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ABSTRACT. We establish a maximum principle and uniqueness for Dirac-harmonic
maps from a Riemannian spin manifold with boundary into a regular ball in any Rie-
mannian manifold N. Then we prove an existence theorem for a boundary value prob-
lem for Dirac-harmonic maps.
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1. INTRODUCTION

Dirac-harmonic maps have been introduced in [8, 9] as mathematical versions (without
anticommuting variables) of the supersymmetric o-model of high energy theoretical physics.
This o-model is an important model in quantum field theory that allows for a systematic study
of many phenomena that also occur in other, more difficult models, like supersymmetric Yang-
Mills. We refer to [22] for a systematic presentation of this model. In mathematical terms,
the model couples a harmonic map type nonlinear field and a spinor field along that map that
solves a nonlinear Dirac equation. In the same manner that the theory of ordinary harmonic
maps both found important geometric applications and paved the way for the mathematical
analysis of other geometric variational problems like Yang-Mills, we hope that Dirac-harmonic
maps can play a similarly useful role. In order to start such a program in more concrete
terms, we therefore need to carefully develop the appropriate analytical tools. Now the most
challenging analytical problem for ordinary harmonic maps has been the existence problem for
such maps with values in manifolds that may have positive sectional curvature, and here, the
most powerful analytical tools in the theory have been developed, see [16, 19, 15, 20, 23, 24, 29]
and others. The result achieved here is that the Dirichlet problem for harmonic maps can
be (uniquely) solved when the target is confined to a strictly convex ball, and this result is
optimal, as observed in [16].

We attempt a similar analysis here. Our program is more difficult than the classical theory
for several reasons. For instance, as we shall explain below, we can neither employ variational
methods nor heat equation techniques. We therefore need to combine some of the achievements
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and techniques of the classical theory, in particular the maximum principle of Jager-Kaul
[18, 19] with new estimates for nonlinear Dirac equations and handle the coupling between
the fields in a rather subtle manner. The maximum principle will then allow us to derive
a-priori estimates that we can utilize for a continuity method to obtain an existence result for
a boundary value problem that combines Dirichlet data for the harmonic map type field with
a boundary condition for the spinor field. The continuity scheme is inspired by that of von
Wabhl [31], but we still need to handle a number of geometric aspects that played no role for
the analytical purposes of von Wahl.

1.1. Dirac-harmonic maps. In this subsection, we first recall the definition of Dirac-harmonic
maps. Let (M",g) be a Riemannian manifold with a fixed spin structure, and let XM be its
spinor bundle, on which we choose a Hermitian metric (-,-). The Levi-Civita connection V
of g induces an connection (which we still denote by V) on ¥M compatible with (-,-) and g.
Let ¢ be a smooth map from M to a Riemannian manifold (N, k) of dimension n’ > 2 and
¢ TN the pull-back bundle of TN by ¢. On the twisted bundle XM ® ¢~ 'TN there is a
Hermitian metric (still denoted by (-,-)) induced from the metrics on XM and ¢"'TN and a
natural connection V on M ® ¢~ 'TN induced from those on XM and ¢~ 'TN.

In local coordinates {z,} and {y'} on M and N respectively, one can write the section ¢ of
XM ® ¢ 'TN as

Y(x) =9 (2) © 0,3 (6(2)),

where " is a (local) spinor field on M and {8,;} is a local basis on N. The connection V can
be written as

Vi(z) = V' () @ 9, ((x)) + T4V (2) 0k (2) © 8, (6(2)).

Here and in the sequel, we use the summation convention. v is a spinor field along the map ¢.
The Dirac operator along the map ¢ is defined [8] as

D = eq-Ve ¥
= PN () ® 0y (@) + T3, Ve, @ (2)ea - ¥ (x) © i (6(2)),
where {e,} is the local orthonormal basis of M and
P:=ea- Ve,

is the usual Dirac operator on M. We use X - ¥ or (X)W to denote the Clifford multiplication
of a smooth vector field X € I'(M) and spinor field ¥ € I'(XM) on M.

Motivated by the supersymmetric version of the o-model (harmonic maps), we introduced
in [8] the following functional

(11) D@0 =3 [ (6P + (v, Pu)).

where (¥,€) := hij(¢) (¢, &), for ¢, € T(SM ® ¢~ 'TN). Since the value of [, (¢, ) is
real, in the sequel we replace the Hermitian product (-, -) by its real part (but still use the same
notation).
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The Euler-Lagrange system for L is (see [8])

. 1. ,
(1.2) () = FRu(o)w*, Ve - yl),
(1-3) W= P+ T (0)0ad ea - 4" =0,
i=1,2,---,n ;= dimN, where 7(¢) is the tension field of the map ¢.
Set

1. :
R(¢,v) := §szm(¢) " Vel Yy @0,
Then (1.2) and (1.3) can be written in a concise form

(1.4) (@) = R($,¥),
(1.5) Dy = o

Solutions (¢, 1)) of (1.4), (1.5) are called Dirac-harmonic maps (c.f. [8], [9]). Dirac-harmonic
maps include two types of solutions that are trivial from our present point of view. One is
(¢,0) with a harmonic map ¢ and another one is (p, 1), where p stands for a constant map to
a some point p € N and 1 is a tuple of ordinary harmonic spinor fields. We are interested in
solutions that couple the fields ¢ and . Examples of such non-trivial Dirac-harmonic maps
were constructed in [8] by using twistor spinors and conformal maps between spheres. This
construction was generalized in [25] to obtain more non-trivial solutions.

The study of Dirac-harmonic maps has been taken up by several mathematicians. The
regularity theory has been developed in [8], [9], [32], [35] and [10]. The blow-up analysis was
established in [8], [9] and [34]. See also [33] for a classification result for Dirac-harmonic maps.
However, one of the most important problems, the general existence problem, still remains open.
Compared with the case of harmonic maps, the existence problem here is technically much
more difficult. First, since the functional L is unbounded both from above and from below,
one cannot use the direct methods of the calculus of variations to obtain solutions, though we
already possess the regularity theory. For the same reason, the well-known existence scheme
of Sacks and Uhlenbeck in [30], which is based on considering the minimizers of perturbed
functionals, seems also not applicable here. The heat flow method, which is a powerful tool for
many problems in geometric analysis, does not work either, since the equation for the spinor
field is of first order. (Perhaps one can consider to deform the equation for the spinor field by
using a 1/2 order nonlocal operator.)

The method of continuity and the Leray-Schauder theory are other fundamental tools for
dealing with existence problems. To apply these theories, one needs first to establish suitable
a priori estimates for solutions, so as to guarantee some compactness. This is one of the main
objectives of this paper. In general, as in the theory of harmonic maps one cannot expect that
a priori estimates hold for Dirac-harmonic maps without any constraint. In this paper, we
derive a priori estimates for Dirac-harmonic maps with image in a small ball, by generalizing
the maximum principle of Jager-Kaul [19] for harmonic maps. With these a priori estimates
we can then show the existence and uniqueness of the Dirichlet problem for Dirac-harmonic
maps with small boundary data. The precise results are stated in the next subsection.
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1.2. Main results. We consider the boundary value problem for Dirac-harmonic maps. We
first establish a maximum principle and then prove an existence theorem. Let M be a compact
Riemannian manifold with boundary 0M, Br(yo) a geodesic ball centered at yo in an arbitrary
Riemannian manifold N whose sectional curvature is bounded from above by a constant £ > 0,
where the radius of Bg(yo) satisfies R < 27/+/k. We call Br(yo) a regular ball, and assume
that it satisfies the cut-locus condition (c.f. [19]), that is, any pair of points in the set can be
joined by a unique minimal geodesic arc.
We will consider Dirac-harmonic maps (¢, 1) from M to N satisfying

(1.6) ¢(M) C Br(y), [¥]* <Co

for some positive constants R and Cj.
For our purpose, we may assume that

(1.7) R<(1—ep) -~

— Cp <1
2\/E7 0>
for some constant gy € (0,1). A
By the assumption of the regular ball, on Bgr(yo) we can choose normal coordinates {y'}i—=12.... n

centered at yo. In this coordinate system,

n' i 9

For simplicity, we write

qb:: <¢17'” ’¢n/)7 ¢:: (wla”' ﬂ/’nl)-
We call the above expressions the representation of (¢,1) in the normal coordinate system.
Throughout this paper, we will use this representation. Moreover we denote | — ¢o|? 1=
(1 = 65)%, [ — of? i= 30, Y — 5 and |dor — dool* == 3, (Ha — dha)*
In [18] and [19], Jéger and Kaul established maximum principles for harmonic maps and
solutions of the following nonlinear elliptic systems

(1.8) 7(¢) = b(d9),

where b is a given tensor field with quadratic growth in the differential d¢, and satisfies the
following Lipschitz condition:

2 2
(1.9) 6(b(p1),b(p2)) < %diSt(yl,yz) Zl \Pz‘|2 + M5(P1,p2)(; ’pi‘z)uz
1= 1=
for some constants A, > 0 and any pair p1 € Py, p2 € Pry,, € M, and y1,y2 € Br(yo),
where P, , denotes the space of all linear maps of T, M into Ty N, and  denotes the pseudo
distance defined by (2.1) and (2.2).

For two solutions ¢1 and ¢9 of the non-linear elliptic system (1.8) (or two harmonic maps ¢1,
¢2), Jager and Kaul constructed elliptic operators £ and specific functions © concerning the
distance between ¢y and ¢, with £(©) > 0, from which the corresponding maximum principles
follow (c.f. [18], [19]). In our case, the Euler-Lagrange equations (1.2), (1.3) yield a system
coupling a second order quasi-linear elliptic system and a Dirac type equation on M, and this
makes the constructions more subtle.
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We can try to deal with the ¢-part of Dirac-harmonic maps (¢, ) using the methods in [18]
and [19]; however, the right hand side of the ¢-equation (1.2) does not satisfy (1.9). Nonetheless,
we shall be able construct the corresponding elliptic operator £ and a corresponding function ©
for Dirac-harmonic maps with the property £(©) > 0, and hence obtain a maximum principle
for Dirac-harmonic maps.

For an arbitrary constant w > 0, we let s,, be the solution of s/ + ws, = 0, that is,

SiH\/at f >0
1.10 su(t) = VR
(1.10) w(t) {t if w=0.
Denote
t 1—cos /wt if >0
(1.11) W)= [sa=d e e
0 T if w=0.

Choose R := %OR € (R, ﬁ)

= Let (¢1,v1) and (¢2,12) be Dirac-harmonic maps from M
to N satisfying (1.6). Define

45 (p) + 3l — af?
{lx(R) — au(p0)lax(R) — au(p2))(1+ Co — [ P)(1 + Co — [ta)} 117

where p(x) := dist(¢1(z), p2(x)), pa(z) = dist(¢a(x),v0), a = 1,2, Vo € M. The basic idea
here is to compose a strictly convex function (coming from the distance function of the target
— that’s why we need to assume that the range lies in a convex ball) with the distance between
the two maps and likewise to take the squared distance with the spinor fields as some convex
operation. Since convex composed with harmonic yields a subharmonic function, we can hope
for a maximum principle. Now, there are some substantial technical difficulties with this idea.
First of all, the distance between two maps lives on the product of the target with itself, and
we need to understand how convexity can be carried over to this product. This issue has been
addressed by Jager-Kaul [18] (and this was substantially harder than what one might have
naively expected), the upshot being that we need the counterterms in the denominator. The
second difficulty arises from the fact that the map is coupled with a spinor field and therefore
no longer harmonic. We thus need to control some error terms. By themselves, as it turns out,
they cannot be compensated, however. We rather need to utilize the properties of the Dirac
equation for the spinor field in a very careful manner. In fact, due to the nonlinearity of our
Dirac equation, we have a third difficulty in estimating norms of the spinor field and controlling
additional terms in a Lichnerowicz identity. Fortunately, it turns out that the difficult terms
arising from the second and third difficulties can be balanced when we arrange things very
carefully. This is very subtle and nontrivial and constitutes perhaps the main technical point
of this paper. It turns out that we need to assume the spinor field to be sufficiently small in
norm; perhaps this can be considered as analogous to the smallness condition on the map, that
it be contained in a suitable convex ball in the target.

For the map, we shall assume a Dirichlet type boundary condition. The boundary condition
B that we impose on the spinor field will be explained below (see (2.31)).

(1.12) ©:=

Theorem 1.1 (Maximum principle and uniqueness for Dirac-harmonic maps).
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Let (M, g) be a compact Riemannian spin manifold with non-void boundary OM which has
non-negative mean curvature (w.r.t. the inner normal vector). Assume that i]1\14f Sy > 0, where

Sn denotes the scalar curvature of M. Let (N,h) be a Riemannian manifold with sectional
curvature bounded from above by a constant k > 0, and yg be any given point in N. Then there
exist positive constants R < 7/2v/k and Cy such that for any pair of Dirac-harmonic maps
(G0, %) (a = 1,2) in (CO(M,N) x CO(SM @ ¢ 'TN)) ((C*(M,N) x C*(SM & ¢;'TN))
satisfying

¢a(M) C Br(yo), |val* <Co, a=1,2,

the maximum principle holds, namely

(1.13) sup © < sup©O.
M oM

Furthermore, assume that (¢q,1a) € (H2P(M,N) x HYP(SM @ ¢ 1TN)) ((C>®(M, N) x
C®(XM ® ¢, 1TN)), p>n = dimM, we have
[¢1 = d2llcoary + Y1 — Yallcoan
(1.14) < C(llér = @2l o-1
for some constant C = C(n,n’,p,yo, R, Co, M, N) > 0. In particular, if ¢1lonr = P2lon, and
Bl/)l = Bl/)g, then

(1.15) (P1,91) = (62, ¢2).
Here, the boundary operator B is defined by (2.31) below.

. 1Bt =Bl o1, )

(oM P (QM)

We will also prove the following existence theorem for a boundary value problem of Dirac-
harmonic maps. As is known from harmonic maps, we need to impose a smallness condition on
the map here, in order to guarantee that its image be contained in a convex ball. Analogously,
we need a smallness condition on the spinor field, as explained above. Thus, what we achieve
here is a local existence theorem from the perspective of geometry.

Theorem 1.2 (Existence theorem for Dirac-harmonic maps).
Let M, N, yo, k, R and Cy be as in Theorem 1.1. Then there exist positive constants ag
and by such that for any ¢o € H*P(M,N) with Pl r2p(ar) < a0 and any 1o € H'Y? (XM ®

¢y H(TN)) with %ol 1o (ary < bo, where p > n := dimM, the boundary value problem

- (10 = R
Plorr = bolons,
(117 { By = By

admits a unique solution (¢,v) € H>*P(M,N) x H'P(YM @ ¢~ (TN)) satisfying ¢p(M) C
Br(yo) and [¢]* < Cy.

Remark 1.1. i) In Theorem 1.1 the condition that the scalar curvature of M is positive cannot
be removed for the uniqueness. Without it, uniqueness does not hold even for harmonic spinor
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fields. The scalar curvature comes in through the Lichnerowicz formula that we need to apply
to the spinor fields v1,13. When the scalar curvature is positive, this will yield a positive
contribution that can be used to absorb a term involving |t/|* when we assume in addition that
that norm be sufficiently small. For details, see the summary of our estimates in (3.28) below.

ii) We expect that Theorem 1.1 and Theorem 1.2 hold for any fixed R < ﬁ and Cp < oo.
Similarly, when x = 0, that is, for targets of nonpositive sectional curvature, we expect that
Theorem 1.1 and Theorem 1.2 hold for any fixed R < co and Cy < oc.

This paper is organized as follows. In Section 2, we give some preliminary results on pseudo
distances of vectors and global estimates for Dirac operators with elliptic boundary conditions,
and we define the chirality boundary condition for Dirac-harmonic maps considered in this
paper. In Section 3, we prove the maximum principle and the uniqueness (Theorem 1.1) for
Dirac-harmonic maps from manifolds with boundary into small regular balls. In Section 4,
we prove the existence theorem (Theorem 1.2) for chirality boundary value problems of Dirac-
harmonic maps into small regular balls.

2. PSEUDO DISTANCES OF VECTORS AND GLOBAL ESTIMATES FOR DIRAC OPERATOR WITH
ELLIPTIC BOUNDARY CONDITIONS

In this section, we will recall two notions of pseudo distances §(v1, v2), do(v1,v2) between two
vectors vy, vo on N and derive a relation between them. We will also consider global estimates
for the usual Dirac operator @ on M with elliptic boundary conditions. These will be used in
the next sections; they are also of interest in their own right.

2.1. Pseudo distances. For any y;,y2 € Bpr(yo), there exists a unique minimal geodesic
o :[0,p] — Br(yo) C N such that o(0) = y1, o(p) = y2, where p := dist(y1, y2) stands for the
distance of y1,y2 on N. For any v, € T, N, a = 1,2, let X be the unique Jacobi field along o
with X (0) = v1, X (p) = va.

We start by defining (pseudo-)distances between vector fields or linear maps (c.f. [18]).

Definition 2.1. For a pair v, € Ty, N of tangent vectors, a = 1,2, we define a pseudo-distance
( / XY
1) X9z if p>0,

(2.1) 6(v1,v2) = 0
lvg — wval, it p=0.

Forp,qe || Ppy (disjoint union), we then define their pseudo-distance as
y€BR(yo)

(22) 3(p,q) == (O 0% (plea), alea))'/,
a=1

where {e1, - ,en} is an orthonormal base in T, M.

We note that §(vi,v2) = 0 if the tangent vector ve is obtained from vy by parallel transport
along the shortest geodesic between their base points. Therefore, ¢ is not a true distance.
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This notion of a pseudo-distance arises from the Hessian of the distance function dist(-,-)
on N x N. Recall that when v1 and vy are normal to o, for v := v ©ve € T} )(N x N), we
have

Y1,Yy2
(V2dist) (v, v) = /0 (X2 = (X, R(X, 0")o)).

The first term on the RHS is p~1§2(v1,v2). This makes the pseudo distance §(-,-) important
in the estimates of the Laplacian of distance functions between two maps ¢1, ¢ : M — N.
However, in applications, one often encounters another kind of pseudo distance function defined
as follows:
60(’[)1,7)2) = |’Ul — 22}2‘,

where vy stands for the vector in Ty, N obtained by the parallel displacement of vy along
o. This one is geometrically more natural and convenient to use. However, the maximum
principle of Jager-Kaul [18] is formulated in terms of §, and not of dp, and it turns out the
precise properties of § are really needed. Essentially, the reason is that parallel transport can
be estimated as precisely as Jacobi fields in terms of curvature conditions, because the latter
satisfy a differential equation. In particular, the estimate (2.19) below will be crucial.

Nevertheless, the following relation between the above two pseudo distances will be useful.
Since § is expressed in terms of the derivative of a Jacobi field connecting the two vectors in
question, it is natural that estimates for Jacobi fields (c.f. [26], [21]) can be utilized to control
6 and g in terms of each other.

Lemma 2.1. There is a positive constant C' depending only on Bgr(yo) and the geometry of N
such that for any y, € Br(yo) and v, € Ty, N, a = 1,2, we have
05 (v1,02) = C(|oa]* + [v2*)p* < 6%(v1, 00)
(2.3) < (v, 02) + C(for* + 2] ) p?
Proof. First, it is easy to verify that for both pseudo distances § and dp, the Pythagorean law
holds true:

52(,017,02) — 52( tan7 tan) 5 (Uilor ,05101")7

50(,017,02) — 50( tan tan) 53( nor’ 5101").

Clearly, §(via™ v81) = §o (v 081) = (o' (p), va) — (67(0),v1)|, hence, in the following, we may
assume that v; and vy are normal to the geodesic o.
Let X be the unique Jacobi field along o with boundary values

X(0)=v1, X(p)=v2.
Define a Jacobi field Y (-) along o such that
Y(0) =v1, Y(p)=n01.
Set Z(t) == X(t) — Y (¢), Vt € [0, p], then Z is a Jacobi field along o with
Z(0)=0, Z(p)=wv2— 1.

To estimate 62(v1,v2) = p [7 |X'|?, we need to estimate [Y’| and |Z/.
The Jacobi field Z can be written as:

Z(t) = (dexpy, )tor(0)(tZ'(0)).
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Assume that the sectional curvature of N satisfies
0 < Ky <k

where 6 < 0 is a constant. Denote

1 1
Sk(t) := ﬁsin Vit,  Sp(t) == e sinh v —6t.
Then for any vector w € Ty, N, we have (c.f. Corollary 4.6.1 in [21]):
(2.4) |w|Sx(t) < [(dexpy, ior (o) (tw)] < |w]|Sp(?)-

Putting w = Z'(0) and Z(p) = ve — ¥; into these inequalities then yields

1 - 1 —
|Z,(O)’ﬁ81n \/Ep < |U2 - 61| < |Z/(0)|\/j081nh _6p7
namely,
(25) Vol ol o) < VR0
sinh /—0p sinv/kp

FEstimate of |Y|.

Let J(-) be the unique Jacobi field along o such that
J(0) =v1, J'(0)=0.
Choose a parallel orthonormal frames {E;(t)} along o with E; = ¢/, and denote
Filt) == (T, Ei(t), i=2, 0,
then we have the following expansions:

N
fl(t) = U’i - §<RU’U1OJ>E1'>(O) + O(t?))’ = 27 o ,TL,,

consequently,
(2.6) J(t) = Vi(t) + [n|O(t%),

where V1 is the vector field obtained by the parallel displacement of v along o.
Define Y (t) := Y (¢t) — J(¢), it is a Jacobi field along o with boundary values

Y(0) =0, Y(p)=01—J(p) = [v1]O(p*).
By rescaling, we obtain a Jacobi field

Y(s) := :2}7([)3), Vs € [0, 1]

along the geodesic 7 (s) := o(ps), s € [0,1]. The boundary values of Y are

Y(0) =0, Y(1)=|u]O(1),
by the ODE theory, it is easy to see that there is a positive constant C' such that |?/] < Cloy|.
Scaling back, we have |Y'| < C|vy|p, therefore,

(2.7) Y| = Y+ .J'| = [u]O(p),
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and consequently,

p
(28) p [ IVOF = P0G,
FEstimate of |Z'|.

Set hi(t) := (Z'(t), Ei(t)), i = 1,2,--- ,n/, then
hi(t) = (Z" (1), Ei(t)) = —(Rorz0’, Ei)(t) = —|Z|(R,, 2 o', Ey)(t),

N

hence,
hi(t) — hi(0) = thy(0;) = —t|Z|(R,, z o', E;)(6;)
for some 6; € [0,p], i =1,2,--- ,n/. Thus, we have
Z'(t) = hi(0)E;(t) — t|Z|<RU,%a’,Ei>(0i)Ei(t)

= Pzo)(t) —t|Z|A(),

where Py(gy(t) is the vector field obtained by the parallel displacement of Z’(0) along o, and
|A(t)] = (R, Z o', E;)(6;)E;(t)] < C for some constant C' > 0.

Noting that ]PZ/ Y] =12'(0)] = p, vt € [0, p], we have
(2.9) |Z/(O)F = |Z'(0)] + | ZPA%(t) — 2t Z|(Pgr() (1), A(1)).-
Recalling that by (A4) in [26], we have
1Z()] < folt)

for t € [0, p] and p small, where fy(t) := \/%70 sinh /—0t = pSy(t). Substituting this into (2.9)
we have

(210) 2 = CpRS)(t) — CHAESHE) < |2 (D < u + CutSy(t) + CutS3(t).
Consequently, we have
p
o [[170Pa < w0+ 00)
0

o Klvg — 012

Pm(1+0(ﬂ2)) (by (25))
(2.11) = o)1+ 0(?).
Note that
P = p [ 127477
(2.12) < / 2o [(WE 2 [T 12107

combining this with (2.11), (2.8), (2.5), (2.10) and (2.7) we obtain
52(01,172) < 50(01,112) +C(|oa]” + [v2]*)p?
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Similarly, we can deduce
8 (v1,v9) > 05 (v1,02) = O([vr[* + [v2]*) p*.
This proves Lemma 2.1. O

Corollary 2.1. There exist positive constants C,C" depending only on Br(yo) and the geometry
of N such that for any ¢1,¢2 : M — Br(yo), the following estimates hold:

2 2
(2.13)  C'dg1 — dol* — Cp* Y |deal® < 63(de1, dgs) < Cldgy — dgo|* + Cp* Y _ |depal?,

a=1 a=1

2 2
(214)  C'ldgy — dol* = Cp* ) [ddal* < 6(dgy1,de2) < Cldey — dgof* + Cp? Y _ |dbal?.

a=1 a=1

Proof. For any x € M, let o be the unique geodesic connecting ¢;(x) and ¢2(x), choose
a parallel orthonormal frame {F;(t)} along o with E; = ¢’, and a local orthonormal frame

{eata=12,- n around z in M. Assume 0, := a] E;, and denote ¢14 := d1(ea) := 5,01 (1)
and @9, := dpa(ey) == qb’z“a@yk(qbg), then

50(d1a P20) = 60(P100yi(01), $oa0yi(02))
(215) = G0(1aa] (61)E;(91), $had] (62) Ej(62)),

by definition of the pseudo distance dg, we have

05 (bras $20) = Y _($haal(d1) — dhaal(h2))?

j
= D (@l — 640)al (91) + Bralal(61) — a (62))]?
J
(2.16) < O (o~ $ha)* + 00" Y ldeal®,
i a=1
where C' > 0 is a constant depending on the bounds of (aé) and (daé-) on Br(yo), and we have
used the fact that h;; = afaé‘? and h;j(yo) = 6;5. Similarly, we can show that

2
(2.17) 08 (10: B2a) = C'D (Do — $ha)? — CP* > ldepal*.
J a=1
Then (2.13) follows from (2.16) and (2.17). From Lemma 2.1 and (2.13), we immediately have
(2.14). O

The following lemma is from [18] (Lemma 3.16). The main point is that it estimates the
Hessian of the distance function from below in terms of the pseudo distance §. In other words,
it provides a precise quantitative version of the convexity properties of the distance function
of the image. This will be crucial below when this distance function is composed with Dirac-
harmonic maps, in order to obtain a useful differential inequality that will be at the heart of
the maximum principle.
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Lemma 2.2. (1) Denote G(-) := g, o dist(yo, ) : Br(yo) — R, then
(2.18) V3G (u,u) > sl (1) |ul?,

Vu € T,N, x € Br(yo), 7 := dist(yo, z).
(2) Denote I := q= odist : Br(yo) x Br(yo) — R, then

2
(2.19) V2F(v,0) 2 ' (p)8%(v1,v2) = 55 (p)be(p) D val’,
a=1
Vo=1v1® V2, Vg € Tyqu Ya € BR(y0)7 a=1,2, and
1 t :

L §a,{(t)(1 + m) if t> 0,
(2.20) ba(t) = { 2 oo

st =s@) if t>0,
(2.21) 0 (t) = { : Lo

a

2.2. Global elliptic estimates for the Dirac operator. In this subsection, we shall recall
the boundary condition for the usual Dirac operator and extend it to Dirac operators along
maps. We shall then consider global elliptic estimates for the Dirac operator with boundary
conditions. These will be important for us to deal with the spinor field ¢ of a Dirac-harmonic
map (¢, ).

Let M be an n-dimensional compact Riemannian spin manifold with boundary oM # (.
First, we recall some notions and facts about the spin bundles and the usual Dirac operators
on OM (see e.g. [4], [6] and [14]).

Let S := X M|gps be the restricted spinor bundle with induced Hermitian product. Then

g~ SOM, n odd
| SOM ¢ SoM, n even.

Define the Clifford multiplication and covariant derivative on S by

(2.22)

SX)W :=y(X)y()¥  and VST :=VxU - %WS(AX)\I!

respectively, VX € T(TOM), ¥ € T'(S) on OM, where v is the unit normal vector field of OM,
A denotes the shape operator of OM in M, and ~(-) stands for the Clifford multiplication on
M.

Let ui,ug, -+ ,up—1 be a local orthonormal frame on M. Then the hypersurface Dirac
operator D is defined as

n

n—1 n—1
—1
DV =Y " 15(u)) Vi ¥ = 5 HY —4(v) > () Vi, ¥, VU ET(S),
j=1 j=1
where H is the mean curvature of OM in M.
Let us now impose the boundary condition for the spinor field . There are various types

of boundary conditions in the physics and mathematics literature — the APS condition, the
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chirality condition, the Riemannian version of the MIT bag condition, the mAPS condition
etc. — which are elliptic for the usual Dirac operator (see [1-3], [5], [7], [14], [12], [17]).

Throughout this paper, our boundary conditions for Dirac operators will refer to either of the
above mentioned four conditions. By the exactly same arguments, our conclusions in Theorems
1.1 and 1.2 concerning the boundary conditions hold for all those four conditions. Here we take
the example of the chirality condition. This is a local boundary condition, we will extend it to
our settings (see [10] for the free boundary condition of Dirac-harmonic maps).

Definition 2.2. A chirality operator G is an endomorphism of the spinor bundle XM satisfy-
mg:

(2.23) G*=1, (Gy,Gp)=(¥,p),

(2.24) Vx(Gy) = GVxy, ~(X)GY = =G(y(X)).

VX e (TM),,p € T(XM). Here I denotes the identity endomorphism of M.

When the dimension n of M is even, we have the usual chirality operator G = y(wy,), the
Clifford multiplication by the complex volume form wy,.
Suppose that M admits a chirality operator G. One can verify that:

(2.25) V)G, @) = (¥, 7 (V)Ge), (v(V)G)? = 1.
This allows us to decompose S = VT & V~, where V* is the eigensubbundle corresponding

to the eigenvalue +1. Correspondingly, we have the orthogonal projections onto the eigensub-
bundles V*:

B*:L*(S) — L*(V*)
1
b= TGP,

Based on this, one can define a local elliptic boundary condition — the chirality condition — for
the Dirac operator @ (see e.g. [14], [12]) as follows: for ¢ € I'(XM) and a given spinor field
bo € L2(V7),

B = by,
where )

By = B low = 5 (I —1(0)G) o

For a given ¢y € T'(XM), we can then impose the boundary condition
(2.26) By = Bay.

The next lemma tells us that the Sobolev norm of ¢ € I'(X¥M) can be controlled in terms
of the norm of its Dirac and its boundary condition. Of course, this is essentially an ellipticity
argument.

Lemma 2.3. Let M be a compact Riemannian spin manifold with boundary OM which has
non-negative mean curvature (w.r.t. the inner normal), assume that the scalar curvature of M
satisfies i]1\14f Sy > 0. Let B be a boundary condition for the Dirac operator @. Then

(2.27) 1l e sary < CUPI Lr(sany + ||B¢||H1_%,p(s)), Vp>1, W el(XM),
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where C' = C(p, M) > 0 is a constant.

Proof. Consider the following operator between Banach spaces:
(2.28) (9. B) : H'»(SM) — LP(SM) @ H 7 7(S).
For any ¥ in the kernel Ker(@, B), by the definitions of B, D and G, it is easy to verify that
(c.f. [14]) on the boundary oM
/ (DY, T) < 0.

oM
Recall that we have the following spinorial Reilly inequality (see e.g. [14]):

n—1 S n—1
(2.29) /[(ny,\m - H|T? > /[4|x1;|2 - T|¢’9\1/y2], Yo € T(ZM).
oM M
Using this we have

2

From our assumptions it then follows that ¥ = 0. Namely, Ker(@, B) = {0}.
Since the boundary condition is elliptic, the operator (@, B) is Fredholm and therefore (c.f.
[28], Proposition 1.5.8),

[l ey < CUP N Losar) + HBw”Hl—%,p(S))

for some constant C(p, M) > 0. O

~1
02/ SM|\1112+/ DHR, WP e D(EM).
M 4 oM

Finally, we extend the above boundary condition to Dirac operators along maps.

Definition 2.3. For any spinor field » € T(SM ® ¢~ TN) along a map ¢, if ¢ := ' ® 8?;1' (9)

in local coordinates (y')i=12... n/ in N, we define
0
oyt
For a given spinor field ¢y € T'(XM ® qbalTN) along a map ¢o satisfying élop = dolom, we
define the chirality boundary condition:

(2.31) By = Bi)y.

(2.30) By := (By') ®

Remark 2.1. Clearly, (2.31) is independent of the choice of local coordinates.

3. MAXIMUM PRINCIPLE AND UNIQUENESS FOR DIRAC-HARMONIC MAPS

In this section, we will prove the maximum principle and uniqueness for Dirac-harmonic
maps from manifolds with boundary. The main idea to prove a maximum principle for maps
between manifolds is to construct an appropriate elliptic operator L and apply it on some
function © of the distance of two maps, such that L(©) > 0. A natural choice of L is the
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Laplacian operator A. However, AO usually contains some negative terms which prevent A©
from being nonnegative. Therefore, one needs to modify the operator A as well as the function
© to obtain an operator L and a new © that create positive terms to cancel out those negative
terms. A clever construction of L and © was given in [18] and [19]. This construction motivates
our proof below, but we need to work harder in order to handle the Dirac term.

Proof of Theorem 1.1. For a pair of Dirac-harmonic maps (¢1,%1), (¢2,%2) into the regular
ball Br(yo), we introduce the following function of distances:

~ ] 1
€ = gz o dist(¢1, ¢2) + 5l — ol

Define an elliptic operator £ as follows:

(3.1) £(f) = e2div(e?*Vf), Vfe C*M,R),

where

2 2
(3.2) D = %(ZnogﬁZﬁo@),
a=1 a=1
n(t) == —In(qe(R) —t),  7(t) == —In(1 + Co —1).

§a = @qx© diSt(y(Ja ¢a)a Ca i= |¢a|2a a=1,2
Using the definition of £ and the properties of the functions n and 7, it is easy to verify that
(c.f. (2.18) in [18]):

(3.3) £(e®€) > AL+ on a) A&y + &Z (Ca)Aa.

Our aim is to show that £(e®€) > 0. We divide the first term on the RHS into two parts:
A& = AL+ AR — of?, where
. K
¢ :=q,odist(¢1,¢2), v:= 1
Step 1. Estimate of AE.

We can build upon the established strategy in the harmonic map case, and the essential
point thus is to handle the additional terms on the right hand side of the equations for ¢, ¢o
when compared with ordinary harmonic maps. The resulting error term has to controlled very
carefully so that we can later trade it off against other terms.

Set ¢ := ¢1 X ¢p2. Then p =dist o ¢ : M — R. Using (2.19) we have

AE = A(Fog)
= tracey¢*V2F + (VFO(}; (;5»

(3.4) > 5,(p)6° (1, dga) — 5, (p Z|d<z>a|2 (VF o ¢,7(0)).
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Since
VF o ¢ = (V(g odist)) od = s,(p)(Vdist) o ¢,
and
7(¢) = 7(¢1) ® T(¢2) = Ry & Ry,
here we have used
Ra = R(ba;%a), a=1,2
to denote the RHS of the ¢-equations (1.4), we have
(VFod,7(¢)) = s,(p)(Vdist) o, Ry ® Ra)

= su(p){e1(d) B e2(d), R1 & Ra)
(3.5) < su(p)d(Ra, Ra),

e1:= —a'(0), ez := o’(p). In the last step, we have used the following inequality (c.f. (2.13) in
[18] ):

[(e1 @ e2,v1 © va)| = [(e1,v1) + (e2,v2)| < d(v1,v2).
Substituting (3.5) into (3.4), we have

(3.6) AE > 5 (p)6%(dp1, da) — s, (p Z déa)? — 5, (p)0(R1, Ra).

To estimate the last term in the above inequality, we denote KJ%(%) = R;kl(qﬁa)agn(qﬁa),

a=1,2, then Ry = K7};(¢a) Joleq - UF WY E,, (¢q) (recall that the notations a and E; were
given in the proof of Corollary 2. 1) and

00(R1,R2) < Zr T(61)0] o (ea - VF, 1) — Ky (62)Bha (ea - 15, Uh)]
< Z| T(d1) = KJiy(62)]¢]a(ea - o1, 1))
+Z| Th(62) (Bl — $ha) (€a - U1, U1))|
+Z| T (2)Dhalea - (VF — ¥5), 1) |+Z| Ti(02)Bho (e - U5, 95 — )|

(3.7) < Cﬂ|d¢1|’¢1\2+C|d¢1 —d¢2\|1/11|2+0\d¢2’(|1/}1!+|¢2|)W1 — 1ol
by Lemma 2.1, and utilizing the Young’s inequality, we have
6(R1,R2) < 00(R1,R2) + Cp(|Ra| + [R2)
(3.8) < Cp)_(|ddal + [$al*) + Cldr — déa||¢r[* + Csldga|[vrr — va,
here and in the sequel, we use C' and Cg to denote positive constants depending only on

n,n’,yo, R, Co, M, N. In some cases (such as (3.33) bellow), they may also depend on an
integer p > 0. Cg is small when R and Cj are small. C,Cg may change values from line to
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line. For our purpose, we will not concern the concrete values of them. From (3.8) and the
fact that s,(p) < p, we have

C
s,(p)d(R1,R2) < COp? ;uw + [pal ) + apg Z [Yal* + Ce1|dgr — de|?
(3.9) +Csp” Y |ddal* + Cslthr — 1o,

where €1 > 0 is a small constant to be chosen later.
Now we turn to the second term of the RHS of (3.6). Using (2.20), (2.21), and the elementary

identities (recall: v := %)
_Kos(t) sz 1 1
(310 =350 e 20T
one can easily obtain
su(p)be(p) _ K 1 P

3.11 SAPPRP) _ Fiq 4 14 ’
(311 w20 G
and consequently
(3.12) su(p)bx(p) < Cp.

Substituting (3.9), (3.12) into (3.6), and using (2.14), we obtain

C

(3.13) A& > (sl (p) — Ce1)82(depr, deps) — apQ > (ldgal® + [al*) = Csltbr — 2.

Step 2. Estimate of A%Wl — o).
By the Lichnerowicz formula (see e.g. [21]), we have

1 1 o
§A|1/J1 — o’ = §ZA|% — 5|
= DIV =)l + D (VAL - ) v - vh)

i i Sum i i i iy i
= Z V() —vh)]* + Z TWH — ¢5f° — 2@2(% —5), 1 —P5)
Sy i i i i
(3.14) = V@1 = 2) P+ =5 = af® = D (PP (61 — ), wh — ).
The first two terms are good, because positive. (For the positivity of the second term, we need
our scalar curvature assumption.) The last term still needs to be controlled. In fact, this term
mixes the ¢ and the 1 fields because the Dirac operator depends on ¢. To deal with this term,

we shall need estimates for |V¢| and |V)| for a Dirac-harmonic map (¢, ) satisfying (1.6) as
stated in the following lemma.

Lemma 3.1. Let (¢,%) be as in Theorem 1.1. Then
(3.15) mﬁX\Vqﬂ, mj\?x\vw < C(n,n',yo, R,Co, M, N)
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for some positive constant C'(n,n’,y, R, Co, M, N).

We leave the proof to the Appendix and continue to prove Theorem 1.1. From the 1-equation
P} = —T%(¢1) V] - ¥f, we have
Poi = Tiu(d1) Vel Ve - of — Iip(d1)ea - Ve, (Vo7) - of
~Ti(¢1)ea - Vi - iy
Noting that

€a * Veg (qujl) wlf = eaq-(Ve, (qu{), eﬂ> ¢]1€
= Hess(¢])(ea, e)ea - €5 - ¥}
(3.16) = —AgYL,

we have
P = T (01)V, - Vel - of + Tl (o) Ad
~T%(61)ea - Vo - v,
Similarly,
Py = Tl (d2)Vh - Vol - 5 + Ty (d2) Adhh
—T%y(d2)ea - Vb - v,
Hence
(PL =)l —h) = (Tl (62)Veh - Vb -k — T [(61)V - Ve - yf, ) — h)
—(Th(d2) Agul — Ty (1) Aglwt, v — )

Ll (92)ea - Vb - by — Th(d1)ea - Vol -k, ph — yi)
(3.17) = I+J+ K.

I = ((Ti(d2) — Tig s (61))Vh - Vb - 0k, 0f — v
(i (1) (Vh — Vo) - Vb - 5 4t — o)
I (61 - (Ve — V) - b, w] — vi)
(Tl (1) Vh - V) - (V5 — ), 44 — )
(3.18) = L+ L+ I3+ 14

When Cj is small, we have

11| < Cpldgal?[a|lthr — o] < Cs€ D |depal?,
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|l < Cldgr — dgo||dda]|t2|[1h1 — 12|
= Csldgr — dgs|* + Cslipr — o> Y |doal®

< Cs0*(dy, dpo) + Cs€ Y |dgal* (by (2.14)).
Similarly,
|I3] < Cs0%(dén, da) + Cs€ Y |depal”.
|14 < Cldg |1 — ol < C D |dal® |1 — o]
Summing up the above four inequalities, we obtain

(3.19) 1] < Cs0*(dgpy, depo) + CE Y |ddl*.

By similar arguments (see Appendix for details), we have

(3.20) 7| < Cs€ > (ldal® + [val*) + C56(dr, dda) + Csltn — o],

K| < Cplda||Viha||th1 — 2| + Csldpr — dpa||[Vipa||thr — 12|
+Cs|do1||V (Y1 — 2)|[11 — 2|

(3.21) < Cg0*(dgr,des) + g{z |dgal? + Cs|V (1 — b2)|* + (Ce + Cs) |11 — ba?,

where € > 0 is a small constant to be chosen later, and in the last step, we have used (3.15).
Substituting (3.19), (3.20) and (3.21) into (3.14), we obtain

Al — bl > \V(w1—¢z>\2+%M!w1—wP—(IIIHJH!KD
S C~
> [V — o) + T — vl — Cs8%(dd1, don) - gsg |déal?

—CsE Y thal* = (Cs + Cepr — a|* — Cs|V (1 — )]

1 C-
(3.22) > (Sm = Cs = Ce)lun — ol* = =€ > (Idoal* + [Yal") — C50>(dd1, dd).
Combining (3.13 ) and (3.22 ), we conclude

AE > (i inf Sy — Cs — Ce) | — yaf* + (s4(p) — Cer — Cs)6°(dgr, dgo)
(3.23) —o( + LOES (1l + 1w,

g €1

choosing ¢, €1, R and Cj small enough, we then have

(3.24) AE > —CEY (|ddal* + [thal*).
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Step 3. Estimates of A, and A,

These terms are somewhat easier because they only involve one of the Dirac-harmonic pairs.
For the ¢-fields, this can also be seen as controlling the distance from a constant field (compare
(2.18) with (2.19) and note that the former does not need the pseudo distance ¢).

Back to (3.3). For the second term in the RHS of (3.3), by Lemma 2.2, we have

Al = A(Goda)
= tracen¢ V3G + (VG)(ba), 7(da))
(3.25) s (pa)ldal® + ((VG)(¢a), T(¢a))-

Using (VG)(¢a) = sk(pa)(Vdist(yo, -))(¢a), we conclude

(3.26) Ay > SL(Pa)‘dﬁbaF - Csn(Pa)|d¢a|Wa’27 a=1,2
As for the third term of the RHS of (3.3), using the Weitzenbock formula in [8], we have

\Y]

~ S 1 . :
Aldal = [Vl + T al’ = 5 Runige(V ol - 05, V6, - i)
S
(3.27) > Sl = Cldsal*lal?, =12,

where C' > 0 is a constant.

We can now combine our estimates and obtain the desired inequality. Substituting (3.24),
(3.26) and (3.27) into (3.3) and noting that s (pa) = 1 — kgx(pa), a = 1,2, we deduce that

e 5 Rq“ '0“ —4C — % do |2
)= Z ) — a(pa) T Co — g 9!
inf Sy CS/@(Pa)’waP 2 2
3.98 = - —= — ACYal"][Yal™
(3.28) +4 ;[4(14—00— [Yal®)  gu(R) — gx(pa) pal il

It is not hard to see that by taking R small (so that R € (R, 7/2./k) is also small), and then
choosing Cy sufficiently small, we can conclude that

(3.29) £(0) = £(e®¢) > 0.

In particular, we see that we need to assume that [i,| be sufficiently small so that we can
absorb the last term in the first sum by the convexity properties of the target and the last term
in the second sum by the positive scalar curvature of the domain.

Therefore, by Hopf’s maximum principle, the function © satisfies

(3.30) sup© < sup©.
M oM

Having thus achieved (1.13), we can now prove the global estimate (1.14). This will follow from
(1.13), essentially by utilizing the equations and applying the Sobolev embedding theorem and
the elliptic estimate (2.27).
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From the above inequality (3.30), we deduce the following estimate:

(3.31) 61 = 2llcoany + 11 — Y2llcoany < Clld1 — d2llco@nr) + 11 — Yallcoanr))

for some constant C' > 0.
Note that from

Ywi—vh) = Tin(d2)Vey -5 — Tip(91) Ve - o1
= (T5(¢2) = (1)) V) - 05 + T (1) (Vs — Vi) - 5
+L5k(01) Ve - (5 — 1)
and (3.15), it follows that
10t — v5)llcoany < Cs(lldr — dallcoary + lldér — doallcoan
(3.32) +l11 — 2|l coary); i=1,2,---,n
From (2.27), for any p > n, we have
101 = Vbl e ary < CUPWT — ¥3) o ary + BT — ¢5)
By the Sobolev embedding theorem and (3.32), we obtain

1 = Y2llcory < Csllor — gallcoary + Cslldpr — dzl|co(ar
(3.33) +CIBWr =)l 11,

).

=30 0ny

Pam)’
From this and (3.31), we have

61 — Pallcoary + 11 — Y2llcoary < Cllgr — g2llco@anry + ClIB(¥1 — 1h2)
(3.34) +Cs A — depallcogas
On the other hand,
A(g] — ¢h) = i’ (¢2)¢%a¢]§ﬁgaﬁ - i' (¢1)¢{a¢]f59aﬁ
5 R0 (V6] 0 0h) — S Ri(62) (V) - 08 ),

|| 1—7p6M)

using (3.15) and the smallness of R and Cj, it follows that
[A(¢1 = d2)| < Clo1 = ¢2| + Csldpr — da| + Cslthr — o).
Hence, for any p > n,

o1 — d2llmzery < Clldr — d2llzeary + Cslldpr — déallLrar)
+Csllr = 2l oary + Cllgr = G2l o1 Lo oy

By Sobolev embedding, we conclude that

[dé1 — doallcoary < Cllor — gallconr +CS||¢1—¢2||00(M)
(335) HClor =l o
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Substituting this into (3.34) and using the Sobolev embedding again, we obtain

1 = Gallcoqany + 41 = ellcoany < CUI61 = ball 1o s+ B = Ball 1y, )

AM) Il”"(@M)

for some constant C' = C(n,n’,p, yo, R, Co, M, N) > 0. The uniqueness is a direct consequence
of the above inequality. This completes the proof of Theorem 1.1. O

4. EXISTENCE FOR BOUNDARY VALUE PROBLEMS OF DIRAC-HARMONIC MAPS

In this section, we will prove existence theorem for Dirac-harmonic maps satisfying the
boundary condition (1.17) in Theorem 1.2, namely:

Plonr = dolon,
- R
for any given ¢o € H?P(M, N) with ¢o(M) C Bgr(yo) and ¢y € H'P(SM @ ¢y (TN)) with
|¢0|2 < Cp, p>n:=dimM.

As already explained in the introduction, we need to employ a continuity method, because
we neither have a variational method nor a heat equation technique at our disposal. Essentially,
we shall multiply the nonlinear terms in our equations by a factor 7 which we shall let increase
from 0 to 1. Of course, we shall have to be careful with the boundary conditions as well as
with the geometric interpretations in terms of convexity conditions.

Choose the normal coordinates {yi}izl’Q,... . centered at yp, we can then write

n/

00 = (8h 6B+ 68) € (PP (M) = HPP(M) x -+ x H(M),

,n/

Yo o= (U, U8, W) € (HIP(SA))Y = HIP(SM) x - x HP(SM).
For any Dirac-harmonic map (¢, ) € H>P(M, N)x H'P(SM®¢~(TN)) with ¢(M) C Br(yo)
we can also write

o= (@' @) € @)Y, = (W) € (HYP(SM))

In these notations, ¢ and ¢ can be viewed as vectors in R” and ©M @ R™ respectively, and
we have:

(4.2) E1|¢1 — ¢2| < dist(¢1, ¢2) < Ea|dp1 — ¢a, Er Y] < [Wlsmee-1 oy < B2l

where Fj and E, are positive constants depending only on N, yg, and &, and | - | denotes the
standard norms in R” or M @ R™ .

Proof of Theorem 1.2. We first note that by the same proof as that of Theorem 1.1, one can
find positive constants R < m/2y/k and Cy < 1 such that for all 7 € [0, 1], the solutions of

A(ﬁ? + Tl—ék¢‘g¢¢gga6 + %Rékl<¢k7 o wl> =0,
WZ"‘TF;‘kVW'?ﬂk:Oa i:1>2>"'7n,;
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with the corresponding smallness conditions on ¢ and v (¢(M) C Br(yo) and |1|? < Cp) also
satisfy the maximum principle in Theorem 1.1. We choose ||¢ol| zr2.»(ar) and |[¢ol| grip(ary small
such that ¢o(M) C Bgr(yo) and |¢g|? < Cp.

As in [31], for any two real parameters A\, 7 with (A\,7) € [0,1] x [0,1], we consider the
following boundary value problems

AG'+ 7T dhdfig™ + 5 Ry (0, Ve - ) = 0,
PO+ TTE VY - Yh =0, i=1,2,-- 0

43) P (do o) : ¢ — TAdo € (HYP(M))™,

(4.3) R,co(ﬁbo o) { By — Ato) :0 0:

{ ¢(M) C Br(yo),
\ W‘Q < CO-

Denote by A the set of all A € [0,1] for which the problem PIT;;%O(%,@@O) has a solution
(6,9) € (H>(M))"™ x (H"P(SM))".

Let A* be the set of all A € A such that
{ [0,A] C A, B

||¢X”2,p + ||¢X||1,p < C(TL, nlvpv ¢Oa ¢07 Yo, R7 CO, Mv Na >‘)7 0<A< )‘a

(4.4)

where (¢5,15) denotes the solutions of P]?éjo(¢07¢0)’ and C(---) is a positive constant de-
pending only on the corresponding quantities in the bracket.
Our aim is to show that A* = [0, 1], from which the conclusion of Theorem 1.2 follows.
Clearly A* is not empty, since 0 € A*. Suppose that \; € A*, A1 < A9 and Ay € A. To derive
the estimates in (4.4), we consider the difference of the solutions |y, — @a,| and |1y, — ¥, |.
From the ¢-equations, we have

A(Gy, — %) = —TT5(00) 0%, a5 597 + TD5k(00) D), o PX, 59"

(4.5) — S R385, VoL, - h,) + S Rin(0x) (0, Vo, - vh,).
The boundary conditions of ¢1, ¢9 imply
(4.6) (630 — O1) — (A2 — M) € (HP (M)

By the standard elliptic estimates with boundary conditions, we have

63 — aillzp < CUlldors PllLe + llddn | lle + 7(A2 = M)doll2p + VR + C2)
(4.7) < C(lldpr, — doa, Pl e + l|ddx, | llze + [ doll2p + VR + C3).

Using the extended Sobolev inequality (see Theorem 10.1 in [11], p.27 )

(4.8) ldox, e < Cllorllzpllorg e, a=1,2
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in (4.7) we have
||¢>\2 - ¢>\1H2,p < C(||¢>\2 - ¢)\1

l2.pl1P20 = D ll2oe
(4.9) Hldaillzplldn e + I doll2p + VR + CF).
On the other hand, from (1.14) in Theorem 1.1,
[ore = Oxillzeary < Cllléa, — ¢A1||H2_%,p(aM) + || By — B?ﬁzHHl_%,p(aM))
. < — .
(410) < 6ol o+ IBYOl g P2 =

From (4.9) and (4.10), we can find a positive constant § = d(n,n’, p, ¢o, %o, yo, R, Co, M, N)
which is independent of A\; and 7 such that if

A1 — A2| <0,
then
(4.11) 1625 = Srill2p < Clon l2pllén 2 + lldoll2p + VR + CF),
and consequently, for any A; € A* and A9 € [0, A1 + 6] N A, we have
(4.12) [6xsll2p < C(n,n', p, G0, %0, yo, R, Co, M, N, Ay).

Now we derive estimates for the spinor fields ¢. From the 1-equations, we have
DL, —¥h) =~ (00) VR, - 05, + LI (00 )V, - vh

B¢, —¥x, — T(A2 — A1)ho) =0, i=1,2,---,n.

By Lemma 2.3 and our assumptions in Theorem 1.2, we have

93, — ¥4, — T(A2 = M)Wl < ClAWS, — i, — T(A2 — A)¥h) |l e,

fori=1,2,---,n'. Hence,

193, — ¥l

(4.13)

CIPW4, — Ya) e + 71A2 = All[voll1p)
C(llldry | [ e + lldda, |[oa, [l e + l1Yoll1p)
(4.14) C(Illdeay Pl e + lldex, [*l|ze + Co + [[tol|1,p)-

JFrom the previous estimates (4.12), we have

INIA A

(415) “¢A2 Hl,p < C(”a n/7p7 ¢07 wﬁv Yo, Ra CO: M7 N7 )\1)
The estimates (4.12) and (4.15) imply that
(4.16) [0, A1 + 3] N {A[[0,A\] C A} C A"

Next, we will show that [0, A\; + ] C A*. To see this, we first note that by (4.12) and (4.15)
we have

H(bXHQ,p + waul,p S C(”vnlvpa ¢07 1/)07y07 R7 CO; M7 Na Al) = éa

A€ 0,A + 6] NA.

(4.17)
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Similar to (4.10), for any solution (¢, ) of PIT%%O (¢0,%0), there is a positive constant Ty =
To(n,n',p,y0, R, Co, M, N) such that

@18)  ollmqan + Wlleeqn < Toll60l oy, + 1BVl 1 g0
For R and C{ already chosen, we can find small constants ag and by such that when

¢l 20 (ar) < a0 and [[Yo || zr1.p(ar) < bo, We have
@19 Tl oy gy, + W0l

Set y:=1—2 € (0,1). Define
K, :={¢¢€ (Cl+’y(M))n/’”(b”(c()(M))n’ < Ay, H¢H(01+W(M))n’ < B},

Ky :={v e (CW(ZM))HW‘WH(CWEM))M < Ao, |91l v manyy < Bl

) < min{VR/E3, \/Co/Ex}.

(OM)

where
Al < \/E/EQ, Ay < v/ C()/EQ, B >¢,
(4.20) To(looll > 1, + ol o 1, ) <min{A;, A},
H”?P(0M) H' P P(0M) ’

Then K := K; x K3 is a convex neighborhood of 0 € (CHY(M)™ x (CT(SM))™. For any
(P, V) e K, let T™(®,¥) = (T7P,T7V) be the unique solution of the following boundary value
problem:

A(TT®) + 7T, (B) DL BEGY + T RE (B)(WF, VI - B!) =0,

24Y5k1
(4.21)
TT0) + 7T (D)VD) - TF =0, i=1,2,---,n.
Jk
(4.22) T7® — Ao € (Hy” (M),
B(T™¥ — 7A\yp) = 0.

By the standard elliptic estimates and the fact that H?P (resp. H'P) is compactly embedded
into C'*7 (resp. C7), we have a compact map
T K — (M) x (CV(EM))”,
(D,0) > (T7®,T7V).
Define a map
T™ : K — (C*/ (M) x (CV(sM))™
as follows:
e[ Tra, if TzeK,
(4.23) e ‘_{ rg, if TTz€K,
where T7x = oxg with 29 € 0K, o € [0,400). It is clear that Tz : K — K. By the Leray-
Schauder fixed point theorem (c.f. Corollary 11.2 in [13]), 77* has a fixed point = € K, namely,
Tz =xz.
If T"x€ K, then we have

(4.24) T xg=0xg, o>1, x9€dK.
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Denote zg := (®g, ¥p), then (4.24) implies

AR + 2T (Do) ®f o DE 59”7 + 55 Riyy(%0) (W, V] - W) = 0,

(4.25) _
PG+ I (D) V) - U =0, i=1,2,---,n,
(4.26) { ®o — ZAgo € (HyP(M))",
B(¥o — ZAth) = 0.

Because zg € 0K, at least one of the following four equalities ||®g|lco = A1, [|[Tollco = As,
|®ollci++ = B, ||¥ollcv = B holds. From the estimates (4.17) and the assumptions in (4.20),
we conclude that neither of the last two equalities can hold true. For the first two equalities,
if ||®ol/co = Ay, then by (4.18), we have

1®olleo < To(lldoll -1, ,t Bl );

1
(oM H ™ pP0M)

from (4.20), ||®ol|co < A1, a contradiction. Similarly, ||¥g|/co = A2 can not hold. Therefore,
we must have T7x € K. Consequently, T7x = x. We have proved that for all A € [0, \; + ]
and 7 € [0,1], the boundary value problem P;’,go (¢o,%0) admits a solution. In other words,
[0,\1 + ] C A*. Since 0 is independent of A;, through the above argument step by step, we
conclude that A* = [0, 1]. This completes the proof of Theorem 1.2.

O

5. APPENDIX

Proof of Lemma 3.1. The strategy will be to control ¢ in terms of estimates for a harmonic
map ¢y with the same boundary values plus some results from the theory of quasilinear elliptic
systems. Thus, we choose a harmonic map ¢o : M — Bpg(yo) with ¢olans = ¢|ans. Then by
the theory of harmonic maps, we have

(5.1) Véol, V260l < C.
Set % = ¢ — 50, then % satisfies
(5.2) 9Pl + by(2)@), + b (2,6, dd) =0

with
bV(x) = _Flﬁ(l‘)gaﬂ(l‘)v Y= 1723"' >y 1,

b(z,¢,dd) = ﬁ(@%%gaﬁ—i ;kl(¢)<V5j‘¢k7¢l>

AT O™ + Tip(OFaTh0™ — LR (ONTE - ¥, ),
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1 =1,2,---,n'. Denote g(m,qz, dq~5) = (bl(x,gg, dgg), e ,b"/(ac,gg, dgg)), it’s easy to see that the

elliptic system (5.2) satisfies the following structure conditions:

1) v & <gs<nd &,

@) byl <
(3) Bz, .dd)] < =(R,Co)(1 + |ddP),
@ 127 <,

oxy ' —

where v, ;1 and (R, Cp) are positive constants, and (R, Cp) is small when R and Cj are small.
By Theorem 4.1 in [27] (p.417) and then by the standard elliptic estimates with boundary, we
have (3.15). O

Proof of (3.20) and (3.21). These will be derived from (3.9) by some easy inequalities. We
recall

J = —((Th(e2) — Tip(d1)) AGhwl, i — vh) — (T (61) (Ad) — Ad] )k, i — vh)
— (i (d1) A (05 — PF), ] — )
(5.3) = J1+ Jo+ Js.

Recalling that
Ay = —T%(¢a)Phadhsg™ + R (Gasba),
= Th(00)dhathss™ + 5 R0V 0, L),
a=1,2, i=1,2,---,n, we have
[l < Csp(d_ lddal® + > thal ) th1 — o]
< CseO) " ldgal* + " [alh).

Since

|2l < Cs Y |AG] — Adb[thal[th — ¢l

)

/
)

|AQ] — Aghl < [(Th(d2) — Thp(¢1)) §a¢§g9aﬁ+rék(¢1)(¢ga— {a)¢]§59aﬁ
T8 (01) Dl (D55 — 015)9°?| + |R1 — Ro
< Cpldgs|* + Csldpy — dos||d2| + Cpldes|[i1 |
+Cldpr — da|l1h1]* + Cldea| (11| + [W2]) w1 — 2l

and using (3.9) we have, fori =1,2,--- |n
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hence,
|Jo| < Cspldgal*[a|[th1 — ta| + Cs|ial|deal|ddr — dpa||1br — 12|
+Cspldr| |12 |wh2| |1 — o] + Cs i |2[he||dpr — doal|th — o]
+Cs|dpa|[Pa|(|1h1] + [W2]) |11 — a|?
< Cs& ) ldga|? + Cs6%(der, des) + Csliby — o™
Furthermore,
[Js] < Cs|Ada||yn — ol
< Cs(|den]® + |don| 1) [ — of?
< Cs&Y (ldeal* + [val*),
hence, we obtain
(5.4) 7] < Cs€ > (ldal® + [al*) + Cs0*(dor, da) + Csltpr — o],
Finally,
K = ((T(¢2) — Tii(é1))ea - Vo - V5, v} — )
H(Tp(d1))ea - (Vo = Vi) - by, b — 45)
H(T(d1))ea - VT - (U, — i), Ui — ¥5),
we have

K| < Cplds||Vipa||thr — o] + Cs|ddr — dda||Viba|[1h1 — o]
+Cs|de1||V (Y1 — ¥2)| |11 — e

(65) < Csdon,dn) + CEY gl + Os[V(n — v)l* + (C= + sl — v

for any small constant € > 0.
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