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ABSTRACT

Context. A thorough understanding of solar flares requires determining the physical parameters of both the hot thermal plasma and
the accelerated nonthermal electrons. This can be provided by hard X-ray (HXR) observations. In addition to HXR spectroscopy,
imaging is needed to measure the geometric HXR source sizes. These parameters may vary as a function of flare size, importance,
and time.

Aims. We determine the scaling relations of the geometric source parameters of both thermal and nonthermal HXR sources with
respect to length scale and flare importance, and we characterize their temporal evolution. This is required for further studies involving
parameters such as thermal energies, plasma densities, and current densities.

Methods. In a previous paper, we obtained time series of the geometric HXR source sizes (thermal and nonthermal) for 24 flares from
GOES class C3.4 to X17.2 using the RHESSI instrument. Here, we investigate how themal volumes, nonthermal footpoint areas,
and footpoint separations depend on the flare length scale and GOES importance. In addition,we study the time evolution of these
geometric parameters.

Results. The increase in the thermal source volume with length scale is slightly below a Euclidian scaling, but not too far from it. The
thermal source volume is correlated with GOES class, which contrasts with what was found for RHESSI microflares. The nonthermal
footpoint areas, on the other hand, are not well-correlated with either length scale or GOES class. With regard to temporal evolution,
the RHESSI thermal source volumes tend to show a more complex behavior than the simple growth-decline pattern typical of flares
observed in EUV. In most events, the thermal volume shows a rapid initial rise to a peak in the early impulsive phase. This peak is
correlated with the initial downward motion of the coronal source, and is consistent with the notion of initially contracting magnetic
field lines.

Conclusions. The behavior of the geometric parameters of thermal and nonthermal HXR sources is generally consistent with the
standard model of eruptive solar flares: a quasi-Euclidian scaling of volume with length scale, an initially decreasing thermal volume
due to field line shrinking, followed by an increase in both volume and footpoint separation with time as the arcade of reconnected
flare loops grows. However, the thermal volume is not the dominant factor in determining thermal energy, as well as thermal SXR and

HXR flux. Electron density and/or temperature seem to be more important parameters in this respect.
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1. Introduction

In solar flares, energy stored in nonpotential magnetic fields is
released impulsively and converted to the kinetic energy of ac-
celerated nonthermal particles and bulk mass motions (e.g., jets),
and to the thermal energy of hot plasmas (7" > 10 MK). The hard
X-ray (HXR) range (here defined as energies above 6 keV) is the
most important source of information on these processes, since
both accelerated electrons and hot plasmas radiate in this energy
band (via nonthermal and thermal bremsstrahlung, respectively).
In addition to parameters derived from spectrosopy (e.g., tem-
perature and emission measure of the thermal plasma or total
number of injected nonthermal electrons), geometric parameters
are needed to fully understand the physics of energy release and
particle acceleration in solar flares. In particular, the volume of
the thermal plasma is required for deriving the thermal energy
and electron density of the hot plasma, while the nonthermal
footpoint areas determine flux densities of the electron beams
and of the conductive losses.

Article published by EDP Sciences

Both spectroscopic and geometric parameters of solar flares
in HXRs are provided by the Ramaty High Energy Solar
Spectroscopic Imager (RHESSI; Lin et al. 2002) in unprece-
dented quality. With respect to imaging, a lot of work has ex-
ploited the first moment of the HXR brightness distribution
— the source positions. The energy dependence of footpoint
source heights has been studied by Aschwanden et al. (2002)
and Kontar et al. (2008), while studies of the temporal evolu-
tion of source positions have revealed important findings, such
as an early downward motion of coronal sources (e.g., Sui &
Holman 2003; Veronig et al. 2006; Liu et al. 2009), and foot-
point motions that can be understood in terms of progressive
magnetic reconnection and that can be used to derive recon-
nection rates (e.g. Krucker et al. 2005; Miklenic et al. 2007)".
In comparison, relatively little work has been done on the tem-
poral evolution of the second moment of the brightness distri-
bution — the source size. In most cases, source sizes have only
been determined for one time instance in each event, usually the

I For a review, see Fletcher et al. (2011).
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Table 1. Geometric parameters of the 24 flares analyzed.

87 (2013)

Flare Event GOES Vdir Vdir Vind Vind Anth,tnt Anth,tol dFP dFP
No. date class  SXR peak range SXR peak range HXR peak range HXR peak  range
(10 cm®)  (10% cm?) (10 cm®) (10 cm®) (107 cm?) (107 cm?) (Mm) (Mm)
1 2002 Aug. 30 C34 1.8 1.8-5.4 4.8 4.8 3.0 3.0 20 20
2 2007 Jun. 03 C5.3 1.2 0.7-3.7 3.1 2.6-3.1 2.7 2.6-2.7 12 12-15
3 2002 Nov. 14 C5.5 0.6 0.3-2.9 33 2.0-3.3 2.5 1.7-2.5 16 16
4 2002 Oct. 05 C6.2 0.3 0.2-0.3 0.7 0.7 2.1 2.1 4 4
5 2002 Oct.24  C74 2.7 2.3-38.9 7.0 7.0 4.6 4.6 19 19
6 2002 Jun. 02  C9.4 0.4 0.4-1.9 1.8 1.8-3.1 3.6 2.2-3.6 11 10-11
7 2003 Jul. 17 C9.8 1.3 0.4-4.5 5.6 1.9-5.6 1.5 1.3-3.6 18 16-20
8 2002 Apr. 15 M1.2 5.5 3.1-20.8 11.9 11.9-16.7 7.3 3.7-7.3 29 29-40
9 2002 Sep. 10 M2.9 35 0.8-19.0 33 2.1-33 1.2 1.2-1.7 22 22-24
10 2011 Feb. 24  M3.5 2.7 2.1-12.2 1.7 1.5-23 1.3 1.3-2.3 16 13-19
11 2002 Mar. 17 M4.0 1.0 0.7-13.1 1.2 1.2-6.0 1.2 1.2-3.6 12 12-21
12 2002 Aug. 22 M5.4 15.2 5.3-33.4 30.9 17.5-30.9 4.7 3.1-4.7 84 71-84
13 2004 Jul. 13 M6.7 1.4 0.4-2.6 1.3 1.3-1.5 1.7 1.2-1.7 11. 11-13
14 2005 May 13 MS8.0 26.0 10.1-69.1 233 23.3-34.3 6.8 5.4-7.5 54 54-58
15 2002 Apr. 10 M8.2 1.9 1.5-18.4 6.3 3.4-6.3 2.5 2.5-4.5 17 17-18
16 2005 Jan. 19 X1.3 18.0 12.2-121.8 8.1 4.5-23.2 2.6 1.3-7.7 22 22-53
17 2006 Dec. 14 X1.5 3.5 2.7-15.4 8.1 6.8-8.1 32 3.0-3.8 27 26-35
18 2005 Jan. 17 X3.8 5.0 2.0-41.7 16.8 5.5-21.8 2.9 2.2-6.7 30 30-54
19 2003 Nov. 03 X3.9 4.2 1.3-4.6 4.2 1.9-4.8 1.9 0.7-2.2 27 26-35
20 2002 Jul. 23 X4.8 3.8 2.8-14.4 35 2.8-5.9 2.1 1.1-2.8 22 21-37
21 2006 Dec. 06 X6.5 10.2 3.4-48.4 5.9 59-11.2 5.7 2.1-5.7 16 16-40
22 2005 Jan. 20  X7.1 76.0 14.2-94.2 5.3 2.8-53 22 1.5-2.8 24 23-28
23 2003 Nov. 02  X8.3 6.3 4.5-90.3 14.2 5.1-14.2 3.0 2.3-5.0 24 24-36
24 2003 Oct. 28  X17.2 56.1 31.3-56.1 23.1 11.7-31.0 5.8 2.1-5.8 66 66-72

Notes. For details, see main text.

peak time of the thermal HXR or soft X-ray (SXR) emission
for the coronal thermal sources (e.g. Saint-Hilaire & Benz 2002;
Emslie et al. 2004; Hannah et al. 2008), and the nonthermal HXR
peak time for the footpoints (e.g. Veronig et al. 2005; Dennis &
Pernak 2009). When combining this information with spectro-
scopic parameters, it is then usually assumed that the source size
is constant over the event. However, significant and rapid vari-
ation in the HXR spectra show that both electron acceleration
and plasma heating can undergo dramatic changes during a flare
(cf. Holman et al. 2003; Grigis & Benz 2004; Warmuth et al.
2009a), changes that are possibly not consistent with constant
source sizes. This is supported by observations that show source
sizes differ strongly between the early phase and the main phase
of a flare (e.g. Lin et al. 2003). Another question is the scaling
between geometric parameters and flare importance: while stud-
ies based on SXR and extreme ultraviolet (EUV) observations
of flares, microflares, and nanoflares have found correlations be-
tween source size and peak flux (e.g. Shimizu 1995; Ofman et al.
1996; Aschwanden & Parnell 2002), RHESSI observations of
microflares could not verify such a relationship (Hannah et al.
2008).

The main reason for this comparative lack of indepth stud-
ies of the behavior of source sizes is that they are difficult
to measure reliably, because different methods are giving dif-
ferent results. While there have been studies that used differ-
ent imaging techniques to get more reliable source sizes and,
equally important, an estimate of the probable uncertainties,
these studies have again focused on peak times (e.g. Saint-
Hilaire & Benz 2002, 2005; Emslie et al. 2004; Dennis & Pernak
2009). In a preceding paper (Warmuth & Mann 2013, hence-
forth Paper I), we have thus systematically measured source
sizes in solar flares using RHESSI HXR images. We consid-
ered both thermal coronal sources and nonthermal footpoints and
evaluated the characteristics and uncertainties of four different
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imaging algorithms: CLEAN, Pixon, Visibiliy Forward Fit, and
MEM_NIIT. This was done for 24 flares ranging from mid-C-
class to large X-class. In each event, geometric parameters were
derived as timeseries. Generally, the different algorithms gave
consistent geometric parameters. In some cases where one of the
methods showed stark disagreement with the other three, it was
rejected as inappropriate for the event and source type®. We then
adopted the mean of the values given by the different methods as
our most probable thermal volumes and nonthermal areas, and
included the corresponding standard deviation as a measure of
the systematic uncertainties in these parameters. The systematic
uncertainties were found to be about twice as large as the sta-
tistical uncertainties, so we have derived our error bars from the
former ones.

This careful determination of the geometric HXR source pa-
rameters in Paper I gives us the confidence to study the behavior
of these parameters in more detail. In this paper, we consider
scaling relationships and the temporal evolution of the source
sizes. Observations and measurements are briefly described in
Sect. 2. The relationship between the different geometric param-
eters is discussed in Sect. 3, while the scaling of the parameters
with flare importance is studied in Sect. 4. In Sect. 5, we an-
alyze the temporal evolution of the geometric parameters. The
conclusions are given in Sect. 6.

2. Observations

We have obtained time series of HXR images (both in the ther-
mal and nonthermal regime) with RHESSI for 24 flares ranging
from GOES class C3.4 to X17.2, thus covering some 2.5 decades
of the GOES importance range. Many of these flares have al-
ready been used for comparison with the results of a shock-drift

2 Not deselecting methods for individual events has a negligible influ-
ence on the results of both paper I and this paper.
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acceleration model (Mann et al. 2009; Warmuth et al. 2009b),
and for the study of nonthermal energetics in the framework
of magnetic reconnection (Mann & Warmuth 2011). Four dif-
ferent imaging methods were employed: CLEAN?® (Hurford
et al. 2002), Pixon (Metcalf et al. 1996), Visibiliy Forward Fit
(Hurford et al. 2005), and MEM_NIJIT (Schmahl et al. 2007).
All events showed a thermal coronal source and two nonthermal
footpoints.

We fitted the sources with 2D Gaussians, yielding the major
and minor axes (FWHM), w, and w;,. From these linear dimen-
sions, the source area is obtained via

A=w,w,n/4 (D

for the thermal source (Ay,) and the nonthermal footpoints (Aym, 1
and Ay 2, with the total footpoint area Anh ot = Anth,1 + Anth2)-
The volume of the thermal coronal source can be obtained with
the so-called “direct method” by

Vai = Ay 4/Gn'2). @)

Alternatively, the “indirect method” derives the thermal volume
from the separation of the footpoints, dpp and their total area,

Vind = Amh,tot dFP 77/4’ (3)

We have assumed both area and volume filling factors of unity,
so the derived quantities are apparent areas and volumes that
represent upper limits. The true plasma-filled volumes or loop
footpoint areas may be smaller owing to the filling factors of
less than unity that result from filamentary geometries (see e.g.
Aschwanden & Aschwanden 2008b).

Comparing four different imaging algorithms allowed us to
obtain the most reliable values for source sizes and to assess
the possible uncertainties. After rejecting inappropriate imaging
methods on a case-by-case basis, we have adopted the mean of
the values given by the remaining methods as the definite value
for the parameter, while the standard deviation provided an esti-
mate of the uncertainties. Typical relative uncertainties are 25%
for thermal volumes and 40% for nonthermal footpoint areas.

Table 1 shows all flares in ascending order of GOES impor-
tance. Indicated are the event number and date, GOES class,
thermal volume Vg, at the time of the GOES SXR peak, the
range of Vg, over the whole event, thermal volume Vi, at
SXR peak and range over the event, total footpoint area Ay 1o at
the peak time of the nonthermal HXR flux and its range over the
event, and footpoint separation drp at HXR peak time and over
the event.

For more details on the observations and measurements, see
Paper I.

3. Scaling between geometric parameters

We begin by investigating the relationships between geometric
parameters of HXR sources in solar flares. The HXR sources
were fitted with elliptical Gaussians, so we first study the ra-
tio between minor and major axis as a function of source size.
Figure 1 shows the aspect ratio wp/w, as a function of major axis
size w, for both the thermal sources and the nonthermal foot-
points. In contrast to Paper I, we give linear source sizes here in
units of Mm, not in arcseconds.

3 For the thermal sources, we have deconvolved for the CLEAN beam

(e.g. Saint-Hilaire & Benz 2002), while for the nonthermal sources we
used the CLEAN component method of Dennis & Pernak (2009).
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Fig. 1. HXR source aspect ratio, wy/w,, as a function of major axis size
w, for thermal (left) and nonthermal sources (right). Also shown are
power-law fits using the BCES bisector method (dashed lines), the slope
« and intercept b of the obtained power law, the rank correlation coeffi-
cient R, and the number of value pairs, N. The dotted lines represent the
lower threshold on w,/w, imposed by RHESSI’s resolution limit of 2”.
Larger sources have smaller aspect ratios, i.e., are more elongated.

Also shown are power-law fits obtained with the bivariate
correlated errors and instrincic scatter (BCES) bisector estima-
tor (Akritas & Bershady 1996). This method is based on per-
forming two weighted linear least-squares regression fits on the
data, or in this case, on the logs of the data — logx on logy
and logy on log x. The bisector of these two lines is then ob-
tained as logy = b+ a'log x, and the corresponding power law is
y = 10°x?, with « as the slope and b as the intercept. The advan-
tage of this method is that it treats both variables symmetrically,
so it is to be preferred for establishing functional relationships
when the distinction between dependent and independent vari-
able is not clear, and when the scatter is fairly large. In contrast to
the much-used OLS bisector method (Isobe et al. 1990), BCES
bisector also accounts for measurement uncertainties.

In addition to the slope and intercept, @ and b (including
standard deviation), the plots show Spearman’s rank correla-
tion coefficient R and the number of value pairs N (includes
all fitted sources from each event). For both types of sources,
there is a clear tendency (R < —0.65) for larger sources to have
smaller aspect ratios, which means that larger sources tend to
be more elongated. Assuming that the thermal emission comes
from loops (or bundles of loops), this implies that with growing
geometric sizes, the loop length increases at a higher rate than
the loop width. This agrees with the characteristics of loops in
active regions transient brightenings observed by Yohkoh/SXT
(Shimizu 1995).

The decrease in the aspect ratio is even more pronounced in
the case of the footpoints: there is a well-defined (R = —0.8),
inversely linear (@ ~ —1) relationship with major axis size. This
means that while w, g, increases strongly for larger sources,
Wp.nth only grows modestly. In other words, the areas Apgp pp of
the footpoints are mainly determined by their major axis. It is
expected that the major axes are aligned with the flare ribbons
(Liu et al. 2007; Dennis & Pernak 2009). Thus it is primarily the
length of the nonthermal HXR source along the flare ribbon that
determines the footpoint area. This is consistent with the notion
proposed by Dennis & Pernak (2009) that the footpoints are ac-
tually ribbons with thicknesses that are comparable to the flare
ribbons seen in EUV.

There is a lower threshold on the derived source dimensions
and aspect ratios imposed by RHESSI’s resolution limit of 2”.
For the thermal sources, w, and w,/w, are well above these lim-
its. While this is also true for the nonthermal sources, the corre-
sponding aspect ratios are closer to the limit and show a similar
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Fig. 2. As in Fig. 1, but showing major and minor axes, w, (left) and w,
(right), as a function of footpoint separation, dgp, for thermal (fop) and
nonthermal sources (bottom).

slope. This could imply that the minor axes are not well resolved,
a notion suggested by Dennis & Pernak (2009) and supported in
our Paper I.

Next, we study the dependence of the different geomet-
ric parameters on the length scale L. As an example, a purely
Euclidian scaling would result in source linear dimensions, ar-
eas, and volumes being proportional to L to the first, second, and
third powers, respectively. In contrast, the volume of filamentary
structures, such as thin loops, scales linearly with L. In the fol-
lowing, we adopt the footpoint separation dgp as length scale.
This quantity has the advantage of being very well measured by
RHESSI (relative uncertainties on the order of 3%), and that it
is directly proportional to the loop length / (I = dppmr/2), which
is often used as length scale in studies of scaling relationships.
For instance, this is the case in the well-known RTV law (Rosner
etal. 1978), which is a theoretical scaling law between pressure,
peak temperature, and loop length in static coronal loops.

The two upper plots in Fig. 2 depict the relationship of the
major and minor axes of the thermal sources with dgp, while
the lower row shows the same relationship for the nonthermal
footpoints (only cotemporal measurements are included). In the
thermal case, both w, 4, and wy 4, are moderately well correlated
with dgp, the correlation being more pronounced for wp . The
major axis w, is linearly related to dpp (@ = 1), whereas wy g,
rises slightly less steeply with increasing dpp (@ = 0.76). This
reflects that larger thermal sources have a smaller aspect ratio.
In contrast to the thermal sources, the footpoint sizes show a
very weak dependence on dpp (R = 0.2).

We now progress to the relationship of the source areas
to drp, which is shown in Fig. 3. As was to be expected from
the behavior of the linear sizes, the thermal source areas Ay
are fairly well correlated with dgp (R = 0.56), with a power-
law slope of @« = 1.62 + 0.11, which is a scaling that is
slightly lower than Euclidian (¢ = 2), but not too far from it.
Remarkably, the power-law index is consistent with the ones
found by Aschwanden & Parnell (2002) for EUV microflares
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Fig. 3. As in Fig. 1, but showing thermal and total nonthermal source
areas, Ay, (left) and Apmo (right), as a function of footpoint separa-
[iOI‘l, de.

therm. volume (direct) therm. volume (indirect)

1020 , 1020 ,
0 2.374017 o: 1.54%0.10
b: 23.45+0.23 b: 24.54+0.14
1028} R: 0.55 1028} R: 0.77
= N: 107 N: 117
S, 1027}
1026} L}JI ; .
o5l 7 o5t~
10 ‘ 10 ‘
10 100 10 100
dep [Mm] dep [Mm]

Fig.4. As in Fig. 1, but showing direct and indirect thermal source
volumes, Vg, (left) and Viyq (right), as a function of footpoint separa-
[iOI‘l, de.

and by Aschwanden & Aschwanden (2008a) for the scaling
of maximum fractal flare area with length scale derived from
TRACE EUV data. In the latter study, the length scale was de-
fined as the square root of the total flare area. For the footpoints,
the correlation of total area Appor With dpp is somewhat better
than for the linear sizes, but still quite modest (R = 0.32). In con-
trast to the thermal source area, the footpoint area only increases
roughly linearly with length scale.

Finally, Fig. 4 shows the relationship of the direct and indi-
rect thermal source volumes with footpoint separation. Since it
is derived directly from the thermal source area, Vg shows the
same reasonable correlation with dgp as Ay, (R = 0.55), and cor-
respondingly the scaling (¢ = 2.37 £ 0.17) is slightly below a
Euclidian one (¢ = 3). We point out that Vg, at the time of the
SXR maximum, which is most relevant for determining the max-
imum thermal energy of the hot plasma, actually shows an even
stronger correlation (R = 0.9) with the footpoint separation. On
the other hand, Vj,q4 is well correlated with dgp (R = 0.77), which
is to be expected since dpp explicitly enters into the calculation
of Ving. With @ = 1.54, the scaling of Vj,q with dgp is not as steep
as for the direct thermal volume, and it results from Ay 1o being
only weakly correlated with dpp.

Summarizing, we have found that the scaling of the direct
thermal volume Vg with footpoint separation is slightly be-
low a 3D Euclidian scaling, albeit with significant scatter, while
the indirectly determined volume Vi, rises significantly less
steeply with length scale. This explains why we found in Paper I
(Sect. 3.3) that the scatter plot of Vi,g versus Vg can be fit with a
power law with a slope of less than unity (o = 0.63). This differ-
ent behavior again poses the question of the validity of the two
methods for volume estimation. While Vy;, is calculated from
quantities that can be measured reasonably well (i.e., at the 10%
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Fig. 5. Thermal coronal source volumes derived with the direct (Vg;;
left column) and indirect method (Ving; right column) as a function of
peak GOES soft X-ray flux Isxg (i.e., GOES class; Isxgr = 107 Wm™2
is a C1 flare, while Isxg = 10™* W m™2 represents an X1 flare) for the
24 flares analyzed. The upper row shows the volumes at the time of the
GOES X-ray peak (f = fmaxsxr), While the lower row depicts the mean
values of the volumes, with the error bars showing the whole range
from minimum to maximum. Also shown are power-law fits using the
BCES bisector method (dashed lines), the slope @ and intercept b of the
obtained power law, and the rank correlation coeflicient, R.

level) — w,m and wp; — Ving depends on dpp, which can be
determined with a very high accuracy, but also on the footpoint
sizes, which have significantly higher uncertainties (as shown in
Paper I). Moreover, the footpoints sizes can be measured during
a much shorter time interval than the thermal source (see Paper I,
Sect. 3.3). Finally, the indirect method adopts an oversimplified
flare model, because all it assumes that all thermal emission is
coming from a semicircular loop whose cross-section is deter-
mined by the nonthermal footpoint areas. While the footpoints
encompass the bases of magnetic loops onto which the bulk of
the energy is released in the form of nonthermal electrons at any
given time — and which are thus the locations of most plasma
evaporation and heating — thermal plasma can also be present in
other magnetic structures: in loops where electron acceleration
is no longer taking place, but which still emit thermal HXRs un-
til the plasma has cooled down due to radiative and conductive
losses, and possibly also in loops that are associated with non-
thermal electron fluxes that are too low to generate observable
footpoints.

We thus conclude that the direct method gives a more reli-
able estimate of the volume of the hot plasma in solar flares and
that the scaling of this volume with length is close to Euclidian.
This is generally consistent with studies of scaling relationships
using EUV data, which found fractal scalings of volume with
area with exponents of @ ~ 4/3 (Aschwanden & Parnell 2002)
and a ~ 5/3 (Aschwanden 2004), which is also not too far from
the Euclidian case (V(A) ~ A%/?).

total nonthermal area FP separation

—_
o
[

o: 0.64+0.53 T o: 0.39+0.08
< b: 20.16+2.24 P — b: 3.03+0.35 .
S 4g| R:008 . £ 100; Ri059 . L7
= 1018} I { = .
3 i % E <1 .
: Jﬁ[ %{%f ,,,,, g Lo
oF g P as -
A 17 s 1 ] bl i x =
< 10 , I -
g P < 10F % ]
< st 0.00£0.03 S -
116[ Pws: 17.42:0.12 i
10% 10° 10 210'3 102 10% 10° 10 210'3 102
lsxp [W m™] lsxp [W m™]
| total nonthermal area FP separation
107 57 0.5210.43 E o 0.37%0.08
— b: 19.63+1.86 . b: 2.93+0.35 P
. < = F . 4
E g R017 p E 100f R:061 L
= 10°°¢ - E = = -
S 4 gk T i %i
SRS EAE S N
- .17 L3 g i) /E -
510 "¢ ~ E| o r T
£ - = 10 . * k!
< Oyys: 0.03+0.02 -
116[ bus’ 17.60+0.08 R
100 10®° 10% 102 1072 10% 10®° 10% 102 1072
lsx [W m?] lsx [W m?]

Fig. 6. As in Fig. 5, but showing the total nonthermal footpoint areas
Anmor (left column) and the footpoint separation dpp (right column) as
a function of peak GOES soft X-ray flux Isxg. The upper row shows
Anmor and dpp at the time of the GOES SXR peak, while the lower row
depicts the mean values of the volumes, with the error bars showing the
whole range from minimum to maximum. For Ay o, We additionally
show power-law fits obtained with the WLS method (gray dotted line).

4. Scaling of geometric parameters with flare
importance

After having studied the relationship between the different ge-
ometric parameters themselves, we move to the question if the
source sizes are related with flare importance as parameterized
by the GOES class. The GOES importance is given by the peak
SXR flux during a flare. The SXR flux is dependent on tem-
perature, electron density, and volume of the thermal plasma.
It would thus be expected that flares with larger plasma vol-
umes are associated with higher GOES peak fluxes. This is pre-
dicted by the RTV scaling law (Rosner et al. 1978), and has
actually been found by studies using SXR and EUV data (e.g.
Shimizu 1995; Ofman et al. 1996; Aschwanden & Parnell 2002;
Aschwanden & Aschwanden 2008b). In contrast to this, a study
of RHESSI microflares did not reveal any correlation between
thermal HXR source volume and GOES class (Hannah et al.
2008), and in Paper I (Sect. 3.3) we found a distribution function
of volumes that was consistent with the microflares of Hannah
et al. (2008), which suggests that volume is not a crucial factor
for flare importance.

To investigate this discrepancy in more detail, we plot the
thermal volumes of our events versus the peak GOES SXR flux
Isxr (i.e., GOES class; Isxg = 107 Wm™2 is a C1 flare, while
Isxg = 107" Wm™2 represents an X1 flare) in Fig. 5. The up-
per row of the figure shows Vg and Vg at the time of the
GOES X-ray peak, which is probably close to the time of maxi-
mum thermal energy (e.g. Saint-Hilaire & Benz 2002). The vol-
ume Vy;; is well correlated with GOES class (R = 0.74), while
Vina shows a weaker correlation (R = 0.46). The direct volume
Viir increases slightly more strongly with importance than Viyq
(@ =0.74 £ 0.1 vs. @ = 0.59 + 0.1). The lower row of Fig. 5
depicts the mean values of Vg, and Vi, with the error bars
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showing the whole range from minimum to maximum in each
event. The mean values of both Vg, and Vj,q correlate as well
with the GOES class as the values at peak SXR flux, and they
also show a similar scaling.

Figure 6 shows the correlation of GOES magnitude with the
geometric parameters Apnior and dep of the nonthermal foot-
points. Just as for the relation with length scales, the footpoint
areas do not show any significant correlation with GOES class
(R < 0.17). This is the case for the areas at the time of the SXR
peak (in those cases where footpoints could not be measured at
that time, the areas that were closest in time were used instead),
as well as for the mean values of Apm - In contrast to the other
correlations, the power laws obtained with the BCES bisector
method evidently provide a very poor fit in this case, as seen by
the large uncertainties of the fit parameters. We therefore also
show a weighted linear least-squares (WLS) fit — logy on log x
— which apparently works better in this case.

The lack of correlation of the footpoint areas with length
scale could partly be due to resolution problems. In Paper I, we
concluded that RHESSI imaging approaches its limits when it
comes to measuring the sizes of small footpoints, in particular
their minor axis. When weak flares are indeed associated with
smaller footpoints, we would derive artificially large footpoint
areas due to the resolution limit, and the correlation could be
obscured. Potentially, albedo could also play a role here, since
it will increase the measured sizes of the sources imaged in the
range of 25-50 keV more strongly than those of sources im-
aged at higher energies. Since all C class flares were imaged
at 25-50 keV, their footpoints could appear larger than they are
as compared to the stronger flares. However, the albedo compo-
nent has a much lower flux density than the footpoints and is
therefore unlikely to influence the FWHM measurements signif-
icantly (see also Battaglia et al. 2011).

In contrast, the footpoint separations show a reasonable cor-
relation with flare importance (R = 0.59), with a power-law in-
dex of @ = 0.39 = 0.08. This generally agrees with the relation-
ship between length scale and flare magnitude obtained for the
20 flares considered by Aschwanden & Aschwanden (2008a),
for which @ = 0.3 + 0.08 and R = 0.79 were found, even though
the length scale was derived in this study in a totally different
manner, namely from the flare area observed in EUV.

Based on these results we can conclude that flares in the
range of class C to the largest X flares do show a correlation of
thermal volume — and footpoint separation — with flare magni-
tude. However, why is this not the case for the microflares stud-
ied by Hannah et al. (2008)? One possibility could be that while
the energy required for microflares can be provided by magnetic
field structures of almost any spatial size, the larger amount of
energy required for stronger flares tends to be more strongly as-
sociated with larger magnetic structures. This could explain the
apparent discrepancy in scaling between geometric flare size and
magnitude.

5. Temporal evolution of source sizes

We have noted in the introduction that the significant temporal
evolution of the HXR spectrum is probably not consistent with
constant sources sizes. The ranges of the different geometric pa-
rameters for each event given in Table 1 and shown as error bars
in Figs. 5 and 6 have proven that there is indeed significant vari-
ation. We thus have to consider the temporal evolution of source
sizes in more detail. We focus on the two geometric parame-
ters that are essential for calculating important physical quanti-
ties: the thermal volume (which determines thermal energy and
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electron density) and the nonthermal footpoint area (required for
the nonthermal energy flux density). Moreover, we consider the
footpoint separation as a characteristic length scale.

5.1. Thermal coronal sources

Which temporal evolution would we expect for the volume of the
thermal plasma? The thermal source will appear when the en-
ergy release reaches a level where significant amounts of plasma
are either heated directly in the corona or evaporated from the
chromosphere. As more and more magnetic field lines with in-
creasing spatial scales become reconnected, an increasing num-
ber of loops is filled with hot and dense plasma, so we would
expect the thermal volume to grow. When the energy release
drops off around the time of peak SXR and thermal HXR flux,
and the loops cool down because of radiative and conductive
losses, we expect to see a decrease in thermal source volume,
since more and more plasma drops below RHESSI’s tempera-
ture range. This growth-decline behavior is common for flares
observed in the EUV (e.g. Aschwanden & Aschwanden 2008b).
Is this also true in the thermal HXR range?

Figure 7 shows the temporal evolution of the thermal source
volume Vg, for all 24 flares*. As context, the upper parts of the
individual plots show the HXR count rate (corrected count rate;
in counts per second and detector) in the thermal 6—12 keV and
the nonthermal 50—100 keV range (a range of 25-50 keV was
selected for events 1, 3, 4, 5, and 8). Inspecting Fig. 7, we first
find that time of the GOES peak flux — a proxy for maximum
thermal energy — is associated with a maximum of the thermal
volume only in a few events. There is a clear association with the
maximum volume in event 19, and a less clear association with
local maxima of Vg in an additional five events (4, 9, 12, 13,
and 24). This implies that the maximum SXR emission, hence
maximum thermal energy, is not predominantly determined by
the thermal plasma volume’. Therefore, plasma density and/or
temperature have to be a more important factor.

We now focus on the early phase of the events, i.e. times well
before the SXR peak (roughly, this corresponds to the impulsive
phase). In the simple picture described above, we would expect
the volume to increase steadily in this phase. However, we find
that this is actually the case in only three events (19, 21, and 22;
all X-class flares). In all other cases (omitting event 24, for which
we do not have RHESSI observations of the early phase), the
volume shows a pronounced early peak: in eleven events (1, 3,
5,8,9, 11, 12, 13, 14, 16, 18), we have detected a rapid rise to
a peak and then a decrease, and in an additional nine cases (2,
4,6, 7,10, 15, 17, 20, 23), measurements already start at the
peak values. In the latter cases, the rapid inital rise of Vy;; could
probably not be detected due to insufficient counts. On average,
the maximum volumes of the early peaks are three times as large
as the volumes at the times of maximum SXR flux, and they
occur primarily at the very beginning of the impulsive phase.
In the majority of 16 events, the early volumes are actually the
maximum values that are not reached again over the course of
the flares’ evolution.

Are these surprisingly large initial volumes real, or could
they be some artifact? The possibility that the early peaks
are imaging algorithm artifacts is minimized by our approach
of using four different algorithms (see Paper I). While the

4 Here, we do not consider the evolution of Vi,q, since it could be ob-
tained only over limited time ranges.

5 The same result is obtained when using thermal HXRs in the range
of 6-12 keV from RHESSI instead of SXRs from GOES.
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flares. For comparison, the upper parts of the individual plots show the

HXR lightcurves in the 6—12 keV (thermal; black line) and the 50—100 keV channels (nonthermal; gray line), respectively, in units of counts per
second and detector. The dashed lines denote the time of the GOES SXR peak flux in the 1-8 A band.

uncertainties of the volumes (the error bars in Fig. 7 representing
the standard deviation of the volumes as given by the different
methods) tend to be larger than during the “main phase” of the
flares, the peaks are still significant. Different attenuator states
also cannot provide an explanation: large early volumes were
found with all attenuator states (A0, A1, and A3), and regardless
of whether the attenuator state changed during the event. A third

possibility for an artifact are count statistics: since count rates are
low in the early phase of the flares (see thermal HXR lightcurves
in Fig. 7), it could be possible that early thermal images have too
few counts to image the thermal sources properly. However, after
plotting counts per image versus derived volume for all imaged
thermal sources, we could not find any significant trend towards
low counts being associated with significantly larger volumes.
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Fig. 8. Temporal evolution of the thermal coronal source height /., compared to the thermal source volume V;, for 15 selected flares. In most

events the source heights are correlated with the thermal volumes.

Typically, image counts associated with the large initial volumes
could also be found for significantly smaller volumes.

Having made these checks, we conclude that large thermal
sources are indeed common in the early impulsive phase of solar
flares. This finding is somewhat surprising and contrasts with
flare observations in other wavelength bands such as EUV (e.g.
Aschwanden & Aschwanden 2008b), but it is consistent with
what had been reported for the 2003 Jul. 23 flare (Lin et al. 2003).

How can we physically make sense of these large initial vol-
umes? They could result from the contraction of magnetic loops
in the early flare phase that was deduced from the initial down-
ward motion of thermal coronal sources. This behavior was first
observed by Sui & Holman (2003) for event 8 in our study, and
has since been confirmed for several other flares (e.g. Sui et al.
2004; Liu et al. 2004; Veronig et al. 2006; Joshi et al. 2007). To
check this possibility, we compared the evolution of the thermal
source volumes with their heights. The heights /o, of the coronal
sources were computed by taking the plane-of-sky distance of
the thermal source centroid from the midpoint between the two
footpoints on the solar surface and dividing it by the sine of the
heliocentric angle. While this gives quantitatively accurate val-
ues for Ao only for sources centered between the footpoints that
are moving radially, for our purposes the relative heights dur-
ing the flares’ evolution are sufficient. To minimize the influence
of projection effects, we have excluded events with a heliocen-
tric angle of less than 25°, events for which unrealistically small
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heights (i.e. less than 0.2 times the footpoint separation and less
than 0.5 times the minor thermal source axis) were obtained, and
events with complex source morphology. This has left 15 flares,
for which the temporal evolution of source height /o in com-
parison with the thermal volume Vy;; is shown in Fig. 8.

Inspection of &, in Fig. 8 shows that an initial downward
motion of the coronal source is actually a common behavior in
flares, because it is evident in 12 out of 15 events (it is absent
only in events 16, 17, and 19)°. A comparison with V;; shows
that the downward motion is indeed correlated with the large
inital volumes in the majority of events. Similarly, in the later
phase the rise of the coronal sources — evident in all events — is
associated with the increase in the volume. For some events (e.g.
second row from top in Fig. 8), the evolution of /.. and Vy; is
strikingly similar.

In the nine events with both an early peak in volume and an
initial downward motion of the coronal source, the maximum
source height in the early phase is on the average about twice as
large as the minimum source height that is reached before the
gradual rise of the source begins in the later phase. Assuming
a scaling of Vg, ~ h, with a power-law index of @ = 2.37,
as was derived for the scaling of volume with length scale in
Sect. 3, this would lead to early volumes being 5.4 times larger

% Inevent 19, an early downward motion was actually detected by Liu
et al. (2004) and Veronig et al. (2006). It is missing here because the
source sizes could not be determined accurately in the early phase.
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Fig. 9. As in Fig. 7, but showing the temporal evolution of the total footpoint areas A, and the footpoint separations dgp for all 24 flares.

than the volumes at the times of minimum source height. With a
value of 4.9, the actual measured ratio is very close to that. We
conclude that at least in the events where a downward moving
thermal source corresponds with a decreasing volume, the con-
traction of magnetic loops can actually explain the early peaks
in the temporal evolution of the thermal source volume.

An additional influence on the early evolution of the thermal
volume could come from the fact that initially plasma heated di-
rectly in the corona (e.g. at the slow-mode shocks; cf. Petschek
1964; Cargill & Priest 1982) will be observed, while with

increasing nonthermal energy input, the plasma resulting from
chromospheric evaporation will begin to dominate the emission.
Since the locally heated plasma will be significantly less dense
than the evaporated one, RHESSI will not be able to observe the
more tenuous source owing to dynamic range limitations. It thus
could be that a large tenuous source, possibly corresponding to
the cusp that is sometimes observed in the EUV and SXR in the
later phase (e.g. Tsuneta et al. 1992; Hara et al. 2008), is still
present after the early phase. We will investigate this possibility
with the help of HXR spectral data in a forthcoming paper.
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We now shift our attention to the later phase of the events.
Fourteen flares show an increasing volume in the late phase:
in eight events (10, 13, 15, 18, 19, 21, 22, 23), the volume in-
creases to a maximum and then begins to decrease, while in
a further seven events (2, 5, 12, 14, 17, 18, 20) the final de-
crease is absent, either due to the end of the observing time
interval, or possibly due to insufficient counts. In the remain-
ing flares, the volumes stay approximately constant. The rising
and the decreasing volumes are consistent with the simple sce-
nario described at the beginning of this section (a succession
of loops or an arcade that is growing as magnetic reconnection
progresses), but it is not synchronized with the SXR (or ther-
mal HXR) lightcurve. For example, compare events 21 and 22
(lower left in Fig. 7). While the SXR peak occurs during the vol-
ume increase in event 21, it is located well within the phase of
decreasing volume in event 22. Again, this indicates that volume
is not the dominant factor in determining the thermal emission,
and that electron density and/or temperature are more important.
We will study this issue in a forthcoming paper where we will be
combining geometric with spectral parameters. In principle the
presence of an extended source can be inferred from the relative
intensities of the modulation amplitudes given by the finer and
coarser subcollimators (Schmahl & Hurford 2002).

5.2. Nonthermal footpoint sources

Having studied the temporal evolution of the thermal source vol-
umes, we now consider the total areas of the nonthermal foot-
points and their separation. Figure 9 shows the evolution of both
Anthtot and dpp for all 24 flares. It is immediately evident that the
nonthermal sources can be measured during significantly shorter
time intervals than the thermal sources. Typically, App o could
be reliably measured in only a few time intervals per event. Only
in five X-class flares could Ay or and dpp be tracked over more
than ten minutes. The total footpoint area does not show any sig-
nificant trends in its temporal evolution: most of its fluctuations
are erratic and predominantly not statistically significant (see the
error bars on Ay o). There is also no correlation with the non-
thermal HXR count rate. We conclude that any evolution that
might be there is below the limits given by our relatively large
uncertainties.

In contrast to Apm o, drp does show a clear trend in temporal
evolution, at least for the stronger flares with longer impulsive
phases: in the events 16, 18, 19, 20, 21, and 23, drp monotoni-
cally increases with time. This is consistent with the footpoints
moving away from the polarity inversion line as the reconnected
loop system grows, and it has been observed in many solar flares
(for a review, see Fletcher et al. 2011).

We have not shown the evolution of Ving derived from App ot
and dpp here, since the combination of short time ranges with
the relatively large uncertainties of Appor results in a lack of
significant trends in the temporal evolution.

6. Conclusions

‘We have analyzed the scaling relationships and the temporal evo-
lution of the geometric parameters of thermal and nonthermal
HXR sources in 24 flares observed by RHESSI, focusing on
the volumes of the thermal coronal sources and the areas and
separations of the nonthermal footpoints. Starting with the scal-
ing relationships between the different geometric parameters, we
found that sources with a larger major axis are associated with
a smaller aspect ratio; in other words, larger sources are more
elongated. This is true for both thermal and nonthermal sources.
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In the former case, similar behavior of the aspect ratio was found
for the loops in the active region transient brightenings (ARTBs)
observed with Yohkoh/SXT (Shimizu 1995), while in the latter
case, the behavior of the aspect ratio is consistent with the no-
tion that the footpoints are relatively thin ribbons oriented along
the flare ribbons seen in the EUV (cf. Dennis & Pernak 2009).
Moreover, there are indications that the minor footpoint axes are
not resolved well by RHESSI, which is also reported by Dennis
& Pernak (2009) and supported by our findings in Paper I.

Adopting the separation of the footpoints, dgp, as a charac-
teristic length, we studied the dependence of different geometric
parameters on this length scale. We found that the volume of the
thermal plasma that is derived directly from the thermal source
size, Vygir, shows a scaling with dgp that is not too far from the
Euclidian case (i.e., Vg ~ dgp), albeit with significant scatter.
Given this scatter, our result generally agrees with the fractal
scalings of volume with area derived from high-resolution EUV
data (Aschwanden & Parnell 2002; Aschwanden 2004), which
are also not too far from Euclidian. Note here that we could only
consider the apparent volumes, whereas the true plasma-filled
volumes can be smaller due to filling factors of less than unity
(see e.g. Aschwanden & Aschwanden 2008b).

We found that both the thermal source volumes and the non-
thermal footpoint separations are fairly well correlated with flare
importance as parameterized by the GOES peak SXR intensity:
more intense flares have larger thermal volumes and larger foot-
point separations. This agrees with the results of several ear-
lier studies of flares, microflares, and nanoflares using EUV and
SXR data (Shimizu 1995; Ofman et al. 1996; Aschwanden &
Parnell 2002; Aschwanden & Aschwanden 2008b), and is also
predicted by theory, e.g. by the RTV scaling law (Rosner et al.
1978). It is therefore quite surprising that Hannah et al. (2008)
did not find any correlation between volume and flare impor-
tance for their large sample of RHESSI microflares. One pos-
sible explanation for this discrepancy would be that the com-
paratively small amount of energy required for microflares can
be provided by magnetic structures of almost any size, while
the higher energies required to power stronger flares tend to
be associated more with field structures of a larger spatial size.
However, this issue will require more detailed investigation. In
contrast to thermal volumes and footpoint separations, the foot-
point areas do not show any significant correlation with GOES
class.

We found a significant temporal evolution of the source
volumes for most events. This implies that just using a fixed
source volume (usually taken at the time of the SXR or thermal
HXR peak) for the study of a whole event may be misleading.
Generally, the temporal evolution of the volume is not well cor-
related with the SXR or thermal HXR lightcurves, which implies
that electron density and/or temperature are more important fac-
tors in determining thermal emission and energy.

The thermal source volume as derived from EUV and SXR
observations (e.g., Aschwanden & Aschwanden 2008b; Tsuneta
etal. 1992; Berghmans et al. 2001) initially shows a growing vol-
ume (as more field lines become reconnected and subsequently
filled with hot and dense plasma), which is followed by a de-
crease in the observed volume (as the plasma cools and drops out
of the observable temperature range’). Many RHESSI sources
behave in a more complex manner. In particular, the majority of
events showed a steep initial growth of the volume to an early
peak. These large initial volumes often occur at the same time

7 Compared to EUV, SXR loops remain bright for longer time intervals
thanks to the broader temperature response of SXR instruments.
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as the initial downward motion of coronal sources that has been
reported before (e.g. Sui & Holman 2003). We found for the first
time that the initial downward motion is actually rather common
(presentin 87% of events), as are the large early volumes (also in
87% of cases). We concluded that the behavior of coronal source
height and volume in the early phase is consistent with the ini-
tial contraction of reconnected magnetic loops. After this early
phase, most flares showed a gradually growing volume, which in
about half of the events was followed by a slow decrease. This
is consistent with what is observed in EUV and SXR. On a more
general level, we have reached the same conclusion as in Paper |
that the source volumes derived directly from the thermal coro-
nal sources (Vgir) should be preferred to those obtained indirectly
from the footpoint areas and separations (Viyg).

We could not detect significant trends in the temporal evo-
lution of the area of the nonthermal footpoints. This could be
partly due to the relatively large uncertainties of the nonthermal
area, which are possibly caused by resolution issues. In contrast,
we clearly observed a growing separation of the footpoints in
all flares, consistent with the growth of the reconnected loop
system.

In summary, most of our findings on the behavior of the ge-
ometric parameters of thermal and nonthermal HXR sources are
consistent with the standard model of eruptive solar flares (cf.
the CSHKP model; Carmichael 1964; Sturrock 1966; Hirayama
1974; Kopp & Pneuman 1976). While the surprising finding of
large thermal source volume in the early phase of most flares is
consistent with initially contracting field lines, different plasma
ensembles — locally heated coronal versus evaporated chromo-
spheric material — could also play a role.

In a forthcoming paper, we will combine the geometric pa-
rameters of the HXR sources with the physical parameters de-
rived from HXR spectroscopy. This will allow time-resolved
study of quantities such as thermal energy, conductive and ra-
diative energy loss, and nonthermal energy flux density, which
are crucial for understanding energy release and particle accel-
eration in solar flares.
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