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Abstract: Data analysis and theoretical arguments support magnetic reconnection in a chromospheric
current sheet as the mechanism of the observed photospheric magnetic flux cancellation on the Sun. Flux
pile-up reconnection in a Sweet–Parker current sheet can explain the observed properties of canceling mag-
netic features, including the speeds of canceling magnetic fragments, the magnetic fluxes in the fragments,
and the flux cancellation rates, inferred from the data. It is discussed how more realistic chromospheric
reconnection models can be developed by relaxing the assumptions of a negligible current sheet curvature
and a constant height of the reconnection site above the photosphere.
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1. INTRODUCTION

Video magnetograms of the photospheric magnetic field
on the Sun often show that magnetic fragments with op-
posite polarity approach each other and disappear. The
observational term “cancellation” describes the disap-
pearance of magnetic flux of either sign in such cancel-
ing magnetic features at the polarity inversion line that
separates the fragments (Livi et al. 1985; Martin et al.
1985). Photospheric magnetic flux cancellation is inter-
esting both in its own right and as a key process in the
formation and evolution of solar filaments (Martens &
Zwaan 2001; Martin et al. 2008; Chae 2012; Panasenco
et al. 2014). Photospheric cancellation has been stud-
ied using the data from instruments on board several
satellites, including Solar and Heliospheric Observatory
(Chae et al. 2002), Hinode (Park et al. 2009), and Solar
Dynamics Observatory (Zeng et al. 2014).

Several observational arguments strongly suggest
that magnetic reconnection in a photospheric or chro-
mospheric current sheet, rather than simple submer-
gence, is the cancellation mechanism (Martin 1990).
First, magnetic fragments originate as bipoles but can-
cel with external fields. Second, fragments with the
same polarity do not cancel on encounter but rather
merge to form a single larger magnetic feature. Third,
canceling fragments slow down on encounter, indicating
that mutual interaction takes place. On the theoretical
side, magnetic reconnection can explain the observed
properties of canceling magnetic features. Specifically,
predictions of a model of flux pile-up reconnection in
a Sweet–Parker current sheet agree with the observed
speeds of canceling magnetic fragments, the magnetic
fluxes in the fragments, and the flux cancellation rates,
inferred from the data (Litvinenko 1999; Litvinenko et
al. 2007).

The above-cited reconnection models adopt a simpli-
fied cancellation geometry: the current sheet curvature
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is assumed to be negligible, and the height of the re-
connection site above the photosphere is assumed to
be independent of time. The purpose of this note is
to discuss how these assumptions could be relaxed, so
that more realistic models of canceling magnetic fea-
tures could be developed.

2. MAGNETIC MERGING IN A CURVED
CURRENT SHEET

In the context of magnetic reconnection modeling of
photospheric cancellation, it is significant that exact
analytical solutions are available, which illustrate the
key features of magnetic reconnection, including a small
thickness of the current sheet, flux pile-up at the en-
trance to the sheet, and Alfvénic outflows. Traditional
flux pile-up models describe magnetic merging (annihi-
lation) or reconnection in a flat current sheet, sustained
by a stagnation-point flow in two or three dimensions.

Litvinenko (2013) has recently presented a magne-
tohydrodynamic solution for magnetic merging in a
curved current sheet, driven by a three-dimensional
stagnation flow. Below the solution for the velocity
v and magnetic field B in an incompressible resistive
plasma is presented in dimensionless form by adopting
reference values of the magnetic field B0, plasma den-
sity ρ0, and length L. The speed is measured in units of
the Alfvén speed vA = B0/

√
4πρ0, and the dimension-

less parameter η is the plasma resistivity, normalized by
4πvAL/c

2, where c is the speed of light. For simplicity,
viscosity and time-dependence are not considered.

The steady merging solution (Litvinenko 2013) is
based on an axisymmetric stagnation flow on a cylinder.
In polar coordinates, the velocity is given by

v = −α
(
r − a2

r

)
r̂ + 2αzẑ, (1)

where α and a are constants. The singularity at the
origin corresponds to a source if α > 0 and a sink if
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α < 0. When a > 0, the flow stagnation takes place
on a circle of radius a which is the intersection of the
xy-plane and a circular cylinder whose generators are
parallel to the z-axis. In the limit a = 0, the flow
reduces to the stagnation-point flow. Assuming α > 0,
the merging magnetic field is given by

B = B(r)ẑ, (2)

where

B(r) = rαa
2/η exp

(
−αr

2

2η

)
f(r), (3)

f(r) = aJ

∫
r−1−αa

2/η exp

(
αr2

2η

)
dr. (4)

Here J = B′(a) is the dimensionless electric current
density at r = a. To describe magnetic merging in the
flow stagnation region, an integration constant should
be chosen so that B(a) = 0, in which case a curved
current sheet is located at r = a.

The solution is formally valid in any range of the
azimuthal angle. In practice, it makes sense to consider
the solution in a finite annular region. If the curvature
of the current sheet is negligible, |1 − r/a| � 1, the
solution for merging in a flat sheet is recovered (Craig
& Henton 1995).

If the dimensionless current sheet thickness l � 1, a
boundary-layer argument yields a simple scaling

l ≈
( η

2α

)1/2
, (5)

and the magnetic field Bs at the entrance to the sheet
follows from

Bs ≈ Jl (6)

(Litvinenko 2013). Thus the magnetic merging scal-
ings are the same for a curved current sheet and for
a flat one. The new solution extends the earlier re-
sults, derived in a planar geometry (Craig & Henton
1995) and emphasizes the key requirement of flux pile-
up (Bs > 1) in order for the merging rate to exceed the
Sweet–Parker rate ' η1/2. Fast merging, characterized
by ηJ ' 1, can be achieved in a current sheet with
Bs ' l/η ∼ η−1/2.

The solution for merging in a curved current sheet
may be particularly useful in modeling the photospheric
flux cancellation on the Sun. The magnetic field in the
above-given merging solution is perpendicular to the
plane z = 0 in which the flow stagnates. The plane
can be identified with the solar photosphere and the
field with the photospheric magnetic field. Flux pile-
up Bs can be large in a dense and cool photospheric
plasma where the gas pressure significantly exceeds the
magnetic pressure and the dimensionless electric resis-
tivity can be of order η ' 10−3. Flux pile-up merging
has been shown to be sufficiently rapid to explain the
observed cancellation rates, implying the reconnection
inflow speeds that are a significant fraction of the local
Alfvén speed, vi ' 0.1vA (Litvinenko et al. 2007).

As a simple illustration of a possible geometry of pho-
tospheric cancellation in a curved current sheet, con-
sider two canceling magnetic fragments and suppose
that they are separated by a sheet the cross-section of
which can be approximated by a circular arc of length
L = φa, where φ is the central angle, and a is the ra-
dius of the circle. Suppose also that an observed inflow
speed vi in a canceling magnetic feature is associated
with the maximum speed reached on the chord joining
the ends of the arc. Then using the observed values of
vi, a, and L yields an expression for the model param-
eter α:

α =
vi
a

cos(L/2a)

sin2(L/2a)
. (7)

Furthermore, for a given resistivity η, the thickness of
the sheet is predicted to scale as

l

a
≈
[

η

2avi

sin2(L/2a)

cos(L/2a)

]1/2
. (8)

These scalings could be used to constrain the parame-
ters of the flux pile-up merging model of canceling mag-
netic features.

A potential difficulty with an incompressible model
of this sort is that the solar atmosphere is actually
highly stratified. The photosphere separates low-beta
and high-beta plasma regions. Litvinenko (1999) ad-
dressed this concern by arguing that the vertical extent
of a photospheric current sheet should be limited by the
atmospheric pressure scale height, implying that the ne-
glect of z-dependence of the magnetic field and density
in the sheet could be justified to a reasonable degree of
accuracy. The possibility of a time-dependent height of
the reconnection site is discussed in the next section.

3. LOCATION OF A CURRENT SHEET IN THE
SOLAR ATMOSPHERE

Park & Chae (2012) used Hinode data to analyze tran-
sient Ca II H brightenings associated with canceling
magnetic features in the quiet Sun. The observed asso-
ciation of transient Ca II H brightenings and canceling
magnetic features supports chromospheric magnetic re-
connection as the mechanism of both flux cancellation
and plasma heating. The observations, however, ap-
pear to disagree with a theoretical model of the rela-
tionship between the atmospheric heating and canceling
features.

Priest et al. (1994) modeled the cancellation geome-
try of two opposite-polarity magnetic fragments by two
line sources with a superimposed uniform horizontal
field. The resulting planar magnetic field has a simple
analytical form, when written with the help of complex
variables:

By + iBx =
if

π(z − b)
− if

π(z + b)
+ iB0, (9)

where f and B0 are parameters of the model, 2b is the
distance between the line sources, z = x + iy, and y is
the height above the photosphere. (Note for clarity that
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Figure 1. Magnetic field lines of two line dipoles, located at
(x, y) = (−b, 0) and (x, y) = (b, 0). The parameter b = 1. A
magnetic null is located at (x, y) = (0, b).

the notation differs somewhat from that of the previous
section.) For a sufficiently slowly changing distance be-
tween the fragments, cancellation can be approximately
modeled as a sequence of magnetostatic configurations
rather than a magnetohydrodynamic process. Conse-
quently the approach of the two fragments can be mod-
eled by assuming a decreasing function of time b = b(t).

As the two sources approach one another, a mag-
netic null appears at the photosphere (y = 0) when
b = 2f/(πB0). As b(t) continues to decrease, the null
moves up and then down, and so reconnection-related
plasma heating is predicted to occur in the solar corona
before the sources come into contact. Consequently, a
transient brightening should occur before the photo-
spheric cancellation takes place. Observations, how-
ever, demonstrate the opposite behavior: the Ca II
H intensity increases when the magnetic fluxes of the
interacting fragments are already significantly reduced
(Park & Chae 2012).

The disagreement between the observations and the
theory can be resolved by modifying the assumed ge-
ometry of the canceling magnetic fields. As an illustra-
tion, consider the magnetic field in a plane normal to
two parallel line dipoles of equal moments, which slowly
approach one another. Suppose for simplicity that the
background magnetic field is negligibly weak. Then the
model leads to the following expression for the planar
magnetic field:

By + iBx =
iD

(z − b)2
+

iD

(z + b)2
. (10)

Here 2b is the distance between the approaching dipoles,
so that b = b(t) is a slowly decreasing function of time
t, and D quantifies the dipole moment. Figure 1 shows
the magnetic field lines, defined by the equation

y

(x− b)2 + y2
+

y

(x+ b)2 + y2
= const. (11)

A magnetic null is located at height y = b above the
photosphere. Indeed, along the line x = 0,

Bx = 2D
b2 − y2

(b2 + y2)2
, By = 0 (12)

(Fig. 2). As the distance 2b between the dipoles de-
creases, the null moves downwards. For a sufficiently
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Figure 2. Magnetic field Bx(0, y) between two canceling
dipoles. The parameters are D = 0.5, b = 1.

small b(t), reconnection starts in the chromosphere, and
so the plasma heating rate and the associated radiation
intensity should increase as cancellation proceeds, as
observed. A more realistic description of the location
of the observed brightening can be achieved by relaxing
the assumption of equal dipole moments (see also Tur
& Priest 1976).

It may be useful to summarize the arguments that
support magnetic reconnection in a relatively dense and
cool chromospheric current sheet as the local heating
process that causes the observed transient brightenings.
For a chromospheric current sheet, a characteristic cool-
ing time due to thermal conduction is too long in com-
parison with the cancellation time, implying that radi-
ation is the dominant mechanism of energy loss from
the sheet (Litvinenko & Somov 1994). A characteristic
conduction time (in seconds) can be estimated as

τc ' 4× 10−10
nL2

T 5/2
, (13)

where L is a characteristic length (in cm), n density (in
cm−3), and T temperature (in K) (Boyd & Sanderson
1969). Assuming L ' 108 cm, n ' 1015 cm−3, and
T ' 1.5 × 104 K yields τc ' 1010 s. Except for very
small canceling features, conduction is too slow com-
pared with a typical cancellation time.

The high density and low temperature in the chro-
mospheric current sheet also mean that particle accel-
eration by the reconnection electric field is inefficient.
Hence magnetic energy release by reconnection should
lead to bulk plasma heating, balanced by radiation. A
quantitative measure of the acceleration efficiency is the
ratio of the reconnection electric field Er and the Dre-
icer electric field ED. Typical values of the magnetic
field Bi ' 200 G and plasma speed vi ' 100 m/s in
the reconnection inflow region (Litvinenko et al. 2007)
yield

Er =
1

c
viBi ' 10−4 statvolt/cm, (14)

where c is the speed of light. Now, typical values of
density n ' 1015 cm−3 and temperature T ' 1.5× 104
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K in the sheet yield

ED =
4πne3

kT
ln Λ ' 1 statvolt/cm, (15)

where e is the electron charge, k is the Boltzmann
constant, and ln Λ is the Coulomb logarithm. Thus
Er/ED � 1, which rules out efficient electron acceler-
ation in a chromospheric current sheet.

Finally, in addition to bulk heating of the chromo-
spheric plasma, reconnection converts a part of the free
magnetic energy into the kinetic energy of reconnection
jets. The jets travel with the Alfvén speed vA. For the
parameters above,

vA =
Bi√

4πmpn
' 106 cm/s = 10 km/s, (16)

wheremp is the proton mass. Interestingly, the New So-
lar Telescope data revealed upward-propagating shock
waves with speeds up to 70 km/s, associated with flux
cancellation (Yang et al. 2014), implying that the speed
of a reconnection jet can increase significantly as it trav-
els upward through the solar atmosphere and the den-
sity of the surrounding plasma decreases. Assuming
that magnetic tension in the reconnection outflow re-
gion further accelerates the jet, an upper limit on the
jet speed could be determined by an interaction of the
velocity and magnetic fields in a viscous boundary layer
(Galloway et al. 1977, 1978; Parker 1982). Development
of a quantitative model of the process is an interesting
topic for further study.
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