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We discuss travelling wavefronts of a degenerate and singular parabolic equation in
non-divergent form with changing sign sources. Necessary and sufficient conditions
will be given for the existence of smooth or non-smooth and non-decreasing or
non-increasing solutions. We also study the regularity of such solutions.

1. Introduction

We consider mainly sharp conditions for the existence of smooth travelling wave-
fronts for the following parabolic equation in non-divergence form

ou . m : p—2 q N
ikl div(|[VulP~*Vu) + u?f(u), t>0, z€RY, (1.1)
where m € R, p > 1, ¢ > 0 and f(s) is a smooth and sign-changing function with
some typical structure conditions.

Equation (1.1) is degenerate at the points where w = 0 if m > 0, and at the
points where Vu = 0 if p > 2, while it is also singular at the points where u = 0 if
m < 0, and at the points where Vu = 0 if 1 < p < 2. Another peculiarity is that
the equation is known as the non-divergence-form equation, although, in the case
in which m < 1, on replacing u by u*/(*=™)_ (1.1) could be transformed into the
following well-known polytropic filtration equation with a source:

Ju 1
ot C1—-m

During the last few years, these kinds of equations have received attention from
several authors. Some special properties of solutions have been discovered for the
case when m = 1 and p = 2, which appears in a biological model describing the
diffusive process for biological species (see, for example, [1,4,5]). In [8], Friedman
and McLeod studied another typical case, when m = p = 2, appearing in plasma
physics. In addition, there are also some further works for the case when m > 1 and
p = 2 arising in the theory of damage mechanics (see, for example, [3,20,22,23]).
In these works some properties of solutions, such as the existence and the blow-up
properties, were investigated. For the case in which 0 < m < 1, many works have

> 0.

= (1 —m)div(|Vu M P2Vur) + g(u), X
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been devoted to properties of solutions (see, for example, [18,24] and the references
therein).

We are mainly interested in travelling wave solutions to equation (1.1). By a
travelling-wave solution, we mean a solution wu(z,t) of (1.1) in Q = {(x,t); = €
RN, t > 0} of the form u(x,t) = ¢(y -z + t) with v being a given vector, and
¢ being a one-dimensional function. It was Luther [12] who first made mention of
travelling waves as solutions for a certain reaction diffusion equation in a report
drawing an analogy between the conduction of a nerve pulse and a crystallization
process. A modern version of his paper can be seen in [2]. The importance of special
solutions in travelling-wave form to equations like (1.1) lies in the fact that they
give insight into the behaviour of some classes of solutions of the same equation
with arbitrary initial conditions. In 1937, an important contribution was made
in two separate works [7,11], both of which are related to the description of the
space—time distribution of an advantageous gene in a population which lives in a
one-dimensional domain. In [11], Kolmogorov et al. introduced a formal way in
which one can analyse the existence and the stability of the travelling wave for the
case when it is a solution of a type of parabolic equation. They stated their results
on existence for the one-dimensional heat equation with a source like u(1 — u) and
with the Heaviside function as an initial condition and also showed the stability
of travelling wave solutions. Since then, much research has been carried out in
an attempt to extend the original results to more complicated equations which
arise in a variety of fields. Many kinds of linear or semilinear equations have been
investigated (see, for example, [6,10,21] and the references therein). It should be
noted that only a few papers are concerned with travelling-wave solutions of the
degenerate or singular diffusion equations [9,13-16,19]. In particular, a typical case
when p = 2 for the non-divergence-form equation has also been investigated in [19].

The aim of this paper is to discuss the existence and regularity of smooth travel-
ling wavefronts of (1.1), namely, special solutions of the form u(x,t) = p(v-z + 1)
with « being a given vector. If we simply replace v -« + ¢ by t, then (1.1) is trans-
formed into

—Pe™ (P IP720) () + ¢'(8) = (1) f (),
which, for convenience of argument, will also be transformed into the following
system:

o = @Dy, (1.2)

where 1(t) = |¢'|P72¢" and ¢ = 1/|y|P is the wave speed.
Now we introduce the definition of travelling-wave solutions.

W (t) = cp™(Jp| 3P/ Py — wqf(s@)),}

DEFINITION 1.1. A function u(z,t) = ¢(y-x+t) with a given 0 # v € R¥ is called
a travelling wavefront solution of (1.1) if ¢(¢) : C(R) — [0, 1] and there exist t1, ta
with —oo < t1 < t9 < 400 such that

(i) ¢(t) € C%(t1,t2) and satisfies
—[rPe™ (1" P72 () + ¢ (8) = 9" (D) f () for any t € (t1,t2),  (1.3)

(ii) ¢(t1) = 01 and p(t2) = b2, where 6; and 6, are equilibria of (1.3),
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(iii) (¢) is strictly monotone in the interval (¢1,t2), ¢(t) = 60 for t € (—o0, ;)
and ¢(t) = 6y for t € (tg, +00),

(iv) if (t1) < @(t2), then ¢'(t2) = 0, while if (t1) > ¢(t2), then ¢'(¢1) = 0.

Furthermore, if ¢/, (t1) = ¢’_(t2) = 0, we call ¢(t) a smooth travelling-wavefront
solution, where ¢, and ¢’ denote the right and the left derivatives of .

Since it has been adopted by many authors, we restrict ourselves mainly to the
typical Huxley source, that is, the bistable case, under which we discuss the exis-
tence of smooth travelling wavefronts with at most one wave speed. Throughout
this paper, we assume that

(H) f(1)=f(a) =0, f'(1) <0, f(s) <0 for s € [0,a) and f(s) >0 for s € (a,1),
where a € (0, 1) is a given constant.

It is worth noting that the solution may not belong to C*(R), though we call
it a smooth solution. We aim to find smooth travelling wavefronts connecting the
two equilibria 0 and 1, which is defined in definition 1.1. In fact, only the so-called
smooth travelling wavefront can be classical, namely only this kind of solution may
be extended into the whole domain (see §4).

We focus our attention initially on the existence of smooth travelling wavefronts,
including both non-decreasing travelling wavefronts and non-increasing travelling
wavefronts. Sufficient and necessary conditions will be given for the existence of
non-decreasing solutions, non-increasing solutions and non-existence of solutions.
More precisely, (1.1) admits a smooth and non-increasing travelling wavefront if
and only if

1
/sq_mf(s)ds<0 or = —o9,
0

and in this case, the solution is unique, corresponding to a unique wave speed
c*. While (1.1) admits a smooth non-decreasing travelling wavefront if and only if
m < 1 and

1
/ s™™ f(s)ds > 0,
0

and in this case the solution is still unique, corresponding to a unique wave speed, c*.
In addition to all the above-mentioned situations, (1.1) always admits non-smooth
travelling wavefronts. After this, we will turn our attention to the regularity of
smooth travelling wavefronts, specifically, the finiteness of ¢; for non-decreasing
travelling wavefronts and the finiteness of ts for non-increasing travelling wave-
fronts.

2. The case m > 1

In this section we consider the case m > 1 and focus our attention on non-increasing
travelling wavefronts. We find that there exists at most one wave speed with which
the corresponding travelling wavefront is smooth. We attempt to determine neces-
sary and sufficient conditions under which the corresponding travelling wavefront
is smooth. Clearly, we have 6; = 0, 6, = 1. We see that there is no smooth and
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non-decreasing travelling wavefront for the case when m > 1, and only the smooth
and non-increasing travelling wavefront possibly exists.

Before going further, we first show that ¢(t¢) is a smooth and non-decreasing
travelling wavefront of (1.1) with the following asymptotic boundary conditions:

) =0,  p(+oo) =1, (2.1)
if and only if ¢(t) satisfies that
dy —m T f ()
@:C@ T e ¢ €(0,1),
$(0) = (1) =0, 22

P(p) >0, e (0,1).

REMARK 2.1. By a smooth travelling wavefront we mean that ¢ (0) = (1) = 0,
while a non-smooth travelling wavefront means that (0) # 0, ¥(1) = 0.

LEMMA 2.2. ¢(&) is a smooth and monotone non-decreasing travelling-wave solu-
tion of the problem (1.1) with asymptotic boundary conditions (2.1) for some fized
speed ¢ > 0 if and only if ¥(p) is a solution of the problem (2.2).

Proof. The necessary condition is now clear from the discussion above. So it suffices
to consider the sufficient one. Let ¥ (¢) be a solution of the problem (2.2), and let
©(€) be a solution of the equation

¢'(&) =P,

Without loss of generality, we may assume that ¢(0) = % and that Ja, B[ C R is the
maximal existence interval of ¢. Firstly, we have

™ (| P72") () = @™ ()¢’ (€)
c qf( ) '
- (C N z/ﬁ/(p—(pl))‘/’

=cp’ — cpf(p).

That is, ¢(€) satisfies (1.3). Moreover, p(a™) = 0 and ¢(37) = 1. Therefore, when
both a = —oo and 3 = 400, ¢ is a smooth travelling wavefront, while if o > —oo,
then

lim ¢'(¢§) = lim ¢1/(p_1)(g0) =0.
E—at

p—0t

Similarly, if 8 < +o0, we have

lim ¢/'(¢) = lim Y=Y (p) =0.
E—=p~ p—1~

Furthermore, by virtue of (1.3) itself, we also have

Jim (172 (€) = .

Then we can extend the solution to [3,4+00) by taking ¢(£) = 1 on [, +00). Thus,
»(€) is a smooth travelling wavefront. The proof is complete. O
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Figure 1. The path curve I'(¢,) of the approaching problem.
By using a simple method similar to [19], it is easy to obtain the following result.

THEOREM 2.3. Assume that m > 1, and that (H) is satisfied. Then problem (2.2)
admits no solution for any ¢ > 0, which means that there is no increasing and
smooth travelling wavefront for problem (1.1) with 61 =0, 05 = 1.

We are now in a position to establish the existence results. In preparation, we
give the following basic existence result for non-decreasing travelling wavefronts,
with the smoothness determined later.

THEOREM 2.4. Assume that m > 1, and that (H) is satisfied. Then problem (2.2)
admits a unique non-decreasing travelling wavefront with 61 = a, 82 = 1 and
Ol (t1) 2 0, ¢ _(t2) = 0 for any ¢ > 0, namely, the following problem admits a
unique solution:

N e (")
@—C —W, ¢ € (a,1),

P(1) =0,
Y(p) >0, p€(al).

Proof. The proof will be completed by using a phase-plane analysis approach and
then using an approximation to obtain the existence of solutions in the interval

(2.3)

¢ € [a,1].
Consider the following approaching problem:
dy e (p)
@—CW BEETIC=V ¢ € (a,1),
2.4
1p(l) =g, ( )

Y(p) >0, @€ l(al).

We are now able to apply the phase-plane arguments to this problem to show the
existence of solutions. In what follows, we denote the solution of (2.4) by v, and
denote the curve 9 (p) = 4P~ fP=1(y) by I.. From figure 1, we see that curve
I, divides the plane into three parts, Fy, Fs and E3. From the first equation of
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problem (2.4), we see that ¢'(¢) > 0 if the point (p, %) € Ey, while ¢'(p) < 0 if
(¢,v) € E5. Therefore, starting from point (1,¢), trajectory I'(y, %) of (2.4) must
be increasing before intersecting with I.. It is also easy to see that I'(¢, 1) does
not intersect with the y-axis when ¢ € (a, 1), since ¢'(¢) < 0 when (p, ) € Es.

Next we show that 1. is increasing in €. Otherwise, there exist €1 and 5 with
€1 > g9 > 0 and a point 0 < 29 < 1 such that ¢, (z) < Ve, (o). Let

¥ =inf{z; x> x0, Ve, (z) = e, (x)}.

Then, for any ¢ € (xg,x*), we have

o /=) 1/(=1) 1
— — qg—m 1 2 . —
wsl 1/}52 =cp f((p) (1/}511/}52)1/(1)71) 1/181 _ ’d)ez (w€1 ¢E2)

= G(@)(¢51 - wez)'
Obviously, we have G(¢) > 0 for ¢ € (zg, 2*). Integrating from z( to ¢ yields

(Yer = We)(9) = (er — they) () exp { / a(s) ds}.

Letting ¢ — z*, we clearly have (¢, =, ) (2*) < 0, which contradicts the definition
of z*. Therefore, 1. is non-decreasing on €. In addition, we also note that . <
max,e(q,1) €+ 91~ fP=1(¢)}, which implies that ¢, is uniformly bounded. Also,
since 1. is a solution of problem (2.4), we also have

1

1/,:5/(13*1)(90) — gp/(p=1) _ ﬂl/ s*m(wsl/(pfl)(s) — s%f(s))ds.
p—~LJ,

Since 1. is bounded uniformly and increasing on ¢, there must exist a function

1 > 0 such that ¥ — 1) almost everywhere in (a,1) as € — 0. Letting ¢ — 0%

in the above equality and recalling the Lebesgue dominated convergence theorem

yields

1
YV () = -2 / sTM (/PN (5) — s1f(s)) ds.
p— 1 ©

A phase-plane analysis approach yields that ¢ (¢) > 0 for any ¢ € (a,1), which
implies that 1 is a solution of problem (2.3).

In what follows, we show the uniqueness.

Suppose to the contrary that there exists a ¢ > 0 such that problem (2.3) admits
at least two solutions 1, 1. Without loss of generality, we assume that there exists
a o € (a,1) such that 11 (o) < 12(¢g). Then we have

/ -m ! :
(Y2 = ¥1) (v0) = e~ f(00) (wi/(pl)(‘m) - w;/(”l)(%)) "

which means that (12 — ¥1)(@) > (2 — 11)(po) for any ¢ > ¢g, which contradicts
¥o(17) = 11(17) = 0. Summing up, the proof is complete. O

REMARK 2.5. From the proof of theorem 2.4 we see that theorem 2.4 is valid for
m € R.
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Sv

Figure 2. The path curve of I'(p, ).

In what follows, we investigate the decreasing travelling wavefronts of prob-
lem (1.1), and we will see that (t) is a decreasing and smooth travelling wavefront
with 6; =1, 05 = 0 if and only if () satisfies

q—m
Lo L pe o,
$(0) = (1) = 0, 25)
Y(p) <0, ¢€(0,1).
Consider the following problem:
q—m
% =cp " - M’ pc(6,1),
b(1) =0, (2.6)
Y(p) <0, ¢e(6,1),

where 6 > 0, and (0,1) is the maximal existence interval of solutions. Using an
approaching method with ¢ (1) = —e < 0 for problem (2.6), similarly to the above
arguments, we see that there exists a path curve I'(¢, %) of problem (2.6) entering
from (1,0) into the region E = {(p,9); 0 < ¢ < 1,9 < 0}.

We need the following lemmas.

LEMMA 2.6. Assume that m > 1. Let I'(p, 1) be the path curve of the first equation
of (2.5) entering into E from (1,0), and let ¢(p) be the corresponding solution.
Then for sufficiently large ¢ > 0, I'(p,%) does not intersect with the @-axis when
» €[0,1) and (p) = —o0 as ¢ — 0T.

Proof. From figure 2, we see that curve I, : ¢(¢) = p?®=D| f|P=2 f divides the plane
(0,1) x R into three parts, E1, Es and F3: ¢’ > 0in F; and E5 and ¢’ < 0 in Fs.
Therefore, we see that () is increasing for ¢ € [a, 1] along the orbit I'(¢, 1), which
implies that 1(p) < 0 for ¢ € [a,1). Next, we only need to find an appropriately
large ¢ such that ¢ does not intersect with I, (for details, see [19]). O
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Before going further, we give a comparison lemma as follows.

LEMMA 2.7. Let v¢;, © = 1,2, be the solutions of the following problems with 0 <
a<pf,c¢>0:

i a9 (0)
dp cip T — [RCERET ¢ € (o, B) 2.7)
¥i(B) = Bi-
If Y1(@)a(p) > 0 in (a, B) (md there e:msts 7 a, B) such that/f >0 for go €
(v,8), then if ¢; > ¢o and c( pﬁ >c pﬁ we h(we c Pay > ¢ (p 1/)

for any ¢ € (, 8).
Proof. From (2.7) we see that
d(Cépil)/p'lp]_ . cgpfl)/pqh) cgpfl)/pcgpfl)/p(pq—mf(@)

de - [1h14ha |/ (P 1)
% (\c(p 1/171/) |1/(p 1)-1 (p 1) /pw It (p— 1)/p¢ ‘1/(p 1)-1 (p 1/p¢)

_ cgpfl)/pcgpfl)/p(p—m(ci/p . Cé/p).

For simplicity, we define w, = cép_l)/pwl, wo = cgp_l)/pd)g and

Jwi |V P=D =10y () — Jwa| Y/ P=D 1wy ()

F((,O) wl(@) - w2(<p)

1
71|w1|1/(p_1)_1(s0) otherwise.

if wi(p) # walep),

Therefore, we have

d(w1 . (.02) Cgp_l)/pcgp—l)/P@quf(w)

dy |h1ape |/ (P=1)

F(p) (w1 — wa)
_ Cgpfl)/pcgpfl)/p(p—m(ci/p - cé/p)'

Let

e oty [€ ST ()F
G(p) = (w1 — w2) () exp{ — ey 1)/1”/7 7¢1¢:|gi)<p(f>) ds}’ v €(ah).

Then we have

dG —1 -1 —my 1 1
a& cgp )/pcép )/p (Cl/p - Cz/p)

dep .
® sq—m
(r—1)/p_(p— 1>/p/ s f(s)F(s) }
X ex C C 7d8 .
p{ b . o] /D

Recalling that ¢; > co, ¢ (p 1)/pﬁ > cép_l)/p,é’l, we obtain

— >0, lm G 0, € (o, B).
1 Jim (¢) < v € (o, )
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Therefore, we have
G <0 forype(apf),

which implies cgp_l)/pwg > cgp_l)/pﬁjl for ¢ € (a, 8). The proof is complete. O

LEMMA 2.8. Assume that m > 1. Let I'(p, ) be the path curve of the first equation
of (2.5) entering into E from (1,0), and let 1 () be the corresponding solution.

6 1 1
/ s f(s)ds = 0,
0
then, for any ¢ > 0, I'(p,v) does not intersect the w-azis when ¢ € [0,1) and
(p) = —oc0 as p — 0.
i) If
1
/ s f(s)ds <0,
0
then, for sufficiently small c > 0, I'(p, 1) intersects the @-axis when ¢ € [0,1).
Proof. The proof is simple and similar to [19], so only an outline is given.

(i) Firstly, by throwing out the first term cop~™, and with the help of the fact that

/1 s f(s)ds >0
©

for any 1 > ¢ > 0, it is easy to obtain that I'(¢, %) does not intersect with the
p-axis when ¢ € [0, 1). Furthermore, by using this result, we consider this problem
in the domain (0, ) for an appropriately small 6 > 0 and obtain that 1 (p) = —o0
as p — 0.

(ii) This result can be obtained simply by taking a large wave speed ¢ such that
I'(p,10) does not intersect with the y-axis when ¢ € [0,1) (see lemma 2.6) and
combining with comparison lemma 2.7 (see [19] for more details). O

Now we give a necessary and sufficient condition for the existence of smooth and
non-increasing travelling wavefronts.

PROPOSITION 2.9. Assume that m > 1 and that (H) holds.
6) 1 1
/ s f(s)ds = 0,
0

then, for any ¢ > 0, (2.5) admits no solution. That is, there is no decreasing
and smooth travelling wavefront of (1.1) with 6, =1, 83 = 0.

i) 1
/ s17™f(s)ds < 0,
0

then there exists a unique wave speed ¢* > 0 such that (2.5) admits a unique
solution. That is, (1.1) admits a unique decreasing and smooth travelling
wavefront with 1 =1, 82 = 0 if and only if c = c*.
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Proof. Part (i) is a direct consequence of lemma 2.8. So it suffices to show (ii). Let
A={c>0; I'(p,) intersects the p-axis when ¢ € [0,1)},

where I'(p, 1) is the orbit of (1.2) entering from (1,0) into E = {(p,¢); 0 < ¢ <
1,4 < 0}. Lemmas 2.6 and 2.8(ii) imply that A is bounded and non-empty. Let
c¢* = sup A. Then ¢* > 0. Let I'* be the corresponding orbit, and let ¥*(¢) be the
corresponding solution of (1.2). We shall show that ¢* is the wave speed required.
We first show that ¢* € A. Suppose the contrary. Similarly to the proof of the last
part of lemma 2.8(1), it is easy to show that lim,_,o+ 1*(p) = —oco. Take {¢;}5° C A
with ¢; / ¢* and (@), I; being the corresponding solutions and orbit. Let ¢; be
the first point of intersection with the ¢-axis on [0, 1) along the orbit I; starting from
(1,0). By lemma 2.7, we see that ¢; > 0 is non-increasing. Let po = lim; o ; > 0.
If o > 0, then ¥* (o) = 0 from 9;(p;) = 0, which contradicts the statement that
I'* does not intersect with the @-axis when ¢ € [0,1). Thus, ¢y = 0; namely,
lim; 4 o0 ¢; = 0. Furthermore, similar to the proof of proposition 3.2, we obtain

*

* — c* ’ —M, /% —1)— * C
WP = L [ 0 s - P

©
qg—m

P /0 sT7™Mf(s)ds

by letting ¢ — oo.

This is clearly a contradiction, since 1)* () — —oo as ¢ — 0T. Therefore, we have
c* € A, which means that I'* intersects the p-axis when ¢ € [0,1). Denote the point
of intersection by (¢*,9*(¢*)). In what follows, we show that ¢* = 0. Suppose the
contrary; specifically, assume that ¢* > 0. Note that ¢*(p) is increasing in (a, 1)
(see figure 2), which implies that * < a. Recall that f(s) < 0 for s € [0,a) and

dp. o 0l f(p)
- <1 B |wc|1/<p—1>—1wc>'

dp
By the continuity of the curve with respect to ¢, indeed, by replacing ¥ with —),
we see that the above equality equals

1

PP/ D) () = ﬂ/ (s~myp/ =D () 4 s97M f(5)) ds.
p— 1 ©

It is clear that v is continuous on ¢ for b > ¢ for any fixed € > 0, while, for the

case in which ¢ is near 0, by the fact that the term ¢'/®~1 is small, we still have

continuous independence on c¢. Then we have

dy.

1m
[ RE A ng

Therefore I'(p,1.) must intersect with I.. By using a phase-plane analysis, it is
not difficult to see that ¥.(¢) must admit two extreme points 1, w2 with 0 < @1 <
P* < pg < a as ¢ > ¢* sufficiently approaches ¢*, since I'(p,.) does not intersect
with the y-axis according to the definition of ¢* and A. Thus, we have

dvpe(p1) _ dte(p2)
de de

:O7
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which implies that

Ye(pi) = 1PV f (@) P2 f (i), i=1,2.
Letting ¢ \, ¢* yields

V(") = " PV (") PR (07),

which implies that f(¢*) = 0 since ¢*(¢*) = 0, that is, ¢* = a, which is a con-
tradiction. In addition, the uniqueness of ¢* can be obtained from the proof of
lemma 2.7.

Finally, we discuss the uniqueness of solutions when the speed ¢ = ¢*. Suppose
the contrary, that is, that problem (2.5) admits at least two solutions 11 and 5.
Without loss of generality, we assume that there exists a ¢y € (0,1) such that

V1(p0) < ¥2(po). Note that
(2 = 91) (po) = o™ f(p0)g(w0) (P2 — 1) (o),

where | |1/( 1)—1 | ‘1/( o1
e el 7 i W
f
9() = (2d) V@D — 1) if g2 # 1,
p%lWﬂ*l/(pfl)fl N

Thus, if g € [a, 1), then we have (2—11)(p) > (Y2—11)(po) for any ¢ > @, which
contradicts ¥2(17) =1 (17) = 0. If g € (0,a), then (¢2—¢1)( 0) < (Y2 —11)(p)

for any ¢ < g, which contradicts ¥, (07) 1(07) = 0. Summing up, we complete
the proof. O

Combining lemmas 2.6 and 2.8 with proposition 2.9, we obtain the following
detailed conclusions for the existence of smooth or non-smooth solutions.

THEOREM 2.10. Assume that m > 1 and that (H) holds, and let ¢* be given as in
proposition 2.9.

(i) 1f )
/ s f(s)ds = 0,
0

then, for any ¢ > 0, (1.1) admits a unique decreasing and non-smooth travel-
ling wavefront ¢(t) with 6, =1, 6 =0 and ¢’ (t1) =0, ¢’ (t2) = —oo.
(i) If
1
/ sT™mf(s)ds <0,
0

then, for ¢ > c¢*, (1.1) admits a unique decreasing and non-smooth travelling
wavefront p(t) with 6, = 1, 62 = 0 and ¢’ (t1) = 0, ¢’ (t2) = —oc. For
0 <ec<c*, (1.1) admits a unique decreasing travelling wavefront (@) with
0p =1, 02 =a and ¢, (t1) =0, —o0 < ¢’ (t2) < 0. If c = c*, (1.1) admits a
unique decreasing and smooth travelling wavefront with 8, =1, 5 = 0.
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INCATY)

Figure 3. The case in which travelling wavefronts are increasing for any ¢ > 0.

We give a group of figures depicting trajectories for the case in which m > 1.
The cases in which travelling wavefronts are decreasing are shown in figures 4
and 5.

3. The case m < 1

In this section we consider the case in which m < 1 with f(s) satisfying assumption
(H). We first study non-decreasing travelling wavefronts.
Consider the following variational equation:

A i A C2)
dp ~ Y T Ve D1y

¥(1) =0,
Plp) >0, »e(01),

where 6 > 0 and (6,1) is the maximal existence interval of .

The local existence of the solution () is known from remark 2.5. As a prepara-
tion for establishing necessary and sufficient conditions for the existence of smooth
non-decreasing travelling wavefronts, we first present the following non-existence
result.

pe(0,1),

PrROPOSITION 3.1. Assume that m < 1. If

1
/ s f(s)ds <0,
0

then, for any speed ¢ > 0, there is no non-decreasing smooth travelling wavefront
connecting 0 and 1. However, problem (1.3) admits a unique non-decreasing travel-
ling wavefront with 01 = a, 0 = 1 and ¢/ (t1) > 0, ¢’_(t2) = 0 for any ¢ > 0. That
is, problem (8.1) with 8 = a admits a unique solution.

Proof. Suppose the contrary. Recall that

v _ m(l_ 01 £ () )
dp ~ ¥ [[1/=D=14)
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Figure 4. The case in which fol s9TMf(s)ds < 0: (a) 0 <e< ™, (b) e=c", (c) e > .
implies that

p— 1d|yp|P—1/p
p de

since ¥ > 0. Integrating from ¢ to 1 yields

= cp VPV — et f(p) = —cptT T f (),

1

|| P~ /P () </ s f(s) ds.

%)

We therefore have
[P~ 7P(p) < 0

as ¢ — 07. This is a contradiction.
The second conclusion is a direct result of theorem 2.4 and remark 2.5. O
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Figure 5. The case in which fol s17™f(s)ds > 0 for any wave speed ¢ > 0.

As a supplementation of the previous proposition, we consider the case in which

1
/ s f(s)ds > 0.
0

PROPOSITION 3.2. Assume that m < 1 and that

1
/ 7™ f(s)ds > 0.
0

Let T'(p, 1)) be the path curve of problem (3.1) starting from (1,0), and let .(v)
be the corresponding solution. There is ¢* > 0 such that

(i) if c=c*, I'(¢,1.) connects 0 and 1,

(i) if ¢ < c*, I'(p, ) does not intersect with the -azis when ¢ € [0,1),

(iil) if ¢ > ¢, I'(p,v.) intersects the p-axis for ¢ € (0,a].

Proof. For a fixed 0 < g < a, let

M = sup and 1 = a(p — o).

quf(QD) a= (ZM)p—l
ve(a1) (¢ — o)t/ P~1)7

Then we have _
di.
de

A direct calculation yields

dg ST

e . om (1 9l (e) )

for any ¢ > 2a, ¢ > ¢o. In addition, we also note that ¢.(17) > 9.(17). Then we
have t.(p) > 1.(p), which implies that 1.(¢) intersects the p-axis at some point
© 2 ¢o. In addition, by a phase-plane argument, we see that I'(p,.) does not
intersect with the ¢-axis for ¢ > a. Therefore, for sufficiently large ¢ > 0, ¥, must
intersect with the p-axis at (0, a].
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In what follows, we show that when c is sufficiently small I'(¢,.) does not
intersect with the p-axis at [0, 1). Let 1), = ¢~ (P=1/P4), for any ¢ > 0. Then consider
the following problem:

dije _ o
%ZCI/Z)@ W—W; 906(971)a
(1) =0,
P(p) >0, @e(61).

(3.2)

where (6,1) is the maximal existence interval of .. Firstly, we have

Il () B

dp =~ g0 7 TG

where M = max,c[q,1) f(). Integrating from ¢ to 1 yields

Mp
(p—1)(g+1-m

In addition, by (3.2), we further obtain that

PP/ (p) < )(1 —pTTm), (3:3)

p—1

» (p+1)/p 1/p p1
> —cl/P <> ( ) / sTM(L— sTTTm) P s
p—1 qg+1— °

1

+ Ll s f(s)ds

1 1 1
B0 =S8 [ ass 2 [y
" p—1

Clearly, when c is appropriately small, we have @C(ap) > 0 for any ¢ € [0,1), since
1 1
/ sIT™f(s)ds > / 7™ f(s)ds > 0.
7] 0

In what follows, we show that there exists ¢* > 0 such that I'(¢p, z/}c*) intersects
the @p-axis at (0,0). Let ¢* = inf{c;c € A}, where

A= {c>0;I(¢,v.) intersects the p-axis when ¢ € [0,1)}.

From the above discussion, we see that ¢* is well defined. We now show that 120*
connects 0 and 1. We first show that ¢* € A. From the definition of ¢*, we see that
there exists a sequence ¢; € A with ¢; \, ¢*. Correspondingly, let ¢; be the first
point of intersection with the -axis on [0,a] along the orbit F((p,i[)ci) starting
from (1,0). By lemma 2.7, we see that 1/;@ is increasing on ¢, which implies that ;
is decreasing, namely ¢; > @; 41 for any i € N. Let

"= lm ¢y, 7/30*(90): lim 7/}0@( )-

1—+00 1——+00
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Noting that 1;(y;) = 0 and that

d(|o|P/ =) pel/p

—m g Y e-D)-1 _ P q-m
s P il Yi - fle),
by integrating from ; to ¢ we see that
/p ¢
- . pc - m
Do)/ =1 = _1/’5 ¢(ym9n@_447/ S f (s
b Pi Pi

From Levi’s theorem [17], and noting that lim;_, ;o ©; = ©*, we obtain

¥ ~
lim / s (s)V/ P dg = / 7% ()Y P~V ds  for any ¢ € (¥, 1).
@i

i——4-00 ©*

Thus, letting ¢ — oo, we obtain

- 1/p e . ®
P (p)p/ - = B2 / sy (s)/ PV ds — L - / s97" f(s)ds
©* ®*

p—1 p—
and }
P (p*) = 0.
In what follows, we show that ¢* = 0; otherwise 0 < ¢* < a. We have
lim % = +o0,
c et p—p* dgﬁ

since _

% _ 1/p, —m _ (qumf((p)

=_cC © _
d(p wi/(l’*l)

from the continuity of the curve with respect to c. Therefore, we also have that

for ¢ € [p*/2, p*], since 1, is increasing for ¢ € (0,a). In addition, recalling (3.3),
we also see that zZJC is bounded uniformly. Thus, F(cp,zzc) must intersect with the
p-axis as ¢ < ¢* sufficiently approaches ¢*, which contradicts the definition of ¢*.
Moreover, by the definition of ¢* we see that, for any ¢ < c*, F(go,lzc) does not
intersect with the p-axis for ¢ € [0,1). In addition, by the monotonicity of z/;c on
the ¢, and combining with the proof of lemma 2.7, it is also easy to see that, for any
¢ > c*, I'(p,1).) must intersect with the p-axis at (0, a). Summing up, we complete
the proof. O

Combining propositions 3.1 and 3.2, we present the following existence results
for non-decreasing travelling wavefronts. In particular, a necessary and sufficient
condition for the existence of smooth solutions is given in the theorem.

THEOREM 3.3. Assume that m < 1 and that (H) holds, and let ¢* be given by
proposition 3.2.
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6) ¥ 1
/ s f(s)ds <0,
0

then, for any ¢ > 0, (1.1) admits no non-decreasing and smooth travelling
wavefront. However, it does admit a unique non-decreasing and non-smooth
travelling wavefront ¢(t) with 01 = a, 62 =1 and 0 < ¢/, (t1) < +00, ¢'_(t2) =
0.

(i) If 1
/ 7™ f(s)ds > 0,
0

then, for ¢ # ¢*, (1.1) admits no non-decreasing and smooth travelling wave-
front with 6, = 0, 83 = 1. However, for ¢ > ¢*, (1.1) admits a unique non-
decreasing and non-smooth travelling wavefront p(t) with 6, = a, 62 = 1
and 0 < ¢, (t1) < 400, ¢’ (t2) = 0. For 0 < ¢ < c*, (1.1) admits at least
one non-decreasing and non-smooth travelling wavefront o(t) with 6; = 0,
02 =1 and ¢’ (t3) =0, 0 < ¢/, (t1) < Ho00. If c = c*, (1.1) admits a unique
non-decreasing and smooth travelling wavefront with 6; =0, 65 = 1.

Next we consider the non-increasing travelling fronts.
Consider the following variational problem:

dy —m omf
@:CQD _Mv ¢€(971)7
W(1) =0, 34

Plp) <0, »e(6,1),

where (6,1) is the maximal existence interval of ¢.
As for the non-decreasing solutions, we first present a non-existence result for
non-increasing solutions.

PrOPOSITION 3.4. Assume that m < 1. If

1
/ S0 f(s) ds > 0,
0

then, for any speed ¢ > 0, the trajectory of problem (3.4) satisfies ¥(p) < 0 for any
p€[0,1).
Proof. Firstly, we see that

A Ay A C2)
dp ~ ¥ T pVe-D1y

cp?™™ f(p)

G

Since . < 0, then we also have

-1 1
P/ (p) > ¢ / ST f(s)ds > 0,
©
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which means that 1) < 0 for any ¢ € [0,1); that is, ¢, does not intersect with the
p-axis. The proof is complete. O

The following proposition supplements the results of the previous proposition by
considering the case in which

1
/ s f(s)ds < 0.
0

PROPOSITION 3.5. Assume that m < 1 and that

/01 s f(s)ds < 0.
Let I'(¢, 1)) be the path curve of the first equation of problem (8.4), and let ¥.(p) <
0 be the corresponding solution. Then there is ¢c* > 0 such that
(i) if c=c*, I'(¢, ) connects 0 and 1,
(i) if ¢ > ¢*, I'(p, ) does not intersect with the p-azis when ¢ € [0,1),
(iil) if 0 < c< c*, I'(p, 1) intersects the p-axis for ¢ € (0,a).

Proof. We first show that, for sufficiently large ¢ > 0, ¥, does not intersect with
the @-axis for ¢ € [0,1). Let
M= sup P V|f(p)P.
»€(0,a)

Then we have ¢.(¢) = cpo™™ for ¢ € [a,1). Integrating from a to 1 yields
< _
Ye(p) < 1—m

Then for any ¢ > M(1—m)/(1 —a'~™), . does not intersect with I'., which also
means that 1. does not intersect with the ¢-axis. Now we show that, for sufficiently
small speed ¢, ¥, intersects the p-axis at some point ¢ € (0,a). By lemma 2.7 we
see that, for any fixed ¢y where 9., does not intersect with the p-axis, we have

€ (1-a"m).

1 1
|wclp/(p_l):ppicl/ S_m|wc(8)|1/(p—1)ds+]%/ s97™f(s) ds
- ® -

@

D c 1/p r1 1) P 1
<cl — | — $T e, (s p= ds—l-i/ sI7" f(s ds).
(2 (2) [ o) L [

Therefore, for sufficiently small ¢ > 0, there must exist a ¢y € [0,a) such that
Ye(pp) = 0, since

1
/ s f(s)ds = 0.
0
Similarly to the proof of proposition 3.4, we define ¢* = sup{c;c € /i} with
A ={c>0; I'(p,v,) intersects the p-axis when ¢ € (0,1]}.

From the above discussion, we see that ¢* is well defined. The following arguments
are similar to those of proposition 3.4, and so we omit the proof. O
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Figure 6. The case in which fol s97™ f(s)ds < 0 for any ¢ > 0.

REMARK 3.6. Similarly to the proof of theorem 2.4 and proposition 2.9, it is not
difficult to obtain the uniqueness of trajectories connecting the two points (1,0) and
(0,0). It is also easy to obtain the uniqueness of trajectories starting from (1,0)
and going to (a, ).

Combining propositions 3.4, 3.5 and remark 3.6, we present the following exis-
tence results for non-increasing travelling wavefronts. In particular, a necessary and
sufficient condition for the existence of smooth solutions is given in the theorem.

THEOREM 3.7. Assume that m < 1 and that (H) holds, with ¢* given by proposi-
tion 3.5.

(i) If
1
/ s f(s)ds > 0,
0

then, for any ¢ > 0, (1.1) admits no decreasing and smooth travelling wave-
front. However, it does admit a unique decreasing and non-smooth travelling
wavefront p(t) with 6 =1, 03 =0 and ¢/, (t1) =0, —oo < ¢’_(t2) < 0.

(i) If
1
/ s f(s)ds <0,
0

then, for ¢ # ¢*, (1.1) admits no decreasing and smooth travelling wavefront
with 01 = 1, 03 = 0. However, for ¢ > ¢*, (1.1) admits a unique decreasing and
non-smooth travelling wavefront p(t) with 6, = 1, 6 = 0 and ¢, (t1) = 0,
—00 < ¢’ (t2) < 0. For 0 < ¢ < ¢*, (1.1) admits a unique decreasing and
non-smooth travelling wavefront o(t) with 6, = 1, 62 = a and ¢, (t1) = 0,
—00 < ¢’ (t2) < 0. If ¢ = ¢*, (1.1) admits a unique decreasing and smooth
travelling wavefront with 6; =1, 65 = 0.

Figures 6-9 depict the trajectories for the case m < 1. Figures 6 and 7 show the
case in which travelling waves are increasing, while figures 8 and 9 show the case
in which travelling waves are decreasing.
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Figure 7. The case in which fol sTTMf(s)ds > 0: (a) 0 <ec<c; (b) e=c"; (¢) e>c".

4. Regularity of smooth wavefronts

Now we turn our attention to the regularity of travelling wavefronts. More precisely,
for non-decreasing travelling wavefronts, we investigate the finiteness of ¢;, and for
decreasing travelling wavefronts, we investigate the finiteness of ¢5. It should be
noted that if t; = —oo or ty5 = 400, then the corresponding solutions are classical
in the whole domain R x (0, +00). From §§2 and 3 we see that the equation may
have smooth non-increasing and non-decreasing travelling wavefronts. The following
theorem shows the regularity for non-increasing solutions, namely, the finiteness
of tg .

THEOREM 4.1. Let ¢(t) be the non-increasing and smooth travelling wavefront of
(1.1) with f satisfying (H) corresponding to ¢* as determined in proposition 2.9.
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Y4

|

Figure 8. The case in which fol s17™f(s)ds = 0 for any wave speed ¢ > 0.

i) fm>21lwithd<qg<l,orm<1lwithd<g<1andm+p>1+gq, then
to < 400.

(ii)) Ifg=21, or0<g<1lwithm <1 and m+p<1+q, then to = +0c0.
Proof. (i) When m > 1, let
2p71 * 1/(m+q(p—1)—1)
A= min (5N, o =minf{ G (20 }
q

0<p<a/2 2’ p—1)Ar-1

AV
v =-(3) oo

We assert that ¢¥(¢) < ¥*(¢) for all ¢ € (0,0). Indeed, if the assertion were not
true, then there would exist g € (0,0) such that 1 (pg) = ¥*(¢o). Thus, we have

and

kol =cp 1— —*olJ\FOJ

def,—p 0 [1h (o) [t/ (P=1)
S <o <1 0 (o) D
< _C*(pom.

In addition, we also note that

dy* AV -1t
=—q(p—1) () o
d(p p=rwo 2
> —c'py™
>
d(p P=%o
since
op—1 1/(m+q(p—1)-1)
< —— .
=T (q(p - I)A’”)
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Figure 9. The case in which fol sTTMf(s)ds < 0: (a) 0 <e<c™; (b) e=c"; (¢) e>c".

Let
G={pc[0,00); ¥(e) <V*(9)}

We will show that G = @). Otherwise, let
p1 = sup{p € [0,00); Y(p) <¥*(p)}.

We clearly have 1 > 0, since ¥(0) = ¢*(0) = 0, and we also have ¥ (¢1) = ¥* (1)
from the definition of ;. According to the above arguments, we obtain

dy* dy

> —_

de dep

p=r1

p=r1
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From the definition of ¢, we also have

dy*
de

<
de

=01 =1

This leads to a contradiction. Thus, we have ¥(p) = ¢¥*(p) for all ¢ € [0, po). We
further obtain
dy* _ dy

o > a0 for any ¢ € (0, ¢p).

Integrating from 0 to ¢ yields
¥(0) > P(p) — ¥ () +¢7(0) > 0,
which contradicts the fact that 1¥(0) = ¢*(0) = 0. Hence, we have, for all ¢ € (0,0),

d
I = @M ()

< [P (@) [V P TLp* ()
=—14p%

Take 71 € (t1,t2) such that ¢(11) = o/2. Then ¢(t) € (0,0) for all t € (71,t2).
Integrating from 71 to 7o with t; < 7 < 70 < 9, we obtain

2 (el 2 (11 2
To—T1 < —— —dsg—/ —ds= ———,
A () 8 A Jy s4 A(l—q)
since 0 < ¢ < 1. According to the arbitrariness of 75 with 75 < t5, we conclude that
to < 400.
When m < 1, let A = minogwga/2{|f(g0)|},

w* = _O‘SDB7

where 8 = max{(p — 1)(1 —m + ¢)/p,q(p — 1)} and « is a sufficiently small con-
stant that is to be determined. In what follows, we show that ¢ (¢) < ¥*(p) for
© € (0,a/2). Suppose, to the contrary, that there exists a ¢g € (0,a/2) such that
¥(po) = ©¥* (o). Then we have

dy
dey

q
*x —m 900‘f(¢0)| >
=c'yp 11— ———7——
=0 0 ( 9 (p0) [/ P=1)
Apd
< cFoTm _ 0 .
< g <1 Oél/(pl)soé}/(p—l)>

By a direct calculation, we see that

dy
de

dy*
P=%o d(,O

$Y=ro
is ensured by

* l—m— crA 1-m—pB4+q—38/(p—1
Fop ﬁ+aﬂ<m% a=B/(p=1)
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Clearly, if we choose sufficiently small « then the above inequality holds, since

Bzap-1),1-m—pF+q—p5/(p—1) <0. We claim that ¢(p) > ¥*(p) for
» € (0,¢0). Indeed, if this is not true, we define

I'={p € (0,00); ¥(p) <v*(p)}.

Then I" # (). Let
p1 = sup ¢.
pel’
Clearly, we have 0 < @1 < o and ¥(p1) = ¥*(p1), since ¥(0) = *(0) and
¥(o) > ¥*(po). Then we have

dv| _dv

dgo P=%1 dcp p=r1

On the other hand, by the definition of 1, we also have

awl v
de p=p1 de =1

which is a contradiction. That is, ¥(p) = ¥*(¢) for ¢ € (0,¢0). As above, we
further have

dy  dy”

— < .

dp — dy
Integrating from 0 to ¢ for ¢ € (0, ¢q) yields

Y(p) <™ (),

which is also a contradiction. Accordingly, we have ¥(¢) < ¥*(¢) for ¢ € (0,a/2).
Set 7 with ¢(71) € (0,a/2). Then ¢(t) € (0,a/2) for all t € (71,t2). Integrating
from 7 to 5 with t; < 71 < 75 < t3, we obtain

/SO(Tz) 1
T —T1 = —_ 7 dS
w(11) |7/)‘1/(p71)71w(8)

»(71) 1
B /wz) PRGN

1
</ o1/ (-1 g=B/(-1) g
0

P—1 _ip-)
< ———a /e
p—1-p

since 3 < p — 1. Furthermore, by the arbitrariness of 7 with 7 < t2, we conclude
that to < +o0.

(ii) First we consider the case in which ¢ > 1. Let B = maxo<e<a |f(¢)[P7 > 0.
For any fixed ¢g € (0,a), if
dy
d(p P=%0

~ b
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then
Bleo) > ol OIS (o) P2 (p0) 2 — B,
while if
d
y o
P lo=¢o
let
. dy
o1 =inf ¢ € (0,¢0); o >0 for all s € (¢, o) ¢
w=s
Then
d
dy =0 and —w>0 for all ¢ € (¢1,¢0)-
de p=r1 ds@

It is obvious that 0 < @1 < (g, since 1(0) = 0 and ¥(p) < 0 for ¢ € (0,1).
Therefore, we also have

Y(po) > P(p1)
= 1PV F(e) P2 f (1)
> —Bga(f(p_l)
q(p—1)

> —Byp, .

Thus, we obtain that, for all ¢ € (0,a),

d 1) _

& = (@) (p) > —BY D,

Integrating the above inequality from 7 to 7o with t; < 71 < 7o < t3, we obtain
w(m2) q

BY®D(ry — 1) > —/ —ds

o) $7
e(m) q
z/ — ds.
o(ra) 7

Letting 72 — t2, and noting that ¢(t2) = 0 and ¢ > 1, we obtain t3 = +00.
Furthermore, if ¢ < 1, m < 1 and m + p < 1 4 ¢, by noting that

% ok, —m C*Soq_mf((p)
dp 7 T (@)D ()
c ™™ f(p)

()M (P=D=1e) ()

we may infer that

dly|/*~b _ pet Apc*
dp 7 p-
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Integrating from 0 to ¢ yields

Apc* qm+1>(171)/10

b < (G D?

which implies that

ApC* I (p—1)/p
e (e e )

Thus,

L () (p)

2 ( Apc* wqm+1)1/p.
(p—1D(g—m+1)

Integrating the above inequality from 71 to 7 with t; < 7 < 79 < ta, we obtain

* 1/p p(2)
( Ape ) (o —m1) 2 —/ s~ @=mFD/P 4,
(P —1)(g—m+1) o)

Letting 72 — t2, and noting that ¢(t2) = 0 and (¢ — m + 1)/p > 1, we obtain
t2 = +OO
The proof of the theorem is now complete. O

We now turn to a discussion of the regularity of smooth non-decreasing travelling
wavefronts, and more specifically, the finiteness of ¢;.

THEOREM 4.2. Let o(t) be the non-decreasing and smooth travelling wavefront of
(1.1) with f satisfying (H) for ¢ = c*, which is determined by proposition 3.2. Then

(i) if m+p > min{2,1 + q}, then t; > —oo,
(ii) f m+p < min{2,1 + g}, then t; = —o0.
Proof. (i) Let A = mingg,<q/21]f(¢)|}. Then by the equation

A A )

dp 7 S D)
it is easy to see that

W

*, g—m
S ¢y and dy e f(p)
de

de = Qpl/(l’—l)
for 0 < ¢ < a/2. Integrating from 0 to ¢ for ¢ < a/2 yields

C 1-m
7/}(410) Z 1= m@
and 1)/
Apc* q+1_m>l)_ p
00> (s T
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Setting 72 with ¢(72) € (0,a/2), for any 7 with t; < 71 < 72 < t2, we see that

/w(‘&) 1
Ty —T] = ——X——ds
() Y1/ (=1 (s)

(72) .
< / Bs™1 ds,
(1)

B = max { (1 ;7”)1/(1)_1), ((p - 1)21;*1 —m) )l/p}

. . {lm q+1m}
¢* = min , .
p—1 p

where

and

By a simple calculation we see that ¢* < 1, since m + p > min{2, 1 + ¢}. Letting
71 — t; and noting that p(¢1) = 0, we obtain t; > —oo.

(ii) Let A = maxo<,<a{|f(¢)|} and ¥* = ap?, where

(p—1(g+1-m)
S

ﬂ:min{l—m,

and « is a sufficiently large constant to be determined. We claim that () < ¢¥*(p)
for ¢ € (0,a/2). Otherwise there exists a g € (0,0) such that ¥*(pg) < ¥(po).

Then
R ©3.f (o)
- (1= )

< _
SC g al/(p—l)wg/(p_l)

dy
de

P=%o

A direct calculation yields

dy
de

d *
< W

; (4.1)
P=%o d(p

p=%o

which is ensured by
*Aw(l)—m-i-q—(pﬁ)/(p—l)

al/(P—l)

cFop P < < af.
Observe that 1 —m —5>0,1—m+q— (p8)/(p —1) > 0 since

(p—l)(q+1—m)}.

p

[ = min {1 - m,
Therefore, for sufficiently large «, (4.1) holds. Thus, we have

Y(p) =" (p) for ¢ € (0,¢0).
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Indeed, if this were not true, we let

I'={p € (0,90); Y(p) <™ (p)}.
Then I" # ). Let

©1 = sup .
pel’

Clearly, we have 0 < ¢1 < o and ¥(p1) = ¥*(p1), since ¥(0) = *(0) and

¥(po) > ¥*(po). Then, similarly to (4.1), we have

aw| v
delo—p, de oy,

Furthermore, by the definition of ¢, we also have

dv| o dur
dgo p=p1 dcp p=p1

which is a contradiction. Hence ¥(p) = ¥*(p) for ¢ € (0,¢p). Similarly to (4.1),
we obtain

Ay dy*
— f .

Integrating from 0 to ¢ for ¢ € (0, pp), we obtain

V() <P (p),

which is also a contradiction. Therefore,

Y(p) <P*(p) for p € (0,a/2).

Hence, fixing 7 with ¢(72) € (0,a/2), and for any 7 with t1 < 71 < T2 < ta, we
obtain

/4/7(72) 1
Ty —T1 = ————ds
() P/ (P=1)(s)

»(72)
> / a1/ =1 =B/-1) g
@(m1)

Note that 5/(p — 1) > 1, since m + p < min{2,1 + ¢}. Letting 71 — t1, and noting
that ¢(t1) = 0T, we have t; = —oo. The proof is complete. O
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