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The initial value problem of the Poincaré gauge theory
in vacuum II.
First order formalism

by

Aristophanes DIMAKIS

Institut fiir Theoretische Physik,
Universitat Gottingen, Bunsenstr. 9, D-3400 Gottingen

ABsTRACT. — The exterior initial value problem of the Poincaré gauge
theory is studied in the first order formalism. The Cauchy-Kowalevski
conditions on the ten coupling constants of the theory found in paper I
are verified. The equations of Poincaré gauge theory take the form of a
symmetric hyperbolic system if, and only if the hyperbolicity conditions
found in paper I are satisfied.

REsuME. — Nous considérons le probléme des données initiales pour la
jauge de Poincaré dans le formalisme du premier ordre. Nous vérifions
les conditions de Cauchy-Kowalevski sur les dix constantes de couplages
introduites dans I'article I. Les équations de la jauge de Poincaré prennent
la forme d’un systéme hyperbolique symétrique si et seulement si les
conditions d’hyperbolicité trouvées dans 'article I sont satisfaites.

1. INTRODUCTION

In a previous paper [1], hereafter denoted by I, we studied the exterior
initial value problem of Poincaré gauge theory (PGT) [2] in the second
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390 A. DIMAKIS

order formalism. Our prototype was the work of Y. Bruhat [3] on the
initial value problem of general relativity. We found there sufficient condi-
tions (called Cauchy-Kowalevski conditions) on the ten coupling constants
of PGT, under which the Cauchy-Kowalevski theorem can be applied in
the field equations. We also obtained sufficient conditions on the same
constants (called hyperbolicity conditions), so that gauge conditions, similar
to the harmonic gauge in general relativity, can be found in which the
field equations are hyperbolic. We failed to show necessity for both sets
of conditions. As mentioned already in I, to prove necessity for the C-K
conditions one has to study separately all possible theories arising from
their violation. This is hard to do not only because of the big number of
possibilities (we found 10 C-K conditions), but also because no standard
methods for such an undertaking exist. It is surprising that although the
C-K conditions are weak conditions of the form (linear combination of the
coupling constants)#0, they are violated by most of the theories already
proposed in the literature (see [4] for references).

The hyperbolicity conditions are obtained from the requirement, that
the second order terms of the field equations take the form A[Ju+ BJF,
F=Co0u, where u denotes the field variables: orthonormal tetrad and
connection and A, B, C are matrices depending on the tetrad. F =0 is the
generalization of the harmonic gauge. It seems restrictive to require the
fild equations of PGT to take this special form motivated from general
relativity. Unfortunately general criteria for hyperbolicity of second order
equations existing in the mathematic literature ([5], [6]) do not apply
directly on our object. Another possibility is to apply K. O. Friedrichs
theory of symmetric hyperbolic systems. This theory already applied in
general relativity and other gauge theories by A. E. Fischer and J. E.
Marsden [7] and H. Friedrich [8] uses first order formalism.

In the present paper we formulate PGT as a system of first order
equations in tetrad, connection, torsion and curvature and find conditions
under which this system becomes symmetric hyperbolic. The system of
equations we study consists of the structure equations, the Bianchi identi-
ties and the actual field equations. Using the “time gauge” [9] with respect
to the hypersurface S of initial data, we eliminate the gauge degrees of
freedom and decompose the field variables and equations in components
orthogonal and tangent to S. Since the resulting objects are three dimen-
sional we express the (3+ 1)-decomposed equations in the calculus of
3-vectors. We finally obtain a system of first order equations for 84
independent variables. It decomposes into 84 evolution equations and 46
constraints. Using the integrability conditions of the system, we show that
the 46 constraints are preserved in time. To apply the Cauchy-Kowalevski
theorem on the system of evolution equations the coefficient matrix of
the time derivatives of the variables must be invertible. We express the
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INITIAL VALUE PROBLEM OF THE POINCARE GAUGE. II 391

system in terms of traces, the antisymmetric parts and the trace free,
symmetric parts of the tensors appearing in the equations to make this
matrix diagonal. The ten C-K condition found in I follow now immedia-
tely.

A first order system of differential equations is symmetric hyperbolic in
the sence of K. O. Friedrichs, if the coefficient matrices of the derivatives
of the variables are symmetric and the coefficient matrix of the time
derivatives is additionally positive definite. Our system does not satisfy
these conditions. We can modify it by taking combinations of its equations
and the constraints. We find that it can be made symmetric hyperbolic if,
and only if the hyperbolicity conditions obtained in I are satisfied. Thus
we succeed to prove that these conditions are necessary.

The method used here required lengthy and cumbersome calculations.
One can recognise that from the unavoidably lengthy lists of equations
that follow. We tried to give only these equations, which we thing are
absolutely necessary to follow the reasoning without much effort.

2. FIELD EQUATIONS OF PGT IN VACUUM

The Lagrangian of the Poincaré Gauge Theory (PGT) is composed of
ten terms, which are at most quadratic in the field strengths: torsion o}
and curvature Q', We write it in the form

L=coet+c, QA *x (¥ A ¥)+ %amk,(Si A O A x (9 A O
+ %bijk”mm.s(Si AYAQYAXG" A AQY. (1)
9 denotes the orthonormal tetrad field and
a:=4l!s,.j,‘,3i AYAFAY

is the volume four form. In terms of the tetrad and the connection one
form ; torsion and curvature are given by the structure equations

0 =d¥+o'; A ¥ 2)

and
Q' =do';+ o’ A o) (3)
Co, ¢; are coupling constants and the two invariant tensors a;; |, bijut| mnrs

are given in terms of eight more coupling constants p, g, r and p, ¢, 4,,
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392 - A. DIMAKIS

ry, Iy in the form

pHq+r - _
Aijlk-= Tmmﬂ—qmmm—rmmjk (4a)

and
1 ab scd Se pt+q,+r
bijkl | mnrs - = —8-8i]b 8k‘li 8mjrll 55:(#‘1@ nfb ncg nhd

q,—q,+r,—r

+ 4 E Nag Ny Nee Nga— (@1 +72) Mae Nae N sy Mo

+41 Nae Mg Mhe Nav +71 Nag N Nae nfb)- (4b)

where
840+ = 58 8%, = 57 50— 825,

The Lagrangian as given in (1) contains the least possible number of star
operators. We made this choice because in the variation process it is *
that gives the most complicated expressions.

An orthonormal tetrad field 9' and a metric compatible connection ',
are the dynamical variables of PGT (*). In the first step of the variation
we set

8L =8%|g,a A dat8O%g o A T, +8Q%|g o A W, (5)
Using the structure equations we find .
30?=D5 9+ 8™ A 9, (6a)
and
30 =D s, (6b)

where D denotes the exterior covariant derivative associated to ' i Substi-
tuting these expressions in (5) we obtain

3L =589"A p,+80% A c,+ (exactform), (7
with
Pa=DT,+4, (8a)
1
Cap=DW,,— 59[,, A Ty (8b)

The vacuum field equations of PGT are
P.=0, Cap=0. 9

(') The Minkowski metric has here the signature (—1, +1, +1, +1).
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INITIAL VALUE PROBLEM OF THE POINCARE GAUGE. I 393

~Since & is a scalar four form application of Noether’s theorem gives two
differential identities

Dp,=(e, 10" A py+(e, 1 W™) A ¢, (10a)
Dey=2 9 A Py (10b)
and an algebraic one
do=e, 1 L —(e, 1O A T,—(e, 1Q*) A W, (10¢)
From equations (1) and (5) we obtain
T,=a, 349 A *(3* A ©), (11a)

Wa=c1 %35 A 8) +baij | kimn® A F A X (3" A 9" A QY).  (11D)

We call these constitutive equations of PGT.

3. 3+1)-DECOMPOSITION AND GAUGE CONDITIONS

Let S denote a spacelike hypersurface given by ¢ (x)=0. Using Gaussian
coordinates with respect to S the metric takes the form

g=—dt* +g, g dx? dxP. (12)
This form of the metric implies that we can take the tetrad field to be
9% =dt, 9A =94, dx* (13)
with .
8a p =08, 9% 9%5. (14)
A, B,...=1,2,3 denote anholonomic and A’, B, ... = 1,2,3 denote
holonomic indices. The dual tetrad is given by
eo=0, ea=e,N 0y, - (15)

where e,* is the inverse of 94,..

The' choices made above fix some of the gauge degrees of freedom of
the theory. The use of Gaussian coordinates fixes obviously the diffeomor-
phisms and the choice (13) of the tetrad fixes additionally the boost part
of the local Lorentz transformations. It is used to call this gauge fixing
the time gauge [9]. The remaining local Lorentz gauge freedom will be
fixed after the 3+ 1 decomposition of the connection is defined.

For an arbitrary form | we set

\JI-!:=e0_l\ll=6,_|\|l (16)
and )
1 1
Yi=Y—9° A Yy=y—dt A\ (17)

Vol. 51, n° 4-1989.



394 A. DIMAKIS

1
Both \ and V are differential forms defined on S. Using these operations
we find from (13) !

L
9i= Sio, gi — SiA SA. (18)
For the 3+ 1 decomposition of the connection we set following [10]
4
0%y =a,, 0%y =—K, (190)

We use now the remainihg local Lorentz gauge freedom to set

1

a*5=0. (19b)
To decompose the field equations of PGT as in (16), (17) we need to
know how the exterior product, the star operator and the exterior deriva-
tive behave under these operations. We find for all forms { and r-forms

@,

e AVY=0,AY, . ‘ (204a)
(@ AV =0, AV+H(=1) o, 2V, (20b)
and

ay-dv, @1a)
(V) =V —dy (21b)

and .
Y= —*|, ‘ (22a)
(*0,)'=(-1)"*o, (22b)

The symbols used above have the following meaning: d denotes the exterior
derivative on S, a dot denotes the Lie derivative along e, and * is the
star operator on S defined with respect to g,5. Two further operations
are necessary in order to write the decomposed field equations in a
compact form. We set ‘

V=% [(x )l (2

and

Dyt i=dyt +0t A Y 24
Since the metric g, - depends in general on time, it is obvious that {’ V.
We have

Y=Y+ £ [84 A £ (Y A B)I=94 A % (5, A V). (25)

/
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INITIAL VALUE PROBLEM OF THE POINCARE GAUGE. II 395

In the three dimensional case we deal with, the calculus of differential
forms is equivalent to the usual vector calculus. Since the later is more
familiar we express all one and two forms in terms of vectors. Every one
form a is equivalent to a vector a and from a two form @ we can construct
a one form with the aid of the star operator. It is easy to prove the
following identities: for any two 1-forms a, b

*(a A b)=axh, (26a)
*(a A xb)=a.b, (26 b)

where x (.) denotes the usual cross (dot) product.
For a O-form ¢ we have

do=Vop - (27 a)
and for a 1-form a
*xda=V xa, ' 27b)
and ‘ .
*d*xa=V.a. (27¢)
We set also
. (!)A: = ';‘SABC _BC (28)

and we write the covariant nabla operator

Vih: =D oA =V gA— A0S, (29a)
;)7.a":=1=I_)§z_zA=V.aA—8ABC(oB.aC, (29b)

and
gxaA:=§I_)gA=anA—8ABCmBxaC. (29¢)

The curvature tensor on S is given by
1 1
QA= E.s“,,c QF=Vxoh— ESA“C ®® x oF, (30)

where
O =do*®+ @4 A @ (31)

is different from Q*®. Expressed in this calculus equation (25) takes the
form

Y=i+98% x (U x9,) — $4(3,. V). (32)

Vol. 51, n° 4-1989.



396 A. DIMAKIS

4. (3+1)-DECOMPOSITION OF THE FIELD EQUATIONS OF PGT

To write the equations of PGT as a first order system we use the tetrad
field 9, the connection o', the torsion @’ and the curvature Q; as
independent variables. These give a total number of 100 variables. The
equations of the system are:

(i) the structure equations

0=S'=d¥ +0'; A ¥-0 (33a)
0="S"=do’;+ o', A 0*;—Q;, (33b)

(ii) the Bianchi identities
0=B'=dO®'+0’; A @'—Q'; A ¥, (34a)
0=B!;=dQ;+ o, A Q" ;—0*; A Q), (34b)

and (iii) the field equations
0=p'=dT'+0'; A TV'—¢, (35a)
0=c/=dWV+ o', A W¥+a/, A Wk— —;-9[" N 2 (35d)

The constitutive equations (11a,b) and equation (10c) must be used in
order to express the last two equations in terms of the independent
variables. The above equations are accompanied by their integrability
conditions

0=J'=DS'—S', A ¥+B, (36a)
0=J,=DS,+ B, - (36b)
0=DB'—S, A @ +Q, A SI+B, A ¥, (37 a)
0=DB,+ O, A S5~ Q% A S, (37b)

and the Noether identities (10a, b). Equations (36a, b) are 3-forms and
their integrability conditions are

0=DJ+J, A Y, (38a)

0=DJ; (38b)

No further integrability conditions arise since equations (37 a, b) and (38 4,
b) are 4-forms. To express the 3+ 1 decomposition of all these equations
in the calculus of 3-vectors it is necessary to introduce a big number of

new symbols. Since the equations are in general complicated we use
different letters. We give therefore tables of the symbols and their meaning.

Annales de I'Institut Henri Poincaré - Physique théorique
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For the two forms ¥ =0, T, S and ¥=Q", WY S we set

397

1 1
yi * yO $0 * yA PA
@i g n ,".A pA
T s r m* nA
Si A B cA EA
1 1
L A BC 1A BC
i % O §OA 58 scX S 25 sc?
Qi et A b h
o uA yA VA A
Sij FA GA PA ZA

For the three forms ,Sﬂ‘i:qi, p', B, J and Y =cY, BY, JV we set

1 1
yi t yo ’_._! yO ’f 'SpA f yA
q': o % pA AL
' n n ¢ v
B H L M4 NA
¥ r A A or
and
1
1 1 A BC 1 A BC
“gh xS SEAL kS
P * OA * SO 28 Bc X 28 Bc X
ci.j ,YA \IIA 54 XA
Btj UA VA XA YA
Jij AA \l,A EA HA

Using the rules of section 2 we calculate the 3+ 1 decomposition of the

sections of the system. We find:
from the first structure equation (33 a)

0=A=94xK,—(
0=B=aA9A——I],

0=CA=V x93 —14,
0=EA=924+KA—pA
from the second structure equation (33 b)
0=FA= —VxK*—e*,
0=GA=KA+Va,—fA

Vol. 51, n° 4-1989.
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398 A. DIMAKIS

0=P*=Q"+ 1&:”‘BCKB x K€—bA,
2
0=Z*=0"+e*5c K®a®—h*,
from the first Bianchi identity (34 a)

0=H=V.{—K,.7™—8" ¢,,
0=L={—Vxn+a,t*+K, xp*—1, x 94,

0=MA=V.tA‘—KA.§_8ABCsB.bc,
0=NA=1A"—Vxpr+a*{+KAxn—e*+45. 9% xhC,
from the second Bianchi identity (34 b)
0=UA=V.eA+8AB(:KB.bC,
«©
0=VA=¢A—V xfA—g*5.aPbC—e*; K® xhE,
0=XA=V.b*—g5 KB €S,
0=YA=b*—V xhA+cA5caPeC+erp KB X £€,
from the first field equation (35a)
0=n=V.s—K,.m*+aq,

0=0*=V.m*—KA.s+B%,
O=p=s—Vxr+a,m*+K, xn*+x,
O=vA=m*—-Vxn*+a*s+K*xr+14
from the second field equation (35b)
2 1
0=yA=V.ur+e*, KB.vC+ ESA.S,

0=3*=V.vA—gA, K. u"— %SABCSB.mC,

° 1

- v 1 .
0=yA=ur—V xy*—elp.aBvC -t KB x 26— EmA_ 53“‘><r.

«

. 1
0=yA=vA—V xz8 42, aPuC+ e KP xy°+ EsABCSB xnC.
From the integrability conditions (36) to (37) we obtain
0=I'=V.A-K,.C*-94 F,+H,
0=3A=V.CA—KA A—e*; 95. PC+ MA,

(40¢)
(404)
(41a)
(41b)
(41¢)

(41d)

(42a)
(42b)
(42¢)
(42d)

(43a)
(43b)
(43¢)
(434d)

(44a)
(44 b)

(44¢)

(444d)

(45a)
(45b)
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INITIAL VALUE PROBLEM OF THE POINCARE GAUGE. II 399

0=A=A—-VxB+a,C*+K,xEA-9, xG*+L, 45¢)
0=(DA=CA—me EA+a*A+KAXB—FA+ e, 98 x ZC+NA,  (454)
0=AA=mV.FA+aABCKB.PC+UA, - (46 a)
0=EA=;.PA—8ABCKB.FC+XA, (46 b)

0=‘PA=i‘A*‘V XG’A—EABCaBPC—eA KBXZC+VA3 (460)
BC

O0=TT*=PA—V x ZA + &, a® F + e, KB x GS+ YA, (46 4d)
H-V.L+a,MA+K,.N*+9,.V4
=tA.GA+pA.FA—fA-CA—eA-EA7 (47“)

MA_V.NA+aAH+KA L-UAr+6%5:9%.Y°=(.GA +n. F*
A A—e* . B+etpc(tP. ZC+p® . PC+ b . ES+h®.C°). (47b)
UA—V.VA_gr a® XC—eh KB YC
: =g (FB. PC+eP. ZC +h®. FC +b®. G°), (484a)
XA—V. YA 4+e250aP UC+ A5 KB V©
= —gA5c(f®. FC+e®. GC—h®. PC—b®. Z°), (48b)

.2 1

YA-V. YA —ehpca® 5C—8ABCKB~XC? E‘PA’ 49a)
., @ 1 .
A—V. A +eh5ca® YO +etp KB YC= — ESABC 98 V€, (49b)

T—V.p+a, 0 +K, . vA= —n.p+po. VA =26, . Y2 +2h,. 3%, (500)

QA—V.vAi+atn+KA p
=(9*. ) —(3*. pg) @®+9*. (Ex ) — 8. (15 x V°)
+2[(9%.£5) Y2 — (9% . hy) OB+ 94 (e x UB) —94.(by x xP)], (50b)

and from equations (38 4, b) we obtain

F—V.A+a,Z24+K,. ®*=9,.y*, (51a)
2’2“‘—?7.(1>A+aAF+KA.A=EA—3ABCSB.HC, (51b)
/(A—g. WA _gA aPEC—gA, KB TIC=0, (52a)
EA_V. T+ oA, a® AC+ A KP . Y =0, (52b)

It is plausible that equations of the main system (39) to (44) which contain
a time derivative (‘) or () are evolution equations, while the remaining
equations are constraints on the initial data. The constraints (39 a, b) are
algebraic and allow us to eliminate § and n from the other equations.
Equations (41 a, b) reduce to (404, b) after the elimination. There remain

Vol. 51, n° 4-1989.



400 A. DIMAKIS

84 independent variables 9%, @*, a*, K2 14, pA, €A, b2, f2, b, since 10
are already eliminated by the gauge fixing. The independent evolution
_ equations (39d), (40b, d), (41 d), (42b, d), (43¢, d), (44c, d) are also 84.
There remain 46 constraint equations (39c¢), (404, c), (41¢), (42a, c), (43 a,
b), (44 a, b).

The system of integrability conditions (45) to (50) can be divided
similarly into 46 evolution equations (45 d), (46 ¢, d), (47 b), (48 a, b), (49 a,
b), (50a, b) and 9 constraint equations (45 b), (46 a, b) for the 46 constraints
of the main system CA, FA, PA, MA, U2, XA x, ¢, yA, 8*. Since A and B
vanish identically (454, c¢) reduce to algebraic equations, which can be
used to eliminate H, L and show that (47a) is a consequence of (45d).
After the evolution equations of the main system are solved for some
initial data satisfying the constraints of the main system, the system of
integrability conditions becomes a linear homogeneous and hyperbolic
system in these constraints. Thus the constraints vanish for all times, if
they are taken to vanish on the initial surface S. The time conservation of
the 9 constraint equations of the system of integrability conditions can be
proved in a similar way from the 9 equations (51b), (524, b). No further
constraints arise.

5. CAUCHY-KOWALEVSKI CONDITIONS

We apply the 3+1 decomposition rules on the constitutive equations
(11a, b) and eliminate with there aid s, r, m,, n, and u,, z,, v,, ¥, from
equations (43), (44), consideration of the principle parts of the differential
equations shows that the system decomposes into three decoupled —on
the level of their first derivatives —subsystems. We will express the vectors
in terms of their anholonomic components with respect to 9.

The first subsystem for the 18 components of 9* and @* is given by
the evolution equations:

8a5=94.95 (53a)
Opp=Dpp, (53b)
and the constraints:
gAB =5%(3c9,) . 95, (5440
g)AB =e3"" 0 Wpp- (54 b)

For any field variable &, & resp. .# will be used alternatively to denote
either the terms of zeroth order or as an abbreviation for the principle
part of the evolution equation resp. constraint for &. It is obvious that
the above subsystem has a well posed initial value problem and is hyper-
bolic. We will not discuss it any longer.

Annales de I'Institut Henri Poincaré - Physique théorique
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In the other two subsystems we decompose the tensors &, into a trace

. . 1
part &: =%, an antisymmetric part & ,:= 5s ABC€ Fpc and a trace free

. 1
symmetric part & p:= EV(AB)— ESAB &. In the same way we decompose

also the equations for & ,5.

The second subsystem is for the 30 components of torsion and second

fundamental form.
Evolution equations:

K=K+da,,
p=(P+q+37)p—2(@+q+27) A1, +270%ay,
T=1+20%p,,

L . 1

KA=KA_58ABcaBaC’
- . 1 - - 1 - — g
PA=(P—¢1)PA+5(P—2‘1)0AT—5(17‘*"1)0 TAB

1 - - _ 1 -
+5(P+4+2")3ABC61;TC_5(2¢1+'T)8ABC613“C,
-~ . 1 | Q. 1.5
tA=TA_§aAp_§8A aBPC“‘Ea Pas;

- _ . _ 2_
aA=(P+‘1+r)aA+2PSABCaBKc“graAP

—(2q+7)8,"C 05 pc+70° Py,
Kas=Kpp+04 a5

- . 1 - _ _ _ —_
PAB=(P+‘1)EAB+E(P‘l“l)ECE(AaCIB)E+(P+‘1+2'—')aATB—raAGB,

- . 1
E AC
TaB=TaAB— EEC (Aa Pg) £~ 0a Pp»

Constraints:
K=0K,,
a=(p+q+r)dta,~2rott,,

~ 1 1 1
Ky=-BK, 5— -6, 0 Kc— =0, K,
A= 2O BaBT BT O Re S 0a

Pa=(P+q) aBBAB'*‘(P__‘DaABCaB Pc
1 - - _
+ g(p+q+3r)6Ap—2reA"CaBKc.

~ 1
To=0"T,p+€,5Op 1+ gaAr,

Vol. 51, n°® 4-1989.
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402 A. DIMAKIS

1
KAB = EacE (Aac Kpy g+ 94 Ks, (60)

where for all vectors &, we write d, &5 to denote the trace free symmetric
part of 0, F.
The third subsystem is for the 36 components of the curvature.
Evolution equations:

e=e+20%f,, (61a)

E=(P+‘12+3r2)’i—2(1’—‘11) 0Aba+2(q,+4,+37,) 0% fn, (61D)

_ b=b+20*h,, (61c)

f=(+a,+3r)f—2(p—q;) * ex—2(q:+ 9, +3r) P by, (614d)
" . 1

ey=ep— %aAf— EeABC Opfc+ %anAB» (624a)

. 1 1
ﬁA‘:(P—‘h)hA‘*‘3(17+‘11+3"1)3Ab+E(P—‘Il)eABCaBbc
1 1 1
—E(P"“h)aBQAB‘i‘5(‘11+‘12+3r1)5Af+5(‘11—42)3ABC58fc
1
_5(‘11+42)5BIAB, (62b)
) 1 1 BC lB
ba=ba— Z0ah— e Op hc+ - 0 ha, (620)
3 2 2
. 1 1
fA=(P—‘I1)fA+§(P+‘12+37’2)5Ae+E(I)—qz)eABCaBeC
1 1 1
__5(1’4"12)63.‘;’;\5—3(‘11+‘12+372)3Ah+5(‘11““12)8/\“63’%
1
+§(41+42)thAB, (624d)

-~

€AB= éAB - % 8CE(AafB) = Oafps (63a)
s =0+ 42 na + 3 (+0,) e o by +(p—01) Sy

@05 W fy @i+ 0 Sy (E3D)

§AB = éAB - % acE (Aac hyy e “M, (630

a N 1
Jas=@+aq1) fap+ 5(P+‘12)SCE(A5C§_B)E"(P_‘12) Oxep

1
- 5(‘11 —4q3) ECE (Aach)E_(‘h +q3) Ophy, (63d)

Annales de I'Institut Henri Poincaré - Physique théorique



INITIAL VALUE PROBLEM OF THE POINCARE GAUGE. II

Constraints:

~ 1
€ = EaAe"'EABCaBec"‘aBEAB,

403

(64a)

ha=(P+q;+37,) 0ah+(P—q,) €5 O b+ (P + ) ® hap
2
- g"z One+(2q,+12)€s"Opec+r,3%enn (64D)

by= %aA b+&,°C 05 bc+0° by,

(64¢)

1
fa= §(p+q1+3r1) 5Af+(P"%)GABCanC'*’(p"'qI)aBIAB

1
—3(%_‘12—3’14"2) Oab—(q;+9,+72) 84 O b

—(gy—4q2+71,) ®byp.

(64d)

Since every evolution equation above contains only one time derivative of
some quantity, it is obvious that in order to apply the Cauchy-Kowalevski
theorem on PGT the coefficients of these terms may not vanish. Looking
for these terms we obtain a table of conditions for the coupling constants.

The evolution
of the following
quantities
is determined
ay=na=Q%a

P=QA0A

1
Pa=— 5 8ABC Qgco

1 1
Pap= — 3 Qupyo+ 3 88 Q%o
f= ROAOA

1
fa=— E €a"C Ronco

1 1
fap=— 2 R%up)o+ 3 848 R %o

1
h= 5 e*® Rpcon
1
hy= 5 RAcco
1 CE 1 CEF
hap=— 58CE(AR Bot gaABS Rgrco
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if

the following
conditions
hold

p+q+7r+#0,
p+q+3r#0,
p—q#0,
p+q#0,
p+q,+r; #0,
P—q,#0,

P+q1 ?&Oa
P+4,+31,#0,
p_QZ#'O’

p+q,#0,
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where

A A
O'= Q¥ A%, Q= Ry, A9

These ten conditions are the same with those found and discussed in
theorem 1 of I. We note again that they are sufficient but not necessary
conditions. The advantage here is that the components of torsion and
curvature are given whose propagation depend on these condition. Thus
if some of these conditions are violated we can say how many free
functions are to be expected in a generic solution of the theory.

6. HYPERBOLICITY CONDITIONS OF PGT

A system of differential equations
u=Au+A*d,u, (65)

where A, A are square matrices and u is the column vector of dependent
variables is symmetric hyperbolic in the sence of K. O. Friedrichs ([5], [6]),
if (i) all matrices A, A* are symmetric and (i) A is positive definite.
Although the theory of symmetric hyperbolic systems is initially developed
for linear systems it extends to the quasi-linear case ([7], [8]).

Let (65) denote the system of evolution equations of PGT (53), (55) to
(57) and (61) to (63). This is accompanied by the system of constraint
equations (54), (58) to (60) and (64). We denoted it by

u=BA0,u, (66)

where B# need not be square matrices.

We see that for our system A is diagonal but the matrices A*, A =1, 2,
3 are not in general symmetric. We have a symmetric hyperbolic system
immediately if all coupling constants but c,, c,, p, p vanish (see [4], p. 46
for references). In order to make this system symmetric in the general case
we can apply three operations: (i) change the dependent variables, (ii) add
a combination of the constraints and (iii) multiply on the left by an
invertible matrix. Applying these operations on (65) we obtain

u=CAEu+(CA*+FB* Ed, u, (67)

where C, E, F are matrices depending in general on all variables. Since
A, A* are constant matrices (the tetrad e,* is hidden in d,) it suffices to
take C, E, F to be also constant. Thus the problem reduces to find
constant matrices C, E and F such that A:=CAE is positive definite
and A’, A’»:=(CA*+FB*E are symmetric. This is simplified by the
observation that the two properties of positive definiteness and symmetry
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are invariant under similarity transformations. Thus transforming (A’, A"4)
to (E"1)T (A’, A*) (E™?) the two properties needed for hyperbolicity are
invariant. Therefore we can set from the beginning E =identity. Another
simplification comes from the fact that A is diagonal. This and the fact
that A’ must be symmetric restricts C to be almost symmetric. Finally it
is obvious that it will not help symmetrization or positive definiteness to
combine either uncoupled subsystems or even equations in the same
subsystem determining the evolution of the trace of some variable with
that for the antisymmetric part or the trace free symmetric part of the
same or an other variable. Thus it remains to look only for combinations
in the “trace parts”, the “antisymmetric parts” and the “trace free symme-
tric parts” of the subsystems. These observations reduce the number of
independent entries of the matrices C, F drastically. For the torsion system
there remains a total number of 31 and for the curvature system a number
of 26 entries to be determined. In the appendices we determine these
entries, so that a symmetric hyperbolic system of the PGT can be cons-
tructed. Here we give only the results.

In order for the torsion system to be symmetric hyperbolic the coupling
constants p, g, r must satisfy condition

p@+n+q°=0. (68)
Similarly the coupling constants p, q,, q,, 11, ¥, must satisfy conditions
q,=4,=14q, PL=Fy=:F (694a)
and
p(@+r)+q(g+2r)=0 (69b)

in order for the curvature system to be symmetric hyperbolic. These
conditions are both necessary and sufficient. They are identical with those
found in paper 1. There we were able to prove only sufficiency.
Under these condition we obtain two symmetric hyperbolic subsystems.
The symmetric hyperbolic torsion system:
Rap=2K, 53— Kp,+ 8,5 pc—0rag+205a,— 8530, (700)
Pan=08,p K+ Pap+30? 85 p°c—208,5 0Cac—adpa,
+ 08 5 €°FF 0o Tgr — 08 x5C 0% T + AEARS 05 Tc
+2(1+a) eg®E 0 tog—0epF Oc Tra, (70D)
Tap=(1+02) Ty — 0 Tgy — % 45 Cdc + €25 3¢ P55
— e, 0 pop + a8 05 Pep+2 (14 0) £, Oc pap+ 06, c Pes  (70¢)
A= -2, 1y +(2+0%) a,
_aAKBB+2aBKAB_aBKBA_2aaApBB_aaBpAB, (70d)
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where

o=

'E]_!»Q|

The symmetric hyperbolic curvature system:
exp=(1+P2) erp—PB? epa— P (hap—Fipa)
) ) ) o e Ocfap— BEABC "fep, (T1a)
bap=(1+PB?) bag—B? bpa+ B> (fan—/oa)
—&5F Oc hap—Peap® ® hee,  (71b)
fan=B? Ban—bpa) +(1+B?) fap— B foa+ 5% Ocear
—PBesF Opece+ ﬁﬁACE Op hcg— BsABC ®heg, (T1c)
hap=—PB*(eap—epa) +(1+PB?) hap— B Aiga
+85F 0c bag — BeA® O beg + Beap® 0° fop— BeaF Op fee,  (714d)
where
q

.- qu .
The two constants r and r are eliminated with the aid of (68) and (69 b),
and p#0#p+q because of the Cauchy-Kowalevski conditions.
The characteristics of the two subsystems can be calculated from

det(A £o+AAEL) =0, (12)

in terms of &,, ,. The light cone will belong to them as we show in our
first paper. It is interesting to know how the characteristics behave when
the hyperbolicity conditions (68), (69) are not satisfied. Since the matrices
involved are 30 x 30 and 36 x 36 this is a problem for the computer.

We can summarize the results of this section in the form of a theorem.

THEOREM. — The evolution equations of PGT in vacuum, in first order
formalism can be brought in the form (65) with A, A* symmetric and A
semipositive definite if, and only if the hyperbolicity conditions (68), (69)
are satisfied. If further the Cauchy-Kowalevski conditions hold, then A
becomes positive definite and we obtain the symmetric hyperbolic system of
equations (53), (70), (71).

This is stronger than theorem 2 of paper I, since it proves that the
hyperbolicity conditions are also necessary to obtain a hyperbolic system
out of the field equations of PGT in vacuum. The only objection one can
raise to this result is that it may depend on the time gauge used here. To
this we note that the hyperbolicity conditions are conditions on the
coupling constants alone and thus cannot depend on any gauge condition.
Further we have complete agreement with the results of paper I, where
no gauge conditions are used. The contrary assumption, i.e. that the
necessary and sufficient hyperbolicity conditions derived depend on the
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gauge would lead to the strange possibility of fixing some gauge by gauge
independent means.

APPENDIX A

The most general reasonable combinations of the equations of the
torsion system (55) to (60) are
R'=0K+%,p+AsT+B, 4,
p'= (p+q+3r‘)sz+?»3 p+[32a+64
T=hsK+21,7+B;K
KA Ky KA+N2 PA+V4TA+71 TA,
=(p—q)n, KA‘Hls PatY2 "-'A+Y7 Kas
TA Va KA+V1 Ta+V; aA+'Ya KA+Y4 Par _
aA (P'*‘Q'H')Vz TA+V3 aA"‘Ys KA“"YG PA"‘YS Ta-
EAB 4 EAB +MN2Pap+ N5 Tass
=(P+q) N, Kap+M3Pan+9, Kyp,
Tap=NsKyg+ M4 Tap+9; Kyp.
We demand from this system to be symmetric hyperbolic. That is written
in the form
Au+Aro,u=u

the matrices A, A* must be symmetric and A must be positive definite. It
is cumbersome to write down the matrices explicitly, instead we can make
use the of following fact: variation of the Lagrangian

=uTAu+u'A%d,u
with respect to u leads to
(AT—A)u+(AAT—A% 9, u=0.

Thus if the matrices A, A* are symmetric these equations vanish identically
in u and 0, u. In our case L is given by

L= KK+A, [Kp+(@+g+37) pRl+A; pp+A, 1T+ As (KT+7K)
+1 KAK,+ 1, [K* pa+(0—q) p* KAl + 15 pa p*
VATV, [T A+ (P+g+7) ar 1]+ v, (KA T, +12K,)
+n1KABKAB+n2[KAB6AB+(I7+‘7)QABK ]
+n,p* PAB+114TABT P4+ns[KAPT +TABKAB)
+B1Ka+B,pa+PstR+BpR 47, KAT +7, pATo+73 1 Ry +7, 7 Pa
+'Y§aAKA+’YGaApA+’Y7pAKA+78aA¥A+SIIABKAB+92BABEAB'
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We vary now L with respect to all variables and demand the equations to
vanish identically. This leads to a linear homogeneous system for the
31 unknowns A,, ..., 9,. The system decomposes into two independent
subsystems. The first part is for 7 unknowns and can be solved immediately
in terms of a parameter y:

)"5=y’ V4=6y’ n5=3y’ B4=~2y’
Yo=—6y, vs=3y, 9,=3y

Four of the remaining unknowns can be climinated with the aid of the
following equations

8, = _(17"_"?)712, T]4=_(l7't‘i)713,
Ys=2M1—2rn,  Y3=2(p+q+2r)m,.

There remains a system of 14 equations for 20 unknowns:

- - - 1 - _

(p+q+2r)?\.2+r[31—§(p+q+2r)’r]2=0, (Al)
_ - - 2 2_

x1+2rx2+(p+q+?)B1+§n1—§rn2=0, (A2)

- 1 - 1 —

(p+q+2r)x3—gvl—grv2+rB2+g(p+q+3r)v4=0, (A3)
- 1. _ _
(p+q+3r)k2+2r7»3+§(p+q+r)v2

2 - - = 1 - -
+ng3+(P+q+r)ﬁz—g(p+q+3r)76=0, (A4)

(1;—2‘;1112__333'*71:0’ (A5)
6A,—(P—29)p3—7,=0, _ (A6)
(P+q+27)p,+4p v, +27, —2(p+q+2r)N,—497,=0, (A7)
u1+(2Etr)_uz—4pv3+2nl—grnz+4qu=0, (A8)
P+ —2y,—-2(p+q)n,=0, (A9

(5‘*"?"‘277)Hs_\’l__2(26‘*‘;)V2+272+2(P__‘7)Y4=0, (A 10)
P—n+Qq+r)ps+@+g+r)v, o

+2Q2q+r)v3—2(p—q)vs=0, (A11)

(17+t7)u3_—2(17+t7)n3—272=0, (A12)

Vi+2rv,=2@+q+2r)n3+2(p+q) 7, =0, (A 13)

@+q+r)va+2rv3—2(@+q) N, +2rNn3+2(p+q) y6=0. (A 14)

Matrix A of the system is block diagonal consisting of

Ay : @+q+3r)k, y
@P+q+3r)k, (@+q+3r)A; 0 |,
y 0 Ay
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three times

Ky @—q)n, 6y 0

P—9r, @P—q)p; 0 _ 0_
6y 0 7 @+q+7r)Vv,
0 0 p+q+r)v, (@+q+r)v;

and five times

- M (@+q)n; 3y

[(p+q)nz P+g)ns _ O ]
3y 0 @+49)n;
To prove positive definiteness of these three matrices we use a well known
theorem of matrix theory [11], §10.4: a square matrix is positive definite
if and only if all its main diagonal determinants are positive. Applying
the theorem to the above matrices we obtain among other conditions the
following:

Ay>0, (A 15)
(P—9) [k 03— (@ —q) 1,]>0, (A 16)
N, >0, (A17)
@+q9) My M3—@+4q)n,1>0, (A 18)
and
(P+q)n3>0, (A19)

which follows from (A 17) and (A 18).

We sketch now how the system (A 1) to (A 14) can be solved in terms
of Ay, V5, My, M2 M3» Y4 and give only the expressions for the quantities
in (A 15)-(A 19). We first solve (A 13) for v, and-(A 7), (A 9) for v, and

1 - —

H2=2|:n2_ E— —(PVZ_QY4):I> (A 20)
p+q+r

after that (A 10), (A 12) can be solved for y, and

1 - -
u3=2[n3+_ — _(qu—PY4):|, (A21)
p+q+r

Next we solve (A 6) for

1 - - | R 1 ~ —
7»4=——(p+q)n3+—(1)—q)[n3+_ = —(qu-P'h):'a (A22)
6 2 p+a+r

and (A 5) for B;, (A1), (A2) for B,, A,. Equations (A 11) and (A 14) can
now be brought in the form

- 1 - - - - -
q{v3+n3+—_ = _[(2p+2q+r)v2—(p+q)v4]}
2 ptq+r
— 1 1 - - _
—p{vs—nﬁ-:~_—_[(1{+q)vz+rv4]}=0, (A23)
2 p+g+r
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_ - 1 1
@+r){vs+ns+—- ——

=20+ ) m}
pt+q+r

+5{76—n2+1 = [(17+‘;)V2+17'Y4]}=0- (A24)

2 p+g+r
The determinant of this system is
A=p(g+r)+q> (A 25)

If A#0 then we solve (A 23), (A 24) for v;, v¢ and substitute in (A 8) to
obtain

Pi=—2n,—8¢gn,—4pn;, Yy - - -
292 _
_p2r” q_(pfq)vﬁz(p _q)(_p+_2¢1)
p+q+r p+q+r
We show now that the expressions found for A, p,, p,, ps lead to

contradictions if they are substituted in (A 15), (A 16). In fact from (A 22),
(A 15) and (A 19) we obtain

Ys (A26)

@—a)[n3+_ L _(avz—ﬁm}o, (A27)
p+q+r

further from (A 16), (A 20), (A 21) and (A 26) we find

ol 2
(E—E)Z[nz—ns— _Ptd —(Vz—Y4):| +@—q) M +@+q) (21, +n3)]
p+q+r

1 -
><[m+_ = _(qu*pv4)j|<0, (A 28)
p+q+r

which with the aid of (A 17), (A 19) and (A 27) gives

0<ny+(P+q)N3<—2(@+q) N, (A29)
Squaring the last inequality and using (A 18) leads to a contradiction
My —@+4q)n;)*<0.
We conclude if p(q+r)+g2#0 the torsion system is not symmetric
hyperbolic.

If we set o
P@@+r)+q°=0, (A 30)

the following values of the unknowns lead to the symmetric hyperbolic
system (70).
1 o

p (1+)(1-3a)’

b

1
y=0’ }\‘125

X3—1_—1—<3a2+1),
p 1+)(1-3a) 3
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1 2 1
A‘ =, :6, =0, = — N
4= 3 Hq Ha H3 g(l—cx)
v=2(1420),  vy=—2 %
pl—a
v _124a ! 0 11
3 ﬁl-az’ Ny N2 N3 51+a’
1 1-2a
=13 B s T T T O
N T S 40 (1—30)
2 2(2-3a
Bz=:——(—_), Bs=0, Y1=0,
p 1+0)(1-3a)
. * _2 o
v2 1—a’ 4 p 1—a?’
’ 3 0«
YS_O’ 6_;— 1—(12’ 91=0’ Y3_O9
w=21
p

In the above calculations we have assumed that the C-K conditions hold.
As is obvious from the matrices, if this is not the case A is singular.
Allowing also this possibility is now not difficult to handle. This will then
verify the necessity of the hyperbolicity conditions for the singular case.

APPENDIX B

The method used in Appendix A will be applied now to the curvature
system (61) to (64). The Lagrangian containing the combinations of the
equations of the curvature system is

L=\ ee+M\,[eh+(p+q,+37,) hel+\s hh

+p.1bb+u2[bf+(l’+‘11+3r1)f5]+l’-3ff\
+v1e eA+v2[e ha+(p—gr) i exl+ vy b hy

+§, 0%

+&2[b Afat(p— q)f* 5A]+E.u3f fA

+n, e*Pe,p+n, [P ﬁ s+ (P +4;) BB eyg]+ 1y HAP hAB

+9, b*® EAB +9, [I_’ABfAB +(+ ‘11)!"B basl+ 93f_ BfAB

+By et EA +ByhA fa+ By et Ty + By b b:A

+y brea+ o A ha 1 DA Rty A e,
We vary L with respect to all variables and require, that the equations
resulting vanish identically. There results a system of 24 linear homoge-
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neous equations for the 26 unknowns A, . . ., 7,

1 2 1 '
27"1+2(‘11+42+372)7ﬁ2—§(P+‘12+3"2)§3+5’272_§Y4=O, (B1)

1 1 2
2(1’—‘11)7‘*24‘3(1""‘12‘*‘3’2)&2"‘571—57’2\(3:0, (B2)
1
2!»11_2(‘11+‘12+371)P2—§(P+‘I1+3"1)V3
1 1
+§(q1—q2—3r1+r2)B2—3[54:0, (B3)
1 1 1
2(1’_‘12)“2‘*‘§(P+Q1+3r1)V2+§B1_‘§(‘11"‘12—3r1+r2)63=0’
(B4)
1
(P+‘12+3"2)<27“2_372)"‘(‘11"“12"‘3"2)
1 1
x<27t3+§§3>+§(p—q1)§2=0, (BS)
(B6)
1 1 1
2(1’_“11)7“3_5&1_5(41‘*‘12"‘3’2)&24‘§(P+‘12+3r2)73=o,

1
P+a: +3r1)<2H2_ §B2>—(q1+q2+3r1)
1 1
X<2H3+ §V3>_ 5([7_‘12)V2=0, (B7)
1 1 1
2(0—q)u3— §V1+ 5(‘11 +q,+3r)vy+ §(p+q1+3r1) B;=0, (BY)

1 1 1
EV1— 5(‘11—‘12)‘/2_ 5(p—qz)§3
—(@P—q)Bs—(2q,+72)v2,—v4=0, (BY)

1 1
5\’1—5((11+42)V2—(P—(12)93+(P+¢11)ﬁ3=0, (B10)

1 1
5([’“11)\’2"‘ 5(1’“12)&2"‘[31
—(@1+q2+7)Bs+7,1+Q24g,+75)v3=0, (B11)
1
E(P"“h)"z"‘(l’“lz)92_B1+(‘11_Q2+r2)33=0, (B12)

1 1 1
E(P—‘h)\’a— 5&1 + 5(411 —q,)&;
—(q1+49,+7) B2+ B+ (P—q2)73=0, (B13)
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1 1

5&1"‘ 5(41 +42)8:—@—q) N3+ @ +4,)v;=0,
1
E(P‘H]z)&z"’(l’—‘h)nz“"h*"2'Ys=0:

1
(P“%)(EVz“Yz)_ %(‘11"‘12) (v3+8&3)

+<p—ql)(%§2—ﬁz)=o,
1
E(P_‘h) €2+ (qy +42)<%&3+n3)+(l7+‘12)(n2+72)=0,
%(P"“Iz)&s—nl_(‘h +43) N2 —73Y2—Y4=0,

%(p—qz)vz—(ql+qz><%v3+93)+<p+q1)(92+ﬁz)=o,

1
5(P+‘11)V3—91 +(q1+92) 8, +(q1—q2+72) B, — B4 =0,

N1 +(41—492) M2 — @ +4,) 93=0,
(P+g)M:+(@+49,)3;=0,
(P+q)ns—31—(41—92)9,=0,
@P—42)M2+@1—9.) (M3 +93) + (@ +4,) 3;=0.

413

(B14)

(B15)

(B16)
(B17)
(B18)
(B19)

(B20)

(B21)
(B22)
(B23)
(B 24)

The coefficient matrix of the time derivatives is again block diagonal with

components:
[ A (P+‘12+372)7‘-2:l
@+a;,+3r)h;, (P+q,+37r)A,
[ My (P+41+3r1)H2:|
@+q,+3rPp, @+q,+3r)ps
three times
[ Vi P—q) v, | [ & (P—%)E:z]
@P—4)v2 (P—4q3) Vs | P—9)& P—4918&;
and five times
[ uft (P"“Iz)nz— [ 9, (P+‘11)92].
@P+q)m2 (@+g;)ns | (p+4q)9;, (@+4q)9;

For a 2 x 2 symmetric matrix
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the conditions of positive definiteness read

a>0, ac>b?.
We look for solutions of the system (B 1) to (B 24) which make the above
matrices positive definite. From (B 22) we find

+
9,=—ET0ty (B25)

pP+4q;

and from (B 22) and (B 24)

(@1—92) (M2 —9,—M3—3;3)=0. (B26)
Thus if g, #q, we obtain

2p+q,+
93=_n3+wzn2, (B27)
p+q;
anf from (B 21)
MNi=—(P+4q3)N3+2@+4g;) N, (B28)

Substituting (B 28) in the conditions for positive definiteness of the
n-matrix we find a contradiction

0>(@+4q,)*(n,—n3)>
Thus we must set
q41=49,=14. (B29)

We solve now (B 1), (B 3), (B 14), (B 10), (B 21), (B 23), (B 12), (B 20),
(B 15) and (B 18) to obtain

1
)‘-1=_(2‘1+372)7\'2+2(l’+‘1+2r2)§2
—1 —1(p+ )9 —1r (B 30)
3qnz 6 q) 93 > 2Y2s
1
H1=(2‘1+371)l~l2+Z(P+‘1+2r1)\’3

1 1 1
+—‘192—6(P+‘1)T]3+E"1 B,, (B31)

3
£ = —2qE, +2(— N3 —2(P+9)Ts, (B32)
Vi=2qVa+2(p—a)%3—2(p+4)Bs (B33)
ni=@+4q)3, (B 34)
8 =(p+9ns, (B35)
ﬁ1=§(p+q)v2+(p—q)92+r233, (B36)
B4=%@+Q)(V3—2ns)+2q92+r2l32, (B37)
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vl=%<p+q)&z+(p—q)n2—r2v3, (B38)

1
'Y4=5(P+Q)(§3_293)_2‘1n2_7272- (B39)

We eliminate these quantities from the remaining equations and obtain a
simpler system.

(Pp+q+3ry) <2X2— %Yz)
+(261+3r2)<27v3+ %&3)"‘ %(P—Q)§2=Oa (B40)
<p+q+3r1)(2uz—§ﬁz)

1 1
+(2q+3r)) <2u3+ §v3>+ g(p—q)v2=0, (B41)

@—q)(2x2+%nz>+%(p+q+2r2)az—rzvs=o, (B42)
(P—‘I)<2P-2+%92>+%(P+‘1+271)V2+r1 B;=0, (B43)
(p—q)(”»s—%ns)—r2§z+(p+q+r2)73=0, (B44)
(P—Q)<2H3—%93>+71V2+(P+4+"1) B;=0, (B45)
C—9E+2qE;+2n3)+2(p+q) (N, +7,) =0, (B46)
@C—DVv;—2q(v3+28;)+2(p+9) (8, +B,) =0, (B47)
P(E3—293+2PB3)—q(v,+2n,—27,)=0, (B43)
P(V3—2M3+273)+q(§,+298,—-2B,)=0, (B49)
n,+9,=0, (B50)
P(V2+8)—2q(B3—v3)=0, (B51)
q@E3—v3+2n3—-293)+2p (B, +7v,)=0. (B52)

Now solve (B 46) for &,, (B 42) for A,, (B 44) for A, and substitute these
quantities in (B 40) to obtain

PG Tara L o @ +2m)

(r—9)?
+4p(M2+72)—2(@—9)v5]1=0. (B53)
From (B 47), (B 43), (B 45) and (B 41) we obtain similarly

Pra)@rrotary . o +29,)

»—9)*
—4p(S,+B2)—2(—9)B3]=0. (B54)
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If (p+¢q) (q+r,)+4qr,#0, then we can solve (B 53) for &; and eliminated
it from the expressions for &; and £,. We observe that

Ei+(P+9&=20+9%,

holds, which together with the positive definiteness condition for the
&-matrix

Ei(p+q) Es>(+g)°E?
leads to a contradiction
(p+9)* (&, —&3)*<0.

Similarly if (p+4q) (q+r,)+qr, #0 we obtain a contradiction from the
positive definiteness conditions of the v-matrix. Thus we must set

(P+9(q+r)+4qr,=0=@+q9)(g+r)+ar;.
These conditions are equivalent to

ry=ry=i, (B595)
@P+9q+@+2q9r=0. (B 56)
If conditions (B 29), (B 55) and (B 56) holds, then we can eliminate r from

all equations with the aid of (B 56). The following values for the unknowns
Ais . - -5 Y4 lead to the symmetric hyperbolic system (71).

1 1 1+
7\,= = -, )\‘=— =O, }\,= == —,
1=l 3 2 Ha 3= H3 3 1—2p
4 p? 1+2p2
= =2 1+2 2, = —V,= . =\ =2_,
E1=vi=2( B*) &, 2 1-2p &3 V3 1—2p
1
m=9%=1, n,=-9,=0, N3=9%h=—71,
p+q
483 1 2B(Q2-—
Yi=— 1=—B, Y2=—ﬁz=—_u,
1+pQa-2p) p+q 1-2P
1 2B(1— 2B(1+2p2
73=B3=_.7M’ ’Y4:B4=_..B_(_—ﬁ.l"
p+q 1-28 (1+B)(1-2P)
where
-1
p+q

The remark made at the end of appendix A holds here again if the C-K
conditions are violated.
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