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Fig. 3.— Left: CLEAN image at 13-16 keV with a CLEAN 60-80 keV 50% contour.

Vis FwdFit contours at 50% of the maximum intensity and loop top positions are over

plotted at three energy ranges (10-11, 13-16 and 20-25 keV) showing the increasing height

of the loop position with energy. Middle: Intensity profiles along a line through the coro-

nal source perpendicular to the solar limb at three energy ranges (10-11, 13-16 and 20-25

keV). Right: The radial distance R against X-ray energy � plotted for both the CLEAN

and Vis FwdFit algorithms. The gradient dR/d� found from each linear fit is shown on the

graph.

Fig. 4.— Left: The loop width FWHM W found from Vis FwdFit over the same energy

ranges as for the (x, y) centroid positions shown in Figure 3. The average width or vertical

size of an X-ray source in radial direction R is �W ⇥ = 11.2± 0.5��. The width was also found

using three larger energy bands 10-12.5, 12.5-18 and 18-25 keV, increasing the number of

counts and hence reducing the y-error. This gives an average width of �W ⇥ = 11.0 ± 0.3��.

Right: The loop length FWHM L found from Vis FwdFit using five energy bands.
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Fig. 5: Left: CLEAN image for a time interval from 02:08 to 02:10 UT at 13-16 keV with a CLEAN 60-80 keV 50% contour (black). Vis FwdFit
contours at 50% of the maximum and coronal source positions (coloured dots) are displayed for three energy ranges (10-11 keV (pink), 13-16
keV (green) and 20-25 keV (blue)) showing the increasing altitude of the coronal source location with energy. Right: The peak radial position R
plotted against X-ray energy ✏, for both the CLEAN (red) and Vis FwdFit (blue) algorithms. The gradient ↵ = dR/d✏ ± error found from each
linear fit is shown (grey dashed lines) on the graph.

and we can write:
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The plasma density n(z) and temperature T (z) also determine
the di↵erential emission measure

DEM(T ) = n2 dV
dT
.

Using the definition of DEM(T ), one can write

DEM(T ) = n2 dV
dT
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where z = z(T ) is the height at a temperature T .
Both DEM(T ) and the peak position of the X-ray flux

at a given energy ✏(z) are uniquely determined by T (z) and
n2(z)A(z).

4.1. Isothermal plasma

Let us first assume a simple case. For an isothermal plasma
dT/dz = 0 and hence d(n2A)/dT = 0, Equation (10) becomes

✏0 =
T
2
=

T0

2
(12)

over all z, where T = T0 is a constant. Therefore, an isothermal
plasma cannot account for the observed changes in peak X-ray
energy with height z. Importantly, this shows that an isother-
mal plasma in the flaring coronal source is ruled out by imag-
ing data, even though an isothermal bremsstrahlung function can
reasonably fit the solar flare spectrum found using RHESSI (see
Figure 3).

4.2. Height-dependent temperature with constant n2A

If n2A is constant with height z, i.e. d(n2A)/dz = 0, then
Equation (9) yields

✏0 =
T (z)

2
. (13)

Since the observed X-ray energies are 10 to 25 keV, the temper-
atures T (z) in a constant n2A plasma would have to be of the
order 20 to 50 keV, i.e. 230 to 580 MK. Since, the majority of
the emitted thermal X-rays are seen at much lower energies
corresponding to lower temperature sources of 1 to 3 keV, a
constant n2A is unlikely.

4.3. Height-dependent T (z) and n2(z)A(z)

In Equation (10), if the gradient d(n2A)/dT , 0, then
d(n2A)/dT = d(n2A)/dzdz/dT = must be negative for energy
✏ to be positive, or the second term must be smaller than the
first term. If the second term is larger than the first term,
then d(n2A)/dz should be negative. Since we observe higher
energy X-ray sources above lower energy X-ray sources, the
temperature must increase with altitude, so that dT/dz > 0.
In this case, d(n2A)/dz does not have to be negative over the
whole region, only in a portion of the region, in order to al-
low the X-ray flux peak positions at a given energy to oc-
cur in the observed region. If d(n2A)/dz is negative over the
entire region, then the X-ray flux peak positions may ap-
pear at a lower altitude than suggested by a given observa-
tion. It is more di�cult to determine the form of ✏ versus
z for the case where d(n2A)/dz is positive over the region,
and the second term is smaller than the first term. Hence
modelling is required to further determine the forms of T (z)
and n2(z)A(z) that can account for both RHESSI imaging and
spectroscopic observations.
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Fig. 4: Di↵erential emission measures, DEM(T ), obtained for the var-
ious multi-thermal fits (Figure 3). The shaded areas indicate the esti-
mated confidence intervals. The form of all DEM(T )s are similar be-
tween ⇠1.6 and 3.0 keV, independent of the chosen model DEM(T ).

for the analysis. Comparing both algorithms, the absolute val-
ues of R(✏) are shifted by ±000.3 � 000.4, with the CLEAN val-
ues at a lower height than the Vis FwdFit values. This is due
to di↵erences in the way each algorithm reconstructs an image.
The CLEAN algorithm creates an image by finding point
sources and convolving them with the instrumental point
spread function (PSF). The image peak will simply corre-
spond to the brightest point smoothed out by the PSF. Since
Vis FwdFit fits a chosen distribution such as a Gaussian to
the X-ray visibilities, the peak of a given source is determined
by the fitted distribution to the data. Hence, we should not
expect both algorithms to produce the X-ray source peaks
in exactly the same locations. For the purposes of the study,
Vis FwdFit is a more suitable algorithm. However, the sys-
tematic di↵erence between both algorithms is very small
(sub-arcsecond), regardless of the fact they both create the
image in a completely di↵erent way. Basically, the CLEAN
algorithm is used to provide additional confidence in the re-
sults. Other factors, such as the RHESSI PSF should not al-
ter the locations of the centroids at di↵erent energies. The
only variable with energy is the transmission of the material
overlying the detectors — the attenuators, thermal blankets,
and cryostat cover. While the overall absolute X-ray attenu-
ation of this material is not so well known, its variation with
energy is very well known and hence should not produce any
systematic e↵ect of the altitude estimates.

3.3. The vertical extent of the X-ray sources at each energy

Following Je↵rey & Kontar (2013), we determine the character-
istic sizes of the coronal sources, using Vis FwdFit. The loop
width Full Width at Half Maximum (FWHM), W, of each X-
ray source is found for every energy band (Figure 6). The loop
width is defined as the X-ray source FWHM in the radial di-
rection, measured at the loop top, perpendicular to the axis of
the curved elliptical Gaussian. As shown in Figure 6, at ener-

gies of 10 to 25 keV, the X-ray source width W lies between
⇠1000.5 and 1200 and appears to decrease with increasing energy.
The mean X-ray source width is hWi = 1100.2 ± 000.5. W is also
found from Vis FwdFit using three wider energy bins of 10-
12.5 keV, 12.5-18 keV and 18-25 keV to increase the number
of counts per band, with W appearing to remain constant with
energy, at least within the errors. This gives an average width
hWi = 1100.0 ± 000.3. We note that the width of ⇠ 1100 of each
X-ray source is much larger than the observed energy dependent
shift in altitude of only ⇠ 300.

4. The peak of X-ray emission and DEM(T)

From RHESSI observations (see Figure 5), we found that the
flare coronal X-ray source altitude increases with energy, ac-
cording to the approximate linear relation (4). Hence

dz
d✏
= ↵ , (5)

where z is the height above the solar limb.
Our task is to find an analytical model that can produce the

observed z versus ✏ trend and relate such changes to a temper-
ature T (z) structure and a number density n(z) structure in the
flaring coronal region. To do this, firstly, let us derive a relation-
ship between the altitude z of the X-ray source and energy ✏.

Since the spectroscopy results for the flare show that the
spectrum in the range ⇠ 6 to 25 keV can be well-fitted by
multi-thermal models (Figure 3), we will assume that all the
coronal source X-rays in this range are emitted as multi-thermal
bremsstrahlung. This assumption is supported by the fact that
the thermal emission dominates the non-thermal emission in this
range. The spectroscopy results (Figure 3) show that the thermal
and non-thermal components are equal at ⇠ 28 keV with the
thermal component being increasingly dominant at lower ener-
gies. Consequently, we will assume that all the emission in the
6 to 25 keV energy range is multi-thermal bremsstrahlung from
the flaring coronal source.

Consider an emitting volume dV = Adz, where A is the X-
ray source area perpendicular to the radial direction (altitude)
and image plane, as shown in Figure (7). The photon flux emit-
ted as thermal bremsstrahlung per unit energy ✏ per unit height
z from a plasma characterised by a temperature T [keV] and
number density n [cm�3] is given by e.g. Tandberg-Hanssen &
Emslie (1988)

J(✏, z) / n2(z)A(z)
✏
p

T (z)
exp
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!
, (6)

where J(✏, z) is the photon flux per unit of height [photons s�1

cm�2 keV�1 cm�1].
The total photon flux [photons s�1 cm�2 keV�1] integrated

over all z is then given by,

I(✏) =
Z 1

0
J(✏, z)dz. (7)

At any observed energy ✏, X-ray flux J(✏, z) should have
maximum at z(✏) determined by the derivative
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Re-arranging Equation (8) for ✏(z) one finds,

✏(z) =
T (z)

2
� d(n2A)

dz
dz
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T 2
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. (9)
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Figure (right):  X-ray coronal source height changes with energy for the 13-May-2013 flare at the peak X-ray flux 
time of 02:08-02:10 UT. The coloured dots indicate the centroid position and energy.
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Fig. 3.— Left: CLEAN image at 13-16 keV with a CLEAN 60-80 keV 50% contour.

Vis FwdFit contours at 50% of the maximum intensity and loop top positions are over

plotted at three energy ranges (10-11, 13-16 and 20-25 keV) showing the increasing height

of the loop position with energy. Middle: Intensity profiles along a line through the coro-

nal source perpendicular to the solar limb at three energy ranges (10-11, 13-16 and 20-25

keV). Right: The radial distance R against X-ray energy � plotted for both the CLEAN

and Vis FwdFit algorithms. The gradient dR/d� found from each linear fit is shown on the

graph.

Fig. 4.— Left: The loop width FWHM W found from Vis FwdFit over the same energy

ranges as for the (x, y) centroid positions shown in Figure 3. The average width or vertical

size of an X-ray source in radial direction R is �W ⇥ = 11.2± 0.5��. The width was also found

using three larger energy bands 10-12.5, 12.5-18 and 18-25 keV, increasing the number of

counts and hence reducing the y-error. This gives an average width of �W ⇥ = 11.0 ± 0.3��.

Right: The loop length FWHM L found from Vis FwdFit using five energy bands.

Variations in solar flare coronal X-ray source heights
Solar flare observations with RHESSI (Lin et al 
(2002)) have studied the spatial properties of solar 
flare coronal X-ray sources (see Jeffrey & Kontar 
(2013) and Jeffrey et al. (2014) for details). 

We investigate solar flare coronal X-ray source 
height increases with increasing X-ray energy 
quantitatively using RHESSI imaging.

13-May-2013 02:08:00-02:10:00 UT

For the first time, we show how RHESSI imaging 
information can be used to constrain the DEM of a flaring 
plasma, and probe the vertical temperature and number 

density structures of the flaring corona.

We perform X-ray imaging and spectroscopy of a 
limb flare (right) that occurred on the 13-May-2013. 
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Fig. 3: The photon flux spectrum fitted with di↵erent functions describing the thermal component. Top left: single isothermal, Top right: double
isothermal, Bottom left: multi-thermal power law. Bottom middle: multi-thermal gaussian in log10 T and Bottom right: multi-thermal power-law
and exponential. The normalised residuals are plotted below each spectrum, and each is created using only detector 6 and the functions fit the count
spectrum between 6 and 100 keV for a chosen time interval of 02:08 to 02:10 UT. The values of all thermal parameters are shown in the figure
and in Table 1. The gold lines in each panel represent gaussian line fits (line) compensating for instrumental anomalies in the RHESSI
spectrum. A thick2 vnorm function (light blue) is used to account for the non-thermal X-ray emission at higher energies.

Fit function T1 T2 Tpeak EM1 ⇥1049 EM2 ⇥1049 DEM (2 keV) ⇥1049 DEM (Tpeak) ⇥1049 �2

[keV] [keV] [keV] [cm�3] [cm�3] [keV�1 cm�3] [keV�1 cm�3]
vth 2.5 X X 0.9 X X X 1.3
2vth 1.7 2.7 X 3.4 0.4 X X 1.0
multi therm pow X X X X X 2.0 X 1.0
multi therm gauss X X 1.4 X X X 5.7 1.0
multi therm pow exp X X 1.4 5.2 X X X 1.0

Table 1: A parameter comparison of the thermal fitting functions shown in Figure 3 and discussed in the text, for temperatures T , emission
measures EM and di↵erential emission measures DEM. The reduced �2 values for each fit are also shown.

tours at 10-11 keV, 13-16 keV and 20-25 keV are displayed.
Figure 5 also shows a footpoint source at 60-80 keV.

3.2. The relationship between X-ray energy and radial
distance

Using the CLEAN and Vis FwdFit image peak positions (x, y)
provided by parapeak.pro, we calculated the radial distances
R =

p
x2 + y2 (measured from the solar disk centre) for each

algorithm at each energy range. An error for R is found from
error propagation. Figure 5 (right) shows that the calculated R

errors are small for this flare (approximately half an arcsecond
or less) at the chosen energy ranges and time, and that the data
from two imaging algorithms give a similar trend - the higher
the energy, the higher the location of the peak. Both results can
be well-fitted by a straight line, so that the observed relationship
between radial distance R and energy ✏ is approximated by

dR(✏)
d✏

= ↵ , [arcsec keV�1] (4)

where ↵ is a constant gradient. Both algorithms give a similar
gradient dR/d✏ equal to 0.24 ± 0.02 arcsec/keV for Vis FwdFit
and 0.20 ± 0.01 arcsec/keV for CLEAN, which is important
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Fig. 3: The photon flux spectrum fitted with di↵erent functions describing the thermal component. Top left: single isothermal, Top right: double
isothermal, Bottom left: multi-thermal power law. Bottom middle: multi-thermal gaussian in log10 T and Bottom right: multi-thermal power-law
and exponential. The normalised residuals are plotted below each spectrum, and each is created using only detector 6 and the functions fit the count
spectrum between 6 and 100 keV for a chosen time interval of 02:08 to 02:10 UT. The values of all thermal parameters are shown in the figure
and in Table 1. The gold lines in each panel represent gaussian line fits (line) compensating for instrumental anomalies in the RHESSI
spectrum. A thick2 vnorm function (light blue) is used to account for the non-thermal X-ray emission at higher energies.

Fit function T1 T2 Tpeak EM1 ⇥1049 EM2 ⇥1049 DEM (2 keV) ⇥1049 DEM (Tpeak) ⇥1049 �2

[keV] [keV] [keV] [cm�3] [cm�3] [keV�1 cm�3] [keV�1 cm�3]
vth 2.5 X X 0.9 X X X 1.3
2vth 1.7 2.7 X 3.4 0.4 X X 1.0
multi therm pow X X X X X 2.0 X 1.0
multi therm gauss X X 1.4 X X X 5.7 1.0
multi therm pow exp X X 1.4 5.2 X X X 1.0

Table 1: A parameter comparison of the thermal fitting functions shown in Figure 3 and discussed in the text, for temperatures T , emission
measures EM and di↵erential emission measures DEM. The reduced �2 values for each fit are also shown.

tours at 10-11 keV, 13-16 keV and 20-25 keV are displayed.
Figure 5 also shows a footpoint source at 60-80 keV.

3.2. The relationship between X-ray energy and radial
distance

Using the CLEAN and Vis FwdFit image peak positions (x, y)
provided by parapeak.pro, we calculated the radial distances
R =

p
x2 + y2 (measured from the solar disk centre) for each

algorithm at each energy range. An error for R is found from
error propagation. Figure 5 (right) shows that the calculated R

errors are small for this flare (approximately half an arcsecond
or less) at the chosen energy ranges and time, and that the data
from two imaging algorithms give a similar trend - the higher
the energy, the higher the location of the peak. Both results can
be well-fitted by a straight line, so that the observed relationship
between radial distance R and energy ✏ is approximated by

dR(✏)
d✏

= ↵ , [arcsec keV�1] (4)

where ↵ is a constant gradient. Both algorithms give a similar
gradient dR/d✏ equal to 0.24 ± 0.02 arcsec/keV for Vis FwdFit
and 0.20 ± 0.01 arcsec/keV for CLEAN, which is important
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Isothermal Two temperature

Using OSPEX (see Schwartz et al. (2002)), the low energy thermal part of the RHESSI 
X-ray spectrum at 02:08-02:10 was fitted with different isothermal and multi-thermal 
functions including:

thick target
line

thermal
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Fig. 3: The photon flux spectrum fitted with di↵erent functions describing the thermal component. Top left: single isothermal, Top right: double
isothermal, Bottom left: multi-thermal power law. Bottom middle: multi-thermal gaussian in log10 T and Bottom right: multi-thermal power-law
and exponential. The normalised residuals are plotted below each spectrum, and each is created using only detector 6 and the functions fit the count
spectrum between 6 and 100 keV for a chosen time interval of 02:08 to 02:10 UT. The values of all thermal parameters are shown in the figure
and in Table 1. The gold lines in each panel represent gaussian line fits (line) compensating for instrumental anomalies in the RHESSI
spectrum. A thick2 vnorm function (light blue) is used to account for the non-thermal X-ray emission at higher energies.

Fit function T1 T2 Tpeak EM1 ⇥1049 EM2 ⇥1049 DEM (2 keV) ⇥1049 DEM (Tpeak) ⇥1049 �2

[keV] [keV] [keV] [cm�3] [cm�3] [keV�1 cm�3] [keV�1 cm�3]
vth 2.5 X X 0.9 X X X 1.3
2vth 1.7 2.7 X 3.4 0.4 X X 1.0
multi therm pow X X X X X 2.0 X 1.0
multi therm gauss X X 1.4 X X X 5.7 1.0
multi therm pow exp X X 1.4 5.2 X X X 1.0

Table 1: A parameter comparison of the thermal fitting functions shown in Figure 3 and discussed in the text, for temperatures T , emission
measures EM and di↵erential emission measures DEM. The reduced �2 values for each fit are also shown.

tours at 10-11 keV, 13-16 keV and 20-25 keV are displayed.
Figure 5 also shows a footpoint source at 60-80 keV.

3.2. The relationship between X-ray energy and radial
distance

Using the CLEAN and Vis FwdFit image peak positions (x, y)
provided by parapeak.pro, we calculated the radial distances
R =

p
x2 + y2 (measured from the solar disk centre) for each

algorithm at each energy range. An error for R is found from
error propagation. Figure 5 (right) shows that the calculated R

errors are small for this flare (approximately half an arcsecond
or less) at the chosen energy ranges and time, and that the data
from two imaging algorithms give a similar trend - the higher
the energy, the higher the location of the peak. Both results can
be well-fitted by a straight line, so that the observed relationship
between radial distance R and energy ✏ is approximated by
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where ↵ is a constant gradient. Both algorithms give a similar
gradient dR/d✏ equal to 0.24 ± 0.02 arcsec/keV for Vis FwdFit
and 0.20 ± 0.01 arcsec/keV for CLEAN, which is important
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RHESSI Spectroscopy: isothermal or multi-thermal?
Using OSPEX (see Schwartz et al. (2002)), the low energy thermal part of the RHESSI 
X-ray spectrum at 02:08-02:10 was fitted with different isothermal and multi-thermal 
functions including:



The high temperature differential emission measureJe↵rey, Kontar & Dennis: Temperature and density structure of coronal X-ray sources

Fig. 4: Di↵erential emission measures, DEM(T ), obtained for the var-
ious multi-thermal fits (Figure 3). The shaded areas indicate the esti-
mated confidence intervals. The form of all DEM(T )s are similar be-
tween ⇠1.6 and 3.0 keV, independent of the chosen model DEM(T ).

for the analysis. Comparing both algorithms, the absolute val-
ues of R(✏) are shifted by ±000.3 � 000.4, with the CLEAN val-
ues at a lower height than the Vis FwdFit values. This is due
to di↵erences in the way each algorithm reconstructs an image.
The CLEAN algorithm creates an image by finding point
sources and convolving them with the instrumental point
spread function (PSF). The image peak will simply corre-
spond to the brightest point smoothed out by the PSF. Since
Vis FwdFit fits a chosen distribution such as a Gaussian to
the X-ray visibilities, the peak of a given source is determined
by the fitted distribution to the data. Hence, we should not
expect both algorithms to produce the X-ray source peaks
in exactly the same locations. For the purposes of the study,
Vis FwdFit is a more suitable algorithm. However, the sys-
tematic di↵erence between both algorithms is very small
(sub-arcsecond), regardless of the fact they both create the
image in a completely di↵erent way. Basically, the CLEAN
algorithm is used to provide additional confidence in the re-
sults. Other factors, such as the RHESSI PSF should not al-
ter the locations of the centroids at di↵erent energies. The
only variable with energy is the transmission of the material
overlying the detectors — the attenuators, thermal blankets,
and cryostat cover. While the overall absolute X-ray attenu-
ation of this material is not so well known, its variation with
energy is very well known and hence should not produce any
systematic e↵ect of the altitude estimates.

3.3. The vertical extent of the X-ray sources at each energy

Following Je↵rey & Kontar (2013), we determine the character-
istic sizes of the coronal sources, using Vis FwdFit. The loop
width Full Width at Half Maximum (FWHM), W, of each X-
ray source is found for every energy band (Figure 6). The loop
width is defined as the X-ray source FWHM in the radial di-
rection, measured at the loop top, perpendicular to the axis of
the curved elliptical Gaussian. As shown in Figure 6, at ener-

gies of 10 to 25 keV, the X-ray source width W lies between
⇠1000.5 and 1200 and appears to decrease with increasing energy.
The mean X-ray source width is hWi = 1100.2 ± 000.5. W is also
found from Vis FwdFit using three wider energy bins of 10-
12.5 keV, 12.5-18 keV and 18-25 keV to increase the number
of counts per band, with W appearing to remain constant with
energy, at least within the errors. This gives an average width
hWi = 1100.0 ± 000.3. We note that the width of ⇠ 1100 of each
X-ray source is much larger than the observed energy dependent
shift in altitude of only ⇠ 300.

4. The peak of X-ray emission and DEM(T)

From RHESSI observations (see Figure 5), we found that the
flare coronal X-ray source altitude increases with energy, ac-
cording to the approximate linear relation (4). Hence

dz
d✏
= ↵ , (5)

where z is the height above the solar limb.
Our task is to find an analytical model that can produce the

observed z versus ✏ trend and relate such changes to a temper-
ature T (z) structure and a number density n(z) structure in the
flaring coronal region. To do this, firstly, let us derive a relation-
ship between the altitude z of the X-ray source and energy ✏.

Since the spectroscopy results for the flare show that the
spectrum in the range ⇠ 6 to 25 keV can be well-fitted by
multi-thermal models (Figure 3), we will assume that all the
coronal source X-rays in this range are emitted as multi-thermal
bremsstrahlung. This assumption is supported by the fact that
the thermal emission dominates the non-thermal emission in this
range. The spectroscopy results (Figure 3) show that the thermal
and non-thermal components are equal at ⇠ 28 keV with the
thermal component being increasingly dominant at lower ener-
gies. Consequently, we will assume that all the emission in the
6 to 25 keV energy range is multi-thermal bremsstrahlung from
the flaring coronal source.

Consider an emitting volume dV = Adz, where A is the X-
ray source area perpendicular to the radial direction (altitude)
and image plane, as shown in Figure (7). The photon flux emit-
ted as thermal bremsstrahlung per unit energy ✏ per unit height
z from a plasma characterised by a temperature T [keV] and
number density n [cm�3] is given by e.g. Tandberg-Hanssen &
Emslie (1988)

J(✏, z) / n2(z)A(z)
✏
p

T (z)
exp
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, (6)

where J(✏, z) is the photon flux per unit of height [photons s�1

cm�2 keV�1 cm�1].
The total photon flux [photons s�1 cm�2 keV�1] integrated

over all z is then given by,

I(✏) =
Z 1

0
J(✏, z)dz. (7)

At any observed energy ✏, X-ray flux J(✏, z) should have
maximum at z(✏) determined by the derivative
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Re-arranging Equation (8) for ✏(z) one finds,

✏(z) =
T (z)

2
� d(n2A)

dz
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T 2

n2A
. (9)
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Within the errors, the shape of the DEM between 1.5 keV 
and 3 keV is well-defined - its shape seems to be 
independent of the DEM model.
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Fig. 3: The photon flux spectrum fitted with di↵erent functions describing the thermal component. Top left: single isothermal, Top right: double
isothermal, Bottom left: multi-thermal power law. Bottom middle: multi-thermal gaussian in log10 T and Bottom right: multi-thermal power-law
and exponential. The normalised residuals are plotted below each spectrum, and each is created using only detector 6 and the functions fit the count
spectrum between 6 and 100 keV for a chosen time interval of 02:08 to 02:10 UT. The values of all thermal parameters are shown in the figure
and in Table 1. The gold lines in each panel represent gaussian line fits (line) compensating for instrumental anomalies in the RHESSI
spectrum. A thick2 vnorm function (light blue) is used to account for the non-thermal X-ray emission at higher energies.

Fit function T1 T2 Tpeak EM1 ⇥1049 EM2 ⇥1049 DEM (2 keV) ⇥1049 DEM (Tpeak) ⇥1049 �2

[keV] [keV] [keV] [cm�3] [cm�3] [keV�1 cm�3] [keV�1 cm�3]
vth 2.5 X X 0.9 X X X 1.3
2vth 1.7 2.7 X 3.4 0.4 X X 1.0
multi therm pow X X X X X 2.0 X 1.0
multi therm gauss X X 1.4 X X X 5.7 1.0
multi therm pow exp X X 1.4 5.2 X X X 1.0

Table 1: A parameter comparison of the thermal fitting functions shown in Figure 3 and discussed in the text, for temperatures T , emission
measures EM and di↵erential emission measures DEM. The reduced �2 values for each fit are also shown.

tours at 10-11 keV, 13-16 keV and 20-25 keV are displayed.
Figure 5 also shows a footpoint source at 60-80 keV.

3.2. The relationship between X-ray energy and radial
distance

Using the CLEAN and Vis FwdFit image peak positions (x, y)
provided by parapeak.pro, we calculated the radial distances
R =

p
x2 + y2 (measured from the solar disk centre) for each

algorithm at each energy range. An error for R is found from
error propagation. Figure 5 (right) shows that the calculated R

errors are small for this flare (approximately half an arcsecond
or less) at the chosen energy ranges and time, and that the data
from two imaging algorithms give a similar trend - the higher
the energy, the higher the location of the peak. Both results can
be well-fitted by a straight line, so that the observed relationship
between radial distance R and energy ✏ is approximated by

dR(✏)
d✏

= ↵ , [arcsec keV�1] (4)

where ↵ is a constant gradient. Both algorithms give a similar
gradient dR/d✏ equal to 0.24 ± 0.02 arcsec/keV for Vis FwdFit
and 0.20 ± 0.01 arcsec/keV for CLEAN, which is important

4

Table 1:  The thermal parameters from all fits.

It is difficult to constrain the overall shape of the DEM 
below T~1.5 keV with RHESSI. Both isothermal and multi-
thermal functions fit the count spectrum well, but the 
isothermal fit is marginally worse (see Table 1).

Conclusion 1: All isothermal and multi-thermal models fit the RHESSI count 
spectrum well! We will use RHESSI imaging to further constrain the result.

multi_therm_pow
multi_therm_gauss

multi_therm_pow_exp
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Fig. 5: Left: CLEAN image for a time interval from 02:08 to 02:10 UT at 13-16 keV with a CLEAN 60-80 keV 50% contour (black). Vis FwdFit
contours at 50% of the maximum and coronal source positions (coloured dots) are displayed for three energy ranges (10-11 keV (pink), 13-16
keV (green) and 20-25 keV (blue)) showing the increasing altitude of the coronal source location with energy. Right: The peak radial position R
plotted against X-ray energy ✏, for both the CLEAN (red) and Vis FwdFit (blue) algorithms. The gradient ↵ = dR/d✏ ± error found from each
linear fit is shown (grey dashed lines) on the graph.

and we can write:

✏(z) =
T (z)

2
� d(n2A)

dT
T 2

n2A
. (10)

The plasma density n(z) and temperature T (z) also determine
the di↵erential emission measure

DEM(T ) = n2 dV
dT
.

Using the definition of DEM(T ), one can write

DEM(T ) = n2 dV
dT

�����
z=z(T )

= n2A
dz
dT

�����
z=z(T )

(11)

where z = z(T ) is the height at a temperature T .
Both DEM(T ) and the peak position of the X-ray flux

at a given energy ✏(z) are uniquely determined by T (z) and
n2(z)A(z).

4.1. Isothermal plasma

Let us first assume a simple case. For an isothermal plasma
dT/dz = 0 and hence d(n2A)/dT = 0, Equation (10) becomes

✏0 =
T
2
=

T0

2
(12)

over all z, where T = T0 is a constant. Therefore, an isothermal
plasma cannot account for the observed changes in peak X-ray
energy with height z. Importantly, this shows that an isother-
mal plasma in the flaring coronal source is ruled out by imag-
ing data, even though an isothermal bremsstrahlung function can
reasonably fit the solar flare spectrum found using RHESSI (see
Figure 3).

4.2. Height-dependent temperature with constant n2A

If n2A is constant with height z, i.e. d(n2A)/dz = 0, then
Equation (9) yields

✏0 =
T (z)

2
. (13)

Since the observed X-ray energies are 10 to 25 keV, the temper-
atures T (z) in a constant n2A plasma would have to be of the
order 20 to 50 keV, i.e. 230 to 580 MK. Since, the majority of
the emitted thermal X-rays are seen at much lower energies
corresponding to lower temperature sources of 1 to 3 keV, a
constant n2A is unlikely.

4.3. Height-dependent T (z) and n2(z)A(z)

In Equation (10), if the gradient d(n2A)/dT , 0, then
d(n2A)/dT = d(n2A)/dzdz/dT = must be negative for energy
✏ to be positive, or the second term must be smaller than the
first term. If the second term is larger than the first term,
then d(n2A)/dz should be negative. Since we observe higher
energy X-ray sources above lower energy X-ray sources, the
temperature must increase with altitude, so that dT/dz > 0.
In this case, d(n2A)/dz does not have to be negative over the
whole region, only in a portion of the region, in order to al-
low the X-ray flux peak positions at a given energy to oc-
cur in the observed region. If d(n2A)/dz is negative over the
entire region, then the X-ray flux peak positions may ap-
pear at a lower altitude than suggested by a given observa-
tion. It is more di�cult to determine the form of ✏ versus
z for the case where d(n2A)/dz is positive over the region,
and the second term is smaller than the first term. Hence
modelling is required to further determine the forms of T (z)
and n2(z)A(z) that can account for both RHESSI imaging and
spectroscopic observations.

6

The flare coronal X-ray source was imaged at 02:08−02:10 UT 
using RHESSI at 10-11,11-13,13-16,16-20 and 20-25 keV.  

Figure: Position of the X-ray source (peak intensity) against 
energy found using both CLEAN and Vis_FwdFit algorithms. The 
gradient of the linear fit is found using Equation (1).

Conclusion 2:  The altitude of the coronal X-ray source at the given time 
increases with energy. Both algorithms give a gradient ~0.2 arcsecond/keV.

RHESSI imaging: sources heights versus energy

CLEAN (cf Hurford et al. (2002)) and  Vis_FwdFit (Schmahl et 
al. (2007)) imaging algorithms were used and the points of peak 
intensity were calculated at each energy bin. 
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This preprint was prepared with the AAS LATEX macros v5.2.

– 6 –

3. Energy, temperature and emission measure changes with X-ray source

height

From RHESSI observations, we found that the energy ⇥ of each observed X-ray coronal

source grows with radial height R and this can be related by a linear fit of the form,

R(⇥) = R0 + �⇥, ⇥ ⇥(R) =
R(⇥)�R0

�
(2)

where � and R0 are the gradient and the intercept of the fit respectively. Therefore, our

task is to find a model that can produce such R versus ⇥ trends and relate such changes to

a temperature T and EM structure within the coronal region. To do this, firstly, we must

derive a relationship between the height h of the X-ray source, its energy ⇥, temperature T

and emission measure EM . Initially we will assume that all the X-rays in the imaging range

of approximately 8-20 keV are emitted as thermal bremsstrahlung only, from a hot coronal

plasma. For these events this is a valid assumption as our spectroscopy results for each

event show that the lower energies over the range of 6-20 keV can be well-fitted by either

an isothermal or a multi-thermal power law model, as shown in Section (). The thermal

bremsstrahlung X-ray distribution is then given by,

I(⇥, h) ⇤ EM(h)

⇥(h)
⌃
T (h)

exp

⇥
� ⇥(h)

kBT (h)

⇤
. (3)

Using RHESSI observations, each X-ray source is imaged over a chosen energy bin and

has a spatial distribution which usually approximates a Gaussian distribution. Hence, the

radial distance or height of the source is usually measured at the point of maximum intensity

in the X-ray image, as in Section (). If we assume that within the region of interest, the

temperature T and emission measure EM vary with height h, then di�erentiating Equation

(3) with respect to h for each energy ⇥ = ⇥0 and equating the result to zero to find the point

of maximum I gives,

⇤I

⇤h

���
�=�0

=
⇤T

⇤h

⌅
⇥0

EM

kBT 5/2
� EM

2T 3/2

⇧
+

⇤EM

⇤h

1

T 1/2
. = 0 (4)

Re-arranging Equation (4) for energy ⇥0 gives

⇥0(h) =
kBT (h)

2
� ⇤EM

⇤h

⇤h

⇤T

kBT 2(h)

EM(h)
=

kBT (h)

2
� ⇤EM

⇤T

kBT 2(h)

EM(h)
. (5)

This is the general equation for relating an X-ray source of energy ⇥0 at height h for given

emission measure EM(h) and temperature T (h) structure within the region. We can also

(1)
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From imaging, the radial position R can be related to X-ray 
energy       by:

An isothermal 
plasma cannot 

account for such a 
trend!



RHESSI imaging: radial source sizes with energy
Other flare coronal X-ray source parameters are 
investigated such as the source size in the 
radial direction (width).

The loop width FWHM is found using Vis_FwdFit 
over the same energy ranges as the radial 
positions. The average width of an X-ray source 
in the radial direction is <W> ~11’’.

The CLEAN (red) and Vis FwdFit (blue) image profiles along a line 
perpendicular to the solar surface and through the centroid position 
of the coronal source, for an energy bin of 10-11 keV are plotted.

Je↵rey, Kontar & Dennis: Temperature and density structure of coronal X-ray sources

Fig. 6: Top: The loop width FWHM W found from Vis FwdFit over
the same energy ranges as for the (x, y) peak positions shown in Figure
5. The average width or vertical size of an X-ray source in the radial
direction R is hWi = 1100.2 ± 000.5. The width was also found using
three larger energy bins of 10-12.5 keV, 12.5-18 keV and 18-25 keV, in-
creasing the number of counts and hence reducing the uncertainty. This
gives an average width of hWi = 1100.0 ± 000.3. Bottom: The CLEAN
(red) and Vis FwdFit (blue) image profiles along a line perpendic-
ular to the solar surface and through the centroid position of the
coronal source, for the energy bin of 10-11 keV. Both curves are
divided by the maximum value for comparison. Vis FwdFit (blue)
fits a Gaussian distribution to the X-ray visibilities, and although
the real X-ray intensity profile may deviate from a Gaussian form
assumed by Vis FwdFit (and the CLEAN PSF), the low �2 values
of the fit tell us a Gaussian is an adequate approximation for the
study.

5. Modelling the vertical temperature and number
density distributions

Using X-ray imaging and spectroscopy data as a guide, we de-
velop a model of T (z) and n2(z)A(z), which can simultaneously
explain flare X-ray imaging and spectroscopic observations.

Firstly, we note that the density n(z) and the area perpen-
dicular to the image plane A(z) (see Figure 7 for the geome-
try) appear in Equation (10) and Equation (11) as a combina-
tion n2(z)A(z). Therefore, the observations cannot say anything
further about the individual distributions of n(z) and A(z), only
about the combination n2(z)A(z). However, we can deduce the
form of n2(z)A(z) and the temperature structure T (z) from the
observations.

The modelled n2(z)A(z) and T (z) should reproduce the fol-
lowing main characteristics of X-ray emission determined
from RHESSI observations:

1. The observed X-ray source widths (using a Gaussian fit)
should have a FWHM⇠ 1100 with visible X-ray emission
over ⇠ 2000 in the radial direction between the energies of
10 to 25 keV. The minimum visible X-ray emission should
be at a height ⇠ 1000 above the limb.

2. Altitude z versus peak energy ✏ should be well-fitted by
Equation (10), relating energy, height, T (z) and n2(z)A(z).
The gradient ↵ has a value of about +0.2 arcsec/keV, which
means the height di↵erence between the peak positions of
the minimum and maximum energies of 10 and 25 keV is
about 300.

3. The DEM(T ) derived from modelling should be consistent
with the DEM used to fit the spatially integrated RHESSI
spectrum (see Figure 4). From RHESSI spectroscopy, we
noted that the OSPEX model DEM functions agree well
within the temperature range of ⇠1.6 to 3.0 keV.

The main results are presented in Figure 8, which has six
panels showing: (1) n2(z)A(z), (2) T (z), (3) X-ray flux at vari-
ous photon energies ✏, (4) The position of the X-ray distribution
peak versus energy, (5) X-ray distribution widths (FWHM) ver-
sus energy, (6) DEM versus temperature.

We note that RHESSI imaging observations at a given
energy ✏ show that the X-ray intensity profiles along z
can be well-described by a Gaussian distribution (i.e. using
Vis FwdFit, even if a Gaussian is not the exact, true form of
the profile - see Figure 6). Hence from Equation (6), the easi-
est way to produce a Gaussian profile, is to create a n2(z)A(z)
profile that is also Gaussian or close to Gaussian along z.
Hence taking n2(z)A(z) [cm�4] as a Gaussian distribution, we
have

n2(z)A(z) = n2
0A0 exp

 
� (z � zs)2

2�2

!
. (14)

with centroid zs and FWHM = 2
p

2 ln 2�. Here, we choose
FWHM= 1400.5 and zs = 1200.5, as measured above the solar
X-ray limb, and n2

0A0 = 6 ⇥ 1040 cm�4. All these values are
found via trial and error, and they are chosen because they
produce the main flare observables. For a constant value of
A, Equation (14) suggests that the number density would
have to fall an order of magnitude or more with increasing z,
as can be deduced from Panel 1 in Figure 8. For the chosen
n2(z)A(z), the peaks of the X-ray source at a given energy only
appear when d(n2A)/dz becomes negative for z > zs (to the
right of the black dotted line in Figure 8), i.e. X-ray emission
appears at lower altitudes but the peaks of the X-ray source
at a given energy can only appear for z > zs.

The temperature T (z), as function of vertical height z, is
modelled as a power-law with fixed minimum and maximum
temperatures (Figure 8), so that

T (z) = 0.5 + 3.2
 

z � zmin

zmax � zmin

!�
keV (15)

where 0.5 keV (⇠ 6 MK) at zmin = 100 and 3.7 keV (⇠ 43 MK)
at zmax = 4000. As discussed in Section 4.3, the observations
require T (z) increasing with height z, so that dT/dz > 0. The
temperature gradient in Equation (15) is changed by varying the
power index �. Figure 8 shows the variations of � between 0.95
and 1.15 (grey region). This represents a range of T (z) that can
best reproduce all the RHESSI observations within uncertainties,
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Fig. 6: Top: The loop width FWHM W found from Vis FwdFit over
the same energy ranges as for the (x, y) peak positions shown in Figure
5. The average width or vertical size of an X-ray source in the radial
direction R is hWi = 1100.2 ± 000.5. The width was also found using
three larger energy bins of 10-12.5 keV, 12.5-18 keV and 18-25 keV, in-
creasing the number of counts and hence reducing the uncertainty. This
gives an average width of hWi = 1100.0 ± 000.3. Bottom: The CLEAN
(red) and Vis FwdFit (blue) image profiles along a line perpendic-
ular to the solar surface and through the centroid position of the
coronal source, for the energy bin of 10-11 keV. Both curves are
divided by the maximum value for comparison. Vis FwdFit (blue)
fits a Gaussian distribution to the X-ray visibilities, and although
the real X-ray intensity profile may deviate from a Gaussian form
assumed by Vis FwdFit (and the CLEAN PSF), the low �2 values
of the fit tell us a Gaussian is an adequate approximation for the
study.

5. Modelling the vertical temperature and number
density distributions

Using X-ray imaging and spectroscopy data as a guide, we de-
velop a model of T (z) and n2(z)A(z), which can simultaneously
explain flare X-ray imaging and spectroscopic observations.

Firstly, we note that the density n(z) and the area perpen-
dicular to the image plane A(z) (see Figure 7 for the geome-
try) appear in Equation (10) and Equation (11) as a combina-
tion n2(z)A(z). Therefore, the observations cannot say anything
further about the individual distributions of n(z) and A(z), only
about the combination n2(z)A(z). However, we can deduce the
form of n2(z)A(z) and the temperature structure T (z) from the
observations.

The modelled n2(z)A(z) and T (z) should reproduce the fol-
lowing main characteristics of X-ray emission determined
from RHESSI observations:

1. The observed X-ray source widths (using a Gaussian fit)
should have a FWHM⇠ 1100 with visible X-ray emission
over ⇠ 2000 in the radial direction between the energies of
10 to 25 keV. The minimum visible X-ray emission should
be at a height ⇠ 1000 above the limb.

2. Altitude z versus peak energy ✏ should be well-fitted by
Equation (10), relating energy, height, T (z) and n2(z)A(z).
The gradient ↵ has a value of about +0.2 arcsec/keV, which
means the height di↵erence between the peak positions of
the minimum and maximum energies of 10 and 25 keV is
about 300.

3. The DEM(T ) derived from modelling should be consistent
with the DEM used to fit the spatially integrated RHESSI
spectrum (see Figure 4). From RHESSI spectroscopy, we
noted that the OSPEX model DEM functions agree well
within the temperature range of ⇠1.6 to 3.0 keV.

The main results are presented in Figure 8, which has six
panels showing: (1) n2(z)A(z), (2) T (z), (3) X-ray flux at vari-
ous photon energies ✏, (4) The position of the X-ray distribution
peak versus energy, (5) X-ray distribution widths (FWHM) ver-
sus energy, (6) DEM versus temperature.

We note that RHESSI imaging observations at a given
energy ✏ show that the X-ray intensity profiles along z
can be well-described by a Gaussian distribution (i.e. using
Vis FwdFit, even if a Gaussian is not the exact, true form of
the profile - see Figure 6). Hence from Equation (6), the easi-
est way to produce a Gaussian profile, is to create a n2(z)A(z)
profile that is also Gaussian or close to Gaussian along z.
Hence taking n2(z)A(z) [cm�4] as a Gaussian distribution, we
have

n2(z)A(z) = n2
0A0 exp

 
� (z � zs)2

2�2

!
. (14)

with centroid zs and FWHM = 2
p

2 ln 2�. Here, we choose
FWHM= 1400.5 and zs = 1200.5, as measured above the solar
X-ray limb, and n2

0A0 = 6 ⇥ 1040 cm�4. All these values are
found via trial and error, and they are chosen because they
produce the main flare observables. For a constant value of
A, Equation (14) suggests that the number density would
have to fall an order of magnitude or more with increasing z,
as can be deduced from Panel 1 in Figure 8. For the chosen
n2(z)A(z), the peaks of the X-ray source at a given energy only
appear when d(n2A)/dz becomes negative for z > zs (to the
right of the black dotted line in Figure 8), i.e. X-ray emission
appears at lower altitudes but the peaks of the X-ray source
at a given energy can only appear for z > zs.

The temperature T (z), as function of vertical height z, is
modelled as a power-law with fixed minimum and maximum
temperatures (Figure 8), so that

T (z) = 0.5 + 3.2
 

z � zmin

zmax � zmin

!�
keV (15)

where 0.5 keV (⇠ 6 MK) at zmin = 100 and 3.7 keV (⇠ 43 MK)
at zmax = 4000. As discussed in Section 4.3, the observations
require T (z) increasing with height z, so that dT/dz > 0. The
temperature gradient in Equation (15) is changed by varying the
power index �. Figure 8 shows the variations of � between 0.95
and 1.15 (grey region). This represents a range of T (z) that can
best reproduce all the RHESSI observations within uncertainties,
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Vis FwdFit (blue) fits a Gaussian distribution to the RHESSI X-ray 
visibilities, and although the real X-ray intensity profile may deviate 
from a Gaussian, it is an adequate approximation for the study.
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Fig. 3.— Left: CLEAN image at 13-16 keV with a CLEAN 60-80 keV 50% contour.

Vis FwdFit contours at 50% of the maximum intensity and loop top positions are over

plotted at three energy ranges (10-11, 13-16 and 20-25 keV) showing the increasing height

of the loop position with energy. Middle: Intensity profiles along a line through the coro-

nal source perpendicular to the solar limb at three energy ranges (10-11, 13-16 and 20-25

keV). Right: The radial distance R against X-ray energy � plotted for both the CLEAN

and Vis FwdFit algorithms. The gradient dR/d� found from each linear fit is shown on the

graph.

Fig. 4.— Left: The loop width FWHM W found from Vis FwdFit over the same energy

ranges as for the (x, y) centroid positions shown in Figure 3. The average width or vertical

size of an X-ray source in radial direction R is �W ⇥ = 11.2± 0.5��. The width was also found

using three larger energy bands 10-12.5, 12.5-18 and 18-25 keV, increasing the number of

counts and hence reducing the y-error. This gives an average width of �W ⇥ = 11.0 ± 0.3��.

Right: The loop length FWHM L found from Vis FwdFit using five energy bands.

Intensity 
profile cut



Relating X-ray energy, height, temperature and density

(4)

A relationship between X-ray source energy, height z, temperature T and number density n is found. Assuming 
that all X-rays emitted from the corona are thermal bremsstrahlung from a hot plasma, the X-ray distribution J 
emitted per unit energy per unit height from each source of area A can be described using (1),

The total photon flux I (2) is found by integrating over all z. Using RHESSI we measure the image peak at each 
energy range.  To find this, we differentiate (1) with respect to z for each energy ε = ε0 and equate to zero (3). 
This gives (4), ε0 as a function of T, n and A, all of which are functions of height z,  

Conclusion 3: An isothermal plasma cannot account for the increasing 
height versus energy - imaging indicates a multi-thermal structure.

(3)
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Fig. 4: Di↵erential emission measures, DEM(T ), obtained for the var-
ious multi-thermal fits (Figure 3). The shaded areas indicate the esti-
mated confidence intervals. The form of all DEM(T )s are similar be-
tween ⇠1.6 and 3.0 keV, independent of the chosen model DEM(T ).

for the analysis. Comparing both algorithms, the absolute val-
ues of R(✏) are shifted by ±000.3 � 000.4, with the CLEAN val-
ues at a lower height than the Vis FwdFit values. This is due
to di↵erences in the way each algorithm reconstructs an image.
The CLEAN algorithm creates an image by finding point
sources and convolving them with the instrumental point
spread function (PSF). The image peak will simply corre-
spond to the brightest point smoothed out by the PSF. Since
Vis FwdFit fits a chosen distribution such as a Gaussian to
the X-ray visibilities, the peak of a given source is determined
by the fitted distribution to the data. Hence, we should not
expect both algorithms to produce the X-ray source peaks
in exactly the same locations. For the purposes of the study,
Vis FwdFit is a more suitable algorithm. However, the sys-
tematic di↵erence between both algorithms is very small
(sub-arcsecond), regardless of the fact they both create the
image in a completely di↵erent way. Basically, the CLEAN
algorithm is used to provide additional confidence in the re-
sults. Other factors, such as the RHESSI PSF should not al-
ter the locations of the centroids at di↵erent energies. The
only variable with energy is the transmission of the material
overlying the detectors — the attenuators, thermal blankets,
and cryostat cover. While the overall absolute X-ray attenu-
ation of this material is not so well known, its variation with
energy is very well known and hence should not produce any
systematic e↵ect of the altitude estimates.

3.3. The vertical extent of the X-ray sources at each energy

Following Je↵rey & Kontar (2013), we determine the character-
istic sizes of the coronal sources, using Vis FwdFit. The loop
width Full Width at Half Maximum (FWHM), W, of each X-
ray source is found for every energy band (Figure 6). The loop
width is defined as the X-ray source FWHM in the radial di-
rection, measured at the loop top, perpendicular to the axis of
the curved elliptical Gaussian. As shown in Figure 6, at ener-

gies of 10 to 25 keV, the X-ray source width W lies between
⇠1000.5 and 1200 and appears to decrease with increasing energy.
The mean X-ray source width is hWi = 1100.2 ± 000.5. W is also
found from Vis FwdFit using three wider energy bins of 10-
12.5 keV, 12.5-18 keV and 18-25 keV to increase the number
of counts per band, with W appearing to remain constant with
energy, at least within the errors. This gives an average width
hWi = 1100.0 ± 000.3. We note that the width of ⇠ 1100 of each
X-ray source is much larger than the observed energy dependent
shift in altitude of only ⇠ 300.

4. The peak of X-ray emission and DEM(T)

From RHESSI observations (see Figure 5), we found that the
flare coronal X-ray source altitude increases with energy, ac-
cording to the approximate linear relation (4). Hence

dz
d✏
= ↵ , (5)

where z is the height above the solar limb.
Our task is to find an analytical model that can produce the

observed z versus ✏ trend and relate such changes to a temper-
ature T (z) structure and a number density n(z) structure in the
flaring coronal region. To do this, firstly, let us derive a relation-
ship between the altitude z of the X-ray source and energy ✏.

Since the spectroscopy results for the flare show that the
spectrum in the range ⇠ 6 to 25 keV can be well-fitted by
multi-thermal models (Figure 3), we will assume that all the
coronal source X-rays in this range are emitted as multi-thermal
bremsstrahlung. This assumption is supported by the fact that
the thermal emission dominates the non-thermal emission in this
range. The spectroscopy results (Figure 3) show that the thermal
and non-thermal components are equal at ⇠ 28 keV with the
thermal component being increasingly dominant at lower ener-
gies. Consequently, we will assume that all the emission in the
6 to 25 keV energy range is multi-thermal bremsstrahlung from
the flaring coronal source.

Consider an emitting volume dV = Adz, where A is the X-
ray source area perpendicular to the radial direction (altitude)
and image plane, as shown in Figure (7). The photon flux emit-
ted as thermal bremsstrahlung per unit energy ✏ per unit height
z from a plasma characterised by a temperature T [keV] and
number density n [cm�3] is given by e.g. Tandberg-Hanssen &
Emslie (1988)

J(✏, z) / n2(z)A(z)
✏
p

T (z)
exp

 
� ✏

T (z)

!
, (6)

where J(✏, z) is the photon flux per unit of height [photons s�1

cm�2 keV�1 cm�1].
The total photon flux [photons s�1 cm�2 keV�1] integrated

over all z is then given by,

I(✏) =
Z 1

0
J(✏, z)dz. (7)

At any observed energy ✏, X-ray flux J(✏, z) should have
maximum at z(✏) determined by the derivative
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Re-arranging Equation (8) for ✏(z) one finds,

✏(z) =
T (z)

2
� d(n2A)

dz
dz
dT

T 2

n2A
. (9)
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Fig. 4: Di↵erential emission measures, DEM(T ), obtained for the var-
ious multi-thermal fits (Figure 3). The shaded areas indicate the esti-
mated confidence intervals. The form of all DEM(T )s are similar be-
tween ⇠1.6 and 3.0 keV, independent of the chosen model DEM(T ).

for the analysis. Comparing both algorithms, the absolute val-
ues of R(✏) are shifted by ±000.3 � 000.4, with the CLEAN val-
ues at a lower height than the Vis FwdFit values. This is due
to di↵erences in the way each algorithm reconstructs an image.
The CLEAN algorithm creates an image by finding point
sources and convolving them with the instrumental point
spread function (PSF). The image peak will simply corre-
spond to the brightest point smoothed out by the PSF. Since
Vis FwdFit fits a chosen distribution such as a Gaussian to
the X-ray visibilities, the peak of a given source is determined
by the fitted distribution to the data. Hence, we should not
expect both algorithms to produce the X-ray source peaks
in exactly the same locations. For the purposes of the study,
Vis FwdFit is a more suitable algorithm. However, the sys-
tematic di↵erence between both algorithms is very small
(sub-arcsecond), regardless of the fact they both create the
image in a completely di↵erent way. Basically, the CLEAN
algorithm is used to provide additional confidence in the re-
sults. Other factors, such as the RHESSI PSF should not al-
ter the locations of the centroids at di↵erent energies. The
only variable with energy is the transmission of the material
overlying the detectors — the attenuators, thermal blankets,
and cryostat cover. While the overall absolute X-ray attenu-
ation of this material is not so well known, its variation with
energy is very well known and hence should not produce any
systematic e↵ect of the altitude estimates.

3.3. The vertical extent of the X-ray sources at each energy

Following Je↵rey & Kontar (2013), we determine the character-
istic sizes of the coronal sources, using Vis FwdFit. The loop
width Full Width at Half Maximum (FWHM), W, of each X-
ray source is found for every energy band (Figure 6). The loop
width is defined as the X-ray source FWHM in the radial di-
rection, measured at the loop top, perpendicular to the axis of
the curved elliptical Gaussian. As shown in Figure 6, at ener-

gies of 10 to 25 keV, the X-ray source width W lies between
⇠1000.5 and 1200 and appears to decrease with increasing energy.
The mean X-ray source width is hWi = 1100.2 ± 000.5. W is also
found from Vis FwdFit using three wider energy bins of 10-
12.5 keV, 12.5-18 keV and 18-25 keV to increase the number
of counts per band, with W appearing to remain constant with
energy, at least within the errors. This gives an average width
hWi = 1100.0 ± 000.3. We note that the width of ⇠ 1100 of each
X-ray source is much larger than the observed energy dependent
shift in altitude of only ⇠ 300.

4. The peak of X-ray emission and DEM(T)

From RHESSI observations (see Figure 5), we found that the
flare coronal X-ray source altitude increases with energy, ac-
cording to the approximate linear relation (4). Hence

dz
d✏
= ↵ , (5)

where z is the height above the solar limb.
Our task is to find an analytical model that can produce the

observed z versus ✏ trend and relate such changes to a temper-
ature T (z) structure and a number density n(z) structure in the
flaring coronal region. To do this, firstly, let us derive a relation-
ship between the altitude z of the X-ray source and energy ✏.

Since the spectroscopy results for the flare show that the
spectrum in the range ⇠ 6 to 25 keV can be well-fitted by
multi-thermal models (Figure 3), we will assume that all the
coronal source X-rays in this range are emitted as multi-thermal
bremsstrahlung. This assumption is supported by the fact that
the thermal emission dominates the non-thermal emission in this
range. The spectroscopy results (Figure 3) show that the thermal
and non-thermal components are equal at ⇠ 28 keV with the
thermal component being increasingly dominant at lower ener-
gies. Consequently, we will assume that all the emission in the
6 to 25 keV energy range is multi-thermal bremsstrahlung from
the flaring coronal source.

Consider an emitting volume dV = Adz, where A is the X-
ray source area perpendicular to the radial direction (altitude)
and image plane, as shown in Figure (7). The photon flux emit-
ted as thermal bremsstrahlung per unit energy ✏ per unit height
z from a plasma characterised by a temperature T [keV] and
number density n [cm�3] is given by e.g. Tandberg-Hanssen &
Emslie (1988)

J(✏, z) / n2(z)A(z)
✏
p

T (z)
exp
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where J(✏, z) is the photon flux per unit of height [photons s�1

cm�2 keV�1 cm�1].
The total photon flux [photons s�1 cm�2 keV�1] integrated

over all z is then given by,

I(✏) =
Z 1

0
J(✏, z)dz. (7)

At any observed energy ✏, X-ray flux J(✏, z) should have
maximum at z(✏) determined by the derivative
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Fig. 4: Di↵erential emission measures, DEM(T ), obtained for the var-
ious multi-thermal fits (Figure 3). The shaded areas indicate the esti-
mated confidence intervals. The form of all DEM(T )s are similar be-
tween ⇠1.6 and 3.0 keV, independent of the chosen model DEM(T ).

for the analysis. Comparing both algorithms, the absolute val-
ues of R(✏) are shifted by ±000.3 � 000.4, with the CLEAN val-
ues at a lower height than the Vis FwdFit values. This is due
to di↵erences in the way each algorithm reconstructs an image.
The CLEAN algorithm creates an image by finding point
sources and convolving them with the instrumental point
spread function (PSF). The image peak will simply corre-
spond to the brightest point smoothed out by the PSF. Since
Vis FwdFit fits a chosen distribution such as a Gaussian to
the X-ray visibilities, the peak of a given source is determined
by the fitted distribution to the data. Hence, we should not
expect both algorithms to produce the X-ray source peaks
in exactly the same locations. For the purposes of the study,
Vis FwdFit is a more suitable algorithm. However, the sys-
tematic di↵erence between both algorithms is very small
(sub-arcsecond), regardless of the fact they both create the
image in a completely di↵erent way. Basically, the CLEAN
algorithm is used to provide additional confidence in the re-
sults. Other factors, such as the RHESSI PSF should not al-
ter the locations of the centroids at di↵erent energies. The
only variable with energy is the transmission of the material
overlying the detectors — the attenuators, thermal blankets,
and cryostat cover. While the overall absolute X-ray attenu-
ation of this material is not so well known, its variation with
energy is very well known and hence should not produce any
systematic e↵ect of the altitude estimates.

3.3. The vertical extent of the X-ray sources at each energy

Following Je↵rey & Kontar (2013), we determine the character-
istic sizes of the coronal sources, using Vis FwdFit. The loop
width Full Width at Half Maximum (FWHM), W, of each X-
ray source is found for every energy band (Figure 6). The loop
width is defined as the X-ray source FWHM in the radial di-
rection, measured at the loop top, perpendicular to the axis of
the curved elliptical Gaussian. As shown in Figure 6, at ener-

gies of 10 to 25 keV, the X-ray source width W lies between
⇠1000.5 and 1200 and appears to decrease with increasing energy.
The mean X-ray source width is hWi = 1100.2 ± 000.5. W is also
found from Vis FwdFit using three wider energy bins of 10-
12.5 keV, 12.5-18 keV and 18-25 keV to increase the number
of counts per band, with W appearing to remain constant with
energy, at least within the errors. This gives an average width
hWi = 1100.0 ± 000.3. We note that the width of ⇠ 1100 of each
X-ray source is much larger than the observed energy dependent
shift in altitude of only ⇠ 300.

4. The peak of X-ray emission and DEM(T)

From RHESSI observations (see Figure 5), we found that the
flare coronal X-ray source altitude increases with energy, ac-
cording to the approximate linear relation (4). Hence

dz
d✏
= ↵ , (5)

where z is the height above the solar limb.
Our task is to find an analytical model that can produce the

observed z versus ✏ trend and relate such changes to a temper-
ature T (z) structure and a number density n(z) structure in the
flaring coronal region. To do this, firstly, let us derive a relation-
ship between the altitude z of the X-ray source and energy ✏.

Since the spectroscopy results for the flare show that the
spectrum in the range ⇠ 6 to 25 keV can be well-fitted by
multi-thermal models (Figure 3), we will assume that all the
coronal source X-rays in this range are emitted as multi-thermal
bremsstrahlung. This assumption is supported by the fact that
the thermal emission dominates the non-thermal emission in this
range. The spectroscopy results (Figure 3) show that the thermal
and non-thermal components are equal at ⇠ 28 keV with the
thermal component being increasingly dominant at lower ener-
gies. Consequently, we will assume that all the emission in the
6 to 25 keV energy range is multi-thermal bremsstrahlung from
the flaring coronal source.

Consider an emitting volume dV = Adz, where A is the X-
ray source area perpendicular to the radial direction (altitude)
and image plane, as shown in Figure (7). The photon flux emit-
ted as thermal bremsstrahlung per unit energy ✏ per unit height
z from a plasma characterised by a temperature T [keV] and
number density n [cm�3] is given by e.g. Tandberg-Hanssen &
Emslie (1988)

J(✏, z) / n2(z)A(z)
✏
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T (z)
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where J(✏, z) is the photon flux per unit of height [photons s�1

cm�2 keV�1 cm�1].
The total photon flux [photons s�1 cm�2 keV�1] integrated

over all z is then given by,
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At any observed energy ✏, X-ray flux J(✏, z) should have
maximum at z(✏) determined by the derivative
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Fig. 4: Di↵erential emission measures, DEM(T ), obtained for the var-
ious multi-thermal fits (Figure 3). The shaded areas indicate the esti-
mated confidence intervals. The form of all DEM(T )s are similar be-
tween ⇠1.6 and 3.0 keV, independent of the chosen model DEM(T ).

for the analysis. Comparing both algorithms, the absolute val-
ues of R(✏) are shifted by ±000.3 � 000.4, with the CLEAN val-
ues at a lower height than the Vis FwdFit values. This is due
to di↵erences in the way each algorithm reconstructs an image.
The CLEAN algorithm creates an image by finding point
sources and convolving them with the instrumental point
spread function (PSF). The image peak will simply corre-
spond to the brightest point smoothed out by the PSF. Since
Vis FwdFit fits a chosen distribution such as a Gaussian to
the X-ray visibilities, the peak of a given source is determined
by the fitted distribution to the data. Hence, we should not
expect both algorithms to produce the X-ray source peaks
in exactly the same locations. For the purposes of the study,
Vis FwdFit is a more suitable algorithm. However, the sys-
tematic di↵erence between both algorithms is very small
(sub-arcsecond), regardless of the fact they both create the
image in a completely di↵erent way. Basically, the CLEAN
algorithm is used to provide additional confidence in the re-
sults. Other factors, such as the RHESSI PSF should not al-
ter the locations of the centroids at di↵erent energies. The
only variable with energy is the transmission of the material
overlying the detectors — the attenuators, thermal blankets,
and cryostat cover. While the overall absolute X-ray attenu-
ation of this material is not so well known, its variation with
energy is very well known and hence should not produce any
systematic e↵ect of the altitude estimates.

3.3. The vertical extent of the X-ray sources at each energy

Following Je↵rey & Kontar (2013), we determine the character-
istic sizes of the coronal sources, using Vis FwdFit. The loop
width Full Width at Half Maximum (FWHM), W, of each X-
ray source is found for every energy band (Figure 6). The loop
width is defined as the X-ray source FWHM in the radial di-
rection, measured at the loop top, perpendicular to the axis of
the curved elliptical Gaussian. As shown in Figure 6, at ener-

gies of 10 to 25 keV, the X-ray source width W lies between
⇠1000.5 and 1200 and appears to decrease with increasing energy.
The mean X-ray source width is hWi = 1100.2 ± 000.5. W is also
found from Vis FwdFit using three wider energy bins of 10-
12.5 keV, 12.5-18 keV and 18-25 keV to increase the number
of counts per band, with W appearing to remain constant with
energy, at least within the errors. This gives an average width
hWi = 1100.0 ± 000.3. We note that the width of ⇠ 1100 of each
X-ray source is much larger than the observed energy dependent
shift in altitude of only ⇠ 300.

4. The peak of X-ray emission and DEM(T)

From RHESSI observations (see Figure 5), we found that the
flare coronal X-ray source altitude increases with energy, ac-
cording to the approximate linear relation (4). Hence

dz
d✏
= ↵ , (5)

where z is the height above the solar limb.
Our task is to find an analytical model that can produce the

observed z versus ✏ trend and relate such changes to a temper-
ature T (z) structure and a number density n(z) structure in the
flaring coronal region. To do this, firstly, let us derive a relation-
ship between the altitude z of the X-ray source and energy ✏.

Since the spectroscopy results for the flare show that the
spectrum in the range ⇠ 6 to 25 keV can be well-fitted by
multi-thermal models (Figure 3), we will assume that all the
coronal source X-rays in this range are emitted as multi-thermal
bremsstrahlung. This assumption is supported by the fact that
the thermal emission dominates the non-thermal emission in this
range. The spectroscopy results (Figure 3) show that the thermal
and non-thermal components are equal at ⇠ 28 keV with the
thermal component being increasingly dominant at lower ener-
gies. Consequently, we will assume that all the emission in the
6 to 25 keV energy range is multi-thermal bremsstrahlung from
the flaring coronal source.

Consider an emitting volume dV = Adz, where A is the X-
ray source area perpendicular to the radial direction (altitude)
and image plane, as shown in Figure (7). The photon flux emit-
ted as thermal bremsstrahlung per unit energy ✏ per unit height
z from a plasma characterised by a temperature T [keV] and
number density n [cm�3] is given by e.g. Tandberg-Hanssen &
Emslie (1988)
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where J(✏, z) is the photon flux per unit of height [photons s�1

cm�2 keV�1 cm�1].
The total photon flux [photons s�1 cm�2 keV�1] integrated

over all z is then given by,
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At any observed energy ✏, X-ray flux J(✏, z) should have
maximum at z(✏) determined by the derivative
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In the model higher energy X-ray sources sit above lower energy sources due to the varying temperature, number 
density and area distributions with altitude z. We can study the n2A changes with z, not the individual n and A.

A cartoon depicting a scenario where T increases with height z and n2A decreases with height z:

Relating X-ray energy, height, temperature and density



Modelling vertical temperature and n2A structures
Using the RHESSI X-ray imaging and spectroscopy data as a guide, we develop a model of T(z) and n2(z)A(z), 
which can simultaneously explain flare X-ray imaging and spectroscopic observations of:

3.The DEM(T) should be consistent with the DEM used to fit the RHESSI 
count spectrum. From spectroscopy, we noted that the OSPEX model 
DEM functions agree well within the temperature range of ~1.5 to 3.0 
keV.

1. The observed X-ray source widths have a FWHM~11’’ with visible X-
ray emission over ~20” in the radial direction (10 to 25 keV). The 
minimum visible X-ray emission should be at a height ~10’’ above the 
limb.

2. The altitude versus energy ε should be fitted by Eq (3), relating 
energy, height, T(z) and n2(z)A(z). The height-energy gradient should be 
around +0.2 arcsec/keV. Je↵rey, Kontar & Dennis: Temperature and density structure of coronal X-ray sources

Fig. 4: Di↵erential emission measures, DEM(T ), obtained for the var-
ious multi-thermal fits (Figure 3). The shaded areas indicate the esti-
mated confidence intervals. The form of all DEM(T )s are similar be-
tween ⇠1.6 and 3.0 keV, independent of the chosen model DEM(T ).

for the analysis. Comparing both algorithms, the absolute val-
ues of R(✏) are shifted by ±000.3 � 000.4, with the CLEAN val-
ues at a lower height than the Vis FwdFit values. This is due
to di↵erences in the way each algorithm reconstructs an image.
The CLEAN algorithm creates an image by finding point
sources and convolving them with the instrumental point
spread function (PSF). The image peak will simply corre-
spond to the brightest point smoothed out by the PSF. Since
Vis FwdFit fits a chosen distribution such as a Gaussian to
the X-ray visibilities, the peak of a given source is determined
by the fitted distribution to the data. Hence, we should not
expect both algorithms to produce the X-ray source peaks
in exactly the same locations. For the purposes of the study,
Vis FwdFit is a more suitable algorithm. However, the sys-
tematic di↵erence between both algorithms is very small
(sub-arcsecond), regardless of the fact they both create the
image in a completely di↵erent way. Basically, the CLEAN
algorithm is used to provide additional confidence in the re-
sults. Other factors, such as the RHESSI PSF should not al-
ter the locations of the centroids at di↵erent energies. The
only variable with energy is the transmission of the material
overlying the detectors — the attenuators, thermal blankets,
and cryostat cover. While the overall absolute X-ray attenu-
ation of this material is not so well known, its variation with
energy is very well known and hence should not produce any
systematic e↵ect of the altitude estimates.

3.3. The vertical extent of the X-ray sources at each energy

Following Je↵rey & Kontar (2013), we determine the character-
istic sizes of the coronal sources, using Vis FwdFit. The loop
width Full Width at Half Maximum (FWHM), W, of each X-
ray source is found for every energy band (Figure 6). The loop
width is defined as the X-ray source FWHM in the radial di-
rection, measured at the loop top, perpendicular to the axis of
the curved elliptical Gaussian. As shown in Figure 6, at ener-

gies of 10 to 25 keV, the X-ray source width W lies between
⇠1000.5 and 1200 and appears to decrease with increasing energy.
The mean X-ray source width is hWi = 1100.2 ± 000.5. W is also
found from Vis FwdFit using three wider energy bins of 10-
12.5 keV, 12.5-18 keV and 18-25 keV to increase the number
of counts per band, with W appearing to remain constant with
energy, at least within the errors. This gives an average width
hWi = 1100.0 ± 000.3. We note that the width of ⇠ 1100 of each
X-ray source is much larger than the observed energy dependent
shift in altitude of only ⇠ 300.

4. The peak of X-ray emission and DEM(T)

From RHESSI observations (see Figure 5), we found that the
flare coronal X-ray source altitude increases with energy, ac-
cording to the approximate linear relation (4). Hence

dz
d✏
= ↵ , (5)

where z is the height above the solar limb.
Our task is to find an analytical model that can produce the

observed z versus ✏ trend and relate such changes to a temper-
ature T (z) structure and a number density n(z) structure in the
flaring coronal region. To do this, firstly, let us derive a relation-
ship between the altitude z of the X-ray source and energy ✏.

Since the spectroscopy results for the flare show that the
spectrum in the range ⇠ 6 to 25 keV can be well-fitted by
multi-thermal models (Figure 3), we will assume that all the
coronal source X-rays in this range are emitted as multi-thermal
bremsstrahlung. This assumption is supported by the fact that
the thermal emission dominates the non-thermal emission in this
range. The spectroscopy results (Figure 3) show that the thermal
and non-thermal components are equal at ⇠ 28 keV with the
thermal component being increasingly dominant at lower ener-
gies. Consequently, we will assume that all the emission in the
6 to 25 keV energy range is multi-thermal bremsstrahlung from
the flaring coronal source.

Consider an emitting volume dV = Adz, where A is the X-
ray source area perpendicular to the radial direction (altitude)
and image plane, as shown in Figure (7). The photon flux emit-
ted as thermal bremsstrahlung per unit energy ✏ per unit height
z from a plasma characterised by a temperature T [keV] and
number density n [cm�3] is given by e.g. Tandberg-Hanssen &
Emslie (1988)

J(✏, z) / n2(z)A(z)
✏
p

T (z)
exp
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!
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where J(✏, z) is the photon flux per unit of height [photons s�1

cm�2 keV�1 cm�1].
The total photon flux [photons s�1 cm�2 keV�1] integrated

over all z is then given by,
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Z 1

0
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At any observed energy ✏, X-ray flux J(✏, z) should have
maximum at z(✏) determined by the derivative
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Fig. 5: Left: CLEAN image for a time interval from 02:08 to 02:10 UT at 13-16 keV with a CLEAN 60-80 keV 50% contour (black). Vis FwdFit
contours at 50% of the maximum and coronal source positions (coloured dots) are displayed for three energy ranges (10-11 keV (pink), 13-16
keV (green) and 20-25 keV (blue)) showing the increasing altitude of the coronal source location with energy. Right: The peak radial position R
plotted against X-ray energy ✏, for both the CLEAN (red) and Vis FwdFit (blue) algorithms. The gradient ↵ = dR/d✏ ± error found from each
linear fit is shown (grey dashed lines) on the graph.

and we can write:

✏(z) =
T (z)

2
� d(n2A)

dT
T 2

n2A
. (10)

The plasma density n(z) and temperature T (z) also determine
the di↵erential emission measure

DEM(T ) = n2 dV
dT
.

Using the definition of DEM(T ), one can write

DEM(T ) = n2 dV
dT

�����
z=z(T )

= n2A
dz
dT

�����
z=z(T )

(11)

where z = z(T ) is the height at a temperature T .
Both DEM(T ) and the peak position of the X-ray flux

at a given energy ✏(z) are uniquely determined by T (z) and
n2(z)A(z).

4.1. Isothermal plasma

Let us first assume a simple case. For an isothermal plasma
dT/dz = 0 and hence d(n2A)/dT = 0, Equation (10) becomes

✏0 =
T
2
=

T0

2
(12)

over all z, where T = T0 is a constant. Therefore, an isothermal
plasma cannot account for the observed changes in peak X-ray
energy with height z. Importantly, this shows that an isother-
mal plasma in the flaring coronal source is ruled out by imag-
ing data, even though an isothermal bremsstrahlung function can
reasonably fit the solar flare spectrum found using RHESSI (see
Figure 3).

4.2. Height-dependent temperature with constant n2A

If n2A is constant with height z, i.e. d(n2A)/dz = 0, then
Equation (9) yields

✏0 =
T (z)

2
. (13)

Since the observed X-ray energies are 10 to 25 keV, the temper-
atures T (z) in a constant n2A plasma would have to be of the
order 20 to 50 keV, i.e. 230 to 580 MK. Since, the majority of
the emitted thermal X-rays are seen at much lower energies
corresponding to lower temperature sources of 1 to 3 keV, a
constant n2A is unlikely.

4.3. Height-dependent T (z) and n2(z)A(z)

In Equation (10), if the gradient d(n2A)/dT , 0, then
d(n2A)/dT = d(n2A)/dzdz/dT = must be negative for energy
✏ to be positive, or the second term must be smaller than the
first term. If the second term is larger than the first term,
then d(n2A)/dz should be negative. Since we observe higher
energy X-ray sources above lower energy X-ray sources, the
temperature must increase with altitude, so that dT/dz > 0.
In this case, d(n2A)/dz does not have to be negative over the
whole region, only in a portion of the region, in order to al-
low the X-ray flux peak positions at a given energy to oc-
cur in the observed region. If d(n2A)/dz is negative over the
entire region, then the X-ray flux peak positions may ap-
pear at a lower altitude than suggested by a given observa-
tion. It is more di�cult to determine the form of ✏ versus
z for the case where d(n2A)/dz is positive over the region,
and the second term is smaller than the first term. Hence
modelling is required to further determine the forms of T (z)
and n2(z)A(z) that can account for both RHESSI imaging and
spectroscopic observations.

6

To reproduce all these observations, we choose a sensible increasing vertical 
T distribution and a Gaussian n2A distribution……………..



Conclusion 4: The main RHESSI observables can be reproduced using a 
temperature and n2A structure that varies with altitude in the flaring corona.

Modelling vertical temperature and n2A structuresJe↵rey, Kontar & Dennis: Temperature and density structure of coronal X-ray sources

Fig. 8: The temperature and density-altitude distribution model (see Section 5 for details) with 6 di↵erent panels. In all panels, the best
model result is represented by the red line and points. 1: n2A vs. height z given by Equation (14). 2: Temperature T vs. z given by Equation
(15). 3: X-ray flux at various photon energies ✏ vs. altitude. The vertical lines indicate the peak locations. 4: The model X-ray distribution
peak position vs. energy (red dots) and Equation (9) using the model T (z) and n2(z)A(z) (pink dashed-dotted line). 5: X-ray distribution
widths (FWHM) vs. energy. 6: Di↵erential Emission Measure, DEM(T ). Panels 4 - 6 show both the results of the RHESSI data analysis
(in blue) and the model predictions (in red). The grey areas show the range of each parameter that can adequately match the measured
values using the range of modelled T (z) shown in Panel 2.

gion with increasing altitude z, in order to produce the RHESSI
imaging results. The modelling suggested that dT/dz between
1.6 and 2.5 keV should be ⇠ 0.08 keV/arcsec. Since this gradi-
ent occurs over most of the observable region (⇠ 1500), it may
be used in future analysis to distinguish between di↵erent cool-
ing and heating processes occurring within the flaring coronal
X-ray source. A constant area A suggests that the number den-

sity should decrease over an order of magnitude with altitude, al-
though A might also vary with z, as suggested by observations of
X-ray source length and width variations. Again, such a predic-
tion should help constrain the processes occurring in the coronal
region of solar flares.

We have analysed a number of other limb flares (see Figure
9 for some examples) with bright coronal X-ray sources, and
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Fig. 8: The temperature and density-altitude distribution model (see Section 5 for details) with 6 di↵erent panels. In all panels, the best
model result is represented by the red line and points. 1: n2A vs. height z given by Equation (14). 2: Temperature T vs. z given by Equation
(15). 3: X-ray flux at various photon energies ✏ vs. altitude. The vertical lines indicate the peak locations. 4: The model X-ray distribution
peak position vs. energy (red dots) and Equation (9) using the model T (z) and n2(z)A(z) (pink dashed-dotted line). 5: X-ray distribution
widths (FWHM) vs. energy. 6: Di↵erential Emission Measure, DEM(T ). Panels 4 - 6 show both the results of the RHESSI data analysis
(in blue) and the model predictions (in red). The grey areas show the range of each parameter that can adequately match the measured
values using the range of modelled T (z) shown in Panel 2.
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Fig. 6: Top: The loop width FWHM W found from Vis FwdFit over
the same energy ranges as for the (x, y) peak positions shown in Figure
5. The average width or vertical size of an X-ray source in the radial
direction R is hWi = 1100.2 ± 000.5. The width was also found using
three larger energy bins of 10-12.5 keV, 12.5-18 keV and 18-25 keV, in-
creasing the number of counts and hence reducing the uncertainty. This
gives an average width of hWi = 1100.0 ± 000.3. Bottom: The CLEAN
(red) and Vis FwdFit (blue) image profiles along a line perpendic-
ular to the solar surface and through the centroid position of the
coronal source, for the energy bin of 10-11 keV. Both curves are
divided by the maximum value for comparison. Vis FwdFit (blue)
fits a Gaussian distribution to the X-ray visibilities, and although
the real X-ray intensity profile may deviate from a Gaussian form
assumed by Vis FwdFit (and the CLEAN PSF), the low �2 values
of the fit tell us a Gaussian is an adequate approximation for the
study.

5. Modelling the vertical temperature and number
density distributions

Using X-ray imaging and spectroscopy data as a guide, we de-
velop a model of T (z) and n2(z)A(z), which can simultaneously
explain flare X-ray imaging and spectroscopic observations.

Firstly, we note that the density n(z) and the area perpen-
dicular to the image plane A(z) (see Figure 7 for the geome-
try) appear in Equation (10) and Equation (11) as a combina-
tion n2(z)A(z). Therefore, the observations cannot say anything
further about the individual distributions of n(z) and A(z), only
about the combination n2(z)A(z). However, we can deduce the
form of n2(z)A(z) and the temperature structure T (z) from the
observations.

The modelled n2(z)A(z) and T (z) should reproduce the fol-
lowing main characteristics of X-ray emission determined
from RHESSI observations:

1. The observed X-ray source widths (using a Gaussian fit)
should have a FWHM⇠ 1100 with visible X-ray emission
over ⇠ 2000 in the radial direction between the energies of
10 to 25 keV. The minimum visible X-ray emission should
be at a height ⇠ 1000 above the limb.

2. Altitude z versus peak energy ✏ should be well-fitted by
Equation (10), relating energy, height, T (z) and n2(z)A(z).
The gradient ↵ has a value of about +0.2 arcsec/keV, which
means the height di↵erence between the peak positions of
the minimum and maximum energies of 10 and 25 keV is
about 300.

3. The DEM(T ) derived from modelling should be consistent
with the DEM used to fit the spatially integrated RHESSI
spectrum (see Figure 4). From RHESSI spectroscopy, we
noted that the OSPEX model DEM functions agree well
within the temperature range of ⇠1.6 to 3.0 keV.

The main results are presented in Figure 8, which has six
panels showing: (1) n2(z)A(z), (2) T (z), (3) X-ray flux at vari-
ous photon energies ✏, (4) The position of the X-ray distribution
peak versus energy, (5) X-ray distribution widths (FWHM) ver-
sus energy, (6) DEM versus temperature.

We note that RHESSI imaging observations at a given
energy ✏ show that the X-ray intensity profiles along z
can be well-described by a Gaussian distribution (i.e. using
Vis FwdFit, even if a Gaussian is not the exact, true form of
the profile - see Figure 6). Hence from Equation (6), the easi-
est way to produce a Gaussian profile, is to create a n2(z)A(z)
profile that is also Gaussian or close to Gaussian along z.
Hence taking n2(z)A(z) [cm�4] as a Gaussian distribution, we
have

n2(z)A(z) = n2
0A0 exp

 
� (z � zs)2

2�2

!
. (14)

with centroid zs and FWHM = 2
p

2 ln 2�. Here, we choose
FWHM= 1400.5 and zs = 1200.5, as measured above the solar
X-ray limb, and n2

0A0 = 6 ⇥ 1040 cm�4. All these values are
found via trial and error, and they are chosen because they
produce the main flare observables. For a constant value of
A, Equation (14) suggests that the number density would
have to fall an order of magnitude or more with increasing z,
as can be deduced from Panel 1 in Figure 8. For the chosen
n2(z)A(z), the peaks of the X-ray source at a given energy only
appear when d(n2A)/dz becomes negative for z > zs (to the
right of the black dotted line in Figure 8), i.e. X-ray emission
appears at lower altitudes but the peaks of the X-ray source
at a given energy can only appear for z > zs.

The temperature T (z), as function of vertical height z, is
modelled as a power-law with fixed minimum and maximum
temperatures (Figure 8), so that

T (z) = 0.5 + 3.2
 

z � zmin

zmax � zmin

!�
keV (15)

where 0.5 keV (⇠ 6 MK) at zmin = 100 and 3.7 keV (⇠ 43 MK)
at zmax = 4000. As discussed in Section 4.3, the observations
require T (z) increasing with height z, so that dT/dz > 0. The
temperature gradient in Equation (15) is changed by varying the
power index �. Figure 8 shows the variations of � between 0.95
and 1.15 (grey region). This represents a range of T (z) that can
best reproduce all the RHESSI observations within uncertainties,
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velop a model of T (z) and n2(z)A(z), which can simultaneously
explain flare X-ray imaging and spectroscopic observations.

Firstly, we note that the density n(z) and the area perpen-
dicular to the image plane A(z) (see Figure 7 for the geome-
try) appear in Equation (10) and Equation (11) as a combina-
tion n2(z)A(z). Therefore, the observations cannot say anything
further about the individual distributions of n(z) and A(z), only
about the combination n2(z)A(z). However, we can deduce the
form of n2(z)A(z) and the temperature structure T (z) from the
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noted that the OSPEX model DEM functions agree well
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ous photon energies ✏, (4) The position of the X-ray distribution
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We note that RHESSI imaging observations at a given
energy ✏ show that the X-ray intensity profiles along z
can be well-described by a Gaussian distribution (i.e. using
Vis FwdFit, even if a Gaussian is not the exact, true form of
the profile - see Figure 6). Hence from Equation (6), the easi-
est way to produce a Gaussian profile, is to create a n2(z)A(z)
profile that is also Gaussian or close to Gaussian along z.
Hence taking n2(z)A(z) [cm�4] as a Gaussian distribution, we
have

n2(z)A(z) = n2
0A0 exp

 
� (z � zs)2

2�2

!
. (14)

with centroid zs and FWHM = 2
p

2 ln 2�. Here, we choose
FWHM= 1400.5 and zs = 1200.5, as measured above the solar
X-ray limb, and n2

0A0 = 6 ⇥ 1040 cm�4. All these values are
found via trial and error, and they are chosen because they
produce the main flare observables. For a constant value of
A, Equation (14) suggests that the number density would
have to fall an order of magnitude or more with increasing z,
as can be deduced from Panel 1 in Figure 8. For the chosen
n2(z)A(z), the peaks of the X-ray source at a given energy only
appear when d(n2A)/dz becomes negative for z > zs (to the
right of the black dotted line in Figure 8), i.e. X-ray emission
appears at lower altitudes but the peaks of the X-ray source
at a given energy can only appear for z > zs.

The temperature T (z), as function of vertical height z, is
modelled as a power-law with fixed minimum and maximum
temperatures (Figure 8), so that

T (z) = 0.5 + 3.2
 

z � zmin

zmax � zmin

!�
keV (15)

where 0.5 keV (⇠ 6 MK) at zmin = 100 and 3.7 keV (⇠ 43 MK)
at zmax = 4000. As discussed in Section 4.3, the observations
require T (z) increasing with height z, so that dT/dz > 0. The
temperature gradient in Equation (15) is changed by varying the
power index �. Figure 8 shows the variations of � between 0.95
and 1.15 (grey region). This represents a range of T (z) that can
best reproduce all the RHESSI observations within uncertainties,
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Fig. 8: The temperature and density-altitude distribution model (see Section 5 for details) with 6 di↵erent panels. In all panels, the best
model result is represented by the red line and points. 1: n2A vs. height z given by Equation (14). 2: Temperature T vs. z given by Equation
(15). 3: X-ray flux at various photon energies ✏ vs. altitude. The vertical lines indicate the peak locations. 4: The model X-ray distribution
peak position vs. energy (red dots) and Equation (9) using the model T (z) and n2(z)A(z) (pink dashed-dotted line). 5: X-ray distribution
widths (FWHM) vs. energy. 6: Di↵erential Emission Measure, DEM(T ). Panels 4 - 6 show both the results of the RHESSI data analysis
(in blue) and the model predictions (in red). The grey areas show the range of each parameter that can adequately match the measured
values using the range of modelled T (z) shown in Panel 2.

gion with increasing altitude z, in order to produce the RHESSI
imaging results. The modelling suggested that dT/dz between
1.6 and 2.5 keV should be ⇠ 0.08 keV/arcsec. Since this gradi-
ent occurs over most of the observable region (⇠ 1500), it may
be used in future analysis to distinguish between di↵erent cool-
ing and heating processes occurring within the flaring coronal
X-ray source. A constant area A suggests that the number den-

sity should decrease over an order of magnitude with altitude, al-
though A might also vary with z, as suggested by observations of
X-ray source length and width variations. Again, such a predic-
tion should help constrain the processes occurring in the coronal
region of solar flares.

We have analysed a number of other limb flares (see Figure
9 for some examples) with bright coronal X-ray sources, and
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Other flare examples:
Here are some examples of other flare coronal X-ray sources 
showing the same increasing height trend versus energy.

Je↵rey, Kontar & Dennis: Temperature and density structure of coronal X-ray sources

Fig. 9: Images of coronal X-ray sources in di↵erent energy bands, for two additional flares: SOL2005-08-23T14:32 from 14:30 to 14:33 UT (left)
and SOL2013-05-13T16:05 from 16:02 to 16:04 UT (middle). Both flares are imaged during the time of peak X-ray flux, and the source altitude
increases with X-ray photon energy in these two flares. This trend also occurs for the analysed flare SOL2013-05-13T02:12 at di↵erent times
(right). Here the imaging results are shown for the time of 02:04 to 02:06 UT during the rise phase of the flare, showing that the gradient dR/d✏
varies with time.

they all show the source altitude increasing with increasing X-
ray energy. This suggests that the observations presented here
are common for a majority of coronal sources, and hence verti-
cal temperature and density gradients with rather broad multi-
thermal DEM(T )s are common.

One notable limitation of RHESSI is the insensitivity to
plasma at temperatures below ⇠ 1 keV. Di↵erent imaging in-
struments should be used to extend the range of temperatures
(e.g. Battaglia & Kontar 2013). We plan to better constrain the
electron number density and temperature distributions of a flar-
ing coronal region, supplementing existing RHESSI data with
EUV imaging and spectroscopy data. This will allow us to ex-
tend our imaging approach to temperatures down to a few MK.

In conclusion, we have demonstrated how imaging should
be used to improve spectral analysis, allowing the shape of the
DEM(T ) to be better deduced, with X-ray imaging providing a
relatively simple guidance to the n2(z)A(z) and temperature T (z)
profiles within a flaring coronal X-ray source.
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Our chosen flare shows that the height 
versus energy trend changes with time.



The main conclusions of the study
For the first time, we show how RHESSI imaging information can be used to constrain the DEM of a 
flaring plasma.

A thermal bremsstrahlung X-ray emission model was developed with inhomogeneous temperature and 
density distributions that could reproduce all the main RHESSI spectroscopy AND imaging 
observables: DEM, altitude increases as a function of energy and the vertical extent as a function of 
energy.

From the modelling we found that a temperature-altitude gradient of 0.08 keV/arcsec (~1.3 MK/Mm) 
could account for the observations.

Similar strong altitude versus energy trends in other flares suggest that the majority of coronal X-ray 
sources are multi-thermal and have strong vertical temperature and density gradients with a broad 
DEM(T).

The altitude of the coronal X-ray source is observed to increase with energy by  +0.2 arcsec/keV 
between 10 and 25 keV, and an isothermal plasma CANNOT account for this!


