Electron temperatures of flare plasmas from emission line fluxes
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Summary: We present spectral diagnostics for the fluxes of emission lines, in the spectral range 3600-4400 A,
during the cooling phase of stellar flares on dMe stars. Using these diagnostics, electron temperatures have been
computed for flares on AD Leonis, Proxima Centauri and UV Ceti. This preliminary model assumes a single flare
loop containing a homogencous, stationary optically-thin flare plasma.

.1 Introduction

To explain thie observed spectral line fluxes during stellar flares, we have studied the main atomic processes for a few
lines which were first discussed by G.A. Gurzadyan (1984). In several flares for which time-resolved spectroscopy
is available, a distinct difference in the behaviour of the Ca II K, He IT 4026 Aand Balner lines has been noted;
both in the time of maximumn emission and the evolution of emission during the later phases. The obscrvations we
preseut and discuss hiere are explained using a simple model which involves cooling of the plasma without expausion.
Furthermore, this method shows that the flux evolution in a quasi-optically-thin line, such as the higher members
of the Baliner series, ¢an be a good clectron temperature diagnostic provided the line reaches its maximum emission
cfficiency at some stage during the flare.

.2 The modelling of the line fluxes

a) The Cooling Phase Assumptions

Because of the rapid damping of the UV and optical continuum and hard X-rays during a flare, we assumed
that radiative processes are negligible compared to the collisional processes, for electron densities in the range
10'2-10"¢m=3 . To estimate the clectron density (Ne), we have assurued that the ionization balance is collisionally
dominated and that the electron contribution from heavy elements is low (less than10%) for 6400< Te¢ <50000K.
Therefore we compute the degree of ionization using collisional ionization fromn the ground state and radiative
recombination to levels 1-18. '

These results are not too far removed from those given by the niore complete Collisional-Radiative model of
Drawin (1971). The flare plasma is assumed to be stationary and of constant density; an unlikely situation because
of probable large velocity fields, but nevertheless one we assume would not appreciably affect the integrated Balmer
line fluxes. According to Drawin (1971), for a purc collisionally dominated Lhydrogen plasma, the degree of ionization
varies only slightly over the density range 10'? - 1013¢/7% and over the entire temperature range. This implies that
the collisionally dominated populations decrease as Ne decreases, however the total number of emitters over the
wore rarified plasma would be constant, and consequently the integrated fluxes in the lines would be unaffected.

The flares that have been studied are assumed to be single events, where the period of euergy release, as well
as the time taken for the thermalisation of high encrgy particles, is assunied to be short comnpared to the cooling
time of the plasma. Finally, the most important assumption is to ncilect the optical depth in the lines. This is
discussed later.

b) Ewission Ef ficiency Curves

For an optically thin plasma, the flux emitted in a given line depends only on the collisional rates which populate
or depopulate the upper level. Thus it is possible to estimate the atomic populations of the levels and the ionization
fractions for a given range of clectron temperature and density. '

IT'ydrogen : The Balmer lines : There are two sets of simplifying assumptions to consider for the higher levels
of hydrogen; )

(i) At low densities and high temperatures it is possible to assume that it is mainly radiative recombination
that populates the upper levels followed by spontancous de-excitation to the lower levels. This is the coronal
approximation used by Gurzadyan (1984).

(ii) The other possibility is to assume Partial Local Thermodynamic Equilibrium (PLTE) for the levels in which
the relative populations of the npper atomic levels are strongly collisionally coupled to the continuum and their
populations are given by the Boltzman or Salia cquations.
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[ the preaent study, for the levels > 5 which correspond to 7, we make the second assumption. The PLTE
criterta (o RCGrienn 196-1) for hydrogen, given in table 1) clearly show that for Te < 50000 K, levels > 5 are
i PLTE for an electron density of 108%™ 0 burthennore, it is interestiug to point out that the population of
level 8 agrees with the PUTE population Letter than 10% for Ne=5.10"0 em™2 and Te=15000 K and that level 1
e for the siane temperature Ne=2.10" cin™?, From this we can compute the "emission cfticieney curves” for
the highor I Tiner lines which are proportional to the populations of the upper levels. Then;

Foto 1oy o Negdhioapt LMY (2w, kT, )30
where Moo D/ N, with D the tonization degree of hydrogen, and 1, is the cuergy of lonization of level i, These
cutves are plotted in fige 1 for the levels 2,56 and 8.

The Call K line .

The formla of the PLTE criterion for the Ca IT level 2]’3/,_, gives N, 7.10"%cr = for Te=15000 K, so that for
densities o the range 1072100 cia ¥ the suin of the collisional excitation probability to the upper fevels is 10-100
tnes Less thion the s of the spontianrous de-exeitation probability to the lower levels. Now, except i a few cases,
collibiowal de exeitation cross sections are always less than the correspouding collisional excitation cross section.
Thi then allows us to consider this level collisionally dominated by excitation from the lower states. On the other
Land, desnmnng a weah radiation ficld implies that the lonization fractions are collisionally dominated and are
well deseribed by the compitiations of Shull and Van Steaberg (1982). The ground state level of the Cuall ion is
wenned to follow, gnalitatively, the evolution of the ionization fraction « = Ny /(Near + Nearr + Neargr) n
the temperature tange 12000-17000 K, with the qualitative correction factor 1/P¢y gy, where Py is the partition
funetion,

The cunssion etliciency function then becomes;

/', ,,”( N, y [', ) &N J’V, (Tu)(lrl:)'m('J'}l(—E.|/k’1‘c)/[)('u“(Tc) Wi[h PCu”(T,_.) = Z g,'L’I])(—E,'/kTe)
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8 271010 461010 841010  13410M fig. 1, Emission elficiency curves for the lines Ly (,
Hy . Hg . Hg and Call K.

Comments

It 15 inportant to note the differences between these emission efficiency curves, viz. their shapes and temperature
waxitna, becanse they are direetly related to the behiaviour of the observed lines. We notice that our results are
i1 good agrecnent with those from S Kelma (1967). Using these curves, we are now able to compute electron
temperatures from the observed fluxes in the lines relative to their maxima and discuss the validity of the previous
assuinptions,

.3 Cooling curves of flares and their interpretation

We studied tour Hares from which we have caleulated cooling curves during thie gradual phase. These are plotted
hu tigs, 2 to 5.0 The tluxes in the lines Lhave been fitted in order to reduce the noise without losing information on
the general shiapes of the relative fluxes.

Flare (1) AD Leonis, 3,40 UT 28 March 1984

Flare (2): Proxima Centauri, & 37 UT 24 March 1934

Flare (3); UV Ceti, 247 UT 8 Dec. 1984

Flare ((1); UV Ceti, 349 UT 8 Dee. 1954

Flare (1) is important for the application of this model, because it shows a very fust increase { <1 win ) in
the continuum and in the Hel 4026 Aline followed by a rapid decline. This requires a high energy, strong, X-UV
radiation field and/or a very high plasma temperature during the very first minutes of the tlare. This behaviour
ix closely followed by the hydrogeun lines but not the Tall K line which increases very slowly. After the first 4
winutes, the fluxes in the hydrogen lines increase again up to the value of the previous maximum, though no other
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pliysical paramcters, like the FWHM of the lines, the continuum or the Hel line, show evidence of another energy
velease. However, the Call K line still increases slowly to a maximum, reached 5 min after the 2"¢ maximum in
the Balmer lines. We see a sccondary event located at 3130 UT, but it is too small to explain these phenomena.

Ou the one hand, the observed fluxes in the Balmer lines can be explained using only temperature variations
and the curves in figure 1. Indeed, if Te increases after the initial encrgy release to a higher value than 17500 K,
then the cnissivity first inereases and then decreases (see figure 1), and if Te later decreases, then the flux should
increase again to the same maximurg, and finally decrease. In that case the maximum temperature should be
focated at 3.425 UT. Ou the other hand the flux in the Call K line shows, simultaneously, a continuous increase,
corresponding to a sitnple decrcase of Te. Furthermore the Balmer line fluxes are very well correlated with the
continmumn flux and with the higher lines which are most probably in PLTE with the free electrons. This means that
during the first four minutes, the continuum flux is so intense that it might be the dominant cause of ionization
in the plasma, increasing significantly the degree of ionisation D and all the radiative rates. In that case the
cooling phase would really only begin 1 min after the flare release. The Call K line behaviour is more diflicult to
explain because the radiative processes involved are more complex. Also the Te effect might damp the increase
of Ferarr(Ne,/Te) duc to Ne because it scales only as Ne, and because this line is seusitive to the expansion of the
plasma. More generally it is not possible to conclude when radiative phenomena are important without a more
complete and detailed study.

The otlier flures do not display such a complex evolution. Nevertheless thiey all have in common an earlier,
and sharper, increase in the Balmer lines compared to the Call K line. The results display a great disparity
at hipher temperatures aud this is explained by, a not unexpected, opacity effect. The opacity of the medium
in a liue is proportional to the lower level density and tends to slightly decrease the extrapolated temperature at
maxinn emission efficiency and to significantly reduce the flux at maximum. This opacity effect on the computed
Te 1s greater before the maximum due to the shape of the emission efficiency curve. On the other hand, the LTE
departure increases as v Te and with the inverse of the principal quantum number. This underpopulates the lower
mtenediate levels and strengthens the previously noted eflect.

It is iteresting to point out the agreement of the lower temperatures ( < 15000K ), and the slight discrepancy
{or the Call K line which cau be explained simply by a non-isothermal plasma.

.4 Conclusions

This short note points to the possible existence of two main pliases in the gradual stage of flares: (i) the radiative
phase for which many radiative processes such as photoionisation can be dominant, and (ii) a collisional pliase
which appears liter, when nearly all the atomic transitions are collisionally dominated. These two phases could
he completely blended (as for the UV Ceti flares because the flare plasma does not reach a high enough Te to
distinguish them. Alternatively, the radiative phase could be completely nan-existent, as for the Proxima Centauri
flare, where only a very weak continuum enhancement was observed. 'furthermore, the maximumn of Te could be
su low that the hydrogen lines never reach their maximum emission efficiency.

We can also notice the good agreement of the derived temperature behaviour during the later phases of the
lares, as derived from different spectral lines. This 1s in spite of the rough assumptions used to compute the
cluission efficiency curve of Call K. In this context we show that H8 is a good Te diagnostic, cven in a plasma
significantly i expansion. The accuracy of the computed Te for this line, after the radiative phase, is only limited
by the poor signal to noise ratio of the observations.

Nevertheless, to coufirn the true role of Te on the observed behaviour, it is iinportant to study other possible
effects such as soft X-ray photoionisation which is often very well correlated with the Balmer lines,(see Butler et al.
1938), and Lo compute emission efficiency curves for other lines with significantly different opacities and different
temperatures of maximum emmission, and using more complete collisional-radiative models.

E.R.H. is grateful to Dr J.L. Godart from Laboratoire de Physique des Gaz et Plasma of Paris XI University
for interesting discussions and his useful comments.
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