
Resolving the one-dimensional

autonomous flow-free explosion problem

James T. Murphy III∗

Faculty advisor: Gautam Iyer†

Department of Mathematical Sciences
Carnegie Mellon University

July 25, 2014

Abstract

We introduce the explosion problem for semilinear elliptic and
parabolic PDEs. The explosion problem is a question of existence
of nonnegative solutions to −Lφ = λg(x, φ) and nonnegative global
solutions to ∂tφ−Lφ = λg(x, t, φ). Under certain conditions there
is a λ∗ > 0, called the explosion threshold, for which λ < λ∗ im-
plies a solution exists, and λ > λ∗ implies no solution exists. In
this paper we focus on the one-dimensional elliptic case. Our main
result is the explicit calculation of the explosion threshold λ∗ for
the one-dimensional autonomous flow-free problem −φ′′ = λg(φ).
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1 Introduction

1.1 The explosion problem

In its most general form, the explosion problem is a question about positive solutions to semilinear
elliptic PDEs of the form {

−Lφ = λg(x, φ) x ∈ Ω
φ(x) = f(x) x ∈ ∂Ω

(1.1)

and parabolic PDEs, possibly with different types of boundary conditions, of the form ∂tφ− Lφ = λg(x, t, φ) (x, t) ∈ Ω× (0, T )
φ(x, 0) = f(x) (x, 0) ∈ Ω× {0}
φ(x, t) = b(x, t) (x, t) ∈ ∂Ω× (0, T ).

(1.2)

We would like to understand under what conditions these PDEs have solutions, have unique,
maximal, or minimal solutions, what kind of regularity solutions have, and fast numerical schemes
to compute solutions when they exist.

An interesting observation is that PDEs of the form (1.1) or (1.2) often exhibit dichotomous behavior
depending on whether the positive parameter λ is large or small. In particular, under certain
conditions, there exists a critical λ∗ > 0, called the explosion threshold, such that

(a) in the elliptic case, for all λ < λ∗ the problem (1.1) has at least one nonnegative solution,
while for all λ > λ∗ there are no nonnegative solutions to (1.1), and

(b) in the parabolic case, for all λ < λ∗ the problem (1.2) has at least one nonnegative solution
which is global in time (T =∞), while for all λ > λ∗, any solution to (1.2) blows up in finite
time.

Later we will be precise about the exact assumptions we will need for the one-dimensional case.
For now, we provide generic assumptions which are commonly seen for the higher-dimensional case.
Frequently, Ω is taken to be a bounded, open, simply connected domain in Rd with smooth bound-
ary. Positivity, monotonicity, and convexity assumptions are made on g, as well as fast growth
conditions. For the case g = g(φ), fast growth usually means one of g′(s) → ∞, g(s)/s → ∞, or∫∞
0

1
g(s) ds <∞, and the canonical examples to keep in mind are g(s) := es and g(s) := (1 + s)p for

p > 1. The linear operator L is typically taken uniformly elliptic of the form L := 4− u · ∇ for a
smooth divergence-free vector field u which is tangential to ∂Ω. In this situation, one may view the
elliptic and parabolic problems respectively as steady-state and time-dependent advection-diffusion
systems in an incompressible fluid with nonlinear source terms.

The existence of the critical λ∗ for the elliptic case was largely developed by Keener and Keller
[16], Joseph and Lundgren [13], and Crandall and Rabinowitz [5]. As for the parabolic case,
Sattinger showed in [22] the relationship between lower and upper solutions of the elliptic problem
and global solutions to the parabolic problem. Namely, if φ and φ are lower and upper solutions

to the elliptic problem respectively, then for any continuous initial data ϕ with φ ≤ ϕ ≤ φ, there
is a global solution to the parabolic problem with initial data ϕ which stays bounded between φ

and φ. Moreover, [22] also showed that with zero boundary conditions, if there is a global solution
φ to the parabolic problem with initial data ϕ := φ, where φ is a lower solution to the elliptic
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problem, then φ ↗ φ̃ as t → ∞, where φ̃ is a solution to the elliptic problem. Note that since g
is assumed to be positive, φ := 0 will always be a lower solution to the elliptic problem, so the
previous statement can at least be applied in this case.

More recently, effort has been spent to understand how mixing with different incompressible flows
affects the explosion threshold. Intuitively, the explosion threshold exists because hotspots develop
in the fluid. When λ is large, these hotspots become so hot that their existence would imply that
the solution to the elliptic problem must be φ := +∞ everywhere. This also gives reason to why
we focus mainly on divergence-free flows. If we were allowed to compress our fluid towards a
point, surely we could make a hotspot as hot as we want. Amongst incompressible flows however,
compression towards a point is not possible since divergence-free flows preserve volume.

Furthermore, stirring by an incompressible flow u is actually known to improve diffusivity in the
sense that the principal eigenvalue µ1[u] of the problem{

−4φu + u · ∇φu = µ1[u]φu x ∈ Ω
φu(x) = 0 x ∈ ∂Ω

is never larger than the corresponding µ1[0] for u := 0. From this intuition we may expect that
the explosion threshold λ∗(u) with stirring by an incompressible u is always larger than the
explosion threshold λ∗(0) with no stirring. Novikov showed in [19] that when Ω is a ball, indeed
λ∗(0) ≤ λ∗(u) for incompressible flows u. Surprisingly, this does not appear to be the case when Ω
is not a ball. Kagan et. al. showed numerically in [14] that in a long thin rectangle with g(s) := es

there is an incompressible u with λ∗(u) < λ∗(0). Furthermore, Iyer et. al. showed in [12] that
with g(s) := 1, unless Ω is a ball, there is an incompressible u which creates hotspots in the
sense that ‖φu‖∞ >

∥∥φ0∥∥∞. In [3], Berestycki et. al. studied how much stirring can change the
explosion threshold. In particular, they presented bounds on λ∗(u) that are independent of the
advecting flow u, and they characterized when the explosion threshold tends to∞ under fast stirring.

In this paper, we take steps towards explicitly computing the explosion threshold by looking at the
one-dimensional autonomous flow-free case −φ′′ = λg(φ). In this specific case, we will be able to
completely characterize solutions to the differential equation, and doing so will allow us to give a
formula for the explosion threshold λ∗. It is our hope that the ideas in this paper will be generalized
or applied in such a way as to uncover a formula for λ∗ in the higher-dimensional cases.
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2 The one-dimensional flow-free case −φ′′ = λg(φ)

2.1 A formula for λ∗

We direct our attention to the one-dimensional case. Say Ω := (a, b) with a < b. In one dimension,
the only divergence-free u are constants, and of these only u := 0 is tangential to ∂Ω. Hence we
will consider the explosion problem for{

−φ′′ = λg(φ) x ∈ (a, b)
φ(x) = 0 x ∈ {a, b} . (2.1)

We claim that we can go so far as to provide the form of any nonnegative solution φ of (2.1), if one
exists, for any non-constant, continuous, increasing, convex g : [0,∞) → (0,∞), and that this will
allow us to explicitly compute λ∗. First we need a regularity lemma about solutions to (2.1), then
we state the main theorem.

Lemma 2.1. Any solution φ of (2.1) satisfies φ ∈ C2([a, b]) so that −φ′′ = λg(φ) holds on [a, b].
Moreover, if g ∈ Ck([0,∞)) for k ≥ 0, then φ ∈ Ck+2([a, b]). The only assumption on g we require
for this lemma is continuity.

Theorem 2.2. There is λ∗ > 0 such that for all λ < λ∗ the problem (2.1) has a minimal nonnegative
solution, and for all λ > λ∗ the problem (2.1) has no nonnegative solutions. Furthermore, λ∗ is
given by

λ∗ = sup
k>0

2

(b− a)2
Hk(G−1(k))2 (2.2)

where

G(u) :=

∫ u

0

g(s) ds, Hk(y) :=

∫ y

0

du√
k −G(u)

,

and when λ ≤ λ∗, φ solves (2.1) if and only if φ is given by

φ(x) := H−1k (
√

2λT (x)) (2.3)

where

T (x) :=
b− a

2
−
∣∣∣∣x− b+ a

2

∣∣∣∣
and k > 0 is a solution to

λ =
2

(b− a)2
Hk(G−1(k))2. (2.4)

Moreover, all nonnegative solutions φ are in C2([a, b]), and if the right derivative g′+(s) → ∞ as
s→∞, then a nonnegative solution with λ = λ∗ exists.

Theorem 2.2 gives us both a method of computing λ∗ and a method of finding explicit solutions
to (2.1). Each solution to (2.4) gives a distinct solution to (2.1), so we may convert the problem of
counting solutions to the differential equation (2.1) to finding solutions of the equation (2.4). We
postpone the proof of lemma 2.1 and theorem 2.2 in favor of giving two examples that illustrate
how the theorem can be used.
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2.2 An example computing λ∗

Consider the case g(s) := es and Ω := (0, 1). We claim that λ∗ = 8L2, where L ≈ 0.66274 is the
Laplace limit constant, the unique real solution to the equation

L exp(
√

1 + L2)

1 +
√

1 + L2
= 1.

Numerical simulations show that λ∗ ≈ 3.51383 ≈ 8L2, and if we plot against 2Hk(G−1(k))2 we find
a convincing confirmation.

8L2

k

2Hk(G−1(k))2

Figure 1: Counting solutions of −φ′′ = λeφ. Each intersection corresponds to a solution of (2.1),
two for the lowest line, exactly one for 8L2, and none above.

We proceed to prove what figure 1 suggests. We compute

G(u) =

∫ u

0

es ds = eu − 1, G−1(k) = log(k + 1),

and

Hk(y) =

∫ y

0

du√
k − (eu − 1)

=
2√
k + 1

(
arctanh

√
k

k + 1
− arctanh

√
k − (ey − 1)

k + 1

)
so

Hk(G−1(k)) =
2√
k + 1

arctanh

√
k

k + 1
.

Differentiating in k gives

d

dk

[
Hk(G−1(k))

]
=

1

(1 + k)3/2

(√
k + 1

k
− arctanh

√
k

k + 1

)
which is 0 when √

k + 1

k
= arctanh

√
k

k + 1
.
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Setting w :=
√

k+1
k we have w = cothw and k = 1

w2−1 . We note that the equation w = cothw

has a unique positive solution because w 7−→ w is increasing from 0 to ∞, while w 7−→ cothw is
decreasing. Thus we have uniquely determined a w and corresponding k. Plugging this k back in,
we find

Hk(G−1(k)) =
2

w
√
k

arctanh
1

w
=

2√
k

= 2
√
w2 − 1

so by theorem 2.2

λ∗ =
2

1− 0
(2
√
w2 − 1)2 = 8(w2 − 1).

In order that λ∗ = 8L2 we need that L =
√
w2 − 1. We check that

√
w2 − 1 satisfies the defining

property of L,

1 =

√
w2 − 1 exp(

√
1 + (

√
w2 − 1)2)

1 +
√

1 + (
√
w2 − 1)2

⇐⇒ 1 + w =
√
w2 − 1 exp(w)

⇐⇒ (w + 1)2 = (w2 − 1) exp(2w)

⇐⇒ exp(w)(w − 1) = exp(−w)(w + 1)

⇐⇒ cothw = w

which we know is true, hence our claim follows.

2.3 An example with no solution for λ = λ∗

In this section we show that it is possible for no nonnegative solution to (2.1) with λ = λ∗ to exist.
Take g(s) := 1 + 2s and Ω := (0, 1). We start with intuition and then use the theorem 2.2 to prove
our claim rigorously. The ODE in question is

− φ′′ = λ(1 + 2φ), (2.5)

and the “general solution” of (2.5) is

φ(x) = c1 cos(
√

2λx) + c2 sin(
√

2λx)− 1

2
.

Solving for the constants by applying boundary conditions gives

φ(x) =
1

2

(
cos(
√

2λx) + (csc(
√

2λ)− cot(
√

2λ)) sin(
√

2λx)− 1
)

(2.6)

from which it becomes apparent that problems begin occurring for the existence of nonnegative

solutions whenever λ ≥ π2

2 . Note that (2.6) is valid for λ not of the form k2 π
2

2 for some k ∈ N
and it does give solutions to (2.1) for arbitrarily large λ. However, those solutions with λ > π2

2
admit negative values. We plot these solutions for different values of λ in figure 2. As the figure
shows, it appears that solutions to −φ′′ = λ(1 + 2φ) have fundamentally different behavior for

λ ∈ (k2 π
2

2 , (k + 1)2 π
2

2 ) for different values of k ∈ N. In particular, from the figure and from the
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Figure 2: Sample solutions to −φ′′ = λ(1 + 2φ) plotted on (0, 1) with λ ∈ (k2 π
2

2 , (k + 1)2 π
2

2 ) for
k ∈ {0, 1, 2, 3, 4, 5}.

form of the solution (2.6) we see that nonnegative solutions blow up to ∞ as λ↗ π2

2 , so we expect

that λ∗ = π2

2 and that there is no solution with λ = λ∗. This viewpoint is good for intuition, but
not as strong as theorem 2.2. Since we do not necessarily have uniqueness of solutions to boundary
value problems, even in the linear second order constant coefficients case, we cannot argue that
(2.6) admitting negative values for some λ implies there are no nonnegative solutions for that λ,

nor can we use the fact that the formula (2.6) doesn’t make sense for λ = π2

2 to conclude that

there is no nonnegative solution for λ = π2

2 . However, theorem 2.2 is strong enough to imply these

claims. We proceed to confirm our intuition by applying theorem 2.2 to show λ∗ = π2

2 and that
there is no nonnegative solution with λ = λ∗. As in the previous subsection, we find after some
calculation that

Hk(G−1(k)) =
π

2
− arccot(2

√
k)

so that by theorem 2.2

λ∗ =
2

1− 0

(π
2

)2
=
π2

2
.

However, k 7−→ Hk(G−1(k)) is strictly increasing to π
2 , but it never attains the value π

2 . Thus by
the second part of theorem 2.2 there are no nonnegative solutions to (2.1) with λ = λ∗.
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2.4 Proof of theorem 2.2

Proof of lemma 2.1. Suppose that φ solves (2.1). The setup of the problem implies that we have
φ ∈ C([a, b]) ∩ C2((a, b)). Then for a < s < t < b we have

φ′(t) = φ′(s) +

∫ t

s

λg(φ(r)) dr.

Since g◦φ is continuous on [a, b] it follows that φ′(t)→ ` as t→ b− for some ` ∈ R. Then L’Hôpital’s
rule implies φ is differentiable at b with φ′(b) = `. In turn,

φ′(b)− φ′(s)
b− s

=
1

b− s

∫ b

s

λg(φ(r)) dr → λg(φ(b))

as s→ b−, so that φ′′(b) = λg(φ(b)). We apply a similar argument for φ′′(a) to show φ ∈ C2([a, b])
and that −φ′′ = λg(φ) holds on all of [a, b]. If g ∈ Ck([0,∞)) we may then bootstrap the fact that
φ ∈ Ck+2([a, b]) by observing that φ ∈ Cn([a, b]) and φ′′ = −λg(φ) in [a, b] implies φ ∈ Cn+2([a, b])
for any n ∈ N with n ≤ k.

Proof of theorem 2.2. Suppose that φ is a nonnegative solution of (2.1). By lemma 2.1 we know
that φ ∈ C2([a, b]) and −φ′′ = λg(φ) on [a, b]. Multiplying (2.1) by φ′ we find

d

ds

[
−1

2
φ′(s)2

]
=

d

ds
[λG(φ(s))] .

Integrating from a to x ∈ [a, b] then gives

−1

2
(φ′(x)2 − φ′(a)2) = λ(G(φ(x))−G(φ(a))) = λG(φ(x))

where here we imposed the boundary condition φ(a) = 0 along with G(0) = 0. Rearranging and
solving for φ′(x) we find that for every x ∈ [a, b]

φ′(x) =
√
φ′(a)2 − 2λG(φ(x)) or φ′(x) = −

√
φ′(a)2 − 2λG(φ(x))

where the choice potentially depends on x. We know that φ′′ = −λg(φ) < 0 so it follows that
φ′(a) > 0 since φ ≥ 0. Similarly φ′(b) < 0 and so φ’s maximum occurs in (a, b) and is unique. Call
x∗ ∈ (a, b) the unique point such that max

x∈[a,b]
φ(x) = φ(x∗). Thus the sign of φ′ does depend on x,

φ′(x) =

{ √
φ′(a)2 − 2λG(φ(x)) x ∈ [a, x∗],

−
√
φ′(a)2 − 2λG(φ(x)) x ∈ [x∗, b]

(2.7)

for all x ∈ [a, b]. Plugging in x∗ tells us that

max
x∈[a,b]

φ(x) = G−1
(
φ′(a)2

2λ

)
. (2.8)

Continuing from (2.7), for s 6= x∗ we have
√
φ′(a)2 − 2λG(φ(s)) 6= 0 and may divide to find

φ′(s)√
φ′(a)2 − 2λG(φ(s))

= 1[a,x∗](s)− 1[x∗,b](s). (2.9)
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Integrating over [a, b] gives
0 = (x∗ − a)− (b− x∗)

so that x∗ = a+b
2 as expected. Recall that T (x) = b−a

2 −
∣∣x− b+a

2

∣∣ is the triangular bump with

T (a) = T (b) = 0 and T (x∗) = T
(
b+a
2

)
= b−a

2 . Define the temporarily useful

F (y) :=

∫ y

0

du√
φ′(a)2 − 2λG(u)

.

We may integrate (2.9) from a to x ∈ [a, b] which gives

F (φ(x)) =

∫ φ(x)

0

du√
φ′(a)2 − 2λG(u)

= T (x). (2.10)

Since g ∈ C([0,∞)) we know G ∈ C1([0,∞)), so that F ∈ C2([0, G−1(φ
′(a)2

2λ ))) with F ′ > 0. Thus

F is invertible and so for k := φ′(a)2

2λ

φ(x) = F−1(T (x)) = H−1k (
√

2λT (x)) (2.11)

must be the form of the solution. Then by (2.8) and (2.10) we have that

Hk(G−1(k)) = Hk(φ(x∗)) =
√

2λF (φ(x∗)) =
√

2λ
b− a

2

so that indeed (2.4) is satisfied.

Now that we know what the form of the solution must be, we attempt to verify when (2.11)
actually solves (2.1). Suppose we use (2.11) to define φ. We have implicitly fixed φ′(a), which
appears in the formula for F , so we cannot use this to define φ. However, by replacing φ′(a) with
a constant c > 0 in the formula, we may use (2.11) as a definition. With this definition of φ, we
indeed find by the inverse function theorem that φ′(a) = 1

F ′(F−1(0)) = c so there is no ambiguity.

That is, we have already shown that the form of φ must be (2.11), and we need only verify that if
k solves (2.4), then the choice φ′(a) :=

√
2λ produces a solution of (2.1).

Fix a k solving (2.4). Since F−1 is increasing, we know the maximum of φ occurs at the same
maximum x∗ = b+a

2 of T , i.e.

max
x∈[a,b]

φ(x) = H−1k

(√
2λ
b− a

2

)
= H−1k (Hk(G−1(k))) = G−1(k)

where in the second equality we used (2.4). We quickly note that

Hk(G−1(k)) =

∫ G−1(k)

0

du√
k −G(u)

≤
∫ G−1(k)

0

ds√
k − k

G−1(k)s

=
2G−1(k)√

k
(2.12)
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by convexity of G, which follows from the fact that G′ = g is continuous and increasing. We note
that the contents of the square root are indeed positive in the previous line for s < G−1(k). So
in fact F is bounded and therefore continuous at G−1(k) by the monotone convergence theorem.
Hence F−1 is continuous at F (G−1(k)) = b−a

2 . Moreover, the inverse function theorem gives us

that F−1 ∈ C2([0, b−a2 )) and so we immediately have that φ is C2 except possibly at x∗. But

F ′(u) =
1

φ′(a)2 − 2λG(u)
→∞

as u↗ G−1(k), so by the mean value theorem

(F−1)′
(
b− a

2

)
= lim
y→ b−a

2

F−1( b−a2 )− F−1(y)
b−a
2 − y

= lim
x→G−1(k)

G−1(k)− x
F (G−1(k))− F (x)

= lim
x→G−1(k)

1

F ′(ξx)

= 0

where ξx is provided by the mean value theorem. This tells us that we have F−1 ∈ C1([0, b−a2 ]).
We use a similar argument for (F−1)′′, by L’Hôpital’s rule we have

(F−1)′′
(
b− a

2

)
= lim
y→ b−a

2

(F−1)′( b−a2 )− (F−1(y))′

b−a
2 − y

= lim
x→G−1(k)

0− 1
F ′(x)

F (G−1(k))− F (x)

L’H
= lim

x→G−1(k)

−F ′′(x)/F ′(x)2

F ′(x)

= lim
x→G−1(k)

−F ′′(x)

F ′(x)3

= lim
x→G−1(k)

−λg(x)(φ′(a)2 − 2λG(x))−3/2

(φ′(a)2 − 2λG(x))−3/2

= −λg(G−1(k)).

A simple calculation from the inverse function theorem shows that (F−1)′′(x) → −λg(G−1(k)) as
x↗ G−1(k), and therefore we also have F−1 ∈ C2([0, b−a2 ]). Since we know F−1 is regular enough
on its domain, we are now equipped to show φ = F−1 ◦ T is C2 at x∗. Restricting to [a, x∗] or to
[x∗, b] gives us that φ ∈ C2([a, x∗])∩C2([x∗, b]), so we need only check that the left and right hand
limits of derivatives match in order to show φ ∈ C2([a, b]). We have

φ′(x) = (F−1)′(T (x))T ′(x)→ 0
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as x→ x∗ since T (x)→ T (x∗) = b−a
2 as x→ x∗ and |T ′(x)| = 1 for x 6= x∗. Furthermore,

φ′′(x) = (F−1)′′(T (x))(T ′(x))2 + (F−1)′(T (x))T ′′(x)

= (F−1)′′(T (x))

→ (F−1)′′
(
b− a

2

)
as x → x∗ since |T ′(x)| = 1 and T ′′(x) = 0 for all x 6= x∗. Thus we have shown φ ∈ C2([a, b]).
Easy calculations then verify that −φ′′ = λg(φ) on [a, b].

At this point, we have completely classified solutions to (2.1) in terms of solutions to (2.4). From
this correspondence, we claim that we can directly see the existence of and formula for the critical
λ∗. Define M(k) := Hk(G−1(k)) for k > 0 and M(0) := 0. We will show that M is continuous and
bounded on [0,∞). This will imply M([0,∞)) is a bounded interval containing 0, which implies
the existence of λ∗.

First we show M is continuous on [0,∞). From above in (2.12) we know that

M(k) ≤ 2G−1(k)√
k

=: B(k).

We consider what happens to B(k) when k ↘ 0. Applying L’Hôpital’s rule, we have

lim
k→0

2G−1(k)√
k

= lim
u→0

2u√
G(u)

= 2

√
lim
u→0

u2

G(u)

L’H
= 2

√
lim
u→0

2u

g(u)

= 2

√
2 · 0
g(0)

= 0.

It follows that M is continuous at 0. Furthermore, for k ∈ (0,∞) the integrand in M(k) is
dominated,

1s≤G−1(k)√
k −G(s)

≤
1s≤G−1(k)√
k − k

G−1(k)s
,

where the integral of the right side, B(k), satisfies dominated convergence as k → k0 for any
k0 ∈ (0,∞). It follows by dominated convergence that M is continuous on (0,∞). Hence
{k : M(k) = λ} is closed and bounded below by 0, so it has a minimum if it is nonempty. In the
case that the minimum exists for a given λ, it cannot be 0 since 0 < λ so that M(k) < λ/2 < λ
in a neighborhood of 0. For a fixed λ, sending k ↘ 0 amounts to sending φ′(a) ↘ 0.
Since from (2.11) we see that φ(x) is strictly increasing in φ′(a), the smallest valid k will give
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a minimal solution. Thus, if there is a solution to (2.1), there is a minimal positive solution to (2.1).

Next we consider what happens to our bound B(k) as k → ∞. Since g is increasing, convex, and
not a constant, there exists an s0 ≥ 0 such that g′+(s0) > 0, where g′+ denotes the right derivative
of g. Then

lim sup
k→∞

2G−1(k)√
k

= lim sup
u→∞

2u√
G(u)

= lim sup
u→∞

2u√∫ u
0
g(s) ds

≤ lim sup
u→∞

2u√∫ u
0

[g(s0) + (s− s0)g′+(s0)] ds

= lim sup
u→∞

2u√
u[g(s0)− s0g′+(s0)] + u2

2 g
′(s0)

=
2√

1
2g
′
+(s0)

(2.13)

<∞

which shows that B(k) stays bounded as k →∞.

Thus the critical λ∗ exists, and moreover we have a formula for it:

λ∗ = sup
k>0

[
2

(b− a)2
Hk(G−1(k))2

]
.

If we assume that g′+(u) → ∞ as u → ∞ we can conclude by (2.13) that M(k) → 0 as k → ∞ as
well. In this case, we know that the supremum for λ∗ is not attained by sending k → ∞, and it
follows that the supremum is actually a maximum and solution with λ = λ∗ exists.
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