A&A 418, 1131-1139 (2004)
DOI: 10.1051/0004-6361:20034501
© ESO 2004

A&stronomy
Astrophysics

Dynamics of an enhanced network region observed in Ha

N. Al', C. Bendlin?, J. Hirzberger?, F. Kneer?, and J. Trujillo Bueno*>

Istanbul University, University Observatory, 34452 University—Istanbul, Turkey
Universitits-Sternwarte, Geismarlandstr. 11, 37083 Gottingen, Germany

Institut fiir Geophysik, Astrophysik und Meteorologie, Universititsplatz 5, 8010 Graz, Austria
Instituto de Astrofisica de Canarias, 38205 La Laguna, Spain

Consejo Superior de Investigaciones Cientificas, Spain

L S N

Received 13 October 2002 / Accepted 13 February 2004

Abstract. This investigation is based on He observations of high spatial resolution. They stem from an enhanced network re-
gion near disk centre of the sun and consist of broad-band and narrow-band images taken with the two-dimensional “Gottingen”
Fabry-Perot spectrometer mounted in the Vacuum Tower Telescope at the Observatorio del Teide/Tenerife. The “lambdameter
method” was applied to derive intensity and velocity maps over the two-dimensional field of view reflecting the behaviour of
these parameters in the solar chromosphere. The determination of the source function, the line-of-sight (LOS) velocity, the
Doppler width and the optical depth was based on Beckers’ cloud model (Beckers 1964). From the LOS velocity distribution
along the Ha structures we conclude that ballistic motions are unlikely to prevail. Especially the bright Ha features cannot be
explained by the cloud model. It is shown how, instead, two-dimensional non-LTE radiative transfer calculations of embedded
chromospheric structures lead to reasonable agreement with the observed line profiles from these bright features. It is found that
many of the bright fibril-like structures near dark fibrils can be explained by radiation which is blocked by absorbing material
at large heights and escapes through less opaque regions. We estimate the number densities and the temperature. With these
and with the measured velocities, the kinetic energy flux and the enthalpy flux related to the motions of the fine structures can
be calculated. Both fall short by at least an order of magnitude of covering energy losses by radiation of active chromospheric

regions.
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1. Introduction

Mottles form the most prominent structures of the solar chro-
mosphere seen against the disk in the wings of the He line.
They are located on the borders of supergranular cells and
mostly appear in groups resembling rosettes or chains. The
jet-like structures presumably extend along the magnetic field
lines and cover between 7” and 14”. Rosettes tend to occur
where three supergranulation cells meet. This location coin-
cides with the centre of the rosettes from which mottles spread
radially outwards. In the literature, a distinction between dark
and bright mottles is often made and a spatial relation between
them has been reported (Zachariades et al. 2001, and references
therein). It is stated that they appear at the same location when
projected against the solar disk but they are found in differ-
ent atmospheric heights, the bright ones occurring below the
dark ones. According to Tsiropoula et al. (1993), the minimum
height for the dark mottles is 5000 to 7000 km above the up-
per photosphere. Another important difference between these
structures lies in their line profiles. While the profiles of bright
mottles exhibit an emission core and absorption in both wings,
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those of the dark ones typically show broad U-shaped profiles
and lower line-centre intensities (Tsiropoula et al. 1994).

To determine the line-of-sight velocity as well as other
physical quantities of chromospheric structures like the source
function, the optical depth and the Doppler width, often
Beckers’ cloud model (1964) is employed (Grossmann-Doerth
& von Uexkiill 1971, 1973; Alissandrakis et al. 1990;
Tsiropoula et al. 1993, 1994; Lee et al. 2000). The most im-
portant requirements for this model are that the structures of
interest are isolated and that they must be located clearly above
the formation height of He such that they can be considered to
form a cloud well separated from the lower atmospheric layers
that contribute to the undisturbed Ha line. Dark mottles often
fulfil this requirement and are thus appropriate candidates to
enter this model — unlike the bright ones.

Mainly for diagnostics of filaments and of highly elevated
filamentary structures, the original cloud model by Beckers
(1964) has been refined using non-LTE radiative transfer cal-
culations by Mein et al. (1996) who allow for a variation of the
source function within the cloud. Heinzel et al. (1999) included
the effect of the cloud’s motion on the source function. A grid
of cloud-like models using non-LTE multi-level radiative
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Fig. 1. Reconstructed white-light image (upper left) and narrow-band scan belonging to the same field of view. The size of each image is

3272 x 2370. The wavelength positions of the narrow-band filtergrams decrease image by image by 125 mA with the last image in the second
row corresponding closest to the centre of the mean line profile.

transfer was calculated by Molowny-Horas et al. (1999) and
was applied by these authors and by Schmieder et al. (2003)
for inversion of filament data.

Cram (1975) questioned the cloud model by demonstrat-
ing that line profiles interpreted by high lying clouds could
as well originate from low structures embedded in the atmo-
sphere from which the undisturbed Ha profile originates. We
shall comment on this criticism below when we describe our
two-dimensional (2D) non-LTE calculations.

This investigation deals with the application of the cloud
model to highly resolved Ha data and the resulting variation of
the quantities mentioned above within the structures under in-
vestigation, i.e. dark mottles. We will restrict ourselves to con-
stant source functions along the line of sight within the dark
mottles as in the original cloud model. But in addition, we shall
show by means of 2D non-LTE radiative transfer calculations
how bright Ha structures can be reproduced by parameter vari-
ations within the atmosphere forming the undisturbed Ha pro-
file. In Sect. 2, we report on the observation and data reduction.
Section 3 deals with the analysis and results obtained in various
ways: by the “lambdameter” method (Sect. 3.1), by the cloud
model in terms of atmospheric parameters in elevated struc-
tures (Sect. 3.2) and with 2D non-LTE simulations and the in-
terpretation of bright structures (Sect. 3.3). Section 4 concludes
the paper.
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2. Observation and data reduction

We refer to Al et al. (2003) for a more detailed description of
the observations. They were taken in May 2002 from an en-
hanced network region near disk centre in Ha with the two-
dimensional “Géttingen” spectrometer mounted in the Vacuum
Tower Telescope (VTT) at the Observatorio del Teide on
Tenerife/Spain (Bendlin et al. 1992; Bendlin & Volkmer 1995;
Koschinsky et al. 2001). The data consist of scans of short ex-
posure, narrow-band (A1 = 72mA) images at 18 equidistant
(A1 = 125mA) positions in Ha and simultaneous broad-band
images. The necessary dark and flat field frames were taken as
well.

After correction for dark signal, flat fields and image mo-
tion, the white-light images were restored using the “spectral
ratio” (von der Liihe 1984) and the “speckle masking” meth-
ods (Weigelt 1977). The rather complicated reduction proce-
dure required for the narrow-band images has been described
in detail by Hirzberger et al. (2001). The optical transfer func-
tion derived from the restoration of the white-light images was
finally applied to reconstruct the narrow-band images (cf. also
Al et al. 2003). The narrow-band images were filtered to ex-
hibit structures of a size >(074. A final field of view (FOV) of
32772 x 23”0 remained for further analysis.

Figure 1 displays the reconstructed images through one
scan as described above. The first panel represents the
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reconstructed white-light image followed by the narrow-band
images belonging to the same field of view. The wavelength
decreases row by row from the left to the right. The last image
in the second row corresponds best to the spectral position of
the centre of the mean line profile. The lower part of the images
taken in both wings exhibits a conspicuous roundish bright area
from which longish structures extend radially outwards, giv-
ing the appearance of enhanced network. Here, a rosette has
formed. Presumably, this is a location where three supergran-
ulation cells have met. At the centre of the rosette, the recon-
structed broad-band image shows filigree which can also be
seen in some narrow-band images, preferably in the blue wing.

From the intensity values of the narrow-band images be-
longing to different wavelength positions, a line profile was re-
constructed for each pixel. Intensities in between the 18 wave-
length positions were obtained by spline interpolation. The
so-called “lambdameter method” (Tsiropoula et al. 1993) was
used to derive two-dimensional intensity and velocity maps
at intensity levels where the (full) profile widths are 0.51 A,
0.765 A, 1.020 A, and 1.275 A. The calculation of the line-of-
sight velocity is based on an averaged reference profile taken
from the upper right corner of the FOV showing no significant
structure.

3. Results
3.1. Lambdameter method and Doppler images

Figure 2 exhibits the intensity images for He + 0.6 A and
He — 0.6 A as well as the Doppler image, obtained by subtrac-
tion (H+0.6 A) — (Ha—0.6 A)), and the intensity image, rep-
resenting the sum of the images ((Ha + 0.6 A) + Ha-0.6 A)).
In the Doppler image, darker and lighter shades of grey indi-
cate downflows and upflows, respectively. The arch-shaped, ra-
dially extended structures with a width of about 0”5 to 170 and

Fig. 2. Intensity images at Ho + 0.6 A and Ho —
0.6 A (upper left and right panels) and resulting
Doppler and intensity image (lower left and right
panels) obtained by subtraction and addition of the
upper two images, respectively.

15 20 25

Relative Intensity

Fig. 3. Intensity images belonging to the profile widths of 0.510 A,
0.765 A, 1.020 A, and 1.275 A (upper left and right and lower left
and right panel, respectively).

a length of 5” to 10” in the lower part of the FOV therefore
exhibit upflows.

While Fig. 3 shows the intensity images taken from the pro-
file widths of 0.510 A, 0.765 A, 1.020 A, and 1.275 A, Fig. 4
represents the corresponding velocity images obtained by the
lambdameter method described by Tsiropoula et al. (1993).
It relates the wavelength shifts of the bisectors at the profile
widths given above with respect to the average profile (from an
undisturbed area) to Doppler shifts. The upper left and lower
right image thus correspond to the highest and lowest atmo-
spheric layer, respectively. Both the intensity and the Doppler
images outline well the filamentary He structures surround-
ing the centre of the rosette. As will be argued in the discus-
sion of the “cloud model” below, the reader must be cautioned
against a too literal interpretation of Doppler images, shown
in Fig. 4, in terms of velocity values. With this reservation,
we give the extreme values. The maximum and minimum
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Fig.4. Line-of-sight velocity v os obtained by the lambdameter
method for the same spectral positions and in the same order as in
Fig. 3.

velocities in these four images are 9.2 and —13.5 kms™,

6.3 and —12.5 kms™, 6.0 and —=9.8 kms™!, and 7.0 and
—~7.0 kms™! in the given order. Figure 4 indicates that the
downflow occurring in the central part of the rosette is more
pronounced in higher than in lower layers. The mean velocity
of the arch-shaped structures best seen in the lower two velocity
images (and possibly representing dark mottles) reaches about
5kms!.

3.2. Cloud model

The “cloud model” was applied to check the velocity val-
ues and to derive several other physical quantities helpful
for the investigation of the solar chromosphere. The model
was employed within the limits discussed by Alissandrakis
et al. (1990). Accordingly, when calculating the intensity /(1)
emerging from a cloud with source function S irradiated from
below by the reference intensity Ip(A), the contrast profile C(2)
is given by:

IW-h (S
=70 ‘(Iow

1).(1 —e™W), (1)

where

A= A1 —vLos/c) )2} @)

(1) =79 exp[ ( A
describes the wavelength dependence of the optical thickness T
by a Gaussian. Here, 7 stands for the optical depth at the line
centre, A. for the wavelength of the line centre, A.(vLos/c) for
the shift due to the macroscopic LOS velocity vy os, and Adp
for the Doppler width. (Our convention is that velocities are
positive towards the observer.) The undisturbed reference pro-
file Ip(1) is taken from the upper right corner in the FOV. The
model is based on the assumption that the velocity, the Doppler
width and the source function are constant within the cloud
along the line of sight (as a zero-order approximation).

Figure 5 depicts typical contrast profiles observed in dark
mottles. The accuracy of the contrast measurements is 0.02.
Two conditions had to be fulfilled by pixels in the FOV for
the cloud model to be applied: firstly, the structures had to be
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Fig. 5. Typical contrast profiles observed in dark mottles. A1 = A1 — A,
is the wavelength distance from the line centre of the reference profile.

dark in the intensity image of Ha + 0.6 A of Fig. 2, lower
right panel, i.e. we considered pixels with an intensity of less
than 0.9 of the average intensity Io(He + 0.6 A) to be dark.
Secondly, we required that the contrast C(1) < 0.1. The param-
eters were determined by an iterative least squares fitting pro-
cedure. After the calculation, they were checked according to
the criteria given by Alissandrakis et al. (1990) and Tsiropoula
et al. (1994). Only pixels with a corresponding source function
S < 0.2 (in units of the continuum intensity) and an optical
depth 7y < 5 were selected for further analysis. The number of
pixels fulfilling all requirements was 25 190 out of 74 060.

Figure 6 shows, from top to bottom, the histograms of the
cloud velocity, the source function, the optical depth, and the
Doppler width. Most clouds have LOS velocities near 0 kms™!.
The whole range of velocities includes —22 to +21 kms~!. The
distribution for the source function reaches its peak within the
range of 0.13-0.15 (in units of the continuum intensity I.), for
the optical depth within 1.3—1.7, and for the Doppler width in
the range of 0.38-0.43 A.

The mean values for the distributions in Fig. 6 are
0.18 kms™!, 0.14 I, 1.58, and 0.44 A, while Tsiropoula et al.
(1993) gave —0.26 km s71,0.163 I, 1.8, and 0.37 A for dark
mottles. Lee et al. (2000) also investigated dark mottles and
found a mean value for the optical depth of 2.2. In their data,
the velocities varied between —15 and +10 km s~! and the peak
of the velocity distribution appeared at —1.9 kms~'. For the
calculation of the energy transported in the mottles, we will use
below the average modulus of the velocities, for which we find
lvLos| = 3.96 kms™'. We note that the actual velocities along
the He fibrils may be substantially different from LOS veloc-
ities, i.e. they may be much larger than |v os| and we may ex-
pect values of 20 kms~! when observing under different view-
ing angles. Sometimes, such high velocities do indeed occur in
the cloud model fits and are also estimated for spicules (e.g.
Beckers 1972).

Figure 7 depicts contours of the LOS velocity resulting
from the the cloud model. The highest velocities do not nec-
essarily occur at the ends of the fibrils, which one may regard
as their footpoints. With the picture in mind that the mottles
exhibit elevated arched structures above the atmosphere, the
high velocities at the top of the arches would not allow an
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Fig. 6. Histograms of line-of-sight velocity v s, source function S
in units of the continuum intensity /., optical depth 7y, and Doppler
width Adp.

interpretation in terms of ballistic motions as suggested by
Christopolou et al. (2001) from measurements of spicules.
The mean values of the optical depth (1.58) and of the
Doppler width (0.44 A) were used to derive the product of
the number density of the second level in hydrogen N, and
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Fig.7. Contour plot of the line-of-sight velocity v os. The bright and
dark patches indicate upflows and downflows with velocities >+1 and
<-1kms™!, respectively. They are overlaid with contours of +5 and
+10kms™!. In the medium grey areas either the velocities lie between
+1 and —1kms™' or the cloud model fit was not applied at all. The
tickmarks are separated by 1”.

the geometrical width L of the structures under investigation.
Neglecting stimulated emission, the optical depth is given by

7T€2

() = ( )f/12¢(/1) N>L, 3)

me ¢

where the absorption profile ¢(1) is normalized such that, with
the Gaussian according to Eq. (2),

f #(H)di=1 and ¢(0)= @)

1
\/7_TA/1D.
Inserting the constants in Eq. (3), for which we used the
common symbols, one obtains

21 N2L.
D

70 = 1.38 X 10™ 5)
With the average values of 79 and Adp given above we obtain
N>L ~ 5.1 x 102 cm™2,

For L, a width of 700 km may be assumed (£1”, cf. Fig. 2),
leading to a density N» ~ 7 x 10*cm™. For the purpose of
estimating energy fluxes transported by the moving fine struc-
tures we need their temperature and total particle density. We
adopt an approximate chromospheric temperature of 7000 K
from the VAL C model of Vernazza et al. (1981). Furthermore,
we assume that the excitation of the second level of hydrogen,
i.e. the ratio N»/N;, does not depend much on the assump-
tion of hydrostatic equilibrium. From the same VAL C model
and for this specific density of N,, we then get a total hydro-
gen density of Ny ~ 4.5 x 10! cm™ and an electron density
N. ~ 5% 10%cm™3.

Since the VAL C model describes the average, homoge-
neous chromosphere, a comparison of the temperature and the
electron density obtained from it with values found in spicules
is appropriate. Beckers (1972) gives for the latter temperatures
in the range of 9000-16000K while the electron density in
spicules varies between 1.6 x 10'' cm™ and 3.4 x 10!°cm=.
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Matsuno & Hirayama (1988) give temperatures in spicules of
5200-9000K. From the high electron density in spicules and
with an ionization degree of 0.88 (Beckers 1972), one obtains
a total hydrogen density of Ny ~ 1.8 x 10! cm™3, i.e. a value
somewhat lower than the one from the VAL C model. The en-
ergy fluxes with densities from the latter model will thus repre-
sent upper limits.

Furthermore, we estimate the kinetic energy flux and the
enthalpy flux in the moving mottles. The needs to cover
the chromospheric radiative losses of enhanced network (or
plages) are approximately a factor of 10 larger than that of quiet
chromospheric regions and thus amount to

! (6)

(see e.g., Athay 1976; Orrall & Kopp 1977; Fawzy et al. 2002).
Taking the mean velocity of the clouds |v.ps| from above at
face value and using the estimated densities and temperature
we obtain a kinetic energy flux of

Fraa ~ 5% 107 erg cm 2™

Fiin = '%)173 ~3 X 104e:rgcm_2 sL 7
For the enthalpy flux one finds

5
Fen = 5N kKTv~5x10°ergem™2s7!, (8)

Both values fall short of the needs to cover the radiative
losses. When adopting a much higher average velocity of
20 kms™! we get Fin ~ 3.8 x 10%ergem™?s7! and Fey =
2.5 x 10%ergecm=2s7!. Hence, neither the kinetic energy nor
the enthalpy can balance the chromospheric radiative losses.
Although von Uexkiill et al. (1989) estimated the kinetic en-
ergy flux an order of magnitude lower than the one given above
in Eq. (7), they pointed out that the magnetic energy supply
indicated by the motions could still be sufficient.

3.3. Embedded structures

Many contrast profiles could not be fitted by the cloud model.
These obviously stem from bright structures with high positive
contrast either near line centre of He or in the wings. Some ex-
amples are given in Fig. 8 together with two-dimensional (2D)
non-LTE calculations of contrast profiles from embedded struc-
tures which we shall discuss now.

We use the equivalent two-level atomic model for the Ha
line source function S| (cf. Mihalas 1970)

[71¢(2)dA + B + nB*
B l+e+n

1 ) ©)
where n7 and B* contain the radiative and collisional routes to
and from the continuum level of hydrogen to the second and
third level. The other terms in Eq. (9) have their usual mean-
ings. Continuous background absorption and emission in LTE

are added to get the wavelength-dependent source function
Sa=KaS1/(ka + k) + KB/ (k1 + Ke) (10)

where k, and k. stand for the line absorption and continuous
absorption coefficient, respectively.
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Fig. 8. Contrast profiles not explicable by the cloud model; dashed and
dash-dotted lines: measured contrasts; solid and dotted lines: profiles
from 2D non-LTE calculations with parameters described in the text.

The standard values, i.e. from the unperturbed atmosphere,
of &, B, n, and B* are calculated from the VAL C model
(Vernazza et al. 1981) with radiation temperatures of 5800 K
and 5600K in the Balmer and Paschen continua, respectively.
The damping constant and the Doppler width for the absorp-
tion profiles (we used the Voigt function) were adjusted to give
a good fit of the line profile calculated with the VAL C model
to the profile from the Fourier Transform Spectrometer Atlas
by Brault & Neckel (1987).

Throughout the chromosphere, i.e. at heights between 500
and 2100 km above 75900 = 1 in the VAL C atmospheric model,
the population routes to and from the hydrogen continuum level
dominate the source function. 1 is almost constant, a factor
of 2.5 larger than & (the collisional route between hydrogen lev-
els two and three) at 500 km and a factor of 10 larger at the top
of the atmosphere. The Planck function B and the ionization
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radiation field B* do not differ much where the latter is also al-
most constant throughout the chromosphere. In the deep photo-
sphere, LTE prevails and the source function S approaches the
Planck function. It is thus difficult to conceive a mechanism
which increases the Ha source function in the chromosphere
as suggested by Cram (1975) in his models.

The relevant atmospheric and line parameters (line and con-
tinuous opacities, damping constant, Doppler width, €, n, B,
B*) were transferred to a 2D periodic model with a horizon-
tal period of X = 1800 km. For the recalculation of the source
function, these parameters (except the macroscopic LOS veloc-
ity, see below) were then changed by fluctuations of the form

SP(z, x)/P(2) = (z) X exp|- ((x = X/2)/Ax)*] , (11)

where P denotes the parameter under consideration, f(z) the
vertical functional form of the fluctuations, and Ax its horizon-
tal extent. The fluctuations are thus represented by their posi-
tions and widths in z and x and by their amplitude.

The source function according to Eq. (10) was calculated
with the 2D non-LTE code developed by Auer et al. (1994). It
uses periodic boundary conditions and finds the self-consistent
solution iteratively. With Ng’s (1974) acceleration technique,
convergence to a maximum relative change of some 107> is
achieved within 15 iterations and within 20 s on a fast PC for
the present problem.

Once the source function is known everywhere, we calcu-
late the emergent line profiles along the z axis at various x po-
sitions. Here, LOS velocities were introduced as Doppler shifts
in the absorption profiles. According to the “dynamic mod-
els” by Heinzel et al. (1999), this is not fully consistent since
Doppler shifts of the line absorption influence the source func-
tion. However, in all one-dimensional test cases studied, such
a change did not alter the resulting contrast profiles beyond the
accuracy of the measurements.

Three of the simulated contrast profiles C(1) in Fig. 8 were
calculated in the middle of the periodic fluctuations using the
emerging intensity /o(4) from the unperturbed 2D atmospheric
model. These are the solid profiles in Figs. 8a and 8b and the
dotted profile in Fig. 8c. Note that the solid profile in Fig. 8c
stems from the edge of the x range, i.e. from x = 0. We con-
sider the simulations as a demonstration of dynamic inhomo-
geneities embedded in the otherwise unperturbed atmosphere.
Throughout the following discussion of the results shown in
Figs. 8a—c it should be kept in mind that it has not been our
intention to fit exactly the measurements. We rather wished to
explore the effects of various parameters by introducing vari-
ations compatible with what is already known about magnetic
flux tubes.

3.3.1. High central emission

Figure 8a shows two observed, asymmetric contrast profiles
with high central emission. The simulation (solid line in
Fig. 8a) is characterized by

S(Adp(z, x))/Adp(z) = 0.4 X exp[—(2100 km — z)/700 km]
x exp[— ((x — X/2)/350km)?], (12)
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S(ka(z, X))/k(z) = 0.8 X exp[—(2100 km — z)/700 km]

x exp[— ((x — X/2)/350km)*], (13)

and
vLos(z, ¥) = —25kms™! x exp[—(2100km — z)/250 km] . (14)

The embedded structures have a horizontal FWHM of approx-
imately 580 km. The parameters imply injection from above
into the atmosphere of highly turbulent (6(Adp)/AAp(z) = 0.4,
possibly hot) and dense (0k.(2)/k1(z) = 0.8) material with high
speed (vos = —25kms™!). The high central emission is pro-
duced by the increased Doppler width connected with the struc-
ture, the absorption in the wings by the additional absorbing
material with its high Doppler width, and the strong asymme-
try by the flow.

3.3.2. Moustache profiles

The contrast profiles in Fig. 8b are typical for the moustache
phenomenon with high intensities in the damping wings (cf.
Martres & Bruzek 1977; Denker et al. 1995, and references
therein). The brightening of small-scale structures, especially
in the blue wing, can be seen in Fig. 1.

To produce the high intensity wings we decrease the opac-
ity k = K| + K. at low heights by

8(k(z, x))/k(z) = —0.5 X exp[—((z — 0 km)/500 km)?]

x exp[— ((x — X/2)/250km)*], (15)

which has a FWHM in the x direction of 410 km. At the
same time, we increase the Planck function in the photosphere,
where the wings are formed nearly in LTE, by:

8(B(z, ¥))/B(z) = 0.25 x exp[—((z — 300 km)/250 km)?]

x exp[— ((x — X/2)/250km)*] . (16)

To achieve large asymmetric absorption near line centre, we
introduce a strongly absorbing, downflowing inhomogeneity at
the top of the atmosphere with the parameters

0(Adp(z, x))/Adp(z) = 0.4 X exp[—(2100 km — z)/800 km]
x exp[— ((x — X/2)/250km)?], (17)

S(ka(z, X)) /Kka(z) = 2.5 X exp[—(2100 km — z)/800 km]

x exp[— ((x — X/2)/350km)*], (18)

and
vLos(z, x) = —18kms™! x exp[—(2100 km — z)/250km]. (19)

We note that, in the framework of our Ha non-LTE calcula-
tions, the reduction of the opacity and the increase of the Planck
function, i.e. temperature, at low atmospheric heights are the
only ways to enhance the wing intensities. We thus suggest that
these moustache structures mark the location of small-scale
magnetic flux tubes. The reduced line and continuum opaci-
ties 6(«| + k) by a factor of two mimic the reduced gas pressure
inside the flux tube such that magnetic and internal gas pressure
balance the outer gas pressure at low heights. As demonstrated



1138

by, e.g., Bellot Rubio et al. (1997), such magnetic structures ex-
hibit enhanced temperature in some parts of the photosphere.
From 2D radiative flux calculations, Fabiani Bendicho et al.
(1992) inferred heating of the middle photospheric layers by
the radiation from a partially evacuated flux tube, or flux sheet
in their case. The reduced opacity shifts the height of formation
to deep layers with higher temperatures and thus results in in-
creased intensity. The enhanced Planck function in the middle
photosphere as in Eq. (16) increases the intensity by approxi-
mately the same amount.

3.3.3. Pure central emission

Finally, the contrast profiles in Fig. 8c show almost pure emis-
sion, albeit asymmetric, near line centre. We found parameters
for their simulation with the physical picture of injection of hot
material from the transition region. The gas should have less
line opacity and an increased background radiation field in the
Balmer continuum for which one might adopt intense irradia-
tion in the UV. This could arise from a process like an explosive
event (Dere et al. 1989) interpreted by Innes et al. (1997) as
magnetic reconnection. This scenario is reflected by the dotted
contrast profile in Fig. 8c.

However, there is a much simpler, hence more appealing
explanation. The highly absorbing feature at large heights in-
troduced in the previous Sect. 3.3.2 to explain the low intensity
at the line centre of moustache profiles impedes the radiation to
escape directly to the surface. Instead, Cannon’s (1970) effect
of channelling of photons into less opaque regions produces
increased intensity in the neighbourhood of the absorbing fea-
ture. The result is seen in the solid contrast curve in Fig. 8c.
It stems from the same simulation as the one shown in Fig. 8b
but from the boundary of the x range, away from the perturbed
part of the atmosphere. To achieve the asymmetry, a moderate
velocity field was introduced in the calculation given by:

vLos(z, x) = —3km s x exp[—(2100km — z)/250 km)]
+2kms™! x exp[—((z — 500 km)/350km)?] (20)

which represents some downflow at the top of the atmosphere
and an upflow in the upper photosphere/lower chromosphere.

We propose that many of the bright fibrils next to the dark
fine mottles especially well seen near line centre in Fig. 1, are
produced by this non-LTE, 2D radiative transfer behaviour, by
Cannon’s (1970) channelling effect.

We estimated the energy fluxes in the embedded structures
and come to the same conclusion as for the cloud model analy-
sis above. Neither the kinetic energy flux nor the enthalpy flux
carried by the structures are sufficient to cover the radiative
energy flux.

4. Conclusions

By means of two-dimensional spectroscopy and image recon-
struction with speckle methods, we obtained Ha data from an
enhanced network region in the solar chromosphere of out-
standing spatial resolution. This area shows abnormal granu-
lation, many moustaches (or Ellerman bombs), and long Ha
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fibrils. The Ha profiles from each pixel in the field of view
were subject to several models which led to the following re-
sults and conclusions:

1. The “lambdameter” method gave views of the intensities
and of the line shifts at several positions in the line profile.
They indicate that downflows towards the centre of the net-
work rosette are higher at high chromospheric layers than
at low layers.

2. The dark Ha mottles were analysed by fits of the contrast
profiles with Beckers’ (1964) cloud model in its standard
form. The LOS velocities are not only high at the ends of
the fibrils, but also in their middle parts. This excludes bal-
listic motions. Estimates of the kinetic energy and enthalpy
fluxes show that these cannot balance the radiative energy
losses of the (active) chromosphere.

3. Many contrast profiles could not be explained by the
cloud model. We thus simulated typical examples via
non-LTE, two-dimensional (2D) radiative transfer by in-
homogeneities embedded in the unperturbed atmosphere.
Without aiming at close fits to the observed profiles, we
demonstrated the viability of such a procedure with reason-
able atmospheric and dynamic parameters.

To produce high positive contrasts near the line centre
of He, an enhancement of the source function in the chro-
mosphere (cf. Cram 1975) should be ruled out. Due to the
dominance of the background radiation in the Balmer and
Paschen continua contributing to the line source function,
the latter is rather insensitive to temperature and electron
density. Moustache profiles can be explained by a tempera-
ture increase and an opacity decrease, i.e. a partial evacua-
tion, in the photosphere.

We propose that some of the bright features near and
along dark mottles are produced by Cannon’s (1970) chan-
nelling effect. The photons avoid the opacity of the clouds
and escape preferentially from regions of low absorption.
This finding could only be obtained from 2D non-LTE
simulations.

Further studies will include the investigation of the Ha struc-
tures near the solar limb to better discriminate between elevated
clouds and embedded features. Finally, time sequences of the
Ha chromosphere, taken simultaneously with magnetograms,
with the same high spatial resolution as used in the present
study, will help to relate the dynamics of the chromospheric
fine structures with the dynamics of the moustaches and the
small-scale magnetic fields.
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