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that are characteristic for T-Tauri stars. The relatively stro , \ N
magnetic fields of T-Tauri magnetospheres can be regarde '- l

the primary energy source for the flares. The energy can \ S
converted to particle acceleration and plasma heating by
connection events in twisted flux tubes that connect the cenua
object and the circumstellar disk. Considering the whole rar -~
of the dynamic plasma parameters involved, i.e. the partie
ionized dusty plasma regime, the partially ionized dust-free ¢ £
and eventually, the totally ionized one, it becomes obvious t

4 \ ‘5 )
the localized dissipation of free magnetic energy is efficie e

and fast enough to overcome the radiative cooling. Model

S,UItS thaf[ tak.e Into account ionization a_s well &,IS .dgst.evr_:lpo'g?g. 1. lllustration of the magnetic coupling of the T-Tauri star with the

tion/sublimation and the temporal varying resistivity indicatgcymstellar disk. The upper plot shows magnetic field lines without

that in course of the dynamics of the resistive tearing instabiliéyiear, the lower one the magnetic shear which is caused by the rotation.

the plasma in magnetospheric flux tubes can be heated uTtie magnetic shear is associated with current sheets that are unstable

X-ray temperatures. against tearing modes. The sheared magnetic flux tubes are the sites of
X-ray emission.
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Abstract. X-ray flares belong to magnetic activity phenomer q
N

AT N

reconnection driven by the interaction of the stellar object and

1. Introduction the circumstellar disk. Birk (1998) showed in a more quantita-

Variable thermal keV X-ray emission is identified as an ubicgj'—ve analysis of te_anng modes for th? relevant partlaI.Iy |on|zed.
usty plasmaregime thatthe magnetic energy stored in magnetic

uitous phenomenqn of classical and Wealf line T-Tauri Staﬂﬁx tubes can efficiently and fast enough be converted to par-
(T.TS) by the Einstein X-ray Observatory (Feigelson & Deca.mt]i'cle acceleration and thus, may be responsible for non-thermal
pli 1981) and more recently by the ROSAT and ASCA satellites '

) . ) . fadio emission. In both descriptions the continuous injection
eg. Cgrkner etal. 1996; Gullbring et a!. 199.7’ fpr an overvieyy magnetic helicity (cf. also Li 1996) in the closed flux tubes
see Feigelson & Montmerle 1999). This emission stems froﬁw

. . : : at connect the central object and the disk plays the dominant
a relatively high density plasma at a temperature of typlcalrgle for the energy support (see Fig. 1). These flux tubes are the
aboutTx ~ 107 K; even superhot flares withy ~ 108 K have gy supp g- 1)

recently been detected (Tsuboi et al. 1998). X-ray flares in TTEC> (.)f X'ray emission. Thu§, one has to exp_ect different sizes
of emission regions depending on the extension of the respec-

i i i ~ 103 — 104
with typ_|cal durations ofx .10 10 S are expectgd (e.g.n e reconnecting flux tube. The real magnetic configuration is
Hayashi et al. 1996) to occur in magnetic flux tubes with spatia . ) o .

10 1 L even more complicated than the one illustrated in Fig. 1, since
extents oflx ~ 10*Y — 10** cm. Luminosities are found to be

Ly ~ 10%lergs—" or even higher (cf. Preibisch et al. 1993)the Balbus Hawley instability and accretion flows will also dis-

Thus, X-ray flares in TTS are widely considered as upscalto t the magnetic field heavily (see e.g. Miller & Stone 1997;

. . Hirose et al. 1997 who modelled the meridional plane of the
versions of solar flares. As for the sun magnetic reconnection . . R .
. ~conhfiguration shown in Fig. 1). However, for our purposes it is

can be expected to play the key role for the observed variety Of,.. = . . ) o
) S ; ) sufficient to realize that, in fact, the star-disk coupling is char-
magnetic activity phenomena in TTS. Hayashi etal. (1996) pro-, . L )
S : acterized by sheared magnetic fields. T-Tauri magnetospheres
posed a model for the X-ray activity in classical TTS based gn . : : .
are constituted of sheared magnetic flux tubes associated with

Send offprint requests 1&.T. Birk current sheets. These current sheets are unstable against tear-
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ing modes and thus, the magnetic energy can be convertedntach larger than the ion inertia relevant for a pure magnetohy-
heat via reconnection. The situation is comparable to the rapichdynamic (MHD) approach. If we can show that even when
bursters in the context of neutron stars (cf. Kuijpers & Kupersarting from such a regime the dissipative heating during the
1995) and to particle acceleration events in the magnetospheszpnnection event is fast enough to eventually result in X-ray
of active galactic nuclei (Lesch & Birk 1997; Schopper et akmission one may feel quite comfortable with the suggested
1998). Neither Hayashi et al. (1996) nor Birk (1998) discussedodel. However, after the plasma is heated up to temperatures
in detail the heating process of the plasma caused by the fAst 2000 K the dust component will be evaporated/sublimated
dissipation of magnetic energy during the reconnection eveand the reconnection process continues in a dust-free regime
In fact, in order to corroborate the view that magnetic reconneghere the localized resistivity is caused by microturbulence ex-
tion can be responsible for the thermal X-ray flares in TTS owéed in course of the reconnection dynamics (see next subsec-
has to show that the heating is both fast and efficient enouign).

to fit the observational constraints and to overcome the cool- The efficiency of the heating in reconnection regions is mea-
ing mechanisms. In doing this one has to consider in detail thiered by the net effect of Ohmic dissipation on the one side and
changing physical parameters starting from a cold partially iooeoling on the other side. The cooling rdi®f a plasma or gas
ized dusty plasma. In the next section we estimate the heatisgelated to the universal cooling functighby the expression
rate on the grounds of a linear mode analysis of the tearing insta= n2 L wheren, denotes the electron density. The cooling
bility for different plasma parameter regimes that are expectkohction that results from a complicated combination of as dif-
to be involved in the entire flare process and compare this ré&eent cooling mechanisms as line radiation and bremsstrahlung
to the cooling rate given by the universal cooling function. Wean be taken from the literature (cf. Dalgarno & McCray 1972).
start from a rather cold partially ionized dusty plasma charac- The irreversible heatin@ is given by the Ohmic dissipation
teristic for the diskward parts of the considered magnetic flux = 7;2. In the dusty plasma regime the resistivitys given
tubes. Here, the reconnection process is probably initiated duye

to a finite collisional resistivity. We note that dust particles can

also pe injected inlthe flux tut_Jes during accretion and therepy- ,, — 1m?2(uiq + 11, /e2p; (1)
contribute to the violation of ideal Ohm’s law along the flux
tubes. Howeve'r, where and how fast Wh'(.:h d.USt Species evwa'eree, m; andp; are the elementary charge, the ion mass and
orate at what distance from the stellar object in the considergg - oo density andy andu;, are the effective ion-dust and
non-equilibrium situation is a highly involved matter. In term§ n

1 les the di d heati is ol Ci -neutral collision frequencies, respectively. The electric cur-
ottime scales the discussed healing process Is slowest in densityj is a measure of the free energy available, since itis
dusty regime (see below).

associated with magnetic shear and the length scale of the mag-
) ) ) netic field inhomogeneity by Amgres law. For efficient heating
2. Energy conversion caused by magnetic reconnection: Nt py 10k T/Q) > 1 should hold sy

heating versus cooling andT are the Boltzmann constant and the particle density and
2.1. First step: the dusty plasma regime temperature of the r_adiating gas). If we assume for simplicity

) . _ o o and analytical handling that the tearing mode is the relevant re-

The quite complicated disk-stellar object interaction in classipnnection process that causes the plasma heating in TTS mag-
cal TTS results in a twist, i.e. injection of magnetic helicity ifetospheres (cf. Birk 1998) we hate ~ theas ~ tiear Where
closed magnetic loops (cf. Fig.1). The free energy stored in_ s the (linear) growth time of the relevant unstable tearing
the associated current sheet can be converted to high-engrgie Whereas the observed time scales for X-ray flares are as-
particle acceleration (cf. Birk 1998) and plasma heating duriRgcjated with the temporal evolution of their dynamical cause,
explosive events, if some violation of ideal Ohm's law allowse the tearing mode, the duration of the flares is not given by
for a change of magnetic field topology. Whereas in the initialije cooling time, since we are not dealing with a static radiating
considered dusty regime the electron-ion momentum trans{gktem. Rather, the heated relatively dense plasma will expand
should be negligible, collisions with dust and neutral particlegn since the bremsstrahlung emissivity scales as the square of
in particular, but not exclusively at the disk boundary of closefle gensity of the radiating particles the flare luminosity drops

flux tubes can easily result in an effective finite electrical cofy,ch faster below the background X-ray luminosity than one
ductivity. The evaluation of the appropriate Landau integrag,id expect from adiabatic cooling only.

(cf. Benkadda et al. 1996) shows that for the disk regime the Nymerical studies have shown that the dust tearing mode

ion-dust and dust-neutral collisions are dominant. A generic iiyeed works comparable to the classical MHD one (Birk et al.
connection process that can be studied in a quantitative Waygs: Schiper et al. 1998).
is the resistive tearing instability. In our context this instability The dispersion relation of the tearing instability in partially

must be analyzed for a partially ionized dusty plasma syst§gpized dusty plasmas reads in a normalized form (Birk 1998):
(Birk et al. 1996; Birk 1998). In some sense when considering

the time scales involved in the reconnection process this is the

.

. o 2 L3 °d
least favorable case, since the macroscopic time scale of sudi&zra ‘T

L (AL
; T SR B ST S E— A2 :(lfAQ)(lsz)M )
dusty plasmas is governed by the dust particle inertia which is n2 r
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with gas density, as a first approximation, we make use of the Saha
. N equation
A= (1+ Vn ) 3)
g g+ Vna FatTe) = (a0 + o) 1
(27mekpTs) 13.6eV
wherep$?, ¢ andk are the equilibrium dust mass density, the x| 1+ g exp(— T ) (9)
Npolt? n

complex growth rate and the wave number of the unstable mode.
From the solution of the dispersion relation (Ed. (2)) the linearhereh denotes the Planck constant. For the ion and electron
growth timet<, (the upper index! indicates the dust tearingdensities we find accordingly

time scale) can be found as the product of the inverse of the T 10
real part of the normalized growth raeand the dust Alfenic " = 0 + 7m0 = 1 (Th) (10)

transit timerd = I(47p5%)2 /B as and
A S CL ok Ne = Neo + Mo — Nn(Th) + za(nao — na(Ta)). (11)
ttear — T T heq (4)

q qBed

wherel and B¢ are the half-thickness of the current sheet o2f'2' Second step: the dust-free regime

the considered magnetic flux tube and the equilibrium magne®nice the tearing instability is excited in the dusty plasma
field strength. The effective collision frequencies of the neutralegime the considered current sheet becomes microturbulent.
single charged ions and dust particles that are needed for Tiies means that besides particle collisions the localized viola-
evaluation of the resistivityy and the growth rate are given tion of ideal Ohm'’s law, which is a necessary condition for the
as functions of the particle densities (cf. Benkadda et al. 1996¢onnection process, can be provided by anomalous resistivity.

Huba 1994; note also that,v,s = nsrga) In this case the electrical resistivity is caused by particle mo-
) mentum transfer via turbulent electromagnetic fields (e.g. Huba
S 4 (2m)2 25nge? In Abe ) 1985; Benz 1993). After the total evaporation/sublimation of the
R rq dust component the anomalous resistivity becomes dominant.
In general, it can be written
4 (27 %andeQ ADe MeWe
na = 2@V 2T, (6) 1jan = S (12)
3 miv; rd Ne€
e =510~ 0 %) wherew, = (47m662/me)% is the electron plasma frequency.
me e The factorf < 1 measures the level of turbulent dissipation
where zq, 14, Min Vin = (kﬂ,n/mi,n)% and \p, = depending on the kind of microturbulence excited. In our model

o\ 1 from a variety of possibly excited microinstabilities we choose
(3kpT,/mnee”)> are the dust charge number, the dust grafjq |qer-hybrid drift instability (Krall & Liewer 1971: Huba
radius, the ion/neutral mass, the ion/neutral thermal VeIOCE)éBS). This kind of instability can be excited very easily and
and the electron Debye length. , i resultsin aratherlow dissipation as compared to fully developed
. In order .to compare the cooling and the he.atlng rate dlf\Wo-stream instabilities. The latter ones cannot be ruled out but
ing the heating process that eventually results in the obseryggd ostriction to lower-hybrid microturbulence gives a lower
X-ray emission one needs to know the temporal evolution @it tor the dissipation and therefore the heating rate achievable

the particle densities,, for the entire temperature range Unyq¢ 4qain Huba 1985). The resulting resistivity can be estimated
der consideration. The evaporation/sublimation of the dust w E

growing temperature can reasonably be modelled by .
me (wccwci) 2
@(Tgap —Ty) Nan = T (13)

8
T+ aeap(b(Ty — TI*0)) ®)

nq (Td) =N
with the gyrofrequenciesie i = eB/me ic Which results in

1 1
where T} ~ 2000K and T ~ 1700K are the temper- / = van? /cnZ wherevs = B/ (47p*)? is the Alfvén ve-
atures at which the dust is evaporated/sublimated totally dR§ity in the dust-free regime. The growth time of the classical
starts evaporating/sublimating, respectively, @éndenotes the resistive tearing mode (Furth etal. 1963) is given by the geomet-
step function. The indeXindicates the initial value. The modelfic mean of the Alfienic transit time and the resistive diffusion
parameters andb that determine the details of the dust densit@me
profile are a priori unknown, but we are not interested in the de- ( g ) 1

tails of the evaporation/sublimation process. Here, we chodse, = (14)
somewhat arbitrarily, = 0.1 andb = 0.04. The findings dis-
cussed in the next subsection are, however, not influenced 8gk & Otto (1991) showed that the tearing instability evolves

nificantly by the particular choice af andb. For the neutral faster, if one considers a non-constant resistivity, @(g, T').

62 NanVA
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1e+08 \

However, in the following, we make use of the classical estima- e ——
tion Eq. [I4) which reads for our choice of the microturbulent 5,7 [ L ]
resistivity ot
1et06
(47)% (em;)? Bning
trear = - o (15) 100000
11 Bea
C2Me
< 10000 ¢

and is a rather conservative estimate of the time scale of recon-

nection and dissipative heating. 1000 ¢

100

2.3. Model results 0l

The crucial parameter for the heating rate is the resistivity. We ‘ b ‘ ‘
assume that the different plasma components are in ideal ther- 19 100 1000 10000 100000 1e+06  1e+07

mal contact and model the resistivity over the entire considered T
temperature range in terms of the effective temperature
0.0001
U(T) = Qqd7)d (T) + aannan(T) (16)
with 1605 |

ag = @(Tg/ap() o T) + @(T o Tg/ap())g(Tgap o T)

T _ vap0 1006 |
x (1 - d) 17) ¢

Tvap _ TvapO o]
d d 1607 |
and
T — TveP0 1608 |
Qgn = @(T - T(‘llapo)@(Tgap - T>va7dvaO
Td P _ Td P
+O(T — T)P). (18) 109 VT

10 200 1000 10000 100000 let06  lex07
This choice of form functions allows for a reasonable descrip- T
tion of the functional dependence of the resistivity on tempera-
ture. Fortunately, again, we do not have to dwell on the detailstet13
of the complex process of dust evaporation/sublimation.

Eq. (16) is the final equation we do need to model the heatingle+12 I
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 charge11 }
of the dust particles chosen ag; = 10°m;, rq = 1078cm ¢
andzgq = 100. The model results are not very sensitive to these

. e S 1e+10 |
guantities. 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 ofie+09 |
the current sheefs= 10'° 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 sheet§ 10 100 1000 10000 100000 1e06 1e+07 1e+08
involved in the reconnection process is expected to be orders of T
magnitude thinner. Thus, our choice gives a lower limit for the _ N
heating rate and an upper limit for the time scale of the reconn&d- 2. Model results for the particle number densities (upper plot),
tion driven plasma heating. For the magnetic field strength \}vq? resistivity (midde plot), an@)/L, i.e. heating vs. cooling, (lower

R . . . . _plot) as functions of the effective temperatdfe The initial particle
chooseB*4 = 150G consistent with observations and analytic o i 9 g3 6 3

- . ~densities are chosen agy = nyo = 10°cm™°, nijg = 10°cm ™" and

models that indicate kG fields on the surface of the stellar object _ ' s, 3.
(cf. Montmerle 1991, Andr 1996). Note that the tearing growth
time scales a§l,, ~ I/B° andt .., ~ [>/?/B°4 and the heat-
ing rates ag)? = n4j2 ~ B°? /12 andQ = n..j2 ~ B°?" /12, the resistivity (eta) (middle plots) and the ratio of heating to
respectively. Figs. 2—4 show model results of the evolution oboling (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 densitie§ig. 4. Same as in Fig. 2 for different initial particle number densities.
The initial particle densities are chosen asy = 10%cm ™2, nip = The initial particle densities are chosen as; = nqo = 10%cm =3,

102em ™3, ngo = 10*°%m =2 andn,e = 10%cm 3. nio = 10*cm 2 andnno = 10%cm 3.

tial particle densities (upper plots). The results take into accouwaoling function where recombination is dominant. For realis-

dust evaporation/sublimation as well as ionization. The partidie particle densities the dissipative heating mechanism in the
densities are varied over a wide range of orders of magnituttzalized reconnection regions is more efficient than cooling by
The drop inQ/L at aboutl0* K is caused by the jump in the 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 pld)g. 6. Same as in Fig. 5. The number densities are chosen as in Fig. 3.
and the functional dependence of the associated linear growth time (cf.

Eqg. [4)) of the most unstable mode on the scale lehglbwer plot). . .
The growth rate; and the wave numbe are given in normalized €@n be regarded as a natural consequence of different sizes of

units, i.e.1/q = t&,, /% andk = 2rl/X () denotes the wavelength Magnetic flux tube in which the reconnection events occur.

of the mode) whereas the time scalend the length scaleare given
in Gaussian units. The number densities are chosen as in Fig. 2. 3. Discussion

We have shown that dissipative heating in reconnection regions

in T-Tauri magnetospheres is fast and efficient enough to be re-
(cf. Fig. 3) efficient heating is guaranteed. In this case also thgonsible for X-ray flares. In this contribution we analyzed the
crucial cooling barrier al" = 10* K can be overcome by the heating process starting from the cold partially-ionized dusty
dissipative heating due to magnetic energy conversion. plasma regime where collisional resistivity is dominant and

Figs. 5-7 show the dust tearing dispersion relation in narnding with a dust-free totally ionized plasma where anoma-

malized units and the respective time scales (this time as fulaus resistivity causes the violation of ideal Ohm’s law. The
tions of the not fixed length scalefor reconnection and heat-highly variable time scales of flares can be explained in terms of
ing in the dusty phase for the parameters of Figs. 2—4. After tharying plasma parameters and degree of filamentary structure,
evaporation/sublimation of the dust the tearing mode evolvesian thickness of the considered current sheets that are unstable
the time scales governed by the anomalous dissipation. Figgainst the tearing modes.
shows thetime scale for the quasineutral case (n. = n;) and Itis worth mentioning that for the cold dusty plasma regime
B4 = 150G plotted against the particle density(cf. Fig. 8a, and up to temperatures of sor@ K the general cooling func-
I = 10'%cm) and the characteristic length scal¢Fig.8b, tion Lisgrowingwith temperature. Therefore, no coupled radia-
n = 10°cm™?) in double logarithmic representation. In thaive tearing mode (Tachi et al. 1983; Steinolfson & van Hoven
context of the proposed reconnection scenario the observed3@84) that results in higher growth rates as compared to the ra-
riety of flare time scales of somH) seconds to some hoursdiation free mode is to be expected. For higher temperatures in
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0.0001 F J Fig. 8. The linear time scale of the resistive dust-free tearing mode as
o5l a function of the particle density and the length scalkin double-
100 1000 10000100000Le+06 1+07 1e+08 16+091e+ 1016+ 11 1e+ 1 logarithmic representation. Here, units are Gaussian. The magnetic

| equilibrium magnetic field is chosen &1 = 150G and in Fig. 8a
and Fig 8l = 10'°cm andn = 10°cm 3, respectively.
Fig. 7. Same as in Fig. 6. The number densities are chosen as in Fig. 4.

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-

the fully ionized regime the coupling of the radiative and thi&nt additional insight in the physics of X-ray phenomena in

resistive modes may result in shorter linear time scales as yfoeing stellar objects that are observed not only in T-Tauri mag-

ones used in our analysis. netospheres but also in protostellar class | objects (cf. Koyama
In the proposed reconnection model the energy for the heat-al. 1996; Grosso et al. 1997).
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