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We study analytically the instability of the subharmonic resonances in magnetogravity waves excited by a
(vertical) time-periodic shear for an inviscid and nondiffusive unbounded conducting fluid. Due to the fact that the
magnetic potential induction is a Lagrangian invariant for magnetohydrodynamic Euler-Boussinesq equations,
we show that plane-wave disturbances are governed by a four-dimensional Floquet system in which appears,
among others, the parameter ¢ representing the ratio of the periodic shear amplitude to the vertical Brunt-Vaisala
frequency N;. For sufficiently small ¢ and when the magnetic field is horizontal, we perform an asymptotic
analysis of the Floquet system following the method of Lebovitz and Zweibel [Astrophys. J. 609, 301 (2004)].
We determine the width and the maximal growth rate of the instability bands associated with subharmonic
resonances. We show that the instability of subharmonic resonance occurring in gravity shear waves has a
maximal growth rate of the form A,, = (3+/3/16)e. This instability persists in the presence of magnetic fields,
but its growth rate decreases as the magnetic strength increases. We also find a second instability involving a
mixing of hydrodynamic and magnetic modes that occurs for all magnetic field strengths. We also elucidate the
similarity between the effect of a vertical magnetic field and the effect of a vertical Coriolis force on the gravity
shear waves considering axisymmetric disturbances. For both cases, plane waves are governed by a Hill equation,
and, when ¢ is sufficiently small, the subharmonic instability band is determined by a Mathieu equation. We find
that, when the Coriolis parameter (or the magnetic strength) exceeds N;/2, the instability of the subharmonic

resonance vanishes.
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I. INTRODUCTION

Gravity or magnetogravity waves are ubiquitous in various
geophysical and astrophysical systems. In the present paper,
we perform an analytical study to characterize the response
of these waves to a time-periodic forcing (i.e., a time-periodic
shear). As in many physical systems submitted to a periodic
forcing, the response of these waves can lead to the triggering
of parametric instability.

In the context of astrophysical applications, Zaqarashvili
et al. [1-3] suggested that the periodic shaking of the solar
coronal magnetic field lines due to photospheric motions
can generate a periodic shear, while in galactic disks they
suggested that spiral density waves (propagating in these
disks) can induce a periodic shear directed along the rotational
axis. The interaction between the periodic shear and the
magnetohydrodynamic waves can induce parametric instabil-
ity that enhances the angular momentum transport in disks,
heating of the solar atmosphere, and acceleration of the solar
wind.

In the context of geophysical applications, the stability of
time-periodic barotropic and baroclinic shear flows has been
addressed in several studies. For instance, in the study of
Pedlosky and Thomson [4], the baroclinic instability of the
two-layer model on the beta plane in the classical model of
Phillips [5] has been extended to include the effects of a time-
periodic shear. Poulin [6] has studied stochastic baroclinic
shear, in the context of the Phillips model, where the shear is
the Kubo oscillator [7], to mimic realistic variations that occur
in ocean currents such as the Antarctic circumpolar current.
The study of Poulin extends the work of Poulin and Flierl
[8], which focused on the stochastic Mathieu equation, into a
model relevant to geophysical fluid dynamics. The parametric
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instability occurring in these shear flows can generate the
formation of vortices observed in the atmosphere and in the
ocean [9].

As shown in several studies, the use of the simple model,
which consists of superimposing a base flow that is linear in
the space coordinates and a disturbance flow that consists of
plane waves with a time-dependent wave vector, allows one
to characterize local instabilities in strained flows (see, e.g.,
Craik and Criminale [10]), such as the elliptical instability
[11,12]. Bayly [12] was the first to realize that unbounded flows
with elliptical streamlines and constant vorticity can sustain a
Floquet-type instability of certain plane-wave modes, owing
to their periodic distortion. Waleffe [13] clarified the physical
mechanism of this instability as one of vortex stretching and
determined analytically the instability growth rate which tends
to a finite value as the wavelength along the vortex axis
approaches zero (see Kerswell [14] for a review). This kind
of disturbance flow is not usual in conventional hydrodynamic
stability analysis, generally devoted to the search for normal
modes; the modes of the disturbance flow are given below in
Eq. (14) and are discussed at length afterwards. Later studies
followed, including an additional Coriolis force [15,16],
Coriolis force and density stratification [17], a magnetic field
[18], a Coriolis force and magnetic field [19,20], and with
time-dependent strains [21,22]. Such a model allows one to
include the shearing sheet approximation (see Ref. [23]) used
by many authors to study local instabilities in accretion disks
such as the magnetorotational instability (MRI) [24,25]. This
instability, which is due to the presence of a weak vertical
magnetic field, is linear and local in that it does not rely on
the presence of boundaries (see Ref. [26] for a review). In
this context, Salhi and Cambon [27] considered unbounded
stratified shear flows with basic flow combining vertical shear
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with a constant rate Sy, a vertical Coriolis force with a Coriolis
parameter f = 2€2, and both vertical and horizontal density
(or buoyancy) gradients with constant strengths N22 =—fS
and N32, respectively,

VxU+2Q=(0,5,f), ©=—fSx;+ Nixs. (1)

Therefore, the tendency for the horizontal basic buoyancy
gradient to generate streamwise vorticity was balanced by
twisting the system vorticity via the Spf term (see also
Pieri et al. [28]). This effect is often called the geostrophic
adjustment, or the thermal wind effect, in the geophysical
community [29]. A similar basic shear flow configuration
was studied by Salhi and Cambon [30]. This corresponds
to an unbounded flow subjected to spatial uniform den-
sity stratification and shear rate that is time dependent.
In addition to vertical stratification with constant strength
(N32), the base flow also includes an additional, horizontal,
time-dependent density gradient. The exact solution of the
Euler-Boussinesq equations found in Ref. [30] is time peri-
odic with period T = 27 /N5 for stable vertical stratification
(N} > 0),

V xU = (5cos1,0,0), O = (N3Sycost)x; + N32x3,

2

where 7 is a dimensionless time. Therefore, the time derivative
of the vorticity in the spanwise direction plays a similar role
in equilibrating the buoyancy term V x (®e3).

The Floquet system governing plane waves for the base flow
(2) has been computed numerically for particular orientations
of the initial wave vector [30]. One aspect of the present paper
is to extend the latter study by performing an asymptotic
analysis for small ¢ = Sy/N3 by considering an arbitrary
orientation of the initial wave vector. We derive analytical
results characterizing the bandwidth of the instability and
its maximal growth rate A,,. Similarities with the elliptic
instability are discussed. A second aspect of our study is to
investigate the effect of a horizontal magnetic field on the
gravity shear waves. Lastly, for potential geophysical and
astrophysical applications of the present analytical study, we
also investigate similarities between the effect of the Coriolis
force and the effect of a vertical magnetic field on the gravity
shear waves.

The paper is organized as follows. The formulation of
the Floquet system is given in Sec. II. In Sec. III, we
present an asymptotic analysis of the Floquet system by using
Lebovitz and Zweibel’s method [18] considering a horizontal
magnetic field. Section IV deals with similarities between the
the magnetogravity waves and gravity-Coriolis waves when
they are excited by a vertical periodic shear. Our concluding
remarks are given in Sec. V.

II. FORMULATION

We consider a stratified flow of an inviscid and nondiffusive
fluid. The governing equations are the Boussinesq-Euler
equations of fluid dynamics in a frame rotating with constant
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rate 2 about the vertical axis (x3),

u+u-Vu=—-Vp* —2Qe; x u+ Oe;+(V x B) xB,

(3a)

%0 +u-Ve =0, (3b)
and the induction equation

0;B+u-VB = B-Vu, (3¢c)

with V.u =0 and V.B = (. Here, e; is a vertical upward
unit vector and ® = —(g/00)o is the buoyancy scalar, o is the
fluid density (and g is a reference density), g is the gravity
acceleration, and
1
pF= é — 5522()612 +x3),

in which p is the pressure and (xj,x»,x3) is the Cartesian
coordinate system referred to as “azimuthal,” “radial,” and
“axial” (or vertical) directions, respectively, in reference to the
shearing sheet approximation (see Sec. IV A 3). The magnetic
field is rescaled as B — (1/./00x0)B, where xq is the mag-
netic permeability. Recall that the Boussinesq approximation
filters out the higher-frequency acoustic waves. This arises
from the incompressibility part of the approximation. On
other words, in the Boussinesq approximation, density (or
temperature) can fluctuate but the velocity field is assumed
to be strictly solenoidal (divergence free).

A. Base flow

We briefly review the derivation of the exact solution of
the Boussinesq-Euler equations found by Salhi and Cambon
[30]. It consists of considering unbounded flows subjected to
spatial uniform density stratification and shear rate that are
time dependent,

U(x,t) = S(t)xze3,
O(x,t) = Ni(t)x; + Ni(t)xy + N3(t)xs3, 4)
Q= 983,

where S(¢) is the shear rate, Niz(t) (i = 1,2,3) is the buoyancy
frequency in the x; direction, and €2 is a constant. For example,
if we consider the case without a magnetic field and we apply
the curl to Eq. (3a), we obtain the equation for the absolute
vorticity w = V x u + 2%, (see, e.g., Ref. [31]),

dw—+ @-Vyw = w-V)u+V x (Qe3). 5)

From Eq. (5), we deduce both the absolute vortic-
ity W=V xU+2% = S(t)e; +2Re3 and V x (Oe3) =
—N2(t)e; + Ni(t)ey. Then, the substitution of these forms
into Eq. (5) leads to
ds

— = N; (), 6
R 5 (1) (6)
and Ni(t) = 0. This means that the basic buoyancy gradient
must be perpendicular to the basic vorticity which splits with
the x; direction, and hence ® = Nf(t)xz + N32(t))g. On the
other hand, the substitution of the latter form (for the buoyancy
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scalar) into Eq. (3b) leads to

dn; + SON3(1) ) x2 + dNg 0

—_— X — ] X3 = U.

dt 3 > d )7
Because the latter relation must be valid for any ||x||, we
deduce that the vertical buoyancy frequency N3 must be
time independent, while the horizontal one, N, satisfies the
following differential equation:

dN; 5

—= 4+ S(@)N; =0. 7
7 (1)N3 (7
Consider stable vertical stratification, i.e., N32 > 0. Then the
solution of the coupled equations (6) and (7) exhibits an
oscillatory behavior,

N3(t) = N3, cos(Nst) — AgNj sin(N3t),
®)

N2
S(t) = Agcos(N3t) + ﬁ sin(Nst),
3
where N22O = N22(0) and Ao = S(0). Finally, by setting
So cos g = N3,/ N3 and Sy sinpy = Ay or

N3, AoN
So= -2 4+ A2 tangy= 5,
N3 N20

the solution can be rewritten as

U =10,0,5(t)x2], S(r)= N3esinr,
)

®= N22x2 + N32x3 = (N328 cos r) X2 + N32x3,

where ¢ = Sp/N3 > 0 is a small parameter corresponding
to the ratio of the amplitude of the oscillating shear to the
buoyancy frequency, and T = N3t + ¢ is a dimensionless
time where ¢y is a constant.

The base flow (9) is not barotropic since the buoyancy
gradient VO and the pressure gradient V P are not collinear
for all times,

VP x VO = (Oe; — 3,U) x VO = —(N3x3ecost)es,

and it rather remains similar to a baroclinic flow (see, e.g.,
Ref. [29]). In fact, at a given time such that t # &7 (£ € N)
there are differences between the surfaces of constant scalar
buoyancy (or density) and of constant pressure in the fluid.

Consider now the case where a spatial uniform magnetic
field B = (By,B,, B3) is also present. The substitution of the
basic velocity form (9) into the induction equation (3c) leads
to

;B =0, 0;B, =0, 0.B3= Byesinr,
or, after integration,
By = By, By = By, B3 = Boz+ Bpe(l —cost),

(10)
where By = (By1,Boz,Bo3) is the magnetic field at v = 0.
Note that the potential vorticity [Ty = W-V® is no longer
a Lagrangian invariant for the magnetohydrodynamic (MHD)
Boussinesq-Euler equations, while its counterpart, the mag-
netic induction potential

[1,, = B-VO, (1m)
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constitutes a Lagrangian invariant for a nondiffusive fluid (see
Ref. [32]). It is easier to verify that, for the fields (9) and (10),
I, takes the form I1,, = N3 (Bos + € Bo).

B. The perturbed system

Letu, B, p*, ® bereplacedbyU + u, B + b, P* + p,©® +
6 in Eqs. (3a)—(3c), and linearize. The resulting perturbation
equations are

U = —N;lax,p — (esinT)urd;iz — 2[Qe3 x ul;
+ N5 1085+ N; ' [(V x b) x B;,
N;lé = —(ecosT)up; — us,
b = N;lBjaxjui + (esint) by, (12)

with the condition for # and b to be solenoidal, i.e., V-u =0
and V-b = 0. Here,

¥ = (3: + Ny'U;dy,) ¥ = (esint) x20,, ¢
denotes the Eulerian derivative. Moreover, the linearized part
of the magnetic induction potential perturbation takes the form
N3, = byecos T + by + Ny *B;d,,0. (13)

Solutions of the system (12) are sought in terms of Fourier
modes with a time-dependent wave vector (see Refs. [15,33])

[.b,p.Ny'0] = [(x),b(x), p(1).0(v) ] exp1 [k(T)-x].
(14)
For instance, the substitution of the above form into the first
equation of the perturbed system (12) yields

ity = — Ny '1[kj + ki (9, Un) Jxjit; — 2[Qe3 x @]
— (esinT) 1283 — 1N; ' (p + B-b)k;
+ 083 +1N;" (k-B) b,

where the terms proportional to x; must cancel (see, e.g.,
Refs. [10,12,33,34]) since the above equation must be valid
for any ||x||, which is ensured when (dk; /dt) = —(9x, Upn)km,
or equivalently,

k1 =0, ky=—(esint)ks, k3 =0. (15)

The time dependence of the wave vector allows the disturbance

Fourier modes to be advected by the mean flow. The equation

for the wave vector is called the eikonal equation since it is

really closed to the one for disturbance flows as wave-packet

following rays (see, e.g., Lebovitz and Lifschitz [35]).
Accordingly, system (12) becomes

i, = —2[Qe3 x t]; — (esint) 283 — tN5 ' (p + B-b)k;
+085 +1N; " (k-B) by,

6 = —(¢cos )ity — i3, (16)

bi = 1N  (B-k)i; + (e sin 1) by.

We also have the conditions k-it = 0 and k-b = 0 charac-
terizing the fact that the inviscid perturbations u and b are
divergence free.

Equation (15) can be easily solved to give

ki =K, ki=Kj3, ky=(Ky;—¢k3)+ksecost, (17)
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where K = (K1, K>, K3) is the wave vector at T = (. As it can
be remarked, the evolution of the wave vector k is similar to
that of the magnetic field [see Eq. (10)] but with axes (x;,x3)
interchanged so the inner product B-k is time independent,
ie.,

N3ny = Bk = By-K = By K1 + Bpp K> + BosK3.  (18)

On the other hand, the use of the relation k;ii; = O allows us
to eliminate the pressure coefficient in the equation for #,

—1N3_1([3 + B.i;) = k’2k3[(28 sint) i, — 0]
+ Ry 'k [kaity — kyita],  (19)

where Ry = N3/(2R2) is the Rossby number. Accordingly,
system (17) can be rewritten as follows:

. kik kik k2 + k2
121=R0_1—l 3A1—|—|:2g—l 3sinr—l—RO_l—(2 3):|ﬁ2

k? k2 k2
N kiks A
+umeby = =570,
. (K +K3) koks i kiky 7
Uy = RO1 2 1 [28k—2 sint 017} iy
koks A
+imkby — %9,
: _1 kaks k2 . _kik3]
i3 = ROI%IM — [(1 —Zk—;> (esint) + R, 1%} il
2 2
N +k5) A
+imibs + ( — l : (20)
by = iy,
by = 1nyida,

33 = 1niiz + (esint) 52,
0 = —(ecost) iy — fis,

with k;i1; = 0 and k,ﬁ,- = 0. By setting ¢ = 0 in Eq. (20), one
recovers the differential system governing the linear dynamic
of magnetogravity Coriolis waves.

III. ANALYSIS OF THE MAGNETOGRAVITY
SHEAR WAVES

In this section, we consider the stability of magnetogravity
shear waves in a nonrotating frame, so that, Q2 =0, or
equivalently, Ry — oo.

A. Preliminary analysis

The stability problem of magnetogravity waves is described
by the following differential system deduced from (20):
: koks . R o koks 4
iy = <28% sin ‘L’) iy + by — %0,
2

. k . k2 +k2) .
3 = —<1 —2k—;> (e sint)fiy + 1ibs + M

k2 N

by = 1nils,
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A3 = 13 + (e sinT) by,
é = —(ecost)il, — ii3. 21

In fact, when k; #£ 0, the conditions k;ii; = 0 and k,-ls,- =0
allow us to find the two coefficients @#; and b; once the
above differential system has been solved. When k; =0,
the differential system (21) reduces to a three-dimensional
differential system (see Sec. IV), while the evolution of the
Fourier coefficients @, and b, is described by the following
harmonic oscillator:

iy = by, by =iy, (22)

Therefore, the stability problem can be characterized by the
analysis of the differential system (21) either k; = O or not.

On the other hand, the special case k3 = 0, so that the wave
vector k = (k;,K>,0) is no longer time dependent, allows a
simpler analytical treatment, as a forced oscillator. One easily
shows that, in the presence of a horizontal magnetic field,
there is a nonresonant forcing, while in the case of a vertical
magnetic field or in the case without a magnetic field, the
oscillator is forced by a resonant term. Indeed, when k3 = 0,
an alternative formulation of system (21) yields the following
second-order differential equations,

ly + i =0, (23a)
fis + (1 +n}) a3 = —2ed cos T, (23b)

where
me = N3 ' (Borki + Bo2K») . (24)

Therefore, when n; % 0, we have bounded solutions that
characterize a nonresonance forcing,

Ur(t) = Ay cos(mkT — 1),
A
ii3(7) = Ay cos (/1412 T — ¢o) — ZT:{cos[mkH)r—m

—cos[(ny — Dt — ¢1]}. (25)

Here, A, A,, ¢1, and ¢, are constants that are determined
from the initial conditions. In contrast, when n; = 0, so that
By = 0 or By = Byzes, the solution is not bounded (due to the
secular term),

i, = const,
(26)
i3(t) = Ay cos(t — ¢y) — et sinT.

B. Reduced Floquet system

The coefficient 7, = m,, exp(—tk-x) associated with the
magnetic induction potential [see Eq. (13)] takes the form

N;zﬁm = (g cos ‘L')l;z + 53 + lnké = const, 27

and constitutes a Lagrangian invariant for a nondiffusive fluid,
as already indicated. Then, it is possible to express 6 in terms
of b,,b3 and the constant,

0 =1n;" (N5 A, + brecost + b3)

reducing the number of dependent variables for the disturbance
flow, and hence system (21) reduces to a four-dimensional
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inhomogeneous differential system. Without loss of generality
from the point of view of a stability analysis, we consider that

7T, 18 zero, so that
6 = 1n; '(bae cos T + by), (28)

and hence we obtain a homogeneous differential (Floquet)
system for (ii,,#3,b,,b3). In fact, one easily verifies that the
stability problem is the same considering either 7,, = 0 or

J

28",2('2‘3 sint 0

D= —8(1—2:—%) sint 0
—1 0

0 —1

in which k3 = k? 4 kZ is the square of the horizontal wave
number. The fact that the parameter n; = N ! (B-k) appearing
in the expression of the matrix D(t) depends on the modulus
of the initial wave vector signifies that the stability problem
also depends on the wavelength of the perturbations.

Though not always analytically solvable, the temporal
behavior of ¢(7) may be characterized by using the standard
Floquet theory (see Ref. [36]) since the matrix D is time
periodic with period 2. The general solution is a linear super-
position of Floquet modes of the form ¢(t) = f(r)exp(ot),
where f(¢) is periodic with period 2. The Floquet exponent
o is determined by the requirement that exp(2mwo) is an
eigenvalue of the Floquet multiplier matrix M = ®(2r),
where () is the fundamental matrix solution of Eq. (30)
that reduces to identity at T = 0,

& =D(1)-®, P0) =14,

where 1, is the 4 x 4 unit matrix. The fact that the determinant
of the matrix & is a solution of the following first-order
differential equation (see, e.g., Salhi and Cambon [37]),

d
—det ® = (trace D) det @,
dt

where

trace D = Dy; = 262 2k (32)
race = Dj = 26——SINT = —2—,
K2 k

implies that

KZ

det (D(T) = ﬁ,
and hence det M[=det ®(27)] is unity. It follows that the
system (30) is conservative and possesses the property that
if A is an eigenvalug of M, so also is its inverse A ™! and its
complex conjugate X (see, e.g., Ref. [19]). The proof of this
fact is the same as given by Lebovitz and Zweibel [18]."! It

'One can exactly follow the proof by Ref. [18] considering the
matrix R =giag(1,1,—l,—1) that verifies RD(—7) = —D(7)R and
R~'D(r) = D(z)R.
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A, = const # 0. Therefore, by setting

(c1, €2, c3, ¢a) = (fi2, B3, 10 'boy im ' Bs) . (29)

the substitution of the form (28) into the system (21) gives rise
to the following homogeneous four-dimensional system,

¢ =D(7)-c, (30)
where
P
K2 K
sk—écosr r],f+k—§ i (31)
0 0
esint 0

(

follows that, in the stable case, the eigenvalues of M lie on
the unit circle, while, if as parameters change (see below),
an eigenvalue is at the onset of instability, it must have a
multiplicity of two (or higher). Thus, a necessary condition
for the onset of linear instability is a resonance where two
Floquet multipliers coincide (see Ref. [18]).

C. Magnetogravity waves

When there is no shear, i.e., ¢ = 0, the buoyancy gradient
in the transverse direction vanishes. If we put &€ =0, the
coefficient matrix Dy (say) of Eq. (31) becomes constant,

0o o0 n7 -Eb
2 4 K
p,—| © © 0 (nt + &) (33)
—1 0 0 0
0 -1 0 0
Its eigenvalues are
K2
o =1k, O2=1 17;%+K—é,
(34
K2
03 = —INk, O4=—1 77;%+K—é-

They are distinct and nonzero as long as 1, # 0. Associated
eigenvectors are reported in Appendix 2 for the sake of
clarity. The frequencies (normalized by N3) characterizing the
magnetogravity (or Alfvén-Archimede) waves are

K3
K 9

2
K2
w3 = Mk, W4 = —‘/77/% + K_é

The pair (w;,w3;) characterizes the Alfvén waves, while
the pair (w,,w4) characterizes the Alfvén-Archimede waves.
Since there are two restoring forces acting on displaced fluid
elements, there are two possible situations. The Lorentz and
Archimede forces may act together, stiffening the system and

W=, = nf+

(35)
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producing the higher-frequency fast waves (i.e., the Alfvén-
Archimede waves), or the Lorentz force acts as if it was alone
to produce the lower-frequency slow waves (i.e., the Alfvén
waves).

In the case of magnetocoriolis waves, the Coriolis and
Lorentz forces act together, producing both fast and slow
magnetocoriolis waves, as recently observed in the Taylor-
Couette flow laboratory experiment by Nornberg ez al. [38]. In
that study, it has been demonstrated through a local stability
analysis that with the addition of sufficient flow shear, the
slow magnetocoriolis wave can be destabilized to produce the
magnetorotational instability.

D. The resonant cases

Assume that k3 # 0 and use the spherical coordinates
(K,0,¢) where

. K\ ki
=sinf = —, cosp = —. 36
W= si % 0] X, (36)
Then
ki =Kpcosgp, K,=Kusing, k3==xK\1— pu?.

In order to use the asymptotic method by Lebovitz and Zweibel
[18] (see Appendix), we assume that each eigenvalue o} of
Dy is linear in . This can be achieved by considering that
the initial magnetic field lies in the (x1,x,) plane, i.e., By =
Boie; + Bgye,. The case where the initial magnetic field is
vertical (i.e., By = Byzes) is examined in Sec. IV.

Therefore, the expression of the four frequencies

becomes
w13 =Ny, 0y =Fp /1402, 37

in which the coefficient
Ny = N3_1K (Bo1 cos ¢ + By sin @) (38)

is assumed to be positive or zero, without loss of
generality.

As in the case of the elliptic instability [18,19], the
destabilization of Floquet modes is a result of a special type
of resonance between them (including resonances between
their frequencies and the basic frequency, i.e., the buoyancy
frequency for the problem considered here). For ¢ =0,
i.e., when the magnetogravity waves are not sheared, these
resonances are defined by w;, —w; =n, with n € N and
i,j =1,2,3,4. As shown in Appendix A [see Eqs. (Al7)
and (A8)], at leading order in ¢, instability associated with
the parametric resonances can occur when w; —w; = %1
(i #j=1,2,3,4). This is a consequence of the fact that
the time-dependent elements of the matrix D, involved in
the expansion of the matrix D in a Taylor series around
e =0,

D(z,e,10,1m9) = Do(u,ny) + eDe(T,10,09) + - - -,

behave as exp & (1Nst) [see Eq. (A8)]. Also, in the case
of precessing sheared flow, instability associated with the
parametric resonances can occur when w; — w; = =1 since
the time-dependent elements of D, behave as exp £ (12t),
where 2 is the solid body rotation rate (see Refs. [39,40]).
In comparison, in the case of elliptical streamline flows,
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instability associated with the parametric resonances can occur
when w; —w; = &2 since the elements of D, behave as
exp £ (1292t) (see Refs. [14,18,19]).

Because the interchange ¢ — ¢ + 7 and 0 — 7w — 6 leads
to the same set of frequencies {w,w;,ws3,w4}, we may assume
without loss of generality that) < ¢ < mand0 < 6 < %, and
hence we only need to consider the following three resonant
cases:

o) — w3 =2n,u =1,

wy — w3 = (g + /1 +n2)u=1, (39)
wy — w4 =2,/ 1+ 15 =

For each one of the above three cases we infer instability
if Rea # 0, where o represents the roots of the following
equation:

) - . 2m1
o — Jii+J_/_i+7V(wi+wj) o

7 2m1vw 7
Ji + = Jij

¥ 7 2rive;
Jji Jji+

+ =0. (40)

where the elements J;; are defined by Eq. (A15). The
coefficient v characterizes the width of the unstable region
at order O(e). In other words, the region in the (u,e) plane
where instability occurs is typically a wedge with the apex
at the point (u,e) = (40,0) and boundaries u = @y + vie,
where the slopes v+ and v_ are to be found (see Fig. 1).

E. Case with », — w4 = 1: Hydrodynamic modes

When there is no magnetic field, so that 1, =0, both
frequencies w; 3 become zero, while the other two frequen-
cies reduce to wy, = —w4 = W, characterizing purely gravity
modes. They are modified by the presence of the magnetic

field, ) = —wy = p, /1 + né. Then, the fact that w, — w4 =

1

1 implies w, = —w4 = 7 and hence

1
=
2, /1+mn2

Therefore, p decreases as |n,| increases, u = 0.5 for n, =0,
in agreement with the numerical results given in Ref. [30], and
u — 0as [ny| — oo.

Recall that the stability of the case without a magnetic field
has been addressed in Salhi and Cambon [30], who determined
numerically the boundaries of the unstable bands considering
disturbances with K, = 0 [i.e., the initial wave vector lies in
the (x,x3) plane]. The following asymptotic analysis clearly
shows that both the width and the maximal growth rate of the
instability bands depend on the orientation of the initial wave
vector.

The determination of o described by Eq. (40) needs the
expression of Jay, Jus, Jos, and Jy, that is given in Appendix 4

(41)
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FIG. 1. (Color online) Hydrodynamic mode. The boundaries of the instability band in the (u,e) plane. The instability band emanates
from the point [u = 1/2v/1 + nf,),O]. Top left panel: Pure hydrodynamic mode (¢ = /2 and n, = 0). Bottom left panel: The effect of a
radial magnetic field with ¢ = 7/2 and n, = Ny 'K By, sin @ = 0.50 on the hydrodynamic mode. The analytical results given by Eq. (45) are
represented by lines, while the numerical ones are represented by symbols. The right panels depict the numerical results giving, for fixed e, the

variation of the A + ¢ vs u, where A = Re(w) is the growth rate.

[see Egs. (A28) and (A29)],

N 1—n?):
—Jyg = =211 (sing) ﬂ
/[1+n2
2
. (1 — p?)sin® @ (1 —2u?)
Judp = — 7] 24—
[1+n2

with Jo4 = —Ju. The substitution of these forms into Eq. (40)
yields

j22

. (42)

2

), _ w1 —p?sin g e p(l —2p?)

4/’1’2 /1+n5)
2,3 ?
.
. le—i—nf,—ﬂsin(p . 43)
/1472

This has a maximum instability increment when
(1—p):
V= —

(1)

and hence the substitution of the form (41) into the first term
on the right-hand side of (43) leads to

3
A, (R 33 (1+302)2
_=( eOl)maxz \/_( 3’7(0) sin<p. (44)
&

27 16 (1+ né)z

sin ¢,

In the pure hydrodynamic limit, so that n, = 0, this reduces
to A,/e = (3+/3/16)sing, and for a given sing # 0, it
decreases as n,, increases, approaching zero as n, — oo.

The instability associated with the hydrodynamic modes
has a bandwidth (v —v_)e that is, for given & and n,,
the length of the w interval for which the unperturbed
configuration is unstable (see Lebovitz and Zweibel [18]).
Here, vy are the roots of the algebraic equation Rea = 0.
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From Eq. (43), one derives the expression of v,

3
9v3 (1+3n2)
vy =3v_ = iﬂ sin ¢, (45)

0 (1)

Therefore, in the (u,e) plane, the hydrodynamic instabil-
ity band is not symmetrical with respect to the axis ¢ =
1/2v1 +né). For a given sing # 0, the width of this
instability band,

3
33 (1+3m)°
=Wy —v)e= fs( 3%)5

8 (1+m2)

sin ¢,

decreases as 1, increases, §/& = 3\/3/8 at n, =0 (i.e., the
pure hydrodynamic limit) and §/¢ — 0 as n, — o0.

Figure 1 shows the boundaries of the hydrodynamic sub-
harmonic instability band in the (u,¢) plane for ¢ = 7 /2. Both
cases without a magnetic field (i.e., , = 0) and cases with a
radial magnetic field (i.e., n, = N3_1KB()2 singp = 0.5) have
been considered. The numerical results reported in the figure
were obtained by solving numerically the Floquet system
(30) over one period 0 < 7 < 27 (using the fourth-order
Runge-Kutta method) to compute M(27) and to determine
its eigenvalues (using the factorization for generalized eigen-
values, QZ, method) A; (i = 1,2,3,4), and hence the growth
rate A;,

1
A; = —log(A;)
2

(i =1,2,3,4).

As can be expected, for sufficiently small values of the
parameter &, there is an expected agreement, while for the
large values of ¢ the asymptotic formula is less accurate in
reproducing the numerical results (the relative error does not
exceed 8%).

Under the same conditions as Fig. 1, Fig. 2 shows the
numerical results giving the variation of A, /e vs €. As can
be seen, A, /e decreases as ¢ increases, but the decrease
is more significant in the case without a magnetic field
than in the case with the radial magnetic field. In the limit
& — 07T, the asymptotic formula [Eq. (44)] reproduces well the
numerical results: A, /e ~ 0.3248 for ¢ = 7 /2 and n, =0,
and A, /¢ = 0.32 for ¢ = /2 and n, = 0.50.

When the initial wave vector K lies in the (x,x3) plane, so
that sing = 0, Egs. (44) and (45) indicate that both A, /e
and & are zero. This signifies that, when ¢ = 0, there is
no instability at the order O(e) emanating from the point
[u=1/2v1+ 173,),0]. However, computations performed
for ¢ =0 and an azimuthal magnetic field with strength
Ne = Ny 'K By cos ¢ = 0.5 indicate that there exists a region
of instability emanating from pu =1/2v1+ 773) ~ 0.4472
(see Fig. 3). This instability is of width O (¢") with n > 2.

On the other hand, we note that, according to the present
asymptotic analysis, there is no instability of order O(¢)
associated with the resonance w, — w4 = 2. Indeed, in that
case, both Jo4 and Jy, are zero (see Appendix 4), while J>, and
Jus are given by Eq. (42). Accordingly, the quadratic equation
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FIG. 2. Numerical results giving the variation of A,, /¢ vs ¢ for the
instability associated with the hydrodynamic mode (Hyd.) or mixed
mode (Mix.). ZMF: Zero magnetic field. RMF or AMF: Radial or
azimuthal magnetic field. In the limit ¢ — 0%, the numerical results
agree with the asymptotic results [see Eqs. (44) and (51)] that are
represented by horizontal segments (at A, /¢ &~ 0.3248,0.32,0.2067,
0.1461).

(40) reduces to

1—u?)3
o’ = —4x? v/ 1T+ — lsimp , (46)
/1472

indicating that there is no instability [at the order O(¢)]
associated with the resonance w, — w4 = 2.

F. Case with w; — w3 = 1: Mixed modes
Without a magnetic field, so that n, = 0, the frequency
wy = puvV1+ 775) reduces to w; = u, while the frequency
w3 = —un, vanishes. Therefore these modes consist of a
hydrodynamic mode and a purely magnetic mode. When
wy — w3 = 1, the third relation in Eq. (39) implies that

1 ——
[1+n2 + 1y

Therefore u changes from 1 at n, = 0to 0 as n, — oo.

The evaluation of the elements Jy, J33, Jo3 and J3; is
reported in Appendix [see Eqgs. (A27), (A28), (A36), and
(A37)]. The result is

- 1 —n?):
Jn = —2m1 (sing) l,
[1+12
Jo3 = =Ty, (48)

. _nucoszgo

/1472
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FIG. 3. (Color online) Mixed mode. The boundaries of the instability band in the (i,€) plane. For n, = 0.5, the instability emanates from
the point (u = +/1 + né — 1y 7 0.62,0). Top left panel: Case of an azimuthal magnetic field with ¢ =0 and 5, = N;lKBO] cos ¢ = 0.5.
Bottom left panel: Case of a radial magnetic field with ¢ = 7 /4 and n, = N5 'K By, sing = 0.5. The analytical results given by Eq. (52) are
represented by lines while the numerical results are represented by symbols. The right panels show the numerical results giving, for fixed e,
the variation of the A + ¢ vs . The instability regions emanating from the point (1 = 0.447,0) are associated with the hydrodynamic mode.
The one appearing in the bottom right panel is of order O(g), while the one appearing in the top right panel is of order O(s?) and it cannot be

captured by the present asymptotic analysis.

while J33 = 0, as indicated previously. Substituting the above
forms into Eq. (40) and remarking that

L= =2, p* —4n, 1402 =p"2

we find
o =1m(uy — v, £ VD, (49)
where
2 2
D = 72 L“’S;”_Mfz(\,_vm)z ,
1+ UM
(50)
pw(l —p?? |
VUp = sin ¢
1+ 173)

Therefore, instability prevails if and only if D > 0.In that case,
the instability can indeed occur and has its maximal growth
rate when v = v,,. Then

A Rea)y W11 —10)lp

> = [cosp|. (51)
T 2(1+n2)

m
&

e

The variation of A,, vs n, is maximal A, /e =0.2071 at
ne = 0.4551. For this reason, the value n, = 0.5 has been
chosen for the illustration of both the analytical and numerical
results. At the limit ¢ — 0%, the numerical results for A,, /¢
agree well with the asymptotic formula (51) characterizing the
maximal growth rate for the subharmonic instability associated
with the mixed modes (see Fig. 2).

The upper and lower edges of the band of subharmonic
instability associated with the mixed modes are expressed by
the formula 4 = po & vie, where vy may be determined from
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Eq. (50) by requiring D to vanish (a consequence of the fact
that Reo = 0). We find

(1 — )2

Vg = | ——————
2

/1+nw

and hence the bandwidth is

5 Y1+ =)  m
—:\}+—\)7: T
¢ (1402 +ny) (1+n2)*

For fixed cos¢ # 0, both A,, /e and §/¢ are zero at n, =0,
increase for0 < n, < (1,)m,reach the maximal value at (1),
and decrease for (1,), < 7,, approaching zero as 1, — o0.
Here, (n,), A~ 0.455 when considering the variation of A, /e
vs 1, and (1,), A 0.243 when considering the variation of
8/€ vs 1.

Figure 3 shows the boundaries of the subharmonic insta-
bility band associated with the mixed mode in the (¢, ) plane
for an azimuthal magnetic field with ¢ =0 and n, = 0.5,
and a radial magnetic field with ¢ = /4 and n, = 0.5.
As can be seen, there is an expected agreement between
the asymptotic formula [see Eq. (52)] and the numerical
results.

Finally, we now show that there is no instability associated
with the resonant case with w; — w3 = 2un, = 1,sothat u =
o = 1/(2n,). This resonant case characterizes the purely
magnetic modes since they vanish when there is no a magnetic
field. Because J;; = Ji3 = J33 = 0 [see Eqs. (A27) and (A40)
in Appendix 4], the quadratic equation (40) reduces to

2
sing | £ |:1M—n‘pc
(

rcose |, (52)
+ng)* }

| cos @].

o = —4n2v2ni,
signifying that Reo = 0, and hence there is no instability
associated with this resonance.

IV. SIMILARITIES BETWEEN MAGNETOGRAVITY AND
GRAVITY-CORIOLIS WAVES

In this section, we attempt to point out similarities be-
tween the response of the magnetogravity waves and the
gravity-Coriolis waves to a vertical periodic shear considering
axisymmetric disturbances (i.e., those corresponding to an
infinite wavelength in the azimuthal direction, k; = 0, or
equivalently, the m = 0 mode). Both the magnetic field and
the Coriolis force are vertical.

A. Hill’s equation
1. Magnetogravity waves

As indicated at the end of Sec. II B, when k; = 0, the
time evolution of the coefficients i; and 131 is described by
the autonomous differential system (22) for which there is
no instability. Because, at k; = 0, the solenoidal condition
implies

ko ko
(1) = _ECI(T)a cy(T) = —Ecz(f),

PHYSICAL REVIEW E 88, 063016 (2013)

provided k3 # 0, the system (30) reduces to a two-dimensional

one,
. koks 2 k2 koks
¢ = (26— 2 sint e+ |0 + 2 87 sint | c3,
(53)
¢ = —cy,
where k% = k%(l’) + k32 and
me = Nj ' Bosks (54)

or Ny = Ny ! (B K> + Bosks) if one considers arbitrary ori-
entation of the magnetic field. From system (53), we deduce
the following second-order differential equation,

. koks . kK kaks
3 — 28751nr 3+ +——£—cosr c3 =0,

k2 k2
(55)
and by setting ¥ = [k(t)/K]c3(t), we transform it as follows:
k2 kg‘
I/f+|: ﬁ—e Psm r]l/f:O, (56)
V(r)

The latter equation has the form of a Hill equation (see
Ref. [41]) since the potential V (7) is periodic.

2. Gravity-Coriolis waves

The stability problem of the gravity-Coriolis shear waves
is obtained by setting 1, = 0 (i.e., there is no magnetic field)
in system (20),

. kik kiks K3+ K3
i = Ry ;{3A1+|:28—sm + Ry (64 K) 3)}22

©2
kiks A
_ ?9’
5 (kT +Kk3) . 2k3 i kika ]
uz——RO] 2 1 |:2 Fsm —R017:| 2
koks A
—=5 0
kok k2 kik
i3 Rgl%ﬁl [( )(ssmr)+R ! ;23}@
(kI +K3)
e
0 = —(ecost) iy — fis, 67

with k;ii; = 0. As indicated at the beginning of Sec. 1V,
we consider axisymmetric disturbances (i.e., k; = 0), so that
kotiy + katis = 0. Accordingly, system (57) reduces to

= R_]ﬁz,
2 2k kaks A
iy = —Ry lk_; — (2esinT) —3A2 — ]2{239,
2 k
6= — [(e oS T) — —2} iy (58)
k3
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In view of Eq. (32),

kqu kk
—(2¢sin ‘L') = 2@’
we set
k? A
= Fuz, C3 = 0.
Then the latter differential system can be rewritten as
K2
0 k2 2
| k3 ksk
- R 3K2
K? K2
(K — k3) K?
= 72
from which one easily deduce the following constant of
motion,

co=1i;, =

=Ry
€3, (59)

3 =

o 2 s — (K — eko) L (60)
— = —kscz — — ek3) ¢ = const.
N TN 3C3 2 3)C
The latter relation is a consequence of the fact that the potential
vorticity

= (VO)-(V x u+29)

is a Lagrangian invariant for a nondiffusive fluid (see
Ref. [42]). As in Sec. II, without loss of generality from
the point of view of a stability analysis, we take my = 0.
Accordingly, we deduce from system (59) the following
second-order differential equation for c3,

( koks ) .
2e———sinT ) ¢3
k2

k k2 kok
+<R02k_; k_é— %cosr)qu, (61)

where Ry is the Rossby number

N3
Ry=—. 62
=55 (62)
By setting 1, = Ro_l(k3/k) and Y = [k(1)/K]c3(7), Eq. (61)
can be transformed to the Hill equation (56).

3. Stratified accretion disks with vertical periodic shear

Zaqarashvili et al. [2] suggested that, in galactic disks, a
periodic shear along the rotational axis can be generated by
the spiral density waves propagating in these disks. In that
study, the response of the magnetoacoustic waves to a vertical
periodic shear has been addressed.

Here we briefly consider a vertically stratified nonmagne-
tized accretion disk under a vertical periodic shear and we
use the shearing sheet approximation (see, e.g., Refs. [23,34])
with a coordinate system that is standard for shear flow
that differs from the shearing box (SB) convention such that
Xy = xgsp (radial direction), x; = —ysp (azimuthal direction),
and x3 = z (vertical direction). It should be remarked that the
shearing sheet approximation contains most of the physics
that is relevant to phenomena occurring on scales of an order
smaller than the disk thickness [34]. In this coordinate system,
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the base flow takes the form

0 S 0
U = S'x, S: O 0 O )
0 eNzsint O

W=V xU+2R = (eN;sint,0,—S +2Q), (63)
© = (Njecos ) xs + Njx3,
where S and €2 are constants. The flow of Eq. (63) is an exact
solution of the Boussinesq-Euler equations.
Accordingly, we show that axisymmetric plane waves

(superimposed to the latter base flow) are also governed by
Eq. (56) provided

@k 2 _a00a-s). (64)

nk:ﬁ_@k

where w is the epicyclic frequency, and @ = 2 for a Keplerian
disk. The stability of the base flow (63) will be addressed in
more detail in a subsequent paper.

B. Mathieu’s equation

When the parameter ¢ is sufficiently small ¢ < 1, Eq. (56)
may be expressed, within a good approximation, by a truncated
power series in &,

k2(t) = K3 — 2eKk3 (1 — cos ) + O(e?),
k72(1) = K72[1 + 26K "2 Kks(1 — cos 7)] + O(g?).

If the terms of O(&2) are neglected, this reduces to Mathieu’s

equation,

. K2 K2k3

v+ | mp + 2 +2¢

KR T (k2R

(65)

The solutions of the Mathieu equation are generally bounded
except in the vicinity of resonances defined by

5(cost —1) [y =0.

K22 _ n?
(K3 +13) 4

oy = +

n=1,23,4,...), (66)
where the solutions are exponentially growing with a growth
rate of order ¢" (see, e.g., Ref. [43]).

For convenience, we introduce the polar coordinates
(v K22 + k?,z?) in the (x,x3) plane such that ¥ =
arctan(K3/k,), and we set

1

p=cost® =Ky (K;+k3) *,
(67)
= N;'KByz or ny=2QN;".
Then, for the vertical magnetic field or the vertical Coriolis
force, one has n; = n3(1 — u?), and hence Eq. (66) withn = 1
can be rewritten as

G- G+uw)=nd-wl+w. 68

Because the latter equation is invariant under the interchange
n — —u, weonly consider 0 < p < 1. Inthe (,¢) plane, the
point lying in the p axis from which emanates the subharmonic
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(n = 1) instability (if attainable) is characterized by
0 < (o) < 3,

with the maximal growth rate

Ay = ep(l — %)z, (69)

The function A,,(u) is maximal at yu = % and takes a zero
valueat u = 0. When & = 0, Eq. (68) reduces to 4r;(2) = 1. This
signifies that the subharmonic instability region is attainable

only if

k3 < &
when considering the magnetogravity shear waves orif Ry > 2
when considering the gravity-Coriolis shear waves. Here, L3
(k3L3 ~ 1) is a characteristic vertical length scale.
In the (u,¢) plane, the subharmonic instability (if attain-
able) emanates from the point (19,0) such that

J1—4n2
1 Mo 1)

N.
or equivalently Lz > 3 (70)
2By3

The substitution of the latter form into (69) allows us to express
A, as a function of 7y,

A _3V3(1-4m)° (72)

N )
Therefore, we may conclude that, when the strength of the
magnetic field k3 By (or the Coriolis parameter 2€2) exceeds
N3 /2, the subharmonic instability is inhibited.
On the other hand, we remark that when the initial magnetic
field is radial, so that

nk = Ny 'K2By, = (N5 ' Booy/ K3 +K3) 1,

Mo

(SIS

we deduce from Eq. (66) the point (g,0) of the (u,e) plane
from which emanates the subharmonic instability,
1 1
W= po =5 —F——,
2 J1em

with the maximal growth rate

An 33 (1+403)

e 16 (ea)
These expressions can also be recovered by setting ¢ = /2

in relations (41) and (44) obtained by the asymptotic method
of Lebovitz and Zweibell.

[SIDN

V. CONCLUDING REMARKS

In a nondiffusive unbounded (vertically) stratified fluid,
gravity waves propagate with frequency w, = N3K /K,
where K | is the horizontal wave number and N3 is the Brunt-
Vaisala frequency. When the fluid is a conductor and in the
presence of a uniform magnetic field, /oo xo Bo, there are slow
magnetogravity waves propagating with the Alfvén frequency

PHYSICAL REVIEW E 88, 063016 (2013)

w, = By-K, and fast magnetogravity waves propagating with
the Alfvén-Archimede frequency wq, = Vo2 + a)g. Because
the Boussinesq approximation filters out the high-frequency
acoustic waves, then w,, < ¢;K, where ¢, is the sound
speed. On the other hand, when o, < w,, one has w,, =
we[1 4 @} /(2w}) + - - - 1 ~ w,. This can occur at large scales
(i.e., K « 1), while at small scales (i.e., K > 1) one has
Wag R Wy.

We have performed a linear stability analysis in terms
of the base-flow-advected Fourier mode of the case where
these waves are excited by a time-periodic shear along the
vertical (x3) axis and varying linearly with the radial (x;)
coordinate, and having a frequency @y = N3 and amplitude ¢.
This idealized base flow serves as a local model to study the
angular moment transport in more complex flows arising in
astrophysical systems (galactic disks, solar atmosphere, etc.).

Owing to the fact that the magnetic induction potential is
a Lagrangian invariant, it has been shown that planes waves
are governed by a four-dimensional (MHD) Floquet system.
The method by Lebovitz and Zweibel [18] has been adopted
to analyze the stability of the Floquet system at the order
O(e). It has been shown that some modes can display a local
three-dimensional instability.

Without a magnetic field, the resonant modes of the gravity
waves that are candidates to generate a subharmonic instability
when the vertical periodic shear is present are the modes
for which w, = ws/2, or equivalently, u = K, /K =1/2.
The occurrence of subharmonic instability depends on the
orientation of the horizontal wave vector K | since the maximal
growth rate A,, is found to be A,,/e = (3+/3/16)|K2/K_|.
This implies that A,,/e is maximal for axisymmetric plane-
wave disturbances (i.e., K»/K; = £1) and vanishes for
the K, = 0 mode. Note that computations indicate that the
resonant mode ;. = 1/2 induces an instability even if K, = 0.
Such an instability is at the order O(¢") (n > 2) since it is
not captured by the present asymptotic analysis which is valid
at the order O(e). It should be instructive to mention here
that, in the case of unbounded flow with elliptical streamlines,
it is found that A,,/e = 9/16 in which ¢ is the departure of
streamlines of the unperturbed flow from axial symmetry (see
Ref. [13]), while for precessing sheared flows, it is found that
A /e = 5+/15/32 in which ¢ is the precessing parameter (see
Refs. [40,44,45]).

In the presence of a uniform horizontal magnetic field,
the resonant modes that can induce subharmonic instabilities
are the modes for which w,, = w¢/2 (i.e., hydrodynamic
modes) or (wqe + w,) = wy (i.e., mixed modes), while the
resonant modes for which w, = w/2 (i.e., magnetic modes)
do not induce any instability. The magnetic field exerts a
stabilizing effect by decreasing the values of the maximal
growth rate of the subharmonic instability associated with the
hydrodynamic modes [see Eq. (44)], as in magnetoelliptic
instability studies (see Refs. [18,19]). It is also found that
the subharmonic instability associated with the mixed modes
vanishes for axisymmetric disturbances (i.e., K»/K| = %1),
while the subharmonic instability associated with the hydro-
dynamic modes vanishes for K, = 0, as already indicated. For
& < 0.25, the asymptotic analysis results giving the bound-
aries of the subharmonic instability are in agreement with
computations.
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Due to the complexity of an analytical treatment of the
subharmonic instabilities that can arise in the magnetogravity-
Coriolis waves under the vertical time-periodic shear, we have
addressed separately the effect of a vertical magnetic field and
the effect of a vertical Coriolis force on the gravity shear waves
considering axisymmetric disturbances. It has been shown that,
for both cases, plane waves are governed by a Hill equation,
and, when ¢ is sufficiently small, the subharmonic instability
band is determined by a Mathieu equation. When the Coriolis
parameter 22 (or the magnetic strength ByK) exceeds half
of the vertical Brunt-Vaisala frequency, N3 the subharmonic
instability vanishes.

APPENDIX: LEBOVITZ AND ZWEIBEL’S METHOD

Here we report the calculations leading to the quadratic
equation (40) from which one can characterize the stability
of the three subharmonic resonances: the hydrodynamic
modes (w; — w4 = 1), the mixed modes (w; — w3 = 1), and
the magnetic modes (w; — w3 = 1). These calculations are
similar to the asymptotic calculations (for ¢ <« 1) done by
Lebovitz and Zweibel [18] in their study of magnetoelliptic
instabilities (see also Refs. [19,39]). For the elliptical flow
case, ¢ represents the departure of the streamlines of the
basic flow from axial symmetry, as indicated previously. The
asymptotic analysis of the Floquet system (30) for sufficiently
small & proceeds in two steps: finding the Floquet multiplier
matrix M and calculating its eigenvalues. Let us also recall
that M = ®(2m,¢,10,7y,¢), Where ®(t,¢,10,1,,¢) is the
fundamental solution of the Floquet system (30), po and ¢
are defined by Eq. (36), while n, is given by Eq. (38). In the
following, both the parameters n,, and ¢ will be held fixed so,
to simplify the notation, we suppress the dependence of the
matrices on these two parameters.

1. Construction of the Floquet multiplier matrix M
at the first order of &

We expand M in a Taylor series around ¢ = 0 and u = wo,
for some wedge apex (i49,0) in the (u,€) plane,

M(e, ) = M(0, o) + eM,(0, o)
+ (10— o) M,(0,120) + O[?, (1 — 120)°],
(A1)

and we assume that

(&) = o +ev + 0(e?), (A2)

which signifies that the direction of propagation of a mode
also changes when it becomes unstable, but we are including
only the thickest wedges, whose thickness is of order ¢ in the
present analysis (see also Ref. [19]). Here,

0 0
M, = —M(0,u0), My = ——M(0, o).
de ol

Accordingly, Eq. (A1) is rewritten as

M(e, ;1) = Mg + eM; + O(e?), (A3)
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where

My = M(0,e0), M; = M, (0,10) + vM,,(0,110).  (A4)
The determination of the matrices My and M, requires the
expansion of the matrix D(7) of the Floquet system (30) in a

Taylor series around ¢ = 0 at fixed u,

D(z.e,p) = Do() + Do (T, ) + O(€?),  (A5)
where Dy does not depend on the dimensionless time t,
0 0 ,uzné —puy/1 — p2sing
0 0 0 2(1 2
D, = wrm) (a6
—1 0 0 0
0 -1 0 0

and its eigenvalues are of the form

013 =1w13 = F1UNy, 024 =14 =F1p,/1+ 0.

(AT)

We assume now p # 0 and n, # 0, and then the eigenvalues
are distinct and nonzero. Recall that the first two correspond
to magnetic modes since they are zero when n, = 0, while
the second two refer to hydrodynamic modes since they
reduce to the eigenvalues of the purely hydrodynamic case in
the limit 7, = 0. Regarding the matrix D,, which represents
the derivative of the matrix D with respect to the parameter ¢,
one can easily work it out from Eq. (31). We find that nonzero
elements are of the form

(Do) = —1py/1 — (12(sin @)[exp(i7) — exp(i7)].
(De)i3 = —%uﬁ(sm O)exp(i) + exp(7)],
(De)1g = (11* = 1A — p?)[exp(i7) + expit) — 2],
(De)yy = —12(1 = 2u?)[exp(t) — exp(i )], (A8)
(De)y; = %Mz[eXp(n) +exp(i7)],

(Do) = (1 — )3 (sin @)[exp(t ) + exp(i) — 21,

(D) = —%[exp(zr) — exp(iT)].

From the matrices Dy and D, we may now construct the
matrices My and M, needed in Eq. (A4). Indeed, for fixed ©
in [0,27] and p, we expand the fundamental matrix ® around
e=0,

(1,8,) = Po(t, 1) + £@1(T,1) + O(e?), ®1(0,n) =0,
and we substitute the latter form into Eq. (30), or equivalently,
@ = D-®, we obtain the following system:

by = Dy Dy,
. (A9)
& =Dy d; + D, D.
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The integration of the first relation yields

Do(7,u) = exp(tDo), Mo() = exp(2Dy), (A10)

and hence the use of the variation of constants formula allows
us to determine the solution for @,

M, (1) = ©12m,u) = Mo(u)J (1),
(A1)

2
Yo = [ 05" D50 @0t s,
0

We next proceed to simplify this expression by working in
the base, diagonalizing the matrix Dy since the characteristic
polynomial of the Floquet multiplier matrix M is the same in
any coordinate system.

|
py/ 1 — p2(sin )
2
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2. Calculations in the base diagonalizing D,

Because the eigenvalues {o,} (£ = 1,2,3,4) of the matrix
D, are all distinct [provided n, # 0 and u # 0, see Eq. (A7)],
the eigenvectors are linearly independent and the matrix T(u)
formed from their columns diagonalizes Dy,

Dy = T'DyT = diag (0,02,03,04)

= (p) diag(ng, /14 n2,—ny.—/1+n2),  (A12)

where the columns of T are the eigenvectors of Dy expressed
in the old base, i.e.,

LN, —tpun, a1 — A (sing)
0 % 0 —u?
T= 1 l 1= (sin @) B ., S T—2(sin ) (A13)
0 lw 0 i
and
o _t(singa)«/lfu2 _1 _(sinw)4/17M2
Wiy w2n, ©
1 / 2
TR “ie 0 o (Al4)
- 2 i 1(sin )/ 1—pu? -1 _(singo)«/l—u2
Wiy w21, ©
0 s 0 2 /1412
w? 12
[
Therefore, in place of Eq. (A11) we now obtain To complete the calculation of the matrix M,
M. (1) = &2, 1) = Mo()J (), M, = M, +vM,, = Mo-J + vM,,,
(A15)

2
ﬁm=/’é$mmmmm%mmw,
0

where the tilde (~) indicates that the matrix is expressed in
the base diagonalizing Dy. Because the eigenvalues {o,} are
distinct, the matrices &y = exp(zD) and M, = exp(27 D) are
diagonal,

@ = diag[exp(0,7), exp(0,T), exp(037), exp(o47)],
N 16)
M() = dlag ()\1,)\2,)%7)\4) s

where

A = exp(2moy) = expRmiwe) (£ = 1,2,3,4).

Therefore, the expression of the matrix J in Eq. (A15) becomes

2w
jij = Ti;lTnj/ et(w_i*wi)r(DE)mn(t)dr ) (A17)
0

(i)
Hyp

In Appendix 4 we calculate the elements of J which we need for
the stability analysis of the three resonant cases: hydrodynamic
modes, mixed modes, and magnetic modes.

we need only the derivative of M, with respect to s,

N 0 ~ . oA
M, = —My(n) = diag [ ——
ou o

)
diag (271)%&) (£ =1,2,3,4),
ou

since A, = exp(2moy) as indicated previously.

When the initial magnetic field is horizontal, each eigen-
value o, of the matrix Dy is linear in u [see Eq. (37)], so
that

30’@ Oy

I

b
and hence

M,,(0,110) = 27 diag <%)\,[> ) (A18)
It should be noted that, when the initial magnetic field has
a nonzero vertical component, the asymptotic calculations
for three-dimensional disturbances become complicated. For
this purpose, the stability analysis of the case of a vertical
initial magnetic field has been performed considering only
axisymmetric disturbances (see Sec. IV).
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Finally, from Eqs. (A16)-(A18) we deduce the expression
of the maxtrix M,
Ml = M()j + VMH,
(A19)

N ~ 2mv
(My);; = [exp(2mo;)] |:Jij + <70"i> 8ij:| .

For the derivation of the quadratic equation (40) which allows
us to analyze the stability of three resonant cases, we further
analyze the characteristic polynomial of the matrix M.

3. Characteristic polynomial

The aim of this section is to analyze the characteristic poly-
nomial of the matrix M leading to the quadratic equation (40)
for the first-order correction to the growth rate. Because the
calculation is the same as in Lebovitz and Zweibel [18] (see
also Refs. [19,39]), we will briefly report the necessary steps
allowing us to derive Eq. (40).

We denote by p(e,1) = |M — Al the characteristic of the
Floquet multiplier matrix M and by A, (£ = 1,2,3,4) its roots.
We expand p(e,A) in a perturbative series around ¢ to second
orderin g,

p(e,)) = po(h) + epi(A) + &2 pr(A) + O(e%),  (A20)

where po(A) = l'[?=1 A — 2= H;‘zl [exp(27rai) — )»] is the
characteristic polynomial of M,

pi(A) = |:i |1\7I — AI|:| and
de e—0

dz .
MN=|— M-I
p2( ) |:d‘92 } |i|a—0
The condition for destabilization is that there be double
(or higher) roots of p(e,A). For instance, we restrict the
consideration to the case of double roots. Then the Puiseux
expansion takes the form (see Hille [46])

Ay =2+ ety +efy + Oed), (A21)

where, for definiteness, we have assumed A; = A,. Because
p(A1) =0, the coefficient By, is zero [see Eq. (Al19) in
Ref. [18],
A

= _217/1/( 1) _
2 Po(A1)
where ' denotes the derivative with respect to A, while the
coefficient §; is found by solving the quadratic equation [see
Eq. (32) and Appendix A 3 in Ref. [18]),

’

aBi + arpi + a2 =0, (A22)
with
1
ap = 5196/()»1) =R —AD(Aa — Ay),
a; = pi(k1) = —[(M)11 + (M)x]ao, (A23)
M Mg
= o) = | . 5 ,
T ‘(MI)ZI (V)|
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By setting @ = 81/11, Eq. (A21) can be rewritten as

Ay 3
™ =14¢ea+ O(e2),
‘ 1 (A24)
= —/[a; +,/a? -4 ,
o 2a0 [a1 a; aoaz]
or equivalently,
) o - 271
o —\Jn+Jn+ 71)(601 +w) |«
jll + 2rivw; j12
. - v | = 05 (A25)
i I + T2

where Eqgs. (A19) and (A23) have been used. Consequently,
at the first order of ¢, there is instability if Re o # 0. For the
cases where Ay = A3, A| = Ay, and A3 = Ay, the coefficients
ag, a1, and a, are calculated in a similar manner, and hence
one obtains Eq. (40).

4. Calculating some elements of J

The aim of this section is to calculate the elements of the
matrix J which we need for the analysis of the quadratic
equation (40) in each one of the three resonant cases: w, —
w4 = 1 (hydrodynamic modes), w; — w3 = 1 (mixed modes),
and w; — w3 = 1 (magnetic modes). For the sake of clarity,
we report here the expression of J given by Eq. (A17),

2
Jij = TﬁlTﬂ/‘/ "IN (D ) ()T .
0

im

Hy!)
We now proceed to calculate the diagonal elements J, jj- For
these elements the exponential factors in the integrand reduce
to unity, and hence H,ﬁ/,{ ) = 02”(D5)m,,d 7. Moreover, with the
aid of Eq. (A8) giving the expression of the elements (D,);;,
we deduce that only the elements H l(ij ) and Hz(ij ) are nonzero,

HY = —@u? - D - p?), H) = —u> — 1)*sing,
so that

T = (T HY + T35 HY ) Iy, (A26)
By using for the elements 7;; and le_l the expression given
above in Egs. (A13) and (A14), we find

Ju=J3=0 (A27)

and
(1-p):

1+ n2

Before proceeding to evaluate the off-diagonal elements
of J, let us recall that the destabilization of the Floquet
system (30) occurs through a resonance between at least two
eigenvalues of the matrix M, and as in Refs. [18,19,39],
only the case of double multiplicity of the eigenvalues is
considered here. Because the eigenvalues of the matrix My are
of the form X, = exp(2moy), £ = 1,2,3,4, resonance occurs
for 0; — 0; = 1(w; — w;) = 1n, where n is a nonzero integer.

Juy = —Jop = 2mi(sin @) (A28)
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It is clear from Eqs. (A8) and (A17) that for the resonant
cases with w; —w; = £2,43,£4, ..., all the off-diagonal
elements of J are zero. In comparison, the resonant cases with
w; — w; = %1 contribute off-diagonal terms to leading order
ine.

For the case with w; — w4 = 1 (hydrodynamic modes) we
need Jo4 and Juy,

Ju = Ty (Hy1 " Ta + Hy3" T+ Hy)VTa) + T3y H VT,
Joo = T (HyPTia + Hyy Ty + Hy ' Tao) + Ty Hi3 T,

(A29)
since 7,,' = T,;' = 0, where
HSY = —HPP = —im(1 — 217,
H(24) — H(42) — nMZ,
23 23 (A30)

Hy? = Hy? = 2mu(l = W) sin ).
HEY = “H® = i,
With the aid of (A14) and (A13) giving the expression of T

and T~!, respectively, we obtain

1 — u? 1 —2u?
U 2 2Jr( ) sing

2 [1+n2
(A31)

For the resonant case with w, — w3 = 1 (mixed modes), we
need Jy3 and J3,,

Jn=—Ds=1

T3 = Ty (Hy Tis + Hy ') + Toy HiS'Tss, - (A32)
where
HyY = —im(1 = 2u),
Hy =7, (A33)
HE = -,
and
T = T35 (HS T + HY Ty + HS o)
+ T35 (HS Ty + HP Ty + HEV )
+ Ty Hy ' T, (A34)

PHYSICAL REVIEW E 88, 063016 (2013)

where

Hl(?z) =2iru(l — 2,uz) sin ¢,

HY = —mpy/1— i2sing,

HP = —m(1 — p)(1 — 2p7 sin’ ),

HS? =i (1 —242), (A35)
HE =i,

32 3.
H2(4 ) = 2 (1 — pu?)? sing,

HE = i

By the use of (A13) and (A14) and after lengthy calculations,
we find

~ g
Joy = Z(M + (1 =2u7) = 14 32) = =y,

(A36)

T

_TE
[1+n2

As for the resonant case w; — w3 = 1 (magnetic modes), we
show that the off-diagonal element J}3 is zero, so that Ji3J3; =
0, and hence it not necessary to determine J3;:

Jp = — cos’ . (A37)

Jiz = T (H{ ' Tis + H3 ' Tss)
+ TlEI(Hz(P)TlB + HZ(E) T33) + T121H£;3)T33, (A38)
where
H = —H{" = “2miinp)uy/1 - 12,
HYY = HEY = —x(sing)uy/1 — 2,
Hz(P) = _H2<4112) = —mi(l —2u?), (A39)
MY = 1 =
HE = P =~

Accordingly, the use of Egs. (A13) and (A14) allows us to
deduce that

Jiz =0. (A40)
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