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1. Introduction

In this paper, continuing investigations of [3,24,12], we study by a combination of asymptotic
ODE estimates and numerical Evans function computations the one-dimensional stability of parallel
isentropic magnetohydrodynamic (MHD) shock layers over a full range of physical parameters, includ-
ing arbitrarily large shock amplitude and strength of imposed magnetic field, for a y-law gas with
y € [1, 3], with our main emphasis on the case of an ideal monatomic or diatomic gas. The restriction
to y €[1,3] is an arbitrary one coming from the choice of parameters on which the numerical study
is carried out; stability for other y can be easily checked as well. (Note that our analytical results
are for any y > 1.) In each case, we obtain results indicative of stability. Recall that Evans stability,
defined in terms of the Evans function associated with the linearized operator about the wave, by the
“Lyapunov-type” results of [29,30,41,20,21,37], implies linear and nonlinear stability for all except the
measure-zero set of parameters on which the characteristic speeds of the endstates coincide with the
shock speed or each other.*

Parallel shocks may be of fast Lax, intermediate (overcompressive), or slow Lax type depending
on magnetic field strength; however, the shock layer is independent of magnetic field, consisting of a
purely gas-dynamical profile. Thus, the study of their stability is both a natural next step to and an
interesting generalization of the investigations of stability of gas-dynamical shocks in [24]. See also
the investigations of stability of fast parallel Lax shocks in certain parameter regimes in [12] using
energy methods, and of general fast Lax shocks in the small-magnetic field limit in [17,16] using
Evans function techniques.

1.1. Equations

In Lagrangian coordinates, the equations for compressible isentropic MHD in one dimension take
the form
Ve —u1x =0,
ure + (p + (1/210) (B3 + B3)), = (2w + n)/v)u1x),.
uze — ((1/10)BiB2), = ((1/V)ti2y),.
uze — ((1/140)B}B3), = ((1/v)usy),,
(vBa)r — (Biuz), = ((1/0 1ov)Bax),.
(vB3); — (Bjus), = ((1/0 1oVv)B3yx),.

where v denotes specific volume, u = (u1, uz, u3) velocity, p = p(v) pressure, B = (B, B2, B3) mag-
netic induction, B} constant, and u > 0 and 1 > 0 the two coefficients of viscosity, o > 0 the
magnetic permeability, and o > 0 the electrical resistivity [9].

We restrict to an ideal isentropic polytropic gas, in which case the pressure function takes form

(11)

p(v)=av™’ (1.2)

where a > 0 and y > 1 are constants that characterize the gas. In our numerical investigations, we
shall focus mainly on the most common cases of a monatomic gas, ¥ = 5/3, and a diatomic gas,
y = 17/5; more generally, we investigate all y € [1,3]. With brief exceptions (e.g., Section 4.1), we
take

n=-2u/3, (13)

as typically prescribed for (nonmagnetic) gas dynamics [4].°

4 For these degenerate cases, the stability analysis has not been carried out in the generality considered here. However, see
the related analyses for Lax shock of [22,19] in the case that shock and characteristic speed coincide and [41] in the case that
characteristic speeds coincide, which suggest that the shocks may be nonetheless stable.

5 Also, predicted in the rarefied-gas limit by Chapman-Enskog expansion of Boltzmann's equation.
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Here, we are allowing u and B to vary in full three-dimensional space, but restricting spa-
tial dependence to a single direction e; measured by x. That is, we consider planar solutions, or
three-dimensional solutions with one-dimensional dependence on spatial variables. Note that the
divergence-free condition divy B =0 of full MHD reduces in the planar case to our assumption that
B1 = constant = B]. In the simplest, parallel case By = B3 =0; uz =u3 =0, Eqs. (1.1) reduce to the
one-dimensional isentropic compressible Navier-Stokes equations

(14)

Ve —u1x =0,
{ ure + px = ((Qu+m)/v)uix),-

In the remainder of the paper, we study traveling-wave solutions in this special parallel case and their
stability with respect to general (not necessarily parallel) planar perturbations.

1.2. Viscous shock profiles

A viscous shock profile of (1.1) is an asymptotically-constant traveling-wave solution

(v,u, BY(x,t) = (V, 1, B)(x — st), Zgrilgo:(vi,ui,Bi). (1.5)

In the parallel case, these are of the simple form (¥, i, B)(x —st) = (¥, i1, 0, 0, B%,0,0)(x—st), where

(V, 117) is a gas-dynamical shock profile satisfying the traveling-wave ODE
—Svy —u1x =0, (1.6)
—suix+ px = (2 +m)/v)uix),. :

1.3. Rescaled equations

By a preliminary rescaling in x, t, we may arrange without loss of generality wu = 1. Fol-

lowing the approach of [24,25], we now rescale (v,uy,us,us, fbo, X, t, B) — (¥, —%L, %2, 52 ey,

—es(x — st), es’t, %) holding w1, o fixed, where ¢ := v_, transforming (1.1) to the form

_ 1 U1x
U +uix+ | av V+(—) BZ+BZ> =@2un+ )(—)
t X < 2/~'L0 (2 3) . n v .
1 *
Uy +uUxx— | —BiB2| =p
Mo X

1 u
U3 + Usy — <—BTBB) = M(i
Ho X v

: (1.7)

(vVB2) + (vB2)x — (Bjuz), =

(VB3)t 4+ (vB3)x — (B>1ku3)x =

where p(v) =agv~" and a =ape ¥ 152,
By this step, we reduce without loss of generality to the case of a shock profile with speed s = —1,

left endstate

(v,u1,uz,us3, By, B2, B3)— =(1,0,0,0, B},0,0), (1.8)
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and right endstate
(v,u1,uz,u3, By, By, B3); = (v4, vy —1,0,0,B},0,0), (1.9)
satisfying the profile ODE
Cu+mv' =Hv,vy)=v(v—1+4a(v’ 1)) (1.10)

(obtained by integrating (1.6) and substituting the first equation into the second) where 1 =v_ >
vy >0 and (setting v/ =0 at v = v and solving)

V+—] y]—V+
a=— =v . 111
S B YA (11

See [3,24] for further details.

Proposition 1.1. (See [3].) Foreach y > 1,0 < vy <1 —¢, € > 0, (1.10) has a unique (up to transla-
tion) monotone decreasing solution v decaying to its endstates with a uniform exponential rate, independent
of v, y. In particular, for 0 < vy < & and ¥(0) := vy + 55,

. 1 X
‘v(x)—v+‘<<ﬁ>e’37, x>0, (112a)
N 1\ x12
]v(x)—v,|<(z)e 7, x<0. (112b)

Corollary 1.2. Initializing V(0) := v + 11—2 as in Proposition 1.1, ¥ converges uniformly as v, — 0 to a

n 1—tanh(55%—)
translate Vo of ——— 07,

Proof. By (1.11), a ~ vz — 0 as v4 — 0, whence the result follows on any bounded set |x| < L by

continuous dependence, taking the limit as a — 0 in (1.10) to obtain a limiting flow of v/ = "2(;1‘7’7)

Taking now L — oo, the result follows for |x| > M by vy — 0 and |? — v | < Ce "M see (1.12a)-
(112b). O

1.4. Families of shock profiles

At this point, we have reduced our study of parallel shock stability, for a fixed gas constant y, to
consideration of a one-parameter family of profiles indexed by the right endstate 1 > v, >0 and a
four-parameter family of Eqs. (1.7) indexed (through (1.11)) by v and the three remaining physical
parameters (o > 0, 0 > 0, B} > 0, where we have taken B} without loss of generality to be nonneg-
ative by use of the symmetry under B — —B of (1.1). Here, the small-amplitude limit corresponds to
vy — v_ =1 and the large-amplitude limit to v — 0, where in this scaling the amplitude is given
by [v_ — vl

A straightforward computation shows that the characteristics of the first-order hyperbolic system
obtained by neglecting second-derivative terms in (1.7) at the endstates v. have values

(1+cv). 1,1, (1 + %) (113)
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where ¢(v) := /—p’(v) = /yav—Y~1 is the gas-dynamical sound speed, satisfying c; > 1 > c_. Thus,
the shock is a Lax 1-shock for 0 < B} < /ioVvy, meaning that it has six positive characteristics at v_
and one at v; an intermediate doubly overcompressive shock for /iovy < B} < ,/[to, meaning that it
has six positive characteristics at v_ and three at v; and a Lax 3-shock for /it < B}, meaning that
it has 4 positive characteristics at v_ and three at v.

For Lax 1- and 3-shocks, the profile (1.5) is generically (and always for 1-shocks) unique up to
translation as a traveling-wave solution of the full equations connecting endstates (1.8) and (1.9), i.e.,
even among possibly nonparallel solutions. That is, it lies generically within a one-parameter family
(0%} = {(V, i1, Qi2, Gi3, By, B3)5} of viscous shock profiles, & € R, with ¢ (x) := U(x — &). For overcom-
pressive shocks, it lies generically within a three-parameter family {(V, {i, {iz, {i3, B2, B3)5} of viscous
profiles and their translates, £ € R, of which it is the unique parallel solution up to translation [29].
For further discussion of hyperbolic shock type and its relation to existence of viscous profiles, see,
e.g., [44,40,41,29].

1.5. Evans, spectral, and nonlinear stability

Following [44,29,41], define spectral stability as nonexistence of nonstable eigenvalues %A > 0 of
the linearized operator about the wave, other than at A = 0 (where there is always an eigenvalue, due
to translational invariance of the underlying equations). A slightly stronger condition is Evans stability,
which for Lax or overcompressive shocks may be defined [44,29] as nonvanishing for all ;A > 0 of
the Evans function associated with the integrated eigenvalue equation about the wave. See [1,14,40,
41,29] for a general definition of the Evans function associated with a system of ordinary differential
equations; for a definition in the present context, see Section 2. Recall that zeros of the Evans function
(either integrated or nonintegrated) agree with eigenvalues of the linearized operator about the wave
on {NAr >0} \ {0}, so that Evans stability implies spectral stability.

The following “Lyapunov-type” result of Raoofi and Zumbrun [36], specialized to our case, states
that, for generic parameter values, Evans stability implies nonlinear orbital stability, regardless of the
type of the shock; see also [30,41,21,37].

Proposition 1.3. (See [36].) Let U := (¥, {i1, {l2, {i3, B2, B3) be a parallel viscous shock profile of (1.1)-(1.2)
connecting endstates (1.8)-(1.9), with characteristics (1.13) distinct and # s, that is Evans stable. Then, for
any solution U := (¥, i1, il2, fi3, By, B3) of (1.1) with L' N H3 initial difference and L!-first moment Eq :=
U, 0) — Ull 1ny3 and Eq := |||x]|U (-, 0) — U|||;1 sufficiently small and some uniform C > 0, U exists for all
t >0, with

[O¢. ) =T —st)|,1ys < CEo  (stability). (1.14)

Moreover, there exist o (t), oo Such that

[0¢. 0= T*O —st)|,, < CEo(1 +1)~1/2A=1/P), (1.15)

|or(6) — oo, (1 + O)2|6 ()| < C(e) max{Eq, E1}(1 + )~ 1/>*%, (1.16)
forall 1 < p < oo, & > 0 arbitrary (phase-asymptotic orbital stability).

Finally, recalling that Evans stability for Lax shocks is equivalent to the three conditions of spectral
stability, transversality of the traveling wave as a connecting orbit of (1.10), and inviscid stability of the
shock while Evans stability for overcompressive shocks is equivalent to spectral stability, transversality,
and an “inviscid stability”-like low-frequency stability condition generalizing the Lopatinski condition
of the Lax case [44,29,41], we obtain the following partial converse allowing us to make stability
conclusions from spectral information alone.
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Proposition 1.4. A parallel viscous shock profile of (1.1)-(1.2), (1.8)-(1.9), that is a Lax 1-shock and spectrally
stable is also Evans stable (hence, for endstates with distinct characteristics # s, nonlinearly orbitally stable).
A parallel viscous shock profile that is an intermediate (overcompressive) shock, spectrally stable and low-
frequency stable is Evans stable. A parallel viscous shock profile that is a Lax 3-shock, spectrally stable, and

transverse is Evans stable. For ;1 =1 and B} > max{,/ @, %} + /Mo, Lax 3-shocks are transverse. For

parallel viscous shocks of any type, spectral stability implies Evans (and nonlinear) stability on a generic set of
parameters.

Proof. Lax 1-shocks and intermediate-shocks, as extreme shocks (i.e., all characteristics entering the
shock from the —oo side), are always transversal [29]. One-dimensional inviscid stability of either
Lax 1- or 3-shocks follows by a straightforward calculation using decoupling of the linearized equa-
tions into (v,u1) and (uz, B2) and (us, B3) systems [5,39,12]. Transversality for large B} is shown
in Proposition B.3. Finally, both transversality (in the Lax 3-shock case) and (in the overcompressive
case) low-frequency stability conditions can be expressed as nonvanishing of functions that are ana-
lytic in the model parameters, hence either vanish everywhere or on a measure zero set. It may be
shown that these are both nonvanishing for sufficiently weak profiles |1 — v | small,’ hence they are
generically nonvanishing. From these facts, the result follows. O

Remark 1.5. Our numerical results indicate Evans stability for all parameters, which implies in passing
uniform transversality of 3- and overcompressive-shock profiles and low-frequency stability of over-
compressive profiles. Transversality is a minimal condition for orbital stability, being needed even to
guarantee existence of the smooth manifold 0% under discussion [29].

As discussed above, neither transversality nor low-frequency stability are implied by spectral sta-
bility. Nor are they implied by “integrated spectral stability”, defined as nonexistence of decaying
solutions of the integrated eigenvalue equations for M > 0, as typically obtained by energy esti-
mates [15,26]. They are, rather, independent conditions that must in principle be separately verified.
It is remarkable that an Evans study verifies all three.

1.6. The reduced linearized eigenvalue equations

Linearizing (1.7) about a parallel shock profile (V, i1, 0, 0, BT, 0, 0), we obtain a decoupled system

Ve+vx—u1x=0,
a—y—1 - up | Uiy
ue +urx —ay (Vv V), =Qu+1n) =)
X
1 Uox
u Uy — — (B¥By), = ol
S Mo( i82), M( v >x
1 U3y (117)
u U3y — — (B¥B3), = — |,
3t + Usx Mo( 1B3), ,u( 5 >x
A N 1 B>
(sz)t+(sz)x—(BTuz)x=< —) )
o Lo vV Jx
A N 1 B3
(v33>t+<v83)x—(31"u3)x=((—) ) ,
o o vV /)y

6 For Lax 3-shocks, transversality follows for small amplitudes by the center-manifold analysis of [33]. For overcompressive
shocks, taking B} = (1/2)(/fto + /#V+) as vy — 1, using decoupling of (v,u) and (uj, Bj) equations and performing a
center manifold reduction in the (uj, Bj) equation of the traveling-wave ODE written as a first-order system, j = 2,3, we
find that this reduces in each case to a one-dimensional fiber, whence decaying solutions of the linearized profile equation,
corresponding to variations other than translation in the family of profiles U%, are of one sign and thus have nonzero total
integral ff;o (uj, Bj)(x) dx. But this is readily seen [40] to be equivalent to low-frequency stability in the small-amplitude limit.
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consisting of the linearized isentropic gas dynamic equations in (v, uq) about profile (v, @i1), and two
copies of an equation in variables (uj, VBj), j =2, 3.

Introducing integrated variables V := [v, U:= [uy and wj:= [uj, aj:= [ VB, j=2,3, we find
that the integrated linearized eigenvalue equations decouple into the integrated linearized eigenvalue
equations for gas dynamics in variables (V, U) and two copies of

B¥o' w”
kw+w’—M19=M0,
0
1.18
S NN (1.18)
)\.a+a—Blw = —7F\| <«
O LoV \ vV

in variables (wj, aj), j=2,3.

As noted in [44,29], spectral stability is unaffected by the change to integrated variables. Thus,
spectral stability of parallel MHD shocks, decouples into the conditions of spectral stability of the
associated gas-dynamical shock as a solution of the isentropic Navier-Stokes equations (1.4), and spec-
tral stability of system (1.18). Assuming stability of the gas-dynamical shock (as has been verified in
great generality in [24,25]), spectral stability of parallel MHD shocks thus reduces to the study of the reduced
eigenvalue problem (1.18), into which the shock structure enters only through density profile V. Like-
wise, the Evans function associated with the full system (1.17) decouples into the product of the Evans
function for the gas-dynamical eigenvalue equations and the Evans function for the reduced eigen-
value problem (1.18). Thus, assuming stability of the associated gas-dynamical shock, Evans stability of
parallel MHD shocks reduces to Evans stability of (1.18).

Remark 1.6. The change to integrated coordinates removes two additional zeros of the Evans function
for the reduced Egs. (1.18) that would otherwise occur at the origin in the overcompressive case,
making possible a unified study across different parameter values/shock types.

1.7. Analytical stability results

1.7.1. The case of infinite resistivity/permeability

We start with the observation that, by a straightforward energy estimate, parallel shocks are un-
conditionally stable in transverse modes (ii, B) in the formal limit as either electrical resistivity o
or magnetic permeability (o go to infinity, for quite general equations of state. This is suggestive,
perhaps, of a general trend toward stability.

Theorem 1.7. In the degenerate case j1o = 0o or 0 = oo, parallel MHD shocks are transversal, Lopatinski stable
(resp. low-frequency stable), and spectrally stable with respect to transverse modes (ii, B), for all physical
parameter values, hence are Evans (and thus nonlinearly) stable whenever the associated gas-dynamical shock
is Evans stable.

Proof. By Proposition 1.4, Lopatinski stability holds for Lax-type shocks, and transversality holds for
Lax 1-shocks and overcompressive shocks. Noting that the (decoupled) transverse part of linearized
traveling-wave ODE for o = oo or g = oo reduces to (d — 1) copies of the same scalar equation, and
recalling that transversality/Lopatinski stability hold always for the decoupled gas-dynamical part [24],
we readily verify low-frequency stability in the overcompressive case and transversality in the Lax
3-shock case as well.” Thus, we need only verify transverse spectral stability, or nonexistence of de-
caying solutions of (1.18).

7 For scalar equations, transversality is immediate. Likewise, decaying solutions of the linearized profile equation, correspond-
ing to variations other than translation in the family of profiles U%, are necessarily of one sign and thus have nonzero total
integral ff;o (uj, Bj)(x) dx. But this is readily seen [40] to be equivalent to low-frequency stability in the small-amplitude limit.
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For o0 = oo, we may rewrite (1.18) in symmetric form as
~ o / * .,/ "
MOVAW + VW' — Bl = upow”,
e+’ —Biw' =0. (1.19)

Taking the real part of the complex L2-inner product of w against the first equation and « against
the second equation and summing gives

5Yik/(\7uolw|2+|a|2)=—//,L/,LO|W/|2+/\7X|W|2 <0,

a contradiction for MA > 0 and w not identically zero. If w =0 on the other hand, we have a
constant-coefficient equation for o, which is therefore stable. The wo = 0o case goes similarly; see
Appendix B. O

Notably, this includes all three cases: fast Lax, overcompressive, and slow Lax type shock. Fur-
ther, the same proof yields the result for the more general class of equations of state p(-) satisfying
% <0, so that vy < 0 for s < 0. With the analytical results of [24], we obtain in particular
the following asymptotic results.

Corollary 1.8. For 0 = 0o or g = oo, parallel isentropic MHD shocks with ideal gas equation of state,
whether Lax or overcompressive type, are linearly and nonlinearly stable in the small- and large-amplitude
limits v4 — 1 and v — 0, for all physical parameter values.

1.7.2. Bounds on the unstable spectrum

By a considerably more sophisticated energy estimate, we can bound the size of unstable eigen-
values uniformly in 1 > vy > 0 and the gas constant ¥ > 1 to a ball of radius depending on o, o,
B7, a crucial step in studying the limit v — 0.

Theorem 1.9. Nonstable eigenvalues RA > 0 of (1.18) are confined for 0 < v < 1 to the region

1 1
R+ [IA] < —max{—,uoo} + (8% -2 (1.20)
2 2 Mo

Proof. See Appendix B. O

1.7.3. Asymptotic Evans function analysis
Denoting by D(A) the “reduced” Evans function (defined Section 2) associated with the reduced
eigenvalue Egs. (1.18), we introduce the pair of renormalizations

By = (1= BY//T00)? +4r(1/2 4+ 1/20 o) V/* (v /4 +1)1/4
T (1= B/ 0 +4/2+1/20 o)) /4 (v/A+ 1)1/A

(= BY/ oV ) +40(/2v . +1/20 tovi)'*
(1= B/ oV 2+ 4(u/2v4 +1/20 ugv? ) 4

D(}) (1.21)

and

_ B* 2 1/4
Doy = ((1— BY//I0)* +4r(i/2 +1/20 119)) DG, (122)
((1—=B%//I0)?+4(1u/2+1/20 o)) 1/4
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1.7.3.1. Intermediate behavior

Theorem 1.10. On RA > 0, the reduced Evans function D is analytic in A and continuous in all parameters
except at v, =0 and By = /o v+, at which points it exhibits algebraic singularities (blow-up) at A = 0. The

renormalized Evans functions D and D are analytic in A and continuous in all parameters except at (., v4) =
(0,0).

Proof. Immediate from Propositions 2.12 and 3.6. O
1.7.3.2. The small-amplitude limit

Proposition 1.11. (See [26,35].) For o > 0, o > 0, B} > 0 bounded, and B} bounded away from ./iio,
parallel shocks are Evans stable in both full and reduced sense in the small-amplitude limit v, — 1. Moreover,
D converges uniformly on compact subsets of {RA > 0} as v+ — 1 to a nonzero real constant.

Proof. For |[v_ —v| =1~ v,| sufficiently small and B} bounded away from /o, the associated
profile must be a Lax 1- or 3-shock, whence stability follows by the small-amplitude results ob-
tained by energy estimates in [26] or by asymptotic Evans function techniques in [35]. Convergence
on compact sets follows by the argument of Proposition 4.9 [25], which likewise uses techniques
from [35]. O

1.7.3.3. The large-amplitude limit
Theorem 1.12. For o, 1o and B} bounded, the reduced Evans function D () converges uniformly on compact
subsets of {0A > 0} \ {0} in the large-amplitude limit v_. — O to a limiting Evans function D°()) obtained by

sAubstituting Do for v in (1.18), V¢ as in Corollary 1.2; see Definition 3.4 for a precise definition. Likewise, D and
D converge to

o (1= B}/ J/F0)? +4h(1/2 +1/20 110)) /4

Do) = 212D 123
» ((1 = B3/ /10)? +4(11/2 +1/20 1)) 1/4 * (123)
and
. _ p* 2 1/4
DO()\.) L (@ B]/«/,UJO) +4r(/2 4+ 1/20 o)) DO()\), (1.24)

" (1= B}/ J/10)? +4(1/2 +1/20 j10)) /4

each continuous on R > 0. Moreover, for B < /Lo, nonvanishing of DO on {MA > 0} is necessary and non-

vanishing of D on {2 > 0} is sufficient for reduced Evans stability (i.e., nonvanishing of D, D on {9 > 0})
for v > 0 sufficiently small. For B} > /o, nonvanishing of DO on {MA > 0} is necessary and nonvanishing

of D0 on {MA > 0} together with a certain sign condition on Doy is sufficient for reduced Evans stability for
v > 0 sufficiently small.® This sign condition is implied in particular by nonvanishing of D (0) on the range

1
S < B S«/_Mo-l-max{,/%,\/z}- (125)

Proof. Convergence follows by Proposition 3.6; for stability criteria, see Section 3.5. O

8 D, D are real-valued for real A by construction, so that sgn D(0) is well defined.
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Remark 1.13. The theoretically cumbersome condition (1.25) is in practice no restriction, since we
check in any case the stronger condition of nonvanishing of D for 31 > 0 on the entire range ,/ito <

< Mo+ max{,/ 42, /5Ly

Remark 1.14. Recall [24] that the associated gas-dynamical shock has been shown Evans stable for
vy > 0 sufficiently small. Thus, not only reduced Evans stability, but fullAEvans stability, is implied for
v > 0 sufficiently small by stability of the limiting function D° (resp. D).

1.7.3.4. Large- and small-parameter limits

Theorem 1.15. For o, i1 bounded and bounded from zero, and v bounded from zero, parallel shocks are
reduced Evans stable in the limit as BT — 00 or BT — 0. For A bounded and %) > 0, the Evans function
converges as B} — oo to a constant.

Theorem 1.16. For B} bounded, and v bounded from zero, parallel shocks are reduced Evans stable in the
limit as 0 — 0 with o bounded, (1o — 0 with o bounded. In each case, the Evans function converges
uniformly to zero on compact subsets of {fx > 0}, with C~1\/o < |D° (A)| < C/o for Co < || < C and
€' /lo < ID? ()] < C/fko for Cpuo < [A] < C.

Theorem 1.17. For B} bounded, and v and (o bounded from zero, parallel shocks are reduced Evans stable
in the limit as o (Lo — oo. For A bounded ang RA >0, the Evans function D, appropriately rgnormalized, con-
verges as o jLg — oo to the Evans function D for (1.19); more precisely, D ~ e Hotc1+c2A ]y for cj constant.

Remark 1.18. Except for certain “corner points” consisting of simultaneous limits of B} — oo together
with 0 — 0, or o g — oo together with v, — 0 or o — 0, our analytic results verify stability on
all but a (large but) compact set of parameters. We conjecture that stability holds in these limits as
well; this would be an interesting question for further investigation.

As pointed out in [25], the limit v, — 0 is connected with the isentropic approximation, and does
not occur for full (nonisentropic) MHD for gas constant y > 1; thus, a somewhat more comprehen-
sive analysis is possible in that case. Note that the reduced eigenvalue equations are identical in the
nonisentropic case [12], except with v replaced by a full (nonisentropic) gas-dynamical profile, from
which observation the reader may check that all of the analytical results of this paper goes through
unchanged in the nonisentropic case, since the analysis depends only on ¥, and this only through
properties of monotone decrease, |vy| < C|v| (immediate for v bounded from zero), and uniform ex-
ponential convergence as x — Foo, that are common to both the isentropic and nonisentropic ideal
gas cases.

1.7.3.5. Discussion Taken together, and along with the previous theoretical and numerical investiga-
tions of [24] on stability of gas-dynamical shocks, our asymptotic stability results reduce the study of
stability of parallel MHD shocks, in accordance with the general philosophy set out in [24,25] mainly
(Le., with the exception of “corner points” discussed in Remark 1.18) to investigation of the continu-
ous and numerically well-conditioned renormalized functions Dand Dona compact parameter-range
suitable for discretization, together with investigation of the similarly well-conditioned limiting func-
tions D® and DO. However, notice that the same results show that the unrenormalized Evans function
D blows up as A — 0, both in the large-amplitude limit v. — 0 and in the characteristic limits
B} — /Iovx, hence is not suitable for numerical testing across the entire parameter range. Indeed,
in practice these singularities dominate behavior even rather far from the actual blow-up points,
making numerical investigation infeasibly expensive if renormalization is not carried out, even for in-
termediate values of parameters/frequencies. This is a substantial difference between the current and
previous analyses, and represents the main new difficulty that we have overcome in the present work.
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Fig. 1. Renormalized Evans function output for semi-circular contour of radius 4.5 (left) as the amplitude varies. Parameters are
Bt=2 po=10=1y=>5/3 with vy =1071,1071%,1072,10725,1073,10735,1074,10745,1075, 107>, 107°. Note the
striking concentric structure of the contours, which converge to the outer contour in the large-amplitude limit (i.e., v — 0)
and to a nonzero constant in the small-amplitude limit (i.e., v4 — 1), indicating stability for all shock strengths since the
winding numbers throughout are all zero. The limiting contour given by Do) is also displayed, but is essentially identical to
nearby contours. When the image is zoomed in near the origin (right), which is marked by a crosshair, we see that the curves
are well behaved and distinct from the origin. Also clearly visible is the theoretically predicted square-root singularity at the
origin of the limiting contour, as indicated by a right angle in the curve at the image of the origin on the real axis.

1.8. Numerical stability results

For a given amplitude, the above analytical results truncate the computational domain to a com-
pact set, thus allowing for a comprehensive numerical Evans function study patterned after [24,25],
which yields Evans stability in the intermediate parameter range. We then demonstrate Evans stability
in the large-amplitude limit by (i) verifying convergence to the limiting Evans functions given in The-
orem 1.12 (i.e., checking that convergence has occurred to desired tolerance at the limits of values v,
A considered), and (ii) verifying nonvanishing on %A > 0 of the limiting functions DO, DO. These com-
putational results, together with the analytical results in Section 1.7, give unconditional stability for
all values except for cases where two or more parameters blow up simultaneously as described in
Remark 1.18. The numerical computations were performed by the authors’ STABLAB package, which is
written in MATLAB, and has been used successfully for several systems [3,24,25,10,23].

When compared to the numerical study for isentropic Navier-Stokes [3,24], this present system
is better conditioned, yet much more computationally taxing since there are more free parameters
to cover, i.e., (¥, V4, B}, 1o, 0); the isentropic model by contrast has only two parameters (y, v).
Since each dimension adds, roughly, an order of magnitude to the runtime, we upgraded our STABLAB
package to allow for parallel computation via MATLAB’s parallel computing toolbox. In our main study,
we computed along 30,870 semi-circular contours corresponding to the parameter values

(V. v+, B}, 1o,0) €[1.0,3.0] x [107°,0.8] x [0.2,3.8] x [0.2,3.8] x [0.2,3.8].

In every case, the winding number was zero, thus demonstrating Evans stability; see Section 5 for
more details.

We also carried out a number of small studies to illustrate our analytical work in the limiting
fixed-amplitude cases. These are briefly described below and are also given more detail in Section 5.

In Fig. 1, we see the typical concentric structure as vy varies on [0, 1]. Note that in the strong-
shock limit, the output converges to the outer contour representing the Evans function output of
the limiting system. In the small-amplitude limit, the system converges to a nonzero constant. Since
the origin is outside of the contours, one can visually verify that the winding number is zero thus
implying Evans stability, even in the strong-shock limit.

In Fig. 2, we illustrate the convergence of the Evans function as B} — oo. Note that the contours
converge to zero, but they are stable for all finite values of Bj. Stability is proven analytically in
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Fig. 2. Evans function output for semi-circular contour of radius 5 (left) and a zoom-in of the same image near the origin
(right). Parameters are v, =1072, o =1, 0 =1, y =5/3, with B} =2,3.5,5,10,15, 20, 25, 30, 35, 40. Note that the contours
converge to zero, which is marked by a cross hair, as B} — oo.
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Fig. 3. Evans function output for semi-circular contour of radius 5 (left) together with a renormalized version of the con-
tours (right), where each contour is divided by its rightmost value, thus putting all contours through z =1 on the right
side. Although these results are typical, the parameters in this example are B} =2, v, = 1072, 0 =1, y =5/3, with
o =10"%310"",10"15,1072,1072%,1073,1073,104,10745, 107>, Note that the renormalized contours are nearly iden-
tical. This provides a striking indication of stability for all values of o in our range of consideration, and in particular for
Mo — 0.

Theorem 1.15 by a tracking argument. Prior to this computation, however, a significant effort was
made to prove stability with energy estimates, but these efforts were in vain since the Evans function
converges to zero as B} — oc.

In Fig. 3, we see the structure as o — 0. Once normalized (right), we see that the structure is
essentially unchanged despite a large variation in wo; in particular, the shock layers are stable in the
o — 0 limit. This was proven analytically in Theorem 1.16.

Finally, in Fig. 4, we see the behavior of the Evans function in the case that r = u/Q2u + 1) — oc.
This is the opposite case of that considered in [12]. As we show in Proposition 4.3, this case can
be computed by disengaging the shooting algorithm and just taking the determinant of initializing
eigenbases at +oo. Notice that in this limit the shock layers are also stable.

1.9. Discussion and open problems
Our numerical and analytical investigations suggest strongly (and in some cases rigorously prove)

reduced Evans stability of parallel ideal isentropic MHD shock layers, independent of amplitude, vis-
cosity and other transport parameters, or magnetic field, for gas constant y € [1, 3], indicating that
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Fig. 4. Renormalized Evans function in the r = co case. Parameters are v, =10~', 1072, 1073, 1074,107%, 1076, o =1,0 =1,
y =5/3. We also have a semi-circular radius of 4.5 with B} =2 (left), and a semi-circular radius of 1 with B} = 0.5 (right).

they are stable whenever the associated gas-dynamical shock layer is stable. Together with previous
investigations of [24] indicating unconditional stability of isentropic gas-dynamical shock layers for
y € [1, 3], this suggests unconditional stability of parallel isentropic MHD shocks for gas constant
y €[1, 3], the first such comprehensive result for shock layers in MHD.

It is remarkable that, despite the complexity of solution structure and shock types occurring as
magnetic field and other parameters vary, we are able to carry out a uniform numerical Evans function
analysis across almost (see Remark 1.18) the entire parameter range: a testimony to the power of
the Evans function formulation. Interesting aspects of the present analysis beyond what has been
done in the study of gas dynamical shocks in [24,25] are the presence of branch singularities on
certain parameter boundaries, necessitating renormalization of the Evans function to remove blow-up
singularities, and the essential use of winding number computations on Riemann surfaces in order
to establish stability in the large-amplitude limit. The latter possibility was suggested in [14] (see
Remark 3, Section 2.1), but to our knowledge has not up to now been carried out.

We note that Freistiihler and Trakhinin [12] have previously established spectral stability of parallel
viscous MHD shocks using energy estimates in the regime

r=p/Cu+n <1,

whenever B} < 2,/iov— (translating their results to our setting s = —1), which includes all 1- and
intermediate-shocks, and some slow shocks (B} > ./mov_). Recall that we have here followed the
standard physical prescription n = —2u/3, so that w/(2u + n) = 3/4, outside the regime studied
in [12]. Thus, the two analyses are complementary. It would be an interesting mathematical question
to investigate stability for general ratios ©/(2u + n). See Section 4.1 for further discussion of this
issue. Here we study only the limit r — oo complementary to that studied by [12], the case r =3/4
suggested by nonmagnetic gas dynamics, and the remaining cases in the r — 0 limit left open in [12].
Other r-values may be studied numerically, but were not checked.

Stability of general (not necessarily parallel) fast shocks in the small magnetic field limit has been
established in [16] by convergence of the Evans function to the gas-dynamical limit, assuming that
the limiting gas-dynamical shock is stable, as has been numerically verified for ideal gas dynamics
in [24,25]. Stability of more general, non-gas-dynamical shocks with large magnetic field, is a very
interesting open question. In particular, as noted in [38], one-dimensional instability, by stability index
considerations, would for an ideal gas equation of state imply the interesting phenomenon of Hopf
bifurcation to time-periodic, or “galloping” behavior at the transition to instability. For analyses of the
related inviscid stability problem, see, e.g., [39,5,31] and references therein.

Another interesting direction for further investigation would be a corresponding comprehensive
study of multi-dimensional stability of parallel MHD shock layers. As pointed out in [12], instability
results of [5,39] for the corresponding inviscid problem imply that parallel shock layers become multi-
dimensionally unstable for large enough magnetic field, by the general result [45,41] that inviscid
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stability is necessary for viscous stability, so that in multi-dimensions instability definitely occurs. The
question in this case is whether viscous effects can hasten the onset of instability, that is, whether
viscous instability can occur in the presence of inviscid stability.

2. The Evans function and its properties

2.1. The Evans system

The reduced eigenvalue Egs. (1.18) may be written as a first-order system

w ! 0 1/ 0 0 w
uw’ | Av v/ 0 —oBfV uw’ 2.1
o I ) 0 0 ouov o ’ )
o /(0 po?) 0 —Bii/u AV owev?/ \a'/(opuo?)
or
W =A@ )W, (2.2)

indexed by B¥, o, and [ig := 0 up. Recall that we have already fixed u =1 and 2u + n) =4/3.

2.2. Limiting subspaces

Denote by
0 1/n 0 0
o | Avs vi/l 0 —oBjvy
Ai()\) '_ XB[:‘:TIOOA(X, )L) - 0 0 0 O UoV+ (2'3)
0 —Bivi/w Ave ouovi

the limiting coefficient matrices associated with (2.1)-(2.2).

Lemma 2.1. For hA >0, L #0, and 1 > vy > 0, each of A+ has two eigenvalues with strictly positive real
part and two eigenvalues with strictly negative real part, hence their stable and unstable subspaces S+ and
U vary smoothly in all parameters and analytically in A. For v > 0 they extend continuously to . =0, and

analytically everywhere except at B = /toV+, where they depend smoothly on \/(1 — BY/1ov+)? + 4ic,

=1k 1
Cc:.:= 2(v + O'M.QVZ):E'

Proof. By standard hyperbolic-parabolic theory (e.g., Lemma 2.21 [41]), A+ have no pure imaginary
eigenvalues for %A >0, A #0, for any v > 0 and parameter values o, fio, B}, whence the numbers
of stable (negative real part) and unstable (positive real part) eigenvalues are constant on this set. By
homotopy taking A to positive real infinity, we find readily that there must be two of each.

Alternatively, we may see this directly by looking at the corresponding second-order symmetriz-
able hyperbolic-parabolic system

w 1 —Bi/uov+ w\ _ [(m/vs 0 w
(@) (G ) (@), 00 o) (2),

and applying standard theory: specifically, noting that eigenvalues consist of solutions u of

B 1 —Bj/ovs 2 M/ve 0
kea( M<_BT 1 +n 0 VYouov? ) ) (2.4)

so that j =ik by a straightforward energy estimate yields R < —6k? for 6 > 0.
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Applying to reduced system (2.4) Lemma 6.1 [29] or Proposition 2.1 [44], we find further that,
whenever the convection matrices

_( 1 —=Bj/novs
Bt = (_BT 1 1 ) (2.5)

5

P L B
are noncharacteristic in the sense that their eigenvalues o« =1 + «//ﬁ are nonzero, these subspaces

extend analytically to A =0.

Finally, we consider the degenerate case that B} = ./iov+ and the convection matrix g is char-
acteristic. Considering (2.4) as determining A/ as a function of u for u small, we obtain, diago-
nalizing B and applying standard matrix perturbation theory [28] that in the nonzero eigendirection
rj of B, associated with eigenvalue Bj #0, A/u ~ B;, and, inverting, we find that wu;(A) extends
analytically to A = 0. In the zero eigendirection, on the other hand, associated with left and right
eigenvectors | = (1/2,1/2B)T and r = (B, 1), we find that

A~ —p(1=BY/ove ) +cp® + -

where ¢ = (ITr)+ = %(% + fTMlOVZ )+ # 0, leading after inversion to the claimed square-root singular-
ity. Likewise, the stable eigendirections of AL associated with w vary continuously with A, converging
for B} = /itovx and A =0 to (w,a, W', a7 = ((r)) where r is the zero eigendirection of 8. This ac-
counts for three eigenvalues w lying near zero, bifurcating from the three-dimensional kernel of AL
near a degenerate, characteristic, value of B}. The fourth eigenvalue is far from zero and so varies

analytically in all parameters about A =0. O

Remark 2.2. Remarkably, even though the shock changes type upon passage through the points
B} = /IoVzx, the stable and unstable subspaces of At vary continuously, with stable and unstable
eigendirections coalescing in the characteristic mode.

2.3. Limiting eigenbases and Kato’s ODE

Denote by 7, and I71_ the eigenprojections of A, onto its stable subspace and A_ onto its unsta-
ble subspace, with Ay defined as in (2.3). By Lemma 2.1, these are analytic in A for %1 >0, v4 > 0,
except for square-root singularities at A =0 for B} = ,/ioVv«. Introduce the complex ODE [28]

R'=IT'R, R(%)=Ro. (2.6)

where ’ denotes d/dA, Ao is fixed with A9 > 0, IT = [Ty, and R is a 4 x 2 complex matrix. By a
partition of unity argument [28], there exists a choice of initializing matrices Ry that is smooth in
the suppressed parameters v, B}, o, and wo, is full rank, and satisfies I7(1g)Ro = Ro; that is, its
columns are a basis for the stable (resp. unstable) subspace of A (resp. A_).

Lemma 2.3. (See [28,42].) There exists a global solution R of (2.6) on {MA > 0}, analytic in A and smooth in
parameters v, > 0, B] > 0, 0 > 0, and 1o > 0 except at the singular values > =0, B = \/[oV <, such that

(i) rank R = rank R?,
(ii) TIR=R, and
(iii) ITR = 0.
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2.4. Characteristic values: the regularized Kato basis

We next investigate the behavior of the Kato basis near A = 0 and the degenerate points
B} = /lov+ at which the reduced convection matrix B+ of (2.5) becomes characteristic in a sin-
gle eigendirection.

Example 2.4. A model for this situation is the eigenvalue equation for a scalar convected heat equa-
tion Au + nu’ = u” with convection coefficient 1 passing through zero. The coefficient matrix for the

associated first-order system is A := (O 1). As computed in Appendix C, the stable eigenvector of A

]
determined by Kato’s ODE (2.6) is
m*/4+ 1! [ a i \T
R(n, 1) ::W(l,—nﬂ— n2/4+1), (2.7)
which, apart from the divergent factor EZ ;33;];4, is a smooth function of /n2/4 + A

The computation of Example 2.4 indicates that the Kato basis blows up at A =0 as ((1 — B}/
JHovE)?+40)~1/4 as BY crosses characteristic points ,/ftovt across which the shock changes type,
hence does not give a choice that is continuous across the entire range of shock profiles. However,
the same example shows that there is a different choice (1, —n/2 —/n2/4+ )T that is continuous,
possessing only a square-root singularity. We can effectively exchange one for another, by rescaling
the Kato basis as we now describe.

Following [1,14], associate with bases R+ = (Rq, R2)* the wedge (i.e., exterior algebraic) product
Ri:=(R1 A Rz)i.

Lemma 2.5. The “regularized Kato products”

R, oo (0= BT P 4 40G1/205 12010V o o (28)
T (= By oV 2+ A2y, +1/20 pvi) A T T -
and
— B} 2 1/4
< ((1—Bj/JI0)* +4r(/241/20 o)) (R ARD) o)

T a- BY//10)? +4(1e/2 +1/20 o)) /4

are analytic in A and smooth in remaining parameters on all of . > 0, v4 >0, B} >0, 0 > 0, 119 > 0 ex-
cept the points A = 0, B} = \/ltoVx, where they are continuous with a square-root singularity, depending

smoothly on \/(1 — B} //Ihov= )2 + 4). Moreover, they are bounded from zero (full rank) on the entire pa-
rameter range.

Proof. A computation like that of Example 2.4 applied to system (2.3), replacing n with the char-
acteristic speed 1 — B}//fov+ and introducing a diffusion coefficient cx+ = %(% + 0;7&, ie.,
considering Au + nu’ = cu”, shows that, for an appropriate choice of initializing basis Rq in (2.6),
there is blowup as (A, BY) — (0, /Hovt) at rate (1 — B/ /Ttovz)? + 4rce)~ /4 in a basis vec-
tor involving the characteristic mode, while the second basis vector remains bounded and analytic,
whence the result follows. (For a derivation of Au + nu’ = cu”, see the proof of Lemma 2.1.) O

Remark 2.6. A review of the argument shows that estimate (2.8) derived for fixed v; remains valid
so long as |A| < Clu| < v+ Different asymptotics hold for v < C\/|A|; see Section 3.1.
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Remark 2.7. Lemma 2.5 (by uniform full rank) includes the information that the unregularized Kato
bases blow up at rate A~/ at B = \/iigv+.

2.5. Conjugation to constant-coefficients

We now recall the conjugation lemma of [32]. Consider a general first-order system
W' =Ax, A, pW (2.10)
with asymptotic limits Ay as x — oo, where p € R™ denotes model parameters.
Lemma 2.8. (See [32,35].) Suppose for fixed 6 > 0 and C > 0 that
|A—Ax|(x, 1, p) < Ce (211)

for x =2 0 uniformly for (A, p) in a neighborhood of (Xo, po) and that A varies analytically in A and smoothly
(resp. continuously) in p as a function into L°°(x). Then, there exist in a neighborhood of (1g, po) invertible
linear transformations Py (x,A,p) =1+ OL(x, A, p) and P_(x,1,p) = + O_(x, A, p) defined on x > 0
and x < 0, respectively, analytic in A and smooth (resp. continuous) in p as functions into L°°[0, +00), such
that |©+| < Cre=™ for x = 0, for any 0 < § < 6, some C; = C1(8, 0) > 0, and the change of coordinates
W =: P Z reduces (2.10) to Z' = A Z for x 2 0.

Proof. The conjugators P, are constructed by a fixed point argument [32] as the solution of an
integral equation corresponding to the homological equation

P'=AP — A,P. (212)

The exponential decay (2.11) is needed to make the integral equation contractive in L°*°[M, +o0) for
M sufficiently large. Continuity of PL with respect to p (resp. analyticity with respect to A) then
follow by continuous (resp. analytic) dependence on parameters of fixed point solutions. Here, we
are using also the fact that (2.11) plus continuity of A from p — L* together imply continuity of
e?™ (A — Ay) from p into L*[0, +o00) for any 0 < < 6, in order to obtain the needed continuity
from p — L of the fixed point mapping. See also [35,17]. O

Remark 2.9. In the special case that A is block-diagonal or -triangular, the conjugators P+ may evi-
dently be taken block-diagonal or triangular as well, by carrying out the same fixed-point argument
on the invariant subspace of (2.12) consisting of matrices with this special form. This can be of use in
problems with multiple scales; see, for example, the proof in Section 4 of Theorem 1.16 (o — 0).

2.6. Construction of the Evans function

Definition 2.10. (See [29,41].) The Evans function is defined on %A >0, v4 >0, B} >0,0 >0, uo >0
as

D(x, p) :==det(PTRf, PYR], P~ R, P™R;)]

x=0

= (PTR{ APTR APTRT APTR;| ). (213)

where (-) of a full wedge product denotes its coordinatization in the standard (single-element) basis
e1 Aez Aes Aeq, where e are the standard Euclidean basis elements in C4.
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Definition 2.11. The regularized Evans function is defined as

_ (1= B}/ JE0)? +41(1/2+1/20 o)) /4
T (= B/ R0)? +4(r/2+1/20 po)

(= BY/VIoV:)? +4hu/2v 1 +1/20 puovi)Y/*

D(x, p)

DX,
(1= B%/ oV )2 +4(/2v4 +1/20 nov ) 1/4 ¢ p)
= (P4+Ry AP_R_|x=0), (214)

where P+ (R1 A Ry) := PLRy A PLRy denotes the “lifting” to wedge product space of conjugator P.

Proposition 2.12. The Evans function D is analytic in A and smooth in remaining parameters on all of
A>0,vy >0 By >0 0 >0, up > 0 except the points A =0, B} = /[loV=, Whete it blows up as
(1 — B%/J/Hove)? + 4r(1/2v+ + 1/20 pov2))~ V4. The regularized Evans function D is analytic in A
and smooth in remaining parameters on the same domain, and continuous with a square-root singularity at

(A, BY) = (0, \/ioVv+ ), depending smoothly on \/(1 — B/ HoVx )2 4+ 4A.

Proof. Local existence/regularity is immediate, by Lemmas 2.3, 2.5, and 2.8, Proposition 1.1, and Defi-
nitions 2.10, 2.11. Global existence/regularity then follow [29,35,41] by the observation that the Evans
function is independent of the choice of conjugators P+ (in general nonunique) on the region where
A are hyperbolic (have no center subspace), in this case {)ix >0}\{0}.° O

Remark 2.13. Evidently, for B} # ./ftov+, Evans stability, defined as nonvanishing of D on %1 >0
is equivalent to nonvanishing of the regularized Evans function D on % > 0. On the other hand,

D is continuous throughout the physical parameter range, making possible a numerical verification of
nonvanishing, even up to the characteristic points B} = \/itoVz.

Proposition 2.14. On {9 > 0} \ {0}, the zeros of D (resp. D) agree in location and multiplicity with eigen-
values of L.

Proof. Agreement in location (the part that concerns us here) follows by construction. Agreement in
multiplicity was established in [13]; see also [44,29]. O

3. The strong shock limit

We now investigate behavior of the Evans function in the strong shock limit v, — 0. By
Lemma 2.8, Proposition 1.1, and Corollary 1.2, this reduces to the problem of finding the limiting
Kato basis Ry at 400 as vy — 0. That is, this is a “regular perturbation” problem in the sense of
[35,25], and not a singular perturbation as in the much more difficult treatment of the gas-dynamical
part (v,u1) done in [24]. On the other hand, we face new difficulties associated with vanishing of
the limiting Evans function at A =0 and branch points in both limiting and finite Kato flows, which
require additional stability index and Riemann surface computations to complete the analysis.

9 In Evans function terminology, the “region of consistent splitting” [1,14,41].
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3.1. Limiting eigenbasis at +ooasvy — 0,|A| >0 >0

Fixing 1 = 1 without loss of generality, we examine the limit of the stable subspace as v, — 0 of

0 1 0 0
| vy 7 0 —oBjvy
Am=\"0" T o (3.1)
0 —Bivy Avi v2Z(opo)
Making the “balancing” transformation
Ap=vi'PTA T, Ti=diag{v}* 1,1,1) (32)
and expanding in powers of v, we obtain
= 5 1/2 5 3/2
Ay =Af+vY Al +v vy A3
0100 0 0 O 0 000 O
>~ 000 120 1 0 —0oB} 3/20000
“looool"™+ o 0 0 ou |7+ 000 o (3.3)
0 0O0O 0 —B* A 0 0 0 0 ouo

Noting that the upper lefthand 2 x 2 block of ;\5“ has eigenvalues ++/A bounded from zero, we

find [28] that A+ has invariant projections [Ty = R £} and [T, = R;L; within O(vl/z) of the stan-
dard Euclidean projections onto the first-second and the third-fourth coordinate directions, i.e.,

10 00
0 1 00
Ri1= 00 +O(V1r/2)’ Ra= 10 +O(V}F/2)’
00 01
1 00O 1/2 0010 1/2
El:(o 10 o>+o("+/)’ Lz:(o 0 0 1>+O( vi%).

Indeed, looking more closely—expanding in powers of v]+/2 and matching terms—we find after a
brief calculation

(@ BivY*)
Ra2

0 010
0 +0(vy), Ly = (B* 12 g ¢ 1)—i—O(v+).

1

(=N =i -]

Looking at £1A+R1 = (2 v11/2) + 0(v4) and noting that £/ are spectrally separated by the
+

assumption |[A| > 6 > 0, we find that the stable eigenvector within this space is (1,7v1/2/2 -
SV AFOT + O(vl/z) and thus the corresponding stable eigenvector within the full space is

R = (1, —v{/2 = JVi7AF1.0,0)7 + 0(v}/?). Looking at vi'* L4, Ry = (] 7 ) + 0(v3/?)

and noting that the eigenvalues —o v /2 £ \/ozu%viﬂ—i—auok of the principal part are again
spectrally separated so long as oo > 0 are held fixed, we find that the stable eigenvector within
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this space is (1,—v4/2 — 1/1/2+/4—|—)t/<7//y0)T + O(vi/z), and thus the corresponding stable eigen-

vector within the full space is Ry = (O(vl/z) 0,1,—vy/2 — ,/v+/4+)t/a,u0)T + O(v3/2) Convert-
ing back to original coordinates, we find stable eigendirections T~'R; = (1,0, 0,0)T + O(vl/z) and
T-1Ry = (%,0,1, —Vv4/2 — ‘/v+/4+ rouo)T + O(v3/2) or, using an appropriate linear combina-
tion,

1 0
P 12 5 0 12
1= T0({).  Ra= 1 +0(vy?). (34)
0 —vy/2—JVvi/A+1/opo

Finally, we deduce the limiting Kato ODE flow as v — 0. A straightforward property of the Kato
ODE is that it is invariant under constant coordinate transformations such as (3.2). Thus, we find, for
appropriate initialization, that R? =(r,0,0,0)T, where (r,5)T is the Kato eigenvector associated with

0 1 . .
(, ,172), or (by the calculation of Example 2.4, setting 7 = vl/z) Ry ~ Vt/jﬂ)w“(l 0,0,0)T, with

Y
limit

RO =(2""40,0,0)". (3.5)

Similar considerations yield a second limiting solution Ry = (0,0, r, s)T, where (r,s)T is the Kato

. . . 0 o
eigenvector associated with ( aug ‘?Jr ), or

v2/A+1/opo /4 r
Ry~ — """~ 0,0,1,—v,./2 —/vi/4+r/o , 36
) (&MHWO) ( 2= VAt o) (36)

with limit
RY= (0,014 214/ Joio) . (3.7)
We collect these observations as the following lemma.

Lemma 3.1. On compact subsets of {\A > 0} \ {0}, Ry and Ry converge uniformly in relative error to fixed
(i.e., independent of A) linear combinations of R? and Rg as defined in (3.5) and (3.7).

Remark 3.2. The above computations show that the formulae for R0 remain valid so long as |A| > vi

Recall, for |A] < v , the behavior is as described in Lemma 2.5. ThlS leaves only the case |A| ~ vJr
unexamined.

3.2. Limiting behavior at +oco as vy, A — 0

As suggested by the different behavior for |A| > v+ and |A] <€ v , behavior in the transition zone
|A] ~ v2 ‘. appears to be rather complicated, and so we do not attempt to describe either the limiting
subspace or limiting Kato flow as v and A simultaneously go to zero, recording only the following
topological information.

Lemma 3.3. In rescaled coordinates (w, w', ., &’ /V), for v > 0 sufficiently small, the Kato product RT A R;r
defined above is analytic for KA > —6, 6 > 0 sufficiently small, except at two (possibly coinciding) singulari-
ties A1, A2 near the origin, each of fourth-root type and blowing up as (A — )~/
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Proof. Equivalently, by the computation of Example 2.4, we must show that each of the stable eigen-
values aq, ap of Ay collide with unstable eigenvalues at precisely one point A;, which is a branch
point of degree two. Computing the characteristic polynomial p(A, o) := det(A4+ (1) — @) with the aid
of (2.4), we obtain p(A, &) = (o® — vy —Avy)(e? —o povia — o uevl) — o (B})?v3 a?, a quadratic
in A. Taking the resultant of p with 9, p, we therefore obtain a quadratic polynomial q(1) whose roots
Aj are the points at which A, (1) has double eigenvalues. Noting that 11 =1, =0 for v, =0, we find
by continuity that they lie near the origin for v sufficiently small.

Noting that 33p = 8ar — 2(v4 + o iuov4), we find that Aq = A only if o = (1/4)(v4 + 0 ov3).
Plugging this into the linear equation 85 p(h,a) =0 in A gives the further information (2vy +
0(v2)r=vi(-1/4—0 (B +0(v3), hence A ~ v (—1/8 — o (B5)?/2) > vZ for v4 small. But, in
this case, the analysis of Lemma 3.1 implies that this coalescence represents a pair of branch points of
degree two and not a single branch point of degree four; see Remark 3.2. The same analysis prohibits
the possibility that either of X; represents a branch point of degree four, hence they must each be
degree two or three. Finally, the global behavior described in Lemma 3.1 excludes the possibility that
they be degree three, leaving the asserted result as the only possible outcome. O

3.3. Limiting subspaces at —oo as A — 0

Case (i). (|Bj|/s/ft0 > 1) For =1, v_ =1, (2.4) becomes

; _B*/m) 2<1 ; ))
A€o 1 + ,
<'U“(—BT 1 o 1/0m0

whence we find by a standard limiting analysis [44,29] as A — O that the unstable subspace of A_,
expressed in coordinates (w, o, w',a’), is spanned by the direct sum of R} = (g) and R, = ( o )

252
. 1 —B*
where 11 is the stable subspace of (73* 11/“0
1

1 o \ '/ 1 —Bi/1mo\ _ 1 —B% /1o (38)
0 1/ouo —Bj 1 —Bjouo oo ’ ’

with u; the associated eigenvalue.
By direct computation, r; = (1, —/fig )T, while

) and s; is the unstable subspace of

a — o) — /(1 — o0 + 40 (BN T
E _( ’ 287 /110 )

_ (1 —20 1oBj} )T
(1= 0pt0) +/(1 — 0 20) + 40 (B} 2

V(=0 1t0)2+40 (BT 2
and py = (140 11g)+4/(1 2”#0) +40 (B})

o' \T :
o, _zruo) expressions of

, from which we recover in standard coordinates (w,w’,

Ry =(1,0, —/Ito, 0)" (3.9)
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and

(140 o) ++/(1—0 110)2 +40 (BF)?
2

R, = (1-0 11g)— /(=0 110)2+40 (B})2 ) (3.10)
2B7 /10
— (20 j10B¥) (140 o) ++/ (1—0 pio)*+40 (B})?

17 (10 po)++/(1—0 110)2+40 (B})?

Case (ii). (|B7|/+/it0o < 1) In this case, the unstable subspace of A_ is spanned by the direct sum of
(s1, m151)T and (s2, 2s2), where sj, uj are the unstable eigenvectors, eigenvalues of (3.8), giving, by
a similar computation as above,

(140 o) =/ (1—0 j40)*+40 (B})?
2

Ry = (1=0 po)++/(1—0 140)*+40 (B})?

2B7/10
(140 110)— /(=0 1102 +40 (B])?
(1-0tt0)—/(1—0 J10)2+40 (B} 2

-0 oBY)

and R; as in (3.10).

Remark 3.4. The precise form of the eigenbases is not important here, only the fact that in case (i)
there is a limiting direction (3.9) corresponding to a nondecaying, zero-eigenvalue mode, whereas in
case (ii) all solutions asymptotic to Span{R;, R, } decay exponentially as x — —oo.

3.4. The limiting Evans function

Definition 3.5. We define the limiting Evans function D as the Evans function associated with the
limiting ODE (2.1) with ¥ = 9°, 99 as defined in Corollary 1.2, with R, (indeterminate for this sys-
tem, since A, is almost empty) taken as Rﬂ’r :=limy, .o Ry computed above in (3.9), (3.10), and the

renormalizations D°, D° as in (1.23), (1.24).

Proposition 3.6. Appropriately normalized,'® D — D%, D — D°, and D — D° uniformly on compact subsets
of {9 > 0} \ {0}, up to a constant factor independent of A. Moreover, D° is continuous on {9is > 0} and
analytic except for a square-root singularity at A = 0. Both D and D extend meromorphically to B(0, 1), forr,

vy > 0 sufficiently small, D° with a single square-root singularity »~1/2 at the origin, and D with a pair of
fourth-root singularities (> — A1)~1/4 and (» — x2)~1/4 for Aj € B(0,r), with D — D° on 3B(0, r) for these
extensions as well.

Proof. Convergence of D on {2 > 0} \ {0} follows by Lemmas 2.8 and 3.1, Proposition 1.1, and Corol-
lary 1.2, whereupon convergence of D and D follows by comparison of (1.21) and (1.23) and of (1.22)
and (1.24). Regularity of DO follows by Lemma 2.8 and regularity of formulae (3.5), (3.7), as does holo-
morphic extension to B(0, r). Holomorphic extension of D and the asserted description of singularities
follows by Lemmas 2.8 and 3.3. O

3.4.1. Behavior near . =0 5
At the origin, we have the following striking bifurcation in behavior of D°.

10 As done automatically by our method of numerical initialization; see Section 5.
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Im

Re

Fig. 5. Winding number on two-sheeted Riemann surface.
Lemma 3.7. For B* > /[tg, D°(0) = 0. For 0 < B* < /&g, D°(0) #0.

Proof. The first assertion follows from the fact that, by (3.9), for B} > /i, both the initializing
eigenvector Ry = (1,0, —,/Io, 0)T of A_ and the initializing eigenvectors R?, Rg at 400 are pre-
served by the flow of (2.1) when A =0, for any value of v, corresponding to the fact that constant
w = wp, o = g are always solutions of (1.18) when A = 0. Thus, for By > ,/ito, the first, third,
and fourth columns in the determinant (2.13) defining DO, consist of multiples of (1,0, —/ito, 0T,
(1,0,0,0), and (0, 0,1, 0), hence the determinant is zero. The second assertion follows similarly from
the observation that for B} < ./ito, the solutions of (2.1) corresponding to Ry, R, at A =0 are ex-
ponentially decaying as x — —oo, hence independent of the constant solutions corresponding to the
initializing eigenvectors R?, Rg at +oo. O

Remark 3.8. As the proof indicates, the bifurcation described in Lemma 3.7 originates in the nature
(i.e., decaying vs. constant) of solutions as x — —oo, corresponding to change in type of the underlying
shock. Generically we expect that DO vanishes to square-root order at A =0 for B} > /i, since it
has a square-root singularity there.

3.5. Proof of the limiting stability criteria

Proof of Theorem 1.12. By Theorem 1.9, Proposition 3.6, and properties of limits of analytic functions,
it suffices to consider the case that |A| and |v4| are arbitrarily small. Denote the Evans function
for a given v, as DY+, suppressing other parameters. By Lemmas 2.8, and 3.3, we may for v,
sufficiently small extend DY+ meromorphically to a ball B(0,r) about A =0, and the resulting ex-
tension is analytic (multi-valued) except at a pair of branch singularities A1 and A, at which D'+
behaves as d;(x — )\.j)_l/4 for complex constants dj. Making a branch cut on the segment between
A1 and XA, as in Fig. 5, we may view DY+ as an analytic function on a slit, two-sheeted Riemann
surface obtained by circling the deleted segment A{A;. Applying Proposition 3.6 again, we find that
DV+(x) ~ DO(x) ~ o212 + ¢4 on 3B(0,1) as vy — 0, where c; are complex constants.

By Lemma 3.7, co # 0 for B* < \/fto. For B% > /Itg, co =0, and the condition that D® ~ D° not
vanish at the origin is the condition that c; # 0. Taking the winding number of D'+ around dB(0, 1),
therefore, on the two-sheeted Riemann surface we have constructed—that is, circling twice as D'+
varies meromorphically—we obtain in the first place winding number negative one, and in the second
(assuming c1 # 0) winding number zero. Subtracting the winding number about the segment A1y,
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necessarily greater than or equal to negative one by the asymptotics of D'+ at Aj, we find by Cauchy’s
Theorem/Principle of the Argument that for B} < /1o there are no zeros of DY+ within B(0, 1)\ A1 A2,
concluding the proof in this case.

For B} > /1o, we find that there is at most one zero of D+ within B(0,7) \ A1A2. To complete
the proof, we appeal as in [10] to the mod-two stability index of [14,40,41], which counts the parity
of the number of unstable eigenvalues according to its sign, and is given by a nonzero real mul-
tiple of DV+(0). To establish the theorem, it suffices to prove then that this stability index does not
change sign, since we could then conclude stability by homotopy to a limiting stable case 0 — +o¢ or
B} — +oo. (Alternatively, we could check the sign by explicit computation, but we do not need to
do so.) Recall that DV+(0) is a nonvanishing real multiple of the product of the hyperbolic stability
determinant and a transversality coefficient vanishing if and only if the traveling wave connection is
not transverse.

As noted already in Proposition 1.4, the hyperbolic stability determinant does not vanish for Lax
3-shocks, so is nonvanishing for B} > ,/[to. The transversality coefficient is an Evans function-like
Wronskian of decaying solutions of the linearized traveling-wave ODE

~—1( Mo 0 i\ [ mo -B¥\ (i
R N R

hence converges by Lemma 2.8 to the corresponding Wronskian for the limiting system with ¥ re-
placed by 7°. But, this limit must be nonzero wherever c; is nonzero, or else D? would vanish at
A =0 to at least order A due to a second linear dependence in decaying as well as asymptotically
constant modes, and so ¢y = 0 in contradiction to our assumptions. Therefore, transversality holds by

assumption for 0 < B} — /[0 < max{,/ %, %} and v sufficiently small.

On the other hand, an energy estimate like that of Proposition B.3 in Appendix B sharpened by the
observation that |¥9| < ¥, improving the general estimate ¥ < ¥, yields transversality of (3.11) for
B} — /Io = max{,/ % %}. Thus, we have transversality for all B} > /1o, and we may conclude

by homotopy to the stable B} — oo limit that the transversality coefficient has a sign consistent with
stability, that is, there are an even number of nonstable zeros ®A > 0 of the Evans function D'+ for
v, sufficiently small. Since we have already established that there is at most one nonstable zeros of
DY+, this implies that there are no nonstable zeros, yielding stability as claimed. O

Remark 3.9. From Lemma 3.7, there might appear to be inherent numerical difficulty in verifying
nonvanishing of D for B less than but close to ,/ito, since D vanishes at the origin for B} = /0.

However, this is only apparent, since we know analytically that D° does not vanish at, hence also
near, A =0 for B} < /lto.

4. Further asymptotic limits

In this section, we require the further asymptotic ODE tools of the convergence and track-
ing/reduction lemmas of [29,35], given for completeness in Appendix A.

Proof of Theorem 1.16 (¢ — 0). Considering (2.1) as indexed by p := o with A= A, we have (A.2)-
(A.3) by uniform exponential convergence of v as x — #oco. Take without loss of generality u = 1.
Applying Lemma A.1, we find that the transformations P conjugating (2.1) to its constant-coefficient
limits Z’ = A7 Z, by which the Evans function is defined in (2.13), are given to O (o) by the transfor-

mations PS_)r conjugating to its constant-coefficient limits the o = 0 system W’ = A%(x, \)W, with

0 1 0
VR 0
0 0 0
0

o O OO

—BD A
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that is, P§ = PY + 0(0). Moreover, for v, bounded from zero, and o /A sufficiently small, it is
straightforward to verify that the stable subspace of A4 (), o) is given to order o /A by the span of
(r1.s1)" and (0,44)", where 1T is the stable eigenvector of (. 1) and g1 = (—v/ojz0/%, 1), and,
similarly, the unstable subspace of A_(%,o) is given to order o /A by the span of (r_,s_)T and
(0,q-)T, where rT is the unstable eigenvector of (fﬁ :) and q_ = (/o uo/*, 1). Thus, the Evans
function for o > 0, appropriately rescaled, is within O (o /1) of the product of the Evans function of
the diagonal block w’ = (,\Oo 1})W initialized in the usual way, which is nonzero by our earlier analysis
of the decoupled case B} =0, and of the trivial flow

w’=\7(x)<g 8)w (4.1)

initialized with vectors parallel to g+! in the conjugated flow. To estimate the second determi-
nant, we produce explicit conjugators Pi for the 0 = 0 flow, making use of the observation of
Remark 2.9 that, by lower block-triangular form of the A9, these may be taken lower block-triangular
as well, and so the problem reduces to finding conjugators poi for the flow (4.1) in the lower

D) cr (o= [EC 0 — v () dy,

c+(x) 1

yielding an Evans function to order o /A of det(pgq,,pgqg = det(

block. But, these may be found by exponentiation to be p?t = (

o [Lo/x = lo/x
1+c-(0)v/o o/X 1—C44/0 po/%
(14 0(J/o/X))2/omo/x # 0. In particular, the Evans function is nonvanishing for 1> |/o /x| >
|o|, lo/Al, as occurs for o < || < o ~1. Since the Evans function is nonvanishing in any case for ||
sufficiently large, by Theorem 1.9, we obtain nonvanishing except in the case 0 < |A| < Co, which
must be treated separately.

To treat |A| < Co, notice that the stable/unstable subspaces of AZ decouple to order ¢ for o >0
sufficiently small and A only bounded into the direct sum of (r, s):Tt already discussed and (0, G+)T
0 1
A0 Lo O LoV
as G+ = (1,00/2 F /023 /4+ A/o o), with a single square-root singularity at A = —(o o)>/4.
For |A| > Co, these factor as g+ = (1 + O0(o/A)(A, F/A/omo) = (1 + 0(c /1)) (W/A/o ho)q+, and
the Evans function for o > 0 by our previous computations thus satisfies D (1) = (A /o o) x (1 +
0 (/0 /%))2ec-O+c+ @ /o5 1107% ~ C/AJo ft. Taking the winding number about |A| = Co on the
punctured Riemann surface obtained by circling twice the branch singularity A, = (o 110)3/4, we thus
obtain winding number one. Subtracting the nonnegative winding number obtained by circling twice
infinitesimally close to A, we find (similarly as in the treatment of the large-amplitude limit, case
BT > /Io ) that there is at most one root of D on %A > 0, for o > 0 sufficiently small, so that sta-
bility is decided by the sign of the stability index, which is the product of a transversality coefficient
and the hyperbolic stability determinant (resp. low-frequency stability condition, in the overcompres-
sive case). A singular perturbation analysis of (B.3) as o — 0 shows that (since it decouples into scalar
fibers) connections are always transverse for o > 0, so the transversality coefficient does not vanish.
Hyperbolic stability holds always for Lax 1- and 3-shocks (Proposition 1.4), and the low-frequency
stability condition holds for intermediate (overcompressive) shocks by a similar singular perturbation

analysis, so the stability determinant does not vanish either.

Thus, the sign of the stability index is constant, and so there is always either a single unstable root
of D on RA >0 or none, in each of the three cases. But, the former possibility may be ruled out by
homotopy to the stable, small-amplitude limiting case. Thus, all type shocks are reduced Evans stable
for o > 0 sufficiently small. The asserted /o asymptotics follow from the estimates already obtained
in the proof; uniform convergence to zero follows by estimating D instead to order /o, at which
level we obtain a determinant involving two copies of the constant solution W = (0, 0, 0, DT of the
limiting o = 0 system, giving zero as the limiting value. O

), or

with F]i the stable/unstable eigenvectors of ( ) which may be chosen holomorphically

Proof of Theorem 1.16 (o — 0). The case po — 0 is similar to but a bit tricker than the case 0 — 0
just discussed. Fixing without loss of generality 4 =1 and applying Lemma A.1, we deduce that the
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transformations Pio conjugating (2.1) to its limiting constant-coefficient systems, by which the Evans
function is defined in (2.13), satisfy PA° = P + 0 (u0), where P are the transformations conjugating
to its constant-coefficient limits the upper block-triangular pg =0 system

Wi\’ 0 1 0 0 Wy
N N _ps
Wo _ AV V*A o Blv OA Wy ’ (42)
Wy 0 —Blv 0 AV Wy
W3 0 0 0 0 W3

which has a constant right zero-eigenvector r = (0 B*,0,1,0)7 and an orthogonal constant left zero-
eigenvector £ = (0,0,0, 1)7, signaling a Jordan block at eigenvalue zero. It is readily checked for the
limiting matrices at +oo, similarly as in the 0 — 0 case, that for uo/A sufficiently small, the Jordan
block splits to order ~ /ito/A, so that the “slow” stable eigenvector at +oo (that is, the one with
eigenvalue near zero) is given by r + c/fto/ACk, %, %, 1)T 4+ 0 (uo/A), and the slow unstable eigen-
vector at —oo by r 4 c_/fto/A(x, %, %, 1)T 4+ O(1uo/A), where c. are constants with a common sign.
(Here, we deduce nonvanishing of the final coordinate of the second summand without computation
by noting that the dot product with £ must be ~ /to/2.)

As for the 0 — 0 case, we now observe that (4.2) may be conjugated to constant-coefficients by

block-triangular conjugators P+ = (poi qli), where p1 conjugate the upper left-hand block system

0 1 0 Wi
(W]W2W4)/:<X\A/ v —O’B’lkf/) (Wz) (4.3)
0 -B 0 Wy

Moreover, changing coordinates to lower block-triangular form

W1 ! 0 1 0 W1
( w, ):(o ; _0379)( W) ) (4.
W4_)\.W]/O'BT O—BT\A/—)\/O'BEk 0 W4—)»W1/UBT

conjugating by a lower block-triangular conjugator, and changing back to original coordinates, we see
that the conjugators p+ may be chosen to preserve exact solution (W1, Wy, W4, W3)T =r.

Combining these observations, we find that the Evans function for A bounded and /A sufficiently
small is given by

Lorin i v, vy i
D¥o()) = det <C—W 0 0 _C+W> + O (mo/A)
_ 0 vy vy i >
=t ey 66 eyumr) 0w
= (c- + )/ po/2)d() + 0o/, (4.5)

where 1 =: (g) and d(}) := det(v, vgr 7) is a nonstandard Evans function associated with the upper-

block system (4.3), where v, and v? as usual are unstable and stable eigendirections of the co-
efficient matrix, but we have included also the neutral mode 7. Expressed in coordinate (4.4), d(1)
reduces, finally, to the standard Evans function d(2) for the reduced system

W " 0 —o BV 2
Wy —iWi/oB* ) ~\ B0 —1/oBY 0 W4 —AW1/0B% )"
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which may be rewritten as a second order equation (A + G(BT)Z)Z +Z=(/V) inz= W/, Taking
the real part of the complex L%-inner product of z against this equation gives

RAIVIZ + vy (0% + 0 (BD)) |2 = = |v//Vo

contradicting the existence of a decaying solution for %A > 0 and verifying that {1(,\) # 0. Consult-
ing (4.5), therefore, we find that D*0 (i) for A bounded and po/A sufficiently small does not vanish
and, moreover, Dg ~ c/po/X for A sufficiently small, ¢ # 0 constant. Performing a Riemann surface
winding number computation like that for the case 0 — 0, we find, finally, that D*° does not vanish
for any %A > 0. We omit the details of this last step, since they are essentially identical to those in
the previous case. Likewise, the asserted asymptotics follow exactly as before. O

2
122

Proof of Theorem 1.15. Stability in the small-B] limit follows readily by continuity of the Evans func-
tion with respect to parameters, the high-frequency bound of Theorem 1.9, and the zero-B7 stability
result of Proposition B.1. We now turn to the large-B7 limit. Let us rearrange (2.1), =1, to

w ! 0 o 1 0 w

o 0o o 0 o oV o

w’ “l» 0o ¥ —oBY w (4.6)
o' /(o joV) 0 AV —BiV opeb? o' /(o woV)

By Theorem 1.9, we have stability for |A| > C|BT|2 independent of v,. For v; > 0, we find
easily stability for |A| > C|B}| for B} sufficiently large. For, rescaling x — |Bj|x, and W —
012w, A12Wo, Wi, Wa)T, we obtain W/ = AW = AgW + 0(|B%|~")W, where

0 0 A2 0

. 0 0 0 AY20ugb

Ao=| 3172 0 0 —o ’ (4.7)
0 A2y —vy 0

with 11/2:=11/2/B*%, and ¥ = ¥(x/B?), v independent of B¥.
For X > |B*{|‘1 it is readily calculated that Ao has spectral gap > |B’]‘|‘1 for MA > 0. Indeed,
splitting into cases A>C'and A «1, it is readily verified in the first case by standard matrix

perturbation theory that there exist matrices R(¥(x)) and L = R~!, both smooth functions of ¥, such

that LAgR = D := (1(‘;’ 13) with M > 6 > 0 and RN < —6 < 0. Making the change of coordinates

W = RZ, we obtain the approximately block-diagonal equations Z’ = AZ, where A :=LAR — 'R =
D+ O(|BT|‘1). Using the tracking/reduction lemma, Lemma A.3, we find that there exist analytic
functions zy; = ®3(z1) = 0(r) and z; = ®@1(z2) = O(r) such that (z1, ®(z1)) and (P1(z2),2z2) are
invariant under the flow of (4.12), hence represent decoupled stable and unstable manifolds of the
flow. But, this implies that the Evans function is nonvanishing on A € {fx > 0} for B} sufficiently
large and ||'/2 > |B*|/C, for any fixed C > 0. See [44,29,40] for similar arguments.

If |A1/2] < B* on the other hand, or, equivalently, |1!/?| « 1, then we can decompose A alterna-

tively as W' = AW = BoW +1"/2B1W + O(|B*|~1), where

00 0 O 001 O

~ (oo 0o o [0 0 0 ouev

Bo={o 0 0 —6o]° B =500 o | (48)
00 —v 0 090 0
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By smallness of A2 together with spectral separation between the diagonal blocks of By, there ex-
ist L, R, LR =0 such that the transformation W = RZ takes the system to Z’ = (LBR — L'R)Z =
CZ+0(1B*|")©, where © = (2 *) and

(=TT 002 0 (0 —1/uob s (0 —ob
() (4 ) (6 ) e

Diagonalizing 8 into growing and decaying mode by a further transformation, and applying the track-
ing lemma again, we may decouple the equations into a scalar uniformly-growing mode, a scalar
uniformly-decaying mode, and a 2-dimensional mode governed by

Z=—ip'z+0(|B}| 2 +]3%))= (4.10)

If &> |BT|‘1, or, equivalently, [A| > |Bj|, then we make a further transformation diagonalizing g1

at the expense of an O(|BT\*1) error, then use the resulting > |i| spectral gap together with the
tracking lemma to again conclude nonvanishing of the Evans function.

Thus, we may restrict to the case |A| < C|Bj], or 1A < C|B’{|‘1. Considering again (4.10) in this
case, we find that all O(|B*|~2 + |A?|) entries converge at rate O(|B¥|~2)|) — v,| < C|B}|~2e~I/CB
to limiting values, whence, by the convergence lemma, Lemma A.1, the Evans function for the reduced
system (4.10) converges to that for z = —A8~'z as B} — oo.!! But, this equation, written in original
coordinates, is exactly the eigenvalue equation for the reduced inviscid system

() ) (1) -

which may be shown stable by an energy estimate as in the case o = 0.

Finally, noting that the decoupled fast equations are independent of A to lowest order, we find for
|+ bounded and B} — oo that the Evans function (which decomposes into the product of the decou-
pled Evans functions) converges to a constant multiple of the Evans function for (4.11). For |A| < C,
or A< C |B’f|*2, however, we may apply to (4.10) the convergence lemma, Lemma A.1, together with
Remark A.2, to see that the Evans function in fact converges to that for the piecewise constant-
coefficient equations obtained by substituting for the coefficient matrix on x 2 0 its asymptotic values

0 —B*/uob
—B% 1o )
at +oo0 and r~ is the unstable eigenvector at —oo. Computing, we have r* = (1, FJHovV+ )T where
giving a constant limit d = \/uovy + /fho as claimed. O

at +oo0, that is, the determinant d := det(r*,r™), where r* is the stable eigenvector of (

Proof of Theorem 1.17. By Theorem 1.9, it is §ufﬁcient to treat the case |A| < Co jug. Decompose (2.1),
m=1,as W =RAg + A1, where R :=0o Lo, A := A/R, and

000 0 0 1 00
_|i 0 0 —Bii/uo _[o ¥ o0
A=10 0 o v  M=lo 0o oo

0 0 AV V2 0 —Bi 0 0

with |A1] < C. If [A] = 1/C > 0, then the lower 2 x 2 right-hand block of A has eigenvalues i\?\/i
uniformly bounded from the eigenvalues zero of the upper left-hand 2 x 2 block. By standard matrix

1 Here, as in Remark A.2, we are using the fact that also the stable/unstable eigenspaces at 4+oc/—oo converge to limits as
|B}| — oo.
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perturbation theory, therefore, there exist well-conditioned coordinate transformations L, R depending
smoothly on v such that

00 o0 0
v 0 0 0

D:=LAR=|"4 ¢ /i o
00 0 -

Making the coordinate transformation W = RZ, we obtain Z' = DZ + 0(1)Z. Applying the track-
ing lemma, Lemma A.3, we reduce to a system of three decoupled equation, consisting of a uni-
formly growing scalar equation, a uniformly decaying scalar equation, and a 2 x 2 equation z' =
(m 0)z—l— O0(R™1)z. Rescaling by z := (1 1/z)y, we obtain y’ = R”Z( )y + O(R™ 1?2y, Wthh
by a second application of the tracking lemma may be reduced to a palr of decoupled, uniformly
growing/decaying scalar equations, thus completely decoupling the original system into four grow-
ing/decaying scalar equations, from which we may conclude nonvanishing of the Evans function.

It remains to treat the case |A| < 1. We decompose (2.1), i =1, in this case as W’ = RBg + B1,
where

000 0 0o 1 0 0
g |0 0 0 —Bji/uo go_|* v 00
°“lo0 0 o0 ¥ ’ ~=1o 0 o o}’

000 2 0 —Bi av 0

with |A| < R. Defining T = (o 1) where 6 = (0, —B3V/ o, 9)T, and making the change of variables
W =TZ, we obtain Z’ = RCqZ + C1Z, where

0 1 0
Co 0 o 252 #1252
Co= 0 9242 ((B)2+A) co=B—0x=| AV V—(B)*V* /o A(BY*V*/uo |,
0 —B31? A2
and
0 10 0 %
ﬂ:(kfz v 0), x=(0 —BiV aV), c1=(* 0):0(1).
0 0O

Applying the tracking lemma, we reduce to a decoupled system consisting of a uniformly growing

scalar equation y’ = (R + —1— (B ) +A1)P2y 4 0(1/R)y associated with the lower right diagonal entry and

a3 x 3 system z/ =coz+ O(l/R)z For |A| > 1, we may write

0 1 =x
co=(Av 0 x )J+0(),
)

0 0

and apply the tracking lemma again to obtain three decoupled equations uniformly growing/decaying
at rates £+/A and A2, giving nonvanishing of the Evans function. For |A| < C on the other hand, we
may apply the convergence lemma, Lemma A.1, using the fact that the O(1/R) coefficient converges
to its limits as CR~'e=l, » > 0, together with Remark A.2, to obtain convergence to the unperturbed
system z’ = coz. But, this may be recognized as exactly the formal limiting system (1.19) for (o = 00),
which is stable by Theorem 1.7 (established by energy estimates). Noting that the Evans function for
the full system is the product of the Evans functions of its decoupled components and that the Evans

function for the scalar component converges likewise to that for y' = (R + —%— (B ) +1)¥2%y, or (by direct
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computation/exponentiation) d(1) = e‘oR+c1+¢2% for constants cj, we find, finally, that the full Evans
function after renormalization by factor e~k converges to a constant multiple of the Evans function
for (1.19). O

4.1. The limitas u/(2u +n) — 0 or - oo

Finally, we briefly discuss the effect of dropping the gas-dynamical assumption n = —4u/3, and
considering more general values of (2u + 1) > 0. This parameter does not appear in the transverse
equations, so enters only indirectly to our analysis, through its effect on the gas-dynamical pro-
file v(x). Specifically, denoting r := /(2 + 1) — 0, and taking as usual the normalization u =1,
we find that V(x) = v(rx), where v is a profile independent of the value of r. Thus, the study in [12]
of the limit r — 0 is the limit of slowly-varying coefficients, and the opposite limit r — oo is the limit
rapidly-varying coefficients. We consider each of these limiting cases in turn. Intermediate values of
m/2u + n) would presumably need to be studied numerically, an interesting direction for further
investigation.

In the r — 0 limit, we have the following result completing the analysis of [12].

Proposition 4.1. Parallel isentropic MHD shocks with ideal gas equation of state are reduced Evans stable in
the limit as r — 0 with other parameters held fixed, for all Lax 1- and 3-shocks and for overcompressive shocks
on the generic set of parameters for which the low-frequency stability condition is satisfied (see Proposition 1.4
and discussion above).

Proof. Spectral stability for the case B} < 2.,/[to including Lax 1-type, overcompressive type, and
some Lax 3-type shocks has been established in [12] by energy estimates, whence the result follows
for Lax 1-type and overcompressive shocks by Proposition 1.4. Thus, it suffices to treat the case of
Lax 3-shocks and (by Theorem 1.9) bounded |A|. For shocks of any type, it is straightforward to verify
that the Evans function is nonvanishing on A € {RA > 0} \ B(0, &), any ¢ > 0, for r sufficiently small.
For, on this set of A, there is a uniform spectral gap between the real parts of the stable and unstable
eigenvalues of A(x, 1), for all x € (—oo, +00), by the hyperbolic-parabolic structure of the equations,
similarly as in Lemma 2.1. It follows by standard matrix perturbation theory that there exist matrices
R(V(x) and L =R~ such that LAR =D := (' ), with %M > ¢ > 0 and %N < — < 0. Making the
change of coordinates W = RZ, we obtain the approximately block-diagonal equations

7' =Az, (412)

where A:=LAR—L'R=D + 0(Vx) = D + O(ry). Using the tracking/reduction lemma, Lemma A.3,
we find that there exist analytic functions z; = ®3(z1) = O(r) and z; = ®1(z3) = O(r) such that
(z1, @2(z1)) and (®@1(z2), z2) are invariant under the flow of (4.12), hence represent decoupled stable
and unstable manifolds of the flow. But, this implies that the Evans function is nonvanishing on
A€ {Mr>0}\B(0,¢), any € > 0, for r sufficiently small. See [44,29,40] for similar arguments.

Now, restrict to the case of a Lax 3-shock for A € {iA > 0}NB(0, ¢) and ¢ > 0 sufficiently small. By
examination of A(x, 1) at A =0 in the Lax 3-shock case, we find that on B(0, &) it has one eigenvalue
M+ that is uniformly negative, one eigenvalue p_ that is uniformly positive, and two that are small.
By standard matrix perturbation theory [29,40], there exist matrices

Ly
L=<L0>, R=(Ry Ro R_)
L_

with LR =1 and LR =0 such that

my 0 0
LAR(x, )»):( 0 AMgp O ),
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where the crucial factor A in AMj is found by explicit computation/Taylor expansion [44,29,40,32],
1 —B}/uo?

,B’f 1 )
v, A. Making the change of coordinates Z := LW, we obtain Z’' =

and Mg =—8"14 0(%), where 8 as in (2.5) is the hyperbolic convection matrix g := (

Moreover, R, L depend only on
B(x, \)Z, where

M+ 0(Vx) 0@y
B=LAR—-LR= (O(\A/x) AMp O(\7x)>
0(Vy) O(Vy) -

Applying the tracking/reduction lemma again, we reduce to three decoupled equations associated
with the three diagonal blocks. The two scalar equations associated with w4 are uniformly grow-
ing/decaying, so do not support nontrivial decaying solutions at both infinities. Thus, vanishing of
the Evans function reduces to vanishing or nonvanishing on the central block w’ = (AMq + O(f/)z())w,
w e C2. Noting that ||\7,2<||,_1 = 0(r) — 0, we may apply the convergence lemma, Lemma A.1, together
with Remark A.2, to reduce finally to

7 =AMyz, Mg :=LoARp. (413)

For |A| <« 1, we have |AMg — AMg(400)| < Cre~?", hence ||AMg — AMo(+00) |l L1[0,400) = O(A/T)
— 0 and we may apply the conjugation lemma to obtain that the Evans function for the reduced
central system (4.13) is given by (1 + O(A/r))det(r—,r4+), where r_ is an unstable eigenvalue of
Mop(—o0) and r4 is a stable eigenvalue of My(—o0). Noting that these to order A are stable/unstable
eigenvectors of B4, we find by direct computation that the determinant does not vanish. Indeed, this
is exactly the computation that the Lopatinski determinant does not vanish for 3-shocks. Thus, we
may conclude that the Evans function does not vanish for |A| K.

Finally, we consider the remaining case r/C < |A| < Cr, for C > 0 large but fixed. In this case,
we may for the same reason drop terms of order A% in the expansion of AMjg, to reduce by an
application of the convergence lemma, Lemma A.1, and Remark A.2, to consideration of the explicit

713* 78*1/1“)‘/)( ) = 0. But, this

may be shown stable by an energy estimate as in the case o =0. Thus, we conclude that the Evans
function does not vanish either for |A| ~r and 9 > 0, completing the proof. O

system z' = —AB~ !z, which is exactly the inviscid system A(;‘/)/ + (

Remark 4.2. The Lax 1-shock case may be treated by a similar but much simpler argument, since
growing and decaying modes decouple into fast and slow modes. The overcompressive case is non-
trivial from this point of view, since v passes through characteristic points as x is varied. However, we
conjecture that the argument could be carried out in this case by separating off the single uniformly
fast mode and treating the resulting 3-dimensional system by an energy estimate like that in the
o =0 or u— 0 case.

The opposite limit r — oo is that of rapidly-varying coefficients, and is much simpler to carry
out. By the change of coordinates x — x/r, we reduce V(x) to a uniformly exponentially decaying
function v(x), and the coefficient matrix A(x, 2) to a function A =r"1A that decays to its limits as
|A(x, ) —Ax| < Cr-Te~?™l for x = 0, where 6 > 6 > 0. Applying the convergence lemma, Lemma A1,
together with Remark A.2, we obtam the following simple result.

Proposition 4.3. In the limit r — oo, the reduced Evans function D" converges uniformly on compact subsets
of %A > 0to DO(1) = det(RT, R™), where RT are matrices solving Kato’s ODE, whose columns span the stable
(resp. unstable) subspaces of A.
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That is, determination of stability reduces to evaluation of a purely linear algebraic quantity whose
vanishing may be studied without reference to the evolution of a variable-coefficient ODE. This can
be seen in the original coordinates by the formal limit

r A+()\,), X>0,
Axd) > {A_(,\), x <0,

We examine stability of D® numerically, as it does not appear to be readily accessible analytically.
5. Numerical investigation

In this section, we discuss our approach to Evans function computation, which is used to determine
whether any unstable eigenvalues exist in our system, particularly in the intermediate parameter
range left uncovered by our analytical results in Section 1.7. Our approach follows the polar-coordinate
method developed in [27]; see also [3,24,25,23,10]. Since the Evans function is analytic in the region
of interest, we can numerically compute its winding number in the right-half plane around a large
semi-circle B(0, A) N{MNA > 0} containing (1.20), thus enclosing all possible unstable roots. This allows
us to systematically locate roots (and hence unstable eigenvalues) within. As a result, spectral stability
can be determined, and in the case of instability, one can produce bifurcation diagrams to illustrate
and observe its onset. This approach was first used by Evans and Feroe [11] and has been applied to
various systems since; see for example [34,2,7,8,6].

5.1. Approximation of the profile

Following [3,24], we can compute the traveling wave profile using one of MATLAB’s boundary-
value solvers bvp4c, bvp5c, or bvpé6c, which are adaptive Lobatto quadrature schemes and can
be interchanged for our purposes [18]. These calculations are performed on a finite computational
domain [—L_, L;] with projective boundary conditions M (U — U+) = 0. The values of approximate
plus and minus spatial infinity L1 are determined experimentally by the requirement that the abso-
lute error |U(£L+) — U+| be within a prescribed tolerance, say TOL = 1073; see [25, Section 5.3.4]
for a complete discussion. Throughout much of the computation, we used Ly = +20, but for some
rather extreme values in our parameter range, we had to lengthen our interval to maintain good error
bounds.

5.2. Approximation of the Evans function

Throughout our numerical study, we used the polar-coordinate method described in [27], which
encodes W = p 2, where “angle” 2 = w1 A --- A wy is the exterior product of an orthonormal ba-
sis {wj} of Span{W1,..., W;} evolving independently of p by some implementation (e.g., Drury’s
method) of continuous orthogonalization and “radius” p is a complex scalar evolving by a scalar ODE
slaved to £2, related to Abel’s formula for evolution of a full Wronskian [27].

The ODE calculations for individual A are carried out using MATLAB’s ode45 routine, which is the
adaptive 4th-order Runge-Kutta-Fehlberg method (RKF45). This method is known to have excellent
accuracy with automatic error control. Typical runs involved roughly 300 mesh points per side, with
error tolerance set to AbsTol = le-6 and RelTol = le-8.To produce analytically varying Evans
function output, the initial data V(—L_) and V(L;) must be chosen analytically using (2.6). The
algorithm of [42] works well for this purpose; see [3,27,43].

We compute the winding number by varying values of A around the semi-circle B(0, A) N{RA > 0}
along 120 points of the contour, with mesh size taken quadratic in modulus to concentrate sample
points near the origin where angles change more quickly, and summing the resulting changes in
arg(D (1)), using Ilog D(X) = argD(X) (mod 27), available in MATLAB by direct function calls. As a
check on winding number accuracy, we test a posteriori that the change in argument of D for each
step is less than 0.2, and add mesh points, as necessary to achieve this. Recall, by Rouché’s Theorem,
that accuracy is preserved so long as the argument varies by less than v along each mesh interval.
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Table 1

Relative errors for f)(k) and ﬁ(A). Here 0 = 1o =0.8 and y =5/3.
vy Bf=0.2 B}=0.38 B =14 B} = B} =26 B} =32 B}=338
10(—1) 9.94(—1) 1.23 3.46 9.33 2.16(1) 4.89(1) 1.09(2)
10(—2) 436(—1) 519(-1) 1.36 2.82 4.92 8.19 1.32(1)
10(—3) 142(-1) 1.72(-1) 4.50(—1) 8.34(—1) 1.25 1.86 2.53
10(—4) 4.23(-2) 5.04(—2) 1.32(-1) 2.30(-1) 3.23(-1) 4.55(—1) 5.88(—1)
10(-5) 1.26(—2) 1.50(—2) 4.00(-2) 6.83(—2) 9.35(-2) 1.28(—1) 1.61(—1)
10(—6) 3.94(-3) 4.77(-3) 1.28(—2) 2.18(-2) 2.96(—2) 4.03(-2) 5.01(-2)
10(-7) 2.16(-3) 2.62(-3) 7.08(-3) 1.20(-2) 1.63(—2) 2.21(-2) 2.75(-2)
10(—8) 2.07(—3) 2.51(—3) 6.78(—3) 115(—2) 1.56(—2) 212(-2) 2.63(—2)

5.3. Description of experiments: broad range

In our first numerical study, we covered a broad intermediate parameter range to demonstrate
stability in the regions not amenable to our analytical results in Section 1.7, and also to close our
study for unconditional stability for all (finite) system parameters. Since Evans function computation
is essentially “embarrassingly parallel”, we were able to adapt our STABLAB code to take advantage of
MATLAB’s parallel computing toolbox, sending to each of 8 “workers” on our 8-core Power Macintosh
workstation, different values of A producing a net speedup of over 600%. The following parameter
combinations were examined:

(. v+, B}, o, 0) €{1.0,1.1,11/9,9/7,7/5,5/3,1.75,2.0,2.5,3.0}
x {0.8,0.6,0.4,0.2,1071,1072,10%,107%,107°}
x {0.2,0.8,1.4,2.0,2.6,3.2,3.8}
x{0.2,0.8,1.4,2.0,2.6,3.2,3.8}
x{0.2,0.8,1.4,2.0,2.6,3.2,3.8}.

In total, this is 30,870 contours, each consisting of at least 120 points in A. In all cases, we found the
system to be Evans stable. Typical output is given in Fig. 1.

As the Evans function is symmetric under complex conjugation, we only needed to compute along
half of the contour (usually 60 points in the first quadrant) to produce our results.

5.4. Description of experiments: limiting parameters

The purpose of our second study is to verify convergence in the large-amplitude limit (v4 — 0),
as well as illustrate the analytical results the limiting cases, namely as B} — oo, B} — 0, o — oo,
Uo—> 0,0 > 00, 0 >0, 7r— 00, and r — 0. In all cases, we found our results to be consistent
with stability. In Table 1, we provide typical relative errors between the normalized and limiting-
normalized Evans functions in the large-amplitude limit; we varied B for illustrative purposes. The
D(Aj;)—bﬂ(,\j) b(x{)—b‘)(xj)l along

DO(xj) DO(xj)
the contours except for small A (that is, when |A| < 10~2). Note that in the large-amplitude limit, the
relative errors go to zero, as expected.

relative errors are given by computing, respectively, max; | | and max; |

Appendix A. The convergence and tracking lemmas
Consider a family of first-order equations

W' = AP (x, )W (A1)
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indexed by a parameter p, and satisfying exponential convergence condition (2.11) uniformly in p.
Suppose further that

|(AP — AR) — (A° = AQ)| < clple™™™, 6 >0, (A2)
|(AP — A%) | < Clpl. (A3)

Then, we have the following generalization of Lemma 2.8, a simplified version of the convergence
lemma of [35].

Lemma A.1. Assuming (2.11) and (A.2)-(A.3), for |p| sufficiently small, there exist invertible linear transfor-

mations Pﬂ(x, AMN=1+ @i (x,») and PO(x,1) = I + ®P (x, 1) defined on x > 0 and x < 0, respectively,
analytic in A as functions into L°°[0, +00), such that

|(PP = PO), | < Calple ™™ forx =0, (A4)

for any 0 < 8 < 0, some C; = C1(,6) > 0, and the change of coordinates W =: PiZ reduces (A.1) to the
limiting constant-coefficient systems Z' = AL (A)Z for x 2 0.

Proof. Applying the conjugating transformation W — (P?r)‘1W for the p = 0 equations, we may

reduce to the case that A is constant, and Pi{ = I, noting that the estimate (A.2) persists under
well-conditioned coordinate changes W = Q Z, Q (00) = I, transforming to

(@7'APQ —Q7'Q' - AR) - (@7'A%Q — Q'@ - AY)]
<[Q((a? —AL) = (A" - AD))Q 7|+ [Q (AP —A%) Q- (AP - A7), | (AS)

where

Q71(AP ~ 49),Q — (47— 4), | = 0(1Q — 1)| (47 — A%), [ = 0 (e M) pl.  (AG)
In this case, (A.2) becomes just |A? — AR | < Cq|ple?*, and we obtain directly from the conjugation
lemma, Lemma 2.8, the estimate [P} — P9 | =P} —1| < CC1|ple=?™! for x > 0, and similarly for x <0,
verifying the result.? O
Remark A.2. As observed in [35], provided that the stable/unstable subspaces of Ai/A‘i converge to
those of Agr/A‘l, as typically holds given (A.3) (and holds always if the stable and unstable eigenvalues
of A‘i are spectrally separated [28]), (A.4) gives immediately convergence of the Evans functions DP

to D on compact sets of A, by definition (2.13).

Next, consider an approximately block-diagonal system

r_ M 0 ™
w —( 0 M2>(X’ p)+8x, p)Ox, p)W, (A7)

12 The inclusion of assumption (A.3), needed in (A.6), repairs a minor omission in [35]. (It is satisfied for the applications
in [35], but was not listed as a hypothesis.)
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where @ is a uniformly bounded matrix, §(x) scalar, and p a vector of parameters, satisfying a point-
wise spectral gap condition

mino (RM{) — maxo (RM5) > n(x) forall x. (A.8)

(Here as usual )N := (1/2)(N + N*) denotes the “real”, or symmetric part of N.) Then, we have the
following tracking/reduction lemma of [29,35].

Lemma A.3. (See [29,35].) Consider a system (A.7) under the gap assumption (A.8), with ®@¢ uniformly
bounded and n € Llloc' If sup(8/n)(x) is sufficiently small, then there exist (unique) linear transformations
@1(x, p) and P, (x, p), possessing the same regularity with respect to p as do coefficients M; and §©,
for which the graphs {(Z1, ®2Z1)} and {(®1(Z3), Z2)} are invariant under the flow of (A.7), and satisfy
sup|@1], sup [P2| < Csup(8/n).

Proof. By the change of coordinates x — X, § — § := §/n with d%/dx = n(x), we may reduce to the
case n = constant = 1 treated in [29], whence the result follows by a contraction-mapping argument
as in [29,35]. O

Appendix B. Miscellaneous energy estimates

Proposition B.1. Parallel ideal gas MHD shocks are stable for B% = 0 provided that the associated gas-
dynamical shock is stable.

Proof. For B} =0, the eigenvalue equations become Au +u’ = pu”/¥, ra +a’ = (1/0 o) (o' /V),
or

Avu+vu' = pu”,
a4+ 0o’ = (1/opo) (e /0) . (B.1)
Taking the real part of the complex L2-inner product of u against the first equation and « against the
second equation and summing gives

ETtA/O(|u|2+|oz|2):—/(,u|u’|2+(1/0u00)|a’|2)+/\7x(|u|2+|oz|2) <0,

a contradiction for RA > 0 and u, o not identically zero. Thus, we obtain spectral stability in trans-
verse fields (ii, B) for B} =0 so long as the profile density is decreasing ¥ <0, as holds in particular
for the ideal gas case, either isentropic or nonisentropic. Likewise, transversality and inviscid stability
criteria are easily verified in this case by the further decoupling of @i and B equations. Stability in the
decoupled parallel fields (v, u1) is of course equivalent to stability of the corresponding gas-dynamical
shock. O

Remark B.2. By continuity, we obtain also stability for magnetic field B} sufficiently small. Stability
for small magnetic field was observed in [17,16], by a similar continuity argument.

Proof of Theorem 1.7, case jtg. For (o = 0o, Eqs. (1.18) become

w4+ w =puw’ /v,

e +o’ —Biw' =0, (B.2)
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hence the w equation decouples and is stable by the argument for B = 0. Thus, w =0 for %1 >0,
and so the second equation reduces to a constant-coefficient equation Aa + &’ =0, and thus is sta-
ble. O

Proposition B.3. For B} > /fig+max{,/ %52, /L } andall 1 > v, > 0, profiles (necessarily Lax 3-shocks)
are transverse.

Proof. For i =1, the (transverse part of the) linearized traveling-wave ODE is

e 0 i\ [ mo —B¥\ (i
5 ) (5) = (55 ) () ®3)

Transversality is equivalent to nonexistence of a nontrivial L2 solution of (B.3). Taking the real part of

o iBT)(g) against both sides of (B.3), noting that

the complex L? inner product of ¥(’?° 0 ) 1(_3* .
1

0 1/ouo

~ ~ ! A
(8 (Mo —BIY (UYL [ Vxpp
()2 ) () )= 5o
and estimating |;—X| ”2‘7 (see [24], Appendix A for similar estimates), we obtain ((
0 where N :=( ) and

—1
Moo ( o =BT (Ho 0 Mo —Bj
TA\-B} ¥ 0 1/ouo -By V)

is positive definite for B} > ,/io. The first minor of (M — N) is equal to the first minor of M, so
positive for B} > /fto. Thus, M — N > 0, giving a contradiction, if B} > ,/{to and

), VM—=N)(1)) <

u
B

~|‘< o

0 < det(M — N) = o (109 — (B)*)* = (o + 0 o(B)°)

N R

(B.4)
for all 1 >V > v, > 0. Estimating
N P 2\2 . 2, . 2 N 2/ 2
(HoV — (B1)")" = (BT — v/io) (B + VIto)” = (BT — VIxo) " ((B7)” + L0)
we find that (B.4) holds for (B} — /itg)? > max{£L?, L}, yielding the result. O

Remark B.4. What makes this argument work is the strong separation as B} — oo of growing and
decaying modes, as evidenced by strong hyperbolicity of the coefficient matrix on the right-hand side
of (B.3). It could be phrased alternatively in terms of the tracking lemma of Appendix A. Also related
are the “transverse” estimates of [15].

Proof of Theorem 1.9. Multiplying the first equation of (1.18) by vw, integrating in x along R, and
simplifying gives A [p Vw2 + [ 1w W+ [ [w'|? = Lij fRa w. Taking the real and imaginary parts,

respectively, gives
A 1 (. B _
m/v|w|2— —/vx|w|2+,u/|w’|2: _1m/a’w (B.5)
2 Mo
R R R

R
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and A fp VW2 + 3 [ vw'w = %SfR a'w. Adding and simplifying, noting that Rz + |3z| < v/2|z]

V25 Jglllw]. Using Young's

and vy < 0, yields (%A + |m|)[R\7|w|2 +ufg WP < fp ¥ Iwlw] + e

inequality, and noting that v, <0 and v < 1, we have

(m+|3x|)/\7|w|2+/¢/|w/|2

R R
/2B* ) 1 a’|?
< <81+82 1>fv|w|2+—/}w’|2 /' | (B.6)
Mo J 4e1 J 4ex140

Multiplying the second equation of (1.18) by V@, integrating in x along R, and simplifying gives
)Lf]Rf/\oMZ + f]R vo'a + U_N«o f]R ‘0‘0‘ = B*f vw'a. Taking the real and imaginary parts, respectively,
gives

1 72
*RA/VlOll _§/VX|a| + Mo/| il =B} ‘R/ w'a (B.7)

R R R

and A fp Vo> + 3 [z V'@ = BIS [ vw'a. Adding and simplifying, again noting that Nz + |3z| <
V2lz| and Vx <0, yields (WA + [SA]) fi Vlel? + 51 [R% < Jp Velle| + V/2B% [ 9|w'||ee|. Using
Young's inequality, and noting that ¥ < 1, we have

5 1 a')? . V2B% 1 a')?
(-t ) [ o o [T < oo 2eam) [ onatn 00 [l g [
R R R R R

Adding C x (B.8) to (B.6) yields

C
Rk + |31 /0 wl? + Claf?) + /w’2+—/
(A +1321) [ ¥(Iwl* +Clerf?) MR| ! 7o |

R

V2B* . .
< (81+82 i ]>/v|w|2+C(83+\/§84BT)/v|ot|2
R R

o’ |2

0
. 1 fB C /|W,|2 \/_B* C /‘la’|2 (B8)
481 4&4 482[1,0 483 v )
R R
. 1 __ Blo oo _ BiC .
Setting &1 = 20 €2 = Nl g3 =", and g4 = , this becomes

(A 4 32])

*\ 2 *\ 2
< (l+ (B1) G)/ lw? +c<”‘°0 +M>/O|a|2. (B.9)
2 #oC J 2 2 J

V(Iw? + Claf?)

%\
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(B)%0 oo n (BT)ZC}
moC > 2 n :

This inequality fails for all choices of w, «, whenever RA + |IA| > max{ﬁ +

Setting C = % yields the right-hand side of (1.20). O

Appendix C. Kato basis near a branch point

By straightforward computation, p+ () := F(n/2 +/n?/4+ 1 and Vi := (1, u+(1))7 are eigen-
values and eigenvectors of the matrix A in Example 2.4. The associated Kato eigenvectors V* are
determined uniquely, up to a constant factor independent of A, by the property that there exist cor-
responding left eigenvectors V* such that

(V-V)* =constant, (V.-V)T =0, (c1)

where “"" denotes d/dx; see Lemma 2.3(iii). Computing dual eigenvectors VE=G+ud) 'O, py)
satisfying (V- V) =1, and setting V* = c.V*, V¥ =V*/c., we find after a brief calculation that

(C1) is equivalent to the complex ODE ¢i = —(M)ici = —(L_)ici, which may be solved by
V.V 2p—n

exponentiation, yielding the general solution c+(X) = C(%/4 4+ A)~!/4. Initializing at a fixed nonzero
point, without loss of generality c+(1) =1, we obtain formula (2.7).
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