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RIEMANNIAN SUBMERSIONS COMMUTING
WITH THE LAPLACIAN

S. I. GOLDBERG & T. ISHIHARA

1. Imtroduction

Let M and N be smooth Riemannian manifolds. Let Ay = da + éd: \* (M)
— /\? (M) denote the Laplace-Beltrami operator on the differential p-forms of
M. Define the set

(M, N) = {p: M — Nig is a smooth surjective mapping with
rank ¢, > 1 and ¢*4%54 = A%¢*A for all 4 € A\? (N)}

of pth Laplacian-commuting mappings. If 2?(M, N) is empty, it is said to be
trivial. The condition on the rank is not necessary in defining 2°(M, N) because
any surjective mapping ¢: M — N with ¢*4y f = A,,¢0*f for all smooth functions
Jfon N satisfies rank ¢, = n = dim N. In this paper, we ask for the mappings
contained in Q7(M, N). Watson [4] showed that ¢: M — N is contained in
%M, N)ifand only if it is a harmonic Riemannian submersion. He also proved
that the nontriviality of 22(M, N), p > 0, implies that the elements of Q?(M, N)
are Riemannian submersions. We therefore ask for the Riemannian submersions
which commute with the Laplacian. It is an immediate consequence of our main
result that @(M, N) = Q*(M,N) = ... = %M, N).

In § 2, the basic facts of a Riemannian submersion will be described, especially
its structure tensor. Several relations between the curvature tensors of M and N
and the structure tensor are given in § 3 .The set 2%(M, N) is studied in § 4, and
in the last section the set 22(M, N), p > 2, is examined.

2. Riemannian submersions

Let M (resp. N) be an m (resp. n)-dimensional manifold with Riemannian met-
ric dsy, (resp. ds}), and let ¢: M — N be a Riemannian submersion. Then we may
assume n < m; for, if m = n, a Riemannian submersion (Riemannian covering)

commutes with the Laplacian [4]. We choose local forms w,, - - -, w,, on M and
6y, - -+, 8, on N such that ds%; = Ya?, ds} = 26, and
(2'1) 60*(01) = W, l = 17 s
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(In the sequel, the indices i, /, k, - - - run from 1 to n; a, b, ¢, - - - from 1 to m,
and @, 8, 7, --- fromn + 1 to m.)
The structure equations of M are

(22) da)a = Zwb A WDpq s dwab - Z'a)a,c A Wep — %ZRa,bcdwc A @q

where w,, = —w;, and the R, are the components of its curvature tensor.
The components of the curvature tensor of N will be denoted by K, ;.
Taking the exterior derivative of (2.1), we get

ZCl)j A (90*611 — Cl)ji) — Z(I)a A Wo; — 0.
This allows us to put
(23) Cl)ji — 90*0‘71 = ZLjiaa)a N Wi, = ZL‘Zaawa, 5

where L;;;, = 0, L;;, = —Ly,,, Ly, = L;,y and L, = L. In the sequel, we
will drop ¢* from such formulas when its presence is clear from the context.
We call the tensor, whose components are the L;,,, the structure tensor of o. If
2Ly, = 0, thatis, if YL,,, = 0 (resp. L;,, = 0), ¢ is called a harmonic (resp.
totally geodesic) mapping.

The inverse image ¢ '(x) of a point x of N is said to be a fibre of ¢. A fibre
of ¢is a closed submanifold of M of dimension m — n. It is evident that w, = - - -
= w, = 0 on the fibres, and that the restriction of Jw? to a fibre gives the in-
duced Riemannian metric. The L,,, may be regarded as the second fundamental
forms of the submanifold ¢~'(x). Hence, if YL,;,, = 0 (resp. L;,, = 0), then
¢~ !(x) is a minimal (resp. totally geodesic) submanifold of M. Suppose M is
complete. Then M becomes a fibre space in Ehressman’s sense. If, moreover, the
fibres are totally geodesic, ¢: M — N is a fibre bundle with structural group the
Lie group of isometries of a fibre [1], [2]. The horizontal distribution, which is
defined by w,,, = -+ = w, = 0, is integrable if the L;;, = 0. If M is com-
plete, and the L,,; and L;, vanish, then A is locally the Riemannian product of
a fibre ¢~'(x) (x is any fixed point of N) and ¥, that is, there is an open covering
{U,} of N such that ¢~}(U,) is isometric to the Riemannian product ¢~'(x) X
U,

3. The covariant differential of the structure tensor

The components L,,;, of the covariant differential of the structure tensor L,,;
are given by

(31) Ligpe0e = dLygp + ZLja,bﬂji + Licy®eq + ZLz'acwcb .

This yields, in particular, by means of (2.3),



RIEMANNIAN SUBMERSIONS 141

(3‘2) Lijka = —'Z(L?lkaLjaa + Lijzszua) .

Differentiating (2.3) and using the structure equations (2.2), as well as their analo-
gues in N, we get

3.3) Ligse — Ligor = Rigpe — 20405001 K jur -

From this and (3.2) it follows that

34 Ryw— K = SLaLyee — Lol + 2LigLiss) -

Contractihg (3.3), we obtain ; ‘
Z(L'Zjaa - Liaaj) = Rz’j — Kij ’ Z(Liaaa - Liaaa) =Ry, ,

where R,; (resp. K;;) is the Ricci tensor given by IR, ;. (resp. XK, ;). Since
2L, = 0implies XL,,,, = 0, the above equations lead us to
Lemma 1. If ¢ is a harmonic mapping, then

(3-5) ZLiju,a = Rz‘j - Kz‘j s ZLiaaa = R, .

If the L,;, vanish, then the L;,;, have a simple form. In fact, from (3.1) we get
Lemma 2. Ifthe L;;, = 0, then,

(3-6) Lijka =0, Lijak =0, Lija,a = _Z'szTLjﬁr .

4. The Laplacian on functions and 1-forms

In this section we study the set QYM, N). The sets Q?(M, N), p > 2, will
be discussed in the next section.

The following lemma is useful in finding conditions for a mapping to com-
mute with the Laplacian.

Lemma 3. Let x be a point of N. For given | <, < ... <iy<nandl <
k < n, there exists a smooth p-form A = XA;..;0; /\ --- N\ 0,,, where the
sum is taken over all j, ---,j, with j; < --. < j, such that Ajy..,;,(x) =0,
Asysyi(x) = Land all other A, ... ;, , vanish. The 4;, ... ; . are the coefficients
of the covariant differential of A.

Proof. Let ({x;}, U) be a normal coordinate system at x, and let ' be an
open subset of U. For given constants C,, C;, - - -, C,, there is a smooth function
h on N satisfying A(x) = C,, 0hfox;(x)=C,, i=1, ---,n,and A=00n M — V.
Since {x;} is a normal coordinate system, covariant differentiation at x with
respect to 9/dx® is identical with ordinary partial differentiation. Thus a smooth
p-form can be constructed whose covariant differential takes arbitrarily given
values at x. The desired result now follows easily.

Let / be a smooth function on N, and put df = 3 f;8,. The covariant differ-
ential of df is given by 3 f,;0; = df; + 2 f,0,;,. Then Ayf= —23f,. Similarly,

“Jp
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Ayo*f = —3f,; — 2 f;L;,.. The commutation condition ¢*4yf = 4y¢* f may
then be expressed by 2 f;L;,, = 0. Applying Lemma 3, we obtain

Theorem 1. Let ¢ be a smooth mapping from M onto N. For any smooth func-
tion f on N, Ayo* f= @*4y f if and only if ¢ is a harmonic Riemannian submersion.

This was first proved by Watson [4].

Let A = X A;¢p; be a 1-form on N. The components A,; of the covariant dif-
ferential /A are given by 34,0, = d4, + 2A,0,;,, and the components 4;;
of the second covariant differential /%4 of 4 are given by ZAZ gl = dA;; +
SAyby; + Ay, Set ¥4 = I 4,0, and Vup*d = ZAaba)a A wy. Then
A, = AZ, /Ia =0, 4, = A”, Ay = SA;L0 Ay = SA; L0 Ay = SA;L;,,,

i=1, ca=n+ 1, , m. Moreover, the components of F'5,¢*4 are
/ij = Aijk + ZALLLijIc P
(4 1) /Iz'a,e = ZAlLliaﬂ + ZAiLLLa,B )
' /Iazj =24 Llazj + ZALjLLai =+ ZALiLLaj »

Aoy = 2A L,

To deduce the first equation of (4.1), we use (3.2). Since Ayo¥A = —3(Agyy —
AR )wand o* Ay A = —3(4,;; — A,K;)w;, formula (4.1) yields
Lemma 4.

i3

2 Aye*A — ¢*AyA = S{A;(R;; — K;; — X Lj00) — Ay L }oy
+ Z{A,(R;, — ZLje0e) — 2245 L 5 0, .

We introduce the operator H: A' (M) — A'(M) defined by H(2B,0,) =
2 B;w;. This definition does not depend on the choice of the local forms w,.
Using Lemmas 1 and 3, we obtain from Lemma 4

Proposition 1. Let ¢: M — N be a Riemannian submersion. For any 1-form A
on N, H(dy@*A) = ¢*AyA if and only if ¢ is a harmonic Riemannian submersion.

If 4y¢0*A = ¢*4yA for any 1-form A, then ¢ is harmonic, and XL;,,, = Ry,
by Lemma 1. Hence the coefficient of w, in (4.2) vanishes if and only if the L ,,
= 0. Conversely, if YL;,, = 0 and the L;;, = 0, then (4.2) implies 4,¢*4 =

¥4y A for any 1-form A. Thus we have

Proposition 2. Let ¢: M — N be a smooth surjective mapping with rank ¢, >
1. For any 1-form A on N, dy,¢*A = ¢o*AyA if and only if ¢ is a harmonic
Riemannian submersion and the L,;, vanish.

5. The Laplacian on p-forms

Let 4= ZAZ1 iy N oo NG, be a p-form on N, and set ¢*4 =
ZA,L1 Wy AN\ o N g, Then A,1 vip = Ay, and all other components
vanish. Denote the components of V/y A (resp. Vp*A) by A,,....,,; (resp. /Ial,..ap,b)

and the components of I3 4 (resp. Vip*A) by A,,...., ;, (r€sp. A,...q,.s.). We have
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D
dyAd = — 2 <Z Ail---ip,jj - 212 Ail--~ip_1jip+1-niijip
F] p=1J
?
+ ; 21 Aiyeipsitpaviomsjiorreighiipiis )0 /N 2 AN By
ok i)

as well as a similar expression for 4,¢*4. Put
5.1 dyo*A — ¢*AdyAd = 3B, ..., 05 N\ -+ N @, .

As in the previous section, 4
A

az--appe CAN be expressed in terms of the 4;,...; ,
Taeerip, o Agyip,ins Liay and Lyo,.. For example,

~ D
Ailn-ip,ij = Ail---ip,ij - :1;1 JZ': Ail---ip_lkip+1-uip(LijnLkipa - LkiaLi,,ja) .
Employing relations of this type, we get
Lemma 5. The coefficients in (5.1) may be expressed as

D
Bil---ip =X 2 Ail‘-"ip—liip+1--~ip<’Riip - Kiip -2 L'Lioaa>
o=1 1 a ’
(5.2) ,
+ X Ail---ip—1iip+1-~-i,,_1ji,,+1-~-ipLz'jaLip'i,,a

pFo t,
«

Ai1-"ip,iLiaa H

i,a

.

Bil'~-ip_1aip+1---ip = Z Ai1-~-ip—1iip+1---ip<‘Ria - Z Liaaa)
a

[

?
(53) -2 Z Z Ai1~--ip—1iip+1-~-in—1jia+1--~ip<Riajia + Zﬁ: LiaﬁLjiaﬁ>

a=1

- 2 Z Ai1---'£p_1iip+1---ip,jLija >
%7

Bil-“ip—laip+1'"ia—lﬁia+1--~ip
G4
= Z Ail"'ip-l"'iﬂ*1"'ia—1jia+1"'ip<Rija¢9 + 2 ZLiaaLjﬁa) )
457 a
{5’5) Bal...a...ﬁ...g,p == O .

If for any p-form A, the corresponding B,,...;, vanish, then from (5.2) and
Lemma 3 we have 3L;,, = 0. If, in addition, the B;,...;,_ui,,y...;, = 0, then (5.3)
implies that the L;;, = 0. Conversely, assume 3Z,,, = O and the L;;, = 0. Then
by Lemmas 1 and 2 we conclude that the B,,...,, = 0 for any p-form A. Taking
account of Proposition 2, we obtain

Theorem 2. Let ¢: M — N be a smooth surjective mapping with rank ¢, > 1.
Let p(>>1) be fixed. For any p-form A, Ayo*A = ¢* Ay A if and only if o: M — N
is a harmonic Riemannian submersion with integrable horizontal distribution.
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Corollary 1. Q'(M, N) = QM,N) = ... = Q™(M, N).

It was shown in [4] that if 27(M, N) is nontrivial for a fixed p, then b,(N)
< b,(M), where b, denotes the p-th betti number. Thus

Corollary 2. Let ¢: M — N be a smooth surjective mapping with rank ¢, > 1.
Then a necessary condition that ¢ be a harmonic Riemannian submersion with
integrable horizontal distribution is b, (N) < b,(M) forallp =1, - -+, n.
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