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ABSTRACT

We discuss current observational and theoretical knowledge of magnetic fields,
especially the large-scale structure in the disks and halos of spiral galaxies.
Among other topics, we consider the enhancement of global magnetic fields in
the interarm regions, magnetic spiral arms, and representations as superpositions
of azimuthal modes, emphasizing a number of unresolved questions. Itis argued
that a turbulent hydromagnetic dynamo of some kind and an inverse cascade
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of magnetic energy gives the most plausible explanation for the regular galactic
magnetic fields. Primordial theory is found to be unsatisfactory, and fields of
cosmological origin may not even be able to provide a seed field for a dynamo.
Although dynamo theory has its own problems, the general form of the dynamo
equations appears quite robust. Finally, detailed models of magnetic field gener-
ation in galaxies, allowing for factors such as spiral structure, starbursts, galactic
winds, and fountains, are discussed and confronted with observations.

1. INTRODUCTION

The magnetic field of the Milky Way has been investigated for about 40 years,
and those of external spiral galaxies for about 20 years. It now seems clear that
spiral galaxies generally possess large-scale magnetic fields whose evolution
and, possibly, their origins are controlled by induction effects in the partially
ionized interstellar gas. Turbulent motions with scales below about 100 pc
are present in this gas, and so the observed ubiquity of the large-scale galactic
magnetic fields, coherent over scales of at least 1 kpc, requires special explana-
tion. In fact, the theory of the galactic magnetic fields discussed in this review
(known as mean-field magnetohydrodynamics) represents one of the earliest
examples of synergetic theories describing how order can arise from chaos.

Our main emphasis is on magnetic fields whose scales exceed that of the
interstellar turbulence. These are the fields—known as the mean, average,
large-scale, global, or regular magnetic fields—that produce polarized radio
emission in nearby spiral galaxies when observed at resolutiong-e3 Gpc.

We also stress unresolved problems concerning the random (turbulent) magnetic
fields in the interstellar medium (ISM), but we do not extend this discussion
to the fields present in elliptical galaxies. Neither do we discuss phenomena
connected with the central regions of the Milky Way.

The regular magnetic fields in the disks of spiral galaxies are usually consid-
ered to be the result of large-scale dynamo action, involving a collective induc-
tive effect of turbulence (the-effect) and differential rotation. Even though
alternatives to dynamo theory have been proposed, we believe that something
resembling ark2-dynamo is the dominant mechanism, possibly sometimes
modified by other hydromagnetic effects such as induction by streaming mo-
tions associated with spiral arms, other noncircular motions, and galactic foun-
tains. The dynamo is the key ingredient of the theory: Other mechanisms by
themselves are unable to maintain the observed large-scale galactic magnetic
fields over galactic lifetimes.

The main rival of the dynamo theory is the primordial field theory. In this
theory, one assumes that the observed magnetic patterns arise directly from a
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pregalactic magnetic field, distorted by the galactic differential rotation. We
discuss why we believe that this theory, in spite of its appealing simplicity,
cannot by itself give a detailed explanation of the range of field structures
observed in spiral galaxies. A great conceptual advantage of the dynamo
theory is that it can provide a universal explanation for the varied field con-
figurations observed in spiral galaxies: axisymmetric and bisymmetric in az-
imuth; odd, even, and mixed parity vertically; etc. Of course, a primordial
field may influence subsequent dynamo action, or it may be amplified by a
dynamo.

The dynamo theory has its own difficulties. The linear version, which is valid
when the magnetic field is too weak to significantly affect the velocity field, is
relatively well developed and agrees favorably with observations wherever such
acomparison is meaningful. However, the nonlinear saturation of the dynamo is
notwell understood and the conventional ideas were recently strongly criticized.
They certainly need substantial improvement (Section 4). We argue, however,
that the mathematical form of the mean-field dynamo equations is rather generic
and robust, so that the available results are expected to be at least qualitatively
correct, even though the details and the physical meaning of the coefficients of
the dynamo equations may need to be revised.

The topics of this article have recently been reviewed by Wielebinski &
Krause (1993) and Kronberg (1994). We have attempted to avoid unnecessary
repetition of their material.

2. INTERPRETATION OF RADIO OBSERVATIONS

Interstellar magnetic fields can be observed indirectly at optical and radio wave-
lengths. Heiles (1976), Verschuur (1979), and Tinbergen (1996) provide ex-
tensive reviews of observational methods. In recent years, observations of the
linearly polarized radio continuum emission have improved significantly; these
provide the most extensive and reliable information about galactic magnetic
fields. We thus concentrate on results based on radio continuum data. Zeeman
splitting measurements are discussed by Heiles et al (1993). For optical and
infrared polarization data, see Roberge & Whittet (1996).

2.1 Field Strength Estimates

The strengths of the projections of the to) &nd regularB) magnetic fields

onto the plane of the skyB(. andB ) can be determined from the intensity of

the total and linearly polarized synchrotron emission (e.g. Rybicki & Lightman
1979, p. 180). However, a relation between the energy densities of relativistic
electronsge, and the total magnetic fieldg, has to be assumed. Direct mea-
surements of cosmic rays are possible only near the Earth. The local cosmic-ray
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energy densitycg is comparable teg, andK = ecr/€e >~ 100 locally, but is
possibly lower in other galaxies (Pohl 1993).

Itis plausible to assumer = acg, wherea depends on the detailed model:
pressure equilibrium, minimum total energy, or energy density equipartition.
Although the validity of these assumptions may be questioned (Longair 1994,
Urbanik et al 1994, Heiles 1996), they generally provide reasonable estimates.

Gamma-ray observations have been used to obtain indirect data about the
distribution of cosmic-ray electrons in the Galaxy (Bloemen et al 1986) and
in the Magellanic Clouds (Chi & Wolfendale 1993). Comparing radio and
y-ray data for the Magellanic Clouds, Chi & Wolfendale claimed that energy
equipartition is not valid (see, however, Pohl 1993). Their arguments would
not apply ify and radio emissions originate from different regions.

The standard minimum-energy formulae generally use a fixed integration in-
terval in frequency to determine the total energy density of cosmic-ray electrons.
This procedure makes it difficult to compare minimum-energy field strengths
between galaxies because a fixed frequency interval corresponds to different
electron energy intervals, depending on the field strength itself. When a fixed
integration interval in electron energy is used, the minimum-energy and energy
equipartition estimates give similar values f@2B1™) ~ (B*"*) where
as is the synchrotron spectral index (typicatly0.9). The resulting estimate
(B3T*)1/3+e9) s |arger than the mean fielB, ) if the field strength varies
along the path length, singd, )3t* < (Bi*"s). (Here and elsewhere we
denote the magnitude of a vector By= |B|.)

If the field is concentrated in filaments with a volume filling factiorthe
equipartition estimate is smaller than the field strength in the filaments by a
factor f ¥/@+9_ The derived field strength depends on the po@Ber as)~* ~
1/4 of any of the input values, so that even large uncertainties cause only
a moderate error in field strength. For example, a probable uncertainty in
K of 50% gives an error in magnetic field strength~05%, with the total
uncertainty perhaps reaching 30%.

An estimate of the regular field strengBy can be obtained by using the
observed degree of polarizatiéh from P ~ Py(B, /B, )?, wherePy ~ 75%
(Burn 1966). Note that regular field strengths are always lower limits because
of limited instrumental resolution.

2.2 Large-Scale Field Patterns

The plane of polarization of a linearly polarized radio wave rotates when the
wave passes through a plasma with a regular magnetic field. The rotation angle
Ay increases with the integral ofBy along the line of sight (whene, is the
thermal electron density an, is the component of the total magnetic field
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along the line of sight) and with? (wherex is the wavelength of observa-
tion). The quantityAyr/ AA? is called the rotation measure, RM. The observed
RM is sensitive to the regular magnetic fiddg because the random fielts
mostly cancel. The sign of RM allows the two opposite directionBpfo be
distinguished. An accurate determination of RM requires observations at (at
least) three wavelengths because the observed orientation of the polarization
plane is ambiguous by a multiple 8f180° (see Ruzmaikin & Sokoloff 1979).
Unlike equipartition estimates, which are insensitive to the presence of field re-
versals within the volume observed by the telescope beam, the observed value
of Faraday rotation will decrease with increasing number of reversals.

Although the filled apertures of single-dish telescopes are sensitive to all
spatial structures above the resolution limit, synthesis instruments such as the
VLA cannot provide interferometric data at short spacings. This shortcoming
results in some blindness to extended emission. Missing large-scale structures
in maps of Stokes parametdpsandU can systematically distort the polariza-
tion angles and hence the RM distribution, so that the inclusion of additional
data from single-dish telescopes in all Stokes parameters is required. In Section
3.4 (Figure 3) we show the result of such a successful combination by using a
maximum-entropy method.

A convenient general way to parameterize the global magnetic field (irrespec-
tive of its origin) is by Fourier decomposition in terms of the azimuthal angle
¢ measured in the plane of the galaB/,= >, Bmexpiime). In practice,
observations are analyzed within rings (centered at the galaxy’s center) whose
width is chosen to be consistent with the resolution of the observations. The
result is a set of Fourier coefficients of the large-scale magnetic field for each
ring. Usually, a combination ah = 0 andm = 1 modes is enough to provide
a statistically satisfactory fit to the data. This is a remarkable indication of the
presence of genuine global magnetic structures in spiral galaxies.

All observed magnetic fields have significant radial and azimuthal compo-
nents: The magnetic lines of the regular field are spirals (Section 8.3). We
distinguish between spiral structures that can be considered as basically axisym-
metric (ASS), and basically antisymmetric or bisymmetric (BSS), with respect
to rotation by 180. Note that higher azimuthal Fourier modes are expected
to be superimposed on these dominant ones, but these should have relatively
small amplitudes. Fields containing several Fourier components of significant
amplitude have mixed spiral structure (MSS); this might be considered to be a
combination of ASS and BSS.

A further classification of magnetic structures according to their symmetry
with respect to the galaxy’s midplane distinguishes symmetric S (i.e. even parity
or quadrupole) from antisymmetric (odd parity or dipole) modes A.
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Table 1 A two-dimensional classification of
global magnetic structures listing the dominant az-
imuthal and vertical modes

Vertical Azimuthal structure

structure ASS BSS MSS
Even SO0 S1 S6- S1
QOdd A0 Al A0+ Al
Mixed MO M1 MO + M1

Mixed-parity distributions (M), in which the magnetic fields are neither even
nor odd but are superpositions, are also possible. This notation is supplemented
with a value of the azimuthal wave numbere.g. SO means a quadrupole ax-
isymmetric field. The notation used in discussions of global magnetic structures
in spiral galaxies in presented in Table 1.

An ASS (BSS) field produces ar2periodic ¢ -periodic) distribution of RM
along¢ (Sofue et al 1986, Krause 1990, Wielebinski & Krause 1993). For the
m = 0 mode, the phase of the variation of RM withis equal to the magnetic
pitch angle,p = arctar{B, /B,,). Using the observed azimuthal distribution of
RM in a galaxy, the structure of the line-of-sight component of a large-scale
magnetic field can be studied. This method is difficult to apply if the data suffer
from Faraday depolarization, if the regular field is not parallel to the plane of the
galaxy, if its pitch angle in the disk is not constant, or if the disk is surrounded
by a halo with magnetic fields of comparable strengths.

A more direct method of analysis considers polarization anglegthout
converting theminto Faraday rotation measures (Ruzmaikin etal 1990; Sokoloff
et al 1992; EM Berkhuijsen et al, in preparation). There are three main con-
tributions to the observed polarization angk: = v + RM 12 + RMg A2,
wherey is determined by the transverse magnetic field in the galaxy, RM
is associated with Faraday rotation by the line-of-sight magnetic field in the
galaxy, and RN} is the foreground rotation measure. Thus, a direct analysis
of ¢ patterns at several wavelengths allows a self-consistent study of all three
components of the regular magnetic field. Another advantage of this method
is that complicated magnetic structures along the line of sight can be stud-
ied. Implementations of this method employ consistent statistical tests such as
the x? and Fisher criteria, thereby allowing the reliability of the results to be
assessed.

Note that Faraday rotation analysis yields an average vaiaBy). Infor-
mation onB can be extracted only if a reliable model for the distribution of
Ne is available, which is often not the case. If, for example, the thermal gas has
a low filling factor, any result concerning; may not be representative.
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2.3 Small-Scale Field Structures

Any unresolved field structures will lead to beam depolarization and thus to
polarizations significantly below the theoretical limitlef >~ 75%. This effect

is independent of wavelength and can be used to estimate the spatial scale and
strength of field irregularities using observations at short wavelengths, where
Faraday effects are weak.

At longer wavelengths, varying field orientations along the line of sight
give rise to dispersion in rotation measures (Faraday dispersion), which also
leads to depolarization (Burn 1966). Faraday dispersion is expected to arise
from small H I regions (of~1 pc in size) in the thin galactic disk (Ehle &
Beck 1993) as well as from larger scale fluctuations 0—100 pc) in the dif-
fuse ionized medium of the thick disk (e.g. Krause 1993, Neininger et al
1993). This effect makes the Faraday rotation angle no longer proportional
to 12 because the effective Faraday depth decreases with increasint
was recently discovered that at wavelengths greater than or equal to 10 cm,
galaxies are generallyot transparent to polarized radio waves (Sukumar &
Allen 1991, Beck 1991, Horellou et al 1992). Eveniatr 6 cm complete
Faraday depolarization may occur in spiral arms or in the plane of edge-on
galaxies.

To obtain full rotation measures, only observations in the Faraday-thin regime
(A < 6 cm) should be used (Vak¥ 1980, Beck 1993). Rotation measures
between longer wavelengths are lower and are weighted to regions near to
the observer. Variations in Faraday depth may also lead to a spatial varia-
tion of the observed RM, which complicates the interpretation of observa-
tions. On the other hand, Faraday depolarization allows the study of layers
at different depths sampled at different wavelengths (EM Berkhuijsen et al, in
preparation).

2.4 Comparison with Optical Polarization Data

Optical polarization observations have revealed spiral magnetic patternsin M51
(Scarrott et al 1987), NGC 1068 (Scarrott et al 1991), NGC 1808 (Scarrott
et al 1993), and other galaxies (Scarrott et al 1990) (see also the review by
Hough 1996). In the western half of M51, field orientations as derived from
optical polarization disagree by up to about° @8om the spiral pattern as
derived at several wavelengths in the radio continuum (Beck etal 1987). Optical
polarization is contaminated by highly polarized light due to scattering at large
angles. Polarization observations at far-infrared or submillimeter wavelengths
are free from scattering effects and reveal the magnetic field structure in Galactic
dust clouds (Davidson et al 1995) and near the Galactic Center (Hildebrand et al
1990, Hildebrand & Davidson 1994).
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3. MAGNETIC FIELDS IN SPIRAL GALAXIES

3.1 Field Strengths

Mean equipartition strengths of the total figB+es)/ G+ (averaged over the
volume of the visible radio disk) range from4 G in M33 (Buczilowski &

Beck 1991) ta~ 12 4G in NGC 6946 and NGC 1566 (Ehle & Beck 1993, Ehle

et al 1996); they are proportional to surface brightness in the far-infrared range
(Hummel et al 1988b) and to average gas density (S Niklas et al, in preparation).
Hummel's (1986) sample of 88 Shc galaxies has a mean minimum-energy field
of ~8 uG, usingK = 100. Using the same value &f for the sample of

146 late-type galaxies by Fitt & Alexander (1993), one obtains a mean total
minimum-energy field strength of 104 1 G. Extremal values found in normal
galaxies can be up to 20G in spiral arms, as in NGC 6946 (Beck 1991) and
NGC 1566 (Ehle et al 1996). In the mildly active galaxy M82, Klein et al
(1988) found a field strength 50 1 G.

The regular field strengthB, as obtained from the intensity of polarized
emission are typically afewG. Such values are roughly consistent with regular
field strengthsB; as derived from Faraday rotation data, if we assume typical
electron densities of a few 18 cm=3 (see e.g. Buczilowski & Beck 1991).
Because polarized intensity and rotation measure depend differently on the
filling factor of the field, the fact thaB, ~ B implies that the filling factor
is not very small. The ratio of regular to turbulent field strengths is typically
=~ 0.5 if observed with a spatial resolution of a few kpc (Buczilowski & Beck
1991).

In NGC 2276 the regular field strength reachesud® (Hummel & Beck
1995), probably due to its interaction with the ambient intracluster gas. The
total field is also unusually strong in that galaxy. Galaxies in clusters generally
contain stronger fields (Gavazzi et al 1991, Niklas et al 1995).

3.2 M31: The Nearly Perfect Magnetic Torus

Radio observations of M31 reveaba20 kpc-diameter torus with the regular
magnetic field, as determined from a Faraday rotation model, aligmiéztmly
with respect to the circumference (Sofue & Takano 1981, Beck 1982, Beck et al
1989, Ruzmaikin etal 1990). A superposition of helical field loops (as expected
from dynamo theory) can explain the asymmetric distribution of polarized emis-
sion with respect to the minor axis (Donner & Brandenburg 1990, Urbanik et al
1994). The mean equipartition field strength in the torus %&u G for the total
field and~ 4 uG for the regular field.

M31 has a low star-formation rate globally and no grand-design spiral struc-
ture. Strong compression of magnetic fields by density waves seems to be
absent. However, there are many small dust lanes and cloud complexes, which
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are traced by field lines. Comparison between the total radio intensity and the
gas emission in CO and HI confirms a close coupling of the field to the gas
clouds (Berkhuijsen et al 1993).

3.3 Density-Wave Galaxies

Radio polarization observations show that the regular magnetic fields follow
approximately the optical spiral structure in M81 (Krause et al 1989b), M83
(Neininger et al 1991, Ehle 1995), NGC 1566 (Ehle et al 1996), and M51
(Neininger 1992; Neininger & Horellou 1996; EM Berkhuijsen et al, in prepa-
ration), but that the streamlines of the rotation models of the gas do not follow
the optical spiral structure. The streamlines have strongly varying pitch angles
(e.g. Otmianowska-Mazur & Chiba 1995) and are almost closed in the disk.
However, some regions of M51 may be exceptional: Neininger (1992) has
claimed that some field lines are carried along with streaming motions. The
field lines in the central region of M83 are aligned with the bar.

Strong shocks should compress the magnetic field and lead to high degrees
of polarization of 40—70% in the radio continuum (Beck 1982) at the inner
edges of the spiral arms (see Section 8.4). Only in M51 are the strongest
aligned fields indeed found at the positions of the prominent dust lanes on the
inner edges of the optical spiral arms (Figure 1). This is best visible along
the eastern arm where the aligned field even follows the dust lane crossing the
optical arm. However, some regular fields extend far into the interarm regions.
Furthermore, the 10-30% polarization’a& cm is in contrast to the higher
polarizations expected from shock alignment. Hence the radio data only tell us
that the regular fields in M51 are somehow coupled to the cool gas as traced by
dust lanes.

The aligned fields in M81 and NGC 1566 are strongest in interarm regions
(Krause et al 1989b, Ehle et al 1996), whereas the total synchrotron intensity
(tracing the total field) is highest in the optical spiral arms. Strongly aligned
interarm fields have also been detected in the outer parts of M83, where the star
formation rate is low (Allen & Sukumar 1990). High-resolution observations
of M81 (Schoofs 1992; see Figure 2) confirmed that the regular fields extend
across almost the entire interarm region, but are somewhat stronger near the
inner edge of the prominent western spiral arm, where some dust clouds are
visible. We stress that the distribution of magnetic pitch angles exhibits a
weaker arm-interarm variation than that of the regular magnetic field strengths.
Soida et al (1996) showed that strength and pitch angle of the regular fields
in NGC 4254 reveal much less arm-interarm variations than expected from
density-wave compression in its two major arms. They also showed that regular
fields even exist in regions of chaotic optical pattern.
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Figure 1 Polarized synchrotron intensitggntour§ and magnetic field orientation of M51 (ob-
tained by rotating th&-vectors by 90), observed at6.2 cm with the VLA (12 arcsec synthesized
beam). (From Neininger & Horellou 1996.)

3.4 IC 342 and NGC 6946: Magnetic Spiral Arms

These two galaxies exhibit high star-formation rates, but their spiral structure
is less regular than that of M51. Long arms of polarized emission are present
in IC 342 (Krause et al 1989a, Krause 1993).

Recent high-resolution observations of the similar galaxy NGC 6946 (Beck
& Hoernes 1996; see Figure 3) revealed a surprisingly symmetric distribution
of polarized emission with two major spiral features, in the north and in the
south, located between optical spiral arms and running perfectly parallel to the
adjacent optical arms over at least 12 kpc. This regular two-armed structure is
much more symmetric than the distribution of total field, gas, and stars, which
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all show a quite irregular, multiarmed pattern. Two further, weaker, magnetic
spiral arms are visible between the two main ones (Figure 3).

The main magnetic spiral arms in NGC 6946 do not fill all of the interarm
regions, unlike the polarized emission in M81, but are only about 0.5-1 kpc
wide. As they are also visible in total emission, both the regular and total
magnetic fields are enhanced there. The strength of the (resolved) regular field
varies between 3 and 13G along the arm. The peak values of polarized
intensity and degree of polarization occur in the northern magnetic arm of
NGC 6946, in a region between the optical arms, where the density of warm

00

Figure 2 Polarized synchrotron intensitggntourg and magnetic field orientation in the south-
western part of M81 (obtained by rotating tEevectors by 90), observed ai6.2 cm with the

VLA (25 arcsec synthesized beam). The circle indicates the half-power diameter of the primary
beam. (From Schoofs 1992.)
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1

Figure 3 Polarized synchrotron intensitggntour§ and magnetic field orientation of NGC 6946
(obtained by rotatinde-vectors by 90) observed ai.6.2 cm with the VLA (12.5 arcsec synthe-

sized beam) and combined with extended emission observed with the Effelsberg 100-m telescope
(2.5 arcmin resolution). The lengths of the vectors are proportional to the degree of polarization.
(From Beck & Hoernes 1996.)

gas is exceptionally low. Subtraction of the diffuse, unpolarized background
gives a degree of polarization of 30-65%, with the implication that the fields in
the magnetic spiral arms must be almost totally aligned with the optical arms.

3.5 ASS, BSS, or What?

The available data on global magnetic structures in spiral galaxies are compiled
in Tables 2 and 3. Most of the results were obtained using the RM analysis
method (see Section 2.2); the more advangeghalysis method has as yet only
been applied to M51 (and in simplified form to M31, IC 342, and M81).
Singly-periodic RM variations indicative of ASS have been detected in the
disks of M31 (Sofue & Takano 1981, Beck 1982) and IC 342af@r& Beck
1988, Krause et al 1989a, Sokoloff et al 1992). In M31 Ruzmaikin et al (1990)
found evidence for the presence of the= 1 mode at lower amplitude in the
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Table 2 Magnetic field structures of normal galaxies with low or moderate inclination as derived from
synchrotron polarization data

Instrument and
Galaxy wavelength Field structure References
Milky Way ASS? See Section 3.8
M31 E 11,6 cm ASS (with weaker BSS)  Beck (1982),
V20,6 cm Ruzmaikin et al (1990)
M33 E 21,18, 11,6,2.8cm  Spiral (BSS?) Buczilowski & Beck (1991)
M51 E6,2.8cm MSS, EM Berkhuijsen et al, in prep.,
V 20, 18,6 cm magnetoionic halo Horellou et al (1992),
W21,6cm Segalovitz et al (1976)
m81 E6,2.8cm BSS (with weaker ASS)  Krause et al (1989b),
V20,6 cm Sokoloff et al (1992)
mM83 E6,2.8cm Spiral antf bar Neininger et al (1993),
V20,6 cm Sukumar & Allen (1989),
A13cm Ehle (1995)
M101 E6cm Spiral Gave et al (1990)
SMC P21,12cm || main ridge Haynes et al (1986)
LMC P21,12,6 cm Loop south of 30 Dor Klein et al (1993)
1IC 342 E11,6cm ASS, Sokoloff et al (1992),
V 20, 6,3.5cm magnetic spiral arms Krause et al (1989a)
NGC 1566 A 20, 13,6cm Spiral Ehle et al (1996)
NGC 1672 A 20, 13,6 cm Spiral M Ehle et al (in prep.)
NGC 2276 V 20,6 cm Spiral (BSS?) Hummel & Beck (1995)
NGC 2903 E6,2.8cm Spiral R Beck et al (in prep.)
V 18,20 cm
NGC 3627 E2.8cm || dust lane M Urbanik et al (in prep.)
NGC4038/39 V 20,6,3.6cm || tidal arm E Hummk& R Beck (in prep.)
NGC 4254 E6,2.8cm || compression region Soida et al (1996)
NGC 4258 E6,2.8cm || anomalous arms Hummel et al (1989)
W 49,21 cm
V 20,6 cm
NGC 4449 E2.8cm || HII chains U Klein et al (submitted)
NGC 5055 E2.8cm || disk M Soida et al (in prep.)
NGC 6946 E6,2.8cm Spiral (MSS?), Ehle & Beck (1993),
V 20, 18, 6,3.5cm magnetic spiral arms Beck & Hoernes (1996)

anstruments: E= Effelsberg 100-m, A= Australia Telescope Compact Array,=P Parkes 64-m, W= Westerbork
Synthesis Radio Telescope,~/Very Large Array.
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Table 3 Magnetic field structures of (almost) edge-on galaxies

BECK ET AL

Instrument and

Galaxy wavelength Field structure References
m82 V6,3.6 Radial Reuter et al (1994)
NGC 253 P6cm Harnett et al (1990),
V 20,6 cm Carilli et al (1992),
E28cm | plane (ASS?) Beck et al (1994b)
NGC 891 V 20,6 cm || & inclined to plane Sukumar & Allen (1991),
E2.8cm Dumke et al (1995)
NGC1808 V20,6cm Extensions plane Dahlem et al (1990)
NGC3628 V20,6cm Reuter et al (1991),
E2.8cm || & inclined to plane Dumke et al (1995)
NGC4565 V20,6cm || plane Sukumar & Allen (1991),
E2.8cm Dumke et al (1995)
NGC4631 EG6,2.8cm L plane (inner region), Hummel et al (1991a),
V 20,6,3.5cm || &inclined to plane (outer regions)  Golla & Hummel (1994)
NGC4945 P6cm Extensionss plane Harnett et al (1989),
NGC5775 V6cm | plane Golla & Beck (1990)
NGC5907 Ve6cm | plane M Dumle & M Krause (in prep.)
NGC7331 E28cm Almost plane Dumke et al (1995),
V 20,6 cm E Hummel (unpubl.)
Circinus A13,6cm 1 northern plume Elmouttie et al (1995)

8Instruments: E= Effelsberg 100-m, A= Australia Telescope Compact Array=PParkes 64-m, W= Westerbork Synthesis
Radio Telescope, = Very Large Array.

outer regions, superimposed on the dominating 0 mode. In NGC 6946 the
phase of the azimuthal RM variation differs significantly from the value of the
mean magnetic pitch angle (Ehle & Beck 1993). Recent high-resolution data
for this galaxy (R Bek & P Hoernes, in preparation) indicate some correlation
of RM with the optical spiral arms, suggesting local enhancements of RM due
to thermal gas, rather than to field geometry. The magnetic spiral arms (where
thermal gas density is low) seem to have RMs of opposite sign (R Beck & P
Hoernes, in preparation), indicative of te= 0 mode or, more realistically, a
superposition of then = 0 and them = 2 mode with about equal amplitudes.
In NGC 253, seen almost edge-on, the large-scale magnetic field has oppo-
site directions on the “left” and “right” of the rotation axis of the inner disk.
NGC 253 is thus another candidate for an ASS disk field (Beck et al 1994b).
The only clear candidate for a BSS symmetry is M81 (Krause et al 1989b,
Sokoloff et al 1992). The analysis of Krause et al (1989b) indicated that the
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magnetic neutral lines are in the interarm space. In M33 the weak polarized
emission leads to large uncertainties in RM, and a bisymmetric field can be
claimed only with some caution (Buczilowski & Beck 1991). The same is
true for NGC 2276 (Hummel & Beck 1995). The galaxies M33, M81, and
NGC 2276 show signs of gravitational interaction, which can be important in
producing nonaxisymmetric dynamo fields (see Sections 6.2 and 8.2). Thus
these are all candidates for MSS status. Other claims of a dominating bisym-
metric field (Sofue et al 1985, 1986) are of much lower significance.

The strongly interacting galaxy M51 is a special case where the pitfalls of data
interpretation can be demonstrated. M51 was thought to contain a bisymmetric
field (Tosa & Fujimoto 1978, Horellou et al 1990), but this was not confirmed by
later Effelsberg and VLA measurements. At 10 cm, Faraday depolarization
is strong and the observed polarized emission originates in the upper disk or halo
(Horellou et al 1992). By analyzing all available data in terms ofytrengles,

EM Berkhuijsen et al (in preparation) have found that the field in M51 can
be described as MSS, with axisymmetric and bisymmetric components having
about equal weights in the disk, together with a horizontal axisymmetric halo
field with opposite direction.

The RM variation in M83 is doubly-periodic (Neininger et al 1993), but the
phase is inconsistent with BSS symmetry. A future analysis of polarization
angles including recent observations\d8 cm (Ehle 1995) might clarify the
case. The RM pattern in M83 indicates a nonaxisymmetric distribution of gas
or velocity field, an MSS field, or both.

3.6 Magnetic Fields in Galactic Halos

Vertical dust lanes are often seen in edge-on galaxies, which may indicate verti-
cal magnetic field lines (Sofue 1987). Their initial detection via polarized radio
emission in NGC 4631 by Hummel et al (1988a) prompted a systematic search
in several nearby edge-on galaxies. Radio halos were detected also in NGC 253
(Carillietal 1992) and in NGC 4666 (M Dahlem et al, in preparation). A survey

of 181 edge-on galaxies observed with the Effelsberg and VLA radio telescopes
(Hummel et al 1991b) disclosed no other cases with pronounced halos.

In contrast, NGC 891 (Hummel et al 1991a), NGC 3628 (Reuter et al 1991),
NGC 5775 (Golla & Beck 1990), and most other edge-on galaxies (Hummel
1990) do not possess extended radio halos. These galaxies have thick disks
with typical synchrotron scale heights=fl kpc. In most of these galaxies the
observed field orientations are approximately parallel to the disk (Dumke et al
1995; see also Table 3). The same is true for NGC 4945 (Harnett et al 1989) and
NGC 1808 (Dahlem et al 1990), but there the polarized emission is restricted
to two localized regions, one on each side of the plane. In the disks themselves,
the polarized emission at> 6 cm is weak due to Faraday depolarization.
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The other extremes are NGC 4565 (Sukumar & Allen 1991) and M31. The
radio emission from any thick disk of M31 is not detectable and must be at
least 200 times weaker than for NGC 891 (Berkhuijsen et al 1991). Either the
low star-formation rates in M31 and NGC 4565 are below the threshold for the
chimney-type outflows (Dahlem et al 1995) or the dynamo does not operate in
the halos of these galaxies.

The increase of the degree of polarization with height above the disk of
NGC 891 has been analyzed by Hummel et al (1991a). The data can be well
modeled by Faraday depolarization in a thermal gas of scale heightpc
together with a turbulent magnetic field of scale heighitkpc. The scale height
of the thermal gas as derived from the radio data agrees well with that observed
in Ha (Rand et al 1990, Dettmar 1990). The scale height of the turbulent halo
field is consistent with equipartition between the field and cosmic-ray energy
densities, where, = 2zcr = (3 + as)Zsyn = 3.6 kpc for a synchrotron scale
height ofzsy, >~ 0.9 kpc andus ~ 1.0 (Hummel et al 1991a).

NGC 253 is the edge-on galaxy with the brightest and largest halo observed
so far (Carilli et al 1992), extending to at least 9 kpc above the plane. Italso has
the brightest X-ray halo (Pietsch 1994), so that a strong outflow from the disk or
the nucleus driven by the high star-formation rate seems probable. Gas outflow
from the nucleus has indeed been found (Dickey et al 1992). Nevertheless, the
regular magnetic field is predominantly parallel to the plane in the disk and in
the halo (Beck et al 1994b; see Figure 4), possibly due to strong differential
rotation even near the center.

NGC 4631 is another rare case of an extended radio halo, possibly driven by
a strong galactic wind. The synchrotron scale height 8fkpc is twice as large
as for the bulk of edge-on galaxies (Hummel 1990). The magnetic field lines
are roughly perpendicular to the inner disk, which is almost rigidly rotating
(Hummel et al 1991a, Golla & Hummel 1994). In this respect, NGC 4631
is exceptional compared with most edge-on galaxies. NGC 4631 also shows
signs of gravitational interaction. A few regions with field orientations parallel
to the disk are visible in the (differentially rotating) outer disk.

A striking case of a strong galactic wind is M82, which has quasi-radial field
lines (Reuter et al 1994). Even a fieldafb0 uG strength (Klein et al 1988)
cannot resist the flow with a velocity in excess of 1000 krh s

Vertical magnetic fields may be a result of disk-halo interactions. The Parker
instability produces alternating vertical magnetic fields. A vertical galactic
wind of speed/, could also drag the field from the disk. However, an azimuthal
gradient ofV; is required to produc8, from By and a radial gradient of;, to
obtainB, from B, (see Section 7).
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Rotation measures in galactic halos are important for revealing the direction
of the field and thus its parity with respect to the midplane. Golla & Hummel
(1994) could not find a clear RM pattern from their data of NGC 4631. Beck
et al (1994b) determined rotation measures at a few positions in the lower halo
of NGC 253 and found weak evidence for RMs of the same siga &kpc
above and below the plane, as expected for an even-parity mode.

In face-on galaxies “coronal holes” have been observed as regions of high
rotation measure (with ensuing higher depolarization) with neither enhanced
plasma density (K or X-ray emission) nor enhanced total field strength (total
synchrotron emission). In these regions magnetic lines probably open into the
halo. The RM maps of IC 342 (Krause et al 1989a) and NGC 6946 (Beck
1991) seem to show such phenomena. The rotation measures in NGC 6946,
determined betweexil8 cm and.20 cm, are small and almost constant, except
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Figure 4 Total radio intensity ¢ontourd and magnetic field orientation of NGC 253 (obtained
by rotatingE-vectors by 90), observed at2.8 cm with the Effelsberg telescope (disk field) and
at 120 cm wavelength with the VLA (halo field). The resolution is 70 arcsec. (From Beck et al
1994b.)
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in the southwest quadrant, where both high and low values occur in a region of
=~ 10 kpc in extent (Beck 1991). The spiral arms in the southwest quadrant of
NGC 6946 are more diffuse and the X-ray emission is weaker (Schlegel 1994)
than in the remainder of the galaxy. Thus galactic coronal holes may occur in
regions of low star-forming activity.

3.7 Magnetic Fields in High-Redshift Galaxies

It is likely that spiral galaxies have possessed their large-scale magnetic fields
at least 6x 10° yr ago (corresponding to a redshift~ 0.5) (Kronberg 1994,
Perry 1994). The most convincing evidence is the detection of Faraday rotation
attributed to a galaxy a = 0.395 (Kronberg et al 1992). The inferred large-
scale magnetic field strength is 1445 and its direction reverses on a scale

of ~3 kpc. Kronberg et al (1992) argue for a bisymmetric magnetic struc-
ture, but this may equally well be an axisymmetric field with reversals (Poezd
etal 1993).

Statistical studies of quasar samples (Kronberg & Perry 1982, Welter et al
1984, Perry et al 1993) indicate that excess Faraday rotation correlates with
the presence of intervening absorbers. The size of the absorbers has been
estimated as 45 kpc, with their global magnetic fields of 28] these are
probably galactic disks and/or halos. Wolfe et al (1992) and Oren & Wolfe
(1995) have argued that dampedisystems [i.e. putative young galactic disks
(Wolfe 1988, Wolfe et al 1993)] posseg&-strength global magnetic fields at
z >~ 1-2 when they are only 1-3 Gyr old. (However, statistical analyses of this
kind are extremely difficult, in particular because of poor statistics, different
selection effects, complications in isolating contributions of other intervenors
such as our Galaxy, galaxy clusters, etc (Perry et al 1993, Perry 1994). The
earliest time at which galaxies possess their large-scale magnetic fields still has
to be established. Theoretical models of magnetic fields in young galaxies are
discussed in Section 5.3.

A straightforward implication of these studies is a lower limit on the seed
magnetic field required for galactic dynamos. If &= 1 cosmology is
assumed, then this limitis2 10718 G (Kronberg et al 1992), or even possibly
10~°-10" Gifatentative identification of excess RM in the quasar 13370
with an absorber at = 1.775 is confirmed (Perry 1994) (see also Section 5).

3.8 The Milky Way

Observations in the Milky Way offer a unique opportunity for studying inter-
stellar magnetic fields in a detail unobtainable for even nearby external galaxies.
However, the plethora of local detail, which obscures any grand-design features
of the magnetic field in the Milky Way, still prevents a reliable picture from
being obtained.
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3.8.1 MAGNETIC fiELD IN THE SOLAR VICINITY The most reliable estimates
concerning the large-scale magnetic field near the Sun are obtained from sta-
tistical analyses of Faraday rotation measures of nearby pulsars (within 2—3
kpc from the Sun) and high-latitude extragalactic radio sources, because larger
samples involve lines of sight passing through remote regions in the Galaxy
for which the inferred magnetic field configuration is less reliable (see Simard-
Normandin & Kronberg 1980, Rand & Kulkarni 1989, and references therein).
The regular field strength is 2 uG, probably stronger within the arm.

The field is directed towards a galactic longitude of about @@e, e.g.
Ruzmaikin et al 1978, Rand & Lyne 1994), with an accuracy of 10-dbe
scatter between different determinations makes it difficult to say whether it is
aligned with the local spiral arm (pitch angle of abetit5°) or not. A tentative
upper limit on the magnetic pitch ang|@| < 15°, implies thaiB,| < 0.3|By|.

The best agreement with observations is provided by models with the hori-
zontal global magnetic field similarly directed above and below the midplane
(S-type field) (Gardner et al 1969; Va#t'& Kronberg 1973, 1975). Claims of
an odd symmetry (Morris & Berge 1964; Andreassian 1980, 1982) probably
result from contamination by strong local distortions in the magnetic field. A
similar problem prevents the reliable detection of the vertical magnetic field
B, near the Sun: It is so weak that it cannot be separated from local magnetic
inhomogeneities B;| < |B|, |By|.

Because the warm interstellar medium is the main contributor to the electron
density in the diffuse ISM, rotation measures sample mainly this phase of the
ISM. Heiles (1996) has argued that the warm interstellar medium occupies
only ~ 20% of the total volume in the Milky Way, so that the resultiBgloes
not reflect the true volume-averaged field. This argument would apply also to
external galaxies, where Faraday rotation is also used to &u#owever, the
observed coherency of RM patterns over large regions in many nearby galaxies
indicates that the inferred magnetic field is global rather than restricted to a
small fraction of the volume (see also Section 3.1).

3.8.2 REVERSALSOF THE MAGNETICfiELD AND ITSAZIMUTHAL STRUCTURE The
property of the magnetic field in the Milky Way that distinguishes it from proba-
bly most other galaxies investigated up to now is the reversals of the regular field
along the radius. The reversal closest to the Sun between the local (Orion) and
the next arm to the center (Sagittarius) was first detected by Simard-Normandin
& Kronberg (1979). The reversal is located in the interarm region at about 0.4—
0.5 kpc inside the solar circle (see Rand & Lyne 1994).

There are some indications of more reversals at both smaller and larger
galactocentric distances, but this evidence is much more controversial because
distant spiral arms occupy smaller areas on the sky. Simard-Normandin &
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Kronberg (1980) and Vaé (1983) argued that there is no reversal between
the local and the next outer (Perseus) arms, whereas other authors found
some evidence for an outer reversal (Agafonov et al 1988, Rand & Kulka-
rni 1989, Lyne & Smith 1989, Clegg et al 1992). Two additional reversals
were claimed for the inner Galaxy by Sofue & Fujimoto (1983) and Han &
Qiao (1994), but most analyses more conservatively imply only one more, at
a galactocentric radius of.B kpc (Valée et al 1988, Vadié 1991, Rand &
Lyne 1994). The controversy about the number of reversals is partly due to
difficulties in the analysis of Faraday rotation measures. There are natural
complications associated with strong local distortions of magnetic field, e.g.
the North Polar Spur or the Gum Nebula. However, there are also many pitfalls
in the statistical analyses. Many results rely on simple “naked-eye” fitting of
the observational data (e.g. Simard-Normandin & Kronberg 1980, Sofue &
Fujimoto 1983), which is especially dangerous when the global structure is
investigated; others are based on nonrigorous applications of statistical tests
(e.g. Han & Qiao 1994). Vadlé (1996) discusses some of these problems.
More rigorous studies imply an axisymmetric field with two reversals (Rand &
Kulkarni 1989, Rand & Lyne 1994), although more cannot be excluded. The
radial distribution of the magnetic field strength is shown in Figure 5 (see also
Heiles 1996).

The available statistical analyses adopt either a bisymmetric structure of the
global magnetic field (Simard-Normandin & Kronberg 1980, Sofue & Fujimoto
1983, Han & Qiao 1994) or a concentric-ring model in which magnetic field
lines are directed exactly in the azimuthal direction. Comparison between
these two models often shows that the latter provides a better fit to the data (e.g.
Rand & Kulkarni 1989); however, the concentric-ring model is unrealistically
simplistic. The regular magnetic field cannot have a zero pitch angle everywhere
(see Section 8.3), even if it does near the Sun. The model is consistent neither
with theoretical ideas about galactic magnetic fields nor with observations of
external galaxies (Section 3.3). The pitch angle of the magnetic field should
be a model parameter, possibly a function of position, obtained from fits to
data rather than fixed to be zero (or any other value) beforehand. Another
problem is that the magnetic field may really correspond to a superposition of
different azimuthal modes, so that attempts at fitting a purely axisymmetric or
bisymmetric model may lead to erroneous results.

The presence of reversals in the Milky Way is often interpreted as an unam-
biguous indication of the bisymmetric global structure of the magnetic field. As
we discuss in Section 8.5, axisymmetric magnetic structures may also contain
reversals, and mean-field dynamo models for the Milky Way favor an axisym-
metric field structure.
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Figure 5 The strength of the large-scale magnetic field in the Milky Wl €ircles with error

bars) and positions of its reversalsrossey as inferred from pulsar rotation measures (Rand &
Lyne 1994). Note a gradual increase| Bf towards smaller radii (a positiv® corresponds to the

field direction towards the first and second Galactic quadrants). Error bars shown correspond to 30%
uncertainty and are chosen tentatively to indicate a scatter of the available estimate8.8tkpc,

the Galactic radius of the sun. The solid line shows the strength of the total magnetic field, averaged
in azimuth as obtained by EM Berkhuijsen (in preparation) from the deconvolved surface brightness
of synchrotron emission at 408 MHz (Beuermann et al 1985), assuming energy equipartition
between magnetic field and cosmic rays; the accuracy of this estimate is prabad¥s.

Field reversals have rarely been observed in external galaxies, only in BSS
candidates (see Table 2) and possibly in a galaxy at redsB&6{Kronberg et
al 1992; see Section 3.7). In some galaxies, the resolution of the observations
is high enough to detect reversals if they were present: This is the case for
M31 observed with a resolution af 1 kpc near the major axis (Beck 1982,
Ruzmaikin et al 1990). In other galaxies the resolution of Faraday rotation data
islower (e.g. Krause etal 1989a, Buczilowski & Beck 1991, Ehle & Beck 1993)
and reversals cannot be excluded. However, the number of reversals within the
telescope beam cannot be large as this would average out any Faraday rotation.

Because the Sun s located fairly close to a reversal, the strength of the regular
magnetic field at ~ 8.5 kpc is less likely to be a representative value for the
bulk of spiral galaxies or even for the Milky Way itself. Values of order 4—6
uG seem to be more typical.

4. GALACTIC DYNAMO THEORY

We now discuss the mechanisms generating large-scale fields that have been
presented in the previous section. We begin by considering first the small-scale
magnetic fields.
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4.1 Random Magnetic Fields

The interstellar medium is turbulent and thus any embedded magnetic field
must have a random small-scale component. The presence of this component
is crucial in all theories of large-scale dynamo action. There are several mech-
anisms that produce fluctuations in the interstellar magnetic fiedisarfgling

of the large-scale field by turbulence and from Parker and thermal instabili-
ties, ©) compression of ambient magnetic fields by shock fronts associated
with supernova remnants and stellar winds, ar)d€lf-generation of random
magnetic fields by turbulence (small-scale dynamo). All of these mechanisms
act together, and each imprints its own statistical properties onto the magnetic
fields.

The available observational and theoretical knowledge of random magnetic
fields and their maintenance in the ISM is rather poor. Instead, crude descrip-
tions in terms of global quantities such as mean magnetic energy are usually
applied. A widely used concept is that of equipartition between the mag-
netic and kinetic energy in the turbulence (Kraichnan 1965, Zweibel & McKee
1995), which implies that the rms random magnetic field strength is given by
b ~ Beq = (4pv?)Y2, with v the rms turbulent velocity and the density.

The equipatrtition value is significant in that the Lorentz force is expected to
become comparable to the forces driving the turbulent flow as equipartition is
approached. (ThiBgqis not to be confused with the equipartition field strength

in Sections 2 and 3, where equipartition refers to the estimated cosmic-ray en-
ergy density used to deduce the field strength from the synchrotron emission.)
Interstellar turbulence is often treated as an ensemble of randorarAlfaves
(Mclvor 1977, Ruzmaikin & Shukurov 1982, McKee & Zweibel 1995) for
which the equipartition holds exactly. Magnetic fluctuations are accompanied
also by fluctuations in density (Armstrong et al 1995), so that other mecha-
nisms, possibly nonpropagating fluctuations, must contribute to the interstellar
turbulence (Higdon 1984). The random magnetic fields in the Milky Way are
typically 4-6,.G (Ohno & Shibata 1993), close &

Another component of the random magnetic field, one that is associated
with interstellar (super) bubbles, is observed in the Milky Way (Heiles 1989,
Heiles etal 1993, Vadlé 1993). The magnetic field in HI shells, detected via the
Zeeman effect, seemsto be concentrated in filaments with the magnetic pressure
larger than the gas pressure. The field strength in magnetic bubbles around
OB associations, as obtained from Faraday rotation measurements, follows the
density dependendex p expected for a shocked medium.

The small-scale dynamo (Kazantsev 1968, Meneguzzi et al 1981) must be an
important source of interstellar random magnetic fields (Sokoloff et al 1990).
A distinctive feature of this component of the interstellar field, itéjrapove,
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is that it is organized in intermittent magnetic ropes of small filling factor and
lengths comparable to the correlation length of the turbulence (50-100 pc).
The rms strength of the magnetic fluctuations generated by this mechanism is
possibly close to the equipartition value, but the field within the filaments may
be significantly higher (Belyanin et al 1993). For example, three-dimensional
simulations of convective small-scale dynamo action at magnetic Reynolds
numbers of about 1000 (Nordlund et al 1992) gBgis = 0.4Beq and Brax =

3Beq. We note that in the interstellar gas of elliptical galaxies a small-scale
dynamo may be the only source of magnetic fields, generating random fields
of uG strength and a few hundred parsecs in scale (Moss & Shukurov 1996).

4.2 Large-Scale Fields

The main challenge in the theory of galactic magnetism is to explain the origin
and structure of the observed large-scale field. In Figure 6 we sketch different
routes by which large-scale magnetic fields may arise. Large-scale flows (shear,
compression) together with turbulence effects (swirling motions and inverse
cascade—see below) can amplify weak seed magnetic fields (Section 5), thereby
converting small-scale fields into large-scale fields. The amplifying effect of
swirling motions on the large-scale field is described bydheffect (Parker
1955, Steenbeck etal 1966, Moffatt 1978). Such motions also lead to an inverse
cascade from the conservation properties of the magnetic helicity (Frisch et al
1975, Pouquet et al 1976) and from the cross-helicity effect (Yoshizawa &
Yokoi 1993).

turbulence
effects
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[Large Scale i Fields
cascade

‘ direct

B shear, alpha Small Scale Fields
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Figure 6 Sketch illustrating the various routes by which large-scale magnetic fields can arise.
Turbulence effects (inverse cascadeareffect) combined with shear and compression (differential
rotation) amplify weak magnetic fields to produce strong large-scale fields.
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These concepts were originally applied to stellar turbulence, where the ex-
istence of dynamos can almost be considered as an observational fact. It is
not clear, however, how much galactic turbulence has in common with thermal
turbulence in stars. Nevertheless, statistical properties of turbulence in molec-
ular clouds seem to be remarkably similar to those determined from numerical
simulations of ordinary compressible turbulence (Falgarone et al 1994).

There have been attempts to explain the large-scale magnetic field without
invoking dynamo action. The turbulence mustthen be regarded as unimportant,
and a large-scale seed magnetic field has to be amplified by large-scale shearing
and compression alone. The inevitable eventual decay is assumed then to
be considerably postponed (e.g. Kulsrud 1986). A model of this type has
recently been proposed by Chiba & Lesch (1994), who consider fields that are
maintained by an unspecified mechanism at large distances. Because these
processes describe field amplification by shearing and compression alone, it
is quite uncertain whether they can give fields of the strength and topology
required at ages of about 10 Gyr; however, in conjunction with a dynamo, such
motions might be important in certain galaxies.

4.3 Treatment of Galactic Turbulence

Several basic gas components are involved in galactic turbulence. The disk
consists of warm gas, interspersed by cold clouds and hot bubbles. Hot bubbles
result from local heating (e.g. OB associations and supernova and superbubble
explosions) and eject hot gas into the halo (galactic fountains). These violent
motions, in addition to stellar winds, help to drive the turbulence. Furthermore,
random motions of molecular clouds may stir up the warm gas, because they
are dynamically coupled by magnetic field lines. The Parker instability may
also be a source of turbulence, or it may at least act as an agent causing the
movement of flux tubes and thereby generate-affect (Parker 1992, Hanasz

& Lesch 1993). Inthe model of & quez-Semadeni et al (1995), the turbulence

is driven by gravity and density gradients that result from interstellar cooling
and heating processes.

To understand the effect of these different gas components on the magnetic
field we need to discuss the coupling of the magnetic field to those compo-
nents. The magnetic fields in the hot component are rapidly ejected into the
halo. They are then no longer directly important for magnetic processes in the
disk, but are essential in the galactic halo. Clouds could be more important,
because a large-scale field would be dragged with the gas into these clouds
as they form, and the cloud motions would entangle the magnetic field lines
(Beck 1991). This process is of only limited duration, because ambipolar dif-
fusion (Mestel 1966) would decouple the clouds from the field on a timescale
of 107 yr.
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The outcome is that for most of the time the magnetic field remains attached to
the diffuse ionized gas, and, to the extent that the field is associated with clouds,
the effect of the clouds is to contribute to the turbulent dynamics of the magnetic
field lines. Even if this is an important contributor to the chaotic driving of field
lines (in addition to the turbulence mentioned above), it is reasonable to assume
thatthe magnetic field in a galactic disk is on average linked to the warm, ionized
medium and perhaps also to the warm neutral medium, both of which are in a
turbulent state.

Dynamo action is well established from numerical turbulence simulations.
In the absence of (rotational) velocity shear, the magnetic field is very intermit-
tent (Meneguzzi et al 1981). In the presence of rotational shear, the resulting
magnetic shear instability (e.g. Balbus & Hawley 1992) can lead to strong
large-scale fields (Brandenburg et al 1995a). This mechanism yields coherent
fields similar to those in ordinary2-dynamos.

The classicak-effect quantifies the field-aligned electromotive force re-
sulting from magnetic field lines twisted by the turbulence (cf simulations by
Otmianowska-Mazur & Urbanik 1994). In the original picture the dynamics
of these field lines is governed by external turbulent motions. Parker (1992)
discussed a new, perhaps more appropriate, concept in which the motions result
mostly from the dynamics of magnetic field lines themselves. The concept of
an «-effect seems, however, sufficiently robust so that the form of the basic
equations is always the same. In fact, theffect is only one of many effects
relatingthe meanem€ = u x b tothe mean magnetic field and its derivatives.

If the mean field is not too intermittent, we can expand
_ 9B;
& = ajj Bj+nijkTXkJ )

(Krause & Ridler 1980), neglecting higher derivativeskf This relation is
used when solving the induction equation for the mean magnetic field,
%—?:Vx(ﬁx§+£). )
The mean velocityi comprises both the rotational velocity, as well as galactic
winds and any other large-scale flows. This is where the observed rotation
curves and other large-scale flow components of individual galaxies enter into
the theory and models.

The o;; andnijk tensors in (1) are anisotropic (Femr& 1993, Kitchatinov
et al 1994). Anisotropies can arise from stratification, rotation, shear, and
magnetic fields. Stratification and rotation are most important, because with-
out them there would be ne;, component, which is needed to regenerate
poloidal magnetic fields fronB,. An important contribution toyijx comes
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from isotropic turbulent magnetic diffusiomj.n:, wheren, is the turbulent
magnetic diffusivity. Explicit expressions in the framework of the first-order
smoothing approximation (FOSA) were first derived by Steenbeck et al (1966)
and Krause (1967), and more recently hydRjer & Kitchatinov (1993). They
find expressions of the form

_ 1 _
a~—1?2Q - VIn(pv)F(B, Q), mn~ §U|G(B, Q), (3)

wherel is the correlation length of the turbulengestands fok,s, andF and

G are certain (“quenching”) functions. The stratificationgaf is important,
because it breaks the symmetry between upward and downward motidns. If
is the scale height, a rough estimate gives

la| ~ min(QA%/h, v), (4)

which ensures that does not exceed (e.g. Zeldovich et al 1983).

The FOSA is valid either for small magnetic Reynolds numbers (which is
irrelevant here) or in the limit of short correlation times (which is also not
well satisfied in the ISM). However, although higher order terms may become
important, they affect the results only quantitatively (Zeldovich et al 1988,
Carvalho 1992). There are independent attempts to compute the transport
coefficients resulting from evolving flux tubes (Hanasz & Lesch 1993) and from
expanding supernovae and superbubbles rather than from turbulencer@-erri’
1993, Kaisig et al 1993). The resulting valuesx@ndn; are smaller than those
expected from interstellar turbulence, suggesting that explosions are of lesser
importance.

Turbulent diamagnetism (Zeldovich 1957) can be represented as a macro-
scopic velocity,Ugia = —1/2Vn, (Roberts & Soward 1975, Kitchatinov &
Rudiger 1992). It tends to expel magnetic fields from regions whgedarge.

This term can be considered as a contribution to the antisymmetric past of
(Radler 1969). Additional effects of this kind are magnetic buoyancy (Moss
et al 1990) and topological pumping (Section 7.2).

4.4 Basic Galactic Dynamo Models
The simplest form of the mean field{Q) dynamo equation (2) that retains the
basic physics (e.g. Parker 1979, Roberts & Soward 1992) is, in dimensionless
form,
3B R _ _
E:Vx(RwuxB—f—RaFaB—Gm,VxB), (5)
whereF (B, Q) = (1+ B/ BZ,) ' is the simplest form of¢&-quenching” and
G(B, Q) = 1. Distances and times are measured in units,ofindh?/xy,,
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respectively, wherg@ = Q x r anda andn; are normalized by appropriately
chosen characteristic values denoted by asterisks. Dimensionless numbers

Ra) = hiQ*/nt*a Rot = h*O[*/Y]t* (6)

characterize the amplification of magnetic field by shearing of the mean veloc-
ity field and thex-effect, respectively. Using Equation (3),andn; can be
expressed through observable parameters of the galaxies such as the rotation
curve, rms velocity and scale, and the thickness of the ionized disk (a function of
r). The quenching effects also require that the gas density is specified as a func-
tion of position. Equation (5) must be supplemented by boundary conditions. In
modelsthattreatthe disk alone, these are usually vacuum boundary conditionsiin
which one assumes that the turbulent magnetic diffusivity outside the disk is infi-
nite. This proves to be a reasonable approximation to reality (Moss & Branden-
burg 1992), ag; varies by perhaps a factor of about 50 between the disk and the
halo (see Brandenburg et al 1993, Poezd et al 1993). However, more advanced
treatments employ thembedded disknodel (Stepinski & Levy 1988). This
includes a spherical galactic halo and appropriate boundary conditions are im-
posed at the surface of the halo, whereas the disk is modeled by appropriate dis-
tributions oft, «, andn;. This concept has proved sufficiently adaptable to ac-
commodate developing requirements, such astheinclusion of aflared disk, an
effect extending into the halo (Section 7.1), and/or a galactic wind (Section 7.2).

Initial conditions for (5) are often chosen to correspond to a weak seed field.
Exponentially growing solutions then arig o« exp(T't), provided thalynamo
number D= R, R, exceeds a certain vall,; ~ 10. Using Equation (3) one
can show thab ~ 9(h,Q,/v)?. Forh, ~ 500 pc,2, ~ 20 km st kpct, and
v ~ 10 km s! we obtainD ~ 10, so that the dynamo is expected to operate
under typical galactic conditions. FBr>> D, the growth rate is estimated as
I' ~ CDY2p/h2 =~ C(a,Q.h,)Y?, with C a quantity of order unity depending
on the galaxy model. A typical model gives* ~ 5 x 108 yr; this is a lower
estimate for the dynamo timescale. [We note, however, that the timescale for
the magnetic shear instability is the inverse Oartalue (Balbus & Hawley
1992), which is somewhat shorter 1§r). This mechanism leads to dynamo
action (Brandenburg et al 1995b) that would lower the effective valiizdf

All classical dynamo models predict that the large-scale field in the outer
parts of the disks in spiral galaxies has quadrupole (S0) symmetry, that is,
both B, andB,, are even irg, whereasB, is odd (Parker 1971, Vainshtein &
Ruzmaikin 1971). This mode is dominant in a disk (but not in a sphere). A
dipole (A0) mode, with botfB, andB,, odd inzandB, even, can be dominant
near the axis of the disk. The large-scale field is amplified untlecomes
significantly quenched, which occurs whBnis of orderBeg, typically a few
uG.
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Figure 7 Face-on views showing the evolution of the magnetic field in a model of M83 (from KJ
Donne & A Brandenburg, in preparation). The lower panel gives an edge-on view f018.1
Gyr.

Field evolution is qualitatively different if the initial field is a random field
with strength close tBeq. There is then no kinematic stage, because
guenching is immediately important. The dynamo acts then to change the
scale and spatial distribution of the field. An example of typical evolution of
the magnetic field in a spiral galaxy as envisaged by the standard dynamo model
is illustrated in Figure 7.

Over the past 5 to 10 years a large number of galactic dynamo models have
been developed. The minimum ingredient of such models is a flat geometry.
Such models were first computed in the 1970s, but computers can only now
reach the regime applicable to the theory of asymptotically thin disks (Walker
& Barenghi 1994 and references therein). Galactic models share the somewhat
frustrating property that nonaxisymmetric solutions are always harder to excite
than axisymmetric ones (Ruzmaikin et al 1988a, Brandenburg et al 1990, Moss
& Brandenburg 1992). Not even the inclusion of anisotropies seems to change
this conclusion (Meinel et al 1990). Stable nonaxisymmetric solutions have
only been found itr andn; vary azimuthally (Moss et al 1991, 1993a; Panesar
& Nelson 1992). The inclusion of nonlinear effects demonstrated that mixed
parity states can persist over rather long times, even comparable with galactic
lifetimes (Moss & Tuominen 1990, Moss et al 1993a). Whequenching is
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included G # 1), linear calculations show that AO and S1 modes may be more
readily excited (Elstner et al 1996).

In most of these models;; andn;jx were adopted using qualitative forms
of (3) and (4), calibrated by observations. Significant conceptual progress
has been made recently by deriving all these functions consistently from the
same turbulence model, which includes stratification of density and turbulent
velocity, derived from a condition of hydrostatic equilibrium (Schultz et al 1994,
Elstner et al 1996). One should not forget, however, that such models still rely
on important approximations and simplifications (e.g. FOSA and the lack of a
reliable turbulence model).

4.5 The Quenching Problem

In recent years the feedback of the magnetic field on the turbulent diffusion and
the -effect has become a topic of major concern. Piddington (1970) was the
first to suggest that for large magnetic Reynolds numbers the magnetic fluctu-
ations would be strong enough to suppress turbulent diffusion. This idea was
rejected by Parker (1973), who argued that the development of strong small-
scale fields is limited by reconnection, so that they do not hinder turbulent
mixing of field and fluid. In fact, without turbulent diffusion the galactic dif-
ferential rotation would wind up the field so tightly that it would not resemble
the magnetic field structure of any observed galaxy (Section 8.3).

The results of the two-dimensional numerical MHD experiment of Cattaneo
& Vainshtein (1991) stimulated new interest in the problem of turbulent diffu-
sion. They found thai; is suppressed accordingip= vl /(1 + RmEZ/ BZ),
whereR,, = vL /7 is the magnetic Reynolds number based on the microscopic
diffusivity. Evidently, n, would be significantly reduced whe® is compa-
rable to R;Y/2Beq. In galaxies,Rn = O(10'), son would essentially be
zero. Even if we used a Reynolds number based on ambipolar diffusion, with
RAD > O(10%, n; would still be too small. This type of quenching is much
stronger than the “traditional” quenching (Moffatt 1972), so something seems
to be wrong (e.g. Field 1996).

In three dimensions the turbulent motions would continue to entangle the
magnetic field in the direction perpendicularBo(Krause & Ridiger 1975,
Parker 1992). This has now also been demonstrated numerically (Nordlund
et al 1994) as well as analytically (Gruzinov & Diamond 1994). In other
words, turbulent diffusion is really not significantly suppressed at field strengths
somewhat below the equipartition value. The decay of sunspots is a good
example of this (Krause & &liger 1975).

Vainshtein & Cattaneo (1992) and Tao et al (1993) suggested thataffect
might also be quenched dramatically,= oxin/(1 + RnB /Bezq), whereain
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is the kinematic value of Equation (3). The analysis of Gruzinov & Diamond
(1994) seems to support this result. On the other hand, the simulations of Tao et
al (1993), as well as unpublished simulations by A Brandenburg, are reminiscent
of an earlier result by Moffatt (1979), that tieeffect may fluctuate strongly

and never converge to a finite valueRf, is large.

There is at present no conclusive resolution to this problem, but here are some
possibilities: &) The conventionak-effect might still work in reality, but the
method used to estimadefrom simulations is inappropriate (e.g. the boundary
conditions preserve the magnetic flux, so theffect is forced to have zero
effect on the average field; or the computational domain might be too small
compared to the eddy size)b)(The conventionad-effect is really honexis-
tent, but instead some other mechanism (e.g. an inverse cascade mechanism,
incoherentr-effect, or cross-helicity effect) generates large-scale fields in con-
junction with shear. d) An important contribution te« comes from the Parker
instability: This mechanism would work especially for finite magnetic fields.

A somewhat different problem was raised by Kulsrud & Anderson (1992),
who suggested that the growth of large-scale fields is suppressed by ambipolar
diffusion at small scales. However, before we can draw any final conclusions,
nonlinear effects need to be included. These can be important for two reasons:
The inverse cascade process is inherently nonlinear, and nonlinear ambipolar
diffusion can lead to sharp magnetic structures (Brandenburg & Zweibel 1995),
which would facilitate fast reconnection and rapidly remove magnetic energy
at small scales.

The problem raised by Vainshtein & Cattaneo (1992) is related to the assump-
tion that most of the magnetic energy is at small scales{B&.>)B?. This,
however, is only a result of linear theory and is not supported by observations
(Section 3). Arecent simulation by Brandenburg et al (1995a) is relevant in this
context. Here a large-scale field is generated yBth /(B?) ~ 0.5 »> R, Y2 ~
0.1. The dynamo works even in the presence of ambipolar diffusion, which
Kulsrud & Anderson (1992) thought to be effective in destroying large-scale
dynamo action. Here, the incoherengffect is much larger than the coherent
effect, but the estimated value of the dynamo number is nevertheless above the
critical value, suggesting that conventional dynamo action might also be at work.

5. ORIGIN OF GALACTIC MAGNETIC FIELDS

5.1 Cosmological Magnetic Fields

Zeldovich (1965) noted that a Friedmannian cosmology admits a weak uniform
magnetic field given as an initial condition at the Big Bang (see also Zeldovich
& Novikov 1982, LeBlanc et al 1995). A hypothetical homogeneous magnetic
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field in the Universe has been never detected and only its upper limits are avail-
able. A uniform magnetic fiel@® = 107 G at the present day would lead to
anisotropy in the expansion of the Universe, thereby affecting nucleosynthe-
sis (e.g. Cheng et al 1994, Grasso & Rubinstein 1995). Analysis of Faraday
rotation measures of extragalactic sources gives a stronger upper limit%f 10
1071°G (Ruzmaikin & Sokoloff 1977). A magnetic field leads to transitions
between left- and right-handed neutrinos (spin-flip) in the early Universe. Nu-
cleosynthesis gives an upper limit to the abundance of right-handed neutrinos
and thus yields the constraint

Bproo < (1 —30) x 103G 7)

for the present-day uniform cosmological field (Sciama 1994).

Taking a cosmological magnetic field as a given initial condition at the Big
Bang is rather unsatisfactory. Furthermore, it is not clear whether a homo-
geneous magnetic field can be incorporated into modern quantum cosmology,
where it cannot be prescribed as an initial condition.

Several mechanisms of small-scale magnetic field generation by quantum
effects in the early Universe have been proposed (Turner & Widrow 1988,
Quashnock et al 1989, Vachaspati 1991, Ratra 1992). The resulting spatial
scales of cosmological magnetic fields are very small and, even after cosmo-
logical expansion, they are negligible in comparison with protogalactic scales.

The strength and scale of the relic magnetic field can be estimated as follows.
As magnetic diffusion smoothes the field, its scale at tim# be about(nt)Y/?,
wheren is the magnetic diffusivity, as the initial scale is much smaller. At the
epoch of nucleosynthesis, the resulting scale ch) corresponding to a
scald ~ 107® pctoday. The same arguments as for Equation (7) give an upper
limit on the magnetic field at nucleosynthesis of41G. With allowance for a
change in the equation of statetat t, ~ 10* yr, the frozen-in magnetic field
at timet is diluted by cosmological expansionlid,./t)*/3(1 min/t,)Y/3. Since
the protogalaxy included_/1)3 correlation cells, the average field strength is
smaller by a factoL/1)~%2. This yields the following upper limit on the
average magnetic field at the scale of the protogalaxy at the present time,

Bproo < 2 x 1022 G (8)

(see Enguvist et al 1993, 1995). Thus either the cosmological magnetic field
is exactly homogeneous, and then the restriction (7) applies, or the field was
produced in the early Universe, and then it must satisfy (8). We should note
that the above estimates neglect ohmic losses. These constraints do not apply
to magnetic fields generated at later stages of cosmological evolution. Battery
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mechanisms can contribute at more recent epochs, giving (Mishustin & Ruz-
maikin 1971, see also Harrison 1970, Baierlein 1978),

Eproto S/ 10721 G (9)

5.2 The Primordial Origin of Galactic Magnetic Fields

We now assess the possibility that the large-scale magnetic field observed in
galaxies is merely a result of the twisting of a cosmological magnetic field by
galactic differential rotation (see e.g. Kulsrud 1986). Aiming at conservative
estimates, we neglect any magnetic field dissipation. An isotropic contraction
of the protogalaxy with a frozen-in magnetic field, from an intergalactic density
pic ~ 1072°g cnm2 up to an interstellar density ~ 10724g cn 3, results in
amplification of the primordial magnetic field by a factor of 20°. Differential
rotation results in an amplification of the magnetic field in a young galaxy by
the number of galactic rotations in #0yr, which isN ~ 30. Altogether,

a conservative upper limit on the field in the galactic disk resulting from a
primordial field is

EprotoN (P/,OIG)Z/3 <2x 10776, (10)

where the more favorable constraint (7) has been used. A primordial field
wound up by differential rotation ultimately decays: In a region with closed
streamlines (a galaxy in this case) this effect is knowftuxsexpulsiorfMoffatt
1978).

5.3 The Dynamo Origin of Magnetic Field

Any dynamo requires a seed field because Equation (5) is homogeneBus in
There are two possibilities for the seed field: It can be essentially of cosmolog-
ical origin or it can result from processes occurring in the ISM.

The large-scale dynamo timescale in a typical galaxy cannot be shorter than
T ~ 5 x 10% yr (see Section 4.4). A primordial field on a protogalactic scale
then needs to be at leadt(10718) G in order to be amplified to 16 G in 10°
yr (when the amplification by protogalaxy contraction is considered). With the
estimates (8) and (9), we conclude that a cosmological magnetic field is not
viable as a seed field for a galactic dynamo. Moreover, for the Milky Way
and M31, the timescale is more like~ 10° yr, so that for these galaxies a
primordial magnetic field needs to be at least aboutl® 14 G, assuming that
7 has not varied significantly during galactic evolution.

A sufficiently strong seed field for the large-scale galactic dynamo can be
generated by a small-scale dynamo. The scale height of the disk of a young
galaxy is estimated ds ~ 100-500 pc (Briggs et al 1989) and the turbulent
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velocity asv ~ 10 km s (Turnshek et al 1989). Assuming tHatv 100—

300 pc andp ~ 10-2*gcn3, we conclude that a random magnetic fibld-
(4rpv?)Y? ~ 2-25 G of a scale 100-300 pc is generated by the fluctuation
dynamo on a timescale of ordey ~ | /v ~ 10°~10 yr. Because a galactic
disk contains aboul; = (h/1)(R/1)? turbulent cells, the resulting mean field
dynamo seed field is abotle_l/2 ~ 108 G. This is much larger than possible
cosmological seed fields (8, 9), even if the field compression during galaxy
formation is taken into account.

The resulting small-scale field is strong enough to produce, via a mean field
galactic dynamo, a large-scale magnetic fielgh&-strength in~ (1-2) x 10°
yr (Beck et al 1994a). This means that even the presence of regular magnetic
fields in galaxies with redshifts af ~ 2 or evenz ~ 3.4 (Wolfe et al 1992,
White et al 1993) does not contradict the picture of generation and maintenance
of large-scale fields by a mean-field dynamo mechanism. The possible role of
the halo (Chiba & Lesch 1994) and radial motions (Camenzind & Lesch 1994)
has also been investigated.

The fluctuation dynamo also needs a seed but, because of the very short
fluctuation dynamo timescale, even the magnetic fields generated by the battery
effects in stars (Biermann 1950, Mestel & Roxburgh 1962), and subsequently
ejected into the ISM, or a cosmological field (Section 5.1) would suffice.

Thus, large-scale dynamo action in a galaxy is preceded by a small-scale
dynamo that prepares the seed for the former. These may operate at different
epochs. Small-scale dynamo action has been considered by Pudritz & Silk
(1989) for the protogalaxy, by Zweibel (1988) during the post-recombination
epoch, and before recombination by Tajima et al (1992).

A rather radical view of the role of the Galactic center in the origin of the
global galactic magnetic field was proposed by Hoyle (1969), who suggested
that the magnetic field observed in the solar vicinity had been ejected from the
Galactic center. Thisideawas rejected because the required magneticfield inthe
nucleus is 180G, and its energy exceeds the gravitational energy of a black hole
with a mass of 18M,. Nevertheless, Chakrabarti et al (1994) proposed a sim-
ilar hypothesis, with the azimuthal field being amplified uBtgre ~ 3 x 10°
G within rg ~ 3 x 10 cm of the center. A galactic wind is then supposed
to carry this field to the outer parts of the Galaxy. However, this gives for
the solar vicinity an extremely weak field & ~ (ro/ro)(ho/hg)Beore
6 x 1071® G, wherehy ~ ro andr, = 8.5 kpc andh, = 500 pc are
the radius and half-thickness of the magnetoionic disk in the Solar vicinity.
Chakrabarti et al obtained f@& a value about 18 times larger by overlooking a
factorhg/ hg.
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6. EFFECTS OF THE DYNAMO ENVIRONMENT

6.1 Starbursts

Starburst galaxies are believed to contain regions of strongly enhanced star
formation, particularly of massive stars. The rapid evolution of these stars,
through phases with energetic stellar winds to supernovae, may possibly make
the turbulence more energetic (for example, by increasing the fraction of hot
gas and hence the mean sound speed), with several possible consequences for
dynamotheory. Anyincreased turbulent pressure will inflate the disk, aiad the
effect may be enhanced above the value appropriate to a quiescent galaxy. Both
of these effects increase the dynamo number (Section 4.4). This enhancement
may be preferentially concentrated in azimuth, perhaps lagging the spiral arms.
Ko & Parker (1989) suggested that galactic dynamos may turn on and off in
response to changing starburst activity. However, the timescale for starbursts
is believed to be less than &9r, which is certainly no longer (and possibly
considerably shorter) than a dynamo growth time. Thus it is hard to see how
significant field growth can be caused by isolated starburst episodes; see also
Vallee (1994). Nozakura (1993) presented a local model with several feedback
loops, linking star formation via gravitational instability, dynamo action, and
energy release into the ISM via supernovae. In some contrast to Ko & Parker,
he concluded that there was only a limited parameter range in which strong star
formation and dynamo action could coexist: Essentially star formation requires
a high surface density of gas and/or a low sound speed, and so a thin disk, giving
a smallerdynamo number. These are clearly matters requiring further attention.
Moreover, in an active galaxy, fountain flows will be more frequent, enhancing
the lifting of field from the disk into the halo—see Section 7.2.

6.2 Galactic Encounters

There is strong observational evidence that a number of spiral galaxies are in-
teracting gravitationally with a neighbor. The clearest nearby example is M81,
which is believed to have undergone a recent encounter with NGC 3077 (prob-
ably less than 10yr ago). Because the orbit of NGC 3077 is approximately in
the disk plane of M81, this system is particularly well suited to simulation, and
Thomasson & Donner (1993) predict nonaxisymmetric velocities of order 10
km s tinthe disk of M81. Withy, ~ 10?°cn? st andL ~ 1 kpc, the magnetic
Reynolds numbe L /»; is then about 30, quite large enough to affect signifi-
cantly the disk fields (Vadlé 1986). Interestingly, M81 appears to have a strong
bisymmetric field component. M33 also may have some bisymmetric field
structure, and it is believed to be interacting with M31. Recently, at least weak
evidence has been found for BSS in the interacting galaxy NGC 2276 (Hummel
& Beck 1995) and for MSS in M51 (EM Berkhuijsen et al, in preparation).
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If we consider a Fourier decomposition@andB into partsiiy, Bn, corre-
sponding to an azimuthal wave numiperthen the induction terri¥ x (U x B)
can give rise to a bisymmetric field component in two ways. If the dynamo
basically generates an axisymmetric fig, thent; can generate a slaved
m = 1 componenB; from thel; x By interaction. Moss et al (1993b) inves-
tigated this possibility in a nonlinear model with a relatively thick disk, using
a velocity field based on the Thomasson & Donner (1993) simulation. They
found that a globally modest bisymmetric field component could be generated,
concentrated to the outer part of the disk, where it may dominate. More sub-
tly, the T, x B, interaction (giving rise directly ton = 1 andm = 3 field
components) may be such as to increase the linear growth rate of the bisym-
metric field component compared to that of the axisymmetric component, so
that in the nonlinear case a substantial bisymmetric field could survive. Moss
(1995) showed that, in a simple linear model, the= 1 field could then be
excited at lower dynamo number than tire= 0 field, but a nonlinear in-
vestigation using a more realistic model is needed to clarify the importance
of this mechanism. The remarks concerning the modal interactions apply, of
course, whatever the mechanism providing the velocity field. In particular, it
may be relevant that@ x By interaction can give rise to a slaved= 2 field
component.

6.3 Parametric Resonance with Spiral Arms

A dynamo mechanism with selective amplification of BSS caused by swing
excitation by the spiral arms has been proposed by Chiba & Tosa (1990). Un-
like axisymmetric dynamo modes (which do not oscillate at realistic dynamo
numbers), a bisymmetric magnetic field has the form of a dynamo wave, which
propagates in the azimuthal direction as seen in an inertial frame. Because
the spiral pattern modulates the dynamo efficiency, a parametric resonance be-
tween the spiral arms and the bisymmetric magnetic field might be expected.
Applying the classical theory based on the Mathieu equation (see Landau &
Lifshitz 1969), Chiba & Tosa argued that the= 1 mode is amplified when
its frequencyws is half that of the spiral pattermsp, and the growth rate of
them = 1 mode is increased proportionally to the increment of the dynamo
number in a spiral arm. However, the classical theory of parametric resonance
is valid only for simple, discrete, stable oscillatory systems and may not apply
to a dynamo system (Schmitt &URliger 1992).

Parametric resonance in a galactic dynamo, whichdsstibutedoscilla-
tory system, was considered asymptotically in the thin-disk approximation by
Kuzanyan & Sokoloff (1993). They showed that the resonant condition re-
mains the same in terms of frequencies, but the resulting enhancement in the
growth rate is much smaller than above and is proportional to the efficiency
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of the radial diffusive transport of the magnetic field, i.e. the aspect ratio of
the diskh/R. Galactic parametric resonance has also been investigated nu-
merically for a thin-disk model, keeping two explicit space directiorende

(Moss 1996). These results confirm that the effect is weaker than for a clas-
sical parametric resonance and, furthermore, demonstrate that the resonance
remains efficient for a larger mismatch betweear 2andwsp than implied by

the Mathieu equation. Since the equality®2= wsp is not an intrinsic prop-

erty of galaxies, this finding is very helpful for practical applications. Never-
theless, parametric resonance can be expected to occur at most in a fraction
of galaxies, where these quasi-independent frequencies satisfy the appropriate
condition.

Other attempts to enhance the effect involve dynamo solutions that oscillate
even in the lowest approximation Iy R (Hanasz et al 1991, Hanasz & Chiba
1993), i.e. in the local dynamo equation. Such oscillatory solutions arise only
for unrealistically large dynamo numbers, requiring a downward revision of the
turbulent magnetic diffusivity by a factor of 10 (Hanasz & Lesch 1993).

A further type of parametric resonance that can occur only in a distributed
system such as a galactic dynamo has been suggested by Mestel & Subramanian
(1991) and Subramanian & Mestel (1993). They assume that the dynamo wave
is comoving with a spiral arm and that the dynamo efficiency is larger inside
the arm than in the interarm space. The resulting growth rate of the magnetic
field, captured by the arms, is larger than on average over the disk; the resonance
condition is thusvg = wsp. The resulting (regular) magnetic field is connected
with the spiral arms rather than with the disk as a whole; in particular, significant
vertical magnetic fields might be expected. It is not completely clear whether
or not this mechanism favors the bisymmetric mode over the axisymmetric
one. The predictions of these models deserve a careful confrontation with
observations.

6.4 Contrast Structures

Suppose that the seed magnetic field in one @ardf a thin galactic disk has
approximately the form of a growing eigensolution, while in another @Gart

the seed magnetic configuration is close to the same eigensolution, but with
the opposite sign. After some time, advection and diffusion will bring these
regions of oppositely directed magnetic fields into contact. The neutral surface
at the boundary of these regions will move due to diffusion and advection,
so the final stage of magnetic field evolution will be determined by magnetic
field propagated, say, from the p&t. The motion of the neutral magnetic
surface is governed by the competition between advection and diffusion of
field from G, towardsG, and vice versa. Provided the nonlinear stage of
magnetic field evolution begins before the field attains the form of the leading
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eigensolution, these two can balance each other. This balance is possible only
if the neutral surface is at some special location in the galactic disk; then
a long-lived magnetic structure appears (Belyanin et al 1994). This type of
nonlinear solution of the dynamo equations is known as a contrast structure.
The thickness of the transition region betwé&gnandG, is approximately the

disk thickness, and its lifetime can even be as long as the diffusion time along
the disk, R?/n; ~ 10 yr. Inside the contrast structure, annihilation of the
oppositely directed magnetic fields is balanced by generation and advection,
similar to a solitom behavior in the nonlinear wave equation.

Contrast structures in purely axisymmetric disks are expected to be most
often axisymmetric, because they are not affected by differential rotation. In
the Milky Way, such axisymmetric contrasting structures can survive until today,
and they may be identified with the reversals discussed in Section 3.8.2 (Poezd
et al 1993). Contrast structures supported by nonaxisymmetric velocity and
density distributions might explain the dominance of BSS in some galaxies
(Moss et al 1993b; D Moss, in preparation; A Bikov et al, in preparation).

6.5 The Influence of Magnetic Fields on the Galactic Disk

Early ideas that magnetic fields might universally give rise directly to spiral
structure have now generally been abandoned, because large-scale fields would
need to have strengtks10 1 G to cause the velocity perturbations of about 20
km s~ associated with spiral arms (e.g. Binney & Tremaine 1987, p. 394).
This can be compared with typical values of a fa@ (Section 3.9). (Note
that the above estimate is valid for a gas density appropriate to the Milky Way,
and that for gas-rich galaxies, which tend to have larger fields, it would also
be increased.) However, Nelson (1988) suggested, from study of a simplified,
two-dimensional model, that magnetic fields might have a significant effect on
gas dynamics at large galactocentric distances, where the gas density is lower.
Nevertheless, there may be more subtle effects. Magnetic pressure con-
tributes significantly to the overall pressure balance in the ISM (e.g. Bowyer
et al 1995), perhaps affecting the vertical distribution of the gas [scale height,
etc (see Boulares & Cox 1990)]. This in turn can affect the dynamo efficiency,
establishing a feedback loop (Dobler et al 1996). Magnetic fields, of both large
and small scale, could affect the formation and motion of clouds, for example,
by increasing their effective cross-section. More directly, magnetic fields are
believed to mediate the star-formation process, inter alia helping to solve the
“angular momentum problem” (see Mestel 1985). A locally stronger magnetic
field may bias the initial mass function to more massive stars (e.g. Mestel 1989),
which, with their more rapid and violent evolution, could result in a more ener-
getic ISM and perhaps an enhaneeéffect, thus providing another feedback
loop (Mestel & Subramanian 1991, see also the discussion by Nozakura 1993).
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Even the relatively modest azimuthal magnetic torques might affect the cen-
trifugal balance sufficiently to give a significant angular momentum transport.
An investigation by Rdiger et al (1993) suggests that in the case of fields of
qguadrupolar parity, a substantially subsonic gas inflow will result, with only a
small effect on the dynamo field structure.

7. MAGNETIC FIELDS IN HALOS

From observations of external galaxies, magnetic fields are inferred in halos
of spiral galaxies to distances of at least 5 kpc and maybe even 10 kpc from
the disk plane, significantly beyond a synchrotron scale height (cf Section 3.6).
Recently, dynamo models have directed some attention to out-of-disk fields.
Here we address the two logical possibilities (while noting that they are not
mutually exclusive): that such fields are generated in situ in the halo or that
they are generated in the disk and then transported into the halo.

7.1 In Situ Generation

Interpretations of observations in the Milky Way suggest the presence of tur-
bulent velocities of at least 50 knsin galactic halos, compared to estimates

of 10 km st in disks. If we assume a length scale of order 0.5 kpc and that
halo angular velocities are comparable with those in the disk, we get canonical
estimates ofr ~ 3 km st andn, ~ 5 x 10°” cn? s7%, to be compared with

m ~ 10?6 cn? s71in the disk. [See, e.g. the discussion in Poezd et al (1993).
Note that Schultz et al (1994) adopt halo turbulent velocities that are much
smaller than those in the disk: This may be a direct consequence of their tur-
bulence model witkx o 8(v?)/dz.] TakingL ~10 kpc gives standard dynamo
numbersR, = aL/n; ~2 andR, = QoL?/n; ~ 200. These are large enough
for a dynamo to be excited (Ruzmaikin et al 1988a, Section VIIl.1; Kahn &
Brett 1993). Note that such a dynamo would operate in a quasi-spherical vol-
ume, rather than a thin disk, that standard sphegi€atiynamos preferentially
excite fields of dipolar (AO) topology, and that these are then often the only
stable solutions of the full nonlinear equations. In contrast, SO fields are usu-
ally preferred in thin disks. This situation immediately suggests the interesting
possibility of simultaneous excitation of dynamo fields of opposite parity types
in the two subsystems (halo and disk) (see Sokoloff & Shukurov 1990). A
priori, the possible existence of magnetic structures asymmetric with respect
to the midplane, of neutral sheets, and of other nonstandard phenomena cannot
be dismissed, as has been shown in some detail by Brandenburg et al (1992).
Growth times in the halo are substantially longer than in the disk, and the halo
field may still be in a transient state after a Hubble time. Detailed integrations
show that, starting from a seed field of mixed parity, the overall field is initially
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dominated by SO topology and concentrated in the disk. This phase can persist
for order a Hubble time, but the final configuration is usually of A0 type, and
may even be oscillatory. Given the long-lived transient phase with mixed parity
fields present, observers today may be presented not with the eventual stable
configuration, but rather an intermediate state of quite arbitrary geometry. Note
that magnetic fields in the disk and halo of M51 are oppositely directed (EM
Berkhuijsen et al, in preparation): This argues for in situ generation. More
satisfactory halo models will need better data than is currently available on the
dependence of the angular velocity in the hal@gdout these results seem qual-
itatively robust. To summarize, in some circumstances, dynamo theory may not
be able to make detailed predictions about field geometries in specific galaxies.
A largely unexplored possibility is that some sort of Ponomarenko (“screw”)
dynamo (e.g. Ruzmaikin et al 1988c) might operate in the halo, if large-scale
quasi-radial outflows (“winds”) are twisted into helical form by the galactic
rotation. Such dynamos excite nonaxisymmetric fields. If we take a simple
model investigated by Ruzmaikin et al and use their definitions, then a wind
velocity of 100 km s and a typical galactic angular velocity gives a magnetic
Reynolds numbeRy large enough for the dynamo to work. Naively, the
minimum e-folding time would be about fyr, but this increases aRM/2
for larger Ry, because the screw dynamo is “slow.” These estimates suggest
that the mechanism might be of marginal importance in halos, but real galaxy
velocity fields are likely to be less efficient dynamos than the idealized forms
considered by Ruzmaikin et al. We note in passing that Spencer & Cram
(1992) have discussed models of field amplification in which meridional flows
(“winds”) appear to play a central role. However, they solve the problem purely
in the disk region; moreover, their solutions do not represent dynamo generation
but rather local compression of field and hence the relevance to field generation
processes in galaxies is unclear.

7.2 Transport Out of the Disk

Evidence for the existence of galactic winds, with spelddsf hundreds of
kilometers per second, is seen in some galactic halos, notably NGC 4631 and
M82 (Section 3.6), implying turbulent magnetic Reynolds numtiys =

UL /n of order 100. Strong field freezing will thus occur and, since the wind
advection timel( /U) is much shorter than the dynamo growth time, the wind
will markedly affect the near-disk fields. For halo magnetic fields that are
strong enough for their energy density to be comparable with the kinetic energy
density of the wind, the dynamical effect of the field on the wind needs also to
be considered, as in the analogous stellar wind problem, although such studies
are in their infancy (see, e.g. Breitschwerdt et al 1993). With typical values of
B ~ 1uGandp ~ 10?7 g cnt 3, a kinematic treatment will be valid for winds
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of speed in excess of about 100 kmt s This outward advection of magnetic
field may be partially offset near the disk by turbulent diamagnetism, which
gives an effective velocity of field transport of a few kilometers per second
towards the disk (if the diffusivity increases outwards), but for the larger wind
velocities wind advection will dominate.

These problems were addressed in detail in the weak field approximation by
Brandenburg et al (1993) and, with a rather different emphasis, by Elstner et al
(1995). Brandenburg et al demonstrated that winds of plausible strength and
geometry could drag out poloidal field lines almost radially into the halo and also
move toroidal flux away from the disk. Moreover, by using realistic disk rotation
curves for well-observed systems, and choosing appropriate (predominantly
radial) wind velocity fields, solutions resembling the rather different halo fields
of NGC 891 and NGC 4631, for example, can be generated without any careful
“tuning.” However, the halo field strengths are somewhat too low, and the field
far from the disk makes too small an angle with the disk plane to provide a
completely satisfactory model for NGC 4631.

However, a simple wind structure that is axisymmetric and varies smoothly
with spherical polar anglé may be inadequate; real galactic winds probably
have considerably more structure, with streamers causing both azimuthal and
latitudinal shear. Elstner et al (1995) presented a preliminary axisymmetric
model (without azimuthal shear), with a wind velocity perpendicular to the disk
and varying sinusoidally with distance from the rotation axis. They show that a
short wavelength modulation (1.5 kpc) can markedly affect the field geometry
and that odd parity “dipolar” fields may even be stable for some parameter
values. Further work with a more realistic model is needed to elucidate the
relation between such calculations and real galactic flows.

A priori, a quasi-radial oe-wise shearing flow is unlikely to produce a halo
field that is predominantly parallel to the disk plane, although such fields are
observed in some “edge-on” galaxies (e.g. NGC 253). A problem concerning
mechanisms that advectfield from the disk is that the gas dragging itinto the halo
belongs to the rarefied, hot phase of the ISM, where the field strength is typically
about 01 G (Kahn & Brett 1993), and so additional amplification outside the
disk is necessary. Shearing by localized outflows can only amplify the vertical
component. Brandenburg et al (1995b) pointed out that galactic fountain flows,
especially in active starburst galaxies, may have the correct topology (upflows
connected in horizontal cross section and isolated downdrafts) for a topological
pumping mechanism to produce a strong mean horizontal field high in the halo.
With realistic parameters, they showed that this mechanism might produce
horizontal fields at a height of several kpc above the disk that were of comparable
strength to those in the disk. As yet, this mechanism has not been included in a
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global dynamo calculation. Magnetic buoyancy in the disk may also play a role
in moving field into the halo, but this mechanism has not yet been adequately
quantified.

In general, an outflow that is symmetric both azimuthally and with respect to
the disk plane will preserve in the halo any global parity or symmetry properties
of the disk field. Clearly, if the outflow lacks such symmetries (as seems quite
possible, a priori), then this connection between disk and advected halo fields
will be lost.

8. MAGNETIC FIELD MODELS

Only the dynamo theory for galactic magnetic fields has been developed suffi-
ciently to provide models of magnetic fields in particular galaxies that can be
confronted with observations. Therefore, our discussion below is inevitably
more detailed in the case of the dynamo theory. Wherever possible, we also
mention inferences from the primordial field theory, ignoring the conceptual
difficulties discussed in Section 5.

8.1 The Parity

It is generally believed that galactic magnetic fields have an even parity. As
discussed in Section 3.8.1, the field parity near the Sun most plausibly is even.
There is some evidence for an even symmetry of the regular magnetic field in
the edge-on galaxy NGC 253 (Beck et al 1994b). In mildly inclined galaxies,
Faraday rotation measures for even and odd fields of equal strengths would
differ only by a factor of 2 (Krause et al 1989a), which makes it difficult to
distinguish between the two configurations. All conventional dynamo models
indicate that the quadrupole parity must be dominant in galactic disks.

A uniform primordial magnetic field trapped by a protogalaxy, with arbitrary
inclination to the rotation axis, produces an S1 component from the action of
the radial gradient of the angular velocigyon B, (which is then even iz and
nonaxisymmetric) and an AQ field from the actionas®/dz on B, (which is
odd and axisymmetric). Singeg2/ar| > |0€2/dz|, at least during late stages
of galactic evolution, the S1 field will become tightly wound and quickly decay
because of reconnection. The resulting symmetry of a fossil field is then AO
or, possibly, a superposition of S1 and AO configurations.

8.2 Large-Scale Azimuthal Patterns

Even the simplest asymptotic kinematic models of the mean-field dynamo in
a thin disk have the promising property that omy= 0 modes are excited in
those galaxies where the field is observed to be axisymmetric (M31 and IC 342),
whereas then = 1 mode is also excited (if it is not the fastest growing) in the
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galaxies with a dominant bisymmetric or mixed magnetic structure (e.g. M33,
M51, and M81) (see Krasheninnikova et al 1990 and Ruzmaikin et al 1988a,
b for reviews). The thinner the disk, the more readily the= 1 mode can be
maintained (Ruzmaikin et al 1988a Section VII1.8; Moss & Brandenburg 1992).
Weaker differential rotation is favorable for bisymmetric field generation. Even
higher azimuthal modes might survive in galactic disks, e.gmhe 2 mode
(Starchenko & Shukurov 1989, Velt”1992), which has a four-armed spiral
pattern. An admixture of then = 2 mode may arise as a distortion of an
m = O field by a two-armed spiral pattern. Am= 2 mode superimposed on a

m = 0 mode of similar amplitude would produce a pattern of the type possibly
observed in NGC 6946 (Section 3.4).

The dominance of a bisymmetric field requires additional physical mecha-
nisms to be invoked, as discussed in Sections 6.2 and 6.3; it seems, however,
that these mechanisms are efficient only under certain conditions that can oc-
cur only in rare cases. Therefore, a general prediction of the galactic dynamo
theory is that normally either axisymmetric magnetic structures (in the galaxies
where only then = 0 mode is excited) or a superpositionnof= 0 andm = 1
modes (where both are maintained) should be found. The former situation is
encountered in M31 and IC 342, whereas the latter is represented by M51.
An admixture of even highen-modes cannot be excluded, as possibly seen in
NGC 6946. Only in those galaxies that provide a suitable environment for a fine
tuning of the dynamo (Sections 6.2 and 6.3) should a dominant bisymmetric
field be expected, as exemplified by M81. An important factor in maintaining
BSS seems to be tidal interaction with a companion galaxy (Section 6.2).

In general, this picture is reasonably consistent with observations that most
galactic fields do not have simple structures. Note that a superposition of even
two or three azimuthal modes may give an appearance of arather irregular large-
scale magnetic field. So far, observations of only a few galaxies have been inter-
preted with allowance for such superpositions. We expect that new observations
and analyses will extend the list of galaxies hosting mixed spiral structure.

A primordial magnetic field twisted by differential rotation is strongly dom-
inated by the S1 or AO modes (Section 3). An SO field can arise only if it is
assumed that the magnetic field had a very strong inhomogeneity across the pro-
togalaxy (Sofue et al 1986), which appears to be a rather artificial requirement.

8.3 Spiral Field Lines and Pitch Angles

Plane-parallel magnetic fields with a dominant azimuthal compdBgptevail

in spiral galaxies (see Section 3). This can be easily understood because dif-

ferential rotation is strong in spiral galaxies (whether or not dynamos operate).
Dynamo theory predicts (Baryshnikova et al 1987), and observations of ex-

ternal galaxies show (Section 3.3), that the regular magnetic field must have
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the shape of a spiral, whether or not it is axisymmetric. Unlike spiral magnetic
fields, a circular field produced within the galaxy (i.e. not supported by external
currents) can not be maintained by any velocity field against turbulent magnetic
diffusion. On average, the field mustbe a trailing spiral because differential rota-
tion isimportant in producin®,, from B, . Of course, this does not preclude lo-
cal deviations from a trailing spiral pattern, as observed, e.g. in M51 (Figure 1).

The pitch angle of the magnetic fielnlis a readily observable parameter
sensitive to details of the mechanism of magnetic field generation. Hence the
magnetic pitch angle is an important diagnostic tool for theories of galactic
magnetic fields. Magnetic pitch angles in spiral galaxies are observed to lie in
the rangep = —(10°—35) (Figure 8). Galactic dynamo models even without
spiral arms predict thap is close to these values (Krasheninnikova et al 1989,
Donner & Brandenburg 1990, Elstner et al 1992, Panesar & Nelson 1992).
A simple estimate for a kinematic dynamo in a thin axisymmetric disk gives
(Krasheninnikova et al 1989)

p= arctan(B:/By) =~ —(R,/R,)"?, (1)
andp ~ —20° under typical conditions. Note th& andB, have opposite
signs because of the action of differential rotation, andpsis negative (a
trailing spiral). Asymptotic kinematic dynamo models using observed rotation
curves have been applied to particular galaxies (see Ruzmaikin et al 1988a);
the results agree fairly well with observations. Schultz et al (1994) discuss the
dependence of the pitch angle on other parameters of turbulence.

It follows from Equations (3), (6), and (11) that~ —I/h (with | as the
turbulent scale). The pitch ang|e| thus decreases withwhenl = const,
andh increases with. This behavior is also typical of dynamos in a flat disk
(Elstner et al 1992, Panesar & Nelson 1992) and is observed in spiral galaxies,
as shown in Figure 8. The only exceptions are M81 and possibly also M33, both
of which are candidates for bisymmetric magnetic structures due to interaction
with companion galaxies (see Section 8.2).

As discussed in Section 3, magnetic pitch angles in spiral galaxies are sur-
prisingly close to those of optical spiral armzsa. Taken literally, Equation
(11) implies that the equalitp ~ psa is @ mere quantitative coincidence be-
cause the two depend on different physical parameters. Numerical simulations
of the aw-dynamo with spiral shock waves (Panesar & Nelson 1992) show
that p is quite insensitive to the presence of the shocks. The interplay be-
tween the magnetic and spiral patterns is far from being completely understood
(Section 8.4) and, possibly, there are deeper physical reasons for the observed
correspondence of the pitch angles.

Concerning the primordial field theory, a straightforward idea is that the pitch
angle of a magnetic field frozen into a differentially rotating disk is a decreasing
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function of time and, afteN revolutions (withN =~ 30 for the Solar vicinity
in the Milky Way), we havep ~ —N~! rad~ —2°, so that|p| < |psal.

Furthermore| p| grows withr insofar as angular velocity decreases witha
trend opposite to that observed.

We note that the ASS fields observed in the spiral galaxies M31 and IC 342
and the magnetic spiral arms in NGC 6946 are directed inwards. For the
edge-on galaxy NGC 253, a similar conclusion follows if one assumes that
the magnetic field is also aligned with the spiral arms. As the direction of a
dynamo-generated field is determined by that of the initial field, this dominance,
if it were to be confirmed by better statistics, might clarify the nature of the seed
field. For example, it could indicate the importance of battery effects (relying
on galactic rotation). Within the framework of the primordial field theory, such
a dominance would imply a hardly plausible correlation between the directions
of the intergalactic field and the sense of galactic rotation.

8.4 Spiral Arms and Magnetic Fields

A standard understanding of the interaction between spiral arms and large-scale
magnetic fields is largely based on the idea that the spiral shock compresses the
magnetic field and aligns it with the spiral arm (Roberts & Yuan 1970). This
leads to a clear prediction that the regular magnetic field must be stronger at
the inner edges of the arms and that theig closer topsa than in the interarm
space. This picture was believed to be supported by the observation that the
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Figure 8 Observed radial variation of the magnetic pitch angle in the galaxy’s plane averaged
over azimuthal angle for several nearby spiral galaxies. (From Beck 1993.)
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regular magnetic field in the Milky Way is enhanced within the local arm and
that magnetic fields observed in nearby galaxies are well aligned with the spiral
arms. It is, however, noteworthy that £ psa near the Sun (Section 3.8),
whereas the general alignmente psa can arise from dynamo action without
any shock compression (Section 8.3).

However, recent observations of most nearby galaxies indicate that the regular
magnetic fields are observed to be stronger between the arms, whereas the total
field strength is stronger in the arms (Sections 3.3 and 3.4). The implication is
straightforward: The action of the spiral pattern on galactic magnetic fields is
not as direct and simple as passive compression (at least in these galaxies). (We
note also that it is difficult to understand how the primordial theory, which gives
only a passive role to the magnetic field, can explain its enhancement between
the arms. Possibly, streaming motions induced by spiral arms could help, but
this possibility has not been studied.)

The compression of magnetic field in spiral arms becomes much weaker if a
large fraction of the interstellar medium is filled with hot gas, which prevents
large-scale shocks from occurring. Star formation in spiral arms must then be
triggered by, e.g. more frequent collisions of gas clouds (Roberts & Hausman
1984). The nearby spiral galaxies M51 and M81 exhibit strong density waves.
In M51 prominent dust lanes, enhanced CO (Gadrillo et al 1993), and
radio continuum emission at the inner edges of the optical spiral arms are
indicators of narrow compression regions. In M81, however, the compression
regions are much broader (Kaufman et al 1989) and can best be explained by
the “cloudy” density-wave model of Roberts & Hausman (1984).

Beck (1991) has proposed a qualitative model to explain enhanced field
tangling in the arms. He assumes that the field lines are trapped by gas clouds.
As the clouds enter a spiral arm, they are decelerated, and their number density,
collision rate, and turbulent velocity increase, which gives rise to field tangling
and enhanced total field. However, the “magnetic arms” observed between the
optical arms of NGC 6946 (Section 3.4) cannot be understood by this model
and need a global mechanism such as the dynamo. How to include spiral arms
adequately into the theory of galactic magnetic fields remains an important
unresolved problem.

8.5 Dynamo Models for Individual Galaxies
The predictions o&?Q-dynamo models are roughly consistent with the large-
scale field structures observed in spiral galaxies. In this section we discuss
briefly a few individual galaxies for which detailed dynamo models have been
developed and/or new problems have arisen.

Kinematic dynamo models for the Milky Way (see Ruzmaikin et al 1988a
Sections VII.7 and VII.9) indicate that the axisymmetric mode is dominant,
even though then = 1 mode can also be maintained if the half-thickness of the
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ionized disk is within a narrow range (500—700 pc near the Sun, but these values
are model dependent). In view of the uncertainty concerning the generation of
bisymmetric fields in spiral galaxies, an ASS seems more likely but the presence
of the BSS cannot be excluded; a superposition of the two modes (MSS) is also
possible.

The presence of reversals (Section 3.8) is often considered as an indication
of a bisymmetric global structure of magnetic field in the Milky Way. We again
stress that this is not true. The possibility of such reversals in an axisymmetric
spiral field was demonstrated in a dynamo model for the Milky Way by Poezd
et al (1993). Even this simplified model exhibits a reasonable agreement with
observations, yielding two or three reversals whose positions along the radius
roughly agree with those observed. According to Poezd et al, the reversals
represent transient nonlinear magnetic structures (cf Section 6.4).

Both dynamo theory and observations agree that the large-scale magnetic
field in M31 is axisymmetric. A notable feature of this galaxy is that both the
gas and the large-scale magnetic field are concentrated within a narrow ring of
about 10 kpc radius (Section 3.2). The explanation provided by the dynamo
models reviewed by Ruzmaikin etal (1988a, Section VII.7) relies on the rotation
curve having a pronounced double-peaked shape (Deharveng & Pellet 1975).
However, recent interpretations (with better allowance for radial motions) have
resulted in a much less pronounced minimum in the rotation curve (Kent 1989,
Braun 1991). Even though the new rotation curve has not yet been incorporated
into dynamo models, it can be guessed that the kinematic dynamo modes will
no longer show any concentration into a ring. Thus, the ring-like structure of
magnetic field in M31 probably arises during the nonlinear stage of the dynamo
and is associated with a similar distribution of the interstellar gas (Dame et al
1993).

M81 is the only nearby galaxy for which a dominant bisymmetric mag-
netic field is firmly indicated by observations (Section 3). Apart from kine-
matic asymptotic dynamo models (Krasheninnikova et al 1989, Starchenko &
Shukurov 1989), a three-dimensional, nonlinear dynamo model has been de-
veloped for M81 based on the velocity field inferred from simulations of the
interaction of this galaxy with its companion NGC 3077 (Moss et al 1993a).
The interaction has been shown to result in a persistent bisymmetric structure.
To reach a final conclusion about the nature of the magnetic field in M81, these
numerical simulations must be extended to include better spatial resolution and
a fully time-dependent representation of the velocity field. There is no mini-
mum of polarized intensity observed near the probable location of the magnetic
neutral line in M81 (Figure 2). Its absence probably indicates that the reversal
in the BSS structure is rather abrupt, reminiscent of a contrast structure (see
Section 6.2).
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9. LAST WORDS

We have attempted to draw together various strands contributing to our current
understanding of galactic magnetism. We feel that neither dynamo nor fossil
theoryis at presentin a satisfactory state. Nonetheless, we believe that, while the
problems with the primordial theory are quite fundamental, ways of resolving
the difficulties of the dynamo theory exist, in principle at least. A primordial
field may nevertheless be important; for example, it can provide a seed field for
a dynamo (see Section 5).

We note the following. Axisymmetric spiral structures and more complicated
field structures arise naturally from dynamo models. Pitch angles lie in the
correct range. Dynamo models give generically plausible large-scale spatial
field structures, which are in some cases quite realistic, and which readily allow
the detailed modeling of specific galaxies. Finally, on general grounds, field
strengths of order the equipartition value, as observed, seem explicable. These
points support our view that a coherent explanation of galactic magnetism will
only be achieved via the further development of some form of dynamo theory.

It is now possible to include realistic models of the ISM, including detailed
data on the spatial distributions of turbulent velocity and scale, the vertical gra-
dient in the overall galactic rotation, galactic fountains, etc, in dynamo models;
however, this remains to be done. A detailed comparison of theory with obser-
vations is becoming increasingly, both because the theory is beginning to give
results that are sufficiently generic, reliable, and detailed, and because observa-
tions have reached the stage where they can seriously constrain many aspects
of the theory. Reliable and high-resolution information about the complex
magnetic structures found in the disks and halos of spiral galaxies is needed,
together with an improved theory of depolarization mechanisms.
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