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ABSTRACT

EUV observations often indicate the presence of bright knots in flare loops. The temperature of the knot plasma
is of the order of 1 MK, and the knots themselves are usually localized somewhere near the loop tops. We propose
a model in which the formation of EUV knots is due to the spatial structure of the nonflare active region heating.
We present the results of a series of one-dimensional hydrodynamic, flare-loop simulations, which include both an
impulsive flare heating and a background, active region heating. The simulations demonstrate that the formation of
the observed knots depends critically on the spatial distribution of the background heating during the decay phase.
In particular, the heating must be localized far from the loop apex and have a magnitude comparable to the local
radiative losses of the cooling loop. Our results, therefore, provide strong constraints on both coronal heating and

postflare conditions.
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1. INTRODUCTION

Solar flares represent gigantic releases of energy, 10°? ergs
or more in a matter of a few minutes, with dramatic manifes-
tations over large domains of the electromagnetic spectrum
(e.g., Tandberg-Hanssen & Emslie 1988). The standard model
for flare energy release is based on the magnetic reconnection
of oppositely directed flux (e.g., Carmichael 1964; Sturrock
1966; Hirayama 1974; Kopp & Pneuman 1976; Heyvaerts
et al. 1977). In this model, field lines that were opened by an
eruption close down and form the hot flare loops visible in soft
X-rays (e.g., Kopp & Pneuman 1976). Initially, the flare loops
have temperatures of tens of MK, but then they start to cool
down to coronal temperatures.

A self-consistent treatment of magnetic reconnection with
plasma energy losses that include radiation and thermal con-
duction is a daunting task in a full three-dimensional geometry.
Therefore, many authors have studied, instead, one-dimensional
hydrodynamic flare loop models (for a review see Bray et al.
1991). In the majority of the models the heating in the decay
phase of the flare is assumed to return to a preflare state in which
the heating is spatially uniform. However, from a series of re-
cent theoretical (Antiochos et al. 1999, 2000b; Karpen et al.
2001; Gudiksen & Nordlund 2002; Priest et al. 2002; Schrijver
& Title 2002; Miiller et al. 2003) and observational studies (e.g.,
Aschwanden et al. 2001; Vlahos & Georgoulis 2004) a new par-
adigm has emerged for coronal heating. According to this par-
adigm the quasi-steady heating is likely to be spatially localized
near the footpoints of coronal loops. It should be emphasized,
however, that this new paradigm is by no means universally
accepted.

One of the most conspicuous features of flare loops ob-
served in the extreme-ultraviolet (EUV) is the presence of
bright emission ““ knots” along them (e.g., Cheng 1980; Dere
et al. 1977; Widing & Hiei 1984; Golub et al. 1999; Warren
2000). In Figure 1 we show several examples of these knots.
The images were taken by the Transition Region and Coronal
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Explorer (TRACE; Handy et al. 1999) in an EUV channel
centered around 173 A, which is most sensitive to plasmas at
~1 MK. As is evident from Figure 1, knots can be found in
flare loops seen in both the disk and the limb. The 173 A knots
are typically 2—4 times brighter than the rest of the loop, al-
though contrasts as large as 10 can be found. They exhibit
proper motions of a few 10 km s~!. Their lifetime (defined as
the time the knots are visible in the 173 A channel) varies
between roughly 1 and 10 minutes. The key issue that we
address in this paper is the physical origin of these emission
inhomogeneities in flare loops. One possible cause is line-of-
sight effects in the optically thin corona (Alexander & Katsev
1996). A coronal loop with a complex three-dimensional ge-
ometry may well appear brighter in sections where the line of
sight is parallel to the loop axis. However, it seems unlikely
that such an effect can account for the knots seen at the disk
center, where the loop geometry appears to be well determined.
Another possibility is that the loop cross section is larger at the
locations of knots; however, this model also seems unlikely
given the fact that multiple knots often occur along flare
loops. In this case the loop would have to have a rather “ex-
otic” geometry with an undulating cross section along its
length. Moreover, we have found that as in our results on
quiet loops, EUV flare loops do not exhibit significant cross-
sectional expansion with height (Watko & Klimchuk 2000).
Finally, the fact that the knots are moving along the loops
seems to invalidate the possibility that they are formed by the
magnetic trapping of plasma condensations formed by recon-
nection at the loop top.

Antiochos (1980) proposed that the Ha knots observed in
the late cooling phase of large two-ribbon flares, the so-called
loop prominence systems (Bruzek 1964), are due to a type of
thermal instability. He found that if an initially hot, 107 K, flare
loop had a perturbation in its temperature and density profiles
such that the temperature exhibited a slight minimum near the
loop apex, then this minimum would grow to form an Ha
condensation well before the rest of the loop cooled to chro-
mospheric temperatures. Even a perturbation of only 5% am-
plitude was sufficient to lead to runaway cooling and to an Ha
knot that lived for tens of minutes (Antiochos 1980).
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Fic. 1.—Examples of knots in postflare loops seen in the 173 A channel of
TRACE. [See the electronic edition of the Journal for a color version of this

JSigure.]

We propose that a similar process may be responsible for the
EUV knots seen by TRACE during the cooling phase of flare
loops. The key question, however, is why the temperature de-
velops a minimum near the loop apex. In our previous work
(Antiochos 1980), the existence of the minimum was simply
assumed. In this paper, we argue that the temperature inversion
is formed by a background coronal heating that is localized
away from the loop apex. Such a spatial dependence is unlikely
to be valid for flare heating, which in the standard model is
believed to be due to reconnection at a vertical current sheet
above the observed loops. However, as discussed above, there
have been numerous results recently indicating that the quasi-
steady heating in nonflare coronal loops is concentrated near
the chromosphere. We conjecture that although this heating is
insufficient to maintain the loop plasma at the high temper-
atures produced by a flare, the quasi-steady heating is sufficient
to create a temperature minimum near the top after the flare has
shut off and the loop material begins to cool down. Once
created, this minimum will then grow to form the knots seen
in EUV and eventually Ha. If this model is correct, then the
observed properties of the knots may be used to place con-
straints on active region heating. In this paper, we investigate
our model for the formation of EUV knots in flare loops with
detailed numerical simulations.

The paper is organized as follows: in § 2 we describe the
numerical code and list the different models considered in this
study, and in § 3 we present the results of our simulations. This
paper concludes in § 4 with a discussion of the implications of
our results.

2. NUMERICAL MODEL

The one-dimensional time-dependent hydrodynamic equa-
tions for a coronal loop with constant cross section were solved
using our state-of-the-art adaptive mess refinement code called
ARGOS. For more technical details on ARGOS the reader
is referred to Antiochos et al. (2000b). For the simulations
reported in this paper we assume that the heating function
H(s, t) is separable in position along the loop s and time ¢, and
express it as:

H(s, 1) = h(s)g(2). (1)

For the loop geometry we assume a constant cross section flux
tube with total length L of 164,000 km. The loop includes two
long chromospheric sections of length 60,000 km each, which
provides an ample reservoir of mass for chromospheric evap-
oration and places the bottom boundary conditions sufficiently
far that they have no effect on the coronal evolution. The coro-
nal section of the loop consists of a semicircle that is oriented
vertically to the solar surface and is 44,000 km long (including
a thin transition region at the bottom). Therefore, our coronal
loop has a half-length L, of 22,000 km, and its apex is situ-
ated initially at a height of ~14,000 km above the top of the
chromosphere. The position of the top of the chromosphere
moves downward during the impulsive heating phase because
of the increase of plasma pressure in the coronal section of the
loop during this phase. The locations of the initial position of
the top of the chromosphere in each loop leg are given by s,
and L — s7.

As initial conditions for our flare simulations, we constructed
an equilibrium loop solution for a spatially uniform, steady
state heating rate ¢y = 0.005 ergs cm—> s~!. The code was run
for a sufficient time (~60,000 s), corresponding to several
sound transit times along the loop, so that the system relaxed to
a true, static equilibrium with negligible residual mass motions
(<0.2 km s~') and with an apex temperature and density of
~2.7 MK and 3.3 x 10° cm~3, respectively. All the numerical
simulations described below use this solution as the initial state
of the loop at t = 0 s. It should also be noted that the form of
the heating and the details of the plasma structure before the
flare are essentially irrelevant to the subsequent evolution, be-
cause the impulsive heating is so much larger than the preflare
heating.

We then subject this initial equilibrium state to two forms
of time-dependent heating, referred to as the “uniform” and
“localized” heating models. For both models we assume a
temporal dependence for the heating during the flare impulsive
phase g(¢) that has the form of a step function with a duration
of 300 s. This assumption corresponds to an instantaneous
turn-on of flare heating, which appears to agree with several
observations (e.g., Antiochos et al. 2000a). Furthermore the
heating during the impulsive phase is assumed to be concen-
trated at the loop apex, thereby mimicking thermal models of
flares. The spatial scale o for A(s) = € exp[—(s — L/2) /0] of
equation (1) is assumed be 1000 km, which corresponds to
1/22 of the initial half-length L/, of the coronal section of
the loop. In any case, since we are interested only in the late
phases of plasma cooling, the details of ¢(¢) and A(s) during the
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Fic. 2.—Snapshots of the temperature and density as a function of the position along the loop for the uniform heating model. Curves show times from ¢ = 0:

solid, 1399 s; dotted, 1599 s; dashed, 1800 s; dash-dotted, 2299 s.

impulsive phase are not expected to have a significant effect on
our results. Finally, the applied heating €; during the impulsive
phase is 1000 times larger than its preflare (spatially uniform)
value ¢y, which implies that the total heating rate over the en-
tire loop length increases by a factor of about 50 during the
flare. The maximum temperature in the loop reaches 12 MK, in
agreement with typical flare loop temperatures.

During the decay phase the temporal dependence of the
heating g(#) is set to unity for both models, but the spatial de-
pendence is very different. For the uniform model (§ 3.1) we
assume that the loop heating returns to a spatially constant state
with magnitude equal to the preflare value ¢,. For the localized
model (§ 3.2), on the other hand, we assume a background
heating that is concentrated toward the loop footpoints, A(s) =
€1 exp[—(s —s1)/0] fors; <5 <1+ Ly, with o = 1000 km,
and A(s) = €; for s < s;. The heating is assumed to be sym-
metric around the loop apex, i.e., A(s) = € exp [— (sl + 2Ly —
s)/o] forsy 4+ Ly, <5 <514 2Ly, and h(s) = € fors > s+
2L, ;. Because of the imposed symmetry we show results from
the one half of the loop in § 3 for the two models. The mag-
nitude of the localized model heating is chosen so that the total
heating in the loop returns to its preflare value, € = 22¢.
In summary, the two cases have identical initial states, flare
heating, and total background heating, but differ in the spatial
dependence for the background heating.

3. RESULTS

For the two cases described above, we obtained solutions to
the one-dimensional hydrodynamic problem by using ARGOS
to calculate the density, temperature, and flow velocity as a
function of time and position along the loop. Given the cal-
culated temperature 7'(s, ¢) and density n(s, ¢) distributions, we
were then able to calculate the signal Szz(s,?) that TRACE
would detect at position s and time ¢ from the simulated loops,

Str(s, 1) = [n(s,0)* Grr(T(s, 1)) dl, (2)

where Grr(T) is the temperature response for any given
TRACE channel expressed in units of data numbers (DN) per
pixel per second per unit column emission measure, and d/ is
the integration length across the loop. We use for d/ a constant
value of 2000 km over the entire loop length, since our loops
are assumed to have constant cross section. Furthermore we
assume that the loops are observed face-on. In this work we
show the signal for the 173 A channel of TRACE. Equation (2)
indicates that the signal and thus the loop morphology that
TRACE would see at any given time is a function of the tem-

perature and density distribution along the loop; therefore, it is
clear that in order to obtain emission knots, 7'(s, ) and/or n(s, t)
must have bumps and peaks along the loop, i.e., they must be
nonmonotonic.

3.1. Uniform Background Heating

In Figure 2 we plot temperature and density profiles along
the loop for the uniform model. They correspond to several
times during the late stages of the cooling when the coronal
temperatures are in the range ~0.65-2.5 MK. It is evident
that both density and temperature along the cooling loop are
smooth and monotonic without any local extrema, indicating
that EUV knots are not formed for this case.

The physical origin for this result can be understood from
the following arguments. Since the flare heating is localized at
the loop midpoint, it raises the local temperature to produce a
strong maximum at the midpoint, irrespective of the initial
temperature profile in the loop. Once the flare heating turns
off, the initial cooling is dominated by thermal conduction,
which acts to set up a temperature profile that is monotonically
decreasing from this temperature maximum down to the low-
temperature chromospheric footpoints. Note also that even if
the flare heating is localized at some position away from the
midpoint, resulting in a temperature maximum that is off to
one side of the loop, conduction cooling will establish a max-
imum at the midpoint, once the heating turns off. Since the
timescale for conductive cooling 7. depends strongly on the
distance from the temperature maximum to the chromosphere,
7. < L?, the short side will cool faster than the long side,
thereby moving the temperature maximum toward the mid-
point. We expect, therefore, that an impulsively heated flare
loop will generally begin its radiative cooling phase with a
temperature profile that has a single maximum midpoint from
the two chromospheric footpoints.

The question now is whether condensations (or local min-
ima) can form during the radiative phase. This appears likely,
because a radiatively dominated plasma is subject to the well-
known thermal instability (e.g., Field 1965). Of course, the
concept of a thermal instability is not strictly applicable to a
cooling loop, because the system is fully time dependent and
never in equilibrium. However, it is certainly possible to
consider the situation in which the loop cools unevenly, so that
a part of the loop plasma cools down to the TRACE tempera-
ture range well before the rest of the loop. If so, this would
appear as a condensation. The obstacle to forming a conden-
sation, however, is that for an isobaric loop at flare temper-
atures the radiative loss rate is a strongly decreasing function of
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temperature. Therefore, we expect that radiative cooling in a
flare loop will be weakest at the temperature maximum and
strongest in the transition region near the footpoints, which
acts only to enhance the maximum in the corona. In order for
thermal instability to produce a condensation, the temperature
profile at the onset of radiative cooling must have a local
minimum somewhere in the corona (e.g., Antiochos 1980). It is
possible that, because of the presence of evaporation and other
strong dynamics during the heating and initial cooling phase,
local temperature minima form in the corona, but these gen-
erally propagate along the loop and are damped out quickly by
conduction well before the onset of radiative cooling. There-
fore, radiative cooling by itself is unlikely to produce a con-
densation in a flare loop. Some other mechanism is required to
produce the local temperature minimum that is required to seed
the instability.

As the loop cools by radiation, the temperature and hence
the gravitational scale height decrease, resulting in material
draining down the legs. This loss of density decreases the ra-
diative loss rate until eventually the background heating can
have a noticeable effect on the evolution. In principle, the back-
ground heating could act to produce a local temperature min-
imum, but it fails to do so for two reasons. First, the heating
is spatially constant in the uniform model; hence, it simply
decreases the effective cooling rate by a fixed amount every-
where. Consequently, the arguments above still hold—the ef-
fective cooling rate increases toward the loop footpoints,
enhancing the temperature maximum at the midpoint. Second,
the background heating is too small compared to the radiative
cooling rate to have a noticeable effect. Before the flare, we
expect that the heating rate and radiative cooling rate in the
coronal portion of the loop are approximately equal, as is given
by the well-known loop scaling laws (e.g., Rosner et al. 1978;
Vesecky et al. 1979). As aresult of the flare heating, the density
in the loop increases by over an order of magnitude, which
implies that the cooling rate at the onset of the radiative phase
is over 2 orders of magnitude larger than its preflare value and
hence larger than the background heating by the same factor.
Of course as the loop cools and material drains, the density and
radiative rate decrease. Using now the result found by Cargill
et al. (1995) that the density of a cooling flare loop decreases
only as the square root of the loop temperature, and assuming
that the radiative losses function scales as 72, we find that
the radiative cooling rate varies as T'"2. This indicates that the
radiative cooling rate decreases only by a factor of 3 or so as
the loop cools from 107 K to the TRACE temperature band.
Consequently, the background heating is negligible compared
to the radiative cooling rate, even when the loop reaches the
TRACE temperatures, and is unlikely to affect the form of the
temperature profile. We conclude from this discussion that a
cooling flare loop with a uniform background heating will have
a monotonic temperature profile throughout its evolution and
thus will not develop condensations.

3.2. Localized Background Heating

In Figure 3 we plot temperature, density, and velocity along
the loop for the localized model, again during the late stages of
cooling as in Figure 2 for the uniform case. It is evident that in
this case the temperature and density profiles are far from
monotonic. For the first time shown, the temperature still has
its maximum at the loop apex, but a local minimum is start-
ing to develop just above the region of localized heating. The
reason is that, near the footpoints, the heating rate can be a
factor of 22 larger than the uniform value above. Consequently,
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the background heating eventually becomes significant com-
pared to the radiative cooling near the footpoints. This de-
creases the effective cooling there so that by the time that the
flare plasma has dropped down to the TRACE temperatures, the
effective cooling rate is no longer monotonically increasing
from the midpoint. It has a maximum somewhere just above
the localized heating region, which drives the formation of a
local temperature minimum. Once this minimum forms, the
thermal instability then takes over and a condensation rapidly
develops. We note that the density has a local maximum where
the temperature is minimum.

Figure 3 shows the early stages of the condensation forma-
tion, when the temperatures are still within the TRACE pass-
band. Because of the strong density dependence of the radiative
loss rate, the cooling timescale becomes very short, of the or-
der of 100 s, as the temperature drops below 10° K. We found
the same behavior in all our loop simulations that involved
the formation of a condensation (the Antiochos et al. 2000b;
Karpen et al. 2001, 2003 thermal nonequilibrium papers). It
is clearly evident from Figure 3 that the temperature mini-
mum moves to the right with time. One generally expects such
a minimum to grow in place as material flows in from both
sides to counter the rapid pressure decrease there. However, for
this nonuniform heated loop the plasma pressure drops more
slowly in the region of localized heating than in the rest of the
loop. This sets up a strong pressure gradient from the footpoints
to the midpoint, which drives a substantial flow up the loop. By
the last time shown, the velocities have reached almost 40 km
s~!. In fact, during the final stages of the evolution when the
condensation reaches Ha temperatures and collapses onto the
midpoint, rebound shocks can be seen in the simulation. Again,
this evolution is in good agreement with previous calculations
of condensation formation.

In Figure 4 we plot the signal along the loop in the 173 A
channel of TRACE for the six times shown in Figure 3. Only
the upper portion of the loop, s > 6 x 10* km, is shown so as to
eliminate the intense emission from the footpoints, the so-
called flare moss (Antiochos et al. 2000a). At early times the
emission in 173 A is negligible in the corona portion of the
loop, because the temperatures there are too high, but it is large
at the 10° K flare transition region. If we take arbitrarily 10 DN
pixel ™! s~! as the minimum signal observable by TRACE, then
the loop does not become visible until around ¢ = 1600 s. It
is interesting to note that the intensity maximum does not co-
incide with either the locations of the density or temperature
peaks, although it tends to be close to the density peak. This is
a result of the contribution function for the TRACE signal,
which spans a broad temperature range (~0.65—1.15 MK) and
is weighted by the square of density (eq. [2]).

The key result of Figure 4 is that the structure and evolution
of the 173 A signal is quite complex. This is very different from
the uniformly heated case, in which the emission is first visible
at the loop footpoints and then smoothly increases upward to
fill the whole loop. In the nonuniform case the emission first
appears somewhere in the loop legs and fills a large fraction
of the loop, but there is a clear gap in emission between the
footpoints and the location of strong signal. Hence, TRACE
would observe only a partial loop, very similar to the obser-
vations shown in Figure 1. We note that after 1 = 1610 s a
“knot” forms at ~s = 6.6 x 10* km and moves first toward
larger s, until ~¢ =1710 s, and then toward lower s, with an
apparent speed of ~10-20 km s~!. Such moving intensity
fronts are often seen in postflare loops observed by TRACE.
The knot is brighter than its surroundings by a factor of up to
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Fic. 3.—Snapshots of the temperature (top panel), density (middle panel), and velocity evolution (bottom panel) along the loop for the localized heating model.
Curves show times from ¢ = 0: solid, 1410 s; dotted, 1509 s; dashed, 1610 s; dash-dotted, 1660 s; dash-triple dotted, 1710 s; long dashed, 1760 s. Positive velocities

correspond to upflows.

~3 and has a lifetime of the order of 250 s. It has a FWHM in
the range ~5000—-10,000 km, which corresponds to a signifi-
cant fraction of the total length of the coronal section of the
loop. Although we have not attempted to fit any particular ob-
servation with this simulation, it seems evident that the struc-
ture and complexity of the resulting signal is much more likely
to fit the observations of Figure 1 than in the uniformly heated
case.

4. DISCUSSION AND CONCLUSIONS

The main conclusion of § 3 is that the formation of knots in
EUV postflare loops requires a specific form for the back-
ground quasi-steady heating in the active region. Our results
thus place strong constraints on the properties of the back-
ground quasi-steady heating. The heating cannot be either
uniform or localized toward the loop apex for the knots to
form, because in both cases the temperature of the cooling loop
would be monotonic. In fact when the background active re-
gion heating is located near (or at) the loop apex, the apex cools
down even slower with respect to the rest of the loop as
compared to the case of no or uniform background heating.

This obviously maintains a monotonic temperature profile
throughout the cooling loop, with the temperature decreasing
from the apex. The spatial length o of the localized background
heating cannot be larger than a sizable fraction of the loop half-
length. Otherwise, the heating would be more or less uniform
along the loop and no knots would form. It seems likely that
o does not strongly depend on the loop length, because TRACE
flare movies taken near the limb seem to indicate that knots
are mainly formed in the high-arching postflare loops. This
means that o could be comparable to the length of the shorter
loops, therefore implying a more or less uniform heating in
those loops, which does not favor knot formation. Modifying o
would shift the initial position of the knot along the loop closer
to (when o increases) or farther from (when o decreases) the
loop apex. Furthermore, increasing or decreasing the magni-
tude of the background heating would lead to knot formation
earlier or later during the cooling of the flare loop, respectively.

In our calculations we assumed that the background local-
ized heating was symmetric. However, perfect symmetry con-
ditions should be rare on the real Sun and therefore the back-
ground quasi-steady active region heating can be asymmetric.
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Fic. 4—Snapshots of the synthesized TRACE signal in the 173 A channel
as a function of position along the loop for the localized heating model. These
snapshots correspond, from the top to the bottom panel, to times 1410, 1509,
1610, 1660, 1710, and 1760 s from ¢t = 0.

Asymmetric heating is prone to lead to more complex loop
dynamics, similar to the formation of condensations in prom-
inence loops (e.g., Antiochos et al. 2000b; Karpen et al. 2001).
As we have seen before condensations in prominence loops are
also formed when the heating is concentrated toward the
chromosphere. However, in the case of postflare loops the
applied background heating perturbs an evolving cooling loop.
Moreover the timescales for the formation of condensations
and their lifetimes are significantly larger for prominence loops
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as compared to postflare loops given the enhanced densities
associated with postflare loops.

In § 3.2 we assumed that the localized heating is concen-
trated toward the chromospheric sections of the modeled loop.
This choice, however, is by no means the only one capable of
producing condensations. As discussed above and in § 3.2, all
that matters for condensations to form is that the heating is
localized away from the loop apex, so that local temperature
minima appear. We verified the above conjecture by running
flare-loop simulations with the heating during the decay phase,
parametrized by a Gaussian profile with a width of ~1000 km,
localized at various locations along the coronal section of the
loop. We found that even when this heating is localized half-
way from the top of the chromosphere to the apex, conden-
sations and thus EUV knots form. By using a similar heating
profile Antiochos & Klimchuk (1991) perturbed an equilibri-
um loop and found that it leads to the formation of prominence
condensations.

Our conclusion that the quasi-steady coronal heating must
be localized is fully consistent with a bulk of recent indepen-
dent observational and theoretical works described in the in-
troduction. It is remarkable to note that the observations and
modeling of seemingly different types of coronal loops (i.e.,
quiescent, postflare, prominence) all point to a universal sce-
nario for the quasi-steady heating: it must be localized. How-
ever, while some of these works refer to a steady state corona
(e.g., Aschwanden et al. 2001), our work corresponds to a dy-
namic corona, as expected when plasma cooling occurs. We
emphasize that EUV knots are also seen in quiescent loops
undergoing catastrophic cooling (e.g., Levine & Withbroe
1977; Schrijver 2001). It is therefore possible that a similar
scenario applies to quiescent loops. Active region loops could
first be impulsively heated to a few MK, and then additional
localized background heating could lead to the formation of the
observed knots in these loops when they cool down.
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