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ABSTRACT. Using X-ray date recorded by the Solar Maximum Mission Hard
X-ray Imaging Spectrometer we have investigated flare evolution in a (Tm, N)-
diagram, where Tm is the maximum temperature and N is the mean density in the
flare volume. It is important that the behaviour of a flare in such a diagram
does not depend significantly on details of the flare geometry and therefore
can be effectively compared with simplified model calculations of flare loops.

This flare diagnostics allows us to show that most large flares achieve
a quasi-steady-state during their decay, which means that the cooling is then
8o slow that a flare evolves along the line of steady-state loops in the
(Tm, N)-diagram. The diasgnostics allows us to determine the time evolution of
the flare heating function, EH(t), which gives the rate of thermal energy re-
lease, per unit volume. For the flsres which achieve the quasi-steady-state
branch it gives a new valuable method of estimation of the electron density in
the flare loops.

MCCIEIOBAHME HA'PEBA CQIHEYHHX BCITHUEK 10 HABJKRIEHUAM PEHTI'EHOBCKOI'O M3-
JVUEHHA: Jcnmoxbsys DPEHTreHOBCKMEe HaGADAEHMS NOJYUEHHHE IpM [MOMOmM CHEeKTPOMEeT-
pa HXIS co cnyTHuka Solar Maximum Mission,m uccaezoBasy 3BONKHUD CONHEUHHX
BCOHmMEK HA& Juarpauue (Tm,N ), rae Tm 0603HauYAseT MaKCUMAJbHYD Teunepatypy, a N
- CpenHOD IJAOTHOCTH BO BCHOHIKEe. BamxHO, UTO NOBeJeHMEe BCNHMKM Ha 3Toit guarpamme
caabo 88BUCHUT OT AeTaxelt reoMeTpuu BCIONMKKM ¥ NOITOMYy ero MOXHO CpDaBHMBATh C
YNPOmMEHHNMM TEOPDETHUECKMMM MOMEJSIMM BCIHMEYHHX MNeTexp. 9Ta AMACHOCTHKA NOKa3a-
J8, 49T0 GOABMMHCTBO GOJAbUMX BCNHMEK NOCTMraeT KBABSUCTALUMOHADHOE COCTOSHME HA
¢ase saTyxeHus BCHOHIEKM. OTO OBSHAYAET, YTO OXJAaXIEHME BCIHHMEYHOE NIasMH NpoUCXO-
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AT TOrZ8 HACTOIBKO MEJIEeHHO, UTO BCANNKA NepeXBUraeTCAd BIOAb AUHUM NpenCTaB-
zaxmelt crauMonepHwe merTau Ra nuerpaume (Tp,N ). lpesroxennas Merozuka mosBo-
AseT onpeleasTb (YHKUMD HArpeBa BCOHWEYHOX MAa3MN, Eﬂ(t) , KOoTOopas XaeT CKO-
pOCTH BHAEJEHMS TeNJAOBOl/ SHEprumM, pPACCUATAHHYD HA8 eIUHMNY oObema. Jas Tex
BCHOHIIEK , KOTOPHE NOCTHUIaPT KBA3MCTANMOHApHON BeTBM, 3Ta METOAUKA OaeT HOBHIH,
HeHHH) cmoco6 omnpeneseHus MAOTHOCTHM ropsdefl BCHHWEYHOR MIasMH.

VESKUM OHREVU SLNEUNfCH ERUPCIf NA ZAKLADE POZOROVANI ICH RONTGENOVEHO
ZIARENIA. VyvoJ erupcii bol skimany metddou (Tm, N) diagramu, zostrojeného z
réntgenovych merani spektrometra HXIS, umiestneného na druZici Solar Maximum
Mission. Tm oznatuje maximélnu teplotu a N strednd hustotu v objeme erupcie.
Pre metddu Je d6leZité té skuto¥nost, Ze chovanie erupcie v diagrame (Tm, N)
slabo zéivisi na geometrickych detailoch erupcie. Touto metddou mdZu byt preto
efektivne porovnané erupcie rdznych geometrickych tvarov so zjednodudenymi mo-
delmi eruplnych sluliek. Tdto diagnostiks umoZnila zistit, Ze vidldina silnych
erupcii{ dosahuje tzv. kvazistacionérny pokles. Znamend to, Ze objem erupcie
chladne tak pomsly, e v diagrsme (T, N) jej vyvoj prebieha pozdlf krivky
staciondrnych erupinych slu¥iek. Metoda dalej umoZfuje urdit Zasovi zmenu fun-
kcie ohrevu eruplnej plazmy EH(t), a tieZ rychlost uvoInenia tepelnej energie
z jednotkového objemu erupcie. Pre erupcie, ktoré dosiahnu oblast kvazista-
cionérneho stavu, okrem toho, plynie moZnost vypracovania novej cennej metédy
urdovania koncentrécie elektrdnov v erup&nych sludkéch.

1. INTRODUCTION

In a provious paper (Jakimiec et al., 1985) a method of investigation of
flare heating process using X-ray observations, has been proposed. The main
idea consists in displaying flare evolution in a (Tn’ N)-diagram, where Tm is
the maximum temperature and N is the mean (electron) density in the hot flare
plasma volume. Here we briefly summarize the method of flare investigation and
use it to discuss time evolution of the rate of the thermal energy release for
some flares.

An example of the temperature-density (Tm, N) disgram is shown in Fig. 1.
The thin straight line represents the relation:

T, = 6.9 x 1074 aw)'/2 (1)

which is valid for steady-state coronal loops (cf. Rosner et al. 1978, With-
broe 1981 ). Here L is the loop half-length (the distance fro: the loop top
to its footpoint ).

Moreover, for the steady-state loops the following rels ion between the
maximum temperature Tm, the loop length L and the heating fuv :tion EH is ful-
filled:

Ey=1.0x 1076 Tm3'5 12 erg em™3s™! (2)
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Fig. 1: The evolution of a caléulated model of the flare loop in the tempe-

rature-density diagram. See the text for details. The numbers give
time in minutes.

The heating function EH gives the rate of thermal energy release, per unit
volume.

The thick line in Fig. 1 shows the evolution of a theoretical model or a
flaring loop calculated under assumption of a constant heating EH = 10 erg
cm™ s", beginning at time t = 0 (Pallavicini et al. 1983). The model calcu-
lations were terminated at t = 5 min. But the point B represents the steady
state for the investigated loop (EH = 10 erg cm'3s'1, L=2x 109 cm), which
should be reached by the model if the constant heating is continued further
on.

The broken line in Fig. 1| shows the evolution of the model after abrupt

switch-off of the heating at t = 1.67 min. A quick cooling of the flare loop
then occures.

From Fig. 1 we see that:

1. During the flare growth under constant heating the temperature T, very
quickly assumes the same value as it would have in the steady state. This
means that the formula 2. is valid during the flare growth phase, except
the very beginning of it.

This is understandeble, because the maximum temperature 'I‘m is controlled
mainly by the processes of plasma heating and thermal conductivity as well
during the flare growth as in the steady state.

2. The value of Tm very quickly (zﬁt'010 s) adjusts to an actual value of the
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Fig. 2: The empirical diagnostic diagram for a pair of flares of 31 August
1980. The numbers give time (UT). The long-dashed line is the line
of steady-state loops drawn to fit the decay phase of the second
flare. See the text for details.
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Fig. 3: The same disgram as in Figure 2 for a flare of 14 July 1980
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heating function. This means that Tm(t) will closely reflect time varia-
tions of EH(t). This very close relation between Tln and EH provides sensi-
tive diagnostic tool of EH variations during flare evolution.
3. If the flare heating lasts long enough the flare may achieve the steady-
state regim. :
In Figure 2 and 3 are shown examples of empirical disgrams analogous to
Fig. 1. The temperature '1‘m was estimated from SMM HXIS observations. Assuming
that the hot plasma volume did not change very much during the investigated
time interval of the flare development, we used logﬂg as an abscissa of the
diagrams (£ is the emission measure, Nec/E for Vaconst).

2. TIME EVOLUTION OF FLARE HEATING

Now we are going to estimate the values of the heating function Ey from
formula 2. The values of Tm are determined with a high accuracy from X-ray
observations, but the values of L can be determined with much lower accuracy.
The point is that L in formula 2 has its precise physical meaning. This is the
length of the magnetic lines of force, along which occurs an effective trans-
fer of the heat from the hot flare volume to the dense layers of the transi-
tion region and the chromosphere. It is difficult to determine the value of
this parameter with high accuracy from available observations. In X-ray pic-
tures (HXIS, FCS) we usually see a hot flare core surrounded by a somewhat co-
oler matter, so that the size of the source increases with decreasing tempera-
ture. Consequently, at present the estimated values of L significantly depend
on the assumed topology of the magnetic lines of force in a flare under inves-
tigation. The present accuracy of the L-values is not better than within the
factor of 2.

For the larger flare of 31 August 1980 we have taken L~ 1.4 x 109 cm as
estimated from the FCS Mg XI isophotes (cf. Strong et al. 1985) and for the
14 July 1980 flare we put L=2.5 x 109 cm as estimated from the HXIS isophotes
of the main flare region (cf. Machado et al. 1985). This gives the EH-values
indicated by the scales on the right-hand side of Figs. 2 and 3.

For the small flare oﬂ 31 August (broken line in Fig. 2) an abrupt termi-
nation or significant decrease of the heating clearly occurred at 1249.1 UT.
The evolution of the larger flare (solid line in Fig. 2) suggests that a gra-
dual decrease of the heating occurred after 1252 UT, which allowed it to reach
a quasi-steady state, i.e. slow cooling along the line of steady-state equili-
bria.

At the beginning of the 14 July flare the heating rate EH gradually in-
creased with the increasing emission measure (inflow of the matter into the
hot flare volume). For about | minute it became stabilized at its maximum va-
lue E;~15 erg em™3s”! and then quickly decreased to the value of about By~
2 erg cm'3s'1, which allowed the flare to follow the quasi-steady-state evolu-
tion. S
Let us stress once more that the relative variations of Ey are determined
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with a much higher accuracy than their absolute values, which include the
factor L2,

3. DISCUSION OF THE QUASI-STEADY-STATE (QSS) EVOLUTION

Flare evolution along the steady-state branch means that EH # 0 and it
decreases so slowly that the outflow of the matter from the flare allows it
to evolve quasi-stationary.

On the steady-state branch formula (1) is valid, so we can determine the
values of (NL) with a high accuracy. If we apply the above estimates for L,
we obtain values of the density N with accuracy of about factor of two. This
gives us a very useful new method of evaluation of the density in the flare
loops. It is important that it does not use the plasma volume estimates from
X-ray pictures, which may contain large errors (e.g. the filling factor pro-
blems ).

For the middle of the QSS branch of the 14 July flare we obtain N«2 x
101‘cm'3. For the larger flare of 31 August the density changes from N=~4 x
10" "em™3 to Na2 x 10" em™3 during the QSS evolution. The heating function
decreased from 9 to 3 erg cm'3a'1, during this phase.

These estimates of the density give the following scaling of the /& -va-
lues into N=values:

log N = loglz - 13.5 for the 14 July flare,
log N = logﬂg - 13.3 for the 31 August flare.

Assuming that the plasma volume does not change very much during the
whole investigated flare evolution, we can apply these scaling formulae also
for the phase of flare growth. At the beginning of a flare the volume may be
somewhat smaller and then the scaling will give too small values of N.

4. DISCUSSION OF THE HEATING FUNCTION VALUES FOR VARIOUS FLARES

It is interesting that for most of big flares observed by the Solar Maxi-
mum Mission we obtain similar maximum values of Tm(2° MK<T <30 MK ). This
may suggest that:

1. For the big flares the heating rate Ey achieves its maximum value determi-
ned by the process of the magnetic energy dissipation in the flare loops,

2. The length L of the magnetic lines as discussed in Section 2, is similar
for different flares, being determined mostly by typical height of the hot
flare volume in the solar atmosphere.

We hope to be able to investigate this important problem of flare ener-
getics more comprehensively.
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