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THE SECOND VARIATION FORMULA FOR
EXPONENTIALLY HARMONIC MAPS

LEUNG-FuU CHEUNG AND Pul-Fal LEUNG

We derive the formula in the title and deduce some consequences. For example we
show that the identity map from any compact manifold to itself is always stable as an
exponentially harmonic map. This is in sharp contrast to the harmonic or p-harmonic
cases where many such identity maps are unstable.We also prove that an isometric
and totally geodesic immersion of S™ into S™ is an unstable exponentially harmonic
map if m # n and is a stable exponentially harmonic map if m = n.

1. INTRODUCTION

A map f: M™ — N" where M™and N™ are compact Riemannian manifolds is
called an ezponentially harmonic map if it is a critical point of the ezponential energy

E(f)= /M exp (-;- I!df||2) dun.

In a recent paper [1] Hong has calculated the first variation formula for exponentially
harmonic maps and studied some of their properties.

functional.

In this note we shall derive in Section 2 the second variation formula for exponentially
harmonic maps. We shall use this formula to prove in Section 3 the following theorem
which is in sharp contrast to the harmonic and p-harmonic cases.

THEOREM 1. The identity map from any compact Riemannian manifold M™ to
itself is always stable as an exponentially harmonic map.

Recall that there are many unstable identity maps for the harmonic [4] and p-
harmonic [5] cases.

In Section 4 we shall study unstable exponentially harmonic maps and shall prove
the following result which gives many examples of unstable exponentially harmonic maps.

THEOREM 2. Let f:S™ — S™ be an isometric and totally geodesic immersion
from a m-dimensional unit sphere to a n-dimensional unit sphere. Then f is an unstable
exponentially harmonic map if m # n and is a stable exponentially harmonic map if
m=n.
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We are much indebted to the paper [1] which introduced us to the study of expo-
nentially harmonic maps.

2. THE SECOND VARIATION FORMULA

In this section we shall use the elegant method in [2, pp.20-25] to calculate the
second variation of F (f).

Let g denote the Riemannian metric tensor and V denote the Levi-Civita connection
on N™.

Let V be a vector field on N™ and let ¢, : N® — N be the one-parameter group of
transformations on N™ generated by‘V. Let f, = ¢, o f and put

B 0= [ ew (% ||df,||2) don.

We wish to calculate Ej, (0) and EY; (0).
Define two tensor fields AV, and Vy. V € Hom (TN, TN) by

AV (X) = VxV and VV’,\’ V = VviV - VVVXV-

We shall now divide our calculations into several steps in the form of a sequence of
propositions.
The next two propositions follow from definition.

PROPOSITION 3. Vv — AY = Ly where Ly denotes the Lie derivative with
respect to V.

PROPOSITION 4. Vyx V = AP (X) - AV (4Y (X)) + R(V,X)V where
R(V,X)V =VyVxV = VxVyV — Viyx)V is the Riemannian curvature tensor on N.

PROPOSITION 5. (Ly(g))(X,X)=2g(AY (X),X).

PrOOF: By Proposition 3 and the facts that Vg = 0 and AY = 0 on functions, we
have

(Lv (9)) (X, X) = (=AY (9)) (X, X) = 2¢ (A7 (X), X) .
0

PROPOSITION 6. (L&f’ (g)) (X,X)=2g (AAVW) (X),X)+2g(R(V,X) V, X)+
2||AV(X)||2. :
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PRrOOF: Using Proposition 3 and Proposition 4 we have

(£ (@) (X, X) = [(Vv - 4¥) (Vv - AY) g] (X, X)

= [-Vv (AYg) + AVAYg] (X, X)

= -Vy [(4"9) (X, X)] +2(AY9) (Vv X, X)
+AY [(4Y9) (X, X)] -2 (4"g) (4" (X), X)

=2Vy (9 (A (X),X)) — 29 (A" Vv X, X) — 29 (Vv X, A" (X))
—24Y (g (4Y (X), X)) + 29 (AYAY (X), X) +2¢ (A" (X), AV (X))

=2g(VvAY (X),X) - 29 (AYVy X, X) + 29 (AVAY (X), X)
+2g (AY (X),AY (X))

=29 (VvxV, X) +2g (AVAY (X),X) +2g (4Y (X), AV (X))

— 29 (A"V(V) (X) ,x) +2g(R(V, X)V, X) +2]|4¥ (X)|.

0
PROPOSITION 7. (First Variation Formula)
1 m
5,0 = [ [ (3101)] [Zg (A (e, f,ei)] don
i=1
where {ey,- -+ ,en} is a local orthonormal basis on M™.
Proor: We have
1
Ey(t) = / exp [Z 3 (¢:9) (fteiaftei):l dupm
M i=1
and hence using Proposition 5 , we calculate
’ 1 2 1 =
5,0 = [ [ew (F101)] [5 (Lv @) (e f,e,->] dow
M i=1
1 m
= /M [exp (-2— ||df||2)] [Zg (AY (f.€) ,fgei)] dupy.
i=1
0

DEFINITION 8: A map f: M™ — N" is called an ezponentially harmonic map if
EY, (0) = 0 for all vector fields V on N™.

PROPOSITION 9. Let f : M™ — N" be an isometric immersion. Then the
following statements are equivalent :

(a) f is exponentially harmonic.
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(b) f is harmonic.
(c) [ is p-harmonic for every p 2 2.

(d) f is a minimal immersion.

PROOF: For an isometric immersion, Proposition 7 gives

E, (0) = /M [exp (%m)] l:gl:g (4 (e.-),e,-)] dupm

which is a constant (= €™?) multiple of the first variation of the Dirichlet energy func-
tional of f and is also a constant (= (e™?2)/m{-2/2)) multiple of the first variation of
the p-energy functional of f [5, p.319].

Hence we have (a)<=>(b)<=(c).

The fact that (b)<=>(d) is well-known. 1]

PrRoPOSITION 10. (Second Variation Formula) Let f : M™ — N™ be an
exponentially harmonic map. Then

51 = [ [oo (3117)] {[Eo 04" e 1)] +z||AV (e

i=1

+ Zg (R (V, ftei) V> ftei)}de

i=1

PROOF: As in the proof of Proposition 7 we have, using Proposition 6,

B0 = [ lew (%Ildfllz)]{[zg () f.e.-)r

+% i (L(z) ) )) (f.ei, foei) }de

i=1

1 m
= /M [CXP (5 ||df||2>] { [Zg (4¥ (f-ei),ftei)] + Zg (AAV(V) (f.ei), f:ei)
i=1 =1
+ Z |a¥ (fnei)uz + Zg (R(V, fied) V, f.e&:) }dUM
i=1 i=1
By Proposition 7 we have , since f is exponentially harmonic,

/M [exp (% ||df||2)] [“;9 (AAV(V) (f.es), f.e.-)] dvp = Evy, (0)=0
0

DEFINITION 11: An exponentially harmonic map f : M™ — N©" is said to be
stable if By, (0) > 0 for all vector fields V on N™.
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3. EXAMPLES OF STABLE EXPONENTIALLY HARMONIC MAPS

Our first example is a direct consequence of Proposition 10.

ExaMPLE 12. If N™ has non-positive sectional curvature, then every exponentially har-
monic map f: M™ — N™ is stable.

THEOREM 13. Let f : M™ — M™ be an isometry. Then E, (0) > 0 for all
vector fields V on M™ and Ej, (0) = 0 if and only if V' is a Killing vector field. Hence f is
a stable exponentially harmonic map. In particular the identity map from any compact
Riemannian manifold to itself is always a stable exponentially harmonic map.

PROOF: Since f is totally geodesic it is an exponentially harmonic map by Proposi-
tion 9. Now we look at the second variation formula. As f is an isometry, {f.e1,- - - fiem}
also forms an orthonormal basis for M™.

Therefore we have

E(0) = em/?/ {(div(V))* +19V[]* = Ric (v, V) }dows,
M

where div (V) denotes the divergence of V' and Ric is the Ricci tensor on M™.
Now we apply the following formula of Yano [6, p.41, (1.11)].

/ {(div (V)* +IVV|I? = Ric(V, V) - %”Lv (g)||2} dup =0
M
to obtain

E" (0) = em/2 / ULy ()| 2dvme = 0.
M2

Clearly E% (0) = 0 if and only if Ly (g) = 0, that is, if V is a Killing vector field. [

4. EXAMPLES OF UNSTABLE EXPONENTIALLY HARMONIC MAPS.

First let us consider f : M™~! — N™ an isometric and totally geodesic immersion of
a hypersurface M™~! into N™.

Let u; = foe; fori=1,--- ,n— 1. Then {u,,---up_1} forms an orthonormal basis
of TM. Let V denote a unit normal vector field of M™~! in N™. Then {u,, - - un_1, V}
forms an orthonormal basis of TN.

LEmMMA 14. V,V=0fori=1,---,n-1

PROOF: First from (V,V) =1 we have (V,,V, V) =0.

Next from (V,u;) = 0 for j = 1,---,n — 1 we have (V, V,u;) = —(V,V,u5) =
—(V, By (u;,uj)) = 0 where By denotes the second fundamental form of M*~! in N,
which is zero in this case since M™~! is totally geodesic. 0

https://doi.org/10.1017/50004972700033207 Published online by Cambridge University Press


https://doi.org/10.1017/S0004972700033207

514 L-F. Cheung and P-F. Leung 6]

Applying Lemma 14 to Proposition 10, we obtain
E} (0) = eln /2 / —Ricy (V, V) duy
M

where Ricy is the Ricci tensor on N™.
This proves the following.

THEOREM 15. Let f: M™ ! - N™ be an isometric and totally geodesic immer-
sion of a hypersurface M™~! into N™. If the Ricci curvature of N™ is positive then f is
an unstable exponentially harmonic map.

A similar calculation as above proves the following

THEOREM 16. Let f: M™ — N™ m < n be an isometry. Assume that N" has
positive sectional curvatures. If there exists a vector field V normal to f (M) and parallel
along f (M), then Ej, (0) < 0 and hence f is an unstable exponentially harmonic map.

Theorem 2 now follows from Theorem 13 and Theorem 16.
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