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Summary. Photographic spectra of the Can H- and K-
lines in sunspot umbrae are analysed. The emission
features in the line profiles may be classified into
minimum emission profiles that also lack self-reversal,
and profiles which change rapidly in time and exhibit
self-reversals (umbral flashes) that are most often
strongly asymmetric. Average intensity profiles from the
minimum emission parts of the umbra and characteristic
intensities of the more active parts of the umbra are
given.

Key words: chromosphere — sunspot umbra — Can
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1. Introduction

For an investigation of the quiet chromosphere one may
observe both on the disc and beyond the limb (during
eclipses) in both continua and spectral lines. An in-
vestigation of the chromosphere above sunspots has to
rely solely on observations (for geometrical reasons on
the disc) of strong Fraunhofer lines as long as sunspot
observations of the chromospheric UV- and mm-
continua with sufficient spatial resolution are not avail-
able. In this paper we present profiles of the Canr H- and
K-lines from sunspot umbrae. These lines are partly
formed in the chromosphere and offer observational
keys for the modelling of chromospheres (see e.g. Linsky
and Avrett, 1970).

The central emission of H and K in sunspots has been
known for a long time (Abetti, 1929). However, quanti-
tative measurements started only with work of Mustel
and Tsap (1960) and Engvold (1967). The latter author
found as a common feature in sunspots a central K,
absorption in the emission peak. This observation was
not confirmed by Linsky (1970) and Shine and Linsky
(1972). These authors, in addition, observe from different

Send offprint requests to: Dr. F. Kneer
*  Mitteilungen aus dem Fraunhofer-Institut No. 153

umbrae different values for the K/H intensity ratio:
Ixs/Iy;=1 in one umbra, which indicates an optically
thick chromosphere, and Iy ,/I;;; & 1.7 in another umbra,
which indicates a thin chromosphere. Thus, it seems that
the umbral chromosphere differs strongly from one sun-
spot to another. Moreover, we demonstrate in Figure 1
that sunspot chromospheres may exhibit fine structures
in the H- and K-emission (see also Engvold and
Livingston, 1969). Up to this time, most quantitative
observations, including those of Teplitskaja and
Efendieva (1973) and Teplitskaja and Firstova (1976),
have been presented without regard to this fine structure
in the umbra itself. Similarly, unresolved temporal vari-
ations, as for instance umbral flashes (Beckers and
Tallant, 1969 ; Wittmann, 1969 ; Schultz, 1974), affect the
significance of published “average” emission profiles.

The aim of this paper is to point out the importance of
a careful inspection of the umbral area under in-
vestigation. In the following we select some parts of the
umbrae which appear quiet and exhibit minimum emis-
sion in H and K. The line profiles from these areas may
serve as a suitable basis for constructing static, at least
stationary, chromospheric models of the “quiet” umbra
with, hopefully, little disturbance by dynamic effects.
Other parts of the umbra show strong activity and exhibit
temporally variable, strongly asymmetric, and even self-
reversed emissions in H and K as observed also by
Beckers and Tallant (1969) and Schuliz (1974). In these
umbral regions time-dependent dynamic effects play
probably the dominant role and should be taken into
account when interpreting the observations.

2. Observations

The observations were made at the Schauinsland-
observatory of the Fraunhofer-Institut. The primary lens
of the tower telescope has an aperture of 45 cm, the scale
at the spectrograph entrance amounts to 13 mm ™. The
spectrograph is equipped with a 180 x 280 mm grating
(632 rulings mm~*) by PTR Optics Corp., the linear
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Fig. 1. An example of the chromospheric fine structure within the
umbra of a sunspot
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Fig. 2. Schematic emission profiles without self-reversal (full line) and
with self-reversal (dashed line) for the definition of the notation

dispersion at H and K is 4.6 mm A ~ ! in sixth order. The
H- and K-spectrograms were taken simultaneously with
the same film (Agfa Pan 100, exposure time 7 and 20s).
The slit-jaw camera is equipped with a K-filter with 0.3 A
band width. A TV camera (SEC-Vidicon) monitors the
K-image on a TV screen which is recorded on magnetic
tape. The tape recording offers the extremely helpful
possibility to check, after the event, the instrumental
guiding performance and the secing conditions during
the relatively long exposure periods. K-filtergrams, for
instance Figure 1, may be taken from the TV-screen.

For this paper we analysed spectrograms from a type
H sunspot (Rome number 6544) on three consecutive
days (1973 Sept. 2-4, position N 14 E48-E20). The
diameter of the umbra was 16”". The guiding performance
and the seeing conditions during the observations were
approximately 1”rms, that is, assuming a Gaussian
spread function, the full width at half maximum was
approximately 274, The line profiles of H and K were
measured across the sunspot with a microdensitometer ;
the densitometer data were transformed into intensities
by means of the characteristic curve of the film. Then, the
line intensities were scaled to the photospheric continuum
intensity I. For this purpose we adopted for our
observed photospheric intensities in the wings of H and
K Linsky’s (1970) calibrated values:

I(—13A)=0.1331, and I (—1.3A)=0.1651,.

The sunspot profiles were not corrected for scattered
light. If seeing effects are negligible the influence of the
straylight on the central parts of the emission cores is
small because the line centre intensities in umbra and
photosphere do not differ very much. At the position of
the minima in the umbra profiles (H; and K,) and in the
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wings beyond H, and K, the influence of the scattered
light may become large because the umbral and photo-
spheric intensities differ by large factors. The scattered
light correction should not alter the general appearance
(small emission cores) of the umbral H and K profiles
because the photospheric line intensities vary slowly with
wavelength compared to the umbral profiles and the
scattered light may be assumed, as a crude approxima-
tion, independent of wavelength. Then, an upper limit for
the stray light intensity of about 0.01 I, may be estimated
from the H, and K, intensities in the umbra which are of
the same order in our observations (see below, Fig. 3).

3. Results and Discussion

For the sake of clarity we define first our notation of the
features in the emission cores (see Fig. 2). We often omit

" in the emission is clearly visible, ie. if I,/I

the name of the line (H or K); it should be clear from the
context to which line the given values belong. I, and I,
refer only to the blue and red (resp.) maximum intensities
in the self-reversed emissions. [ Their usual designation in
the literature is lengthy: Ig,,(I;,,) and Iy, (Ig,)]1 A
profile is defined to be self-reversed if at least a shoulder

min>1 and
I/I.=1 or vice versa. I, is the maximum intensity in
the emission feature without regard to the presence of a
self-reversal. I, I, I ..., I, and I, fall together if we see
no self-reversal. The parameters h, and h, are the
wavelength separations of the intensity at half maximum
((Inax — I,)/2) from the position of I,. Thus the full width
at half maximum is FWHM =h, + h, and the asymmetry
is A=(h,— h,)/(h,+ h,). These two definitions are applied
only to the pure emission peaks. I, is the mean value of
the red and blue K,(H,) intensities. In presenting our
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results, we do not distinguish between the red and blue
minimum intensity at K,(H,) because of observational
uncertainties in these parts of the lines.

a) Temporal and Spatial Variation
of the Intensities

Figure 3 shows the variation of selected features in the
line profiles across the umbra for the three different days.
September 2 and 3 are represented by four spectrograms,
consecutive in time, Sept. 4 is represented by 3 spectro-
grams. The connected points refer to the maximum
emission peak intensity I,,., the unconnected points to
the intensity at H, and K.

With regard to the maximum intensity I, we notice:
First, there exist large spatial intensity variations across
the umbra (regardless of the intensity increase towards
the penumbra). Second, I, may show real variations

Table 1. Characteristic data of “minimum emission” profiles

Sept. 2 Sept. 3 Sept. 4 Average
I,* °H 1234001 1414049 1234015 129+0.17
K 1084019 1274045 1124009 1.16+0.18
I, H 2664009 3324030 2254021 278+047
K 2684028 3421018 2231019 2824053
LK):I,(H) 0884016 091+0.0 0924004 090+0.11
L(K):I,H) . 101+008 104+0.13 099+001 1024009
FWHM H 024A 0.19A 0.18A
(hy+h) K 025A 020 A 0.19A 0.21+003
Asymmetry H  0.25 0.18 0.17
K 01l 0.36 0.08 0.1910.10
Hi H 068A 071A 065A
K 0684 0.74A 0.68 A 0.69+0.03

Intensities in percent of the photospheric continuum, for defini-
tions see Figure 2 and text

W. Mattig and F. Kneer: Observations of Can Lines in Sunspots

with relatively short time scales. The Sept. 3 data show
that locally limited variations by a factor of two (proba-
bly from umbral flashes) may occur within 90s. Third,
the intensity ratio I, (K)/I,..(H)is close to unity as long
as no strong activity occurs. (See also the discussion of
the “minimum emission” below.) This ratio may become
larger during active periods (Sept. 4, crosses), thus
indicating optically thin emission during these times. But
this is not always the case. A contrary example is given in
the Sept. 3 data (open circles) where the H emission seems
on one occasion to be larger than the K emission.
However, this case is anomalous since the whole line
centre is brighter in H than in K which may signify an
observational error.

b) Minimum Emission

One of our aims is, as already mentioned, to examine the
umbra for regions with minimal temporal variation
which may reasonably be called the quiet umbra. We feel
that observations of the H- and K-line profiles from these
parts should be interpreted first, before the problem of
explaining time variations on small spatial scales is
attacked. On the basis of the material there do appear to
be regions with very little temporal fluctuation indicated
by “arrows” in Figure 3. It happens that the profiles from
these regions show pure emission peaks, without self-
reversal.

The characteristic data of the minimum emission
profiles are given in Table 1. The line profiles themselves
are plotted in Figure 4. The variations from day to day,
especially of the maximum intensity I,, exceed the
observational uncertainties and must be due to real,
secular, changes in the umbral chromospheric structure.
The intensity ratio I,(K)/I;(H) is close to unity which
indicates emission from an optically thick chromosphere.

05 A

05A

Fig. 4. Average H- and K-line profiles from the quiet umbrae; intensities I, in percent of the photospheric continuum intensity
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It is also worth noticing that the profiles are always
asymmetric in one direction, that is, with respect to the
red and blue K, (H,) minima, the position of K,(H;) is
shifted towards shorter wavelengths. This appearance

-could be due to differential velocities in the umbra itself.

However, the influence of scattered light cannot be ruled
out: If the scattered light varies asymmetrically across
the line it induces asymmetry in the umbral line profile.
Observations with the best possible scattered light cor-
rections are urgently needed and are planned for the near
future.

¢) Self-Reversals

As Engvold (1967) had found, the self-reversal of the
emission peaks is the normal behaviour in umbrae,
though the separation of the K, peaks is much smaller
than in the quiet chromosphere and in plages. We
investigated the occurence of the self-reversal in our
observations. It is plotted in Figure 5 for the K-line ; the
H-line behaves almost identically. Average intensity
ratios are given in Table 2.

We may summarize the result as follows: In the
central parts of the umbrae (within a radius r <5”) 43 out
of the 198 investigated profiles show a central XK;-
absorption. It is important to note that all umbral flashes
have self-reversed profiles, but extremely asymmetric
ones with a strong blue emission and only faint red
emission (I,>1,). If we exclude the umbral flashes 24
profiles exhibit self-reversals.

Outside the central parts of the umbra (r > 5”) the K,
absorption occurs more frequently and with an ap-
pearance already known from Engvold’s (1967) obser-
vations at the penumbra border.

In almost all cases of self-reversal the blue emission
peak is higher than the red one. Only 5% of the self-
reversed profiles have I, <1I,.

Within the observational errors the wavelength sepa-
ration A4 of the emission peaks is the same for H and K.
Without the umbral flashes we obtain a mean value of
A44=(0.10+0.03)A. For the umbral flashes alone we
measure a larger separation: AA=(0.14+0.04) A.

4. Conclusion

The above investigation revealed several observational
needs for sunspot chromospheres: First, high spatial
resolution is necessary in order not to mix too different
types of profiles into an average profile. Second, the lines
of interest should be observed simultaneously and within
a short time period because of the possibility of rapid
changes of the chromospheric structure. Most previous
observations do not fulfill the two above requirements.
Third, time series with high temporal resolution and a
long duration are desirable in order to check the concept
of the quiet and active umbra. And fourth, much work

15
2 1973 Sept. 2, K, 1/1, e/ lmin
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Fig. 5. Occurrence of self-reversed emission profiles as a function of
position and time. Intensity ratios of the blue and red emission to the
central absorption in the K-line are given. (For notation see Figure 2.
The designation of the points for different times is the same as in
Figure 3)

Table 2. Intensity ratios in self-reversed emission cores

H K

Central part of umbra (10”) I:I,* 1124005 1.124+0.08
without umbral flashes I I, 1.06 +0.06 1.03+0.03
Outside central part I 1.12+0.05 1.10+£0.06
I I, 1.06 +0.06 1.05+0.03

Umbral flashes alone ) 5 . 1.75+£0.51 1.77+0.54
I 53 1.014+0.02 1.024+0.02

Red peak stronger than I, 1.03 1.024+0.02
blue peak LI 1.05 1.06 +0.02

*  For definitions see Figure 2

needs to be done with the stray light problem. Otherwise
such observational features as the asymmetry and the
true intensity at H, and K, remain too uncertain to yield
valuable information on the umbral structure.

As already mentioned, we introduced the concept of
the quiet and active umbral chromosphere : Profiles from
the quiet part have minimum emission without self-
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reversal, the intensity ratio Iy,/Iy, is close to unity.
Profiles of an active umbral chromosphere show rapid
changes in time and possess a self-reversal which is often
very asymmetric.

With such a distinction, the problem of interpreting
at least the quiet umbral profiles should be simplified.

Certainly, the validity of this concept needs further
observational proof, or disproof, since the time sequences
used for this investigation were neither complete nor very
long,
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Summary. The chromospheres above sunspot umbrae are
investigated by comparing calculated and observed pro-
files of the Can H, K, and infra-red lines. Statistical
steady state is assumed for the level populations. We test
several model chromospheres in hydrostatic equilibrium.
We distinguish between chromospheres which are optic-
ally thick and optically thin at the centre of the K line.
In view of the observed intensity ratio Ixs/lys &~ 1.15 we
are forced to adopt a thick model as reference chromo-
sphere.

Key words: chromosphere — sunspot umbra — Can
lines

1. Introduction

The spectra of sunspot umbrae show emission cores in
the Ca 1 H and K lines. This indicates that the radial tem-
perature profile above a sunspot passes through a mini-
mum: in other words, that umbrae possess chromospheres
(Linsky and Avrett, 1970).

With regard to the energy balance of sunspots Bier-
mann (1941) suggested that the convective energy trans-
port is largely prohibited by the magnetic field and that
therefore sunspots are cooler than the normal photo-
sphere. Danielson and Savage (1968) discussed whether
the missing flux in sunspots could be carried by magneto-
acoustic waves. In contrast to the Biermann picture,
Parker (1974) proposed that sunspots are regions of
enhanced energy transport in the form of Alfvénic flux
so that as a net effect the umbral material is cooled. A
study of the structure and dynamics of the atmosphere
above sunspots should help choose between these two
very different points of view (Beckers, 1976; Foukal et al.,
1974).

The question of energy balance in sunspots is interest-
ing in its own right, but in addition we can learn a great

* Mitteilungen aus dem Fraunhofer-Institut No. 150

deal by comparing and contrasting the chromospheres of
sunspots with the chromosphere of the quiet sun. Since
we know that the magnetic pressure in sunspots is com-
parable to—or larger than—the gas pressure we expect
the magnetic field to influence the energy transport and
dissipation mechanisms (Marik, 1967) and to produce
chromospheres very distinct from the ones of the quiet
regions without magnetic fields. Thus, we can think of
the two types of atmospheres, umbral and quiet chromo-
spheres, as two nearby stellar laboratories with different
—only partly understood—equipment.

On these grounds it is important to know the structure
of both types of chromospheres. However, while an
enormous number of investigations of the quiet chromo-
sphere and its fine structure have been undertaken, very
little work has been devoted to the umbral chromosphere.
The reason for the underrepresentation of research in
this field is obvious: both observational and interpreta-
tional difficulties far surpass the problems met in studies
of the quiet chromosphere. Observationally, the high
intensity radiation from the ambient area on the sun
falsifies the true umbral radiation through atmosphericand
instrumental scattering of light and through seeing effects.
In the far ultra-violet region the spot emission seems to
be comparable to the emission from the surrounding
medium so that false light plays a minor role (Foukal
etal., 1974; Cheng et al., 1976). However, observations in
this spectral region with high spatial and wavelength
resolution have become available only in the last few
years. Interpretationally, our ability to treat non-LTE
line formation in magnetic fields has only recently im-
proved (Omont et al., 1973; House and Steinitz, 1975;
Auer et al., 1977).

Despite these difficulties we feel that it is possible to use
existing observations to draw some conclusions on the -
structure of umbral chromospheres, at least as a starting
approximation. We use here as diagnostic probes only the
five strongest lines of Ca 11. The next section is devoted
to the observational data of these lines. Section 3 deals
with the assumptions and numerical methods concerning
the treatment of both the model atmosphere and the Ca
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atom. In Section 4 we discuss several models and compare
them with results of other investigators.

2. Observations

We do not present new observations here, but rather
collect some prominent observational features of the
Can H, K and IR lines. It is important to notice here
that we are not able to give exact figures of calibrated
observations for two reasons. First, sunspot structure
differs from one spot to another and sunspots exhibit a
variety of different profiles of the same line. Second, as
already mentioned, the observed spot intensities are
falsified by scattered light whose influence may be seen
from the following formula (Zwaan, 1965)

I' = (1 — BI + I M

Here, 7 and I’ are the true and observed spot intensities,
respectively, 81 is the fraction of light scattered out of the
beam and BI° is the fraction of light scattered info the
beam from the ambient area. We see at once from

Table 1

F. Kneer and W. Mattig: Interpretation of Ca Ir Lines in Sunspots

Equation (1) that for equal intensities in spot and sur-
rounding area (I = I%) the scattering has no influence.
On the other hand, it follows for (relatively) small sunspot
intensities (/ « I%) that the observed intensities are
strongly falsified. Usually (Kneer, 1972), the continuum
intensity ratio of sunspot to photosphere decreases
towards shorter wavelengths (in the visible spectral
range), while the fraction of scattered light increases. As a
consequence, at a continuum wavelength near the H and
K lines, the false light may override the weak intensity
from the spot. From this discussion we learn to accept
observed sunspot line profiles with caution.

With the above in mind we summarize the relevant
properties of the H, K, and IR lines in sunspots in Table
1. The first column of Table 1 indicates the spectral
feature, the second column its behaviour, and the third
column the sources. Most of the figures refer to observa-
tions close to the disc centre. We exclude such prominent
observational facts as brightness and velocity oscillations
(Beckers and Tallant, 1969; Beckers and Schultz, 1972)
and line asymmetries (Teplitskaja and Firstova, 1976).
We concentrate in this paper on the interpretation in
terms of time independence: the modification of the

H and K lines:

Igs 0.5---1.0 x IZ:*
20.5---1.0 x 10~%ergcm™—2
s~!sterad~* Hz"!
self-reversal ? yes
(Izz % Igs, self-reversal small,

M,E,L,SL

E, TEa (near limb)

Adgz % 0.06 A E

no MK, L, SL, MT
Igr 0.1.:-0.3 x Igs MK, L, E, SL, MT
Adgy 0.25.--0.35A MK, L, E, SL, MT
FWHM** 0.2---025A MK, TEb
wings beyond K, flat compared to wings in plages MT
Ixa/Iys 1.0.--1.3 MK, L, TF

1.7 SL
Ies [l <10 MK, L, SL
IR lines:
emission cores? no! pure absorption lines
residual intensities ~0.25

at line centre

relative intensities Tesos > Issea > Igess SL

at line centre
relative intensities
in wings

Tsaos > Isesz > Igssz

Sources: E: Engvold (1967); L: Linsky (1970); MK: Mattig and Kneer (1977); MT:
Mustel and Tsap (1960); SL: Shine and Linsky (1972); TEa: Teplitskaja and
Efendieva (1971); TEb: Teplitskaja and Efendieva (1973); TF: Teplitskaja and

Firstova (1976)

* 25 is the intensity measured from the quiet chromosphere

** FWHM = full width at intensities (Ixs + Kx1)/2. K; is the minimum in the line

profile
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resulting models by a dynamic interpretation will be an
important future step.

Let us comment briefly on some items of Table 1:
The intensity of the centre of the K line, Igs, is only
weakly contaminated by scattered light because it differs
only little from the intensity of the quiet chromosphere,
I2;. We can estimate the latter by comparing the measure-
ments of White and Suemoto (1968) with the continuum
intensity at 4000 A calculated from the Harvard Smith-
sonian Reference Atmosphere (Gingerich et al., 1971),
which is in good agreement with the calibrated observa-
tions of Labs and Neckel (1968). From this one is led to
I3 =~ 1.0 x 10-%ergecm~2s~sterad-* Hz=' at disc
centre. Linsky (1970) and Shine and Linsky (1972) present
their line profiles with respect to the local continuum in
the umbra. If we admit that, due to false light, their
continubum intensities at the XK line are too high by
possibly 10 to 50 percent we may conclude from their
data that the continuum and line centre intensity are
approximately equal in the spot. Reasonable umbra
models of the continuum emitting layers (sce Section 4)
give values of I ~ 6.0 x 10~7ergcm~?sterad~! =
0.612;. This is in line with the results of other observers.
(See Linsky and Avrett, 1970, for a similar estimate of
the K intensity in sunspots.)

We defer comments on the question of the self-reversal
to the discussion of our models (Section 4). The intensity
of K, (H,) and also the wing intensities beyond K, may
be affected by false light and most of the published values
are probably too high by some 10 to 50 percent. However,
the flat damping wings of the K line, as shown to a
distance of about 3.5 A from line centre in the observa-
tions of Mustel and Tsap (1960), are worth noticing. The
intensity ratio Irs/l;5 will turn to an important diagnostic
tool for the investigation of the thickness of the umbral
chromosphere and will also be discussed in Section 4.
The position of the K; minimum in sunspots is reported
consistently by many observers. Possibly, it is only little
influenced by scattered light.

The only observations of the IR lines available to us
are those of Shine and Linsky (1972). Unfortunately, as
they themselves state, their data contain contributions
from the surrounding penumbra and plage regions be-
cause of poor seeing conditions. We take for granted that
we are dealing with pure absorption profiles. Unless
contradictory observations turn up this is an additional
observational constraint for modelling chromospheres
above sunspots. Clearly, there is a pressing need for more
observations of these lines.

3. Assumptions and Methods

In this section we outline the several assumptions and
methods used here for the modelling of chromospheres
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and for the calculation of both the ionization equilibrium
of the calcium atom and the emergent line profiles.

3.1. Hydrostatic Equilibrium

For each model atmosphere we specify a one-dimensional
run of temperature 7(p,..) as a function of total pressure
Dot OT, equivalently, of column mass density 7 by means
of the equation for hydrostatic equilibrium

Drot = gM 2
where g is the surface gravity acceleration. At the upper
boundary, for m = 0, we have put p,, = 0. The column

mass density is related to the mass density p and geometric
height 4 through

dm = — pdh. 3)

For many needs one is forced to calculate the mass
density p as a function of the temperature and the electron
density n,. The latter is an implicit function of abundances,
temperature, gas pressure p,, and radiation fields J, at
all frequencies v, which influence the ionization equi-
librium within the gas:

F(nea &, T, Dg> Jv) = 0. (4)

We use the same chemical composition as in the Kitt
Peak code (subroutine STATE) of Auer et al. (1972),
including calcium as an additional electron donor at low
temperatures. This code treats the formation of the H,
and HZ molecules and the ionization of the metals, He,
and H- in LTE. The non-LTE ionization of hydrogen is
discussed below. With a known functional or numerical
dependence of the ionization equilibria on n,, T, and p,
we solve Equation (4) iteratively for n, by a secant method.

3.2. The Ionization of Hydrogen

For the non-LTE deviation factor b, of the hydrogen
ground level we adopt an analytic approximation due to
Kalkofen (quoted by Linsky, 1968)

1/by(7o) & G[1 + (V&g — 1) exp (— V3eom0)], Q)

where 7, is the optical depth at the head of the Lyman
continuum. The above formula is an extension from a
treatment by Dietz and House (1965) of a ground level
plus continuum hydrogen atom to an inclusion of the
second bound level with Ly-«in detailed radiative balance.
Thus, e, is essentially the ratio of collisional to radiative
recombination to the ground level and G is a correction
factor which accounts for radiation and collision processes
to the second bound level. (The reader is referred to the
Appendix for the detailed expressions of ¢, and G.) The
factor /3 in the exponent is a consequence of the
Eddington approximation.

Except for the mean radiation field in the Balmer
continuum only local quantities (., T, 7o) enter into the
right-hand side of Equation (5). The intensity of the
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Balmer continuum may be specified by a radiation
temperature T 5 by the choice of a special column mass

density m, in such a way that
Tg,z(m) = T(m) for m > my,
and

TR,B(m) = T(mo) fOI‘ m < mo.

The choice of m, is difficult because no calibrated observa-
tions of the Balmer continuum in sunspots are available.
One preliminary choice of m, could be the point in the
atmosphere where the head of the Balmer continuum has
an optical depth of about unity. We believe that this point
lies deeper in the atmosphere than the temperature
minimum. We usually choose m, at T = 3500 K; we
discuss the influence of T}, 5 in the next section. With the
specification of T} p it is possible to treat the hydrogen
ionization as an initial value problem with 7, = 0 at the
top of the atmosphere.

The main assumption underlying the approximate
formula (5) is that none of the parameters vary with
height; this is equivalent to the assumption of an iso-
thermal atmosphere with constant density and constant
Ty, . Certainly, real atmospheres need a more detailed
treatment of the radiation fields, but we wish to defer a
more consistent calculation of the hydrogen ionization
to a future investigation when, hopefully, observational
data of the Ly-« line, the Ly-continuum, and the Balmer
continuum in sunspots will be available. We apply the
above formula because it provides a better approxima-
tion than LTE for the contribution of hydrogen to the
electron density where deviations from LTE are im-
portant. According to our experience, Equation (5) leads
to electron densities in quiet chromospheric models with
an accuracy of 50 percent or better compared with self-
consistent non-LTE calculations.

3.3. The Ionization of Calcium

(a) The Ca u/Ca 1 Density Ratio

A self-consistent determination of the ratio of the Cant
to Ca 1 densities has to account for many collisional and
radiative transitions (Linsky, 1968). We avoid this diffi-
cult task by assuming that Ca1 is ionized in LTE. For
this purpose we adopt from Linsky (1968) an ionization
energy for Ca1 of y; = 6.11eV and a ratio of the
partition functions at low temperatures of Uy/U; = 2.
Table 2 gives the density ratio if Ca 1 to Ca1 for some
heights near the temperature minimum in one of our
models. We see that even near the temperature minimum
the Ca1 density is less than 25 percent of the total Ca
density. We may argue as follows that this is probably an
overestimate : Below a temperature of 4000 K dielectronic
recombinations do not seem to play the dominant role in

F. Kneer and W. Mattig: Interpretation of Ca 11 Lines in Sunspots

Table 2

m(gcm~2) TX) Noanr/Mcax
0.01 3350 102
0.0315 3200 26
0.1 3200 12
0.315 3250 6.7
1.0 3390 5.7
2.14 3480 5.0
4,57 3600 4.8

10 3820 6.2

populating the Ca 1 atom (Burgess, 1965), so that photo-
ionizations and -recombinations are probably the im-
portant processes determining the Can/Car1 density
ratio. Then, since the ionizing radiation fields at the tem-
perature minimum usually originate in deeper layers
corresponding to a higher radiation temperature, the
levels of the lower ionization stage tend to be depopulated
at a higher rate than under LTE conditions. (See for
instance the behaviour of the ground level deviation
factor of hydrogen at the photospheric temperature mini-
mum in the model of Vernazza et al., 1973.) We thus con-
clude that a more detailed treatment of the Cau/Ca1
density ratio would have little influence upon our con-
clusions regarding the line profiles of Ca 1.

(b) The Ca n1-Ca 11 Level Populations

We next consider our model representation of the Ca 1t
ion of Figure 1. Only the five lowest levels plus the con-
tinuum (Ca 1) are included. For test calculations we will
restrict the model ion further, to levels 1, 3, 5, and 6;
this is a fair representation according to Linsky (1968)
and to our experience with low temperature atmospheres.
The atomic data used in this investigation are given in the
Appendix.

It is our aim in this investigation to study the line
profiles of the five strongest Ca 1t lines emerging from
model atmospheres. For. this purpose we assume a
statistical steady state for the level populations. The steady
state equations and the radiative transfer equations in
one-dimensional geometry are simultaneously solved with
the complete linearization method in the form worked
out by Auer and Heasley (1976). In this scheme the first-
order corrections to the radiative rates are computed, and
this is superior to calculating corrections to the radiation
fields when many broad lines are to be treated. The
influence of the magnetic field is excluded and deferred
to a forthcoming investigation.

We treat only line transitions in detail. The photo-
ionization rate coefficients are kept fixed for each model
atmosphere by specifying a radiation temperature similar
to the Balmer radiation temperature in the hydrogen
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Fig. 1. Energy level diagram of Ca 1 and radiative transitions

ionization problem. Such a procedure causes uncertainties
in our calculations of the level populations because of the
lack of observations of the ionization continua of Ca it
below 1422 A in sunspots. However, some guidance can
be obtained by the height of formation of the background
continua, essentially the C 1 continua at 1444 A, 1239 A,
and 1100 A, in the quiet chromosphere. According to
Vernazza et al. (1973), these are formed between 750 km
and 1200 km, at pressures of roughly 8 to 200 dyn cm 2.
Assuming that carbon is mainly neutral in this layer in
both sunspot and quiet chromosphere we obtain with
Equation (1) column mass densities of about 3 x 10-*
to 7 x 1072 gcm~2 as bounds to the region where the
background continua are becoming optically thick. As
standard values we choose the points m, = 10~2 gcm ™2
for the continua from the 4 S and 4 P levels of Ca 11 and
my =5 x 1073 gcm~2 for the continua from the 3 D
levels of Ca 1, Deeper in the atmosphere the radiation
temperature follows the electron temperature (T = 7)),
higher up it is supposed to be constant (T = T(my)).
We shall discuss the influence of these radiation tem-
peratures on the ionization equilibrium and the line
formation in Section 4.

3.4. Absorption and Emission Profiles

As already mentioned, the splitting of the lines due to a
magnetic field in sunspots of possibly 2000 to 3000 Gauss
will be investigated in a forthcoming study and is not
taken into account here. As absorption profile we use the
normalized Voigt function

1
$(@) o
where g and » have their usual meaning.

It was shown by Shine et al. (1975) that a treatment of
the Ca 11, H and K lines by means of partial redistribution
(PRD) is by far better than the assumption of equality of
emission and absorption profiles or complete redistribu-

H(a, v), ©)
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tion (CRD). Since PRD strongly influences the wings of
the lines and the intensity ratio of the H and K lines we
have to use PRD models to study, for example, the
position of the K; minima. For this purpose we use the
formalism by Heasley and Kneer (1976); as suggested
by the results of Shine et al. (1975), we treat only the H
and K lines with PRD and assume CRD for the IR lines.
For simplicity the approximate form of the redistribution
function Ry by Jefferies and White (1960) is adopted
and normalized as proposed by Kneer (1975). Since the
complete linearization scheme of Auer and Heasley
(1976) does not allow for the linearization of a line source
function depending explicitly on the radiation field we lag
the PRD calculations behind each linearization cycle,
i.e. we only partially linearize the radiative transfer equa-
tion. This procedure was recommended by Heasley and
Kneer (1976) and it does not deteriorate the convergence
properties of the scheme in the case of the Ca 11 ion.

4. Umbra Models

4.1. Temperature, Electron Density, and Macro-Velocity

In Figures 2 and 3 the run of temperature, electron
density, and mass density of four umbra models is given.
The corresponding heights are also indicated at the
bottom of Figure 2. (A = 0 at 745590 = 1.) The tempera-
ture model in the deep layers below the 3200 K level is
taken from Kneer (1972). The difference between the
latter model and models by Hénoux (1969) and Stell-
macher and Wiehr (1970) is of little influence on the
discussion of models of umbral chromospheres. The
3200 K minimum is somewhat uncertain: the available
observations of the Ca 11 lines determine the temperature
in these layers within about + 400 K. Only temperatures
below 12000 K are given. Our actual models extend
almost linearly on the logarithmic mass scale to 16 000 K.
The chromospheres 4, B, and C qualify as optically thick
in the centre of the K line. Model D is optically thin. We
comment on this below.

Figures 4 and 5 show calculated profiles near the core
of the H, K and IR lines at cos § = 0.89. The profiles of
Figures 4 and 5a,b,c,d correspond to the models A, B,
C, and D, respectively. The micro-velocity used in these
calculations (except for Figs. 4d and 5d) is 1kms™?
throughout the atmosphere; this seems to be an upper
limit in the deep layers according to Kjeldseth Moe
(1973). (The weakly drawn H and K lines in Fig. 4d and
the IR lines in Fig. 5d are calculated with the micro-

. velocity of Fig. 7, curve 4.)

Only the thin model D produces non-reversed emission
cores in H and K. The reason may be seen in Figure 6,
which displays the line centre K line source functions
and the corresponding Planck function versus rox (the
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Fig. 2. Temperature versus column mass density for models 1 to
4. Bottom: geometric height for the different models; 2 = 0 at
Ts000 — 1

line centre optical depth in the K line) for the four models.
While the thick models have their source function maxima
in the range 10 < 7o < 20 and so produce self-reversed
emission cores, the source function maximum in the thin
model is situated where 7oz < 1, leading to a simple
emission core.

Athay and Skumanich (1968) suggested that the
observed absence of self-reversal in sunspot K line

1.4 T T
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Fig. 3. Electron density (particles per cm®) and mass density

versus column mass density for model A (full line), B (dashed),
C (dash-dotted), and D (dotted)

profiles was an indication that the chromosphere above
sunspots is optically thin in the K line. Optically thin
models are tightly constrained by the requirement that the
source function maximum lies where 7o < 1, i.e. that
the main contribution to the emission comes from
optically thin layers. This is only possible when there are
high electron densities at high temperatures in these
layers. The high temperature electrons provide a large
thermal source for photons through collisional excitation
and subsequent spontaneous radiative emission. In a
two-level atom approximation, the total emission E is
proportional to the cumulating effect of collisional
excitation

Ec J Cludncan,l Q)

where Cy, is the collisional rate coefficient from the lower
to the upper level and ng, o, is the density in the ground

— T T T T

x10°

12
I

1.0

08

06

04

0.2

4 Figs. 4a-d. Emergent intensities of H and K
d) lines at cos & = 0.89 in absolute units (erg
cm~2s~1sterad~* Hz™?) versus distance from
line centre in A for models 4 (a), B (b), C (¢c),
and D (d). I, = continuum intensity, equal for
all models. (a), (b), and (c): heavily drawn pro-
files: v; = 1 km s~*; weakly drawn profiles:
convolution of heavily drawn profiles with
Gaussian distribution corresponding to a
velocity amplitude of vmacro = 5 km s~ (d):
profile labelled 1: K line, v, = 1 kms™*;
dotted: convolution of 1 with Gaussian distri-
bution vmacro = 5 km s~*; weak lines: H and
K calculated with run of micro-turbulence
according to Figure 7, curve 4. Micro- and

convol. of 1
(v=5kms™) ]|

00
0

03  macro-turbulence have nearly the same effect
on the line profiles from the thin model D
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Fig. 5. Emergent intensities of the IR lines at
cos 8 = 0.89 in absolute units for the models
Ato D. (a)Hc): v, = 1 kms~2; (d) v, accord-
ing to curve 4 of Figure 7.

L.gse2 = 7.53

x 10~%ergcm~2s~*sterad-* Hz1;
Lgags = 7.48

x 10-%ergcm~2s~'sterad-1 Hz!;
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level of Ca 1. To the same approximation, the propor-
tionality (7) can be expressed as

Eo f eBdry ®)

where ¢ & C,;/A,, with the Einstein coefficient 4,;, and B
is the Planck function. The integral has to be taken over
the optically thin emitting layer. Neglecting the coupling
collisions between the upper levels of the H and K line
transitions, we may apply the same Equation (8) with the
same ¢ and B to the H line except that the latter has half
of the opacity of K (dr; = 4drx). Thus, one would expect
an intensity ratio in the emission cores close to 2. The
thin model D gives Iy;/I;3 = 1.77. Such a large value
has been observed only once, by Shine and Linsky (1972).
If the electron density and the temperature do not drop
rapidly enough towards larger optical depths in the X line
the cumulating effect of thermal sources leads to an
increase in the line source function towards larger optical
depth, and this produces a self-reversal in the emission.

Thus, except for very special models, thin models will
exhibit intensity ratios which are too large, while thick
models will exhibit central reversals. It seems improbable
that sunspots always produce those special atmospheres
(we have not found one) which are thick enough to reduce
the intensity ratios, but not too thick to lead to self-
reversal. This argument does not rely on the assumption
of hydrostatic equilibrium, but only on the run of tem-
perature and electron density with optical depth in K.

A cool absorbing layer above a hot emitting layer, as
suggested by Engvold (1966) and Teplitskaja and Firstova
(1976) is not necessary to produce an absorption feature
in the line centre of H and K.

It could be argued that the disagreement between the
prediction of central absorption features of the optically
thick models A, B, and C and the absence of this absorp-
tion in most observations is a major objection to the
optically thick models. But we do not believe that such a
conclusion necessarily follows. We cannot rule out the
possibility that the umbral chromosphere is optically
thick in the K line, and that the self-reversal predicted

108662 = 7.70
x 10~-%ergcm~2s~'sterad~* Hz !

01 02 03

by our plane-parallel static model is obliterated by the
effects of time- and space-dependent dynamical processes
on the line profile. The important role of such processes
in the formation of the quiet sun K line profile has been
discussed by Durrant et al. (1976) and others, and
occurrence of dynamical phenomena in umbra chromo-
spheres is well documented (Beckers and Schultz, 1972;
Giovanelli, 1972).

We would like to include such effects in our models.
Unfortunately, long exposure times and problems with
false light prevent the spectroscopic study of non-
flashing sunspot fine structure, and there are presently no
theories for umbral dynamics which are developed to the
point of predicting the parameters we need for a line
formation study. In the absence of both theoretical and
observational guidelines we cannot construct a detailed
dynamical model and then compute a spatially averaged
profile for comparison with the observations. To illus-
trate what could occur, however, we have convolved the
theoretical profiles with a Gaussian macro-turbulence
profile of 5kms~! amplitude. As can be seen from

10°
sK’ B K
10

D

Fig. 6. Line centre source function of X line (heavily drawn) and
Planck function (weakly drawn) versus optical depth of K line
centre for model A (full line), B (dashed), C (dash-dotted), and D
(dotted). Thick atmospheres (A-C) have the source function
maximum at 7ox > 1, thin atmospheres (D) at 7ox < 1
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Figure 4, this completely removes the self-reversal in the
optically thick models. There is no physical basis for the
amplitude or even the form of the macro-turbulence and,
consequently, there is little point in comparing the smeared
profiles with the observations. However, this velocity
model illustrates the possibility that dynamical processes
in optically thick umbral chromospheres could lead to
unreversed profiles. We might mention that theoretical
non-LTE emission line profiles almost always exhibit
central absorption features deeper than those of the
corresponding observations (e.g. quiet sun K line; Ayres,
1975; plage K line; Shine and Linsky, 1974). In these
cases too, dynamical processes could be responsible for
the disparity.

When comparing the optically thick models differen-
tially we notice two effects. First, in going from model 4
to model B, the overall increase in emerging intensities is
small. But the ratio Ixs/Iys of the Gaussian convolved
profiles, which is now a measure of the ratio of the rotal
emission in H and K, decreases from 1.38 to 1.24. This is
due to the deeper onset of the chromospheric temperature
rise in model B. Second, in going from model 4 to model
C, we see large increases in the emergent core intensities
because of the overall increase of temperature and elec-
tron density. The A8542 line exhibits a trace of line centre
emission in model C.

4.2. Micro-Velocities and Radiation Temperatures

We investigate first the influence of the run of the micro-
velocity on the X line profile and then the effect of
varying the radiation temperatures in the Balmer con-
tinuum and in the ionizing continua of Ca 11, which cause
some uncertainties in both the atmospheric models and
the Ca 1 ionization equilibrium. For these test calculations
we use the thick atmospheric model 4 of Figures 2 and 3,
a three-level plus continuum model atom for Ca 11, and
treat the radiative transfer with CRD. The computational
simplifications do not invalidate the conclusions drawn
from differential trends.

Figure 7 gives several curves for the micro-velocities.
(Curve 4 was designed for the thin model.) As already
mentioned, a micro-velocity of v, = 1 km s~ seems to be
an upper limit at large depths (Kjeldseth Moe, 1973).
Above sunspots, at levels of the transition zone to the
corona, Cheng et al. (1976) observe an increase with
height (temperature) of the non-thermal broadening.
Their measured value of 9 km s~ at the 16 000 K level
is also included in Figure 7. A decrease of the Doppler
broadening with height, as suggested by Teplitskaja and
Efendieva (1975), does not fit easily to the above boundary
values, Therefore we have not included such a run of
micro-velocities in our calculations. Figure 84 shows the
resulting profiles of the K line. The bigger the micro-
velocity the broader is the line profile and the less pro-
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Fig. 7. Several runs of micro-turbulence. Curve 4 is used only
for the thin model D. @ : non-thermal broadening at the 16 000 K
level measured by Cheng et al. (1976)

nounced is the self-reversal. We cannot, however, force
the self-reversal to disappear for reasonable values of the
micro-turbulence.

Figure 8b shows the differential effects on the K line of
different ionizing radiation temperatures. If we assume
that the Balmer continuum radiation temperature is only
3000 K instead of the reference value 3500 K the hy-
drogen ionization in the chromosphere is reduced. As a
result of the smaller electron density the source function
and the emergent intensity of the K line is weakened
(profile 2 in Fig. 8b). On the other hand, if we assume a
higher temperature than the usual T, < 4000 K for the
ionization continua of Ca 11 (this could be produced, for
example, if there were many strong emission lines below
1500 A) the ionization equilibrium is shifted in favour of
Cam. This reduces the optical thickness of the high
temperature chromosphere and weakens the emission of
the K line (Fig. 85, profile 3).

4.3. A Model

One of the aims of this study is to use the Ca 11 spectrum
to provide a reference model for the chromosphere above
sunspots. We are inclined ‘to reject a thin model: it
appears to be easier to account for the failure of most
observations to reveal the self-reversal predicted by the
thick model than to account for the line intensity ratio
predicted by a thin model. We propose as reference model
the thick model C of Figures 2 and 3, together with the
run of micro-turbulence of curve 2 in Figure 7. The
emergent line profiles are shown in Figure 9. The theo-
retical K line closely resembles the profiles observed by
Engvold (1967). After smoothing of the self-reversed
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Fig. 8a. Effect of different micro-velocities on the X line emission
core in model A4, cos § = 0.89. Label 0: . = 0 kms—*; labels
1-3; curves 1-3 of Figure 7. b Effect of different radiation tem-
peratures in the ionization continua. Label 1: Ty = 3500 K;
Tr,45-cont =. 3900 K; Tg,4p-cont. = 3400K;

Label 2: Tz, = 3000 K; others the same as for 1

Label 3: TR.B = 3500 K; TR,4S = Tn,ap = Tn'4P = 5500 K.
Profiles in (a) and (b) from a three-level plus continuum model
atom and with complete redistribution

emission cores of the H and K lines by a Gaussian distri-
buted macro-velocity with S km s~ amplitude the profiles
exhibit closely the features reported by the other investi-
gators as listed in Table 1. The ratio Ixs/Iys ~ 1.18 lies
well in the observed range. The K, position is mainly a
function of the non-thermal velocities. The wing beyond
K, is extremely flat. The IR lines also fulfill the require-
ments of Table 1.

We compare our reference: model with the quiet
chromosphere model of Vernazza et al. (1973) and the
umbra model of Baranovski (1974) in Figure 10. We have
tried the latter model and have found that with the
abundance of Ca used here the K line emission is too
strong by factors five to ten. The temperature and
electron density seem to be too high in the upper layers
of Baranovski’s model.

At the 16 000 K level, our model possesses a pressure
of 0.03 dyn cm~2, which is five times smaller than the

25

coronal pressure above the quiet chromosphere, and an
electron density of 6 x 10° cm~3, which is four times
lower than the value estimated by Cheng et al. (1976) for
the 36000 K level above umbrae. The temperature
gradient in the top layers is about 8 K km~2.

5. Conclusion

We have presented a model of the chromosphere above
sunspots which can explain many aspects of the observed
emission features in the Ca 11, H and K lines and the IR
lines of Ca 11. To explain the line centre intensity ratio of
K and H, which is close to unity, we have chosen an
optically thick chromosphere. Such a model exhibits self-
reversals in H and K line cores which are rarely observed
(Engvold, 1967).

We can suggest several possible explanations of this
problem. First, we should wait for a treatment of the
non-LTE radiative transfer problem in the presence of
magnetic fields. The emission features of H and K are
expected to be broadened by the Zeeman-splitting.
Second, spectrograms of the best available resolution in
wavelength, space and time should reveal if the H and K
lines exhibit self-reversed profiles characteristic of an
optically thick atmosphere on very small scales. Third,
macroscopic velocities such as those observed by Giovan-
elli (1972) could change the asymmetric doubly peaked
profiles predicted by thick models into asymmetric single
emission peaks as a result of differential velocity fields,
just as in the quiet chromosphere. (See e.g. Durrant et al.,
1976.) This effect should be studied both observationally
and theoretically. Finally, we do not claim uniqueness for
our umbra model. Possibly, there exists a static model
which gives pure emission cores with the correct inten-
sities (and intensity ratios). However, this would probably
be a very special model and unlikely to be realized in all
the different kinds of umbrae. We feel that a search for
such a model is unwarranted, in view of the many obser-
vational uncertainties and of the other possible explana-
tions.

12 ; , . . r , . ——=—16.0
x10°® = x10°®
10+ + e - "1s0
L Ivir
048 T 4.0
0.6 + 3.0
—— A 8542
04 | . ———— A 8498 | 2.0
A A\ 8662
|-
0.2 -+ 41.0
Fig. 9. Profiles of the Ca 11 lines emitted from the
00 suggested umbra chromosphere model, cosd =

05 0.89. H and K are again convolved with a Gaussian
profile with an amplitude of 5 km s~* (weak lines)
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Fig. 10. Electron number density (full lines) and temperature
(dashed lines) versus hydrogen number density. Heavy lines: sug-
gested umbra model; crosses: umbra model of Baranovski (1974);
open circles: photospheric model of Vernazza et al. (1973)

We consider the umbra model presented above as a
starting point for further investigations. It should be
checked and improved with additional observations,
including lines and continua in the far ultra-violet
spectral region. We have already mentioned the pressing
need for high quality observations of the Ca 11 infra-red
triplet. The model is also intended as a guide for magneto-
dynamic considerations which treat the energy balance
in umbral chromospheres. Our model may help answer
the question of the distribution of energy dissipation in
sunspots.

Appendix

A.l. The Ionization of Hydrogen

We have to clarify the meanings of ¢, and G in Equation

5):
_ Cix Cio(1 + Cox/Ry2)/(Rok/Rks)
oo R—Kl [1 * Cix(1 + Cox/Rox + C21/R2K)]’ (A.D)

G = 1 4+ (C1o/Cix)(Rox + Cox)/(Rax + Cox + Ca)
1 + (C12/Cix)(Rg2 + Cox)/(Rog + Cox + Cor)

(A.2)

Linsky (1968) gives slightly different formulae. However, a
close inspection of the steady state rate equations (Mihalas
1970) and of the procedure of Dietz and House (1965)
convinces us that the expressions (A.1) and (A.2) are
appropriate. The Cj,;’s represent collisional rate coeffi-
cients proportional to the electron density with

Ci; = n.Qu(T) exp (—hvy,/kT), G>10 (A.3)
and
Cy = n.Qu(T)gilg; (A4)

F. Kneer and W. Mattig: Interpretation of Ca 11 Lines in Sunspots

where the g’s are the statistical weights. For Q,; we choose
values independent of temperature from a table by Avrett
(1974)

Qg = 2.5 x 102
Qg = 3.0 x 10-°
Qg = 1.0 x 10-7.

For the radiative rate coefficients we neglect stimulated
emission and have the formulae

LI 3
RKi=41rf %:)Zcizexp(—hv/kr)dv, (=12
ig

(A.5)
and

(A.6) -

Rox = 4w [~ 20 g7, b,

where B,(T3, ) is the Planck function at the radiation
temperature of the Balmer continuum 75 5 and w is the
dilution factor. For the frequency dependence of the
absorption cross-sections we take

w6) =), (=12 A7)
and from Allen (1973) at the head of the continua

(v = vx) we have

(41 ~ 7.9 X 10_18 X i. (A.8)

In Equation (A.8) we set the Gaunt factors equal to
unity.

A.2. Atomic Data of Caul

The data given below are mostly interpolations and
simplifications of the set of atomic data compiled by
Shine and Linsky (1974). We feel that such simplifica-
tions are justified in view of the preliminary nature of our
model calculations and of the many observational
uncertainties.

Table A.1 summarizes the data used. The abundance of
Ca is taken from Shine et al. (1975). The ionization
frequencies and statistical weights of the levels as well as
the wavelengths, oscillator strengths (or continuous
absorption coefficients) for radiative transitions are given.
The definition of the oy’s is the same as in Equation (A.7).
For the collisional rate coefficients we use the expression
(A.3) with a temperature dependence according to

Qu(T) = CEg; x VT (A.9)
for the ionizing collisions and
Qu(T) = CEjf VT, G>9 (A.10)

for the bound-bound collisions. Values of CEj; are given
in Table A.1. Collisions by neutral hydrogen atoms are
neglected.
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Abundance 2.14 x 108

Level Parameters

19 /8A&A. ..

(6), is represented by
a = (I'y + Uyyng)/4nrlAvy

where ny is the number density of neutral hydrogen and

. Avp the Doppler width. For all lines we use a radiative

damping width of
Fp=15x10%s"?
and a Van der Waals broadening constant of

Tyw =16 x 10~8cm®s1,
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(A.11) -

Level 1 2 3 4 5 6 (cont.)
Term 45282 3d?Dg;s 3d? Dgo 4p2Py;s 4p2Pya 452p%LS,
Designation
Tonization 2.87158 2.46211 2.46029 2.11601 2.10933 0.0
Frequency
(10*° Hz)
g 2 4 6 2 4 1
Radiative Transitions
Transition 5-1 5-2 5-3 4-1 4-2
A4 3934 8498 8542 3968 8662
f 0.66 0.00883 0.053 0.33 0.0442
Transition 61 6-2 63 64 65
AA) 1044 1218 1219 1417 1422
a0 (10718 cm?) 0.22 6.2 6.2 2.4 2.4
Collisional Transitions
Transition 5-1 5-2 5-3 5-4 4-1
CE 4.1(-5 2.1(-5) 6.5(—5) 4.3 (-5 2.1(-5)
Transition 4-2 4-3 3-1 3-2 2-1
CE 4.9 (-5) 0.44 (—5) 3.6(—5) 4.6 (—5) 2.4(-5)
Transition 6-1 6-2 6-3 64 6-5
CE 1.45 (—10) 1.88(—10) 1.88 (—10) 2.68 (—10) 2.68 (—10)
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The Chromosphere above Sunspot Umbrae.
II. The Interpretation of the H, K, and IR Lines of Ca o*
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Summary. The chromospheres above sunspot umbrae are
investigated by comparing calculated and observed pro-
files of the Can H, K, and infra-red lines. Statistical
steady state is assumed for the level populations. We test
several model chromospheres in hydrostatic equilibrium.
We distinguish between chromospheres which are optic-
ally thick and optically thin at the centre of the K line.
In view of the observed intensity ratio Ixs/lys &~ 1.15 we
are forced to adopt a thick model as reference chromo-
sphere.

Key words: chromosphere — sunspot umbra — Can
lines

1. Introduction

The spectra of sunspot umbrae show emission cores in
the Ca m H and K lines. This indicates that the radial tem-
perature profile above a sunspot passes through a mini-
mum: in other words, that umbrae possess chromospheres
(Linsky and Avrett, 1970).

With regard to the energy balance of sunspots Bier-
mann (1941) suggested that the convective energy trans-
port is largely prohibited by the magnetic field and that
therefore sunspots are cooler than the normal photo-
sphere. Danielson and Savage (1968) discussed whether
the missing flux in sunspots could be carried by magneto-
acoustic waves. In contrast to the Biermann picture,
Parker (1974) proposed that sunspots are regions of
enhanced energy transport in the form of Alfvénic flux
so that as a net effect the umbral material is cooled. A
study of the structure and dynamics of the atmosphere
above sunspots should help choose between these two
very different points of view (Beckers, 1976; Foukal et al.,
1974).

The question of energy balance in sunspots is interest-
ing in its own right, but in addition we can learn a great

* Mitteilungen aus dem Fraunhofer-Institut No. 150

deal by comparing and contrasting the chromospheres of
sunspots with the chromosphere of the quiet sun. Since
we know that the magnetic pressure in sunspots is com-
parable to—or larger than—the gas pressure we expect
the magnetic field to influence the energy transport and
dissipation mechanisms (Marik, 1967) and to produce
chromospheres very distinct from the ones of the quiet
regions without magnetic fields. Thus, we can think of
the two types of atmospheres, umbral and quiet chromo-
spheres, as two nearby stellar laboratories with different
—only partly understood—equipment.

On these grounds it is important to know the structure
of both types of chromospheres. However, while an
enormous number of investigations of the quiet chromo-
sphere and its fine structure have been undertaken, very
little work has been devoted to the umbral chromosphere.
The reason for the underrepresentation of research in
this field is obvious: both observational and interpreta-
tional difficulties far surpass the problems met in studies
of the quiet chromosphere. Observationally, the high
intensity radiation from the ambient area on the sun
falsifies the true umbral radiation through atmosphericand
instrumental scattering of light and through seeing effects.
In the far ultra-violet region the spot emission seems to
be comparable to the emission from the surrounding
medium so that false light plays a minor role (Foukal
etal., 1974; Cheng et al., 1976). However, observations in
this spectral region with high spatial and wavelength
resolution have become available only in the last few
years. Interpretationally, our ability to treat non-LTE
line formation in magnetic fields has only recently im-
proved (Omont et al.,, 1973; House and Steinitz, 1975;
Auer et al., 1977).

Despite these difficulties we feel that it is possible to use
existing observations to draw some conclusions on the -
structure of umbral chromospheres, at least as a starting
approximation. We use here as diagnostic probes only the
five strongest lines of Ca 11. The next section is devoted
to the observational data of these lines. Section 3 deals
with the assumptions and numerical methods concerning
the treatment of both the model atmosphere and the Ca
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atom. In Section 4 we discuss several models and compare
them with results of other investigators.

2. Observations

We do not present new observations here, but rather
collect some prominent observational features of the
Can H, K and IR lines. It is important to notice here
that we are not able to give exact figures of calibrated
observations for two reasons. First, sunspot structure
differs from one spot to another and sunspots exhibit a
variety of different profiles of the same line. Second, as
already mentioned, the observed spot intensities are
falsified by scattered light whose influence may be seen
from the following formula (Zwaan, 1965)

I' = (1 — BI + BI° M

Here, I and I’ are the true and observed spot intensities,
respectively, 81 is the fraction of light scattered out of the
beam and BI° is the fraction of light scattered info the
beam from the ambient area. We see at once from

Table 1

F. Kneer and W. Mattig: Interpretation of Ca Ir Lines in Sunspots

Equation (1) that for equal intensities in spot and sur-
rounding area (I = I*) the scattering has no influence.
On the other hand, it follows for (relatively) small sunspot
intensities (/ «< I%) that the observed intensities are
strongly falsified. Usually (Kneer, 1972), the continuum
intensity ratio of sunspot to photosphere decreases
towards shorter wavelengths (in the visible spectral
range), while the fraction of scattered light increases. As a
consequence, at a continuum wavelength near the H and
K lines, the false light may override the weak intensity
from the spot. From this discussion we learn to accept
observed sunspot line profiles with caution.

With the above in mind we summarize the relevant
properties of the H, K, and IR lines in sunspots in Table
1. The first column of Table 1 indicates the spectral
feature, the second column its behaviour, and the third
column the sources. Most of the figures refer to observa-
tions close to the disc centre. We exclude such prominent
observational facts as brightness and velocity oscillations
(Beckers and Tallant, 1969; Beckers and Schultz, 1972)
and line asymmetries (Teplitskaja and Firstova, 1976).
We concentrate in this paper on the interpretation in
terms of time independence: the modification of the

H and K lines:

Igs 0.5---1.0 x I2:*
20.5---1.0 x 10~%ergcm™—2
s~!sterad~* Hz"!
self-reversal ? yes
(Izz % Igs, self-reversal small,

M,E,L,SL

E, TEa (near limb)

Axgz % 0.06 A E

no MK, L, SL, MT
Igr 0.1-:-0.3 x Igs MK, L, E, SL, MT
Adgy 0.25---0.35A MK, L, E, SL, MT
FWHM** 0.2---025A MK, TEb
wings beyond K, flat compared to wings in plages MT
Iga/Iys 1.0.---13 MK, L, TF

1.7 SL
Ies [l <10 MK, L, SL
IR lines:
emission cores? no! pure absorption lines
residual intensities ~0.25

at line centre

relative intensities Tesos > Issea > Igess SL

at line centre
relative intensities
in wings

Tsaos > Isesz > Igssz

Sources: E: Engvold (1967); L: Linsky (1970); MK: Mattig and Kneer (1977); MT:
Mustel and Tsap (1960); SL: Shine and Linsky (1972); TEa: Teplitskaja and
Efendieva (1971); TEb: Teplitskaja and Efendieva (1973); TF: Teplitskaja and

Firstova (1976)

* 25 is the intensity measured from the quiet chromosphere

** FWHM = full width at intensities (Ixs + Kx1)/2. K; is the minimum in the line

profile
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resulting models by a dynamic interpretation will be an
important future step.

Let us comment briefly on some items of Table 1:
The intensity of the centre of the K line, Igs, is only
weakly contaminated by scattered light because it differs
only little from the intensity of the quiet chromosphere,
I2;. We can estimate the latter by comparing the measure-
ments of White and Suemoto (1968) with the continuum
intensity at 4000 A calculated from the Harvard Smith-
sonian Reference Atmosphere (Gingerich et al., 1971),
which is in good agreement with the calibrated observa-
tions of Labs and Neckel (1968). From this one is led to
I3 ~ 1.0 x 10-%ergcm~2s~!sterad~* Hz~! at disc
centre. Linsky (1970) and Shine and Linsky (1972) present
their line profiles with respect to the local continuum in
the umbra. If we admit that, due to false light, their
continuum intensities at the XK line are too high by
possibly 10 to 50 percent we may conclude from their
data that the continuum and line centre intensity are
approximately equal in the spot. Reasonable umbra
models of the continuum emitting layers (see Section 4)
give values of I ~ 6.0 x 10~7ergcm=2 sterad~! =
0.612;. This is in line with the results of other observers.
(See Linsky and Avrett, 1970, for a similar estimate of
the K intensity in sunspots.)

We defer comments on the question of the self-reversal
to the discussion of our models (Section 4). The intensity
of K; (H,) and also the wing intensities beyond K; may
be affected by false light and most of the published values
are probably too high by some 10 to 50 percent. However,
the flat damping wings of the K line, as shown to a
distance of about 3.5 A from line centre in the observa-
tions of Mustel and Tsap (1960), are worth noticing. The
intensity ratio Irs/I;5 will turn to an important diagnostic
tool for the investigation of the thickness of the umbral
chromosphere and will also be discussed in Section 4.
The position of the K; minimum in sunspots is reported
consistently by many observers. Possibly, it is only little
influenced by scattered light.

The only observations of the IR lines available to us
are those of Shine and Linsky (1972). Unfortunately, as
they themselves state, their data contain contributions
from the surrounding penumbra and plage regions be-
cause of poor seeing conditions. We take for granted that
we are dealing with pure absorption profiles. Unless
contradictory observations turn up this is an additional
observational constraint for modelling chromospheres
above sunspots. Clearly, there is a pressing need for more
observations of these lines.

3. Assumptions and Methods

In this section we outline the several assumptions and
methods used here for the modelling of chromospheres

19

and for the calculation of both the ionization equilibrium
of the calcium atom and the emergent line profiles.

3.1. Hydrostatic Equilibrium

For each model atmosphere we specify a one-dimensional
run of temperature 7(p,..) as a function of total pressure
Dot OT, equivalently, of column mass density 7 by means
of the equation for hydrostatic equilibrium

Doy = M @
where g is the surface gravity acceleration. At the upper
boundary, for m = 0, we have put p,; = 0. The column

mass density is related to the mass density p and geometric
height % through

dm = — pdh. 3)

For many needs one is forced to calculate the mass
density p as a function of the temperature and the electron
density n,. The latter is an implicit function of abundances,
temperature, gas pressure p,, and radiation fields J, at
all frequencies », which influence the ionization equi-
librium within the gas:

F(ne; €5 T’ Dos Jv) = 0. (4)

We use the same chemical composition as in the Kitt
Peak code (subroutine STATE) of Auer et al. (1972),
including calcium as an additional electron donor at low
temperatures. This code treats the formation of the H,
and HJ molecules and the ionization of the metals, He,
and H- in LTE. The non-LTE ionization of hydrogen is
discussed below. With a known functional or numerical
dependence of the ionization equilibria on n,, T, and p,
we solve Equation (4) iteratively for n, by a secant method.

3.2. The Ionization of Hydrogen

For the non-LTE deviation factor 5, of the hydrogen
ground level we adopt an analytic approximation due to
Kalkofen (quoted by Linsky, 1968)

1/by(7o) & G[1 + (V&g — 1) exp (— V3eom0)], Q)

where 7,4 is the optical depth at the head of the Lyman
continuum. The above formula is an extension from a
treatment by Dietz and House (1965) of a ground level
plus continuum hydrogen atom to an inclusion of the
second bound level with Ly-«in detailed radiative balance.
Thus, &, is essentially the ratio of collisional to radiative
recombination to the ground level and G is a correction
factor which accounts for radiation and collision processes
to the second bound level. (The reader is referred to the
Appendix for the detailed expressions of ¢, and G.) The
factor /3 in the exponent is a consequence of the
Eddington approximation.

Except for the mean radiation field in the Balmer
continuum only local quantities (n,, T, 7o) enter into the
right-hand side of Equation (5). The intensity of the
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Balmer continuum may be specified by a radiation
temperature T 5 by the choice of a special column mass
density m, in such a way that

Tg,p(m) = T(m) for m > my,
and
Ty, 5(m) = T(my) for m < my,.

The choice of m, is difficult because no calibrated observa-
tions of the Balmer continuum in sunspots are available.
One preliminary choice of m, could be the point in the
atmosphere where the head of the Balmer continuum has
an optical depth of about unity. We believe that this point
lies deeper in the atmosphere than the temperature
minimum. We usually choose m, at T = 3500 K; we
discuss the influence of T}, 5 in the next section. With the
specification of T} p it is possible to treat the hydrogen
ionization as an initial value problem with 7, = 0 at the
top of the atmosphere.

The main assumption underlying the approximate
formula (5) is that none of the parameters vary with
height; this is equivalent to the assumption of an iso-
thermal atmosphere with constant density and constant
Ty, . Certainly, real atmospheres need a more detailed
treatment of the radiation fields, but we wish to defer a
more consistent calculation of the hydrogen ionization
to a future investigation when, hopefully, observational
data of the Ly-« line, the Ly-continuum, and the Balmer
continuum in sunspots will be available. We apply the
above formula because it provides a better approxima-
tion than LTE for the contribution of hydrogen to the
electron density where deviations from LTE are im-
portant. According to our experience, Equation (5) leads
to electron densities in quiet chromospheric models with
an accuracy of 50 percent or better compared with self-
consistent non-LTE calculations.

3.3. The Ionization of Calcium

(a) The Ca 1/Ca 1 Density Ratio

A self-consistent determination of the ratio of the Ca
to Ca 1 densities has to account for many collisional and
radiative transitions (Linsky, 1968). We avoid this diffi-
cult task by assuming that Car is ionized in LTE. For
this purpose we adopt from Linsky (1968) an ionization
energy for Car1 of x; = 6.11eV and a ratio of the
partition functions at low temperatures of Uyx/U; = 2.
Table 2 gives the density ratio if Ca 1 to Ca1 for some
heights near the temperature minimum in one of our
models. We see that even near the temperature minimum
the Ca1 density is less than 25 percent of the total Ca
density. We may argue as follows that this is probably an
overestimate: Below a temperature of 4000 K dielectronic
recombinations do not seem to play the dominant role in

F. Kneer and W. Mattig: Interpretation of Ca 1 Lines in Sunspots

Table 2

m(gcm~2) TX) Noanr/Mcax
0.01 3350 102
0.0315 3200 26
0.1 3200 12
0.315 3250 6.7
1.0 3390 5.7
2.14 3480 5.0
4,57 3600 4.8

10 3820 6.2

populating the Ca 1 atom (Burgess, 1965), so that photo-
ionizations and -recombinations are probably the im-
portant processes determining the Can/Car1 density
ratio. Then, since the ionizing radiation fields at the tem-
perature minimum usually originate in deeper layers
corresponding to a higher radiation temperature, the
levels of the lower ionization stage tend to be depopulated
at a higher rate than under LTE conditions. (See for
instance the behaviour of the ground level deviation
factor of hydrogen at the photospheric temperature mini-
mum in the model of Vernazza et al., 1973.) We thus con-
clude that a more detailed treatment of the Cau/Ca1
density ratio would have little influence upon our con-
clusions regarding the line profiles of Ca 11.

(b) The Ca n1—Ca 11 Level Populations

We next consider our model representation of the Ca 1
ion of Figure 1. Only the five lowest levels plus the con-
tinuum (Ca ) are included. For test calculations we will
restrict the model ion further, to levels 1, 3, 5, and 6;
this is a fair representation according to Linsky (1968)
and to our experience with low temperature atmospheres.
The atomic data used in this investigation are given in the
Appendix.

It is our aim in this investigation to study the line
profiles of the five strongest Ca 11 lines emerging from
model atmospheres. For. this purpose we assume a
statistical steady state for the level populations. The steady
state equations and the radiative transfer equations in
one-dimensional geometry are simultaneously solved with
the complete linearization method in the form worked
out by Auer and Heasley (1976). In this scheme the first-
order corrections to the radiative rates are computed, and
this is superior to calculating corrections to the radiation
fields when many broad lines are to be treated. The
influence of the magnetic field is excluded and deferred
to a forthcoming investigation.

We treat only line transitions in detail. The photo-
jonization rate coefficients are kept fixed for each model
atmosphere by specifying a radiation temperature similar
to the Balmer radiation temperature in the hydrogen
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Fig. 1. Energy level diagram of Ca 1 and radiative transitions

ionization problem. Such a procedure causes uncertainties
in our calculations of the level populations because of the
lack of observations of the ionization continua of Ca 1t
below 1422 A in sunspots. However, some guidance can
be obtained by the height of formation of the background
continua, essentially the C 1 continua at 1444 A, 1239 A,
and 1100 A, in the quiet chromosphere. According to
Vernazza et al. (1973), these are formed between 750 km
and 1200 km, at pressures of roughly 8 to 200 dyn cm 2.
Assuming that carbon is mainly neutral in this layer in
both sunspot and quiet chromosphere we obtain with
Equation (1) column mass densities of about 3 x 10~*
to 7 x 1073 gcm~2 as bounds to the region where the
background continua are becoming optically thick. As
standard values we choose the points m, = 10~2 gcm ™2
for the continua from the 4 S and 4 P levels of Ca 11 and
me =5 x 1078 gcm~2 for the continua from the 3 D
levels of Cau, Deeper in the atmosphere the radiation
temperature follows the electron temperature (T = 7),
higher up it is supposed to be constant (T = T(my)).
We shall discuss the influence of these radiation tem-
peratures on the ionization equilibrium and the line
formation in Section 4.

3.4. Absorption and Emission Profiles

As already mentioned, the splitting of the lines due to a
magnetic field in sunspots of possibly 2000 to 3000 Gauss
will be investigated in a forthcoming study and is not
taken into account here. As absorption profile we use the
normalized Voigt function

1
$(v) o
where @ and v have their usual meaning.

It was shown by Shine et al. (1975) that a treatment of
the Ca 1, H and K lines by means of partial redistribution
(PRD) is by far better than the assumption of equality of
emission and absorption profiles or complete redistribu-

H(a, v), ©)
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tion (CRD). Since PRD strongly influences the wings of
the lines and the intensity ratio of the H and K lines we
have to use PRD models to study, for example, the
position of the XK; minima. For this purpose we use the
formalism by Heasley and Kneer (1976); as suggested
by the results of Shine et al. (1975), we treat only the H
and K lines with PRD and assume CRD for the IR lines.
For simplicity the approximate form of the redistribution
function Ry by Jefferies and White (1960) is adopted
and normalized as proposed by Kneer (1975). Since the
complete linearization scheme of Auer and Heasley
(1976) does not allow for the linearization of a line source
function depending explicitly on the radiation field we lag
the PRD calculations behind each linearization cycle,
i.e. we only partially linearize the radiative transfer equa-
tion. This procedure was recommended by Heasley and
Kneer (1976) and it does not deteriorate the convergence
properties of the scheme in the case of the Ca 11 ion.

4. Umbra Models

4.1. Temperature, Electron Density, and Macro-Velocity

In Figures 2 and 3 the run of temperature, electron
density, and mass density of four umbra models is given.
The corresponding heights are also indicated at the
bottom of Figure 2. (h = 0 at 75090 = 1.) The tempera-
ture model in the deep layers below the 3200 K level is
taken from Kneer (1972). The difference between the
latter model and models by Hénoux (1969) and Stell-
macher and Wiehr (1970) is of little influence on the
discussion of models of umbral chromospheres. The
3200 K minimum is somewhat uncertain: the available
observations of the Ca 11 lines determine the temperature
in these layers within about + 400 K. Only temperatures
below 12000 K are given. Our actual models extend
almost linearly on the logarithmic mass scale to 16 000 K.
The chromospheres 4, B, and C qualify as optically thick
in the centre of the K line. Model D is optically thin. We
comment on this below.

Figures 4 and 5 show calculated profiles near the core
of the H, K and IR lines at cos § = 0.89. The profiles of
Figures 4 and 5a,b,c,d correspond to the models A, B,
C, and D, respectively. The micro-velocity used in these
calculations (except for Figs. 4d and 5d) is 1kms™?
throughout the atmosphere; this seems to be an upper
limit in the deep layers according to Kjeldseth Moe
(1973). (The weakly drawn H and K lines in Fig. 4d and
the IR lines in Fig. 5d are calculated with the micro-

. velocity of Fig. 7, curve 4.)

Only the thin model D produces non-reversed emission
cores in H and K. The reason may be seen in Figure 6,
which displays the line centre K line source functions
and the corresponding Planck function versus ro. (the

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1978A%26A....65...17K

. 17K]

.65..

19 /8A&A. ..

22

-6 -5 -4 -3 -2 -1 0 1 2

logm (gem?)
AB 1111 1 | 1 | L L
20 15 1.0 05 0-01
[ o o I | | 1 I 1 I 1
252015 10 05 0
D [ 1 | | P
110 05 0
Height (Mm)

Fig. 2. Temperature versus column mass density for models 1 to
4. Bottom: geometric height for the different models; 2 = 0 at
Ts000 — 1

line centre optical depth in the K line) for the four models.
While the thick models have their source function maxima
in the range 10 < 7o < 20 and so produce self-reversed
emission cores, the source function maximum in the thin
model is situated where 7oz < 1, leading to a simple
emission core.

Athay and Skumanich (1968) suggested that the
observed absence of self-reversal in sunspot K line

1.4 T T
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Fig. 3. Electron density (particles per cm®) and mass density

versus column mass density for model A (full line), B (dashed),
C (dash-dotted), and D (dotted)

profiles was an indication that the chromosphere above
sunspots is optically thin in the K line. Optically thin
models are tightly constrained by the requirement that the
source function maximum lies where 7o < 1, i.e. that
the main contribution to the emission comes from
optically thin layers. This is only possible when there are
high electron densities at high temperatures in these
layers. The high temperature electrons provide a large
thermal source for photons through collisional excitation
and subsequent spontaneous radiative emission. In a
two-level atom approximation, the total emission E is
proportional to the cumulating effect of collisional
excitation

Ecc [ Cudtouns )

where C, is the collisional rate coefficient from the lower
to the upper level and ng, o, is the density in the ground

— T T T T

x10°

1.2
I

1.0

08

06

04

0.2

4 Figs. 4a-d. Emergent intensities of H and K
d) lines at cos & = 0.89 in absolute units (erg
cm~2s~1sterad~* Hz™?) versus distance from
line centre in A for models 4 (a), B (b), C (¢c),
and D (d). I, = continuum intensity, equal for
all models. (a), (b), and (c): heavily drawn pro-
files: v; = 1 km s~*; weakly drawn profiles:
convolution of heavily drawn profiles with
Gaussian distribution corresponding to a
velocity amplitude of vmacro = 5 km s~ (d):
profile labelled 1: K line, v, = 1 kms™*;
dotted: convolution of 1 with Gaussian distri-
bution vmacro = 5 km s~*; weak lines: H and
K calculated with run of micro-turbulence
according to Figure 7, curve 4. Micro- and

convol. of 1
(v=5kms™) ]|

00
0

03  macro-turbulence have nearly the same effect
on the line profiles from the thin model D
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Fig. 5. Emergent intensities of the IR lines at
cos § = 0.89 in absolute units for the models
Ato D. (a)(c): v: = 1 kms~?*; (d) v, accord-
ing to curve 4 of Figure 7.
I 8542 = 7.53

x 10~%ergcm~2s~*sterad-* Hz1;
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level of Ca 1. To the same approximation, the propor-
tionality (7) can be expressed as

Eo f eBdry ®)

where ¢ & C,;/A,, with the Einstein coefficient 4,;, and B
is the Planck function. The integral has to be taken over
the optically thin emitting layer. Neglecting the coupling
collisions between the upper levels of the H and K line
transitions, we may apply the same Equation (8) with the
same ¢ and B to the H line except that the latter has half
of the opacity of K (dr; = 4drx). Thus, one would expect
an intensity ratio in the emission cores close to 2. The
thin model D gives Iys/I;; = 1.77. Such a large value
has been observed only once, by Shine and Linsky (1972).
If the electron density and the temperature do not drop
rapidly enough towards larger optical depths in the X line
the cumulating effect of thermal sources leads to an
increase in the line source function towards larger optical
depth, and this produces a self-reversal in the emission.

Thus, except for very special models, thin models will
exhibit intensity ratios which are too large, while thick
models will exhibit central reversals. It seems improbable
that sunspots always produce those special atmospheres
(we have not found one) which are thick enough to reduce
the intensity ratios, but net too thick to lead to self-
reversal. This argument does not rely on the assumption
of hydrostatic equilibrium, but only on the run of tem-
perature and electron density with optical depth in K.

A cool absorbing layer above a hot emitting layer, as
suggested by Engvold (1966) and Teplitskaja and Firstova
(1976) is not necessary to produce an absorption feature
in the line centre of H and K.

It could be argued that the disagreement between the
prediction of central absorption features of the optically
thick models A, B, and C and the absence of this absorp-
tion in most observations is a major objection to the
optically thick models. But we do not believe that such a
conclusion necessarily follows. We cannot rule out the
possibility that the umbral chromosphere is optically
thick in the K line, and that the self-reversal predicted

108662 = 7.70
x 10~-%ergcm~2s~'sterad~* Hz !

01 0.2 03

by our plane-parallel static model is obliterated by the
effects of time- and space-dependent dynamical processes
on the line profile. The important role of such processes
in the formation of the quiet sun K line profile has been
discussed by Durrant et al. (1976) and others, and
occurrence of dynamical phenomena in umbra chromo-
spheres is well documented (Beckers and Schultz, 1972;
Giovanelli, 1972).

We would like to include such effects in our models.
Unfortunately, long exposure times and problems with
false light prevent the spectroscopic study of non-
flashing sunspot fine structure, and there are presently no
theories for umbral dynamics which are developed to the
point of predicting the parameters we need for a line
formation study. In the absence of both theoretical and
observational guidelines we cannot construct a detailed
dynamical model and then compute a spatially averaged
profile for comparison with the observations. To illus-
trate what could occur, however, we have convolved the
theoretical profiles with a Gaussian macro-turbulence
profile of 5kms~! amplitude. As can be seen from

10°
SK’ B K
107

107

D

Fig. 6. Line centre source function of X line (heavily drawn) and
Planck function (weakly drawn) versus optical depth of K line
centre for model A (full line), B (dashed), C (dash-dotted), and D
(dotted). Thick atmospheres (A-C) have the source function
maximum at ox > 1, thin atmospheres (D) at 7o < 1

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1978A%26A....65...17K

. 17K]

.65..

19 /8A&A. ..

24

Figure 4, this completely removes the self-reversal in the
optically thick models. There is no physical basis for the
amplitude or even the form of the macro-turbulence and,
consequently, there is little point in comparing the smeared
profiles with the observations. However, this velocity
model illustrates the possibility that dynamical processes
in optically thick umbral chromospheres could lead to
unreversed profiles. We might mention that theoretical
non-LTE emission line profiles almost always exhibit
central absorption features deeper than those of the
corresponding observations (e.g. quiet sun K line; Ayres,
1975; plage K line; Shine and Linsky, 1974). In these
cases too, dynamical processes could be responsible for
the disparity.

When comparing the optically thick models differen-
tially we notice two effects. First, in going from model 4
to model B, the overall increase in emerging intensities is
small. But the ratio Ixs//ys of the Gaussian convolved
profiles, which is now a measure of the ratio of the total
emission in H and K, decreases from 1.38 to 1.24. This is
due to the deeper onset of the chromospheric temperature
rise in model B. Second, in going from model 4 to model
C, we see large increases in the emergent core intensities
because of the overall increase of temperature and elec-
tron density. The A8542 line exhibits a trace of line centre
emission in model C.

4.2. Micro-Velocities and Radiation Temperatures

We investigate first the influence of the run of the micro-
velocity on the X line profile and then the effect of
varying the radiation temperatures in the Balmer con-
tinuum and in the ionizing continua of Ca 11, which cause
some uncertainties in both the atmospheric models and
the Ca 11 ionization equilibrium. For these test calculations
we use the thick atmospheric model 4 of Figures 2 and 3,
a three-level plus continuum model atom for Ca 11, and
treat the radiative transfer with CRD. The computational
simplifications do not invalidate the conclusions drawn
from differential trends.

Figure 7 gives several curves for the micro-velocities.
(Curve 4 was designed for the thin model.) As already
mentioned, a micro-velocity of v, = 1 km s~ seems to be
an upper limit at large depths (Kjeldseth Moe, 1973).
Above sunspots, at levels of the transition zone to the
corona, Cheng et al. (1976) observe an increase with
height (temperature) of the non-thermal broadening.
Their measured value of 9 km s~ at the 16 000 K level
is also included in Figure 7. A decrease of the Doppler
broadening with height, as suggested by Teplitskaja and
Efendieva (1975), does not fit easily to the above boundary
values, Therefore we have not included such a run of
micro-velocities in our calculations. Figure 8a shows the
resulting profiles of the K line. The bigger the micro-
velocity the broader is the line profile and the less pro-
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Fig, 7. Several runs of micro-turbulence. Curve 4 is used only

for the thin model D. @ : non-thermal broadening at the 16 000 K
level measured by Cheng et al. (1976)

nounced is the self-reversal. We cannot, however, force
the self-reversal to disappear for reasonable values of the
micro-turbulence.

Figure 8b shows the differential effects on the K line of
different ionizing radiation temperatures. If we assume
that the Balmer continuum radiation temperature is only
3000 K instead of the reference value 3500 K the hy-
drogen ionization in the chromosphere is reduced. As a
result of the smaller electron density the source function
and the emergent intensity of the K line is weakened
(profile 2 in Fig. 8b). On the other hand, if we assume a
higher temperature than the usual T, < 4000 K for the
ionization continua of Ca 11 (this could be produced, for
example, if there were many strong emission lines below
1500 A) the ionization equilibrium is shifted in favour of
Camni This reduces the optical thickness of the high
temperature chromosphere and weakens the emission of
the K line (Fig. 85, profile 3).

4.3. A Model

One of the aims of this study is to use the Ca 11 spectrum
to provide a reference model for the chromosphere above
sunspots. We are inclined to reject a thin model: it
appears to be easier to account for the failure of most
observations to reveal the self-reversal predicted by the
thick model than to account for the line intensity ratio
predicted by a thin model. We propose as reference model
the thick model C of Figures 2 and 3, together with the
run of micro-turbulence of curve 2 in Figure 7. The
emergent line profiles are shown in Figure 9. The theo-
retical K line closely resembles the profiles observed by
Engvold (1967). After smoothing of the self-reversed
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Fig. 8a. Effect of different micro-velocities on the X line emission
core in model A4, cos § = 0.89. Label 0: v»; = 0 km s~*; labels
1-3; curves 1-3 of Figure 7. b Effect of different radiation tem-
peratures in the ionization continua. Label 1: T s = 3500 K;
TR,Qs—cont =. 3900 K; TR,4P—cont, = 3400 K;

Label 2: Tz, = 3000 K; others the same as for 1

Label 3: TR.B = 3500 K; TR,4S = Tn,ap = Tn'4P = 5500 K.
Profiles in (a) and (b) from a three-level plus continuum model
atom and with complete redistribution

emission cores of the H and K lines by a Gaussian distri-
buted macro-velocity with S km s~ amplitude the profiles
exhibit closely the features reported by the other investi-
gators as listed in Table 1. The ratio Ixs/lys ~ 1.18 lies
well in the observed range. The K; position is mainly a
function of the non-thermal velocities. The wing beyond
K; is extremely flat. The IR lines also fulfill the require-
ments of Table 1.

We compare our reference model with the quiet
chromosphere model of Vernazza et al. (1973) and the
umbra model of Baranovski (1974) in Figure 10. We have
tried the latter model and have found that with the
abundance of Ca used here the K line emission is too
strong by factors five to ten. The temperature and
electron density seem to be too high in the upper layers
of Baranovski’s model.

At the 16 000 K level, our model possesses a pressure
of 0.03 dyn cm~2, which is five times smaller than the

25

coronal pressure above the quiet chromosphere, and an
electron density of 6 x 10° cm~3, which is four times
lower than the value estimated by Cheng et al. (1976) for
the 36000 K level above umbrae. The temperature
gradient in the top layers is about 8 K km~2.

5. Conclusion

We have presented a model of the chromosphere above
sunspots which can explain many aspects of the observed
emission features in the Ca 11, H and K lines and the IR
lines of Ca 1. To explain the line centre intensity ratio of
K and H, which is close to unity, we have chosen an
optically thick chromosphere. Such a model exhibits self-
reversals in H and K line cores which are rarely observed
(Engvold, 1967).

We can suggest several possible explanations of this
problem. First, we should wait for a treatment of the
non-LTE radiative transfer problem in the presence of
magnetic fields. The emission features of H and K are
expected to be broadened by the Zeeman-splitting.
Second, spectrograms of the best available resolution in
wavelength, space and time should reveal if the H and K
lines exhibit self-reversed profiles characteristic of an
optically thick atmosphere on very small scales. Third,
macroscopic velocities such as those observed by Giovan-
elli (1972) could change the asymmetric doubly peaked
profiles predicted by thick models into asymmetric single
emission peaks as a result of differential velocity fields,
just as in the quiet chromosphere. (See e.g. Durrant et al.,
1976.) This effect should be studied both observationally
and theoretically. Finally, we do not claim uniqueness for
our umbra model. Possibly, there exists a static model
which gives pure emission cores with the correct inten-
sities (and intensity ratios). However, this would probably
be a very special model and unlikely to be realized in all
the different kinds of umbrae. We feel that a search for
such a model is unwarranted, in view of the many obser-
vational uncertainties and of the other possible explana-
tions.

12 ; , . . , . . ——=—16.0
x10°® = x10°8
10+ + I 1Y
L Ivir
048 T 4.0
0.6 + 30
—— A 8542
04 | . ———— A 8498 | 2.0
A A\ 8662
L .-
0.2 1 J110 . .
Fig. 9. Profiles of the Ca 11 lines emitted from the
00 suggested umbra chromosphere model, cos 8 =

05 0.89. H and K are again convolved with a Gaussian
profile with an amplitude of 5 km s~* (weak lines)
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Fig. 10. Electron number density (full lines) and temperature
(dashed lines) versus hydrogen number density. Heavy lines: sug-
gested umbra model; crosses: umbra model of Baranovski (1974);
open circles: photospheric model of Vernazza et al. (1973)

We consider the umbra model presented above as a
starting point for further investigations. It should be
checked and improved with additional observations,
including lines and continua in the far ultra-violet
spectral region. We have already mentioned the pressing
need for high quality observations of the Ca 11 infra-red
triplet. The model is also intended as a guide for magneto-
dynamic considerations which treat the energy balance
in umbral chromospheres. Our model may help answer
the question of the distribution of energy dissipation in
sunspots.

Appendix

A.l. The Ionization of Hydrogen

We have to clarify the meanings of ¢, and G in Equation

5):
_ Cix C(1 + C2K/RK2)/(R2K/RK2)
o R—Kl [1 + Cix(1 + Csox/Rox + C21/R2K)]’ (A.D

G = 1 4+ (C1o/Cix)(Rox + Cox)/(Rax + Cox + Ca)
1 + (C12/Cix)(Rg2 + Cox)/(Rog + Cog + Cor)

(A2)

Linsky (1968) gives slightly different formulae. However, a
close inspection of the steady state rate equations (Mihalas
1970) and of the procedure of Dietz and House (1965)
convinces us that the expressions (A.l) and (A.2) are
appropriate. The C;’s represent collisional rate coeffi-
cients proportional to the electron density with

Ci; = n.Qu(T) exp (—hvy,[/kT), G>10 (A.3)
and
Cy = n.Qu(T)gilg; (A4)

F. Kneer and W. Mattig: Interpretation of Ca 11 Lines in Sunspots

where the g’s are the statistical weights. For Q,; we choose
values independent of temperature from a table by Avrett
(1974)

Qg = 2.5 x 102
Qg = 3.0 x 10-°
Qg = 1.0 x 10-7.

For the radiative rate coefficients we neglect stimulated
emission and have the formulae

© 3
RKi=41rf %:)Zcizexp(—hv/kr)dv, (=12
ig

(A.5)
and

(A.6) -

Rog = 4w f “2(:) By(Ta.0)db,

where B/(T% ) is the Planck function at the radiation
temperature of the Balmer continuum 7% z and w is the
dilution factor. For the frequency dependence of the
absorption cross-sections we take

w6) = ol 2E), (=12 A7)
and from Allen (1973) at the head of the continua

(v = vix) we have

(41 ~ 7.9 X 10_18 X i. (A.S)

In Equation (A.8) we set the Gaunt factors equal to
unity.

A.2. Atomic Data of Caul

The data given below are mostly interpolations and
simplifications of the set of atomic data compiled by
Shine and Linsky (1974). We feel that such simplifica-
tions are justified in view of the preliminary nature of our
model calculations and of the many observational
uncertainties.

Table A.1 summarizes the data used. The abundance of
Ca is taken from Shine et al. (1975). The ionization
frequencies and statistical weights of the levels as well as
the wavelengths, oscillator strengths (or continuous
absorption coefficients) for radiative transitions are given.
The definition of the oy’s is the same as in Equation (A.7).
For the collisional rate coefficients we use the expression
(A.3) with a temperature dependence according to

Qu(T) = CEg; x VT (A.9)
for the ionizing collisions and
Qu(T) = CEjf VT, G>0 (A.10)

for the bound-bound collisions. Values of CEj; are given
in Table A.1. Collisions by neutral hydrogen atoms are
neglected.
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Abundance 2.14 x 108

Level Parameters
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(6), is represented by
a = Ty + Vyyng)[4mlAvp

where ny is the number density of neutral hydrogen and

. Av;, the Doppler width, For all lines we use a radiative

damping width of
Fp=15x 108s"1
and a Van der Waals broadening constant of

Tyw =16 x 10" 8cm®s1,
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(A.11) -

Level 1 2 3 4 5 6 (cont.)
Term 4S2S1/2 3d2Da,2 3d2D5/2 4p 2P1,2 4p 2Pa/2 4S2p6 1S0
Designation
Tonization 2.87158 2.46211 2.46029 2.11601 2.10933 0.0
Frequency
(10*® Hz)
g 2 4 6 2 4 1
Radiative Transitions
Transition 5-1 52 5-3 4-1 4-2
AA) 3934 8498 8542 3968 8662
f 0.66 0.00883 0.053 0.33 0.0442
Transition 61 6-2 63 64 65
AA) 1044 1218 1219 1417 1422
a0 (10718 cm?) 0.22 6.2 6.2 24 2.4
Collisional Transitions
Transition 5-1 5-2 5-3 5-4 4-1
CE 4.1(-9%) 2.1(-5) 6.5(-5) 4.3(-5) 2.1 (=5
Transition 4-2 4-3 3-1 3-2 2-1
CE 49 (-5) 0.44 (-5) 3.6(—5) 4.6 (—5) 2.4(-5)
Transition 6-1 6-2 6-3 64 6-5
CE 1.45 (—10) 1.88 (—10) 1.88(—10) 2.68 (—10) 2.68 (—10)
The damping constant of the Voigt profile, Equation References
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