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Abstract This review surveys hard X-ray emissions of non-thermal electrons in
the solar corona. These electrons originate in flares and flare-related processes. Hard
X-ray emission is the most direct diagnostic of electron presence in the corona, and
such observations provide quantitative determinations of the total energy in the non-
thermal electrons. The most intense flare emissions are generally observed from the
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chromosphere at footpoints of magnetic loops. Over the years, however, many obser-
vations of hard X-ray and even y-ray emission directly from the corona have also
been reported. These coronal sources are of particular interest as they occur closest to
where the electron acceleration is thought to occur. Prior to the actual direct imaging
observations, disk occultation was usually required to study coronal sources, resulting
in limited physical information. Now RHESSI' has given us a systematic view of
coronal sources that combines high spatial and spectral resolution with broad energy
coverage and high sensitivity. Despite the low density and hence low bremsstrahlung
efficiency of the corona, we now detect coronal hard X-ray emissions from sources
in all phases of solar flares. Because the physical conditions in such sources may
differ substantially from those of the usual “footpoint” emission regions, we take the
opportunity to revisit the physics of hard X-radiation and relevant theories of particle
acceleration.
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1 Introduction

The study of hard X-ray emission from solar flares is a relatively mature field. Our
systematic knowledge, however, relates mainly to the radiation produced near the solar
surface when energetic electrons interact with nuclei in the dense solar chromosphere
at the footpoints of coronal magnetic loops. Hard X-ray emission from the corona
itself, the subject of this review, is much less well understood, and presents some
dramatically different properties.

The hard X-rays of the impulsive phase are generally described as “thick target
footpoint emission:” “thick target,” because the chromosphere is dense enough to
stop the electrons completely by Coulomb and ionizing collisions; and “footpoint,”
because it arises at the base of the coronal magnetic loops that guide the motion of the
electrons. The theory of thick-target bremsstrahlung is well-understood quantitatively.
The high density of the chromosphere is crucial in this picture, since the production
of ordinary thin-target bremsstrahlung photons is proportional to the density of the
target. Within this framework, little significant hard X-ray emission is expected from
the corona itself because the density there is so much lower. In the usual thick-target
model, the electrons propagate essentially unimpeded through the coronal portions
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of the magnetic loops, following their acceleration in a yet-to-be-identified coronal
source.

In most flares the hard X-ray emission is indeed dominated by footpoint sources,
but it is increasingly evident that there are coronal hard X-ray sources that do not
fit this picture very well. The meter-wave radio sources (see e.g. Wild et al. 1963)
anticipated this by revealing the presence of diverse coronal populations of energetic
electrons. An early example of coronal hard X-ray emission was the detection by
OSO-5 of X-rays up to 220 keV from a flare estimated to have been 20° behind the
limb, so that the minimum height of the X-ray emission above the photosphere was
40,000 km (Frost and Dennis 1971; Palmer and Smerd 1972). The geometry for this
event thus precluded any contribution from the dense atmospheric layers below the
transition region. The low plasma density at such a coronal height would normally
imply low hard X-ray emissivity, resulting in fluxes below detection thresholds in most
events. More recently, RHESSI observed 100 keV hard X-rays above the limb from
a flare at least 40° behind the limb, so that the height of the source may have been
over 150,000 km (some 0.2 R). The hard X-rays were seen at this height at the onset
of the event, i.e., with no appreciable delay relative to emission at lower heights in the
corona (Krucker et al. 2007b).

This paper summarizes the recent observational material on hard X-ray emission
from sources in the solar corona, and discusses how these results influence our unders-
tanding of particle acceleration, propagation and trapping in solar flares. This is a
timely exercise thanks to the results from the RHESSI satellite (Lin et al. 2002),
which has provided excellent imaging at photon energies from 3 keV to 10 MeV
since 2002 (see Cliver et al. 1986, for a review of the earliest observations). In this
paper we also discuss the pioneering hard X-ray imaging observations from the Yohkoh
satellite (Kosugi et al. 1992). Coronal hard X-ray sources continue to pose difficult
observational problems, because current imaging techniques at such high photon ener-
gies have limited imaging dynamic range. When intense footpoint sources are present,
they can soak up the available image dynamic range and prevent detection of weaker
coronal sources. Events from over the limb in which the footpoint sources are occul-
ted continue to be a valuable resource for the study of coronal emission, but there
are also many events in which the coronal sources can now be detected for events
on the solar disk, and the variety of properties they exhibit is a challenge to existing
ideas.

We describe these properties using specific examples, and discuss their implications
for flare physics. In particular, one of the best known of all coronal hard X-ray sources
was found in the famous ‘“Masuda flare” (Masuda et al. 1994), Sect. 2.2.2, which
has been the focus of an extraordinary amount of discussion over the last decade and
has strongly motivated the standard magnetic-reconnection model of solar flares. This
model envisions a magnetic eruption followed by the sequential reconnection of field
lines at greater and greater heights, resulting in the various flare effects. In this paper
we will frequently appeal to this conceptual framework, even though it may not relate
well to some of the coronal hard X-ray observations. Readers unfamiliar with this
scheme should refer to Sect. 3.3.1 for an overview.

In the following (Sect. 2) we describe observations of coronal hard X-ray sources
organized by their occurrence in the pre-flare, impulsive and late phases of flares; please
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see Sect. 2.5 and Table 1 for a shortcut summary. The Table lists ten morphologies
of coronal hard X-ray emission, all distinct from the classical footpoint sources. We
note that we are possibly seeing non-standard paradigms for hard X-ray production in
the coronal hard X-ray sources, and to the extent that new physics is indeed required,
stellar or other non-solar astrophysicists may benefit from the new analogs these
observations offer. The basic physics of the production of hard X-rays is revisited in
Appendix A, and the coronal time scales for particles in Appendix B. Understanding
how hard X-rays can be produced in the low-density environment of the solar corona
poses interesting problems, and we discuss theoretical ideas in Sect. 3 (see Miller et al.
1997, for a comparable earlier overview).

2 Observations

We arrange the observational material in chronological sequence of flare development,
generally illustrating the phenomena with specific flare events. We wish to empha-
size at the outset that we are looking for new paradigms that differ from the stan-
dard impulsive-phase pattern characterized by bright hard X-ray footpoints (Hoyng
et al. 1981; Hudson and Ryan 1995), the Neupert effect (Neupert 1968; Dennis and
Zarro 1993; Veronig et al. 2005b), and the soft-hard-soft spectral pattern2 (Parks and
Winckler 1969; Hudson and Farnik 2002; Grigis and Benz 2004). At the end we
also review some statistical studies in Sect. 2.4, and then summarize everything in
Table 1.

2.1 Early phase

The RHESSI observations have given us what appears to be a new class of coronal hard
X-ray sources, namely coronal sources that precede the impulsive phase. The prototype
of this class is the event of 23 July 2002 (Lin et al. 2003; Asai et al. 2006), and the
events of 3 November 2003 10 UTC (Veronig et al. 2006) and 24 August 2002 may
also belong to this category. The 23 July 2002 event occurred just inside the east limb
and exhibited a pair of ribbons in the chromosphere in TRACE? 195 A images. The
first > 10 keV hard X-ray source seen in this event by RHESSI occurs in the corona,
located clearly above and between the chromospheric ribbons (Fig. 1), at a time when
no hard X-ray footpoint sources are visible. Lin et al. (2003) pointed out that the hard
X-ray spectrum in this phase of the event appears almost continuous to low energies
(<10 keV), but with the characteristic Fe emission feature at 6.7 keV establishing that
some background thermal plasma with flare-like temperatures* (above about 8 MK;
Phillips 2004) exists in the source. While the time evolution of the thermal component
is gradual, the emission at higher energies shows time variations at 10-30 s duration,

2 In the soft-hard-soft (SHS) spectral pattern, hardness correlates with flux; in the soft-hard-harder pattern
(SHH) the spectrum progressively hardens.

3 Transition region and coronal explorer (Handy et al. 1999).

4 “Temperature” in this paper means the electron temperature 7 unless otherwise stated.
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Fig.1 Example of coronal emission before the impulsive phase in the 23 July 2002 flare. Top left X-ray time
profiles and spectrogram from GOES and RHESSI, showing thermal emission with a gradual evolution and
asecond component at higher energy with fast time variations of tens of seconds. Top right photon spectrum
with thermal fit (red) including fits to the Fe and Fe/Ni complexes (Phillips 2004), and non-thermal fit in
blue. Bottom imaging reveals that the fast time variation component mostly comes from the corona. RHESSI
contours in the thermal range (red) and at higher energies (blue) are shown for the time range outlined by
vertical bars in the panel to the left. The image shown is a TRACE 195A image taken at 00:26:00 UTC

suggesting that the two components come from different emission plasma components.
X-ray spectral fitting reveals a relatively flat spectrum that can either be represented by
a (broken) power law> (with photon power law index y 2 5), or by a multi-thermal fit

5 In this paper we normally describe the spectral photon flux by a power law (hv)~7, and the electron
number spectrum by E~%, both indices positive.
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with temperatures up to 100 MK. However, microwave observations (Asai et al. 20006)
indicate the presence of non-thermal electrons at this time. Comparing hard X-ray
and microwave observations of the 23 July 2002 event, Asai et al. (2006) found that
a single population of non-thermal electrons could produce both emissions, although
rather strong coronal magnetic field strengths (around 200 G) are needed to match the
intensities seen in hard X-rays and microwaves.

The weakness of the footpoint emission in this phase distinguishes it from the thick-
target model; normally with a hot thermal plasma trapped in coronal loops of low
pre-flare density, one would expect that the non-thermal electrons would precipitate
and produce strong footpoint emission.

2.2 Impulsive phase
2.2.1 Footpoint emission

Most of the impulsive-phase hard X-ray emission comes from the footpoint regions, as
described by the thick-target model and originally observed with hard X-ray imaging
observations from the Solar Maximum Mission (Hoyng et al. 1981). The morphology
of these sources, in summary, includes the SHS spectral evolution pattern (Parks
and Winckler 1969; Hudson and Farnik 2002), “chromospheric evaporation” (e.g.,
Antiochos and Sturrock 1978), the Neupert effect (Neupert 1968; Veronig et al. 2005b),
type III radio bursts at longer wavelengths, and gyrosynchrotron emission at shorter
wavelengths, etc.; the newer observations show these as well as the other patterns of
behavior described in this paper.

2.2.2 The “Masuda flare”

The Yohkoh observations of what is now universally termed the ‘“Masuda flare”
(Masuda et al. 1994) showed the presence of high-energy electrons in the corona
during the impulsive phase of a limb event (see Fig. 2). Besides the classic flare pic-

Fig. 2 Hard X-ray and soft X-ray images of the 13 January 1992 flare. The leftmost panel shows a soft
X-ray image taken with the Yohkoh/SXT Be filter at 17:28:07 UTC. From left to right, the remaining
three panels show image contours at 14-23, 23-33, and 33-53 keV, respectively, taken from 17:27:35 to
17:28:15 UTC by Yohkoh/HXT, overlaid on the same soft X-ray image. The contour levels are 6.25, 12.5,
25.0 and 50.0% of the peak value. The field of view is 59" x 79" for all panels. The hard X-ray contours
shown were derived using a later calibration and are therefore slightly different from the original publication
(Masuda et al. 1994)

@ Springer



Hard X-ray emission from the solar corona 163

ture with a thermal loop and two hard X-ray footpoints, the Masuda flare reveals a
coronal hard X-ray source located ~7,000 km above the thermal loop (see Fig. 2).
The coronal emission is best seen between between 30 and 50 keV, is rather compact
(3,500-7,000 km), and has a time evolution similar (within the time resolution of tens
of seconds) to that of the footpoints. The emission occurs in the impulsive phase and
consists of a single peak that lasts for about 2 min. Surprisingly, no enhanced soft X-ray
emission was detected at the location of the coronal hard X-ray source, indicating a
rather low thermal plasma density (Hudson and Ryan 1995), although the electron tem-
perature might have been rather high. The apparent temperature of the loops below the
coronal hard X-ray source increased with height, suggesting an even higher (>30 MK)
temperature at the location of the hard X-ray source. Such an effect is often evident
in soft X-ray images of flare loop systems, such as the extreme example the Masuda
flare itself presents. After the impulsive phase, all coronal emission became thermal
at rather high temperatures, up to 40 MK (Nitta et al. 2001).

Yohkoh provided only four hard X-ray energy bands, covering the range 14-93 keV
(Kosugi et al. 1991), and hence gave limited spectral information. Spectral shapes are
derived by calculating flux ratios between pairs of energy channels. For the footpoints,
all three ratios gave similar results at impulsive-phase maximum, and the spectrum
could be represented by a single power-law spectrum with y s, of about 4 (Alexander
and Metcalf 1997). However, the coronal hard X-ray source was surprisingly weak
in the 14-23 keV channel, if present at all, having a flatter/harder spectrum below
~20 keV than above. This makes a thermal explanation problematic, as the tempera-
ture derived from the lower channels is higher (T > 300 MK) than the temperature
from the higher channels (T = 120 4 15 MK). Alexander and Metcalf (1997) there-
fore concluded that the coronal hard X-ray emission had a non-thermal origin, with
a power-law slope of y; = 2.2 4 0.6 below ~25 keV and y» = 4.1 £ 0.2 above.
Their comparison of the footpoint and coronal spectra showed the coronal spectrum
to be inconsistent with thin-target emission from the same electrons that later produce
the footpoint sources as thick-target emission. The flatness of the low-energy spec-
trum also suggests an interpretation in terms of a low-energy cutoff in the electron
distribution.

Although several somewhat similar events have been published (Masuda 1994;
Tomczak 2001; Petrosian et al. 2002), the Masuda event has not proven to be typi-
cal of solar flares in general. The similar events show less separation (<3,500 km)
between the thermal soft X-ray loops and the coronal hard X-ray source (e.g.,
Krucker et al. 2007a), and many filled-loop events even show co-spatial non-thermal
emission (Tomczak 2001; Krucker and Lin 2008).

The novel features of the coronal source of the original Masuda flare were its
location above the soft X-ray looptop during the impulsive phase, and a non-thermal
spectral signature. The paper originally describing the Masuda flare (Masuda et al.
1994) has been cited many hundreds of times, and has had an enormous influence on the
development of flare theory. The morphology matched the cusp geometry commonly
taken to imply the presence of a magnetic X-point above the flaring loops. The evident
presence of non-thermal particles in this geometry then led to much discussion of the
classical large-scale magnetic reconnection models of solar flares, as originally cited
by Masuda et al. themselves (see the further discussion in Sect. 3.3.1).
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2.2.3 Double coronal sources

Sui and Holman (2003) and Sui et al. (2004) studied a series of homologous limb
flares that occurred during 14-16 April 2002, in which a coronal thermal X-ray
source, detectable up to about 20 keV photon energy and above the flare loops, was
observed early in the impulsive phase. Note that some of these unusual flares also
have a “coronal thick target” interpretation at higher energies, as discussed below
in Sect. 2.2.4. The coronal source was stationary for several minutes and eventually
moved outward at a speed of ~300 km s~! (Sui and Holman 2003). Spectrally resol-
ved X-ray imaging of flare loops typically shows that the hotter X-ray sources are
located above the not-so-hot ones, whereas for these coronal sources we see the exact
opposite (Fig. 3). The normal temperature pattern is interpreted in the standard model
(Sect. 3.3.1) in a natural way by the time sequence of reconnection. The inverted
temperature gradient in the coronal sources now detected above the loop-top sources
is entirely novel and unexpected. The morphology suggests that the highest tempera-
tures lie between the loop and coronal X-ray sources, but that the emission measure
there (small volume and/or low density) is too low to provide detectable emission.
Sui et al. (2004) interpreted this finding as evidence for a current sheet formed between
the tops of the flare loops and the coronal sources above the loops. An occulted event
of 30 April 2002 showed similar coronal structure (Liu et al. 2008), again with the
above-the-loop coronal source showing an inverted temperature/energy gradient.

T T LI |
TRACE 1600A |
400 - 15-Apr-02 23:10:52 UT —
380 -1
@
(o]
Q L
8 360+ -
o L ]
-
340
320
: 1 L ol T I | 1 J

840 860 880 900 920
X (arcsecs)
Fig. 3 RHESSI 10-12 keV X-ray image of a flare on 15 April 2002, overlaid on a TRACE 1,600 A
filtergram. The RHESSI image shows thermal emission from the flare loops as well as from a source above
the loops. The figure shows the emission centroids at three different energies for both the loop-top source and

the above-the-loop-top source. The dependence of source height on energy reveals a positive temperature
gradient in the lower (loop) source and a negative one in the source above the loops (Sui and Holman 2003)
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For one of the Sui—-Holman events, SUMER® spectroscopic observations were also
available (Wang et al. 2007). The SUMER slit nicely crossed the inferred location of
the current sheet. The data showed fast bipolar hot plasma flows in locations where Sui
etal. inferred the presence of a current sheet, and were thus interpreted as reconnection
outflows.

2.2.4 Coronal thick targets

In most flares the observed hard X-radiation comes primarily from the footpoints
of magnetic loops (e.g., Duijveman et al. 1982; Sakao 1994), presumably as the
thick-target bremsstrahlung of fast electrons stopped in the cold and collisionally
dense chromosphere (Brown 1971; Hudson 1972). Now RHESSI observations have
revealed a new class of events in which the hard X-ray emission comes predominantly
from the coronal flare loop itself, with little or no emission from the footpoints (Vero-
nig and Brown 2004; Sui et al. 2004; Goff et al. 2005; Jiang et al. 2006). We note that
SMM’ and Yohkoh/HXT may also have observed events with similar characteristics
(Strong et al. 1984; Kosugi et al. 1994). These flares are characterized by steep non-
thermal power-law X-ray spectra (y > 6) and high column densities (N > 10?° cm™2)
in the observed soft X-ray flare loops. This column density implies that the corona
itself acts as a thick target to the injected electron beam, and thus most of the electrons
never reach the chromosphere to produce hard X-ray emission there (Fig. 4). Note
that these remarkable flares also have interesting properties at low energies and in the
corona above the flaring loops (see also Sect. 2.2.3).

The spectrum in Fig. 4 demonstrates that the emission above ~20 keV, which is
predominantly coronal, is dominated by the (steep) nonthermal power-law component.
In order to stop the 25 keV electron that could emit this radiation, a mean loop column
density of #10%° cm~2 is needed. Indeed, loop column densities as high as 1020 cm™2
were inferred from the X-ray data to be present already at the beginning of the events
studied by Veronig and Brown (2004), with the densities increasing to several times
1029 cm~2 later on. In the case of the April 14 flare radio images showed the presence
of a hot dense loop at the flare site starting 20 min prior to the impulsive phase (Veronig
et al. 2005a; Bone et al. 2007). The corona thus may become sufficiently dense to stop
50 keV electrons.

The enhanced coronal (column) densities observed during solar flares are generally
attributed to radiatively unstable “evaporation” of chromospheric matter heated to
> 10’ K by electron beams or by thermal conduction (Neupert 1968; Hudson and Ohki
1972; Brown 1973; Antiochos and Sturrock 1978). In coronal thick-target events, the
electron beam is very efficient in heating the coronal plasma since it deposits most of
its energy there and not into the chromosphere. The presence of the dense coronal loops
prior to the flare in this case presumably reflects the action of a different mechanism,
although the additional coronal heating implied by the coronal hard X-ray emission
must indirectly (via conduction) drive additional upward flows.

6 Solar Ultraviolet Measurements of Emitted Radiation (Wilhelm et al. 1995), on of the instruments on
SOHO (the Solar and Heliospheric Observatory, Domingo et al. 1995).

7 The Solar Maximum Mission (Bohlin et al. 1980).
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Fig. 4 The coronal thick-target event of 14/15 April 2002 (Veronig and Brown 2004): Top RHESSI light
curves and spectrum integrated over the burst at approximately 00:03:30 UTC. Bottom event-integrated
(00:02 to 00:12 UTC) RHESSI image reconstructed using a MEM (maximum entropy method) algorithm.
The color image shows the 6-15 keV thermal image and the blue contours represent the non-thermal
emission at 30-50 keV. Contour levels are 20, 35, 50, 65, 80, 95% of the maximum emission. Most of the
non-thermal emission comes from the flare loop, with only a hint of emission from the footpoints

2.2.5 Apparent source motions

Sui et al. (2006) identified a special category of flares, called “early impulsive” events,
in which thermal emission appearing before the impulsive-phase particle acceleration,
usually attributed to pre-flare heating, is minimal. A new type of coronal source motion,
along the flare loops and apparently therefore parallel to the magnetic field, has been
seen in some of these “early-impulsive” flares. RHESSI 3-6 keV images of a flare on
28 November 2002 are shown in Fig. 5. A coronal source appeared above the limb at
the beginning of the flare. As the flare progressed, this source appeared to split into
two separate coronal sources moving downward along the flare loop. At the time of the

@ Springer



Hard X-ray emission from the solar corona 167

¥ (orcsec)

¥ (orcsec)

¥ (orcsec)

o/ i

B30 900 910 920 930 B30 500 /o 920 930 890 900 910 920 930
X {orcaec) X (ercsec) X (arcsec)

70| “ALL” LLALLLLAAY RALLLS L) ARLS- A A) RAALLARLL RS LLLLRLLLL) LLARS L LALLRARS L) RERLARERL
E: & : : E E o 3-6hev E
5-6 kv ] E 7-10 kev /1 ]
_; :_ !2:_-'15k|\|" _:
7 E ] E s
o -340F = e =
o = 3 E E
KA E 7 E ]
- . F 1k ]
mRRE EI3 / E
-360 04:35:44 UT E" 04:36:08 UT
:lilll'.llllllrlll‘ll‘l IllIIIIIIIIIIIIIIIIIIIIIIIl: ;Illr’lllllllll‘]’l IIIIIIIIIIIIIIDII[IIIIIlill:

890 900 910 920 930 890 900 910 920 930

X (orcsec) X (orcsec)

Fig. 5 Upper RHESSI 3-6 keV maps of the 28 November 2002 flare, showing the apparent motions
upwards along a loop; the 25-50 keV contour image (dashed contours) at the hard X-ray peak time is
overlaid in each panel. Lower images taken at different energy bands show the footpoint locations more
clearly. The solid curves in all panels show the solar limb, while the dotted curves show heliographic
parallels and meridians (Sui et al. 2006)

hard X-ray peak, the two sources reached their lowest level, near the footpoints. After
that, they moved upwards and eventually settled at the top of the loop. The apparent
downward speed was estimated at 500-700 km/s, while the upward speed was only
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about 340 km/s. Similar downward and upward motions can also be seen in images at
other energies between 6 and 25 ke V.

During the period of the downward motion, the higher-energy sources were always
located lower than the lower-energy sources (see Fig. 5). Because such an energy
distribution is consistent with the thick-target model, which predicts that the high-
energy electrons penetrate deeper into the atmosphere before completely losing their
energy, Brown et al. (2002) and Sui et al. (2006) suggested that the apparent motion
could be caused by the soft-hard-soft electron energy distribution and/or a low-high-
low variation of a low-energy cutoff of the electron distribution.

Takakura et al. (1993) had reported similar source motions in hard X-ray events
seen with Yohkoh/HXT. In four events they found the hard X-ray source to appear at
the top of the flare loop, then to spread along the loop toward the footpoints. After the
hard X-ray peak, the source became a single source at the looptop. The speed of the
source “expansion” (~10* km/s) would be inconsistent with the sound speed or even
the Alfvén speed, but could be explained by “anomalous thermal conductivity.” Such
source motions may also have been seen with Hinotori (Nitta et al. 1990). In one of
the two ““short but intense” flares these authors describe, which would be an “early
impulsive flare” based on our definition, the Hinotori 30-60 keV images showed one
coronal source apparently split into two separate loop footpoint sources (Fig. 6 of Nitta
et al. 1990).

2.2.6 Hard X-ray emission from the high corona and ejections

The partial occultation of a solar flare by the solar limb is an excellent tool for studying
faint coronal hard X-ray emissions without competition from the very bright emissions
of the footpoint sources (McKenzie 1975; Roy and Datlowe 1975; Hudson 1978; Kane
et al. 1979; Hudson et al. 1982). For flares occurring >20° behind the solar limb,
not only the hard X-ray footpoints but also the main thermal and non-thermal hard
X-ray emissions from the corona are occulted. Flare-related emissions from the high
corona (200 Mm above flare site) were observed stereoscopically by Kane et al.
(1992), associated with a flare occulted by ~40° as seen from Earth. Despite this
large occultation height, roughly a third of a solar radius, hard X-ray emissions were
observed up to 80 keV, with a rather hard spectrum (y < 3.5).

Other high coronal events were observed by Yohkoh (Fig. 6, from Hudson et al.
2001) as well as by RHESSI (Fig. 7, from Krucker et al. 2007b), so we conclude
that high coronal emissions, at least in major flares, are not uncommon. Indeed,
Krucker et al. (2007b) found evidence that all (8 events total) fast (v > 1,500 km s~ 1)
farside coronal mass ejections, ie those originating from flares occulted by 20° to
45° (although in a small sample) showed related hard X-ray emissions from the high
corona. Multi-spacecraft observations (Kane et al. 1979) had already established that
such hard X-ray emissions from the high corona could occur during the impulsive phase
of the flare, almost simultaneously with the hard X-ray footpoint emissions. The time
profiles of the high coronal events all look similar and show a relatively simple time
evolution, with a fast rise and a slower exponential decay. The exponential decay is
surprisingly constant, lasting sometimes several minutes without significant deviation,
and the photon spectrum exhibits progressive spectral hardening. This might indi-
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Fig.6 Contours of hard X-ray emission (Yohkoh/HXT M1 channel, 23-33 keV) overlaid on 17 GHz images
(Nobeyama radioheliograph) at two different times during the extreme (occultation height of ~100”) behind-
the-limb event of 18 April 2001 (Hudson et al. 2001). In the first image the radio emission outlines a loop,
and the hard X-rays are concentrated just above the limb. In the later image the radio emission is much
more diffuse and the hard X-rays originate in a more compact source, well above the limb, that coincides
with cool filamentary material seen in the 17 GHz images to move outwards at ~1,500 km s~ for over
5 min, out to a height of 1 R above the limb

cate that mostly collisional losses—without further acceleration—dominate. Density
estimates of the ambient plasma support this, as the estimated collisional loss times
(Appendix B) of 25 keV electrons have time scales comparable to the event dura-
tions. For an early event, the total energy content of the non-thermal electrons in the
high corona was estimated at about 0.1% of the total flare energy (Kane et al. 1992).
However, the more recent observations suggest that the relative number of energetic
electrons (>10 keV) in the high corona may be as large as 10% of the number of
thermal electrons (Krucker et al. 2007b). In the event studied by Hudson et al. (2001)
the pressure exerted by the non-thermal electrons may have been comparable to that
of the core plasma (Figs. 6, 7).

2.3 Late phase
2.3.1 Superhot sources

The so-called superhot sources were discovered via the pioneering balloon-borne
observation of Lin et al. (1981), and we include this category here for historical com-
pleteness. These observations were the first with high spectral resolution in the hard
X-ray range, and they clearly resolved the spectra into two components. One of these
was the usual non-thermal component extending to higher energies, and one an expo-
nential type with a characteristic temperature substantially higher than the tempera-
tures obtained from soft X-ray observations, for example with GOES (e.g., Garcia
1994). The qualitative understanding of such sources—which can also be seen as
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Fig. 7 The 27 October 2002 event (Krucker et al. 2007b). This was seen on-disk from Mars by Mars
Odyssey, but for Earth-orbiting spacecraft the flare site was occulted by at least 200” (0.2 Rg). Top left the
panels show (1) X-ray and y-ray time profiles as seen from Mars (the entire flare), (2) the GOES soft X-ray
flux (Earth), (3) RHESSI 15-25 keV time profile (Earth), (4) RHESSI hard X-ray spectrogram (Earth).
Top right the photon spectrum (black) during the exponential decay (22:56:48 to 22:57:00 UTC) with the
thermal fit in red and a broken power law fit in blue (y = 3.4 £ 0.1). The thin gray curve represents the
background emission. Bottom RHESSI X-ray imaging in a thermal range (3-7 keV, red contours) and a
non-thermal range (10-30 keV, blue contours) reveals large sources (>200") seen just above the limb. The
RHESSI Clean algorithm was used to reconstruct these images, and the contour levels shown are at 15, 30,
45, 60, 75, and 90% of the maximum. The thermal emission on disk around (—800, 200) is from AR10717
and is already present before the flare occurs

line emission from high-ionization states such as FexXVr (e.g., Tanaka 1986)—is that
they represent the high-temperature tail of the differential emission measure of the
collisionally relaxed plasma. The cooling rates are correspondingly faster for such
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sources. We are not aware of any systematic RHESSI studies of the superhot sources
as such, but the data contain interesting examples (e.g., Holman et al. 2003). Note that
the Masuda phenomenon (Sect. 2.2.2) has also been described as a superhot source
(Tsuneta et al. 1997; Petrosian et al. 2002), and that such sources may also be closely
related to those described in Sect. 2.2.5. Note that in the case of the Masuda flare
or others observed only with relatively low-resolution hard X-ray spectrometers, the
superhot characteristic spectrum may be confused with the presence of a low-energy
cutoff in the electron distribution.

The physical significance of the superhot sources is that they show the highest flare
temperatures in plasmas with apparently Maxwellian distributions, and thus may pro-
vide clues to the heating mechanism. We note that soft X-ray (e.g. Svestka et al. 1998)
and EUV 195A images (e.g., Warren et al. 1999; Gallagher et al. 2002) often show
hot sources, but that such sources should not be termed “superhot” because of their
relatively low temperatures. This comment also applies to the hot sources observed in
the 195A channel of EIT or TRACE. This channel has a spectral passband with two
maxima, one showing hotter loops (Fe XXI response), usually at higher altitudes, and
the other showing loops that have apparently cooled down to more ordinary coronal
temperatures (the nominal Fe X1, XII passband; see e.g. Feldman et al. 1999; Warren
etal. 1999). Higher structures in arcade flares often have a high-temperature fan exten-
ding out into the higher corona (cf. Svestka et al. 1998). Because the hot branch of
the TRACE 195A response is to Fe XXI, it does not show the superhot temperatures
if ordinary collisional ionization equilibrium prevails. Imaging in Fe XXVI would be
interesting from the superhot point of view. Until then the continuum observations
from RHESSI provide the best guide to this phenomenon (e.g., Caspi and Lin 2008).

2.3.2 Gradual late-phase sources

The event of 30 March 1969 (Frost and Dennis 1971) occurred in an active region
known circumstantially to have been some distance behind the solar limb (Palmer
and Smerd 1972), so that the hard X-rays visible from the Earth-orbiting OSO-5
spacecraft probably originated from relatively high in the corona. Two other examples
of quite similar events were reported with OSO-7 data (Hudson 1978; Hudson et al.
1982); such events are characterized by flat hard X-ray spectra (power-law index
y = 2), gradual time profiles, low microwave peak frequencies, anomalously weak
soft X-ray emission, and association with coronal radio bursts. RHESSI has now
observed sources in this category (see below) but the ten years of Yohkoh did not
produce a clear example from HXT; we may attribute this to the rarity of such events
and to the low image dynamic range of modulation-based imaging instruments. Note
too that Yohkoh operated with a flare trigger, set normally at a low C-class flare level
in the soft X-ray (thermal) range; this biases against detection of limb-occulted events
of this type, because the bright low-coronal emissions that normally trigger flare mode
are not detected. Without the flare trigger, Yohkoh returned only limited (one energy
band) hard X-ray data.

Nevertheless a related pattern appears in the so-called “soft-hard-harder”
(SHH) spectral evolution of many long-duration hard X-ray events (Cliver et al. 1986;
Kiplinger 1995). This spectral pattern differs from the otherwise ubiquitous “soft-
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hard-soft” (SHS) pattern associated with the impulsive phase (Parks and Winckler
1969; Hudson and Farnik 2002; Grigis and Benz 2004). From a non-imaging pers-
pective, the hard X-ray spectrum of such a source consists of a gradual, continuously
hardening component plus a series of spikes with soft-hard-soft evolution. Often these
spikes become more gradual as the event develops, as illustrated in Fig. 8 (and as seen
in some of the earliest, non-imaging observations, from the TD-1A spacecraft; see
Hoyng et al. 1976).

2.3.3 Coronal sources at MeV energies

Because of its segmented detectors (Smith et al. 2002), RHESSI provides clean ima-
ging above 100 keV, nominally the y-ray range (e.g., Fig. 9). The rear segments are

n i = 10* 2
o -4 iy el v~ . = ®
> 10 = | L' [\ - 3 -
g ' . /-"']d/]'qllll IV’"‘-, PJ‘\ I.fl F\\ e —10° §
L T o | \[ A e E o
o = p J v oy WW x o
¥ ity 2
O s’ ¥ e
j—g T 50-100 keV -
. 3 l'\ Ilml E
g 3.5 _ L‘I IluJ v Il,lﬁ J’IJ]'\-H N
= ". 1
© g.o_: J A fw"L\l'J W“"'v-\
5E 2005 January 19 g
08:10 08:20 08:30 08:40 08:50
3601 360~ -
340 3401~
320 - 320 +
g 3001 — g 300
: s
280 ~ 280 _,' g
=
260~ - 260 T 4
» . -
wak ¢ 12-15keV |t 12-15keV |
50-100 keV 50-100 keV
w0 o0 70 7@ 7 e e a0 0 a0 700 70 0 760 780 80

X (arcsecs)

X (arcsecs)

Fig. 8 Hard X-ray spectral evolution and imaging of the 19 January 2005 X-class flare (Saldanha et al.
2008). Top the GOES soft X-ray flux (red, low energy channel) and RHESSI 50-100 keV hard X-ray (blue)
countrate are shown in the fop panel, and the temporal evolution of the power law indices in the energy range
between 50 and 100 keV is shown below. Before 08:25 UTC, a soft-hard-soft (SHS) behavior is observed,
followed by soft-hard-harder (SHH). Bottom hard X-ray imaging results of the 19 January 2005 flare taken
during the first hard X-ray peaks (08:11:40 to 08:13:41 UTC, left) with SHS behavior and later during the
progressively hardening phase (08:43:10 to 08:45:40 UTC, right) are presented. Both figures show hard
X-ray contours in the thermal (red contours are 20, 40, 60, and 80%) and non-thermal (blue contours levels
7.5, 15, 30, 50, 70, and 90%) range superposed on TRACE 1,600A images taken at 08:25:30 UTC (first
image available for this flare) and 08:45:03 UTC. For both spectral behaviors, SHS and SHH, non-thermal
hard X-ray emissions in the 50-100 keV range are observed from footpoints
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Fig. 9 Time profiles and imaging of January 20, 2005 flare. Top the GOES soft X-ray light curve and
the RHESSI (rear segment) background-subtracted 250-500 keV time profile (black). The gray curve
shows the RHESSI background rate. The red line is an exponential fit to the decay of the hard X-ray
peak (t = 257 & 2 s) and the vertical blue lines indicate the times of the images shown below. Bottom
left imaging during the peak time (06:43:32 to 06:46:40 UTC), and during the decay phase (bottom right,
06:50:00 to 06:55:01 UTC). Both figures show a TRACE 1,600A image taken at 06:45:11 UTC overplotted
with 12—15 keV (red) and 250-500 keV (blue) contours. The 12—15 keV image is reconstructed using a
MEM algorithm and the contour levels shown are at 30, 50, 70, 90% of the maximum, while the Clean
algorithm is used for the reconstruction of 250-500 keV images and 50, 70, 90% contours are displayed.
See Hurford et al. (2002) for a discussion of the RHESSI image-synthesis algorithms, including MEM and
Clean. During the peak the y-ray emission comes from footpoints, while later an additional coronal source
becomes visible (from Krucker et al. 2008)

shielded from the intense lower-energy fluxes by the front segments of the detec-
tors. This enables high-energy imaging (Hurford et al. 2002) of flares that were seen
before only in spectral observations covering both high and low energies. The RHESSI
rear-segment observations are limited by counting statistics and dynamic range, so
we can produce images in the y-ray range only for the most energetic events. The
three RHESSI flares with best counting statistics in the y-ray range all show non-
thermal emission from their footpoints but all also reveal coronal y-ray sources
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(Krucker et al. 2008). We interpret the emission as relativistic bremsstrahlung,
including electron-electron interactions (see Appendix A); technically, therefore, these
are really hard X-rays appearing in the y-ray band.

The coronal sources are most prominent during the exponential decay of the y -ray
continuum and show extremely hard spectra with a power-law slopes between ~1.5
and 2. The parameters of these coronal y-ray sources are thus similar to those of the
30 March 1969 archetype (Sect. 2.3; these also showed coronal exponentially decaying
emissions with similar intensity and also very hard spectra approaching y &2). Such
a flat spectral index is close to the hardest theoretically possible bremsstrahlung spec-
trum, suggesting that the emission is produced by electrons at even higher energies,
perhaps a few MeV—there is no strong observational constraint. These observations
directly imply that flare-accelerated Mev electrons reside stably in the corona, losing
their energy collisionally while also producing y-ray continuum. The lower-energy
electrons scatter and precipitate to the footpoints without losing significant energy in
the corona. Hence, the energy dependence of the trapping time should be steeper than
for the collisional loss time, and the two loss times should be roughly equal at around
~1 MeV. The observed time scales imply high coronal densities (see Appendix B).

2.4 Surveys

In the following brief sections, for completeness, we describe results obtained from
observations prior to RHESSI, some of which may overlap with material presented
above. Survey studies of the RHESSI data themselves (e.g., Sect. 2.4.3 below) continue
to appear at the time of writing and cannot be dealt with comprehensively yet.

2.4.1 Over-the-limb non-imaging data

Prior to the introduction in 1980 of hard X-ray imaging observations by the HXIS
(Hard X-ray Imaging Spectrometer) on board SMM (van Beek et al. 1980), the only
knowledge of source height came from a guess about flare longitude and the esti-
mation of an “occultation height” hoc by assuming the hard X-ray-emitting volume
to be directly above the flare location radially. Roy and Datlowe (1975) give hgee &
Ro(1 — sin#)/sin 6, where 0 is the flare longitude. This means that a flare from an
active region one day’s rotation beyond the limb would have an occultation height
of some 2 x 10* km, a height corresponding roughly to the diameter of a major
sunspot. This would isolate a coronal source from a footpoint source, according to
then-standard ideas and subsequent imaging observations (Tomczak 2001). As data
slowly accumulated for occulted sources observed by this technique (Frost and Dennis
1971; Roy and Datlowe 1975; McKenzie 1975; Hudson 1978; Hudson et al. 1982),
it became clear that interesting new physics might be involved. We have discussed
observations of sources similar to these in the sections immediately above.

The case-by-case observations of coronal sources from the early non-imaging mis-
sions were reviewed by Cliver et al. (1986). This work clearly established a pattern from
these scattered events, of which the prototype was the event of 30 March 1969, shown
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Fig. 10 The “original” coronal hard X-ray event, that of 30 March 1969 (Frost and Dennis 1971) as
observed by OSO-5. This enormously energetic event came from an active region behind the limb and
produced spectacular radio observations as well (e.g., Palmer and Smerd 1972). Left light curves; right
spectra from the late phase (top curve ~02:52 UTC; bottom curve ~03:07 UTC). The broken power law
of the initial burst (dashed line) gave way to an extremely flat spectrum in the late phase, approaching a
spectral index y ~ 2

in Fig. 10. The pattern specifically involved the soft-hard-harder (SHH) morphology
of spectral evolution, something sharply distinguishable from the soft-hard-soft (SHS)
morphology of the impulsive phase. This type of temporal evolution strongly suggests
particle trapping in the solar corona, with the gradual hardening resulting from the
erosion of the low-energy region of the velocity distribution function because of col-
lisional energy losses.

A further development was the discovery of a correlation between gradual flare hard
X-ray properties and large SEP (Solar Energetic Particle) events (Kiplinger 1995).
This was somewhat surprising because SEPs are generally thought to arise via shock
acceleration on open field lines much further from the Sun (Kahler 1992; Reames
1999) and thus have no direct relationship with the particles trapped on closed fields
in the low corona. We can speculate though that shock physics may be involved in the
X-ray sources as well (see Sect. 3.4).
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2.4.2 Yohkoh

The HXIS® observations from SMM, although they provided the first true hard X-ray
imaging, were limited by small effective area and relatively poor high-energy res-
ponse, with the highest-energy band being 22-30 keV. Accordingly the hard X-ray
telescope HXT (Kosugi et al. 1992) on Yohkoh—which had four energy channels over a
14-93 keV energy range—really gave us our first systematic view of flare hard X-ray
images.

A statistical survey of occulted flares observed by Yohkoh revealed the existence of
coronal hard X-ray emissions in addition to the main thermal source in most events
(Tomczak 2001), but the limited energy resolution of Yohkoh/HXT made it difficult
to separate these two components unambiguously. The relative source location of the
impulsive-phase coronal hard X-ray emission was found to be only slightly displaced
(<6”) from the thermal soft X-ray emission in all cases except the Masuda flare
(Tomczak 2001; Petrosian et al. 2002) (Sect. 2.2.2). A more comprehensive sur-
vey (Tomczak M, in preparation) using the mission-long database from the Yohkoh
HXT Catalogue (Sato et al. 2006) confirms that flares with occulted footpoints have
systematically softer spectra than disk flares. Only five occulted flares produced detec-
table fluxes in the range 53-93 keV, the highest energies imaged by Yohkoh/HXT.

2.4.3 RHESSI surveys

The RHESSI observations provide sufficient spectral resolution to separate the main
thermal emissions from emissions at higher energies. This can be achieved with the
technique of imaging spectroscopy (Hurford et al. 2002). Battaglia and Benz (2006)
analyzed five RHESSI flares with coronal sources well separated from the related
hard X-ray footpoint emissions, finding also faint hard X-ray emissions with a soft
power-law spectrum in the corona in addition to the thermal emissions (Fig. 11).
The soft-hard-soft spectral evolution characteristic of the impulsive-phase footpoint
sources (Sect. 2.2.1) was systematically found to be present in the associated coronal
hard X-ray sources. This strongly suggests that the SHS behavior is intrinsic to the
acceleration mechanism itself (Sect. 3.3.4) rather than to the coronal transport.
Statistical results on a large sample of partially occulted RHESSI flares generally
confirm these results (Krucker and Lin 2008) as well as those from Yohkoh (Tomczak
2001). A coronal hard X-ray source was detected in 90% of the 55-event sample, from
which Fig. 12 shows a typical event. The coronal component shows time variations in
the order of tens of seconds, is most prominent during the rise phase of the thermal
emission, and has a much softer spectrum than spectra of comparable on-disk flares.
The power-law index is between ~4 and ~7, and the centroid position of the source
is co-spatial or within a few arcsec of the thermal emission (although for a few events
clear separations are observed as well). Interestingly, the difference of ~2 between
the averaged spectral indices of occulted and disk flares is exactly the difference
expected between thin- and thick-target bremsstrahlung spectra from a given electron

8 Hard X-ray Imaging Spectrometer (van Beek et al. 1980)
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Fig. 11 Imaging spectroscopy with RHESSI. Upper the July 13, 2005 flare around 14 UTC, showing
coronal emission spatially well separated from the hard X-ray footpoints, making it easy to get spectra for
the coronal source and hard X-ray footpoints separately. The RHESSI 18-22 keV contours are averaged
over the time period between 14:13:50 and 14:15:48 UTC and overplotted on a GOES SXI image taken at
14:17:05 UTC. Lower imaging spectroscopy results from Battaglia and Benz (2006)

distribution (Krucker and Lin 2008). In some events, coronal thin-target emission
from flare-accelerated electrons that afterwards lose their energy by collisions in the
chromosphere could produce the coronal hard X-ray component (Krucker et al. 2007a).
For other events, though, a simple thin-target model does not work (Battaglia and Benz
2007) and non-collisional losses might be important as well.

2.5 Summary of observations
2.5.1 General

The material presented above makes it clear that we can detect coronal hard X-ray
emission from all phases of solar flares. The observations reflect non-thermal emis-
sions from electrons over a wide range of energies (few keV for the Sui-Holman
“double coronal” type, to MeV for the coronal y-ray sources) and spatial scales as
well. Table 1 summarizes the observations by class of event. The essential observatio-
nal restriction at present lies in the sensitivity of the observations: solar observations
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Fig. 12 Typical example of X-ray time profiles and spectrum of a partially disk-occulted flare (Krucker
and Lin 2008). From top to bottom, the panels on the left show GOES soft X-ray time profiles, RHESSI
spectrogram plot, time profile of the thermal X-ray emission, and time profile at higher energies (blue).
The panels at the bortom additionally show the derivative of the high energy GOES light curve (red) in
arbitary units. The figure on the right shows the X-ray photon spectrum averaged between 17:55:58 and
17:56:18 UTC with a thermal (red, temperature of 24 MK) and non-thermal (blue, y = 5.7 +0.2) fit. The
gray line represents the background emission

tend to emphasize bright sources, rather than the faint ones. Thus an enormous range
of parameter space remains to be explored.

Table 1 gives rough parameters for as many as ten arguably distinct types of coronal
hard X-ray sources, arranged by flare phase of occurrence (pre-impulsive, impulsive,
late). Because only a few events have been identified in some categories (for example,
only two “fast ejecta” events have been described) we do not want to use Table 1 as
a classification scheme, but rather just to illustrate the breadth of the observational
material and its potential. The reference line at the bottom of the table represents the
standard “footpoint” sources, for which the archetype event is that observed by Hoyng
et al. from the Solar Maximum Mission (Hoyng et al. 1981). All hard X-ray flares
except for the “coronal thick target” category seem to show this type of emission, and
there are several examples (such as that of Fig. 8) illustrated in this paper.

The novelty of the coronal hard X-ray observations seems to lie in two major
areas: phenomena appearing in the lower corona before or during the impulsive phase
(Sects. 2.1, 2.2.3 and 2.2.4); and phenomena in the middle corona mainly in later
phases. The former category began with the Masuda event, which apparently was an
extreme example of the kinds of phenomena RHESSI is now showing more clearly: the
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appearance of a current sheet or a “coronal double source.” It is clear the coronal hard
X-ray observations in either category generally do not require high spatial resolution,
but do require sensitivity and image dynamic range, and in some cases an imaging
field of view? larger than RHESSI’s.

The coronal sources, spread out over the different flare phases, probably involve
different physics from the standard thick-target model that fits the impulsive phase well
enough. For that reason the theoretical discussion following immediately in Sect. 3
should be viewed as a first serious attempt to deal with some heretofore unexplored
problems. We suggest that non-solar hard X-ray sources (e.g., stellar flares), to the
extent that the thick-target scenario does not work, might find alternative analogs
here.

2.5.2 Coronal mass ejections

The detection of hard X-ray emission from high altitudes opens a new domain for
interpretation, emphasizing open (or opening) fields, ejecta, and large-scale shock
waves instead of the usual machinery of the impulsive phase, observed mainly in or near
the chromosphere. Although this is the domain of meter-wave radio astronomy, and
there is a rich history of observations (e.g., Wild et al. 1963; Kundu 1965; Bastian et al.
1998), there is little multi-wavelength literature yet on these phenomena. In general
the SOHO observations (especially LASCO!?) give a general view of associations but
do not have sufficient time resolution to be of much use in detailed analysis. Further,
the hard X-ray imaging of the coronal sources has just begun, with RHESSI, and is
strikingly limited by several factors—sensitivity, image dynamic range, and imaging
field of view. We note that the fraction of flare energy that eventually appears in particles
accelerated by the CME-driven shock may be large (of order 10%; see Emslie et al.
2005; Mewaldt et al. 2005). These particles can certainly contribute to the radiation
signatures, but probably on longer time scales and large spatial scales. Kahler and
Ragot (2008) discuss the possible remote-sensing signatures, which conceivably even
include mechanisms involving interplanetary dust particles.

3 Theory
3.1 Introduction

The previous section has outlined the wide range of coronal hard X-ray sources
(Table 1), demonstrating that the morphologies differ enough from the standard thick-
target model to encourage a reconsideration of theories for particle acceleration and
transport in flares. In Appendix A we revisit the theory of continuum emission mecha-
nisms, and suggest that mechanisms other than bremsstrahlung could play a role in
the coronal sources, but for the remainder of the discussion here we retain the nor-

9 RHESSI has full-Sun coverage, but an imaging field of view within this that is limited by its coarsest
modulation collimator at 183.25”.

10 The Large Angle Spectroscopic COronagraph (Brueckner et al. 1995).
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mal assumption that bremsstrahlung dominates. In this we follow Korchak’s definitive
early work on the emission physics (Korchak 1967, 1971).

Interpretations of (coronal) hard X-ray sources may be divided, roughly speaking,
into two classes. The first class starts out by concentrating on properties of hard X-ray
sources produced only by transport effects (e.g. binary collisions, magnetic mirroring),
leaving the acceleration to a coronal “black box.” Any properties of coronal sources not
accounted for in these terms constitute clues to the character of the electron acceleration
mechanism. This is the style of the classical thick-target theory (Brown 1971; Hudson
1972). Alternatively one may attempt to include acceleration physics—possibly self-
consistently with the electron transport—from the outset. In practice many acceleration
models pay little attention to the geometry of the corona in which the sources are
formed, whereas those utilizing a “black box™ accelerator and focusing on transport
can take account of the source environment in some detail. Thus each approach has
something to offer.

The particle acceleration process(es) present a formidable difficulty, particularly if
one seeks to explain the inferred flux of electrons giving rise to the chromospheric hard
X-ray sources - and it is common to assume that the electrons producing the coronal
source are part of the same initial population, with a fraction propagating downwards to
reach the chromosphere and a fraction radiating in the corona. We note here that recent
results from RHESSI (Kontar and Brown 2006; Kasparova et al. 2007) suggest that
the chromospheric sources are not consistent with production by a downward-directed
particle distribution from the corona, and the coronal and chromospheric electron
populations may yet be unrelated, with an agent other than particles transferring the
bulk of the flare energy to the chromosphere (e.g., Fletcher and Hudson 2008). In
that case, explaining only the coronal-source electron acceleration could prove less
challenging.

A range of different acceleration mechanisms has been proposed over the years
(see Miller et al. 1997 for a review up to the mid-1990s and Aschwanden 2002, for
more recent developments). For closed coronal regions, possible processes include
stochastic acceleration by MHD turbulence, either fast or Alfvénic: (e.g., Miller and
Ramaty 1987; Miller and Roberts 1995; Miller 1997; Hamilton and Petrosian 1992;
Petrosian and Liu 2004) or stochastic current sheets (Turkmani et al. 2005, 2006);
acceleration by strongly electric fields above the Dreicer limit (Dreicer 1959) in an
electrostatic double layer (Alfvén and Carlqvist 1967) or in the close neighbourhood
of a reconnecting structure (e.g. Martens and Young 1990; Litvinenko and Somov
1993; Dalla and Browning 2005; Zharkova and Gordovskyy 2005; Litvinenko 2006);
or perhaps by relatively strong shock waves (e.g. Lee and Ryan 1986; Blackman and
Field 1994; Tsuneta and Naito 1998; Mann et al. 2006). In Sect. 3.3 we focus on
the acceleration mechanisms. First we consider interpretations of coronal hard X-rays
relying primarily on transport, recalling some basic observational properties of the
sources.

3.1.1 Target conditions and thin-target coronal sources

Electrons traversing some region of the atmosphere radiate via bremsstrahlung in close
encounters with ambient particles. If they leave this region with energies essentially
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unchanged we are dealing with a “thin target” situation. If, at the other extreme, they
stop completely in the region we have a “thick target” and need to account for the
evolution of their energy distribution as they slow down. A coronal volume that is a
thick target to low-energy electrons could be thin at higher energies, depending on
whether the electrons escape that region or are trapped. These definitions assume that
emitting particles interact almost always with ambient plasma particles in the region
which they traverse, i.e. that they are “dilute.” In “thermal” models, on the other hand,
all electrons in the source region have comparable energies and have had time to attain
a relaxed, Maxwellian distribution.

Consider a simple flare loop of uniform density and uniform magnetic field strength,
and an accelerator that injects electrons at some point along the loop length (as opposed
to one which operates throughout the loop volume). If we disregard any form of
coronal confinement, so that the electron only has a single pass through the corona
before encountering the chromosphere and being collisionally lost, then typical coronal
densities will present thin targets to all but the lowest energy electrons. For example, a
coronal loop of length 10° cm and density 10'® cm ™ is collisionally thin to electrons
above about 8 keV. The observed instantaneous flux of photons from a thin-target
region is simply related to the fast electron distribution [(6) in the Appendix].

In this thin-target scenario, without any modification of the energy spectrum, steady
acceleration will result in an instantaneous coronal density of accelerated particles that
is spatially uniform at all energies. A coronal source could appear due to line-of-sight
effects, with an enhancement factor depending only on the emitting column along the
line of sight. This could be large for e.g. a loop observed end-on (in its plane) near
the limb. However, looking down on a loop on the disk would tend to result in loop
legs being enhanced. This geometrical enhancement would be the same at all energies
produced by the thin-target electrons (assuming all energies are optically thin). See
Alexander and Katsev (1996) for a related discussion for optically thin, uniform soft
X-ray emission.

A time-varying accelerator in a thin-target loop could produce concentrated sources
if the observational integration time were less than the electron transit time along the
loop, and velocity dispersion could give a source appearance that changes with energy
or time (e.g., Aschwanden et al. 1996, 1999). However, given that typical integration
times for both Yohkoh and RHESSI sources of hard X-rays are seconds, this is unlikely
to be the case. There is also no reason why this would produce sources preferentially
concentrated around the looptop.

The relatively high looptop-to-footpoint intensity ratio is also problematic for a
coronal thin target. At a given photon energy e this ratio would be roughly equal to
the coronal line-of-sight column depth divided by the chromospheric stopping column
depth (see Sect. 3.1.2) of an electron at 2¢ (i.e. producing photons of energy €), and
this will typically be very small. For example, a 40 keV electron producing ~20 keV
photons decelerates collisionally over a stopping column depth of ~10%° cm~2, pro-
ducing far more photons than a coronal source of (high) density 10'° cm~3 and length
of perhaps 10° cm.

It seems clear that a bright, concentrated, looptop coronal hard X-ray source can-
not be formed in a coronal thin target. It is necessary to modify the environment in
which the electrons move and radiate and/or their spatial and angular distribution, in
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such a way as to increase their radiation yield at the loop apex compared to the foot-
points; see the beginning of Petrosian and Donaghy (1999) for a related discussion. In
what follows, we consider coronal confinement by collisional, magnetic and turbulent
mechanisms.

3.1.2 Collisional transport

In a fully ionised hydrogen plasma, a non-relativistic electron of initial energy E (keV)
stops completely in a column depth Ns(E) (e.g., Emslie, 1978):

Ny(E) = 1.5 x 10"7em™2 (E /keV)? (1)

If the coronal portion of a loop has column depth N, hard X-ray sources will thus
change morphology from coronal to footpoint at a photon energy of approximately

€ = (N /1.5 x 1017) 12 keV. As seen above (Sect. 2.2.4), coronal densities can some-
times be great enough to make €, as large as 60 keV. However such cases are not
the norm. This simple collisional hard X-ray morphology cannot always account for
bright, isolated coronal sources.

The above assumes uniform or at most smoothly varying coronal loop density;
however, Feldman et al. (1994), suggested from soft X-ray observations that the
flaring corona might include localised regions of greatly enhanced density (102
cm™3). Wheatland and Melrose (1995) applied this observation to explain the observed
Masuda coronal hard X-ray source. The coronal portion of a loop is still characterised
by a column depth N and hard X-ray morphology with a transition at photon energy
€;(N), but most of this N is now represented by a region near the top of the loop.
Battaglia and Benz (2007) confront this model with RHESSI observations of coronal
hard X-ray sources but find that it fails in several respects.

Fletcher (1995) suggested that the time during which electrons remain and radiate
in the corona can be enhanced by having a somewhat enhanced coronal density (on the
order of a few times 10'%cm—3) and an isotropic (or “pancake”) rather than forward-
beamed electron distribution, so that the fraction of particles injected at high angles to
the magnetic field do not progress quickly down the loop but spend a longer fraction
of their radiating lifetime in the corona compared to particles with a small pitch angle.
A pancake type distribution in turn might result if electrons in the coronal source are
accelerated by intense electromagnetic radiation produced via the Electron Cyclotron
Maser (Sprangle and Vlahos 1983) occurring on the field lines where the primary
flare energy release actually takes place (Conway and MacKinnon 1998). This picture
could also account for the displacement of the Masuda source from the flare thermal
loop.

For any assumed coronal density profile, with or without condensations, we can
model collisional electron transport and calculate the resulting hard X-ray energy-
dependent spatial structure. Ideally Fokker—Planck (e.g., Leach and Petrosian 1983)
or Monte Carlo (e.g., Bai 1982) methods are used, correctly treating pitch-angle scat-
tering. Prior to hard X-ray imaging, results from such efforts were compared with
multi-spacecraft observations of partly occulted flares (Kane 1983). On some occa-
sions theory and modelling are straightforwardly consistent and yield plausible esti-

@ Springer



Hard X-ray emission from the solar corona 183

mates of coronal density. Other events, however, need either implausibly high coronal
densities or containment of electrons in the corona (Leach and Petrosian 1981; Brown
et al. 1983).

3.2 Particles in coronal magnetic flux tubes

3.2.1 Coronal trapping

Progressive spectral hardening in extended hard X-ray bursts (Frost and Dennis 1971;
Hudson 1978; Cliver et al. 1986; Kiplinger 1995) has been interpreted in terms of
coronally trapped electrons (Ramaty 1979; Bai and Ramaty 1979; Vilmer et al. 1982).
The collisional energy loss time of a (non-relativistic) electron of energy E (keV) is

given by (e.g., Vilmer et al. 1982, see also Appendix B):

E3/2

T(E) = A 2)

ne

where 7, is the electron number density and A = 2 x 10® s kev™'> cm™3. The
longer lifetimes of higher energy electrons result in progressive spectral hardening,
on timescales of order 100-1,000 s for plausible coronal densities. As a result, the
progressively hardening X-ray sources have been viewed as “coronal” emission, even
when no spatial information exists. One assumes in these models that electrons are
accelerated early in the burst and that their later evolution is determined entirely by
energy loss in the coronal trap: the accelerator is assumed to give them high energies
effectively instantaneously but to play no further role in their evolution. Whether this is
physically realistic or not, such modelling can often reproduce the observed temporal
evolution in detail (Vilmer et al. 1982; Dauphin and Vilmer 2007). These models
now need to be expanded in scope to incorporate RHESSI imaging spectroscopy
(e.g., Emslie et al. 2003) and simultaneously microwave imaging spectroscopy (e.g.,
Hurford et al. 1984) as well.

3.2.2 Precipitation

Let By and B denote the minimum and maximum values of magnetic field strength
in the coronal portion of a loop, By presumably applying at the loop footpoints. An
electron is trapped in the corona if the angle 6 between its velocity vector and the
magnetic field satisfies

By

sin2 6 > sin? Oy = .
B

3

Quiescent active region loops viewed in soft X-rays or UV often show constant cross-
sections (e.g., Klimchuk 2000; Watko and Klimchuk 2000) and this sort of trapping
seems most relevant either to large heights, where dipole-like fields predominate, or
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to field structures in the vicinity of a current sheet or magnetic null (e.g., Fletcher and
Martens 1998; Giuliani et al. 2005)

Pitch-angle scattering means trapping is never perfect. Three qualitative regimes
of scattering and escape in magnetic bottles may be identified: weak, moderate and
strong. The first two were identified by Kennel and Petschek (1966) and Kennel (1969).
We summarize their properties in Table 2, in terms of loop transit (t;) and pitch-angle
scattering (7,) times, the loop length L and the spatial diffusion coefficient D. Elec-
trons radiate their thick target yield effectively instantaneously on precipitation and
the relationship between the coronal and footpoint fluxes, as a function of energy,
follows in each of these regimes from the escape times of Table 2. Binary collisional
scattering necessarily takes place in the weak limit; otherwise the similarity of energy
loss and scattering times means that we have a coronal thick target. Detailed model-
ling, capable of comparison with observations, has been carried out for collisions
(Melrose and Brown 1976; MacKinnon 1988, 1991; McClements 1990) (also by for
microwave source modelling Lee and Gary 2000) and for wave-particle interactions
(Trottet and Vilmer 1984; Stepanov and Tsap 2002). Coronal sources in weak and
moderate cases are necessarily diffuse, on the scale of the loop, although their flux
and spectral distribution compared to the related footpoint sources will vary depending
on the energy-dependent scattering rate and gross parameters of the loop (length, mir-
ror ratio). The presence of footpoints does not mean that no coronal trapping occurs:
the total coronal flux may be greater or less than the total footpoint flux, the coronal
X-ray emission may be spread over several pixels and overall spectral hardening will
still result (MacKinnon 1991).

Numerical modelling of trap plus precipitation in a converging magnetic field was
carried out by (Leach and Petrosian 1981, 1983) who predicted the existence of coro-
nal sources formed in this way, particularly at low energies and in strongly convergent
magnetic fields, illustrating what may be possible in magnetic geometries more ela-
borate than single loops. Fletcher and Martens (1998) produced coronal sources from
forward-beamed electron injection in a magnetic geometry such as might be found
below a coronal current sheet (see Sect. 3.3.2). Both models predict softer coronal
than footpoint spectra, a combination of collisionally thick- and thin-target behaviors.
Fletcher and Martens (1998) predict sources that are more compact at high energies.

In the strong limit, turbulence excited by the particles themselves scatters them so
rapidly that they are once again effectively contained in the corona (Trakhtengerts
1984; Bespalov et al. 1987), albeit between two turbulent regions that travel along
the loop at the group velocity of the turbulent wave mode. Such a situation can in
principle account for isolated coronal sources. Stepanov et al. (2007) claim that strong
scattering of electrons by whistlers can account for the observed evolution of a 17
GHz radio source on 27 August 1999; an expanding coronal hard X-ray source would

Table 2 Escape time tesc

versus scattering “depth” 7; /s T/t Tesc
Weak «1 7
Moderate >1 77 (1 — cos6p)
Strong >1 L2/D
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presumably have accompanied this event, had spatially resolved observations been
available. Enomé and Tanaka (1971) had suggested an (ad hoc) turbulent confinement
for the “original” coronal hard X-ray source illustrated in Fig. 10.

3.3 Acceleration mechanisms
3.3.1 The “standard model” and acceleration

Up to this stage, we have discussed the confinement and emission processes for hard
X-ray-producing electrons under the assumption that electron acceleration happens
through an unspecified process. It is now appropriate to return to the question of
acceleration per se, particularly in the context of coronal geometries that can (a)
accelerate particles and (b) confine them.

A consequence of the great attention given to the Yohkoh coronal hard X-ray sources
(especially the Masuda flare) has been the suggestion of a standard or even “unified”
model of flares (Shibata 1996). Based on the evidence of the above-the-loop-top hard
X-ray source (Masuda et al. 1994) described in Sect. 2.2.2, hypothetically associated
with a reconnection exhaust jet (Shibata et al. 1995). These observations all seem
consistent with the scenario of the standard reconnection model: (1) a stressed coronal
magnetic field becomes destabilized, leading to macroscopic reconnection associated
with the ejection of a plasmoid (a flux rope in 3D); (2) this ejection induces an inflow
which constitutes the main driven phase of the flare; (3) the exhaust jet from the
reconnection leads to shock formation, plasma heating and particle acceleration. Note
that this is a 2D scenario.

The origin of this model lies in the theories of large, eruptive flares developed since
the mid-1960s which involved a rising coronal reconnection site and associated soft
X-ray emission during the flare decay phase (e.g., Sturrock 1966; Hirayama 1974;
Kopp and Pneuman 1976; Heyvaerts et al. 1977; Cargill and Priest 1983). It is unclear
whether it can be extended to the impulsive phase. It should also be stressed that this
standard model—a framework for discussion, rather than a quantitatively successful
theory—does not address particle acceleration issues, especially the high efficiencies
required if seeking to explain the hard X-ray footpoints by electrons accelerated in
the corona. The standard model places the particle acceleration is in a region of (a)
relatively low plasma density, hence amplifying the number problem (Brown and
Melrose 1977; Fletcher et al. 2007) associated with the intense footpoint emission and
its associated electromagnetic complexities with respect to particle beams, and (b) in
aregion most likely having weaker magnetic field. Alternative scenarios are presented
below.

It should nevertheless also be noted that macro- (and meso-) scale reconnection sites
do present excellent opportunities for particle acceleration through direct electric fields
(e.g., Litvinenko and Somov 1993) or turbulence associated with the reconnection
outflows and (perhaps) shock waves. Although this is the framework Litvinenko and
Somov (1993) adopt, the single monolithic current sheet of the standard model may
not be a proper description. Current sheets over a wide range of scales might have
the property of efficient particle acceleration. Indeed the representative cartoon of
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Fig. 13 Left cartoon showing the current sheet and associated processes invoked as the core of the standard
model (Cargill 2001). However, such processes can occur at current sheets with a wide range of scales. In
particular island formation, as illustrated in Fig. 15, could take place within the current sheet. Right a sketch
of the collapsing magnetic trap (Karlicky and Kosugi 2004)

Fig. 13 (left) illustrates these possibilities without specifying where the current sheet
occurs or how large it is.

3.3.2 Collapsing traps

The proposed magnetic geometry in the standard model does have some attractive
features for coronal hard X-ray sources. This has led to the “collapsing trap” model as
sketched in Fig. 13 (right). We discussed observations relevant to this process, inclu-
ding source motions that could be interpreted as collapse or implosion, in Sect. 2.1.

As noted above, the standard model envisions an exhaust jet in which field lines
become shorter with time at a fraction of the Alfvén speed. It can be argued that
this decrease of field volume quite generally corresponds to the release of stored
magnetic energy (Hudson 2000). The resulting collapsing magnetic field (Svestka
et al. 1987; Forbes and Acton 1996) could capture pre-accelerated particles escaping
from the current sheet and accelerate them further inside the trap, either by the betatron
mechanism (Brown and Hoyng 1975) or also by Fermi acceleration between the slow
shocks associated with the current sheet (Somov and Kosugi 1997; Karlicky and
Kosugi 2004; Bogachev and Somov 2007). A typical magnetic trap will collapse
in a few seconds during which time the particles scattering from the approaching
mirrors will undergo several crossings of the loop. The pre-acceleration could occur
in turbulence within the current sheet, or by the convective electric field itself (Speiser
and Lyons 1984; Litvinenko and Somov 1993) albeit for a rather small number of
particles due to the small size of the non-adiabatic region around the current sheet. A
more general development of turbulence (see Sect. 3.3.5) could in principle greatly
increase this number.

Acceleration in a collapsing trap is due to the betatron mechanism (based on the
conservation of the first adiabatic invariant) and the Fermi mechanism (as the magnetic
trap length shrinks) therefore unless the change of the magnetic field strength in the
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collapse is large, the energy gain due to collapse is modest. Acceleration efficiency
is limited by the tradeoff between betatron gains, collisional losses, and detrapping
because the loss-cone increases in size due to the increasing ratio of coronal to chro-
mospheric field strength. Somov and Bogachev (2003); Bogachev and Somov (2007)
claim that this last effect exactly balances the betatron increase, so that the Fermi
mechanism is the important one in providing the net increase. This result is apparently
not borne out by the numerical simulations of Karlicky and Kosugi (2004) who follow
test particles collisionally scattering and accelerating within a magnetic field described
by a simple analytic model in which the field strength increases but the loop length
remains constant. In their model, electrons with high pitch angles (further increased
by the betatron process) accumulate around the low field region at the loop midpoint.
They find that for trap densities around 10'© cm™3, and a magnetic field increasing by
a factor 10 in 4 s, electrons above about 5 keV injected energy are accelerated to tens
of keV. Lower trap densities will require correspondingly lower initial energies.

Subsequently, Karlicky and Barta (2006) used a 2D MHD code to analyze the out-
flows from a current sheet and then follow test particles injected inside the collapsing
magnetic structures. An additional acceleration due to Fermi acceleration is present.
Giuliani et al. (2005) have analysed particle dynamics in a collapsing trap including
a guide field (i.e. out of the plane in Fig. 13), finding that electrons not only mirror
in the collapsing traps but also drift, which may play a significant role in the energe-
tics, depending on the overall magnetic topology in the vicinity of the collapsing trap.
However, the energy gain is still limited by the change in the field magnitude during
collapse. Overall, to obtain tens of keV electron energy in a collapsing trap, from
an initial thermal distribution at 7. < 1 keV, requires a field strength that increases
by a factor of 100 or so. This may be possible in the reconnecting field very close
to a magnetic null, or in a rapid collapse from a very stretched-out initial magnetic
configuration with reconnection occurring high in the corona. Finally, multiple Fermi
accelerations in a turbulent collapse could also lead to the higher energies (Sect. 3.3.5).

It is clear that these “collapsing trap” ideas may be relevant for coronal hard X-ray
sources on large scales (the gradual phase) as well as for the impulsive phase. The laun-
ching of a coronal mass ejection (CME) involves the expansion of coronal magnetic
field into interplanetary space, and this ultimately requires a pinching-off with sun-
ward flows in order to preserve the interplanetary field at its approximately constant
value (Gold 1962; McComas et al. 1992). Motions similar to those implied by this
picture can be seen in soft X-rays (McKenzie and Hudson 1999), EUV (Gallagher
et al. 2002; Sheeley et al. 2004), and possibly even in white light (Sheeley et al. 2004)
as well.

3.3.3 Weak turbulence within a flaring loop

We now discuss alternative scenarios for particle acceleration and confinement in
flares. We discuss mainly how imposed “weak” turbulence accelerates, scatters and
confines particles, returning to a discussion of the origin of the turbulence in Sect. 3.3.5.

If plasma turbulence is present in the corona throughout a large coronal volume, it
can both accelerate and trap particles. In such cases, the accelerator is co-spatial with
the coronal hard X-ray source. Electron acceleration by plasma turbulence has been
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studied by several authors, and in the solar literature two main processes have been
identified: stochastic resonant acceleration by a spectrum of high-frequency plasma
turbulence (e.g., Miller and Ramaty 1987; Hamilton and Petrosian 1992), and transit
time damping by lower frequency turbulence (e.g. Miller 1997; Lenters and Miller
1998). The waves are assumed to introduce a scattering length which is much smal-
ler than the Coulomb scattering length which, at low energies, is comparable to the
Coulomb energy-loss length. Electrons thus undergo many pitch angle scatterings
before losing substantial energy. If the wave scattering length is smaller then the loop
length, the energetic electron distribution will be isotropized, or form other pitch-angle
distributions (e.g. pancake-type) and the emission at the top of the loop will be enhan-
ced. Thus the electrons can be both energised and inhibited in their motion along the
magnetic field.

Under the assumption of weak scattering, the evolution of the distribution function
f in position s, time ¢ and energy E, under the influence of scattering, energy loss and
systematic acceleration can be modeled using a kinetic equation. Further assuming that
the scattering that is efficient and can isotropize the electrons on a timescale shorter
than either the acceleration time or the energy loss time means that only the diffusion
in energy space need be considered. The appropriate equation is then:

af 92 ¥
9 9EZ [D(E)f1— —[(A(E)— |EL Dfl— D + Q(E), )

where D(E) and A(E) are the diffusion and systematic acceleration coefficients,
E; represents the energy losses, 7(E) is the trapping time and Q(FE) is the source
function. A steady-state solution is often sought (df/dt = 0). This process was studied
in the context of hard X-ray looptop sources by Petrosian and Donaghy (1999), who
used parametric models for the plasma turbulence, though with parameters consistent
with the more detailed calculations of Pryadko and Petrosian (1997), to investigate
the dependence of looptop to footpoint intensity and spectral ratios as a function of
acceleration, scattering and escape times. These authors derived simplified expressions
for the ratio of looptop to footpoint intensities at a given photon energy, finding that in
the case of an isotropic electron distribution and a relatively steep spectrum it depends
primarily on the ratio of the Coulomb scattering timescale to the trap escape timescale
at that energy. Observed Yohkoh HXT looptop flare properties could be reproduced by
the models, using reasonable densities (a few x 10'0 cm™3), magnetic fields (a few
x 100 G) and acceleration and escape timescales (a few x 107 s) but the discriminating
power of the observations was poor, and a comprehensive analysis using RHESSI data
has not yet appeared (but see Liu et al. 2008).

3.3.4 Soft-hard-soft spectral behavior

The soft-hard-soft pattern dominates the hard X-ray spectral evolution in the impul-
sive phase (Sect. 2.2). Simultaneously appearing coronal hard X-ray sources in the
impulsive phase often appear to share this property (Sect. 2.4.3)—though other types
of coronal hard X-ray sources often show progressive spectral hardening instead.
The “soft-hard-soft” (SHS) evolution of the impulsive phase spectrum (see Sect. 2.2)
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is thus an important constraint for acceleration models. In this context, Grigis and
Benz (2006) studied the transit-time model of turbulent acceleration, concluding that
although the turbulent magnetic trap can reproduce the observed SHS characteristics
(Benz 1977; Brown and Loran 1985) it fails to reproduce other details, for example
the energy of 220 keV at which the “pivot point” appears (Gan 1998; Grigis and Benz
2006).

3.3.5 Origins of coronal turbulence

The discussion above assumes ad hoc a level of turbulence with specified charac-
teristics. A number of different flare processes have been proposed as turbulence
sources. Miller et al. (1996) suggest that small-amplitude fast-mode waves formed at
a large scale by magnetic reconnection cascade to smaller wavelengths, on a timescale
approximately equal to the signal-crossing timescale for the largest fluctuation (i.e. the
Alfvén crossing timescale or the eddy turnover timescale, for strongly/weakly magne-
tized situations). Larosa and Moore (1993) propose that the turbulence develops in a
sheared reconnection outflow. However, the overall picture of the rapid development
of a turbulent cascade is not certain. The manner of development of an MHD turbulent
cascade is the subject of a vast literature, but the bottom line is that in MHD turbu-
lence, collisions between oppositely directed wavepackets are necessary; see e.g. the
discussion in Goldreich and Sridhar (1997), and the requirement to do work against the
permeating magnetic field inhibits the production of a parallel cascade. The cascade
timescale may well be the longest timescale in the system (particularly if a cascade
to a state of isotropic turbulence is sought) and this therefore limits the volumetric
energy gain rate of the electrons.

One can also find a physical basis for coronal turbulence in the many developments
of the Parker problem (Parker 1983): i.e. the response of the coronal magnetic field to
driving by footpoint motion. It has been shown by e.g. van Ballegooijen (1986) and
Turkmani et al. (2005) that footpoint stressing—both random and systematic—leads
to the development of a hierarchy of scales of magnetic disturbances. Current-sheet
formation over this range of scales leads to dissipation of magnetic energy in discrete
events, usually following a power-law distribution. While normally associated with
coronal heating, such a scenario might also lead to large events (flares); see Fig. 14a
(Turkmani et al. 2005, 2006; Onofri et al. 2006).

This example of a resistive MHD simulation (Fig. 14) shows the presence of a
highly structured electric field in the corona. Test particles can then be tracked in
these fields. The blue and red regions in the left panel of Fig. 14 show electric fields
pointing to the opposite footpoints (the left and right faces of the volume), and the
distribution function of the electric field strength is shown in the right panel of Fig. 14.
The fields are much stronger than the Dreicer field, and when the particle crosses a
specific current sheet it may lose or gain energy. Such stochastic electric fields can then
confine particles at the top of the loop and accelerate them at the same time. Turkmani
et al. (2006) examine loops with density n &~ 10° cm™3 and find collisions to be
important only at the footpoints. Enhancing the density inside the loop can produce
looptop hard X-rays, as can greater field complexity (Gkioulidou et al. 2007). Similar
results demonstrating the efficiency of particle acceleration in fully developed MHD
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Fig. 14 Left snapshot of the resistive electric field configuration inside a coronal loop driven by random
motions of the magnetic footpoints at the left and right faces of the simulation box; and top the distribution
function of electric field strength seen by a typical particle traveling inside this “loop.” The red and blue
indicate fields pointing towards opposite faces of the box. From Turkmani et al. (2006)

turbulence were presented by Dmitruk et al. (2004): see also Larosa et al. (1996) for
another scenario involving strong turbulence.

The above simulations rely on resistive electric fields, but explicitly do not incorpo-
rate the microphysics of magnetic reconnection in the current sheets which is likely to
involve electron inertia, anomalous resistivity, anisotropic pressure tensors, or indeed
all three. An example of this alternative approach can be found in Drake et al. (2005)
via a 3D particle code; this work demonstrated the formation of numerous magnetic
filaments inside the current sheet that act as Fermi accelerators (see Fig. 15). This
development suggests the possibility of putting the results from models of turbulent
loops on a more self-consistent physical footing.

Making the connection between the above work, and the (often quasi-linear)
“equation-oriented” approach discussed in Sect. 3.3.3 and in numerical approaches
(e.g., Miller et al. 1996) is more difficult. It should be stressed that both approaches
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have advantages. The former treats a far larger range of scales, and permits tracking the
distribution function; the latter includes a consistent driver, and does not make assump-
tions such as the quasi-linear approximation. However, while both theories are still
incomplete, the generic “stochastic” or “turbulent” acceleration models for coronal
hard X-ray sources, can in principle account for the formation of loop-top sources and
the footpoint spectral evolution (the soft-hard-soft pattern). Recent numerical work
in the resistive MHD or Hall MHD approximations (Dmitruk et al. 2004; Turkmani
et al. 2005, 2006; Gkioulidou et al. 2007) points the way to more complete numerical
models of the acceleration. Future models must also treat the feedback of the particle
distributions on the accelerator—the MHD turbulence and current sheets.

3.4 Large-scale shock waves

Particle acceleration by large-scale shock waves, though theoretically difficult, has
overwhelming observational support as an explanation for solar energetic particles
in the heliosphere (e.g., Reames 1999), especially for energetic ions but also for the
low-energy electrons observed around the shock passage near one AU. While in the
past decade ion acceleration at shocks, and particularly the so-called “injection pro-
blem” (e.g., Ellison et al. 1996), have become well understood, electron acceleration
remains problematic. So-called shock drift acceleration can produce a small flux of
moderate energy electrons at a quasi-perpendicular shock. Diffusive (Fermi) accelera-
tion of electrons is believed to occur above a certain electron energy needed to permit
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scattering, but at this time the “injection problem” (the ability to accelerate particles
in the thermal pool up to the critical energy where shock acceleration can take over)
is unsolved for electrons.

We know empirically from the radio signatures of type II bursts, for example, that
coronal shocks can accelerate non-thermal electrons to low energies (e.g. Wild et al.
1963), and this process can be observed operating in the heliosphere (Bale et al. 1999)
as well. Under appropriate conditions high-energy electrons may also be accelerated
in this way (Holman and Pesses 1983; Mann et al. 2001), and shock-accelerated
high-energy electrons have been observed (e.g., Simnett 2003). The problem lies
in understanding the geometry of shock excitation and propagation with respect to
the observed coronal hard X-ray sources. For a large-scale loop with a long-lasting
population of high-energy electrons, we would want the shock to form below the
structure to be effective, and at the same time not to disrupt it as a CME expands.
Large-scale shock waves in association with CMEs are known from their Moreton-
wave and radio signatures (e.g., Pick et al. 2000) to propagate in the corona at heights
below about 0.5 Ry However, we note that the moving coronal hard X-ray sources
(Sect. 2.2.6) have speeds that tend to associate them with the body of a CME, rather
than its emission front or any bow shock.

3.5 Super-hot thermal coronal sources

Coronal hard X-rays that can be explained as thermal sources (see Sect. 2.3.1) require
temperatures on the order of 30 MK and above (Lin et al. 1981), and almost certainly
involve the relaxation of distribution functions from distributions originally having
non-thermal tails. Such sources occur at all different times in the flare, and the larger-
scale coronal sources, with reduced collisionality, may provide good observational
information about how a plasma thermalizes.

A significant body of work has developed to model the process termed “chromos-
pheric evaporation,” usually proposed as the means by which coronal loops are filled
with hot plasma. The most recent and most elaborate single-loop radiation hydrody-
namic modelling, by Allred et al. (2005), includes electron beam energy deposition,
hydrodynamics, classical conduction, and radiative losses in both optically thin and
optically thick radiations. Multiple single-loop models have also been combined to
reproduce the emission observed in realistic flares, where we know that multiple
loops, “lighting up” at different times, are involved (Hori et al. 1998; Aschwanden
and Alexander 2001; Warren 2006). A basic result of all of such models as they cur-
rently stand is that, while the required coronal density increase can be obtained for
mostly reasonable energy fluxes per unit area into the chromosphere, the temperature
increase cannot. For example, in the Allred et al. (2005) simulations, a value of 10!
erg (cm? s)~'—equivalent to a very large flare—cannot increase the coronal tempe-
rature beyond 10 MK, which is still much too cool to be relevant to the observations.

To obtain temperatures consistent with the Masuda source for example, Warren
(2006) requires up to 10'3 erg (cm? s)~!; this is many times the photospheric radiant
energy flux. An electron beam with this energy flux cannot—according to our current
understanding—propagate stably through a corona with reasonable physical parame-
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ters. To explain thermal hard X-ray coronal sources by evaporation may still require
coronal energy input by something other than an electron beam; in a plasma one gene-
rally must consider the physics of the return current for the beam (e.g. van den Oord
1990). There is little literature yet on the consequences of this physics for the coronal
hard X-ray sources.

3.6 Summary of theory

The observed coronal hard X-ray sources pose the usual major questions: how are the
electrons accelerated, how can they be trapped in the corona for minutes or hours;
and how are they related to the fundamental problems of flare physics. The distinction
from previous work on flare hard X-rays is that we are now able to observe sources
that systematically differ from the standard paradigm of the impulsive phase: the
thick-target model with hard X-ray footpoints, soft-hard-soft spectral behavior, and
the Neupert effect. The coronal hard X-ray sources may exhibit none of these features
or else display them in clearly different ways.

Of the models discussed, the most attractive appear to be those involving turbulent
acceleration/trapping in the corona, and acceleration in a collapsing trap. However,
in the turbulent model the relation of the acceleration physics to the overall magnetic
geometry and evolution is unspecified and unclear, the treatment of turbulence is ad
hoc, and the link to reconnection microphysics (in the case of turbulent current sheets)
not yet made due to the great range of scales in the problem. The collapsing trap
model for its part is attractive due to its ability to link the acceleration to large-scale
changes in the coronal magnetic field, but it is not clear that it can provide the required
energies. Indeed, we do not know the details of the magnetic geometry, especially
during the rapid restructuring necessary to release flare energy or launch a CME. Thus
the RHESSI imaging spectroscopy in a sense is providing more information than
theories can yet handle.

4 Conclusions and future developments

The material presented above makes it clear that we can detect hard X-ray emission
from all phases of solar flares. The observations reflect non-thermal emissions from
electrons over a wide range of energies (few keV for the double coronal type, to
MeV for the coronal y-ray sources) as well. Table 1 summarizes the observations
by class of event. In most cases we do not have enough observations to support a
proper classification into observationally distinct categories. We see clear hints that
the coronal hard X-ray sources may have different physics (for example, acceleration
mechanisms) in some cases. The normal paradigm for solar hard X-ray consists of
the impulsive-phase footpoint brightening, the Neupert effect, and the soft-hard-soft
spectral evolution. Because some of our coronal hard X-ray sources may differ, we
feel that they are well worth study and may provide interesting new ideas for non-solar
applications.

In the meanwhile we have shown how sketchy our solar observations really are.
They are limited by sensitivity (the sources may be bright, but they are also highly
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time-variable) and by image dynamic range. The root cause of this latter problem
is the brightness of the footpoint sources in most cases; the most interesting coronal
sources tend to occur in conjunction with the very brightest impulsive-phase hard X-ray
sources, and in the later phase of a flare, in competition with extremely intense ther-
mal emission from coronal loops. The RHESSI attenuator system and its two-segment
detector design (Lin et al. 2002) have helped enormously with these observational pro-
blems, but much more remains to be done. We suggest that focusing optics at grazing
incidence may help to suppress image background levels and thus make it possible
to observe faint coronal sources such as the electron streams known to produce radio
type III bursts (e.g., Krucker et al. 2008) in the near vicinity of a flare. This capability
should be accompanied by larger effective area. Solar flare observations traditionally
emphasize the brightest sources (they tend to have the most comprehensive data cove-
rage), rather than the faintest (the brighter objects tend to have already been studied) as
in nightttime astronomy, so there are great ranges of yet-unexplored parameter space.
In other words, the solar corona is quite bright in absolute terms.

Solar hard X-ray observations have not yet achieved sufficient sensitivity for us
to study energy-release phenomena that have been well-known for many decades
from metric-band radio observations, but have never been susceptible to observations
at shorter wavelengths. The type III burst electrons are one example, but equally we
should be able to observe particle acceleration in shock fronts associated with eruptive
flares and CMEs (Kahler and Ragot 2008). The powerful non-thermal phenomena
that occur in the corona following the most powerful flare/CME processes remain
mysterious, and better data are needed to understand how particle acceleration can
occur so late in such events, well after the dominant energy release in the impulsive
phase.
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5 Appendix A: Emission mechanisms revisited

Electrons passing through a cosmic gas will interact with other atoms and ions, any
bulk magnetic field and the photons of any ambient radiation field. The resulting free-
bound (recombination), free-free (bremsstrahlung), synchrotron and inverse Compton
mechanisms are well understood (e.g., Blumenthal and Gould 1970; Tucker 1975;
Rybicki and Lightman 1979). At the level of quantum electrodynamics, the last three
of these are essentially the same process, involving the scattering by electrons of real
photons, or the virtual photons mediating electrostatic or magnetic fields. All of these
mechanisms can in principle contribute to hard X-ray production but to varying degrees
depending on the gross properties of the ambient plasma and the energy distribution
of the accelerated electrons. Coherent emission of X-rays via some plasma process
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seems implausible, requiring n, ~210%° cm~3 if it were to occur analogously to Type IIT
radio bursts, for example.

Korchak (1967, 1971) considered the relative contributions of the bremsstrahlung,
inverse Compton and synchrotron mechanisms for plausible flare electron energies
in the solar atmosphere. He concluded that bremsstrahlung would normally dominate
hard X-ray production and that an inverse Compton contribution might sometimes
be significant, particularly in the low ambient density conditions relevant here. A
significant synchrotron contribution was found highly unlikely. He did not consider
recombination radiation.

Here we revisit Korchak’s discussion, giving a few useful results for the photon
spectra produced by the various mechanisms, and comment briefly on relevance to
coronal hard X-ray sources.

5.1 Synchrotron radiation
Non- to mildly-relativistic electrons radiate at the gyrofrequency
vp = 2.8 x 10°B

(in Hz, with magnetic field strength B in G) and its first few harmonics. Even for
sunspot magnetic fields in the kG range, this cyclotron radiation lies in the radio part
of the spectrum.

If electrons are relativistic with speed Bc, the gyrofrequency is shifted by a factor
y = (1 - B 2) - 2, harmonics merge to form a continuum and radiation is found in the
wavelength range given by the synchrotron frequency (Blumenthal and Gould 1970;
Ginzburg and Syrovatskii 1969), equivalent to a photon energy of

es = 1.74 x 1072 BkeV.

Likely coronal fields in the 100-1,000 G range then necessitate electron energies of
10s of GeV. We know that positrons of 100s of MeV are certainly produced in some
flares via p — p collisions and pion decay (Murphy et al. 1987); and electrons of
10s of MeV energies are observed in the interplanetary medium (Moses et al. 1989).
These are the highest known energies attained by electrons in flares, however. There
is no evidence at all for electrons of the energies needed for a significant synchrotron
contribution to hard X-ray’s and we do not consider this possibility further.

5.2 Inverse Compton radiation

Consider an electron of energy ym.c> encountering a photon of energy ;. After the
encounter the photon has an energy €’ which depends in detail on the kinematics of
the collision but has a maximum value of 4y 2¢;. To within a factor of order unity

€ ~eqy’e
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(e.g., Tucker 1975; Blumenthal and Gould 1970) for most encounters, in the limit
y > 1. Thus, to scatter photospheric photons of typical energy 2 eV into the hard
X-ray range (say, 20 keV) we need electrons with energies in the region of 50 MeV.
Such electrons (or positrons) are certainly present in some large, energetic flares at
least (e.g., Moses et al. 1989; Vilmer et al. 2003; Rieger et al. 1983). To scatter 1 keV
soft X-ray photons to 100 keV needs only 5 MeV electrons, for which there is hard
X-ray and radio evidence in many flares. Such photons are many orders of magnitude
less numerous than optical, photospheric photons, however.

To correctly calculate the inverse Compton photon spectrum we need to inte-
grate over both the electron and photon velocity distributions, paying proper attention
to kinematics and weighting by the appropriate (Thomson or Klein-Nishina) cross-
section. Explicit results have been obtained in the relativistic limit for some special
cases. We quote one of these here, simple enough to be useful for first estimates. It
gives the volume emissivity j. (photons keV~! s~1) produced by isotropic, relativistic
electrons (y >> 1) interacting with isotropic, mono-energetic photons of energy ¢;:

8r2c Eo 5—1 e \1-9/2
Iic(e) = EO nuNo(S—l)( ) Q(3)( ) Q)

mc? 4¢;

(Blumenthal and Gould 1970; Tucker 1975). Here n,, is the photon number density
(cm™3), Ny is the local fast electron density or the total number of electrons in a
homogeneous source above energy Ey, g is the classical electron radius and electrons
have been assumed to have a kinetic energy distribution function ~ E~%. The (order
unity) function Q is given by

2 (11448 + 8%
(148348548

0¥ =

The photon density ), is a crucial parameter here. Attributing all of the solar luminosity
of 4 x 103 erg s~! to 2 eV photons gives n,, 101> cm™3.

The solar spectrum is of course not composed of mono-energetic photons of 2
eV. Analytical expressions for more elaborate photon distribution functions have been
obtained, e.g. for the inverse Compton spectrum resulting from a blackbody photon dis-
tribution (Blumenthal and Gould 1970; Tucker 1975). Equation (5) is more restricted
in applicability, but more immediately informative for order-of-magnitude purposes.
Note that it does assume that the electron power-law energy distribution extends to
arbitrarily high energies. If there is a maximum electron energy ymaxmc?, the inverse
Compton photon spectrum will steepen and tail off to zero at €yyx = 4)/[%1“6,-.

Inverse Compton radiation from highly relativistic electrons is beamed, with a cone
of emission of angular width &  ~!. If emitting electrons are not isotropic, as assumed
in (5), the intensity of the radiation may depend strongly on viewing angle. Electrons
travelling e.g. along the field lines in a loop magnetic structure could produce apparent
isolated patches from the point of view of a particular observer.
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5.3 Bremsstrahlung versus inverse Compton

Ever since Korchak’s work, flare hard X-rays have been interpreted as electron-ion
bremsstrahlung. An electron—electron component becomes significant for € < 300
keV (Haug 1975; Kontar et al. 2007). Restricting attention to lower energies than this,
the bremsstrahlung emissivity j(¢) (keV~!'s™!) of a population n(E) (keV~lem™3)
of electrons in a fully ionized hydrogen medium of density n, (cm™3) is given by

7 d
jBR(€) = n,V / N(EYo(E)S-(c. E)dE ©)

We have neglected the directionality of bremsstrahlung in the 10 s of keV energy
range so there is no dependence on viewing angle and electron angular distribution.
In contrast to inverse Compton or synchrotron radiation, bremsstrahlung photons of
energy € are produced by electrons with energies E > €. Equation (6) is, again, ave-
raged over viewing angle or, equivalently, appropriate to an isotropic distribution.
At relativistic energies electron-electron bremsstrahlung becomes comparable to the
electron-ion component (see Sect. 2.3.3 for relevant observations).

Expressions for the bremsstrahlung cross-section do/de have been found in various
limits (non-relativistic, ultra-relativistic, etc.); see Koch and Motz (1959). The simplest
possible (Kramers) approximation is useful for first estimates in the non-relativistic
regime:

Ed_o B 4J§ar2mec2
de ~ 3 Y E”

where « is the fine-structure constant. Inserting this cross-section in (6) and adopting
the same power-law energy distribution as above, we find

2 _ 5—1 1/2-5
(o) = SXC20Z D,y ( EOZ) ( : 2) ' @

3 ¢ 25—1) "7 \nee Mec

Similar expressions may be found for more elaborate cross-sections e.g. in Brown
(1976).

We can rewrite (7) usefully as follows. Suppose we view an isolated hard X-ray
source of angular size « at distance D so that its volume is ~ (« D)3. Let electrons of
energies > Eq constitute a fraction n of all electrons in the source volume. Then the
observed photon flux from the whole source at D = 1 AU is j(¢) = Ae*~1/2 where

206 — 1
A= 0.0117115013(—1)E871

and « is now measured in arcsec and ng is density in units of 10° cm™3.
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Observing at photon energy € < mec?, suppose we view aregion in which electrons

have an energy distribution N (¢) ~ E~? extending to arbitrarily high energies. The
relative magnitudes of inverse Compton and bremsstrahlung contributions obey

; (1-8)/2 5—1/2
1€ _ 2 o5 1)) (i) ( 62) :
4¢; MmeC

jBr(E)  2am,

Inverse Compton radiation, with its harder photon spectrum, eventually dominates
over bremsstrahlung. With an ambient coronal density of 10° cm™3, n,/n » = 1,000
and this ratio may approach or exceed unity, in the 10-100 keV photon energy range,
for the hardest likely energy distributions (e.g. § = 2). If there are regions where the
ambient density appears to be too low for consistency with observed hard X-rays, an
inverse Compton contribution should perhaps be considered.

This brief discussion assumes that electrons are present with E & €. If most elec-
trons had energies > €, the bremsstrahlung contribution at € would be depressed
compared to the estimates above. Any anisotropy of photon and electron distributions
will also revise the spectrum from the form (5), in a way dependent on the details of
these distributions referred to viewing angle.

5.4 Recombination radiation

Considered unimportant for decades (since Culhane and Acton 1970), recombination
radiation has recently received renewed attention. The higher iron abundance now
believed appropriate to the solar atmosphere is a key factor in this revision (Brown,
private communication). Brown and Mallik (2008) suggest that it may contribute signi-
ficantly to flare X-rays in the 10—40 keV range, particularly if the emitting electrons
recombine in a region of high ambient temperature (>107 K, so that most species are
ionized) and have a steeply falling energy distribution (e.g. § = 5). The requirement
for a hot plasma makes a recombination contribution particularly likely from coronal
hard X-ray sources. The sharp emission edges in the recombination continuum could in
principle map out features in the electron spectrum, and so there is in principle impor-
tant diagnostic potential in observing it (Brown and Mallik 2008). At present there is
no observational evidence for this process in the hard X-ray continuum, unfortunately.

5.5 Thick targets

The phrase “thick target” was introduced in laboratory studies of hard X-ray pro-
duction to refer to a situation in which bombarding particles encounter a target thick
enough to stop them completely (e.g., Koch and Motz 1959). It is vital to distinguish
between the energy distribution injected into such a source and the mean energy distri-
bution representative of the source as the emitting electrons slow down. All the results
above are for electron distributions frozen at one instant. The relative importance of
bremsstrahlung and inverse Compton radiation, for instance, will change as electrons
evolve in energy, but qualitative conclusions from the above are unchanged.
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Expressions for hard X-ray spectra from solar thick-target situations were first given
in Brown (1971). These are not obviously appropriate, without further consideration,
to coronal sources unless electrons actually stop within the region being studied.

6 Appendix B: Coronal time scales

Assuming a simple slowly varying coronal magnetic field, charged particles will follow
the adiabatic motions allowed to them by the large-scale geometry. In the absence of
wave-particle interactions, this means that particles will gyrate around the field in the
Larmor motion, bounce back and forth along it between mirror points, and execute drift
motions. The solar magnetic field on active-region scales does not have axisymmetry
with respect to the body of the Sun, so these drifts eventually result in particle loss. In
the meanwhile, in the absence of wave-particle interactions, energetic electrons may
be trapped while they lose energy to collisional and synchrotron losses.

Figure 16 shows representative time scales for electron collisional losses, synchro-
tron losses, and adiabatic drift motions. These assume 90° pitch angles and therefore
represent upper limits for particles that can generally penetrate to lower-lying mirror
points. The defaults for these curves are (ne, B, £ = B/VB) = (108 cm™3, 10 G,
and 7 x 10° cm), respectively. The total radiated power in the synchrotron emission
spectrum is given by

P =159 x 107" B?y?B%erg/s

for relativistic y and f; the synchrotron time scale thus scales as (yB)~2 and so it could
compete with the dominant Coulomb collisions for large pitch angles at the higher
energies. The collision loss time scales as (. 8) ! and the drift time as 2872 B, where
ne is the density and £ a scale length for the magnetic field strength.
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Fig. 16 Representative time scales for fast electrons in the solar corona: solid the Coulomb collision time
assuming a density of 108 cm—3, dotted synchrotron radiation assuming B = 10 G, dashed gradient-B drift
over a spatial scale of 0.1 Rp
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From Fig. 16 we see that collisional losses dominate synchrotron losses at lower
energies. In the absence of wave—particle interactions, this implies a long trapping time
for electrons in a mirror geometry, which should generally prevail in a coronal magnetic
field with weak currents. Hard X-ray production scales with the collisional energy
losses, so in a thick-target sense—integrating over the lifetime of the electrons—the
ratio of synchrotron emission to bremsstrahlung emission will increase in proportion
to the trapping time.
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