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Instability in stratified accretion flows under primary and secondary perturbations
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We consider horizontal linear shear flow (shear rate denoted by A) under vertical uniform rotation (ambient
rotation rate denoted by €2) and vertical stratification (buoyancy frequency denoted by N) in unbounded domain.
We show that, under a primary vertical velocity perturbation and a radial density perturbation consisting of a
one-dimensional standing wave with frequency N and amplitude proportional to wy sin(e Nx/wy) ~ eNx( <K 1),
where x denotes the radial coordinate and ¢ a small parameter, a parametric instability can develop in the flow,
provided N? > 8Q((2€y — A). For astrophysical accretion flows and under the shearing sheet approximation,
this implies N? > 8Q2 (2 — ¢), where ¢ = A/ Qo is the local shear gradient. In the case of a stratified constant
angular momentum disk, ¢ = 2, there is a parametric instability with the maximal growth rate (g,,/¢) = 3+/3/16
for any positive value of the buoyancy frequency N. In contrast, for a stratified Keplerian disk, g = 1.5, the
parametric instability appears only for N > 22, with a maximal growth rate that depends on the ratio €2y/N and

approaches (3+/3/16)e for large values of N.
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I. INTRODUCTION

The combination of horizontal plane shear, rotation, and
vertical density stratification characterizes the dynamics of
several astrophysical flows (e.g., cold accretion disks [1]) and
geophysical flows (e.g., zonal geostrophic shear flows [2] and
interaction of internal gravity waves with horizontally oceanic
currents [3]). In the present paper, we consider stratified
unbounded horizontal linear shear flow (shear rate denoted
by A) in a frame rotating uniformly (ambient rotation rate
denoted by €2¢) about the vertical axis,

U=—Axe,, b=N2, Q= Qe, (1

where b is the basic buoyancy scalar related to the basic
density o as b = —(g/0o)(@ — 0o) and oo is a reference
density and g is the vertical gravity component. The vertical
Brunt-Viisilid frequency, N, such that N?> = (3b/dz), is
assumed to be constant. Here (x,y,z) denotes the Cartesian
coordinates system. We will show that the flow (1) can
develop parametric instability under primary and secondary
perturbations.

The simple flow (1) allows one to include the shearing
sheet (or box) approximation (e.g., see Ref. [4]) used by
many authors to study local instabilities in accretion disks
such as the magnetorotational instability (MRI [5], see also
the recent studies in Refs. [6,7]). For the accretion flows, the
shear rate A is related to the rotation rate as A = g2y, where
q is the local shear gradient and w = /2 (2 — q) 2 is the
epicyclic frequency. For a Keplerian disk ¢ =3/2, o = Q
and for a constant angular momentum disk ¢ =2, o = 0.
Otherwise, the rotation and shear rates can be independent as
for geophysical flows.

As noticed by Goodman [8], the shearing sheet approxima-
tion contains most of the physics that is relevant to phenomena
occurring on scales of order the disk thickness, H, or smaller.
The essence of this approximation is local in approach, that is,
the equations are valid in a small region (a Cartesian box) about
atypical point in the disk. In the shearing sheet approximation,
a steady flow consisting of a linear shear velocity profile in
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a frame rotating about the vertical axis solves the equations
and one can consider it as a basic flow and perturb around
it [9].

We consider that the Cartesian coordinates system (x,y,z) is
centered at a reference point Py = (rg,¢o,0) in the midplane of
the disk, rotating with the disk at angular velocity 2o = 2(r)
such that x = (r — ry) is in the radial direction, y = ro(¢ —
¢o) is in the azimuthal direction, and z = z is in the axial
direction. Thermally induced convection is included using the
Boussinesq approximation (see, e.g., Refs. [9-11]). In this
context, the equations for the perturbations around the base
flow (1) are referred to as the shearing sheet approximation
equations that can be written as follows in the inviscid limit
(e.g., see Ref. [10]),

(0 — Axdy)u+u-Vu = —Vp —2Qqe, x u + Aue, + be.,
(8 — Axd,)b +u-Vb = —N?w, )

with the incompressibility constraint, V.u = 0, where u =
ue, + ve, + we; is the velocity perturbation, b is the buoy-
ancy scalar perturbation, and p denotes the pressure pertur-
bation divided by the reference density gg. The third term
(Auey) in the right-hand side of the first equation in system (2)
characterizes the interaction between the perturbation velocity
and the background shear. It generates the energy production
term, [A(uv)], in the equation for the kinetic energy E. =
(1/2)(u* + v> + w?), where (-) denotes an average over space.
As for the term (—N2w) in the right-hand side of the second
equation in system (2), it characterizes the interaction between
the perturbation velocity and the background buoyancy scalar.
It generates the vertical buoyancy flux [—(wb)] in the equation
for the potential energy E, = (1/2)N ~2(b%). Because the
equation for E, involves the term [(wb)], the buoyancy flux
does not contribute to net energetics, but it is responsible for
energy exchange between the kinetic and the potential forms
(e.g., see Ref. [3]).

Linear stability analysis of system (2) under plane-wave
disturbances with time-dependent wave vector k(1) = (kjo +
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koAt ky,k3), where kg = (k19,k>,k3) is the initial wave vector
(at t = 0), has been addressed in several works (e.g., see
Ref. [12]). These advected plane-wave disturbances (e.g., see
Ref. [13]) are often called spatial Fourier harmonics (SFH)
[14] and sometimes Kelvin modes (e.g., from Ref. [15]). When
2901292 — A) > 0 and N? > 0, the solution is bounded
as Nt — oo. In fact, under axisymmetric disturbances (i.e.,
ky =0, so k is time independent) the solution exhibits an
oscillatory behavior with frequency w, such that [see also the
first equation in system (35)]

2 2
2 k3 2 kl() 2

o = w 3)
Pk, + k3 k3, + k3

On other words, there are rotating-sheared-gravity waves prop-
agating in the (x{,x3) plane with frequency w,. Under nonsym-
metric perturbations (i.e., k; # 0, so k is time-dependent) the
solutions of system (2) are asymptotically bounded converging
toward an oscillating wave state at frequency N (see Salhi
et al. [12]). In counterpart, the time evolution of total energy
(kinetic+potential) can exhibit important transient growth (see
Sec. IVC). This is a consequence of the non-normality of
the linear operators governing perturbation in these linear
shear flows (see, e.g., Ref. [16]). Energy transition growth
in linear shear flows has been proposed as a mechanism
that generates turbulence to support accretion process in
cold accretion disks (see, e.g., Refs. [12,17-19]). Note that
Mukhopadhyay [20] showed that three-dimensional secondary
perturbation to the primary perturbed (nonstratified) disk,
consisting of elliptical vortices, gives significantly large
hydrodynamic growth and then possible nonlinear feedback
and turbulence in accretion flows. Recently, Marcus et al.
[1], who studied the dynamics and formation of vortices in
flow (1), found that the vortices self-similarity (i.e., zombie
vortices) replicate to create lattices of turbulent vortices, which
suggests that they may have an important role in star and
planet formation. For geophysical flows, Bakas and Farrell
[3], who investigated the interaction of internal gravity waves
with (nonrotating) unbounded horizontal shear flow, found that
the two mechanisms that are, respectively, due to advection of
zonal velocity and to downgradient Reynolds stresses produce
large and robust amplification of zonal velocity and/or density
and vertical velocity, potentially leading to shear or convective
instability.

In the present paper, we show that, under axisymmetric
secondary disturbances, a parametric instability can occur in
flow (1). For instance, in the case of a stratified Keplerian
disk the parametric instability can occurs only for Ri =
Nz/(qzﬁ(z)) > 16/9. When Ri < 16/9, we briefly examine
the behavior of the spectral density of energy considering
asymmetric disturbances (k, # 0) in order to see whether
the primary perturbation enhances the transient growth.
The paper is organized as follows. Section II deals with the
mathematical formulation. For axisymmetric disturbances, the
stability problem, which is governed by a Floquet system,
is presented in Sec. III. Computations and some analytical
results are presented in Sec. IV. Transient growth of energy
for asymmetric disturbances is briefly addressed in Sec. IV.
Our concluding remarks are presented in Sec. V.
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II. PRIMARY AND SECONDARY PERTURBATIONS
A. Primary perturbation
We consider a primary perturbation that depends only on

the radial coordinate and on the time,

u=wx,te,, b=>bx,t), p=px,t). “4)

Substituting the above form into Eq. (2), which is reported
here for the sake of clarity,

(0r — Axdy)u +u-Vu = -0, p + 2Qqv,
(0 — Axdy)v +u-Vv = —0,p — 2Qou + Au,

5
(0; — Axdy))w +u-Vw = —9,p + b, )
(& — Axd,)b +u-Vb = —N*w,
we obtain
dqw=>b, 8b=—Nw,
5 5 (6)
Vp=0, 0 w(x,t)+ N-w(,t)=0.

An exact solution of the latter differential equations is of the
form
w(x,t) = h(x)sin(Nt),

b = Nh(x)cos(Nt), p =0,

where h(x) represents any function of the radial coordinate.
In a similar manner to the background velocity which varies
linearly with the radial coordinate, we consider a primary
perturbation for which h(x) varies linearly with the radial
coordinate:

u, =w(x,t)e, = eNxsin(Nt)e,,

) ™)
b, = b(w,x) = eN“x cos(Nt),
with p, = 0, where ¢ is a small parameter since
luyll _ NelsinNol _ Ne |
Ul A A
) ®)
byl  N=g|cos(Nt)|
b N

Also, the following form for which /(x) exhibits an oscillatory
behavior is an exact solution of Eq. (5)

. (&N .
u, =wosin | —x | sin(Nt)e,,
o ©)
. eN
b, = woN sin | —x ) cos(N't),
Wo
with p, = 0, where wy is a positive constant. The solution
(9) characterizes a standing wave that results from the
superposition of the two plane waves propagating along the
opposite (radial) directions +e,. When

wo
e — K 1,
xN

the solution (7) well approximates the solution (9). On other
words, the solution (7) can be seen as a local approximation
of a standing wave with frequency N and amplitude

. [eNx > (eNx/wy)®+D
o Sm( wo ) wog( G PSS

=¢eNx+....
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Recall that both the forms (7) and (9) are exact solutions of
the system in Eq. (6) [or Eq. (5)].

B. Secondary perturbation

In addition to the primary perturbation we consider further
perturbation (secondary one) (u’, p’,b’) such as

u=u +xNesinte,,
p=r, (10)
b="b +xN2’scost,

where T = Nt is a dimensionless time in which N has an
arbitrary positive value. Substituting the form (10) into system
(5) and using the following developments:

@-VYu = @'-V)u' + (xNesint)o.u' + (Nesint)u'e,,
(u-V)b = ' -V)b' + (xNe sint)d,b' + (N%ecos t)u’,

(11)
we obtain

DM/ ’ / / !

D—t-l—u-Vu = —0xpP +2QOU,

DU/ ’ ! / / !

Dr +u'-Vv' = —0,p" —2Qou’ + Au’',
Dw' (12)
Dy +u'-Vw' = —-9.p  — (Nesint)u' + b/,

Dy +u-Vb = — (Nzg cos r) u' — N>w/,

with the incompressibility constraint V-u' = 0. Here
D 4 / : / /
E(u b)) =10, — Axd, + (Nex sint)d;[(u',b").

As stressed in the Introduction, the main purpose of the present
study is to perform a linear stability analysis for the base flow
(1) under primary and secondary perturbations. Therefore,
we begin by linearizing the system (12), i.e., we neglect
the nonlinear terms (u'-V)u' and (u'-V)b'. Accordingly, the
resulting linearized system reads

Du'

Di = — xp’+2$20v’,
D /
D—U = —0,p —2Qou’ + Au',
) (13)
Dw ’ : I /
Dr = —d,p) — (Nesint)u' + b’
Db’ 2 ’ 2.7
Ds = —(N“ecost)u — N“w

with the incompressibility constraint V-u’ = 0. The system
(13) can be seen as the linearized system for a perturbation
superimposed to the basic flow (U + u,) = A-x, where

Aij = _A8i28j] + (NE sin T)8i36j1, (14)

and (b + by) = N?(z + xe cos 7). Note that the case where
there is no horizontal shear (i.e., A = 0) has been addressed
by Ref. [21].
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As will be shown later, the potential vorticity (PV)
@ =[VxU+u,+u)+2%]-[VD + b, + b,

which is a Lagrangian invariant for an inviscid and nondiffu-
sive fluid, is relevant for a stability analysis of system (13).
Therefore, we report here its linear part,

@' = (29 — A)d.b' — Nesintd,b' + N* (3,0 — d,u')
+ N?ecos T(dyw’ — 3,0). (15)

The background PV, @ = N2Q(2 — q), is positive for 0 <
g < 2 and vanishes for a constant angular momentum disk,
q=2.

C. Plane-wave disturbances

It is known that, an unbounded, uniformly rotating flow
supports a spectrum of inertial oscillations consisting of
traveling waves whose wave vectors rotate with the flow.
Viewed from the inertial frame, these modes may be written
as

W ,N~'p' N7y = (@, p,b)explik(r) - x].  (16)

a form of sufficient generality to describe oscillations upon any
flow with spatially uniform strain rates (e.g., see Refs. [13,22—
26]). These advected plane-wave disturbances (e.g., see
Ref. [13]) are often called spatial Fourier harmonics (SFH)
[14], as indicated in the Introduction. Substituting the form
(16) into (13), we have

it +i[(k + NT'AT-k)-x]a = —ipk — 2Qe. x @ + be.
+(gQpe, — esinte )i
b+ itk + N"'AT-k)-x1h = —(e cos )it — b, (17)

where # = du/dt is the derivative with respect to the
dimensionless time v = Nt, the exponent 7 denotes the
transpose, and Qf = Qy/N. The term proportional to x must
vanish since the above equations must be valid for any ||x].
This is ensured when (see, e.g., Ref. [13])

k=—-N""AT.k. (18)
Using the form of A;; given by Eq. (14), we obtain
ki(z) = kio + qQQikat — €k3(1 — cos 1),
ky = ko, (19)
k3 = k3,

where ko = (k1o,k2,k3) is the initial wave vector (at t =
0). Only the radial component of the wave vector is time
dependent, while the vertical and azimuthal components, k;
and k3, remain unaffected by shear. Hereafter, we denote by
ki = ~/k3 + k3, which is time independent, and by k = ||k||
the modulus of the wave vector k where

k =k "kik; = gk~ kyky — ek~ 'kiks sin . (20)

By using both the incompressibility constraint, k- = 0, and
Eq. (18), we derive from the first equation in system (17) the
expression of the pressure mode p,

—ik?p = [2(1 — q)Qks + 2(e sin T)k3 it — 25k 0 — k3b.
2n
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Substituting the latter relation into system (17), we obtain
. kiks |

sSin 'L') k_2 u

kiks A
b

0 k2
AV
ﬁ v
: X 5 . kaks |
D=1 (q—2)+2(1—q)k—2 +(2£smr)7 i

kiky o koks
—205— 570~ — b,

koks K2
=|:(2— )937—{-(8811’11’)( 1>:|ﬁ
Lk K2 -
—2Q5—~ 2 P+ (1—=]b

b=—(ecost)ii — W, (22)

Kk
12=|:2(1 @ QU2 4 (2e

120 (1 -

while the spectral counterpart of the linear part of PV given by
Eq. (15) takes the form

ft = —idr /N? = [Q5Q2 — @k3 — kpe sinT]b — kail

+ (k1o — eks + gQkat)D + (kpe cos T)D. (23)

Recall that PV is a Lagrangian invariant for an inviscid and
nondiffusive fluid, i.e., # = const.

III. FLOQUET SYSTEM FOR AXISYMMETRIC
DISTURBANCES

In this section, we consider axisymmetric disturbances,
i.e., those corresponding to a zero value for the azimuthal
wave number. In that case, the system (22) reduces to a
Floquet system. We will show that the stability of that Floquet
system is governed by the behavior of the trace of the Floquet
fundamental matrix solution g.

For axisymmetric disturbances (i.e., k; = 0), the wave
vector becomes time periodic,

ki(t) =kio—¢eks(1 —cost), k=0, k3z=ks,
with period 27. In the following, we consider that k3 # 0 since,
at k, = k3 = 0, the system (17) yields

~ ~

4=0, =10y, w=b, b+b=0,

indicating stability (i.e., the solution is bounded as T — ©0).
Therefore, at k; = 0 and k3 # 0, the system (17) reduces to

: kik k? kiks
it =2 (esinT) — 3A+2§20 35— %b,
0=1(¢-2) sz(,u, (24)
A (ko — ek3)
b= —0,
[
with ® = —(k;/k3)ii. Moreover, because the potential vortic-

ity counterpart 7 is time independent, it is more convenient
for the stability analysis to consider the differential system for
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the following three variables:

1 (k1o — €k3)
C1= —71 = (2 — Q + —97,
¢1 kon ( q) ko 0 N
k2 (ko — 8k3) b (22
¢ = " h, & =0,
) = k2 ko 3

instead of the differential system for (4,0,b), where ko =

\/kfo + k%. Therefore, the Floquet system for ¢ = (¢,¢2,¢3)
is equivalent to the following vector equation:

é =D-é, (26)
where the nonzero elements of the matrix D are
k3
Dy =295 k2’
Dy = _“)*Zk_éa (ko — 853)k1k3, @7
k ko
k3
D3 = %,
32 Tak?

in which * = w/N. Though not always analytically solvable,
the temporal behavior of ¢ may be characterized by using the
standard Floquet theory since the matrix D(7) is time periodic
with period 2. The general solution is a linear combination of
three modes exp(o; 7) fi () (i = 1,2,3), where f;(7) is periodic
with period 27 (see, e.g., Refs. [22,27]). The Floquet exponent
o; is determined by the requirement that exp(2wo;) is an
eigenvalue (or the Floquet multiplier) of the Floquet matrix
g(2m), where g(7) is the fundamental matrix solution of system
(20), i.e.,

g=D-g (28)

with g;;(0) = §;;. Its eigenvalues, say, A1, A5, and A3, are the
roots of the algebraic equation

—23 + (tr g) A* — T, + (det g) = 0, (29)

where the invariants (tr g) = g;; and (det g) are, respectively,
the trace and the determinant of the matrix g, and

Iy = g11822 + 811833 + £22833 — g12821 — 813831 — £23832-

Because (tr D) = 0, the determinant of g is unity, (det g) = 1.
This property provides a ready check on the accuracy of the
numerical procedure used to calculate g (see Sec. IIIB). In
addition, the fact that the potential vorticity counterpart is a
constant, i.e., ¢; = 0, implies that

gu=1 gn=g13=0,

and, hence,
det g = g2833 — 823832 =1,

O = (1 + g2+ 833) + (822833 —gngn— D =trg.
(30)

Accordingly, one easily deduces from (29) that one eigenvalue
is unity, say, A; = 1, and

1 1

2
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There is instability whenever
1
Reo; > 0, o0; = —logA;
2

withi =2ori = 3.

In the light of the latter analysis, we may conclude that one
can only consider the reduced Floquet system for the elements
822, 823, §32, and g3, i.e.,

& = Dxgsi, &3 = Dnga (32)
(i = 2,3), for which there is instability whenever | g2, + g33] >

2. Moreover, an alternative formulation of system (32) as a
single second-order equation yields

d _1dgsi
— (D' =22 ) = Dasgai,
dz ( 2 g ) 2383

or, equivalently,

d*> [k ? k% k? zkg‘ . k 0
pEs) (Egsz) + [ﬁﬁ + 2 fesm T:| <k—og3l> =0.

(33)
Since the coefficients are periodic in 7, this has the form of
a Hill’s equation (see Ref. [28]). As will be shown in the
next section, at sufficiently small e, some analytical results
can be found by applying perturbation techniques to the Hill’s

equation (33).

IV. RESULTS AND DISCUSSION

Computations were used to determine the time evolution
of (tr g) at t = 2. A fourth-order Runge-Kutta scheme with
time step 87 = 10~*7 has been used to perform the numerical
integration of the system (32) for ¢ = A/ = 2 (a constant
angular-momentum disk) and ¢ = 3/2 (a Keplerian disk) and
several values of the Richardson number, Ri = N2/ (qZSZ%).
Because, at sufficiently small ¢, there is an expected agreement
between the numerical results and analytical results obtained
by applying perturbation techniques (see [29]) to the Hill’s
equation (33), we first present these analytical results.

A. Some analytical results
1. The resonant points of the ¢ = 0 axis

We seek an expansion for the solution W(t) = (k/ky)g3; of
(33) and also for the coefficients that depend on ¢ in power
series of ¢ in the form

K3 kiok
k(r) =13 |:420 —2¢ 1023 (1 —cosr)+...:|,
ko kg
-2 - kioks
(t)=ky*|1+2¢ 2 (I—cost)+... |, (34)
0
k(t)
V(r) = k—g3i(f) =WY(r)+e¥i(D)+....
0

In the following, we limit ourselves to O(g). Accordingly,
substituting (34) into (33) and equating coefficients of equal
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powers of ¢, we have

a>v
o A0 =0,
T
o (35)
F*; + 4607,2‘1"1 = —2Bp(cos(2t*) — 1)Wy,
where % = 1/2,
kok3
o =422 (1 — ), (36)
kO

wh =w,/N and o*=w/N. Recall that o) = (0’3 +
N%k})/k? is the frequency of the rotating-sheared-gravity
waves propagating in the (x;,x3) plane (see Sec. I), and w
is the epicyclic frequency. The solution of the first equation
in (35) is of the form Wy(t*) = ag cos(2a);‘,r* + ¢o), where ag
and ¢ are constants. Disregarding the homogeneous solution
of the second equation in (35), the solution W (z*) is found as
ao By cos[2(wy, + DT + ¢yl

W, =
4 (1+2w3)
aofBo cos[2(a); — D1t* 4+ ¢l 37)
4 (1 —2w)

Due to the presence of small divisor terms, the above expansion
breaks down when

k2K : 1
* *2 V3 10
- RER Oy 38
wl’|a:0 |:a) k(% kg i| 2 ( )

and, hence,

k1o 1 |:qu1+851— 16

—0 = COS = —_— = —
Hie=0 Tk T 2| Rit2q—4

where 0 < o < since Eq. (33) is invariant under the
interchange o — a + . In the (e,a = cos™! 1) plane, the
points of the ¢ = 0 axis from which emanate the unstable
regions, if reachable, are characterized by Eq. (39).

} (39)

2. The curves separating the stable and unstable regions

To characterize the transition curves between stable and
unstable regions we expand 4wj§2 around unity in powers of
& (called the method of strained parameters, see Eq. [29]) in
addition to the expansions given by Eq. (34),

4l =148 +.... (40)
Substituting Eqgs. (34) and (40) into the Eq. (33) gives
P | g —o
s 0o=20,
>y, y
— + \1’1 = —5111/0 — Zﬂo[COS(Z‘L’ )— 1]\110. (4])
d.[*Z

The general solution of the first equation in (41) is
Wy =a;cost* +apsint®, (42)

where a; and a, are constants. Substituting the latter solution
into the second equation in (41), we obtain
d*v, . .
-y + W =a; (Bo—81)cost™ +ay 3By — 81)sint

—Bolay cos(3t™) + ap sin(31)]. (43)
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Eliminating the terms that produce secular terms in W
demands that §; = Bp and a = 0 or 6; = 3By and a; = 0. It
follows that the equations characterizing the transition curves
are of the form

40):‘)2 =1+4e¢eBy or 4a);;2 =14 3¢pyp. (44)

Therefore, in the (g, = cos™! 1) plane, the transition curves
at O(e) are characterized by the following algebraic equations:

Ri + 8¢ — 16
42 —den(l — w2y — |4 Tea — 0
W deud =) ¢°Ri+2q — 4

¢°Ri+8q — 16
g*Ri+2g — 4

)

(45)

)

4 — ep(l — p?)? — [

for sufficiently small ¢. For a given value of the triplet (¢,Ri,¢)
we resolve the algebraic equation (45) by using the Newton’s
method and determine the p value.

3. The maximal growth rate of the instability

To determine the maximal growth rate of the instabilities
we use the normal or Floquet forms of the solutions (i.e., the
Whittaker’s method, see Ref. [29]), and put

V(") = exp(y ) f (), (46)

where f(t* 4+ m) = f(t*) according to Floquet theory, as
indicated at the beginning of Sec. IIIA. Recall that 7* = 7/2.
Near the transition curves the exponent y is small, and, hence,
we seek an expansion in the form

f*e)= fo@® +efiz™) + ...
4t =1+68 + ... 47)
y=&y1+...,

in addition to the two first expansions in Eq. (34). Substituting
the form (47) and the two first equations in (34) into the Hill’s
equation (33), we obtain

dfo
-7 =0,
dt*2 /o
d? d
fi +fi= 20 s fy— 2pateosart) — 1 fo
dt* dt*

(48)

Substituting the solution fy = a; cost* 4 a, sint* into the
second equation in (48) gives

d* fi o
J2 fi = [2yia1 + BBy — 81) az]sint
T
+[(Bo — é1) a1 — 2y1ax] cos T*
—Bolai cos(3t™*) + ap sin(3t™)].  (49)
Eliminating the terms that produce secular terms in f;, we
have

2y1a1 + BBy —d1)a =0

(50)
(Bo —d1) a1 — 2y1a2 = 0.
A nontrivial solution of (50) requires that
4y — 3By — 81) (81 — Bo) = 0. (51)

PHYSICAL REVIEW E 91, 043006 (2015)

From the latter relation, it is clear that y,; vanishes when §; =
Bo or 8§; = 3By. Moreover, by setting §; = affy, one easily
verifies that y;(a) is maximal at a = 2, so §; = 28y, and,
hence, y,, = ey1),_, = €fo/2, or, equivalently, in the original
variable (t = 27%),

1
Oy = l m = 3ﬁ [1 _ 8222;?)]28
2=l -]

(52)

for sufficiently small . It should be noted that Whitaker’s
method, which yields a uniform approximation in the solutions
of Eq. (33) on and near the transition curves, is valid only
for linear problems as the one addressed here. For nonlinear
problems, this method does not apply and the method of
multiple scales can rather be used to treat such problems (e.g.,
see Refs. [27,29]).

B. Comparison with numerical results

Numerical results for a constant angular momentum disk,
q = 2, are shown in Figs. 1(a)-1(d) obtained at Ri = 0.5. In
Figs. 1(a) and 1(b) the horizontal axis is ¢ and the vertical
one is o/ such that 0 < o < 7 since Eq. (33) is invariant
under the interchange o — « + m, as indicated previously.
The plotted curves show two regions of instability that emanate
from the points (¢ = 0,0 = /3) and (¢ = 0,0 = 27/3),
respectively, in agreement with Eq. (39), which yields, at
g = 2,a = cos~! (£0.5), independently of the Ri value. The
width of these two unstable regions is not the same: The width
of the second region of instability (for which kjpks < O or
/2 < a < m) is larger than the one of the first region of
instability (for which kjk3 > 0 or 0 < o < 7/2). Also, the
results yielded by Eq. (45) show that the width of the unstable
region for which 7/2 < o < & is larger than the width of
the unstable region for which 0 < a < /2, as illustrated in
Fig. 1(d). As can be expected from Fig. 1(b), when ¢ < 0.2, the
agreement is good between the numerical results and Eq. (45)
that characterizes the (neutral) curves separating the stable and
unstable regions, but this deteriorates as (> 0.2) increases.

Figure 1(c) describes how the maximum growth rate varies
with ¢ within the tongue. As can be seen, both the two regions
of instability have the same maximum growth rate. The limit
& — 0, corresponds to the scaled growth rate o,, /¢ ~ 0.3247.
The latter numerical results is in agreement with the analytical
one given by Eq. (52), [0,,/¢]4=2 = 34/3/16 ~ 0.3247. Note
that, in Fig. 1(a), the dashed lines indicate the inclination a of
largest growth rate at a given ¢.

Accordingly, we may conclude that for both the constant
angular momentum accretion flow (i.e., ¢ = 2) the primary
perturbation generates a parametric instability for which the
maximal growth rate does not depend on Ri.

Similar results were found for 0 < g < 2 except the fact
that instability is not attainable for any positive value of the
Richardson number. In fact, according to both computations
and the analytical results [see Eq. (39)], there is no instability
emanating from the & = 0 axis when Ri < 8(2 — ¢)/¢%. For a
Keplerian disk, g = 1.5, the parametric instability emanating
from the ¢ = 0 axis is then attainable only when Ri > 16/9 ~
1.778. Figures 2(a) and 2(b) show the parametric tongues
of instability emerging from the axis ¢ =0 for (¢ = 1.5,
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FIG. 1. (Color online) A stratified constant angular momentum disk, ¢ = 2, under primary and secondary axisymmetric perturbations. Top
left panel: The Floquet tongues of instability as a function of the parameter ¢ (numerical results). Within the subharmonic tongue emanating
from o = cos™!(£0.5), the dashed lines indicate the inclination a of largest growth rate (plotted in the bottom left panel) at a given &. Top right
panel: Comparison between computations and analytical results [see Egs. (39) and (45)]. Bottom left panel: A plot of the maximum scaled
growth rate against the parameter & (numerical results). The intercept is 34/3/16, in agreement with the analytical result [see Eq. (52)]. Bottom
right panel: Width of the instability tongues emanating (I.T.E.) from « = cos™!(20.5) as a function of the parameter ¢ [analytical results from

Eq. (45)].

Ri =2.0) and (¢ = 1.5,Ri = 3.0), respectively. The agree-
ment between the analytical results given by Eq. (45) and the
numerical ones is good for ¢ < 0.2, but this deteriorates as
e(= 0.2) [see Fig. 2(d)]. At (¢ = 1.5,Ri = 2.0), the unstable
regions emanate from o = cos"[:l:l/(Zﬁ)] ~ 0.43948 or
0.5605, while at (¢ = 1.5,Ri = 3.0), they emanate from
o = cos ' [£+/11/(24/23)] ~ 0.3876 0r 0.6124, in agreement
with the analytical results yielded by Eq. (39). The variation of
the maximum growth rate o, /¢ againste forg = 1.5and Ri =
2.5, 3.0, 10.0 is shown in Fig. 2(c). At ¢ = 0, the values of
o /€ yielded by computations corresponding to Ri = 2.5, 3.0,
and 10.0, are 3+/1755/592 ~ 0.2122,3+/891/368 ~ 0.2433,
and 94/555/688 ~ 0.3081, respectively, in agreement with
Eq. (52).

C. Transient growth of energy for asymmetric disturbances

For asymmetric disturbances, i.e., k, # 0, the wave vector
is not periodic and the stability problem requires us to
determine the behavior of the solution of system (22) as
T — oo. This will be treated in a subsequent paper. In this
section, we simply determine numerically the spectral density
of energy in the case of a Keplerian disk and we analyze its
behavior for particular orientations of the initial wave vector
and 0 < Ri < 16/9, in connection to the results found in the
case where ¢ = ( addressed in the study by Ref. [12].

For the determination of the spectral density of energy, it is
more convenient to consider the following modes:

k k
_3 ) u(2) = _ﬁ9
k

. ko
D — — —
kL kl 1

uh = u® =b, (53)
since the spectral density of kinetic energy &, can simply

expressed as
E = 2uVP) + (WP, &, = (uP),

while £, represents the spectral density of potential energy.
Therefore, the differential system for these modes, which is
equivalent to system (22), takes the form (see the appendix),

d k k k
Eu(l) = |:Q(>§ (2 — q) f — (8 Sil’l T) fi| I/t(z) — éua)

d

d—(ku@)) = —2Q%ksu'V + kyksk T u®

T

d k kiks k
—u® = 240 (22 ocost | u®. (54)
drt kl klk k

Let G be the fundamental matrix solution of system
(54), ie., u(r) = G;;u(0) (i,j = 1,2,3). It is governed
by the same equation as (u",u®,u®) is but with universal
initial condition G;;(0) = §;; (i,j = 1,2,3). The fourth-order
Runge-Kutta method with the step size §T = 10~ were used
to integrate that system to determine the time evolution of G;;
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FIG. 2. (Color online) A stratified Keplerian disk, ¢ = 1.5, under primary and secondary axisymmetric perturbations. Top panels: The
Floquet tongues of instability as a function of the parameter ¢ (numerical results) for Ri = 2.0 (left panel) and Ri = 3.0 (right panel). Within

the subharmonic tongue emanating from & = cos~!'[40.5,/(9Ri — 16)/(9Ri

— 4)], the dashed lines indicate the inclination a of largest growth

rate (plotted in the bottom left panel) at a given ¢. Bottom left panel: A plot of the maximum scaled growth rate against the parameter ¢
(numerical results) for Ri = 2.5, 3.0, 10.0. The intercept is (3+/3/16)/T — 16/(9R1)/ [(1 — 4/(9Ri)], in agreement with the analytical result
[see Eq. (52)]. Bottom right panel: Comparison between computations and analytical results for Ri = 3.0 [see Eqgs. (39) and (45)].

for givene, g, Ri, and k(0)/k(0). Accuracy was easily assessed
by evaluating the determinant of G, det G = k(0)/ k(7).

Computations indicate that the elements G;; exhibit an os-
cillatory behavior with period that is insensitive to the variation
of ¢, whereas the amplitude can be affected by the primary
perturbation (e # 0). This is illustrated by Fig. 1(a), which
displays the time history of the element G, forg = 1.5, Ri =
0.5, klo/kz = 100, k3/k10 = 0.5, and ¢ = 0.0, 0.1, 0.2. For
the given ¢ and after the initial phase characterized by 0 < t <
7o such that k(79) = 0, the amplitude of oscillations becomes
more important. During the initial phase, the variation of &
does not induce appreciable variations of the amplitude and
the period of the oscillations, whereas after the initial phase,
only the amplitude increases with an increasing of €.

As indicated in Sec. I, although the base flow (1) is
stable (i.e., there are no exponentially growing solutions, see
Ref. [12]), it can exhibit significant transient growth in energy
because of the nonnormality of perturbation dynamics due to
shear. In the bypass transition to turbulence, which has been de-
veloped by the hydrodynamic community for spectrally stable
shear flows, perturbations undergo a transient growth. If they
have an initially finite amplitude, they may reach an amplitude
that is sufficiently large to allow positive feedback through
nonlinear interactions that repopulate the growing disturbances
(e.g., see Ref. [16]. This mechanism could plausibly sustain
turbulence for large-enough Reynolds numbers. This concept

was adopted for unmagnetized stratified accretion disks, since
there is irrefutable observational evidence that Keplerian disks
have to be turbulent (e.g., see Ref. [19]).

For initial isotropic conditions with vanishing initial poten-

tial energy,
(g [) = (")

') =

we have computed the time evolution of the spectral density
of total energy, & = &, + £, normalized by its initial value,

Under the same conditions as in Fig. 1(a), Fig. 1(b) shows
the time history yg. As can be expected, there is an important
increase of yp during the initial phase. This phase can be
called the transient growth phase. The physical mechanism of
this growth is rather due to the background shear (e.g., see
Ref. [30]). After this initial phase, yr approaches its long-time
limit, which corresponds to an important level of energy. The
primary perturbation acts to increase the level of energy as
shown by Fig. 1(b) since, after the transient growth phase, yg
increases as € increases.

(‘:C(O) =
(55)
£,(0) =

E(I)

S(O) (56)

YE =
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FIG. 3. (Color online) A stratified Keplerian disk, ¢ = 1.5, under primary and secondary asymmetric perturbations, k19/ k> = 100,k3/ky =
0.5. Left panel: Time evolution of the element G, of the fundamental matrix solution of system (54) for Ri = 0.5 and ¢ = 0.0, 0.1, 0.2. Right
panel: Time evolution of the spectral density of total (kinetic+potential) energy normalized by its initial value under initial isotropic conditions
with vanishing initial potential energy for Ri = 0.5 and ¢ = 0.0, 0.1, 0.2.

A detailed analysis of the transient amplification of non-
symmetric perturbations for Ri > 16/9 will be examined
further in a subsequent paper to characterize the dynamic
of the wave-vortex mode coupling and to see whether the
transient growth rate of energy prevails over twice the maximal
growth rate of the parametric instability (if attainable). In
fact, for baroclinic sheared flows, it is found that asymmet-
ric perturbations undergo substantial transient amplification
much larger than the growth of symmetric instability (see
Refs. [31,32]).

V. CONCLUDING REMARKS

In the present study, we have performed a linear stability
analysis of horizontal linear shear under vertical uniform
rotation and vertical stratification with a constant strength
N? in unbounded domain [see Eq. (1)]. The dynamic of a
perturbation around this basic state is governed by Eq. (2).
That equation is the same as the one derived in the background
of the shearing sheet approximation characterizing locally the
flow dynamic in astrophysical accretion disks. Recall that
the essence of this approximation is local in approach, that is,
the equations are valid in a small region (a Cartesian box) about
a typical point in the disk [9]. Both primary and secondary
perturbations to the base flow described by Eq. (1) were
considered. A primary perturbation consisting of a standing
wave, with amplitude wqsin(e Nx/wy), that results from a
superposition of plane waves with frequency N propagating
in the opposite radial directions, is an exact solution of Eq. (2).
In accordance with the shearing sheet approximation, locally,
the amplitude can be approximated by a linear variation with
respect to the radial coordinate provided ¢ <« wy/(xN) < 1.
This leads to the form (7), which is also an exact solution
of equation of system (2). In the present study, the form (7)
has been considered as a primary perturbation. A plane wave
with an advected wave vector is considered for the secondary
perturbation.

With the help of the potential vorticity, which is a constant
of motion for an inviscid and nondiffusive fluid, it has
been shown that the stability problem for the axisymmetric
secondary disturbances reduces to a two-dimensional Floquet

system [see Eq. (32)] or, equivalently, to a Hill’s equation
[see Eq. (33)]. For sufficiently small &, we have applied
a perturbation technique to the Hill’s equation and derived
some analytical results: The points lying on the ¢ = 0 axis
from which emanate the instability regions [see Eq. (39)],
the equations characterizing the curves separating stable and
unstable regions [see Eq. (45)], and the maximal growth rate
of the instability in the limit ¢ — 0 [see Eq. (52)]. For two
accretion flows, a constant angular momentum disk, g = 2,
and a Keplerian disk, ¢ = 1.5, the analytical results have
been compared to computations. At ¢ < 0.2, the analytical
results are in good agreement with the numerical ones but this
deteriorates when & > 0.2. It is found that the apparition of the
parametric instability in a Keplerian disk requires a nonweak
stratification [Ri = N?/(¢*Q3) > 16/9], such that the disk
may not support it. In the case of a constant angular-momentum
disk, the parametric instability occurs even for very weak
stratification.

In the case of asymmetric disturbances (k; # 0), we have
determined numerically the time evolution of the spectral
density of energy, normalized by its initial value, for some
particular values of the initial wave vector. With respect to the
case where ¢ = 0, which is linearly stable (i.e., the solution
is bounded as T — ©0) as proved in the study by Ref. [12],
it is found that, during the initial phase 0 < 7 < 7 such that
ki(tp) = 0, the primary perturbation has no appreciable effect
on the transient growth. After this initial period during which
there is a gain of energy induced by the interaction between the
perturbed field and the background shear, the important level of
energy maintained beyond this phase for large times becomes
more important in the presence of the primary perturbation [see
Fig. 3(b)]. The stability of the base flow (1) under primary and
asymmetric secondary perturbations, as well as the dynamic
of the wave-vortex mode coupling in that flow, will be treated
in detail in a subsequent paper.
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APPENDIX

Derivation of the differential system for the modes (uV,u®,u®)

Due to Eq. (18), the system (17) reduces to
1| = —iky p+ 29250,
—ikap — Q242 — @)i,

>
I

(SN
I

: . - (A1)
W= —ik3p — (esint)il + b,

l3=—(scosr)ﬁ—zi),

with the incompressibility constraint k- = 0. We multiply
the second equation with k3 and the third equation with (—k;).
Then we add the resulting equations to obtain

k3d — kot = —[Q5(2 — k3 — (e sin Tkt — kyb.  (A2)

On the other hand, we multiply the second equation in system
(A1) by k, and the third equation by k3. Then we add the
resulting equations and obtain

d .
—iklp = - (k121) + [(2 — q) Qka + (e sint) k31d — k3b

= —kiit — 2(k; — Qiky)it — ksb. (A3)
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Recall that kk = klkl, where kl = qQ4ky — (e sinT)ks, and

ki =+ k% + k%, which is time independent.
Substituting Eq. (A3) into the first equation in system (A1),
we obtain

d R
E(k%z) = 2Qpkikoli + 2Q05k3 0 — kiksh.  (Ad)
By introducing the three modes (u",u®,u®) such that
k k
uh =2 - 2, u®=—"4 (A5)
k. kg kL
and u® = b or, equivalently,
ks ay, kike ko ay, kiks
b= 3 L =—2 A6
b= Tt e g (A9

with 4 = (—k./k)u® and b = u®, we transform Egs. (A2)
and (A4) and the fourth equation in system (A1) in terms of
the three modes (u",u®,u®), and, hence, we recover system
(54).
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