-
sion from M 31 is nearly completely depolarized at 120 cm.
Without Faraday depolarization, the 120 cm polarized emission
from M 31 will have the same azimuthal pattern as the 46 cm
PI shown in Fig. 7c. Total depolarization (D P56 = 0) will oc-
cur when DPy, and differential rotation are just strong enough
to depolarize the emission on the major axis (8 = 0°, 180°) and
RM gradients are just sufficient to depolarize emission from
the minor axis (8 = 90°,270°). From Fig. 9a we estimate that,
for the ring 10< r <12 kpc, complete depolarization will occur
if ¢ ~ 0.1 and DP;, ~ 0.1. These are the lower limits on ¢
and DPj,.

The regular magnetic field must be coherent in z over at
least the scale height of the thermal disk, and we have shown
that the latter must exceed that of the synchrotron disc. This
poses the intriguing question of why the cosmic rays in M 31
are confined to a layer several times thinner than the regular
magnetic field. One possible answer relies on the usual as-
sumption of equipartition between the cosmic ray and mag-
netic field energy densities. Then the synchrotron emissivity
depends upon the fourth power of the magnetic field and so
hp ~ 4hgyn = 1.5 kpc. This scale height is in good agreement
with hy, derived from our analysis of depolarization (at least
for the two rings with the most reliable model of DP5s). In
M 31, the magnetic field is well ordered with B =~ b and there
is no significant vertical component of the magnetic field (see
Sect. 5). This may be sufficient to suppress diffusion of cosmic
rays perpendicular to the disk plane and so constrain them to
the same layer as their sources.

6.3. Thermal electron densities

Using Eq. (3) and the equipartition regular magnetic field
strengths given in Table 1, the rotation measures from Table 2
and the thermal disk scale heights of Table 3 we can derive
average thermal electron densities for M 31 in the radial range
8 < r < 14 kpc. This gives (n.) ~ 0.008,0.007 and 0.004 cm~3
for the rings 8-10, 10-12 and 12-14 kpc, respectively. These
values refer to the upper layers of the thermal electron layer,
Z R hgyn = 200-300pc, that act as the Faraday screen.

Electron density closer to the midplane can be obtained
from the amount of depolarization due to Faraday dispersion
between 120 cm and A6 cm, DP;, =~ 0.1 as obtained above.
Using Eq. (A.2) with b = 5 uG, L = 200 pc and d = 50 pc,
we obtain ogy =~ 550 ((ng)'/z/l cm‘3) radm™2 and then
DP;, = 0.1 corresponds to n, =~ 0.1 cm™>. This estimate is
compatible with that obtained by Walterbos & Braun (1994)
from H « emission measures of the diffuse ionised gas, (n.) =~
0.08-0.04 cm™3 with a filling factor 0.2.

Thus, the equipartition magnetic field strength, rotation
measures and the scale heights of the thermal disk derived
in our models produce an estimate for (n.) that is in broad
agreement with (n.) obtained from completely different data
and methods.

Berkhuijsen et al. (2003) note that there is little correlation
between RM and thermal emission in M 31 and suggest that
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the small filling factor of HII regions may be the reason. This
is consistent with our conclusion that much of the Faraday ro-
tation in M 31 is produced in a Faraday screen.

6.4. Review of the method

In fitting the modelled to observed polarization angles in
Sect. 5, we use the parameter &, to account for the partial opac-
ity of the galaxy’s disk to polarized emission at 420 cm. In or-
der to estimate &, we need to know the ratio of the scale heights
of the synchrotron and thermal disks, g = hgyn/ha, but the val-
ues for g deduced in Sect. 6.2 make use of RM calculated from
the fits of Sect. 5. We used an iterative approach to try to obtain
a model consistent with both the observed depolarization and
polarization angles. This method was successful for the two
outer rings, after one iteration, but not for the rings 6-8 kpc
and 8-10 kpc. For these rings we adopted & = 0.75 from the
self-consistent models of the rings 10—12 kpc and 12-14 kpc.

7. Summary

Sensitive, high resolution, multi-wavelength radio polariza-
tion observations have been used to study the magnetic field
of M 31, between the radii of 6 and 14 kpc. The powerful
method of using polarization angles to uncover the regular
magnetic field structure was supplemented by a systematic
analysis of depolarization to produce a model of the regular
magnetic field which is consistent with all of the radio polar-
ization data for 10 < r < 14 kpc.

Our main conclusions are as follows:

1. The regular magnetic field in M 31 is axisymmetric to a
very good approximation.

2. The magnetic field has a significant radial component at
all radii and so is definitely not purely azimuthal. Vector lines
of the regular magnetic field in the radial range 6 < r < 10 kpc
can be approximated by trailing logarithmic spirals, with the
pitch angle p ~ —16°. The magnetic spiral becomes tighter at
large radii, with |p| decreasing to p ~ —7° at r = 12-14 kpc.
The magnitude and trend of magnetic pitch angles is in broad
agreement with those expected from dynamo theory (Shukurov
2000).

3. Analysis of the azimuthal pattern of the wavelength de-
pendent depolarization reveals that a Faraday active screen lies
above the synchrotron emitting disk of M 31. The diffuse ther-
mal disk is thicker than previously expected, with a scale height
of hyy ~ 1 kpc.

4. The scale height of the regular magnetic field is at least
equal to Ag,.

5. The magnetic field in M 31 extends inside and outside of
r =~ 10 kpc, as found by Han et al. (1998), and does not have a
strong maximum at this radius. The bright radio ring is a result
of a high density of cosmic ray electrons.

6. The equipartition field strengths are about 5 uG for both
the regular and turbulent field components, without significant
variation between 6 kpc and 14 kpc radius.

7. Faraday rotation measures and equipartition field
strengths are in agreement for average electron densities of
0.008-0.004 cm=3. The electron densities inferred from the

Faraday dispersion measures are ~0.1 cm™>, close to the av-
erage electron densities found by Walterbos & Braun (1994).
This suggests that the diffuse ionised gas is mainly responsible
for the Faraday rotation, with little contribution to RM from
HT1I regions.

Our analysis of depolarization in M 31 is the most extensive
undertaken to date for a spiral galaxy, and shows that the theory
of radio depolarization developed by Burn (1966) and Sokoloff
et al. (1998) can be used not only to identify the causes of
depolarization, but also to reveal properties of the diffuse ISM
in external galaxies.
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Fig. A.1. Sketch showing wavelength independent depolarization. The
double headed arrows represent E-vectors.
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Fig. A.2. Sketch of synchrotron emitting layer and a foreground
Faraday screen.

Appendix A: Depolarization mechanisms

Wavelength independent depolarization is caused by tangling
of magnetic field lines in the emitting region (Fig. A.1). The
intrinsic polarization angle of synchrotron radiation is perpen-
dicular to the local magnetic field orientation and so tangled
magnetic field lines result in emission at a range of polarization
angles within a single telescope beam. As long as the beam
sizes are equal, the degree of depolarization due to tangled
magnetic field lines will be the same at all wavelengths.

Faraday rotation by both regular and turbulent magnetic
fields results in wavelength dependent depolarization. It is
useful to consider separately Faraday effects within the syn-
chrotron emitting layer and Faraday rotation in regions where
there is no emission, i.e. within a Faraday screen (Fig. A.2).

The regular field in the synchrotron emitting layer causes
depolarization by differential Faraday rotation, whereby polar-
ized emission from different depths along the line of sight is
rotated by different amounts (Fig. A.3). In a slab with uniform
magnetic field and electron density the degree of polarization
is (Burn 1966; Sokoloff et al. 1998)

sin (2 RM/lz)

) Al
2 RMA? A1)

Preg=P0

where RM = 0.81(n.) B;L/2 is the observed rotation measure
in units of rad m~2, with (n.) the average thermal electron den-
sity in cm™, B the component of B parallel to the line of
sight in G and L the path length through the Faraday active
emitting layer, in pc.

The presence of unresolved, turbulent magnetic field means
that polarized emission along different lines of sight within the

thermal
electrons

‘ 4/ B
g \ -
/ /
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I telescope beam

magnetic field

relativistic
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Fig. A.3. Differential Faraday rotation occurs within the synchrotron
emitting layer. Emission from different depths along the same line
of sight undergoes different amounts of Faraday rotation, causing de-
polarization. For clarity the sketch separates emission from different
depths.
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Fig. A.4. Sketch illustrating Faraday dispersion. When this effect oc-
curs within the synchrotron emitting layer it is called internal Faraday
dispersion; occurrence in a Faraday screen (no synchrotron emission)
is external Faraday dispersion. Note that the required variation of ro-
tation measure within the beam could also be caused by fluctuations
of thermal electron density. In that case the magnetic field could be
totally regular but Faraday dispersion would still occur.

telescope beam undergoes different amounts of Faraday rota-
tion (Fig. A.4). When the emitting and rotating layers coincide,
the effect is called internal Faraday dispersion, and the degree
of polarization is given by Sokoloff et al. (1998) as

1 —exp (—20'?”,,/14)

20'12e At

Py, = Py , (A.2)

where 0%, = 0.81(n. b)*2Ld with d the correlation scale
(half the turbulent cell size) of the turbulent magnetic field in
parsecs. Burn (1966) gives the depolarization due to external
Faraday dispersion (due to turbulent fields in front of the syn-
chrotron source) as

Pey = Poexp (~207,,1%). (A.3)
Gradients in rotation measure across the beam cause depolar-

ization that is especially strong when the resolution of obser-
vations is low (Fig. A.5). For depolarization by RM gradients
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Fig. A.5. Depolarization due to gradients in rotation measure: if RM
varies across the beam, different parts of the beam area contribute with
different polarization angles. Note that variations of thermal electron
density or magnetic field strength can also produce RM gradients even
in a totally regular magnetic field.

within the synchrotron source, including the effect of differen-
tial Faraday rotation, Sokoloff et al. (1998) obtained

sin (2 ARM A2 s)

ds|. (A4
sarmes O AY

1
Ppin = Py f exp (4iRM0 /lzs)
0

where RM, is RM at the centre of the beam, A RM is the
increment in RM across the beam and the normalized integra-
tion variable s describes the line of sight within the synchrotron
disk, 0 < s < 1. Equation (A.4) holds for both resolved and un-
resolved RM gradients (Sokoloff et al. 1998). Depolarization
by a resolved RM gradient in a Faraday screen is given by
Sokoloff et al. (1998) as

Prex = Po

exp [2i RMo 2> =2(A RM 42)2]' . (A.5)



