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Abstract. We examine spectral line radiation from small-scafthat the observed continuum intensities or the Stakaed V'
magnetic flux tubes in the solar atmosphere. This is a contprofiles did not match well the observations. We attributed the
uation of work by Kneer et al. (1996). The main differencdiscrepancies to our choice of the model of the ambient atmo-
with the previous investigation is in the choice of the extesphere. Below, we demonstrate that a modification of the exter-
nal atmosphere. Earlier we adopted an atmosphere resembfiagmodel yields much better agreement between observations
the empirical quiet Sun model for the ambient medium. In trend the predictions of the radiation field from the theoretical
present study, we iteratively adjust the temperature structuremaddels of small-scale flux tubes.

the external atmosphere to fit the StokesdV profiles and the

average continuum intensities with those obtained from obser-

vations. Our models are hotter in the uppermost photospheZic Observational constraints

layers and cooler in the deeper layers than the quiet Sun mo\?vel b . f Stokdsand 1 il fthe F
and agree well with semi-empirical flux tube models. € use observations of Stokésan profiles of the Fer

6149A, Fe1 6151A and Fa 6173A lines of small-scale flux
tubes in solar plages, including their surrounding atmosphere,
as in Paper |. These lines differ in their Lang factors and
temperature dependence (for the line parameters, see the above
paper). In spite of the high spatial resolution0g6 — 170, the

1. Introduction observed continuum intensity is averaged over the flux tube

. ) ~and the ambient medium. One observes that near disk center
Small-scale magnetic flux tubes are central to investigationsgifihe Sun this average intensity is by no means conspicuous,

the structure and dynamics of the solar atmosphere as well ag,0he sense that magnetic features appear either substantially

stellar atmospheres in general. In both the quiet and the acligynter or darker than the average quiet Sun (del Toro Iniesta

Sun, flux tubes are commonly accepted to play an essential rgjg| 1990, Kneer & von Uexkl 1991, Stolpe & Kneer 1997,

in the heating processes of the chromosphere and the corgag references therein). Instead, one sees abnormal granulation

(see Narain & Ulmschneider 1996). (e.g. de Boer & Kneer 1992, and references therein), a sort
In the present investigation we model the thermal structuse gisturbed, sub-arcsec pattern, but on average no intensity

of small-scale flux tubes in solar plages using observations W&h\ange_ Consequently, our endeavour will be to obtain from the

high spatial resolution. This is a continuation of earlier work,qdels an average continuum intensity close to the quiet Sun
(Hasan & Kalkofen 1994, hereafter HK, and Kneer et al. 1996,e (see also the study by Title & Berger 1996).

hereafter Paper ) in which flux tube models were constructed in

the thin-tube approximation with radiative and convective en-

ergy transport. For reasons of consistency, a model atmosprge_rqm)de”ng

for the external medium was first determined to match the com-

bined VAL-C (Vernazza et al. 1981) and Spruit (1977) model®ne method of determining the physical parameters that re-
henceforth labeled VALC-SP. Flux tube models were then deroduce the observations is to apply inversion techniques, i.e.,
termined by solving the magnetostatic equations for a thin tutsefind a set of parameters of a model atmosphere such that
along with the radiative transfer equation (for a grey atmosphdhg calculated intensities match, in the sense of least squares,
with 4 angles). The magnetic topology was specified in terri¥e observations. Recent developments of the inversion method
of /3, the ratio of gas to magnetic pressure at a reference lewfe described in del Toro Iniesta & Ruiz Cobo (1996). In the
Further details can be found in HK. The spectral line radiatighiesent investigation we prescribe a model for the temperature
from the above models was determined in Paper I. It was fou@gla function of height in the external atmosphere, and calculate
flux tube models as described in our earlier work (HK). The ex-
Send offprint requests t&. Kneer ternal temperature is iteratively adjusted to provide a fit between
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Fig. 1. Temperature versus geometric height for various models. Solllg. 2. Temperature versus pressure for various models. Solid: temper-
temperature model of the atmosphere surrounding the flux tulagyre of the atmosphere surrounding the flux tube; dashed: temperature
dashed: temperature in the flux tube; dash-dotted: VALC model (Vén-the flux tube, where the pressure is the total pressure, i.e., the sum of
nazzaetal., 1981) extended to deeper layers using the subphotospliegigas and magnetic pressure; dotted: temperature versus gas pressure
model of Spruit (1977). The asterisks and diamonds are at the pasithe flux tube; dash-dotted: VALC model extended to deeper layers
tion where the continuum optical depth (at 500 nm).. = 1 (lower by model of Spruit. The asterisks and diamonds have the same meaning
positions) and the line centre optical depth of tha B&73 line is at as in Fig. 1.
Tie,6173 = 1. Diamonds refer to nonmagnetic atmospheres, asterisks
to flux tubes.
atmospheres assumed to be static (cf., Kneer & Stolpe 1996).
Models incorporating priori dynamic behaviour avoid this in-

the observed and calculated Stokes profiles and continuumdansistency. They have been proposed by Steiner et al. (1996,
tensities. 1997) based on numerical, time-dependent MHD simulations,

We assume a slender, vertical magnetic tube with givand by $inchez Almeida & Landi Degl'Innocenti (1996), on
plasmag, (the index ‘0‘ refers to the levet.,,, = 1 and micro-structured magnetic atmospheres, who included at the
z = 0 in the ambient medium), tube radil%, and convec- outset stochastic structuring and dynamics.
tive efficiency parameter. Our choice for these parameters is:
Bo = 0.5, Ry = 100 km, anda: = 0.2, which are kept fixed. 4. Results
We find that the temperature structure of flux tube models 15
most sensitive t@,, while the specific values diy, anda are  Fig. 1 depicts the variation with heightof the temperature in
unimportant so long as the tube is thin enough to allow for éhe flux tube and external atmosphere based on a modelin which
ficient radiative coupling with the ambient medium (cf., Hasathe Stokes profiles match those of observations. For comparison,
& Kalkofen 1994). Regarding the choice 8f Solanki (1995) this figure also contains the temperature profile in the quiet Sun
reports on values of < 0.5 using measurements of intens€VALC-SP, dash-dotted). With the observations used here, the
magnetic flux tubes in the infrared. temperatures above = 400 km and belowz = —100 km

The spectral line radiation from the tubes is determined usannot be determined since the observations are insensitive to
ing the procedure adopted in Paper I. Emergent intensities, tinese regions of the atmosphere.
cluding Stokes profiles, are calculated from rays parallel to the One noticesin Fig. 1 that, contrary to what had been adopted
tube axis. They are averaged over area corresponding to variousur earlier work (Paper I), the temperatures of both the flux
filling factors atzy = 0. The Stokes profiles are then convolvetlibe and the surrounding atmosphere must be lower than the
with a Gaussian profile corresponding to a broadening mack@LC-SP model at low photospheric and sub-photospheric lev-
turbulent velocity of 2.0 kms!. Although such velocities are els, while at high levels they come close to this model or are
usually required to match the widths of the observed profilestter. The “hot cloud” in high layers above faculae has been re-
(e.g., Riedi et al. 1992, Grossmann-Doerth et al. 1994, Bellptatedly found in multi-dimensional modeling of flux tubes (cf.
Rubio et al. 1997), we caution against too literal an interpréabiani Bendicho et al. 1992 and references therein). The result
tation of this broadening mechanism. The problem arises frarhlowering the (modulus of the) temperature gradient comes
the need for high velocities, of about 40% of the tube speed,fiom the need to reduce both the continuum intensity and the
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Table 1. Continuum intensities at 617 nm in units of 70erg lated with the above model and with filling factors éat= 0)
cm~2s ' cm ! ster !, QS: quiet Sun (VALC-SP), FT: flux tube alone,of 46%, 23%, and 11.5%, respectively. Again, as for the contin-
AA: ambient atmosphere alone, FA/xx.x: average from flux tube apfim intensities, filling factors of 25%—40% appear appropriate.
ambient medium with filling factor of the flux tube a = 0 of xx.x%  possibly still better fits could be achieved with still flatter runs
QS FT AA FAJ46.0 FA/23.0 FA/11.5 of temperature. We note that closer correspondence would not
be justified by the data and would not give deeper insight.
4.10 5.67 3.31 4.60 3.91 3.62 In Fig. 4 we compare the temperature structures of the flux
tube and the ambient atmosphere, as found here, with struc-
tures determined by inversion techniques by Keller et al. (1990)
) , and Bellot Rubio et al. (1997). While Keller et al. use only
line strength from the tupe and the amblent. atmosphere. SléctBkesV profiles and thus work out the structure of the flux
behaviour was also conjectured in our earlier work (Paper ) aione, Bellot Rubio et al. give also the properties of the
Because of the magnetic field, the gas pressure inside the tYhi&jge medium, but without the constraint of a close radiative
is reduced, due to which both the line centre optical depth agg|,yjing between the gas in the flux tube and that in the ambient
the continuum optical depth are moved to lowevalues and ,imosphere. As both papers state, the inversion techniques do
to h'Qhef temperature;, Wh'(,:h agan redqces the strength Ofﬁt&?yield very accurate temperatures in very high and very low
Fet lines because of higher ionization of iron. layers. We notice in Fig. 4 the general trend of flat temperature
Table 1 gives the continuum intensities at 617 nm as calcy qyres of flux tubes and ambient medium compared to the
lated for various models and mixtures of flux tube and ambi iet Sun (see Fig. 1). In the models by Keller et al. and Bellot
atmosphere. From the values there one could adopt afilling f@;piq et al., they are even flatter than the structure presented in
tor of 25%-40%. This would match the observed value (Q@)e presentwork, at least for the flux tube alone. As noted above,
of the average continuum intensity. The.lntensny from the fluy, -1, temperature structures are consistent with ours. Likewise,
tube alone appears only about 40% brighter than the avergQe .ontinuum-forming layers are still cooler in the tube models
quiet Sun (at 617@,). of Keller etal. and of Bellot Rubio et al. than in the present work.
Fig. 2 shows the run of temperature versus gas Pressiie., consequence, intensities from flux tubes are not expected
For the flux tube model we have included the structure bgth very bright in the continuum (at 61i0. Regarding the
with magnetic pressure (dashed curve) and without (dOttemagneticfield strengths a§ — 0, our model yields 1580 gauss,
Comparing the model structures with increasingly higher tefagjr gt al. find about 1520 G, and Bellot Rubio et al. find 1430
peratures, i.e. atmosphere surrounding the flux tube, quiet QUnye consider this good agreement and note that the values
(VALC-SP), and the flux tube alone, one notices that the depi, ot deduced from line splitting or the separation of Stokes

wherer,n, = 1 occurs at decreasing gas pressure, becaus§,0fyrema, but rather from the requirements to reproduce the
the higher H opacity (from the higher electron density). continuum and StokekandV intensities.
Fig. 3 shows the StokesandV profiles: The solid profiles

are observations from various locations in plages close to disc
centre. The dotted, dashed, and dash-dotted profiles are calcu-
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: cooling induces inflow from the sides towards the magnetic tube
10000 £ L and convective downflow, which increases the region involved.
E P Above z = 200 km, the flux tube is hotter than the quiet Sun.

" The comparison of our model with those of other investiga-
tions shows that our model is cooler than the inversion models
of Keller et al. (1990) and Bellot Rubio et al. (1997) in the sur-
face layers, and hotter than that of Keller et al. in most of the
photosphere. The model of Bellot Rubio et al. (1997) is hotter
than all other models in the middle photosphere and coolerinthe
surface layers and the deep photosphere. Below approximately
z = —100 km, all models are ill-defined. In the line-forming
layers all tube models are thus hotter than the empirical model
of the quiet Sun.

] Comparing our models for the flux tube and the ambient
; o ] medium we see that the flux tube is hotter than the ambient
2000 g a E medium a_bovez = 0, showing the effect of the longer mean
] free path in the_ tube (Kalkofen et al. 198_6) and cooler below,
500 400 300 200 100 O  —100 —200 presumably owing to t_he reduced convective flux because of the
2 [km] strong magnetic field in the flux tube.
Our models of the flux tube and the surrounding atmosphere
Fig. 4.Comparison of the flux tube model in this paper with results fromeproduce the observed intensities. There is agreement among
inversion techniques. Solid: ambient atmosphere; dashed: tube mg@l models in the investigations discussed here that small-scale
(this paper); dotted: tube model obtained by an inversion calc:ulatiﬁ[]X tubes, including also the nearby outside atmosphere, have
from network Stoked” profiles by Keller et al. (1990); dash-dotted:a much flatter temperature structure than the quiet solar atmo-

ambient atmosphere from the inversion calculation by Bellot Rublso here. To arrive at the observed averade continuum intensities
et al. (1997); dash-dot-dot-dot-dashed: tube model by Bellot Rubi é:{ ; 9

al. (1997). The asterisks and diamonds have the same meaning ngnoderate spatial resolution) and the observed Stqkes pr'ofiles,
Fig. 1. the flux tube alone should appear only moderately brighter in the
continuum than the quiet Sun, at disc centre, while the nearby
gas exhibits lower intensity. This is in agreement with observa-
. . _ tions by Title & Berger (1996). In contrast, the higher layers in
5. Discussion and conclusions the flux tube are hotter than the undisturbed atmosphere. This

We have modelled the atmospheres in the flux tube and &N be understood by the radiative heating from the subpho-
ambient medium by first constructing a model of the ambiet@tspheric layers of the partially evacuated magnetic flux tube
medium and then determining a flux tube model consistent wiff@biani Bendicho et al. 1992).
the radiation field coming from the ambient medium (inthe grey The empirical models that were built by adjusting the ex-
approximation). For the initial guess, we assumed that the amfi§itnal atmosphere and then constructing a flux tube atmosphere
ent medium, as well as the flux tube, had the same temperagp@sistent with it give satisfactory agreement with observations.
structure as the quiet Sun, i.e., in the photosphere it agreed Withther improvement may be expected for models that take into
the VAL-C model (Vernazza et al. 1981) andin deeper |ayerﬁccount not onIy the effect of ambient medium on the flux tube
followed Spruit’s (]_977) model of the convection zone. but also that of the flux tube atmosphere on the ambient medium
From the models we determined the emergent intensity (§¢¢ Hasan & Kalkofen 1997).

the radiation field as the weighted mean of the contributiog_\% nowledgementsiVe thank Drs. L.R. Bellot Rubio, B. Ruiz Cobo,
from the flux tube and the surrounding gas. We then rgduc M. Collados Vera for providing their model data. SSH is thankful
the mismatch between observed and computed intensitiesibie smithsonian Institution for travel support under SMIN grant no.
modifying the atmosphere external to the flux tube and adjustiogn 1FR00007 and the award of a Fellowship. The National Science
the internal atmosphere consistent with the modification. TtEsundation provided support for his stay in Cambridge.
process was repeated until we arrived at models of the flux tube
and the surrounding atmosphere which satisfactorily reprodysgsarences
the observations (cf. Figs. 1 and 3).

From the comparison in Fig. 1 of the flux tube and the arﬁﬁ'g’;gl’gig L-KRI’;F,‘SIEJ::Z i%g% BA’&(;OQZZOEZ'\ZH 1997, ApJ 478, L45
bient medium with the quiet Sun we note that, below: 200 0o ine b0 e 0l "Cobo B, 1996, Solar Phys. 164, 169
km, the flux tube (and the ambient medium) is cooler than tﬁ%

. . L : | Toro Iniesta J.C., Collados M.ABchez Almeida J., et al., 1990,
quiet Sun, reflecting the strong inhibition of convection by the ' ;¢ A 533 570

magnetic field in the flux tube, an effect that extends into th@pjani Bendicho P., Kneer F., Trujillo Bueno J., 1992, A&A 264, 229
surrounding medium (see the review by 8ssler 1995 and ref- Grossmann-Doerth U., Kitker M., Sclilssler M., et al., 1994, A&A
erences therein). Numerical simulations reveal that the radiative 285, 648
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