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Abstract

We consider the non-local Fisher-KPP equation modeling a population with individuals
competing with each other for resources with a strength related to their distance, and obtain
the asymptotics for the position of the invasion front starting from a localized population.
Depending on the behavior of the competition kernel at infinity, the location of the front is
either 2t — (3/2) logt + O(1), as in the local case, or 2t — O(t?) for some explicit 8 € (0,1). Our
main tools here are a local-in-time Harnack inequality and an analysis of the linearized problem
with a suitable moving Dirichlet boundary condition. Our analysis also yields, for any 5 € (0, 1),
examples of Fisher-KPP type non-linearities fg such that the front for the local Fisher-KPP
equation with reaction term fj is at 2t — O(t?).

Key-Words: Reaction-diffusion equations, Logarithmic delay, Parabolic Harnack inequality
AMS Class. No: 35K57, 35Q92, 45K05, 35C07

1 Introduction

The Fisher-KPP equation
Up = Uge +u(l —u) (1.1)

is one of the simplest models for population spreading, accounting for a competition for resources.
However, (1.1) only accounts for a local competition between individuals. When this competition
is non-local, one is led to the non-local Fisher-KPP equation

Up — Ugy = u(l — P xu), t>0, veR, (1.2)
u(0, ) = up.

Here, ¢ is a probability density that represents the strength of the competition between individuals
a given distance apart. Equation (1.2) has garnered much interest recently, mostly for two reasons.
First, it does not admit a comparison principle, leading to inherent technical difficulties — even
proving a uniform upper bound on w is non-trivial [18]. Second, unusual behavior may occur, such
as the existence of oscillating wave trains behind the front [11, 12, 13, 20].

Our interest is in the spreading of the solutions of (1.2) when the initial density ug is localized.
To motivate our work, we recall the known results for the local Fisher-KPP equation (1.1). Going

*CEREMADE - Université Paris-Dauphine, UMR CNRS 7534, Place du Maréchal de Lattre de Tassigny, 75775
Paris Cedex 16, France. E-mail: bouin@ceremade.dauphine.fr

tDepartment of Mathematics, the University of Chicago, Chicago, IL 60637. E-mail:
henderson@math.uchicago.edu

tDepartment of Mathematics, Stanford University, Stanford, CA 94305, E-mail: ryzhik@math.stanford.edu



back to the work of Bramson, it is known that if ug is compactly supported, the front of u is located
at

X(t) = 2t — ;logt+ 5o, (1.3)

where sg is a shift depending only on wg [4, 5], with less precise asymptotics obtained earlier by
Uchiyama [26]. These proofs have been simplified in recent years [16, 25], with some refinements
in [22, 23], and also extended to the spatially periodic case [17]. One may think of X () = 2t as
the position of a traveling wave, and d(t) = (3/2)logt as the delay due to the fact that the initial
condition ug is compactly supported, so that the solution lags behind the traveling wave.

In the non-local case considered in the present paper, we show that the front position depends
on the rate of decay of the kernel ¢ at infinity. When ¢ decays fast enough, solutions of (1.2)
spread as those of the local equation: the front is at a position as in (1.3), up to a constant order
error. However, when ¢ decays slowly, and the competition at large distances is relatively strong,
the delay behind the traveling wave position 2t is not logarithmic but algebraic, of the order O(t%),
with § depending only on the rate of decay of ¢.

We now make our assumptions more precise. First, we assume that ¢ is an even, continuous,
and bounded probability density:

/ ¢(x)de =1, and ¢(x) = ¢(—x) for all z € R,
R

such that
ASHA A+ [2) 77 < pla) < Ap(1+ |2]) 7, (1.4)

for all x € R, with some positive constants r € (1,00) and A, > 0. The assumption r > 1 is
necessary to ensure integrability for ¢. The assumption of continuity of ¢, along with the pointwise
estimate on the decay of ¢ can be replaced with weaker assumptions requiring only decay of integrals

of the type
| otway

and a non-zero mass centered around the origin. We adopt the assumptions in (1.4) in order to
simplify the statements and to avoid too technical considerations. Our analysis applies equally well
to competition kernels ¢ that decay faster than algebraically.

Second, we assume that ug is localized to be to the left of some point xg:

0<uy <1, Jz¢ such that up(x) =0 for all x > xy, and liminfuy(xz) > 0. (1.5)
T—r—00

One may allow ug to have a “fast” exponential decay rather than be compactly supported on the

right but we recall that the front position asymptotics for solutions of (1.1) with uy that has a

sufficiently slow exponential tail on the right is different from (1.3), see [4, 5].
The main result of this paper is the following.

Theorem 1.1. Suppose that u satisfies (1.2) and (1.5) with ¢ satisfying (1.4). If r > 3, then the
solution u propagates with a logarithmic delay:

3
lim lim sup sup u<t, 2t — —logt + :U) =0, (1.6)
L—oo tsoco z>L 2
and 3
lim inf inf u(t, 2t — —logt + ﬂ:) > 0. (1.7)
t—oo x<0 2



If r = 3, then the solution u propagates with a weak logarithmic delay: (1.6) holds and, for all e > 0,

3
lim inf inf u(t, 2% — (5 + e) log t + x) > 0. (1.8)

t—oo x<0

If r € (1,3), then the delay is algebraic: there exist 0 < cy < Cy, depending only on ¢, such that

lim supu(t, 2t — cwf% + x) = 0. (1.9)
t—o00 x>0
and .
lim inf inf u<t, 2 — Cytiir + x) > 0. (1.10)
t—oo x<0

As we discuss later in greater detail, heuristically, the competition term ¢*u acts on the scale t7,
with v = 2/(1 + r). Note that
3—r
147
and that, when r > 3, v < 1/2, which, in turn, suggests that the competition scale is smaller than
the diffusive scale v/¢. This is one way to see that there is a phase transition at r = 3.
As a by-product of our analysis, we also obtain results for the local Fisher-KPP equation

=2y -1, (1.11)

Ut = Uy + f(u). (1.12)

Let us assume that f is of the KPP class: f(u)/u is decreasing in u near 0, f € C*, and f’(0) = 1.
A natural question is whether these assumptions are sufficient to ensure that the front location is
given by the logarithmic Bramson correction in (1.3). We show, roughly, the following: if

1—r
1—M~ <log <l>> with r > 1,
U U

then the conclusion of Theorem 1.1 holds, with the logarithmic delay for » > 3 and an algebraic
delay of the order O(t®3~")/(0+7)) for 1 < r < 3. These non-linearities are not purely mathematical
curiosities: they are regularly used in biology and are known as Gompertz models, see [7] and the
vast body of literature around it. The statement and proof of this result are contained in Section 6.

Let us mention a few related works. The model (1.2) considered here was first introduced by
Britton [6] and has a quite involved history, see the introduction of [1] for a brief overview. The
non-local term ¢ % u has different effects depending on whether one is studying the behavior of u
behind the front or at the front. Behind the front, there is a possible Turing instability of the steady
state of the local Fisher-KPP equation u = 1, which complicates the behavior. For example, wave
trains have been constructed by Faye and Holzer [11] and, in a related setting, in [20]. Such wave
trains have also been observed numerically by Genieys, Volpert, and Auger in [12]. As a result,
without finer assumptions on ¢, one cannot hope for a stronger result than the lower bounds in
Theorem 1.1. As far as the behavior at the front is concerned, the main result in this direction is
that traveling waves of speed ¢ = 2 exist [9, 13] and solutions to the Cauchy problem with compact
initial data or which satisfy (1.5) propagate with speed ¢(t) = 2+ o(1) as t — +oo [18]. While in
the final stages of preparing this paper, we learned of a very recent probabilistic study of the delay
term by Penington [24]. In our notation, she obtains the log delay up to an error term O(loglog(t)),
when r > 3, and an algebraic delay ¢3~")/(+7)%€ for any € > 0 when r € (1,3). Since her work is
probabilistic, the approaches are quite different from one another.



As far as algebraic delays are concerned, we point to the work of Fang and Zeitouni [10] and
Maillard and Zeitouni [19], as well as [21] where a Fisher-KPP model with a diffusivity that changes
slowly in time was studied, and a delay, roughly, of order t!/3 was obtained. However, both the
set-up and the mechanism for the large delay are quite different in these papers than in the present
work. Finally, we also mention the recent paper of Ducrot [8] in which he constructs a class of
non-linearities f(x,u), which tend to u(1 — u) as |z| — oo, such that if the nonlinearity u(1 — )
in (1.1) is replaced by f(z,u), then the front is at 2¢t — Alog(t) for any A > 3/2.

Heuristics and methods of proof

The upper bound (1.6) is obtained by a rather direct adaptation of the arguments in [16]. Let us
outline a heuristic argument leading to the upper bound (1.9) for r € (1,3). It also explains how
the exponent (3 —)/(1 4 r) comes about. Let the front have a delay d(¢) behind 2¢, so that

inf  w(t,z) > &, 1.13
chZ}f_d(t)U(,ﬂc)_o (1.13)

with some dy > 0. We expect that the solution looks like an exponential to the right of x = 2t —d(t)
and until the “front edge” at x = 2t + e(t):

u(t,x) ~exp{—(x — 2t +d(t))}, forz € (2t —d(t),2t + e(t)). (1.14)

The diffusive Gaussian decay dominates the exponential “traveling wave” decay for x > 2t + e(t).
Using (1.4) and (1.13), one may estimate ¢ * u as

pxu(t,x) > (e(t) +d(t)™", for x € (2t — d(t),2t + e(t)).

Thus, in order for the exponential in (1.14) to be a super-solution to (1.2) inside (2¢t—d(t), 2t+e(t)),
we need

(e(t) +d()'™" = d'(¢). (1.15)

We also need the exponential to be above u(t, z) at the front edge. Using the linearized version of
equation (1.2) to control u(t,x), this condition is satisfied if

o(1))2
exp {1 - EEADY < o ete) + o).
that is,
e(t)? > 4td(t). (1.16)
Since e(t) should be o(t), we get
d(t) _
m Ol 0. (1.17)

Combining (1.15), (1.16) and (1.17) gives, for ¢ large,

1—r 1

2 d(t)%r’

d(t) Se®) " St

and thus necessarily
d(t) < $(3=7)/(1+7)

We deduce also e(t) 2 t7, with v as in (1.11).



A way to estimate the solution from below, to get the lower bounds, is to study the linearized
Fisher-KPP equation with a Dirichlet boundary condition at 2t +e(t), as in [16]. The problem that
comes up after removing the exponential factor is

2t = Zgg + € (t) (22 — 2), t>0,2>0,

2(t,0) = 0. (1.18)

Once again, the case r > 3 is treated similarly to [16]. In particular, while the term €’(t)z is
important and is responsible for the 3/2 pre-factor in the logarithmic correction, the drift €'(¢)z,
is negligible. Roughly, we estimate z(t,z) at  ~ v/t, and use a “tracing back to a shifted traveling
wave” argument, to construct a sub-solution for wu.

When r < 3, we choose e(t) = ¢7. Since now vy > 1/2, the drift €/(t)z, can no longer be
neglected, and the choice of the exact exponent « is necessary to get matching asymptotics. We
explicitly construct a sub-solution of u to estimate the solution at the far edge, and then perform
a “tracing back” argument with a travelling wave.

Lastly, in the case when r = 3, the diffusive scale and the induced drift have the same order.
We make the influence of the shift to the moving frame small by considering e(t) = et? = e\/t
with € < 1. This is the reason why the bound (1.8) is less precise than the upper bound (1.6).

The local in time Harnack inequality

The main tool that allows us to get “reasonably sharp” asymptotics for the front position is a
local-in-time Harnack inequality that is of an independent interest.

Proposition 1.2. Suppose that u € L>=([0,T] x R) is a non-negative function that solves
Up = Ugg + C(t’ x)u,

on [0,T] x R with ¢ € L*>®([0,T] X R) and T > 0. Then, for any p € (1,00), there exist positive
constants «, 3, and C, that depend only on ||c|[re(o1]xr) and p, such that, for all x,y € R
and t € (0,T], we have

1—

< 1 s 842
u(T,x +y) < Cllull, & (T, x)v et . (1.19)

oo ([t,T]) xR Y

This inequality is an indispensable tool to obtain “reasonably sharp” results for non-local prob-
lems. We have used a less precise form of it to obtain the logarithmic delay for solutions of the cane
toads equation in [3], and it has also been used to establish a precise lower bound on the propaga-
tion speed of solutions of a Keller-Segel-Fisher system [15]. As far as we know, [3] is the only other
non-local context where a delay asymptotics has been established. It allows us to bound solutions
of the non-local Fisher-KPP equation (1.2) in terms of the solutions of a local Fisher-KPP equation
with a local time-dependent nonlinearity ¢(¢,u), that is logarithmic in w (Gompertz type). This
equation has inherent difficulties coming from the time dependence and the logarithmic behavior
near zero, but it is much more tractable because it admits a comparison principle.

The rest of the paper is organized as follows. In Section 2, we present the proofs of the upper
bounds (1.6) and (1.9). Section 3 is where the proofs of the lower bounds (1.7), (1.8) and (1.10) are
given. In order to complete the proof of the lower bounds, some estimates on linearized problems
with moving Dirichlet boundary conditions are obtained in Section 4 and Section 5. In Section 6,
we state and prove the result concerning the local KPP equation with logarithmic nonlinearity.
The Harnack inequality is proved in Section 7.
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2 Upper bounds on the location of the front

In this section, we prove the upper bounds (1.6) and (1.9) in Theorem 1.1.

2.1 The upper bound when r > 3

The case r > 3 is very close to the local Fisher-KPP equation. The (3/2)logt delay is the best
case scenario — in fact, the delay has to be at least that large for any r, so the bound is a quite
straightforward application of bounds obtained in [16].

Proof of (1.6). Take tg > 0 to be determined later. Working in the moving frame with the loga-
rithmic correction, the function

3 t
umov(t,x) = U<7f, 2t — — log <1 + _) + CC),
2 to

satisfies
3
(umov)t S (2 - 5%) (umov)a: + (umov)mm + Umov fOI‘ all t> 07 HARS R,
Umov (0, ) = up(z), for all z € R.

We construct a super-solution @ as in [16]. Let ¥ be the solution to the boundary value problem

3 1
Et:(Q—im)ﬁx—i—ﬁm—i—ﬁ, forallt >0 and z > 0,
o(t,0) =0, for all t > 0,
0(0,7) = 1 g9 () for all z > 0.

Then [16, Lemma 2.1] implies that, provided that ¢ is sufficiently large, there exists Ay > 1 such
that for all ¢ > 0, we have
o(t, 1) > Ayt

We also have the following uniform bound on the solutions to (1.2).

Lemma 2.1. [18, Theorem 1.2] Suppose that u satisfies (1.2) with initial data uy satisfying (1.5).
Then there exists M > 0 such that, u(t,z) < M for allt >0 and z € R.



Let us now define u(t, x) as
ﬂ(t, 1’) = M(1$§x0 + min (1, Aoﬁ(t, xr — xg+ 1)> 1932&:())7

where M is as in Lemma 2.1. By construction, u is a super-solution to uy0v, and by our assumptions
on ug (1.5), we also have @W(0,x) > umoy(0,z) for all z € R. In addition, [16, Lemma 2.1] implies
that there exists Ty such that, for all x and all t > Ty,

U(t, z) < Agze™”. (2.1)
We are now in a position to conclude the proof. Indeed, as v < w, the upper bound in (2.1)

implies

3
lim sup lim sup sup u (t, 2t — —logt + x) = lim sup lim sup sup umey (¢, )
L—oo t—oo z>L 2 L—oo t—oo z>L (2 2)

< limsup limsup sup (¢, z) < lim MAgLe 1 =0,
L—oo

L—oo  t—oo z>L

which concludes the proof. O

2.2 The upper bound when r € (1, 3)

In this section, we show how to derive the upper bound on the location of the front from the lower
bound on the location of the front. In other words, we prove (1.9) assuming (1.10), which we prove
in the next section.

Proof of the upper bound (1.9) assuming the lower bound (1.10). Note that, by (2.2), we have

lim sup wu(t,z)=0.
t—00 p>0t 4ty

As a consequence, taking into account (1.11), it suffices to show that

lim sup u(t,z) = 0.
E200 pe(2n—cyt27=1,2t447)

We do this by creating a relevant super-solution to u on the interval (2t—c¢t2“/_1, 2t+t7). Note that

the constant cy is still to be determined at this stage. Define, for any 7" > 0 and Cy as in (1.10),
the space-time domain (recall that v > 1/2 for 1 < r < 3):

Pr = {(t,x) it € (T,00),z € (2t — Oyt~ 1,2t —|—t7)},
and, for (t,z) € Pr, the function
o(t,x) ;== Bexp { - (x —2t 4+ 20¢t2“/_1) }
On Pr, the function v satisfies

B = Tpw + @(1 — 2c4(2y — 1)t“’(1”’)>. (2.3)



The rest of the proof is devoted to showing that u is, indeed, a subsolution to (2.3) when the
various constants above are suitably chosen: specifically, we show that

U — Uge — u(l — 2¢4 (27 — D)) <0 in Pp, (2.4)

and
u(t,z) <o(t,x), on IPr. (2.5)

First, we show that (2.4) holds. It follows from (1.10) that there exist Cy and é4, depending
only on ¢, and Ty such that, for all ¢t > Ty,

inf tx) > 0, 2.6
x§2tjrcl'¢t27—1U( x) > g (2.6)

Using (2.6), we can estimate ¢ * u from below, for t > Ty and = > 2t — C¢t27*1:

2t—Cyt?r~1
orulta) = [ ola -~ yutt.y)dy > [ B — y)ult,y) dy
R —00
24— Cyt?r~1 +o0
>0, [ o)y =, [ o(2) d= (2.7)
—00 z—2t+Cyt?v—1
+oo ) 1—
> 5¢A;1 Ty = — (x — 2t + C¢t27_1> '
T —2t4+Cyt27—1 Ap(r—1)
Note that, as r > 1, we have
3—r 1—r
27y —1= —y+— <.
7 i wr
Further increasing T', if necessary, the right side in (2.7) can be estimated, for ¢ > T, as
d¢ 21\ 7" d¢ 21\ 7"
—— (2 — 2t + Cypt”” > >7<t“/ Cyt*" )
A¢(T’ — 1) (.%' T - A¢(r — 1) + ¢
— 57‘15 (1 +C t1+7‘)1 rt(l—r)v > 57‘15 <1 +C T};JF:) 177115(1—7")“/ (2.8)
Ag(r —1) ¢ = Ag(r—1) ¢ '
¢ é
21—r5¢

> tA=17 > 90, (29 — 1) (1-7)
— A¢(T _ 1) —_— cd)( 7 ) 9

as long as ¢, is sufficiently small. Now, (2.4) follows from (1.2), (2.7) and (2.8).
To show (2.5), first, we consider the right spatial boundary x = 2t +¢7, ¢t > T. As this point is
at the far edge of the front, it is natural to use the linearized problem

U = TUpy +7u, t>0,2 R,
H(t:O,-) = Uyp.

Then, with xg as in (1.5), we can write for ¢t > T"

(t,2t +17) <7t 2t +17) = (2t+t7_y)2 ()dy < el /xo _(2t+t'v_y)2d
utt - U < e 1t
Vi O = Vi Y
t —+00 t Y 2
€ _Cevit e 29)

—y
-/ w12 VS o i e —m©

1
< exp{ - Zt”*l} < Bexp{ . 2c¢t27*1} = T(t, 2t + 1),

8



so long as B > (. Above, we have increased T and decreased c4 if necessary. The constant Cy
depends only on v and zy. Thus, (2.5) holds at © = 2t +¢7 for all t > T as long as B > Cj.
At the left boundary x = 2t — C’¢t27_1, we have

(t, 2t — Cst?~1) = Bexp {(C¢ - 2c¢)t27—1} > M > u(t, o — C¢t27_1>, (2.10)

as long as 2cy, < Cy and B > M. Here, M is the upper bound in Lemma 2.1.
Lastly, we check that (2.5) holds at ¢ = T, for 2T — C,T* ! <z < 2T 4+ T7:

5(T, x) = Bexp { - (x T+ 20¢T27_1)} > Bexp{ e Q%Tm—l}_

As long as B > M exp {T“/ + 2C¢T27_1}, we have that, for all z € 2T — C,T%~1,2T + 17
o(T,z) > M > u(T,z), (2.11)

and (2.5) holds on all of OP7.
It follows from (2.4) and (2.5) that, with 7" and B sufficently large, and ¢, sufficiently small,
we have

lim sup u(t,z) < lim sup  o(t,x) < tlim Bexp{ - (2% — c¢) t2771} =0,
—00

(=00 1> —cyt27-1 E=00 5> 01— cyt27-1

which finishes the proof of the upper bound. O

3 Lower bounds on the location of the front

The proofs of the lower bounds in Theorem 1.1 are much more involved. They hinge on estimat-
ing ¢ xu in terms of u in a local way, and then deriving precise heat kernel type estimates on the
resulting local equation.

3.1 Estimating the non-local term by a local counterpart

To begin, we estimate the convolution term ¢*u in terms of u under the assumptions of Theorem 1.1.
The assumptions of these two theorems differ only in the range of r. In this section, we assume
only that r > 1 so our computations apply to all cases.

Lemma 3.1. There exists Ceony > 0, depending only on ¢, such that, for allt > 1 and all x € R,

¢ *u(t,x) < Ceopy max {1, E log (u(]t\i“))] = } log (ué\j‘[x)>lr (3.1)

Proof. 1t is here that the local-in-time Harnack inequality is used crucially. Fix any time ¢ > 1
and z,y € R. Proposition 1.2 with p = 2 implies that there exists a > 0 so that

2
u(t,x +y) < Cy/u(t,x)exp {at' + %}, for all ¢’ € (0,¢], . (3.2)



Above, we absorbed the uniform bound M of ||u||» given by Lemma 2.1 into the constant C. By
increasing M if necessary, we may assume that M > ||u||o + 1, which allows us to simplify notation
in the sequel. Using (1.4) and (3.2), we obtain, for R > 0 and ¢’ € (0,¢] to be determined,

sralt) < [ owulte—pay<C [ owatme  Fayar [ oty
* " PR (3.3)
< Cy/u(t,z)Rexp {at' + 045 } +CMR™"1,

The constant C' changes line-by-line for the remainder of the proof and depends only on ¢ and «.
We now optimize the right side in (3.3) with respect to ¢’ € (0,¢] and R > 0. If ' = R, then

¢ u(t,x) < Cy/u(t,z)Re**® + CMR™L. (3.4)
To roughly balance the two terms in the right side of (3.4), we choose
1 M
R=—1 3.5
S 8 (u(t,x)>’ (3:5)

the most important point being that R should be of order logu. As we have set ' = R in (3.4),
and we need to have 0 < ¢/ <'t, the choice (3.5) is possible only if

t> % log (%) (3.6)

With this, we find, from (3.4):

qﬁ*u(t,x)gC\/qmlog((L>eXp{_ilog<u(]t\;[x)>}+c<log< M > 1-r

u t,xg\/j y - u(t, x) ¢ e
= C<u(t,x)1/4(log (u(t,x))) * 1) (10g (u(t,x))) = C(log (u(t,x))) '
When (3.6) does not hold, so that
t< —log (u(fx)) (3.8)
we choose t' =t and set Iy 12
R= (8_ log <u(t,x))) ’
n (3.3), leading to
M M -0
pxult,z) < C\/M\/ﬂoglﬂ u(t, x)) P {at +glog <u(t, x)>} * C<t log (u(t, x))) 2
< C/ult,)log <u(]t\j‘[x)> P {i log (u(]t\j[x) >} + C<t log <u(]t\j‘[:c)>> s
< Cu(t,z)Y*log (u(tw)) + C(t log (u(]th)» B
= C<1 +u(t,2)"/"log <u(i\,4x) (t log (u(ii)) TQI) (t log <u(i\,4m)>) h
<t (s (5)) 1) (o (55)) T <o (55)) ™
(3.9)



We used (3.8) several times above, as well as the upper bound u(¢,z) < M in the last inequality.
The combination of (3.7) and (3.9) concludes the proof of the lemma.
O

3.2 A local equation and related bounds

In view of Lemma 3.1, it is natural to introduce the following nonlinearity. Fix r > 1, and for any
positive constants 6, and Ag, set ©4 := 6, exp{—A;/(r_l)} and define g € C%! on (0,0,) as

g(t,u) = Agmax{l, [<t+ Aﬁ)—llog (6 >] rgl}log (9

) 29
U U

>H, if u e <0, eg). (3.10)

Outside [0,0,] we set g(t,u) = 0 for v < 0 and g(t,u) = 1 for u > 4. By construction, g(¢,-) is
continuous. The “A;/ =D» term in the second part of the maximum in the definition of g does not
affect the analysis in any way. In fact, any other choice of g that preserves the asymptotics as u
and ¢ tend to zero would have the desired properties that we prove in the sequel.

We will make use of the local equation with a moving boundary at the front edge:

Wi = Way + w(1 — g(t, w)), in Py, = {(t,x) 6> 0,2 >2t+ (t+ 1) — tg},
w(t,2t + (t+10) —1]) =0,  forall t >0, (3.11)
w(0,z) = wo(z) for all x > 0.

The following proposition contains the crucial lower bounds for the solutions of (3.11) we will need.

Proposition 3.2. Assume that there exists 5, > 0 and z,, € RT such that the initial condi-
tion wo(x) for (3.11) satisfies wo(x) > duwl(oz,)(T)-

1. If r > 3, then there exists X,, and Ty such that if x,, > X and tg > Ty then there exists a
positive constant By, depending only on ., 0y, to, v, and g, such that, for all t sufficiently
large, we have

w(t, 2t + 7 +Vt) > Byt e Vit

2. If r = 3, then set tg = 1. For all € > 0, there exists a positive constant \e such that \e — 0
as € = 0 and if x, > 1 then there exists a positive constant Bo, depending only on €, 0y, 7,
and g, such that, for all t sufficiently large, we have

w(ta 2t + (1 + E)\/E) > B51t73/2*>\e*66*(1+6)\/z.

3. If r € (1,3), then set tg = 1. There exists Bs > 0, depending only on 0, and g, such that
if T, > 1 then, for allt > 1, we have

w(ta 2t + t’Y + \/Z) Z Bgle—tw_33t2w—1 .

We delay the proof of this proposition until Section 4 and now continue the proof of the lower
bounds of Theorem 1.1. Having reduced the problem to estimating a delay for a local equation, we
now transfer known bounds of Theorem 1.1 on w to bounds on wu.
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3.3 From a bound on w to a bound on u

Let us take 8, = M and A; = Ceonv in the definition (3.10) of ¢(¢,u) and let the initial condition
in (3.11) be wo(z) = e Mug(z). A combination of Lemma 3.1 and Proposition 3.2 implies that u
is a super-solution for w for ¢ > 1. Further, it follows from considerations as in [3, Section 3],
that w(l,2) < u(l,z) for all z € R due to the e=™ pre-factor in the definition of wy. The
maximum principle then implies that w(¢,x) < u(t,z) for all t > 1 and all z € R.

Using the assumptions on the initial data (1.5), we can, up to translating ug, and thus wq as
well, assume that wg satisfies the hypothesis x,, = g > X,, in Proposition 3.2. Translating further
and using parabolic regularity we may remove the dependence on ty3. As a direct consequence, we
have established:

Corollary 3.3. Suppose that u satisfies (1.2) and (1.5) with ¢ satisfying (1.4). Then there ex-
ists Sp, depending only on ug and ¢, such that:

1. If r > 3, then there exists a positive constant By, depending only on ug and ¢ such that, for
all t sufficiently large, we have

u(t, 2t + 7 +VE— Sg) > Byt e VI

2. Ifr = 3, then for all € > 0, there exists positive constants A\ and By such that A — 0 ase — 0
and such that, for all t sufficiently large, we have

u(t,2t + (1 + €)vVt — Sp) > Bgltf(lJr)\e)ef(lee)\/z.

3. If r € (1,3), then there exists a positive constant Bs, depending only on ug and ¢, such that,
for all t > 1, we have

u(t,2t + 17 + Vi — Sg) > Byle !Bt

3.4 From a bound on u on the right to the location of the front

We are now in a position to obtain the lower bounds (1.7), (1.8), and (1.10). Thanks to Corollary 3.3,
we fit a suitable translate of a traveling wave solution for (3.11) underneath u, for z < 2t +t7 +/t
when r # 3, and for x > 2t + (1 4+ £)v/t when r = 3.

Fix any Ay > Ceonv and let V' be a traveling wave solution of

V' =V + V<1 — Ay log (%)14), V(—o0) = Mexp{ - A%//(rfl)} and V(+o0) = 0.

The existence, uniqueness up to translation, and monotonicity of V is given by, for example, [2].
We also recall the fact that there exists x > 0 such that, see [14]:

V(€) ~ KEe™¢, as € = oco. (3.12)
Define v as
v(t,x):V<x—2t+glogt+so>, if r > 3,
v(t,x):V<x—2t+<g+)\e+6>logt+so>, if r =3,
v(t,z) =V (z -2t + 2Bst? 1 ¢ 50) if r € (1,3),

where the shift sg is to be determined below and A. is as in Proposition 3.2 and Corollary 3.3.
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Lemma 3.4. There exists T1 > 0 and sy such that if so > sy, then v(t,z) < u(t,z) if either:
e r#£3,t>T, andx <2t +t7 +/t — Sy, —or—
e r=3,1t>T, andx <2t + (14 )Vt — S,

where Sy is the shift given in Corollary 3.3.

Proof. We prove the lemma for r > 3, so that v < 1/2, the proof being the same in the other cases
up to situational modifications. We use the parabolic maximum principle. First, we note that, up
to increasing sy and Ay, we may ensure that

v(Ty,z) <wu(Ty,z) forall z <27y + VT + Ty — So.
Second, we claim that, up to increasing sg, we have
v(t, 2t + VE+17 — So) <ul(t,2t +Vt+t7 —Sy) forallt > Ty.

Indeed, for ¢ sufficiently large, (3.12) implies, as v < 1/2:

v(t,2t+\/z+t“/—50):V<\/Z+t7+glogt+so—50> (3.13)
§2/{(\/E+t“/+;logt—|—so—50)exp{— <\/¥—|—t7—|—glogt+so—50>}
< 4kt 32 exp{ —Vt—t — 50} < Aktt exp{ —Vt—t" — 59+ So}.
It follows that
0(t, 2t + VE4+ 17 — Sp) < 4ke® 00 Bru(t, 2t + Vit + 7 — So) < u(t, 2t +Vt +1t7 — Sp),

for Ty sufficiently large and all sg > Sy + log(4xBy).

Third, up to increasing Ay, the ordering holds true near —oco. Indeed, using Lemma 3.1 and
the assumptions (1.5) on wug, it is easy to see that there exists § > 0, depending only on ug and ¢
such that, for any T < 0 with |Z| is sufficiently large, the function

u(x) = 0 cos((x — x)/100)
is a sub-solution for u for all ¢t > 1, so that 6 = u(Z) < u(t,z) for all ¢t > 1. Thus, increasing Ay, if
necessary, we have that, for all £ > 0,

/(r=1)
lim o(t,z) < Me A" <5 < inf liminf u(t, z).

I—>—00 t>1 x——00

Now, assume for the sake of a contradiction that there exists a first touching time (tg,zg) such
that
te > T, x < 2t + /T + £, — So,

and
w(tse, oer) = v(te, Tgt),

and u(t,z) > v(t,x) for all t € [T1,ty) and © < 2t + v/t + 17 — Sp. Our goal is to obtain a
contradiction by estimating ¢ x v and looking at the equation satisfied by u — v.

13



First, we estimate ¢ x u(tg, xg) using Lemma 3.1. By increasing sy if necessary, we obtain

v(t, 2t +Vt+17 — Sp) = V<\/Z+t7+ glog(t) +sO—SO)

3 3
> g(\/i+tV+§1ogt+so> exp{ - (ﬂ+ﬂ+§1ogt+so)} (3.14)
K

3

1
Since V' is monotonic, v < 1, and zg < 2tg + 13 + tg: — S, it follows that up to increasing 17, we
have that

u(tft, xft) = v(tft, xft) Z Me_tfta

which, in turn, implies that

M _(7"_1) _r—1 M _rgl
o (- AU gy (MY
U(tft, 1’&) U(tft, wft)

In view of the bound on ¢ * u obtained in Lemma 3.1, we have that, at (tg, zg),

Up — Upy — u(l — Ay log (M)i(ril)) > (AV — C’COHV) (log (M)>17r > 0, (3.15)

m m
where we used the fact that Ay > Ceony in the last inequality. In addition, we note that
M~ —(r—1)
Vp—Vpp — u(l — Ay log (—) >
v

o vr v () ) -

(3.16)

3
V' <o.
2t +1) —

Hence, setting ¥ = u — v, (3.15) and (3.16), imply that

wt _wxx > 0.

On the other hand, using that tg is the first time that 1 touches zero and zg is the location of a
minimum of v, we have that

wt - wxx < 0.
This yields a contradiction, finishing the proof. O

The lower bounds now follow easily.

Proof of (1.7), (1.8), and (1.10). We conclude the proof by noticing that, for all ¢ > T,

3 3
inf u(t,x) = inf u<t,x + 2t — = logt) > inf v<t,x + 2t — = logt)
z<2t—(3/2) logt <0 2 <0 2 (3.17)
— inf ( ) _ ,

inf Vix+ so V(s0)

which means that (1.7) holds. The proof of (1.10) is similar, as is the proof of (1.8), except one
needs to recall that A\ — 0 to conclude the proof.

O
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4 Proof of Proposition 3.2

To obtain estimates on the solution of (3.11), we consider the corresponding linearized problem
with the Dirichlet boundary condition:

O = Vg + 0, on {(t,z):t> 0,2 >2t+ (t+ 1) — )},
o(t, 2t + (t+1t0)? —t)) =0, for all t > 0, (4.1)
0(0,z) = wo(x), for all x > 0,

where wy is as in Proposition 3.2.

4.1 The caser >3

The following key lemma about solutions to (4.1) allows us to prove Proposition 3.2 when r > 3.
We prove this lemma in Section 5.1.

Lemma 4.1. Assume r > 3. If ty and x are sufficiently large, depending only on -y, there
exist positive constants T and B, depending only on wqo and to, such that, for all t > T, we
have ||9(t,)||oe < Be™"" and

B(t, 2t + 7 + V1) > B*lflexp{ — V- ﬂ}.

We now finish the proof of Proposition 3.2. Let ¥ be as in Lemma 4.1. We may assume, without
loss of generality, that T > 1, and set

§ = min {B_l, B_19ge_A}7/(ril),e_T}.
We also take a continuous function a(t) < 1 for all ¢ > 0, to be determined, and set
v(t,z) = da(t)v(t, x). (4.2)
Using (4.1), we obtain
v, — vy — (1 — g(t,v)) = 6d'5 + dady — dabyy — 6ai + Satvg(t, dav) = 67 (a’ + aglt, (m)). (4.3)
Thus, v is a sub-solution of w for ¢ > T as long as
a’ + ag(t,dav) < 0.

Using the upper bound on v along with the definition of d, we see that this inequality would hold if

1 r—1

a'—i—aAgmax{l,[(t—i—Ag’l)illog( ! >] ’ }log( ! >17T§O. (4.4)

ae—t" ae~ "

A lengthy but straightforward computation using, in particular, that A, > 1, shows that (4.4) is
satisfied if we take

a(t) = exp { B|(t+ 17! 1] },

with a suitable 8 > 0.

Hence v is a sub-solution of w. Further, arguing as in [3, Section 3] and using the choice of §
and a, we have that v(T,z) < w(T,z) for all x > 2T + (T + ty)? — ¢J. The maximum principle
then implies that v(¢,z) < w(t,z) for all t > T and = > 2t + (¢ +t9)” — tJ. The conclusion of the
proposition follows immediately from Lemma 4.1 since 2t +t7 > 2t + (¢t + t9)” — ¢;.
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4.2 The case r =3

We follow here the same strategy as for r > 3, but the estimates on ¥ are obtained differently.

Lemma 4.2. For r =3 and t sufficiently large, there exists B > 0 such that
H@(t7 )Hoo < Bt73/27)\6€76t1/27

and
5(t,2t + (1 + e)VE) > Bl 1A exp{ 1+ e)\/%},

where Az tends to 0 as € tends to 0.

With this lemma, proved in Section 5.2, one may repeat the argument for » > 3, building a
sub-solution v(t,x) as in (4.2), with 6 > 0 sufficiently small, and a(t) such that

<0.

vty (043 o () e ()

The above inequality is satisfied with a(t) = (¢t + v/A,) ™ for all ¢ > 1 so long as § is chosen small
enough, depending only on A4, C, and e.
4.3 The estimate when r € (1, 3)

Here we directly construct a sub-solution of w. We seek a sub-solution ¢ solving

O < Vgy + 0, fort >0,z >2t+(t+1)7" — 1,

t
4.5
o(t,2t+ (t+1) —1) =0, for t > 0. (4:5)

Recall that tg = 1 in parts 2 and 3 of Proposition 3.2. Given a > 0, set

v(t,x) = a j—ct)?’ exp {—x—%x(l—!—t)ﬂhl - <1+t)7— [4(%2_1) —|—a] (1+)2-1 - 2(133_7_ ) } (4.6)

Here, the key computation is the following:

Lemma 4.3. There exists ag > 0 such that if a > ag then v(t,z) = v(t,x — (2t + (t + 1) — 1))
solves (4.5).

We delay the proof of Lemma 4.3 until Section 5.3 and proceed with the proof of Proposition 3.2.

A bound for small times. Unfortunately, v is not compactly supported at t = 0, so we need
to “fit it under” w at a later time. To do this, we first obtain a preliminary lower bound on w at
time 1 by using the infinite speed of propagation of the heat equation. Recall that wo > 61 (—oo 2,
and 1 — g(¢,w) > 0. Hence, we have

Wy — Wgg = 0,

so that w is a super-solution to the heat equation with Dirichlet boundary conditions fixed at

To:=2-24(2+1t) -t =3"+3,
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on the time interval [0,2]. It follows that

1 o0 2 2
w(2,r) > — wo(y+To) [e™127YI/8 — emle vl /81 g
( ) el \/8_7T/(] O(y 0)|: i| Y
S 5w6—$2/8 Ty —T0

T 4/8m 0

b /8~ wuT0)/8 2(ww = To) Lo
o 0w 2 Sew ) 1) > e v /8
> N z (cosh (Z2—5) 1) 2 ce

for some C independent of all parameters, as long as x,, > To+ 1. From the explicit expression (4.6)

o —v2/8 [emy/4 _ efmy/ﬂ dy (4.7)

for v, we get

2 —
v(2,z — Ty) < C(:U—Eo)exp{ —x—x%?ﬂ_l - % +%}.

It is also straightforward to obtain a lower bound on w(1,z)/(x —Ty) as x — T by using the above
formula. Thus, there exists € > 0 such that

ev(l,z) = ev(l,z — xy) < w(l,z) for x > 79 = 37 + 3.
The subsolution. We now follow the same strategy as before, constructing a sub-solution of the
form wv(t,z) = da(t)v(t,x) on
P:={(t,x):t>1,z>2t+(1+1t)7 —1}.
Another lengthy but straightforward computation shows that v(¢, z) is a sub-soltuon for w on P if

we choose a(t) = exp{ - ﬂt%*l} for a suitable § and ¢ sufficiently small.

Note also that ¥ and w satisfy the same boundary conditions at x = 2t 4+ (1 +¢)? — 1. Finally,
choosing § < € and using the computation (4.7) and the discussion following it, we see that

v(2,z) < w(2,x) for all z > 3+ 3.

The conclusion of the proposition when r € (1, 3) follows by simply using the explicit form of v(¢, x).

5 Estimates on the linearized KPP equation

5.1 The case r > 3: the proof of Lemma 4.1

The key observation is that v < 1/2 when r > 3. Thus, the ¢7 term is of a lower order than
the diffusive scale v/t. This allows us to use the strategy in [16], obtaining energy estimates in
self-similar variables. Since the present proof is similar to that in [16], we provide a rather brief
treatment.

Proof of Lemma 4.1. We begin by removing an exponential factor from ¢ and changing to the
moving frame: let
z(t,x) == €"0(t,2t + (t +t9)" — t) + ), x> 0.

This function satisfies

2 = Zge +Y(t + 1)} (zx — z), for t >0,z >0,
z(t,0) = 0, for t > 0, (5.1)
2(0,x) = e"wp(z), for z > 0.
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We now turn to self-similar variables, which are natural for the diffusive process. Let

t
T = log <1+t_)’ y = (t+to) %z,
0
and ((7,y) = z<t0(eT - 1), té/QeT/Qy). Then ( satisfies the equation

Gr = G + 56y + 1+ (toe™) 1726, — (1+7(t0e™) <.
We remove the integrating factor above, setting

C(r,y) = e THOET=DI(7 ),

so that ¢ satisfies
&=L+ 7t371/2e(fy—1/2)7'<_-y, (5.2)
with
Li=02+ %ay +1. (5.3)
It is now heuristically clear that the last term in (5.2) should be not important since v < 1/2. The

following lemma is proved in Appendix A.

Lemma 5.1. Let ¢ solve B B B
Cr = L + eV,

with initial data ((T = 0,-) = (y. There exists g > 0 such that for all compact subsets K C R
there exists Cx > 0 such that for all € < €,

6y/4

) =0(Go= ([ €@l +0) + 0 i(ry)).

for ally >0, 7 >0, and such that |h(7,y)| < Ck for allT>0 andy € K.

Undoing the various changes of variable, we get

0(t,2t + (t+1t0) —ty+x)=e "2(t,z) =€ xC(log (1 + ) W) (5.4)
e g ([ et o ) () ),

where h(t,z) = B(log (1 + %), (t+ to)_%x).

First, notice that the L*> bound on ¢ follows immediately from the expression above on sets of
the form [2t 47, 2t 4+ 17 4+ 0+/t]. To obtain bounds on sets of the form [2t + Y +o+/t, 00), we simply
use that e~!¥ is a sub-solution to the heat equation on R. Hence, we obtain that, for z > 0,

- Ce!
O(t, 2t + 17 + oVt +x) < —exp{—

Vi

where C' is some constant depending only on the initial data and ~. Second, we have

(2t + 17 + oVt +a)? } < Qe Vit

i (5.5)

:1:11,/155/2

/ gefwo(ty/*€)de + Oty 2)>5/ 5e€d5+0(tg*%)

0
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choosing first @, > /%y and ¢y >> 1 so that the first two terms in the parentheses in (5.4) are
positive and then choosing T large depending on tg and «, we have that, for all 0 < x < /t +tg
and t > Ty,

e—r—((t+t0)7 —tg)

r
C (t+t9)3/?

O(t, 2t + (t+to)Y —t) +x) >

The lower bound on #(t, 2t +t7 ++/t) is immediate after evaluating at z = ¢7 — ((t—l—to)“/ - tg) +V1t.

This concludes the proof.
O

5.2 The case r = 3: the proof of Lemma 4.2

Note that in this case v = 1/2. As a consequence, the drift induced by the moving boundary has
the same order as the diffusion. It is thus useful to modify the ¢7 term in the moving boundary by
a small multiplicative factor.

Proof of Lemma 4.2. To begin, fix e > 0. Work in the moving frame 2t + €[(t + 1)1/ — 1] and
remove an exponential factor, as previously:

2(t, @) = e"0(t, x + 2t + €[(1 + )Y/ — 1]).
Passing then to self-similar coordinates
r=log(t+1) and y=(t+1)""2,
so that
C(Ta y) = Z<eT - 17 67/2y)7
we see that ( satisfies
—_ € € T/2
G =L¢+ 56— (1+5¢77)¢,

with L as in (5.3). Finally, pulling out the zeroth order factor

((ryy) = e P (1),

we see that ¢ solves
- €

Cr = L¢ + 5y (5.6)

We finish using the following perturbative lemma, proved in Appendix A. This result falls
outside of [16] and Lemma 5.1 because the (, term in (5.6) is no longer a remainder term.

Lemma 5.2. Let ¢ solve (5.6), then it can be represented as
2

((r,y) = exp{ - % - %} (( . we(y)g*%i(oay) dy) Ye(y)e 7 + yﬁ(ﬂy)e’“”) (5.7)

Here, pe > 1/2, 1c(y), and A\e > 0 are such that \e — 0 and ¥(y) — ye__yQ/S/\/Q\/E uniformly
on compact sets as € — 0, 1. is uniformly bounded in €, ||V¢|2 = 1, and h(r,y) is bounded on all
compact subsets of [0,00).
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Returning to the original variables, we first note that, for all ¢ > 0 and all = < 2t + (1 4 &)/,
it follows directly from (5.7) that

—etl/2

6(t, )| < Ct=3/27 e (5.8)

In fact, this estimate holds for all x since, as above, ¥ may be estimated on [2¢+ (1+¢)v/t, 00) using
the same approach as in (5.5). Second, taking ¢ sufficiently large and evaluating at = 2t+(1+¢)v/t,

we see that

- Qe _(14e
3t 2t + (1 + V) = e (1+eVE,

for some «, depending only on ug and €. This concludes the proof.

5.3 The case r € (1,3): the proof of Lemma 4.3

To motivate some of the steps in the following proof, we briefly discuss a heuristic. In the stationary
frame, we may always estimate v above by removing the Dirichlet boundary condition and using
the fact that, up to a e’ integrating factor, ¥ solves the heat equation:

9 7)2 2 y—1/2 2(v-1/2)
(x+2t+17) }:t_l/zexp{—m x*  xt t“/—t }

4t 4t i o2 4

Recalling that v > 1/2, we see that on the diffusive scale x ~ /¢, the Gaussian term x2/4¢ and
the t~Y/2 in front are (much) lower order and, thus, negligible, but all other terms are large. Hence,
our sub-solution should contain all such terms to be reasonably sharp. In particular, while the 7!
term appears small at first glance since v < 1, it is not negligible in the diffusive scale x ~ v/t.
While the terms depending only on ¢ show up as obvious integrating factors, this term will not.
Hence, the key to the proof below is in carefully taking account of this term. Note that here we
see the effect of v > 1/2.

5t a+2t+17) <tV exp {t—

Proof of Lemma 4.3. We show how to “guess” the form of the sub-solution v. We begin by removing
an exponential from © and changing to the moving frame. Define, for x € R,

z(t,x) = e®o(t,2t + (t+1)" — 1 + x),

so that (4.5) becomes
2 < 2z + Y+ 1) N2 — 2), t>0,2 >0,
2(t,0) =0, (5.9)
2(0,2) = e"wp(z).

Turning to self-similar variables,

T=log(l+1t), y=(t+ 1)71/23:, and ((r,y) = =2(e" — 1, BT/2y),

we wish to construct ¢ that satisfies the inequality
Y _
¢r < ny + §Cy + 76(7 UQ)TCy - ,yew’rC. (5.10)

As v > 1/2, the drift in (5.10) is not a perturbation anymore. The heuristic discussion preceding
this proof indicates that we should consider

_ (y=1/2)7
((r,y) = e (T, y),
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with a € R to be determined. Then we require
Yr < Ly + (7 — 20)e0" D7y, — <1 + aly — a)e® I 4 ’ye”)w — a1 =)y VAT (5.11)
with L as in (5.3). To remove the drift term, we set & = /2. Then (5.11) becomes
0a gl
vy — L+ (1 + Ze(%’*l)T + 76”)1/) + 5(1 — )y V2T <0,

Further, writing
2

Y(r,y) = exp{ —T—e = me(%_lh}q’(ﬂy%
we arrive at
1 (—1/2)r
U, — LU+ 57(1 —y)ye'! v <0. (5.12)

To deal with the last term in (5.12), let a,b > 0 be constants to be determined and define

2
U(r,y) = yexp{ —ae™®) _g/r — %}

By a direct computation, we see that

U LU+ %(1 — )y Ty

5.13)
24 6 3\ 21— (
o~ a2y — 1)em @D _ y_(_ _ 1) (_ _ _) =) (H/zw]q,.
a —a(2y—1)e 73 + 53 + 5 e
It is clear that to have (5.12), we must choose b < 4. For simplicity, we take b = 2, and
, 6 3 3
a == — — = —
b 2 2
so that (5.13) becomes
¥ (y—1/2) -1, Y= imye Y
\I’T—L\If—|—§(1—7)y67 U= |—a(2y—1)e"7 —i—Tye'Y 7—7 v,
The choice ) )
N o)
~ 8(2y-1)

ensures that (5.12) holds. Returning to our original variables, we see that

o(t, ) = 0(t, 2t + (t +1)7 — 1+ ) = e *((log(1 +t), (t + 1)"/2z)
= e—ace—oz(tﬂ)*1/235(1+1t)w71/zw(log(1 ), (+ 1)_1/235)

Y- 2 2v—1
- 1—1|—teXp{ T %x(lﬂ) - (1+1) - %}‘I’(log(l+t)7(t+1)l/2x)
T vy N - 72 . 1‘2
:(1+t)3eXp{_x_§“(1+t) F- 1+ —[mﬂa}(lﬂ)z 1—m}.

This concludes the proof.
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6 The Fisher-KPP equation with a Gompertz non-linearity
A side effect of our analysis gives the asymptotics for a related local equation:
up — Au = fr(u). (6.1)

Here, we assume that f, € C', r € (1,00), and there exist positive constants 0f, 0y, and Ay such
that

fr(0) =0, fr(u)>0forallue(0,0f), f(0f) =0, f[fr(u)=0forallu>0y, (6.2)

and
u(l — Aslog (l)H> < fou) < u<1 — A7llog (E)H> (6.3)
U — T — f U 9
for u € (0,65).
Theorem 6.1. Suppose that the initial condition uy(x) for (6.1) is as in (1.5). If r > 3, then the
solution u(t,x) propagates with a logarithmic delay:

3
lim lim sup sup u<t, 2t — 3 logt + :U) =0, (6.4)

L—oo tsoco z>L

and
lim limsup sup ‘u(t, 2t — ;logt + x) — Hf‘ =0. (6.5)

L—oo tso0 z<—L

If r =3, u(t,x) propagates with a weak logarithmic delay: (6.4) holds and, for all € > 0,

3
lim inf sup u(t, 2t — <§ + e) logt —l—x) — Hf‘ =0. (6.6)

t—o00 <0

If r € (1,3), then the delay is algebraic: there exist Cy > cy > 0, depending only on f,, such that

lim supu(t, 2t — cft%: + x) =0, (6.7)
t—o00 >0
and .
tlg?o i?o) u(t,2t — Cpti+ + x) - Hf‘ =0. (6.8)

The proof of (6.4) follows directly from Section 3. The proofs of (6.5), (6.6), and (6.8) follow
from what was done in Section 4, combined with a standard argument saying that the convergence
is necessarily to the steady state 6 (see, e.g., [16]). The bound (6.7) needs an additional ingredient.
Indeed, since our non-linearity is local, we cannot “pull” information from the front as we did above
when we used the value of v at the front to bound ¢ x u far ahead of the front. In order to get
around this, we state a weak lower bound on wu.

Lemma 6.2. Let the hypotheses of Theorem 6.1 be satisfied. Then there exists 65 > 0, depending
only on f, such that
u(t,z) > exp{—dt"}

for all t sufficiently large and all x < 2t +t7, where we again define v =2/(1 +r).
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Such a bound follows from the analysis of the lower bound in part (3) of Proposition 3.2 and
requires no new ideas. As such, we omit the proof.

The main point in the proof of Theorem 6.1 is to use the lower bound in Lemma 6.2 on u along
with the form of the non-linearity to replace the estimate of ¢ x u that we used in the proof of the
upper bound in Theorem 1.1 when r € (1, 3).

Proof of (6.7) assuming Lemma 6.2. We use a super-solution

v(t,z) := Bexp { — (x — 2t + 20ft2“’*1) },

with ¢y > 0 to be determined. Then v satisfies
T = Taw + (1 = 2002y = D7),

On the other hand, using the bound on f (6.3) along with Lemma 6.2, we have that, for all ¢
sufficiently large and = < 2t + t7,

Ut — Uggy = fr(u) < U(l — Af log (ﬁ)lr> < u(l _ Af(sjlffrtv(l—r))

Recalling 2y — 2 = y(1 — r), and choosing c¢; such that Aféjfl > 2¢f(2y — 1), we see that T is a
super-solution for wu. O

7 The local-in-time Harnack inequality: Proposition 1.2

Proof of Proposition 1.2. Up to a shift in time, we may assume that ¢ = 0. We may also assume
that ¢ = 0. Indeed, let
us (t, ) = ertleleoqorixmy(t, 2),

where w solves the heat equation

Wt = Wz,
with the initial condition w(t = 0,z) = u(t = 0,z). Then w4 is a super-solution to v while u_ is a
sub-solution to u. Hence, we have

u(T,z +y) < us (T, +y) < 2lellzeT w(T,z +y)
|2 Pu(T, ) e~ ffu || Pu (T, 2) e || ;o Pw (T, x)1/P

In view of this inequality, it is enough to prove the claim for w, that is, solutions to the heat
equation.

Let G be the one-dimensional heat kernel G(t,x) = (47t)~Y/2¢=="/4)  Fix s = (p + 1)/2p,
notice that s € (0,1) and sp > 1, and let ¢ be the dual exponent of p. Then we have

w(T,x +y) = /Rw(O, 2)G(T,x +y— z)dz

< Jwll Y / w(0,2)PG(T, 2 +y — 2)°G(T,x +y — 2)'*dz
R
1/
< Jlwli 7 ( / w(0,2)G(Tx +y - 2)7dz) |G|
R q

1
< 0, 7W/H1-1/p) ||w||;gl/p( / w(0,2)G(T,z +y — z)spdz) ”
R
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We now seek a bound on G(T', z+y— z)* in terms of G(T, x — z). To this end, we recall that sp > 1,
let 2’ = x — 2z and we compute

G(T,z +y)*»
G(T, ")

:C _|_ /12
y)? N |2'] }
4T
/|2 /|2

= (4nT)(1—5P)/ exp{
/ 2
— (4rT) 0=/ eXp{ Splsv _spaly syt fe }

2T 4T 4T

-1 W\Q spr'y | spy®
4nT)(1=sP)/ (sp }
= (4nT) exp o7 T
- - 1)Iﬂff’l2 (sp=DI'* | (sp)*y? spy®
< (4T (1=5P)/2 {_ (sp ( > }
< (4T) P T AT Tsp—1)) T4t

Define 3 = (s?p?/(sp — 1) + sp)/4p. Using the above bound in (7.1), we obtain

1
w(t,z +y) < CpeﬁyQ/TT(1/4)(11/p)+(1sp)/2p\|w”é01/p</ w(0, 2)G(T, z — z)dz) /P
R
= O /T w35 Pw(t, 2)' /7.
In the second line we used the explicit choice of s to simplify the exponent of 7. This concludes

the proof. O

A  Proofs of Lemmas 5.1 and 5.2.

Proof of Lemma 5.1. The proof of this lemma is similar to that of a corresponding estimate in [16].
However, the proof there only deals with moving boundary conditions of the form 2¢ + rlog(t).
Hence, for completeness, we provide a streamlined proof. Recall that ¢ solves

C_T = LC_+ 66(771/2)7—{@

To rectify the fact that the operator L is not self-adjoint, we remove a Gaussian term. Let
- .2
((ry) = e V3¢ (ry),

then (* satisfies

G+ MC™ = el (G = 2, (A.1)

where )
Y 3
¢ w6~ 2)¢
The principle eigenvalue of M is associated to the eigenfunction
ly) = @vm) T Pye V.

Define the non-negative quadratic form

o= = [ (53+ (-3 )

for all f € H'(0,00) such that yf € L2(R*).
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Multiplying (A.1) by ¢* and integrating, we obtain

011" e +2Q(C7) = —22e7127 [ U2y <
0

Hence ¢* is bounded uniformly in L? independently of 7. Next, let (; = (1, (*). We have
10:¢5] < ee”OTVAT([((=ghy), ¢+ [GF]) S ee” AT o (A2)

Integrating this inequality in 7 and using the L? bound above, we obtain

167 (7) = G (0)] < £lIC(0, )2 (A.3)
We now show that the component of (* that is orthogonal to ¥ decays in time. Let
Ch=C =G,
then
QC™) = Sl 3
Using (A.1), we obtain

O ¢ 172 ey +2Q(C) S e OTVATICH0, ) 2 lIC s

from which we deduce that B B
IS )2 S e O 2T)IC(0, ) 2.

Gathering all estimates concludes the proof. O

Proof of Lemma 5.2. Recall that ¢ solves

To pass to a self-adjoint form, write

((r,y) = exp{ - % — ﬁ}(*(ﬂy),

so that (* solves
C: + MEC* =0,
where,
2
3 Y € Y €
=gy (- 2) el e o e
R STV R R TR Crelgtig)e

This operator is now self-adjoint with a compact resolvent. Let 1. and A\¢ be the principal eigen-
function and eigenvalue of the operator above satisfying the boundary condition 1.(0) = 0 and the

normalisation [|9e|[r2@m+) = 1.
Observe that

Q=(f) = OLf. f) = (MF. )+ (e(§+15) £, £) =0,

and thus A. > 0. By elliptic regularity, 1. — @ in L? and locally uniformly in y and \c — 0 as € — 0,
where v is the principal eigenfunction of the operator M, given in the proof of Lemma 5.1.
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Write
"= (e, " )1pe + C*J—7
so that
Qe(C*H) > el ¢35, (A.4)

where pi. is the second eigenvalue of M.. After a time differentiation we have
(e, C*)(7) = (e, ¢*)(0)e T,

and as a consequence of (A.4), that

¢ ll2(7) < [I¢* [l2(0)e =

Then, locally we have ||¢*+]|oo(7) < e #<7 by parabolic regularity. This yields

2 2

C=ep{ =5 = TH(( [, e ee { T+ T O dy) ety +h(ry)e™7), (A5)

where h is bounded in 7, locally in y. Moreover, there exists Cx > 0 such that

Clv(y) < ¥e(y) < Cri(y),

finishing the proof.
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