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Abstract. The general initial-value problem for the linear Kelvin-Helmholtz instabil-
ity of arbitrarily compressible velocity shear layers is considered for both the unmagne-
tized and magnetized cases. The time evolution of the physical quantities characterizing
the layer is treated using Laplace transform techniques. Singularity analysis of the result-
ing equations using Fuchs-Frobenius theory yields the large-time asymptotic solutions.
The instability is found to remain, within the linear theory, of the translationally convec-
tive or shear type. No onset of rotational or vortex motion, i.e., formation of “coherent
structures” occurs.

1. Introduction. The Kelvin-Helmholtz instability caused by tangential velocity
shear in homogeneous fluids and plasmas is of interest in investigating a variety of space,
astrophysical, and geophysical situations involving sheared plasma flows. Configurations
where it is relevant include the interface between the solar wind and the magnetosphere
(Sen, 1965; Southwood, 1968; Southwood, 1974; Bridge, et al., 1979; Ness, et al., 1981;
Pu and Kivelson, 1983; Bull, 1984), coronal streamers moving through the solar wind, the
boundaries between adjacent sectors in the solar wind (Parker, 1963; Sturrock and Hartle,
1966; Jokipii and Davis, 1969), the structure of the tails of comets (Dobrowolny and
D’Angelo, 1972; Ershkovich, et al., 1972; Ershkovich and Chernikov, 1973; Brandt and
Mendis, 1979), and the boundaries of the jets propagating from the nuclei of extragalactic
double radio sources into their lobes (Turland and Scheuer, 1976; Blandford and Pringle,
1976, Begelman, et al., 1984).

Early investigations of the Kelvin-Helmholtz instability were concerned with the in-
stability caused by a tangential velocity discontinuity or jump (or vortex sheet) in in-
compressible and compressible fluids and plasmas (Landau, 1944; Fejer, 1964; Sen, 1964,
Miles, 1957; Gerwin, 1968).

The unmagnetized vortex sheet is found to be unstable at all wavenumbers for modes
sufficiently transverse to the zero-order flow, or for modes along a flow with Mach number
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less than 2v/2. In the presence of a magnetic field parallel to the flow the instability of
the incompressible vortex sheet is completely stabilized unless the velocity discontinuity
exceeds twice the Alfvén speed. A magnetic field transverse to the flow has no effect on
the instability.

Lerche (1966) emphasized the importance of considering the finite thickness of the
shear layer. The linear Kelvin-Helmholtz instability of shear layers (a region of finite
width over which the velocity change occurs) for flows with a subsonic velocity change
was considered by Chandrasekhar (1981). An incompressible shear layer having a “hyper-
bolic tangent” profile was considered by Michalke (1964). He found a criterion kL < 2
for instability, with k being so short wavelength modes were stabilized for the finite-
width velocity shear. The stability characteristics of finite-width unmagnetized shear
layers have been considered by several authors (Blumen, 1970; Blumen, et al., 1975; Ray,
1982; Miura and Pritchett, 1982; Roy Choudhury and Lovelace, 1984). The finite-width
shear layers exhibit unstable traveling wave nodes satisfying radiation boundary condi-
tions. These modes are absent for the unmagnetized vortex sheet, and present for the
magnetized vortex sheet in a very small range of Mach numbers. The presence of the
traveling wave modes means that the finite-width layer is unstable at all Mach numbers.
In addition, standing wave solutions analogous to the “warping” modes which occur for
the vortex sheet are also present at long wavelengths and small values of the Mach num-
ber. Magnetized shear layers described by the MHD formalism have been considered
for a linear velocity profile layer (Roy Choudhury, 1986; Ray and Ershkovich, 1983; Roy
Choudhury and Lovelace, 1986) with both standing and traveling wave solutions, and for
a hyperbolic tangent velocity profile (Miura and Pritchett, 1982) for only standing wave
modes. A magnetic field parallel to the flow is found to stabilize both classes of modes.
Computer simulation studies of the Kelvin-Helmholtz instabilities of planar, magnetized
shear layers (Nepveu, 1980; Tajima and Leboeuf, 1980; Miura, 1982; Pritchett and Coro-
niti, 1984; Miura, 1984), and of cylindrical axisymmetric jets (Norman, et al., 1982)
have also been carried out. Velocity shear of zero and finite thickness have also been
considered in anisotropic plasmas (Talwar, 1965; Roy Choudhury and Patel, 1985). The
results are analogous to the MHD case with larger instability growth rates. Other recent
work has been reviewed by Larosa and Moore (1993).

In this paper we study the general initial-value problem for the linear Kelvin-Helmholtz
instability of arbitrarily compressible velocity shear layers for both the unmagnetized and
magnetized cases via the use of Laplace transforms. To our knowledge, this has not been
studied previously. The simplest example of the solution of the general initial-value
problem for linear stability analysis of a fluid flow has been given by Case (1960a,b).
Our treatment will follow that analysis to obtain the time-asymptotic solutions for this
instability. The qualitative long-time features of the instability are deduced from these
solutions. In particular, we find that there is no occurrence of rotational motion, i.e., the
instability remains of the shear or translationally convective type.

The remainder of this paper is organized as follows. Section 2 describes the initial-
value problem, with some of the mathematical details being contained in Appendices A
and B. In §3 we obtain the long-time limit of the solutions, and discuss their implications
for the behavior of the unstable modes.
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2. The initial-value problem. The fluid-dynamical equations for a compressible,
inviscid, neutral fluid with an adiabatic equation of state are
op =
— 4+ V- (pV)=0,
5 TV (P

—

v -
o _ 1
P Vp, (1)

%(pp‘”) =0,
with d/dt = (8/8t + 7 - V). The equilibrium we considered has a constant density p,
pressure p, and temperature 7'

The first-order perturbation quantities are of the form f(z)expli(kyy + k.2 — wt)].
The frequency w is assumed to have at least a small positive imaginary part so that the
solutions correspond to those of an initial-value problem. The linearization of Eq. (1)
gives

i(kz’/z - w)p&/z = —517/,

i(k.v, —w)ép + p(ikybvy + ik bv, + 6v,) = 0,

i(k,v, —w)pdr, = —ikyop, (2)
i(k.v, —w)pbv, + pv.év, = —ik,ép,
p _ 100
p b

Here v,,p,p and the adiabatic exponent «y are the equilibrium quantities. The prime
denotes a derivative with respect to z.
Given the value of 6p(z,t = 0), bv,(z,t = 0),6vy(z,t = 0), 6v.(x,t = 0), and ép(z,t =
0), we require the solution for all ¢ > 0. This is the initial-value problem we now solve.
Defining the Laplace transform of a variable §v(z,t) as

[(z,s) = /OOC e *'6y(z,t)dt (3)

by the capital symbol, Egs. (2) become

sP —ép(z,t =0) N ik, v, P

cz 2 + plikyVy + ik, V, + V] = 0, (4a)
p[sVe — vz (x,t = 0)] + ik.v.pVy = — P/, (4b)
plsV, — bv.(z,t = 0)] + ik,v.pV, + pv,V, = —ik, P. (4c)

These may be combined into the composite equation

n _ 2U'P 20772 ! 2
VP = =g + kU - 1P| = =2V (2t =0) = Ustp(e,t =0)

+ ik, pov,(z,t = 0),
with the dimensionless flow velocity U and adiabatic sound speed C; given by

kv, —is
U=—m— (6)
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o= ()"

Given the initial data, the solutions of (5) will be unique except at discrete values of
s, which are the eigenvalues and for which P satisfies the homogeneous part of (5). The
solution of (5) as s approaches any eigenvalue will have the solution for P containing a
simple pole in s (for all z) (Case 1960, Kaup 1990). The solutions of the homogeneous
problem with radiative boundary conditions have been considered earlier by Roy Choud-
hury and Lovelace (1984). Note that one may consider the non-discrete or continuum
modes as the solutions of

2U'P’
U
with ¢ the Kronecker or Dirac delta function.

The solution of (5) also has other singularities in s. These occur at the singular
points of (5) and depend on z. These will be found to also contribute to the time-
asymptotic solution. In order to consider these, it will be convenient to return to (2).
Notice that the assumed time dependence e "¢ in these equations corresponds to Fourier
transforming in time (Krall and Trivelpiece, 1973). We will consider (2) and later obtain
the correspondence with the more standard Laplace transform in time above by setting

P//

+ k2(U? = 1)P = 6§(U),

w = is, (8a)
so that (6) yields
k.v, —is k., —w
U=-"-2-2 === . 8b
kCs kCs (8b)
Using Eqgs. (2) (with e~ ™! time dependence), we obtain the composite equation
20 6p’ .
o'~ 20 21— Uy (©)
for the pressure perturbation. Here, the transverse wavenumber is
— (12 4 p2\1/2
B = (k2 +k2)'/2. (10)

This equation has a regular singular point at U = 0. The solutions near this singular
point will be necessary later for the derivation of the time-asymptotic solution. This
solution, and its somewhat lengthy derivation, are contained in Appendix A.

For the case of a uniform magnetic field By parallel to the direction of streaming
(the z-direction), the ideal magnetohydrodynamic (MHD) equations for a compressible
inviscid, perfectly conducting fluid are

ap L
'a_t+V'(pV)—,
dir - . . B
pE—-—Vp—i—(VxB)xE, (11)
8—f:§x(ﬁx§),
L pp) =0 (12)
7 Pr ) =0

V-B=0, (13)



KELVIN-HELMHOLTZ INSTABILITIES OF SHEAR LAYERS 641

with a‘it = % + 7+ V. The equilibrium has a flow velocity 7 = v, (z), constant density

(p), pressure (p), temperature (T'), and magnetic field (B = 2By).
These equations may be linearized using first-order perturbations of the form

f(z) expli(kyy + k.2 — wt)]

(corresponding to Fourier transforming in time and along y and z) yielding (Roy Choud-
hury and Lovelace 1986):

i(k.v, —w)ép + p(ikyduvy + 1k bv, + 6v,) =0, (14a)

B
i(ksv, — w)pbry = —6p' + 4—;(%21;1 - b)),

. B,
i(kovs — w)pbuy, = —iky,6p + Z—WO(kZby — kyb,),
i(k.v, — w)pby, + pv.bv, = —ik,6p, (14b)
p P

i(k.v, —w)by = ik, Bybv,,

i(k,v; —w)by = ik, Bybuy,
i(k.v, —w)b, = v.b, — Bo(bv,, + ik,bvy), (14d)

and

b, + ikyby + iksb, = 0. (1e)

Here, b;, by, and b, are perturbation amplitudes of the magnetic field components. Equa-
tions (14) may be combined into a composite equation (Roy Choudhury and Lovelace
1986, Miura and Pritchett 1982)

spl ] 14+ ¢*)U3 —1-U%U;3
2p* — K2 (2+q ) A > 5 A D (15)
Uz—-1 (Ui - D{(1+¢*)U3 -1}
for the total Reynold’s (fluid) cum magnetic pressure perturbation
ByéB,
Op. = 6p + o (16)
Here, K = (k2 + k2)'/2,
kCs
Uyg = 1
a= () an)
with the Alfvén speed
Va = By/(4mp)/?,
and magnetization parameter
q= VA /CS (18)

The singular points of (15) and the solutions near those points are given in Appendix B.
Having described the Laplace transform of the general solution, we next proceed to
the long-time solutions.
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3. Time-asymptotic solutions and discussion. In this section, we look at the
long-time behavior of the solutions of Eq. (9). Note that

kv, —w

kCs

u

is the negative of the angular frequency in the frame of reference of the fluid. Notice also
that we used a Fourier transform in Sec. 2 (all perturbation quantities were of the form
e~ ). Hence, to consider the correspondence with the more standard Laplace transform
in time, we make the replacement (8a) or, in the moving frame,

_ (kv —is 1 )
u = (k—cs') = k—C,S(S+ZkZI/z). (19)

Thus, small values of u correspond to small s and, hence, to long-time asymptotic solu-
tions. Similarly, around a singularity at « = o the dominant terms in powers of (v — «)
around the singularity govern the long-time asymptotic behavior from that solution.

From Egs. (All) and (A12), the general solution of the fluid-dynamical pressure-
perturbation equation (9) around the singularity v = 0 is

2,2 B242

Sp=ap|1- 22 4 O(u4)] + oo [1 + ;g +0(uh)]. (20a)

Using (2) and (20a) yields
bv.(s) = constant, (20b)
bvy(s) = constant/r, (20c¢)
bv,(s) = constant/r, (20d)

where

r =5+ ik.v.(z). (21)

There are two basic contributions to the solution of the initial-value problem: (i)
contours around the eigenvalues and (ii) for any fixed value of z, there will be a regular
singular point of the differential system (9).

The contribution from the eigenvalues will be a growing (global) eigenmode with
a frequency of Im(s;) and a growth rate of Re(s;), where s; is the eigenvalue. This
contribution has been very well described in the literature (Roy Choudhury and Lovelace,
1984, 1986; Miura and Pritchett, 1982).

On the other hand, the pole singularities can also give a contribution. For example,
(20c) has a pole of order 1 about r = 0. Such a pole would give a nonzero contribution.

Using the identity (19), and noting that the dominant long-time asymptotic behavior
is obtained from the dominant small-u behavior in the Laplace transformed domain, we
may obtain the time-asymptotic behavior of the fluid-dynamical velocity shear layer by
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inverse-Laplace transforming (20). Letting a(s,z) be analytic in s near r = 0, one may
straightforwardly show that for large times (Kaup, 1990)

1 [T a(s, 2) ¢ "
- ) — - sz( )t —a
o= /R_ico rz(s,x)es ds = te™**=V=\" g —ik,v, (), x), (22a)
1 R+ )
— a(s’x)e“ds = e kOt ( ik, (x),2), (22b)
21t Jp_ijo T(S,T)
1 R+1*°
i) a(B,z)e*(Inr)ds — 0, (22¢)

where R is chosen so that the contour is to the right of all singularities in the complex
s-plane.
Using standard Laplace inversion formulae, (20a) yields

8p(t) ~ 6(2). (23a)

Next, using (20b—d) and (22) the long-time asymptotic behavior of the velocity pertur-
bations is

6l/y (t) ~ e—ikzuz (z)tei(kyy+kzz)) (23b)
bv, (t) ~ e—ikzuz(z)tei(kyy+kzz), (230)
bug(t) ~ 6(t), (23d)

where the y and z dependences have been included. The time-asymptotic behavior of
the perturbations is thus fairly simple. The pressure and z-velocity perturbations ép and
év, die away to zero. On the other hand, the y and z-velocity perturbations approach
a constant amplitude and propagate in the y and z directions. In the z-direction, they
correspond to traveling waves propagating with the background flow, i.e., at the phase
speed v, (). In the y-direction, they propagate at a speed kv, (z)/k, at each value of x.

Similarly, using (B9) and (B10), the general solution of the magnetic pressure-pertur-
bation equation (15) around the singularity ug =1 is

bpe =1 [ao +ag(ug — 1)2 +O(ug — 1)4]
+ caa0(ua —1)? + O(ua — 1)%, (24)

and using (B21) and (B31), the solution of (15) around the singularity usq = 1/4/1 + ¢2
is

op. = dy [aoz + (z———;—-—a) ap2? + 0(23)]
+ daleo + c12 + O(2%)), (25)

_ 1
where z = uy — .
A e
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Proceeding analogously for the magnetized case, the inverse Laplace transform of (24)
(around uy = 1) yields
Op. ~ 6(t). (26a)

Using the linearized equations (14) of Sec. 2 in conjunction with (24) and (22), one
obtains the following large-time behaviors of some of the other physical variables (from
the singularity at uy = 1):

by (t) ~ 6(8), (26b)
by (t) ~ e ikev (D) gilkyy+haz) (26c)
b.(t) ~ 8(t), (26d)
Buy(t) ~ are k=t 4 B16(1), (26¢)
8p(t) ~ 6(t). (26f)

Analogously, using (25), the linearized equations of Sec. 2, and (22) yield the following
time-asymptotic behaviors caused by the singularity us = 1/4/1 + ¢? of some of the
relevant physical variables:

op«(t) ~ 6(t), (27a)

ba(t) ~ 8(1), (27b)

by(t) ~ 6(t), (27¢)

b, (t) ~ e~ikevs (@)t (27d)
Suy (1) ~ e F=v= (0 1 By5(8), (27¢)
8p(t) ~ age™ K@ 1 Bus(h). (276)

From (26) and (27), it is clear that, for the magnetized case, the time-asymptotic behavior
is similar to that found for the fluid-dynamical case. Some of the perturbations of the
physical variables die away at large times, while others approach traveling waves of
constant amplitude propagating in the z-direction with the background flow at speed
v,(z), and propagating in the y-direction at phase-speed kv, (z)/ky.

In particular, the results obtained above from the Laplace transform solution of the
initial-value problem for the linear Kelvin-Helmholtz instability establish that the linear
instability remains essentially a shear-instability, with translations occurring in y and z.
No rotational motion, or vortex or “coherent-structure” formation, in the regions of layers
of fluid near the singularities, occurs. This is in contrast, for example, to the rotational
vortex motion generated near the so-called “magnetron” singularity for shear-flows in
non-neutral pure-electron plasmas (Kaup, 1990). The reason for the absence of such
coherent-structure formation in our problem is not difficult to establish mathematically.
The singularities in our case occurred at u = 0, Us = +1,4(1 + ¢?)~'/2, and were
thus real. Imaginary singularities u = +i§) are necessary for the establishment of vortex
motion with angular frequency +§ of any physical variable at large-time. Physically,
too, the complex interaction of the electromagnetic fields with the non-neutral fluid
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(electron plasma), leading to the formation of rotating vortices, is absent for our neutral
fluids. The analysis above demonstrates that this clearly precludes the onset of vortex
motion in the long-time behavior of the supersonic Kelvin-Helmholtz instability, at least
while the perturbation amplitudes are small enough for the linear theory to remain valid.
In the nonlinear regime, it is well known that this instability leads to coherent vortex
structures (Brown and Roshko, 1974; Winant and Browand, 1974; Aref and Siggia, 1981;
Norman et al, 1982; Aref and Tryggvason, 1984). Note that the contribution from the
eigenvalues, which have been considered earlier by normal mode analysis (Roy Choudhury
and Lovelace, 1984; Miura and Pritchett, 1982) gives growing or unstable solutions which
eventually become too large to be described by the linear theory.

Appendix A. Singularity analysis of pressure perturbation equation for su-
personic fluid-dynamical shear layers. The equation for the pressure perturbation
was derived in Sec. 2 and it has the form

1 2“'/ / 2 2
op" = —~6p' =B (1 —u®)dp, (A1)
where
"= o u =247 — w.

Here, we assume a linear velocity profile (Roy Choudhury and Lovelace, 1984; Ray, 1982).
By taking the derivative of u with respect to T, we get ‘;—; = 2A. Replacing dT by g—z in
(A1), Eq. (A1) takes the following form:

d 2 d B\?
(—iﬁ(fsp) - E@(&D) + <ﬁ) (u? —1)6p = 0.

Letting % = B, and 6p = p, our differential equation takes the form

d?p  2dp

—5 ——+ B} -1)p=0. A2

- 2P B - 1p (42)
This differential equation has a regular singular point at u = 0. Rewriting (A2) in the

form 2 (w) d )
p, plwdp  qlu)
du? u du * u? U 0
we have p(u) = —2,q(u) = B?(u? — 1)u?. The functions q(u) and p(u) are analytic at
u = 0, where (A3) has a regular singular point. Thus, we may expand p(u) and ¢(u) in
Taylor Series about that point:

: (A3)

plu) = pau" =-2,  q(u) =) guu"=Bl(u' - ). (A4)
n=0 n=0

From Y 7 pnu™ = —2, we get po + p1u + pou® = —2, which implies

Po = —2, pr=p2=p3=--=0. (A5)
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From Y27 gou™ = B2(u? — u?), we get qo + q1u + gou’® + - -+ = —B?u? + B2u* which
implies
o=@ =g¢=¢=g¢g= =0 g =—-B2, g1 = B2 (A6)
We use the Fuchs-Frobenius method (Ince, 1956; Bender and Orszag, 1978) to find
the solution of (A3) about u = 0. Let p(u, @) = Y . anu™t®, where o is the indicial
exponent to be determined. By substituting the Taylor expansion of p(u, a) in (A3), we
get

dp = ) dp &

o= Zan(n+a)u"+°‘“ , 57 = Zan(n+a)(n+a— Durte=2,
n=0 n=0
oo oo oo
Z an(n+a)(n+a—1)u""2 -2 Z an(n+)u"™* % 4 B2(u? - 1) Z au"t* =0,
n=0 n=0 n=0
o< (e o] o0
Z an(n+a)(n+a—3)u"t*"2 + B? Z apu™tet? — B2 Z au™t* =0, (A7)
n=0 n=0 n=0
o0
Z an(n+a)(n+a—-3)u"t"? = gpa(a - 3)u*? +a;(1+ a)(a — 2)u*"?
n=0

+ ap(2 + a)(a — 1)u® + a3(3 + a)au™t!

oo
+ anpa(n+4+a)(n+a+ Durter?, (A8)
n=0
o0 oo
Z au™t® = agu® + a u' T + Z Qppou™Tot2, (A9)
n=0 n=0

Substitution of (A8), (A9) into (A7) and rearrangement of terms yields
apa(a — 3)u*"2 + ay(a+ 1)(a - 2)u*"! + [az(a + 2)(a — 1) — B2ao|u®
+ Jaz(a + 3)a — BZa;|uct!

o0
+ ) lanta(n+4+a)(n+a+1) = BX(anss — an)u™ 2 = 0.

n=0

By setting the coefficients of u®~2, u*~1, u® u®*+! y"*+*+2 equal to zero we can find the
values of @ and we can derive the recursion relation

aa(a—3)=0 :u*?
afa+1)(a-2)=0 :u*}
az(@+2)(a—1)— Blag=0 :u®,
as(a+3)a— B%a; =0 :uctl
anpa(n+4+a)n+a+1)— B apo —a,) =0 :untot?

By assumption ag # 0, therefore a(a — 3) = 0, which implies a; = 3,2 = 0. From
a1(a+ 1)(a—2) = 0, we conclude that a; = 0 since (e +1)(a—2) # 0 for a =0, = 3.
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From az(a + 2)(a — 1) — B%2ag = 0, we conclude ay = m%zaﬁao in the equation

as(a + 3)a — B2a; = 0. Since a; = 0,a3(a + 3)a = 0, there are two cases to be
considered.

Case 1) a = 0; then a3 is arbitrary; and

Case 2) a = 3; then az = 0.

The recursion relationship can be written as

B(an-—2 — an)
n+a+1l)(n+a+4)’

anta = 7 n=0,1,23,....

We discuss the existence of linearly independent solutions in Frobenius form. So we
check both sides of the following equality (Bender and Orszag, 1978):

N-1
O-any =— Z (a4 k)pN—k + gn—k]ak, (A10)
k=0

where N =a; —az3 =3, = a3 =0;

2

0-as=—Y [kps_ + gs—kJax = —[0+ gs)ao — [p> + g2]a1 — [2p1 + a1]az
k=0

but from (A5), (A6) we have g3 = 0,p2 = 0,0 = —B2,p; = q; = 0,a; = 0. Therefore,
(A10) would read

0-a3=—[0+0Jap — [0 — B?J0— [0+ Olaz =0
or a3 is arbitrary. There are thus two linearly independent solutions of (A3) around the

regular singular point © = 0 in Frobenius form (Bender and Orszag, 1978).
Consider the various cases separately:

a=0,
ap # 0 by assumption,
a; =0,
az = ﬂ when o =0, as = __Bfao’
(¢ +2)(a—1) 2
a3 is arbitrary, recursion relationship a, 4 = B(ant2 — an)

n+a+1)(n+a+4)

For this case, « = 0; so we have

@ _ B%(an+2 — an)
T I )(n+4)
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Setting n = 0,1,2,..., we can calculate a4, as, ag, . . .:

n=0:a4 = M but a; = _2BE ag, and after substitution we have

as = Bj <_Tao - a0> = ~TB‘%(BE + 2)ay,
n=1:a5= B_fgil%o—_all but a; = 0, and a3 is arbitrary,

B:

as = 1—003

n=2:a¢g = &(g‘z—ﬁ—;a—z) = ?83 <_8Bz(Bf+2)a0+ %3a0>
= fﬁl(—BE —2+4)ag = 551(2 — B)ay,

n=3:a7=3—3%—@=—§§(?—;a3 3>—2B82(B2—10)a3,
n=4:a8:BZ(a+O—a4):f§ (ﬁi@—Bi) BS*(Bf-i-Q)aO),

a B4( B +20B? + 36)ay
8~ 5760

For o = 0, we have a solution of Frobenius form:

0) = E a,u” = ag + aju +a2u2 + agud + a4u4 + a5u5 + .-
n=0

Substituting the values of a;, az, as, the solution corresponding to a = 0 takes the form

(v,0) =a —1 Baﬂ Ba32+m4 (2 B2)ub
P, %) =40 | 2 « AT g
B; 4 2
5760( —-B, + 20B; +36)a0u + - :|
i 32 B?
B2 -1 .
| o 556" 0)u” ] (A11)
We consider the case when o = 3 next:
oo
p(u,3) = Z a,u™*3; to find a,’s we use the recursion relationship;
n=0

Bf(an+2 - an)
m+a+1)n+a+4)
BZ(ant2 — an)
(n+4)(n+7)

Antq = . Setting oo = 3 we have

Antq = , where a; = 0 and a3 = 0,a¢ # 0. Also, for a =3

Bzao _ B?ao
(a+2)(a—1) 10 °
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We also have

BZ(ay —ag) _ B? (BZag B2, ,
n=0:ag= SR = S (B0 - w0) = 552 - 100
B2(az —a;) B? B2
=lias=—""—"-"="Z(0—0ay) ===
n as 10 m) (0 —ay) 0o
B%(ay —a;) B? (B%(B?- 10) B2 B4 ,
— 9. g = ox\W4 —02) B (B; —10) 2 _ Bl oo
" e 6(9) 54 ( 280 10 a 15120( * 38)0,0,
BZ(as —a3) B? (—B? -B?
n_3‘a7_T‘_%<40 a1 —0 —_—2800(11,
B%(ag —a4) B?( B? ) B,
= 4: = 0 % * B _ _ * B -1
e 88 58 \ 15120 B ~38)a0 — 555 (By —10)ao ), or
B4
ag = —=—(B: — 92B? + 540)ao

1330560
The Frobenius solution for the case when a = 3 has the form

p(u,3) = ag + ayu + agu? + azu® + agut +asu’ + - .
Substituting the values of ag,a1,as,as,aq,as, etc., in the above expression and taking

into account that ag # 0,a; = 0,a3 = 0, the second linearly independent solution of
Frobenius type takes the following form (Bender and Orszag, 1978):

B? B? B}
=(1+=2 2.1 i
p(u,3) < + 10” +280(B 0)u? 15120(B 38)u’
4
B! —92B?
+ Tazo0gg (B — 9282 + 540)0u° +- )
Bls_ B 1, B 2
+< 0% " 2800% +302400( —B? + 70)u’ + - ) (A12)

The general solution to (A3) is a linear combination of p(u, 3) and p(u,0).

Appendix B. Singularity analysis for magnetohydrodynamic pressure equa-
tion. It was shown in Sec. 2 that the total pressure perturbation corresponding to the
magnetized case satisfies the following equation:

(6p.)" 1’ _ (14 ¢*)uq — 1 - u?u?
[U2A - 1] =K [(ui - 1)((f— q%)ud —Al)] %P+

Rewrite the above equation in the following form:

y 2ulua b [+ gDud — 1 —u??
on. - pon =t | @

The singular points of this equation occur where u% —1 = 0 and where (1+¢%)u —1 = 0.
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The vanishing of the factor (u% — 1) can be written as the following:

k cs ke, (kzvz w ) kv, —w

= u =
k.va k.va k.va

ke, ke,

ui—le, UA

Upon substituting in u% — 1 = 0 we get (w — k,v,)? = (k.v4)?, which is the local disper-
sion relation for shear Alfvén waves which propagate relative to the fluid at the speed
vy parallel to the magnetic field. This is called the Alfvén singularity in magnetohy-
drodynamics (MHD). The vanishing of the factor [(1 + ¢?)u? — 1] corresponds to wave
propagation relative to the fluid (in the z-direction) at the slow magnetosonic wave front
propagation speed vo = v4(1 + ¢?)~'/? where ¢ = v4/cs (magnetization parameter).

Equation (B1) has two other critical points, corresponding to the vanishing of the
numerator of the right-hand side of (B1). The vanishing of the factor [(1 + ¢?)u%} — 1 —
u?u%] occurs at two values of u% which correspond to the fast and the slow magnetosonic
waves that propagate relative to the fluid in the z-direction at phase and group velocities
given by this relation. The vanishing of the factor u% — 1 = 0 corresponds to us = %1,
using the relationship ugy = Maxz — W, where Ma = 20,1 /v4, Uom = v, (z > 1/2),
and v, (z) is the equilibrium flow velocity in the z-direction. M4 is the reduced Mach
number defined previously. Differentiating the relationship uga = Mz — W4, we have
duas/dz = M4 and

s d _ d(6ps) dua _ - d(ép.)
(6p1:) - dz (617*) = dUA dz =Ma dun )
d d(6p.)’ dua d*(8p.) o & (6ps)
n_ I — —
(8pz)” = dx (8p.) duy dzx Ma du’ (Ma) = My du?

Upon substituting these in (B1), this differential equation reduces to

d*(8p.)
2 *
M3 du®

2YV,,2 1 42,2
_QMAuuA ., 20P) =k2[(1+q Jua — 1 ““A]ap*. (B2)

2-1 dua (1+¢%)u? —1

In the vicinity of ua = 1, ug + 1 & 2, setting ua = 1 in the right-hand side of (B2) we
further simplify (B2) to

d?(6p.) U d(6p«) (1+¢*)u? — 1 —u?u?
2 * M -M = 2 A A 6 * .
M du? 2 AuZ =1 7 dug b (1+q%)u? —1 P (B3)
Here
wa = F (L)
A=

where ¢ = va/cs (magnetization factor), ¢ # 0. Setting us = 1, we get

u k. 1_<u>2_ _k_zzkz—kf_kg

q k k2 k2 k2

q

Upon substitution in the right-hand side of the above equation, (B3) simplifies to

d*(8p..) 1 d(sp.) _ kj

- = 6D B4
du’ uga—1 dugy M3 p (B4)
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We further make the change of variables z = u4 — 1. Then dus = dz and (B4) takes the

final form

E(8p.)  1dEp)
& 2@ =0 (B5)

Equation (B5) has a regular singular point at z = 0. We assume a Frobenius solution of
the form 6p, = >0, a,2"+ where « is the indicial exponent, which is to be determined.
Also, substituting

o o0

E n+a)a,z" el d 2 E n+a)(n+a—1)a,z"t*?
2

n=0 n=0

into (B5), we have

oo oo oo
Z n+a)(n+a—1)a,z" "% - Z(n + a)anz" T2 - 32 Z a, 2" = 0.
n=0 n=0 n=0

By putting the first two terms under a common summation we get
oc oo
Z n+a)(n+a-—2)a,z"te"? - g Z 2"t = 0. (B6)
n=0 n=0
The first term further can be written in the form
Z(n +a)(n+a—2)a, 2" = a(a — 2)agz* 2 + (a + 1)(a — 1)a; 2%}
n=0

oo
+ Z(n +a)(n+a+2)an22™ .

n=0

Upon substituting in (B6) we can calculate the indicial exponent « as follows:

oC
ala —2)agz® 2 + (a+1)(a — 1)ay 27 + Z(n +a)(n+a+2)a,422"

n=0
0o
- B E a2t =0
n=0

Putting the last two terms under a common summation, we further get

ala —2)agz® 2 + (a? — 1)ay 2*71

+ i((n +a)(n+ a+2)anss — Fan)2" T = 0. (B7)

n=0

Setting coefficients of 2272, 2%~1, 2" equal to zero we can find the a;’s and derive the
recursion relationship. The assumption is that ag # 0. From a(a —2)ag = 0 and ag # 0
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we conclude a; = 0,5 = 2. The vanishing of the term (a? — 1)a; = 0 implies that
a; = 0. By setting (n + a)(n + a + 2)a,2 — B%a, = 0, we derive the indicial equation

,32
n+a)(n+a+ 2)a"

QAnt2 = (B8)

Two cases are to be considered: @ = 0 and @ = 2. When a = 0, the recursion relation
2

takes the form a, 42 = %an
2
n=1:a3= ?al, but a; = 0, and therefore az = 0;
2
n=2:a4 = ?CL?) where as is an arbitrary constant not equal to zero;
2
n=3:a;5 = 1—5a3 =0, from which we conclude
a; = a3 = as = aznp41 = 0;
2 4
n=4:ag = ﬁ ﬂ—ag.
24 192

Therefore, the solution for the case a = 0 takes the form

6p«(2,0) = Zan =ap+a1z+a2? +a3zd +agzt+ -,

ﬂ2 B ﬂ2 B
op« (2, 0)—ao+a22 +_8‘(122 +@a22 +---=ag+az (Z + — ) +@Z +>

(B9)
Let

oo
p(z)=-1= anZ", which implies pg = —1,p; = 0 Vi # 0,
n=0

q9(z) = -B°2* = anZ", which implies g = —2,¢; = 0 Vi # 2.

n=0

Checking the Bender/Orszag equality,

N-1

Oay = — Y [(e+k)pn-k + av-xlax,
k=0
a=0, N=aj—-—a=2-0=2,

1
Oaz = — Z[kPZ—k + g2—klar = —ao — [p1 + q1]ar = B%ag # 0.
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This is case II(b) (I). Therefore, there exists a second solution, not of Frobenius type,

chz — —y(2,@)|az2, (B8a)

oo
E : n+a
where

- nil[(a + K)Pn—k + Gn—k)ar

k=0
an = y =1,2,3,...,
@)= et rm-Dasm+a "

p(a) = a® — 2a (indicial polynomial),

n—1
— > (kPn—k + Gn—k)ck
k=0

p(n)

Cp = s n?éO,N,

where ¢y, cy are arbitrary and

b4
I

]’ ag # 0.

Upon substitution of the above values in (B8a), we get, for the second solution not of
Frobenius type,

2 2 4.6
op«(2) = ag+as (z2+ﬂ—z4+ >+aoan [z +ﬁ—z _ﬂz

+ ] (z=u4q—-1).

(B10)
The solution to (B1) about the singularity us = 1 is a linear combination of (B9) and
(B10) with z replaced by ua — 1 or ép.(ua) = c18p.(ua — 1,0) + cobp.(ua — 1,2) where
c1,cy are arbitrary constants and

8 32 1152

_ _12s 2 B i~ 1P
opi(uga —1,0) =ap+az | (ua —1) +§(u 1) +192( A—1)°+--- ),
2 2
6p*(uA—1,2)=a2-((uA—1)2+%( -1)* +1—ﬂ9—§(u,4—1)
6(ua —1)8 8 (0« — 1)8 2
2 (3316 ) +6(71;’7‘2801) +---)+aoln(uA—1) [(uA—1)2 52( A—1)4+ ]
(B11)

Next, we look at the solutions of (B1) about the singularity corresponding to the
vanishing of (1 + ¢%)u% —1 =0, or us = 1/4/1 + ¢2. Our approach will be the same as
above. Dividing both sides of (B1) by M% and setting k?/M% = 3%, we have

2 2V0,2 1 _ 4,2,,2
d (6})*) 2UA d(ép*) — 2 [(1 +q )U’A 1 u UAJ 6})*. (B12)

dd  ul -1 dua (1+¢%)u? -1
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We simplify (B12) by setting ug = 1/4/1 + ¢? everywhere but in the denominator of the
right-hand side. Using

1
2ug A 1+q2) =2/l +¢? (B13a)
ud —1 ﬁg—l q? '
1+¢*ud —1=(V1+q?ua —1)(v/1+ q?ua + 1). (B13b)
Setting \/1 + q?us = 1, we get (1 + ¢®)u — 1 =2(y/1+ q*us — 1), or
(1+¢Hu% —1=2y1+¢2 uA—; . (B13c)
V1+¢?

We further simplify the numerator of the right-hand side of (B12) to

A+¢Hud —1—uud =1-1—u%d?.

e

Note that uyq = % Solving for u we get u = —iqu A and, substituting in the above,

k. q°
the numerator of the right-hand side simplifies further to
k2 —k? 1 _(k2/k2)q2
2y,,2 2 2 z 2,4 z 2 z
_ =_ = = B
(1 q )uA I-u Ug k2q Ua k2 q (1+q2)2 (1+q2)2 ( 14)

Substituting (B14) and (B13c) into the right-hand side of (B12), this further simplifies
to

—k?/k?)q? 1 —k2¢? 1
( 1 / 5)3 / (2(1+q2)1/2 (UA - 2)) - 2k2(1 q2 5/2 x 1
(1+4¢?) V1+g 2(1+4?) UA—\/TT

Setting —(%k%q?/(2k2(1 + ¢*)°/?) = 0 and —24/1 + ¢?/¢* = 7 and substituting in (B12)
we get

—2us 2¢/1+ ¢q2 . B
uy — 1 q

(1+¢*)ud —1—uud —32k2q?

g
(1+¢%)u? —1 ] 2k2(1+q2)%/2 yy — 1/\/ q2 uA—l/\/1+q2'

(B16)

62

Substituting (B15) and (B16) into (B12) yields

2
d*(bp.) __d(8p.) _ o 8p. = 0. (B17)

du’ dua  ug—1/\/1+@
Setting z = ug — 1/4/1 + ¢2, Eq. (B17) simplifies to

d*(6p.) _d(ép.) o
— — —6p, = 0. B18
dz? T dz z bp. =0 (B18)
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Equation (B18) has a regular singular point about z = 0. We assume a Frobenius type
of solution. Set 6p, = ZZO=0 a,z"t* where « is the indicial exponent to be determined.
Substituting the series expression for ép, in (B18) we get

an(n+a)(n+a—1)z"r*"2

gk

d(ép.) _ < nta-1 d*(8p.) _
o= goan(n-l-a)z ) =

2
d dz —
oo oo
an(n+a)(n+a—1)"""2_ 7 Z an(n+ a)z"te!
n=0 n=0
oo
-0 Z a2t = 0. (B19)
n=0

The first term can be written in the form

o0
Z an(n+a)(n+a—1)2"""2 = gpa(a —1)2*2

n=0
o0
+ Z an1(n+a)(n+a+1)"Te L
n=0

Substituting the above expression in (B19) yields

oo
apofa —1)2%7% + Z[an+1(n +a)(n+a+1) —7(n+a)a, —oa,]2"T* ! = 0. (B20)

n=0

We set the coefficient powers of 222 and 2"*+*~! equal to zero, aga(a — 1) = 0. Our

assumption is ag # 0 and, therefore, a(a — 1) = 0, which implies a; = 1, a2 = 0, and
onti(n+a)(n+a+1)—[r(n+a)+ola, =0.

Solving for an+1,

(trn+a) +0)a,

(n+ao)n+a+1)

Two cases are to be considered: a; = 1 and oy = 0.
For a = 1, the recursion relation

n41 =

(r(n+ o)+ 0)
n+a)(n+a+l)

An41 = ( an

can be written in the form
(rin+1) +0)

an+1 = (n+1)(n+2)a’n7
where ag # 0:
n=0:a1—(T;U)a0,
2 2
n—_—lza2=(Tg_a)alz(T+Ul)2(T+o)ao,
3r+o0 3r+0)2tr+0o)(T+0
w20z OTE0),, BEOCT o),
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Continuing in this fashion, all the a;’s can be written as a multiple of ag. Therefore, the
Frobenius solution corresponding to the case & = 1 has the form

o0
opy = E anz" ! =apz! + a2 +a0z® +ag2t + .
n=0

Substituting the values of ag, a1, as,as in the above expression, we get

+0 o @2r+o0)(t+0) 5 @Br+o0)2r+0)(T+0)
) apz” + 12 apz” + 144
T+0o , (7'+a)(27'+a)z3+ (T+0’)(27’+0)(3T+0’)z4+“.>

6”*:(” 7 7 12 144

r
Op« = agz + agzt 4 -,

agp.
(B21)

We rewrite (B18) in the following form:

d*(ép.) T2 d oz
P 7@(510*) - 2—251’* =0,

p(z) = -1z,  q(z) = -0z

Expressing p(z) and ¢(z) in power series:
oo
p(z) = anzn =po+p1z+p2’+-= -T2
n=0 .

which implies
po=p2=p3=---=0, p1 = —T.

Expanding ¢(z) in a Taylor series:
o
9(z) =) g =@+ @z + @ +g + =02
n=0

yields
Q=q=g=-=0, q = —o.

We check the recursion relation (Bender and Orszag, 1978):

N—
Oay = — Z[(a + k)pN—k + av—k]ak, N=a-am=1 a=a=0,
k=0

-

or .
Oay = — Z[kpl—k + qi—k]ar = —qra0.
k=0

From our assumption for the existence of a Frobenius solution, ag # 0,q; = —c # 0.
Therefore, the right side is nonzero. This is the case II (b) in Bender and Orszag (1978),
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Chapter 3. To find the second solution to (B18) we follow the discussion on p. 75 of
Bender and Orszag. The second solution has the form

6p.(z ch - 6p*(z )|aza;, (B23)
where ¢y and ¢, are arbitrary, and

n—1
— > [(o2 + k)pr—k + qn-r)ck
k=0 2

Cp = , o =0, a) =a" —q,
n p(a2+n) 2 p( )
n—1
— > (kPn—k + gn-k)ck
_ k=0
Cn = (n2 — n) y

1
— > (kpo—k + ga—k)ck

n=9:c, = k=0 _ T@200 — (p1 +q1)e _ (4 0)c
7 2 2 2 )
2
- k 9+ _r)er
3o k2=:0( P3—k+ G3—k)Ck B —(2p1 + q1)e2 _ (27 4 0)ca _ (7‘+0‘)(2T+a')cl
=3:cy= — _ _ '

6 6 6 12

To calculate the second term of (B23), we write the expression for p and then take its

derivative with respect to o, 6p.(z, @) Z an ()2t where
n=0

n—1
- Z [(Ot + k)pn—k + qn—k]ak
k=0

an(a) = , (B24)

[(a+n)2 — (o +n)]

and

N-1
Z (a2 + K)YpN—k + qN - k]ck (B25)

p (a1 k=0

Since p(a) = a? — a, taking its derivative yields p’(a) = 2a — 1. Setting o = a; = 1, we
get p'(e1) = 1, N = ay — ap = 1. Plugging these values in (B25),

oC
ap = Z[kpl—k + q1-klck = q1co.

k=0
But, g1 = —0; hence, ag = —ocg. Taking the derivative of 8p.(z, @) = Y o0 an(a)z™ ™
with respect to a, we get
0 (oo = 1023 (@) + 3 L (@ aieren. (B26)
O — 0o

n=0
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We further try to simplify expression (B26). Using (B24),

n—1 n—1
- kZ (A +k)pn—k + gn-klax = 3 [(1 + k)pn—k + gn-k)ax
— =0

an(ar) = an(l) = 1+n)2—(n+1) - n(n+1)

We calculate some coefficients of a,(1):

0

= 1iar(l) = _kgo[(l +k)p1-k + q1-klak @)

2 2 ’

p1=-T, ¢ = —0.

Therefore, a;(1) = (7 +0)ag/2 but ag = —oc¢y, and so a;(1) = —(7+0)ocy/2. Let n = 2

in (B24). Then
1

= 2+ E)p2k + g2—k)ax

112(1) = k=0 6 )
which upon expansion gives
_ —[02 +02)ap — 2p1 + q1]ar  —[2p1 + q1]as
ag(l) = = s
6 6
T+o 2r+o)(t+0)a
Phr=-7, q=-0, 1= a0, 02=( i )O-
2 12
For n = 3, we have
2
- 1+ k)ps—k + g3—kla
_ 1;::0[( JPa—r + gs-ila _ —[(0s + 03)ao + (202 + 02)a; + (3p1 + g1)a2]
ag = - )
12 12
a -@Bp1+qi)az 37+ 0)az (374 0)(27 +0) (T + 0)ag
8 12 12 144 ‘

It can be concluded from the above calculations that a,, can be written in the form

o = MIZE (@ +in)ag
T @) (n+1)

Therefore, the first term of (B26) has the following expansion:
Inz Z an(a)z™ = Inzfagz +a;(1)2? + ap(1)2® +az(1)2* +---].
n=0

Substituting the above values of a;(1), a2(1),a3(1), we get

2 3
> [Te+ir)  Il(o+ir)
Inz Zan(l)z"+1 =lnz |z— (r+ U)zQ + = 24 =L
n=0

4
2 12 4a ¢ T

(B27)
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We try to simplify the second term of (B26). We need to calculate %an(cx)la:a1 for
different n. With ag # 0,

n—1

- Y (a+E)pn_i + gn_klax
an(a) — k=0

(a+n)2—(a+n)

Since ¢; =0Vi#1, ¢ = —0,p; =0Vi# 1, p; = —7, the expression for a, (a) simplifies
to

_ ~((@a+n=Dp+qi)an-1 _ ((e+n—=1)7+0)an- _
() = = G ) C @Enf ol oL

and ag # 0 is an arbitrary constant. Also,

L _ar+o dai(c) _ (1+30)
n=1l:a(a)= ala+ l)ao’ da |, 5 o

n=2:a(a)= (((Zi 12))7(-:51(;1 , and replacing a; arto

Il

—_— t
a(a+1) o we ge
ax(a) = (®+ )T+ 2a+ )10 + 02a day () _ —(57% 41570 + 702)a
AR ala+1)2(a+2) 0 oa |, 36 0

Using the same method, we calculate other terms, and we will have more complicated

expressions in terms of 7 and o. The second term of (B26), upon substitution of the
above values of 6%(11 (@)|a=1, (%ag(a)lazl, has the following form:

o0

0 4n_ O 0
;aan(a)laﬂz = 6aao(a)|a=12+ 5o

(@)|a=12® + iaz

a(@)lami

where ag is an arbitrary constant or a%ao(a) =0 and

o 0 N T+ 30 572 + 1570 + To?
3 Gatn(@lamiz™ = e L )
Substituting (B27) and (B28) into (B26) we get
0
£5p*(z,a)|a=1

=lnz|:z— (T+0')22+(27'+0’)(7'+g) 5

(t+0)(c+27)(0+37) 4
2 12 o 144 R
+(_('r—|:13cr)22_<572+1220+702)z3+“ a.

(B29)
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We expand the first term of (B23) as follows:

o
no__ ., 2 3
Chz =Cop+cCr1z2+ ezt +c32” e,

n=0

50
2 ]

chz”:c()+clz+(7—_+i)0122+(7—_+0_)(__7_i0_)61z*5+.”’
n=0 2 12
o0

. . 2 .
chz” =cy+ <z+ (T—;U)zz + (T+U)1(2T+a)z'5+~-) . (B30)
=0

If ¢y and ¢; are arbitrary nonzero constants, substituting (B29) and (B30) into (B23),
we get the local series expansion of (B18) about the singularity us = 1//1 + ¢% (2 = 0):

51’*(2) =cyt+ci (Z+ (7‘+a)22+ (T+U)(2T+U)z3+‘..>

5 12
T+0o\ o, @r+o)(r+0) 5, (T+0)(0+27)(0+37) ,
lnz[z ( 5 >z + 1 z° + 144 z* + ag
) 2
. <_(T—Z3U)z2— (57 +15;)20+70 )z3+~~~)am (B31)

where ay = —ocg, and z = uaq — 1/4/1 + ¢2.
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