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Abstract

A thorough study of domain wall solutions in coupled Gross—Pitaevskii equa-
tions on the real line is carried out including existence of these solutions; their
spectral and nonlinear stability; their persistence and stability under a small local-
ized potential. The proof of existence is variational and is presented in a general
framework: we show that the domain wall solutions are energy minimizers within
a class of vector-valued functions with nontrivial conditions at infinity. The admis-
sible energy functionals include those corresponding to coupled Gross—Pitaevskii
equations, arising in modeling of Bose—Einstein condensates. The results on spec-
tral and nonlinear stability follow from properties of the linearized operator about
the domain wall. The methods apply to many systems of interest and integrability
is not germane to our analysis. Finally, sufficient conditions for persistence and
stability of domain wall solutions are obtained to show that stable pinning occurs
near maxima of the potential, thus giving rigorous justification to earlier results in
the physics literature.

1. Introduction

Domain walls are ubiquitous in physical systems. The purpose of the present
work is to initiate a rigorous analysis of this phenomenon by placing it in a general
variational framework. We are interested in the existence and stability of these
domain walls as well as in their dynamical properties. The study is fairly complete
and covers the general existence and asymptotic properties of the solutions, spectral
and orbital stability, and it also includes the case of a small localized potential where
the spectral stability of these solutions is completely characterized. Our perspective
is mainly variational, also including some perturbation analysis in the case of small
localized potentials.
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STAN ALAMA ET AL.

Consider the system of coupled Gross—Pitaevskii equations,

oy = —02y1 + (g |y +812|1/f2|2)1/f1,} 0

i3y = =029 + (g2l¥1 > + g2lv2 ) v,

where the cross-interaction terms are taken to be equal to preserve the Hamiltonian
structure of the underlying equations. The system (1) may be seen as the simplest
model for domain walls in the real line.

Domain walls occur in many physical experiments, such as convection in fluid
dynamics [14,15] and polarization modulation instability in fiber optics [12,13].
Recently, domain wall solutions were discussed in the coupled Bose—Einstein con-
densates, both in one and two dimensions [9], and this is the prime motivation for
our study, as the one-dimensional domain walls should represent the leading order
term in an expansion of the energy of a two-component Bose—Einstein condensate.

For simplicity, start with the model case g11 = 1 = g2 and y = g1». Stationary
solutions of the form | = e iy, Y = e~ M2y, with real-valued envelopes
u1, up and normalization ;1 = 1 = u; satisfy the system of differential equations

—uf(x) + (u% + yus — 1) up =0,
xeR. ?)
—uy(x) + (yu% +uj - l) ur =0,

We seek nonnegative solutions of system (2), with heteroclinic boundary con-
ditions at infinity,

uir(x) > 0, wux(x) —>1, asx — —o0, 3)

ur(x) > 1, ux(x) — 0, as x — +oo. “4)

In the special case y = 3, such solutions are known explicitly [9, 14]:

Y =3: ua(x) = % [1 + tanh (%)} . (5)

Apart from the special case y = 3, generally there is no explicit formula for the
domain wall solutions. However, we will prove that such solutions exist for any
y > 1,and in fact for alarge class of systems of two Hamiltonian PDEs. In addition,
we will prove that they are spectrally and nonlinearly stable. Lastly, we will add a
small localized potential to the coupled Gross—Pitaevskii equations (1) and prove
the early observation in [9] that the domain walls persist near the nondegenerate
extremum points of the small potentials and become spectrally stable (unstable)
near the maximum (minimum) points, thus providing a very complete picture of
this phenomenon.
For the main result, our technique is variational. Therefore, we introduce the

general energy functional, for functions ¢; : R — C, j =1, 2,

o)

oo

1
E(p1.y2) = 5[ (112 + 13+ Wy, v d, (©)
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Domain Walls in the Coupled Gross—Pitaevskii Equations

where the appropriate choice of potential W corresponding to Equation (2) is:

1
W, ) = 5(|w1|2 +1l? = D2+ (v — Dy Plyal*. 7)

Denote by W = (¥1, ¥2), and let Rﬁ_ be the set of vectors in R? with nonnegative
coordinates: (x, y) € Rﬁ if x,y = 0. The potential W for y > 1 satisfies the
following general properties:

(W) W) =Wl 1¥20) = F(lyi?, [921?) for F € CP(R* R).

(W2) W(W) = 0 for all ¥ e C?, and there exist a, b > 0, so that W (¥) = 0 if
and only if (|¢ [, |¥2|) =a = (a,0) or b = (0, b).

(W3) a, b are non-degenerate global minima of W (when restricted to R%r).

(W4) There exist constants Rg, co > 0 such that

VWU)-U 2 ¢o|lU* forall UeR% with |U|= Ry.

We will show that the above properties are sufficient for the existence of domain
wall solutions, and also nearly sufficient for many of their properties, including
dynamical stability. A great variety of coupled equations of nonlinear Schrodinger
type fit the above framework. For instance, taking the general form of the coupled
Gross—Pitaevskii equations (1) with arbitrary g11, g22 > 0 and g12 > /811822,
we may seek stationary domain wall solutions of the form v; = e /81y (x)
and Yy = e *V82y,(x), with 4 > 0 any constant. The resulting system for
U = (uy, up) takes the form

—u’f + g11 (u% — az) ui —i—glzulu% =0

—uy + g2 (u% - bz) Uz + groutuz =0 ®
with
Ukx) — a:=(a,0), asx — oo,
U(x) > b:=(0,b), asx - —o0, ©))
where

= \/ﬁ b= ﬁ
NIt Vg2

For this more general domain wall system, the corresponding potential is

a

1
W, ) = Sl P + Venlval? = i0% + (212 — Veiga) W vl
(10)
which also satisfies the conditions (W1)—(W4) above, provided

812 > /811822

a hypothesis which we make throughout the paper.
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STAN ALAMA ET AL.

Many other coupled Schrodinger systems with Hamiltonian structure may be
treated by choosing different potentials satisfying (W1)—(W4). For instance,

1 —1
W (W) = Z(|¢1|4+|1/f2|4— 1>2+VT|w1|“|wz|“, (11)

with y > 1, is another admissible energy functional, which generates the system
of coupled Gross—Pitaevskii equations,

oy = =02y + (I * + v [val* — 1)|w1|2w1,}
i3y = =029 + (vt + Wl = DIy >y,

with the domain wall solutions satisfying asymptotic conditions ¥ (x) — (0, 1) as
x — —oo and ¥(x) — (1,0) as x — oo. Thus, we may consider systems other
than the standard cubic Gross—Pitaevskii equations (1).

To find solutions with the desired conditions (9) at infinity, we first start with
a very weak topology. Call X the class of all U = (u1, uz) € H! (R;R?) which
satisfy the asymptotic conditions (9). Define also Y to be the class of complex-
valued W = (Y1, ¥o) € H! (R; C?) satisfying U := (|1 (x)], [¥2(x)]) — a as
x — ooand U — b as x — —oo. Although neither space is closed under HILC
convergence, we will nevertheless obtain convergence in the stronger topology
defined by the family of distances (see [3]),

pa(Y, @):= Z [” w}—go} ||L2(R)+|| |W./'|_|€0./'|HL2(R) + v —o; ||L°O(—A,A)] ’
j=12
12)
where A > 01is a fixed constant. Our main existence result is given by the following
theorem.

Theorem 1.1. Assume W satisfies (W1)—(W4). Define
m = inf E(W).
veY

Then there exists V = (1, Y¥2) € Y which attains the infinum of E in Y. Moreover,
every minimizer has the form ¥y = etPry,, Yy = etPry,, for nonnegative real-
valued U = (uy,uz) € X and By, B2 € R constants. Furthermore, for any mini-
mizing sequence ¥, € Y, E(V,) — m, there exists aminimizer V € Y, a sequence
7, € R, and a subsequence for which

AW, (- +14),W()) = 0, ask — oo
holds for all constants A > 0.

A more detailed theorem, giving essential properties of the minimizing domain
wall solutions, is presented in Section 2; see Theorem 2.1. In particular, the solutions
have exponential convergence as x — =400 to their asymptotic limits, and in the
symmetric case (2), all minimizers satisfy 0 < u;(x), up(x) < 1 and there exists a
minimizer which is symmetric about x = 0, uz(x) = uj(—x).
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Domain Walls in the Coupled Gross—Pitaevskii Equations

Remark 1.1. In the symmetric case (2), there exists another equilibrium state

)

inside the range, where the domain wall solutions are defined. The equilibrium
state ¢ corresponds to the center-saddle point of the dynamical system (2). It was
reported with the numerical shooting method in [12] that the domain wall solutions

with the symmetry us(x) = u1(—x) satisfy u2(0) = u1(0) = \/11?/ forany y > 1.

It remains open in the variational theory to prove this result.

Remark 1.2. We do not know if the minimizer found in Theorem 2.1 is unique.
However, in Section 5, see Proposition 5.1, we prove that under some general
hypotheses the set of all energy-minimizing domain walls is discrete.

The existence of heteroclinics connecting the wells of a bistable potential W
have been proven by many authors. STERNBERG [18] gave an existence proof by
characterizing the heteroclinics as geodesics in a degenerate metric, a point of
view which we adopt in proving Theorem 1.1. Connecting orbits for symmetric
potentials were found in the case of multiple-well potentials by BRONSARD, Gul,
and SCHATZMAN [5] and ALAMA, BRONSARD, and Gui [1]. A more general existence
theorem, in the absence of symmetry hypotheses, was found by Alikakos and Fusco
[2], by employing constraints. For the stability (linear and nonlinear) we require the
stronger convergence in the distance p4 of unconstrained minimizing sequences,
and thus our result is an improvement on previous work for the two-well case.

The existence of domain wall solutions having been established, we turn to the
questions of linear and nonlinear stability, with respect to the Hamiltonian flow,

091 = =32yt + 01 F(1y1 12, [P,
0y = =329 + R F (Y112, [v21®) . (13)

Linear and nonlinear stability of the domain wall solutions U will also be proven
under rather general hypotheses, nevertheless slightly more restrictive than were
necessary for their existence. The first step is to consider the linearization about
U, D*E(U), which is defined in H(} (R; C?). Let us consider any admissible ® =
g +id; and let us express Pr = (¢1,r, ¥2.r) and ®; = (¢1,1, @2,1) in their real
and imaginary parts. We associate to the quadratic form D? E(U) two self-adjoint
linearizations, which decompose the second variation as

D’E(U)® =L, ®g +iL_®,
with self-adjoint operators

1
Lidgp =D+ ED2W(U)d>R, L & =—®) + DFu?, ud): &,

where we denote v : w = (vjwy, vaws) for v, w € RZ. In Section 3, see Theo-
rem 3.1, we prove that both L are positive semi-definite. In addition, L has a zero
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STAN ALAMA ET AL.

eigenvalue, corresponding to the eigenfunction U’(x), but the essential spectrum
is bounded away from zero.

An important issue is the simplicity of the zero eigenvalue of L., which is
sensitive to the form of the potential W. Indeed, if we choose g;» = 0 in (8), the
equations decouple and the zero eigenvalue of L will have multiplicity two. As
part of Theorem 3.1, we give a sufficient condition on W(¥) = F(|y1/%, [¥2]%)
for which zero is a simple eigenvalue,

(W5) 012F (§1,62) 20 forall & = (51,6) € RE,

a condition which is satisfied by the examples (2), (8), and (11) given above. For
such W, we may also conclude the strict monotonicity of the profiles U (x) =
(u1(x), uz(x)). From this spectral analysis we also obtain a spectral stability result
in the spirit of the work of DI MENZzA and GALLO [8] on the black soliton for the
NLS equation.

Theorem 1.2. If U € X is a minimizer of E, then the associated spectral problem
LiOr=—-Ad;, L_®; =1Dp (14)
has no eigenvalues A with Re(A) # 0.

We note that Theorem 1.2 holds even if zero is a multiple (semi-simple) eigen-
value of L . In that case, it is unnatural to claim that the system is spectrally stable,
as the presence of a null vector which is not accounted for by symmetries (trans-
lation invariance, in our case) usually signals a bifurcation of stationary solutions.
In this case, perturbations from the domain wall may grow algebraically in time
and no linear or nonlinear stability of the solutions may be established. Therefore,
to establish stability of domain wall solutions we restrict our attention to the case
where zero is a simple eigenvalue of L, which is ensured by the hypothesis (W5).

Nonlinear stability of non-degenerate domain wall solutions can be thought to be
a natural consequence of the minimizing character of these solutions in the energy
functional £. We note, however, that the fact that domain walls have nontrivial
boundary conditions at infinity presents additional challenges, as the dynamics
in this situation is not ruled by scattering. While we have the existence of the
domain wall solutions, there is no uniqueness result, and no explicit formula for the
solutions. The combination of these two features makes the problem quite subtle.
Having that in mind, define the energy space,

D:={VeH (R, C?: EW) < oo}. (15)
From [19], we have the following global well-posedness resultin the energy space D.

Theorem 1.3. (Zhidkov) Let Wo(x) € D N L (R). There exists a unique global
in time solution V(x,t) to the system (13) with initial data V(x,0) = Yo(x).
Moreover, the map t — W (-, t) is continuous with respect to ps and energy is
preserved along the flow, that is E(V (-, 1)) = E(Wy) forall t.

We may now state our result on the orbital stability of the domain wall solu-
tions. Again, the result is the same for any Gross—Pitaevskii system, as long as the
associated potential W satisfies (W1)—(W4).
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Domain Walls in the Coupled Gross—Pitaevskii Equations

Theorem 1.4. Assume (W1)—(W4), let U be a minimizer of E in X, for which zero is
a simple eigenvalue of L. Let Wy € DNL* and let & > 0. Then, for every A > 0,
there exist a positive number § = §(A) > 0 and real functions a(t), 01(t), 62(t)
such that if

pa(Wo, U) =6, (16)
then 610 ®
explif (t)]ui (- + a(t

Sup P4 (‘y(" D [CXP[i92(t)]M2(- + a(r)D =e an

The proof of Theorem 1.4 makes use of the variational structure of the equation
and the concentration-compactness argument employed in proving Theorem 1.1.
In this way it recalls the classical work of CAZENAVE-LIONS [6] and GRILLAKIS—
SHATAH-STRAUSS [10]. In our case, however, the control of the phase is a very
delicate matter and falls outside the Grillakis—Shatah—Strauss formalism. In [3],
orbital stability of the black soliton for the Gross—Pitaevskii equation was obtained
facing similar problems as ours. The black soliton is a constrained minimizer among
functions with fixed ‘untwisted momentum’ equal to 77 /2 and important part of the
analysis goes into defining this notion rigorously. We do not deal with such an issue,
however, a key point needed in the analysis in [3] is that travelling waves with speed
¢ (including the case ¢ = 0 corresponding to the black soliton) are known explicitly
and are unique. This complete characterization is not available to us. Nevertheless,
we are able to circumvent this by making use of the asymptotic behavior of the
domain wall solutions at £00 and the fact that heteroclinic minimizers are isolated
(as in Proposition 5.1 below).

Note also that a stronger version of stability, namely asymptotic stability, is
expected to hold for the domain wall solutions and we hope to tackle this problem
in a future project.

Even though variational techniques do not give much information about 6y (¢),
0>(t) and «(t), a direct application of the same reasoning behind Theorem 1.3 in
[3] to our setting allows us to obtain a weak form of a slow motion law for the
center «(¢) of the domain wall, at least for the family of solutions of the general
Gross—Pitaevskii system (13).

Theorem 1.5. Let U(x) € X be an energy minimizing domain wall solution of
(8) with asymptotic conditions (9). Let a(t), 01 (t), 02(t) be functions satisfying the
conclusion of Theorem 1.4. Then, there exists a constant C = C(A) such that for
allt e R :

lee(t)] = Cemax{L, |t]},
provided ¢ is sufficiently small.

Finally, in Section 6, we study the influence of a small localized potential on
the domain walls. For simplicity we treat perturbations of the model system (2),
but the same procedure may be adapted to the more general cases. Consider

P91 = =02y + eV )Y + (Y2 + y|wz|2>w1,}
i3y = =029 + eV ()2 + IV > + W),
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where € > 0 is a small parameter and V : R — R is a given potential. Stationary
solutions of the form vy = e ~"'uy, ¥, = e "'u, with real-valued envelopes u1, u;
satisfy the system of differential equations

—uf(x) + <6V(X) +ud + yus — 1) u; =0,
x e R. (19)
—ufy(x) + (eV(x) + yud +u3 — 1) ur, =0,

For ¢ = 0, the existence of the domain wall solutions of the system (19)
with the boundary conditions (3) and (4) is given by Theorem 2.1. By using the
method of Lyapunov—Schmidt reductions, similarly to the work of PELINOVSKY
and KEVREKIDIS [17] on black solitons for the Gross—Pitaevskii equation with a
small localized potential, we show persistence of the domain wall solutions for
small values of €.

Theorem 1.6. Let Uy = (uy, uz) be a heteroclinic solution of the system (2) with
y > 1 in function space X satisfying the symmetry reduction uy(x) = uj(—x) for
all x e R. Fora given'V € CZ(R) N L2(R), assume that there exists xo € R such
that

/ V' (x + x0) (] +u3 — 1)dx =0, (20)
R

and
/ V" (x 4 x0)(u? + u3 — 1) dx # 0. (1)
R

Then, there exists €y > 0 such that for all € € (—€, €0), the system of differential
equations (19) admits a unique branch of the heteroclinic solutions U = (u1, ua)
in function space X. Moreover, U is C* in € and there is C > 0 such that

sup |U (x) — Up(x — x0)| = Cle|, € € (—€o, €)- (22)
xeR

Remark 1.3. In the particular case of even V, the first condition (20) is satisfied
for xo = O because u% + u% — 1is even and V' is odd. In this case, solutions of
system (19) for small € € (—eo, €p) satisfies the symmetry reduction

ur(x) = uy(—x) forall x € R,

hence the bifurcation equation of the Lyapunov—Schmidt reduction [see Equa-
tion (61) below] is satisfied identically for s = xop = 0. As a result, the second
condition (21) can be dropped and it is sufficient to require V € C'(R) N L2(R) in
the statement of Theorem 1.6.

Note that the effective potential, which produces the conditions (20) and (21)
was introduced in equation (48) of Ref. [9] from physical arguments.

Once a unique branch of domain wall solutions is shown to exist for small
enough ¢, we turn to the stability conditions for the persistent domain wall solutions
in the small localized potential.
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Theorem 1.7. Assume conditions of Theorem 1.6 and that V € LY(R). The domain
wall solutions of Theorem 1.6 are spectrally stable if o > 0 and unstable if o < 0,
where

,_1 " 2 2
o.—z Vi(x +xo)(u] +u5 — 1)dx #0.
R

Note that if u% + u% —1 =< 0forall x € Rand V is slowly varying on the
scale of the domain wall solution U = (u1, u3), then o > 0 if xq is the point of
maximum of V with V”(xg) < 0. This corresponds to the prediction of Ref. [9]
based on physical arguments that the stable pinning of the domain walls happens
at the potential maxima (rather than minima).

Let us give an example of the domain wall solution (5) for y = 3 and the
explicit potential V(x) = a sech?(bx) with @ € R and b > 0. In this case, the
condition (20) is satisfied for xo = 0 and the stability condition o > 0 is satisfied
if a > 0, that is, when V is a single-humped potential. The instability condition
o < Ois satisfied if a < 0, that is, when V is a single-well potential. Although the
actual value of o depends on b, the sign of o does not.

The paper is organized as follows. The existence of domain wall solutions is
proved in Section 2 as a consequence of a more general existence theorem based on
variational methods characterizing heteroclinics as geodesics in a degenerate met-
ric. Section 3 is devoted to the study of the second variation of the energy functional
E at the domain wall solutions. Spectral stability follows from the properties of the
second variation and is established in Section 4. The proof of nonlinear stability
of the domain wall solutions is developed in Section 5. Finally, Section 6 gives
results on persistence and stability of the domain wall solutions in small localized
potentials by Lyapunov—Schmidt reduction analysis.

2. Existence of Heteroclinics

In this section, the construction of the domain walls is achieved by construct-
ing minimizers of an energy functional defined on a weak space that imposes the
desired conditions at infinity and satisfies certain symmetry conditions. The weak
convergence is improved by looking at the second variation, which in particular
implies exponential decay at infinity of |U/|> — 1, as well as the rest of the proper-
ties in Theorem 2.1 below. Exponential decay is needed later to show slow motion
of the center of mass of perturbations of the domain walls and to analyze stability
in the presence of a small potential. We denote the energy density

o 1 712 712
e(WV) = 3 V1™ + 1¥al” + W, v2) ).
The following theorem includes the results stated in Theorem 1.1:
Theorem 2.1. Assume W satisfies (W1)—(W4). Define

m = inf E(¥). 23)
veY
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Then there exists WV = (Y1, Y¥2) € Y which attains the infimum of E in Y, and
solves the system

—U'(x) +VWW) =0, lim W(x)=a, lim ¥@x)=b (24
X—> 00 X—>—0Q

Moreover,

(a) For any minimizing sequence ¥, € Y, E(V,) — m, there exists a mini-
mizer ¥ € Y, a sequence t, € R, and a subsequence for which ps (¥, (- +
T ), Y () — 0 holds for all constants A > 0.

(b) Every minimizer has the form v, = ePluy, ¥ = eP2uy, for real-valued
(u1,u2) € X and By, B2 € R constants.

(¢) All minimizers satisfy uy(x), uz(x) = 0.

(d) For W which obey the symmetry W (Y2, Y1) = W (Y1, ¥2), there exists a
minimizer U which is symmetric, ur(x) = ui1(—x) forall x € R.

(e) All minimizers exhibit exponential convergence of |U (x) — a| as x — oo and
|U(x) —b| as x — —o0. For the system (2), there exist constants C1, C2, R
such that ui(x) < CieVy—1x forx < —Rand 1 —u1(x) < Cze_ﬁx for
x > R, and similarly for us(x).

We note that the potential in the model case (7) satisfies the symmetry condi-
tion in (d), and hence there is a symmetric minimizing domain wall solution for
system (2).

We begin by establishing some basic energy estimates.

Lemma 2.2. Assume W satisfies (W1)—(W4), and belongs to the energy space D.
Then limy_, 100 W(W(x)) = 0.

Proof. For W = (Y1, ¥») € C?, denote

|dist| (W, @) == dist ((|¥1], [¥2]), a).

Since a, b are nondegenerate global minimizers of W, there exist constants C, § > 0
such that for any W € C? with [dist|(¥, a) < 8, we have

CT'/W W) < [dist| (¥, a) £ C/W (W), (25)

and the same estimate holding for b replacing a.

Suppose W (W (x)) /4 0asx — =£oo. Then there exists €p > 0 and a sequence
Xp — 00 (or x, — —o0) for which W (W (x,)) = €g for all n. By (25), we may
conclude that

min{|dist| (¥ (x,). a) , |dist| (¥ (x,), b)} = C™'/eq := bo.

On the other hand, since ffooo W (W (x))dx < oo, there also must exist sequences
along which W (W (x)) — 0. For each n, let t,, be the smallest value of ¢ > x,, for
which

1 1
either |dist(¥(z,), a) = 530, or |dist(W(t,), b) = an, Vn € @
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Domain Walls in the Coupled Gross—Pitaevskii Equations

One of the two must occur infinitely often; suppose a subsequence may be chosen
with |dist| (W (¢,), a) = %80. By extracting further subsequences if necessary, we
may assume that the two sequences {x,} and {#,} interlace:

Xp <ty < Xpy1, VneN.

Next we observe (as in [18]),
/Ze(‘-IJ)dx > /Z\/W(\Il(x))hlﬂ(x)ldx =/¢st, (26)
y y o

where o is the path in R? parametrized by W (x), x € (y, z), and s is arclength.
If we denote by o, the path traced by W (x) for x € (t,, x,), we observe that the
(Euclidean) arclength of o, is at least 8¢ /2. Therefore, using (25) and (26), we may
conclude that

2

Xn 8
/ e(W)dx Z/ v W ds Z/ —1dist| (¥ (x), a) ds = =2
In On On 2C
which gives a constant contribution to the total energy for each n € N. Since
the intervals [t,, x,] are mutually disjoint, we conclude that E(W) diverges, a
contradiction. 0O

We note that the condition (W3) may be weakened, as long as the value of W
controls the distance to the minima, so as to replace the condition (25). For instance,
this would still be the case if at each of the minima a, b, W vanishes to finite order.

The following useful lemma comes from [1].

Lemma 2.3. Let U(x) = (u(x), v(x)) € lOC([Ll, L>]; R, with|U(L{)—b| < &
and |U(Ly)—a| < &, where§ > Qisasin(25). Then, there exists a constant C; > 0
such that

| ewnarzm-aflwn - bk + 1wy -af].
[L1,L2]

We may now begin the proof of the existence theorem.

Proof of Theorem 2.1. Let V,, = (Y14, ¥2.,) € Y be a minimizing sequence,
E(¥,) — m. Let 1, be the smallest value for which |y ,(7,)| = |2, n(Tn)]. We
define lI/ (x) := W, (x 4+ 1), and note that with this definition \I/n = (g[fl " I/f2 n)
is a minimizing sequence for E in Y with normalization

Y10 (0)] = [2,,(0)]. 27)

By the boundedness of the energy, we may conclude that || \il,’l | 22 (w) 1s uniformly
bounded. Hypothesis (W4) may be integrated to obtain the estimate

1
W(W) 2> ECOI‘I‘IZ—CL

foraconstant ¢1, which holds forall W € C?. As a consequence, for every fixed R >
0, [Wnll g1 (—g, g is likewise uniformly bounded in n. For each R, we may extract
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STAN ALAMA ET AL.

a subsequence \ifnj — W = (Y, ¥o) converging pointwise almost everywhere
on R, uniformly on [—R, R], and weakly in H!([—R, R]). Exhausting R by a
sequence of bounded intervals, and applying a diagonal argument, we obtain a
further subsequence (which we continue to denote W, ;) for which \IJ’ — ¥ in

L*(R) and W,; — W uniformly on every compact set, with W € H,\_ (R C?). By

weak lower semicontinuity of the norm and Fatou’s lemma, we have
EW) < hmlnfE(\IJ ;) =m.
]*)OO

For the existence statement, it remains to show that ¥ € Y, and hence WV is
the desired minimizer. Denote by Uy (x) = (|10, (X)), [¥2,n;(x)]) and U (x) =
(Y10, [Y2(x)) € X. We note that E(U) = E(¥) = m, with U,;, — U
uniformly on compact sets and weakly in H&)c

By Lemma 2.2, lim,_, +00 W(W¥(x)) = 0. Assume, for a contradiction, that
|[¥(x)] — basx — oo. For any € > 0 (to be chosen later,) there exists L1 > 0
with |U (Ly)— b] < €.8Since Uy; — U locally uniformly, there exists j sufficiently
large that IU,, (L) —b| < 2e. In addition, Un; € X, and so there exists Lo > L
such that [Uy; (L2) —a| = < €. Applying Lemma 2.3,

Ly
/ e(Un,) dx = m = 1 [Un, (L) = B + Uy, (L) —al’]
L

1

> m —5Ce. (28)

On the other hand, for each j, U,,_/. — basx — —oo, and U,,_/. have been
normalized so that Unj ©0) e A :={u € R%r : uyp = up}. Fix § > 0 such that
dist (a, A), dist (b, A) > 2§, and let x; < O be the largest negative value for which
|Un; (x;) — b| = 8. By hypothesis (W2), there exists wo > 0 with /W (U) 2 wo
forall U € R%r with dist (a, U), dist (b, U) = 268. Let D = dist (A, Bs(b)). Then
for any j we have:

0 0
/ e(U,,j)dxg/ /W(U,,j(x))|U,2j|dx:/ W ds = woD.
Xj X;j {Unj (x): ngxg()}

Together with the lower bound (28), we then have for all sufficiently large j:

0 Ly
/ +/ e(Up;)dx = m+woD — 5C €.
Xj Ly

Taking € > 0 small enough that €> < i%ocD we arrive at the contradiction E (¥, ;) = >

E (Unj) >m+ %woD, for all sufficiently large j, which contradicts the deﬁmtlon
of W, as a minimizing sequence for E. In conclusion, U — a asx — +o00. A
similar argument shows that U — b as x — —o0, and hence U € X and gives
the desired real-valued heteroclinic. This completes the proof of the existence of
heteroclinic solutions to (24).

We now prove the properties (a)—(e) stated in Theorem 2.1. To prove (b), let
WU € Y be any minimizer, and U(x) = (|¥1(x)], |[¥2(x)]) € X, which is also a
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Domain Walls in the Coupled Gross—Pitaevskii Equations

minimizer of E. Then, E(U) < E(¥) with equality if and only if ¥; = ePlu;
and ¥, = eP2u,, with constant By, Bo. Indeed, W (W) = W(|¥1], |¥2]) holds for
any complex number W. The inequality |(|y;])' (x)] < |1ﬂ} (x)| holds for almost
every x, with equality if and only if /; (x) = ePilyr j(x)| with constant 8;. Thus,
all minimizing solutions must have the form specified in (b).

To prove (c), first note that by the argument of the preceding paragraph, if
Ux) = (lug(x)], lua(x)]) € X, then E(U) < E(U), with equality if and only if
uj(x) = |uj(x)|, and hence all minimizers have nonnegative components.

We now consider property (d), the symmetry of minimizers, in the special case
of symmetric W, W (Y2, ¥1) = W (1, ¥2). Let U(x) = ([Y1(0)], [Y2(x)]) € X,
as above. We note that by the choice of 7, above, U = (uj, up) must satisfy
u1(0) = uy(0). In the case

00 0
/ e(U)dx < / e(U)dx, (29)
0

—00

we define a new configuration U (x) by

. [(ulm, ur(x)), it x>0,
Ulx) = .
(ur(—x),ui1(—=x)), if x <O.

Then U € X, and E(l?) < EWU) =m,so U is also a minimizer of E in X C Y,
with the desired symmetry. In case the opposite inequality holds in (29), we keep
the values of uy, up for x < 0, and perform the reflection to x > 0 to reduce the
energy. In either case, we obtain the existence of a minimizer with symmetry as
given by (d).

To prove (e) on the exponential decay of the solution as x — 400, we recall the
Stable and Unstable Manifold Theorem for differential equations (see, for example,
[16]). Both a and b are equilibrium states of the system of differential equations
(2), which correspond to the non-degenerate minima of W. Consequently, they
define saddle points of the dynamical system defined by the system of ODEs,
and the linearization at the saddle points possesses two pairs of (non-vanishing)
real eigenvalues. By the Unstable Manifold Theorem, the nonlinear dynamical
system (2) has a two-dimensional unstable manifold W, (a) that is tangent to the
manifold E,(a) at (u1, up) = a. Since the minimizer must belong to the unstable
manifold because of the boundary condition (3), we conclude that the solution
decays exponentially to a.

For the specific equation (2), the linearized dynamical system has the two-
dimensional unstable manifold at the point a in the explicit form

E,(a) = {u/lzw/y—lul,u/zzx/i(uz—l), (ul,ug)eRz}. (30)

Thanks to (c), the minimizer satisfies #1 > 0 and u> < 1 in the parametrization of
E, (a) in (30). Thanks to (d), the result also extends to the other infinity, where the
minimizer decays exponentially to b.

Finally, we turn to the convergence (a) of complex-valued minimizing sequences
in the distance functions p4. Let ¥, = (¥,,1, ¥»,2) be a minimizing sequence for
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E in Y. By the first step in the existence proof, we may find translations t,, such that
W, (x) = U, (x + 1,) is normalized with center at the origin, (27). For simplicity,
we assume that the original minimizing sequence W, satisfies (27). Denote by
Un = ([Yn1l, [¥n2]) € X, which we have already noted is also a minimizing
sequence, with m < E(U,) < E(V,) — m. By previous arguments, there exists
a minimizer U € X, E(U) = m, and a subsequence (which we will continue to
denote U,) for which U, — U pointwise almost everywhere on R, uniformly on
compact intervals, and weakly in HILC
Step 1: U, — U in L™ (R).

Suppose not: then there exists €p > 0 and a sequence of points x, — oo (or
X, — —00) such that

|Un(xn) — Uxn)| 2 €0

for all n. Furthermore, U(x,) — a as n — 00, so there exists N; € N so that
|U(x,) —a| < 5§ forall n 2 Nj. Hence,

9¢p
|Up(x,) —al 2 )

holds for all n = Nj.
On the other hand, each U,(y) — a as y — 00, so we may choose y, to be
the smallest y > x, for which |U (y,) — a| = %. We thus have

4
Un () — UnGin)| 2 ? 31)

for all n» 2 Ni. By the estimate (25),
W (Uy(x) 2 C Uy (x) —al 2 C—lf_g’

for x, < x £y, and n = Nj. Applying (26), we have

Yn 4
/ e(Un)dxg/ «/stgc—le—oﬁ;:q,
Xn op 10 5

where 0, = {U,(x) : x, < x < y,} is a path in R? with (Euclidean) arclength at
least 4 [by (31)].

Now choose R > 0 such that f_RR e(U)dx 2 m — %. By weak lower semi-
continuity, there exists Ny = Ny such that for all n = N,

R R €1 €1
e(Uy)dx = e(U)dx — — Z2m — —. (32)
—R _R 10 5

Therefore, for n = N, we have

E(Un)=/e<U>dx [/ /}"]e(U)dx>m+—
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Domain Walls in the Coupled Gross—Pitaevskii Equations

which contradicts the fact that U,, is a minimizing sequence for E. Thus, Step 1 is
verified.
Step 2: [ W(U,)dx — [ W(U)dx.

Suppose not. By Fatou’s lemma we have [, W(U)dx < liminf [ W(U,) dx,
and so we may assume that there exists €] > 0 and a subsequence (still labelled
U,,) for which

/ W (U,) dx —/ WU)dx = €
R R

for all n. Let R be chosen so that

/R U)dx = m — !
e X m — —.
. 10

By uniform convergence and the arguments of Step 1, there exists N» € N for
which both (32) holds and

R R
/ W(Un)dx§/ W(U)dx +—</ W(U) dx +—
—R —R 5°

for all n = N;. By the definition of €y, it follows that either

/W(U)dx>2— / WU, dx = 2.

Assume it is the former which holds. But then we have the contradiction,

R [e%e)
E(Uy) =/ e(Uy) dx z/ e(Un)dx+/ W(Up)dx = m + 2,
R —R R 5

for all n = N;. Thus Step 2 must hold.
Asa corollary to Step 2 We have:

Indeed, as [p W(¥,)dx = fR WUy dx — [pWU)dx = [p W(¥)dx,
and E(V,) — E(W), it follows that

/|\11,;|2dx—>/ W2 dx.
R R

By a familiar argument we may conclude that

Step 4: U, — U in L>(R).
We first claim that for any € > 0, there exists Ry > 0 so that

/ W(U,)dx < ¢ (33)
{Ix|=Ro}
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STAN ALAMA ET AL.

for every sufficiently large n € N. Indeed, if we assume the contrary, then there
exists a subsequence of n — o0, g > 0 and R,, — o0 such that

/ W (U,) dx = €.
{Ix|2R,}

Fix Ro > 0 with the property that

Ry €0
WU)dx 2 / WWU)dx — —.
—Ro R 4
By the uniform convergence U, — U on compact intervals, there exists No € N
so that when n = N,

Ry €0
W(U,) dx g/ W) dx — 2.
—Ro R 2

It follows that

R,
/W(U,,)dxg[/ 0+/ :|W(Un)dx§/W(U)dx+e—O.
R ~Ro J{IxI2Ra) R 2

However, this contradicts Step 2, and thus the claim must be true.

To prove Step 4, we let ¢ > 0 be arbitrary, and recall the definition of §
from (25). We choose R > 0 to satisfy the following three conditions: (33),
f{IXIER} W(U)dx < e, and that both of |U,(x) — a|, |U(x) — a| < & for all
x 2 R and for all n. The first condition follows from the claim, the second from
the finiteness of the integral fR W (U) dx, and the third from Step 1. Applying (25),
for all x € R we have:

2
Un(@) = U@ £ (Un () =al +1U ) —a)? £ C* (VW) + VWD)
<207 (W(Un) + W(U)).

Therefore we have

o o
/ Uy (x) = U(x)]?dx < 2C2/ (WU, + W) d@ 4C%.
R R
A similar calculation produces the same estimate over the interval (—oo, R), and
the convergence in L>([—R, R]) follows from uniform convergence on compact
sets. Thus Step 4 is proven.

Putting together the uniform convergence on compact sets [—A, A] and Steps 3
and 4, we obtain the conclusion (e), pa (¥,, W) — 0 for any fixed A > 0. O

The real-valued energy minimizing domain walls U (x) solve the Euler—Lagrange
equations,
-U"(x)+ VW(U) = 0. 34)

Under the hypothesis (W4), all solutions (and not just energy minimizers) of this
system are in fact a priori bounded in supremum norm:
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Domain Walls in the Coupled Gross—Pitaevskii Equations

Theorem 2.4. There exists a constant K > 0, depending only on W, such that any
domain wall solution U € X of (34) satisfies

1Ullem®) = K. (35)
For the system (8), the following pointwise estimate holds:

w(0)? | ur(x)?
a? b?
Of course, by part (b) of Theorem 2.1, the same statement may be made for any
complex-valued solution ¥ € Y.

<1

Proof. From hypothesis (W4), we may easily obtain the global bound,
VWU)-U 2 olUP = c1, (36)

valid for all U € R2. Define ¢(x) = ui(x)? + us(x)?> — K, for constant K >
max{(c1/co), a?, bz}. ‘We calculate

1
59" = WP+ Wh? + VW) -U

> ¢ (|U|2—z—(‘))

2 cop.

Since (by the choice of K,) lim|y|—00 ¢(x) < O, the positive part ¢ (x) =
max{g(x), 0} has compact support in R. Multiplying the equation for ¢ by ¢
and integrating, we have:

1
/R [5(90;)2 + cowi} dx =0,

and hence ¢(x) < 0 on R. This proves (35).
To prove the more precise bound for solutions of (8), let p(x) := ./g11 u%(x) +
,/ggzug(x) — . Then, ¢ satisfies the equation

1
—EW + (gnLt% i gzzu%)fﬂ = —\/gn[uﬁ]2 - «/822[1/2]2
—(g12 — /211822)/g118nutu3

<0

Again, multiplying by ¢+ (x) = max{g(x), 0} and integrating over R, we obtain:

1
/R [5«0;)2 + (gru? + gzzu%)cpi] <o,

so we conclude that ¢(x) < 0 on R. Recalling the definitions of a, b, we have

2 2
02 pkx)= ,L(Z—; + Z—% — 1), and the desired bound follows. O

= [2/0[5/0/7/8/9 /Bl i
o
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3. Second Variation and Monotonicity

Looking at the second variation allows us to derive asymptotic properties of the
domain walls obtained so far. In the end these properties will imply the minimizing
character of these heteroclinics in a space with a stronger topology. Let U(x) =
(u1(x),u2(x)) € X be an energy minimizing heteroclinic solution obtained in
Theorem 2.1. For real-valued U, the second variation of energy, D> E (U) may be
expressed using the definition W (V) = F (¢ 12, [2]?) in the following form,

D’E(U)[®] := ﬁ
T de?

E(U + €®)
0

€=l
o0

_ / 107 + 0 FGd, ud)lor P 4 92 F (13 ud) gl
—00

+2[07 F(u?, u3) (u1, p1)*
+201 2 F (u?, u3) (ur, 91) (U2, ¢2) + 83 F (ui, u3) (ua, 92)*]} dx,

where ® = (¢1, 1) € HOl (R; C?) and the inner product of complex numbers
(z, w) := Re (z w). Having chosen U = (u1, u2) € X, from Theorem 2.1 we may
conclude that D2E(U) is well-defined for ® € CSO(R; C?), and in fact we may
extend its domain to include any ® € H L(R; C?).

Let U = (u1,us) be a real-valued minimizer of E in the class X. Writing
D = Or 4 iPy, with Pp = (91,8, 92.8), P71 = (@1.1,92,1) in its real and
imaginary parts, we associate to the quadratic form D?E(U) the two self-adjoint
linearizations L and L_ so that

D*E(U)[®] = (P, L+ Pg) + (&7, L_D)). (37)

With this decomposition, we obtain formulae for L. First, the real part is given in
terms of the usual real-valued linearization of the Euler-Lagrange equations,

L. — =32 + 3 F(u3, u3) + 207 F (u3, ud)u? 2010, F (ud, ud)uius ®
TERE 20102 F (u7, u3)uius —32+ HF W} ud) + 203 Fud, udyuz | *
1
=—92dg + EDZW(U)<1>R. (38)

The imaginary part is a diagonal operator:

[-32+ 8 Fu?, u3) 0
< ol [ 0 24 Flud)|
= —320; + DF(u}, u3) : @;. (39)

Properties of the second variation are characterized in the following theorem.
They record useful information that will allow us to derive spectral stability of the
linearized operator about U.

Theorem 3.1. Assume (W1)—(W4),and let U = (u1, uz) by any energy minimizing
solution of (24) in X.

Disk Received [] | Corrupted []
Jour. No Ms. No. Disk Used [] Mismatch []

2 12(0(5/0(7/8/9/B B ey o s YA
oo




6

2
613
614

615

616

619

620

621

622

623

624

625

626
627
628
629
630
631
632
633
634
635
636
637
638
639

640

641
642

643

&

646
647
648
649
650

651
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(1) The quadratic form D2E(U)is positive semi-definite on HO1 (R: C2), and each
operator L is also positive semi-definite on HOl (R; R?).
(ii) Zero is an eigenvalue of L, with associated eigenfunction U'(x).
(iii) oess(L—) = [0, 00), and there exists Lo > 0 with oess(L1) = [Zg, 00).

If in addition we assume,
NRFE) >0 forallé € RZ, (W5)

we have:

(iv) u} (x) > 0 and u’,(x) < O forall x € R.
(v) Zero is a simple eigenvalue of L.

An easy calculation shows that we obtain the full results of the theorem in the
special cases given in the Sect. 1:

Corollary 3.2. All conclusions (1)—(v) are valid for solutions U (x) € X of (8) and
of (11).

Proof of Theorem 3.1. By the first part of the proof of Theorem 2.1, U € X C Y
also minimizes E over the space Y, and hence for any & € C(‘)>o (R; (CZ), we must
have D?E(U)[®] = 0. By density we may then conclude that the quadratic form
D?E(U) = 0 on H'(R;C?). By staying restricted to real-valued ®, we have
(®, L, ®) > 0 forall ® € H'(R; R?), and thus the self-adjoint operator L > 0.
Similarly, we obtain L_ = 0 by considering only variations ® = i ®; with ®; €
H'(R; R?), and thus (i) is verified.

By (e) of Theorem 2.1 we may conclude that U'(x) = (u}(x),u,(x)) €
H'(R; R?). Moreover, by direct calculation we see that L U’ = 0 holds for x € R.
Thus, A = 0 is an eigenvalue of L, and Ag := inf 6 (L) = 0, and (ii) is true in
the general case.

Statement (iii) now follows from the asymptotic behavior of U at infinity. By
property (e) of Theorem 2.1, the decay of U to either a or b is exponential. By
Weyl’s Lemma, see, for example, [11], the essential spectrum of L4 coincide with
the union of the spectra of constant-coefficient operators

_ 1 1
LD =-32+ EDzwao), LT =-82 + EDZW(a)
and
— 2 2y . 2 2y .
L= =-9;+DF®M*):, LT =-3;+DF(a°):,

where LT = lim, , o L+ and LY = lim,_, ;o L+. Since LT are constant-
coefficient operators, their spectra are continuous, with lower bound given by the
smallest eigenvalue of the (constant) potential matrix. For LT, we recall from (W3)
that b, a are nondegenerate minima of W, and hence we may choose £y > 0 to
be the smallest eigenvalue among those of D>W (b), D>W (a), and conclude that

Oess (L) = [Xp, 00).
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652 For Lf, we note that a being a critical point of W, we must have 01 F (a?) =
s 01 F(a2,0) = 0, and hence o (LT) = [0, 00). The same argument applies to L_,
e« and so we may conclude that (iii) holds in the general case.

655 Next, assume that 019, F(§) = 0 for all £ € Ri. To prove (iv), we use the
ess  variational characterization of Ay = inf D, 2=1 (®, Ly ®). As Ag is an eigenvalue,
es7 the infimum is attained by some ® = (¢, ) € H L(R: R2). We observe that
s ® = (g1, —lg2)) € H'(R;R?), and by (W5), (&, Ly ®) < (@, L), and
sso hence for any null vector ®, ® is also an eigenvector. Note that ¢ ; solve equations
e0 of the form

66t P —ct1()@1 = co(x)@ £ 0, @5 — cn@)gr =21 (x)@1 = 0,

sz with coefficient matrix [¢;; (x)]; ; = + % D*W(U) having all positive entries. Thus,
ess by the strong maximum principle applied to each equation individually, we may
e« conclude that ¢1(x) > 0 and ¢,(x) < O for all x € R. As a consequence, o=,
ess and all eigenfunctions corresponding to A = 0 satisfy

666 01(x) >0, @) <0, forall x € R. (40)

7 Since U’ is such an eigenfunction, (iv) must hold.

668 The simplicity of the ground-state eigenvalue 1o = 0 now follows from a
ee9 standard argument. Indeed, assume that dimker(L) = 2. Then, there exists an
e eigenfunction ® € H!(R; R?), L. ® = 0, which is orthogonal to U’, (U’, ®) =
e 0. By the above paragraph, ® = (@1, ¢») must also satisfy (40), whence 0 =
o2 (U, ®) = [pluo1 + uhp2]dx > 0, a contradiction. Thus (v) is proven. O

673 We observe that, at least in the more concrete example (2), the positivity of the
e7« second variation follows directly from the Euler—Lagrange equations themselves,
e7s  without reference to energy minimization. Indeed, for the operator L, we write
e @1,R = Aru and @ g 1= Apu’, with x-dependent A; >, where the components
e77 U1,z satisfy the differential equations (2). Integrating by parts, we obtain

o]

[AD2@))? + a2 wh)® + a3Gud + yud = DEH? =
o0

s8 (PR, L+ PR) =/

679 +A%[(yu% + 3u% — 1)(L/2)2 - ”,2”/2”] + 4yA1A2u1u2u’1u/2] dx.

es0  Substituting derivatives of the system (2), we obtain

o]

g1 (Pgr, Ly Dp) =/

[AD2 W) + (A2 () = 2ymuau s (Ar = 42)?] dx.
—00
ez Since ujp > 0, u} > 0, and u), < 0, we confirm that the quadratic form is non-
ess negative and touches zero at only one eigenvector that corresponds to x-independent
e« A and A; satisfying the constraint A; = Aj.
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Domain Walls in the Coupled Gross—Pitaevskii Equations

For the operator L_, we write ¢, 7 := Bjujand ¢ 1 := Boup with x-dependent
B ». Integrating by parts and using the differential equations (2), we obtain

o0
@ Lo0p) = [ B2+ B+ B + il = )i - )

—00

—i—B%[(yu% + u% — l)u% — uzug]] dx

= / [(B{)zu% + (Bé)zu%] dx.

—00

These computations shows that the quadratic form is non-negative.

4. Spectral Stability

Spectral stability of the domain wall solutions follows from analysis of eigenval-
ues in the linear eigenvalue problem associated with the perturbation (® g +i ®)e!’*
of the domain wall solutions U. Here U is a real-valued minimizer of E in func-
tion space X and ®r = (@1 r, ¥2.8), 1 = (¢1.1, ¢2.1) are components of the
eigenvector in Dom(L.) C L*(R) that correspond to the eigenvalue A € C of the
associated spectral problem.

Proof of Theorem 1.2. We know from Theorem 3.1 that the spectrum of L has
a zero eigenvalue of finite multiplicity (moreover this zero eigenvalue is simple
whenever W satisfies (W5)), while the rest of the spectrum is bounded from below
by a positive number. Considering V := (ker L )", the orthogonal complement
of the nullspace of L in L?(R), one has that for any nonzero eigenvalue % of the
spectral stability problem (14), the component ®; must belong to Dom(L_) N V.
We proceed to show any nonzero eigenvalue 1 must be purely imaginary. To
that end let P denote the orthogonal projection from L>(R) to V. Let A # 0. Since
®; = P®; and X is an eigenvalue associated to (14), we can decompose P as

dp = —APLL'PD; + (1— P)®p,
where 1 is the identity operator in L%(R). Furthermore (1— P)® g can be expressed

uniquely as

(1= P)Pr =D cifs,

i=1

for some coefficients c¢;, where fi, ..., f,;, form an orthonormal basis of ker L .
The coefficients cy, . . ., ¢, can be equivalently found from ®; as

S @)

1 )\‘ .

The linear eigenvalue problem (14) for A # 0 is equivalent to the generalized
eigenvalue problem
PL_P®; = —2*PL' POy, 41)
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As in [8, p.468], the characterization of the eigenvalues of the generalized eigen-
value problem (41) is given by the Rayleigh quotient:

, _ (L-®, ?)
A= inf e (42)
@(L,)HV,CI)#O (L7'®, @)

By Theorem 3.1, there exists C > 0 such that (LTFICD, @) > C||®|? for all
® € Dom(L_) N V(R), whereas (L_®, ®) > 0. Therefore, —12 > 0, hence
A € iR. This proves that the domain wall solutions are spectrally stable for any
choice of parameters g;;, u in (8), (9). O

Remark 4.1. Note that under the assumption that zero is a simple eigenvalue of
L then V takes the simple form

Vi= L2R) = {@ e L2R) : (U, ®) = o} .
In this case also, the decomposition of @ is simply given by
dg = —APLI'P®; +al’,
this time a can be computed from ®; as

(U, L_@y)

a=—.
MU', U

5. Nonlinear Stability

In this section we prove the orbital stability of the domain walls of (1) found as
local minimizers of E in Y. We have almost all the elements in place; global well
posedness, conservation of energy of which the domain walls are minimizers. One
thing is missing; if we are given a minimizing sequence in ¥, we do not know if
its limit coincides with U. We conjecture that the minimizer U (x) of the energy
(6) in function space X is unique, up to translation and gauge invariance. For our
purposes it is enough to show that, should there be several real-valued minimizers
U of E in X, then each one is isolated in the H' (R; R?) norm (modulo translation.)

Proposition 5.1. Let U = (uy, uz) € X be any energy minimizing solution of (2).
Assume that A = 0 is an isolated, simple eigenvalue of L (defined as in (37).)
Then there exists ng > 0 such that if V. = (v1, v2) € X is any other solution of
(2), then either

inf |[UC) = V(=12 2 no,
teR
or there exists T € R such that V(x — t) = U(x).

We note that by Theorem 3.1 the hypothesis on the ground state of L is satisfied
for the Gross—Pitaevskii examples (1) or (13).
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Domain Walls in the Coupled Gross—Pitaevskii Equations

Proof. First, fix a solution U € X of (2). We observe that

/U-U’(x)dx:/ li|U(x)|2dx=0. (43)
R dex

Let V € X be any solution of (2) which is geometrically distinct from U’; that is,
V(x — 1) # U(x) holds for every T € R. We first claim that there exists 0 € R
which attains the minimum value of

inf UG =7) = VOllzg = 1UC=0) = VOlLm.

Indeed, let f(7) := fR (U(x — 7) — V(x))? dx. Then, f is differentiable on R,
and lim;_, 1 f(t) = +o00. Thus, the minimum value of f is achieved at some
o € R. Furthermore, o is a critical point, and hence

0= f(0) = —2/ [Ux—0)—=V(@)] -U(x —o)dx
R
:2/ V(x) -U'(x —o)dx,
R
using (43). Thus, we have the additional orthogonality condition:
/ Vx+o0)U'(x)dx =0. (44)
R

Denote by V7 (x) = V(x+0), witho asin (44). Let ® = V° —U € H'(R; R?) by
the decay estimate (c) of Theorem 2.1. Note that by (43), (44), we have (®, U') ;2 =

0, that is, ® € Z := span {U'}*.
Finally, we prove the proposition by contradiction: suppose V,, is a sequence
of solutions of (2) with E(V,) = m, and inf,cr Vo (- +7) — UO)llL2®) = O.
Let 0, € R be chosen as above, so that (44) holds for each V,,, and let V,'" (x) :=
V(x + o). Define ®,, := V7" — U. We write the equation satisfied by V,;" in the

form0 = G(V") = —8)% V,o" + DW(V,)"), and use the Taylor expansion to second
order on the function G: for each n there exists s, € (0, 1) such that

0=3G(V,") =GU + ®,) =GU) + DGU) P, + %DZQ(U + 5n @) [Pp, Pyl

Since G(U) = 0, DG(U)®, = L, ®,, and D>*G(U) = D3W(U), we thus have:
Ly®, = —%D3W(U + 52D [y, Pl

Set d,, := @, /| Pnll 2 € Z. Then, by homogeneity we have

1 IO
% D3W(U + 5,®,)[ Dy, Dy]. (45)

Disk Received [] | Corrupted []
Jour. No Ms. No. Disk Used [] Mismatch []

= [2/0[5/0/7/8/9 /Bl i
o




776

777

778

779

784

785

786

787

788

789
790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

STAN ALAMA ET AL.

By (35) (see Theorem 2.4), there is a universal constant C such that ||U]|| e,
IVallzse < Ci, and hence ||yl = [|Vy — Ul < 2C1. By (W1), D3W is
uniformly bounded on bounded sets, and thus we may estimate:

- - 1 /-
(anv L+<Dn)L2 = __/ ZaijkW(U +an>n)§0n,i(pn,j(pn,k
2R

< Cill@nllz< | Pull7 < Co. (46)

is uniformly bounded in 7. From this we conclude the uniform bound on the deriv-
atives,
/ |®/ % dx
R

By the Sobolev embedding we conclude that || Dyl < Csis uniformly bounded,
and we may improve the estimate (46),

[IA

- ~ 1 - -
(D, LyDp)p2 — 5/ D*W(U)[®,, ®,]dx
R

< Cr+ Cll|@ull72 = Co+ Cr

- - 1 Y o~
(B, Ly D)2 = —= [l 2 / > 0k WU + 55D @n.i Gn,j Gk
2 Rk

< Cil|®all 2 1Pl 2 [| @all L — O.

Since ®, € Z and || D, || 12 = 1 for all n, we arrive at a contradiction, as the
quadratic form (®, L @), is strictly positive definite for ® € Z. In conclusion,
each real minimizer U is isolated in L2(R) norm. O

By combining Proposition 5.1 with statement (b) of Theorem 2.1, we have:

Corollary 5.2. Under the hypotheses of Proposition 5.1, for any complex-valued
minimizer ¥ € Y of E(\WV), either

ue) - [eml‘”l] (-1

inf eiaz 1//2 2 no,

T,a1,02€R

L2
or there exists T, a1, &z € R such that e'®i Yvix—1t)=u;x),j=12

A careful inspection of the proof of Proposition 5.1 leads us to a further corollary,
where we recall the definition of the energy space D from (15).

Corollary 5.3. Let U = (u1, up) be a minimizing solution of (2) and assume zero
is a simple eigenvalue of L. Then, there are constants Iy, l>, &g > O such that if
E € D with
I < inf  pa(E, (expibiui(- + o), expithusr(- + @))) < Iy,
01,02,0€R
then

E(B) > ir;f E(-) + ¢o. 47)
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Domain Walls in the Coupled Gross—Pitaevskii Equations

Now, we turn to the proofs of Theorems 1.4 and 1.5.

Proof of Theorem 1.4. We reason by contradiction and assume, given A, ¢ > 0,
that for a sequence of positive numbers §, — 0, we can find ¥j € DN L* and
times f, such that, denoting by W"(x, ¢) the unique global in time solution to (1)
with initial condition \I—fg, we have ps (W], U) < §, and for any 01,0, € R

in’@fR AV (-, ty), (expifiu (- + @), expibrur (- + @) = €. (48)
oe

Now, because ps (Y, U) — 0, Fatou’s lemma implies that E(¥j) — m =
infy E(-). From conservation of energy along the flow we deduce the same for
E(W"(-, t,)). The W"(-, t,)’s are not necessarily elements of Y, but we modify
them so as to obtain a genuine minimizing sequence whose limit can be compared
to a member of the orbit of U.

Let R, be a sequence of positive numbers such that R,, > A and

R}L
/ e(\pﬂ(x’ tn)) dX > E(\I}n(9 tn)) - l (49)
—R, n
Define:
R e, 1), x € [—Ry, Ry,
Ynlx) = H (fu(x), gn(x)), x & [—Ru, Ryul, G0

where (f,(x), g,(x)) is a continuous vector function satisfying
(fa(ERn), gn(£Ry)) = \Ijn(iRn’ ),

+a bFb
x@@(fn(x),gn(x)):(“ ‘ jF)

2 7 2
and such that

N 1
E(Wn) < E(V" (. 1) + .

Note that by (49) and definition of ¥, pa (Y, W" (-, 1,)) — O.
We appeal to part (a) of Theorem 2.1 to conclude that there is 7, € R such that
I}n(- + 1) converges in the topology induced by p4 to a minimizer V of E in Y.
From Theorem 2.1 part (a) we also know V = (e/f1vy, e/P2v,) where (v, v2)
is a minimizing solution of (2). By (48), Fatou’s Lemma and Proposition 5.1 we

deduce

inf [|(vi,v2) = U+ D)2 2 no.
zeR

By continuity of the flow, the above implies that for some * > 0

Iy < inf R/OA(‘I’”(-J"),(expi91u1(-+6¥),6Xpi92u2(~+Oé))) <,

01,02,a€

which by Corollary 5.3 yields E(W" (-, ")) = E(W"(-, 1,)) = E(V)) > m + &,
for n large enough, a contradiction. O
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As mentioned in the introduction, an easy adaptation of the analysis in [3] yields
Theorem 1.5. We only highlight the main steps for convenience of the reader.

Proof of Theorem 1.5. As in [3], it suffices to verify the following claim:

Claim 1. Given any € > 0 and A > 0, there exists some constant K, depending
only on A, and some positive number § > 0 such that, if U and Vg are as in
Theorem 1.4 and if (16) holds, then

la(t)| < Ke,

foranyt € [0, 1], and for any of the points a(t) satisfying inequality (17) for some
0(t) e R.

Indeed, once the claim is established, looking at the flow for t € [n,n + 1),
appealing to Claim 1 and using induction on n, the arguments of [3] may be repeated
verbatim, as the conclusion of Theorem 1.5 follows without regard to the specific
equation, depending only on energy conservation and the well-posedness of the
initial value problem for the evolution equation.

To adapt the proof in [3] in our case we need to identify the following key
elements.

Center of mass. As afirst step, we need an integral expression involving U (- —«(?)),
depending on quantities controlled along the flow by the energy, that can serve to
follow « (7).

Approximating «(t) in terms of ¥. In a second step, the same integral expres-
sion above applied to ¥ needs to provide a good approximation of the one with
U (- — a(t)) as a consequence of orbital stability.

Motion identity. We need a measure of how these integral expressions change; they
should be controlled by a quantity that can be made arbitrarily small, again by pure
energy considerations, uniformly in ¢ € [0, 1]. This is the third step needed for the
right setup.

According to this, to prove the claim, we choose a function which identifies a
center of mass, in the spirit of [3].

Step 1 Let U be a domain wall solution of (8), and choose a translation U (- — t)
with the property that

/Rx(\/gTu%(x — )+ gnui(x — 1) — p)dx = 0. (51)

Clearly such a choice is possible, as the integral above may be made arbitrarily large
by choosing a large positive 7, and arbitrarily negatively large for large negative
7. By translation invariance, we may assume without loss of generality that the
solution U (x) is normalized so that (51) holds with T = 0. (For the symmetric case
(2), U is the symmetric solution.) Define

m(U) = /R (VETu?(x) + /g2u3 (x) — ) dx.

We note that for this U [normalized as in (51)] and any @ € R, we have

ﬁ/Rx(«/_guu%u —a) + /gnuz(x —a) — ) dx = a.
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Domain Walls in the Coupled Gross—Pitaevskii Equations

Step 2 Let g : R — [0, 1] be a smooth function with g(x) = 1 for |x| < 1 and
g(x) = 0 for |x| = 2, and set gg(x) = g(x/R), R = 1.For ¥ € Y anda € R
define

1
G r(W) := W/Rgle(m(mwz(x —a) + Vgnlva*(x —a) — p) dx.

We note now that without loss of generality one can assume «(0) = 0 by taking
§ sufficiently small in (16). The exponential convergence of U to its limits at 00
imply that

G, r(U) — GU), asR — oo.

Furthermore, this convergence is uniform in a on compact sets. Because of this, we
fix Rgp > 0 such that

|Ga),Ry(U) —a(t)| < e, forallzsuch that |a()] < 1. (52)
Next, we note that Cauchy—Schwartz inequality and bound (17) yield
|Ga@),ry(U) = Go,ry(¥)| = Ce, (33)

for some positive constant C independent of ¢. The above implies that G g, () can
be used to follow « () with a precision of O(e) which is what we wanted. We then
turn to the quantitative dynamical property that lets us to exploit the approximation

of a(t) by Go, g, (V).

Step 3 In the third step one controls the evolution of the center of mass by
considering a localized version of its motion law in terms of the momentum. As in
Proposition 4.1 of [3], we have for any R > 0,

d
A grO)x (VW12 (%) + Vg2 (x) — ) dx

= 2/}}{[@(1'1#1, ) + /822(iV2, 0x¥2)10x (x gr)dx.  (54)

Indeed, differentiating under the integral sign, appealing to (1), and using the fact
thatfor j = 1,2

/(iw V(Y1 + ylvs—j1? — D)(xgr) dx =0,

(54) follows. ' '
To finish, let 81, 6> be such that ||| = eit Y1 and || = el Y¥». Because

/ LR 1, 0, i) + /a3l 1, 3, (% un) 10y (x gr) dx = 0,

and again Cauchy—Schwartz inequality together with bound (17), we see that

‘/[«/811(!”1, Y1) + /822 (Y2, 0x¥2)10x (x gr) dx| = Ce. (55)
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Let v0,1, ¥o,2 be the components of the initial condition y¢. Thanks to bound
(55), we have

‘/Rgmx)x(M(wz — [Yo.11) + Ve (¥2* — Yo%) dx

=2

t
/0 /]R LBV 1) + /a0, s 2)]0x (x gr) dx
< Ce. (56)

This last inequality together with (52) and (53) concludes the proof of the claim
provided it holds that |x(7)| < % for all + € [0, 1]. This is a consequence of the
continuity of the flow with respect to p4 asin [3]. O

6. Domain Walls Under a Small Localized Potential

We shall now consider persistence and stability of the domain wall solutions
in the presence of a small localized potential. Domain walls in this case satisfy the
system of differential equations (19). We provide details for the symmetric case
(2), but the same phenomena may be investigated for more general equations, such
as (8) with only minor modifications. We note that the linearized operators around
the symmetric domain wall solution U (x) € X in this case may be represented as
follows:

—02 +3ul 4+ yus —1 2yuiuy OLR
Li®pg:= X ! 2 ), (57
+ER ( 2yuiuy —8§+yu%+3u%— 1) \v2.r (57)
and
—82+u2+yu2—1 0 1,1
L_®;:= * 1 2 ). 58
! ( 0 —8§+yu%+u%—l ©2,1 (58)

Proof of Theorem 1.6. Let us write
Ux+s)=Uyx)+ W), 59)

where the leading term Uy = (11, u3) € X is the heteroclinic solution of the system
(2) in Theorem 2.1 satisfying the symmetry reduction

uy(x) = uy(—x) forall x € R,

the parameter s € R is to be uniquely determined from the condition (U, W) = 0,
and the perturbation term W = (wy, wy) satisfies the perturbed system

LiW=—-eV(x+s)(Uo+ W), (60)

where L, is given by (57). By Theorem 3.1, zero is the simplest and smallest
eigenvalue of L with Ker(L) = span{U}, whereas the rest of the spectrum of
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Domain Walls in the Coupled Gross—Pitaevskii Equations

L is bounded away from zero. To invert L on the right-hand side of (60), we
add the bifurcation equation

F(s) := —e(Up, V(x +5)(Up + W)) =0. (61)

If F(s) = 0 and V e L%*(R), the inhomogeneous equation (60) is closed for
W e H?(R) and the implicit function theorem can be applied for sufficiently small
€. As a result, there exists a unique solution of (60) for W € H 2(]R) subject to the
orthogonality condition (U, W) = 0 such that || W || y2g) = C|e| for some C > 0.
Because the nonlinearity is polynomial, the solution W is a smooth (C°°) function
of €.

Using this solution for W in the bifurcation equation (61) and integrating by
parts, we obtain

F(s) = %e/RV’(xﬂ)(u%Jru%— 1) dx + O(?) = 0.

Since V € C%(R) and conditions (20) and (21) are assumed, the implicit func-
tion theorem for scalar functions yields that there exists a unique solution of the
bifurcation equation (61) near xg such that |s — xg| < Cle| for some C > 0. This
construction completes the proof of the theorem. Bound (22) follows by the triangle
inequality and the Sobolev embedding of H Z(R) to L2(R). O

To consider stability of persistent domain wall solutions in the small localized
potential, we need a technical result that ensures that property (b) of Theorem 2.1
persists for small values of €.

Lemma 6.1. In addition to the conditions of Theorem 1.6, assume that V € L'(R).

Then, the heteroclinic solutions in Theorem 1.6 satisfy 0 < uy(x), uz(x) < 1 for
all x e R.

Proof. Since y > 1, the decay of the unperturbed domain wall solution Uy =
(u1, up) of the system (2) to the equilibrium states a and b is exponential with the
decay rates

ui(x) ~eYr'= 1 — s x) Neﬁx, as x — —00

(see property (d) in Theorem 2.1). If the perturbation term W = (w1, wy) in the
decomposition (59) also decays exponentially to zero with the same decay rate,
the assertion of the lemma follows from the smallness of W in the bound (22)
and the property (b) of Theorem 2.1 for the unperturbed solution. However, since
V e L'(R), the exponential decay of W to zero with the decay rates

wi(x) ~ eV wa(x) ~ eﬁx, asx — —oo0

follows from Levinson’s theorem for differential equations (Proposition 8.1 in
[7D. o
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STAN ALAMA ET AL.
Proof of Theorem 1.7. Spectral stability is considered again in the framework of
the linear eigenvalue problem
Li(e)®r=—-2D;, L_(6)®; = rDp, (62)

where L4 (€) include the perturbed domain wall solution U = (u1, up) as well as
the small potential € V. In particular, L (¢) are given by

{32+ €V +3u +yui -1 Zyuius
and
. —83+6V+u%+)/bt%—1 0
L_(e) = ( 0 —024+eV+yul+ui—1)° 4

These operators admit the power expansion Li(¢) = L4 (0) + €L’ (0) + O(€?)
thanks to the smoothness of U in € in Theorem 1.6.

We first show that for small values of €, the operator L (¢) is strictly positive
and bounded away from zero if o > 0 and has exactly one negative eigenvalue with
the rest of spectrum bounded away from zero if o < 0. Since 0 is the simplest and
smallest eigenvalue of L, the result follows from the perturbation expansions. In
particular, let us define solutions of the linear inhomogeneous equations

_w/l/(x) + (314% + yu% — 1) wy + 2yuiuowr = —Vuy,
x eR, (65)
_w/z/(X) + ()/l/t% + 31/[% — 1) wy + 2yu1u2w] = —Vus.

where (11, u) is the unperturbed domain wall solution of the system (2). Then, we
have

L) = (V. Gmwi + 2yuswy 2ywiws + 2yugun
" 2yuywy +2yupwy  V + 2yujwy + 6usws ) -

The isolated zero eigenvalue of L, (0) becomes positive (negative) eigenvalue of
L (¢) for small values of € if 0 > 0 (¢ < 0), where

o= (UL (U
= / (V(u&)z + V(Lt/z)2 + 6u1w1(u’1)2 + 614211)2(14/2)2) dx
R
+/ (2)/u2Ul)2(”/1)2 + 2yuwi (uh)® + dyuywauiu + 4yu2w1u/1u/2) dx.
R

Differentiating the inhomogeneous system (65) in x and projecting it to U’, we
reduce the previous expression for o to the form

1
o= —/ V' (uyuy + upub) dx = -/ V" u} 4 u3 — 1)dx,
R 2 JrR

where integration by parts has been performed for V e C?(R). Thus, the assertion
on the spectrum of L (¢€) is proven.
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Domain Walls in the Coupled Gross—Pitaevskii Equations

Next, the spectrum of L_(¢) is not affected for any small € compared to the
statement of Theorem 3.1 because L _ (¢) is a diagonal composition of Schrodinger
operators and L_(e)®1 2 = 0 with ®; = (u1, 0) and &, = (0, uz), where u; > are
positive according to Lemma 6.1. As aresult, o (L_(¢€)) = [0, co) as follows from
the Sturm’s theorem.

Asinthe proof of Theorem 1.2, we construct the generalized eigenvalue problem

L_(e)®; = —2*L; (), (66)

where Ljrl (e) exists without any projection operators for any € # 0. If o > 0, then
Ljrl (€) is strictly positive implying

o (L_()D, D)

= n I S =0
®eDom(L—(€).9#0 (L (€) D, )

=Y

asin [8, p.468]. This yields stability of the heteroclinic solutions. If & < 0, L;l (€)
has exactly one negative eigenvalue. As in Theorem 3.1 in [4], this condition implies
that there exists exactly one negative eigenvalue —A? of the generalized eigenvalue
problem (66). This yields instability of the heteroclinic solutions. O

References

1. ALAMA, S., BRONSARD, L., Gul, C.: Stationary layered solutions in R2 for an Allen—
Cahn system with multiple well potential. Calc. Var. Partial Differ. Equ. 5(4), 359-390
(1997)

2. ALIKAKOS, N., Fusco, G.: On the connection problem for potentials with several global
minima. Indiana Univ. Math. J. 57(4), 1871-1906 (2008)

3. BETHUEL, F.,, GRAVEIJAT, P., SauT, J.C., SMETS, D.: Orbital stability of the black soliton
for the Gross—Pitaevskii equation. Indiana Univ. Math. J. 57, 2611-2642 (2008)

4. DE Bouarp, A.: Instability of stationary bubbles. SIAM J. Math. Anal. 26, 566-582
(1995)

5. BRONSARD, L., Gui, C., SCHATZMAN, M.: A three-layered minimizer in R2 for a varia-
tional problem with a symmetric three-well potential. Commun. Pure Appl. Math. 49(7),
677-715 (1996)

6. CazeNAVE, T., Lions, P.L.: Orbital stability of standing waves for some nonlinear
Schrodinger equations. Commun. Math. Phys. 85, 549-561 (1982)

7. CoDDINGTON, E.A., LEVINSON, N.: Theory of Ordinary Differential Equations.
McGraw-Hill, New York, 1955

8. D1 MENzA, L., GaLLo, C.: The black solitons of one-dimensional NLS equations.
Nonlinearity 20, 461-496 (2007)

9. DRrOR, N., MALOMED, B.A., ZENG, J.: Domain walls and vortices in linearly coupled
systems. Phys. Rev. E 84, 046602 (2011)

10. GriLLAKIS, M., SHATAH, J., STRAUSS, W.A.: Stability theory of solitary waves in the
presence of symmetry 1. J. Funct. Anal. 74, 160-197 (1987)

11. Histop, P.D., SiGaL, ILM.: Introduction to Spectral Theory: With Applications to
Schrodinger Operators, vol. 113. Springer, New York, 1996

12. HAELTERMAN, M., SHEPPARD, A.P.: Vector soliton associated with polarization modu-
lational instability in the normal-dispersion regime. Phys. Rev. E49 ,3389-3399 (1994)

13. HAELTERMAN, M., SHEPPARD, A.P.: Extended modulation instability and new type of
solitary wave in coupled nonlinear Schrodinger equations. Phys. Lett. A 185, 265-272
(1994)

Disk Received [] | Corrupted []
Jour. No Ms. No. Disk Used [] Mismatch []

= [2/0[5/0/7/8/9 /Bl i
o




1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056

14.

15.

16.

17.

18.

19.

STAN ALAMA ET AL.

MALOMED, B.A., NEPOMNYASHCHY, A.A., TRIBELSKY, M.I.: Domain boundaries in
convection patterns. Phys. Rev. A 42, 7244-7263 (1990)

MALOMED, B.A.: Domain wall between traveling waves. Phys. Rev. E 50,R3310-R3313
(1994)

MCcGEHEE, R., SANDER, E.: A new proof of the stable manifold theorem. Z. Angew.
Math. Phys. 47, 497-513 (1996)

PeLINOVSKY, D.E., KEVREKIDIS, P.G.: Dark solitons in external potentials. Z. Angew.
Math. Phys. 59, 559-599 (2008)

STERNBERG, P.: Vector-valued local minimizers of nonconvex variational problems.
Current directions in nonlinear partial differential equations (Provo, UT, 1987). Rocky
Mt. J. Math. 21(2), 799807 (1991)

Zuiokov, P.E.: Korteweg—De Vries and Nonlinear Schrodinger Equations: Qualitative
Theory. Lecture Notes in Mathematics, vol. 1756. Springer, Berlin, 2001

Department of Mathematics and Statistics,
McMaster University,
Hamilton,

ON LS8S 4K1,

Canada.
e-mail: bronsard @ mcmaster.ca

(Received September 2, 2013 / Accepted August 5, 2014)
© Springer-Verlag Berlin Heidelberg (2014)

Dispatch: 27/8/2014 | Journal: ARMA
2 0 5 0 7 8 9 B Total pages: 32 Not Used []
Disk Received [] | Corrupted []
Jour. No Ms. No. Disk Used [] Mismatch []

i




	Domain Walls in the Coupled Gross--Pitaevskii Equations
	Abstract
	1 Introduction
	2 Existence of Heteroclinics
	3 Second Variation and Monotonicity
	4 Spectral Stability
	5 Nonlinear Stability
	6 Domain Walls Under a Small Localized Potential
	References




