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ABSTRACT

The “empirical Neupert effect” (ENE) is the observed temporal correlation of the hard X-ray (HXR) flux Fyxr(¢)
with the time derivative of the soft X-ray (SXR) flux Fsxr(?) in many flares. This is widely taken to mean that the
energetic electrons responsible for Fiyxr(?) by thick-target collisional bremsstrahlung are the main source of heating
and mass supply (via chromospheric evaporation) of the SXR-emitting hot coronal plasma. If this interpretation
were correct, one would expect better correlation between the beam power supply Ppeam(?), inferred from the HXR
spectrum, and the actual power Py, (f) required to explain the SXR flux and spectrum, allowing for variations in both
emission measure (EM) and temperature 7, for radiative and conductive cooling losses, and for complexities of
geometry like multiple loops. We call this the “theoretical Neupert effect” (TNE). To test if it is true that Ppeam(?)
and Py, (¢) inferred from data are better correlated than Fyyxr(¢) and Fsxr(¢), we use an approximate approach for
a simple single-loop geometry and rough estimates of the particle and energy transport and apply the model
to RHESSI and GOES data on four flares. We find that if the beam low cutoff energy £ is taken as constant, the
correlation of Ppeam(?), Pin(?) is no better than that of Fyxr(?), Fsxr(?). While our modeling contains many ap-
proximations to cooling and other physics, ignored entirely from ENE data considerations, there seems to be no
reason why their order-of-magnitude inclusion should make the TNE worse rather than better, although this should
be checked by more accurate simulations. These results suggest that one or more of the following must be true:
(1) fast electrons are not the main source of SXR plasma supply and heating, (2) the beam low cutoff energy varies
with time, or (3) the TNE is strongly affected by source geometry. These options are discussed in relation to possible

future directions for TNE research.

Subject headings: Sun: flares — Sun: X-rays, gamma rays

Online material: color figures

1. INTRODUCTION

Neupert (1968) was the first to note that in the impulsive flare
phase the soft X-ray (SXR) flux Fsxr(¢) shows a tendency to re-
semble the cumulative time integral of the microwave flux. Later,
such correlations were also observed for the SXR flux and the
cumulative time integral of the hard X-ray (HXR) flux Fyxgr(?),
ie.,

t
FSXR(t)OC/ Fuxr(t") dt',

to

(1)
or, likewise,

(2)

d
o Fsxr(?) o< Fuxr(?).

It was proposed that this empirical relationship, called the
“Neupert effect” (NE) by Hudson (1991), provides evidence
for a causal relationship between the nonthermal and thermal
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flare emissions—in particular, that the instantaneous SXR
emission is related to the accumulated energy deposited by non-
thermal electrons up to that time (Neupert 1968; Brown 1971;
Hudson 1972). Thus, the HXR emission is interpreted as a prompt
diagnostic of the instantaneous electron beam power being in-
jected into the flaring atmosphere, whereas the SXR emission is
related to the cumulative energy stored in the thermal plasma
that was heated by the same accelerated electrons.

Observational statistics show that the NE may be violated in
up to half of the events in terms of relative timing between SXR
and HXR emissions (Dennis & Zarro 1993; McTiernan et al.
1999; Veronig et al. 2002b). Although other interpretations are
possible (as discussed later), deviations from the NE are often
interpreted as evidence that the hot SXR-emitting plasma is not
heated exclusively by the accelerated electrons causing the ob-
served HXR emission (e.g., Dennis & Zarro 1993). (This is cer-
tainly often true outside the HXR impulsive phase, such as when
strong preheating is seen in SXRs [e.g., Webb 1985; Veronig
etal. 2002c].) In addition, from the simple relationship expressed
in equation (1), it is expected that the SXR peak flux distribution
function, N (Fsxr) x (Fsxr) “, should have the same power-law
index « as the HXR fluence distribution, but this is not the case
(see Lee etal. 1995, Veronig et al. 2002a, and references therein).
Recently, Veronig et al. (2002b) reconfirmed this inconsistency
by directly comparing SXR peak fluxes with corresponding HXR
fluences for a large sample of events. For individual events,
Feldman (1990) has claimed that the lack of a clear NE relation-
ship in the SXR-HXR data refutes the whole idea of heating of
the SXR plasma by particle beams.
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However, it has to be noted that these empirical observa-
tional studies of the NE generally rely solely on comparison of
SXR and HXR fluxes, which we henceforth call the “empirical
Neupert effect” (ENE). This is obviously not a complete ap-
proach in terms of physics, since (1) the SXR and HXR fluxes in
specified wavelength bands are not simply proportional to the
plasma thermal energy content and beam power, respectively;
(2) some of the beam power goes into other forms (conduction,
radiation loss, chromospheric heating); (3) the HXR flux and
beam power vary in different ways with beam spectral index and
low cutoff energy; and (4) modeling in terms of single mono-
lithic loops may be too simplistic as compared to summing con-
tributions from many independent or sequential events on size
scales below the resolution of current HXR instruments. If the
“theoretical Neupert effect” (TNE) is that changes in the SXR
plasma thermal energy content are driven by beam energy in-
put, then one does not expect a precise relationship of the form
Fuxr(t) < Fsxr(?). Rather, one expects a relationship more like
the following: beam power into corona = rate of change of hot
plasma thermal energy content + cooling losses.

To date, numerous authors have run hydrodynamic simula-
tions using one-dimensional monolithic loop models, although
some progress is being made on quasi—two-dimensional mod-
eling (e.g., Hori et al. 1997, 1998; Reeves & Warren 2002). In
particular, Li et al. (1993) have performed such one-dimensional
hydrodynamic simulations of the TNE by calculating SXR and
HXR time profiles for both thermal and thick-target electron-
heated models. Whereas in a thermal model, in which the SXR
source is heated by an unspecified nonparticle process and the
HXRs are thermal, no correspondence was found between the
HXR time profile and the SXR derivative. In the nonther-
mal beam model the calculated light curves generally revealed
good similarity to the alleged Neupert light-curve effect. How-
ever, for gradual events the coherence breaks down, with the
SXR emission decreasing once the saturation of the evapora-
tion process (and of the emission measure) cannot overcome the
rapid cooling of the hot plasma by thermal conduction (Li et al.
1993). These calculations are based on a simple ad hoc param-
etric model for the electron beam input time profile [and hence
for Fyxr(?)] and predict theoretical Fsxr(?) via EM(¢), T(¢).
These show that in such a model the Neupert X-ray flux effect
for simulated data is realized, except in gradual events. Here
we address whether this is true for real data on the HXR beam
input and SXR thermal plasma. (The fact that in a simulation
beam heating alone would produce an NE does not prove that
an observed NE is produced by beam heating—only that it
is consistent with such a model, e.g., the HXR beam heating
flux might correlate well in time with a much larger heating
process.)

On the basis of very simple models of the source energy
budget and one-dimensional geometry, we compare for several
real flares the total rate of change of the SXR plasma energy
content with the injected electron beam power, using RHESSI
HXR and SXR observations in combination with GOES SXR
data. A range for the total net hot plasma power input is esti-
mated from the SXR data, taking into account its variable mass;
rough estimates of its thermal, kinetic, and gravitational ener-
gies; and losses by conduction and radiation. The actual elec-
tron beam power injected into the hot plasma is derived from
HXR spectra assuming a collisional thick-target model (Brown
1971). Our first aim is to see whether including the estimates
of effects (1)—(3) in the modeling data indeed gives a TNE cor-
relation that is any better than that of the ENE and to discuss
the relationship of the findings to consideration (4).

2. EMPIRICAL THEORETICAL NEUPERT
EFFECT MODEL

In this section we develop a simple one-dimensional energy
transport model of the TNE, replacing a full hydrodynamic treat-
ment by using upper and lower bound estimates of hot plasma
energy content for a range of ratios of, e.g., kinetic and gravita-
tional energy content to enthalpy (for an analytic approach, see
also Fisher & Hawley 1990). In doing so we adopt a single,
monolithic, one-dimensional loop model. This is in line with
most past modeling efforts and with the simple SXR-HXR loops
with two HXR footpoints that are commonly seen, including
those in our events. We recognize that there is evidence from the
Transition Region and Coronal Explorer (TRACE; e.g., Schrijver
et al. 1999; Warren 2000) for the presence of moving bright
footpoints and more complex postflare EUV loop structure, al-
though where their connection with the impulsive phase action
lies is not established (as discussed in § 6.8).

The total SXR plasma (2107 K) energy content at time ¢,
Us(?), is made up of the thermal energy Uy, (¢), the kinetic energy
Uy (2), and the gravitational energy U,(t):

Us(t) = Un(t) + Uk(1) + Uy(0). 3)
For a fully ionized plasma, the thermal energy is given by
Un(t) = 3n(0OkT 1)V, (4)

where 7 is the (mean) density, 7T is the (mean) temperature, and
V'is the volume of the hot plasma. From RHESSI observations
we infer an estimate of the hot loop volume V' from measures of
the area 4 and separation d of the footpoints seen in HXRs. As-
suming a simple, monolithic, one-dimensional, cylindrical single-
loop geometry, the volume is given by V' = A/, with the loop
length / = 7d/2. For such geometry the density n can be in-
ferred from the observed emission measure (EM) and the vol-
ume Vof the source (assumed constant over the flare duration),

EM(t)] 172

n(t) = [ %

(5)

assuming a filling factor of unity (see the discussion of filling
factor effects in § 6.3). Thus, the thermal energy can be ex-
pressed in terms of the observables as

U(t) = 3kT()[EM(5)V]'. (6)

In a closed tube of increasing hot plasma mass, work is done
against pressure as well as in increasing 7, so the total internal-
thermal energy can actually be higher than this because of the
compressional increase in energy density as density rises. This
could raise Uy, by up to the specific heat ratio ¢, /cy ~ 5/3 for
constant pressure versus constant volume heating.

To properly infer the gravitational energy U, and the kinetic
energy Uy, plasma height and speed information are needed;
this is observationally difficult and theoretically requires use
of a hydrodynamic code. However, U, (uplift) and Uy (accel-
eration) are—unless driven magnetically—driven by the pres-
sure gradient, i.e., by Uy,. Here we simply put bounds on Us by
evaluating the extreme cases. In particular, in the extreme case
of equipartition over all forms, we expect that an amount as
large as

Ui(t) ~ Uy(0) = Un (1) ()
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could be added to the estimate of the total internal energy esti-
mated by equation (6). Consequently, we replace a full hydro-
dynamic treatment by putting upper and lower bounds on our
estimate of observed SXR plasma energy content, viz.,

3KT()[EM()V]? < Us(t) S 10kT(O[EM()V]?. (8)

In practice, our loop length is much less than the hydrostatic
scale height at temperature 7, i.e., m,gl < kT, so Uy, < Up;
however, we include U, for general loop lengths and to be
generous in our bounds on Us.

Heating, e.g., by an electron beam with power Py,, has to not
only provide the observed increase of the SXR plasma energy
content, Us(¢), but it also has to offset losses by radiation, Ly,q(?),
and by conduction, Leng(?); i.e.,

Pin(t) = Us(t) + Luaa(t) + Leona(®) ergs s~ (9)
The radiative losses are given by
Lraa() = EM(1) fraa [T(1)] ergs s~ (10)

The radiative loss function, f;,q(7T), for solar abundances and
ionization equilibrium is given by, e.g., Cox & Tucker (1969)
and can be approximated in the range of 10° K < 7 <30 MK

by

fua(T) ~ 6x1072(7/10°) 2.

(11)
At the loop-top temperatures we are considering, it is ex-
pected that conduction is a loss term in the energy equation—
a fact born out by full hydrodynamic simulations such as Li
et al. (1993). This heat “loss” from the hot plasma, apart from
that lost by radiation, is of course delivered into the cooler chro-
mosphere, adding to the beam-driven evaporation of additional
loop mass and to the loop SXR EM once the material there is
heated to SXR temperatures. Thus, conduction acts indirectly
as a gain term in the continuity equation. Since our loop mass
and EM are based on observations, that conductively driven in-
flow of mass is included in our treatment. Properly dealing with
conduction and evaporation without a full code is difficult, as
they depend on gradients and timescales. Energy lost from the
hot plasma into the chromosphere by conduction and the beam
tail result in heating up to the radiatively unstable evaporation
temperature and then to SXR temperatures. However, a large
fraction of the power so deposited is lost to the very strong ra-
diative cooling near the cooling function peak. Without a full
code the fraction returned to the hot plasma is hard to assess. For
testing, we have run our calculations with no conduction. We
find that with the best value of the low cutoff energy (a few keV
higher than in our model), the cross-correlation of the power
time profiles is even worse. On the other hand, if we assumed
that all energy entering the chromosphere were lost to radiation,
there would be no evaporative increase in EM, contrary to ob-
servations. This suggests that our approximation is closer to the
truth than either of these extremes.

In the hot plasma energy equation, the conductive losses are
given by

Leond(t) = AFcona[T(2)] ergs s~ (12)
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where the conductive flux F onq(7) out of both ends of the
loop can be roughly estimated from the observed parameters
as

4
Feond(T) = 1o T**VT ~ 7H0T7/2, (13)

with ko = 107¢ ergs cm™! s~ K72, the classical Spitzer co-
efficient for thermal conduction. Here / is the temperature scale
length at the peak temperature 7 (and decreases at low tem-
peratures). The relationship of this rough approximation to the
full conduction equation and hydrodynamic codes is discussed
in the literature (e.g., Hawley & Fisher 1994).

Equations (8), (9), (10), and (12), together with the inferred
flare size parameters, let us estimate the total P;, needed at any
time ¢ to yield a measured Ug(f) from observed variations of
EM(?) and T'(¢). For a single loop the TNE is then the equating of
the measured thermal P;,(f) with the electron beam power input
into the hot part of the loop (i.e., above the transition zone),
P beam(t)-

The other fraction of the beam reaches the chromosphere and
causes heating there. As a consequence, when heated to above
~60,000 K, chromospheric matter becomes radiatively unstable
and expands upward into the coronal loop (““‘chromospheric
evaporation”; Sweet 1969; Brown 1973; Antiochos & Sturrock
1978). Such matter constitutes the “transition region” between
the stable cool and hot atmospheric components, although it is
now recognized that, instead of being a simple stratified struc-
ture, it will be fragmented by unstable convection into what is
observed as “moss” (e.g., Berger et al. 1999).

We are considering here the energy budget of the hot SXR-
emitting plasma mass Uy, ~ 3NkT ~ 3nV kT. The energy con-
tent of this can increase (or decrease) by two processes: (1) the
increase (or decrease) AT of'its temperature and (2) the addition
(or removal) AN of particles in it. The release of energy in the
SXR plasma by beam heating raises 7'and Uy, directly (AU, =
3NkAT). This involves the fraction ¢ of the total beam power
Py, according to the coronal column density. The remaining
fraction (1 — ¢) of the beam power goes into heating the chro-
mosphere, an upper part of which evaporates by radiative insta-
bility, increasing N (and hence increasing ¢). Having entered
the radiative instability regime (7 = 10° K) by the (increased)
beam deposition increases Uy, (AUy = 3ANKT). Thus, the
beam power deposited in the chromosphere adds to Uy, via
AN . In events in which conductive evaporation is important,
some of the energy lost from the hot loop by conduction is
returned to the upper loop as conductively evaporated material,
again heated to high temperatures by the beam power deposited
there. In our analysis AV is found from data, not theory, and thus
includes both beam and conductively driven parts. In short, AU
arises from AT and AN, AT being driven by ¢P; (less cool-
ing) and AN being driven by (1 — ¢) P; + conductive effects. Of
course, not all of the beam and conductive power entering the
chromosphere is returned to the corona, since the material radiates
during evaporation.

HXR spectra measured with RHESSI are used to derive the
thick-target electron beam injection rate | (f) (electrons s~!) at
energies £ > E; for low cutoff energy £, with electron spectral
index 6(¢) (based on Brown 1971). Here we only want the part
of the beam power injected, P;(f), given as

Pt = %Fl(ﬂﬂ ergs st (14)
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that goes into the hot part of the loop, namely,
Pbeam(t) = Pl(t)¢(t)- (15)

The fraction ¢ depends on the loop leg column density N above
the transition zone, given by

1/2
El\;(t)] % cm ™2, (16)

N(t) = n(t)é = [

Since EM varies with time as a result of the evaporation of
material into the loop, so does the column density N and ¢ ().
On the basis of N derived from SXR data, we can estimate the
energy Eiop > Ey of electrons stopped above the transition
zone in the hot part of the loop. This is (Brown 1973)

Enoop(t) = BKN(®)]'?, (17)

where K = 2me*A is the collisional stopping parameter, where
e is the electron charge and A ~ 20 is the Coulomb logarithm.
The fraction ¢ of the beam power going into the hot part of the
loop is given by (see Brown 1973)

6(6)—2] [6¢) 1 3

¢(’):1_TB[T_E’EH

Eloop(t) —0 (18)

E ’
where B(a, b) is the complete beta function. The low cutoff
energy £ is very uncertain, and we handle it as a free parameter.
In particular, we investigate whether it is possible to find a con-
stant £ (in principle, £1 may change in time) for which P, ()
and Ppeam(¢) show reasonable agreement in terms of the shape
of the time series as well as the total energies over the flare du-
ration, considering the crudeness of our energy equation and
the substitution of our band of Uy values in place of a hydro-
dynamic code. In addition, using RHESS!’s high spectral reso-
lution, we can evaluate the X-ray spectra in order to see if they
are consistent with £ derived in this way.

3. THE RHESSI INSTRUMENT

The Reuven Ramaty High-Energy Solar Spectroscopic Im-
ager (RHESSI), launched on 2002 February 5, is a NASA Small
Explorer (SMEX) mission designed to study high-energy emis-
sion from solar flares over a broad range, 3 keV to 17 MeV, i.e.,
from thermal X-rays to y-rays (Lin et al. 2002). The primary
scientific objective of the RHESSI mission is to study particle
acceleration, energy release, and particle and energy transport
in solar flares. The new approach of RHESSI is to combine for
the first time high-resolution imaging in SXRs (2107 K), HXRs,
and ~y-rays with high-resolution spectroscopy.

The energy range covered by RHESSI (3 keV-17 MeV) re-
quires the use of indirect imaging techniques. RHESSI’s imaging
capability is based on nine pairs of fine tungsten-molybdenum
grids that modulate the incident solar X-ray and ~y-ray flux as
the spacecraft rotates at ~15 revolutions per minute. Ground-
based software (Schwartz et al. 2002) is used to reconstruct im-
ages of the source from the time-modulated light curves (for
details on the RHESSI imaging concept, see Hurford et al. 2002).
The FWHM spatial resolution is as high as 2”3 with a full-Sun
field of view.

The high-resolution spectroscopy is achieved by means of
nine cryogenically cooled germanium detectors, one behind each
rotating modulation collimator (the characteristics of the RHESSI
spectrometer can be found in Smith et al. 2002). The spectral
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resolution is ~1 keV FWHM in the SXR-HXR range from 3 to
100 keV and increases to ~5—10 keV in the y-ray range up to
17 MeV. For all RHESSI spectral analysis presented in this pa-
per, the SPEX procedure (Schwartz et al. 2002) was used.

The combination of high spatial and spectral resolution over
a broad energy range (covering “‘thermal” and ‘“nonthermal”
X-rays), the high time resolution, and the high sensitivity and
dynamic range (achieved by a system of two attenuators that can
be brought into the field of view when the count rate is too high)
make RHESSI uniquely capable of studying the NE and its rel-
evance for the flare energetics. RHESSI’s combined hard-soft
(down to 3 keV') X-ray observations with a high spectral reso-
lution of 1 keV provide us with the possibility of trying to deter-
mine the low cutoff energy £, from the spectral transition from
thermal to nonthermal bremsstrahlung, as suggested by Holman
& Benka (1992) and Benka & Holman (1994); for recent appli-
cations of this concept to RHESSI spectra, see Holman (2003),
Holman et al. (2003), and L. Sui et al. (2005, in preparation). In
this paper we make use of this capability in order to get a second,
independent approach to the beam low cutoff energy in addition
to the TNE analysis. If both approaches yield similar estimates
for E, this would give us some confidence on the derived values.

RHESSI also provides us with the unprecedented capability
of doing X-ray imaging spectroscopy (e.g., as performed by
Emslie et al. [2003] for the large X-class flare of 2002 July 23).
Exploring RHESSI’s imaging spectroscopy capabilities, how-
ever, is beyond the scope of this paper.

4. DATA SELECTION AND ANALYSIS

The selection of events was based on the demands that (1) the
overall impulsive flare phase was covered by RHESSI observa-
tions (i.e., not interrupted by RHESSI nighttime or the passage
of the spacecraft through the South Atlantic Anomaly), (2) up
to at least 40 keV emission above the background level was
observed during the impulsive phase (to ensure an accurate
determination of F(¢) and 6(¢) for the whole time series), and
(3) the reconstructed images provide us with insight into the
source geometry and size.

Table 1 lists the characteristics of the four events selected
for the analysis: the start and end times (which refer to the 12—
25 keV emission observed by RHESSI), the GOES class, the
heliographic position measured from RHESSI images, the area 4
of the footpoints seen in HXRs, the loop length / inferred from
the footpoint separation, the derived volume V' = A/ of the hot
loop, the peak emission measure EM, and peak temperature
T, derived from GOES and RHESSI (RHESSI values are listed
inside parentheses), and the peak of the beam power in electrons
>25keV, Pys ,. All four events show some ENE when we com-
pare the RHESSI 25-100 keV light curve and the time deriva-
tive of the GOES 1-8 A flux.

For RHESSI image reconstruction, the CLEAN and pixon
methods were used (Hurford et al. 2002). To estimate the foot-
point areas, we counted the pixels within the 50% contour level
of the brighter footpoint in the 25—50 keV images reconstructed
with pixon using RHESSI grids 3—8 (giving an angular reso-
lution of ~7"). The separation of the footpoints was measured
from the centroids of both footpoints and corrected for fore-
shortening. We note that in these events the footpoints are un-
resolved in the grids; thus, our areas are upper limits.

For each flare we evaluated spatially integrated HXR spectra
summed over consecutive 4 s intervals to derive the electron
beam power as a function of time. In order to avoid the effects of
the rapid modulation of the count rates caused by the grids, the
integration time was chosen to correspond roughly to the spin
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TABLE 1
SELECTED EVENTS

Start End Location A I vV EM, T, Py,

Date (UT) (UT) Class (deg) (10" cm?) (108 cm)  (10% cm’)  (10% cm™3) (MK) (1077 ergs s71)
2002 Feb 20 11:04:08  11:1220 C7.5 NI14 W73 26.2 34.5 9.0 0.7 (0.6) 15.0 (20.3) 7.4
2002 Apr 14 23:59:32  00:25:08 M3.2  N20 W59 19.1 45.0 8.6 4.0 (3.2) 17.9 (21.2) 20.9
2002 Apr 15 23:08:56  23:20:48 MI12  N20 W72 21.5 77.3 16.7 1.3 (1.2) 17.0 (19.7) 6.7
2002 Jun 2 ..oooovennn 11:44:04  11:49:48 MI1.0  SI19 El0 20.6 16.8 3.4 1.2 (1.0) 15.6 (18.0) 45

period of the RHESSI spacecraft (~4 s). The photon spectra
were derived with 1 keV energy bins using all front detector seg-
ments except 2 and 7 (which have lower spectral resolution and
high threshold energies) and deconvolved with the full detec-
tor response matrix, i.e., including off-diagonal elements (see
Smith et al. 2002). In all four events, the RHESSI thin attenu-
ators were in the detector’s field of view (attenuator state Al)
throughout, limiting the lower energy of the X-ray observations
to ~6 keV. For background subtraction, a linear interpolation
between the count rate spectra before and after the flare has been
applied and subtracted from the observed flare count spectra for
each 4 s interval.

Spectral fits were obtained using a forward-fitting technique
for which the functional form of the incident photon flux spectra
is assumed for a parametric model of the source. Specifically,
we used the line and continuum spectrum of an isothermal
plasma based on the MEKAL code in the RHESSI spectral soft-
ware plus the thick-target bremsstrahlung spectrum computed
from a power-law electron injection with a low energy cutoff
(see Holman 2003). This gives five free parameters. This func-
tion is folded through the instrument response (for attenuator
state A1) to provide the expected count rates. The free param-
eters are varied until a minimum x? fit to the count rates is
obtained. The error on a parameter can be estimated by finding
the range over which x? remains acceptable. Poisson statistics
were assumed plus a 5% systematic uncertainty on every mea-
sured count rate. In the bremsstrahlung computations, the Haug
(1997) relativistic bremsstrahlung cross section with the Elwert
(1939) correction was used.

Emission measure and temperature were derived from GOES
0.5—4 and 1-8 A observations (e.g., Thomas et al. 1985; Garcia
1994) with a time cadence of 3 s as well as from the RHESSI
4 s integration spectral fits. In Table 1 we list the peak EM and
peak T derived from GOES and RHESSI for each flare. As can be
seen from the table (as well as in Fig. 7, discussed furtherin § 5.2),
RHESSI gives systematically higher temperatures and smaller
EMs (a finding that is in accordance with other RHESSI studies;
e.g., L. Suietal. 2005, in preparation). This might be an indica-
tion of a multithermal flare plasma. On the other hand, the dif-
ference could also be the result of calibration errors and model
dependences. In the following we use the GOES EM(¢) and T'(¢)
for the derivation of the thermal plasma parameters as a func-
tion of time, but the RHESSI values are similar.

It should be noted that in the RHESSI and GOES anal-
ysis software, the MEKAL atomic model describing the thermal
X-ray spectrum of a solar flare (Mewe et al. 1985) is used. This is
significantly different from the CHIANTI atomic model with
solar coronal abundances and recent ionization equilibrium ion
fractions (ver. 4.2; see Young et al. 2003). The differences are
likely to be the result of the different element abundances (Mewe
et al. use cosmic abundances) and ion fractions (Phillips 2004).
In a recent paper (White et al. 2004), the differences between
the MEKAL and CHIANTI models in deriving EM and tem-

perature from GOES observations are investigated. On aver-
age, the derived temperatures using the CHIANTI model with
coronal abundances are ~1—2 MK higher and the EMs up to
a factor of 4 smaller than those of the MEKAL model. This
means that at the moment there is uncertainty in the derivation
of thermal plasma parameters from SXR data such as GOES
and RHESSI. However, the uncertainty is essentially a constant
factor in the inferred EM value and would not affect the light-
curve shapes.

5. RESULTS
5.1. 2002 February 20 Flare

The C7.5 flare of 2002 February 20, 11:04 UT, was one of
the first flares observed by RHESSI, and different aspects of it
have already been reported in a number of papers (Aschwanden
et al. 2002; Krucker & Lin 2002; Sui et al. 2002; Vilmer et al.
2002). Figure 1 shows an image of the flare reconstructed with
the pixon algorithm at the maximum of the nonthermal emis-
sion (integration time is 13 s; i.e., three rotations of the RHESSI
spacecraft). The 25-50 keV image reveals two distinct foot-
points and a faint loop-top source. At 6—12 keV, a second, smaller
loop system is most likely revealed.
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Fig. 1.—Flare of 2002 February 20. The gray-scale image represents the
25-50 keV RHESSI image reconstructed with pixon using front detector seg-
ments 2—8 during the maximum of the hard 25-50 keV emission. The contour
lines indicate the corresponding soft 6—12 keV image (obtained with front
detector segments 1, 3, 4, 5, 6, and 8). Contours are drawn at 12%, 20%, and
30% levels of the maximum intensity. The solid line denotes the solar limb,
and the dotted lines denote a heliographic grid. [See the electronic edition of
the Journal for a color version of this figure.]



No. 1, 2005

PHYSICS OF THE NEUPERT EFFECT

T
6-12 keV

RHESSI Count Rate

20-Feb—-02

IS

—~25F ERN
[N r 25-100 keV 17
0 L E
T 20 =432
3 C 4 c
o r | 3
°oT El:!
S 1.5F I
Z F =22
> N E
£ 1.0f E §
g [ éw(\l
I 0.5 1
wn | ©
N -
0.0 40

Derivative of GOES 1-8 A Flux

(1078w m2s7")

L L L
11:06 11:08 11:10

Time (UT)

L
11:04

FiG. 2.—RHESSI count rates (4 s data) in two energy bands (6—12 and 25—
100 keV ) summed through front detector segments 1-9 (excluding 2 and 7) and
time derivative of the GOES 1-8 A flux (3 s data) for the 2002 February 20 flare.

Figure 2 shows the RHESSI count rates in the 6—12 and 25—
100 keV energy bands together with the time derivative of the
GOES 1-8 A flux, illustrating the ENE. The flare is character-
ized by quite flat HXR spectra (at the peak, 6 = 3.9) and shows
a clear soft-hard-soft spectral evolution. The maximum tem-
peratures derived from GOES and RHESSI are 15 and 20 MK,
respectively. The energy Ejoop of electrons stopped above the
transition zone increases from about 15 to 35 keV during the flare
(see Fig. 3, left panel). For a specific low cutoff energy E|, the
fraction of the injected beam power that goes into the hot part
of the loop is determined by Ei.op and 6. Figure 3 (right panel)
shows the evolution of the beam power that goes into the hot
loop together with the total injected beam power for £; = 20 keV.

In Figure 4 the outcome of the TNE analysis is shown. We
plot the range of actual power required to explain the SXR flux,
Py, (?), together with the beam power that goes into the loop

E

loop
T

(keV)
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above the transition zone, Ppeanm(?), for increasing values of the
low cutoff energy E;. The figure reveals that even for this flat
spectrum the beam power is strongly dependent on the low cut-
off energy, as expected (Brown 1971). To match the total SXR
plasma energy content (also accounting for cooling losses) and
that in the electron beam—i.e., the cumulative integrals of the
plotted Pi,(¢) and Ppeam(?) curves—E; should be in the range
18 keV < E| <21 keV. We can compare this £; derived from
the TNE analysis with that derived from the RHESSI spectral
fits applied to consecutive 4 s intervals handling E; as a free fit
parameter. Minimizing x? in each individual 4 s spectral fit, we
find an event-averaged low cutoff energy in the range 17 keV <
Ey <21 keV. This means, with both approaches (TNE analysis
and spectral fitting), that we come to the same estimate for E|.
However, it is obvious from the plots in Figure 4 that no con-
stant choice of | yields a reasonable time correlation match
between the time variations in Pi,(¢) and Ppeam (7). If our assump-
tions were right, we would expect that the derived Ppeam(#) curve
should at least lie within the generously estimated minimum-
maximum range of Py, (¢) during the whole impulsive phase. We
later discuss the effect of allowing £ to vary with time.

5.2. 2002 April 14 Flare

The M3.2 flare that occurred on 2002 April 14, 23:59 UT,
was a gradual event with nonthermal emission for more than
15 minutes (see the 25—100 keV light curve in Fig. 5). The source
of the emission is concentrated along the loop top, and only
faint footpoint emission is detectable. For a short interval at the
highest peak (which occurs late in the event), emission along
the whole loop down to the footpoints is visible at 25—-50 keV at
00:10:22 UT (Fig. 6).

In Figure 7 we show the resulting hot loop plasma and elec-
tron beam parameters derived from the GOES and RHESSI
observations (the GOES data have been smoothed with a 30 s
boxcar average). In Figure 7a the temperature evolution is plotted
showing a double peak; the maximum temperatures observed
by GOES and RHESSI are 18 and 21 MK, respectively. In Fig-
ure 7b the evolution of the EM as derived from GOES and
RHESSI data is plotted. Figure 7¢ shows the rate of change of
the thermal energy estimates Uy, (t) = 3n(£)VkT(f) and Uy (t) =
Sn(t)VkT(t), respectively. In Figure 7d the derived radiative and
conductive cooling losses are plotted. It is worth noting that ra-
diative cooling becomes important mainly after the impulsive
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Fic. 3.—Flare of 2002 February 20. Left panel: Evolution of the energy Ej,,, of electrons stopped above the transition zone. Right panel: Total electron beam
power injected (thin line) together with that part of the beam power that goes into the loop above the transition zone (thick line) for E, = 20 keV.
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phase, whereas losses by conductive cooling may be a larger fac-
tor during the impulsive phase than the thermal power actually
observed (see Figs. 7c and 7d), at least in the classical limit used
(for a detailed observational study on flare plasma cooling, see,
e.g., Aschwanden & Alexander 2001).

Figures 7¢ and 7f show the electron flux at 50 keV and the
electron spectral index as a function of time, respectively; these
are distinctly anticorrelated (i.e., show a soft-hard-soft evolution
on very short timescales). The event is characterized by steep
HXR spectra, 6 2 6.7. In Figure 7g we plot Ejoep(#), which is
extremely high due to the high loop column densities (up to
4.9 x10% cm™2). At the onset of the impulsive phase, Ejop is
already as high as 35 keV and increases to 61 keV during the
event. In Figure 74 the injected electron beam power together
with the fraction that goes into the loop is plotted.

To match the total SXR plasma energy content and the beam
energy in this event, the low cutoff energy should be in the range
26 keV < E; £29 keV (see Fig. 8). Because of the steep spec-
tra, the calculated beam power here is extremely sensitive to the
low cutoff energy. Furthermore, the high Eio,, and steep spec-
tra mean that almost all of the injected beam power goes into
the loop above the transition zone (see Fig. 7). Thus, most
of the accelerated electrons are stopped within the loop, and
only a very small fraction reaches the chromosphere. We note
that ¢ > 0.9 throughout. This finding is consistent with the
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and time derivative of the GOES 1-8 A flux for the 2002 April 14 flare. GOES
data are smoothed with a 30 s boxcar average.
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Fic. 6.—Flare of 2002 April 14. Time series of 25—-50 keV RHESSI images reconstructed with CLEAN integrating through front detector segments 3—8 over five
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dotted lines denote a heliographic grid. [See the electronic edition of the Journal for a color version of this figure.)

reconstructed images in which the emission comes mainly from
the loop top and within the loop; only weak footpoint emission
is seen. Thus, this is an unusual case in which HXR emission is
almost entirely coronal, the loop-top region being itself a thick
target (see Veronig & Brown 2004). Note that such an event, in
which the HXR emission is predominantly coronal, was already
reported from Yohkoh observations (Kosugi et al. 1994).

From Figure 8 it can be seen that for £; = 28 keV, the time
profiles of Pi,(¢) and Ppeam() do show some agreement. How-
ever, the TNE power time correlation across the event is no better
than that for the ENE SXR-HXR fluxes, » = 0.7. The event-
averaged low cutoff energy derived from the spectral fits yields
18 keV < E} <21 keV, i.e., a value that is outside the range of
our TNE argument (there would be far too much power in the
beam; see Fig. 8), possibly because of the plasma being far from
isothermal (see discussion). (Note that the discrepancy may be
increased when the CHIANTI model is used instead of the
MEKAL thermal model.)

In this event Ejop is very large, so most of the beam electrons
lose all their energy in the corona. Thus, evaporation is not driven
directly by the beam; rather, the beam heats the corona, and then
evaporation is driven by thermal conduction. The observed col-
umn densities are too large for beam-driven evaporation but are
in good agreement with conductive evaporation (see Veronig
& Brown 2004).

5.3. 2002 April 15 Flare

The M1.2 flare of 2002 April 15, 23:08 UT, took place in the
same active region (NOAA AR 9901) near the northwest limb as

the 2002 April 14 event and has similar overall characteristics.
Nonthermal emission is observed for about 10 minutes (see the
25-100 keV light curve in Fig. 9). Figure 10 shows RHESSI
images in the 25-50 and 6—12 keV energy bands obtained at the
maximum of the flare. Emission from two footpoints and from
within the loop is seen at 25—-50 keV; the 612 keV emission is
mainly from within the loop. In a recent paper on this flare, Sui
& Holman (2003) report evidence of the formation of a large-
scale, reconnecting current sheet between the flare loop top and
a coronal source above the loop top (this source is also seen
in Fig. 10). Furthermore, for this and the 2002 April 14 flare,
altitude variations of the loop-top source that initially moved
downward and then upward have been reported (Sui et al. 2004).

The peak temperatures derived from GOES and RHESSI
are 17 and 20 MK, respectively. The loop column density
reaches a maximum of 3.5 x 10** cm~2, which corresponds to
Eloop = 52 keV (for the time evolution, see Fig. 11, left panel).
RHESSI spectroscopy reveals steep HXR spectra (minimum
0 =15.9). As in the 2002 April 14 flare, because of the high
column densities and steep spectra most of the beam power
goes into the loop (see Fig. 11, right panel); ¢ > 0.9 throughout
the event.

To match the total energy in the SXR plasma and the electron
beam, the low cutoff energy should be in the range 23 keV <
E, £26keV (see Fig. 12). As can be seen in the figure, for £} =
25 keV, Pin(¢) and Ppeam(?) can be matched quite well except
during the first ~100 s, when Ppeam(?) is too low and does not
lie within the extreme range of Pi,(f). However, during this
interval the determination of the beam power is quite uncertain
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description, see the text (§ 5.2).

because of the small fluxes and very steep spectra (10<6 <
12). The steep spectra are also the reason for the extremely high
beam power calculated for low cutoff energies £ < 16 keV (see
Fig. 12).

The isothermal plus cutoff power-law spectral fits yield val-
ues for the low cutoff energy in the range 17 keV < E; < 20keV,
again somewhat below the 25 + 2 keV derived from the TNE
analysis and possibly due to multithermality. A sample RHESSI
spectrum together with the thermal and nonthermal brems-
strahlung fits is shown in Figure 13.

5.4. 2002 June 2 Flare

The M1.0 flare of 2002 June 2, 11:44 UT, is characterized by
a short impulsive phase (<2 minutes) with a double peak struc-
ture. It shows the Neupert light-curve effect for the two im-
pulsive peaks, but strong deviations from it occur afterward

(Fig. 14). The hard 25-50 keV emission is concentrated in two
footpoints. At the very beginning the soft 6—12 keV images also
show impulsive footpoint emission, whereas afterward the 6—
12 keV emission originates from between the footpoints, in-
dicating that the source region is near the loop top (Fig. 15).
From Yohkoh observations, Hudson et al. (1994) reported im-
pulsive SXR footpoint emission that closely matched the HXR
time profile demonstrating chromospheric heating on short time-
scales during the interval of nonthermal energy release. In the
RHESSI observations of the 2002 June 2 flare (see Fig. 15), we
can directly observe the transition of SXRs from impulsive foot-
point emission to coronal loop emission. The peak temperatures
derived from GOES and RHESSI observations are 16 and 18 MK,
respectively.

The HXR spectra are flat (minimum 6 = 3.8). Here Ejyqp is
very small (9 keV) at the onset of the event and increases during
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corresponding 6—12 keV image using front detector segments 3—8, except 7
(levels are 10%, 20%, and 40% of the peak flux). The solid line denotes the
solar limb, and the dotted lines denote a heliographic grid. [See the electronic
edition of the Journal for a color version of this figure.]
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Fic. 11.—Same as Fig. 3, but for the 2002 April 15 flare.

the flare up to 34 keV (Fig. 16). The sharp increase of Ejoop
starting at 11:44 UT coincides well with the beginning of the
impulsive HXR emission, indicating explosive electron beam-
driven evaporation. The extremely low Ejop at the very begin-
ning of the impulsive phase (“‘empty loop”’) is consistent with
RHESSI images showing that during these times the 6—12 keV

emission originates from footpoints, and only later—after the
loop is filled with evaporated chromospheric matter and dense
enough to collisionally stop these low-energy electrons—is it
from the loop top.

To match Pj, and Ppeam (in terms of total energies), the low
cutoff energy should be in the range 12 keV < E| < 18 keV. The
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electronic edition of the Journal for a color version of this figure.]

time histories of Pi,(f) and Ppeam(f) do show some agreement
for the two impulsive peaks but not afterward (see Fig. 17).

6. DISCUSSION AND CONCLUSIONS
6.1. General Remarks

On the basis of the assumption of a monolithic single-loop
structure consistent with RHESSI images and most previous
flare modeling, and on a simple upper-lower bound estimate of
terms in the energy-hydrodynamic equations, we have found that
analysis of Neupert effect (NE) data, including source physics,
does not lead to a better temporal correlation of beam input and
plasma heating power than that of the raw HXR-SXR flux data,
unless the beam low energy cutoff is allowed to vary with time.
If we accepted the geometric assumptions and believed in the
beam-heating interpretation of impulsive phase NE, we would
then have powerful means of determining not only the low-
energy beam cutoff but also its time variation, which could be a
valuable diagnostic for acceleration models. (This is, of course,
a restatement, in more optimistic terms, of the long-known fact
that beam power is very sensitive to the low energy cutoff; e.g.,
Neupert 1968; Brown 1971; Hudson 1972; Hoyng et al. 1976;
Lin & Hudson 1976.) The fact that the values of E; obtained
from the energy balance argument are somewhat higher than those
inferred from HXR spectral fitting with an isothermal plasma
plus power-law beam component could be seen either as a
failure of the model or as an argument to consider a possible
multithermal plasma spectral contribution (e.g., Brown 1974;
Piana et al. 1995), as suggested by the higher 7 from RHESSI
than from GOES. However, there are several issues and alter-

. . . . .
11:40 11:42 11:44 11:46 11:48 11:50 11:52
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Fic. 14—RHESSI count rates in two energy bands (6—12 and 25-100 keV)
and time derivative of the GOES 1-8 A flux for the 2002 June 2 flare.

native scenarios that need to be thoroughly explored before these
conclusions can really be taken seriously. Among these are the
following:

1. uncertain values of geometric and thermal parameters,
including multithermality;
spatial fine structure in the loop;
noncollisional beam energy losses;
additional (nonbeam) heating processes;
time variation of E1;
flaws in the energy budget model; and
time-dependent fine structure within the loop.

Nownbkwbd

6.2. Uncertain Values of Geometric and Thermal Parameters

The footpoint separation and thus the loop length can be
quite accurately measured from the RHESSI images. However,
the footpoint area (and, as a consequence, the volume estimate) is
much more uncertain, as it depends on the image reconstruction
method, the RHESSI grids used, the time interval selected, and
the method for measuring the area. It is worth noting that for
a very simple single source, Schmahl & Hurford (2002) devel-
oped a method for determining the source size from RHESSI
images based directly on the modulation profiles instead of the
mapped images. The footpoint areas listed in Table 1 are all
basically consistent with the minimum area that can be resolved
by the collimators used (the finest RHESSI grid used was grid 3,
which gives an angular resolution of ~7”). Thus, these areas rep-
resent upper limits to the real ones. However, for the present
analysis, changing the geometric parameters does not substan-
tially alter the main results, which we checked by enhancing/
reducing the determined areas by up to a factor of 3. This ba-
sically shifts the power curves up/down by a scale factor, chang-
ing the £} needed for a mean power match but not improving the
temporal correlation of the power profiles, unless one allows time
variations in the area and length. In reconnection models as well,
the volume is expected to change with time, since higher and
higher loops are formed that are presumably longer and with
greater volume, a fact supported by observations. However, in
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order to improve the temporal correlation, the geometric param-
eters would have to have nonmonotonic temporal evolution.

A further source of uncertainty is the determination of tem-
perature and EM of the thermal source as inferred from the
GOES and RHESSI SXR observations. These constitute model
dependences (e.g., multithermality) as well as calibration errors
(discussed in detail in § 4).

In part of equation (18), to get analytic expressions we have
neglected electron collisional pitch angle increase with depth
N. However, this effect typically only shifts N values by a factor
of <3/2 (Brown 1972; Emslie 1978), which is well within the
uncertainty of our other approximations. A more serious effect
neglected here (and throughout most of the literature) could be
that of magnetic field convergence and electron mirroring. This
would increase ¢ and shift our power light curves but, unless it
is time-dependent, would not improve the theoretical Neupert
effect (TNE) cross-correlation in time.

6.3. Spatial Fine Structure in the Loop

When the loop filling factor fis smaller than 1, the calcu-
lated thermal energy is decreased by +/f, as is the conducted

power, since the area is reduced (if f is filamentary) but the tem-
perature gradient is fixed by 7. The radiated power is unaffected,
since it uses the observed emission measure (EM). The overall
effect is to change the relative scale of some of the coefficients
in the energy equation. Repeating the TNE analysis assuming
f = 0.1, the low cutoff energies derived from the TNE analysis
changed by only <3 keV with regard to the main analysis based
on f = 1. The Piy(?), Ppeam(?) correlation might be better if we
allowed f* = f(¢). This is physically possible, although in order
to shift the Py, (7) and Ppeam(?) curves by a factor of 3, f would
need to vary by a factor of 10 in a nonmonotonic way, as in the
case of loop length, etc.

6.4. Noncollisional Beam Enerqy Losses

In beams of high current density, energy losses to driving the
neutralizing return current can be more important than colli-
sional losses, especially if wave turbulence enhances resistivity
(Emslie 1980; Brown & Hayward 1982; Zharkova et al. 1995).
For a given Fyxg, this requires a larger beam flux and higher
plasma heating rate Ppe,m. The factor is time-dependent and
higher for filamented beams.

28 -1
ror ‘ E‘?Op (keV) ‘ A E\Fctron Beom‘Power (10 erg s )
F02—Jun—02 i 14rp Loop E,=15 keV
F ] L Total ]
C 1 1.2 —
30 = L ]
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20F 3 08f B
g 1 os6fF 4
10k 1 o04f .
1 o2F 7
oL . . L .1 0.0t AR P R SRR B A
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Time (UT) Time (UT)

Fig. 16.—Same as Fig. 3, but for the 2002 June 2 flare.
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Fic. 17.—Same as Fig. 4, but for the 2002 June 2 flare.

6.5. Additional (Nonbeam) Heating Processes

In none of the four events was it possible to obtain a detailed
match between Pi,(?) and Ppeam(?) for any constant low cutoff
energy Ej. In particular, in the early phase of the flare, Pj,(?)
is considerably higher than Pye,n(?) for the E; values derived
from the balance of the total SXR plasma and beam energy
content (see the 2002 February 20, April 14, and April 15
events). This might be an indication of a “preheating” of the
flare atmosphere that is not caused by electron beams but by, for
example, direct heating during magnetic reconnection. In the
RHESSI light curves of these three flares (but not in the 2002
June 2 event), an increase at low (6—12 keV') energies before
the impulsive HXR onset at 25—-100 keV can be seen. A tem-
poral change in the value of ¢ due to noncollisional (turbulent
wave) losses might affect the theoretical power profile shape.

There might even be a direct heating component during the
whole flare. For example, Figure 9 shows a very good corre-
lation between the RHESSI 25—-100 keV flux and the GOES
time derivative indicative of beam heating, but it also reveals
a more gradually varying component in the GOES deriva-
tive that is similar to the RHESSI soft 6—12 keV flux. This grad-
ually varying component could be an indicator of a direct heating
process in addition to electron beam heating masking a clear
empirical Neupert effect (ENE). Such a second heating agent
is expected to cause an even stronger deviation from the

TNE, since for the calculation of Pj,(¢) it is assumed that the
enhanced SXR flare emission is solely due to beam heating
(neglecting any possible additional heating process). In this
case, the TNE correlations should indeed be worse than the ENE
correlations.

The negative result for constant £; may at first sight seem
somewhat in contrast with the positive outcome from hydro-
dynamic simulations of the NE for the nonthermal beam model
(Li et al. 1993); however, this is not correct, as noted in § 1.
What Li et al. (1993) did was show that if an electron beam of
constant £ heats the coronal loop, then a hydrodynamic sim-
ulation leads to an “‘empirical” NE. But this does nof mean that
if there is an observational NE it requires that the loop be heated
by a beam of constant £,. Instead, the loop could be directly
heated by another mechanism, such as magnetic reconnection
with a roughly time-synchronous beam contributing significantly
lower (or even no) heating power.

6.6. Time Variation of E;

If we allow the low cutoff energy E; to change during a flare
and see how it has to vary in order that Py,(¢) and Pyeam(?) exactly
match at each time step, then we find that only small changes
in E| are necessary [see the derived E(¢) for each of the flares
in Fig. 18]. This holds in particular for the two April events
with their extremely steep spectra. Thus, the low cutoff energy is
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30F o —Feb—02 | ing in E; = 17 keV and x?> = 1.8. Repeating the fit but im-
F posing E; = 25 keV gives a higher x> = 3.3, which might still
20 E be consistent with the data (especially if the plasma were non-
= TF isothermal). In summary, in all four flares the £, derived from
< F ] the TNE analysis is not inconsistent with the HXR spectra,
9, E E although it is certainly not the best fit.
6.7. Flaws in the Energy Budget Model
oE . . . . . We recognize that, while we have used real flare data, we
11:05:00  11:05:30  11:06:00  11:06:30  11:07:00 followed a very simplified model of energy budgets. However,
40F T Apr— o2 ] our .apprm.(imate desqription of heating al}d cooling terms and
E E our inclusion of varying EM as well as 7 in the energy content
30F ] estimates should be of roughly the right order and should cer-
< tainly shift the shape of the X-ray flux light curves in the right
2 o0k 3 sense to give an improved correlation of the power curves over
o the raw data. Uncertainties in the thermal plasma parameters due
10F 3 to calibration and nonisothermality affect the value of this shift
E E but not its direction.
ok ‘ ‘ ‘ Li et al. (1993) did hydrodynamic simulations using a sim-
00:04 00:08 00:12 ple parametric model (producing HXR spikes) for the electron
[— i i i i i — beam input time profile Ppeam(?) and, from the resulting model
F15—Apr—02 3 hot plasma, predicted theoretical Fsxr(?) that broadly resemble
o5 M those typically observed and show an NE. An interesting next
20F E step in theoretical work would be to use a hydrodynamic code
= . applied to specific event data.
Ll 10F E 6.8. Time-Dependent Fine Structure within the Loop
sE E One fundamental assumption we have made is that the var-
O§ iations within the loop are monolithic in the sense that, even
' ' ' ' ' ' ' with a filling factor, only one Pye,m(¢) and one P, (¢) are relevant
23:09 2310 2311 2312 2313 2314 2315 . ! .
at each time. If, below the resolution, the loop comprised a large
25 55— Jun—02 number of (e.g., fibril) structures, each heated by a distinct
E APpeam(?) with different time variations, then it would be nec-
F essary to revisit the whole energy budget calculation, summing
> 15F up the contributions of each element. (This would, of course,
2 F introduce a rather huge degree of freedom in terms of how the
W 10p ] unresolved partitioning into fine structures was chosen and make
< 3 model testing very difficult. However, see the multiloop modeling
F ] approaches by Hori et al. [1997, 1998] and Reeves & Warren
ok ‘ ‘ ‘ [2002].)
11:44:20 11:44:40 11:45:00 11:45:20 One such scenario is that in which the fibril substructures
Time (UT) “fire” sequentially, progressing through the overall volume as

Fic. 18.—For all four events, evolution of the low cutoff energy E; derived
from the demand (perfect TNE correlation) that at each instant of time
Pin(t) = Pbeam(t)-

confined to a quite narrow range when we demand a perfect TNE
correlation.

L. Sui et al. (2005, in preparation) performed a detailed
multiwavelength analysis of the 2002 April 15 event and used a
different approach to determine the low cutoff energy based on
comparison of the thermal component of the HXR spectra before
and after the impulsive increase. Before the impulsive rise of
the HXRs, the RHESSI spectra were fitted solely with an iso-
thermal bremsstrahlung function. After the impulsive rise, be-
cause of the steep nonthermal component, a low cutoff energy
of about 30 keV was required in order to get a consistent evo-
lution of the thermal plasma parameters with time.

From the TNE analysis of the 2002 April 15 flare we found a
mean E; ~ 25 keV. In the fit shown in Figure 13 (RHESSI spec-
trum obtained during the maximum of the 25—50 keV emission
of the 2002 April 15 flare), E| was as a free parameter result-

reconnection proceeds. This is akin to a small-scale unresolved
version of the larger scale arcade structures seen particularly
in postflare loops by TRACE (e.g., Schrijver et al. 1999; Warren
2000). In such a scenario, one would expect that the TNE in each
successive fibril would lead to an initial rise to some 7-value with
a small EM, and thereafter to a fairly steady T (being about the
same for each fibril episode) but with a continued rise in EM as
more and more fibrils are heated. Indeed, observations indicate
such behavior [see, e.g., the T'(f) and EM(¢) curves for the event
of April 14 shown in Fig. 7] and lend some support to this idea.
On the other hand, there is a serious theoretical problem with the
successive reconnecting fibril scenario. Reasonable though it is
in terms of reconnection, the scenario only changes the results
of our treatment radically if there are many fibrils, each of an area
much smaller than that of our loops. However, fragmenting the
plasma in this way does not reduce the instantancous beam
power and total particle injection rate required by the HXR flux.
Consequently, to have N fibrils sequentially activated would re-
quire a beam with particle and current density higher by a factor
of N compared to those in a monolithic loop model. Not only
would this move the HXR-emitting beam far into the regime
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of beam-plasma instabilities, but it would also result in a loop
volumetric heating rate N times larger with likely huge plasma
temperatures. In addition, noncollisional energy losses demand
an even higher beam power for a specific observed Fyxr value,
as already noted.

Some authors (Hori et al. 1997, 1998; Reeves & Warren
2002) have modeled multiple energy injections into multiple
loop structures and compared the results with SXR observations.
While this is certainly an interesting direction for future work,
up to now multiple energy injections by beams have not been
considered in these multiloop models nor have they been linked
to specific HXR observations. At present, it remains unclear
whether the small instantaneous activation areas can be recon-
ciled with the beam propagation and plasma heating properties
implied by the data. Even apart from beam/return-current sta-
bility considerations, too small an instantaneous area 4 cannot be
compatible with the high instantaneous electron injection rate
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F (s~1) required for HXR events. Even if every plasma electron
were accelerated to speed v (~10'° cm s™!), we are restricted
to F < Anw so that, with F > 10°° in a large event, 414119 >
1. (This certainly rules out identifying 4 with the area across a
single reconnection sheet.) It is to be hoped that progress
in physical modeling of the ENE, building from our crude
first attempt, will shed important light on these fundamental
questions.
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