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Reconnection in Solar Flares: Outstanding Questions
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Abstract. Space observations of solar flares such as those from Yohkoh,
SOHO, TRACE, and RHESSI have revealed a lot of observational evidence
of magnetic reconnection in solar flares: cusp-shaped arcades, reconnection
inflows, plasmoids, etc. Thus it has been established, at least phenomeno-
logically, that magnetic reconnection does occur in solar flares. However, a
number of fundamental questions and puzzles still remain in the physics of
reconnection in solar flares. In this paper, we discuss the recent progresses
and future prospects in the study of magnetic reconnection in solar flares
from both theoretical and observational points of view.
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1. Introduction

Magnetic reconnection is believed to be a fundamental process in various energetic
phenomena in space and astrophysical plasmas (Tajima & Shibata 1997; Priest &
Forbes 2000). Although the idea of magnetic reconnection for explaining the energy
release in solar flares had been proposed many decades ago (Parker 1957; Sweet
1958) it was after Yohkoh (Ogawara et al. 1991) observations that the reality of mag-
netic reconnection occurring during solar flares was established. Examples of evi-
dence for reconnection include cusp-shaped post-flare loops (Tsuneta et al. 1992)
a hard X-ray source above flaring loops (Masuda et al. 1994), plasmoid ejections
in impulsive flares (Shibata et al. 1995), and supra-arcade downflows (McKenzie &
Hudson 1999). Recent observations from SOHO, TRACE and RHESSI have been
producing further evidence; an outstanding example is the discovery of reconnec-
tion inflows (Yokoyama et al. 2001; Lin et al. 2005; Narukage & Shibata 2006).
See Shibata (1999) and Martens (2003) for reviews of observational evidence of
reconnection.

The idea of magnetic reconnection has been applied, not only to solar flares, but
to various explosive phenomena in the solar atmosphere (e.g., Shibata et al. 1992;
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Innes et al. 1997; Pariat et al. 2004). However, the theories of magnetic reconnection
itself still have fundamental difficulties. The authors’ list of the remaining outstanding
problems in the physics of reconnection is as following:

e How is fast reconnection realized in a highly conducting plasma?

e What is and what determines the rate of reconnection?

Is reconnection in the solar corona Petschek type, generalized Sweet—Parker type,
or other type? Can we find slow and fast shocks?

What is the nature of coupling between micro and macro scales?

What is the origin of anomalous resistivity?

What is the acceleration mechanism of non-thermal particles?

Whatis the energy build-up process and the triggering mechanism of reconnection
in solar flares ?

e What are the differences of reconnection in different plasma environment?

e What are the three-dimensional topology and dynamics?

We are aware that this is a biased list, perhaps biased towards macroscopic aspects.
Also, many of the listed items are not independent but closely related to each other.
In the rest of the paper we will review the previous achievements and future prospects
on the selected issues from the list.

2. How and why reconnection is fast?

The time scale of energy release in a solar flare is typically 10-100 t4 (100 ~ 1000 s),
where 74 = L/v,4 is Alfvén transit time, L is the characteristic size of the system and
va = B/+/4mp is the Alfvén velocity. Since the resistivity 7 is extremely small in the
solar corona, the diffusion time 7, = L?/n is huge (say, 100 years). Therefore, we
need a mechanism that can drastically increase the rate of energy release, i.e., magnetic
reconnection.

It is well known that Sweet—Parker reconnection is too slow to explain solar flares.
In Sweet—Parker reconnection, the non-dimensional reconnection rate is given by
Vin/va = w/L = VS, where v, is the inflow velocity, w and L are the thickness
and the length of the current sheet, and S = Lv,/n is the Lundquist number (mag-
netic Reynolds number defined with v,). If one uses classical Spitzer resistivity in the
corona, S is as large as 10', and thus the reconnection rate is as small as 10~7.

Sweet—Parker reconnection is slow because the aspect ratio w/L of the diffusion
region (current sheet) is small and therefore plasma exhausting by reconnection outflow
is insufficient. In order to overcome this problem, Petschek (1964) considered that
the diffusion region is localized in a small region. Then the plasma is heated and
accelerated through two pairs of MHD slow mode shocks that extend from the diffusion
region. Petschek showed that for large S the reconnection rate is given by vi,/v4 =
m/8log S ~ 0.01-0.1. This is fast enough to energize solar flares. MHD simulations
have demonstrated that such Petschek-type (i.e., with slow shocks) fast reconnection
is realized when resistivity is spatially localized (e.g., Ugai & Tsuda 1977; Yokoyama
& Shibata 1994), though reconnection is usually highly intermittent in non-steady
simulations (e.g., Kliem et al. 2000; Tanuma et al. 2001).

How fast is reconnection in real solar flares? Attempts to measure the reconnection
rate in flares have been made by many authors (Dere 1996; Tsuneta 1996; Ohyama
& Shibata 1997; Isobe et al. 2002, 2005; Saba et al. 2006; Nagashima & Yokoyama
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2006). It is not straight forward to measure the reconnection rate because measure-
ment of coronal magnetic field Beorona, and inflow velocity vj, are difficult. However,
separation of chromospheric flare ribbons provides a good measure of reconnection
rate (Forbes & Lin 2000). Assuming that reconnection is steady and two-dimensional,
the reconnected magnetic flux per unit time is given by:

Bcorona Vin = Bfoot Vfoot » ( 1 )

where Bioor and v are the magnetic field strength and separation velocity of chro-
mospheric flare ribbons. Isobe et al. (2002, 2005) considered this equation and the
energy release rate H given by the Poynting flux of reconnection inflow,

BZ
H = 2$vinA,, 2)

where A, is the area of reconnection inflow. Using these two equations, they calcu-
lated the non-dimensional reconnection rate v;,/v4 for several flares from available
observations. The calculated values fell in the range of 0.001-0.1. Other studies cited
above found similar values, as summarized in Table 4 of Narukage & Shibata (2006).

Direct evidence of reconnection inflows was first found in EUV images of a limb
flare observed by SOHO/EIT (Yokoyama et al. 2001). Narukage & Shibata (2006)
found further such examples. The estimated reconnection rate was 0.001-0.07. In these
studies, the inflow velocity vj, was measured from the apparent motion in the images
and hence may not be the real plasma velocity (Chen et al. 2004). Spectroscopic
detection of reconnection inflow is therefore important, but such observations are still
rare (Lin et al. 2005; Hara et al. 2006). It is obviously an important target of EUV
imaging spectrometer (EIS) onboard Hinode (Solar-B).

In summary, the previous quantitative analyses of reconnection rate have indi-
cated that the reconnection rate is in the range of 0.001-0.1. This is fast enough to
explain the energy release rate of flares and roughly consistent with Petschek-type
reconnection. The lower values in some cases (~0.001) are probably the spatial and
temporal averages. As discussed further in the next section, the reconnection pro-
cess is likely to be quite intermittent, both in time and in space. Temporal and spatial
variation of reconnection rate should be studied in future using high resolution data
(Saba et al. 2006).

Another important observational challenge is detection of slow shocks. The cusp-
shaped loops and Y-shaped structure found by Soft X-ray Telescope aboard Yohkoh
may be the reconnection slow shocks (Tsuneta et al. 1992; Shiota et al. 2003), but
further evidence, e.g., jump in plasma density, pressure, and velocity, is obviously
needed. Hinode/EIS will be a strong tool for this purpose (Brooks et al. 2004; Shiota
et al. 2004).

3. Macro-micro coupling

One of the most fundamental problems of Petschek-type MHD reconnection is the
nature and origin of localized diffusion region. A localized resistivity may be realized
by an anomalous resistivity caused by wave-particle interactions or kinetic instabili-
ties. Although the microscopic origin of such an anomalous resistivity has not been
clarified, magnetospheric observations (e.g., Sergeev et al. 1993), particle simulations
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(e.g., Horiuchi & Sato 1999), and laboratory experiments (e.g., Ono et al. 1997) indi-
cate that fast magnetic reconnection is initiated when the thickness of the current sheet
becomes as thin as the ion inertia length or the ion Larmour radius, where kinetic
effects of the plasma becomes significant.

However, both the ion inertia length and ion Larmour radius are of the order of
10? cm, while the characteristic size of solar flares is about 10° cm. This is a big
difference from the magnetospheric case, where the ratio of global scale to ion scales is
of the order of 10-100. See Terasawa et al. (2000) for a comparison of solar flares and
magnetospheric substorms. How to link this huge gap between different scales is the
most challenging and fundamental problem in reconnection physics. Perhaps there are
some meso-scale structures that connect the global and microscopic scales?

Observations give us some hints to tackle this problem. As mentioned already,
reconnection in solar flares is quite intermittent. This is inferred from fine structures in
flare ribbons (e.g., Kitahara & Kurokawa 1990; Fletcher et al. 2004) and fast temporal
variation of hard X-ray and radio lightcurves (e.g., Aschwanden et al. 1996; Karlicky
et al. 2005). Such spatial and temporal fine structures suggest the existence of fine
structures in the reconnecting current sheet.

Another significant observational fact is the correlation of reconnection and plas-
moid ejection. Almost all the explosive events in the solar corona is accompanied by
ejection of plasma, from coronal mass ejections to microflares (e.g., Shibata et al.
1995; Innes et al. 1997; Zhang et al. 2001; Sakajiri et al. 2004; Asai et al. 2004).
Careful examination of plasmoid motion and flare lightcurve have revealed that the
plasmoid had started to move slowly well before the impulsive phase of the flare,
and then suddenly accelerated and ejected during the impulsive phase (Ohyama &
Shibata 1997; Chifor ef al. 2006). From such observations, Shibata & Tanuma (2001)
suggested ‘plasmoid-induced’ reconnection model, in which fast reconnection and
plasmoid ejection are dynamically coupled.

Karlicky et al. (2005) examined the Fourier power spectra of pulsating structure
observed in 500-1500 MHz, which is interpreted as the result of plasmoid ejection
from reconnection site. They found power law spectra in the short period (0.06-0.2 s)
range. This indicates that there is no characteristic scale in reconnection and hence the
reconnecting current may have a turbulent, possibly fractal structure as suggested by
Tajima & Shibata (1997). Similar picture of a reconnecting current sheet, i.e., full of
many small plasmoid, has been given by Aschwanden (2002). Such turbulent structure
may give a way to link the microscopic and macroscopic scales in reconnection.

What can be the origin of such turbulent structures in a current sheet? Shibata &
Taunua (2001) suggested multiple tearing instability. This is a ‘top-down’ process,
approaching from macro-scale to micro-scale by an MHD instability. For magne-
tospheric reconnection, Hoshino et al. (1994) proposed an opposite approach, i.e.,
formation of large-scale plasmoid by bottom-up process from microscopic scales.
Presumably both happen at the same time in the solar case.

A three-dimensional MHD simulation carried out by the authors provides an inter-
esting result that may be related to this problem (Isobe et al. 2005, 2006). Figure 1
shows three-dimensional visualizations of the MHD simulation of magnetic recon-
nection between an emerging flux and pre-existing coronal field. It was shown that
the top of the emerging flux becomes unstable to the magnetic Rayleigh—Taylor insta-
bility in the corona. As the Rayleigh—Taylor instability grows, an interchanging, fila-
mentary structure is created in the emerging flux, which is similar to an arch filament



Reconnection in Solar Flares 83

Figure 1. Three-dimensional visualization of the result of MHD simulation of magnetic recon-
nection between an emerging flux and a pre-existing coronal field. Left: Isosurface of plasma
pressure and a selected magnetic field lines. Right: Isosurfaces of the magnitude of velocity,

corresponding 60 km s~ (transparent) and 120 km s

system observed in Ha. See Isobe er al. (2006) for details of the simulation. Conse-
quently, the current sheet between the emerging flux and coronal field also undergoes
interchanging. Tearing instability locally occurs in the current sheet, creating many
small plasmoid as shown in the left panel of Fig. 1. This is remarkably similar to the
cartoon by Aschwanden (2002, Fig. 47) in which many plasmoids exist in a recon-
necting current sheet. After the ejection of these plasmoids, fast reconnection occurs
in temporally and spatially intermittent way. The right panel shows the structure of
the reconnection outflows. Many narrow jets are ejected from the localized diffusion
regions.

Thus, the MHD simulation has demonstrated the turbulence excitation and asso-
ciated reconnection in a self-consistent way. In this case, the origin of turbulence is
an ideal MHD instability, namely the magnetic Rayleigh-Taylor instability. From
this simulation result, we conjecture that a possible scenario to link the micro and
macro scales is as follows. First, small scale structure is created by ideal MHD
instabilities such as Rayleigh-Taylor instability or Kelvin—Helmholtz instability
(top-down process). When the turbulence cascades down to the ion scale, tearing and
reconnection are initiated at such small scale. Then the small scale islands become
bigger by coalescence (bottom-up process).

Of course, this is still a rough conjecture. Direct numerical simulation of such
processes requires multi-scales and multi-physics. Itis a big challenge of the theoretical
and numerical studies in the next decades.

4. Reconnection in the lower atmosphere

In this section we briefly mention the magnetic reconnection in the lower atmosphere of
the Sun. Reconnection is likely to be occurring in the photosphere and chromosphere.
Canceling magnetic features (Litvinenko & Martin 1999) and Ellerman bombs (Pariat
et al. 2004; Isobe et al. 2007) are believed to be the manifestations of such lower level
reconnection. Chromospheric reconnection may play a significant role in the coronal
heating (Sturrock 1999).

Although the photosphere and the chromosphere are weakly ionized regions and
therefore the resistivity is relatively large, the Lundquist number is still larger than 10%.
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Reconnection in such plasma environment is also of interest in some astrophysical
systems such as protoplanetary disks (Inutsuka & Sano 2005), but it is still poorly
understood (Litvinenko 1999; Chen et al. 2001; Chae et al. 2002). Theoretical and
observational studies on this subject are therefore desired. The Solar Optical Tele-
scope on Hinode will provide further detailed observations of the lower atmospheric
reconnection.

5. Conclusion

In this paper we have discussed a selected issue on the outstanding questions of the
physics of magnetic reconnection. Due to the space restriction we did not discuss some
very important issues such as particle acceleration (Aschwanden 2002) and three-
dimensionality (Priest & Forbes 1992; Isobe et al. 2002; Tripathi et al. 2006).

The solar atmosphere provides an excellent laboratory to study the basic plasma
physics. Since magnetic reconnection is of great interest not only for solar physics but
also for much larger fields of plasma physics and astrophysics, it is desirable to utilize
the solar observation to study reconnection, not only to utilize reconnection to interpret
the solar phenomena. Recently launched Hinode satellite and other upcoming projects
will provide us further advanced data, from which we may get deeper insight of the
basic physics of reconnection.
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