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THE FIRST NONZERO EIGENVALUE OF THE p-LAPLACIAN ON
DIFFERENTIAL FORMS

SHOO SETO

ABSTRACT. We introduce a generalization of the p-Laplace operator to act on differential
forms and generalize an estimate of Gallot-Meyer [3] for the first nonzero eigenvalue on
closed Riemannian manifolds.

1. INTRODUCTION

Let (M, g) be an n-dimensional closed Riemannian manifold. Motivated from the vari-
ational characterization of the Laplacian eigenvalue problem, we define the LP-Dirichlet
integral on k-forms (introduced in [12]) by

1) fmw3@WMW+Mww,aenﬂM»

where d* is the L*-adjoint of the exterior derivative d. Note that F[a] = 0 if and only
if « € H*(M), that is, the minimum is zero and is attained for harmonic k-forms, i.e.
a € ker(d) Nker(d*). For a nonzero infimum we consider the space

@) fu:{aewmmwM»|ﬁﬂmszAﬂww%mwzaweH%M@,

where the space WHP(QF(M)) is the (1, p)-Sobolev space of differential k-forms defined in
[12]. See §3 for the precise definition. Computing the Euler-Lagrange equation leads us to
the defining the following operator

Definition 1.1 (p-Hodge Laplacian).
(3) Ay = d*(||da|P2da) + d(||d*a||P2d @), «a € QF(M).
When p = 2, this becomes the usual Hodge Laplacian. For p # 2 and o € C®(M) A,
becomes the usual p-Laplacian. The corresponding eigenvalue equation is given by
(4) Ay = Na|P e, o€ QF(M)
and the variational principle tells us that
A =1inf{Fla] | o € Ai}.

See §3 for details. When p = 2, there is much work on the spectrum of the Hodge-Laplacian
acting on differential forms. Among many others, we point out the work of Gallot-Meyer
[3], [1] who show an estimate of the first eigenvalue using bounds from the Weitzenbock
curvature on compact Riemannian manifolds. For manifolds with boundary, among many
others, see works of Kwong [5], Savo [11], Raulot-Savo [10], and references therein.
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2 SHOO SETO

For p # 2, the p-Laplace eigenvalue problem on 0O-forms (functions) has attracted much
attention. See notes by Lindqvist [0] for a general reference on the p-Laplace equation. For
estimates on the first eigenvalue relating to the curvature, among many other works, see
Matei [7], Naber-Valtorta [9], Seto-Wei [13] for eigenvalue estimates with Ric > K, K € R.

Remark 1.1. There is also a related notion of p-harmonic k-forms which looks at the
minimizer in a cohomology class of k-forms with finite LP-norm, i.e.

inf / | ee]|P.
ocEHg(M) M

The critical point of the variation leads to the following definition of p-harmonic, for closed
k-forms a, if
* L pk -2 _
d, = d* (||l "a) =0
then « is p-harmonic. See [1] and references therein.

In this paper we prove the following lower bound estimate for the first eigenvalue

Theorem 1.1. Let M™ be a closed Riemannian manifold with the eigenvalues of the curva-
ture operator bounded below by H € R and p > 2. Then

k(n — k)

PV -
27 0+ &2)

where

c k n—k
= max :
k+1'n—Fk+1
Remark 1.2. When p = 2, the above recovers the estimate due to Gallot-Meyer [3] (see
also [1]), for 1 <k < 3,

The organization of this paper is as follows. In §2 we review some known estimates for
differential k-forms. In §3 we show that the infimum can be characterized as an eigenvalue
problem. In §4 we give the main estimate. In §5 we give a brief discussion on boundary
conditions for differential forms and possible future directions.

Acknowledgments: The author would like to thank Prof. Zhiqin Lu for very helpful
discussions, suggestions and constant support, and to Prof. Guofang Wei and Prof. Qi
Zhang for discussions and encouragement on the problem. We also thank Prof. Nguyen
Thac Dung for letting of know of an improvement on the constant, see Lemma 2.2.

2. SOME ESTIMATES ON QF(M)
We first recall the Weitzenbock curvature

Definition 2.1. Let p € M and let {E;}, be an orthonormal frame at p. Then for
a € QF(M), define the Weitzenbock curvature Wy by

Wi(a)(X1,..., Xp) ==Y (R(E;, X)a)(X1,..., By, ..., Xp).

Note that on 1-forms, this is simply the Ricci tensor.
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If the eigenvalues of the curvature operator are bounded by H € R, we can show that
(5) (Wi(), @) > k(n+1— k) Hl|a|*.

The Weitzenbock curvature shows up in the main tool we will use in obtaining our estimate
is the Bochner-Weitzenbock formula for k-forms

(6) %AH@!F = (A, a) = [[Va]* = (Wi(a), a),

where A := Ay = dd* + d*d. Note that for exact 1-form o = df, since Vdf = Hess f, the
usual Cauchy-Schwarz inequality will give us an estimate on the middle term. For k-forms,
we will need the following proved by Gallot-Meyer

Lemma 2.1 ([3]). Let o € Q%*(M), 1 <k <n — 1. Then

1
(7) IVall* 2 - ldall” + ld" .

n—k+1
We give a proof for completeness. The proof we give is in the context of conformal Killing
forms and can be found in various sources, for instance, [3].

Proof. Consider the two linear maps
L TM @ QF(M) — QF1(M)
(v, ) = Ly
and
A QY M) @ QF (M) — QFFH (M)
A(B,a) =B Aa.
Let ¢* and A* be their metric adjoint. Then
Not*(a) =0 and 1o A*(a) =0,
so that we get the decomposition
TM @ QF(M) ~im(/*) @ im(A*) @Y
where Y is the orthogonal complement. By direct computation, we have for a € QF(M),
to(a)=(n—k+1aand AoA" (a) = (k+ 1)a.
Viewing Va € T(TM ® QF(M)), From the decomposition,
Va=1"06+ N+,
applying ¢, we have
Va=n—-k+1)5.

So the projection operator onto im(¢*) is given by

L* - -
TV e Va
and similarly

1
Va=—— A" AVa.
meVa =y o
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Let T := mp(Va) the projection onto the orthogonal complement space. Since
do = AN(Va) and d*a = —1(Va),

we have the decomposition

1
d —X*Ad"
k—i—lLXCH_n—k—i-l @

TOé(X) = VXCY —
and taking the norm gives us

1 *
Vel = ITal* + = Idal® + ld*a?,

n—k+1
which implies (7). O

Remark 2.1. The projection operator T' defined above is called the twistor operator and a
form a € QF(M) is called a conformal Killing form if Taw = 0.

The following lemma was pointed out by N.T. Dung and gives us a way to control the
interior product by using an orthogonal decomposition of forms as the image under an interior
product.

Lemma 2.2 (Lemma 3.5 [2]). Let V € TM, a € Q! 3 € QF. Then
[{ever, B)] < V[l B1l-

3. VARIATIONAL CHARACTERIZATION OF THE EIGENVALUE

In this section we will compute the Euler-Lagrange equation of (1) and show that the
extremal problem can be reformulated as an eigenvalue problem. Analogous to the 0-form
(function) case, we will look at weak solutions lying the (1, p)-Sobolev space of differential
k-forms first defined by Scott in [12] as

WH(QF(M)) := {a € W(Q"(M)) | a,da, d*a € LP(Q*(M))}

where W (QF(M)) is the classical Sobolev space of k-forms, i.e., « is locally integrable and
admits a generalized gradient.

Definition 3.1. We say that ) is an eigenvalue, if there exists a k-form o € W'P(QF(M))
such that

/ |dalP>(da, dB) + / | alP~>(d"a, d*B) = A / P2 (a, B),
M M M

for any 8 € C=(QF(M)).

We will show the first nonzero eigenvalue \; can be characterized as the infimum of the
LP-Dirichlet energy over the space A given in (2).

Proposition 3.1. For closed manifolds M and p > 2,

A1 = inf {/ lda||P + ||d*a||P | o € Ak} :
M
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Proof. Let w be a fixed harmonic form and let §(t) € A for small ¢t > 0 such that 5(0) = a.
Computing the first variation of (1), we have

GFBON| =p [ ol o, a3 ) + e, ' (0)

dt

—p /M (Agar, B(0))-

Next we compute the variation of the constraints so that

d
g 1] =p [ lape o)

nd
d _ _ _
G 18w = -2 [ el a0 aw) + lall B 0),w)
M M
By Lagrange multiplier method, there must be some A and p such that for 3 € QF(M),

[ @y =x [ lalr a8+ [ ol o Baw) + ol (5.0,

Setting 0 = w, we have

a

t=0

0= 1 /M a4 (a, )2 + [l P~2|wl)?

so that g = 0. Therefore,
Aya = Ma|P2a.

4. PROOF OF THEOREM 1.1

We will consider the following integral

/M(Apa,Aa>: /M (A, dd*a) + / (A, d*da).

M
Let a € QF(M) be an eigenform satisfying (4). Then

/M (A, d*da) = A /M lal"2(a, d*da)
A /M (d((lof”2a), da)
A /M (@((lof”2) A, da) + A /M P2 da?

(8)

and

/(Apa,dd*a>:)\/ a|P~*(a, dd* )
M M
) [ @ (lalr2a). )
M
= [ Jalpdral? = [ Gjapaadia)
M M
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On the other hand, by using the Bochner-Weitzenbock formula (6) we have
| @a.n0) =2 [ Jal 2o, a)
M M

(10)
= /M (0 = 2l 2V [lall* + lalP~2Val* + la]P~2(Wi(a), @) .
Combining (8), (9), and (10), we obtain

| el navda) = [ spapaidiar+ [ Jalpdal+ [ alptaal?
N /M ((p = 2)llalP2|V]|a]|* + [laP2[Val? + alP~2(Wi(a), o)) .

Using Lemma 2.2, the first term of (11) can be estimated as

/ (d(llallP2) A o, da) = / (@0, g2 (da))
M M
< / IVl dadlal
M
—(p-2) / ol %22 [V el a2 | da]
M

(p—2) _ (p—2) _
< ol 2||V||0é||\|2+—2 [ atl[P~2 | dex]|?
M M

and similarly for the second term,
—/ (tw)afp—2a, d"ar) < / IV [l P=2[lee|fl|d* ]
M M
p=2 p=2
=(p—2)/MHOéH > [[Vlalif{fled = fld"a]]
< lal" IV llallll® + === [ llalP?lld o]
M M

2
Applying these estimates to (11), we get

—2)+2 —2)+2
Al Rk el | der]|* + Sk L ledllP=2]1d"ee]®
2 2
M M

> / lalP2(Val? + / lalP2(Wi(a), )
M M

1 1
> — P2l dey |12 —/ =2 I* I / P=2(11, '
= k+1/M”O‘” ldal® + - | Nl ldal*+ | flal2(Wi(), a)

O~ ma k n—=k
S WA A

e () (], )

Let

Using
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[ taiaa< ([ Haup)l_’% (/ Hd*all”)i,
o) () () ()]

> /M lallP2(Wi(a), o).

For p > 2, and using the lower bound of the Weitzenbock curvature (5), we have

i (e B2 (f ||a|rp)1_’2’ (/Mudauuud*aup)izze(n—k»H [ tal

Using the fact that [, |[da||” + ||d*a|? = X [,, |a]|? for eigenform «, we get

2 k(n —k)
Nz (Z+@>

and

we have

5. BOUNDARY CONDITIONS

In this section we briefly discuss the situation of a compact manifold M with nonempty
smooth boundary OM. Let n denote the unit outer normal vector and let J : OM — M be
the inclusion. Then J*« is the restriction of a form to the boundary. Then d and its adjoint
d* are related with an additional boundary term given by

/M<da,ﬁ> = /M(a, d* ) +/8M(J*(Oz),LnB>, a € QM (M), B € QFH(M).

and the corresponding Green’s formula for the p-Laplacian is

0.8 = [ dalP*dads) + [ |@alr*ara )
= [ tallldal2da), @) + [ (P @a),wd).
oM oM

The two most common boundary conditions for the classical Laplacian eigenvalue problem
are the Dirichlet and Neumann boundary condition. For the Hodge-Laplacian, the analogous
boundary conditions are the absolute boundary condition

tpoe =0
tpdao =0, on dM

and the relative boundary condition

J*(a) =0
J*(d*a) =0, on dM.
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The essential feature of the boundary condition is that if « satisfies either of the boundary
conditions, then Aya = 0 implies do = 0 and d*a = 0. The boundary terms that will be
introduced to (11) are

[ el Aavdo) = [ rsyap-sndia) + [l Hdal + [ el 2ol
= [l ) ey +

ld|P=2(T (d ), 1a ()
oM

= /M (2= 2lalP#IVIell® + lafP 21 Val® + lal”~*(Wi(a), ) -

Since the boundary terms will vanish under either of the boundary conditions, we get the
same estimate for the boundary value problem as well. It would be interesting to see what
the Reilly formula, for instance a generalization of Theorem 3 in [10] would be in this context,
however due to the asymmetry of the weight function in the p-Laplacian, it is not immediate
what the appropriate Bochner-Weitzenbock type formula would be for A,,.
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