
Astron. Astrophys. 358, 1027–1034 (2000) ASTRONOMY
AND

ASTROPHYSICS

X-ray activity in T-Tauri stellar magnetospheres

G.T. Birk, D. Schwab, H. Wiechen, and H. Lesch

Institut für Astronomie und Astrophysik der Universität München, Scheinerstrasse 1, 81679 München, Germany

Received 18 January 2000 / Accepted 13 April 2000

Abstract. X-ray flares belong to magnetic activity phenomena
that are characteristic for T-Tauri stars. The relatively strong
magnetic fields of T-Tauri magnetospheres can be regarded as
the primary energy source for the flares. The energy can be
converted to particle acceleration and plasma heating by re-
connection events in twisted flux tubes that connect the central
object and the circumstellar disk. Considering the whole range
of the dynamic plasma parameters involved, i.e. the partially
ionized dusty plasma regime, the partially ionized dust-free one
and eventually, the totally ionized one, it becomes obvious that
the localized dissipation of free magnetic energy is efficient
and fast enough to overcome the radiative cooling. Model re-
sults that take into account ionization as well as dust evapora-
tion/sublimation and the temporal varying resistivity indicate
that in course of the dynamics of the resistive tearing instability
the plasma in magnetospheric flux tubes can be heated up to
X-ray temperatures.
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1. Introduction

Variable thermal keV X-ray emission is identified as an ubiq-
uitous phenomenon of classical and weak line T-Tauri stars
(TTS) by the Einstein X-ray Observatory (Feigelson & DeCam-
pli 1981) and more recently by the ROSAT and ASCA satellites
(e.g. Carkner et al. 1996; Gullbring et al. 1997; for an overview
see Feigelson & Montmerle 1999). This emission stems from
a relatively high density plasma at a temperature of typically
aboutTX ∼ 107 K; even superhot flares withTX ∼ 108 K have
recently been detected (Tsuboi et al. 1998). X-ray flares in TTS
with typical durations oftX ∼ 103 − 104s are expected (e.g.
Hayashi et al. 1996) to occur in magnetic flux tubes with spatial
extents oflX ∼ 1010 − 1011 cm. Luminosities are found to be
LX ∼ 1031ergs−1 or even higher (cf. Preibisch et al. 1993).
Thus, X-ray flares in TTS are widely considered as upscaled
versions of solar flares. As for the sun magnetic reconnection
can be expected to play the key role for the observed variety of
magnetic activity phenomena in TTS. Hayashi et al. (1996) pro-
posed a model for the X-ray activity in classical TTS based on
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Fig. 1. Illustration of the magnetic coupling of the T-Tauri star with the
circumstellar disk. The upper plot shows magnetic field lines without
shear, the lower one the magnetic shear which is caused by the rotation.
The magnetic shear is associated with current sheets that are unstable
against tearing modes. The sheared magnetic flux tubes are the sites of
X-ray emission.

reconnection driven by the interaction of the stellar object and
the circumstellar disk. Birk (1998) showed in a more quantita-
tive analysis of tearing modes for the relevant partially ionized
dusty plasma regime that the magnetic energy stored in magnetic
flux tubes can efficiently and fast enough be converted to par-
ticle acceleration and thus, may be responsible for non-thermal
radio emission. In both descriptions the continuous injection
of magnetic helicity (cf. also Li 1996) in the closed flux tubes
that connect the central object and the disk plays the dominant
role for the energy support (see Fig. 1). These flux tubes are the
sites of X-ray emission. Thus, one has to expect different sizes
of emission regions depending on the extension of the respec-
tive reconnecting flux tube. The real magnetic configuration is
even more complicated than the one illustrated in Fig. 1, since
the Balbus Hawley instability and accretion flows will also dis-
tort the magnetic field heavily (see e.g. Miller & Stone 1997;
Hirose et al. 1997 who modelled the meridional plane of the
configuration shown in Fig. 1). However, for our purposes it is
sufficient to realize that, in fact, the star-disk coupling is char-
acterized by sheared magnetic fields. T-Tauri magnetospheres
are constituted of sheared magnetic flux tubes associated with
current sheets. These current sheets are unstable against tear-
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ing modes and thus, the magnetic energy can be converted to
heat via reconnection. The situation is comparable to the rapid
bursters in the context of neutron stars (cf. Kuijpers & Kuperus
1995) and to particle acceleration events in the magnetospheres
of active galactic nuclei (Lesch & Birk 1997; Schopper et al.
1998). Neither Hayashi et al. (1996) nor Birk (1998) discussed
in detail the heating process of the plasma caused by the fast
dissipation of magnetic energy during the reconnection event.
In fact, in order to corroborate the view that magnetic reconnec-
tion can be responsible for the thermal X-ray flares in TTS one
has to show that the heating is both fast and efficient enough
to fit the observational constraints and to overcome the cool-
ing mechanisms. In doing this one has to consider in detail the
changing physical parameters starting from a cold partially ion-
ized dusty plasma. In the next section we estimate the heating
rate on the grounds of a linear mode analysis of the tearing insta-
bility for different plasma parameter regimes that are expected
to be involved in the entire flare process and compare this rate
to the cooling rate given by the universal cooling function. We
start from a rather cold partially ionized dusty plasma charac-
teristic for the diskward parts of the considered magnetic flux
tubes. Here, the reconnection process is probably initiated due
to a finite collisional resistivity. We note that dust particles can
also be injected in the flux tubes during accretion and thereby
contribute to the violation of ideal Ohm’s law along the flux
tubes. However, where and how fast which dust species evap-
orate at what distance from the stellar object in the considered
non-equilibrium situation is a highly involved matter. In terms
of time scales the discussed heating process is slowest in the
dusty regime (see below).

2. Energy conversion caused by magnetic reconnection:
heating versus cooling

2.1. First step: the dusty plasma regime

The quite complicated disk-stellar object interaction in classi-
cal TTS results in a twist, i.e. injection of magnetic helicity in
closed magnetic loops (cf. Fig. 1). The free energy stored in
the associated current sheet can be converted to high-energy
particle acceleration (cf. Birk 1998) and plasma heating during
explosive events, if some violation of ideal Ohm’s law allows
for a change of magnetic field topology. Whereas in the initially
considered dusty regime the electron-ion momentum transfer
should be negligible, collisions with dust and neutral particles,
in particular, but not exclusively at the disk boundary of closed
flux tubes can easily result in an effective finite electrical con-
ductivity. The evaluation of the appropriate Landau integrals
(cf. Benkadda et al. 1996) shows that for the disk regime the
ion-dust and dust-neutral collisions are dominant. A generic re-
connection process that can be studied in a quantitative way
is the resistive tearing instability. In our context this instability
must be analyzed for a partially ionized dusty plasma system
(Birk et al. 1996; Birk 1998). In some sense when considering
the time scales involved in the reconnection process this is the
least favorable case, since the macroscopic time scale of such a
dusty plasmas is governed by the dust particle inertia which is

much larger than the ion inertia relevant for a pure magnetohy-
drodynamic (MHD) approach. If we can show that even when
starting from such a regime the dissipative heating during the
reconnection event is fast enough to eventually result in X-ray
emission one may feel quite comfortable with the suggested
model. However, after the plasma is heated up to temperatures
T ∼ 2000 K the dust component will be evaporated/sublimated
and the reconnection process continues in a dust-free regime
where the localized resistivity is caused by microturbulence ex-
cited in course of the reconnection dynamics (see next subsec-
tion).

The efficiency of the heating in reconnection regions is mea-
sured by the net effect of Ohmic dissipation on the one side and
cooling on the other side. The cooling rateL of a plasma or gas
is related to the universal cooling functionL by the expression
L = n2

eL wherene denotes the electron density. The cooling
function that results from a complicated combination of as dif-
ferent cooling mechanisms as line radiation and bremsstrahlung
can be taken from the literature (cf. Dalgarno & McCray 1972).

The irreversible heatingQ is given by the Ohmic dissipation
Q = ηj2. In the dusty plasma regime the resistivityη is given
by

η = ηd = m2
i (νid + νin)/e2ρi (1)

wheree, mi andρi are the elementary charge, the ion mass and
ion mass density andνid andνin are the effective ion-dust and
ion-neutral collision frequencies, respectively. The electric cur-
rent densityj is a measure of the free energy available, since it is
associated with magnetic shear and the length scale of the mag-
netic field inhomogeneity by Amp̀eres law. For efficient heating
tcool/theat = (nkBT/L)/(nkBT/Q) � 1 should hold (kB,n
andT are the Boltzmann constant and the particle density and
temperature of the radiating gas). If we assume for simplicity
and analytical handling that the tearing mode is the relevant re-
connection process that causes the plasma heating in TTS mag-
netospheres (cf. Birk 1998) we havetX ∼ theat ∼ ttear where
ttear is the (linear) growth time of the relevant unstable tearing
mode. Whereas the observed time scales for X-ray flares are as-
sociated with the temporal evolution of their dynamical cause,
i.e. the tearing mode, the duration of the flares is not given by
the cooling time, since we are not dealing with a static radiating
system. Rather, the heated relatively dense plasma will expand
and since the bremsstrahlung emissivity scales as the square of
the density of the radiating particles the flare luminosity drops
much faster below the background X-ray luminosity than one
would expect from adiabatic cooling only.

Numerical studies have shown that the dust tearing mode
indeed works comparable to the classical MHD one (Birk et al.
1996; Schr̈oer et al. 1998).

The dispersion relation of the tearing instability in partially
ionized dusty plasmas reads in a normalized form (Birk 1998):
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whereρeq
d , q andk are the equilibrium dust mass density, the

complex growth rate and the wave number of the unstable mode.
From the solution of the dispersion relation (Eq. (2)) the linear
growth timetdtear (the upper indexd indicates the dust tearing
time scale) can be found as the product of the inverse of the
real part of the normalized growth rateq and the dust Alfv́enic
transit timeτd
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wherel andBeq are the half-thickness of the current sheet of
the considered magnetic flux tube and the equilibrium magnetic
field strength. The effective collision frequencies of the neutrals,
single charged ions and dust particles that are needed for the
evaluation of the resistivityηd and the growth rateq are given
as functions of the particle densities (cf. Benkadda et al. 1996;
Huba 1994; note also thatnαναβ = nβνβα)
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where zd, rd, mi,n, vi,n = (kTi,n/mi,n)
1
2 and λDe =

(3kBTe/πnee
2)

1
2 are the dust charge number, the dust grain

radius, the ion/neutral mass, the ion/neutral thermal velocity
and the electron Debye length.

In order to compare the cooling and the heating rate dur-
ing the heating process that eventually results in the observed
X-ray emission one needs to know the temporal evolution of
the particle densitiesnα for the entire temperature range un-
der consideration. The evaporation/sublimation of the dust with
growing temperature can reasonably be modelled by

nd(Td) = nd0
Θ(T vap

d − Td)
1 + aexp(b(Td − T vap0

d ))
(8)

whereT vap
d ≈ 2000 K and T vap0

d ≈ 1700 K are the temper-
atures at which the dust is evaporated/sublimated totally and
starts evaporating/sublimating, respectively, andΘ denotes the
step function. The index0 indicates the initial value. The model
parametersa andb that determine the details of the dust density
profile are a priori unknown, but we are not interested in the de-
tails of the evaporation/sublimation process. Here, we choose
somewhat arbitrarilya = 0.1 andb = 0.04. The findings dis-
cussed in the next subsection are, however, not influenced sig-
nificantly by the particular choice ofa andb. For the neutral

gas density, as a first approximation, we make use of the Saha
equation
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whereh denotes the Planck constant. For the ion and electron
densities we find accordingly

ni = ni0 + nn0 − nn(Tn) (10)

and

ne = ne0 + nn0 − nn(Tn) + zd(nd0 − nd(Td)). (11)

2.2. Second step: the dust-free regime

Once the tearing instability is excited in the dusty plasma
regime the considered current sheet becomes microturbulent.
This means that besides particle collisions the localized viola-
tion of ideal Ohm’s law, which is a necessary condition for the
reconnection process, can be provided by anomalous resistivity.
In this case the electrical resistivity is caused by particle mo-
mentum transfer via turbulent electromagnetic fields (e.g. Huba
1985; Benz 1993). After the total evaporation/sublimation of the
dust component the anomalous resistivity becomes dominant.
In general, it can be written

ηan = f
meωe

nee2 (12)

whereωe = (4πnee
2/me)

1
2 is the electron plasma frequency.

The factorf ≤ 1 measures the level of turbulent dissipation
depending on the kind of microturbulence excited. In our model
from a variety of possibly excited microinstabilities we choose
the lower-hybrid drift instability (Krall & Liewer 1971; Huba
1985). This kind of instability can be excited very easily and
results in a rather low dissipation as compared to fully developed
two-stream instabilities. The latter ones cannot be ruled out but
the restriction to lower-hybrid microturbulence gives a lower
limit for the dissipation and therefore the heating rate achievable
(cf. again Huba 1985). The resulting resistivity can be estimated
as

ηan =
me(ωceωci)

1
2
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with the gyrofrequenciesωce,ci = eB/me,ic which results in
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locity in the dust-free regime. The growth time of the classical
resistive tearing mode (Furth et al. 1963) is given by the geomet-
ric mean of the Alfv́enic transit time and the resistive diffusion
time

ttear =
(

4πl3

c2ηanvA

) 1
2

. (14)

Birk & Otto (1991) showed that the tearing instability evolves
faster, if one considers a non-constant resistivity, e.g.η(n, T ).
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However, in the following, we make use of the classical estima-
tion Eq. (14) which reads for our choice of the microturbulent
resistivity
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and is a rather conservative estimate of the time scale of recon-
nection and dissipative heating.

2.3. Model results

The crucial parameter for the heating rate is the resistivity. We
assume that the different plasma components are in ideal ther-
mal contact and model the resistivity over the entire considered
temperature range in terms of the effective temperatureT

η(T ) = αdηd(T ) + αanηan(T ) (16)

with

αd = Θ(T vap0
d − T ) + Θ(T − T vap0
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This choice of form functions allows for a reasonable descrip-
tion of the functional dependence of the resistivity on tempera-
ture. Fortunately, again, we do not have to dwell on the details
of the complex process of dust evaporation/sublimation.

Eq. (16) is the final equation we do need to model the heating
and cooling in the temporally varying plasma regimes. In the
following we present model results for three different sets of pa-
rameters without changing the mass, the radius and the charge
of the dust particles chosen asmd = 103mi, rd = 10−8 cm
andzd = 100. The model results are not very sensitive to these
quantities. The specifications for the magnetic field, namely the
length scale of the inhomogeneity and the strength of it, are more
crucial. We choose for the length scale, i.e. the half thickness of
the current sheetsl = 1010 cm which is comparable to the spa-
tial extent of the whole emitting flux tube (e.g. Montmerle 1991
and references therein). The real thickness of the current sheets
involved in the reconnection process is expected to be orders of
magnitude thinner. Thus, our choice gives a lower limit for the
heating rate and an upper limit for the time scale of the reconnec-
tion driven plasma heating. For the magnetic field strength we
chooseBeq = 150G consistent with observations and analytical
models that indicate kG fields on the surface of the stellar object
(cf. Montmerle 1991, Andŕe 1996). Note that the tearing growth
time scales astdtear ∼ l/Beq andttear ∼ l3/2/Beq and the heat-
ing rates asQd = ηdj2 ∼ Beq2

/l2 andQ = ηanj2 ∼ Beq3
/l2,

respectively. Figs. 2–4 show model results of the evolution of
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Fig. 2. Model results for the particle number densities (upper plot),
the resistivity (middle plot), andQ/L, i.e. heating vs. cooling, (lower
plot) as functions of the effective temperatureT . The initial particle
densities are chosen as:ne0 = nn0 = 102cm−3, ni0 = 106cm−3 and
nd0 = 104cm−3.

the resistivity (eta) (middle plots) and the ratio of heating to
cooling (Q/L) (lower plots) with temperature for different ini-
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Fig. 3. Same as in Fig. 2 for different initial particle number densities.
The initial particle densities are chosen as:ne0 = 108cm−3, ni0 =
1012cm−3, nd0 = 1010cm−3 andnn0 = 106cm−3.

tial particle densities (upper plots). The results take into account
dust evaporation/sublimation as well as ionization. The particle
densities are varied over a wide range of orders of magnitude.
The drop inQ/L at about104 K is caused by the jump in the
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Fig. 4. Same as in Fig. 2 for different initial particle number densities.
The initial particle densities are chosen as:ne0 = nd0 = 102cm−3,
ni0 = 104cm−3 andnn0 = 108cm−3.

cooling function where recombination is dominant. For realis-
tic particle densities the dissipative heating mechanism in the
localized reconnection regions is more efficient than cooling by
many orders of magnitude. Even for very high electron densities
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Fig. 5. The dispersion relation of the dust tearing mode (upper plot)
and the functional dependence of the associated linear growth time (cf.
Eq. (4)) of the most unstable mode on the scale lengthl (lower plot).
The growth rateq and the wave numberk are given in normalized
units, i.e.1/q = tdtear/τd

A andk = 2πl/λ (λ denotes the wavelength
of the mode) whereas the time scalet and the length scalel are given
in Gaussian units. The number densities are chosen as in Fig. 2.

(cf. Fig. 3) efficient heating is guaranteed. In this case also the
crucial cooling barrier atT = 104 K can be overcome by the
dissipative heating due to magnetic energy conversion.

Figs. 5–7 show the dust tearing dispersion relation in nor-
malized units and the respective time scales (this time as func-
tions of the not fixed length scalel) for reconnection and heat-
ing in the dusty phase for the parameters of Figs. 2–4. After the
evaporation/sublimation of the dust the tearing mode evolves on
the time scales governed by the anomalous dissipation. Fig. 8
shows the time scale for the quasineutral case (n = ne = ni) and
Beq = 150G plotted against the particle densityn (cf. Fig. 8a,
l = 1010 cm) and the characteristic length scalel (Fig. 8b,
n = 105cm−3) in double logarithmic representation. In the
context of the proposed reconnection scenario the observed va-
riety of flare time scales of some10 seconds to some hours
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Fig. 6. Same as in Fig. 5. The number densities are chosen as in Fig. 3.

can be regarded as a natural consequence of different sizes of
magnetic flux tube in which the reconnection events occur.

3. Discussion

We have shown that dissipative heating in reconnection regions
in T-Tauri magnetospheres is fast and efficient enough to be re-
sponsible for X-ray flares. In this contribution we analyzed the
heating process starting from the cold partially-ionized dusty
plasma regime where collisional resistivity is dominant and
ending with a dust-free totally ionized plasma where anoma-
lous resistivity causes the violation of ideal Ohm’s law. The
highly variable time scales of flares can be explained in terms of
varying plasma parameters and degree of filamentary structure,
i.e. thickness of the considered current sheets that are unstable
against the tearing modes.

It is worth mentioning that for the cold dusty plasma regime
and up to temperatures of some105 K the general cooling func-
tionL is growing with temperature. Therefore, no coupled radia-
tive tearing mode (Tachi et al. 1983; Steinolfson & van Hoven
1984) that results in higher growth rates as compared to the ra-
diation free mode is to be expected. For higher temperatures in
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Fig. 7. Same as in Fig. 6. The number densities are chosen as in Fig. 4.

the fully ionized regime the coupling of the radiative and the
resistive modes may result in shorter linear time scales as the
ones used in our analysis.

In the proposed reconnection model the energy for the heat-
ing process is supplied by magnetic shear. For the parameters
chosen in our analysis in the radiating volumeV the magnetic
field energy ofWB = (150G)2/8πV can, in principle, be con-
verted to heat (and charged particle acceleration). In order to
account for the observed luminosities up toLX ≈ 1034ergs−1

a significant fraction of the sheared field component must be dis-
sipated in a volumeV with linear sizes of aboutl ≈ 1010 cm. In
the scenario we have in mind multiple reconnection events take
place in the flux tube topology that constitutes T-Tauri magne-
tospheres. In the emitting volume, filamentary relatively thin
current sheets are sites of reconnection events rather than one
thick current sheet (for the aspect of filamentation in this con-
text see, e.g., discussion by Horiuchi & Sato 1997; Wiechen
et al. 1998). It should be noted that the shear component of the
magnetic field dissipated into heat is continuously built up again
due to the ongoing injection of magnetic helicity.
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Fig. 8. The linear time scale of the resistive dust-free tearing mode as
a function of the particle densityn and the length scalel in double-
logarithmic representation. Here, units are Gaussian. The magnetic
equilibrium magnetic field is chosen asBeq = 150G and in Fig. 8a
and Fig 8bl = 1010cm andn = 105cm−3, respectively.

Whereas the present analytical work is restricted to linear
theory numerical simulation studies of the non-linear evolution
of tearing modes in T-Tauri magnetospheres would give impor-
tant additional insight in the physics of X-ray phenomena in
young stellar objects that are observed not only in T-Tauri mag-
netospheres but also in protostellar class I objects (cf. Koyama
et al. 1996; Grosso et al. 1997).
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