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ABSTRACT. In this paper, the first and second variation formulas of
the Sacks-Uhlenbeck bienergy functional is obtained. As an appli-
cation, instability and non-existence theorems for Sacks-Uhlenbeck
biharmonic maps are given.
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1. INTRODUCTION

Harmonic maps between Riemannian manifolds were first introduced
by Eells and Sampson, in 1964. They showed that any map ¢q : (M, g) —
(N, h) from any compact Riemannian manifold (M, g) into a Riemannian
manifold (N, h) with non-positive sectional curvature can be deformed
into a harmonic maps. This is so-called the fundamental existence the-
orem for harmonic maps, [2]. In view of physics, harmonic maps have
been studied in various fields of physics, such as super conductor, ferro-
magnetic material, liquid crystal, etc., [8, [9].
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Biharmonic maps, as an extension of harmonic maps, were first studied
by Jiang in 1986, [5]. In recent decade, many scholars have done re-
search on this topic. These maps play a key role in describing the model
of fluid dynamics and elasticity, [I, 3], 4} 12].

In 1981, Sacks and Uhlenbeck introduced the notion of Sacks-Uhlenbeck
harmonic maps. Let ¢ : (M,g) — (P, p) be a smooth map between
Riemannian manifolds. The Sacks-Uhlenbeck energy functional of v for
a > 1, is denoted by E, () and defined as follows:

Ealth) = /M<1+ | di ) dug, (11)

where dvg is the volume element of (M,g) and | dip | denotes the
Hilbert-Schmidt norm of the differential map dyp € T'(T*M x ¢~ 1TP)
with respect to g and p. FE, satisfies Morse theory and Ljusternik-
Schnirelman theory if > 1. The critical points of E, are called the
a-Sacks-Uhlenbeck harmonic maps. Sacks and Uhlenbeck used the crit-
ical maps s, of F,, to derive an existence theory for harmonic maps
of orientable surfaces into Riemannian manifolds. They showed that
convergence of the critical points of E, is sufficient to produce at least
one harmonic map of sphere into Riemannian manifold. Note that every
harmonic map from a sphere is in fact a conformal minimal immersion,
[11]. There have been extensive studies in this area (see for instance,
[6, [7, 10]).

In this paper, following the ideas in [5], we investigate Sacks-Uhlenbeck
biharmonic maps between Riemannian manifolds as an extension of
Sacks-Uhlenbeck harmonic maps. More precisely, we use the methods
provided in [5, 11] to study the new type of biharmonicity. Our main
results are included in Section 3. In particular, instability and non-
existence theorems for Sacks-Uhlenbeck biharmonic maps are given.
The organization of this paper is as follows. In section 2, the concepts
of harmonic, biharmonic maps are reviewed and some essential formulas
which are necessary for this paper are given. In the third section, the first
and second variation formulas for Sacks-Uhlenbeck biharmonic maps is
obtained. Then, the stability of Sacks-Uhlenbeck biharmonic maps from
a compact Riemannian manifold into an arbitrary Riemannian manifold
with constant positive sectional curvature is studied.

2. PRELIMINARIES

In this section, we recall some basic concepts which will be used later.
For more details, see ([5, [11]). Let ¢ : (M,g) — (P, p) be a smooth
map between Riemannian manifolds. Throughout this paper, we con-
sider (M, g) as a compact Riemannian manifold. Denote the Levi-Civita
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connections on M and P by V and V7, respectively. Moreover, the in-
duced connection on the pullback bundle ¥y~ 'T P is denoted by V¥ and
defined by VW = V1, W, for any X € x(M) and W € T(¢~'TP).
The energy functional of v is defined as follows

1
Bw) = [ a0 do, (2.1)
M

The corresponding Euler-Lagrange equation of the energy functional £

is given by
T(1) 1= V{dip(ei) — dp(Veeq) =0, (2.2)
where {e;}", is a local orthonormal frame field on M (here henceforward
we sum over repeated indices). 7(¢) is called the tension field of 1. In

terms of the Euler-Lagrange equation, a map ¢ is called harmonic if
7(10) = 0, [2]. Furthermore, 1) is said to satisfy the conservation law if

p(7(¥), dp (X)) =0, (2.3)

for any X € x(M), [5].
Biharmonic maps v : (M, g) — (P, p) are critical points of the bienergy
functional

1
Ba(w) =5 [ 17(0) P do, (24)
M
The Euler- Lagrange equation associated to Fj is, [5]:
() = —JV(r(¥)) =0, (2.5)

where J¥ denotes the Jacobi operator of ¢ on the sections of the pull-
back bundle ¢y ~'T'P, defined by

JY(V) := =AYV — trace,RY (dy,V)dy, V€ T(¢~'TP), (2.6)

here RP(X,Y) = [VPX, VPY] — V& Y] is the curvature operator on

P, and AV is the rough Laplacian on the sections of ¥ ~'TP which is
defined with respect to a local orthonormal frame field {e;} on M as
follows:

— AV = VEVEV -V V. (2.7)

Theorem 2.1. (the second variation formula of the bienergy functional,
see [B]) Let ¢ : (M,g) — (P,p) be a biharmonic map, and {1} be
an arbitrary smooth variation of ¥ such that vy = . suppose that
V= % lt=0 . Then the second variation formula of %Eg(wt) is given as

1 d?
3 47 oo Bav) = [ 16V, (2.9
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where

Ly(V) 1 =| =AYV — RP(dy(e:), V) dip (e;)
= p(VAVERY@(en )V + (R w(e, VIavie)
+ R (r(4), V)7(9) + 2R (dip(es), V)VE T ()

+ 2RP (dy(e;), T(z/;))v;!;\/). (2.9)

¥ is said to be stable biharmonic if ;—:2 lt=0 Ea(v¢) > 0 for every
smooth variation {¢} of ¥, [5]. In particular, 1 is called strongly stable
biharmonic if 1,,(V') is non-negative for every variational vector field V'

along .

3. MAIN RESULTS

In this section, first of all, we find the first and second variation formu-
las of Sacks-Uhlenbeck bienergy functional for o« > 1. Then, instability
and non-existence theorems for Sacks-Uhlenbeck biharmonic maps are
given.

Definition 3.1. A smooth map ¢ : (M,g) — (P, p) is said to be a-
Sacks-Uhlenbeck biharmonic map if ¢ is a critical point of the a-Sacks-
Uhlenbeck bienergy functional, F, 2, defined as follows

Poa(¥) = [ (11 7(0) )du, (3.1)
where | 7(¢) | denotes the Hilbert-Schmidt norm of the tension field of
.

In the following theorem, we calculate the first variation formula cor-
responding to the a-Sacks-Uhlenbeck bienergy functional.

Theorem 3.2. (The first variation formula) Let ¢ : (M,g) — (P, p)
be a smooth map, and Y : M — P (—e < t < €) be a smooth variation
of Y such that 9 = . Then

G o Baa) = [ p(ra ). V)i, (32)

where V = % li=0 and 7, ,(v) is defined by

Ta2(®) 1 = —AY2a(14 | 7(¢) )7 (¢)]
— tracegRP(dw,2a(1—|— | 7(v) |2)a717(¢))d¢ (3.3)
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Proof. Let U : M x (—e,€) —> P be a smooth map defined by ¥(t,x) =
Yi(x). Here M x (—e¢, €) is equipped with the product metric. Denote the
induced connections on T(M x (—e¢,€)), U~'TP and T*(M x (—¢,¢€)) ®
U1TP by V,VY and V, respectively. Moreover, let X and % be
smooth vector fields on M and (—e¢,€), respectively. The canonical ex-
tension of % and X to M X (—e¢,¢) are denoted by % and X again.
According to the above notations, we have

_ -0 0
V%Gk - Veka = [a, er] = 0. (3.4)
Now, by considering the following equations
V% dU(e;) — VEdU(+ 0 )= d\IJ[Q e] =0 (3.5)
A ot at’ v T '
and 5 5
v Y v )= i v =
V%dllf(veie ) — Ve, eZd\I/(at) d\I/[at,VeleZ] 0, (3.6)
we get,
0
S0 ) )"
0 0
= p(VEVEAY(5)) = Vg, d¥(5,) 2001+ [ m(wn) )7 r(40)

+p(RP(d‘1’(§) W (e;))dW(e;), 201+ [ () )T 7(v))  (3.7)

Let Q¢ and Z; be two vector fields on M, defined by
0 a
9(Qe, W) = p(de‘If(8 ), 2a(1+ | 7(vr) ) 7 (4)

and

920 W) = pld( ), 20T+ | () P ()

for any W € x(M). By calculating the divergence of @Q; and Z, it can
be obtained that
0

4iv(Qu) = p(VEVEAU () ~ VY, dW(5),20(1+ | 7() [ 7))
Fp(VEAD(2), 2092 (14 | 7)) 7)) (39

and
div(Zy) = P(d‘lf(aa) Ve Ve 2a(l+ | T(¢t) %) 7 ()]
= Vg, o 2o+ [ () )T ()

(Va2 20V (14 | 7(0) @) (39)

ot
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By , and , we have

d

—E, _
o Eaa(t) li=o

0
= [ G rn) P i o,

= [ (otrr @) aveparie.
20(14 | 7(¢r) [)* 77 () + div(Qy) — div(Zy)

+p(d(£), VEVERa(L+ | () ) ()]

= V8, 2ol | ) P60 ) oo

-/ <p<dw<§t>7 CAYRa(14 | ) PY )
+ div(Qy) — div(Z;) + ,O(RP(d\If(%
20(1+ | 7(t) |2>“T<wt>>) o dv,

) d¥(e;))d¥(e;),

= [ o(ve-avatue 7w Bt
M
— R (dy(e), 201+ | 7() |2)a_17(¢t)))d¢(ez)>dvg- (3.10)
By and , it can be seen that

d
GiEe2) o= [ p(7aa(0).V)do, (311)
M
This completes the proof. O

According to the theorem[3.2], the corresponding Euler-Lagrange equa-
tion of a -Sacks-Uhlenbeck Bienergy functional, E, 2 , is given by

Ta2(¥) = =AY Ra(14 | 7(9) ) ()]
— trace,RY (dip, 201+ | 7(¥0) [P)* tr(¢))dy =0 (3.12)

Ta2(1) is called the a-Sacks-Uhlenbeck bitension field of ¢. In terms
of the Euler-Lagrange equation, a map % is called a-Sacks-Uhlenbeck
biharmonic map if 7, 2(1)) = 0. The map ¢ is called non-trivial a-Sacks-
Uhlenbeck biharmonic if % is an a-Sacks-Uhlenbeck biharmonic map but

T(¢) # 0.
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Theorem 3.3. (the second variation formula of a-Sacks-Uhlenbeck bi-
energy functional) Let ¢ : (M, g) — (P, p) be a critical point of Sacks-
Uhlenbeck bienergy functional for o > 1. Moreover, let {{} be an arbi-
trary smooth variation of v such that ¥g = 1. Then, the second variation
formula of E, , (1) is given as follows:

d2
W ’tZO EQ,Q (Q]Z)t)

= /M 20(1+ | 7(¥) [2)* My (V) + p<V, Sa,p(V)2(¢)
—2aA(1+ | 7(4) DTNV = ASa (V) T(1)

¥ WP "
+2vgrad (Sayw(V))T(w) + 2v2a grad (1_,_‘7_(7/})‘2)&7“] (V)

4aRP (d(grad (1+ | 7() \2>a—1>,v>7<w>)dvg, (3.13)

where V = % li=0s Sap(V) =20 |,—o (1+ | 7(¥0) [7)27! and 1y (V)
1s defined by @

Proof. According to the notations used in the proof of theorem and
considering the equations and , together with the assumption
that ¢ is a critical point of Sacks-Uhlenbeck bienergy functional for
a > 1, we have

d2

@Ea,z (wt)

t=0

= 2a g v Avad T 2yl €;
=20 [ (w5, v {TETEI0+ 000 P ) o)

= Ve, o [ [7(0r) )07 (Ve,d ) (er)]

Vekek

- R @), (14 | i) ) (Fedb)e)av(en) | )] do,
(3.14)
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where <, > is the inner product on ¥~'T P, with respect to g and p. By
calculating the right hand side of (3.14)) , we obtain:

d2
@Ea,z (V)

t=0

0 a— =
=2 /M <d\ll(8t), <ek(ek((1+ | 7(1¢) |2) 1))V§t[(veidlll)(ei)]

(T (U 700 PP [(Fudw(en)]

t

Q|

+2ex (14 | 7(¢1) !2)“_1V§Vi[(@eid‘m(ei)]

O(1+ | 7(ve) )"
ot

+<ek<ek<a(1+ A AT)

(1, 2\a—1 _
R )

7(1y 2ya—1 ~
#2019 (v;l;vgfk[(VEid\If)<ei>]

+2ep( Ve [(Ve,d¥)(es)]

VY (T )] - R @), (T b)) ()
) P9 (VE VL Fade] - T8 (o de)e)

Ve ek

R (er), Weidwxei))dwk))»

duv,. (3.15)
t=0

Noting that

0 B
4 A vA'4 _
V' dW(e) — Ved (o) = d¥((5

i) = 0. (3.16)

By ( [5], Eq. 23, pp. 214) and (3.16) we have

V4 (T (e)] o= 3 { (FuFad®)() - (e, 0

i

=J¥(V). (3.17)
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Furthermore

ekl(14 | 7(¥) )"V VE (Ve d®)(e)

t=0

—al(1+ | (o) P R @), a ) () eo)

AVt + Ty [(Fud(e)]

=R"(V,dy(grad ((1+ | 7(¥) [H)*1)m()

) P

Y grada(a+r w7 (V) (3.18)

By and (3.17)), the latter term of (3.15]) can be obtained as follows
a— 9 v
[ 1w P (v, 94 VAV
M ot
VL (Ve d)en)]

t=0

- RP @), [(Teav)(e)hav(a) ) )| dv,
t=0
= /M(1+ | () ) My (V) du,. (3.19)
Substituting formulas (3.17))-(3.19)) into (3.15)), we get (3.13)). This com-
pletes the proof of the theorem. O

Definition 3.4. Let ¢ : (M,g9) — (P,p) be an a- Sacks-Uhlenbeck
biharmonic map and {t;} be a smooth variation of ¢ such that 1y = 1.
Set

d2

s limo B (o), (3.20)
where V = % lt=0. The map v is called stable a-Sacks-Uhlenbeck
biharmonic map if 1%, (V,V) > 0, for every variational vector fields V
along . ’

Remark 3.5. Let Id : (P,p) — (P, p) be an identity map. By
and and noting that 7(Id) = 0, it can be concluded that Id is
stable a-Sacks-Uhlenbeck biharmonic. In other words, Id is an absolute
minimum of the a-Sacks-Uhlenbeck bienergy functional.

12,(V,V) =

Theorem 3.6. Let ¢ : (M,g9) — (P,p) be a non-trivial a-Sacks-
Uhlenbeck biharmonic map satisfying , and let (P, p) be a Riemann-
ian manifold with a constant positive sectional curvature K. Assume
that v is biharmonic. Then, ¢ is unstable a-Sacks-Uhlenbeck bihar-
monic map.
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Proof. By (2.9) and (3.13]), and considering that P is a constant sectional
curvature manifold, i.e., VFRF = 0, it can be obtained that
d2
dt?

Ea,z (1/}15)

t=0

—2 T 2ya—1
=) /M<1+\ ) )

2

— AYV — trace,RY (dip, V)dy| du,

~2a [ (417 |2>a—1<p<v, RP(r(), V)r(4))
M
+2 trace, RY (dy, V)V () + 2 trace, RY (dy, T(¢))V¢V> dvy
T /M p(v, S (V)ma(t) — 2081+ | 7() ) TH(V) — A (V)7(8)
F2V) 0 (50T ®) + 40V grad (111 )a-1 T (V)

—4aRY (dip(grad (1+ | 7(¥) |*)*Y), V)T(¢)> dv,. (3.21)

According to the definition of S, ,(V'), and considering the following
equation

RP(aw( ), aw(e:)dv (e

ot
= VL VedU(e;) — ViV'sdU(e;) — VEI’@’ei]d\IJ(ei) (3.22)
we get
Sap(V)
= 205 o (1 7(00) [
= da(a = 1)(1+ [ 7(¥) ) 2p(JP(V), (). (3.23)

Setting V' = 7(¢) in (3.23)) together with the assumption that 1 is
biharmonic, i.e., 72(¢)) = —J¥(7()) = 0, it can be obtained that

Saw(T(¥)) =0. (3.24)
Furthermore, by ([2.3) we get

pldi(e;), VET(1)) = — | 7() 7. (3.25)
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According to the assumption, 72(¢) = 0, and using (2.3 and (3.24))-
(3.25)), the right hand side of (3.21)) can be rewritten as follows:

14, (r(@), (1) = /M p(r(®), dtrace, R (dip, 7(10)) VT ())dv,
| {p<dw<ez->, Ve () plr (1), 7))

= pld(en), 7)) p(r (), VL. 7() }dvg

— 4k [ o) [ dv, <0 (3.26)
M
By , It follows that
¥, (r(¥), 7()) = 0 = () = 0. (3.27)

Due to the fact that 1 is a non-trivial a-Sacks-Uhlenbeck biharmonic

map and using (3.26))- (3.27)), it can be concluded that
I3, (r(¥), 7(1)) < 0.

Thus, the map % is unstable a-Sacks-Uhlenbeck biharmonic map. This
completes the proof. O

By theorem and formula (3.23]), we get

Corollary 3.7. Let ¢ : (M,g) — (P, p) be an a-Sacks-Uhlenbeck bi-
harmonic map. Moreover, let v is the strongly stable biharmonic map
satisfying

grad (1+ | 7(¥) [)*™' = grad (p(J*(V),7(¥)))) =0, (3.28)

for any variational vector field V along v. Then, ¢ is stable a-Sacks-
Uhlenbeck biharmonic map.
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