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We study the hole-filling problem for the porous medium equation u, = %Au’" with m > 1
in two space dimensions. It is well known that it admits a radially symmetric self-similar
focusing solution u=t**~'F(|x|t?), and we establish that the self-similarity exponent f3 is a
monotone function of the parameter m. We subsequently use this information to examine in
detail the stability of the radial self-similar solution. We show that it is unstable for any m > 1
against perturbations with 2-fold symmetry. In addition, we prove that as m is varied there are
bifurcations from the radial solution to self-similar solutions with k-fold symmetry for each
k=3,4,5,.... These bifurcations are simple and occur at values mz; > my > ms > -+ — 1.

1 Introduction

In this paper, we consider the hole-filling Aronson—Gravelau (AG) solutions of the porous
medium equation

mu; = Au”, (1.1)

which we shall write in terms of the pressure variable

um—l

U:m—l

as
v = (m— 1Av + |Vo|? (1.2)

Here m is a fixed real and usually positive number. The space dimension is denoted by N.

Equation (1.1) arises in several applications and references go back as far as [22] in the
context of gas flows in porous media (m > 2), from which the equation derives its name.
It also arises in the context of high temperature hydrodynamics (with various values of
m) [25], mathematical biology [15], superconductors (with sign changing solutions) [14],
differential geometry (m < 0) [12] and in the study of flows of thin viscous films (m=4)
[11]. It is a prototypical nonlinear extension of the linear diffusion equation u, = Au.

We restrict our attention to m > 1 and nonnegative (weak) solutions. Our main interest
is in the behaviour of the support of the solution. The Zel’dovich-Kompaneetz—Barenblatt
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(ZKB) point source solutions [24, 7], which, in terms of v, are given by

1
o(x,t) =P F(p), = %, p= m—1N +2’ F(n) = (C - g’?z) >
+

show that weak solutions have supports which propagate with a finite speed [4] given by
the length of the gradient of v at the boundary. Formally this behaviour is explained by
dropping the first term on the right-hand side of (1.2) at the boundary of the support.

Using ZKB solutions as subsolutions and the comparison principle for weak solutions,
one shows that the support of a solution eventually reaches every point in space. This
means that any holes in the support which may exist initially, disappear in finite time.
Assuming that such a hole vanishes at time =T in one point x =Xy one can try to
describe this process by zooming in at (xg, T') using self-similar variables

= —_ Zﬁ—l = 7')6 — xO = — —
oo t) = (T =0 win, ), 0=y, v =—log(T —1) (13)
In the new variables, the pressure equation (1.2) reads
we = (m— )wAw + [Vw[> — B - Vw + (28 — Dw. (14)

The AG solutions are characterised by two properties: (i) they are radially symmetric
equilibria F(|n|) of (1.4) supported on the complement of a ball; and (ii) they define self-
similar solutions of (1.2) having a trace at t="T (so that the solution may be continued
fort > T).

The first property implies that F(r) is a solution of the ordinary differential equation

(m— 1)F (F” + NT_IF) +F?—BrF' + (2B —1)F =0, (1.5q)

supported on an interval [rg,00) with F(r) — 0 as r — ry. Formally, for a well-behaved
solution we will have F'(ry) = Bro. In fact, the weaker condition that F(r) is positive and
sub-linear as r — ry already defines a unique local solution F(r) which only depends upon
ro and this solution may be obtained by scaling the solution with ry=1. Thus, we need
only consider the solution of (1.5 a) with

F(1)=0; F'(1*)=8. (1.5b)

With m > 1 fixed this solution F(r) depends only upon the similarity exponent f.

The second property imposes an algebraic growth condition on F(r) as r = || — oo,
namely F(r) ~ Cr® with ¢ defined in (1.6) below. As we explain in §2, there is only
one (positive) value of f8, for which the solution of (1.5) has this property. The phase
plane reduction we use to analyse (1.5a) is different from the one used in Aronson &
Graveleau [6], where the existence of a unique ff and corresponding self-similar solution
was first proved.

Since the exponent f§ is not explicitly determined from a conserved quantity of solutions
(as in the case of the ZKB solutions), the AG solutions are self-similar solutions of the
second kind. For N > 1 we have the bounds % < B < 1 (see Aronson & Graveleau [6]),
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and in the limit t T T

26—
p

Consequently solutions v of (1.2) may not be Lipschitz continuous in space as long as
they have holes in their supports. We note that f =1 if N=1. In Aronson et al. [5] it is
shown that ¢ > 0 as m — o0 and ¢ — 1 as m — 1. Here we prove that ¢, and thus f3, is a
strictly decreasing function of m. Moreover, we prove that the leading term asymptotics

of ¢ are given by
2 ( 2)
~Eexp -y — = as m — oo,

: 1
v(x, T) = C|x — x¢l°, where 0<e= <1 and C>0. (1.6)

1
m

where

is Euler’s constant, and

In Angenent & Aronson [1], it has been shown that for radial solutions of (1.2)
supported on a region between two concentric spheres, the inner sphere disappears as ¢
increases to some finite 7 with a rate proportional to (T —t)#. Moreover, in the variables
(1.3), the solution converges to F or one of its scalings. This phenomenon is called radial
focusing.

It was conjectured that the AG-solutions describe the generic disappearance of holes in
the supports of nonradial solutions and, in particular, that the AG-profiles are essentially
stable. A first step in attempting to prove this conjecture is the linearised stability ana-
lysis of the AG-profiles F as solutions of the partial differential equation (1.4). Roughly
speaking, the self-similar variables (1.3) do not ‘see’ what is happening away from the
focusing point (xo, T') and so they do not see solutions which focus at other points in
space-time. Any linearisation of (1.4) around F will therefore have positive eigenvalues.
Differentiating the AG-solutions with respect to T and xo one may identify a priori the
unstable eigenvalues w =1 and w =f5, even before finding the appropriate linearisation.
Moreover, since the AG-solutions contain an additional free parameter ry we shall also
have an eigenvalue w =0. The corresponding instabilities and neutral stability are un-
avoidable, and we say that the AG-profiles are essentially stable if there are no additional
positive eigenvalues.

The two-dimensional hole-filling problem is studied numerically in Betelu et al. [9] and
Angenent et al. [3]. The results give clear evidence of the instability of the Graveleau
interface with respect to elongated perturbations (i.e. to perturbations with wave number
k=2). In addition, they clearly indicate the possibility of self-similar nonradial focusing
with k-fold symmetry for k=3 and m fairly close to 1, with k=4,5,6,... emerging as
possible symmetries as m — 1. The existence of these bifurcations is proved in Angenent
& Aronson [2] for sufficiently large wave numbers k. The analysis in Angenent &
Aronson [2] is independent of the number of space dimensions N. The net result of
these investigations is the fact that the Graveleau profiles are not essentially stable. Here
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we investigate this instability in more detail for planar flows, and, in particular, answer
several of the questions left open in Angenent & Aronson [2].

In the appendix of Betelt et al. [9], a linearisation around the radially symmetric
AG solution is derived. Introducing polar coordinates x; =rcos6f and x;=rsinf the
solution w is represented as a graph

p=w(r,0,7)

in the (r, p)-plane, parametrised by 6 and t. The relation between p and r is then inverted
and written as

r=S(p,0,7),
and the equation for S(p, 0, t), which reads

(S8,)7S: = (m— 1)p (S*Spp — SS; + SppS7 — 28,805p0 + S00S;)
+pS382 — 828, — 8,87 — (2 — 1)pS>S3, (1.7)
14 14 P20

is linearised around ¥ = F~!. This produces a linear second order equation of the form
iz = Li

with coefficients independent of 6 and t and singularities in p=0 and p=o0 (see §2).
Separation of variables yields solutions of the form

fki(p7 99 T) = eXp(wkiT)Aki(p) Cos k07 ks i= Oa 13 29 ey

where k is the wave number and i is the number of sign changes of the radial part A;(p).
Our main interest is in the eigenvalues {w;(m)}. The a priori considerations explained
above give

woeo(m) =1, we1(m) =0, and wio(m) = f(m) for all m € (1, 0).

As shown in Angenent & Aronson [2], for each fixed m the eigenvalues are monotone in
both k and i. Thus the only eigenvalues which can be positive (or nonnegative) are the
wyo(m) for k > 1. The corresponding radial part of the eigenfunctions Ayo(p) does not
change sign. One of the main results of this investigation is that

wyo(m) >0 for all m € (1, 0).

Thus the AG-profiles are not essentially stable for any value of m.
Besides, for each k > 2 we may find the values m =my; for which the stability changes
by solving
wko(m) = 0. (1.8)
As explained and proved in Angenent & Aronson [2], each such value of m leads to the
bifurcation from the radial branch of self-similar focusing solutions with k-fold symmetry.

Although we are essentially only interested in integer values of the wave number k, it
enters the equation for A as a real parameter. We prove that (1.8) defines a smooth
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function k =k(m) with
k(m) > o0 as m—1, and k(m) > 2 as m— oo.

Moreover, k(m) is strictly monotone and hence invertible, so that my is well-defined (single-
valued). It also implies that %(mk) > 0, hence as m is varied a simple bifurcation from
the radial selfsimilar profile occurs at each of the values m3 > mg > ms > mg > - - -.
Let us briefly indicate the methods we use. We first reduce the ODE (1.54) for F to a
quadratic system of first order equations for the new unknown dependent variables
’ 2
P
F (m—1)F
as functions of logr. Starting from the resulting system for X and Y we obtain detailed
information about the relation between the AG exponent f§ and the exponent m in (1.2).
In terms of ¢ as given in (1.6) and
1
6= ——, (1.9)
m—1
we obtain that ¢ is a strictly increasing function of ¢ and show that

0~ % exp(—y — %) as ¢—0, (1.10)

and
46 ~ L as e— 1. (1.11)
1—¢

All this is done in §2 and relies on the analysis of one (non-autonomous) first order
equation derived from the (autonomous) system for X and Y.

Next, in § 3 we reduce the equation for 4 = Ay;(p) to a single first order equation which
may be appended to the system for
Y Y B

= d z=_-_"_
T 2 X m—1

py’

as functions of logr = log ¥, where ¥ is the inverse of F. The appropriate variable is

A

U .
YA

Note that 4 has no sign changes if i =0.

From the equation for U we can deduce the behaviour of well-behaved solutions at
p=0 and p=o0, and give a direct ODE proof of the existence of a simple first eigenvalue
wyo for every k. The positivity of w,g is easily established. Moreover, setting wyo(m)=0
we prove monotonicity of my for k > 2.

The first order equation for the ‘eigenfunction’ U naturally involves the profile of
the self-similar solution about which one linearises. To analyse this equation we shall
need qualitative information about the profile. Similarly, to study the dependence of the
eigenvalues on m, we need detailed information about the solution of the U-equation.
This means that in the next sections the theorems often include qualitative properties
of solutions which may not seem relevant at first glance, but which are crucial to the
subsequent analysis.
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2 The AG solution in the phase plane

In this section we analyse the ODE
1
(m— 1)F (F”+ ;F/) +F? —BrF' + (28 — 1)F =0, (2.1q)

for the AG profiles. Here we have already restricted attention to space dimension N =2.
The AG profiles are all scalings of a solution F(r) with

F(1)=0, F(1")=p, F>0on(l,00), limF@r)r 7

r—0o0

> 0. (2.1b)

In Aronson & Graveleau [6], equation (2.1a) is transformed into a two-dimensional
autonomous system and the AG profiles are identified as corresponding to a connection
between a saddle and a saddle-node which is shown to exist for a unique f, which lies
between % and 1. The analysis here is based on a different transformation which also

leads to a two-dimensional quadratic autonomous system. Setting

rF’ Br? 1 2 —1
F’ (m—1)F’ t=logr, o m—1 ° g 22)
we obtain
X=—(0+DX>+Y(X —¢); Y =Y(Q2-X), (2.3)

where we restrict the attention to orbits with Y > 0. The parameter § > 0 ranges from
zero (m — o0) to infinity (m — 1). The other parameter ¢ must satisfy 0 < ¢ < 2 in view of
p > % We note that for N # 2 the right-hand side of the X-equation would also contain
the term (2 — N)X.

Transformations of this type have been used elsewhere [17, 21, 19, 20, 18]. The resulting
reduction requires a scaling invariance of the original second order equation (or system
of equations). The transformations may be derived by introducing an X as in (2.2) for
each unknown F in the system. For higher order equations one also has to introduce ’ZTF
etc. (e.g. see Bernis et al. [8]).

We briefly recall the phase-plane analysis of the system (2.3) [17, 19, 6]. There are two
finite critical points:

(X,Y)=0=(0,0) and (X’Y)=P=<2’4(1+5)>.

2—¢

The origin O is a saddle-node. The only orbits coming out with Y > 0 are contained in
the second quadrant and escape to infinity in finite time with ¢ — =7 in terms of polar
coordinates X =Rcos ¢, Y = Rsin ¢. The corresponding solutions F(r) all hit zero with
infinite slope and this disqualifies them as possible solutions of (2.1). This includes the
solutions of (2.1 a) with finite F(0) > 0 which are contained in the orbit corresponding to
the eigenvalue 2. The other orbits coming out of O contain solutions of (2.1 a) which are
singular in »=0.

The point P is a source for 1 < ¢ < 2 but as ¢ drops below 1 it undergoes a Hopf
bifurcation with an unstable periodic orbit emerging (see Aronson & Graveleau [6]).
Whether or not this periodic orbit is unique is not relevant here. Orbits going into P or
possibly a periodic orbit around P contain solutions F which grow too fast for (2.15) to
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hold and orbits coming out exist globally backwards in ¢t and can therefore not contain
solutions F with F(1)=0.
There are four critical points at infinity, characterised by R =oco and, respectively,

¢ =0, tand =0, qs:g, b= (2.4)

All these points may be found and classified using either a Poincaré transformation (see
Perko [23]) or rewriting (2.3) as a system for p and ¢, where R = ﬁ (see Hulshof [17]).
The points with ¢ =0 and ¢ =« are, respectively, a source and a sink with orbits coming
in/going out in finite time containing solutions F hitting zero with infinite slope.

The two relevant points at infinity are the ones with tan¢ =0 and ¢ = 3. The first one
is a saddle with one orbit coming out of infinity in finite time. Normalising the t at which
it leaves infinity by ¢ =0 it follows from (2.2) that the corresponding F has F(1)=0 and
F'(17) = B. The second one is a saddle-node with one unique orbit going in and this is the
only orbit that escapes slowly to infinity, meaning as ¢t — co. The corresponding solutions
F have the appropriate algebraic growth required in (2.1 b). This follows from X(t) — &,
Y (t) —» oo and some additional manipulations that we omit here.

In terms of (2.3) the result in Aronson & Graveleau [6] may now be reformulated as

Theorem 2.1 Let 6 > 0. For every 0 < ¢ < 2 there is a unique orbit of (2.3) coming out
of infinity in the first quadrant with Y ~ 60X and a unique orbit going into infinity in the
first quadrant with X — ¢. There is a unique ¢ for which these two orbits coincide. This ¢
satisfies 0 < ¢ < 1. The solutions contained in the connection exist on an interval (tg,o0),
where ty is a free parameter. Setting to =0 we obtain the solution of (2.1).

The statement of this theorem is illustrated in Figure 1, which shows a picture of the
phase plane for m = % with ¢ and e related by (1.11). The connection is situated in the
vicinity of the two orbits drawn. In the subsections below we examine properties of the

relation between ¢ and 6.

2.1 Monotonicity

The orbit of (2.3) representing the AG profiles has a monotone X-component so we may
use X as the independent variable in a first order equation for Y. Since Y is unbounded
it is convenient to introduce a new dependent variable which is bounded. In fact, setting

:M_(s:l_F{'

= — 2.
we arrive at
d—V—M I—K—I_V where
dt 1=V T Ai—-1)
A= % = zﬁz—fl, (2.6 a) with boundary conditions
V(0T = ligl Vit)=0, V()= li%p V(it)=1. (2.6b)
T T4

Note that % < f <1 implies oo > 1 > 2.
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30

20 - b

X

FIGURE 1. Two orbits close to the connection in the (X, Y )-phase plane for m = % (0 = 2). We have
taken e related to 6 by (1.11), ie. € = %, and solved starting from X = 8 with Y = 15.3165 and
Y = 15.3169.

The first condition in (2.6 b) is immediate from X — oo, Y /X — J and (2.5). As for
the second condition, V() is defined for all 0 < t < 4 and the monotonicity of X implies
that V(1) < 1 in view of (2.5). In view of the right-hand side of of (2.6) such a solution
either converges to 1 or to —oo as 7 T 4. The latter is excluded because combined with
X(t) — ¢ it would follow from (2.5) that X(t) — —co as t — oo, and this is impossible.

The equation for V is singular in 7=0, t=4 and V =1. The orbits mentioned in the
first statement of Theorem 2.1 correspond to locally defined solutions of (2.6), respectively,
starting from 7 =0 and ending at t = /. We reformulate Theorem 2.1 in terms of (2.6) and
give a direct proof.

Theorem 2.2 Let 6 > 0 and 4 > 1. There exists a unique solution V =V)(t) of (2.6) with
V1(0) =0 defined in a right neighbourhood of t=0. This solution has

0 1

Also, there exists a unique solution V =V,(t) with V(1) =1 defined in a left neighbourhood
of T=A. This solution has
1
V(i )=1-—-=.
0y =1+
For each 4 > 2 there exists a unique 6 = 0(A) > 0 such that (2.6) has a solution, i.e. V) = V,.
This solution has V' > 0 on [0, 1]. Finally, 6(A) is a decreasing function of .
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Proof To prove local existence and uniqueness on the left, we rewrite (2.6) as

dv 1 0 1 1 &
E;+(Ij;+;—1—5>v_5(1—1:;>+u+5(1—;)1_v,

which implies, for any solution with V(t) bounded as t — 0, that

Vo) — /Or o 1H0) (=) (;)5 j:z {5 <1 _ Ais> +(149) <1 — i) %] ds. (2.8)

Local existence of a unique solution V(z) of (2.8) follows from a standard contraction
argument in a small ball centred around the origin in Cp((0, T]) (the space of bounded
continuous functions on (0, T]) with T sufficiently small. The contraction estimate uses
the fact that

' S Sf—1 T ' 5 s\%A—1ds 1
(148)(t—s) f) ds ~ / (1+6)x—s) (3 ® o2 29
/Oe (‘c s TS Oe (r) A—ss & 29)

as t — 0.
Next we note that any solution V(t) which remains bounded as t — 0 has a well-defined
limit V(0). Taking t — 0 in (2.8) this limit satisfies

1+ V(0)?
Wm__ffl—vmy
whence either 1 (0)=0 or V(0) = —o. The smallness condition on the ball Cp((0, T])
needed to make the right-hand side of (2.8) a contraction excludes the possibility of
V(0) = —o for the fixed point solution. In fact, V(0) = —§ corresponds to Y /X — 0, i.e.
to the source ¢ =0 in (2.4).
Moreover, the part of the integral on the right-hand side of (2.8) containing V is o(V (1))
as 7 — 0 while the part not containing V is asymptotic to

o (1
S +1 2"

as 7 — 0. Thus V satisfies (2.7). By the implicit function theorem, it depends smoothly on
all parameters.
For the solution on the right we turn the picture around by setting

V=1-W, o=1-—r, (2.10)
and obtain
d_W:1+5—W 1_l—W_K ’ 2.11)
do w A—a o
with initial condition W (0)=0. Clearly the right-hand side of (2.11) suggests that
, 1
w0)=1- 7 (2.12)
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so we set
Wi(o) = <1 — /1L> o(l1 — G(0)),

whence

dG (_ 1+96 (1+0)2  24=2496 )
do A—1Pec (=1 (LA—-17>(1—0)

G2

1—G

1 ;2—3;L—m+3+25+(x—2)(+/1—2—5)
(A —1) o i—o

146 (l_;v(z—1)+ 1 ) G2
(A—1) 1-G

= a(c) + b(o)

o o2 A—o
The integrating factor for this equation is

148 222240 (148)7
g G-1? (i_o-) [T G=no

so, assuming G(g) bounded as ¢ — 0, we have
2/=i%45

Glo) = /0 (§><T (f:;)We‘t‘ﬁ’f(%‘%) <a(s) + l;(s_)Cg(sz)z) ds. (2.13)

Here we leave it to the reader to verify that solutions with G(¢) unbounded as ¢ —0
cannot qualify to give solutions W (g) with W (0)=0.
In (2.13) we have

ats) =", bis)=

with A(s) and B(s) smooth near s=0. We observe that, for any « > 0 and > 0,

/O“ (g)“em—%)% - /0 (g)“eﬁ(%—%)g ~ %

as ¢ — 0 (cf. (2.9)). As a consequence, local existence of a unique solution G(o) of (2.13)
follows again from a standard contraction argument in a small ball centred around the
origin in Cp((0, T]) with T sufficiently small. Taking ¢ — 0 in (2.13) and reasoning as
above this solution satisfies

B(s)
2

. _ o BO) GO? GOy
};ILT(IJG(U) = G(0) = B 1—G(0) 1= G(0)’

whence G(0) = 0. Thus, in addition to W(0) =0, W satisfies (2.12).

To obtain the connection, we fix A>2 and shoot from the left with the solution
V(t) = V(t;0), 0 >0 being the shooting parameter. Examining the (z, V)-plane, the
isocline V' =0 is given by
t(A—1—1)

V=
A—27

, (2.14)
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04 | ]

02 F 1

FIGURE 2. Two solutions close to the connection in the (z, V)-plane, ¢ = % The values of ¢ used in
the computation were 1.095 - §y and 1.096 - 6, with Jdy given by the asymptotic formula (1.10).

which consists of two branches, one to the left and one to the right of 2t = A. Note that
a connection must have V' > 0 on (0,4). If V(1) does not connect to V(4)=1 it has to
follow one of two scenarios: either it hits V' =1 before T = 4, or it crosses the right branch
of (2.14) (after which it must hit V' =0 before t=4). By standard continuity arguments
these two scenarios occur for, respectively, ¢ sufficiently large and ¢ sufficiently small, and
the sets of d-values for which they occur are open. Thus there must exist at least one 6 > 0
for which neither of the two occurs. For such ¢ the solution must connect to V(1) = 1.

Suppose that there exists another d-value for which the connection exists. It follows
immediately from (2.6) that the connection with the larger ¢, which starts with a larger
slope, cannot cross the other connection. Consider the flow of (2.6) with the larger 9.
All solutions between the two connections are trapped and converge to V=1 as 7 — A,
contradicting the uniqueness result for solutions of (2.6) with V(1)=1. Thus ¢ is unique
and depends only on 4.

We finish by showing that 6 =d(4) is a decreasing function. Let A > ¢ > 2 and let
0 = 6(4). In view of (2.7) and (2.6), the corresponding solution of (2.6) with V' (0)=0
starts above and cannot cross the connection corresponding to Zg. In particular, it cannot
connect to V(4)=1. Thus §(1) < 5(/p). O

In Figure 2 we show a plot of two solutions of (2.6) with ¢ = % and two values of §
close to the value given by (1.10). The actual connection lies close to the two graphs
drawn and connects (0,0) to (4, 1).

A direct consequence of Theorem 2.2 is Corollary 2.3.
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Corollary 2.3 The AG-exponent 5 is an increasing function of m.

There is also a monotonicity of the profiles but to see it we have to consider the problem
on a fixed interval. Setting

T=At, V(1) =0(1), (2.15)

we consider the AG profiles as corresponding to the solution of

U_E_l—v

t 1—t

,dv 5—1—0(” v 1—u>’ (0)=0, v(l)=1. (2.16)

We first list some properties of the solution of (2.16) for 4 > 2 fixed, which will be very
useful later on.

Proposition 2.4 Let A > 2. For § = 0(4) > 0 as in Theorem 2.2 the solution of (2.16)
satisfies

v'(07)

=5 (=), V(1T)=A—1. (2.17)

V(6)>0, O0<ovt)<t (0<t<1). (2.18)

Moreover, the function A(t) defined by

_ v(t) n 1—w(r)

A(t) —~ = (2.19)

satisfies
A0 =0'(0") +1 = 1 _("5_5(2 —1)+1, A1) =v1)+1=], (2.20)
A@)>0 0<r<1). (2.21)

Proof From Theorem 2.2 we have (2.17), as well as 1 > v > 0 and v/ > 0 on (0,1). To
prove v(t) < t we note that

L S+t 1—8(A—2)
v |U:[ = :(}M—Z) >1 < t> T (222)
We claim that
0
oty — _
V0 = frsG-D <l (2.23)

Suppose not, then (2 —2) = 1 and, by (2.22), v'|,—, > 1 for 0 < ¢ < 1. Thus the solution
with v(0) = 0 can intersect v = t at most once. If it does so then it has to be below v = ¢
for t small, whence all solutions between it and v = ¢ are trapped as t — 0, and therefore
come out of v(0) = 0. This contradicts the uniqueness of the solution starting at v(0) = 0.
Thus the solution with v(0) = 0 does not intersect v = ¢ and by the same argument it has
to be above v =t. However, then the connection has v'(1) < 1 which is impossible in view
of (2.17) and A > 2. This proves (2.23) which implies that v(t) starts below v =t. Now
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"
0.8{
0.6{
0.4—:

0.2

FIGURE 3. Level curves of A. The two straight lines correspond to 4 = 2. The curves without
extrema have 4 > 2, the curves with extrema have 4 < 2.

suppose it crosses v =t. Then by (2.22) it stays above v =t, which is again impossible.
This proves (2.18).

As for A(t), from its definition and (2.17) we have (2.20). To prove (2.21) we note that
A’(%) =4 > 0, that v/(t) > 0 implies that A(t) < 4, and that in any point where A'(t) <0,
we necessarily have v”(t) > 0. On the other hand, a direct computation shows that the
level curves of

: (2.24)

see Figure 3, are strictly concave in 0 <v <t < 1. Fort < % we have 4 < 2 and increasing
A increases v, while for ¢t > % we have A > 2 and increasing A decreases v.

Suppose A'(tp) =0 for some % < tp < 1. Then the graph of v(t) and the level curve
A= A(ty) touch in t=t;. The strict concavity of A= A(ty) and v"(ty) > O imply that
A"(tg) < 0 whence A'(t) < 0 on some interval (to,t1). If A’(t1)=0 and t; < 1, we repeat
this argument and conclude that A”(t;) < 0 and A'(t) < 0 on some second interval (tq,1;)
as well as on (tg,t1). This is impossible so it follows that A'(t) < 0 and A(t) < A(ty) < A
on (to, 1), contradicting (2.20). Thus ¢y cannot exist and 4" > 0 on [%, 1).

Likewise suppose A'(tg) = 0 for some 0 < 1y < % By the same reasoning as above we
now conclude that 4”(ty) > 0 and that A’ < 0 on (0,ty). Hence the graph of v, which
starts in the origin, where also the level curves of 4 with 4 < 2 start, must intersect a level
curve of 4 with A=A4; < A(0) for some t; € (0,%p). But then the graph of v lies above
this level curve for t € (0, t;), while the first is convex (v” > 0 where A’ < 0) and the latter
concave. This is impossible, so again we conclude that ty cannot exist and A" > 0 also on
(o, %). This completes the proof of Proposition 2.4. O
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Proposition 2.5 Let 6 = 6(1) and v = v(t; ) be the solution of (2.16). Then 6 and v are
smooth functions of A. Moreover, denoting derivatives with respect to A by subscripts, we
have 6, < 0 and v,(t) < 0.

Proof We noted in the proof of Theorem 2.2 that the solutions starting on the left and
on the right depend smoothly on 6 and 4. Standard implicit function theorem arguments
(see also below) applied to these two solutions at any 4 with corresponding é and any
t € (0,1), imply that 6 = 6(4) and v = v(t; A) are smooth in 1 and that

, 1496 1 1 1 1 v 1—v o+v
S (e L (F R B : a2 ; . @
K ((1—1;)2 ) A g R g e e s

with

0,(0) =v,(1) = 0. (2.26)
Note that the coefficient of §, is of fixed sign. This is in fact what guarantees that the
invertibility condition holds in the implicit function theorem application mentioned above,
whereby ¢ is smooth in A. The sign of the coefficient of ¢, coincides with that of v’ which is
positive. The last term in (2.25) also being positive we conclude that ¢, has to be negative
because otherwise the whole inhomogeneous term in (2.25) is positive, impossible in view
of (2.26).
Next we use the monotonicity of A(t) in Proposition 2.4. Writing the inhomogeneous
term in (2.25) as Fi(t)/(1 — v(t)) with

Fi(t) = (A — A(1))9; + 6 + v(1),

we see that Fj(f) > 0 so that F;(r) has at most one sign change. In view of (2.26) again
it cannot be of fixed sign so we conclude that there exists t* € (0, 1) such that F; <0 on
(0,¢") and F; > 0 on (t*, 1). Solving (2.25) from the left and from the right we find v; <0
on both (0,¢"] and [¢", 1). This completes the proof of Proposition 2.5. O

2.2 Behaviour as m — 1

We continue the analysis in terms of the solutions of (2.16). Note that in view of (2.23)
oA—2)< 1.

Proposition 2.6 Let 6 = 6(1) and v = v(t; A1) be the solutions of (2.16). Then 6(A) T oo as
212

Corollary 2.7 In terms of m and f this means f 11 asm | 1.

Proof Suppose the assertion is false. Then 6 T 6° < oo. Taking the limit in (2.16) we
obtain a solution v = v* of

, _dv 0"+ v 1—v . _
”‘E‘ﬁ(z t 1—t>’ vor=0 =1
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satisfying also

5*
'(07) = 1 ‘1) =1.
V0T = 5o <L)
Starting from ¢t = 0 we see that v™(t) < ¢ for all 0 < ¢ < 1 while starting from t = 1 we
find v*(t) > t. This contradiction completes the proof of Proposition 2.6. O

Proposition 2.8 Let 6 = 0(4) and v = v(t; /) be the solutions of (2.16). Then v(t;A) Tt
uniformly on [0,1] as A | 2.

Proof By Proposition 2.5 the solutions v(t; A) increase to a limit as 4 | 2. Let 4 be defined
by (2.24) (and A(t) by (2.19)). The monotonicity, (2.17) and Proposition 2.6 imply that

V(0T 1L A0) 12, JA)LL A ]2

as A | 2. Since the graph of v is above all the level curves of A with, respectively, 4 = A4(0)
for 0 <t < % and 4 = A(1) for % <t < 1, it follows that v(t; 1) T t for every t + %, and
thus, in view of v/(¢t; 1) > 0, also for ¢t = % The convergence is uniform in view of Dini’s
theorem. This completes the proof of Theorem 2.8. O

Proposition 2.9 Let 6 = §(A) and v = v(t;A) be the solutions of (2.16). Then 26(/. —2) —
as . — 2.

Corollary 2.10 1 —f ~(m—1)/4 as m — 1.

Proof Recall the ODE for v in (2.16),

, _dv awr 04D v 1—v
U—E—fp(t,v)—l_i}(l . 1—t>'

The assertion in the proposition is equivalent to (15(%, %) = (20 + 1)(4 —2) — 1. Suppose
this is false, then there exists a sequence 4 — 2 (dropping the index of the sequence from
the notation) such that QP(%, %) stays away from 1. Observing that

0+

P
1—v

1
(A—A4), A—>2, A1) =A(2,v> =2,
we see that, by continuity, @(t,v) stays away from 1 in one of the two intersections
0N{A <2} or0N{A> 2} where O is small neighbourhood of (3, }). Clearly this makes
it impossible to have v(t;A) — t as 4 — 2. This contradiction completes the proof of
Proposition 2.9. O

2.3 Behaviour as m — o

In view of Corollary 2.3, (1.9) and (2.6), m — oo corresponds to 6 — 0 and 1 — c0. We
compute the asymptotic behaviour of é and V in Theorem 2.2 as A — o0 in two steps.
First we compute a nontrivial limit for the solution and then we use the limit solution to
describe the asymptotics of o.
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For the first step we turn the picture around as in the proof of Theorem 2.2 by (2.10),
ie.set V=1—W, o =/1—r1, and consider (2.11):

d_W_1+5—W 1_l—W_E
do w A—o o)
From Theorem 2.2 we know that

W(0)=0, W(0)=1- % (2.27)

and

1
W)=1, W)= 1% (1 — E) . (2.28)

We recall that in (2.27) and (2.28) the second condition for the derivative follows from
the first condition.

Proposition 2.11 A4s 6 — 0 and 1 — oo the solution W = W (a;4,0) of (2.11) with (2.27)
converges to the unique solution W(a) of

A

oW
do w

1— —), W (0) = 0. (2.29)
(2

The convergence is uniform on bounded intervals [0, T].

Rewriting (2.13) with a parameter dependence on )l the proof of Proposition 2.11 is
straightforward and left to the reader. The limit problem (2.29) is solvable by integration.
Setting

A

1—-W =gy,

we write an equation for ¢ as function of y giving
1

—=0——, oy—1 as y—> o0 (2.30)
Yy

The boundary condition at infinity follows from W(O) = (. Problem (2.30) has the unique
explicit solution

o= exp(y)/ exp(—s)?s =—logy+ exp(y)/ exp(—s)log s ds,

y y

so that
o0
o+logy — / exp(—s)logsds =—y as y — 0,
0

whence

1— W(o)~aexp(—y — o) as ¢ — oo. (2.31)

Now that we have a nontrivial limit for the profile, we use it to derive the asymptotics
of §. To be able to use the limit solution for the asymptotics of & we change the equations
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slightly before taking the limit. This is done by setting

o 1 ~ ~
W=+, o=(1+0)5 rs=1-35 i=(1+)] (2.32)

whence, omitting the tildes,

aw  1-Ww 1—-0—-W W
E‘T(“ﬁ‘?)’ (2.33)
and the AG connection has
W(0)=0 and W(A)=1-09. (2.34)

The limit equation is the same as before (and also Proposition 2.5 carries over with a
slightly different proof). From (2.31) and (2.34) we guess that

d=1—WQ)~1—W()~ lexp(—y — A).

Theorem 2.12
li

A—00

- 5exp(}7 + 1) L

The limit is for & and 7. but translating back to & and J. the formula remains the same.

Proof We compare the solution W (o) with the solution W(a) of (2.29) and the solution
Wi(o; A) of (2.33) with 6 = 0 and W{(0) = 0. In view of the monotonicity of the right-
hand side of (2.33) with respect to 4 and é we have, by reasoning analogous to the proof
of Theorem 2.2, that Wi(a) < W (o) < W(a) for 0 <o < A. The first inequality holds until
Wi(o) hits zero. This happens after it has achieved a maximum in some o; between
o =A—1 and ¢ = Z at the intersection with the isocline

=-w_, + (2.35)
A—o o
Thus
1—W)<d=1—WQR)<1—W(s,)<1—Wic,;2). (2.36)

A

In (2.36) we have from (2.31) that 1 — W (1) ~ Zexp(—y —4) as 4 — oo. To finish the proof
we have to show that also

lim sup (1 — Wl(a;v;/l))exi(ﬂ)
A—00

< exp(—y). (2.37)

For (2.37) we need o, to get close to 4 which will follow from
Wi(o;;4) — 1. (2.38)

To prove (2.38), let e>0. Then there exists T >0 such that 0<1 — W(J) <e for
all =T because W(c) 1 1 as ¢ —>o0. But then, since Proposition 2.11 applies to
Wi(T; A), which, being below W = 1—¢, increases with 4, there also exists 4 > 0 such that
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0< W(T)— Wi(T;2)<eforall L= A. Thus, ifalso A—1>T, we have 0 < 1—Wi(0;;4) <
1—W(T;2) <1—=W(T)+ W(T)— Wy(T; 1) <2e. This proves (2.38). As a consequence
we have in, view of (2.35), that

A—o; >0 as A — o0 (2.39)
Next we introduce
exp(o
0.4 = 2201w o,

which satisfies

dA; _ aexp(—0)A} ( ! _1>, (2.40)

do 11— gexp(—a)A; \1—o
In view of (2.39) we have for every fixed b > 0 the existence of a 4 such that ¢, > 41 —b
for all 1 = 4. In (2.37) we may then use

exp(4) - Al(i—b;i)i_b

(I —Wi(o,;4) exp(b).

A
Since b > 0 may be chosen arbitrarily small it remains to show that
A1(A —b;2) — exp(—y).

Note that for fixed o

Py exp(a)

Ai(a,2) > A(o) (1 W (a)).

and
/i(a) — exp(—y) as ¢ — oo.

Now fix € > 0. There exists T > 0 such that |/I(a)—exp(—y)| <efor all ¢ = T. Subsequently
there also exists A such that |4{(T ;1) — A(T)| <e for all 2> A. Thus

|A1(T; ) — exp(—y)| < 2e. (2.41)

Forevery 1 > A let T, < A—b be the maximal value of ¢ such that |A;(c; 4)—exp(—y)| <
3e on the interval [T, T;]. Then on this interval

N P s 2 &

< <M, 2.42
1 —oexp(—a)Ai(a;4) ~ 1 —Texp(—T)(y + 3¢) (242)

for some M > 0. We may take M to be fixed as we take smaller e- and larger T-values.
It follows from (2.40) and (2.42) that

|Ay(037) — AT, )| < M (% + 1) (T + 1)exp(—T), (2.43)

for every T < ¢ < T. On the right-hand side of (2.43) M and b are independent of T so
we may a priori adjust the choice of T above to ensure that also

M <%+1> (T + exp(—T) <e. (2.44)
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From (2.41), (2.43) and (2.44) we then conclude for every 4 > A that
|41(a: ) — exp(—y)| < 3e,
forevery T <o < T, = A —b, and in particular that
412 — b3 2) — exp(—)] < 3e.

This establishes the limit in Theorem 2.12. Inverting (2.32) this formula does not change
and thus the proof is complete. ]

3 The eigenvalue problem
In this section we consider the linearisation of (1.7) around the steady state ¥(p) and
analyse solutions of the form

E(p,0,7) = exp(wt)A(p) cos(kh), k=0,1,2,....

Here w is the eigenvalue. Throughout this section, f (and hence ¢) is the exponent cor-
responding to the AG solution and ¥ (p) is the inverse function of the solution F of (2.1).
The radial part A(p) is a solution of the linear second order ODE

(m—1D)pP2A" + PP — W2 —2m—1)pP ¥ — 3028 — )p(P V')A
+[m—1D)(1—k)p+(f—w)P2(P')4=0. (3.1)

The coeflicients contain the inverse AG solution ¥ and its derivative ¥'. As explained in
Betelu et al. [9] the eigenfunctions A(p) should satisfy the conditions

e Pao.  ap~cp¥ (p— o). (3.2)

For each k = 0,1,2,... this gives a decreasing sequence of real eigenvalues w, of which we
only have to consider the first one and its corresponding positive eigenfunction A(p).

We analyse the system consisting of the nonlinear second order ODE for ¥(p) and
(3.1) using the independent variables

A" =

rFp Y B P A
e Z=—=-"_wpy y=_=
F  p¥ X m—1 P4

as functions of the new independent variable logr = log ¥. With

5= 1 . 2 21 _w
- m— 1’ - )u - ﬂ s ,u - ﬁ’
we obtain a system of three equations:
X=-X(A+0)X—-Z(X—¢); Z=ZQ2+3X—-Z(X—¢); (3.3)
U=k>—(U—-1P?+eZ(u—14+U)+Z(X —e)(u—1—-U). (3.4)
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In terms of X and Z the AG solution (see Theorem 2.1) corresponds to a solution of
(3.3) with

X(0)=o00, Z(0)=96, X(o0)=¢ Z(c0)=o00.

Proposition 3.1 Let w be an eigenvalue with a positive eigenfunction A(p). Then the cor-
responding solution U(s) of (3.4) satisfies

UQO)=u—1, Ulo)=1-—p (3.5)

Proof The boundary condition at s = 0 follows immediately from (3.2) and (2.1b).
Note that any solution U(s) not satisfying U(0)=pu — 1 converges to f+oo0 as s — 0
because X (s)~1/s and Z(s) — ¢ for the AG connection. Likewise, if U(s) does not satisfy
U(o0) = 1 — u, it must converge to +oo as s — oo because X(s) —¢ and Z(s) — co. But
then also pA’/A— =+ oo which excludes algebraic behaviour. Thus, we conclude that
U(wo) =1 —pu and pA'/A — (1 — u)/e, i.e. we have algebraic behaviour as p—oo. The
additional argument giving the stronger statement that A(p) ~ Cp!'=#/¢ is omitted.  [J

3.1 The first eigenvalue

The first eigenvalue corresponds to the unique p-value for which (3.4) has a solution
satisfying (3.5). As in Theorem 2.1 this u-value may be obtained by shooting from the left
and from the right. We shall use the variables v and t = ¢ introduced in (2.15), with the
AG solution being a solution of (2.16), i.e.

dv o+v v 1—v
E_l—v(i_?_l—t>’ (3.64)
with boundary conditions
v(0)=0, v(l)=1 (3.6b)

Equation (3.4) transforms into

dU 1 [kK—(1=U)?, U—p+1 1—u—-U
%_l—u( 7 A—(U+5)< ; T )), (3.7a)
the boundary conditions being
U0)=u—1, Ul)=1—p (3.7b)

We now prove the existence of a unique first eigenvalue gy for all k = 0 and obtain the
bounds 2—k <y, < 1 for k > 1. Besides, we establish some properties of the ‘eigenfunction’
U; in particular, we put some effort into proving that u — 1 < U < 1 — p, which will be
very useful in what follows.

Theorem 3.2 Let 6 = 6(A) as in Theorem 2.2, let v(t) be the solution of (3.6) and let u and
k = 0 be real numbers. There exists a unique solution U = U(t) of (3.7 a) with U;(0) = p—1
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defined in a right neighbourhood of t = 0. This solution has

oty (K= Q=i 2(1 —p)d
Ui0%) = 2041 041

Also there exists a unique solution U = U,(t) with U,(1) = 1 — u defined in a left neigh-
bourhood of t = 1. This solution has

(k* — )2

U0 =56+

—2(1 — p).

For each k = 0 there exists a unique p = w such that (3.7) has a solution, i.e. U = U,.
This py is between u =1 and p =2 —k if k > 1. This solution U lies between its boundary
values @ — 1 and 1 — u. Finally, wy, is monotonically decreasing in k.

Corollary 3.3 (Instability of the AG solution) p; > 0.

Proof The local existence and uniqueness from both sides is proved along the same lines
as in the proof of Theorem 2.2. The value of the derivative in t = 1 follows because the
second factor on the right-hand side of (3.7 a) must vanish as t — 1. This occurs because
the first factor is proportional to a multiple of 1/(1 —t) as t — 1. The value of the
derivative at t = 0 is immediate from taking the limit t — 1 in (3.7 a). By monotonicity
arguments, U; is increasing in u while U, is decreasing in u. This gives uniqueness of the
u-value for which the two coincide.

To see that such a u-value must exist, we first assume that k > 1. If ¢ = 1 the right-hand
side of (3.7a) is positive at U=1—pu = 0, and also U;(07) > 0 and U,(17) > 0. This
guarantees that, for as long as they exist, U; > 0 > U, on (0, 1). In particular U; > U,
and clearly the set of u for which this is the case is open. To find u such that the other
inequality holds we choose u = 2 — k, making the right-hand side of (3.7 a) negative at
U=p—1=1—kand Uj(0") < 0,50 Uy <1—k <0< U,. Again the set of u-values
for which U; < U, holds is open. Thus there must exist a 4 € (2 —k, 1) such that U; and
U, are not ordered which is only possible if they coincide. This completes the proof for
k> 1.

For k = 1 the solution is simply u = 1 and U = 0. Concerning 0 < k < 1 we note that
all the signs in the argument above are reversed so now the existence of u € (1,2 —k) for
which U; and U, coincide follows.

Following the similar arguments as for the monotonicity of 6(4) in 4 (Proposition 2.5),
it is not difficult to show that ‘;—Z < 0.

Finally, we prove the solution U lies between its boundary values. We consider the case
k > 1 (k < 1 is analogous). The function

k—2—p

l—u

is increasing in t. Hence the right-hand side of (3.7a) at U = p — 1 changes sign at most
once on [0, 1) (from positive to negative). It follows that the solution U > u— 1, and in
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particular U’'(0+) > 0, or equivalently
(k> — p})A = 4(1 — (0 + 2). (3.8)

The argument to show that U < 1 — p on [0, 1] is more involved. First, we note that it
follows from (3.8) that

(k* — )2

Ui =361

—2(1 —p) > 0.
Next, we assert that the right-hand side of (3.7a) at U = 1 — u change sign exactly once
for t € (0,1), from positive to negative. This claim implies that the solution U < 1 —u on
[0, 1].

Consider

def k* — v(t)+ 0
P@ = 41— ); o

Clearly, the right-hand side of (3.7a) at U = 1 — pu is zero if and only if P = 0. Notice
that P(0) = —co and P(1) > 0. Setting P = 0 one obtains ff( )At =v+4+9J <t+ 9, which
shows that P(t) can only have zeros for

0 0
t <

SR S -t
ar—p’ 1 N

(3.9)

where we have used (3.8).

We now prove that if P(¢t) = 0 then P'(t) > 0, from which we infer that P has at most
and hence precisely one zero. In fact P'(t) > 0 for t < /Jrg—il, the bound on zeros of P
derived above. Differentiation gives

vV v+ v+0

P'(t) = - + 2= a _U)tz(—t[i —A(t)] +1—v),

where A(1) = &4 1=2

def (1 —U)tz
o = v+9

P'(t) = —t[A—A@®)] + 1 —v.

Using the surprisingly useful property A(t) > A4(0) = 5 +1() — 1) 4+ 1 we obtain

0t) > —t[A—A(W)] +1—t>1—t[l + 1 —A(0)] = l_t{i_éj—lu_l)}
and using (3.9) we continue the estimate
0 0 2—1
Q0 >1 -5 [;‘_5+1(i_1)} “Uto-no+n "

Hence P’(t) > 0 and the proof of the assertion is finished. This also completes the proof
of Theorem 3.2. O
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3.2 Dependence of the eigenvalues on m

We first examine the behaviour of the eigenvalues for large m.
Proposition 3.4 Let y; be as in Theorem 3.2. Then p, — 2 —k as 1 — oo.

Proof We turn to the time variable ¢ = A(1 — t). We note that, as A — o0 and u — i, the
solution U,(¢) = U,(1 — ¢ /) converges to the unique solution of

U1 ((1—-0P -k L 1—a—0U A
E‘W(f”l_mf , U0)=1—4  (3.10)

Here W (o) is the function defined in Proposition 2.11. Suppose the theorem is false for
k > 1. Then there must exists a sequence A — oo along which y, converges to a limit fji
contained in (2 — k, 1] and the solution U(c) = U(1 — /1) converges to the solution of
(3.10), uniformly on compact intervals contained in the maximum interval on which U
exists. This limit solution is easily seen to have U(a) —1—k<u—1aso — oo and this
forces U(o) to drop below u — 1 before ¢ reaches A, provided A is large, in contradiction

with Theorem 3.2.
For 0 < k < 1 the argument is similar, the only difference being that the limit solution
blows up in finite time if {1 is in [1,2 — k). This completes the proof of Proposition 3.4.
U

Corollary 3.5
. k
n&lil’olo Wiy = 1— 5
Before we examine the other limit m — 1 we note that changes in stability can only
occur when u; = 0 for some integer k and m > 1. However, in (3.7 a), there is no reason to
restrict k to the integers. Thus we consider (3.7 @) with u = 0 for all real k >0, and write
u= (U +1) to simplify notation:

2 —
uf:liv[(kz—u_u)z)z—(uw)(%wull_l;ﬂ. (3.11a)

The boundary conditions are

u©0)=0 and  u(l)=1. (3.11b)

Theorem 3.6 Let 6 = 6(2) as in Theorem 2.2, let v(t) be the solution of (3.6). Then there
exists a unique k = k(1) > 2 such that (3.11) has a solution. This solution u lies between its
boundary values 0 and 1. The function k(1) is smooth, k(1) — 2 as 2 — oo and k(1) — o
as A — 2.

Proof Existence and uniqueness of k are proved along the lines of the proof of
Theorem 3.2, the right-hand side of (3.11 a) being monotone in k. With u = 0 we have
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that w; < 0 if k < 2, w; and u, are monotone in k, and choosing k large u; has to grow
above 1. That u lies between its boundary values 0 and 1 follows from Theorem 3.2. The
smoothness of k(1) follows again from the implicit function theorem (cf. Proposition 2.5).
The limit 4 — oo is similar to Proposition 3.4. For the other limit 2 — 2 we argue by
contradiction and assume k remains bounded along a subsequence. Since § — oo and, in
view of Proposition 2.8, v(t) — t, it follows that the right-hand side of (3.114a) goes to
+00, uniformly on sets where u stays away from u = 1. This makes it impossible for u to
connect from u =0 to u =1 if 4 is close to 2, and this is a contradiction. O

Remark 3.7 Since both k and 6 tend to infinity as 4 — 2, in this limit the terms in the
right-hand side of (3.11 a) with k and 6 must balance. This implies that k> ~ 26, i.e.
k* ~ 2 as m— 1.
m—1
Finally, we prove that the function k(1) defined in Theorem 3.6 is monotone, i.e. % <0
for 2 € (2,00). This implies that it is invertible and % < 0. Besides, since u(4,k(4)) = 0,

we have % = —g—ﬁ% < 0 at u = 0. A transformation to the original parameter m (i.e.
‘;—’;’ = —0725; > 0) finishes the proof of the assertions at the end of § 1.

Theorem 3.8 Let k(1) be as in Theorem 3.6. Then % <0 for 1 € (2,00).

Proof We denote differentiation with respect to 4 by subscripts. We recall that v; < 0 and
0, < 0 by Proposition 2.5. Differentiating equation (3.11 a) with respect to 4 gives

;1 , u+1—u 5 u+1—u
R i e R P AVENEY:

k2 )\ kaki
+<Z_(1_“) ) +T+u;.(---)}, (3-12)

where the dots represent the u-derivative of the second factor in the right-hand side of
(3.11 a). The boundary conditions are u;(0) = 0 and u;(1) =0, and

/O_ k2 1 1 5/1 5i kkA;L
il )—<z— )(5+1_(5+1)2)_(5+1)2+2(5+1)’

KL ey, Kk
A E G T 6r 1) T2+ 1y

Now suppose by contradiction that k; > 0 for some 4. Then u/(0) > 0 and u/(1) > 0,
hence u,(t) has a zero where it goes from positive to negative. At this point the fifth term
in the right-hand side of (3.12) is zero, the second and third are positive and the fourth
is nonnegative. If we show that

u 1—u

S s <
u <t+1—t)\0 (3.13)

then we conclude that «, > 0, a contradiction.
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We thus study

ef 1_
HHZu —<¥—I— 1_?).

Clearly H(0) = —1 and H(1) = —1. We claim that H(t) <0, i.e. (3.13) holds. Arguing by
contradiction, we suppose H(t) > 0 for some ¢, and we define

to = inf{t| H(t) > 0}

and
t; = sup{f > to| H(t) > 0 on (to,7)}.

We have 0 <ty < t; < 1 and H has the following properties: H(ty) = H(t;) =0, H(t) > 0
on (to,t1), H'(t9g) = 0 and H'(t;) < 0.
Using the differential equation we obtain

1+ k? A 1—
H<f)=%{<r(1—“)z>m‘<?+ 1_?)}-

w 1 —0 s 5\ A u 1—u
G(t)_1+5H(t)_<?_(1_”) 1+ i T1=()

All the properties of H listed above naturally carry over to G.
Differentiate:

4 1 1 1—
N K?‘m)”’%*ﬁ]’

and in the points to and ¢; one has v’ = % + 11:“ hence

G(t) = 2(1 — u)— <”+ 1_”>—

Define

1 1 u + 1—u u 1—u
146\ t; 1—14 t; 1—14 t; 1—1t [1-2 (1 — Ii)z
A u(l—1t)+t(l —u) 1—2u
=21 — —
=TS T = G0 — 1)
B
ol —1)’

for i =0, 1. Here

Y,
B(t) £2(1 — u)——[u(l — 1— 2u—1
(02201 =) [l =)+ 11— w] +2u—1,
and the properties of G imply that B(fp) = 0 and B(t;) < 0. However, we will show that
this leads to a contradiction.
First we note that since H(t) > 0 on (to,t1), we have /(t) > 0 on [to,t1]. Also, notice
that B(1) > 0 if u(t) > 1, i.e. B(t) <0 implies u() < 1.
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Differentiate again:

B'() = 2(1 —u); iéu —2u) + 20/ (1) {1 + %(—u(l —t)—t(l—u)+ (1 —u)(l— Zt))}
=201 —u)lié(l —2u)+2u’(t){1 + 1%(4m—2a—3t+ 1)}.

We use the fact that lf:;’ +1= 1%(—4“1 + 2u + 2t) to rewrite

A

B(1) =21 — )

(1—2u)+2u/(t)[/1(1—t) B_”]. (3.14)

1+0 C1—u

Now either B(tg) >0, or B(tp) = 0 hence u(ty) < % and B'(tg) >0 (just substitute B =0
above and use that u/(tp) >0). In both cases B is positive in a right neighbourhood of ¢,
and

ty = sup{t > to| B(t) > 0}
is well-defined. Since B(t;) <0, one has B(t;) =0, hence u(t,) < %, and B/'(t;) <0. Moreover,
t, <ty and thus u'(t;) > 0. Evaluating (3.14) in t, and using this information, we obtain a

contradiction.
We have thus proved (3.13) and conclude that k;, < 0. O

4 Conclusion

Our results on the parameter dependence of the AG exponent f settles the long standing
question of its monotonicity. The asymptotic behaviour of f for m— 1 and m — oo was
computed in Galaktionov & King [13] using formal PDE methods. Their results are
confirmed by our ODE computation and proof.

Several questions concerning the parameter dependence of the critical eigenvalues of
the linearisation of the porous medium pressure equation about the AG-profiles are
raised in the concluding remarks to Angenent & Aronson [2]. This paper answers
these questions for two spatial dimensions. First, concerning the linearised stability with
respect to perturbations with wave number k = 2, we have shown that the AG-solutions
are unstable with respect to such perturbations for all m € (1,00). Thus there are no
self-similar focusing solutions with two-fold symmetry bifurcating from the circular AG-
branch, and as shown in Angenent & Aronson [2], there are also no further radially
symmetric branches. Solutions whose support is the complement of an elongated hole are
studied in Angenent et al. [3].

As for the bifurcations with higher wave number, our analysis show that all of them
indeed occur, that the bifurcations are simple and that they occur for a sequence

m3 > my >ms>mg > — 1,

as was suggested by the numerical results in Betelu et al. [9].

Although the bifurcation problem was studied in Angenent & Aronson [2] for arbitrary
dimension N >2, most of the analysis of the properties of the AG solutions has been
limited to N =2, which, as far as the parameter dependence is concerned, is a little

https://doi.org/10.1017/50956792503005229 Published online by Cambridge University Press


https://doi.org/10.1017/S0956792503005229

Parametric dependence in focusing porous media flows 511

exceptional because the X-equation derived by setting (2.2) contains a term with coefficient
2 — N. We conjecture though that the main results of this paper may be proved in exactly
the same fashion for N > 2.

Finally we mention that other degenerate nonlinear diffusion equations give rise to
similar questions, e.g. see Aronson et al. [5] for the case of the p-Laplacian equation. Our
ODE-reduction of the linear stability question may be expected to be applicable to any
equation with a scaling invariance similar to that of (1.1).
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