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ABSTRACT

Analyses of broad moustache profiles of Balmer lines and Ca II H and K
lines are performed based upon our spectroscopic observation under good seeing
conditions. Ha emission profiles are found to consist of three components,
i.e., a central absorption, a Gaussian core and a power law wing. Each of them
has a different Doppler shift from others. From the data of Doppler shifts,
mass motions with velocity of about 6 km/s are found to be present in chromo-
spheric levels of moustache atmospheres. Computations of Ho emission profiles
radiated from a variety of model atmospheres are made. Comparison of computed
profiles with the observed ones leads us to the conclusion that a broad Ha pro-
file is due to a formation of a heated ( A T = 1500 K ) and condensed ( p / og

= 5 ) chromospheric layers relative to the normal.



1. Introduction

Moustaches or Ellerman's bombs are.characterized by their broad emission
profiles. Basic data for the moustaches such as size, form, lifetime and asso-
ciated phenomena have been revealed ( Severny 1968, Engvold and Maltby 1968,
Bruzek 1972, Roy and Leparskas 1973 and Kurokawa et al. 1982 ).

Although mass motions in moustache points are reported by the above cited
authors and Kitai and Kawaguchi ( 1975 ), chromospheric velocity fielq has not
yet been observed quantitatively. From our analysis of the observed Ha profiles
of moustaches, we have found that mass motion with the velocity of about 6 km/s
are present in chromospheric layers of moustaches directed generally upwards.

The broadening mech;nisms of emission profiles were proposed by Engvold
and Maltby ( 1968 ) and Severny ( 1968 )  Their mechanisms, however, were based
upon very simplified atmospheric models and seem to be unable to explain the
profiles totally Canfield and Athay ( 1973 ) computed the Ho profiles emitted
from a flare model atmosphere constructed by Nakagawa et al. ( 1973 ) and showed
the possibility of broad Ho emission from a heated and condensed atmosphere.

In this paper, on the similar line of thought we have performed NLTE calculations
on locally heated and condensed atmospheric models and the computed Ha profiles
are compared with the observed,ones. It is found that a formation of a hot ( A T
= 1500 K ) and dense ( p / pgp = 5 ) region in chromospheric layers can‘explain
the observed broad Ha profiles.

In the final section, we discuss some possible sources of disturbances which

give rise to the moustache phenomena.



2. Observations and reductions

An echelle spectrogram and six grating spectrograms are analysed in this
work. The echelle spectrogram was taken at the Okayama Astrophysical Observatory
on August 15, 1979. Characteristic broad emission components were observed in
Ho, HB, Hy and HS lines of nertraluhydrogen and H and K lines of ‘Ca II ion.
The grating spectrograms were taken through the horizontal spectrograph of the
Domeless Solar Telescope at the Hida Observatory on May 23, 1980. Six sharp Ha
spectra of moustaches with spatial resolution of 1 - 2 arcsec were obtained.
The dispersion of ;he spectrograms. was 0.239 A/mm at Ha Figure 1 shows the
Ha spectra of the observed six moustaches. The emission components show a varie-
ty of profiles. Some moustaches have symmetrical emission profiles and the others

have asymmetrical ones. From the analysis of these emission profiles we have

derived the mass motion data in moustache atmospheres.

Figure 1

2.1 Reductions

Profiles of excess emission components of moustaches were obtained by sub-
tracting spectra of neighbouring normal regions from moustache spectra. Although
our observations were done under good seeing conditions, it was inevitable that
the observed spectra were contaminated by the radiation from the neighbouring
region. In this case, proper data for analysing moustache emissions are profiles
of excess emission components, whose waveleng;h dependence is free frgm observa-

tional conditions. Thus in the following, analyses of observational data and



comparison with theoretical results are done on these profiles of excess emission
components.

An emission component of a moustache can be decomposed into three sub-
components. First one is a central absorption component, the second is a Gaussian
emission core and the final is a power-law emission wing. This 1s true for all
the observed profiles when we consider that these three components have mutually
different Doppler shifts. For example, an emission profile of the moustache named
No. 1, whose spectrum is shown in Figure 1, is displayed in Figure 2. Figure 2 (a)
shows the excess emission component. This profile is not symmetrical about the
line center. However when we consider that the profile is Doppler-shifted to the
blue with a velocity of 5.8 km/s, the emission core ( AX = 0.5 - 1.0 A ) can be
approximated by a Gaussian distribution as shown in Figure 2 (b) On the other
hand, if we consider that the profile is Doppler-shifted to the blue with a velo-
city of 1.6 km/s, the emission wing part ( A =1.0 3.0A ) can be expressed
by a power-law function. See Figure 2 (c) For another example, we take the
moustache No. 4, which has a very asymmetrical emission profile. As can be seen
in Figure 3, the emission wing part ( AN =1.0 - 2.0 A ) can be expressed by a
power-law function when the profile is assumed to be shifted to the blue with a

velocity of 1.8 km/s.

Figure 2 Figure 3



Least square fitting to the emission profiles assuming a Gaussian form for
the core and a power-law form for the wing gives us characteristics of emission
components, which are summarized in Table 1 for the six moustaches. The second
column of the table shows the intensity ratio between AIb ( the blue peak enhan-
cement ) and AIr ( the red peak enhancement ) The forth, fifth and sixth columns
indicate the Doppler shifts of central absorption components, Gaussian core com-

ponents and power-law components respectively.

Table 1 Table 2

Table 2 gives the summary of our reduction for the moustache observed through
the echelle spectrograph. As the wing part is very faint for this moustache, we
can deduce only the characteristics of the Gaussian emission core parts for the

lines Ha, HB, Hy, HS and X.

2.2 Observational results
a) Asymmetry of emission profiles

The intensities of two peaks in a moustache emission profile are generally
different. Blue asymmetry in the intensity peaks is known to be prevailing
( Severny 1968 ) Statistical studies by Bruzek ( 1972 )} show a strong positive
correlation between the red shift of central absorption components and the blue
asymmetry of the intensity peaks. According to Bruzek, the central absorption
components are produced by the overlying absqybing matter and the motion of the

absorbing matter gives rise to the asymmetry in the peak intensities.

U



In our samples of six moustaches, the correlation found by Bruzek is confirmed
to hold, except the moustache No. 1 and No. 3. The blue and red peak intensities
are nearly the same in magnitude for the moustache No. 1, although the absorption
component is Doppler-shifted to the blue ( v = - 5.2 km/s ) However this can
be explained if we take into account of the Doppler shift of the Gaussian emission
core. As the emission core and the central absorption are Doppler-shifted to-
the blue:in nearly the equal velocities in this samgle, the tw9 peaks show nearly
the same intensities in magnitude. For the moustache No. 3, we can see that the
core component is shifted to the blue more than the absorption component and then
the blue asymmetry arises.

We then propose that the asymmetry of peak intensities of a moustache -is
not oniy due to the motion of overlying absorbing matter but also due to the
Doppler shift of the Gaussian emission core. This point will be discussed later

after our theoretical NLTE calculations.

b) Motion of emitting regions

Based on the study of the ' Fraunhofer lines kink ', Severny ( 1968 ) re-
ported the upward velocity field of 1 - 3 km/s at the photospheric levels in
moustache atmospheres. At coronal heights, Roy and Leparskas ( 1973 ) observed
a close spatial correlation between the moustaches and the fast moving "( v =
100 km/; ) dark elongated features and suggested that these dark features were
ejected matter from the moustache points. Our observations reveal the velocity
field at the chromospheric layers in moustache atmospheres.

As can be seen in Table 1, emission components are generally shifted to the
blue and .:. the shifts of the Gaussian core components are larger than those

of the power-law wing components. We think that the Doppler shifts of the



components are due to the mass motions of the emitting regions. As the wing
components are formed in lower layers than the core components,it seems natural
to consider that matter in upper layers moves with a larger velocity than in
lower layers. Table 2 supports this interpretation. Strong He and K lines
which are formed in higher chromospheric levels show large Doppler shifts, while
HB, Hy and HS lines indicates little mass motion.

.Combining our results with previous workers' observations, we conclude that
matters in moustache atmospheres are not in static state and that they move
faster in higher levels ( i.e.. 1 km/s at the photosphere, 6 km/s at the chromo-
spheric :layers and 100 km/s at the coronal heights ) As the upward motion 1s
generally observed in moustaches, we may say that moustaches are chromospheric

manifestation of some ejection phenomena, i.e., small surges.

c) Profiles of emission components

The mechanism producing the wide emission profiles of moustaches is not
yet known. The Doppler widths of Gaussian components expressed in velocity
units ranges from 70 km/s to 100 km/s. See Table 2. As these values exceed the
chromospheric sound velocities, it is hard to consider that these large Doppler
widths are due to non-thermal microturbulent motions. On the'other hand, the
indices of power-law functions fitting the wing profiles ranges from - 1.6 to
- 2.5. So simple explanations with the Stark effect cannot be applied.

To explain the profiles of emission components, a new mechanism is needed.
Our proposal for the mechanism is given in the next sections based opon the

results of our NLTE calculations.



3. NLTE calculations

In order to get insight into the atmospheric state of moustaches, we have
performed non-LTE calculations and derived theoretical Ha emission profiles for
a variety of model atmospheres. Comparing the observed profiles with theorerical
ones, we have found that there exist temperature and density enhancements at the
chromospheric levels in a moustache atmosphere and that due to these enhancements

broad moustache emissions are produced.
3.1 Procedure of calculations

a) Method

NLTE calculations for theoretical Ha profiles are performed in two steps.

In the first step, we solve the radiative transfer equations coupled with
the statistical equlibrium equations with the complete linearization method
formulated by Auer and Heasley ( 1976 ) As the hydrogen atom is the principal
electron contributor in the chromosphere, ionization balance equation is included
in the calculation. In this step of calculation for excitation and ionization
state of hydrogen atoms, only Doppler broadening due to thermal plus small-scale
non-thermal motions is taken into account as the line broadenihg mechanism.

And complete frequency redistribution for the line photon scattering is assumed.
The assumption of complete redistribution in Doppler core neglecting the wing
is a good approximation in calculating the source functions ( i.e., level popu-
lation fields ), as was stated in Milky and Mihalas ( 1973 )

In the second step, theoretical Ha profiles are derived by using the level
population obtained in the previous step. In this step all the broadening mecha-

nisms such as Doppler, natural, resonance and Stark broadening are included.



”OTJ“SOHancebroadening we use the result of Ali and Griem ( 1965, 1966 ) For
Stark broadening we refer the work of Griem ( 1960 ) As the Fourier transform
of the Voigt profile can be done analytically, the convolution of the Voigt pro-
file with the Stark profile is performed numerically using the Fourier trans-
form technique.

When we introduce some macroscopic velocity fields into our model atmospheres,
the ~ffects of velocity fields are neglected in the first step of calculations.
The Doppler shift of absorption prqfile is taken into account only in the second
step. The validity of this treatment of the effects of macroscopic velocity
fields is confirmed by Canfield and Athay ( 1974 ) on the flare model atmospheres,

ospecially when the amplitude of the velocity field is less than 20 km/s.

b) Model atmosphere and model atom

We adopt the VAL-C model as the unperturbed model atmosphere (" Vernazza,
Avrett amd Loeser 1981 ), which is the most recently published and is plane-
parallel and in hydrostatic equilibrium. Perturbed model atmospheres are con-
structed by increasing temperature and / or density values for given height ranges.
Distributions of temperature and density enhancements through the height are dis-
played schematically in Figure 4. In this paper we assume that the enhancements
in temperature and density occur in common height ranges. As the temperature
perturbation and the density enhancement are introduced in mutually independent
way, it should be noted that our perturbed model atmospheres are not in hydro-
static equilibrium. The microturbulent velocity field in a perturbed model atmo-
sphere is assumed to have the same distribution as the VAL-C. Calculations are

done for 51 depth-mesh points in the range .-"75 km "v-+ 2543 km measured from

T5000 =1 level.



Our model hydrogen atom consists of three bound levels and one continuum.

Cross-sectional data for collisional ionization, photoionization and collisional

excitation are calculated using the subroutines in ' LINEAR ' code published
by Auer, Heasley and Milky ( 1972 ) Reference is made to Allen's ' Astro-
physical Quantities ' for the oscillator strength of hydrogen line transitions.

Transfer equations are solved for all lines and continua of the hydrogen atom.
In solving the level populations, 10 equally separated frequency mesh points
that cover the region from line center to the frequency displaced by five times
the thermal Doppler width for T = 10000 K are used for each line. For each con-
tinuum, 8 mesh points, which correspond to the Gaussian quadrature points, are

selected.

c) Opacity

As the continuum opacity sources, we include electron scattering, H b-f
and f-f transitions, CI b-f transitions, SiI b-f transitions, Mgl b-f transitions
and HI b-f and f-f transitions. The cross-sections of these transitions are cal-
culated following ' LINEAR ' code. H molecules and metal atoms are treated
as if they are in LTE state. Opacities in the UV wavelength region due to nume-
rous line absorptions are treated in a rough approximation by adding 50 times

the metal continuum opacity in the wavelength region AX = 2000 - 4000 A ( Vernazza

et al. 1981 ).
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3.2 Results of calculations
We have performed the NLTE calculations on 11 atmospheric models whose

charactertistics are tabulated in Table 3 and displayed in Figure 5 and Figure 11.

e

General features of the effects of the temperaute and / or the density en-
hancements on the Ha line profiles can be drawn from the results for four atmo-
spheric models indicated in Figure 5. Line source functions and line-center
optical depths for the Lya, LyB and Ho lines are shown in Figure 6. Ha profiles
for each model atmosphere are illustrated in Figure 7, where profiles computed

for five different view-angles ( 1/cos® = 1.0,2.0,5.0,10.0 and 20.0 ) are drawn.

Results can be summarized in the following:
a) The moustache emission can appear only if the temperature enhancement is

present.



Characteristic double peaked Ha emissions don't appear in the density en-
hanced model TORS, but can be seen in the temperature enhanced models T1RO and
TIR5. Double peaked emissions can be produced when the source functions are not
monotonously decreasing along the height but have local peaks in the chromo-
spheric levels. As can be seen in Figure 6, local chromospheric heatings do
enhance the chromospheric Ho source functions.

The solar Ha line is known to be photoelectrically controlled line, whose
source function is insensitive to the temperature rise in the chromosphere (
Thomas 1957, Athay 1972 ) However the photoionization rate in the Balmer con-
tinuum ( ZX10t s 1) is not so large compared with the collisional excitation
rate ( 5x103 s 1) in the chromosphere ( Athay 1972 ) When the collisional ex-
citation rate is enhanced by some additional heating, the Ha line turns to be
collisjonally controlled. Thus a local chromospheric heating gives rise to the
enhancement of the Ho source function. Canfield and Athay ( 1974 ) have shown
the similar response of the Ha source function to the atmospheric heating for

realistic flare models.

b) When the temperature enhancement is present, an additional density enhance-
ment. promotes the visibility of moustache emissions.

As is seen in Figure 7, the visibility of moustache emission in the model
T1RS is higher than that in the model TIRO. The difference between two models
is due to the existence of an additional density enhancement. This point can
be understood in the following way. In Figure 8, the total ( line + continuum )
source functions and the formation regions for three frequencies, i.e._ line-center,
inner wing and outer wing frequencies, are displayed for the model T1RO. An

additional density enhancement has the effect to increase the Ha opacity and



then to rise up the formation regions. Thus at the wing frequencies radiations

are formed at the regions where the source functions have higher values.

By the way, based upon the comparison of Ha line center optical depth dis-
tributions of_the two model TORO and T1R0O, it should be noted that tpe temperature
enhancement itself has the effect to enhance the Ha opacity relative to the un-
perturbed atmosphere. This effect also contributes to the higher visibility of

the emission ( Canfield and Athay 1974 )

c) Center to limb brightening of peak intensities.

" Our model calculations show an interesting property that peak intensities
of a moustache are higher when the distance of the moustache point from the disk
center becomes larger ( Figure 7 ) In other woeds, we can observe moustaches
with more contrast as we go near the limb. This property can be explained with
the same arguments as in 3.2 b) if we note that when we see the object near the
1imb at one frequency, we observe the radiation formed at higher levels compared
to the object at the disk center

Although this property does not seem to contradict our observational impre-

ssion, it would be necessaty to be checked quantitatively by a future statistical

study. Engvold and Maltby ( 1968 ) noted a slight limb-brightening trends in

their observational data.
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d) Center to limb variation of peak separation.

Figure 7 shows that the wavelength separation between two peaks is a mono-
tonously increasing function of cos® In other words, the peak separation of
a moustache near the limb is larger than that of a moustache at the disk center.
Explanations of this property can be given with the reference to Figure 8. At
the core frequencies, the source functions are decreasing functions of height
near the formation depths. So the brightness decreases from the center of the
disk to the limb at these frequencies. On the other hand, the source functions
are increasing functions of height near the formation depths of the inner wing
frequencies ( IAAI 21 & ). So the brightness increases from the center to the
limb at the inner wing frequencies. This difference of the center-to-limb bright-
ness variation between the core and the wing frequencies gives rise to the center-
to-limb variation of the peak separation.

This theoretically predicted property must be confirmed observationally,
aithough observational confirmation seems to be very difficult because the peak
intensity 1s highly influenced by the overlying absorbing matter or the mass

motions discussed in the next subsection.

e) Effect of mass motions

Mass motions in the chromospheric layers have a great effect on the Ha emi-
ssion profiles. The effects of mass motions are examined by two representative
mass motion models. Two models of velocity distribution with height are illust-
rated in Figure 9. The direction of motion is assumed to be vertically upwards.
In the mass motion model V1, the massimotions occur locally in the temperature
and / or the density enhanced region, or in the highly-excited region. On the

other hand, in the mass motion model V2, the upper chromospheric layers are also

4



in motion in addition to the lower chromospheric motions. We have adopted these

velocity models for study because they represent schematically the velocity fields
when a hydrodynamic shock wave propagates outwards from the photosphere to the

corona. The model V1 represents the velocity field when the shock is propagating
in the chromosphere and the model V2 represents the velocity field when the shock

has passed through the chromosphere ( Suematsu et al. 1982 ).

The Ho profiles when the velocity fields are taken into account are shown
in Figure 10. The Ha profiles computed for the static TIRS5 atmosphere and for
the unperturbed TORO atmosphere are also shown in the figure for reference.

The results at two 8 positions are shown in the figure.

As can be expected from the velocity field profiles; the Ho profiles are
influenced only in the inner wing and in the core part, and the form of outer
wings remains unchanged. When a local motion in the high excitation region is
present, the emission profile show a blue asymmetry. However, when upper
layers are also in motion with larger velocities, the core part is shifted to

the blue further and the emission profile becomes to show a red asymmetry.



Thus the asymmetry of Ha profiles is controlled by the profile of the velocity
field in the chromosphere. We have made use of this effect to derive the chromo-
spheric velocity data from our observed Ha profiles.

If a hydrodynamic shock passage is the origin of a moustache, our compu-
tation suggests that the asymmetry of the Ha profile would be observed to change
from the blue to the red along time.

Mass motions in moustache atmospheres have another interesting effect on
the Haiprofiles. As is seen in Figure 10, when the atmospheye is in motion
the peak intensity is higher than that when the atmosphere is static. This effect
can be explained by the optical depth change in the inner wing due to mass motions,
because the radiation emitted in the inner wing get stronger when the optical
depth becomes larger as discussed previously In interpreting the brightness
variations of moustaches or flares observed in filtergrams, the variation of
velocity fields must be taken into account due to the effect described above

( Kurokawa et al. 1982 ).

3.3 Comparison with observations

Although the results of the four atmospheric models discussed in 3.2 tell
us the generel features of the Ho emissions from perturbed atmospheres, computed
Ho profiles for these models do-not fit the observed ones. In particular, the
profile computed for the TI1R5 model at very small j position shows extremely

bright continuum enhancement ( AI = I ) which is not observed.

normal continuum
To avoid this difficulty, computations for a new series of models ( model A - G )
are performed by assuming that the perturbations in the temperature and density

occur in higher region than:the previous prr models ( Table 3 ) Possible model

atmospheres which explain the observed Ho profiles are searched in these new models.
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In Figure 12, theoretical emission profiles computed for models A - G at
W'l =2.0and u'! =5.0 are illustrated. The theoretical profiles in this figure
are those of excess emissions from the unperturbed profile. As stated previously,
this is because of our aim of the proper comparison with the observed profiles.
It should be noted that thegtheoretical profile has a Gaussian form in the inner
wing and a power-law form in the outer wing for the models where the temperature
and the density enhancement are large ( model D, F and G ) This characteristics

1

is strengthened as u ! increases.

In Figure 12 (a), the emission profile of the moustache No 1 which was ob-
served at p ! = 1.4 is plotted. The observed profile fits the theoretical one
computed for the model F in the wavelength region of AA = 0.8 - 3.0 R. In other

words, the Gaussian part and the power-law part of the observed profile match

the theoretical profile.

For the moustache No. 5 ( pl=34 ). the comparison with the theoretical
profiles is shown in Figure 12 (b) Either the model C or the model E explains

the observation in this sample.



A word of comment is given on our fitting procedure. Considering the seeing
effect, we must regard our observed intensities of emission components as the
lower-1imit of the real emissions. If the observations were done with perfect
spatial resolution, the intensities of emissions would be higher. So we must
search the best-fit theoretical profiles among those which have larger absolute
intensities than the observed emission. For this reason, the model A and the model
B are rejected in searching the model atmosphere for the moustache No. 5.

The results of our fitting for all the observed profiles are shown in Figure
11 where thé,modél atmospheres selected for the observed profiles are indicated
in AT - p/py diagram with their code numbers. This figure gives us our main
conclusion that moustache emissions are emitted when dense and hot regions are
formed in the chromosphere ( h = 700 - 1200 km ). The temperature enhancements

required are about 1500 K. The density must be increased by a factor of about

five relative to the undisturbed atmosphere.
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4. Discussions

Mechanisms which explain the broad emission profiles of moustaches have
been proposed thus far by many authors. Simple arguments which explain the
broadening by a supersonic non-thermal motion have been unsuccesful because it
1s hard to confine the high-velocity material in a small region for the lifetime
of a moustache.

Engvold and Maltby ( 1968 ) discussed two possible mechanisms. First one
is that broad profiles are due to macroscopic motions ( v = 200 km/s ) in fila-
mentary daughnut-shaped channels oriented more or less at random directionms.
Although Gaussian emission components may be explained by this mechanism, power
law components cannot be explained. The driving and maintaining mechanisms of
the supersonic motions in the special geometry for the lifetime of a moustache
were not made clear. As another possible source of the broadening, they suggested
the effect of electron scattering. They argued that when the atmosphere is heated,
sufficient electrons are supplied due to enhanced ionization of hydrogen atoms
and that scatterings by electrons broaden the profile. Following their estimates,
an electron density n = 10!® cm 3 along 1000 km is required to influence the
line profile. However we cannot think that a hot and dense region like this
is really formed because the particle density in recent model atmosphere .( Vel-
nazza et al. 1981 ) can take 101® cm 3 only in a deep depth ( h = 350 km )
If the hydrogen atoms above the temperature minimum were fully ionized, the
electrons would by insufficient to influence the line profile.

Severny ( 1968 ) suggested a mechanism that the line Broadening is due to
incoherent scattering in expanding opaque layer. He computed the profile of
outcoming radiation from a homogeneous ( np = 107 em 3 ), isothermal ( T = 10* K )

and opaque ( Ttn, = 95.56 ) layer According to his results, his model can



explain the intensity . distribution, the blue asymmetry and the central gap of
the Ha emission profile under reasonable assumptions. His computations, however,
were done on very simplified model. Although moustache points are situated in
the chromosphere ( Bruzek 1972 ). he selected only the disturbed region and
treated the region as if isolated from overlying or underlying atmospheres. So
his model may be applied to some limb phenomena but does not seem to be appli-
cable to the moustache on the disk. In particular, the central gap of the Ha
profile is not formed as his model predicts, but is due to the effect of over-
lying matter as Bruze#'s ( 1972 ) and our works have shown. Although Severny's
Tesults cannot be accepted fully, they support our results partially by the fact
that his computed profiles match the observed ones in the wing part because his
and our methods of analysis become essentially the same in the wavelengths where
the chromosphere is optically thin. We consider that his success in explaining
the broad profile is the result of his assumptions of rather high temperature
ané of specific form of source function distributions.

In our opinions, the line broadening is neither due to electron scattering
nor due to the expanding motion but simply due to the heating with some comp-
Tession of the lower chromosphere. Local source function increment due to the
heating results in the broad line profiles.

Next we discuss the atmospheric and hydrodynamic state of moustache points.

Our observations and computations show that a hot ( AT 1500 X )} and dense ( p/pyg
= 5 ) region is formed and the matter is in motion ( v = 6 km/s ) generally di-
rected upwards in the chromospheric layers of a moustache points.

Kurokawa et al. ( 1982 )}, following the evolution of moustaches in filter-

grams showed that a moustache has a spike-like form and grows in length in the

brightening phase. The mean upward velocity of 8 km/s was reported. Their
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results on the dynamical features of moustaches agree well with the results of
our spectroscopic study.

The temperature enhancement required in our model has the similar value as
the temperature excess in the plage chromosphere relative to the normal chromo-
ébhere ( Shine and Linsky 1974 j On the other hand, the density in our mous-
tache model is higher than the plage model about 7 times. Thus we can think
that an isothermal compression or an isothermal vertically propagating shock
wave in the pre-heated plage chromoéphere gives rise to a moustache atmosphere.
As the moustache points are observed associated with continuum facular granules
( Severny 1968, Bruzek 1972 ), this line of speculations seems to be promising.

In this respect, it is interesting to refer the results of numerical simu-
lations on the spicule ejection performed by Suematsu et al. ( 1982 ). They
studied the vertical propagation of shocks produced by some impulsive heating
at the normal photosphere or at the normal chromosphere. Under the assumption
of nearly isothermal shock propagation, they followed the evolution of a shock
produced by an initial abrupt pressure enhancement at h = 360 km. According to
their results, the density at h = 1360 km is increased about ten times at maximum.
And the chromospheric matter are forced in motion with the velocity of 12 km/s
at maximum. Thus similar hydrodynamic models based on the plage atmosphere
seems to explain the formation of the moustache atmosphere.

Interesting results of Suematsu et al. ( 1982 ) is the recurrent formation
and upward propagation of shock waves. This behavior of the model may correspond
to the recurrent brightening of a moustache observed by McMath et al. ( 1960 )
and Kurokawa et al. ( 1982 )

By the way, if the shock propagation through the chromosphere is the origin

of a moustache, our model predicts that the asymmetry of the Ha emission peaks



changes from the blue to the red along time as stated in 3.2 e), at least in
initial phase. Similar change of He emission asymmetry is reported for flare
kernels ( Svestka 1976 ), though in this case the asymmetry 1s not of peak in-
tensity but of profile itself. Taking into account of the velocity effect on
the Ha profile, we may think that a shock wave propagates in a flare kernel
because the direction of the chromospheric velocity predicted by the model

of Suematsu et al. ( 1982 ) change from upward to downward.

Finally, we propose future observational and theoretical works to be done
for tﬁe understanding of the moustache phenomena. Simultaneous spectroscopic
observations of the evolution of moustache points in continuum brightness, in
faint Fraunhofer lines and in Ho line are highly needed. From the analysis of
these observations, the atmospheric states in moustaches from the photosphere
to the chromosphere will be made clearer. In particular, comparison of the
brightness variation between the continuum and the lines will give us the infor-
ma%iqn on the propagation of disturbances which give rise to the moustache phe-
nomena. Our computations are done on plane-parallel one-dimensional atmosphere,
although a moustache has a spike-like three-dimensional form ( Kurokawa et al.
1982 ). The source function enhancement due to disturbances will be lower than
our results 1f we take into account of the three-diménsional geometry. The tem-
perature or the density enhancements obtained in this paper may be the lower limit.
NLTE calculations including three-dimensional effects will be necessary to

perform more quantitative analysis on the moustache.
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TABLE 1.

H-alpha emission characteristics of the 6 moustaches

No. AIb/ AIr Asymmetry v(abs.,) v(core) v(wing)

1 1.08 none -5.2 ( km/s ) =-5.8 ( km/s ) -1.6 ( km/s )
2 1.16 blue +4.4 -0.2 -1.7

3 1.30 blue -2.0 -5.9 -1.7

4 3.48 blue +26.6 ? -1.8

5 0.71 red -6.4 ? -2,5

6 0.92 none -1.6 -2,6 -2.1




TABLE 2.
Doppler shifts and Doppler widths of the emission cores

for the Balmer and K lines ( unit : km/sec )

line v(shift) v{width)
K + 8.2 67.7
Hoo +10.2 98.7
HB - 0.4 89.7
Hy + 0.4 87.3

HS - 0.9 73.2




TABLE 3.

Parameters of the 11 model atmospheres

Model hy (km) h, (km) AT (K) p/o,
TORO 400 1200 0 1
TORS 400 1200 0 5
T1RO 400 1200 1000 1
T1RS 400 1200 1000 5
A 700 1200 500 5
B 700 1200 1000 1
C 700 1200 1000 5
D 700 1200 1000 10
E 700 1200 1500 1
F 700 1200 1500 5

G 700 1200 1500 10




Figure Captions

Figure 1. Hy spectra of the six moustaches observed through the horizon-
tal spectrograph of the Domeless Solar Telescope at the Hida Obser-
vatory.

Figure 2. : Hy excess emission profile of the moustache No. 1. (a) Excess
emission profile ( AI/ AIO } is drawn against the wavelength separa-
tion from the line center ( AXA )} where I0 is t@e intensity of the
-continuum. (b) log I vs. ( AX' )lplot of the4profi1e. (c) log AT
vs. log AX'" plot of the profile. A)' and p)'" are the wavelength
separations measured from the line centers which are shifted with the
velocity of the core component and with that of the wing component:
respectively. Filled circles indicate the profile in the shorter
wavelength region and open circles indicate the profile in the longer
wavelength region.

Figure 3. : The same as in Figure 2.but for the moustache No.4.

Figure 4. : Schematic drawing of the atmospheric disturbances relative to
the unperturbed atmosphere. (a) The temperature enhancement. (b)
The density enhancement. p and p, are the density values of the
perturbed and the unperturbed atmospheres respectively.

Figure 5. : Model atmospheres in AT vs. p/ poplane.

Figure 6. : Line source functions ( S ) and line center optical depths (7 )
of the Lyy, Lyg and Hy lines for the models (a) TORO, (b) TORS, (c)

T1RO and (d) T1R5. The unit of the source functions is ergs/( cnt Sec -

sr Hz ).



Figure 7.

Figure 8.

Figure 9.

Figure 10.

Figure 11.

Figure 12.

Ha profiles emitted from the model atmospheres (a) TORO, (b)
TORS, (c) TIRO and (d) TIRS. 1/u ( = 1/ cosg ) value is labelled
for each profile.

Total source functions and optical depths at three representative
wavelengths in the Ha profile emitted from the model atmosphere TI1RO.
Source functions and optical depths at AX = 0.0 A, 1.0 A and 5.0 A
are, respectively, indicated by SO and TAUO, S1 and TAUl , and S5 and
TAUS.

Schematic drawing of the velocity fields. (a) The velocity model
Vl. (b) The velocity model V2.

Effect of the velocity field on the Ha profiles. The basic model
atmosphere is T1RS. Thick curve indicates the profile when the atmos-
atmosphere is static. Dot-dashed curve and dashed curve show, respec-
tively, the profiles when there exist the V1 velocity field and when
there exist the V2 velocity field. Dotted curve shows the unperturbed
normal profile. (@) Ho profiles at the disk center (6 = 0.0 ). (b)
Hoe profiles near the limb ( 6 = 78.5° ).

Model atmospheres ( A-G ) in AT vs. p/pg plane. The model
atmospheres which explain the observed Ho profiles ( No. 1 No. 6 )
are also indicated by their code numbers.

Ho excess emission profiles computed for the model atmospheres
A - G compared with the observations. Computed profiles are shown
only for inner and outer wings and central absorption profiles are
not shown. (a) 1/u = 2.0. Observed profile for the moustache No. 1

are plotted with circles (b) 1/u = 5.0. The same as (a) but for

the moustache No. 5.



H-alpha spectra of moustaches
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