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ABSTRACT

Using the two-dimensionalMHDmodel of themagnetic reconnection, the cusp structure with the collapsing trap is
simulated. Scaling these computational results into solar flare conditions, we study the electron acceleration in the
collapsing trap. We use the test-particle technique with the guiding center approximation in which the collisional
losses and scattering of accelerated electrons are included. We found that this ‘‘secondary’’ acceleration process es-
sentially modifies the distribution function of electrons preaccelerated in the reconnection process. The collapsing
trap consists of a structure with the return current, which influences the spatial structure of the loop-top X-ray source.
The significance of the curvature drift of electrons in the electric field direction for the electron acceleration is con-
firmed. The acceleration is more efficient, and the X-ray loop-top source is more intense, but spatiallymore prolonged
than the X-ray source computed in the model without this drift.

Subject headinggs: Sun: activity — Sun: flares

1. INTRODUCTION

The standardmodel of eruptive flares (see, e.g., Priest & Forbes
2000) assumes a vertical current sheet in which magnetic recon-
nection takes place and where particles are accelerated in the DC
electric field (Litvinenko 1996). This acceleration process is con-
sidered to be the primary one, and for further particle acceleration
various secondary acceleration processes were proposed: (1) an
acceleration due to MHD turbulence generated in fast plasma re-
connection outflows (LaRosa &Moore 1993; Miller et al. 1996),
(2) the shock drift (Holman& Pesses 1983) and (3) diffusive shock
accelerations (Cargill et al. 1988), and (4) the first-order Fermi ac-
celeration in fast termination shock (Tsuneta &Naito 1998). For
the review of acceleration mechanisms, see Aschwanden (2002).

Among secondary acceleration processes there is one accel-
eration process, which is not commonly considered, but natu-
rally follows from the motion of magnetic field lines in the cusp
structure below the reconnection current sheet and above the un-
derlying flare loops. Namely, in the reference system of mov-
ing magnetic field lines and flowing plasma, the magnetic field
changes in time. This system of moving magnetic field lines at
this space was called the collapsing magnetic trap by Somov &
Kosugi (1997) and Jakimiec (2002) (see also Fig. 1 in Karlický
& Kosugi [2004]), and it was proposed as an efficient acceler-
ator of particles. These processes have been further investigated
from a fundamental physics point of view by Somov&Bogachev
(2003), Kovalev & Somov (2003), and Bogachev & Somov
(2005). In simple two-dimensional configurations the authors
have compared a role of Fermi and betatron types of accelera-
tions and estimated an effect of collisions. On the other hand,
Karlický & Kosugi (2004) have studied this acceleration pro-
cess numerically in the simplified form of the collapsing trap.
They have shown the importance of this acceleration process for
the explanation of loop-top X-ray sources (Masuda et al. 1996).

In the magnetospheric physics, Birn et al. (1997, 1998) have
proposed a similar acceleration mechanism to explain the disper-
sionless injection of energetic particles in the magnetotail. Further-
more, Birn et al. (2004) have investigated an electron acceleration in
the inner tail on the basis of test-particle orbits in the dynamic fields
of a three-dimensional MHD simulation. They have found that
typical acceleration mechanisms consists of betatron acceleration
at large pitch angles and Fermi acceleration at small pitch angles.

In the solar physics case, Aschwanden (2004) has explained
the time structure of hard X-ray emission during solar flares by
themodel with the collapsing trap. Recently, Giuliani et al. (2005)
presented a model of the collapsing trap in solar flares. Their
model is based on the kinematic description of the magnetic field
evolution. Then studying test-particle orbits in such a collapsing
trap, they have found an important effect of the curvature drift on
the electron acceleration.
In the present paper, similarly as in the magnetospheric phys-

ics, i.e., Birn et al. (2004), first we simulate the collapsing trap in
the cusp-flare topology in a two-dimensional MHD numerical
model. Then using the test-particle technique the acceleration of
electrons in the collapsing trap is studied. Finally, the X-ray emis-
sion, generated in the collapsing trap, is computed for comparison
with observations.

2. THE MODEL

2.1. MHD Model of the Collapsing Trap

The plasma evolution in the model is described by a system of
compressible, resistive one-fluid MHD equations,
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Since the MHD model cannot describe the nonideal effects
(resistivity) consistently, the effects are included phenomeno-
logically:we change the resistivity � dynamically to an anomalous
value whenever the drift velocity vD exceeds a given threshold vcr
(Kliem et al. 2000; Bárta & Karlický 2005):

�(r; t) ¼
0; jvDj � vcr;

C
vD(r; t)j j � vcrð Þ

v0
; jvDj > vcr:

8<
:

Here we assume that the onset of the anomalous resistivity is
caused by the instability of the electron stream forming the elec-
tric current at a high electron-ion drift velocity. In the large-scale
(see the scaling in x 3.2) simulation one cannot, of course, re-
solve the typical width of the dissipative current sheet (�10 m;
Litvinenko 1996), but we still believe that the regions where the
enhanced resistivity takes place in our model can be interpreted
as a dissipative region, in the sense of the concept of the fractal
reconnection proposed by Shibata & Tanuma (2001).

To simulate the cusp structure with the collapsing trap, we
start with a symmetric vertical Harris-type current sheet located
in the middle of the two-dimensional rectangular computation
domain. This current sheet, in the small surrounding of the origin
(see the following figures), is perturbed by an anomalous resis-
tivity for a short time. The system evolves according to theMHD
equations, which are solved using the two-dimensional Lax-
Wendroff scheme. The free boundary conditions on the upper
boundary and (due to the sheet symmetry) on both the left and
right sides are considered. The symmetric [Q( y) ¼ Q(�y)] and
antisymmetric [Q( y) ¼ �Q(�y)] relations are respectively used
for quantities �; ux; By; U and uy; Bx at the bottom boundary.
This choice ensures that the magnetic field is vertical at this
boundary. Furthermore, after an initiation of the cusp structure
(see x 3.1) the parameters at the bottom boundary are fixed, thus
simulating an effect of dense plasma of the solar photosphere.

For convenience we use throughout the simulation dimen-
sionless variables: namely, the spatial coordinates x and y are
expressed in the unit of the current sheet width LA and time in
Alfvén transit time �A ¼ LA/VA;0; VA;0 ¼ B0/ �0�0ð Þ1/2 is the as-
ymptotic value (x ! 1) of the Alfvén speed at the initial state
(t ¼ 0). See papers by Karlický (1988) and Kliem et al. (2000)
for details.

In order to have a simple quantitative measure of reconnection
energetics, we use the power dissipated into the Ohm heat,

D ¼
Z
Box

�(x; y) j 2(x; y) dx dy;

as a measure for the reconnection activity.

2.2. Test-Particle Model

In our model the electric field has only the component per-
pendicular to the MHD computational plane, i.e., perpendicular
to the magnetic field. In this case, the guiding center’s motion
of test electrons occurs mainly in this MHD computational plane
(x-y). As shown by Giuliani et al. (2005), besides this main
motion there is a small additional (curvature) drift in the invari-
ant z-direction, which plays an important role in the electron
acceleration. Namely, this drift is in the electric field direction.
Therefore, in our model for the test electron motion and accel-

eration we use the equations as follows (Northrop 1963; Giuliani
et al. 2005):
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whereE � (0; 0; Ez) is the electric field, b¼ B/B is the unit vector
in the magnetic field direction, u? is the plasma velocity perpen-
dicular to the magnetic field B � B(R; t) computed in the above-
mentioned MHD model, vk is the electron velocity parallel to the
magnetic field, � is the magnetic moment, R is the vector location
of the guiding center,me is the electronmass, and s is the coordinate
along the magnetic field line. The term �B ¼ E? is the electron
energy perpendicular to the magnetic field, and vk@(�B)/@s is the
mirror term, which appears with opposite signs in the energetic
equations (4) and (5). The term me(v2kE < b/B)(@b/@s) expresses
the electron energy gain due to the curvature drift.

Furthermore, in each time step we computed the energy losses
and pitch-angle scattering of electrons due to Coulomb colli-
sions.We used theMonte Carlo method as described in the paper
of Bai (1982). For the change of the electron energy�E and the
deflection angle h� 2i during one time step, the following formu-
lae were used:

�E ¼ 4�nee
4�Lp

mev2
; ð6Þ

h�2i ¼ 16�nee
4�Lp

�2m2
ev

4
; ð7Þ

where Lp is the distance that an electron travels in a plasma dur-
ing one time step, me is the electron mass, � is the Coulomb
logarithm, ne is the density of the plasma, � is the Lorentz fac-
tor, and v is the electron velocity. The pitch-angle change due to
Coulomb scattering is then expressed by

cos (�1 þ�� ) ¼ cos �1 cos �s þ sin �1 sin �s cos �s; ð8Þ

where �1 is the pitch angle at the beginning of the step. The
Coulomb deflection angle �s was computed from equation (7).
The azimuthal deflection �s has a random distribution over the
interval 0–2� (for details, see Bai 1982).

2.3. X-Ray Emission Model

Knowing the positions of test electrons and the densities at
their positions, the hard X-ray emissivity FX can be computed as
the sum of contributions of single electrons as follows:

FX(EX) ¼
X

npv	B(EX;E ); ð9Þ

where np is the number density of ambient protons, v is the elec-
tron velocity, EX and E are the radiation and electron energies,
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respectively, and 	B is the bremsstrahlung cross section (Brown
1971; Tandberg-Hanssen & Emslie 1988),

	B(EX;E ) ¼
7:9 ; 10�25

EXE
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with EX and E in keV.

3. RESULTS

3.1. MHD Model

The system (eq. [1]) was solved inside a ½�18; 18� ; ½0; 90�
box ( length units are in the half-width of the current sheet LA),
i.e., on 801 ; 2001 grids, in the time interval 0�A–1600�A. As-

ymptotic value (x ! 1) of the plasma beta at the initial state
(t ¼ 0) is 
 ¼ 0:15.
The global evolution of the perturbed current sheet can be de-

scribed as follows (see the time profile of the dissipation power
in Fig. 1). Due to an initial (0�A–10�A) increase of the anoma-
lous resistivity around the origin (0.0LA, 0.0LA) the reconnec-
tion starts. It results in plasma inflows from both sides of the
current sheet, which leads to a compression of the current sheet.
As a consequence, a dissipative region (anX-point) moves rapidly
from the origin to its new location in (0LA; 12LA) at t � 250�A.
Below this X-point, a looplike (arcade-like when taking into ac-
count the invariant dimension) structure is formed. Then, after
some short transient state a long period of quasi-stationary re-
gime of the reconnection follows during 300�A–1000�A (see
the dissipation power profile in Fig. 1). During this period, the

Fig. 1.—Cusp structure simulated at the time t ¼ 500�A. Top left: The magnetic field (solid black lines) and the current structure (gray scale; neutral gray means zero
current density, darker gray are positive currents, and lighter gray are negative ones). Top right: The density structure (gray scale; darker graymeans higher values) and the
velocity pattern (arrows). The maximum plasma velocity is umax ¼ 0:915VA;0, and it is located at the point (0:0LA; 90:0LA). Bottom left: A temporal variation of the
dissipated power; the dashed vertical line indicates the time instant (t ¼ 500�A). Bottom right: An instantaneous isotropic power spectrum of the plasma density.
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formed arcade of loops slowly grows (theX-pointmoves upward)
as a consequence of newly reconnected magnetic flux and due to
the fact that magnetic loops are ‘‘rooted’’ in the bottom bound-
ary [ux(x; 0) ¼ uy(x; 0) ¼ 0] as a consequence of chosen bottom
boundary condition. This behavior is consistent with general flare
models as well as with observations. The final phase (t � 1000�A)
of the computation is highly intermittent with several interac-
tions of newly emerged plasmoids; for details, see Bárta et al.
(2006).

Fig. 2.—Convective (gray scale; black means higher value) and the resistive
(black solid contour bounding nonzero values) parts of the electric field at the top
of the collapsing trap (view corresponds to that rescaled inside the dashed box in
Fig. 3). The maxima of absolute value of resistive part are at points (0:0LA; 15:8LA)
(center of the top boundary) and (0:0LA; 13:9LA) and reach values (dimensionless
units) of E res

z ¼ 0:0045 and�0.0050, respectively. The convective part (only positive
values inside the box) reaches its maximum E conv

z ¼ 0:0185 in (0:0LA; 13:9LA)
and minima E conv

z ¼ 0:0055 in (�2:2LA; 9:0LA) (lower corners). Dashed lines
represent themagnetic field lines. The asterisk shows the location where electrons
are injected to the collapsing trap.

Fig. 3.—Rescaled cusp magnetic field structure with the collapsing trap. The
dashed box shows the region with the collapsing trap.

Fig. 4.—Magnetic field (solid line,Bx; dashed line, By), plasma velocity (solid
line, uy; dashed line, ux), and density profiles along the vertical axis of the rescaled
collapsing trap. The vertical line shows the position where electrons are injected.

Fig. 5.—Stationary spatial distribution of test electrons (each point corre-
sponds to one test electron) in the collapsing trap that were injected continuously
with the energy 25 keV at the position x ¼ 0 and y ¼ 31:5 Mm.
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In the following we study the acceleration processes in the
collapsing trap in its quasi-stationary state, as usually consid-
ered. In our model this state was reached at about 300�A. The
period before this time is important here only for a construction
of the collapsing trap relevant to flares. As the quasi-stationary
phase can be considered in some sense as a kind of dynamical
equilibrium to which the system during the phase of its con-
struction streams, we believe that the position of X-point of the
reconnection is set by the MHD equations properly, consistent
with the overall magnetic field structure.

A question, of course, arises:What is an influence of the chosen
initial state to collapsing trap dynamics? Here we would like to
point out that Magara et al. (1996) used a somewhat different
boundary (dense layer at the bottom) and initial (temporal anom-
alous resistivity higher at corona) conditions; however, results of
their MHD simulations of the cusp structure are qualitatively the
same.

For the following computations we have chosen a typical
example of the collapsing trap in the quasi-stationary state taken
at the time t ¼ 500�A (Fig. 1). The magnetic arcade containing
the collapsing trap and compressed current sheet above it are vis-

ible. The density structure qualitatively corresponds to that ex-
pected in flare loops—the loops are denser in general than sur-
rounding corona, and the density increases from top to bottom.
Even a loop-top density depletion seen here can be confirmed by
some observations; see, e.g., Figure 2 in the paper by Karlický
(2004).
In our two-dimensional model the only nonzero electric field

component is Ez ¼ uyBx � uxBy þ � jz. Despite this component
being perpendicular to themagnetic field, it is important for particle
energization (Giuliani et al. 2005). Its convective (uy Bx � uxBy)
and resistive (� jz) parts in the zoomed cusp region are shown in
Figure 2. The zoomed region corresponds to that rescaled inside
the dashed box shown in Figure 3.

3.2. Electron Acceleration in the Collapsing Trap

First, we changed the dimensionless variables from Figure 1 into
those reasonable for solar flare conditions:we used for themagnetic
field B0 ¼ 100 G, for the plasma density n0 ¼ 1010 cm�3, and
for the spatial grid distance 100 km (in the MHD model the grid
distance is�x ¼ 0:045LA). Thus, the magnetic field, plasma ve-
locity, and density structure of the bottom part of Figure 1 can be

Fig. 6.—Spatial (left; each point corresponds to one test electron) and energy (right, integrated in the whole computational box) distributions of test electrons in the
collapsing trap that were injected at one moment at t ¼ 0 s (the pulsed injection) with the energy 25 keV. Shown are the state at 1.8 s (top), 3.2 s (middle), and 5 s (bottom)
after injection.
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rescaled as shown in Figures 3 and 4. As can be seen here
(dashed box) at the positions y � 20 35 Mm under the current
sheet a collapsing trap (the downward-moving plasma with the
magnetic field lines) is formed. It is not a simple trap as assumed
in such models, but this trap consists of the return current struc-
ture (the termination shock?) at the position y � 30:5 Mm (the
bumps on the magnetic field, velocity, and density profiles;
Fig. 4).

To study the electron acceleration in this trap, we injected test
electrons with spherically symmetric monoenergetic distribution
functions for the energies 15, 20, 25, 30, and 35 keV (each de-
scribed by 1000 numerical electrons) at the position x ¼ 0 and
y ¼ 31:5 Mm. It is assumed that the initial energies of electrons
were obtained in the primary acceleration process inside the cur-
rent sheet. The injection position was chosen below the diffusion
region of the reconnection in the current sheet and above the
return current structure. But within these limits the position is
arbitrary. Namely, changing this position the results remain qual-
itatively the same.

Using equations (3)–(7) we made computations of the time
evolution of electrons with initial monoenergetic distribution
functions until the numerical electrons were stopped in the flare
atmosphere due to collisional losses. During the time evolution,
at every 0.2 s 1000 numerical electrons are injected at the initia-
tion position, thus producing continuous injection. As a conse-
quence, the electron distribution function finally evolves to a
stationary state. An example of a stationary spatial distribution
of electrons with the initial energy 25 keV is shown in Figure 5.
As seen here, due to relatively high mirror ratio in the collaps-
ing trap, only a part of electrons with low pitch angles propagates
from the top of the trap along the magnetic field lines downward
to the footpoints of the loop. Most of the electrons are trapped
and accelerated in the region in front of the return current struc-

ture. The electrons with sufficiently high energy penetrate even
behind the return current structure, where they are first decel-
erated due to the magnetic field decrease behind the structure,
and then they are once again accelerated until they are collision-
ally stopped.

This two-phase acceleration can also be seen in Figure 6,
where the spatial and energy distributions of electrons, injected
in a form of the 25 keV monoenergetic and �-function in time
(pulsed injection) at the position x ¼ 0 and y ¼ 31:5 Mm, are
shown at 1.8 s (top), 3.2 s (middle), and 5 s (bottom) after their
injection. It is shown here that after the first acceleration in the
time interval of 0–1.8 s (in the region in front of the return cur-
rent structure) there is the phase of deceleration in the region
with the magnetic field decrease just behind the structure (com-
pare the states at 1.8 and 3.2 s). Then a further acceleration fol-
lows at the collapsing trap behind the return current structure, in
the region below y � 30 Mm; compare the states at 3.2 and 5 s
(Fig. 6).

Making the same computations in the 15–35 keV energy
interval in the pulse injection regime, we found that the elec-
trons with the initial energy lower than�20 keVare accelerated
and stopped in the region in front of the return current struc-
ture, i.e., they do not penetrate behind the structure. Thus, the
return current structure plays a role of the filter of low-energy
electrons.

3.3. X-Ray Emission of Accelerated Electrons

To express our results in a form directly comparable with ob-
servations, we computed the X-ray emission of these accelerated
electrons. Figure 7 shows the integrated X-ray spectra (station-
ary in time) for the initial power-law distribution function in the
15–35 keV range with the power-law index 2 (thick solid line),
3 (thick dashed line), and 4 (thick dotted line). As can be seen
here, the X-ray spectra are extended above 100 keV, and they are

Fig. 7.—Integrated X-ray spectra for the continuous injection (stationary
state) for the initial power-law electron distribution in the 15–35 keV range with
the power-law index 2 (thick solid line), 3 (thick dashed line), and 4 (thick dotted
line). For comparison, the integrated X-ray spectra computed in the same model,
but without the curvature drift in the electric field direction (thin lines).

Fig. 8.—The 30 keV X-ray source (thick contour) for the continuous injec-
tion (stationary state) for the initial power-law electron distribution in the 15–
35 keV range with the power-law index 3 superposed on the cusp magnetic field
structure.
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characterized by the power-law index, which increases toward
higher energies. For comparison, the integrated X-ray spectra
(thin lines) computed in the same model, but without the cur-
vature electron drift in the electric field direction, are added.

Furthermore, Figure 8 shows the stationary 30 keV X-ray
source (thick contour) for the initial power-law electron distribu-
tion in the 15–35 keV range with the power-law index 3 super-
posed on the cusp magnetic field structure. The upper part of this
loop-top source is structured, and its structure corresponds to the
collapsing trap containing the return current structure. Figure 9
shows the 30 keVX-ray source computed in the samemodel, but
without the curvature electron drift.

Comparing Figures 7, 8, and 9 we can see that an inclusion of
the curvature drift results in a more efficient acceleration and
more intense and spectrally broader loop-top X-ray source. But
this X-ray source is more prolonged along magnetic field lines
than that computed without the curvature drift.

4. DISCUSSION AND CONCLUSIONS

Using the two-dimensional MHD simulation, we tried to de-
scribe the collapsing trap in a more realistic way than those in
other similar studies. Clearly, there are still many limitations of
this model: the third dimension with the corresponding magnetic
field component is missing; and no gravity effects, no evapora-
tion processes, and no radiative losses are included. All these
facts can influence the presented results. For example, it appears
that an inclusion of the gravity can increase the distance between
the dissipative region of the reconnection and the collapsed loops,
as considered, e.g., by Somov & Kosugi (1997) for rapidly col-
lapsing trap. Namely, the positions of the anomalous resistivity are
given by the condition for the electron-ion drift velocity. At higher
coronal heights due to lower plasma densities, the threshold for
the anomalous resistivity can be reached for lower electric current
densities.

In the used two-dimensional MHD model we found that the
collapsing trap consists of a structure with the return current. A

similar structure was found byMagara et al. (1996; their Plate 26).
Because the initial conditions in their model differ from those in
our model, it appears that this structure with the return current
has a general character. This structure complicates the acceler-
ation process in the collapsing trap; compare it with the models
referenced in x 1.
On the other hand, the structure influences the spatial form of

the loop-top source due to filtering of low-energy electrons from
those with high energy. Maybe this structure is even more im-
portant for the electron acceleration than presented here, espe-
cially if the termination shock is formed here. But to describe a
formation of the termination shock, it needs a better spatial res-
olution of the MHDmodel and, furthermore, a better description
of the electron acceleration at the termination shock.
Nevertheless, the present model shows the following.

1. In the collapsing trap electrons are efficiently accelerated.
The process consists of two acceleration phases: in front of and
behind the return current structure. To overcome and penetrate
behind the structure and to be accelerated here, the initial energy
of injected electrons has to be greater than �20 keV in our case.
In the region behind the return current structure, due to a decrease
of the plasma velocity u? and an increase of the plasma density,
the efficiency of the acceleration decreases, and superthermal elec-
trons are at the end thermalized.
2. The X-ray diagnostics, incorporated into the model, shows

that the accelerated electrons produce the X-ray loop-top source,
as observed.
3. The significance of the curvature drift on the electron ac-

celeration as found by Giuliani et al. (2005) was confirmed.
4. Comparing the computations with and without the curva-

ture drift, it was found that the inclusion of the curvature drift
results in a more efficient acceleration and more intense and
spectrally broader loop-top X-ray source. But this source is more
prolonged along magnetic field lines than that computed without
the curvature drift. Probably, if we would include an evaporation
process into the model, the plasma density at the loop-arcade
top will increase, and thus the X-ray loop source will be less
extended.
5. The spatial structure of the X-ray loop-top source is given

by the return current structure as well as by drift processes in-
volved. We expect that such structured sources observed by fu-
ture high-resolution X-ray experiments will help us to understand
the processes under study.

To summarize the physics of the electron acceleration in the
collapsing trap, we found that the electron energy increases due
to the betatron acceleration (eq. [4]) for the high pitch angles,
the electron reflection at the moving mirrors (Fermi accelera-
tion of the type A), and the curvature drift in the electric field
(Fermi acceleration of the type B; for the classification, see
Northrop 1963) for the low pitch angles. It agrees with the re-
sults of Birn et al. (2004). Nevertheless, we need to add that
really efficient acceleration in the flare collapsing trap is due to a
simultaneous operation of all these acceleration processes. Namely,
the betatron acceleration increases the pitch angle, which is de-
creased by Fermi acceleration and thus causes a repetition of the
acceleration. Otherwise, the electrons with low pitch angles es-
cape from the collapsing trap.
Because the magnetic loops in the magnetic structure grow in

time, it can be shown that the X-ray loop-top source follows this
motion and moves upward in the solar atmosphere, as observed.
In the present simulations, due to the relatively high mirror

ratio of the collapsing trap, the flux of electrons bombarding the
loop footpoints is relatively small. It can be increased by the

Fig. 9.—Same as Fig. 8, but computed in the model without the curvature drift
in the electric field direction.
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inclusion of the anomalous electron scattering into computa-
tions, as considered in the paper by Karlický (2005).

We found the X-ray spectra with the power-law index in-
creasing toward higher emission energies. The spectra resemble
to the X-ray spectrum of the 2001 April 6 flare (Karlický 2005)
having the cusp structure as considered here (Qiu et al. 2004).
But to draw any conclusion about it, the more sophisticated
model with more realistic description of electron injections is
needed.

In future work it is necessary to make more realistic three-
dimensionalMHD simulations incorporating the effects of gravity,

radiative cooling, thermal conduction, and evaporation processes.
All these effects are important for the density distribution in the
cusp-flare structure and thus for the resulting X-ray source.
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