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1. Introduction

In this paper, we are concerned with a class of nonlocal evolution equations of the form

Oou(z,t) d82u(x,t)

ot o2 + f(u(z,t), (J xu)(z,1)) (1.1)

for € R and t € RT. Here d > 0 is a constant, (J * u)(z,t) := [; J(x — y)u(y,t)dy, f and J are
sufficiently smooth functions. Depending upon the constant d and the nonlinearity f involved, equation
(1.1) may model the spatio-temporal development of various populations or epidemics (see Andreu et al.
[2], Apreutesei et al. [3,5-7], Aronson [8], Bates and Zhao [13], Ruan [26], and Schumacher [27]). Similar
equations have been also derived and studied from the point of view of certain continuum limits in the
dynamic Ising models (see Bates and Chmaj [9], Bates and Chen [10], Bates et al. [11,12], Bates and Zhao
[13], De Masi et al. [17], and references therein). Equation (1.1) has received much attention recently,
the possible interest of such an equation lies in the fact that much more general types of interactions
in the medium can be account for. The existence as well as the uniqueness of a traveling wave solution
for reaction-diffusion equations and integro-differential equations (1.1) have been of great interest, both
from a mathematical standpoint and for their applications (see Chen [15], Chen et al. [16], Huang [20],
Volpert et al. [29], Weinberger [30], Zhao [31], Zhao and Ruan [32,33]). Indeed, our study of (1.1) is
motivated by the following traveling wave problems.
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A. Family of neurons (Chen et al. [16])

g?_u+éjumsw@ﬁm%

where m(u) := S(u) — u satisfies m/(0) < 0,m/(1) < 0. J is a smooth kernel satisfying
J >0 on R, /RJ:L (1.2)
B. Ising model (De Masi et al. [17])
a—? = tanhfB(J xu + h) — u,

where 8 > 1 is inverse temperature, h is a constant, and J is a smooth kernel supported in [—1,1]
satisfying (1.2).
C. Phase transition (Bates et al. [9,11])

0
5 = elT xu—ul +g(u),
where g(u) is a bistable function, A > 0.

D. Epidemic model (Aronson [8], Ruan [26])

% = A+ A {1 — exp <i/oo u(y, t)k(z — y)dy)} + Nio(),

— 00

where A > 0 is a constant, ig(z) > 0 is a continuous function in z € R, and k(y) > 0 is a continuous
function in y € R satisfying ffooo k(y)dy = 1.
Throughout this paper, we make the following hypotheses.

HO) d + |c| # 0.
H1) J € C(R) is even, nonnegative such that

/ J(s)ds =1 and / J(s)e”’ds < +oo  for any p € R.
R R

) fE€C?(R xR) and f(—1,-1) = f(1,1) = f(¢q,q) =0, where —1 < ¢ < 1.

) Osf(r,s) > 0 for any fixed (r s) € [-1,1] x [-1,1].
H4) 8, f(21,%1) < 0 and 8, f(£1, £1) < —0, f(£1, £1),
H5) f(-) = f(,-) is bistable, i.e. f has exactly three zeros £1 and ¢. There exists an interval [I,1'] C (—1,1)
such that g € [[,1], ?/(s) >0 for any s € [I,I'] and ?l(s) <0 for any s € [-1,1]\ [I,!].

Under conditions (H1)-(H5), it is well known that equation (1.1) possesses a unique monotone traveling
wave solution connecting the equilibria +1 (i.e solutions of the form w(z,t) = U(x + ct) for some velocity
¢, ime 100 U(E) = £1 with & = x + ct.) However, the precise rates at which U approaches the two
homogeneous equilibria +1 are still lacking. In this paper, we address this issue. Our main goal is to
obtain the exact decay rates of traveling waves of (1.1) as £ — +oo. With the right rates of convergence,
we can easily establish the uniqueness of the traveling wave. Recently, a spectral analysis of traveling
waves of (1.1) was made in Bates and Chen [10]. The authors considered the operator obtained by
linearizing (1.1) at U in Cp(R), the space of continuous functions which vanish at infinity. They showed
that the operator has spectrum in the left half plane, bounded away from the imaginary axis except for
an algebraically simple eigenvalue at zero. This fact is of crucial importance, which not only implies
the exponential asymptotic stability of traveling waves but also leads to the description of dynamics of
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the codimension-one invariant stable manifolds. Here the codimension-one invariant stable manifolds
are transverse to the one-dimensional manifold formed by the translates of the traveling wave. Along
the same direction, much progress has been made to address the spectral stability of traveling waves of
integro-differential equations (see Apreutesei et al. [4], Hupkes and Verduyn Lunel [21], and references
therein). Based on our study of asymptotical behavior of traveling waves, we are able to obtain a detailed
description of the spectrum of the operator in the underlying L? space (1 < p < o0).

The paper is organized as follows: in section 2, we investigate the exponential decay rates of traveling
waves and prove their uniqueness. In section 3, we study the spectrum of the operator obtained by
linearizing (1.1) at the traveling wave.

2. Decay rates of traveling waves

In this section, we study the asymptotical behavior of traveling waves (¢, U) € R x C?(R) which satisfy

{cU’dU”Jrf(U,J*U) on R, (2.1)

lime 400 U() =+1, U'>0 on R.

We show that the behavior of a traveling wave near +oo is governed by exponentials. Moreover, we
determine the exact exponential decay rates of U as £ — +oo0. For our purpose, we shall adapt the
Fourier transform techniques presented in Mallet-Paret [22] and Pazy [25] (see also Bates and Zhao [13]
and Zhao [31]). By differentiating equation (2.1) with respect to &, we obtain

A(U'Y = dU')" + fo (U, T« UYU' + fo(U, T+ U)T # U (2.2)
From (2.1)
££rin fr(U7 J x U) = fr(:tL:tl)a 5311 fs(U7 J x U) = fs(:tla il) (23)

Motivated by (2.2) and (2.3), we consider the linear operator L : D(L) C LP(R,C) — LP(R,C) defined
by
Lv:=dv" —cv' +a(&)v+b(&)J xv, £E€R, (2.4)

where D(L) := {v € LP|v',dv" € LP}, a,b € Cp(R,R), and 1 < p < oc.
A special case occurs if both a and b are constants, we define Lo : D(Lg) C LP(R,C) — L?(R,C) by

Lov:=dv" —cv' +av+bJ xv, £€R, (2.5)
where D(Lg) := D(L). In what follows, when convenient, f.(£1,+1), f,(41,41) are denoted by a® and

b®, respectively.
Let Ag(z) : C — C be the characteristic function associated with Lo, defined by

Aog(2) =dz? —cz+a+ b/ J(s)e”*ds.
R

In an attempt to solve the inhomogeneous equations
Lov="h, helLP (2.6)
we may formally take the Fourier transform to obtain
Ao(in)o(n) = h(n), n€R,

where g(z) = (2m)~" [ g(s)e""**ds, i =+/—=1 and z € C. Note that Ayt (in) = O(Jn|~1). Therefore, we
can take the inverse transform of Aj' (i) to obtain the solution v provided Ag(in) # 0 for any n € R.

Definition 2.1. The operator Ly is called hyperbolic if Ag(in) # 0 for any n € R.
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In what follows, for a given complex number z € C, we shall always denote its real part and imaginary
part by Rez and Imz, respectively. The following lemma ensures the existence of Ay !(in) under suitable
conditions.

Lemma 2.2. Suppose that a < 0,0 >0 and b < —a. Then

(a) The equation Ay(z) =0 has precisely two real solutions \* < 0 < A\
(b) The zeros of Ag(z) in the vertical strip {z € C | X\* < Rez < A"} are \* and \*. In addition, in each
vertical strip |Rez| < K, there lie only a finite number of zeros of Ag(z).

Proof. Set N(z) =b [, J(s)e **ds and D(z) = cz —dz* — a. Then z is a zero of Ag(z) if and only if z is
a solution to the equation N(z) = D(z). Due to the assumption, D(0) — N(0) > 0. We now start with
the case that z takes on real values, note that N(z) is a positive convex even function of z with ‘9;2];7 >0
for any z # 0. Consequently, there exists two real roots of N(z) = D(z), denoted by A* and \* with
A* < 0 < A\“ In addition, it is easy to see that N(z) < D(z) if z € (AT, \"), whereas N(z) > D(z) if
z € R\ (AT, \*). This confirms part (a). Next let z € C. Note that

IN(2)| < / J(s)e R ds < ReD(2), V€ {z € C| A* < Rez < A"}. 2.7)
R
Moreover, we observe that

ReD(\* +ip) > /

J(t)e Ntdt > / J(t)e "t cos ptdt = ReN (N + ip)
R

R

and

ReD(\" +iu) > / J(t)e Ntdt > / J(t)e "t cos ptdt = ReN (A" + i)
R R

for any p # 0. This yields the first part of (b). Due to the first inequality in (2.7), |[N(2)| is bounded
in the vertical strip |Rez| < K, K > 0. Clearly, when restricted to such a strip, the solution set of
D(z) = N(z) is bounded. Since Ag(z) is an entire function over C, there are only finitely many roots of
Ap(z) in such a strip. O

Lemma 2.3. Assume that the operator Lo defined by (2.5) is hyperbolic. Then for each 1 < p < oo,
Lo : D(Lo) — LP is an isomorphism. The inverse is given by the convolution

(L5 0)€) = (Go = W) = [ Golé = by
with the function Gy, which enjoys the estimate
|Go(€)] < Ce @il ¢eR (2.8)

for some positive constants C' and «. In particular, for each h € LP, u = Lalh 1s the unique solution to
the inhomogeneous equation (2.6).

Proof. Set
Go(6) = [ 145 in)an, ¢ <R (2.9)

By a similar argument used in Mallet-Paret [22], we may interpret Gy as a tempered distribution and
show that
dG{ (&) — eGH(€) + aGo(§) + b x Go(§) = 6(§), (2.10)

where 0 denotes the delta distribution function. Therefore, when d = 0, as a function, Gy is absolutely
continuous for all £ # 0 and satisfies

cGo(€) = aGo(€) + bJ x Go(€) almost everywhere.
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Furthermore, the function Gy possesses left- and right-hand limits Go(0—) and Go(0+) at £ = 0, and
there is a jump discontinuity
Go(0+) — Go(0—) = 1.

If d > 0, then Gy is absolutely continuous for all £ and Gf is discontinuous at £ = 0.
We now show that the function Gy decays exponentially at +oco. First observe that

|/J(s)e_zsds| — 0, [Imz|] = o0
R

in each vertical strip |[Rez| < K. We then have
Ag(2) = dz* —cz+0(1), |Imz| — oo

uniformly in such a strip. Thanks to the assumption that Ag(in) # 0 for any n € R, Lemma 2.2 implies
that there exists a > 0 such that A;'(z) is analytic in the strip [Rez| < a. In order to obtain (2.8), we
distinguish between two cases.

For the case that d = 0, we write

At (2) = [—e(z + k)] + R(2),

where k > 2a. Clearly, in the strip |Rez| < «a, R(z) is analytic. Moreover, R(z) satisfies R(z) =
O(|Tmz|)~2 uniformly as [Imz| — oo. Consequently, if £ > 0, then we can calculate the function Gy by
shifting the path of integration in (2.9) as follows:

1 ) 1 .
o i€s A—1(- _ QEST_ (s -1 ;
o /. e P Ay (is)ds 5 /Re [—c(is+ k)™ + R(is)]ds

e ke ot

G(6)

Y - /Relst(—oz—Fis)ds.
The absolute convergence of the last integral yields
Go(§)] < Ce™¢, €20
for some positive constant C'. In the same manner, we can infer that

|Go()] < Ce™ %, ¢ <.

It is evident that the same reasoning works for d > 0 since Aj*(z) = O(|[Tmz|~2) in the strip [Rez| < a.
Thus (2.8) is established. Furthermore, (14 ||)Ay " (in) € L? implies that G € H' and G}y = isA; ' (is).
In addition, it follows the same lines that

Go(€)l < Ce¥l, g eR.
We now solve the inhomogeneous problem
Lov=h, helLP (2.11)
for h € LP. For given h € LP, let v be the convolution v = G4 % h. Then by Young’s inequality,
[ollze < NG llzel|Pllze.

Also note that
[v'le < NG|l || Al o
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provided d # 0. To verify v is a solution to (2.11), it is sufficient to show that (2.11) holds everywhere
for the function v, that is,

/R O (Lov)(€)de = d / NG / X (€)v(€)de + / X(E)h(E)de

R

for all C*° functions x : R — C of compact support. Indeed, it follows from the jump condition (2.10)
and Fubini’s theorem that

a / (E)(Go ) (€)de + b / NE) (T % Go = ) (€)de
R R

- / (OB * Go) + aGo) * h)(€)de
- / [ / X(E)(CCH(E — ) — dG(E — m))delh(n)dn + / ()

R JR R
- / [ / (—ex(€)Go(€ — 1) + d' (E)GH(E — m)de]h(n)ds + / ()

R JR R
—d / X (O (€)de — ¢ / Y (E)u(€)de + / (O(E)de.

Now, to complete the proof, we only need to show that Lou = 0 for some u € D(Lg) if and only if u = 0.
In fact, by interpreting u as a tempered distribution and taking the Fourier transform, we have

Ao (in)u(n) = 0.

Since Ag(in) # 0 for any n € R, u must be a zero distribution and hence u = 0. The proof is completed
O

We now construct the Green’s function for a small perturbation L, of Ly. Namely L, = Ly + @, here
Q@ : LP — LP is a bounded linear operator defined by

(@u)(€) = m(€)0(©) + (&) [ I~ mulm)n
where m,n € L.
Proposition 2.4. Let Ly be given by (2.5) and Lyv(§) = (Lo + Q)v(§). If
max{|[m||pe, |n|z=} <€

such that € is sufficiently small, then L, : D(Lo) — LP is an isomorphism for 1 < p < co. In addition,
there exist positive constants v, K, and a function G, : R? — C satisfying the pointwise estimate

Gy (& m)| < Ker&m) (2.12)
such that
Lyt = /RGq(f, n)h(n)di)
for each h € LP.

Proof. The proof is similar to that of Proposition 5.2 in Mallet-Paret [22], here we only provide an outline.
Since Lo : D(Lg) — LP is an isomorphism, L, = (I — QLEl)LO. It then follows from Theorem 1.16 of
Kato [18] that

L' =Ly )y (QLy'Y (2.13)
j=0
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as long as || QL' < 1. Set
Ty (€n) = m(€)Ga(€ — 1) +n(€) [ (¢ = 5)G(s. s,
R
In view of Lemma 2.3, (QL, 1)7 is an integral operator, whose kernel is defined inductively by

ryen = [ Bennatnadr
for all j > 2. Thanks to (H1), a straightforward calculation shows that

|I1(&,m)| < eCeelenl 4 gemlemnl / J(s)el*lds. (2.14)
R

Therefore, there exists a positive constant K such that [ (€,7)| < 2e Kje~ €77, In addition, by using
(2.14), we infer that ‘
\T5(&,m)| < W (& —n), W(E) =2eK e

where ¥*7 = W ¢*U~1 is the j-fold convolution of ¥ with itself. By Lemma 5.1 of Mallet-Paret [22],

we infer that
oo

> (g, m)| < Keviel, (2.15)

Jj=1

Here v = va? — 4e K1 and K = % Now let

Gq(&m) = Go(§ —n) /Go ) ZF 5,1m))

Jj=1

Then a direct calculation yields
|Gy(&m)| < KemvIe,

L;lhz/RGq(&,n)h(n)dn

Therefore, the proof is completed. |

Furthermore, it is easy to see that

Next we consider the operator L defined by (2.4). Hereafter, we assume that

lim a(+€) = a™, Jim b(+€) = b, (2.16)

{—+o0
where a¥,a™,b", and b~ are constants. Let Ly : D(Lg) — LP be the operator defined by
Liu=du —cu +at + b5 T xu,

respectively.
We also define the formally adjoint operator L* of L to be

L*(§)v(§) = dv” + cv’ + a(§)v(§) + /R J(&=m)b(n)v(n)dn.

For any A € C, it is easy to see that

/ o (@)(L — A)u(€)de = / Jul€)de, (2.17)
R
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where u € WhP, v € Whe and % + % =1.
Similarly, the formally adjoint operators L4 ™ of Ly are defined by

(L£™0)(§) = dv" (€) + cv'(€) + au(€) + b (J x u)(&). (2.18)
Given A € C, let Ar_ _x;: C — C be the characteristic functions associated with the operators Ly — AI,
which are defined by
dz* —cz — A +a* + bi/ J(s)e **ds.
R
Let Azi7ﬁ : C — C be the characteristic equations associated with the adjoint operators (L+ — A\I)*,
which are defined by
dz* + cz — X+ at +bF / J(s)e *°ds.
R

Remark 2.5. In light of Lemma 2.2, it is clear that there exists A > 0 such that Ay, _x(z) = 0 (resp.
Ap__x(z) = 0) has no solutions in the vertical strip {\ € C | =4 < Rez < A} provided Ap, _(in) # 0
(resp. Ap__x(in) # 0) for any n € R. In fact, for any K > 0, the set {—K <Rez < K | Az, _»(2) =0}
is bounded. Since Ay, _x(2) is analytic on C, there are only a finite number of zeros of Ay, _»(z) located
in the strip —K < Rez < K, thus, there must exist A > 0 such that Ay, _»(z) = 0 has no solutions in
the vertical strip {A € C | —A < Rez < A}. In addition, if Az, _x7(in) # 0 (resp. Ap__x;(in) # 0) for
any 7 € R, then A*L+—X1 (in) # 0 (vesp. A7 <, (in) # 0) for any n € R.

Definition 2.6. The operator Ly — AI are called hyperbolic if A _x;(in) # 0 for any n € R. The
operator L — Al is called asymptotically hyperbolic if both Ly —AI and L_ — \I are hyperbolic. Similarly,
the operator (Ly — AI)* are called hyperbolic if Ay _,;(in) # 0 for any 1 € R. The operator (L — AI)*
is called asymptotically hyperbolic if both (L4 — AI)* and (L_ — AI)* are hyperbolic.

Proposition 2.7. If A € C such that Ly — A is hyperbolic, then the operator Ly — I is an isomorphism
from WP onto LP for 1 < p < oo provided d = 0. If d > 0, then L, — X is an isomorphism from W?2P
onto LP for 1 < p < oo. In each case, the inverse is given by the convolution

(L =AU = (G + WO = [ G~ mhn)dn
with a function Gi which enjoys the estimate
GL(E)| < K'e™lEl ¢ eR, (2.19)

for some constants K' and . Moreover, the same assertion is valid for L_ — \I.

Proof. Invoking Lemma 2.3, we only need to show (2.19). By the Remark 2.5, there exist m > 0 such
that all zeros of Ap, _y lie outside of the strip {A € C | |[Rez| < m}. We define

kT =inf{Rez: Az, _x(z) =0, Rez >0}

and
k™ =sup{Rez: Ap, _x(2) =0, Rez <0}.

Choose &’ > 0 sufficiently small such that Az, _5(z) only has a finite number of zeros in the strip
k- —¢' <Rez <¢' and Ar, _»(2) is analytic on Rez = k_ —¢’. Again, we let

GA(©) = [ ezt (i
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By the reasoning used in the proof of Lemma 2.3, we find, for any £ > 0, that

GY(E) = Res(e* A7\ (2)) [k —ercnescer +eF=78 /R@ig"ﬂzi_mk* — & +in)dn

= 0(£lek-%) as € = 0.

Here we assume that the zero with Rez = k_ is the ith zero of Ay, _x(2) in the strip k7 —¢’ < Rez < ¢’
Analogously, we have _
GL (&) = O(ge* %) as € — —o0

for some j > 0. Let 0 < o < min{|k_|, |k+|}, then (2.19) follows. O

Lemma 2.8. Assume that A € C such that L — X\ is asymptotically hyperbolic. Suppose (L — X\ )u = h,
where h € LP. u € WY when d =0, and v € W2P when d # 0. Then

)] < Koe ¥lul e + Kz [ M hlan, € <R (2:20
R

||’LLHW1,IJ S K3||U||L:n + K4Hh||Lp Zfd =0. (221)

[ullwzr < Kslullze + Ks|lhllzr if d > 0. (2.22)

Here all the constants u and K;(i = 1,-,-,6) are positive and independent of u and h.

Proof. Let Gj\r and G* be the Green functions for L —\I and L_ —\I, respectively. Invoking Proposition
2.7, we may assume that both Gﬁ‘r and G* enjoy the estimate (2.19). Due to the assumption, for any
£ > 0, there exists 7(¢) > 0 such that |a(£€) — a®| < & and |b(£€) — b*| < & whenever € > 7. Now let

]" é-z,r?

oo ={5 €27

Let the bounded linear operators Q* : LP — L? be defined by
(QF0)(&) = 0(£)[a(€) — a™] + 6,(£)[b(€) — b7] /R J(& = n)v(n)dn,

respectively. Set Lo+ = L4 + Q*. Tt is clear that Lytu, = (Lg+ — L)uy, + fn. Choose 7 such that Q4
satisfy the conditions of Proposition 2.4, then L,+ — Al are isomorphisms from W' (W??) onto LP for
1 <p< oo Let G;‘i be the Green functions for Lg+, respectively, then Proposition 2.4 yields

Gos (&,m)| < Cre vl

for some positive constants C'\ and u. Consequently, we have either

ul€) = / G2 (€,m)[Ly+ — Llu(n)dn + / G2\ (€. m)h(n)d

_ [ Gy (&,m)[Lg+ — Llu(n)dn + /]R Gy (&, mh(n)dn

< / eHE Ly — L [jullpoedn + / e~ H1€= (1) dny

— 00

or

ul€) = /R G (€.0)[Ly- — Lu(n)dn + /R G (€. )h(n)dn

< [ ereiL, ~ Liljulmdn+ [ )l

—00
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Thus, (2.20) follows. Now we define
(A,0)(§) = dv” (&) — cv'(£) — wo(), (2.23)

then
Apu = (A —w)u— Pu+h, (2.24)

where (Pv)(€) := a(&)v(€) +b(&)J *v(€). As long as w > 0 is sufficiently large, At : LP — WP (W?2P)
exists and satisfies || A; ullwre < wpllullre provided d = 0 (|| A ullwre < wpllullre if d > 0), where w),
only depends on d, ¢,w and p. Since P is a bounded operator in LP, the desired conclusions (2.21) and
(2.22) follow. O

Remark 2.9. In virtue of Remark 2.5 and Lemma 2.8, (L — A\I)* is asymptotically hyperbolic if and only
if L — A\I is asymptotically hyperbolic, where A € C. Suppose that L — AI is asymptotically hyperbolic
and A (L —AI) is nonempty, where /(L —AI) is the kernel of L—AI. Let ¢ € N(L—AI), then Lemma 2.8
implies that ¢ decays exponentially at infinity. Clearly, the same conclusion holds for (L — A\I)* provided
it has a nonempty kernel.

Proposition 2.10. Assume that (2.16) is satisfied and L — A is asymptotically hyperbolic for some
A € C. Suppose that there are bounded sequences {u,} € D(L) and {hy,} € L? such that (L — A )u,, = h,
and h, — h* in LP. Then there exist a subsequence {u, } and some u* € D(L) such that u, — u* in
D(L) and (L — AI)u* = h*. The same conclusion holds for L*.

Proof. Due to the assumption and Lemma 2.8, the embedding theorem implies that the sequence {u,,}
is equicontinuous on any compact interval. In case of d > 0, {u,} is also equicontinuous on any compact
interval. When p = 1, by means of an argument similar to the one used in Mallet-Paret [22], it can be
shown that the above conclusions are still true. Therefore there is a subsequence, still labeled by {u,},
which converges to ©* uniformly on any compact interval for some function v* : R — C. Clearly, u* € L™
since {u,} is bounded in WP,

Next we show that u, — u* in LP if 1 < p < co. By the assumption, there exists C > 0 such that
llunllLe < C. Let

gn(§) = K2/

e=HE= B ()| dn, g*(g):K2/67”|£7n||h*(77)|d777
R

R

then it follows from (2.20) that
un(€)] < CEre ™€l 4 g,(),  €€R.
By using the Holder inequality and Young inequality, we find that g,,, g* € LP N L°°, and
Jim lgn —g"[lz= =0, lim [lgn —g"[[zr = 0.

The generalized Lebesgue dominated convergence theorem implies ||u, | L» — [[u*||z». Finally, Brézis-Lieb
Lemma (Brezis [14]) yields

lim [Ju, — u*|[z» = 0.

n—oo

Due to (2.24), we have
Up = AN (N = w)Tu, — Puy, + hy).

By passing the limit n — oo, we see that
u* = AN (N —w)u* — Pu* + h*).

Namely,
(L —X)u* =h".

151



G. Zhao, S. Ruan Traveling Waves of Nonlocal Evolution Equations

Furthermore, applying (2.21) or (2.22) to the difference w,, — u* yields
Up — u* in WHP(or W2P if d > 0).

It remains to show that the assertion is valid when p = co. We first write for each u,, in the form

&1
Cun(€r) = cun(&) + / [(Pun)(n) — ha(n)]dn for d =0

and

&1
duly(€1) = dudy(€) + /g feuy (1) — (Puw)(n) + hu(m)]d for d >0,

where —o0 < & < & < 0o. Since (J * uy)(+) converges to (J * u*)(-) pointwise and J * u,, is uniformly
bounded, upon taking the limit, we find

&1
cu®(&1) = cu(§2) +/ [(Pu*)(n) — hn(n)]dn for d =0

and

&1
du*'(€1) = du™' (&) +/ [cu*’ () — (Pu*)(n) + hy(n)]dn for d > 0.

Therefore, we have
d(u)" (&) — c(u”)'(§) + (Pu*)(§) = h(§) for any & € R.
Applying (2.20) to u,, — u* yields that
|(un — u*)(€)| < 20K e MElde + Kop|hy — B || 1o

Since hy, — h* in L, for any £ > 0, there exist positive constants N (¢) and T'(¢) such that |(u,—u*)(&)] <
1e whenever n > N(g) and [¢| > T'(¢). In addition, we already know that {u, } converges uniformly to u*

on any compact interval. Hence, there exists N(g) > 0 such that ||(u, — u*)|[p~ < e if n > N(g). Once
again, the similar reasoning shows that u,, — u* in W (or W2°°). Thus, the proof is completed. — [J

Proposition 2.11. Assume that A\ € C such that (L — XI)* is asymptotically hyperbolic. Suppose for
some p that there are bounded sequences {un} € WP (WP when d > 0) and {h,} € L? such that
(L —X)*u,, = h,, and h,, — h in LP. Then there exists a subsequence {u, } and someu € WtP (W?2P)

such that u, — u in WHP (W?2P) and (L — XI)*u = h.
Proof. The proof is almost the same as Lemma 2.10, and hence shall be omitted. O

Lemma 2.12. Suppose that L — A\ is asymptotically hyperbolic. Then the operator L — I : LP — LP is
a Fredholm operator for each p (1 < p < 00). Furthermore, the range R(L — XI) is given by

R(L=AD) = {he 7| [ @OhEdE =0, wle) e ML~ A},
In particular,
dim N(L — AXI)* = codimR(L — XI), dim N (L — XI) = codimR(L — \I)*,

Ind(L — \I) = —Ind(L — \I)*.

In case p = oo, L — A is a semi-Fredholm operator. Additionally, the operator L — NI is Fredholm if J
has compact support.
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Proof. The proof of this lemma is very similar to that of Theorem A in Mallet-Paret [22], we shall
therefore only sketch the proof. As usual, we shall only give the proof for the case that d = 0 since the
proof for the case that d > 0 can be completed similarly. We start to show that the unit ball

B={ueW" |ueN(L-N),|ullw., <1}

in N(L — M) € WYP is compact, and hence we can conclude dim N (L — A\I) < co. It is worth pointing
out that V(L — AI) is independent of p. Indeed, this can be inferred from Remark 2.9. Now, we choose
any sequence {u,} € B, then by Proposition 2.10 with h,, = 0, there exists a subsequence {u,} such
that u,, — u* in WbP for some u* with (L — AI)u* = 0. Therefore, u* € B and B is compact.

Next we let p be fixed and we show that R(L — AI) is closed. Let {h,} € R(L — AXI) C LP such
that h,, — h* in LP, then we need to show that h* € R(L — AI). Let C C WP be a closed subspace
complement of N'(L — A1), that is, W1? = N(L — AI) @ C. Clearly, there exists a sequence {u,} € C such
that (L — Al)u,, = hy,. As shown in Mallet-Paret [22], ||up|lwi.» must be bounded, hence Proposition
2.10 implies that there exists u* € C such that (L — AI)u* = h*. This proves the closeness of R(L — \I).
Therefore, L — AI is semi-Fredholm.

Now, we assume that 1 < p < oo, in order to prove that (L — AI) is Fredholm, it suffices to show that
R(L — M) has a finite codimension in L?. To this end, we let (V(L — AI)*)) C L? denote

(W(L - A" = {h e LF \/ Ode =0, w(€) e N(L - AD))}.

From Remark 2.9, we see that (L — AI)* is also asymptotically hyperbolic, and hence Proposition 2.10
together with the above arguments imply that dim N ((L — AI)*) < oo, where N (L — XI)*) € W9,
Certainly, codim(N (L — AI)*)) = dim V(L — A)*) < oo. To complete the proof, we show that (N (L —
A)*)9 = R(L — ). In view of (2.17), we have R(L — M) € (N(L — /\I)*)O. Assume for some p

p
(1 <p < o0) that R(L—AI) # (N(L—AI)*)), then there exists v* € T\’,(L M)t and fR VR(&)dE #0
for some h € (N (L — AI)*)9, where R(L — M)+ = {v € L9 | fR g(&) =0, geR(L- )\I)}. Clearly,

v* ¢ N((L — AI)*). On the other hand, we have
/@(L — Au(€)dé =0, ue Whr.
R

Choose any y € C*°(R, C) with compact support and set u =Y . By taking the complex conjugates, we
find

o-/ v(©)(L — ADx(©)de
—d / €)de + ¢ / (O (€)de + / X(©)[(a(€) — Mo (e) + / J(€ — mb(n)o(n)dnlde
- / XO(L — )"0 (£)de.

This indicates that v solves the adjoint equation in the sense of distributions and v € W4, Thus
v € N(L — X)*. This contradiction establishes that R(L — AI) = (N (L — AI)*)J for 1 < p < oo.

For the case of p = oo, once again, (2.17) implies that R(L — A\I) C (N(L — A )*)%, . Suppose that J
has compact support. We need to show that R(L — ) 2 (N(L — AI)*)% . We start to show that every
h € (N(L — AI)*)%, can be written as h = h;y + hg, where hy € R(L — M), and h; = h whenever |{| > 7
for some positive constant 7. Certainly, hy € (N(L — AI)*)% and hy has compact support. Therefore,
ha € (N(L—AI)*)Y. As shown before, hy € R(L—AI). Hence we have h € R(L — ) as desired. In view
of Lemma 2.8, L,+ — Al are isomorphisms given in Lemma 2.8 when 7 is sufficiently large. To construct
hi, we let wy = (L,+ — AI)~'h. Namely, (L — Al)w; = h for any £ > 7, while (L — A)w_ = h for any
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¢ < —7. Now, we let w*(€) = m(&)wy (€) + (1 — m(€))w_ (&), where m : R — R* is a C? function such
that m(&) = 0 for £ <0, and m(§) =1 for £ > 1. Since J has compact support, the direct computation
shows that (L — A)w* = h provided [¢] is sufficiently large. Choose h; = (L — AI)w*, as required. Hence
the proof is completed. O

Now we set 7 = max{a™ +b",a™ + b7}, t = min{a™ —bT,a™ —b"}, 24 ={X € C| ReX >},
2_={NeC|ReA <}, E={AeC|ReA>7}U{A € C||Imz| > AVi—Rez + (bT Ab7)}.

Proposition 2.13. If A € = then L — A\ is asymptotically hyperbolic when d > 0. In case d = 0, the
same conclusion also holds if X € £2, U £2_.

Proof. It is sufficient to prove that Ap,_»(in) # 0 for any n € R provided Re\ > 7. Note that
Ap,—x(1m) = 0 if and only if

ien +dn? + (A —at) = b* / J(s)e "5 ds.
R
First we note that

dn?® + ReX — a® > b* > \bi/ J(s)e"ds|, neR
R

when Re\ > 7, hence Ay, (i) # 0 for all n € R, provided ReX > 7. Now, suppose ReA <7, it is easy
to see that

¢ 2(Imz — b* / J(s)sin(—ns)ds)? + Rez — a™ > b* / J(s)cos(ns)ds, n € R,
R R

whenever [Imz| > ¢*v/7 — Rez + (b" Ab7). In case that d = 0, we still have Ap, _5(in) # 0 if ReX > 7.
Moreover, ReA < ¢ implies

Rel —a® < —b* < Re(bjE / J(s)e”M%ds), neR.
R

Therefore, the desired conclusion follows. O

Proposition 2.14. Let (c,U) be the solution to (1.1), then there exist positive constants v and C,, such
that )
U'(€)] < Cre+ 8, £ >0 (2.25)

and
U'(€)] < Ce®=71%8, ¢ <o, (2.26)

where X5, < 0 is the negative zero of Ap,, A > 0 is the positive zero of Ar,_, and v < min{—X\5, A" }.

Proof. We shall retain the notations used in Lemma 2.8, while let a(§) = f.(U, JxU), b(§) = fs(U, J xu),
at = f.(£1,£1), and b* = f,(+1,41). Let V stand for U’. Then

av’" +cV' + f(U, T« U)W + fo(U, JxU)J xV = 0.

Namely, (LV)(£) = 0. Due to Proposition 2.13 and (H4), L is asymptotically hyperbolic. Note that the
existence of A7 and A\* is guaranteed by Lemma 2.2. Let L,+ be the linear operators given in Lemma 2.8
and G+ be the Green functions for L +. In view of the proofs of Proposition 2.4 and Proposition 2.7, there
exist positive constants v and Cy such that |G+ (&, 1) < C1eP+HIE=1 and |G- (€,m)| < CreP=—MIE=nl,
while v < min{—A3, A" }. In particular, Lemma 2.8 shows that, for every £ € R,

Ve = [ GuenlEs - nvmlin= [ Guenlt, - Dy
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where we used the fact that (L;‘ — L)V (n) =0 for all n > 7. Consequently, for any & > 7, we have
vEl<a / OTHED|| Lt — LI|[[V | pedn < Cre®iH0s,

Since V is bounded on R, it is possible to choose C, > 0 such that the desired estimate (2.25) holds for
all £ > 0. Analogously,
U'(&)] < CeP 5 ¢ <.

The proof is completed. |

Now we are ready to state and prove the main result in this section

Theorem 2.15. Let (¢,U) be the solution to (1.1), then there exist positive constants Dy and Dy such
that
UE) =1— D11+ 0(1)] as € — oo, (2.27)

and
U(€) = =14 Dye*¢[1 4 0(1)] as € — —oo, (2.28)

where X5 < 0 and X* >0 are the roots of Ap, (z), respectively.
Proof. Consider
MyL(&v=[f-UJxU)— fr(£1,£D)]v + [fs(U,J xU) — fo(£1,£1)]J xv.
We first show that
Mo (VE) < Co®PHH5 €20, [M_(OV(E)] < Coe®™=7%, £ <0 (2:29)
hold for some constant Cy > 0. In fact, by the mean value theorem, we have
M=V < KIUE F 1+ 1 (U F DONIV©l+ 1+ V()]
for some positive constant K. Tt follows from Proposition 2.14 that
U(€) =1 < (A} + 1)1 Ce®H 8 € >0, and |U(E) +1] < (A —v) ' CeP=8 ¢ <.
Hence, for any £ > 0,

[T+ (U = 1)(©)]

\/ Ue - n—1d77|</ / WIU(E =) — 1jdn

C,eAi+v)E s s s
< 765 u / J(n)e” Xty + 6“**”)5/ J(me” XU (¢ —n) — 1|dn
AL +v) Jr R

< OlePiHVE,
Similarly,
[ % (U +1)()] < Ce* 7 ¢ <0,

and (AL+v)€
036 +TV 1f£ 2 07
< u
1T %V (¢)] < {036<A—V>5 if € <0,

Therefore, (2.29) follows.
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Now set hy(§) = —My(§)U(E). As long as v is sufficiently small, there exists ¢ > 0 such that
2(A% +v) <A —cand 2(A" —v) > A" + . Therefore, we have

|hy(€)] < CoeP+798 for any € > 0; |h_(€)] < CoeP=T9¢ for any € < 0. (2.30)

In addition, due to the boundedness of U F 1 and J % (U F 1), it is easy to see that

|hy(6)] = 0(eP=78) as € » —o0; |h_(€)] = O(eP+ T8 as € = . (2.31)
Clearly, we have
L.V = hi(€). (2.32)
In particular, when d = 0,
V()] < b= V(©)] + [a®[[V(E)] + [h(£)]- (2.33)

We also observe that h4 are differentiable and
(W (€] < K[V + VO + V(| +[UE) F LIV +1UE) F 1IT + V'(E)]]-
Therefore, it follows from (2.33) that
W (€)] < CeP+79¢ for any € > 0; [B.(€)] < CyeP=FIE for any € < 0. (2.34)

Next, we show (2.27). Thanks to (2.30) and (2.31), ?L+(Z) is analytic in the strip 0 < Imz < 2e — A%,
where 0 < 2¢ < tand §(z) = 5= [ e ***g(s)ds. Incase d = 0, let A/ (£) = hy.(£)e’S, where p € (0,2e—)%).
Due to (2.34), for each p € (0,2¢ — A%), b € WHP(R) for any p > 1. Furthermore, we have

[y (n +ip)| = IR (n)| = linhf (n)| = |8nhp( )| < (1o, neR.
Therefore, in the strip 0 < Imz < 2¢ — A%,
b (2)] = O(|Rez| "),  |Rez| — oc.

In the strip [Rez| < D with any fixed D > 0, we have that A, (z) = O([Imz|) ( = O(|Imz|?) if
d > 0) uniformly as [Imz| — oo . Consequently, E.N—iz)AZi (2) = O(|Imz|)~2 for any z € C with
0 <Rez <AL —2eand Ap_ (2) #0.

Since L is an isomorphism, V' is the unique solution to Liv = hy. By using Fourier transform and
shifting the integrating path, when £ > 0, we find

_ 1 emghf(ﬁ) dn = -t ei"§h+(fi(iﬁ))d(in)
2r Jr A4 (in) 2r Jg As(in)
e*$h( ) —i e*€hy (—iz)
= Res + A5 —e<Rez<0 + — +7dz
Z ‘ 27 JReo= S —e ALJr (Z)

Here we choose € such that Arp, (A} — €+ in) # 0 for any € R. Clearly, The last integral converges
absolutely. R
Let Ts —c = {z € C|Ar+(2) = 0, A3 — e < Rez < 0}. Since h(z) is analytic in the strip 0 < Imz <

2¢ — A, in the strip A5 — 2¢ < Rez <0, E( ' )AZi (z) is meromorphic and only has poles which may
occur at z € Xy —.. We claim that h(zz)AL (2) has a simple pole at z = A%. Suppose this is not true.
In virtue of Lemma 2.2, in the strip A — e < Rez < 0, either all the poles of E(fzz)AZi (2) occur at
z € Txs —c with Rez < A% or E(fzz)AZi (2) is analytic . For the latter, V(&) = O(eP+~9%), as € — oo.
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Certainly, h (§) = O(e*?+79¢) and ﬁ(zz) is analytic in the strip 2A% — s for some 0 < 3 < 2¢. Hence
the path of integration can be shifted to the line Rez = 2A% — 5. Consequently, one of the following cases
must occur.

Case 1. The set Z is not empty, where

Z={Rez e R™|Ar, (2) =0, h(—iz) is analytic at z and /ﬁ(—zz)AZ (z) has poles at z}.

1
.
Case I1. V(&) = O(e ") for any b € RT.

Next we show that both cases I and IT are impossible. We start with case I. Let o = sup Z. Recall that
A% is the only real zero of Ar, in the half plane Rez < 0. By Lemma 2.2, we may assume ¢ & pt,,i with

tm > 0(1 < m < 00) are all the element of Z with real part equal to p. Suppose that iAL(—zz)AZJlr (2) has
a pole of order l,,, + 1 at 0 + py,i. Then

V() = Z Res(egzﬁ(iz)AZ}r (2))Rez—o + 0(€%)
= S B (€06 COS(tn€ + i) + (),

where p;,, are real polynomials and k,, € R. Thus, V(&) = Ve (q(¢) + O(671)) as € — oo for some
N > 0, where ¢ is a quasiperiodic function of mean value zero. According to Mallet-Paret [23],

liminf ¢(¢) < 0 < limsup g(§).
E—o0

E—o0

Consequently, V(&) < 0 for some & > 0. This contradicts the fact that V(§) > 0 for any £ € (—o0, ).
Therefore case I never occurs.
For case II, we define

Vbz/V(g)ebf, beRT.
R

Note that
[ereviene= [ v [ emae - mdean=v, [ e
R R R R
Let
- i r\" o) b - i s\, o).

Q [71){]1121[17171] f (r S) [71){]11;1[17171] f (T S)

Due to (H2) and (H3), @ > —oo and b > 0. Consequently,
V' —dV" > aV +bJxV (2.35)

Multiplying each side of (2.35) by e*¢ and integrating by part yield
(~eb = d* ~ [ SOV, = abi,
R

thus
—cb— db® — b/ J(€)ebSde > a.
R

Since —cb — db* — fR J(€)ebed¢ — —o0, as b — oo, we arrive at a contradiction. This implies that case IT

cannot occur. Therefore, ezfﬁ(—iz)Azi (2) has a simple pole at z = A%, and
A8 N -\ S 2 “ .
V() = gt +£?+(_SM+) + i/ Ehi(=iz) )
AL+(/\+) 2m Rez=A3 —¢ Ap,(2)

_ e f]R h(n)ei/\indﬂ e(Ai—ek / 6i55ﬁ+(77 +i(e—A%))
T fendme g —c T 2 o AL —e+in)
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Now let

+_ Jo h(m)e 4 dn VHE) = ePE=9E 1 e€h (n+i(e — /\i))dn
Jend (e dn — ¢ 2r Jr AL, (A —etin) T

Clearly, V1 (£) = o(e*+¢) as &€ — +o00. The positivity of V forces that 4= > 0. Thus,
U'(&) = yTe 8 + 0(e?Hf), € — +oo.

By considering the equation L_V = h_ and arguing analogously, we may find
U'€) =y~ +o(e?9), € = —0

for some constant v~ > 0. With the boundary conditions U(+o0) = £1, we are readily to obtain the
desired conclusions. ]

The uniqueness of a monotone traveling wave U for the nonlocal Allen-Cahn equation (1.1) with d =0
was established in Bates et al. [11] and late for the general equation (1.1) in Chen [15]. In those works,
the uniqueness of speed and profile of traveling wave solution U are obtained by means of a comparison
principle and sub-and super-solution techniques. Here we provided a technically different and simplified
proof for the uniqueness of U.

Corollary 2.16. Assume that (H1)-(H5) are satisfied. Then there exists a unique ¢ € R such that
equation (1.1) possesses a solution satisfying (2.1) if and only if ¢ = ¢* and the traveling wave solution
U is unique up to translation of €.

Proof. We shall argue by contradiction. Suppose that there exist (¢;, U;) satisfying (1.1) with ¢; < ¢
, 7 = 1,2. We may assume that one of these solutions has speed ¢*. By Theorem 2.15, both solutions
satisfy

Ui(€) = —1 4+ ;e 4 0(e€), £ — —o0,
ST L - e +o(e%), € — o0

for some n;,n; > 0 and g}' > 0, p; < 0. Furthermore, o} and p; satisfy

cigf —d(g})? —at — b+/ J(s)e % °ds = 0,
R

ciot —d(o")? —a” — b~ / J(s)e %ds = 0.
R

In view of the proof of Lemma 2.2, it is easy to see that
0] <05<0, 0<of <o

Thus, Uz (§) < Uy (&) for all sufficiently large |€|. This together with the monotonicity of U; justify that we
can choose 7 € R and replace Uy (&) by Us(£+47) such that Us(€) < Uy (&) for all £ € R and Us(&p) = U1 (&)
for some &y. Consequently, Us(o) = Ui(&o) and Uy'(&o) < Uy'(§o). Moreover, (H3) and the fact that
JxUy(&o) > JxUs(&o) imply that f(U1(&o), JxU1(&o)) > f(U2(&o), JxU2(&p)). By plugging these relations
into (1.1), we find

0 = dUy (&) — erUi(&o) + f(UL(€7), J x Ur(&)) > dU3 (&) — c2U3(&0) + f(U2(&o), J * U2(&)) = 0.
The contradiction completes the proof. O
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3. Spectral analysis of traveling waves

In this section, we again let a(¢) = f.(U, JxU), b(&) = fo(U, Jxu), a* = f.(£1,£1), and b+ = f,(£1, £1).
Recall that

(Lu)(§) = du" (&) — cu/ (&) + fr (U, J * U)u(&) + fs(U, J x U)(J *u)(§) (3.1)
and

(Lyu)(€) = du (&) — cu(§) + a®u(&) + b=(J = u)(£). (3.2)

We now study the spectrum of the operator L. Throughout the rest of the paper, we let X :=
LP(R,C), 1 < p < oco. ReX is considered as an ordered Banach space with a positive cone X, where
ReX = {Reulu € X} and X = {w € ReX|w > 0}. Tt is well known that X is generating and normal
(see Amann [1] for more details). For ¢ € ReX, we write ¢ > 0if o € X and ¢ # 0, ¢ > 0if ¢(¢) >0
for each £ € R. An operator A : X — X is called positive if AX, C X .

Definition 3.1. An operator A is said to be resolvent positive if the resolvent set p(A) of A contains an
interval (o, 00) and (Al — A)~! is positive for sufficiently large A € p(4) NR.

In sequel, we follow Henry [19] to define the normal points and the essential spectrum of an operator
A on a Banach space. Namely, a normal point of A is a complex number in the resolvent set p(A) or an
isolated eigenvalue of A with finite multiplicity. The complement of the set of normal points is called the
essential spectrum of A, denoted by cess(A). We denote the spectral bound of an operator A by

5(A) =sup{ReX: A € 0(A)}.
We also let 7 = max{a® 4+ b*,a~ + b~} and ¢ = min{at — bT,a= — b~ }, where a* = f,.(+1,+1),bT =
Fu(EL 1),

Theorem 3.2. Consider the linear operator L : LP — LP defined by (5.1), which corresponds to the
variational equation of (1.1) at U, that is,

(Lu)(§) = du” (§) — cu'(§) + fr (U, J x U)u(&) + fs(U, J + U)(J * u)(§)
and its formally adjoint operator L* : LY — L% defined by
(L*u) (&) = du” (&) + cu’ (&) + fr-(U, J x U)u(€) + (J  fs(U, J x U)u)(€),

wherelgpgoo,%—l-%:l.q:ooifpzl, and q =1 if p=o00. Then

(1) Case d = 0.
(i) Let 24 = {X € C|ReX > 7} and 2_ = {\ € C| ReX < i}. Then X is an isolated eigenvalue with
a finite algebraic multiplicity if X € (24 U Q2_)No(L). Furthermore, suppose 1 is an eigenfunction
corresponding to A, then
[9(©) < Cre™ Bl ¢eR (3.3)

for some positive constants Cy and p;

(1) Oess(L) C{A € C | < ReX <7};

(i11) s(L) = s(L*) = 0 and 0 is a simple eigenvalue for both L and L*;

(i) dim N (L) = dim N (L*) = codimR(L) = codimR(L*) = 1. Moreover, L* has a positive eigenfunc-
tion ¥ corresponding to the eigenvalue 0 , and

R(L)={he L | / ()h(€)de = 0}; (3.4)

(v) There exist w > 0 such that the set {\ € C | ReA < —w, or ReA > 0 and X\ # 0} C p(L), where
p(L) denotes the resolvent set of L.
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(II) Case d > 0.
(i) Let = = {\ € C | [ImA| > vVT—ReX + (b~ AbT),ReX < 7} U {ReX > 7}. Suppose that \ €
ENo(L), then X is an isolated eigenvalue with a finite algebraic multiplicity. Furthermore, if 1 is
an eigenfunction corresponding to \ then

W)(g” < Ckeiﬂlg‘a 5 € Rv

where Cy and p are positive constants;
(ii) oess(L) CC\ Z;
(iii)-(iv) The assertions (iii) and (iv) stated in case I above remain true;
(v) The set {\ € C|ReA >0 and A # 0} C p(L).

Proof. We shall first prove that L is resolvent positive. The proof for L* is same. Let X > 0 be
sufficiently large and write A = A\* — A such that maxo<p<1 |f(U,J * U)] < A < oo. Then we have
(M — L) = (A1 + ¢d — dd*) — (A + P), where (Pv)(€) := f(U,J * U)v(€) + fs(U, J « U)(J * v) and 8
denotes differentiation. According to Miklavcic [24] (see section 1.6), As long as \* is sufficiently large,
(AT + ¢d — dd?) is invertible and positive. In particular, |[(\*1 + cd — d9?)~Y| < |&| for some k > 0

~ >\*
provided d > 0, and |[(A*I4¢d)~!|| < |5%|. Since P is a bounded operator, (A — L) is invertible provided
\is sufficiently large. Therefore, we have

(AL — L)™' = [(\I +¢d — dd®) — (Al + P)] 7!
= (NI +¢0 —do*) I — (M + PY(NT + cd — do*) 1]

= (NI +cd—dd*)"" Y (AL + P)(NI +cd—dd*)~ ).
j=0

Note that (A + P) is positive. So the above Neumann series is a sum of positive operators and hence is
positive. Clearly, for any \ > X, (M — L) is invertible and positive. Hence L is resolvent positive.

Next, we prove the statements (i)-(v) for the case that d = 0. The proof for the case that d > 0 follows
the same lines and shall be omitted.

By Miklavcic [24] again, there exists w > 0 sufficiently large such that (Al + ¢9) is invertible and
[(AM + ¢d) 7| < |£] whenever A < —w. With the same reasoning used previously, we see that (A — L)
is invertible provided A < —ww. This proves (v).

Notice that both (2, and (2_ are connected open subsets of C. Due to Proposition 2.13 and Lemma
2.12, both (L—AI) and (L*—\I) are semi-Fredholm operators whenever A € £2_Uf2,. Since p(L)N24 # 0
and p(L) N £2_ # B, according the first paragraph on p.243 of Kato [18], the followings hold true:

(al) (L — AI) is Fredholm of index zero if A € £2_ U 2.

(a2) Suppose that A € o(L) N (24 U 2_), then A is an isolated eigenvalue with finite algebraic multi-
plicity.

Furthermore, Lemma 2.8 implies (3.3). Therefore (i) is completed. As a consequence of (i), (ii) is
true. Next, we show (iii) and (iv). Analogously, (al) and (a2) remain valid for L*. Notice that 0 € o (L),
so §(L) > 0 > —oo. By Thieme [28], the resolvent positivity yields that s(L) € o(L). In particular,
s(L) € o(L) N 2, since T < 0. Therefore, (al) and (a2) imply that Ind(L — s(L)I) = 0 and s(L) is an
isolated eigenvalue with finite algebraic multiplicity. It follows from Lemma 2.12 that

codimR(L* — s(L)I) = codimR (L — s(L)I)* > dim N (L — s(L)I) > 0.

Consequently, s(L) € o(L*). By the resolvent positivity of L*, we infer that s(L*) € o(L*) and s(L*) >
s(L) > 0. Moreover, s(L*) has a positive eigenfunction ¥. Suppose that s(L*) > 0. Observe that
U’(€) is an eigenvalue of L corresponding to eigenvalue 0 and hence s(L*)U’(§) € R(L — s(L*)I). Since
(L —s(L*)I)* = L* —s(L*)I, it follows from Lemma 2.12 that

o(L%) / (U (€)d =0,
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which is impossible since U’ > 0. Thus s(L*) = s(L) = 0. We now prove the simplicity of eigenvalue 0,
without loss of generality, we assume that ¢ > 0. We first show that A(L) = span{U’}. Suppose this
not true, then there is an eigenfunction 1) associated with eigenvalue 0 such that ¢ # tU’ for all ¢ € R.
Obviously, 1» € W2P(R). In view of Theorem 2.15, [1)(£)| = O(e*+¢) as € — oo, and |(€)] = O(e**¢) as
& — —o0. Due to the positivity of U’, there exist ¢ such that tU’+1 > 0. Let t = inf{t € R : tU’'+ > 0}.
Obviously, tU' + v # 0. Set w =tU' + ¢ and X = {¢ € R | w(£) = 0}. Note that X is not empty by our
assumption. Furthermore, X is a close set and X\intX' # () . Let & € X\intX. Certainly, for each & > 0,
there is a point & € (& — 3¢, & + 3¢) such that wW(£.) > 0. Since, for any v > maxo<v<1 | fr(U, J xU)],
cw' 4+ yw = (Pw +~yw) > 0, simple calculation shows that

13
w(E) = [ e ED(P 4 yIyw(n)dy, € € R.

Clearly, w(§) > 0 for any £ > &y + . Thanks to (H1), there exist ¢ and b with b > a > 0 such
that (—b, —a) U (a,b) C suppJ. Since & can be chosen sufficiently small such that e < a, we find that
suppJ(&p — -) N suppw(+) contains a nonempty open interval. Hence J x wW(&p) > 0. On the other hand,
w' (&) = 0 implies that

0 < fo(U, J xU)(J *w)(&) < (Lw)(&o) = 0.

(H3) forces that J = w(&y) = 0, thus we reach a contradiction. The contradiction leads to the desired
conclusion that N (L) = span{U’}. As mentioned early, we can similarly show that N'(L) = span{U’} for
the case that d > 0. However, the proof is much simpler. Indeed, we have cw’ —dw” +~w = (Pw+~yw) > 0,
where + is the constant same as one defined above. Then

£ 00
w(e) = / et (P + yIyw(n)dn + /5 e (P 4 ATyw(n)dn, € €R,

— 00

where p4 = [c 4 \/c? + 4dv](2d)~!. Thus, w = tU’ + v > 0, which violates the definition of Z, and the
contradiction yields the conclusion we need. Next, we show that N (L)? = AN (L) by contradiction. Let
L® = t,U’ for some & € L? and t; € R, that is, t,U" € R(L). Therefore, t; [, ¥(n)U’(n)dn = 0, which
is a contradiction. With the same reasoning, we can show that A(L*) = span{¥} and 0 is also a simple
eigenvalue of L*. Thus, we proved that (iii) and dim N(L) = dim N (L*) = codimR (L) = codimR(L*) =
1. Note that (3.4) is ensured by Lemma 2.12 if L is considered in LP with 1 < p < co. In case that
p =00, R(L) C{h e L>®| [ h¥ =0} implies (3.4). Hence (iv) is completed. Certainly, X € p(L) for any
A € C with ReX > 0. Moreover, by using the arguments similar to those in Bates and Chen [10] (see p.
124, also refer to Volpert et al. [29]), we can show that L — in is injective for any n € R. On the other
hand, for each n € R, L —in is Fredholm of index zero. Hence in € p(L) for any n € R and (v) is proved.
(]
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