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Abstract. The method of intrinsic characterisation of shock wave propagation avoids
the cumbersome task of solving the basic systems of equations before and after the shock,
and has been used by various authors for direct calculation of relevant quantities on the
shock. It leads to an infinite hierarchy of ordinary differential equations, which, due to
the absence of a mathematical theory, is truncated to a finite system. In most practical
cases, but not in all, the solutions of the truncated systems approximate the solution of
the infinite system satisfactorily. The mathematical question of the error generated is
completely open. We precisely define the concept of approximation and rigorously justify
the local correctness of the approximation method for positive real analytic initial data
for the inviscid Burgers’ equation, which has certain features in common with systems
appearing in literature. At the same time we show that the nonuniqueness of the infinite
system can lead to wrong results when the initial data are only C*° and that blow-
up of the solutions of the truncated systems are an obstacle for straightforward global
approximation. Global approximation is achieved by recomputing the initial conditions
for the approximating solutions in finitely many time steps. The results obtained will
have to be taken into account in a future theory for more advanced systems.

1. Introduction. The problem of determining the propagation of shock waves in
various branches of continuum mechanics has been a subject of interest since the early
work of S.D. Poisson and B. Riemann. Our present investigation is particularly related to
the branch of shock dynamics which started about 1970 und whose aim was an intrinsic
description of shock propagation, which means—in the words of T.W. Wright (1976)—
“a description such that the motion and the amplitude of the shock are determined by
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quantities known on the shock itself” [31l p. 312]. We begin by sketching the main lines
of development (further references can be found in [5], [23], [30], [24], [25], [I7]).

The authors P.J. Chen and M.E. Gurtin [6], [7], J.W. Nunziato and E.K. Walsh [I5],
J. Dunwoody [8], K.W. Schuler, J.W. Nunziato and E.K. Walsh [23], and T.C.T. Ting
[29] following T.W. Wright [31] used the theory of singular surfaces to derive the shock
amplitude equation, which however has to be supplemented by further equations because
the involved coupling terms remain undetermined. Though in higher dimensions the
additional equations are of high complexity, and in many papers only the first equations
are explicitly given, the intrinsic description of shock propagation generally has to face
the problem of an infinite set of such “compatibility conditions” on the shock. In 1976
(the year of his original paper) V.P. Maslov [14] described the evolution of a weak shock
in an isentropic gas by a sequence of transport equations for the shock strength and
higher derivatives of flow variables behind the shock along rays. Following [14], M.A.
Grinfel’d [1I] obtained an infinite set of equations for the shock kinematics in elastic
media. After 1980, further progress is due to F.B. Bailey and P.J. Chen [3] and Y.B. Fu
and N.H. Scott [9], [10]. A.M. Anile and G. Russo [I], [2] derived an infinite system of
identities to describe the propagation of step shocks in a nonisentropic flow of an ideal
gas. They also investigated the truncation error which occurs if the system of infinite
equations is replaced by a finite system obtained by truncating the infinite system.

In 1990, R. Ravindran and P. Prasad [18], [19] studied this question for a one-dimen-
sional model, namely the inviscid Burgers’ equation. The initial value problem is

Oyu + udzu = 0, (1.1)
with initial condition
U(O, 33) = gp('r)X(a,s]v a<xz<f, (12)

for positive ¢ given on (o, () and s € («, 8). For (), (LT2), a shock starts from s at
t = 0. The spatial derivatives of u at the shock z = X,(¢) at time ¢t determined by v, (),

1 0"u

satisfy an infinite system of differential equations

(t,Xs(t)), neNy:=NU{0},

n+1

on(t) = —— D wi(t)vnga—it), n €N, (1.3)
=0

which represent the desired set of compatibility conditions in this case. Later, they
derived two compatibility conditions for the Euler equation in two space dimensions [20],
[16], after earlier papers of R. Srinivasan and P. Prasad [27], [28], which followed [14].
M.P. Lazarev, P. Prasad and S.K. Singh [13] calculated three conditions along a shock
path for a plane shock to study the one-dimensional piston problem. N.K.-R. Kevlahan
[12] investigated the propagation of weak shocks for the N wave, the expanding cylindrical
shock and for the sinusoidal flow in two space dimensions, and found that the results
coincided with those obtained by direct numerical simulation. Lately, V.D. Sharma,
C.H. Radha [24], [25] and V.D. Sharma, C.H. Radha and A. Jeffrey [I7] gave applications
of the theory to one-dimensional planar and nonplanar shock waves in a relaxing gas, to
three-dimensional shock waves in an ideal gas and to bores of arbitrary strength over a
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sloping beach in a one-dimensional setting. In these three cases which are related to [I4],
[1], [2], the infinite set of transport equations is derived, and the effect of the truncation
at lowest and higher orders is carefully investigated. Indeed, the problem of how well the
truncated systems can replace the infinite system is present in all the work mentioned
and represents motivation for subsequent mathematical work.

The present paper intends to throw new light on this general problem by a detailed
study of the model example given by (1.1), (1.2). The question here is whether the first
n components of the R>®-valued solution v with v(0) = n € R*,

(n)
T = 4 '(S)a ne NO)
n:

can be approximated by the first n components of the RP*!-valued solution VP of the
(p + 1)-dimensional (“p-truncated”) system

. 1<
VP(t) = —”;’ S VEOVE, (), n=01,,p—1,
=0
(1.4)
V) = =S 2 W OVha),
i=1

with
Vp(o) - (77077717 e 77717)

for suitable p € N. Then the shock strength vg(t) can be approximately calculated, and
the shock position X(¢) can be obtained by the Rankine-Hugoniot condition

X.t) = Juolt),

with X,(0) = s. Numerical calculations [18], [19], show that this is the case, but a
mathematical proof of the correctness of this procedure has not yet been given. In fact,
the existence theory for the infinite system (3] is completely open. Because of the
diverging coefficients, it also seems to defy treatment by the well-developed theory of
differential equations in Banach spaces. In the same way, to begin with, little is known
about the time interval of the existence of solutions of the quadratic p-truncated systems.

One of the purposes of the present paper is to give a rigorous mathematical justification
of the approximation for positive, real analytic ¢. Our main results are given in §7. A
number of preliminaries are required, because the conditions may not necessarily entail
the solvability of the model equation for all ¢ > 0. In §2, we study the existence and
uniqueness of the system for the position X, and the strength u, of the shock, which
is given by the Rankine-Hugoniot condition (Propositions 1 and 2). With an equivalent
formulation involving an associated function £z, we are able to characterise those ¢ for
which X, us (and &) exist only on a bounded interval [0,7s) or (globally) for all ¢ > 0
(Proposition 3). §3 provides the necessary background for the solvability of the initial
value problem (1)), (I2) on its maximal domain of existence (Proposition 4). For the
solution w of ([Il), we derive the infinite system ([3) in §4 (Proposition 5). In the
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following two sections, the system (3] and its p-truncated system ([4) are studied as
“convolution-” differential equations of the form

2(t) = 2(t) * 2(t), 2(0) =neR™®

with a suitable “convolution” * as a mapping R> x R* — R*°. A formula for a real
analytic solution is given in the form of a power series

2(t) = i frt
k=0

with R*-valued coefficents f*, k € Ny, depending on 7 (Lemmas Bl and B)). To prove the
convergence of the series for 7 satisfying the condition

Inn| < Ap™, n €Ny,

for some A, p > 0, we modify the idea of E. Cartan’s majorizing solution for complex
analytic solutions of finite systems of differential equations with holomorphic right-hand
sides, together with a detailed discussion of the distribution of signs in the infinite system.
A majorizing solution is (almost) explicity given by the solution to n, = (—1)"Ap™. §7
contains the desired result of local approximation (Theorem 1): The analytic solution
v of the system (L3) with 7, := ¢ (s)/n! and the corresponding solutions V? of the
truncated systems have converging power series expansions on a common time interval
[0,T) and VP(t) — v(t) in R*> uniformly on every compact subinterval as p — oco.

Several examples illustrate inherent features of the approximation:

(1) The power series expansion of the solution v on [0,7") about zero may converge
only on an interval whose right endpoint is strictly smaller than T (Example H]).

(2) The solution v may exist for ¢ > 0, but the VP may blow up at a finite time
(Example [).

(3) If p is not real analytic but only C°°, the V? do not necessarily tend to v, but
to the real analytic solution of (I.3)) (Example Bl and §8).

Our last result is the following: It is possible to recompute the initial conditions for
the V? in finitely many steps and thus achieve global approximation (Theorem 2 in §7).
We conclude by remarking in §8 that the infinite system investigated here reflects certain
properties of systems appearing in the literature. It seems therefore likely that future
research of more advanced systems will find phenomena which we have pointed out in
our present work.

2. Shock position and shock strength.

2.1. FEmistence and uniqueness. The general assumption here is:
Al) p € C?*(a, ), >0 on (a,f) (o = —c0 not excluded).
For fixed s € («, 3), we consider the system of equations

X(t) = %u(t), X(0) = s, (2.1)

u(t) = e(X(t) — tu(t)), u(0) = @(s). (2.2)
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A solution on an interval [0,T), where 0 < T < oo, is a pair of functions X,u €
C1[0,T) such that X (¢) — tu(t) € (a, s] and Z1)), [22)) are satisfied on [0,7). Together
with the system (21IJ), [22]), we consider the equation

. £(t)
5+ [ ety =0, (23)

A solution on [0,7) is a function £ € C'[0,T) with values in («, s] which satisfies (Z.3))

on [0,T), or equivalently
1
() + (€)= 50(E(),  &(0)=s. (2.4)

We prove the equivalence: the differentiation of ([Z3) gives (Z4) in view of the as-
sumption that ¢ > 0, and the integration of (Z4]) yields (23)).

We are going to solve the system [2.10), (Z.2]) with the help of the following proposition:

PROPOSITION 1. The system (2.10), (22)) is solvable on an interval [0,7) if and only if
equation (23) (equivalently (Z4))) is solvable on [0,T): if (X, u) is a solution of (21I),
22), then

§(t) == X (t) — tu(t)
is a solution of ([23)); conversely, if £ is a solution of (23 (equivalently (24))), then

X(t) = &) +te(E(t)),
u(t) p(£(t))

is a solution of (211, ([22)).

The proof follows from the equivalence (23)) < 24). O
Let us define the function ¢ : («, s] — [0, 00) by

with
Fu(€) = 0%(€) + 25/(6) / oy)dy, a<E<s.
3

Let us define
as :=inf{a € (o, 8] : Fs >0 on (a,s]} > a.
We note that as < s because Fs(s) = ¢?(s) > 0. We have #/(£) < 0 on (as, s], and this
is the maximal interval on which ¢’ < 0, in the sense that either oy = « or ay > a, in
which case F(as) =0 and t'(as) = 0. Because t is strictly decreasing on (s, s], we may
define
T, := lim t(¢) € (0, 00]. (2.6)

§—as
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The restriction ¢|(,, s (again denoted by t) is one-to-one.
PROPOSITION 2 (Local existence). The inverse function of
t:(as,s] —[0,Ts)

denoted by
£:[0,T5) — (as, $]

is a solution of (2.3). In the case as; > a, we have

Jim £(1) = s, lim £(1) = —oo, (2.7)
Jim (1+ 16/ (€)= 1+ T (a) = 0. (2.8)

¢ is the maximal uniquely determined solution of ([23)).

Proof. For £ =&(t),t € [0,Ts), we have

S

2
E=HED) = ey [ P
p?(£(1))
3
hence ¢ is a solution of ([23]) on [0, 7). Now let ag > . Then the first equation in (271
follows from (2.6). Because t'(as) = 0,

. . 1 )
AN YCORE RO

which is the second equation in (Z77). (24]) implies

LpE(t) _ 1
1T+t (€)= —= = = —— ) t'(£(1)),
¢E) =~ 0 5 #(E(1) (1)
and (Z8)) follows by taking the limit ¢t — T. Hence £ cannot be extended beyond T,. We
have to prove uniqueness. Assume ¢ : [0,T) — (a, 5] is a solution of ([23)). It is sufficient
to show that £ = ¢ on [0,7) for any T' < min(T, T). (Z4) and (A1) imply

(1 + 1 EONER) = —5 wE€B) <0 on [0,7)

Hence the two factors on the left side cannot change sign on [0, T) Because the first
factor is positive near ¢ = 0, we have £(¢) < 0 on [0,T). Let us define

A= lim £(2).

t—T

Then € : [0,7) — (), 5] is one-to-one. Its inverse function 7 : (), s] — [0,T) satisfies

¢
@s@Z(ﬁ)*/s@(y)dy:O on (A3,

and ¢ and ¢ have the same inverse on [0,7). O
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Propositions [[l and [ imply that there exist unique maximal solutions (X, u) of ([21),
22) and ¢ of (Z3) < (Z4) on [0,Ty). From the equation

X() = &(t) + 26X (1),
it is easy to deduce the equivalent representations on [0, Ts):

t .

(1)
X)) = &@)—Vt | =Zdr,
/57
S B .
X(t) = Qﬂo/ﬁd, X(0) = s.

From this and from the proof of Proposition 2] we obtain the following lemma.

LEMMA 1. For the solutions (X, u) of (1)), 22) and & of Z3) < (Z4) on [0,Ts), we
have
£(t) <0, u(t) =2X(t) >0 on [0,T,),
1+t (E(t)) >0, as < &(t) < s < X(t) on (0,T%), (2.9)
: 1 p(&()
D) =3 T
2 141! (£(1))
In the next proposition, we give necessary and sufficient conditions for £ being global,
that is, Ts = oo.

on [0, T%). (2.10)

PROPOSITION 3. Assume that ¢(a) := lim o(y) exists. Then a maximal solution £ of
y—o

23) is global if and only if the following conditions hold:
i) a = ay, that is, Fy(z) == ¢?(2) + 2¢'(2) [ @(y)dy > 0 on (a, 3.
i) lim 5 [ e(y)dy = oo.
Furthermore we have:
a) If ¢’ > 0 or (for finite o) ¢” < 0 on (e, s], then i) holds.
b) If ¢(a) = 0, then ii) holds.

Proof. If a < ag, then Ty = t(a) < 00. If g = v, then the limit in ii) is Ts. If ¢’ >0
on (a, s, then i) obviously holds. If ¢ < 0 on (a, s], then

S

Fl(z) = 20" () / o(y)dy <0,

x

hence Fs(z) > Fs(s) > 0, and i) holds as well. This shows a) and b) follows from
Je(y)dy > 0. O
«

EXAMPLE 1. ¢(z) := [(y—1)(y— 2)dy on (0,2) satisfies A1) and ¢(0) = 0. For s = 1
0
it violates ii) with § < a; < 1, so that Ty < co. We have ¢’ > 0on (0, 3)U(2,1),¢’ <0
12 1), and ¢” >0 on (3,1).

on (g, g),(ﬂ” <0 on (0, 5
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For the solution w of the initial value problem (1), (LZ), the system ZII), 22
represents the Rankine-Hugoniot condition for the position X and the strength u of the
shock, which emanates from s € (a, 3) at t = 0 (see Proposition H).

2.2. Variable s. The general assumption of this section is again Al). We consider
the one-parameter families (&), (Xs), (us) as s varies in (a, 3). The t-sections of the
collection of graphs

G:={(t,X:(1),0<t<Ts,a < s<f}
might not be connected. For a compact subinterval [a, b] C (a, 3) define
Gap = {(t, Xs(t)),0 <t <T,p,a <s<b},

where

T,p:= inf T, >0,
s€la,b]

because it is easily seen that s — T is lower semi-continuous on (a, 3). We will study
the functions s — £,(t), X5(t) on G4 in the next lemma.

LEMMA 2. Let 0 <t < T, . The following maps are strictly increasing bijections:

a) £(t):[a,b] — [€a(t), & (1)], s — &(1),
b) e s [€a(t), ()] = [Xa(t), Xp(t)], s = we(s) := @(s)t + 5, &(t) = X(2),
c) X.(t):[a,b] — [Xa(t), Xp(t)], s+— Xs(1).
Furthermore,
Lt (z) >0,  &a(t) Sa < &(t). (2.11)
Proof. a) If we differentiate
; &s(t)
s+ [ ey =0 (212)

with respect to s, we obtain

98s(t) _ o(s) -0
Os P(& (1) (1 + 19’ (&5(1)))
with (Z9]). Hence &.(t) is one-to-one. Therefore, for € [£,(t), & ()], there exists s € [a, b]
such that x = &(¢), and [ZII)) follows from (29).
b) For s € [£,(t), & ()], we have

ayt(s)_ /
P =¢'(s)t+1>0

with (ZI1)). Because
Ye(&s(1)) = (& (1)) -t + &5 () = Xs(2) (2.13)

by Proposition [II, y; is also one-to-one.
c) If a <s <o <b, then it follows from a) and b) that

Xs(t) - yt(gs(t)) < yt(go(t)) - Xa(t)'
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REMARK. An often considered case is that ¢ has an extension ® € C?(o/,b) with
o' < a and ®(«) = 0. In this case £, X, u are not defined for s = «. However, one can
show that

lim &(¢) = «, lim &,(t) = 0,
S—« S—a

lim y¢(s) = 0, lim X,(t) = o,

using (2.12), (Z.10) and 2I3). Also £.(t), yi, X.(t) can be extended to bijections on [«, b],

[, &y (t)], and [a, b], respectively. O
The inverse of y; will be denoted by
s+ [Xa(t), Xo(t)] = [€a(t), &6 (1)), (2.14)
Xs(t) — &(t). (2.15)
We have
z = p(s(x))t + se (), (2.16)
st () 1

r  TxigGay O Xelh Xl (2.17)

As a consequence of Lemma [2] we note that
Ga7b = {(t,.’IJ) : Xa(t) S xr S Xb(t>7 0 S t S Ta,b}a
and as a consequence of the lower semi-continuity of T, we have

G= |J Gas (2.18)

a<a<b<p

3. The solution of the model equation. The general assumption of this section
is again Al).
We consider the sets G and G, introduced in §2.2, and remark that for (t,z) € G,
the function
ur—u— ez —tu)

is strictly increasing in the u-interval J(t,z) := [}(z — &(t)), + (¥ — &a(t))], because
Mo &) Su s (@ —E0) 7 tu € (D) &(0)]
and hence
%(u — oz —tu)) =1+t (x — tu) >0
with 2IT]).

PROPOSITION 4. There exists a unique solution u € C'(G) of the initial value problem
Ou +udyu =01in G, u(0,z) = ¢(x) on («, 5).
It is given by

u(t,z) = p(se(x)).
For (t,x) € G,t > 0,u(¢, z) is the unique solution of the equation

u=@(x — tu)
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in the u-interval 1 (z — &(t)) < u < }(z — & (t)). Hence
u(t, Xs(t)) = us(t) = p(&s(t)), a<s<p, 0<t<Ts.
G is the maximal domain of existence of w.

Proof. In view of (ZI8]), it is sufficient to prove the result on G, 5. If u(t, z) = p(si(x)),

then by (2I6]),

x = tu(t,z) + s¢(x).

Hence
u(t, z) = o(x — tu(t, x)). (3.1)
It follows from (2I4) that
o - 6(0) < 30— si@) = ult.7) < 1z - &), (32)
hence by the preceeding remark
—t¢' (x — tu(t,z)) # 1. (3.3)

We differentiate (B1)) and get
Ou(t, ) +u(t,x)0u(t,x) = ¢ (x—tu(t,z))(—u(t,z) — tou(t, x))
+u(t, )¢ (x — tu(t, z)) (1 — t0,u(t, x))

= =t ¢ (x—tu(t,r))(Qwu(t,x) + ult, z)Ozu(t, x)).
It follows from (B.3)) that u satisfies the differential equation. From (3.2]) and the preceed-
ing remark, we conclude that u(¢, x) is the unique solution of the equation u = ¢(x — tu)
in J(¢,z). In particular

u(t, Xs(t)) € J(t, Xs(t))
is a solution of the equation

u = p(X;(t) — tu).

We know from Proposition [I] that

us(t) = @(&s(t)) = o(Xs(t) — tus(t)),
which says that wus(t) also satisfies this equation and that
1
us(t) = ;(Xs(t) - €s(t)) € J(taXs(t))
by Lemma [2h). Hence u(t, X;5(t)) = us(t) by uniqueness. Now, let v be any solution of
the model equation assuming the initial value . Let t — n(t, s) be the solution of the
initial value problem

i(t,s) = v(t,n(t,s),  n0)=s.

Then J
Ev(ta n(t’ S)) = 0,
hence
v(t,n(t, s)) =v(0,1(0,s)) = ¢(s)
and

i(t,s) = ¢(s), n(t;s) =@(s)t + 5= yi(s).



CALCULATION OF SHOCKS 731

Therefore v(t, y:(s)) = ¢(s) and v(t, x) = p(s¢(x)) = u(t, ). The maximality of G follows
from Proposition |

Uniqueness also follows—in a more complicated manner—from the entropy condition
26, p. 251]

wax+?—Mum _ w®%x+ﬂ}w@*”>:¢@4x+&m%§u+e@
PlX0) &) 1
Lt/ (s:(X5 (1) 1+t (&4(8) ~ ¢t
on Gy, for ¢ > 0,0 <0 < 1,a <~y < b with Lemma 2b), @I0), @I17). O

4. An infinite system of ordinary differential equations. The general assump-
tion of this section is

A2) p € C®(,8), o >0 on (a, ) (o = —00 not excluded).

This assumption implies that ¢ = ¢5(¢) is C*°-differentiable on o < s < B, a5 < £ < s
by ([23). Furthermore, £ = &:(¢) is C™ on o < s < B, 5 < t < s (as a solution of ([2:3)
with the implicit function theorem and (Z3)) and so are X = X,(¢) and u = us(¢t) (as
compositions of C*°-functions with Proposition [Il). Similarly, s = s;(z) is C* on G (as
a solution of [2I6) with the implicit function theorem and (Z9))) and so is u = u(t, x)
(as composition of C'*°-functions by Proposition ). If ¢ is, in addition, real analytic (as
in §7), then all the functions just considered are real analytic (see []).

We consider a compact subinterval [a,b] C (o, 3) and for 0 < ¢ < Tpp, & (t) < s <
&v(t), we define

wp(t, s) == % (m%) »(s), n € Ng; (4.1)

see (2I1). Then
1 1 awn,1

n1+i9(s) s (t,s), meN. (4.2)

wp(t,8) =
With Proposition [4]

u(t, z) = wo(t, s¢(x)),
and by induction with respect to n and ([Z.I7) and ([4.2)), we obtain

1 0™ 19 1 9l
oo Y T Rar oot ) T pgg i ()
1 % Own—1

(@) =5 (t5¢(2)) = walt, 5¢(2)).

n Ox

LEMMA 3. We have

ow
8—750 =0, ’LU()(O, 5) = tp(s),
ow, 1 (n)
(;l; - 7”; § :wiwn+1—iv wn(0,5) = z nl(S)’ neN.

i=1
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Proof. We prove the last equation by induction with respect to n. For n =1,

ow, 9 ¢ ? _w?
ot dtl+ty  (L+tp)?2 OV
Now we assume the assertion holds for n — 1. Applying (£2) 2n — 1 times, we get
ow, 1 @' ow,—1 1 1 0 Owy,_1
ot n(l+tp)? Os nl+te ds Ot
1 1 9, n
= et g (Tg) 2 v
n—1
1 1 ow; 0wy, _;
SRR Te D Dl Ry

i=1
n—1

= —wWi1Wy — 5 Zl ((Z —+ 1)wi+1wn_i —+ (n -+ 1-— i)wiwm_l_i)

n—1
= —ww, — 3 (Z(z +n+4+1—i)wwyy1—; + nwpywy +wy nwn>

i=2
n+1<—
= T3 Zwiwn+14~
Now we define =1
1 0™u
v (t) := E%(taXS(t)) = wp(t,5:(Xs(t))) = wn(t,&(t)), n € N,

with (ZT5]). We have
vo(t) = u(t, Xs(t)) = us(t).

PROPOSITION 5. The v,,n € Ny, are solutions of the infinite system

. n+ 1 e (s)
Un = — 5 Zovivn+l—i, vn(o) = Tl n € Np.

Proof. By Lemma Bl (£2) and [2.10),

own, own,

() = (L&) + 5 E(0)E6(0)

=z ;_ 1 Z Vi (t)vpy1—i(t) + (n + I)U"H(t)(_%v()(t))
n+ 1_
2

(o (t)’Un+1_i(t).

n
i=0
EXAMPLE 2. The initial value problem

nlt) =~ LS v (tvnsai(8), va(0) = (<1)", n e N,
=0

has the (almost) explicit solution

Uﬂ(t) = wn(tag(t))v n € No,

(4.3)
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on [0,e~ 1), where

1 1
wo(t,s) = —, wil(t,s) = ———7,
o(t,s) . 1(t,s) e
(t )_ (71)71 nil ntjfl 3n—1-2j5 >9
Wnl, §) = nl(s2 — t)2n-1 a; § L
j=1
with positive coefficients af, a3, -+ ,a)_; recursively defined by
a3 = 2, a}™t:=(n+ a7,
al*t' = (n—1+42j)a}+Bn+1-2j)a}y, j=2,---,n—1,
Al = (n4lal_y, n>2,

and £ : [0,e~ '] — [e71/2,1] is the inverse of the function ¢ : [e=1/2,1] — [0,e~ 1], t(£) :==
Em(2).

Proof. We let ¢(z) := L on (0, co) and s := 1. Then ¢ (1) = (—1)"n!, o, =e"1/2,
and &(t) satisfies (Z35]). One shows by induction that the w, satisfy (1) and the assertion
follows from Proposition [ (note that £2(t) —¢ > 0 on [0,e71)). O

Example 2 will play an important role in the next section. We need to know that the
solution v = (vp)nen, can be represented by its power series about ¢t = 0 everywhere on
the interval of its existence (which is not the case in general; see Example [3).

LEMMA 4. The solution v of Example Pl has a power series expansion about t = 0 which
converges for [t| < e™L.

Proof. We consider the complex analytic extension of t on S := {z € C\ {0}, |arg z| <

w/4}, say, given by
t(z) = 2% In(1/2%) = =22 In(2?).

Its derivative #/(z) = —2z (In(z%) 4 1) is zero only for z = e~ /2. On the disk B, := {z €
C;lz—1] < 1—e"?} C S, t is holomorphic with #(z) # 0. It can be shown that ¢ is
injective on By and t(B1) D By := {¢ € C;[¢| < e~ '}. Hence the inverse & : t(B1) — By
is holomorphic on ¢(B;) and never zero, and the same is true for £|g,. Hence vy(¢) = %
is holomorphic on By and has a power series expansion about ( = 0 converging on By.
Because vy # 0 on By, v1({) = —2v{(¢)/vo(¢) is holomorphic on By, and, by induction
with respect to n € N, so are all v,. O

We remark that for any initial condition 7 = (g, 71, - - - ), the initial value problem

UI}O = 07 ’U}O(O) = To,

n+1
2

n
Z W;Wn 41—, wn(o) =1n, nEN,

=1

Wpn = —

is uniquely solvable. In fact,

wo(t) =no, wi(t) =mu(L+mt)~",
n—2

wn(t) = (L+mt)" D> ant, n>2,
=0
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where the «, ; depend upon 71,m2, -+ ,n,. However, there exist C*-initial data ¢!, p?
with (") (s) = ¢*™)(s),n € Ny, for some s, for which the corresponding v',v? are
different, though they satisfy the same initial value problem ([@3]); see the following
example.

EXAMPLE 3. On R, let p!(z) := 1, ¢?*(z) := 1 + exp(—1/2?), z # 0, ¢*(0) := 1.
Then ¢*(0) = 1,¢*™(0) =0, n € N, i = 1,2. Hence for s < 0

U}l(t75):(1,0,07"')7 w%(taS)ZQOQ(S)a
so that by the definition of v!,v?,
v () = (1,0,0,---), vE(t) = *(E3(t)) > 1, t >0,

and v! # v? (in fact v} # v2 for all n € Np).

5. A convolution and real analytic solutions of the infinite system. We are
going to present the infinite system (@3] in another form using the concept of a “convo-
lution” of two elements in R*°.

DEFINITION 1. For a = (ag,a1,a2,--+),b = (bo,b1,b2,---) € R®, we define the con-
volution a * b € R*® by

n+1
2

n
(a * b)n = — Zaibnﬂ,i, n € Np.
=0

Whereas the operation * as a mapping from R x R* into R*> is obviously not
commutative, nor associative even for equal factors, that is, in general,
ax(ax*a)# (ax*a)x*a,

we do have the following properties which will be crucial in the sequel. Here the limit of
a sequence will be the componentwise limit, and |a| = (|a|n)nen,-

LEMMA 5. a) The operation * : R® x R® — R is linear in the first and in the second
factor, i.e. for A, € R and a, b, c € R*, we have

A+ pb)xc=X-axc+p-bxc,
ax(Ab+pc)=A-axb+p-axc.

b) If a* — a and b* — b in R, then a* * b* — a x b in R*®.

c) If (a®)pen, and (b¥)gen, are two sequences in R* and if the series

iak = A4, ibk =B
k=0 k=0

are absolutely convergent in R, then every series of the convolutions a” x b’ (based on
a specific enumeration J of Ny x Np)

DAY (5.1)

(kai)ed
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is absolutely convergent in R* and has the same value A x B, in particular
o0
A*B:Z(ao*bk+a1*bk71+~~~ak*b0)
k=0
(Cauchy product).

Proof. We only need to prove ¢). The assumption is that for all n € Ny

oo o0
Sl <o, SO Bl <.
k=0 k=0

The estimate

[c. ol o]

ZZI mopkemy | = ZZ )

k=0 m=0 =
n

100 oo
e DN L

m=0 k=m =0

n oo

o0
k
PICADIL

i=0 m=0 k=m

1

S
+

IA
N

oo

_ "len:(qu Z\an Z|)<oo

i=0 \m=0

shows that every series (B.1)) is absolutely and hence unconditionally convergent. For the
particular choice J in the form of squares, we have for the partial sum with index r2
by a)

s T
E ak*bzzg ak*g b
0<k,i<r k=0 i=0

Hence for the subsequence of partial sums given by the sequence with indices (72),cn,
we have

li k i

Lim Z a” b = Ax B,

0<k,i<r
by b). Because the sequence of partial sums given by J converges, its limit is also
Ax B. (|
Using the concept of convolution, we can write the infinite system ([@3)) in the form

2(t) = z(t) % 2(t)

for a vector function t — z(t) = (z0(t), 21(t), 22(t), - - - ) taking values in R*. The initial
value condition reads

2(0)=n

for a vector n € R*>.
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LEMMA 6. Assume the power series
o0
2(t) =) dfth, dF e R, (5.2)
k=0

is convergent for |¢| < T. Then z is a solution of
2(t) = 2(t) * 2(t), z(0) =n e R (5.3)

on [0,T) if and only if
ab =fF keN,,

where the f* are recursively defined as follows:

o=,
fro= Jl‘o*f°=77*n, X
2= U fre ) = SO () + (s m) ),
PR = (O P e )
k
1
= k—Hme*fk_m,keNo,
m=0
that is,
k+1 In+1 : - m rk—m
Fa T2kt ZZL n4l—is n, k € No. (5:4)
m=0 i=0

Consequently, every real analytic solution of (5.3)) is uniquely determined.

Proof. If the power series (B.2]) is convergent for |¢| < T, then

2t) =Y ka"t" Tt = (k4 1)a" T
k=1 k=0
converges on |t| < T and so does
%S k 0o k
2t 2(t) =Y (@™t x (@) =3 TN (@ e et
k=0 m=0 k=0m=0

by Lemma[Bh) and c). The differential equation is satisfied if and only if
1 &
k+1 _ E m k—m
a = ]{j——|—1 :OCL *Q s ke NO,

and the initial condition if and only if

a =1.

So, the initial value problem is solved if and only if a* = f*, k € Ny. O
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Notation: If we want to indicate that the f* are defined by n € R*®, we will write

f= .
We remark that the following relation is easily proved by induction with respect to k
using (B4): If n € R*®, A, p € R, then

FEAP ™ ) men,y) = AFTEpFT™ fR Il n e Ny, (5.5)

k € Ny. To solve the initial value problem, we observe a further important property of
the convolution. Let us consider

R :={a e R*,VneNy: (-1)"a, = |a,| > 0}.
LeEMMA 7. The operation * maps R x RS into RS . For a,b € RS, we have

n

(=1)"(a * b),, D", >0, ne€N.

Consequently, if n € R®°_ and f = f[n], then f* € R¥ ,k € Ny, and

k n
1 m
O = §:§: SR >0, neNe. (56
m=0 i=0

Proof. The first assertion follows from the definition of the convolution and
(_1)i(_1)n+17i _ _(_1)11.

The second then follows from f© := n € R by induction with respect to k using
the fact that RS is closed under addition and multiplication by nonnegative
constants. O

PROPOSITION 6. Let nn € R* have the property 3 A >03 p>0V n e Ny : |n,| < Ap™.
Then the initial value problem 2(¢) = z(¢) % z(t), 2(0) = n has a real analytic solution on
[0, (Ape)~1) with a power series

=> fFmt* (5.7)
k=0

converging for |t| < (Ape)~ 1.

Proof. According to Lemma [0l we have to prove that the series (5.17]) converges for
[t] < (Ape) =" We let 1) := ((=1)")neny, 77 := (Ap" (=1)")nen,- By Lemmaldl flq], f[7] €
R%_. We show

[falnll < (1) fili),  n € No, (5-8)



738 JURGEN BATT anp RENUKA RAVINDRAN

for k € Ny. This holds for &k = 0. If (58] holds for 0,1, -, k, then we have with (5.4
and (B.0),

1 1 k n
B S 5 g S0 - A
m=0 =0
1 TL+]. - . m n+1—1 =
< §k+1z (=D [A(-1) Foiili)
m=0 =0

= (=D fattl

From (B5.4)),

Rl = AR £ ).
On the other hand, Lemma Ml shows that the solution v of the infinite system with initial
condition 7 has a power series about t = 0, which converges on [0,e~!). By Lemma [

= ka[ﬁ] tk on [0,e7t).
k=0

Hence the series

>k th = Apr ka (Apt)*, n e Ny,
k=0
converges on [0, (Ape)~!) and by (EJ), so does E&1). O

COROLLARY. If 5 € R™ satisfies the estimate |9, | < Ap™, n € Ny, then
| falnll < ASFHRR fR]], k€ No,
where 7 := ((—1)")ner, and
[2n(8)] < Ap"|vn(Apt)|, n€No, |[t] < (Ape)™!
with the (v,) from Example

6. The p-truncated system and the *,-convolution. We intend to approximate
the real analytic solution z of the initial value problem of the infinite system

. n+1 <
=g Zziznﬂ,i, z(0) =neR™

i=0
by the real analytic solution Z = (Zy, Z1,--- , Zp) of the “p-truncated” system
: 1
Zy = TL—|— ZZZnJrl i, n<p,
: pt1 + 1
Z, = ZZ Zyir—i s Z(0) = (no,m1,--- ,mp) € RPH!

for sufficiently large p € N.
Let us define the convolution x, of two elements in RPT!.
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DEFINITION 2. For a = (ag,aq1,--
convolution a *, b € RPT! by

,ap), b = (bo, b1, -+ ,b,) € RPFL we define the

(a*pb)y, = (axb)y, n < p,

—|— 1
(ax,b)p = . Zaz p+1—i -

The operation #, is a mapping from RP1 x RPFL into RPT! or from R* x R*> into
R if we identify RP*! with the subspace (RP*1,0,0,---) in R®. The approximation
of the R*®-valued solutions of the infinite system by the RPT!-valued solutions of the
p-truncated system

Z(t) :Z(t) *p Z(t)ﬂ Z(O) :np = (77077717"' 777p) 6Rp+1 (61)
will then take place in R*°.

LEMMA 8. Lemma [6l and Lemma [l remain valid with the recursive definition

p0 . P
f Ui
[ R
1
P2 = 5(fp,O *p fp,l 4 fp,l *p fp,O)
k
1
pr e S ke,
m=0
that is,
k n
]. n+ 1 , k—m
frkt 2 k+1 Z Zfzp wil—is <D,
m=01i=0 (6.2)
p,k+1 1 p+1 - - p,m ep,k—m
Iy 9 ki1 DD IR keNo.
m=0 i=1
The notation is f? = fP[nP]. We have for a,b € RS_
n+1 ¢ i n+1—i
(CDMas b = "o S a1 b 20, n<p,
i=0
1E . .
(P b)y = L ) (-1 i 20,
i=1
(-1)™(a*pb), = 0, n>p.
Consequently, for n € RY_, we have Pk e RS, k € No, and for n < p,
k n
1 n—|-1 k—m
e DI NI A e e )
m=0 i=0
Ep
1 p+1 i —m (6.3)
(Pt = g 2 DT T > 0,
m=0 i=1
R =0, n>p.
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For n € R*, we now study relations between f = f[n] and f? = fP[nP]. For a € R,
we use the notation

alfmn) = (G Qg1+ an) €ER™FL m e Ny, neN, m <n.

LEMMA 9. For n € R let f = f[n] and f? = fP[n?]. Then for n € Ny,
p € N and p > n, we have

VkE(O,l,Q,-~-,p—n) fk|[0,n]:fp7k|[0,n]‘
Proof. We note the following obvious statements for a, @, b,b € R>:
i) Forn € Ng, pe N, n<p:ax*b|jgn = as*pbljon-

ii) If a|[0’n] = EL|[0yn] and b|[17n+1] = B[l7n+1], then for n € NQ,

a*b|[07n] = a *

We prove the assertion by induction with respect to m := p—n € N. For m = 1 we
have p = n + 1, hence

f0|[o,n] = (N0s M5 57n) = fp’0|[0,n]a
and with i) and ii)
f1|[0,n] =010 =1 *p Mon] = 0" *p 1¥|(0,n) = fp’1|[0,n]
Now assume the assertion is true for m = j, that is,

*l10,0]- (6.4)

VneNy VpeNp-—n=jVke (0,1,2,--,5): f*lon = f~
‘We have to show

on- (6.5)

anNO vp€N7p_n:]+1Vke(071a25 7j+1):fk‘[0,n]:fp7k
Consider the case k € (0,1,---,j). Since p — (n+ 1) = j, we have from (G.4)
= fP*lo,n+11- (6.6)

Now let k =45+ 1. Forl € (0,1,2,---,j), we have j —1 € (0,1,2,--- , j) and hence from

6.6)

il
= 7" o,n41)-

fl|[0,n+l] = fp’l|[o7n+1], 1
Therefore by ii)

1 . 1
£¥ l10,n] —%Z I’ l|[0, EZ Fia *p [P l| fp’k|[0,n]7
1=0

and (6.0)) is proved. O
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7. The approximation of shock position, shock strength and partial deriva-
tives of u. Let ¢ be a real analytic and positive function on (a, 8) and let s € («, 5).
For the initial condition ¢.x|(q,s, the solution u of the equation

O + ul,u =0

will develop a shock emanating from s at ¢ = 0. Its position at time ¢ > 0 is given
by X,(t) and its strength by vo(t) = u(t, Xs(¢)) = ©(&s(t)) > 0. We know from §2 on
which maximal interval these functions exist, namely on [0,T5). They are real analytic
on [0,7,) and so are the (one-sided) derivatives

W) = 220 x.1), te[0.T.), neN (7.1)
Un = ! 9z s s ; yls), M 0- .
Proposition Bl shows that v := (v, )nen, is a solution of the initial value problem
(n)
o(t) =v(t) xv(t), v0)=n, n,:= @T'(s)7 n € Np. (7.2)

We are going to approximate v on [0,7s) by the RP*l-valued functions V? of the p-
truncated system

VE(t) = VP(t) %, VP (1),
subject to suitable initial conditions at times, which will be specified later. We obtain a
local result in Theorem 1 and a global result in Theorem 2.

THEOREM 1 (Local approximation). Let ¢ be a real analytic and positive function on
(o, B), let s € (o, B) and let

_¢(s)
- onl
Then there exist constants A, p > 0 such that |,| < Ap™,n € No. Let (n(p))pen be a
sequence in R*> such that

M - , n € Np.

n(p) = n in R¥(p—oo) and [n.(p)| < Ap",n € No,p €N
(e.g. n(p) =nP) and VP be the solution of the initial value problem
VE(t) = VP(t) % VP(1),  VP(0) = n(p)P.
Then VP exists on [0, (Ape)~1), p € N, and
VP(t) —v(t) in R¥(p— o)
uniformly on every compact subinterval of [0, (Ape)~1).

Proof. The first assertion follows from Cauchy’s integral formula (see also Theorem
2a)). We prove the main assertion in the following form:

VT € (0, (Ape) ') Ve > 0 Vm € Ny Ipg € N Vp > py Vn € Ny, n < m,
Vi e [0,T]: |VP(t)—v(t)| <e
We have shown in the proof of Proposition [f] that (54) and (5.6) imply (B8], that is,
AT < ()P AL n e No. (73)
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In a similar way, ([62)), (63) and Lemma [§ imply
eI < (D)™ < (1) £y [0)- (7.4)

We have from Proposition [6] that the series

> Ifatml ¢*
k=0

converges on [0, (Ape)~!). Hence with Lemmas § and
o0 (o)
VI = 3 )P and oty = S FEE, 0 e N,
k=0

as these expansions converge on [0, (Ape)™!) by (T4) and (Z3). For every ko € Ny we
know from Lemma [@ that for p > m + ko,

fn’k[n(p)p] = f’rlf[n(p)]a n <m,k < ko.

Hence for p > m+ kg and n <m

ko 0o
VE@) —v@®) < D oURI@)] = falm) F1+ 1D ()] - i) ]
ZZO k:O/Z0+1
< D U] = £ T2 D el T
k=0 k=ko+1

The second term is smaller than €/2 for some large kyg. Because n(p) — 7, we have
fEn)] — f¥[n], and the first term is then smaller than ¢/2 for sufficiently large p. [

Can the approximation interval [0, (Ape)~1) of Theorem 1 be enlarged? In general,
the answer is no, as Example [2] shows for n(p) :=n, A = p = 1, where v(t) blows up as
t — e~ !. However, even if v exists globally and coincides with all approximations V7,
the length of the approximation interval given by Theorem 1 can be finite and even be
smaller than the radius of convergence of the power series of v = VP about ¢t = 0. This
is shown in the following Example [l

ExaMPLE 4 ([19]). Let ¢(z) := z on (0,00) and s = 1. Then vo(t) = VF(t) =
(t+1)" V2 =€), i) =VPH) = (t+ 1)L v, (t) =VP(t) =0, n>2,t>0, pe N.
We have A = p = 1; the mentioned quantities are e~! and 1.

A serious obstacle for a straightforward approximation of v can be a blow up of V?
at a finite T' > 0 even if v exists for ¢ > 0, as in the following example.

EXAMPLE 5. For p =2, VP can be represented in (almost) explicit form. We assume

70,M1,M2 > 0 and n? < %770772. We define ¢; := %,/770772 ,co i =1— (Z—i)2 >0and z; >0

-3z, /2

by e = ¢5. The functions

g:[0,2;] = [0,7:=g(x,)], g(x):=c" /66(6735/2 — o) M2,
0

h:(—00,2,] — [0,T := h(—c0)), h(z):=74+c;* /65(6_35/2 —cg) V24

x
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are bijections, with finite T" > 0. If we define

_ g, 0<t<r,
1) '_{ h=1(t), T<t<T,

it is easy to verify that

VE(t) = sgn(r — t)ere O /e=310/2 — ¢y |
‘/02(t) = noeif(t)/2, V22(t) = 772673]0("’)7 O S t< T

Hence we get

. 204y — _ . 204\ _ 1 204y _

th—>H11" ViE(t) = —o0, th—>H11" Vi () thlr% Vs (t) = +o0.
Now let p(z) := —1 on (—00,0) and s < 0. By Propositions [ and [ the infinite
system with 7, := %gp(")(s) = |s‘++1, n € Ny, has a solution for all ¢ > 0. We get

€ :[0,00) — (—o0,s] as the inverse of ¢ : (—oo,s] — [0,00),t(z) = 2*In(£)?, with
&(t) — —o0 as t — oo, and according to §4,

1 N S R0k B
w0 =gy 70 O g O e
Since ,
&5 = 5ol (s) < 5o T,

the conditions on the 7;,i = 0,1,2, are satisfied, which entail the blow up of V? as
we have shown. These conditions are also satisfied for ¢(x) — v,y > 0,7 sufficiently
small, defined on (—%, 0), for which cp(—%) —~ = 0 (global existence of v follows from

Proposition B]). O
The last theorem shows that one can approximate v on every compact subinterval
[0,T] of [0,Ts) by partitioning [0, T) into intervals [T1, T3], - , [Ty, Tr41] of sufficiently

small (equal) lengths and solving the p-truncated system on [T}, T;41] for increasing i,
with an adjusted initial condition at T; for i > 2.

The solution of the problem VP(t) = VP(t) , VP(t),VP(r) = 47,y € R will be
denoted by VP(-,7,~P).

THEOREM 2 (Global approximation). Let ¢ be a real analytic and positive function on
(o, B), let s € (a, ) and let v be the solution of (T.2) on [0, 7). Then:
a) For all T € [0,T) there exist constants A, p > 0 such that for all ¢ € [0,T],

lon(8)] < Ap", n € No. (7.5)

b) Let [T1, T3] be any closed subinterval of [0, 7] of length smaller than (Ape)~!. If
(n(1,p))pen is a sequence in R* such that

n(1,p) — v(T1) in R™(p — oo) and |n,(1,p)| < Ap™,n € No,p € N,
then VP (-, T1,n(1,p)?) exists on [T1,Ts] and
VE(t,T1,n(1,p)?) — v(t) in R™(p — o0)

uniformly on [T7, T5).
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¢) For a sequence (pn)nen, C N with the property
qupn : |V7?(T27T1a77(17q)q| <Apn7 n€N07
we define
nn(va) = Vr];—‘rp" (T27 Tla 77(1717 + pn)p-i-pn)'
Then

7(2,p) — v(T3) in R*®(p — o0) and |n,(2,p)| < Ap", n € Ny, p € N.

Proof. a) There exist a subinterval [a,b] C («,3) such that s € (a,b),T,, > T and
r > 0 such that for 0 <¢ < T,

[(Xs(t) =7, Xs(t) + 7] C [Xa(t), Xp(1)].
The function u = wu(t, x) is real analytic on a neighbourhood of the compact set
{(t,2): 0<t<T, Xs(t) —r <2< X;(t)+r} CGup CG

(see §3). This implies there exists a positive 1 < r such that the complex extension
u(t, z) is continuous on

{(t,2) : 0<t<T,2€C,|z — X;(t)| <7}

and hence bounded there, |u(t,z)] < M for some M > 0, and for all ¢ € [0,7] the
function z — wu(t, z) is complex analytic on {z € C,|z — X,(t)| < r1}. By Cauchy’s
integral formula,
o X
nl|9zn 770
and a) follows for every A > M with (ZI) and p := "
b) follows from Theorem 1 (applied to the initial value (1, p) at T7).

c) is obvious. O

<

M
o TLGN(),
&1

8. Concluding remarks. The analyticity of ¢ is a natural assumption for our ap-
proach. If ¢ is only C'°°, the existence of an analytic solution z to the infinite system
([2) is open. Even if we add the assumption

‘so(”’(S)

1 | < Ap", n €N, (8.1)
to guarantee its existence (using Proposition [Bl), we do not know if z coincides with the
physically relevant solution v of ([Z2), so that in Theorem 1 the approximation might
tend to z instead of v. Example [B]shows that such a situation can indeed occur: If we let
¢ := 2, then z = v! = (1,0,0,---) is the real analytic solution of (Z.2)) and v = v? # v
That is, if ¢ is only C* and satisfies (8], the solutions of the truncated system can
tend to the wrong limit. With ¢ being C°° and (BI]) valid, the analyticity of ¢ means
requiring (&) to hold on every compact subinterval of (a, 3).

Finally, our work has given special attention to the study of the possibly restricted
life span of the solutions of the infinite system and their uniqueness, and to a clear
mathematical concept of the kind of approximation which can be expected. We feel that
these are indispensable requirements for any further work. Such further investigations
do not seem so hopeless because of the fact that our model does in fact reflect properties
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observed in other infinite systems appearing in the literature—we mention the linearity
of all equations after the first two or the additive appearance of the term “v,,,” in the
equation for “0,,”. A challenging problem, even for the model considered here, is the
asymptotic approximation for ¢ — oo.
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