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ABSTRACT

Aims. Particle acceleration by the reconnection electric field in three-dimensional magnetic geometries in the solar corona is discussed.
The acceleration times, defined by the particle escape from the vicinity of a magnetic null, and the corresponding energy gains are
calculated.
Methods. An exact global magnetohydrodynamic solution for fan magnetic reconnection is used to constrain the magnetic and electric
fields in the vicinity of the null. Expressions for the particle acceleration times and energy gains are derived by applying the WKB
approximation to the equation of motion in nonrelativistic and ultrarelativistic limits.
Results. It is shown that the energies of the accelerated particles can be limited by the particle escape from the null rather than by
the total electric potential at the reconnection site. For typical coronal parameters, the finite escape time limits proton energies if the
Lundquist number is less than 1012 and electron energies if the Lundquist number is less than 1018 .
Conclusions. Particle acceleration by the electric field, associated with fan magnetic reconnection in solar flares, can explain proton
energies of the order of a few MeV and electron energies of the order of a few hundred keV in the case of classical electric resistivity.
Energies up to a few hundred MeV can be reached if the resistivity at the reconnection site is turbulent. These estimates agree with
typical solar flare observations.
Key words. acceleration of particles – Sun: flares – Sun: particle emission

1. Introduction
Electrons with energies above a few keV and protons with energies above a few hundred keV are responsible for the observed
solar flare radiation in a broad energy range. These nonthermal
particles can contain a large fraction of the total flare energy.
Recent measurements with instruments onboard the RHESSI
spacecraft imply that electrons with energies above 20 keV can
contain up to half of the total flare energy, at least in smaller
impulsive flares (Lin et al. 2003). Although a complete theoretical understanding of particle acceleration in flares is still a long
way oﬀ, magnetic reconnection provides a single physical cause
for the overall energy release and particle acceleration (Priest
& Forbes 2000). Three-dimensional reconnection experiments
confirm that strong electric fields, associated with rapid reconnection, can accelerate charged particles well above the thermal
energies (e.g., Brown et al. 2002).
Multiwavelength observations of the solar corona strongly
suggest that three-dimensional magnetic reconnection is the key
mechanism of energy release in solar flares (Aulanier et al. 2000;
Fletcher et al. 2001). These observations are detailed enough to
identify the “spine” curves and “fan” surfaces that define the
structure of three-dimensional magnetic nulls (Priest & Titov
1996). Physically, spine-type reconnection is caused by plasma
motion across the fan surface, which generates a localized electric current along the spine. Fan-type reconnection, on the other
hand, is caused by motion across the spine, which generates
a global current sheet aligned with the fan. Exact analytical
magnetohydrodynamic (MHD) solutions have been discovered,
which describe both spine and fan magnetic reconnection (Craig
et al. 1995; Craig & Fabling 1996; Heerikhuisen & Craig 2005).

When the number of high-energy particles, accelerated at a
reconnection site, is small enough, it is useful to consider the
motion of a test particle. In this approximation, particle interaction with other particles and the changes in the imposed electric
and magnetic fields caused by the acceleration process are neglected. Test particle orbits in two-dimensional reconnection geometries (an X-point or a current sheet) have been obtained both
analytically and numerically (Speiser 1965; Bulanov & Sasorov
1976; Martens 1988; Martens & Young 1990). The eﬀects of a
three-dimensional magnetic field with a component parallel to
the electric field have also been explored (Bruhwiler & Zweibel
1992; Litvinenko 1996; Browning & Vekstein 2001; Litvinenko
2003; Wood & Neukirch 2005; Efthymiopoulos et al. 2005). A
weakness of these studies, however, is that they adopted simplified magnetic and electric fields that reproduced the basic
reconnection topology qualitatively but did not follow from a
quantitative reconnection solution.
A physically motivated technique for investigating test particle orbits in two-dimensional current sheets (Heerikhuisen et al.
2002; Craig & Litvinenko 2002) is based on the use of analytical
global MHD solutions for magnetic reconnection. In this technique the properties of the reconnection site are not free parameters but rather follow from the reconnection solutions (Craig &
Henton 1995; Craig et al. 1995), leading to quantitative predictions for the properties of energetic particle distributions.
Particles have also been traced in turbulent magnetic and
electric fields, computed with various resistive MHD codes
(Ambrosiano et al. 1988; Schopper et al. 1999; Dmitruk et al.
2003; Turkmani et al. 2005), but limited numerical resolution
makes it diﬃcult to interpret the results and scale them to the
parameters of the solar corona.
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Few studies so far have addressed the question of particle acceleration at a single three-dimensional reconnection site.
Bulanov & Cap (1988) developed an analytical technique for
obtaining WKB solutions for particle trajectories near a general
magnetic null and presented a detailed calculation for the case
of an almost one-dimensional current sheet. Dalla & Browning
(2005) computed particle orbits near a potential magnetic null
with the electric field given by a linearized ideal MHD solution
for slow spine reconnection (Priest & Titov 1996).
The aim of this paper is to calculate the energy gains of particles, which result from acceleration by the reconnection electric
field in the fan plane of a magnetic null. The analytical technique suggested by Bulanov & Cap (1988) is combined with the
fan reconnection solution derived by Craig & Fabling (1996) and
the resulting estimates for particle energy gains are applied to the
problem of particle acceleration by magnetic reconnection in solar flares. The analysis is focused on fan reconnection rather than
spine reconnection because fan reconnection can provide much
larger energy release rates in the solar corona (Craig & Watson
2000).
This study of particle acceleration by three-dimensional
magnetic reconnection extends the analysis of a similar problem in two-dimensional X-point and separator geometries
(Heerikhuisen et al. 2002; Craig & Litvinenko 2002). Note for
clarity that the approach does not allow one to calculate the flux
of accelerated particles, which would be necessary in order to address “the number problem” for flare-accelerated particles (e.g.,
Lin et al. 2003).


l

c2 ηLc Bc
4πvA Bs

(4)

(Craig & Watson 2000). Here typical values of the Alfvén
speed vA , magnetic field Bc, and length scale Lc (say, in the solar corona) are used. The global solution is complete once the
resistivity η and the magnetic field Bs are specified.
An advantage of the fan reconnection solution is that it can
provide flare-like energy release rates. The maximum rate for
the fan solution scales as ∼η1/2 B5/2
and can reach 1028 erg s−1
s
for reasonable coronal parameters (Craig & Watson 2000). In
contrast, the scaling for the spine solution, ∼ηB2s , is much less
favorable, given the large Lundquist number in the solar corona.
Physically, electric currents in the spine reconnection solution
are too localized to account for the flare energy output.
Finally, consider the expressions for the electric and magnetic fields near the fan plane. The electric field is
E  [0, E, 0],

(5)

and the reconnecting magnetic field is
X(z)  hz.

(6)

The local field gradient is related to the electric field:
h=

Bs 4πE
=
·
l
cη

(7)

3. Particle orbits in three-dimensional magnetic
nulls

2. Fan magnetic reconnection
Exact solutions for three-dimensional magnetic reconnection
can be constructed in the framework of incompressible MHD
by assuming that both the magnetic field and the plasma velocity are composed of a background potential component and
a reconnection-related component (Craig & Fabling 1996). The
simplest background field is a linear null point. In the case when
there is no rotation of the magnetic field vector as it is advected
along the spine, the steady fan reconnection solution for the
magnetic field is given by
λ

λ
B = x + X(z), y, −λz
(1)
2
2

The reconnection electric field accelerates charged particles if
there is an electric field component along the magnetic field. In
the case of fan magnetic reconnection, Eqs. (1) and (2) show
that E · B ∼ By X  . Because X  rapidly falls oﬀ away from the
fan plane z = 0, the fan is the site of the most eﬃcient particle
acceleration.
The energy gain for a particle of charge e is given by the
electric potential diﬀerence, which is defined by the product
of the field magnitude E and the acceleration length ≤Lc . The
maximum energy gain would be

(see Craig & Fabling 1996, for derivation and the expression
for X). The solution contains a current sheet in the fan plane
z = 0. The electric current density, J = (c/4π)∇ × B ∼ X  (z),
is localized on the scale of the current sheet thickness l. The
electric field is defined by Ohm’s law:

if the magnetic field in the fan could be ignored. The magnetic
field near the null, however, generally results in a Lorentz force
component that ejects the particle away from the fan. Once the
particle exits the nonadiabatic region near the fan, further direct
electric field acceleration is impossible since the electric field
outside the current sheet has no component along the magnetic
field. This is why the final kinetic energy (neglecting betatron
acceleration in the drift region) is defined by the ejection time,
which is a function of the electric and magnetic fields in the
vicinity of the null.
Bulanov & Cap (1988) suggested an analytical technique in
order to describe the process of particle acceleration at threedimensional magnetic nulls. Below, this general technique is applied to the particular geometry of fan magnetic reconnection.
Because eﬃcient particle acceleration is only possible in the
vicinity of the fan, it is suﬃcient to use the simple expressions
for the electric and magnetic fields, given at the end of Sect. 2.
It should be emphasized that λ, h and E are not independent parameters but rather are determined by the global reconnection
solution of Craig & Fabling (1996). For generality and ease of

E = ηJ −

u
× B,
c

(2)

where η is the electric resistivity and u is the plasma velocity.
This MHD solution contains several parameters that need
to be specified in some physically appropriate manner. One
possibility is the so-called saturated flux pile-up reconnection
regime (Litvinenko & Craig 2000). Because the reconnecting
magnetic field at the entrance to the current sheet cannot be arbitrarily large, a finite field is specified at the edge of the sheet,
Bs  X(z = l). Additionally, the reconnection outflow is limited
by the local Alfvén speed. These conditions lead to
λ

Bs
,
Lc

(3)

Emax = eELc

(8)
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comparison with other models, though, the analysis of this section is carried out as if the parameters were independent.
Test particle orbits are determined by solving the equation of
motion


1
ṗ = e E + u × B ,
(9)
c

the particles are unmagnetized. The size of the region is of the
order of (mc2 E/eλ2 )1/3 , which is consistent with Eq. (20).
The method leads to the following equation for the growth
rates ωk :




1 eλ 2
eh
1
2
2
(15)
ẏ =
ω ω +
ẏ + ωy (ẏ − ωy) .
mc
2 mc
2

where p = γmu, u, e, m are the momentum, velocity, charge and
mass of the particle, and γ is the relativistic Lorentz factor.

The motion in the vicinity of the null is unstable for some initial
conditions if this equation has positive real solutions for ω. As
a check of the method, note that the motion is predicted to be
stable for λ = 0, consistent with the exact Eq. (13).
If ẏ  ωy, all solutions of Eq. (15) are imaginary, and hence
the motion is stable. For example, if additionally ẏ  ω2 mc/eh,
then the solution is

3.1. Nonrelativistic limit

The nonrelativistic equation of motion in coordinate form is as
follows:


eλ
1
(10)
ẍ =
−ẏz − yż ,
mc
2


eE
e
1
ÿ =
+
(11)
hzż + λxż + λ ẋz ,
m
mc
2


e 1
1
z̈ =
λ ẋy − λxẏ − hẏz ,
(12)
mc 2
2
where Eqs. (1), (5), and (6) have been used.
The reconnecting magnetic field component generally acts to
prevent the particle escape from the current sheet (Speiser 1965).
This can be shown for fan reconnection by setting λ = 0, integrating the second equation, and substituting the resulting ẏ(t)
into the last equation:


eh eEt
eh  2
2
z̈ = −
+
(13)
z − z0 z,
mc m
2mc
where z0 is the initial position. Here and in what follows, the initial particle velocity is neglected. Clearly this equation describes
stable oscillations with the frequency ∼t1/2 around the fan plane
z = 0. Thus it is the background field that causes the particle
to escape from the fan, and the escape time must depend on the
parameter λ that characterizes the gradient of the potential magnetic field. The orbit instability corresponds to rapid escape of
the particle from the vicinity of the null, which prevents further
acceleration by the electric field (Bulanov & Cap 1988).
Turning to the case λ  0, note that a particular exact
solution is valid for any value of λ:
x = 0,

y = y0 +

eE 2
t ,
2m

z = 0.

(14)

It describes acceleration along the straight line in the fan where
the electric and magnetic fields are coaligned. The solution
describes the particles that are initially in the fan plane. The
behavior of particles with nonzero initial positions x0 and z0
can be obtained by perturbing the equation of motion around
the exact solution. The procedure is to take the unperturbed
solution y = y(t) above and substitute it into Eqs. (10) and
(12) that become linear diﬀerential equations for the perturbations x(t) and z(t). Bulanov & Cap (1988) suggested to look
for solutions of the two resulting equations in the form x(t) =
4
4
k=1 xk exp( ωk dt) and z(t) =
k=1 zk exp( ωk dt), assuming
that the temporal variation of xk and zk can be ignored. Bulanov
& Cap (1988) argued that the WKB method is justified because
the numerical coeﬃcients in the first-order equations for x(t)
and z(t) are large and that the solution is valid in the region where

ω(t)  ±

i eλ
|y(t)|.
2 mc

(16)

Now the solution for ω(t) can be used to show that the requirement ẏ  ωy corresponds to a weak electric field. Specifically,
the opposite of Eq. (20) has to be satisfied. The other limit
ẏ  ωy describes eﬃcient particle accelerated at the null by
a strong electric field.
If ẏ  ωy, Eq. (15) simplifies to


1 eλ 2 2
eh
ω2 ω2 +
ẏ 
ẏ .
(17)
mc
2 mc
Given the approximate nature of the method, it does not make
sense to consider the exact solution to this equation. Consider
instead two limiting cases. If ẏ  ω2 mc/eh, then a positive real
solution for ω is present,
 2
1/2
e λEt
ω  1/2 2
,
(18)
2 mc
indicating that the particle is indeed ejected from the vicinity of
tacc
the null. The acceleration time is defined as 0 ω(t)dt  1 that
leads to
 2 1/3
mc
tacc  2
,
(19)
e λE
ignoring factors of order unity. A more rigorous estimate would
take into account the initial position of the particle (Bulanov &
Cap 1988). Now ω(tacc ) can be substituted into ẏ  ωy, which
gives
mc2 E
 1.
eλ2 y3

(20)

This result confirms that the reconnection electric field must be
strong enough and particles must be close enough to the null to
justify the approximation ẏ  ωy. The condition ẏ  ω2 mc/eh
becomes simply h  λ, which means that the reconnectionrelated magnetic field is small compared with the background
field.
Alternatively if ẏ  ωy as before but h  λ, then Eq. (17)
is solved to give an unstable solution characterized by
 2 2
 2 1/3
1/2
e λ Et
m ch
ω  1/2 2
, tacc  2 2
·
(21)
eλ E
2 m ch
The requirement h  λ means that the reconnecting magnetic
field has to be strong compared with the background field.
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Thus, as long as the reconnection electric field is strong
enough, the acceleration time in the vicinity of a magnetic null
is defined by Eq. (19) if h  λ and Eq. (21) if h  λ. The resulting particle ejection from the null limits the nonrelativistic
energy gain to
E3d

Conversely, if h  λ, the unstable solution is given by
 2 1/2
hE
cλ
, tacc  2 ·
ω
2hEt
cλ

(31)

The energy gain in the ultrarelativistic limit is given by

e2 E 2 2
t .

2m acc

(22)

The actual energy gain is determined by the smaller of E3d
and Emax .

E3d  ceEtacc .

(32)

As a check of the calculation, note that the results for the ultrarelativistic limit could be reproduced by the substitution mc2 → E3d
in the nonrelativistic formulae for E3d .

3.2. Ultrarelativistic limit

Analogous results can be derived for the particle motion in the
relativistic regime. The equation of motion in coordinate form is
as follows:


eλ
1
ṗ x =
(23)
−ẏz − yż ,
c
2


e
1
hzż + λxż + λ ẋz ,
c
2


1
e 1
ṗz =
λ ẋy − λxẏ − hẏz .
c 2
2
ṗy = eE +

(24)

(25)

Acceleration along the y-axis in the fan plane is described by a
particular exact solution
x = 0,

py = eEt,

z = 0.

(26)

As in the nonrelativistic limit, the acceleration times are determined by deriving a perturbed solution that is valid approximately for general nonzero initial conditions. Assume for simplicity that the energy E(t)  ceEt  mc2 (ultrarelativistic
limit), implying that y(t)  y0 + ct and ẏ  c. Using the particular exact solution, the perturbed equations for x(t) and z(t)
are written as follows:


1
λ
1
ẍ + ẋ  −
cz + yż ,
(27)
t
Et
2


1
1 1
1
z̈ + ż 
λ ẋy − λxc − hcz .
(28)
t
Et 2
2
Here the derivative of the momentum component p x is conveniently expressed as ṗ x = (Ė ẋ + E ẍ)/c2 and similarly for the
z-component.
The perturbed equations for x(t) and z(t) are solved using the
WKB approximation ∼ exp( ωdt). The solution of the resulting equation for ω shows that the motion is stable if ωy  c.
If ωy  c, the growth rates are determined by the following
equation:


ch
1 cλ 2
ω2 ω2 +
·
(29)

Et
2 Et
Clearly positive growth rates are possible for any values of λ and
h > 0 as long as λ  0. Keeping the same level of accuracy as in
the nonrelativistic limit, consider two limiting cases. If h  λ,
the unstable solution is given by
ω

cλ
21/2 Et

1/2

,

tacc 

E
·
cλ

(30)

4. Particle acceleration in fan reconnection models
The results of Sect. 3, combined with the exact fan reconnection
solution of Sect. 2, can be applied to the problem of particle acceleration in solar flares. It is useful to adopt normalizing values
for the magnetic field Bc, the size of a flaring active region Lc ,
and the Alfvén speed vA . Typical coronal values Bc = 102 G,
Lc = 109.5 cm, and the plasma density ρc = 10−15 g cm−3 identify vA = Bc / 4πρc  109 cm s−1 .
In the fan reconnection solution of Sect. 2, the potential and
nonpotential field gradients (λ and h) and the reconnection electric field E are related through Eqs. (3) and (7). Equation (4)
gives the dimensionless thickness of the current sheet in the fan:
,
l˜  η̃1/2 B̃−1/2
s

(33)

where B̃s is the dimensionless field at the edge of the sheet. The
dimensionless electric resistivity η̃ = c2 η/(4πvA Lc ) is the inverse
of the Lundquist number. Here and below the tilde is used to
denote dimensionless quantities. The dimensionless electric current density in the fan, h̃  B̃s/l,˜ scales as
h̃  η̃−1/2 B̃3/2
s ,

(34)

leading to
h
 η̃−1/2 B̃1/2
s .
λ

(35)

Ohm’s law Ẽ = η̃h̃ gives the dimensionless electric field in the
fan, which quantifies the reconnection rate:
Ẽ  η̃1/2 B̃3/2
s .

(36)

The electric field is measured in units of vA Bc /c.
Note that the scaling with resistivity Ẽ ∼ η̃1/2 is the same
as that for the Sweet-Parker current sheet. The present reconnection model, however, also incorporates an important eﬀect of
flux pile-up at the edge of the current sheet. The eﬀect is quantified by the pile-up factor B̃s ≥ 1. Larger pile-ups lead to thinner sheets, faster reconnection rates, stronger electric fields and
higher particle energies.
The electric resistivity η̃ in the solar corona can be as small as
10−14 for the classical resistivity due to Coulomb collisions and
perhaps as large as 10−8 for anomalous turbulent resistivity (e.g.,
LaRosa 1992). Reconnection models based on the classical resistivity formally predict current carrier speeds that approach or
even exceed the speed of light c. In reality collisional conditions
in the current sheet break down and current-driven instabilities
limit the electron drift speed to a value on the order of the proton sound speed 10−3 c. In the absence of a generally accepted
theory of turbulent magnetic reconnection, η̃ is treated as a parameter in the remainder of this paper.
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Consider first the energy gain for nonrelativistic particles.
Equation (35) shows that h/λ  1 because η̃  1. Using
Eqs. (21), (22), (34)–(36), the energy gain is expressed as
follows:
2/3

eBc Lc
E3d

η̃1/3 B̃5/3
(37)
s .
mcvA
mv2A
An important point is that for η̃ close to zero this scaling is
more favorable than the scaling for the maximum possible energy gain, defined by Eq. (8):


eBc Lc 1/2 3/2
Emax

(38)
η̃ B̃s .
mcvA
mv2A
The condition E3d > Emax identifies the regime of eﬃcient particle acceleration by three-dimensional magnetic reconnection.
Physically it means that the ejection from the null by the Lorentz
force does not occur rapidly enough. Therefore the particles can
be accelerated by the electric field in the fan to energies on the
order of Emax .
The requirement E3d > Emax yields

2
mcvA
(39)
η̃ <
B̃s.
eBc Lc
The typical values Lc , Bc , and vA above lead to η̃ < 10−13 B̃s for
protons. Therefore, for a realistic pile-up factor 1 < B̃s < 10, the
proton energy gain in flares will not be limited by rapid ejection
away from the null unless η̃ is anomalously enhanced. Yet the
corresponding requirement for electrons, η̃ < 10−19 B̃s, is almost
impossible to satisfy. Hence typical electron energies will be less
than the maximum value Emax .
In the ultrarelativistic limit, the energy gain is given by
Eqs. (31) and (32) in the case h/λ  1. Using Eqs. (34)–(36)
gives
E3d  eBc Lc

v2A 1/2 5/2
η̃ B̃s ,
c2

(40)

and the requirement E3d > Emax results in
B̃s > c/vA  30

(41)

for the reference value vA = 109 cm s−1 . The condition is diﬃcult
to satisfy for realistic pile-up factors 1 < B̃s < 10. Hence relativistic energies of both protons and electrons will be less than
the maximum value Emax .
Is eﬃcient particle acceleration possible at threedimensional reconnection sites in the solar corona? As an
example, consider particle acceleration in the fan reconnecting
current sheet with the pile-up factor B̃s  5, corresponding to
the local magnetic field on the order of 500 G. If the electric
resistivity in the sheet is collisional, η̃  10−14 , then the
condition E3d > Emax is satisfied for nonrelativistic protons,
and the protons can reach the energies up to Emax  3 MeV.
Although most flare-accelerated protons indeed have energies
within the range 0.1−10 MeV, the highest proton energies
observed are in the 1−5 GeV range (Ryan 2000). Stronger
electric fields are required to produce the relativistic protons.
If rapid magnetic reconnection is associated with anomalous
resistivity on the order of η̃  10−8 , then the maximum proton
energy is formally Emax  3 GeV. Because E3d < Emax , however,
particles are ejected from the fan before the maximum energy
can be reached. Nevertheless the final energies are on the
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order of E3d  0.5 GeV, which is a promising result, given the
approximate nature of the calculation.
Because electrons are rapidly ejected from the fan in both
nonrelativistic and ultrarelativistic limits, their energies are determined by the corresponding formulae for E3d rather than Emax .
For the pile-up factor B̃s  5 and collisional resistivity η̃ 
10−14 , both nonrelativistic and ultrarelativistic expressions lead
to the energy on the order of 500 keV. This estimate seems
to be in reasonable agreement with the RHESSI observations
that imply the presence of a high-energy break in the range of
100−200 keV (Holman et al. 2003). If the resistivity is anomalously enhanced, η̃  10−8 , the electron energy gain E3d 
0.5 GeV turns out to be roughly the same as the predicted proton energy. Note that this estimate can be reduced because of
synchrotron energy losses. Observationally, electron energies in
excess of several tens of MeV are associated with the impulsive
electron-rich solar flares (Rieger et al. 1998).

5. Discussion
The WKB method has been used in this paper to determine the
acceleration times and energy gains for charged particles accelerated by the electric field that is associated with fan magnetic
reconnection in the solar corona. The main result of the paper
is that the energies of flare-accelerated particles can be limited
by the escape time from the fan rather than by the total electric
potential at the reconnection site. For typical coronal parameters, the estimates of the previous section show that the finite
escape time limits proton energies if the Lundquist number is
less than 1012 and electron energies if the Lundquist number is
less than 1018 . The same coronal parameters lead to estimates
for the proton energies of the order of a few MeV and the electron energies of the order of a few hundred keV in the case of the
classical electric resistivity. These estimates seem to agree with
typical solar flare observations. Much higher proton and electron energies (up to a few hundred MeV) can be reached if the
resistivity is anomalously enhanced.
Recently Dalla & Browning (2005) determined particle orbits near a magnetic null by integrating the equation of motion
numerically and discussed particle acceleration by the reconnection electric field in the solar corona. In contrast to the work of
Dalla & Browning (2005), who focused on linear spine reconnection, in this paper the acceleration process in a nonlinear fan
reconnection regime is analyzed. It is worthwhile to emphasize
the key diﬀerences between the reconnection model used in this
paper and the reconnection model used by Dalla & Browning
(2005).
First, spine reconnection appears to be ineﬀective as a flare
energy release mechanism, at least based on the analysis of the
available flux pile-up solutions (Craig & Watson 2000). On the
contrary, fan reconnection models lead to plausible current densities, electric fields, and flare energy release rates (Litvinenko &
Craig 2000; Craig & Watson 2000). If the same mechanism is responsible for the overall energy release and particle acceleration
in flares, then these calculations suggest that fan reconnection is
a better candidate for particle acceleration.
Second, the electric and magnetic fields used by Dalla &
Browning (2005) follow from a linear ideal MHD solution for
slow spine reconnection, derived by Priest & Titov (1996).
Because the solution neglects deviations of the magnetic field
from the potential field, Dalla & Browning (2005) could not describe the significant eﬀect of the reconnecting magnetic field
that acts to stabilize the particle motion near the null, whereas
the potential background field causes the particle escape (see
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Sect. 3). It is an interplay between these two eﬀects that determines the acceleration time and the resulting energy gain. The
field structure adopted in this paper takes the reconnecting magnetic field into account.
A weakness of all test particle studies is that they cannot give
a self-consistent description of magnetic reconnection. Fully
kinetic reconnection models should be developed in order to
describe the energy release and particle acceleration by collisionless reconnection. Yet test particle studies provide valuable
information because full particle simulations remain limited to
two-dimensional magnetic fields (Drake et al. 2005).
The particle energy gains are estimated in this paper based
on the time spent by the particles near the magnetic null. The
technique developed by Dalla & Browning (2005) allows one to
compute the particle trajectories near the null explicitly, which
gives a much more detailed description of the acceleration process. Thus particle acceleration in solar flares can be better
understood by applying the technique to acceleration in fan
reconnection geometries.
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