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Abstract. Magnetic activity phenomena are characteristic for
T-Tauri stars as well as protostellar class I objects. A model for
the flare-like emissivity based on a macroscopic plasma instability, the resistive tearing mode, is proposed. The dispersion
relation for the unstable modes for the appropriate partially ionized dusty plasma regime is presented and solved numerically.
The results indicate that tearing instabilities operating in current
sheets formed within magnetic flux tubes that basically constitute magnetospheres around young stellar objects are a possible
explanation for the temporal variability and spatial extensions
of bursty radiation emitting regions around T-Tauri stars.
Key words: stars: pre-main sequence; magnetic fields – MHD
– instabilities – plasmas

1. Introduction
Low-mass pre-main-sequence stars are characterized by magnetic activity phenomena, i.e. temporal highly variable bursty
radiative emissions (X-ray, radio, as well as optical and UV),
during the stellar T-Tauri phase (Feigelson and DeCampli 1981;
Montmerle 1991; White et al. 1992; André 1996). Recently,
ASCA and ROSAT observations have proven that stellar objects also exhibit non-thermal flare-like radiation during an earlier phase of the stellar evolution, namely during the protostellar
class I phase (Koyama et al. 1996; Grosso et al. 1997). It has often been argued that magnetic activity phenomena in the context
of young stellar objects (YSO) should be understood in analogy
to solar coronal flares. However, besides the fact that flares in
YSO differ from solar flares in the total released energy amount,
the harder spectrum as well as the size of the emitting region, the
plasma parameter regime in the YSO-context is totally different
from the one of the solar corona (cf. Montmerle 1991; Königl
1994; Koyama et al. 1996). In the YSO context we have to deal
with a partially ionized dusty plasma filling the magnetospheres
around T-Tauri stars and protostellar class I objects, since the
Send offprint requests to: G.T. Birk

relatively large size of the emitting regions indicates that the
magnetic activity processes are not restricted to the more or
less fully ionized narrow region immediately above the stellar
surface.
A well known macroscopic plasma instability widely believed to be an important process which leads to the formation
of coherent structure and eruptive energy conversion in laboratory (e.g. Yur et al. 1995) as well as astrophysical (e.g. Priest
1984) plasmas is the resistive tearing instability (Furth et al.
1963). In the context of solar flares it could be shown that the
tearing instability indeed plays a dominant role (e.g. van Hoven
1981; Janicke 1982; Steinolfson and van Hoven 1984; Birk and
Otto 1991). It is the aim of this contribution to discuss tearing
instabilities in the context of YSO magnetic activity for the appropriate partially ionized dust plasma regime. In the next section the scenario of tearing unstable current sheets/ flux tubes
in YSO magnetospheres is outlined. The governing equations
are formulated in Sect. 3. In Sect. 4 the dispersion relation is
presented (some technical details are given in an Appendix) and
numerical solutions are shown. Eventually, Sect. 5 is devoted
to a discussion of the results.

2. The role of tearing instabilities
The accretion disk of a YSO is somehow connected with the
the dipole magnetic field of the central object (see Fig. 1). The
interaction of the dipole field with the disk can be quite complicated (e.g. Shu et al. 1994; Lovelace et al. 1995) but the rotation
of the disk should result in a significant twist of closed magnetic
flux tubes anchored at the surface of the YSO thereby injecting
continuously magnetic helicity into the flux tubes (cf. Hayashi
et al. 1996; Li 1996). Consequently, a sheared magnetic field
configuration with electric currents flowing develops.
This situation is favorable for magnetic reconnection and
is very similar to the physics of rapid bursters (Aly and Kuijpers 1990; Kuijpers and Kuperus 1995), where neutron stars
are interlinked magnetically with accretion disks, as well as to
particle acceleration phenomena in the magnetospheres of active galactic nuclei (Lesch & Birk 1997). Moreover, it is well
documented that solar flares are usually associated with sheared
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in the z-direction), the shear component changes the sign at the
y = 0-plane. Consequently, singular surfaces k·B = 0 where unstable tearing modes may operate with the wave vector (k) can
be found in the plane perpendicular to the flux tube (Fig. 2b),
i.e. the x-y-plane in the chosen geometry. The choice of a slab
geometry for the analytical treatment can be justified by the fact
that the tearing mode in plane current sheets is identical (besides
the choice of coordinates) with the internal resistive kink mode
(relevant for force-free equilibria in cylindrical geometry) in the
long wave length limit, i.e. the m = 1 mode characterized by the
fastest growing perturbations (cf. discussion in Priest 1987 and
in Biskamp 1993). In course of the tearing dynamics charged
particles can be accelerated and give rise to non-thermal radiation.
3. Governing equations

accretion disk
YSO

Fig. 1. Illustration of the magnetic interaction of the YSO with the
accretion disk.

magnetic fields and thus, with current sheets (e.g. Sturrock 1972;
Priest 1983, 1985; van Hoven 1979; Sturrock et al. 1984).
A generic spontaneous type of magnetic reconnection processes in current sheets is the resistive tearing instability which
is caused by the Lorentz force between parallel electric currents.
It has long been recognized as a potential candidate for initiating
the release and conversion of magnetic energy stored in sheared
astrophysical magnetic fields. This instability process can operate at locations where a magnetic field component reverses direction. It results in a reconnection of magnetic field lines across
the plane of field reversal with a subsequent conversion of free
magnetic energy to plasma heating and particle acceleration.
The acceleration of charged particles in magnetic field-aligned
electric fields is a generic feature of reconnection processes
(Schindler et al. 1991). The formation of tearing unstable current
sheets in magnetospheres of YSO is illustrated in Fig. 2. The
main idea is that a differentially rotating disk/magnetosphere
in dynamical equilibrium (cf. Li 1996) gives rise to a toroidal
magnetic field component (cf. Fig. 2a). Since the star-disk magnetosphere is not self-similar (cf. Paatz and Camenzind 1996)
one particular flux tube among others is shown in Fig. 2a. Different flux tubes are characterized by different strengths of the
toroidal components. The associated current sheets form along
the twisted magnetic flux tubes. Since the rotation continuously
injects magnetic helicity into the closed magnetic fields magnetic non-equilibrium has to be expected. The unstable dynamics are characterized by reconnection processes. As illustrated
in Fig. 2b the resulting configuration that should be examined
with respect to tearing instabilities can be approximated nicely
by a one-dimensional electric current sheet. The main component of the magnetic field is directed along the current sheet (i.e.

In the context of the magnetospheres of YSO as protostellar
class I objects and T-Tauri stars one has to deal with partially
ionized dusty magnetoplasmas characterized by a dynamical
rather than static dust component that plays an outstanding role
for the overall dynamics. We consider a frame comoving with
the neutral component (vn =
/ 0). Thus, the relevant fluid balance
equations (cf. Birk et al. 1996, Shukla et al. 1997 for slightly
Y
different
approximations)
that describe the low-frequency (with
YSO
respect to the dust gyro-frequency) dynamics of such multispecies quasineutral plasmas in ionization equilibrium are the
continuity equations of the charged components (electrons, ions
and dust):
∂ρα
= −∇ · (ρα vα )
∂t

;

α = e, i, d

(1)

where ρ and v are the mass density and the fluid velocity and
the indices e, i and d denote the electron, ion and dust component, the total momentum balance equation of the charged fluids
(electrons and ions are assumed to be inertialess as compared
to the dust component):
∂(ρd vd )
= − ∇ · (ρd vd vd ) − ∇(pe + pi + pd )
∂t
c
(∇ × B) × B
+
4π
− νdn ρd vd − νin ρi vi − νen ρe ve

(2)

where p, B, ναβ and c denote the thermal pressure, the magnetic
field, the collision frequencies of collisions between species α
and β (elastic collisions as well as charge exchange) and the velocity of light, and the energy equations as, e.g., the dust energy
equation (the other energy equations can be derived accordingly):
1
1 ∂pd
= −
∇ · (pd vd ) − pd ∇ · vd
γd − 1 ∂t
γd − 1
mi
mn
+
ζj2 +
ρd νdn vd 2
md + m i
mn + md


k B Ti
ρd νdi
k B Td
−
− 2
mi + md γd − 1 γi − 1
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k B Tn
ρd νdn
k B Td
−
− 2
mn + m d γ d − 1 γ n − 1


k B Te
ρd νde kB Td
−
− 2
md
γd − 1 γe − 1

and Amperère’s law
(3)

where γ, m, ζ, j, and kB denote the ratio of specific heats,
the particle mass, the collisional resistivity, the current density
and the Boltzmann constant, respectively. These equations have
to be completed by Ohm’s law or an induction equation that
governs the dynamical evolution of the magnetic field. It can be
derived (cf. Birk et al. 1996) from the inertialess ion momentum
equation




1
0 = ni e E + vi ×B − ∇pi − ni mi νid (vi − vd )
c
−ni mi νin (vi − vn )ni mi νie (vi − ve )

(4)

where E is the electric field and e the elementary charge. We
neglect the Hall-like as well as the pressure term and obtain
c2
∂B
= ∇ × (vd × B) +
η∆B
∂t
4π

(5)

with the constant collisional resistivity η = m2i (νid + νin +
νie )/e2 ρi which may alternatively be replaced by a turbulent
resistivity caused by microinstabilities.
In deriving Eq. (5) we have used Faraday’s law
∂B
= −c∇ × E
∂t

Fig. 2a and b. The magnetic interaction of the YSO with the accretion
disk leads to the formation of twisted
magnetic flux tubes (a) and thereby of
rational surfaces (b) where unstable
tearing modes may operate. In cylindrical geometry the differential rotation results in a finite BΦ and thereby
in a poloidal electric current.

(6)

∇×B=

4πe
4π
(ni vi − ne ve − nd zd vd ) ≡
j
c
c

(7)

where zd is the dust charge number. Additionally, we assumed
that the dynamical friction is dominated by dust-neutral collisions, i.e. we are dealing with a plasma where the dust component is important for the overall dynamics rather than only an
impurity effect.
4. Derivation and solution of the dispersion relation
In deriving the dispersion relation for the resistive tearing
instability we concentrate on two-dimensional perturbations
and assume incompressibility. We apply a linear mode perturbation analysis starting from a one-dimensional equilibrium configuration (cf. preceding section) characterized by
B = Beq tanh(y)ex + B̂ez and nd = n̂d + cosh−2 (y) where
B̂ and n̂d are constant. The magnetic field as well as the dust
velocity can be expressed in terms of the magnetic vector potential A and the velocity stream function U :
B = ∇A × ez + B̂ez ; vd = ∇U × ez + wez .

(8)

In appropriate normalized units (the √
velocity is normalized to
the dust Alfvén velocity vA = Beq / 4πρd0 , the growth rate
to the inverse dust Alfvén transit time τA = l/vA , where l is
the half-thickness of the equilibrium current layer; S denotes
the normalized inverse diffusivity, i.e. the magnetic Reynolds
number, S = 4πlvA /c2 η) the governing linearized equations
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(cf. Otto 1991) are the z-component of the curl of Eq. (2):




νdn
∇ · qρd0 1 +
∇U1 = (∇j0 × ez ) · ∇A1
q + νnd
+B0 · ∇∇2 A1

(9)

and the z-component of the curl of Eq. (5):
S(qA1 − B0 · ∇U1 ) = ∇2 A1

(10)

which decouple from all the other equations (the indices 0 and 1
denote equilibrium and perturbed quantities). In deriving Eq. (9)
we have assumed νdn  νin , νen . Eqs. (9) and (10) determine
an eigenvalue problem or, to be more specific, a boundary layer
problem. They have to be expanded in an appropriate scaling.
The asymptotic matching of the solutions yields the dispersion
relation.
We assume the perturbed quantities to vary as
φ1 (x, y) = φ̃(y) exp(qt + ikx)

(11)

where q denotes the complex growth rate and k the wave number
of the mode.
Following the procedure given by Otto (1991) we obtain
the dispersion relation (see Appendix for some technical details)
similar to the solution given by Otto and Birk (1992) for partially
ionized plasmas without any dust component
1/4
Γ
q 1/2 k 1/2 ρd0 π 1/2
Λ = (1 − Λ2 )(1 − k 2 )
η 1/2
Γ



Λ+1
4 
Λ+3
4

(12)

with
Λ=

q 3/2
kη 1/2


1+

νdn
q + νnd

1/2
(13)

which is valid for k ≤ O (1), η  1 and   1 in normalized
units where  is the width of the inner layer of the boundary
problem, i.e. the region where the resistive term in Eq. (10)
cannot be neglected. The growth rates of the unstable modes
should be reduced with comparison to the tearing instability in
totally ionized plasmas (Furth et al. 1963) due to dust-neutral
friction. If the ion-neutral collision frequency is comparable to
the dust-neutral one, the growth rates are expected to be even
more reduced. The z-component of the magnetic field B̂, i.e.
the component parallel to the current sheet, does not influence
the dispersion relation.
We have to solve numerically (by means of an iterative
damped Newton method) the dispersion relation (12) for typical parameter sets relevant in the YSO context. One should
note that these physical parameters can be quite variable and
depend on the distance from the stellar object as well as wind
and accretion properties. In order to get a feeling for the quantitative results of tearing instabilities operating in YSO magnetospheres we choose the following set of parameters which
seems to be reasonable in the T-Tauri context (cf. Königl 1994;
Paatz and Camenzind 1996): The neutral gas particle density as
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well as the dust particle density are chosen as nn = 109 cm−3
and the ion particle density as ni = 1011 cm−3 . For the magnitude of the magnetic field we choose a relatively moderate value Beq = 10G. Note that Beq is the shear component of the magnetic field and not the main component of
the stellar dipole
field. Thus, the dust Alfvén velocity reads
√
vA = Beq / 4πρd ≈ 2 · 106 cms−1 , if we assume, for example, that the dust grains are heavier than the ions by a factor of
∼ 1000. Additionally, we assume the dust charge number as
zd ≈ 100 (the actual value is not of importance for the macroscopic dynamics under consideration).
With these parameters collisions with dust grains are more
frequent than electron-ion Coulomb collisions and electron/ionneutral collisions. The dust collision frequencies can be calculated from the appropriate Landau collision integrals (e.g.
Benkadda et al. 1996). The dependence of the ion-dust collision frequency, which determines the collisional resistivity in
our case, on dust charge number (the neutral gas temperature
was chosen as Tn = 100K) and dust particle density is illustrated in Fig. 3, whereas Fig. 4 shows the functional dependence
of the dust-neutral collision frequency on neutral gas particle
density and temperature.
The ion-dust collisions dominate the electrical resistivity
which is of the order of η = 7 · 10−8 s for the above parameters.
This implies a magnetic Reynolds number of S ≈ 400 for a
half-thickness of the current sheet of the order of l ≈ 109 cm.
The Alfvénic transit time in this case reads τa = l/vA ≈ 500s.
The dispersion relation for the tearing mode in the considered parameter regime is solved for a variety of magnetic
Reynolds numbers of S = 100, S = 1000, and S = 10000
(Fig. 5). A normalized growth rate of q ≈ 0.035 (for S = 100)
implies a growth time of the unstable tearing mode of approximately 4 hours. Higher growth rates (due to lower magnetic
Reynolds numbers as a result of ion-dust collisions) lead to
an even faster development of the mode. Moreover, it should
be noted that for the above study a relatively small magnetic
field Beq has been chosen. A magnetic field of Beq = 100G
would instead result in a time scale of the order of 1000s which
is comparable to very fast flares (e.g. Feigelson and DeCampli
1981). In principle, varying plasma parameters, e.g. due to some
variation in the accretion rate, may explain temporal variety of
magnetic activity phenomena from hours up to intraday variability on the grounds of tearing theory. The normalized wave
numbers of the most unstable modes (cf. Fig. 5) correspond to
a wave length of 2 · 1010 cm. This implies that the spatial extent
of the emitting flux tube is of the order of a few 1010 cm for
the parameters chosen which fits very well to VLBI radiosizes
of the emitting regions around (weak) T-Tauri stars (cf. André
1996).
5. Discussion
Magnetic activity in the context of YSO should be understandable on the grounds of plasma physics. It was the aim of this
contribution to show that resistive instabilities can be excited in
YSO magnetospheres thereby playing an important role in the

1074

G.T. Birk: Magnetic activity in young stellar objects caused by tearing instabilities

ion-dust collision frequency

3e+10

2e+10

1e+10

200

180

160

140

120

100
zd

80

60

40

20

0

2e+09

4e+09

6e+09
nd

8e+09

1e+10

Fig. 3. The functional dependence of the
ion-dust collision frequency on dust charge
number and dust particle density.
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Fig. 4. The functional dependence of the
dust-neutral collision frequency on neutral
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generation of spontaneous temporal variable non-thermal radiative emission. It was shown that the instability for quite ‘typical’
plasma parameters can evolve on temporal scales comparable
to the observed ’flare’-like activity (Montmerle 1991; André
1996). This means that the rate of energy conversion is fast
enough to explain the observed time scale of magnetic activity, in principle. Moreover, the wave length of the most unstable
mode is comparable to the expected extent of the emitting region
for a reasonable thickness of the current sheet formed within a
magnetic flux tube. Contrary to the solar corona applications the

tearing instability has not to be triggered by some microturbulence giving rise to anomaleous resistivity in order to operate on
temporal scales comparable to the observations (e.g. Kuperus
1976, Birk and Otto 1991). However, it should be noted that the
physical parameters may vary significantly resulting in different temporal and spatial scales. On the other hand, observations
indeed shows variability of magnetic activity processes within
the same YSO which in the context of the introduced model
can be explained as the consequence of different local plasma
parameters (e.g. ionization rate, dust density).
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It remains to answer the question if during the tearing dynamics the observed luminosity can be produced. It is very probable that the observed radio and X-ray flares with luminosities
of Lrad ≈ 1029−32 ergs−1 in magnetospheres of (weak) T-Tauri
stars (as well as protostellar class I objects) are of nonthermal
origin (Montmerle 1991; André 1996; Koyama 1996). Consequently, the GHz-radio emission, for example, must be emitted
by MeV-electrons which in the proposed scenario can be accelerated during the reconnection process (cf. Schindler et al.
1991; Lesch and Birk 1997) along the magnetic flux tubes. In
fact, for the above cited parameters a magnetic field-aligned
potential structure with
Z

Z
U=

E|| ds =

ηj|| ds ≈ 3 · 104 statvoltcm−1

(14)

evolves (the integral has to be calculated along magnetic field
lines penetrating the reconnection region), if we assume the
length of acceleration region λacc to be of the order of the wave
length of the most unstable mode which should be comparable
to the width of the current sheet, in which electrons can gain energies up to 10MeV, in principle. However, for any effective particle acceleration the acceleration length λacc must not exceed
the loss length due to synchrotron radiation λsyn = 5·108 c/B 2 γ
(γ is the Lorentz factor of the accelerated particles) or inverse
Compton scattering λIC = 3 · 107 4πR2 c2 /Lrad γ (R is the
length scale of the emitting region), in the first place. For a magnetic field of B = 100G we obtain λsyn ≈ 1014 cm. The inverse
Compton scattering loss length is λIC ≈ 3 · 1028 R2 /Lrad ≈
1018 cm for R ∼ λacc and Lrad ≈ 1030 ergs−1 . Thus, we can
conclude that electrons can be accelerated within the reconnection current sheets/magnetic flux tubes up to the observed
energies.

1

Fig. 5. Dispersion relation of the tearing mode for magnetic Reynolds numbers
of S = 100 (solid line), S = 1000
(dashed-dotted line) and S = 10000 (dashed
line). The growth rate <q (normalized with
respect to the inverse Alfvénic transit time)
is plotted against the wave number k (normalized to the inverse half-thickness of the
current layer)

Eventually, it should be noted that whereas the quantitative
result were obtained for (weak) T-Tauri parameters the tearing
scenario is also applicable for magnetic activity in the context
of protostellar class I objects. In fact, in this case comparable
spatial and temporal scales should be involved but the relevant
plasma parameters seem to be not as well fixed down as in the
case of T-Tauri stars.
Appendix A
Eqs. (9) and (10) determine a boundary layer problem (cf.
Nayfeh 1981). It can be solved by expanding the linearized equations for the outer region and a thin (resistive) region inside the
current layer and by asymptotically matching the solutions of
the expanded equations (cf. Janicke 1982; Otto 1991). In order
to solve Eqs. (9) and (10) in the outer region these equations are
expanded in a scaling y = (1/)Θ with   1. In the following
the tilde is omitted for the perturbed quantities denoted by the
index 1. Assuming η ≤ q and q 2 νdn /νnd  k 2 Eq. (9) for the
outer region reduces to
∆A1 +

dj0
=0
dA1

(A1)

with the solution
Ao1 = co e−ky (tanhy + k)

(A2)

In order to solve Eq. (9) and (10) in the inner region one applies a
scaling y = Θ with   1 and 2 k 2  1 and Taylor expansions
for symmetric (with respect to y = 0) quantities (like ρd and
η) of the form h(y) = h(0) + 21 y 2 h(2) and for Bx of the form
Bx = Bx(1) y. With these expansions Eqs. (9) and (10) can be
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combined to give (for more details see Otto 1991):

 3
νdn
d A1
2 (0) (0)
yq ρd η
1+
q + νnd
dy 3

 2
νdn
d A1
(0)
1+
− q 2 ρ(0)
d η
q + νnd
dy 2




νdn
3 (0) (0)
2 2 dA1
− y q ρd η
1+
+k y
q + νnd
dy




ν
dn
(0)
+ q 3 ρ(0)
1+
+ k 2 y 2 A1
d η
q + νnd
− ky 2 ĉ = 0

(A3)

where ĉ is an integration constant. Eq. (A3) can be related to
the differential equation for the hypergeometric functions which
provides us with the solution (cf. again Otto 1991):
Ai1 = ĉ + c0 y + R

(A4)

where R is a complicated combination of Kummer functions
and the constant c0 is given by



1/4
νdn
ĉπ(qη)5/4 (0)
1 Γ λ+3
4
 (A5)
ρd 1 +
c0 =
q + νnd
1 − λ2 Γ λ+1
k 1/2
4
with
q 3/2
λ = 1/2
kη



νdn
1+
q + νnd

1/2
.

(A6)

Expansion for y/  1 of the inner solution gives
Ai1 (y) = ĉ + c0 y + O [(/y)2 ]

(A7)

and expansion of the outer solution for small arguments of y
leads to
Ao1 (y) = co (k + (1 − k 2 )y + O [y 2 ]) .

(A8)

The dispersion relation is obtained by a matching of the expanded solutions in significant order
c0 1 − k 2
=
ĉ
k

(A9)

which gives Eq. (12).
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