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Figure 7. (left) The normalized entropy at t = 150 for Case C. Black lines are the magnetic field lines. (right) The five
panels show the profiles of the normalized entropy, plasma beta, two components of the tangential magnetic field By,
and B;,, and the total tangential magnetic field, which are taken from the magenta line in Figure 7 (left).

in the outflow region. Figure 7 shows the results from Case C, where the initial configuration is the same
as in Case A, except for the addition of a uniform guide field B, = 1. Figure 7 (left) is the normalized
entropy S/S, att = 150, where S; is the inflow entropy. It shows that the outflow entropy is about 1.5 times
higher than the inflow entropy, which is lower than in Case A. To better understand this transition region,

a rigorous treatment is to solve the Riemann problem [Lin and Lee, 1993, 1999]. Lin and Lee [1993] demon-
strated that the switch-off shock is replaced by a rotational discontinuity and a slow shock for a symmetric
guide field, which is consistent with the observational results [Biernat et al., 1998] and is also seen in our
two-dimensional simulation. The five panels in Figure 7 (right) show the profiles of the normalized entropy,
plasma beta, two components of the tangential magnetic field B,; and B,,, and the total tangential mag-

netic field B, = Bﬁ + B2, which are taken from the magenta line in Figure 7 (left). Due to the symmetry, we
only show the x > 0 part of the cut. For a better representation of the rotational discontinuity, we rotate the
frame by an angle § = arctan 1/B, /2= x/8, thus

By = B,cos 8 + B, sin6

By, = —B,sin0 + B, cos 6.

The rotational discontinuity layer is shaded in dark gray and labeled R, where B, is almost constant and B,,
changes from +0.5 to —0.5. Theoretically, the rotational discontinuity does not involve an entropy increase.
However, the presence of the resistivity replaces the rotational discontinuity by an intermediate shock,
thus leading to an increase in entropy and decrease in the total magnetic field, which is consistent with
the results in Figure 7. The slow shock layer is shaded in light gray and labeled S, where the total tangential
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Figure 8. (left) The normalized entropy at t = 110. Black lines are the magnetic field lines. (right) The five panels show
the profiles of the normalized entropy, plasma beta, two components of the tangential magnetic field B;; and B;,, and
the total tangential magnetic field, which are taken from the magenta line in Figure 8 (left).

magnetic field strongly deceases. This remnant magnetic field, however, is still larger than the y component
of the magnetic field B, in the inflow region. The larger B, field implies a smaller increase of the thermal
pressure in the outflow region, and for this reason, a reduction in the entropy increases. Therefore, Case C
demonstrates that the presence of a guide field reduces the entropy increase.

4.3. Magnetic Reconnection With Shear Flow

Large shear flow always exists close to the magnetopause, due to the solar wind velocity. This sheared flow
general has components along the y and z directions, and here we consider shear along the z (invariant in
the two-dimensional configuration) direction. Flow shear along the y direction has an effect similar to den-
sity asymmetry in that it generates a configuration similar to density asymmetry with a nonzero B, in the
outflow region [La Belle-Hamer et al., 1995]. For flow shear along the z direction, the frozen-in condition
implies a drag of reconnected magnetic field lines into opposite directions on the two sides of the outflow
region, which generates a B, component. This B, component contributes an additional magnetic pressure
to the total pressure in the steady outflow region. This mechanism is demonstrated in Case D, where the
initial configuration is the same as in Case A, except for the perpendicular flow shear. In Case D, the total
perpendicular velocity jump is equal to the Alfvén speed. Figure 8 (left) shows the normalized entropy S/S,
att = 110, where S, is the inflow entropy. The figure shows that the outflow entropy is about twice the
inflow entropy, which is lower than in Case A. Similar to the guide field case, the presence of the shear flow
replaces the switch-off shock by an intermediate shock and a slow shock [Sun et al., 2005]. The five panels in
Figure 8 (right) show the profiles of the normalized entropy, plasma beta, two components of the tangential
magnetic field B;,; and B,,, and the total tangential magnetic field, which are taken from the magenta line
in Figure 7 (left). Due to the symmetry, we only show the x > 0 part of the cut. For a better representation
of the intermediate shock, we rotated the frame by an angle 8 = 7 /4. The entropy increases through the
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intermediate shock layer and the slow shock layer. Again, the magnetic pressure in the outflow region
reduces the thermal pressure and the entropy increase.

5. Summary and Discussion

The plasma entropy measure p/p? is a useful physical quantity to identify adiabatic and nonadiabatic pro-
cesses in a physical system, and satellite observations demonstrate that the access of solar wind plasma to
the Earth’s magnetosphere involves strong nonadiabatic heating. Magnetic reconnection is often suggested
as the dominant process for this transport of plasma into the magnetosphere. In this study, we focus mainly
on Petschek-type magnetic reconnection, and we demonstrate that entropy can strongly increase only
when the plasma f < 1 by means of theoretical analysis and numerical simulation using one-dimensional
and two-dimensional configurations. Key arguments for this g limitation are (1) that the compression rate
is usually around unity (p4/p, = O(1)) and (2) that the thermal pressure is limited by the total pressure

in an approximately pressure balanced system. A large entropy increase in such a total pressure balanced
system requires a very small thermal pressure (compared to magnetic pressure) in the inflow region. It can
be expected that the beta limitation for the entropy increase is applicable also to kinetic models of recon-
nection as long as such models satisfy approximate total pressure balance and plasma compression of
order unity.

The more specific quantitative estimates of entropy changes are mostly based on applications of steady
state reconnection. Frequently, reconnection is considered to be a time-dependent process (such as the for-
mation of magnetic flux transfer events (FTEs) [Russell and Elphic, 1978, 1979] or plasmoids in the terrestrial
magnetosphere [Hones et al., 1984; Moldwin and Hughes, 1992]). It is trivial that a steady state assumption

is always violated on sufficiently large spatial or temporal scales. A steady state is defined by the condition
that system changes are slow (time scale 7,) compared to typical wave travel times 7; across the system.
For a reconnection geometry, this implies 7, << 7, with r, = d/V, (d is the width of the outflow region
and V is the speed of group velocity of typical wave), and 7, = r(dr/dt)™" is characterized by the change
of the reconnection rate r. For instance, the scale size of typical FTEs [Kawano and Russell, 1996] or typi-

cal plasmoids in the magnetotail [leda et al., 1998; Imber et al., 2011] requires several minutes of sustained
fast reconnection. The Alfvén speed in these region is typically 100 to several 100 km s~', such that typical
wave travel times are of the order of 10 s, i.e., much shorter than the required duration of fast reconnec-
tion. It is also noted that the asymmetric current layers for magnetopause reconnection and for large-scale
solar wind reconnection events [Eriksson et al., 2009] appear reasonably consistent with basic predictions by
MHD reconnection.

In two-dimensional MHD magnetic reconnection, the entropy increase occurs mostly through the shock
layers. Such shocks do not exist or are modified in the presence of kinetic physics [Lin and Lee, 1993; Lin,
2001; Hesse et al., 2008; Ma and Otto, 2013; Zenitani et al., 2013], which may involve additional entropy
sources/sinks. However, kinetic models are still governed by the fundamental conservation laws (i.e., mass,
energy, and momentum conservation). Therefore, the asymptotic behavior on sufficiently large scales of the
transition from the inflow to the outflow region should be somewhat consistent with the MHD shock predic-
tion provided that the plasma remains sufficiently isotropic. This is an ultimately unresolved problem worthy
of a more detailed large-scale kinetic study.

Other entropy sources include the small reconnection diffusion region which can heat plasma locally. How-
ever, it has no volume filling effect because of its microscopic (ion or electron inertia scale) size. A fast shock
may exist in the transition region between steady outflow region and nonsteady bulge region, when the
inflow plasma beta is low. However, the Mach number is too small (marginally above 1), such that the fast
shock is not expected to be a major entropy source.

For more realistic configuration, density asymmetry leads to B, # 0 in the outflow region which reduces
the entropy increase. The presence of a guide field and a perpendicular shear flow also reduce the entropy
increase in the outflow region. This reduction of nonadiabatic heating is caused the replacement of the
switch-off shock in the steady outflow region by a rotational discontinuity (or intermediate shock) and a
slow shock, which does not switch off the tangential component of the magnetic field for both configura-
tions. Therefore, any asymmetry, guide field, or shear flow increases the magnetic field magnitude in the
outflow region and reduces the thermal pressure increase from the inflow to the outflow regions, which
results in a lower entropy increase than in the symmetric (Petschek) situation.
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The presented results demonstrate that magnetic reconnection can indeed generate a strong nonadiabatic
heating. However, the condition for this is a sufficiently small plasma g < 1. Typical magnetosheath condi-
tions imply a plasma beta of order 0.1 to 1. This is insufficient to explain the observed entropy increase of at
least 1 to 2 orders of magnitude between the magnetosheath and the magnetosphere. It is also noted that
reconnection causes plasma compression where the original magnetosheath densities are already too high
in comparison with plasma sheet. A subsequent adiabatic expansion would lower the temperature of the
plasma far below values observed in the magnetosphere. Therefore, it is concluded that additional physics
is required to explain density and temperature of the plasma sheet. Such physics can include the following:
(1) plasma conditions that are not typical magnetosheath. For instance, density and plasma beta are
typically significantly lower in the plasma depletion layer just outside of the magnetopause, (2) plasma
conditions that are modified by additional processes such of Kelvin-Helmholtz instability, and (3) other pro-
cesses that contribute to the plasma entry, such as diffusion or other microphysical processes [Johnson and
Wing, 2009].

There are two additional highly important applications for low-beta reconnection. In the magnetotail lobes
(similar in other magnetospheres such as the giant planets), the plasma beta is extraordinarily low. Here
reconnection of lobe magnetic field can be expected to increase the entropy very significantly by orders

of magnitude. Observations indicate that bursty earthward directed flows are likely entropy-depleted flux
tubes, which are generated by lobe reconnection because of the low lobe plasma beta [Angelopoulos et al.,
1992; Birn et al., 2011]. However, observations indicate that only few of these flows have a sufficiently low
flux tube entropy to reach geosynchronous distances where particle injection is observed during substorms
[Sergeev et al., 2012; Kim et al., 2012; Dubyagin et al., 2011]. A significant nonadiabatic heating in the outflow
region is a critical element to better understand the penetration depth of such reconnection flows [Lyons et
al., 2009]. The second application is reconnection in the solar corona where again the plasma beta is very
low, and magnetic reconnection can potentially increase the plasma entropy by orders of magnitude.
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