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Conical-shaped travelling fronts in some
reaction-diffusion equations

F. Hamel*

Abstract. This paper is devoted to some existence, stability results, and qualitative
properties of global solutions of some semilinear elliptic or parabolic equations in the
whole space IR with conical conditions at infinity. Related free boundary problems are
also studied. Applications to models in combustion theory and populations dynamics are
given.

1 Conical-shaped fronts in a combustion model

This section is concerned with conical-shaped travelling fronts for reaction-diffusion
equations which arise in some combustion models. One especially gives a mathemat-
ical analysis of the shape of the premixed Bunsen flames. After a short introduction
on the mathematical modelling, one gives some existence, uniqueness and stability
results for entire solutions of some semilinear elliptic or parabolic equations in the
whole space. One .also deals with a singular limit leading to some free boundary
problems.

Bunsen flames can be divided into two parts : a diffusion flame and a premixed
flame (see Figure 1, and [21], [22], [38], [42], [43], [58], [69], [66]). Here we have
chosen to deal with premixed flames, which are themselves divided into two zones :
a fresh mixture (fuel and oxidant) and, above, a hot zone made of the burnt gases.
For the sake of simplicity, we assume that a single global chemlca.l reaction fuel +
oxidant — products takes place in the mixture.

The level sets of the temperature have a conical shape with a curved tip and,
far from its axis of symmetry, the flame is asymptotically almost planar. Let us
assume that the flame is stabilized and stationary in an upward flow with a uniform
intensity c. This uniformity assumption is reasonable at least far from the burner
rim. In the classical framework of the thermodiffusive model ([6], [21], [46]) with
unit Lewis number, the adimensionalized temperature field u(z,y), which can be
assumed to be defined in the whole space R" = {z = (z,y) € R¥~ x IR} because
of the invariance of the shape of the flame with respect to the size of the Bunsen
burner, satisfies the following reaction-diffusion equation :

Au—c%+f(u)=0, 0<u<1lin RN. (1.1)
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Figure 1: Bunsen flames, premized flame

Let a > 0 be the angle of the flame (see Figure 1). Asymptotic conical conditions
like
lim su u(z,y) =0 lim inf wu(z,y)=1 1.2

vo==oo vSﬂo—I-'gcota (=4 =0, w—+00 y2yo—|z|cota =) (12
are imposed at infinity (other asymptotic conditions have also been considered in
[12] and [32]). The normalized temperature u typically ranges in [0, 1], the region
where u is close to O corresponds to the fresh mixture and the region where u is
close to 1 corresponds to the burnt gases. In practice, the speed c of the flow at
the exit of the Bunsen burner is given and it determines the angle o of the flame.
We assume here that the angle o is given and the speed c is unknown. We shall see
that these two formulations are equivalent. The nonlinear reaction term f(u) is of
the “ignition temperature” type, namely f is assumed to be Lipschitz-continuous in
[0,1] and
£>00n (6,1) and fi(1) <0, (1.3)
Such a profile can be derived from the Arrhenius kinetics and the law of mass action.
The real 6 is called an ignition temperature, below which no reaction happens. For
mathematical convenience, f is assumed to be extended by 0 outside the interval
[0, 1].

One points out that the solutions u(z,y) of (1.1) can also be viewed as travelling
fronts of the type v(t,z,y) = u(z,y + ct) moving downwards with speed ¢ in a
quiescent medium. The function v solves the parabolic reaction-diffusion equation
O = Av + f(v). |

In dimension 1, problem (1.1-1.2) reduces to the equation

{ 30 € (0,1) such that f =0 on [0,6] U {1},

v —cu'+ f(u) =0, u(—00)=0, u(+oo)=1. (1.4)

'This problem is known to have a unique solution (o, ug), the function ug is increas-
ing and unique up to translation, and the speed ¢, is positive ([2], [5], [9], [39]).
These results can be obtained by a shooting method or a study in the phase plane.
The above existence, uniqueness and monotonicity results have been generalized by
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Berestycki, Larrouturou, Lions [7] and Berestycki, Nirenberg [11] in the multidimen-
sional case of a straight infinite cylinder & = w x R = {2 = (z,¥), z € w, y € IR},
for equations of the type

Au—(c+ B(x)0u+ f(u) = 0 nX=wx R
Gu = 0 onod% (1.5)
{ u(-,—o0) = 0, u(,+o0) = 1,

where 3 is a given continuous function defined on the bounded and smooth section
@ of the cylinder, and 6,u denotes the partial derivative of u with respect to the
outward unit normal v on 8X. Under the above conditions, there exists a unique
solution (c,u) of (1.5), and the function u = u(z,y) is increasing in y and unique
up to translation in y. Variational formulas for the unique speed exist in the one-
dimensional case [29] and in the multidimensional case [30], [37].

Recently, generalizations of the above results have been obtained for pulsating
fronts in periodic domains and media with periodic coefficients by Berestycki and
Hamel [4] and Xin [63], [64].

Let us now come back to problem (1.1) with conical conditions (1.2). Note that,
although the underlying flow is here uniform, the solutions are nevertheless non-
planar, because of the conical conditions (1.2) at infinity. Formal analyses had been
done, especially using asymptotic expansions in some singular limits. We here want
to establish some existence or uniqueness results for this problem (1.1-1.2) by using
PDE methods. We especially want to show the relationship between the speed ¢
of the outgoing flow and the angle a of the flame. In this perspective, the results
stated below are the first rigorous analysis of the conical shape of premixed Bunsen
flames.

The mathematical difficulties come on the one hand from the fact that the prob-
lem is set in the whole space RN and on the other hand from the non-standard
conical conditions at infinity. These conditions are rather weak and do not impose
anything as far as the behavior of the function u in the directions making an angle o
with respect to the unit vector —ey = (0,---,0, —1) is concerned. Note that these
conditions are very different from the uniform conditions u(z) — 0 as |2] — oo
which have often been considered for such nonlinear elliptic equations.

In the next subsections, the main results on problem (1.1-1.2) and on related
free boundary problems are stated. These results are detailed in some papers by
Bonnet, Hamel, Monneau and Roquejoffre in [12], [32], [33] and [34].

1.1 Existence, uniqueness and qualitative properties

In the sequel, ey = (0,---,0,1) is the upward unit vector and, for any vector
e and any angle ¢ € (0,7), C(e,) denotes the open half-cone directed by e :
Cle,p) ={k e RN k-e> ||l lle]| cosp}.

Let us first deal with the case N = 2, which corresponds to Bunsen burners with
thin elongated rectangular outlet :
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Theorem 1.1 ([12], [32], [34]) For each o € (0,7/2], there exists a unique solution
(c,u) of (1.1-1.2).1 The function u is unique up to translation, and the speed c is
uniquely determined by c = ¢/ sin @, where ¢y is the unique planar speed for (1.4).

Therefore, ¢ > ¢o and the bigger the speed c is, the smaller the angle « is and
the sharper the flame is. The formula for ¢ is pertinent since it can be observed in
practice that an increase of the outgoing flow ¢ makes the curvature of the flame
tip increase (see [21], [42], [59]). The case oz = /2 corresponds to the planar fronts
uo(y) (up to translation) with speed c.

Moreover, 0 < u < 1 in R?, u is decreasing in any direction of C(—ep, ) and, up
to translation, u is symmetric with respect to the variable z. Lastly, for any sequence
z, — o0, the functions u,(z,y) = u(z + Z,,y — |z,| cot @) locally converge to a
translate of the planar front ug(ysina + zcosa) as z, — +oo : in other words,
u is asymptotically planar along the directions (+sina, — cosa) far away from the
origin. If the medium were quiescent, the flame front would move with speed c
downwards and with speed c; in the directions which are asymptotically orthogonal
to the level sets of the temperature (see Figure 1); the speed ¢g is then nothing else
than the projection of the speed ¢ on the directions (& cos o, — sin ).

The existence result in Theorem 1.1 can be proved by solving equivalent problems
in bounded rectangles such that the ratio between the z-length and the y-length
approaches tan o as the size of the rectangles goes to infinity. One imposes Dirichlet
conditions 0 and 1 respectively on the lower and upper sides, and oblique Neumann
boundary conditions on the vertical sides. By proving some a priori estimates, one
passes to the limit in the whole plane IR?. Furthermore, by using a sliding method
similar to the one developped by Berestycki and Nirenberg [10], one can prove that
the solutions are decreasing in the directions of the cone C(—eg, a). The difficulty
is to show the asymptotic conditions at infinity of the type (1.2) and to prove that
the level sets of the limit function u are asymptotically planar far away from the
axis of symmetry {z = 0}. One especially makes several uses of the sliding method
in several orthogonal directions. One also uses some results on some free boundary
problems described below (see [34]).

The following theorem is a non-existence result for angles o > 7/2 in any di-
mension N > 2.

Theorem 1.2 ([31], [32]) In any dimension N > 2, there is no solution (c,u) of
(1.1-1.2) as soon as a > /2.

Thus, despite its simplicity, the mathematical model which is used here to de-
scribe premixed Bunsen flames is robust enough and physically meaningful : there
cannot be any flame whose tip points downwards if the flow is going upwards. Notice
that more general non-existence results with & > 7/2 hold under slightly weaker
conical conditions (see [32]).

But the drawback of the strong conditions (1.2) is that there is no solution of
(1.1-1.2) in dimension N > 3, apart from the planar fronts ug(y) with a = 7/2 (see

1Uniqueness was proved in [32]. Existence was proved in [12] with conditions which are slightly
weaker than (1.2), and in [34] with conditions (1.2).
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[32]). To circumvent this fact, new weaker conditions can be introduced and are
described below. Actually, instead of imposing the conditions (1.2), one can just
say that the level sets of the temperature have an asymptotic direction with angle o
with respect to —ey at infinity, and that the temperature is close to 0 far below any
of its level sets and close to 1 far above. More generally speaking, in any dimension
N, one can replace conditions (1.2) with the following ones :

wlim sup u=0

7% - () 1.6

lim inf u=1 (16)
vo—+00 O+ (yo)

where, for any y € R, Q*(w) = {¥ > w + ¢(z)}, O (%) = {¥ < vo + ¢(z)} and

#(z) is a non-specified, globally Lipschitz function, of class C* for large ||, and such

that

J&|—+-o00 |$|

Conditions (1.2) are a particular case of (1.6) and correspond to the assumption
SUp g1 |9(z) + |z cote| < +o0o. But in (1.6), the asymptotic behavior of the
graph of ¢ at infinity is not known (this graph represents a zone where the tempera-

ture is neither very cold nor very hot). However, the following qualitative properties
still hold for (1.6) :

lim (V¢(m) + cot o _sc_) =0. (1.7

Theorem 1.3 ([31], [32]) In any dimension N > 2, if (c,u) solves (1.1) with con-
ditions (1.6-1.7), then a < 7/2, c = ¢o/ sina and u is decreasing with respect to any
direction of the cone C(—en,a). As a consequence, if a = w/2, then u is planar, it
only depends on the variable y and it is unique up to translation.

The proofs of Theorems 1.2 and 1.3 make an intensive use of sliding methods in
various directions, as well as some versions of the maximum principle in RY with
conical conditions at infinity.

One guesses that these conditions (1.6) are weak enough to guarantee the ex-
istence of solutions (c,u) for angles a < 7/2, in any dimension N > 3. However,
this question of the existence is still open, even for axisymmetric functions u(|z|, y).
Other open problems concern some models of premixed Bunsen flames with non
unit Lewis number (see [58], [59]), with heat losses or with nonconstant density.

1.2 Related free boundary and Serrin type problems

The above subsections dealt with smooth solutions of semilinear elliptic equations
(1.1). This subsection is concerned with the so-called limit of high activation en-
ergies. In this limit, the source term f(u) vanishes as soon as the temperature is
below that of the burnt gases and the zone where the chemical reaction takes place
becomes infinitely thin. Below this flame, the gases are not warm enough and the
reaction cannot happen, and above the flame, the gases are burnt and the reaction
does not happen either because at least one of the reactants has a zero concentration.
More precisely, the following theorem holds :
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Theorem 1.4 ([33]) Let f satisfy (1.3). Let N =2 and let o € (0,7/2] be given.
The solutions (c.,ue) of (1.1-1.2) with f.(s) = e~ f(1 — (1 — s)/e) converge (locally
uniformly) to a solution (c,u) = (c*,u®) of

Au—-clu=0mQ={0<u<1}C R? wu=1inR*\Q
Ou=cy onI': =00 andu is continuous across T (1.8)
limsup u(z)=0
d(z,I)—+00, 2€Q

where cg = 4/2 Bf >0, c* = c/sina, d(z,I") denotes the distance of a point
z € IR? to T, and 8,u® denotes the normal derivative on T' of the restriction of the
function u® to Q0.

The curve I' represents the infinitely thin flame front, and it is an analytic conical
graph {y = ¢(z)} such that ¢(z) + |z|cota — t* € R as £ — +o0o0. Furthermore,
Q = {y < ¢(z)}, u is globally Lipschitz-continuous in /R? and its restriction to
is analytic. The condition J,u® = ¢y on I' is a memory of this reaction term and
simply means that the normal burning velocity is constant along the flame front
(see [3], [9], [15], [16], [17], [18], [19], [21], [22], [23], [65] for other occurences of this
type of jump condition in related problems).

This limiting process which consists in considering such functions f. comes back
to [67] in dimension N = 1, see also [3] for problems in infinite cylinders with
heterogeneous velocity fields.

Theorem 1.4 especially gives a solution to the flame tip problem, which has been
set by Buckmaster and Ludford [22]. Problem (1.8) had been studied in various
asymptotic formal limits : the case of very sharp flames o — 0* with Lewis number
close to 1 has been considered by Buckmaster and Ludford (this limit is reduced to a
parabolic free boundary problem after a blow-down in the direction y [19], [21], [22]).
Multiscale asymptotic expansions have been carried out by Sivashinsky, leading to
different shapes of the flame fronts according to the position of the Lewis number
with respect to 1 [59] (see also [42], [58] for the three-dimensional case). Another
approach has been used by Michelson [47], in the case of a unit Lewis number;
namely, Michelson has used the fourth-order Kuramoto-Sivashinsky equation ([14],
[28], [60], [61]) for the description of the graph of the flame front and he has obtained
the existence and the uniqueness of such graphs for angles o close to 0 (see also [48]
for three-dimensional results).

Conversely, problem (1.8) can be viewed as an overdetermined Serrin type prob-

lem, for which the domain itself Q@ = {u < 1} is unknown. Problems of that type
have first been considered by Serrin [57] in bounded domains for equations of the
type Au+ f(u) = 0, which are invariant by rotation. For such problems it has been
proved that, under some conditions on f and u, the domain ( is necessarily a ball
(see also [1], [36], [51] for similar problems in other types of geometries).

For problem (1.8), one cannot expect any radial symmetry because of the first-
order term cf,u. However, under some smoothness assumptions for I', one can prove
that, besides the trivial planar solutions, the solutions given in Theorem 1.4 are the
only solutions of (1.8) :
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Theorem 1.5 ([33]) Let (c,u, Q) be a solution of (1.8) such that both  and R*\Q
are not empty, and IR*\Q has no bounded connected components. Assume that the
restriction of u to § is Ct, and that the free boundary T = 0N is globally C** with
bounded curvature. Then, even if it means changing (c, u, $2) into (—c,u(—z, —y), —).
one has ¢ > ¢y and, if a € (0,7/2] denotes the only solution of ¢ = cy/sina, the
following two and only two cases occur up to translation and symmetry in z : —
either Q is the half-space {y < zcota} and u(z,y) = Up(ysina — zcosa), where
Us(s) = e for s < 0 and Uy(s) = 1 for s > 0, — or u = u® is the conical solution
of (1.8) given in Theorem 1.4 above.

It follows from Theorems 1.4 and 1.5 that the free boundary problem (1.8),
together with the additional assumption that T is conical-shaped, is well-posed, in
dimension N = 2, for any angle a € (0,7/2], whereas no solution exists whenever
a is larger than m/2 or whenever c is smaller than co, as for the case with a source
term f(u) in Theorem 1.2.

Theorem 1.5 is proved in [33] in several steps. The first step consists in proving
that, up to a change of (c, u, Q) into (—c, u(—z, —y), —Q), the domain (2 is a Lipschitz
sub-graph. The second step is based on a method of rotation of the domain up to a
critical angle, for which the function in the rotated frame is asymptotically planar
in a vertical direction. One also uses various versions of the sliding method as well
as comparison principles and monotonicity results for solutions of elliptic equations
in sub-graphs.

1.3 Stability results

This subsection deals with the global stability of the solutions u of problem (1.1-1.2)
in dimension N = 2, with angles a < /2. The existence of such solutions is given in
Theorem 1.1. Another way of formulating this question of the stability is to ask the
question of the convergence to the travelling fronts u(z, y+ ct), or to some translates
of them, for the solutions v(t,z,y) of the Cauchy problem

(L9)

v =Av+ f(v), t>0, (z,y) € R?
'U(O,SL‘,y) = 'UO(xvy) given, 0 S Vo S 1

where vp is close, in some sense to be defined later, to a translate T,pu(z,y) =
u(z + a,y + b) of a solution u of (1.1-1.2).

There are many papers dealing with the stability of the travelling fronts for one-
dimensional equations of the type (1.4) with various types of nonlinearities f (see e.g.
[2], [13], [26], [39], [55], [56]), or for wrinkled travelling fronts of multidimensional
equations in infinite cylinders (see [8], [44], [52], (53], [54]), or lastly for planar fronts
in the whole space (see [41], [62]). However, nothing seems to be known about
the stability of the solutions of the two-dimensional problem (1.1) under conical
conditions of the type (1.2), for a < 7/2. As already emphasized, the travelling
fronts u(z,y + ct) are special time-global solutions of (1.9) satisfying, at each time,
the conical conditions (1.2) in the frame moving downwards with speed ¢ = ¢o /sina.
Therefore, the question of the global stability of these travelling waves and the



question of the asymptotic behaviour for large time of the solutions of the Cauchy
problem (1.9) starts from the study of the global attractor of equation (1.9) under
conical conditions of the type (1.2) in a frame moving downwards with speed c.

The next theorem states that the travelling waves are the only time-global solu-
tions of (1.9) satisfying such conical conditions.

Theorem 1.6 ([34]) Let f satisfy (1.3) and let a € (0,7/2). Let 0 < v(t,z,y) < 1
solve the equation

vy =Av+ f(v) forall (z,y) € R® andtc R (1.10)
and assume that
lim sup v(t,z,y—ct)=0
Y= e R, y<yo—|z|cota ( ' ) (1'11)
lim inf v(t,z,y —ct) = 1.
Yo—+00 teR, y2yo—|z|cot

Then there exists a solution u of (1.1-1.2) such that v(t,z,y) = u(z,y + ct) for

all (t,z,y) € R x R

Since the solutions u of (1.1-1.2) are such that u(z, y) — 0 (resp. — 1) uniformly
a8 y+|z| cot @ — —oo (resp. y+|z| cota — +o00), it follows that, if 0 < v(¢, z,y) < 1
is a solution of (1.10) such that 7,, 5, u(z,y + ct) < v(t,,y) < To,pu(z,y + ct) for
all (t,z,y) € IR®, for some solution u of (1.1-1.2) and for sme couples (ay,b;) and
(ag,bz) € IR?, then the conclusion of Theorem 1.6 holds.

The idea for proving Theorem 1.6 is based on a sliding method (see [10]) in
the variable ¢t and some versions of the maximum principle for parabolic equations
in unbounded domains. Similar methods were used in [54] and [4] to get some
monotonicity results for the solutions of some semilinear parabolic equations in
various domains.

Theorem 1.6 especially implies the following

Theorem 1.7 ([34]) Let u be a solution of (1.1-1.2). Let v(t,z,y) be a solution of
the Cauchy problem (1.9) such that

v <u in R?
lim inf  w(z,y) > 0. (1.12)

Yo—+00 y>yg—|z|cot

Then, for every sequence t, — +oo, there exist a subsequence t,, — +oo and
(a,b) € IR? such that

v(tn’ +t,2,y — clp —Ct) - u(:z:+a,y+b) as n' — +00
locally uniformly in (t,z,y) € IRS.

A consequence of this result is that, if vy satisfies (1.12) and if w(v) is the w-limit
set of vy for the semi-group S(t) given by (1.9), then w(vp) is made up of travelling
waves. Condition (1.12) is especially satisfied when v lies between two translates
of a solution u of (1.1-1.2). But, even under condition (1.12), the w-limit set w(vo)
of vp may well be a continuum, and one may ask for sufficient conditions for w(vp)
to be a singleton. This is the goal of Theorem 1.8 below.
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Theorem 1.8 ([34]) Choose a € (0,7/2) and let f satisfy (1.8). Let v(t,z,y) be
a solution of Cauchy problem (1.9) with initial datum vy uniformly continuous and
such that 0 < vy < 1. Assume the ezistence of pg, Co > 0 and of a solution u
of (1.1-1.2) such that |vo(z,y) — u(z,y)| < Coe~PV=*V* in R?. Also assume that
there ezists (a,b) € IR? such that vy < T,pu in IR2.

Then v(t, z,y — ct) converges to u uniformly in (z,y) and exponentially in t, as
t — +o0.

Notice that Theorem 1.8 holds especially if vp is uniformly continuous and such
that 0 < vp < 1 and if there exists a solution u of (1.1-1.2) such that vg — u has
compact support.

Furthermore, Theorem 1.8 admits the following extension :

Theorem 1.9 ([34)) Let a € (0,7/2), and f satisfy (1.3). Let 0 < v(t,z,y) <1 be
a solution of the Cauchy problem (1.9) with vy bounded in C*(IR?) and 0 < v < 1.
Assume that limy_, oo infy>yo—(cjcota Vo > 0 and that there ezists a solution u of
(1.1-1.2) such that vo < u in IR%. Also assume that for some py > 0

102, v0(z,3)| < CeWHna==) |3, yy(z,y)] < Cemtvsnatacsa)

for all (z,y) € IR?, where e, = (sina, —cosa) and e, = (—sina, —cos a).
Then the function v(t,-,- — ct) converges uniformly in R?, ast — +o0, to a
solution u' of (1.1-1.2).

Remark 1.10 The convergence phenomenon is really governed by the behaviour of
the initial datum when the space variable becomes infinite along the directions e,
and ¢€,,. In that sense, the situation is similar to the KPP situation ; see [44]. It may
well happen that, if the initial datum vg has no limit in the e, and e, directions, its
w-limit is made up of a continuum of waves.

Let us mention here that similar stability results were obtained by Ninomiya
and Taniguchi [50] for curved fronts in singular limits for Allen-Cahn bistable equa-
tions. Existence of smooth solutions of problem (1.1-1.2) with bistable nonlinearity
f was obtained by Fife [25] for angles a < 7/2 close to 7/2. The approach in [50]
complements the one used in this paper because the fronts {y = ¢(z)} are viewed
as an interface in a curvature flow ; the function ¢(z) solves a specific differential
equation and is proved to be stable with respect to perturbations. Other stability
results were also obtained by Michelson [49] for Bunsen fronts solving the Kuramoto-
Sivashinsky equation, in some asymptotic regimes. Formal stability results in the
nearly equidiffusional case were also given in [45].

2 Curved fronts for the Fisher-KPP equation

The previous section was concerned with conical-shaped fronts in reaction-diffusion
equations with combustion-type nonlinearities f. We emphasized that conical fronts
also exist for bistable-type nonlinearities, at least for angles a close to /2.
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This section deals with another class of nonlinearities f, so-called of Fisher or
Kolmogorov-Petrovsky-Piskunov type ([27], [40]). Namely, one assumes that f is of
class C?([0, 1]) and satisfies :

£(0) = £(1) =0, f(0) >0, f(1) <0, 2.1)

f(s) >0 for any 0 < s < 1, f is concave.

An example of such a function f is the quadratic nonlinearity f(s) = s(1 —s). Such
profiles arise in models in population dynamics (see [2]).

It is well-known that the equation v; = Av + f(v) has, in dimension N > 2,
an N + 1-dimensional manifold of planar travelling waves, namely v, n(z,t) =
@c(z - v + ct + h) where v varies in the unit sphere SV~ of IRY, h varies in IR and

c varies in [c*, +oo[ with ¢* = 24/f(0) > 0. In space dimension N = 1, there are
two 2-dimensional manifolds of travelling waves solutions: v}, (x,t) = ¢.(z +ct+h)
and v (z,t) = pc(—x + ct + h) ([2], [13], [24], [29]). For any c > c*, the function
©. satisfies

Oy — e+ f(pc) =0 in R, pc(—00)=0 and p.(+00) = 1. (2.2)

The function ¢, is increasing and unique up to translation.

Many works have been devoted to the question of the behavior for large time
and the convergence to travelling waves for the solutions of the Cauchy problem for
vy = Av + f(v), especially in dimension 1, under a wide class of initial conditions
(see e.g. Bramson [13)]).

However, the question of the existence of non planar fronts had been open since
recently. Theorem 1.1 above was about conical-shaped travelling fronts for equation
(1.1) with combustion-type nonlinearities f satisfying (1.3). Theorem 2.1 below
answers the same question, in dimension N = 2, with KPP type nonlinearities f :

Theorem 2.1 ([35]) Let f satisfy (2.1) and N = 2. Let ¢ > c*, let 0 < a;,a; <
7/2, ¢y = csinay, c; = csinay, and 1, = (—cosoy,siney), vo = (cosaz,sinas).
Assume that c1,cy; > ¢* and that a; and oy are not both equal to w/2. Let ¢, and 2
be two solutions of (2.2) with speeds c; and c;. Then there exists a travelling front
solution u(z,y) of (1.1) such that

u(rcosB,rsinf) - 0 forall —w/2—a1 <B<-7/2+ay
u(rcosB,rsinf) =1 forall —n/2+a;<B<37/2—
u(z —rsinay,y —rcosay) — p1(—zrcosa; +ysina)

u(z +rsinag,y — rcosas) — p1(z cosag + ysinay)

(2.3)

as r — +oo. The last two limits in (2.3) hold locally in (z,y).

Therefore, equation (1.1) with a nonlinearity f satisfying (2.1) gives rise to more
solutions than the same equation with combustion-type nonlinearities (1.3), as for
the one-dimensional case. In particular, the solutions u in Theorem 2.1 are not
symmetric, up to shift, with respect to any direction, provided ¢; # c;. The existence
of a larger class of solutions of (1.1) with nonlinearities (2.1) is a consequence of the
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fact that the speeds c of (2.2) are not unique anymore. Furthermore, given ¢, ¢z,
o1, ap as in Theorem 2.1, one can prove that there exists an infinity of solutions u
of (1.1) fulfilling (2.3), namely having the same asymptotic profile at infinity.

Let us also mention that more general existence results of conical-shaped trav-
elling fronts for (1.1) with nonlinearities f of the type (2.1), as well as fronts with
more general shapes, in any dimension N > 2, have also been obtained in [35].
Namely, given N > 2, ¢ > ¢*, given any nonnegative and nonzero Radon measure
p supported in Seey = {(v,7) € S¥~! x (¢*,+00), cv - exy = 7}, one can prove the
existence of a solution u, of (1.1) (we denote by S~ the unit euclidean sphere of
RN, the set S;., is a subset of the sphere with diameter cey). Furthermore, the
map 4 — u, is one-to-one and continuous (see [35] for details). Therefore, there
exists an infinite-dimensional manifold of solutions of (1.1). The proof of this result,
given in [35], generalizes that of Theorem 2.1, which is done below, but is much
more technical.

The more general question of the description of the set of all time-global solu-
tions v(f, z1,-+-,Zn) of v, = Av + f(v) is also dealt with in [35] (travelling fronts
are particular solutions of this problem). There exists an infinite-dimensional mani-
fold of solutions of this problem, given as nonlinear interactions of planar travelling
fronts. Furthermore, a partial-uniqueness result is also proved in [35].

Proof of Theorem 2.1. The proof of Theorem 2.1 is actually much easier than
the proof of Theorem 1.1, which was concerned with the case of a nonlinearity f of
type (1.3).

Under the assumptions of Theorem 2.1, it is straightforward to check that both
functions ui(z,y) = p1(—zrcosa; + ysin 1) and ua(z,y) = p2(z cosag + ysinas)
solve (1.1). Let now v(z,t) denote the solution of the Cauchy problem

v = Av—ciu+ f(v), t>0, (z,y) € R?
v(0,z,y) = wo(z,y) := max(p;(—z cosay + ysinay), pa(z cos az + ysin ag)).

Since vp(z,y) is a subsolution for (1.1), it follows that v(t,z,y) = vo(x,y) for all
t > 0 and (z,y) € IR?, and that v is nondecreasing in . On the other hand, the
maximum principle yields that v < 1. Standard parabolic estimates then imply that
v(t,z,y) — u(z,y) a8 t — +oo, where u is a classical solution of (1.1) such that
vo(z,y) < u(z,y) < 1in [R2

Let us now extend f by 0 outside the interval [0, 1]. From the concavity of f on
[0, 1], it follows that the function %(z,y) := ¢1(—zcosa; + ysinay) + pa(xcosaz +
ysinay) is a supersolution for (1.1). Furthermore, vy < T since both ¢; and ¢, are
positive. Therefore, u < . ’

As a conclusion, one has

max(ip;(—z cosay + ysina; ), pa(z cos ag + ysinaz))

< u(z,y) < min(p;(—z cosa; + ysin a;) + wa(z cos az + ysin az), 1)

for all (x,y) € IR?. It is then easy to check that property (2.3) holds. That completes
the proof of Theorem 2.1. O
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