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Abstract
In this paper we analyze the asymptotic finite time blow-up of solutions to the
heat equation with a nonlinear Neumann boundary flux in one space dimension. We
perform a detailed examination of the nature of the blow-up, which can occur only at
the boundary, and we provide tight upper and lower bounds for the blow-up rate for
“arbitrary” nonlinear functions F', subject to very mild restrictions.
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1 Introduction: the basic problem

Let 2 = (0,1) C R and u(x,t) a solution to the heat equation

ou  0*u
— —— = 1 t<T 1
5% a2 0, 0<z<l, 0<t<T , (1)
for some 1" > 0, with the nonlinear Neumann boundary conditions
ou
—a—(oﬂf) = F(u(0,?), 0<t<T , (2)
x
ou
a_(l7t) = F(U(Lt)) , 0<t<T (3)
x
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and initial condition
u(z,0)=f(z), 0<z<1 . (4)

Precise assumptions about the function F' will be stated later, but in general F' should be
strictly increasing and grow superlinearly. There is a higher space-dimensional version of the
problem in which wu(z,t) satisfies % —Au=0for0<t<Tandz€QCRY N>2 with
Neumann boundary condition 3% = F(u) on 9.

The solution u(x,t) will frequently “blow up”—that is, become unbounded—in finite
time. In particular, it is well known, in any space dimension, that if the initial condition
f is of one sign then blow-up in finite time is assured (if the function f changes sign then
the solution need not blow up; see for instance [2].) Early results on blow-up for the heat
equation with nonlinear boundary conditions were obtained in [9] and [13], where the authors
demonstrate the inevitability of blow-up for certain types of nonlinear boundary conditions
and initial data, as well as for variations of the heat equation itself. Considerable work has
been done on the problem (1)-(4) to determine, for example, where in Q the function u
will blow up (in general, on some subset of 9f2), to provide upper and lower bounds on the
time at which blow-up will occur, and to provide upper and lower bounds for the solution
near blow-up. Most of this work has been done for nonlinear functions F' of rather specific
forms, typically F'(u) = u? for p > 1 or F(u) = €*. Many variations of the above basic
model have also been examined. The articles [1, 5, 8] provide a more complete survey of
results concerning the blow-up of solutions to the heat equation with these types of nonlinear
boundary conditions.

In many papers, for example [4, 6, 7, 10, 11], special attention is given to the problem
in one space dimension; see also [3]. In this case equations (1)-(4) can be distilled down
to a pair of, or even a single, nonlinear integral equation(s). Results from the theory of
nonlinear integral equations can thus be of use. In particular, [12] provides a nice survey of
recent results for these types of integral equations. However, sharp results on the asymptotic
growth of the solution near blow-up—whether for the heat equation or the integral equation
formulation—exist only for the power law case F'(u) = u?, the exponential case F(u) = e,
or simple variations of these.

As already indicated, the present paper considers only the one space-dimensional case.
In the first part, Section 3, we present a simple proof of the well known fact that initial
data of one sign leads to finite time blow-up, and we provide an upper bound on the time at
which blow up must occur. In Section 4 and subsections we establish quite sharp upper and
lower bounds on the growth (in time) of solutions near blow-up. The bounds are in terms
of the functions F(u)/u and F'(u), or rather, their inverses. Our upper and lower bounds
for the solution behavior near blow-up are new as far as the generality of F’s are concerned.
For F' of polynomial or exponential type our bounds coincide with already known bounds.



2 Assumptions about F' and an integral equation for-
mulation

We begin by making some very general assumptions about F', namely that
F € C*R), Fis odd (F(—u) = —F(u)), F'(0) =1, and F"(u) > 0 for u > 0. (A1)

Note that the last assumption implies that F’(u) is strictly increasing for u > 0. The
assumption that F’(0) = 1 is for convenience; we really need only that F’(0) > 0. By the
odd symmetry we have F'(0) = 0. We shall also require that F' grow superlinearly in the
sense that

F'(u)
F(u)

for some positive constants M and 6;. We note that

' (u)
d [ F Uy — (149)
(B =
du u1+5 u2+25

u

21+517 UZM7 (A2>

and so according to assumption (A2) (and the fact that F'is odd, with F(u) > 0, u > 0) it
follows that

F(u)

||—1+5 , lul > M, is strictly increasing for any < §;
u

and non-decreasing for 6 = d; . (5)

The facts that F'(0) = 0 and F”(u) > 0 for u > 0 are easily seen to imply that F(u) < uF’(u)
when v > 0, and therefore

F
|(T) is strictly increasing on all of R . (6)
u
From (5) and (6) it follows that
()]
[ >c>0. (7)

The facts that F(0) = 0 and F’(0) = 1 ensure that the quantity |F(u)|/|u|**** tends to oo
as u limits to 0. We note that the strict monotonicity of F’(u) and F(u)/u for u > 0 imply
the existence of well defined (positive valued) inverses for these functions, say, for arguments
larger than 1.



Define uo(t) := u(0,t) and u;(t) := u(1,t). A standard argument involving the funda-
mental solution to the heat equation and integration by parts shows that (provided w is
sufficiently regular) the pair (uo(t), u1(t)) satisfy the coupled nonlinear integral equations

() — /O Kyt — s)us(s)ds + / Kot — ) F(uy(s)) ds

+/OtK2(t—s)F(u0 ds+—/ e f (8)

ui(t) = /OKl(t—s)uo(s)ds+/ Ks(t — s)F(ug(s))ds

+/0tK2(t—s)F(u1 ds+—/ 3 (@) de 9)

e 1 e~
S Ky(t) = — Kj(t) = — .
aymer 0 K== Kalt) =T

The solution u(z,t) to the initial-boundary value problem (1)-(4) is then given by

where

Ki(t) = (10)

(=12

( t) / (a— y)z d 1 t e 4t—s) F d
ulx, = —|— u
2v/mt i Vr(t—s) 1
3 — 1= e) ¢ s
+ - ))ds + x/ e—”u()(s) ds
Vr(t—s) 4/ (t — s)%/

_(z=1)?

+ (1—x)/t c 0 ————uy(s)ds . (11)
) T/ = s)r

for 0 <z <1land 0 <t < T. A standard contraction mapping argument shows that for
any f € C°[0,1] the equations (8)-(9) possess a unique continuous solution on an interval
[0,T"), for some T" > 0, and in fact both uy and u; belong to C*[0,T) for any o < 1. If f
is non-negative then ug, u1, and u(z,t) are non-negative; indeed, if f(z) > 0 and f is not
identically zero, a simple maximum principle argument applied to (1)-(4) shows that for any
fixed time ty > 0 we have u(x,ty) > fy > 0 for some constant fy and all z € [0, 1] (provided
u(z, ty) exists).

3 Upper bound on the blow-up time

Let H(u) be an anti-derivative for 1/F(u) for v > 0. From the assumptions (Al) and
(A2) (in particular, the consequence (5)) it’s easy to see that H(u) is strictly increasing
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and has a finite limit as u — oo. By addition of a suitable constant we may assume that
lim, .o, H(u) = 0. The function H is invertible, with H(u) < 0 for u > 0. Also, since
F(0) =0 and F'(0) =1 we find that

H(u) = In(u) + O(1) (12)

for u near 0. The inverse function, H !, is strictly increasing with lim,_o- H !(z) = co.
Let “erf” denote the error function

2 z
erf(z):ﬁ/ e de , 2>0 ,
0

and let fy be a fixed positive number.
We note that erf(z) = % + O(2?) for z near zero, and therefore erf(1/(2v/t)) behaves

asymptotically like 1/v/7t as t — 0o. As a consequence of this and (12) it now follows that

—/mtH (foerf(1/(2v/t))) behaves asymptotically like @lnt :

as t — oo. From the fact that erf(z) limits to 1 as z — oo we also easily see that
—V7mtH (foerf(1/(2vt)))  behaves asymptotically like — H(fo)v/wt |
as t — 0. Consequently the equation
= VR H (foerf(1/(2V) (13)

has at least one positive solution, and indeed it has a smallest positive solution t;. We
proceed to establish the following result.

Proposition 3.1 Let F satisfy assumptions (A1) and (A2). Suppose f(x) > fo for some
positive constant fo, and let ug, uy denote the solutions to (8)-(9). Let t; denote the smallest
positive solution to (13). Then there exists 0 < t* <ty such that

(1) wo and uy are both in C[0,t*) for some a > 1/2

(2) at least one of the functions uy and uy fails to be bounded as t approaches t*

Proof: The contraction mapping argument referred to in the previous section establishes
the existence of continuous solutions g and u; on some interval [0, ) with ¢ > 0. Moreover,
up and u; must belong to C*[0,t) for any o < 1 on such an interval [0,¢). Define

T =sup{t >0 : u; € C*0,t) N L>=(0,t)} .
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If T is finite then at least one of these two functions must fail to be in L*>°(0,7") (otherwise
the contraction mapping argument yields existence beyond T'). There are potentially two
possibilities: (1) T' < ¢y, or (2) T' > t;. In the first scenario we know that at least one of the
functions ug and wuy is in L>°(0,¢) for any ¢ < T but not in L*(0,7T). This partially verifies
the proposition with ¢t* =T < t;. We now proceed to show that the second scenario cannot
occur, thus completing the proof of the proposition.

Let’s focus on the left end of the domain (x = 0) and the function u(t), and suppose we
are in the second scenario. Consider equation (8). Since the functions uy and wu; are positive
and bounded we see that the integrals involving u; are positive and finite for any t < T'. As
a result we can drop these terms to obtain

/Ot Ky(t — s)F(uo(s))ds + —/ e~ w f (14)

for 0 < t < T'; the function u; has completely dropped out. We shall show that the above
inequality alone implies that ug blows up at ¢; at the latest — a contradiction to the basic
assumption of the second scenario (T > t;). This will complete the proof of Proposition 3.1.
Using the monotonicity of the error function we can bound

1ot e 1
\/?/06 i f(x)dx >—/e 4tdx—f0 erf<\[>>f0~erf(2\/ﬂ> ,

for 0 <t < t;. From (14) we then have

up(t) > /Ot Ks(t — s)F(ug(s))ds + fo - erf <2\;E> :

for 0 <t < t;. After insertion of the formula (10) for K, this yields

w(t) > 7/ \/L ds + fo - erf( f)
S
> V) ds + fo - erf(2%> , (15)

for 0 <t < t;. Let



so that v/(s) = F(ug(s)) and ug(s) = F~(v'(s)). The estimate (15) now reads

F2'(s)) >

v(s)—l—fo-erf( > , 0<s<ty .

1
2Vt
Since F' is strictly increasing this implies v'(s) > Fv(s)//7t1 + fo - erf(1/(2/t1))], which

we may rewrite

V'(s)
F [v(s)/v/mti + fo - erf(1/(2v/8))]

As before, let H(u) < 0 be the anti-derivative of 1/F(u), v > 0, that satisfies lim,_.o, H(u) =
0. Since v(0) = 0 integration of the inequality (16) from 0 to ¢ < ¢; yields

oo () -

>1, 0<s<t . (16)

\/FH{ v(®) + fo- erf(

i 2/
T ()] ()]

Note that the right hand side of (17) must be negative, and thus lies in the domain of
definition of H~'. We now apply H ! (strictly increasing) to both sides of (17) to arrive at

T T ) R e PR

As t < t; approaches t; the expression

(e (i)

(o)) o

Since H™!(z) tends to oo as z — 0~ it follows that

Hl[ ! —l—H(fo'erf(

approaches

1
N 2\/5))} — 0, as t — t; from below.



The inequality (18) implies that v(t) becomes unbounded as t approaches ¢; from below, and
s0 ug(t) also becomes unbounded as t approaches ¢, from below. Indeed, a direct combination
of (15) and (18) yields the following lower bound for w(t)

W%U(t) + fo-erf <2\2§>
> H‘l{\/%qLH(fo-erf(%\/t_l))} D 0<t<t

This establishes the impossibility of the second scenario (7" > t;), and completes the proof
of the proposition.

up(t) >

Remark 1 In Proposition 3.1 we can relax the condition f(z) > fy to f(z) > 0 with f
not identically 0. To see this simply note that if f(z) > 0 and is not identically 0 then the
maximum principle guarantees that u(z,€) > f., where f. is a positive constant, for some
fixed € > 0. We may now apply Proposition 3.1 with € as the initial time. ¢; thus gets
replaced by t; + ¢, where #; is the smallest positive solution to t = —v/7tH( f.-erf(1/(2v/1))).
Proposition 3.1 also holds if f(x) < 0 with f not identically 0. To prove this we simply
replace u by —u, and note that, due to the odd symmetry of I, this function solves the same
initial boundary value problem as u only with f replaced by —f.

Remark 2 As noted in the introduction, if the initial condition f changes sign then blow-up
need not occur. In [2] we show that sign-changing solutions with certain symmetries may
in fact decay to zero if f is “small enough”, while other solutions with the same symmetries
must blow-up in finite time.

4 Asymptotic bounds near blow-up

In the following two sections we provide a more detailed study of the asymptotic structure
of solutions to equations (1)-(4) near the time of blow-up. The nonlinearity F' is of a very
general superlinear nature, with the very mild assumptions (A1) and (A2) described in
Section 2. From the the representation formula (11) for u(z,?) in terms of the initial data
and u(0,t), u(1,t), it is clear that blow-up at time ¢* always implies blow-up at one or both
boundary points. As we shall see later (after establishing an upper bound for endpoint
blow-up) the solution always stays bounded in the interior, even when boundary blow-up
occurs. In general, blow-up will happen at one boundary point, and the solution will remain
bounded at the other.



In the remainder of this section we shall assume that ug(t) := w(0,t) and uq(t) := u(1,t)
are sufficiently smooth and defined on [0,¢*), that u; becomes unbounded near t* < oo, but
that uo remains bounded (the pathological case in which blow-up appears simultaneously
at both endpoints requires a slightly different analysis which we do not present here.) For
simplicity we assume that u; attains arbitrarily large positive values as t approaches t*. From
the integral formulation (9) we know that u; € C'*[0,t*) is a solution to

1 P EF(uy(s))
ui(t) = ﬁ/o ﬁdﬁq(t) : (19)

where ¢ is a C'! function on the closed interval [0,¢*]. In Appendix A we prove the following
monotonicity result.

Proposition 4.1 Let ¢(t) be a function in C*[0,t*) for some o > 1/2, 0 < t* < o0, and
suppose ¢ satisfies an integral equation of the form

H{(s, ¢(s))
Vi—s

where P € C'(—o00,00) is strictly increasing, q € C*0,t*], and H € C'([0,t*) x (—00,00)).
Assume that H(s, z) is nondecreasing in each argument with

P - | t ds + g

lim H(s,z) = o0

zZ—00

for each fized s € [0,t*), and assume that

lim sup ¢(t) = oc.

t—t*
For R € (inf ¢, 00) let tp € [0,t*) be defined as
tp=inf{ t€[0,t") : ¢(t)=R } .
Then there exists R such that ¢(t) is strictly increasing for tp <t < t*.

Remark 3 Proposition 4.1, in combination with the fact that w; attains arbitrarily large
positive values as t approaches t*, shows that u; is strictly increasing in some interval (1, ¢*).
By changing the initial time, if necessary, we may without loss of generality assume that
is positive and strictly increasing on the whole interval (0,t*).



We now proceed to establish upper and a lower bounds for the blow-up of behavior of u;
near t*. In brief, we shall prove that

Ki(F)HC V= t) Su(t) < KoG7H (Co/(VE = 1)) (20)

for constants K; and C;, and v larger than, but arbitrarily close to 1. The function G
is defined as G(u) = F(u)/u. Note that as part of the assumption (Al), F(0) = 0 and
F"(u) > 0 for w > 0. It follows immediately that G < F’, and therefore due to the
strict monotonicity of F' and G (both are increasing for positive arguments) we obtain
(F)~' < G7! for positive arguments. However, let us note that the bounds (20) are still
true even when F(0) # 0 and provided only F(u), F'(u), and F"(u) are positive for u
sufficiently large; see Remark 6. We suspect that the presence of v > 1 in the upper bound
is a technical artifact, but we are presently unable to derive the bound with v = 1.

4.1 Lower bound for growth

Proposition 4.2 Let F satisfy assumptions (A1) and (A2). Let ug(t) and uy(t) be C*[0,t*)
solutions to equations (8)-(9) for some 0 < t* < 0o. Suppose that uy(t) remains bounded and
that uy(t) attains arbitrarily large positive values for t near t*. Let K* denote the constant

K*:l—limsupzﬂszs(i)>0 and let 0 < K < K*, and 0 < C < \/7/2. Then

wi(t) = K(F)"H(C/Vt 1)
for t near t*.

Proof: As discussed in Remark 3, we may without loss of generality assume that u;() is
positive and strictly increasing for 0 < ¢t < t*. For 0 <t < t+ h < t* we have from equation
(19)

t+h
w(t+h) = / i+h—sd +qlt+h)
/ s+ L P (ua(s))
\/t—i-h—s Nz \/t+h—3

< \/_/ d+F(u1t+h \F/ \/ﬁdﬁq(wm

= u(t) + Q%F(ul(t +h))+q(t+h)—q(t) ,

ds+q(t+h)

10



where the inequality follows from 0 < F(uy(s)) < F(uy(t + h)) for 0 < s <t + h. We now
use the fact that |¢(t + h) — ¢(t)| < C,h to obtain

h
wr(t+ ) — 2 (e + 1)) < () + Cyh (21)
NZS
for 0 <t < t+h < t*. Note that since ¢ € C'*[0,t*] we can choose C, independently of ¢ and
h. Let (G;, denote the function
h
Gh(z) =2 — Z%F(az‘) :
For a given z > uy(t) consider that (unique) h such that u;(t + h) = z. Equation (21) shows
that
Gr(z) < uy(t) + Cyh.

The above inequality leads to a lower bound for h (e.g., when A = 0 the inequality is violated,
for it becomes z < uy(t)). For fixed z > u;(t) the quantity G, (z) is strictly decreasing in h,
and limits to —oo as h increases, so there is a unique h, > 0 for which

Gh.(2) = w(t) + Cyh.. (22)

This h, provides a lower bound for the value of h for which w;(¢t + h) = z: in other words,
h, < h. We can solve equation (22) for h, to arrive at

~ F*(2)
2

q

h. (24+p—2y1+Dp)

with p = %(:)1('5)) A simple (but asymptotically sharp) lower bound on h, can be obtained

from the fact that 24+p —2y/1+p > 2(;;;;) for all p > 0. We obtain

[2(z)  p?
C2r 2(p+2)

m(z —uyi(t))?
AF2%(2) +2C,m(z — w1 (t))

h.

Due to the superlinearity of F' we obtain, for any Cy < 1 (and sufficiently large values of
uy(t)) that

(23)



for any z > wuy(t), where u;(t + h) = z. The constant Cy is independent of ¢ and h.
Let v = uy', which is well-defined, since u; is strictly increasing. Using the notation
uy1(t) = z; we have v(z) — v(z1) = h, and the inequality (23) may be written

(z — 21)?

v(z) —v(z) > Cy F202)

(24)

with ] = %. This inequality holds for any sufficiently large z; and all z > z;. We know
that u; blows up monotonically as ¢t — t*, and so v is strictly increasing, with

lim v(z) = t".

For ¢ > 0 sufficiently small we now choose z; = u;(t* — €) so that v(z;) = t* — €. Since
v(z) < t*, z1 < z, the estimate (24) now yields

(2 — 21)?

N Te

<w(z) —v(z) <e (25)
for all z > z;. We get as much out of the estimate (25) as possible by taking that z > z;
which maximizes the left hand side. It’s easy to see that there is a unique such z, for the
left side of (25) equals 0 when z = z;, tends to zero as z — oo, and has a stationary point

z = 2 that satisfies
F(=1)

£ — 26

21 F/(Zik) 21, ( )

easily found by differentiating the left side of (25). That the equation (26) has a unique
solution 2] > z; is a consequence of the fact that the function z — 5,((’?), z1 < z, is strictly

increasing (a consequence of F” > () with

W<Zl ) and ,Z'ILI?OZ_F’(Z):

Z1 —

The latter assertion is a consequence of assumption (A2), which implies

F(z) 1
< 1 2
P2 1406 (27)
for some 95 > 0, and so
Fz) _ F(z)
z F’(z)_z(l ) — 00 asz— 00 . (28)



From (27) and (28) it furthermore follows that with K™ as defined in the statement of the
proposition
F(Z) 52

K*=1-1i >
PP T 110

>0 ,

and that, for any K < K*

)
=2

Fr(z7)

for z; sufficiently large. Of course this implies that

* *

*
21<

21
— 2
<2 (29)

for z; sufficiently large. If we use z = 2§ in (25) then (26) gives

1
- <
e =

which in combination with (29), and the fact that F” is increasing, yields

1
CER) =

for z; sufficiently large. We conclude that, with C' = /C',
22 K(F')7H(C/Ve) (30)

for z; sufficiently large. Inequality (30) yields a lower bound on the growth of u; near ¢* if
we note that z; = uy(t* — €), namely

u (t* —e€) > K(F')(C/ve) , for e sufficiently small ,

or

u(t) > K(F)"Y(C/vt-—t) , fort near t* .

Here C = /C) = /Cor/2 < /m/2 can be arbitrarily close to y/7/2, and K < K* can be
arbitrarily close to K*. This proves Proposition 4.2.
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Remark 4 To illustrate the above bound, let us consider a couple of typical examples. With
F(u) = sinh(u) it’s easy to check that K* = 1. In this case Proposition 4.2 yields a lower
bound of the form

uy (t) > Karccosh(C/(t* —t)Y/?) = —% In(t* —t)+0O(1) ,

for any K < 1.
For F(u) = |u[P"'u + u with p > 1, Proposition 4.2 gives

uy (t) > K, (t* — t)*l/(Q(Pfl)) ’

for some positive constant K, smaller than, but arbitrarily close to (y/7/2)Y ?=Dp=p/(P=1 (p—
1). It is easy to check that K, must approach 0 as p — 1, and that K, may be picked arbi-
trarily close to 1 as p — oc.

4.2 Upper bound for growth

In order to establish an upper bound on the solution near blow-up we shall make one more
assumption on the behavior of F', in addition to those of Section 2. We shall require that

There exists M > 0 such that F’(u)/F(u) is non-increasing for u > M. (A3)

This assumption and those of Section 2 are all satisfied, for example, by F(u) = |u[P~ u +u,
p>1, and F(u) = sinh(u). Assumption (A3) implies that F'(u)/F(u) < K, for M < u and
some constant K. Integration then yields F'(u) < Cef2v for M < u, and from continuity
we obtain F(u) < Cye®2" for some constant Cy and all u > 0. In combination with (7) we
conclude that our assumptions about F' imply the existence of constants K; > 1 and positive
constants K, C, Cy so that

Ciufr < F(u) < Coe®2® for all u > 0.

The apriori assumptions about the solution u near t* are as in the previous section; that
is, we assume that uo(t) := u(0,¢) and uy(¢) := u(1l,t) are smooth and defined on [0,¢*),
that u; becomes unbounded near t*, but that ug remains bounded. For simplicity we assume
that u; attains arbitrarily large positive values as ¢t approaches t*. Finally we recall that
up € C%[0,t*) (any a < 1) satisfies the integral equation (19) where ¢ is a C! function on
the closed interval [0, ¢*].

Proposition 4.3 Let the assumptions be as in Proposition 4.2, and additionally suppose
that (A3) holds. Then for any v > 1 and any K > 1 there ezists a constant C such that

w(t) < KG™H (C/(VE—1)7)
for t near t*. Here G(u) = F(u)/u.
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Proof: As argued in Remark 3, we may without loss of generality assume that wu;(¢) is
positive and strictly increasing for 0 < ¢t < t*. Let b,, n > 0, be a sequence that limits to
infinity, starting with by > u;(0). Indeed, let us suppose that we have b, = b(n) for some
strictly increasing function b(z) of a real variable . Let a,, € (0,t*) be chosen (uniquely) so
that uy(a,) = b,. Note that 0 < ag < a; <...<a, < apy1 < ... with a, — t*, as n — oo.
We then have

bn = U (an)

[ Fwl)ds
~ o s A

_ N [ Flw(s))ds
= 2 Va5
0)

>,

> Sf/%HFgﬁfjﬂg+ﬂ%)
k=0 On

= nzl / . F%bkldz +q(an)
k=0 % "

a
n—1

= ZZF(bk)(\/an —ap — vVa, — ars1) + qlay)

k=0

Z 2F(bn—1)\/ Qp — Qp—1 — Q ) (31>

where we use that u is strictly increasing, and ¢(a,) > —@Q, and drop all but the k =n — 1
term in the last sum. A little rearrangement of (31) yields

(bn + Q)*
<
1=, )

Ay —
and a straightforward telescoping summation then shows

iy <t 3 LrQE

2
4 k=m+1 F (bk_l)
We let n tend to infinity to find
= (b
Foa, < 1 Z (b +Q)?

F2bk1
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From now on we take b, = byd* for some fixed d > 1, and so based on the previous estimate

. 1 o (b +Q)?
Foa < Ly ey

wmgn F7(bx1)
1l & (b + Q)2
g 2. F2(by_y)

Since @ is fixed and by — 00, as k — o0, it follows that, given any D > 1,

*D < b2
tr— < 2
= ;p(bk) (32)
for m sufficiently large. Define
S PR
- =b ) 33

Note that ¢ > 0, and that ¢ is strictly decreasing in m, with ¢(m) — 0 as m — oo. Of
course, ¢ is defined only on the non-negative integers, but we may extend ¢ to a function
with the same properties on the non-negative reals. From (32) we have

d*D d*D

 —aw < Tl0m) = Lo u(an)

since b~ (u(a,,)) = b~1(b,,) = m. Divide both sides above by d*D/4 and apply the strictly
decreasing function ¢ = bo ¢~! to both sides (which reverses the inequality) to find

uan) <0 (0"~ an) 3

for m sufficiently large. We note that ¢(s) — oo as s — 0F. Given e sufficiently small we
have t* — € € [am-1,ay,) for some m > 1 (with m — oo as € — 0). The estimate (34) then
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yields (recall u(a,,) = by,)

u(t" —e) <ulan,) = u(am—1)

< di (%(t* _ aml))

< @ (5) - )

for m sufficiently large, or e sufficiently small. Here we can take any D > 1 (though D closer

to 1 may require smaller €). It only remains to bound ¢. Comparison to an integral shows
that, with ¢ defined by (33), we have

) [ele] d2x . [e’e] d2x
- R <b 7y
O/m Fabeae) 10 < Olm) < O/m_l F2(byd=) “*

where we make use of z/F(z) strictly decreasing for z large. The change of variables y = byd®

ield
o ! /OO Ldy<gb(m)< ! /OO Ldy . (36)
In(d) Jogam F2(y) = ~ In(d) Joygam— F?(y)

Now 1 = bo ¢!, so that ™1 = ¢pob™!, that is, v~ (p) = ¢(logy(p/by)). In conjunction with
(36) this yields bounds

L[y 1 I [y
mwé.mwwgw@“mwéwmw@' (37)

Lemma B.1 of Appendix B asserts the existence of constants C; and 0 < 5 < 1, (dependent
upon F' and d, of course) such that

o) y p2 B
——dy < C (—) forallp>1 |,
/p/d F2(y) "\ F2(p)

which upon combination with the last estimate of (37) gives the upper bound

C p2 B
)< — (=—)] . 38
0% 55 () )
The constant C'; may be taken arbitrarily close to ﬁ, where §; is the constant from the

superlinearity assumption (A2). If we define G(z) = F(z)/z and L(z) = 1&1)# then

17



inequality (38) can be written 1 ~!(p) < L(G(p)) for p sufficiently large. Since 1) is strictly
decreasing in its argument, and since L(G(p)) — 0 as p — oo (note L(G(p)) is also strictly
decreasing in p), we conclude that 1(z) < G™Y(L71(2)) for z sufficiently close to zero. This

yields
CE o)

. In combination with (35) this gives

where Cy = < G

1/(28)
1n(d)>

C, DY @B q1/B
* —1 2
e =9 <6 (S )

Cy, DY/ @B g1/B
21/,8(, [+ — t)1/5>
This is exactly an estimate of the type asserted in the statement of this proposition, with

vy=1/>1, K=d>1and C = %. As d and D approach 1, v approaches 1, K

or

u(t) < dG™* (

cl/?
2(Ind)1/2>
These last observations all follow from Remark 8 of Appendix B.

approaches 1 and C approaches which may be picked arbitrarily close to ; 7

1
(61Ind)1 /2"

Remark 5 As an example, we may consider the function F(u) = |u[P~'u + u for p > 1.
In this case G(u) = =1 + 1, u > 0, so that G~1(2) = (z — D)VP=D < C"/21/P=1 for any
C" > C and z sufficiently large. The upper bound on w,(t) then becomes

uy(t) < K'(t* — )™/ 20e=1)

for a suitable constant K’. This bound is (modulo 7) of the same form as the lower bound
in Remark 4.

As another example, consider F(u) = sinh(u). Here G(u) = sinh(u)/u and G7!(z) =
In(z) 4+ o(In(2)) as z — oco. We then obtain the bound

K
wi(t) < —”7 In(t* —t) + O(ln | In(t" — 1)|) |
where v and K can be taken arbitrarily close to 1.

Remark 6 For the validity of Propositions 4.2 and 4.3 it is irrelevant whether F' is odd
and whether F’(0) = 1. More precisely, the assumption (A1) may there be replaced by the
condition that F' € C?(R), with F, F’, and F" being positive for sufficiently large argument.

18



4.3 Boundedness of the solution in the interior

In this section we show that for each fixed € (0,1) the solution u(z,t) remains bounded
for 0 <t < t*. We suppose that ug and u; are both defined on [0,¢*), and that u; (or for
that matter, both w; and ug) blows up at ¢ = ¢* in a manner controlled by the estimate in
Proposition 4.3. As per Remark 3 we may assume that u; grows monotonically as t — t*.
According to (7), the strictly increasing function G(u) = F(u)/u satisfies cu® < G(u)
for w > 0, where §; > 0 is the constant from the superlinearity condition (A2), so that
G~(u) < éul/® for some constant é. The upper bound from Proposition 4.3 then guarantees
that for some constant C'

uy(t) < C/(Vtr — )% for t close to t*, (39)

where v can be chosen arbitrarily close to 1.
We also need a bound on F'(u;(t)), and so we shall introduce one additional assumption
on F', namely that for fixed K > 1, sufficiently close to 1,

there exist constants Cx, A and Mg such that F(Ku) < CxF(u)?* for u > Mg. (A4)

This condition is, in some sense, another type of exponential bound on the growth of F’,
and is easily checked for any specific function, e.g., it holds for F(z) = |z[P™'z + = or
F(z) = sinh(ax). With K > 1 being the constant from Proposition 4.3 we have

Fui(t)) = wi(t)G(u(?))
< w(t)G (KGl (ﬁ)) : (40)

Note that K may be chosen arbitrarily close to 1. We thus also have, for any z > M,

F(KG™(2))
KG=1(2)
(£ ( H(2))
G=(2)
= CKZA’“(G H(2)) (41)

G(KG™'(2))

< Ok

with Cx = Cx /K. Here we make use of the assumption (A4) and the fact that F(G~'(z)) =
2G71(2). If we combine the estimates (40), (41), and (39) (using z = C/(v/t* — t)7) we obtain

C
(  — t)AK'y(l—H/él)

Fluy(t)) < (42)
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From (11) we know that u(z,t) 0 < x < 1, 0 < t < t* may be represented as

_(=-1?

(e y)2 1 /[t e A
u(zx,t) y)d + ))ds
( 2/t / Y \/ T t —5)
3 e 4(t s) ¢ e 4(75 S)
m ds—i—x/ 4\/7_T(t—8)3/2u0(s>d8

(z=1)2

+ (1—I)/0 ﬁul(s)ds

It is clear that the integral involving the initial condition f stays bounded (in any norm) as
t approaches t*. The estimates (39) and (42) show that ui(s) and F(u;(s)) grow at most
like a negative power of t* — s as s — t*. At any fixed interior point 0 < xy < 1 the kernels
in the corresponding two integrals (and all their derivatives) behave like e=¢/(=) for s near
t, with ¢ > 0. For this reason it follows immediately that the integrals involving wu;(s) and
F(uy(s)) stay bounded as t — t* for any fixed x = xy € (0,1). The same argument applies
to the integrals involving wug(s) and F(ug(s)) if up blows up in a matter controlled by the
estimate of Proposition 4.3. In summary we have proven:

Under the additional assumption (A4), the solution u(zo,t) stays bounded (in any norm)

in a neighborhood of any fixed interior point xy € (0,1) , ast — t*

A Appendix: A monotonicity result

The goal of this section is to give a proof of Proposition 4.1. Before we do so it will be useful
to establish the following two closely related lemmata.

Lemma A.1 Let ¢(t) be a function in C*[0,t*) for some a > 1/2, 0 < t* < 00, and suppose
¢ satisfies an integral equation of the form

t>>=/0 %dﬁq(t)

where P € C'(—o00,00) is strictly increasing, ¢ € C'[0,t*], and H € C'([0,t*) x (—00,0)).
Assume that H(s, z) is nondecreasing in each argument and that

lim H(s,z) = oo

Z—00
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for each fized s € [0,t*). Suppose additionally that limsup,_,,. ¢(t) = co. For R € (inf ¢, 00)
let tg € [0,t*) be defined as

tp=inf{ t € [0,t") : ¢(t)=R } .
Then for any sufficiently large R there exists hg > 0 so that
¢(tR) < ¢(tR -+ h) fOT‘ O0<h<hp .

We may use a common value hg = hi > 0 for all R (sufficiently large but) in a bounded
interval 1.

Proof: For convenience define an operator () as

= [ HEAD

Given that the function P is strictly increasing we can establish the lemma by showing that
Q(o)(tr +h) — Q(¢P)(tr) > 0 when h > 0, that is,

e H(s,0(s)) " H(s, ¢(s))
tr+h 1

tr vtR‘i‘h—Sd +/ His,ols (\/tR‘Fh—S \/tR_S)dS

+q(tr +h) — q(tr)

This inequality can be written

[ 060 (= - S ) do el —atenth) (9

\/tR +h—s
tr+h H
< (s.005)
tr \/tR+h—S

Since ¢ € C'[0,¢*] we have |q(tr) — q(tr + h)| < C,h for some constant C;, independent of
tr and h. Inequality (43), and hence Q(¢)(tr + h) — Q(¢)(tr) > 0, will hold if we obtain

n 1 1 wthH (s, ¢(s))
/0 H(s,¢(s))<\/tR_S—\/tR+h_S> dsrCp< [ R s
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for 0 < h < hr. We will establish, under suitable circumstances, an upper bound I; on the
left side of (44), and a lower bound I, on the right side of (44), with I; < I,. This will
establish (44) and the lemma.

We first obtain a lower bound for the integral on the right in (44). Let R be any positive
value in interval (inf ¢, 00), and let ¢ be as in the statement of the lemma. For some constant
Co,r We have

600 — ot _
’t—tR’a >~ VYa,R

for all ¢ in a neighborhood of ¢g. The constant C, g is uniformly bounded for R in any
compact subinterval of (inf ¢, c0). In particular, for all sufficiently small A we have

[¢(tr + h) — R| < Co gh*
since ¢(tgr) = R. As a consequence ¢(tg+h) > R — C, gph®, and for s € [tg,tg + h] we have
¢(s) > R— Corh® .
For sufficiently small h the integral on the right side in (44) is then bounded below by

e H(s,9(5) oo /“%*’1 H(tr, R — Conh®)
tn Virth—s iy Vig+h—s
— 2VhH(tg, R — Cyh®) .

ds

Here we have made use of the fact that H is nondecreasing in each argument. Since H is C*
we find that

wh Hi(s, ¢(s)) % o
‘n \/Fd > 2\/_[ (tR7 ) Ca,Rh ] (45)

for some constant C‘a,R. The constant COQR is uniformly bounded for R in any compact
subinterval of (inf ¢, 00). To obtain an upper bound on the integral on the left side in (44)
we begin with

/Hqu (w s‘¢tR+1h_s)dS

1 1
g/[; H(tRaR) (\/tR_S_\/tR+h_S) o
= 2H(tg, B)(Vir + Vh = /tg +h) . <46>
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where the above inequality follows from ¢(¢) < R for t < tr and the properties of H. It is
easy to see that

1
vl—l—x—lzzx

for all 0 <z < 8. With x = h/t this inequality becomes /1 + h/t — 1 > % for 0 < h < &t.
Multiplication by —2+v/t and addition of 2v/h to both sides yields

2(\/E+\/E—\/t+h)§2f—i (47)
2Vt
for 0 < h < 8t. By insertion of (47) into the right side of (46) we obtain the upper bound
/tR H(s, 6(s)) ( SR > ds < H(tn, R) (zf - ) (43)
0 ’ \/tR—S \/tR+h—S B ’ 2@

for suitably small h. Here we use that ¢z is bounded away from 0, for instance t*/2 < tg < t*,
for R sufficiently large. If we make use of the upper and lower bounds (48) and (45) we see
that the inequality (44) (and thus Q(¢)(tg + h) > Q(¢)(tr)) will be established if

h .
Coh+ H(tr, R) | 2Vh — 2Vh |H(tr, R) — Cogh™| . 49
bt (e, 1) (217~ 7 ) < 2V [, ) Co] (49)
A cancelation and a bit of algebra show that (49) is equivalent to
H(tp, R =
(M - Oq) h > 2C, gho /2 (50)
2\/tr

Due to the monotonicity of H(-, R), and since 0 < tp < t*, we obtain (50) if we establish
that for fixed ¢; € [0, 1)

(M — Cq> h > 2C, ghot1/? (51)
2Vt

for all R sufficiently large (with tg > ¢;) and all h sufficiently small. Given the properties
of H, the coefficient of h on the left side of (51) is clearly uniformly positive if R is chosen
sufficiently large. Since the right side of (51) is O(h?) with § = a + £ we now see that
(51) holds for all sufficiently small h. This establishes inequalities (50), (49), and (44), and
the lemma. The fact that the constant éa, r is uniformly bounded for R in any compact
subinterval of (inf ¢, 00) immediately implies that we may use a common hr = hj for R
sufficiently large, but in a bounded interval I.

As a consequence of the previous lemma we obtain
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Lemma A.2 Let the notation be as in Lemma A.1. There exists Ry with the property
that for any R > Ry one may find hg > 0 so that ¢ is strictly increasing on the interval
[tR, tp + hR]

Proof: For a given sufficiently large R, let hg be as asserted by Lemma A.1. Let I be the
compact interval ¢([tr,tr + hg]), and let iLR = h; < hgi be the common increment that may
be used for all values in I, according to Lemma A.1. We proceed to show that ¢ is strictly
increasing on [tg,tg + BR]. Suppose t,t € [tg,tr + BR] with ¢t < £. Define T' = ¢(t); since
d(s) < R = ¢(tg) < o(t) for s < tg it follows immediately that t7 € [tg,tr + hz]. We also
have t; < t < t. From Lemma A.1, and the fact that the same h r may be used for all values
in I (and thus for T") it now follows that

o(tr) < ¢(s) forall s e (tr,tr + hg]

In particular, since tp <t < tp + hp < tr+ izR, it follows that

o(t) = o(tr) < o(t)

which completes the proof.
Using Lemma A.2 it is now fairly simple to give the proof of Proposition 4.1.

Proof of Proposition 4.1 : We shall show that ¢ is strictly increasing on the interval
[tr,,t*), where Ry and tg, are as in Lemma A.2. To this end we define

t* =sup{t : tp, <t <t*, and ¢ is strictly increasing on the interval [tz,,?] }

It is clear that * < ¢*, and from Lemma A.2 we know that tz, < #*. The function ¢ is
strictly increasing on the interval [tg,,t*) if and only if * = ¢*. We proceed by contradic-
tion: Suppose tp, < t* < t*. By continuity we know that ¢ is strictly increasing on the
interval [tg,,*]. If we define T = ¢(#*) then we have Ry < T and t7 = t*, and so by Lemma
A.2 we conclude that ¢ is strictly increasing on some interval [tr,tr + hy] = [t*, T + hy),
hr > 0. By combination with the strict monotonicity on [tg,, ] this yields that ¢ is strictly
increasing on the interval [tg,,#* + hr], in contradiction to the definition of £*. We therefore
conclude that t* = t*, and this completes the proof of Proposition 4.1.

Remark 7 We note that a result entirely similar to that of Proposition 4.1 holds if H is non-
increasing (in z) with lim,_, ., H(s, z) = oo, P is strictly decreasing, and limsup,_,,. ¢(t) =
—o00. The appropriate conclusion is then that ¢(t) is strictly decreasing on some interval
[tr,t*) for R sufficiently negative.
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B Appendix: An integral estimate

In this appendix we establish the following estimate, which was used for the verification of
the upper bound in Section 4.2.

Lemma B.1 Let F € C*(R) with F(u) > 0, u > 0, be superlinear in the sense of (A2) and
suppose F'(u)/F(u) > 0 is non-increasing for w > M > 0 as required by assumption (A3).
For any d > 1 there exist constants 0 < 3 <1 and C' such that

T Y <o r ’ Hp>1 52
/,,/dmy) v < (F2<p>) foraltp =1 (52)

Proof: As noted in Section 2, the condition (A2) together with the fact that F'(u) > 0 for
u > 0 implies that F(u)/u'™®, u > M, is strictly increasing for any § < §;. Therefore

Fly) o Flp/d)
y1+6 - (p/d)1+6

for y>p/d>M |

so that F(y) > (F/(g)/f?gy

L _ (/a1
PO = Fp/d)

As a result

* Yy (p/d) (1+9) ~1-25
/p/d Py S TR /p/dy i’

B p2+25 c_l 26
~ 2627 F(p/d) \p
2

S T

2642 F2(p/d)

We thus have

FQ(p)>ﬁ <y F2(p)\’ P’
lim sup < / dy < limsup ( )
p—so0 p? prd F2(Y) oo P> 20d?F?(p/d)
1 F?5(p)
— li 2(1-8) )
262 el ? TR (p/d)
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We shall now show that the limsup on the right in (53) is finite. Since the expression

(52 [

is bounded for p in any bounded interval (1, V), the boundedness of the lim sup is sufficient
to verify the estimate of this lemma. Let H(u) = F'(u)/F(u). For a fixed d > 1 choose
K;—1
dK, —1
where K; = 1+0; > 1 and §; is the constant in the superlinearity assumption (A2). Clearly
0 < B < 1. Note that this choice for 3 yields
1 1-8
g dK.3
Since H(u), u > M is positive and non-increasing we have H(u) < H(u/d) for u > Md, and
so with 3 given by (54)

8= (54)

1.

H(u)
Hujd) =
1 1-p
~dB dK.3
1 1-p8 1
T 43 Bu dKi/u
1 1-p 1

S @B T Hld) o

for u > Md. The last inequality in (55) follows from (A2) in the form H(u/d) > dK;/u. We
multiply both sides of (55) by GH (u/d) to obtain
1 1-
BH(u) < EH(u/d)—Tﬁ for u > Md . (56)
Integration of both sides of (56) from v = Md to v = p (note that H(u) = F'(u)/F(u)) and
simplification yields

FP(p) < CF(p/d)p”"

with C = %. The boundedness of the lim sup in (53) follows, and this proves the
lemma.
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Remark 8 Note that with 3 given by (54) 8 will approach 1 as d approaches 1. Moreover,
the constant C' in the proof of Lemma B.1 also approaches 1 as d — 1. The constant C' in
the estimate (52) can be taken as

1 -,  F*»(Md)M>P

C=3%a2" = 20d2°F2(M)

where 3 is given by (54). As a consequence a possible constant C' that may be used in (52)
will approach 2—16 as d — 1. Here 0 may be picked arbitrarily close to d;, the constant from
the superlinearity assumption (A2).
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