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Abstract: In this paper we describe a technique that we have used in a number of publications to find the “water-
shed” under which the initial condition of a positive solution of a nonlinear reaction-diffusion equation must lie, so
that this solution does not develop into a traveling wave, but decays into a trivial solution. The watershed consists
of the positive solution of the steady-state problem together with positive pieces of nodal solutions ( with identical
boundary conditions). We prove in this paper that our method for finding watersheds works in R*, k > 1, for
increasing functions f(z)/z. In addition, we weaken the condition that f(z)/z be increasing, and show that the
method also works in B! when f(z)/z is bounded. The decay rate is exponential.
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1 Introduction

One of the interesting situations in thermodynamics is
to study the behavior of a heat equation when the ini-
tial condition to the problem begins in a neighborhood
of an unstable solution of the associated steady-state
problem. For simplicity, in this introduction, we will
illustrate what we mean in one space dimension, leav-
ing the details about RF to Section 2. Consider the
reaction-diffusion equation

up = Oy + f(u), z€Q, t>0, €}
where ¢ is a nonnegative diffusion coefficient and
2 = [a,b] is a closed bounded interval on the reals.
Suppose that we want the solution of (1) to satisfy
Neumann boundary conditions

ug(a,t) =0 =wug(b,t), t>0, (2)

and that f(u) = 0 has several roots, u = uj, j =
0,1,...,n. Then each of these roots is a solution to
the problem (1)-(2), so that the problem has multiple
constant stationary solutions. When 6 = 0, the prob-
lem is a first-order differential equation (in ¢ for each
x) with multiple constant solutions. The solutions are
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stable when f’(u;) < 0, unstable when f(u;) > 0,
and their stability can be determined by analyzing the
higher order terms of the Taylor series of f(u) at u;
when f/(uj) = 0. Assume we are given the initial
condition

u(z,0) = ¢(x), 3)

If ¢(x) lies entirely in the trough between a stable and
an unstable constant solution, it will tend (for each x)
to the stable solution, while if part of ¢(z) lies in one
trough while the rest belongs to an adjacent trough,
with the unstable solution between, the parts in each
trough will tend to the stable solutions forming sta-
tionary fronts.

When § > 0, and ¢(z) lies in a single trough, the
solution u again approaches the stable constant solu-
tion, but if different parts of ¢(x) lie in two adjacent
troughs as above, then u(x,t) will be influenced by
both the diffusion term and the different stable con-
stant solutions. Parts of u(z, t) will move trying to ad-
just and produce, in some cases, nonstationary fronts,
called traveling waves, first investigated in the cel-
ebrated papers of Fisher [5] and Kolmogoroff et al.
[6]. Although traveling waves are common, and have
a substantial literature (see Fife [4], even when ¢(z)

a<x<hb.
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lies in two adjacent troughs, the solution u(x,t) need
not form a traveling wave. Instead, the solution u(z, t)
may collapse directly to one of the stable constant so-
lutions, or blow up if not bounded by a stable solution
above. Chen and Derrick [1] studied this situation for
Dirichlet boundary conditions in R¥, and in Derrick
et al. [2] and [3] we studied it for Neumann bound-
ary conditions in R'. In Section 2 of this paper we
prove that the technique works for bounded domains
in R* with boundary conditions au,, = fu, with o, 3
not both 0. We showed in Derrick et al. [3] that the
positive and existing nodal solutions (for sufficiently
small § > 0) of the steady-state problem

Sz + f(v) =0 “)

with identical boundary conditions, form a watershed
v*(x) (see Watt et al. [7]) when patched together ap-
propriately. If ¢(x) lies between the watershed v*(x)
and a stable solution u;(z), then the solution will col-
lapse to u;(x), even though ¢(z) may intersect an un-
stable solution w41 (x) repeatedly. If we divide (4) by
J, we obtain a nonlinear eigenvalue problem with 1/
as the eigenvalue; higher eigenvalues lead to increas-
ing nodes, so the smaller ¢ is, the more nodal solutions
may exist.

In the sections that follow, we will assume with-
out loss of generality that the trivial solution 4 = 0
is stable and some positive solution v of (4) bounds
the initial condition ¢. This is not a restriction since
it is frequently possible to recast the problem this way
by substitution. We will assume that the function f
is piecewise continuous, and that f(0) = 0. In the
papers Chen and Derrick [1], and Derrick et al. [2],
[3], we required that the function f(u)/u be increas-
ing in u, over the range of v. Typical functions f(u)
that apply are v?, p > 1, u(1 + wP), and e* — 1, for
u >0, u(0.5 —u)(l —u)over 0 < u < 0.75, and
certain zeros of the Kamenetskii combustion equation
e~1/%—§(u—a). Many other functions will also work.
The requirement that f(u)/u be increasing is not nec-
essary: one of the main results in this paper (Sections
3 and 4 for R') will be to remove that condition, and
to replace it by boundedness.

x € €,

2 Preliminaries

Let €2 be the closure of a bounded domain in R¥, k& >
1, and let its boundary 92 be C' (for k > 1), so that
normal derivatives will exist. Consider the reaction-
diffusion problem

up = 0Au+ f(u), ze€Q, t>0,
au(z,t) = Buy(x,t), x€dQ, t>0, (5
u(z,0) = ¢(z), zeQ,
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where ¢ is a positive diffusion coefficient, o and (3
are not both zero, and n is the unit outward normal to
Q. Let v(x) be a steady-state solution to problem (5);
hence v solves

dAv + f(v) =0

av(x) = o, (x),

Suppose that positive solutions u(z, t) to problem

(5) and v(z) to problem (6) both exist, and that 0 <

u(z,t) < Av(z), 0 < X < 1, for every z € §Q and
0 <t < T. Then the function

gn(t) :/dex:/ﬂ<z>”+202d%
(7

n>1,
is properly defined for all 0 < ¢ < T, since

(u/v)"™? < A™2 < 1. Indeed, (gn(t))7+2 is the
Ly 19-norm of (u(.,t)/v) over Q2 with respect to the
measure v2dz:

@)= (12 lsa)

Note that with this strong condition imposed on u
and v, g, (t) decreases monotonically as n increases,
foreachtin0 <t <T.

T €€,

x € 0f. ©)

(®)

Lemma 1 Let u and v be positive solutions of prob-
lems (5) and (6), respectively. Then

() = (n+2){/9 2 (f(u) B f(”)>d:c

b U v
u’l’b
s+ 1) [

lvVu — quZd:c}.
©)

Proof: Differentiating (7) with respect to ¢ inside
the integral sign and replacing u; by the right side of
the first equation of (5) we have

n+1
—(0Au + f(u))dx

gilt) = (n+2) [

v

By the first equation in (6)

n+2

—77(0Av + f(v))dx

0:(n+2)/ “

so, if we subtract,
n+2
0= v [ 010 L0,
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+(5/Q (Z)nH (vAu — uAU)dx}.

Using Green’s theorem on the second integral above
yields
U n+1
/ () (vAu — uAv)dz
0 \v

— (1) [ (z)n\vuﬁdx

U n+1
—i—n/ () VuVudx
o \v

U n+1
+(n+2)/ <) VuVudz
Q \v

—(n+ 1)/Q (Z)nﬂ |Vo|?dz

u n+1
+/ (> (vup, — uvy)dx,
o0 \v

or

/Q (:)m—l (vAu — uAv)dx

n

u
=—(n+ 1)/Q <U”+2> lvVu — uVv|?dz

u n+1
+/ (> (vuy, — uvy)dx.
o0 \v

From the boundary conditions in (5) and (6), ei-
ther u = v = 0 (when 8 = 0), or up, = v, = 0
(when a=0), or u,, = (a/f)u and v,, = («/5)v on
o012, so that vu,, — uv, = 0, when u,, and v,, are the
normal derivatives of u and v for z € 0f2. Since
0 < (u/v) < A, this shows that the integral on OS2
is zero. O

10)

Remark 2 Ifk = 1, then Q = [a, b] and the bound-
ary term in (10) becomes

(u>n+1 (Vg — uvy)

a

Y

v

b

which is zero for the boundary conditions in (5)-(6),
which include the following common conditions:

u(a,t) =0=wu(b,t), t>0,
and v(a) =0=wv(b) (Dirichlet),
u(a,t) =0 =ug(b,t), t>0,
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and v(a) =0=v,(b) (Mixed),
ug(a,t) =0=mwu(b,t), t>0,
and vg(a) =0=wv(b) (Mized),
ug(a,t) =0 =wuy(b,t), t>0,
and vg(a) =0=wv,(b) (Neumann).

Furthermore, the boundary term is also zero for peri-
odic conditions

u(a, t) = u(bv t)a ux(av t) = ur(bv t)v
t>0 and v(a) =v(b),vz(a)=vy(b).
When k = 1, equation (9) becomes

st = v [ (1

(0 U v

b n 9
fé(n+1)/a Wh}uxfuvﬂ dx ;.

1)

We used the strong condition 0 < wu(z,t) <

M(z),0 < A< 1, forallz € Qand 0 < ¢t < T

to properly define g,,(t) above, but a much weaker as-
sumption will do the job for certain functions f.

Lemma 3 Let f(z)/z be an increasing function for
2 >0 If0 < ¢(x) < M(z), A < 1, where ¢ is
defined in problem (5) and v is the positive solution of
the steady state problem (6). Then the positive solu-
tion u to problem (6) satisfies 0 < u(z,t) < Av(x),
forallt > 0and x € ().

Proof: Since u(x,0) = ¢(z) < Av(x) with A <
1, u(x,t) < v(z) forall z € Q2 with ¢ near 0. Assume
there are z; € , t; > 0 for which u(x;,t;) > v(z;),
and let Zg > 0 be the least of these numbers ;. Since
v>wu>0inQ x [0,tp), the monotonicity of f(z)/z
implies that in (9) the first integral is negative, so that
gh(t) < 0. Hence gy, (t) < g, (0) for 0 < t < to.

Taking (n + 2)-nd roots in this last inequality, we
get the L, 4 2-norms (with measure v3dx)

u u n+2 %
= [nso = (/ () UQdaj) 2
v o \v

<(/ (‘b)+ 02dz) ™ = |2,

fort € [0,tp). Since the L,1o-norm tends to the Lo.-
norm as n — oo (see the Appendix), we have by con-
tinuity
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t
Mgsupggsup?<)\<l (12)
v

v(zg) Qv o0
for t in [0,tp].

This contradicts the assumption that u(xq,ty) >
v(xg). Hence, u(z,t) < v(x) forall z € Q, ¢ > 0.
Thus, the first integral in (9) is always negative, so the
second inequality in (12) holds for all ¢ > 0. Hence,
0 <u(z,t) < Av(x),forallz € Qand t > 0. O

It is not necessary to assume f(z)/z is increasing
for all z > 0, but simply over the watershed.

We have shown that the solutions u(x, t) stay be-
low v(x) for all ¢. We now show that u(x,t) decays
exponentially to zero, implying that the steady state
solution v(x) is repelling.

Theorem 4 Let f(2)/z be an increasing function for
0 <z<maxqu. If0 < ¢ < I, A <1, where v is
the solution of the steady state problem (6), then there
exists a constant cy > 0, so that the solution u to (5)
satisfies

u(z,t) < Av(x)exp(—cot) (13)
forall t>0 and x €.
Proof: We showed at the conclusion of Lemma 3

that u(x,t) < Av(z) < v(z) for all £ > 0, so there is
a constant co(z) such that

fu(z, t))
s i )Zco(x)>0, (14)

for each x in Q. But  is compact, so ¢g =
ming co(x) exists and ¢y > 0. By (9)

ut2 U v
g;L@):(Hz){/Q " (f( ) A >>dm

u v

u” 9
_5(n—|—1)/gw|vux—uvx| dx

< —(n+3 / unt? (f@) - f(u)) "

Q v

< —co(n + 2)gn(t).

Integrating this inequality we obtain
gn(t) < gn(0) exp(—co(n + 2)t),

and again, taking the (n + 2)-nd root of both sides,
and letting n — oo, we have in the L, (v2dz)-norm:
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u(x,t)

v(x)

N

<sup — < sup ¢ exp(—cot)
Q v Q v

< Aexp(—cot).
O

Remark 5 Note that in Theorem 4 the monotonicity
of f(z)/z insures that g,(t) < 0, which guarantees
that g, (t) is decreasing for all t. However, it may
not be necessary to require that f(z)/z be increasing,
because the second integral in (11), if nonzero, is mul-
tiplied by (n + 2) which, for sufficiently large n, will
dominate the first integral, if it is bounded. Thus, it
is critical to determine under what conditions the sec-
ond integral is zero. This will be the topic (in k = 1
dimension) that we study in the next section.

3 Conditions in 1-dimension under
which the second integral in (11) is
Zero

In order for the second integral in the right side of
equation (11) to be zero it is necessary that |vu, —
uvg|? = 0, or equivalently that

VUy = UV, OF Yo _ Ui. (15)

U v

We integrate to obtain Inu = Inv + k, with k = k(t).
Hence, only when v = K(t)v is it possible for the
second integral to be zero. But can such a u(x, t) be a
solution to problem (5)?

We now show an example of a situation where
u(x,t) = K(t)v(z), with K(t) a function only of the
variable ¢ (so that the second integral in (11) is equal
to zero), for a more general set of problems than (5)-
(6), with Dirichlet or mixed boundary conditions and
a constant multiple of v as the initial function ¢.

Example 1. (Dirichlet case) Consider the problem
(in[0,7] x (0,00))

Up = Ugy + u(u® +u2), w(0,t) =u(r,t) =0,

with initial value ¢(x) = sinz/+/1+ ¢ . It is trivial
to check that
sinz

V14 ce?t

is a solution of this problem, while v(z) = sinz is a
solution of the steady-state problem

u(z,t) =

Vgw +v(02 +02) =0, ©v(0) =v(r) = 0.
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If ¢ > 0, then V14+c = A~! > 1, implying
that ¢(z) = wu(z,0) < Av(x), and we observe that
u(x,t) — 0 ast — oo. The decay is exponential.
When —1 < ¢ < 0,then v/14+¢ = M1 < 1, so
¢(z) > Av(x). In this case u(z,t) blows up when
ce?® = —1. Note that u(x,t) = K (t)v(z), indicating
that the second integral in (11) is zero.

Observe that this example also holds on [0, 7 /2] x
(0,00) for the same functions for the first mixed
boundary conditions, and replacing all the sines by
cosines will make it work for the other mixed one, or
the Neumann conditions.

Although Example 1 shows that it is possible for
a solution to a more general set of problems than (5)-
(6) to satisfy u(z,t) = K(t)v(z), this cannot happen
for nonlinear problems (5)-(6).

Theorem 6 Let f(u) be an analytic function, and let
u(z,t) and v(x) be positive solutions, respectively, of
the equations
U = Ougy + f(u) and dvg, + f(v) = 0.
Then u(x,t) = K(t)v(zx), with K not identically
equal to 1, can only happen when f(u) is homoge-
neous of degree 1 and K is a constant.

Proof: Substituting u(z,t) = K(t)v(z) into the
parabolic equation, we obtain by (6)

K'v=KDuv; + f(Kv) = f(Kv) — K f(v).

Assume that f(v) = > 02, B,v". Then we can
rewrite the two ends of the above equation as

K'v=03(1-K)+ i Bn (K™ — K)v".
n=2

Matching powers of v, we get K/ = 0, implying
that K is constant. If |K| # 1, then all the 5, =
0 except f31, yielding f(u) = [1u, homogeneous of
degree 1. Clearly K # —1, since the solution w is
positive. Finally, if K = 1, then u = v.

Ruling these linear homogeneous of degree 1
problems out is no disadvantage to our technique,
since linear problems can be easily solved by such
classical methods as Fourier expansions. Thus, for
any other analytic function, the second integral in (11)
will not be constantly zero. Hence, there is some hope
that the second integral in (11) may be used to domi-
nate the first integral. This will be what we consider
in the next section, where we show (in one dimension)
that the results in Section 2 also hold for bounded

f(2)/=. O
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4 Theorem 4 holds in 1-dimension
for bounded f(z)/z

It is still possible that even though wu(z,t) #
K(t)v(z), some individual values of ¢ may exist
where u does equal a constant times v. We will show
now that this only happens at discrete values of t.

Assume W(x,t) = wvy, — vu, is real ana-
lytic on [a,b] x [0,00) = T. Let Z(W) =
{(z,t) e ' : W(a,t) = 0} # I. In particular, W an-
alytic implies that Z(W) has no interior (since then
ZW) =T). Let E = {t : W(z,t) = 0 for all
x € [a, b]}; that is, F consists of the values ¢ at which
the second integral in (11) is zero.

Lemma 7 E has no finite limit points, that is F =
{0 <th<ti <ta < }

Proof: If the statement in the Lemma is not true,
there is a sequence {t,,} € E,t, — t* € E, t* < o0,
and since W is continuous, there is some value xg €
(a,b) for which

W(z,t) = Z Z Aij(x — )" (t — t*)7,

i>0 j>0
with  Agg = W(w‘o,t*) = 0.

Assume that W (o, t) is not identically zero in ¢ for
0 < |t —t*| <n. Then

W(zo,t) = Agj(t —t*).

Jj=1

By a generalization of the Weierstrass preparation
theorem (see [8]) we may express W as follows for
some fixed j:

W (x,t) = [(t = )70 + Ajy 1 (z)(t — )07+

o+ Ar(x)(t = t*) + Ao(x)]G(x, t), jo > 1,

(16)
where the coefficients A;(z) are real analytic and G
is nonzero in a neighborhood N of the point Py =
(1‘0, t*).

For each fixed x’ near x(, the term in square
brackets in (16) is a polynomial in ¢ of degree jg, so
W (a',t) = 0 can have at most jy roots in N. But,
since W (2/,t,) = 0 for t,, — t*, W(a', t) has an in-
finite number of zeros in N, which is a contradiction.
Hence

W(mo,t):ZAoj(t—t*)j:(), for ¢ near t*.

Now choose a direction line L through Fy, with
W (x,t) not identically 0 on L near Py. Repeating
the previous process at Py with L replacing the t-axis
(and rotated coordinates) we get the same contradic-
tion. Hence E has no finite accumulation points. O
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Lemma 8 Let t1 be the first nonzero t in E, let 0 <
t" < ty,andlet0 < ¢ < A, 0 < X < 1, for all
x € |a,b], where v is the positive solution to problem
(6). Then, if f(z)/z is bounded, the positive solution
u(x,t) to problem (5) satisfies 0 < u(z,t) < \v(z),
forall x in[a,b] and 0 <t < t*.

Proof: Let 0 < ¢* < ¢; and note that on each line
segment (x,t'), a < z < b, for 0 < ¢/ < ¢*, we have
points (z;,t;) where W2(z;, t) > 0. By continuity,
there is an €; = €;(z;,t;) > 0 such that in the box

B((zj,t}),¢;) = {(z,1) :
(lz = zj] <€) x (|t =5 <€)}

we have W2(z,t) > %W2(x]~,t3) for all (z,t) €
B((xj7 t3’>7 €)-

Project the interior of the boxes B((zj,t),¢;)
onto the t-axis to form the open intervals C(t}, ¢;) =
{|t — ;] < ¢;} and note they form an open cover of
[0,t*]:

U ¢, 210,

t'€[0,t7]

By compactness, there is a finite subcover, say
C(ty, ), ..., Oty ex)- Let

{;Wz(xi,t;)}.

Any 0 < t < t* belongs to some C(t;,ei), SO
W2(z,t) > n > 0, forall z in |z — z;| < ¢. We
can rewrite (11) in the form

u" 2 u
st = v [ (1

™ U v
) [
a

L
= (n+ 2){/:) ;:22 <u202<f§f) - fg)v))

—onW2(z,t) — W2 (x, t)) d:c}.

0 <7m= min
1<i<k

vty — vy |*da

Since f(z)/z is bounded (say by M), there exists an
N > 2 | v |4 M/dn such that ¢/, (t) < 0, for all
n > N and 0 < ¢ < t*. Hence, g,(t) < g,(0) for
0 <t < t*. As before, taking (n + 2)-nd roots, with
n > N, we have
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u ¢
[1=llnt2 < {l=nt2-
v v

Letting n — 00, we get sup( (u/v)
SuP(q,p) (¢/U)’ and SUD(q,b) (QZ)/U) < A, 80 U(l‘, t)
Mv(z), forall z € [a,b] and 0 < ¢ < t*. O

So, now that we have a start on the inequality (0 <
u(z,t) < Aw(z)on0 <t <t a <z < b) we
show that we can extend the proof all the way to ¢;
and beyond.

<
<

Theorem 9 If f(z)/z is bounded, there exists a num-
ber \*, with 0 < A < \* < 1, so that if 0 < ¢(z) <
Av(x), where v is the positive solution to problem (6),
then the positive solution u(x,t) to problem (5) satis-

fies

0 <wu(z,t) < XNwv(z), forall a<z<b,

and u(x,t) decays exponentially as t increases.

Proof: Let 0 = 1 — A, then by continuity, we
can select t* sufficiently close to 1, so that u(z,t) <
Ao(z) forall z € [a,b], 0 < t < 1, with A\; < A+
(o/4). Repeat the constructions in Lemma 8 for the
interval [t1, t2] of the set E. Anidentical compactness
argument shows that g/, (¢t) < O forall ¢ € [t1, ¢]] with
11 < t] < to. Againselect ¢ sufficiently close to 3 so
that u(z,t) < Aov(z) forall x € [a,b], t; <t < t9,
with Ay < A1 + (¢/8). Continue in this fashion for
either the finite, or the countably infinite number of
intervals in E.

If the number of intervals is infinite, the procedure
above guarantees that u(z,t) < [A + (0/2)]v(z) <
v(x), forallt > 0 and x € [a,b], and we can select
A* = A+ (0/2). If the number of intervals in F is
finite, let ¢; be the largest value in E. Then, u <
Arv, with A, < A", for z € [a,b] and 0 < ¢ < ;.
Now select ¢}, | > tj, as large as we want, and repeat
the argument in Lemma 8 on the interval [tg,t} ]
gettingu < \ypvon 0 <t <ty , forall zin [a,b].

To show that the decay is exponential select n >
1 + maxj<j<k IN;. The second term in parenthesis in
(17) will dominate the first, so

n

v:“ W?(z, t)da:},

gn(t) < =8(n+ 2){/;

on [0,t"].

Hence, denoting by 7 the minimum of the 7;, we have
b, n+2
u
/ dx
a UV
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n 4+ 2
< —0N——7gnl(t).
X2

Integrating this inequality from on [0, t*], we get

—on(n +2)

e

gn(t) < exp(

Taking the (n + 2)-nd roots, we have

ont

U 10) —
— <|| — —)-
H v Hn+2 H v HTH'Q eXp(}\*QHv”go)

Letting n — oo yields

10) —ont
(5) e

< A" exp(

U
sup — < sup
(a.b) U (ab)

—ont )
A2[ol[%

for all ¢ in [0,¢*]. Thus, u(z,t) decreases exponen-
tially for ¢ as large as we want. O

5 Conclusios

In this paper we have developed a technique for show-
ing when traveling waves do not occur in a nonlinear
parabolic system, even when the initial equation may
exceed an unstable solution of the associated steady-
state problem. We have shown that this method holds
when the nonlinear term f satisfies the condition that
f(2)/z is monotone, or even bounded (in R').
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Appendix

In this appendix we prove that

(A):]| f ||z, is increasing as p — oo, and that

B): || f I, [ 1... = ess supq [£C0).

We need Holder’s Inequality: Let i be a mea-
sure on the space €2, f € Ly, g € Ly, withp, g > 1
and (1/p) + (1/q) = 1. Then fg € L, and

| Fodi < £yl g i,

(a proof of this theorem is in [9], pp. 119-120.)
In what we have been doing we shall consider the
positive measure dv = v?(x)dx on the set 2. Suppose

that
/v2d$:/dy:K.
Q Q

Then define dpu = (1/K)dv, so that ;4(©2) = 1 in what
follows.

(A) Suppose 1 < p < gand f € L,. Then f? €
Li,and m = ¢/p > 1. Let m/ be such that (1/m) +
(1/m') = 1. Then by Holder’s inequality

Lisean< ([ aneyman)”™ ([ an)™
= ([ 171ran)™"

from which it follows that || f ||z, <|| f ||,

(B) Without loss of generality, by division, we
may assume that || f ||z = 1 (if it is finite).

There is aset () with 4(Q)) > O such that | f(x)| >
1 — e for x € @, with € > 0 arbitrary. Then

| fllz,> (/Q |f|pdu)1/p > (1—e)(u(@)V.
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Letting p increase to oo, we see that || f ||L,— 1 —
¢, and since ¢ is arbitrary, that implies that || f ||z,
increasesto 1 =|| f ||z

If || f||L..= oo, then for arbitrarily large N there
is aset @ so that | f(z)| > N forall x € Q. So,

17,2 () 17Pdn) " > Nu@),

and || f ||,— N as p — oo. Since N is arbitrary, the
result holds.
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