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ABSTRACT

Aims. This study is the first attempt to combine the prominence observations in Lyman, UV, and EUV lines with the determination of
the prominence diﬀerential emission measure derived using two diﬀerent techniques, one based on the inversion of the observed UV
and EUV lines and the other employing 2D non-LTE prominence fine-structure modeling of the Lyman spectra.
Methods. We use a trial-and-error method to derive the 2D multi-thread prominence fine-structure model producing synthetic Lyman
spectra in good agreement with the observations. We then employ a numerical method to perform the forward determination of the
DEM from 2D multi-thread models and compare the synthetic DEM curves with those derived from observations using inversion
techniques.
Results. A set of available observations of the June 8, 2004 prominence allows us to determine the range of input parameters, which
contains models producing synthetic Lyman spectra in good agreement with the observations. We select three models, which represent
this parametric-space area well and compute the synthetic DEM curves for multi-thread realizations of these models. The synthetic
DEM curves of selected models are in good agreement with the DEM curves derived from the observations.
Conclusions. We show that the evaluation of the prominence fine-structure DEM complements the analysis of the prominence hydrogen Lyman spectra and that its combination with the detailed radiative-transfer modeling of prominence fine structures provides a
useful tool for investigating the prominence temperature structure from the cool core to the prominence-corona transition region.
Key words. Sun: filaments, prominences – techniques: spectroscopic – methods: data analysis – methods: numerical

1. Introduction
Solar prominences are highly-structured objects located in the
solar corona that are considerably denser and cooler than their
surrounding environment. The temperature of the prominence
plasma, suspended in predominantly horizontal magnetic fields,
varies from the cool core with typical values between 6000 and
8000 K towards coronal values on the order of 1 million K (see
e.g. Tandberg-Hanssen 1995). The region where the temperature rises from prominence to coronal values is usually called
the prominence-corona transition region (PCTR). The geometrical extension of the PCTR and subsequently the gradient of the
temperature can vary considerably depending on the orientation
of the magnetic field with respect to the direction of the geometrical structure. In general, in the direction across the magnetic
field lines the PCTR can be extremely narrow (with very steep
temperature gradients), while in the direction along the magnetic field the PCTR can be much more extended. These properties of the PCTR are attributed to the considerable suppression of the thermal conductivity in the direction across the
magnetic field. The UV and EUV spectral lines emitted in
the PCTR plasma provide useful tools for the understanding of
the temperature structure and the thermodynamical properties of

these regions and therefore have been the subject of many past
(Orrall & Schmahl 1976; Engvold 1988) and recent (Patsourakos
& Vial 2002) prominence observations from space. A summary
of the studies concerning these PCTR UV and EUV spectral
lines can be found in the review by Labrosse et al. (2010).
To obtain some information about the plasma in these transition regions, one can use the diﬀerential emission measure
(DEM), which provides information about the plasma distribution as a function of the temperature along a given line of sight
(LOS). However, the DEM itself does not allow the determination of the spatial distribution of the plasma along the given
LOS. Only in the simplest cases of 1D slab configurations can
one use the derived DEM(T ) curves to determine the temperature structure of the PCTR. The DEM curve can be derived
from a set of observed UV and EUV lines, assuming that the
lines are optically thin (see e.g. Wiik et al. 1993; Cirigliano et al.
2004; Parenti & Vial 2007), by using inversion techniques such
as those available in the CHIANTI software (see e.g. Parenti &
Vial 2007; Phillips et al. 2008).
The prominence DEM can be also obtained by theoretical
modeling, e.g., by employing 1D magnetohydrostatic (MHS)
slab models with a given PCTR structure (Anzer & Heinzel
1999, 2000, 2008) or by assuming an ensemble of horizontal
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Fig. 1. Images obtained by the SoHO/EIT in the He ii 304 Å line. The position of the SUMER slit is marked in all panels by the white vertical bar
in all panels, although the SoHO/SUMER observations were done only between June 7, 23:35 UT and June 8, 5:54 UT. The scale-scale bars give
the DN-to-pixel ratio in the logarithmic scale.

magnetic flux tubes (Chiuderi Drago et al. 1992). A more realistic method for obtaining synthetic DEM curves for solar prominences was used by Gunár et al. (2011), hereafter referred to as
Paper I. In this paper, we employed 2D models of prominence
fine structures developed by Heinzel & Anzer (2001) in configurations with randomly distributed threads (used for prominence
modeling by Gunár et al. 2007b, 2008, 2010). In Paper I, we
presented a numerical method for the derivation of the synthetic
DEM curves from a specific temperature and density structure
provided by 2D multi-thread models, which can produce synthetic Lyman spectra that are in good agreement with the observations (Gunár et al. 2007b, 2008, 2010) and showed that these
synthetic DEM curves are in agreement with the DEM curves
derived from the observations.
In the present study, we employ 2D multi-thread prominence
fine-structure models and use a trial-and-error method to derive
prominence models producing synthetic Lyman spectra consistent with prominence observations obtained by SoHO/SUMER
on June 8, 2004. Owing to the nature of the available set of observations (non-reversed low intensity Lyman line profiles and
nonavailability of the Lyman-α and Hα line observations), we
are unable to derive a unique set of model input parameters
but instead we broadly specify a parametric space area containing models that produce synthetic Lyman spectra in agreement with the observed ones. We select three models characterizing this parametric space area and derive the synthetic DEM
curves for these prominence fine-structure models using the numerical method from Paper I. We compare the obtained synthetic DEM curves with the DEM curves derived from observed
UV and EUV spectra of the June 8, 2004 prominence. The
synthetic DEM curves of selected 2D multi-thread prominence
A122, page 2 of 11

fine-structure models are, in the temperature range covered by
models, in very good agreement with the observed ones.
The paper is organized as follows. Sections 2 and 3 give
details about the Lyman lines observations, and the UV and
EUV line observations and the observed DEM determination,
respectively. In Sect. 4, we give a brief description of our 2D
prominence fine-structure models. Section 5 presents the selected 2D multi-thread models and their synthetic Lyman spectra. Section 6 presents the synthetic DEM curves of selected
models and Sects. 7 and 8 provide the discussion and our conclusions.

2. Observational data
The prominence observational data used in this study
were obtained during the 13th MEDOC campaign by
SUMER (Solar Ultraviolet Measurements of Emitted Radiation)
UV-spectrograph (Wilhelm et al. 1995) onboard SoHO (Solar
and Heliospheric Observatory). The observed prominence was
located at the NW limb and crossed the limb for several days, as
can be seen in the sequence of SoHO/EIT (Extreme-ultraviolet
Imaging Telescope, Delaboudinière et al. 1995) 304 channel images shown in Fig. 1. This prominence was not associated with
any active region and only partially connected to the erupting
prominence located further to the west. It remained low-lying
and stable for several consecutive days and disappeared several hours after the SoHO/SUMER observing program was completed. No signs of activation can be found in the available observed data, which suggests that this prominence disappeared
beyond the solar limb due to the solar rotation. The relatively
stable nature of the observed prominence allows us to consider it
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as a quiescent prominence, although significant plasma motions
and temporal variations might be present because of its closeness to an eruptive prominence. The SoHO/SUMER slit (n. 4,
1 × 120 ) was centered at X = 890 , Y = 420 and intersected the central part of the prominence composed of many fine
structures. The SoHO/SUMER observing program run between
June 7, 23:35 UT and June 8, 5:54 UT and the observations were
performed by running one of the reference spectrum observing
programs (lem_ref_a_prom2003), which scans the full spectrum
of detector A (from about 800 to 1600 Å) using 40 Å windows
in successive exposures of 370 s each. Due to the long timeperiod needed to scan the full spectrum, the hydrogen Lyman
lines cannot be observed co-temporally and the Lyman-β and
Lyman-δ line observations are separated by a time diﬀerence of
about 30 min.
The observed spectra were reduced and calibrated using
standard SolarSoft procedures for the SUMER data, which include corrections for geometrical distortion and flat-fielding. The
data in each spectral window were calibrated in wavelength as
described in Parenti et al. (2004), and in intensity using the standard Radiometry procedure. The spectral line fluxes used for the
analysis were obtained by a multi-Gaussian line-fitting (as described in Parenti et al. 2005) and are given in Table 1. Most of
the lines used in this work had already been identified by Parenti
et al. (2005) as the most suitable for the DEM inversion due to
their relatively high signal-to-noise ratios and marginal contamination by blends, which are either absent or easy to eliminate
using the multi-Gaussian fitting.
During these observations, detector A already showed a gain
loss in its central part, which involved seven detector rows
(W. Curdt, pers. comm.). This degraded part of the detector was
located within the central part of the observed prominence and
caused the signal from the degraded rows, to overflow into adjacent rows where it was added to the actual signal of these
rows. The determination of the DEM requires the use of average line emission over as many pixels as possible in order to
maximize the signal-to-noise ratio of these lines and thus the
accuracy of the inversion method. Since the signal from the degraded part of the detector was not lost but added to adjacent
rows of the SUMER slit, we were able to use the average emission from the whole portion of the slit (from pixel 20 to 70) covering the prominence for the DEM determination. On the other
hand, the deteriorated rows together with the adjacent rows affected by the signal overflow, had to be excluded from the analysis of the Lyman lines because individual observed line profiles
were aﬀected and only 36 positions along the SUMER slit were
used (see Fig. 2). The integrated intensities of these observed
Lyman lines (in erg s−1 cm−2 sr−1 ) range from 1232 to 6535 for
Lyman-β, from 157 to 1503 for Lyman-γ, and from 164 to 535
for Lyman-δ.

3. DEM derived from observations
The DEM is a widely studied plasma parameter, which, assuming a monotonic temperature variation along a given LOS (h), is
usually defined as (see e.g. Mariska 1992; Phillips et al. 2008)
dh
,
(1)
DEM(T ) = n2e
dT
where ne is the electron density at the LOS position h with a
given temperature T . The DEM is related to the integrated intensity I of an optically thin line through the equation
 ∞
I=
A(X) G(T ) DEM(T ) dT ,
(2)
0

Table 1. List of lines used for derivation of the observed DEM.
Line
C ii
C ii
N ii
N ii
N ii
N ii
C iii
C iii
C iii
C iii
C iii
N iii
N iii
N iii
O iii
O iii
C iv
C iv
N iv
N iv
O iv
O iv
O iv
O iv
Nv
Nv
Ov
O vi
O vi
Ar viii
Ne viii
Ne viii
Ca x
Mg ix
Mg x
Mg x
Fe xii
Sx
Al xi

1036.3367
1037.0182
916.703
1084.02
1084.58
1085.703
977.02
1174.933
1175.2629
1175.7111
1176.37
979.842
989.79
991.579
525.808
703.851
1548.189
1550.775
765.147
955.335
1399.78
1401.157
1404.806
1407. 382
1238.823
1242.806
1218.344
1031.9138
1037.6154
700.246
770.4104
780.3254
557.765
706.0365
609.7944
624.9426
1242.005
1196.25
550.0318

log T
4.37
4.37
4.37
4.37
4.37
4.37
4.85
4.85
4.85
4.85
4.85
4.88
4.88
4.88
4.93
4.93
5.03
5.03
5.17
5.17
5.18
5.18
5.18
5.18
5.27
5.27
5.37
5.48
5.48
5.61
5.8
5.8
5.9
5.97
6.06
6.06
6.13
6.15
6.28

I
133.3
8.73
1.12
1.32
3.7
6.2
277.9
6.0
6.1
20.5
6.3
0.2
3.9
7.9
5.5
20.0
58.5
27.0
17.2
0.12
1.3
8.2
5.3
2.1
29.2
16.4
17.6
299.5
133.3
8.1
149.0
260.5
27.6
56.2
534.4
255.7
11.2
1.5
10.6

ΔI
0.8
0.7
0.5
0.04
0.04
0.06
1.4
0.1
0.2
0.2
0.1
0.1
0.1
0.1
0.4
0.5
9.4
3.6
1.8
0.08
0.4
0.4
0.2
0.5
0.3
0.4
1.3
0.8
0.8
0.1
0.6
0.8
1.0
3.6
3.6
2.3
0.4
0.1
0.4

Notes. The second column gives the theoretical position of the line in Å,
the third column contains the logarithm of the temperature of the maximum ionization fraction of the given ion in K as given in the CHIANTI
atomic database. The fluxes (I) and their errors (Δ I) in erg s−1 cm−2 st−1
are given in columns four and five.

where A(X) is the element abundance with respect to hydrogen
and G(T ) is the contribution function for a given spectral line,
which contains the atomic information of the transition involved.
We derived the DEM curve for the June 8, 2004 prominence by applying a version of the maximum entropy method
described in Monsignori Fossi & Landini (1991) implemented
by del Zanna (1999) on the set of observed UV and EUV
spectral lines listed in Table 1. The theoretical emissivities were
calculated using the CHIANTI atomic database, using the ionization equilibrium data of Mazzotta et al. (1998), photospheric
element abundances (Grevesse et al. 2007), and a constant pressure in terms of ne T of 4 × 1013 cm−3 K, which corresponds to a
gas pressure of about 0.01 dyn cm−2 . The best-fit solution is obtained by minimizing the diﬀerence between the theoretical and
measured intensities. This ratio is, for most of our lines, within
20% and it can reach about 40% at worst case. This is a reasonable solution considering that the atomic physics uncertainties
A122, page 3 of 11
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Fig. 2. The observed Lyman-β to Lyman-δ lines
obtained by SoHO/SUMER on June 8, 2004.

direction along the field where the temperature gradually rises
from the cool core towards the thread boundaries. This approach
is used because the heat conduction is much lower in the direction across the magnetic field lines than along the field. This
temperature structure is characterized by an analytic formula


γ1
m
m
T (m, y) = T cen (y) + [T tr − T cen (y)] 1 − 4
,
1−
M(y)
M(y)
(3)
where T cen is given by

Fig. 3. The DEM curve of the June 8, 2004 prominence as a function of
the temperature drawn in the log-log scale.

themselves can reach up to the 30% (Landi & Klimchuk 2010).
The derived DEM curve is shown in Fig. 3.
The high-temperature part of this DEM curve is aﬀected
by the contamination of lines used for DEM derivation by the
foreground and background coronal emission (see e.g. Labrosse
et al. 2010). Thus for the June 8 prominence, the most reliable
part of the derived DEM curve is the low-temperature portion
lying below 105 K, where the value of the minimum temperature
of the DEM curve is constrained by several C ii and N ii lines.
The set of available observations of the studied prominence does
not allow the use of cooler lines such as those used by Parenti &
Vial (2007) due to their very low signal-to-noise ratios. Parenti
& Vial (2007) used the SoHO/SUMER spectral atlas obtained
by Parenti et al. (2004, 2005) to derive the DEM for a quiescent
prominence observed in 1999, where cooler lines such as Si ii
were present.

4. Prominence fine-structure models
To obtain synthetic Lyman-line spectra, we employ 2D models of prominence fine structures in multi-thread configurations.
These 2D models that depict fine structures of prominences in
the form of vertically infinite two-dimensional threads embedded in a horizontal magnetic field, were developed by Heinzel &
Anzer (2001). These threads are uniform in the vertical direction
and the variations take place only in the horizontal plane parallel
to the solar surface. The 2D threads are in a MHS equilibrium
of the Kippenhahn-Schlüter type (Kippenhahn & Schlüter 1957)
that was generalized to 2D by Heinzel & Anzer (2001) and their
temperature structure is specified empirically to encompass both
the central cool part and also the PCTR (see Anzer & Heinzel
1999). The PCTR exhibits two distinct forms with a steep temperature gradient in the direction across the magnetic field lines
within a narrow PCTR layer and much more extended part in the
A122, page 4 of 11


 γ2
y
T cen (y) = T tr − (T tr − T 0 ) 1 −  
,
δ

for

|y| ≤ δ.

(4)

Here, the column-mass scale m is parallel to the x-direction with
a simple relation through the plasma density, M(y) represents
the column mass integrated in the x-direction, and 2δ is the
width of the thread perpendicular to the field lines. The temperature T 0 represents the minimum temperature at the center
of the thread, T tr is the boundary transition-region (tr) temperature at the thread boundaries, and the exponents γ1 and γ2 describe the temperature gradients within the PCTR, where γ2 represents the steep temperature gradient in the direction across the
magnetic field lines and γ1 the more gentle gradient along the
field. These four parameters, together with B x (0) representing
the magnetic field strength in the middle of the thread, M0 giving the maximum column density, and ptr , which is the value
of the gas pressure at the thread boundaries, form the set of input parameters describing the MHS structure of the 2D models.
The geometrical dimensions of the 2D thread are determined in
the following way: the length of the thread in the x-direction
(along the magnetic field lines) is the result of the MHS equilibrium and is unique to each set of model input parameters, while
the width of the thread in the y-direction (across the field lines)
is chosen arbitrarily. We take the value of the thread width to
be 1000 km, which is consistent with our previous prominence
modeling and approximately represents the spatial resolution of
SoHO/SUMER. However, observations of the prominence and
filament fine structures in the hydrogen Hα line, such as those
by Lin et al. (2005), indicate that the widths of these fine structures can be as small as 100 km.
To determine the synthetic hydrogen spectra emerging from
2D fine-structure threads, we solve the 2D multi-level non-LTE
(i.e. departure from local thermodynamic equilibrium) radiative transfer problem in these fine structures. The details of the
method are given in Heinzel & Anzer (2001) and Heinzel et al.
(2005). The obtained synthetic spectra can be compared with
the observed prominence spectra in order to derive the parameters of the prominence fine structures (see Gunár et al. 2007b,
2008, 2010). By solving the non-LTE radiative transfer within
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Fig. 4. Vertical projection of a randomly generated multi-thread configuration with randomly
shifted threads drawn to proper geometrical
scale. The orientation of the magnetic field is
indicated by an arrow.

2D threads, we also determine the proper ionization degree of the
hydrogen plasma and thus obtain the true variation of the electron density within these 2D prominence fine-structure threads,
which is needed for consistent solution of the MHS equilibria.
The ionization degree is determined iteratively, as described in
Heinzel & Anzer (2003).
In the present study, we use multi-thread configurations of
the 2D prominence fine-structure models, which can produce
synthetic Lyman spectra in better agreement with observations
than single-thread models (Gunár et al. 2007b). The individual threads of these multi-thread models are randomly shifted
with respect to the foremost thread (see Fig. 4) to resemble the
non-uniformity of the prominence fine structures. The maximum
shift of any thread is equal to half the length of each thread. We
use multi-thread models consisting of N identical threads without any mutual radiative interaction between individual threads
(all parameters are identical for each thread resulting in identical temperature and electron density structures for all threads).
We also randomly assign a LOS velocity to each thread, which
allows us to obtain asymmetrical Lyman line profiles in accordance with the observations (Gunár et al. 2008).

5. Synthetic Lyman line spectra
All the observed Lyman lines exhibit non-reversed profiles (i.e.
without any central reversal) with relatively low intensities. This
indicates that the column mass along the LOS is small (see
the discussion about the model input parameters in Sect. 4.2
of Berlicki et al. 2011). Thus, we started with the configuration based upon the so-called Model2 as an initial guess and
proceeded by the trial-and-error method to determine a model
producing synthetic Lyman spectra in agreement with the observations. Model2 was studied by Berlicki et al. (2011) and used
in Paper I to analyze the synthetic DEM curves of prominence
fine structures.
We employed the multi-thread configuration of the
2D prominence fine-structure model with ten identical threads
and LOS velocities ranging between –10 and 10 km s−1 ; and by
making profile-to-profile comparisons of the synthetic and observed Lyman lines, we derived a set of input parameters defining a 2D model in good agreement with observations. In the
present study, we refer to this model as the Model_dem, and
we provide details of its input parameters and comment on its
uniqueness in the following sections.

To determine suitable models, we used multi-thread configurations with ten threads, which is consistent with the number of
threads used by Gunár et al. (2007b, 2008, 2010) but diﬀers from
the modeling of Berlicki et al. (2011), who used 40 threads to obtain agreement with the observed Hα line spectra. However, for
the prominence studied in the present work, no simultaneous Hα
observations, either imaging or spectral, do exist. Therefore, we
were unable to reliably estimate the number of threads because
the number of threads in our 2D multi-thread models have little
eﬀect on the shape of the Lyman line profiles. This is due to the
high optical thickness of even the higher members of the Lyman
series at the center of the lines. A larger number of threads affects only the widths of the synthetic Lyman lines, which become slightly wider. However, this eﬀect is coupled with additional changes in the line widths caused by the random shifts
of the threads with respect to the foremost one and with the effect of the stochastic LOS velocities, which also slightly increase
the widths of the line profiles with increasing LOS velocity values. Thus, in the absence of some additional constraint such as
Hα observations, and in accordance with the latter results of
the DEM analysis, we used ten threads as a standard number of
threads in the multi-thread models for the present investigation.
The observed prominence crossed the solar limb over a period
of several consecutive days (Fig. 1), which implies that we observed this prominence more-or-less along its spine. This an orientation of the LOS would result in its crossing a larger number
of fine structures, which is in agreement with multi-thread models composed of ten or more threads. We also used as a standard
the LOS velocities from interval of –10 to 10 km s−1 . Such LOS
velocities are expected to prevail within quiescent prominences
and can produce synthetic Lyman line profiles with asymmetries comparable to the observations (Gunár et al. 2008). In the
prominence studied here, we could expect even larger velocities.
However, without suﬃciently large data sets of observed Lyman
lines and some proper statistical analysis (such as in Gunár et al.
2010) we were unable to determine the correct values of the
LOS velocities in this prominence. Unfortunately, such a large
set of quasi-co-temporal observations of the Lyman lines cannot be achieved with SoHO/SUMER in combination with the
long-lasting observations that one needs for the determination of
the observed DEM curve of this prominence. The determination
of the LOS velocities is only of marginal interest to the present
study because these do not aﬀect the DEM calculations.
A122, page 5 of 11
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Fig. 5. Comparison of observed Lyman-β to Lyman-δ lines (red dashed lines) with synthetic lines (black solid lines) for a randomly generated
realization of Model_dem with ten identical threads.

Fig. 6. Temperature, electron density, and gas pressure variations of the Model_dem. Note that these plots are not drawn to the proper geometrical
scale.

5.1. Description of Model_DEM

The multi-thread configuration of Model_dem with tenidentical
threads and both random shifts and random LOS velocities in
the interval between –10 to 10 km s−1 , gives a reasonably good
agreement between the synthetic and the observed Lyman line
A122, page 6 of 11

profiles. We compare the synthetic with observed Lyman-β to
Lyman-δ lines for a randomly generated configuration in Fig. 5.
In red dashed lines, we plot the observed Lyman line profiles
at 36 positions along the SUMER slit. Black solid lines
represent the synthetic profiles at 83 positions along the fore-
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Table 2. List of input parameters of selected models.

Model_dem

T 0 = 8000 K; T tr = 105 K; γ1 = 10; γ2 = 60
B x (0) = 5 Gauss; M0 = 3 × 10−5 g cm−2 ;
ptr = 0.01 dyn cm−2 ; pcen = 0.06 dyn cm−2

Model_dem
_var1

T 0 = 8000 K; T tr = 105 K; γ1 = 10; γ2 = 60
B x (0) = 5 Gauss; M0 = 4 × 10−5 g cm−2 ;
ptr = 0.007 dyn cm−2 ; pcen = 0.09 dyn cm−2

Model_dem
_var2

T 0 = 8000 K; T tr = 105 K; γ1 = 10; γ2 = 60
B x (0) = 5 Gauss; M0 = 2 × 10−5 g cm−2 ;
ptr = 0.015 dyn cm−2 ; pcen = 0.035 dyn cm−2

most thread. The synthetic Lyman lines above Lyman-δ obtained
by our 2D models have intensities that are inconsistent with the
observations. However, this is caused by the approximation of a
portion of incident radiation adopted by our models and we will
address this issue in the future. For this reason, we do not use
lines higher than Lyman-δ in the present investigation.
The input parameters of the Model_dem are listed in Table 2.
The values of the minimum central temperature T 0 , the magnetic
field strength in the middle of the thread B x (0), and the maximum column density along the length of the thread M0 are in
the range of values expected for the conditions of the quiescent
prominences (see review by Labrosse et al. 2010). The boundary temperature T tr was chosen to be equal to 105 K, which is
well above the temperature where hydrogen is fully ionized. The
value of the boundary gas pressure ptr is relatively low but still
comparable with the Model1 used in our previous modeling. The
central gas pressure pcen is not an input parameter but is instead
determined by the MHS equilibrium together with the geometrical extension of the thread in the direction along the magnetic
field (in the x-direction), which is equal to 25 000 km. In Fig. 6,
we show the temperature, electron density, and gas pressure variations of the Model_dem. We note that these plots are not drawn
to the proper geometrical scale: the 2D threads are actually far
more extended in the x-direction (along the field lines).
5.2. Sensitivity and uniqueness of the model

The 2D prominence fine-structure models are rather sensitive
to the choice of most of the input parameters, even if we consider low-mass, low-pressure models such as the Model_dem.
However, the available observations of the prominence studied
in this work, consist only of Lyman lines excluding Lyman-α
and these lines are non-reversed and have low intensities. Such
a set of observations does not place suﬃcient constraints on the
modeling and thus we were unable to determine a truly unique
model for this prominence. Instead, we define an area in the
parametric space of the model input parameters, which contains
2D models producing synthetic Lyman spectra similar to that of
the Model_dem.
In the following text, we discuss the role of individual input parameters and the eﬀects of their variations on the synthetic
Lyman lines. We note that these discussions are valid only for
models producing low-intensity non-reversed Lyman lines obtained along a LOS oriented either along or across the magnetic
field lines.
A change of the value of the central minimum temperature T 0 has no significant eﬀect on the synthetic Lyman line
profiles of the low-mass low-pressure models, although it has
a strong influence on the synthetic line profiles of more massive models producing reversed profiles when observed across
the magnetic field lines. Thus, in the absence of Hα line observations (Hα is formed in the cool core of the prominence fine

structures and is therefore sensitive to the choice of T 0 ) we were
unable to determine a precise value of the central temperature.
However, the value of T 0 does not aﬀect the prominence DEM
and so its determination is not critical for the goals of this study.
We now concentrate on the input parameters that have a significant eﬀect on the synthetic spectra, the column mass at the
center of the thread M0 and the boundary gas pressure ptr . The
variation in each of these parameters, which is of the order of
20% from Model_dem values, leads to synthetic profiles that
are systematically either more (for higher values) or less (for
lower values) intense than the observed profiles. This reveals the
high sensitivity of our 2D prominence fine-structure models and
suggests that we might be able to determine a unique model.
However, with low-intensity, non-reversed observed Lyman-line
profiles (moreover without the Lyman-α line) and in the absence
of an observed Hα line, we are not able to uniquely determine
the amount of mass in the studied prominence. And because the
combination of lower M0 and higher ptr , or vice versa, can lead
to models producing similar synthetic Lyman lines than those
of the Model_dem this model is not a unique solution of our
modeling of the June 8, 2004 prominence. By increasing M0
and decreasing ptr , we can find a model producing synthetic
Lyman spectra in agreement with observations with values of
M0 = 4 × 10−5 g cm−2 and ptr = 0.007 dyn cm−2 . This model has
a very low value of the boundary gas pressure and a rather large
geometrical extension along the magnetic field determined by
MHS equilibrium, equal to 35 000 km. We refer to this model as
Model_dem_var1 (see Table 2). However, an additional increase
of M0 to for instance 5 × 10−5 g cm−2 leads to models producing self-reversed Lyman line profiles, even when ptr is set to extremely low values of 0.003 dyn cm−2 . Moreover, these models
have very large geometrical extensions along the magnetic field
lines of more than 50 000 km. In the opposite direction, by decreasing M0 and increasing ptr we can find a suitable model with
values of M0 = 2×10−5 g cm−2 and ptr = 0.015 dyn cm−2 , which
we call Model_dem_var2 (see Table 2), and a geometrical extension in the x-direction of 15 000 km. An additional decrease of
M0 to 0.5 × 10−5 g cm−2 and increase of ptr to 0.03 dyn cm−2
also leads to a model producing synthetic spectra in reasonable
agreement with the observations, although such model has a very
short geometrical extension of less then 3000 km and a central
gas pressure lower then 0.035 dyn cm−2 , which corresponds to
an almost isobaric model with an extremely shallow dip.
The magnetic field strength B x (0) aﬀects, together with the
column mass and boundary gas pressure, the shape of the magnetic produced by the MHS equilibrium. All models discussed
above have the value of B x(0) = 5 Gauss. The variation of
this value between 4 and 6 Gauss in addition to the corresponding decrease (for lower B x (0)) or increase (for higher B x (0)) in
the column mass leads to models with similar synthetic Lyman
spectra as those of the selected set of models. These values
correspond to the values expected under the conditions of quiescent solar prominences. However, the present set of observational constraints does not allow a more accurate determination
of the magnetic field strength.
The last two input parameters of our 2D prominence finestructure models are the exponents γ1 and γ2 defining the temperature gradients in the PCTR, where γ2 describes the steep
gradient of the temperature across the magnetic field lines and
γ1 describes the gradual temperature rise along the field. For all
variations of the Model_dem discussed above, these exponents
are set to values of γ1 = 10 and γ2 = 60. A change of the value
of γ2 to 30 does not have any eﬀect on the synthetic Lyman line
profiles because these are not formed, in less massive models,
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in the very narrow PCTR layer extending across the magnetic
field but deeper in the thread. On the other hand, a change of
the value of γ1 to 5 leads to suitable models with approximately
30% to 50% lower values of M0 for a given value of ptr . Thus,
an equivalent model to the Model_dem producing similar synthetic Lyman spectra has M0 = 2 × 10−5 g cm−2 and the same
ptr = 0.010 dyn cm−2 as the Model_dem.
The parametric space area that includes models producing
synthetic Lyman line profiles in agreement with the observed
ones thus lies within the following range of the model input
parameters: the magnetic field strength B x (0) between 4 and
6 Gauss and the column mass in the center of the thread M0 between 1 and 4 × 10−5 g cm−2 , in correspondence with the boundary gas pressure ptr between 0.02 and 0.007 dyn cm−2 , depending on the exponent γ1 . The minimum temperature at the center
of the thread T 0 cannot be determined precisely because of a
lack of the Hα observations but can have values in the range of
6000 to 8000 K, which can be expected in the quiescent solar
prominences (see e.g. Tandberg-Hanssen 1995).

Fig. 7. Synthetic DEM curve (solid black line) of one randomly generated realization of the multi-thread Model_dem with 10 threads. The
red dash-dotted line represents the DEM derived from the observations
of the June 8, 2004 prominence. The blue dashed-line rectangle shows
the segment used to display the DEM curves in the following plots.

6. Calculation of synthetic DEM curves
To derive the synthetic DEM curve for 2D prominence finestructure models, we used a forward method described in
Paper I, which calculates the DEM values from the temperature
and electron density variations provided by the 2D models. To
achieve this, the temperature range is divided into a number of
equidistant temperature bins T i (where T i goes from T 0 to T tr )
with bin-width ΔT i for a given LOS. Since the temperature profile of 2D models in both single-thread and multi-thread configurations is not a monotonic function along any given LOS (see
Fig. 6), multiple regions with the same temperature along a given
LOS contribute to the DEM in the given temperature bin. For a
suﬃciently small temperature bin-width ΔT i , we then obtain the
following formula for DEM(T i )
DEM(T i ) =

n2e(i,m)
m

Δhi,m
,
ΔT i

(5)

where Δhi,m is the geometrical length of a LOS segment corresponding to the temperature bin T i , T i + ΔT i  of the region m,
and ne(i,m) represents the mean value of the electron density at
the LOS segment Δhi,m . We sum over all regions with the same
temperature T i along a given LOS (see also Frazin et al. 2005).
This method of forward DEM computation does not depend on
the choice of the temperature bin-width ΔT i as long as this is
suﬃciently small. It also does not suﬀer from the eﬀects of averaging the electron density over extended heterogeneous areas
(see Judge 2000) because we use the average values only over
small LOS segments Δhi,m .
For a specific LOS, the resulting synthetic DEM curve can
exhibit rather large variations depending on the local values of
the temperature and electron density along this LOS. However,
the observed DEM curves can be derived only for suﬃciently
large parts of the prominence, typically wider than ten thousand
km, because of the low signal-to-noise ratio of PCTR spectral
lines. This implies that the observed DEM should by averaged
over large fractions of the entire prominence. Moreover, the inversion techniques used to derive the DEM curves from the observed PCTR spectral lines inherently smooth out any large local
variations in the DEM. Hence, only the synthetic DEM curves
averaged over large portions of the 2D threads can be compared
with the DEM curves derived from the observations. To accurately describe the temperature distribution of the 2D model with
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its steep temperature gradients, it is important to derive the synthetic DEM for a large number of lines of sight (typically several thousands) spanning the given portion of the 2D model. The
geometrical distance between individual lines of sight should
be comparable to the smallest lengths Δhi,m of any given LOS
segment corresponding to the temperature bin T i , T i + ΔT i .
Thus, the derived averaged synthetic DEM curves are smooth
and without any large variations and can be easily compared with
the DEM curves derived from the observations.
6.1. Comparison of observed and synthetic DEM curves

In this study, we have derived the synthetic DEM for 2D multithread models with a LOS perpendicular to the magnetic field
lines. To analyze the synthetic DEM curves, we average the synthetic DEM over the whole length of the foremost thread of the
multi-thread models, which is diﬀerent for each model used. We
omit the analysis of the synthetic DEM curves obtained with a
LOS oriented along the field lines because the low-mass models
produce similar synthetic Lyman line profiles in both directions
(see Berlicki et al. 2011) and because we are unable to distinguish the LOS orientation owing to the lack of additional observational constraints, mainly for the Hα line profiles. Therefore,
we focus on the probability of the LOS orientation, which is parallel to the magnetic field lines, being significantly lower than
the across-the-field orientation, which is caused by the geometrical shape of the threads with lengths of several 10 000 km and
widths of only 1000 km.
As in our previous investigations, we considered here only
those parts of the PCTR that lie below 100 000 K, which is the
boundary temperature of our models. This temperature lies well
above the temperatures where hydrogen is fully ionised and all
Lyman lines are formed. The minimum temperature of all our
models amounts to 8000 K at the center of each thread. However,
the determination of the DEM from observations does not produce reliable results at such low temperatures. For this reason,
we compared the observed and synthetic DEM curves only in
the range between log T = 4.3 K (approximately 20 000 K) and
100 000 K.
Figure 7 shows the whole synthetic DEM curve (solid black
line) of a randomly generated realization of the multi-thread

S. Gunár et al.: Synthetic DEM curves of prominence fine structures. II.

Fig. 8. Synthetic DEM curves of the
Model_dem in multi-thread configuration
with 10 (left panel) and 15 threads (right
panel). Gray solid lines represent 100 random
realizations of the multi-thread model and the
black solid line gives the average of these 100
realizations. Red dash-dotted line represents
the observed DEM curve.

Fig. 9. Same as in Fig. 8 but here we plot
synthetic DEM curves for 10-thread realizations of the Model_dem_var1 on the left and
Model_dem_var2 on the right.

Model_dem with ten stochastically arranged threads in comparison with the DEM curve derived from the observations of the
8 June 2004 prominence (red dash-dotted line). The synthetic
DEM curve is averaged over the length of the foremost thread,
which for Model_dem equals 25 000 km. The x and y-axis in this
plot cover the same ranges as those in Paper I. The blue dashedline rectangle shows the segment used to display the DEM
curves in the following plots. Figure 8 shows a detailed comparison between the synthetic DEM curves of the Model_dem in the
multi-thread configuration with 10 (left panel) and 15 threads
(right panel), with the DEM curve derived from the observations drawn as red dash-dotted line. Gray solid lines indicate the
100 random realizations of the multi-thread model and the black
solid line the average of these 100 realizations. All synthetic
DEM curves represent the averaged DEM over the length of the
foremost thread of the given multi-thread configuration. We note
that a small dip in the synthetic DEM curves at about log T = 4.7
is an artefact of the numerical DEM derivation. The agreement
in the slope of the DEM curve between the observed and synthetic DEM is very good for all multi-thread realizations. The
absolute value of the DEM derived from the observations corresponds to a multi-thread model whose number of threads range
between 10 and 15. We also show, in Fig. 9, the synthetic DEM
curves of models Model_dem_var1 and Model_dem_var2, both

with ten threads in random multi-thread configurations. These
results are similar to those of the Model_dem, although the slope
of the DEM curves is slightly diﬀerent.

7. Discussion
This study is the first attempt to combine the prominence observations in Lyman, UV, and EUV PCTR lines with the determination of the prominence DEM using two diﬀerent techniques, one based on the inversion of the observed UV and EUV
lines and the other on the 2D non-LTE prominence fine-structure
modeling of the Lyman spectra. This combined approach allows
the investigation of the prominence temperature structure over
a wide range of temperatures ranging from cool prominence
core to a significant portion of the PCTR. The Lyman lines are
mainly sensitive to temperatures below 20 000 K, although the
Lyman-α and Lyman-β line centers are sensitive even to temperatures above 30 000 K, while their near and far wings are
optically thin and thus formed deeper inside the cool core of the
prominence fine structures with contributions from several fine
structures located along a given LOS (see the discussion about
contribution functions in Heinzel et al. 2005). However, the determination of the DEM from observations of the UV and EUV
PCTR lines is not so reliable below 20 000 K because of the
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higher optical thickness of these spectral lines. Moreover, the
derivation of the DEM from observed, optically thin lines leads
to the integration of all contributions along the given LOS and
thus the DEM itself does not allow any determination of the actual structure of the prominences. This is complicated by the low
intensities of most of the observed PCTR spectral lines and thus
by a need to average these intensities over large areas of the slit.
This makes a localized analysis of the prominence fine structure
using only the DEM curves diﬃcult and implies that the DEM
derived from observations represents the total contribution from
large portions of the prominences. The Lyman lines are optically
very thick, which allows the determination of the actual prominence fine structure and ensures that these two approaches are
complementary for studying the prominence temperature structure from the core to the PCTR.
Owing to the nature of the available set of observations, we
were unable to determine a unique 2D prominence fine-structure
model but rather a parametric-space area of input parameters
containing models that produce synthetic Lyman spectra in reasonable agreement with the observations. The values of these
input parameters correspond well to the characteristic quiescent
prominence values and lead to highly realistic prominence finestructure models. This can be complemented by the derivation
of the electron density for the June 8, 2004 prominence using
the line-ratio technique of the C iii 977 Å and 1174.9 Å lines
(Cirigliano et al. 2004; Parenti & Vial 2007), which gives a
value of electron density equal to 3.08 × 108 cm−3 at the C iii
formation temperature of about 70 000 K. This leads to a value
of the gas pressure at this temperature approximately equal to
0.006 dyn cm−2 , which corresponds to the ptr values of the selected models.
The synthetic DEM curves of the selected models (Figs. 8
and 9) are in very good agreement with the DEM curve derived
from observations. This, together with the good agreement between the synthetic and observed Lyman line profiles, implies
that the semi-empirical temperature structure used in these models given in Eqs. (3) and (4) could represent a good description of the actual temperature structure of the prominence studied in the present paper. Although this modelling enables us to
achieve a good agreement between the synthetic and observed
DEM curves for the prominence of June 8, 2004 and it does not
work so well for some of the other observed prominences. For
temperatures below 105 K, the observed DEM curves can be approximated by power laws with exponent n. For the June 8, 2004
prominence, we get n = −2.7 while for other published prominence DEM curves we get diﬀerent exponents; for the prominence of Cirigliano et al. (2004), we have n = −3.5 and for
that of Parenti & Vial (2007) n = −4.3. The reason for these
substantial diﬀerences is not yet understood, but it is clear that
the temperature profile of the PCTR may well diﬀer significantly
from prominence to prominence. We will study these diﬀerences
further in the future.
The multi-thread prominence fine-structure models used in
this study consist of identical threads without any mutual radiative interaction between them. However, the preliminary tests
of the mutual radiative interaction between individual threads
suggest that its eﬀect on the synthetic Lyman lines is only minor (see Heinzel et al. 2010). We also note that the individual
fine structures of the observed prominence will probably not be
strictly identical, although the strong diﬀerences between the
thread properties would lead, due to random shifts of individual threads of the multi-thread models, to alarge variation of the
synthetic Lyman line profiles along the length of the first thread,
presumably with an alternation of reversed and non-reversed
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line profiles. Such a large variation was not detected in the
SoHO/SUMER observations.

8. Conclusions
In this investigation, we have first used a trial-and-error method
to derive the 2D prominence fine structure model with good
agreement with the observed Lyman spectra of the June 8, 2004
prominence. We have been unable to determine a unique model
but, due to the nature of the available set of observations, we
have specified a range of the input parameters, which contains
models producing synthetic Lyman spectra in reasonable agreement with the observations, and we have selected three representative models. We have then employed a numerical method
for the forward determination of the synthetic DEM developed
by Gunár et al. (2011) and derived synthetic DEM curves of
the multi-thread realizations of selected models. These synthetic
DEM curves are in good agreement with the DEM curve derived
by the inversion of the observed UV and EUV PCTR lines of
the June 8, 2004 prominence, which implies that the temperature and the electron-density structures of our 2D prominence
fine-structure models could be a good representation of the actual temperature and electron-density structures of the observed
prominence. These results show that the evaluation of the prominence DEM is complementary to the analysis of the prominence
hydrogen Lyman spectra and that such a combined approach
provides a useful tool for the investigation of the prominence
temperature structure from the cool core to the PCTR.

Acknowledgements. S.G. acknowledges the support from grant 250/09/P554 of
the Grant Agency of the Czech Republic. P.H. acknowledges the support from
grant 205/09/1705 and 209/10/1706 of the Grant Agency of the Czech Republic.
S.G. and P.H. acknowledge the support from the MPA Garching; U.A. thanks
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