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Abstract. We develop a model, based on three dimensional mean-field magnetohydrodynamics computations, for the genera-
tion of large scalemagnetic fields in fully convective objects like low-mass stars, brown dwarfs and possibly gaseous planets.
The dynamo process is ofα2 type and thus differs from the shell-dynamo at play in more massive stars. Theα2 dynamo
is found to become supercritical for Coriolis numbersΩ

⋆ >
∼ 1, i.e. Rossby numbersRo <

∼ 10. It generates a large-scale,
non-axisymmetric, steady field that is symmetric with respect to the equatorial plane. Saturation of theα2-generated field at
the equipartition field strength yields strengths of several kiloGauss, in agreement with observations of active M dwarfs, and
provides a qualitative explanation for the observed activity saturation in late M stars.For brown dwarfs with a conductive
core as occurs at the center of the most massive and oldest of these objects, we have also studied anα2

Ω dynamo. In this
case the field is predominantly toroidal, axisymmetric, andoscillatory, like the solar magnetic field.
The topology of the field in the fully convective objects exhibits a high order multipole character that differs from the aligned
dipole field generated byαΩ dynamo. The strong reduction of the dipolar component due tothe non-axisymmetry of the field
should considerably reduce the Alfven radius and thus the efficiency of magnetic braking, providing an appealing explanation
for the decreasing angular momentum loss rate observed in low-mass stars and brown dwarfs. This may have also implications
for cataclysmic variables below the period gap. In spite of this large-scale field, the decreasing conductivity in the dominantly
neutral atmosphere of these objects very likely prevents the currentgenerationnecessary to support a chromosphere and thus
activity, as explored in Mohanty et al. (2002). An observational signature of the present model would be (i) asymmetry of
the chromospheric activity, contrary to the spatially uniform activity expected from small-scale turbulent dynamo and (ii) the
absence of cycles in uniformly rotating (fully convective)low-mass objects.
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1. Introduction

Within the past recent years, various observations have re-
vealed ongoing chromospheric activity among M-type stars,
with strongHα emission. More interestingly, theHα equiv-
alent width, a primary indicator of stellar activity for these
objects, increases significantly for spectral types>∼ M2-
M3 and then exhibits a rather uniform distribution with
a mean levellog(LHα

/Lbol) ∼ −4.0 (Gizis et al. 2002,
Mohanty & Basri 2003). Most, if not all M dwarfs with
spectral-type> M4 (Teff

<∼ 3100 K, Mbol
>∼ 11) show

significant chromospheric activity around the aforementioned
value. On the other hand, X-ray surveys of the solar neigh-
borhood and of several open clusters have identified numer-
ous M dwarfs as persistent faint X-ray sources, with typical
luminosities of the order of or larger than the average so-
lar luminosity,LX ∼ 1027 erg s−1, i.e. LX/Lbol ∼ 10−3,

⋆ Johann Wempe prize

up to a spectral type of M8 (Randich 2000 and references
therein). This includes stellar objects and young (<∼ 107-108

yr) brown dwarfs (Neuhäuser et al. 1999, Tsuboi et al. 2003,
Briggs et al. 2004). This suggests that late M dwarfs are as effi-
cient coronal emitters as other cool stars in terms ofLX/Lbol,
which expresses the level of X-ray activity. On the other
hand, there is observational evidence for a decrease in the
chromospheric activity by at least one order of magnitude
with respect to late M dwarfs, that begins at spectral types
>∼ M9, i.e. Teff ∼ 2200 K, Mbol

>∼ 13.5 and continues
to L dwarfs, in spite of the fact that these objects are very
rapid rotators, withv sin i > 10 km s−1 (Delfosse et al. 1998,
Reid et al. 2002, Mohanty & Basri 2003). This has led to the
suggestion that chromospheric activity drops at some point
with decreasing mass and/or temperature (Stauffer et al. 1994,
Gizis et al. 2000). This is supported by the fact that brown
dwarfs have been observed to exhibit strongHα emission in
very young associations, with ages<∼ 10 Myr, whereas none of
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these objects has been shown to show activity in older clus-
ters, with ages>∼ 50 Myrs. Similarly, no late L or T spec-
tral type object has been found to show persistent activity
(Mohanty & Basri 2003). On the other hand, flares showing
strong Hα emission have been observed in L and T brown
dwarfs, with small duty cycles of order 1% (Liebert et al. 2003
and references therein), suggesting that the absence of contin-
uous coronal or chromospheric activity does not preclude the
presence of a strong magnetic field.

These observations, in particular the changes in the mag-
netic activity around spectral types∼ M2 and∼ M9, respec-
tively, provide important informations about the magneticac-
tivity in low-mass stars and substellar objects. First of all,
the spectral type domain M2-M3 encompasses the mass range
where M dwarfs are expected to become fully convective,
m ≤ 0.35 M⊙ for solar abundance (Chabrier & Baraffe 1997).
Therefore, magnetic field generation does not disappear in fully
convective objects like very-low-mass stars and brown dwarfs.
This raises the question of a large scale magnetic field gener-
ation in fully convective objects and a change in the dynamo
mechanism around 0.35M⊙, different from the rotation-driven
dynamo believed to be operative in the Sun and early M-dwarfs
with a radiative core. Second of all, as mentioned above, the
decreasing magnetic activity for late-M, L and T dwarfs, but
the presence of strong flares confirms the generation of a large
scale magnetic field in the interior of these objects but sug-
gests a decreasingcouplingbetween the field and atmospheric
motions for objects cooler thanTeff ∼ 2200 K. This latter
issue has been addressed recently by Mohanty et al. (2002),
following an earlier suggestion by Meyer & Meyer-Hofmeister
(Meyer & Meyer-Hofmeister 1999). These authors suggest that
the drop-off in the very late-M and L dwarfs stems from the
strongly decreasing electrical conductivity in these cool, pre-
dominantly neutral atmospheres, beginning with late M dwarfs.

An other crucial information is provided by the observed
rotation velocities of these objects. It is now well established
that the usual monotonic rotation-activity connection observed
for solar-type and early M (<∼ M3) stars breaks down for
cooler objects. While high chromospheric and coronal ac-
tivity is associated with high rotation velocities for the for-
mer ones, M9 and later objects exhibit low activity levels in
spite of rapid rotation (Delfosse et al. 1998, Gizis et al. 2002,
Mohanty & Basri 2003). TheLX/Lbol and LHα

/Lbol ratios
both correlate withv sin i for v sin i <∼ 4-5 km s−1, corre-
sponding to a rotation periodP ∼ 3 days, and then saturate
at a limit log(LX/Lbol) ≃ −3 and log(LHα

/Lbol) ∼ −4.0,
respectively, above this rotational velocity threshold. This im-
plyies that the intrinsic coronal and chromospheric emission of
low-mass stars and brown dwarfs does not increase with in-
creasing rotation above the threshold limit. This suggestsa sat-
uration relation in terms of the Rossby number, i.e. the ratio of
the rotational period,P = 2πR/vrot = 2π/Ω, over the con-
vective turnover time,τconv, Ro = P

τconv

(see§2). Note that
the high rotation velocities observed for most M dwarfs and
essentially all L dwarfs is usually interpreted as a spin-down
timescale that increases with decreasing mass. Since angular
momentum loss is generally associated with magnetic break-
ing, this phenomenon is rooted in the same fundamental prob-

lem of magnetic field generation and dissipation in these ob-
jects.

These data suggest the following conclusions : (i) dynamo
action in fully convective objects is as efficient as in starswith
a radiative core, (ii) whatever this dynamo mechanism, it is
bounded by the saturation condition for late-type stars, (iii)
flares or large-scale features like spotted areas definitelymake
a large-scale field necessary, (iv) not only activity does not in-
crease with increasing rotation above the threshold limit but
M9 and later objects display low activity levels in spite of rapid
rotation. It is the very purpose of this paper to examine these
issues, all rooted in the fundamental question: what very active
dynamo mechanism is responsible for the large scale magnetic
field generation in cool, fully convective objects such as very-
low-mass stars, brown dwarfs and possibly giant planets ?

2. The dynamo

For a fully convective star, a fossil field can survive only over
a timescaleτd ≈ R2/η ∼ 10-100 years, whereη ≡ ηt is the
turbulent magnetic diffusivity andR the stellar radius. A dy-
namo process is thus necessary to generate and amplify the
magnetic field. It is widely accepted that magnetic activityin
the Sun and possibly in early M stars results from the gener-
ation of a large-scale toroidal field by the action of differen-
tial rotation on a (weak) poloidal field at the interface between
the convective envelope and the radiative core, where differen-
tial rotation is strongest, known as the tachocline (Parker1975,
Spiegel & Weiss 1980, Spiegel & Zahn 1992). This region has
also been suggested as the seat of the dynamo because mag-
netic flux tubes are stable against buoyancy for much larger
field strengths than in the convection zone (Parker 1975). Inthis
case the field generation by shear in the tachocline dominates
that of the helicity in the convection zone and the magnetic field
is predominantly toroidal. This is the so-calledαΩ dynamo-
generation, which predicts a strong correlation between ac-
tivity and rotation, or more exactly between the field gener-
ation rate and the Rossby numberRo, as observed for F, G
and early M stars. The release of the magnetic stresses, cre-
ated through the dragging of field lines by fluid motions in the
upper atmosphere, provides energetic support for a corona and
a chromosphere and generates activity. Efficiency ofαΩ dy-
namo correlates strongly with decreasing Rossby number, so
that large rotational velocities lead to high activity levels. A
pure interface dynamo has, however, the problem of produc-
ing too many toroidal field belts and too short cycle periods
(Rüdiger & Brandenburg 1995). A dynamo operating at the
bottom of the convection zone also has the shortcoming of pro-
ducing the wrong correlation between the radial and azimuthal
field components (Stix 1976). Both these problems are solved
by the advection-dominated dynamo, which is essentially an
αΩ dynamo, but with shear andα effect operating in different
layers, which are connected by the meridional flow (Choudhuri
et al. 1995, Küker et al 2001). The cycle period is then deter-
mined by the flow speed rather than the dynamo number.

While the absence of a radiative core, i.e. of a region of
weak buoyancy and strong differential rotation, precludesin



Gilles Chabrier and Manfred Küker: Large-scaleα2-dynamo in low-mass stars and brown dwarfs 3

principle the generation of a large-scale magnetic field by solar-
type dynamo, anα2Ω mechanism can not be ruled out.

An alternative process for fully convective stars, namely
a dynamo generated by a turbulent velocity field that would
generate chaotic magnetic fields in the absence of rotation,
has been proposed by Durney et al. (Durney et al. 1993). The
turbulent velocity field can generate a self-maintainedsmall-
scalemagnetic field providing the magnetic Reynolds number
Re = (vl/η)2 is large enough. The length and time scales
of this field are comparable to that of turbulence, i.e. mixing
lengthl and convective turnover timel/v, and thus yields only
small-scale fields. Rotation is not essential in this case but it
increases the generation rate of the field, although mildly.One
might thus expect a sharp decrease of the rotation-activitycon-
nection around∼ M3, where full convection sets in, contrary to
what is observed. Moreover, although such a small-scale mag-
netic field can maintain a certain level of magnetic activity, it
can not produce the high levels of activity observed in M stars
and brown dwarfs, as discussed in§1. We thus explore the pos-
sibility to generate alarge-scalemagnetic field by a pureα2

dynamo process.

2.1. Mean-Field Magnetohydrodynamics

In the present calculations, we treat the global magnetic field
within the framework of mean-field magnetohydrodynamics.
This approach is particularly suitable to situations in which the
magnetic field exhibits complex structures in space and time,
like indeed when the fluid motions are of turbulent nature. In
the mean-field approach, the magnetic as well as the velocity
fields are split into an averaged and a fluctuating part:

B = B̄ + B
′, u = ū + u

′ (1)

where, in the present context,u
′ is the fluctuating velocity of

turbulence. In mean field MHD, the mean field is identified as
the large-scale field. The induction equation for the mean mag-
netic field then reads:

∂B̄

∂t
= ∇×

(

ū × B̄ + (u′ × B
′)

)

. (2)

The second term on the right-hand side of Eq.(2) is the
turbulence-generated electromotive force. It it usually assumed
to be a functional of the mean magnetic field̄B that can be
expanded in a Taylor series (Krause & Rädler 1980):

(u′ × B
′)i = αijB̄j + βijk

∂B̄j

∂xk

+ . . . (3)

In case of a slowly rotating star, the tensorsαij andβijk be-
come isotropic and the induction equation (2) takes the well-
known form:

∂B̄

∂t
= ∇× (ū × B̄ + αB̄ − η∇× B̄) (4)

The first term on the right-hand side of Eq.(4) describes in-
duction by the mean gas flow, including the generation of the
toroidal field in differentially rotating objects (”Ω effect”). The
second term denotes the amplification of the mean magnetic
field by helical turbulence (”α effect”). The third term is purely

diffusive, with η denoting the (turbulent) magnetic diffusivity
coefficient. Note that while the diffusivity term exists even in
isotropic turbulence, theα-term exists only if the turbulence
medium is stratifiedand rotates, i.e. only in the case of in-
homogeneous, non-isotropic turbulence. Rotation is thus im-
portant to generate theα-effect, first by generating kinetic and
thus magnetic helicity, and second because of its effect on tur-
bulence. So even anα2-dynamo depends on the rotation rate,
or more exactly on the Rossby number.

2.2. The electromotive force for rapidly rotating
stellar objects

Eq. (4) is valid for slow rotation, i.e. if the convective turnover
time τconv is small compared with the rotation periodP of the
star. As mentioned previously, the ratio of these time scales is
measured by the Rossby numberRo or its inverse the Coriolis
numberΩ∗ = 4π/Ro = 2τconvΩ, which is large in case of
rapid rotation. Based on the second order correlation approxi-
mation (SOCA, also known as first order smoothing approxi-
mation), the coefficientsαij andβijk can be derived from some
general assumptions about the underlying turbulent velocity
field and the stellar stratification (Rüdiger & Hollerbach 2004).
They finally become functions of the Coriolis number.

We distinguish two types of stratification which are impor-
tant for the electromotive force in different regions of thestar,
namely the stratifications of density and turbulence intensity.
They are represented by the vectors:

G = ∇ log ρ (5)

and

U = ∇ut, ut =
√

u
′2. (6)

In a spherically symmetric object both vectors point in the ra-
dial direction but the orientation may differ. WhileG always
points outwards,U points out of the convection zone, i.e.in-
wardsat the lower boundary of a superficial convection zone.
In the case of the Sun, it indeed points inwards throughout
the whole convection zone because the convection velocity in-
creases with radius.

The presence of a large-scale magnetic field will affect the
motion of the gas and hence the turbulent electromotive force
(EMF). So far there is no theory of the turbulent EMF in a
rapidly rotating, strongly magnetized stratified fluid. As we are
primarily interested in the question whether a large-scalefield
can be generated at all, we adopt the expressions valid for the
case of weak fields. The back-reaction of the field is then taken
into accountt by a simpleα quenching prescription (see below).

2.2.1. The α effect

Theα effect is the field generation by the mean helicity of the
gas motion, which is the consequence of the combined effects
of rotation and stratification. Both the stratification of density
and of the turbulence contribute to the effect. While being an
important ingredient in theories of anαΩ dynamo in the so-
lar overshoot layer (e.g. Rüdiger & Brandenburg 1995), theα
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effect due to the stratification of the turbulence is of minorim-
portance in the bulk of the solar convection zone, or in a fully
convective star (Krivodubskij & Schultz 1993). The contribu-
tion of the density stratification reads (Kitchatinov & Rüdiger
1992, Rüdiger & Hollerbach 2004):

αρ
ij = −δij(GΩ)αρ

1 − (GiΩj +GjΩi)α
ρ
2

−(GiΩj −GjΩi)α
ρ
3 − ΩiΩj

Ω2
(GΩ)αρ

4 (7)

2.2.2. Turbulent buoyancy

Besides the field-generatingα effect the density stratifica-
tion causes a pure transport effect that under certain circum-
stances might affect the dynamo. It is the turbulent buoyancy
(Kitchatinov 1991),

Ebuoy = umag × 〈B〉 − 2

Ω2
(umag × Ω)(Ω · 〈B〉) (8)

where

umag = −G⊥τconv u
2
t ψφ(Ω∗) (9)

with

G⊥ = G − Ω(G ·Ω)/Ω2, (10)

and

ψφ =
1

4Ω∗2

[

Ω∗2 + 3

Ω∗
arctanΩ∗ − 3

]

(11)

It is convenient to include the turbulent buoyancy in theα ef-
fect, wich in cylindrical coordinates (s, φ, z) then reads:

α =





α̂ψ cos θ 0 α̂ψ̟ sin θ
0 α̂ψ cos θ um

α̂ψ̟ sin θ um α̂ψz cos θ



 (12)

where

um =
√

u2
mag. (13)

Note thatum contains a factorsin θ and is thus symmetric with
respect to the equatorial plane. Likeψφ, ψ, ψz , andψ̟ are
functions of the Coriolis number:

ψ =
1

Ω∗3

(

Ω∗2 + 6 − 6 + 3Ω∗2 − Ω∗

Ω∗
arctanΩ∗

)

(14)

ψz =
1

Ω∗3

(

−10Ω∗2 + 12

1 + Ω∗2
+

2Ω∗2 + 12

Ω∗
arctanΩ∗

)

(15)

ψ̟ =
2

Ω∗3

(

3 − Ω∗2 + 3

Ω∗
arctanΩ∗

)

(16)

α is isotropic in the case of slow rotation but becomes
strongly anisotropic for fast rotation:

αρ ≈ cαGτconvu
2
t

π

2
cos θ





1 0 0
0 1 0
0 0 0



 (17)

for Ω∗ ≫ 1. Note that no field component parallel to the axis
of rotation (z axis) will be generated by Eq.(17).

We restrict ourselves to a purely kinematic dynamo model,
due to the helicity of the fluid motion, without nonlinear effects
like anα effect caused by magnetic helicity or the twisting of
flux tubes (Ferriz-Mas et al. 1994). This approach is valid for
field strengths below the equipartition value,

Beq =
√

4πρu2
t . (18)

The growth of the magnetic field strength is limited by intro-
ducing a simpleα quenching prescription,

αij(B) =
αij(0)

√

1 +B/B2
eq

, (19)

as back reaction of the magnetic field on the fluid motions.
Eq.(19) stops the growth of the field when equipartition with
the turbulent motions is reached.

2.2.3. Magnetic diffusivity

The magnetic diffusivity tensor for a rotating fluid reads
(Kitchatinov et al. 1994, Rüdiger & Hollerbach 2004):

ηijk = η0(φ1 + φ2)ǫijk + η0(φ1 − φ2)ǫijl

ΩlΩk

Ω2
. (20)

whereη0 is the magnetic diffusivity for a nonrotating fluid and
the coefficientsφi are dimensionless functions of the Coriolis
number. In the limit of slow rotation,φ1 = 1 andφ2 = 0 andη
becomes isotropic. For rapid rotation, the diffusivity decreases
with the Coriolis number as1/Ω∗. The magnitude of the mag-
netic diffusivity is given by the common mixing-length relation

η0 = cηlut, cη ≈ 1/3. (21)

φ1 =
3

4Ω∗

(

−1 +
Ω∗2 + 1

Ω∗
arctanΩ∗

)

(22)

φ2 =
3

2Ω∗

(

1 − arctanΩ∗

Ω∗

)

(23)

2.3. Numerics

The EMF for rapidly rotating convection zones becomes
strongly anisotropic with the rotation axis as the preferred di-
rection. In case of theα effect this means that its component
parallel to the axis of rotation vanishes. On the other hand,dif-
ferential rotation must be expected to be weak or completely
absent. The dynamo is therefore ofα2 type, which in case of
anisotropicα effect is very likely to produce non-axisymmetric
fields. We thus have to carry out the computations in three
dimensions. We employ the code used in Küker & Rüdiger
(1999) which is based on an explicit finite-difference scheme
after Elstner et al. (1990). As the code works in cylindricalpo-
lar coordinates, the star is embedded in a cylinder filled with
a poorly conducting passive medium to avoid boundary condi-
tions on the stellar surface. The value of the magnetic diffusiv-
ity coefficient in the surrounding cylinder slightly depends on
the Coriolis number but is by about a factor of 10 larger than
inside the star. This configuration mimics a star surroundedby
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vacuum. The boundary conditions imposed on the surfaces of
the cylindrical container then must ensure that the Poynting
flux through theses surfaces vanishes and the magnetic field
is divergence-free. These conditions are achieved by requiring:

Bs = Bφ =
∂Bz

∂z
= 0 (24)

on the top and bottom surfaces while

∂

∂s
(sBs) = Bφ = Bz = 0 (25)

on the outer surface. We choose a radius of two stellar radii
and a total height of four stellar radii for the container to avoid
a strong influence of the boundaries on the stellar interior.As
usual, we start the computation with a small, divergence-free
seed field with mixed parity that contains an axisymmetric as
well as a non-axisymmetric component. The evolution of the
field is then followed until either the total field energy has de-
creased by several orders of magnitude and still increases expo-
nentially with time, or a state is reached where the field is either
stationary or oscillatory with constant amplitude. All computa-
tions are done with 121× 61 × 9 grid points in thez, s, and
φ coordinates. The code and the choice of the seed field allow
solutions of any parity or symmetry.In order to examine how
sensitive the results are the setup conditions of the numeri-
cal calculations, we have repeated some of the computations
with a larger simulation box (doubling both the heigth and
the radius) and/or with an increased resolution.

2.4. Stratification

In this paper, we use as a template model for our investiga-
tions a 0.06M⊙ brown dwarf model, of which inner structure
is representative of fully convective low-mass stars and brown
dwarfs (Chabrier & Baraffe 1997, 2000). Figure 1 shows the
variation with radius of the quantities that determine the turbu-
lent EMF, namely the density, the equipartition field strength,
the convective turnover time and the convection velocity ofthe
brown dwarf at three different ages. The characteristic con-
ditions are given in Table 1. In the following, we refer to
these conditions as characteristic of models I, II and III, distin-
guished by different ages of 0.032 Gyr, 0.65 Gyr, and 10 Gyr,
respectively. As the model uses the local mixing-length approx-
imation, all quantities are strongly stratified. While the inverse
density scale height and the convection velocity increase with
increasing radius, the convective turnover time decreasesvery
rapidly and the equipartition field strength is roughly constant
except close to the center and the surface of the star. The flat
inner region for the 10 Gyr model illustrates the presence ofa
conductive core in very cool and massive brown dwarfs, where
conduction eventually takes over convection to transport en-
ergy (Chabrier et al. 2000).

Running the calculations with the stratifications as plotted
in Fig. 1 would require a very high spatial resolution in boththe
s andz directions and thus make the computations unreason-
ably expensive. We therefore simplify the model by working
with constant values for all quantities (including the magnitude
of the density stratification vectorG which of course must re-
main finite). The dashed lines in Fig. 1 indicate the values used

Model Ω
∗ Parity Symmetry time dep. Field energy

I 1.2 1 decay
1.3 S/S 1 steady 4.1 × 10

6

G = 3 1.5 S/S 1 steady 1.4 × 10
7

2 S/A 1 steady 4.1 × 10
7

5 S/S 1 steady 2.0 × 10
8

10 S 1 steady 4.5 × 10
8

20 S 1 steady 9.3 × 10
8

50 S 1 steady 2.3 × 10
9

II 1.0 decay
1.3 S 1 steady 4.1 × 10

6

G = 3 1.5 S 1 steady 1.4 × 10
7

2 S 1 steady 4.1 × 10
7

5 S 1 steady 2.0 × 10
8

10 S 1 steady 4.5 × 10
8

20 S 1 steady 2.3 × 10
9

II 0.7 decay
0.8 S/S 1 steady 1.5 × 10

6

1 S/S 1 steady 1.8 × 10
7

G = 5 2 S/S 1 steady 1.2 × 10
8

5 S/S 1 steady 4.1 × 10
8

10 S 1 steady 8.2 × 10
8

20 S 1 steady 1.6 × 10
9

50 S 1 steady 3.9 × 10
9

III 1 decay
1.5 S 1 steady 2.9 × 10

5

G = 5 2 S 1 steady 1.1 × 10
6

5 S 1 steady 7.1 × 10
6

10 S 1 steady 1.7 × 10
7

20 S 1 steady 3.6 × 10
7

III 0.4 decay
0.5 S 0 oscil 2.4 × 10

5

1 S/A 0 oscil 3 × 10
6

G = 5 2 S/S 0 oscil 1 × 10
7

5 S/S 0 oscil 3 × 10
7

DR 10 M 0 oscil 8 × 10
7

20 A 0 oscil 7.5 × 10
8

III 0.5 decay
0.7 S 1 steady 9.7 × 10

4

G = 10 1 S 1 steady 1.1 × 10
6

2 S 1 steady 5.9 × 10
6

5 S 1 steady 1.9 × 10
7

10 S 1 steady 3.9 × 10
7

20 A 1 steady 7 × 10
7

III 0.6 decay
0.7 S 0 oscil 3 × 10

5

G = 10 1 S 0 oscil 2.5 × 10
6

2 S 0 oscil 1.3 × 10
7

DR 5 S 0 oscil 4.5 × 10
7

10 S 0 oscil 1.3 × 10
8

20 A 0 oscil 3 × 10
8

Table 2. Field geometry and energy for different ages and rotation
rates. In the parity field, S (A) means symmetric (antisymmetric) with
respect to the equatorial plane and M denotes solutions without a def-
inite symmetry.In those cases where two parity values are given
the second one refers to the model with the outer boundaries far-
ther away from the star. The numbers 0 and 1 in the Symmetry
field denote purely axisymmetric solutions and complete absence of an
axisymmetric component, respectively. The term ”DR” indicates the
model includes differential rotation (Eq.(26)). The energies are given
in arbitrary units that differ between the models
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No. age /Gyr Teff (K) radius / 1010 cm η0 / (1010cm2 s−1) G Beq / kG

I 0.032 2800 1.48 35 3 4.0
II 0.65 2000 0.68 3.7 3 4.0

5
III 10 940 0.54 0.46 5 1.0

10

Table 1. Basic parameters for the brown dwarf models

in the computations, as listed in Table 1. For Models II and III
we made additional runs withG = 5, which in case of Model
II is more representative of the outer shell than the valueG = 3
taken at half the radius. For Model III a valueG = 5 refers to a
radius close to thebaseof the convection zone rather than at its
middle.The valueG = 10 shown in the figure represents a
radius halfway between the bottom and the top of the con-
vection zone.We then carry out a series of runs with varying
increasing rotation rates. So far the rotation pattern of brown
dwarfs is unknown. Recent observational studies (Barnes etal
2005) as well as theoretical models (Küker & Rüdiger 2005)
suggest a decrease of the surface shear with spectral type. We
therefore assume rigid rotation. As long as no differentialro-
tation is included, the stellar rotation rate only enters via the
Coriolis number, which is always a large number, because of
the long convective turnover times. As symmetry requires the
α effect to vanish at the stellar center we set it to zero for radii
smaller than 10 percent of the stellar radius.For Model III, we
also carry out computations with differential rotation. To keep
the model as simple as possible we use a simple radial shear
term,

Ωs = Ω0(0.9 + 0.1 max(x, 1.0)), (26)

where Ω0 = 10−6s−1 and x is the fractional stellar radius.
The rotation rate thus increases linearly with the radius
inside the star and is constant outside. (Corotation of the
outer medium with the surface of the star avoids an artifi-
cial shear layer.)

3. Results

As mentioned above, we keep all parameters constant except
the rotation rate, which is varied as input parameter. The turbu-
lent velocities for the three brown dwarf model stratifications
are taken from the average values of the convective veloci-
ties displayed in Fig. 1. The corresponding convective turnover
times areτconv = 100 d for models I and III and τconv = 160
d for model II. For a Coriolis number Ω⋆ ∼ 1, this corre-
sponds to a rotation periodsP ∼ 1260 days and 2010 days,
repectively.

Larger convective time scales or smaller rotation periods
yield larger Coriolis numbers and thus even more supercrit-
ical situations. Since there is no differential rotation, the ro-
tation rate only enters via the Coriolis number. Starting with
slow rotation and increasing the rotation rate, the dynamo be-
gins to work once the critical value for the Coriolis number is
reached. We then carry out a series of computations to study
how the field structure changes as the Coriolis number is fur-

ther increased, for each of the three models. The results are
summarized in Table 2.

For the youngest object (Model I), the critical Coriolis
number for dynamo action is aboutΩ⋆ = 1.3, i.e. a Rossby
numberRo = 9.7. With a convective turnover time of 100
days, this corresponds to an angular velocityΩ ∼ 7.5 ×
10−7s−1 or a rotation period of 967 days. Above this rotation
rate, we find a steady field with S1 symmetry, i.e. symmetric
with respect to the equatorial plane andno axisymmetric con-
tribution. The field geometry forΩ∗ = 2 is shown in Figs. 2
and 3. Figure 2 shows a cut through theφ = 0 half plane and
Fig. 3 a cut through the northern hemisphere at constant value
of the z coordinate. The projection into this plane as well as
the normal component of the field show a structure resembling
a tilted dipole. Note, however, that the field isnot axisymmet-
ric with respect to either the axis of rotation (z axis) or with
respect to any other axis but shows mirror-symmetry with re-
spect to the equatorial plane (S1 mode). We have not carried
out a multipole expansion of the field but the resulting symme-
try implies thatit consists only of quadrupolar or higher order
terms.

The critical Coriolis number for the onset of the dynamo in
Model II lies between 1 and 1.3 forG = 3 and between 0.7 and
0.8 forG = 5. For all Coriolis numbers above the critical value
we find the same S1 symmetry and field strengths of the same
order of magnitude as in model I. TheG = 5 model has the
strongerα effect and therefore generates a stronger magnetic
field at the same Coriolis number. As theα effect is determined
by the density stratification, the results for theG = 3 are the
same as for Model I.

The oldest object (model III) differs from the two younger
ones by the fact that the core is degenerate enough to become
conductive instead of convective. ForG = 5 and no differen-
tial rotation the onset of the dynamo is now found somewhere
betweenΩ∗ = 1 andΩ∗ = 1.5 . The solution has S1 symme-
try, as the previous fully convective cases of models I and II.
Adding differential rotation lowers the critical Coriolisnumber
to a value somewhere belowΩ∗ = 0.5 i.e.Ro >∼ 25. The field
is now axisymmetric and oscillatory, like the solar magnetic
field, but symmetric (S0 instead of A0 symmetry). We recall
that in a mean-field approach, the Cowling theorem does not
apply, and one can have an axisymetric mean fieldandgener-
ate dynamo. AtΩ∗ = 10, we find a solution with mixed parity
and forΩ∗ = 20 the solution has A0 geometry. For the larger
valueG = 10 and no differential rotation dynamo action sets
in betweenΩ∗ = 0.6 andΩ∗ = 0.8. The geometry is S1 and
the field is steady. For the highly supercritical caseΩ∗ = 20 the
parity switches to dipole. With differential rotation the geome-
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Fig. 1. Stratifications of a 0.06 M⊙ brown dwarf at ages of 0.032 Gyr (left column), 0.65 Gyr (center), and 10 Gyr (right). The diagrams show
the variation of the density, the equipartition field strength, the convective turnover time, the inverse density scaleheight, and the convection
velocity, as functions of the fractional stellar radius. Note that the actual radius varies with the age of the star (Chabrier & Baraffe 2000). The
dashed lines indicate the default values used in the computations for Model I (left), Model II,G = 3 (center), and Model III,G = 10 (right).
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Fig. 2. Magnetic field in theφ = 0 half plane for Model I and a Coriolis numberΩ
∗

= 2. The grey-shaded area marks the volume of the star.
Solid contours denote a field component pointing into the paper (positiveφ component) while dashed lines indicate that the field pointsout of
the paper. This solution is not axisymmetric, hence the plotonly represents one particular half plane.

Fig. 3. Same model as in Fig.2, but now in a plane of constant positivez. Note that in this representation solid contours mark areaswhere the
field points out of the paper (positivez component). Due to the symmetry of the field, the z component vanishes in thez = 0 plane. Had a
value of the same modulus but opposite sign been chosen for z,the right picture would be the same while in the left part the line styles would
be interchanged.

try changes from S1 to S0 (i.e. the field becomes axisymmetric)
for the moderately supercritical case and the solution is oscilla-
tory. Figure 4 shows a snapshot of the field geometry forG = 5
andΩ∗ = 5. For Ω∗ = 20 the solution is of the A0 type now
(axisymmetric dipole).

The generation of magnetic fields of S1 symmetry byα2

dynamos in spherical geometry has been found before. Rädler
et al. (1990) studied linearα2 dynamos with both isotropic
and anisotropicα effect. They found the A0 mode to be the
first to become supercritical for isotropicα effect, but in case
of an anisotropicα effect the S1 mode has the lowest critical
Reynolds number.

Rüdiger et al. (2003) studiedα2 dynamos withα tensors of
various forms, including the limiting case for very rapid rota-
tion of the form we use (their̂αz = 0, λ = 0 case). They found
that the solution for fully convective stars is always completely
non-axisymmetric, i.e. of S1 or A1 symmetry, unless theα ef-
fect is highly anisotropic, strongly concentrated to the equato-
rial region, and restricted to a thin outer shell. While isotropic
α effect favours solutions of the S1 type for deep convection
zones, the critical dynamo number is the same for A1 and
S1 solutions in case of a shallow convection zone and mixed
modes can occur (Moss et al. 1990).
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Fig. 4. Magnetic field for Model III withG = 5, a Coriolis numberΩ∗
= 5, and differential rotation. The representation is the sameas in

Fig.2. In the right picture, the arrows mark poloidal field. The length of the vectors is proportional to the strength of the (poloidal) field.

For anisotropicα effect with acos θ dependence on latitude
and a deep convection zone, the critical dynamo numbers of the
A1 and S1 modes are very similar (11.8 and 11.7, respectively)
and the S1 mode is therefore only weakly preferred. For a thin
convection zone, the critical dynamo numbers of the A1 and S1
mode are the same, just as for isotropicα. While a thin spher-
ical shell surrounding a perfectly conducting core (which the
dynamo-generated field can not penetrate) favours axisymmet-
ric solutions, we find non-axisymmetric solutions only for the
α2 dynamo. This is in agreement with Rüdiger et al. (2003),
who found the same for anα ∝ cos θ. The situation changes
when differential rotation is added. In this case axisymmetric
solutions are found. Another property of thin shell dynamosis
that the field geometry contains high-order multipole compo-
nents, especially in case of axisymmetric solutions. Typically,
there is a sequence of belts of alternating polarity, with the
width in the horizontal directions approximately the same as
the depth of the field-generating layer. We do not search for
the critical dynamo numbers and we have not studied pure A0
and S0 modes separately. Instead we start with a mixed geom-
etry and evolve the field until a stationary (or oscillatory)state
is reached. We find the S0 mode to be preferred, but in some
cases a small A0 component persists and in one case the field
geometry remains a state of mixed symmetry. This suggests
that the critical dynamo numbers are almost identical. Thisis
not suprising as the field geometries of the A0 and S0 modes
do not differ much in the case of many field belts (multipole of
high order), as in Fig. 4.

We made a number of separate runs withdouble resolution
either in theR−z plane or in the azimuthal direction, which all
confirmed the results obtained with lower resolution. For runs
with a larger simulation box, two gave different results than
the original runs. For Model I,Ω∗ = 2 the solution switched
from S1 to A1 and for Model II,G = 5, Ω∗ = 1 we found
A0 instead of S0. We attribute this to the fact that the critical

dynamo numbers for the A and S modes of the same azimuthal
symmetry are very similar.We did not find an axisymmetric
solution instead of a non-axisymmetric one or vice versa in any
case.

4. Discussion and conclusion

In this paper, we have explored the possibility to generate a
large-scalefield by a pureα2-effect in the interior of fully
convective objects like very-low-mass stars, brown dwarfsor
gaseous planets. In theα2-dynamo, helicity is generated by the
action of the Coriolis force on the convective motions in a ro-
tating, stratified fluid. Although, for rapid rotation (Ω⋆ ≫ 1),
the α2-term does not depend explicitly on the Coriolis num-
ber, the magnetic diffusivity does, withη ∝ 1/Ω⋆ (see§2.2.3).
Therefore, theα2-effect depends on the Coriolis number, or
the equivalent Rossby numberRo = 4π/Ω⋆. We have carried
out numerical MHD simulations in the framework of mean-
field magnetohydrodynamics. We find that theα2-dynamo is
clearly supercritical forΩ⋆ >∼ 1,Ro <∼ 10. It generates a large-
scale, non-axisymmetric, steady (co-rotating) field that is sym-
metric with respect to the equatorial plane. These calculations
thus show thatα2-dynamo can efficiently generate a large-scale
magnetic field in the interior of fully convective objects. The
growth of the field is limited byα quenching and thus the dy-
namo produces field strengths of the order of the equipartition
field strength, i.e. several kiloGauss, in agreement with obser-
vations of active M dwarfs. In this model, the final field geom-
etry is essentially always the same, i.e. exhibits a high order
multipole character. The field strength, on the other hand, de-
pends on the stellar parameters and rotation rate: larger Coriolis
numbers, i.e. smaller Rossby numbers, yield stronger fields.

The observed continuous transition in rotation and activ-
ity at the fully convective boundary suggests in fact that the
α2-dynamo is already at work in the convection zones of the
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more massive stars1. Eventually it becomes strong enough
near mid M spectral types to yield saturation between rota-
tion and activity even for slow rotation rates. Indeed, as shown
by Rüdiger & Kitchatinov (1993), turbulentα2 dynamo ex-
hibits the same basic properties as theαΩ dynamo, namely
the magnetic flux increases with rotation, because of the ef-
fect of rotation on turbulence, and saturates at high rotation
rates, when theα2 mode becomes supercritical. This satu-
ration effect, however, can not be quantified in the present
mean field approach which estimates theα-quenching energy
as the equipartition energy. A quantitative determinationre-
quires non-linear (dissipative) processes, not included in the
present calculations. It is interesting to note, however, that the
present mean field calculations show that theα2-dynamo be-
comes supercritical forRo <∼ 10, in reasonable agreement with
the estimated threshold limitRo <∼ 100 inferred from observa-
tions (Mohanty & Basri 2003). If this scheme is correct, theαΩ
(shell) dynamo might be dominant in slow rotators with strong
velocity gradients at the interface between the radiative core
and the convective envelope, whereas theα2 dynamo would
dominate in fast, solid-body rotators, leading to the rotation-
activity saturation. This provides an appealing explanation for
the observed saturated activity-rotation relationship inlate M
stars.

For the brown dwarf model with a conductive coreand the
presence of differential rotation, the onset of dynamo action
is found at smaller angular velocities, i.e. larger rotational pe-
riods, forΩ⋆

>∼ 0.5, Ro <∼ 25. The field in that case is toroidal
and axisymmetric, resembling the solar field.

As shown by the present calculations, a large-scale field
can be generated in fully convective objects like very late-type
stars and brown dwarfs. The observed decrease of activity for
later types (>∼ M9) thus very likely stems from the lack ofsub-
stantial current generation in such cool atmospheres, as ex-
plored in Mohanty et al. (2002). These authors found that the
large, constant decrease in conductivity in the outermost layers
of cool (Teff

<∼ 3000 K) objects, with characteristic magnetic
Reynolds numbers smaller than 1,prevents large nonpoten-
tial field configurations. Consequently, these atmospheres
cannot support substantial currents(∇× B = (4π/c)j ≈
0). The decreasing conductivity arises from both decreasing
temperature and thus electron density, and ongoing grain for-
mation and thus increasing neutral-charged particles collision
frequency, knocking the charged particles off the field lines.
Because of this decoupling between the magnetic field and the
atmospheric fluid motions, no current is created by the field in
these regions, and thus not enough shearing and twisting mag-
netic energy can be supplied to support a chromosphere and
thus activity. Flares in late M and L dwarfs thus stem most
likely from buoyant, thick flux tubes generated in the inte-

1 It should be remembered that theαΩ dynamo is the limit of the
more generalα2

Ω dynamo in case the magnetic Reynolds number
associated with the differential rotation is much larger than that as-
sociated with theα-effect, i.e. when this latter can be neglected as a
source of toroidal field compared with the rotational shear.So in prin-
ciple, both processus are present in a star, but their relative strength
depends on the strength of differential rotation.

rior, where the conductivity is high enough to produce large
magnetic stresses, and rising rapidly through the atmosphere,
within a timescale shorter than dissipation timescales, dissi-
pating the associated currents in the upper atmospheric layers.
On the other hand, the persistent strongHα emission, withHα

equivalent widths> 20 Å, observed in objects with late-M, L
or even T spectra in very young associations (<∼ 10 Myr) or in
very few field objects (∼ 1% of the known samples) proceeds
very likely from an entirely different source than from a hot
chromosphere, namely external accretion (Liebert et al. 2003,
Burgasser et al. 2002, Kenyon et al. 2004).

Whether the newly discovered binary brown dwarf sys-
tem with quiescent X-ray emission levels oflogLX/Lbol =
-4.2 and -4.4, respectively (Stelzer 2004), contradicts this gen-
eral scheme depends crucially on the precise determination
of the masses and the age of the system. Mean values for
the dynamically determined masses giveMA ≃ 0.07 M⊙,
MB ≃ 0.055 M⊙ (Zapatero et al. 2004). Age determinations
for the parent star range from 300 to 800 Myr (Stelzer 2004).
A 300 Myr value places the system in the M6-M9 spectral
type range, whereas a mean value 500 Myr pushes it to the
∼ M8-L1 range (Chabrier & Baraffe 2000). These values fall
right in the∼ M9-L0 region where observations show a rapid
decline of the activity level (Mohanty & Basri 2003) and where
is predicted the abrupt rise of resistivity (Mohanty et al. 2002).
For older ages and/or smaller masses, the spectral type de-
termination of these objects would be located in the late-L
or even T domain, with effective temperaturesTeff < 2000
K, where the atmosphere is dominantly neutral and persistent
activity is predicted not to occur. In that case, a possibility
would be thatHα and X-ray activity, i.e. chromospheric and
coronal emissions are not related. The persistent radio activity
observed up to L3.5 (Berger 2002) may bring support to this
suggestion. We must recall, however, that the calculationsof
Mohanty et al. 2002 are based on atmosphere models of low-
mass stars and brown dwarfs near the photosphere, i.e. in op-
tical depth regimesτ ≥ 10−3. These models do not apply to
possible corona layers.

Interestingly, this general scheme for the generation and the
dissipation of magnetic field and electric currents in low-mass,
fully convective objects provides also an appealing, although
admitedly speculative explanation for the increasing spindown
timescales with increasing spectral type, from G, K to early
M and then to late M and L, i.e. with decreasing mass and ef-
fective temperature (for similar age). Observations indicate that
the loss of angular momentum in very-low-mass stars is smaller
than the one expected from a direct relation between the angu-
lar momentum loss ratėJ and the Rossby number (Sills et al
2000). As shown in the present calculations, thetopology of
the fieldgenerated byα2 dynamo differs from the organized
dipole field generated byαΩ; the non-axisymmetry of the gen-
erated field strongly reduces the dipolar component and thus
the magnetic breaking. Furthermore, as mentioned previously,
the strongly decreasing conductivity in the atmosphere of cool
objects hampers the formation of a hot magnetized corona and
thus of magnetized winds. Both effects, weakness of the field
dipolar component and increasing atmospheric resistivity, re-
duce the Alfvén radiusrA, and thusJ̇ , for a given surface mag-
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netic flux. Indeed, in first approximation, and assuming a rigid
body angular momentum, the ratio of angular momentum loss
rate between a magnetized and a non magnetized wind for a star
of radiusR⋆ is J̇mag/J̇non−mag = r2A/R

2
⋆ for a radial field. As

rA decreases and approaches a valuerA ∼ R⋆, the angular mo-
mentum loss time scale approaches the pure, non-magnetized
mass loss limit for a rigid body :τJ = 2

5
M

Ṁ
. Assuming a mass

loss rate similar to the solar value,̇M ∼ 10−14 M⊙ yr−1, this
yields for objects at the bottom and below the main sequence
(M <∼ 0.1 M⊙) a time scale comparable with a Hubble time, as
noted previously by Giampapa et al. (1996).

An interesting possibility for verifying the present the-
ory would be Doppler imaging of fast-rotating low-mass stars
and brown dwarfs. Small scale (non-helical) turbulent dynamo
is likely to yield a spatially uniform chromospheric activity
whereas the large-scaleα2 process suggested in the present pa-
per generates asymmetry, due to the absence of rotational shear.
Accordingly, the present model favors a low surface filling fac-
tor for the spots rathers than a large axisymmetric polar spot
to explain the recent observations of very-low-mass stars in the
Pleiades (Scholz, Eislöffel & Froebrich 2005). Alternatively, a
small-scale dynamo migh also be present, producing evenly
distributed field structures too small to be observable in the
light curve. Moreover, non-axisymmetric fields can propagate
in longitudinal directions without any cyclic variation ofthe to-
tal field energy whereas dynamo waves generated byαΩ pro-
cesses propagate only along the lines of constant rotation rate
(Parker 1955). A consequence of the present model is that we
do not expect cycles for uniformly rotating (fully convective)
low-mass objects.

Future observations of activity in objects at the bottom of
the main sequence and in the substellar regime, including pos-
sibly the discovered giant exoplanets, will undoubtedly put the
general paradigm suggested in the present paper under con-
straint. Besides its intrinsic interest for our general understand-
ing of dynamo action and magnetic activity, the verificationof
this paradigm has important implications for various fieldsof
astrophysics, from cataclysmic variables to pre-main sequence
evolution and star, brown dwarf and planet formation.
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Kitchatinov L.L., Pipin V.V., Rüdiger G., 1994, Astron. Nachr. 315,

157
Krause F., Rädler K.H., 1980, Mean-Field Magnetohydrodynamics

and Dynamo Theory. Akademie-Verlag, Berlin
Krivodubskij V.N., Schultz M., 1993, Complete alpha-tensor for so-
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Rüdiger G., Brandenburg A., 1995, A&A, 296, 557
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