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Abstract For a sequence of approximate harmonic maps (u,, v,) (meaning that they satisfy
the harmonic system up to controlled error terms) from a compact Riemann surface with
smooth boundary to a standard static Lorentzian manifold with bounded energy, we prove
that identities for the Lorentzian energy hold during the blow-up process. In particular, in the
special case where the Lorentzian target metric is of the form gy — dt> for some Riemannian
metric gy and some positive function S on N, we prove that such identities also hold for the
positive energy (obtained by changing the sign of the negative part of the Lorentzian energy)
and there is no neck between the limit map and the bubbles. As an application, we complete
the blow-up picture of singularities for a harmonic map flow into a standard static Lorentzian
manifold. We prove that the energy identities of the flow hold at both finite and infinite
singular times. Moreover, the no neck property of the flow at infinite singular time is true.
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1 Introduction

Harmonic maps constitute one of the fundamental objects in the field of geometric analysis.
When the domain is two-dimensional, particularly interesting features arise. The conformal
invariance of the energy functional leads to non-compactness of the set of harmonic maps in
dimension two, and the blow-up behavior has been studied extensively in [5,13,20,23,24,27]
for the interior case and [10,15,16] for the boundary case. Roughly speaking, the energy
identities for harmonic maps tell us that, during the weak convergence of a sequence of
harmonic maps, the loss of energy is concentrated at finitely many points and can be quantized
by a sum of energies of harmonic spheres and harmonic disks. Also for many other elliptic
and parabolic nonlinear variational problems arising in geometry and physics, such as J-
holomorphic curves or Yang—Mills fields, to understand the convergence properties of a
sequence and the emergence of singularities is of special importance.

In physics, harmonic maps arise as a mathematical representation of the nonlinear sigma
model and this leads to several generalizations. For example, motivated by the supersym-
metric sigma model, Dirac harmonic maps where a map is coupled with a spinor field have
been extensively studied. One can refer to [4,14,31] and the references therein. From the
perspective of general relativity, it is also natural to generalize the target of a harmonic map
to a Lorentzian manifold. Recent work on minimal surfaces in anti-de-Sitter space and their
applications in theoretical physics (see e.g. Alday and Maldacena [1]) shows the importance
of this extension. Geometrically, the link between harmonic maps into S? and the conformal
Gauss maps of Willmore surfaces in S® [3] also naturally leads to such harmonic maps.

Thus, in this paper, we investigate harmonic maps from Riemann surfaces into Lorentzian
manifolds. In order to gain some special structure, we consider a Lorentzian manifold N x R
that is equipped with a warped product metric of the form

g =gn — PO+ w), (1.1)

where (R, d6?) is the 1-dimensional Euclidean space, (N, gy) is an n-dimensional compact
Riemannian manifold which by Nash’s theorem can be isometrically embedded into some
RK, Bisa positive C* function on N and w is a smooth 1-form on N. Since N is compact,
B and w are both bounded on N. We suppose for any p € N,

0 <1 <B(p) <t lo(p)l+ Vo (p)| + [VB(P)| < Aa.

A Lorentzian manifold with a metric of the form (1.1) is called a standard static manifold.
For more details on such manifolds, we refer to [17,22].

Let (M, h) be a compact Riemann surface with smooth boundary d M. For a map (u, v) €
C%(M, N x R) with fixed boundary data (i, v)|3p = (¢, ), we define the functional

E,(u,v) = % /M [|W|2 — Bw)|Vv + a)i(u)Vui|2] dup, (1.2)

which is called the Lorentzian energy of the map (u, v) on M. Critical points (u, v) in
CZ(M, N x R) of the functional (1.2) are called Lorentzian harmonic maps from (M, h)
into the Lorentzian manifold (N x R, g). Besides the Lorentzian energy E,(u, v), we also
consider

1 1
E(u) = 7/ |Vu|*dvy, and E(u,v) = f/ {IVul® + |Vu*} dvy, (1.3)
2 Ju 2 J/m

and call it the positive energy of u and (u, v) on M respectively. It is obvious that both the
Lorentzian and positive energy functionals are conformally invariant when dim M = 2.
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Zhu [32] has derived the Euler-Lagrange equations for (1.2),

Au+ A@u)(Vu,Vu) — H' =0in M, (1.4)
div (ﬂ(u)(Vv+inui)> —0inM (1.5)

with the boundary data
u, Moy = (@, ¥) € C*H*(IM, N x R) (1.6)

for some o € (0, 1). Here A is the second fundamental form of N in RE, HT is the tangential
partof H = (H', ..., HX) along the map (u, v) with
H’ := B(Vv + w;Vu') - Vu¥ (aﬂ - 8&> - la—ﬁwu +o;Vu'l>,j=1,... K.
ayk  dyJ 2 dyJ

Let us now recall some related results. The existence of geodesics in Lorentzian manifolds
was studied in [2]. Variational methods for such harmonic maps were developed in [6,7].
Recently, [8] studied the corresponding heat flow under the assumption that w = 0 and proved
the existence of a Lorentzian harmonic map in any given homotopic class under either some
geometric conditions on N or a small energy condition of the initial maps. The regularity
theory of Lorentzian harmonic maps was studied in [11,12,19,32].

In [9], the authors proved identities of the Lorentzian energy for a blow-up sequence
of Lorentzian harmonic maps when M is a compact Riemann surface without boundary.
They showed the tangential Lorentzian energy of the sequence in the neck region has no
concentration by comparing the energy with piece-wise linear functions (i.e. geodesics).
Then they used the Hopf differentials to control the radial Lorentzian energy.

In any case, the analysis of Lorentzian harmonic maps is more difficult than that of standard
(Riemannian) harmonic maps, because one cannot no longer use positivity properties of the
target metric. This is a technical reason why we restrict ourselves to standard static Lorentzian
manifolds.

In this paper, we shall prove some energy identities of an approximate Lorentzian harmonic
map sequence and get the no neck property during a blow-up process when M is a compact
Riemann surface with boundary. We work with approximate sequences which means that
we allow for error terms in the Lorentzian harmonic maps system. The reason is that this
has a direct application in studying the singularities of the parabolic version, the Lorentzian
harmonic map flow (see [8]). Moreover, since we assume that the domain M is a manifold
with boundary, blow-up analysis on the boundary must be included in our case. Here, we will
use the method of integrating by parts (cf. [20] for harmonic maps) to prove a Pohozaev type
identity instead of using the Hopf differential. The Pohozaev identity method is more general
and powerful than the Hopf differential method. We first prove identities for the Lorentzian
energy for a blow-up sequence of approximate Lorentzian harmonic maps. Furthermore, for
the special case w = 0, we show that also such identities for the positive energy and no neck
properties hold.

Throughout this paper, we call a map into N x R a Lorentzian map and when we have a
map into the Riemannian manifold N, we just call it a map. We first give the definition of an
approximate Lorentzian harmonic map.

Definition 1.1 (u,v) € W22(M, N x R) is called an approximate Lorentzian harmonic

map with Dirichlet boundary data (¢, ¥), if there exist fields (t(u, v), k (1, v)) € LY(M)
such that (u, v) satisfies
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Au+ A@)(Vu,Vu) — H' = t(u,v)in M, (1.7)
div(ﬂ(u)(VU+a)iVui)) =k(u,v)in M (1.8)
with the boundary condition (u, v)|sy = (¢, ¥).
Now we can present our first main result.

Theorem 1.1 Let (1, v,) € WE2(M, N xR) bea sequence of approximate harmonic maps
with Dirichlet boundary (u,, v,)|apm = (P, V) € CHY@QM, N x R) satisfying

E(un» Un) + ”(Trh Kn)”LZ(M) <A < o0,
iQ(M) = ”TVI “iZ(M)—’_”K"“iz(M)
{n, vn}, we canfind afinite setS = {py, . .., p1}andalimitmap (ug, vo) € WH2(M, N xR)
with Dirichlet boundary data (uq, vo)lgym = (¢, V) such that {(u,, v,)} converges weakly in
Wli’cz (M \ S) to (ug, vo). Moreover, there are finitely many nontrivial Lorentzian harmonic

where || (T, kn) || After taking a subsequence, still denoted by

spheres (ol.l, él.l ) : S? — N x R and nontrivial Lorentzian harmonic maps (O'ik, Eik) (R2 =
{(xl, xz) S ]R2|x2 > 0} — N x R with constant boundary values, where i = 1,...,1,
I=1,....iandk=1,...,kiwithl;, k; >0andl; + k; > 1, such that

1 I I ki
lim Eg(in, va) = Eg(uo.v0) + ) Y Eg(o] §) + )Y Eg(of 5. (1.9)

i=11=1 i=1 k=1

Here and in the sequel, “finite” includes “possibly empty”, that is, singularities need not
always arise. Since this is obvious, it will not be explicitly mentioned.
When o = 0, the equations for Lorentzian harmonic maps become

Au+ Aw)(Vu, Vu) — B (u)|Vv|*> = 0in M, (1.10)

div(B(u)Vv) =0in M (1.11)

where B(u) := (B!, B2, ..., BX) with

198w

B/ = — -
2 ay/

and BT is the tangential part of B along the map . In this case, the blow-up behavior is
simpler. We show that the identities for the positive energy hold and there is no neck during
the process.

Theorem 1.2 If we additionally assume w = 0 in Theorem 1.1, there cannot emerge any
Lorentzian harmonic maps (Uik, §l.k) : Ri = {(x!, x?) e R?|x%? > 0} - N x R during the
blow-up process [i.e. ki = 0 in (1.9)]. Moreover, the components *;‘f of the maps (ail , Sil ) are
constant and al.l :S? — N, 1 <[ < I; are nontrivial harmonic spheres. In this case, (1.9)
becomes

1 1

lim E(uy) = E(uo) + YN E@). (1.12)
i=1 =1

lim_E(v,) = E(v). (1.13)

and the image uy(M) Ui’:1 Ugi:1 (ail (S?)) is a connected set in N.
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As an application of Theorem 1.2, we consider a harmonic map heat flow

du = Au+ A(w)(Vu, Vu) — BT (w)|Vv|?, in M x [0, T)

—div(B(u)Vv) =0, in M x[0,7T) (119
with the boundary-initial data
ux, 1) = ¢go(x) on M x {t =0},
u(x,t) =¢x), ondoM x {t > 0}, (1.15)

v(x,t) =Y (x), ondM x {t > 0},
$o(x) =¢(x) onIM.

This kind of harmonic map heat flow is a parabolic-elliptic system and was first studied in [8].
We proved the problem (1.14) and (1.15) admits a unique solution (u, v) € V(M, h ; N xR)
(see the notation at the end of this section), where 77 is the first singular time and some
bubbles (nontrivial harmonic spheres) split off at + = T7. In this paper, we complete the
blow-up picture at the singularities of this flow. First, we have

Theorem 1.3 Suppose the problem (1.14) and (1.15) admits a unique global solution
(u,v) € V(MG®; N xR) which blows up at infinity, i.e. Ty = 00. By choosing some t,, — 00,
there exist a smooth Lorentzian harmonic map (Uso, Voo) : M — N x R with boundary data
(Moo, Voo)lom = (¢, V) and finitely many harmonic spheres {a"}iL:1 :R2U{oo} — N such
that

L
lim E(u(t); M) = E(uco, M)+ > E(0"), (1.16)
i=1
L
lim Eq (u(t), v(1): M) = Eg(uso, voo: M) + > E(a). (1.17)

i=1

Furthermore, there exist sequences {xfl}iL:1 C M and {r}, iL=1 C Ry such that

L
Tim [, ) = too() = D o ()l oqan) = 0, (1.18)

i=1

where ol (-) = o' ( :fc'l“) — 0 (00).

When the flow blows up at finite time, we have

Theorem 1.4 Let (u, v) € V(MT‘; N xR) be asolutionto (1.14) and (1 115) with Ty < oo as
its first singular time. Then there exist finitely many harmonic spheres {o* }I.L:1 :R2U{c0} —
N such that

L
lim E(u(t); M)=E(u(T1),M)+ZE(O'i), (1.19)
/0 i=1
L .
tli/mT] Eg(u(t), v(t); M) = Eg(u(Ty), v(T1); M) + ZE(U'), (1.20)

i=1

where (u(Ty), v(Ty)) is the weak limit of (u(t), v(t)) in Wh2(M)ast — Ty.
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The paper is organized as follows. In Sect. 2, we derive some basic lemmas including
the small energy regularity, a Pohozaev type identity and a removable singularity result. In
Sect. 3, we prove the energy identities and no neck property for a sequence of approximate
Lorentzian harmonic maps (Theorems 1.1, 1.2). In Sect. 4, we apply these two results to
the harmonic map heat flow and prove Theorems 1.3 and 1.4. Throughout this paper, we
use C to denote a universal constant and denote D;(0) := {(x, y) € R?||x|?> + |y|? < 1},
D+1+(0+> ={(x,y) € R2||x|i+ Iy <1,y = 0}, 9°D{ (0) := {(x, y) € D] (0)|y = 0} and
07D (0) :=={(x,y) € aD] (0)]y > 0}.

Notation We denote

V(M N x R) i= {(u,v) : M x [s,1) > N x R, ve L®([s, 1); C*T*(M)),
v, Vv € ﬁs<p<tC0t’Ot/2(1W x [s, p]),
U € Nyapag CHHET2(M x [5, pD)} .

2 some basic lemmas

In this section, we will prove some basic lemmas for Lorentzian harmonic maps, such as the
small energy regularity, a Pohozaev type identity and a removable singularity result.

First, we present two small energy regularity lemmas corresponding to the interior case
and the boundary case. For harmonic maps, such results have been obtained in [5,27] for the
interior case and in [10, 15, 16] for the boundary case. We use

_ 1 /
ug = — [ udx
12| Jo

to denote the average value of a function « on the domain 2. Here and in the sequel, we shall
view (¢, ¥) as the restriction of some CHe(M, N x R) map on d M and for simplicity, we
still denote it by (¢, V).

Lemma 2.1 Let (u,v) € Wz'p(D, N x R), 1 < p < 2 be an approximate Lorentzian
harmonic map with (t, k) € LP(D). There exist constants € = €1(p, A1, *2, N) > 0 and
C = C(p, A, A2, N) > O, such that if E(u, v; D) < €1, we have

[l — L_lDl/2||W2~v(Dl/2) + v — 1_)D1/2||W2-P(D1/2)

= CIVullp2(py + IVUllz2py + ITllLe ) + ik llzr(p))-
Moreover, by the Sobolev embedding WP < C°, we have

lullosepi ) = sup |u(x) —u(y)| < CUI(Vu, VU)lir2py + (T, )llLrp))-
x,y€D12

For the boundary case, we have

Lemma 2.2 Let (u,v) € W>P(DH, N x R), 1 < p < 2 be an approximate Lorentzian
harmonic map with (t, k) € LP(D™). On the boundary we assume that u|y p+ = ¢ (x) and
vlgop+ = Y (x) where (¢, V) € CZ (D). There exist constants €y = er(p, A1, A2, N) >0
and C = C(p, A1, A2, N) > 0, such that if E(u, v; DI") < €, we have

lu — @gop+ ”WZ”I(DT/z) + llv = Yyop+ ||W2"’(D1+/2)

<C (||(VM, Vu)llirzip+y + Ve, V) llwirp+y + (T, K)||Ll’(D+)) ,
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where q_baoD+ = % faoD;r ¢dx and 1/_faoD+ = % faoD;r vdx.
Moreover, by the Sobolev embedding WP — C°, we have

ltllpseqpit,y = sup @) = u()l
/2 +
x,yED]/2

= CUI(Vu, VO)ll2(p+y + 1V, VI llwrpp+y + 1T )l Lrp+))-

Since the proof of the interior case is similar to and simpler than that of the boundary case,
we only prove Lemma 2.2 and omit the proof of Lemma 2.1.

Proof Without loss of generality, we assume ¢_)ao p+ = %o p+ = 0. Choosing a cut-off
function n € C§°(D™) satisfying 0 < n < 1, r;|D;r/4 =1, |Vy| + |V2| < C and computing
directly, we get
[A(qu)| = [nAu +2VnVu 4+ uln|
= C(lul + IVul + (Vul + [V (nVul + [nVv]) + [T])
= C(IVul + VD (V)| + [V (nu)])
+ C (Jul + (I + D Vul + Vo)) +[7]).
Similarly,
[A(mv)| = [nAv +2VnVu + vAn|
= C (vl + Vvl + (IVul + [V (InVul| + [nVv]) + [t] + [k ])
= C(Vul + VoDV ()| + [V(nv)])
+ C (vl + A+ [wD(Vul +[Vv]) + [t| + [k]) .

First we assume that 1 < p < 2. By standard elliptic estimates and Poincare’s inequality,
we obtain

Inullwzrpy + Invliwzr (o)
< CIl(Vu, V)l 2oy IV (qu), Viqu) |- 2p. + Cll(u, V) llwirp+)
LT7 (D+)

+C (II(VM, Vv)lle(D+)||vllL%(D+) + 1@, Wlllwzrp+) + (T, K)IIILP(D+>)
= Cer[(V(nu), V(nv))llL%(Dﬂ + CUI(Vu, Vo)l r2p+y + VO, V) llwiep+y
+ (T, M e p+)),
where we use the Sobolev inequality
101 26 o) < COIVOILD1-
Taking €, > O sufficiently small, we have

||“||W2-P(D3+/4) + ||U||W2,p(D3+/4) = ||TI”||W2,1>(D+) + ||7/v||W2vP(D+)
< C(I(Vu, Vo)l 2 pry + 1V, V) llwrrpry + 1@ Ol Lr ) -

Thus we have proved the lemma for the case 1 < p < 2.

If p = 2, one can derive the above estimate for p = ‘31 at first. Such an estimate implies
that Vi and Vv are bounded in L4(D;r/ 4+)- Then one can apply the W22 —boundary estimate
to the equation and get the conclusion of the lemma with p = 2. O
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For an approximate Lorentzian harmonic map, we can prove the following Pohozaev type
identity which is useful in the blow-up analysis. This kind of equality was first introduced in
[20] for the interior case of harmonic maps and extended in [10,15,16] for some boundary
cases.

Lemma 2.3 Let D C R? be the unit disk and (u, v) € W22(D, N x R) be an approximate
Lorentzian harmonic map with (t, k) € L*(D), then for any 0 < p < %, we have

2 ip 1 2, 1 i?2
P lurl® — B)|vr + wiu, —EIVMI +5ﬂ(M)IVU+inMI ds
aD,

=/ rurrdx—/ r(v,—i—wmi)xdx. 2.1)
D, D

4

where (r, 0) are polar coordinates in D centered at O Since we use the Euclidean metric,
we have that the covariant derivative V,u equals to - and we denote them with a unified

notation ‘;r or just u, for brevity.

Proof Multiplying (1.8) by r (v, + w;u') and integrating by parts, we get

/ r(v, + w,-ui)/cdx
Dy
= / div(Bu) (Vv + w;Vu')) - r(v, + w;u')dx
Dt’
= / rB(u)|v, + wiui|2ds - / Bw)(Vv + wiVu') -V (r(vr + a),-ui)) dx
aD, D,
= / rB) v, + wiul [*ds —/ Bw)|Vv + w; Vu' [*dx
aD, 2p

i 0 i aa),' i 8ui i
— Bw)(Vv+ w;jVu') -r{ —(Vv+w;Vu') — —Vu' + — Vo' | dx.
D, ar ar ar

By direct computations, noting that

— Bw)(Vv + w; Vu' ) r (Vv + w;Vu' )dx
Dy

! d 02
= —— Bw)yr—|Vv + w;Vu'|“dx
2 D, ar

1 i i
=——f rﬁ(u)|w+wiw’|2ds+/ BV + w; Vi [*dx
2 aD, D,

1 d
+f/ va-l—w,Vu Pdx,
2 D or

we have

/ r(vr + wjul)kdx = / rB(u) <|v, + a)iu’rl2 — —|Vv+ a),-Vu’|2) ds
D aD, 2

14
d . u; .
/,B(M)(Vv—i-a)lvu) (2w — i) dx
ar ar

1 )
+ f/ &Wu + @i Vu'|Pdx. (2.2)
2 D,o 3}"
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Similarly, multiplying (1.7) by ru, and integrating by parts, we get

/ ru,tdx = (Au — HT)rurdx
Dy Dy

= / r|ur|2ds —/ Vu-V(ru,)dx — H-ru,dx

» Dy Dy

1
=/ r <|m|2 - 5|w|2> — | H-rugdx. 23)
aD, D,

Noting that
H-ru, =rHul
i dwj  dwg 1 8ﬂ .

13,3()
2"

Jw
=rB(Vv+ w;Vu') <u,Vw] — a—V ]> Vul? (24)

and combining (2.4) with (2.2) and (2.3), we obtain the conclusion of the lemma.

By Holder’s inequality and integrating (2.1) about p from rg to 2rg, we get
Corollary 2.4 For (u, v) in Lemma 2.3, if |(Vu, Vo)l p2py + (T, )|l L2¢py < A, then for
any 0 <rg < %, we have

2 in 1 ) | i2
lup|” — B)|vr + wju,|” — = |Vul”+ W) |Vv + o; Vu'|” ) dx < Cry,
Doy \D, 2 2
2r0\ )

where C = C(A1, A2, A, N) > 0 is a constant.

Denote 4 = u — ¢ and ¥ = v — . For the boundary case, we have

Lemma 2.5 Let DT C R? be the upper unit disk and (u,v) € W>*(DT, N x R) be an
approximate Lorentzian harmonic map with Dirichlet boundary data (u, v) |50 p+ = (¢, ¥) €
C*(D) and (v, k) € L2(D7), then for any 0 < p < %, we have

2 i2 1 2 1 i2
P (lurl” = B)lvr + wju,|” = Z|Vul” + = Bu)|Vv + o; Vu'|")ds
atDy 2 2
~ ~ ~ ou 0
:f ru,tdx—/ r(v,—f—wiu’r)lcdx—f—/ —u—d)d —/ VuV (r¢,)dx
D} Df atpf Or dr Df

» o

+ | (A@(Vu,Vu)y = H") - reppdx — / rB W) (v, + wiu,)(r + wip})ds
D atDy

0

+ / LB (Vv + w;Vu') - (Vi + w; Vo )dx
Dy

+ / RCIORLES wiVu') - V(i + wid')dx (2.5)

Dp

where (r, 0) are polar coordinates in D centered at 0.

Proof The proof is similar to the proof of Lemma 2.3.
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Multiplying (1.8) by (¥, + w;#') and integrating by parts, we get

/+ r(U, + wll )kdx = / div(Bu)(Vv 4 o;Vu')) - (¥, + ;i )dx
D} Dy
= / Bu)(vr + a)iui) -r(Uy + wtﬁlr)ds
atDy
— / Bw)(Vv+ ;i Vu') - V(r @, + wiiil))dx
Dy
= / Bw) (v + wiuf.) -r(v, + wiﬁi)ds
atDy

—/+,3(u)(Vv+w,~Vui) (VT + w; Vil dx
Dy

- / L rBW(Vv+ @ Vi) - VT, + wiiiy)dx =1+ 11+ IIL

Dp

By direct computations, we have

I= f rB)|v, + w;ul|*ds — / rBu)(vy + wiul) (Y, + wil)ds,
atDy o+ DY

o "Dy

Il = —/ Bw)|Vv + w; Vu'|Pdx + / Bw)(Vv + w;Vu') - (Vi + w; V' )dx,
Dy Dy

and

1 9 ) ) .
Il = —— / rB(u)—|Vv + w; Vu' [*dx + / rBw)(Vv + o Vu') - V(¥ + o) )dx
2 D;r or D

14
i dwi _ ;
+ +r,B(u)(Vv—l—w,-Vu)~ B Vu' —Vo,u, | dx.
r

Dy

Noting that

1 ad ;
— 7/- Bu)r—|Vv + w; Vu'|?dx
2 D;r ar

1 . .
= —7/ r,B(u)|Vv+a),-Vu’|2ds+/ Bw)|Vv + w; Vu'|*dx
2 Jo+pf D

1 3 .
+ f/ PP Gyt v ax,
2 D;r or
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we have
) ) 1 .
/ r(@, + wilil)edx = f rB) (v, 4+ wjul > = = |Vv 4 w; Vu' > ) ds
Dy 9t D} 2
; dw; _ ;  Ou; ;
+ Bw)(Vv+w;Vu') - r Vu' — Vo' )dx
joys ar ar

1 0 .
+fv/ r ﬂ(u)|Vv+w,-Vu’|2dx
2 D;r ar

—/ rBw) vy + wju)) (W + wig))ds
atDy

D,

+ / Bw)(Vv + wiVu') - (Vi + w; V' )dx
Dy

+ f L TB)(Vu + i Vu') - V(¥ + wi¢l)dx. (2.6)

Dﬂ
Similarly, multiplying (1.7) by r#, and integrating by parts, we get
/ riytdx = / (Au+ A@w)(Vu, Vu) — H") - ril,dx
DS Df

1

1 ou d
- / r(luy ) — =|Vul?)ds — / P99 [ Guvee)dx
9+ D;’ 2 8+D2' ar or D;]"
— (A(u)(Vu,Vu) — HT) -r¢rdx — H-ru,dx. 2.7
D Dy
Combining (2.4) with (2.6) and (2.7), we obtain the conclusion of the lemma. ]

Corollary 2.6 For (u,v) in Lemma 2.5, if ||(Vu, V)| p2(p+y + (T, )|l L2(p+) < A, then
forany 0 < rg < }T, we have

f (> = By + 0l P — S 1Vul® + 2 8w)|Vo + 0 Vil Pydx < Cro,
Dt \D+ 2 2

2r0\Dr0

where C = C(A1, A2, A, N) > 0 is a constant.

Proof By Holder’s inequality, it is easy to find that the right hand side of (2.5) is bounded
by
C,O/ (IVul + Vo)) + Cp,
atDy

where C = C(A1, A2, N, [|¢llc2, ¥ llc2). Then the conclusion of the corollary follows by
an integration about p from rg to 2rg. ]

Similar as for harmonic maps into a Riemannian manifold, there is also an energy gap for
a nontrivial Lorentzian harmonic map.

Theorem 2.7 (Gap phenomenon) Suppose either (u,v) : S* — N x R is a smooth
Lorentzian harmonic map or (u,v) : Ri — N x R is a smooth Lorentzian harmonic
map with Dirichlet boundary condition:

(u, v)laRz+ = constant,
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175 Page 12 of 31 X. Han et al.

then there exists a constant € > 0 depending on (N x R, g), such that if either
E(u,v;S%) < € or E(u,v; R}) < €,

then (u, v) is a constant map. Here S* denotes the unit sphere in R3.

Proof One can find the proof of the theorem in [9] for the case (u, v) : S? - N xR.
By Egs. (1.4) and (1.5), we have

|Aul 4+ |Av| < C(|Vul® + Vo).
The standard elliptic theory tells us that

1Vull g + 1Vl s < CUAUL s +1Av] o)

4 <C
3
1
< CEZ(u, v; S*)(|Vull 14 + I Vvl 14)
< CVeIVull g + IVl g).

It is easy to get that, if €q is small enough, (#, v) must be a constant map.

If (u,v) : Ri — N x R is a smooth Lorentzian harmonic map with constant Dirichlet
boundary condition, choosing €y < €, where ¢; is the positive constant in Lemma 2.2, then
by Lemma 2.2 (taking (¢, ¥) = constant, (t, k) = 0 and any constant p > 2) and Sobolev
embedding, for any R > 0, we have

3 . pt 3
R”VMHLOO(D;/ﬂ + R”VUHLDO(DIJE/Z) <CE2x(u,v; DR) = Cf() .
Sending R to infinity yields that («#, v) must be a constant map. O

It is necessary for the singularities to be removable during the blow-up process. Remov-
ability of singularities for a Lorentzian harmonic map (i.e. T = « = 0) is proved in [9].
By assuming additionally that @ = 0, for an approximate Lorentzian harmonic map (i.e.
(z, k) # 0) with singularities either in the interior or on the boundary, we can also remove
them.

Theorem 2.8 Suppose (u,v) € leo’cz(D \ {0}) is an approximate Lorentzian harmonic
map from the punctured disk D \ {0} to (N x R, gy — Bd?0). If E(u,v; D) < oo and
(7, k) € L3(D), then (u, v) can be extended to the whole disk D in W>2(D).

For an approximate Lorentzian harmonic map (u, v) € leo’cz (DT \ {0}) which is from
D\{0} 0 (N xR, gn — Bd?0) with boundary data (u, Vgopt = (@, ¥). IFE(u, v; DT) <
oo and (t, k) € L2(DY), then (u, v) can also be extended to DT in W22(D™).

Proof We prove the theorem for the boundary case and the interior case can be proved
similarly.

On the one hand, it is easy to see that (u, v) is a weak solution of (1.7) and (1.8). By
Theorem 1.2 in [30] which is developed from the regularity theory for critical elliptic systems
with an anti-symmetric structure in [25,26,28,29,32], we know that v € wr (D;f (0)) for
some p > OQand any 1 < p < 2. In fact, the anti-symmetric term in the equation for v equals
to zero. This implies that Vv € L*(D1).

On the other hand, since the Eq. (1.7) can be written as an elliptic system with an anti-
symmetric potential ([25])

Au=Q -Vu+ f
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with @ € L2(D*, so(n) @ R?) and f € L?(D"), using Theorem 1.2 in [30] again, we have
ue wr (D;)" (0)) for some p > 0 and any 1 < p < 2. Then the higher regularity can be
derived by a standard bootstrap argument. O

3 Energy identity and analysis on the neck

In this section, we shall study the behavior at blow-up points both in the interior and on the
boundary for an approximate Lorentzian harmonic map sequence {(u,, v,)}. To this end, we
first define the blow-up set and show that the blow-up points for such a sequence are finite
in number. Throughout this section, we suppose that there exists a constant A > 0 such that
the sequence satisfies

I(Vup, an)”LZ(D,(o)) + 11 (T, kn)llL2(py o)) < A- (3.1

Definition 3.1 For an approximate Lorentzian harmonic map sequence {(u,, v,)}, define

81 = Ny=o {x € M|liminf/ (I Vunl?> + |Voa|P)dvy > 61} ,
n— Dy (x)

oo

and
S = N0 {x € IM|lim inf/ (I Vunl? + [Vuu|))dvy > 62} ,
D (x)

n—00
where €] and €, are constants in Lemmas 2.1 and 2.2. The blow-up set of {(u;,, v,)} is defined
tobe S := 81 US,.

Lemma 3.1 For an approximate harmonic map sequence satisfying (3.1), the blow-up set
S is a finite set.

Proof By (3.1), we can take a subsequence and still denote it by {(u,, v,)}, such that
{(tt,, vp)} converges weakly in W'-2(M) to a limit map (u,v) : M — (N xR, g) . If
for any point x € M,

r—=0 psoo

lim lim sup/ IViun|? + |Von|* < €1, (3.2)
D, (x)

Lemma 2.1 tells that the convergence is strong in W!2(M). Obviously in this case, Sy is
empty. Otherwise, if there exists a point p; € M such that

lim lim sup/ [Vun > + |Vou|* > €1, (3.3)
D:(p1)

r—0 n—oo

By taking a subsequence, we can assume that

lim lim IVin|? + |[Vual* = €.
r=>01=050 Jp.(p1)
If (3.2) holds for any point x € M \ {p1}, we get that S| = {p;}. Otherwise, we can find a
point pp where the energy concentration (3.3) happens. Since the energy of the sequence is
bounded, this process must stop after finite steps.
For points on the boundary of M, we can proceed similarly and finally, we get a
subsequence {(u,, v,)} which converges strongly to some (u, v) in WZI’Z(M \ &), where

oc

S=8US ={p1, p2, ..., pr}is afinite set. O
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We consider the case that the blow-up points are in the interior first. Since the blow-up set
&) is finite, we can find small geodesic disks D5, (by conformal invariance, we can assume
that they are flat disks) for each blow-up point p; such that Ds; N D5, = @ for i # j,
i,j=1,2,...,1,andon M \ Ul‘lleSw (un, vy) converges strongly to a limit map (u, v).
Without loss of generality, we discuss the case that there is only one blow-up point 0 € D1 (0)
in §7 and the sequence {(u,, v,)} satisfies that there is some (u, v) such that

(itn, vg) — (u, v) weakly in W2(D1(0) \ {0}) as n — oo. (3.4)

Lemma 3.2 Let {(uy, v,)} € W22(D1(0), N xR) bea sequence of approximate Lorentzian
harmonic maps satisfying (3.1) and (3.4). Up to a subsequence which is still denoted by
{(un, vp)}, there exist a positive integer L and nontrivial Lorentzian harmonic spheres
(o', ) :R*U{oo} > N xR, i =1, ..., L satisfying

L

Jim gy, vn: D1(0) = Egu, v: D1(0) + ) | Eg(0" &), (3.5)
i=1

Proof According to the standard induction argument in [5], we can assume that there is only

one bubble at the singular point 0 € D1 (0). To prove (3.5) is equivalent to prove that there
exists a Lorentzian harmonic sphere (o, &) such that

slg%nll)ngo Eg(un,vna Ds) = Eg(Uvg)- (3.6)

By the standard argument of blow-up analysis, for any n, there exist sequences x, — 0

and r,, — 0 such that
€1
E(uy, vp; Dr,,/2(xn)) = sup  E(uy, vy; Dr/Z(x)) == 3.7

xeDg,r<ry 8

Dy (x)CDs
Without loss of generality, we may assume that x, = 0 and denote u,, = u, (r,x), vV, =
v, (rpx). Then we have

-~ €1
E(ity, vy; D1y2) = E(up, vp; Dy, p2) = 5 <4 (3.8)

and
E(ity, Uy; DR) = E(up, vy; Dr,Rr) < A.

By (3.7), we can apply Lemma 2.1 on Dg for {(i,, v,)} and get that {(i,, v,)} converges
strongly to some Lorentzian harmonic map (o, &) in W2(Dg, N x R) for any R > 1. By
stereographic projection and the removable singularity theorem [9], we get a nonconstant
harmonic sphere (o, £). Thus we get the first bubble at the blow-up point and to prove (3.6)
is equivalent to prove that
lim lim lim Eg(u,, vy; Ds(0) \ Dy, g(0)) =0. (3.9)
R—0038—>0n—>00
Since we assume that there is only one bubble, we have that, for any € > 0, there holds
that

8
E(un, vn; Dap \ Dg) < € for p € [ruR, 7] (3.10)

asn — 00, R - oo and § — 0. Otherwise, we will get a second bubble and this is a
contradiction to the assumption that L = 1. One can refer to [5,15,31] for details of this kind
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of arguments. Then by Lemma 2.1 and a standard scaling argument, for any p € [r, R, %],
we have

lunllosc(pap\Dy) + 1Vnllosc(Dap\Dp)

1
< CEx(up, vy; D4p \ Dg) + Coll(tn, Kn)||L2(D4p\D£)' (3.1
2

Define

1 2w 1 2
wi(r) := E/ uy(r, 0)do, vi(r) = E/ v (r, 6)d6.
0 0

By (3.11), we know that

ltn — tyllLooDs\Dyyg) = SUP Ny — upllLoo(Dyy\Dy)
rmR<t<3
< sup |lunllosc(py\by) < Cle +9) (3.12)
"nRSfS‘S

2

and similarly,

lvn — vyl (Ds\D,, x) < C(€ +8).

Then we get by integrating by parts that

/ —Auy(uy — ul)dx
Ds\Dy, r
* 8”” * *
= Vu,V(u, —u,)dx — (up —uy) + (up — u,)
Ds\D, ap; Or D,z O
d 0
2/ |V, |>dx —/ 120 2y —/ Uty — 102
D5\Dy, & Ds\Dp,x O aps Or
duy "
+/3D,”R a7 (tn “n)

du du du

—1 n,2 n * n %

= —|“dx — — — . 3.13
/DE\DMRV oo [ /aD,; S ””H/aa,nk S —w). (13)

Since (uy,, v,) is an approximate harmonic map, we have

|Auy| + | Ava] < C(h1s Ay N)( Vi |* + [Vou ). (3.14)

Then we get from (3.12), (3.13) and (3.14) that

d
/ S 2y
Ds\Dy, & 96
d
=< / —Auy (uy — “Z)dx +/ o (un — “:) - / (un — uy)
Ds\Dr, r aDs or 9Dy, r ar

5 5 duy ouy
< C(e+9) (IVup|” + Vo [)dx + | |+ | []. 3.15)
Ds\Dy, & aps  Or D,k OF
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By Lemma 2.1 and the trace theory, we obtain for the boundary term in (3.15) that

31/!,, 2
/(;Dg | ar | < C(IVuy ||L2(D%8\D,5) +48IVouy ||L2(D%8\D5))
1
< C(E2 (un, vn; Das \ D%) + 31T, k)l L2(Das\D 3 ))
2
< C(e +9).

Similarly,

ouy,
| | < C(e +9).
3DrnR or

Combining these, we have
0
/ r 220y < C(e +5). (3.16)
Ds\Dyy & 96
Similarly, we can obtain that
0
/ 12 2% < Ce + 5).
Ds\Dyy & 96

Without loss of generality, we may assume § = 2"r, R, where m,, is a positive integer

which tends to co as n — oco. By Corollary 2.4, fori =0, 1,...,m, — 1, we have
ou dv 8uj
/ 22— ) 2 o 20 2) ax
Dyit1,, 2 \Pyiy, 1 ar ar ar
0 9 .
<cC / 2 +/ 220 420 R
Dyit1,, g \Doiy g 90 Dyit1,, g \Daiy, g 90
Since
my,—1
> 2R =2""r,R =3,
i=0
we get
ou av, 8uj
/ 2 Bl S 40y SR ) d
Dé\DrnR r ar ar
my—1 i
l du v duy,
= Z/ (|8”|2—ﬂ(un>|8" + o, 3"|2>dxsc<e+s>, (3.17)
i=0 D2i+1r,,R\D2ir,,R r r r
from which (3.9) follows immediately. ]

When the 1-form @ = 0, the behavior of the sequence at the blow-up points is clearer. In
fact, we can get identities for the positive energy E instead of for the Lorentzian energy E,
and there is no neck between the limit map and the bubbles. More precisely, we have

Lemma 3.3 Assume that {(un, v,)} is an approximate Lorentzian harmonic map sequence
as in Lemma 3.2 and additionally, we assume that o = 0 and |Vv,||Lr < A for some p > 2,
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then we have that o' : R* U {oo} — N is a nontrivial harmonic sphere, €' is a constant map
and (3.5) becomes

L
Jim E(up; D1(0)) = E(u; D1(0) + Z E(ah), (3.18)
i=1
Jim E(ve; D1(0)) = E(v; D1 (0)). (3.19)
Furthermore, The image
L
u(Dy () U Jo' R?) (3.20)

i=1
is a connected set.
Proof Similar to the proof of Lemma 3.2, to prove (3.18) and (3.19) is equivalent to proving

lim lim lim E(u,, v,; Ds(0)\ D,,zr(0)) =0. (3.21)

R—o008—=0n—00

Since [|[Vv,|lLr(py < A for some p > 2, we get

2 r 2
/ |Vun|2dx < C8' % / IVon|Pdx | <877, (3.22)
D,g\DmR Dé\DrnR

Since w = 0, (3.17) implies that

9
/ 1224y < C/ [V, |dx + C(e + §). (3.23)
Ds\Dy, g O7 Ds\Dyy &

Combining (3.16), (3.22) with (3.23), we can get (3.21).
To prove (3.20) is equivalent to prove

lim lim lim ||un”osc(Da(O)\DrnR(O)) =0. (3.24)

R—o0 §—0n—>00

To prove (3.24), denote Q(s) := Dyso+sy, g \ Daso-s,, g and consider
76 = [ v,
Qa(s)
where 0 < sg < m, and 0 < s < min{sg, m, — so}. Integrating by parts, we get

/ —Auy(uy —ul)dx
0(s)

9
= / Vu,V(uy, —uy)dx — / ﬂ(un —u})
0(s) 20(s) Or

1 1 Ju du
> —/ |wn|2dx+/ <f|wn|2 - |—”|2> dx —/ “(uy — uy).
2 Jow) 0(s) \2 ar 20(s) Or
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By (3.12) and (3.14), we obtain

1
(7 —Cl(e + 8)> / |Vitn|>dx
2 0(s)

9 1
< / <| tn 2 _ f|w,,|2> dx + C(e +96) |V, |2dx
o \ Or 2 0(s)
u u
+/ ar" (un —u) —/ ar” (uy — uk). (3.25)
3Dyso+s,, g D, g

We deduce from Corollary 2.4 that

3 1
/ (| tnp2 f|wn|2> dx < cf |V, |?dx + C20F5r, R
o) \ Or 2 0(s)

2
so+s 1-2 r S0+
<C@2%r,R) 7 Vv, |Pdx | + C2°™r,R
O(s)

2
< Cr,R) 7.

For the boundary term in (3.25), by Holder’s inequality and Poincare’s inequality, we have

1

1 1
ouy, duy, 2 : 2 ’
7l 0 4y — )| < ) (] T—
1l Dz.s'g +s mR r b DZ‘VO +s r a Dzso +s mR

mR
1 1
u : u :
E (/ | a n |2 2.Y0+SrnR | 89" |2
aDzsoﬂrn/i’ r 3D250+5rnR
< 2% R / |V |
IDpso+s, g
Similarly, we also have
uy, .
| — =) < C207 R Vit |,
ID5s0=s, &

D505, 8

Taking € and ¢ sufficiently small, we get from (3.25) that

f©) = %f/(s) + @, R) T,

which implies
s / _2 (q-2_1
(Z_ff(S)) = _C(ZsornR)l ”2(1 P C)S,
where we can take C sufficiently large such that 1 — % - é > 0. Integrating from 2 to L,
we arrive at

f(2) < Cz_éLf(L) + C(2S()rnR)lf%2<lf%7%)L.
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Letso =i and L = L; := min{i, m, — i}. Noting that Q(L;) C Ds \ D,,r, we have

/ |Vu, |2dx
Dyiva,, p\Dyi-2,, 1

i 2 _2_1)r.
S CE(Mn’ D(S \ DrnR)z_%Li + C(ernR)l_FZ(l P C)Ll

; 2 1\
< CEGy, Dy\ D)2 44 + 0@y 72158
= CE(n, Dy \ Dpyg)2” €1 4 CQ@Mr, RY' ™27 €m0

2 (1 i
= CE(up, Ds \ Dy, )2 €L L es' 3ot )
< Ced ti 4 s hot i, (3.26)

where the last inequality follows from the energy identity (3.21). By using Lemma 2.1, now
it is easy to deduce (3.24) from (3.22) and the above estimates (3.26) for energy decay. O

For the case that the blow-up point is on the boundary of the manifold, the behavior
is similar to those in Lemmas 3.2 and 3.3. But the analysis is more complicated. More
precisely, we consider an approximate Lorentzian harmonic map sequence {(u,, v,)} €
W2’2(Dfr (0), N x R) with the Dirichlet boundary condition

(uns v)lgopt o) = (9. W) € C2H*(@° DY (0) (3.27)
for some 0 < o < 1 which satisfies that
I(Vuy, an)||L2(Dl+(0)) + 1 (Tn, K”)”LZ(DT(O)) < A. (3.28)

Without loss of generality, we still suppose that there is only one blow-up point 0 € DT(O)
and the sequence {(u,, v,)} satisfies that there is some (u, v) such that

(up, vy) = (u,v) weakly in Wlm (D*(O) \ {0}) as n — oo. (3.29)
For such a sequence, we have

Lemma 3.4 Let {(u,, v,)} € Wz*z(Di"(O), N xR) be a sequence of approximate Lorentzian
harmonic maps satisfying (3.27), (3.28) and (3.29). Up to a subsequence which is still denoted
by {(un, vn)}, we can find a positive integer L, points x}, € D+(O) and r}, > 0 satisfying
x, > 0andr, - 0,i =1,...,Lasn — oo and both of the followmg two cases may
appear during the blow-up process.
0+ .
( ) Ifdtst(x 6 Dy (0)) Sd
Rii — N x R with a constant boundary condition which is the weak limit of (u,,(x,’; +

rhX), v,,(x +r} ‘X)) in Wlac (RH) where

< 09, there is a nonconstant Lorentzian harmonic map (o', ') :

Ri,- = {(xl,xz) IS Rzlx2 > ai} and RZf = {(xl,xz) IS Rzlx2 > ai};

dist(x},3° D} (O . - . . i ei
M — 00, there is a nontrivial Lorentzian harmonic sphere (o', &") :

(b 1f
R2U{oo} — N x R which is theweaklzmztof(un(x +r 'X), v,,(xn—i—r ‘X)) in Wloc (]Rz)
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Furthermore, for both of the two cases, there holds the energy identity

L
1im Eg(in, va: DY (0) = Eg(u, v DY (0)) + ) Eg(o” &). (3.30)
i=1
Here, L just stands for a nonnegative integer which may different from the constant in
Lemma 3.2.

Proof Similar to what we have done in the proof of Lemma 3.2, for any n, there exist
sequences x, — 0 and r, — 0 such that

L.
E(un, vo; D} (xp)) = sup  E(up, vp; DF () = gmln{ﬂ, €}, (3.31)
xED;,rSrn
D (x)c Dy

where D (x,) = {(y = (y'.y) € R* |y = x4l < ra. y* = 0)}. Denote d, =
dist(x,, 3°D). We have that either lim sup,,_, o %’j
discuss these two cases respectively.

Case (a) limsup,,_, , ‘rl—;’ < 00.

< oo or limsup,_, f—” = oo. We
n

By taking a subsequence, we may assume that lim,,_, o, f—'; =a > 0. Denote

B, :={xe R2|x,, + rpx € D*Y.
We have that as n — oo,
B, — ]RZ = {(xl,xz)lx2 > —a}

and for any x € {x?

Define

= —a} on the boundary, x,, + r,x — 0.

Wy (X)) =1y (X + 10X), Vp(x) := v, (x5 + 1pX).

It is easy to get that (it,,, V) : B, — N x R is an approximate Lorentzian harmonic map
with (%, K,) = r2(ty. k) and

(ﬁn(x)a En(x)) = (p(xp +12x), Y (xy +1,%)), if x, +1px € 80D+-
Lemma 2.2 and (3.31) tell us that for any Dg(0) C R2,

Nl w22pryng,) + 10nllw22p0)ns,) < C1s 22, A, R, N).

By asimilar argument as in Section 4 of [8], after taking a subsequence of (i, V) if necessary
(still denoted by (i, U,)), there is a Lorentzian harmonic map (%, 7) € W'2(R2, N x R)
with the constant boundary condition (i, )| IRZ = (¢ (0), ¥ (0)) such that, forany R > 0,

Jm Vil 2o ns,) = IVEllL2(Dg o))
Jm IVOnll2ogons,) = 1VVl20p0nR2)-
Moreover, since E (i, v; D1(0) N R2) = %min{el, €}, (u,v) is a nontrivial Lorentzian

harmonic map with constant boundary (¢ (0), ¥ (0)).
Case (b) lim sup,,_, o, & = oo
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In this case, (if,, ¥,) lives in B,, which tends to R? as n — oco. Moreover, for any x € R?,
when 7 is sufficiently large, by (3.31), we have

-~ €]
E(uy, vy; D1(x)) < 3

According to Lemma 2.1, there exist a subsequence of (i, V) which is still denoted by
(#,, U,)) and a Lorentzian harmonic map (i(x), v(x)) € WI2(R?, N x R) such that

i (@, (), T () = @), T@) in Wy (B).

By Theorem 2.8, (i, v) can be extended to a Lorentzian harmonic sphere and (3.31) tells us
that it is nontrivial.

We call the Lorentzian harmonic map (i, ) obtained in these two cases the first bubble.
Without loss of generality, we assume that there is only one bubble at the blow-up point
0e DT(O). Under this assumption, similar to (3.10), we have that, for any € > 0, there exist
constants § > 0 and R > 0 such that

)
Eun, vn; D, (x) \ D} (xa)) < € forany p € [ R, -] (3.32)

when 7 is large enough.
Now to prove the energy identity (3.30) is equivalent to prove

lim lim 1im Eg(un, va; Dy (x2) \ Dy g (xa)) = 0. (3.33)

R—o0 §—0n—00

We shall prove (3.33) for the two cases respectively.
For case (a) lim,,_, o [r’—: =a < 0.

For n and R are sufficiently large, we decompose the neck domain D;’ () \ D;: R )
into three parts which follows the decomposition in [15,16].

D () \ Dy () = D3 () \ DY () U D (6) \ Dy, g (6) U D3y, () \ Dy g (xn)
= QU QU Q3.

Here x/ € 3D is the projection of x,, i.e. d, = |x, — x]|.
Since lim,;_ oo ‘rl—: = a, when n and R are large enough, it is easy to get that

Q1 C Df (x2) \ D} (xa) and Q3 C Dy, (xa) \ D}l (x).
g

Moreover, for any p € [r, R, %], there holds
D3, () \ D (x3) C DY, () \ D} ().
Then we get from (3.32) that
E(uy, vp; Q1) + E(uy, vp; 23) < € (3.34)
and

1)
E(up, Un; D;p(x;l) \ D;(x,;)) < e forany p € [r,,R, §i| )
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By Lemma 2.1, we have

”Mn||0SC(DZ)(X;1)\D;(X,/I)) + llvn ||osc(D;rp(x,’,)\D;(x,’l))

< CUI(Vuy, Vv”)”LZ(DIp(x,;)\D* x0)) + ||(V(]5, VI/I)”LZ(DZ;(X,/Z)\D;/Q()C;‘))

p/2

2 2
+oll(Vip, V W)HLZ(DE;(%)\DZH(XZ)) + ol (T, Kn)||L2(Djp(x,/,)\D;/2(x,’l))) (3.35)

for any p € [, R, %].

To estimate the energy concentration in 25, we define p, (x) := u, (x) —@(x) forx € Q»
and
Un(x)  x €,

) 3= [—un(x’) x e\,

where Q) = D% () \ Doy, g(x1), x = (x!, x?) and x" = (x!, —x?). It is easy to get that
lin(x) € W22(Q,) and satisfies

C(IVip () * + [Voa () P) + [t ()] + [Ap()],  x € Q,

ALl < ~
(Al {C(|wn<x’)|2+|an(x/)|2>+|rn(x’>|+|A<p<x’>|, x e\ .

Define
1 2
/»’L;(r) = E/O /"(’n(r’ e)dea

where (r, 0) is the polar coordinates at x,,. By (3.35), we have

10 () = By Ml poo@y) = sUp - I8n () lose(Day, e\ Dy ()

8
mR=p=5

<2 sup ”Hn(x)”osc(]);r CD\DF ()
rnRSPS% ’

< C(e +9).

Similar to the proof of (3.15), we can obtain

I
/ P 2R 2
a, 00

. Em &M
< C(e +9) /A |Aun|dx+/ |8“”|+/ |8“”| . (3.36)
Q) 30% (x) r 9D, r(X}) r

By direct computations, one can get that
I a
/ 2 2 :2/ 2 2
8, a0 Q0 a0

9 Dty D 9
:2/ |r—1ﬂ|2dx—4[ o2 —¢dx+2f 192 g,
o 90 0, 00 90 o, 90

9
. 2/ 120y — cs (3.37)
o, 00
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and

/A | ALy ldx sc/ <|Vun|2+|an|2)dx+ﬁ (Ital + |Ap))dx
Q) Q) Q2

<C | (Vun>+|Vv,?)dx + Cs. (3.38)
Q2

For the boundary terms of the right hand side of (3.36), by the trace theory and Lemma 2.2,
we have

Olln o,
| 3 =2 | 3 |<C (IVun| +1Vel)
D5 (x) O It Dsp(x)  OF 9% Dy 2(x))

2 2
= C(”(Vum VU”)”LZ(D;()C;,)\DTB()C;,)) +8I1(Vou,, V U”)“LZ(D;(X,;)\DTS(x,’,)) + 8)
7 7

< C(I(Vun, Volli2 ot oot @ T VS V2% (oDt )
38 50 38 50
+ 5||(V2¢7 Vzlﬁ)lle(D; (Xn)\DT (xn)) + 8| (tn, Kn)“LZ(Dj" (x")\DT (X)) + 8)
398 50 38 50

< C(e + ).

Similarly, we have

a5
/ 1B < ce + 5).
Dy, R(x)) 0T

Combining these two estimates with (3.36), (3.37) and (3.38), we get

9
/ |r*1£|2dx < Cle +9). (3.39)
Q)
Similarly, we have
9
/ |r*1£|2dx < C(e +9). (3.40)
Q)

By Corollary 2.6, we have

ou v 8uj
| = — Bun) | — + wj—* | dx
(xr/l) 31”

D;"'lrnR(X”l)\D;"nR ar ar
ou
< C/ r " 2dx
D;-Flr,,R(x’,’)\D;rnR(x;') 90
—10Un 5 i
+C [r— —|“dx +2'r,R. 3.41)
DY, \DS Gy 00

2i+lrnR 2ir,1R

Thus, we arrive at

ity vy ouj 5
./Qz (| ar | plun)l ar to ar | *

muy—1 .
d u v du;

-y 12012 By 28 4 oy 2012 g
=0 Dt (x;l)\DJr (Xz/z) or or or

2+l R 20y R

< C(e +9). (3.42)
Then (3.39), (3.40), (3.41), (3.42) and (3.34) imply (3.33).
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For case (b) lim,,_, o ‘:—” = .

The result for this Canse can be derived from case (a) and Lemma 3.2. In fact, in this case,
for n sufficiently large, we decompose the neck domain D;r () \ D:; r(xn) asin [15,16] as
follows

D (o) \ D ) = D () \ DY () U DY (1) \ D, (x)
U DY, (x;) \ D (xa) U Dy (xa) \ Dy ¢ (xn)
= Q1 U Ry U Q3 U Q. (3.43)
Since lim,,_, oo d;;, = 0 and lim,;_, o %’ = 00, when n is large enough, it is easy to get that

Q1 C D () \ DY (xa), and Q3 C Dy (%) \ D (xn).
I

Moreover, for any p € [d, %], there holds
DZD(X,D \ D;(x,;) C Dz:o(xn) \ D;/z(xn)'
By assumption (3.32), we have
E(un: Q1) + E(up; Q3) < €

and

8
|Vu,|2dx < €2 forany p € (dn, 5) )

/D;,) G\DF ()
Noting that Q4 = D (x2) \ D’ (xa) = Da, (x) \ Dy, g(x), by Lemma 3.2, there holds
lim 1lim Eg(un, vn; Da, (xn) \ Dy, g(x,)) = 0.

R—oon—0

To estimate the energy concentration in 27, we can use the same arguments as for case
(a) to get that

Eg(un, vy; 22) < C(€ + 9). (3.44)
Thus we finish the proof of the lemma. O
Similar to Lemma 3.3, when w = 0, we have

Lemma 3.5 Assume that {(uy, v,)} is an approximate Lorentzian harmonic map sequence
as in Lemma 3.4 and additionally, we assume that @ = 0 and ||[Vvu|lppp+) < A for
some p > 2, then case (a) in Lemma 3.4 will not happen and in case (b), we have that
ol : R2U {o0} — N is a nontrivial harmonic sphere, € is a constant map and (3.30)

1
becomes

L
1im E(u,: D (0)) = Eu: D (0)) + ) E(o"), (3.45)
i=1
lim_E(us; DY (0)) = E(v; DY (0)). (3.46)
Furthermore, the image
L
u(DF ) u Jo' ®R?) (3.47)

i=1

is a connected set.
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Proof We use the same symbols as in Lemma 3.4. First, let us show that if w = 0, Case (a)
will not happen. In fact, since v satisfies

div(B@@)VD) = 0in R2

and V|yp2 = ¥(0), U must be a constant map. Thus, # is a harmonic map from R2 with
constant boundary data | aR2 = ¢(O) which implies that # is a constant map [18]. This is a
contradiction with E (i, v ]Rz) mm{e 1, €2}.

For case (b), when w = 0, it is clear that v satisfies the equation

div(B(U)Vv) =0

in S? with finite energy || V7| 122y < C which implies that v must be a constant map.
Therefore i : S> — N is a nontrivial harmonic sphere.
Now to prove the energy identities (3.45) and (3.46) is equivalent to prove
lim lim lim E(uy, va; Dy (x2) \ D}} (x2)) = 0. (3.48)
R—008—>0n—00

To prove the no neck result (3.47) is equivalent to prove

dim lim Hm lunllose(py o\Df ) = O

We decompose the neck domain as (3.43). Since lim,— o d, = 0 and lim,_, ‘f—: = 09,
when n is large enough, it is easy to see that

Q1 C D (xa) \ DY (x;) and Q3 C D (xx) \ D (xn).
4

By (3.32), we have
E(un; Q1) + E(uy; 23) < €2, (3.50)

which implies that there is no energy loss on €21 U Q3. By Lemmas 2.1, 2.2 and (3.32), we
get

||Mn||05c(D;(x,,)\D§(x,’,))
< llun ||0sc<D;(x,,)\Dg )
< C(|(Vuy, an)”LZ(D (X,,)\D+(xn)) + Vo, VI/f)||L2(D (Xn)\D+(Xn))
+31(v?9, V2 W”sz (B\D3 (50) +5”(’””‘”)”L2<D <X'1)\D+(X"”)

<C(e+9) (3.51)

and

lnll 05enf, conDf )

= lunlloseny, oD G

= CI(Vun, V”n)||L2(D4d,,(x,,>\D ) TV NI 2 (\D ()
+ dll (V2. VA 2, NP, ) +dnll(Tns k)l L2y NP, )

< C(e +9), (3.52)
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when n, R are large and § is small, which implies that there is no neck on ] U Q3.
Moreover, for any d,, < p < %, there holds

D3, () \ Dy (x) C Dy, (xn) \ D ().

when n is big enough, then (3.32) tells us

8
/ |Vu,,|2dx < ¢ for any p € (dy, =).
D, ()\DJf (x}) 2

Combining this with Lemma 2.2, we get

llutn Hosc(D;p(x,’Z)\D;(x,’l))
< C(I(Vuy, Vv")||L2(D4/)(xn)\Dp/2(x )) + Vo, VW)”Lz(D4 (x! )\D ()
2
+ pll(VZgp, v? w)||L2(D4p(x )\Dp/z(x )) + pll(tn, Kn)||L2(D4p(x )\Dp/Z(Xﬂ)))
for any p € (d,, %).

Noting that Q4 = D} (x,) \ D} x(¥2) = D, (xa) \ Dy, r(xy), the proofs of (3.48) and
(3.49) are reduced to the case in Lemma 3.3 and we have

lim hm E(un, vn; Da, (xn) \ D, r(xn)) =0 (3.53)
R—ocon—0
and
lim lim osc(un) Dy, (x,)\Dy,y g () = O- (3.54)
R—o0on—0

To prove that there is no energy loss on €22, noting that Vv, | »p+) < A for some
p > 2, we get

2 2 2
/ |V, [2dx < cal‘ﬁ(/ |V, |Pdx)r <C8'77.  (3.55)
Df (en)\D} () Df (xn)\D;} g (xn)

Combining this with (3.44), we obtain

E(un, Q) < CE(vy, Q) + Cle +8) < Cle + 87 7). (3.56)

Then, (3.48) follows from (3.50), (3.53), (3.55) and (3.56).

Now we only need to analyze the neck on Qz R

We denote Q(s) := D250+52r R(x )\ Dzso e R(x,;) and Q(s) := Dysotsp, r(Xp) \
D2so-52,"R(x ), where 0 < 59 < m, and 0 < s < min{sg, m, — so}. Let

f(s) = f |Vun|*dx.
0o(s)

Similar to the derivation of (3.15), we can obtain

_ o
[ owanpax - [ 5P
06s) o) Or

-
<Ce+9) [ |Aun|dx+/ s

(n — n™). (3.57)
0(s) 30(s) 07
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By direct computations, we obtain

. Em 9 1
/A |wn|2dx—/A |ﬂ|2dx:/ |wn|2dx—2/ <| “”|2—f|m|2> dx
0s) o) Or Q(S) o) \ O
9 ity
=/ |Vu,,|2dx—2f <| Zln 2 —f|wn| )dx+4/ ( ”"ﬁ_wnw)
0(s) ar o@s) \ or or
+2/ <|v¢| | ¢|)dx
O(s) or

9 1
> / Vi 2dx — 2/ <| tn 2 _ f|wn|2) dx — C20%5r, R.
0(s) o) \ Or 2

Itis easy to check that (3.38) still holds on €2;. Combining this with Vv, || r(p+) < C, we
have

/A |Aftuldx < C / (IVun? + |VouP)dx + €201, R
Q(s) o(s)

2 s0+s 1—;
< c/ |Vitn [2dx + CQ0Fr, R) 7.
Q(s)

Then (3.57) implies

(1—C(e+9)) |Viun|2dx
o)

My~ 9 1 . 2
< /A En i — ) +2/ (| tnp f|wn|2> dx + C(20r,R) 77
30(s) Or o) \ Or 2

Oy _2
E/A K (Bon — ) + C ", R 7, (3.58)
20(s) Or

where the last inequality follows from Corollary 2.6 and (3.22).
For the boundary term on the right hand side of (3.58), by Holder’s inequality and
Poincare’s inequality, we have

i Em 5\
f P ) = [ 2o B — AP
3D2.v0+.\'2rnR(x;,) r aDZ‘YOJr“'Zr”R(X';) r 3+D2.\'0+A‘2m R(x'/")

1 1

8A 2 2 aA 3

=ye / El (2“0“rnR / |a"9”|2)
3Dyso+s,, g ) O 0

< 2, / V72

El szo 2 R (X,/z )

< C2SO+Sdn/ |V//Ln|
ot Ds0+52 R( )
< 2%, / Vi, |* + C20 r,R)%.
d D250+52r R( n)
Similarly, we can obtain
Mn ~
/ (@, - ) < €297, / Vit + €071, R,
8D250’X2rnR(x',') or ot D;—SO S2rp R( n)
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Taking € and § sufficiently small, we have

/ |Vun|2dx <C2%%524, / |V’/tn|2
0(s) O (DL sy, 1)

2
+ C2%752d, / Vi, > + CQ0r,R) 77,
3+(D;,0_32"'1R(x;l))
which gives us
C / s0—+S 1-2
J@) = —— &+ C2" mR) 7. (3.59)
log2

(3.59) implies that
@ E 6 = —C@nR) 2T
Integrating from 2 to L, we arrive at
FQ) < C2 L £(L) + C(2%r, R) 72075 OL,

The rest proof is the same as the proof in Lemma 3.3. Thus we finish the analysis of energy
loss and no neck property on €21 U 23, 24 and €2, and get (3.48) and (3.49). m]

We can now prove Theorems 1.1 and 1.2.

Proof of Theorems 1.1 and 1.2 Theorem 1.1 is a direct conclusion of Lemmas 3.2 and 3.4.
If w=0,7=v — v satisfies

div(Bu)Vv) = —div(Bu)VY) +k

with the boundary condition 7|33, = 0. By Theorem 1 in [21], forany 1 < p < oo, we have

IVUllLr oy < CUIVY ey + il L2ean)-

Thus we have
IVullLean < CUVYIlLran + ikl 2an)-

Then, Theorem 1.2 is a direct conclusion of Lemmas 3.3 and 3.5. ]

4 Applications to the Lorentzian harmonic map flow

At the beginning of this section, let us recall a lemma in [8] which is useful in this part.

Lemma 4.1 (Lemmas 2.1, 2.4 in [8]) Suppose (u,v) € V(MTI; N x R) is a solution of
(1.14) and (1.15), then the Lorentzian energy Eq(u(t), v(t)) is non-increasing on [0, Ty) and
forany 0 <s <t < Ty, there holds
t
Eg(u(t), v(t)) +/ / 1ul*dxdt < Eg(u(s), v(s)).
s IM

Moreover, forany 1 < p < 0o, t > 0, there holds

t
/|Vu(-,r)|2dx+/ |Vv<~,r)|"dx+/ / 19> dxdt < C(p, r1, A2, b, V).
M M 0 M
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Lemma 4.2 Let (u,v) € V(MOTI; N x R) be a solution to (1.14) and (1.15). There exists a
positive constant Ry < 1 such that, forany xo € M,0 < R < Ryand0 < s <t < Ty, there
hold

u M t—s
E(u(t); Bg (x0)) = E(u(s); Byg(x0)) + C?, 4.1

/ / [0,ul?dxdt,  (4.2)

where Bﬁ,” (x0) C M is the geodesic ball centered at point xy with radius R, C is a positive
constant depending on Ay, k2, M, N, E(9), |1V [l w1.4(ar)-

and

E(u(s); By (x0)) < E(u(t); Byg(x0)) +

Proof Letn € C3°(B R(xo)) be a cut-off function such that n(x) = n(jJx —xp|),0 <n <1,

17|B£4(x0) =1land|Vn| < %. By direct computations, we get

VP /<w,w e
dzZ/ " !
0
=/ 2w —/ <Au,u,>n2—2/ Vu - Vinu,
M (x0) or M M

/ (—ur — BT )|V, u)n? — 2[ Vu - Vinu,
M M

—f |u,|2n2—f BT(”)|VU|2'MH72—2/ Vi - Vinuy.
M M M

On the one hand, by Lemma 4.1 and Young’s inequality, we have

M/ VulPy <—ff |ut|2n2+C/ V2|V +Cf Vol*n

By integrating the above inequality from s to ¢, we can get (4.1).
On the other hand, by Lemma 4.1 and Young’s inequality, we also have

d1 3 4 2
53 [l = =3 [t —c [ wurrent-c [ @ity
> —ff e

Then (4.2) follows immediately from integrating the above inequality from s to 7. O

With the help of Lemma 4.2, we can apply the standard argument (see Lemma 6.4.10 in
[20]) to obtain

Lemma 4.3 Let (u,v) € V(MTI; N x R) be a solution to (1.14) and (1.15). Assume that
there is only one singular point xo € M at time T. Then there exists a positive number m > 0
such that, ast 1 Ty,

|Vu|2(x, 1dx — mdy, + |Vu|2(x, T1)dx as Radon measures. 4.3)
Here 8y, denotes the §—mass at xo.

Now we shall prove Theorems 1.3 and 1.4.
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Proof of Theorem 1.3 In fact, Theorem 1.3 is a consequence of Lemma 4.1, Theorems 1.1
and 1.2.
By Lemma 4.1, we can find a positive sequence f,, — 00, such that

1im/ 0iu* (-, ta)dx =0 and  E(u(-, 1,),v(. 1)) < C.
n—oo M

Taking the sequence to be (u,, v,) = (u(-, t,), v(:, t,)) with (t,, h,) = Bu(-, 1,),0) in
Theorems 1.1 and 1.2, the conclusions of Theorem 1.3 follow immediately. O

Proof of Theorem 1.4 With the help of Lemmas 4.2, 4.3, Theorems 1.1 and 1.2, the proof
of (1.19) is almost the same as the proof for the harmonic map flow and we omit the details
here. One can refer to [20] for the interior case and to [15,16] for the boundary case.

It is not hard to prove that there is a unique weak limit (u(77), v(T1)) € w! ’Q(M , N xR)
of (u(r), v(r)) in WH2(M) as t — T; (one can refer to the proof of Theorem 1.2 in [14] for
a similar argument). Moreover, by Lemma 4.1,

v(t) — v(Ty) weakly in W4 (M).

Then, we have
f B ()| V()| *dx — f B (T1))|Vu(Ty)*dx
M M
= fM Bu(®) Vo)V (u(r) — v(T1)) + (Bu)Vu(r) — Bu(T1)Vo(T)) Vo(Ty)dx

= /M (Bu(r)) — Bu(T1))) Vo@)Vo(T) + Bu(T1)) (Vo) — Vu(T1)) Vo(T1)dx
=1+1I,

where the first term of the second line is zero by integrating by parts and Eq. (1.14). Noting
that

L=< CIVUO s IVVTD N sy lu @) — u(T) L2epry s
by weak convergence, we have
: 2 2

lim / Bu()|Vu()|“dx = / Bu(T))IVo(Ty)|["dx.

=T Jpm M
Combining this with (1.19), we get (1.20). O
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