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H. H. JoHNSON

Hyperbolicity is shown to be not an absolute invariant in
the sense defined by the author. Specifically, an example of
a nonhyperbolic system is given with a partial prolongation
which is hyperbolic. A large class of systems is found which
is closed under modified absolute equivalence and which con-
tains all hyperbolic systems, These ideas are applied to give
existence theorems for the initial value problem in several
types of nonhyperbolic systems.

Since hyperbolicity is conveniently defined for quasi-linear systems,
and as an additional reference, we define in §1 the ideas of partial
prolongations and absolute equivalence for such systems. Since these
problems and methods are generally local, we usually express them in
coordinate notation. Ehresmann’s jet notation could have been used
to provide an invariant treatment. We also assume all manifolds
and functions are infinitely differenttable, although it is not difficult
to formulate the theorems for less smooth functions using available
results in partial differential equations [3].

1. Definitions. Let D? and D™ be open sets in R? = {(«', - - -, 27)}
and R™ = {(z*, - --, ™)}, respectively.

DEFINITION 1. A system X on D? x D™ is a system of functional

and quasi-linear partial differential equations with 2!, ..., 2* as inde-
pendent and z', -.-, 2™ as dependent variables:
fa(xl"'°’xp;zl3"'7zm):Oy a:]-v"'yaly
. A
L= A5 25 + B =0, B=1, 6,
x/b

(we use the summation convention), where 7, A% and B* are (infinitely
differentiable) functions on D? x D™, It is also required that the
equations

0z*

W+fa7mi: ’ C(:].,"',OCI

S
9z

be a consequence of Lf =0. (We use the notation f¢,,, = df¢/0z*,
ete).
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420 H. H. JOHNSON

DerFINITION 2. If X is the system in Definition 1, its total pro-
longation PX is the system on D* x D™ x R*™ = {(a*, 2, p%) |4, =

1, .-+, p;N ¢t =1, ---, m} generated by the equations of ¥ together
with
ot ’ ’ dx oxt ’

A8 O | pe o o oas

1—8'9‘07‘{‘ 1 D507 + A%, 4505
+Bﬂ,zlp§'+Bﬁ,wj:0,

7\’)#:17"°7m;/i7j:17"'1p;B:11"'y181-

DEFINITION 3. A transform or change variables of is a diffeomor-
phism of the form

= @2(:”17 ""mp’zly "'7zm)
xt = ";‘i(xly Tty xp)

with inverse defined by ¢?, 4. Then 3 is transformed according to
the usual rules:

0z* (_ . o
y 2l

- ox*

— +¢1,xk>’lﬂ‘k,§i.
0%’

Thus, D? x D™ is regarded as a fibre space over D°?.

DEFINITION 4. A system 3, on D? x D™ x D" = {(«*, 2, w") |1 =
,--e,;A=1,«ccom;vy =1, -..,n} is a partial prolongation of the
system X in Definition 1 when it is generated by equations equivalent
to those in Y together with equations of the form

2
/U/T_Cfljgzj—Dr: ’ A’I:ly"'yny
0z

PS:ETM our +F7M ox®

ox’

+G5:Oy 3:17"'531y

where C7¢, D' are functions on D? x D™, It is further required that
if PY is the total prolongation of Y as in Definition 2, then

2
B <C§j'g% + CF, pipl + C¥, i
+ DY’ zlpi + DT;aﬂ) + Fxmpé + G5 - O

are to be consequences of the equations in PY¥, When C%¥ = 0,2 is
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called an admissible restriction of X,.

Observe that PY ig itself a partial prolongation of X. If z* =
ZXat, -+, x?) is a solution of 3 then p! = 92%/0x* define a solution of
PZX, and hence u’ = C%(x, 2)(02*/0x?) + D7(x, z) define a solution of X,
The above definitions are somewhat more restrictive than in [2], but
they are essentially equivalent. In [2] it was shown that if ¥, is a
partial prolongation of Y, then PX is a partial prolongation of ..

DEFINITION 5. If X, 2%, ---, 2, is a finite sequence of systems
such that for every ¢ =1, --.,n, 2, is a partial prolongation or trans-
form of X, , or else X, , is a partial prolongation or transform of X,
then ¥, and X, are absolutely equivalent.

2. Hyperbolicity. We now treat D? as a product space D?~!
D = {(z', --+, 27") x (x?)} and discuss systems “hyperbolic in the x?-
direction.” Any change of variables must preserve this product
structure on D?,

Notation. If F(x', 2%, 0z2¢/0x%) is any first-order partial differential
function, denote by F';; the second-order function

2y2
0% L F 0%z

F;j:Fyxi+Fsza y(azl/axi)w-

(Note that F' and F;; may be regarded as functions on spaces of
jets. We always regard 0%*/ox'd0x? = 0%*/0x0x’.)

DEFINITION 6. The system X is inwvolutive in the xP-direction
if it is generated by equations of the form

feat, , 2 e, 2™ =0, a=1 -, a,
Mz:aﬁ’ pz‘ o azH—BZ: )\::1,"',’}’}?,,
x a=1 ox®

p—1 ozt
=S50 % 1 pi=0, B=1---5.
a=1 o0x®
It is required that
155, = SURPLS L+ SPMY )
a=1

_ TT)QLT _ UIBMZ =0 (modfl, ...,fal) ,

where the RFf*, Tf and UP are functions of «% 2, M? and M?* ,,a =
1,.--,p— 1. (In the following the indices a, b will run over 1, .-,
p — 1 unless noted otherwise, 4,5 =1, «+«, p;N, t =1, ««+ m.)

(1)



422 H. H. JOHNSON

The equations M* = 0, are called the primary equations of while
equations (1) are the secondary equations.

Involutiveness is not in general preserved under partial prolonga-
tions, since, in the notation of Definition 4, no P? need occur. We
shall usually be concerned with invariants among systems involutive
in the x*-direction. By a calculation it can be seen that this concept
is preserved under a change of coordinates which leaves the product
structure on D? invariant. We introduce the following finer equiva-
lence relation.

DEFINITION 7. Two systems involutive in the x?-direction are
xP-equivalent if they are absolutely equivalent by means of a sequence
of systems 3, %, ---, 2, where each Y, is involutive in the x”-direc-
tion.

DEFINITION 8. Let X be involutive in the ar-direction. Suppose

(in the notation of Definition 6) the equations of ¥ can be arranged
so that the matrices A% and Rf* have the following property: there
exist nonsingular real matrices Vi(x, 2, &, ---, &,_)) and Wh(x, 2, 5, - -+,
&,_) on D? x D™ x R** with inverses (V)% and (W )¢ such that on
D?» x D™ x R™,

ViAPE (V)
and

WER (W),

are diagonal matrices. Then X is hyperbolic in the x*-direction.
By a calculation it can be seen that this concept is preserved
under an allowable change of variables.

THEOREM 1. Let X be hyperbolic in the x-direction on a neigh-
borhood of (x,,2,). Using the notation of Definition 6, let
z22¢2(x1’...,x1)—1), >‘/:1$“';m5

be defined on a meighborhood of (x§)e D™ and satisfy

@Z(xg):zéy )\::1,-°',’)’}’L,

fa<x1’."!xp_l)xopY¢ll...!q)m):O) aZl”"!“l,
and

Co@®, af, )", i + DI® a8, @) =0, B=1+.--,5.

Then there exists a wunique solution z* = FXa', -+, 2%) of ¥ on a
netghborhood of (x%) satisfying
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Fi(aﬂ’ R xp—X’ xg) = @)‘(561, cen, x"—l) , N = 1’ cee,m .

Proof. Apply standard existence theorems [3] to solve M? =0
with the given initial conditions. This solution is unique. The func-
tions L? satisfy a second system of linear hyperbolic equations with
zero initial values. By uniqueness, the Lf are zero. Similar arguments
show the f* to be zero when evaluated at the solution of M?* = 0.

ExaMPLE. The system
02" 0z*

azlzo, M = %% _9, Mszﬁ_ﬁl_:o

M= 22
ox? ot oxt o0x? oxt

is involutive in the a’-direction, but its matrix A%, having eigenvalues
0,0,1 and rank 2, is not diagonalizable. The partial prolongation X,
obtained by adding (d2'/0x') — ' = 0 and (0u'/dx*) = 0 is, however,
hyperbolic in the a*-direction, for this larger system may be written

ot 02" oz —0 02 ——
o e om0 aw T
out ozt

=0, — —ut =0,
ox? oxt

The matrix A% is now diagonalized while R?' is 1-dimensional, hence
diagonal.

This example shows hyperbolicity is not invariant under partial
prolongations, even if both systems are involutive in the x?-direction.
Yet the initial value problem can be solved for X in the example.
Given @*(z') as initial functions, let ' = 0¢'/dx' be an initial function
for ! in 2,. Solving X, will yield a solution of X,

THEOREM 2. Let X be x"-equivalent to X, which is hyperbolic in
the xzP-direction. Then given the initial conditions of Theorem 1 for
2 a solution may be found as in Theorem 1,

Proof. It suffices to consider one pair at a time in the sequence
of systems joining XY and X, showing that initial conditions carry
over naturally and recalling that any solution of one system induces
a solution of the others. Thus, one need consider only single partial
prolongations or changes of variables. In each case the result follows
from a detailed calculation.

3. Complex systems. In this section we determine a class of
systems which contains the hyperbolic systems and is closed under
xP-equivalence.
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DerINITION 9. A system which is involutive in the x?*-direction
is said to be z?-complex on an open set Jc< D? x D™ if, in the
notation of Definition 6,

(1) for every choice of variables z', ---, x*~* and

(2) for every choice of functions H} on {,
the matrix A} + H}C% always has at least one nonreal eigenvalue at
each point of U.

Hyperbolic systems are not z”-complex since in the notation of
Definition 7, with Hf = 0 and &, = 6., A% is (real) diagonalizable, We
shall show that x”-complex systems form a class which is closed under
x?-equivalence. The complimentary class contains all systems hyper-
bolic in the x?-direction.

LEMMA 1. Let A be an m x m matrix of functions on an open
set Yo D? x D™ Let
v
¢~ (o)
0

be an m X r matriz of functions on |J where V is s X r of rank s.
Assume that for every r x m matrix function H on U, A + CH has
at least one nonreal eigenvalue at each point of J. Thens = m — 2
and there exists on a nmerghborhood of each point in |J a nonsingular
matrixz of functions of the form

(I 0
P =

0 P,
where I 1s s X s identity such that

w X
PAP = < )

0 A,

where A, is 2 x 2 with monreal eigenvalues. The converse is also
true.

Proof. The converse follows immediately. The lemma may be
proved by induection on m = 2. If m =2, then s is 0,1 or 2. If
s =20, then C =0, hence A =CH = A= A,. When s=1 or 2 the
other hypotheses cannot be fulfilled.

Now assume the lemma true for all matrices A of order <m.
Given any R’ of order s x s and R” of order s X (m — s) one may

choose H such that
Rl RN
A+ CH = .
+ (A! AH>
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Then if A + CH is to have always a nonreal eigenvalue, certainly
s <m — 2. On a neighborhood |J’ of any point in |J a nonsingular
(m — s) x (m — s) matrix function P, may be found so that

ra=(Y)-c
0

where V'’ is t X (m — s) and has rank ¢. Then
I0 (R’ R” (I 0 )_ (R', R'P )
0 pJ\4a’ 4”)\o P*) \C, PA"P™*
has at least one nonreal eigenvalue for every R’, R”. Then so does

(I— K)(R’, R"P™ (I K
0 I/)\C, PA"P'/\0 I
for every choice of K.
In particular, if R’ = KC', R"” = KP,A” + KC'P, — R'KP,, it fol-
lows that P, A”P;" + C'K has nonreal eigenvalues for every choice of

K. The induction hypothesis applies to P,A”P™ and C’, so on a
neighborhood of each point in |J’ < |J, there is a matrix P, such that

I0 I 0 w X’
( PIA”P{-I( ):(
0 P, 0 P 0 A4,

where A, is 2 x 2 with nonreal eigenvalues, Iis ¢ Xt and ¢t < m —

s — 2. Now take
P <I2 0 (I1 0
0 P,/\0 P,

where I, is the s X s and I, is the (s + t) X (s + t) identity matrix.

THEOREM 3. Let 3, be a partial prolongation of X where both
are 1nvolutive in the xP-direction. If ¥ is xP-complex on \JC D? x
D™, then X, is x”-complex on \J x R*. If X, is aP-complex on |J X V
where |J s open in D? X D™, then X is xP-complex on .

Proof. Let 2 have the form in Definition 6 while Y, contains the
additional equations

2
Ut - B2 —Fr =0,

o0x®
ou” 0%* ou’
— G:ra _ Hmz _ Im —
ox? Y oae " oo 0,

T 2
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T, 0=1,+-+,m;7v=1,+-+, 7. (Observe that 92*/0x* can be eliminated
using equations in X.) Definition 4 requires that the equations ob-
tained by replacing ou*/6x* by expressions in p? and 0p?/ox’ must oceur
in P¥, Considering the coefficient of dp/0z' in these expressions one
sees that for some functions NJ and Mj of zf, 2%

JPER = NjC? .
and
Ef A} — HEES = MECP .
Thus, if J = (J), E = (E}"), etc.,
EJ =CN and AE — EH =CM .

Now assume % is x?-complex, so for every choice of «', ..., a?~?
and M,, A + CM, has a nonreal eigenvalue at each point of {J. To
prove that %, is x*-complex we must show that

M, M,
(2) AG#CEKMIMZ"Z
0 H \0o o0 JN\ T
M, M,
has a nonreal eigenvalue for every choice of M, ---, M;, where G =

(G, H = (H™) ete.
On a neighborhood of (x,, 2,) ¢ J let P be an m < m nonsingular
matrix of functions so that

PC_C;):C’

where V is s x r and of rank s <m — 2. Let A = PAP~'. By
Lemma 1 there is a nonsingular P on a neighborhood of (x, z,) such
that PC = C and

- X
PAP- = (W )

0 A4,

where A4, is 2 x 2 with nonreal eigenvalues. This P can be chosen

so that
( ' b>
A = .
—-ba

Q1:(07"'$0713’i)’ Tl:(Oy"'yO:ly'—i)

Then the complex vectors
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satisfy
¢.PAP~ = (a — ib)q,, " PAP™ = (a + ib)r, ,
while
e.PCM,P~* = »,PCM,P~ =0 .

Hence g = ¢q,PP and r = r,PP are complex eigenvectors of A which
are carried to zero by C.

Since AE — EH = CM, qF is an eigenvector of H belonging to
the eigenvalue a — b while rE belongs to a + ib. From EJ = CN
it follows that (¢E)J = (rE)J = 0. For every M,;, H + JM; has these
same eigenvectors and values. Letting @ be % X n nonsingular so

that
_ J’
J =
a7~ ()
where J' is ¢ X U with rank ¢ < n — 2, there must exist by Lemma 1
a matrix €, on a neighborhood of (x,, z,) such that
Q (QHQ_l)Q__l . (W’ XI>
1 1 0 H1

where H, is 2 x 2 with nonreal eigenvalues. Letting @ = Q,Q, it
follows that

(I O)Z(I 0 )_( A G
0@/ \0Q" \QJM, QHQ™ + QJMOQ—1> |

The lower two rows in this matrix are (0 H,). It follows that for

every choice of M, --., M;, the matrix Z has nonreal eigenvalues for
any (x,2)el, @, -+, u") e R".

The converse follows at once by choosing M, = .-+ = M, = 0 in
Z.

4. Examples. Several nonanalytic systems for which the initial
value problem may be solved are z’-equivalent to systems hyperbolic
in the @-direction.

THEOREM 4. The system

A

0z L
) :f<x,---,ocp,z

"ot Gar

18 absolutely equivalent to a system hyperbolic in the x?-direction.
(We have not included such general systems is our definitions, but
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these can be extended in an obvious way).

Proof. The total prolongation is obtained by adding
M, = oz/ox* — q, , L;; = 0q;/o0x? — 0q;/oxt ,
N2 = aqp/axz - f) b T fy zqi - fy qa(aqi/axa = 0 ]
’i,j:l, "'yp;a:]-y ---,p—l.

Then ¢, — f(x,2,¢, +++,q,—) = 0 is the 0-order equation; M, =0,
L,, =0 and N, =0 are the primary equations, and M, =0, L,, = 0,
N, = 0 generate the secondary equations. Since
Lab;p = Lzm;b - L;nb;a
Ma:p = Mp;a - Lrw ’
Na::v = Np;a + Ma(fy ml’-z+ f: zy qu - fy ap szp) - f, zLap
0
- L; qa? apr - fy ap? chcpa_ZZ
- fy Qprb;a

the secondary equations have matrix Rf* =0, in the notation of
Definition 6. The primary equations may be arranged in the form

M,=0,

_ 99, 09, -
Laz)+Na— ) —frqbw’—frxa_fyzqqa—‘oy

N,=0,

with relevant matrix A} = 0.1, ,,.

= For any &, ---, &, A¥E, is dia-
gonal.

The example in §2 can be generalized in the following

THEOREM 5. If the system X on D* X D™

0z’ 03" 2
M’ZBxZ_Ain—I—”‘B :0, /\:1,”-,7’}%,

2
=0 ypia0, p=18,

1s 1nvolutive wn the x’-direction and satisfies
(1) A%, B* are constants,

(2) AL has only real eitgenvalues and elementary divisors of
degree at most 2,

(3) the auxiliary system is hyperbolic, then ¥ is a*-equivalent
to a system hyperbolic in the x*-direction.



THE NON-INVARIANCE OF HYPERBOLICITY 429

Proof. Let P = (v.) be a nonsingular constant matrix with
inverse P~' = (w}) so that P™'AP = diag (J,, ++-, J,, N, «ee A7) = J

where
Aol
Jk — 0 )\Jk .

A= = N B= e

Then AP = PJ, so

Consider the partial prolongation X, on D? x D™ x R* with new
variables %', ---, u* obtained by adding to X the equations

] ]
I° = 0w _ A° ou’ _ 0 (no summation)

ox? oxt

A
K":u"—vie—lgzl, 6=1,.--,k

X

It is not difficult to check that X, is a partial prolongation.
Since K% 3 =1°+NK°% 1 — v¥'M* 1, (no summation on 6), X, is
involutive in the a*-direction and its secondary system is hyperbolic.

The primary equations of X, may be written in the form
M* — j4_ wiK® =0, (summing on 6)
=0
where J = (j%). That is,

07" 0z* . 0z*
_ AJ. + wl o _ vzu—]
ox? “ oxt nJa0— ox!

— Jhp_wiu® — B* =0,
Since
WAL — Jlo WiV U
= Ji — 0¥ 7505 = Ji — 0¥ g5
FifA£2 -1, 1l=gp=r
S l0ifv=20p—-1, 1Zp=r,

the relevant matrix for X, is diagonalized.

COROLLARY. For a system satisfying the conditions of Theorem
5 the initial value problem 1is well posed.

The author would like to thank J. Jans for helpful discussions of
the algebraic problems in this paper.
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