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ABSTRACT

Theoretical time-dependent and two-component chromospheric models for late-type dwarfs are constructed
based on acoustic and magnetic wave heating mechanisms. The models are used to predict the theoretical range
of chromospheric activity for these stars. Comparison of this range with the one established observationally shows
that the wave heating alone can explain most but not all of the observed range of stellar activity.

Subject headings: stars: activity — stars: chromospheres

1. INTRODUCTION According to Narain & Ulmschneider (1996), the various
proposed heating mechanisms can be divided into two main
categories: hydrodynamic (acoustic and pulsational waves) and
magnetic (MHD waves and magnetic field dissipation). Cur-
rently, the mechanisms that heat the different layers of stellar
atmospheres are still poorly known. However, rec&har and
Heliospheric Observatory observations imply that small mag-
netic loops are being perpetually generated in the solar at-
mosphere and then very quickly disappear by releasing their
energy through magnetic reconnection; note that reconnections
; X : S Mwill also generate MHD waves. These short-lived loops form
a larger portion of their surface is covered by magnetic fields |\ o is"called a “magnetic carpet” (Schrijver et al. 1997), and
and that the activity is most prominent in rapidly rotating stars o energy content seems to be sufficient to heat thé solar éorona.
_(Noyes etal. 1984).' For stars th"?‘t rotate very slowly, a min- One may speculate that similar magnetic carpets exist on other
imum chromospheric line core emission flux has been observeds . v ne ‘stars, but it is unclear how important this carpet is
(Schrijver 1987; Rutten et al. 1991); this type of activity is for the heating of a given stellar chromospheric layer. Thus,

usg@lly treferred to as tba?ai f:lux. tic fields show that the'V€ 2SSUme that the acoustic and magnetic wave-heating mech-
Iréct measurements of steflar magnetic fields snow that the ;i s gominate in stellar chromospheres and that all wave

photospheric magnetic flux increases when the stellar rotation : S . i
rate increases (Saar & Schrijver 1987; Saar 1996; Jordan 1997)525{%;1 ggﬁgid for this heating is generated in the stellar con
According to Saar (1998), there is growing evidence for in- this Letter, we describe new theoretical time-dependent

homogeneous and locally strong magnetic fields in atmospheres, , j y4_component chromospheric models of late-type dwarfs.
of chromospherically active stars, but detailed distributions are The models are based exclusively on the wave heating, and
not currently known. For solar-type stars (e.g., Linsky et al. w0 4o sed to compute the resulting range of stellar activity.
1992), it is very likely that their magnetic structures Fesem.b'e By comparing this range with the observations, we are able to
tr}oste known frorrt1. thfg aun where tthere dare two tf.“a]LI” re,?'gnsdetermine the role played by acoustic and magnetic waves in
IO strodng _mag_rlle Ict: tr:e bS. Sléns_po S fan magne ;C ux Sesthe heating of chromospheres of stars of different activity. The
ocated primarily at the boundaries of supergranules (e.g., o'comparison shows that the wave heating alone can explain most

lanki 1993). o
. . n Il of th rved ran f stellar activity.
From these observational results, two basic and currentlybUt ot all of the observed range of stellar activity

unsolved theoretical problems can be identified. The first is to
predict theoretically the distribution of magnetic fields on the
surface of a star with known rotation rate. This requires a first-  Our theoretical time-dependent and two-component chro-
principle theory of stellar dynamos, which is not yet available mospheric models take into account nonmagnetic regions
(e.g., Weiss 1994). The second is to identify the basic physical (heated by acoustic waves) and magnetic flux tubes (assumed
processes that are responsible for the heating of stellar atmowuniformly distributed and heated by longitudinal tube waves).
spheres and explain the observed range of stellar activity. InThe coverage of the stellar surface by magnetic fields (area
this Letter, we address the second problem. Our approach is tdilling factor) is a free parameter in these calculations. The
construct theoretical chromospheric models and use them tainitial wave energy fluxes are input parameters for the models,
predict the range of stellar activity. Obviously, to construct and they are calculated using convection zone models (see
these models, we must specify the magnetic field coverage andelow). A time-dependent magnetohydrodynamic code based
the heating mechanisms operating in stellar chromospheres. on the method of characteristics is used to compute the prop-
agation of both acoustic waves in a plane-parallel atmosphere
" Institut fir Theoretische Astrophysik der Univeriitdeidelberg, Tiergar- (e.g., Ulmschneider et al. 1977; Buchholz, Ulmschneider, &
tenstrasse 15, D-69121 Heidelberg, Germany; diaa@ita.uni-heidelberg.de,Cuntz 1998) and longitudinal waves along the magnetic flux
uim@ita.uni-heidelberg.de. tubes (e.g., Herbold et al. 1985). Simultaneously with these
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76019: zmusielak@uta.edu. wave calculations, we compute radiative losses in thebh

s Warsaw University Observatory, Al. Ujazdowskie 4, PL-00478 Warszawa, tinuum and in the Mgr and Can emission lines by solving
Poland; kst@astrouw.pl. the appropriate radiative transfer equations together with the
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It is now well established that all late-type stars show chro-
mospheric activity, which is typically identified with the pres-
ence of emission in the cores of the @1 + K and Mg
h + k spectral lines. The observed activity varies significantly
for a given spectral type (e.g., Linsky 1980; Schrijver 1987,
Rutten et al. 1991; Spéeh 1994; Baliunas et al. 1995). The
fact that stars of the same spectral type have different levels
of stellar activity is attributed to the presence of surface mag-
netic fields. Observations show that stars are more active whe
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Fic. 2.—Total observed Mgt h + k line emission of stars by Vilhu (1987;

h asterisks) and Rutten et al. (1991illed circles), compared with theoretical

fluxes for pure acoustic wave heatindaghed line) and for magnetic wave
wave heating in flux tubes, which at photospheric height have an area filling heating in flux tubes, which at photospheric height have an area filling factor

_ S - - of f = 0.4 (solid line). Also shown are the saturation and basal flux limits
:ct((irggflf ;i;é)(solld line). Also shown is the basal flux limit by Rutten et given by Vilhu (1987) and Rutten et al. (1991, Fig. 5), respectively.

Fic. 1.—Total observed Ca H + K line core emission fluxes of minimum
flux stars and most active dwarfs are shown as filled circles, compared wit
theoretical fluxes for pure acoustic wave heatidaslied line) and for magnetic

and this extra energy is added to the initial longitudinal wave

statistical equilibrium equations for non-LTE populations energy flux (increasing it by a factor of 5) to serve as an input
(Ulimschneider 1991; Fherth & Ulmschneider 1995). The  parameter for our theoretical models of the magnetic areas.
time-dependent energy balance between the wave dissipation
due to shocks and the emitted radiative losses determines the
local values of temperature, density, and pressure in the mag-
netic and nonmagnetic stellar atmosphere regions (Fawzy A series of theoretical chromospheric models has been cal-
2001). It must be noted that early versions of these modelsculated for late-type dwarfs with the magnetic filling factor
have been used by Buchholz et al. (1998) to predict theoreti-ranging from 0.0, for purely acoustically heated chromospheres,
cally the level of the basal flux and by Cuntz et al. (1999) to to 0.4, for both acoustically and magnetically heated chro-
study the decrease of chromospheric activity with stellar ro- mospheres. In the former case, the models describe stars that
tation for K2 V stars. show the basal flux level of chromospheric activity, while for

Our chromosphere models are computed using the best curthe latter case the models describe active stars. Since our mod-
rently known stellar wave energy fluxes. To obtain these fluxes, els are based on uniformly distributed magnetic flux tubes,
stellar convection zone models are calculated using a stellarassuming filling factors higher than 0.4 appears unrealistic be-
envelope code described by Bohn (1984) and later modifiedcause the turbulent flows outside the tube (which generate the
by Ulmschneider, Theurer, & Musielak (1996). To run this code, magnetic waves) might then be impaired. Hence, the maximum
we must specify the basic stellar parameters, nantgl¥,;, wave heating in these models occurs when the filling factor
metallicity, and the mixing-length parameter which is as- f = 0.4 This means that our theoretical range of chromo-
sumed to be 2 in all calculations described in this Letter (e.g., spheric activity (measured by the emerging fluxes in the emis-
Ulmschneider, Musielak, & Fawzy 2001). Having obtained the sion cores of the CaH + K and Mg h + klines) corresponds
convection zone models, the acoustic (Musielak et al. 1994;to a variation of the filling factor fronf = 0.0 to 0.4. By
Ulmschneider et al. 1996) and longitudinal tube wave energy comparing this range with the observational range, we are able
fluxes (Musielak, Rosner, & Ulmschneider 2000; Ulmschneider to answer the important questioBan our wave-based theo-
et al. 2001) are computed and then used as the initial input toretical models account for the observed range of chromospheric
our theoretical models. As already recognized by Spruit & activity in late-type dwarfs?
Roberts (1983), the efficiency of the generation of transverse The emerging fluxes in the GaH + K and Mgu h + k
tube waves is much higher than that for longitudinal tube emission lines resulting from the theoretical chromospheric
waves. There have been several attempts to estimate the amoumtodels are computed using a radiative transfer code based on
of energy carried by transverse waves in the solar atmosphergoartial redistribution and utilizing a modified operator splitting
(Choudhuri et al. 1993a, 1993b; Muller et al. 1994; Huang, method (Ulmschneider 1994). A ray-tracing method through
Musielak, & Ulmschneider 1995). Recently, Musielak & the forest of expanding flux tubes similar to Rammacher &
Ulmschneider (2001a, 2001b) used an analytical approach toUlmschneider (1989) is used to calculate the emerging radiative
compute the transverse wave energy fluxes for late-type starsflux from both magnetic and nonmagnetic regions of our mod-
The obtained results show that these difficult to dissipate waveels. The emerging fluxes for acoustic wavds=0.0 ) and
fluxes are more than 1 order of magnitude higher than thosemagnetic (plus acoustic) wave$ € 0.4 ) in the @aand
carried by longitudinal tube waves. To account for this wave Mg 11 emission lines are shown in Figures 1 and 2. To judge
mode, we assume that 16% of the generated transverse wavthe significance of this comparison, it should be noted that the
energy is converted into longitudinal wave energy by the pro- theoretical emission fluxes were computed completely on first
cess of nonlinear mode coupling (e.g., Uimschneidérifiger, principles, specifying onhyf4, 0, «, (solar) metallicity, and.
& Musielak 1991; Zhugzhda, Bromm, & Ulmschneider 1995), Thus, these theoretical computations carry all systematic in-
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accuracies in the wave flux generation calculations, the chro-the geometrical spreading) are heated by longitudinal tube

mospheric wave modeling, and radiation treatments. waves (shocks), and the high chromosphere receives additional
Figure 1 shows Ca H + K line observations of staréil{ed nonwave magnetic heating (e.g., by reconnective heating).

circles) with very low or high core emission fluxes mostly

from Duncan et al. (1991) and Henry et al. (1996), recalibrated 4. CONCLUDING REMARKS

if necessary after Noyes et al. (1984). Also shown is the basal ) )

flux limit from earlier work by Rutten et al. (1991, Fig. 5, A coherent picture of the heating of the outer atmospheres

dotted line), which is significantly higher for hotter stars than ©f late-type stars appears to be now slowly emerging. Turbulent
our low-emission stars. It is seen that the observational rangedas motions in the surface convection zones of these stars give
of activity for a given spectral type is almost 1 order of mag- 'iS€ to acoustic waves that, upon propagating into the outer
nitude for hot stars and 2 orders of magnitude for cool stars. Stellar layers, quickly steepen into shock waves due to the
Except for hot stars, the observed minimum agrees fairly well Strong density gradient. The postshock temperature peaks of
with the theoretical emission flux of nonmagnetic stars, which these waves produce the emission cores in thei€a+ K

are heated purely by acoustic waves (see also Buchholz et aland Mg h + klines. These core emissions occur in all stars
1998). In view of the uncertainties of the theoretical and ob- regardless of rotation and produce the basal flux limit. With
served emission fluxes, the saturation limit for the most active increasing rotation, stars are progressively covered by magnetic
stars is also fairly well reproduced by magnetic wave heating f|e[ds and have an increasing area filling factor at photospheric
models § = 0.4), which consists of heating by acoustic waves, heights. _ )

longitudinal waves, and mode-coupled transverse waves. This External turbulent gas flows in the convection zone perturb
shows that wave heating, in principle, is able to account for the magnetic flux tubes and generate longitudinal, transverse,
the observed chromospheric @aline-core emission fluxes, —and torsional magnetic waves. Of these, longitudinal waves
both in terms of the absolute flux as function of spectral type behave like acoustic waves and form shocks when propagating
and the variability caused by different area filling factors of along the magnetic flux tubes, which spread with height until

the magnetic field coverage. they fill out the entire available space. By mode-coupling_
Figure 2 shows observed emission fluxes in the Mg + (Zhugzhda et al. 1995), part of the transverse wave energy is

k lines for late-type stars taken from Vilhu (198&sterisks) convertgd to longitudinal waves, and the same must happen

and Rutten et al. (199%illed circles). Also indicated ¢otted for torsional waves. Unfortunately, the energy generation of

line) is the basal flux limit from Rutten et al. (1991, Fig. 5). torsional waves is presently unknown. Assuming that a fraction
Similar to the Cau fluxes, it is seen that the basal flux limit ©Of 0.3 of the transverse wave flux becomes available as lon-
agrees within about a factor of 3 with the emission flux of gitudinal waves, a maximum amount of heating in the magnetic
nonmagnetic stars that are heated purely by acoustic wavedlux tubes for stars with a filling factdr= 0.4 has been com-
(see also Buchholz et al. 1998). However, the maximum mag-Puted. We find that this heating is sufficient to explain magnetic
netic wave heating for our most active stafs< 0.4 ) appears chromospheres up to the level of theiCd + Kline formation.
to be systematically below the observed saturation limit given _However, the magnetic wave heating appears to be insuffi-
by Vilhu (1987, dotted ling). Although most of the observed ~cient when in the high chromosphere the level of Mg +
variability of the chromospheric emission seems to be coveredK line core formation is reached and coronal heating mecha-
by varying the filling factof, this gap appears to be persistent hisms (like reconnective heating by microflares) appear to con-
and independent of the effective temperature. This suggestdfibute. As the role of the dissipation of torsional waves is not
that most of the chromospheric emission activity in Mgan  clear, the exact amount of reconnective heating necessary can-
be explained by magnetic wave heating but that for the most not be reliably determined. In addition, it is not known whether
active stars an additional nonwave magnetic heating mechateconnective heating operates mainly by direct dissipation or
nism appears to be at work. by the generation of magnetic waves. There are indications that
That we can explain the entire observed range of the chro-magnetic reconnection occurs in small magnetic loops, the so-
mospheric activity of the Ca emission and partly the range ~Called magnetic carpet (see § 1). Moreover, there are stellar
of the Mg i1 emission can be attributed to the fact that the Observations of the @ line by Wood, Linsky, & Ayres (1997)
Can H + K lines are formed much lower in the atmosphere that support the picture of a transition of wave heating to re-
than the Mgu h + k lines. It seems that the magnetic wave connective heating in the chromosphere-corona transition layer.
heating gets progressively weaker with height in the chromo-
sphere and that at great height in addition coronal heating mech- This work was supported by the NSF under grant ATM-
anisms (like reconnective heating) appear to contribute. This0087184 (Z. E. M. and P. U.), by KBN grant 5 PO3D 006 21
suggests the following scenario: the base of the chromosphergK. S.), by DFG grant UI57/25-3, and by NATO under grant
is produced by pure acoustic (shock) heating, the lower andCRG-910058 (P. U. and Z. E. M.). Z. E. M. also acknowledges
middle chromosphere (with an increasing importance of the the support of this work by the Alexander von Humboldt
magnetic flux tubes due to the photospheric filling factor and Foundation.
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