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ABSTRACT

Aims. The solar transition region satisfies the conditions for appearance of the non-thermal κ-distribution. We aim to prove the occur-
rence of the non-thermal κ-distribution in the solar transition region and diagnose its parameters.
Methods. The intensity ratios of Si iii lines observed by SUMER in 1100–1320 Å region do not correspond to the line ratios com-
puted under the assumption of the Maxwellian electron distribution. We computed a set of synthetic Si iii spectra for the electron
κ-distributions with different values of the parameter κ. We had to include the radiation field in our calculations to explain the ob-
served line ratios. We propose diagnostics of the parameter κ and other plasma parameters and analyze the effect of the different
gradient of differential emission measures (DEM) on the presented calculations.
Results. The used line ratios are sensitive to T , density and the parameter κ. All these parameters were determined from the SUMER
observations for the coronal hole (CH), quiet Sun (QS) and active region (AR) using our proposed diagnostics. A strong gradient
of DEM influences the diagnosed parameters of plasma. The essential contributions to the total line intensities do not correspond
to single T but a wider range of T , and they originate in different atmospheric layers. The amount of the contributions from these
atmospheric layers depends on the gradient of DEM and the shape of the electron distribution function.
Conclusions. The κ-distribution is able to explain the observed Si iii line spectrum in the transition region. The degree of non-
thermality increases with the activity of the solar region, it is lower for CH and higher for the AR. The DEM influences the diagnosed
T and Ne but it has only little effect on the diagnostics of the parameter κ.
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1. Introduction

A strong temperature or density gradient at low plasma densi-
ties in the solar transition region and corona can result in depar-
tures of the electron distribution function from the Maxwellian
one. These electron distributions have an enhanced number of
particles in the high-energy tail compared with the Maxwellian
distribution. This kind of distribution can be described by the
κ-distributions (e.g. Scudder & Olbert 1979a,b; Roussel-Dupré
1980; Shoub 1983; Scudder 1992; Ljepojevic & MacNiece
1988; Ljepojevic 1990; Vocks et al. 2008). The presence of the
non-thermal electron distribution affects the ionization and ex-
citation equilibrium and results in the changes of the relative
intensities of spectral lines (Roussel-Dupré 1980; Dufton et al.
1984b; Dzifčáková 1992; Dzifčáková 1998; Dzifčáková 2005;
Wannawichian et al. 2003).

Different ratios of the Si iii emission lines from the transi-
tion region have been used previously for diagnostics of the
plasma parameters. Dufton et al. (1983) have derived the elec-
tron densities from the Si iii line ratios observed by Skylab and
have reported the discrepancies in electron densities caused by
enhanced intensity of the 1313 Å line. Dufton & Kingston
(1989) have supposed the non-Maxwellian electron distribution
of Shoub (1983) to explain the intensity of the 1313 Å line

in data obtained with the high-resolution telescope and spec-
trograph onboard Spacelab 2. They found only partial agree-
ment of the theory with the observations. Pinfield et al. (1999)
have presented the observations of the Si iii lines from SUMER,
which show the enhancement in the intensity of the 1313 Å line,
as well as some evidence of a small decrease in the temper-
ature of ionization fraction, which changed from CH to AR.
They have observed 10 lines of Si iii in the spectral range 1100–
1320 Å and proposed diagnostics of the plasma parameters from
11 line ratios to have a more complete analysis of the non-
thermal effects in different solar regions. They concluded that the
observed emission-line enhancement is evidence for the pres-
ence of a non-Maxwellian electron distribution in the transition
region.

In this paper, we determine the parameters of the non-
thermal electron distribution in the transition region and explain
the observation of Pinfield et al. (1999). We assume that the
non-thermal electron distribution in the transition region is a
κ-distribution. Unlike other authors, we have included the influ-
ence of the radiation field on the excitation equilibrium of Si iii
in our calculations. The diagnostic method for the determination
of Ne, T and the parameter κ of the κ-distribution is proposed,
and the influences of DEM on the observed line ratios and diag-
nosed plasma parameters are discussed.
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Fig. 1. Comparison of the Maxwellian distribution with the
κ-distribution for κ = 12, 7, 5, 3, and 2.

2. Non-thermal electron distribution

The non-thermal electron κ-distribution with the enhanced num-
ber of particles in the high-energy tail is defined

fκ(E)dE = Aκ 2
π1/2(kT )3/2

(
1 +

E
(κ − 1.5)kT

)−(κ+1)

E1/2dE, (1)

whereAκ = Γ(κ+ 1)/(Γ(κ− 0.5)(κ− 1.5)3/2) is the normalization
constant, T is a parameter, and E is particle energy. The free
parameter κ models the shape of the κ-distribution. It becomes a
strong non-thermal distribution for κ → 1.5 and is equal to the
Maxwellian distribution for κ→ ∞ (Fig. 1).

The mean energy of the κ-distribution is 〈E〉 = 3kT/2 and
pressure is P = NkT , where N is the density of particles. These
expressions are the same as the relations for the Maxwellian dis-
tribution.

3. Ionization and excitation equilibrium

The ionization equilibrium for the κ-distributions has been
calculated e.g. by Dzifčáková (1992), Dzifčáková (1998),
Wannawichian et al. (2003). Figure 2 shows the changes in the
abundance of Si iii caused by κ-distribution as a function of
log(T ). Obviously, the dependence of the ion abundance on T is
flatter, the abundance peak is wider and its maximum is shifted
to a lower T value with increasing departure of the κ-distribution
from the Maxwellian distribution. The shift of the abundance
maximum of Si iii is Δ log(T ) � 0.15 dex for the κ-distribution
with κ = 12 and Δ log(T ) � 0.35 dex for κ = 7 compared with
the maximum of the Si iii abundance for the Maxwellian distri-
bution at log(T/K) � 4.6.

The CHIANTI atomic database allows us to compute the
line intensities for the Maxwell electron distribution (Landi et al.
2006). We used the original modification of CHIANTI software
and database for the non-thermal κ-distributions. The modified
software and extended database allow us to calculate the electron
excitation rates, the excitation equilibrium and synthetic spectra
under the assumption of κ-distributions (Dzifčáková 2006) by
the method described in Dzifčáková & Mason (2008). Atomic
data were taken from Dufton & Kingston (1989), Dufton et al.
(1983), Martin et al. (1995), and Baluja & Hibber (1980). The
20-level model of Si iii is included in CHIANTI 6.0 (Dere et al.
2009). Figure 3 shows a schematic diagram of the first 13 levels.
The lines observed by SUMER are indicated.

Fig. 2. Relative abundances of Si iii for the Maxwellian distribution and
the κ-distributions with κ = 12, 7, 5, 3, and 2.

Fig. 3. Schematic diagram of the energy levels of Si iii ion. The transi-
tions of the observed emission lines are indicated.

The electron excitation rates for the non-thermal
κ-distributions are a function of T and κ (Fig. 4). The
κ-distributions can significantly increase the electron excitation
rates for high ratios of ΔE/kT , where ΔE is excitation energy.
The enhancement of the electron excitation rates can be several
orders for low T and this enhancement increases with the
increase of the transition excitation energy. However, the details
depend on the type of the transition and on the behavior of the
cross-section with incident electron energy. On the other hand,
the electron excitation rates are lower than for a Maxwellian
distribution for the transitions with low excitation energies
and for higher T . Evidently, κ-distributions significantly affect
all transitions. The effect is higher for transitions with higher
excitation energy (Fig. 4 left and middle) and similar changes
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Fig. 4. Dependence of the electron excitation rates on T for Maxwellian distribution and the κ-distributions with κ = 12, 7, 5, 3, and 2 for
three different transition, 3s21S0–3s4s1S0 with ΔE = 0.480 Ry (left), 3s21S0–3s3p1P1 with ΔE = 1.450 Ry (middle), and 3s21S0–3s3d3D1 with
ΔE = 1.303 Ry (right).

Table 1. List of the used lines.

λ Transitions

1108 3s3d 3D1–3s3p 3P0

1109 (3s3d 3D1–3s3p 3P1) + (3s3d 3D2–3s3p 3P1)
1113 (3s3d 3D1–3s3p 3P2) + (3s3d 3D2–3s3p 3P2) + (3s3d 3D3–3s3p 3P2)
1206 3s3p 1P1–3s2 1S0

1294 3p2 3P2–3s3p 3P1

1296 3p2 3P1–3s3p 3P0

1298 (3p2 3P2–3s3p 3P2) + (3p2 3P1–3s3p 3P1)
1301 3p2 3P0–3s3p 3P1

1313 3s4s 1S0–3s3p 1P1

can be observed for transitions with a similar excitation energy
of the upper level (Fig. 4 middle and right). The electron
excitation rates for the κ-distributions lead to changes in the
populations of each of the energy levels compared with the
thermal case.

The level populations and line intensities are influenced by
the electron density, the electron excitation and de-excitation
rates as well as the radiative transitions, and are the result of the
excitation equilibrium. A grid of model spectra was computed
for κ-distribution with κ = 2–34 and Maxwellian distribution.
T was taken from the interval 104 K–105 K and densities from
108–1012 cm−3. We assumed a radiation field with Trad = 6000 K
and a height h = 1.003 R� (2.5 Mm). We tried different heights
in the range 1.0–1.05 R�, however, the variation in the results
were minimal.

4. Diagnostics

Table 1 summarizes the Si iii lines used for the diagnostics. Their
ratios are labeled R1–R11 and are listed in Table 2.

If no contribution of the radiation field is considered, the
R1–R6 ratios are almost insensitive to T and R7–R11 to Ne for
the Maxwellian distribution (Pinfield et al. 1999). This is valid
neither for the Maxwellian nor for the κ-distribution when the
radiation field is included.

For diagnostic purposes we used the same line ratios as
Pinfield et al. (1999) but we included the radiation field. A com-
parison of our T–Ne plots for the Maxwellian distribution with

Table 2. List of the line ratios.

Ratio λ1(Å)/λ2(Å) Ratio λ1(Å)/λ2(Å)
R1 1108/1294 R7 1301/1296
R2 1108/1296 R8 1301/1298
R3 1108/1298 R9 1313/1113
R4 1109/1296 R10 1294/1206
R5 1113/1294 R11 1296/1206
R6 1113/1298

and without radiation field is given in Fig. 5. The differences
in the diagrams are significant, mainly for low T and lower Ne.
Some of our plots with the included radiation field involve points
for which two values of T and Ne are possible.

The observed line ratios are marked by crosses with their er-
ror bars in Fig. 5. The values of T and Ne obtained for CH and
QS in both columns lie in the range of acceptable values, how-
ever, they differ significantly from each other. For AR, the cross
lies outside of the diagram (Fig. 5 right top). Apparently, the
Maxwellian distribution is not able to explain the observations.

To move from the thermal to the non-thermal distribution,
we need to diagnose three parameters simultaneously. It is not
possible to do this in a single diagram. We used a numeric
method to diagnose κ. This method uses our grid of the calcu-
lated values of R1–R11 for different T , Ne, and κ and looks for a
minimum in the difference between the observed and theoretical
line ratios. The results of these diagnostics and their comparison
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Fig. 5. Schematic T –Ne diagnostic diagrams for Maxwellian distribution with (full lines) and without (dashed lines) included radiation field for AR
and CH (top) and for QS (bottom). The crosses show the observed values for AR, QS, and CH with their errors by Pinfield et al. (1999).

with thermal diagnostics are given in Table 3. They agree with
the observed line ratios within their errors and we can consider
this agreement as evidence of the presence of the κ-distributions
or distributions with a very similar shape in the transition region.
Figure 6 shows several diagrams with the observed line ratios for
diagnosed values of κ.

5. Diagnosed plasma parameters and discussion

The diagnosed κ for QS (κ = 12–9) is only slightly lower than
the κ for CH (κ = 13–12) and indicate a similar degree of non-
thermality. The active region shows the strongest deviation from
the Maxwellian distribution with κ = 7. As has been predicted
by Scudder (1992), the suprathermal tail of the distribution is
enhanced above locations with the intensified magnetic field.
Scudder (1992) has estimated the value of κ ≈ 2.2 for the transi-
tion region. On the other hand, MacNeice et al. (1991) have cal-
culated the non-Maxwellian effects in the transition region and
concluded that only weak departures from Maxwellian distribu-
tion can occur, so κ should be high. Our diagnosed values of κ lie
between these two extrema. The values of κ in CH and QS cor-
respond to smaller departures from the Maxwellian distribution.
The diagnosed value of κ = 7 in the AR is slightly higher
than κ = 2–5.5 diagnosed in the solar wind (e.g. Maksimovic
et al. 1997; Nieves-Chinchilla & Viñas 2008; Zouganelis 2008;
Pierrard & Lazar 2010). However, our diagnosed values of κ can
be influenced by data averaging over the observed region.

The values of T and Ne correspond to the typical param-
eters of plasma at the base of the transition regio, however,
T diagnosed for AR appears to be too low. Previously, au-
thors used different pairs of the Si iii lines for diagnostics of
the electron density in the transition region than those pro-
posed by Pinfield et al. (1999). They assumed the Maxwellian
distribution, although they did not include the influence of
the radiation field on the diagnostics and they did not diag-
nose T , therefore, they had to assume its value. Dufton et al.
(1983) have derived the range of the electron densities under
the assumption of two values of log(T /K) = 4.5 and 4.7 as
log(Ne/cm−3) = 9.0–10.4 for CH, log(Ne/cm−3) = 9.0–10.3 for
QS, and log(Ne/cm−3) = 8.8–11.3 for AR. Similar results have
been derived by Keenan et al. (1989a) and Doschek et al. (1998).
Keenan et al. (1989b) have used the Shoub’s non-thermal model
of the transition region and for the assumed log(T /K) = 4.5 or
4.7 presented log(Ne/cm−3) = 10.2–10.8 for a quiet region and
log(Ne/cm−3) = 10.4–11.0 for AR.

Generally, the electron densities derived from Si iii lines
agree with the values derived from lines of the other ions. For
example, Pérez et al. (1999) have studied a temporal variabil-
ity in the electron density from O iv lines. They have found
that log(Ne/cm−3)= 9.7–10.4 with a maximum at ≈9.7 in CH,
log(Ne/cm−3)= 9.7–10.8 with a maximum at ≈9.8 in QS, and
log(Ne/cm−3) = 9.7–11.0 with a maximum at ≈10.5 in AR.
The amplitude of the temporal and spatial changes has reached
Δlog(Ne/cm−3)≈ 0.5 dex.
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Table 3. Summary of the diagnosed T , Ne and κ, together with the corresponding synthetic values of the ratios R1–R11. x.

Coronal hole
log(T ) log(Ne) R1 R2 R3 R7 R8 R9
4.55 10.3 Maxw. 0.60 0.75 0.17 0.48 0.11 0.08
4.40 10.15 κ = 13 0.61 0.75 0.17 0.46 0.10 0.14
4.40 10.15 κ = 14 0.60 0.73 0.17 0.45 0.11 0.14

Observed ratio 0.59 ± 0.04 0.71 ± 0.05 0.17 ± 0.02 0.44 ± 0.03 0.11 ± 0.005 0.14 ± 0.01
Quiet Sun

log(T ) log(Ne) R4 R5 R6 R9 R10 R11
4.50 10.0 Maxw. 1.59 3.28 0.92 0.08 0.0076 0.0061
4.55 9.25 κ = 12 1.53 3.23 0.90 0.16 0.0078 0.0063
4.55 9.25 κ = 11 1.57 3.29 0.92 0.17 0.0077 0.0062
4.55 9.2 κ = 10 1.54 3.23 0.90 0.17 0.0077 0.0062
4.55 9.2 κ = 9 1.60 3.31 0.93 0.19 0.0075 0.0061

Observed ratio 1.70 ± 0.2 3.16 ± 0.15 0.91 ± 0.05 0.17 ± 0.02 0.0078 ± 0.0004 0.0060 ± 0.0006
Active region

log(T ) log(Ne) R2 R3 R4 R7 R8 R9
4.50 10.4 Maxw. 0.67 0.16 1.81 0.53 0.12 0.07
4.00 10.1 κ = 7 0.69 0.16 1.99 0.49 0.11 0.34

Observed ratio 0.66 ± 0.03 0.16 ± 0.01 1.66 ± 0.08 0.54 ± 0.05 0.13 ± 0.01 0.36 ± 0.01

Notes. The observed values with their errors are listed as well.

Our results for the electron density in CH (Table 3) agree
with the previous authors. The log(T ) for diagnosed κ = 13–14
is lower than for the Maxwellian distribution. This is beacause
of a shift of the ionization peak of Si iii to lower T (Fig. 2).

The diagnosed electron density for QS (Table 3) appears to
be lower than for CH. When we exclude data errors, there are
three possible explanations:

– The intensity of the 1206 Å line in the R10 and R11 ra-
tios can be influenced by its own opacity (e.g. Keenan &
Kingston 1986), resulting in higher values of both ratios.
Figure 6 shows that a lower ratio of R11 implies a higher
electron density.

– The inhomogeneity of the analyzed quiet region can lead
to incorrect results. The He ii figure of the quiet region in
Pinfield et al. (1999) shows bright and dark features, which
must have different plasma parameters.The data of Pinfield
et al. (1999) used here are the line intensities averaged over
the whole region.

– The effect of the DEM. The line intensities are integrated
along line of sight through the region with a strong gradi-
ent of the electron density and T . The effect of DEM on
the ratios of the line intensities can be much stronger for the
κ-distributions than for the Maxwellian distribution. This is
because the κ-distribution broadens the ionization peak and
increases electron excitation rates for the lower T compared
with the Maxwellian distribution. Therefore, the layers from
a much wider interval of T contribute to the integral intensity
along the line of sight for the κ-distribution.

The diagnosed Ne for AR (Table 3) agrees with the generally
accepted densities for AR in the transition region. However, the
diagnosed value of T is quite low. We must note that T in the
κ-distribution represents the mean energy of the distribution. The
ionization and excitation state for a particular mean energy of
electrons in a κ-distribution is similar to the ionization and exci-
tation state for the Maxwellian distribution with a higher mean
energy. This is owing the the enhanced number of electrons in
the high-energy tail of the κ-distribution. The possible explana-
tion for log(T /K) = 4.0 diagnosed in AR could be the shift of the
ionization peak due to the κ-distribution. The shift for κ = 7
is about 0.35 dex toward lower T , but the diagnosed shift is

0.5–0.6 dex. Thus, the shift of the ionization peak alone can-
not explain the diagnosed log(T ). We assume that this large shift
is caused by the gradient of the density in the transition region
and could be explained by an appropriate DEM.

6. Effect of DEM

The transition region is characterized by strong gradients of the
electron density and temperature. The deeper and colder layers
with higher densities can have more important contributions to
the observed line intensity than hotter layers with lower densi-
ties. We do not know the real DEM for the observed regions,
and there are no DEM computed under the assumption of the
non-thermal distribution. This is why we choose the DEMs for
the Maxwellian distribution from CHIANTI, purely to illustrate
a possible effect of DEM on the line intensities. Three different
DEMs by Vernazza & Reeves (1978) for the quiet Sun (DEM 1),
a coronal hole (DEM 2), and the active region (DEM 3) were
taken from the CHIANTI database (Fig. 7) to test an effect of
the integration of the line emission along the line of sight on the
diagnostics. The DEM 3 has the strongest gradient and DEM 1
has the lowest one (Fig. 7).

The intensity of the optically thin line formed in an atmo-
sphere with a DEM is (e.g. Philips et al. 2008)

Iλ =
hc

4πλji
A ji

∫
N(X+k

j ) dl

=
hc

4πλi j
A ji

∫ N(X+k
j )

N(X+k)
N(X+k)
N(X)

N(X)
N(H)

N(H)
Ne

Nedl

=
1

4π

∫
G(T,Ne)N2

e dl

=
1

4π

∫
G(T,Ne) DEM

T
log(e)

d log(T ), (2)

where G(T,Ne) is the contribution function, DEM = N2
e dl/dT is

the differential emission measure, λ ji is wavelength of the spec-
tral line, A ji is the Einstein coefficient for spontaneous emission,
N(X+k

j )/N(X+k) is the relative j-level population of ion X+k,

N(X+k)/N(X) is the relative ion population, N(X)/N(H) is the
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Fig. 6. Resulting diagnostic plots for CH (top), QS (middle), and AR (bottom). The diagnosed parameters T , Ne, and κ are summarized in the
Table 3.

abundance of element X relative to hydrogen, N(H)/Ne is the
abundance of hydrogen relative to the electron density.

Sets of synthetic spectra for selected DEMs for the
Maxwellian distribution and the κ-distributions with the differ-
ent κ were calculated. We assumed that κ is constant over the
transition region in our calculations. This is a simplified assump-
tion because the value of κ should increase and a deviation of a
non-thermal distribution from Maxwellian one should decrease
toward the chromosphere in the real transition region. We also
assume that the atmosphere has a constant pressure that corre-
sponds to Ne × T = 1013–1016 cm−3 K.

6.1. Contributions to the line intensity

We calculated the contribution to the total line intensity as a
function of log(T /K) to determine the region of T where the
spectral lines are formed. We selected lines that correspond to
the ratios R2, R9, and R11 to show a typical behavior of Si iii
lines. The results for the Maxwellian distribution are shown in
Fig. 8 left and middle. Evidently, that there is not a sharp peak
that corresponds to a single T , instead a plateau and the spectral
lines are formed in a wider range of T , typically from log(T /K) ∼
4.3 to log(T /K) ∼ 4.8. The character of this plateau depends on
the shape of DEM and can be different for different lines. Very
strong gradients of DEM in the region of log(T /K)∼ 4.0–4.2
can shift the maximum of the contribution to the line intensity to

A122, page 6 of 10

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201016287&pdf_id=6
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Fig. 7. Dependence of DEM 1 (dashed line), DEM 2 (dot-dashed line),
and DEM 3 (full line) on log(T ).

log(T /K) ∼ 4.0 (Fig. 8, middle) for some lines, e.g. 1206, 1296,
1296, and 1108 Å influencing the observed values of their ra-
tios (e.g. R2 = 1108/1296, R11 = 1296/1206). These ratios can
correspond to log(T /K) ∼ 4.0 in some cases if the Maxwellian
distribution is assumed. This is very important for the diagnos-
tics of the transition region. It is evident from Fig. 8 that each
of the diagnosed plasma parameters is weighted by DEM, and
averaged over a wide temperature range of atmosphere.

The results for the κ-distributions show a similar behavior of
spectral lines as for the Maxwellian distribution (Fig. 8 right).
However, the plateau is wider, the contributions from regions
with lower T are higher, and the behavior of various lines be-
comes similar if a deviation of κ-distribution from Maxwellian
distribution increases. Each of the Si iii lines shows a maxi-
mum of the contribution to the line intensity at T = 104 K.
We must point out that the real contributions to line intensity
in the T ≈ 104 K region should be lower than our calculations
for the κ-distributions and must be similar to the calculation for
Maxwellian distribution owing to Maxwellian boundary condi-
tion. We note that the ratio R9 = 1313/1113 used for its diag-
nostics is almost independent from T and DEM. Therefore, the
diagnosed value of κ are expected to be correct.

6.2. Line ratios for different DEMs

The calculated line ratios for the Maxwellian distribution and for
different DEMs with different pressures in the transition region
corresponding to log(Ne × T /cm−3 K) = 13.0–16.0 are shown in
Fig. 9 together with the diagnostic plots and observed line ratios.
It is evident from Fig. 9 (top left) that the diagnosed T should be
nearly constant for any pressure and DEMs with low gradient. A
stronger gradient of DEM shifts the calculated line ratios toward
lower T with the pressure remaining approximately constant.
On the other hand, the ratio R9, which is very sensitive to the
κ-distribution, is placed in the same region for all DEMs (Fig. 9,
right). The ratio R11 shows a different behavior (Fig. 9 bottom
left). The ratios calculated in a wide range of pressures are sig-
nificantly lower than the observed ratios, or ratios predicted by
the diagnostic plot. The integration of the 1206 Å line along the
line of sight makes the intensity of this line very high. Therefore,
the calculated ratios R11 (or R10) for the Maxwellian distribu-
tions with any DEMs are much lower than the observed values
of these ratios from Pinfield et al. (1999).

Figure 10 shows the comparison of the observed ratios with
the calculated ones for different DEMs in atmosphere with diag-
nosed constant κ and the diagnostic diagrams for this κ. The ra-
tios calculated for different DEMs and log(Ne×T ) usually corre-
spond to similar values of log(Ne×T ) from diagnostic diagrams.

The observed and computed ratios for CH agree (Fig. 10,
top). The observed ratios R2 and R8 correspond to theoret-
ical calculations for the atmosphere with constant log(Ne ×
T /cm−3 K)≈ 14.5 and DEM 1. The ratios R3–R9 give the
higher value of log(Ne × T /cm−3 K)≈ 14.9–15.0 for DEM 1 or
DEM 2. These values are very close to the diagnosed value of
log(Ne × T /cm−3 K) = 14.55 for CH (Table 4). The agreement
between the observed ratios for CH with theoretical ones could
imply that the real gradient of the DEM in CH is similar to the
gradient of DEM 1 by Vernazza & Reeves (1978).

Evidently, that the effect of DEM is able to explain diag-
nosed T = 104 K in AR (Fig. 10 bottom). The computed points
for any DEMs and pressure are close to this T . For the higher
gradient of DEM, lower T is obtained. The best result is for
the DEM 3. Indeed the observed line ratios correspond to a
slightly lower T than 104 K, however, CHIANTI does not al-
low a calculation below this limit. The point corresponding to
the observed ratios R2–R8 (R4–R9) is close to the pressure
log(Ne × T /cm−3 K)≈ 14.1 for DEM 3 that corresponds to the
diagnosed value of log(Ne × T /cm−3 K) = 14.1 (Table 4) for AR.

The explanation of our results with DEM for QS seems
to be problematic (Fig. 10 middle). On one hand, there is an
agreement between our calculations for different DEMs and ob-
served values of R4 and R9. They correspond to DEM with
log(Ne×T /cm−3 K) ≈ 13.9 and the diagnosed value of log(Ne×T )
is between 13.75–13.8 (Table 4). On the other hand, the point
corresponding to the observed ratio R5 and R11 does not corre-
spond to any of the ratios computed for different DEMs and the
pressure for the κ-distribution with diagnosed κ ≈ 11 (Fig. 10
bottom). The observed value of R11 is much higher than any
calculated R11. The shape of DEMs has a small effect only and
is not able to reproduce the observed data. The problem could
be in the assumption of a constant κ in our calculations. In re-
ality, κ should increase toward the base of the transition region
where the electron distribution function should be a Maxwellian
one because of its high density. Such changes in κ can result
in the shift of our calculations for DEMs to the calculations for
the Maxwellian distribution (Fig. 9 bottom left). However, this
effect is not completely sufficient to explain the disagreement.
Therefore, we assumed that the ratio R11 can be partly influ-
enced by an opacity of the 1206 Å line, although Pinfield et al.
(1999) found no flattening of the Gaussian profile of this line in
QS. On the other hand, Avrett & Loeser (2008) have pointed out
that a line that is strong enough to have its line-center optical
depth close to unity in a region where the temperature increases
with height, will appear in emission if the line source function
also increases with height.

6.3. Optical thickness of the 1206 Å Line

We have to estimate the optical thickness of the 1206 Å line. We
have the expression (e.g. Mihalas 1978) to find out the influence
of the 1206 Å line opacity on diagnostics

τν =
Bi j

4π
hν

∫
N(X+k

i )

⎛⎜⎜⎜⎜⎜⎝1 − giN(X+k
j )

g jN(Xk
i )

⎞⎟⎟⎟⎟⎟⎠Φ(ν)dl, (3)

where Bi j is Einstein coefficient for absorption, Φ(ν) is an ab-
sorption profile, N(X+k

i ), and N(X+k
j ) are the density of a k-times
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Fig. 8. Contributions to the total intensity of Si iii lines 1108, 1296, 1313, 1113, 1296, and 1206 Å as a function of log(T /K) computed for the
solar atmosphere with the Maxwellian distribution electrons with DEM 2 (left) and DEM 3 (middle), and the κ-distribution with κ = 7 and DEM 3
(right). Thin lines correspond to the constant pressure Ne × T = 3 × 1015 cm−3 K and thick lines are for 3 × 1014 cm−3 K.

Fig. 9. Relation between ratios R2 and R8 (above, left), R3–R9 (above, right), R5–R11 (below, left) and R4–R9 (below, right) for the Maxwellian
distribution (thick black lines) computed for the solar atmosphere with a constant pressure characterized by Ne × T = 1013–1016 cm−3 K with the
DEM 3 (full lines), DEM 2 (dot-dashed lines), and DEM 1 (dashed lines). The points correspond to DEMs with Ne × T = 1013, 1014, 1015, and
1016 cm−3 K. The crosses with error bars show observed line ratios.

Table 4. Comparison of the diagnosed Ne × T with pressure estimated for different DEMs.

log(Ne × T/ cm−3 K)
Coronal hole Quiet Sun Active region

Diagnosed from T and Ne 14.55 13.75–13.80 14.1
Estimated from DEM 14.50–15.00 13.90∗ 14.1

Notes. (∗) From R4–R9 only.
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Fig. 10. Comparison of the calculated R2–R8 for different DEMs (DEM
1: dashed line, DEM 2: dot-dashed line, DEM 3: full line) and κ = 13
with the diagnostics figure for κ = 13 (top), calculated R5–R11 for
different DEMs and κ = 11 with the diagnostics figure for κ = 11
(middle), and calculated R2–R8 for different DEMs and κ = 7 with the
diagnostics figure for κ = 7 (bottom). The black crosses with the error
bars mark observed line ratios in CH, QS, and AR.

ionized atom with excited level i, and j, respectively, gi and g j
are statistical weight of the levels i and j. The term in a brackets
is the correction for the stimulated emission. The absorption pro-
file in the transition region can be approximated by the thermal
Doppler profile

Φ(ν) =
1√
πΔνD

exp

⎛⎜⎜⎜⎜⎝− (ν − ν0)2

Δν2D

⎞⎟⎟⎟⎟⎠ , (4)

where ΔνD = (ν0/c)(2kT/M)1/2 is the Doppler line width and M
is the mass of the element. Finally, the optical thickness in a line

Fig. 11. Optical thickness in center of the 1206 Å line for different
DEMs (DEM 1 – dashed lines, DEM 2 – dot-dashed lines, DEM 3 – full
lines), for the Maxwellian distribution (thick lines) and κ-distribution
with κ = 12 (thin lines).

center (ν = ν0) is

τν=ν0 =
Bi j

4π3/2

hν
ΔνD

∫ ⎛⎜⎜⎜⎜⎜⎝1 − giN(X+k
j )

g jN(X+k
i )

⎞⎟⎟⎟⎟⎟⎠ N(X+k
i )

N(X+k)
N(X+k)
N(X)

× N(X)
N(H)

N(H)
Ne

1
Ne

DEM dT. (5)

The dependence of the calculated optical depth for the
1206 Å line center for atmospheres with different DEMs and
for Maxwellian and κ-distributions with κ = 12 are in Fig. 11.
The calculated τ reaches value τ = 1 (marked by full line) for
Tτ=1 ≈ 104.2–104.6 K for each of DEM and the distributions.
The real value of Tτ=1 mainly depends on the shape of DEM.
The κ-distribution significantly increases the optical depth of
1206 Å line for low T because it increases the Si iii abundance in
this region of T . We do not know the real DEM in the observed
region but there is a high probability that the optical depth in the
center of this line is higher than 1. The radiative transfer in this
line must be calculated to solve this problem. Our calculations
show that this line is inappropriate for diagnostics.

We can conclude that the values of log(Ne) and log(T ) in
Table 3 agree with log(Ne × T ) derived for the atmospheres with
different DEMs. This means that the strong T and density gra-
dients in the transition region have little effect on the diagnosed
value of κ. The strong gradient of DEM can influence the diag-
nosed value of T and Ne but their product (pressure) seems to be
correct. Therefore, the influence of DEM on the line ratios can
explain the very low T value diagnosed in AR with low κ, The
results for QS could be influnced by the optical thickness of the
1206 Å line, however, the diagnosed κ should be correct.

7. Conclusion

The diagnostic method for the parameters κ and T and the
electron density from observed intensity ratios of Si iii lines
have been proposed in this paper. We included the radiation
field in our calculation of the thermal and non-thermal excita-
tion equilibrium. We demonstrated that the observed line ratios
can be explained by the presence of the non-thermal electron
κ-distributions in the transition region. The agreement between
the theoretical line ratios for the non-thermal κ-distributions
and the observations provides evidence for the presence of the
κ-distributions or very similar ones in the transition region.
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The results showed that only a slightly higher degree of non-
thermality is diagnosed in the QS region (κ ≈ 11) than in CH
with κ ≈ 13. The electron distribution in AR shows the strongest
deviation from the Maxwellian distribution with κ = 7. This
means that the region with an intensified magnetic field can en-
hance the suprathermal tail of the distribution. The diagnosed
values of Ne correspond to the typical parameters of plasma in
the transition region. The values of T for the κ-distributions with
a higher κ are close to the temperatures from the Maxwellian
diagnostics. The low T value diagnosed in AR with the highest
degree of non-thermality can be a result of the influence of DEM
on the observed line ratio. The effect of DEM is able to explain
some peculiarities in the diagnosed plasma parameters. Low val-
ues of the ratios R10 and R11 compared with observations can
be an effect of optical thickness of the 1206 Å line, which we
do not recommend for diagnostics. The results can be influenced
by existing plasma inhomogeneities or variations of κ within the
transition region.
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