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ABSTRACT

Observations have indicated that magnetic reconnection may occur frequently in the photosphere
and chromosphere as well as in the solar corona. The observed features include cancelling magnetic
features seen in photospheric magnetograms, and different kinds of small-scale activities such as UV
explosive events and EUV jets. By integrating the observed parameters of these features with the
Sweet-Parker reconnection theory, an attempt is made to clarify the nature of chromospheric magnetic
reconnection. Our results suggest that magnetic reconnection may be occurring at many different levels
of the photosphere and chromosphere without a preferred height and at a faster speed than is predicted
by the Sweet-Parker reconnection model using the classical value of electric conductivity. Introducing an
anomalous magnetic diffusivity 10-100 times the classical value is one of the possible ways of explaining

the fast reconnection as inferred from observations.
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I. INTRODUCTION

It is widely accepted that solar flares result from the
reconnection of magnetic field lines in the corona. The
corona, however, is not the only place where magnetic
reconnection occurs. Magnetic reconnection may occur
in the chromosphere, photosphere, and even below the
surface only if oppositely directed field lines are put
together to form current sheets. As a matter of fact,
observations support that magnetic reconnection does
occur in the chromosphere.

The most compelling observational evidence may be
cancelling magnetic features (CMFs) that display “mu-
tual apparent loss of magnetic flux in closely-spaced
features of opposite polarity” (Martin et al. 1985). The
rate of magnetic flux loss ranges from 10'7 to 4 x 10'®
Mx h™! in the quiet Sun (Livi et al. 1985) and may
be up to 10 Mx h~! in active regions. Zwaan (1987)
proposed several different pictures to explain the ob-
served CMFs. The first one is a simple submergence
of an omega-shaped loop driven by converging motion.
The next possibility is a simple emergence of a U-
shaped loop. Zwaan speculated this kind of loops can
be created by magnetic reconnection occurring below
the solar surface. The final one is the submergence af-
ter reconnection occurring above the surface. If this is
the case, it would be possible to observe chromospheric
brightenings and jets resulting from such magnetic re-
connection.

Various kinds of chromospheric activities have been
observed in association with cancelling magnetic fea-
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tures, which include transition region explosive events
(Dere et al. 1991; Chae et al. 1998a), Ho upflow events
(Chae et al. 1998b; Lee et al. 2000), erupting mini-
filaments (Hermans & Martin 1986; Wang et al. 2000;
Lee et al. 2003 ), X-ray/EUV bright points (Webb et
al. 1993 ) in the quiet Sun, Ha surges/jets (Chae et
al. 1999; Litvinenko & Martin 1999; Chae et al. 2000),
EUV jets (Chae et al. 1999; Chae 2003), pre-flare ac-
tivities (Livi et al. 1989; Wang & Shi 1993; Moon
et al. 2003) and filament formation/eruption (Chae
et al. 2001; Kim et al. 2001; Zhang et al. 2001) in
active regions. Thus, it is very likely that cancelling
magnetic features represent a process of magnetic flux
removal by the flux submergence following magnetic
reconnection in the chromosphere. This explanation
is also supported by the comparison of photospheric
magnetograms and chromospheric magnetograms done
by Harvey et al. (1999), and the finding that a pair
of magnetic poles involved in flux cancellation are not
connected to each other initially (Martin 1990; Wang
& Shi 1993).

One of the curiosities we have about the magnetic
reconnection that leads to observed CMFs is the atmo-
spheric level where it proceeds. Priest et al. (1994) pro-
posed a converging flux model to explain X-ray bright
points that are associated with a CMF. In this model,
the level of reconnection may be in the corona, chro-
mosphere, and photosphere, depending on the evolu-
tionary phase of the CMF. On the other hand, Stur-
rock (1999) and Litvinenko (1999) proposed that the
low chromosphere near the temperature minimum is
the most preferred height of chromospheric reconnec-
tion since the electric conductivity is the lowest there.
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Therefore, it would be interesting and may give us an
insight on the physical nature of chromospheric recon-
nection to examine whether currently available obser-
vational data support that chromospheric reconnection
preferentially occurs near the temperature minimum or
not. This has motivated the present study.

In the following section, we will present some impor-
tant relations obtained for a two-dimensional steady-
state, adiabatic reconnection current sheet of Sweet-
Parker type ( Sweet 1958; Parker 1957). This cur-
rent sheet model is similar to the one studied by Litvi-
nenko (1999), except for the assumption that the en-
ergy transfer occurs in an adiabatic way, which is nec-
essary to account for the temperature increase by the
release of magnetic energy. Litvinenko (1999) assumed
the equality of temperature between inside and outside
the current sheet, which does not allow any increase
in temperature. The real situation may be in the mid-
way between these two extremes. In section III, we will
present observed parameters of CMFs and their asso-
ciated small-scale activities, and in section IV we will
compare these observed parameters with the theory of
the current sheet, and will attempt to answer to several
important questions relevant to the nature of chromo-
spheric reconnection. Finally, our conclusion will be
given in section V.

II. PHYSICAL PARAMETERS OF
ADIABATIC CURRENT SHEET

The geometry of a two-dimensional steady-state cur-
rent sheet is characterized by the two lengths: thickness
2l and width 2L. The length of the current sheet along
the third direction is infinite theoretically, but should
have a finite value L, in a real situation. From now on,
the subscripts i, ¢, o will denote the inflow region, the
current sheet, and the outflow region, respectively. For
example, the magnetic field strength and flow speed
in the inflowing region are denoted by B; and v;, re-
spectively, and those in the outflow region, by B, and
vo. The rate of magnetic flux loss is related to these
quantities in the way

dd

E = ’UOBOLZ = viB'iLz (1)
and the electric field that characterize the reconnection
rate is given by

1 1 do
E=-yB=——. 2
cvl el dt (2)
Note that the electric field corresponds to the rate of
flux loss per unit length of the cancellation interface.
We emphasize that both the rate of flux loss d®/dt
and the length L, can be determined from observations
of CMFs, so the electric field E is also an observable
quantity.
We are going to derive several useful relations de-
scribing a two-dimensional steady-state reconnection

N\

Fig. 1.— The geometry of a Sweet-Parker reconnection
current sheet.

current sheet. The results depend on the specific form
of the energy equation. Usually the assumption of in-
compressible flow p; = p, replaces the energy equa-
tion. Litvinenko (1999) relaxed this incompressibility
condition assuming that temperature remains constant
T; = T,. This isothermal assumption may be justified
if cooling processes such as thermal conduction and ra-
diation are very efficient. If cooling processes are not
efficient enough, then reconnection leads to localized
heating and temperature increases. In this case the
adiabatic assumption may be better. In real situations,
the energy process of reconnection flow may be in the
midway between these two extremes. In the present
work, we deal with an adiabatic reconnection current
sheet. Note that our approach is more general than
Litvinenko (1999) in that an isothermal reconnection
current sheet can be restored from an adiabatic one if
the specific heat ratio is forced to be equal to 1.

The following equations describe a two-dimensional
steady-state current sheet:

1. steady-state induction equation (electric field should
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Fig. 2.— An example of cancelling magnetic feature observed by SOHO/MDI. The field of view is 24" x24”. The gray
scale discontinuities represent the flux density levels of +5, 10, 20 G and so on, and white refers to positive flux density, and

black, negative one.

be spatially uniform)

B
cE =v;B; =v,B, = T)CTl (3)

2. mass conservation

Pivi L = pov,l (4)

3. momentum conservation across the current sheet

B 1 ,
<+ 5piv; +Pi =Dpe 5
oy Tgpivi tpi=p (5)

4. momentum conservation along the current sheet

1, BiB, L
5,00'00 + Do =pc+ &1 1 (6)

5. adiabatic energy equation

1 ¥ B2
<§Pﬂh’2 + Y + E) v;L =

1 B?
<§POU§ + %po + 4_;> Uol (7)

Assuming p,, = p, and | << L, we obtain the useful
expressions of the density factor

Po 1
f=—=14+———, 8
pi (v =1+986) ®)
the outflow speed
B;
=V = 9
Vo VAi 47Tpi ) ( )
the inflow speed
1/2
NeBi 1/2
_ 10
o (Lm ) I (10
and the temperature increase
1v—-1
AT=T,-T, =L H2 (11)
2 Y kB

where 3; is the plasma beta given by 3; = 8mp;/B2,
v, the specific heat ratio, and p is the mean molecular
weight.

In these equations the inflow field strength B; is con-
sidered as a free parameter. But B; is hard to deter-
mine from observations. What can be better deter-
mined from observations are the flux loss rate d®/dt
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Fig. 3.— Temporal variations of positive and negative

magnetic fluxes, half distance, and interface length. The
slopes of the dashed straight lines in the magnetic flux plot
and the distance plot are -1.8x10'® Mx h™' and -0.22 km
s™1, respectively.

and the cancellation interface length L,. Therefore, we
express the field strength and the inflow speed in terms
of the observable parameters with the help of Eq.(2)
and Eq.(10),

1/3
LArp; (1 d®\? _
Bi = <T (f%) ) S

1
v = (Li@) /3f1/3 (13)
! L\/4dzmp; L, dt '
Litivinenko (1999) argued that the width of the cur-
rent sheet L should be comparable to the pressure scale
height. Once the atmospheric height of reconnection is
specified, it is possible to choose parameters p;, p;, 1

and L from an appropriate atmospheric model, such as
the VAL C model ( Vernazza et al. 1981).

The most uncertain parameter in Eq.(12) and Eq.(13)
is the magnetic diffusivity of the current sheet 7.
There is a good possibility that 7. much differs from
that of the inflow region because of different thermody-
namic properties. Moreover, if microinstabilities occur
inside the current sheet, 7. may be anomalously higher

than the value inferred from the classical electric con-
ductivity. For the moment, we set 7. to be equal to
the value in the inflow region 7; mainly because we do
not have a good knowledge of n.. Later we will evalu-
ate whether this choice is physically reasonable or not.
Kubat & Karlicky (1986) calculated the electric con-
ductivity as a function of height based on the VAL C
model, which will be used to determine n;. Once p;, p;,
L, and n; are specified as functions of height, it is pos-
sible to determine B; and wv; if the parameters d®/dt
and L, are determined from observations.

IIT. OBSERVED PARAMETERS

(a) Cancelling Magnetic Features

Fig. 2 illustrates the time evolution of a typical can-
celling magnetic feature in the quiet Sun. The magnetic
flux patch of positive polarity is split into two, one of
which moves toward the magnetic flux of negative po-
larity. This convergence results in flux cancellation.
Three important parameters of cancelling magnetic fea-
tures can be obtained from observations: the rate of
flux loss d®/dt, the converging speed of each pole to-
ward the flux cancellation interface v., and the length
of the interface L., following the procedures described
by Chae et al. (2002a). Note that if the cancellation is
a result of Sweet-Parker reconnection, v. and L. could
be identified with v; and L, in Fig. 1.

Fig. 3 shows the temporal variations of positive and
negative magnetic fluxes, half distance between the two
poles, and the length of the interface. From this figure
we obtain

do

o - 18x 108 Mx h™* (14)
v = 022kms™! (15)
L. = 2.5 Mm. (16)

These values yield a value of 2 x 108 G cm s~! for the
rate of flux loss per unit length of the interface. Chae
et al. (2002a) obtained somewhat lower, but the same-
or(%er values of 1.1 x 10 G cm s~! and 1.2 x 10° G cm
s,

(b) Uv Explosive Events And Euv Jets

Explosive events are short-lived, small-scale dynamic
features that are characterized by very broad UV line
profiles. They ubiquitously occur in the quiet Sun as
well as in active regions. The spectral characteristics
indicate the existence of both a highly red-shifted com-
ponent and highly blue-shifted component in an explo-
sive event (see Fig. 4). This bi-directional jet nature
is the reason why explosive events are often consid-
ered to be magnetic reconnection outflows. In support
of this interpretation, Chae et al. (1998a) found that
the majority of explosive events occur as bursts during
magnetic flux cancellation.
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Fig. 4.— An explosive event observed in a time series of
Si IV 1402 line spectrograms taken by SOHO/SUMER.

The previously reported physical parameters of ex-
plosive events (e.g., Dere 1994 ) include bulk motion
speed (about 100 km s™1), temperature (10° K), elec-
tron density (7x10° cm™3), size (1500 km), lifetime
(one to a few minutes). The rate of magnetic flux
loss associated with explosive events was reported to
be d®/dt = 2 x 10! Mx h™! (Chae et al. 1998a). This
is one order of magnitude smaller than the value for
a typical cancelling magnetic feature obtained above.
The interface of flux cancellation is roughly estimated
to be 3 Mm from Figure 3 of Chae et al. (1998). There-
fore, the rate of flux per unit length is about 2 x 10°> G
cm s7L.

In active regions, jets are often observed at differ-
ent wavelengths in association with cancelling magnetic
features. These events are big enough to be spatially
well resolved. Fig. 5 shows an event studied in detail by
Chae (2003) based on EUV images taken by TRACE.
The transverse component of the bulk motion across
the plane of sky was determined from the displacements
of EUV-emitting blobs. It ranged from 150 to 250 km.
These values may be close to the magnitudes of the ve-
locity vectors, since the dominant direction of motion
appears to be horizontal. The temperature of the jet
plasma was inferred to be about 2.5 x 10° K based on
the method using two filter ratios (Chae et al. 2002b).
The electron density was inferred from the analysis of
emissiflm measure and was found to be about 1.5 x 10*°
cm s” .

IV. OBSERVATIONAL TESTS OF MAGNETIC

RECONNECTION SCENARIOS

With the observed parameters of cancelling mag-
netic features, UV explosive events and EUV jets, we
are now in a position to address a few questions about
the physical nature of chromospheric reconnection.

Fig. 5.— An EUV jet observed in EUV 171 A by TRACE.

(a) Are UV explosive events and EUV jets
produced by magnetic reconnection?

Our answer is probably yes. Suppose these events
are reconnection outflows. Then the observed speed of
explosive events can regarded as the speed of reconnec-
tion outflow v, = 100 km s~!. According to Eq.(11),
the temperature increase corresponding to this value of
outflow speed is AT = 1.5 x 10° K. This value is very
comparable to the observed temperature of explosive
events 10° K. Similarly, for EUV jets, we have v, = 200
km s~! from observations, and obtain a theoretical es-
timate AT = 6 x 10> K with v = 5/3. This value
is significantly higher than the observed temperature
2.5 x 10° K. The discrepancy, however, might be re-
moved if the neglected effect of radiative cooling could
be taken into account in the theoretical estimate. If we
choose, for example, v = 4/3, to simulate the effect of
radiative cooling, we obtain a new theoretical estimate
of AT = 3.7 x 10° K, a value closer to the observed
value than for the case of v = 5/3. Therefore, we con-
clude that the observed speeds and temperatures are
consistent with the reconnection origin of of explosive
events and EUV jets.

If observed flows are the reconnection outflows, it is
possible to infer the inflow magnetic field strength B;
using Eq.(9). The measured densities of outflow are
po = 1.2 x 10713 and 2.5 x 107 g cm™2 for explo-
sive events and EUV jets, respectively. These values
of density suggest that it is in the upper chromosphere
where magnetic reconnection occurs. In this level, 3;
may be much less than 1, so it follows f ~ 2.5 and
pi = 5x 107" and 1 x 107 g cm ™3, respectively.
From the observed speeds and these inflow densities,
we obtain B; = 8 G for explosive events and 7 G for
EUYV jets, which happen to be about the same.



S18 CHAE ET AL.

(b)  Are cancelling magnetic features produced
by the same magnetic reconnection that
also produces explosive events and EUV
jets?

Suppose yes. Then we have B; = 8 G from above.
Using this value and the observed value v; B; = 2 x 10°
G cm s~! for explosive events, we estimate the inflow
speed to be 0.25 km s~!. On the other hand, we ob-
tain a theoretical value of 0.10 km s~! from Eq.(13)
for the Sweet-Parker inflow speed, using the already
inferred values of p; = 5 x 107!'* g cm™ and f = 2.5,
and the typical values of 7; = 2 x 107 cm? s~! ( Kubat
& Karlicky 1986) and L = 200 km in the upper chro-
mosphere. This theoretical value is significantly lower
than the above value 0.25 km s=! that was inferred
from observed parameters of explosive events and can-
celling magnetic features. In other words, observations
suggest that magnetic reconnection is faster than the
Sweet-Parker type reconnection using 7. = ;.

One way of resolving the discrepancy is to theoreti-
cally model faster reconnection by introducing anoma-
lously high value of electric resistivity or magnetic diffu-
sivity. If we use, for example, the anomalous resistivity
1. = 20m; instead of 1. = n;, then we obtain the new
theoretical estimate 0.26 km s~! that is consistent with
observations.

(c) Are cancelling magnetic features produced
by magnetic reconnection occurring in the
temperature minimum?

Since magnetic diffusivity is the highest, the temper-
ature minimum region might be preferred to the upper
chromosphere as a place where magnetic reconnection
of Sweet-Parker type can proceed. Here, however, we
will demonstrate that the Sweet-Parker reconnection
with n. = n; may be still too slow to explain observed
parameters.

Let’s consider the cancelling magnetic feature pre-
sented in Figs. 2 and 3. Using the observed parameters
of the cancelling magnetic feature d®/dt = 1.8 x 10'®
Mx g~!' and L, = L. = 2.5 Mm, and the parameters
of the temperature minimum: p; = 5 x 1072 g em™3,
pi = 1.3 x 10% erg em™3, L = 100 km, and n = 7 x 108
cm? 71, we obtain the theoretical value of the inflow
speed v; = 0.10 km s~! from Eq.(13). This is only
half the observed converging speed v, = 0.22 km s~ '.
This means that the theoretical speed of reconnection
is too slow. Chae et al. (2002a) also found a similar
discrepancy between the theoretical inflow speed and
the observed converging speed. They proposed sev-
eral possible ways to explain the discrepancy, which
include slowing-down of inflow speed by flux pile-up,
unresolved fine structure of flux tubes, anomalous re-
sistivity and so on. Like the case discussed above, a
simple way is to introduce the anomalously high resis-
tivity n. = 107 instead of 1. = n, which yields a new
estimate of inflow speed 0.21 km s~ that is about the
same as the observed converging speed.

(d) Are cancelling magnetic features produced
by magnetic reconnection occurring in the
upper chromosphere?

We use the same parameters of cancelling magnetic
features in the above, but now we suppose that re-
connection occurs not in the temperature minimum,
but in the upper chromosphere. We choose the values
pi =5x107B gem ™3, p; = 0.3 erg cm ™3, L = 200 km,
and 77 = 2 x 107 to represent the physical conditions of
the upper chromosphere. Then from Eq.(8) and Eq.(9),
and Eq.(12), we obtain the theoretical estimate of the
outflow speed v, = 600 km s~'. This value appears
much higher than the commonly observed speeds of
chromospheric features (usually less than 200 km s=1).
A better estimate can be done if anomalously high value
of magnetic diffusivity is adopted. If we adopt, for ex-
ample, 7. = 100n instead of 1. = 1, we have a new
estimate v, = 130 km s~ 1.

V. CONCLUSION

We have compared the observed parameters of can-
celling magnetic features and their associated activities
(explosive events and EUV jets) with a theory of an adi-
abatic reconnection current sheet of Sweet-Parker type,
and have obtained the following results:

1. Chromospheric activities such as UV explosive
events and EUV jets may be produced magnetic
reconnection occurring in the upper chromosphere.

2. Sweet-Parker type magnetic reconnection with the
classical value of magnetic diffusivity is too slow
to explain the observed parameters, irrespective of
the specific atmospheric level of the chromosphere
where reconnection occurs. In other words, ob-
servations suggest that reconnection occurs at a
faster speed than the Sweet-Parker reconnection.

3. If anomalously high value of magnetic diffusivity
(that is enhanced by a factor of 10 or 100 com-
pared with the undisturbed surrounding medium)
is adopted, it is possible to explain the observed
parameters of cancelling magnetic features in terms
of Sweet-Parker type reconnection occurring ei-
ther in the temperature minimum or in the upper
chromosphere.

These results strongly suggest that there may be no
preferential chromospheric height for magnetic recon-
nection to occur. This is against the argument of Stur-
rock (1999) and Litvinenko (1999) that the tempera-
ture minimum region is the most likely atmospheric
level for reconnection to occur since the classical elec-
tric conductivity at that level is the lowest. We found
that the classical value of magnetic diffusivity is still too
low to explain the observed parameters. Observations
suggest that reconnection proceeds at a significantly
faster speed.

One way of modelling fast reconnection is to intro-
duce the anomalously high value of magnetic diffusiv-
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Fig. 6.— Theoretical height variations of inflow speed,
outflow speed, and temperature increase for reconnection
occurring in the photosphere and chromosphere, calculated
with the input parameters v;B; = 1.5 x 10° G cm s™1, n. =
50m, and v = 4/3, where 7 is the classical value of magnetic
diffusivity of the undisturbed surrounding medium.

ity. The physical origin of the anomalous magnetic dif-
fusivity is now poorly understood, but it may be an
outcome of the dynamical evolution of the current sheet
like plasma microinstibilities. If this is the case, it is not
the physical condition of the surrounding medium, but
the dynamical evolution of the current sheet itself that
determines the speed of reconnection. Of course, intro-
ducing anomalous magnetic diffusivity is not the only
way of theoretically explaining fast reconnection. For
example, Chae et al. (2002c) showed that Petschek’s
mechanism (Petschek 1964) is a viable explanation for
the fast speed of chromospheric reconnection as inferred
from observations. It is interesting to note that a nec-
essary condition for reconnection of Petschek type to
occur is the development of anomalous resistivity in-
side the current sheet (e.g., Yokoyama & Shibata 1994

)

Since there is no preferred height, magnetic recon-
nection in charge of cancelling magnetic features, in
principle, may occur at any level of the photosphere
and chromosphere. As a matter of fact, this possibility
is strongly supported by the great diversity of dynamic
features observed in association with cancelling mag-
netic features. Generally speaking, the speed of outflow
increases with height since density rapidly decreases.
Therefore, dynamical features produced by reconnec-
tion in the low level will be cool and slowly moving,
whereas those produced by reconnection in the high
level will be hot and fast moving. Fig. 6 clearly illus-
trates this characteristic. Cool and slowly moving fea-
tures associated with cancelling magnetic features are
usually observed in Ha. Ha jets and surges, erupting
mini-filaments, and chromospheric upflow events be-
long to this category. Hot and fast moving features
associated with cancelling magnetic features are well
observed in UV and EUV, which include UV explosive
events and EUV jets.

In conclusion, observations support that magnetic
reconnection occurs at many different levels of the pho-
tosphere and chromosphere, and at a faster speed than
the Sweet-Parker reconnection using the classical value
of magnetic diffusivity. If an anomalous magnetic diffu-
sivity equal to 10 to 100 times the classical value of the
surrounding medium develops inside the current sheet,
the fast speed of reconnection as inferred from obser-
vations can be explained event with the Sweet-Parker
reconnection.
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