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ABSTRACT

Context. We study the physics of erupting prominences in the core of coronal mass ejections (CMEs) and present a continuation of a
previous analysis.

Aims. We determine the kinetic temperature and microturbulent velocity of an erupting prominence embedded in the core of a CME
that occurred on August 2, 2000 using the Ultraviolet Coronagraph and Spectrometer observations (UVCS) on board the Solar and
Heliospheric Observatory (SOHO) simultaneously in the hydrogen Le and C1iI lines. We develop the non-LTE (departures from
the local thermodynamic equilibrium — LTE) spectral diagnostics based on La and L8 measured integrated intensities to derive other
physical quantities of the hot erupting prominence. Based on this, we synthesize the C 111 line intensity to compare it with observations.
Methods. Our method is based on non-LTE modeling of eruptive prominences. We used a general non-LTE radiative-transfer code
only for optically thin prominence points because optically thick points do not allow the direct determination of the kinetic temperature
and microturbulence from the line profiles. The input parameters of the code were the kinetic temperature and microturbulent velocity
derived from the La and C1II line widths, as well as the integrated intensity of the La and Lg lines. The code runs in three loops to
compute the radial flow velocity, electron density, and effective thickness as the best fit to the L and LS integrated intensities within
the accuracy defined by the absolute radiometric calibration of UVCS data.

Results. We analyzed 39 observational points along the whole erupting prominence because for these points we found a solution
for the kinetic temperature and microturbulent velocity. For these points we ran the non-LTE code to determine best-fit models. All
models with 7¢(La) < 0.3 and 7o(C111) < 0.3 were analyzed further, for which we computed the integrated intensity of the C1II line
using a two-level atom. The best agreement between computed and observed integrated intensity led to 30 optically thin points along
the prominence. The results are presented as histograms of the kinetic temperature, microturbulent velocity, effective thickness, radial
flow velocity, electron density, and gas pressure. We also show the relation between the microturbulence and kinetic temperature
together with a scatter plot of computed versus observed CIII integrated intensities and the ratio of the computed to observed C 11
integrated intensities versus kinetic temperature.

Conclusions. The erupting prominence embedded in the CME is relatively hot with a low electron density, a wide range of effective
thicknesses, a rather narrow range of radial flow velocities, and a microturbulence of about 25 km s~'. This analysis shows a dis-
agreement between observed and synthetic intensities of the CIII line, the reason for which most probably is that photoionization is
neglected in calculations of the ionization equilibrium. Alternatively, the disagreement might be due to non-equilibrium processes.

Key words. line: formation — radiative transfer — Sun: coronal mass ejections (CMEs) — techniques: spectroscopic —
Sun: UV radiation

1. Introduction

Solar prominences are well known as relatively cool and dense
plasma structures with core temperatures of between 6000 and
10000 K, with an electron density of 1010-10' ¢m™3, and
with a gas pressure of 0.1-1 dyn cm™2 (Labrosse et al. 2010;
Vial & Engvold 2015). They are located in the solar corona at
altitudes of thousands of kilometers and are kept there against
the solar gravity by magnetic fields. The magnetic field plays an
important role in the stability of the prominence. Prominences
are most probably formed around flux ropes, in the magnetized
structure that often erupts as a result of the magnetic insta-
bility, and which then moves outward from the Sun with ve-
locities reaching several hundred km s~! (Webb 2015). Erupt-
ing prominences are well observed with space coronagraphs
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and with other imaging instruments. The analysis of one erup-
tive prominence structure observed by the Ultraviolet Corona-
graph and Spectrometer (UVCS) on board the Solar and He-
liospheric Observatory (SOHO) in the hydrogen La line and
by the Large Angle and Spectrometric Coronagraph (LASCO-
C2) in visible light (VL) on August 2, 2000 shows that the
eruptive prominence embedded in the core of the coronal mass
ejection (CME) reaches temperatures of about 10° K. There-
fore it can be identified as a hot prominence structure with
a low electron density of about 108 cm™ and a low gas
pressure that is due to the expected expansion with veloci-
ties of several hundred km s~! (Heinzel et al. 2016, hereafter
Paper I). Similar results were obtained by Pagano et al. (2014)
using numerical magnetohydrodynamic (MHD) simulations of
a CME with a flux rope inside. The authors proposed that the
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heating mechanisms might be reconnection and/or local plasma
compression.

We here first combine the La and C 111 line observations that
were simultaneously obtained by SOHO/UVCS in order to de-
rive the kinetic temperature and the microturbulence (see, e.g.,
Tandberg-Hanssen 1995). We note that in Paper I these two pa-
rameters could not be derived and we therefore assumed an an-
alytical relation between them according to Heinzel & Anzer
(2001). In this paper we extend our non-LTE modeling to pairs
of La and Lg lines that were simultaneously observed by UVCS
and present a new way of fitting the observed and synthetic spec-
tra. For prominence points that are optically thin in the L line,
the total energy of the C I line is computed and compared with
observations.

In Sect. 2 we present the CIII line observations made with
SOHO/UVCS and the data reduction and calibration of the C 111
spectra. Section 3 considers Doppler velocities of simultane-
ously observed La, LB, and CIII lines in order to demonstrate
that all lines are formed in about the same plasma volume. Sec-
tion 4 presents the kinetic temperature and microturbulence de-
termination from the line widths of the La and CIII lines. Sec-
tion 5 details the non-LTE modeling of the La and LS lines
that provide the prominence parameters. Section 6 describes the
CHIANTI modeling and coronal approximation for the C1II line
in the optically thin regime and shows that the radiative exci-
tation is not negligible for low electron densities. In Sect. 7
we compare the models and spectroscopic observations of the
C line. Conclusions and future prospects are discussed in
Sect. 8.

2. Observations and data reduction of the Clil line

We refer to Sect. 2 of Paper I for a detailed description of the
analysis of LASCO-C2 VL and UVCS La observations of the
erupting prominence detected in the core of a CME that occurred
on August 2, 2000 starting at 16:00 UT.

Here we recall that UVCS acquired spectra of several UV
coronal lines as the erupting prominence crossed its field of view
(FOV), a 40 arcmin long slit located perpendicularly to the solar
radius at a latitude of 40° NE and at a heliocentric distance of
2.3 R. Table 1 lists the lines that were detected, together with
the formation temperature (7o) Of the emitting ion according
to the ionization balance of Bryans et al. (2006) and other pa-
rameters relevant to UVCS observations. All the spectral line
profiles were acquired with a spatial resolution of 21 arcsec, a
spectral resolution of about 0.2 10%, and an integration time of
120 s during the prominence eruption. We extend our investiga-
tion and the modeling presented in Paper I to the C1I line ob-
served by UVCS, and we also use the LS line to constrain the
models (see Sect. 5).

Lo and LB data were calibrated using the standard calibra-
tion procedure provided by the UVCS Data Analysis Software
(DAS; version 51); however, for the calibration of the C1II line,
we had to follow a different approach. The standard calibration
of the DAS includes the correction of a distortion of the spectra
that is caused by the fact that the crossed delay line (CDL) read-
out of the detector is not accurate near the corners of the readout
area. This correction works fine for lines that are focused in the
central part of the detector (such as the O VI or the HI Lyman
lines), while we noted that it introduces artifacts in the spectral
profiles of the lines that are located close to the detector edges
(such as the C1II line), in turn causing an anomalous line broad-
ening in some regions along the UVCS FOV that is not physical.
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Table 1. Lines identified in UVCS data.

Line log Trorm®  Ao” Aref Spectral resolution
K (A) (A) (A)
C 4.9 977.02 976.51 0.198
HILB 4.5 1025.72 1025.76 0.198
O vI 55 1031.91 0.198
Cn 4.6 1036.34 0.198
cu 4.6 1037.02 0.198
O vl 55 1037.61 0.198
HiLa 4.5 1215.67 1215.81 0.183

Notes. @ Formation temperature of the line. ’ Rest wavelength of the
transition. © Line reference wavelength (see text).

Since this broadening corrupts the results concerning the line
widths, in the case of CTII data we preferred to skip this step of
the standard calibration and instead directly applied the radio-
metric calibration to the raw data using the radiometric factor
provided by the DAS.

In order to remove the contribution to the line emission from
the surrounding quiet corona, we subtracted from each line pro-
file a pre-event profile of the same line averaged over the 50
exposures acquired before the appearance of the prominence in
the UVCS FOV. The pre-event profile was also used to measure
the line reference central wavelength A..¢ (not necessarily equal
to the laboratory rest central wavelength Ap), needed to compute
the Doppler shift and the line-of-sight (LOS) plasma velocity.
These parameters are listed in Table 1 for the lines considered in
this work.

As we pointed out in Paper I, the La and LS lines are
systematically formed by two components with different line
widths. The two components were separated by fitting a double-
Gaussian function to the line profiles; the consistency and sig-
nificance of the fit was verified with a minimum y-squared anal-
ysis, as discussed in Sect. 2.2 of Paper I. In our interpretation,
the narrow component (corresponding to temperatures of about
10° K) originates from the cool prominence plasma, while the
broad component (~3.5 MK) is most probably produced by the
plasma in the prominence-corona transition region (PCTR; see
Parenti 2015) or, alternatively, in the hot shroud surrounding
it (see Habbal et al. 2010, and the discussion in Paper I). Con-
versely, C 11T spectra do not show any signature of multiple com-
ponents because the emission in this line is exclusively due to the
cool prominence plasma. They were therefore fit with a single-
Gaussian function. In order to show that the broad (hot) compo-
nent is not visible in the CIII line, we estimated the ratio of the
integrated intensity emitted in the CIII line in the corona with
a temperature of 10° K and in the hot prominence with a tem-
perature of 103 K by assuming the coronal approximation (see
Sect. 6.1). The ratio is on the order of 1077, which indicates that
the hot prominence plasma practically does not emit radiation in
the C1II line. We note that all parameters were computed from
the CHIANTT database. For the statistical analysis presented in
this work, we considered a sample of 68 points, selected all along
the prominence, extracted from the sample used in Paper I for
modeling the La line. We note that point 69 is not taken into
consideration here because it is too noisy in the C1II line.

The integrated intensities were derived for the three lines,
and they are plotted in Fig. 1 as functions of time and latitude
along the UVCS slit.
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Fig. 1. Intensity distribution of the narrow components of the La and
Lg lines, and of the C 111 line, plotted as a function of time and latitude
along the UVCS slit. The locations of the 30 optically thin points we
chose for the analysis are marked with squares.
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Fig. 2. Doppler velocities of the Le, L3, and C11I lines as a function of
latitude along the UVCS slit. Note that the last three points of the LS
line reach Doppler velocities of several hundred km s~'.

3. Doppler shifts of the Clil line

In our study of the La line, the kinetic temperature and the mi-
croturbulence were related according to Heinzel & Anzer (2001)
(see Paper I, Appendix A). Therefore, the obvious next step was
to use the Le and C11I lines to distinguish between kinetic tem-
perature and microturbulence. This is only possible when two
species with different masses are formed in the same emitting
plasma volume (Tandberg-Hanssen 1995) and are both optically
thin. In this section we check whether this condition is met in the
spectroscopic UVCS observations of the La, LS, and C 11T lines.

We present a detailed Doppler velocity analysis of all the
68 points we measured along the prominence in the La, L3, and
Ci lines in Fig. 2. This shows that for the majority of the points,
the Doppler velocities of the CIII line are consistent with the
La and LB velocities within the uncertainty of the UVCS wave-
length determination, which is equal to the spectral UVCS res-
olution of about 0.2 A. This gives an uncertainty in the Doppler
velocity of about 60 km s~!. The Doppler velocities of the three
lines are almost consistent within the estimated uncertainties. La
and LS lines must have the same Doppler velocities because they
are emitted from the hydrogen atoms. From this we conclude that
the CIII ions also move with the same Doppler velocity as hy-
drogen. Therefore, the La, LB and C 11l lines are formed in the
same or a similar emitting plasma volume with a unique kinetic
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Fig. 3. Profiles of the La, LS, and C11I lines of the 12th measured point
along the erupting prominence.

temperature and microturbulent velocity. In addition, firm proof
that all lines are formed in the same plasma volume is provided
by the fact that the profiles of all three lines, reported in Fig. 3 in
one representative case, exhibit a single peak. We note that their
Doppler shifts should be proportional to Ay. If the profiles had
more than one peak, it would indicate that the prominence blobs
move with different velocities in different directions, and this is
not observed.

4. Kinetic temperature and microturbulent velocity

The line profiles of optically thin prominences are mainly
Doppler broadened as a result of the thermal motions of atoms
and because of the turbulent plasma motions. The Doppler line

width can then be expressed as
Ao [2kgT Ao [2kg T

A/lD:—O L+§2=_0 2B “eff 1)
c m c m

Here c is the speed of light, kg is the Boltzmann constant, T
is the kinetic temperature, m is the mass of the atom, & is the
microturbulent velocity, and T is the effective temperature. We
introduced the microturbulence because in erupting prominences
that are embedded in CME cores, significant nonthermal motions
are expected to occur. Equation (1) shows that the carbon line is
more sensitive to the microturbulent velocity and less sensitive
to the kinetic temperature, as is clearly shown in Fig. 4.

The kinetic temperature and the microturbulent velocity of
the prominence structure were computed from the Gaussian line
widths of the hydrogen La and C 1l lines using Eq. (1). We as-
sumed that the two lines of ions with different masses are formed
in the same emitting plasma volume (Sect. 3) and are optically
thin. We note that optically thick lines exhibit the so-called opac-
ity broadening and cannot be used in the method described here
(the elimination of such pixels is described below). The kinetic
temperature can be expressed as
P TR m T

my —my

(@)

where m; and m, are the masses of the hydrogen and carbon

atoms, respectively, and Té;f) and Téff) are the effective tempera-
tures of the La and C1II lines that are calculated from the Gaus-
sian line widths according to Eq. (1) after deconvolution of the
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Fig. 4. Panel a: FWHM of the C1II line plotted as a function of the
microturbulent velocity for three typical kinetic temperatures. Note that
the FWHM = 2VIn 2 Adp. Panel b: FWHM of the C 111 line as a function
of the kinetic temperature for six microturbulent velocities.

UVCS instrumental profile. The microturbulent velocity is then
given by

I8 (T - 1), 3)
m

where m and T belong to one of the observed lines. Therefore,
having observed two optically thin lines from two species with
substantially different masses, we are in principle able to derive
both the kinetic temperature and the microturbulent velocity. We
note that in Paper [ we assumed that the microturbulent velocity
is equal to one-half of the sound speed.

Kinetic temperature and microturbulent velocity were com-
puted using Egs. (2) and (3) for all 68 measured points along
the prominence. We restricted ourselves to positive microturbu-
lent velocity and to kinetic temperatures higher than 20000 K.
At these temperatures, hydrogen is significantly ionized and the
Lyman lines are moderately optically thick or become thin at

f:
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Fig. 5. Kinetic temperature distribution of all 39 studied points along the
prominence (dotted blue line). The kinetic temperature distribution of
all 30 selected points along the prominence in the optically thin regime
is shown by the dashed red line.
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Fig. 6. Microturbulence distribution of all 39 studied points along the
prominence (dotted blue line). The microturbulent velocity distribution
of all 30 selected points along the prominence in the optically thin
regime is shown by the dashed red line.

higher temperatures. For lower temperatures their optical thick-
ness rapidly increases, and this situation would require a special
numerical treatment. In total, these two conditions narrow the
sample down to 39 points. In Fig. 5 we show the distribution
of the kinetic temperature for all these points with a dotted blue
line. The majority of them have a kinetic temperature of between
50000 and 200 000 K. The mean weighted kinetic temperature
is 99 000 K. The distribution of the microturbulent velocity for
the same points, marked by dotted blue line, is shown in Fig. 6.
Most of the points have a microturbulent velocity of between 20
and 30 km s~!, while the mean weighted microturbulent velocity
is 23 km s~!. While Landi et al. (2010) suggested that the non-
thermal line widths provide a limit on wave heating in eruptive
plasma, additional nonthermal broadening can be due to the ex-
pansion of the prominence flux tube, as discussed elsewhere in
this paper.

5. Non-LTE modeling of the hydrogen Lyman lines

In Paper I we used the multilevel hydrogen code MALI to find
best-fit models of the hot erupting prominence. The models were
constrained by the integrated intensity of the hydrogen Le line,
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and the MALI code was run through the loop in which the gas
pressure increased up to the value that caused the synthetic line
intensity to be consistent with the UVCS observation in a given
pixel. This also gave us the electron density n.. Kinetic tem-
perature and microturbulent velocity have been obtained from
the Gaussian line width by assuming that the mean microturbu-
lent velocity is a fraction (one-half) of the sound speed — see
Appendix A of Paper I. Other input parameters were estimated
from UVCS observations, such as the height above the solar sur-
face, the effective thickness D.g, and the radial flow velocity
vrad. For the effective thickness we used a characteristic value of
1000 km, and the radial velocity was estimated from plane-of-
sky (POS) measurements of the prominence time evolution and
from Doppler shifts of the La line. We modeled all the 69 pix-
els in this way. In two pixels, however, we were able to apply a
more realistic modeling because we also had LASCO-C2 visible
light intensities, which directly provided the column density of
electrons. For these two pixels we also expanded our fitting to
the LB line (see Table 2 in Paper I).

In the present work we used a different approach on the
full calibrated data set of three spectral lines, that is, the hydro-
gen La, LB, and C1II lines observed by UVCS. As described
in Sect. 4, the La and C1II lines were used to obtain the ki-
netic temperature and microturbulent velocity using the standard
method that is valid for two optically thin lines formed in the
same plasma volume. The results are similar to those shown in
Fig. 11 in Paper I. For 39 pixels we found the solution for the ki-
netic temperature and the microturbulence, and those pixels were
used for a detailed non-LTE modeling to find the best-fit models
capable of reproducing the observational results and also to ver-
ify which models truly are optically thin in La (LS is of course
even thinner).

In principle, having three lines, we should be able to obtain
three unknown plasma parameters. These are the electron den-
sity (or equivalently, the gas pressure), the prominence effec-
tive thickness, and the radial flow velocity. We note that here
we did not use vyq as the parameter derived from other obser-
vations as in Paper I, but we have it as one of the unknown
parameters to be found by the line fitting. This is the veloc-
ity at which the Doppler dimming effect (DDE), explained by
Heinzel & Rompolt (1987), in both Lyman lines is consistent
with the DDE that acts for the real velocity vector. Since the
La line is more sensitive to the DDE than L, these two lines
provide a constraint on the radial flow velocity. The best fit to
these hydrogen lines gives a set of models with various combi-
nations of electron density and effective thickness. To determine
the best-fit model, we finally used the C1II line, which is most
sensitive to electron density (for a given kinetic temperature).
Details of the fitting are discussed below and in Sect. 7.

It is evident that the DDE is most sensitive to vertical (radial)
motions, while it is much less sensitive to horizontal motions in
the corona. The moving structures are illuminated by the solar
disk radiation at a given height above the surface. In the case
of the prominence analyzed here, the height is relatively large,
around 950 000 km, so that the radial component of the outflow
velocity is indeed dominant, and the Doppler velocities shown
in Fig. 2 are not expected to play a significant role. In princi-
ple, it is possible to derive the true vector of the flow velocity
from the POS motion and adding the Doppler velocity compo-
nent from the spectra. However, in practice, various difficulties
arise (see discussion in Paper I), and we therefore used the ra-
dial component of the flow velocity as a free parameter here, to
which different lines have a different sensitivity via the DDE.

In order to determine best-fit models or to explore the space
of all realistic models that are consistent with the observed La
and L@ line intensities, we proceeded in the following way.
The MALI code for hydrogen described in Paper I was exe-
cuted in three nested loops. The outermost loop covered the
range of radial flow velocities from 80 to 460 km s~ (with
steps of 20 km s~!), the inner loop covered input electron den-
sities ranging from 2 x 10° to 1.21 x 10% cm™ (with steps
of 10° cm™?), and finally, the innermost loop covered the ef-
fective thickness range from 500 to 50000 km (with steps of
500 km). These ranges were selected based on our previous ex-
perience (Paper I) and on the fact that the upper limit of Deg
is 56000 km based on LASCO-C2 measurements. Altogether,
we had up to 240 000 models. These models cannot be precom-
puted as a unique grid because they critically depend on the
kinetic temperature and also on the microturbulent velocity. In
fact, when searching for the best fit in both Lyman lines, we
discarded the solutions that led to a La line optical thickness
larger than 0.3, and we therefore required fewer models to be
computed. This significantly improved the speed of the whole
modeling, although to cover all 39 pixels, the CPU time reaches
tens of hours on a PC (note that the MALI code is based on the
so-called ALI technique, which is numerically very efficient for
solving the multilevel non-LTE problems). In this procedure we
can also set the arbitrary range on the accuracy of the observed
line intensities. The accuracy of the absolute radiometric calibra-
tion of UVCS is not better than about 30—40%, and we therefore
used a value of 40% to constrain the models. For each pixel we
obtained a set of best-fit models that were then used to compute
the C1II line intensity as described in the next section.

6. Modeling the CIil line intensity
6.1. CHIANTI modeling

For calculations of the CI level populations, we used CHI-
ANTI 8.0 (Dere et al. 1997; Del Zanna et al. 2015) with atomic
data from Berrington et al. (1985, 1989), Martin et al. (1995),
and Tachiev & Froese Fischer (1999). We used a 20-level C 111
atomic model. The ionization equilibrium was taken from Dere
(2007). We note that photoionization and photoexcitation pro-
cesses are not included in this calculation. We discuss the role
of photoionization of CII to Sect. 7. However, as we show
in Sect. 6.2, the radiative excitation (photoexcitation) in the
C111 line is not negligible, and we therefore took it into account
in the framework of a simplified two-level atomic model because
CHIANTI does not provide such an option in a straightforward
way. Before we applied the two-level model, we checked how
reliable it is in comparison with the multilevel CHIANTI solu-
tion, neglecting the photoexcitations. We are interested in the
C 111 line transition (977.02 A) between the ground state and the
excited state 2s2p 1P, and in the two-level model atom, we de-
note these two levels by indexes 1 and 2, respectively.

For a range of electron temperatures from 10000 to
400000 K and an electron density from 10° to 10'© cm™ we
computed, using the CHIANTI database, the collisional excita-
tion coefficient g,(T"), population ratio of the ground state ions
relative to the total CIII ions 71 /ncy, and the ratio of CIII ions
to the total number of carbon atoms ncy/nc. Best fits for these
quantities are shown in Figs. 7-9. Figure 9 shows a characteris-
tic formation temperature of the C1II ion of between 70 000 and
80000 K, consistent with Table 1. We note that we here assumed
equality between electron and ion (kinetic) temperature.
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The statistical equilibrium equation for an approximate two-
level C1I line formation assuming the coronal approximation
can be written as

ny C12(T) = ny Ay, 4)

where the collisional excitation rate is C12(T) = neq12(T)
(Hubeny & Mihalas 2015). ¢1»(T) is displayed in Fig. 7, n;
is the number density of CIII ions in the ground state, ny is
the number density in the first excited state, and A, is the
Einstein coefficient for spontaneous emission (CHIANTI gives
Ay = 1.769 x 10° s7!). In the coronal approximation we ne-
glected the radiative excitation rate, stimulated emission which
is quite small in the UV, and a collisional de-excitation rate that
is lower than the spontaneous radiative rate on the right-hand-
side of Eq. (4). n; is computed as
1 Icm

&)

ny =
ncm Hc
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Fig. 9. Ratio ncy/nc as a function of the electron temperature.

where Ac = nc/ny is the abundance of carbon relative to hydro-
gen (Ac = 3.31131 x 10™* from CHIANTI), and the first two
ratios are derived from the plots shown in Figs. 8 and 9. The
hydrogen is almost fully ionized at kinetic temperatures found
in the eruptive prominence and therefore ny ~ n. (here we ne-
glect the helium contribution to #.). For optically thin structures,
the integrated intensity emitted in the C III line can be generally
expressed as

hc Deﬂ‘

/l() 4 ’
where £ is the Planck constant. Using Eq. (4), we finally obtained

(6)

Ecm =n Az

Ecm =ny Co(T) f/ll_oC i)e;:
In Egs. (4) and (7) we assumed that only the collisional excita-
tion populates the level 2s2p 1P (level 2). However, from the full
20-level CHIANTI solution we find that the level 2s2p 1P is far
more sparsely populated than the metastable levels 2s2p 3P, and
the question arises whether the collisional excitations from these
metastable levels can significantly populate the level 2s2p 1P. We
note that the decrease in fractional population of the ground state
below unity, as shown in Fig. 8, is due to the significant popu-
lation of metastable levels 2s2p 3P. To test this, we used the full
CHIANTI solution, which also contains the collisional excita-
tions from metastable levels toward the 2s2p 1P level, and we
compared the emissivity in the CIII line computed by CHIANTI
with that computed from the two-level approximation in Eq. (7).
The relative difference as a function of the electron tempera-
ture and density is shown in Fig. 10. We clearly see that for the
range of temperatures and densities found in the studied erupt-
ing prominence, the difference is below 10%, and this justifies
the application of the two-level model atom in the next sections.
However, at higher temperatures and higher electron densities,
the difference can reach more than 20%. In other words, the ad-
ditional population of the 2s2p 1P level by collisional excitations
from metastable levels seems to be rather negligible in our case.

)

6.2. Importance of the radiative excitation in C Il line

The mean integrated intensity of the incident solar disk radia-
tion assuming a Doppler-shifted Gaussian absorption profile is
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Fig. 10. Relative difference between the CIII emissivity computed with
CHIANTI and with the two-level atom as a function of the electron
temperature and the electron density.

expressed as

T f A %) T da )
2T —00 \/;; c Z&/l[) ¢ ’

where Al = 11— A9 — % Uraq 1s the wavelength redshift (we are
interested in structures that move outward from the Sun) and de-
pends on the radial flow velocity of the moving structure. J(1)
is the mean intensity of the incident radiation from the solar sur-
face. In UV the center-to-limb variation is negligible and J(1)
is thus equal to the intensity emitted from the solar disk cen-
ter /(1) multiplied by a geometrical dilution factor W, that is,
J) = W I(1). W = 0.047 at a typical position of the UVCS
slit at a height of 950 000 km above the solar surface. The Solar
Ultraviolet Measurements of Emitted Radiation (SUMER) spec-
trograph on board the SOHO spacecraft has measured the solar
disk radiation between 670 A and 1609 A (Curdt et al. 2001).
1(A) for the CI line (see the inset of the Fig. 11) is therefore
derived from the SUMER spectral atlas.

To show the importance of the DDE for the CIII line, we
plot in Fig. 11 Jj, as a function of radial flow velocity. Ji, is
computed from Eq. (8) for a typical prominence plasma with
a kinetic temperature of 10° K, a microturbulent velocity of
25 kms~!, and at a typical height of 950 000 km. The radial flow
velocity ranges from zero to 300 km s~!. The plot clearly shows
that for radial flow velocities on the order of 100 km s~ and
higher, the Jj, term is negligible because of the DDE. We note
that Gontikakis & Vial (2016) also reported evidence of scatter-
ing effects in the C1V line.

The contribution of the radiative excitation term in the two-
level atom modifies Eqs. (4) and (7)

ny [Rip + Co(T)] = ny Ay,

hc D
Ecw=m [Rp + Cia(T)] — =

/l() 4 (9)
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Fig. 11. Mean integrated intensity of the incident solar radiation as a
function of the radial flow velocity for the C 111 line showing the impor-
tance of the DDE. In the inset the intensity emitted from the solar disk
center is shown for the C1II line as observed by SOHO/SUMER.
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Fig. 12. Ratio By, J,»/C)» as a function of the radial flow velocity at a
microturbulent velocity of 25 km s~!, an electron density of 107 cm™>,
and at an altitude of 950 000 km above the solar surface for three repre-

sentative kinetic temperatures marked with different colors.

Here R, = By, Jy» is the radiative excitation rate. CHIANTI
gives the Einstein coefficient for absorption as By, = 1.246 X
100 erg™! s7! cm? sr.

To demonstrate the role of the radiative excitation rate com-
pared to the collisional excitation rate, we plot in Fig. 12 their
ratio computed for plasma at three representative kinetic tem-
peratures of 50000, 100000, and 150000 K, a microturbulent
velocity of 25 km s™!, an electron density of 10’7 cm™, and a
height of the UVCS slit equal to 950000 km, with different ra-
dial flow velocities of up to 300 km s~!. We see that the radiative
excitation term is generally lower than collisional term, but for a
low electron density and a radial flow velocity below 100 km s
it is not negligible. The estimate of Ko et al. (2005) leads to even
higher radiative excitation rates in the CII line under similar
prominence conditions. Because this radiative excitation term
cannot be easily included in the CHIANTI modeling, we used
Eq. (9) to compute the CII intensity.
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Fig. 13. Effective thickness distribution for all 30 selected points along
the prominence in optically thin structures.
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Fig. 14. Radial flow velocity distribution for all 30 selected points along
the prominence in optically thin structures.

7. Results of radiative-transfer modeling

From all 39 pixels for which the kinetic temperature and mi-
croturbulent velocity were computed, we selected the points for
which the La line was optically thin (ro(La) < 0.3). We still ob-
tained hundreds or thousands of best-fit models because of the
40% uncertainty. They were then used to compute the synthetic
C 111 line intensity to further constrain the model parameters. For
this we used the two-level model described by Eq. (9). We first
computed the C1II line optical thickness at the line center in the
following way:

2 212

Vre 0
—— Deg.
fizm Aag Do

To(CIII) = (10)

me 2

Here e is the elementary charge, . is the electron mass, and fi,
is the oscillator strength (CHIANTI gives fi, = 0.759476).
Then we again set the limit on optically thin solutions
To(C) < 0.3 — this gives us the selection of pixels for which
the La and C1I lines are both optically thin, which justifies
our implementation of the method deriving 7 and &. This gives
30 points in total (see Fig. 1), for which the best-fit models were
found as the best agreement between spectroscopic observations
and computations. For each pixel the best model was selected
in such a way that the CIII synthetic intensity was closest to
the observed intensity. The results are shown as histograms. In
Fig. 5 we show the distribution of the kinetic temperature with
a red dashed line: the studied prominence is hot, with a tem-
perature of between 50000 and 200000 K. The histogram in
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Fig. 15. Electron density distribution for all 30 selected points along the
prominence in optically thin structures.
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Fig. 16. Gas pressure distribution for all 30 selected points along the
prominence in optically thin structures.

Fig. 6 shows the distribution of the microturbulent velocity with
a red dashed line; the peak is at around 25 km s~!. Figure 13
shows the distribution of the effective thickness, which varies
between 500 km and 50 000 km. Figure 14 reports the distribu-
tion of the radial flow velocity, which has a peak at 80 km s~!
and reaches up to 200 km s~!, while Fig. 15 shows the distribu-
tion of the electron density. The eruptive prominence is a low-
density structure with an electron density of between 107 and
108 cm=3. The last histogram in Fig. 16 shows the distribution
of the gas pressure. The gas pressure is low, with values of up
to 0.007 dyn cm™2. To compare with the results of other similar
studies, we mention Akmal et al. (2001) and Lee et al. (2009),
who found densities of about 10° cm™ using the OV line ra-
tio. Raymond & Ciaravella (2004) found a range of densities of
5 x 10°-107 cm™ using the radiative and collisional excitation
of the O VI doublet. Murphy et al. (2011) used both diagnostics
to obtain densities of around 107 cm™3. All these densities are
somewhat lower than our typical values. However, Landi et al.
(2010) found a temperature upper limit of 40 000 K from the L
line width, which is lower than our typical value of 103 K.
Figure 17 shows the relation between microturbulent veloc-
ity and kinetic temperature for the 30 optically thin points, as de-
rived in Sect. 4. The points are strongly scattered around a mean
value of about 25 km s~!. It is not evident that the microturbu-
lent velocity increases with kinetic temperature, as was assumed
in Paper1 (see Appendix A) and observed by Parenti & Vial
(2007). We therefore added for comparison two examples with
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Fig. 17. Microturbulence as a function of kinetic temperature for 30
optically thin points. For comparison we added the solid curve, which
presents the case where the microturbulence is equal to the sound speed,
and the dashed curve for the case where the microturbulence is one-half
of the sound speed, as assumed in Paper I.
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Fig. 18. Comparison between the integrated intensities of the CIII line
from spectroscopic observations and from best-fit models. The dashed
line shows where the two integrated intensities are equal. Note that for
the y-axis the logarithmic scale is used.

a microturbulence equal to one-half of the sound speed c;, as
in Paper I (dashed curve), and the case where the microturbu-
lence is equal to the sound speed (solid curve). Almost all points
lie below the solid curve ¢ = ¢, and about one-third of the
points lie below the dashed curve & = ¢s/2. The sound speed
was computed in the same way as in Appendix A of Paper 1. The
result clearly shows that the microturbulence is subsonic. How-
ever, that the nonthermal velocity is independent of temperature
might also indicate that some other nonthermal broadening takes
place. This could be an expansion of the eruptive prominence as
we mentioned in Paper I; our current estimate of the expansion
velocity is on the order of 10 km s~!.

Our hope was that the observed C1II line intensity would lie
in the range of CIII line intensities synthesized from our best-fit
models for each pixel, taking into account the data uncertainty
(set to 40% in our case). However, the resulting plot in Fig. 18
is not very encouraging — only about one-third of the pixels sat-
isfies our expectations, while the others show a relatively large
scatter, most of them with computed intensities that are much
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Fig. 19. Ratio of the best-fit integrated intensities of the CIII best-fit
models and from the spectroscopic observations as a function of kinetic
temperature. Note that for y-axis the logarithmic scale is used.

higher than observed. However, to our surprise, this scatter does
not seem to represent a random scatter due to the quality of
UVCS data or to the way we fit these data with the non-LTE
models. In Fig. 19 we plot the line ratio (computed over the ob-
served intensity) versus the kinetic temperature and clearly see
an almost unique trend, indicating that a certain physical reason
is inherent in the differences between the observed and synthetic
intensities. To our current understanding, the reason might be
that we used the Dere (2007) ionization equilibrium for carbon,
which neglects the photoionization processes. When we include
the photoionization of the C1II to C 1V state, the CIII population
will be decreased and so will the synthetic intensity at relevant
temperatures be (e.g., at around 80 000 K). For much lower tem-
peratures, where the synthetic intensities steeply decrease be-
low the value of the observed intensities, the lack of CIII ions
could be explained by the missing photoionization of CII that
is formed at lower temperatures. The crossing point at around
50000 K represents the situation when the CII photoionization
to CIII could be compensated for by leakage of CIII to C1vV,
meaning that the ionization equilibrium is close to that of Dere
(2007). For high enough temperatures, the equilibrium should be
close to the values reported by Dere (2007). A qualitatively simi-
lar picture follows from the full non-LTE radiative-transfer mod-
eling of Avrett (2007), who used the multilevel/multi-ion carbon
model to compute a realistic ionization equilibrium. We com-
puted the photoionization rates for C I and C1II ions, taking into
account the prominence illumination in the far-UV. The resulting
estimates show the importance of photoionizations for tempera-
tures below 10° K, at electron densities typical for this erupting
prominence. To prove the above scenario, we plan in a future
paper to compute a detailed non-LTE ionization equilibrium and
also to investigate the possible role of non-equilibrium ionization
(see, e.g., Murphy et al. 2011). The latter can be quite important
in our case because at low electron densities the ionization and
recombination timescales are long.

8. Discussion and conclusions

This study is a continuation of Paper I, where we derived the
physical parameters of the hot erupting prominence plasma em-
bedded in the core of a CME by using SOHO/UVCS hydro-
gen La and SOHO/LASCO VL observations. All diagnostics
with the Le line has been based on the assumption that the
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microturbulent velocity is a constant fraction (one-half) of the
sound speed (see Appendix A in Paper I). In order to check this
assumption, we decided to study the C11I line at 977 A, which
was simultaneously observed with UVCS. We note that for the
C11 line we only used raw data with radiometric calibration be-
cause the line is focused close to the detector edge where the
standard calibration procedure, which includes other corrections,
causes spurious line broadening. In this paper we combined the
Le and CI spectra to derive the kinetic temperature and the
microturbulence from the line widths, which is feasible for two
optically thin lines formed in the same plasma volume, as de-
scribed by Tandberg-Hanssen (1995). We computed Doppler ve-
locity shifts in the Le, LS, and C11I lines for the same sample of
points chosen along the prominence (Paper I) in order to demon-
strate that these lines are formed in the same moving plasma vol-
ume. We considered only solutions with positive microturbulent
velocities and kinetic temperatures higher than 20 000 K, which
conditions were satisfied in a total of 39 points.

We then used the same non-LTE code as described in Paper |
to derive the physical parameters of the plasma in this subsam-
ple of 39 points. The input parameters were the kinetic tempera-
ture, the microturbulent velocity, and the height above the solar
surface. Other input parameters such as the effective thickness,
the radial flow velocity, and the electron density (proportional
to gas pressure) were computed for the first time with a non-
LTE code by achieving the best reproduction of the measured
Le and Lg line intensities with a 40% accuracy of the absolute
radiometric calibration. As the result, we also derived the op-
tical thicknesses of the La and LS lines. We considered only
solutions with 7o(La@) < 0.3 (38 points). For each point we
obtained a set of models within the prescribed 40% accuracy,
and for each of the models, we computed the optical thickness
and integrated intensity of the CIII line using a two-level atom
with the radiative excitation component. Neglecting the latter,
this approximation is consistent within 10% with the CHIANTI
multilevel C1II model. We then searched for models that were
optically thin in the La and C1I lines, that is, 7o(La) < 0.3
and 7o(C1m) < 0.3. In this way, we narrowed down the sam-
ple further to 30 points. The best-fit model for each point was
then found as the best agreement between CIII line observations
and computations. The results are presented as histograms of the
kinetic temperature, microturbulent velocity, effective thickness,
radial flow velocity, electron density, and gas pressure. These
results show that the prominence is composed of relatively hot
plasma with low electron density and gas pressure, moving at
lower radial flow velocities (peak at 80 km s~!) and with an ef-
fective thickness ranging from 500 to 50 000 km, and the results
confirm to some extent our previous results presented in Paper I.

The microturbulence does not exhibit any increase with the
kinetic temperature. From this it follows that the microturbu-
lence is not a constant fraction of the sound speed, as we as-
sumed in Paper I, and that the nonthermal broadening might also
be due to expansion of the prominence flux tube. In the scatter
plot of the computed versus observed integrated intensities of
the C1II line, we found that more than one-half of the points
have higher computed intensities than observed. However, the
plot showing the ratio of computed to observed CIII intensities
as a function of the kinetic temperature has an interesting be-
havior, which in our opinion has a realistic physical explana-
tion. The discrepancy between observations and computations
in the C11I line is very likely due to photoionization processes
that are neglected in the CHIANTI modeling. For temperatures
lower than 50 000 K, the number of CIII ions can be increased
through photoionization of CII to CIII in order to enhance the
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computed integrated intensity and make it consistent with the
observations. Neglecting photoionization also leads to a higher
optical thickness of the CIII line, which might cause opacity
broadening and consequently a spurious higher microturbulent
velocity. For these optically thick points, the microturbulent ve-
locity is therefore not correctly computed, and the kinetic tem-
perature may likewise differ. At temperatures of between 50 000
and 120000 K, the number of CIII ions can be reduced with
respect to the CHIANTT results, causing a lower optical thick-
ness and a lower line intensity. At still higher temperatures, the
CHIANTI model probably is a good approximation.

In order to check our interpretation, we postpone a detailed
non-LTE modeling of C1II line formation to the next paper. This
modeling will require solving a system of statistical equilibrium
equations for at least the CII-CHI-C1V ionic system, taking
into account all important radiative and collisional processes.
In particular, we will test the importance of photoionizations
on the C 11 ionic population and compare the results with CHI-
ANTI. However, the question of non-equilibrium ionization still
remains. This has been recently studied by Murphy et al. (2011),
and it might also affect our results.
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