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Abstract. In the present paper the evolution of basic thermodyna-
mic parameters of a single flaring solar loop has been investigated
in terms of density-temperature (N-T) diagram. A grid of hydro-
dynamic models has been calculated for this purpose using the
Palermo-Harvard code. The calculated models differ in their ini-
tial conditions and the form of the energy input i.e. the heating
rate value, the heating duration, the assumed time profile.

We have considered the consequences of variation of these
model parameters on the evolutionary paths in the density-
temperature diagrams. We show that, over a substantial duration,
the decay occurs along a T oc N? trajectory when the impulsive
flare heating function is switched-off abruptly. The results ob-
tained in this paper can be very useful as diagnostics of the flare
heating process based on soft X-ray observations.
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1. Introduction

In a previous paper (Serio et al. 1991; henceforth Paper I) we have
investigated the decay of simple solar flare loops under simplify-
ing assumptions, and demonstrated that the decay proceeds
through a “linear phase” during which the entropy per particle at
the top of the loop decays linear with a rate depending only on the
loop length and the initial temperature. We have also shown that,
during the linear phase, the decay of temperature and density at
the top of the loop is approximately exponential, and found em-
pirical relations among the respective decay times and the entropy
decay rate. We have noted that the relationship between the den-
sity decay time and the temperature decay time forces a T oc N2
relationship during the linear phase of a flare loop evolution in
solar environment.

In the present paper we want to investigate the evolution of
basic thermodynamic parameters (density and temperature) of
the flare plasma and its diagnostic value.

Send offprint requests to: B. Sylwester

We have computed the value of these thermodynamic vari-
ables for a grid of hydrodynamic flare loop models under a num-
ber of different assumptions. We have used the Palermo-Harvard
code (Peres et al. 1982; Peres & Serio 1984), which solves the
one-dimensional hydrodynamic equations of mass, momentum
and energy conservation for a solar plasma confined in a semicir-
cular arch of constant cross section. The plasma is assumed to be
in ionization equilibrium. The equations take into account effects
of gravity, viscosity, Spitzer thermal conduction, and radiation
losses from an optically thin plasma. A background uniform heat-
ing term, (Ey),, (necessary to maintain the loop in thermal equi-
librium during the non-flaring phase) is provided, in addition to
a flare heating term, Ey (¢), as discussed below. The loop is as-
sumed symmetric at its apex, and therefore with velocity and
spatial derivatives of temperature and density equal to zero at the
loop top. The temperature at the loop base, located at the temper-
ature minimum (i.e. 4400 K) is maintained constant. The steady-
state initial atmosphere is computed as in Serio et al. (1981) for the
coronal part, and matched to an appropriate Vernazza et al.
(1980) chromospheric model at T~ 2 10* K.

Four groups of models, differing in the time profile of the
heating function were analyzed (see Table 1):

(1) With instant switch-on and -off, constant in time heating,
operating for 50, 100, 180, 300 and 600 s.

(2) With various values of the flare heating rate operating for
180 s, and instant switch-on and -off.

(3) With the heating function of triangular shape, having a
linear rise and/or fall.

(4) With instant switch-on, constant in time heating, operat-
ing for 180 s and 300 s followed by exponential decay character-
ized by e-folding times 7 of 60, 300 or 1200 s.

We have analyzed also a special group of models already dis-
cussed in Paper 1. These models investigate only a decay (cooling)
phase of flaring loops which are assumed to be in a high-
temperature steady-state at the beginning of the model calcula-
tions.

In this paper we present an analysis of the flare evolution in
terms of density-temperature (N-T') diagrams. Jakimiec et al.
(1986, 1987) have shown such that diagrams are very useful in
understanding the time evolution of the flare energy release. The

(N-T) diagram represents a history of variations of Ti,, vs N,
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Table 1. Characteristics of the flare models used in this work

(1) Different duration of the heating

Initial conditions in the steady-state pre-flare loop:
Semi-length L = 20 Mm
Top temperature T;,, = 3.2 MK
Top density N, = 6.12 10° cm™?
Background heating rate (Ey)o = 1.35 1072 ergs cm ™
Flare heating rate Ey = 10 ergscm 357!
applied at ¢ = 0, lasting for 50, 100, 180, 300 and 600s,

with abrupt switch-off to the pre-flare value.

3 1

s”

(2) Different value of the heating rate

Initial conditions in the loop as in (7).
Flare heating rate of log E; = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0 applied
at ¢t = 0s, lasting for 180 s with abrupt switch-on and -off.

(3) Different time profile of the heating rate

Initial conditions in the loops:
Semi-lengths L = 50 Mm (LNL), and 10 Mm (SHL)
Top temperature 7;,, = 3.0 MK
Top densities Ny, =1.8 10° and 1.2 10'°cm ™3
Background heating rates (Ep), = 1.55 1073 and
4.8310 2ergscm 357!
Maximum flare heating rate Ey = 10 ergs cm ™3 s~ ! reached at
t = 50s. Heating time profile of triangular symmetric shape.
Total duration of flare heating 100s.
Initial conditions in the loop as in (7).
Maximum flare heating rate Ey = 10 ergsem™> s~
(a) reached at 7 = 0s. Linear decrease of the heating rate to the
pre-flare value at 200s (DOWN).

(b) reached at # = 200 s. Linear rise of the heating rate with
an abrupt switch-off of the heating to pre-flare value
afterwards (UP).

3

3 1

(4) Different decay of the heating

Initial conditions in the loop as in (/).

Flare heating rate Ey = 10 ergscm ™ >s~
applied at ¢ = 0, duration 180s and 300s, decreasing with e-
folding time 7 = 60, 300, and 1200s to pre-flare value.

1

plotted in logarithmic sclaes, where 7;,, and N, are the electron
temperature and density of the plasma at the top of a flaring loop.
Usually T, is the maximum plasma temperature, at least in the
cases when the flare heatings is located somewhere near the top of
the loop. The values of 7, and N,,, are taken directly from results
of the hydrodynamic modelling.

In the next section we present the (N-T") diagram concept and
point out advantages of using it in the analysis of the flare evolu-
tion. In Sect. 3 the (N-T') diagrams for the decay phase models of
Paper I are presented, together with diagrams for a set of models
with a complete cycling of the flare heating from zero its peak
value and zero again with an abrupt switch-off (cf. the first, second
and third group of models from Table 1). In Sect. 4 we discuss the
evolution of flares along the quasi-steady-state (QSS) trajectory,
i.e. the trajectory implied by the RTV scaling law. Section § is
devoted to a summary and conclusions.
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Fig. 1. The density-temperature diagram for plasma located at the top of a
loop. The evolutionary path corresponds to the model in which a constant flare
heating (switched-on abruptly at ¢ =0) operates for 300s with an abrupt
switch-off to the pre-flare value. Individual phases of the evolution are denoted
by letters and described in the text. The dashed line (S —S) in this and all the
other figures, represents the relation between the plotted parameters for steady-
state conditions (RTV scaling law). The numbers indicate the time elapsed since
the start of flare heating

2. Flare evolution in the density-temperature diagram

A typical example of a flare evolutionary path in an (N-T') dia-
gram is presented in Fig. 1. The dashed line in the figure repre-
sents the steady-state (S—S) relation (according to the so-called
scaling law RTV of Rosner et al. 1978). In the present paper the
scaling law is taken in the form:

Tt%pz CNtopLa (1)

where T,,, Ny, are the temperature and density of the plasma at
the top of the loop and C'is a constant (cf. Jakimiec et al. 1986).
The slope of this line is &g_g = 0.5. The continuous line in the
figure represents the variation of T;,, and N,,, resulting from
calculations of the hydrodynamic flare model (for details of the
model see Table 1), where the duration of the heating has been
chosen as 300 s. The numbers indicated in the figure denote the
time passed from the start of the heating. The letters denote
several characteristic phases of the flare evolution:

a (0s—20s): The flare heating starts from the S— S initial condi-
tions at time # = 0's. After a sudden start of the energy release into
the loop, the temperature T, rises very quickly (in a time less than
20 ), immediately adjusting to its maximum value which is deter-
mined by the balance between the heating rate Ey and the conduc-
tive losses.

b (205-300s): Under constant heating, T,,, does not change
substantially and the plasma density, N,,, slowly increases. The
occurrence of phases a and b is a natural consequence of the
perturbation of initial steady-state conditions. The strong release
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of energy cannot be immediately irradiated (coronal plasma is not
dense enough) and therefore the plasma temperature increases.
This, in turn, leads to an increase of the conductive flux along the
loop. The chromospheric plasma at the loop base is heated to high
temperatures, expands and violently flows up into the loop i.e.
so-called chromospheric evaporation occurs. The evolutionary
trajectory runs horizontally towards the S-S line. Under a suffi-
ciently long-lasting constant heating, the S-S conditions would
be reached (the asterisk in Fig.1).

¢ (300s—410s): At the moment when the flare heating is sud-
denly switched-off (at 300s in the case shown in the figure) a
decrease of T;,, begins. This cooling of the plasma is due to con-
ductive and radiative losses. A delay in reaching the maximum
density is seen which is due to the inertia of the evaporated,
upward-moving chromospheric plasma, being in motion at the
moment of the energy switch-off. Later on, the plasma density
decreases as a consequence of the gravitational fall-down. At
t ~ 410s, the evolutionary path crosses the steady-state (S—S)
line.

d (4105-1020s).: A systematic cooling (due to conductive and
radiative losses) and a density decrease take place. The decrease
of T,,, during this phase occurs with a mean rate of 2 10* K s,
A significant part of the thermal energy of the plasma confined in
the loop is carried away by the enthalpy flux of the plasma out-
flowing through the foot points. When T;,, drops to the pre-flare
value (z ~820s) the electron density is still much higher than the
pre-flare value. Later on, a further cooling causes a further de-
crease of Tj,, significantly below its initial value.

e (1020s-1070s): Due to unbalanced large radiative losses the
plasma at the loop top becomes thermally unstable (the tempera-
ture drops extremely fast with only a small change of the density).
A small background heating rate (Ey), necessary to maintain the
initial steady-state is not able to prevent possible formation of an
Hoa post-flare loop.

f (1070s-1620s): During this phase a slow increase of the tem-
perature occurs due to the presence of the continuous background
heating (£y),. However, N,,, decreases further as the effect of
persistent plasma outflow and after ¢ = 1170s the density be-
comes lower than in the pre-flare S-S conditions. At some mo-
ment the evolutionary path crosses the S—S line again.

g (16205-4920s): At the beginning of this phase Ti,, reaches a
value close to the pre-flare one. This value is determined by the
rate of background heating. N,,, increases again as the result of
slow chromospheric evaporation. If the calculations would be
continued for a sufficiently long time the starting values of T;,,
and N,,, would be restored. Phase g resembles phase b, but at a
temperature level determined by the value of the background
heating rate (Ey),.

3. N-T diagrams for other calculated models

We begin this section with a discussion of the (N-T') diagrams for
the family of the decay phase models considered in Paper I. The
diagrams are shown in Fig. 2. These models represent a specific
but instructive class. In all of them steady-state initial conditions
are assumed. According to the high rate of energy deposition, the
initial plasma temperature and the density are relatively high.

271

B.O 71 LN B A B [rrrr oo T1T I_
—_ I D2 C2 B2 A2 ]
5 N Dl Cl #¥B1 Al ]

7.0 F -
(o8 B ]
o N ]
+ r b
B C ]
806.0 .
Q C ]
N |

5.0 - I T T T 0 S S S SO Y A B Y WY BV AR

9.0 10.0 11.0 12.0 13.0

Log density at the top (cm™)

Fig. 2. The density-temperature diagram for the decay phase models (SS-OFF).
The letters A, B, C and D in the figure correspond to semi-lengths of 5, 20, 50
and 100 Mm, respectively, and the numbers 1 and 2 represent the initial maxi-
mum temperature in units of 10 MK. (This notation is according to Table 1
of Paper 1.)

After switch-off of the heating the cooling phase occurs. In the
following analysis we shall refer to these models as SS-OFF for
brevity. The following initial temperatures at the top, T,,,, and
loop semilengths, L, have been selected in the hydrodynamic cal-
culations: T;,, = 10 and 20 MK, L = 5, 20, 50, and 100 Mm (cf.
Table 1 of PaperI). It is seen from Fig. 2 that for the SS-OFF
models a characteristic pattern of the evolution occurs. The mean
slope of all evolutionary trajectories during a relatively long
period of the decay is similar, being independent of the loop
semilength and the initial temperature. The average slope for all
the models is: ¢ = d (log T;,,)/d (log N,,,) = 1.96 £0.17. As noted
in Paper I, this is a consequence of the exponential decay of the
top temperature occuring with a time constant twice as fast as the
exponential decay of density.

In the subsequent paper (Paper III), we shall compare the
(N-T) diagrams obtained from the model calculations with the
empirical diagrams constructed from soft X-ray observations.

The densities and temperatures derived from analysis of the
soft X-ray data represent, in most cases, the mean values, aver-
aged over a substantial portion of the hot flare plasma, since the
present X-ray observations have insufficient spatial resolution.
Therefore they do not correspond precisely to the conditions at
the loop top. Such averaging may affect the trajectories in the
(N-T') diagrams. To check the role of such an effect we have
examined the evolution of plasma in the (N-T) diagram not only
for the loop top, but also for several other positions along the
loop length. The following distances from the loop top have been
selected: As = 0.47, 0.8, and 0.9 L. As an example of the results,
we show in Fig. 3 the diagrams for the D2 model from Paper . It
is seen that individual evolutionary paths for points located at
different positions along the loop have practically the same slope,
£, i.e. the slope determined for the loop top is appropriate for the
entire flaring loop. This indicates that the observational averaging
of plasma parameters over a considerable part of the loop volume
(when they are determined from X-ray observations) could result
in some displacement of the evolutionary path in the (N-T') dia-
gram, but the characteristic slope should be preserved. We have
performed a similar analysis for several other loop models corre-
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Fig. 3. The density-temperature diagram for the plasma located at selected
positions along the loop, for D2 model from Paper I. Numbers denote the
distance from the loop top
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Fig. 4. The density-temperature diagrams for a grid of models characterized by
various flare heating phase durations (Az = 50, 100, 180, 300 and 600 s)

sponding to different initial conditions and the results fully con-
firm the above conclusion.

To ascertain how the above results can be extended to the case
in which the initial state is not steady, but rather a dynamic one,
we proceed to a presentation and discussion of the evolutionary
pathsin (N-T) diagram for three groups of flare models described
in Table 1.

In Fig. 4 (analogous to Fig. 1) the evolutionary paths (a, b, ¢,
and d phases) for the models with various durations At of the flare
energy release are presented (the first group from Table1);
At = 50, 100, 180, 300, and 600 s have been taken in the calcula-
tions. Let us note that At = Az, + Az, (At,, At,, being the dura-

Table 2. Slopes of the d-phase evolutionary
paths for the first group of models from

Table 1

At [s] 14 g
50 1.80 0.11

100 1.86 0.09

180 1.99 0.08

300 2.12 0.07

600 2.11 0.10

tions of phases a and b respectively) and for most of our cases
At = At,, since At, is short (x 20s for the models shown in
Fig. 4).

One of the natural properties of flare evolution, which is
clearly seen in Fig. 4 is the dependence of N,,, on the duration At
of the heating. The longer is the duration, the higher is the maxi-
mum density achieved.

Another property, which is clearly seen, is that the slopes of
the evolutionary paths during the d-phase are similar. The values
of the slope ¢ for the individual evolutionary paths are given
in Table 2, together with their estimated standard deviations o.
Values of the slope ¢ for the d-phase of individual models in this
and the other cases considered in the present paper have been
calculated by means of fitting a straight line to the coronal part of
data points (T = 1.5 MK).

A weak dependence of the slope ¢ on the duration Af of
the heating is suggested by the values from Table 2. The average
value of the d-phase slope for all models in Fig. 4 amounts to
¢=1.98+0.15.

It is worth stressing that the last value is close to that obtained
for the SS-OFF models. It is not accidental, if we remember that
both the SS-OFF models and d-phases of the models shown in
Fig. 4 correspond to the decay phase of a flare when the heating
is abruptly terminated (the d-phase begins when the evolutionary
path just crossed the S—S line). Let us also point out that the
SS-OFF evolution is actually the d-phase for the cases when the
flare heating operates so long that the flare reaches the steady-
state line before the abrupt termination of the heating occurs (see
the asterisk in Fig. 1).

In Fig.5 evolutionary paths are presented for loops
(L = 20 Mm), for which various values of the flare heating rate
have been adopted (the second group from Table 1). The heating
operated for Ar = 180 s for all the cases. The following values of
the heating rate were taken log Ey = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0.
As was shown by Jakimiec et al. (1986) the plasma temperature
during the b-phase quickly assumes values corresponding to those
of the steady-state with the same heating rate. In addition, a
dependence of the duration of the a-phase on the level of the flare
heating can be noticed from Fig. 5. For higher values of Ey the
temperature of plasma at the top adjusts very quickly (Af < 205s)
to the actual rate of heating, but for lower Ey, it takes longer,
as much as 80s for Ey = 1ergem ™ 3s™! case. Consequently, the
b-phase lasts longer for the former cases and shorter for the latter
ones. For the d-phases seen in Fig. 5, the slopes ¢ are similar to
those shown in Table 2.

The above analysis demonstrates that for the d-phase of flares
we have a characteristic slope & in the (N-T) diagram which
appears to be & & 2. This ¢ value does not strongly depend on the
flaring loop parameters such as L — the loop semi-length, T, — the
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Fig. 5. The density-temperature diagrams for a grid of models for a loop of
semi-length 20 Mm. The plasma was heated for 180 s with various heating rates:
log E,; = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0 (abrupt switch-on and -off of the flare
heating). The calculations were terminated at ¢ = 600s for all models. The
dotted line connects points corresponding to the end of the heating phase (180s)

temperature during the b-phase, and At — the heating duration.
Moreover, it does not depend on the time-variations of the flare
heating function, Ey(f), during the phases a and b as will be
shown below.

In order to investigate this last question we have analyzed the
evolutionary paths in the (N-T") diagram for models with various
time profiles of the heating function, Ey (¢), (the third group of
models from Table1). Appropriate hydrodynamic calculations
have been performed for various triangular shapes of Ey(¢) by
Pallavicini et al. (1983), (see Figs. 12 and 14 in their Paper).

At first, the loop semi-length has been set as 20 Mm and the
flare heating duration as 200 s. Two models have been analyzed.
In the UP-model the flare heating grows linearly from Ey = 0 at
t =0s to its maximum value Ey = 10ergscm™3s™ ! at 1 =200s
followed by an abrupt switch-off. In the DOWN-model the
switch-on of the flare heating is abrupt (Ey = 10ergscm 3s™ ! at
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t = 0s) and then it decreases linearly during 200s (i.e. Ey = 0 at
t = 200s). The (N-T) diagrams for these two shapes of the heat-
ing function together with the evolutionary path for a corre-
sponding SS-OFF model (B1), are shown in Fig. 6. The slope &
during the d-phase is similar for the UP and DOWN models and
amounts to 1.82+0.08 and 1.8040.06, respectively.

The other two examples considered correspond to the hydro-
dynamic calculations in which the heating rate rises and falls
gradually. In these cases the flare heating reaches a peak rate of
Ey=10ergscm *s™! at the time ¢ = 50s and a total heating
duration of 100 is assumed. The flare heating has been applied
to two different loop structures: one of semi-length L = 50 Mm,
(the LNL-model) and the other with L =10 Mm, (the SHL-
model). The initial temperature at the top has been taken to be the
same (T;,, ~ 3 MK) in both cases, which means that the base
pressure is different in each of the cases. The (N-T) diagrams for
these models are presented in Figs. 7a and 7b. The dashed lines in
the ﬁgures correspond to the S—S models with the two different
loop semi-lengths.

The following values of the slope ¢ for the d-phase have been
obtained: £ &~ 1.56 + 0.08 for the LNL model and & ~1.72 4+ 0.13
for the SHL model. These values and the values of ¢ from Table 2
suggest the presence of some dependence of & on the maximum
density, Ny,.,, which is reached during the c-phase of the model
evolution. The low &-values correspond to small values of N,,,,
i.e. to the cases when the flaring loop has been poorly filled up with
the matter during the b-phases of the flare. The LNL model is an
example of such a case. This model represents a relatively long
loop with a low heating rate (Ey; = Sergscm ™ 3s™ 1), for which the
b-phase is rather short (Az, & 50 s), while the a-phase is prolonged.
As a consequence the loop is poorly filled up with plasma and the
maximum density, N,,,, reached during the c-phase is very low.
Let us note that such cases (low &- and low N, max-values) can be
easily recognized in X-ray flare observations, since these will be
ﬂares with short b-phases and small emission measure values,

N2V, i.e. these will be very faint flares.

Now let us compare the evolution of the flaring loops shown
in Figs. 1 and 7b (the SHL model). It is clearly seen that the
e-phase (a quick radiative cooling) is absent in Fig. 7b. This is due
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Fig. 6. The density-temperature diagram for
UP and DOWN models (see Table1 for
details). For comparison, the corresponding
SS-OFF model is shown

Log density at the top (cm™3)

Fig. 7a and b. The density-temperature diagram for LNL (a) and SHL (b) models. See
Table1 for details of the models
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to rather large value of the background (non-flare) heating rate,
(Ey)o, in the case of the SHL model. The initial, pre-flare steady-
state temperatures are similar for both the cases (see Table 1), but
they differ significantly in their (Ey), values. This is a consequence
of the fact that for the steady-state conditions Ey strongly de-
pends on the loop semilength L (cf. Jakimiec et al. 1986),

Ey=1010"6T3SL™2, @)

Since the L-values are 10 and 20 Mm for the SHL model and for
the model shown in Fig. 1, respectively, the background heating
rate is about 4 times higher for the former than for the latter case
(cf. Table1 for exact values). The increased background heating
(Ey)o in the SHL model takes early control of the loop evolution
and the temperature T;,, does not decrease below 10°K. The
thermal instability, which occurs when 7' < 5 105K, does not de-
velop and so the phase e does not occur (cf. Fig. 7b).

Fisher & Hawley (1990) pointed out that it is helpful to use
global quantities in the analysis of flare loop evolution. It turned
out that the total number of electrons in the high temperature
portion of the loop belongs to this class of global parameters. We
have introduced N,,, for a loop of unit cross-section and the semi-
length L according to the following formula:

L
N = N.dl=NL, 3)
1(T =0.5MK)
where N is the mean electron density in the loop. Using the vari-
able N, instead of N,,,, modified diagnostic diagrams shown in
Fig. 8 can be constructed. These diagrams present the evolution
for the SS-OFF models, which were already discussed (cf. Fig. 2).
Inspection of Fig. 8 allows to make the following remarks:

(1) The models exhibit a behaviour very similar to that seen in
Fig. 2. The portion of the evolutionary path with a constant slope
(¢ ~ const.) is well defined and the corresponding &-values are
practically the same as in the case of Fig. 2.

(2) The structure of the diagram becomes simpler than that
of Fig. 2; the evolutionary paths are clumped now into two sepa-
rate groups corresponding to different initial temperatures
(T, = 10 MK and 20 MK respectively). The clumping happens
since for the steady-state models the scaling law, cf. Eq. (1), ex-
pressed in terms of the new variable (N,,) does not contain a
dependence on the loop semi-length L: T2, = CNL = CN,,.

7‘5||||||||||||‘||T|||4|||||1|1|f

\
\

»
n
JLANL AL L N I O O

P T T T T N B T O O B B A BV BV

20.0 20.5

Log Ntot

Fig. 8. In this figure, the top plasma temperature is plotted against the total
number of electrons contained in the coronal portion of the loop (7 > 0.5 MK)
for the SS-OFF models (cf. Fig. 2 for the comparison)
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(3) By using the integrated density N,,, the fluctuations in the
evolutionary paths are significantly reduced (compare Figs. 8
and 2). This is of great importance when we determine and com-
pare the values of the slope ¢ in the diagrams.

4. Quasi-steady-state flare evolution

In previous papers (Jakimiec et al. 1986, 1987), empirical (N-T)
diagrams have been constructed using observations of flare X-ray
radiation. In those papers it has been found that during the decay
phase of big flares, the evolutionary path often follows a line with
slope & =~ 0.5. This has been interpreted as flare evolution along
the line of steady-state models (cf. S—S line in Fig.1 and the
following Figures) when the decay of the heating function Ey (¢)
is sufficiently slow. Such a pattern of flare evolution has been
called quasi-steady-state (QSS) evolution. To examine the QSS
evolution more carefully we have performed a suitable set of
model calculations concentrating our attention on two problems.

(1) First, we have investigated how slow the decrease of the
heating Ey; should be in order that the QSS-evolution occurs. To
check this, we start with a hot steady-state model of the loop
(L=20Mm, E; =a=82ergscm™>s~!) and we allow Ey to
decrease exponentially:

Ey=aexp(—t/r) for 1>0. 4)

Calculations have been carried out for the following values of the
e-folding decay time 7: 300, 600, and 1200s, and the resulting
(N-T) diagrams are shown in Fig. 9. It is seen that for t = 300s
the evolutionary path initially somewhat deviates from the QSS-
branch (S-S line in Fig. 9) but, later on, it runs almost parallel to
this branch. For the latter part the slope £ is ~ 0.5 and it is clear
that in observational (N-T') diagrams we will not be able to dis-
tinguish such a case from the evolution proceeding strictly along
the QSS-branch. Therefore we include the case t = 300s in the
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Fig. 9. The N-T diagrams for models of a hot (7;,, = 20 MK) coronal loop

(L = 20 Mm), initially in steady-state conditions. The heating is decrease expo-
nentially with e-folding decay times of 300, 600 and 1200, respectively
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Fig.11. As in Fig. 10, but here the period of constant heating was 300s and
T =1300s

family of QSS-evolution cases as a marginal one. We see that for
7 = 1200 s the evolution precedes exactly along the QSS-branch.

(2) Next, we have investigated how the transition of a flare
from the b-phase to the QSS-phase occurs. To this end, we have
calculated the evolution of flare models with the following time-
variation of the heating function:

a = const for 0<t< At
EH(t)={

aexp(—t/t) for t> At. ®)

We have taken a = 10ergscm™3s™!, Az = 180s or 300s and
T =60s, 300, or 1200 s.

The results of the calculations are presented in the (N-T)
diagrams in Figs. 10, 11, and 12. It is seen from the figures that for
a sufficiently slow decay of the heating function (t = 300s for the
case of L =20 Mm) the evolutionary paths smoothly pass from
the phase b to the QSS evolution. The latter has a slope & = 0.5.
Let us note that the heating function decay time of 300 s amounts
to about 1.8 of the entropy decay time 7, (cf. the B2 model in
Table 1 of Paper I). In the figures we see, moreover, that the QSS-
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Fig.12. A comparison of evolutionary paths for models with t = 300s and
various durations (180 and 300s) of the initial constant heating

evolution does not run exactly along the S—S line, but parallel to
it, at a small distance (Alog T ~ 0.1) from the line. The QSS-
branch can run below the S-S line, as well as above it (cf. the
evolutionary path for r = 1200s in Fig. 12). We consider these
small displacements of the QSS-branches relative to the S—S line
as being due to the rearrangement of the structure of a cooling
loop toward the QSS conditions during the c-phase. This effect
will be further examined in one of forthcoming papers.

5. Summary and conclusions

The main aim of the present paper was detailed analysis of the
flare evolution in (N-T) diagnostic diagram. It has been con-
firmed that the evolutionary paths in the diagrams are very sensi-
tive to the Ey (¢) variations. This confirms, in turn, the high effi-
ciency of our method of analysis of real solar flares (Jakimiec et
al. 1986, 1987). The main points of the method are the following:

(1) We construct the empricial (N-T') diagrams using high-
quality X-ray observations.

(2) By detailed comparison of the empirical (N-T") diagrams
with the calculated ones, we can draw reliable conclusions about
the time variations of the thermal energy release, Ey(¢), in the
investigated solar flares.

Thus, in our method of flare analysis, the (N-T") diagrams are
in fact the diagnostic diagrams for the basic physical quantity, the
flare energy release Ey(z). At present, it is the most efficient
method for diagnosing Ey (¢) from flare observations.

In the next paper (PaperIII of this series) we will use this
method for investigation of many flares which were recorded
from the Solar Maximum Mission satellite.

Let us now briefly summarize the main conclusions about the
flare evolution in (N-T) diagrams which have been obtained in
the present paper:

(D) In the diagnostic diagrams it is easy to distinguish charac-
teristic phases of the flare evoluton which are due to specific
changes of the heating function Ey(¢), (cf. Figs. 1 and 11).

(ID) If Ey4 = const in the b-phase (flare heating and chromo-
spheric evaporation), the flare evolves along a horizontal line,
T ~ const, (cf. Figs. 1 and 4). The value of the heating function Ey
can be estimated from the (N-T') diagrams if we know the loop
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semi-length L, (Ey ~ 1.0 1076 T35 L™ 2 cf. Jakimiec et al. 1986),
and the duration of the successive phases a, b, ¢, ... can be easily
read out from the diagrams. If there are some significant varia-
tions of the heating function during the b-phase, they will be also
seen in the (N-T') diagrams (cf. the variation in temperature dur-
ing b-phases in Figs. 6 and 7a).

(III) Very important results have been obtained for the cool-
ing phases of flares. According to our previous suggestions (Jaki-
miec et al. 1986, 1987) we have two characteristic limiting bran-
ches of flare evolution during these phases:

(1) The banch of fast cooling when the flare heating decreases
quickly, 7 £ 1, (L), (ry ~ 60s for the case of L =20 Mm). The
branch has characteristic slope ¢ ~ 2.0 in the (N-T') diagrams.
This is the case of free of nearly-free evolution of the flaring loop,
when the heating decreases so quickly that it does not influence
the rate of flare cooling. The rate of flare cooling and the decrease
of the density in this case are determined only by the inertia of the
processes of heat and plasma outflow from the flaring loop. The
calculated models with an abrupt switch-off of the flare heating
(t = 0) represent some idealization of this case.

(2) The QSS-branch of flare evolution, when the heating func-
tion is sufficiently slow, T = 7, (L), where 7, (L) is a critical value
(1, = 300 s in our case). The characteristic slope is £ &~ 0.5. In this
case the cooling rate and the plasma outflow are entirely deter-
mined by the time evolution of the heating function Ey (¢). In the
case when a real flare evolves along the QSS-branch, we can also
determine the characteristic time 7 of the decrease of heating. It
can be estimated from the rate of the flare evolution along the
QSS-branch, d(log T)/dz.

Moreover, from the above discussion of the limiting cases (1)
and (2) it is easy to guess that for the intermediate values of t,
T, < T < 1,, ¢ will be a monotonic function of 7. It will decrease
from 2.0 to 0.5 when 7 increases from 7, to 7,. Physically these are
mixed cases: they are partly controlled by the rate of the heating
function decrease and partly by the inertia of the heat and plasma
outflow. This functional dependence & (7) for 7, < 7 < 1, will be

a subject of detailed investigation in one of the forthcoming
papers.

In the next paper (Paper III) all the properties of the flare
evolution in the (N-T') diagrams discussed in the present paper,
will be used for detailed diagnostics of the time-variations of the
energy release, Ey (), in real flares.
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