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Abstract. The complete hydrogen Lyman spectrum in several prominences has been observed with the UV
spectrometer SUMER on-board the SOHO, during the Joint Observing Programme 107, together with other
space and ground-based observatories. Based on these observations, we are able to demonstrate, for the first time,
that there exists a large variety of intensities and shapes of Lyman lines in different prominences and in various
parts thereof. Therefore, no “canonical” Lyman spectrum can be considered for modelling purposes. However,
we have identified at least two representative properties of the observed spectra: in one case (May 28, 1999
prominence) we detected high integrated intensities and no reversals in lines higher than La. Another prominence
(June 2, 1999) exhibited quite similar integrated intensities, but all lines have rather strongly reversed profiles.
This behaviour cannot be explained in terms of standard isothermal-isobaric models and we thus consider more
general models which are in pressure equilibrium with the magnetic field and which have significant prominence-
corona transition region (PCTR) temperature gradients. This type of model, recently suggested by Anzer &
Heinzel (1999), is capable of explaining strong emission profiles without reversal. Based on extended non-LTE
computations, we suggest that quite different Lyman spectra mentioned above may correspond to two types of
PCTRs, one seen along the magnetic-field lines (unreversed profiles) and the other one seen across the field lines
(reversed profiles). Finally, we again confirm the importance of partial-redistribution (PRD) scattering processes
for Lyman lines in prominences. However, our analysis of new SUMER data also points to a critical role of the

PCTR in radiative transport in these lines.
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1. Introduction

Hydrogen lines are the most prominent lines observed
in solar prominences, particularly the Balmer Ha line
which serves as a standard for prominence imaging. The
resonance lines of the Lyman series have also been ob-
served since the Skylab ATM experiment. The LPSP
UV-spectrograph on-board the OSO-8 satellite has pro-
vided calibrated line profiles of the first two members,
Loand LG (Vial 1982a) and these have been widely used
as constraints for non-LTE models of quiescent promi-
nences (Vial 1982b; Heinzel et al. 1987; Paletou et al. 1993;
Fontenla et al. 1996). Also, the UVSP on-board the SMM
observed prominences in the La/line (Poland & Tandberg-
Hanssen 1983; Fontenla et al. 1988). While the Laline
can be usually well reproduced using 1D non-LTE models
with the standard partial frequency redistribution (PRD),
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the L3 intensity was found to be much lower compared
to typical OSO-8 data (Vial 1982a; Heinzel et al. 1987).
Several studies were then devoted to this problem, trying
to increase the computed L3 integrated intensity by in-
troducing a prominence-corona transition region (PCTR),
multithread structure and the effects of ambipolar dif-
fusion on the energy balance — see summary in Sect. 3.
However, large discrepancies still exist and resolving them
is a primary objective of current SOHO/SUMER obser-
vations of Lyman lines in quiescent prominences. Another
important objective is to study the structure of the base of
the PCTR. As discussed previously by Gouttebroze et al.
(1993 — GHV), Schmieder et al. (1998) and Schmieder
et al. (1999a — SHVR), the Lyman lines are good indi-
cators of the temperature and pressure structure of the
lower PCTR, but detailed non-LTE modelling is necessary
to infer the proper information. OSO-8 provided only La
and L lines, while SHVR have analyzed the higher mem-
bers observed by SUMER. The latter authors present the
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observations of the intensities of higher-order Lyman lines
L5-19. The GHV-type models were used to compute pro-
files of these lines and the comparison with observations
allowed the determination of certain temperature gradi-
ents in the lower part of the PCTR. However, to obtain
a complete picture of the base of the PCTR we need ob-
servations of the whole Lyman series including Lo, LG
and the Lyman continuum. Simultaneously, the central
cool parts of the prominence should be diagnosed by us-
ing co-temporal and co-spatial observations in optical and
infrared lines.

With this rationale in mind and in the framework of
the SOHO mission, we have designed a “Joint Observing
Programme” — JOP 107, which allows us to observe
the whole Lyman series and Lyman continuum with
the SUMER spectrograph. JOP 107 also includes CDS
rasters in other UV lines and Laimaging by TRACE.
During international campaigns, ground-based observa-
tories (GBO) registered spectra and/or images in opti-
cal lines. In the present paper we describe these obser-
vations made for different prominences. The data show a
large variety of intensities and line shapes and this com-
plicates their quantitative interpretation in terms of non-
LTE radiative-transfer models. However, even a prelimi-
nary analysis of the data clearly shows how they constrain
the structure of the PCTR.

In Sect. 2 we present the observations obtained in 1999
for four prominences. In one case the Ha line spectra
obtained at the Ondfejov observatory are included. We
present the calibrated line intensities for Lo to L11, to-
gether with the intensities at 907 A near the head of the
Lyman continuum. Section 3 provides a brief summary
of the existing non-LTE prominence models, focusing on
their predictions of the synthetic Lyman spectra. In Sect. 4
we then show how our observational results compare with
the most sophisticated models, in particular we compare
the observed Lyman spectra with the predictions of the
GHYV grid. Section 5 is devoted to non-LTE transfer cal-
culations based on recent magnetohydrostatic models with
PCTR (Anzer & Heinzel 1999 — AH) and we demonstrate
the ability of such models to reproduce a large variety of
intensities. Finally, Sect. 6 summarizes our results con-
cerning the Lyman spectra and their use for modelling
the lower PCTR and points to most important future
prospects, both observational and theoretical.

2. Observations

SOHO observations of several prominences were per-
formed within the framework of JOP 107 which includes
SUMER and CDS spectrographs on-board the SOHO,
TRACE satellite and GBO — see Table 1. In the following
subsections we briefly describe individual observations.
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2.1. Instruments
2.1.1. SUMER

The SUMER spectrometer on-board the SOHO is de-
scribed in Wilhelm et al. (1995). In our observations, the
SUMER slit 1”x120” (slit 4) crossed the prominence along
the North-South direction. The series of Lyman lines was
obtained with an exposure time of 97 s. The spatial reso-
lution along the slit is about 1”. The spectral dispersion
is 0.0445 A per pixel. To be able to observe all the Lyman
series lines up to the Lyman continuum we selected four
wavelength windows centered around 924, 955, 1010 and
1194 A, respectively (see Table 2). This means that the
spectra in these ranges were taken sequentially. Full spec-
tra of around 45 A are recorded in each window. Strong
lines (LB, Ly, L&) are on the bare part of the detector
B and La is on the attenuator section. The La  pro-
file is affected by the attenuator grid. We also observed
other transition-region lines: C III triplets at 977.7 A and
1175 A, Si III at 1206.5 A, O VI at 1031.9 A, S VI
at 933.4, 944.5, 991.8 A, and several chromospheric lines
(O I, NI). For data reduction, we destretched the spectra
with software of T. Moran (unpublished), corrected them
by using the flatfield observed on the day, and calibrated
the wavelengths with the software developed at ITA in
Oslo. The intensity calibration was performed with the
radiometry procedure of Wilhelm et al. (1997). After the
temporary loss of SOHO, the radiometric calibration is
now accurate to within 30-40% (see Schiihle et al. 2000).
For each prominence during the observing time we reg-
istered 20 spectra in all the wavelength channels except
for the La channel where we took only 10 spectra. We
averaged the spectra over time except for the March 23,
1999 prominence because of its activity. The instrumental
broadening of Lyman lines was neglected.

2.1.2. CDS

CDS (Harrison et al. 1995) observed the prominences
within a large 240" x 240" raster in 6 lines (duration
50 min) followed by 120" x 240" rasters in 14 lines (dura-
tion 30 min). The prominences are seen in emission in the
transition-region lines and as dark regions in coronal lines.
In coronal line maps (Fe XIII, Si XII, Mg IX, Mg X and
Ca X), we observe dark features in the corona over the
limb which correspond to the location of the Ha promi-
nence (cool plasma). This is due to the absorption in the
UV-continua of H and He within the cool prominence ma-
terial (Kucera et al. 1998).

2.1.3. TRACE

The TRACE program consists of observations at 171 A
(Fe IX/X), C IV and La: between 12:00 and 15:00 UT on
March 20, 1999 and March 23, 1999 with a field-of-view
of 768" x 768"”. In La the prominence appears to have
fine structures moving rapidly, as was observed for other
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Table 1. SUMER observing times for four prominences and characteristics of the coordinated observations

Date Coordinates UT CDS TRACE GBO

1999 SUMER SUMER, files channel Ha spectra
March 20 434, —842  14:00-16:00 15687 1216-171-C IV

March 23 483, —863  12:00-14:08 15698 1216-171-C IV

May 28 451, —880 07:33-09:39 16214 Ondfejov
June 2 —430, —860 17:36-19:54 16359

Fig. 1. Prominences of June 2, 1999 (S, E60) and May 28, 1999 (S, W61) in the Ca II line (Meudon observatory)

prominences with EIT and SUMER (Wiik et al. 1999).
At 171 A we see mainly the absorption of this line by the
dense cold material of the prominence at the limb and by
the filament in the channel.

2.1.4. Ground-based observations

Prominences were observed with the Meudon spectrohelio-
graph in Ca II K3 in the daily routine programme (Fig. 1).

The Ondfejov observatory multichannel spectrograph
(Kotre 1997) took optical spectra and slit-jaw images of
the May 28, 1999 prominence, simultaneously with four
video cameras, each working with a sampling frequency
of 25 pictures per second. The slit of the spectrograph
scanned the prominence several times during the observ-
ing period, in short sequences lasting about one minute.
This allowed us to coalign the slit of the Ondiejov spec-
trograph with the SUMER slit, within the accuracy limits
given by the seeing (which was not better than 2-3"). In
Fig. 2 we show an example of these spectra (orientation
is the same as that of the CDS image shown in Fig. 3).
Note that the June 5, 1997 prominence was also observed
by the Ondfejov spectrograph (Schmieder et al. 1999c¢).

casep =k
gugic i

1833-02-38 0\-22°00 NiL 08

Fig.2. May 28, 1999 prominence at 07:55:00 UT. Ondfejov
CCD video record of the He slit-jaw image (second panel) and
the spectra in three lines. Ha line is in the third panel, HG
(first panel) and Ca IT 8542 A (fourth panel) are weak in this
prominence

2.2. Characteristics of the observed prominences

We focus our study on the four prominences observed
in 1999 (in the following text we will omit the year of
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Fig. 3. CDS images in He I of the prominences of May 28, June 2, March 20, March 23 with the SUMER slit position indicated.
On the March 20 image, the box represents the raster when the SUMER slit moves from East to West for a context image. The
black dashed line shows the location of the pixels of the 6 profiles presented in Fig. 5
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Fig. 4. TRACE image in Lo in inverse gray scale for the promi-
nence of March 20, 1999 (768 x 768 pixels, pixel = 0.5"). The
box represents the position of the SUMER raster, the white
dashed line the position of the six profiles presented in Fig. 5:
the highest intensity corresponds to the Eastern point, the slit
crosses two dark structures

observations for brevity) which correspond to polar-crown
filaments crossing the limb — see Table 1. On the disk
we see the dark filament channel in coronal lines (CDS
and TRACE). We have coaligned the SUMER slit posi-
tion with:

1. CDS He I and optical images (Meudon spectrohe-
liograms or Ondfejov slit-jaw and Ha spectra) for
May 28 and June 2 (Figs. 1-3);

0.8

<
o
T

erg/s/cm?/sr/Hz)

<
~
T

0.2

Intensity (107

0.0
948.5

949.5 950.0 950.5 951.0

Wavelength (A)

949.0

Fig. 5. Variation of L§ SUMER profiles through the promi-
nence of March 20, 1999. The position of the profiles are indi-
cated by the dashed white line in Fig. 4

2. TRACE L« image for March 20 and 23 (Fig. 4).

In two tables we have summarized the results concerning
the intensity at the line center and at the peaks for the
Lyman series observed in four prominences. In Table 2
we present the central intensity and the peak intensity
in prominences, on the disk, on the disk overlaid by fil-
aments and compare them with the values used as the
incident radiation in the modelling. Data for the June 5,
1997 prominence are also included for comparison.
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Table 2. Wavelength windows observed by SUMER, covering the Lyman lines and continuum (L« is not shown for prominences
because of uncertainties due to the attenuator; but see Fig. 6). A compilation of line-center disk intensities is shown for the
reference (Ref), see Heinzel et al. (1997). Intensities of June 5, 1997 prominence (SHVR) are included for comparison. (P) is
the specific intensity in the prominence, (F/D) on the disk with a filament, and (D) on the disk. All intensities are in units of
107! erg/s/cm? /st/Hz. Iy is the line-center intensity, I, is the peak intensity

Window Line Ref June 5 March 23 May 28 June 2
AA) AA) D P D P F/D Piense F/D P
IO [O [p [O [p [O [p IO Ip IO,range [O Ip [O,range Ip,range
1172-1216  1215.67 La 2900
988-1033 1025.72 LG 42.6 40 60 13 25 25 50 40—-70 2555 12-17 15-33
933-978 972.54 L~y 9.78 10 12 3245 710 10—-14 610 4 10 -13
949.74 Lo 4.32 1.82.8 4255 1.925 3545 3—6 15—-2 3-4
937.80 Le 3.10 1.12 2.5 3.0 1.4 2.53.0 2.5 1.73.0 1.7 3
901-946 930.75 L6 217 0914 23 0.95 1.7 1.8 1.8 1419 15 2
926.20 L7 1.86 0.71.0 1.8 0.7 1.4 15 1.2 1.114 1.2 1.4
923.15 L8 2.02 1.9 0.75 1.5 1.8 1.2 1.6 1.5
920.96 L9 1.49 1.3 0.55 1.1 0.9 1.1 1.1
919.35 L10  1.40 1.2 0.5 1.1 0.8 0.95 0.9
918.13 L11  1.40 1.15 0.5 1.1 0.7 0.95 0.9
907 cont 1.48 0.9 0.45 0.61 0.65 0.45

Table 3. Mean integrated intensities for different structures (erg/s/cm? /sr). These values differ somewhat from those shown in
Figs. 6 and 7 because of different locations and averaging

Structure Pixels Date Lo L Ly L& Le L6 Ha
disk 107-117 March 23 116 000 850 200
1-30 May 28 114 000 900 225 120 65
filament 1-90 June 2 76 000 780 210
70-117  March 23 73 500 600 140
prominence 41-50 May 28 103000 700 175 80 40 25 1.345
(close to limb)  51-61 102 000 640 120 65 25 1.0+5
prominence 45-65 March 23 37 000 310 75 40 20 15
40-45 28 300 220 45
bubble 20-40 11 050 80
prominence 80-100 June 2 46 200 530 165 90 40 25
(faint) 100-110 27 400 220 40
edge 92-103 March 20 120 30 15

In Table 3 we present the integrated intensity for
different parts of the prominences, commonly 10 pixels
mean, while the profiles presented in Figs. 5-8 are
averaged over five pixels.

March 20

Rasters in the LJ, Le, S VI (933.378 A) lines were
performed during the observation for context images. The
SUMER slit scanned part of the prominence with a step
of 3" (Fig. 4). The prominence extension is 120" along
the limb and the height at the maximum is about 60”.
The raster was not perfectly centered on the prominence
so we missed a large part of it. Nevertheless, we have
a good sample of profiles from the center to the edge
(Fig. 5). The altitude of the registered profiles in Fig. 5
is between 10 000 and 15 000 km. Lé has no reversal
for small intensities, it is reversed for higher intensities,

and the reversal is again less pronounced at high-
est intensities. The SUMER slit for temporal series was
located at the edge of the prominence with low intensities.

May 28

This prominence is low (14 000 km) and dense (Figs. 2, 3).
There are about 30 pixels on the slit crossing the promi-
nence (30”) and 30 points on the disk which is covered
by a filament. The thickness of the prominence is so
large that there is little difference between the intensity
of the filament and the prominence close to the limb. In
Figs. 6-8 we present mean profiles of the Lyman series
in this prominence. Apart from Lea, the profiles have no
central reversal.

June 2
The prominence is rather extended (Fig. 3). Twenty pixels
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Fig. 6. Profiles of the Lo, LG and L~y lines through three prominences (mean over 5 pixels along the slit, full and dashed
profiles correspond to different spatial positions). The numbers in each panel are the integrated intensities of the two profiles in
erg/s/cm? /st (left/right number corresponds to the full/dashed line profile, respectively)

(i.e. 20”) have a large intensity, while ten others have
few counts; we refer to this part as a faint prominence
in Table 3. Figures 6-8 present mean profiles of Lyman
series in the prominence. The integrated intensities are
similar to those of the March 28 prominence, but the
profiles are strongly reversed.

March 23

The prominence is quite active and it is not meaning-
ful to integrate the spectra over time. We reduced the
first 8 spectra (Schmieder et al. 1999b). Along the slit
we observed the disk (70:120 pixels) and the prominence
(45 pixels) which consists of three parts:

A - dense part (54-69);
B - highly redshifted part (38—41);

C - faint bubble (24-27).

In Figs. 6-8 we show examples of line profiles obtained
in part A of the prominence. The disk is mainly overlaid
by a filament; only a few points (107-117) represent the
true disk. Preliminary results for this prominence were
presented in Schmieder et al. (1999b). The new calibration
(Schiihle et al. 2000) leads to intensity values smaller by
10-15% as compared to the previous ones obtained with
the calibration of 1997.
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Fig. 7. Profiles of the LJ, Le and L6 lines through three prominences (see Fig. 6)

3. Theoretical non-LTE models predicting the
Lyman-spectrum intensities

The first detailed multilevel non-LTE prominence models
were devised by Heasley, Mihalas, Milkey and Poland (see
Heasley & Milkey 1978 and references therein). Lo and
LS lines were computed assuming the complete frequency
redistribution (CRD) taking place during the scattering
process. At those times, no observed profiles were available
for comparison and these models were mainly aimed at
studying the optical lines of hydrogen, helium and Ca II.
Later, Heasley & Milkey (1983), using the same models,
studied the Lyman continuum.

Vial (1982b) extended this modelling to 2D, but still
using CRD and only a two-level atom model (this was
dictated by enormous demands on CPU time for 2D mod-
els). However, he was able to demonstrate relatively good

agreement between theoretical La intensities and those
observed by OSO-8, apart from certain discrepancies in
the line shapes. Later these 2D models were generalized
by Paletou (1995) who used a multilevel model atom and
PRD for Laand Lg.

The first consistent treatment of partial frequency re-
distribution in La and LG was presented by Heinzel et al.
(1987), in the framework of 1D isothermal-isobaric models
of Heasley & Milkey (1978). A new ingredient, which has
been shown to be critical for calculating the correct line
shapes within PRD, was the introduction of realistic (i.e.,
observed) incident line intensities. The basic results of this
study were: (i) large differences between La intensities
and profile shapes computed with PRD and with CRD,
(ii) for low-temperature models, the central intensity of
Lo is practically fixed at the value of the diluted inci-
dent chromospheric intensity. This applies for both PRD
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Fig. 8. Profiles of the L7, L8 and L9 lines through three prominences (see Fig. 6)

and CRD (however, the wings differ markedly between
PRD and CRD), (iil) a comparison of the computed La
with OSO-8 observations of one particular prominence led
to excellent agreement, while the L3 integrated intensity
was found to be too low by a factor of more than five.

The problem of the LG integrated intensity was
then studied by Heinzel et al. (1988), who introduced a
schematic PCTR into the standard 1D models. This led
to certain enhancements of L3, but the quantitative com-
parison between computed and observed (OSO-8) Lar and
LG was still rather problematic. However, as we will see
later, the concept of the PCTR in modelling the Lyman
line intensities is very crucial.

At the Hvar TAU Coll. 119, Vial et al. (1989) pre-
sented new non-LTE models in energy balance, where the
ambipolar diffusion was considered for the first time and
the prominence was treated as being composed of many

fine-structure threads. The thread-like models were also
discussed by Heinzel (1989) and Zharkova (1989). In these
papers, the effect of a mutual radiative interaction on
Lyman line profiles was investigated.

The abovementioned papers form a firm basis for sys-
tematic non-LTE modelling of quiescent prominences and
thus Gouttebroze et al. (1993) undertook the tedious task
of constructing an extensive grid of models which could be
used for comparisons with observations, particularly with
expected data from the SOHO mission. This grid contains
140 isothermal-isobaric models (note that not all of them
have been published in A&AS, but they can be found
in the corresponding IAS reprint). Particularly interest-
ing are tabulated profiles and intensities of the first three
Lyman lines, La, LG and L+, together with the Lyman
continuum. We will refer to other details later when dis-
cussing SOHO/SUMER data. All 140 models were then
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used to construct various kinds of correlations between
the optical and physical properties of the models (Heinzel
et al. 1994) — we will also discuss them later.

Consistent models of PCTR in energy balance were
then computed by Fontenla et al. (1996), who consid-
ered a cool (T' = 6 000-8 000 K) fine-structure thread,
surrounded by a PCTR with the temperature increasing
up to 10° K. Due to effects of ambipolar diffusion, these
multithread models have predicted the LG intensity much
higher as compared to all previous models and even higher
than observed by OSO-8. Four isobaric models with gas
pressures 0.02, 0.05, 0.1 and 0.2 dyn cm™2 were consid-
ered for individual threads and then up to 100 threads
were added along the line of sight. The validity of such
models is to be checked against the new SOHO data.

Recently, Anzer & Heinzel (1999 — AH) considered a
new class of models which are in magnetohydrostatic equi-
librium and possess a PCTR with an empirical tempera-
ture profile. It was shown that the central parts of the
cool structures require an extra heating which has not so
far been properly considered. In the PCTR, the radiative
losses are dominated by Laand thus the proper under-
standing of the formation of this line is crucial for energy-
balance studies. The work also predicts the intensities of
La and Lg, together with Ha.

Finally, higher lines of the hydrogen Lyman series were
already analyzed using the SUMER /SOHO data and these
first studies also include detailed non-LTE computations
of their profiles, using a 12-level hydrogen model atom
(Heinzel et al. 1997; Schmieder et al. 1998; SHVR). These
first studies revealed a reasonable agreement between ob-
servations and theory, provided that a PCTR tempera-
ture structure is considered. However, it was noted that
the higher Lyman lines are less sensitive to the PCTR
structure and that more information is expected from the
analysis of lower members of the series.

4. Basic characteristics of the observed spectra
and comparison with existing models

We note some strongly asymmetric profiles and even some
profiles completely shifted (March 23). These are the
signatures of highly dynamical phenomena which need a
careful study before assigning values of the Doppler shifts,
in order to completely understand if it is a bulk flow
or complex motions of plasma at different temperatures
(Gontikakis et al. 1997). However, that is not the aim of
this paper. The primary objective here is to see how this
complete set of all Lyman lines plus continuum compares
with previous observations (namely those by OSO-8) and
with existing non-LTE model predictions.

4.1. Line profiles

In Figs. 6-8 we can recognize three rather different types
of Lyman line shapes and intensities. The first two promi-
nences (May 28 and June 2) have relatively high integrated
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intensities (more or less similar, namely for higher lines),
but the line shapes are quite different: lines of the first
prominence are in emission, while the second prominence
has all lines with reversal which is very strong for the first
members of the series. As we shall see later, this provides
important constraints on the models. The third promi-
nence (March 23) has lower intensities and the lower lines
are reversed while higher ones are not. However, these
profiles are highly asymmetrical and therefore less suit-
able for our discussion which is based entirely on static
models. Note also that several Lyman lines are blended
with lines of other species (Curdt et al. 2001). We can
see this clearly in the case of L8 which has systematically
somewhat higher intensity due to N IV line blend. Some
other Lyman lines are blended with O I lines, but this
does not affect their intensities greatly.

La:

The observed intensities (Fig. 6) are in general agreement
with theoretical calculations. However, the details of this
profile are affected by the attenuator as mentioned above
and thus we cannot rely on them. A reliable reduction
procedure has to be developed to take into account the
influence of the attenuator. Some tests have been recently
made and this work is in progress.

L3:

Let us compare the SUMER and OSO-8 profiles of the
LG line. First, the average peak and central values of the
“first and last parts of the orbit” (Fig. 4 in Vial 1982a)
are respectively: 2.1 and 1.2 10719 erg/s/cm?/sr/Hz. Our
values are 1.9 and 1.3 107! respectively for the March
23 prominence. The agreement is remarkably good. The
slightly larger OSO-8 reversal could be due to insufficient
correction of the geocoronal absorption profile; but it can
also be due to the large range of observed values. The
prominence of May 28 has very high central intensities
(no reversals), reaching values of 7-8 in our units (Fig. 6).
The ratio of prominence to disk integrated intensities
as measured by SUMER is commonly smaller than the
0.5 value found with OSO-8, but not for the May 28
prominence.

As mentioned above, LB poses a long-standing
problem when compared with non-LTE model predic-
tions. Typical OSO-8 integrated intensities are around
400-500 erg/s/cm?/sr, while most of the isothermal-
isobaric models predict much lower values (GHV). On the
contrary, Fontenla et al. (1996) obtained intensities much
higher, even for models having lowest pressures. Note that
the LG intensity is sensitive to the filamentary structure,
i.e. to the number of threads along the line of sight, namely
the line peaks (see Fontenla et al. 1996; SHVR and present
models). The SUMER values of the integrated intensity
are in the range given by Table 3 (see also Fig. 6), i.e.
reaching 800 erg/s/cm?/sr. In particular, we can see a
rather low intensity in a bubble and high intensities in
low-lying prominences (Table 3). The integrated intensi-
ties in observed prominences lie between 1 and less than
1/3 of the disk integrated intensity.
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Higher Lyman lines:

These are less reversed and highest members of the Lyman
series show almost no reversal. Their intensities are con-
sistent with those reported by SHVR. As we have already
demonstrated in the previous paper (SHVR), the line pro-
files and integrated intensities of higher Lyman lines are
rather sensitive to temperature and thus a PCTR must be
considered to analyze these UV lines. In SHVR we have
also concluded that in order to describe the behaviour of
the lower part of the PCTR, one has to add the lower
Lyman lines, including La.

An example of LJ raster profiles, i.e. the profiles regis-
tered subsequently at different heights, is given in Fig. 5.
At first sight this resembles theoretical height variations
computed for Lyman lines from 2D models (Paletou 1995).
However such variations could also be due to prominence
inhomogeneities (see Fig. 4).

Lyman continuum:

The averaged intensity in the range 905-907 A is about
4.5 10712 erg/s/cm?/sr/Hz. This value is comparable to
most GHV results. If we compare the average intensity
at the head of the continuum with the predictions of the
140 GHV models, one can conclude that it is in general
agreement with models having low temperatures (less than
8000 K) or low pressure (less than 0.1 dyn cm™2). At high
temperatures, the thickness of the layer must be small.
One can note that the slope of the Lyman continuum can
be an interesting diagnostic tool for the prominence tem-
perature (see GHV and Ofman et al. 1998).

Ha:

Ha line profiles observed in the May 28 prominence have
almost symmetrical Gaussian shapes and their integrated
intensities are given in Table 3. The accuracy of the cal-
ibration is estimated to be 20-30% and this is due to a
rather low signal/noise ratio — the prominence was rel-
atively faint in this line. Also the calibration curve was
based only on two intensity points (filters). With a bet-
ter spatial resolution one could expect a higher intensity
(because of a small filling factor), but this would automat-
ically lead to line profile saturation, which is not observed.
As we will see later, our measured integrated intensity of
the Ha line is in very good agreement with the computed
one.

4.2. Correlations between the integrated line intensities

Using the integrated line intensities listed in Table 3, we
were first interested to see whether they can be reproduced
by standard isothermal-isobaric models. We applied the
procedure of Heinzel et al. (1994) to correlate theoretical
integrated intensities of various lines. The observed inten-
sities of Lo, LB and L+ fit into the correlation plots con-
structed from all GHV models, but the observed points lie
within points having a kinetic temperature between 10 000
and 15 000 K or perhaps even more (the maximum tem-
perature of GHV models is 15 000 K). This is shown in
Figs. 9a,b. Such a behaviour already indicated to us that
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models with a temperature variation are needed. For the
prominence of May 28 we have simultaneous Ha spectra
and the correlations between Lo and Ha or between L3
and Ha also indicate a reasonable fit if the prominence has
regions with temperatures exceeding 15 000 K (Figs. 9¢,d).

However, the problem with isothermal-isobaric models
is that although the integrated intensities are in a rea-
sonable agreement with the observed ones, a closer in-
spection of corresponding line profile shapes shows cer-
tain discrepancies. This is for example the case of the
May 28 prominence. The models which actually corre-
spond to points in Figs. 9¢,d closest to observations (stars)
have extremely reversed Lyman line profiles — see e.g. the
model for T = 15000 K, p = 0.1 dyn cm—2, D = 5 000 km
(p is the gas pressure, D the prominence thickness) in the
GHYV tables. Apart from La, the observed profiles have, on
the other hand, no reversal — see Fig. 6. This thus means
that we need completely different models for this particu-
lar prominence. In the following we suggest use of models
with PCTR temperature gradients and with magnetohy-
drostatic equilibrium (non-isobaric models).

5. Models for the PCTR

Apart from a partial success in reproducing some indi-
vidual profiles or other spectral features by existing mod-
els, it is now evident that isothermal-isobaric models, as
well as multithread models with ambipolar diffusion, are
hardly capable of reproducing the whole Lyman series
(plus continuum and Balmer lines). Taking the promi-
nence of May 28 as an example, it is intuitively clear that
to produce high-intensity profiles which are unreversed
will require not only a substantial PCTR temperature in-
crease, but also a simultaneous decrease of the gas pres-
sure. We remind the reader that GHV isobaric models at
higher temperature can in principle predict such high in-
tensities, but the profiles are unrealistically reversed. A
class of models which considers both temperature as well
as pressure variations within the PCTR was recently sug-
gested by AH and we will now see how such models com-
pare to SUMER, observations.

5.1. Pressure equilibrium and PCTR temperature
structure

We consider here vertical 1D-slab models as described in
AH. These models have a PCTR and in general they are
not isobaric. Instead, the pressure balance corresponds to
the KS-type models (see Kippenhahn & Schliiter 1957).
The gas pressure p varies with the column mass as

p(m) = 4pe== (1= 22) +po. (1)

The column mass m extends from m = 0 at one surface of
the 1D slab to m = M at the other, pg is the gas pressure
at the outer boundaries. For M we have

— Ba:le (2)
2rg
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where B, and B,; are the components of the magnetic-
field vector at the slab boundary, g is the gravitational
acceleration. B, is taken to be constant in KS models, B,
varies form zero at the slab center to B,; at the surface,
B, = 0. p. is defined as

Egl
DPc S ( )

The central gas pressure is thus

DPcen = Pec + Po (4)
and the mean gas pressure corresponds to

2

P = 3pc+Po- (5)

These equations, together with the temperature structure,
allow us to evaluate the gas density p, and finally the
geometrical thickness D of the slab. For further details
the reader is referred to AH.

The construction of prominence models in energy bal-
ance was recently discussed by AH, who concluded that
an extra heating is needed in cool central parts in order
to explain the temperature which typically exceeds the
one corresponding to the radiative balance. However, the
heating mechanism is not well understood although some
possibilities have been suggested (Anzer & Heinzel 2000).
Here we construct a semiempirical temperature structure
of the PCTR, by fitting the observed hydrogen Lyman
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spectrum. As in AH, an empirical temperature curve is
approximated by the relation

T =Ten+ (Tw—Te) L4 (1=, (©)

where T¢., is the central temperature, Tt, the temperature
at the outer boundary. The parameter v is used to adjust
the temperature gradient in the PCTR. The higher ~, the
steeper the gradient will be.

From the above equations we have the following set
of adjustable (free) parameters: Teen, Ttr, Y, D, Po, M. Note
that P can be replaced by pe or peen. Instead of specifying
these pressures, one can use the parameter B, or B;; they
are related through M (Eq. (2)). Other free parameters
which are important for line profile computations are the
microturbulent velocity vy and the number of slabs along
the line of sight.

We stress that the pressure equilibria described above
correspond to the situation when one looks along the
magnetic-field lines. The opposite case, equally impor-
tant for prominence modelling, takes place when we look
in a direction across the field lines. In such a situation,
however, individual plasma threads are magnetically iso-
lated and thus their pressures and temperatures can have
rather arbitrary variations. As a first approximation, one
representative thread can be modelled as isobaric and al-
most isothermal with a step-like PCTR. This is formally
achieved by setting p = po. The temperature is either
constant (Tt = Teen) or somewhat increasing towards the
boundaries. A more general picture of 2D threads in mag-
netic equilibria is presented in Heinzel & Anzer (2001).

Non-LTE transfer models are constructed for a 12-level
plus continuum atom, using partial redistribution in La
and LG (higher Lyman lines are less sensitive to PRD).
Incident radiation fields (i.e. the boundary conditions) and
the computational methods are described in Heinzel et al.
(1997), SHVR and AH (see also the references therein).
We consider 1D models, but distinguish between the line
of sight along the field lines and across them. The syn-
thetic intensities are finally computed for 1, 10 and 30 fine-
structure threads, using the standard approach of identical
threads (Heinzel 1989; Vial et al. 1989).

5.2. Results of numerical modelling

The following non-LTE computations are aimed at ex-
plaining the newly observed features of the Lyman series,
but they do not pretend to fit the line intensities in all
details. First, a strong constraint comes from the Lo line
which is unfortunately not as accurate as other lines of
the series (due to instrumental effects of the attenuator).
Second, the spectra are averaged over space and time and
are not taken simultaneously. Finally, we have found it
very difficult to fit all Lyman lines plus continuum (and
Ha) just by trial-and-error methods and more sophisti-
cated optimization or grid techniques will be needed for
this task.
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Table 4. Lyman decrement (defined as the ratio of the line in-
tegrated intensity to that of L3). Bottom part gives L3 and Ha
integrated intensities (erg/s/cm?/sr) and the Lyman contin-
uum specific intensity (erg/s/cm?/sr/Hz). Observed Lyman-
line intensities correspond to the mean values from Figs. 6-8.
All theoretical values correspond to PRD models; 10 threads
were added along the line of sight for June 2 prominence

Line May 28 June 2 March 23
obs. theor. obs. theor. obs.
La 127 90.3 84 121 119
Lg 1 1 1 1 1
Ly 0.22 0.29 0.30 0.15 0.25
Lé 0.10 0.17 0.16 0.085 0.13
Le 0.050 0.13 0.071 0.079 0.068
L6 0.032 0.094 0.046 0.063 0.045
L7 0.022 0.072 0.036 0.056 0.034
L8 0.030 0.058 0.042 0.050 0.042
L9 0.020 0.048 0.030 0.046 0.029
LG 791 750 553 609 312
Ha 1.3+5 1.724+5 7.3+5

L-cont 0.61-11 0.95—-11 0.45—-11 0.96—11 0.45-11

5.2.1. Prominence of May 28

As we saw in Sect. 2, different prominences show a large
variety of profiles and intensities (including the Lyman
continuum intensity) and this is also the case inside one
particular prominence (March 20) as shown in Fig. 5. The
most complete set of observations is that of May 28, which
also includes the Ha line. We therefore focus on these data
and try to find an optimal PCTR model. Our interest in
this particular prominence is further strengthened by the
fact that we detect very high intensities and simultane-
ously all lines (except for La) are unreversed which can-
not be explained by simple isothermal-isobaric models as
shown above. After trial-and-error modelling we found a
reasonable model (Fig. 10) with its intensities displayed
in Fig. 11 and the Lyman decrement given in Table 4.
For comparison, we show in Table 4 also the observed
Lyman decrements. While the radiometric calibration has
relative uncertainties of 30-40%, the line ratios are accu-
rate to within 5-10%, depending on the count statistics
(W. Curdt and K. Wilhelm — private communication).
The model was constructed in such a way that the L3
integrated intensity fits the mean observed value taken
from Fig. 6 to within 10%. Also the line profile itself re-
produces the observed one rather well, providing that the
microturbulent velocity in the PCTR is around 20 km s~ 1.
In these models we keep the microturbulent velocity con-
stant in the whole structure, which is certainly not realis-
tic in the central parts where e.g. the Ha line is formed.
The basic observed feature — all lines starting from L3 in
emission — is also well reproduced, although the Lyman
decrement for higher lines is a factor of two larger than
that observed (Table 4). Also, the La integrated inten-
sity is somewhat larger than the mean observed value, but
Lo observations are strongly influenced by instrumental
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Fig. 10. May 28 prominence model with v = 13 (height 10 000 km). Only one half of a symmetrical 1D slab is displayed

effects. Figure 10 shows the spatial variations of different
plasma parameters for the model of the May 28 promi-
nence. Our model assumes that we see the structure more
or less along the magnetic field lines. A strong temperature
increase, together with pressure variations which obey the
equilibrium solution, are responsible for strong emission
lines without any reversal. The theoretical La profile has
a reversal, but we do not see it clearly in the observed
profile because of the distortion caused by the attenuator.
However, the observed line center intensity lies well above
the value of the diluted incident chromospheric intensity
and this is consistent with enhanced thermal emission in
the PCTR.

Finally, an interesting behaviour was found for PRD
line transfer in La and LB. The PRD profiles of these
two lines are almost identical with the CRD profiles, while
higher lines show some differences. Ha is however almost
a factor of two brighter in the case of PRD compared
to CRD. We explain this effect as follows: the emission
cores of the lower Lyman lines are formed in the PCTR
and thus they are dominated by a Doppler diffusion (the
Lorentz wings of higher lines are not seen, compare to

the prominence of June 2). Moreover, thermal emission is
also enhanced within the PCTR compared to cool central
parts. However, the La wing photon diffusion still has a
partially coherent nature (wings are formed deeper) and
as was demonstrated already by Heinzel et al. (1987), such
a quasi-coherent penetration of boundary-layer photons
leads to both electron density enhancements and an in-
crease in the Ha integrated intensity. In the present case,
the electron density in the slab center is increased for the
PRD case by a factor of 1.5 relative to CRD. Since the
Ha integrated intensity is proportional to n2, we get PRD
brightness in this line about a factor of two larger, which
is consistent with our models. Enhancement of n. due to
PRD in La is also responsible for a somewhat larger emis-
sion of higher Lyman lines, although they are computed
with CRD.

5.2.2. Prominence of June 2

This prominence has similar or somewhat lower integrated
line intensities as the previous one, but exhibits strong re-
versals in all Lyman lines. Contrary to the previous model,
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Fig. 11. May 28 - PRD(full)/CRD(dash) synthetic profiles

the reversed profiles can be obtained for a class of mod-
els which do not have a significant temperature increase
(even isothermal GHV models give a rough solution) and
which are practically isobaric. Such a solution is shown in
Fig. 12, the Lyman decrement is again given in Table 4.
The synthetic line profiles are displayed in Fig. 13.

Closer inspection of the observed Lyman profiles re-
veals a certain asymmetry but this varies along the whole
Lyman series and even changes from red to blue. We thus
conclude that this asymmetry lies within the data accu-
racy and does not result from systematic flows (contrary
to the case of the March 23 prominence). However, the
profiles are rather broad and this cannot be accounted
for by an increased microturbulent velocity (which would

then exceed the sound speed). But as we see in Fig. 13,
these reversed profiles are very sensitive to the number
of fine-structure threads along the line of sight and by
taking 10-30 threads, we are able to fit the line widths.
PRD effects are critical for La and L3 and the line pro-
files markedly differ from those computed with CRD. For
isothermal-isobaric slabs this behaviour was demonstrated
by Heinzel et al. (1987). Both PRD and CRD, as well as
the observed Lo line-center intensities are at a level of the
diluted incident chromospheric radiation which supports
our conclusions that the PCTR doesn’t play an impor-
tant role and the Lyman lines are thus rather sensitive to
the incident radiation fields. In fact, our interpretation is
that we look mainly across the magnetic-field lines and in
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Fig. 12. June 2 prominence model with v = 40 (height 25 000 km). Only one half of a symmetrical 1D slab is displayed

such a case the PCTR will be extremely narrow with very
steep temperature gradients. We see several mostly cool
condensations which are thermally isolated from the hot
corona by the magnetic field (heat conduction across the
magnetic field is neglected). However, the same structures
when viewed along the field lines must have PCTR of the
type discussed in the previous subsection.

6. Conclusions

The set of Lyman lines was observed in several promi-
nences by the SOHO/SUMER spectrograph. For the first
time we present quasi-simultaneous observations of both
lower and higher members of the hydrogen Lyman series,
together with the Lyman continuum. For the prominence
of May 28, the Ha spectrum was also obtained at Ondfejov
observatory. The observed prominences show a large va-
riety of Lyman line profiles and integrated intensities. In
one case, all profiles (except La ) are unreversed; other

prominences show reversed profiles, at least for the lower
members of the series. However, it is interesting to note
that the Lyman decrement is rather similar for the three
observed prominences.

We have attempted to interpret the Lyman lines ob-
served in two quiescent prominences (May 28 and June 2).
For this we used models suggested by Anzer & Heinzel
(1999). In the case of the May 28 prominence, a PCTR
which forms along the magnetic-field lines is necessary to
explain strong and mostly unreversed lines. We were able
to fit the LG line which exhibits strong emission (no rever-
sal), but the computed intensities of higher lines are some-
what larger than the observed ones. We conclude that we
see one slab (thread) almost along the field lines. On the
other hand, the June 2 prominence has strongly reversed
profiles and this can be explained by an almost isobaric
model without any significant temperatue rise. Such a sit-
uation is possible when we look more or less perpendicu-
larly to the field lines and see several threads along the line
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Fig. 13. June 2 - PRD synthetic profiles. Full: 30 threads, dash: 10 threads, dot-dash: 1 thread

of sight. These threads are magnetically isolated and thus
do not show any contributions from presumably narrow
PCTR. However, the higher lines are again more intense
than is actually observed. Our trial-and-error line fitting
is certainly inadequate to obtain an optimum solution for
all lines. Nevertheless, apart from certain discrepancies
which are also partly due to averaging, calibration and
blends, the quantitative agreement between SUMER spec-
tra and synthetic ones based on sophisticated models is
encouraging.

Concerning the GHV grid of isothermal-isobaric mod-
els, these models predict rather well the intensities of op-
tical lines formed in the central parts of prominences at
low temperatures (for example Balmer lines). They may

also give us some insight into the behaviour of structures
seen across the field lines. However, all such models fail
completely when the PCTR (along the field lines) plays
the role as in the case of the May 28 prominence.

Our general conclusion is that both observed promi-
nences, although having quite different line profiles, can
be modelled in the frame of 2D magnetohydrostatic equi-
libria. The corresponding temperature structures are very
different; PCTR increase in one case and almost an
isothermal situation in the other. Therefore, two quite
different boundary layers are probably seen when view-
ing the prominence along and across the field lines, re-
spectively, and our SOHO/SUMER observations seem to
indicate such a behaviour. These models can explain the
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vertical threads in almost horizontal but dipped magnetic
fields. In that respect, further observations of Lyman se-
ries (together with other UV lines) are needed which will
help us to better understand the 2D or 3D nature of the
prominence fine structure. Theoretical modelling has to be
extended to fully 2D or 3D magnetohydrostatic equilibria
in which the radiation is treated in the frame of 2D (3D)
non-LTE transfer (see Heinzel & Anzer 2001).
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