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Abstract. We study the dynamics of magnetic flux tubes in Schissler & Solanki[(1992) suggested that rapid stellar rota-
young stars with masses between 0.4 &hd 1.7 M, and for tionisresponsible for the appearance of polar magnetic features.
rotation rates between 0.2%, and 63(). The resulting lati- They showed that the Coriolis force leads to strong poleward
tudinal emergence patterns at the stellar surface are compatefiiection of a magnetic flux tube rising through the convec-
with observed distributions of starspots in stellar latitude. Thien zone of a rapidly rotating cool star. A first detailed study
stellar models considered cover the range of evolutionary stagéfux-tube dynamics in stars other than the Sun was presented
from shortly after the Hayashi phase down to the ZAMS, i.by Schissler et al.[ (1996, hereafter Paper |; see alsaiSsiar
from the classical and weak-line T Tauri stars to th€ersei 1996). They followed the approach of Caligari et al. (1995),
stars. We use numerical simulations to follow the evolution @fhich successfully reproduces many observed properties of
magnetic flux tubes from their origin at the bottom of the corsunspot groups: flux tubes stored in a layer of overshooting
vection zone up to near-surface layers. We find a strong increasavective motion at the bottom of the convection zone are am-
of emergence latitude with increasing rotation rate, a moderaldied by differential rotation until the Parker instability sets
decrease with increasing stellar mass, and a stronger decr@as@ce a critical field strength is exceeded. As a consequence,
with stellar age. At very early evolutionary stages, when thkix loops rise toward the surface and form sunspots and ac-
central radiative zone is still quite small, we find magnetic flutkve regions upon emergence. The extension of this approach to
emergence both in low latitudes as well as in the polar aresspidly-rotating stars carried out in Paper | confirmed the va-
High-latitude emergence is predicted in slightly more evolvdidlity of the estimates of Sdlssler & Solanki[(1992). Similar
pre-main-sequence and young main-sequence stars, but tralults were found by DelLuca et al. (1997). While these studies
polar spots on these stars require an additional transport meaunsidered only stars of one solar mass, the growing number
nism acting after magnetic flux emergence at the surface, prolb-Doppler-imaging observations of a variety of stars requires
ably meridional circulation or poleward slip of the ‘anchorednodels covering a larger range of stellar masses. Therefore, we
part of the erupted flux tubes. We discuss our findings in thave calculated stellar models with masses between g.41id
light of the results obtained from Doppler-imaging studies. 1.7 Mg and carried out flux-tube simulations for these models
assuming a wide range of rotation rates.
Key words: Magnetohydrodynamics (MHD) — stars: rotation —  In Sect. 2, we present the stellar models and compare them
stars: pre-main sequence — stars: magnetic fields — stars: actiwiityr previously computed models. The basic properties of the
magnetic flux tubes are discussed in Sect. 3. In Sects. 4 and 5,
we present the results of the simulations and discuss the spot
emergence patterns in dependence of stellar rotation rate, evolu-
tionary stage, stellar mass, and flux tube parameters. In Sect. 6,
Doppler-imaging techniques reveal cool spots on the surfaees discuss the results and compare them with observational
of rapidly rotating, magnetically active stars. Spots are fourfithdings from Doppler imaging. Our conclusions are given in
predominantly at high stellar latitude, often straddling the pol&zct. 7.
(Vogt & Penrod 198B; for a recent summary see Vogt et al.
1999). These results are in striking contrast to the solar case, for
which spots occur only within abott30° of the equator. After 2. Stellar models
some debate concerning the reliability of the Doppler-imagin ) .
technique (e.g. Byrne 1996, Unruh & Collier Camefon 1997, e s_tellar models were calculated with an updated version of
Hatzes et al. 1996, Bruls et al. 1998), the reality of the pol e Kippenhahn et al. (1957) §te|lar evp!qun c_ode. To accognt
spots now seems to be established. orthe low tempgratures and high d_ep&ﬂes during the pre-main-
sequence evolution, we used opacities of Alexander & Ferguson
Send offprint requests t@h. Granzer (1994) to complement the OPAL opacities (lglesias & Rogers

1. Introduction
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Table 1. Parameters of stellar models
a
10 - 1 Stage M/My Agell0’yr LlLo RIRy T.g/K
T 0.6 8.3 0.20 0.95 3970
T 1.0 24 1.06 1.74 4440
_» 00 r 8 T 1.7 0.55 5.75 3.39 4860
2 P 0.6 21.1 012 071 3970
- P 1.0 14.3 0.47 1.08 4610
10 - ] P 1.7 7.4 6.44 2.36 5990
Kippenhahn et al. (1967) M 0.4 1500 0.024 0.37 3770
rrrrrrrrrrrrrr D’Antona & Mazzitelli (1997) M 0.6 520 0.075 0.53 4140
Y=0.277, Z=0.02, 0=1.67 M 1.0 140 0.72 0.89 5630
-2.0 ‘ : :
3.90 3.80 3.70 3.50
w fluence of these variations on the flux-tube simulation results is
05 oz | 106M, 1 quite small (see Sect. 5.4, Table 3).
SN The selection of stellar models for the flux-tube simulations
0.0 A N  Weiss /’ 1 isguided by the necessity of an overshoot layer for flux tube stor-
p e » o age, i.e. the models must exhibit a radiative zone below an outer
> 05 - opalo2 ‘ A _ \\\\\\\ ~ S\a/ha i conve<_:tive Iz_ayer_. Onthe zero-age main sequence (ZAMS) such
2 cos: sun \\ T /TS N a configuration is found in the mass range between about 0.4
—_—— : Saha p ~ : o
— —— EOs: Gauschy (1997) /| J P /‘ui gautschy\\\ - Mg and 1.5 M,. Pre-main-sequence (PMS) stars with masses
710 f—-—- a0 Mo i . | larger than 1.5 M also have a core-envelope structure during
***** Opacities: Weiss et al. (1990) T their descent from the Hayashi line. We therefore adopted a 1.7
fffff Opacities: Rogers & Iglesias (OPAL92) . .
-15 ‘ ‘ : M stellar model as the high-mass end for the early evolutionary
3.70 3.65 3.60 3.55 3.50 - .
log T stages. Arriving at the ZAMS, the 1.7 Mhas become entirely
eff

radiative and can no longer be considered within the framework
Fig. 1a and b.Theoretical HR diagrams. Pargeshows the pre-main- of our flux-tube model. Instead, we have added a model with
sequence tracks for 0.4, 0.6, 1.0, and 17 (dolid lines) and indicates 9 4 M, to our ZAMS selection. The results of flux-tube sim-
the evolutionary stage of the adopted moddisK, andT). For com- |ations for the PMS phases of this model are very similar to
parison, we also show tracks (dotted lines) calculated by D’Antonat.flIose of the 0.6 M model, so that there is no need to discuss
Mazzitelli (1997). Paneh is a close-up of evolutionary tracks for the, ‘ ' i .
0.6-My model based upon different opacity tables, equations of stzt??ee.m fufrthiAllclssummarY' f\:ve have pe;fgr?edofgumtube S('jlmu
(EOS), and mixing-length parameter ations for stars wit masses of 0. MO0.6 My, an

1.0 Mg and for PMS stars with 0.6 M, 1.0 Mg, and 1.7 M.

We have chosen stellar models in three distinct evolutionary

stages (labeled, P, andM in Fig[), defined in the following

1996) at the lowZ/high-p end. The OPAL equation of stateWVay-

(Rogers et al. 1996) was used whenever applicable, otherwise he T-Tauri stars, confine 5% of their mass in the radiative
the MHD equation of state (Mihalas et al. 1990) was adopted. core:

Local mixing-length theory was used for modeling the convec- P, the PMS stars, generate 1% of their entire luminosity by
tion zone. Comparing a model of a 1-Vstar at an age of 4.6 |, \clear reactions:

Gyr with the present Sun confines the mixing-length parameter \, e 7AMS stars, show a central depletion of 1% of their
oo = 167 and the initial helium abundance 16 = 0.277. initial hydrogen content.
Metallicity in all models was set t@ = 0.02.

Fig[da shows a theoretical HR diagram giving the evolu- Table 1 summarizes the properties of the models selected
tionary tracks resulting from our computations. The particul&or the flux-tube simulations. We have determined the over-
stellar models adopted for flux-tube simulations are indicateshoot layer for these models following the precepts of Shaviv &
For comparison, tracks computed by D’Antona & MazzitellSalpeter[(1973) and Skaley & Stix (1991). Table 2 lists the pa-
(1997) are also shown (dotted lines). The rather large discrepmeters of the resulting overshoot layers. Recent helioseismic
ancy for the low-mass models is due to increasing uncertaintéega (Basu & Antia 1997, Basu 1997) suggest a smaller thick-
in the opacities and equations of state (EOS). To better estima#ss of the solar overshoot layer than what we use here. How-
the impact of these uncertainties, we carried out test calculati@ver, these estimates are based upon the assumption of strictly
as summarized in Fifl 1b. We used a strictly Saha-type EOSsakerically symmetric and time-independent overshoot, which
well as a ‘Saha-like’ EOS from Gautschy (priv. comm.), twenay not necessarily be adequate for the real Sun or other stars.
alternative sets of opacities from OPAL92 (Rogers & Iglesidsven if the stellar overshoot layers would be somewhat thinner
1992) and from Weiss et al. (1990), respectively, and we algwmn the values given in Table 2, this would mainly affect the
varied the mixing-length parameter, from 1.0 to 2.0. The in- total amount of flux that can be stored, but not so much the
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Table 2. Structure of the overshoot layeR,: stellar radius in Mm, — m = 2 can intersect regions ofi = 1 modes in the case of
Tbot: DOttom radiusAr: thickness (given in Mm and as a fraction of ~ ZAMS stars with large rotation rate.
the local pressure scale height); radius, wheré =V — V.qa =0.  — s = 3 is found only in slowly-rotating, young stars with

The last column gives the valuedét the adopted equilibrium position,  extremely small cores.
ro, of the flux tube (2000 km above the bottom of the overshoot layer).

Model R, — 7bot Ar rs 8(ro) 3.2. Magnetic flux

(Mm) (Mm) (Mm) (Hp) (Mm) (10~ _ . i ) _
T06 660 56 106 024 283 -1.2 The magnetic flux carried by a flux tube is determined by its
T1.0 1210 83 213 022 521 11, field strength and its diameter. The latter must be significantly
T1.7 2360 223 362 0.25 1020 —-96. smaller than the thickness of the overshoot layer correspond-
P06 494 190 28 029 271 023 ing to the assumption of isolated flux tubes. We consider flux
P10 734 409 26 029 487  —12. tubes with a magnetic flux afo* Wb (1022 Mx), similar to
P17 1640 1270 30 027 1360 —200 typical fluxes for large solar active regions. In the thin-flux-tube
MO4 255 9% 16 030 141 20.017 approximation, the magnetic flux enters the equation of motion
MO.6 371 224 12 029 257  —0.12 only via the flux tube diameter, which determines the influence
M1.0 498 435 15 029 478 _2.99 of the aerodynamic drag force. The flux value assumed for our

calculation yields already flux tube diameters sufficient for the
drag force to be almost negligible in most cases, so that our
emergence paths of individual flux tubes that are our primagimulation results and emergence patterns are also relevant for
concern here. larger fluxes. In fact, the observed spot areas on active stars
are significantly larger than those on the Sun. This could either
mean that there are tubes with much larger magnetic fluxes than
3. Model assumptions in the solar case or that the spot area results from a large number

The computations start with thin magnetic flux tubes stored & €mergences of smaller tubes, similar to the persistent ‘active
mechanical equilibrium in the overshoot layer below the stdl€Sts’ on the Sun (e.g., Zwaan 1987). Both possibilities are thus
lar convective envelope. Small disturbances trigger the undufaPrinciple covered by our simulations (cf. Sect. 5.2).

tory (Parker) instability and the simulation follows its nonlinear

development close to the stellar surface, where the thin flx3. Internal rotation profile

tube approximation breaks down. The drag of the surrounding . . .
plasma on the rising tube is modeled by an aerodynamic d SHOSGISI’_T]IC measurements (e.g. Schou ét'al.|1994, Tomczyck
5, Corbard et al. 1997, Charbonneau &t al.]1998) show

term. We assume adiabatic thermal evolution of the flux tub%%al' 199:

since the time scale for radiative energy exchange is much lon t the latitude-dependent differential rotation at the solar sur-
e prevails throughout the convection zone. The radiative core

than the rise time of an unstable flux tube (Moreno-lnser_i@C

1983). The code used to perform the simulations has been §d0tating almost rigidly, leading to a shear layer (‘tachocline’) -
scribed by Caligari et all (1995). In the following subsection@,t the bottom of the convection zone. For the solar case, Caligari

we explain how the initial state of the flux tubes is determinég & (1995) found that the stability criteria and the dynamics of
and argue to justify further model assumptions. rising flux tubes are not significantly affected by (radial and lat-
itudinal) differential rotation. Observations of rapidly rotating

o spotted stars indicate much lower differential surface rotation
3.1. Critical field strength than on the Sun (Hall 1990, Johns-Kiull 1996). This is in agree-

As discussed in detail in Paper I, the initial field strength ¢Rent with theoretical models (Kitchatinov &uliger[ 1995,

the flux tubes is chosen according to a linear stability analfUker & Ridiger 1997), which predict almost rigidly rotating
sis (Ferriz-Mas & Schsslerl 1998, 1995), assuming a growthonvection zones for fast rotators. This does not exclude the ex-
time for the Parker instability of 300 days. The resulting ‘critStence of a radial s_hear layer between core and envelope as in
ical’ field strengths as a function of stellar latitude for variou§€ case of the Sun;in fact, such a layer is probably essential for
rotation rates between 0.25 and @3 are given in FigR. The the generation of toroidal magnetic field and flux tubes in the
different azimuthal wave numbens of the most unstable modefi'St place. In this paper, we do not address the amplification of

are visible as the different line styles. The following conclusiorf@@gnetic field but only its evolution once a flux tube has formed
can be drawn from Fig]2: and has become unstable. In this context, the reported amount

of differential rotation has no significant influence and we thus
— Flux tubes with a field strength below 10 T are stable. ~@dopt rigid rotation.
— The critical field strength increases withand decreases

with stellar age. 3.4. The stellar-surface limit
— m = 0 (axisymmetric) modes are only present at very high ] o
latitudes or in very young stars. Close to the stellar surface, the thin flux-tube approximation

_ m = 1is the dominant mode for all but tiemodels. utilized in the simulation code is violated because the tube di-
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Fig. 2a-i. Critical field strengths (corresponding to 300 days growth time of the Parker instability) as a function of latitude for various rotation
rates. Panela—c (top row) show the T-Tauri models, panelsf (middle row) show the PMS models, and pangis (bottom row) show the
ZAMS models. The line styles indicate the azimuthal wave numbef the most unstable mode.

ameter becomes larger than the local pressure scale height. tum, leading to flux emergence at a stellar latitude that is deter-

calculations are terminated at that point. Nevertheless, we eaimed by the relative size of the radiative core. Consequently, for

trace the development of a flux tube up to about 98% of the stedpidly rotating stars with a small core, magnetic flux emerges

larradius. A radial extrapolation of the tube apex up to the stellelpose to the stellar poles.

photosphere is then used to define the emergence latitude. Theré-or each of the stellar models from Taple 1, we have simu-

is no reason why the tube should suffer a significant deflectitated the evolution of linearly unstable flux tubes with equilib-

in latitude during its rise through the last 2% of the stellar radiusum latitudes betwees and60° (12 tubes in steps 6). The

On the other hand, we cannot follow any latitudinal migratiostellar rotation rates assumed are 0.25, 1, 4, 10, 25, afi},63

of the bipolar magnetic region (due to, e.g., meridional flovijhe results show that, depending on the radius of the core, the

after its emergence. rise of the flux tubes through the convective envelope follows
two rather distinct scenarios (Fig. 3):

4. Pattems of flux emergence: the 'standard’ cases 1) Aslong as the radiative core is not too small, we find a similar

Schissler & Solankil{1992) pointed out that the emergence lavolution of the unstable flux tubes as in Paper | (seeFig. 3a,

itude of a flux tube depends on the interplay between the budwere form = 1). Non-axisymmetric instability»¢ > 0) starts

ancy force and the Coriolis force. A dominant Coriolis forcevith the formation ofm crests and troughs. Gravity leads to

constrains the flux tube to a rise parallel to the axis of rota-downflow of matter from the crests to the troughs which in-
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flow together with radiative heating eventually would bring the
magnetic flux to the surface, albeit probably in a fragmented,
incoherent form.

4.1. Dependence on rotation rate and evolutionary state

From the twelve emergence latitudes of flux tubes resulting for
each stellar model and each rotation rate, we have derived a
‘spot probability function’ (SPF) by calculating, for any given
latitude, the reciprocal of the average latitude difference to the
twelve emergence points. The SPF reflects the expected distri-
*bution of stellar spotsin latitude for the case of a uniform release
8f flux loops from the overshoot region bel@@° latitude.

Fig. 3a and b.Schematic illustration of the evolution of unstable flu
tubes in stars with large (pangl and small (pandb) radiative cores.
The tubes evolve from their initial toroidal equilibrium state (marke : . .
‘equ.’) into the configurations indicated by dashed lines. For Iar(\%e F'.g'@ shows the spot Pmbab'“ty function for all models as a
and intermediate core sizeB-(andM-models), the main part of the function of the stellar rotation rate. For the ZAMS models, a 0.4-
flux tube remains anchored in the overshoot layer. For small cofdsy; model is shown instead of the fully radiative 1.7;Mtar.
(T-models), the entire tube becomes disconnected from the overshd@triking feature of Fig 4 is the increasing probability of high-
region and floats to the surface in the form of a closed loop. It emerdatitude spots with faster rotation in case of the PMS and ZAMS
either near the poleng = 0) or at low latitudes# > 1). stars. Thisis due to the fact that the Coriolis force increases more
rapidly with rotation rate than the critical field strength, which
determines the buoyancy force. On the other hand, the T-Tauri
creases the buoyancy of the crests upwards, while the troughss (upper panel of Figl. 4) behave differently. Between 1 and
continue to sink toward the bottom of the overshoot layer. Typo Q,, the emergence latitude stays roughly constant or even
ically, one of the crests evolves more rapidly than the othetiicreases slightly, while above 1B, the flux tubes emerge
after it enters the superadiabatic part of the convection zopeedominantly near the pole. The reason for this behaviour lies
it rapidly crosses the convective envelope and emerges atifighe evolution scheme for the flux tubes in thetars described
surface. During this rise, the lower ‘anchored’ part of the fluxbove. For rotational rateé3 < 10 Q, the dominant mode of
tube moves slowly poleward along the bottom of the overshdiiix tube instability is non-axisymmetric, i.e2 > 1. The flux
layer because the rise of the loop has offset the flow along ti@es cross the pole and are deflected toward the equator. This
tube balancing the magnetic curvature force in mechanical eqtiéflection is caused by the buoyancy force and does not strongly
librium (Moreno-Insertis et al. 1992). This sequence of everdepend on the rotation rate. The emergence latitude is therefore
applies to alM- andP-models. more or less independent of the rotation rate as long as the

2) If the radiative core is very small (as in the case of The ™ = 1 modes dominate. Fd2 < 10 (2, the preferred mode
models), the curvature force dominates and the poleward sligtfnstability is the axisymmetricrg = 0) mode with eruption

the anchored part of the flux tube becomes faster than the bufythe polar regions. However, some of the originaily=0-
antrise of the crest. As a result, the bottom part of the tube aciitstable tubes, mainly those starting at low latitudes, develop
ally passes through the rotation axis toward the other side of théecondaryn = 1 instability before they leave the overshoot
star, where the combined action of crest buoyancy and curvatl@er. These flux tubes evolve similar to the ‘normal’ = 1

force on the bottom detach the entire tube from the overshdees: they cross the pole and are deflected toward the equator.
layer and leave it floating freely in the convection zone. In thighis leads to a complete separation of the active regions of these
situation, the resulting force from the radially inward directegfars, apolar cap accompanied with some spots atlow to medium
(negative) buoyancy of the trough and the outward buoyancylafitudes. AlIT models with rotation rates above €0, follow

the crest has a component directed toward the equator, so thi pattern.

emergence takes place in low to middle latitudes (sedTFig. 3b, Another key result from Figl4 is the decrease of emergence
casem = 1). Flux tubes in all slowly-rotating(§ < 10 Q) latitude with increased stellar mass and age. Both dependencies
T-models follow this pattern. In the case of rapidly rotatfig are caused by the growing size of the radiative core. For purely
models, axisymmetric instabilityr{ = 0) dominates and the geometric reasons, a rise parallel to the axis of rotation then
flux tubes (in this case, flux rings) rise parallel to the rotationtgads to decreasing emergence latitudes. Furthermore, the ratio
axisto emerge close to the stellar p0|e (Eg 3b, ecase O) In of the rise time through the less extended convective envelope
some cases, if the field strength is sufficiently large, the flux rig the inertial frequency2(2, becomes smaller, leading to less
shrinks so much under the influence of the curvature force thadignificant poleward deflection (Sebslef 1996, see also Buzasi
completely loses buoyancy in the middle of the convection zoA897). Geometry is also responsible for the ‘saturation’ of the
and stops to rise. An example can be seen iflFig. 5 (right panglyergence latitudes for the PMS and ZAMS stars in case of
where the path of the flux tube that starté@t ends within the Sufficiently large rotation rates(< 10 (2). Once the rotation
convection zone. The fate of these flux rings is unclear. We migyfast enough to force the flux tubes to rise parallel to the axis,
speculate that continuous gnawing and transport by convectiyéther increase of the rotation rate no longer significantly af-
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Fig. 4a—c.Spot probability function (SPF) versus stellar rotation rate. Each vertical strip represents a stellar model. Its width at any given latitude
is proportional to the value of the SPF. The top pamisl for T-Tauri stars T models in Figldl), the middle panklfor PMS stars P models),

and the bottom pandal is for the ZAMS starsI models; the 1.7 M model is replaced by a model with 0.4:Nl Note the ‘saturation’ of
emergence latitudes fét 2 4 Q¢ in the case of the lower-mass PMS and ZAMS models. The ordinate scale is proportisinal ia order

to represent the corresponding spherical surface area.

fects the emergence latitude. Since modk&fs andV0.4 have be prevented from reaching the stellar surface due to a loss of
the smallest cores of the- and M-models, rotational effects buoyancy. This affects particularly the T0.6 model, for which
are most pronounced. These models show saturation alreadyast of the tubes do not erupt, leading to small values of the
relative low rotation rates. Note that the emergence patterns 8RF in the top panel of Figl. 4.

modelsP0.6 andMO0.4 are almost identical. This results from

the nearly equal size of their radiative cores (0.33 fRgether

with the similar values of the critical field strengths (cf. Fig. 2@ Parameter study

and2i). _ _ In order to explore the sensitivity of our results to some of the
~ As mentioned before, in the case of a dominant= 0 moge| assumptions, we have varied some of the parameters of
instability together with rapid stellar rotation, a flux tube may+ standard cases. For each test calculation, we determine a
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Fig. 5. Paths of flux-loop summits for mod&0.6 withQ = 10 Q. Left panel: initial location 2000 km above the bottom of the overshoot
region & 0.1R). Right panel: initial location 2000 km below the upper boundary of the overshoot layer6 R). Starting latitudes in both
cases are between &nd 60. Note that the paths (thick lines) are only shown after the summit has entered the convection zone; the parts within
the overshoot layer are omitted for clarity. The small panels are the corresponding SPFs.
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Fig. 6. Dependence of the summit paths on magnetic flux for mB@ed with4 Q. The left two panels show the paths of rising flux loops with
a total magnetic flux o10%! Mx (left) and 10%* Mx (middle). The three panels to the right give the spot probability functiori®t, 1022,
and10?® Mx, respectively.

latitude deviation parameter definedeas Aiest — Asta, Where 5.1, Initial location of the flux tube
Asta and\ieq; are the emergence latitudes for the standard q
rameter choice and for the test value, respectively.

Theresults are summarized in Table 3, arranged with resp . . .
e consequences of varying this assumption, we performed

to decreasing importance of the effect. The first column iden{l ; . L .
91mp %Iaulanons for the other extreme, i.e. took the initial location of

fies the parameter or property that has been varied, the Sect%ﬁe tube as 2000 km below the top of the overshoot layer. The

column gives the stellar model, for which the largest deviation . o X . .
occurs. The remaining three columns in Talle 3 indicate tﬁgmce of the initial location affects the critical field strength

: . mainly through the depth dependence of the subadiabaticity of
effect on the emergence latitudesg; is the average of the ab- e 2 .
. ST the stratification in the overshoot layer. In stars with very small
solute values of for all flux tubes (the sign of,, indicates the

sign of the majority of individual valuesd,,., is the maximum cores and thick overshoot layers (i.e. thenodels) the radius

value ofe and )\, IS the initial latitude of the correspondingOf curvature B, of the flux-tube ring may change by. a factpr OT
flux tubell two. Because of theé/ R-dependence of the magnetic tension it

is much more pronounced in the standard case than in the test
case. Ifwe consider further that=0-instability is always driven

! Parameter variations that influence stellar evolution lead alsol§9 a dominant magnetic tension, we can explairiltdg model
changes of the luminosity and effective temperature of the star. For {hgn a rotation rate of) = 10 o, where we found the largest

very sensible case of a 0.6Jvktar we give the different evolutionary value ofe,,. The dominant mode of the instability changes from
tracks in Fig[lb.

a- S iy
n the standard cases, the equilibrium position of the flux tube

isC%OOO km above the bottom of the overshoot layer. To estimate
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Fig. 7. Dependence of the summit paths on the growth time of the Parker instability for i0delvith 4 Q. Left: 100 days growth time;
Right: 1000 days growth time.

Table 3. Maximum deviation of the emergence latitude from the staftux tube and its exchange of angular momentum with the sur-
dard cases. Given are the values for those models that show the larggghding medium (forn = 0). Increasing angular-momentum
effects. transfer for decreasing magnetic flux diminishes the effect of the
Coriolis force and, therefore, reduces the poleward deflection of
rising flux loops (Choudhuri & D’Silva 1990, Fan et al.”1993).
As a consequence, tubes with a larger amount of flux emerge

MOdel €av €max )\start

Mo £20) (%) ©) ©)

Parameter

Flux tube properties:

at higher latitudes. However, FId. 6 shows that the effect on the

Start. depth ~ T0.6,10 -32.7 -495 30 SPFEs is not dramatic.
Magnetic flux P 0.6,4 +7.4 +8.8 5

Growth time P0.6,4 +6.8 +9.6 5

Stellar structure: 5.3. Growth time of the instability

Egdse E 8:2::' if% 3255 gg We hgvg qr_langed the linear growth time of the Parker instability
Opacity P0.64 +08 +14 60 fromitsinitial value of 300 days to the extreme values of 100 and
Mixing length P 0.6,4 +06 +08 50 1000 days, respectively. FIg. 7 shows flux-loop trajectories and

SPFs for the most strongly affected caB€.6 with a rotation
rate of4 2 ). Since the critical field strength depends markedly
m = 0tom = 3 as we raise the initial location of the fluxon the growth time in the case of tRemodels, the initial field
tube so that, as discussed above, the mainly polar emergeiheeeases by a factor 2.5 when changing the growth time from
in the standard case changes gradually to flux emergencd GR0 to 100 days. The larger field strength leads to a stronger
low and middle latitudes. For both cases, Elg. 5 shows the pat@yancy force, causing a weaker poleward deflection for the
of the flux-loop summits in a meridional cut through the st@ase with a growth time of 100 days.

together with the corresponding SPFs. While the large size of the

overshoot layer in the case of tiiemodels leads to significants 4 sieliar structure

variations of the parameters relevant for the stability between

top and bottom of the overshoot layer, the changes are much [EBg effect of changing the underlying stellar models has been

for the P- andM-models, for whiche,, remains always below tested using different EOS, opacities, mixing-length parameters
5°. and also by performing flux-tube simulations on the basis of a

stellar model obtained from an independent source. Changes of
the overall spot pattern were always beletvPerhaps the most
interesting case is the test with stellar models computed with an
Two cases with a total flux dfo2! and1023 Mx were considered independent stellar-evolution code. To this end we used a 0.6-
and compared to the standard case witf? Mx. Fig.[d shows M PMS model kindly provided by I. Mazzitelli (cf. D’Antona
the paths of the flux-loop summits together with the correspon®iMazzitellii1997). The maximuna,, found in this comparison

ing SPFs for the most sensitive model, nanfely6 with4 Q. amounts to only3°; this is smaller than the effects caused by
The magnetic flux affects the evolution of a flux tube througyariations of the initial state of the flux tubes.

the drag force, which depends on the diameter of the tube. For Further tests with a different EOS (Gautschy priv. comm.),
constant field strength, decreasing flux increases the drag fallfterent opacities (Weiss et &l. 1990) and different mixing-
and vice versa. The drag force affects both the rising speed of iegth parameters revealed even smaller effegtss 1°.

5.2. Amount of magnetic flux
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6. Comparison with observations and discussion of such a systematic relation between average emergence lati-

Our simulations show that rising flux tubes emerge at high Sttl.ll_de and rotation would be an interesting ok.)servatio.nall tes_t for

lar latitudes in the case of rapid rotatio & 10 ©.). This is Bur model. we suggest that the observed bimodal distributions
o/ op PMS and MS stars are due to a poleward transport of mag-

in general agreement with the abundant observations of hI%’\etic fluxafter emergencby meridional flow and/or magnetic

latitude and polar spots on rapidly rotating active stars. Smgﬁesses, thereby maintaining the polar magnetic features. The

the Coriolis force can at most lead to a rise parallel to the ax mplex magnetic field structure with polarity changes indi-

8?3:212?5&3: ;(Z:'ZJ%If\:ﬁgjztgh;Ti;é?;{g:gg?elag[gggedi%i § ?ed by the observations of Donati et . {11997) are consistent
’ d ith this interpretation.

we find truly polar emergence for models of very young (T- The low-mass models wit® > 4 Q. (cf. the 0.4-M,
Tauri like) stars with small radiative cores. We suggest that on Lo - © - '

) . ) models in Fig. 4c) show spot emergence restricted to a narrow
these stars the polar regions are filled up with starspots fr%m

the continuous emeraencersf=0-unstable flux tubes. so that & and at latitudes betweer60—70 . Such a unique configuration
inuou: 9 u Ux tdes, should be detectable with modern Doppler-imaging techniques.
cool and relative stable polar cap develops. On the other haUd

. . nfortunately, no Doppler images of such stars yet exist. The
our results for rapidly rotating models for PMS- and ZAMS- . i
stars show emergence latitudes centered ar60htb 60°. Al- only M-dwarf stars mapped so far are the two M1Ve compo

o : , -
though larger magnetic fluxes, corresponding to the sizes of ents of the close eclipsing binary YY Gem (Hatzes 1395b),

observed spots. would shift the emergence somewhat o Heéthese stars have already evolved away from the ZAMS. Fur-
v pots, wou ! 9 W wa ermore, imaging suffers from the north-south ambiguity due

E)hbiari)r?leilg;f.sSc?t(:.ir?.:l,x'::hs.t?r,slta?rfzgjit?(l)iz tr:it(;k:gn?grj:g ct)_the missing inclination of the stellar rotation axis with re-
. b b P . I sﬁ:)ect to the line of sight and also from severe spectral blending
ing upon the already emerged flux is required. Possibilities ol

s . : jmolecular bands (Strassmeier 1999).
a poleward merldlonal_ flow transporting magnetic flux at th Further development of the theoretical model concerns
sgrface (as observed in the case of the Sun) or the polevy rginly the evolution of a flux tube after its emergence, the in-
slip of the submerged part of a flux tube dragging along wi

; o uence of meridional flow and poleward slip as well as the in-
it the erupted part at the surface (8ebler 1996). Indications teraction and possible reconnection of neighbouring flux tubes.

fqr a poleward motion of mid-latitude spots on the RS CV would also be promising to include information on stellar
binary HR1099 have indeed been reported (Vogt €t al. [19 . :
achoclines from models of the angular momentum evolution

Strassmeier & Bartus 1999). . . R o
. . N of stars. This could give an indication whether the large criti-
Simultaneous spot occurrence in extended latitudinal zone

or in two separated latitudinal zones. mostly at or near the Orasf field strengths necessary for instability in the case of rapid
P ! y POStation (uptal0” G, cf. Fig[2) can indeed be reached by shear-

and at low-to-intermediate latitudes, is found in recent Doppley-

imaaing studies of vouna stars and also of main-sequence stnd due to radial differential rotation or if further amplification
ging young 4 ﬁwdugh explosion or related processes (Moreno-Insertis et al.

Examples include the weak-line T-Tauri star V410 Tau (Stragf'QQEL) is required. With such large field strengths, a large amount

meier et al._ 1994, Joncour et al. 1994b, Haizes 1995a, Rice : . . . L
Strassmeiér 1996) as well as the T-Tauri stars Sz 68 (Johns—K{hflgﬁnagnetlc flux can be stored in a still very thin flux tube within

N stellar overshoot layer.
C
& Hatzed199) and Pa}r 1724 (e.g. Nauber et al. .19"8)' On In a recent paper, Donati (1999) claimed that the extended
the other hand, low-latitude features are absent in the case of. -

HDE 283572, a weak-line T Tauri star with a large polar sp F%oorﬁﬁé azzelr::]g‘rian;ag?ee}“gfl?nref;;ﬂa? f&zr?shelfni?qlécsz)
(Joncour et al. 19944, Strassmeier & Rice 1998b). A bimo q bp ging d ‘

L N0CRicate the operation of a distributed dynamo in the stellar con-

spot distribution, i.e. a polar spot and a number of Iow—Iautude P y

spots were re O’rt'ea fo?the rapidl rotating ZAMS star AB I:)Ovection zone as opposed to an overshoot-layer dynamo. While
potS, P pialy 9 il is well possible that some stellar dynamos operate funda-

. 5 oo
(e.g. Kursteretal. 1994, Unruh et al. 1995). Similar distribution entally different from the solar dynamo, we consider Donati's

were found on the Pleiades-age MS-star LQ Hya (e.g. Rice . ) . . '
. . ) ; conclusion as premature: a unipolar azimuthal field component
Strassmeier 1998, Donati 1999), on the rapidly-rotatiriger- . P e
also results in a natural way fronma = 0 instability, i.e., from

stars He699 and He520 (Barnes eLal._1998), and on the yc"?ﬁ'ﬂgemerging toroidal flux tube. Alternatively, if a tube breaks

Gl'g\drﬂrilg dséféfg rDcraan(?::cs:tslmaeéiroﬁnT;%? tlhgeggi?r)wﬁl taneo iréto a number of bipolar magnetic regions in a sea-serpent fash-
. y ; lf'op, these would also be connected by horizontal (azimuthal)
existence of polar and lower-latitude spots only in the case

fiéld. Low-lying horizontal field i ' -
rapidly-rotating T-Tauri stars with very small radiative core feld. Low-lying horizontal field is observed in sunspot penum

Here, axisymmetric instability leads to flux emergence near t '(reae a_md ‘canoplesj (e.g., Solanki e_t al. 1994) and also in the
poles’ while instability withn. > 1 entails low-latitude eruption yveak intranetwork fields, but these f|eI(_:Is are ml.JCh more local-
<o that a bimodal distribution results (cf. Fily. 4, top row) [Selged thaq the extended lstretches of qzmuthal field in the maps

D ' _of Donati [1999). What is really puzzling in these observations

pending on stellar mass, models for PMS stars after the T'Ta‘llénnot so much the origin of the field (local, convection zone,

phase and for stars on the ZAMS tend to have more or less 8% ; .
: : . overshoot layer) but how such a large-scale horizontal field
tended unimodal latitude ranges of flux emergence, which shiit.

o : . ; in the stellar photospheris kept coherent against the action of
poleward with increasing angular velocity. The existence or n(%nvection buoyancy and related instabilities
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Onthe other hand, the X-ray activity of fully convective lowBasu S., Antia H.M., 1997, MNRAS 287, 189
mass stars (e.g. Fleming etfal. 1995) and of chromosphericdiyls J.H.M.J., Solanki S.K., Séissler M., 1998, A&A 336, 231
inactive stars (Saar 1998) indicates that some kind of distribut@¢zasi D.L., 1997, ApJ 484, 855
dynamo seems to operate in any star with an outer convectf®fin€ P.B., 1996, in Strassmeier K.G., Linsky J.L. (eds.), IAU Symp.

zone. It is questionable, however, whether such a ‘turbulent 176, Stellar Surface Structure, Kluwer Academic Press, Dordrecht,
' i 299

dynamo in the convection zone can give rise to starspots a(g'gig.ari P.. Moreno-Insertis F., Sitsler M., 1995, ApJ 441, 886
large-scale coherent field patterns. In the case of the &un, Charbonn.’eau P.. Tomeczyk S" Schou J .’Thom,pson M J’ 1998, ApJ

models of distributed dynamo action based on the heliosels- 496. 1015
mologically observed differential rotation fail to reproduce thgnoudhuri AR.. D'Silva S. 1990 AGA 239. 326

basic properties of the solar cycle, like the butterfly diagra@brbard T., Berthomieu G., Morel P,, et al., 1997, A&A 324, 298
(e.g. Schmitt 1993), not to speak of the problem of flux storaggantona F., Mazzitelli 1., 1997, in Micela G., Pallavicini R., Sciortino

(Moreno-Insertis et al. 1992). S. (eds.), Cool Stars in Clusters and Associations, Mem.S.A.It. 68,
p. 807
7 c USi DeLuca E.E., Fan Y., Saar S.H., 1997, ApJ 481, 369
- Lonclusions Donati J.-F., 1999, MNRAS 302, 457

Our results lend further support to the original suggestion RpnatiJ.-F., Semel M., Carter B.D., Rees D.E., Cameron, A.C., 1997,

Schissler & Solanki (1992) that the effect of the Coriolis forcle:%n'\f(Nigﬁezr%’ f’fLuca E.E.. 1093, ApJ 405, 300
onrising flux tubes leads to high-latitude emergence Ofmagn%erriz-Mas A.. Schissler M., 1993, Geophys. Astrophys. Fluid Dyn.

flux on rapidly rotating active stars. 72, 209

Using simulations of unstable flux tubes rising through the, i,-mas A., Schissler M., 1995, Geophys. Astrophys. Fluid Dyn.
convection zones of models of young stars covering significant g1 33

ranges in mass, age, and angular velocity can predict latityeming T.A., Schmitt J.H.M.M., Giampapa M.S., 1995, ApJ 450, 401
dinal emergence patterns of starspots. We find extended lgf#l D.S., 1990, in Tuominen I., Moss D. i/liger G. (eds.), IAU Col-
tude ranges of flux eruption and with simultaneous polar and log. 130, The Sun and Cool Stars: Activity, Magnetism, Dynamos,
low-latitude spots in the case of very young stars (presumably Springer Verlag, Heidelberg, p. 353
corresponding to the T-Tauri phase). Pre-main-sequence stég&es A.P., 1995a, ApJ 451, 784
and zero-age-main-sequence stars show more or less broadli@izes A.P., 1995b, in Strassmeier K.G. (ed.)_, Postgr Proceedings IAU
modal ranges of emergence latitude, which shift equatorward SYMP- 176, Stellar Surface Structure, Univ. of Vienna, p. 90
with increasing stellar mass, decreasing angular velocity, a{ﬂ?ﬂtz.es A-P.,Vogt S.S., Ramseyer T.F., Misch A., 1996, ApJ 469, 808
. . . esias C.A., Rogers F.J., 1996, ApJ 464, 943
increasing age of the star. Such dependences possibly lend th ns-Krull C.M. 1996. AZA 306. 803
selves to observational test. The formation of truly polar SpoJ§y, s _krull C.M.: Hatzes AP. 19’97, ApJ 487, 896
on such stars requires latitudinal transport of magnetic flux aftgj,,cour | Bertout C., Bouvier J., 1994a, A&A 291, L19
its emergence at the surface. Joncour |., Bertout C., Menard F., 1994b, A&A 285, L25

Our detailed parameter study shows that the emergence kagpenhahn R., Weigert A., Hofmeister E., 1967, Meth. Comp. Phy.
itudes are much more strongly influenced by variations of the 7, 129
flux-tube parameters (particularly initial location, field strengtKitchatinov L.L., Ridiger G., 1995, A&A 299, 446
and magnetic flux) than by parameter variations affecting st&luker M., Rudiger G., 1997, A&A 328, 253
lar structure. However, even drastic variations of the flux tudirster M., Schmitt J.H.M.M., Cutispoto G., 1994, A&A 289, 899
parameters do not alter our main results, the main effect beintf#aas b., Hummer D.G., Mihalas B.W..dppen W., 1990, ApJ 350,
broadening of the latitudinal emergence patterns. Further deve(l)—r:’;(r)]g Insertis F.. 1083. AGA 122. 241
Opmer.]t of the ”.‘Ode' IS eXpe.Ct.ed mainly from the inclusion oreno-Insertis F., Sdlssler M., Ferriz-Mas, A., 1992, A&A 264, 686
realistic tach_oqlmes and mer!dlonal flows, from improvemen(s. . |1 certis F. Caligari P., Sissler M., 1995, ApJ 452, 894
of the description of convective overshoot, and from attempS rauser R.. Wolk S.J.. Torres G., et al., 1998, A&A 334, 873
to simulate the evolution of magnetic flux after its emergenggee j 8., Strassmeier K.G., 1996, AGA 316, 164
at the surface. Rice J.B., Strassmeier K.G., 1998, A&A 336, 972

Rogers F.J., Iglesias C.A., 1992, ApJS 79, 507
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