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Abstract

This paper provides insights into the possible coupling between reconnection and interchange/ballooning in the
magnetotail related to substorms and flow bursts. The results presented are largely based on recent simulations of
magnetotail dynamics, exploring onset and progression of reconnection. 2.5-dimensional particle-in-cell (PIC)
simulations with different tail deformation demonstrate a clear boundary between stable and unstable cases
depending on the amount of deformation, explored up to the real proton/electron mass ratio. The evolution prior to
onset, as well as the evolution of stable cases, are governed by the conservation of integral flux tube entropy S as
imposed in ideal MHD, maintaining a monotonic increase with distance downtail. This suggests that ballooning
instability in the tail should not be expected prior to the onset of tearing and reconnection. 3-D MHD simulations
confirm this conclusion, showing no indication of ballooning prior to reconnection, if the initial state is ballooning
stable. The simulation also shows that, after imposing resistivity necessary to initiate reconnection, the reconnection
rate and energy release initially remain slow. However, when S becomes reduced from plasmoid ejection and lobe
reconnection, forming a negative slope in S as a function of distance from Earth, the reconnection rate and energy

release increase drastically. The latter condition has been shown to be necessary for ballooning/interchange
instability, and the cross-tail structures that develop subsequently in the MHD simulation are consistent with such
modes. The simulations support a concept in which tail activity is initiated by tearing instability but significantly
enhanced by the interaction with ballooning/interchange enabled by plasmoid loss and lobe reconnection.
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Findings

Particle-in-cell and MHD simulations of magnetotail
dynamics demonstrate conservation of integral flux tube
entropy during the simulated substorm growth phase.
This indicates stability to ballooning prior to the onset
of tearing and reconnection in the magnetotail. Plas-
moid loss from reconnection, however, enables ballooning
instability, which can enhance the reconnection rate and
energy release and provide cross-tail structure.

Introduction

The mechanism(s) for the onset of magnetotail activity
related to substorms or other dynamic events still repre-
sent an unsolved problem and a matter of controversy.
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Crucial elements in this context are the tearing insta-
bility, presumably the initiator of magnetic reconnection
and plasmoid formation (e.g., Schindler 1974), and bal-
looning/interchange instability (e.g., Liu et al. 2012, and
references therein), which can provide cross-tail structure
and wave modes that are possibly related to auroral onset
arc features (“beading”) observed prior to the expansion
of the auroral oval (e.g., Keiling et al. 2013, and references
therein).

The onset and growth of collisionless tearing instability
depends strongly on the magnitude of the normal mag-
netic field B, (Brittnacher et al. 1995; Pellat et al. 1991;
Schindler 2007) and on the current sheet thickness (e.g.,
Daughton 1999). Through force balance along the tail axis,
a reduction of the normal magnetic field B, is closely
coupled to an increase of the current density (Hesse and
Birn 2000). Therefore, the onset of tearing requires suf-
ficient current sheet thinning, or the formation of a thin
embedded current sheet.
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The onset of tearing and reconnection, however, may
be preceded by the onset of another instability, such
as the ballooning instability (e.g., Liu et al. 2012, and
refences therein), which operates even under ideal MHD
constraints. As shown by Schindler and Birn (2004), bal-
looning/interchange instability is closely related to the
properties of a flux tube entropy function (Birn et al. 2009;
Wolf et al. 2009)

S = / PV ds/B (1)

where the integral is taken along closed field lines. Simply
stated, a tail configuration is stable to ideal MHD bal-
looning modes when S increases monotonically downtail.
This is typical of the quiet magnetotail. Integral flux tube
entropy conservation also plays a crucial role in the evolu-
tion toward thin current sheet formation and eventual loss
of equilibrium (Birn et al. 2009). In this paper, we review
and summarize recent findings on the onset of tear-
ing and the role of ballooning/interchange modes, based
on 2.5-dimensional particle-in-cell (PIC) simulations
(Liu et al. 2014) and 3-dimensional MHD simulations
(Birn et al. 2011).

General procedure

Both PIC and MHD simulations are based on a similar
concept. The simulations start from an equilibrium tail
configuration that is stable to ballooning and tearing. This
configuration is gradually deformed by adding magnetic
flux to the tail, which causes current sheet thinning and
eases the conditions for the onset of tearing. In contrast to
some other driving approaches, the amount of added flux
is kept finite, such that the driving subsides and the tail
may also settle into a new equilibrium if the deformation is
insufficient to initiate instability. For larger deformations,
the PIC simulations naturally lead to the onset of tear-
ing instability, whereas the onset of ballooning is inhibited
by the 2-D constraint. However, it is possible to test the
stability criterion, namely the variation of the entropy
function S.

In contrast, the 3-D MHD simulations permit investi-
gating the occurrence and effects of ballooning, particu-
larly when plasmoid loss and lobe reconnection change
the entropy function and stability. However, they need
imposing a dissipation mechanism (here, finite resistivity)
to initiate reconnection. In the next section, we sum-
marize major findings of the PIC simulations, while the
following section is devoted to MHD results. For more
details of the codes, initial, and boundary conditions, we
refer to Liu et al. (2014) and Birn et al. (2011).

PIC simulations of reconnection onset
The PIC simulations start from a 2-D initial state (Hesse
and Schindler 2001; Liu et al. 2014) (Fig. 1a), which is
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gradually deformed by the addition of magnetic flux to the
lobes through the high-latitude boundaries. The param-
eter a measures the amount of this added flux or of
the deformation of the field, which decreases tailward
from the near-Earth boundary. Several ion/electron mass
ratios were used, up to the real proton/electron mass ratio
mi/m, = 1836. Depending on the magnitude of a and
the mass ratio, the configuration either remained stable,
although compressed, or became unstable to tearing and
reconnection.

Figure 1, modified after Figure two of Liu et al. (2014),
illustrates the evolution of stable and unstable runs. Panel
(a) shows the initial state, which is the same for all runs.
The corresponding monotonic entropy function S(x) is
shown in panel (b), demonstrating the initial stability to
ballooning. The following two panels show the current
density and magnetic field structure for two runs with
mass ratios m;/m, = 400, (c) for a = 3.33 after relaxation
into a new equilibrium, and (d) for a = 5 after the onset of
reconnection. The third row panels (e, f) show the char-
acteristic current sheet half-thickness L, and the bottom
panels (g, h) the B, values as function of time, evaluated at
the location where B, reaches a local minimum or the cur-
rent density maximizes along the x axis, atx ~ —13, (e, g)
fora =2.5and (f, h) fora = 5.

The evolution of the characteristic parameters, as well
as the final configuration of the stable runs (left), appears
independent of the mass ratio. The onset of tearing and
reconnection occurs in the PIC simulation when B, and
the current sheet thickness are sufficiently reduced to
demagnetize electrons. The clearest indication of insta-
bility onset is shown by the parameter B, (panel h). The
evolution prior to onset is basically independent of the
mass ratio. However, the curves of B, for m;/m, = 25 —
400 show a clear transition from this early, approximately
linear decrease, to a much more rapid decrease, while the
curve for m;/m, = 1836 indicates stability for this defor-
mation parameter. Liu et al. (2014) chose the last point
before the deviation from the higher mass ratio curves
(which show onset at a later time or, for m;/m, = 1836
and a = 5, not at all) as the onset point, indicated by small
circles.

Based on this identification, onset parameters were
determined, shown in Fig. 2 as function of the mass ratio
for different deformation amplitudes a: (a) the current
sheet half-thickness L, at the location of the minimum of
B,, (b) the normal magnetic field b = B,;,/Byp. Vertical
bars correspond to unstable cases with onset times and
locations identified as described above. Crosses represent
stable cases. Due to the driving, these cases also lead to
increases in current density and decreases in current sheet
thickness and B, in the near tail region. In these cases
the parameters were evaluated at late times, when the
configuration approached a new equilibrium, as shown in
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Fig. 1 Characteristics of stable and unstable runs in PIC simulations. Characteristics of stable (left column, c, e, g) and unstable runs (right column, d, f,
h). a The initial state and b the corresponding entropy function S(x), which are the same for all runs. The following two panels show the magnetic
field and current density structure of two runs with m;/m, = 400, ¢ for a = 3.33 after relaxation into a new equilibrium, and d for a = 5 after the
onset of reconnection. The third and bottom panels show the characteristic current sheet half-thickness [, and the B, values as function of time,
evaluated at the location where B, reaches a local minimum at z = 0, near x ~ —13, for (e, g) a = 2.5 and (f, h) a = 5. Modified from Figure two of
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Fig. 1c, choosing the location of the local maximum of
8B, = |B; — B;(t = 0)| along the x axis. Figure 2 indicates
a well-defined stability transition, which shows a power
law dependence on the mass ratio, consistent with elec-
tron tearing (Hesse and Schindler 2001). We note that, for
larger deformation with a = 7.5, the real mass ratio case
also becomes unstable, and that the stability transition
parameters L, and b can reasonably well be inferred by
the power law extrapolation (dashed lines) from the lower
mass ratio cases. This is important because in many cases
(particularly in 3-D) PIC simulations at m;/m, = 1836 are
still either unfeasible or very expensive.

Evaluating the onset problem and the evolution of
reconnection at different mass ratios m;/m, also provides
important insights into the physical mechanisms of onset
and fast reconnection, as well as of the validity and useful-
ness of simpler approaches, such as MHD. The fact that
the onset parameters depend on the mass ratio (dashed

lines in Fig. 2) supports identification of the electron tear-
ing instability as the onset mode (rather than the ion
tearing mode, which should not depend on the electron
mass) (Liu et al. 2014). In contrast, the evolution prior to
the onset, the final states of stable cases, as well as the fast
reconnection after x-line formation are largely indepen-
dent of m;/m,. These are important clues for the validity
and applicability of an MHD approach prior to onset and
to identify the final state (Zaharia and Birn 2007), and for
the dominance of ion dynamics during the phase of fast
reconnection (Birn and et al. 2001).

To investigate the potential instability to ballooning
modes, Birn and Hesse (2014) and Liu et al. (2014) evalu-
ated the properties of the entropy function (1), which for
2-D equilibria with B = VA x y should be a function of
the flux variable A, constant along field lines. The result
is shown in Fig. 3 (bottom), together with characteristic
states (top), for one stable (left) and two unstable cases
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Fig. 2 Characteristic parameters of stable and unstable runs in PIC simulations as a function of the ion/electron mass ratio. Characteristic variables at
tearing onset or final stable states: a current sheet half-thickness L, and b b = B, /Bo, for various mass ratios and deformation amplitudes, a = 7.5
(vellow), a = 5 (red), a = 3.33 (blue), a = 2.5 (green), and a = 1.25 (purple).
the height of the bar indicating the magnitude of possible errors estimated from taking values at adjacent times t, £ 2. The dashed lines indicate
power law dependences proportional to (m;/me)~'/* for L, and b, and (m;/me)~"/? for bL,. Modified from Figure four of Liu et al. (2014)

Crosses correspond to stable cases and vertical bars to unstable ones with

(center and right). To make a connection to the MHD case,
the pressure was defined by the trace of the full tensor,
including both ions and electrons; however, similar curves

were also found for the individual pressures. Labels a—d
indicate significant points: point @ marks the first recon-
nected field line, point b the X-point, point ¢ the farthest
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Fig. 3 Entropy characteristics of stable and unstable cases in PIC simulations. Entropy characteristics of a stable (@ = 3.33, m;/m,. = 400, left) and
two unstable cases (@ = 5, m;j/m. = 400 and a = 7.5, m;/m. = 1836, right): (top) selected field lines and current density (color), (bottom) variation
of the entropy function S defined by (1), as function of the flux variable A. The times t = 78 and t = 58 for the two unstable cases represent times

Figure nine of Liu et al. (2014)

shortly after the identified onset times but before X-line formation. Labels a—d denote characteristic points in the configuration. Modified from

point of the separatrix connected to the X-point, while
point d indicates the last closed field line. The integral
(1) was taken from one foot point at the left boundary to
the other for closed field lines. For open field lines with
A < A; = —1.5, irrelevant for the stability concept, the
integral was taken from the left to the right boundary,
adding top and bottom parts for continuity.

The intensified current sheet in the stable case (top left
in Fig. 3) represents an equilibrium structure, whereas
the intensified current layers earthward of the reconnec-
tion site (top center and right in Fig. 3) in the unstable
cases represent dipolarization fronts (Nakamura and et al.
2002), sharp increases in B, associated with fast earth-
ward flows, documented also in earlier PIC simulations
(e.g., Sitnov et al.,, 2009, Birn and Hesse, 2014). The field
structure of the m;/m, = 1836 case (top right in Fig. 3)
shows a small island earthward of the main X-line, which
exists for a brief period <~ 2—3 Q;l) after neutral line

formation. Such island structures earthward of the main
reconnection site were first postulated by Schindler (1974)
and later found in many observations embedded in earth-
ward flows (e.g., Slavin et al. 2003; Walsh et al. 2007).
Figure 3 demonstrates, for m;/m, = 400 and m;/m, =
1836, that the entropy function is well conserved for sta-
ble cases, as well as for unstable ones prior to the onset
of reconnection, despite significant pressure changes.
The conservation of the entropy function S(A) prior
to onset, and particularly the conservation of mono-
tonicity for closed field lines with A > A, indicate
that the tail configuration remains stable to balloon-
ing (Schindler and Birn 2004) prior to the onset of

tearing. The entropy function S(A) is also conserved for
reconnected flux tubes after reconnection. However, the
shortening of flux tubes by plasmoid formation makes
the entropy function non-monotonic and thus poten-
tially unstable to ballooning. This will be addressed fur-
ther in the following section, on the basis of 3-D MHD
simulations.

MHD results

The MHD simulation (Birn et al. 2011) discussed here
was based on a 3-D initial tail equilibrium that included
a transition toward a dipole field. It spans a region 0 >
x > —60, with one spatial unit corresponding to about
1.5Rg and inner boundary at xgsyr =~ —7.5Rg. The con-
figuration also included a net cross-tail magnetic field B,
of ~1% of the lobe field strength, breaking exact mirror
symmetry but having no significant effect on the evolu-
tion. Similar to the 2-D PIC simulations, the onset and
dynamic phase was preceded by a driven phase (t < o,
with £y = 61 in the chosen dimensionless units of ~ 10s.),
during which a finite amount of magnetic flux was added
at the high-latitude boundaries, causing compression and
the formation of a thin current sheet, embedded in the
wider plasma sheet. In contrast to the PIC simulations, the
ideal MHD approach does not include a natural transition
to unstable tearing modes. Therefore, a finite, spatially
localized, resistivity was imposed after ¢ = fy; without
resistivity, the configuration remained stable. The resistiv-
ity peaked at x = —8, close to the location of maximum
current intensification, decaying with distance s propor-
tional to 1/ cosh? s on scales of 4, 8, and 2 in x,y and z,
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respectively. Reconnection did not start until £ ~ 90, but
it remained weak until ¢ ~ 120.

Figure 4 illustrates the subsequent evolution, show-
ing the cross-tail electric field E, (color) in the y = 0
plane, together with magnetic flux contours. (The con-
tours are not exactly field lines because of the abovemen-
tioned small cross-tail B, component.) The electric field
increases drastically after ¢ &~ 120, and even more in the
earthward collapsing, dipolarizing field.

Figure 5 further documents this rapid increase through
the temporal change of the reconnected flux, integrated
over the area in the x,y plane where B, has turned neg-
ative, due to reconnection. The decrease of the rate of
reconnected flux after ¢ = 121 in Fig. 5 coincides with
the stopping of the associated flow burst near the inner
boundary and a tailward bounce, which is found in obser-
vations as well (Ohtani et al. 2004; Panov and et al. 2010).

o 2 4 6 8 100 12

Fig. 4 Cross-tail electric field in the MHD simulation. Cross-tail electric
field £, (color) in the x, z plane, obtained from a 3-D MHD simulation
of tail reconnection and dipolarization (Birn et al. 2011)
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Fig. 5 Evolution of reconnected flux in the MHD simulation. Temporal

change of reconnected flux obtained from the 3-D MHD simulation
(Birn etal. 2011)

The subsequent increase is related to additional reconnec-
tion intensifications and flow bursts after ¢ ~ 140, that
arise off center at y # 0, and decay also when the flows are
stopped nearer to Earth. These bursts are possibly related
to the growth of ballooning, introducing structure in y
and feedback on a wavelength comparable to the vortex
structure on the outside of the first flow burst.

The cross-tail structure with different flow bursts is
demonstrated by Fig. 6, which shows the entropy inte-
gral S (color), defined by (1), for field lines crossing the
z = 0 plane at £ = 155 and ¢ = 185, together with veloc-
ity vectors and B, contours (solid black lines). Figure 6
clearly shows the association of the earthward flow bursts
with low-entropy flux tubes (blue), originally postulated
by Pontius and Wolf (1990), which accumulate near the
dipolar region on the left.

The close relation between the onset of faster recon-
nection, flow bursts, and the reduction of the entropy
function is further illustrated by Fig. 7, which shows
the entropy integral S as function of the crossing point
through the x axis, for different times. (Note that the
numerical values of the dimensionless quantity S cannot
be compared directly with the PIC values in Fig. 3, because
of different normalization and differences in the underly-
ing tail equilibrium, such as 3-D versus 2-D and higher
background pressure in the PIC simulation.) The driven
evolution prior to ¢ = 61, not shown here, changes the
function S(x) slightly, due to motions along the x axis asso-
ciated with the thin current sheet formation and reduction
in B,. This, however, does not change the field line entropy
and the monotonicity of S(x); the entropy of the last closed
field line, for instance, remains conserved to better than
0.1 %. It is obvious that the slope remains positive until
about ¢ = 110 but changes to negative at ¢ = 120
(and afterwards). This further supports the view that the
system has become unstable to ballooning/interchange.
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farthest to the right is the B, = 0 contour

Fig. 6 Entropy function S in the z = 0 plane in the MHD simulation. Entropy quantity (1) in the equatorial plane at two different times; modified
from Figure eight of Birn et al. (2011). Arrows show velocity vectors with v > 100 km/s, and solid black lines represent B, = const. contours; the one

Fast flows, however, are produced also in 2-D recon-
nection without involvement of interchange instability. To
further test the effects of the 3-D structure, and to demon-
strate that more flux is transferred and more energization
occurs when additional ballooning/interchange instability
occurs, we have taken the fields in the y = 0 plane from
the 3-D simulation as the starting configuration for a 2-D
MHD simulation, imposing the same resistivity. Figure 8
shows a comparison of characteristic quantities between
the 2-D and 3-D results, (a) the reconnected flux, and (b)
the kinetic energy. The 3-D results were evaluated in a 2-D
fashion at the z = 0 plane or, as shown here, averaged over
a vicinity of this plane. (The differences were minor.) The
early evolution up to ¢ ~ 120 is very similar, due to the
fact that the 3-D results show little variation with y. After
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Fig. 7 Entropy variation in the MHD simulation. Variation of the
entropy integral S(x) along the x axis at different times, obtained from
the 3-D MHD simulation; modified from Figure nine of Birn et al. (2011)

¢t = 120, the reconnected flux and the total kinetic energy
rise much more rapidly in the 3-D case and reach larger
total values. It is interesting to note that the reconnected
flux in the 2-D and 3-D case at first settle at a similar level
but then the 3-D case takes off again. This has to do with
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Fig. 8 Comparison between 2-D and 3-D MHD simulations. Variation
of a the reconnected flux, b the kinetic energy as function of time,
obtained from the 3-D MHD simulation (Birn et al. 2011) and from a
2-D simulation that starts with the 3-D fields in the plane y = 0 at

t =ty = 61.The 3-D results are evaluated in a 2-D fashion, averaging
for ly| < 1.5R¢
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secondary reconnection near z = 0, visible in Fig. 6, which
does not occur in the 2-D case.

Summary and conclusions

We have presented recent results on the stability and
possible interaction of the major modes discussed in the
context of substorms and other tail activity: tearing and
ballooning/interchange. Two-dimensional particle-in-cell
simulations of tearing and reconnection onset under con-
ditions of slow tail deformation indicate a sharp bound-
ary between stable and unstable cases, dependent on
the deformation amplitude and ion/electron mass ratio
(Liu et al. 2014). The evolution prior to onset was found
independent of the mass ratio, governed by integral
entropy conservation as imposed in MHD, consistent with
earlier PIC simulation results obtained for m;/m, = 100
(Birn and Hesse 2014). As a consequence, the entropy
variation along the tail remains monotonically increasing,
despite the fact that the equatorial B, develops a local
minimum, associated with a tailward gradient. Since the
entropy variation governs ballooning/interchange stabil-
ity in 2-D configurations (Schindler and Birn 2004), this
result suggests that ballooning instability in the tail should
not be expected from slow adiabatic evolution prior to the
onset of tearing and reconnection, although it cannot be
excluded that ballooning might arise in the inner more
dipole-like region under suitable conditions.

3-D MHD simulations (Birn et al. 2011) confirm this
conclusion, showing no indication of ballooning prior to
reconnection, if the initial state is ballooning stable. The
simulation also shows that, after imposing resistivity nec-
essary to initiate reconnection, the reconnection rate and
energy release initially remain slow, but increase drasti-
cally when S becomes reduced from plasmoid ejection
and lobe reconnection and develops a negative slope as
function of distance. The latter condition has been shown
to be necessary for ballooning/interchange instability, and
the cross-tail structures that develop subsequently in the
MHD simulation are consistent with such modes. The
simulations support a concept in which tail activity is ini-
tiated by tearing instability but significantly enhanced by
the interaction with ballooning/interchange enabled by
plasmoid loss and lobe reconnection.
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