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ABSTRACT

Context. A solar prominence and the quiet-Sun (QS) were observed with SOHO/SUMER in October 1999. With this dataset we
built the first comprehensive UV spectral atlas in the range 800–1250 Å for a prominence, thus complementing the existing reference
atlases for the QS.
Aims. This is a detailed study based on the information in this atlas, with the aim of deriving the plasma parameters in two distinct
regions. The large amount of information available allows us to establish these parameters with lower uncertainty than in previous
studies, leading to reference values for theoretical investigations.
Methods. The measured lines’ FWHM were used to derive the distribution of the non-thermal velocities at various temperatures. The
lines intensities were used to derive the electron densities at temperatures of 7 × 104 K and the differential emission measure.
Results. The comparison with the QS shows lower velocities in the prominence for temperature T with log T < 5.4. The velocities
derived in the highest part of the prominence show a lower gradient with the temperature. The value obtained for the electron density
indicates a low pressure prominence. We conclude with a discussion of the energy budget in the prominence.
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1. Introduction

Solar prominences consist of a dense and cold cloud of partially-
ionized plasma embedded in the hot corona and supported by
the magnetic field (Tandberg-Hanssen 1995; Patsourakos & Vial
2000).

The particular environment of prominences involves com-
plex physical processes that complicate their understanding.
Several thermodynamic properties are still only partially known
(Patsourakos & Vial 2000), especially the interface region with
the corona (the prominence corona transition region, PCTR),
which is an important source of information on the processes
at work.

With the use of the high-resolution SUMER spectrome-
ter onboard SOHO, Parenti et al. (2005b) (hereafter Paper I)
have built a prominence spectral atlas in the wavelength range
800–1250 Å. This work also includes a quiet Sun (QS) atlas
in the same wavelength range that complements the previous
QS atlases (Feldman et al. 1997; Curdt et al. 2001, 2004). A
particular goal of our work is to describe of the full line pro-
files in terms of position, full width half maximum (FWHM)
and radiance. These spectroscopic properties are essential for the
understanding of the environment of the object observed. They
provide information on fundamental plasma conditions such as
density, temperature, and the dynamic. This extends earlier work
(Parenti et al. 2005a) where we studied the H i Ly-continuum.

In the present paper we analyze the profiles of the lines listed
in Paper I and provide quantitative results for plasma parame-
ters. Here we focus on the plasma non-thermal velocities (NTV,

� Table 1 is only available in electronic form at
http://www.aanda.org

Sect. 3), the differential emission measure (DEM, Sect. 4) and
the electron density (Sect. 5). Energetic considerations follow in
Sect. 6 and conclusions in Sect. 7.

2. The data

The data used to build the atlas were obtained on 8 October 1999
with SUMER, observing a quiescent prominence and a refer-
ence QS area the day after. The observations were made with
the 0.3′′ × 120′′ slit and detector A. This provided data with res-
olution elements of 1′′ (spatial) and 45 mÅ/pixel (spectral, at
800 Å). The wavelength range was covered by a sequence of ex-
posures, each covering about 42 Å. The wavelength range used
here was covered in about three hours. This introduces possi-
ble temporal changes in the spectra, as we showed in Paper I.
The prominence appeared filamented in the emission of H i Lyβ
and showed important intensity differences from region to re-
gion (see Fig. 1 in Parenti et al. 2004). For this reason we con-
structed the atlas of prominence for two sections of the structure,
named A_1 and A_2. In the case of the QS, we constructed the
atlas from the spectra averaged over the entire slit. Details on the
observations are given in Parenti et al. (2004). The atlas provides
radiance, position, and FWHM for about 440 lines in the promi-
nence and about 550 lines in the QS, covering the temperature
range of 104−2.5 × 106 K.

3. Non-thermal velocities

We derived the non-thermal velocities using the FWHM mea-
sured in the three datasets (A_1, A_2, and QS) of the spectral
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atlas. The lines chosen for this analysis were carefully selected
in the following way. Given the large amount of data, most ions
emitting at low temperature are represented in the atlas by sev-
eral lines. This allowed us to make a selection of only those lines
that were most isolated and intense to reduce the line-width un-
certainty. After the line selection, several ions are represented by
more than one line and we decided not to consider the averaged
parameters. In such a way we can show the range of variabil-
ity found for the given ion’s velocity due, for example, to the
possible temporal variation in the data.

The line profile parameters were measured assuming a
Gaussian shape and using a multi-fitting procedure. This as-
sumption is correct for optically thin lines, and it is valid for
most of the lines used for this analysis. For those lines that may
be affected by absorption, the width measured with this method
will be overestimated. As a result, the associated NTV value
will be higher than the real one. However, for prominences, one
can anticipate lower or very low opacities in most spectra lines
recorded with SUMER. This is mainly due to the faint emis-
sion of the prominence (the QS-to-prominence emission ratio
can be about 10, leading to a similar ratio for the absorption
coefficients). This means that optically thick lines in the QS be-
come thin in prominences. We discuss this point in more detail
in the next section.

The measured FWHM were corrected for the instrumental
width using the standard SUMER software available on the SSW
(CON_WIDTH_3). From these corrected widths (FWHMc) we
obtained the NTV (ξ) using

FWHMc =
λ

c
2

√
(ln 2)

(
2kT
M
+ ξ2

)
(1)

where for T we used the maximum fractional ionization temper-
ature of the ion.

Table 1 lists the lines chosen for the analysis. The first eight
columns give the logarithm of the formation temperature of the
line (log T ), the derived NTV for the QS (ξQS), and the promi-
nence sections (ξA_1 and ξA_2), together with their uncertain-
ties (∆ξ), which were evaluated through the error propagation of
Eq. (1) and using the uncertainties obtained by the fitting proce-
dure of our spectra.

The values for the formation temperature listed in the table
were taken from Chae et al. (1998, hereafter CSL) for the neu-
trals and CHIANTI v. 4.2 for the others (Young et al. 2003).
This was to avoid complications when comparing our results
with previous ones. However, in the case of neutrals, the coronal
approximation is not an accurate hypothesis (e.g. Baudin et al.
2007) for a non-LTE analysis in the case of the QS). For this rea-
son the assumed temperatures for neutrals are only indicative.

There are some differences in the choice of the sets of lines
for the three regions, because of the change in intensity and
width of the same line when moving from the QS to prominence.
Some lines become faint or disappear in the prominence (which
increases the uncertainty in the line profile measurement). On
the contrary, some blended lines that could be not used for the
QS are entirely free of blends in the prominence.

Figure 1 shows the non-thermal velocity derived for the QS
(top) and the prominence (middle and bottom) as a function of
the maximum formation temperature of the ion. In the left plots,
we distinguished the neutrals from ionized species. In the right
column of Fig. 1 we show the same plots but with each ele-
ment identified by a different symbol. In the QS the variation
of the velocity with temperature is similar to what was previ-
ously found for this region (see for example CSL): the motions

increase with temperature, reaching a maximum in the transi-
tion region (at about log T = 5.4). Then it decreases again at
coronal temperatures. Some differences between QS and promi-
nences are noticeable. We discuss them in more detail in the next
sections.

3.1. Neutrals and singly-ionized ions

To determine the turbulent velocity of chromospheric lines, such
as singly-ionized or low-ionized species, is quite a difficult task,
particularly in the QS. Several of these lines were found to be
optically thick on the Sun. However we expect to find most of
them optically thin in the prominence plasma, as the low inten-
sity (as compared to the QS) indicates.

For all temperatures lower than log T = 5.4, the promi-
nence NTV is lower than those derived for the QS (Fig. 1). In
prominence A_1 the velocity steadily increases with temper-
ature. In contrast, the velocity stays almost unchanged in the
range 4.5 < log T < 5.4 in prominence A_2.

The NTV-measurements of S i, Si ii, and Fe ii in the QS
were previously made by CSL using the SUMER spectra. They
found these lines broader than other optically thin lines emit-
ted at similar temperatures, deducing that they are optically
thick. However, with SUMER prominence data, Stellmacher
et al. (2003) find those lines larger than in previous measure-
ments (Mariska et al. 1979) made with the NRL spectrograph
on Skylab. They attribute this effect to the underestimated in-
strumental profile of SUMER. Our measurements are somewhat
intermediate between these previous results. The widths we mea-
sure in our prominence are larger than those found by Mariska
et al. (1979) but narrower than that found by Stellmacher et al.
(2003).

CSL have shown the doublet O i 1040.9, 1041.7 Å to be op-
tically thick in the QS. Their line ratio was 1.12 as opposed to
the value 2 that would be expected for optically thin lines. In our
case the ratio is 1.12, so very similar to the CSL value. We can
expect that here also we are in optically thick conditions (opaci-
ties of 4 and 2, respectively). Because the other O i lines used for
the analysis show similar widths, we deduce that they are also af-
fected by absorption. Our velocity values are consistent with the
measurements of de Boer et al. (1998), who also noticed some
absorption. In the prominence, the ratio O i 1040.9, 1041.7 Å is
about 1.9, so we exclude opacity effects.

All velocities derived from the most intense N i lines are con-
sistent. In the QS they are slightly lower than those from the O i.
However, we may expect the lines to be optically thick. Only the
faint line at 953.6 Å, which is visible in the QS, is extremely
narrow. In the prominence all of the N i lines are narrower than
in the QS.

We tried to use the doublet S ii 1250.5, 1253.8 Å to check for
opacity effects at this temperature. The measured ratio is 2.35 in
the QS. However, the faintest line (1250.5 Å) is blended and no
definitive conclusion can be derived here. Our S ii 1253.8 Å line
in the QS gives a non-thermal velocity of about 17 km s−1 (which
also corresponds to the average value for all the S ii lines used
here). This value agree very well with that reported by CSL.
Kjeldseth Moe & Nicolas (1977) found a higher value observ-
ing near the limb with Skylab/ATM. The largest width is found
in the faint 996 Å line, where we also expect a large uncertainty.

The C ii doublet 1037, 1036.3 Å was found to be thick in
the QS (CSL). In our case the line ratio is 1.21, which con-
firms the results of these authors. We found the same line ratio in
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Fig. 1. Non-thermal velocities as function of the ion formation temperature for the QS (top row) and prominence sections A_1 and A_2 (middle
and bottom rows). In the left column we distinguish the lines from ionized species (open circle) and from neutrals (stars). We also indicate the
respective error bars. In the right column we identified the lines from the same element.

the prominence, indicating that here such lines are also optically
thick.

Several isolated lines from allowed transitions are also visi-
ble lying on top of the H i Ly-continuum. Such lines have widths
comparable to those of the C ii doublet 1037, 1036.3 Å. We be-
lieve they also are optically thick. The narrowest line from this
ion in the QS was measured at 1092.726 Å. Its width gives a
non-thermal velocity of 17 km s−1 that is almost 10 km s−1 less
than for the doublet. The former value is consistent with the

velocity found by CSL at this temperature, after their correc-
tion for opacity. This can be an indication that this faint line is
thin. In the prominence we could only use the lines from the
C ii 1037, 1036.3 Å doublet. They show a reduced velocity of
about 10 km s−1 at log T ≤ 4.37. The brightest line (1085.7 Å)
of the N ii multiplet at 1085 Å is blended and cannot be used.
The doublet at 1084 Å again gives a difference of about 8 km s−1

between QS and prominence.
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Our O ii lines all fall on top of the H i Ly-continuum. The
widths we found are the same as those measured by Doschek
(2002) in the QS with SUMER, where opacity effects were ob-
served. An important reduction of the width (equivalent to more
than 10 km s−1) is observed in the prominence spectrum. In the
present analysis we excluded the He lines because they are heav-
ily affected by absorption.

3.2. Lines from higher ionization stages

At about log T = 4.7 the velocities from Si iii and S iii are in
excellent agreement in the QS and in prominence A_1. In both
prominence datasets, the S iii lines vary only a little, while the
Si iii line narrows significantly in region A_2. Our results for
S iii in A_2 confirm the value derived by Mariska et al. (1979)
for the same line. A possible explanation for the different behav-
iors of these two ions is the temporal variation. In fact, the ex-
posures including these lines were taken about 50 minutes apart.
Unfortunately we could not further investigate such a behavior
because the other lines from these ions are too faint or blended.

In the QS the C iii multiplet at around 1175 Å cannot be
used here because the lines are all blended. This is not the case
for the prominence data where the results are all in excellent
agreement. The velocity found in the QS can be an upper limit.
In fact Peter (2002) found a broader second velocity component
in lines from the same ion. This effect was also found in other
measurements of bright Si iv lines, which are formed at a similar
transition region temperature (Kjeldseth Moe & Nicolas 1977;
Dere & Mason 1993; Chae et al. 1998).

Much more variability is shown by the Si iv lines. In the QS
the line at 1066.6 Å is narrower and more intense than the line at
818.1 Å, which may be affected by the H i Ly-continuum absorp-
tion. However the velocity for the latter looks consistent with the
results of the other lines that are formed at a similar temperature.
For this ion, CSL found velocities in the QS that are in between
our values. In the prominence data we could also select the line
at 1128.4 Å, which is blended in the QS. Its width is still consis-
tent with other lines formed at a similar temperature. However,
the line at 1066.6 Å is systematically narrowed.

The O iii lines at short wavelengths all give a NTV value
of about 30 km s−1 in the QS. They are on top of the
H i Ly-continuum and absorption effects may be present. In
Fig. 1 we only plotted the 833.742 Å line (also the 835.292 Å in
A_2), because it is the most isolated and also the one with the
smallest uncertainty. In the prominence, lower NTV values were
obtained, even if they are still among the highest ones at this TR
temperature. Some absorption may be still present.

Fe iii lines are scarcely studied lines, and we do not have
much information on their behavior. Here from the comparison
with the velocities from other ions at a similar temperature, we
deduce that these lines are thick in the QS.

The S iv lines form at about 105 K. At such a temperature
CSL showed a lower velocity in the QS compared to our data,
while Dere & Mason (1993) found rather comparable values.
The S iv lines measured in the prominence also show differ-
ences in their NTV. The line at 1062.7 Å is quite close to a faint
Fe III line at 1062.27 Å. This is very visible, but not completely
resolved in the QS. Recently, Curdt et al. (2004) identified the
coronal emission at 1062.4 Å as arising from an Fe VIII line.
This line is not resolved in our QS spectra, but it is visible as
a very faint line in the wing of the S iv in the farthest part of
the prominence, probably as coronal contribution. This fact can
explain the difference in the widths between the two S iv lines

observed in the prominence spectra. We did not have other avail-
able lines for this ion. Stellmacher et al. (2003), for example
could observe the 944.5 Å line that, in our case, is blended with
the bright Siviii at 944.64 Å.

In the temperature range 4.9 < log T < 5.4, NTV values
remain almost constant or decrease with temperature in all
datasets. We do not observe large variations in the three datasets.
The Svi emission shows slightly higher NTV values with re-
spect to Nv, even if they have a similar formation temperature.
This behavior has already been noticed by Stellmacher et al.
(2003), even if these authors did not separate the thermal from
the turbulent component. The velocities we derive from Nv and
Svi lines in the QS confirm the values found by CSL. The ve-
locity derived for the Ovi line in the prominence is consistent
with the results reported by Vial et al. (1980).

The intense H i Lyα wing in the QS and A_1 spectra aggra-
vates the uncertainty of the Ov FWHM. At coronal temperatures
there are few lines available for the analysis. Their general be-
havior shows little change in the three datasets. This shows that
the corona along the line of sight is not much affected by the
prominence much.

Figure 1 compares the NTV of different ions. At a given tem-
perature the observed differences may, besides the opacity effect
already discussed, be caused by the uncertainty of the assumed
ion temperature and even possible abundance variations. In the
prominence at the low TR temperature we find quite a good
agreement of the C , N , Si , and S ions, while O and Fe ions
show greater deviations.

4. The differential emission measure
and the radiative losses

The DEM gives information on the plasma temperature distribu-
tion. Along the line of sight (h), the DEM is defined by:

DEM(T) = N2
e

(
dT
dh

)−1

(2)

where Ne is electron density integrated along h at a given tem-
perature (T ). This quantity is linked to a line intensity (I) for an
optically thin line through:

I =
∫ ∞

0
A(X) G(T ) DEM(T ) dT

[
erg cm−2 s−1 sr−1

]
(3)

where G(T ) is the contribution function that only depends on
the temperature for the lines from allowed transitions, and A(X)
is the abundance of the element with respect to hydrogen. The
DEM(T ) can be derived applying an inversion technique (avail-
able in the CHIANTI software, Young et al. 2003) to Eq. (3)
for a set of observed line intensities. With the large number of
lines available in our atlas we may constrain the solution over a
wide range of temperatures (last three columns of Table 1). For
this calculation we applied the ionization balance of Mazzotta
et al. (1998) and assumed photospheric abundances and a con-
stant pressure (in terms of NeT ) of 1014 cm−3 K and 1015 cm−3 K
for the prominence and QS respectively. Figure 2 shows the re-
sults for the QS (top) and the prominence (A_1 in the middle
and A_2 in the bottom panels). The error bar on the data points
plotted in Fig. 2 is the uncertainty of the radiance that results
from the line-fitting procedure.

We only chose intense lines with small uncertainty and inten-
tionally left out neutrals, because they are probably affected by
opacity absorption. For the same reason we also excluded those
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Fig. 2. Differential emission measure for the QS (top) and prominence
sections (A_1 middle and A_2 bottom). The symbols are the data points,
the solid curve is the best fit. The dashed line is the QS DEM from the
CHIANTI database assuming photospheric abundances.

lines that lie in the H i Ly-continuum. As a result of these crite-
ria, the line list for this analysis is slightly different from what is
used for the derivation of non-thermal motions.

The QS DEM derived from our data is consistent with the
values found in the CHIANTI database (top plot of Fig. 2). There
may be an underestimation of this parameter at chromospheric
temperatures due to absorption effects that we found on our data

(see Sect. 3.1). Beside this, we decided to use all the lines avail-
able from ionized species to give an estimate of the DEM, even
at the lowest temperatures.

As expected, the DEM of the QS is higher at all tempera-
tures up to 8 × 105 K. In particular, between 3 × 104 and 105 K
the prominence emission measure is less than the QS emission
by a factor 2.5–10. At 1 MK, the coronal emission of the promi-
nence plasma becomes more important than in the QS. This is
mostly due to the background and foreground emission of the
hot plasma that surrounds the cooler prominence. We did not
have background coronal data available in the region surround-
ing the prominence to remove such a contribution from our data.
The minimum in the DEM is found at a lower temperature for
the prominence (∼105 K) than for the QS, confirming previous
measurements (Engvold 1989; Wiik et al. 1993; Cirigliano et al.
2004) and a theoretical calculation (Chiuderi & Chiuderi Drago
1991).

The DEM for A_2 does not differ much from that of A_1. We
find that some lines behave differently than others at a similar
temperature. This was observed in all datasets. These problem-
atic lines belong to the Li and Na isoelectronic groups. Previous
studies report similar anomalies (Del Zanna et al. 2002). The in-
consistencies may be attributed either to atomic data problems or
incomplete physics used to describe the plasma environment. We
tested the calculation of the DEM using both photospheric and
coronal abundances. We found that these discrepancies could not
be resolved by varying the abundances. We conclude that they
can be attributed either to the temporal variation of the observed
plasma (we already discussed this point), or to problems in the
atomic physics used.

The DEMs derived in this work are used to estimate the ra-
diative loss rate in our regions through

L =
∫ ∞

0
DEM(T ) Γ(T ) dT (4)

where Γ(T ) is the loss function in ergs cm−3 s−1. For the promi-
nence, the integral over the temperature range 104−3.16× 106 K
(the temperature region constrained by our data) yields 3 ×
106 erg cm−2 s−1. To understand the energy balance in the promi-
nence, it is useful to calculate the radiative loss for all plasmas
hotter than a given temperature (T ):

L(T ) =
∫ ∞

T
T ′ DEM(T ′) Γ(T ′) dT ′. (5)

To determine Γ(T ) we used the CHIANTI database, assuming
the ionization ratios of Mazzotta et al. (1998) and photospheric
abundances. There is an large difference in the radiative loss
function depending on the parameter used for the calculation
(Landi et al. 1999), in particular the abundance adopted.

The integrated flux of energy (L) due to radiative losses de-
duced for the QS and the prominence are derived using Eq. (6)
and plotted in Fig. 3. For temperatures higher than 105 K, the
QS flux is ≤1.7 × 105 erg cm−2 s−1, which is close to the value
found by Athay & White (1978) and Withbroe & Noyes (1977).
These values are slightly lower than the ones found by Dere &
Mason (1993). At such temperatures the integrated loss rate of
the QS and prominence are comparable. This is due to the strong
contribution of the off-limb coronal emission with respect to the
on-disk emission at similar temperatures. In prominence sec-
tions A_1 and A_2 we derived similar integrated losses.



1114 S. Parenti and J.-C. Vial: Prominence and quiet-Sun plasma parameters

Fig. 3. Integrated radiative loss rates for the QS (dash-dotted) and the
prominence (A_1 dashed and A_2 solid).

5. Electron density

The electron density was derived using the line-ratio tech-
nique applied to C iii 977 Å and 1174.9 Å lines (Mason
& Monsignori Fossi 1994; Cirigliano et al. 2004). In promi-
nence A_1 we obtained Ne = 5.75 × 108 cm−3 (p = 1.12 ×
10−2 dyne cm−2 at T = 7 × 104 K) and in section A_2 Ne =
3.6 × 109 cm−3 (p = 7 × 10−2 dyne cm−2), respectively. The
corresponding pressures agrees with the low-pressure models of
Heasley & Milkey (1978) and Heinzel & Anzer (2001).

There is a large difference in the density of the two promi-
nence sections. This reflects the change in observed spectra, as
has already been noticed in Paper I. In this particular case we
see that while in A_2 the 1174.9 Å line is more intense than in
A_1, this is not the case for the 997 Å line. This could be either a
temporal effect due to the time delay between the exposures (we
recall that each exposure covers 40 Å in the spectrum) or a real
inhomogeneity of the prominence.

6. Implications for the energy budget

The quantities derived in the previous sections can be interpreted
in terms of energy budgets for the prominence. Let us assume
that the NTV are the signature of wave propagation. In Fig. 4
we compare the radiative losses in the prominence to the en-
ergy fluxes carried by Alfvén and sound waves. In the case of
Alfvén waves, the energy flux density along the magnetic field
is given by

FA = ρ ξ
2 VA (6)

where we have interpreted the measured non-thermal velocity
as the averaged value of the transverse wave propagation veloc-
ity along the line of sight, and VA is the Alfvén speed given by√

(B/4πρ). The non-thermal velocities used in Eq. (6) were ob-
tained by fitting our data (Fig. 1) with a third-degree polynomial,
while ρ was derived from the densities calculated in the previous
section.

Alfvén speeds of 290 km s−1 in A_1 and 115 km s−1 in A_2
were obtained assuming a field of 10 G. For the sound-wave
energy flux, we replaced VA by CS. Figure 4 shows that in A_1
such waves are not efficient enough for transporting the energy
needed to compensate for the radiative losses. In contrast, for
the A_2 area, the Alfvén wave flux is sufficient for temperatures

Fig. 4. Integrated energy losses for the prominence (solid) as function
of temperature compared to the energy flux carried by Alfvén waves
(dashed) and sound waves (dot-dashed). The top plot refers to A_1, the
bottom plot to A_2.

higher than 7×104 K and the sound wave flux becomes important
for temperatures higher than 2 × 105 K.

7. Summary and conclusions

Using our UV spectral atlas we have derived reference values for
the non-thermal velocities in a prominence and QS as function of
the temperature. A few studies in these regions have shown that
a correlation may exist between the line intensity and its width
(e.g. Dere & Mason 1993; Jordan 1994; de Boer et al. 1998;
Wiik et al. 1999).

The prominence shows smaller NTV motions with respect
to the quiet Sun, particularly for temperatures of the lower tran-
sition region. Mariska et al. (1979) and Cirigliano et al. (2004)
have already found a difference in the temperature gradients in
the prominence-corona interface and the chromosphere-corona
interface. Our results confirm this trend. However, Wiik et al.
(1993) also noticed how such a gradient may change with the
activity level of the prominence. In particular, several observa-
tions showed an increase of the NTV towards the peripheral re-
gions (Mouradian & Leroy 1977; de Boer et al. 1998). This does
not seem to being the case in our prominence, in agreement with
the results of Mariska et al. (1979) and Vial et al. (1979). In
our case, the two analyzed regions show a similar trend up to
log T = 4.7, where the A_2 velocity profile seems to flatten,
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up to log T = 5.3. This different trend in temperature, observed
by Wiik et al. (1993) and Stellmacher et al. (2003), was also
observed in the line intensity. Wiik et al. (1993) attributes such
behavior to a different distribution of the cooler and hotter transi-
tion region plasmas. However, the impossibility of resolving the
prominence threads imposes ambiguities in the interpretation on
their fine structure.

We derived the DEM in the QS and a prominence. Compared
to previous calculations, this work can rely on a large number
of observed lines whose formation temperature spans the range
4.13 < log T < 6.37. This imposes stronger constraints on the
inversion problem.

The DEM profile derived for the prominence shows a tem-
perature minimum at about log T = 5.1. This is lower than
previous measurements (Cirigliano et al. 2004; Kucera & Landi
2006) and lower than what is observed in the QS. We also es-
timated that the emission of the PCTR is 2.5−10 times less
than the chromosphere corona transition region. Chiuderi &
Chiuderi Drago (1991) showed how the PCTR thickness differs
with the angle between the magnetic field direction and the tem-
perature gradient. In particular, they claim a thinner PCTR when
the angle approaches 90◦. Actually, the PCTR thickness may
well vary continuously according to its orientation with respect
to the field lines, as shown by Heinzel et al. (2005). To estab-
lish the DEM profile with small uncertainties, it is essential to
verifying these theoretical results.

However, a residual uncertainty in our DEM estimate arises
from the assumption that we are dealing with an optically thin
plasma. For temperatures lower than ∼2×104 K, we have shown
that it is not often the case. The opacity effect results in de-
creasing radiative losses at such temperatures, with respect to
the thin case as shown by Kuin & Poland (1991). This means
that our DEM may be overestimated at chromospheric tempera-
tures (Kuin & Poland 1991).

In this work we also neglect the possible contribution of ra-
diative excitation processes in the formation of prominence lines
(Zirin 1956). We checked this on the O VI doublet and found
that the collisional contribution to the line intensities is at least
six times that of the radiative one with the density and dilution
factor values found for our prominence (Parenti et al. 2005a).
These electron density values lead to relatively low pressures, in
agreement with values derived from radiative transfer modeling
(e.g. 0.03 dyne cm−2 in Heinzel et al. 2005).

The results presented here were used to calculate the inte-
grated radiative losses and wave energy flux for the energy bud-
get in the prominences. Anzer & Heinzel (1999), using different
models, investigated the energy balance in prominence plasmas
by studying the detailed requirements of their inner and outer
parts. However, they did not give details on the heating mecha-
nisms. In a later work, Anzer & Heinzel (2000) investigated the
possible role of steady mass inflow. They found that this mech-
anism can be sufficient for thin (<1000 km) and relatively cold
prominences (Tc ∼ 8000 K) to balance the radiative losses. Our
prominence may belong to this category (Parenti et al. 2005a).
We also investigated the role of wave energy flux in the energy
budget. We tested the energy flux transported by Alfvén and
sound waves and found that they may partially contribute to the
prominence energy budget. In the QS, Dere & Mason (1993)

and CSL found the Alfvén waves to be abundant enough to com-
pensate for the radiative losses for log T > 4.4. Our results seem
to indicate that this happens at higher temperatures in the promi-
nence. However, if we overestimated the DEM, such waves can
already be efficient enough at lower temperatures.
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Table 1. Non-thermal velocities (ξ) in km s−1 and their uncertainties ∆ξ for the QS and prominence data. The last three columns list the lines used
for the DEM analysis.

Line log T ξQS ∆ξQS ξA_1 ∆ξA_1 ξA_2 ∆ξA_2 DEMQS DEMA_1 DEMA_2

S i 1049.83 4.05 8.0 5.4
S i 1181.59 4.05 14.1 2.6
Fe ii 1059.564 4.12 18.4 2.8
Fe ii 1183.829 4.12 18.4 4.5
Fe ii 1187.417 4.12 11.8 7.2
Si ii 1190.4156 4.13 23.4 2.5 10.1 2.1 13.0 1.8

√ √ √
Si ii 1193.291 4.13

√ √ √
Si ii 1194.501 4.13

√
Si ii 1197.395 4.13 9.5 1.8 10.8 1.5

√ √ √
Si ii 1251.164 4.13 14.6 2.4
C i 1105.7321 4.16 11.3 7.6
C i 1244.535 4.16 8.4 2.4
C i 1245.943 4.16 11.2 2.3
C i 1246.8621 4.16 14.1 3.5
C i 1249.405 4.16 12.8 3.0 13.9 4.0
O i 990.801 4.18 21.3 1.2 19.7 1.8
O i 1039.2303 4.18 16.3 2.3 15.6 2.9
O i 1040.9425 4.18 18.7 3.5 13.4 1.5 9.0 1.2
O i 1041.6876 4.18 17.2 3.8 22.1 2.0 12.8 3.0
O i 1152.151 4.18 17.2 0.5 9.5 0.5 11.2 0.6
N i 953.6548 4.21 11.6 4.0
N i 1134.4147 4.21 17.8 2.4 12.6 2.5 11.3 1.7
N i 1134.9801 4.21 15.9 3.5 10.4 2.0 11.0 0.8
N i 1199.552 4.21 9.6 1.6 11.8 1.0
N i 1200.2260 4.21 18.0 1.5 9.7 1.6 8.6 1.1
S ii 937.422 4.25

√
S ii 996.0 4.25 21.4 2.7

√
S ii 1000.488 4.25

√ √
S ii 1014.42 4.25 19.6 3.5

√ √
S ii 1102.362 4.25

√ √
S ii 1131.65 4.25 12.5 2.1

√
S ii 1253.79 4.25 16.7 1.4 10.7 3.2 11.7 2.7

√ √
S ii 1259.521 4.25

√
C ii 858.0918 4.37 26.3 5.7
C ii 858.559 4.37 30.2 3.9
C ii 903.6235 4.37 26.7 4.1
C ii 1009.860 4.37

√
C ii 1010.373 4.37

√
C ii 1036.3367 4.37 27.4 0.6 18.1 1.8 16.9 1.5

√ √ √
C ii 1037.0182 4.37 28.6 0.6 17.8 1.5 16.6 1.2

√ √ √
C ii 1092.726 4.37 17.1 1.4
N ii 916.703 4.38

√ √
N ii 1083.99 4.38 23.0 2.3 15.7 1.7 15.9 1.7

√ √ √
N ii 1084.58 4.38 25.2 1.1 17.1 0.9 15.7 0.9

√ √
N ii 1085.703 4.38

√ √ √
Fe iii 983.909 4.42 31.6 2.7
Fe iii 995.151 4.42 13.4 4.9
Fe iii 997.431 4.42 12.2 5.5
Fe iii 1063.309 4.42 15.9 5.4
Fe iii 1124.8831 4.42 30.2 2.4 17.3 2.4
Fe iii 1131.9139 4.42 30.0 5.3
O ii 833.332 4.47 29.9 1.1 11.9 2.4 14.7 2.7
O ii 834.462 4.47 30.1 0.7 19.2 1.7
S iii 1015.498 4.66

√ √
S iii 1015.6 4.66

√ √
S iii 1021.323 4.66

√ √ √
S iii 1077.13 4.66 28.4 1.7 16.1 2.3 18.9 3.4

√ √ √
S iii 1194.049 4.66

√
S iii 1200.961 4.66

√ √ √
Si iii 997.389 4.67

√
Si iii 1109.972 4.67

√ √
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Table 1. continued.

Line log T ξQS ∆ξQS ξA_1 ∆ξA_1 ξA_2 ∆ξA_2 DEMQS DEMA_1 DEMA_2

Si iii 1113.232 4.67
√

Si iii 1206.502 4.67 28.6 0.5 15.2 0.8 10.1 0.3
√ √

C iii 977.02 4.85 25.6 0.6 16.1 0.4 14.9 0.4
√ √ √

C iii 1174.933 4.85 11.9 2.3
√ √ √

C iii 1175.25 4.85 16.5 2.4 15.4 2.7
√ √

C iii 1175.713 4.85
√ √ √

C iii 1175.97 4.85 16.8 3.2 14.0 3.1
C iii 1176.37 4.85 17.4 2.3 15.6 2.1

√ √
C iii 1247.385 4.85

√
Si iv 818.1290 4.87 27.2 4.1
Si iv 1066.629 4.87 18.1 2.7 7.0 2.3 12.5 4.4

√
Si iv 1128.37 4.87 17.5 1.4 16.1 1.4

√ √
N iii 989.79 4.88 27.0 0.6 20.8 0.7 24.0 0.6

√ √ √
N iii 991.571 4.88 26.9 0.3 20.0 0.3 20.0 0.33

√ √ √
O iii 525.808 4.93

√ √ √
O iii 833.742 4.93 30.8 0.7 23.4 4.6 11.2 5.1
O iii 835.292 4.93 19.0 2.8
S iv 1062.671 4.99 32.4 3.4 26.3 3.2 17.8 2.1

√ √ √
S iv 1072.99 4.99 31.3 3.1 15.4 4.0 12.4 1.3

√ √ √
S iv 1073.520 4.99

√ √ √
S iv 1099.482 4.99

√ √
N iv 924.286 5.18

√
N iv 955.336 5.18

√ √
Nv 1238.821 5.27 24.7 2.2 19.7 0.9 15.3 0.7

√ √ √
Nv 1242.806 5.27 24.4 1.7 20.2 1.8 15.2 1.35

√ √ √
Svi 933.38 5.30 26.4 1.7 23.1 1.7 20.4 1.8

√ √
Svi 944.524 5.30

√
Ov 1218.39 5.37 13.7 3.7

√ √ √
Arvi 1000.20 5.46 28.4 3.2 28.1 7.4
Nev 1136.508 5.46

√
Nev 1145.60 5.47 12.1 3.0

√ √ √
Nev/2 572.350 5.47 28.9 4.7

√ √ √
Ovi 1031.924 5.48 34.9 0.3 32.1 0.3 32.3 0.33

√ √ √
Ovi 1037.614 5.48 33.0 0.3 30.3 0.3 31.7 0.3

√ √ √
Sivi 1148.63 5.54 27.5 4.4
Nevi 999.182 5.61

√ √
Nevi 1005.81 5.61 27.5 5.0 25.0 2.6

√ √
Nevii 895.179 5.71 32.2 2.4
Nevii 561.728 5.71

√ √
Mg vi 1190.124 5.68

√
Mg vi 1191.670 5.68

√ √
Mg vii 1189.841 5.71

√
Sivii 1049.199 5.75

√ √
Alvii 1053.998 5.79

√
Alviii 1057.890 5.94

√
Cax/2 557.765 5.9 23.6 4.6

√
Siviii 983.576 5.92

√ √
Siviii 944.467 5.92 29.0 6.8

√ √
Siviii 994.581 5.92

√
Siviii 1182.455 5.92

√
Siviii 1183.995 5.92

√
Fex 1028.03 6.0 25.3 1.4
Mg x/2 609.794 6.06

√
Mg x/2 624.943 6.06 29.6 2.6 22.9 3.0 24.3 3.7

√ √ √
Fexii 1242.03 6.13 20.0 5.5 22.6 2.6 24.3 2.2

√ √ √
Sx 1196.25 6.15 22.2 4.7 15.3 10.7

√ √
Alxi/2 550.032 6.28

√ √ √
Alxi/2 568.122 6.28

√ √
Sixii/2 499.407 6.28

√
Sixii/2 520.666 6.28

√ √ √
Arxii 1018.726 6.37

√
Arxii 1054.687 6.37

√


