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Abstract. We discuss the influence of the non-thermal velociti©81, Maltby et al. 1986). In their reference model, Maltby et al.
(micro-turbulence) on the formation of chromospheric lines {1986) used micro-turbulent velocities ranging from 1 kms
the atmospheres of late type dwarfs. A review of previous woirk the photosphere, to 8.5 km§at a temperature of 8,000 K.
shows a variety of different approaches to the problem leadiRgr the cooler umbral model they varied the micro-turbulent
to different atmospheric structures and consequently differamocity from zero to 4.1 km's'.

computed line profiles. In that light, we re-examine the forma- Kelch et al. (1979) in modelling of atmospheres of late type
tion of the Hydrogen Balmer lines and NB lines using twelve stars used photospheric non-thermal velocities ranging from
different distributions of the micro-turbulent velocity through2 km s~ to 5 kms™! in the upper layers. Giampapa et al. (1982)
out the atmosphere. Our results show a wide range of possinlglt a set of models for M dwarfs characterizing the non-
line shapes. Using the analogy with the solar case and the latestmal motions as isotropic Gaussian micro-turbulence and
results of the non-thermal component widths as derived frantluded the turbulent pressure in the hydrostatic equilibrium
instruments on-board SOHO we model ldnd the NaD lines equation. They followed the treatment of micro-turbulent ve-
in an active dMe star G1616.2. locity by Kelch et al. (1979) with somewhat lower values up
to 2kms !, Eriksson et al. (1983) produced a model for the
ate type staps Ceti (G9.5 Ill). Although the effective gravity

in this star is much lower (log g=2.9) than in M dwarfs it is
important to mention their treatment of the micro-turbulent ve-
locity because it influenced some later work on late type dwarfs
1. Introduction (e.g Short & Doyle 1998). They considered two models for the

Line widths of upper chromospheric and in particular transitidRicro-turbulence. The first of their models equated the micro-
region lines are broadened far in excess of their thermal widtH&Pulent velocity with the local sound speed. In the other model
Over the last two decades there have been numerous meadfify. kept the micro-turbulent velocity at a level of 2 kmfsup
ments of line widths in the solar atmosphere (see referencefgihe temperature minimum, then linearly increased it (in loga-
Doyle etal. 1999) and with the advent of IUE and HST there e%thm column mass) to 10 kn's and kept this level throughout
ists measurements of high temperature transition region linedf}f§ rémainder of the atmosphere. o

many late-type stars (Linsky & Wood, 1994; Wood et al. 1996). 'hatcher etal. (1991) modelled the K2V stdtridani, lin-

The excess line width has been ascribed to micro-turbulenc&f{1Y increasing the micro-turbulent velocity from 1 ki sat

the atmosphere on scale lengths of the photon mean free pafiifndeepest photospheric levels to 5 knh sit 300,000K (i.e.

the atmosphere. With the launch of SOHO in 1995, the measuifi 0P Of their atmosphere). Houdebine et al. (1995) produced
ments of spectral line widths in different solar features, cororfdl] extelnswe grid of chromospheric structures using a value of
holes, ‘quiet’ and active regions has been published (Teriaca-&™m S ~ for the photospheric micro-turbulence. In the chromo-
al. 1999, Doyle et al. 1999 and reference therein). The measutBere they increased the micro-turbulent velocity to 2.5k s

velocities range from 10knTd at a temperature of 10,000 kat 8,200K and in the tran;ition regio.n sharply increase it. to
up to 30-35 kms! at the top of the transition region. 4.6kmst. Mauas & Falchi (1996) build models for the qui-

With regard to the modelling of chromospheric lines thefeScent and flare state of the very active star AD Leo (M4.5Ve)

have been different approaches and approximations of #ing @ very low micro-turbulent velocity of only 2km's

micro-turbulent/non-thermal velocity. The mostimportant solar SN0rt& Doyle (1998) builtanother grid of models and intro-
models are the ‘so called’ VAL models (Vernazza et al. 197@uced the treatment of Eriksson et al. (1983) into the modelling
. of late type dwarfs. They use a constant micro-turbulent velocity
Send offprint requests t®. Jevremowt in the photosphere of 2 knT$, increasing it to 10 kms! at the

" Based in part on observations made at Observatoire de Hap of chromosphere and to 20 km'sat the top of atmosphere.
Provence (CNRS), France and SOHO
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As is evident, differences in the approximation of the non- 6;
thermal velocities are significant. The most interesting point is
that only Giampapa et al. (1982), Short & Doyle (1998) and [
Houdebine et al. (1995) were able to produce absorption in the> -
case of the i line although Giampapa at al. (1982) consid-"
ered the transition region at an unrealistic height, namely at cgJ- ¢ ]
umn mass of Igm=-12 (with m in g cm?). Several of these < 4 ]
latter works have shown the importance of the higher atmo- | 1
sphere (i.e. transition region) on the modelling of some chro- |
mospheric lines, however the question of what influence the| ‘ ‘ ‘ ]
micro-turbulence has on the formation of these lines has not - —4 -2 0 2
been addressed properly. log m (g em™)

The material in the following sections is organized as fokig. 1. The temperature dependence of the column mass for our test
lows: in Sect 2.1 we describe the basic models and some impa#gdel.
tant details of the calculations. Séct]2.2 describes in detail the
different models of non-thermal velocity used, while in Sekt. 3

we discuss our results. In Sddt. 4 we discuss the results with From the temperature minimum, situated@tm = -2,

reference to Id and Na D line observations of an active dMet0 the transition region, which onsets at temperatures around

star. 8,200 K (Houdebine & Doyle 1994, Short & Doyle 1998) and
in our test case at the column mdsgm = —4.5, we keep

2. Construction of models and details of the calculations dli% constant. From the onset of the transition region to the
top of the atmosphere at 300,000 K we ke%g% = —6.5.
The temperature dependence on the column mass is shown in
There exist two schools of thoughts for constructing ‘semizig.[. Each atmospheric structure has one hundred depth points.
empirical’ models of stellar atmospheres. One school followdiis model is similar to the model used by Short et al. (1998)
a strict semi-empirical approach (VAL, Giampapa et al. 198describing a so called zero-activity M dwarf.
Mauas & Falchi 1996) which means that they guess a start-
ing solution for. the atmosphere an.d then compare the outpU  Models for the non-thermal velocities
from the radiative transfer calculations to the observed spec-
tral lines/fluxes. With the advent of faster computers there h&@ test the influence of the non-thermal velocity on the elec-
emerged a new school which basically calculates grids of md&Pn density stratification and the line formation we use twelve
els (Houdebine & Doyle 1994, Short et al. 1997) by varyingifferent model distributions. These can be divided into three
some of the important parameters in the atmosphere. After c@loups:
culating the output of the models they compare the calculated )
results with observation and try to find which model gives tHt A constant non-thermal velocity throughout the altmosphere
best agreement. We can call the latter approach ‘schematic’. {Or three different levels ofy,., = 1,2 and Skms™.

In order to investigate the different levels of the non-therm&| Models where the non-thermal velocity depends on the sound
velocities through the model atmosphere we kept the temperVelocity defined by
ature structure versus column mass identical for all models. ) p  Ti(1+z)«kT
The temperature stratification is achieved using the ‘standard’s = 1; = g )
approach’, choosing the position of the temperature minimum
and transition region. Up to the temperature minimum we keep®/
';he p?hotc;spherictmodeI. as calctlJIatILedtin rafdtir:?\tiv?1 equilibrir:Jm,F dlnp 5+2(1— x)[% + (e /KT)]?
rom the temperature minimum to the top of the chromospherel 1 = = 373
we consider g linear temperature rise wiFt)h the logarithm Sf the Onp 3+l =) [5+[5 + (en/FT)P]
column mass and in the transition region we kéepl versus  (seee.g. Mihalas and Mihalas 1984, p.52)is the ionization
log m constant. energy from the first level of the Hydrogen atom ani@ the

The photospheric model used is the ‘Next Generation’ degree of ionization.
model of Hauschildt et al. (1999) with the effective tempera- We consider five levels of the non-thermal velocity in the
ture of T,y = 3800 K andlogg = 5 and solar metallicity.  atmosphere namely1 c,, 0.2 ¢, 0.5 ¢, 0.7¢; ande, and we
It is interesting that some authors use a lower effective gravitylimit the maximum non-thermal velocity to 30 km&
that we find to be of ‘historical’ origin — in the eighties the best Models where we keep the non-thermal velocity constant
photospheric models for late type stars were models of Mould(1 km s™') up to the temperature minimum, then linearly in-
(1976) which were betwedng g = 4.75 and5.75. We choose  creasing toZ, 3, 5 and 10km 1) at the top of the chromo-
a photospheric model which corresponds to a dwarf star of specsphere and then tdb( 10, 20, 30 kms™!) at the top of the
tral type MO-ML1. atmosphere.

2.1. Basic atmosphere

herel'; is the generalized adiabatic exponent:
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Fig. 2. The upper left panel shows models of constant non-thermal velocity. The upper right panel shows the final distribution of the electron
density throughout the atmosphere while the middle panels show the line profiles,dfi H and the lower panels show the line profiles of
H08 and NaD.

For the electron density calculationitisimportant to take into aetherey is the gravity acceleratiom; the column mas®yas, pe
count turbulent pressure, therefore the hydrostatic equilibrivandp,..4 are the gas, electron and radiative pressure}@mﬁm
equation is written as: is the turbulent pressure.

1

2 pUtQurb (2)

g XM = Pgas + Pe + Prad +
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Fig. 3. Same as Fif]2 except for the models of non-thermal velocity as a fraction of the sound speed. Sdliddipedotted line (.2¢;),
dashed line.5¢,) and dot-dash line)(7c;s) and long dashed line:).

2.3. Detalils of calculation plus continuum. The oscillator strengths were from Green et
We use the radiative transfer code MULTI (Carlsson 1986, 19964)' (1957), the transition probabilities frpm Reader etal. (1980)
) . L adpl the values for the Stark broadening from Sutton (1978).

to solve simultaneously the equations of radiative transfer, ag . .
ur Sodium atom has 10 bound levels plus two continuum lev-

the statistical and hydrostatic equmbrlu_m equations for Hydr s with the atomic data taken from Bashkin & Stoner (1982).
gen. Our Hydrogen model atom consists of 15 bound levels
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Fig. 4. Same as the Fif] 2 for the third type of non-thermal velocity distribution.

We use extensively the radiative-collisional switching technique In this calculation we have used opacities from the Upp-
of Hummer & Voels (1988) to achieve convergence of the popala opacity package. Andretta et al. (1997) and Short et al.
ulation levels. The population of the levels in the Hydrogen arfi997) have shown that it is necessary to include a better treat-
Sodium atom are iterated up to the level when changes are lesnt of background opacities. At the moment we are working
than1%. on the inclusion of a depth dependant micro-turbulent veloc-
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ing the non-thermal velocity from.1c¢, to ¢, we manage to

change the ke profile from emission with the self-reversal to

pure absorption. ¥ and H 08 both have a very small emission

N component even with a non-thermal velocityoofc; and both

lines again change their character similar ta.H

m The Sodium doublet again shows changes in the line shape.

_ We attribute these changes to changes in the electron density in

S the photosphere. With an increase in the non-thermal velocity,

o the central emission in the lines weakens and in the case when

g O | the non-thermal velocity equél7c,, almost completely disap-
quiet sun pears. There is a large increase in the intensity of theviiags

Pactive region with increasing turbulent velocity in the photosphere.

w
o
T

)
el
T

)
o
T

3.3. Linearly increasing non-thermal velocity
in the upper chromosphere

= In the chromosphere/transition region, changes in the electron
density are in agreement with EQl (2). Again there are dramatic
changes in the shape of the Balmer linesx Bhows the most
prominent changes — from emission in the case of a low non-
thermal velocity to deep absorption with an increase in the level
of the non-thermal velocity.
The wings of the Sodium doublet stay almost unchanged,

5.0 5.4 5.8 6.2 which is easily explained by the constant non-thermal veloc-
log To ity in the photosphere. Again the emission core of ihdine
changes from being very prominent to almost non-existence

Fig. 5. The non-thermal velocity as determined by Teriaca et al. (1999}, increasing non-thermal velocity in the chromosphere.
for an active region (squares) plus a ‘quiet’ sun region (circles). The

lines corresponds t.5¢; andcs.
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4. Comparison with the observations — the case of CR Dra

ity in PHOENIX. Thus to have a self-consistent treatment, wen May 21 1997, we obtained high resolution spectra of the
presently use only Uppsala opacities. active dMOe star GI616.2 (CR Dra) using the 1.9m telescope
at the Observatoire de Haute Provence (OHP) and the fibre fed
spectrograph ELODIE (Baranne et al. 1996). This spectrograph
3. Results provides a spectral resolution g = 45000 throughout the

In Figs [2E3 we present the basic results of our calculations. Tvisible part of the spectrum (between 3900 and 6Xp0rhe
upper panels show the modelled non-thermal velocity distrib@HP is situated at a relatively low altitude, and seeing is very
tion and the calculated electron density. The reminding paneggely better than 2 arc sec (which is the diameter of the fibres).
show line profiles for four lines; H, H3, H08 and Nar D. We show in Fig.5 the latest solar results based on mea-
surements of both a ‘quiet’ Sun region and an active region,
superimposed with curves for5¢, ande,. These results would
suggest that perhags7c, from 10* K to 10° K is an appro-
From Fig[2 we can see that there is a lowering of the electrpriate approximation while from 100,000 K to 300,000K it is
density with increasing non-thermal velocity. Also, with theonstant at-30 km s™t. For the lower photospheric region, we
increase of non-thermal velocity, thecHine shows a deeper have used the results as derived in gect. 2.2 which implies a
self-reversal, while H# and H 08 change from emission to ablevel of ~ 5kms™! for the photospheric layers. As shown in
sorption. Fig. 2, changes are only apparent in the line profiles for values
In the Sodium doublet there are changes in the shape of tigreater than or equal to 5kms
line wings with the lines becoming narrower with increasing To compare our modelling results to the observations, we
non-thermal velocity. For turbulent velocities equal to or greatbuild a grid of models with the non-thermal velocity equak: .
than 5km s, the line wings change dramatically. In this grid of models we change the position of the transition
region from log m-z=—4.8 to —3.8 and the position of the tem-
perature minimum from log g¥—2.5 to —1.0. The comparison
for Ha and Na D lines are given in Fidll6. We have normalized
We can again see that the electron density is changed vittk fluxes to the continuum level at584mnd 65404 for Na1 D
changes in the level of the non-thermal velocity. By changnd Hx lines respectively. One can see that the Sodium doublet

3.1. Constant velocity

3.2. Non-thermal velocity proportional to sound velocity
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Fig. 6. The comparison between the observed and calculated fluxes (fefi panel) and NaD lines (right panel) for CR Dra. The top panels
show the case of log sx—2.0, middle panel for log i=—1.5 and bottom panel log g+—1.0. The position of the transition region is as
follows: log rrm=—4.8 (solid line),—4.6 (dotted line),—4.4 (dashed line),-4.2 (dot-dashed line)-4.0 (dot-dot-dashed line) and3.8 (long

dashed line).

is not fitted perfectly, especially in the wings. The main reasdsee Andretta et al. 1997). Additional opacities would lower the
for this discrepancy is in the treatment of background opacitiegntinuum level and consequently increase the relative fluxes.
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The Sodium fits however suggest that the position of th#K PPARC. The Solar and Heliospheric Observatory is a project of
temperature minimum is around logym-1. Using that value international cooperation between ESA and NASA.
we estimate from the Hfits, that the transition region is at log
mrr= —4.3. These values h.a've to be confirmed with a bettgfotarences
treatment of molecular opacities.
From the various fits one can see that the chosen valueAgfretta V., Doyle J.G., Byrne P.B., 1997, A&A 322, 266
0.7 ¢, which influences the width of the emission cores, agreBaranne A., Queloz D., Mayor M., etal., 1996, A&AS 119, 373

quite well with the observed ones for botfatand Na D Bashkin S., Stoner Jr. J.0., 1982, Atomic Energy-Levels and Grotrian
) Diagrams. Vol. I, North Holl. Pub. Co.

Carlsson M., 1986, Uppsala Spec. Rept. No. 33
5. Conclusions Carlsson M., 1992, In: Giampapa M.S., Bookbinder J.A. (eds.) Cool

. . . stars. Proc. 7th Cambridge Workshop on Cool Stars, stellar sys-
Some earlier modelling, e.g. Houdebine et al. (1995) suggestediems, and the Sun. ASP Conf. Ser. 26, p. 499

thatthe level of micro-turbulence would not have an influence @yle J.G., Teriaca L., Banerjee D., 1999, A&A 349, 956

the Hydrogen line profiles. This is clearly not the case as sho®hksson K., Linsky J.L., Simon T., 1983, ApJ 272, 665

in the previous sets of figures. Of course one could argue tkeimpapa M.S., Worden S.P., Linsky J.L., 1982, ApJ 258, 740
small scale motions with velocities close or even higher than tBeeen L.C., Rush P.P., Chandler C.D., 1957, ApJS 3, 37
sound velocity are physically doubtful because of the generatidauschildt P.H., Allard F., Baron E., 1999, ApJ 512,377

of shocks. We think that in the light of new solar observatioddoudebine E.R., Doyle J.G., 1994, A&A 289, 185

(SOHO) and the richness of small scale motions, we haveHgudebine E.R., Doyle J.G., Roielecki M., 1995, A&A 294, 773
examine even these high levels of non-thermal velocities. Ummer D., Voels S.A., 1988, A&A 192, 279

T . . Ifelch W.L., Worden S.P., Linsky J.L., 1979, ApJ 229, 700
From the modelling it is clear that there is a lowering oLinskyJ L.. Wood B.E., 1994, ApJ 430, 342

th_e e_Iectron_density with incref_;lsing turbulent velocity. AISCR/IaItby P., Avrett E.G., Carlsson M., et al., 1986, ApJ 306, 284

with increasing turbulent velocity, H shows a deeper self-\13yas P.J.D., Falchi A., 1996, A&A 310, 245

reversal, while H3 changes from emission to absorption. Ifihalas D.,, Mihalas B.W., 1984, Foundations of Radiative Hydrody-

Na 1, there are changes in the shape of the line wings with namics. Oxford University Press, New York — Oxford

the lines becoming narrower with increasing turbulent velocitylould J.R., 1976, A&A 48, 443

particularly for values greater than 5 km'sin the photosphere. Reader J., Corliss C.H., Wiese W.L., Martin G.A., 1980, Wavelength
Fair|y good results were achieved for fitting the observed Transition probabilities for Atoms and Atomic lons. NSRDS-NBS

profiles of CR Dra. From our modelling we conclude that the 68

model with transition region at log fiz=—4.3 and a temper- SNortC.l., Doyle J.G., Byme P.B., 1997, A&A 324, 196

ature minimum at log gF—1.0 gives the best results for ¢ Short C.I., Doyle J.G., 1998, A&A 336, 613

- . . Short C.1., Doyle J.G., Byrne P.B., Amado P.J., 1998, A&A 329, 229
where Na D is used to estimate the position of the temperatuge . K., 1978, JOSRT 20, 334

minimum. Teriaca L., Banerjee D., Doyle J.G., 1999, A&A 349, 636

. .. Thatcher J.D., Robinson R.D., Rees D.E., 1991, MNRAS 250, 14
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