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ABSTRACT

A number of theoretical and observational considerations suggest that coronal loops are bundles of unresolved,
impulsively heated strands. This “nanoflare” model, as it is sometimes called, predicts high-speed evaporative up-
flows, which might be revealed as nonthermal broadening of spectral line profiles. We have therefore generated syn-
thetic line profile observations based on one-dimensional hydrodynamic simulations for comparison with actual
observations. The predicted profiles for Ne v (770.4 A), a transition region line, and Mg x (624.9 A), a warm coronal
line, have modest broadening that agrees well with existing observations. The predicted profiles for Fe xvi (254.87 A),
a hot line that will be observed by the Extreme Ultraviolet Imaging Spectrometer (EIS) on the Solar-B mission, are
somewhat broader and are also consistent with the limited number of hot line observations that are currently avail-
able. Moreover, depending on the properties of the assumed nanoflare and other parameters of the simulation, the
Fe xvm profile can have distinctive enhancements in the line wing. This indicates a powerful diagnostic capability

that can be exploited once Solar-B is launched.
Subject headings: hydrodynamics — Sun: corona
Online material: color figures

1. INTRODUCTION

It is well known that spectral emission line profiles formed in
the solar corona and transition region are considerably broader
than expected on the basis of the thermal motions of the emit-
ting ions. This nonthermal broadening has been measured in soft
X-rays (SXRs), the ultraviolet, and the visible, and the implied
velocities are generally in the range of 10—60 km s~! for tem-
peratures in the range 0.1-6 MK (e.g., Kjeldseth Moe & Nicolas
1977; Cheng et al. 1979; Hassler et al. 1990; Saba & Strong
1991; Dere & Mason 1993; Doyle et al. 1997; Sterling 1997;
Erdélyi et al. 1998; Chae et al. 1998; Peter 1999; Teriaca et al.
1999; Brosius et al. 2000; Spadaro et al. 2000; Doschek &
Feldman 2000; Peter 2001; Patsourakos & Vial 2000; Feldman
et al. 2003; Landi et al. 2003; Singh et al. 2003; Marsch et al.
2004). Substantial nonthermal line broadening under coronal
conditions is observed in other stars as well (e.g., Schmitt &
Wichmann 2001; Young et al. 2001; Ayres et al. 2003; Redfield
et al. 2003; Chung et al. 2004). There are a number of possible
causes of the broadening, including turbulence and unresolved
wave motions, but perhaps the most likely explanation is unre-
solved systematic motions of a non-oscillatory nature. The solar
corona is known to be very dynamic. Field-aligned flows are easily
generated by non-steady heating, and even by steady heating if
the energy is distributed asymmetrically along a coronal flux
tube (Mariska & Boris 1983; Patsourakos et al. 2004b) or highly
concentrated near the footpoints (Serio et al. 1981; Karpen et al.
2001; Miiller et al. 2004). Irrespective of their origin, nonthermal
velocities place strong constraints on any heating mechanism
that should be able to reproduce them (e.g., Zirker 1993).

We have argued that most coronal heating mechanisms are
impulsive when examined from the perspective of elemental
magnetic flux strands (Klimchuk 2006). We therefore favor the
idea of nanoflares. Parker (1983, 1988) suggested that nanoflares
may occur in coronal fields that become tangled by the random
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footpoint shuffling associated with photospheric convection. The
magnetic stresses that build up must eventually be relieved, and
the secondary instability is a very promising explanation for how
this may take place (Dahlburg et al. 2003, 2005).

The concept of nanoflares has inspired a number of modeling
efforts, beginning with Cargill (1994), that treat coronal loops
as bundles of unresolved, impulsively heated strands (see refer-
ences in Klimchuk 2006). These models are able to explain cer-
tain properties of observed loops that cannot be understood with
steady heating, including the tendency for warm (~1 MK) loops
to be overdense compared to static equilibrium and to have nearly
constant temperatures as derived from filter ratios (Aschwanden
etal. 1999; Lenz et al. 1999; Winebarger et al. 2003; Patsourakos
et al. 2004b).

One fundamental property of impulsive heating is the pro-
duction of high-speed chromospheric evaporation (Antiochos &
Sturrock 1978; Pallavicini et al. 1983; Cheng et al. 1983). The
abrupt temperature increase that results from sudden heating
causes an intense heat flux into the transition region and the
chromosphere. This drives an evaporative upflow with speeds
that are often well in excess of 100 km s~! in nanoflare simula-
tions. Are upflows of this magnitude consistent with the ob-
served nonthermal line broadening of only 10-60 km s~!'? If
not, then the nanoflare idea must be seriously questioned. One
major objective of our study is to answer this critical question.
As we will show, there does indeed appear to be a consistency
with existing observations. A second major objective of our study
is to determine whether detailed line profile observations, es-
pecially those from future missions, can be used to diagnose the
properties of nanoflares. We will demonstrate that profiles of
very hot lines are expected to have distinctive signatures of the
energy release.

Our approach to the problem is to use numerical simulations
to generate synthetic line profiles corresponding to observations
of unresolved bundles of loop strands. The strands are assumed
to be heated impulsively, and their evolution is modeled with
a powerful one-dimensional hydrodynamic simulation code. We
make the additional assumption that the nanoflares occur randomly
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over long periods of time so that we can approximate an instan-
taneous snapshot of the entire bundle by taking the time average
of a single strand. We consider several different models: a base
model and alternate models in which one or more of the base
model parameters is modified. In this way we investigate the
effects of the nanoflare magnitude and duration, the strand length,
and the initial conditions.

From the models, we simulate observations in three differ-
ent spectral lines: Ne vi (770.4 A), Mg x (624.9 A), and Fe xvu
(254.87 A). These lines span a broad range of temperatures. In
ionization equilibrium, their contribution functions peak at ap-
proximately 0.6, 1.2, and 5.0 MK, respectively. Ne vin and Mg x
have been well observed by several instruments, including the
Coronal Diagnostics Spectrometer (CDS) on the Solar and He-
liospheric Observatory (SOHO), and Fe xvi will be observed
by the Extreme Ultraviolet Imaging Spectrometer ( EIS) that will
fly on the upcoming Solar-B mission. We measure a nonthermal
velocity from each of the line profiles using the second moment
technique.

Our paper is organized as follows. Section 2 describes the nano-
flare simulations, the generation of synthetic line profiles, and the
derivation of nonthermal velocities. Results are presented for the
base model in § 3 and for the alternate models in § 4. Section 5
discusses actual observations of line profiles and published mea-
surements of nonthermal velocities. Finally, § 6 summarizes our
results and makes recommendations for future work.

2. NUMERICAL SIMULATIONS AND SPECTROSCOPY

We solve the time-dependent one-dimensional hydrodynamic
equations using our state-of-the-art adaptively refined Godunov
solver (ARGOS) code, described in detail in Antiochos et al. (1999).
ARGOS employs the PARAMESH parallel adaptive mesh refine-
ment (AMR) package, which dynamically refines or derefines
the grid on the basis of the local density gradients. PARAMESH
allows us to track the small spatial scales associated with nano-
flare dynamics, including propagating shocks and moving tran-
sition regions.

During intense impulsive energy releases, such as nanoflares,
the density increases much more slowly than the temperature.
It is thus likely that the heat flux will saturate at a fraction of the
free-streaming electron energy flux (e.g., Karpen & Devore 1987).
As described in Patsourakos & Klimchuk (2005), we account for
this saturation by expressing the heat flux as a combination of the
classical (collisional) Spitzer-Harm heat flux and the saturated
heat flux, assuring a smooth transition between the extreme cases
with either classical or saturated heat flux dominating. Compres-
sive viscosity is ignored in the base model, but is included in one
of the alternate models.

We consider a semicircular strand with a constant cross sec-
tion (e.g., Klimchuk 2000; Lopez Fuentes et al. 2006). The base
model (model 1) uses a total length of L = 150 Mm, which is
typical of observed EUV loops (e.g., Aschwanden et al. 2000).
Alternate model 7 uses a much shorter length of 60 Mm. In all
cases the strand is assumed to lie in a vertical plane. Attached to
each end of the coronal semicircle is a 60 Mm chromospheric
section. We adopt a radiation loss function that decreases pre-
cipitously below 7 = 3 x10* K in order to maintain a nearly
constant chromospheric temperature at this value. The simulation
properly treats the transfer of mass between the chromosphere
and corona (i.e., chromospheric evaporation and condensation),
and it allows the top of the chromosphere to rise and fall in re-
sponse to changes in the coronal pressure (Klimchuk 2006). The
chromosphere is chosen to be many gravitational scale heights
thick (H, ~ 1500 km at T = 3 x 10* K) so that the rigid wall

boundary conditions at the base have negligible influence on the
plasma dynamics and so that the thickness of the chromosphere
is not affected by the depletion or accumulation of mass.

Each simulation begins with the plasma in static equilibrium.
For the base model, a spatially uniform heating of Qy = 3 x
10~ ergs ecm—3 s~! produces an initial apex temperature of
Toa = 2.5 MK and an initial apex density of 79, = 6 x 10% cm™3.
These conditions are similar to those predicted by the equilibrium
scaling law theory of Rosner et al. (1978) and Serio et al. (1981).
The background heating Q) is turned off when a far more intense
nanoflare heating Q. is turned on, as described below.

We can interpret the initial state in two ways. First, it could
correspond to a true static equilibrium that is maintained by a
long-lived and steady heating that becomes disrupted by the nano-
flare. Second, it could correspond approximately to a loop strand
that is cooling after having been impulsively heated by an ear-
lier nanoflare. In the absence of significant heating, all strands
cool through a state in which the apex temperature and density
take on the values of a static equilibrium (Winebarger & Warren
2004; Cargill & Klimchuk 2004). Because velocities are highly
subsonic at this time, the entire strand is not far from static
equilibrium conditions. Our simulation can therefore be inter-
preted as a cooling strand that is reheated when its apex tem-
perature drops to 2.5 MK. Alternate models 5 and 6 begin with a
cooler and more rarefied equilibrium for which 7, = 0.5 MK
and no, = 7 x 10° cm™3. This corresponds either to a much weaker
prenanoflare heating or to a cooling strand that reaches lower
temperatures before the next nanoflare occurs. Note that the tem-
perature at which a cooling strand passes through equilibrium
conditions depends on the nanoflare energy and other factors
(Winebarger & Warren 2004; Cargill & Klimchuk 2004).

We impose a nanoflare energy release at time ¢ = 0 s that has
a spatially uniform heating rate Qpano = 0.01 ergs cm™> s~! and
duration T,n, = 250 s. This is similar to what would be expected
from the secondary instability (Dahlburg et al. 2003, 2005). If the
active region corona is completely filled with heated strands, then
nanoflares of this magnitude must repeat once every few thousand
seconds in each strand in order to satisfy the 107 ergs cm ™2 s~
observed energy flux requirements (Withbroe & Noyes 1977).
This repetition interval is longer than a cooling time (e.g., Serio
et al. 1991; Cargill et al. 1995), as our simulations will show,
and therefore our assumed initial conditions are reasonable. If
nanoflares repeated frequently, the plasma would be maintained
quasi-statically at high temperatures (e.g., Kopp & Poletto 1993;
Walsh et al. 1997; Mendoza-Briceno et al. 2002; Testa et al.
2005).

Note that the canonical nanoflare energy of Ey a0 ~ 10% ergs
suggested by Parker (1988) implies a strand diameter of 6 x
106 cm for our chosen value of O, 0. A loop with a diameter of
3 x 10® cm would therefore contain approximately 103 elemental
strands. Also note that although our nanoflare produces a 10 MK
peak temperature that is close to half that of a normal flare, the
heating rate per unit volume is much less than that of a flare.
To overcome the thermal conduction losses at the temperatures
characteristic of flares would require a value of Q,,,, that is at
least an order of magnitude larger than what we have employed.
(The conduction flux varies as T7/?/L in the classical regime.)

The solution of the hydrodynamic equations provides the
distributions of density, temperature, and flow velocity along the
strand as a function of time. From these, we generate synthetic
spectral line profiles for Ne vin (770.4 A), Mg x (624.9 A), and
Fe xvi (254.87 A). In ionization equilibrium, the G(T') contri-
bution functions of these lines exceed half-maximum in the ap-
proximate ranges 0.5—0.9 MK, 0.8—1.6 MK, and 3.0-7.0 MK,
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respectively. For multithermal plasmas with unknown tempera-
ture distributions, the contribution function weighted mean tem-
perature 7, . is the best estimate of the temperature of the bulk
of the plasma contributing to the line (Klimchuk & Cargill 2001).
The quantity T, is ~0.7, 1.3, and 5.1 MK for Ne vui, Mg x,
and Fe xv, respectively. These values are slightly larger than
the temperatures at which the contribution functions peak due
to the existence of high-temperature tails in the functions.

The Fe xvi line will be observed by the EIS spectrometer on
Solar-B. We originally considered the Ca xvi (192.82 A) line,
which will also be observed by EIS. It is much stronger than
Fe xvi and is also formed near 5 MK, but it is blended with Fe x1
(192.83 A). It may be possible to remove the blend using a strong
Fexi line at 188 A that shares the same upper level as the 192 A line
(G. Doschek 2005, private communication). For now, we feel it
is safer to work with Fe xvir.

To synthesize the line profiles, we first compute the emissivity
in each cell of the numerical grid:

e =n*G(T), (1)

where 7 is the electron number density and G(T') is the contri-
bution function from version 4 of the CHIANTI atomic data-
base package (Dere et al. 1997; Young et al. 2003). We then
construct a Gaussian line profile for each cell, using a Doppler
shift given by the line-of-sight velocity and a width given by the
thermal broadening (1o/c)(2kT /m)"?, where m is the ion mass and
Ao is the rest wavelength. In determining the Doppler shifts, we
assume that the observations are made at disk center. This assump-
tion tends to maximize the Doppler shifts, since the greatest ve-
locities occur in the roughly vertical lower legs of the strand.

Because most reported observations of nonthermal line broad-
ening tend to average over significant portions of active regions
and/or the quiet Sun, we combine the line profiles from all the
cells in the strand to obtain a spatially averaged profile. Some
higher resolution observations are able to separate the coronal
parts of loops from the transition region footpoints (which ap-
pear as “moss” in hot loops), so we also compute separate aver-
ages for a coronal section, which begins 10 Mm above the initial
top of the chromosphere, and for the footpoint section below it.
The footpoint section includes a small part of the lower corona in
addition to the transition region. We would prefer to completely
isolate the transition region, but this is difficult because the tran-
sition region moves up and down the strand in response to changes
in the heating rate. It is not useful to define the transition region
in terms of a fixed temperature range, because the temperature
range of the steep gradient region depends strongly on the peak
temperature in the corona, which is constantly changing.

As is done for real observations (e.g., Dere & Mason 1993),
we measure the nonthermal velocities £ of the profiles using the
relationship

12
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where A2? is the second moment of the profile. Using the sec-
ond moment rather than fitting the profiles with a given function
(e.g., a Gaussian) has the advantage of not making any assump-
tion about the form of the profiles. Nanoflares can give rise
to rather complex line shapes, as we will show. Note that we
use 7g,.,, in equation (2), not the slightly different tempera-
ture at which G(T') peaks. In the following we do not measure
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Fic. 1.—Evolution of velocity (fop), temperature (middle), and density
(bottom) halfway up the leg of the strand for the base model. Negative velocities
correspond to upflows. The vertical dashed lines indicate the interval when the
contribution function of the Fe xvi line is above half-maximum.

nonthermal velocities for profiles in which there are two clear
components.

We remind the reader that plasma turbulence and MHD waves
can contribute to nonthermal line broadening (e.g., Boland et al.
1975; Hassler et al. 1990; Dere & Mason 1993; Inverarity et al.
1995; Ofman etal. 1995; Chae et al. 1998; Patsourakos et al. 2002;
Chaeetal. 2002; Li & Habbal 2003; Nigro et al. 2004; Buchlin &
Velli 2006; Neill & Li 2005; Parenti et al. 2006). These effects
are not included in our model, and therefore the predicted non-
thermal velocities must be treated as lower limits.

3. BASE MODEL RESULTS

Results for the base model are presented in Figure 1, which
shows the evolution of velocity, temperature, and density at a
position halfway up the leg of the strand. The conditions at this
location are representative of the coronal section. Temperature
rises rapidly during the nanoflare to a maximum of nearly 10 MK
at the strand apex. This leads to a strong thermal conduction flux
into the chromosphere, which drives a high-speed evaporative
upflow (e.g., Antiochos & Sturrock 1978; Antiochos & Krall 1979;
Doschek etal. 1982; Cheng et al. 1983; Fisher etal. 1985; Nagai
& Emslie 1986; Antonucci et al. 1987; Peres et al. 1987; Mariska
et al. 1989; Peres & Reale 1993; Hori et al. 1998; Patsourakos
et al. 2004a; Warren & Doschek 2005). The upflow reaches a
maximum speed of approximately 200 km s~! near the end of
the nanoflare at £ = 250 s and then diminishes rather quickly as
the plasma cools.

Density increases as the strand fills with plasma. The maxi-
mum density occurs at ¢ = 900 s, well after the maxima in tem-
perature and velocity. From this time on, the strand cools more
gradually, primarily by radiation, and material slowly drains and
condenses back onto the chromosphere.

The oscillations apparent in Figure 1 occur when the initial
upflows in both legs collide at the top of the strand and rebound
downward. Waves are generated that propagate back and forth
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Fig. 2.— Left: Evolution of the Fe xvu profile for the coronal section of the
base model. The square root of intensity is plotted as a function of wavelength
(horizontal axis) and time (vertical axis). Wavelength is given in velocity units,
with negative velocities corresponding to upflows and blueshifts. The dashed
line indicates the end of the nanoflare. Right: Evolution of the profile-integrated
Fe xvrn intensity (normalized). [See the electronic edition of the Journal for a
color version of this figure.]

along the stand with a steadily diminishing amplitude. These have
been seen in other simulations (e.g., Mendoza-Bricefio et al. 2004;
Nakariakov et al. 2004) and have been observed as oscillating
Doppler shifts in hot emission lines (e.g., Wang et al. 2002).

3.1. Fe xvn (255 A)

Figure 2 shows the evolution of the Fe xvm profile averaged
over the coronal section of the strand. Intensity is represented by
color, increasing from black to red to white. Wavelength (in ve-
locity units) increases from left to right, and time increases from
bottom to top. Each row in the display represents the line profile
at a particular instant in time. The dashed line at 250 s marks the
end of the nanoflare. The plot at the right shows the evolution of
the total (profile-integrated ) line intensity.

Flows are revealed in Figure 2 as Doppler shifts of the cen-
troid of the profile. They form a bright “ridge” that deviates to
the left for upflows (blueshifts) and to the right for downflows
(redshifts). The initial high-speed upflows are clearly evident, as
are the oscillations due to the rebound.

As indicated in equation (1), the intensity of the emission has
a strong dependence on both temperature and density; density
appears as a square, and G(7') is sharply peaked for most lines.
The initial rapid increase in brightness occurs partly because the
plasma is heated to temperatures where Fe xvn is sensitive and
partly because the density increases from evaporation. Peak in-
tensity occurs at ¢ =~ 400 s, when G(T') and n are both close to
their maxima. This is roughly 150 s after the time of greatest up-
flow velocity. The subsequent decrease in intensity is more grad-
ual as the plasma cools through the temperature range of greatest
sensitivity, as indicated by the dashed vertical lines in Figure 1.
There is significant emission even after G(T') drops below half-
maximum, because density decreases relatively slowly. The in-
tensity does not fall to 1/10 of its peak value until # =~ 1800 s.
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Fic. 3.—Normalized Fe xvn profiles averaged over the 4000 s duration of the
base simulation, corresponding to a snapshot of a multistranded loop: the coronal
section (solid line), the footpoint section (dashed line), and the entire loop (dot-
dashed line). Negative velocities correspond to blueshifts (upflows). The corre-
sponding thermal velocity calculated at the T of Fe xvu is 40 km s~!. The
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coronal profile has a nonthermal velocity of 36 km s~! and a maximum intensity
of 245 ergs em™2 sr~! s7! A" (for an assumed loop diameter of 3 x 10% cm).
The footpoint profile is half as bright.

As discussed in § 1, we envision that a coronal loop consists of
a large number of unresolved strands at various stages of heating
and cooling. To approximate a snapshot of such a loop, we av-
erage our single-strand simulation over the 4000 s duration of the
run (the approximate nanoflare repetition time necessary to ex-
plain the observed coronal energy losses). This averaging is equiv-
alent to vertically collapsing Figure 2 to obtain the single line
profile that is shown in Figure 3 (solid curve). It approximates
an observation of the coronal section of a multistranded loop.
The profile is dominated by a “rest”” component, because most
of the emission is produced after the strongest evaporation, dur-
ing the time of slow upflow and even slower downflow. There is
nonetheless significant emission from the short interval of rapid
upflow. This gives rise to a modest, yet distinctive enhancement
in the blue wing of the profile. This spectral signature is an im-
portant prediction of our nanoflare model.

The dashed profile in Figure 3 represents the temporally av-
eraged profile for the footpoint section of the loop. It has been
normalized and is actually half as bright as the coronal profile.
The footpoint is fainter because the transition region and low
corona are too cool for Fe xvm, except during the short interval
when the upper corona is extremely hot. This is when the fast
upflows are occurring, so the centroid of the footpoint profile is
significantly blueshifted.

It is unlikely that Fe xvn footpoint emission would be ob-
served without confusion from overlying coronal emission. The
dot-dashed profile in Figure 3 shows the more likely case of
combined emission from the footpoint and coronal sections. The
nonthermal velocities of the coronal, footpoint, and entire loop
profiles are 36, 38, and 37 km s respectively, and are listed in
Table 1.

The EIS instrument should have sufficient sensitivity and spec-
tral resolution to discern the Fe xvm spectral features predicted
by our model. Using the preflight instrument response function
(J. Mariska & A. Winebarger 2005, private communication) and
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TABLE 1
NoONTHERMAL VELOCITIES (IN km s™!) For THE BAsE MoODEL

Ion Corona Footpoint Entire Loop
28 14 19
20 12 16
36 38 37

assuming a loop diameter of 3000 km, comparable to what is
typically observed by the Transition Region and Coronal Ex-
plorer (TRACE; e.g., Watko & Klimchuk 2000; Aschwanden &
Nightingale 2005; Lopez Fuentes et al. 2006), we predict a count
rate of approximately 40 counts s~! pixel~! in the center of the
coronal profile. The count rate will be less if the loop is only
partially filled with nanoflare-heated strands. EIS has a spec-
tral resolution of approximately 20 mA, which corresponds to a
Doppler shift of approximately 30 km s~! and is adequate to
resolve the blue wing enhancement.

We remind the reader that the profiles in Figure 3 apply strictly
to a semicircular loop lying in a vertical plane observed at disk
center. Different shapes, orientations, and positions will produce
different results. For example, if the loop plane is inclined rel-
ative to the line of sight (e.g., a tipped loop at disk center or a
vertical loop near the limb), then the profile will be more narrow
and the wing enhancement will occur at a smaller blueshift. A
loop with a north-south baseline that is observed near the limb
can have either blue wing enhancements in both legs or red wing
enhancements in both legs, depending on whether the loop is
tipped toward or away from the observer. A flat loop (not well
rounded) with an east-west baseline that is observed near the
limb will have a blue wing enhancement from the far leg and
a red wing enhancement from the near leg. Thus, depending on
the shape, orientation, and position of the loop, any combination
of blueshift and redshift enhancements is possible. Moreover,
the loop length can influence the hydrodynamic response of a
loop to nanoflares (e.g., the thermal conduction flux that drives
chromospheric evaporation is 1/L). Detailed comparisons of
models and observations will therefore require geometrical infor-
mation from either magnetic field extrapolations or stereoscopic
reconstructions (e.g., from the EUVI instrument on the Solar
Terrestrial Relations Observatory [STEREQO] mission).

We note that our simulated emission assumes ionization equi-
librium, which is not always a good assumption when the plasma
is evolving rapidly (e.g., Bradshaw & Mason 2003). We checked
the validity of this assumption by calculating Fe xvir ionization
times, Tjon, and recombination times, Trecomb, USING atomic data
provided by M. Laming (2005, private communication). These
are shown in Figure 4, together with the temperature and temper-
ature timescale, Tiemp = 7/|dT /dt|, at a position halfway up the
strand leg (the same location as in Fig. 1). For ionization equi-
librium to be valid during the heating phase, 7., must be smaller
than 7. This is the case in all but the first 40 s. For ionization
equilibrium to be valid during the cooling phase, 7 ecomp, must be
smaller than 7., . This is also the case, except for a brief instant
near ¢ = 220 s. We conclude that the results for our base model
are not significantly impacted by ionization nonequilibrium ef-
fects. This is also true for the Mg x and Ne v results discussed in
86 3.2 and 3.3. Nonequilibrium effects will be more important in
models 5 and 6, which begin with a much lower density. The early
phase of high-speed evaporation in those models is especially
vulnerable. The precise impact on the Fe xvi profile is unclear,
and a simulation that properly accounts for these effects is being
planned.
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Fic. 4—Evolution of important timescales halfway up the leg of the strand
in the base model: Fe xvi ionization time (short-dashed line), Fe xvi recom-
bination time (double-dot—dashed line), temperature timescale 7/|dT /dt| (solid
line), and temperature (long-dashed line).

3.2. Mg x (625 A)

Figure 5 shows the evolution of the Mg x profile for the
coronal section of the strand in a format identical to that of Fig-
ure 2. The intensity increases very slowly and, in contrast to that
of Fe xv, is negligible during the time that evaporation is oc-
curring. Peak intensity is not until # ~ 3200 s, near the end of
the simulation. This behavior is mostly related to the temperature
evolution. The plasma is much too hot for Mg x until long after
the nanoflare has ended. Figure 6 shows the time-averaged co-
ronal profile (solid line). It is symmetric, narrow, and very slightly
redshifted, because it is produced primarily during the slow
draining phase.

The footpoint profile (Fig. 6, dashed line) is very similar to the
coronal profile. Even the amplitudes are comparable. This con-
trasts with the situation for Fe xvm, where the footpoint is only
half as bright as the corona. The reason for this difference is that
the transition region emits in Fe xvir only during the earliest part
of the simulation, when the apex temperature is above about
6 MK, but it emits in Mg x for a much longer period, when the
apex temperature is above about 2 MK. Some Mg x footpoint
emission is produced during the evaporation phase, but since
I oc P>T;7 "% during this phase (Appendix A), relatively little of
it comes from the fastest upflows, when P is small and 7, is large.
Furthermore, the upflows are slower in Mg x than in Fe xvm,
because velocity scales with temperature for a constant mass flux
at constant pressure. Very little of the Mg x footpoint emission is
strongly blueshifted as a consequence. The nonthermal veloci-
ties of the coronal, footpoint, and entire loop profiles of Mg x are
20, 12, and 16 km s—1, respectively.

3.3. Ne vi (770 A)

The time-averaged profiles for Ne v are shown in Figure 7.
Much of our discussion of Mg x applies also to this line. Coronal
emission becomes significant long after the nanoflare has occurred,
when the plasma has cooled to a temperature where Ne v is
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Fic. 5.—Same as Fig. 2, but for the Mg x line. [See the electronic edition of

the Journal for a color version of this figure.]

reasonably sensitive. Even at the end of the simulation, most of
the corona is hotter than the temperature of peak G(T). For this
reason, the coronal profile (solid line) is about 4 times fainter
than the footpoint profile (dashed line).

The nonthermal velocities of the coronal, footpoint, and entire
loop profiles of Ne viin are 28, 14, and 19 km s—1, respectively. It
may seem odd that the nonthermal broadening of the coronal
profile is appreciably larger for Ne vin than it is for Mg x. The
reason is that the value of 7, . used in equation (1) underestimates
the actual temperature of the emitting plasma to a greater extent
for Ne vt than for Mg x. Recall that the corona is still too hot for

0.8
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Fic. 6.—Same as Fig. 3, but for the Mg x line. The amplitude of the coronal
profile is 0.97 times that of the footpoint profile. The corresponding thermal
velocity calculated at the T, of Mg x is 24 km s~!. The coronal profile has a
nonthermal velocity of 20 km s~L.

Fic. 7.—Same as Fig. 3, but for the Ne vi line. The amplitude of the coronal
profile is 0.25 times that of the footpoint profile. The corresponding thermal
velocity calculated at the Tg, . of Ne vir is 20 km s~!. The coronal profile has a
nonthermal velocity of 28 km s~

Ne v even at the end of the simulation. Since the true thermal
broadening is larger than assumed, the nonthermal ¢ that we
compute is artificially large.

In a related study to ours, Spadaro et al. (2006) recently stud-
ied the Ne vim and Mg x lines, among others, using simulations of
impulsively heated loops. However, since their goal was to ex-
plain the redshifts and shape of the differential emission measure
distribution in the transition region, they used much shorter loops
(L = 5—-10 Mm) and much less energetic nanoflares that produce
peak temperatures of ~1 MK. They did not consider the non-
thermal broadening of the lines.

4. MODEL PARAMETER VARIATION

We now discuss the impact of varying different parameters of
the base model. The details of the alternate models are listed in
Table 2, and the corresponding Fe xvi nonthermal velocities are
given in Table 3. Model 1 is the base model. Our discussion con-
centrates on the coronal profile of Fe xv, since it is the one most
sensitive to the model parameters. The Mg x coronal profile is
discussed briefly in § 4.8.

4.1. Nanoflare Enerqgy

Model 2 is identical to the base model, except that the heating
rate and total energy of the nanoflare are 3 times larger. Fig-
ure 8 shows the Fe xvi coronal profile for this model, averaged
over the duration of the simulation. The blue wing feature that is
clearly evident in Figure 3 has largely disappeared. Some en-
hancement is present, but it is much fainter and extends to larger
blueshifts. The nonthermal velocity of this profile is 30 km s~ !,
which is significantly smaller than what we found for the base
model.

These differences can be understood in terms of the velocity,
temperature, and density evolution that is shown in Figure 9. As
in Figure 1, the plotted values are from a position halfway up the
strand leg. The threefold increase in the nanoflare energy produces
higher temperatures and velocities, as discussed in Appendices B
and C. As in the base model, Tand v both peak near the end of the
nanoflare, but because the peak temperature is higher than in the
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TABLE 2
MoDEL PARAMETERS

L T Oa Qnano Thano
Model (Mm) (MK) (ergs cm ™3 s71) ) Spatial Dependence Viscosity

150 2.5 0.01 250 Uniform No
150 2.5 0.03 250 Uniform No
150 2.5 0.05 50 Uniform No
150 2.5 0.01 250 Footpoint concentration No
150 0.5 0.0009 250 Uniform No
150 0.5 0.0009 250 Uniform Yes

60 2.5 0.07 250 Uniform No

Note.—Definitions: L is the full length of the coronal semicircle, Ty, is the initial apex temperature, Oy, is the nanoflare heating rate

averaged along the strand, and 7,,,, is the nanoflare duration.

base model, it takes longer for the plasma to cool into the range
of strong Fe xvu sensitivity. By this time, the upflows have
slowed dramatically. The emission from the fastest upflows is
strongly blueshifted, but it is very faint because the plasma is
much too hot for Fe xvii. We might say that Fe xvm is better
“tuned” to the evaporating plasma in the base model than it is in
model 2.

4.2. Nanoflare Duration

Model 3 considers a much shorter nanoflare. The duration is
only 50 s, which is 5 times shorter than in the base model, but the
heating rate is 5 times larger, so the total nanoflare energy is the
same. The Fe xvi wing enhancement is somewhat fainter and
extends to slightly greater blueshifts compared to the base model,
as shown in Figure 10. Depositing the nanoflare energy over a
shorter period of time produces a slightly higher peak temper-
ature, even with the same total energy, because there is less time
for conductive cooling to act. The upflows are correspondingly
faster. The consequences for Fe xvi emission are similar to what
they are in model 2, but much less pronounced. The nonthermal
velocity of 40 km s~! is slightly larger than that in the base
model.

4.3. Nanoflare Spatial Distribution

Model 4 uses the same spatially averaged heating rate as in
the base model, but it is concentrated near the footpoints. The
heating rate is 7.5 times greater at the top of the chromosphere
and decreases exponentially above it with a scale length of 10 Mm.
The total energy input is the same. Figure 11 shows that the blue
wing enhancement is more pronounced than in the base model.
There is a local intensity peak at approximately 150 km s~ that

TABLE 3
Fe xvit NONTHERMAL VELOCITIES FOR THE VARIOUS MODELS

Nonthermal Velocity
(km s

36

30

39
Double component
Double component
Double component

19

27

Model 1 off imb......cccccvevrereierienenne.

Note.—We do not measure the nonthermal velocities for pro-
files with double components.

might be described as a secondary component, distinct from
the dominant rest component. As discussed in Patsourakos &
Klimchuk (2005), an exponential heating profile like the one here
produces hotter temperatures in the lower legs, but a cooler apex
temperature compared to uniform heating. This gives rise to a
stronger heat flux into the chromosphere and a faster evapora-
tion, while at the same time creating coronal temperatures that
are well tuned to Fe xv.

4.4. Initial Conditions

In model 5, we explore the consequences of having smaller
initial temperatures and densities, corresponding either to a much
weaker level of steady background heating or to a longer delay
between successive nanoflares. The beginning apex values are
Toa = 0.5 MK and ng, = 7 x 10° cm~3. The apex density is re-
duced much more than the apex temperature for two reasons.
First, the average density along a strand in static equilibrium scales
roughly as temperature squared. Second, there is much more den-
sity stratification at the lower temperature because of the smaller
gravitational scale height. In the base model, the gravitational scale
height is more than double the strand height, but in model 5, it is
only about half of the strand height. As discussed in Appendix B, a
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Fic. 8.—Fe xvii coronal profile for model 2, in which the nanoflare energy is
3 times larger than in the base model. The maximum intensity is 990 ergs cm 2
st~!'s7! A1 (for an assumed loop diameter of 3 x 10% cm), and the nonthermal
velocity is 30 km s~ 1.
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Fic. 9.—Same as Fig. 1, but for model 2, in which the nanoflare energy is
3 times larger than in the base model.

nanoflare with the energy of the base model would heat the low-
density plasma to much higher temperatures than in the base model.
We therefore use a smaller nanoflare that produces a peak tem-
perature of about 10 MK.

The resulting Fe xv profile, shown in Figure 12, has a very
distinctive blueshift component centered near 210 km s~!. The
much faster upflows compared to the base model are due to the
much smaller initial densities, as indicated by equation (C1). Be-
cause Fe xvi is well tuned to the temperature of the upflows, the
intensity ratio of the blueshift to rest components is larger than
in the other models. However, the total line intensity is less, be-
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FiG. 10.—Fe xvi coronal profile for model 3, in which the nanoflare duration
is 5 times shorter and the heating rate is 5 times larger than in the base model.
The total nanoflare energy is the same. The maximum intensity is 250 ergs cm 2
st™!'s71 A~ and the nonthermal velocity is 39 km s~ .
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Fic. 11.—Fe xvu coronal profile for model 4, which is similar to the base

model except that the nanoflare heating is concentrated near the footpoints. The
maximum intensity is 210 ergs cm=2 sr~! s7! A~

cause the densities are reduced throughout the simulation. We
estimate that integration times of order 100 s would be necessary to
obtain a reasonable observation. Note that ionization and recom-
bination times are longer at lower densities, so a significant fraction
of the blueshifted emission may be out of ionization equilibri-
um. A simulation that fully accounts for these effects is planned.

4.5. Compressive Viscosity

The evaporative upflows in model 5 are fast enough to be super-
sonic, even at the elevated temperatures. Two propagating shock
fronts develop at the top of the stand, where high-speed mate-
rial from both legs collides and accumulates in a high-density
plug. This seen in Figure 13, where the solid curves show the
instantaneous temperature, density, and velocity as a function
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Fic. 12.—Fe xvi coronal profile for model 5, which is similar to the base
model except that the initial temperature and density are much smaller. The

maximum intensity is 0.37 ergs cm =2 st ! s~! A=,
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Fic. 13.—Temperature (top), density (middle), and velocity (bottom) vs.
position along the strand shortly after the end of the nanoflare (# = 270 s) for
model 5 (solid curves), which does not include compressive viscosity, and for
model 6 (dashed curves), which does. All other aspects of the models are the
same. The strand apex is at the right edge of the plot.

of position along the strand shortly after the end of the nano-
flare (¢ = 270 s). The top of the strand is at the right edge of the
plot, and the chromosphere is off the left edge, near s = 6 Mm.
The shock is clearly visible at s = 12.7 Mm.

Compressive viscosity can be important in regions of steep
temperature gradient, such as shocks, especially when the tem-
peratures are high and the densities are low. The Reynolds num-
ber at the shock in Figure 13 is only of order 102, so viscosity,
which is not included in the simulation, would be expected to
have a major smoothing effect. Furthermore, the electron mean
free path is Amg = 7 x 10°T%n ~ 10° cm throughout much of
the corona in model 5, so our fluid description breaks down near
the shock. We have therefore repeated the simulation and in-
cluded compressive viscosity. Model 6 is identical to model 5,
except that a viscous force term, (0/0s)(0v/0s), is added to the
momentum equation and a viscous heating term, 1(9v/ds)?, is
added to the energy equation, where y = 10710772 g=1 571 is
the coefficient of compressive viscosity under coronal conditions
(Spitzer 1962). The dashed curves in Figure 13 show the result-
ing change in the temperature, density, and velocity. The shock is
entirely smoothed out. Peres & Reale (1993) found a similar
result in their study of full-size flares. Like us, they computed
synthetic line profiles, but they considered hotter lines of Ca x1x
and Fe xxv that are appropriate to 20 MK flares.

The presence of viscosity modifies the Fe xvi profile, as
shown in Figure 14. The blueshift component is slightly slower,
but the main difference is its increased intensity relative to the
rest component. This is due to both an increase in the brightness
of'the blueshift component and a decrease in the brightness of the
rest component. Most of the rest emission in models 5 and 6
comes from the top of the strand, where the Doppler shifts are
reduced because of the slower velocities and because the strand
is more horizontal and therefore more misaligned with the view-
ing direction. Figure 15 shows how the time-averaged emission
varies along the strand. The format is similar to Figure 2, except

except that compressive viscosity is included. The maximum intensity is
0.13 ergs cm 2 st ' s AL

that the vertical axis indicates position rather than time. The
brightest emission originates near the strand apex, at the top of
the display. The apex emission is even brighter in model 5 than
what is shown here for model 6, because of the high-density
plug of accumulating material.

It is important to note that compressive viscosity would not be
significant in our base model, where the evaporative upflows are

Fe XVII Profiles
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Fic. 15.—Time-averaged Fe xvi profiles as a function of position along the
coronal section of the strand for model 6, which includes compressive viscosity.
The square root of intensity is plotted as a function of wavelength (horizontal
axis) and location (vertical axis). The apex is at the top. The wavelength is given
in velocity units, with negative velocities corresponding to upflows and blue-
shifts. [See the electronic edition of the Journal for a color version of this figure.]



No. 2, 2006

subsonic and do not form shocks. This was verified with a simu-
lation that includes viscosity.

4.6. Strand Length

Model 7 has a coronal semicircle that is only 60 Mm long,
2.5 times shorter than that in the base model. This length is typ-
ical of observed SXR loops (e.g., Kano & Tsuneta 1995; Porter
& Klimchuk 1995). We use prenanoflare and nanoflare heating
rates that produce initial and maximum apex temperatures of
~2.5 and 10 MK, respectively, similar to those of the base model.
The Fe xvi coronal profile for model 7 has a blue wing enhance-
ment with similar velocity to that of the base model, but a con-
siderably weaker intensity relative to the rest component. The
similar velocities are expected on the basis of equation (C4).
The reason for the different relative intensities is not so obvious.
One is tempted to conclude that it is related to differences in the
durations of the conduction and radiation phases, which pro-
duce the wing and rest emission, respectively. Equation (D2) in-
dicates that, for the same values of T, and 7, the conductive
cooling time and thus the duration of the evaporation phase scale
linearly with L (see Appendix D). A shorter loop will have a shorter
evaporation phase. However, using reasoning similar to that in
Cargill (1993), it can be shown that the radiation phase also scales
linearly with L, so it too should be shorter for a shorter loop. The
two effects would cancel, and the ratio of the wing and rest in-
tensities would be similar. Perhaps the difference that is seen in
models 1 and 7 is due to the fact that T, and 7}, are not exactly the
same in the two models.

Since the total cooling time is relatively short in model 7, it is
reasonable to consider time averages that are less than the 4000 s
we have used for the other models. A 1000 s average produces
a maximum intensity of 10,000 ergs cm 2 sr~!' s=1 A~! for an
assumed loop diameter of 3 x 10® cm. The higher densities of this
simulation give rise to smaller ionization and recombination times
than for the base simulation, which guarantees ionization equi-
librium clonditions. The nonthermal velocity of the profile is
19 kms™.

4.7. Observing Geometry

As we have discussed, the shape of the line profile depends on
the observing geometry (i.e., the shape of the loop and its ori-
entation with respect to the line of sight). We therefore calculated
how the Fe xvn profile would appear if the base model were
located at the limb with an east-west alignment. The profile is
perfectly symmetric and has minimal blue wing and red wing
enhancements. The fastest velocities are in the lower legs of the
loop, but they are now nearly orthogonal to the line of sight and
are not significantly Doppler-shifted. The top portion of the loop
is well aligned with the observing direction, but the velocities are
much slower. The nonthermal velocity is only 27 km s~!, and the
maximum intensity is 254 ergs cm 2 s~ ! s~! A~! for an assumed
loop diameter of 3 x 10% cm.

4.8. Mg x Profiles

The Mg x profiles for models 2—7 are similar to the Mg x pro-
file for the base model. As for the base model, all of the profiles
are narrow and do not exhibit any significant blue wing enhance-
ment. The nonthermal velocities lie in the range of 12-30 km s~

5. OBSERVATIONS

With this work we calculated for the first time the nonther-
mal velocities predicted by nanoflare heating occurring at sub-
resolution strands that collectively make up the observed coronal
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loops. We calculated profiles for three representative spectral lines
formed at cool, warm, and hot temperatures: Ne vin (770 A),
Mg x (625 A), and Fe xvu (255 A).

A large number of the Ne vin and Mg x observations give
nonthermal velocities of ~15-30 and 10-38 km s~!, respec-
tively (e.g., Hassler et al. 1990; Chae et al. 1998; Teriaca et al.
1999; Erdélyi et al. 1998; Doschek & Feldman 2000; Peter 2001;
Landi et al. 2003; E. Landi 2004, private communication). The
observed profiles do not exhibit any significant asymmetries. The
observations were mainly made by the Solar Ultraviolet Mea-
surement of Emitted Radiation (SUMER, on SOHO) with a spa-
tial resolution of ~1” in quiet-Sun and active regions both on
disk and off-limb locations, with few of them corresponding to
some averaging in space (e.g., along the slit or the observed two-
dimensional field ). Our simulations are broadly consistent with
the observations: they predict nonthermal velocities just as much
as what is observed, and the simulated profiles do not exhibit
asymmetries, which is again in line with the observations.

SUMER observations by Landi et al. (2003) and Feldman et al.
(2003) of hot lines give nonthermal velocities of ~20—40 km s~!
in the temperature range of ~2.6—6.6 MK, which partially over-
laps with the temperature range of Fe xvi formation. The ob-
servations were carried out in two flaring active regions during
periods of quiescence, well before or after the occurrence of
flares. The SUMER slit was fixed at off-limb locations, meaning
that one-dimensional distributions (along the slit) of the non-
thermal velocities were obtained.

The magnitude of the observed nonthermal broadening can be
certainly reproduced by the model of § 4.7, which corresponds to
a limb observation. Moreover, the above observations show that
the profiles are not characterized by appreciable asymmetries,
which is again in agreement with the symmetric profile discussed
in§4.7.

SXR observations of quiescent active regions in the disk with
coarse (~15") and no spatial resolution made by the Bent Crystal
Spectrometer (BCS) on the Solar Maximum Mission (SMM ) and
by Yohkoh, respectively, gave nonthermal velocities in the range
of ~40-50 km s~ for temperatures of ~3 and 5 MK (Saba &
Strong 1991; Sterling 1997). Few of our simulations (e.g., the
base simulation) can reproduce the magnitude of the observed
nonthermal velocities. The coarse spectral resolution of these ob-
servations (for example, the spectral resolution of the Sterling
1997 observations was /2110 km s~!) was not probably adequate
to detect line profile asymmetries of the magnitude predicted by
our models.

The ability of our models to reproduce the magnitude of the
observed line broadening for cool, warm, and hot lines leads us
to conclude that nanoflares are able to account for the observed
nonthermal broadening. Our models also lead to symmetric pro-
files for the cool and warm lines, as is observed. They can also
lead to symmetric profiles in hot lines for off-limb observations,
which is in agreement with the observations. Moreover, the nano-
flare model produces more line broadening for hot lines than for
cool lines, as is observed. Our results therefore provide new and
significant pieces of evidence in favor of nanoflares as the heat-
ing agent of multistranded coronal loops.

There has been some concern that the high-speed upflows,
often reaching several hundred km s, that are associated with
chromospheric evaporation could lead to extremely large line
widths and blueshifted components that overwhelm the near-
stationary emission (e.g., Hori et al. 1998; Doschek 2002; Feldman
et al. 2004; Phillips et al. 2005; Warren & Doschek 2005). Our
modeling clearly demonstrates that this is not the case. The emis-
sion from a single strand can be highly blueshifted during a small



1462 PATSOURAKOS & KLIMCHUK

part of'its evolution, but the composite emission from many strands
in various stages of heating and cooling is dominated by near-
stationary emission. Subresolution structuring can also be the key
to reproducing the spectral signatures of flaring loops, as com-
pared to single-stranded loop models (e.g., Hori et al. 1998; Warren
& Doschek 2005).

The mass motions that produce the nonthermal velocities in
our simulations are a response to the nanoflare energy input, which
we assume to take the form of a simple heating of the plasma. In
reality, the nanoflare event may also directly accelerate the plas-
ma. This would be the case for MHD processes such as magnetic
reconnection, for example, which can produce plasma jets at the
local Alfvén speed of ~1000 km s~! under typical coronal con-
ditions. The ability of our simulations to reproduce the magnitude
of the observed nonthermal velocities suggests that such jets
are not important contributors to the line broadening. Klimchuk
(1998) argued on independent grounds that the emission measure
of hot, high-velocity reconnection jets should be very low and
therefore they would escape detection. If the emission measure
were large, the predicted line broadening would be far greater
than what is observed (Cargill 1996).

Finally, we note that most published measurements of non-
thermal velocities, especially those from hot lines, are based on
observations that are averaged over large areas or that lack two-
dimensional information. These areas undoubtedly encompass
several loops, and the loops could have significantly different
properties. The strongest possible test of the nanoflare model
requires observations of individual loops in fully two-dimensional
spatial fields. Such observations should be possible with EIS.

6. SUMMARY AND RECOMMENDATIONS

We have investigated the spectral line profiles and nonthermal
broadening expected from loops that are bundles of unresolved,
impulsively heated strands. We obtained several important results.
First, spectral lines with formation temperatures characteristic of
the transition region (e.g., Ne vii, formed near 0.7 MK) and the
warm corona (e.g., Mg x, formed near 1.3 MK) are predicted to
have modest broadening and minimal enhancement of the wings
of the line. These predictions are very consistent with actual ob-
servations. While this is not strong evidence that the nanoflare
model is correct, since there are other possible sources of modest
line broadening, it is a critical test that the model has passed.

A second important result is that hot lines (e.g., Fe xv,
formed near 5 MK) are predicted to sometimes have appreciable
broadening and distinctive enhancements in the line wings. This
is generally consistent with existing observations, but observa-
tions of hot lines are quite limited, so no strong conclusions can
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be drawn at this time. We anxiously await the launch of Solar-B
and its EIS spectrometer, which should provide a more rigorous
test of the model.

We found that the Fe xvn profiles depend on a number of dif-
ferent parameters, including the magnitude and duration of the
nanoflare, the distribution of the nanoflare heating along the loop
strand, and the conditions in the strand before the nanoflare oc-
curs. This is both good news and bad news. It is good in that there
is the potential of using line profile observations to diagnose the
properties of the nanoflares. This would be extremely valuable
for guiding our thinking on the physical nature of nanoflares and
for testing coronal heating theories (Klimchuk 2006). It is bad
news in that we must sort out several competing effects. Obser-
vations in multiple hot lines are extremely important in this regard.
We have found that wing emission signatures of nanoflares de-
pend sensitively on whether the spectral line is well “tuned” to
the temperature of the fast evaporative upflows. With multiple
lines covering a range of temperatures, it should be possible to
pinpoint the temperature and velocity of the upflows and thereby
to more easily infer the properties of the energy release. EIS will
observe lines of Fe xx1, formed at 10 MK, and Fe xxii1, formed at
16 MK, in addition to Fe xvi.

Future progress will require several improvements to our
present study. Detailed and accurate predictions of line profiles
are possible only if the three-dimensional shape of the loop is
known. Such information can in principle be obtained from mag-
netic field extrapolations based on photospheric magnetograms
or from stereoscopic loop observations such as those expected
from the upcoming STEREO mission. Improved predictions must
also account for ionization nonequilibrium effects and for com-
pressive viscosity, especially in cases where the prenanoflare den-
sities are very low. These modeling improvements are all straight-
forward and, when combined with spectroscopic observations
having high spectral and spatial resolution and comprehensive
temperature coverage, should provide definitive answers. EIS
will be a big step in this direction, but a next-generation imaging
spectrometer should be a high priority for the future.
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Landi for providing unpublished SUMER data, and John Mariska
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comments and criticism.

APPENDIX A

TRANSITION REGION LINE INTENSITY

The intensity of a spectral line formed near temperature 7 in the transition region is given approximately by

Tocm——
M aTds|

! (A1)

If we assume that the thermal conduction flux is approximately constant through the transition region during times of strong evap-

oration, then
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where T, is the apex temperature and L is the loop half-length. Combining these equations, we get
1ocn’T,"? o P2T,7/? (A3)

for a given spectral line (i.e., a given transition region temperature). A more rigorous derivation shows that the dependence on the apex
temperature is actually closer to 7, ¥2. In any case, there is a strong inverse dependence on 7,,.

APPENDIX B

APEX TEMPERATURE

For nanoflares that are significantly shorter than the radiative cooling timescale (>10*s), the radiation energy losses can be ignored,
and most of the input energy goes into raising the thermal energy density of the plasma, which is proportional to pressure. If the
nanoflare is also shorter than the conductive cooling timescale (which is equal to the evaporation timescale, ~500 s), then density is
approximately constant, and the apex temperature increases in proportion to the nanoflare energy:

Enano
LAn()a ’

a
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where E, ., is the nanoflare energy, 4 is the strand cross-sectional area, and ny, is the initial (prenanofiare) apex density. If the
nanoflare heating rate is extreme, the apex temperature may increase to a point where thermal conduction becomes important and
limits a further temperature rise. In that case, equation (B1) overestimates the peak apex temperature. Nonetheless, the peak apex
temperature is always greater for larger nanoflares, shorter strands, and lower initial densities.

APPENDIX C

EVAPORATION VELOCITY

During periods of strong evaporation, the thermal conduction flux powers the enthalpy flux of the evaporated plasma:

T7/2
noTUocaT, (C1)

where v is the evaporation velocity at temperature 7 in the low corona. We have assumed here that the density is approximately
uniform in the low corona and is equal to its initial value, ny. Equation (C1) shows that higher apex temperatures and smaller densities
produce faster upflows as observed in a given spectral line (i.e., at a given temperature). Combining with equation (B1) and assuming
that the strand is not short compared to a gravitational scale height, so that ny, ~ ngy, we get

Ela
Vo — (C2)
(noaL)”

Larger nanoflares, shorter lengths, and lower initial densities give rise to faster upflows. Note that L in these expressions will be
smaller than the loop half-length if the nanoflare heating is concentrated near the footpoints. Note also that the velocity in equations
(C1) and (C2) will be reduced if thermal conduction cannot be ignored during the nanoflare heating.

In static equilibrium,

Toa X (noL)"/? (C3)

for a radiative loss function that varies as 7~!"2. Equation (C1) can then be rewritten as

where we have again assumed that ng, =~ ny. The evaporation velocity observed in a given spectral line is largely independent of
strand length for all models with the same initial and maximum apex temperatures.
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APPENDIX D

CONDUCTIVE COOLING TIME

The thermal conduction cooling time that indicates the rate of temperature decrease during strong evaporation is given by

I’l()aL2
Tecond X ——=5- (Dl)
con Tas/z
Using equation (C3), we get
T,
Teond X L. (D2)
co Tas/z

For the same initial and maximum apex temperatures, the cooling time is proportional to the strand length.
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