Part X, Chapter 46

Symmetric elliptic eigenvalue problems

The three chapters composing Part X deal with the finite element approxi-
mation of the spectrum of elliptic differential operators. Ellipticity is crucial
here to provide a compactness property that guarantees that the spectrum of
the operators in question is well structured. We start by recalling fundamen-
tal results on compact operators and symmetric operators in Hilbert spaces.
Then, we study the finite element approximation of the spectrum of compact
operators. We first focus on the H'-conforming approximation of symmet-
ric operators, then we treat the (possibly nonconforming) approximation of
nonsymmetric operators.

The present chapter contains a brief introduction to the spectral theory of
compact operators together with illustrative examples. Eigenvalue problems
occur when analyzing the response of devices, buildings, or vehicles to vibra-
tions, or when performing the linear stability analysis of dynamical systems.

46.1 Spectral theory

We briefly recall in this section some essential facts regarding the spectral
theory of linear operators. Most of the proofs are omitted since the material is
classical and can be found in Brezis [89, Chap. 6], Chatelin [116, pp. 95-120],
Dunford and Schwartz [179, Part I, pp. 577-580], Lax [278, Chap. 21&32],
Kreyszig [271, pp. 365-521]. In the entire section, L is a complex Banach
space, we use the shorthand notation £(L) := £(L; L), and I1, denotes the
identity operator in L.

46.1.1 Basic notions and examples

Definition 46.1 (Resolvent, spectrum, eigenvalues, eigenvectors).
Let T € L(L). The resolvent set of T, p(T), and the spectrum of T, o(T),
are subsets of C defined as follows:
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p(T) :={peC|pul —T is bijective}, (46.1a)
o(T) :=C\p(T) ={p € C|ply —T is not bijective}. (46.1Db)

(Since L is a Banach space, pn € p(T) iff (ul, —T)~' € L(L).) The spectrum
of T is decomposed into the following disjoint union:

o(T)=0p(T)Uoc(T)Uor(T), (46.2)

where the point spectrum, o,(T), the continuous spectrum, o.(7T'), and the
residual spectrum, o,(T"), are defined as follows:

op(T) :={p e C|ul, —T is not injective},

oo(T) :={p e C| ul, —T is injective, not surjective, im(uly, —T) = L},
or(T) :={pu e C| pul, — T is injective, not surjective, im(ul;, —T) # L}.
Whenever o,(T) is nonempty, members of o,(T') are called eigenvalues, and

the nonzero vectors in ker(uly, — T) are called eigenvectors associated with
W, i.e., 0 £ z € L is an eigenvector associated with p iff T(z) = pz.

Example 46.2 (Finite dimension). If L is finite-dimensional, ker(uly, —
T) # {0} iff (ulr, — T) is not invertible. In this case, the spectrum of 7" only
consists of eigenvalues, i.e., o(T) = 0,(T) and oc(T) = 0.(T) = 0. O
Example 46.3 (Volterra operator). Let L := L%*((0,1);C) and let us
identify L and L’ by setting (I’,l)r/ 1 = fol U'(z)l(x)dz. Let T : L — L
be s.t. T(f)(z) == [, f(t)dt for a.e. z € (0,1). We have p(T) = C\{0},
op(T) =0, 0.(T) = {0}, and o (T) = 0; see Exercise 46.4. O

Theorem 46.4 (Spectral radius). Let T € L(L). (i) The subsets p(T) and
o(T) are both nonempty. (i) o(T') is a compact subset of C. (iii) Let

r(T) := max 46.3
(1) = mas | (46.3)

be the spectral radius of T'. Then
1
H(T) = lim |77, < T e (46.4)

Proof. See Kreyszig [271], Thm. 7.5.4 for (i), Thm. 7.3.4 for (ii), and
Thm. 7.5.5 for (iii). O

Remark 46.5 ((46.4)). The identity r(T) = lim o0 |77 7, is often

called Gelfand’s formula (see [213, p. 11]). The inequality lim,,_, o ||T"H§(L) <
| T|| £y may sometimes be strict. For instance, r(T') = 0if o(T") = {0}, but it
can happen in that case that ||T||zz) > 0. A simple example is the operator
T:R? 5 R?s.t. T(X) :=AX with A:=(J}). O
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Let us consider more specifically the eigenvalues of 7. Assume that
op(T) # 0 and let pu € o,(T). Let us set K; := ker(ul,—T)" for all i € N\{0}.
One readily verifies that the spaces K; are invariant under 7. Moreover,
K1 C Ky..., and if there is an integer j > 1 such that K; = K, then
Kj = Kj/ for all jl > g.

Definition 46.6 (Ascent, algebraic and geometric multiplicity). As-
sume that op,(T) # 0 and let p € op(T). We say that u has finite ascent if
there is j € N\ {0} such that K; = Kji1, and the smallest integer satisfy-
ing this property is called ascent of u and is denoted by a(p) (or simply «).
Moreover, if K, is finite-dimensional, then the algebraic multiplicity of u,
say m, and the geometric multiplicity of u, say g, are defined as follows:

m = dim(K,) > dim(K;) =: g. (46.5)
Whenever o > 2, nonzero vectors in K, are called generalized eigenvectors.

If the eigenvalue p has finite ascent v and if K, is finite-dimensional, then
elementary arguments from linear algebra show that a+¢g—1 < m < ag (note
that o = 1iff m = g). This inequalities are proved by showing that g1 +i—1 <
gi < gi—1+ g1 for all i € {1:a} with ¢g; := dim(K;); see Exercise 46.2. All
the eigenvalues have a finite ascent and a finite multiplicity if L is finite-
dimensional, or if the operator T is compact (see Theorem 46.14(iv)), but
this may not be the case in general.

Example 46.7 (Ascent, algebraic and geometric multiplicity). To
illustrate Definition 46.6 in a finite-dimensional setting, we consider the op-
erator T : R* — R* defined by T'(X) := AX for all X € L := R*, where

1100
0110
0010
0001

Then p =1 is the only eigenvalue of T'. Since

0100 0010
o010 2 |0000 RO
Li=A=1g000] (L —A)° = 0000]° (L — 4)" = Oy,

0000 0000

we have ker(I;, — T) = span{e;,es}, ker(I;, — T)? = span{ey, ez, e}, and
ker(I, — T)3 = ker(I;, — T)* = span{ey, ez, e3, €4}, where {e1, ez, e3, €4} is
the canonical Cartesian basis of R*. Thus, the ascent of ¢ = 1is a = 3,
its algebraic multiplicity is m = dim(ker(I;, — T)®) = 4, and its geometric
multiplicity is ¢ = dim(ker(Ip, — 7)) = 2. Notice that «a + g —1=4=m <
6 = ag. a
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Let us finally explore the relation between the spectrum of 7" and that of
its adjoint 7% : L' — L' s.t. (T*(U'),l)pr .. := (I',T(1))rr for all I € L and
all I’ € L’ (see Definition C.29). Recall that we have adopted the convention
that dual spaces are composed of antilinear forms (see Definition A.11 and
§C.4), so that (AT)* = XT* for all A € C. (The reader should be aware that
a usual convention in the mathematical physics literature is that dual spaces
are composed of linear forms, in which case (A\T')* = AT™*.) Moreover, for any
subset A C C, we denote conj(4) :={p e C|u € A}.

Lemma 46.8 (Spectrum of T*). Let T € (L). The following holds true:
o(T™) = conj(o(T)), o (T) C conj(op(T7)) Cor(T)Uop(T). (46.6)

Proof. Corollary C.52 implies that uly, — T is not bijective iff (ul, — T)* =
nlr, —T* is not bijective. This proves the first equality. See Exercise 46.1 for
the proof of the other two inclusions. O

Example 46.9 (Left and right shifts). Let p € (1,00) and let ¢ be the
Banach space composed of the complex-valued sequences x := (2, )nen S-t.
> nen [Tn [P < 00. We can identify the dual space of £7 with ¢ where %—l—% =
1, by setting (z,y) s o = D ey Tn¥n With T := (Zn)neny and y := (Yn)nen-
Consider the left shift operator L : £#" — ¢ defined by L(z) := (z1,22,...)
and the right shift operator R : £ — ¢ defined by R(z) := (0,20, 21,...).
Then (z, R(Y)) g o = ZnZl TpYn—-1 = ano Tnt1¥n = (L(2),Y) o g»- This
shows that L = R*. Similarly, R = L* once the dual of ¢ is identified with
7. Observe that |[R[|z(er,er) = [IL[| £(es',00) = 1, s0 that both o(R) and o(L)
are contained in the unit disk {A € C | |A\] < 1} owing to Theorem 46.4(iii).
Notice that 0 ¢ o,,(R) since R is injective. Assume that there exists 1 € o, (R),
i.e., there is a nonzero x € (P s.t. (uxo, px1 — To, px2 — 1,...) = 0. Then
x, = 0 for all n € N, i.e., = 0, which is absurd (recall that u # 0).
Hence, o,(R) = 0. Lemma 46.8 in turn implies that o,(L) = 0 because L* =
R. Similarly, Lemma 46.8 implies that o,(R) C conj(op(L)) C o:(R), i.e.,
or(R) = conj(o,(L)). Assuming that p € op(L), there is a nonzero vector
z e st. L(x) = px, which means that z = 20(1, g, u2, .. .). This vector is
in 7" iff || < 1. Hence, op(L) = {u € C | || < 1}. Since o (L) is invariant
under complex conjugation, we conclude that o,(R) = o,(L). Finally, since
o(L) is closed (see Theorem 46.4(ii)) and [[L[|;(p ) = 1, we have o(L) C
{p € C||u| < 1}. But o(L) must also contain the closure in C of o,(L) =
{p € C||u| < 1}. Hence, o(L) = {p € C||p| < 1}. This, in turn, implies
that o.(L) = {p € C| |u| = 1}. In conclusion, we have established that

op(L) ={p e C||ul <1} =0or(R),

oc(L) ={pneCl|ul=1} = 0.(R),
o:(L) = 0 = op(R). O
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46.1.2 Compact operators in Banach spaces

Since we are going to focus later our attention on the approximation of the
eigenvalues and eigenspaces of compact operators, we now recall important
facts about such operators. Given two Banach spaces V, W, we say that
T € L(V;W) is compact if T maps the unit ball of V into a relatively
compact set in W (see Definition A.17). Let us also recall (see Theorem A.21)
that if there exists a sequence (T}, )nen of operators in L£(V; W) of finite
rank s.t. lim, oo |7 — Tullzv;wy = 0, then T is compact. Conversely, if
W is a Hilbert space and T' € L(V;W) is a compact operator, then there
exists a sequence of operators in L(V; W) of finite rank, (T,,)nen, such that

Example 46.10 (Rellich—-Kondrachov). For every bounded Lipschitz do-
main D, the Rellich-Kondrachov theorem states that the injection W*?(D) <
L9(D) is compact for all ¢ € [1, df—ip) if sp < d (see Theorem 2.35). O
Example 46.11 (Hilbert—Schmidt operators). Let K € L?(DxD;C),
where D is a bounded set in R?. Then the Hilbert-Schmidt operator T :
L*(D;C) — L*(D;C) s.t. T(f)(x) :== [, f(y)K(2,y)dy a.e. in D is compact
(see Brezis [89, Thm. 6.12]). Note that T*(f)(z) == [, f(y)K(y,z)dy. D

Example 46.12 (Identity). The identity Ip : ¢ — (P, p € [1,00], is
not compact. Indeed, consider the sequence e, := (d;mn)men. For all N > 0
and n,m > N, n # m, we have |le, — ey = 25 for all p € [1,00), and
llen, — eml]le< = 1. Hence, one cannot extract any Cauchy subsequence in ¢?
from (e, )nen- O

Let us now state some important results on compact operators.

Theorem 46.13 (Fredholm alternative). Let T € L(L) be a compact
operator. The following properties hold true for all u € C\{0}:

(i) plr, = T s injective iff ul;, — T is surjective.

(ii) ker(ulp — T') is finite-dimensional.
(iii) im(uly, — T) is closed, i.e., im(uly, —T) = ker(@ly — T*)*.
(iv) dimker(pul, —T) = dimker(ul, — T*).

Proof. See Brezis [89, Thm. 6.6]. O

The Fredholm alternative usually refers to Item (i), which implies that
every nonzero member of the spectrum of T is an eigenvalue when T is
compact. The key result for compact operators is the following theorem.

Theorem 46.14 (Spectrum of compact operators). Let T € L(L) be a
compact operator with dim(L) = oco. The following holds true:

(1) 0 € o(T).

(ii) o(T)\{0} = op(T)\{0}.
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(iil) One of the following three cases holds: (1) o(T) = {0}; (2) o(T)\{0} s
a finite set; (3) o(T)\{0} is a sequence converging to 0.

(iv) Any p € o(T)\{0} has a finite ascent o, and the space ker(uly —T)* is
finite-dimensional, i.e., u has finite algebraic and geometric multiplicity.

(V) ueo(T) iff me a(T*), i.e, o(T*) = conj(a(T)). The ascent, algebraic
and geometric multiplicities of u € o(T)\{0} and of T are equal.

Proof. See Brezis [89, Thm. 6.8], Lax [278, p. 238], or Kreyszig [271, Thm. 8.3.1
& 8.4.4] for (i)-(iii) and [271, Thm. 8.4.3] for (iv)-(v). O

The first two items in Theorem 46.14 imply that either T is not injective
(ie., 0 € 0p,(T)) and then o(T) = 0,(T) (and 0c(T) = 0x(T) = 0), or T is
injective (i.e., 0 &€ op,(T)) and then o(T) = o,(T) U {0} (and oo(T) = {0},
or(T) =0 or 0.(T) = {0}, 0(T) = 0).

46.1.3 Symmetric operators in Hilbert spaces

In this section, L denotes a complex Hilbert space. The reader is invited
to review §C.3 for basic facts about Hilbert spaces. Let T € L(L). The
(Hermitian) transpose of T', say TH € £(L), is defined by setting

(TH(w),v) 1, == (w,T(v))rL, Yo, w € L. (46.7)

Let (J§*)=! : L’ — L be the Riesz Fréchet representation operator (see
Theorem C.24), that is, ((JE)=Y("),0)r == (',0)r/ 1 for all I’ € L' and
l € L. We recall that J§* and (J§")~! are linear operators because we have
chosen dual spaces to be composed of antilinear forms (see Exercise 46.5 and
Remark C.26).

Lemma 46.15 (Transpose and adjoint). Let T € L(L). We have TH =
(JE) Lo T* o JF¥, and

op(T*) = 0p (T, 0(T*) = 0o(TY),  o:(T*) = o (TH). (46.8)

Finally, if the duality paring is identified with the inner product of L, i.e., if
L and L' are identified, we have TH = T*.

PT’OOf. The identities ((Jgkw)_lT*(l/), Z)L = <T* (ll), l>L’,L = <ll, T(Z)>L/1L =
(J¥)=1(1"),T(1))r, show that TH = (JF)~1 o T* o J&. This proves the first
assertion. To prove (46.8), we observe that for all u € C, we have puly, —T* =
plp — T8 oTHo (JE) =1 = J& o (ul, — TH)o (JF)~L. The assertion (46.8) on
the spectrum follows readily. Finally, if L and L’ are identified, J}* becomes
the identity operator so that TH = T*. a

Definition 46.16 (Symmetric operator). Let T € L(L). We say that T
is (Hermitian) symmetric if T = TH.
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Theorem 46.17 (Spectrum, spectral radius, ascent). Let T € L(L) be
a symmetric operator. The following holds true: (i) o(T) C R, op(T) = 0,
and

{a,b} € o(T) C [a,b)], (46.9)

with a = inf,cp o) =1(T(v),v)r and b := sup,cr, |y, =1(T(v),v)r. (ii)
IT|zczy = r(T) = max(|al,[b]). (iii) The ascent of any pu € o,(T) is equal to
1, i.e., every generalized eigenvector is an eigenvector, and if T is compact,
the algebraic multiplicity and the geometric multiplicity of pu are equal.

Proof. See Lax [278, p. 356], Kreyszig [271, §9.2], and Exercise 46.6 for a
proof of (i). See Exercise 46.6(iii) for a proof of (iii). O

Corollary 46.18 (Characterization of o(T)). Let T € L(L) be a symmel-
ric operator. Then p € o(T) iff there is a sequence (vp)nen in L such that
lonll =1 for all n € N and ||T(v,) — pp|ln — 0 as n — oo.

Proof. Tdentifying L and L', we apply Corollary C.50 which says that (ulr, —
T) is not bijective iff there exists a sequence (v, )nen in L such that ||v, ||, =1
and [|uvn — T(vn)llz < 537 O

For the reader’s convenience, we now recall the notion of Hilbert basis in
a separable Hilbert space (separability is defined in Definition C.8).

Definition 46.19 (Hilbert basis). Let L be a separable Hilbert space. A
sequence (en)nen tn L is said to be a Hilbert basis of L if it satisfies the
following two properties:

(1) (éms€n)r = Omn for all myn € N.
(ii) The linear space composed of all the finite linear combinations of the
vectors in (en)nen is dense in L.

Not every Hilbert space is separable, but all the Hilbert spaces encountered
in this book are separable (or by default are always assumed to be separable).

Lemma 46.20 (Pareseval). Let L be a separable Hilbert space and let
(en)nen be a Hilbert basis of L. For all u € L, set u, := Zke{():n} (u,ex)rek.
The following holds true:

- _ _ 2 _ 2
nh_)rr;OHu unll =0 and |ullf %Ku,ek)ﬂ. (46.10)

Conversely, let () nen be a sequence in €2(C) and set uq ,, = Eke{o:n} el
Then the sequence (Uq n)nen converges to some uq in L such that (uq, en)y =
an, for alln € N, and we have ||uy||? = lim,_ EkE{O:n} az.

Proof. See Brezis [89, Cor. 5.10]. O
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Theorem 46.21 (Symmetric compact operator). Let L be a separable
Hilbert space and let T € L(L) be a symmetric compact operator. Then there
exists a Hilbert basis of L composed of eigenvectors of T .

Proof. See [89, Thm. 6.11]. O

The above results mean that the eigenvectors of a symmetric compact
operator T' form a sequence (vp)nen S.b. (U, Vn)rL = Omn for all m,n € N.
Moreover, for all u € L, letting «,, := (u,v,)r and uy, := Zke{Om} vk, the
sequence (un)nen converges to u in L and we have |lul|3 = Y, lok|*

46.2 Introductory examples

We review in this section some typical examples that give rise to an eigenvalue
problem, and we illustrate some of the concepts introduced in §46.1.

46.2.1 Example 1: Vibrating string

Consider a vibrating string of linear density p, length ¢, attached at x = 0 and
x = £, and maintained under tension with the force 7. Let us set D := (0, ¢),
J = (0, Tmax ), Tmax > 0, and denote by u : DxJ — R the displacement
of the string in the direction orthogonal to the z-axis. Denoting by ug(x)
and wuj () the initial position and the initial velocity (i.e., the time derivative
of the displacement), the displacement of the string can be modeled by the
linear wave equation

Oru(x,t) — 20ppu(z,t) =0 in DxJ, (46.11a)
w(0,8) = 0, u(l,t) =0 in J, (46.11b)
u(z,0) = up(z), Ou(z,0) =wui(z) in D, (46.11c)

where the wave speed is ¢ := (1)%. The method of the separation of variables
gives the following representation of the solution:

u(z,t) = Z (v, cos(wnt) + By sin(wpt)) tn (), (46.12)

n>1

with w,, = c)\é, Z\n = #, VY (x) = sin(nw ), an 1= %fog uo (), () dz,
and B, = 2= [ u1()¢n(x)dz. A remarkable fact is that for all n > 1,
(An, ¥n) is an eigenpair for the Laplace eigenvalue problem
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The eigenfunctions 1), are called normal modes. In musical language, they are
called harmonics of the string. Note that «a,, = foé uo () () da/ foé Y2 (x) dzand
¢ I
wnfn = [y ur(@)¥n(z) dz/ fo ¥7(2) da.
We say that (46.13) is the spectral problem associated with the vibrating
string. This problem can be reformulated in the following weak form:

{Find € HY(D)\{0} and X € R such that (46.14)

[p Outpdpwdz = A [, pwdz, Yw € HE(D).

Let L := L?(D) and let T : L — L be defined so that for all f € L,
T(f) € Hi(D) solves [, 0(T(f))d,wdx := [}, fwdx for all w € Hj(D).
The operator T is compact since the injection H}(D) — L?(D) is com-
pact owing to the Rellich-Kondrachov theorem. This compactness prop-
erty will be important for approximation purposes. Upon observing that
Jp fT(g9)dz = [, 0.(T(f))0:(T(g9))dx = [, T(f)gdx, we infer that T is
symmetric according to Definition 46.16. Owing to Theorem 46.17, all the
eigenvalues of T are real and o,(T) = 0. According to Theorem 46.14, the
eigenvalues of T are well separated and form a sequence that goes to 0.
Note that T is injective, that is, 0 is not an eigenvalue. According to The-
orem 46.14, this means that o.(T) = {0}. Let (p, %) be an eigenpair of T
Then p [, OptpOpwdz = [, 0:(T(¥))dpwdx = [, ¢wdx. Hence, (u="', 1)
solves (46.14). Conversely, one readily sees that if (), 1)) solves (46.14), then
(A71,9) is an eigenpair of T. Thus, we have established that (A1) solves
(46.14) iff (A\~1,9) is an eigenpair of T. Finally, Theorem 46.21 asserts that
there exists a Hilbert basis of L consisting of eigenvectors of T', and the basis
in question is ((%)%wn)nzl.

46.2.2 Example 2: Vibrating drum

Consider a two-dimensional elastic homogeneous membrane occupying at rest
the domain D C R? and attached to a rigid frame on 9D, as shown in
Figure 46.1. We assume that D is embedded in R and denote by e. the

Fig. 46.1 Vibrating membrane attached to a rigid frame. Left: reference configuration D,
externally applied load f, and equilibrium displacement u. Right: one normal mode.

third direction. Assume that the membrane is of uniform thickness, has area
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density p, and that the tension tensor in the membrane, ¢, is uniform and
isotropic, i.e., it is of the form t = 715 for some positive real number 7 (force
per unit surface). Consider a time-dependent load f(x,t) := pg(x) cos(wt)
with angular frequency w for all (z,t) € DxJ with J := (0, Tiax ); Tmax >
0. Under the small strain assumption, the time-dependent displacement of
the membrane in the e, direction, u : DxJ — R, is modeled by the two-
dimensional wave equation

Oru — > Au = g(z) cos(wt) in Dx.J, (46.15a)
u(-,t)jop =0 in J, (46.15b)
u(x,0) = up(x), du(x,0) =ui(x) in D, (46.15¢)

where the wave speed is ¢ := (%)%. As in §46.2.1, the solution to this problem

can be expressed in terms of the normal modes (eigenmodes) of the mem-
brane, (A, ¥n)n>1, which satisfy

— Aty = Ayt in D, pjap = 0. (46.16)

1
Setting wy, := ¢AZ, a straightforward calculation shows that if w & {wy, }n>1,

. wfwnt . erwnt
’u(:I:, t) = Z {an COS(“nﬂ""ﬁn Sin(wnt)—’—’y_n&ng)fjn ) SHIE)JW.QJ" ) }w"(w)7
2

2
n>1 2

where «;, = (UOa"/’n)LQ(D)/”wnHQLz(D)a wnBn = (ulawn)LQ(D)/HwnHiz(D)u
Yo = (g, 1/)n)L2(D)/||7/Jn||%2(D)- As the forcing angular frequency w gets close
to one of the w,’s, a resonance phenomenon occurs. When w = wy, |u(z,t)]
grows linearly in time like ¢|sin(w,t)].

The spectral problem associated with the vibrating drum can be rewritten
in weak form as follows:

{Find v € Hi(D)\{0} and X € R such that (46.17)

Jp VU-Vwde = X [ Yywdz, Yw e Hg(D).

If the tension tensor t in the membrane is not uniform and/or not isotropic
(think of a membrane made of composite materials), and if the area density
p is not uniform, the above spectral problem takes the following form:

{Find ¥ € Hj(D)\{0} and A € R such that (46.18)

Jp(tVY)-Vwde =\ [, ppwdz, VYw e Hg(D).

By proceeding as in §46.2.1 and under reasonable assumptions on t and p,
one can show that the solution operator associated with (46.18) is symmetric
and compact from L?(D) to L?(D). Hence, the eigenvalues associated with
the eigenvalue problem (46.18) are countable, isolated, and grow to infinity.
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46.2.3 Example 3: Stability analysis of PDEs

It is common that one has to study the stability of physical systems modeled
by PDEs. For instance, the following nonlinear reaction-diffusion equation
(sometimes referred to as the Kolmogorov—Petrovsky—Piskounov equation):

Ou — Ag(u) — f(u) =0 in DxJ, (46.19)

models the spreading of biological populations when f(u) := u(l — u), the
Rayleigh-Benard convection when f(u) := u(1 — »?), and combustion pro-
cesses when f(u) := u(l — u)(u — ) with @ € (0,1). We assume here
that D := (0,1)? periodic boundary conditions are enforced, f and g
are smooth, and ¢’ is bounded from below by some positive constant. As-
suming that this problem admits a particular time-independent solution
(a standing wave), usy, the natural question that follows is to determine
whether this solution is stable under infinitesimal perturbations. Writing
u(x,t) = usw () + (x)e M, X € C, where 1) is assumed to be small com-
pared to ugy, one obtains the following linearized form of the PDE:

) — A (usw)?) — f(usw)p =0 in Dx.J. (46.20)

Since V(¢ (usw)®) = g’ (tsw) VY + 1g" (usw) Vusy, this problem leads to the
following eigenvalue problem:

fD ((g’(usw)vw + U " (Usw ) Vg )- VIO — f’(usw)d)ﬁ)d:r =A fD Ywdz,
(46.21)

where H]_ (D) is composed of the functions in H'(D) that are periodic over

D. The particular solution usg, is said to be linearly stable if all the eigenvalues
have a positive real part. Here again, it is the solution operator T : L?(D) —
L?(D) that is of interest, where for all s € L*(D), T(s) € H},.(D) C L*(D)

solves [ ((¢' (usw)VT(s) + T(s) 9" (tsw) Viiw)- V0 — T(s)?’ezusw)ﬁ) dz =

pswdz for all w € H;CY(D). Under reasonable assumptions on f, g, tsw,

the operator T can be shown to be compact.

{Find ¢ € H}.(D)\{0} and X € C such that Yw € H} (D),

46.2.4 Example 4: Schrodinger equation and hydrogen atom

The vibrating string and the drum are typical examples where compactness
directly results from the boundedness of the domain D. We now give an
example where compactness results from an additional potential in the PDE.
An important example of eigenvalue problem in physics is the Schrédinger
equation. For instance, the normalized Schrodinger equation takes the fol-
lowing form for the one-dimensional quantum harmonic oscillator over R:

1 1
—51/;” + 5:&/; —Ey inR. (46.22)
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The function 1 is the wave function of the oscillator, and the quantity 1?2 is
its probability distribution function. The eigenvalue E is called energy. This
problem has a countable (quantified) set of eigenpairs

1 3')2

Y (x) = We_THn(x), E,:=n+ (46.23)

1
27
2 2
€

where H,(x) := (—1)"e*
natural functional space fo

dd is the Hermite polynomial of order n. A
or this problem is
B'(R) := {v e HR) | zv € L*(R)}. (46.24)

In addition to being in H'(R), functions in B*(R) satisfy [, 2%v?(x)dz < oo.
It is shown in Exercise 46.8 that the embedding B! (R) < L?(R) is compact,
whereas it is shown in Exercise 46.7 that the embedding H!(R) < L?(R) is
not compact. Hence, the sesquilinear form a(v,w) = [, (V'@ 4 2*vw) dz is
bounded and coercive on B!(R), and the operator T : B*(R) — B(R) s.t.
a(T(u),w) = [ wwdz for all w € B'(R), is symmetric and compact.

The hydrogen atom is a model for which the Schrédinger equation has the
following simple form:

ﬁ2
B 2Me 4.7T6 r

Y =FE¢p inR’ (46.25)

Here, i is the Planck constant, m, the mass of the electron, ¢ the permit-
tivity of free space, ¢ the electron charge, and r := ||z||;z2 the Euclidean
distance of the electron to the nucleus. This problem is far more difficult
than the one-dimensional quantum harmonic oscillator because the Coulomb

potential —=— is negative and vanishes at infinity. The sign problem can be
handled as for the Helmholtz problem (see Chapter 35) by 1nvok1ng Gardmg s

inequality after making use of Hardy’s inequality |u|? 1 (R) > 42 fRd 7:2 dx
for all u € H*(R?). The spectrum of the solution operator is composed of the
point spectrum and the continuous spectrum. The residual spectrum is empty
because the solution operator is symmetric. There is a countable (quantified)

set of eigenpairs. Using spherical coordinates, they are given for all n > 1 by

3,
¢n,z,m(7”7 97 (b) = Cn,lao 2 e_fplLiljll,l(P)Y}m(ea ¢)7
1

E,=———
2meal n?’

1

5 1
where | € {0:n—1}, m € {l:1}, Cn; = (2)? (721(:(‘(*”[;;)2;3)2, ap = —4777’12";2

is the Bohr radius, p := n—ao Ly(r) == Tﬁ;!er %(e”r“"@) is the generalized

Laguerre polynomial of degree B , and Y} is the spherical harmonic function
of degree [ and order m.
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Exercises

Exercise 46.1 (Spectrum). Let L be a complex Banach space. Let T' €
L(L). (i) Show that (AT)* = XT* for all A € C. (ii) Show that o,(T) C
conj(op, (7)) C o (T)Uop(T). (Hint: use Corollary C.15.) (iii) Show that the
spectral radius of T verifies 7(T) < limsup,, ||T"HE(L). (Hint: consider
> nen(pMT)™ and use the root test: the complex-valued series Y an
converges absolutely if limsup,, . |a,|% < 1.)

Exercise 46.2 (Ascent, algebraic and geometric multiplicities). (i)
Let T € L(L). Let p be an eigenvalue of T and let K; := ker(ul;, — T)* for
all i € N\{0}. Prove that Ky C Kj5..., and assuming that there is j > 1 s.t.
K; = Kji1, show that K; = Kj for all j/ > j. (ii) Assume that p has a
finite ascent «, and finite algebraic multiplicity m and geometric multiplicity
g. Show that a« + g — 1 < m < ag. (Hint: letting g; := dim(K;) for all
i € {l:a}, prove that g1 +i—1 < g; and ¢g; < g;—1 + g1.) (iii) Compute the
ascent, algebraic multiplicity, and geometric multiplicity of the eigenvalues
of following matrices and verify the two inequalities from Step (i):

1100 1100 1100
0120 0100 0100
0010]"° 0011}’ 0010
0001 0001 0001

Exercise 46.3 (Eigenspaces). The following three questions are indepen-
dent. (i) Suppose V = V1 ®V; and consider T' € L(V) defined by T'(vy +v2) :=
vy for all v1 € V; and all vy € V5. Find all the eigenvalues and eigenspaces of
T. (ii) Let T € L(V). Assume that S is invertible. Prove that S~!7'S and T
have the same eigenvalues. What is the relationship between the eigenvectors
of T and those of S~1TS? (iii) Let V be a finite-dimensional vector space.
Let {vn fne{1:m} C V, m > 1. Show that the vectors {v, },ecf1.m) are linearly
independent iff there exists 7" € L(V') such that {v, }ne{1:m) are eigenvectors
of T' corresponding to distinct eigenvalues.

Exercise 46.4 (Volterra operator). Let L := L?((0,1);C) and let T :
L — L be s.t. T(f)(x) := [; f(t)dt for a.e. z € (0,1). Notice that T is
a Hilbert—Schmidt operator, but this exercise is meant to be done without
using this fact. (i) Show that TH(g) = [ g()dt for all g € L*((0,1);C). (ii)
Show that T is injective. (Hint: use Theorem 1.32.) (iii) Show that 0 € o (T).
(iv) Show that o,(T") = 0. (v) Prove that ply, — T is bijective if p # 0. (vi)
Determine p(T), o (T), 0c(T), 0(T). Do the same for TH.

Exercise 46.5 (Riesz—Fréchet). Let H be a finite-dimensional complex
Hilbert space with orthonormal basis {€;};cf1:n} and inner product (-,-)x.
(i) Let g be an antilinear form on H, i.e., g € H'. Show that (J&)~!(g) =
Yic(i:ny 9(€i)ei with g(e;) == (g, €i)n.m, Vi € {1:in}. Is (JEY"1:H - H
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linear or antilinear? (ii) Let g be a linear form on H. Show that z, =

Yic(inyY(€i)ei is st (g, y)p m = (xg,y)n. Is the map H' > g — x4 € H
linear or antilinear?

Exercise 46.6 (Symmetric operator). Let L be a complex Hilbert space
and T € L(L) be a symmetric operator. (i) Show that o(T) C R. (Hint:
compute S((T'(v) — pv,v)r, and show that [S(w)||[v[|2 < [(T(v) — pv,v)L]
for all v € L.) (ii) Prove that o.(T) = 0. (Hint: apply Corollary C.15.)
(ili) Show that the ascent of each p € o,(T') is equal to 1. (Hint: compute

|(ulr, —T)(z)||? with z € ker(ul, — T)%)

Exercise 46.7 (H!(R) — L?*(R) is not compact). (i) Let x(z) :== 1+«
if -1 <2<0,x(x):=1—2if0<2z<1and x(z) :=0if || > 1. Show
that x € HY(R). (ii) Let v,(x) := x(x — n) for all n € N. Show that (v;,)nen
converges weakly to 0 in L?(R) (see Definition C.28). (iii) Show that the
embedding H'(R) < L?(R) is not compact. (Hint: argue by contradiction
using Theorem C.23.)

Exercise 46.8 (B!(R) — L?(R) is compact). (i) Show that the embedding
BYR) < L2(R) is compact, where B}(R) := {v € HY(R) | xv € L*(R)}.
(Hint: let (uy,)nen be a bounded sequence in BY(R), build nested subsets .J; C
N, Vk € N\{0}, s.t. the sequence (ty (k) )nes, converges in L?(—k, k).) (ii)
Give a sufficient condition on o € R so that BL(R) — L*(R) is compact,
where B! (R) := {v e H'R) | |z|*v € L*(R)}.

Exercise 46.9 (Hausdorff-Toeplitz theorem). The goal of this exercise
is to prove that the numerical range of a bounded linear operator in a Hilbert
space is convex; see also Gustafson [231]. Let L be a complex Hilbert space
and let Sp(1) :={z € L| ||z||r = 1} be the unit sphere in L. Let T € L(L)
and let W(T) := {a € C| 3z € S.(1), o« = (T'(x),z)1} be the numerical
range of T'. Let v, u € W(T), v # p, and z1,z2 € S(1) be s.t. (T'(x1),21)r =
~, (T(x2),22)r, = . Let T' := u—iv(T_’YIL)' (i) Compute (T’(z1),x1)r and
(T'(x2),x2) 1. (ii) Prove that there exists 6 € [0,27) s.t. S(e?(T'(x1), 22)1, +
e (T"(xq),21)1) = 0. (iii) Let 2} := €?xy. Compute (T"(z}),z})r. (iv) Let
A € [0,1]. Show that the following problem has at least one solution: Find
a,f € R st |lax) + frz|p =1 and (T'(ax) + fra), axl + Bra)r = A. (Hint:
view the two equations as those of an ellipse and an hyperbola, respectively,
and determine how these curves cross the axes.) (v) Prove that W(T) is
convex. (Hint: compute (T (ax + fxg), ax) + Laa)r.)



