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Abstract. We investigate the magnetic fields above the discs
of spiral galaxies in the framework of axisymmetric nonlinear
mean-field dynamo models for a disc surrounded by a spherical
halo, using realistic rotation curves. We consider, in particular,
NGC 4631 and NGC 891, and include turbulent diamagnetism,
an anisotropy of the o effect and a galactic wind. In these models
magnetic field is generated in a disc of scale height 1.5 kpc and
distorted by the wind in the halo. For typical wind velocities of
50...200km/s in the halo we find good qualitative agreement
between the observed polarisation maps and those synthesised
from the magnetic fields of our models: Poloidal synthesised
fields dominate in the halo of NGC 4631, and horizontal fields
in that of NGC 891. In some cases, a galactic wind can enhance
dynamo action, contrary to previous expectations. Our results
indicate that turbulent diamagnetism plays an important rdle in
galactic dynamos.

Key words: galaxies — magnetic fields — hydromagnetics —
NGC 4631 - NGC 891

1. Introduction

Polarisation measurements of synchrotron emission in some
edge-on spiral galaxies have recently provided direct informa-
tion on the magnetic fields in their halos. The most detailed
observations to date are for the galaxies NGC 891, NGC 4631
and NGC 4565. In NGC 4631 (Hummel et al. 1988, 1991b;
Golla & Hummel 1992) the field vectors are more-or-less radial
and extend to a considerable distance from the disc plane; see
Fig. 1. On small scales, however, there can be substantial devi-
ations from the average field orientation; see Golla & Hummel
(1992). (The direction of the magnetic field vectors is not known
as yet, so it is impossible to say whether the field is symmetric
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or antisymmetric with respect to the equatorial plane. No firm
conclusions can be drawn about the field orientation in the disc,
because even for 3.5 cm waves the radio emission is almost com-
pletely depolarised (Golla & Hummel 1992).) On the other hand,
in NGC 4565 the polarised emission is more strongly confined
to the disc plane, and the field vectors are more or less parallel
to the disc (Sukumar & Allen 1991). NGC 891 appears to be
intermediate in this respect (Hummel et al. 1991b; Sukumar &
Allen 1991); see Fig. 2.

There are several possible explanations for the origin of
these fields. Sokoloff & Shukurov (1990) argue that such mag-
netic fields could be generated directly by a mean-field dynamo
in the halos of these galaxies. In general this type of model
should lead to large toroidal fields in the halo but, as shown
in Brandenburg et al. (1992, hereafter referred to as Paper 1),
magnetic fields in a two-component dynamo system consisting
of the disc and the halo can have quite complicated and diverse
configurations. These may depend on such factors as the relative
roles of the disc and the halo in the field regeneration, and even
the initial conditions (since the global dynamo time scale may
be of the order of the galactic lifetime). Additionally, if there
is a significant oscillating field component in the halo, the field
configuration can vary markedly with phase.

The dominance of the vertical magnetic field above the
galactic disc at first sight seems to be hardly compatible with
galactic dynamo theory, because galactic dynamo solutions nat-
urally have a dominant toroidal magnetic field. This feature is
typical of a2 dynamos with strong differential rotation, and
agrees with observations of magnetic fields in the discs of the
Milky Way and nearby spiral galaxies (see e.g. Ruzmaikin et
al. 1988; Chap. 7). Thus, the dominance of the vertical mag-
netic field in the halo of NGC 4631 implies that conventional
galactic dynamo models need some modification. Elstner et al.
(1992) propose that an axisymmetric dipole field (A0 mode)
can explain vertical fields in NGC 4631, although this mode
is less readily excited than the axisymmetric quadrupole field
(SO mode). In this paper we show that the effects associated
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Fig. 1. Total intensity contours with magnetic field orientations indi-
cated by vectors according to observations of NGC 4631 at 6.2 cm by
Golla & Hummel (1992). The contours start at 100 mJ/beam and the
interval is a factor of 2. The noise in the total intensity map is about
28 pJ/beam. Vectors are plotted only if the polarised intensity exceeds
~ 70 pJ/beam). The half power beam width (HPBW) is 40, Assuming
a distance of 7.5 Mpc the scale is 1’ = 2.2 kpc

with galactic winds can lead to field configurations compatible
with the observations of NGC 4631. In NGC 891 the effects
of a galactic wind are relatively weak and the field orientation
is more nearly horizontal, in agreement with conventional dy-
namo models. It is important that the strikingly different mag-
netic field patterns in these two galaxies can be produced by
a single dynamo model by incorporating the observed rotation
curves.

A second possibility has been proposed by Donner & Bran-
denburg (1990a), who present results for the marginal modes
in models with a high-conductivity halo. These modes have a
strong toroidal field confined to the disc, and a poloidal field
extending into the halo. In these models the field generation
was confined to a thin disc. These models again have the draw-
back that there is little observational support for a halo with the
required properties, because the effective (turbulent) conductiv-
ity is probably lower in the halo than in the disc (Sokoloff &
Shukurov 1990).

Small scale outflows of hot gas from the galactic disc, as-
sociated with galactic fountains, chimneys and Parker instabil-
ities, can carry magnetic fields away from the disc, producing
vertical magnetic fields with alternating directions at a height
of a few kpc above the disc. In this case the mean field above
the disc is expected to be vanishing, but polarisation planes of
synchrotron emission still will show a large degree of alignment
and order. However, the ordered polarisation pattern observed in
NGC 4631 can hardly be explained by a chaotic magnetic field
of this kind. Recent multifrequency observations of NGC 4631
by Golla & Hummel (1992) reveal a considerable Faraday rota-
tion measure up to 10 rad/m?, in some regions of the halo of
this galaxy. This is direct evidence of a regular magnetic field
in the halo of this galaxy. For an electron number density of

DECLINATION (B1950)

02
N

021940

Fig. 2. Total intensity contours with magnetic field orientations indi-
cated by vectors according to observations of NGC 891 at 6.2 cm by
Sukumar & Allen (1991). The contours start at 150 uJ/beam and the
interval is a factor of 4. The noise in the total intensity map is about
25 pJ/beam. Vectors are plotted only if the polarised intensity exceeds
3.50 (~ 50 uJ/beam). The HPBW is 40”. (The brightest source in
the disc is the supernova SN1986J and not the nucleus of the galaxy!)
Assuming a distance of 7.2 Mpc the scale is 1’ = 2.1kpc

10~3cm~2 and a path length of 10kpc, this Faraday rotation
measure corresponds to a longitudinal magnetic field, averaged
along the line of sight, of approximately 1 uG. This value for
the line of sight components of B is somewhat smaller than the
total field component which is close to the equipartition value
in the halo (=~ 54 G, cf. Hummel et al. 1991b).

It has also been proposed that a galactic wind might carry
the fields away from the disc where they are generated. In par-
ticular, for NGC 4631 the variation of the spectral index with
height seems to indicate the presence of a wind (Sukumar &
Velusamy 1985; Werner 1988). Hummel & Dettmar (1990) esti-
mate a wind or large scale velocity of 150 km/s. We should note,
however, that simple advection of field from the disc, where the
toroidal field dominates, by an axisymmetric wind cannot lead
to a dominance of the vertical field higher in the halo. Thus,
when including the effects of a galactic wind in galactic dy-
namo models, we expect the more fundamental changes to be
associated with the presence of velocity shear in the dynamo
system.

The models we shall consider in this paper are based on the
recent realisation that in the Milky Way a thick disc is also ob-
served both in the warm neutral gas (Lockman et al. 1986) and
in the warm ionised gas (Reynolds 1989; Cordes et al. 1991), in
addition to the thin, denser, gas disc. A similar thick ionised disc
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has also been detected in NGC 891 (Rand et al. 1990; Dettmar
1990). Our view of the intercloud medium is along the lines pro-
posed by Cox (1990), i.e. we consider the neutral and ionised gas
as a single dynamical component forming a thick turbulent disc.
The turbulence is maintained by the energy input from star for-
mation in the thin disc, and possibly by Rayleigh-Taylor-Parker
type instabilities, although the detailed mechanisms of main-
tenance and support are still unclear (Boulares & Cox 1990;
Lockman & Gehman 1991; Ko et al. 1991). It is a natural con-
sequence of this type of model, which also includes a hot in-
terstellar gas component, that the gas flow may go over into a
galactic wind (see e.g. Habe & Ikeuchi 1980).

In this paper we focus on the effects of a wind on galactic
dynamos, and in particular its efficiency in making the halo field
more nearly radial. The dynamo can be operative only provided
that the galactic wind is not so strong as to advect magnetic
fields away before they are amplified by the dynamo. A naive
upper limit on the admissible galactic wind speed W is given
by

R
-

W = — ~ 15km/s, 1)
where R ~ 15 kpc is the halo radius and 7 ~ 10° years is a typ-
ical growth time for the halo magnetic field. Such a kinematic
estimate would indicate that a rather weak galactic wind might
significantly affect and even suppress dynamo action. However,
we show below that in the outer parts of the halo much larger
wind velocities (50...200 km/s) can still be tolerated by a dy-
namo.

The interplay between the wind flow and the regular mag-
netic field can also be clarified by the following simple ar-
guments. With a typical particle density in the halo of about
10~3cm™3, and assuming a typical wind speed of about W =
100 km/s, we find the kinetic energy density to be of the order
10~®gem~!s72. With |B| = 1 4G we obtain typical values
for the magnetic energy density of the same order of magni-
tude, so the magnetic field could then significantly modify the
wind. However, the strength of the interaction will depend on
both the magnetic field and wind geometries: for example it will
be ineffective when the magnetic field and velocity vectors are
approximately parallel. It would be a major task to solve self-
consistently equations describing the magnetic field evolution
together with the momentum equation governing the rotation
law and the generation of galactic wind. Instead, we here restrict
ourselves to a simple quasi-kinematic alpha-quenched model,
that allows us to estimate the wind strength that is still compat-
ible with dynamo action, and to investigate the consequences
in terms of observable polarisation maps. It should be kept in
mind, however, that in a fully dynamical calculation the field
might turn out to be strong enough to modify significantly the
wind.

In most cases we discuss models with fields of SO config-
uration, as these are the most stable solutions (cf. Paper I). We
postpone a thorough discussion of more complex field struc-
tures to a future paper (see, however, Sect. 5.7). Even though our
models are based on the observed rotation curves of NGC 4631

and NGC 891, we have not attempted to reproduce all the ob-
served details of the magnetic fields of these galaxies. Rather
we have investigated their general properties, and reasons for
the dominance of poloidal or toroidal fields in galactic halos. In
order to facilitate comparisons with observations we present our
results in the form of synthetic maps of the total and polarised
synchrotron emission.

2. The model

The evolution of the average magnetic field B is governed by
the mean-field dynamo equation
oB
ot
(e.g. Krause & Rédler 1980), where u = é&wQ + up.  is the
angular velocity and the poloidal velocity component u,, is the
galactic wind. Here we use spherical polar coordinates r, 8, ¢,
with w = rsin @ the distance from the rotation axis and z =
rcos § the height above the galactic plane. The effects of the
small scale velocity and magnetic fields are included into the
turbulent electromotive force

& =a(B+a,B,2)+yx B —ncurll B+... 3)

=curl(u x B+ &), divB =0, 2)

The aB and 7 curl B terms on the right hand side of Eq. (3) rep-
resent the standard isotropic « effect and the turbulent magnetic
diffusion, where 7 is the turbulent magnetic diffusivity, assumed
to be isotropic. The ar, and -y terms are anisotropic contributions
to the symmetric and antisymmetric parts respectively of the full
a tensor. Below we refer to models with anisotropic « if a, is
nonzero. The dots in Eq. (3) denote further anisotropic contri-
butions (e.g. Krause & Rédler 1980), which are here assumed
to be less important.

The value of o, is model dependent and can vary between
+10 (Riidiger 1990) and —4 (Brandenburg et al. 1990). A neg-
ative value of a, has also been obtained recently by Ferri¢re
(1992) and Riidiger & Kichatinov (1993). Meinel et al. (1990)
have stressed the possible importance of this term for explaining
the generation of nonaxisymmetric fields in galaxies.

The - term corresponds to a turbulent diamagnetism with

v=-3Vn @)

(Vainshtein & Zeldovich 1972; Roberts & Soward 1975). This
term leads to a transport of magnetic field in the direction of
decreasing magnetic diffusivity which, in our case, is towards
the galactic plane. Thus, it can counteract the effect of a galactic
wind in the immediate vicinity of the disc.

Equation (2) is solved on a r, § mesh with 41 x 41 equally
spaced mesh points in one quadrant of a meridional plane, in a
region with radius R. We take a standard value for R of 15 kpc. In
some cases we checked the accuracy using 63 x 64 mesh points,
but aresolution of 41 x 41 mesh points was generally sufficient.
We employ a DuFort-Frankel scheme for the diffusive terms and
second or fourth order (cubic splines) finite differences for the
explicit terms. The maximal time step is determined empirically
by accuracy requirements and is typically around 2 x 1073, See
Paper I for further details.
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2.1. Magnetic diffusivity

The turbulent magnetic diffusivity may be estimated by n ~
%uté, where u; is the rms velocity of the turbulence and ¢ the
correlation length. In Paper I we used u; ~ 100km/s, ¢ ~
500 pc for the halo, and u; ~ 10km/s, £ ~ 100 pc at z = 0. We
approximate this spatial variation by a Gaussian profile of the
form

n(z) = mo {1 —me ")2] , )

where 0 < 7; < 1 for a turbulent diffusivity that is larger in the
halo than in the disc, and A is the half-width of the disc. In all the
cases reported below we use 7; =0.95and h = 0.1R (= 1.5kpc
for the thick disc, or Reynolds layer); see the left hand panel of
Fig. 3.

We should note that we do not explicitly include here the
thinner, dense, galactic disc that is often considered in “thin
disc” dynamo models for spiral galaxies. Thus we assume that
the large scale properties of the magnetic field at heights exceed-
ing several kpc above the midplane are not strongly affected
by the thin disc. With considerably better spatial resolution it
would be possible to include such a thin disc, but this would
also require shorter time steps and the large amount of cpu-
time then needed would make it very difficult to investigate a
reasonable range of models. We should also note that a higher
resolution can sometimes lead to unexpected numerical insta-
bilities (cf. Krasheninnikova et al. 1990). Ideally, one would
also adopt values of 77; somewhat closer to unity, but this would
also require better resolution. Progress could be made by using
a nonuniform mesh that is denser near the disc plane.

2.2. Rotation law

For the angular velocity 2 we use a modified Brandt curve

2@,2) = s [1+ (10 Z)"] ", ©

where the factor f(z) = exp (—|z|/2q) has been included to sim-
ulate a decrease of €2 with distance from the disc plane. (The
jump in the gradient at z = 0 was removed in the numerical com-
putations.) The rotational velocity as w — oo is Vy = Qpwoq.
In the following we use n = 3. In all cases considered below the
qualitative behaviour of the solution did not depend crucially
on whether or not the f(z) factor was included, provided zg, is
at least a few kpc. The strength of the Q effect is specified by
the dimensionless parameter Cq, = Qo R? /Mo, which can also be
written as

_WR R

Cq .
o wWa

(M
The rotation curves of NGC 891 and NGC 4631 are qualita-
tively similar, with a central rigidly rotating part and an outer
flat part, with Vy = 150 km/s, g = 0.1R for NGC 4631 (Weli-
achew et al. 1978) and V;; =225 km/s, o = 0.2 R for NGC 891
(Sancisi & Allen 1979; Rupen 1991). This gives C, = 1400 for

NGC 4631 and C = 1040 for NGC 891. According to recent
measurements of the rotation curve of NGC 4631 the value of
wq is perhaps nearer 0.15R (Golla 1992). For comparison we
use this value in one of the models below.

2.3. The o effect

The « effect is taken in the form

_ Qw,2)*/h Z 1/2—(z/h)

a(w, z,t) = 1+ apBXw. 2. \/Ehe . (8)
We also define a dimensionless parameter ¢ ~ ¢2/(hR).
Expression (8) is based on the well known formula @ ~
—£2€ - Vn(pu,) (Krause 1967), and numerical factors are
introduced for normalisation. With £ = 100...500 pc we have
&€ =4107*...1072. However, the adopted expressions of o and
7 should be regarded as order of magnitude estimates, and we
shall therefore treat £ as a free parameter that we choose large
enough to excite the dynamo. In most of the cases reported be-
low we used & = 0.02.

6x10°7
- . _. 20
X 4x10? 2
: £ o
3 ox10?7 S
& S _20
0
156 0 15 -15 0 15
z (kpc) z (kpc)

Fig. 3. The adopted vertical profiles of 77 and « along the rotation axis
for Co = 1400, £ = 0.02, and B =0

The dynamical feedback onto the turbulence is determined
by the coefficient

ap = k(uopud) ™!, )

where k is dimensionless and of order unity. The spatial varia-
tion of ovp between disc and halo is not very large, because p
and u? vary roughly in inverse proportion to one another. Thus,
we consider here o to be constant, and k is a constant of order
unity. Its value is determined by the details of the interaction
between the magnetic field and the turbulence.

The adopted profile for « is displayed in the right hand panel
of Fig. 3. Note that, unlike the models discussed in Paper I, o
differs significantly from zero only within the disc, |z| < h.
When « is relatively large in the halo, the magnetic field distri-
butions computed here always have a dominant toroidal com-
ponent. Thus, the magnetic field pattern observed in NGC 4631
indicates a small « effect in the halo whilst NGC 891 and
NGC 4565 are compatible with stronger dynamo action in the
halo.
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2.4. Galactic wind

In most of our models we include a galactic wind, described by
apoloidal velocity field, u,. At large distances from the galactic
plane, the wind velocity becomes more nearly radial; this ap-
proximation is natural when considering the outer parts of the
halo. It is clear that near the disc the wind flow has an approxi-
mate cylindrical symmetry (cf. Habe & Ikeuchi 1980), since the
wind flow originates in the galactic disc as a hot gas rising above
the disc. (For recent galactic wind models see Breitschwerdt et
al. 1991, and references therein.) As long as the distribution of
supernovae, which are the source of the hot gas, terminates at
w =~ 15kpc in the disc of the Milky Way, this radius is taken
as the outer boundary of the wind outflow in the disc. Since the
radial scale of the total mass distribution in galactic discs is typ-
ically about 4 kpc, we assume that the wind flow is transformed
from cylindrical symmetry to spherical at a comparable height.
Thus, we adopt the form

u, = W, —; [l —wle_(Z/ZW)z] (10)
z 2TwHR—®) ;= /o >

g L L el/2— G/ 2w) 11

+ W 7o 7 = V2e an

for the wind velocity field. The numerical factors in this expres-
sion ensure that the maxima of the coefficients of W,. and W,
are unity. The radial dependence of the vertical velocity in the
disc (second term in Eq. (11)) is chosen to have a mild maxi-
mum near @ = 10kpc. Since the radial wind should not blow
through the disc we have introduced a gaussian truncation with
scale 2y and amplitude w; = 1, which gives a smooth transi-
tion from cylindrical to spherical geometry at z & zy. For all
models we assume zyw = Zw = 0.2R corresponding to 3kpc,
if R = 15kpc is assumed. Examples of the wind velocity fields
adopted are illustrated in Fig. 4. We often characterise the wind
strength by reference to the value of W,.. We should stress that
this is a measure of the wind velocity at the outer boundary of
the halo.

PP Prr.
LA A A el d
P PR

PR R SR
", SN N NSNS SN SN
TN NNNY N NN NN
= S~SSNNNNNNNS
TTESsSNNNY YN
TTESSSNNN NN
TN NN\

Fig. 4. Geometry of the wind velocity field in a meridional plane for
W. = 0 (left hand side) and W, = W, (right hand side). The dotted
line on the left hand side corresponds to the rotation axis

2.5. Boundary conditions

In the case of vanishing wind velocity we adopt a vacuum bound-
ary condition for the magnetic field at » = R. This is, however,
incompatible with a nonvanishing wind velocity at the outer
boundary, because it leads to an accumulation of toroidal field
there. For this reason we used an “open” boundary condition,
with d(ra)/Or = d(rb)/dr = 0 for nonvanishing wind veloci-
ties, where a is the ¢-component of the magnetic vector potential
and b = By. A similar boundary condition was used by Moss et
al. (1990) in a different context.

2.6. Units

We introduce nondimensional quantities by, as usual, measur-
ing r, w and z in units of R, time in units of R?/my and
velocities in units of [u] = 7y/R. Since ap is assumed to
be constant we can measure the magnetic field in units of
[B] = (uopu2/k)y/2, where k is defined in Eq. (9). With
R = 15kpc, o = 5 10?7 cm?/s, pgisc = 21072 g/em?, we have
[u] =~ 1km/s and [B] ~ 5 uG/k'/2.

3. Polarised synchrotron emission

The intensity I of the synchrotron radiation is obtained by inte-
grating the emissivity ¢ through the galaxy, i.e.

o0
I= / eds. (12)
—00
Here we take, in gaussian cgs units,
—(y=1/2
- -23 (y+1)/2 v
£=093310"c) K B2 (=g ) (13)

(Lang 1980, Sect. 1.26), where v and «y are the frequency and
the spectral index, respectively, of the electron energy distri-
bution and c(7) is a known slowly varying function of v, e.g.
c(2.8) = 1.65 and ¢(2.4) = 1.79. In Eq. (13) only the mean
magnetic field is included, because we do not have adequate
knowledge of the additional, turbulent, field component. We
determine the constant K by assuming energy equipartition be-
tween the magnetic field and the cosmic rays. This yields, in
gaussian cgs units

K =0.01(y — 2)E)-2B? /8,

n

(14)

with Epi, = 300MeV, v = 2.8 (Beck 1991), and gives

Iy (1BLN\"(IBIY, v =09 ds
ds=510*= (15
eds=51003 (suG) 5uG (1.5GHZ> T5kpc) 1

(v = 1.5 GHz corresponds to 20 cm wavelength.)

We also give some synthetic maps including internal Fara-
day depolarisation, i.e. we integrate the Stokes () and U param-
eters

Q=- / poe cos(Lx + Fds,

—00

(16)
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U= —/ poe sin(2x + F)ds,

— 00

amn

where py is the degree of polarisation of the emitted radiation, x
is the orientation angle of the electric field vector (perpendicular
to the magnetic field), F' = F(s) is the Faraday depth

F(s) = / ~ K, (18)

(the observer is located at s = +00), and f is the differential
Faraday rotation rate with

_ Neh B v =2/ ds
fds = 4800 (lcm—3) (SMG) (1.5GHZ> I3kpe ) 1

(see e.g. Cioffi & Jones 1980). For the distribution of thermal
electrons we assume a simple profile

3
n = 310 exp(—/m ) exp(— [2] /20).

i=1

(20)

The distribution of thermal electrons in NGC 891 has been stud-
ied by Rand et al. (1990) and Dettmar (1990). Although their
models differ somewhat, they find a component with a scale
height of about one kpc, a radial scale length of a few kpc, and
electron densities in the centre of about n, ~ 0.1...0.5cm 3.
We use the values given by Sukumar & Allen (1991): wfﬁ’m) =
2.5,6.5,9.0kpe, z{*? = 1.0, 0.6, 2.0kpc and n{>? = 0.15,
0.10, 0.03 cm 3, for the bulge, disc, and halo components, re-
spectively. The Faraday rotation measure produced in the halo
is relatively low (of the order of 10rad m~2) and the Faraday
rotation at a wavelengths about 10 cm is negligible outside the
disc. Thus, for the polarisation maps presented in this paper
we either considered a wavelength short enough that Faraday
rotation may be neglected, or we took a wavelength of 20 cm.
For a field of strength a few G, the emission from the disc
is depolarised by the differential Faraday rotation from Eq. (19)
alone. In addition there is a contribution to depolarisation from
the small scale magnetic fields, but we neglect this effect here.

3.1. Polarisation maps

Below we present the results in terms of maps of the polarised
intensity PI = (Q2 + U?)'/? and unsigned magnetic field vec-
tors, determined from the synthetic polarisation vectors for an
observer viewing the galaxy edge-on. Details of the method
and several examples may be found in Donner & Branden-
burg (1990b). Similar synthetic polarisation maps have also
been studied by Elstner et al. (1992). In Sect. 5 we give pic-
tures of the geometry of the poloidal magnetic field together
with the corresponding maps showing the distribution of po-
larised emission and intensity for a number of the models. For
the sake of clarity we have mostly considered short wavelength
and have then neglected the Faraday rotation (i.e. the F'-term
in Egs. (16) and (17)). For larger wavelength this effect would
cause an asymmetric appearance of the polarisation maps and

line of sight

Fig. 5. Sketch illustrating the cancellation effect for the polarisation
from B-vectors with B, = 0 that are located an equal distance from
the rotation axis (e = f). In the two cases the Stokes U parameter
cancels to zero, whilst the resulting polarisation vector x g is zero for
the case A and 90° for case B

an almost random orientation of the field vectors in the inner
parts. In the halo these distortions are not very strong because of
a low Faraday rotation measure there. In Sect. 5.6 and Fig. 13
we show some examples of this, where we have restored the
F'-term in the computation of the Stokes parameters.

It should be remembered that the emission at any point is
never fully polarised (pg < 3(y+1)/(3v+7)). Thus, the electric
field has components not only in the direction of polarisation, but
also perpendicular to it. By superimposing electric field vectors
with different polarisation angles, the components in the direc-
tion of polarisation and perpendicular to it become more and
more equal. Thus, the polarised intensity PI decreases. Unless
PI = 0 we can always determine the resulting polarisation
angle x g, but for small values of PI the significance of xg
decreases and the noise level increases.

3.2. A geometrical effect in synthetic polarisation maps

It is apparent in some of the polarisation maps presented below
that polarisation vectors can be purely horizontal in large vol-
umes far above the galactic plane. This is not necessarily due
to the dominance of the toroidal field but rather to a cancella-
tion effect occurring for an axisymmetric field geometry with
By = 0, and negligible Faraday rotation. In order to illustrate
this situation we have drawn in Fig. 5 pairs of magnetic field
vectors along the line of sight that are located an equal distance
from the rotation axis (e = f in Fig. 5). Because of axisym-
metry and B, = 0, the two vectors only differ in the sign of
the horizontal component. Thus, the corresponding orientation
angles of the electric field, x* and x~, satisfy x* =7 — x~.

This gives contributions to the Stokes () and U parameters
Q ~ —cos2x* —cos2x™ = —2cos2x*, (1)
U~ —sin2x* —sin2x™ =0. (22)

The polarisation angle of the electric field vector is given by
XE = %arctan(U /@), and the angle of the magnetic field vector
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by xB = xg +7/2. Since U = 0, but Q is either positive or
negative, we have

: {w/2 for |x*| > m/4 (caseA),
5=

0 for |x*| < /4 (caseB). 23)

Thus, the polarisation vectors of the electric field are either ver-
tical or horizontal, and the synthesised magnetic field vectors
either horizontal (case A) or vertical (case B).

Of course, a nonzero radial field component destroys the
exact cancellation. Also deviations from exactly axisymmetric
field and cosmic ray electron distributions produce a nonvan-
ishing Stokes U component. Thus the cancellation effect is un-
likely to be significant in real galaxies, but it strongly affects our
synthetic polarisation maps if Faraday rotation is weak or the
wavelength short. We should bear this in mind when comparing
our maps with observations.

4. Idealised models

In order to clarify physical effects associated with individual
ingredients of our models, we briefly summarise in this section
some results obtained at an early stage of this work, using ide-
alised models without diamagnetism that ignore the dependence
of o on €2 and with isotropic « effect and thicker discs, similar
to the models presented in Paper 1.

Models with small values of Cg, (around one hundred) have
the property that the resulting field vectors in the polarisation
maps are almost radially oriented above the disc plane. How-
ever, as we increase Cg, to more realistic values around 600 the
synthetic field vectors become almost horizontal, because the
halo toroidal field begins then to dominate over the poloidal one.

The contours of polarised intensity are normally elliptically
shaped. The maximum emission comes from the centre even
though the field there is quite weak. This is, however, only a
projection effect, since here the line of sight through the galaxy is
the longest. In the presence of a weak galactic wind the poloidal
field becomes more nearly radial in the outer parts, r < 0.3. The
polarised intensity contours are no longer elliptically shaped, but
there are maxima around r = 0.4 along the galactic plane. This is
in contrast to the intensity distributions observed for NGC 891,
but a similar feature is seen in the observed map of NGC 4631
(see Fig. 9 in Hummel et al. 1991b).

In Paper I we found a régime in which an AO field (antisym-
metric about the equatorial plane) in the halo could dominate
the disc field. In the absence of a galactic wind such a field is
oscillatory and there are significant toroidal fields in the halo,
giving horizontal field vectors in the polarisation maps. How-
ever, arather weak galactic wind is sufficient to cause the field to
be nonoscillatory. This has dramatic effects on the synthesised
magnetic field vectors, which now appear to be vertical close to
the galactic disc and radial in the outer parts. However, the field
configuration loses these “desirable” features when more real-
istic parameter values are considered; moreover, the AO mode
is in our models typically less preferred than the SO mode.

For sufficiently large values of Cy, and larger values of the
disc thickness the SO solution begins to oscillate. The period

is typically about 0.1 diffusion times. The magnetic field belts
change over the cycle and migrate towards the equatorial plane
where they disappear. The intensity contours typically show
maxima above and below the galactic disc, which is quite dif-
ferent from the intensity pattern observed in various edge-on
galaxies. It remains an interesting and open question whether
or not dynamos producing oscillatory magnetic fields can be
satisfactory models for these galaxies.

The presence of a weak galactic wind is in many cases suffi-
cient to change an oscillatory solution into a steady one, but the
synthetic magnetic field vectors only become radial far away
from the disc. Dynamo action persists for models with thick
discs even for quite large wind speeds. In this case the field in the
halo is extremely weak, and the synthetic magnetic field vectors
are strictly radial immediately above and below the disc. The
intensity drops abruptly outside the disc. This is not typical of
observed intensity distributions, which seem to decrease much
more smoothly. Thus, thick-disc dynamos with extremely large
wind velocities can perhaps be ruled out in several observed
galaxies.

5. More realistic models

In this section we shall focus the discussion on models with the
basic parameters relevant to the two galaxies NGC 4631 (Cq, =
1400, wq = 0.1) and NGC 891 (Cq = 1040, wq = 0.2). The
adopted values of the other parameters are: £ = 0.02, h = 0.1,
zw = 2w = 0.2, zqg = 0.3, 71 = 0.95, unless stated otherwise.
The parameters that we varied are W,. = 0...500, W, = 0...40,
and o, = —2... + 4. In the tables below we give the values of
the (nondimensional) magnetic energy, Ey = [ %Bde, the
energy of the poloidal field, E,, relative to the total energy, Q =
E, / Er, the maximum field strength, B,y and, for oscillatory
solutions, the period of the magnetic cycle.

In this section we discuss a number of effects, but we con-
sider those of a radial wind (Sect. 5.2) and turbulent diamag-
netism (Sect. 5.4) to be the most important. We note that in
previous work on galactic dynamos the role of turbulent dia-
magnetism was not appreciated; we find that, for example, it
may force otherwise stationary solutions to be oscillatory. In
Figs. 6-15 below we show total intensity contours with syn-
thesised magnetic field vectors superimposed. As long as we
neglect the effects of chaotic (small scale) magnetic fields and
Faraday rotation is negligible outside the disc polarised inten-
sity contours above the disc are rather close to the total intensity
contours shown in our maps.

5.1. Anisotropic o

We begin by investigating the effect of an anisotropic « effect
on the magnetic field geometry. Here we use wq, = 0.1, a value
characteristic of NGC 4631 but, in order to illustrate the effect
of an anisotropic a more clearly, we first show the results for
Cq = 700 instead of 1400; see Fig. 6. We see that there is a trend
for a vertical field component to be built up at some distance
above the disc plane. At the same time the magnetic energy
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Fig. 6. Polarisation map and poloidal field geometry for a model with
Cq =700, wq = 0.1 (@) a; = —2,(b) a, =0, (c) a, = 4. On
the left is shown the orientation of the magnetic field determined from
the Stokes parameters, where the angle is arctan(U/Q) + /2 and the
length of the vectors is proportional to the degree of polarisation, P1/1.
Logarithmically spaced contours (interval is a factor of 10) of the total
intensity are superimposed. On the right are shown field lines of the
poloidal field in one quadrant of a meridional plane. The outer halo
boundary at r = R is marked

increases, which shows that the a, term contributes to dynamo
action; see Table 1. In the cases «, = 0 and 2 we have used
& = 0.03, instead of £ = 0.02, because the value of Cg is so
small that otherwise the « effect is not large enough to support
dynamo action.

Note that the solutions for o, > 0 are steady. In this context
is should be recalled that anisotropies in o sometimes lead to
oscillatory behaviour in spherical dynamos (Weisshaar 1982).
In fact, the solution for o, < 0 is oscillatory, but the dynamo
is so weak that we had to choose £ = 0.05 in order to obtain
dynamo action (see Table 1).

The behaviour for C, = 1400 is different in that the solution
is oscillatory already in the absence of the o, term (see Table 2).
The resulting field geometry is shown in Fig. 7. It is notable
that the radial profile of the field near to and within the disc has
pronounced reversals. As the degree of anisotropy increases the

Table 1. The effect of the anisotropic a-effect on the results for a model

with Cq =700, wq =0.1, W, =W, =0
Qz & 1g EM Q Bmax ,Iz:yc
-2 005 -2.66...—2.31 040..057 0.7..1.0 0.06
0 003 —2.14 0.32 1.9
2 0.03 —1.93 0.23 2.0
4 0.02 —1.54 0.18 2.6
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Fig. 7. Polarisation map and poloidal field geometry at an arbitrar-
ily chosen phase for a model using the rotation curve parameters of
NGC 4631 and different strengths of anisotropy, for Co = 1400,
wo =01, =002, W, =W, =0. (@ a, = -2,(b) a, =0,
© o, =2

solution becomes steady and stronger horizontal fields develop.
Our current results do not provide strong evidence that the global
vertical structure of the field high in the halo might be caused
by anisotropies in c.

5.2. The effect of a radial wind

In Table 3 and Fig. 8 we show the results for a model with the ro-
tation curve parameters of NGC 4631 (Cq = 1400, wq =0.1),
for different strengths of the radial component of the wind and
a, = 0. We have seen in Table 2 that in the absence of a wind the
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Table 2. The effect of the anisotropic a-effect on the results for a model
using the rotation curve parameters of NGC 4631. For oscillatory so-
lutions the minimum and maximum values of 1g E'as, Q, and B,y are
given. Cq = 1400, o = 0.1, £ =0.02, W, =W, =0

(% lg Eum Q Binax Tcyc
-2 —-34...-28 0.25..045 04..09 0.04
-1 —=253..-194 0.18..044 0.7..24 0.10
0 -2.00..—147 0.13..026 2.7..45 0.15
2 —0.81 0.10 6.6
4 —-0.51 0.08 7.7

solution is oscillatory. In Sect. 5.4 we show that this property
is a consequence of the turbulent diamagnetic effect included
here. When the wind strength in the radial direction increases
the solution becomes steady and both the magnetic energy and
the maximum magnetic field strength increase with increasing
values of W,. up to 200. This is partly due to the fact that a not
too large wind velocity tends to counteract the effect of diamag-
netism in decreasing the magnetic energy, presumably because
of the compression of the field into a thinner disc without en-
hancing the field strength; see Sect. 5.4. This is an unexpected
and important result: for moderate wind velocities the wind fa-
cilitates the galactic dynamo rather than inhibits it.

A remarkable consequence for larger wind velocities
(around 500) is that the solutions again become oscillatory; see
Table 3. A possible reason for this might be that the field is then
so effectively pushed into the outer parts of the disc so that the
field geometry becomes similar to the case of a dynamo in a
sphere. Because of this surprising behaviour we have checked
the numerical accuracy of this solution for higher resolution
(63 x 64) and found quantitatively similar results.

Note that the synthetic magnetic field vectors become more
nearly radially oriented as the wind speed increases. For W, =
200...500 the resulting field vectors align with the velocity vec-
tors and it is conceivable that the field geometry observed in
NGC 4631 might be reproduced by a suitably chosen wind pro-
file.

We should stress that the effect of the wind on the dynamo
cannot be reduced to a simple advection. Since the wind flow
is axisymmetric, such advection by itself could only lead to the
enhancement in the halo of the toroidal field that dominates in
the disc. The wind rather leads to more subtle changes in the
dynamo associated with stretching of magnetic field lines by
velocity shear.

In Table 4 and Fig. 9 we show the results for a model using
the rotation curve parameters of NGC 891 (Cq = 1040, wq =
0.2) for different strengths of the radial wind. Note that even for
rather large wind velocities the synthetic field vectors are more
nearly parallel to the disc plane and not much affected by the
wind. This is consistent with the observations of NGC 891 and
NGC 4565.

In order to clarify the question why the effect of the wind is
so weak in the case where we use the rotation curve of NGC 891,
we now consider an intermediate case between this model and
the model for NGC 4631, using wq = 0.15 and Cq = 1400
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Fig. 8. Polarisation map and poloidal field geometry for a model us-
ing the rotation curve parameters of NGC 4631 and different wind
strengths: (a) W,. = 50, (b) W,. = 200, (c) W, = 500. The case with
W =0 is depicted in panel (a) of Fig. 3. Here, as well as in the other
polarisation maps, vectors are only shown where PI exceeds 2% of
the maximum value. Cq = 1400, wq = 0.1, =0.02, 2, =0, W, =0

Table 3. Results for a model using the rotation curve parameters of

NGC 4631 and different values of W,.. Cq = 1400, wq = 0.1,
£=0.02,a,=0,W, =0
W, lg Eym Q Biax Tcyc
0 —2.00..-147 0.13.026 27.45 0.15
50 —1.42 0.15 4.0
200 -0.78 0.14 4.7
500 -—1.19...—1.19 0.19..0.30 1.5..34 0.14

Table 4. Results for a model using the rotation curve parameters of
NGC 891 and different values of W,.. Cq = 1040, g = 0.2,£ = 0.02,
0,=0,W,=0

W, Ig Enp Q Binax T}:yc
0 -1.00...—0.89 0.15..0.18 32..44 0.10
50 -—1.12...—1.04 0.18..0.21 2.2..34 0.07
200 —1.69...—1.53 0.25..028 15.22 0.06
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Fig. 9. Polarisation map and poloidal field geometry for a model using
the rotation curve parameters of NGC 891 and different wind strengths,
for Cq = 1040, wq =0.2,£ =0.02, 0, =0, W, =0. (a) W, =0, (b)
W, =50, (c) W, =200

for two different values of the radial wind strength. According
to more recent observations this may actually be the value ap-
propriate for NGC 4631; see Sect. 2.2. The result is shown in
Fig. 10. In this figure we have only focussed on the innermost
parts, because this is the region studied in many observational
polarisation maps. Here we have also included the effects of
Faraday rotation; see Sect. 5.6. From the resulting field geom-
etry, shown in Fig. 10, it seems that this case is intermediate
between those displayed in Figs. 8 and 9. Thus, the field geom-
etry is rather sensitive to wq, but less sensitive to small changes
in the value of Cq. Because of the effects of Faraday rotation
there are regions with rather different field orientations, similar
to those shown by the vectors in Fig. 1.

5.3. The effect of a vertical wind

In Table 5 and Fig. 11 we show the results for a model using the
rotation curve parameters of NGC 4631 (Cq, = 1400, wq = 0.1)
for different strengths of the wind in the vertical direction, W,.
The presence of a vertical wind close to the disc plane seems to
enhance dynamo action, because it pushes field from the galactic

0.30
0.20

0.10
0.00
-0.10

-0.20 R
-0.30
-0.3 0.0 0.3

0.30F s s v v i77s7777
. S R V1000007
N I
0.20 === vesssreond
. NN it rrraa s

PRI
177722000
0.10 P

IRERER T

IR PRI

SR Y L4

0.00

-0.10F

-0.20

—0.30E2227700 00 it i i iits
-0.3 0.0 0.3

Fig. 10. Polarisation map and poloidal field geometry for an inter-
mediate model between NGC 891 and NGC 4631 and different wind
strengths, for parameters Cqo = 1400, wq = 0.15, £ = 0.02, a, = 0,
W, = 0, and Faraday rotation is included. Only the inner region with
w, z < 0.3 is shown. (a) W,. = 200, (b) W,. = 500

plane into the regions above and below where the extrema of
o are located. However, only Ej increases significantly with
W, whereas Bp,, remains unchanged, because it is limited by
a-quenching at a level independent of the wind strength.

The vertical wind transports a strong toroidal field from the
disc into the halo thereby making the magnetic vectors more
nearly horizontal. The result presented in Fig. 11 seems to im-
ply that W, in NGC 4631 is unlikely to exceed approximately
20km/s. Remember that this value of W, applies to the loca-
tion z = zy = 0.2 R which is much closer to the disc than the
distance r = R to which the values of W, refer. The critical
value of W, is close to our simple estimate Eq. (1). Note that
with SO geometry the field near the galactic planes is approx-
imately perpendicular to the vertical wind, which favours this
naive estimate.

Table 5. Results for a model using the rotation curve parameters of
NGC 4631 and different values of W, . Note that By is independent
of W,, but that Eys increases with W,. Cq = 1400, wq = 0.1,
£=0.02, 0, =4, W, =200

Wz lg EM Q Bmax
0 -051 012 59
20 —-0.27 0.04 59
40 +0.09 0.01 59
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(a)

Fig. 11. Polarisation map and poloidal field geometry for a model using
the rotation curve parameters of NGC 4631 with a radial wind and
different vertical wind strengths, for Cq = 1400, wq = 0.1, £ = 0.02,
a, =4, W, =200.(a) W, =0, (b) W, =20, (c) W, =40

5.4. Turbulent diamagnetism

We recall that in the absence of a galactic wind the solutions
obtained are oscillatory. This is surprising, because it is known
that for thin discs the solutions of SO parity are normally steady.
In order to isolate the mechanism responsible for this we have
considered models where the turbulent diamagnetic effect is
suppressed, by putting v = 0. The results are shown in Table 6
and Fig. 12, and should be compared with the cases with dia-
magnetism included; see Table 3 and Figs. 7b and 8a,b. In the
absence of turbulent diamagnetism we indeed obtain steady so-
lutions, as expected. Thus, in the context of galaxies, turbulent
diamagnetism can cause the solutions to become oscillatory. For
spherical dynamos the turbulent diamagnetism often causes os-
cillatory solutions to become steady (e.g. Rédler 1986). The
resulting magnetic field strength is larger when the turbulent
diamagnetic effect is suppressed. This is consistent with the
fact that a weak wind can support the dynamo because it may
counteract the turbulent diamagnetism.

We should emphasise that the turbulent diamagnetism of
galaxies behaves in a somewhat unusual way, in that it pushes

[ P APLAPQ U S SR Qg S .5
z -
0.6 ——

Qs

-

==

0.0p=—- T
Jog —
p

NSNS smmmmccc ey 0/
FNNNNS S s came--, LR
0.6k~ N vl 127 A
PSSSNNNAY Ry
~~~~~~ [N Voo
== 9.00;

Z =
e
b e e o s NN
————— 27700 v anNS S~~~
—0.6F77 /s RN
P RN RN

NAN s v e R
NNNANN N e, vevrrr/
NNNNNN R

0.6 FNSNNNAY

P m———

~S———]

_ s
05F22257%7

Fig. 12. Polarisation map and poloidal field geometry for models with
turbulent diamagnetism omitted. The rotation curve parameters are
those of NGC 4631, for Cq = 1400, wq = 0.1, £ = 0.02, o, = 0,

» = 0. The radial wind strengths are (a) W, = 0, (b) W,. = 50, (c)
W, =200

magnetic field into the disc so that the scale height of the mag-
netic field is considerably smaller than that of the gas (cf. Poezd
et al. 1992). (In stellar convection zones, for example, turbulent
diamagnetism transports magnetic field away from the bulk of
convection zones, i.e. to the surface and to the bottom of the
convection zone.) Note in this connection that the rotation mea-
sure analysis of extragalactic radio sources and pulsars yields
a scale height of the magnetic field in the disc of 400...500 pc
in the Milky Way (Ruzmaikin et al. 1988, Sect. 4.3), whilst the
scale height of the Reynolds disc is approximately 1.5 kpc (see
Reynolds 1989). Local enhancements of the poloidal field and
corresponding reversals in the toroidal field which can be seen
in Fig. 7b are also associated with the effects of turbulent dia-
magnetism. In NGC 4631 the situation is rather different, in that
there the presence of a wind counteracts the diamagnetic effect,
and the scale height of the magnetic field is much greater than
that of the gas (Hummel et al. 1991b).
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Table 6. Results for models without the turbulent diamagnetic effect
using the rotation curve parameters of NGC 4631 and different values
of Wy. Cq = 1400, wq =0.1,£ =0.02, 0, =0, W, =0

Wr lg EM Q Bmax
0 +0.46 0.01 8.0
50 —-0.02 0.04 69
200 -046 0.07 54

-0.6 0.0 0.5

Fig. 13. Polarisation maps for a model with Co = 1400, wq = 0.1,
£ =002 a, =4 W, =200, W, = 0 and with Faraday rotation
included. On the left hand side we show contours of PI and polarisation
vectors with a length proportional to PI/I, and on the right hand side
contours of I and polarisation vectors with a length proportional to PI.
The inclination angle is, from top to bottom respectively, 90°, 85° and
80°

5.5. Vertical dependence of )

We made some comparisons between models with and without a
z-dependence of {2 by considering various values of zq. It turned
out that the solutions are not very sensitive to this change and,
in particular, that the oscillatory solutions for Cq = 1400, wq =
0.1, W, =0, and o, = 0 remain oscillatory, independently of
the presence or absence of an 2 gradient in the z direction. The
magnetic energies of the solutions remain quite similar, but the
polarisation maps for the solutions with {2 constant on cylinders

R
ANNSSSS]

.
NS R RORRTYYR YY) .
NANNS N e, IR .
NANNNS N v e sirrr N
0.6FSSsssn e ver oA .
bNSSSSSNS v sssrn .
ENSNNNNNN v vt s N
ESSSSSNN\V V1 Vs s H

E o~~~ YO P .
0.0F-17717- ARRNNNN H
.

VANNNSSS

SN NNSSNN

RN

Las s ANy

DN

BRNENENCRN
N

0.6

\

\

\

\

\

\

N
RSN
-~
-

il SRR

PR R R

VR
:

-0.6

Fig. 14. Polarisation map and poloidal field geometry for solutions
with pure dipole (a), mixed (b), and pure quadrupole (c) symmetry.
The rotation curve parameters are those of NGC 4631. (For technical
reasons the location of the vectors is not chosen symmetrically about
the disc plane.) Cqo = 1400, wq = 0.1, £ = 0.02, o, = 4, W, = 200,
W,=0

(i.e. for zo — o) tend to show vertical features that are absent
in the case of a z-dependent {2, and which seem to be absent in
observed field configurations.

5.6. Intrinsic Faraday rotation and depolarisation

Both the effects of Faraday rotation and of an inclination an-
gle differing from 90° can cause asymmetries in the resulting
polarisation maps. Examples of polarisation maps for different
inclination angles are shown in Fig. 13, where we have included
the Faraday rotation in the computation of the Stokes parame-
ters. Note that there is now a strong depolarisation in the disc
resulting in shorter polarisation vectors (length PI/T), with a
somewhat irregular appearance. The field vectors in the halo
are not strongly affected by the inclusion of Faraday rotation
because the low number density of thermal electrons gives only
weak Faraday rotation there. It is notable that the polarisation
pattern high in the halo, unlike that closer to the disc, is rel-
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atively stable with respect to Faraday rotation and inclination
effects.

Atinclination angles around 80° the I-contours show asym-
metry about the disc plane. Similar behaviour is observed in
NGC 253, where the inclination angle is 78° (Klein et al. 1983).

5.7. Stability and mixed parity

For some cases we checked the stability of the solutions ob-
tained to axisymmetric perturbations. We typically find that the
SO solutions presented in this paper are stable. However, A0
solutions were also found to be stable in most of the cases, but
only under weak perturbations. (It is possible that these weakly
stable A0 solutions are unstable with respect to nonaxisymmet-
ric perturbations, by analogy to similar results for dynamos in
a sphere; see Ridler & Wiedemann 1989, Jennings et al. 1990).
Since the magnetic diffusion time scale for galaxies is typically
rather long, it is relevant also to consider transient solutions
(see Paper I). In Fig. 14 we compare the field geometries of the
A0 and SO solutions with that of such a transient solution with
mixed parity. The energies of the AO and mixed parity solutions
are smaller than the energy of the SO solution. We stress that all
three basic types of dynamo solutions are potentially relevant for
the observed polarisation patterns: galaxies are not necessarily
old enough for the final stable state to have been reached (e.g.
Paper I). We postpone a detailed analysis of these possibilities
to our future papers.

5.8. Larger correlation length

The parameters of interstellar turbulence in the Reynolds disc
and galactic halo are rather uncertain, so that it is worthwhile
investigating other possibilities than those considered above.
In particular, the scale length of turbulent motions ¢ might be
comparable to the scale height of the thick disc provided that
the turbulence above the height of 500 pc is driven by superbub-
bles, Parker instabilities, etc., which suggest a typical scale of
1...1.5kpc. Larger values of £ result in a larger ratio C, /Cq,
i.e. a smaller relative rdle of differential rotation in the dynamo,
thereby leading to relatively larger poloidal magnetic field. We
also take u; = 40km/s in this model, which might be more
suitable for such a thick disc.

Thus, we also considered a model with £ = @(0.1), u; =
40 km/s and v = 0. For such large ¢ and smaller u; it is impor-
tant to note that |a| ~ min(¢2Q2/h,u;). In Fig. 15 we present
polarisation maps for a model with isotropic c-effect, no wind,
and Cq =700, w = 0.1.

We note that in the model with large ¢ the field has a rever-
sal near the disc plane, with corresponding symmetric enhance-
ments of polarised intensity at the distance of a few kpc from
the rotation axis. The field structure is rather complicated but
near the reversals there is a tendency for the magnetic vectors
to be vertically oriented.

Summarising the experience gained from the models with
larger £ and anisotropic o, we can say that these two effects can
both lead to local dominance of the vertical field within regions
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Fig. 15. Polarisation map and poloidal field geometry for solutions with
Cq =700, wq =0.1,£ =0.02, a, = W, = W, = 0. Only the inner
region with w, z < 0.3 is shown. £ = 0.05 (a) and £ = 0.10 (b)

X

of 1...1.5kpc in size, with the anisotropy yielding more pro-
nounced vertical fields (see Fig. 6). However, a global pattern
with the vertical magnetic field dominating, appears to be asso-
ciated with the effects of a radial galactic wind. Note also that
models with such a wind can also feature field reversals near
to and within the disc, even for isotropic e and a conservative
value of £ (Fig. 7a and 8).

6. Discussion

The main results of this paper are as follows: In our model we
have considered the interaction of the wind with the dynamo
in a relatively thick disc with a scale height of about 1.5kpc
surrounded by a spherical halo. We expect that in a galaxy such
as NGC 4631 the regular magnetic field is generated mainly
within the disc and carried away to the halo by the wind. The
global dominance of the poloidal magnetic field above the disc
of NGC 4631 can be explained by the effect of the (nearly) radial
wind on the galactic dynamo. We consider the model presented
in Figs. 8b and c, where the radial wind is included, or that of
Fig. 13 (where, in addition, an anisotropy of « is included), to
be the most relevant for NGC 4631 (cf. Fig. 1). If our models
of the magnetic field in the galactic halo are correct we expect
the radial wind speed of NGC 4631 to be around 200 km/s at
the edge of the halo.

When the dynamo is also active in the galactic halo or there
is no wind, then the toroidal field dominates both in the disc and
in the halo, at least in the framework of the models considered
here, which have magnetic field symmetry of SO type. Thus,
the magnetic field configurations observed in such galaxies as
NGC 891 and NGC 4565 are compatible with either a relatively
strong halo dynamo or a weaker galactic wind. The field config-
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urations presented in Fig. 9 would seem to be more appropriate
for the latter two galaxies (cf. Fig. 2).

Wind speeds of 50...200 km/s in the outer parts of the halo
are generally admissible, in that they can still allow the dynamo
to work. This is due to the partial alignment of the magnetic
field and the wind, and the anchoring of the field lines in the
disc.

Both an anisotropic o effect and the turbulent diamagnetism
can make the magnetic field vectors more aligned with the radial
or vertical directions. A vertical component of the wind near the
galactic disc leads to a dominance of toroidal field in the halo. In
this connection it is useful to emphasise that we always refer to
the synthesised magnetic field vectors and not to those projected
onto meridional planes.

The presence of a vertical wind has quite remarkable ef-
fects leading to large magnetic field energies. However, this
also causes strong toroidal fields above the disc plane and almost
horizontal field vectors in the polarisation maps. Such a config-
uration could be compatible with observations of NGC 891 and
4565, but not with that observed in NGC 4631, and we there-
fore expect that in the latter galaxy the vertical wind component
close to, or in, the disc should be weak. This inference is con-
sistent with the fact that star formation activity in this galaxy
occurs predominantly in the central regions so that the wind can
be expected to be nearly radial.

Turbulent diamagnetism has important effects on the prop-
erties of the solutions and in particular on the field geometry.
In the presence of turbulent diamagnetism and for weak wind
velocities the solutions show a reversal of the poloidal field (e.g.
Figs. 7 and 9) and also of the toroidal field (not illustrated) at
w = 2...10kpc. A similar field reversal is also observed in the
Milky Way. Polarisation maps for the field distribution with a
reversal show a distinctive shape of the intensity contours, with
two local enhancements located symmetrically with respect to
the rotation axis at the galactocentric distances of 1...2 kpc, ap-
proximately at the positions where the rotation curve becomes
flat (see e.g. Figs. 8a, 9, 10). This indicates that the observable
poloidal field lying in the plane of the sky is enhanced in the
reversal region: magnetic lines bend upwards near the rever-
sal. It is interesting that similar symmetric enhancements of po-
larised intensity contours are observed in NGC 891 (see Fig. 1b
in Sukumar & Allen 1991) and NGC 4631 (see Fig. 5 in Golla
& Hummel 1992). We suggest that the symmetric enhancements
of the polarised intensity near the disc at the distance of about
2 kpc from the centre of NGC 4631 can be interpreted as be-
ing the possible result of a reversal of the large scale magnetic
field in the disc of this galaxy. This suggestion can be tested
when the maps of Faraday rotation measure become available,
because the associated reversing toroidal magnetic field must
produce a change in the sign of RM in the same regions.

An interesting peculiarity of the vertical distribution of the
degree of polarisation in NGC 891 is its asymmetry with respect
to the galactic midplane, indicating a relatively weak regular
magnetic field just above the disc on its north-east side (Sukumar
& Allen 1991). Such a feature was discussed by Sokoloff &
Shukurov (1990) (see also Paper I). It was argued there that

the regular magnetic fields in the disc and in the halo can have
opposite parities (or, in other words, the global field is of mixed
parity), so that on the one side of the disc there will be a magnetic
neutral layer whose thickness is about the disc (half-) thickness
or 0.5...1kpc. Note that a small asymmetry is also predicted
from internal Faraday depolarisation. As shown in Fig. 13, if
the disc is not exactly edge-on, then this will also produce an
apparent asymmetry, but this effect is perhaps not large enough
to be observationally significant.

It might appear slightly worrying that in all our models the
value of ¢ is rather large, corresponding to a maximum value
of o of about 20 km/s in dimensional units, which is attained at
a height of about 1 kpc. This value of « is considerably larger
than the value usually adopted for a thin galactic disc (1 km/s).
However, « is here evaluated at some height above the disc,
and since there the turbulent velocities are larger than in the
immediate vicinity of the disc plane, reaching 35 km/s at z =
1.5 kpc (Reynolds 1989) and probably 100 km/s in the halo, we
expect that this value of o may still be reasonable.

The dimensionless values of the maximal field strength
varies in the different models between 0.7 and 8 (see Tables
1-6). This would correspond to dimensional values between ap-
proximately 3 and 40 G. These values might appear rather large,
but a more representative figure is the average field strength in
the inner part of the disc. A crude estimate may be obtained from
Epy using <B>disc = (ZEM/%isc)l/z’ where Vs = 2h7rw2). In
Table 7 we give a conversion from the 1g E'y; values given in
Tables 1-6 to dimensional values of the magnetic field strength
averaged over this inner part of the disc with a height of 1.5 kpc
and a radius of 7.5kpc (k = 1). For intermediate values of
W, our models shown in Tables 3 and 4 have typical values of
lg Epr around —1. This corresponds then to (B)gisc = 5.61G.
We should keep in mind that the quenching expression Eq. (8) is
quite empirical. With other quenching formulae the maximum
field strengths might be somewhat smaller than the By, values
given here. Even accepting Eq. (8), the value of k in Eq. (9) is
uncertain.

Table 7. Conversion of 1g E; values to dimensional average magnetic
field strengths for the inner part of the disc

1gEy  (B)disc [4G]
2.5 1.0
-2.0 1.8
—1.5 32
—-1.0 5.6
-0.5 10.0

Comparing the intensity contours of observed and theo-
retical polarisation maps might provide rather stringent con-
straints on the value of the coefficient ap in galaxies. For
NGC 891 the outermost contour at w ~ 8kpc and z = 0
with a I = 150 puJy/beam corresponds to I = 2 10* Jy/sr. With
k =1 (in Eq. (9)) the theoretical intensity at a similar position
is in our model about 0.02 x 5 10* Jy/sr, which is about twenty
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times smaller than the observed value at @ = 10kpc. By tak-
ing k = 0.5, which is well within the range of uncertainty, the
theoretical value becomes close to those observed, because of
the high power of B occurring in Eq. (15). The variations of
the spectral index with position in the galaxy (Hummel et al.
1991a) will also have a significant effect on the theoretical in-
tensity distribution. In addition, it is perhaps also possible that
the observations overestimate the intensity if the field is highly
intermittent and the filling factor small. Finally, we should re-
member that we have omitted the small scale magnetic fields.

It is interesting to note that although mean field dynamos
have met difficulties when modelling the detailed solar mag-
netic cycle, they seem to be able to reproduce quite diverse
galactic magnetic field structures rather more readily. Even al-
lowing that we have detailed temporal data on the solar cycle,
as opposed to “snapshots” of a number of galactic magnetic
fields, we feel this is some evidence in favour of the basic va-
lidity of the mean field concept. One basic difference between
solar and galactic dynamo models is that we have reasonably
secure knowledge of galactic differential rotation, that can be
inserted into kinematic dynamo models, whereas a satisfactory
solar model must include a self-consistent calculation of large
scale velocity fields. Thus it may be plausible to argue that dif-
ficulties in understanding the solar dynamo lie principally in
the large scale dynamics. Another possibility is that the nature
of the turbulence, as manifested in the parameterisation of the
alpha effect and turbulent diffusivities, is rather different in the
sun to the usually adopted concepts.
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