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Three dimensional magnetic fields in tokamaks can induce forced magnetic reconnection (FMR)
and produce magnetic islands on resonant surfaces. Conventional analytic solutions to FMR focus
on describing the time asymptotic state given a steady-state field error. The focus of this work
is to understand the nonlinear dynamics of mode penetration, an evolution from a high-slip, flow-
screened metastable equilibrium into a low-slip, field-penetrated metastable equilibrium. In this
work, we extend previous work by incorporating a temporally varying external magnetic field as a
simple model for an MHD event that produces resonant magnetic perturbations. Proof-of-principle,
extended-MHD, NIMROD computations vary parameterizations of the transient external pertur-
bation to probe the threshold for mode penetration. We test these computational results against
analytical theory that captures the temporal evolution properties of the electromagnetic and vis-
cous forces during and after a transient. We find qualitative agreement between computational and
analytical results. However, computational tools are necessary to accurately capture the threshold
conditions for mode penetration induced by an MHD transient.

I. INTRODUCTION

Unstable ideal and resistive magnetohydrodynamic
(MHD) events in tokamaks transiently perturb the ax-
isymmetric magnetic configuration. Resonant compo-
nents of the magnetic fields associated with these events
can drive forced magnetic reconnection (FMR) on res-
onant surfaces. Transient resonant magnetic perturba-
tions can play a prominent role in seeding neoclassi-
cal tearing modes (NTMs) from their benign metastable
equilibrium (e.g. Ref. [1] and references therein), and
prompting the transition to a state of ELM suppression
[2, 3] or mitigation. As both NTMs and ELMs have unfa-
vorable consequences for tokamak operation, understand-
ing how transient MHD events affect these phenomena is
critical to encourage the success of ITER. In this paper,
we extend prior calculations [4] by including a transient
resonant magnetic perturbation source in extended-MHD
calculations of forced magnetic reconnection of a flowing
plasma.

It is observed that a large fraction of tokamak dis-
charges disrupt due to NTM-induced locked modes [5].
Often, sawteeth or ELMs that directly precede the non-
linear growth of NTMs may provide a resonant magnetic
perturbation that seeds island growth [1]. In addition to
seeding NTMs, ELMs are also undesirable due to the ef-
fects they have on tokamak walls [6, 7]. Fortunately, the
application of externally-applied three dimensional (3D)
resonant magnetic perturbations (RMPs) may help mit-
igate and even avoid ELMs [8-11]. Additionally, recent
experiments on DIII-D ramped the magnitude of RMP
fields slowly [2, 3], allowing the observation of the condi-
tions directly before the transition to an ELM suppressed
state. Naturally, there is always a final ELM before an
ELM suppressed state is reached. A detailed analysis im-
mediately following the final ELM shows that it supplies
a magnetic perturbation that induces a locked island at
the top of the pedestal. This prevents the expansion of
the width of the steep gradient region of the pedestal
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so that edge peeling-ballooning modes are avoided and
allows entry into the ELM suppressed state [12].

A central issue in understanding both processes is un-
derstanding how transient magnetic perturbations af-
fect FMR processes on resonant surfaces in a tokamak.
The time-dependent details of FMR have been studied
without [13] and with flow [14]. However, the major-
ity of the FMR studies for tokamak applications to non-
axisymmetric fields have focused on the time-asymptotic
state [15-38].

In particular, Ref. [15] introduced the concept of mode
penetration, whereby an initially flow-screened external
field abruptly penetrates, making a transition to a non-
linear island state. The details of this process involves the
coupled evolution of the field and flow response at the ra-
tional surface. While many properties of mode penetra-
tion can be understood from the time-asymptotic theory,
a full understanding of the nonlinear dynamics requires
a more detailed analysis. Compared to the many studies
of FMR focusing on the time-asymptotic state, relatively
few numerical studies [4, 39, 40] investigate the physics
of nonlinear mode penetration due to RMPs.

Additional research has explored the time-dependent
formation of seed islands for NTMs analytically [41]
and experimentally [42, 43]. While the aforementioned
studies have examined the separate physics of time-
dependent, FMR due to transient RMPs in a flowing
plasma, these elements have not yet been combined in one
comprehensive theory. Furthermore, the time-dependent
studies mentioned above are initialized from a state with
no penetrated field, while experimental observations sug-
gest that NTMs and ELM suppressed states begin from
a metastable equilibrium with small initial magnetic is-
lands.

In this paper, we examine the effects of a transient
MHD perturbation on FMR in a slab geometry, em-
ploying computational and analytical methods. Compu-
tational investigations employ the nonlinear, extended-
MHD code NIMROD [44], and analytical investigations
extend the results of Ref. [15] to include time-dependent
electromagnetic (EM) and viscous forces. The remainder
of the paper is organized as follows. Section II describes
the computational methods and initialization employed



in the NIMROD code. Section III gives a brief review
of the time-asymptotic, quasilinear force-balance needed
to initialize a metastable equilibrium when a RMP is
present [4, 15]. Section IV presents nonlinear compu-
tational results of the stimulation of mode penetration
by the addition of a transient magnetic perturbation, in-
cluding a parametric study of the transient to probe the
threshold for mode penetration. In section V we extend
the analytics of Ref. [15] by generalizing the EM and vis-
cous forces to allow for changing externally-applied field
and the resulting flow profiles, and then compare these
analytical predictions to computational results. Details
of the analytic modeling used in this section are provided
in Appendices A and B. A section containing conclusions
and discussion closes the paper.

II. NUMERICAL METHODS AND
INITTIALIZATION

A. The NIMROD Code

The computational methods and initialization are
largely the same as that in Ref. [4]. A summary of the de-
tails are presented here for completeness. The NIMROD
code [44] solves the nonlinear, extended-MHD equations.
Here, we use NIMROD to solve the visco-resistive MHD
equations given by:
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The single-fluid velocity V, and magnetic field B are
evolved in time using a time-centered, semi-implicit
leapfrog algorithm, which allows use of time steps ex-
ceeding the CFL condition. Equation (1a) describes the
evolution of the single-fluid velocity with mass density
p = nM;, with the spatially constant particle density n
held constant in time. Equation (1b) is Faraday’s law
for the evolution of the magnetic field. Equation (1c)
is the resistive-MHD Ohm’s law, where 7 is the elec-
trical resistivity and J is the current density. Equa-
tion (1d) is Ampére’s law for current density. The
quantity Kgippg is introduced to control numerical di-
vergence error [44]. The dissipation parameter v in
I, = —pv[VV + VVT — (2/3)V - V] within Eq. (1a)
describes the isotropic viscosity, in which VV7 is the
transpose of VV. We note that we are computing a cold
plasma in this study, by setting 8 = p/(B%/2uo) = 0.
Computations use the semi-implicit methods described
in [44, 45], where the equilibrium fields are held constant
and perturbation fields are evolved. NIMROD is a 3D
code that is used to solve the system of equations (la-
d) in 2D. Perturbation fields are numerically represented
by employing two-dimensional spectral elements of arbi-
trary polynomial degree along with a truncated Fourier
series representation in the third dimension. Because the

present study focuses on details in the 2D plane, only the
n = 0 harmonic of the Fourier representation is used.

Physical quantities appearing hereafter are in their di-
mensionless form. Their normalizations are derived from
a characteristic length, density, and magnetic field of
Loorm = 1m, Nporm = 102 particlesm ™3, and Bporm =
0.1 T. This sets the normalization for velocity to Viorm =
cA = Buorm/(fonnormM;)/? = 6.90 x 10°m/s, which
is the Alfvén speed based on the characteristic mag-
netic field and density for hydrogen, and the time to
thorm = TA = Lnorm/Vaorm = 1.45 X 10=%s, the char-
acteristic Alfvén time. The normalization used for the
dissipation parameters Kgiypa, v, and 1/uo is Dnorm =
L2, /thorm = 6.90 x 105 m?%/s.

B. Initialization and Optimization

All computations are run with a domain having dimen-
sions (Ly,Ly) = (2,2) Lyorm, so that k, = 2nn/L, =
nm Lyt.. We use a representation with 96 x 48 quartic
elements in the z,y plane. We also employ mesh pack-
ing along the x direction at |z| = 0 and a = L,/2 =
Lyorm, where the minimum grid spacing is approximately
7.5 x 1073 Lyorm. We have run additional computations
to verify that this resolution is sufficient to resolve the
dominant physical mechanisms under examination in this
study.

We initialize the computations in accordance with Tay-
lor’s problem [13]. The force-free equilibrium magnetic
field has components in the y and z directions, which has
a linearly-sheared profile of B, in the z direction, and
an out-of-plane component in the z direction. Note that
equilibrium quantities are denoted by subscript 0. The
magnetic field profile for this equilibrium pgJg = ABy is
generated by setting the out-of-plane field at = 0 to
B o = 100 Byorm, the in-plane field normal to the res-
onant surface throughout the computational domain to
B0 =0, and numerically integrating the chosen parallel
current profile
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with A\g = 0.01. This yields a nearly linear profile of
By o(x) with By o(x = £a) = £1 Bporm. This magnetic
profile with %k, ,a = 7 has a tearing stability index
alAfy = —2kya/ tanh(kya) ~ —27 [4, 46], whose negative
value implies stability [47]. The global Alfvén time 74,
cited in the previous section, is based on a and Byorm,
which is the in-plane component of B at the boundary.

The equilibrium flow profile V, o(z) has the form of a
Gaussian with half-width equal to 0.25a, which nears
zero at |z] = a and is relatively flat at the resonant
surface with V, 0(0) = 7.25 x 10~*c. This profile is
chosen in order to suppress any unintended effects from
flow shear at the resonant surface while satisfying no-slip
boundary conditions. Implied sources keep these equi-
librium profiles of current and plasma flow constant, as
only perturbation fields are being evolved by NIMROD
[44, 45].



Prescribed resistive and viscous diffusion parameters
set the dissipation layer width and reconnection time
scales. The resistivity used throughout all computa-
tions is set to n/py = 2.90 X 10~ Dporm, resulting in
a global Lundquist number S = mr/7a = 3.45 x 109,
where 7R = a?/(n/ug) = 3.45 x 10% 7, is the resistive
diffusion time based on the half-length of the x direc-
tion. The prescribed isotropic viscosity has a profile given
by nv(z) = vo[l + (ALl — 1) x (|z|/a)2+an]2, which
is consistent with a flat profile at z = 0 and edge re-
gions at || ~ a. All computations use Apyae = 1000
and Ayiqtn = 5, which yield an edge region that falls to
~ 1vg at |x| ~ a/2. This additional diffusion avoids un-
resolved boundary layers while not qualitatively affect-
ing the results, as additional computations have shown.
The value of the isotropic viscosity coefficient is set to
vo = 5.80 x 1075 Dporm, which results in a value for
the magnetic Prandtl number P,, = /7, = 20, where
Ty = a2/1/0 = 1.72 x 10° 75 is the viscous diffusion time
based on the half-length of the x direction.

With this flow and dissipation, the system corresponds
to the visco-resistive (VR) regime of Ref. [16], which is
expected to be important for tokamak physics [15]. In
the VR regime, the dissipation layer width is given by
Svr = aSy? Pal® = 7.45 X 1073 Lyorm, and the dissipa-
tion layer time is given by 7yg = 2.1047’shAS§}{3Pé1/ 6 =
5.4x10% 7a. Here, Tgha = Ta/kya is the shear Alfvén time
(called the local hydromagnetic time scale in Ref. [15])
and Sgn = Skya is the shear Alfvén Lundquist number.

With the characteristic Alfvén time in mind, we choose
a fixed time step of dt = 0.68974 at which to evolve
the computations to avoid ill-conditioned matrices when
solving the implicit systems. We have also run compu-
tations with a lower time step, and only found slight
quantitative differences in the system’s evolution. With
this fixed time step, we have run multiple computa-
tions varying kgiwpg and find that a value of Kgjppg =
7.25 x 1073 Dyorm is large enough to control the numer-
ical divergence error with the spatial representation de-
scribed above.

The equilibrium is perturbed by a spatially non-
uniform edge magnetic field, which has in-plane com-
ponents normal (&) and tangential () to the resonant
surface at £ = 0. The value of the normal, “applied
field” at the || = a boundary is prescribed to evolve in
time as Bext(t). The evolution of By (t) is consistent
with an applied, nonuniform, tangential electric field be-
ing applied at the boundary Fey(t), according to Fara-
day’s law ¢ - [0B/0t = —V x EJ]. Because this tangen-
tial electric field will induce a tangential magnetic field
within the plasma, we explicitly impose the time evolu-
tion of the normal magnetic and tangential electric fields
at |z| = a and allow the tangential magnetic field to self-
consistently evolve in the computed plasma region.

Computations are initialized with boundary fields hav-

ing spatial and time dependence parameterized by

Bext(y,t) = Bext,0 sin(kyy) T (), (3a)
By AT (t
Boa0.8) = 2200 cos (k) 0 gy
Yy
t
T (t,70) =1 — e/ — —emt/m0, (3¢)
To

The time-dependence is the same as that employed by
Refs. [46, 48, 49] for a boundary displacement consistent
with Ref. [13]. For perspective on this form of the time-
dependence, we note that Ty ~ 0.96 at t = 579. All
computations are initialized with 79 = 69.07s, which is
significantly larger than 7, .

III. ANALYTICS OF TIME-ASYMPTOTIC
FORCE BALANCE

In this section, we review the quasilinear model devel-
oped in Ref. [4], which was adapted from the cylindrical
geometry model of Ref. [15] for slab geometry.

We are concerned with the time-asymptotic force bal-
ance at the resonant surface, between the two terms on
the right-hand side (RHS) of Eq. (1a), the EM and vis-
cous force densities

FEM =J x ]_3)7 (4&)
Fy=-V.II,~V.wVV. (4b)

For the case of a static applied magnetic field with plasma
flowing at the resonant surface, the EM force generates
a force on the plasma producing a local flow opposite to
that of the equilibrium flow. The altered flow profile gen-
erates a viscous force that balances the EM force. The
EM force is a strong function of the self-consistently gen-
erated flow at the resonant surface. Thus, the nonlinear
time-asymptotic state depends on the self-consistent flow
response to the applied field.

In order to ascertain the effects of the time-asymptotic
force balance, we integrate the force densities over the
y dimension and across the dissipative layer at the res-
onant surface, of width dygr, where non-ideal physics al-
lows eddy currents to be driven that contribute to an EM
force on the plasma. These integrations yield F, the force
per unit length in the symmetry direction z, according
to

R 6\/1’{/2 Ly/2
FE/ dx/ dyF. (5)

We only consider the j-component of F (i.e., g- F)7 be-
cause only flows parallel to the spatial modulation in the
applied field (i.e. k -V # 0) produce eddy currents that
generate forces at the resonant surface. General forms
of EM and viscous forces per unit length are given in



Appendices A and B, respectively, of Ref. [4] as
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where Byos = By(z = 0) is the field response at the
resonant surface, * indicates a complex-conjugate, and
all, = 2kya/sinh(kya) ~ 0.54 is the tearing drive due
to the external field [4, 46]. We note that Appendix A
in Ref. [4] represents the field response using a Fourier
expansion with complex coefficients. Thus, B, and Bies
in Eq. (6a) are complex-valued and contain information
on the magnitude and relative phase of the field response,
with Re{B,} = (B, + BX)/2.

The response at z = 0 of a field Bey sin(k,y) applied at
|x| = a is governed by Egs. (1a~-d). The time-independent
solution is provided by the linear analytics of Ref. [15],
which yields
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Bres =

where wyes = k- V(2 = 0) is the flow frequency at z =0
and we are in the VR regime. The contribution in Eq. (7)
proportional to the iw.esTvr denotes the plasma response
to the applied field due to the plasma rotation. Assuming
that the asymmetric k, # 0 equilibrium responses are
described by the linear analytics, Eq. (6a) is given by

~ WresTVR Ly (aA’ext)2 32

Fypn = — ext (g
VEM S TR (e 2k, o )

We note that this is a net force density on the plasma due
to the k, # 0, quasilinear, quadratic, J x B response.

In order to calculate the viscous force according to
Eq. (6b), the jump in the flow profile at the rational sur-
face must be determined. Because the EM force is only
nonzero near the resonant surface, in the time-asymptotic
state Eq. (1a) reduces to

0 [_, 0Vy(x,t)
5 [P ™) —o, ©
in the region 0 < |z| < a, which can be solved for the
flow profile. The time-independent solution is worked out
in appendix B of Ref. [4], yielding their Eqgs. (B4) and
(B6). An inspection of those equations demonstrates the
time-asymptotic flow profile is approximately V,(z) ~
Vy(0) + [Vy0 — Vy(0)] (z/ay), where a, = [} da’/v(2’).
The effect of the viscosity profile 7(z) is essentially to
move the no-slip boundary condition from z = a to x =
a,. In the region 0 < |z| < a,, viscosity is approximately
constant at vg.
Using the time-asymptotic flow profile in Eq. (6b), the
net viscous force density yields
R B 2Ly pvy
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FIG. 1. a) Analytically calculated quasilinear electromagnetic
and viscous forces, according to Egs. (8) and (10), respec-
tively. The dashed (blue), dotted (green), and dashed-dotted
(purple) traces correspond to Fy,EM solutions with increasing
externally applied magnetic field Bext, where the solid (red)
trace corresponds to F’yyv. Filled circles correspond to stable
or metastable equilibria, while the open circle corresponds to
an unstable equilibrium. b) Time-asymptotic force balance
for the Fy my and Fy v in a). The solid (black) trace corre-
sponds to equilibria according to Eq. (11), and the grey region
indicates a metastable region with two metastable equilibria
at a single Bext.

where wy = k - Vg is the flow frequency as determined
by the imposed equilibrium flow. The viscous force is
linearly proportional to the shift in the bulk flow away
from its initial value and consistent with the form of the
viscous force given in [4]. Again, the following NIMROD
calculations use Apae = 1000 and Ayigen = 5 to yield
a,/a = 0.431.

Figure 1 shows analytically calculated forces as a func-
tion of wyes for the equilibrium and dissipation parame-
ters defined in Section IIB. These parameters are used
throughout the rest of this paper. Figure 1a shows dash-
dotted (purple), dotted (green), and dashed (blue) traces
corresponding to the negative of the time-asymptotic EM
force per unit length given in Eq. (8) for different mag-



nitudes of Beyxs. The force per unit length is normalized
to Fhorm = B2om/200 = 3.98 x 103N/m. The solid
(red) trace corresponds to the time-independent viscous
force given in Eq. (10), and equilibria are marked with
circles where the EM and viscous forces balance. The
equilibria can be stable or metastable (solid circles), or
unstable (open circle), as is apparent from the net force
in the vicinity of each equilibrium. The dashed curve
has the smallest external forcing, resulting in a large
wres (high-slip) equilibrium, that is flow-screened consis-
tent with Eq. (7). In this case, the applied field is too
weak to greatly alter the flow velocity and large screen-
ing currents persist and prevent the applied field from
penetrating to the rational surface. Conversely, for the
dash-dotted curve with the largest external forcing, the
resulting equilibrium is at small wyes (low-slip), and the
external field penetrates to the resonant surface. For the
intermediate external forcing represented by the dotted
line, both flow-screened and field-penetrated metastable
equilibria exist, in addition to an unstable equilibrium.

Next, balancing these two time-asymptotic, forces per
unit length according to F, gm + Fy,v = 0, results in the
relation

wo 2 2 2
-1+ WolWresTVR — WresTVR —

ayTVR <Aéxt ) 2 B(%Xt _ <cht ) ?
7 = AT o ) (11>
davg \—Ay/)  pop By,
where Tr = Tvr/(—aAj) = 8.59 x 10375. The so-
lution of this cubic equation for wes is shown by the
solid (black) line in Fig. 1b. Vertical lines plotted in
Fig. 1b correspond to the curves of different external
forcing in Fig. la. Reference [4] showed that nonlin-
ear computations with the NIMROD code reproduced
time-asymptotic equilibria consistent with this analytic
prediction. After initialization of the external perturba-
tion described by Eq. (3a), the computation is extended
out until wyes changes by < 0.1% over ~ 10*75. We find
initial time-asymptotic equilibria are within ~ 1% of the
analytic predictions for wyes.
Analytically, the solution to Eq. (11) exhibits multiple
solutions when the initial flow frequency wg is above a
critical threshold [15] given by

Wres
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For the parameters used in this study, woryg ~ 19.5,
which corresponds to the wide metastable region indi-
cated by the shaded region in Fig. 1b. Note that wg cri
only depends on 7gha, Ssh, Pm, and Ap; thus the initial
flow frequency at which a bifurcation can occur is inde-
pendent of the applied field Beyg.

The RMP amplitudes Beyt where the metastable states
occur can be estimated by examining Eq. (11), assuming
woTr > 1 and finding where the left hand side (LHS)
satisfies dLHS/dwyes = 0. The minimum Bgy for the
metastable state occurs at wyes = 1/7, which yields

Bext, min =~ Bo,2\/2womr /AT =~ 2.3 X 107 Bporm, (13)

using Ap = 7.4 x 10'° for the parameters of this study.
The maximum B, of the metastable state occurs at
Wres ™ wp/2, which yields

Bext, max =~ Bo.. woTyr/(2V/ A1) ~ 3.6 x 1073 Bnor](m. |
14
Numerical values at the ends of Egs. (13) and (14) agree
with NIMROD results shown in Fig. 1b. The result in
Eq. (14) agrees with the definition of Bext,pen in Eq.
(22) of Ref. [4] for wor{,;z > 1. Thus, beyond the up-
per limit for the metastable state, complete penetration
of Bext always occurs. The approximate ratio of the
maximum to minimum field for metastable behavior is
Bext, max/Bext, min ~ \/WoT(/8. This approximate re-
sult implies woT{, 2 8 is needed for metastable behavior;
however, the rigorous criterion is given in Eq. (12).

IV. NONLINEAR COMPUTATIONAL RESULTS
WITH TRANSIENT PERTURBATION

A. Mode Penetration

In this section we investigate the effect of a transiently
evolving magnetic perturbation. For these calculations,
we initialize a configuration with Beyx o = 3% 1073 Brorm,
which produces, in steady state, a high-slip metastable
equilibrium consistent with Eq. (11). We note here
that for computations (not shown) with an initial time-
asymptotic equilibrium outside of the metastable region,
the system evolves in response to a transient perturba-
tion, but always returns to the initial, stable equilibrium.

Defining a time shifted to the beginning of the tran-
sient ' = t — t1, where the transient begins at tp, we
prescribe the addition of a transient perturbation to the
initial perturbation as

Bext (') = Bext, 0N (t, 70) + Bexe, 7T (¢, 7r) H(t')
— Bext,rTnim[t' — Atr, 7r] H[t' — Atr], (15)

where H(¢) is the Heaviside step function and the tran-
sient has a characteristic rise and fall time 71, a magni-
tude Bext, 7, and a duration Atr. The motivation for
this form is to model a transient MHD event with a
resonant magnetic component with characteristic tem-
poral extent Atr. A similar parameterization is imple-
mented for the tangential electric field for consistency
with Faraday’s law. The form of this perturbation is
shown in Fig. 2a, with 71 = 6.97a, Bext, 7 = 9.0 Bext,0,
and Atp = 6.9 x 102 74. These traces correspond to the
value of Bexy = Bg1(¢ = —a,y = L,/2) recorded every
time step.

For this transient magnetic perturbation, the result-
ing evolution for the magnitude of the y-dependent, ~
sin(ky,y) magnetic field | Bres| and the net y-independent
flow frequency wpes at the resonant surface x = 0 are
displayed by the solid (blue) traces in Fig. 2b-c, respec-
tively. This computation is referred to as the “NIM-
ROD standard case” throughout the rest of the pa-
per. Values of these nonlocal parameters are calculated
by recording B, and V, i at three points every NIM-
ROD computed time step: Ny = N(z = 0,y = L, /2),
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FIG. 2. Evolution of a) the externally applied magnetic field
Bext, b) the field response at the resonant surface |Bres|, and
¢) the flow frequency at the resonant surface wres. The dashed
(red) trace in b) indicates the full width of the magnetic is-
land. The transient perturbation causes the transition from
a high-slip, flow-screened metastable state with a magnetic
island thinner than the dissipation layer width to a low-slip,
field-penetrated metastable state with a nonlinear island.

Ny = N(z =0,y =0), N3y = N(x =0,y = —L,/2) for
N = B;1,Vy1. Then, we assume the magnetic field and
flow have forms given by

Bx,l(x = 07 y) =~ |Bres| Sln(kyy + SOB)v
Vy,l(x =0,y) ~ Vies + Viec Sin(kyy + ov),

(16a)
(16Db)

where Vies (Viec) is the magnitude of the net (y-
dependent) flow due to FMR of the magnetic field Beyt,
and ¢p (pv) is the phase difference between B, 1 (the y-
dependent part of V,, 1) and Beyt. Profiles of the magnetic
field and flow at = 0 (not shown) indicate Eqgs. (16a-
b) are generally good approximations. With the above
assumptions, the magnitude of the resonant magnetic
field and net flow frequency at the resonant surface are
given in terms of local quantities by |Bres| = \/ B + B3
and wres = ky[Vy0 + (V1 4+ V3)/2]. The derived value
of |Bres| is used to calculate the full island width at
the resonant surface shown by the dashed (red) trace
in Fig. 2b, according to Wigland = 4(Lsh|Bres|/kyBo)1/2,
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FIG. 3. Poincaré plots of the magnetic field structure in the
computation shown in Fig. 2 for time-asymptotic metastable
states a) just before the transient perturbation and b) long
after the transient. The thick (red) contours indicate the ap-
proximate locations of the island separatrices. The externally
applied field is the same in both plots, and the transient has
caused the transition from the flow-screened, linear island in
a) to the mode penetrated, nonlinear island in b).

where Ly, = 1/{d/dz[By(z)/Bo,:]}x=0 = 100 Lyorm is
the magnetic shear length.

Figure 2 shows that the effect of the applied external
transient field is to precipitate the transition from a flow-
screened state to a mode-penetrated state. On the time
scale of the duration of the transient perturbation, the
flow frequency drops through zero. After the transient,
there is a partial rebound of the flow frequency, which set-
tles to a small but nonzero value as the time-asymptotic
state is approached. This evolution is reminiscent of a
damped-driven oscillator. The magnetic field response
at the resonant surface evolves over various time scales.
Following the application of the external transient, the
field response increases rapidly until it decreases slightly
as the flow rebounds. Interestingly, the field response
does not vary concomitantly with the flow frequency, in-
dicating the nonlinear evolution is more complex than
the linear flow-scaling of Eq. (7). As the flow returns to
a small value at about ¢’ = 7 x 103 74, the field response
evolves on a longer time scale consistent with nonlinear
Rutherford evolution [50].

The transient perturbation causes the magnetic island
at the rational surface, which is initially thinner than the
dissipation layer, to grow into a nonlinear island. This is



directly observed in the Poincaré plots shown in Fig. 3.
These trajectories are initialized at evenly spaced points
in the computational domain and are not representative
of the magnetic field density, only the topology. Figure 3a
shows the magnetic island in the time-asymptotic state
before the transient perturbation, and Fig. 3b shows the
island in the time-asymptotic state following the tran-
sient. The approximate island separatrix is shown in
each figure by the thick (red) trace. Before the tran-
sient the island is thinner than the dissipation layer, as
indicated by the grey region, and wider than it following
the transient. Additionally, the location of the X-point
has evolved from its initial location. In the flow-screened
case, the X-point of the island is near 7 /2 out of phase rel-
ative to the applied field, consistent with the predictions
of Eq. (7). Following the FMR, the X-point of the is-
land nearly corresponds to the phase of the applied field,
consistent with the evolution of the flow profile.

During the transient perturbation, the flow frequency
at the rational surface evolves rapidly. Because of vis-
cosity, the local flow change dissipates, causing the flow
profile to evolve, which in turn causes the viscous force
to evolve according to Eq. (6b). Figure 4 shows flow
profiles in « at the value of y where sin(kyy + ¢v) = 0
and the flow profile in y has a polarity consistent with
flows at a reconnection X-point. We note that this loca-
tion is offset from the null in the reconnected magnetic
field B 1 due to the eddy currents present in the initial
time-asymptotic equilibrium.

In Fig. 4 the dot-dashed (blue) and solid (green) traces
indicate the time asymptotic flow profile before and after
the transient perturbation, respectively, while the dotted
(purple) and dashed (red) traces show the flow profile at
Atr/2 and Att during the transient perturbation. Fig-
ure 4a also shows that the no-slip boundary condition is
moved inward to |z| ~ a, due to the viscosity profile, and
that the time-asymptotic profiles are nearly linear in the
vicinity of the resonant surface. Interestingly, during the
transient perturbation, the flow frequency profile in the
vicinity of the resonant surface has additional shaping
that leads to larger forces according to Eq. (6b). This
is better seen in Fig. 4b, which zooms in near the res-
onant surface to show the flow frequency profiles at the
linear layer dyg. Consistent with Eq. (6b), the increased
magnitude in the jump of the derivative of the flow fre-
quency results in a significantly increased viscous force
during the transient perturbation.

B. Sensitivity of Mode Penetration Threshold

We next vary the parameters of the transient RMP
in order to determine the qualitative sensitivity of mode
penetration induced by the transient perturbation. Con-
sistent with intuition developed from considering the
time asymptotic force balance, we expect that a larger
magnitude transient Bey v will more effectively trigger
mode penetration. Figure 5 shows a comparison between
two computations with different magnitudes of the tran-
sient RMP. The solid (blue) trace is the NIMROD stan-
dard case with Bext, 1 = 9 Bext,0 and the dashed (red)
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FIG. 4. Evolution of the flow profile during the externally ap-
plied transient magnetic field, where a) shows the entire range
in  and b) zooms in near the dissipation layer. The short-
dashed (black) trace corresponds to the initial flow frequency
profile, the dotted-dashed (blue) trace corresponds to the ini-
tial time-asymptotic profile before the transient, the dotted
(purple) and long-dashed (red) traces correspond to the evolv-
ing flow profiles during the transient, and the solid (green)
trace corresponds to the time-asymptotic flow frequency pro-
file long after the transient. The shaded (grey) region in b)
indicates the width of the dissipation layer.

trace has Bexs, 7 = 7.75 Bext,0, leaving all other param-
eters unchanged. As before, the computation with the
larger magnitude transient penetrates. However, the
computation with the lower magnitude transient exhibits
similar field and flow responses during the duration of
the transient, but post-transient evolves back to a flow-
screened state. The lower magnitude transient case ex-
hibits clear oscillations in the field response and flow fre-
quency as it evolves towards its time asymptotic state,
reinforcing the analogy to a damped-driven oscillator.
In Fig. 6, we zoom in to focus on the time duration
during and just following the transient perturbation. In
this figure we observe that the field and flow response
during the transient are nearly identical, and it is only
after the rebound following the transient that the flow in
the computation with the smaller transient RMP evolves
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FIG. 5. Comparison between a) the externally applied mag-
netic field Bext, b) the field response | Bres|, and c) the flow fre-
quency at the rational surface wres for two computations with
different magnitudes of the magnetic transient Bext,T, where
the solid (blue) traces correspond t0 Bext, 7 = 9 Bext,0 and the
dashed (red) traces correspond to Bext,1 = 7.75 Bext,0. The
effect of the larger transient is to precipitate a transition to
a low-slip, field-penetrated state, while the smaller transient
returns to the high-slip, flow-screened equilibrium.

back to a high-slip state. Additionally, in Fig. 6¢ it can
be seen for the large transient that the flow frequency at
the resonant surface crosses through zero, while it does
not for the lower magnitude transient. However, as we
discuss later, it is not necessary for this condition to be
met for mode penetration to take place.

In our NIMROD computations, we have also param-
eterized the duration of the transient RMP Atr. Fig-
ure 7 shows a comparison between two computations
with different durations of the transient RMP. The solid
(blue) trace is the same as the NIMROD standard case
with At = 6.9 x 10?74 and the dashed (red) trace
has Atr = 4.8 x 10274, leaving all other parameters
unchanged. As before, the computation with the large
duration transient exhibits mode penetration, while the
smaller duration transient returns to the high-slip state.
In this case, we observe that the flow frequency responds
to a lesser degree because there is less time for it to evolve
due to the shorter transient.

The last parameterization of the transient RMP that
we test is the shape, by varying the rise and fall time
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FIG. 6. Figure 5 zoomed in to focus on the time interval
during and directly following the transient perturbation. Note
the similar evolution of |Bres| and wres during and just after
the transient, before diverging into separate states.

7p. Figure 8 shows a comparison between two compu-
tations with different rise and fall times of the transient
RMP. Both computations have Bex, T = 7.75 Byorm and
leave all other parameters unchanged. The solid (blue)
trace has 7r = 69.0 74, and the dashed (red) trace is the
same as the computation indicated by the dashed (red)
trace in Figs. 5 and 6 with 70 = 6.9074. Interestingly,
while the computations have the same time integrated
transient RMP and reach nearly the same field response
during the transient as observed in Fig. 8b, the compu-
tation with the more “rounded” transient exhibits mode
penetration, while the more “square” transient returns
to a flow-screened state. The flow frequency response is
significantly different between the two differently shaped
transients; the more square transient initially decreases
and then rebounds to a much larger extent than the
rounded transient. Additionally, the rounded transient
that induces mode penetration doesn’t have a flow re-
sponse that goes through zero before rebounding. This
is in contrast to previous results for mode penetration
induced by a more squared transient. These results indi-
cate that the detail of the evolution of the flow frequency
is significant for mode penetration. Consistent with the
sensitivity to transient magnitude, as the magnitude of
the rounded transient is decreased to Bexs, 7 = 6.5 Bnorm
(not shown), there is a return to a flow-screened state.
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FIG. 7. Comparison between a) the externally applied mag-
netic field Bext, b) the field response | Bres|, and ¢) the flow fre-
quency at the rational surface wres for two computations with
different durations of the magnetic transient Bext, 7. Here,
the solid (blue) traces correspond to Att = 6.9 X 10% 7a and
the dashed (red) traces correspond to Atr = 4.8 x 10 74.
The longer transient allows for more field response at the res-
onant surface and for the flow frequency to decrease further,
compared to the shorter transient.

V. MODE PENETRATION DYNAMICS

In order to facilitate analytic interpretations of the
temporally evolving NIMROD results presented in the
preceding section, reduced models are developed here for
the evolution of the key physical quantities in response
to a transient Bexi 1: Bres(t) from a dynamic Faraday’s
law, the flow Vi, (z,t) from the g force balance, and the
resultant w,.s at the x = 0 resonant surface. These re-
sults are used to estimate how large Bext,r and its du-
ration must be to induce a time-asymptotically, mode-
penetrated, low-slip state. We first develop an approx-
imate model of the initial [t < 1/wyes(0)] transient re-
sponse in the vicinity of the resonant surface. Then we
develop a more complete model that takes account of the
temporal variation of w.es and the global boundary con-
ditions on the flow. Comparisons of the predictions of
these two models to the preceding NIMROD results are
presented throughout this section. We note that in this
section, results are evaluated in terms of their SI units
in addition to their dimensionless form, and stress that
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FIG. 8. Comparison between a) the externally applied mag-
netic field Bext, b) the field response |Bies|, and c) the flow
frequency at the rational surface wyes for two computations
with different turn on/off time scales for the magnetic tran-
sient Bext, T given by Eq. (15). The solid (blue) traces corre-
spond to 7r = 69.0 7a and the dashed (red) traces correspond
to 77 = 6.90 4.

these values do not apply to any real experimental situ-
ation.

A. Equations Governing B,.s and Flow Responses

The fundamental equations describing the dynamics
of the resonant magnetic perturbation (RMP) and ¢
flow in response to a transient perturbation are obtained
from components of Eqgs. (1la-d). For times longer than
T, = Ssl}(BTShA ~ 7.0 x 1074 ~ 10~*s, a “constant-1)”
approximation is appropriate [13, 51] and the “matched
asymptotic procedure” can be used to determine the
response Bres(t) at the resonant surface to a transient
RMP. Because in the NIMROD standard case the re-
sponse t0 Bext, T = 9Bext,o is turned on for Aty =
6.9 x 10274 ~ 107 3s, most of the responses occur in
the constant-1) regime and the asymptotic matching pro-
cedure [47] can be used.

A dynamic equation for the resonant field Bieg is ob-
tained from the induction equation using a combination
of Egs. (1b) and (1c) in the dissipation layer at the reso-
nant surface. Performing an asymptotic matching of the



induction equation about the resonant surface [52] in a
visco-resistive dissipation regime yields

d 1 al\!
—— + Wres t + - Bres t') = 76“-86)( ) 17
dt’ ( ) T\//'R ( ) TVR t( ) ( )

where we have employed a linear, asymptotic match-
ing procedure accounting for the intrinsic tearing re-
sponse (~ A{) and a contribution due to the applied
field (~ AL,;). Note that Eq. (17) assumes B,; is constant
within the Az = §yg dissipation layer at z = 0. We re-
peat for clarity that ¢ = ¢ —tr indicates the time shifted
to the beginning of the transient perturbation. We choose
a general form for the evolution of the external field dur-
ing the transient RMP Bex(t') = Bext,0 + Bexs, 7T (t'),
where Byt is the magnitude of the constant, initial
RMP, Bgxs, 1 is the magnitude of the transient RMP, and
T(t') is the time-dependence of the transient similar to
that defined in Eq. (3c).

Magnetic reconnection induced by Bex¢ T dominantly
occurs in the very thin visco-resistive singular layer of
width dygr on either side of the resonant surface ini-
tially. The flow profile V,(z,t’) is determined from the
j—component of the momentum equation in Eq. (1a)
which can be written as

{881&’ — % <u0u(:c)aaxﬂ Vy(z,t) = F-”E“;(“/) (18)

Here, the LHS describes the viscous diffusion effects in
response to the singular J,B, EM force inside the dissi-
pation layer on the RHS. The average EM force density
over z and y is given by

Feni(a.t) = - Tm{ Bt} “5 00 g,
’ (19)

The delta function §{z} in Eq. (19) represents the in-
finitesimal singular layer width, making F, gy the local
EM force density near the resonant surface. The average
EM force density is calculated in an analogous way to
Eq. (5) and related to the EM force per unit length by
Fy Em = Fy, EM(S{I}/L

Equation (18) is a diffusion equation for Vi (z,t’). It
can be solved using a Green function G(x,#'|x¢, tg) which
satisfies (9/0t' — 0%/02%) G = §{x — zo} 6{t' — to}. The
formal solution of Eq. (18) is then given by

t 00 —
F t
‘/ty(xat/) = /dto/dﬁro G(*Tyt/‘xo’to) M.
0 oo P)

(20)
Possible boundary terms have been omitted presently be-
cause: 1) their effects are negligible near the resonant sur-
face for short times, and 2) their effects are incorporated
in Appendix B for use in the derivation of the general
viscous force in Section V D.

B. Approximate Initial Dynamics Analysis

For the simplest possible model of the dynamic re-
sponse to an externally applied transient Bey, T, five ap-
proximations will be made. First, we assume the flow
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frequency at the resonant surface remains at its initial
value during the transient, i.e., wWres(t') — wres(0) in Eq.
(17). Second, we assume |wyes(0)Tyr| > | — aAf] so from
Eq. (7) the initial resonant field response to the back-
ground Bexo 18 Bres(0) =~ (aAly,) Bext,0/[iwres(0)TvR]
and that the 1/7{ term in Eq. (17) can be neglected.
Third, we assume the transient perturbation is a square
pulse, i.e., that T(¢') = H{t'} — H{t' — Ag}. Then, the
resulting approximate form of Eq. (17) can be solved us-
ing an e'? integrating factor, in which ¢ = wyes(0)t’. For
0 <t/ < Aty the result can be written as

/ —ip
all e

Bres(t') ~
eS( ) Z'("-}res(O)TVR

[Bext,o + Bext,tot (61@ - 1)} . (21)
Here, the total applied external magnetic perturbation is
Bext,tot = Bext,O + Bext,T-

Fourth, in order to concentrate on the initial response
it will be assumed that ¢ < 1. Then, the approximate

imaginary part of Bes(t') that is needed for determining
the EM force is

(aAcxt)
Wres (O) TVR

[Wres(o)t/]2 Bext,o
— 5. 22
x { 2 i Bext,T ( )

ext, T

Im{B ¢S (1)} ~

res

Here, the [wyes(0)t']? term represents the out-of-phase re-
sponse directly driven by the transient perturbation and
the last term is caused by the initial perturbation Bieg,o-
Using this last result in Eq. (19), the approximate aver-
aged EM force can be written as

— <1
:J_EM ~ Vres(o)2 T
P N 4(kya)[wreS(0)TVR]
2Bex
o P+ =0 o). @)
Here, the ratio of the effective transient magnetic

perturbation energy to initial flow energy is Te =
[(G/Aéxt) ext7totBext7T/2M0]/[p ‘/;63(0)2/2] ~ T765. Here,
Te is evaluated for the NIMROD standard case where
Bext, 1 = 9 Bext,0 and from Fig. 2¢ wres(0)7a >~ 1.75 X
1072, which yields wyes(0) =~ 1200 rad/s and Vies(0) =
wres(0)/ky = awres(0)/m =~ 384 m/s.

Fifth, for |z|] < a the local Green function
Gz, t'|xo, tg) = e~ @)/ 4o ~to) / /47y, (17 — 1) can
be used in solving Eq. (18). Using this infinite medium
Green function and Eq. (23) in Eq. (20) yields (see Ap-
pendix A for details) for the approximate, local flow re-
sponse AV, =V, (z,t")—V;es(0) to the transient magnetic
perturbation Bex¢ T:

AVy(z,t) (1u/7vr) Te /
Ves(0) 8/ (Fiy)2[wres (0) 7, /2 fv(z,t), (24)
fv (@, 1) = [wres (0)]/2

4Bex
“)FVO}. (25)

16
X {[wres (O)t/]zFVT"_
Bext,T

Here, Fyr(z,t") and Fyo(x,t’) are spatially evolving fac-
tors calculated in Appendix A. They are both unity at



x = 0. As discussed in Appendix A, the spatial profiles
these factors produce correspond approximately to the
NIMROD flow responses shown in Fig. 4b.

Finally, we hypothesize that for the transient RMP
Bext,T to induce a time-asymptotic low-slip (mode pen-
etrated) state, the EM force it produces must reduce
flow at the resonant surface to near zero, i.e., yield
AV, (0,t")/Vies(0) > —1. Assuming Beyxo lies in the
metastable region, using the result in Eq. (24) at z = 0,
this criterion can be written as

B, B,
fv(o,t’)%‘*‘“T > Cp, inwhich  (26)
0,z
Cp = 8\/>(k a) [Wres (0 )TM]I/Q Vres(o)2
(TI—L/TVR) (aAext) C?&
~7.95x%x 1078, (27)

Here, ¢ ~ min{Atr,1/wes(0), g} is the minimum
of the: 1) time Att = 6.9 x 1074 = 1073s that
Bext,T is applied, 2) inverse of the initial flow frequency
1/wres(0) = 5.75 x 10274 = 8.3 x 107%s, after which
the response becomes oscillatory, and 3) relevant visco-
resistive tearing time 7,y = 8.56 x10% 74 = 1.24x 1025
after which the response transitions into a slower nonlin-
ear [Rutherford [50]] growth regime.

For ¢ = 1/wes(0) the requirement in Eq. (26) is
Bextr 2 2.05%1072 Byorm =~ 6.8 Bext 0, in which about
two thirds is caused by direct transient effects and a
third is due to the initial perturbation. This result is
in rough agreement with the time-asymptotic results for
various ratios of Bexi,T/Bext,0 shown in the preceding
section. These comparisons indicate that while the cri-
terion in Eq. (26) can provide a rough guide for the con-
ditions needed for transition into a time-asymptotic low-
slip state, the nonlinear dynamics of the magnetic field
and flow responses, particularly during and just after the
transient is being turned off, is important for precise de-
terminations of them.

C. General Time-Dependent EM Force

The preceding analysis made five approximations to
explore the initial temporal dynamics of the response
to an externally applied resonant magnetic perturba-
tion. This subsection and the following ones remove these
five approximations in order to develop a more complete
analytic-based model of the transient responses within a
linear, constant-v formulation.

The evolution of the EM force due to a transient per-
turbation is fundamentally governed by Eq. (6a) or (19).
To evaluate the evolution of the EM force, we must first
evaluate the evolution of the magnetic field according to
the induction equation, Eq. (17). With the general form
for the external field Eq. (15), Eq. (17) can be solved
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directly by use of an integrating factor to yield

A t’ Bext,0
Bres t') = ext - — 1Pres t ext,

Te\)/(;o / s P |:TSR ' (S):|
+ :;;T/ dseXp[ \;jR + ipres (s )] T(S)}, (28)

where the initial condition on B, at ¢’ = 0 is given by
Eq. (7), the flow phase ¢es(t’) is defined according to

wres(t’)z/o ds wres(s), (29)

the time-dependent form of the ¢ appearing in Eq. (21),
and we choose ¢pes(0) =0. The first term in Eq. (28) is
the field response due to the initial external field Bext,o
modified by the evolving flow phase, the second term is
the field response due to the initial RMP affected by the
dynamics precipitated by the transient RMP Bey 1, and
the third term is the field response due to the transient
perturbation. Equation (28) can be used to calculate the
EM force according to Eq. (6a), which yields

. L A/
Fyen(t) =~ ( _CX) Bext.o + Boxe 2 T(t)]

xXexp | — L/ Bext,O |: sin Pres (tl)
TUR 1+ [wres (0) TR )2

+ Wres (0)T{R COS Pres (t')}

Bex .
+ =20 [5in res ()P0 () — €08 Pres(t')Ps 0 (t)]
VR
Bext,T . / / / /
7 [Sm Pres(t )(I)C,T (t') — cos pres(t )(bS,T (t )] )
VR
(30)
where auxiliary variables are defined as
d t/ ,
7,(I)C,O(t ) = €Xp COs @res(t )a (313')
dt TR
d , t’ ) ,
—Pgo(t') = exp sin res(t'), (31b)
dat’ TR
d t/ , ,
—®cr(t') = exp cos gres ()T ('), (31c)
at TR
d , t\ . Ay
—Pgp(t) =exp sin res (8)T(t'), (31d)
dat’ == TUR
subject to initial conditions ®co(0) = Pg0(0) =

Ocr(0) = Ps(0) = 0.

Complementary to the discussion on the form of
Eq. (28), the form of Eq. (30) implies that the EM force
during the transient perturbation is composed of three
parts. The first component is due to the penetration of
the initial external field Bex,0, whose phase shifts due
the evolving flow frequency to affect the EM force. The



second component is due to the penetration of the ini-
tial external field during the dynamics precipitated by
the transient external field By T, whose magnitude is
screened and phase-shifted due to the evolving flow fre-
quency to affect the EM force. Lastly, the third compo-
nent is due to the penetration of the transient external
field whose magnitude is screened and phase-shifted due
to the evolving flow frequency to affect the EM force.

D. General Time-Dependent Viscous Force

A Green function approach could in principle be used
as in Subsection V B. However, it would involve an evolv-
ing wyes(s) and hence ¢(t') inside the time integral in (20)
and thus yield a complicated integro-differential equation
for V,,(x,t). Thus, we instead use a more direct procedure
for determining the viscous force effects.

In order to evaluate the evolution of the viscous force
defined in Eq. (6b), we must determine the evolving flow
profile. In Appendix B we employ an infinite-series eigen-
function expansion to solve for the time-dependent flow
profile in terms of Vies(t) at the rational surface, resulting
in Eq. (B16); Vies(t) is solved for self-consistently in the
next subsection, including the effect of the EM force. Be-
cause we begin in a time-asymptotic metastable state at
t' = 0, the initial flow profile is linear in z for 0 < |z| < a,,
and the first term in the infinite sum of Eq. (B16) van-
ishes. Next, we observe that the flow profile is even about
x = 0, so taking the derivative results in an odd profile,
reducing the jump condition in Eq. (6b) to 20V}, /0z|z=o.
Thus, Eq. (6b) yields

. 2L
Fy,V(t/) _ yPY0

|j*@ — Wres (t/)

kya,

>t dw, (8) _(nm)2ti=s
—QZ/O ds%e( UL (32)
n=1

For sufficiently long times dwyes(s)/ds can be taken
out of the integrand. Because the exponential is the only
factor dependent on the index n, the sum can be taken
inside the integral and exclude dwyes(s)/ds. As s ap-
proaches t’, this infinite sum approaches co. Thus, the
integral of Eq. (32) weights dwyes(s)/ds more strongly as
s approaches t'; and dwyes(t')/dt’ can be pulled outside
of the integral. With this assumption, simplifying yields

. 2L, pvo dwyes(t)
Fyv(t') _7afky {wo—wres(t’) + 27, —
S 1 —(nm)2 Lt 1
3 Y S | CS)
n=1
where 7, = a2/1p is the global viscous time with a

nonuniform viscosity profile, and the infinite sum is con-
vergent. The first term in Eq. (33) has the form of the
time-asymptotic viscous force specified in Eq. (10) for
evolving wyes(t'), while the second term is an additional
contribution to the viscous force due to the transiently-
evolving flow profile. The time-dependence of this second
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term indicates that it is only important for times short
compared to 7, /(kya)® = 3.25 x 10374 = 4.7 x 1073 s.

E. Self-Consistent Force Balance Evolution

The integral of Eq. (1a) over the reconnecting layer can
now be solved for the evolution of the flow at the resonant
surface due to a transient magnetic perturbation. This
will determine whether the mode penetrates and locks or
if there is a subsequent return to a flow-screened state.
We begin by applying Eq. (5) to Eq. (1a), which balances
inertia with the EM and viscous forces per unit length
according to

OvR Ly p dwyes(t . .
dnbyp drell) _ f ) 4 By (t). (39)
Y

The EM force in Eq. (30) is evaluated with the form
of the RMP field given in Eq. (15) for eventual compar-
isons with NIMROD computations, and the viscous force
is given by Eq. (33). Together with Eq. (29) for the evo-
lution of the flow phase, Egs. (31a-d) for the evolution of
the auxiliary variables, and the initial conditions wyes(0)
from the high-slip, metastable equilibrium from Eq. (11),
¢res(0) = 0, and ®¢/5,0/7(0) = 0, Eq. (34) can be solved
as part of a system of coupled nonlinear ordinary dif-
ferential equations (ODEs). To solve this system, we
use the odeint routine from the scipy.integrate sub-
package developed in the Python programming language.
Odeint solves systems of ODEs using the LSODA solver
from the FORTRAN library odepack [53]. The infinite
sum in Eq. (33) is truncated when the next term in the
sum is less than 0.02% of the total, which is found to be
a good estimate.

The solution of the system of equations detailed above
is shown in Fig. 9 for the NIMROD standard case with
Bext, T = 9 Bext,0 and At = 6.90 x 102 75. In Fig. 9a,
the solid (blue) trace shows the evolution of the flow fre-
quency and the dashed (red) trace shows the evolution
of the flow frequency phase. The transient perturba-
tion extends from ¢’ = 0 to the vertical dashed line at
t" = Atp. During the transient the flow frequency de-
creases through zero, and after the transient the flow fre-
quency recoils before decreasing to near zero, consistent
with a mode locked state.

Figure 9b shows the evolution of the calculated forces
in the model, where the dashed (blue) trace is Fgy and
corresponds to Eq. (30), the dashed-dotted (green) trace
is Fy and corresponds to Eq. (33), and the solid (black
trace) is Frrota) X 10 and corresponds to the net force on
the RHS of Eq. (34). Frotal is self-consistent with the
evolution of the analytic flow frequency. At the begin-
ning of the transient, the magnitude of Fgy increases
rapidly, followed by Fy to limit the change in the flow
frequency. Just after the transient, the magnitude of Fgym
decreases rapidly while the viscous force remains large,
leading to the recoil in the flow frequency. Because the
flow frequency phase increases when the flow frequency
increases above zero, the magnitude of the EM force also
rebounds, which forces the flow frequency back towards
zero. Lastly, Fy asymptotes to the time-asymptotic
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FIG. 9. Analytical predictions for the evolution due to

an externally-applied magnetic transient with magnitude
Bext, T = 9 Bext,0, which undergoes mode penetration. a) The
flow frequency and the flow frequency phase corresponding
to the solid (blue) and dashed (red) traces, respectively, ac-
cording to Egs. (34) and (29). b) The dashed (blue) trace is
Fgum and corresponds to Eq. (30), the dashed-dotted (green)
trace is Fyr and corresponds to Eq. (33), and the solid (black
trace) is Frotal X 10 and corresponds to the scaled net force.

value consistent with the form of the time-dependence in
Eq. (33), and the locked system has Fgy balancing Fy
in the time-asymptotic, low-slip, metastable equilibrium.

Decreasing the magnitude of the transient to Bexs, 1 =
4.5 Bext,0 yields the model solution plotted in Fig. 10,
which exhibits a return to a high-slip, flow-screened equi-
librium. For values of By, T larger than 4.5 Beyy 0, mode
penetration occurs. Thus, compared to the threshold for
mode penetration seen in NIMROD computations at ap-
proximately Bext, T = 7.75 Bext,0 in Fig. 5, this model pre-
diction differs by less than a factor of 2. While the evolu-
tion of wyes toward the time-asymptotic state of the cases
shown in Figs. 9 and 10 are distinct, because the evolu-
tion of the forces are subtle, defining a precise threshold
for mode penetration is challenging. Furthermore, split-
ting the EM force into separate components due to Bext,o
and Bexi, T consistent with Eq. (30) (not shown) also in-
dicates a subtle evolution of the forces, consistent with
an indistinct threshold for mode penetration.

F. Comparisons With Numerical Results

In this subsection, we directly compare results from
the NIMROD standard case presented in Section IV to
analytical predictions developed in the preceding subsec-
tions. For the duration of the transient, both models
derived in previous subsections are applicable. Figure
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FIG. 10. Analytical predictions for the evolution due to

an externally-applied magnetic transient with magnitude
Bext, 7 = 4.5 Bext,0, which returns to a high-slip, flow-screened
equilibrium. a) The flow frequency and the flow frequency
phase corresponding to the solid (blue) and dashed (red)
traces, respectively, according to Egs. (34) and (29). b)
The dashed (blue) trace is Fgm and corresponds to Eq. (30),
the dashed-dotted (green) trace is Fy and corresponds to
Eq. (33), and the solid (black trace) is Frrotal X 10 and corre-
sponds to the scaled net force.

11 shows solid (blue) traces corresponding to NIMROD
computations, dash-dotted (green) traces corresponding
to the model assuming wes is constant in Fgy, and
dashed (red) traces for the model with self-consistently
evolving wres. The time interval from ' = 0 to the verti-
cal dashed line at ¢ = Att indicates the duration of the
transient.

We find good agreement between the models for the
field response, as observed in Fig. 11a, where the dash-
dotted trace is Eq. (21) and the dashed trace is Eq. (28).
The deviation at the beginning of the transient is due
to the existence of a nonconstant-i) regime for ¢’ < Tn,
which is neglected in the analytical modeling as discussed
previously. However, we find some discrepancy in the
flow frequency evolution shown in Fig. 11b. The dash-
dotted trace corresponding to Eq. (24), which omits the
Tnim(t) of the transient, is qualitatively similar but sig-
nificantly different from the NIMROD result, while the
dashed trace corresponding to the self-consistent solution
to Eq. (34) is more consistent with the NIMROD results.

Looking over a longer time scale, Fig. 12 shows the
computational results of the NIMROD standard case by
solid (blue) traces and the self-consistent model predic-
tions by dashed (red) traces. After the transient, Fig. 12a
indicates a qualitative difference in the evolution of the
field response. Whereas NIMROD results show a dip in
| Byes| following the transient, the analytic results show a
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FIG. 11. Comparison between NIMROD results in the solid
(blue) traces and model predictions using the constant-wres
Frm dash-dotted (green) traces and self-consistent evolving
wres dashed (red) traces for a) the field response |Bres| and
b) the flow frequency at the resonant surface wres. While
the results are qualitatively similar for the field response, the
model employing an EM force assuming constant wres does
not a exhibit accurate wres evolution.

slow monotonic increase in the field response. The dip in
the computational results correlates with the evolution
of the flow frequency phase in Fig. 12¢, which explicitly
depends on the flow frequency in Fig. 12b. While the
model prediction for wyes rebounds and locks over a sim-
ilar time scale, the computational result rebounds to a
magnitude a factor of ~ 4 larger. This is directly cap-
tured in evolution of e, which evolves slowly for the
model prediction, while the computational result rapidly
increases to a larger value following the transient. We
posit that this discrepancy is due to a nonlinear phase
slip of the island relative to the lab frame, as discussed
in the next section.

G. Nonlinear Evolution of Magnetic Island

When Fpy is large enough to force the flow toward
the rest frame of By (e.g., at about ¢/ ~ 7.0 x 1037 =
10725 in Fig. 2) and the magnetic island width w =
4 [LShBrCS/lcyB(LZ]l/2 is much larger than twice the dis-
sipative layer width 2yr (e.g., for ¢ > 2.0 x 10274 =
3 x 107*s in Fig. 2), one is in the nonlinear modified
Rutherford regime. The modified Rutherford equation
(MRE) that governs growth (or damping) of the island
width in the slab model for a non-flowing plasma is
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FIG. 12. Comparison between NIMROD results in the solid
(blue) traces and analytical predictions in the dashed (red)
traces for a) the field response |Bres|, b) the flow frequency
at the resonant surface wres, and c) the flow frequency phase
pres- While the results are qualitatively similar, there are
quantitative differences in the flow frequency evolution that
affects the evolution of the field response upon entering the
nonlinear Rutherford regime [50] for ¢’ > 2.0 x 10% 7a.

[adapted from Eq. (47) in Ref. [16]]

d — 2
c% =D, |aAj + aA, Vz;'gc cospp | - (35)

ext

Parameters in this equation in addition to those al-
ready specified are: effective magnetic field diffusivity
D,, = (0.8227)"'n/uo = 3.52 X 1077 Dyporm = 0.243m? /s
and the “vacuum” island width that would be pro-
duced if Bexy o fully penetrated to the resonant surface is
Wyac/2 0yr ~ 8.33, which yields wy,. = 0.124m. Addi-
tionally, the V,, — 0 assumption implies the island is in
phase with the externally applied field and cos pg — 1
The equilibrium island width caused by Byt is ob-
tained by setting dw/dt = 0 in Eq. (35):
A:axt :| 1z ~ % —2
A 3.6 x 10" “m, (36)
for which Bies, eq =~ 2.6 X 1074 Bpopm and weq /2 dyr > 1.
These Bies, eq and w/2dyg predictions agree well with the
NIMROD results shown in Fig. 2.
A perturbation analysis can be used to determine the
ultimate evolution of the island width toward the equi-

Weq = Wvyac |:



librium island width weq defined in Eq. (36). Here,
W = Weq + 0w is used and the solution of the perturbed
version of Eq. (35) at a time ¢ after an initial difference of
swo = w(0) — Weq becomes Sw(t) = dwg e~/ T, in which

w3

Toqg = ——— b 37
“ 2 DﬂAéxtwgac ( )
Thus, the island width ultimately approaches its equilib-
rium value exponentially on the 7.4 time scale. For the
equilibrium island width in Eq. (36) 7eq ~ 8.2 x 10374 =
1.2 x 1072 s. The rate of damping of w agrees reasonably
well with the NIMROD results shown in Fig. 2.
Since the island width is caused by the magnitude of
the resonant magnetic field perturbation at the resonant
surface, its equation is given by

Bo.. ky
16 Lan

ky Bnorm

T w(t)?.  (38)

| Bres(t)| = W(t)Q =

In the Rutherford regime B¢ responds twice as fast as
w: it approaches its equilibrium value exponentially as
e~ t/(7ea/?) which is visible in Fig. 2.

In addition, a possible resolution of the differences be-
tween the analytic-based model and NIMROD w,qs cal-
culations discussed in the preceding subsection could be
due to entering the nonlinear Rutherford regime. As dis-
cussed previously, this occurs in the NIMROD standard
case when ¢ > 2.0 x 10274 = 3 x 10~*s. To obtain
an evolution equation for w,es analogous to Eq. (34), we
would need to perform a matched-asymptotic analysis of
Eq. (18) across the magnetic island geometry, similar to
that done to determine a MRE in a low-aspect ratio toka-
mak carried out in [54]. This is beyond the scope of this
paper. However, such analysis would increase the inertia
term on the left of Eq. (34) by a factor proportional to
w/dvR, require the flow Vies jump condition to be evalu-
ated at positions outside the island, and also take account
of the growing island-induced eddy currents that could
change the resonant frequency and phase of the island
relative to the externally applied RMP.

VI. CONCLUSIONS AND DISCUSSION
A. Conclusions

In this work, we show that a transient MHD per-
turbation applied to an initially high-slip, RMP flow-
screened, metastable equilibrium can precipitate mode
penetration, which is the transition to a low-slip, field-
penetrated, metastable equilibrium. This is modeled us-
ing the NIMROD code by starting from an initial con-
figuration that contains a shielded magnetic perturba-
tion that in steady state resides in a high-slip metastable
equilibrium. A transient magnetic perturbation is sub-
sequently added that is parameterized by its magnitude,
duration, and shape. Depending upon the strength of
these parameters, the transient can induce a transition to
a low-slip, penetrated resonant magnetic field, producing
a large magnetic island. The existence of a metastable
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equilibrium consistent with Eq. (12) is essential, in ad-
dition to having the background RMP in the metastable
region specified by Eqgs. (13) and (14). In the absence of
metastability, the system will always return to the initial
state following a transient perturbation.

NIMROD computations show that the effect of the
transient perturbation is to cause the flow frequency to
decrease locally at the resonant surface (e.g. Fig. 4),
which causes additional resonant magnetic field response.
Depending on the evolution of the field and flow fre-
quency response due to the transient perturbation, mode
penetration to a low-slip state or a return to a high slip
state occurs. Furthermore, we observe that the thresh-
old for mode penetration is sensitive to the magnitude,
duration, and shape of the transient perturbation as seen
in Figs. 6, 7, and 8, respectively. The sensitivity to the
shape of the transient perturbation indicates that the
history of the evolution is an important feature of mode
penetration.

We derive analytic models to predict the evolution of
the magnetic field response and flow profile due to a tran-
sient perturbation. An approximate model assumes that
the EM force is independent of the flow frequency evo-
lution, allowing for a solution using a Green function. It
yields an explicit threshold condition for mode penetra-
tion given in Eq. (26). A more complete derivation yields
expressions that are used to formulate time-dependent
EM and viscous forces, which, when balanced with in-
ertia, yield an evolution equation for the flow frequency
at the resonant surface. The evolution of the local flow
frequency given in Eq. (34) self-consistently determines
the evolution of the field response, ultimately govern-
ing whether a transient perturbation precipitates mode
penetration. Both models qualitatively agree with the
presented computational results during the transient as
shown in Fig. 11. Evolution of the nonlinear magnetic
island resulting from mode penetration also agrees well
with predictions of a nonlinear modified Rutherford equa-
tion given in Eq. (35).

Comparisons between computational and analytical re-
sults give insight into qualitative aspects of flow fre-
quency evolution and mode penetration due to tran-
sient perturbations. However, the several approxima-
tions entering through linear asymptotic matching proce-
dures needed to derive the EM and viscous forces intro-
duce errors, leading to imperfect quantitative compar-
isons with computations. Because an analytical treat-
ment that transitions from a linear to a nonlinear asymp-
totic matching procedure is yet to be developed, we con-
clude that nonlinear numerical codes such a NIMROD
should be employed to accurately determine specific char-
acteristics of mode penetration.

B. Discussion

Experimental observations suggest that the effects of
transient MHD events are important for precipitating the
transition to an ELM suppressed operating scenarios us-
ing RMPs [12]. Furthermore, recent experimental results
in DIII-D [55] show a difficulty obtaining ELM suppres-



sion as the input torque is decreased, which is an im-
portant operational constraint for ITER. According to
Eq. (7), all else being constant, a decrease in the flow is
expected to increase the penetrated field. However, if the
change in input torque also changes the dissipation pa-
rameters altering the linear layer time, the field could be
increasingly flow-screened. Additionally, a change in the
dissipation parameters would change the condition for
the existence of a metastable state according to Eq. (12).

This work shows that a metastable state is required
for transient MHD events to precipitate a transition into
a low-slip, mode penetrated state. Thus, Eq. (12) effec-
tively sets a flow threshold on the viability of an RMP
ELM suppressed operational scenario. The computa-
tional and analytical results presented here reinforce this
picture. An initial metastable equilibrium and suitable
transient perturbation are necessary for mode penetra-
tion to occur. Furthermore, to robustly observe the mode
penetration threshold, the condition in Eq. (12) needs to
be well-exceeded.

While the transient response physics elucidated in this
study is directly applicable to the effects of a transient
MHD event on the RMP suppression of ELMs, the dy-
namics of mode penetration due to transient MHD events
are also applicable for the triggering of NTMs. Sepa-
rate experimental work in DIII-D [56, 57] has focused on
this issue, capturing well-resolved, high-fidelity measure-
ments of the flow and field evolution during the onset
of a m/n =2/1 NTM, with seeding by both ELMs and
sawteeth. Aspects of the modeling contained with this
work is presently being applied to the analysis of these
experiments.

The present visco-resistive, slab geometry model will
need to be extended in several aspects to be tokamak
relevant. First, it must properly take account of the
multi-harmonic coupling between rational surfaces with
associated asymptotic matching to link behavior at the
coupled surfaces [52]. Second, the accurate evolution of
flow in tokamak geometry must self-consistently include
poloidal flow damping (e.g. Ref. [58]), flow-shear, and
differential flow between resonant surfaces. And lastly,
to be tokamak relevant this FMR model must be tested
with finite 3, two-fluid effects [59], and include the role
of magnetic flutter (e.g. Ref. [60]).

Data used to generate figures can be obtained in digital
format by following the link in Ref. [61].
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Appendix A: Derivation Of Flow Response Using
Radially-Localized Green Function

Near the resonant surface Eq. (18) can be solved for the
change in flow AV, = V,(z,t") — V;ies(0) induced by the

FEE in Eq. (19) using an infinite medium Green func-

tion G(x,t'|zg, tg) = e~ @=z0)/4vo(t'~t0) | [Azy (t — o)
which solves (9/0t' — 190%/02%)G = §|x—x0) St —to]:

AV t’
117 / dto/d$0 iE t ‘x(ht())

res
C/ 7:r2/[4yg(t —s)] {[ (0) ]2
wI‘CS S +
Tu/a \fAmve(t — s)
in which Cy =

[VrES( )Tu/a] Te _ (TH/TVR) Te
4(kya) [Wres (0)TvR] 4 (kya)2

<p<1

reb( )
2 Bext,O }

Bext,tot

(A1)

Here, 7, = a*/vy and the dimensionless temporal evolu-
tion integral in this equation is worked out as follows:

t dS e_zz/[4l/0(t,_5)]
Iy = / {[wres(O)sP—l—
0 Tu/a \/Amv(t' — s)

2 Bext,O }

Bext,tot

1 [t/ o—2%4t -2 2Bewo
= — df ——— 3 wres (0) (' — 7,)] " + =25 }
vV 47T/ A { [w eS( )( TM )] Bext,tot

t T,, 2 2 2-Bex
e L R (R e
ext,to
2BextO
—1I- .
+cht,tot 3/2

(A2)

Successive lines of this equation for Iy, use: first to second
line t = (t' —s)/7,, ds = —7,dt, s =t' —7,t and & = x/a;
and second to third line z = 2%/4f, t = #%/4z, df =
— (#%/42%)dz and €'/? = |#|/\/4¥/7,. The fourth line
makes use of the dimensionless integrals

B [e%e) e ? \/g e~ ? o0 oo e~ ?

ZOt
The second form of this integral is obtained via integra-
tion by parts in the form [ udv = wv— [ v du. Identifying
the variables as u = e=% and v = — [1/(a — 1)] (1/2%71)
sodv=dz/z* = —[1/(a — 1)]d(1/2%71) yields the gen-
eral a > 1 result indicated. The fundamental integral is




I3/, which for /e < 1is

7Z

o -z
I3/2£\/g/d2 23/ 2\/>|:
=2e “ — 2y/meerfe(\/e)
~ 2 — 2 /me+ 2+ O{¥/?).

o © -z
(Ad)

Here, z = y? and dz = 2y dy have been used to show that
[Zdzem/21? = 2foo dye v’ = merfe(y/€), in which

erfe(z) = (2/y/m) [ dye™ Vi~ 122/ 7 + Ofa3) is
the complimentary error function. The I5,5 and I7/5 in-
tegrals can be related to I3/, using Eq. (A3).

Combining the results in Egs. (A2), (A4) and (A3),
and using them in Eq. (A1) yields

Cv/(2y7)

T [wres(O)TM]1/2 fv(x’t/)a in Whlch

AV, (x, ")
Vies(0)

15[

16 4By
folat') = [wresm)tw{ res (O] Fy g B0 FV0}~

ext,tot

(A5)

For /e < 1 the dimensionless spatial variation functions
in fy(x,t') obtained using Eqgs. (A3) and (A4) in the last
line of Eq. (A2) are

15 > (1 2¢ €
Fyrle, Ly (t)] = Eﬁ/d” <Z3/2 R Z7/2>
15 |z 4 2? |z)?
~1l——yr—+-— — A
16\/7?LV+3L%/ O{L:{’/ + (A9)
Ve
FV()[.”L' Lv( )] = 7 3/2
S T |x| cofll (A7)
L2 L3 '
Note that the functions Fyrt and Fy o are both unity
at the z = 0 resonant surface. The approximate

forms of Eqs. (A6) and (A7) are obtained using €'/? =
|lz|/(4vt')/? = |z| /2Ly (t') < 1, in which the reference
scale length is Ly (') = (vot/ )1/2

For the NIMROD standard case at ¢’ = 345774 ~ 5 x
107%s Ly ~ 0.045m, while for ¢ = 6907a ~ 107 3s
Ly ~ 0.063m. The spatial functions in Eqgs. (A6) and
(A7) cause fy(x,t') to first decay in space linearly with
increasing |x|/Ly but for Ly S |x| < 2Ly decrease more
slowly with increasing |z|/Ly. This behavior roughly
agrees with the spatial variation of the V, = Vies(0) +
AV, (x,t) profiles shown in the zoomed in part of Fig. 4.

Appendix B: Calculation of Flow Profile by
Infinite-Series Eigenfunction Expansion

The general equation for the y-component of the flow
evolution is provided by Eq. (18). Outside the infinitesi-
mal layer width dygr the EM force vanishes, which yields
a diffusion equation for the flow profile

oVy(z,t') 0 8Vy(x,t’)]

ot _%{W(:ﬂ) 0z (B1)
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Because we expect the flow profile to be even, consistent
with Fig. 4, we solve Eq. (B1) in the region 0 < z < a,.
This calculation is simplified by solving for AV, (z,t") =
Vo — Vy(z,t'), yielding no-slip boundary conditions

AV, (z = 0,t') = Vo — Vies(t') = AV, ("),
A‘/y(-fc = auatl) =0,

(B2a)
(B2b)

where Vies(t') = Vy(z = 0,¢'). The initial condition at

t’ =0 is given by

AVy(z,t' =0) = AV (), (B3)
to treat evolution starting from time-asymptotic equilib-
ria that have a different flow profile than the initial flow
Vo.

Because Eq. (B1) is a linear equation, we can write

AVy(z, t') =U(x, t') + W(z,t'). (B4)
By choosing
Wz, t') = AV, (t) {1 - ;] : (B5)

which is equal to the time-asymptotic solution of

Eq. (B1), for 0 £ x < a, Eq. (B1) becomes
OAV, _ D?AV, :>87U_ 9’U  dAV,(t') L&
a0 de? Ay U da? dt’ a,)’
+S(z,t")
(B6)

where we effectively converted a PDE with a time-
dependent boundary, to a PDE with a source S(z,t).
The boundary conditions for Eq. (B6) are

Ulx=0,t)=U(x =a,,t')=0, (BT7)

and the initial condition is

U(x,t' = 0) = AV,(z) — AV, (0) [1 ~ ﬂ ., (BY)
where AV, (0) = AV, (z = 0,t' = 0). Note that if AV, (z)
is consistent with a time-asymptotic state, U(z,0) = 0.

Next, because of the homogeneous boundary condi-
tions on u, we use an eigenfunction expansion for u of
the form

U,t') =S U,(t)sin [ ). BY
(2.6 = 3 D(t)sin (B9)
Using a similar expansion, the source becomes
S(z,#) =3 S, () sin [ B10
=2 5@ (7). o

and orthogonality of the separate n terms allows us to
write

N _3/““ _onmx, [ dAV,({) [0 @
Sp(t') = o ), dx sin( o ){ 7 1 o
2 dAV, (1)

= — B11
o dt ( )




Taking derivatives of Eq. (B9) and inserting into Eq. (B6)
with Egs. (B10) and (B11) yields

aot’

0= i U, (t) 1 (T)Q Un(t') — gn(t’)] sin (nmc
- (B12)

Because terms for different n are orthogonal, the factor in
the brackets must be equal to 0 for all n. This equation
can be solved using an integration factor, which yields

2 dAV,(¢)

@ (7L7T)2%UA' | = (nw)z% B13
dt’ [e n(t) I » (B13)
where 7, = a2/vo is the global viscous time with a

nonuniform viscosity profile. Integrating and rearrang-

ing Eq. (B13) yields

2 [
Un(t') = Un(0)e "™ v = [ 4

nm Jo ds

(B14)
To find 4, (0), utilize the initial condition in Eq. (B9)

dAV, t'—s
s U(s) ef(nw)QT.
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and orthogonality to yield

N 2 @y
U, (0) :—/ dx sin <n7rx)
ay Jo a,

x {AVy(:r) — AV,(0) [1 - ;] } .
)

(B15)

Putting together Egs. (B4), (B5), (B9), (B14), and
(B15), and writing in terms of Vj (x,t") yields

Vil t) = Vielt) + o~ Vee®)] ()

ay
oo
. nmwx
— E Sin
a
n=1 v

_ 2 | 2 [ . nwT
> e~ 2 dx sin <
ay Jo ay

t/
L2 s Wees(8) nm2 }
nm Jo ds

(B16)
The first term is the time-asymptotic flow profile, while
the two terms in the infinite sum correspond to compo-
nents of the flow profile viscously damped from the initial
flow profile and the time rate of change of the flow at the
resonant surface.
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