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ABSTRACT

Context. Electron energy spectra exhibiting a high-energy tail are commonly observed during solar flares.
Aims. We investigate the influence of the high-energy tail and thermal or nonthermal plasma bulk on the ionization equilibrium of Si
and Si flare line spectra.
Methods. We construct a realistically composed distribution that reflects the fits to RHESSI observations. We describe the high-energy
tail by a power-law distribution and the bulk of the electron distribution by either the Maxwellian or n-distribution. The shape of this
composed distribution is described by three parameters: the ratio of the plasma bulk density to the density of the high-energy tail,
the power-law index of the high-energy tail, and the parameter n, which describes the bulk of the distribution.
Results. Both the plasma bulk and the high-energy tail change the ionization equilibrium. The relative ion abundances are sensitive to
the shape of the plasma bulk, but are much less sensitive to the high-energy tail. The high-energy tail increases the ratio of temperaturesensitive lines Si XIV λ5.22/Si XIII λ5.68. Because this ratio can be fitted with a thermal distribution with higher temperature, the highenergy tail influences the temperature diagnostics from flare lines. The high-energy tail has only a small eﬀect on the ratio of the
satellite-to-allowed Si XIId/Si XIII lines, which are dominantly sensitive on the shape of the plasma bulk. This enables us to perform
an accurate diagnostic of the parameter n describing the plasma bulk.
Conclusions. The realistically composed distribution is able to explain the observed features of the RESIK X-ray flare line spectra.
Key words. atomic processes – radiation mechanisms: non-thermal – Sun: flares – Sun: X-rays, gamma rays

1. Introduction
X-ray observations with, e.g., RHESSI (Lin et al. 2002) show
that the flare electron distribution is composed of a plasma bulk,
which is usually considered to be Maxwellian, and a high-energy
tail, approximated with a power-law distribution (e.g., Brown
1971; Lin & Hudson 1971; Holman et al. 2003; Brown et al.
2008; Krucker & Lin 2008; Krucker et al. 2008; Asai et al.
2009; Warmuth et al. 2009; Veronig et al. 2010; Kurt et al. 2010;
Zharkova et al. 2010; Guo et al. 2011). The ionization equilibrium and synthetic spectra for the Maxwellian electron distribution are widely known (e.g., CHIANTI, Landi et al. 2006; Dere
et al. 2009), but there are only few papers on the influence of
the high-energy tail on the ionization equilibrium and the line
spectra.
Porquet et al. (2001) studied the impact of the nonthermal power-law electron tail on the ionization and recombination rates. The authors used a hybrid distribution, which was
Maxwellian for energies lower than a break energy, and powerlaw for higher energies, to describe the distribution function in
supernova remnants. This hybrid distribution is described by the
median energy and by the power-law index of the high-energy
tail. To ensure the continuity of the hybrid distribution, the authors had to apply normalization constants to both parts of this
distribution. They found a significant increase in the ionization
rates due to the high-energy tail. The recombination rates were

much less aﬀected. However, this kind of distribution does not
reflect the fits to the RHESSI observations.
Gabriel & Phillips (1979) studied the impact of the highenergy power-law tail on the Fe XXIVd/Fe XXV line ratios.
These authors used a Maxwellian electron distribution with an
added high-energy tail. They found that the high-energy tail increases the total excitation rate of the Fe XXV resonance line,
but does not influence the excitation of the Fe XXIVd dielectronic satellites. This is because the excitation of the dielectronic satellites is a resonant process with lower excitation energies than the high-energy tail cutoﬀ. The Fe XXV resonance
line has a higher excitation treshhold, and thus its intensity
increases if the high-energy tail is present. As a result, the
Fe XXIVd / Fe XXV line ratios decrease. For two hypotetical
flare events with temperatures of 15 and 20 MK, the decrease is
about 40% with respect to the purely thermal case. This prediction contradicts the observed increase of satellite lines emitted
by Li-like ions with respect to the He-like resonance lines (e.g.,
Seely et al. 1987; Phillips et al. 2006; Dzifčáková et al. 2008;
Kulinová et al. 2011).
In addition, the plasma bulk can have a shape diﬀerent
from the Maxwellian one. The return current with a drift velocity changes the shape of the plasma bulk distribution. The
resulting space-angle integrated distribution can be described
by the n-distribution (Dzifčáková & Karlický 2008). Its deviation from the Maxwellian distribution depends on the ratio
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of the electron drift velocity to the electron thermal velocity
and can be expessed by a free parameter n. The possible presence of n-distributions during impusive phase of the flare was
first shown by Seely et al. (1987) and their eﬀect on the ionization equilibrium and line spectra was subsequently studied
by, e.g., Dzifčáková (1998, 2000) and Dzifčáková & Tóthová
(2007). Dzifčáková et al. (2008) analyzed the X-ray line spectra observed by CORONAS-F/RESIK (Sylwester et al. 2005).
The authors proposed diagnostics of the n-distribution, which
uses the Si XIId satellite line together with the allowed Si XIII
and Si XIV lines. The n-distribution was able to explain the observed enhancement of the ratio of the Si XIId satellite lines
to Si XIII allowed lines. The thermal and multi-thermal synthetic
spectra did not show this enhacement. However, the authors did
not include the presence of the high-energy tail into their analysis. Kulinová et al. (2011) showed that observed RHESSI X-ray
spectrum for two flares corresponds to the n-distribution in the
low energy range, to the power-law tail in the high energy range,
plus a significant thermal (Maxwellian) component present below 12 keV. Despite this, the authors argued that the thermal
component does not originate in the same volume as the nonthermal bulk and the high-energy tail.
Kašparová & Karlický (2009) tried to interpret the RHESSI
X-ray spectra of several flares using the κ-distributions, which
also exhibit a power-law tail. These authors found that some of
the studied loop-top X-ray sources can be described by this type
of the electron distribution. The eﬀect of the κ-distribution on the
ionization equilibrium has been analyzed by, e.g., Dzifčáková
(2002) and Wannawichian et al. (2003), and on the EUV line
spectra by Dzifčáková (2006a). A rewiev on κ-distributions can
be found in Pierrard & Lazar (2010) and Pierrard (2011).
In this paper, we calculate the Si ionization equilibrium and
synthetic spectra for the electron distribution composed from the
Maxwellian or n-distribution and a high-energy power-law tail.
The composed distribution is constructed in a realistic manner
to reflect the fits to the RHESSI observations. The eﬀect of the
power-law tail together with the plasma bulk on the ionization
equilibrium is examined in Sect. 3 and on the Si X-ray line intensities in Sect. 4.

2. Composed electron distribution
We assume that the distribution function in solar flares can be
composed from a Maxwellian or n-distribution together with
a power-law distribution. The expression for the n-distribution
function is (e.g., Seely et al. 1987; Dzifčáková 1998)

  n−1

E 2 1/2
2
E
fn (E ≥ 0)dE = Bn √
E
exp
−
dE,
kT
π (kT )3/2 kT

n+2
T.
3
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Fig. 2. Composed np-distribution with the values of a/b = 20, 200,
and 1000 (top), and p = 2.1, 3−5 (bottom). The bulk of the distribution is Maxwellian (n = 1, left column) and an n-distribution with n = 7
(right column).

The pseudo-temperature has a similar physical meaning as T for
Maxwellian distribution (for which τ ≡ T ), and can be used for
computation of all quantities depending on the mean energy of
the distribution (Dzifčáková 1998).
The normalized power-law distribution can be expressed by
(e.g., Brown et al. 2008; Saint-Hilaire et al. 2009)
f p (E ≥ EC )dE =

(1)

√
where n ∈ 1, ∞) is a parameter and Bn = π/ (2Γ(n/2 + 1))
is the normalization constant. The n-distribution becomes
Maxwellian one for n = 1 and its deviation from the Maxwellian
distribution increases with the increase of n. The mean energy
of the n-distribution is En  = (n/2 + 1)kT . Because the mean
energy of the distribution depends on both n and T , a new
parameter, the pseudo-temperature τ has been introduced by
Dzifčáková (1998). Pseudo-temperature is the temperature of the
Maxwellian distribution with the same mean energy as the mean
energy of the n-distribution:
τ=

Fig. 1. Dependence of EC /kτ on the value of the power-law index p for
the Maxwellian distribution (n = 1, left) and n-distribution with n = 7
(right). The curves are labeled with the values of a/b.

(2)

(p − 1)  EC  p
dE,
EC
E

(3)

where p is a power-law index and EC is the low-energy cutoﬀ.
The mean energy of this distribution is E p  = EC (p − 1)/(p − 2).
The condition p > 2 must thus be fulfilled for the existence of a
finite positive mean energy.
We define the composed np-distribution as
fnp (E)dE = a · fn (E) + b · f p (E)dE,

(4)

where a/b is the bulk/tail ratio, and a + b = 1. We impose following conditions for the values of EC , a/b, n, and p:
– the power-law distribution does not aﬀect the shape of the
plasma bulk;
– the discontinuity, fnp (EC )/ fn (EC ) − 1, in the composed electron distribution at E = EC must be smaller than 1/10.
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Fig. 3. Direct ionization rates (left column) and the recombination rates
(right column) for the composed np-distribution with n = 1, p = 2.1 and
diﬀerent a/b (top row), with n = 1, a/b = 50 and diﬀerent p (middle
row), and with a/b = 50, p = 2.1 and diﬀent n (bottom row).

These conditions restrict the values of a/b, p, and n, for which a
suitable EC can be found (Fig. 1). The suitable value of EC decreases with increasing p and increases with increasing a/b or n.
The lowest suitable bulk/tail ratio is a/b ≈ 20. The observed ratios are much higher (e.g., Kulinová et al. 2011). An example of
the composed np-distributions is shown in Fig. 2.
We tested that adding electrons below the EC has a negligible
eﬀect on the ionization and excitation equilibrium. Thus the EC
shown in Fig. 1 are the upper limit values.
We note that the construction of the composed
np-distribution in Eq. (4) is diﬀerent from the one of Porquet
et al. (2001), who use a break energy and multiplication
factors to ensure the continuosness of their distribution. The
composed np-distribution is designed to reflect the fits to the
RHESSI observations.

3. Ionization equilibrium
In the coronal approximation, the ionization equilibrium depends on the rates of the direct ionization, autoionization, and radiative and dielectronic recombination. To obtain these rates, we used the atomic data from the works
of Arnaud & Rothenflug (1985), Arnaud & Raymond (1992),

Fig. 4. Ionization equilibrium for Si for the composed np-distribution
with various values of n, p, and a/b. Left column: Maxwellian bulk
(n = 1), right column: bulk with n > 1. For comparison, the dashed lines
representing the ionization equilibrium for the Maxwellian distribution
are plotted in each figure.

Shull & Van Steenberg (1982), Verner & Ferland (1996),
Mazzotta et al. (1998), and Pequignot et al. (1991).
We demonstrate here the eﬀect of the composed
np-distribution on the rates for Si (Fig. 3). This choice is
made is because the Si flare X-ray spectra observed by RESIK
were used to diagnose the shape of the plasma bulk (Dzifčáková
et al. 2008; Kulinová et al. 2011). However, the results obtained
in this section are also valid for other elements, e.g., Fe and Ni.
The high-energy tail in the composed np-distribution increases the direct ionization rates for low τ (Fig. 3 left). This
eﬀect is greatest for small a/b and p. The behavior is similar
for each ion, with details depending on the ratio χ/kT , where χ
is the ionization potential. The changes in the shape of plasma
bulk, i.e., in n, influence the direct ionization rates in the entire
range of τ (Fig. 3 bottom left). The autoionization rates show a
very similar behavior.
If the bulk of the distribution is Maxellian, there are no significant changes in either the radiative recombination or the total
recombination rates owing to the high-energy tail (Fig. 3 right).
This is because the low-energy bulk electrons are the main contributors to the radiative recombination rates, and their number is the same for the composed np-distribution with n = 1
(Maxellian bulk) compared to the Maxwellian distribution itself.
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Fig. 5. Observed and synthetic spectra. Left: spectrum observed by RESIK (full line) together with a synthetic isothermal Maxwellian spectrum
(dash-dotted line) with log(T/K) = 7.01. Middle: synthetic spectrum for the composed np-distribution with n = 1, p = 2.1, a/b = 20, and
log(τ/K) = 7.0 and the Maxwellian spectrum with the same log(T/K) = 7.0. Right: synthetic spectrum for the composed np-distribution with
n = 11, p = 2.1, a/b = 20, and log(τ/K) = 7.1 compared to the Maxwellian spectrum with log(T/K) = 7.02.

The recombination rates are sensitive only to the changes in the
plasma bulk shape, i.e., to the changes of n (Fig. 3 bottom right).
The power-law high-energy tail shifts the abundance peaks
of all Si ions to lower τ independently of n (Fig. 4 top). The
changes are again greatest for low values of a/b and/or p,
i.e., a strong high-energy tail. If n = 1, a weaker tail has only
a small eﬀect (Fig. 4, left column), and its eﬀect is completely
negligible for a/b ≥ 500. Furthermore, for n = 1, the changes
in the ratios of ion abundances are small even for a strong tail
because all ions are shifted to lower τ. Thus, it is impossible to
diagnose the presence of the high-energy tail from the ionization equilibrium, if the plasma bulk is Maxwellian and τ is not
a priori known.
If the composed np-distribution has a bulk with higher n,
the behavior of the ionization equilibrium is more complicated.
The high-energy tail shifts the Si ionization peaks to lower τ
(Fig. 4 top right), but the increased n shifts the ion abundance
peaks in the opposite direction, i.e., to higher τ (Fig. 4 bottom
right). Thus, the ionization equilibrium can be shifted to either
lower or higher τ depending on values of n, a/b and p. Therefore,
it is possible to find a composed np-distribution with nonthermal
bulk (n > 1) and a high-energy tail, for which the ion abundance
peaks are located near the same τ as for the Maxwellian distribution (e.g., Fig. 4 middle right). However, the nonthermal bulk
modifies the relative ion abundances significantly (Fig. 4 middle
right, bottom right), thus allowing for the diagnostic of the shape
of the plasma bulk.

4. Synthetic spectra
The CHIANTI atomic database and software (Landi et al. 2006;
Dere et al. 2009) allows a calculation of the synthetic spectra for the Maxwellian distribution. The original modification
of CHIANTI 5.2 developed by Dzifčáková (2006b) was used
previously for computation of line intensities for the nonthermal κ- and n-distributions (e.g., Dzifčáková & Tóthová 2007;
Dzifčáková & Mason 2008). This modification can be used
for computation of line intensities for any kind of distribution,
i.e., also for the composed np-distributions.
We studied the influence of the plasma bulk and highenergy tail on the Si flare spectrum observed by RESIK in the
5−6 Å channel (Fig. 5 left). The observed transitions, according
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Table 1. Si lines and corresponding transitions observed in the fourth
channel of RESIK.
ion

λ[Å]

transition

Si XIId
Si XIId
Si XIId
Si XIId

5.5631
5.5647
5.8156
5.8162

1s2 2p 2 P1/2
1s2 2p 2 P3/2
1s2 2p 2 P1/2
1s2 2p 2 P3/2

Si XIII
Si XIII
Si XIII
Si XIII
Si XIII
Si XIII

5.2856
5.2870
5.4046
5.4076
5.6807
5.6888

1s2
1s2
1s2
1s2
1s2
1s2

Si XIV
Si XIV

5.2168
5.2180

1s 2 S1/2 → 3p 2 P3/2
1s 2 S1/2 → 3p 2 P1/2

1

S0
S0
1
S0
1
S0
1
S0
1
S0
1

→ 1s 2s 4p 2 D3/2
→ 1s 2s 4p 2 D5/2
→ 1s 2s (3 P) 3p 2 D3/2
→ 1s 2s (3 P) 3p 2 D5/2

→ 1s 5p 1 P1
→ 1s 5p 3 P1
→ 1s 4p 1 P1
→ 1s 4p 3 P1
→ 1s 3p 1 P1
→ 1s 3p 3 P1

Notes. Only the strongest transitions are listed.

to CHIANTI, are summarized in Table 1. For Si XIId, only the
strongest of the several tens of transitions are listed. A more
complete list can be found in Phillips et al. (2006). However,
all the intensities of the dielectronic satellite lines listed in
CHIANTI were used to calculate the synthetic spectra in Fig. 5.
The high-energy tail increases the ratio of the allowed
Si XIV λ5.22/Si XIII λ5.68 lines (Fig. 5 middle). A given value
of this ratio for a composed np-distribution with n = 1 can be fitted with a Maxwellian spectrum corresponding to higher T . This
is because the high-energy tail increases the ionization and also
excitation of both lines. The shift in temperature is higher for low
values of p and/or a/b. E.g., the Si XIV λ5.22/Si XIII λ5.68 line
ratio in Fig. 5 middle corresponding to log(τ/K) = 7 could
be fitted with a Maxwellian with log(T/K) ≈ 7.05, which is
≈10% higher. The changes in the Si XIII λ5.28/Si XIII λ5.68
and Si XIII λ5.40/Si XIII λ5.68 line ratios are almost negligible
(Fig. 5 middle). This is because these ratios have only a low sensitivity to τ, while the Si XIV λ5.22/Si XIII λ5.68 is very sensitive to τ.
The high-energy tail decreases the ratios Si XIId λ5.56/
Si XIII λ5.68 and Si XIId λ5.82/Si XIII λ5.68 involving the
Si XIId dielectronic satellite lines. This decrease is quite small
(Fig. 5 middle). The behavior of the Fe XXIVd/Fe XXV ratios is
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much more aﬀected by the high-energy tail (Gabriel & Phillips
1979). This can be because of the higher excitation treshhold of
the Fe XXV resonance line, which is therefore more aﬀected by
the high-energy tail. Note again that the observations show an
increase of the the Si XIId/Si XIII ratios in comparison with the
thermal case, not a decrease.
However, these ratios are sensitive to the shape of the
plasma bulk. If the ratio Si XIV λ5.22/Si XIII λ5.68 is held
fixed, the ratios Si XIId λ5.56 or λ5.82 / Si XIII λ5.68 increase
with n (Fig. 5 right). In this figure, the full line corresponds to the np-distribution with n = 11 and log(τ/K) = 7.1,
while the dash-dotted thermal spectrum corresponds to a
Maxwellian with log(T/K) ≈ 7.02 giving the same ratio of
Si XIV λ5.22/Si XIII λ5.68. The increase of the Si XIId/Si XIII
ratio for n > 1 comes from the increase of the slope of the
distribution for energies above the excitation energy for the
Si XIId double excited state. This steeper slope lowers the intensitiy of the Si XIII line and thus increases the Si XIId/Si XIII ratio. In our case, the eﬀect of the slope of the bulk of the distribution dominates over the eﬀect of the high-energy tail.
Because the Si XIId / Si XIII ratios dominantly depend on n
and only slightly on p, they allow us to diagnose n (Dzifčáková
et al. 2008; Kulinová et al. 2011). For the large observed a/b
(103 , Kulinová et al. 2011, Table 4 therein), neglecting the effect of the high-energy tail only leads to negligible error in the
diagnosed n. Under these conditions, the diagnostics of p from
line spectra is not possible. For small a/b, i.e., large tails, simultaneous diagnostics of n and the parameters of the high-energy
tail from the RESIK Si spectra must be done by fitting the whole
spectrum. However, the parameters of the high-energy tail can
also be diagnosed from RHESSI observations.

5. Conclusions
We constructed a composed distribution consisting of the plasma
bulk, described by the Maxwellian or n-distribution, and a highenergy power-law tail with the slope p. The bulk/tail density
ratio a/b represents a third parameter of the composed distribution. The values of these three parameters are restricted by
the condition of finite mean energy and a low-energy cutoﬀ.
The composed np-distribution oﬀers an easy parametrization of
the observed distribution of electron energies in flare plasma.
We studied the influence of the plasma bulk and high-energy
tail of the composed np-distribution on the Si ionization equilibrium and flare line spectra. Both the plasma bulk and the nonthermal tail significantly influence the ionization equilibrium.
However, only the value of n related to the shape of the plasma
bulk has a significant eﬀect on the relative ion abundances.
The composed np-distribution is able to form a spectrum
that has enhanced intensities of the Si XIId dielectronic satellite lines, a feature observed in the RESIK flare spectra. This
enhancement occurs because the value of n > 1 and is almost independent of the slope p of the high-energy tail. The
Si XIId/Si XIII ratio can thus be used to diagnose n, i.e., the
shape of plasma bulk.

If n is held fixed, the ratio of the two strongest lines,
Si XIV λ5.22/Si XIII λ5.68 highly depends on p for any n. This
ratio can be fitted with a thermal spectrum (Maxwellian) with
higher T . Thus, the presence of the nonthermal, high-energy tail
can influence the temperature diagnostics from flare line spectra.
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Dzifčáková, E. 2002, Sol. Phys., 208, 91
Dzifčáková, E. 2006a, Sol. Phys., 234, 243
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Kulinová, A., Kašparová, J., Dzifčáková, E., et al. 2011, A&A, submitted
Kurt, V. G., Svertilov, S. I., Yuskov, B. Yu., et al. 2010, Astron. Lett., 36, 4
Lin, R. P., & Hudson, H. S. 1971, Sol. Phys., 17, 412
Lin, R. P., Dennis, B. R., Hurford, G. J., et al. 2002, Sol. Phys., 210, 3
Mazzotta, P., Mazzitelli, G., Colafrancesco, S., & Vittorio, N. 1998, A&AS, 133,
403
Pequignot, D., Petitjean, P., & Boisson, C. 1991, A&A, 251, 680
Pierrard, V. 2011, Space Sci. Rev., in press
Pierrard, V., & Lazar, M. 2010, Sol. Phys., 267, 153
Phillips, K. J. H., Dubau, J., Sylwester, J., & Sylwester, B. 2006, ApJ, 638, 1154
Porquet, D., Arnaud, M., & Decourchelle, A. 2001, A&A, 373, 1110
Saint-Hilaire, P., Krucker, S., Christe, S., & Lin, R. P. 2009, ApJ, 696, 941
Seely, J. F., Feldman, U., & Doschek, G. A. 1987, ApJ, 319, 541
Shoub, E. C. 1983, ApJ, 266, 339
Shull, J. M., & Van Steenberg, M. 1982, ApJS, 48, 95
Sylwester, J., Gaicki, I., Kordylewski, Z., et al. 2005, Sol. Phys., 226, 45
Verner, D. A., & Ferland, G. J. 1996, ApJS, 103, 467
Veronig, A. M., Rybák, J., Gömöry, P., et al. 2010, ApJ, 719, 655
Wannawichian, S. S., Ruﬀolo, D., & Kartavykh, Yu. Yu. 2003, ApJS, 146, 443
Warmuth, A., Holman, G. D., Dennis, B. R., et al. 2009, ApJ, 699, 917
Zharkova, V. V., Kuznetsov, A. A., & Siversky, T. V. 2010, A&A, 512, A8

A111, page 5 of 5

