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Motivation

Recent RHESSI measurements of vertical extent of HXR footpoint 
sources are inconsistent with predictions given by CTTM (Brown, 
1971).

RHESSI observations:
• energy dependent size typically 2 - 6 arcsec                                                                                              

i.e. 1.5 - 4.5 Mm (Kontar et al. 2008, 2010, Battaglia et al. 2011)

Theory (CTTM):  
• ~ 1 arcsec and smaller  (under ~1 Mm)                                                  

Attempts to model HXR source sizes:
• Battaglia et al. (2012):                                                                       

HXR sizes modelled for prescribed density structures                                                                                
and various μ0 distributions                                                                                        
- sources under ~1.5 arcsec

• O’Flannagain et al. (2015)                                                         
accounting for NUI effects of target plasma - prescribed                                                                                                                                                                                                        
artificially                                                                                                                       
- sources up to ~ 2.3 arcsec at 40 keV

Observed FWHM of HXR vertical source size for 
6th January, 2004 event (Battaglia et al. 2012)

(O’Flannagain et al. 2015)
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Chromospheric HXR source vertical sizes

The key factors influencing the HXR vertical source sizes:

• electron beam parameters: F(t), E0, δ and initial pitch angle distribution M(μ0)

• target atmosphere: T(s), nH(s) (or distribution of the column density) and H ionisation structure x(s)

• magnetic structure of the loop (mirroring)

Observations done by RHESSI:

• typical accumulation time for a RHESSI image is 20 - 60 s

Substantial changes occur in the flaring atmosphere within the first several tens of seconds -> vertical 
evolution of the column density within the HXR source is expected. How will it influence the HXR vertical 
source size in a single flare loop during the flare evolution? 
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Initial setup
Parameters:

• semicircular single flare loop L = 15 Mm, constant B

• HS VAL C initial atmosphere (Vernazza et al., 1981)

•  power-law beam generated at the apex

•  initial pitch angle distribution

• E0 = 20 keV, E1 = 150 keV,  δ = 3, 5, 7,  F0 = 1  and 2x1010 erg cm-2 s-1

   F0(t) = F0 for t > 2.5 s, for lower times linear increase
                               

Hybrid code Flarix (described by Jana Kašparová yesterday)   

• RHD code involving - test particle code + 1D HD + nonLTE (Kašparová et al. 2009, Varady et al. 2010, 
Varady et al. 2014)

• self-consistent modelling of time evolution of chromospheric HXR sources -> source sizes (methodology 
of HXR sources measurement corresponding to Battaglia et al., 2012) 

temperature

H density

2 Varady, M. et al.: Influence of static and stochastic electric fields on electron beams ...

Fig. 1. Temperature distribution in the lower parts of the solar atmo-
sphere. The solid line corresponds to the VAL C atmosphere model,
dashed line corresponds to the preheated flare atmosphere.

2011), to the thermalisation region laying relatively deep in the
atmosphere and producing the observed intensities of footpoint
HXR emission in the frame of pure CTTM.

Various modifications of the CTTM have been proposed to
solve the problems. Fletcher & Hudson (2008) proposed a new
mechanism of energy transport from the corona downwards by
Alfén waves which can accelerate electrons in the corona to
moderate energies ⇤ 10 keV and due to the wave mode conver-
sion in the denser layers a turbulent acceleration in the chro-
mosphere follows. Another modification of the CTTM is the
Local Re–acceleration Thick Target Model – LRTTM that has
been proposed by Brown et al. (2009). The model assumes a
primary acceleration of electrons in the corona and their trans-
port along the magnetic field-lines downwards to the thick tar-
get region. Here they are subject of local re–acceleration by the
stochastic electric fields generated in the current sheet cascades
(Turkmani et al. 2005, 2006) excited by random photospheric
motions.

Karlický (1995) studied a di�erent idea – the Global Re-
acceleration Thick Target Model – GRTTM. The beam elec-
trons accelerated in the primary coronal acceleration site are
during their journey from the corona to the photosphere con-
stantly re-accelerated by small static electric fields generated
by the electric currents originating due to the helicity of the
magnetic field-lines forming the flare loop. The value of the
static electric field tends to reach its maximum in the thick
target region due to the sharp decrease of electric conductiv-
ity in the chromosphere and due to the prospective conver-
gence of magnetic field in this region. A more detailed study
(Gordovskyy & Browning 2012) .....

In this paper we use a relativistic Test-Particle Code – TPC
(Kašparová et al. 2009; Varady et al. 2010) to implement sim-
ple approximations of LRTTM and GRTTM to study the out-
comes of chromospheric bombardment in terms of the energy
deposits, electron beam distribution functions and footpoint
HXR intensity, spectra and directivity in a converging flare
loop. The results obtained for both models are then compared
with a pure CTTM.

Fig. 2. Hydrogen ionisation and relative magnetic field strength in the
lower parts of the solar atmosphere for the converging field. The solid
line corresponds to the hydrogen ionisation in the VAL C atmosphere,
the dashed line to the H ionisation in the preheated flare atmosphere
and the dotted line shows the relative strength of the magnetic field
along the current thread corresponding to the mirror ratio Rm = 5.

2. Description of the model

2.1. Parameters of the model

All the simulations presented in this work start with an in-
jection of an initial electron beam into a magnetically closed
flare loop at its summit point using a test particle approach.
Physically, the initial beam represents a population of non-
thermal electrons created at the primary acceleration site which
is assumed to be located in the corona above the flare arcade.
The non-thermal electrons are assumed to obey a single power
law in energy, so the electron flux spectrum [units – elec-
trons cm�2 s�1 eV�1] is

F(E, µ0, z0 = 0) = M(µ0)(�p � 2)
F0

E2
0

�
E
E0

⇥��p

. (1)

The distribution at the loop-top, corresponding to the column
density z0 = 0, is determined by the upper and lower energy
cuto�s E0, E1 an the power law index �p. All the models pre-
sented in this work start with the same initial beam parameters
�p = 3, E0 = 10 keV, E1 = 150 keV.

M(µ0) is the initial distribution of the non-thermal electron
pitch angle cosines µ. The pitch angle ⇥ determines the angle
between the beam electron velocity component parallel to the
magnetic field lines v⌅ and the total electron velocity v

µ ⇥ cos⇥ =
v⌅
v
. (2)

The initial distribution in µ must be normalized
⇤ 1

�1
M(µ0) dµ0 = 1 . (3)

The function M(µ0) reflects the properties of the primary coro-
nal accelerator (Winter et al. 2011). In our this study we con-
sider two extreme cases of the initial pitch angle distribution:

A. A completely focused beam with the µ0 distribution

M(µ0) = �(µ0 � µc) (4)

where � is the Dirac function and µc = ±1.

VAL C
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the electron population is accelerated by Langmuir waves pro-
duced in this system. Thus, the electrons accelerated during the
beam propagation downwards to the chromosphere can reduce
the beam flux in the beam acceleration site in the corona re-
quested for X-ray emission. Another modification of the CTTM
is the local re-acceleration thick-target model (LRTTM) that has
been suggested by Brown et al. (2009). The model assumes a
primary acceleration of electrons in the corona and their trans-
port along the magnetic field lines downwards to the thick-target
region. Here they are subject to secondary local re-acceleration
by stochastic electric fields generated in the stochastic current
sheet cascades (Turkmani et al. 2005, 2006) excited by random
photospheric motions.

Karlick� (1995) studied another idea – the global re-
acceleration thick-target model (GRTTM). The beam electrons
accelerated in the primary coronal acceleration site are on
their path from the corona to the chromosphere constantly re-
accelerated. Such a re-acceleration is caused by small static
electric fields generated by the electric currents originating due
to the helicity of the magnetic field lines forming the flare loop
(e.g. Gordovskyy & Browning 2011, 2012; Gordovskyy et al.
2013). The magnitude of the static electric field reaches its max-
imum in the thick-target region owing to the sharp decrease in
electric conductivity in the chromosphere and to the prospective
convergence of magnetic field in this region.

In this paper we study the e�ects of the local and global re-
acceleration of beam electrons at locations close to the hard X-
ray chromospheric sources. Section 2 describes our approxima-
tions of LRTTM and GRTTM and their implementation to a rel-
ativistic test-particle code. In Section 3 we compare both modifi-
cations with CTTM in terms of electron beam distribution func-
tions, chromospheric energy deposits, and HXR spectra. Mod-
elled HXR spectra are also forward-fitted to obtain beam param-
eters under the assumption of pure CTTM regardless of any re-
acceleration. The results are summarised and discussed in Sec-
tion 4.

2. Model description

2.1. Beam properties and target atmosphere

The simulations presented in this work start with an injection of
an initial electron beam into a closed magnetic loop at its summit
point using a test-particle approach (Varady et al. 2010). Phys-
ically, the initial beam represents a population of non-thermal
electrons generated at the primary acceleration site located in the
corona above the flare loop. Our simulations do not treat the pri-
mary acceleration itself. The non-thermal electrons are assumed
to obey a single power law in energy, so their initial spectrum (in
units: electrons cm�2 s�1 keV�1) is

F(E, z0) =

⌅⌥⌥⌃
⌥⌥⇧

(�p � 2)F0
E2

0

�
E
E0

⇥��p
, for E0 ⌅ E ⌅ E1

0 , for other E
(1)

(Nagai & Emslie 1984). The electron flux at the loop top, which
corresponds to the column density z0 = 0, is determined by the
total energy flux F0, the low and high-energy cuto�s E0, E1 and
the power-law index �p. All the models presented in this work
start with the same initial beam parameters �p = 3, E0 = 10 keV
and E1 = 400 keV. For F0 we use two values F0 = 5 ⇥ 109

and 1011 erg cm�2 s�1, with the latter only as the CTTM ref-
erence flux for a comparison with the models of secondary re-
acceleration.

We study two various cases of initial pitch angle distribution.
The pitch angle ⇥ determines the angle between the non-thermal
electron velocity component parallel to the magnetic field line 3 
and the total electron velocity 3

µ ⇤ cos⇥ =
3 
3
. (2)

The initial µ-distribution is given by function M(µ0) and must be
normalised. The angularly dependent initial electron flux is then

F(E, µ0, z0) = M(µ0)F(E, z0) ,
� 1

�1
M(µ0)dµ0 = 1 . (3)

We consider two extreme cases:

1. a fully focussed beam

MFF ⇤ M(µ0) =
1
2
�(µ0 � µc) , (4)

where � is the Dirac function and µc = ±1; and
2. a semi-uniformly distributed beam

MSU ⇤ M(µ0) =
⇤

1, µ0 ⌥ (�1,�0.5) � (0.5, 1)
0, µ0 ⌥ (�0.5, 0.5) . (5)

The initial pitch angle distribution reflects the properties of the
primary coronal accelerator. The first distribution may represent
an extreme case of an electron beam accelerated in the coro-
nal current sheet with an X-point, and the second is close to the
outcome of the acceleration mechanisms involving the plasma
wave turbulence in a second-order Fermi process (Winter et al.
2011). The electrons with negative µ0 propagate to the left, with
positive µ0 to the right half of the loop. Since we study the ef-
fects of the electron beam bombardment of the chromosphere,
we excluded the population with µ0 ⌥ (�0.5, 0.5) from the uni-
form distribution. This approximation substantially decreases
the computational cost. The choice of M(µ0) influences the ini-
tial energy flux along magnetic field lines towards a single left
or right footpoint. The parallel fluxes towards individual foot-
points are F0/2 for MFF and 3F0/8 for MSU, respectively. The
total number of non-thermal electrons injected into the loop per
unit area and time is ⌃1.6⇥1017 electrons cm�2 s�1 (relevant to
the energy flux F0 = 5 ⇥ 109 erg cm�2 s�1 and both pitch angle
distributions).

We consider a converging magnetic field along the loop
towards the photosphere with a constant mirror ratio Rm ⇤
B1/B0 = 5, where B0 and B1 are the magnetic fields at the loop
top in the corona and at the base of the loop in the photosphere,
respectively. To model the field convergence we adopted the for-
mula proposed by Bai (1982), where the magnetic field strength
B is only a function of the column density z calculated from the
loop top downwards

B(z)
B0
=

⇤
1 + (Rm � 1)(z/zm)2 , for z ⌅ zm
Rm , for z ⇧ zm

, (6)

where zm = 4⇥1019 cm�2. For the VAL C atmosphere (Vernazza
et al. 1981) zm is located in the chromosphere – corresponding
position sm = 1.36 Mm, temperature Tm = 6270 K and density
nm = 2 ⇥ 1012 cm�3. The adopted configuration of the mag-
netic field is shown in Fig. 1. The convergence of the magnetic
field in the vicinity of the loop footpoints influences the model
in two aspects. First, only part of the beam electrons with low
pitch angles satisfying the condition sin2 ⇥ ⌅ 1

Rm
passes through
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 TP code - CTTM approximation 
Fully focused beam:                         Semi-uniform distribution:                   HXR spectra: 

• kinematics of non-thermal e-  δ = 3 for VAL C atmosphere with 
magnetic mirror Rm = 5 (bottom of the mirror - dotted line)

• energy deposits for F0 = 2.5x109 erg cm-2 s-1 (solid line)

 t = 0.1 s 

 t = 0.15 s 

 t = 0.3 s 

Beam energy deposit:

(Varady et al. 2014)
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TP model of e- beam propagation and HXR emission
Purely collisional interaction of non-
thermal electrons with cold, partially 
ionised target atmosphere.

• VAL C atmosphere - here no HD 
response to the beam heating

• convergent magnetic field Rm = 5 

• initial (coronal) μ0 distribution 
uniform for μ0 =  (0.5, 1)

• CTTM approximation

• HXR emission calculated 
according to Haug (1997)
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E0 = 10 keV, E1 = 400 keV, δ = 3  



Numerical methods: 

•  convection - LCPFCT algorithm for solving generalised continuity equations (NRL) 

•  explicit algorithm time-step splitting method 

•  thermal conduction in flare loop - centred algorithm (Crank-Nicholson)

Evolution of low beta plasma along magnetic field lines in one fluid approximation (Kašparová et 
al. 2009, Varady et al. 2010). 

Physics: 
• flare heating - calculated by the test particle code 
• thermal conduction - classical  Spitzer formula  
  (along field lines) 
• H ionisation - H ionisation modified Saha eq. 
   (Brown 1973)
• RL optically thin - corona and TR  
• RL optically thick – analytic approximation of RL from VAL (Peres, 1982) - no radiative transfer
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Flarix: 1D HD



temperature, density

• F0 = 2x1010 erg cm-2 s-1

• E0 = 20 keV

• E1 = 150 keV

• δ = 3

• evolution 20 s

energy deposit, density

50% HXR contour
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Results (F0 = 2x1010, delta = 3)



• F0 = 2x1010 erg cm-2 s-1

• E0 = 20 keV

• E1 = 150 keV

• δ = 7

• evolution 20 s

• most extreme case (out of all studied cases)

energy deposit, density

temperature, density 50% HXR contour
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Results (F0 = 2x1010, delta = 7)



F = 1e10 (left) F = 2e10 (right)

δ = 7

δ = 5

δ = 3

Energy dependent HXR vertical source 
sizes integrated over 20s of evolution:

• maximum source sizes on small  or 
medium energies 20-30 keV < 1.5 arcsec

• at high energies sources size tends to 
decrease

• relatively week dependence of the source 
size on initial energy flux and δ 
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Results - energy dependent HXR source sizes



                           The research leading to these results has received funding from the  
                           European Community’s Seventh Frame Programme (FP7/2007-2013) 
                           under grant agreement no. 606862 (F-CHROMA). 

Using Flarix (combined TPC and 1D HD approach) we modelled chromospheric HXR source sizes using 
the CTTM for a single flare loop L = 15 Mm and 20 s heating corresponding to RHESSI data acquisition 
time for imaging.

• all models exhibit significant changes in density, temperature and ionisation structure along the loop 
during the evolution, but only minor changes in the corresponding HXR footpoint source sizes and 
positions were obtained

• HXR source sizes integrated over 20 s of evolution are under 1.5 arcsec - thus inconsistent with 
RHESSI observations (correspond to results obtained by Battaglia et al. 2012)

            
• observed vertical sizes of HXR chromospheric sources can not be explained by the time evolution of 

flaring atmosphere taking the CTTM and a single flare loop

For details see: Moravec, Varady, Kašparová et al., 2016, Astron. Nachr., in print (arxive) 

Work on extension of the model from single compact loops to a multi-threaded flare loop composed of a 
bunch of magnetically convergent single threads in progress.
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Conclusions



                           The research leading to these results has received funding from the  
                           European Community’s Seventh Frame Programme (FP7/2007-2013) 
                           under grant agreement no. 606862 (F-CHROMA). 
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Thank You!
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energy deposit, density

50% HXR contourtemperature, density

• F0 = 1x1010 erg cm-2 s-1

• E0 = 20 keV

• E1 = 150 keV

• δ = 3

• evolution 20 s
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Results (F0 = 1x1010, delta = 3)



temperature, density

• F0 = 1x1010 erg cm-2 s-1

• E0 = 20 keV

• E1 = 150 keV

• δ = 5

• evolution 20 s

energy deposit, density

50% HXR contour
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Results (F0 = 1x1010, delta = 5)



temperature, density

• F0 = 2x1010 erg cm-2 s-1

• E0 = 20 keV

• E1 = 150 keV

• δ = 5

• evolution 20 s

energy deposit, density

50% HXR contour
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Results (F0 = 2x1010, delta = 5)



temperature, density

• F0 = 1x1010 erg cm-2 s-1

• E0 = 20 keV

• E1 = 150 keV

• δ = 7

• evolution 20 s

energy deposit, density

50% HXR contour
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Results (F0 = 1x1010, delta = 7)



• F0 = 2x1010 erg cm-2 s-1

• E0 = 20 keV

• E1 = 150 keV

• δ = 7

• evolution 20 s

• most extreme case (6 cases in total)

energy deposit, density

temperature, density 50% HXR contour
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Typical results (F0 = 2x1010, delta = 7)


