BASES & COMPARISON RESULTS FOR LINEAR
ELLIPTIC EIGENPROBLEMS.

GILES AUCHMUTY

ABSTRACT. This paper describes some results about constructing and comparing, se-
quences of eigenvalues and eigenvectors of a pair (a,m) of continuous symmetric bilinear
forms on a real Hilbert space V. The results are used to describe the properties of the
eigenvalues and eigenfunctions for some elliptic eigenproblems on H!(Q) where 2 is a nice
bounded region in R, N > 2. These include eigenproblems with Robin type boundary
conditions and Steklov eigenproblems. Also a class of eigenproblems where the eigenvalue
is in both the equation and the boundary conditions. Different variational principles for
the eigenvalues and eigenvectors are introduced and convex analysis is used. Both minimax
and maximin characterizations of higher eigenvalues are described. The results are used to
prove that the eigenfunctions are orthogonal bases of specific spaces or subspaces and to
describe comparison results for the eigenvalues for different pairs of bilinear forms. Also to
obtain spectral formulae for weak solutions of parametrized linear systems.

1. INTRODUCTION

This paper will describe the construction, and some properties, of specific orthogonal
sequences of eigenvectors of pairs (a,m) of continuous symmetric bilinear forms on a real
Hilbert space V. This construction is used to prove a variety of orthogonal decomposition
results as well as conditions that guarantee that these sequences generate orthonormal bases
of (closed subspaces of) V. They enable the proofs of some very general comparison theorems
for the eigenvalues of two pairs (ay,my), (ag, me) of bilinear forms on V. Moreover the
results hold under rather simple conditions on the forms - different to many criteria used
previously. Finally they are used to provide explicit spectral formulae for solutions of
systems of equations posed in a weak form.

This analysis was motivated by a desire for such results for second-order divergence
form elliptic eigenproblems on bounded regions in R satisfying boundary conditions other
than the common Dirichlet condition. Such problems are not well formulated as linear
operator problems on densely defined subspaces of L?(2) - as the usual theory assumes.
Rather the boundary conditions and the interior equations are combined in weak formu-
lations using bilinear forms. Classes to be described here include eigenproblems involving
Robin boundary conditions in section 7 and Steklov eigenproblems in section 8. Problems
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with eigenparameters in both the differential equation and in the boundary condition are
treated in section 9. Each of these examples involves eigenproblems posed on (subspaces of)
H'(Q) where the bilinear form includes both domain and boundary integrals. One of the
original motivations was to answer a question about comparison results for Steklov eigen-
problems related to a model in cell biology described in Kazmierczek and Lipniacki [19].
The results also are related to questions about a particular system studied by Bandle, von
Below and Reichel [6].

The analysis here uses methods that are appropriate for problems posed on general
closed subspaces of H'(€2). Thus weak formulations and bilinear forms are studied directly
rather than invoking properties of the associated linear operators between dual spaces. The
systematic use of real bilinear forms enables comparison results when there are different
boundary conditions as well as different coefficients in the differential operator.

Sections 3 and 4 describe variational principles for generating specific sequences of
eigenvectors. These variational principles involve the finding suprema and infima of func-
tionals on closed convex subsets of V with the extremality conditions found using properties
of subdifferentials of indicator functionals of closed convex sets.

The proofs here use convex analysis results in place of the usual analysis involving
Rayleigh quotients and Lagrange multiplier rules - neither of which are used here. In par-
ticular this analysis doesn’t depend on the use of two Hilbert spaces (V,H) as has been
common. Minmax and maximin versions of these variational principles for the k-th eigen-
value are described in sections 5 and 6.

For the classical treatment of many of these issues see Weinberger [20] chapter 3, sec-
tions 7-9 which includes a succinct description of some monotonicity results for the eigen-
values and historical references. Subsequent descriptions of these eigenproblems may be
found in Bandle [5], chapter III which includes an introduction to Steklov eigenproblems.
A treatment of eigenproblems based on bilinear forms on pairs (V, H) of real Hilbert spaces
may be found in Blanchard and Bruning [10], chapter 6. They, and many other PDE texts,
use such formulations to prove results for Dirichlet eigenproblems. In particular compar-
ison results for the spectra of self-adjoint compact linear operators based on min-max or
max-min principles may be found in Zeidler [21], section 22.11.

In this analysis, the bilinear form m is generally required to be weakly continuous
but need not be positive. In particular a version of Hestenes’ decomposition theorem is
given in section 4. The analysis of indefinite eigenvalue problems has been studied by many
authors and many results are summarized by de Figueiredo [13] and Belgacem [8]. Some
different varional principles for such problems were described in Auchmuty [2]. A linear
elliptic eigenvalue problem that involves both boundary integrals and indefinite forms is
analyzed in Bandle, von Below and Reichel [6] for use in representing the solutions of some
unusual linear parabolic equations.
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2. BILINEAR FORMS AND EIGENPROBLEMS.

Throughout this paper V is a real, separable, infinite dimensional, Hilbert space.
The inner product and norm on V is denoted (.,.)y and ||.||y. The dual space of V will
be denoted V* and is again a separable infinite dimensional Hilbert space with the usual
dual norm and inner product. Through section 6 our treatment is quite general but the
aim is to provide the results appropriate for the examples studied thereafter that involve
eigenproblems for elliptic forms on H'(Q).

Our interest is in finding non-trivial solutions (A\,u) € R x V of
a(u,v) = Am(u,v) forall veV. (2.1)
Herea: V xV — Rand m:V xV — R are continuous symmetric bilinear forms on V,

This will be called the (a,m) eigenproblem.

A bilinear form b : V. x V. — R is said to be symmetric if b(u,v) = b(v,u) for all
(u,v) € Vx V. When b is a symmetric continuous bilinear form on V, then vectors u,v € V
are said to be b-orthogonal provided b(u,v) = 0. A subset S of V is said to be a basis of V if
it is a maximal linearly independent set in V with respect to inclusion. S is a b-orthogonal
basis of V when § is a basis that also is b-orthogonal. Note that if e is an eigenvector of
(2.1) corresponding to an eigenvalue A # 0, then

m(u,e) = 0 < a(u,e) = 0.

Define
A(u) = a(u,u), and M (u) = m(u,u). (2.2)
A, M are the quadratic forms on V associated with a, m respectively.

Our results about the eigenproblem for (a,m) will be proved using variational meth-
ods subject to some of the following conditions.

(A1): a(.,.) is a continuous symmetric bilinear form that also is V-coercive. That is
there are 0 < ky < k1 < oo such that

kollull;, < A(u) < Kiljull}, forall weV. (2.3)
(A2): m(.,.) is a weakly continuous symmetric bilinear form on V.
(A3): M (u) > 0forsomeuin V, or,
(A4): M (u) > 0 for all non-zero u in V.

When (A1) holds then the bilinear form a(.,.) defines the a-inner product on V which
is equivalent to the V inner product. When by, by are continuous symmetric bilinear forms
on V', the associated quadratic forms as in (2.2) will be denoted Bj, By and we say that
By < By on V provided

Bi(v) < By(v) forall velV.

The functional B is said to be positive when B > 0, it is strictly positive when it satisfies

(A4).
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Some standard notations from convex analysis wiil be used. R := [~00,00] is the
extended real numbers and is totally ordered in the standard manner. A number ¢ € R is
positive (respectively negative) if ¢ > (<) 0 and strictly positive (negative) if ¢ > (<) 0.

When F : V — (—o00,00] is a given function, then the domain dom(F) of F is the
set of points where |F(v)| < oo. The functional F is G-differentiable at v € V provided
there is a functional DF(v) € V* such that

lim ¢t [Flv+tw) — F(v)] = DF(v)(w) forall weV

t—0+

For a symmetric bilinear form b on V, the G-derivative of the associated quadratic form B
is
DB(v) (w) = 2b(v,w) forall weV.
A vector G € V* is a subgradient of F at a point v € dom(F) provided
Fo+h) > Fv) + G(h) forall helV.

The set of all subgradients of F at v is called the subdifferential of F at v and is denoted
OF (v).

When C is a closed convex set in V, then the indicator functional I of C is the

function with Io(u) := 0 for u € C and I¢(u) := oo otherwise. The following standard
extremality condition will be used a number of times.

Theorem 2.1. Let C' be a closed convex subset of the real Hilbert space V and F :V — R
be a Gateaux differentiable functional. If 4 mazimizes F on C, then it is a solution of
D F(u) € 0Ic(u). If w minimizes F on C, then 0 € D F(u) + 0Ic (4).

3. VARIATIONAL PRINCIPLES AND COMPARISON FOR A;.

Here a variational principle for finding, and comparing, the smallest strictly positive
eigenvalue A; of eigenvalue problems for (a, m) will be described. It involves the maximiza-
tion of the quadratic form M on a closed convex subset of V.

Let Cy := {ueV :A(u) < 1} be the closed unit ball in V with respect to the
a-inner product and S; = {u €V : A(u) = 1}. Consider the variational principle (P;)
of maximizing M on C; and finding

By = BM,Cy) = sup M (u). (3.1)

ueCy
The basic existence result for this variational problem is the following.

Theorem 3.1. Assume V is a real Hilbert space and (A1)-(A8) hold. Then 3y > 0 is finite
and there are vectors +e; € Si at which this supremum is attained. ey is an eigenvector
of (a,m) corresponding to the eigenvalue Ay := Byt Moreover A is the smallest strictly
positive eigenvalue of (a,m) and

A(u) > M M (u) forall uweV. (3.2)
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Proof.  First note that the assumptions on 4 imply that C is a bounded closed convex set
in V and thus is weakly compact. Thus M will attains its supremum on C] as it is weakly
continuous. (3 is strictly positive from (A3) and thus will be attained on S; by homogeneity
of M. Let e; be such a maximizer then so also is —e; as M and A are even.

From theorem 2.1, a maximizer e of the G-differentiable function M on C satisfies
2m(e,v) = F(v) forsome F € dlg, (e)

where I, is the indicator functional of Cy. A standard calculation yields that 0 I, (u) = {0}
when A(u) < 1 and that 01, (u) = {p a(u,.) : p > 0} when A(u) = 1. Thus since the
maximizers are in Sy, there is a ;> 0 such that

m(e,v) = pale,v) forall velV.

If 4 = 0, here then M (e) = 0. Such vectors are not maximizers as (A3) holds. Thus y > 0
and te; are eigenvector of (2.1) corresponding to a strictly positive eigenvalue. Put v = e;
then M (e;) = (1 = pA(er) = p, so ep is an eigenvector of (a,m) corresponding to the
eigenvalue \; := (1. The other statements of the theorem now are consequences of the
fact that +¢; maximize M on C;. O

Note that, when M is not a strictly positive functional, A\; need not be the least
eigenvalue of (a,m); there may also be zero or negative eigenvalues.

Suppose that (aj,mq), (ag, ms2) are two pairs of quadratic forms that satisfy (A1)-

(A3) that have least strictly positive eigenvalues )\gl), /\52) respectively. The following is the

basic comparison result.

Theorem 3.2. Assume (A1)-(A3) hold for (a1, my) and (az, ms) with Ay < Ay and My <
My on V, then )\gl) < )\52) .

Proof. Let 8, 8 be the values of the maximization problems of the form (P;) for
(a1, my), (ag, msy) respectively. Then

ﬁfl) = sup Mq(u) > sup Moy(u) > sup Moy(u) = ﬁf).
Ay (w)<1 Ay (w)<1 As(w)<1

Here the first inequality here holds as M 5 < M 1, while the second holds as the domain for
the last maximization is a subset of the preceding domain. This inequality and the formula
for A\ from theorem 3.1 imply the conclusion. U

4. ORTHONORMAL SEQUENCES OF EIGENVECTORS.

The preceding maximization problem may be iterated to generate an a-orthonormal
sequence of eigenvectors of (a,m).

Suppose that we have found k—1 a-orthonormal eigenvectors Ey_; := {e1,eq,..., €5 1}
of (2.1) corresponding to successive smallest strictly positive eigenvalues 0 < A; < Ay <
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. < Mg of (a,m). Let Vi_1 be the vector space spanned by these vectors and Wj_; be
the subspace of all vectors that are a-orthogonal to V,_;. That is w € Wj._; if and only if

a(w,vj) = 0 for 1<j<k—-1

Define Cy = {ue Cy: a(u,e;) =0 for 1 < j < k—1} sothat Cy is the
closed unit ball in Wy_; with respect to the a-inner product. Consider the problem (Py)
of maximizing M on C} and finding

By = PBM,Cg) = sup M (u). (4.1)

u€Cy

To obtain the extremality conditions satisfied by such maximizers we need expressions
for the subdifferential of the indicator function Iy(v) := I¢, (v) of Ck. The following result
provides the relevant expressions.

Lemma 4.1. Suppose (A1) holds, w € Cy and G € 0 I (w). If A(w) < 1, then G(u) =
a(v,u) for some v € Vi_1. If A(w) = 1, then G(u) = a(v,u) + pa(w,u) for some
(Unu) € V;c—l X [O7OO>

Proof.  One has G € 0 I(w) if and only if
I(w+u) > I(w) + G(u) forall uelV.

When A(w) < 1, this implies that G(u) = 0 for all u € Wj,_; which yields the first statement.
When A(w) = 1, consider the restriction of the functional I} to Wy_;. The sharp form of
the Cauchy-Schwarz inequality shows that G(u) = pa(w,u) with g > 0. Then the second
statement follows. 0

The result about this variational principle may be stated as follows.

Theorem 4.2. Assume (A1)-(A3) hold and Ejy_1 as above are a-orthonormal eigenvectors
of (a,m) corresponding to the k — 1 smallest strictly positive eigenvalues of (a,m). Then
either

(i) Br = 0, there are no other strictly positive eigenvalues of (a,m) and M (u) < 0
for all w e Wy_q, or else

(ii)) 0 < B < Pr_1 and there are vectors e, € Sy at which this supremum is attained.

A = ﬁk_l is the smallest eigenvalue of (2.1) greater than or equal to M\,_1 and ey is an
eigenvector of (2.1) corresponding to \x. Moreover
A(u) > M M (u)  forall ue Wy_y. (4.2)

Proof.  Note that M (0) = 0, so B > 0. If B = 0 then M (u) < 0 for all u € Cy and
(i) holds. Otherwise we have 0 < B < fr_1. Just as in the proof of theorem 3.1, the
maximizers must lie in S7 by homogeniety.

From lemma 4.1 and theorem 2.1, the maximizers of M on C} satisfy the system

2m(e,u) = a(v,u) + pa(e,u) for some v e Vi and p>0
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Take u = v here, then since e € Wj_q, it follows that v = 0, and thus e is a solution of
(2.1). Substitute u = e, then 2M (e) = p = 2F;. Then the remaining statements hold just
as in the proof of theorem 3.1. O

Suppose that this sequence of variational principles generates k a-orthonormal eigen-
vectors and then (.1 = 0. Let V, be the space spanned by these eigenvectors, then
M (v) > 0 for all non-zero v € V. and dim (V;) = k. Note that this dimension is in-
dependent of the choice of the form A satisfying (A1l).

When this sequence of successive maximization problems generates an infinite se-
quence € = {e; : k > 1} of a-orthonormal eigenvectors, define V, to be the closed
subspace generated by £. Then the following result holds.

Theorem 4.3. Assume (A1)-(A3) hold and V. is infinite dimensional. Then limy_.o. O =
0, and M (u) < 0 for all u that are a-orthogonal to V... When (A4) also holds then Vi, =V
and £ is a maximal a-orthonormal subset of V.

Proof.  Let £ be an infinite sequence of a-orthonormal eigenvectors generated as above.
Since they are orthonormal with respect to an equivalent inner product on V, the sequence
converges weakly to zero. Hence M (ey) = fj converges to 0 as M is weakly continuous.

If @ is a-orthogonal to Vi and M (@) > 0, then o := a/\/A(a) has A(D) =
1, M (9) > 0. Thus there is a K such that £ > K implies 5, < M (0). This contradicts the
definition of e 1, so we must have M (u) < 0 for all u that are a-orthogonal to V.. When
(A4) holds then M (u) < 0 implies u =0, so V; =V and £ will be an a-orthonormal basis
of V. O

When M obeys (A2) so does —M . If there is a vector v € V' with M (v) < 0, then
—M obeys (A3). In this case let V_ be the closed subspace of V generated, as above, by the
eigenvectors of (a, —m) associated with strictly positive eigenvalues. They corresponding
to strictly negative eigenvalues of (a,m). Also let ker(M), or Vj, be the maximal closed
vector subspace of the zero set of M.

Some useful a-orthogonal decompositions of V hold when these subspaces are non-
trivial.

Corollary 4.4. Suppose (A1)-(A3) hold and M (u) > 0 for allw € V. Then the a-orthogonal
complement of V. is Vo = ker(M).

Proof.  Let W, be the a-orthogonal complement of V.. From the theorem M (w) < 0
for all w € W,. The positivity of M then implies that M (w) = 0 for all w € W, or
W, = ker(M). O

The following result may be regarded as a version of results described in an influential
paper of Hestenes [18]. See also the monograph of Gregory [16]. It provides an a-orthogonal
decomposition of V into the positive, negative and null spaces of the bilinear form m.
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Corollary 4.5. Suppose (A1)-(A8) hold, then the closed subspaces Vi, V_ and Vy are a-
orthogonal and

Vo=V, @ Vo @a V.. (4.3)

Proof.  Define V,,V_ as above. These subspaces are a-orthogonal as their bases are a-
orthogonal. When a vector w € V' is a-orthogonal to V,, then M (w) < 0. If it also is
a-orthogonal to V_ then M (w) = 0. Any linear combination of vectors that obey these
a-orthogonality conditions also obeys them. Thus w € Vi = ker(M) and (4.3) holds. [

Quite often these constructions involve situations where the following holds.
(A5):  The bilinear form m is an inner product on a Hilbert space H and the imbedding
of V into H is compact with dense range.

When (A5) holds then (A2) and (A4) will hold. In this case let

aw) = 98 d &= e > 1) (4.4)

VA

The following result gives a simple criterion for these eigenfunctions to also constitute
a basis of H.

Theorem 4.6. Suppose that (A1) and (A5) hold and € is constructed as above, then &
defined by (4.4) is an m-orthonormal basis of H.

Proof.  Since m is an inner product on H then (A4) will hold for vectors in V. Also (A2)
holds as the imbedding is compact and real inner products are symmetric. Thus from
theorem 4.3, the set £ is an a-orthonormal basis of V.

From (4.4) and the definition of eigenvectors, one sees that m(€;, €;,) = d;; so that £
is m-orthonormal. Given € > 0,h € H, there will be a v, € V satisfying ||v. — h||g < € since
V is dense in H. Since £ is a basis of V, there is a finite linear combination w, of elements
of £ such that ||v. — we||y < e. Thus ||w. — hllg < Ce for a finite constant C since the
imbedding of V into H is continuous. Hence & is a basis of H as any vector in H can be
approximated by a finite linear combination of vectors in &. O

5. MAXIMIN PRINCIPLES FOR THE k-TH EIGENVALUE.

Here some mazximin principles for the k-th positive eigenvalue Ay of (a,m) will be
described and used to prove a comparison result for the \;. Eigenvalues are counted with
multiplicity. Let I'y := {v;...., v} be an a-orthonormal subset of V and Vj, be the subspace
spanned by I'y. Define S, = {v €V, : A(v) = 1} and consider the problem of minimizing
M on Sj and finding

ap = a(M,S;) = inf M (v) (5.1)

vESk

The following result summarizes some properties of this problem.



BASES & COMPARISONS 9

Theorem 5.1. Assume (A1)-(A2) hold and Ty is a set of k a-orthonormal vectors in V. Let
Sk be generated by 'y, as above then «y, is finite. When there are at least k strictly positive
eigenvalues of (a,m) then

At = sup inf M(v) > 0. (5.2)

Ty vESK

Proof.  First note that Sy is a compact subset of the finite dimensional vector space Vj
and M is continuous on Vj. So from Weierstrass’ theorem oy, is finite and attained in Sj.

The last statement is proved by induction. It holds for k£ = 1 from the analysis of
section 3. Assume it is true for k—1 and let B,y := {e; : 1 < j < k—1} be a-orthonormal
vectors corresponding to the first & — 1 strictly positive eigenvalues of (a, m).

Since dim(Sk) = k, there are at least 2 vectors tw € Sy satisfying a(w,e;) = 0 for
all 1 < j < k-1 Thus 0 < ap < A" from (4.2). Moreover the supremum in (5.2) is
/\,;1 when Sy, is a set of k a-orthonormal eigenvectors of (a, m) corresponding to the first k
strictly positive eigenvalues of (a,m) so (5.2) follows. O

Suppose ms < my on V, a obeys (Al) and /\5-1), )\5-2) are the j-th strictly positive
eigenvalue of (a,mq), (a, my) respectively. Then the following comparison theorem for the

eigenvalues holds.

Theorem 5.2. Assume (A1)-(A3) hold for (a,my), (a,ms) and Mo < My on V. If (a,ms)

has k strictly positive eigenvalues, so does (a,my) and moreover )\5-2) > )\5-1) > 0 for
1<j<k.

Proof.  For a given I'y, we see that Oz,(f) < 04,(@1) from the definition (5.1) as My < M.
Take the respective suprema in (5.2) to obtain the inequalities. O

6. MINIMAX PRINCIPLES FOR THE k-TH EIGENVALUE.

The preceding section described a comparison theorem when the bilinear form a is
fixed. Here a different minimaz characterization of the k-th strictly positive eigenvalue, will
provide a comparison result when the form m is fixed and there are two bilinear forms ay, as

obeying (A1) with A4; < A,.
Assume m is a bilinear form satisfying (A2) and (A3) with dim (V) > k. Let
'y = {w;....,w;} be an m-orthonormal subset of V, Z; be the subspace spanned by I'
and Sy = {z € Z : M (z) = 1}. Consider the optimization problem of maximizing A on
Sy and finding
Br = B(A,Sk) = sup A(z) (6.1)

2€S}

The following result summarizes some properties of this problem.
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Theorem 6.1. Assume (A1)-(A3) hold and there are at least k strictly positive eigenvalues
of (a,m). Let Ty be a set of k m-orthonormal vectors in V and Sy as above, then (B is finite

and
A = inf sup A(z). (6.2)
Ik zE€Sk
Proof.  Here S is a bounded closed set in the finite dimensional space Z; so (3, defined
by (6.1) is finite as A is continuous on Zj.

When k = 1, this result follows from theorem 3.1. Assume the result holds for £ — 1
and let Ey_; = {€;: 1 <j <k — 1} be m-orthonormal vectors corresponding to the first
k — 1 strictly positive eigenvalues of (a,m).

Since dim(Sy) = k, there are at least 2 vectors tw € S, satisfying m(w, e;) = 0 for
all 1 < j <k—1. Thus f; > A(w) > A from (4.2). However 5, = A, when Sy is a set
of m-orthogonal eigenvectors corresponding to the m smallest strictly positive eigenvalues
of (a,m). Thus (6.2) holds. O

When ay,as are two bilinear forms that obey (Al), m is a bilinear form with at

least k strictly positive eigenvalues let )\5-1), A§2) be the j-th strictly positive eigenvalues

of (a,mq), (a, my) respectively. Then the following comparison theorem for the eigenvalues
holds.

Theorem 6.2. Assume (A1)-(A8) hold for (a
a
J

1,m), (ag,m), Ay > Ay and m has at least k
)

(
strictly positive eigenvalues. Then /\5»2) > XN for1<j<k.

Proof.  Use induction so it suffices to prove this for j = k. Given I'y, we see that ﬂ,(f) > ﬁ,il)
as Ay > A;. Take the respective infima in (6.2) then the result follows. O

The following theorem combines results from the last two sections to generalize the-
orem 3.2 to higher strictly positive eigenvalues A; of these problems.
Theorem 6.3. Assume (A1)-(A3) hold for (a1, my) and (ag, me) with A; < Ay and Mo <

My on V. If (az,ma) has at least k strictly positive eigenvalues then )\22) > )\;1) for
1<j<k.

Proof. Again, using induction, only the case j = k needs to be proved. From theorem
6.3 this inequality holds for the pair of forms (ai, ms), (az, ms). Apply theorem 5.2 to the
pair (ay,my), (ag, m1) and the result follows. O

In particular we have the following corollary.

Corollary 6.4. Suppose (A1) holds for ai, as with Ay < Ay and (A2), (A4) hold for my, mgy
with Mo < M. Then )\f) > /\5-1) for all 7 > 1 and the associated families of eigenvectors
defined by the iteration described in section 4 are mazximal linearly independent sets in V.

Proof. ~ When (A4) also holds all the eigenvalues of (a,m) are strictly positive and >\§2) >

)\5-1) for all j > 1 from the preceding theorem. The families of eigenfunctions are maximal
from theorem 4.3. U
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7. BASES & COMPARISON FOR ROBIN EIGENVALUE PROBLEMS.

In the next few sections, we shall concentrate on examples with V = H'(Q) with Q
being a bounded region in RV, N > 2. A region is a non-empty open connected set. The
definitions and terminology of Evans and Gariepy [15], will be followed except that o, do,
respectively, represent Hausdorff (IV —1)—dimensional measure and integration with respect
to this measure. All functions will take values in R := [—o00,00] and derivatives should

be taken in a weak sense. The requirements on {2 are those for which the trace results of
Auchmuty [4] hold.

(B1): Q is a bounded region in RY and its boundary OS2 is the union of a finite number of
disjoint closed Lipschitz surfaces; each surface having finite surface area.

Let LP(Q), H'() be the usual real Lebesgue and Sobolev spaces of functions on €.
The norm on LP(Q) is denoted |.||,. H'() is a real Hilbert space under the standard H'—
inner product

[u,v], = /Q [u(z).v(z) + Vu(z)- Vo(z)] de. (7.1)

Here Vu is the gradient of the function u and the associated norm is denoted |[ul|, ,.

The region 2 is said to satisfy Rellich - Kondrachov (RK) theorem provided the
imbedding of H'(2) into L?(Q) is compact for 1 < p < pg for ps = 2N/(N —2) when N > 3
or pg = oo when N = 2.

The region (Q is said to satisfy the L?—compact trace theorem provided the trace map
of H(Q) into L*(02, do) is compact. Our standard assumption will be

(B2): Qis a region such that (B1), the Rellich - Kondrachov theorem and the L?—compact
trace theorem hold.

Our first example of the use of the general results is to prove properties of the sequence
of Robin eigenfunctions of second order, divergence form, elliptic systems. For other results
on problems of this type, see [1], [8], [11] and [12].

Consider the bilinear forms a,m : H*(Q) x H'(Q2) — R by

a(u,v) = /Q (A Vu)- Vv + cuv] do + /89 buv do (7.2)
m(u,v) = mouv dx (7.3)
Q

The following conditions on the coefficients in these forms will be used.

(B3):  A(z) := (aji(x)) is a real symmetric matrix whose components are bounded
Lebesgue-measurable functions on €2 and there exist constants 0 < ky < k3 such that

k|62 < (A@)E,E) < kslef  forall €€RY, z€Q (7.4)

with (.,.) the usual Euclidean inner product and |.| the Euclidean norm on R".
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When Ay, As are two matrix-valued fields on € that satisfy (B3) we say that A; < A
on €2 provided

(A1(2)€,8) < (As(x)E,€) forall =€, ¢ €RY. (7.5)

(B4): ¢>0and ce L?() for some p > N/2 when N >3, (p>1if N =2).
(B5):  be L>*(0N) with b > 0 ¢ a.e. on 02 and

/ cd:E+/ bdo = by > 0.
Q a0

The eigenproblem to be studied here is to find non-trivial (A, u) € Rx H*(f2) satisfying

/Q[(AVU)'VU—FCUU] dg:+/

G

for all v € H'(2). This is the weak form of the eigenvalue problem of finding non-trivial
solutions of the system

Lu(z) := —div(A(z) Vu(z)) + c(x)u(z) = X mp(z) u(z) onQ  (7.7)

(A(z) Vu(z)) -v(z) + b(z)u(z) = 0 on Of). (7.8)

When b = 0 on 0f2, this is the Neumann eigenproblem for the formal operator L on (2.

Otherwise this is called the Robin eigenproblem. As will be seen our results for these
eigenproblems are quite similar.

buv do = / mouv dr (7.6)

The results of the previous sections depend primarily on properties of the quadratic
forms A, M associated with a, m.

Aw) = /Q [(AVu)- Vu + cu?] do + / bu? do (7.9)

o0

M) = /Qmou2 dx (7.10)

The condition required on the weight function my is the following
(B6):  mgy € L) for some ¢ > N/2 with mg positive on 2 and || mq||; > 0.

Lemma 7.1. Assume (B2) and (B6) holds, then m defined by (7.3) obeys (A2) and,
(i) M is weakly continuous and convex on H'(S2),
(11)  there are infinitely many m-orthogonal vectors in H*(Q2) with M (v) > 0

Proof.  When the R-K theorem holds we have that u € H(Q) implies u € LP(Q) for
1 < p < ps with the imbedding compact. From Holder’s inequality applied to (7.10), M (u)
is bounded when ¢ > N/2. Tt is weakly continuous as the imbedding is compact. Since my
is positive on Q, M (v) > 0 for all v € H'(Q2) so this form is convex with M (v) > 0 for
every v € H'(Q) that is also continuous and strictly positive on Q. Thus (ii) holds. 0

The properties of the sequence of eigenfunctions defined by the iterative construction
of section 4 is summarized in the following theorem. In particular simple conditions on the
coefficients of these systems yield eigenfunction bases of H'(2) and L*().
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Theorem 7.2. Assume (B2) holds, the A(z) are real symmetric matrices on §2 obeying (B3)
and ¢,b,mq satisfy (B4) - (B6). Then there is an increasing sequence of eigenvalues A =
{Ar 1 k € N} and an associated sequence € of eigenfunctions of (7.6) with limg_o, A\x = 00.
If M also satisfies (A4) then € is an a-orthonormal basis of H'(Q)). When myq also satisfies
(B7):  mg € L>®(Q) and there is an ¢y such that mo(z) > co > 0 for all x € Q,

then € defined by (4.4) is an m-orthonormal basis of L*(£)

Proof.  The bilinear form m satisfies (A2) and (A4) from the preceding lemma. Our
conditions on the coefficients imply that a is a bounded bilinear form on H*(§2). To prove
that it is coercive we use that fact that each function in H'(£2) has a unique decomposition
of the form u = @ + v where @ is the mean value of u on Q and [, vdx = 0. From this
decomposition it follows that A is coercive on H'(Q2) whenever (B3) and (B5) hold. Thus
a(u,v) defined by (7.6) satisfies (A1) and £ is a basis of V from theorem 4.3 when (A4) aso
holds.

When my satisfies (B7) then it defines an equivalent inner product on L*(2) to the
usual inner product, so theorem 4.6 yields the last statement. O

Its worth commenting that a common treatment of eigenvalue problems for systems
like these has been to transform the problems into eigenvalue problem for self-adjoint com-
pact operators on L?(Q2). Then the spectral theorem for such operators is used to prove
that they are an orthonormal basis of L?(2). Note that the analysis here shows that the
conditions on the function m for these eigenfunctions to be an orthonormal basis of H'({2)
are weaker than those required to prove they constitute a basis of L?(2).

More generally when my = m, — m_ is the decomposition of mg into its positive
and negative parts, then a decomposition of H'(f2) into three a-orthogonal subspaces as in
Corollary 4.5 may be performed. Some such results are described in Belgacem 8]

Suppose Aj, As are two families of matrix-valued functions on €2 that satisfy (B3)
with A; < Ay a.e. on Q. Let ¢1, ¢y and by, by satisfy (B4) and (B5) respectively with ¢; < g
on Q and b; < by o a.e. on 9. Define bilinear forms ay,as on H*(2) by

aj(u,v) = /Q [(A; Vu)- Vv + cjuv | do + /aQ bjuv do (7.11)

for j = 1,2. Then A;(u) < Ay(u) for each u € H'(Q) and they both satisfy condition
(A1).

Theorem 7.3. Assume A;(u) < As(u) as above on H'(Q) and mg, my obey (B6) with
my < my a.e. on . Then the eigenvalue problems (7.6) for (a1, my) and (ag, my) have

infinitely many strictly positive eigenvalues and the corresponding eigenvalues satisfy )\5-2) >
/\5-1) forj > 1.

Proof.  Under these assumptions, the existence of such eigenvalue sequences holds from
theorem 7.2 and the comparison result follows from theorem 6.3. 0
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To use this theorem, we generally take one of the problems to have simple forms with
A(z) = aply on Q and each of b, ¢, my being constants. Physically this result provides the
direction of change in the eigenvalues as specific data is varied.

8. BASES & COMPARISON FOR STEKLOV EIGENVALUE PROBLEMS.

Steklov eigenproblems are eigenproblems where the eigenparameter appears only in
the boundary conditions. They arise in a variety of applications and have been used for
describing a spectral theory of trace spaces. See Auchmuty [3], [4] for introductions to such
results.

Here we call an eigenvalue problem of the form (2.1) a Steklov eigenproblem when the
bilinear form m only involves boundary integrals. For problems with V = H!(Q) assume
p: 02 — (0,00] is nonzero and define

m(u,v) = /m puv do, M (u) = /m pu? do. (8.1)

In this section we will require that p, 0€) satisfy

(B8): pe L1(0N) with p > pg > 0 ca.e. and ¢ > N — 1. 0N satisfies (B2) and the trace
map of H'(Q) into LP(9, do) is compact for p < % when N > 3, (p < co when N=2).
The boundary trace condition here is known to hold under a variety of conditions on

the boundary 0f2. See DiBenedetto [14] chapter IX, proposition 18.1 for one proof.

The Steklov eigenproblem for our second order elliptic operator in divergence form is
to find non-trivial (§,u) € R x H*(2) that satisfy

/ (A Vu)- Vv + cuv d:v—i—/ buv do = (5/ puv do. (8.2)
Q o0 o)

for all v € H'(Q). The eigenparameter in Steklov eigenproblems will be denoted § rather
than A so that they may be distinguished. This is the weak form of the eigenvalue problem
of finding non-trivial solutions of the system

Lu(z) = —div(A(z) Vu(z)) + c(x)u(x) = 0 on € (8.3)
(A(z) Vu(z)) - v(z) + b(z)u(z) = § p(z)u(z) on Of. (8.4)

Here L is just a formal differential operator.

—~

Lemma 8.1.  Assume (B8) holds, then m defined by (8.1) obeys (A2) and (A3) and
ker(M) = HQ). Moreover M (u) > 0 on an infinite dimensional subspace of H'(2).
When p € L>*(09Q,do) then m is an inner product on L*(0S),do) that is equivalent to the
usual inner product on L*(9Q, do).

Proof. ~ When (B8) holds then the bilinear form m defined by (8.1) is bounded upon using
Holder’s inequality and the trace condition in (B8). Thus m is weakly continuous as the
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trace map is compact. Obviously M (u) = 0 and (B8) implies that the trace of u on 992 is
identically zero so u € H}(Q). Also

M) > pollullZaq forall ue HY(Q)

so it is nonzero on the subspace of functions that are nonzero on 0f2 and this is an infinite
dimensional subspace. The last sentence follows from another uses of Holder’s inequality.
This inner product will be called the p— inner product on L?(9, do). O

When (B8) holds then a function v € H'(Q) is a-orthogonal to V; := ker(M ) iff
a(u,v) = 0 forall v e Hy(Q). (8.5)

This is the usual criterion for u to be an H'—solution of the equation Lu = 0 on Q. The
set of all such solutions will be denoted N (L) and called the null space of L. Corollary 4.4
applies so we have the orthogonal decomposition

HY(Q) = Hy(Q) &, N(L).

With this choice of (a, m), the analysis of section 4 may be used to generate an infinite
sequence of eigenfunctions {ej} of the system (8.2). Note that each such eigenfunction is
an H'—solution of the homogeneous equation Lu = 0. The properties of this sequence of
Steklov eigenfunctions may be summarized as follows.

Theorem 8.2. Assume the A(x) are real symmetric matrices on 2 obeying (B3), ¢,b,p
satisfy (B4), (B5) and (B8). Then there is an increasing sequence of Steklov eigenvalues
A = {6 : k € N} with limy_.o, 0 = co. The associated sequence S := {ey, : k € N} of
eigenfunctions of (8.2), is both a-orthonormal in H'(QY) and p—orthogonal on 0. If also
p € L>(09,do) then the sequence S is an p—orthogonal basis of L*(0Q,do).

Proof.  The assumptions here imply that A satisfies (A1) just as in the proof of theorem
7.2 and M satisfies (A2) and (A3) from lemma 8.1. Thus theorem 4.3 yields the existence
of infinitely many positive eigenvalues and a-orthonormal eigenfunctions of (8.2). When
the value of the k-th problem is 3, then the corresponding eigenvalue is 0, = 3, . These
eigenfunctions must converge weakly to zero in H'(), so the corresponding eigenvalues dy
must increase to oo just as in the proof of theorem 7.2.

These eigenfunctions span the a-orthogonal complement of ker(M ) = H}(Q) from
corollary 4.4 and lemma 8.1. This space N(L) is isomorphic to the usual trace space
H'Y2(09) as it is a quotient space of H'(2) by H}(2). The eigenfunctions will be a maximal
p—orthonormal sequence of functions in N(L) by the usual argument. When m defines an
equivalent inner product on L?(9€, do) to the usual inner product, then this sequence will
then also be a basis of L?(09Q, do) as H'/?(9€2) is dense in L?(0), do). O

When my, msg are two bilinear forms of the form (8.1), associated with surface densities
p1, p2 then my < my on HY(Q) iff po(z) < pi(z) 0 a.e. on OQ. In this case the comparison
result is the following
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Theorem 8.3. Assume Aj(u) < As(u) as above on H'(Q) and py < py satisfy (BS).
Then the eigenvalue problems of the form (8.2) for (a1, m1) and (ag, my) have infinitely

many strictly positive eigenvalues and the corresponding eigenvalues satisfy 53(-2) > 5](-1) for
J=>1

Proof.  Under these assumptions, the existence of infinitely many strictly positive eigen-
values and associated eigenfunctions follows from the preceding theorem and then the com-
parison result holds from theorem 6.3. [l

One motivation for this paper was a question about how the Steklov eigenvalues vary
in a model of a problem in cell biology described in Kazmierczak and Lipniacki [19]. For
their problem, the Steklov eigenvalues describe the stability of steady state solutions, so
comparison results for these Steklov eigenvalues imply results on the stability of steady
states as boundary conditions are varied.

9. BASES & COMPARISON FOR GENERAL KIGENPROBLEMS.

Another class of linear elliptic eigenproblems involves systems of the form (2.1) with

m(u,v) = / mouvda:—i-/ puv do. (9.1)
Q o0

That is, we look for nontrivial solutions (\,u) € R x H*() of

/ [(A Vu)- Vv + cuv] dx—i—/ buv do = )\l/ puvdo—i—/ mouvdx} (9.2)
Q o0 o0 Q

for all v € H'(Q). This is the weak form of the boundary value problem
—div (A(x) Vu(z)) + c(x)u(z) = X mo(z) u(z) on {2 (9.3)
(A(z) Vu(z)) -v(z) + b(z)u(z) = X p(z)u(z) on 0f). (9.4)

Here the eigenparameter A enters both the equation and the boundary condition.
See Belinsky [9] for a discussion and analysis of some examples of these problems. Bandle,
von Below and Reichl [6] study a particular example of this system in connection with the
spectral represenation of solutions of a linear parabolic equation. In [7], Bandle describes
some monotonicity properties for the first eigenvalue of a problem of this type. Note that
these problems have a natural formulation on H'(2) but not in terms of densely defined
closed operators on L*((2).

Lemma 9.1.  Assume (B7) and (B8) hold, then m defined by (9.1) obeys (A2) and (A4).

Proof.  In the last two sections, each of the terms in this definition of m have been shown
to satisfy (A2). Hence this m is weakly continuous on H*(§2). Moreover (A4) holds as (B7)
and (B8) imply that

M(u) = co llullz + po llulfes-
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0

The properties of the sequence of eigenfunctions defined by the iterative construction
of section 4 is summarized in the following theorem.

Theorem 9.2. Assume (B2) holds, A(z) are real symmetric matrices on §) obeying (B3),
¢, b, mg, p satisfy (B4) - (B8). Then there is an infinite sequence € of eigenfunctions of (9.2)
with an associated increasing sequence of strictly positive eigenvalues A = {\; : k € N}
and limyg_o, A\ = 0o. Moreover € is an a-orthonormal basis of H'(Q).

Proof.  The quadratic form A satisfies (A1) as in the proof of theorem 7.2. The preceding
lemma shows that m satisfies (A2) - (A4). Thus the result follows from theorem 4.3. [

This type of result provides some criteria that may be used to answer question 4 in
section 6 of [6]. In their question, the quadratic form associated with m is the difference of
two convex functions, so there will be both positive and negative eigenvalues so corollaries
4.4 and 4.5 may be invoked. There also are comparison theorems for these eigenproblems.
Suppose my,my are bilinear forms of the type (9.1), then Mo < My on HY(Q) iff py <
p1 oa.e.on 02 and my < my a.e. on ().

Theorem 9.3. Assume Aj(u) < As(u) satisfy (A1) on H'(Q) and My < M are
such that (A4) holds. Then the eigenproblems (9.2) for (a1, my) and (az, mo) have infinitely

many strictly positive eigenvalues and the corresponding eigenvalues satisfy /\5-2) > )\gl)
forj > 1.

Proof.  The existence of the eigenvalues follows from the preceding theorem. The compar-
ison result is a consequence of Corollary 6.4. U

10. SPECTRAL REPRESENTATIONS OF SOLUTIONS OF ELLIPTIC PROBLEMS.

One of the primary functions of eigenvalue analyses has been to provide spectral
representations of the solutions of linear systems. When the system is described by bi-
linear forms on V as done in the last few sections, one can ask whether there are such
representations? Consider the problem of representing the solutions @ € V' of

a(u,v) — Am(u,v) = F(v) forall veV. (10.1)

Here A\ € R, F' € V* is a continuous linear functional on V and (a,m) will be assumed
to satisfy (A1) - (A4). This is a standard weak formulation for elliptic boundary value
problems - including many with nonzero boundary data.

Assume that £ := {ej : k > 1} is a sequence of a-orthonormal eigenvectors of (a, m)
corresponding to the increasing sequence of strictly positive eigenvalues A := {\; : k € N}.
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This will be an a-orthonormal basis of V from theorem 4.3. When A ¢ A, substitute v = e,
in (10.1) for each k € N to find that the solution @ has the spectral representation

u =

)\j 2 F(ej) ej. (102)
7=1

This is a formal calculation, so one might ask about its validity? For each K > 1, let
Pyt be the K-th partial sum, or the K-th spectral approximation, of @. It depends on the

choice of the eigenfunctions e;.

The following result justifies this spectral expression and provides an estimate of
the solution in terms of finite approximations. As noted before when (A1) holds then the
bilinear form a provides an equivalent inner product on V so we shall write ||ul]? = a(u,u)
for the associated norm and || F||« for the dual norm on V*. There are two different cases
depending on whether A ¢ A or A € A.

Theorem 10.1. (Resolvent representation)  Assume (A1) - (A4) hold and & is a maz-
imal a-orthonormal set of eigenvectors of (a,m) in V. Let A be the corresponding set of

eigenvalues of (a,m) and suppose X ¢ A. For each F' € V*, there is a unique solution G of
(10.1) that is given by (10.2). When A < A; then

A
i flg < Fllax 10.
il < 25 1) (103)
When A\ < A < Agy1, let Pt be the K-th partial sum of (10.2), then
. AK 41 A(Axs1 — A1) .
Uy, < —————— || F||las + Pril|,. 10.4
il € 5255 WPl + Jrt2 | Pt (104)

Proof.  The fact that the solution is unique holds as A ¢ A. To obtain these bounds,
assume U = Z;; c;je; and put w = v = @ in (10.1). Then Paseval’s equality and the
orthogonality properties yield

(e e} [e.e] )\ R
lu|? = Z c;?  and Z <1 — T) ¢ = F(q). (10.5)
j=1 j=1 J

When A < \; each coefficient in the second sum is positive and greater than the term with
j = 1. Hence (10.3) holds.

Otherwise, let A be the largest eigenvalue less than A, then (10.5) becomes

A R (A — A .
(1——) Il < [F@)] + 2Axa =2y paye
)‘K—i-l /\1>\K+1

Rearranging this leads to (10.4). O

This shows that, given a bound on the dual norm of F, then the solution @ of (10.1)
with A € (Ag, Ax11) may be bounded in terms of data from the (K + 1)-st spectral approx-
imation.
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Note also that we had no need to determine any linear operators here nor have
we used any pivot spaces such as L?(2). In particular for parametrized inhomogeneous
Robin boundary value systems, this formulation provides results without having to use any
property of the dual space of H'(f2) other than a norm of the functional F.

When A € A, let J, be the set of integers j corresponding to this eigenvalue (i.e.
such that A; = A). Let E) be the finite dimensional eigenspace spanned by these associated
eigenfunctions of (a,m). Then the above analysis may be modified to yield.

Theorem 10.2. (Resonance representation) — Assume (A1) - (A4) hold and & is a maz-
imal a-orthonormal set of eigenvectors of (a,m) in V. Let A be the corresponding set of
eigenvalues of (a,m) and suppose that X € A. There are solutions of (10.1) if and only if
F(e) =0 for all e € Ey. In this case when @ € V' is a solution of (10.1), there is a vector
v € By such that

= Z )\.i/\F(ej)ej—l—v. (10.6)
jgdn Y

Proof.  Obviously if F(e) # 0 for some e € E), then (10.1) cannot hold for any u € V

when v = e. Hence this is a necessary condition for the existence of a solution. When

F(e) = 0 for all e € FE), then the sum in (10.6) may be verified to be a solution of the

system, so this condition is also sufficient. The other parts of this proof are standard. [
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