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ENERGY IDENTITY AND REMOVABLE SINGULARITIES OF
MAPS FROM A RIEMANN SURFACE WITH TENSION FIELD
UNBOUNDED IN L2

YONG Luo

We prove removable singularity results for maps with bounded energy from
the unit disk B of R? centered at the origin to a closed Riemannian mani-
fold whose tension field is unbounded in L?(B) but satisfies the following

condition:
% 1\a
IT(u)IZ) <Ci(-
('/;t\Bt/z (t)

for some 0 < a <1 and any 0 < ¢ < 1, where C is a constant independent
of t.
We will also prove that if a sequence {u,} has uniformly bounded energy

and satisfies .
2 1\«
|7 (u )|2) <=
(/I;t\Bt/z " (t )

for some 0 < a <1 and any 0 < ¢ < 1, where C is a constant independent
of n and ¢, then the energy identity holds for this sequence and there will be
no neck formation during the blow up process.

1. Introduction

Let (M, g) be a Riemannian manifold and (N, #) a Riemannian manifold without
boundary. For a W"2(M, N) map u, the energy density of u is defined by

e(u) = 3|Vul* = Try(u*h),

where u*h is the pullback of the metric tensor /.
The energy functional of the mapping u is defined as

E(u):/ e(u)dVv.
M
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A map u € C'(M, N) is called a harmonic map if it is a critical point of the
energy.

By the Nash embedding theorem, N can be isometrically embedded into a Eu-
clidean space RX for some positive integer K. Then (N, k) can be viewed as a
submanifold of RX, and a map u € WH2(M, N) is a map in W'2(M, RX) whose
image lies on N. The space C'(M, N) should be understood in the same way. In
this sense we have the following Euler—Lagrangian equation for harmonic maps.

Au=A(w)(Vu, Vu).
The tension field of a map u, t(u), is defined by
t(u) =Au—Aw)(Vu, Vu),

where A is the second fundamental form of N in RX. So u is a harmonic map if
and only if t(u) = 0.

Notice that, when M is a Riemann surface, the functional E (1) is conformal
invariant. Harmonic maps are of special interest in this case. Consider a harmonic
map u from a Riemann surface M to N. Recall that Sacks and Uhlenbeck, in a
fundamental paper [1981], established the well-known removable singularity theo-
rem by using a class of piecewise smooth harmonic functions to approximate the
weak harmonic map. Li and Wang [2010] gave a slightly different proof of the
following removable singularity theorem.

Theorem 1.1 [Li and Wang 2010]. Let B be the unit disk in R? centered at the
origin. Ifu : B\ {0} > N isa Wli’CZ(B \ {0}, N)NW'2(B, N) map and u satisfies

T(u) =g € L*(B,RY),
then u can be extended to a map belonging to W>*(B, N).

In this direction we will prove the following result:

Proposition 1.2. Let B be the unit disk in R centered at the origin. If
u:B\{0}> N

isa W2’2(B \ {0}, N)NW'2(B, N) map and u satisfies

loc
(), rwr) =ty

forsome 0 <a <1andany0 <t <1, where C is a constant independent of t, then
there exists some s > 1 such that

Vu € L¥(B).
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A direct corollary of this result is the following removable singularity theorem:

Theorem 1.3. Assume that u W2’2(B \ {0}, N)N WY2(B, N) and u satisfies

loc

1

(o, ) =€)

for some 0 <a < 1 and any 0 <t < 1, where C is a constant independent of t.
Then we have

ue ﬂ W2P(B, N).

2
l<p<iig

Consider a sequence of maps {u,} from a Riemann surface M to N with uni-
formly bounded energy. Clearly {u,} converges to u weakly in W'2(M, N) for
some u € W2(M, N), but in general it may not converge strongly in W!'-2(M, N)
to u, and the falling of the strong convergence is due to the energy concentration
at finite points. Jost [1987] and Parker [1996] independently proved that, when
7(u,) =0, that is, u,, are harmonic maps, the lost energy is exactly the sum of the
energy of the bubbles. Recall that Sacks and Uhlenbeck [1981] proved that the
bubbles for such a sequence are harmonic spheres defined as nontrivial harmonic
maps from S2 to N. This result is called energy identity. Furthermore they proved
that there is no neck formation during the blow up process, that is, the bubble tree
convergence holds true.

For the case when 7(u,) is bounded in L2, that is, {u,} is an approximated
harmonic map sequence, the energy identity was proved for N is a sphere by Qing
[1995], and for the general target manifold N by Ding and Tian [1995] and, in-
dependently, by Wang [1996]. Qing and Tian [1997] proved that there is no neck
formation during the blow up process; see also [Lin and Wang 1998]. For the
heat flow of harmonic maps, related results can also be found in [Topping 2004a;
2004b]. For the case where the target manifold is a sphere, the energy identity and
bubble tree convergence were proved by Lin and Wang [2002] for sequences with
tension fields uniform bounded in L”, for any p > 1. In fact, they proved this
result under a scaling invariant condition which can be deduced from the uniform
boundness of the tension field in L?.

By virtue of Fanghua Lin and Changyou Wang’s result, it is natural to ask the
following question.

Question. Let {u,} be a sequence from a closed Riemann surface to a closed Rie-
mannian manifold with tension field uniformly bounded in L? for some p > 1. Do
energy identity and bubble tree convergence results hold true during blowing up
for such a sequence?
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Remark 1.4. Parker [1996] constructed a sequence from a Riemann surface whose
tension field is uniformly bounded in L', in which the energy identity fails.

Theorem 1.5 [Li and Zhu 2010]. Let {u,} be a sequence of maps from B to N in
WL2(B, N) with tension field t(u,), where B is the unit disk oflR2 centered at the
origin. If

D Nunllwr2p)+IT@)llwie sy < A for some p = $, and

(D u,, — u strongly in WIL’CZ(B \ {0}, N) as n — oo,
there exists a subsequence of {u,} (still denoted by {u,}) and some nonnegative
integer k such that, foranyi =1, ..., k, there are some points xﬁl, positive numbers

rl, and a nonconstant harmonic sphere o' (viewed as a map from R U {oo} — N)
such that:

(1) x: - 0andrl — 0asn— oo;
(ko xh = x| o
2) lm | =+ —+——-F+ | =o00foranyi # j;
n—oo\ pJ  ry ri +r
(3) @' is the weak limit or strong limit ofu,,(x,’; + rflx) in WI})’CZ([RZ, N);

(4) Energy identity:

k
lim E(u,, B) = E(u, B) + Z E(o', R?);
n—oo

i=1
(5) Necklessness: the image u(B) Uf:l o' (R?) is a connected set.

Lemma 1.6. Suppose t(u) satisfies

(/B,\B,/z lt(u”z)% = C(%)a’

for some 0 < a < % and any 0 < t < 1. Then t(u) is bounded in L (B) for some
p=2
Proof. We have
/B s T@)” = CQ It s, 0m, 0
< C(sz)prfap‘

Hence

/ [T(w)|? < CZ(Z_k)Z_P_‘”’.
B k=1
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When 0 <a < %, we can choose some p > g such that 2 — p —ap > 0, and so

(o.¢]
Y@y <,

k=1
which implies that t(«) is bounded in L?(B) for some p > g. O
Thus Theorem 1.5 holds for sequences {u,} satisfying the following conditions.

@ Nunllwr2zy < A and (th\Bt/z 1T(u,)?)7 < C (1) for some 0 <a < % and any
0 <t < 1, where C is independent of n and ¢, and

I) u, — u strongly in Wl’z(B \ {0}, N) as n — oo.

loc

With the help of this observation, we find the following theorem.

Theorem 1.7. Let {u,} be a sequence of maps from B to N in W'2(B, N) with
tension field T (u,), where B is the unit disk of R? centered at the origin. If

D Nupllwrzgy < A and

(., o) =e(y

forsome 0 <a<1andany0 <t < 1, where C is independent of n and t, and
(D u,, — u strongly in WIL’CZ(B \ {0}, N) as n — oo,

then there exists a subsequence of {u,} (still denoted by {u,}) and some nonneg-
ative integer k such that, for any i = 1, ..., k, there are some points x!, positive
numbers r,, and a nonconstant harmonic sphere ' (which is viewed as a map from

R? U {oo} — N), such that:

1) x;, = 0,r, > 0asn — oc;

ri r,{ xt—x;)

(2) lim (—"—i———i—M) =oo foranyi # j;
n—=oo\ pt 1y rh+ ri

() ' is the weak limit or strong limit ofun(x,i + r,’;x) in WIL’CZ(RZ, N);

(4) Energy identity: lim,_, o0 E(ut,, B) = E(u, B) + Y+_, E(o', R?);
(5) Neckless: the image u(B) Ule o' (R?) is a connected set.

Remark 1.8. When 1
2\? 1\
(f  rwwr) <c(;)
BA\Bi /2 4

for some 0 <a <1 and any 0 <t < 1, where C is independent of n and ¢, we can
deduce that 7 (u,) is uniformly bounded in L?(B) for any p <2/(1+a), and when
a — 1, p — 1. Hence our condition is stronger than the condition that the tension
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field is bounded in L? for some p > 1, and this result suggests that we probably
have a positive answer to the Question on page 367.

Organization of the paper. In Section 2 we quote and prove several important
results. In Section 3 we prove the removable singularity result. Theorem 1.7 is
proved in Section 4. Throughout the paper, the letter C is used to denote positive
constants which vary from line to line. We do not always distinguish between
sequences and their subsequences.

2. The e-regularity lemma and the Pohozaev inequality

This section contains a well-known small energy regularity lemma for approxi-
mated harmonic maps and a version of the Pohozaev inequality, which will be
important later. We assume that the disk B € R? is the unit disk centered at the
origin, which has the standard flat metric.

Lemma 2.1. Suppose that u € W22(B, N) and t(u) = g€ L?*(B, RX). Then there

exists an &y > 0 such that iffB [Vu|? < 8%, we have

(2-D lu —ullw2zp, ) = CUIVullp2s) +18llL2s)-
Here u is the mean value of u over By ;.

Proof. We can find a complete proof of this lemma in [Ding and Tian 1995]. [

Using the standard elliptic estimates and the embedding theorems, we can derive
from the above lemma that

Corollary 2.2. Under the assumptions of Proposition 1.2, we have

(2-2) Oscpy\,u = C(IVull L28,\B, ) + 711811 L2(B4\ B, 2)
< CUVull 2B, +1' -

Lemma 2.3 (Pohozaev inequality). Under the assumptions of Proposition 1.2, for
O<nh<ti <1,

2-3 8_1/! 2 Ly 2 <HIV
(2-3) 3(B,\B )r arl 31Vul”) = M||L2(B,1\B,2)”g”LZ(B,I\BIZ).
n %)

Proof. Multiplying both sides of the equation t(u) = g by r(du/or), we get

/ ou f ou
r—Au= r—g.
B\B, OF B\B, T

Integrating by parts, we get

2
/ ra—MAudxzf r 8_14‘ —/ V(ra—u)Vudx
BB, OT 8(B,\By) | OT B\B, ~ OF
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and

f V<r8—>Vudx—f V( k auk>Vudx
B\B,  OF Bi\Biy d

271
:f |Vu| +/ f |Vu| rdodr
Bi\B,
:/ |Vu|2+%/ |Vu|2r—/ |Vu|?
Bi\B,, 3(By,\By) By, \By,

=1 / |Vulr.
9B, \Bry)

This implies the conclusion of the lemma. (]
Corollary 2.4. Under the assumptions of Proposition 1.2, we have

9

(2-4)
31‘ B \B 12

0 ® L 1Vul < VUl iyt~

Proof. In the previous lemma, let #; = ¢ and t, = ¢/2. Then

2 2
&, e [ (2 —awe) -4, (3 e
ar BA\B.» ar o, \Or 3B, or
= lIgllz2\B, ) IVUll 2B\ B, )
< ClIVull L2z, " O

Corollary 2.5. Under the assumptions of Proposition 1.2,

(2-5) /
B\ B2

Proof. Integrating both sides of the inequality (2-4) from O to ¢ and noting that
”v””LZ(BS\BS/z) < IVullz2(p,, for any s <1, we get (2-5). ([

a_uZ
or

19,2 1-
—3IVul” < ClIVull 2t ™

3. Removal of singularities

We now discuss the removal of singularities of a class of approximated harmonic
maps from the unit disk of R? to a closed Riemannian manifold N.

Lemma 3.1. Assume that u satisfies the assumptions of Proposition 1.2. Then
there are constants ). > 0 and C > 0 such that

(3-1) f |Vul> < Cr*
B,

for r small enough.
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Proof. Because we only need to prove the lemma for r small, we can assume that
E(u, B) < &g. Letu*(r) : (0, 1) — RX be a curve defined by

1 2
uw (r) = o / u(r,0)do.
0

Then

ot _ 1 [T oy,
or 2w J, or

On the one hand, we have

2
/ VuV(u—u*)Zf <|Vu|2—‘a—”‘ )
Bz—kl\Bz—k—lt Bz—kl\Bz—k—], ar
> %f Vul? —c@™*n'™,
By \By—k-1,

where the second inequality makes use of (2-5).
Summing & from O to infinity, we get

/VuV(u—u*)Z%/ |Vul> = Ct'.
B; B,

On the other hand,

f VuV(u —u™)
B,k \By—k-1,

=—/ (u—u*)Au—i—/ 8—M(u—u*)
By i \By i1, 8(By «\By x_1,) OT

:—/ (u—u*)(r(u)—A(u)(Vu,Vu))—l—/ —(u—u®).
B 3

r—k\By—k-1, (By-k\By—i-1)) OF

Hence, by summing k from O to infinity, we get

f VuV(u —u®)
B,
o0

<D = Lo, \Bys) (||A||Loc /B

|Vul? + C(2_kt)1_“>
k=0 2=k \By—k—1,

< e/ |Vu|2+Ct1”+f CTy—
B, 3B, or

Note that we used Corollary 2.2 and ensured that € is small by letting ¢ be small.
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L5 ) (f, 1w
b d@) ([ a_;rd@y
i/o ( ’ +1 Br‘ )de_ifag,m"z'

Combining the two sides of the inequalities and letting € be small (we can do this
by letting ¢ be small), we conclude that there is a constant A € (0, 1) such that

Note that

s, a(u—u

I/\

A |Vu|2§zf |Vu|> +Cr' ™,
B; J0B;

Set f(t) =/, B, |Vu|?. Then we get the ordinary differential inequality

(&)/ > —Cr 7,
tk

Letting A be small enough that A +a < 1, we get
r=[ 1vupsce
B,

for ¢ small enough. U

Proof of Proposition 1.2. Let ry = 27% and v (x) = u(r¢x). Then

1
25
2‘ -
(/ |Vl “) < Cllvk — vkllw22(B\B))
B)\Bi
1

1
2 2
< (/ |Vvk|2) +C(/ r,3|r|2> .
B4\Bl/2 B4rk\Brk/2
Therefore we deduce that

S Ay
f |Vvk|2“§C</ |Vvk|2> +C</ r,§|r|2)
B\ B B4\Bi )2 Bay \Br 2
50(/ |V oy > +Crpt,
B4\Bi 2

Note that when £ is large enough,

/ [Vul> < 1.
B4rk\Brk/2
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Hence

S
r,fszf |Vul> < c(f |Vu|2> +crpt
BZrk\Brk B4rk\Brk/2

< c/ IVul> 4+ Crpt .
B4rk\Brk/2
This implies that
/ IVu|> < Cr,f_z‘vr,? + Cr,?‘z“’.
B2rk\Brk

Now choose s > 1 such that 2s —2 < A/2 and 2 — 2sa > 0. There exists a positive
integer kg such that when k > k,

/ |vu|28 < C(z(—k/Z)k + 2—]((2—23%1))'
By—k+1\By—k

o0
Therefore fBr [Vul* <C > (2(ADk 4 2—kQ=2sa)y < C for any r < 2~ko+1 which
completes the proof. k=ko (]

Proof of Theorem 1.3. Note that

p/2
f lT(u)|P < CQ275)>7F ( / |r<u>|2) < Cc@*y2rora,
By—i\By—k—1 By—i\By—k—1

Summing over k from O to infinity, we deduce that fB [T (w)|? <C for p<2/(1+a).
Recall that we have proved that Vu € L?*(B) for some s > 1. Hence, by standard
elliptic estimates and the bootstrap argument, we can deduce that

ue ﬂ W2P(B, N). 0O

2

l<p<1+a

4. The bubble tree structure

Energy identity. Assume that {u,,} is a uniformly bounded sequence in W'2(B, N)
and that there exists a constant C, independent of n and ¢, such that

(g, ) ety

for some 0 < a < 1 and any O < ¢ < 1. In this section, we will prove the energy
identity for this sequence. For convenience, we will assume that there is only
one bubble w, which is the strong limit of u,(r,.) in W:2(R?, N). Under this
assumption we can deduce the following by a standard blowup argument.
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Lemma 4.1. For any € > 0, there exist R and & such that

2 2 Rry,
4-1) |Vu,|” <€~ forany re ,26 ).
B2\ B;. 2

Proof of the energy identity. For a given R > 0, we have

lim | |Vuu|*>= lim |Vu,|* + lim |Vun|? 4+ lim |Vu,|?,
n—oo B n—oo B\Bg n—oo B&\Ban n—oo Ban

lim lim IVu,>= [ |Vu|?’, and lim lim Vu,|>= [ |Vol?,
§—0 n—>o0 3\35 B R—00 n—o0 Ban RZ

Hence, to prove the energy identity, we only need to prove that

(4-2) lim lim lim |Vu,|> =0.
R—00 §—0 n—oo B3\ Bk,
The proof is a little similar to the proof in the previous section. We assume that
8 = 2" Rr,, where m, is a positive integer.
On the one hand, we have

du, |
/ Vu,Vu, — M:) > / (lvun|2 - ‘ - )
BZern\BZk_ern szan\sz—ern ar
=1 Viea = C@ R .
B

2k an\BZk’l Rrp

This implies that

/ ViV, —ut) > %/ |Vu,|> —Cs8'.
Bs\Bgr, B\ By,

On the other hand, we have

/ Vu,V(u, —uy)
Bok gy \Bok=1gp,
u,,

=— (up —uy)Au, + (U —uy)
d
Bok gy \Bok=1 gy, d(Byk gy, \Byi—ig,,) OT
= - / (up — u:)(f(un) — A(un)(Vuy,, Vuy))
Bok gy \Bok—1 gy, 9
u
+f —"
3Bk gy, \Bok—1gp,) or
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Summing from 1 to m,, we deduce that

/ Vu,V(u, —u})
Bs\ Brr,

my

<Y ln = w LBy, By 1) (||A||Loo /B |V, |* + C(z"an>1“>

k=1 Zern\BZk_ern

dJu
+/ z (up — M:)
3(Bs\Bgy,) O

fe/ |Vun|2+C81_“+/ (ty — ).
Bs\Bky, d(Bs\Brn,) 07

Comparing the two sides, we get

(1—2¢) |w,l|25c51“+2/
B\Bry, d(Bs\Bry,) 07

2\ !
) ([, o)
dB;
NS 2 9 12 \2
f 21 do
o |96

2 2 52 (2"

+ do = = |Vu,|>do.
2 0

As for the boundary terms, we have

ouy,
(up —uy) < (/
/335 ar " 3Bs
2
[
( 0 0
21
< %/ 8=
0

Now, by the trace embedding theorem, we have

ouy
ar

IA

ou,
00

2T
/ |wn<-,5>|26d9=/ Viun (-, 8)2dSs
0 dB;

2
< C5||Vun||W1‘2(B35/2\BB/2)

- 2
=< CS ”Mn —Up ”WZ‘Z(BSB/Z\B(S/Z)

1
= CO(SIVunI2 g + 1@ 22 05, )
< C81—2a

for § small. From this we deduce that

Aty * 2(1—
— < C8 ( a).

Similarly we get

0
/ U g — ) < C(Rry)21-9,
a
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for n big enough. Therefore

(1—26) IVun|2 SC(Sl*a+C52(1*a)+C(an)2(lfa),
BB\Ban

which clearly implies (4-2), and we are done. ([

Necklessness. In this part we prove that there is no neck between the base map u
and the bubble w, that is, the C° compactness of the sequence modulo bubbles.

Proof. We only need to prove that

(4-3) Jim lim lim Oscg, gy, un = 0.

Again we assume that § = 2" Rr,, and let Q(¢) = Byi+ g, \ Byt gy, . Similarly
to the proof of the previous part, we can get

(1—-2¢) Vi |?
ok
< 2Ry, / Vi |* +2°7Rr, f Vi |* + C 20 Rr,) ' .
IByietig gy, IBytg—t gy,

Set f(t) = fQ(t) |Vu,|*. Then we have

I-20f)=(A-2)f(k+1) < @f’(kik 1)+ C@Rr,)'

fork <t <k+1.
Note that

flk+1) = (1)

ouy, ou
* n *
= / ar (ui’l - Mn) + ar (ul’l - un)
(B et i+ ., \Bortio ) I(Byig—t gy, \Byig—k=1p,, )

< CQ2"t0Ry,)?1-9),

Therefore
_ L / t+1o 1—a
(4-4) (1=20f(0) = o5 F(O+CQ TR~

It follows that

(27(1*2€)lf(t))/ — 27(172€)tf/(t) _ (1 _ 26)27(172€)[f(t) 10g2
> _C2(1—a—(1—26))t(2toan)l—a'
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Integrating from 1 to L, we get

L
2_(1_25)Lf(L) _ 2—(1—2€)f(1) > _C/ 2(1—a—(1_2€))l(2l0an)l—u
1
2(1—a—(1-2€))1 L. -
= Crogatiz—a=ti—2ey |, & R

> —C(2"Rry)' ™.

Therefore we have
(4-5) F() < f(L)2~1=29E=D 4 c2Rp,)! 4.

Now let 79 =i and D; = Byi+1 gy, \ Baigy,- Then we have f(1) = [, Vit
and the inequality holds true for L satisfying

Q(L) c BS\ BRr,, = Bomn Rry, \ BRr,, .
In other words, L should satisfy i — L >0and i+ L < M,,.
(D) If i < m,,let L =i. Then

f)= / |V |* < CE*(un, Bs\ Brr,)2~ 72 + C(2' Rry)' 7.
D;UD;_
(D) If i > 1my, let L =m, —i. Then
fy= f |Vuun|* < CE*(un, Bs\ Bgy,)2” ' 7290 =D 4 C(2' Rry)' 2.
D;UD;_;

Hence we have

my
> E(uy, Di) < CE(uy, B5\Bgy,) ( 2 2T ) i 26/(2))

i=1 l< 3My i>5 mn
m}l

+C Y (2 Rry) 07
i=1

< CE(uy, Bs\ Bgy,)+C3( /2,

Thus we get

my

OsCp\ By, ttn < C Y (E(un, Dy) + (2 Rry)' ™)
i=1
= CE(un’ BS\ BRr,l) + C(S(l—a)/Z'

Clearly this implies (4-3), as needed. O
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