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The trigger for the nonlinear destabilization of the double tearing mode (DTM), referred to as a structure-
driven instability leading to explosive growth and subsequent collapse, is investigated. We use the reduced MHD
equations that solve the evolution of perturbations from an equilibrium deformed by two-dimensional magnetic
islands during the slow evolution of the quasi-steady nonlinear regime. By examining conditions near marginal
stability (under which the explosive growth is not triggered), we have identified a new secondary instability
that starts growing when the magnetic energy of the primary fluctuations associated with the islands reaches
a critical level. The energy source of this instability is different from that of the linear DTM; it originates in
the spatial deformation due to the DTM-driven magnetic islands and is responsible for the subsequent nonlinear
destabilization. The growth rate of this secondary instability is found to be proportional to the magnetic energy,
suggesting that it exhibits modulational characteristics.
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Among various resistive modes, the double tearing
mode (DTM) induced by two current layers has received
considerable attention in magnetically confined fusion
plasmas as well as space and astrophysical plasmas owing
to its prominent dynamics. For instance, internal transport
barriers (ITBs) form in reversed magnetic shear configu-
rations; however, the appearance of DTMs has been ob-
served to restrict such high-performance plasmas, leading
to a collapse or disruption [1]. In the solar corona, a sim-
ilar magnetic configuration can be established in which a
shear reversal in the magnetic field triggers the flare dy-
namics [2]. An interesting phenomenon is the nonlinear
destabilization of the DTM, which causes sudden growth
of the potential flows and subsequent rapid magnetic re-
connection. A flux-structure-driven nonlinear instability
[3,4] as well as a fast reconnection driven by intrinsic
flows [5, 6] have been proposed as possible causes. How-
ever, the underlying physical mechanisms, especially for
the trigger, have not been fully understood. Though such
an event was first observed in a cylindrical geometry for
the m/n = 3/1 mode (where m/n are the poloidal/toroidal
harmonics) [3, 4], the same nonlinear dynamics have been
captured in a slab geometry, suggesting the universality of
the event.

Recently, using the idea that magnetic islands defor-
mation in the nonlinear evolution of the DTM can be-
come a free energy source for a new secondary instabil-
ity, we explored a methodology that consists in solving the
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linearized reduced magnetohydrodynamic (RMHD) equa-
tions in a slab geometry but under a two-dimensionally de-
formed equilibrium associated with DTM-driven magnetic
islands [7]. We found that a new instability emerges once
the magnetic energy exceeds a critical level. Its growth
was proposed as the triggering for the explosive dynamics
of the DTM. Here, to obtain further insights into the mech-
anism of this new instability, we first conduct a DTM sim-
ulation near the marginal stability at which the nonlinear
destabilization occurs and then investigate its characteris-
tics, specifically the triggering conditions and parametric
dependence.

The two-field equations for the magnetic flux ¢ and
stream function ¢ are solved with no equilibrium flow
(¢o = 0), and the initial equilibrium field configuration is
the same as in [8] (rational surfaces separated by a dis-
tance 2x; = 1.6, for which the resistivity dependence of
the linear DTM growth rate is given as yji, ~ 7°°7). The
times are normalized to the Alfvén transit time, 75, and the
lengths to a characteristic size of the system, a. The nor-
malized resistivity is n ~ 107 for a viscosity v ~ 0. Ten
poloidal harmonics are employed in the simulation, which
is sufficient to recover the fast nonlinear dynamics. Here,
we control the strength of the instability by changing the
system size in the y-direction L, (equivalently, k, or in-
stability parameter 4”). In [7], we have chosen L, = 1.2,
which corresponds to a strong nonlinear instability regime
much above marginality.

In Fig. 1, we present two simulations with different
L, values, L, = 0.75 (case A) and L, = 0.80 (case B)
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Fig. 1 Time history of the magnetic (solid line) and kinetic (dot-
ted line) energies Ey; and Ex with varying box size 27X L,
in the y-direction: L, = 0.75 (in blue, case A) and
L, = 0.80 (in red, case B). Saturation is found for case
A, whereas nonlinear destabilization is found for case B.

and the time histories of the total magnetic (solid line) and
potential (dotted line) energies Ey and Ex of the fluctua-
tion are shown. The energies (both (lez)/2 and <|¢|2)/2)
first evolve exponentially from # ~ 0 to t ~ 1000 with a
slightly higher growth rate in case B than in case A and
then enter the nonlinear regime as the growth rate gradu-
ally decreases. However, the energies in case A saturate,
whereas those in case B exhibit an explosive growth be-
fore saturating, suggesting that the critical system size L,
in triggering this abrupt evolution, i.e., L, is in the range
0.75 < L, < 0.8. Therefore, case B constitutes the ref-
erence case (primary simulation) for the nonlinear destabi-
lization of the DTM, and case A is slightly below marginal
stability at which the DTM does not resume with an abrupt
nonlinear growth. Note that the time of the trigger for the
potential in case B is # ~ 9000, which is much longer than
that observed in the case of L, = 1.2 (t ~ 1200) [7].

In typical tearing instabilities, small islands are ex-
pected to saturate after a nonlinear stage (Rutherford stage)
during which the linear growth rate is reduced [9], as in
case A. In case B, however, observations suggest that the
islands on each tearing layer continue to grow, and when
the magnetic energy exceeds a certain level, enhanced dy-
namics, i.e., the secondary instability and the subsequent
explosive growth, are triggered. From Fig. 1, the energy of
the magnetic fluctuations necessary to trigger the instabil-
ity is roughly estimated as E, ~ 1073,

To understand the trigger dynamics, the definition of
the linear growth rate is extended as in [10] to specify an
instantaneous growth rate i, = d;(In E) even in the non-
linear regime, which has been plotted for case B in Fig. 2,
for both the total magnetic energy (blue dotted line) and
the kinetic energy (red dot/dashed line). Note that the y-
axis is on a logarithm scale. The growth rates decrease
from their linear value y;i, = 1072 to their lowest values,
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Fig. 2 Comparison of the magnetic and kinetic instantaneous
growth rates yy and yx from case B (L, = 0.80) and
the linear growth rate of the secondary instability ys at
various equilibria with preexisting magnetic islands.

at which they remain almost constant before increasing
again. The small value reached suggests that the nonlinear
regime is near marginal stability, validating the hypothesis
of a quasi-steady state and making possible a secondary
instability analysis such as that in [7].

Here, the configuration of case B with deformed mag-
netic islands, taken at different times, constitutes the in-
stantaneous quasi-steady state equilibrium. Numerically,
the secondary analysis consists in linearly solving the
RMHD equations with this two-dimensional new equilib-
rium (x and y directions with magnetic islands).

o = = |d.we(x,p)| - [pete ), ¥ +2V?0, (D)
OV2$ =~ |4, V2r(x.p)| - |dE(x. y). V9]
+ |7 Ve ) | + et n), V2| @)

The equations above, solved as an initial value problem,
describe the linear evolution of the new infinitesimal per-
turbations i, ¢ evolving under the new equilibrium ¥,
¢g. These equilibrium functions contain all 10 poloidal
harmonics from the nonlinear DTM of case B. This re-
sult is plotted in Fig.2 (triangles) for different equilib-
ria in terms of the time of the reference (case B) simula-
tion. Later times therefore correspond to larger islands and
higher magnetic energy. Note that because of this specific
equilibrium, perturbations are linearly coupled with each
other via the Poisson brackets. Therefore, all newly gen-
erated harmonics evolve with the same linear growth rate,
leading to a global mode. Equations (1) and (2) recover the
linear growth rate of the DTM when the magnetic islands
are small (up to ¢ ~ 1000 in Fig. 2).

In Fig.2, up to t ~ 4500, the linear growth rate de-
creases as the growing magnetic islands slightly modify the
current sheets. This is because less free energy is available
owing to the quasi-linear current diffusion in the Ruther-
ford regime. However, this growth rate rapidly and dis-
continuously increases again from ¢t ~ 4500, and around
t ~ 8000 reaches a level higher than that of the primary
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magnetic energy, which is defined as Ey = (|y|?)/2, where
() represents spatial averaging. This feature clearly dis-
plays the characteristics of a secondary instability with an
energy source different from that of the linear instability,
i.e., a current gradient. Interestingly, the growth rate of
this instability is found to evolve exponentially in time as
vs ~ exp(a?) during 5000 < ¢t < 10000 (note that the y-axis
is on a logarithm scale). During this interval, the instanta-
neous growth rate of the primary magnetic energy reaches
its lowest level and is almost constant (y, ~ 5 X 107%), as
seen in Fig.2, suggesting that Eyy ~ (y|*) ~ exp(2yyt).
These results show that the free energy of the secondary
instability is related to the two-dimensional deformation
of the magnetic islands due to the growth of the DTM fluc-
tuations, and its growth rate is related to the magnetic en-
ergy as ys ~ {¥|> ~ VEm. This dependence has not been
detected in previous simulations far above marginal stabil-
ity [7] but is determined for the first time in the present
simulation near marginality. We also found that a signifi-
cant proportion of the magnetic energy originates from the
m = 1 component.

The instantaneous growth rate for the potential flows
in the nonlinear simulation remains at a lower value than
that of the secondary instability, but it starts to increase
around ¢ ~ 8000 and comes to a value similar to that of the
new instability around # ~ 10000. This suggests that when
the secondary instability is weak (6000 < r < 7500), it is
masked in the nonlinear simulation due to other nonlinear
terms that may appear as dissipation.

Note that the characteristics of the present secondary
instability, which has a growth rate proportional to the
magnetic energy of the fluctuations associated with the is-
lands, are similar to that of a modulational instability that
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results from a positive feedback among the pump and the
seed fields and the corresponding side bands. Macro-scale
zonal flow nonlinearly produced from micro-scale turbu-
lence is a typical example. For modulational instability,
the growth rate depends on the pump field energy, which
produces a proportional relationship with the pump ampli-
tude.

In conclusion, to investigate the origin of structure-
driven nonlinear instability in the DTM, simulations were
conducted for a secondary instability analysis by choos-
ing parameters near marginal stability. Thus, we have
identified a new instability, the free energy of which orig-
inates from two-dimensional deformation due to DTM-
driven magnetic islands. Its trigger corresponds to a crit-
ical value of the magnetic fluctuation energy and leads to
the nonlinear destabilization of the observed DTM dynam-
ics. A noteworthy characteristic is that its growth rate is
proportional to the magnetic energy, as in modulational in-
stability. Finally, the slight delay in the triggering time of
the nonlinear growth of the magnetic flux after that of the
potential flow will be investigated in greater details in a
later paper.
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