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An Integrodifferential Model for Phase Transitions:
Stationary Solutions in Higher Space Dimensions
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We study the existence and stability of stationary solutions of an integro-
differential model for phase transitions, which is a gradient flow for a free energy
functional with general nonlocal integrals penalizing spatial nonuniformity. As
such, this model is a nonlocal extension of the Allen—Cahn equation, which
incorporates long-range interactions. We find that the set of stationary solutions
for this model is much larger than that of the Allen—Cahn equation.

KEY WORDS: Nonlocal Allen—Cahn equation; long-range interaction; pinning.

1. INTRODUCTION
We study the integral equation

(J=u)(x)—u(x)—Af(u(x))=0, xeR", n=l1 (L.1)

where J = u(x)(=§Rn J(x—y)u(y)dy) is the convolution of J and u and
2>0. We assume [z J(x)dx=1 and f is bistable, e.g., f(u)=u(u*>—1).
Solutions to (1.1) are stationary solutions of the evolution equation

u,=Jxu—u—Arf(u) (L.2)

which may be thought of as a nonlocal version of the Allen—-Cahn equa-
tion.(V

We find that, in the special case where u + Af(u«) is nonmonotone and
A is sufficiently large, there exist stationary solutions having discontinuities
across arbitrarily prescribed interfaces. We construct both stable and
unstable solutions of this type. An important point is that some of our
results allow for J to take negative as well as positive values.
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Equation (1.2), recently proposed in ref. 3, can model a variety of
physical and biological phenomena, e.g., a material whose state is described
by an order parameter. Note that (1.2) is an L2-gradient flow of the free
energy functional

=3] | e ) —uty)Pdydy [ WGy (13)

with J=j/{gn j, f(u)=W'(u) and A=1/|g. j. Here, W is a double-well
function with two (not necessarily equal) local minima (say, at —1 and 1),
and j(r) is a measure of the energy resulting from u(x) being different from
u(x +r). The first term in (1.3) penalizes spatially inhomogeneous materials
when j >0, and the second term (bulk term) penalizes states which take
values other than the two minima of W.

From a microscopic viewpoint, one can obtain (1.3) from the following
heuristic argument, which could be justified in the mean field approximation
with a careful analysis using multiple scalings.

Consider a binary alloy, whose lattice sites are occupied by blocks,
each block consisting of many atoms of species A and B. To a site with a
block of A (B) atoms only, we assign the spin +1 (—1). Let v(r) be the
probability that the spin at site r is 4+ 1. Then the expected value of this
spin is u(r)=2v—1e[—1,1].

The Helmholtz free energy of our system is given by

E=H—-TS (1.4)

where H is the internal interaction energy, 7" the absolute temperature and
S the entropy.

Similar to the Ising model, the internal energy, in the mean field
approximation, has the form

Z [T (L u(r) (1 +u(r) + T 721 —u(r)(1 —u(r'))

Jﬁ?((l +u(r))(1—u(r') + (1 —u(r))(1 +u(r')))]

where JA1, J frB , JAB = JB1 denote the interaction energies between sites r

and 7' with spins 1 and 1 —land —1, 1 and —1 (ref. 32), respectively,

which we assume are positive, translation invariant, and symmetric in
(r, 1)

In the Bragg—Williams'® approximation, the total entropy has the
form

= —KZ[ ) log(1 +u(r)) + (1 —u(r)) log(1 —u(r))]
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where K> 0. Rearranging (1.4), we get
Eu)=5Y GJE+3TE2— T2 u(r) —u(r')® — 3k, + Y. (—3ko(r) u(r)

+ TK[ (1 +u(r))log(14+u(r))+ (1 —u(r)) log(1 —u(r))]
— 3hes(r) u¥(r)) (1.5)

where

k=Y, Gt +3I52 +T37)
keo(r) =Y (J 3t =T 5P)

ky(r) =Y (3T 4 1755 4%)

’

We assume that k5(r) > 0. Note that for 7K and |k,| small enough, the last
summand in (1.5) has two minima, which are of equal depth if k,(r)=0.
We replace this summand by >, W(u(r), r) and assume W is a double-well
function everywhere defined and with minima at —1 and 1. The constant
k, can be dropped since it does not effect the dynamics or the location of
critical points. Assuming that J,, =1J4% 4+ 1JB5 _ j4B and W(u,r) are
spatially homogeneous (i.e., J,.= j(r — ') and W(u, r)= W(u)) and taking
the continuum limit in (1.5) then gives (1.3). Note that this derivation does
not require j to be everywhere positive.

In what follows, we often require g(u) =u + Af(u) to be nonmonotone.
This will not be the case without a modification to the above derivation of
(1.2) and (1.3). Observe that the L2-gradient of E is

—j*u+<J j>u+ W'(u)
where
W' () = —;kz—TS/(u)—U j>u

SO

U+ Af(u) = —A(Lky+ TS'(u))
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which is monotone. One possibility is to incorporate a short-range inter-
action by having j= j,+ j, with j, = ¢d, where ¢ is the Dirac delta function
and ¢>0. (Note that, if j(x)=m"j(mx) for some positive, integrable
function j and we take the limit as m — co, then j,— ¢d where ¢=| j).
With this, the gradient of £ becomes

—j u+<J j>u+ W'(u)
= —j;xu(x)—cu(x)+ <f o+ c> u(x)+ W'u(x))
=—j, * u+<f j,) u+ W'(u)
We take J = j,/[ gn j, and A=1/| g j, so that now
u+Af(u)= —Ai(3k,+ TS'(u) + cu)
which is nonmonotone for small values of 7. From now on we will just
assume that g is nonmonotone and that j,= j.

Functional (1.3) is a natural generalization of the well-known and
studied Ginzburg—Landau functional

El(@:%jRn |Vu(x)|2dx+Ln W(u(x)) dx (1.6)

Namely, we change variables in the first integral of (1.3) using # = (x — »)/2,
¢=(x+ y)/2 and then expand u(x)=u(&+#) and u(y) =u(é —n) about ¢,
to get the formal expression

» [ aen(E Y Sowor)da

|
k=1 |oj=2k—1 &

where o= (0., ), |t =0t + -+, 0*=0% - 07, al=0y!- -, ! and
=y

Truncating the summation in (1.7) at k=1 gives, for some ¢ >0, an
energy

j [c|Vul?+ W(u)] dx
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which is the same as E’(u) up to the constant ¢ which can be absorbed by
a further change of variable. Thus E’(u) can be treated as a first order
approximation of E(u). Consequently, the Allen—-Cahn equation®

u,=Au— Af(u)

can be regarded as the first order approximation of (1.2).

Other integrodifferential equations with many of the properties of (1.2)
have been studied in refs. 27, 14-17, 24-26, 31 (continuum limits of
dynamic Ising models), refs. 6-9, 28-30 (nonlocal ferromagnetism), ref. 18
(neural networks) and in refs. 19 and 20 (nonlocal elasticity). In particular,
nonlocal versions of the Cahn-Hilliard equation? have been studied in
refs. 22 and 23.

Monotone traveling and stationary waves for (1.2) with n=1 were
studied in ref. 3, where discontinuous waves were also discovered. Subse-
quently, Chen in ref. 12 found some nonmonotone discontinuous waves.
Stationary homoclinic solutions were constructed by Chmaj and Ren in
ref. 13. In all these, it was observed that pinning may occur when a discon-
tinuous solution exists, even though the potential wells are of unequal
depth.

In ref. 2 we study the discrete version of this equation.

Interfacial motion in higher space dimensions was studied in refs. 15,
21, 24-26, and 31.

Stationary solutions of a higher order equation derived from (1.7)
were studied in ref. 5.

The paper is organized as follows: In Section 2 we study the case
where j > 0. In Section 3 we extend our results to the case where j changes
sign and 4 is large. In Section 4, we study global stability for n=1 and 4
large. In Section 5, we prove a result giving the asymptotic behavior of
solutions to (1.1). In particular, solutions do not in general approach their
limits exponentially at + co.

2. THE CASE j>0

We assume that f'e C", r =2, f has three zeros —1, a and 1, such that
f'(—=1)>0, f'(a)<0and f'(1) > 0 and g(u) =u+ Af(u) has three zeros and
exactly three intervals of monotonicity. About J (recall that J = j/{ zn j) we
assume that J>0 and Je W*(R"), k> 1. Let m=min{r, k}.

Let u; <u; be the extreme roots of u-+ Af(u)=0. Note that,
u;y > —luf<landuf > +1as 1— oo.
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Let a*, 6 be such that u; <o~ <a<a™ <uj,

f(u)=0>0 for ue[—La Julat, 1] (2.1)

A(a")>(1—a") sup fMJ(x—y) dy (2.2)

—Af@*) = (1 +a") sup [ J(x—y)dy (2.3)
xeM “M¢

where M is a given measurable set and M is its complement.

Theorem 2.1. Assume that f'satisfies the hypotheses at the beginning
of this section. For any 4 >0 and measurable set M satisfying (2.1), (2.2)
and (2.3) there exists a unique solution # to (1.1), such that

R >at for xeM,
a(x B .
<a for xeM

Moreover, i is C° on M and M€, C™ on int M and int M¢ and (locally)
asymptotically stable in the L*°(R") norm.

Proof. First we prove existence. Let
B={ueL”(R"):u(x)e[a*,1]forxe Mandu(x)e[ —1,a" ] for xe M}
Define T: B— L*(R") by

Tu(x)=u(x)+h[J = u(x) —u(x) — Af(u(x))]

We show that for />0 small enough T is a contraction mapping.
Since |J * u(x)| < ||u| o, taking / so small that

hAf (u)<1—nh for ue[—lLa"Jula™,1]

ensures that —1 < Tu(x) <1 for all ue B. Furthermore, since u — i u+ Af(u)]
is increasing on [a*, 1], for xe M,

Tu(x)=o* +h {oc* jM J(x—y)dy—fw J(x—y)dy —a*t —Af(a”®)

—ot | (hat) [ vyt afia) | 2ot

where we used (2.3) in the last inequality.
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Similarly, for x e M€, (2.2) implies that Tu(x) <o, therefore
T:B— B (24)
Let u, ve B, then
[Tu— Tl o, <(1=h(1+04)) llu—vll 0 + 1 [|J*(u—v)]
<(1=ho2) flu—vl

provided A(1+ Af"(u)) <1 for ue[ —1l,a~Ju[a*,1]. Thus T is a con-
traction for
1

0<h< -
l+Amax, ;1 a-q0rar, 17/ (1)

and has a unique fixed point 7 € B. Clearly, # is our desired solution.
On each of the sets M and M*, (1.1) can be rewritten as

i=g \(Jxd),  i=12

where g(u)=u+ Af(u) and g; ' is defined to be one of the two extreme

branches of g ~!. Since J * i is C*, we conclude that i is C° on M and M,
C™ on int M and int M°.

Remark 2.2. Note that if 4 is large enough, (2.2) and (2.3) do not
place any constraint on M.

We now show that our solution # is asymptotically, exponentially
stable.
For some positive ¢ and f to be chosen later, define

i(x, t) =i(x) +ee P
Let Nv=v,— (J *v—v—Af(v)). It is easily seen that
Nii= —fee ™" —(J it — i — Af (i1 + e ~#"))
= —Pee P+ ) f(0+ee P)—Af(d)

By Taylor’s expansion, |Af(il+ ee ") — if(ii)— Af" (i) ee P'| < C(ee™#")?
for some C>0. Thus

N> — Pee P+ 2f"(01) ee =P — C(ee=#")?

By (2.1), we can choose positive ¢ and f small enough such that
Niu(x, t) =0 for all £>0, thus & is a supersolution for all > 0.
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In a similar way,
u(x, t) =i(x) —ee #
is a subsolution for ¢ and S chosen as before and all > 0.
Consider the Cauchy problem: (1.2) with initial data u,, such that
(x)—e<ug(x)<id(x)+e
The comparison principle for (1.2) implies that the solution u(x, ) of the

Cauchy problem satisfies

f(x) <lim infu(x, 1) <lim sup u(x, t) <d(x)

t— oo t— o0

thus @ is exponentially, asymptotically stable in L*(R") norm.

Remark 2.3. In the above proof, we used the following comparison
principle:
Let u,ve L*(Rx [0, T]) satisfy

u,—(Jxu—u)+ fluyzv,—(Jxv—0v)+ f(v) on Rx[0, T]

and —1<v(x,0)<u(x,0)<1. Then —1<v(x, t)<u(x, t)<1.
This can be proved (under the assumption j" r VJ(y)dy <o) by a
modification of an arguyment on p. 79 in ref. 31.

3. THE CASE A LARGE

Let f and J be as in Section 2, but now we allow J to change sign.
Note that the existence proof from Section 2 cannot be used here, since in
this case T defined in (2.4) in general does not map B into B.

We proceed as follows. First, we establish a priori estimates for
L*(R") solutions of (1.1). Then with the help of a continuation argument,
for A large enough, we construct all stationary solutions to (1.1).

We assume that f has at least linear growth outside [ —1, 1]. Let

{2f(u)<d(u+l) for u< —1, G.1)
AMu)y=du—1) for ux=1 '
for some d > 0. Define
P={xeR":J(x)>0},
N={xeR":J(x)<0}
Assume that

d>2j 1J(x)| dx (3.2)
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Proposition 3.1. Assume (3.2) holds. Then any L*(R") solution u
to (1.1) satisfies

—d d

——<u(x) S ——F—— forall xeR” (3.3)
d—2§N|J| d—2§N|J|

Proof. Set M =sup,.g:u(x), m=inf, _gu(x). Let {x»}, be a
sequence such that u(x2)— M as n— oo, and {x7}, a sequence such that
u(x")—m as n — co. Then

Gl ) =M [ Iy dy—m [ J(y)dy

N

=] Tl + )~ ) dy
[T+ ) —m) dy —u(x) < —u(xl)
N
Passing to the limit n — oo, we get

(M) < (M—m) [ 1] (34)

N

A similar argument shows that

A m) = (m—M) [ 1| (3.5)

N

Now, if m> —1 and M <1 then obviously (3.3) is satisfied. Let us assume
that m< —1 and M > 1. Applying (3.1) to (3.4) and (3.5), we then get

d(M—l)s(M—m)j 1 (3.6)
and
d(m+1)>(m—M)f 1| (3.7)
N

From (3.7) and (3.2) we obtain

d+M§N ||
<7
d—Lv |J|
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Substituting this into (3.6) we get

(112 iyl
M("_Lv =T, |J|><d+d—§N ]

Thus, because of (3.2) we have

d
Msd_zsN |J|
and
—d
a2, 1

Finally, if M <1 and m < — 1, then (3.7) and (3.2) imply that

_d_§N|J|> —d
d—{y 1] “d=20y ]

mz

A similar argument shows that M >1 and m > — 1 again implies

d

M<—FF—+
d=2[y ]|
which completes the proof. |I

Remark 3.2. Note that if />0 and u is a nonconstant solution of
(1.1), then (3.3) at first implies

—I<u(x)<l1 forall xeR”
but one then can easily see from (1.1) that
—l<ulx)<l forall xeR"

actually holds for such nonconstant solutions.

Obviously,
—d d
—_— JI<Jxu<—7—— J=b
d—2y /] JRJ | d—2\y |J|JR,,| |
Let us assume that 4 is large enough that
|1+if’(u)|>f |J] whenever |u+ Af(u)| <b (3.8)

R"
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Fig. 1. u+Af(u).

Let uf, u3 be the two zeros of u + Af(u) — b such that —1 <uj <uj <1 and
w3, u; the two zeros of u+ Af(u) + b such that —1 <uj <u; <1 (see Fig. 1).
Define

—d
IJE J
! [dzsN |J|’“‘}’
I5=[u3, u3],
d
IJE J
: [”‘“d—zsN uJ
From the definition of b we immediately have

Proposition 3.3. Assume (3.2) and (3.8) hold. Then any L*(R")
solution u to (1.1), satisfies

ux)el{uljul] forall xeR” (3.9)

We now state our theorem.

Theorem 3.4 (Existence). Assume that f satisfies (3.8). All solu-
tions of (1.1) are characterized as follows.

Let M, and M, be any two disjoint measurable sets. Then there exists
a unique solution #, to (1.1), such that a,(x) eI for xe M,, 6i,(x) eI} for
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xeM, and d,(x)el; for xe (M, U M,)°. Moreover, i, is C™ on int M,
int M, and int(M, U M,)".

Proof. Let M, and M, be any two disjoint measurable sets. Define

F(u, o) = al(J * u—u) — f(u)

and
-1, xXeM,,
ug(x)=+«a, XeM,, (3.10)
1, xe(M,u M,)°

Note that F(uy, 0)=0. Let Lo = (0F/0u)(uqy, 0). Then, since
Lov=—f"(ug) v (3.11)

L, is invertible in L*(R"), thus, by the Implicit Function Theorem, there
exists some o> 0, such that there exists a locally unique solution u, of
F(u, ) =0 for |a| <ay.

Consider the family of equations parameterized by Ae [/, 1/x]:

Gu M=J«u—u—Af(u)=0 (3.12)

where A, is the infimum of A’s for which (3.8) holds, and without loss of
generality 1, <1/a,. Clearly, G is C' on L®(R")x R'. When A= 1/ay,
(3.12) has the solution u, . The Implicit Function Theorem is now used to
obtain the same conclusion for all Ae[4,, 1/x]:

Let u; be a solution of G(u, A)=0 and L, be the linear operator
defined in L*(R") by

Lyiv=Jxv—[14+Af"(uy)]v (3.13)

Note that L, = (0G/du)(u,, A).

Let Zg€ (4, 1/oo] be such that a solution, u, , exists to the equation
G(u, 1y) =0. First, we show that there exists #>0 such that for
A€ (Ao—1, Ao, (3.12) has a solution.

By the Implicit Function Theorem, it suffices to show that L, is
invertible. (3.13) can be rewritten as

1
Llovz[l—i_/lf,(ulo)] W]*U—U (314)
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Since from (3.9) we a priori know that |1+ Af"(uy))| > |/ 1 zn, it 1s easily
seen that L, is invertible.

To show that we can continue the solution branch to Ae[4,, 1/xy],
we argue by contradiction. Suppose that there is some 1>/, such that a

= —

solution exists for Ae(4, 1/ay], but not for A=4. Note that for any
Xy, X, € M| we have

|DJ * u,|
min, . {11+ 41" (uy(x))]}

where DJ is the (weak) derivative of J. Similar inequalities hold for any
X1, X, €M, or any x;,x,€(M,u M,)°. This implies that the family of
solutions u,, Ae(/, 1/ay], is equicontinuous on M,, M, and (M, U M,)*.
Thus, by the Arzela—Ascoli Theorem, we can pass to the limit along a
sequence 4, — A to obtain a solution of G(u, 1) =0.

This completes the existence proof. Note that we have existence for
A=71,, where (3.8) may fail.

To show uniqueness when (3.8) holds, assume that there are two dis-
tinct solutions #, and u, of (1.1), such that u,(x), uy(x)eI{ for xe M,
uy(x), uy(x) eIy for xe M, and u,(x), uy(x) € I3 for xe (M, U M,)°. Then

[t,( ) —us(x,5)| < < const

luy —tty] oo <1g7 (T #uy) — g7 (T % 1n)| o <k |1y — 1) o

where g(u)=u+ Af(u) and g; !, i=1, 2, 3, is defined to be one of the three
branches of g~ ! and k<1 by (3.8). Thus u, =u, a..

Finally, regularity follows from a similar argument as was used in
Theorem 2.1. |

We now provide a stability theorem for the solutions constructed in
Theorem 3.4.

Theorem 3.5 (Stability). Let u(x) be a solution of (1.1). Then
1. if u(x)elI{ulIj for all xe R", u is (locally) exponentially asymp-
totically stable in the L*°(R") norm.

2. if u(x)el] for xe M,, where M, is a measurable subset of R”,
such that |M,| >0, then u is unstable in the L*°(R") norm.

Proof. First, we investigate a(L,), the spectrum of L, acting on L%,
defined in (3.13). Note that (L, —u)v=J *v—[1+ Af"(u) + x]v is invert-
ible for

we () {zilz+7r|> HJ”LI(R")}
resS
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where S= {1+ Af"(u(x)): x e R"}, since

(L,—w)o=[1+1f"(u) +u] Jxv—v

1
1+ A (u)+u

Thus,

a(L) = U {zlz+ 1 <] prrm) (3.15)

reS

If u(x)eI{ U] for all xe R", then o(L,) lies in the left-half plane, thus, by
ref. 4, u is (locally) asymptotically stable.

Assume on the other hand, that u(x)ely for xe M,, where M, is
a measurable subset of R”, such that |M,|>0. From the construction
in Theorem 3.4, this solution is continued from u, given by (3.10). Note
that

a(Lo)={—/f"(=1), =f"(a), =f"(1)}

where L, is given by (3.11). Each of the points in a(L,) is an eigenvalue
of infinite multiplicity. Since our continuation is a C' deformation, by
(3.15), a(L,) does not intersect the imaginary axis and o(L,) contains
values in the right-half plane. Thus, from ref. 4 we conclude that u is
unstable. |

Any solution u(x) constructed in Theorem 3.4 is such that |1 + Af"(u(x))|
> 1 for all xe R". We now show that the instability criterion in Theorem 3.5
can be relaxed to accommodate other solutions to (1.1) with general non-
monotone g.

Theorem 3.6 (Instability). Assume that J>0 and 4 is such that
14+ Af"(u) <0 on some interval. Let M, be a measurable subset of R”, such
that |M,| >0, and let u be a solution to (1.1) such that 1+ Af"(u(x)) <0
for xe M,. Then u is unstable in the L*(R") norm.

Proof. For some positive numbers ¢ and f to be chosen later, let

u(x)+eef  for xeM,,
u(x) for xeM;

u(x, t)= {



An Integrodifferential Model for Phase Transitions 1133

Define Nv=v,— (J = v—v—Af(v)). It is easily seen that

Nu(x, 1)

(«Sﬁe’” - <f J(x— y)(u(y) +eef) dy
M,

an

- < | e p)uty) +ee”) dy

J(x—y)u(y) dy —u(x) —ee? — if(u(x) +8e”’)> for xe M,

c
2

4

) T ) dy—u(X)—if(u(X))> for xe M3

e+ Af (ul(x) +eeP) — Af(u(x)) +ee” | J(x—y)dy  for xeM,

—seﬁ’j J(x—y)dy for xe M

M,

By Taylor’s expansion, |Af(u+ee?")—if(u)—Aif"(u)ee?’| < Ceef")? for
some C>0. Thus,

Nu(x Z)<{seﬁt(ﬂ+if,(u(x))+Cgeﬁ’-l—sMgJ(x—y) dy) for xeM,,
e for xe M

- {se’”(ﬂ—i— 1+ Af"(u(x)) + CeeP') for xe M,,
=0 for xe M
Since 1+ Af"(u(x)) <0 for xe M,, we can choose &, >0 such that
Nu<0 for 0<t<t, (3.16)
where ¢, is such that

CeeP= inf {—1—Af"(u(x))—p}

xeM,

Thus, u is a subsolution of the Cauchy problem for (1.2) up till time ¢,. But
it is easily computed that the z-independent function u(x, ¢,) satisfies
gePo(Af"(u(x)) + CeeP 0+ [ e J(x — ) dy)  for x e M,,
—Jag, J(x — ) gePo for xe M

- {geﬁ‘O( —p) forxeM,,

~ 10 for xe M

Ny(x, to) < {
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so Nu<0 and u is also a subsolution. By the comparison principle for (1.2)
this means that the solution u(x, ¢) of the Cauchy problem with initial data
u(x, 0) is such that

lu(-, 1) —u(-)| o =>eefo= inf
xeM,

{—1 — A (u(x)) = f

C } forall r>¢,

Since the expression on the right is independent of &, instability follows.

Remark 3.7. The assumption J >0 is necessary here, since we are
using the comparison principle for (1.2), which is not applicable when J
changes sign.

4. GLOBAL STABILITY FOR A LARGE AND n=1

For n =1, the domains of attraction of a class of asymptotically stable
solutions (constructed in the previous section) can be characterized as
follows.

Assume that J>0 and [z |x| J(x) dx < co. Then uy, u3, u3, uj, I, I3,
I3 defined as in the previous section do not depend on J. Thus in the
following, we omit the superscript J.

Theorem 4.1 (Global Stability). Let # be an asymptotically
stable solution of (1.1), such that #i(x)el, for xe M and #(x)el; for
xeM¢, for some measurable M with M and M° both having positive
measure. Assume that sup{|z|: ze T} < oo, where T =M n M* is the set of
jump discontinuities of Z. Consider the Cauchy problem: (1.2) with the
initial condition u(x, 0) = uy(x). Assume that —1 <uy(x) <1,

{uo(x)e[l,uz] for xeM, (@1

uo(x)eus, 1] for xeM¢

and u, is continuous on M and M¢. Then the solution u(x, t) of the Cauchy
problem converges exponentially to #(x).

Proof. By some results in ref. 3, there are two monotone solutions of
(1.1), U, and U, such that U;(—o0)=—1, Uj(+0)=1, Uy(—0)=1,
Uy,(+o0)=—1 and U (x), Uy(x) €I, ul;. These solutions have the nice
property that the solution u(x, t) of the Cauchy problem (1.2) with an
initial condition u(x, 0) =uy(x) is “squeezed” between a translate of U, (or
U,) and —1 (or 1). To be more precise, for some u >0, depending upon
u,, there exist constants x;, x, >0 and J >0, such that the following four
implications hold for all xe R' and > 0:
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u(x, 1) < Uj(x —x;)+ue™® if limsupuy(x)<a,
u(x, 1) > Uy(x — x1) — ue ™% if lim infuy(x)>a,

T (4.2)
u(x, 1) < Uy(x —x,) +pe™% if lim sup uy(x) <a,

X — + o0

u(x, 1)> U (x — x,) —pue ™% if liminfuy(x)>a
X — +
Note that by the assumption that sup{|z|:ze T} < co, where T is the set
of jump discontinuities of u, exactly two of the above inequalities are
satisfied.
We show that there is a 7, > 0 such that

ulx,t)e[ —1,u;]Julug, 1] for 1>t (4.3)

It suffices to show that there is some ¢ >0, such that

{u,(x, 1< —e for all (x, ¢)such that u(x, t) e [u;, u,], (4.4)

u(x,t)>e forall (x,t)such thatu(x,t)e[us, u,]
(4.3) will then follow by setting

{uz—ul u4—u3}
f{j=max{——, ———=
& €
To see, say, the first of the inequalities in (4.4), we argue as follows:
Fix 1,>0, let A= {x:u(x, ty)=1}, and with K denoting the support
of J, let K,={y:x—yeK}. It is easy to see that if 4 # ¢J then there is a
point x, € A such that |K, n A4 >0. Hence,

J = u(xo, 19) — glu(x,, 1p)) = le J(xo— y)u(y, to) — 1) dy <0
since u(y, ty) <1 on A€ This implies that u,(x,, t,) <0 while u(x,, t,) =1
and u(xy,?)<1 for 0<r<t,, a contradiction. Thus, 4 is empty and
u(x, t)<1 for all t>0 and x e R'. Similarly, u(x, t)> —1 for all >0 and
xeR.

Again, fix ¢t,>0 and consider x, such that u(x,, ty) € [u,, u,]. Note
that the set D(¢,) of such points x, is contained in a compact interval for
a suitable choice of ¢, by (4.2). Furthermore, this interval does not increase
for t>t,. Since g(u(x,, ty)) =1 and u(y, t,) <1 for all ye R', we have

J % u(xo, 10) = glulxo, 10) < [ J(¥o— )(uly, 1) = 1) dy <0

R!
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This is uniform in 7 > ¢, since (4.2) prevents u( y, ¢) approaching 1 a.e. on K, .
That is, there is a constant g, > 0 such that u,(x,, t) < —¢g, for ¢t > ¢,. This
&, depends continuously upon x, lying in a compact set, and hence we can
choose ¢ > 0 uniformly, as claimed.

Since 1+ Af"(u(x, t))>1 for all xe R! and ¢ > ¢,, the modulus of con-
tinuity of u(x,t) in x is bounded on any [a,b] M and [a,b] "N M,
uniformly in ¢ > ¢, (see refs. 3 or 12 for easy proofs). This, together with the
Arzela—Ascoli Theorem and (4.2) implies that for any sequence ¢, — oo
there exists a subsequence ¢, — oo such that

u(x, t,) = some u(x)in L*(R") as t, > o0 (4.5)

Note that u(+o0)=—1 or 1.

It now sulffices to show that u, is a solution of (1.1) (from uniqueness,
it will then follow that u, =). The idea follows the lines of ref. 3 and we
only outline the proof here.

Let # be a C* function defined on [0, c0) such that n(x)=1 for
x€[0,1/2] and =0 for x> 1. Let

u(x, t) for |x|<1q,
w(x, ) =<ulx, ) p(x —t)+ (U(+00) —n(x—1)) for x>t
ux, )n(—x—1)—(uy(—o0)—n(—x—1)) for x< —1t

=

Then w(x, t)=u(+o0)for x>+ 1 and w(x, )E (—oo)forx< —t—1.
Define an energy functional associated with (1.2

V(t) =%JR1 [(J*w—w)w—AF(w)+ AH(x) F(u(o0))] dx

where H(x) is the Heaviside step function and F(u)= fu (—ooy S(5) ds

V clearly converges, because of the truncation. Using an argument 51m11ar
to one in ref. 3, it can be shown that V(z) is bounded independently in
1>0. It is here (and only here) that the assumption |1 |x| J(x) dx < o0 is
necessary. Next, we differentiate V(¢) to obtain

V(t) =f (J*¥w—w—Af(w)) w, dx
RI
Let

o(1) Ef (J*w—w—Af(w))?* dx

R!
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It can then be shown that

lim (V(t)—Q(t))=0 (4.6)

t— o0

(see ref. 3 for details). Since Q(¢) >0 it follows that lim inf, ,  V(¢)>0. We
thus deduce the existence of a sequence {7,}, with #, — co such that

lim P(t,)=0

n— oo

(for otherwise liminf,_, ., ¥(¢) >0 implying that V(¢)— oo, in contradic-
tion with the fact that V{(¢) is bounded). By (4.6), Fatou’s Lemma, (4.5),
and by passing to the limit along the subsequence {z,} of {z,}, we have

f (Juy —uy,—Aif(uy))?dx=0
Rl

thus u,, is a solution of (1.1).

The convergence is uniform, and to finish the proofwe apply Theorem 3.5(1),
which says that if u(x, ¢) lies in a ¢-neighborhood of u,, for some z,, then
u(x, t) > u(x) for t > co.

Remark 4.2. Note that in particular, this results provides another
proof of existence of stable solutions.

5. ASYMPTOTIC BEHAVIOR OF MONOTONE STATIONARY
WAVES

Let n =1 and consider the increasing solution #(x) to (1.1), constructed
in Theorem 3.4 and ref. 3, having only one jump discontinuity. Assume that
the jump occurs at x =0. It was shown in ref. 3 that &' > 0.

Theorem 5.1. Let u# be as above. Then

g T
m sup —
x— + oo u'(x)

< 0

Proof. u satisfies J * u = g(u). Differentiating this equation gives

g'(u(x)) u'(x) = J(x)(@(0+) —u(0—)) + (J * u")(x)
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Dividing this equation by #’(x) and observing that (J = ')(x) >0 for all
x e R! then yields

. J(x)
lim sup

< O
x— + oo IZ’(X)

Remark 5.2. This shows that the convergence of # to +1 is not
faster than that of j J(x) dx, in particular it need not be exponential.
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