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Abstract

The current understanding of astrophysical magnetic fields is reviewed, focusing on their generation and main-
tenance by turbulence. In the astrophysical context this generation is usually explained by a self-excited dynamo,
which involves flows that can amplify a weak ‘seed’ magnetic field exponentially fast. Particular emphasis is placed
on the nonlinear saturation of the dynamo. Analytic and numerical results are discussed both for small scale dy-
namos, which are completely isotropic, and for large scale dynamos, where some form of parity breaking is crucial.
Central to the discussion of large scale dynamos is the so-called alpha effect which explains the generation of a
mean field if the turbulence lacks mirror symmetry, i.e. if the flow has kinetic helicity. Large scale dynamos produce
small scale helical fields as a waste product that quench the large scale dynamo and hence the alpha effect. With
this in mind, the microscopic theory of the alpha effect is revisited in full detail and recent results for the loss of
helical magnetic fields are reviewed.
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1. Introduction

Magnetic fields are ubiquitous in the universe. Our most immediate encounter with magnetic fields
is the Earth’s field. This field is not only useful for navigation, but it also protects us from hazardous
cosmic ray particles. Magnetic fields play an important role in various branches of astrophysics. They are
particularly important for angular momentum transport, without which the sun and similar stars would
not spin as slowly as they do todflj. Magnetic fields are responsible for the loops and arcades seen
in X-ray images of the sun and in heating the coronae of stars with outer convection[2hriEsey
play a crucial role in driving turbulence in accretion discs providing the stresses needed for accretion.
Large scale fields in these discs are also thought to be involved in driving jets. A field permeating a
rotating black hole probably provides one of the most efficient ways of extracting energy to power the
jets from active galactic nuclei. Magnetic fields with micro-gauss strength and coherence scales of order
several kilo parsecs are also observed in nearby galaxies and perhaps even in galaxies which have jus
formed. The magnetic field strength in galactic spiral arms can be up to 30 microgauss (e.g. in M51).
Fields of order several micro-gauss and larger, with even larger coherence scales, are seen in clusters o
galaxies. To understand the origin of magnetic fields in all these astrophysical systems is a problem of
great importance.

The universe may not have begun magnetized. There are various processes such as battery effects
which can lead to a weak magnetic field, from zero initial fields. Most of these batteries lead to field
strengths much weaker than the observed field, as will be discussed further in Section 3.9. So some way
of amplifying the field is required. This is probably accomplished by the conversion of kinetic energy
into magnetic energy, a process generally referred to as a dynamo; s¢8]Ref.a historic account.

Some basic principles of dynamos are well understood from linear theory, but virtually all astrophysical
dynamos are in a regime where the field is dynamically important, and kinematic theory is invalid. In
recent years our understanding of nonlinear properties of dynamos has advanced rapidly. This is partly
due to new high resolution numerical simulations which have also triggered further developments in
analytic approaches. An example is the resistively slow saturation phase of dynamos with helicity that
was first seen in numerical simulatioid$, which then led to the development of a dynamical quenching
model[5-8]; see Section 9.3. The dynamical quenching model was actually developed muchegrlier

but it was mostly applied in order to explain chaotic behavior of the solar §/@d 2]. Another example

is the so-called small scale dynamo whose theory goes back to the early work of KaaBjseee

Section 5.2. Again, only in recent years, with the advent of fast computers allowing high Reynolds number
simulations of hydromagnetic turbulence, the community became convinced of the reality of the small
scale dynamos. This in turn has triggered further advances in the theoretical understanding this problem,
especially the nonlinear stages. Also quite recent is the realization that the small scale dynamo is much
harder to excite when, for fixed resistivity, the viscosity is decreased (i.e. the magnetic Prandtl number is
less than unity) so that the magnetic field is driven by a rough velocity field (Section 5.5).

Although there have been a number of excellent reviews about dynamo theory and comparisons with
observations of astrophysical magnetic figlti$-22], there have been many crucial developments just
over the past few years involving primarily magnetic helicity. It has now become clear that nonlinearity
in large scale dynamos is crucially determined by the magnetic helicity evolution equation. At the same
time, magnetic helicity has also become highly topical in observational solar physics, as is evidenced by a
number of recent specialized meetings on exactly this {@3f Magnetic helicity emerges therefore as
a new tool in both observational as well as in theoretical studies of astrophysical magnetohydrodynamics
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(MHD). This review discusses the details of why this is so, and how magnetic helicity can be used
to constrain dynamo theory and to explain the behavior seen in recent simulations of dynamos in the
nonlinear, high magnetic Reynolds number regime.

We also review some basic properties and techniques pertinent to mean field (large scale) dynamos
(Section 10), so that newcomers to the field can gain deeper insight and are able to put new developments
into perspective. In particular, we discuss a simplistic form of the so-called tau approximation that allows
the calculation of mean field turbulent transport coefficients in situations where the magnetic fluctuations
strongly exceed the magnitude of the mean field. This is when the quasi-linear theory (also known as first
order smoothing or second order correlation approximation) breaks down. We then lead to the currently
intriguing question of what saturates the dynamo and why so much can be learned by rather simple
considerations in terms of magnetic helicity.

In turbulent fluids, the generation of large scale magnetic fields is generically accompanied by the more
rapid growth of small scale fields. The growing Lorentz force due to these fields can back-react on the
turbulence to modify the mean field dynamo coefficients. A related topic of great current interest is the
nonhelical small scale dynamo, and especially its nonlinear saturation. This could also be relevant for
explaining the origin of cluster magnetic fields. These topics are therefore reviewed in the light of recent
advances using both analytic tools as well as high resolution simulations (Section 5).

There are obviously many topics that have been left out, because they touch upon nonlinear dynamo
theory only remotely. Both hydrodynamic and magnetohydrodynamic turbulence are only discussed in
their applications, but there are many fundamental aspects that are interesting in their own right; see the
text books by Friscf24] and Biskamp25] and the work by Goldreich and SridHa6]; for arecentreview
see Ref[27]. Another broad research area that has been left out completely is magnetic reconnection and
low beta plasmas. Again, we can here only refer to the text book by Priest and F28hedore close
connections exist with hydrodynamic mean field theory relevant for explaining differential rotation in
starg29]. Even many of the applications of dynamo theory are outlined only rather broadly, but again, we
can refer to arecent text book by Rudiger and Hollerdabhwhere many of these aspects are addressed.

We begin in the next section with some observational facts that may have a chance in finding an
explanation in terms of dynamo theory within the not too distant future. We then summarize some useful
facts of basic MHD, and also discuss briefly battery effects to produce seed magnetic fields. Some general
properties of dynamos are discussed in Section 4. These two sections are relatively general and can be
consulted independently of the remainder. We then turn to small scale dynamos in Section 5. Again, this
section may well be read separately and does not contain material that is essential for the remaining
sections. The main theme of large scale dynamos is extensively covered in Sections 6-10. Finally, in
Section 11 we discuss some applications of these ideas to various astrophysical systems. Some fina
reflections on outstanding issues are given in Section 12.

2. Magnetic field observations

In this section we discuss properties of magnetic fields observed in various astrophysical settings.
We focus specifically on aspects that are believed to be important for nonlinear dynamo theory and its
connection with magnetic helicity. We begin with a discussion of the solar magnetic field, which consists
of small scale and large scale components. The typical length scale associated with the large scale field is
the width of the toroidal flux belts with the same polarity which is arourftliB@atitude, corresponding



A. Brandenburg, K. Subramanian / Physics Reports 417 (2005) 1-209 7

1.0 ww, " 20

0.0

cos @

-0.5 -10

-1.0 -20

1980 1985 1990 1995 2000 g [g]
t [yr]

Fig. 2.1. Longitudinally averaged radial component of the observed solar magnetic field as a function of cos(colatitude) and
time. Dark (blue) shades denote negative values and light (yellow) shades denote positive values. Note the sign changes both in
time and across the equator (courtesy of R. Knaack).

to about 300 Mm (1 Mm= 1000 km). The pressure scale height at the bottom of the convection zone is
about 50 Mm, and all scales shorter than that may be associated with the small scale field.

The theory of the large scale component has been most puzzling, while the small scale field could
always be explained by turbulence and convection shredding and concentrating the field into isolated flux
bundles. The simultaneous involvement of a so-called small scale dynamo may provide another source
for the small scale field, which needs to be addressed. We begin by outlining the observational evidence
for large scale fields in the sun and in stars, and discuss then the evidence for magnetic fields in accretion
discs and galaxies, as well as galaxy clusters.

2.1. Solar magnetic fields

The sun has a magnetic field that manifests itself in sunspots through Zeeman splitting of spectral lines
[31]. It has long been known that the sunspot number varies cyclically with a period between 7 and 17
years. The longitudinally averaged component of the radial magnetic field of th@2&3] shows a
markedly regular spatio-temporal pattern where the radial magnetic field alternates in time over the 11 year
cycle and also changes sign across the equatorZFiy.One can also see indications of a migration of
the field from mid latitudes toward the equator and the poles. This migration is also well seen in a sunspot
diagram, which is also called a butterfly diagram, because the pattern formed by the positions of sunspots
in time and latitude looks like a sequence of butterflies lined up along the equato? @&ig.

At the solar surface the azimuthally averaged radial field is only a few gauss=(1G*T). This
is rather weak compared with the peak magnetic field in sunspots of about 2kG. In the bulk of the
convection zone, because of differential rotation, the magnetic field is believed to point mostly in the
azimuthal direction, and it is probably much larger near the bottom of the convection zone due to an
effect known as downward pumping (Section 6.4).

2.1.1. Estimates of the field strength in the deeper convection zone
In the bulk of the solar convection zone the thermal energy transport is reasonably well described by
mixing length theory[34]. This theory yields a rough estimate for the turbulent rms velocity which is
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Fig. 2.2. Solar butterfly diagram showing the sunspot number in a space-time diagram. Note the migration of sunspot activity
from mid-latitudes toward the equator (courtesy of D.N. Hathaway).

arounds;ms=20 m s 1 near the bottom of the solar convection zone. With a density of abedi2 g cni3
this corresponds to an equipartition field strength of about 3 kG. (The equipartition field strength is here
defined asBeq = /1opurms, Whereyy is the magnetic permeability.)

A similar estimate is obtained by considering the total (unsigned) magnetic flux that emerges at the
surface during one cycle. This argument is dubious, because one has to make an assumption about hov
many times the flux tubes in the sun have emerged at the solar surface. Nevertheless, the notion of
magnetic flux (and especially unsigned flux) is rather popular in solar physics, because this quantity is
readily accessible from solar magnetograms. The total unsigned magnetic flux is roughly estimated to
be 16*Mx. Distributed over a meridional cross-section of about 500 Mm in the latitudinal direction and
about 50 Mm in radius (i.e. the lower quarter of the convection zone) yields a mean field of about 4 kG,
which is in fair agreement with the equipartition estimate above. This type of argumentation has first been
proposed in an early paper by Galloway and WE&].

Another type of estimate concernstthe mean field but rather the peak magnetic field in the strong
flux tubes. Such tubes are believed to be ‘stored’ either just below or at the bottom of the convection zone.
By storage one means that the field survives reasonably undisturbed for a good fraction of the solar cycle
and evolves mostly under the amplifying action of differential rotation. Once such a flux tube becomes
buoyant in one section of the tube it rises, expands and becomes tilted relative to the azimuthal direction
owing to the Coriolis force. Calculations based on the thin flux tube approximgg@jrpredict field
strengths of about 100 kG that are needed in order to produce the observed tilt angle of bipolar sunspots
near the surfacg87].

The systematic variation of the global field of the sun is important to understand both for practical
reasons, e.g. for space weather forecasts, and for theoretical reasons because the solar field is a prim
example of what we call large scale dynamo action. The 11 year cycle of the sun is commonly explained
in terms ofaQ dynamo theory (Sections 6.5 and 11.2), but this theory faces a number of problems that
will be discussed later. Much of the resolution of these problems focuses around magnetic helicity. This
has become a very active research field in its own right. Here we discuss the observational evidence.

2.1.2. Magnetic helicity of the solar field

Magnetic helicity studies have become an important observational tool to quantify the complexity of
the sun’s magnetic field. Examples of complex magnetic structures being ejected from the solar surface
are shownirfFig. 2.3 For a series of reviews covering the period until 1999 see[B&. The significance
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Fig. 2.3. The famous “Grand daddy” prominence of 4 June 1946 (left) and a big coronal mass eruption of 2 June 1998 from the
LASCO coronograph on board the SOHO satellite (right). Note the complexity of the ejected structures, being suggestive of
helical nature. Courtesy of the High Altitude Observatory (a) and the SOHO consortium (b). SOHO is a project of international
cooperation between ESA and NASA.

of magnetic helicity for understanding the nonlinear dynamo has only recently been appreciated. Here
we briefly review some of the relevant observational findings.
The only information about the magnetic helicity of the sun available to date is from surface magnetic
fields, and these data are necessarily incomplete. Nevertheless, some systematic trends can be identifiec
Vector magnetograms of active regions show negative (positive) current helicity in the northern (south-
ern) hemispher§89-42]. From local measurements one can only obtain the current helicity density, so
nothing can be concluded about magnetic helicity, which is a volume integral. As we shall show later
(Section 3.7), under the assumption of isotropy, the spectra of magnetic and current helicity are however
simply related by a wavenumber squared factor. This implies that the signs of current and magnetic he-
licities agree if they are determined in a sufficiently narrow range of length scales. We return to this issue
in Section 9.4.

Berger and Ruzmaikifé3] have estimated the flux of magnetic helicity from the solar surface using
magnetograms. They discusseddtedfect and differential rotation as the main agents facilitating the loss
of magnetic helicity. Their results indicate that the flux of magnetic helicity due to differential rotation and
the observed radial magnetic field componentis negative (positive) in the northern (southern) hemisphere,
and of the order of about #dMx? integrated over the 11 year cycle; 6g. 2.4

Chae[44] estimated the magnetic helicity flux based on counting the crossings of pairs of flux tubes.
Combined with the assumption that two nearly aligned flux tubes are nearly parallel, rather than anti-
parallel, his results again suggest that the magnetic helicity is negative (positive) in the northern (southern)
hemisphere. The same sign distribution was also found by Dg¥6tevho considered magnetic helicity
generation by differential rotation. He finds that the magnetic helicity flux integrated over an 11 year
cycle is about 1€ Mx? both from active regions and from coronal mass ejections. Thus, the sign agrees
with that of the current helicity obtained using vector magnetograms. More recently, Démoulin et al.
[46] showed that oppositely signed twist and writhe from shear are able to largely cancel, producing a
small total magnetic helicity. This idea of a bi-helical field is supported further by studies of sigmoids
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Fig. 2.4. Net magnetic flux through the solar surface at the northern hemisphere (left hand panel) and magnetic helicity flux
for northern and southern hemispheres (right hand panel, lower and upper curves, respectively). Adapted from Berger and
Ruzmaikin[43].

Fig. 2.5.X-ray image at 198 showing anN-shaped sigmoid (right-handed writhe) of the active region NOAA AR 8668 at the
northern hemisphere (1999 August 21 at 18:51 UT). Adapted from Gibson[47hl.

[47]: an example i§ig. 2.5 which shows a TRACE image of &atshaped sigmoid (right-handed writhe)

with left-handed twisted filaments of the active region NOAA AR 8668, which is typical of the northern
hemisphere. This observation is quite central to our new understanding of nonlinear dynamo theory
[48,49]and will be addressed in more detail below (Section 9.6.2).

2.1.3. Active longitudes

An important piece of information about the sun concerns the so-called active longitudes. These are
longitudes where magnetic activity re-occurs over long durations, exceeding even the length of the solar
cycle[50-53]. On shorter time scales of about half a year, the angular velocity of active longitudes depends
on the phase during the solar cycle, and hence on the latitude of their occurrence. At the beginning of
the cycle, when new flux appears at high latitudeS@ latitude), the rotation rate of these active
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Fig. 2.6. Radial profiles of the internal solar rotation rate, as inferred from helioseismology (sidereal, i.e. in a fixed frame). The
rotation rate of active zones at the beginning of the cycle:(80° latitude) and near the end @t4°) is indicated by horizontal

bars, which intersect the profiles of rotation rate/® ~ 0.97. For orientation, the conventionally defined Carrington rotation
period of 27.3 days (synodic value, corresponding to 424 nHz) has been translated to the sidereal value of 456 nHz. Courtesy of
Benevolenskaya et db4].

longitudes is about 446 nHz. At this latitude the rotation rate of 446 nHz agrees with the value inferred
from helioseismology at the fractional radig&R, ~ 0.95; seeFig. 2.6

If this magnetic activity were to come from the bottom of the convection zongryg ~ 0.7, where
the rotation rate is around 435nHz, it would be by 11 nHz too slow (Eig. After half a year, the
corresponding regions af R, ~ 0.7 and 0.95 would have drifted apart by°6Zhus, if the active
longitudes were to be anchoredr@iR =~ 0.7, they could not be connected with matter at this latitude;
instead they would need to be mapped to a lower latitude of abSuiwtiere the rotation rate af R ~
0.7 agrees with the value of 446 nHz found for the active longitudes atadidude. Alternatively, they
may simply be anchored at a shallower depth correspondingrRg ~ 0.95, where the rotation rate of
these active longitudes agrees with the helioseismologically inferred value. Similar considerations apply
also to the rotation rate of old flux that occurs at ahfdt latitude. However, here the anchoring depth
is ambiguous and could be eithetR, &~ 0.97 or in the range @5...0.80. The rather unconventional
suggestion of a shallow anchoring defib] will be addressed further at the end of Section 11.2.8.

2.2. Magnetic fields of late type stars

Looking at other stars is important for appreciating that the solar dynamo is not unique and just one
particular example of a dynamo that happened to be a cyclic one. In fact, we now know that all stars
with outer convection zones (usually referred to as ‘late-type stars’) have magnetic fields whose strength
tends to increase with their angular velocity. Some very young stars (e.g. T Tauri staraybeagefield
strengths of about 2 k{56]. These stars are fully convective and their field varies in a more erratic fashion.
Cyclic variations are known to exist only for stars with col@&s- V in the range 0.57 and 1.37, i.e. for
spectral types between GO and K7]. Some examples of the time traces are showhiin 2.7. The
sun’s color is 0.66, being close to the upper (bluer) end of the mass range where stars show cyclic activity.
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Fig. 2.7. Time traces of the relative Calcium H and K line emiss®fior 4 stars (including the sun) with oscillatory activity
behavior between the years 1966 and 1992 (adapted from Baliunagsatal.

For the stars in this mass range there exists an empirical relation between three important parameters.
One is the inverse Rossby numbBO™! = 2Qtwumover Wheretiumover & £/urms is the turnover time

of the convection, estimated in terms of the mixing lengthand the rms velocity of the convection,

urms. The second parameter is the ratio of cycle to rotation frequengy/Q, wherewcyc = 21/ Peyc

and Py is the cycle period+ 11 years for the sun, but ranging from 7 to 21 years for other stars). The
third parameter is the ratio of the mean chromospheric Calcium H and K line emission to the bolometric
flux, (Ry,), which can be regarded as a proxy of the normalized magnetic field strength Rjyjth o
(I{B)|/Beg)" andk ~ 0.47, see Ref[58]. These three parameters are related to each other by approximate
power laws,

wCyc/Q ~ C]_RO_G, (Ucyc/Q ~ (/'2<R|/_|K>v, <R|/'|K> ~ C3RO_'u ' (21)

wherec; = cac; ande = pv. It turns out that the slopesandyv are positive for activeA) and inactive )
stars and that both groups of stars fall on distinct branchesowith 0.46 andva ~ 0.85 for active stars
andg; ~ 0.48 andv; ~ 0.72 for inactive star§59]. Sinces andv are obtained from separate fits, there is
of course no guarantee that the relatica v will be obeyed by the data obtained from separate fits.

In Fig. 2.8we present scatter plots showing the mutual correlations between each of the three quantities
for all cyclic stars whose parameters have been detected with quality parameters that werd3&beled
as ‘good’ and ‘excellent’. Plots similar to the third panelfog. 2.8 have also been produced for other
activity proxies[60]. This work shows that there is a relation between activity proxy and inverse Rossby
number not only for stars with magnetic activity cycles, but for all late type stars with outer convection
zones—even when the stars are members of binfgids

The fact that the cycle frequency depends in a systematic fashion onRéhkor on (Rl k) suggests
that for these stars the dynamo has a rather stable dependence on the input parameters. What is not we
understood, however, is the slope- 0.5 in the relationocyc/Q ~ Ro™?, and the fact that there are two
distinct branches. We note that there is also evidence for a third branch for even more active (‘superactive’)
stars, but there the exponenis negativg61]. Standard dynamo theory rather predicts thet always



A. Brandenburg, K. Subramanian / Physics Reports 417 (2005) 1-209 13

0,=0.46, 0,=0.48 v;=0.85, v,=0.72 ©=0.99
—-1.8 T T T —-1.8 T T T T T T
-1.8F 4 k. ] -1.8¢ d
emiip~
-2.0 / I ] -2.0 /\w:‘)(]:
g & < “ho s
g R2[ ¢ ] $ 22, R
3 4 3 4 v
w —RA4f 3 2 up —RA4FL 3 1
2 _ 21 2 5 2] 28
-2.61 g “1 ] —-2.6[ 1 1
—28f A~ ] -2.8} A
_3.0 1 L 1 _3.0 L 1 1 1 L L
0.8 1.0 1.2 -50 -48 -46 0.8 1.0 1.2
(@ log Ro™! (b) log <Ryg> © log Ro™*

Fig. 2.8. Mutual correlations between the three quantitigg,/ 2, Ro 1, and(R,’_|K). Note the two distinct branches, separate
by a factor of about 6 in the ratiocyc/Q, with positive slope in the first two panels. The numbers and letters in the plots are
abbreviations for specific active and inactive stars, respectively (adapted frofs®efvhere also a key with the abbreviations

of all stars is given). The values ef v, andy, given in the titles of the three plots, are obtained from three independent plots
and hence do not obey the relatieg= uv.

negative[62]. We return to a possible interpretation of the exponeand the origin of the different
branches in Section 11.3.2.

2.3. Magnetic fields in accretion discs

Gaseous discs spinning around some central object are frequently found in various astrophysical set-
tings, for example around young stars, stellar mass compact objects (white dwarfs, neutron stars, or black
holes), or in supermassive (30.0° M ;) black holes that have been found or inferred to exist in virtually
all galaxies.

Explicit evidence for magnetic fields in discs is sparse: magnetization of meteorites that were formed
in the disc around the young s{68] or proxies of magnetic activity such &5 line emission from discs
in binary starg64]. A direct search for Zeeman-induced splitting of the maser lines in the accretion disc
of the Seyfert Il galaxy NGC 4258 has resulted in upper limits:&0 mG for the toroidal component of
theB field at a distance of about 0.2 pc from the central black [&3¢ Faraday rotation measure (RM)
maps of the central parsecs of quasars and radio galaxies hosting relativi§é6jetiso reveal that the
medium on parsec scales surrounding AGNs could be significantly magngided

There are two strong theoretical reasons, however, why accretion discs should be magnetized. First,
discs are often formed in an already magnetized environment. This is particularly clear for protostellar
discs whose axes of rotation are often aligned with the direction of the ambieré#3l&econd, discs
with weak ambient fields are unstable to the magnetorotational instglei@ity0] which, coupled with
the dynamo instability, can leads to equipartition field strengths. In the case of protostellar discs, however,
it is possible that the magnetorotational instability only worked in its early stages. At later stages, the
parts of the disc near the midplane and-afl AU distance from the central star may have become too
cold and almost neutral, so these parts of the disc may then no longer be magfvdijzed
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Many accretion discs around black holes are quite luminous. For example, the luminosity of active
galactic nuclei can be as large as 100 times the luminosity of ordinary galaxies. Here, magnetic fields
provide the perhaps only source of an instability that can drive the turbulence and hence facilitate the
conversion of potential energy into thermal energy or radiation. In discs around active galactic nu-
clei the magnetic field may either be dragged in from large radii or it may be regenerated locally by
dynamo action.

The latter possibility is particularly plausible in the case of discs around stellar mass black holes.
Simulations have been carried out to understand this process in detail; see Section 11.4. Magnetic fields
may also be crucial for driving outflows from discs. In many cases these outflows may be collimated by
the ambient magnetic field to form the observed narrow[ 2%

2.4. Galactic magnetic fields

Galaxies and clusters of galaxies are currently the only astrophysical bodies where alarge scale magnetic
field can be seen inside the body itself. In the case of stars one only sees surface manifestations of the
field. Here we describe the structure and magnitude of galactic fields.

2.4.1. Synchrotron emission from galaxies

Magnetic fields in galaxies are mainly probed using radio observations of their synchrotron emission.
Excellent accounts of the current observational status can be found in the various reviews [A3Bé8k
and references therein. We summarize here those aspects which are relevant to our discussion of galacti
dynamos. Some earlier reviews of the observations and historical perspectives can be found in Refs.
[15-17,77] A map of the total synchrotron intensity allows one to estimate the total interstellar magnetic
field in the plane of the sky (averaged over the volume sampled by the telescope beam). The synchrotron
emissivity also depends on the number density of relativistic electrons, and so some assumption has to
be made about its density. One generally assumes that the energy densities of the field and particles are
in equipartition. (Specifically, equipartition is assumed to hold between magnetic fields and relativistic
protons so that the proton/electron ratio enters as another assumption, with 100 taken as a standard value.
In our Galaxy the accuracy of the equipartition assumption can be tested, because we have independen
measurements of the local cosmic-ray electron energy density from direct measurements and about the
cosmic-ray proton distribution fromrray data. The combination of these with the strength of the radio
continuum synchrotron emission gives a local strength of the total magnetic field bfi& [78], which
is almost the same value as that derived from energy equiparftiégn

The mean equipartition strength of the total magnetic field for a sample of 74 spiral galaBes)is
9uG [73,79] The total field strength ranges froBit) ~ 4uG, in radio faint galaxies like M31 and
M33 to (Biot) ~ 15uG in grand design spiral galaxies like M51, M83 and NGC 6p48. The strength
of the total field in the inner spiral arms of M51 is aboutu&g.

Synchrotron radiation is intrinsically highly linearly polarized, by 70-75% in a completely regular
magnetic field80]. The observable polarization is however reduced due to a number of reasons. First
the magnetic field usually has a tangled component which varies across the telescope beam (geometrica
depolarization); second due to Faraday depolarization in the intervening medium and third because some
part of the radio emission arises due to thermal continuum emission, rather than synchrotron emission. A
map of the polarized intensity and polarization angle then gives the strength and structure of the ordered
field, sayB in the plane of the sky. Note that polarization can also be produced by any random field,
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which is compressed or stretched in one dimension (i.e. an anisotropic field which incoherently reverses
its direction frequently}81,82] So, to make out if the field does really have large scale order one needs
also a map of Faraday rotation measures (RMs), as this will show large scale coherence only for ordered
fields. Such a map also probes the strength and direction of the average magnetic field along the line
of sight.

The large scale regular field in spiral galaxies (observed with a resolution of a few 100 pc) is ordered
over several kpc. The strength of this regular field is typically.buG, and up to~ 13uG in the
interarm region of NGC 6946, which has an exceptionally strong large scald8®&ldn our Galaxy
the large scale field inferred from the polarization observations is ahdbf giving a ratio of regular to
total field of about Bo)/(Btot) ~ 0.6—0.7 [84—86] However the value inferred from pulsar RM data is
(Bg) ~ 1.4+ 0.2uG [87-89] which is less than the above estimate. This may be understood if there is
anticorrelation between the electron densityand the total field [90].

In the context of dynamo theory it is of great interest to know the ratio of the regular to the random
component of the magnetic field in galaxies. This is not easy to determine, especially because of the
systematic biases that can arise in the magnetic field estirf@#@gsNevertheless, current estimates
suggest that the ratio of regular to random fields is typically 1 in interarm regionsaod l@ss in spiral
arms (R. Beck, private communicati¢@i,92).

2.4.2. Global structure of galactic fields

The global structure of the mean (or regular) magnetic field and that of the total field {mraaeiom)
are also of interest. The random field is almost always strongest within the spiral arms and thus follows
the distribution of cool gas and dust. The regular field is generally weak within spiral arms, except for rare
cases like M51 with strong density waves. Thus the total field is also strongest within the spiral arms where
the random field dominates. The strongest total and regular fields in M51 are located at the positions of
the prominent dust lanes on the inner edges of the optical spira[88&®l], as expected if it were due to
compression by density waves. However, the regular field also extends far into the interarm regions. The
regular field in M31 is nearly aligned with the spiral arms forming the bright ‘ring’ of emission seen in
this galaxy[95]. TheB vectors of the regular field in several other galaxies (M81, M83, NGC 1566) also
follow the optical spiral, though they are generaiffsetfrom the optical arms. A particularly spectacular
case is that of the galaxy NGC 69483,96} here the polarized emission (tracing the regular field) is
located in dominant magnetic spiral arms. These magnetic spiral arms are interlaced and anti-correlated
with the optical spiral structure. They have widths of about 500-1000 pc and regular fieldsfG.

The field in these arms is also ordered, as inferred from RM observd#idhsn Fig. 2.9we show 6 cm
radio observations of the galaxies M51 and NGC 6946, with superposed magnetic field vectors. One can
clearly see that the magnetic field is ordered over large scales.

As we remarked earlier, RM observations are absolutely crucial to distinguish between coherent and
incoherent fields. Coherence of RM on a large scale is indeed seen in a number of galaxies (for example,
M31 [95], NGC 6946[74], NGC 2997[97]). The galaxy M31 seems to have a 20 kpc sized torus of
emission, with the regular field nearly aligned with the spiral arms forming an emission ‘ring’, with an
average pitch angle of aboutl5® [95,98,99] Such a field can probably be produced only by a large
scale dynamao.

The structure of the regular field is described in dynamo models by modes of different azimuthal and
vertical symmetry; see Section 6.5.5. Again, Faraday rotation measure (RM) observations are crucial for
this purposd100]. The current data indicate a singly periodic azimuthal variation of RMs, suggesting
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Fig. 2.9. Left: M51in 6 cm, total intensity with magnetic field vectors. Right: NGC 6946 in 6 cm, polarized intensity with magnetic
field vectors. The physical extent of the images is approximately 28kpc for M51 (distance % Mpc) and 22« 22 kpc for
NGC 6946 (distance 7 Mpc). (VLA and Effelsberg. Courtesy R. Beck.)

a largely axisymmetric (ASSy = 0 symmetry) mean field structure in M328] and IC 342[101].
There is an indication of a bisymmetric spiral mode (B&Ss 1 symmetry) in M81[102]. The field in
M51 seems to be best described by a combination of ASS and BX$ The magnetic arms in NGC
6946 may be the result of a superposition of ASS and quadrisymmeteeZ) modeq73]. Indeed, in
most galaxies the data cannot be described by only a single mode, but require a superposition of several
modes which still cannot be resolved by the existing observations. It has also beefl0dietiat in
4 out of 5 galaxies, the radial component of the spiral field could be such that the field iparats.
This is remarkable in that the induction equation and the related nonlinearities do not distinguish between
solutionsB and —B. An exception is the Hall effect where the direction mat{é@5], but this idea has
not yet been applied to the field orientation in galaxies.

The vertical symmetry of the field is much more difficult to determine. The local field in our Galaxy
is oriented mainly parallel to the plane (¢14,77,88). This agrees well with the results from several
other external edge-on galaxi@d®6], where the observed magnetic fields are generally aligned along the
discs of the galaxies. Further, in our Galaxy the RMs of pulsars and extragalactic radio sources have the
same sign above and below the galactic midplane, for galactic longitudes betweando®70, while
toward the galactic center there is a claim that the RMs change sii®@{108] This may point toward
a vertically symmetric field in the Galaxy away from its central regions. Note that the determination of
magnetic field structure in the Galaxy from Faraday rotation can be complicated by local perturbations.
Taking into account such complications, and carrying out an analysis of the Faraday rotation measures
of extragalactic sources using wavelet transforms, one finds evidence that the horizontal components of
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the regular magnetic field have even parity throughout the Galaxy, that is the horizontal components are
similarly directed on both sides of the dig®9]. Note that a vertically symmetric field could arise from

a quadrupolar meridional structure of the field, while vertically antisymmetric fields could arise from a
dipolar structure. A vertically symmetric field also seems to be indicated from RM studies of the galaxy
M31[99].

The discovery of isolated nonthermal filaments throughout the inner few hundred parsecs of the galaxy
[110-112]with orientations largely perpendicular to the galactic plane were interpreted as evidence for
several milligauss level, space filling vertical fields in the central 200 pc of our gflay. However
a recent 20 cm survey which has found numerous linear filaments finds them to have a wide range of
orientations, which could complicate this simple pictlr£3,114] The observational situation needs to
be clarified. If indeed the presence of a dipolar field in the galactic center regions is confirmed this would
provide an important challenge for dynamo theory.

Although most edge-on galaxies have fields aligned along the disc, several galaxies (NGC 4631, NGC
4666 and M82) have also radio halos with a dominant vertical field compdngntMagnetic spurs in
these halos are connected to star forming regions in the disc. The field is probably dragged out by a strong,
inhomogeneous galactic wifti15,116]

Ordered magnetic fields with strengths similar to those in grand design spirals have also been detected
in flocculent galaxies (M3832], NGC 3521 and 5058117], NGC 4414[118]), and even in irregular
galaxies (NGC 4449119]). The mean degree of polarization is also similar between grand design and
flocculent galaxieg117]. Also, a grand design spiral pattern is observed in all the above flocculent
galaxies, implying that gaseous spiral arms are not an essential feature to obtain ordered fields.

There is little direct evidence on the nature of magnetic fields in elliptical galaxies, although magnetic
fields may well be ubiquitous in the hot ionized gas seen in these ga[d®i@k This may be due to the
paucity of relativistic electrons in these galaxies, which are needed to illuminate the magnetic fields by
generating synchrotron emission. Faraday rotation of the polarized emission from background objects
has been observed in a few cases. Particularly intriguing is the case of the gravitationally lensed twin
quasar 0957 561, where the two images have a differential Faraday rotation D0 rad nT2 [121].

One of the images passes through the central region of a possibly elliptical galaxy acting as the lens, and
so this may indicate that the gas in this elliptical galaxy has ordered magnetic fields. It is important to
search for more direct evidence for magnetic fields in elliptical galaxies.

2.5. Magnetic fields in clusters of galaxies

The most recent area of study of astrophysical magnetic fields is perhaps the magnetic fields of
clusters of galaxies. Galaxy clusters are the largest bound systems in the universe, having masses o
~ 10"-10M, and typical sizes of several Mpc. Observations of clusters in X-rays reveal that they
generally have an atmosphere of hot gas with temperalured.0’ to 10° K, extending over Mpc scales.

The baryonic mass of clusters is in fact dominated by this hot gas component. It has become clear in the
last decade or so that magnetic fields are also ubiquitous in clusters. Succinct reviews of the observational
data on cluster magnetic fields can be found in R&f&2,123] Here we gather some important facts that

are relevant in trying to understand the origin of these fields.

Evidence for magnetic fields in clusters again comes from mainly radio observations. Several clusters
display relatively smooth low surface brightness radio halos, attributed to synchrotron emission from
the cluster as a whole, rather than discrete radio sources. The first such halo to be discovered was tha
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associated with the Coma cluster (called ComgX2/]. Only recently have many more been found

in systematic searchg$25-128] These radio halos have typically sizes~of1 Mpc, steep spectral
indices, low surface brightness, low polarizatiors5@s), and are centered close to the center of the
X-ray emission. Total magnetic fields in cluster radio halos, estimated using minimum energy arguments
[129] range from QL to 1uG [130], the value for Coma being 0.4uG [131]. [The equipatrtition field

will depend on the assumed proton to electron energy ratio; for a ratio of 100, like in the local ISM, the
equipartition field will be larger by a facter 100?77 ~ 3.7 (R. Beck, private communication)].

Cluster magnetic fields can also be probed using Faraday rotation studies of both cluster radio galaxies
and also background radio sources seen through the cluster. High resolution RM studies have been
performed in several radio galaxies in both cooling flow clusters and noncooling flow clusters (although
the issue of the existence of cooling flows has become questionable). If one assumes a uniform field in
the cluster, then minimum magnetic fields of 5 toj@® are inferred in cooling flow clusters, whereas
it could be a factor of 2 lower in noncooling flow clust¢i®?2]. However, the observed RM is patchy
indicating magnetic field coherence scales of about 5-10 kpc in these clusters. If we use such coherence
lengths, then the estimated fields become larger. For example in the cooling flow cluster 3C295 the
estimated magnetic field strength~s12uG in the cluster cor§l32], whereas in the noncooling flow
cluster 3C129 the estimated field is abouitG[133]. In Hydra A, there is an intriguing trend for all
the RMs to the north of the nucleus to be positive and to the south to be ne[jadje Naively this
would indicate quite a large scale field (100 kpc) with strengtff uG [134], but it is unclear which
fraction is due to a cocoon surrounding the radio source (cf. [R88]). The more tangled fields in
the same cluster were inferred to have strengths-d80uG and coherence lengths 4 kpc [134].

More recently, a novel technique to analyze Faraday rotation maps has been developed, assuming tha
the magnetic fields are statistically isotropic. This technique has been applied to several galaxy clusters
[135,136] This analysis yields an estimate oG in Abell 2634, .G in Abell 400 and 12G in Hydra

A as conservative estimates of the field strengths, and field correlation lengtls®3.6 and 09 kpc,
respectively, for these three clusters. (For Hydra A, a recent re-analysis of the data using an improved RM
map and revised cluster parameters, has led to revised values of the central field of the clygteand7
correlation length of 3kpc, as well as a tentative determination of a Kolmogorov type magnetic power
spectrum137].)

There is always some doubt whether the RMs in cluster radio sources are produced due to Faraday
rotation intrinsic to the radio source, rather than due to the intervening intracluster medium. While this
is unlikely in most casefl22], perhaps more convincing evidence is the fact that studies of RMs of
background radio sources seen through clusters, also indicate sg@echlster magnetic fields. A very
interesting statistical study in this context is a recent VLA suifié®], where the RMs in and behind a
sample of 16 Abell clusters were determined. The RMs were plotted as a function of distance from the
cluster center and compared with a control sample of RMs from field sourceSigsée1Q This study
revealed a significant excess RM for sources within abduMpc of the cluster center. Using a simple
model, where the intracluster medium consists of cells of uniform size and field strength, but random
field orientations, Clarke et g139] estimate cluster magnetic fieldsof5 (//10 kpg /2 uG, wherel
is the coherence length of the field.

Cluster magnetic fields can also be probed by comparing the inverse Compton X-ray emission and the
synchrotron emission from the same region. Note that this ratio depends on the ratio of the background
radiation energy density (which in many cases would be dominated by the Cosmic microwave background)
to the magnetic field energy density. The main difficulty is in separating out the thermal X-ray emission.
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Fig. 2.10. Galaxy-corrected rotation measure plotted as a function of source impact parameter in kiloparsecs for the sample of
16 Abell clusters. The open points representdlustersources viewed through the thermal cluster gas while the closed points

are thecontrol sources at impact parameters beyond the cluster gas. Note the clear increase in the width of the RM distribution
toward smaller impact parameter. Adapted from Clarke ¢13B].

This separation can also be attempted using spatially resolved X-ray data. Indeed, an X-ray excess
(compared to that expected from a thermal atmosphere) was seen at the location of a diffuse radio relic
source in Abell 85140]. This was used in Re{140] to derive a magnetic field of.Q + 0.1uG for
this source.

Overall it appears that there is considerable evidence that galaxy clusters are magnetized with fields
ranging from a fewuG to several tens ofiG in some cluster centers, and with coherence scales of order
10 kpc. These fields, if not maintained by some mechanism, will evolve as decaying MHD turbulence,
and perhaps decay on the appropriate Alfvén time scale, whieHLi@ yr, much less than the age of the
cluster. We will have more to say on the possibility of dynamos in clusters in later sections toward the
end of the review.

3. The equations of magnetohydrodynamics

In stars and galaxies, and indeed in many other astrophysical settings, the gas is partially or fully ionized
and can carry electric currents that, in turn, produce magnetic fields. The associated Lorentz force exerted
on the ionized gas (also called plasma) can in general no longer be neglected in the momentum equation
for the gas. Magneto-hydrodynamics (MHD) is the study of the interaction of the magnetic field and the
plasma treated as a fluid. In MHD we combine Maxwell's equations of electrodynamics with the fluid
equations, including also the Lorentz forces due to electromagnetic fields. We first discuss Maxwell's
equations that characterize the evolution of the magnetic field.
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3.1. Maxwell's equations

In Gaussian cgs units, Maxwell’s equations can be written in the form

10B

S _=_-VxE V-B=0, (3.1)
c ot

10E 4

“E _vxB- ) V-E=dnp,, (3.2)
c ot c

whereB is the magnetic flux density (usually referred to as simply the magnetic field)the electric
field, J is the current density, is the speed of light, angl, is the charge density.

Althoughin astrophysics one uses mostly cgs units, in much of the work on dynamos the MHD equations
are written in ‘SI’ units, i.e. with magnetic permeability and without factors like #/c. (Nevertheless,
the magnetic field is still quoted often in gauss [G] and cgs units are used for density, lengths, etc.)
Maxwell's equations in Sl units are then written as

oB

— =-VxE, V-B=0, (3.3)
ot

1 0E

=V xB—ypupd, V- -E=pe/en, (3.4)
cs Ot

whereeg = 1/ (ugc?) is the permittivity of free space.
To ensure thav - B =0 is satisfied at all times it is often convenient to define vV x A and to replace
Eq. (3.3) by the ‘uncurled’ equation for the magnetic vector poterial,
0A
—=-E—-V¢, 3.5
= ¢ (35)
where ¢ is the scalar potential. Note that magnetic and electric fields are invariant under the gauge
transformation

A=A+VAa, (3.6)
Iy
¢ = 5 (3.7)

For numerical purposes it is often convenient to choose the gaugé ¢ dr, which implies that’ = 0.
Thus, instead of Eq. (3.5) one now solves the equatdrdr = —E. There are a few other gauge choices
that are numerically convenient (see, e.g., Section 8.1).

3.2. Resistive MHD and the induction equation

Using the standard Ohm’s law in a fixed frame of reference,

J=¢(E+UxB) , (3.8)
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wheres is the electric conductivity, and introducing the magnetic diffusiyity(ugs) 2, orn=c2/(4ns)
in cgs units, we can eliminatefrom Eq. (3.4), so we have

1 1090 1
T+ S-—-)E=—-(ZU-V B. 3.9
<n+62@t) (17 )x (3.9)

This formulation shows that the time derivative term (also called the Faraday displacement current)
can be neglected if the relevant time scale over which the electric field varies, exceeds the Faraday
time traraday= n/c?. Below we shall discuss that for ordinary Spitzer resistivitys proportional to
T-3/2 and varies between 10 and®@m?s-1 for temperatures betweeh = 10° and 7 = 10°K.
Thus, the displacement current can be neglected when the variation time scales are longer4hsn 10
(for T ~ 108K) and longer than 10's (for T ~ 10?K). For the applications discussed in this
review, this condition is always met, even for neutron stars where the time scales of variation can
be of the order of milliseconds, but the temperatures are very high as well. We can therefore safely
neglect the displacement current and elimingteso Eq. (3.4) can be replaced by Ampere’s law
J=V X B/,uo.

It is often convenient to considgdrsimply as a short hand for x B. This can be accomplished by
adopting units whergy = 1. We shall follow here this convection and shall therefore simply write

J=VxB. (3.10)

Occasionally we also state the full expressions for clarity.
Substituting Ohm’s law into the Faraday’s law of induction, and using Ampere’s law to elimipate
one can write a single evolution equation Byrwhich is called the induction equation:

oB
E:Vx(UxB—r]J). (3.11)

We now describe a simple physical picture for the conductivity in a plasma. The force due to an electric
field E accelerates electrons relative to the ions; but they cannot move freely due to friction with the
ionic fluid, caused by electron—ion collisions. They acquire a ‘terminal’ relative veldcitjth respect
to the ions, obtained by balancing the Lorentz force with friction. This velocity can also be estimated as
follows. Assume that electrons move freely for about an electron—ion collisionctjefter which their
velocity becomes again randomized. Electrons of chamged mass:, in free motion during the time
7,; acquire from the action of an electric fiefdan ordered speed ~ t.;¢E/m.. This corresponds to a
current densityl ~ en,V ~ (n.et.;/m)E and hence leads 0~ n.e?t,; /m..

The electron—ion collision time scale (which determiagsan also be estimated as follows. For a
strong collision between an electron and an ion one needs an impact paramétieh satisfies the
conditionZe?/b > m,v?. This gives a cross-section for strong scattering of =b2. Since the Coulomb
forceis along range force, the larger number of random weak scatterings add up to give an extra ‘Coulomb
logarithm’ correction to make; ~ n(Ze?/mv?)?In 4, where In4 is in the range between 5 and 20. The
corresponding mean free time between collisions is

~

1 (keD)¥Pm?

3.12
njogv nZe*n. In A ( )

Tei



22 A. Brandenburg, K. Subramanian / Physics Reports 417 (2005) 1-209

where we have used the fact thatv? ~ kg7 andZn; = n,. Hence we obtain the estimate

(ks T)¥?
m, “nZe“In A

where mostimportantly the dependence on the electron density has canceled out. A more exact calculation
can be found, for example, in Landau and Lifsiita1] (vol. 10; Eq. (44.11)) and gives an extra factor

of 4(2/7)*/? multiplying the above result. The above argument has ignored collisions between electrons
themselves, and treated the plasma as a ‘lorentzian plasma’. The inclusion of the effect of electron—electron
collisions further reduces the conductivity by a factor of abob8R forZ = 1to 1 forZ — oo; see the

book by Spitzef142], and Table 5.1 and Eqgs. (5)—(37) therein, and leads to a diffusivity, in cgs units, of

n = ¢?/(4no) given by

B T \"%2/Ina o 4
"_104<10TK> (2—0> cm?s L. (3.14)

As noted above, the resistivity is independent of density, and is also inversely proportional to the tem-
perature (larger temperatures implying larger mean free time between collisions, larger conductivity and
hence smaller resistivity).

The corresponding expression for the kinematic viscosity/quite different. Simple kinetic theory
arguments give ~ wvil;, wherel; is the mean free path of the particles which dominate the momentum
transport and; is their random velocity. For a fully ionized gas the ions dominate the momentum transport,
and their mean free path ~ (n;o;)"L, with the cross-section;, is determined again by the ion—ion
‘Coulomb’ interaction. From a reasoning very similar to the above for electron—ion collisions, we have
oi ~ n(Z%e?/kgT)?In A, where we have used;v? ~ kgT. Substituting for and;, this then gives

(kgT)>/?
nimil/znZ“e4 InA

(3.15)

More accurate evaluation using the Landau collision integral gives a faegtdoOa hydrogen plasma,
instead of Y= in the above expression (see the end of Section 43 in vol. 10 of Landau and Ljif<Hify
This gives numerically

T \"?, n; \-1/Ina\?!
=6.5 x 107 —— — — ) com?st, 3.16
e (106K> (cm—3> (20) (3.16)
so the magnetic Prandtl number is
v T \* p “L/na\?
Pn=-=11x10"* : 3.17
™y 8 (106K) (O.lgcm—3> (20) 317

Thus, in the sun and other stafs ¢ 10°K, p ~ 0.1 gcn3) the magnetic Prandtl number is much less
than unity. Applied to the galaxy, usirfj= 10K andp = 10-2*gcm2, In 4 ~ 10, this formula gives

Pm =4 x 10, The reasorPy, is so large in galaxies is mostly because of the very long mean free path
caused by the low densifiL43]. For galaxy clusters, the temperature of the gas is even larger and the
density smaller, making the medium much more viscous and having even Rysger
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Table 1

Summary of some important parameters in various astrophysical settings. The values given should be understood as rough
indications only. In particular, the applicability of Eq. (3.17) is questionable in some cases and has therefore not been used for
protostellar discs (see text). We have assumetl4n20 in computingRm and Pm. CZ means convection zone, CV discs and

similar refer to cataclysmic variables and discs around other compact objects such as black holes and neutron stars. AGNs are
active galactic nuclei. Numbers in parenthesis indicate significant uncertainty due to other effects

TIK] p lgem=3) Pm urms [cms™1] L [cm] Rm
Solar CZ (upper part) 10 10-6 10~7 108 108 108
Solar CZ (lower part) 19 1071 10~4 104 1010 10°
Protostellar discs 10 10-10 10-8 10° 10t2 10
CV discs and similar 1% 1077 10-6 10° 107 10%
AGN discs 16 1075 10* 10° 10° 1011
Galaxy 1d 10724 (10t 108 1020 (1018
Galaxy clusters 1% 1026 (10%9) 108 1023 (10%9)

In protostellar discs, on the other hand, the gas is mostly neutral with low temperatures. In this case, the
electrical conductivity is given by = n.e?t,, /m., wherez,, is the rate of collisions between electrons
and neutral particles. The associated resistivity is 234x; 17Y/2cm?s~%, wherex, = n./n, is the
ionization fraction and,, is the number density of neutral particldgl4]. The ionization fraction at the
ionization—recombination equilibrium is approximately givenby: ({/ fn,)*?, where! is the ionization
rate andg = 3 x 10°87-2cm3s1 is the dissociative recombination rdfet5,146] For a density of
p=10"19gcm~3, and a mean molecular weighB3m , [144], we haver, = 2.6 x 103 cm~3. Adopting
for ¢ the cosmic ray ionizing rate~ 10~17s~1, which is not drastically attenuated by the dense gas in
the disk, and a disc temperatufe= 103 K, we estimater, ~ 2 x 1012, and hence ~ 4 x 10*°cm?s 1.

In Table 1we summarize typical values of temperature and density in different astrophysical settings
and calculate the corresponding value®g@f Here we also give rough estimates of typical rms velocities,
urms, and eddy scaleg, which allow us to calculate the magnetic Reynolds number as

Rm = urms/ (nks) , (3.18)

wherek; = 2z/L. This number characterizes the relative importance of magnetic induction relative to
magnetic diffusion. A similar number is the fluid Reynolds numbesRag,/ Pm, which characterizes the
relative importance of inertial forces to viscous forces. (We emphasize that in the above table, Reynolds
numbers are defined based on the inverse wavenumber; our values may therefdimbs 8maller than

those by other authors. The present definition is a natural one in simulations where one forces power at
a particular wavenumber arouikg)

3.3. Stretching, flux freezing and diffusion

TheU x B term in Eq. (3.11) is usually referred to as the induction term. To clarify its role we rewrite
its curl as
Vx(UxB)=—U-VB+B-VU - BV-U |, (3.19)

advection stretching compression
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Fig. 3.1. The surfac8enclosed by the cuné is carried by fluid motion to the surfac® after a time d. The flux through this
surfaced is frozen into the fluid for a perfectly conducting fluid.

where we have used the fact that B = 0. As a simple example, we consider the effect of a linear shear
flow, U = (0, Sx, 0) on the initial fieldB = (Bg, 0, 0). The solution isB = (1, St, 0) B, i.e. the field
component in the direction of the flow grows linearly in time.

The net induction term more generally implies that the magnetic flux through a surface moving with
the fluid remains constant in the high-conductivity limit. Consider a surSd®unded by a curv€,
moving with the fluid, as shown iRig. 3.1 Suppose we define the magnetic flux through this surface,
&= fS B - dS. Then after a time dthe change in flux is given by

A(I):/ B(t+dt)~dS—/B(t)-dS. (3.20)
4 S

Applying [ v -BdV =0 at timer + dr, to the ‘tube™like volume swept up by the moving surfege
shown inFig. 3.1 we also have

/ B(t+dt)~dS=/B(t +dr) - dS — f B(r +dr) - (dl x Udr) (3.21)
Y N c

whereC is the curve bounding the surfaSeand d is the line element alon@. (In the last term, to linear
order in d, it does not matter whether we take the integral over the cGree C’.) Using the above
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condition in Eqg. (3.20), we obtain

AD = /[B(; +dr) —B(n)] - dS— f B(t +dr) - (di x U)dr . (3.22)
S C
Taking the limit of ¢ — 0, and noting thaB - (dl x U) = (U x B) - dI, we have
do
— = — .dS— UxB)-d= \Y% J)-ds. 3.23
= /Sat f(x) /S(Xn) (3.23)

In the second equality we have usgd(U x B) - di = [, V x (U x B) - dS together with the induction
equation (3.11). One can see that, when 0, do/dr — 0 and so® is constant.

Now suppose we consider a small segment of a thin flux tube of Idraytld cross-sectioA, in a
highly conducting fluid. Then, as the fluid moves about, conservation of flux imBheis constant,
and conservation of mass impligd!/ is constant, wherg is the local density. S® « pl. For a nearly
incompressible fluid, or a flow with small changegjmne will obtainB « [. Any shearing motion which
increase$ will also amplify B; an increase ihleading to a decrease M(because of incompressibility)
and hence an increaseBr(due to flux freezing). This effect, also obtained in our discussion of stretching
above, will play a crucial role in all scenarios involving dynamo generation of magnetic fields.

The concept of flux freezing can also be derived from the elegant Cauchy solution of the induction
equation with zero diffusion. This solution is of use in several contexts and so we describe it briefly below.
In the case; = 0, thev x (U x B) term in Eq. (3.11) can be expanded to give

DB
— =B-VU—-B(V-U), (3.24)
Dt
where YDt =0/0r + U - V is the lagrangian derivative. If we eliminate thieU term using the continuity
equation for the fluid,

op

> = —V - (pU) , (3.25)

wherep is the fluid density, then we can write

D /B\ B
—|—-)=—-VU. 3.26
Dt(ﬂ) p (3.26)

Suppose we describe the evolution of a fluid element by giving its trajectotgx@s), wherexg is its
location at an initial timeg. Consider further the evolution of two infinitesimally separated fluid elements,
A andB, which, at an initial timer = rg, are located atg andxg + dxg, respectively. The subsequent
location of these fluid elements will be, say, = x(xg, t) andxg = x(xg + X, t) and their separation is

XB — X4 = 0X(Xo, ). Since the velocity of the fluid particles will b#(x4) andU(x4) + éx - VU, after a
time d¢, the separation of the two fluid particles will changesbyx - VU. The separation vector therefore
evolves as

Dox

— =6x-VU, 3.27
oy = % (3.27)
which is an evolution equation identical to that satisfiedBjy. So, if initially, at timer = ¢, the fluid

particles were on a given magnetic field line WiBY p) (xo, o) = codx(tg) = codxo, Wherecq is a constant,
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then for all times we will hav@/p = coox. In other words, ‘if two infinitesimally close fluid particles are

on the same line of force at any time, then they will always be on the same line of force, and the value of
B/p will be proportional to the distance between the particles’ (Section 65 in[R&f]). Further, since
0x;(xo, t) = G;j;oxo;, whereG;; = 0x; /dxg;, we can also write

Gij (X0, 1)
detG

where we have used the fact thak, 7)/p(xo., f0) = (detG)~. We will use this Cauchy solution in
Appendix B.1.

Bi(x,t) = pCOOX; = BOj (xo0) , (328)

3.4. Magnetic helicity

Magnetic helicity plays an important role in dynamo theory. We therefore give here a brief account of
its properties. Magnetic helicity is the volume integral

H=/ A BdV (3.29)
1%

over a closed or periodic volumé By a closed volume we mean one in which the magnetic field lines
are fully contained, so the field has no component normal to the boundas/, ne= 0. The volumeV
could also be an unbounded volume with the fields falling off sufficiently rapidly at spatial infinity. In
these particular cased,is invariant under the gauge transformation (3.6), because

H’:/A’-B’dV:H-l—/VA-BdV:H+7§ AB-AdS=H , (3.30)
\% \4 ov

wheren is the normal pointing out of the closed surfédé. Here we have made use vf B = 0.

Magnetic helicity has a simple topological interpretation in terms of the linkage and twist of isolated
(nonoverlapping) flux tubes. For example consider the magnetic helicity for an interlocked, but untwisted,
pair of thin flux tubes as shown fig. 3.2 with #1 and®, being the fluxes in the tubes arouad and
C, respectively. For this configuration of flux tub&sxi®x can be replaced by dl on C1 and®, dl on
C». The net helicity is then given by the sum

H:@]_% A-d|+q§2f A-dl =201, (3.31)
C1 C2

where we have used Stokes theorem to transform

%A'Cﬂ:/‘ B-dS= ¢y, %A-C“:/ B-dS= a1 . (3.32)
C1 S(Cr) C2 S(C2)

For a general pair of nonoverlapping thin flux tubes, the helicity is giveH By +2¢1 ®,; the sign ofH
depending on the relative orientation of the two tufet8].

The evolution equation foH can be derived from Faraday’s law and its uncurled versionAfor
Eq. (3.5), so we have

%(A.B):(—E+V¢)-B+A-(—VXE>
= —2E-B+V-(¢B+AXE). (3.33)
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C,

s
®

Fig. 3.2. Two flux tubes with fluxe@1 and®, are linked in such a way that they have a helidity= +2®1 @». Interchanging
the direction of the field in one of the two rings changes the sigf. of

Integrating this over the volumé the magnetic helicity satisfies the evolution equation

aH _ /E-BdV+ (A x E+ ¢B)-hdS=—24C , (3.34)
dr v ov
whereC = [, J- BdV is the current helicity. Here we have used Ohm’s laws —U x B + »J, in the
volume integral and we have assumed that the surface integral vanishes for closed domaing, If the
factor were included, this equation would reald lr = —2uC.

Inthe nonresistive casg=0, the magnetic helicity is conserved, i.é1 ¢dr =0. However, this does not
guarantee conservation idfin the limity — 0, because the current helicity,J - BdV, may in principle
still become large. For example, the Ohmic dissipation rate of magnetic efergy = [ nJ2dV can
be finite and balance magnetic energy input by motions, even wher0. This is because small enough
scales develop in the field (current sheets) where the current density increases with degesasifgl/2
asn — 0, whilst the rms magnetic field strengtB;ms, remains essentially independentiofEven in
this case, however, the rate of magnetic helicity dissipadiecreasesvith », with an upper bound to
the dissipation ratec nt/2 — 0, asy — 0. Thus, under many astrophysical conditions whekgis
large ¢ small), the magnetic heliciti, is almost independent of time, even when the magnetic energy
is dissipated at finite ratés.This robust conservation of magnetic helicity is an important constraint on

1 peculiar counter examples can however be constrjtf]. As an example, take a nonhelical large scale field together
with a small scale helical field. Obviously, the small scale component will decay faster, and so the magnetic helicity can decay
faster than magnetic energy. However, in the generic case where magnetic helicity is distributed over all scales, the magnetic
energy will always decay faster than the magnetic helicity.
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the nonlinear evolution of dynamos and will play a crucial role below in determining how large scale
turbulent dynamos saturate. Indeed, it is also at the heart of Taylor relaxation in laboratory plasmas,
where an initially unstable plasma relaxes to a stable ‘force-free’ state, dissipating energy, while nearly
conserving magnetic helicify149].

We also note the very important fact that the fluid velocity completely drops out from the helicity
evolution equation (3.34), sin€® x B) - B=0. Therefore, any change in the nature of the fluid velocity,
for example due to turbulence (turbulent diffusion), the Hall effect, or ambipolar drift (see below), does
not affect magnetic helicity conservation. We will discuss in more detail the concept of turbulent diffusion
in a later section, and its role in dissipating the mean magnetic field. However, such turbulent magnetic
diffusion doesnot dissipate the net magnetic helicity. This property is crucial for understanding why,
in spite of the destructive properties of turbulence, large scale spatio-temporal coherence can emerge if
there is helicity in the system.

For open volumes, or volumes with boundaries through wBich # 0, the magnetic helicityd, as
defined by Eq. (3.29), is no longer gauge-invariant. One can define a gauge-invariant relative magnetic
helicity [150-152]

Hyel = f A+A™ . (B-B"HdV, (3.35)
%4

whereB'®f = v x A s a reference magnetic field that is taken to be the potential field solution (where
B¢ = v is the gradient of a potential, so there is no current), with the boundary condition

Ai-B®=h.B, (3.36)

i.e. the two fields have the same normal components. The qudifititys gauge-invariant, because in
Eq. (3.30) the ternfi - B is replaced by - (B — B'®"), which vanishes on the boundaries.

The evolution equation of the relative magnetic helicity is simplified by adopting a specific gauge for
A" with

V. Aref — o’ AI’Ef . ﬁ|aV — 0 . (337)

We point out, however, that this restriction can in principle be relaxed. When the gauge (3.37) is used for
the reference field, the relative magnetic helicity satisfies the evolution equation

dHrel
dr

where & = i dS is the surface element. The surface integral covers theldledsurface around the
volumeV. In the case of the sun the magnetic helicity fluxes from the northern and southern hemispheres
are expected to be about equally big and of opposite sign, so they would cancel approximately to zero. One
is therefore usually interested in the magnetic helicity flux out of the northern or southern hemispheres,
but this means that it is necessary to include the contribution of the equator to the surface integral in
Eqg. (3.38). This contribution can easily be calculated for data from numerical simulations, but in the case
of the sun the contribution from the equatorial surface is not observed.

We should point out that it is also possible to define magnetic helicity as linkages of flux analogous to
the Gauss linking formula for linkages of curves. We have recently used this approach to formulate the
concept of a gauge invariant magnetic helicity density in the case of random fields, whose correlation
length is much smaller than the system diize4].

=-29C —2¢ (ExA®).ds, (3.38)
ov
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We have emphasized earlier in this section that no net magnetic helicity can be produced by any kind
of velocity. However, this is not true of the magnetic helicity flux which is affected by the velocity via the
electric field. This can be important if there is differential rotation or shear which can lead to a separation
of magnetic helicity in space. A somewhat related mechanism is the alpha effect (Section 6) which can
lead to a separation of magnetic helicity in wavenumber space. Both processes are important in the sun
or the galaxy.

3.5. The momentum equation

Finally we come to the momentum equation, which is just the ordinary Navier—Stokes equation in fluid
dynamics supplemented by the Lorentz forte, B, i.e.

Du
PE=—VP+JXB+f+FVisc, (339)

whereU is the ordinary bulk velocity of the gasis the densityp is the pressureyisc is the viscous force,

andf subsumes all other body forces acting on the gas, including gravity and, in a rotating system also the

Coriolis and centrifugal forces. (We use an upper ¢hdeecause later on we shall use a lower cafs

the fluctuating component of the velocity.) Eqg. (3.39) has to be supplemented by the continuity equation,
% =—-V-(pU), (3.40)
ot

an equation of statey = p(p, ), an energy equation for the internal eneeggnd an evolution equation

for the magnetic field.

An important quantity is the adiabatic sound spegddefined a3§ = (0p/dp),, evaluated at constant
entropys. For a perfect gas with constant ratiomf specific heatsy(= 5/3 for a monotomic gas) we
havecg =yp/p. When the flow speed is much smaller than the sound speed, i.e. when the average Mach
number Ma= (U%/c2)1/2 is much smaller than unity and if, in addition, the density is approximately
uniform, i.e.p & pg = const, the assumption of incompressibility can be made. In that case, Eq. (3.25)
can bereplacedby V - U = 0, and the momentum equation then simplifies to

DU 1 Vo4 JxB
PR — p
Dt Po Po

whereyv is the kinematic viscosity anfds now an external body force per unit mass. The r&o=v/y
is the magnetic Prandtl number; see Eq. (3.17).

The assumption of incompressibility is a great simplification that is useful for many analytic consid-
erations, but for numerical solutions this restriction is often not necessary. As long as the Mach number
is small, say below 0.3, the weakly compressible case is believed to be equivalent to the incompressible
case[155].

+f4+vW2U, (3.41)

3.6. Kinetic helicity evolution

We introduce the vorticity’ = V x U, and define the kinetic helicity a8 = [W - UdV. Using
Eq. (3.41), and ignoring the magnetic fieklpbeys the evolution equation

C;_’jzsz.fdv—zv/w-qdv, (3.42)
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whereQ = V x W is the curl of the vorticity. Note that in the absence of forcihg; 0, and without
viscosity,v = 0, the kinetic helicity is conserved, i.e.

dr .

e 0 (f v=0andf=0). (3.43)
On the other hand, in tHemit v — 0 (which is different from the case= 0) the rate of kinetic helicity
production will not converge to zero with decreasing values dhis is a major difference to magnetic
helicity conservation, where the rate of helicity production converges to zero at low resistivity. Ignoring
compressibility effects, i.ea = const, this follows by assuming that both kinetic ene%ﬁu2 dv, and
the rate of kinetic energy dissipations= v [ W2 dV, are independent of Therefore, both the magnitude
of the vorticity, W/, and the typical wavenumbéy associated withw| ~ k,|U| scale likek, ~ v—1/2,
Thus,|Q| ~ ky,|W| ~ v, sov\W- Q| ~ v~¥2 and hence
'dF

n 12 5 (forv— 0). (3.44)

~Vy

For comparison (as we pointed out earlier), in the magnetic case, the current density also diverges
like 13| ~ =2, but the rate of magnetic helicity production is only proportional t&, andyJ - B

~ytY2 50, s0

dH | L1/
o |~ =0 (forn—0). (3.45)

It is worth emphasizing again that it is for this reason that the magnetic helicity is such an important
quantity in magnetohydrodynamics.

3.7. Energy and helicity spectra

Magnetic energy and helicity spectra are usually calculated as

1

M == / B - Bik?dey , (3.46)
2 Jk-shell
1

Hy = —/ (A% - B + Ax - B)K2 doy (3.47)
2 Jk-shell

where dX is the solid angle element in Fourier spa@ge=ik x A is the Fourier transform of the magnetic
field, andA is the Fourier transform of the vectors potential. These spectra are normalized such that

/OOdek:(A-B)VEH, (3.48)
0

f Mydk = (3B)V =M, (3.49)
0

whereH andM are magnetic helicity and magnetic energy, respectively, and angular brackets denote
volume averages.
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There is a conceptual advanta@é in working with the real space Fourier filtered magnetic vector
potential and magnetic fieldy andBy, whereB;, = V x A, and the subscrigt (which is now a scalar!)
indicates Fourier filtering to keep only those waveveckadisat lie in the shell

k — 0k/2<|k| <k + 5k/2 (k-shell . (3.50)
Magnetic energy and helicity spectra can then be written as

My = 3BV /ok (3.51)

Hy = (A - By)V/ok | (3.52)

where angular brackets denote averages over all space. We recall that, for a periodic Hasgauge
invariant. Since its spectrum can be written as an integral over all space, see Eq. k3.%2)like
H—also gauge invariant.

Itis convenient to decompose the Fourier transformed magnetic vector potgptiatp a longitudinal
componenth!, and eigenfunctionis® of the curl operator. Especially in the context of spherical domains
these eigenfunctions are also called Chandrasekhar—Kendall funjd&@jswhile in cartesian domains
they are usually referred to as Beltrami waves. This decomposition has been used in studies of turbulence
[157], in magnetohydrodynami¢458], and in dynamo theorfi59]. Using this decomposition we can
write the Fourier transformed magnetic vector potential as

A = ai b + aghy +aphl (3.53)
with

ik x hif =+khE, k=K, (3.54)
and

oty = hy =l el =1, (3.55)

where asterisks denote the complex conjugate, and angular brackets denote, as usual, volume average
The longitudinal parblﬂh,'(' is parallel tok and vanishes after taking the curl to calculate the magnetic
field. In the Coulomb gaugé/ - A = 0, the longitudinal component vanishes altogether.

The (complex) coeﬁicientaki(t) depend ork andt, while the eigenfunctionsi, which form an
orthonormal set, depend only &rand are given by

ko L kxkxeFikkxe (3.56)

V2 k2,/1— (k- e)?/k2

wheree is an arbitrary unit vector that is not parallel ko With these preparations we can write the
magnetic helicity and energy spectra in the form

He =k(la 1> = lag )V, (3.57)

My = 3k*(laf 12 + lag 1PV, (3.58)
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whereVis the volume of integration. (Here again the fa(;t@} isignored in the definition of the magnetic
energy.) From Egs. (3.57) and (3.58) one sees immediatel{1t4h&t159]

Sk|He| < My, (3.59)

which is also known as thealizability condition A fully helical field has thereforés;, = ﬂ:%ka.
For further reference we now define power spectra of those components of the field that are either right
or left handed, i.e.

HF = tklaf 12V, ME=3k%at 1Py . (3.60)

Thus, we haved, = H;' + H_ andM, = M;' + M . Note thatH;" and M;" can be calculated without
explicit decomposition into right and left handed field components using

HE = 5(Hy £ 2k My), M = 3(My + 3kH)) (3.61)

This method is significantly simpler than invoking explicitly the decomposition in termgbf
In Section 8.3 plots oM;" will be shown and discussed in connection with turbulence simulations.
Here the turbulence is driven with a helical forcing function proportiona[j“tpsee Eqg. (3.56).

3.8. Departures from the one-fluid approximation

In many astrophysical settings the typical length scales are so large that the usual estimates for the
turbulent diffusion of magnetic fields, by far exceed the ordinary Spitzer resistivity. Nevertheless, the
net magnetic helicity evolution, as we discussed above, is sensitive to the microscopic resistivity and
independent of any turbulent contributions. It is therefore important to discuss in detail the foundations of
Spitzer resistivity and to consider more general cases such as the two-fluid and even three-fluid models.
In some cases these generalizations lead to important effects of their own, for example the battery effect.

3.8.1. Two-fluid approximation

The simplest generalization of the one-fluid model is to consider the electrons and ions as separate
fluids which are interacting with each other through collisions. This two-fluid model is also essential for
deriving the general form of Ohm’s law and for describing battery effects, that generate fields ab-initio
from zero initial field. We therefore briefly consider it below.

For simplicity assume that the ions have one charge, and in fact they are just protons. That is the plasma
is purely ionized hydrogen. It is straightforward to generalize these considerations to several species of
ions. The corresponding set of fluid equations, incorporating the nonideal properties of the fluids and
the anisotropy induced by the presence of a magnetic field, is worked out and summarized by Braginsky
[160]. For our purpose it suffices to follow the simple treatment of Sp[ti42], where we take the stress
tensor to be just isotropic pressure, leaving out nonideal terms, and also adopt a simple form for the
collision term between electrons and protons. The equations of motion for the electron and proton fluids
may then be written as

D \4 e —
e _ pe—i(EJruexB)—Vqsg——(u u”), (3.62)

Dt NeMe My Tei
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D;u; Vpi e
e R +— (E+U; X B) — Vo, +
Dt n;m; m; € m;n; Tei

Mmene (Ue — U;)

(3.63)

HereD;u;/Dt=0u;/dt +uj; - Vu; and we have included the forces due to the pressure gradient, gravity,
electromagnetic fields and electron—proton collisions. Furthern ;, u ;, p; are respectively the mass,
number density, velocity, and the partial pressure of electrgns ¢) and protons [ = i), ¢, is the
gravitational potential, angl; is thee—i collision time scale. One can also write down a similar equation
for the neutral componemt Adding thee, i andn equations we can recover the standard MHD Euler
equation.

More interesting in the present context is the difference between the electron and proton fluid equations.
Using the approximatiom,/m; <1, this gives the generalized Ohms law; see the book by Spit4at,
and Egs. (2)—(12) therein,

\Y% J 1 me 0 (J
E+u xB=— p€+—+—JxB+—;—<—>, (3.64)
en, o en, es 0t \ n,
whereJ = (en;u; — en,u,) is the current density and
2_ .
g — € Te (3.65)
Me

is the electrical conductivity. [z, # n;, additional terms arise on the RHS of (3.64) witin (3.64)
replaced by-eu; (n, — n;). These terms can usually be neglected singe- n;)/n. <1. Also negligible
are the effects of nonlinear termsu?2.]

The first term on the RHS of Eq. (3.64), representing the effects of the electron pressure gradient, is the
‘Biermann battery’ term. It provides the source term for the thermally generated electromagnetic fields
[161,162] If Vp./en, can be written as the gradient of some scalar function, then only an electrostatic
field is induced by the pressure gradient. On the other hand, if this term has a curl then a magnetic field
can grow. The next two terms on the RHS of Eq. (3.64) are the usual Ohmid teramd the Hall electric
field J x B/(n.e), which arises due to a nonvanishing Lorentz force. Its ratio to the Ohmic term is of
orderw,.t.;, wherew, = eB/m, is the electron gyrofrequency. The last term on the RHS is the inertial
term, which can be neglected if the macroscopic time scales are large compared to the plasma oscillation
periods.

Note that the extra component of the electric field introduced by the Hall term is perpendicBlar to
and so it does not alt& - B on the RHS of the helicity conservation equation (3.34). Therefore the Hall
electric field does not alter the volume dissipation/generation of helicity. The battery term however can
in principle contribute to helicity dissipation/generation, but this contribution is generally expected to be
small. To see this, rewrite this contribution to helicity generation(d&k/dt) g, Usingp, =n.kgT,, as

V e e
(dH> :2/ 4 -dez—zfln” B.V(kgT,)dV , (3.66)
Batt

dr en, e

wherekg is the Boltzmann constant, and the integration is assumed to extend over a closed or periodic
domain, so there are no surface tefm¥Ve see from Eq. (3.66) that generation/dissipation of helicity

2 Note thatn, in the above equation can be divided by an arbitrary constant densityp $aynake the argument of the log
term dimensionless since, on integrating by paftsy(10)B - V(kg7.) dV = 0.
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can occur only if there are temperature gradients parallel to the magnetifl6a&d165] Such parallel
gradients are in general very small due to fast electron flow along field lines. We will see below that the
battery effect can provide a small but finite seed field; this can also be accompanied by the generation of
a small but finite magnetic helicity.
From the generalized Ohm’s law one can formally solve for the current components parallel and
perpendicular t@ (cf. the book by Mestdl166]). Defining an ‘equivalent electric field’
E/=Q+J><B’ (3.67)

o en,

one can rewrite the generalized Ohms lawl&6]

, BxFE
J=0E| +a1E| + o2 T (3.68)
where
o1 d (@etei)a (3.69)

- 77 0-2 L — -
1+ (a)efei)z 1+ ((Uefei)z

The conductivity becomes increasingly anisotropiesag,; increases. Assuming numerical values ap-
propriate to the galactic interstellar medium, say, we have

B T \¥2, n, \-1/Ina\7?!
were,’~4><105<1HG> <1O4K) <71CW3) <20) . (3.70)

The Hall effect and the anisotropy in conductivity are therefore important in the galactic interstellar
medium and in the cluster gas with high temperatifes 10°K and low densities;, ~ 102cm—3.
Of course, in absolute terms, neither the resistivity nor the Hall field are important in these systems,
compared to the inductive electric field or turbulent diffusion. For the solar convection zone with
ne ~ 10*®-1073cm=3, w,t.; <1, even for fairly strong magnetic fields. On the other hand, in neutron
stars, the presence of strong magnetic fiélds 10'3G, could make the Hall term important, especially
in their outer regions, where there are also strong density gradients. The Hall effect in neutron stars can
lead to magnetic fields undergoing a turbulent cas¢B@l€]. It can also lead to a nonlinear steepening of
field gradient$168] for purely toroidal fields, and hence to enhanced magnetic field dissipation. However,
even a small poloidal field can slow down this decay considefabi)]. In protostellar discs, the ratio of
the Hall term to microscopic diffusion is wete, ~ (8 x 107 /n,)Y?(va/cs), whereva andcs are the
Alfvén and sound speeds respectiviliy4,146,170] The Hall effect proves to be important in deciding
the nature of the magnetorotational instability in these discs.

A strong magnetic field also suppresses other transport phenomena like the viscosity and thermal
conduction perpendicular to the field. These effects are again likely to be important in rarefied and hot
plasmas such as in galaxy clusters.

3.8.2. The effect of ambipolar drift

In a partially ionized medium the magnetic field evolution is governed by the induction equation (3.11),
but withU replaced by the velocity of the ionic component of the flujdThe ions experience the Lorentz
force due to the magnetic field. This will cause them to drift with respect to the neutral component of the
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fluid. If the ion-neutral collisions are sufficiently frequent, one can assume that the Lorentz force on the
ions is balanced by their friction with the neutrals. Under this approximation, the Euler equation for the
ions reduces to

pivin(U; —u,) =J x B (strong coupling approximation (3.71)

wherep; is the mass density of ions;, the ion-neutral collision frequency ang the velocity of the
neutral particles. For gas with nearly primordial composition and temperatut&*K, one gets the
estimate[240] of p;vin = nip, (oV)esr, With (ov)e ~ 4 x 1079cm®s1, in cgs units. Herey; is the
number density of ions ang, the mass density of neutrals.

In a weakly ionized gas, the bulk velocity is dominated by the neutrals, and (3.71) substituted into the
induction equation (3.11) then leads to a modified induction equation,

oB
a—f:Vx[(U#—aJxB)xB—nJ] , (3.72)

wherea = (pivm)‘l. The modification is therefore an addition of an extra drift velocity, proportional to
the Lorentz force. One usually refers to this drift velocity as ambipolar drift (and sometimes as ambipolar
diffusion) in the astrophysical community (cf. Ref$66,171,172for a more detailed discussion).

We note that the extra component of the electric field introduced by the ambipolar drift is perpendicular
to B and so, just like the Hall term, does not alkerB on the RHS of the helicity conservation equation
(3.34); so ambipolar drift—like the Hall effect—does not alter the volume dissipation/generation of
helicity. (In fact, even in the presence of neutrals, the magnetic field is still directly governed by only
the electron fluid velocity, which does not alter the volume dissipation/generation of helicity.) Due to
this feature, ambipolar drift provides a very useful toy model for the study of the nonlinear evolution
of the mean field. Below, in Sections 5.3 and 8.10, we will study a closure model that exploits this
feature.

Ambipolar drift can also be important in the magnetic field evolution in protostars, and also in the
neutral component of the galactic gas. In the classical (nonturbulent) picture of star formation, ambipolar
diffusion regulates a slow infall of the gas, which was originally magnetically supp[ré&&]; see also
Chapter 11. In the galactic context, ambipolar diffusion can lead to the development of sharp fronts
near nulls of the magnetic field. This, in turn, can affect the rate of destruction/reconnection of the field
[173-175]

3.9. The Biermann battery

Note thatB = 0 is a perfectly valid solution of the induction equation (3.11), so no magnetic field
would be generated if one were to start with zero magnetic field. The universe probably did not start with
an initial magnetic field. One therefore needs some way of violating the induction equation to produce
a cosmic battery effect, and to drive currents from a state with initially no current. There are a number
of such battery mechanisms which have been sugggk®etb1,162,176 181]. Almost all of them lead
to only weak fields, much weaker than the observed fields. Therefore, dynamo action due to a velocity
field acting to exponentiate small seed fields efficiently, is needed to explain observed field strengths. We
briefly comment on one cosmic battery, the Biermann battery.

The basic problem any battery has to address is how to produce finite currents from zero currents? Most
astrophysical mechanisms use the fact that positively and negatively charged particles in a charge-neutral
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universe, do not have identical properties. For example if one considered a gas of ionized hydrogen, then
the electrons have a much smaller mass compared to protons. This means that for a given pressure gradier
of the gas the electrons tend to be accelerated much more than the ions. This leads in general to an electric
field, which couples back positive and negative charges. This is exactly the thermally generated field we
found in deriving the generalized Ohm'’s law.
Taking the curl of Eq. (3.64), using Maxwell's equations (Faraday’s and Ampere’s law), and writing

pe = n.kgT, wherekg is the Boltzmann constant, we obtain

0B ckg Vn,

—=VxUxB)—VxnJ——

x VT . (3.73)
ot e ne

Here we have taken the velocity of the ionic component to be also nearly the bulk velocity in a completely
ionized fluid, so we put; = U. We have neglected the Hall effect and inertial effects as they are generally
very small for the fields one generates.

We see that over and above the usual flux freezing and diffusion terms we baueca ternfor the
magnetic field evolution, even if the initial field were zero. This source term is nonzero if and only if
the density and temperature gradiems, andVT, are not parallel to each other. The resulting battery
effect, known as the Biermann battery, was first proposed as a mechanism for the thermal generation of
stellar magnetic fieldgl61,162]

In the cosmological context, the Biermann battery can also lead to the thermal generation of seed fields
in cosmic ionization front§l77]. These ionization fronts are produced when the first ultraviolet photon
sources, like quasars, turn on to ionize the intergalactic medium (IGM). The temperature gradient in a
cosmic ionization front is normal to the front. However, a component to the density gradient can arise in
a different direction, if the ionization front is sweeping across arbitrarily laid down density fluctuations.
Such density fluctuations, associated with protogalaxies/clusters, in general have no correlation to the
source of the ionizing photons. Therefore, their density gradients are not parallel to the temperature
gradient associated with the ionization front. The resulting thermally generated electric field has a curl,
and magnetic fields on galactic scales can grow. After compression during galaxy formation, they turn
out to have a strength ~ 3 x 1072°G [177]. A similar effect was considered earlier in the context of
generating fields in the interstellar medium in R&B2]. (This mechanism also has analogues in some
laboratory experiments, when laser generated plasmas interact with their surroib&8)484] Indeed,
our estimate for the generated field is very similar to the estimate ifE8s].) This field by itself falls
far short of the observed microgauss strength fields in galaxies, but it can provide a seed field, coherent
on galactic scales, for a dynamo. Indeed the whole of the IGM is seeded with magnetic fields of small
strength but coherent on megaparsec scales.

This scenario has in fact been confirmed in detailed numerical simulations of IGM reioniZkn
where it was found that the breakout of ionization fronts from protogalaxies and their propagation through
the high-density neutral filaments that are part of the cosmic web, and that both generate magnetic
fields. The field strengths increase further due to gas compression occurring as cosmic structures form.
The magnetic field at a redshift~ 5 closely traces the gas density, and is highly ordered on mega-
parsec scales. Gnedin et HI85] found a mean mass-weighted field strengttBof- 10-1°G in their
simulation box.

The Biermann battery has also been shown to generate both vorticity and magnetic fields in oblique
cosmological shocks which arise during cosmological structure form§tios,186] In fact, Kulsrud
et al. [178] point out that the well-known analogy between the induction equation and the vorticity
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equation (without Lorentz force) extends even to the case where a battery term is present. Suppose we
assume that the gas is pure hydrogen, has a constant (in space) ionization fraatidrhas the same
temperature for electrons, protons and hydrogen, it followsthaty p / (1+ ) andn, =yp/m ,. Defining

op = eB/m,, the induction equation with the thermal battery term can then be written as

dwp VpxVp 1

— =V U —nV —_—. 3.74
5 x (Ux op —nV x op) + 711, (3.74)

The last term, without the extra factor 6f(1 + y) ™1, corresponds to the baroclinic term in the equation
for the vorticitymw = V x U,
ow Vp X Vp

—=VxUxow—1WXxao)— 5

3.75
5 ; (3.75)

So, provided viscosity and magnetic diffusivity were negligible, hoglil + ;) and—o satisfy the same
equation. Furthermore, if they were both zero initially then, for subsequent times, we have
eB/mplgz —w/(1+ %). Numerically, a value ofy ~ 10-1°s~1 corresponds to a magnetic field of about
~107+G.

We briefly comment on the extensive work trying to generate magnetic fields in the early universe;
for example in a phase transition or during inflation (see for example the reji®&s6,179,180and
references therein). The main difficulty with generating such primordial fields in an early universe phase
transition is the very small correlation length of the generated field, which is typically limited to a fraction
of the Hubble radius at the epoch of generation. So, even if a significant fraction of the energy density
of the universe went into magnetic fields, the field averaged over galactic dimensions turns out to be
extremely small, typically smaller than the astrophysically generated seed fields discussed above. One
exception is if helicity is also generated, in which case an inverse cascade can lead to an increase in the
scale of the field187,188]

Generation of primordial fields during inflation can lead to the required large correlation lengths.
However, one needs to break the conformal invariance of the electromagnetic action. A number of ways of
breaking conformal invariance and generating magnetic fields have been eXpfetd,180,189,190]

But the amplitude of the generated primordial field is exponentially sensitive to the parameters. Primordial
fields generated in the early universe can also influence structure formation in the universe if they are bigger
than about a nanogaufl91-193] Such fields can be constrained using CMB anisotropy observations
[194- 200]. In this review we shall not treat these issues in any detail but refer the interested reader to
the papers referred to above.

4. Dynamos and the flow of energy

The dynamo mechanism provides a means of converting kinetic energy into magnetic energy. We
shall focus on the astrophysically relevant case of a turbulent dynamo, as opposed to a laminar one.
Laminar dynamos are easier to understand—and we shall discuss some simple examples—while turbulen
dynamos have to be tackled via direct numerical simulations or by stochastic methods. Both will be
discussed below.
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Fig. 4.1. Energy budget in a local accretion disc simulation where the turbulence is maintained by the Balbus—Hawley instability.
The numbers on the arrows indicate the approximate energy conversion rates in @fiyg oivhereQ is the angular velocity
andE) is the steady state value of the magnetic energy (adapted froni2R&j).

4.1. Energetics

Important insight can be gained by considering the magnetic energy equation. By taking the dot product
of Eq. (3.11) withB/(2ug) and integrating over the volumé we obtain

2 2
EfB—olvz—fu.(JxB)olv—fJ—olv—f ExBis. (4.1)
dr Jy 2ug v v o v Ho

This equation shows that the magnetic energy can be increased by doing work against the Lorentz force,
provided this term exceeds resistive losses (second term) or losses through the surface (Poynting flux,
last term). Likewise, by taking the dot product of Eq. (3.39) withand integrating, one arrives at the
Kinetic energy equation

d
d—/%pUde=+/pV-UdV+/U'(JXB)dV
tJy Vv 14

+/ pU-ng—/ 2vpS%dV (4.2)
\% \%

wheres;; = %(u,-,_,- +uji)— %5,-juk,k is the traceless rate of strain tensor, and commas denote derivatives.

In deriving Eq. (4.2) we have assumed stress-free boundary conditions, so there are no surface terms anc
no kinetic energy is lost through the boundaries. Egs. (4.1) and (4.2) show that the generation of magnetic
energy goes at the expense of kinetic energy, without loss of net energy.

In many astrophysical settings one can distinguish four different energy reservoirs that are involved
in the dynamo process: magnetic, kinetic, thermal, and potential energy. In accretion discs the magnetic
energy comes ultimately from potential energy which is first converted into kinetic energy. This is only
possible by getting rid of angular momentum via Reynolds and/or Maxwell stresses. Half of the potential
energy goes into orbital kinetic energy and the other half goes into turbulent kinetic energy which is then
dissipated into heat and radiation. This requires turbulence to produce small enough length scales so thai
enough kinetic energy can indeed be dissipated on a dynamical time scale. This turbulence is most likely
driven by the Balbus—Hawley (or magneto-rotational) instability; see [R6éf.for a review. InFig. 4.1
we show a typical energy diagram from a local simulation of the Balbus—Hawley instability. Here, the
magnetic field necessary for the instability is maintained by a dynamo process. Most of the turbulent
energy is dissipated by Joule heat[@@1]. The magnetic energy typically exceeds the kinetic energy by
a factor of about 3 or more, but is below the thermal energy by a factor of about 10-20; sg2ORf.

In the case of solar convection the energy for the dynamo comes ultimately from the nuclear reactions
in the center of the star. These act as a source of thermal energy which gets converted into kinetic energy
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Fig. 4.2. Energy budget in a local convection simulation. The dynamo is convectively driven by the luminosity entering from
below, giving rise to convection via work done by adiabatic compress$ien= [ pV - udV, and through work done against

the Lorentz forceW| = [u- (J x B)dV. Energy is being fed back from magnetic and kinetic energy to thermal energy via
Joule and viscous heatin@,j and Q. Some of the kinetic energy is constantly being exchanged with potential eBprgia

Wp = [ pg-udV (adapted from Re{203]).

via the convection instability. The corresponding energy diagram for this case is shdvig. if.2
Potential energy does not contribute directly: it only contributes through rearranging the mean density
stratification[203].

4.2. Kinematic dynamos

The onset of dynamo action can be studied in the linear approximation, i.e. the velocity field is assumed
to be given (kinematic problem). There is in general a critical value of the magnetic Reynolds number
above which the magnetic field grows exponentially. A lot of work has been devoted to the question of
whether the growth rate can remain finite in the liRj§ — oo (the so-called fast dynamo problem); see
Refs.[204-206]for reviews. Fast dynamos are physically meaningful only until nonlinear effects begin
to modify the flow to limit further growth of the field.

In the following we consider two simple examples of a dynamo. Both are slow dynamos, i.e. magnetic
diffusion is crucial for the operation of the dynamo. We also discuss the stretch-twist-fold dynamo as a
qualitative example of what is possibly a fast dynamo.

4.2.1. The Herzenberg dynamo

In the wake of Cowling’s antidynamo theorg¢®®7]the Herzenberg dynania08] played an important
role as an early example of a dynamo where the existence of excited solutions could be proven rigorously.
The Herzenberg dynamo does not attempt to model an astrophysical dynamo. Instead, it was complemen-
tary to some of the less mathematical and more phenomenological models at the time, such as Parker’s
migratory dynam¢209] as well as the observational model of Babcf#d0], and the semi-observational
model of Leightori211], all of which were specifically designed to describe the solar cycle.
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Fig. 4.3. Three-dimensional visualization of the magnetic field geometry of the Herzenberg daenbors are shown when
their length exceeds about 25% of the maximum value (adapted fronj2R&j).

The Herzenberg dynamo is based on the mutual interaction of the magnetic fields produced by two
spinning spheres in a conducting medium. In its simplest variant, the axes of the two spheres lie in two
parallel planes and have an anglg¢o each other; sekig. 4.3 which shows the field vectors from a
numerical simulation of the Herzenberg dynaf2ad?2].

Dynamo action is possible unless the angle exactly 0, 90°, or 18C. For 90 < ¢ < 180° nonoscil-
latory dynamo action is possible. In the limit where the radius of the spherisssmall compared with
their separatiort, one can expand the field locally in terms of multipoles to lowest order. Defining a
magnetic Reynolds number &, = wd?/5, wherew is the spin frequency of each of the spheres, the
critical magnetic Reynolds number for dynamo actigit, is found to bg148]

6
R2= _48100(Z> sirfpcose  (for 90° < ¢ < 180°) , (4.3)

which shows that the smallest value BE;; is reached forp ~ 125. Critical magnetic Reynolds
numbers are several hundreds. However, bec&g4sdepends quadratically ah Rt would be only

around 10 if we were to redefine the magnetic Reynolds number based on some typical wavenumber;
see Eq. (3.18). The dynamo works on the principle that each sphere winds up its ambient field, creates
thereby a strong toroidal field around itself. Because there is an angle between the two spheres the
toroidal field of one sphere acts as a poloidal field for the other sphere. For the toroidal field of each
sphere to propagate to the other sphere, a nonzero diffusion is necessary, hence making this dynamo
slow dynamo.

Already back in the 1960s, the idea of the Herzenberg dynamo has been verified experimentally
[213,214]using two conducting cylinders embedded in a solid block of the same material. The cylinders
were in electric contact with the block through a thin lubricating film of mercury.

The asymptotic theory of Herzenbd&8] assumed that/d < 1; for excellent reviews of the Herzen-
berg dynamo see Refd.48,215] Using numerical simulatior]212], it has been shown that Eq. (4.3) re-
mains reasonably accurate even wheth ~ 1. These simulations also show thatinthe rarfge @ < 90°
dynamo action is still possible, but the solutions are no longer steady but oscillatory; s¢21REfor
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Fig. 4.4. Roberts flow pattern with periodicity: 2corresponding to Eq. (4.4) (adapted from R21.8)).

an asymptotic treatment. In the early papers, only steady solutions were sought, which is the reason why
no solutions were originally found forG< ¢ < 90°.

4.2.2. The Roberts flow dynamo

In the early years of dynamo theory most examples were constructed and motivated based on what
seems physically possible and plausible. An important element of astrophysical dynamos is that the flow
is bounded in space and that the magnetic field extends to infinity. Later, and especially in recent years,
these restrictions were relaxed in may approaches. One of the first examples is the Roberts dynamo
[216,217] The flow depends on only two coordinatels= U(x, y), and can be written in the form

U(x, y) =k 2V X (92) + k 2V X V x (92) , (4.4)

with the stream functiop = +/2 Ug cosk,x coskyy, wherek, =k, =n/a; seeFig. 4.4 This flow is fully
helical withw = kfU, werek? = k2 + k2 andw = V x U. The flow is normalized such than?) = UZ.
While the flow is only two-dimensional (in the sense thas a function only ofx andy), the magnetic
field must be three-dimensional for all growing solutions (dynamo effect). The field must therefore also
depend orz.

The governing equations are homogeneous with coefficients that are independesmiddf. The
solutions of the kinetic problem can therefore be written in the form

B(x, y, z, 1) = Re[By_ (x, y) explik.z + 41)] , (4.5)
wherel%kZ is the eigenfunction, which is obtained by solving the eigenvalue problem

/lAkZ =U x Bkz + n(vz — kZZ)AkZ , (4.6)
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Fig. 4.5. Critical magnetic Reynolds numbRgit=Uo/ (11kf )rit, for the Roberts flow as a function of/ kt, wherek? = k2 + k2.
The critical magnetic Reynolds number basedk@Rcyit «; = Uo/(1kz)crit, has a minimum ak; ~ 0.34ks ~ 0.48k, (dotted
line). The case of a squared domain With=ky =k, i.e.k;/kf = 1/+/2, is indicated by the vertical dash—dotted line.

whereBy, = V x A, + ik, x Ay, is expressed in terms @_, which is a mixed representation of the
vector potential; in real space the vector potential would ba&gec, y) explik,z + 4t)]. In Fig. 4.5

we present critical values of the magnetic Reynolds number as a functibn obtained by solving
Eq. (4.6) numerically as described in Ref818,219] Fork, = k, =k, ~ 0.71k, the marginal state

(2 =0) is reached wheRcit = Uo/ (nks)crit ~ 3.90. The larger the domain in ttzedirection, the lower

is the critical magnetic Reynolds number. However, the critical magnetic Reynolds number based on
Rerit.kz = Uo/ (nky)crit, has a minimum ak, ~ 0.34ks ~ 0.48k, with Rcrit x, ~ 3.49; cf.Fig. 4.5

The horizontally averaged eigenfunctionBs, = (i, 1, 0), corresponding to a Beltrami wave (see
Section 3.7), which has maximum magnetic helicity with a sign that is opposite to that of the flow. In the
present case, the kinetic helicity of the flow is positive, so the magnetic and current helicities of the mean
field are negative.

The significance of this solution is two-fold. On the one hand, this dynamo is the prototype of any
fully helical dynamo capable of generating a large scale fiel&kks). On the other hand, it is a simple
model of the Karlsruhe dynamo experiment where a similar flow of liquid sodium is generated by an
arrangement of pipes with internal ‘spin generators’ making the flow helical. It is also an example of a
flow where the generation of the magnetic field can be described in terms of mean field electrodynamics.

Unlike the original Roberts flow dynamo, the flow in the Karlsruhe dynamo experiment is bounded
and embedded in free space. Within the dynamo domain, the mearészeld,(i, 1, 0), has only(x, y)-
components. The field lines must close outside the dynamo domain, giving therefore rise to a dipole lying
in the (x, y)-plane. Similar fields have long been predicted for rapidly rotating §2&¢]. This will be
discussed in more detail in Section 11.3.3.

4.3. Fast dynamos: the stretch-twist-fold picture

An elegant heuristic dynamo model illustrating the possibility of fast dynamos is what is often referred
to as the Zeldovich ‘stretch-twist-fold’ (STF) dynamo (deig. 4.9. This is now discussed in many
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books[206,222]and we briefly outline it here, as it illustrates nicely several features of more realistic
dynamos.

The dynamo algorithm starts with first stretching a closed flux rope to twice its length preserving its
volume, as in an incompressible flawk — B in Fig. 4.6. The rope’s cross-section then decreases by
factor two, and because of flux freezing the magnetic field doubles. In the next step, the rope is twisted
into a figure eigh{B — C in Fig. 4.6 and then foldedC — D in Fig. 4.6 so that now there are two
loops, whose fields now point in the same direction and together occupy a similar volume as the original
flux loop. The flux through this volume has now doubled. The last important step consists of merging the
two loops into ongD — A in Fig. 4.6, through small diffusive effects. This is important in order that
the new arrangement cannot easily undo itself and the whole process becomes irreversible. The newly
merged loops now become topologically the same as the original single loop, but now with the field
strength scaled up by factor 2.

Repeating the algorithmtimes, leads to the field in the flux loop growing by factér @r at a growth
rate~ T~11In 2 whereT is the time for the STF steps. This makes the dynamo potentially a fast dynamo,
whose growth rate does not decrease with decreasing resistivity. Also note that the flux through a fixed
‘Eulerian surface’ grows exponentially, although the flux through any lagrangian surface is nearly frozen;
as it should be for small diffusivities.

The STF picture illustrates several other features: first we see that shear is needed to amplify the field at
step A— B. However, without the twist part of the cycle, the field in the folded loop would cancel rather
than add coherently. To twist the loop the motions need to leave the plane and go into the third dimension;
this also means that field components perpendicular to the loop are generated, albeit being strong only
temporarily during the twist part of the cycle. The source for the magnetic energy is the kinetic energy
involved in the STF motions.

Most discussions of the STF dynamo assume implicitly that the last step of merging the twisted loops
can be done at any time, and that the dynamo growth rate is not limited by this last step. This may well be
true when the fields in the flux rope are not strong enough to affect the motions, that is, in the kinematic
regime. However as the field becomes stronger, and if the merging process is slow, the Lorentz forces due
to the small scale kinks and twists will gain in importance compared with the external forces associated
with the driving of the loop as a whole. This may then limit the efficiency of the dynamo.
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Indeed, the growing complexity of the field, in the repeated application of the STF process, without
the merging, can be characterized particularly by the evolution of the magnetic helicity spectrum. This
is discussed for example in R¢223], where it is pointed out that the repeated application of the STF
cycle (with the same sense for the twist part of the cycle), under flux freezing, leads to both a large scale
writhe helicityassociated with the repeated crossings of the flux tube, and oppositely sigstdtlicity
at much smaller scales. If one does not destroy this small scale structure by diffusion, then the Lorentz
forces associated with these structures will interfere with the STF motions. A somewhat similar situation
holds for the mean field turbulent dynamos, where we will find oppositely signed (almost equal strength)
helicities being generated by the motions on different scales. In that case we also find the dynamo to be
eventually resistively limited, when there is strict helicity conservation.

In this context one more feature deserves mentioning: if in the STF cycle one twists clockwise and
folds, or twists counter-clockwise and folds one will still increase the field in the flux rope coherently.
However, one would introduce opposite sense of writhe in these two cases, and so opposite internal twists.
So, although the twist part of the cycle is important for the mechanism discussed here, the sense of twist
can be random and does not require net helicity. This is analogous to a case when there is really only
a small scale dynamo, but one that requires finite kinetic helicity density locally. We should point out,
however, that numerical simulatiofZ24] have shown that dynamos work and are potentially independent
of magnetic Reynolds number even if the flow has zero kinetic helicity density everywhere.

If the twisted loops can be made to merge efficiently, the saturation of the STF dynamo would probably
proceed differently. For example, the field in the loop may become too strong to be stretched and twisted,
due to magnetic curvature forces. Another interesting way of saturation is that the incompressibility
assumed for the motions may break down; as one stretches the flux loop the field pressure resists the
decrease in the loop cross-section, and so the fluid density in the loop tends to decrease as one attempt
to make the loop longer. (Note that it B/p which has to increase during stretching.) The STF picture
has inspired considerable work on various mathematical features of fast dynamos and some of this work
can be found in the book by Childress and Gilg2f6] which in fact has STF in its title!

4.4. Fast ABC-flow dynamos

ABC flows are solenoidal and fully helical with a velocity field given by

C sinkz + B cosky
U= (A Sinkx + Ccoskz)

Bsinky + A coskx

4.7)

WhenA, B, andC are all different from zero, the flow is no longer integrable and has chaotic streamlines.
There is numerical evidence that such flows act as fast dynf286% The magnetic field has very small

net magnetic helicity159,223] This is a general property of any dynamo in the kinematic regime and
follows from magnetic helicity conservation, as will be discussed later (Section 8.2ign8.2. Even

in a nonlinear formulation of the ABC flow dynamo problem, where the flow is driven by a forcing
function similar to Eq. (4.7) the net magnetic helicity remains unimpoif22®,227] This is however

not surprising, because the development of net magnetic helicity requires sufficient scale separation, i.e.
the wavenumber of the flow must be large compared with the smallest wavenumber in thetiox=£

2n/L, whereL is the size of the box). If this is not the case, helical MHD turbulence behaves similarly to
nonhelical turbulencf254]. A significant scale separation also weakens the symmetries associated with
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the flow and the field, and leads to a larger kinematic growth rate, more compatible with the turnover
time scalg228]. These authors also find that the cigar-like magnetic field structures which develop in
canonicalA = B = C flows with stagnation points, are replaced by more ribbon like structures in flows
without such stagnation points.

Most of the recent work on nonlinear ABC flow dynamos has focused on the case with small scale
separation and, in particular, on the initial growth and possible saturation mech§?2ghsn the kine-
matic regime, these authors find a near balance between Lorentz work and Joule dissipation. The balance
originates primarily from small volumes where the strong magnetic flux structures are concentrated.
The net growth of the magnetic energy comes about through stretching and folding of relatively weak
field which occupies most of the volume. The mechanism for saturation could involve achieving a local
pressure balance in these strong field reg[@3§)].

5. Small scale turbulent dynamos

Dynamos are often divided into small scale and large scale dynamos. Large scale dynamos are those
responsible for the solar cycle, for example. They show large scale spatial coherence and, in the case of
the sun, they also show long-term temporal order in the sense of the 11 year cycle, i.e. much longer than
the time scale of the turbulent motions. Small scale dynamos produce magnetic fields that are correlated
on scales of the order of or smaller than the energy carrying scale of the turbulence. In the literature such
dynamos are sometimes also referred to as ‘fluctuation dynamos’. Nonhelical turbulent flows can act as
small scale dynamos, while flows with significant amounts of kinetic helicity act as large scale dynamos.
Inhomogeneous and anisotropic flows (e.g. shear flows) are potential candidates for producing large scale
dynamo action. Of course, there may not be a clear boundary between small and large scale dynamos anc
indeed the two may interact (Section 5.6).

Small scale dynamos are potentially important for several reasons. First, they typically have larger
growth rates than large scale dynamos. The question now arises as to what effect this rapidly generated
magnetic ‘noise’ has on the large scale dynamo action. Further, there could be physical settings where
large scale dynamos do not work, like in clusters of galaxies or in elliptical galaxies where rotation effects
are negligible and hence any turbulent flows lack helicity and persistent shear. In such systems, turbulence
may still lead to small scale dynamo action and generate magnetic fields. Whether such fields are coherent
enough to lead to the observed cluster rotation measures, for example, is an important question to settle.

5.1. General considerations

In a turbulent flow fluid particles random walk away from each other with time. A magnetic field line
frozen into the fluid (assuming larggy,) will then also lengthen by this random stretching. This leads to
an increase iB /p and for flows withp ~ const, the magnetic field will be amplified. The lengthening of
the field line in a given direction also leads to a decrease in its scale in the directions perpendicular to the
stretching. As the field strength increases, the scale of individual field structures decreases and the Ohmic
dissipation increases, until it roughly balances the growth due to random stretching. What happens after
this? This question of the long term behavior of the magnetic field in a turbulent flow was first raised
by Batchelof231]. He argued on the basis of the analogy of the induction equation to the equation for
vorticity, that the field will grow exponentially if the magnetic Prandtl number is larger than unity. This
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argument is dubious and the possibility of dynamo action in turbulent flows that lack helicity was first
elucidated in a decisive manner by Kazantfk8] for a special kind of flow. Numerical simulations of
turbulent flows also show invariably that dynamo action can occur for forced turbulence. We first discuss
the Kazantsev dynamo model and then present some results from simulations of turbulent flows.

5.2. Kazantsev theory

Kazantsev considered a velocity field which is an isotropic, homogeneous, Gaussian random field
with zero mean and also, more importantly, whiclidsorrelated in time. [We use the symhahstead
of U to emphasize that is not the solution of the momentum equation (3.41).] The two point spatial
correlation function of the velocity field can be written@s(x, t)v;(y, s)) = T;; (r)d(t — s), where

1) = (6 = “5-) Tn () + 2510 (5.1)

Here(-) denotes averaging over an ensemble of the stochastic velocity,fieldx—y|, r; =x; — y; and we

have written the correlation function in the form appropriate for a statistically isotropic and homogeneous
tensor (cf. Section 34 of RgR232]). Note that homogeneity implies that the two point correlation function
depends only or—y. Together with isotropy this also implies that the correlation tensor can only contain
terms proportional té;;, r;r; ande; jx and the functions multiplying these tensors depend only @in(r)
and7y(r) are the longitudinal and transverse correlation functions for the velocity field. (The helical part
of the velocity correlations is assumed to be zero in this section; see however Section/as@sfumed

to be divergence free, thdhy is related tof} via

In = Za_r[r L"), (5-2)
with
t
TL(0) =13 /O (v(t) - v(t)) di’ . (5.3)

We will see in the next section thét (0) is actually the turbulent diffusion coefficient for the mean field.

5.2.1. Kazantsev equation in configuration space

The stochastic induction equation can now be converted into equations for the various moments of the
magnetic field. Assume that there is no mean field or first moment, and that the magnetic correlation has
the same symmetries as the flow; i.e. it is isotropic and homogeneous. Then its equal time, two point
correlation is given by(B; (x, t) Bj(y, t)) = M;;(r, t), where

i rirj rirj
M = (a,-j - %) MNGr 1) + =5 MG D) (5.4)

andM| (r, t) andMn(r, t) are, respectively, the longitudinal and transversal correlation functions of the
magnetic field. Sinc& - B =0,

10
Mn = 2——(r2M|_) . (5.5)
r or
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Kazantsev derived an equation i (r, #) by deriving the equation for thespace magnetic spectrum

using diagram techniques, and transforming the resulting integro-differential equatiespace into

a differential equation im-space. Thik-space equation was also derived by Kraichnan and Nagarajan
[233]. Subsequently, Molchanov et §.34,235]derived this equation directly inspace by the Wiener

path integral method. We present a simple derivation of the Kazantsev equation in the more general case of
helical turbulence in Appendix A, following the method outlined in Subramaj@af]. For a nonhelical

random flow we have

aML_Za

oM
22 [

or

= GM,_ , 5.6
ot r4or :|+ - (5-:6)

wherent(r) = n + n(r) is the sum of the microscopic diffusivity, and an effective scale-dependent
turbulent magnetic diffusivityy (r) = 7. (0) — T (r). The termG = —2(T" + 4T} /r), where primes
denoter derivatives, describes the rapid generation of magnetic fluctuations by velocity shear and the
potential existence of a small scale dynamo (SBidgpendendf any large scale field; see the book by
Zeldovich et al]222] and references therein.

One can look for eigenmode solutions to Eqg. (5.6) of the farm) exp2l't) = rzﬁML. This
transforms Eq. (5.6) fa¥1, (r, t), into a time independent, Schrodinger-type equation, but with a variable
(and positive) mass,

d?y

The ‘potential’ is

2 1 0?2

Uo(r) =T + - T + > nr - (Z;i oz (5.8)
for a divergence free velocity field. The boundary conditiowis> O for r — 0, co. Note thatUy —
2n/r? asr — 0, and sincd} (r) — 0 asr — oo, it follows thatUy — 2[5 + 7. (0)]/r? asr — oco. The
possibility of growing modes witlt > 0 is obtained, if one can have a potential well witfisufficiently
negative in some range ofThis allows for the existence dbund statesvith ‘energy’ E = —I" < 0. The
solutions to the Kazantsev equation for various formgiaf-) have been studied quite extensively by
several authorfl3,222,236242].

Suppose we have random motions correlated on a single Iscafi¢h a velocity scalé/. Define the
magnetic Reynolds numbe&,, = V L/5. (Here we defineR, using the correlation scaleinstead of
L /2r since this appears most natural, and is also commonly used, in real space treatments of the SSD.)
Such a random flow may arise if the fluid is highly viscous, and it will also be relevant for the viscous
cut-off scale eddies in Kolmogorov turbulence. Then one finds that there is a chticat Rcrit, SO
that for Ry > Rerit, the potentially allows for the existence of bound states. Ry = Rciit, one has
I =0, and this marginal stationary state is the ‘zero’ energy eigenstate in the poténfidie value of
Rcrit one gets ranges between 3®0, depending on the assumed fornipfr) [236—-238] (This Reyit
corresponds to a value B8 — 60/2x if we were to use the corresponding wavenumbetl2to define
Rm.) ForRm > Reiit, I > 0 modes of the SSD can be excited, and the fluctuating field that is correlated on
a scalel grows exponentially on the corresponding ‘eddy’ turnover time scale. For example, suppose one
adoptsTy (r) = (VL/3)(1 —r2/L?) for r < L, and zero otherwise, as appropriate for a single scale flow
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(or the flow below the viscous cut-off). Then, a WKBJ analy2R6] gives the growth rate for the fastest
growing mode ag = 2V /L — ¢((In Rm) ™).

To examine the spatial structure for various eigenmodes of the small scale dynamao, itis more instructive
to consider the function

10
w(r, 1) = (B(x, 1) - B(y, 1)) = r—25<r3ML>, r=Ix-yl, (5.9)

which measures the ensemble average of the dot product of the fluctuating field at two locations, with
w(0, 1) = (B2). We have[;° w(r)r?dr = [;°(r3M) =0, sinceM_is regular at the origin and vanishes
fastertham—3asr — oo. Therefore the curve?w () should have zero area under it. Sine@®, 1) = (B?),
w IS positive near the origin. Therefor® points in the same direction for small separation. As one goes
to larger values of, there must be values ofsayr ~ d, wherew(r) becomes negative. For such values
of r, the field at the origin and at a separattbare, on the average, pointing in opposite directions. This
can be interpreted as indicating that the field lines, on the average, are curved on tlde scale

For the growing modes of the small scale dynamo, one {i286—240]thatw(r) is strongly peaked
within a regionr = rq =~ LRyY? about the origin, for all the modes, and for the fastest growing mode,
changes sign acrogs~ L and rapidly decays with increasimgL. The scaley is in fact the diffusive
scale determined by the balance of rate of the Ohmic da¢q§/,, and the growth rat¥ /L due to random
shearing. (Note for the single scale flow one has linear shear at small scales, and hence a scale-independe!
shearing rate.) Detailed asymptotic solutionsiigr) have been given in Rg238]and a WKBJ treatment
can also be found in Rgf236]. A physical interpretation of this correlation functif#22,238,239]s that
the small scale field in the kinematic regime is concentrated in structures with thiokneasd curved
on a scale up te- L. How far such a picture holds in the nonlinear regime is still matter of investigation
(see below).

The small scale dynamo in Kolmogorov turbulence can be mod2k#i240]by adopting?; (r) =
%VL[l — (r/L)*3] in the inertial rangéq < r < L, a form suggested in Ref243]. HereL is the outer
scale andy ~ LRe 34 is the viscous cut-off scale of the turbulence, whRee= V L /v is the fluid
Reynolds number. For Kolmogorov turbulence, the eddy velocity at anylsésie o< /13, in the inertial
range. So the scale dependent diffusion coefficient scaleg asi*/3. This scaling, also referred to as
Richardson’s law, is the motivation for the above fofinr). Also, in order to ensure that (0) = 0,
Ty is continued from its value at= I to zero, and was taken to be zero fas L. (The exact form of
the continuation has little effect on the conclusions.) In the inertial range the potential then has the scale
invariant form

_u| 8\ &9/ 6 (L2
v= Q |:_9(l) B 3/Rm(l) + (I’/l)4/3 + Rm(D) <r2) ) (510)

whereRm(l) = vil /n = Rm(l/L)** is the magnetic Reynolds number associated with a $dsste that

the potentiall (not to be confused with the velocity) has the same form at any scélevith Ry (1)
appropriate to that scale. This suggests that conclusions about the excitation conditions can be applied
separately at different scalésprovided we use the corresponding velocity seabnd Reynolds number

Rm(1) appropriate to the scaleFor example, the condition for excitation of small scale dynamo modes
which are concentrated at a schlés alsoRn(l) = Rerit > 1.
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Note thatRn (/) decreases as one goes to smaller scales, and so the small scale dynamo will be first

excited when the magnetic Reynolds number at the outer scale sakigfie$ > Rcit. For Kolmogorov
turbulence described by the abdfie(r) it was estimated236] using a WKBJ analysis thait ~ 60.
Also, the marginal mode which has zero growth rate, in this case; rapeaked within ~ L/R%M. This
different scaling can be understood as arising due to the fact that the shearing rat¢noi)is /L) ~%/3
at any scale in the inertial range. For the marginal mode this is balanced by dissipatioa a§ which
occurs at a rate/r2.

In Kolmogorov turbulence, the cut-off scale eddies h&wglq) = P, i.€. the cutoff-scale magnetic
Reynolds number is equal to the magnetic Prandtl number. &g, #f Rcit these eddies are themselves
capable of small scale dynamo action. The fastest growing modes then have a growthugtéy,
which is equal to the eddy turnover time associated with the cut-off scale eddies, a time scale much
smaller than the turnover time of outer scale eddies. Also, for the fastest growinguniods peaked
about a radius corresponding to the diffusive scales associated with these eddies, and changes sigr
atr ~ ly.

We have taken the scale-dependent turbulent diffusion coeffigigi® — 7y (r) o " with n = %
to model Kolmogorov turbulence. The indexmeasures how ‘rough’ the velocity field is, with= 2
corresponding to a smooth velocity field. It turns out that for growing modes one requirésat least
[13]. Also, in a smallPy, flow the closen is to unity, the larger could be the criticR}, needed to excite
the small scale dynanj@44]. This may be of relevance for understanding the results of sPpatlynamo
simulations that are described below (Section 5.5).

5.2.2. Kazantsev dynamo in Fourier space

It is instructive to study the Kazantsev problem in Fourier spack.dimace the differential equation
(5.6) becomes an integro-differential equation for the magnetic spedf@mnz), which is in general
difficult to solve. However, if the magnetic spectrum is peaked on scales much smaller than the flow, as
is the case for small fluid Reynolds number (laRyg) flows, one can provide an approximate treatment
for the largek regime,k > ks. Herek; is the forcing scale in case of a single scale random flow, or the
viscous scale in case of Kolmogorov turbulence (assuming that eddies at the cut-off scale can also induce
dynamo action). In this larges ks limit the Kazantsev equation beconidd3]

oMy [ ,0°M oM )
— = (kP — 2k—— +6M | — 2qk*M , 5.11
o 5( k2 T > 1 ®-11)

wherey = —(1/6)[V2Tii(r)],:o, is a measure of the rate of shearing by the flow. In term% ofwe
havey = 77,"(0) + 87/ (0)/r. The evolution of the magnetic spectrum was analyzed in some detail in
Ref.[143], and is summarized nicely in R¢245].

Suppose the initial magnetic spectrum is peaked at Some’ < k¢ ern/z, i.e. at a wavenumber much
smaller than the resistive wavenumber, then the amplitude of each Fourier mode grows exponentially
in time at the rate%y. Meanwhile, the peak of excitation moves to largewith kpeak = kK exp(%yt),
leaving behind a power spectruii (k) « k%2. These features can of course be qualitatively under-
stood as due to the effects of random stretching. Once the peak reaches the resistive scale, one ha
to solve again an eigenvalue problem to determine the subsequent evoluilétk of). Substituting
M (k, 1) = exp d(k/ k,), wherek, = (7/10p)Y/?, into (5.11) and demanding thét— 0 ask — oo, one
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Fig. 5.1. Magnetic and kinetic energy spectra from a nonhelical turbulence simulatiorPwith 1. The kinetic energy is
indicated as a dashed line (except for the first time displayed where it is shown as a thin solid line). At early times the magnetic
energy spectrum follows the/2 Kazantsev law [the dashed line gives the fit to Eq. (5.12)], while the kinetic energy shows

a shortk—>/3 range. The Reynolds numberuigns/(vks) ~ 600 and 513 meshpoints were usd@54]. The time difference
between the spectra is about(kﬂurms)_l.

gets the solutiof245]

®(k/ky) = constx k2K, (k/ky), v(2) =,/5(2—3) . (5.12)

HereK, is the Macdonald function and the eigenvaluaust be determined from the boundary condition

at smallk. This is a bit more tricky in th&space analysis since the equations were simplified by taking
the largek limit; fortunately the results seem independent of the exact form of the boundary condition at
smallkin the largeRm limit. In Ref. [245] a zero flux boundary condition is imposed at sdmek.. <k,

and it is shown that this fixes~ 3/4 andv ~ 0. In case we adofft_(r) = %VL(l —r?/L?), forr <L

and zero otherwise, one gets= %V/L and so the growth rate is = %y = %V/L, which agrees with

the WKBJ analysis of the Kazantsev equation obtained in Section 5.2.1. We alstkget ;l/éLR,qu/2

which is of the same order as expected for the diffusive sgdlethe real-space treatment.

We show in Figs5.1and5.2the time evolution of the magnetic spectrum from simulations which are
described in detail later. One important difference between simulations and the picture described above
arises due to the presence of power (however small) in the initial spectrum, at the resistive scale. This leads
to the magnetic spectrum extending to the resistive scale, and locking onto an eigenfunction right from
the early stages of evolution, as can be sedfign5.1 We also show the corresponding time evolution
for a high P, simulation, which represents more closely the SSD for when the kinetic spectrum is peaked
on a single scale; sdgg. 5.2

5.2.3. Further results on the Kazantsev dynamo

A number of other interesting results have been found for the Kazantsev problem, particularly for the
case of a single scale flow. In this case one can approximate the velocity to be a linear random shear flow.
In the regime when the field has not yet developed small enough scales, resistivity is unimportant and
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Fig. 5.2. Magnetic and kinetic energy spectra from a nonhelical turbulence simulatiorPwith 50. The kinetic energy is
indicated as a dotted line (except for the first time displayed where it is shown as a thin solid line). The magnetic spectrum
for the last time is shown as a thick line. The Reynolds numbeigs/(vkf) ~ 80, and the magnetic Reynolds number

is urms/(nkf) ~ 4000 and 51% meshpoints were used. Like Fig. 5.1 the time difference between the spectra is about
14(kfurms)_1. At the end of the run the field is still not completely saturated.

one can assume the field to be frozen into the flow. The result of such passive random advection is that
the magnetic field strength develops a log-normal probability distribution function (RB&)Y47] This
log-normal form for the PDF oB can be understood from the induction equation without the diffusion
term B; = Bju; ; where the time derivative is a lagrangian derivative. Since the RHS is lingarand

is multiplied by a constant random matuix ;, the “gaussianity” of lo8 is expected from the central

limit theorem. This implies that the magnetic field becomes highly intermittent. To what extent this PDF
is altered by resistivity is examined in R¢248]. They find that even when resistivity is included, the

field is still intermittent and may be thought of as being concentrated into narrow strips.

This seems to be also borne out by a study of the behavior of higherlesgaice correlatof249]. By
examining their late time evolution, these authors find that the log-normality of the magnetic field PDF
persists in the dissipative regime. An interpretation of tkeipace scalings, suggests that the magnetic
structures in physical space could look like ‘ribbons’ with the field directed along these ribbons. Recent
numerical wor250], however, finds that even in the kinematic regime, the POB|afhanges character,
perhaps due to having a finite box in the simulation.

Motivated by the need to understand the eventual nonlinear saturation of the small scale dynamo, work
has been done by looking at the statistical properties of the Lorentz force, in particular the component
B - VB [245,247,251]The idea is that in an incompressible flow, the effects of the Lorentz force will be
dominated by the magnetic curvature rather than the magnetic pressure gradient. (Note that although the
magnetic pressure forces may be much larger, they are largely balanced by thermal pressure gradients
in the incompressible limit.) In Ref247] it was shown that though both magnetic energy and mean-
square curvature of field lines grow exponentially, the field strength and the curvature are anti-correlated.
Thus, regions of strong field are nearly straight, while sharply curved fields are relatively weak. Such a
result was in fact found earlier in simulations of dynamo generation of magnetic fields due to convection
[203,252] Inthese simulations the magnetic field was found to be intermittent with relatively stronger field
concentrated in structures which are relatively straight. Furthermore, the saturation of the dynamo was
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traced back to the component®f VB that is perpendicular to the direction of the field; its field-aligned
component (i.e. the tension force) was found to be unimportant for satufagah

The anti-correlation between the field strength and the curvature is interpre@b;¥4 7]as showing
that the field lies in folds, which are curved on the flow scale and with rapid reversals on the diffusive
scale. To what extent the small scale dynamo generated field is indeed structured in this way is still a
matter of debate (see below). Also, one should keep in mind that all the above semi-analytic results on
the structure of the field pertain to the kinematic regime. The recent simulations of Haugej2&4hl.
discussed in Section 5.4, show occasional field reversals, but such events occupy only a small part of
the volume.

5.3. Saturation of the small scale dynamo

How does the small scale dynamo saturate? The answer to this question will be crucial to understanding
both the effect of the small scale dynamo generated fields on the large scale dynamo, as well of the
relevance of these fields to explain say cluster fields. From the discussion of the kinematic regime, we
saw that the field would become intermittent and also concentrated into structures whose thickness, in at
least one dimension, is the resistive scale. However nonlinear effects may intervene to alter this kinematic
result. There have been a number of attempts to model the nonlinear saturation of the small scale dynamo,
none of which are entirely compelling. We discuss these below.

Some effects of the growing magnetic field can arise just due to plasma phenomena like ambipolar drift
in a partially ionized gaf240], anisotropic viscosity255] or collisionless dampin{56]. For example,
collisionless processes can become important on scales smaller than the ion mean free path and coulc
prevent the magnetic field from being concentrated below such a [@%8¢ Ambipolar diffusion is
particularly relevant in the galactic context, where there could be a significant neutral component to the
interstellar medium. It changes the effective diffusivity by adding an ambipolar diffusion component
[236,240] see Section 3.8.2 and Appendix A. The effective magnetic Reynolds number of the interstellar
medium, taking ambipolar diffusion into account, decreases from abaut@° to Rap ~ 10° [240],
as the field grows to microgauss strengths. This will then lead to an important increase of the effective
diffusive scale which, due to nonlinear ambipolar drift, will become of old,e?i/Dz ~ 1073L. However,
sinceRap > Rerit, the small scale dynamo does not saturate due to this mechanism.

5.3.1. Saturation via artificial nonlinear drifts

The above discussion of ambipolar drift motivates a nonlinear model problem which may give hints
as to how the small scale dynamo can in principle saturate even in a fully ionizd@5ydsSuppose
one assumes that, as the magnetic field grows and the Lorentz force pushes on the fluid, the fluid in-
stantaneously responds by developing an additive ‘drift’' component to the velocity, where the drift is
proportional to the Lorentz force. The model velocity in the induction equation isukern + vy, i.e.
the sum of an externally prescribed stochastic fielshd a drift componeniy = aJ x B. For ambipolar
drift, awould be related to the properties of the partially ionized gas. Suppose we adopt insteag,
wherer is some response (or correlation) time, treated as a phenomenological free parameter and
the fluid density. This gives a model problem, where the nonlinear effects of the Lorentz force are taken
into account as simple modification of the velocity field. (Note that in reality it is the acceleration and not
the velocity which is proportional to the Lorentz force. Nevertheless the above model provides a useful
toy problem for examining the nonlinear saturation effects, especially if the correlation tsrsamall
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compared to the Alfvén time.) Adding a velocity contribution proportional to the Lorentz force of course
also leads to a problem of closure, since in the equatiomfarthe nonlinear drift term brings in a fourth
order magnetic correlation. In Ref236,257]a Gaussian closure is assumed (cf. Appendix A).

The backreaction in the form of a nonlinear drift then simply replad®san effective time-dependent
np =1+ 2aM (0, t) inthent(r) term of Eq. (5.6)257] (cf. Appendix A). We thus obtain

aML 2 0 4 aA4L

—_—=—— GM K, 5.13

ot r46r|: () or i|+ L ( )
10 oM,

K(@r,t) =4aM, (O, t)—4— (r4 L> . (5.14)
reor or

Define an effective magnetic Reynolds number (just R@ ), for fluid motions on scalg, by Rp(¢) =
VL/np(t). Then, as the energy density in the fluctuating field, Bgyr) = 3M, (0, 1), increasesRp
decreases. In the final saturated state, with /ot = O (obtained, say, at timg), M, and hence the
effectivenp in Eqg. (5.13) become independent of time. Solving for this stationary state then becomes
identical to solving for the marginal (stationary) mode of the kinematic problem, excepRjhad
replaced byRp(zy). The final saturated state is then the marginal eigenmode which one obtain&when
has grown (an®p decreased) such th&(t;) = VL/[n + 2aM (0, t;)] = Rerit ~ 30—-60 (depending
on the nature of the velocity field). Also, for this saturated state we predictitiratis peaked within a
regionr ~ L(Rcit)~+? about the origin, changes sign acress L, and then rapidly decays for larger
r/L. Further, from the above constraint it follows thd (O, ;) = vL/(2a Rit), where we have assumed
n<2aMy (0, ;). So, the magnetic energy at saturatioig(s;) = 3 ML (0, ;) = 3(pv?/2) (L/v0)R; L.

Of course, since is an unknown model parameter, one cannot unambiguously pigdittwe were to
adopt: ~ L /v, thatis the eddy turnover time, théfy, at saturation is a small fractiorn, Rc_rﬁ (<1), of
the equipartition energy density.

Note that the mechanism for saturation is quite subtle. It is not that the fluid velocity has been decreased
by the Lorentz force, as can be explicitly seen by looking at the kinetic energy spectra obtained in direct
simulations incorporating such a nonlinear drift (see Section 8.10). Rather, the nonlinear drift due to the
Lorentz force introduces an extra ‘diffusion’ between the field and fluid, effectively a growing ‘ambipolar’
diffusion (or growing impedance), which leads to the dynamo saturation. This model for saturation may
be quite simplistic, but gives a hint of one possible property of the saturated state: it suggests that the
final saturated state of the small scale dynamo could be (i) universal in that it does not depend on the
microscopic parameters far away from the resistive/viscous scales, and (ii) could have properties similar
to the marginal eigenmode of the corresponding kinematic small scale dynamo problem. It is of interest
to check whether such a situation is indeed obtained in simulations.

The nonlinear drift velocity assumed above is not incompressible. Indeed ambipolar drift velocity in a
partially ionized medium, need not have a vanishing divergence. It is the extra diffusion that causes the
dynamo to saturate. One may then wonder what happens if we retained incompressibility of the motions
induced by the Lorentz force? Is there still increased nonlinear diffusion? This has been examined in
Ref.[258] by adoptingu = v + vy, with an incompressibley = a(B - VB — Vp). Here,p includes the
magnetic pressure, but can be projected out in the usual way using= 0. Such a model of the effects
of nonlinearity is very similar to the quasilinear treatments mean field dynamo saturation (Appendix D).
For this form of nonlinearity, one gets an integro-differential equation for the evolutidfi ofvhich in
general is not analytically tractable. One can however make analytic headway in twa kajiks-y| > [,
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andr <1, wherel(¢) is the length scale over whidW| (r, r) is peaked. For example, during the kinematic

evolution, M| (r, t) is strongly peaked within a radidis=rq ~ L/R%{z, wherelL is the correlation length
associated with the motions. One g258]
20M

190 oo O 2
ZCZML(O, [)rja (l" ar> +8f0 V(Ml/_) s 7"<l,

2npp O o110 oM
% 3 {r4ar [r“@r (r4 arL):|}, r>l .
Thus, the nonlinear backreaction teKnn this model problem is like a nonlinear diffusion for small
r <l (yet partially compensated by a constant), transiting to nonlinear hyperdiffusios-1d258]. (The
hyperdiffusion coefficientp itself depends o/ and its explicit form is given in Eq. (D.15).) In both
regimes the damping coefficients are proportionak{g(r). So, as the small scale field grows afigl
increases, the damping increases, leading to a saturated state. Note that both diffusion and hyperdiffusion
would lead to an increase in the effective resistivity, just as in the case of ambipolar drift. Evidently, this
property is obtained even if one demangdo be incompressible.

A somewhat different model of the nonlinear backreaction can be motivated, if the fluid is highly viscous
with Re< 1< Rm [259,260] In this casey is assumed to satisfy the equatiorivy +J x B—V p=0, and
Vv -vy = 0. Again the equation fa¥|, becomes an integro-differential equation. The extra nonlinear term
is again simplified near=0. One getX (0, ¢t) = —ME/3— fo°° r(M| (r))? [259]. This can be interpreted
as a nonlinear reduction of tie term governing the stretching property of the flow. Saturation of the
small scale dynamo will then result in a model where Lorentz forces reduce the random stretching, rather
than increased diffusion as in the models of REf57,258]

K@ 1) = (5.15)

5.3.2. Modifying the Kazantsev spectral equation

Another approach to the nonlinear small scale dynamo with a large Prandtl nutpbleas been
explored in Refs[245,261] The idea is to modify the coefficients of the Kazantsev equation in a phe-
nomenologically motivated manner and then examine its consequences. The motivation arises from the
expectation that, as the magnetic field grows, it suppresses the dynamo action of eddies that have energie
smaller than the field. Only eddies that have energies larger than the field are able to still amplify the field.
Also, in the kinematic regime of a small scale dynamo with laPgethe magnetic spectrum is peaked at
largek =k, (the resistive wavenumber). With these features in mind, Schekochihin[24&].modify
they in the Kazantsek-space equation Eq. (5.11) by taking it to be proportional to the turnover rate of
the smallest ‘unsuppressed eddy’ and study the resulting evolution, assuming the fluid hasPa,large
Specifically, they adopt

1/2

ks (1) 00
2(1) = c1 [ / k?E (k) dk:| R / E(k)dk = En(t) , (5.16)
0 ks (1)

whereE (k) is the kinetic energy spectrumy, c¢» are constants, and (¢) is the wavenumber at which
the magnetic energy equals the kinetic energy of all the suppressed eddies.

In this model, after the magnetic energy has grown exponentially to the energy associated with the
viscous scale eddies, its growth slows down, and becomes linear in tim&with = ¢, wherec = v3/L
is the rate of energy transfer in Kolmogorov turbulence. This phase proceeds until the energy reaches that
of the outer scale eddies. However, the peak in the magnetic spectrum evolves to valsiesbér than
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the initial k = k, only on the resistive time scale, which is very long for realistic astrophysical systems.
This implies that the saturated small scale fields could have energies comparable to the energy of the
motions, but the field will be still largely incoherent. More recently, another model has been explored in
which saturation is achieved as a result of the velocity statistics becoming anisotropic with respect to the
local direction of the growing fiel{261].

Clearly, more work needs to be done to understand the saturation of small scale dynamos. A general
feature however in all the above models is that the small scale dynamo saturates because of a ‘renormaliza
tion’ of the coefficients governing its evolution: increased nonlinear diffu2éid], increased diffusion
plus additional hyperdiffusiof258], or reduced stretching45,259—-261] The nature of the saturated
fields is still not very clear from these simplified models and one needs guidance also from simulations,
to which we now turn.

5.4. Simulations

Since the pioneering work of Meneguzzi et [@62], small scale dynamo action has frequently been
seen in direct simulations of turbulence. In the early years of dynamo theory, the Kazantsev result was
not yet well known and it came somewhat as a surprise to many that kinetic helicity was not necessary for
dynamo action. Until then, much of the work on dynamos had focused areffect. Indeed, the helically
and non-helically forced simulations of Meneguzzi e{262] in cartesian geometry were rather seen as
being complementary to the global simulations of Gilman and MiléB] in the same year. In the global
dynamo simulations the flow was driven by thermal convection in a spherical shell in the presence of
rotation, so there was helicity and therefore alsa affect. The fact that dynamos do not require kinetic
helicity was perhaps regarded as a curiosity of merely academic interest, because turbulence in stars anc
galaxies is expected to be helical.

Only more recently the topic of nonhelical MHD turbulence has been followed up more systematically.
One reason is that in many turbulence simulations kinematic helicity is often found to be rather weak, even
if there is stratification and rotation that should produce heljei\3,253,264]Another reason is that with
the advent of large enough simulations nonhelical dynamo action has become a topic of practical reality
for any electrically conducting flow. Local and unstratified simulations of accretion disc turbulence also
have shown strong dynamo acti@65]. The fact that even completely unstratified nonrotating convection
can display dynamo action has been used to speculate that much of the observed small scale magneti
field seen at the solar surface might be the result of a local dynamo acting only in the surface layers of
the sun266]. The other possible source of small scale magnetic fields in the sun could be the shredding
of large scale fields by the turbulenf@s7,268]

When the magnetic field is weak enough, but the magnetic Reynolds number larger than a certain critical
value, the magnetic energy grows exponentially. The growth rate of the magnetic field scales with the

inverse turnover time of the eddies at the dissipative cutoff wavenukghbieg. 2 ~ u kg ~ k§/3 ~ ern/z,

where we have useg ~ Rﬁ’{“ (and assume®y, = Rg). Quantitatively, it has been fourj@d54] that, in
the range 20& Ry, < 1000,

A/ (umske) ~ 3 x 10 3RY? ~ 0.018 x (Rm/Rerit) Y2 . (5.17)

The critical magnetic Reynolds number for dynamo action is around 35 Whesa 1; see Ref[254].
This is around 30 times larger than the critical value for helical dynamos which is only arouft.1.2
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It is also larger by about a factor 3 comparedg;; obtained in the Kazantsev model, which assumes a
delta-correlated velocity field, showing that realistic flows are less efficient compared to the Kazantsev
model (see also below).At early times the magnetic energy spectrum followsifi@ Kazantsev law,

but then it reaches saturation. The kinetic energy spectrum is decreased somewhat, such that the magneti
energy exceeds the kinetic energy at wavenumhbgks > 5; seefig. 5.1

Kazantsev’s theory is of course not strictly applicable, because it assumes a delta correlated flow.
Also, thek®/2 spectrum in the kinematic regime is obtained only for scales smaller than that of the flow,
whereas in the simulations the velocity is not concentrated solely at the largest scale. This may be the
reason why, according to Kazantsev's theory, the growth rate is always overestimated: in the simulations
(Run D2 of Ref[254] with R, = 600) the actual growth rate of the magnetic field is oRIY.07 uymsks -
Nevertheless, the estimate for the Kazantsev cutoff wavenuk)berhich is approximately where the
kinematic spectrum peaks, is still fairly accurate (see Section 5.2.2).

Meanwhile, simulations of nonhelical dynamos have been carried out at a resolution dimeay-
points[270]. Such simulations are nowadays done on large parallel machines using the message passing
interface (MPI) for the communication between processors. Often, spectral methods are used to calculate
derivatives and to solve a Poisson-type equation for the pressure. Alternatively, high order finite difference
schemes can be used, which are more easily parallelized, because only data of a small number of neigh:-
boring meshpoints need to be communicated to other processors. In such cases it is advantageous to solv
the compressible equations, whose solutions approximate the incompressible ones when the rms velocity
is small compared with the sound speed. One such code, that is documented and publicly available, is
the RenciL Cope [271]. Many of the simulations presented in this review have been done using this code.
Details regarding the numerical method can also be found in[Ré&2]. Quantitative comparisons with
spectral codes are presented in R27.3].

In the simulations of Haugen et §.70] the velocity field is forced randomly at wavenumbers between
1 and 2, wheré = 1 is the smallest wavenumber in a box of si2e)2. These simulations begin to show
indications of a small inertial range beyond the wavenunibrer8; seeFig. 5.3 The magnetic energy in
the saturated state is also peaked at about this wavenumber. Note that the semi-analytic closure models
which lead to a renormalization of the diffusion coeffici¢2B6,257] suggest a peak of the saturated

spectrum at a wavenumbley ~ kg Rg{f Forks ~ 1.5 andRcit ~ 35, this predictg, ~ 8, which indeed
seems to match the value obtained from the simulation.

The fact that the magnetic energy spectrum peakis at 8 (or less) implies that in the present
simulations there is not much dynamical range available before dissipation sets in. Furthermore, just
before the dissipative subrange, hydrodynamic turbulence exhibits a ‘bottleneck effect’, i.e. a shallower
spectrum (or excess power) at lafgdét has been argud@74] that this is because of nonlocal wavevector
interactions corresponding to elongated triangles with one short wavevector (corresponding to a long
scale in the inertial range) and two long ones (corresponding to short scales in the dissipative subrange).
These nonlocal interactions, which couple the inertial range with the resistive subrange, limit the amount

of energy that the inertial range modes can dispose of.

3We recall that in this section and throughout most of this review we have defipeslith respect to the wavenumber of
the energy-carrying eddies. If, instedt, is defined with respect to ttsealels =2/ ks, as was done in Table 1 of R§4], one
has to divide his values (between 7 and 9) by diving therefore values between 1.1 and 1.4. As another example we consider
the Ponomarenko or screw dynamo with helical motion in an infinite cylinder of r&didere, the magnetic Reynolds number
is usually defined with respect ®and the critical value is around 17269].
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Fig. 5.3. Magnetic, kinetic and total energy spectra. fomeshpoints. The Reynolds numberuigns/ (vks) ~ 960 (from
Ref.[270]).

While the bottleneck effect is not very pronounced in laboratory wind tunnel turbul@me276] it
has now become a very marked effect in fully three-dimensional spectra available from high resolution
simulations[277-279] The reason for the discrepancy has been identified as being a mathematical
consequence of the transformation between three-dimensional and one-dimensiona| Epglctfais
may also explain the shallower3/2 (instead ok —*/3) spectra seen iRig. 5.3for a narrow wavenumber
interval. Another possibility is that the true inertial range has not yet been seen, and that asymptotic
spectral equipartition may occur at still larger wavenumbers and larger Reynolds njg@grs

In Fig. 5.4we show a visualization of the magnetic field vectors at those points where the magnetic
field exceeds a certain field strength. The structures displayed represent a broad range of sizes even withir
one and the same structure: the thickness of the structures is often comparable to the resistive scale, thei
width is a bit larger (probably within the inertial range) and their length is comparable to the box size
(subinertial range). Although large scales are involved in this simulations, we must distinguish them from
the type of large scale magnetic fields seen in simulations with kinetic helicity that will be discussed in
more detail in Section 8 and that are invoked to explain the solar cycle. Further, although the thickness
of these structures is comparable to the resistive scale, we should keep in mind that these represent the
rare structures withB| > 4Byms, and are not volume filling.

At large magnetic Prandtl numbers the field shows folded structures that were discussed in detail by
Schekochihin et a[281]. An example of an arbitrarily chosen cross-section of a simulation fits 50
is shown inFig. 5.5 together with enlargements of different parts of the domain. The se&tghrows
a region where the field is clearly folded; with the fairly straight field lines displaying rapid reversals
transverse to its general direction. On the other hand there are also many other regiBastikein the
box, where the field is equally strong but is not in resistive scale folds. This illustrates that whereas there
are folded structures, they need not be volume fillifig)(5.6.

Folded structures are less prominent wign= 1. A comparison of the typical field structure for
Pm=1and 50 is shown ifig. 5.7, where we show color/gray scale representatiorn, @t an arbitrarily
chosen moment during the saturated phase. The magnetic Reynolds numlgy (sk;) ~ 600 and
4000 in the left and right hand panels, respectively, and the resolution 3n@dshpoints in both cases.

For comparison with the analytic theory we plofig. 5.8the correlation function (5.9) of the magnetic
field at saturation (and similarly for the velocity) for runs witly, = 1 [254]. Similar autocorrelation
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9 B2

Fig. 5.4. Magnetic field vectors shown at those locations wife- 4Brms. Note the long but thin arcade-like structures
extending over almost the full domain. The structures are sheet-like with a thickness comparable to the resistive scale (from
Ref.[254]).
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Fig. 5.5. Snapshot of the magnetic field i, = 50, shown in a cross-section through the middle of the computational domain

at a time when the field is in a saturated state. The data correspond to the spectra skayvrbi The field component
perpendicular to the plane of the figure is shown color coded (or in shades of gray) with black corresponding to field pointing
into the plane, and white to field pointing out of the plane. The field in the plane of the figure is shown with vectors whose length
is proportional to the field strength. The right hand side shows an enlargement of the sub-denaaked on the left hand side.

Note the folded structures in sub-domain
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Fig. 5.6. Magnetic field in sub-domaimsandC that were indicated on the left hand sideFaf. 5.5 Note the lack of folded
structures.
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Fig. 5.7. Comparison oB; (in shades of gray shown on the periphery of the box)Aar= 1 (left) and Pm = 50 (right). The
data shown here correspond to the spectra shown in &ijand5.2, respectively. Note that the magnetic field #n = 50 is
more intermittent in space and less space filling thanPfgi= 1.

functions have also been seen in simulations of convective dyng2@8k It turns out that the velocity
correlation length is~ 3 (50% of the box size) while the magnetic field correlation length &5 (8%
of the box size); seEig. 5.8 (We recall that the box size is:9 Clearly, the magnetic correlation length
is much shorter than the velocity correlation length, but it is practically independent et Rg)(and
certainly much longer than the resistive scat€2r/ kq ~ 0.04 (0.7% if the box size). The fact thai(r)
in the saturated state is independent of the microscBgpi@agrees with the corresponding prediction of
the closure model involving artificial nonlinear drifd36,257] discussed in Section 5.3.1.

In contrast to large scale dynamos with helicity, which are now generally believed to have a resistively
limited saturation phase in closed or periodic domains, the situation is less clear for nonhelical small
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dent of resolution and Reynolds number. The velocity correlation lengttBis/hile the magnetic correlation length-€.5
(from Ref.[254]).
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Fig. 5.9. Saturation behavior of the spectral magnetic energy at wavenuknbetgsolid line) andk = 16 (dashed line). The
average forcing wavenumber &g = 1.5 and the resolution is 5§2meshpoints. Note the slow saturation behaviorifes 1
(from Ref.[254]).

scale dynamos; see Section 5.3.2 and RE#5,281] The simulation results shown Ifig. 5.9seem
compatible with a slow saturation behavior for some intermediate time span{8@kit < 200), but
not at later timesumgkit > 200).

As the small scale dynamo saturates, various magnetic length scales in the simulation increase quite
sharply—some of them almost by a factor of two. For example, in convective dynamo simulations of a
layer of depthd the magnetic Taylor microscalg,5(B2)/(J2), increased from @4d to 0.07d during
saturation (see Fig. 4 of ReR03]). This increase of the characteristic length scale is in qualitative
agreement with the analytic theory of the nonlinear saturation of the small scale dynamo (Section 5.3).
In particular, during the kinematic stage these length scales remain unchanged. This can be seen from
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Fig. 5.10. Evolution of characteristic wavenumbers. Note that the characteristic parallel wavenumber of thg fielcomes
comparable with the scale of the box, while the so-called rms wavenukagrdrops by almost a factor of two as saturation sets

in. Here,kz‘ = (|B- VB|2)/(B% andkZ,s= (IVB[2)/(B?), where angular brackets denote volume averages. (The wavenumbers
kexy andkg.; are defined similarly ta, but withB x J andB - J, respectively, and follow a trend similar to thatigis.) The

rms wavenumber of the flow,, is proportional to the inverse Taylor microscale and decreases only slightly during saturation.
Courtesy Schekochihif281].

Fig. 5.1Q where we show the evolution of various wavenumbers in a simulation of Schekochihin et al.
[281]. The approximate constancy of the characteristic wavenumbers during the kinematic stage illustrates
that the simple-minded picture of the evolution of single structures (Section 5.1) is different from the
collective effect for an ensemble of many structures that are constantly newly generated and disappearing.
We also note that in the saturated state the characteristic wavenumbers are approximately unchanged
suggesting that in the nonlinear regime there is no slow saturation phase (unlike the helical case that will
be discussed later). During saturation, the drop of various characteristic wavenumbers is comparable to
the increase of the Taylor microscale seen in the convective dynamo simul2&js

5.5. Comments on the Batchelor mechanism Bpalependence

In an early attempt to understand the possibility of small scale dynamo action, Ba{@3dlappealed
to the formal analogy between the induction equation and the vorticity equation,

DW )
=W- VU +W2W, (5.18)

Dr
DB



62 A. Brandenburg, K. Subramanian / Physics Reports 417 (2005) 1-209

These equations imply the following evolution equations for enstrophy and magnetic energy:

2
;dg\t/ ) _ Wi Wsij —v((V x W)?) , (5.20)

d(B?
3 (dt ) - B;iBjsi; — n{(V x B)?) , (5.21)

wheres;; = %(ui,j + u; ;) is the rate of strain tensor. Assuming that the rate of enstrophy dissipation,
v((V x W)?), is approximately balanced by the rate of enstrophy produchoi;s; ;, and that this rate

is similar to the rate of magnetic energy production, Batchelor argued that magnetic energy would grow
in time provided; < v, i.e.

Pn=v/n>1. (5.22)

By now there have been several numerical investigations of small scale dynamos that operate in a regime
where the magnetic Prandtl number is less than unity. However, it is still not clear whether there exists
a critical value ofP, below which no dynamo action is possij82], whether the critical magnetic
Reynolds number becomes independenPgffor small enough valueR44,283] or whether, asPn,
decreases, there continues to be a rise of the critical magnetic Reynolds rigdjer

Comparing with Batchelor's argument, the main reason why his argument may not apply is that,
again, thav andB fields are in general not identical, and they do in general show quite different statistics
[201,203] (Alsow obeys a nonlinear equation, whBe®beys a linear equation for a givel) Establishing
the asymptotic dependence Bfit on Py, is important because, even though the computing power
will increase, it will still not be possible to simulate realistic valuesPaf in the foreseeable future.
Schekochihin et a[273] have compared the results from two independent codes and show that there is
as yet no evidence for an asymptotic independend&.@fon Py; seeFig. 5.11

We note thafig. 5.11compares not only the results of two different codes, but at the same time the
results of an incompressible calculation with one of the weakly compressible equations (Mach number
about0.1). No significant difference is seen between the two simulations. However, when the flow becomes
transonic (Mach number about 1), the critical magnetic Reynolds number increases by about a factor of
2; see Ref[284] for results withPy, = 1 and 5.

Finally, we mention one property where theandB fields do seem to show some similarity. For a
k—°/3 spectrum of kinetic energy the enstrophy spectrum is proportiorial/fp so one may expect a
similar spectrum for the magnetic energy in the wavenumber range where feedback from the Lorentz
force can be neglected. Such results have indeed been reported in the context of cof@@8tiand
forced turbulenc§254] during the kinematic stage. For forced turbulenci/d spectrum has only been
seenintherange <k < kp, wherekp ~ kg R%tz is the wavenumber where the magnetic energy spectrum
peaks; se€ig. 5.3and Section 5.4. We should emphasize, however, that it is not clear that this result is
really a consequence of the (imperfect) analogy betweandB.

5.6. Small and large scale dynamos: a unified treatment
We have so far discussed the case of small scale dynamos where the generated field has correlatior

lengths of order or smaller than the forcing scale of the flow. In the next section and thereafter we will
discuss large scale or mean field dynamos. The large and small scale dynamo problems are usually treatet
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Fig. 5.11. Dependence dt.it on Re “JLM” refers to simulations done with the incompressible spectral code written by
Maron: runs with Laplacian viscosity, 4th-, 6th-, and 8th-order hyperviscosity (resolutiéﬁﬁﬁé). In this set of simulations,
hyperviscous runs were done at the same valuessfthe Laplacian runs, so the difference between the results for these runs is
nearly imperceptible. “PENCIL” refers to weakly compressible simulations done withBRe€IP CODE: runs with Laplacian
viscosity, 6th-order hyperviscosity, and Smagorinsky large-eddy viscosity (resoluti%r&]@i). Courtesy Schekochih[273].

separately. However this separation is often artificial; there is no abrupt transition from the field correlated
on scales smaller thdnand that correlated on larger scales. If we consider both large and small scale
fields to be random fields, it turns out that the equations for the magnetic correlation functions, which
involve nowbothlongitudinal and helical parts, are already sufficiently general to incorporate both small
and large scale dynamos. They provide us with a paradigm to study the dynamics in a unified fashion,
which could be particularly useful for studying the inverse cascade of magnetic fields to scales larger
thanL. We elaborate below.

We add a helical piece to the two point correlation of the velocity field for the Kazantsev—Kraichnan
flow, so we have

T;j(r) = <5ij -3 ) Tn(r )-l- TL(V) + €ijkr F(r) , (5.23)

whereF (r) represents the helical part of the velocity correlations: At0, we have

—2F(0) = -3 fol V() -V x () di’, (5.24)

indicating thatF'(r) is related to the kinetic helicity of the flow.
Consider a system of size> L, for which the mean field averaged over any scale is zero. Of course,

the concept of a large scale field still makes sense, as the correlations between field components separate
at scales > L, can in principle be nonzero.
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Since the flow can be helical, we need to allow the magnetic field to also have helical correlations. So,
the equal-time, two point correlation of the magnetic fiéiti; (r, ¢), is now given by

Moo= (5 — 5 b+ P My e © (5.25)
ij = \9j 2 N 2 L T €ijkTk ) .

whereC (r, t) represents the contribution from current helicity to the two-point correlation.
The Kazantsev equation can now be generalized to describe the evolution afpatidC [236,257,
285,286](see Appendix A). We get

oM. 20 [, oML
— = — GM| + 4uC 5.26
ot r46r|:r”T ar:|+ Lt ( )
oH 4H'

r

whereM| = M\ (r,t) andC = C(r, t), while « = «(r) andyt = 57(r), and we have defined the magnetic
helicity correlation functiorH (r, t). Note thatH (0, ¢t) = %A - B, wherea<" (0, t) = %J - B. Also,

a(r) =—=2[F(0) — F(r)], (5.28)

and so represents the effect of the helicity in the velocity field on the magnetic field. [We will see later in
Section 8.10 that(r — o0) is what s traditionally called theeffect]. This new term has some surprising
consequences.

Suppose = —2F(0) # 0. Then one can see from Egs. (5.26) and (5.27), that new “regenerating”
terms arise at > L, or for scales much larger than the correlation scales of the flow, due toetffect.

These are in the formM| = - - - + 409C and H = - - - + agM, which coupleM| andC and lead to the

growth of large scale correlations. There is also decay of the correlations-ibrdue to diffusion with

an effective diffusion coefficient;rg = # + 71.(0). From dimensional analysis, the effective growth rate

is I'g ~ ag/R — n70/ R? for correlations on scale’ R. This is exactly as in the large scale dynamo

to be discussed in the next section. This also picks out a specialRgate;to/oo for a stationary state

(see below). Further, as the small scale dynamo, is simultaneously leading to a gradithaof < L,

the growth of large scale correlations can be seeded by the tail of the small scale dynamo eigenfunction
atr > L. Indeed, as advertised, both the small and large scale dynamos operate simultaneously when
ap # 0, and can be studied simply by solving for a single funcfiin(r, ¢).

The coupled time evolution dfl and M| for a nonzeroxg requires numerical solution, which we
discuss later in Section 8.10. But interesting analytical insight into the system can be obtained for the
marginal, quasi-stationary mode, wiML ~ 0, H ~ 0. Note that forn # 0, we will find that the
above system of equations always evolves the correlation function at the resistive time scale. But for
time scales much shorter than this, one can examine quasi-stationary stat&s AF@, we get from
Eq. (5.27)C ~ [«(r)/2n7(r)]M. Substituting this into Eq. (5.26) and defining once agaiﬁrzﬁML,
we get

d?y «2(r)
g+ 25 =0, o2

wherely is the potential defined earlier in Eqg. (5.8). We see that the problem of determining the magnetic
field correlations for the quasi-stationary mode once again becomes the problem of determining the
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Fig. 5.12. Schematic illustration of the potential(r) for the marginal mode in helical turbulence. A nonzegoallows the
tunneling of the zero-energy state to produce large scale correlations.

zero-energy eigenstate in a modified potentiak= Uy — /5. (Note that theJ in this subsection is

not to be confused with velocity in other sections.) The additiotigodue to the helical correlations, is
always negative definite. Therefore, helical correlations tend to make bound states easier to obtain. When
F(0) = 0, and there is no neteffect, the addition td/ vanishes at > L, andU — 2y, /r? at larger,

as before. The critical magnetic Reynolds number, for the stationary state, will however be smaller than
whenF (r) = 0, because of the negative definite additio/to(see also Re{287)).

Whenag = —2F (0) # 0, a remarkable change occurs in the potentiak. AL, where the turbulence
velocity correlations vanish, we hav&(r) = 2y1o/r? — oc%/nm. So the potentiall tends to a negative
definite constant value G-'f-oc%/r]-ro at larger (and the effective mass changeg2i — 1/2n1q, Which
is independent of.) So there are strictly no bound states, with zero energy/growth rate, for which the
correlations vanish at infinity. We have schematically illustrated the resulting potentmakFig. 5.12
which is a modification ofig. 8.4 of Zeldovich et al[222]. In fact, for a nonzereg, U corresponds
to a potential which allowsunneling(of the bound state) in the corresponding quantum mechanical
problem. It implies that the correlations are necessarily nonzero atdarge The analytical solution
to (5.29) at large > L, is easily obtained. We have fos L, My (r) = My (r) o r=3/2Jy3/2(ur), where
u=ao/nto = Ry *. This corresponds to

w(r) = w(r) = wr Crsinpr + Cocosur];  r>L, (5.30)

whereC1, Co are arbitrary constants. Clearly for a nonzegothe correlations in the steady state at large

r, are like ‘free-particle’ states, extending to infinity! In fact this correlation function is also the one which
one obtains if we demand the random field to be force free WitB = uB. We see therefore that having
helicity in the flow opens up the possibility of generating large scale fields of scales much larger than that
of the turbulent flow. This is the feature we will elaborate on more in the following sections.
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5.7. Comments on anisotropy and nonlocality in MHD turbulence

The usual approach to MHD turbulence is to proceed analogously to hydrodynamic turbulence. Note
that in hydrodynamic turbulence, one usually makes the assumption that the velocity field is statistically
isotropic and homogeneous, and that the nonlinear interactions in wavenumber space are local. There
is also a unique time scale associated with the nonlinear interactions, the eddy turnovey, tine,
(kvi) ™1, wherev, = [2kE (k)12 is the turbulent velocity at wavenumbeand E (k) is the 1-D kinetic
energy spectrum. Demanding that in the ‘inertial range’ the energy transfe¢ &Lnx,f/rk, iS a constant,
independent of scale, we have « k~1/3 and therefore the Kolmogorov spectrufiik) = Ce2/3k—5/3
for hydrodynamic turbulence.

There is a crucial difference in the presence of magnetic fields. A uniform velocity field simply advects
the eddies and leaves the physical system unchanged (Galilean invariance). But a uniform (or large
scale) magnetic field, cannot be transformed away. Its presence supports propagation of hydromagnetic
waves (Alfvén waves), and introduces a nonlocal coupling between small and large scales. Since these
waves propagate alor@gjat the Alfvén speed’/a = B/./4np, they introduce one more time scale, the
Alfvén crossing timera (k) = (kV a) ™1, which can play a role in determining the turbulence properties.
FurthermoreB introduces a locally preferred direction, and the turbulence can in principle be anisotropic.

The work of IroshnikoV[288] and Kraichnar{289] (IK) emphasized the importance of the Alfvén
crossing timera (k). Since the influential paper by Goldreich and Sridf2&] it has become clear that
anisotropy will also play a crucial role in MHD turbulence. We briefly discuss these ideas, before draw-
ing comparisons with the MHD turbulence resulting from dynamo action. We focus on incompressible
motions, split the magnetic field &= B + b, and write the MHD equations in a more symmetric form,
in terms of Elsasser fields. = u 4= b//4np. We have, defininga = B/./4np as a vector,

0z
a_ti FVa-Vzy =—2z¢ - Vzp — VII 4 Wz, . (5.31)

Herell = p/p + B?/8mp acts to enforce - z. = 0 and we have assumed for simplicity= #.

Assuming eitherz, = 0 or z_ = 0 gives exact solutions of the ideal MHD equations. The solution
with z_ = 0 represents the Elsasser field propagating nondispersively in the direction of the mean
field. A wave packet witlz, = 0, represents_ propagating in the direction opposite to the mean field
direction. Nonlinear interactions occur only if there is an overlap of both type of fluctuationghis
led Kraichnar{289] to suggest that energy transfer in MHD turbulence results from “collisions” between
wave packets moving in opposite directions along the mean field. One can show from Eq. (5.31) that such
collisions conserve the individual energigsof the oppositely traveling wave packets whes 0. Of
course the total energy is also conserved under ideal MHD. These two conservation laws are equivalent
to the conservation of the total energy and the cross helifityss= 3 [u-bd® = § [(Z — 2) dBx.

Suppose one assumes that equal amourts ahdz_ energies are present, and nonlinear interactions
are due to oppositely directed wave packets. Such a collision occurs over the Alfvén crossing time of
1/(kyVa), where ¥k is the extent of the wave packet alaBgrhe magnitude of the nonlinear interaction
term |z - Vzy| ~ klz,i, wherez;, is the magnitude of either Elsasser variable at wavenurhber
and ¥k, is the extent of the wave packet transvers@tgHere we have implicitly assumed that the
component ot perpendicular t® dominates over the parallel one, or that shear Alfvén waves dominate
pseudo Alfvén wavef26,290). Due to the nonlinear term, the collision will then induce a fractional
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changey in z, given by

o %my  kizkg

. 5.32
%y kg Va 5:32)

Wheny <1 we are in the regime of weak turbulence. In this case, each collision results in a small random
change in the wave packet. Since these changes add randomly, of\ordefl/;?> 1 collisions are
required for an order unity fractional change. This implies a time scale for the cascade of energy to a
smaller scale ofcas~ 1~ 2(1/kyVa) ~ (kVa)/ (k1 zk,)?.

Let us assume, naively following IK, that turbulence is isotropic, andiake- zx, with wave packets
having the same parallel and perpendicular scales, i.e. W ptik | = k in the abovercas We demand
that, far away from the injection or dissipative scales, the energy transferefiu)g,f/rcas: zgk/ Va,
is a constant, independent of scale, we get~ (¢Va/k)/*. Noting that the 1-D energy spectrum
E(k) ~ z,f/k, we get the IK spectrunk (k) ~ (eVa)Y/2k—3/2. At best, the assumption of isotropy may
be of use if the large scale field is itself randomly distributed in direction.

Also implicit in the above analysis is the importance of interactions which couple 3 waves. For weak
turbulence these contribute to energy transfer only if the 3 waves satisfy the closure redatipns = w3
andky + ko =ka. Sincew = Va |k |, and the 3-mode coupling vanishes unless waves 1 and 2 propagate in
opposite directions, the closure relations imply that eifigior k2 must vanish, and the other parallel
component equalgg. So, for weak turbulence, 3-wave interaction do not cascade energyiglong

Now suppose we do not make the assumption of isotropy, and &eepnstant in working out the
energy fluxe = z7 /cas Then, setting to a constant in the inertial range givas ~ (ckVa/k3)"*.
Defining the 1-D anisotropic spectrum by E (k) = z,i, we get

(cky Va) /2
Ety) =22 Jky ~ 20 (5.33)
k
1
From the expression fas,, we also see that the strength of nonlinear interactiomm’tski/z. So, for

small enough scalesbecomes of order unity and turbulence becomes strong.

Indeed strong MHD turbulence is the relevant one for most astrophysical applications, not only because
of the above, but also because the stirring velocities and fields are comparBbReoall that in weak
Alfvénic turbulence, wherg <1, the Alfvén timeta = (k| Va)~T was small compared to the nonlinear
interaction timerp = (klz;&)*l. In fact we can write; = ta /tn. GS argued that strong MHD turbulence
exhibits what they refer to asaitical balance whereby these 2 time scales become comparable, and
7 ~ 1. We already saw that jfwere small then at small enough scales it grows to order unity. On the other
hand, were;> 1, for example becausg < k. =k zx, / Va, then as the wave packets go through each
other over a distance/k. < 1/kj, strong distortions are already introduced, thereby creating structures
with kj =k, (see the pictorial illustration in Ref291]). As a resulty is driven to unity. It seems plausible
therefore that something like critical balance is a stable fixed point of the system.

Critical balance implies that the cascade time is comparable to the other time sgalesia ~ .
Assuming again a scale independent enel’gyeﬂ:l;t)(z]%l/rcasz Z]:jikJ" we get the GS relations

2/3, —
ke, ™~ VA(kJ_L)l/S, ky ~ kJ_/ L=13 (5.34)
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Here we have used the estimate V/f/L, assuming that the perturbed velocities are of oiggrand the

scale of stirring i4.. These scalings imply that the parallel and perpendicular sizes of eddies are correlated,
with the eddies becoming highly elongated at small scales, even if they were isotropic at the forcing scale.
We can define the three-dimensional spectitith, , k) using/ E d* =" zZ . Sincek; ~ K3PL13,

this spectrum can be written a@s(k, , k) = Af(kHLl/3/ki/3), where f(x) is a positive, symmetric
function ofx, which is of order 1 forr < 1 and is negligible forx|>1. We can fix the dependencies in

the normalization constaAtby changing variables in the integral ovetfdo x :k||L1/3/ ki/3, and using

the definition ofE. We get the anisotropic Kolmogorov spectr{2e]

_ V2 kL3
E(ky, k) ~ —g—=f : (5.35)
KO3 Lys \ k4R

GS also derived a kinetic equation where this spectrum arises as a stationary solution. For some succinct
reviews see als[291,292]

We note that in all the above discussions, the large scale field is assumed to be given or imposed. In
this case, we see that it will introduce anisotropy at all scales, implying spectral nonlocality to all smaller
scales. The full extent of the possible departures from isotropy and locality in wavenumber space, when
the large scale field is generated during dynamo action, is yet to be clarified. It remains therefore to be
seen whether in isotropically forced turbulence (without imposed field and just the dynamo-generated
small scale field) the field averaged over any local sub-domain really introduces nonlocality on all smaller
scales within this domain. If so, one would expect the spectrum of the hydromagnetic turbulence with
imposed field to be similar to the deeper parts of the spectrum in hydromagnetic turbulence without
imposed field. This does not seem to be the case, because in the latter case the spectral magnetic energ
is found to be irsuper-equipartitioriseeFig. 5.3. This behavior is not seen in simulations with imposed
field where the spectrum of magnetic energy is rather in sub-equipartition if the field is strong.

The effect of anisotropy due to the mean field on the turbulent transport coefficients has been considered
in a number of papers, but no explicit connection with the Goldreich—Sridhar theory has yet been made.
The anisotropic cascade is potentially quite important for a proper understanding of turbulent magnetic
diffusion. Further in discussing MHD turbulence, most of the semi-analytical works set magnetic helicity
to zero. Inclusion of helicity is important to make connection with the large scale dynamo generated
MHD turbulence.

6. Large scale turbulent dynamos

As the simulation results of Section 5.4 and the unified treatment in Section 5.6 have shown, the
distinction between small and large scale dynamos is somewhat artificial. The so-called small scale
dynamo may well generate magnetic field structures extending all the way across the computational
domain; sed-ig. 5.4 On the other hand, the overall orientation of these structures is still random. This
is in contrast to the spatio-temporal coherence displayed by the sun’s magnetic field, where the overall
orientation of flux tubes at a certain location in space and time follows a regular rule and is not random.
Dynamo mechanisms that explain this will be referred to as large scale dynamos. Here the geometry of
the domain and the presence of boundaries and shear are important.
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In this section we discuss the basic theory of large scale dynamos in terms of the alpha effect and
discuss simple models. A discussion of large scale dynamos in terms of the inverse cascade is presente
in the next section.

6.1. Phenomenological considerations

Important insights into the operation of the solar dynamo have come from close inspection of magnetic
fields on the solar surfag210]. One important ingredient is differential rotation. At the equator the sun
is rotating about 30% faster than at the poles. This means that any poloidal field will be sheared out and
toroidal field aligned with the direction of the shear will be generated. Mathematically, this is described
by the stretching term in the induction equation; see Eq. (3.19), i.e.

dBor
dr
This term describes the generation of magnetic fiigld in the direction of the flowJ;or from a cross-
stream poloidal magnetic fieBl,o. To an order of magnitude, the amount of toroidal field generation
from a 100 G poloidal field in a time intervak = 10°s=3yr is

=Bpol - VUior +--- . (6.1)

ABtor = Bpol AQuAr ~ 100G x 10°° x 18 = 10°G (6.2)

where we have use@, = 3 x 10-%s~1 for the solar angular velocity, and2, / Q. = 0.3 for the relative
latitudinal differential rotation. So, a 10 kG toroidal field can be regenerated completely from a 100 G
poloidal field in about 3 years. However, in the bulk and the upper parts of the solar convection zone the
poloidal fields are weaker (3—10 G), which would yield toroidal fields on the order of 300—1000 G. This
would be far too weak a field if it was to rise coherently all the way from the bottom of the convection
zone, which is still the standard picture. However, if the field of bipolar regions is produced locally in
the upper parts of the convection zone, as recently supposed ifsBEfa 300 G field might well be
sufficient. The 2 kG fields in sunspots could then be the result of local compression by an ambient flow.

On the other hand, according to the standard picture (see Section 2.1.1) the 100 kG field, necessary
to give the right tilt of emerging flux tubes, can perhaps be explained as the result of stretching of more
localized~ 1kG field patches that stay coherent over a time span of about 3yr.

In the bulk of the solar convection zone the turnover titagaover=tms/ H, (WhereH, is the pressure
scale height) is only about 10 da¥sln order that a toroidal field can be generated, a mean poloidal field
needs to be maintained and, in the case of the sun and other stars with cyclic field reversals, the poloidal
field itself needs to change direction every 11 years.

Magnetic flux frequently emerges at the solar surface as bipolar regions. The magnetic field in sunspots
is also often of bipolar nature. It was long recognized that such bipolar regions are tilted. This is now
generally referredto as Joy’s 1487,293] The sense of average tiltis clockwise in the northern hemisphere
and counter-clockwise in the southern. This tilt is consistent with the interpretation that a toroidal flux
tube rises from deeper layers of the sun to upper layers where the density is less, so the tube evolves in ar

4The thermal flux of the sun is 4 10%ergcn2s~1 A great portion of this energy flux is caused by convection and,
according to mixing length theorycony ~ pur3ms. Roughly,p = 0.1gcni 3 in the lower part of the convection zone, so
u~ (4% 1019/0.1)1/2 = 70m s71. The pressure scale heightid"/(ug) = 50 Mm, Sortumover= 10 days.
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Source: National Solar Observatory (H. Jones)

Fig. 6.1. Solar magnetogram showing bipolar regions, their opposite orientation north and south of the equator, and the clockwise
tiltin the northern hemisphere and the counter-clockwise tiltin the southern hemisphere. Note that the field orientation has reversed
orientation at the next cycle (here after 10 years). Courtesy of the National Solar Observatory.

expanding flow field which, due to the Coriolis force, attains a clockwise swirl in the northern hemisphere
and counter-clockwise swirl in the southern hemisphereFsges. 1

Observations suggest that once a tilted bipolar region has emerged at the solar surface, the field polar-
ities nearer to the poles drift rapidly toward the poles, producing thereby new poloidgfi€l94]
Underneath the surface, the field continues as before, but there it is also slightly tilted, although nec-
essarily in the opposite sense (36g. 6.9. Because of differential rotation, the points nearest to the
equator move faster, helping so to line up similarly oriented fii28%]. As is evident fronFig. 6.2 a
toroidal field pointing east in the northern hemisphere and west in the southern will develop into a global
northward pointing field above the surface.

6.2. Mean-field electrodynamics

Parker[209] first proposed the idea that the generation of a poloidal field, arising from the systematic
effects of the Coriolis force (Fig6.3), could be described by a corresponding term in the induction
equation,

a§pol

or =V x (Otgtor + 0. (63)
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Fig. 6.2. Sketch of the Babcock-Leighton dynamo mechanism. As bipolar regions emerge near the surface, they get tilted in the
clockwise sense in the northern hemisphere and counter-clockwise in the southern hemisphere. Beneath the surface this proces
leaves behind a poloidal field component that points here toward the north pole on either side of the equator. Once the remaining
subsurface field gets sheared by the surface differential rotation, it points in the opposite direction as before, and the whole

process starts again.
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Fig. 6.3. Production of positive writhe helicity by an uprising and expanding blob tilted in the clockwise direction by the Coriolis
force in the southern hemisphere, producing a field-aligned curiarthe opposite direction tB. Courtesy of Yoshizawf22].

It is clear that such an equation can only be valid for averaged fields (denoted by overbars), because for
the actual fields, the induced electromotive force (EMF) B, would never have a component in the
direction of B. While being physically plausible, this approach only received general recognition and
acceptance after Roberts and J296] translated the work of Steenbeck et [@97] into English. In

those papers the theory for theeffect, as they called it, was developed and put on a mathematically
rigorous basis. Furthermore, theeffect was also applied to spherical models of the solar cycle (with
radial and latitudinal sheaf298] and the geodynamo (with uniform rotatid209].



72 A. Brandenburg, K. Subramanian / Physics Reports 417 (2005) 1-209

In mean field theory one solves the Reynolds averaged equations, using either ensemble averages
toroidal averages or, in cases in cartesian geometry with periodic boundary conditions, two-dimensional
(e.g. horizontal) averages. We thus consider the decomposition

U=U+u, B=B+b. (6.4)

HereU andB are the mean velocity and magnetic fields, whilendb are their fluctuating parts. These
averages satisfy the Reynolds rules,

Ui +Uz;=U14+Up, U=U, Uu=0, U Up=U; Uy, (6.5)
ou/ot =oU/ot, 0U/dx; =dU/dx; . (6.6)

Some of these properties are not shared by several other averages; for Gaussiarﬁil&éﬂh@nd for

spectral filteringJ U # U U, for example. Note thdll = U implies thatti = 0.

Here a comment on scale separation is in order. The averaging procedure discussed above is valid ever
if there is hardly any scale separation, i.e. if the averaging length of the container is close to the eddy
scale. One concern is that ahtype large scale dynamo field (i.e. a mean field that is generated without
shear; see below) may no longer be excited; see Section 9.4.1. But apart from this, the absence of scale
separation does not impose any technical restrictions. Poor scale separation does however imply that the
averages are not smooth in time and in the directions in which no averaging is performed. This, in turn,
is reflected in the fact that turbulent transport coefficients estimated from simulations can be very noisy.

Scale separation does become an issue, however, if one wants to use averages for which the Reynold:
rules are not obeyed. For example, if mean field theory is to model nonaxisymmetric features of stellar
or galactic magnetic fields, one would like to define a mean field by averaging over small volumes. In
order that the Reynolds rules remain then at least approximately valid, scale separation must be invoked.

In the remainder we assume that the Reynolds rules do apply. Averaging Eq. (3.11) yields then the
mean field induction equation,

oB — _

a=V><(U><B+£—nJ), (6.7)
where

E=uxb (6.8)

is the mean EMF. Finding an expression for the correlatan terms of the mean fields is a standard
closure problem which is at the heart of mean field theory. In the two-scale apfjid@ilone assumes

that& can be expanded in powers of the gradients of the mean magnetic field. This suggests the rather
general expression

6i =08, Q,B,..)B; +n,(8.2,8,..)0B, /ox; , (6.9)

where the tensor componentsandy; ;, are referred to as turbulent transport coefficients. They depend on
the stratification, angular velocity, and mean magnetic field strength. The dots indicate that the transport
coefficients may also depend on correlators involving the small scale magnetic field, for example the
current helicity of the small scale field, as will be discussed in Section 9.3. We have also kept only the
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lowest large scale derivative of the mean field; higher derivative terms are expected to be smaller (cf.
Section 7.2 in Moffat{148]), although this may not be justified in certain ca3)].

The general subject has been reviewed in many text bfik®,301] but the importance of the
small scale magnetic field (or rather the small scale current helicity) has only recently been appreci-
ated[302,303] even though the basic equations were developed much §8rB&¢d] This aspect of the
problem will be discussed in more detail in Section 8.7.

The general form of the expression f@rcan be determined by rather general considera{idds].

For example¢ is a polar vector an@ is an axial vector, sa;; must be a pseudo-tensor. The simplest
pseudo-tensor of rank two that can be constructed using the unit vg¢syrsibolic for radial density or
turbulent velocity gradients) ar@d (angular velocity) is

o =O<l5ij©'f2+oc2§i§j+fx3§jf2i . (6.10)

Note that the ternj - Q = cosf leads to the co-sinusoidal dependence oh latitude 0, and a change of
sign at the equator. Additional terms that are nonlinedyan 2 enter if the stratification is strong or if
the body is rotating rapidly. Likewise, terms involvitg B andb may appear if the turbulence becomes
affected by strong flows or magnetic fields. In the following subsection we discuss various approaches to
determining the turbulent transport coefficients.

One of the most important outcomes of this theory is a quantitative formula for the coeffigient
Eq. (6.10) by Kraus§305],

OC_’]_Q . f) = —%g‘cgoru?msﬂ -V In(purms) f (611)
where t¢or is the correlation timeyms the root mean square velocity of the turbulence, anthe
angular velocity vector. The other coefficients are givenapy= a3 = —a1/4. Throughout most of

the solar convection zone, the produetms decreases outward. Therefore,« > 0 throughout most

of the northern hemisphere. In the southern hemisphere wexha®e andx varies with colatitude like
coso. However, this formula also predicts thateverses sign very near the bottom of the convection zone
whereums — 0. This is caused by the relatively sharp dropgis [306].

The basic form and sign ofis also borne out by simulations of stratified convec{i®d7,308] One
aspect that was first seen in simulations is the fact that in convection the vertical component of the
effect can have the opposite sign compared with the horizontal compdB86it808] The same result
has later been obtained in analytic calculations obth#ect in supernova-driven interstellar turbulence
[309] and in first order smoothing approximation (FOSA) calculati@i].

6.3. Calculation of turbulent transport coefficients

Various techniques have been proposed for determining turbulent transport coefficients. Even in the
kinematic regime, where the changes in the velocity field due to Lorentz forces are ignored, these tech-
niques have some severe uncertainties. Nevertheless, the various techniques produce similar terms, al
though the so-called minimakpproximation (MTA) does actually predict an extra time derivative of the

5This can be explained as follows: in the bulk of the solar convection zone the convective flux is approximately constant, and
mixing length predicts that it is approximataiy?ms. This in turn follows fromFeony ~ purmscpoT andurzms/H,, ~ géT/T
together with the expression for the pressure scale helght(1— %)cpT/g. Thus, since;u?ms ~ const, we haverms ~ p*1/3

andpu?ms ~ p2/3.
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Table 2

Summary of various approaches to calculate turbulent transport coefficients

Technique Refs. Linear? Homogeneous? b2/§2
EDQNM [304] No Yes Large

MTA [8,320] No No Large?
Simulations [307,308,311] No No Modest/large
FOSA [148,301] No No Small
Stochastic [235] Yes No Large
Random waves [148,312,313] No No Small
Individual blobs [309,314] No No Small

electromotive forcg8]. This will be discussed in full detail in Section 10. We only mention here that in
MTA the triple correlations are not neglected, as they are in FOSA,; see Section 6.3.1. Instead, the triple
correlations are approximated by quadratic terms. This is similar in spirit to the uaparoximation
used in the Eddy Damped Quasi-Normal Markovian (EDQNM) closure approximation (see Section 7.2),
where the irreducible part of quartic correlations are approximated by a relaxation term proportional
to the triple correlations. Other approaches include direct simulaf8%$308,311)see Section 6.4),
calculations based on random way#48,312,313Jor individual blobs[309,314](see Section B.2.1),
or calculations based on the assumption of delta-correlated velocity fied&35,315](Section B.2).
A summary of the different approaches, their properties and limitations is giveabie 2

One of the most promising approaches is indeed MTA, because there is now some numerical evidence
from turbulence simulations that MTA may be valid even when the fluctuations are large and the correlation
time not very short; see Section 9.2, and R&16]. This is of course beyond the applicability regime of
FOSA. Early references to MTA include the papers of Vainshtein and Kitchat#idi} and Kleeorin and
collaboratorg318—320] but since MTA is based on a closure hypothesis, detailed comparisons between
theory and simulationg},8,316,321have been instrumental in giving this approach some credibility.

In the following we discuss the foundations of FOSA and MTA, but we defer detailed applications and
calculations of MTA to Section 10.

6.3.1. First order smoothing approximation

The first order smoothing approximation (FOSA) or, synonymously, the quasilinear approximation, or
the second order correlation approximation is the simplest way of calculating turbulent transport coeffi-
cients. The approximation consists of linearizing the equations for the fluctuating quantities and ignoring
gquadratic terms that would lead to triple correlations in the expressions for the quadratic correlations. This
technique has traditionally been applied to calculating the turbulent diffusion coefficient for a passive
scalar or the turbulent viscosity (eddy viscosity).

Suppose we consider the induction equation. The equation for the fluctuating field can be obtained by
subtracting Eq. (6.7) from Eq. (3.11), so

ob — _ —
a:Vx(Uxb+uxB+uxb—(5”—;7j), (6.12)
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wherej = V x b = J — Jis the fluctuating current density. The first order smoothing approximation
consists oheglectinghe termu x b on the RHS of Eq. (6.12), because it is nhonlinear in the fluctuations.
This can only be done if the fluctuations are small, which is a good approximation only under rather
restrictive circumstances, for exampleRf, is small. The term# is also nonlinear in the fluctuations,

but it is not a fluctuating quantity and gives therefore no contribution, and tkeb is often neglected
because of simplicity (but see, e.g., RE01]). The neglect of theJ term may not be justified for
systems with strong shear (e.g. for accretion discs) where the incluslgnitsélf could lead to a new
dynamo effect, namely the shear-current efi@&2—-324] In the case of smalky, one can neglect

both the nonlinear tern® = V x (u x b — u x b), and the time derivative df, resulting in a linear
equation

nv2b=—V x (u x B) . (6.13)

This can be solved fds, if u is given.& can then be computed relatively eagilyt8,301]

However, in most astrophysical applicatioi®, > 1. In such a situation, FOSA is thought to still be
applicable if the correlation timegg, of the turbulence is small, such thagyumsks <1, whereumsandks
are typical velocity and correlation wavenumber, associated with the random velocity. fighdier this
condition, the ratio of the nonlinear term to the time derivativieisfargued to be- (uymgkib) /(b /tcor) =
Teortrmski <1, and saG can be neglected 48] (but see below). We then get

ob

a:Vx(uxﬁ). (6.14)

To calculates, we integratedb/or to getb, take the cross product with and average, i.e.

t
&=u() x f V x [u() x B(t")] dr’ . (6.15)
0

For clarity, we have suppressed the commadependence of all variables. Using index notation, we have
t
&i(t) =/0 [0 (2, 1) Bp(t") + Nip (1, "B, (1)]dt", (6.16)

With &, (t, ') = €jjru j ()ug, p (') andi;;, (¢, ') = e;jpu j ()u; ('), where we have usel, ; =0=u,;, and
commas denote partial differentiation. In the statistically steady state, we can assuig &mati;;,
depend only on the time difference;- 1. Assuming isotropy (again only for simplicity), these tensors
must be proportional to the isotropic tenségsande;;,, respectively, so we have

t
&(1) =/ [a(t — tHB(t") — i (r — t)I@)H]dt", (6.17)
0

wherea(r — t') = —%u(t) ~o(t’) andn(t —t') = %u(t) -u(?’) are integral kernels, anol=V x u is the
vorticity of the velocity fluctuation.

If we assume the integral kernels to be proportional to the delta funétior; '), or, equivalently, if
B can be considered a slowly varying function of time, one arrives at

&=0oB — nJ (6.18)
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with

t
o= —%/0 u(®) - o) d' ~ —3rcol- o , (6.19)

t —
n = %/(; u(?) - u(t’) dr’ ~ %Tr;oru2 ) (620)

wherercgy is the correlation time. Wherrbecomes large, the main contribution to these two expressions
comes only from late times/, close tat, because the contributions from early times are no longer strongly
correlated withu(z). By using FOSA we have thus solved the problem of expressimgterms of the
mean field. The turbulent transport coefficientand; depend, respectively, on the helicity and the
energy density of the turbulence.

One must however point out the following caveat to the applicability of FOSA in case of Ryge
First, note that even ifeoruymsks <1, one can hav&m = (tcorrmskt)/ (mcorkfz) > 1, because the diffusion
time (mcorkfz)*1 can be much larger than the correlation time of the turbulence. As we have already
discussed in Section 5.2, whéq, > R¢rit ~ 30, small scale dynamo action may take place (depending
on the value ofPy,) to produce exponentially growing fluctuating fields, independent of the mean field.
So the basic assumption of FOSA of smalielative toB will be rapidly violated and the x b term
in Eqg. (6.12) cannot be neglected. Nevertheless, the functional form of the expressions for the turbulent
transport coefficients obtained using FOSA seem to be not too different from that found in simulations.
For example, it is likely that strong fluctuations produced by small scale dynamo action do not cor-
relate well withu in u x b, so they would not contribute t6. This interpretation will be developed
further in Section 6.3.2 on theapproximation, which works specifically only with those parts that do
correlate.

6.3.2. MTA — the ‘minimak approximation

The ‘minimal’t approximation is a simplified version of th@pproximation as it has been introduced
by Orszag[325] and used by Pouquet, Frisch and Léd@Q4] in the context of the eddy damped
quasi-normal markovian (EDQNM) approximation. In that case a damping term is introduced in order
to express fourth order moments in terms of third order moments. Indapproximation, as introduced
by Vainshtein and Kitchatinof817] and Kleeorin and Rogachevskid18,319] one approximates triple
moments in terms of quadratic moments via a wavenumber-dependent relaxatiogjiriae ‘minimal’

T approximation (MTA), as it is introduced by Blackman and FigHl is applied in real space in the
two-scale approximation. We will refer to both the above types of closures (where triple moments are
approximated in terms of quadratic moments and a relaxationdjimg the ‘minimal’t approximation

or MTA.

There are some technical similarities between FOSA and the minirapproximation. The main
advantage of the approximation is that the fluctuations dwt need to be small and so the triple
correlations are no longer neglected. Instead, it is assumed (and this can be and has been tested usin
simulations) that the one-point triple correlations are proportional to the quadratic correlations, and that
the proportionality coefficient is an inverse relaxation time that can in principle be scale (or wavenumber)
dependent.
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In this approach, one begins by considering the time derivative[8f320],

05
o

uxb+0xb, (6.21)

where a dot denotes a time derivative. Bowe substitute Eq. (6.12) and foywe use the Euler equation
for the fluctuating velocity field,
a—u=—in+f-i-F\,is-i-H : (6.22)

ot Po
whereH = —u - Vu + u - Vu is the nonlinear ternf,is a stochastic forcing term (with zero divergence),
andFjs is the viscous force. We have also assumed for the present that there is no mean£10yy &nd
have considered the kinematic regime where the Lorentz force is set to zero (the latter assumption will be
relaxed in Section 9.2). All these restrictions can in principle be lifted (see below). For an incompressible
flow, the pressure term can be eliminated in the standard fashion in terms of the projection operator. In
practicef correlates only weakly witth and may therefore be neglected, as can be the small viscous
term. The only contribution td x b comes from the triple correlation involvirgandH. Theu x bterm
however has non-trivial contributions. We get

o0&

o

_ _ &
— =B - J——, 6.23
or < Mt p ( )
where the last term subsumes the effects of all triple correlations, and
i=-1t"w and j;=2u2 (kinematic theory (6.24)

are coefficients that are closely related to the uswaidy, coefficients in Eq. (6.18). We recall that in

this kinematiccalculation the Lorentz force has been ignored. Its inclusion (Section 9.2) turns out to be
extremely important: it leads to the emergence of a small scale magnetic correction term in the expression
for «; see Eq. (9.5) below.

One normally neglects the explicit time derivative ©f[319,320] and arrives then at almost the
same expression as Eq. (6.18). The explicit time derivative can in principle bd3etithough it
becomes unimportant on time scales long compared #vibe also Ref§316,321]for applications to
the passive scalar problem and numerical tests. In comparison with Eq. (6.17), we note that if one assumes
a(t —t') andn(r —t') to be proportional to eXp-(r —t) /<] for t > ¢’ (and zero otherwise), one recovers
Eq. (6.23) with the relaxation timeplaying now the role of a correlation time.

Recently, Radler and Rheinhafd@26] have pointed out that MTA does not reduce to FOSA even when
FOSA is applicable, i.e. when either the magnetic diffusivity is large or the correlation time small. This
conflict becomes particularly apparent when considering the high conductivity limit (so the correlation
time should be short for FOSA to be valid). In this case FOSA predicts.thatl;; depend on the time
integral over temporal two-point correlation functid881], while the MTA results depend on the spatial
two-point correlation function at a single time, multiplied by a relaxation time. Only in some special cases
can these two quantities be shown to be equivalent. On the other hand, when the viscosity is large, MTA
predicts an explicitdependence on viscosity thatis not recovered under FOSA. However, inthe momentum
equation there is also the forcing term whose correlation with the magnetic field may balance that with the
viscous ternj326]. Nevertheless, in general one cannot regard MTA as an ‘approximation’, but rather as



78 A. Brandenburg, K. Subramanian / Physics Reports 417 (2005) 1-209

a closure hypothesis that captures in a conceptually straightforward way a number of turbulence effects,
leaving the relaxation time(or the Strouhal number, whichi:iormalized by the turnover time) as a free
parameter. The strongest support for MTA comes from turbulence simulations that confirm the assumed
relation between quadratic and triple correlations and that show Strouhal numbers of the order of unity
for a range of application816,327]

We will return to ther approximation further below (Section 9.2) in connection with calculating
nonlinear effects of the Lorentz force and with numerical verifications using turbulence simulations.

6.4. Transport coefficients from simulations

The main advantage of using simulations is that no approximations need to be made other than the
restriction to only moderate values of the magnetic Reynolds number. Most notably, this approach allows
the determination of transport coefficients in inhomogeneous systems in the presence of boundaries. This
is important in the case of the sun, where there is a relatively sharp transition from the convection zone
to the neighboring overshoot layers.

6.4.1. Measuring the tensor

As a preliminary step, it is useful to restrict oneself to the assumption of an isotrdgitoring also
turbulent diffusion. In that case one hés= 0B, and so one can calculate= & - §/§2 as a function
of position and time. Next, one can allow for a contribution of the farm - - - + y x B, which is also
called a pumping term, because it describes the advection of mean field with the effective velbcity
is long known that this effect expels mean magnetic field from regions of strong turbig28;829]
which is also the reason why this effect is sometimes referred to as turbulent diamagnetic effect. The
components of are related to the antisymmetric part of thiensor vigy; = —%Q‘jkdjk. Computationally,
these components can be extracted feorB asy; =M;*(& x B) ;where the matri#;; = B; B — 5;B°
has to be inverted at each meshpoint.

Alternatively, one can assume that theensor is dominated by certain components, e.g. its diagonal
components. For example in connection with a local cartesian model of accretion disc turbulence the
toroidal (ory) component.,, = &,/B, has been calculatd@01]. We return to this in Section 11.4.1.

In the cases discussed so far, we have to rely on the successful operation of what corresponds to a mea
field dynamo, as was indeed the case in the accretion disc calculations. However, another obvious method
for calculating thex effect is to use a simulation with an imposed magnetic fielg,and to determine
numerically the resulting electromotive foreg, Here it is natural to define the average as a full volume
average. For a periodic bo& = Bg. Since such averages no longer depend on the space coordinate, there
is no mean current, i.8.=V x B=0.

The main conclusions obtained from this approach applied to stratified convection is that the functional
form of Eq. (6.11) is basically verified. In particularhas a positive maximum in the upper part of the
convection zone (in the northern hemisphere), changes sign with [BttB08] varies with latitude
as expected from this equation, and is largest at high latit{80&]. The simulations also confirm the
presence of downward turbulent pumping. Indeed, animations show that flux tubes are regularly being
entrained by strong downdrafts, then pushed downward and amplified as the result of stretching and
compressiof203,253,330]The end result is a strong magnetic field at the bottom of the convection zone
where the field is expected to undergo further stretching by differential rotg8R®ij. Recent studies
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Fig. 6.4. Vertical and horizontal components of theffect. The gray lines represent different times, the thick line is the time
average, and the surrounding thin curves indicate the error of the mean. The simulation is carried out on the southern hemisphere.
The convection zone proper is in the range < 1, wherez denotes depth. The lower overshoot layer ig inl and the top
overshoot layer is i < 0. In the upper parts of the convection zone«(9 < 0.6) the vertical component ef; = o is positive

(upper panels) while the horizontal componenfs = o, = «yy are negative (lower panels). The left and right hand columns

are for simulations with different angular velocity: slower on the left (the Taylor numbendsi@®) and faster on the right

(the Taylor number is 7). Courtesy Ossendrijvg808].

have allowed a more quantitative description of the pumping effect and the associated pump velocity
[332,333]

Two surprising results emerged from the simulations. In convectioneffect is extremely anisotropic
with respect to the vertical direction such that the diagonal componestsoain even change sign. While
the horizontal components,, andx,,, show the expected sign and are roughly a negative multiple of the
kinetic helicity, the vertical component,,, shows invariably the opposite si¢@07,308] seeFig. 6.4
This peculiar result can be understood by noting that vertical field lines are wrapped around each other
by individual downdrafts, which leads to field line loops oppositely oriented than if they were caused by
an expanding updraft.

In Fig. 6.5we show the field line topology relevant to the situation in the southern hemisphere. The
degree of stratification is weak, so the downdrafts at the top look similar to the updrafts at the bottom
(both are indicated by two swirling lines). (i) At the top and bottom boundaries the magnetic field is
concentrated in the intergranular lanes which correspond to downdrafts at the top and updrafts at the
bottom. (ii) This leads to a clockwise swirl both at the top and at the bottom (but counter-clockwise in
the northern hemisphere); see the second panel. (iii) This in turn causes left-handed current helicity in
the upper parts and right-handed current helicity in the lower parts, so one might expeds thegative
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Fig. 6.5. Sketch showing the twisting of vertical magnetic field lines by downdrafts. The resulting electromotivé ferce,b,

points in the direction of the mean field, giving a positig in the southern hemisphere and a negatiyein the northern
hemisphere. Adapted from R¢807].

/

in the upper parts and positive in the lower parts. This is however not the case. Instead, what really
matters is§ = u x b, whereu is dominated by converging motions (both at the top and the bottom). This,
together withb winding in the counter-clockwise direction around the downdraft and in the clockwise
direction in the updraft, caus@sx b to point in the direction oB at the top (sox,, is positive) and
in the opposite direction at the bottom (89 is hegative). Originally, this result was only obtained for
weak stratificatiorf307], but meanwhile it has also been confirmed for strong stratificd868]. We
reiterate that a qualitatively similar result has also been obtained in analytic calculations:affteet
from supernova-driven expanding shells in the stratified galactid8@8j and in FOSA calculations of
stratified turbulencg310].

The other surprising result is that the turbulent pumping is not necessarily restricted to the vertical
direction, but it can occur in the other two directions as well. In general one can spij tle@sor into

symmetric and antisymmetric components, 4,6 = ocff) + ocg-o‘), where the antisymmetric components
can be expressed in the form

aft) = —eijin (6.25)
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Fig. 6.6. The latitudinal dependence of the three components of the pumping vefoeity ¢orresponds to the south pole and
0 = 90 to the equator). The vertical pumping velocity, (right-most panel) is positive, corresponding to downward pumping,
and almost independent of latitude. The two horizontal componentgasfish at the poles. The longitudinal pumping velocity
(yy, middle panel) is negative, corresponding to retrograde pumping, and the latitudinal pumping velgditjt panel) is
positive, corresponding to equatorward pumping. Adapted from[B&4].

wherey is the pumping velocity. We recall thalif)ﬁj = (y x B);, which looks like the induction term

U x B, soy acts like an advection velocity. Simulations show thdias a component pointing in the
retrograde direction; sd€g. 6.6and Ref[334]. We shall return to the theory of this term in Section 10.3;
see Eq. (10.64).

The latitudinal component of the pumping velocity points toward the equator and has been invoked
to explain the equatorward migration seen in the butterfly diad@88]. The equatorward pumping
was found to act mostly on the toroidal component of the mean field while the poloidal field was found
to experience a predominantly poleward pumping velocity. This result has also been confirmed using
simulations of turbulent convectid@34].

A general problem with all these calculations is that, as the Reynolds number is increased, the fluctu-
ations in& become large and long integration times are nece$8any). This is related to the problem
that for large values ok, small scale dynamo action becomes possible and, unless the imposed field is
strong enough, the resulting valuesétire only weakly linked td®g. Indeed,& will be dominated by
a rather strong noise component, making it necessary to calculate long time averages to extract a small
average from the strongly fluctuating component.

6.4.2. Test field procedure with finite gradients

A general procedure for determining the ful} andy; ;; tensors from a simulation is to calculate the
electromotive force after applying test fields of different directions and with different grad&36§
There are altogether927 unknowns, if the mean field can vary in all three directionset® unknowns,
if it can vary only in two directions (as is the case for toroiday@verages, for example). The idea is to
calculate the emf,

&9 —ux b@ | (6.26)
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for the excess magnetic fluctuatiom?, that are due to a given test fieki? . This requires solving
simultaneously a set of equations of the form

ob@ . _
= =V xIU+w x B9+ yv2@ + G (6.27)

for each test fiel@? . Here, the mean flow has been retained a®: vV x [u x b —u x b@]is aterm
nonlinear in the fluctuation. This term would be ignored in the first order smoothing approximation, but
it can be kept in a simulation if desired. For two-dimensional averages, for example, on¢ h&8s-27

unknowns, so one needs 9 test fiegt® to calculate 9 vectorg'?. Expressing?“” in the form

i

e 5@ -@)
89 =B + By, (6.28)

one arrives at a system of 27 equations for the 27 unknowns.

By choosing 3 of the test fields to be constants, one can first solve for the 9 unknewiiee remaining
coefficientsiny; ;, canthen be obtained by choosing testfields that vary linearly as a function of space. This
type of analysis has been applied successfully to laminar stationary convection in a sphere exhibiting a
dynamo effecf336]. In this special case no matrix inversion is necessary. However, in addition to problems
with boundary conditions, there is the difficulty thaf andy,;, may be wavenumber dependent, so it
may be better to choose only test fields with similar spatial variation (or wavenumber). In that case one
needs to invert simple 8 2 matrices with coefficients that depend on the test fields and their gradients.

Another remotely related method is to use a time-dependent magnetic field in a successful turbulent
(nonstationary) dynamo simulation. The hope is here that the resulting mean magnetic field covers a
substantial fraction of the parameter space allowing one to calculate meaningful moments of the form
(EiEj) and(?iﬁj,k). Using a general representation®bf the form Eq. (6.9) allows one to calculate
the transport coefficients; andy; ;;, by inverting suitable correlation matrices. This method has been
applied with modest success to the problem of large scale field generation in a local model of accretion
disc turbulencg¢337,338]

6.4.3. Comparison of simulations with theory

Whenever a meaningful comparison between simulations and theory (FOSA) is possible, the agreement
can be quite remarkable. An example where this is the case is laminar convection in a rotating spherical
shell, where the velocity field from the simulation has been inserted into the corresponding mean-field
expression§336].

In the case of turbulent convection, where only the turbulent rms velocity is used to scale theory to
simulations, the agreement is merely on a qualitative level. One obvious property of simulated values of
« is the high degree of fluctuatiof311]. This is because here mean fields are defined as spatial averages.
Fluctuations of the turbulent transport coefficients are normally ignored when ensemble averages are
used[339]. As a general trend one can note that theory tends to overestimate the magnitudes of
andn;. This can partly be explained as a consequence of catastrophic (i.e. magnetic Reynolds number
dependent) quenchin@08]. This will be discussed in detail later in this review; see Section 9.3. For
now, let us note that the catastrophic quenching became particularly obvious in simulations of isotropic
homogeneous turbulence in a fully periodic 8%0]. Agreement between theory and simulations was
only achieved when the dynamical quenching formalism was [8edHistorically, of course, neither
the dynamical quenching nor the corresponding helicity fluxes were known. Therefore, any agreement
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Q effect a effect

Fig. 6.7. Mutual regeneration of poloidal and toroidal fields in the case of@ynamo (left) and the? dynamo (right).

a effect

between simulations and theory was only a consequence of having adopted sufficiently small a magnetic
Reynolds number or, possibly, of magnetic or current helicity fluxes having been quite efficient, so that
the effect of dynamical quenching became less restrictive.

An outstanding question where much more work needs to be done is indeed the issue of current helicity
fluxes. They will be discussed in more detail below (Sections 8.11, 9.6, 9.7, 10.4). Their calculation is just
as important as that of the other transport coefficients, because these fluxes help alleviating the otherwise
catastrophic quenching.

6.5. o? andxQ dynamos: simple solutions

For astrophysical purposes one is usually interested in solutions in spherical or oblate (disc-like)
geometries. However, in order to make contact with turbulence simulations in a periodic box, solutions
in simpler cartesian geometry can be useful. Cartesian geometry is also useful for illustrative purposes.
In this subsection we review some simple cases.

Mean field dynamos are traditionally divided into two grougsandx? dynamos. The effect refers to
the amplification of the toroidal field by shear (id#ferentialrotation) and its importance for the sun was
recognized very early on. Such shear also naturally occurs in disk galaxies, since they are differentially
rotating system$§210]. However, it is still necessary to regenerate the poloidal field. In both stars and
galaxies the effect is the prime candidate. This explains the na®@elynamo; see the left hand panel
of Fig. 6.7. However, large scale magnetic fields can also be generated byffext alone, so now also
the toroidal field has to be generated by #wdffect, in which case one talks about#mynamo; see the
right hand panel oFig. 6.7 (The termx2Q model is discussed at the end of Section 6.5.2.)

6.5.1. 2 dynamo in a periodic box
We assume that there is no mean flow,iles 0, and that the turbulence is homogeneous, soithatl
n are constant. The mean field induction equation then reads

oB _ _ _
E:quB—i—nTVZB, V.-B=0, (6.29)

wherent = n + 1, is the sum of microscopic and turbulent magnetic diffusivity. We can seek solutions of
the form

B(x) = ReB(k) exp(ik - x + Ar)] . (6.30)
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Fig. 6.8. Dispersion relation for? dynamo, wherécyit = /5.

This leads to the eigenvalue proble = «ik x B — 51k?B, which can be written in matrix form as
R —nrk?  —iak,  iaky R
/B = ( ik, —nrk? —iok, ) B. (6.31)
—laky ok, ——

This leads to the dispersion relations= i(k), given by

(A4 nrk?)G+ nrk?)? = 221 =0, (6.32)
with the three solutions

Jo=—ntk? = —ntk®+ |ok| . (6.33)

The eigenfunction corresponding to the eigenvalgie= —y1k? is proportional tok, but this solution
is incompatible with solenoidality and has to be dropped. The two remaining branches are shown in
Fig. 6.8

Unstable solutionsi(> 0) are possible for & «k < n7k?. For« > 0 this corresponds to the range

Fora < 0, unstable solutions are obtained fgf; < k < 0. The maximum growth rate is at
kmax = Skerit = o/ (271)  (Maximum growth ratg. (6.35)

Such solutions are of some interest, because they have been seen as an additional hump in the magnet
energy spectra from fully three-dimensional turbulence simulations (Sections 8.4 and 8.6).

Linear theory is only applicable as long as the magnetic field is weak, but qualitatively one may expect
that in the nonlinear regime becomes reduced (quenched), g decreases and only larger scale
magnetic fields can be maintained. This is indeed seen in numerical simuldjpsse also Section 8.

6.5.2. a2 dynamo in a periodic box

Next, we consider the case with linear shear, and assusm€0, Sx, 0), whereS = const. This model
can be applied as a local model to both accretion disissr@diusy is longitude, anad is the height above
the midplane) and to starg is latitude,y is longitude, ana is radius). For keplerian discs, the shear is



A. Brandenburg, K. Subramanian / Physics Reports 417 (2005) 1-209 85

0.5}

oi::)

.. 00

[
2 ol

5 —05[/

G

-1.0¢ :
-1 0 1 -1 0 1
k/kcrn k/kcrﬂ.

Fig. 6.9. Dispersion relation farrQ dynamo withakerit/S = 0.35. The dotted line gives the result for th@ approximation
Egs. (6.39) and (6.40). The axes are normalized usipgfor the full «2Q dynamo equations.

S = —%Q, while for the sun (taking here only radial differential rotation into accoSng) »oQ/or ~
+0.1Q¢ near the equator.

For simplicity we consider axisymmetric solutions, ke = 0. The eigenvalue problem takes then the
form

—nrk?  —iok, 0
/B = (iockZ +S —nprk?  —ick, ) B, (6.36)
0 ioky  —nrk?
whereyt =i+, andk? = k2 + k2. The dispersion relation is now
(4 ntkDIG + n7k)? + iaSk, — ?k?]1 =0 , (6.37)
with the solutions
s = —nrk? £ (k% — (0Sk.)Y? . (6.38)

Again, the eigenfunction corresponding to the eigenvadue—n1k? is not compatible with solenoidality
and has to be dropped. The two remaining branches are shdvig. i.9 together with thepproximate
solutions (valid fork, /S < 1)

RelL ~ _77Tk2 + |%“Sk2|1/2 , (6.39)
IM jse = —ocye ~ £|5a8k. Y2, (6.40)

where we have made use of the fact th& & (1 +1)/v/2.

Sometimes the terafQ dynamo is used to emphasize thatdtedfect is not neglected in the generation
of the toroidal field. This approximation, which is sometimes also referred to a®tapproximation, is
generally quite good providetk, /S <1. However, it is important to realize that this approximation can
only be applied to axisymmetric solutiofg41].

6.5.3. Eigenfunctions, wave speed, and phase relations
We now make the approximation and consider the marginally excited solutioni(ReD), which
can be written as

By = Bosink.(z —ct), B, =~/2Bo (c ( sink, (z — ct) + o] , (6.41)

o
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Table 3

Summary of propagation directions and phase relatioadodynamos

Object o S 1) c Wave propagation |weyclAt
Disc - — —3n/4 + Away from midplane —3n/4
Disc/star? + — +3n/4 — Equatorward —3r/4
Star? — + —n/4 — Equatorward +n/4
Star + + +n/4 + Poleward +n/4

where By is the amplitude (undetermined in linear theory), and wcyc/ k, is the phase speed of the
dynamo wave, which is given by

aS
C= —mm——— =
| 208k, |1/2

where the upper (lower) sign applies whefhis positive (negative). The sign ofgives the direction of
propagation of the dynamo wave; stable 3for a summary of the propagation directions in different
settings.

An important property of the@ dynamo solutions that can be read off from the plane wave solutions
is the phase shift oi’c%n (for S <0) and=+=xr/4 (for S > 0) between the poloidal and toroidal fields. It
is customary[342,343]to quote instead the normalized time delayyc|Ar = ¢ sgn(c), by which the
toroidal field lags behind the radial field. These values are given in the last colunablef3 Note that
the temporal phase shift only depends on the sign of the Serad not orv.

+ntk; , (6.42)

6.5.4. Excitation conditions in a sphere

For applications to stars it is essential to employ spherical geometry. Over the past three decades,
a number of two-dimensional and three-dimensional models have been pre@9&@44—346] The
dynamo is generally characterized by two dynamo numbers,

Cy=0o0R/nt, Co= AQR2/11T , (6.43)

whereag andAQ are typical values of and angular velocity difference across the sphere Riisdthe
outer radius of the sphere. Fig. 6.10we show the critical values d@f, (above which dynamo action is
possible) for different values @ using error function profiles,

fa(riro, d) = {1 £ erf{(r —ro)/dl} (6.44)

for a(r, 0) = ag fo(r; ry, d,) COSH aNdQ(r) = AQ f_(r; ro, dg), just as in the early work of Steenbeck
and Krausg298], who usedr, = 0.9, ro = 0.7, andd,, = dqo = 0.075. Onr = R the field is matched
to a potential field. A detailed presentation of the induction equation in spherical harmonics with dif-
ferential rotation, meridional circulation, anisotropieffect and a number of other effects is given by
Radler[347].

The solutions are classified by the symmetry properties about the eqeaaad @ for symmetric
and antisymmetric fields, respectively), supplemented by the spherical harmonic mexdamcterizing
the number of nodes in the azimuthal direction. Note that for axisymmetric mé@eand AQ) the
critical value ofC, decreases i€ increases, while for the nonaxisymmetric modes (8lgandA1l)
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Fig. 6.10. Critical values of, versusC,, for a dynamo in a spherical shell. Note that n€gr= 200 the nonaxisymmetric modes
S1 andAl are more easily excited than the axisymmetric mafeandAO. Here,C,, (calledCq, in the rest of this review) is
defined such that it is positive whé®/or is negative, and vice versa. Adapted fr{8v6].

C, is asymptotically independent @f,. This behavior forSO andAO is understandable because for
axisymmetric modes the excitation condition only depends on the producefiéct and shear; see
Eqg. (6.39). Fois1 andAl, on the other hand, differential rotation either makes the dynamo harder to
excite (if Cq is small) or it does not affect the dynamo at all (largey). This is because when differential
rotation winds up a nonaxisymmetric field, anti-aligned field lines are brought close tof#thgrFor
sufficiently large values of o the field is expelled into regions with no differential rotatieA ¢ynamo)
where the dynamo is essentially independerd of

Generally, axisymmetric modes are easier to excite than nonaxisymmetric modes. There can be excep-
tions to this just at the junction betweefiand«Q dynamo behavior. This is seen nea; = 300; see
Fig. 6.10Q Such behavior was first reported by Robert and &#4d], and may be important for under-
standing the occurrence of nonaxisymmetric fields in active stars; see Section 11.3. Other potential agents
facilitating nonaxisymmetric fields include anisotrof3d8,349]and nonaxisymmetrif350,351]forms
of « effect and turbulent diffusivity.

Finally, we note that for strong shear (large valuef®f]), andx > 0 in the northern hemisphere, the
most easily excited modes aké (whenoQ/or is negative, i.eC,, > 0 in Fig. 6.10, andS0 (whendQ/or
is positive). This behavior changes the other way around, however, when the dynamo operates in a shell
whose ratio of inner to outer shell radius exceeds a value of abo(8827353] This is approximately
the appropriate value for the sun, and it has indeed long been recognized that the negative parity of the
solar dynamo is not always obtained from model calculatj864—356]

6.5.5. Excitation conditions in disc-like geometries

Another important class of astrophysical bodies are galactic discs as well as discs around young stars,
compact objects, or supermassive black holes in the nuclei of active galaxies; see Section 2.3. We considel
the simplest form of the axisymmetric mean field dynamo equations appropriate for a thifidjsc

Br=—(Bg) + By, By=SBr+niBy. (6.45)

Here, radial derivatives have been neglected, so the problem has become one-dimensional and can b
solved separately at each radius. Primes and dots derastét derivatives, respectively, = og f,(z)



88 A. Brandenburg, K. Subramanian / Physics Reports 417 (2005) 1-209

is a profile foro (asymmetric with respect to= 0) with typical valuexg, S = R dQ/dR is the radial

shear in the disc, an®B, By, B) are the components of the mean fi€ldh cylindrical coordinates.

Onz = +H one assumes vacuum boundary conditions which, in this one-dimensional problem, reduce
to Bg = B, = 0. One can also impose boundary conditions on the mid-ptaa€), by selecting either
symmetric (quadrupolar) field8z = F:b = 0, or antisymmetric (dipolar) field&} = B, = 0. One can

again define two dimensionless control parameters,

Co=Sh?/ny, Cy=aoh/nT (6.46)

which measure the strengths of shear amdfects, respectively, whelteis a measure of the disc scale
height. (Note thaCq andC,, used here are akin to those defined in Section 6.5.4 and are identical to the
symbolsRg and R, commonly used in galactic dynamo literature.) In spiral galaxies, the typical values
areCo ~ —10 andC, ~ 1, and sdCq| > C,.

Since|Cq| > C,, dynamo generation of axisymmetric solutions is controlled by the dynamo number
D = CqC,. Exponential growth of the fields is possible in the kinematic stage provided Dit. Here
the critical dynamo numbebit ~ 6—10, depending on the exact profile adopted forilag. Here we
assumef,(z) =z/H, whereH is the disc scale height. For negati«@/oR and positive values afin the
upper disc plane (northern *hemisphere’), the most easily excited modes are noAGngetS0 [222].
This case is believed to be relevant to galaxies and one expects that the most easily excited solutions for
galaxies, are modes with steady quadrupole (S0 st) symmetry in the merida@nalane[77]. For these
modes, the growth rate in the kinematic regime can be approximated by

7~ 35 (VDI = vDen) - (6.47)

In most spiral galaxies the dynamo is supercritical for a large range of radii, and so galactic fields can
indeed grow exponentially from small seed values. A detailed discussion of the properties of solutions in
the galactic context is given in Rg¥.7].

Further, as discussed in Section 6.5.4, axisymmetric modes are easier to excite than nonaxisymmetric
ones. Although, the observed nonaxisymmetric large scale mean field structures in some galaxies, can
also be explained by invoking nonaxisymmetric formsa effect[350], turbulent diffusivity, or streaming
motions[357—359]

For accretion discs; might be negative in the northern hemisphg@l] and one therefore expects
oscillatory quadrupoles (S0 0946860]. In Fig. 6.11we show the growth rate of different modes, obtained
by solving Eq. (6.45) for both signs of the dynamo num3&0]. In order to find all the modes, even the
unstable ones, one can easily solve Eq. (6.45) numerically as an eigenvalue prafeing, where the
complex growth raté is the eigenvalue with the largest real part.

For illustrative purposes, we discuss the numerical technigue in detail. We introduce mesh points,
z; = i6z (excluding the boundaries at= 0 andz = H), whereéz = H/(N + 1) is the mesh spacing, and
i=12, ..., N denotes the position on the mesh. The discretized eigenvector is

q= (Br1, By1, Br2, Bg2, .., Brn, Bon)" . (6.48)

Itis convenient to introduce the abbreviatians= —o; /(26z) andb = 11T/(5z)2, so then the second-order
accurate discretized form of Eq. (6.45) reads

Bri =ai+1Bgi+1 — ai—1Bgi—1+ b(BRrit1 — 2BRi + Bri-1) , (6.49)
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Fig. 6.11. Eigenvalues of the dynamo equations with shear in slab geometry with radial shear. The dynamo number, in this figure,
is defined positive when the shear in negative @apdsitive (opposite in sign to that in the text). Note thatdfor O the solution

that is most easily excited is nonoscillatory (‘steady’) and has even parity (referredtstpwhilst foro < 0 it is oscillatory

(S osc). Adapted froni360].

Bgi = SBri + b(Bgit1— 2Bgi + Byi-1) (6.50)
whereus, a2, ..., are the values of at the different mesh points. Using symmetric boundary conditions
onz=0, we haveBzo=0 andB(;)oz (—3Byo+4By1— By2)/(20z)=0, whichis just the second order one-

sided first derivative formulf272]. With this we can eliminate the boundary pojo = %(4B¢,1 — By2),
and have, in matrix form,

-2 —3a0 b Zag+az O 0O 0 O
s % 0 b O 0 0 0
b ai —2b 0 b as 0 0
M=]| 0 b S —2b 0O b 0 O (6.51)
0 0 b ar —2b 0 b aa
0 0 0 b S 0 b

—2b

In the lower right corner, no modification has to be applied, which then corresponds to the vacuum
boundary conditiorB g = B, =0 onz ==H. For the results shown fig. 6.11we have simply assumed

a linear profile, i.ex = 29z/ H, andyt andSare constant. The eigenvalues of the matixan be found

using standard library routines.

6.6. Radler effect and shear-current effect

An important additional contribution to the EMF is a term of the fagme= - - - + § x J. This term
was first derived and identified as a possible dynamo generating term by [E&8grwho found that
in a rotating system with nonhelical turbulen&és proportional to2. Even in a non-rotating system
with linear shear alone, large scale dynamo action is possible due to the so-called shear-current effect
[322—-324] wheres is proportional to the vorticityv of the mean flow.
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Fig. 6.12. Dispersion relation for théS dynamo withékgrit/s =0.2. The dotted line gives the result for th&S"” approximation

Eq. (6.54). The axes are normalized uskag; as given by Eq. (6.53). Note the similarity to the dispersion relation forfthe
dynamo; cfFig. 6.8

Numerous models with this effect have been considered in the early 1930#848,352]Since this
term does not give a contributiondeé, it cannot provide energy to the system. However, the presence of
shear suffices to allow injection of energy into the system to offset resistive losses and hence to produce
sustained large scale dynamo action. The dispersion relation for such an axisymas8tdgriamo can
easily be obtained from Egs. (6.36) and (6.37) by replacing ik - , and its solution is

fe = —n7k® £ [— (k- 9)%K® — (k- ) Sk ]2 . (6.52)

Evidently, a necessary condition for growing solutions is that the term in square brackets is positive, and
hence that- Sk /(k - ) > k2. We refer to such solutions ag2s” dynamos, so as to emphasize thatshe
effect enters the regeneration of both poloidal and toroidal field. We use here the syimbiglad of
to emphasize that angular velocity is unnecessary and that only shear is needed.

In the one-dimensional case wkk- (0, 0, k,) andé= (0, 0, ), the necessary conditionJ}&SkZZ/S > 0.
Thus, for positive shear, growing solutions are only possible for negative valdearad vice versa. The
critical k&, may then be obtained from Eq. (6.52) in the form

kerit = [—S8/(8% + n$)1Y2 . (6.53)

The two solution branches are showifrig. 6.12 together with the solutions of the approximate dispersion
relation, obtained by ignoring thé& - §)%k2 term inside the squared brackets of Eq. (6.52), i.e.

Jw A —nrk? £ | — 6SK2M? (for 1> — 6k2/S > 0) . (6.54)

Note first of all that the approximate dispersion relation is fairly good even v&ﬂaé@/s is not very

small. Second, the approximation is formally equivalent to the dispersion relation férdyeamo after
replacing|«| — | — 85|Y/2.

7. Magnetic helicity conservation and inverse cascade

The mean field approach in termsooéffect and other turbulent transport coefficients has been quite
popular in modeling the magnetic fields in various astrophysical bodies. Its main shortcoming is the rather
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simplistic treatment of turbulence. A very different approach has been pioneered by Frisch and coworkers
[361] and explored quantitatively in terms of the eddy damped quasi-normal Markovian (EDQNM)
closure approximatiof804], which will be reviewed briefly below. In this approach, the main mechanism
producing large scale fields is the inverse cascade of magnetic helicity toward larger scatestfétie
emerges in a self-consistent manner and, more importantly,effect is amended by a correction term
proportional to the small scale current helicity which plays a crucial role in modern mean field theory
(Section 9). We begin with an illustration of the inverse cascade mechanism using a simple 3-mode
interaction model.

7.1. Inverse cascade in 3-mode interactions

The occurrence of an inverse cascade can be understood as the result of two waves (wavenumber:
p andq) interacting with each other to produce a wave of wavenurkb&he following argument is
due to Frisch et a[361]. Assuming that during this process magnetic energy is conserved together with
magnetic helicity, we have

M, + M, =M, (7.1)
|Hp| + [Hy| = |Hy] (7.2)

where we are assuming that only helicity of one sign is involved. Suppose the initial field is fully helical
and has the same sign of magnetic helicity at all scales, we have

2M, = p|H,| and 2M,=q|H,|, (7.3)
and so Eq. (7.1) yields
plHp| + q|Hy| = 2My > k| H| , (7.4)

where the last inequality is just the realizability condition (3.59) applied to the target wavenkiafber
the interaction. Using Eq. (7.2) in Eq. (7.4) we have

p|Hp|+Q|Hq|>k(|Hp|+|Hq|)- (7.5)
In other words, the target wavevectoafter the interaction of wavenumbgrandq satisfies
k< PlHp| + q|Hy| .

< 7.6
|Hp| + [Hy| (7:6)
The expression on the right hand side of Eq. (7.6) is a weighted mgaarafq and thus satisfies
. p|Hp| + CI|Hq|
min(p, ¢)< —————————<max(p,q) , 7.7
P S T p.q (7.7)

and therefore

k< max(p, q) . (7.8)

Inthe special case whepe=¢, we havek < p=g, so the target wavenumber after interaction is always less
or equal to the initial wavenumbers. In other words, wave interactions tend to transfer magnetic energy
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to smaller wavenumbers, i.e. to larger scale. This corresponds to an inverse cascade. The realizability
condition,%k|Hk| < My, was the most important ingredient in this argument. An important assumption
that we made in the beginning was that the initial field be fully helical; see[R&9,362]for the case of
fractional helicity.

7.2. The EDQNM closure model

One of the earliest closure schemes applied to the MHD dynamo problem was the eddy-damped
quasi-normal Markovian (EDQNM) approximation. This was worked out in detail by Pouquet, Frisch
and Léorat (PFL]304]. EDQNM has been used frequently when dealing with fluid turbulence and is
described, for example, in Ref825,363] We do not describe it in great detail. Instead, we outline just
the basic philosophy, and the crucial insights gained from this closure. PFL assumeditzatdh&elds
were homogeneous, isotropic (but helical) random fields. This is similar to the unified treatment presented
in Section 5.6. The large and small scale fields would again be distinguished by whether the wavenumber
kis smaller or greater than the wavenumber of the forcing. It was also assumed that the figtehls
statistically invariant under sign reversal{> —b); the MHD equations then preserve this property and
the cross helicityu - b) is then always zero. Now suppose the MHD equations for the fluctuating fields are
written symbolically as: = uu, whereu stands for some componentwbr b and(u) = 0. This notation
is used only to illustrate the effects of the quadratic nonlinearity; the linear dissipative and forcing terms
have been dropped since they do not pose any specific closure problem and can be re-introduced at the
end. Then we obtain for the second and third moments, again in symbolic form,

d(uu) d{uuu)
dr (), dr

The quasi-normal approximation consists of replacing the fourth motment:) by its Gaussian value,

that is the sum of products of second order moméntsturns out that such an approximation leads

to problems associated with unlimited growth of the third moment, and the violation of the positivity
constraint for the energy spectra. This is cured by assuming that the neglected irreducible part of the
fourth moment in (7.9) is in the form of a damping term, which is a suitable linear relaxation operator
of the triple correlations (a procedure called eddy-damping). One also carries out ‘Markovianization’,
by assuming that the third moment responds to the instantaneous product of the second moments. The
resulting third moment is substituted back on the RHS of the equation for second moments in (7.9). This
results in a closed equation for the equal-time second-order moments

d{uu)
dr
wheref(t) essentially describes a relaxation time for a given triad of interacting modes. It is given by

= (uuuu) . (7.9)

= 0(t)(uu){uu) , (7.10)

4 t
0(t) = / g Jon®)ds g (7.11)
0

6 Note that the guasi-normal approximation may be more problematic when applied to MHD since the dynamo generated
B-field could initially be much more intermittent than the velocity field (see for example the discussion of the kinematic small
scale dynamo in Section 5). Therefore the validity of EDQNM applied to MHD is somewhat more questionable than when
applied to pure hydrodynamic turbulence.
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Here u(s) is the eddy damping operator and was written down in [8f4] using phenomenological
considerations. It depends on the kinetic and magnetic spectrum and incorporates the damping effects on
any mode due to nonlinear interactions, Alfven effect and microscopic diffusion. (In the stationary case,
whereu = constanty — x~1.) The derived evolution equations for the energy and helicity spectra of the
random velocity and magnetic fields, are shown to preserve the quadratic invariants of total energy and
magnetic helicity, just as in full MHD. The complete spectral equations under the EDQNM approximation
are give in Table | of Ref.304], and will not be reproduced here (see also the Appendix in[Bé4]).

However several crucial insights resulted from this work about how the Lorentz force affects the large
scale dynamo. From the EDQNM evolution equations for the kinetic and magnetic spectra, PFL identified
three important effects, all of which involve the coupling between widely separated scales. Sufapose
and H;, are the magnetic energy and helicity spectra &pdF; the corresponding kinetic energy and
helicity spectra. And suppose we are interested in the dynamics of the magnetic energy at wavknumber
due to velocity and magnetic fields at much larger scales (wavenurdtagky and much smaller scales
(wavenumbet= k/ag), whereag < 1. Then, in concrete terms, PFL found that the nonlocal contributions
to the evolution are

(Mi)NLoc = kT (Ex — My) + oR k2 Hy — 20/ kK2 My + - - (7.12)
(Hi)NLoe = (Tk/ k) (Fy — k2Hy) + of My — 200 kK2Hy + - -+, (7.13)
(Ex)NLoc = —kIk(Ex — My) — 2(3v{ +vi! +vOKPEe + -+, (7.14)
(FONLoe = —kTk(Fi — K2 Hi) — 2GBv) + v + vOK?Fe+ -+, (7.15)
where
apk
Iy =3k /0 Okg My dg (7.16)
o0 o0
ol = _g/ Ogq[Fx — k*Hildg, v) = %/ Okgq Eq dq . (7.17)
k/ag k/ag
m_ 2 [~ R_2 [T Oty
Vk = gf HquMq dq, Vk = 1—5/ quqqa—(Eq — Mq) dq . (718)
k/ag Jao q

The first term on the RHS of (7.12), referred to by PFL as the Alfvén effect, leads to equipartition of the
kinetic and magnetic energies, at any scale due to magnetic energy at larger scales. This happens on th
Alfvén crossing time of the larger scale field. The second term, very important for what follows, shows
that the growth of large scale magnetic energy is induced by the small scale ‘residual’ helicity, which
is the difference between the kinetic helicity and a current helicity contribution, due to the small scale
magnetic field. The part oa‘,f depending on the kinetic helicity corresponds closely to the usesict,

once one realizes thatis like a correlation time. Over and above this term PFL discovered for the first
time the current helicity contribution, tHe& H; term in oc,’j. The third term gives the turbulent diffusion

of the large scale magnetic field. Surprisingly, this term does not get affected, to the leading order, by
nonlinear effects of the Lorentz force (although the small scale magnetic field does affect the diffusion
of the large scale velocity field). PFL also gave a heuristic derivation of the last two results, because of
their potential importance. This derivation, has since been reproduced in various forms by several authors
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Fig. 7.1. Inverse cascade in a numerical solution of the EDQNM equations showing the magnetic energy spectrum (here called
E,'(V') at two different times. Kinetic energy and helicity are injected at wavenuinkel. Note the peak of magnetic energy
propagating toward smaller valueslofAdapted from{304].

[222,365,366]and has also been extended to include higher order corre¢268% We outline it in
Appendix D and use it to discuss the nonlinear saturation of the large scale dynamo in Section 9.3.

The EDQNM equations were numerically integrated by PFL to study the dynamo growth of magnetic
energy. Most important in the present context is the case when both kinetic energy and helicity are
continuously injected. In this case PFL found what they described as an inverse cascade of magnetic
helicity, which led to the appearance of magnetic energy and helicity in ever increasing scales (limited
only by the size of the systenfjig. 7.1shows the resulting magnetic energy spectrum at two times. One
can see the build up of large scale magnetic energy on scales much larger than the injectian=stale (

PFL have also argued that this inverse cascade of magnetic energy resulted from a competition betweer
the helicity (residuak) and the Alfvén effect. We shall return to this question in subsequent sections.
Numerical solutions to the EDQNM closure equations also reproduce small scale dynamo action in the
absence of helicitj367]. However, the decisive terms describing small scale dynamo action do not seem
to appear in the nonlocal interaction terms extracted in Egs. (7.12)—(7.15).

8. Simulations of large scale dynamos

For astrophysical applications, the inverse cascade approach using the PFL model seemed too idealizec
compared to the? andx dynamo models that have been studied intensively in those years when the PFL
model was proposed. Furthermore, there seems little scope for generalizing EDQNM to inhomogeneous
systems with rotation. Nevertheless, the basic idea of an inverse cascade was well established and verifiec
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by several grouppt,262,368—-37Q]0nly recently, however, there have been serious attempts to bridge
the gap between the PFL approach and mean field models. In this section we review recerjtttorts
study helically driven hydromagnetic turbulence and to compare with the assogtadgdamo model

that is applicable in the equivalent situation, i.e. also with fully periodic boundary conditions. After that,
in Section 9, we consider in detail the implications of the conservation of magnetic helicity to mean
field models.

8.1. The basic equations

In order to simulate the effect of cyclonic turbulence without actually including the physical effects
that contribute to cyclonic turbulence one can substitute the buoyancy term by an explicit body force. The
effects of stratification and rotation are therefore neglected.

A compressible isothermal gas with constant sound spgedonstant dynamical viscosity, and
constant magnetic diffusivity is considered. To make sure the magnetic field stays solenoidal, i.e.
VvV -B=0,Bis expressed in terms of the magnetic vector poteAtiab the field is written aB =V x A.

The governing equations for densjtyvelocity u, and magnetic vector potentia) are given by

DlIn
P__v.u , (8.1)
Dr
— =—csVInp+ +=(Vu+3VVv.u) +f, (8.2)
Dt p P
0A
—t:uxB-i—anA, (8.3)

where O'Dr = 8/0t + u - V is the advective derivative. The current density; V x B/, is obtained

in the formugd = —V2A 4+ VV - A. The gaugep = —V - A for the electrostatic potential is used, and
n = constant is assumed, so the magnetic diffusion term is;jaéa. Details regarding the numerical
solution of these equations are analogous to the nonhelical case and are discussed ¢Bexyhdiamny

of the simulations presented here have been done usingette. Cope [271], mentioned already in
Section 5.4.

For the following it is useful to recall that each vector field can be decomposed into a solenoidal
and two vortical parts with positive and negative helicity, respectively. These are also referred to as
Chandrasekhar—Kendall functions (cf. Section 3.7). It is often useful to decompose the magnetic field
into positively and negatively helical parts. Here, we use eigenfunctions with positive eigenvalues (i.e.
with positive helicity) as forcing functiofiof the flow. We restrict ourselves to functions selected from a
finite band of wavenumbers around the wavenunibedut direction and amplitude are chosen randomly
at each timestep. Further details can be found in[RgfSimilar work was first carried out by Meneguzzi
et al.[262], but at the time one was barely able to run even until saturation. Since the nineties, a lot
of work has been done on turbulent dynamos with ABC flow-type for§2a%,227,229,370]In none
of these investigations, however, the saturation behavior has been studied and so the issue of resistively
slow magnetic helicity evolution past initial saturation remained unnoticed. It is exactly this aspect that
has now become so crucial in understanding the saturation behavior of nonlinear dynamos. We begin by
discussing first the linear (kinematic) evolution of the magnetic field.



96 A. Brandenburg, K. Subramanian / Physics Reports 417 (2005) 1-209
8.2. Linear behavior

Dynamo action occurs once the magnetic Reynolds number exceeds a certain criticakyaluegr
helical flows,R¢;it is between 1 and 2. Note that the values giverahle 1of Ref.[4] need to be divided
by 2= in order to conform with the definition of the magnetic Reynolds numBgr= ums/ (nks), used
throughout most of this review. In the supercritical cd&g > Rcrit, the field grows exponentially with the
growth ratei, which is proportional to the inverse turnover timgysks . The resistively limited saturation
behavior that will be discussed below in full detail has no obvious correspondence in the kinematic stage
when the field is too weak to affect the motions by the Lorentz ff#28]. Nevertheless, there is actually a
subtle effect on the shape of the magnetic energy spectriy axreases: the magnetic energy spectrum
has two bumps, each being governed by opposite magnetic helicity. We will explain this in more detail
below, where we also show the evolution of the two bumps @&). For now we just note that, while in
the weakly supercritical case the two bumps can be far apart from each other. How@&yeis ascreased
the two bumps in the spectra move closer together while maintaining a similar height, decreasing thus the
net magnetic helicity, as imposed by magnetic helicity conservation. But before we can fully appreciate
this phenomenon, we need to discuss the effect the kinetic helicity has on the magnetic field.

A helical velocity field tends to drive helicity in the magnetic field as well, but in the nonresistive limit
magnetic helicity conservation dictates thatB) =const=0 if the initial field (or at least its helicity) was
infinitesimally weak. (Here and elsewhere, angular brackets denote volume averages.) Thus, there must
be some kind of magnetic helicity cancelation. Under homogeneous isotropic conditions there cannot be
a spatial segregation in positive and negative helical parts. Instead, there is a spectral segregation: there
is a bump at the forcing wavenumber and another ‘secondary’ bump at somewhat smaller wavenumber.
The two bumps have opposite sign of magnetic helicity such that the net magnetic helicity is close to zero
(and it would be exactly zero in the limRy, — o0). At the forcing wavenumber, the sign of magnetic
helicity agrees with that of the kinetic helicity, but at smaller wavenumbers the sign of magnetic helicity
is opposite. At small values @y, this secondary peak can be identified with the wavenumber where the
corresponding? dynamo has maximum growth rate; see Section 6.5.1. Simulations seem to confirm that,
asRpm increaseSmax approache%kf [159], as one would expect froat dynamo theory. Since these two
peaks have opposite magnetic helicity, their moving together in the Riglimit tends to lower the net
magnetic helicity, thus confirming earlier resuUi223,224]that suggest that the total magnetic helicity
approaches zero in the higty, limit.

8.3. Nonlinear behavior

Eventually, the magnetic energy stops increasing exponentially. This is due to the nonlinear terms, in
particular the Lorentz forcé x B in Eg. (8.2), which begins to affect the velocity field. The temporal
growth of the power spectra becomes stagnant, but the spectra saturate only parti&ily; 8gewhere
we show data from a run with forcing at wavenumbier= 5. In the left hand panel we see that, by
the timer = 600, the power spectra have saturated at larger wavenumiesHowever, it takes until
t ~ 1600 for the power spectra to be saturated alsb atl (right hand panel oFig. 8.1). In order
to see more clearly the behavior at large scales, we shdwgin8.2data from a run withks = 27 and
compare spectra in the linear and nonlinear regimes. In order to clarify the different roles played by the
positively and negatively polarized components of the turbulence, we decompose the magnetic power
spectra as explained in Section 3.7. The forcing has positive helicity, giving rise to a ngaifsmall



A. Brandenburg, K. Subramanian / Physics Reports 417 (2005) 1-209 97

t>700

1 10 1 10
k k
Fig. 8.1. Power spectra of magnetic energy of Run 3 of BfDuring the initial growth phase the field saturates at small scales
first and only later at large scales (left hand panel). Later, when also the large scale field saturates, the field at intermediate scales
(k =2, 3, and 4) becomes suppressed. In the second panel, intermediate times are shown as dotted/0@& shown in
solid andr = 1600 is shown as a thick solid line. The forcing wavenumbéy is 5. Adapted from Refl371].
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Fig. 8.2. Power spectra of magnetic energy of positively and negatively poIarizedMQLrtar(de_) in the linear and nonlinear

regimes. The spectra in the linear regime have been compensated by the exponential growth factor to make them collapse on top
of each other. Here the forcing wavenumber is in the dissipative subragnge?27, but this allows enough scale separation to

see the inverse transfer of magnetic energy to smhllEhe data are from Run B of R4B837].

scales. Magnetic helicity conservation requires there to be energy in oppositely polarized components,
M, . Again, because of magnetic helicity conservation (Section 7.1), the buip @ln only propagate
to the left, i.e. to larger scales.

Inthe linear regime, all spectra are just shifted along the ordinate, so the spectra have been compensate:
by the factorMi,; exp(2it), where/ is the growth rate of the rms field aridiy; is the initial magnetic
energy. In the nonlinear regime the bump on the right stays at approximately the same wavenumber (the
forcing wavenumber), while the bump on the left propagates gradually further to the left. As it does so,
and since, in addition, the amplitude of the secondary peak increases slightly, the net magnetic helicity
inevitably increases (or rather becomes more negative in the present case). But, because of the asymptoti
magnetic helicity conservation, this can only happen on a slow resistive time scale. This leads to the
appearance of a (resistively) slow saturation phase past the initial saturatidiig S8 &
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Fig. 8.3. The three stages of helical magnetic field growth: exponential growth until initial saturation @hgm = (pu?)),
followed by a (resistively) slow saturation phase. In this plot we have ugedl. The energy of the large scale magnetic field,

(BZ), is shown for comparison. The data are from Run 3 of R@f.

8.4. Emergence of a large scale field

In the simulations of Refl4] the flow was forced at an intermediate wavenumbetk; = 5, while
the smallest wavenumber in the computational domain corresponkls=té; = 1. The kinetic en-
ergy spectrum peaks &t~ ks, which is therefore also the wavenumber of the energy carrying
scale. The turbulence is nearly fully helical witfn - u)/(kf (u2))~0.7...0.9. The initial field
is random, but as time goes on it develops a large scale component at waverivmber= 1,
seeFig. 8.4

The large scale field seen kig. 8.4has only one preferred direction, which is the wavevekiaf
B. Different initial conditions can produce different directionskef see Fig. 6 of Ref[4]. A suitable
definition of the mean field is a two-dimensional average over the two directions perpendigylditee
most useful choice among the three possibilities can only be taken a posteriori when we know the direction
k1 in which the large scale field varies. So, in practice, one has to calculate all three possibilities and
select the right one in the end.) The resulting large scale field is one of the following three eigenfunctions
of the curl operator whose wavevectors point along a coordinate direction, i.e.

COSkmz 0 Sinkmy
B(x) = (sinkmz> , (coskmx) , or ( 0 ) , (8.4)
0 Sinkmx COSkmy

wherekm = k1 = 1. These fields are force-free and are also referred to as Beltrami fields. The large scale
field is fully helical, but with opposite (here negative) current helicity relative to the small scale field, i.e.
J-B= —kmﬁz < 0. This property alone allows us to estimate the saturation amplitude of the dynamo, as
will be done in the next section.

Itis also interesting to note that the one point probability density functions (PDF) of the three magnetic
field components are, to a good approximation, Gaussian. This is shown in the left hand rageB &



A. Brandenburg, K. Subramanian / Physics Reports 417 (2005) 1-209 929
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Fig. 8.4. Cross-sections @, (0, y, z) for Run 3 of Ref.[4] at different times showing the gradual build-up of the large scale
magnetic field after = 300. Dark (light) corresponds to negative (positive) values. Each image is scaled with respect to its
min and max values. The final state corresponds to the second eigenfunction given in Eq. (8.4), but with some smaller scale
turbulence superimposed.
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Fig. 8.5. Probability density functions @, /Brms and By /Brms for Run 3 of Ref.[4] at the time of saturation (left). For
comparison, the PDFs are also shown for nonhelically forced turbulence (right). In the left hand plot, the dotted lines give
Gaussian fits with a width of 0.2B,, / Brmsis fitted by a single Gaussian around zero, wiil¢/ Brmsis fitted by a superposition

of three Gaussians (one around zero with weight 0.26, and two with weight 0.37 shiftedl Ty away from zero).

where we plot one point PDFs &f, and B, for Run 3 of Ref[4] at the time of saturation. (The PDF of
B; looks similar to that oB, and is not shown.)
We recall that, in this particular simulation, tkendz components of the magnetic field show large
scale variation in thg direction. One therefore sees two marked humps in the PDBg ahd B,, which
can be fitted by a superposition of two Gaussians shifted away from zero, together with another Gaussian
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of lower weight around zero. (Note that even though there is a igdield, the presence of the random
fluctuating component makes the notion of a PDF meaningful. Indeed it is the presence of a mean field
that distorts the one point PDF to a double humped form, rather than a Gaussian centered at the origin).
They component of the field does not show a large scale field and can be fitted by a single Gaussian
of the same width. (In the absencelafge scaledynamo action the three components of the magnetic
field would not be Gaussians but stretched exponentials; se¢2R8f for such results in the context of
convection, where there is only small scale dynamo action.) In that casapthdusof the field (i.e. not

its individual components) tends to have a log-normal probability density function. For comparison we
show in the right hand panel &ig. 8.5the corresponding PDFs for nonhelically forced turbulence.

8.5. Importance of magnetic helicity

In the following we show that for strongly helical dynamos the saturation amplitude and the saturation
time can accurately be estimated from magnetic helicity considerations alone—without actually solving
the induction equation explicitly. The argument is similar in nature to the way how the descent speed of
a free-falling body can be calculated based on the consideration of kinetic and potential energies alone,
without considering the equation of motion. A more accurate treatment of the saturation behavior of
helical dynamos will be presented in Sections 9.3 and 9.4.3.

8.5.1. Saturation amplitude

Even though the current helicity of the large and small scale fields are finite, the current helicity of the
total (small scale plus large scale) field must approach zero in the long time limit. This is evident from
the magnetic helicity equation (3.34) which, for a closed or periodic domain, is simply

d
a(A ‘B) =—27(J-B) . (8.5)
Thus, in the steady state /@ = 0) one hagJ - B) = 0. However, the time scale on which this can be
achieved is the resistive one, as will be discussed in the following.

Splitting the magnetic field and current density into mean and fluctuating components, similar to
Eq. (6.4), we have

J-B=J-B+j-b, (8.6)
and therefore als@ - B) = (J - B) + (j - b). In the steady state we have
—(J-B)={(j-b) (steady state. (8.7)

Here, overbars denote suitably defined two-dimensional averages (Section 8.4) and angular brackets
denote volume averages. The helical forcing tends to produce finite current helicity at small scales. This,
in turn, tends to induce finite current helicity of opposite sign at large scales. Depending on the degree of
helicity in the forcing, the small scale field will be more or less strongly helical. The degree of helicity
of the large scale fields depends also on other factors such as boundary conditions and the presence o
shear which produces toroidal field quite independently of helicity.

The case of fractional helicities can be dealt with by introducing efficiency faf@ds9,362] but in
order to explain the basic point we just assume that both mean and fluctuating fields are fully helical.
(This is also likely to be more fully the case when the small scale field arises predominantly due to
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Fig. 8.6. Late saturation phase of fully helical turbulent dynamos for three different values of the magnetic Reynolds number:
Rm = urms/nks = 2.4, 6, and 18 for Runs 1, 2, and 3 respectively; see [@&fThe mean magnetic fiel&, is normalized with

respect to the equipartition valuBeq = ,/iopourms, and time is normalized with respect to the kinematic growth vatéhe

dotted lines represent the formula (8.13) which tracks the simulation results rather well.

the tangling of the large scale field by the helical turbulence rather than the small scale dynamo.) So,
in the fully helical case we havg - B) ~ :|:km<§2) and (j - b) ~ +ks(b?), whereks is the typical
wavenumber of the fluctuating field (which is close to the wavenumber of the energy carrying scale). This
yieldskm(EZ) = k¢ (b?), and if the small scale field is in equipartition with the turbulent motions, i.e. if

(b?) ~ (nopu?) = BZ, we have4]
(B) = 1—(b%) ~ -~ Beq> Beq  (steady state. (8.8)
m m

We see that for a fully helical dynamo the large scale field-atky, is in general in super-equipartition
with the kinetic energy of the turbulence. This fact is indeed confirmed by simulations which also show
strong large scale fields in super-equipartition; Bigge 8.6

Obviously, the simulated values (f_tz)/ng fall somewhat short of this simplistic estimate, although
the estimate becomes more accurate in the case of larger magnetic Reynolds number (ReaRhas:
urms/nks ~ 18, Run 2 hakRe= Ry, =~ 6, and Run 1 haRe= R, ~ 2.4).

8.5.2. Saturation time

It turns out that the time dependenceFig. 8.6can be well described by a fit formula that can be
derived from the magnetic helicity equation. In the following we define the current helicities at large and
small scales as

C1=@J-B) and Ci={(j-b), (8.9)
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respectively, and the magnetic helicities at large and small scales as

Hi=(A-B) and Hi=(a-b), (8.10)
respectively. Near saturation we hgeg | ~ |Cs|, but becaus€1 = kal andCs = kszf together with
k1/ki <1, we have

|H1|>|H;| (near saturation. (8.11)

Furthermore, as will be shown more convincingly in Section 9.4.2, the small scale field tends to saturate
on a dynamical time scale. At late times we can therefore, to a good approximation, neglect the time
derivative ofH; relative to the time derivative aff; in Eq. (8.5), so

Hy = —2nk?Hy — 2nk? H . (8.12)

Solving Eq. (8.12) forH1(¢), using a given value aoff; = const, we find

2
Hi(r) = Hy Zfz[l _ e 2k —tea (8.13)
1

The timergatis determined by the strength of the initial seed magnetic figlgh, for weaker fields it takes
somewhat longer to reach saturation. Since the growth is exponential, the dependence is only logarithmic,
SOfgat= /"1 In(Beg/ Bini), Where/ is the growth rate of the rms field strength of the total field. Eq. (8.13)
describes the evolution & quite well, as is shown ifig. 8.6

Clearly, Eqg. (8.13) is not applicable too close tetsy:. This is also evident frorig. 8.6 which shows
that in the simulations (solid lines) there is a finite mean field already=ata:. In order to describe this
phase correctly, one has to retain the time derivativHigfas will be done in Sections 9.3 and 9.4 in the
framework of the dynamical quenching model. At early times resistive effects have not yet played a role,
so the total magnetic helicity must be approximately zero, and this means that a helical large scale field
must be smaller thaBeq, see Section 9.4.2 for details.

8.6. Alpha effect versus inverse cascade

The process outlined above can be interpreted in two different ways: inverse cascade of magnetic
helicity and/orx effect. The two are similar in that they tend to produce magnetic energy at scales larger
than the energy-carrying scale of the turbulence. As can be seen from8Figmd 8.2, the present
simulations support the notion onlocalinverse transfef4]. However, this is not really an inverse
cascade in the usual sense, because there is no sustained flux of energy through wavenumber space,
in the direct Kolmogorov cascade. Instead, there is just a bump traveling in wavenumber spac& from a
that is already smaller tham to even smaller values &f In that respect, the present simulations seem to
differ from the interpretation of PFL based on the EDQNM closure approxim§Riod).

The other interpretation is in terms of theffect. We recall that foz? dynamos there is a wavenumber
kmax Where the growth of the large scale field is fastest; see Section 6.5.1. For reasonable estimates,
kmax coincides with the position of the secondary bump in the spectrum; sed4R&ection 3.5]

This can be taken as evidence in favor of theffect. In the nonlinear regime, the secondary bump
travels to the left in the spectrum (i.e. toward smakern the EDQNM picture this has to do with the
equilibration of kinetic and current helicities at progressively smaller wavenumbers, which then leads
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to saturation at that wavenumber, but permits further growth at smaller wavenumbers until equilibration
occurs, and so forth. Another interpretation is simply that, after quenched to a smaller value, the
magnetic spectrum now peakskafax = o/ (21), which is now also smaller. At this lower wavenumber

the spectrumiis still not fully saturated; the field continues to grow here until equilibration is attained also at
that scale.

8.7. Nonlinear: effect

It is quite clear that must somehow depend on the strength of the mean fielly considering the
effect of B on the correlation tensor of the turbulence it has been possible to derive a correetioh to
the form[329,372,373]

a=ox(1—B°/B%) (for Bl <Beg) . (8.14)

For practical applications, to make sure thatdecreases with increasing field strength and to prevent
from changing sign, Eq. (8.14) is often replaced by the fit fornpaifa]

o= (conventional quenching (8.15)

- 1+B°/BZ,
It should also be noted that fully nonlinear expressions exist; see, e.g[3R@f. However, it has long
been noted that in the astrophysically relevant cRge; 1, the magnitude of the fluctuating field is likely

to exceed that of the mean field, il:é/E2 > 1. Indeed, a naive application kihematicmean field theory
suggests thdB01,375,376]

(%) /(B%) = Rm (kinematic theory . (8.16)

This result is a direct consequence of flux freezing (Section 3.3) during the compression of a uniform
field of strengthB and scald. into a sheet of ‘skin’ thicknesg = LR#/Z. It can also be derived under
more general assumptions, but then only in the two-dimensiona[8@8k see Appendix C. Further in
the three dimensional case, the small scale field dynamo can also gérerateate much faster tham
and unrelated to the strength of the mean fj8IB].

Nevertheless, the above argument has been used to suggest that the quenching formula (8.15) shoul
take the small scale field, obeying the relation in Eq. (8.16), into account. Using Eq. (8.16), this then
leads to

K

R BL,
14 RmB“/ B3,

(catastrophic quenching (8.17)

This formula was first suggested by Vainshtein and Catt§d40]. Only recently it has become clear
that, even though Eg. (8.16) is actually no longer valid in the nonlinear regime, Eq. (8.17) can indeed
emerge in a more rigorous analysis under certain circumstgéces

The problem with Eq. (8.17) is thatbecomes strongly suppressed alreadE?c/ngq< 1. Conversely,

for the sun whereﬁz/Bgq ~ 1, this means that would be negligibly small. Eq. (8.17) is therefore
sometimes referred to as catastrophic quenching formula.

Given the potentially catastrophic outcome of mean field theory when applying Eq. (8.17) to astro-
physically relevant situations, the problemes§uenching has begun to attract significant attention in
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the last few years. Considerable progress has recently been made by restricting attention to the simples!
possible system that still displays aeffect, but that is otherwise fully nonlinear.

8.8. Determining alpha quenching from isotropic box simulations

The issue of (catastrophie)quenching was preceded by the related issug ouenching. Indeed,
already 30 years ago concerns have been exprg3getithat turbulent diffusion might not work when
the magnitude of the field is strong. A serious argument against catastigajuenching came from
the measurements of decay times of sunspots where the magnetic field is strong and yet able to decay
almost on a dynamical time scale. Estimates for the turbulent magnetic diffusivity in sunspots suggest
n ~ 10t cm? s~ [380-383]

Quantitatively, catastrophic (i.eRm-dependent);; quenching was first suggested based on two-
dimensional simulations with an initially sinusoidally modulated large scale magnetic field in the plane
of the motiong[384]. However, these results have to be taken with caution, because constraining the
field to be in the plane of the motions is artificial in that the interchange of field lines is then impossible.
Field lines that undergo interchanging motions can remain nearly straight, so not much work is involved
and one would therefore not necessarily expect catastrophic quenching if the flow were allowed to be
fully three-dimensional. This has been confirmed using both closure mM@@ekand three-dimensional
simulations[385]. Nevertheless, the possibility of catastrophic quenching of not completely ruled
out. Simulations are not yet conclusive, as discussed below in Section 9.4.3. However, unlike the case of
catastrophie: quenching, which can be explained as a consequence of magnetic helicity conservation,
there is no similar argument for &y, dependent quenching gf.

The issue of catastrophiqquenching was originally motivated by analogy with catastropigeiench-
ing in two dimensiong340], but then backed up by simulations with an imposed fj8Itll], so« is
calculated as the ratio of the resulting electromotive force and the imposed magnetic field; cf. Section 6.4.
Another technique to measukds to modify or remove a component of the mean field in an otherwise
self-consistent simulation and to describe the response of the system in tesreffaift and turbulent
diffusion [4]. This technique is easily explained by looking, for example, atthemponent of the?
dynamo equation (Section 6.5.1),

0B 0B o’B
atx = —q azy + (n+ nt)?; . (8.18)

If, at some point in time, th& component of the mean field is removed, iB. — B, — By, then

Eg. (8.18) describes the immediate recoveryBef The recovery is described by the first term on the
RHS of Eq. (8.18), and the rate of recovery is proportional tbhis method allows an estimate not only

of «, but also ofy, by measuring the simultaneous temporary reductioB oflt turns out[4] that both
methods give comparable results and confirm the catastrophic quenching results (8.17). This result will
later be understood as a special case of the dynamical quenching formula in the nearly steady limit for
fully force-free (force-free) fields; see Eq. (9.19).

Yet another method is to impose a nonuniform field that is a solution of the mean field dynamo
equations—for example a Beltrami field in the case of periodic box. By changing the wavelength of the
Beltrami field, one can determine batlandy; simultaneously. This method has been used in connection
with the underlying flow field of the Karlsruhe dynamo experim@iig8,219]
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Fig. 8.7. Space—time diagram of the mean toroidal field at —= (negative local shear) and= 0 (positive local shear).
Dark (light) shadings refer to negative (positive) values. Note the presence of dynamo waves traveling in the positive (negative)
z-direction for negative (positive) local shear (from R&886]).

8.9. Dynamo waves in simulations with shear

The fact that dynamos exhibit cyclic behavior when there is shear is not surprising if one recalls the
type of solutions that are possible fa2 dynamos (Section 6.5.2). On the other hand, until only a few
years ago the concept of mean field theory was only poorly tested and there was enough reason to doub
its validity especially in the nonlinear regime. Even in the linear regime the relevance of mean field theory
has been doubtful because the mean field can be much weaker than the fluctuat{ig 3i&a9]

Given all these reservations about the credibility of mean field theory it was a surprise to see that cyclic
dynamo action does actually woj&86]. As in the simulations without shear, the emergence of a large
scale field is best seen in the nonlinear regime;Sge8.7. The reason is that prior to saturation several
different modes may be excited, while in the nonlinear regime most of the modes are suppressed by the
most dominant mode. Nonlinearity therefore has a ‘self-cleaning’ €ife286].

The dynamo exhibits a certain phase relation between poloidal and toroidal fieldsds8e3. This
phase relation is quite similar to what is expected from a corresponding mean field model (see Section
6.5.3). Comparison with quenching models in the same geometry (see Fig. 9 of[B&6]) produces
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Fig. 8.8. Evolution ofB andEy atx = —m andz = 0. Note thaiB, has been scaled by a facte00. Here the overbars denote
only a one-dimensional average over the direction of slye@\dapted from Ref[386].)

similarly anharmonic oscillations, as seerfig. 8.8 This strongly suggests that the simulation results
can basically be described in terms of the mean field concept.

An important question for astrophysical applications is which of the properties of the dynamo depend
on resistivity. Certainly the late saturation behavior of the field does depend on resistivity and satisfies the
‘magnetic helicity constraint’ embodied by Eq. (8.13); see Fig. 8 of B86]. Subsequent simulations
for different values of the magnetic Reynolds number also seem to confirm that the cycle fregigicy,
scales resistively and thatyc/ (nk%) ~ const= 0(10) for uyms/ (nk1) ranging from 30 to 200; seble 5
of Ref.[159]. On the other hand, in all cases the large scale magnetic energy exceeds the kinetic energy by
a factor that is between 20 (for smallRy,) and 60 (for largeR ). It is therefore clear that these models
are in a very different parameter regime than the solar dynamo where the energy of the mean field is at
most comparable to the kinetic energy of the turbulence. Furthermore, all turbulent transport coefficients
are necessarily strongly suppressed by such strong fields even if the actual suppression is not explicitly
dependent on the magnetic Reynolds number. A more detailed interpretation of these simulation data has
been possible by using a dynamical quenching model that will be discussed in Section 9.4.3.

8.10. The magnetic helicity constraint in a closure model

The magnetic helicity constraint is quite general and independent of any mean field or other model
assumptions. All that matters is that the flow possesses kinetic helicity. The generality of the magnetic he-
licity constraint allows one to eliminate models that are incompatible with magnetic helicity conservation.
In previous sections we discussed a simple unified model of large and small scale dynamo, generalizing
the Kazantsev model to include helical velocity correlationf286,257]this model was further extended
to include ambipolar diffusion as a model nonlinearity. This is a useful toy model since the magnetic field
still obeys helicity conservation even after adding ambipolar drift. So it is interesting to see how in this
model thex effect is being regulated by the change in magnetic helicity, and whether there are similarities
to the dynamical quenching model under full MHD.

This issue was examined in R¢286] by solving the moment equations derived[286,257]nu-
merically. We have given in the Appendix A the derivation of the moment equations for the magnetic
correlations in the presence of ambipolar drift. In deriving the moment equations with ambipolar drift
nonlinearity, one encounters again a closure problem. The equations for the second moment, fortunately,
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contains only a fourth order correlator of the magnetic field. This was clog@8@257]assuming that

the fourth moment can be written as a product of second moments. The equations for the longitudinal
correlation functionV|_(r, ¢r) and the correlation function for magnetic helicity denshyy, ), then are

the same as Eqgs. (5.26) and (5.27), except for additions to the coeffigjgnjsanda(r). We have

oM 20 4 oM
R GM 4 C, 8.19
YRl (r NG~ )+ L+ don(r) (8.19)
oH
o = —2nNC + anML (8.20)
where
on =o(r) +4aC0,1), ny=nr@r)+2aM(O,1) . (8.21)

Note that at large scales
Yoo = aN(r — 00) = —3t{w - u) + 3tAD(J - B)/pg , (8.22)

) + %TAD(BZVHo/)o ' (8.23)

wheretap = 2apg. Here, angular brackets denote volume averages over all space. This makes sense
because the system is homogeneous. Expression (8.22) fewery similar to the: suppression formula

due to the current helicity contribution first found in the EDQNM treatmeni30¥] (see Section 7.2).

The expression fof., has the nonlinear addition due to ambipolar diffusfonit is important to point

out that the closure model, even including the above nonlinear modifications, explicitly satisfies helicity
conservation. This can be seen by taking- 0 in (8.20). We get

H(0,1)=—2yC(0,7), d(A-B)/dr=—2y(J-B), (8.24)

where we have used the fact that- B) = 6 H(0, 1), and(J - B) = 6C (0, ¢). It is this fact that makes it
such a useful toy model for full MHD (see below).

Adopting functional forms offi (r) and F(r) constructed from the energy and helicity spectra re-

sembling Run 3 of Refl4], Egs. (8.19) and (8.20) were solved numericgg6]. In the absence of
kinetic helicity, ¥ = 0, and without nonlinearity; = 0, the standard small scale dynamo solutions are
recovered. The critical magnetic Reynolds number based on the forcing scale is around 60 (here we have
not converted the scale into a wavenumber). In the presence of kinetic helicity this critical Reynolds
number decreases, confirming the general result that kinetic helicity promotes dynam§2&ti@87]
In the presence of nonlinearity the exponential growth of the magnetic field terminates when the magnetic
energy becomes large. After that point the magnetic energy continues however to increase nearly linearly.
Unlike the case of the periodic box the magnetic field can here extend to larger and larger scales; see
Fig. 8.9 The corresponding magnetic energy spectra,

oo = N — 00) = %‘c(u

L
Em(k,t) = iﬁ (kr)3M (r, 1) j1(kr) dk (8.25)

are shown irFig. 8.10

7 A corresponding term from the small scale magnetic field drops out as a consequence of the requirement that the turbulent
velocity be solenoidal. By contrast, the ambipolar drift velocity does not obey this restriction.
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Fig. 8.9. Evolution of magnetic correlation functids; (denoted byM (r, ¢) in this figure) for different times, fo = 10~3.
The correlation function of the magnetic helicity (denoted in this figur&/igy, 7)), is shown in the inset; = 10-3.
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Fig. 8.10. Evolution of magnetic energy spectra. Note the propagation of magnetic helicity and energy to progressively larger
scales. Thé 2 slope is given for orientation. Note the similarities with Figsl and8.2

The resulting magnetic field is strongly helical and the magnetic helicity spectra (not shown) satisfy
|Hwm (k, 1)|<(2/k)Em(k, t). One sees ifrig. 8.10the development of a helicity wave traveling toward
smaller and smallek. This is just as in the EDQNM closure mod@&04] (seeFig. 7.7 and in the
simulations of the full MHD[4,300] (seeFig. 8.2.

In the following, we address the question of whether or not the growth of this large scale field depends
on the magnetic Reynolds number (ag4h). To a good approximation the wavenumber of the peak is
given by

kpeak(t) & too (1) /Moo (1) . (8.26)

This result is familiar from mean field dynamo theory (see also [RB¥]), where the marginal state with
zero growth rate, hals= o/#,, while the fastest growing mode has= «/2y,; see Section 6.5.1. In our
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Fig. 8.11. (a) Evolution ofJ - B) for different values of;. The corresponding value ef, is shown on the right hand side of the
plot. (b) The evolution of magnetic energy for the same valueg of

model problem, the large scale field, seems to go to a quasi-static state (which h&sfactdr) rather

than the fastest growing mode, and then evolve slowly (on the resistive time scale), through a sequence
of such states. This evolution to smaller and smaller wavenumbers is also consistent with simulations
([4, Section 3.5]. Note that herépeak decreases with time becaugg tends to a finite limit andy,,
increases; see Section 6.5.1. (This is not the case in the box calculationskydageer/L.)

As we saw from Eq. (8.24) the magnetic helicity, - B) = 6H (0, ¢), can only change if there is
microscopic magnetic diffusion and finite current helicity; B) = 6C (0, ¢). In Fig. 8.11we show that,
after some time =z, the current helicityJ - B) reaches a finite value. This value increases somewhat as
n is decreased. In all cases, howevgp (J - B)/pg Stays belowt(w - u), so thatja| remains finite; see
(8.22). A constantJ-B) implies from (8.24) thafA-B) grows linearly at a rate proportionalfoHowever,
since the large scale field is helical, and since most of the magnetic energy is by now£afgem the
large scales, the magnetic energy is proportion&Bto ~ kpeakA - B), and can therefore only continue
to grow at a resistively limited rate, sE&y. 8.11 It is to be emphasized that this explanation is analogous
to that given in Ref[4] and Section 8.3 for the full MHD case; the helicity constraint is independent of
the nature of the feedback!

These results show that ambipolar diffusion (AD) provides a useful model for nonlinearity, enabling
analytic (or semi-analytic) progress to be made in understanding nonlinear dynamos. There are two key
features that are shared both by this model and by the full MHD equations: (i) large scale fields are the
result of anonlocalinverse cascade as described bystk#ect, and (ii) after some initial saturation phase
the large scale field continues to grow at a rate limited by magnetic diffusion. This model also illustrates
that it is helicity conservation that is at the heart of the nonlinear behavior of large scale dynamos;
qualitatively similar restrictions arise even for very different nonlinear feedback provided the feedback
obeys helicity conservation.
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Fig. 8.12. Evolution of the energies of the total fieBﬁ and of the mean fiel¢l§2), in units ofng, for runs with nonhelical
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(Ez)/<BZ) for nonhelical ¢ = 0) and helical ¢ > 0) runs. For the nonhelical case the run with closed boundaries is also shown
(dotted line neath)/(Bz) ~ 0.07). Note that saturation of the large scale field occurs on a dynamical time scale; the resistive
time scale is given on the upper abscissa. Adapted from[&s.

8.11. Nonhelical large scale turbulent dynamos with shear

Much of the discussion on large scale dynamos has focused areffect. In recent years attention
has been drawn to the possibility of producing large scale fields by other effects such as the shear-current
or W x J effect[322—324] As remarked in Section 6.6 (where this new term was denoted) byis
effect is related to Radlerf828] 2 x J effect in that it has the same functional form. At least two
more possibilities have been offered for explaining large scale fields in shearing environments with-
out invoking kinetic helicity. One is the incoherenteffect [387] and the other one is the Vishniac
and Cho flux[388]. Both effects are related to theeffect, but there is no kinetic helicity, so there
can only be helicity fluctuations (former case) or there can be a magnetic contribution#@ffeet
(latter case).

In simulations of realistic systems it is easily possible that a number of effects operate simultaneously,
S0 one cannot be sure that theffect is not also contributing. This is different in systems where turbulence
and shear are driven by body forces such as those discussed in Section 8.9.

Meanwhile, using a modified toroidal shear profile of the f¢&89]

U ~ (0, coskix coskyz, 0) , (8.27)

it has been possible to produce strong mean fifg8s390] Here, mean fields are defined as toroidal

averages. Ifrig. 8.12we show the evolution of the normalized magnetic energy of the totakﬁé}ngq,

and of the mean fielej§2)/B§q. Both components increase first exponentially until saturation sets in.
However, the ratio between the tw(cEz)/(BZ), which is shown in the inset dfig. 8.12 is rather small

(= 0.07) during the early kinematic phase, but then it increases to values of around 0.7. In the inset,
comparison is made with the case where the turbulence is driven with negative kinetic helicity, giving
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rise to a positivex effect (the graph is therefore denoted by>'0"). It turns out that in both cases
(with and without helicity) the energy in the mean field is comparable.

A more dramatic difference is seen in the case of closed (perfectly conducting) outer boundaries.
Although the initial exponential increase is almost equally fast, the field now saturates at a much lower
level and it completely lacks a mean field, i(é.z)/(Bz) ~ 0.07 even during the saturated state. This is a
striking demonstration of the importance of allowing for magnetic helicity fluxes out of the domain. It is
important that, due to the presence of shear, such fluxes can already be driven inside the domain by the
Vishniac and Cho flux, as was demonstrated egi389,391] Without internal helicity transport, e.g. in
the absence of shear, open boundaries alone are not sufficient to alleviate the magnetic helicity constraint
[392]. We return to this issue in Section 9.6.

9. Magnetic helicity in mean field models
9.1. General remarks

We have seen from both numerical simulations and closure models that magnetic helicity conservation
strongly constrains the evolution of large scale fields. Due to helicity conservation, large scale fields are
able to grow eventually only on the resistive time scale. Note that the magnetic helicity evolution does
not explicitly depend on the nonlinear backreaction due to the Lorentz force. It merely depends on the
induction equation. It therefore provides a strong constraint on the nonlinear evolution of the large scale
field. The effects of this constraint need to be incorporated into any treatment of mean field dynamos.
This will be the aim of the present section, where we solve simultaneously the mean field dynamo
equation (with the turbulent coefficients determined by the nonlinear backreaction) together with helicity
conservation equations.

We will see that the magnetic helicity conservation equations for the mean and the turbulent fields, as
well as of course the mean field dynamo equation, involve understanding the mean turbulewt EMF,
the nonlinear regime. So we will need to model the nonlinear effects taking into account nonlinear
backreaction effects of the Lorentz force due to both mean and fluctuating fields.

There are two quite different forms of feedback that can arise. One is the effect of the dynamo-
generated mean field on the correlation tensor of the turbuléfgg, The growing mean field could
cause the suppression of theffect and turbulent diffusion. Such modifications of the turbulent transport
coefficients have been calculated since the early sevdBi#@s373] adopting usually an approximation
(randomwaves or FOSA), which linearizes the relevant equations in the fluctuations. This approach missed
an important additional ingredient in the nonlinear backreaction due to Lorentz forces: modifications to
& that involve the fluctuating fields themselves. These arise in calculatingfrom terms involving the
correlation ofo and the Lorentz force in the momentum equation (see below). In particular giffect
gets renormalized in the nonlinear regime by the addition of a term proportional to the current helicity of
the fluctuating field. This is an important effect which is crucial for the correct description of the dynamo
saturation, but one which has been missed in much of the earlier work. The renormalizationeffdiot
is quite general and can occur even when the large scale dynamo effect does not invaifeeirin the
kinematic regime. Examples are thex J andw x J (or shear current) effects discussed in Section 6.6.

The full problem of solving the induction equation and the momentum (Navier—Stokes) equation
including the Lorentz force simultaneously, is a formidable one. One either takes recourse to numerical
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simulations or uses rather more uncertain analytic approximations in numerical mean field models. The
analytic treatments of the backreaction typically involve the quasilinear approximation or a closure
scheme to derive corrections to the mean field dynamo coefficients. For example the EDQNM closure
suggests that theeffect is renormalized by the addition a term proportional to the current helicity of the
small scale field - b, while the turbulent diffusion is left unchanged. It would be useful to understand
this result in a simpler context. For this purpose it can be illuminating to examine a simple heuristic
treatment of the effects of the backreaction. However, since such a treatment is not rigorous, we defer the
discussion to Appendix D and move straight to the more convincing derivation in terms of the minimal tau
approximation.

9.2. The minimal tau approximation: nonlinear effects

In this section we discuss the main aspects of the minimal tau approximation (MTA). Again, for the
purpose of clarity, we restrict ourselves to the assumption of isofi®@yt6,321] but the method can
readily be and has been applied to the anisotropic[&28:393] A full treatment of inhomogeneous and
anisotropic turbulence is given in Section 10.

In order to incorporate the evolution equations for the fluctuating parts in the expresséoarfercan
just calculate its time derivative, rather than calcula#rigself [8]. This way one avoids the approximate
integration in Egs. (6.19) and (6.20). Thus, one calculates

o8 -
Ezl]xb—l—uxb, (9.2)

where dots denote partial differentiation with respedt ithe dominant contributions in these two terms
are (usingpg = pg = 1)

Uxb=2] BB+ (xb xb—(@xu) xb—Vpxb+---, (9.2)

uxb:—%w'uﬁ—%?3+uxVx(uxb)+---, (9.3)

where the first term on the RHS of Eq. (9.2) and the first two terms on the RHS of Eq. (9.3) are the usual
quadratic correlation terms; all other terms are triple correlations. (For a detailed derivation see Section
10 below.) Thus, we can write

— =B -pJd+T, (9.4)

whereT are the triple correlation terms, and
i=-@u—j-p and j=1u2, (9.5)

are turbulent transport coefficients that are relatedsiody,, as used in Eq. (6.18), vie=ta andsy; = ;.

Note that, at this level of approximation, there are no free parameters in the expressionéibiner in
front ofw -t norin front of j - b. However, for strong magnetic fields, there could be quenching functions,
gk (B) andgym (B), in front of both termg394]. We should also point out that in the above derivation,
andb refer to theactual small scale velocity and magnetic fields, and not to any perturbed field. (This
could also include any ‘nonhelical’ SSD generabedlthough we see that this does not renormalize
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Fig. 9.1. Comparison of the spatial dependence of two components of the mean magnetic field and the triple correlation in Run
3 of Ref.[4]. The magnetic field is normalized by the equipartition field stren8gg, and the triple correlation is normalized

by legq, but scaled by a factor of. 2 make it have a similar amplitude as the mean field. Note Bhagsolid line) correlates

with T (filled dots) andB, (dashed line) correlates with (open dots). Adapted from RdB27].

and may not contribute to the current helicity term at leading order.) The full derivation for the more
general case of slow rotation, weak stratification and for general magnetic and kinetic spectra (possibly
with ak-dependent), is given the Section 10.

As we have already emphasized earlier, the crucial step is that now, unlike the case of FOSA or the
heuristic treatment, the triple correlators @@ neglected, but their sum is assumed to be a negative
multiple of the second order correlator, ile= —&/z. This assumption has been checked numerically
(see below), and a similar assumption has recently been verified for the case of passive scalar diffusion
[316,321] Using MTA, one arrives then at an explicitly time-dependent equatiod for

% _w_i3-%, (9.6)
ot T

where the last term subsumes the effects of all triple correlations.

In order to show that the assumption of a correlation between quadratic and triple moments is actually
justified we compare, using data from Run 3 of Hdf, the spatial dependence of the triple moments
and the mean field on position. The triple correlation is calculated as

T=(jxb—woxu—Vp)xb+uxVx(@uxb). (9.7)

We note that in Run 3 of Ref4] the mean field varied in thedirection with components pointing in the

x andz directions [third example in Eq. (8.4)]. ThuB, (y) and B, (y) exhibit a sinusoidal variation as
shown inFig. 9.1by the solid and dashed lines, respectively. (Note dhittelf has a negative correlation

with B, for a negative..) Sincez is negative (i.e. opposite to the helicity of the forcing, which is positive),

we expect a positive correlation betweeandB. This is indeed the case, as shown by the full and open
symbols inFig. 9.1 This demonstrates that the triple correlations are important and cannot be neglected,
asis done in FOSA. Furthermore, since the correlation betwaedB is positive, and. < 0, this implies
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thatt > 0, which is necessary farto be interpreted as a relaxation time. To demonstrateTtbaB also
correlate withé requires long time averagiff§11,334] whereas here we have only considered a single
snapshot, so no time averaging was involved.

In order to determine a meaningful valueroit is important to get rid of the fluctuations &t so time
averaging is now necessary. The procedure is equivalent to that used in the passive scfddi6tase
where a mean concentration gradient is imposed. Here, instead of imposing a gradient of the passive
scalar concentration, one imposes a gradient in one component of the magnetic vector potential or, what
is equivalent, a uniform magnetic fieRh; see Ref[327]. The deviations from the imposed field are
treated as fully periodic in all three directions.

The simulations produce average values for the three quantities,

a=(&-B),/(B),, =-

<m>t’ M = (J- b)t ) (9-8)

Wl
Wi

where(. .. ), denotes combined time and volume averages. According to MTA, these three quantities are
connected to each other via

a=1(gKaK + gmam) , (9.9

where we have allowed for the presence of additional quenching fagioB) and gm(B), in front

of the ax anday factors, respectively394]. It turns out that for finite field strength the quenching
factors,gk andgy, are less than unity and, more importantly, they are slightly different from each other
[394]. Using a combination of kinetically and magnetically forced turbulence simulations, it has been
possible to calculate separately these two quenching functions multiplied by the normalized correction
time, combined with the corresponding quenching functiong; 8hd Sgy, respectively. Here we have
defined

as anondimensional measure of the relaxation [282,301] The resultis shown iRig. 9.2as a function
of the magnetic Reynolds number.

We recall thatin the passive scalar case, Stwas found to converge to a value of about 3 in the limit of large
Reynolds number and small valuespf316]. For the present case one finds that Stis approximately unity
for small field strengths, but may decrease IBge3, onceBg becomes comparable with the equipartition
field strength Beg; seeFig. 9.3

To summarize, the effect of the Lorentz forces is, to leading order, the addition of a current helicity
contribution tox and hence ta. There is an additional suppression effect which corresponds effectively
to a dependence @fon the strength of the mean field. This suppression seems however to be independent
of or weakly dependent on the magnetic Reynolds number and is hence not the main limiting factor for
the growth of large scale fields when the magnetic Reynolds number is large. (The last data point for
Rm > 100 in the left hand panel dfig. 9.2seems to suggest a sudden decline, but it is not clear how
reliable both this data point and the corresponding error estimate are.)

An immediate difficulty with having a small scale current helicity contribution to Eq. (9.5) is that
one cannot directly incorporate this correction in a mean field model, because one only has information
about the mean fieldg, and B, and not their fluctuationg,andb. The solution to this problem is to
invoke the magnetic helicity equation as an auxiliary equation to cqupléo the mean field equations.
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magnetically forced runs have been used to calculate sepagatety gy - Adapted from Ref[327].
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Fig. 9.3. Magnetic and kinetic Strouhal numbers as a functioBgfBeq for n = 2 x 103 and ks = 1.5. Kinetically and
magnetically forced runs have been used to calculate sepagatety gy . Adapted from Ref[327].

In other words, one has to solve both the mean field dynamo equation and the magnetic helicity equation
simultaneously. We turn to this issue in the next section.

9.3. The dynamical quenching model

While conventional mean field theory is suitable to capture the structure of the mean field correctly, it
has become clear that simple quenching expressions of the form (8.15) or (8.17) are unable to reproduce
correctly the resistively limited saturation phase. Instead, they would predict saturation on a dynamical
time scale, which is not only in contradiction with simulatidd$, but it would also violate magnetic
helicity conservation. The key to modeling the late saturation behavior correctly is to ensure that the
magnetic helicity equation Eq. (8.5) is satisfied exactly at all times.
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We begin with the usual mean field equation (6.7), which has to be solved for a given farni-of
« effect and possibly other mean field dynamos,&term produces magnetic helicity of the large scale
field. The evolution equation of magnetic helicity of the mean fiietdhin be obtained in the usual fashion
from the mean field induction equation. We restrict ourselves here to the case of a closed domain. In that
case one obtains

%(KE):Z(E-E) —27(3-B), (9.11)

which is independent af. [Here, as earlier, angular brackets denote averaging over all space, while over-
bars denote suitably defined averages that could be two-dimensional (cf. Section 8.4) or one-dimensional
if there is shear (cf. Section 8.9).] One sees that there is a source term for the mean field (delBjty

due to the presence &t The(J - B) term can be approximated bY(A - B) and corresponds to a damping

term. This merely reflects the fact that the operation of a mean field dynamo automatically leads to the
growth of linkages between the toroidal and poloidal mean fields. Such linkages measure the helicity
associated with the mean field. One then wonders how this mean field helicity arises? To understand this,
we need to consider also the evolution of the small scale heligity). Since the Reynolds rules apply,

we have(A - B) = (A - B) + (a- b), so the evolution equation fda - b) can be deduced by subtracting

Eg. (9.11) from the evolution equation (8.5) for the total helicity. The fluctuating field then obeys the
equation

%(a-b):—Z(E-E)—zm-b), (9.12)

so the sum of Egs. (9.11) and (9.12) gives Eg. (8.5) without any involvement ef teem. We see
therefore that the termy - B) merely transfers magnetic helicity between mean and fluctuating fields
while conserving the total helicity!

In order to guarantee that the total helicity evolution equation (8.5) is always obeyed, Eq. (9.12) has to
be solved as an auxiliary equation along with the mean field dynamo equation (6.7). From the previous
two sections we have seen tlgais now determined by replacing the kinematieffect by the residual
effect,

a:—%r(w-u)—i—%r(j-b) =oK + oM , (9.13)

and with no immediate modifications #g As mentioned before, subsequent modifications (i.e. quench-
ing) of ax andx; occur as a direct consequence of the decrease of turbulence intensity (which includes
a decrease of the turbulent kinetic helicity) and/or the relaxation timeRige®.3 [148,329,373] but

this is not a particularly dramatic effect, because it does not depe®g,ollore important is thée j - b)

term inoy; see Eq. (9.13). This term can be relateddo b) in Eq. (9.12) for a given spectrum of
magnetic helicity. For a triply-periodic domain, using isotropy, we can Wiitd) = kfz(a- b), provided

the averages involving, b, andj are governed by components with wavenumbkerwhereks is the
approximate wavenumber of the energy-carrying scale. As mentioned ¢@}lithe k; factor may be
attenuated by :R,%/ % factor to account for the fact that forka’®/3 energy spectrum thej - b) term will

pick up contributions from smaller scales. However, as described in Section 10, for such spectra, one has
to retain ak-dependent(k) « k—2/3; this decreases for smaller scales makiggor ok ) still dominated

by contributions at the forcing scale, andsp (or ax ) would be independent a8, and Re. Also, new
simulationg327] suggest that at scales smaller than the energy-carrying scale the field is no longer fully
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helical, and hence we do not expect there to bé{é‘ factor on the effective value @ . The relaxation
time = can be expressed in terms ng = u? . usingn = %Wrzms- Furthermorez, and therefore also
nt, may still depend onB| in a way as shown irfrig. 9.3 (We recall that we have useg = ug =1
throughout.)

Under the assumptio#k = const, the final set of equations can be summarized in the more compact
form [6,7]

oB o _

§=VX[UXB+o¢B—(;7+nt)J], (9.14)
—2 - —

do (B) —(J-B) o —ok

— = 2k - : 9.15

ar ikt ( ng + i (9.15)

whereRy = nt/n 1s @ modified definition of thenicroscopianagnetic Reynolds number; cf. Eq. (3.18).
Simulations of forced turbulence with a decaying large scale magnetic field sygge$d.8...0.9) x

urms/ ks [395]. Thus,Rm = (0.8...0.9) x R, but for all practical purposes the two are so close together
that we assume from now d®, = Rn. (As discussed in Section 34cannot be replaced by a turbulent
value, SORn, is in practice really very large!) We can now apply these equations to discuss various issues
about the dynamical quenching of mean field dynamos.

9.3.1. Comparison with algebratcquenching

In order to appreciate the nature of the solutions implied by Egs. (9.14) and (9.15), consider first the
long-time limit of a nonoscillatory dynamao. In this case the explicit time dependence in Eq. (9.15) may
be neglected (adiabatic approximatiéh). Solving the resulting equation faryields[9,302]

o + neRm(J - B)/BE,

—=2
1+ Rm(B )/ng

o=

(for do/dt = 0) . (9.16)

Curiously enough, for the numerical experiments with an imposed large scale field over the scale of the
box [311], whereB is spatially uniform and thereforg= 0, one recovers the ‘catastrophic’ quenching
formula (8.17),
o= S (for 3=0) , (9.17)
1+ Rm(B )/ng

which implies that: becomes quenched Whel?lz)/ng: Ry ~ 1078 for the sun, and for even smaller
fields for galaxies.

On the other hand, if the mean field is not imposed but maintained by dynamo @&tamnot be
spatially uniform and thed is finite. In the case of a Beltrami field], (J - E)/(EZ) = km iS some
effective wavenumber of the large scale field With< km. SinceRp, enters both the numerator and the
denominatory tends togikm, i.e.

o — nkm  (for 3 # 0 andJ||B) . (9.18)

Compared with the kinematic estimai, ~ nkt, « is only quenched by the scale separation rafigks .
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It remains possible, however, that is suppressed via a quenching ofseeFig. 9.3. Thus, the
question of how strongly is quenched in the sun or the galaxy, has been diverted to the question of
how strongly»; is quenched6]. Note that quasilinear treatments or MTA do not predictjuench-
ing at the lowest order and for weak mean fief886,397] One way to determing, and its possible
quenching is by looking at numerical solutions of cyclic dynamos with she&atype dynamos), be-
cause in the saturated state the cycle frequency is eqméﬁ{oThe best agreement between models and

simulations is achieved whep begins to be quenched wh¢2>/ng is around 0.3; see Ré€fi6] for

details. This means that is only quenched non-catastrophically. This is consistent with the quenching
of 7; seeFigs. 9.2and9.3. However, more detailed work at larger magnetic Reynolds numbers needs
to be done—preferentially in more realistic geometries that could be more readily applied to stars and
galaxies.

9.3.2. »2 dynamos

For «? dynamos in a periodic box a special situation arises, because then the solutions are degenerate
in the sense thatandB are parallel to each other. Therefore, the t€InB)B is the same a§§2)3, which
means that in the mean EMF the tesB, whereu is given by Eq. (9.16), has a component that can be
expressed as being parallelXdn other words, the roles of turbulent diffusion (proportional@nde
effect (proportional t@) cannot be disentangled. This is thece-free degeneraayf »° dynamos in a
periodic box[6]. This degeneracy is also the reason whys-fodynamos the late saturation behavior can
also be described by an algebraic (non-dynamical, but catastrophic) quenching formula proportional to

1/(14+Rm (Ez)) for botho andy,, as was done in Refd]. To see this, substitute the steady state quenching
expression fog, from Eq. (9.16), into the expression férwe find

o + R (3-B)/ Bl
) — M
1+ Rm(B%)/BE,

ak B J
= e s , (9.19)
1+ Rm(B")/B3; 1+ Rm(B")/B&,

E=0uB— (n+n)d=

which shows that in the force-free case the adiabatic approximation, together with constant (unquenched)
turbulent magnetic diffusivity, becomes equal to the pair of expressions where batty; are catas-
trophically quenched. This force-free degeneracy is lifted in cases with shear or when the large scale
field is no longer fully helical (e.g. in a nonperiodic domain, and in particular in the presence of open
boundaries).

The dynamical quenching approach seems to be quite promising given that it describes corregtly the
dynamo found in the simulations. There are however severe limitations that have to be overcome before it
can be used in more realistic mean field models. Most importantly, the case of an inhomogeneous system,
possibly one with boundaries, is not solved rigorously, although several promising approaches have been
suggeste(i388,394,398401] The difficulty is to generalize Eq. (9.12) to the nonhomogeneous case of
a mean magnetic helicity density, in a gauge-invariant manner. Only recently has this been attempted
[154] by defining the magnetic helicity density of random fields as the density of correlated links. An
alternate possibility is to consider directly the evolution equatiop bfinstead (as we do below). The
other problem with boundaries is that one still requires a microscopic theory for the small scale losses
of magnetic helicity through the boundarigt88,394,398] In any case, a more sophisticated theory
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should still reproduce the homogeneous case, for which we now have now a fairly accurate quantitative
understanding.

9.4. Saturation behavior of and«Q dynamos

In the case of homogeneou& dynamos, a major fraction of the toroidal field can be generated by
shear—independently of helicity. Therefo(ﬁ,z) can be enhanced without producing mygh B). We
discuss below the strength of the fields, both when the final resistive saturation limit has been reached
and the case wheR, is so large that a quasi-static, non-resistive limit is more relevant (for example in
galaxies).

9.4.1. Final field strength
In case one waits long enough, i.e. longer than the resistive time scale, we noted that the final field
strength is determined by the conditiGh- B) = O; or

(3-B)=—(j-b). (9.20)

In order to connect the current helicities with magnetic energies, we proceed as follows. First, one can
quite generally relate the current and magnetic helicities by defining characteristic waven uip laerd,
ks, for the mean and fluctuating fields via

k2 =(J-B)/(A-B), (9.21)
kF=(j-b)/(@-b). (9.22)

For a fully helical field, the same wavenumbers will also relate the current helicity and energy in the
field. On the other hand, if the field is not fully helical, one can introduce efficiency fagt@ades that
characterize the helicity fractions of the mean and fluctuating fields, respectively, so we write

(3-B)/(B) = kmem = km » (9.23)

(i-0)/(0%) = —kiet = —kt . (9.24)

Here,lEm andlEf are ‘effective wavenumbers’for mean and fluctuating fields, respectively. In the final state,
km will be close to the smallest wavenumber in the computational dorkaitn the absence of shear,

em is of order unity, but it can be less if there is shear or if the boundary conditions do not permit fully
helical large scale fields (see below). In the presence of shg&uyns out to be inversely proportional

to the magnitude of the shear. The ValU&fOé.ndlgf, on the other hand, is determined by small scale
properties of the turbulence and is assumed known.

Both ky, andks are defined positive. Howevefy,, can be negative which is typically the case when
ak < 0.The sign of; is defined such that it agrees with the sigagfi.e. both change sign simultaneously
and hencémks >0. In more general situationk, can be different front1. Using Egs. (9.23) and (9.24)
together with Eq. (8.7) we have

km(B%) = (3 -B) = —(j - b) =kt (b?) , (9.25)

and so in the final saturated state,

(B)/(b?) = it /e (9.26)
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which generalizes Eg. (8.8) to the case with fractional helicities; see also Eq. (79) ff$8fOf course,
this analysis only applies to flows with helicity. In the nonhelical case= ks = 0, so Egs. (9.25) and
(9.26) do not apply.

In the helical (or partially helical) case we can determine the final field strength of the mean and
fluctuating fields. This is possible because in periodic geometry with homogenetiest the amplitude
and energy of the dynamo wave is in general constant in time and does not vary with the cycle. We now
use the mean field dynamo equation (9.14) to derive the evolution equation for the magnetic helicity of
the large scale field, and apply it to the saturated state, so

0=a(B) — (+ 1)@ -B) . (9.27)

We also use the evolution equation (9.15) for the magnetic contribution todffect, applied again to
the saturated state,

—2 — —
«B%) ~m(3-B) | a—oc (9.28)

0=
BZ, Rm

Note both equations apply also when# 0, because the x B term has dropped out after taking the dot
product withB. We now eliminate: from Eqs. (9.27) and (9.28) and thus derive expressions for the final

steady state values &%) = B2 in terms of B3, and(b?) = b, using Eq. (9.26). We géé],

fin
B2 —nrk b? — 1k
%:w’ LGzw _ (9.29)
Beq nekm Beq neks

In models where; is also quenched, both small scale and large scale field strengths incregisavasre
strongly quenched. (Of course, regardless of how stropgigay be quenched, we always have from
(9.26),B2 /b2 = &t /im in the final state.)

One can writeBsin in an instructive way, using the relevant dynamo control parametebé fmd o
dynamos, defined in Section 6.5.3. We generalize these for the present purpose and define

Cy=ok/(tkm), Ca=S/(k2) (9.30)

whereo is the initial value ofx due to the kinetic helicity and = AQ is a typical value of the shear in
anoQ dynamo. From Eq. (9.27), the final steady state occurs whenrkm = ocrit Or a critical value of
the dynamo parameter, crit = ocrit/n1hkm. One can then write, using (9.29),

Cy 12 —1,1/2
a,crit

For anaQ dynamo, the relevant dynamo number is givenhy= C,Cq, initially and in the final steady

state, byDcrit = Cy critCq, Since the shear does not get affected by the nonlinear effects we consider. In

this case the final mean field strength can be written as

. Do 12 —1,1/2
crit

Note once again that the above analysis only applies to flows with helicity. In the nonhelical case we

haveox = km =kt = 0, so Eq. (9.29) cannot be used. Nevertheless, without kinetic helicity one would
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still expect a finite value ofb?) because of small scale dynamo action. Furthermore, even in the fully
helical case there can be substantial small scale contributions. Closer inspection of the run$4df Ref.
reveals, however, that such contributions are particularly important only in the early kinematic phase of
the dynamao.

In summary, the saturation field strength depends only on the scale separation ratio, see Eq. (9.26), and
not, for example, on the intensity of the turbulence.

9.4.2. Early time evolution

During the early growth phase the magnetic helicity varies on time scales shorter than the resistive
time, so the last term in the dynamicatjuenching equation (9.15), which is proportionaRg! — 0,
can be neglected and s@volves then approximately according to

do 2

dr

(B%)

A =2k (o — ﬂt/;m)BT : (9.33)
eq

This equation can be used to describe the end of the kinematic time evolutior(ﬁvzhgnows exponen-
tially. (We refer to this phase as late ‘kinematic’ because the slow resistive saturation has not yet set in,
although of course is already becoming suppressed due to growth of the current helicity.) We see from
(9.33) that the—Zntkfza term leads to a reduction af This leads to a dynamical reductionotintil it
becomes comparableiigim, shutting off any further reduction. Therefore, the early time evolution leads
to a nearlyRy-independent growth phase. At the end of this growth phase a fairly significant large scale
field should be possiblgs—7]. The basic physical reason is that the suppressienasicurs due to the
growth of small scale current helicity which, in turn, is the result of a growth of the small scale magnetic
helicity. Since magnetic helicity is nearly conserved Ry > 1, this implies a corresponding growth of
oppositely signed large scale magnetic helicity and hence the large scale field. We mention, however,
that numerical simulationgt02] have not been able to confirm a sharp transition from exponential to
linear (resistively limited) growth, as seenhig. 9.4 which shows a numerical solution of Egs. (9.14)
and (9.15); see Reff5,403] The absence of a sharp cross-over from exponential to linear growth in the
turbulence simulations could be related to the fact that several large scale modes are competing, causing
an extra delay in the selection of the final mode.

In the following discussion we restrict ourselves to the case whesesmall or Ry, > 1. Magnetic
helicity is then well conserved and this conservation requires that

(A-B)~ —(a-b) (for t<tkn) . (9.34)

Here the time =1, marks the end of the exponential growth phase (and thus the ‘initial’ saturation time
tsatused in Ref[4]). This time is determined by the condition that the term in parenthesis in Eq. (9.33)
becomes significantly reduced, i'sbecomes comparable tgkm. We would like to estimate the field
strengths of the large and small scale fields by this time. The helicity conservation constraint (9.34), and
the definitions in (9.21)—(9.23), give

| o k? km(B2)
o = deli-b) = dek(a-b) = —3P(R-B) =~ 50D
m eq

(9.35)
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Fig. 9.4. Evolution of(Ez) and(b?) (solid and dashed lines, respectively) in a doubly-logarithmic plot for2asynamo with
nt = const for a case witks / k1 = 10. Note the abrupt initial saturation after the end of the kinematic exponential growth phase

with (EZ)/<b2) ~ 0.1, followed by a slow saturation phase during which the field increases to its final super-equipartition value
with (B2)/(b?) ~ 10[403].

We use this in Eqg. (9.13) faotr and demand that, as governed by the dynamical quenching equation
(9.15), settles down to a quasi-steady state byrin. We then get for the mean squared strength of the
large scale field at= #in,

B%n _ 0K — ntkm krzn R~ aK — Ntkm krzn

= — — — — 9.36
B omkm KM nkm K 00
where the effect of a finit®y, has been included through an approximate correction f§@&}or
k
=14 RN (9.37)
km/em
The strength of the small scale fieldrat #qin is given by using (9.34),
ks /et 2 oK — Wt];m 2
b2, = B, = S Z 9.38
kin km/em kin 7’7tkf eq ( )

Not surprisingly, at the end of the kinematic phase the small scale magnetic energy is almost the same
as in the final state; see Eq. (9.29). However, the large scale magnetic energy is still by aﬁaefor
smaller than in the final state{ may be somewhat different in the two stages). This result was also
obtained by Subramanidu] using a similar approach.

These expressions can be further clarified by noting that the fractional helicity of the small scale field
is likely to be similar to that of the forcing velocity field. We can then wriig- u) ~ ekt (U%); SO
aKk ~ merks, and one arrives 46]

2 ~
Bign _ km/em <1 _ K_m> , (9.39)
ng 1kt [ et
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which shows thatByin can be comparable to and even in exces8&f especially wheny, is small
(i.e. for strong shear). This is of interest in connection with the question of why the magnetic field in so
many young galaxies can already have equipartition field strengths.

As emphasized in Ref5], even for anx? dynamo, the initial evolution t®y, is significantly more
optimistic an estimate than what could have been expected based on lorergamching. In the case
of anaQ dynamq[6,7], one could havé, <km, and SoBi, can be correspondingly larger. In fact, for

the large scale field begins to be of ordiaf and exceeds the small scale field already during the kinematic
growth phase.

Itis once again instructive to expreBgp, in terms of the dynamo control parameters.andCq. Note
that for smally, or Rm > 1, ocrit = n7km =~ nkm andi ~ 1. One can then write

kem C, 1/2
Bgin = — -1 Beg . 9.41
kin kg [Ca,crit :| & ( )

For ana®Q dynamo with dynamo numbdpg = C,Cq and a critical valueD¢it = C, critCo, We have
(assuming shear does not get affeci@d)

km [ Do 1/2
Byin = — -1 Beg - 9.42
kin ke [Dcrit ] eq ( )

We can estimate how strong the shear has to be for the large scale field to be compaabh|8itce
ak A netks, Co = € (ki [ km), OFkm/ ki =~ €t/ C,. Using Do = C,Cq, We can rewrite (9.42) as

1/2
Coe? k2

Now km/ ks <1 in general. S®Bkin can become comparable Baq provided the shear is strong enough
thatCQef2 > C, D¢rit. FOor dynamo action to be possible, one also requiwgs, > Dyit Of Cy, > Dyit/ Co.
Combining these two inequalities, we see that large scale fields can become comparable to the equipartition
fields if Co> Dgyrit /s . The critical dynamo numbebc,i; will depend on the physical situation at hand;
D¢rit = 2 for a one-dimensional@ dynamo with periodic boundary conditions and homogenequs
Further, in simulations of rotating convectiafn,~ 0.03[203]; assuming that this relatively low value
of ¢ is valid in more realistic simulations, we ha@g>2/¢ ~ 60 as the condition for which the large
scale field becomes comparableBg,. (Note that when the large scale field becomes comparalbig,to
quenching due to the large scale field itself will become important, a process we have so far ignored.)
This condition on the shear, could be satisfied for stellar dynamos but it is not likely to be satisfied for
galactic dynamos, where typicallo/ D¢rit ~ 2 (cf. Section 11.5).

During the subsequent resistively limited saturation phase the energy of the large scale field grows first
linearly, i.e.

(B%) ~ B2, + 2qk2(t — tiin)  (fOr 1 > fiin) (9.44)

and saturates later in a resistively limited fashion; see Eq. (8.13).
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9.4.3. Comparison with simulations

In order to compare the dynamical quenching model with simulations of turbulent oscillatory dynamos
with shear[386], it is important to consider the same geometry and shear profile, i.e. sinusoidal shear,
U= (0, Sk[1 coskyx, 0), and a mean fiel& = B(x, z, t). We discuss here the results of R@fl, where
simulations of Ref[386] are compared with dynamical quenching models using either a fixed value of
nt or, following earlier suggestiorig,5], a turbulent diffusivity that is quenched in the same way,as
l.€.ny X o.

Both simulation and model show dynamo waves traveling in the posiilieection atx = +r and
in the negativez-direction atx = 0, which is consistent with the three-dimensional simulations using
negative values afi, which affects the direction of propagation of the dynamo waves.

It turns out that in all models the values &, are smaller than in the simulations. This is readily
explained by the fact that the model does not take into account small scale dynamo action resulting
from the nonhelical component of the flow. Comparing simulations with different valu&s,othe
cycle frequency changes by a factor compatible with the ratio of the two magnetic Reynolds numbers.
This is not well reproduced by a quenching expressiomfdhat is independent akpy,. On the other
hand, ify; is assumed to be proportional épthenwcyc becomes far smaller than what is seen in the
simulations. A possible remedy would be to have some intermediate quenching expressgiomer
should bear in mind, however, that the present model ignores the feedback from the large scale fields.
Such feedback is indeed present in the simulations, which also show much more chaotic behavior than the
model[6].

In conclusion, the dynamical quenching model predicts saturation amplitudes of the large scale field
that are smaller than the equipartition field strength by a factor that is equal to the ratio of the turbulent eddy
size to the system size, and hence independent of the magnetic Reynolds number. The field strengths ca
be much larger if the dynamo involves shear and is highly supercritical. This may be relevant to explaining
the amplitudes of fields in stars, but in galaxies the effect of shear is not likely to be strong enough to
explain large scale galactic fields without additional effects such as a small scale helicity flux (see below
and Section 11.5). One the other hand, for the sun and sun-like stars, the main issue is the cycle period. No
conclusive answer can be given until there is definitive knowledge about the quenching of the turbulent
magnetic diffusivityy; and the effect of current helicity fluxes out of the domain. The mpiequenched,
the longer the cycle period can become, unless there are significant losses of magnetic helicity through
the open boundaries that all these bodies must have. Before discussing this in Section 9.6 we first make
a few historical remarks and also address the question of how close to being resistively limited the solar
cycle might be. The answer is somewhat surprising: not much!

9.4.4. Historical remarks

The explicit time dependence of thequenching equation (9.15) was first proposed by Kleeorin and
Ruzmaikin[9] in an early paper of 1982; see also the book by Zeldovich §22] and a later paper by
Kleeorin et al[404]. For a long time the true significance of the long time scale introduced by Eq. (9.15)
remained unclear. It was therefore not surprising that early work focused exclusively on explaining the
chaotic nature of the solar cyd#&0-12]

The steady state limit (9.16) of Eq. (9.15) was first analyzed by Gruzinov and Diafdatand
Bhattacharjee and YugB03] and so the connection with catastrophic quenching was established. When
the issue of a resistively limited saturations3fdynamos in periodic boxes was raigdd, the possible
connection with Eq. (9.15) was blurred by the fact that the simulation data could well be described by
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simultaneous and catastrophic quenching @ind ;. In the paper by Field and Blackmdh] it was

first proposed and quantitatively demonstrated that resistively slow saturation can be explained in terms
of mean field theory with a current helicity correction to theffect, as calculated by Pouquet et al.
[304] already in 1976. This result was then recast to take the form of Eq. (9.15), which has to be solved
simultaneously with the dynamo equation Eq. (9.14), and the connection with simultaneous catastrophic
quenching of andy, was understood as a special case that applies osfydynamog6]. Egs. (9.14) and

(9.15) were also used to estimate the minimal mean magnetic fields which could be obtained in galaxies,
in spite of the helicity constrain?], ignoring however the effects of magnetic and current helicity fluxes.
Blackman and Fiel{8,405]proposed that such helicity fluxes could alleviate catastropfieenching.
Kleeorin and coworkerg394,398,399Found that helicity fluxes are indeed likely to lead to substantially
increased saturation field strengths, while Vishniac and [3B8] suggested that helicity fluxes could

even drive a dynamo effect ofits own.

The generalization of Eg. (9.15) to spatially non-uniform systems is nontrivial, since one has to define a
gauge invariant magnetic helicity even for systems with boundaries. This conceptis helpful in simple cases
of homogeneous turbulence, but it needs to be generalized to the more interesting inhomogeneous case
which has only been attempted recenfl$4]. This is why we have shifted the attention to considering
the evolution of current helicity instedd@91]; see Section 10.4. The current helicity is gauge invariant,
directly observable and appears explicitly in the back reaction teem in

Initial attempts to verify the importance of helicity fluxes in open box simulations f§#ed], and
it was only in the presence of shear that evidence for accelerated field saturation efbétgdthe
agreement between simulations and mean field theory with helicity fluxes is still not fully satisfactory. In
particular, with moderately strong helicity fluxes the solutions of the mean field model predict saturation
energies that decrease inversely proportional with magnetic Reynolds number, unless the magnitude of
the helicity flux exceeds a certain threshpl@6].

It should also be pointed out that the explanation of catastrophic quenching in terms of magnetic helicity
conservation is not generally accepted; see R&74.,407]for recent reviews. An alternative explanation
for the catastrophic quenching phenomenon is in terms of a suppression of4t@p&Jnfortunately,
at the moment there is no quantitative theory that explains the magnetic Reynolds humber dependence
of this suppression.

9.5. How close to being resistively limited is the 11 year cycle?

In this section we present an estimate of the amount of magnetic hehiiti)at is expected to be
produced and destroyed during the 11 year chi&8]. We also need to know what fraction of the magnetic
field takes part in the 11-year cycle. Here we are only interested in the relative magnetic helicity in one
hemisphere. Following an approach similar to that of Befggt], one can bound the rate of change of
magnetic helicity, as given by Eq. (8.5), in terms of the rate of Joule dissipa@ige and magnetic
energyM, i.e.

‘JZ <27(3-B)V <21/ (32)(BAV = 2y/271Q30ueM , (9.45)

whereV is the volume,(71J%)V = Qjoule the Joule heat, and%Bz)V = M the magnetic energy. For
an oscillatory dynamo, all three variablés, M, and Q joue Vary in an oscillatory fashion with a cycle
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frequencywcyc of magnetic energy (corresponding to 11 years for the sun—not 22 years), so we estimate
|dH /dt|Sweyc| H| and|dM /dt| < O jouleSweycM , and obtain

This leads to the inequalif159,300]
[H|/(2M) < Lskin , (9.47)

wherelskin = /2n/weyc IS the skin depth, here associated with the 11 year frequeggy Thus, the
maximum magnetic helicity that can be generated and dissipated during one cycle is characterized by the
length scaleH|/(2M), which has to be less than the skin depif,.

For n we have to use the Spitzer resistivity [see Eq. (3.14)}; swreases from about $@m?/s at
the base of the convection zone to abouf d®?/ s near the surface layers and decreases again in the
solar atmosphere, see Eq. (3.14). UsiRge = 2n/(11yn =2 x 10-8s~1 for the relevant frequency at
which H andM vary, we havesyin =~ 10 km at the bottom of the convection zone dgg, ~ 300 km at
the top.

The value oftskin should be compared with the valug|/(2M) that can be obtained from dynamo
models[159]. For a sphere (or rather a half-sphere) with open boundary conditions and Vdl(fore
example the northern hemisphere), one has to use the gauge-invariant relative magnetic helicity of Berger
and Field[150]; see Eq. (3.35) and Section 3.4. We assume that the dynamo saturates such that most of
the magnetic helicity is already in the large scales [cf. Eqg. (8.11)H san be estimated from a mean
field model. We also assume that magnetic helicity is not continuously being pumped back and forth
between large and small scales. While this remains a hypothetic possibility, it should be noted that this
has never been seen in simulations. With these reservations in mind, we now employ an axisymmetric
mean field, which can be written 8= b + V x (ag), it turns out that the relative magnetic helicity
integral is simply{159]

H= 2/ abdV  (axisymmetry . (9.48)
1%

The results of model calculations show tfE&E9], when the ratio of poloidal field at thpoleto the max-

imum toroidal field inside the convection zorghole/ Bpett, iS in the range consistent with observations,
Bpole/ Boelt = (1...3) x 1074, then the ratioHn/(2MNR) is around(2 — 5) x 10~# for models with
latitudinal shear. (Here, the subscript ‘N’ refers to the northern hemisphere.) This confirms the scaling
with the poloidal to toroidal field ratif386],

HN/(2MNR) = O(Bpol/ Btor) 2 Bpole/ Bbelt - (9.49)

Given thatR = 700 Mm this means thaily/(2My) ~ 70-200 km, which would be comparable to the
value oflskin Near the upper parts of the solar convection zone.

The surprising conclusion is that the amount of mean field helicity that needs to be generated in order to
explain the large scale solar magnetic fields is actually so small, that it may be plausible that microscopic
magnetic diffusion could still play a role in the solar dynamo. In other words, although open boundary
effects may well be important for understanding the time scale of the dynamo, the effect does not need
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to be extremely strong. Of course, no quantitatively accurate predictions can be made, because the resul
depends on the model.

9.6. Open boundaries

In the preceding sections we made the assumption that no magnetic helicity flows through the bound-
aries. This is of course unrealistic, and on the sun magnetic helicity losses are indeed observed; see
Section 2.1.2. In the presence of open boundaries one has to use the relative magnetic helicity, as definec
in Eq. (3.38). In this equation there emerges a surface teffitg % A™®) - ds, which is due to helicity
fluxes. The importance of helicity fluxes was already demonstrated in Section 8.11. The question is how
important is this effect and can it possibly alleviate the magnetic helicity constraint by allowing the
effect to be less strongly quenchgd5)].

9.6.1. Historical remarks

The question of how magnetic helicity losses could alleviate the problem of catastrophic quenching
and resistively limited saturation and perhaps cycle periods remained at first unclear when this idea was
originally proposed398,405] Simulations of helically forced turbulence in an open domain, using a
vertical field boundary conditiorB(x f = 0), showed a shorter saturation time. However, this was at
the expense of a reduced saturation ampliid®®]. This somewhat frustrating result raised concerns
whether magnetic helicity losses could even help in principle. This was then the reason for performing
the co-called vacuum cleaner experiment where small scale magnetic fields were artificially removed in
regular intervals via Fourier filterinfl59]. The main insight came when it was realized that it is not
so much the boundary conditions as such that have a positive effect in alleviating the magnetic helicity
constraint, but the fact that there is a magnetic helicity flux als@ethe domain, such that magnetic
helicity can actually be transported toward the boundaries. A leading candidate for this flux is the flux
derived by Vishniac and CH@88]. This flux will be derived and discussed further in Section 10.4.2.

There is another complication that led to considerable confusion. Magnetic helicity is defined as a
volume integral (Section 3.4), and, because of the gauge problem, the concept of a magnetic helicity
density does not exist. This has actually changed and a magnetic helicity density can actually be defined
(for small scale fields) in terms of a density of linkages if there exists a meaningful separation into large
scale and small scale field$54]. Another important aspect was the realization that the quantity that
we are primarily interested in, and that directly enters the magnetitect, isj - b. In working directly
with j - b there is of course no longer the comfort of dealing with a conserved quantity. Thus, the proper
evolution equation foj - b can no longer be inferred from total magnetic helicity conservation together
with the evolution equation for the large scale field. Instgadh, has to be calculated directly using
standard closure procedur@®1]. There are now strong indications that an important prerequisite for
obtaining a strong helicity flux is shear. However, shear has only recently been included in simulations
with open boundaries; see Section 8.11 and &f]. Therefore, not too much analysis has been done
on this type of problem yet.

In the following we present first a phenomenological model that explains the relative significance of
large scale and small scale magnetic helicity losses. We then turn to speculative consequences for the
observed solar field and demonstrate that small scale losses can alleviate the quenching problem—at leas
in principle.
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9.6.2. A phenomenological model of magnetic helicity losses

Itis instructive to discuss first a phenomenological description of magnetic helicity losses. We imagine
that the loss of magnetic helicity across the boundary is accomplished by the turbulent exchange of eddies
across the boundary. The rate of magnetic helicity loss is then proportional to some turbulent diffusivity
coefficient,n, or #¢, for the losses from mean and fluctuating parts, respectively. Again, we assume that
the small and large scale fields are maximally helical (or have known helicity fraeticargde; ) and have
opposite signs of magnetic helicity at small and large scales. The details can be found [dR&E9]
The strength of this approach is that it is quite independent of mean field theory.

We proceed analogously to Section 8.5.2 where we used the magnetic helicity equation (8.5) for a
closed domain to estimate the time derivative of the magnetic helicity of the meanHigl@dr Hn,
which is here the same), by neglecting the time derivative of the fluctuating feldThis is a good
approximation after the fluctuating field has reached saturatiom,>.e5: Thus, we have

dH, dH,
=y = = 2pkE Hin — 20ckPH; (9:50)
dr dr
——
neglected
wheren,,, = n; = n corresponds to the case of a closed domain; see Eq. (8.12) in Section 8.5.2. Assuming
that surface losses can be modeled as turbulent diffusion terms, we expect the vajyesndi; to be
enhanced, corresponding to losses from mean and fluctuating parts, respectively.
The phenomenological evolution equations are then written in terms of the large and small scale
magnetic energies/m and M, respectively, where we assumn = £ 3kmHm andM; = F3k; H for
fully helical fields (upper/lower signs apply to northern/southern hemispheres). The phenomenological
evolution equation for the energy of the large scale magnetic field then takes the form

dMpm
ko t—1
M dr
The positive sign of the term involvindys reflects the generation of large scale field by allowing small

scale field to be removed. After the time when the small scale magnetic field saturates, i.e>whkgn
we haveM; =~ constant, and Eq. (9.51) can be solved to give

= —2nmkmMm + 2nsks Ms . (9.51)

neks

MTmAm

My = Ms [1— e 2mkn(—isd]  for 1 > ey . (9.52)

This equation highlights three important aspects:

e The time scale on which the large scale magnetic energy evolves depends gplynmt ong; (time
scale is shorter whem, is increased).

e The saturation amplitude diminishesgs is increased, which compensates the accelerated growth
just pasttsat[392], so the slope 8y, /dr is unchanged.

e The reduction of the saturation amplitude duejtpcan be offset by having,, ~ n; ~ n, i.e. by
having losses of small and large scale fields that are about equally important.

The overall conclusions that emerge are: fifst> # is required if the large scale field is to evolve on
a time scale other than the resistive one and, seogndy #; is required if the saturation amplitude is



A. Brandenburg, K. Subramanian / Physics Reports 417 (2005) 1-209 129

not to be catastrophically diminished. These requirements are perfectly reasonable, but so far we are only
beginning to see this being also borne out by simulatjbs389,390]

Animportant limitation of the analysis above has been the negledfofdt, precluding any application
to early times. Alternatively, one may directly use Eqgs. (9.11) and (9.12) and turn them into evolution
equations foM, and Mz, respectively,

_.dM,

kmlFm = 2(0( - kmi’]t)Mm - 21’]mkmMm ’ (953)
_q dMs

kg 1? = 2(oe — kmne) M — 2n¢ks M (9.54)

where,« = ax + apm is the totalx effect andxy the contribution from the small scale current helicity;
see Eq. (9.13). As in Eqg. (9.15), we can express the coeffiéie'mt terms ofnt/ng, and have in terms
of energiespgy = £uiki Ms / Es whereEs = %ngv is the kinetic energy. Egs. (9.53) and (9.54) can be
applied at all times, but they reduce to Eq. (9.51) in the limit of late times wiiea: const.

Another caveat of the phenomenological approach is that we have modeled the helicity fluxes with
nm andns as parameters which we can fix freely. The physical mechanism which causes these fluxes
may not allow such a situation. For example, if initiali, = — H; so that total helicity is zero, and the
helicity fluxes involved mass fluxes which carried both small and large scale fields (cf. Section 11.2.2
below), then the flux of small and large scale helicity could always be the same for all times. But from
magnetic helicity conservation (neglecting microscopic diffusion), one will always Have — Hz, and
SOMm/ km = Ms / ks.

9.6.3. The vacuum cleaner experiment

The possible significance of open boundary conditions can be explained as follows. We have seen that,
at the end of the kinematic evolution, the magnetic field can only change on a resistive time scale if
magnetic helicity conservation is obeyed. The large scale field can therefore only increase if this does
not involve the generation of magnetic helicity (for example via differential rotation). Any increase due
to thew effect automatically implies an increase of small scale magnetic helicity, and hence also small
scale field. However, once the small scale field has reached equipartition with the kinetic energy, it cannot
increase much further. Any preferential loss of small scale magnetic energy would immediately alleviate
this constraint, as has been demonstrated in a numerical experiment where magnetic field at and above
the forcing wavenumber has been removed in regular intervals via Fourier filj@Eay

In the experiment shown iRig. 9.5the flow is forced with helical waves at wavenumbket 5, giving
rise to large scale dynamo action with slow saturation at wavenuinbet. The magnetic field is then
Fourier filtered in regular intervals (between a tenth and a quarter effiblding time of the kinematic
dynamo) and the components abéve 4 are set to zero, which is why this is called the vacuum cleaner
experiment. Of course, the small scale magnetic energy will quickly recover and reach again equipartition
field strength, but there remains a short time interval during which the small scale magnetic energy is in
sub-equipartition, allowing the magnetic helicity to grow almost kinematically both at smdlarge
scales. The effect from each such eventis small, but the effect from all events together make up a sizeable
enhancement to the amplitude of the generated large scale field.
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Fig. 9.5. The effect of removing small scale magnetic energy in regular time inténvaisthe evolution of the large scale field
(solid lines). The dashed line gives the evqutior(%) for Run 3 of Ref[4], where no such energy removal was included. In

all cases the field is shown in unitsang po(uz). The two solid lines show the evolution (ﬁz) after restarting the simulation
from Run 3 of Ref[4] at ir = 20 and/t = 80. Time is scaled with the kinematic growth radtel'he curves labeled (a) give the
result forAr = 0.127.~1 and those labeled (b) faxr = 0.42~1. The inset shows, for a short time interval, the sudden drop and
subsequent recovery of the total (small and large scale) magnetic energy in regular time intervals. AdaftEsPjrom

9.6.4. Speculations about boundary conditions

In order for magnetic helicity losses to have an advantageous effect in the sun, or at least in a more
realistic simulation, it is important that the losses of magnetic helicity occur predominantly at small
scales. It is conceivable that preferentially small scale magnetic helicity losses may be possible in the
presence of a more realistic modeling of the surface, where magnetostatic equilibrium configurations
may lose stability, leading to the ejection of plasmoids and possibly magnetic helicity. In this context it
is important to recall that, whenever magnetic eruptions of any form do occur, the field is always found
to be strongly twistef46,47,49,409,410]it is therefore plausible that such events are an important part
of the solar dynamo.

A second comment is here in order. Looking at the coronal mass ejections depi€ied M3it is
clear that fairly large length scales are involved in this phenomenon. This makes the association with the
small scale field dubious. Indeed, the division between large and small scale fields becomes exceedingly
blurred, especially because small and large scale fields are probably associated with one and the same
flux tube structure, as is clear frolfig. 9.6

The sketch shown iRig. 9.6shows another related aspect. Once a flux tube forms a twisstdped
loop (via thermal or magnetic buoyancy) it develops a self-inflicted internal twist in the opposite sense.
(In the sketch, which applies to the northern hemisphere, the tilt has positive sense, corresponding to
positive writhe helicity, while the internal twist is negative.) These helicities can be associated with the
positiveJ - B and the negative- b, that has also been confirmed by calculating Fourier spectra from a
buoyant flux tube tilting and twisting under the influence of the Coriolis force and the vertical density
gradientf49,411] see Fig9.7. Instead of visualizing the magnetic field strength, which can be strongly
affected by local stretching, we visualize the rising flux tube using a passive scalar field that was initially
concentrated along the flux tube. This is showFig. 9.8 This picture illustrates quite clearly that the
effect cannot operate without (at the same time) twist helicity of the opposite sign.
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Fig. 9.6. Schematic dfinematichelicaloQ dynamo in northern hemisphere is shown in (a) and (b), whilstynamichelicaloQ

dynamo is shown by analogy in (c) and (d). Note that the mean field is represented as a line in (a) and (b) and as a tube in (c) and
(d). (&) From an initial toroidal loop, theeffect induces a rising loop of right-handed writhe that gives a radial field component.

(b) Differential rotation at the base of the loop shears the radial component, amplifying the toroidal component, and the ejection
of the top part of loop (through coronal mass ejections) allow for a net flux gain through the rectangle. (c) Same as (a) but now
with the field represented as a flux tube. This shows how the right-handed writhe of the large scale loop is accompanied by a
left-handed twist along the tube, thus incorporating magnetic helicity conservation. (d) Same as (b) but with field represented as
ribbon or tube. (e) Top view of the combined twist and writhe that can be compared with observed coronal magnetic structures in
active regions. Note the shape of the right-handed large scale twist in combination with the left-handed small scale twist along
the tube. The backreaction force that resists the bending of the flux tube is seen to result from the small scale twist. Note that
diffusing the top part of the loops both allows for net flux generation in the rectangles of (a)—(d), and alleviates the backreaction
that could otherwise quench the dynamo. Courtesy Blacka@in

9.7. Effect of magnetic helicity losses on theffect

An important problem associated with the dynamical quenching model, as formulated so far, is the fact
that, unlike the volume averaga - B) over a periodic domain, the spatially dependent magnetic helicity
densitya - bis not gauge-invariant. First, itis possible to formulate the theory directly in terms of the small
scale current helicityj, - b. We should note, however, that itis possible to define a gauge invariant magnetic
helicity density for the small scale field as a density of correlated links and the associatddAlixVe
focus below on the formulation in terms of the current helicity density. Its evolution equation involves an
extra divergence term or a current helicity fluxc. Using the evolution equaticdb/or = —V x e, we
can derive an evolution equation for the small scale current helicity in the form

—j-b=-2e¢c—-V-Z¢c, (9.55)
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Fig. 9.7. Magnetic helicity spectra (scaled by wavenunkier give magnetic helicity per logarithmic interval) taken over the
entire computational domain. The spectrum is dominated by a positive component at largekseales (5) and a negative
component at small scalefls £ 5). Adapted from Refl49].

Fig. 9.8. Three-dimensional visualization of a rising flux tube in the presence of rotation. The stratification is adiabatic such
that temperature, pressure, and density all vanish at a height that is about 30% above the vertical extent shown. (The actual
computational domain was actually larger in th@ndz directions.) Adapted from Ref411].

wherec=V x j is the curl of the small scale current densjiity,J — J, e=E — E is the small scale electric
field, E = »J — & is the mean electric field, and

Fc=2exj+(Vxe xb (9.56)

is the mean current helicity flux resulting from the small scale field.
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Mean-field models trying to incorporate such magnetic helicity fluxes have already been studied by
Kleeorin and coworker$394,398,399]in the context of both galactic and solar magnetic fields. An
interesting flux of helicity which one obtains even in nonhelical but anisotropic turbulence due to the
presence of shear has been pointed out by Vishniac and388§ The presence of such a flux in non-
helical shearing turbulence has been confirmed numeriptl®]. We will examine a general theory of
such fluxes using the MTA in Section 10.4 below.

In the isotropic cases- ¢ can be approximated Ugfe»_b. (Here we have assumed that the effect of

triple correlation terms likgu x b) - V2b in @-¢ are small.) Using FOSA or MTA, this can be replaced
by k(& - B + ] - b); see also Eq. (9.15), which then leads to the revised dynamical quenching formula

—2 - 1,-2 —
O oB" =yl B+ 35k V- Fc a—ua
—2nik? ( t 21 + K) , (9.57)

- B2, R
where the current helicity fluxzc =2e x j + (V x e) x b, has entered as an extra term in the dynamical
quenching formula (9.15).

Making the adiabatic approximation, i.e. putting the RHS of Eq. (9.57) to zero, one arrives at the
algebraic quenching formula
TR _1;,-2 = 2
1+ RmB°/BZ,

o=

(03t =0) . (9.58)

Considering again th&; — oo limit, one has now
7 1,2 = 52

which shows that losses of negative helicity, as observed in the northern hemisphere of the sun, would
enhance a positiveeffect[394,398,399]Here km = J - §/§2 is a spatially dependent generalization of

Eq. (9.23) to the inhomogeneous case. If the current helicity flux is approximated by a Fickian diffusive
flux proportional to the gradient of the small scale current helicityZige.~ —2y;Vj - b, wherey; is

an effective turbulent diffusion coefficient for the small scale current helicity (see Section 9.6.2), the
second term of Eq. (9.59) becomes approximaighy,, sox approaches a combinationgk, andskm,
confirming again thaz has increased.

In recent simulations with an imposed magnetic fig89], the dependence of on the magnetic
Reynolds number has been compared for both open and closed boundary conditions using the geometry
depicted on the right hand panel Big. 9.9 As usual,x was determined by measuring the turbulent
electromotive force, and henee= (&) - Bo/ Bg. As expectedy is negative when the helicity of the forcing
is positive, andx changes sign when the helicity of the forcing changes sign. The magnitudes®f
however different in the two casels] is larger when the helicity of the forcing is negative. In the sun,
this corresponds to the sign of helicity in the northern hemisphere in the upper parts of the convection
zone. This is here the relevant case, because the differential rotation pattern of the present model also
corresponds to the northern hemisphere.

There is a striking difference between the cases with open and closed boundaries which becomes
particularly clear when comparing the averaged valuedarf different magnetic Reynolds numbers; see
Fig. 9.10 With closed boundariestends to zero Iikdergl, while with open boundariesshows no such
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Fig. 9.9. Left: a sketch of the solar angular velocity at low latitudes with spoke-like contours in the bulk of the convection zone
merging gradually into uniform rotation in the radiative interior. The low latitude region, modeled in this paper, is indicated by

thick lines. Right: differential rotation in our cartesian model, with the equator being at the bottom, the surface to the right, the
bottom of the convection zone to the left and mid-latitudes at the top. Adapted frorfBB@}.
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Fig. 9.10. Dependence k) |/urms On Rm for open and closed boundaries. The case with open boundaries and negative helicity
is shown as a dashed line. Note that fgp ~ 30 the« effect is about 30 times smaller when the boundaries are closed. The
dotted line gives the result with open boundaries but no shear. The vertical lines indicate the range obtained by calculating

using only the first and second half of the time interval. Adapted from [384].

decline. There is also a clear difference between the cases with and without shear, together with open
boundaries in both cases. In the absence of shear (dashedHige 9110 « declines with increasing,,
even though for small values &, it is larger than with shear.

The difference between open and closed boundaries can be interpreted in terms of a current helicity
flux through the two open boundaries of the domain. Inspections of the actual fluxes suggests that there
is a tendency for the difference between incoming flux at the equator (dotted line) and outgoing fluxes
at outer surface (solid line) to cancel, but the net outgoing flux is negative. The flux for the total field is
approximately four times larger than what is accounted for by the Vishniac—Cho flux. This might indicate
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that there is either another contribution to the current helicity flux, or that itéhe Vishniac—Cho flux
is underestimated.

10. The microscopic theory of turbulent transport coefficients

In this section we describe in full detail the technique to calculate turbulent transport coefficients in
the presence of slow rotation and weak inhomogeneity. The technique to incorporate slow rotation and
weak inhomogeneity is the same as that introduced by Roberts and J@&8}tdong ago, except that
here we are using MTA. The present results are basically in full agreement with a recent calculation by
Radler et al[320], except that here we retain theb correction tox throughout, even when this term was
vanishing initially. Indeed, in the nonlinear regime there is no limit in which this term can be ignored,
because it is self-generated by theffect. In this section, overbars denote ensemble averages, but for all
practical purposes we may assume them to be equivalent to the spatial averages used before.

As we have emphasized before, the ignorance of thefeedback term in much of the mean field
dynamo literature is one of the main reasons why this theory has produced incorrect or unreliable results
and has not been in agreement with numerical simulations of hydromagnetic turbidgagaNe are
now at a point where a lot of work has to be reconsidered with the correct feedback in place. What needs
to be done now is a careful calculation of the turbulent transport coefficients that include, in particular,
inhomogeneity and losses through boundaries. Here we are only able to present the initial steps in that
direction.

10.1. Transport coefficients in weakly inhomogeneous turbulence

We consider the case when the correlation tensor of fluctuating quantiteslf) vary slowly on the
system scale, say. Consider the equal time, ensemble average of the prgtugig(x2). The common
dependence dfandg ont is assumed and will not explicitly be stated. We have

FxDg(x2) = / / f (k) g (k)€ krratkex2) g3p; @3k, | (10.1)

where f and$ are the Fourier transforms 6findg, respectively. (In general the Fourier transform of
any function, sayf, will be denoted by the same symbol with a ‘hat i) We define the difference
r=x1 — x2 and the meaR = %(xl + x2), keeping in mind that all two point correlations will vary rapidly
with r but slowly withR [329]. We can re-express this correlation as

Fx)gkxo) = //f(k+;K)g(—k+§K)ei<K'R+"'”d3Kd3k
= [ o7 2.k R (10.2)

where we have defined the new wavevectms%(kl — ko) andK = k1 + ko. Also for later convenience
we define

o(f. 8.k R) = / Fk+ 308 (—k + S REK . (10.3)
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In what follows we require the correlation tensors of thandb fields and the cross correlation be-
tween these two fields in Fourier space. The velocity and magnetic correlations, as well as the turbulent
electromotive forces, are given by

vij(k, R) = ®(ii;, i, k, R), UZ(R) =§;; f vij (k, R) &% (10.4)

mij k,R) = @(l;i, l;j, k,R), ?(R) = 5ij / m,-j(k, R) d3k , (10.5)

1ik(k, R) = @(iij, b, k. R), & (R) = ¢ji / 1k (k. R) &% . (10.6)
In order to calculate these quantities we first consider the time derivatjyg of

a}{jk n ~ . A~

= @@, by, k,R) + @@}, by, k, R) (10.7)

where the dots oéj andu; denote a partial time derivative. The equationtfas given by Eq. (6.12).
For the present we neglect the mean velocity territhe Fourier transform of this equation is then,

br(K) = expgeqimiky / G1(K — K) By (K) B3k’ + Gr(K) — kb (k) | (10.8)

where we have included the nonlinear tes= V x (u x b — u x b). (Note that since x b is a mean
field quantity, it will give zero contribution tg;;, when multiplied by and ensemble averaged.) Using
the momentum equation for the velocity fidlcand splitting the velocity into mean and fluctuating parts,
U = U + u, and neglecting for simplicity the mean flow,= 0, we have, in a rotating frame,
Z—?:—Vpeﬁ+§-Vb+b-V§—29xu+H+f+vV2u. (10.9)
Here we have assumed incompressible motions With = 0, and a constant density; we have therefore
adopted units such that = pg = 1. We have defined the effective presspeg which contains the
perturbed pressure including the magnetic contributida,the random external force, and the terms
nonlinear inu andb are gathered il = —u- Vu+u-Vu+b- Vb —b- Vb. In the rotating frame, we
also have a Coriolis force contributio®2x u. The effective pressure term can be obtained by solving a
Poisson type equation derived by taking the divergence of Eq. (10.9). In Fourier space this corresponds
to multiplying the equation by the projection operatBy; (k) = J;; — I%iIGJ, wherek = k/|K| is the unit
vector ofk, so

A
o — —

ou ; = — ~ ~
% — Pj,[(B - Vb), + (b- VB), — 26,1 @it + f + Hy — vk?iis] . (10.10)

Here we have dropped the argumern all quantities and, for brevity, we have introduced the notation

B - Vb), = / B(k — K)(ik)) by (K) d®% (10.11)

—

(b- VB), = / bi(k — K (k) B; (K) &K’ (10.12)
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for the Fourier transforms of the magnetic tension/curvature force. We can simplify the rotational part of
the Coriolis force by using the identity

€ijk = lgilgpepjk + Iéjlépei,,k + IQkIG,,e,-jp , (10.13)
noting thatP; e ji; = kikpeipi + kikpeirp, and using incompressibilitig i, = 0, to get
Pjs(K) esim Qi =k - Q¢ jpmk pit - (10.14)

We are now in a position to calculaig;, /or. Using the induction equation ff)rgiven by (10.8), the first
termin (10.7) is given by

P(i1j, b,k R) = 75+ G — nk+ 5iv)% (10.15)

where we have substitutédby —iv and have introduced the abbreviation

15 = ekpgcqim / i (k+ 3K (—k + 3K — K) By (K)

X i(—kp + 2K,k eREK . (10.16)

Further the triple correlations of the formjék, will be either ignored (FOSA) or replaced by the
double correlation j;, divided by a relaxation time (theapproximation). To evaluate the above velocity

correlation inaxfk/at, we need to bring thé ;i; term into a form similar to Eq. (10.4), so that we can

replace it byv;;. Thus, we define new wavevectdes= k + 3K andkz = —k + 3K + k', and transform
to new variables K, K'), whereK’ = k; + ko = K — k’. We then have

15 = ekpqcqim f 0j(k+ 3K + 3K iy (—(k + 3K) + 3K) B,y (K)
X i(—kp + 3k, + 3K) e HOREK d¥ (10.17)
Using the definition of the velocity correlation functioy) in Egs. (10.3) and (10.4) and carrying out first
the integral oveK’, and replacek’, by V,, = /3R, we can write

% = ekpgeqim / (—ikp + 30k}, + 3Vp)vji(k + 3K, R)B,, (K)eX Rd3' . (10.18)

Note that, since the mean fieRlvaries only on large scales,(k’) will be nonzero only for smallk’|.
This suggests expanding; above in a Taylor series ki, i.e.

d
vji(k+ 3K, R) ~ vj1(k, R) + %k;avﬂ(k, R) . (10.19)

We will keep only terms that can contribute derivativeRino higher than the first derivative. Integrating
overk’, usingekpq cgim = 019 pm — dxmd p1, @nd noting that the inverse Fourier transformig®,, (k) is
B,,.s = 0B,, /Ry, we get

OBy 1, Ok —

Ko wa 1 . .
,(jk——lk-ijk—i—?B-Vka—UJla—Rl—Q ma—kSBm,s- (10.20)
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Now turn to the second term in (10.7) for;, /or. This is given by
@, b, k,R) =M + 7% + Hiby — vk — 3iv)?y, 10.21
(ujy ks Ky )_/C]k+/(]k+ jPk V( 2' )X.]kl ( . )
where

M= fdsk’ Pk e“Rp; (k+ 1K) [i(k, + 3K — k) Bi(K)

xby (k+ 5K = K)be(—k + 3K) + (k) By ()bi (k+ 3K — KDbe(—k + 3K) |, (10.22)

and

72 =200 | 2Pl 0k + 1K) b (—k + 3K)eKRaBK (10.23)
jk J p2 2 2

Here we have introduced= k + %K for brevity. Once again, the triple correlations of the foﬁpl;k,
will be either ignored (FOSA) or replaced by the double correlatigndivided by a typical correlation
time (ther approximation). Empirically, we know that the tefmb is small. We first simplify the'(fk
term, keeping only terms that are at most a first derivative. ifior this first expang,, p; /p® as

(ko + 3Kn) ki + 5K knke | knKi | Kuki  kmkik; K

= , 10.24
(k+%K)2 k2 2k2 + 2k2 k4 ( )

keeping terms that are at most lineakinThen the integral ovet can be carried out using the definition
of y;;. We get

) Ok
/521{ =—Ajiux — lemﬁ , (10.25)
m

where they;;, without superscript is the ful;;, and

k-
Aﬂ = _2€jll‘7kt ’ (1026)
: k-2 . kQ, . (k- )kiky,
Bjim = |€jlm7 + |€jlttk_2 — 2|€jltTt . (20.27)

As shown in Appendix E, the simplification ka leads to

k jks —

a .
ik TS i (10.28)

)'('J\-/Ik=ik-§mjk+%§-ijk + Bjim — %Em,skm? 2
)
We can now add all the different contributions to get

O jk 01k

J \41

SR — A — By, 2
ot jk JI Xk jlm oR

+ﬁjék+ﬁjék—(11—|—v)k2)(jk—i(17—v)k-VXjk , (10.29)
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where
ljk = — ik B (vjx — mjx) + 3B+ V(vjx +mji) + Bjimu — Bravji
— vjr Omiji kiks—
1 J J
= 5Bm.skm [ ok, + ok, } 2= 2 B mig (10.30)

and we have only kept the terms in the microscopic diffusion and viscosity up to first order in the large
scale derivative.

The first order smoothing approximation can be recovered by neglecting the triple correlation terms
(ﬁjék) + (ﬁjék). Using MTA, one summarily approximates the triple correlations as a damping term,
and takesii; Gi) + (H;by) ~ —yi/t(k), where in general the parametecould bek-dependent. (The
microscopic diffusion terms can either be absorbed into the definitiorikofor neglected for large
Reynolds numbers.) One then has

O jk Oxk  Zjk
—— =l —A; —B -, 10.31
or kT At = Bjmgp - — = ( )
or
O jk 1 Otk
—— =l — -D; —Bin—, 10.32

whereD; = d;; + 1A ;. On time scales long compared withone can neglect the time derivative,of,
so one haf8]

oy
Tk — 71 (10.33)

D + B
JlLAIk jlm 5 R,

In the weakly inhomogeneous case that we are considering, this equation can be solved iteratively. To
zeroth order, one neglects thR terms on both sides of Eq. (10.33). This gives a zeroth order estimate

0 -1,
10 =D (10.34)
where
|“,? = —ik-Bujr —mji) . (10.35)
Here the inverse matrili?;;,l is given by

D3t = (01 + COxejimkm + Cok k1) /(1 + CP) (10.36)

where Cq = 29t - k is the Coriolis number with respect to the componen@dhat is aligned withk,
andk = k/k is the unit vector ok.

To the next order, we keep first derivative terms and subsb&fﬁ{én thedy;; /OR,, term. This gives

0 10
it = Dt el — €D B pim —— (D) (10.37)
m

Further, in many situations one will be concerned with the slow rotation limit, wherel. In this
case one needs to keep only terms that are at most lin€ar We do this below; partial results to higher
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order inQz can be found in Re{320]. To linear orderp7! =0+ 2tk - QGllmk Substituting this into
Eq. (10.37), and noting that ttBg,;,, term is already Ilnear i®, we get
a|(°)
2 7 2
Ljk = tjk + 207K - ¢ jimkmlic — B jim —,— R, (10.38)

We will work with this expression to evaluate The first term in (10.38) contributes & even in the
case whem = 0. This contribution is given by

E;o) Zeijk/ﬂjk d3k

= €jjk f T |:—|k . E(UJAk jk) + % V(vf‘k =+ m'lAk)

avA om”, ki k

J— k —

+Bjimi — Biivji — 3k Bm.s +— ) =257 By my | &k (10.39)
ak Ok k

Note that due to the presence of the antisymmetric tengoonly the antlsymmetrlc parts af;, and
m j survive in some of the terms above, and these are denoteﬁ tayndrm” 7k respectively.
To proceed we need the form of the velocity and magnetic correlatlon tensors. We adopt the form
relevant when these are isotropic and weakly inhomogeneous, as discussed in detail[B2R&F29]
We take

Vij = [sz(k) + ﬁ(kivj - iji)] E(k,R)

1 kv k
- 5 |:€ijkkk (2| + > - (kiEjz,n+kjei,m)k—gvm} F(k,R), (10.40)

[
mjj = [Pij(k) + W(kivj - kjvi)j| Mk, R)
1 -V ki
— _2k2 |:€ijkkk (2| +—k2 ) - (kiEjlm +kj6ilm)ﬁVmi| N(k, R) . (10.41)

Here 4k?E and 4k M are the kinetic and magnetic energy spectra, respectively,gridand 4k°N
are the corresponding helicity spectra. (Note that in this section we use the s¥iihe)) to denote the
kinetic helicity spectrum; this should not be confused with the coordinate gp@gelefined earlier, for
the helical part of the velocity correlation function.) They obey the relations

2 (R) =2/E(k, Rk, @ u(R) =2/F(k, R) dk ,
02 (R) = 2 / Mk, R d%, [-B(R / Nk, R) dk . (10.42)
Note that, so far, we have also made no assumptions about the origin of the velocity and magnetic

fluctuations, apart from their general form. The fluctuating velocity could be driven by random forcing
and also be responding to the effects of rotation and/or the nonlinear effects of the Lorentz forces. For
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example, suppose one were to assume that the turbulence were originally nonhelicak; tha {8 and

F was originally zero. The helical parts of the velocity correlations can still be generated due to rotation
and stratification. In this case the helical part of the velocity correlation will no longer be isotropic, and
will reflect the anisotropy induced by both rotation and stratification. To work out the corresponding
modification tov;; one has to take into account the effect of the Coriolis force in some approximate way.
This has been done in R¢B29] by assuming that the velocity induced by rotation is very small compared
to the original turbulent velocity and using th@pproximation if320]. Interestingly, it turns out that,

to the lowest order iR derivatives, rotation induces a helical partutg that can be described simply

by adopting an anisotropi€ = F. It is shown in Ref[320] that, under the approximation, this is
given by

F2K, R) = —2c"[(k- @) (k- V) — 2 - VIEQk&, R), (10.43)

wheret* (k) is another correlation time, that could, in principle, be different frgk). We use this for
F when we discuss the effects of rotation, although one must keep in mind that it is likely to give only a
crude and at most qualitative estimate of the effects of rot&tion.

We substitute the velocity and magnetic correlations given in (10.40) and (10.41) into (10.@6? for
Note that the term proportional ﬁojf*k + m?k gives zero contribution, as the antisymmetric parts of the
correlations are odd iky and so integrate to zero, while doing tkéntegration. (This continues to hold
even if F = F2.) Also the terms that havederivatives, give zero contribution after integrating by parts,
and usingv - B = 0. Further, in terms which already haRe derivatives of8, one need not include the
R; derivative contributions of ;; andm ;. The remaining terms can be written as

—(0 A — A A~ A
89 =ik / ok B30k Vi = BV (E = M) = ejpmkn(F = V)]
-I—Ej’[P[k(k)M — Ek,lpﬂ(k)E — Zlgjlgsgs,lplk(k)M} d3k , (10.44)
where, as before, commas denote partial differentiation with resp&i®® B;; = 3B /oR;.

10.2. Isotropic, helical, nonrotating turbulence

In the first instance, suppose we were to assume that the turbulence is driven by isotropic forcing which
is also helical, so that all spectral functions depend onlikprOne can then do the angular parts of the
k-integral in (10.44), using a relation valid for amy(k) of the form

/ kik; 7 (k) &k = 35y f 7 (k) &3 . (10.45)

8We also point out that the velocity and magnetic correlations will become anisotropic when the mean field becomes strong
and begins to influence the turbulence; throughout the discussion below we do not explicitly take this feature into account, since
the major feed back to theeffect due to the current helicity is already important for weak mean fields. Also the anisotropy
induced by rotation is already important, even when the mean field is weak. For a discussion of the effects of anisotropy induced
by strong mean fields, see for exam[863].
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We get
_© _ _ _E-M _ F-N -
8 = eij [(ijk — BV —CkmBn—— %Bk,jE} , (10.46)

where we have defined

E:fr(k)E(k, R) d°k, M:/r(k)M(k, R) d%k ,

F= f tk)F(k,R)d%k, N = / (k)N (k, R) d°k . (10.47)
For a constant(k) = o say, we simply havé = zou?, M = %ro@, F = }wo U, N = 310] - b. In this
case we have for the turbulent EMF
—(0)

& =B—ndJ+yxB, (10.48)
where
o= —%ro(m —j-b), p= %‘co?, y= —%‘coV(? — b, (10.49)

andyug = pg = 1 is still assumed. We see that theffect has the advertised current helicity correction,
but the turbulent diffusion is unaffected by the small scale magnetic fluctuations. There is also a turbulent
diamagnetic effect and this is affected by magnetic fluctuations, vanishing for equipartition fields. We
should also point out that the fluctuating velocity and magnetic fields above are the actual fields and not that
of some fiducial ‘original’ turbulence as for example implied320]. Of course, we have not calculated
what the values ab -, | - b, etc. are; one possibility is to take them from a turbulence simulations.

Note also that assumingndependent d may be adequate if the magnetic and kinetic spectra are dom-
inated by a single scale. However, it can be misleadiR@ifidN are nonzero over arange of scales. In such
a case itis better to adopt a physically motivatéd. For example if the turbulence is maximally helical
andF (k) oc kE (k), with E (k) o< k=13 as in Kolmogorov turbulence, thep [ F (k) dk oc [ kk~>/3 dk
would be dominated by the smallest scale and the kinetic and magmedficcts will be Reynolds number
dependent. However, if one takes fak) o k—%/2 the eddy turnover time in Kolmogorov turbulence,
then [ (k) F (k) &3k o k=1/3 and thex effects (both kinetic and magnetic) would be determined by the
kinetic/current helicities at the forcing scale of the turbulence and independent of Reynolds number. It
is important to keep this feature in mind in interpreting expressions with constaie thank Dmitry
Sokoloff for this suggestion.) We note, however, that recent simulations at higher resolution (up to 512
meshpoints) indicate that the small scale velocity and magnetic fields are no longer fully helical beyond
the forg/igg wavenumb€dB27]. Thus, the spectra of kinetic and current helicities scale approximately
like k=7,

10.3. Turbulence with helicity induced by rotation

Now consider the case when helicity in the turbulence is induced by rotation and stratification. For this
case, we adopt a velocity correlation function, whiéris related toE as in (10.43). Fom j;, we retain
the expression given by (10.41). Note that in R820] the current helicity terms have been neglected
in the calculation of the effects of rotation @n There is no reason to make this assumption, as even if
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such helical magnetic correlations were initially zero, they would be generated dynamically, during the
operation of the large scale dynamo due to magnetic helicity conservation. So we have to keep this term
as well. We will also only keep terms linear érr and linear in theR; derivative.

The first term in (10.38) also gives now @adependent contribution 6, instead of just the usual
isotropic - u term. This contribution, can be calculated by substituting the anisotrBfidrom
Eq. (10.43) in place of the isotropkeinto Eq. (10.44). We have now

-0 _ 1 QD)

& =310] - bB—nd+yxB+& (10.50)
where

= € jk€jkm B1 f ot (kikm ki kn V' — ki Vi) E© (k, R) d®k
= - 2Bi(Q - V)E*+ {£Q -BViE* + £ Q;B- VE*, (10.51)

where we have used the relation valid for anyk),

/ ktkmeskn 7 (k) A3k = 35 (31mOin + 14 0mn + Ondme) / F (k) ok | (10.52)
and defined
E* = / ) EQ (k, R &%k  (=3:5u©2) , (10.53)

the latter equality being valid for a constant * = 7. Note thaiz™ in Eq. (10.51) withE* = %rgu@z
gives a turbulent EMF identical to theeffect derived by Krausg805] for the case when there is no
density stratification; see Eq. (6.10) and Eq. (6.11). It would seem that Krause’s formula has actually

assumed = t* and also missed the two additional contributions (Eﬁgz) and & ® terms) to be
derived below.
The second and third terms in (10.38) also contributé for nonzeroQ. These contributions te,

denoted ag?? andg(m’), respectively, are calculated in Appendix F. In computing these terms we also
need the following integrals:

E<2>:/12(k)15(k, R d%, M®@ =/12(k)M(k, R) d%k ,

E® = / 2(KE (k,R)dk, M® = / 2(k)kM' (k, R) d°k | (10.54)
where primes denote derivatives with respedt.tBor constant(k) = g we have

E@=12u02 5@ =122 (10.55)

together withE® = —3E@ andmM® = —3m@.
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The net turbulent EMF is obtained by adding all the separate contribuﬁ@ﬁszgo) +E§92) +E§93),
o]

& =ojBj—niJj+ (xB) + (6 x I; +rijxBjk (10.56)

where the turbulent transport coefficients, kandependent correlation times= * = 1q, are given by

2ij = Sr00;j] b — 242 [5,~jsz V02 - 1p?) — B0,V + 0, V) (02 + %bZ)] ., (10.57)

nij = 3700;;u02? (10.58)

y=—2V(uO2 — ) — 120 x vu©2 1 1) (10.59)

5=102u02 —p?) (10.60)

=125 s Vu02 1 T2
Kijk = g70(Qj0ik + Q0ij) (U + £b) . (10.61)

Note that the combinatio® x J); + KijkEj’k reduces to
=+ 3302 4 L) v(2.B) + 2302 Q- VB, (10.62)

so forb? = 0 (and constan®) this combination is proportional t8(<2 - B), and hence, it(©? + 1b? is
constant, it gives no contribution under the curl—in agreement with earlier \8864. For a comparison
with Ref.[320] see Appendix G.

In generalu©®? + £b? is not constant, and so the first term in Eq. (10.62) contributes to éfiect.
Instead of Eq. (10.57) we have then

wj = 21007 - b — 2125,;2 - v(u©2 — 1p2)
+ 232V, + V) (uO2 + 3 b2)
+ 2@V — Q;V)(uO®2 + 12 . (10.63)

The last term is antisymmetric and can therefore be included in the second term of the expregsion for
in Eq. (10.59) which then becomes

y=-- — 320 x vu02 4 p?) . (10.64)

This term corresponds to a longitudinal pumping term of the form discussed in Section 6.4; see the middle

panel ofFig. 6.6 Sinceu©2 increases outward, the longitudinal pumping is in the retrograde direction,
which is in agreement with the simulatiof&34].

As mentioned earlier, even if the original turbulence is nonhelical, one cannot assume the magnetic
part of the correlation functions to be nonhelical (as done in B&0]) since, due to magnetic helicity
conservation, the magnetic helical parts can be generated during the large scale dynamo operation.

So one still has a current helicity contribution to theffect.

In Ref. [320] thej - b contribution was neglected, because the small scale field was considered to be
completely unaffected by the dynamo. However, such a restriction is not necessary and the approach

presented above is valid evenbd andj - b are affected (or even produced) by the resulting dynamo
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action. The velocity term, on the other hand, is not quite as general, which is why we have to keep the
superscript 0 in the term(©2,

10.4. Nonlinear helicity fluxes using MTA

As emphasized above, theb term gives the most important nonlinear contribution todledfect. In
this section we present the general theory for this term. One of our aims is also to examine possible fluxes
of helicity that arise when one allows for weak inhomogeneity in the system. Indeed, Vishniac and Cho
[388] derived an interesting flux of helicity, which arises even for nonhelical but anisotropic turbulence.
We derive this flux using MTA, generalizing their original derivation to include also nonlinear effects of
the Lorentz force and helicity in the fluid turbulen@91]. As we shall see, the Vishniac—Cho flux can
also be thought of as a generalized anisotropic turbulent diffusion. Further, due to nonlinear effects, other
helicity flux contributions arise which are due to the anisotropic and antisymmetric part of the magnetic
correlations.

Instead of starting with magnetic helicity, let us start with an equation for the evolution of the small
scale current helicity,- b= €ijkbi0 ;br, since this is explicitly gauge invariant. As before we assume that
the correlation tensor df varies slowly on the system scake We then have, in terms of the Fourier
components;,

(0 - b = eijk f / bi(k + $K)br(—k + 3K)i(—k; + 1K) €“Rd3Kk bk . (10.65)

Here we have used the definition of correlation functions as given by Eq. (10.1), but evaluate@.at
The evolution ofj - bis given by

%J'_b Ly (10.66)
where

Y12 = €ijk / / i(—kj + 3K HM TPk, K) Rk % (10.67)
where

MY = bk + 2K0be(—k + 1K) (10.68)

MP = bk + 2K)be(—k + 1K) . (10.69)

As shown in Appendix H, the final result f&r; and ¥, is

'Pl/Z = /{ﬁijkﬁiquqlm [kpkj (EmXIk + %ivsgma}flk/aks)
+ 51k, Vi Bmu) — 31k Vp (Bl + T1/200} &k (10.70)

where the upper and lower signs apply #¥a and ¥, respectively. AlsoT'; and T, represent the
triple correlations of the small scaleandb fields and the microscopic diffusion terms that one gets
on substituting Eq. (10.8) into Eq. (10.67), respectively (see Appendix H). Addingrthand ¥-
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terms one gets

0 — - l:w 5 ik
a_tj b= 2€ijk€ipq€qlm / |:kpkj <Blek + EIVSBm6_kS
ik V,Bu)] &k +Tc . (10.71)

Here we have definefl[T1(k) + T2(k)] d*k = T c. The handling of ¢ requires a closure approximation.

But we will not need to evaluate these terms explicitly to identify the helicity fluxes we are interested in, i.e.
those that couplé andB. So, we continue to write this term @g. USiNge; jk€ipg €qim =€1jk0 pm — €mjk 0 pi

to simplify the above expression, and integratingdje/ok, term by parts, yields

0 — — .=
S Tb=ap [ 1201 ik B) — Y k- B

— kB - Vi + 2ik;j 7,V B1 %k + T (10.72)

Note that only the antisymmetric parts;pf contribute in the first three terms above due to the presence
of ¢;;x. We can now use Eq. (10.72) combined with our resultgfoderived in the previous subsections

to calculate the current helicity evolution. We concentrate below on nonrotating turbulence. For such
turbulence, using Eqg. (10.38), we haye = tl;x, wherely is given by Eq. (10.30). We use this in what
follows. Let us denote the four terms in Eq. (10.72)Ay A2, A3 and A4, respectively, with

A1=26kaxlkkj(k-§) dk, Az:—eljk/xlkvj(ik-g) d3 , (10.73)

Asz—e,jkfikjﬁ.vx,k a3k, A4:2ieljk/ijpkvp§, a3k . (10.74)

The first term A4, is given by

A1 =2¢j / tkj(k - B) [—ik By —mf}) + 3BVt +mp) + By ym

— — wh  omh —
~ By sVis — 3kmBum.s (jk + ﬁ) - 2%3“,%,(} dk . (10.75)
Due to the presence e, only the antisymmetric parts of the tensogsandm survive, and these are
denoted bw,‘,\{ andmﬁ{, respectively. Also note that the last term above vanishes because it involves the
producte;ckik; = 0.
All the other terms of Eg. (10.72) already have dhderivative, and so one only needs to retain the
term iny;, = tljx which does not contaiR derivatives. These terms are given by

Ap = —eji / tV;(ik - B)[—ik - B} —mi)1d% , (10.76)

Az=-V. (el,-k / tik;[—ik - B(vj — m{;)]> dk (10.77)
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Ay = 2¢j; / ‘L'iijpEl[—ik . §(vpk —mpy)] d3k , (10.78)
where we have used - B = 0 to write A3 as a total divergence. We now turn to specific cases.

10.4.1. Isotropic, helical, nonrotating turbulence

Let us first reconsider the simple case of isotropic, helical, nonrotating, and weakly inhomogeneous
turbulence. For such turbulence we can again use Eqgs. (10.40) and (10.41) for velocity and magnetic
correlations. Thé& derivative terms im 1 in this case involve an integral over an odd numbet; @nd so
vanishes. Only terms which involve integration over an even numberfrvive. Also, in terms which
already involve oneR; derivative, one needs to keep only the homogeneous terms in Egs. (10.40) and
(10.41). With these simplifications we have from Eq. (10.75)

A1 = 2¢; / K%k (k - B)t[—cixnknk - B(F — N) + By PaM — By s Py E10% . (10.79)
Carrying out the angular integrals over the unit vecfgngields
A =48 / k?(F — N)d% + 3B - 3/ k(M + E) d3k . (10.80)

In the case of isotropic turbulence, the second and third tedmand Az, are zero because, to leading
order inR derivatives, the integrands determining and Az have an odd number (3) &f's. The fourth
term given by Eq. (10.78) id4 = 2¢;x B;V, B [ th?k jks[E — M]1d3k, or

As=2J- Efka[E — M1k . (10.81)

Adding all the contributionsd; + A2+ A3+ A4, we get for the isotropic, helical, weakly inhomogeneous
turbulence,

- B o _
b= gBZkaZ(F — N) % + 43. B/rsz d* +Tc . (10.82)

We see that there is a nonlinear correction due to the small scale helical part of the magnetic correla-

tion to the terme B2. But the nonlinear correction to the tersn J - B has canceled out, just as for
turbulent diffusion. Recall also that for isotropic random fields, the spéfitraf magnetic helicitya - b

andC; of current helicityj - b are related byH, = k—2Cy. So the first two terms of the current helicity
evolution equation Eq. (10.82) give exactly the source ter?# - B for the magnetic helicity evolu-

tion. Also for this isotropic case one sees that there is no flux which explicitly depends on the mean
magnetic field.

10.4.2. Anisotropic turbulence

Let us now consider anisotropic turbulence.An term in Eq. (10.72), given by Eq. (10.75), one
cannot now assume the isotropic form for the velocity and magnetic correlations. But again, due to the
presence of;;;, only the antisymmetric parts of the tenseyg andm; survive. Also the last term in
Eq. (10.75) vanishes because it involves the prodygt;k; = 0. One can further simplify the term
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involving k derivatives by integrating it by parts. Straightforward algebra, and a judicious combination
of the terms then gives

A1 =26qj; / 2k (k - B) dk
_ ) A A\ 43 ¥ - - 3
= €ljk {—ZIBPBS/Tkjkka(vlk —my)d k-i-ZBp/Tkjkp(Bl’smsk — By svis) d°k
+B By, f thk, (vl 4+ miy) A3k + Vg [EPES / tk ik, (v} +mf,‘<):|} d* .  (10.83)

All the other termsA,, Az and A4 cannot be further simplified. They are explicitly given by

A= —¢jxBBs / thsk,(vly —miy) &k (10.84)
Az=—V, | BBy | tkik,wh —mh) | d 10.85
3= s |€ljkDpDs | TKj p(vlk m[k) ) (10.85)
A4:2€[jk§p§[’s/fkjkp(vsk — mgk) d3k . (10.86)

Adding all the contributionsA; + A2 + Az + Ay, we get

0. — (. o
o D=2 [BPBS/nkjkpks(vQ —mly) d3k+23p3k,s/rkjkpv,5s a3k

—~B,B; | / thsk ,miy 3k — Vi (E,,Es f k jk,,mﬁ()] &k +Tc . (10.87)
HerevfY = %(vls + vy) is the symmetric part of the velocity correlation function.

Let us discuss the various effects contained in the above equation for current helicity evolution. The
firsttermin Eq. (10.87) represents the anisotropic version of helicity generation due to the full nonlinear
effect. In fact, for isotropic turbulence it exactly will match the first term in Eq. (10.82). The second term
in Eq. (10.87) gives the effects on helicity evolution due to a generalized anisotropic turbulent diffusion.
This is the term which contains the Vishniac—Cho flux. To see this, rewrite this term as

Db
ot

= 4¢ ik By By s / tkikpvs Ok
VC

= —-V- ﬁv + 4§k€klj§p,s / ‘L'kjkpvlss d3k . (1088)

Here the first term is the Vishniac—Cho fllﬁ,yc = ¢>skap§k, whereg, ,; is a new turbulent transport
coefficient with

bk = —A¢ ik / tkjkpvf, &3k = —4e Vpus (10.89)

the latter equality holding foreindependent df. Obviously, only the component ¢f , thatis symmetric
in its second two components enters?(\g/c. The second term in Eq. (10.88) is the effect on helicity
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due to ‘anisotropic turbulent diffusion’. (We have not included the large scale derivativg tif the
leading order.) If we recall thai, = k—2C}, for homogeneous turbulence, then Eq. (10.89%5?C leads
to the magnetic helicity flux of the form given in Egs. (18) and (20) of Vishniac and[838&).

This splitinto helicity flux and anisotropic diffusion may seem arbitrary; some support for its usefulness

comes from the fact that, for isotropic turbulen%‘,/ vanishes, while the second term exactly matches
with the corresponding helicity generation due to turbulent diffusion, i.eJ tr2term in Eq. (10.82).

Of course, we could have just retained the nonsplit expression in Eq. (10.88), which can then be looked
at as an effect of anisotropic turbulent diffusion on helicity evolution. Also, interestingly, there is no
nonlinear correction to this term froms , just like there is no nonlinear correction to turbulent diffusion in
lowest order!

Finally, Eq. (10.87) also contains terms (the last two) involving only the antisymmetric parts of the
magnetic correlations. These terms vanish for isotropic turbulence, but contribute to helicity evolution
for nonisotropic turbulence. The last term gives a purely magnetic contribution to the helicity flux,
but one that depends only on the antisymmetric paringf. Note that such magnetic correlations,
even if initially small, may spontaneously develop due to the kineteffect or anisotropic turbu-
lent diffusion and may again provide a helicity flux. More work is needed to understand this last flux
term better.

The advantage of working directly with b evolution is that it is the current helicity density that
appears in the feedback on theffect. However a disadvantage is the appearance of the triple correlation
term 7 ¢ as a volume term, which cannot be easily evaluated. However, it has recently been possible to
define, in a gauge invariant manner, the magnetic helicity density of the small scale randdabféld
This can be done even in the inhomogeneous case and it is then also possible to derive its evolution
equation. This generalizes the helicity evolution equation to the inhomogeneous case and contains fluxes
both of the Vishniac—Cho type and those phenomenologically invoked by Kleeorin and co-workers. Triple
correlations also do not appear in the volume terms, but only contribute to the flux. This is still very much
work in progress, but it is clear that this approach may prove fruitful in the future.

In summary, MTA allows a conceptually simple and mathematically straightforward, although tech-
nically somewhat involved analytic treatment of the mean field transport coefficients. The calculation
of o;;, n;;, v, 8, andx; jx agrees in all important aspects with earlier treatméd@2]. The by far most
important new aspect is the inclusion of theb feedback term. This must be coupled to a dynamical
calculation ofj - b, which has hitherto been ignored in the vast majority of dynamo models. The nonlinear
feedback in the case of homogeneous dynamos in closed domains is now well understood (Section 9.3).
However, in the case of open domains helicity fluxes need to be calculated. Here, only partial results
are available. Clearly, more work by the various groups is required before we can generate a coherent
picture.

11. Discussion of dynamos in stars and galaxies

The applicability of the full set of mean field transport coefficients to models of stars and galaxies
is limited by various restrictions: analytic approaches allow only weak anisotropies and suffer from
uncertainties by using approximations such as FOSA or MTA, while the results of numerical simulations
to calculate transport coefficients are difficult to parameterize and apply only to low magnetic Reynolds
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Table 4
Summary of angular velocities, estimated turnover times, and the resulting inverse Rossby number for various astrophysical
bodies

Qs T Ro1=20¢
Proto—neutron stars 2103 10-3s 2
Discs around neutron stars 19 10%s 200
Jupiter 2x 1074 10%s 200
T Tauri stars 2 1075 106s 40
Solar convection zone (lower part) 31076 10°s 6
Protostellar discs 21077 10°s 400
Galaxy 1015 107 yr 0.6

numbers. This, combined with the general lack of confidence due to a range of different results, has
resulted in a rather fragmentary usage of a selection of various possible terms. Thus, only partial results
can be reported here.

It is clear that all the interesting effects are controlled by the degree of anisotropy in the turbulence.
One of the important ones is rotation, without which there would be effect and also no differential
rotation or shear. We begin with a discussion of the relative importance of rotational effects in various
astrophysical bodies and turn then to a somewhat subjective assessment of what is the current consensu
in explaining the nature of magnetic fields in various bodies.

11.1. General considerations

How rapid does the rotation have to be in order that the anisotropy effect on the turbulence becomes
important? A suitable nondimensional measure @f the inverse Rossby numb&g 1 = 2Qr, wherer
corresponds to the correlation time if FOSA is used, or to the relaxation time if MTA is used. In practice,

1 is often approximated by the turnover tim,mover In Table 4we give some estimates f&o 1 for

various astrophysical bodies. For the sBi;  is around 5 near the bottom of the convection zone (but
goes to zero near the surface layers). In galaxies, and also in proto—neutroRatais,smaller (around

unity). Accretion discs tend to have large valuesRaf ! (around 100). This is directly a consequence

of the fact that here the turbulence is weak, as quantified by a small value of the Shakura—Sunyaev
viscosity parametergs ~ 0.01[201,265,413). Planets also tend to have large valueRof?, because

here the turbulence is driven by a weak convective flux, so the turnover time is long compared with the
rotation period.

It may be useful to comment on the relative meanings of ‘large’ and ‘small’. This issue may depend on
the problem; one possibility is to consider theffect. Both mean field theof§210] and simulation§308]
suggest thai saturates wheRo ™! ~ 5. This indicates that values &o~! below 5 can be considered
as small. In this context it is worth mentioning that the inverse Rossby number is occasionally defined
ast/ Prot, WherePyot = 27/Q is the rotation period, s¢/ Prot = Ro~1/(4x). Thus, in terms of/ Pyot the
dividing line between large and small would be around 0.4.

In the following we first discuss some issues connected with understanding and modeling the solar
dynamo, and then turn to dynamos in stars and planets, and their relation to laboratory liquid metal
experiments. Finally, we turn to dynamos in accretion discs, galaxies and galaxy clusters.
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11.2. The solar dynamo problem

There are several serious shortcomings in our understanding of the sun’s magnetic field. Although there
have been many theoretical attempts, there is as yet no solution to the solar dynamo problem. With only
a few exceptionf414,415] all the mean field models presented so far have ignored the magnetic helicity
issue altogether, so it is not clear what significance such models still have. Neglecting magnetic helicity
can only be considered a reasonable approximatiop if| < |o - u|, which is probably not valid in the
nonlinear regime. We have seen earlier that an important constraint on the nonlinear dynamo is imposed
by magnetic helicity conservation. The corresponding nonlinearity needs to be properly incorporated into
many of the solar dynamo models.

It should ultimately be possible to simulate the entire sun with its three-dimensional turbulence, the
tachocline (see Section 11.2.6), the resulting differential rotation, and the near-surface shear layer. Several
attempts have been made starting with the early work of Gili#ha®] and Glatzmaigd17], and new high
resolution calculations are currently underwWda$8—-420] All these simulations have been successful in
generating both small scale and large scale magnetic fields, although they have not yet been convincingly
demonstrated cyclic behavior. Nevertheless, there is a tendency for the toroidal field belts to propagate
away from the equator, rather than toward the equator as in the sun. It is tempting to associate this with
a positive sign of the effect (in the northern hemisphere) that these simulations generate (even though
an explicitx effect is of course not invoked).

It should be emphasized that in none of the convection simulations currently available (neither in
spherical shells nor in cartesian boxes) the magnetic Reynolds numbers are large enough to see the effec
of magnetic helicity conservation (the dynamo growth rate should be much larger than the ohmic decay
rate nkf [4], which is hardly the case in many simulations). We are only now at the threshold where
magnetic helicity effects begin to have a chance to show up in simulations.

11.2.1. Magnetic helicity and cycle period

There is the worry that in large scale simulations magnetic helicity conservation could either prevent
cyclic behavior or it might significantly prolong the cycle per{d®,159] On the other hand, if in the sun
the importance of magnetic helicity conservation is only marginally important (e.g., if magnetic helicity
fluxes dominate over resistive losses), one could imagine a prolongation of the cycle period by a factor of
about ten, which would be needed to improve the results of conventional models, which invariably produce
too short cycle periods if magnetic helicity conservation is igng8dé]. The anticipated prolongation
of the cycle period might therefore be regarded as a step in the right direction. Conventional approaches
to produce the right cycle period is to ‘adjust’ the ill-known parameigi@ndy; [421].

The strength of the magnetic and current helicity fluxes, and hence the degree of magnetic helicity
conservation, is possibly self-regulating via losses through the outer surface, for example such that the
magnetic helicity losses are just as strong as to affect the time scales only slightly. Again, this is at present
quite speculative, and there is no simulation that is able to show this. There are only partia[888]its
suggesting that might not be quenched catastrophically if there is shear combined with open boundaries.
It seems plausible that a significant portion of the magnetic helicity losses from the sun occurs through
coronal mass ejection (CMER)4]. So far, however, no turbulence simulation has realistically been able
to allow for such magnetic helicity losses, nor have simulations to our knowledge been able to produce
phenomena that can even remotely be associated with CMEs. It seems therefore important to study the
large scale dynamo problem in more realistic settings where CMEs are possible.
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11.2.2. Does the sun eject bi-helical fields?

On theoretical grounds, if most of the helicity of the solar magnetic field is produced byefffect,
one would expect a certain fraction of the solar magnetic field to be bi-hglig&9,422] in that the field
that is generated by theeffect has positive and negative magnetic helicity at different scales, but hardly
any net magnetic helicity. On the other hand, if most of the sun’s helicity is caused by differential rotation,
the field might equally well not be bi-helical. (We recall that differential rotation causes segregation of
magnetic helicity in physical space, i.e. between north and south, whiesffect causes a segregation of
helicity in wavenumber space; see Section 3.4.) So far, however, the solar magnetic field has not explicitly
been seen to be bi-helical. Indirectly, however, a bi-helical nature of the solar magnetic field is indicated
by the fact that bipolar regions are tilted according to Joy's|&fy293](see also Section 6.1), suggesting
the presence of positive magnetic helicity in addition to the negative magnetic helicity indicated by the
magnetic twist found in active regions.

Whatis missing is a guantitative assessment of the relative magnitudes of large and small scale magnetic
helicities. To get an idea about the sign and possibly the magnitude of the relative magnetic helicity of
the longitudinally averaged field (denoted here by overbars), one should ideally calcfilatgR, dV,
which is the gauge-invariant magnetic helicity of Berger and Field for axisymmetric fields in a sphere
(see Section 9.5). As a first step in that direction, one can deter,Tm'rm the solar surface from the
observed radial component of the magnetic figg, using

0 . —
=—— — (sindAy), r=Ro . (11.1)
rsing o0

r

This equation can easily be solved oy using the modal decomposition in spherical harmofddd];

the result is shown iffrig. 11.1 Empirically, we know tha, is approximately in antiphase with.
Comparison of the two panels Bfg. 11.1suggests thal 4 B, was negative just before solar maximum

(r <1982yr) and positive just after & 1982 yr). Thus, the present attempt to assess the sign of the
magnetic helicity of the large scale field does not support nor exclude the possibility that the large scale
field has positive magnetic helicity, as suggested by the tilt of bipolar regions.

11.2.3. Migration of activity belts and butterfly diagram

There are still a number of other rather long standing problems. Most important perhaps is the sense
of migration of the magnetic activity belts on either side of the equator. This migration is traditionally
believed to be associated with the phase velocity of the dynamo wave; see Section 6.5.2. However, this
would be in contradiction with > 0 (as expected in the northern hemisphere) @&r > 0 (known
from helioseismology423]).

One of the currently favored models is the flux transport model where meridional circulation is assumed
to be oriented such that, at the bottom of the convection zone, meridional circulation would advect
the dynamo wave equatorwaj24-428,355,356] This proposal came originally quite as a surprise,
because meridional circulation was normally always found to make dynamos nonoscillatory well before
the anticipated advection effect could take plg@l,344,348]

Whether or not the flux transport proposal is viable cannot be decided at present, because this model
(and essentially all other solar dynamo models available so far) lack consistency with respect to the
conservation of total (small and large scale) magnetic helicity. In addition, there are several other problems.
With realistic profiles of differential rotation it is difficult to produce satisfactory butterfly diagf86t.
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Fig. 11.1. Mean dipole symmetry radial fiel,, reconstructed from the coefficients of SteriB@,33] (upper panel). The
corresponding toroidal component of the mean vector potentiglderived fromB, (lower panel). Solid contours denote

positive values, dotted contours negative values. The solar cycle maximum of 1982 is highlighted, as is the latitudiefel 0

B, was then strongest. The signs of various quantities at or around this epoch are also shown (see text for more details). Adapted
from Ref.[411].

It is also difficult to produce fields of dipolar rather ran quadrupolar p§BHg], although this remains
debatablg429].

Quite a different possibility is to invoke the near-surface shear layer in the outer 35 megameters of
the sun[430,431] Here the angular velocity gradient is negative, giving rise to equatorward migration.
For this scenario to work, one has to rely on turbulent downward pumping to prevent the magnetic field
from buoyantly escaping through the surface. However, simulations of stratified convection have clearly
demonstrated the dominance of pumping over magnetic buoyaAdy253,331-333Jsee also Section
6.4. There is obviously a lot more to be discussed in connection with this scenario, but the situation is
still premature and it would go beyond the scope of this review. We refer instead to a recendqper
devoted specifically to this discussion.

11.2.4. The phase relation between poloidal and toroidal fields

Even if the problem of the migration direction of the toroidal activity belts was solved (for example
by meridional circulation; see Section 11.2.3), there remains the problem of the phase relation between
poloidal and toroidal field, provided the field was mainly generated at the bottom of the convection zone.
Observations suggest th&t and B, are in antiphase. For example, wh8p < 0 (as seen from the



154 A. Brandenburg, K. Subramanian / Physics Reports 417 (2005) 1-209

orientation of bipolar regions; sé@g. 6.1for Cycle 21 during the year 1982) we haBg > 0 (as seen

from synoptic magnetograms, seig. 11.1atr = 1982 yr), and vice verg§d@42,343] The basic problem

is actually connected with the sense of the radial differential rotation, i.e. the fa¢tzf@at > 0 in low

solar latitudes. This always turns a posit&ginto a positiveB,, and vice versa, regardless of the sign of
theo effect. No convincing solution to this problem has yet been offered, although it has been suggested
[432] that the problem might disappear in more realistic settings. Of course, in the near-surface shear
layer,9Q/0r, so the problem with the phase relation would be solved in this scenario where the solar
dynamo works in or is shaped by the near-surface shear[B§gr

11.2.5. The flux storage problem

Since the early 1980s it was realized that flux tubes with a strength similar to or in excess of that in
sunspots would float up to the surface in a time sherbQ days) compared with the dynamo time scale
(~ 10yr). Therefore, magnetic buoyancy might act as an efficient sink term of mean toroidal field. This
led to the suggestiof#33] that the dynamo may operate in the lower part of the convection zone or just
below it where magnetic flux tubes could stay in equilibrium. Model calcula{#84,435]have shown
however that dynamos in thin layers tend to produce too many toroidal flux belts in each hemisphere
[436], and that for an overshoot layer dynamo the layer must therefore not be less than about 30 Mm deep
[354], which is much more than the helioseismologically implied thickness of the solar overshoot layer.

As mentioned above, it is also possible that the dynamo might still work in the convection zone
proper, but that turbulent pumping brings the field continuously to the bottom of the convection zone
[330-332,354] from where strong toroidal flux belts can rise to the surface and form bipolar regions
(Fig. 6.1). The end result might be similar in the sense that in both cases bipolar regions would be
caused by flux tubes anchored mostly in the overshoot layer. It should also be emphasized that magnetic
buoyancy might not only act as a sink in a destructive sense, but it can also contribute to driving an
effect[437—440] A conclusive picture cannot be drawn until we have a better understanding about things
like magnetic and current helicity fluxes that now appear quite vital for allowing the solar dynamo to
work on the observed 22 year time scale. Finally, one should bear in mind that it is also possible that the
solar field in sunspots and in active regions does not even come from very deep, and that it originates
primarily from the near-surface shear layer. In that case the actual sunspot formation might be the result
of convective collapse of magnetic fibr{441,442] possibly facilitated by negative turbulent magnetic
pressure effect819] or by an instabilityf443] causing the vertical flux to concentrate into a tube.

11.2.6. Significance of the tachocline and differential rotation

The tachocline is the layer where the latitudinal differential rotation turns into rigid rot@éah. This
layer is now known to be quite sharp and to coincide with the bottom of the convectioj4iijeThe
reason the latitudinal differential rotation does not propagate with time deeper into the radiative interior
is probably connected with the presence of a weak primordial magneti¢4idd-447]

The tachocline is likely to be the place where the vertical shear gradient plays an important role in
amplifying the toroidal magnetic field. This is perhaps not so much because the shear gradient is strongest
at and just below the tachocline, but because the turbulent magnetic diffusivity is decreased, and because
the magnetic field is pumped into this layer from above.

In the convection zone proper the differential rotation is in rough approximation spoke-like, i.e. nearly
independent of spherical radius. Simulations, on the other hand, shear a strong tendency to produce
angular velocity contours that are constant on cylindéds8]. This is generally associated with the
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Taylor-Proudman theorem, and is a well recognized difficulty in understanding the solar differential
rotation[449-451] It is also fairly well understood that solar-like departures from cylindrical contours
could be achieved by the baroclinic telf#gb2], Vs x VT, wheres and T are specific entropy and
temperature, respectively. In the convection zone, where the radial entropy gradient is small, a finite
baroclinic term is mostly due to the latitudinal entropy gradient, so that

002 105 0T

o— %&(Vs X V)~ ———
0z

— <0, (11.2)
r 00 or

wherew =r sinf is the cylindrical radius; = cos is the distance from the equatorial plane, aigithe

unit vector in the azimuthal direction. Negative value$®f/dz, in turn, require that the pole is slightly
warmer than the equator (so weak that it cannot at present be observed). Achieving this in a simulation
may require particular care in the treatment of the outer boundary conditions.

In order to understand the computational difficulties in dealing with the overshoot layer, we note that
in and below the tachocline the total relaxation time is governed more strongly by the thermal time scale.
Thus, if the system is slightly thrown out of balance, it will take a thermal time scale to reestablish
a new equilibrium. Furthermore, as long as a new equilibrium state has not yet been reached, fairly
strong amplitudes may develop, making the effective relaxation time even longer. While this will not
be a problem for the sun, it may be a problem for simulations. In practice, this means that one has
to be more careful setting up initial conditions and, perhaps most importantly, one should deliberately
chose parameters whereby the thermal and acoustic time scales are not more disparate than what ca
be handled in a simulation. Nevertheless, keeping at least some representation of the tachocline, rathel
than neglecting it altogether, may be crucial. Without any representation of a tachocline it may not
be possible to argue conclusively in favor of either the tachocline scenario or the near-surface shear
layer scenario.

11.2.7. Luminosity variations

Cyclic variations of the magnetic field produce cyclic variations of the luminosity through variations of
the superadiabatic gradigdt33]. Although this basic picture has been confirmed in mean field dynamo
models, the relative variations obtained are atily L ~ 10-6 [451]. Larger values of a few times 18
can be obtained by making the upper boundary “partially reflecting”; see a recent paper b Bain
This emphasizes again that a realistic representation of the top boundary condition can be very important.
This model also predicts variations of the hydrostatic balance and hence of the star’s quadrupole moment.
This is important for stellar dynamos that are members of a binary system, because such variations can
provide a means of determining the stars’ cycle period by measuring variations of the orbita[gg&4iod
In Section 11.3 we discuss stellar dynamos in more detail.

11.2.8. Status of different solar dynamo model scenarios

Before turning attention to stellar dynamos we briefly summarize four different dynamo scenarios that
are currently being discussed in the context of the sun. None of the models appear to be completely
satisfactory, but the topic is advancing rapidly, as indicated at the end of this section.

e Distributed dynamoAn « effect is present throughout the entire convection zone, as described by
Eqg. (6.11) and calculated using a solar mixing length m¢8@6]. At the bottom of the convection
zone the sign of reverses because of the sharp positive gradient of the turbulent rms velocity. Solutions
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have been calculated taking also into account Radieis] effect and other expressions. The model
produces realistic butterfly diagrams including a solar brgd&]. Unfortunately, the published
models use angular velocity profiles that are no longer compatible with modern helioseismological
inversions.

e Overshoot dynamdHere,« is only present in the overshoot layer, and it is artificially suppressed at
high latitudes. Its sign in the northern hemisphere is negative because of the sharp positive gradient
of the turbulent rms velocity. The resulting butterfly diagram looks reasonably acceptable, but for the
model to be successful, the thickness of the overshoot layer cannot be less than[384linvhile
helioseismology is now favoring values as small as 7 MB6).

e Interface dynamorhe sudden drop of the turbulent magnetic diffusivity below the overshoot layer is
important. In the northern hemisphermust be assumed to be negative and fialiievethe convection
zone. The original model by Pardi57] worked with only radial differential rotation. When latitudinal
differential rotation is included, only nonoscillatory solutions are fo[4%8].

e Flux transport dynamoMeridional circulation leads to equatorward migration of magnetic activity
during the course of the cycle. The sign:a$ positive in the northern hemisphere, arisiconcentrated
toward the upper layers of the convection zones. The magnetic diffusivity in the bulk of the convection
zone is small. The resulting butterfly diagram is quite real[g6], although the parity issue remains
to be clarified356,429]

The most popular model is currently the flux transport dynamo scef@ft9356,428]However, there

are a number of reasons why it might still be worthwhile pursuing the distributed dynamo scenario. Most
important is the fact that magnetic tracers have an angular velocity that is close to the maximum angular
velocity in the sun which is, according to helioseismology, only 35 Mm beneath the s{df&d31]

This suggests that magnetic tracers such as sunspots might not be anchored very deeply. There are
number of other issues that may be more easily resolved within the framework of a distributed dynamo:
instead of requiring a field strength of 100 kG (typical of all dynamos where the toroidal field emerges
from the overshoot layer), only about 300 G may be required if the field is generated locally within the
convection zone. Also, in the upper 35 Mm beneath the surface, the radial angular velocity gradient is
negative, suggesting that a locally produced dynamo wave would migrate equatorward without invoking
meridional circulation. These and a number of other arguments have been collected and discussed in
Ref.[55]. Finally, it should be recalled that dynamos in fully convective spheres without any overshoot
layer also produce magnetic activity. This will be discussed in more detail in the next section.

11.3. Stellar dynamos

Looking at stars other than the sun allows us to test the dependence of the dynamo on radius, on the
thickness of the convection zone and, in particular, on the angular velocity of the star. In this section we
summarize a few such dependencies and discuss whether they can be reproduced by dynamo models.

11.3.1. Fully convective stars

Toward the less massive stars along the main sequence the thickness of the convection zone increase
relative to the stellar radius (although in absolute units the thickness remains around 200 Mm) until the
star becomes fully convective. Such stars would lack a lower overshoot layer which was often thought
to be an important prerequisite of solar-like dynamos. On the other hand, turbulent pumping would in
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Fig. 11.2. Magnetic field lines outside a model of a fully convective M-dwarf. Color coded is the radial field component on the
surface of the star. Courtesy Dob[d63].

any case tend to concentrate the field toward the center of the star, and since the gravitational acceler-
ation vanishes at the center, the magnetic field can probably still be stored for some time (if that was
an issue).

Fig. 11.2shows a visualization of magnetic field lines of a self-consistent turbulence simulation of
a fully convective spherical dynamo. In this simulation the dynamo is weakly supercritical. Following
similar approaches by other groug$9—-463] the star is embedded in a sphere, which avoids compu-
tational difficulties associated with coordinate singularities in explicit finite difference methods using
spherical coordinates. The star’s radius is 27% of the solar radius and the mass is 21% of the mass of
the sun.

Another class of fully convective stars are the T Tauri stars, i.e. stars that have not yet settled on the
main sequence. These stars are generally known to spin very rapidly, so magnetic braking via magnetic
field lines anchored in the surrounding protoplanetary accretion disc is usually invoked to explain the
much slower rotation rate of evolved stars such as thgEa#i. It is also possible that young stars are
mainly braked by a stellar wind if the star—disc becomes ineffigi&tnt,465]

11.3.2. Models of stellar cycles

Stars exhibiting cyclic behavior can cover a broad parameter range that allows us to test whether the
dependence of cycle properties on stellar parameters agrees with what is expected from dynamo models
For orientation one can consider the marginally excited solution from linear theory and it is indeed
common to look at plane wave solutiofd$6—468]

Several results have emerged from this type of analysis. Comparing models with different model
nonlinearities ¢ quenching, feedback on the differential rotation, and magnetic buoyancy) it turns out
[469]that only models with magnetic buoyancy as the dominant nonlinearity are able to prquhsitvee
exponents in the relationwcyc/Q = c1R07; see Eq. (2.1). We emphasize that it is not sufficient that
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weyc iNCreases witl. For example, an increase proportionadft®, which is found for classical dynamo
models[62], is insufficient

Meanwhile, there has been some uncertainty regarding the correct cycle frequency dependence on
Ro~1. We recall that irFig. 2.8there are two separate branches, both of which have a positiveslope
On the other hand, a negative slope has been found when plaijgi? versus the dimensional form
of Q (rather than the nondimensiorRb~! = 2Qtmove) [470]. One may argue that the nondimensional
form is to be preferred, because it is more general and it also yields a smaller gHtter

While ordinarily quenched dynamos tend to produce negative expoag@3, ‘anti-quenched’ dy-
namos can produce the observed exponents when the dynamo alpha and the turbulent dissipation rate
11 = pk2, increasewith field strength, e.g. like

n=0g|B/Beq", T '=15"|B/Beq™, m,n>0. (11.3)

The motivation behind anti-quenching lies in the realization that the motions driving turbulent transport
coefficients can be caused by magnetic instabilities. Examples of such magnetic instabilities include
the magnetic buoyancy instabilif#38—440] the magneto-rotational instabilify’0,201] and global
instabilities of the tachocline differential rotati§56,471]

Assuming that the dynamo operates in its fundamental mode (even in the nonlinear regime) one can
apply relations (6.39) and (6.40) for a fixed valye wherek, L = 1, whereL is the system size. This
leads to two algebraic relatiofs9]

10 1B/ Beg™ = 15202/ |? | B/ Beq|"'? | (11.4)
weye = 1 |B/Bed™ - (11.5)

Dividing both equations by2 and making use of the relatidk|,, ) o |B/Beg|* (usuallyx ~ 0.5; see
Section 2.2), we have

O(()Q/ 1/2 .
2Ro (Riy)™* = o7 (Riy )%, (11.6)
Q
®cyc /o\m/x
(7 = 2Ro (R )" . (11.7)

For slow rotationy is proportional ta2, while for rapid rotation it is independent @f[310]. Likewise,
for @' the possibilities range from being independenfd#72] to being proportional t@%7 [473]. To
account for these different possibilities, we make the more general assumption

0@’

2|~ R, (11.8)

whereg can be anywhere betweei?.3 and—2, depending on the assumg@) and®’' () dependencies.
We thus have

Ro (Riy)™/* ~ RO /2Ry )"/%* (11.9)

(%yc ~ Ro (Rly )" . (11.10)
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Table 5
Summary of observable parameters characterizing stellar cycle propertiearfd,) and the corresponding model parameters
m andn, introduced in Eq. (11.3)

Stars Sample T v u m n

Inactive Grade: (0.46) 0.85 0.99 0.9 0.9-1.7
Active Excellent+good (0.48) 0.72 0.99 0.8 0.8-1.6
Inactive Expanded ~0.5 1 0.75 0.5-15
Active Sample ~0.5 1 0.75 0.5-1.5
superactive Ref61] —-0.43 0.28 —0.43-0.57

See Ref[59]. We recall that the values efandv are obtained from separate fits and thus do not obey the relatiopy.
Since the scatter in the plots giviegis larger than in those giving we discard the former in the calculationmafandn. In
the first two rows, only stars from the original Wilson samplé4] with grades good and excellent are considdB&]. This
sample does not include superactive stars. In the last three rows, stars from the expandefb$hmpie considered. For most
of them, no calcium data are available, and therefore only cycle periods are consideresigsbbeing determined.

Using definitions (2.1), i.&(R},c) ~ R0 and|wcyc/Q| ~ RO™?, together withy = uv (See Section 2.2),
we have

RoM /% ~ Ro-4/27 /2 (11.11)
RO ™ ~ Ro-"H/x (11.12)
souwv =mu/x — 1=¢q/2+ nu/2i, which yields explicit results for the dynamo exponentandr,
m=x(+1/p) , (11.13)
n=x2v—q/u . (11.14)

Note thatn is independent of the rather uncertain valug df Table 5Swe summarize the results obtained
from the subset of stars that show cyd&g]. The different branches, which are separated by a factor of
about 6, might be associated with the occurrence of different magnetic instabilities in different parameter
regimes, but no definitive proposal can be made at this point. In this table we also give the results for
an expanded samp]é1] where, in addition to the chromospheric emission, photometric and other cycle
data have been used.

Although it is well recognized that single mode approximations are not sufficient to solve the dynamo
equations as stated [see, e.g., EQ. (9.14)], the one-mode equations may still turn out to be closer to
physical reality, because there is now evidence from data of accretion disc simulations that the spectral
sensitivity of the turbulent transport coefficients is highest at small wavenurf#&3 In other words,
the multiplicationaB in Eq. (6.3) should be replaced by a convolutiosn B, wherex would now be an
integral kernel. In wavenumber space, this would correspond to a multiplication witdhependent:
such thati(k) is largest for small values @& One may hope that future simulations will shed more light
on this possibility.

11.3.3. Rapidly rotating stars or planets
An important outcome of mean field calculations in the presence of rapid rotation (not captured by
the analysis in Section 10) is the prediction that theffect becomes highly anisotropic and takes
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asymptotically the fornj221]
o = ao(dij — QiQ;/Q%) , (11.15)

which implies that, if the angular velocity points in thdirection, for example, i.e2 = Q7, the vertical
component ofx vanishes, i.ex,, — 0 for Ro'l = 2Qc> 1. For calculations of axisymmetric and
nonaxisymmetric models using large but finite valueRof! see Refs[354,475]

In Eqg. (11.15) we stated the asymptotic form of #htensor in the limit of rapid rotation. Such a highly
anisotropicx tensor is known to lead to strong nonaxisymmetric magnetic field configurgfia@s176]

Such an effect has been applied to modeling the magnetic fields of the outer giant planets that are known
to have very large values 8o 1. Simulations using parameters relevant to the outer giant planets of our
solar system show that these bodies may have a magnetic field that corresponds to a dipole lying in the
equatorial plan¢475,477]

The biggest enemy of nonaxisymmetric fields is always differential rotation, because the associated
wind-up of the magnetic field brings oppositely oriented field lines close together, which in turn leads to
enhanced turbulent dec§$41]. This is quite different to the case of an axisymmetric field, where the
wind-up brings equally oriented field lines together, which leads to magnetic field enhancements; i.e. the
Q effect.

As the value oRo ! increases, the tensor becomes not only highly anisotropic, but the magnitudes
of all components decreases. This is a common phenomenon known as ‘rotational quenching’ that affects
virtually all turbulent transport coefficients. An important turbulent transport coefficient that we will not
say much about here is the so-calle@ffect (modeling the toroidal Reynolds stress), is responsible for
driving differential rotation in stars including the sun. Very rapidly rotating stars are therefore expected
to have very littlerelative differential rotation, which is indeed observgtl’8]. This means that the
Q2 dynamo will stop working and one would therefore expect an anisotedpilynamo mechanism to
operate in rapidly rotating bodies with outer convection zones. This means that such stars should generate
a predominantly nonaxisymmetric field. There are indeed numerous observational indications for this
[479,480] It should be noted, however, that already the large scale flow that is generated by the magnetic
field and the Reynolds stress (i.e. theffect) tend to make the field nonaxisymmefdg1]. In addition,
in rapidly rotating stars all motions tend to be mostly in cylindrical surfaces (Taylor—Proudman theorem).
This effect is believed to cause starspots to emerge mostly at high latitudes in rapidly rotating stars
[482,483] Furthermore, the convective motions tend to be columniiBd]. This led to the proposal of
the Karlsruhe dynamo experiment where the flow is similarly column-like (HEd3.

11.3.4. Connection with the Karlsruhe dynamo experiment

In the Karlsruhe dynamo experiment, liquid sodium is pumped upward and downward in alternating
channeld485]. Each of these channels consist of an inner and an outer pipe, and the walls of the outer
one are arranged such that the flow follows a swirling patternfggell.4 The swirl in all columns
is such that the associated kinetic helicity has the same sign everywhere. In fact, locally such a flow is
strongly reminiscent of the Roberts flow (Section 4.2.2) that is known to generate a Beltrami field in the
plane perpendicular to the direction of the pipes, (iceskz, sinkz, 0) if z is the direction of the pipes
and the phase shift inhas been ignored; see Section 8.4. On a global scale such a field corresponds to
a dipole lying in thexy plane, and perpendicular to théirection; sed-ig. 11.4 Applied to the earth, it
would therefore correspond to a nonaxisymmetric field and would not really describe the magnetic field
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Fig. 11.4. The dynamo module of the Karlsruhe dynamo experiment. The signs -+ amtticate that the fluid moves in the
positive or negative-direction, respectively, in a given spin generator. Courtesy Stieglitz and M&8ét.

of the earth, although it might be suitable for explaining the magnetic fields of the other giant planets
Uranus and Neptun@75] that are indeed highly nonaxisymmetj486].

11.3.5. Chaos and intermittency

The search for more complicated temporal and spatio-temporal patterns has always been popular in
mean field dynamo research. In spatially resolved models (as opposed to one-mode approximations
[487)) it was for a long time difficult to find spatially well resolved solutions that showed chaotic or even
just quasiperiodic behavior. In fact, it was thought to be essential to invoke an additional explicit time
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dependence of the form of dynamical quencHib@—12] More recently it turned out that quasiperiodic

and chaotic solutions to the mean field dynamo equations are possible when the dynamo number is raisec
sufficiently[346,488] Intermittent behavior has also been found when the feedback on the mean flow is
takeninto accourjt89,490] For moderately large dynamo numbers, such solutions require however small
turbulent magnetic Prandtl numbers, which is an assumption that is not confirmed by simyBatins
Nevertheless, intermittent solutions of this or some other kind are thought to be relevant in connection
with understanding the intermittency of the solar cycle and the occurrence of grand rfdliiné92]

The question is of course how much one can trust such detailed predictions of mean field theory when
we are still struggling to confirm the validity of mean field theory in much simpler systems. One may
hope that in the not too distant future it will be possible to compare mean field models with simulations
in somewhat more extreme parameter regimes where quasi-periodic and chaotic behaviors are expectec
to occur.

11.3.6. Dynamos in proto—neutron stars

The ~ 103G magnetic field of neutron stars is traditionally thought to be the result of compressing
the magnetic field of its progenitor star. The difficulty with this explanation is that in the early phase
of a neutron star (proto—neutron star) the neutrino luminosity was so immense and the neutrino opacity
high enough that the young neutron star must have been convectively unstable. Although this phase lasts
for only ~ 205, this still corresponds to some*tdrnover times, because gravity is so strong that the
turnover time is only of the order of milliseconds. This would be long enough to destroy the primordial
magnetic field and to regenerate it again by dynamo a§4i68,494]

If the field was initially generated by areffect, and if the associated small scale magnetic helicity has
been able to dissipate or escape through the outer boundaries, the field must have attained some degree ¢
magnetic helicity. Once the turbulence has died out, such a helical field decays much more slowly than
nonhelical field$495], and it would have attained the maximum possible scale available in a sphere. Such
a field may well be that of an aligned or inclined dipole, as observed. There are also some interesting
parallels between dynamo action in decaying turbulence in neutron stars and that in the planned time-
dependent dynamo experiment in Perm based on decaying turbulence in liquid $¢@ilrim the Perm
experiment, a rapidly spinning torus with liquid sodium will suddenly be braked, which leads to swirling
turbulence due to suitable diverters on the wall of the torus.

11.4. Accretion disc dynamos

When dynamo theory was applied to accretion discs, it seemed at first just like one more example in
the larger family of astrophysical bodies that host dynafd®3—500] Later, with the discovery of the
magneto-rotational instabilit}69,70], it became clear that magnetic fields are crucial for maintaining
turbulence in accretion dis¢S01,502] and that this can constitute a self-excited process whereby the
magnetic field necessary for the magneto-rotational instability is regenerated by dynamo action.

Simulations in a local (pseudo-periodic shearing box) geometry have shown that this self-excited
system can act both as a small scale dynamo if there is no vertical density stratifi2ébofil3]and as
a large scale dynamo if there is stratificat{@01,503]

From a turbulence point of view it is interesting to note that the flow is highly anisotropic with respect
to the toroidal direction. This is true even down to the smallest scale in the simulations. From a mean field
dynamo point of view this system (with stratification included) is interesting because it is an example of
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Fig. 11.5. Horizontally averaged radial and toroidal magnetic fie@t}wndﬁy, respectively, as a function of time and height,
as obtained from the fully three-dimensional simulation of a local model of accretion disc turbulence. Time is given in units of
rotational periodsTyot. (No smoothing ir; or ¢ is applied.) Dotted contours denote negative values. Adapted fronj33&i.

a simulation of a dynamo where the turbulence occurs naturally and is not driven by an artificial body
force. This simulation is also an example where:affect could be determing804].

11.4.1. Dynamo waves in shearing sheet simulations

When the vertical field boundary condition is used, Bg.= B, = 0 onz = ziop andzpot, the hor-
izontal flux through the box is no longer conserved, and hence the horizontal components of the hori-
zontally averaged field may be different from zero, Bg. # 0 # B, even though they may be zero
initially. This is exactly what happened in the shearing box dynamo simulation when these boundary
conditions where used. IRig. 11.5we show the space—time diagram (or butterfly diagram in solar
physics) of the mean magnetic field of such a simulaf®8i7,504] In this particular simulation the
symmetry of the magnetic field has been restricted to even parity abew, so the computation has
been carried out in the upper disc plane; < L., whereL, = 2H is the vertical extent of the box,

H is the Gaussian scale height of the hydrostatic equilibrium densityz and corresponds to the
equatorial plane.

It is interesting to note that the spatio-temporal behavior obtained from the three-dimensional simula-
tions resembles in many ways what has been obtained using mean field models; see Section 6.5.2. Note
however, that ifFig. 11.5dynamo waves propagate in the positivdirection, i.e.c > 0 in Eq. (6.42).

This requires: < 0, which is indeed consistent with the sigrnxadbtained earlier by means of correlating
&y with B_y [201,504] but it is opposite to what is expected in the northern hemisphere (upper disc plane)
from cyclonic events.
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Fig. 11.6. Resulting andﬁy from a mean field calculation with negativeffect (.o = —0.001QH), together with a 10 times
stronger noisy componentsy = 0.01QH), and a turbulent magnetic diffusivityd = 0.005QH2), producing a cycle period of
about 30 orbits. Adapted from R4837].

Mean-field model calculations confirm that the space—time diagram obtained from the simulations
(Fig. 11.9 can be produced with a negativeeffect of the magnitude found by correlatiag with
Fy and a turbulent magnetic diffusivity comparable to the turbulent kinematic viscosity obtained by
measuring the total (Reynolds and Maxwell) stri@€xl]. The directly determined effect is however so
noisy, thatitis hard to imagine that it can produce a mean field that is as systematic as that in the simulation
(Fig.11.5. However, model calculations show also that, even when the noise lexetoéeds the average
value by a factor of 10, the resulting mean field is still sufficiently coherent (Hid) and in fact similar
to the field obtained from the simulatiof&37].

A negative sign of the: effect in accretion discs may arise because of two important circumstances.
First, the vertical velocity fluctuation is governed by magnetic buoyancy and second, shear is important.
Following a simple argument of Ref360], the « effect is dominated by the contribution from the
momentum equation and the toroidal magnetic fidlg,

o8 byby \ — —
—L ~ by ~ ( Y xg) By = y,By , (11.16)

where the vertical acceleration is assumed to be mostly due to magnetic buoyanicy:i.e.(dp/pg) g

and —dp/pg = 6B?/(2po) ~ Eyby/po, where we have linearized with respect to the fluctuations. In
accretion discs the shear is negative,aEy/ax <0, and thereforéy_bx < 0. If this effect does indeed
dominate, the effect will be negative, i.ex,, =1a,, < 0. Subsequent work based on FOSA confirms the
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possibility of a negative value af;,, for sufficiently strong shedb05], as is indeed present in accretion
discs. However, because of the competing effect to drive a positffect from thermal buoyancy, the
sign of,, changes to the conventional sign for weak shear.

In summary, local disc simulations suggest the possibility of a doubly positive feedback from both the
magneto-rotational instability and the dynamo instability, giving rise to small scale magnetic fields (if
there is no stratification) and large scale fields (if there is vertical stratification). The magnetic energy
exceeds the kinetic energy, but is below the thermal energy; see Section 4.1. The latter gives information
about the dimensionless value of the Shakura—Sunyaev viscosity parameter which is typically around
0.01[201,265,413]Large scale field generation is compatible with that from a negativigich, in turn,
produces oscillatory mean fields that are symmetric about the mid-plane. This is consistent with mean
field theory, which also predicts that, with the same vertical field boundary conditions, the field should
be oscillatory and symmetric about the midplane, i.e. quadrupole-like.

When the boundary conditions in the accretion disc simulations are changed to perfectly conducting
boundaries, the situation changes entirely; the field becomes nonoscillatory and antisymmetric about the
midplane, i.e. dipole-likg360]. However, this drastic change is quite compatible with mean-field theory
which also predicts that with perfectly conducting boundaries a negaitivihe upper disc plane should
give rise to a nonoscillatory field that is antisymmetric about the midplane. Having thus established this
type of correspondence between simulations and mean field theory, one is tempted to apply mean field
theory with a negativein the upper disc plane to a global geometry. It turns out that with a conducting halo,
the most easily excited solution is also antisymmetric about the midplane (i.e. dipolar) and nonoscillatory.
Such models have been discussed in connection with outflows from dynamo active accretion discs, as
will be discussed further in the next section.

11.4.2. Outflows from dynamo active discs

It is now commonly believed that all accretion discs have undergone a phase with strong outflows.
One mechanism for driving such outflows is magneto-centrifugal accelef&féh The magnetic field
necessary might be the field that is dragged in from the embedding environment when the disc forms, but
it might also be dynamo generatfD7]. In Fig. 11.7 we present a numerical solution of such a model
[508], where the dynamo is a mean field dynamo with negative effect[201]. In the presence of open
boundaries considered here, the most easily excited solution has dipolar symmetry about the equatorial
plane[509].

Three-dimensional simulations of dynamo action in accretion disc tori have confirmed that the magneto-
rotational instability can sustain a magnetic field also in such a global rffs®+513] These simulations
are now also beginning to show the formation of outflows that are clearly associated with large scale
fields generated in the disc. The presence of large scale fields, and in particular its vertical component, is
responsible for increased values of the dimensionless value of the Shakura—Sunyaev viscosity parametel
which is now typically 0.1513].

11.5. Galactic dynamos

We saw in Section 2.4 that spiral galaxies have large scale magnetic fields of the order of a%&y 10
coherent on scales of several kpc, and also highly correlated (or anti-correlated) with the optical spiral
arms. Does the mean field turbulent dynamo provide a viable model for understanding the origin such
fields? We discuss below a number of observed properties of galactic fields which favor a dynamo origin
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Fig. 11.7. Outflow from a dynamo active accretion disc driven by a combination of pressure driving and magneto-centrifugal
acceleration. The disc represents a protostellar disc, whose tenuous outer regions will are heated by the magnetic field. This
pressure contributes to hydrostatic support, which is changed only slightly by the finite outflow velocities. The extent of the
domain ig[0, 8] x [—2, 30] in nondimensional units (corresponding to abd@0.8] AU x [—0.2, 3] AU in dimensional units).

Left panel: velocity vectors, poloidal magnetic field lines and gray scale representatiamtbe inner part of the domain. Right

panel: velocity vectors, poloidal magnetic field lines and normalized specific enthAlpyin the full domain. Adapted from
Ref.[508].

of disc galaxy magnetic fields. However the strength of the field itself may not be easy to explain, in view
of the helicity constraint.

11.5.1. Preliminary considerations

To begin with, all the ingredients needed for large scale dynamo action are present in disc galax-
ies. There is shear due to differential rotation and so any radial component of the magnetic field will
be efficiently wound up and amplified to produce a toroidal component. A typical rotation rate is
Q ~ 25kmstkpc? (atr ~ 10kpc), and for a flat rotation curvé_J(b = QR = constant) the shear
rate, defined a§ = RQ' = RdQ/dR, would be the same, i.6.= —Q. This corresponds to a rotation
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time of ~ 27/Q ~ 2.5 x 108 yr. So, in a Hubble time+ 10'yr) there have been about 40-50 rotations.

If only shear were involved in the generation of the galactic field, a fairly strong primordial seed field of
~ 107 G would be required just after the galaxy formed. (We will also discuss other problems with such
a primordial hypothesis below.)

A mechanism to exponentiate the large scale field, like for example<théynamo, is therefore
desirable. Anx effect could indeed be present in a disc galaxy. First, the interstellar medium in disc
galaxies is turbulent, mainly due to the effect of supernovae randomly going off in different regions. In a
rotating, stratified medium like a disc galaxy, such turbulence becomes helical (Section 10.3). Therefore,
we potentially have an effect and so we expeef2 mean field dynamo action. Typical parameters for
this turbulence are, a velocity scale~ 10km s, an outer scalé ~ 100 pc giving an eddy turnover
timet ~ [/v ~ 10’ yr.2 This yields an estimate of the turbulent diffusion coefficieqt,~ %vl ~
0.3kms tkpcory, ~ 10°%cn? s~1. The inverse Rossby (or Coriolis) numberi2Qr ~ 0.6 (se€Table
4, where we have taked= 30 km s 1 kpc~1) and so we can use Eq. (10.57) to estimadeie to rotation
and stratification. This gives~ t2Q(v?/h) ~ 0.75km s 1, whereh ~ 400 pc is the vertical scale height
of the disc. So the turbulence is only weakly helical; nevertheless the degree of helicityl0%) is
sufficient for inducing large scale dynamo action, becaus@té#ect is strong enough to make the
dynamo supercritical.

We gave a brief discussion of the simplest form of the mean field dynamo equations appropriate for
a thin galactic disc in Section 6.5.5, following REf7]; here we just gather some important facts. We
recall that two dimensionless control parameters,

Co=Sh?/n;, Cy=oh/n , (11.17)

measure the strengths of shear areffects, respectively. (Note that these are identical toRbeand

R, commonly used in galactic dynamo literature.) For the above galactic parameters, the typical values
areCo ~ —10 andC, ~ 1, and sdCgq|> C,. Dynamo generation is controlled by the dynamo number

D = CyC,, whose initial ‘kinematic’ value we denote lyy. Exponential growth of the field is possible

in the kinematic stage, provideéfg| > Dcit, where the critical dynamo numbBxi; ~ 6—10, depending

on the exact profile adopted fa(z). Modes of quadrupole symmetry in the meridionRL) plane are

the easiest to excite in the case of a thin disc vtk 0. Further the growth rate in the kinematic regime
given by (6.47) has a numerical value,

y~ (VIDI = VDarit) ~ (1-10 Gyr . (11.18)

The dynamo is generally supercritical, and the valug ®faluated locally at different radial position is
positive for a large range of radii, and so galactic fields can be indeed grow exponentially from small
seed values. Furthermore, in a Hubble time scale 8110 one could exponentially grow the field by a
factor of about 8 ~ 10%3, provided the growth rate determined in the kinematic regime were applicable.
In this case, even a small field of order 8 G would in general suffice as the initial seed magnetic
field; with galaxies at higher redshift requiring a larger seed magnetic field. We shall discuss below how
the nonlinear restrictions, due to helicity conservation, may alter this picture. Before this, we first gather

9 Numerical simulations of such a turbulent multiphase interstellar medium regulated by supernovae explosions, and includ-
ing rotation, showW514] the multiphase gas in a state of developed turbulence, with the warm and hot phases having rms random
velocities of 10 and 40 knTg!, respectively, and with turbulent cell size of about 60 pc for the warm phase.
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some of the observational indications which favor a dynamo origin for the galactic field, nicely reviewed
by Shukuro\[515,516]

11.5.2. Observational evidence for dynamo action

The magnetic pitch angldhe simplest piece of evidence for dynamo action is just the form of the
magnetic field lines as projected onto the disc. It is seen that the regular magnetic field in spiral galaxies
is in the form of a spiral with pitch angles in the range= —(10-30), where a negative indicates a
trailing spiral. Note that for dynamo action one needs to have nonzgrand B, or a nonzero pitch
angle for the magnetic field lines projected onto the disc. A purely azimuthal field,Byite: 0, will
decay due to turbulent diffusion, and the same is true for a purely radial field. A simple estimate of the
pitch angle can be obtained from the ‘sapproximation[357] to the dynamo equations, whereby one
replaces derivatives by just a division bly. Substituting als®g, B4 o expyt, this gives

B
<y+ Z;) BR:—“h—d’, ( + h2> By=SBg . (11.19)

One derives a rough estimate for the rg&a5]

12 C.\ 12 1/ o \12
tanp = jR ~ _(a) — —<1> ~ —() ) (11.20)
B, \“sh Cal n\is|

Forl/h = 1/4 and a flat rotation curve wittt = —S§, one then getp ~ —14°. This is in the middle

of the range of observed pitch angles in spiral galaxies. More detailed treatments of galactic dynamos
[77] confirm this simple estimate. The above estimate is based on kinematic theory, and comparison with
observations should preferably done with models including nonlinear effects. However, similar pitch
angles are also obtained when one considers some simple nonlinear dynamo [Bibdglsee also

the case of models for M31 in Rg618]. (The noz approximation also gives an estimate foas in

Eq. (11.18) but with the crude estimaigi; = 1.)

An alternative hypothesis to the dynamo is that galactic magnetic fields are simply strong primordial
fields that are wound up by differential rotation (see RE$9,520]and references therein). In this case,
detailed analysi§520] shows that differential rotation leads a field which rapidly reverses in radius (on
scales~ 100 pc). More importantly the field is also highly wound up with pitch angles of gpden®,
clearly much smaller than the observed values. In 3&0], it is argued that streaming motions in spiral
arms would nevertheless lead to a field-aligned along the spiral; but away from the arms the field will be
nearly toroidal. Clearly, in the case of NGC6946 it is the field in between the arms which has a spiral
form with moderately large pitch angles with an average 35° for several of the magnetic arr@g].

Also in the case of M31, although the field itself occupies a ring-like region, the field lines are still in the
form of spirals with pitch angles 10° ... 20° [521].

Another possibility is that the primordial field is not tightly wound up because turbulent diffusion
compensates for the winding due to shig@2]. In this case there would be a balance between shear and
turbulent diffusion, and from the toroidal part of Eq. (11.19) one can estiﬁm@d, ~ 1/C,; which
impliesp ~ 6° for Co ~ 10. This is larger than the pitch angle determined neglecting turbulent diffusion,
but may still not be large enough to account for the observed rangéajalaxies. Also one would need
a constant source df i, which could perhaps be due to accretion, since otherwise turbulent diffusion
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(without ana effect) will causeB  to decay. The galactic dynamo on the other hand provides a natural
explanation for the observed pitch angles of the regular magnetic field.

Even vertical symmetry of the field in the Milky \Wagiother argument in favor of the galactic dynamo
theory is the observed symmetry properties of the regular magnetic field about the galactic equator.
Dynamo theory predicts that the toroidal and radial field components should be symmetric about the
equator. The even parity mode has a larger scale of variation in the vertical direction and is therefore
subject to a weaker turbulent diffusion than the odd parity nj@@g A wavelet analysis of the Faraday
rotation measures of extragalactic sources indeed indicates that the horizontal components of the regulat
magnetic field have even parity, that is they are similarly directed on both sides of tij@@i%c

Such an even parity field can be produced from a primordial field if it is originally almost parallel to the
disc plane. However, such a field would still suffer the excessive winding mentioned above. On the other
hand, itis equally likely that a primordial field has a large component parallel to the rotation axis (entering
throughz < 0 and exiting througlh > 0). In this case one would have a dipole structure for the wound up
primordial field, which is not supported by the analysi§ldf]. (As mentioned earlier, the determination
of the magnetic field structure from Faraday rotation can be complicated by local perturbations.) Further,
as discussed in Section 2.4 there was some evidence from the discovery of linear nonthermal filaments
perpendicular to the galactic plane, of a dipolar field in the central few hundred parsecs of our galaxy,
which could be explained on the basis of a primordial figl2i3]. However the latest surveys for such
linear filamentg4113], no longer strongly support such a simple picture, and the observational situation
needs to be clarified.

The azimuthal structure of disc galaxy fieldibe kinematic growth rates predicted by an axisymmetric
galactic dynamo are also the largest for purely axisymmetric field structures. Of course the spiral structure
induces nonaxisymmetry, and this can enhance the growth rates of nonaxisymmetric dynamo modes
[350,357-359]However this enhancement is still not such that one expects a widespread dominance of
nonaxisymmetric magnetic structures in disc galaxies. Early interpretations of Faraday rotation in spiral
galaxies seemed to indicate a prevalence of bisymmetric strudl@8% which would be difficult to
explain in the framework of dynamo theory; but this has since not been confirmed. Indeed as discussed
also in Section 2.4.2, many galaxies have mostly distorted axisymmetric magnetic structures, wherein
the axisymmetric mode is mixed in with weaker highemodes. Only M81, among the nearby spirals,
remains a case for a predominantly bisymmetric magnetic structure. The fact thatitis physically interacting
with a companion may have some relevance for the origin of its bisymmetric f&2d$

It would not be difficult to produce a predominantly bisymmetric=£ 1) structure by the winding up
of a primordial field; more difficult to explain would be the dominance of nearly axisymmetric structures.
Such configuration would require an initial primordial field to be systematically asymmetric, with its
maximum displaced from the disc center. Any primordial field would in general lead to a combination of
m = 0 and 1 modes, withh = 1 being in general more dominant.

The observed nonaxisymmetric spiral magnetic structures are also aligned or anti-aligned with the
optical spirals. This is intriguing because of the following: A given nonaxisymmetric mode basically
rotates at nearly the local rotation frequency, where the mode is concentrated. On the other hand, the
optical spiral pattern rotates at a ‘pattern’ frequency very different in general compared to the local
rotation frequency. It has been sho{@b7-359,525that such structures can be maintained for a range
of radii of about a few kpc around the corotation radius of the spiral pattern. Near the corotation radius
a frozen-in field will rotate with the spiral pattern; and around this radius a moderate amount of the
turbulent diffusion allows modes to still rotate with the pattern frequency, instead of with the local
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rotation frequency. More intriguing are the ‘magnetic arms’ seen in NGC6946, and the anti-alignment
between these magnetic arms and optical spiral arms. Explaining this feature in a dynamo model requires
an understanding of how spiral structure influences the different dynamo control pargs@teis28]

Other possible evidence for dynamo action incl{slEs] radial reversals of the magnetic field in the
Milky Way, the complicated magnetic structures that are observed in M51, and the magnetic ring seen
in M31. Shukurof515] has argued that all these features can be understood in dynamo models of these
systems; whereas it is not clear how they may be explained in models involving primordial fields.

Strength of the regular magnetic fiel@he regular magnetic field in disc galaxies is close to energy
equipartition with the interstellar turbulence. This feature directly indicates that the field is somehow
coupled to the turbulent motions; although the exact way by which the regular field achieves equipartition
with the turbulence is still to be understood (see below). In the case of wound up primordial fields, it
is plausible that if the magnetic pressure exceeded the fluid pressure, then it would rise from the disc
due to buoyancy. This could be an indirect way by which the field strength is limited to be in rough
equipartition. More difficult is to actually generate a primordial field of the requisite strength. In models
of the generation of primordial magnetic fields based on processes occurring in the early universe (cf.
Refs.[179,189,190]and references therein), the strength of the generated field is highly uncertain, and
very sensitive to the assumed parameters.

11.5.3. Potential difficulties for galactic dynamos

Magnetic helicity constrain’he major potential difficulty for the galactic dynamo is still the restriction
imposed by magnetic helicity conservation. We have discussed these issues in detail in Section 9. The
magnetic Reynolds number in galaxies is large enough that one would expect the total magnetic helicity
to be well conserved. The fact that shear plays a major role in the galactic dynamo implies that the
galactic field is not maximally helical, and one can somewhat ease the restrictions imposed by helicity
conservation. Nevertheless, if there is negligitsmall scale helicity flux out of the galaxy, the mean
galactic field is limited td7] B ~ (km/ kt) Begl (Do/ Derit) — 1]%/2 for moderately supercritical dynamo
numbers; see also Section 9 and Eq. (9.42). If we a@pDcit ~ 2, km/ks ~ I/ h, with a turbulence
scaleg/ ~ 100 pc, and: ~ 400— 500 pc, then the mean field strength would 13¢-11/5 of equipartition at
saturation. The above estimate is a prediction of the dynamical quenching model which has been verified
mainly using periodic box simulations. Nevertheless, even in open domains where helicity fluxes are
possible, Eq. (9.42) seems to describe the field strength near the end of the kinematic phase reasonabl
well [406]. This estimate also assumes the absenégadependent suppression of the Strouhal number,
which does seem to be supported by direct simulati8ag].

Of course a preferential loss of small scale helicity could increase the saturation field strength further
andthis hasindeed beeninvoked by Kleeorin and cowo[R845398,399and by Vishniac and CH888].
As suggested in Section 8.11, simulations are now beginning to show that, in the presence of shear and
open boundaries, a significant small scale magnetic helicity flux does indeed emerge. As demonstrated in
a simulation of forced turbulence with driven shear, strong large scale fields are generated on a dynamical
time scale when such helicity flux is possible. However, if the helicity flux is below a certain threshold,
the initially large field strength is followed by very long term oscillations of low magnetic field strength.
Nevertheless, these simulations are still quite idealized in that stratification is ignored and the forcing
does not represent galactic conditions. These deficiencies can hopefully be removed in the near future.
The theoretical underpinning of the phenomenologically imposed helicity fl3825398,399]s only
beginning to be clarifieflL54]. This would be another area of further investigation.
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Small scale magnetic nois&s noted in Section 5, the small scale dynamo generates fluctuating mag-
netic fields in the kinematic stage, at a rate faster than the large scale dynamo. Can this rapidly generatec
magnetic noise suppress large scale galactic dynamo action? The analytical estimate of the nronlinear
effect using MTA presented in Eq. (10.57) indicates that the presence of a equipartition strength fluctu-
ating magnetic field does reduce theffect, but only by a factor of 2/3 for the diagonal components,
and even enhances the off-diagonal components. Also, in both MTA and quasilinear treatments (FOSA)
describing the effect of fluctuating fieldg,is not renormalized at all. Furthermore, the nonlinear behavior
seen in direct simulations of large scale dynaf#p$59,386]can be understood using helicity conser-
vation arguments alone, without further reduction of the turbulent transport coefficients due to magnetic
noise; although similar simulations at even higher values of the magnetic Reynolds number are desirable.
Overall, there is no strong evidence that magnetic noise due to small scale dynamo action, catastrophically
suppressesandy;; but this issue also needs to be further investigated. Especially important to understand
is whether helicity conservation fully represents all the effects of flux freezing or there are further effects
which suppress the lagrangian chaos and hence quench the turbulent coefficients. For example, it would
be useful to compute the turbulent diffusion of a large scale magnetic field in the presence of strong small
scale MHD turbulence, like that described by Goldreich and Srif#t&r

Magnetic fields in young galaxieFhe galactic dynamo exponentiates seed mean magnetic fields over
a time scale of about (1-10) Gy}, depending on the dynamo parameters. For a young galaxy which is
say formed at redshift= 5 and is observed at a redshifto& 2, its age isT ~ 1.7 Gyr in the currently
popular flat Lambda dominated cosmology (with cosmological constant contributing a densit.7,
matter density2,, = 0.3 in units of the critical density and a Hubble constalgt= 70 km s 1 Mpc™1).

For a mean field growth rate of say~ 3Gyr1, this corresponds to a growth by a factéf e~ 75;

and so even with a seed 6109 G, we would have a mean field of only 0.075uG. So, if one sees
evidence for strong microgauss strength mean (or large scale) fields in galaxies at high redshifts, the
galactic dynamo would have difficulties in accounting for them. If the seed fields were much weaker,
say~10-18G, like those produced in batteries, one would have difficulty in accounting for microgauss
strength mean fields even for moderate redshift objects, avitt0.5.

At present there is some tentative evidence for magnetic fields from Faraday rotation studies of high
redshift quasars and radio galaxies. A Faraday rotation map of the extended and polarized jet of the
quasar PKS 1229-021 at= 1.038, has revealed fields ordered on kpc scales and with strengths of a few
microgauss ai=0.395, corresponding to the position of an intervening absorption sy5&oh Evidence
for similarly ordered fields also comes from rotation measure map of the quasar 3C191, which has an
associated absorption system at1.945 similar to its emission redsh[31]. A number of high redshift
radio galaxies at > 2 [532] also show very high Faraday rotation-ef1000 rad nt2, which could be
indicative of strong ordered magnetic fields in their host galaxy (although such fields could also arise from
the magnetization of a sheath around the radio lobe). There is a general difficulty that a given RM could
arise in several intervening systems including the source and our Galaxy. This introduces difficulties in
determining magnetic fields associated with high redshift sysie88%. A promising approach would
be to use radio gravitational lenses which show differences in Faraday rotation between their different
imageq[121,534] The lines of sight to the different images follow very similar paths in the source and
our galaxy, but have large transverse separations in an intervening object, and so could probe intervening
magnetic fields better.

We should remember that the small scale dynamo could itself produce strong magnetic fields on
time scales of~10’yr. However this would be correlated at most on the scales of the turbulence
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and smaller; so it will not be able to explain fields ordered on kpc scales. The fields generated by a
small scale dynamo could nevertheless provide a strong seed magnetic field for the large scale dynamo
[535]. Such fields can also lead to significant Faraday rotation, but if the large scale dynamo were
not operating, the resulting RMs would not be correlated on scales larger than the forcing scale of the
turbulence.

11.6. Cluster magnetic fields

We saw in Section 2.5 that clusters of galaxies appear to be magnetized, with fields ranging from
severaluG to tens ofuG in some cluster centers, and with coherence sé¢ated0 kpc. How are such
fields generated and maintained? Note that a tangled magnetic field, left to evolve without any forcing,
would generate motions with a velocity of order the Alfvén veloaity= B/(4rp)Y/2, and result in
decaying MHD turbulence with a characteristic decay tiggay ~ //va [536,537] For apG field, in
a cluster medium with densities 10-3cm™3 is va ~ 70km st andtgecay~ 1.4 x 1P yr. Although
the energy density in MHD turbulence decays as a power law, and the decay rates can be somewhat
slower if the field is partly helicall58], this time scale is still much smaller than the typical age of a
cluster, which is thought to be several billion years old. So one would still require some mechanism to
generate strong enough tangled cluster magnetic fields initially, and preferably maintain them for cluster
lifetimes.

First, there are a number of sources of seed magnetic fields in galaxy clusters. It is well known
that the intracluster medium (ICM) has metals which must have been generated in stars in galaxies
and subsequently ejected into the galactic interstellar medium (ISM) and then into the ICM. Since the
ISM is likely to be magnetized with fields of order a fews, this would lead to a seed field in the
ICM. The exact manner in which the ISM from a galaxy gets mixed into the cluster gas is uncertain;
possibly involving tidal and ram pressure stripping of the galactic gas, together with galactic outflows
[538]. One can roughly estimate the seed field resulting from stripping the galactic gas, by using flux
conservation; that iBseed~ (picm/pism)” > Bgal. For Bgal ~ 3uG, andpicym/pism ~ 1072-1073, one
getsBseeg~ 0.1...0.03uG. More difficult to estimate is the coherence scale of the seed field. One may
get even larger seed fields if cluster galaxies have substantial magnetized outflows0ifgalaxies
have mass outflow wit ~ 0.1M yr~1 lasting for 1 Gyr, with a Poynting flux about 10% of the
material flux, and the field gets mixed into the cluster gas over a Mpc sized régiRg~ 0.3 uG would
result[538].

Another source of seed fields is likely to be also the outflows from earlier generation of active galaxies
(radio galaxies and quasaf$B9-542] Such outflows may leave behind magnetized bubbles of plasma
in some fraction of the intergalactic medium (typicatty10%][541]), which when incorporated into the
ICM would seed the general cluster gas with magnetic fields. If one assumes the cluster gas is®about 10
times denser than the IGM, and blindly uses the enhancement of the bubble field due to compressions
during cluster formation, one can get fields as large.2s.G in the ICM[541]. However this is to
ignore the issue of how the field in the magnetized bubble, especially if it is predominantly relativistic
plasma from a radio galaxy, mixes with the nonmagnetized and predominantly thermal gas during cluster
formation, and the resulting effects on both the field strength and coherence scales ($6¢3Ré&dr
the related problem of getting cosmic rays out of radio cocoons). It is likely that, while AGNs and
galaxies provide a potentially strong seed magnetic field, there would still be a need for their subsequent
amplification and maintenance against turbulent decay.
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In most astrophysical systems, like disc galaxies, stars and planets, rotation plays a very crucial role
in this respect; both in providing strong shear and in making random flows helical, and hence leading
to large scale dynamo action. Clusters on the other hand, are expected to have fairly weak rotation—if
at all, so one has to take recourse to some other mechanism for understanding cluster magnetism. One
possibility is small scale turbulent dynamo action; indeed most early work on the generation of cluster
magnetic fields explored this possibil{44—-548] The turbulence was thought to be provided by wakes
of galaxies moving through the intracluster medium. However galaxy wakes are probably inefficient.
First, the gas in the galaxy would get significantly stripped on the first passage through the cluster, and
stop behaving as a ‘hard’ sphere in producing a turbulent wake. Furthermore, the wakes generated by
the Bondi—Hoyle gravitational accretion are probably not pervasive enough, because the accretion radius
~ GM /c? ~ 0.5kpc(M /10" M) (cs/10° km s~1)~2is much smaller than galaxy radii of order 10 kpc.
Further, calculations using the EDQNM equatidbd8] gave pessimistic estimates for the generated
fields when the turbulence is induced by galactic wakes. A different source for cluster turbulence and
magnetic fields is probably required.

Turbulence in clusters can also arise in mergers between cl{s#&s552] In hierarchical structure
formation theories, clusters of galaxies are thought to be assembled relatively recently. They form at
the intersection of filaments in the large scale structure, involving major mergers between comparable
mass objects and also the accretion of smaller mass clumps. In this process, it is likely that clusters
develop significant random flows, if not turbulerjé&8,551,552] These would originate not only due to
vorticity generation in oblique accretion shocks and instabilities during the cluster formation, but also in
the wakes generated during the merger with smaller mass subclumps. In a simulation of cluster formation,
it was found that the intracluster medium becomes ‘turbulent’ during cluster form&tdr, and this
turbulence persists even after about 5 Gyr after the last major merger. At this time peculiar velocities are
of order 400 km 51 within 1/2 the Virial radiusr,; see Fig. 1 in553]. A visual inspection of the flow
field reveals ‘eddies’ with a range of sizes of-500 kpc. Similar peculiar gas motions have also been
found in other numerical simulations of cluster formatjbB4] and cluster merge(8§52]. In the merger
simulation[552] ram pressure effects during the merger are though to displace the gas in the cluster
core from the potential center, causing it to become unstable. The resulting convective plumes produce
large scale turbulent motions with eddy sizes up to several hundred kiloparsecs. Again, even after about
a Hubble time ¢ 11 Gyr after the first core interaction), these motions persists as subsonic turbulence,
with velocities of order 10—-20% of the sound speed for equal mass mergers and twice as large for mergers
with a mass ratio of 1: 3. (In all these cases, since there is limited spatial resolution, it may be better to
call the flows random flows rather than turbulence.)

Observational evidence of intracluster turbulence is scarce. From analysis of pressure fluctuations as
revealed in X-ray observations it has been arg6&8]that the integral turbulent scale in the Coma cluster
is close to 100 kpc, and they assume a turbulent speed of 250%at that scale. It may be possible, in
the future, to detect cluster turbulence via the distortions they induce in the CMB, as well as via Doppler
broadening and shifting of metal lines in the X-ray spect{&a8].

A quantitative assessment of the importance of such random shear flows and perhaps turbulence, for
the generation of cluster magnetic fields has only begun recently, by doing direct simulag61557]
and also using semi-analytic estimates combined with simulations of the small scale djF&E8ho
(Itwas also emphasized p3/78] in the context of generating protogalactic fields, that structure formation
can lead not only to seed fields but also significant vortical motions which amplify the seed.) Simulations
of cluster merger§s56] showed two distinct stages of evolution of the field. In the first stage, the field
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becomes quite filamentary as a result of stretching and compression caused by shocks and bulk flows
during infall. Subsequently, as bulk flows are replaced by more turbulent motions, the magnetic energy
increases by an average factoB to localized enhancementsof20. It is argued556] that this increase
is likely to be a lower limit, as one cannot resolve the formation of eddies on scales smaller than half the
cluster core radius. Magnetic field evolution in a smooth particle hydrodynamics simulation of cluster
collapse has also been reporfg87,559] they found that compression and shear in random flows during
cluster formation can increase the field strengths by factors of order 10

Both these groups use ideal MHD and it would be useful to relax this assumption. It will be important
to do further simulations which have the resolution to follow also the development of turbulence and the
nonlinear cascade to small scales. This is especially important given the current lack of consensus (cf.
Section 5) about how the small scale dynamo saturates, especially in the high Prandtl number systems
like the ICM. As discussed in connection with nonlinear small scale dynamos (Section 5.4), it is likely
that, once the magnetic field has reached equipartition field strength, the power spectrum should decrease
with increasing wavenumber. If this is not seen, the simulation may still not be sufficiently well resolved
or it may not have run for long enough, or both. It is encouraging that in simulations of the small scale
dynamo, one gets an RM probability distribution peaked at zero but with a significant wigh~
100-200 rad n72 as observed, when scaled to cluster param@ég&j. Overall, it appears plausible that
cluster magnetism is the result of compression, random shear and turbulent amplification of seed fields
from galaxies and AGNs; but work on understanding the efficiency and details of all these processes is
still in its infancy.

12. Where do we stand and what next?

Significant progress has been made in clarifying and understanding mean field dynamo theory in the
nonlinear regime. Only a few years ago it was a completely open question whetheroisnatally
catastrophically quenched, for example. What is worse, simulations were not yet available that show
whether or not mean field dynamos can work at all when the magnetic Reynolds number is large. A lot
has changed since then and we have now begun to develop and confirm numerically the nonlinear mean
field formalism for the case where the medium is statistically homogeneous.

One of the currently most pressing problems is to develop and test numerically a dynamical quench-
ing theory that is valid also in the inhomogeneous case, where the strength okffext varies in
space and changes sign, and to the case with open boundaries allowing helicity flux to escape. This
should be studied in a geometry that is close enough to the real case of either the solar convection
zone or to galactic discs. Concerning solar-like conditions, some progress has been made using forced
turbulence in cartesian geometry with a shear profile that resembles that of the sun at low latitudes.
However, driving the turbulence by convection and solving the equations in spherical geometry has so
far only led to mixed success in that the simulations are dominated by small scale[4iE8j420]

In this connection it may help to lower the magnetic Prandtl number to suppress small scale dy-
namo action, keeping however the magnetic Reynolds number large enough to allow for large scale
dynamo action.

Regarding fully periodic box simulations, there is still a case for testing more thoroughly the dependence
of turbulent transport coefficients on the magnetic Reynolds number even in cases with closed or periodic
boundaries. An issue that is not fully resolved is whether the turbulent magnetic diffusion is quenched in
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a way that depends on the magnetic Reynolds number. One way of clarifying this issue is by considering
oscillatory large scale dynamos with sh¢a86], which give the possibility of measuring directly the
turbulent magnetic diffusivity via the cycle frequenéy.

As far as the solar dynamo is concerned, many problems remain to be solved. The first and perhaps
most severe one is simply the lack of a reliable theory: the mean field theory as it stands at the moment
and as it has been used even in recent years does not reproduce certain behavior that is known from
simulationg4,560]. Again, we have here in mind issues related to magnetic helicity conservation, which
need to be dealt with using dynamical quenching theory. Even from a more practical point of view, if one
is able to argue that in the sun the magnetic helicity issue can be solved in such a way that conventional
theory remains applicable, there would still be many hurdles, as outlined above. A popular model is the
flux transport model with a suitable meridional circulation profile. Here the preferred modes have usually
quadrupolar symmetry about the equator rather than dipolar symi3&tsy356,428] However, there
are a number of other problems that have revived the idea that the solar dynamo may be a distributed
one[55].

For the galactic dynamo, one still needs to identify mechanisms by which fluxes of small scale helicity
can preferentially leave the system, so as to build up the regular field to the observed values. However,
unlike the case of the sun where we have direct evidence for losses of helical magnetic flux through the
surface, galaxies lack such direct evidence—even though they allow direct inspection all the way to the
midplane. Regarding the saturation strength of the large scale field, closed box simulations suggest that,
even in the kinematic phase, and conserving helicity, a significant regular field can probably be built up by
the mean field dynamo. However, for systems with boundaries the field undergoes subsequent variations
onthe resistive time scale when, for long periods, the field can be extremely weak. Such systems still seem
to require strong helicity fluxes, for example mediated by shear, for being efficient large scale dynamos
[406]. For galaxies at least, the mean field dynamo theory seems to reasonably explain the structure of
the observed fields. In the case of clusters of galaxies, the origin of turbulence which may be needed for
dynamo action is not yet settled. The structure of the field will also depend on an improved understanding
of how the small scale dynamo saturates.

Another important question is what role does the small scale dynamo play relative to the large scale
dynamo. In galaxies, where the magnetic Prandtl number is large, it has been argued that the magnetic field
is dominated by small scale fields. This is an issue that clearly requires further clarification. Especially
whether the growth of the small scale field subtly changes the lagrangian chaos properties of the turbulence.
In solar and stellar dynamos, on the other hand, the small scale dynamo may not work at all any more,
or the critical dynamo number may be much larger than for unit magnetic Prandtl number. Whatever
the answer, it is likely that the magnetic Prandtl number dependence of the critical magnetic Reynolds
number can soon be settled using dedicated high-resolution simulations.
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Appendix A. Evolution of the correlation tensor of magnetic fluctuations

In this section we present a derivation of the Kazantsev equation in configuration space for the more
general case of helical turbulence, incorporating also ambipolar drift as a model nonlifZ26]tyrhese
equations are used to discuss the small scale dynamo in Section 5.2.1. They also play an important role
in Sections 5.6 and 8.10 where kinetic helicity drives the generation of large scale fields which, in turn,
produce small scale helical fields that act such as to saturate the dynamo.

The derivation of the governing equations involves straightforward but rather tedious algebra and
follows the discussion if236]. We therefore only outline the steps and the approximations below leaving
out most of the algebraic details. To make the appendix fairly self contained we repeat some of the
equations which are also given in the main text. We start with the induction equation for the magnetic
field, including a nonlinear ambipolar diffusion term, written as

0B;
a_tl - R;Cpq UpBy + V2B, (A-1)

where we have defined for later convenience, the operator

0
R;qu = El'lmepq <@> . (A2)

HereU = U + v+ vy, wherel is the mean velocity fieldis the stochastic velocity which may be helical,
and which iss-correlated in time andy = a(J x B) x B is the nonlinear ambipolar diffusion component,
which is used as a model nonlinearity.

Recall that we assumeto be an isotropic, homogeneous, Gaussian random velocity field with zero
mean, and-correlated in time. That i&; (x, H)v;(y, s)) = T;; (r)o(t — s), with T;; as defined in (5.23),

rir; rirj
T(r) = (0 = =5 ) TNG) + =5 TL0) + ek Fr) (A3)

whereT,, Ty andF are the longitudinal, transverse and helical parts of the correlations, respectively. The
induction equation becomes a stochastic equation. We split the magnetic field into meRefigdand

a fluctuating fieldb = B — B. The equation for the mean field, for the Kazantsev model velocity field is
derived in Appendix B. Here we concentrate on the evolution of the fluctuating field. We assisodo

be a homogeneous, isotropic, random field, with an equal time two point correlatian:)b; (y, 1)) =
M;;(r,t), wherer =x —y,r =|r|and

rir; rirj A4
M;j = Mn <5ij—7)+MLr_2+C€ijkrk : (A.4)

Here M| (r, t) and M (r, t) are the longitudinal and transverse correlation functions for the magnetic
field while C(r, t) represents the (current) helical part of the correlations. The evolutidf) 6f, r) can
be obtained from

(BiB)) o(B;Bj)

A.5
ot ot (A-5)

0
(0M;j/or) = a((bi(x, nDbj(y. 1)) =
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The second term in the square brackets is easy to evaluate using the equation for the mean field (see belov
in Section B.2). The first term is

aBja(ty, 1) N 0B;(x, 1) Bi(y.1) . (A.6)

0
a_t(Bl(Xv t)B](ya t))=Bl(X9 t) ot

Suppose we define the two-point produgit(x, ) B;(y, t) = %;;(x,y, t) for notational convenience.
Substitute (A.1) into (A.6) and let the initial value of the two-point productBpex, 0) B (y, 0) = %?j..
Then, at an infinitesimal timé later, this product is given by the formal integral solution:

ot

93,7 = 933 + 5 dt/[prqU;@qj + R;}qU;%iq] + 5t[’7v)2593ij + V;%’l‘j] . (A?)

For clarity, thex andy and " dependencies of the fields have been suppressed (excaff) im
the integrand. We write down an iterative solution to this equation to various ordérs Tio zeroth
order, one ignores the integral and pgts(x, y, ') = .%?j. To the next order one substitut@% for %;;

in Eq. (A.7), to get a first order iteratioﬂg}), and then%'lf}) for #;;, 1o get%’f}?). The resulting equation
is then averaged to get thie?;;) and the corresponding contribution fraBa(x, 5t)§j (y, ot) subtracted
to get the equation falf;; (o1) = (b; (x, ot)b;(y, 6t)). The presence of thiecorrelateds implies that one

has to go up to second order iteration to §&f(o¢) correct to linear order iaz. Then dividing bysr and
taking the limit oféor — 0, we get

oM;;

= </ R [p (0 DR, (0 (X, $)[ Mg +§m(x)§q(y)])]dS>

+ </ R}, [vp(x, t)RJy-lm(vl ¥, $)[Mgm + Bg(X) B()])] ds>
+ <f Rj'}pq[vp(y’ t)R;)[m(vl(y’ S)Mim)] dS>

+ <f R}, [vp (% )Ry, (i (X, $) M) dS>
+ W[V)%Mij + VfMij] + R;)pq(Up(y)Miq) + R;Cpq (UP(X)qu)
+ R}, (vnp bi () BgW)) + R, ((unp () By ()b (¥))) - (A.8)

The first two terms on the RHS of Eq. (A.8) represent the effect of velocity correlations on the magnetic
fluctuations M;;, and the mean field. The next two terms give the ‘turbulent transport’ of the magnetic
fluctuations by the turbulent velocity, the 5th and 6th terms the ‘microscopic diffusion’. The 7th and 8th
terms the transport of the magnetic fluctuations by the mean velocity. The last two nonlinear terms give
the effects of the backreaction due to ambipolar drift on the magnetic fluctuations.

For the discussions of the small scale dynamo in Section 5, the unified treatment of the large scale
dynamo in Section 5.6 or the toy closure model in Section 8.10 we do not keep the mean field terms.
(The coupling to the mean field can be important in discussions of helicity flux.) This also means that
we can continue to treat the statistical properties of the magnetic fluctuations as being homogeneous and
isotropic, and usé/;; (x,y, t) = M;;(r, 1).
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All the terms in the above equation, can be further simplified by using the properties of the magnetic
and velocity correlation functions. In order to obtain equationsfprandC, we multiply Eq. (A.8) by
rir/ /r? ande; ;r and use the identities

ML(r, 1) = My (r'rd [r?),  C(rt) = dMjjeijir/r? . (A.9)

We consider some steps in simplifying the first two terms. The first term in Eq. (A.8 ) is given by
<f irq (Up(% I)Rllm(vl (X, S)Mmq)) ds> = _Gitu€ulm€jrs€qu[TlpMmq],rt . (A.lO)

For examining the evolution dff. one needs to multiply the above equation-by /r2. We can simplify
the resulting equation by using the identity

2A  2(ArirI . 0A 0A
_ o) s 04 — G 2 = 30 A (A.11)
I"

ij .
rr = — t
orror! orror! T arr

whereA = Tll’Mmq. Then using:; ., euim = 6i16:m — dim 1, and the definition of ., Ty and F, straight-
forward algebra gives the contribution of the first terngads, /or)
. 10 oM G
Milist= —— — (F*Ti == ) + =ML + 4FC . (A.12)
reor or 2
The second term of (A.8) gives an identical contribution.
To derive the evolution off due to these terms multiply (A.10) tzyjkr" . Using the fact that the
turbulent velocity and small scale field have vanishing divergence, weMgyve= 0 andT7;; ; = 0. This
allows one to simplify the contribution from the first term(@aC /o¢)

6l]k
2r 92

The first two terms on the RHS of Eq. (A.13) can be further simplified by noting:thdt; = 2Fr* and
eijeM;j = 2Crk . We have then

C|1St= (le tr My + TtrMij,tr - Tir,tMtj,r - th,rMir,t) . (A13)

€,jk AT C’

22

(sz trMy + Ty ij,tr)= - (TLC//+T|ZC/+ +MLFU

4M|_F/)

+M| F' + (A.14)
Here prime denotes a derivative with respeat.tbo evaluate the contribution of the last two terms on the
RHS of (A.13), itis convenient to split up the tensdfs; andT;; into symmetric and antisymmetric parts
(under the interchange ¢fj)). We put a superscrigt on the symmetric part andl on the antisymmetric
part. Then we can write after some algebra

eljkr

138
L (Tir.sMijy + TyjrMir ] = =2 [T;':"IM{? TR M)
ACT|  AFM|
- <CT’L’ +FM{ +T/C' + M(_F’ +—L+ L) . (A.15)
r r
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Adding the contributions from (A.14) and (A.15) gives

: 108 40

Clist=——— | " (TLLC + FM\) (A.16)
reor or

The second term of (A.8) gives an identical contribution. The third and fourth terms add to give a

contribution

(3rd 4 4th) = 4F (0)¢ jg (OMiy /3rY) + 2T1 (0) V2 M;; (A.17)

to the RHS of (A.8), hence justifying their being called ‘turbulent transpor¥/gf (compare this to the
microscopic diffusion term?M;;).

The last two nonlinear terms give the effects of the backreaction due to ambipolar drift on the magnetic
fluctuations. They involve 4th order correlationstofin evaluating this term, we make the Gaussian
closure approximation that the fourth order moment of the fluctuating field can be written as a product
of 2nd moments. In this case the nonlinear terms add to give a contribution

nonlinear terms= —8aC (0, t)¢ g (M), /0r?) + 4aM (O, t)VZM,-j (A.18)

to the RHS of (A.8). The Gaussian assumption of the magnetic correlations results in the nonlinearity of
this term appearing as a nonlinearity in the coefficient, rather than the correlation function itself. Gathering
together all the terms, we get for the coupled evolution equation®foandC:

oM 20 4 OM_

oML _ 9 L) £ 6M + danC A.19
ot r4or (r N or + Lo+ ooN ( )
oC 10,0

— =——|r"—@2ynC —anML) | . A.20
5 = A [i’ 5, (ZINC —on L)] (A.20)

We can also write (A.20) in terms of the magnetic helicity correlation functi@n r), which is related
to the current helicity correlatio@ (r, 1) by

10 oH
cC=—-=-—(r*—), A.21
r4or (r or ) ( )
oH

Here we have also defined
mn=n+TL () =T (r)+2aM (O, 1),
oN = —[2F(0) — 2F (r)] +4aC (0, 1) ,
G=-2T"+41/r) . (A.23)

These equations generalize the Kazantsev equation to the helical case and also include a toy nonlinearity
in the form of ambipolar diffusion. If we take the limit— 0in Eq. (A.22), we geH (0, 1) = —24C (0, 1),

which is exactly the equation for conservation (evolution) of magnetic helicity. So our nonlinear closure
model incorporates also the important constraint provided by helicity conservation. This set of equations
is used to discuss the nonhelical small scale dynamo (Section 5), a unified treatment of small and large
scale dynamos (Section 5.6) and also the helicity constraint in this toy model (Section 8.10).
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Appendix B. Other approaches to calculatingx and #;

In this section we present alternative approaches to calculating turbulent transport coefficients such as
« andn;. These methods are more specialized compared to the standard approaches presented in Section
6.3 and 6.4, but some of them are more rigorous, allowing additional insight into the viability and fragility
of o effect and turbulent diffusion.

B.1. The Lagrangian approach to the weak diffusion limit
In the limit of largeRm > 1, one may also think of neglecting magnetic diffusion completely. The time
evolution of the magnetic field can then be solved exactly using the Cauchy solution,

Gij(Xo, 1)
detG
wheregG;; = dx; /dxg; is the lagrangian displacement matig,(xo) = B(x, 0) is the initial condition, and

Bi(x, 1) = Boj(xo) , (B.1)

1

X(X0, 1) = X0 + / u* (xo, ') dr’ (B.2)
0

is the position of an advected test particle whose original position was ®¥e have also defined the
lagrangian velocity" (xg, 1) = U(x(xo, 1)). Using the Cauchy solution, Moffaftt48] showed that

1
u() =~ /0 W (k0. 1) - (0. 1) i’ | (B.3)

whereo!t = vVt x ul is the vorticity of the lagrangian velocity fluctuation with respectgoSoa(r) =0
at the initial timer = 0, but the expectation is that for times much longer than the correlation time of
the turbulencet > 1, «(t) settles to a constant value. One could then take the fimit oo in the above
integrall®

Deriving an expression for theg coefficient is more complicated. A naive expectation is that one
will have

1
n(t) = %/0 ul (xo, 1) - ut(xo, t") dt’ , (B.4)

analogous to the case of the effective turbulent diffusivity of a scalar field. One does get this term, but
there are additional terms for the magnetic field, derived for example in Moffatt's [id@&4. For these

terms convergence to finite values at large times is even more doubtful. Simulations by Krdkiian
suggested that(r) andn(¢) converge to finite values of orderandu L, respectively, as — oo, for
statistically isotropic velocity fields with Gaussian statistics. However, numerical simulgie2isising

a frozen velocity field suggest that in the limit of large magnetic Reynolds numltensis to zero.

10The convergence of the integral to a constant whes oo is not guaranteed because the above integral has derivatives
of the formdu; /dxq; = (Ou; /0x;n) (0xim /0x0 ). Althoughdu; /dx,, is statistically stationary in timéy,, /0xg; is in general not,
since particles initially separated by some, tend to wander further and further apart in a random flow, | axidoc |5xg|/2.
So secularly growing terms may in principle contribute to the integral determiriingnaking the limitr — oo meaningless
[148].
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B.2. Delta-correlated velocity fields

One of the few situations for which the kinematic mean field dynamo equations can be derived exactly
is for a random flow that ig-correlated in time, as introduced by Kazantfe®]. Such a flow was also
used by Kraichnaf315] to discuss passive scalar evolution. Such flows are of course artificial and not a
solution of the momentum equation, but they serve as an excellent example where the mathematics can
be treated exactly.

To discuss mean field dynamo action, we have to add a helical piece to the correlation function of the
stochastic velocity field driving the flow. So now we adofit = U + v in the induction equation where,
as beforgu; (x, H)v;(y, s)) = T;j (r)o(t — s), with T;; as defined in (5.23). At = 0, we have

t
—2F(0) = —%fo V) (Vv x v [~ —d (Vx| (B.5)

t —
T.(0) =1 fo v v d' [~ 3] (B.6)

where the last expressions in parenthesis would apply if we had assumed a small but finite correlation
time .

The induction equation is a stochastic equation and we would like to convert it into an equation for
the mean magnetic fiell (see also Zeldovich et al., 1983, Chapt§282]). Let the magnetic field at an
initial time, sayr = 0, beB(x, 0). Then, at an infinitesimal timér later, the field is given by the formal
integral solution:

ot
B(5t) = B(0) + dr'{V x [U(r) x B(t')] —nV x B(t)} . (B.7)
0

For clarity, the commorx dependence dfif andB, has not been explicitly displayed above. We write
down an iterative solution to this equation to various orde#s.ifio zeroth order, one ignores the integral
and putsB©@(x, 6r) = B(x, 0). To the next order one substitute$for B in Eq. (B.7), to get a first order
iterationB™, and therBV for B, to getB®. The resulting equation is then averaged to geBixe 7).
The presence of th&correlatedv implies that one has to go up to second order iteration t@getsr)
correct to linear order iat. This procedure yields

B(5t) = B(0) — 6t[V x (U x B(0)) — 5V x B(0)]

ot t’
+/ dt// dt’v x {v(t") x [V x (v(t") x B(O))]}, (B.8)
0 0

where the overbar denotes averaging over an ensemble of the stochastic velocitydtelbfore. On
using the fact that at timer is not correlated with the initial magnetic fiellx, 0) and taking the limit
ot — 0 we get after some straightforward algebra,

oB - _

§=VX[UXB+aB—(11+nt)VXB]. (B.9)
The effect of the turbulent velocity is again to introduce the standard extra terms represeniiaffe¢be
with « = —2F (0) and an extra turbulent contribution to the diffusigre= 7;_(0). If one allows for weakly
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inhomogeneous turbulence, one could also discover a turbulent diamagnetic effect due to the gradient of
nt, Which expels magnetic fields from regions of strong turbulence.

B.2.1. Transport coefficients from random waves and individual blobs

We mention two additional approaches that have been important in understanding the origin and nature
of thex effect. One is based on the superposition of random waves that are affected and modified through
the presence of rotation, stratification, and magnetic fi@tig,313,372,437,563hand the other is based
on the detailed analysis of individual convection céd$4] or blobs from supernova explosiof809].
The latter approach has to atensor of the form

%R —Vesc O
%j =\ Vesc ¢ 0 (B.10)
0 0 A

in cylindrical (R, ¢, Z) coordinates. The effect of individual supernova explosions is slightly different
from the effect of the so-called superbubble where one explosion has triggered several others nearby.
The latter leads to structures more symmetric about the midplane casgsiadpe negligibly small. For
individual supernova bubbles, on the other hand, the sigry a6 found to be opposite to the sign of

4. There is also a vertical pumping effestayfrom the midplane, corresponding to the antisymmetric
components of the tensor,

7 = —3cijkoik = diz Vesc - (B.11)

The lack of downward pumping is possibly an artifact of neglecting the return flow. The motivation
for neglecting the return flow is the somewhat unjustified assumption that the magnetic field will have
reconnected to their original position by the time the return flows commences.

Appendix C. Derivation of the Zeldovich relation

In this section we show that in two dimensions we have the relalli%)mﬁz) = Rm, WhereB =Bg =
(Bo, 0, 0) is an applied mean field. This relation was used in Section 8.7 in connection with heuristic
arguments about the nonlineaeffect.

Consider the evolution of the small scale magnetic vector poten#al0, 0, a), whereb=V x a, so

0
a—?—l—wVa—l—uyBo:nVZa . (C.1)
Multiplication with ¢ and volume averaging yield
0
= (20°) + (- V(5a®)) + {auy) Bo = —n(b%) . (C.2)

Using stationarityg/or = 0, incompressibility [which impliegu - V(%az)) = (V- (ua?/2))], and periodic
or closed boundaries, ¥ - (ua2/2)) = 0, as well as a Fickian diffusion law for the flux,

(auy) = —mVyA=—nBo , (C.3)
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where(0, 0, A(y)) is the corresponding vector potential &g, we have

nBE =n(b?) . (C.4)

Finally, usingRm = /1, we have(b?)/(B%) = Rm.

Appendix D. A heuristic treatment for the current helicity term

In this section we present a heuristic treatment for the occurrence pf theorrection to the: effect.
A more rigorous and perhaps more convincing derivation is given in Section 9.2.

D.1. Taking nonlinearity into account

Originally, when the magnetic field is weak, the velocity is a sum of mean veldciyd a turbulent
velocityu=u©@ (which may be helical). The velocity field® can be thought of as obeying the momentum
(Navier—Stokes) equation without the Lorentz force. Then suppose we assume an ansatz that in the
nonlinear regime the Lorentz force induces an additional nonlinear velocity compogettat is,

U=U+ u© 4+ uy, wherev - uy = 0 and

puN = 1o 2(B - Vb+b- VB) — Vp' + O(uu, bb, vuy) , (D.1)

where the dots denote partial time differentiation, @h@u, bb, vuy) indicates all the neglected terms,
those nonlinear i andu = u© + uy, and the viscous dissipation. Alsp), is the perturbed pressure
including the magnetic contribution. PFL assumed that the mean Beldas strong enough that the
nonlinear and viscous terms could be neglected. Zeldovich g24] argued that when multiplied ky
and averaged, the resulting triple correlations could be replaced by double correlations, fairly close in spirit
to the minimak approximation; but they did not actually perform a calculation akin to the calculation as
done below. Gruzinov and Diamof865,366]also neglected this term, calling this a quasilinear dynamo.
This ‘quasilinear’treatment is somewhat approximate; nevertheless it helps in heuristically understanding
the result of the EDQNM closure model, in an analytically tractable fashion.

Due to the addition ofi, the turbulent EMF now become&s=u© x b+un x b, where the correction
to the turbulent EMF is

t
EN() :/ (B-Vb+b-VB—Vp) xb()dt, (D.2)

where (as usual)g = pg = 1 has been assumed. One again assumes that the small scale magnetic field
b(r) has a short correlation time, say, and thatr; is small enough that the time integration can be
replaced by a simple multiplication ky. We can calculat&y either in coordinate space or iaspace.

The calculation, following258], is given in Section D.2. To the lowest order one gets

&n=731] DB, (D.3)

that is a correction t& akin to the magnetic contribution found by PF04]. Further, one verifies the
result of PFL that to the lowest order, the turbulent diffusion of the large scale field is not affected by
nonlinear effects of the Lorentz force. However, if one goes to higher order in the derivatBesmd

gets additional hyperdiffusion of the mean field and higher order additions todffiect[258].
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The above heuristic treatment is not very satisfactory, since it neglects possibly important nonlinear
terms in the momentum equation. At the same time the EDQNM treatment has the limitation that one
assumes the randomandb fields to be homogeneous and isotropic. In the main text, we have therefore
focused on MTA, since it allows one to remove some of these limitations.

D.2. Calculation of the quasilinear correctiafiy

We calculatesy here in coordinate space representation. We can eliminate the pressure tgrm in
using the incompressibility condition. Defining a vedkot a[B - Vb + b - VB], with a = t/(ugpg), One
then gets

En=(Fxb) —([V(V2V-F)] x b, (D.4)

whereV—2 is the integral operator which is the inverse of the Laplacian, written in this way for ease of
notation. We will write down this integral explicitly below, usirg4nr) 1 to be the Greens function of
the Laplacian. We see that has a local and nonlocal contributions.
To calculate these, we assume the small scale field to be statistically isotropic and homogeneous, with
a two-point correlation functiokb; (x, t)b; (y, t)) = M;; (r, t), given by (5.25),
r,-r,- rirj
M;; = Mn <5ij —r—2‘>+MLr—2+C€ljkrk : (D.5)
RecallthatM| (r, t) andMy (r, t) are the longitudinal and transverse correlation functions for the magnetic
field while C(r, t) represents the (current) helical part of the correlations. Sinde= 0,
10

_ 2
Mn = > o (r°Mp) . (D.6)

We also will need the magnetic helicity correlatidi(r, t) which is given byC = —(H” + 4H'/r),
where a primé denotes derivative with respectitoln terms ofb, we have

ML, 1) =3(b%), 2CO0,1)=3(j-b), 2H(O,1)=3(a-b), (D.7)
whereb =V x aandj =V x b. The local contribution t&y is easily evaluated,
&y = (F x by = —aM_(0, )]+ 2aC(0,1)B , (D.8)
whereJ =V x B.
At this stage (before adding the nonlocal contribution) there is an important correctioniteffeet,
with o = ag + am, Where
om =2aC(0,1) = 3c(j - b) . (D.9)

(We again selig = 1 andpg = 1 above and in what follows.) There is also a nonlinear addition to the
diffusion of the mean field (theaM | (0, t)V x B term), which as we see gets canceled by the nonlocal
contribution!
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Let us now evaluate the nonlocal contribution. After some algebraic simplification, this is explicitly
given by the integral

@\ 1) = = ([V(V72Y - F)] x by,
OMyi (v, 1) 0By(y, 1) rj &
:zeijk/ a};[ alym r_]3 E ’ (D.lo)

wherey=r +x. Note that the mean fieBlwill in general vary on scale® much larger than the correlation
length! of the small scale field. We can then use the two-scale approach to simplify the integral in
Eqg. (D.10). Specifically, assuming thdy R) < 1, or that the variation of the mean field derivative in
Eq. (D.10), ovel is small, we expandB;(y, t)/0y™, in powers ofr, aboutr =0,

aEl GEI . GZEZ r2i pﬁq 6351

=—44rn =+ .-
oy™  ox™ P axmaxrp 2  0x™MoxPox4

. (D.11)

where we have defined the unit veciior= r; /r (we will soon see why we have kept terms beyond the
first term in the expansion). Simplifying the derivati&,,; (r, 1)/or! using Eq. (5.25) and noting that
eijkrjrk =0, we get

OM i _ A N A A
VjEijka—r’? =Trj€ijk [r Y My — MN) Ak + My mi + Cempr + I"C/nfl’llemkf] . (D.12)
We substitute (D.11) and (D.12) into (D.10), use
.. de .. . . dQ X
/ninja = 20ij. fninjnknza = &[0ij0u + 0ikdji + 0ud il , (D.13)

to do the angular integrals in (D.10), to get

. - 6a _ 2 o0 _
EN- =aM| (0,1)] + gH(O, 1)V?B + ga [/ M, (r, t)r dr] V3 . (D.14)
0

The net nonlinear contribution to the turbulent EMFsig = Eh + EHL, got by adding Eqg. (D.8) and

Eq. (D.14). We see first that the nonlinear diffusion term proportionsl 0B has the same magnitude

but opposite signs in the local [Eg. (D.8)] and nonlocal [Eq. (D.14)] EMF’s and so exactly cancels in the
neté&n. This is the often quoted res(i802,304,365,366that the turbulent diffusion is not renormalized

by nonlinear additions, in the quasilinear approximation. However, this does not mean that there is no
nonlinear correction to the diffusion of the mean field. Whenever the first term in an expansion is exactly
zero it is necessary to go to higher order terms. This is what we have done and one filgishhatan
additional hyperdiffusioHp = nup V2(V x B) = nyp V23, where

2a [*°
HD = & / drrM_(r,t) . (D.15)
0

Taking the curl of¢y, the nonlinear addition to the mean field dynamo equation then becomes
V x &N = (oM + hmV?)V x B — np VB . (D.16)

Hereoay = %a( j - b) is the standard nonlinear correction to theffect[302,304] andhy = %a(a- b) is
an additional higher order nonlinear helical correction derived here.
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Appendix E. Derivation of Eq. (10.28)

Now turn to the simplification of '[hgﬁ?’,’c term in Section 10.1. We again define wavevectorss k +
K/2 — Kk andk, = —k + K/2, and transform to new variableg;,(K'), whereK’ = k1 + ko = K — k’. Note
that since all Fourier variables will be nonzero only for snfigllland k|, they will also only be nonzero
for small|K'|. Eq. (10.22) becomes

3 ji 3 ! 43 (KK 1 1
= fd K'd*,' e HORP; (k+ K + 3K)
x [i(—ki + 3 K] — 3k Bi(K). M5 (k — 5K K')
+ (ik) By ()t (k = 5K KD (E.1)

where, for notational convenience, we have defined

Mok (kK — K5 K) = by (k — 3K + 3K)br(—(k — 3K) + 3K') . (E.2)

(Note that the terms involvinlgE(k/) above are zero, sinée B=0.) We now expand; (k+ %K/ + %k/)
aboutk’ = 0 and bothP;,; and.#;; aboutk’ = 0, keeping at most terms linear i\ andk’, respectively
to get

o 2 k! 0.4 i (k; K)
Jk . / / t sk K,
—= = [P ikBj(K) | Mg (k; Ky — L2222
ot / { JS( )ik B(K') |: sk ( ) 2 ok; i|
+ Py (QiCk] + 3K [Brk)- 51k K + By (K.t K
i k, K/ k Eal k! /
s+ ROk erkZS) L (k- B). g (K; K/)} K a3k e KHIR (E.3)

We have also used here the fact thatx = 3i(3v /0R,) above, to neglect terms of the fortthksm gk
andK}ksmsk, which will lead to terms with two derivatives with respecRqNote that in homogeneous
turbulence withv - b = 0 one will havekgm, = 0.)

Integrating ovek’ andk’, and using the definition o#;; we finally get

M
ik . = 15 - 15
o - Ik-Bmjk + 5B - Vmjx + Bjimix — 5Bm sk

om j
Oks

k 'ks—
Z#Bs,lmlk . (E.4)

Appendix F. Calculation of the second and third terms in (10.38)

In the calculation of turbulent transport coefficients in the case where helicity is produced by rotation
and gradients of the turbulence intensity in Section 10.3, we had to evaluate the contributions from
the second and third terms in (10.38) &ofor nonzeroQ. The somewhat cumbersome derivation is
presented below.
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The contribution due to the second term is
EEQZ) = 2¢; k€ jim f 2Kk - QeI I3k
= 2¢ijk€jim / 2k - Qi [—ik By —mu) + 3B VS +mjp)

+ B mok — Bisv® — LBy (002 fok, + oy /aku)] a3 . (F.1)

Is

Note that due to the presence of the antisymmetric tes}ygpithe last term of;;, does not contribute to
E,(QZ). Further note that to linear order én the velocity correlatiom;; can be replaced by the nonhelical,
isotropic, velocity correlation of the original turbulenaf&. Substituting the general form of the magnetic

and velocity correlations, and noting that only terms which have an even numbesuwfive the angular
integrations, we have

gl@Z) = 2¢jjk€jim / 2k - Ql%m{—k . E%/%kvl(E(o) —M)+k- Eelknl%nN

+ 1B V[oi(E© + M) + By s PaM — By 561, E©
— ks B ook (E©@ + MY — 61 (E@ + M)} Bk (F.2)

where primes denote derivatives with respedt.tbhe N dependent term vanishes on doing the angular
integrals, and the other terms in (F.2) simplify to

—(Q2 —_ ~ ~ — ~ ~
& = _ 1_1531.(9.V~)(E<2> —{\/1(2)) 4 1;45{2.3 VifE(Z) — P

+ 298 - V(E® + FMP) + Q(E® — MP)[§B1.i) + 5B 1.0)]

— %QIE(U)(E(?’) + M(g)) . (F.3)

Here,B(.;y = B + Biy, Byij = B — Biy, andE®@, ..., M® have been defined in Eq. (10.54).
For a constant(k) = 1o say, we simply haveé€® = 3:3u©2, 4@ = 2:2p?, while E® and M®
depend on the velocity and magnetic spectra.
Now consider the third term in (10.38). Using Egs. (10.27) and (10.35) this is given by

—(@3 0
gl( ) _ _EijkaZBflmIISc,Zwl d3k
= — eijk/TZ(ejlmR‘Q+€jlt]€tQm — 2¢jik - Q k)

o . _
x ——lk- B\ — my)] ok . (F.4)
m

Using Egs. (10.40) and (10.41), only those termsl(;(ﬁ andmy; which contain an even number bf

survive after doing the angular integrals owein (F.4). Further, those terms which contain a spatial
derivative do not contribute, since (F.4) already contains a spatial derivative, and we are keeping only
terms up to first order in th& derivatives. Also, in those terms that hayg, the part of the velocity
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and magnetic correlations proportionakiayive zero contribution. Using these properties, and doing the
resulting angular integrals, we get

8% = — 2 VIBi(E? - M?)] - ZaVi(B(E? — 1))
+EQVI[BI(E® — MP)] . (F.5)

Appendix G. Comparison with the paper by Radler, Kleeorin, and Rogachevskii

The results presented at the end of Section 10.3 are modified if one were to assume a power law form
for the spectrum of velocity and magnetic correlations in the rapgek < kq (as done in Refl320]),

©2 /. \ ¢ B2 /[ k\ ¢
MikPEO = (g — D (E) . awPM =g —-1— () G.1
m (g—-1 20 \ig m (q )2k0 ko (G.1)

and also take(k) = t* (k) = 219(k/ ko)* 4, as in Ref[320], then

2

o429 po 4 (G.2)
=35 =37 .

N R

and hence all th% terms in Eqgs. (10.57)—(10.61), would have to be multiplied 8. 4n this case one
alsohasE® = —(g + 2)E@ andM® = —(q + 2)M @, so one has for the last term in Eq. (10.61)

a [E<3> + M<3>] =—2(q + 25 (@) : (G.3)
This leads to

%) = Ste] - b — 282 [5,-,-9 V02 - 12) - B0V, + 0, V)02 + l%?)] , (G.4)

nij = %m&ym ) (G.5)

y=—2oV(uO2 — ?) — 2130 x V(u©2 1 1b?) (G.6)

5=203u02 —p?) (G.7)

Kijk = 213(Q; 0k + Qudij) {[W + 202 + 2(q — 1)[W+?]} . (G.8)

Hereteff = 2t0(2 — q)/ (29 — 3)(ko/ kq)>~? for the spectral dependences which have been assumed, and
Teff = Zro(ko/kd)1/3 for a Kolmogorov spectrum. Our results for the rotation dependent terms e

(andx wheng = 1), all agree exactly with the result f§20]; however we get a different coefficient/@
instead of-4/5) in front of the term proportional ta; — 1) in the expression for; .



A. Brandenburg, K. Subramanian / Physics Reports 417 (2005) 1-209 189
Appendix H. Calculation of ¥; and ¥»

In order to evaluater; and ¥, in the calculation of the nonlinear helicity fluxes of Section 10.4 we
use the induction (10.8) for the fluctuating field. We then getior

V1= f {eijkel'pqeqlm f / / ur(k+ %K — Kb (—k + %K)Em(k/)
X i(kp + 1K )i(—k; + 3K Rk d®’ + Tl(k)} a3k . (H.1)
Here,T1 (k) subsumes the triple correlations of the small saaedb fields and the microscopic diffusion
terms that one gets on substituting Eq. (10.8) into Eq. (10.67). We transform from the vatikal{eso

anew setk’, K') whereK’ =K — Kk, use the definition of the velocity-magnetic field correlatigrik, R),
and carry out the integral ovér to write

Py = / {eijkei,,qeq,m / &K' RB,, (K) (ikp + Fik), + 3V))
T 1:7/ 1o, 1,/ 3
X (—ik; +§|kj+§V,);{lk(k—zk,R)+T1(k)}d k . (H.2)
Once again, sincB varies only on large scale?,(k/) only contributes at smak’. One can then make a

smallk” expansion of;;;,, and do the’ integral, retaining only terms which are linear in the large scale
derivatives, to get

— . — Oy, . — —
¥, = / {qjke,-,,qeq,m [k,,kj (Bmx,k + %uvsBmJ”‘) + 3i(kp VB — kjV Bk

s

+3ik, Vi — kjvpxlk>§m] - Tl(k)} d* . (H.3)

This agrees with the result given in Eq. (10.70) for the upper sign.
We now turn to¥». Again, using the induction equation (10.8) for the fluctuating field, we gerfor

Vo= f {Gf/kekpqeql’" / ,/ / iy (—k + 5K = K)bj(k + 5K) By (K)

X i(—kp + 2K ,)i(—k; + 21K R K 3k + Tz(k)} a3k, (H.4)

whereT> (k) represents the triple correlations and the microscopic diffusion terms that one gets on sub-
stituting Eq. (10.8) into Eq. (10.67). We transform from the varialiéx) to a new setk’, K’) where
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K'=K —K. Itis also convenient to change from the variakflex’) to (—k, —k’). Under this change we
have

Vo = / {GijkEkpq€q1m / / i (k+ 3K + Kb (—k — 3K’ + 3K)
ok . .
x B, (K)ilky + 3(K), — K)]itk; + 3(K; — k)
x d®ORB/gS 4 Tz(k)} d%k . (H.5)

We can now carry out the integral ou€rusing the definition of the velocity-magnetic field correlation
7 (k, R), to get

TRty . .
P, = / {eijkek,,qeq,m f d*k'e ™ RB,, (K)(ik, — ik}, + 3V,)
x (ikj — 31k’ + 3V )i (k+ 3K, R) + Tz(k)} d3k . (H.6)

Once again, sincB varies only on large scaleB,(k’) only contributes at smak’. One can then make a
smallk” expansion ofy;;,, and do thet’ integral, retaining only terms which are linear in the large scale
derivatives, to get

— o Oy _ — —
Yo = / {Gijkﬁkpqeqlm |:_kpkj (Blei + %lvsBm a}?) + %l(kaij + ijme)Xli
A
+3ikp Vi + k,-vpxm?m] + Tz(k)} d% . (H.7)
We have used here
A~k - R Sy _
/Bm(k’)e_'k'Rdsk/zfBm(k’)e'k'Rd3k/:Bm(R) , (H.8)
] sl ey sl —

/(—ik;)Bm(k/)e—'k'Rd%/=/ik;Bm(k/)e'k'R k' =V,;Bu(R) . (H.9)

Interchanging the indicesandk in ¥ yields the result given in Eq. (10.70) for the lower sign.
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