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Figure 2. Two SDO AIA images of SOL2014-03-29T17:44 at passbands of 304 Åand 94 Å. RHESSI contours at 10-25 keV (red) and
50-100 keV (blue) are also displayed, indicating a lower energy coronal source connecting two higher energy footpoint sources. In the left
panel, Fe XVI intensity contours are shown while in the right panel Fe XXIII intensity contours are displayed (green in each).

Figure 3. If instrumental non-Gaussian broadening is completely ruled out, then the kappa line profiles could be produced by the following
three scenarios: a multi-thermal ion distribution along the line-of-sight, isothermal plus non-thermal ions and isothermal plus bulk ion
motions.

Gaussian parameters  and �



in di↵erent flare regions
at di↵erent times during the flare.

3.1.1.  and � values

The  maps are shown in Figure 5 for both Fe XVI
and Fe XXIII. At time 1, both HXR footpoints and a
lower energy coronal source can be clearly seen but there
were no Fe XXIII or Fe XVI lines suitable for analysis.
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Kappa lines (small      
  ) are indicative of 
either: 
1. non-thermal 

ion velocities 
2. multi-thermal 

plasma.

Hard X-ray (HXR) polarization is an 
important tool for determining the electron 
pitch-angle distribution which is related to 
the electron acceleration mechanism. 

A new instrument 
POLAR3 will be 
launched in September 
on-board the Chinese 
space station.

Solar flares are huge releases of energy from the Sun’s atmosphere.  High energy flare processes such as 
particle acceleration, transport and plasma heating are studied by observing the Sun in different wavelengths.

We used simulations of X-ray transport to 
understand an effect known as X-ray 
albedo that changes all X-ray properties 
including polarization measured by POLAR.

X-ray spectroscopy and imaging are key 
tools for understanding flare accelerated 
electrons. We can also use them to 
understand the properties of megakelvin 
plasma in the flaring corona such as 
temperature and electron number density.

EUV line spectroscopy

!

Full work in Jeffrey, Fletcher & Labrosse (2015)

EUV line spectroscopy with Hinode EIS 

allows us to probe flare ion properties. 

Figure 1:  A multi-wavelength observation of a 
solar flare occurring on the 29th March 2014.
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indices of around 3. These lines give an example where
the chosen KG2 fits produce higher �

2 values than the
KG1 fits.
During the fits, none of the regions contained warm

pixels as discussed in Je↵rey et al. (2016) and we varied
the EIS line intensities using the codes of Klimchuk et al.
(2016) that accounts for the fact that there is a finite
binning in wavelength before the lines are fitted using

The spectral lines are better fitted using a 
kappa rather than a Gaussian line profile. 

Figure 2:  Line fitting of Fe XVI and Fe XXIII.

We combine this RHESSI X-ray imaging 
observation with RHESSI X-ray 
spectroscopy, allowing us to better 
constrain flaring coronal plasma properties.

Full work in Jeffrey & Kontar (2011)

EIS spectrometer slit during an observation.

Kappa lines: peaked with broad wings!
These observations 
show that the flaring 
corona cannot be 
isothermal and 
properties from 
spectroscopy should 
not be found using an 
isothermal model.

New X-ray polarization measurements!

X-rays can be Compton scattered in the 
Sun’s photosphere. This is X-ray albedo.

By accounting for 
albedo, we can 
make polarization 
maps and use them 
in the future as 
detailed probes of 
hard X-ray electron 
properties.
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Fig. 5.— Left: CLEAN image for 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

intensity and loop top (peak intensity) positions (coloured dots) are over-plotted for three

energy ranges (10-11 (pink), 13-16 (green) and 20-25 (blue) keV) showing the increasing

height of the loop position with energy. Right: The radial position of peak intensity R

plotted against X-ray energy ϵ, for both the CLEAN and Vis FwdFit algorithms. The

gradient α = dR/dϵ± error found from each linear fit is shown on the graph.
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Solar flare plasma diagnostics and determining 
the properties of solar flare electrons and ions

Natasha L. S. Jeffrey, SUPA School of 
Physics & Astronomy, University of Glasgow

We can study high energy processes using X-ray and EUV emissions 
currently using space-based instrumentation such as  RHESSI1 (X-rays) 
and Hinode EIS2 (EUV).

What is a solar flare and why do we study them?

Flares initiate in the corona but we see emission from all parts of the 
atmosphere from heating and streaming particles guided by the magnetic 
field and producing radiation in lower, denser parts of the atmosphere.

Determining solar flare ion distributions 3

Due to Doppler motion, the 1-D line-of-sight veloc-
ity (or energy) distribution will produce the following
line profile with change of variables f(vk) / I(�) d�

dvk
=

I(�)�0
c

I(�) = A

�

✓
1 +

(�� �0)2

2�


◆�+1

(4)

Therefore, we fit 4 to the EIS line profiles so we can relate
the results to underlying the 1-D velocity (or energy) dis-
tribution, where for low  and at high v, we can approx-
imate the ion distribution as a power law with f(vk) /
v

�2 = E

� and v

2
th

= 2�2


c

2
/�

2
0 =

p
2k

B

T/M =.
Equation 4 is slightly di↵erent to the kappa fitting func-
tion used in (Je↵rey et al. 2016), where the index  in-
stead of + 1 was used.

2.3. Multi-thermal ion distribution

A kappa line profile could also be the product of a
multi-thermal plasma along the line-of-sight and hence
the kappa line profile can be related to an ion di↵erential
emission measure (DEM(T)). Such a kappa line profile
would be related to an underlying DEM(T) of the form

⇠(T ) =
EM

↵�(↵� 1)T
max

✓
↵T

max

T

◆
↵

exp

✓
�↵T

max

T

◆
.

(5)
that can account for a nearly isothermal bulk plus

power law tail e.g.(Battaglia & Kontar 2013), where the
parameters T

max

and ↵ are related to the  and �



via...
In Je↵rey et al. (2015), it was shown that both the tem-
perature and density in the corona vary with height and
the found DEM was close to that of Equation 5.

2.4. EIS line fitting

Firstly, Fe XVI and Fe XXIII are fitted with a single
Gaussian to infer the line widths and non-thermal broad-
ening, if present. Lines with a high level of skewness and
hence directed moving components are removed and not
analysed. Many of the Fe XVI and Fe XXIII lines fitted
with a Gaussian have high reduced �

2 values and on the
maps we only show points with a reduced �

2 less than 6.
Even after the removal of a Gaussian instrumental profile
(W

i

= 000.059 Å), the broadening is larger than expected
from thermal motion alone (000.13 Å- 000.015 Å).
Then, as in Je↵rey et al. (2016), we use a convolved

kappa-Gaussian distribution to (1) account for the EIS
instrumental profile which is assumed Gaussian with
FWHM= 000.059 and (2) acccount for the possibly of
a physical non-thermal ion velocity distribution (corre-
sponding to line profiles with peaked profiles and larger
wings than a Gaussian).
The Fe XVI and Fe XXIII lines in each region are fitted

with a Gaussian profile and a kappa-Gaussian of the form

W(�) = G(�) ⇤K(�)(�� �

0
) = A[0]+

A[1]
X

�

0

exp

 
� (�

0 �A[2])2

2�2
I

! 
1 +

(�� �

0 �A[2])2

2A[3]2A[4]

!�A[4]+1

(6)

where A are the fit parameters. For further details see
Je↵rey et al. (2016). Once fitted, lines suitable for further
analysis must fall within the following criteria to ensure
that the line profile shape can be confidently found:

1. Lines must have an absolute value of skewness less
than 0.08 (see Je↵rey, Fletcher & Labrosse 2016).

2. The �2 value of the kappa-Gaussian fit must be less
than 5.0.

3. The �

2 value of the Gaussian fit must be greater
than 3.0.

4. The ratio �

2
gauss

/�

2


must be greater than 2.0.

5. The estimated noise level for the line must be below
9% and the ratio of the integrated intensity error
to intensity less than 0.9%.

From Equation A1, we are interested in determining
the values of the power index  and characteristic width
�



(fit parameters A[4] and A[3] respectively); param-
eters that provide information regarding a non-thermal
ion velocity distribution. SOL2014-03-29T17:44 was also
observed with the Interface Region Imaging Spectrograph
(IRIS) (De Pontieu et al. 2014). Unfortunately, none of
the possible optically thin lines were suitable for our line
profile analysis.
Since we are performing a detailed line profile anal-

ysis, we have to account for the possibility that all or
part of the non-Gaussian line profile is produced by
a non-Gaussian instrumental response. Since EIS is
a di↵raction-limited spectrometer, there is no reason
for the instrumental profile to be Gaussian, and espe-
cially not kappa. However, it may be extremely well-
approximated by a Gaussian or a kappa distribution. In
general, a di↵raction-limited spectrometer is expected to
have an instrumental response closer to something like a
sinc2x function (see 5 for more details). Therefore, if we
wish to perform more detailed flare spectroscopy studies
in the future, then the exact instrumental profile must
be laboratory tested before the instrument is used. How-
ever, we find that overall as the line width falls with time,
the kappa index increases. Such a trend suggests that the
non-Gaussian profiles are indeed non-thermal, since for
a given non-Gaussian instrumental broadening we would
expect the opposite trend. We would expect to see the
non-Gaussian profile more clearly as the physical width
decreased. This is discussed further in the appendix (5).
The right column of Figure 2.4 displays two exam-

ples of lines profiles and fits, for both Fe XVI and Fe
XXIII. Here the lines are fitted with a single Gaussian, a
kappa(physical)+Gaussian(instrumental) fit (KG1) and
a kappa(instrumental)+Gaussian(physical) fit (KG2).
The spatial location of each profile is indicated in each
image (left column of Figure 2.4) by the box and slit po-
sition. Both lines are excellent examples showing how
the kappa part of the kappa-Gaussian fit is able to ac-
count for the higher peaks and broader wings of the lines.
For both profiles, there is also a large di↵erence between
the goodness of fit reduced �

2
G

and �

2
G

(1 and 7 re-
spectively for the example Fe XXIII line and 1.7 and 8.8
respectively for the Fe XVI line). The lines are in di↵er-
ent regions at di↵erent times but they both produce 

Full work in Jeffrey, Kontar & Dennis (2015)
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Figure 4:  Simulated HXR polarization map.

Figure 3:  
A RHESSI X-ray 
image of solar 
flare coronal 
sources at 
different 
energies (13-
May-13 flare).
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Understanding the high energy processes occurring in the Sun allows us 
to understand the same processes occurring elsewhere in the Universe.
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Coronal source 
height R increases 
with energy and 
can be described by 

Je↵rey, Fletcher & Labrosse: Non-Gaussian solar flare spectral line profiles

Fig. 4. Background EIS integrated intensity raster images for Fe
XVI at 262.9760 Å. The features of the flare are displayed using
AIA 1700 Å (grey), 193 Å (green) and RHESSI 10-20 keV (red)
and 30-100 keV (blue) contours, for the EIS raster start time
of 01:41:16 UT, close to the peak of the flare. Seven regions
of study are chosen and they are denoted on the figure as the
rectangles 1 to 7. The spatially integrated spectral properties of
Fe XVI within each rectangular region are studied.

3.2. A moments analysis of Fe XVI line profiles

Using the results of the initial analysis, suitable Fe XVI line pro-
files at the EIS raster start time of 01:41:16 UT are chosen for
further analysis. Firstly, we perform a higher moments analysis
using the third (skewness) and fourth (kurtosis) normalised mo-
ments. The skewness describes the symmetry of the line, and this
is useful for inferring the presence of small components of di-
rected motion. A symmetric line distribution such as a Gaussian
will have a skewness equal to 0. The kurtosis describes how the
line shape moves away from that of a Gaussian, which has a
kurtosis value of 3. The distribution-normalised skewness S and
the kurtosis K are calculated for any observed line intensity I(�)
[ergs/cm2/s/sr/Å] via

S =
1
�3

R
�

I(�)(� � �0)3d�
R
�

I(�)d�
(1)

and

K =
1
�4

R
�

I(�)(� � �0)4d�
R
�

I(�)d�
(2)

for wavelength � and line centroid �0. Both S and K are
weighted by �2, the second moment (the variance) of the line
given by

�2 =

R
�

I(�)(� � �0)2d�
R
�

I(�)d�
. (3)

A sensible range of � values containing the line profiles is cho-
sen (�0 ± 0.2 Å), and a background level (assumed constant)

found from the initial Gaussian fitting in each region, is re-
moved before evaluating the line profile skewness and kurto-
sis. The skewness and kurtosis are then found using Equations
1 and 2. Any variation in wavelength due to the instrumen-
tal e↵ects is also accounted for by using the o↵set provided
within the eis auto fit.pro fit structure. However, the o↵set will
not change the overall shape of the line profile and the anal-
ysis. The skewness and kurtosis values for each Fe XVI line
are shown in Table 1. The total line width (calculated as a
Gaussian FWHM= 2

p
2 ln 2�2, where �2 is the variance), in-

cluding the instrumental broadening, is also displayed in Table
1. Calculating the total line width as a ‘Gaussian FWHM’ allows
comparison with a Gaussian, since the ‘FWHMs’ will only be
equivalent when the line shape is truly Gaussian and �2 = �2

G,
where �2

G is the variance of a Gaussian distribution. From the
moments analysis, the total line widths have ‘FWHM’ values
between 0.09 Å and 0.11 Å. For any further analysis, we only
choose lines with an absolute value of skewness, |S |  0.1. As
expected from the initial analysis, the line profile in region 6
has a larger |S | than 0.1 and is not further analysed. This value
of skewness was chosen after performing an analysis of mod-
elled lines with di↵erent levels of skewness. This is discussed
further in Section 4. Table 1 shows that the kurtosis values are
between 3.2 and 3.5, slightly higher than the Gaussian value of
3. The kurtosis values are suggestive that the line profiles devi-
ate from a Gaussian. If we are measuring the kurtosis of physical
line profiles “gaussianised” by a broad instrumental profile, we
would expect the kurtosis values of the physical line profiles to
be higher than measured. There does not seem to be any obvi-
ous change in kurtosis related to the di↵erent flare regions. The
skewness and an uncertainty associated with the measured kur-
tosis will be discussed in Section 4.

3.3. Line fitting

At the very least, we know that the line profile is a combination
of two functions: (1) the instrumental profile and (2) the physical
profile produced by the motion of the ions. In order to account
for the possibility of non-Gaussian physical line profiles, we em-
ploy the more general kappa line profile, that takes the form,

I(�) = I0

 
1 +

(� � �0)2

2�2


!�
(4)

for amplitude I0 and �, a characteristic width2 Small values of
the index  can produce lines that are more peaked with broader
wings since the line profile is produced by a velocity distribu-
tion out of thermal equilibrium with a greater fraction of higher
velocity particles. Equation 4 tends to a Gaussian line profile
as  ! 1. From a real-life observational perspective, the line
profiles will be indistinguishable from a Gaussian if  > 20. In
the high  index limit, the characteristic width �2

 has the same
meaning as �2

G, the variance of a Gaussian line profile. The im-
plications of a kappa line profile instead of a Gaussian are dis-
cussed further in Section 5.

A total observed line profile W can then be written as a con-
volution of a Gaussian line profile G and a kappa line profile K ,

2 We note that �2
 in a kappa distribution of this form is not equal to

the actual second moment (variance) of the line, but it is related to it by
�2 = �2

/(1 � 3/2) (?). Hence the distribution variance can be easily
found from a simple change of variables.

5
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This preprint was prepared with the AAS LATEX macros v5.2.
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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
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Ii =
dI

dz
⇤ n2

iA

�
⌅
Ti

exp

⌅
� �

Ti

⇧
(21)

dIi
dz

���
�=�0

= 0 =
d

dz

⌃
n2
i

�
⌅
Ti

exp
⇥
��0
T

⇤⌥
(22)

dni

dz

2ni

T 1/2
i

+�dTi

dz

n2
i

2T 3/2
i

+
dTi

dz

�0n2
i

T 5/2
i

= 0 (23)

�0 =
Ti

2
� dni

dTi

2T 2
i

ni
(24)

From spectroscopy, we have

DEM(T ) = n2dV

dT
= n2Adz

dT
⇥ n2 =

DEM(T )

A

dT

dz
(25)

dn2

dT
=

1

A

d

dT

⌃
DEM(T )

dT

dz

⌥
⇥ dn2

i

dTi

T 2
i

n2
i

=
T 2
i

DEM(T )

dz

dT

d

dT

⌃
DEM(T )

dT

dz

⌥
(26)

Re-writing gives,

�0 =
Ti

2
� dni

dTi

2niT 2
i

n2
i

=
Ti

2
� dn2

i

dTi

T 2
i

n2
i

=
Ti

2
� T 2

i

DEM(T )

dz

dT

d

dT

⌃
DEM(T )

dT

dz

⌥
(27)

�0 =
Ti

2
� T 2

i

DEM(T )

dDEM(T )

dT
� T 2

i

dz

dT

d

dT

⌅
dT

dz

⇧
(28)

�0 =
Ti

2
� T 2

i

DEM(T )

dDEM(T )

dT
+ T 2

i

dTi

dz

d2z

dT 2
i

(29)
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