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1 Introduction

The Rellich-Kondrachov compactness theorem says the embeddings
WIHma(Q) —s Wi (Q)

are compact embeddings of Sobolev spaces if €2 is a bounded open subset of the space
RY that has the cone property and if either mqg > N orif mg < N and 1 <r < qu\fn .
(cf. [1, Theorem 6.2]). In this case it follows for the Hilbert spaces H*(Q) = W*2(Q)

and HY(Q) = WJ*(Q) that the embeddings

HY(Q) < H'(Q), Hy () — Hy()

are compact if £ > [. The Rellich-Kondrachov theorem is fundamental for the study of
elliptic boundary value problems. The sets of non-zero singular values of these compact
embeddings are discrete bounded sets. The result was improved by Maurin [17] in the
sense that the embeddings are of Hilbert-Schmidt class (that means the singular values
are even square summable) if k — 1 > % and the boundary 02 fulfills Sobolev conditions
(see also [I]). This was useful for eigenvalue distributions, eigenfunction expansions
corresponding to differential operators and integral representations of Green's functions
(cf. [I3],[1]). From Maurin's theorem it follows immediately that these embeddings are
even of trace class if k — [ > N, i.e. their singular values yield sequences in ¢'(N). The
question arises if there is a way to characterize the embeddings of Sobolev spaces with
singular values yielding sequences in P(N) for 0 < p < co. Classes of mappings with these
properties are called p-Schatten classes. p-Schatten classes were first studied by Robert
Schatten and John von Neumann as ideals of the ring of bounded linear operators on a
Hilbert space H. The characterization was achieved by Gramsch [13]: The embeddings
are of p-Schatten class for 0 < p < oo if and only if £ — 1 > %. While Maurins proof is
based on Sobolev's Lemma Gramsch uses the knowledge of an orthogonal basis of the
Sobolev spaces on N-dimensional tori TV and then factorizes Q over TV via a partition
of one.

In [14] Hanche-Olsen and Holden achieve a very simple characterization of totally bounded
subsets of the spaces (4(N) for 1 < ¢ < oo thus characterizing the compact embeddings

X < I(N)

where X is some metric space. In [21] Pietsch defines generalized p-Schatten classes
of mappings between Banach spaces. One would like to have a characterization of the
p-Schatten embeddings

X <= ¢I(N)



where X is some Banach space over C or at least a characterization of the classical
p-Schatten embeddings
H — (*(N)

where H is some complex separable Hilbert space. Our aim is to achieve this charac-
terization. We do this by applying a very general result on p-Schatten mappings to
embeddings.

In [II] Gohberg and Markus characterize the p-Schatten classes of operators on one
Hilbert space H. It is shown that a compact operator H on a Hilbert space H is of
p-Schatten class if and only if for all orthonormal bases (2 < p < c0)/some orthonormal
basis (0 < p <2) {¢;} of H one has

Z|H¢j|f’ < 0. (1.1)

Their proof is quite involved. We give a simpler proof for the characterization of p-Schatten
classes of compact mappings
A: 7‘[1 — 7‘[2

where H; and H, are complex separable Hilbert spaces showing that A is a p-Schatten
mapping if and only if for all orthonormal bases (2 < p < o0)/some orthonormal basis
(0 <p<2){¢;} of H; one has

{lA¢;1u, 152, € (N (1.2)

where ||y, is the norm induced by the inner product of Hs.

In the range 2 < p < oo the proof involves ideas that are elaborated on by Simon in [25]
and are based on a theorem that is essentially due to Markus . In the range 0 < p < 2
an idea by Dunford and Schwartz [8] plays a major roll. This very general result can
be applied to embeddings. In this way it is possible to give a characterization of the
p-Schatten embeddings H; < ¢*(N). However it is in general not possible to describe all
orthonormal bases of a space H; C ¢*(N). If an orthonormal basis is known it turns out
to be useful especially in the range 0 < p < 2 for what we give several examples.

At this point I would like to thank Professor Mugnolo for giving me this interesting topic
and for his idea to apply the theory to Sobolev spaces on sparse graphs (see section .
I would like to thank Dr. Kerner for many suggestions for improvement. Finally I want
to thank my family for their support.



2 Preliminaries

In this chapter we present the basic notions that are needed to define p-Schatten
operators, p-Schatten mappings and p-Schatten embeddigs. Throughout this chapter and
the following chapters H, H; and H, are complex separable Hilbert spaces. Since our
focus is on infinite dimensional spaces we assume these spaces to be infinite dimensional.
Most results hold for finite dimensional spaces too. We assume that the inner products
are linear in the first and conjugate linear in the second factor and denote them by
(1), (- ), and (.,.)3, and the induced norms by |.|,|.|%, and |.|3,. We start with the
following definitions:

Definition 1: We say for a bounded linear operator H € L(H) it is positive, in signs
H2>0,if (¢, Hp) >0 for all g € H.

For the next definition we recall that since ¢ — (H¢, 1) is a bounded linear functional
for each v Riesz's representation theorem implies the existence of the operator H* € L(H)
satisfying (Ho, 1) = (¢, H*y) and this operator is called the adjoint operator.

Definition 2: H € L(H) is called self-adjoint if H = H*.
The next lemma characterizes the self-adjoint operators by their diagonal values.
Lemma 1: H is self-adjoint if and only if (¢, Hp) € R for all ¢ € H.

Proor: If H is self-adjoint we have:

(¢, Hp) = (Ho, ¢) = (¢, H9)
for all ¢ € H and thus (¢, Hp) € R for all p € H. If (¢, Hp) € R for all ¢ € H we have:

(¢, (H —H")p) = (¢, Hp) — (¢, H*¢) = (¢, H) — (H,¢) = (¢, HP) — (¢, Hp) = 0

and by polarization:

(6, (H — H")¢) = i((¢+¢7(H—H*)(¢+¢)) — (¢ =¥, (H = H")(¢—v)))

P+ i, ( — HY)(6+ i) — (6 — b, (H — HY)(6 — 1)) = 0

for all ¢,v» € H, eg. ¢ = (H — H*)Y, thus |(H — H*)yY| = 0 for all ¥ and so
H—-H*=0. 0

Hence every positive operator H € L(H) is self-adjoint. Without proof we cite [23]
Theorem VI.9] the so called “square root lemma”:



Theorem 2: For every positive operator H € L(H) there is a unique positive operator
H, € L(H) satisfying H? = H and H, commutes with every Hy € L(H), that commutes
with H.

Now let Hi, Hs be two complex, separable Hilbert spaces and define in analogy to the
case of one Hilbert space:

Definition 3: For a bounded linear mapping A : Hi — Hs its adjoint mapping A* :
Ho — Hy is the bounded linear mapping satisfying

(A¢7 w)Hz = <¢7 A*w)Hl
for all ¢ € Hy, Y € Ho.

Though all separable Hilbert spaces are isomorphic, we follow Maurin [I7] in distin-
guishing bounded linear mappings between Hilbert spaces from operators on one Hilbert
space. We observe:

Lemma 3: A*A € L(H1) is a positive operator, that is self-adjoint and has a positive
and thus self-adjoint square root.

PRrROOF: This follows by Lemma [I] and Theorem [2]

Definition 4: For a bounded linearl mapping A : Hy — Ho we define the positive
mapping |Al € L(H1) by |A] = (A*A)z.

We observe, that for every ¢ € H; :
1163, = (A, |Alo)n, = (A" A, D), = (Ap, Ad)y, = |AGl3,.  (2.1)

In the next step we factorize A where one factor is |A| and the other factor is a partial
isometry. We recall that for a mapping U : H; — Hs the kernel KernU is a closed
subspace, thus has an orthogonal complement that we denote by KernU+. We denote
the range of U by RanU .

Definition 5: We call U : Hy — Hs a partial isometry , if U|gepnr : KernU+ — RanU
1S an isometry.

In this case RanU is closed:
Lemma 4: If U : Hi — Ho is a partial isometry its range RanU is closed.

PRrOOF: If {¢,} is a Cauchy sequence in RanU and 1, — 1 in Hs, then {¢,} given by
&n = (Ul gernus) "1y, is a Cauchy sequence in KernU+ C H1, because

|¢n - ¢m|7'l1 = |<U‘KernUJ-)_l(¢n - wm>|7'l1 - ’wn - wmlﬂz — 0,n,m — oo.
Thus {¢,} has a limit ¢ in KernU*, which is closed. It follows:
|¢ - ¢n|7‘11 = |U<¢ - ¢n)|7—[2 = |U¢ - ’l/}n|7-[2 — O,Tl —r 00,
and by uniqueness of the limit ¢ = U¢p € RanU. O



Now we are interested in the adjoint of a partial isometry. It turns out that it is again
a partial isometry.

Lemma 5: IfU : Hy — Hs is a partial isometry its adjoint U* : Hy — Hy is a partial
isometry.

PrROOF: By what we have just seen:
Ho = RanU & RanU+.

So for every 1) € Hs there exist unique ¢ € KernU*, p € RanU+*, such that

Y =Ud+p. (2.2)

Now define U’ : Hy — Hy by U'(y)) = ¢, then KernU' = RanU* or equivalently
RanU = KernU'™* and (U'(Ug),U'(U¢)) = (¢,¢) = (Up,U¢) for every Up € RanU.
That means U’'|gepmyre is an isometry. We further have for v = U¢p + p € Hy and
¢1 = ¢} + ¢3 € Hy, where ¢} € KernU™*,¢? € KernU(H, = KernU* & KernU):

W, Ub1 ), = (U +p,Ubt)y = (U, Ut )3, = (6, 01)30, = (U, 61)y = (U, 1)1

where the latter identity follows from U’y € KernU=.
So U’ = U* is a partial isometry with initial space KernU'" = RanU and final space
RanU' = KernU+. m

Note that U*U is an orthogonal projection on KernU+ C H, and UU* is an orthogonal
projection on RanU C H,. We use these results to prove the existence of a polar
decomposition of a bounded linear mapping as described in the following theorem (cf. [23]
Theorem VI.10]). The polar decomposition will play an important roll in our discussion.

Theorem 6: For every bounded linear mapping A : Hi — Ho there exists a unique
partial isometry U : Hy — Ha, such that A = U|A| and KernU = KernA

PrROOF: We first define Uy : Ran|A| — RanA by Uy(|A|p) = Ag. If |A|p = |A|, i.e.
|| A|(¢ — 1)|%, = 0, it follows by equation |A(p — )|y, =0, ie. Ap = At so Uy is
well-defined. And again by equation 2.1 Uy is an isometry.Because Uy is an isometry, it can
be extended to an isometry U; : Ran|A| — RanA. Now since H; = Ran|A| @Ran|A|Lthe
mapping U : Hi; — Ho defined by Ulm = U; and U’WL = () is a partial isometry
on H;.

If (|Alg, )3, = 0 for all ¢ € H,it follows (¢, |Al1)y, = 0 and so |A|p = 0 and similarly ,
if |[Alvp = 0 it follows (|A|p,1)x, = 0 for all ¢ € H;. So Ran|A|* = Kern|A| and again
by 2.1] KernA = Kern|A|.Thus KernU = KernA and clearly A = U|A|.

Hi = Ran|A| & R(m|A\L together with this implies, that U is unique. O

Note that |A| = U*A.
We say a bounded linear mapping is of finite rank, if its image is finite dimensional.
We now consider compact mappings (cf. [7, Corollary 6.2]):



Theorem 7: For a bounded linear mapping A : H1 — Hs the following two conditions
are equivalent:
(i) A is a limit (in the operator norm) of finite rank mappings

(i) A({¢p € Hi: |oln, < 1}) is precompact in Ha

ProOOF: It is well known, that the unit ball in a Banach space is precompact exactly if
this space is of finite dimension. Thus every finite rank mapping has property (ii). So if
A has property (i), for every e > 0 there exist n(e), m(e) € N, A,y : Hi — Hz of finite
rank and 91, ..., Ym) € Ha such that

9
Ao — All < =
14 = Al < 5

where ||.|| denotes the operator norm and

m(e)

Ane) (B, (0)) € U Bj,
where Bf, (n) is the ball of radius o centered at 7 in H;. Then
A(By,,(0) C U B;,

So A has property (ii).
Conversely if A has property (ii), i.e

m(e)
AL, ) € U Biu(w)

for some arbitrarily small € > 0 and n < oo, then let P be the projection on the finite
dimensional subspace spanned by 1, ..., 1, € Hs, then PA is of finite rank and for any
¢ € By, (0) there is some j4 € {1,...,n} such that

|A¢ - qu;’HQ <é
and thus
|PA¢ - ij¢|7{2 = |PA¢ - ¢j¢|H2 <g,

because P is a contraction. This all together implies
||PA — A|| < 2,
i.e. A has property (i). O

Since these two properties of bounded linear mappings between Hilbert spaces are
equivalent by the above theorem compactness might be defined by property (i) as well as
by property (ii). However in the more general case of Banach spaces (ii) does not imply
(7) and the problem is known as the “approximization problem”. ( For this see Remark 1
to Corollary 6.2 in [7] and Section 1.g in [15].) We choose property (i) to define compact
mappings.



Definition 6: A mapping A : Hi — Hs is called compact if it is the limit of finite rank
mappings.

If Joo(H1,Ho) denotes the set of compact linear mappings then the following Lemma
holds.

Lemma 8: For Hilbert spaces Ho, H1, Ha, H3 and bounded linear mappings B : Ho — H1,
A € Joo(H1,Ha) and a bounded linear mapping C : Ha — Hs we have AB € Joo(Ho, Ha),
CAe joo<H1,H3) and CAB € joo<Ho,H3). .

Proor: If A is compact there exist finite rank operators A,, : Hi; — Ho so that
|A— Al = 0,n — 0.
Clearly A,B : Ho — Hs are finite rank operators and
IAB = 4,B|| < [|A - AJl[||BI| = 0,n — oo.
The rest is shown in the same way. O

So in the case of compact operators Ju(H,H) = J(H) is a two sided ideal in the
ring of bounded linear operators. This explains the notation. From Lemma |8 we see that
if A:#Hy; — Hs is compact then |A| = U*A € L(H,) is compact and if |A| is compact
then A = U|A| is compact. Moreover if A is compact |A| is a compact, positive and thus
self-adjoint linear operator. To such operators applies the following Theorem (cf. [7,
Theorem 6.8 and Theorem 6.11]).We recall that the spectrum of an operator H € L(H)
is defined as the complement of its resolvent set, i.e. o(H) = C\p(H) where

p(H) ={X € C: Kern(\idy — H) = {0} and Ran(\idy — H) = H}.

Note that by the open mapping theorem the operators Aidy; — H have a bounded inverse
for A € p(H).

Theorem 9: If H € J(H) is self-adjoint then there exists an orthonormal basis of H
consisting of eigenvectors of H and the spectrum consists of 0 and the non-zero eigenvalues
of H and either
o(H)={0}ie. H=0
or
o(H)\{0} is finite
or

o(H)\{0} is a sequence converging to 0.

If o(H)\{0} is finite there exists a basis consisting of eigenvectors where only a finite
number of these eigenvectors correspond to non-zero eigenvalues. By applying the operator
H to this basis one sees H is a finite rank operator.



We apply this theorem to the operator |A| € L(H;) connected to the compact linear
mapping A : H; — Hs as defined in Definition 4. Proofs can be found in almost every
book on functional analysis like in [7] as cited above . The following definition and the
following theorem are important for the discussion of p-Schatten mappings.

Definition 7: If A : H, — Hs is a compact linear mapping then the elements of the
spectrum of |A| € L(H1) are denoted 0;(A) and are called the singular values of A.

In Definition 7 the index j is assumed to run through some set J. As we have seen |A|
is compact if A is compact and in this case the spectrum is discrete by Theorem [9] So
the index can be assumed to run through N. We will consider the sequence {o;(A)}22, as
the sequence of the singular values in non-increasing order and that implies we consider
the sequence of the non-zero singular values if o(|A|)\{0} is infinite which in this case
is a sequence converging to 0. Note that since |A| is positive the singular values are
non-negative real numbers. Now we are able to expand A as described below (cf. [25
Theorem 1.4] ).

Theorem 10: If A € Jo(Hi1, Hz) then A has a norm convergent expansion

where w € NU {0,000}, 0;(A) are the non-zero singular values of A in non-increasing
order counting multiplicities, 0']2-(14) are the non-zero eigenvalues of A*A and AA* in
non-increasing order counting multiplicities, {¢;}4_, is an orthonormal family in H,
consisting of the corresponding eigenvectors of A*A and {1;}32, is an orthonormal family
in Ho consisting of the corresponding eigenvectors of AA*.

ProoF: If A =0 we choose w = 0 and the right hand side is understood as an empty
sum. If A # 0 then it follows from Theorem [J] that there is an expansion

’A| Z ¢] 'H1¢]

where 1 <w < 00, 0;(A) are the non-zero singular values of A in non-increasing order
and ¢; the corresponding orthonormal eigenvectors. Applying the partial isometry
U :Hy — Hs derived from the polar decomposition of A to the equation yields

A=U|A|l = ZOJ qﬁj 1 Uo;

and because U is an isometry on Ran|A| and clearly ¢; € Ran|A| it follows that {¢;}5_,
where ¢); = U¢; defines an orthonormal family. Furthermore A*A¢; = |A]*¢; = 0;(A)?¢;
for j =1, ...,w shows {¢,} are the orthonormal eigenvectors of A*A to the eigenvalues
o;j(A)? and
AA; =UIAl AU ¢ =UlAP; = 0;(A)?Ud; = 0;(A)*Y;
—(U* A) 2| A=A

10



for j =1,...,w shows {1;}%_, are the orthonormal eigenvectors of AA* to the eigenvalues
O'j (A)2 . ]

We are now able to define the p-Schatten classes for 0 < p < oo.

Definition 8: A compact linear mapping A : H1 — Hs is a p-Schatten mapping if
> 0i(A) < oo,
j=1

i.e. if {o;(A)}32, € (P(N).
The p-Schatten class is the set of all p-Schatten mappings:

Tp(H1, Ha) = {A:Hi — Hy : A is compact, linear and {o;(A)}j2, € F(N)}.

An operator A € J,(H) is called a p-Schatten operator and an embedding A : Hi — Ho,
i.e. an injective map where we identify the elements of Hy with their images under A is
called a p-Schatten embedding if A € J,(H1,Ha). Finally J1(H1, Ha) is called the trace
class and Jo(H1, Ha) is called the Hilbert-Schmidt class.

One can define more generally for two Banach spaces X and Y and a bounded
linear mapping A : X — Y the sets £;(X,Y) of all bounded linear mappings with a
j-dimensional range and the numbers

(A) = inf A—Bl|l,j=0,1,2,...
a]( ) BeLg%X,Y)H H?] 07 )<
and then define the classes (?(X,Y") as the sets of all bounded linear mappings A that
satisfy 222, aj(A)P < oo for 0 < p < co. Only if X and Y are Hilbert spaces and
1 < p < oo one can show in general that these classes are Banach spaces. In this

case oj(A) = 0j41(A) for j = 0,1,2,... where the singular values are numbered in
non-increasing order and #(X,Y) = J,(X,Y). For this see [13] , [2I, Theorem 5] and

[21.

11



3 Properties of the p-Schatten classes

3.1 General Properties

In this chapter we prove some results that describe the classes J,. Many of the properties
of these classes mirror properties of the well known sequence spaces (’(N). By the
following definition the classes J,(H1, Hz) are equipped with a “ norm

Definition 9: For 0 < p < oo define the map |.|, : Jp(H1, Ha) — [0, 00) by

4], = (i aj(A)p> -

j=1

We need to characterize the singular numbers using the minimax theorem which we
cite here for this purpose (cf. [8, Theorem X.4.3] ):

Theorem 11: For a compact self-adjoint operator H € L(H) its eigenvalues \;in non-
increasing order are given by

)\- — min ma. H ’ ’ . > O
I 1,0, €EH ‘¢‘=}1( ( ¢ ¢) J =
(Qb:qbl)::(qb,gﬁ]):o

Because A*A € J.(H;) if A is compact this theorem can be applied to H = A*A (cf.
[8, Lemma XI.9.2Jand [25, Theorem 1.5] ).

Lemma 12: The singular values 0;(A) of a compact linear mapping A : Hy — Hy in
non-increasing order are given by

0j41(A) = s in max | A2, (3.1)
($:61) == (65 =0

J=0.
PROOF: Equation is clearly equivalent to

2 ) ,
0:.1(A) = min max A
]+1( ) P15 €EHL |6|=1 | ¢|’H2
(#,01)=...=(,0;)=0

and because [Ad|3, = (A*A¢, $)y, this is exactly the minimax theorem applied to
A*A. O

12



This characterization is used to show the following lemma which in turn will be used to
prove a Holder inequality, a not yet perfect “ triangle inequality ” and an “ ideal property
7 (cf. [8, Corollary X1.9.3] and [25, Theorem 1.6 and Theorem 1.7] ). The inequalities

that are stated in the lemma go back to Fan (cf. [I0, Theorem 2]).
Lemma 13: If H € J.o(H1) and A € Jo(H1, Hs) then
Ohi+1(AH) < 0p41(A)or1 (H).
If Ay, Ag € Joo(Ha, Ha) then
Opri41(Ar + Az) < op11(Ar) + 0141 (A2).

If A€ Ju(H1,Ha) and B : Hy — Hy and C : Hy — Hs are bounded then

0u(AB) < 0u(A)||Bl| and 0x(CA) < |Cllow(4),
where ||.|| denotes the appropriate operator norms.

PROOF: By equation [3.1] the inequalities

o AH) = min max AH

ki1 (AH) I max |AH }|,
(¢7¢1):“':(¢7¢k+l):0

<  min max |AH |3y,

(6, H*¢1)=...=(¢,H*¢p)=...=
(¢:bk+1)=-..=(¢:Pr+1)=0

_  min |ACH®) |34, [ H |3,

ax
1, it (Hop1) = =(Ho.d)=0| |H|z, ||,
(¢,P1+1)=--=(¢,Pk+1)=0

< ( min max A min ma H
> (¢17---7¢k [b|=1 | Z/}‘,H2)<¢k+17---,¢k+l \d’\:)l( ’ ¢’H1>
(Ws1)=-..= (1) =0 (¢:k+1)=--=(¢:¢Pk+1)=0

= 0k+1(A)01+1<H)

prove assertion [3.2]
Again by [3.1] the inequalities

Okri+1(A1 + Ag) = . rg,:fleﬂl |r£|{i)1{ |(A1 + A2) |z,
(¢,01)=...=(¢,¢x+1)=0

< i a A + |A
<, max (1410}, + [A20]3,)
(¢:81)=-..=(¢Pk+1)=0

< min max Ay + min max A,
@1, P EHL |p|=1 | ¢|H2 Pkt15e-Prr1EHL |p|=1 | ¢|H2
(¢,01)=...=(¢,¢5)=0 (¢,P1+1)=--=(0,Pk+1)=0

= 0p41(A1) + 0111 (A2)

13



prove assertion [3.3]

Finally ox(CA) < ||C||ox(A) for bounded C' and compact A is clear from and
|CAPly; <||C[[|AGl3, for every ¢ € H,.

From Theorem it follows that A*A and AA* have the same eigenvalues counting
multiplicities. This implies o4 (A) = 0x(A*) and thus

ok(AB) = 0(B*A%) < || B*[|o(A") = || Bl[ok(A)

where we used the facts that A is compact if and only if A* is compact (a theorem due
to Schauder) and that [|A|| = ||A*|| (cf. [3, Theorem 10.1 and Theorem 10.6] and [7,
Theorem 6.4] ).

O

One could have also used formula to define singular values for non-compact
mappings. In this case [3.4] would have been a simple consequence of as from one
sees immediately o1(A) = ||A]| (cf. [8, Corollary X1.9.4]).

From the inequalities given in Lemma [13| we can deduce the following theorem which
already gives some results concerning the algebraic structure of the p-Schatten classes

(cf. [8 Lemma XI1.9.9])

Theorem 14: Let 0 < py,ps < 00. If T € J,,(H1) and B € J,,(Hi1, Hz2) then A =
BT € J,(H1, Ha) where ]% =141 gnd

p1 y2p)
1
[Alp < 27| Blp, [Tp, (3.5)
If0 <p<ooand Ay, As € Jp(H1, Ha) then Ay + Ay € T,(H1, Ha) and
Ay + Asl, < 25| Ay|, + 27| Ay, forp > 1 (3.6)

and
|Ar + Aol < 2[A [P+ 2] Asfh for 0 <p < 1. (3.7)
Ifo<p<oo, A€ J,(Hi,Hs) and B : Ho — Hy and C : Hy — Hs are bounded then
AB € J,(Ho, Hz2) and CA € J(H1,Hs) and
|AB|, < [Al||B]| and |CAl, < [|C|[[Al,. (3.8)

PROOF: By Lemma and the general Holder inequality for sequences

(i_o: ang(A)p) ” < (i(UJJrl(B)UjH(T))p)

1
P1

< (f: %(B)m) (i %mm) )

14



and

=

(i azj+z<A>p)p < (i Uj+1(B)p1) ) (i ng(T)m) "

D P

> onn (A + 3 oapsa(AY <2 (fﬁ o—j+l<B>m) i (i ajH(T)m) "

J=0

This implies

Taking the = 'th power completes the proof of inequality .
By Lemma [138.3| and Minkowski's inequality we get

< (i %(Al)p) " (i ajH(Az)p) p
(ZU]H (Aq) )p (ZUJ-H (As) )”

p

3=

(i o2j+1(A1 + AQ)p)

and

=

(Z 09j+2( A1 + Ag) )

7=0

and so

J=1

igj(Al + Ap)P <2 (i 0j+1(A1)p) p + (i Uj+1(A2)p) p

In the case 0 < p < 1 the same argument and the inequalit
valid in the metric spaces /?(N) prove

Finally by Lemma [133.3}

ZJJ AB”<ZUJ IBHP*HBH’”Z%

7j=1

Taking the ]% 'th power completes the proof of inequality .
y x+y|zp(N < |z[g )yt ||

and taking the ;1) 'th power proves the first inequality in W.The second is shown in the
same way. n

From Theorem [14] it is easy to deduce that the p-Schatten classes J,(H1,H2) are
C-vector spaces and that the operator classes J,(H) are two sided ideals in the ring of
bounded operators L£(H). For 1 < p < oo the p-Schatten classes are even Banach spaces
with respect to the norms |.|,. The difficulty here is to prove the triangle inequality. In
chapter 6 we will prove that the mappings |.|, are obtained by maximizing (p > 2 ) or
minimizing ( p<2 ) the expressions (352, |A¢;[3,)” where the maximum or minimum
is taken over all orthonormal systems {¢;}. But this means the ¢’(N)-norms of the
sequences { A¢;} are maximized or minimized. For p > 2 the triangle inequality follows
immediately from this and Minkowski's inequality. This idea doesn't work for 1 < p < 2.
Since we don't need the Banach space property in our further discussion we will omit
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the proof of the triangle inequality for 1 < p < 2. We will present the proof for the case
p > 2 because it shows a nice application of Corollary [7in chapter 6 which is one of the
main results of our discussion. For proofs of the triangle inequality for operators on one
Hilbert space see [8, Lemma XI1.9.14] and [24, Satz 4.3.6].

Theorem 15: For p > 2 the p-Schatten classes J,(H1, Ha) are Banach spaces.

ProoF: By Corollary [7] in chapter 6 for p > 2 we have
| A1 + Asf, = max [{(A1 + A2)$; 172 [y = max [{A19;}72) + {A20;}721 )

< max([{A10;}72 [ + {A20;}721 [er)) (3.9)
< max [{A10;}72, [y + max [{ A2 152 [y = [Aalp + [ A2l
where [3.9 is Minkowski 's inequality and the maximum is taken over all orthonormal

systems of H;.
Clearly aA € J,(H1,H2) and |4, = |af|A], for o € C and A € J,(H1, Hs) because

@Al = ((ad)"(ad))? = @aA"A)? = |of|A]

and thus o;(aA) = |alo;(A).
Hence J,(H1, H2) is equipped with a topology induced by the norm |.|,. It follows addition
+: Tp(H1, Ha) X Tp(Hy, Ha) = Tp(H1, Hz2) and scalar multiplication : C x J,(H1, Ha) —
Jp(H1,H2) are continuous mappings with respect to this topology and the norm is
continuous.
We have to show J,(H1,H1) is complete (cf. [8, Corollary XI1.9.4 and Lemma XI1.9.10]).
By B.1] [|A|] = 01(A) < |A], for 1 < p < oo and so every Cauchy sequence in J,(H1, Hs)
is a Cauchy sequence in J(H1, Ha) which is complete (cf. [8, Corollary VI.5.5]). Thus
for every Cauchy sequence {A,,}°° ,in J,(H1, Ho) there exists a mapping A € Jo(H1, H2)
such that

|A—A,|| = 0,n — oo,
i.e. Ais a compact limit in the uniform topology. By for compact linear mappings
Ay, Ay we have

Oktjr1(A2) = Onij1(Ar + Az — Ar) < 0341 (A1) + 0541 (A2 — Ay).
For 7 = 0 and by symmetry in Ay, A this yields
|kr1(A1) — o1 (A2)| < [[A1L — Ao
for £ > 0. It follows for j,n,m > 1 that
l0;j(A, — Ay) —o0j(A, — A)| < ||[A - A, = 0,m — 0.

Thus limy, 00 0;(An — Ap) = 0;(A, — A) for j,n > 1 and this implies for N > 1

N 00

(2 loj(An — A)P)7 < Timsup(3_ [oj (A — Am)[")7 = limsup [Ay — Al

j=1 m—o0 =1
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So for N = oo it follows

|A, — A|, <limsup |A, — Anl,
m—r00

and this implies
lim [A, — A, §ml711r£100|An—Am|p:0.

n—o0

So A is a limit in the topology induced by [.|, on J, and by the triangle inequality
[Alp < [An — Alp + |Anlp (3.10)

for n > 1. Because {A,} is a Cauchy sequence it is bounded,say by C>0.Thus taking
the limit n — oo in yields

|A|, <limsup|A4,|, < C < .
n—o0

This means A € J,(H1, Hz). O

As already mentioned for 1 < p < 2 the classes J,(H1, H2) are Banach spaces too.
Another analogue to the sequence spaces constitutes the following lemma.

Lemma 16: For 0 < p < ¢ < oo we have the following inclusion of spaces
jP<H1> H?) g *Z](Hla HQ)
PRrROOF: This is a direct consequence of the well known inclusion

°(N) C ¢%(N).

3.2 The Hilbert-Schmidt Class

For a compact linear mapping A : H; — Hz and two orthonormal bases {¢;}32, and
{tr}2, of Hy and H, respectively the equation (cf. [I7, Lemma 1])

> Agl, = ZZ| Adj ) oy, = ZZ| G5, A i), = Z |A*Yl3,  (3.11)

j=1 j=1k=1 k=1 j=1

shows that the expression yields the same value for any orthonormal basis since the
right hand side does not depend on the choice of the basis {¢;}32, of H; and the left
hand side does not depend on the choice of the basis {t;}32, of Hy. In particular it
takes a finite value for one orthonormal basis if and only if it takes a finite value for
all orthonormal bases. Its square root is called the Hilbert-Schmidt norm of A and A
is called a Hilbert-Schmidt mapping if this norm is finite. By taking for {¢;}32, the
completion of the orthonormal eigenvectors of A*A the equation

o0 o0

S 1AG 3, = Y (Ady, Adj)u, = D (A" Ay, b)), Za

J=1 Jj=1 J=1
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shows that the Hilbert-Schmidt mappings are exactly the compact linear mappings of
2-Schatten class and the Hilbert-Schmidt norm is exactly the norm |.|» defined in the
above section. As we will see later in our discussion the Hilbert-Schmidt mappings
constitute a special case because they fit especially well to the Hilbert space structure.
We see from equation that

=
D=

|Al> = (Z ’A%’@ﬁ) = |A"y = (Z ’A*%ﬁ{z)
Jj=1 Jj=1
for an arbitrary basis {¢;}32, of H; and an arbitrary basis {¢;}32, of Ha.
In [22] Pietsch defines absolutely p-summable mappings A : X — Y between normed
spaces X, Y as follows:
For 1 < p < oo a linear mapping A is absolutely p-summable if there exists a number
p > 0 such that for every finite sytem {¢1, ..., o} C X the inequality

(Z|A¢j\§)p < p sup (ZK%W?{)

j=1 [P x<1

holds. Then 7,(A) is defined as the smallest possible number p and IL,(X,Y") as the set
of all absolutely p-summable mappings. Pietsch proves (cf. [22) Theorem 1]) that if X
and Y are Hilbert spaces then

H2<X7 Y) = jg(X, Y) and 7T2(A> = ‘A|2
for every A € J2(X,Y'), mentions that even
IL,(X,Y) = R(X,Y) for 1<p<2

and asks if this even holds for 1 < p < cc.

For the following space there is a special characterization of the Hilbert-Schmidt mappings
(cf. [7, Theorem 6.12]). Let H = L*(Q) be the Hilbert space of square integrable functions
on a domain Q C RY. Then A € Jo(H) if and only if there exists a function x € L*(Qx )
such that

A9(@) = | wle,y)o(y)dy.

for all z € €.
The product of two Hilbert-Schmidt mappings belongs to an even “better” class that we
discuss in the next section.

3.3 The Trace Class

We recall that J;(H1, Hs) is called the trace class.

18



Definition 10: A is called nuclear if there exist sequences {7;}52, and {n;}52, in H,
and Ho respectively such that

A=) (., %)wun; and Z’%|H1|m\%2 < 0.
7j=1 7=1
We have the following characterization of the trace class by nuclear operators (cf. [17]):
Lemma 17: A mapping A € Js(H1, Ha) is of trace class if and only if it is nuclear.

Proor: If A is of trace class, i.e. in the 1-Schatten class, its polar decomposition
A= Z Uj gbj Hi ¢j

shows A is nuclear because if 7; = 0;(A)¢; and n; = 1; then

> il nile =D 0i(A) <
j=1

J=1

If A is nuclear it is compact, hence admits a polar decomposition A = 3272, o;(A)(., ;)¥;.
Then we simply compute

or(A) = (Adr, Yr)n Z D> Vi) Ha (M Vi)

to see

i or(A) = i i(ﬁbkz, ¥5) 4 (M5, Uk )2

k=1j=1

<y (z |<¢k,%->m|2)2 (Z |<nj,¢k>y2|2)2 = 3 byl < o0
=1 k=1

i=1

that A is in the trace class. So nuclear compact linear mappings are exactly those of

trace class. 0

We can characterize the trace class mappings by products of Hilbert-Schmidt mappings
(cf. [17, Satz 3] and [24, Remark 1. to 4.3.6.]).

Lemma 18: Let Hz be another infinite dimensional separable Hilbert space and B :
Ho — Hs another compact linear mapping. Then BA : Hi — Hs is of trace class if A
and B are Hilbert Schmidt mappings. If conversely A is of trace class it is a product of
two Hilbert-Schmidt mappings.

PROOF: Let {¢;}32, and {1;}32, be orthonormal bases of H, and Hy respectively. Then

Ag =D (Ad, ¥;)ua;

Jj=1
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for all ¢ € H; implies

(BA)Yp =D (Ad, 1), Biby =Y (6, A";)a, Bib

Jj=1 Jj=1

and

[N
(SIS

D 1A ], | Bl < (Z ’A*Q/’jﬁ[l) (Z|B¢j|?{3) <00
=1 =1 =1

since with A and B Hilbert-Schmidt A* and B are Hilbert-Schmidt. So BA is nuclear
and thus by Lemma [I7] of trace class.
If Ae J1(H1,Hs) consider its polar decomposition

1

A=U|A| = UJAJz |A]2
——

=H, =H>

where Hy = |A|z € J5(H;) because O'j(|A| )= aj(|A|)% and so

[e.o]

Z% AJ) ZUJ |A]) ZZ

and thus H; € J2(H1, Ha) because of the ideal property. O

To understand why J;(H1, H1) is called the trace class we define for a positive operator
H € L(H) its trace:

Definition 11: For H € L(H) with H > 0 we define its trace tr with values in RU {co}
by
trH = (He;, ¢;) (3.12)
j=1

where {¢;}52, is an orthonormal basis of H.

To see that the trace is well defined we have to show that [3.12]is independent of the
chosen basis. To see this let {1);}52, be another basis and recall that since H > 0 it has
a positive square root:

Z H¢j7¢j = Z|H%¢]’2 = ZZ |(H%¢Jv¢k)|2
=1

j=1 j=1k=1

=S ey, Hegy))? = 3 [ H2 > = Y (Hubw, ).

k=1j=1 k=1 k=1

We note some properties of the trace map that are easy to prove. Recall an operator
U € L(H) is called unitary if U*U = UU* = idy, (cf. [24, 4.3.4]).
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Lemma 19: For positive bounded operators Hy, Hy,A > 0 and a unitary operator U we

have
tT(Hl + HQ) = tT(Hl) + tT(Hg).
and
tT(AHl) = )\tT(Hl)
and

tr(UH,U*) = tr(H,).

A mapping A € Jo(H1,Hs) is in the trace class if and only if tr|A| < oco. If
A€ Ji(Hi, Hi) let {¢;}32, be an orthonormal basis of H; consisting of eigenvectors of
|A| then

[e.9] o0

tr|Al =Y (1Algs, &), = D 0j(A) < o0 (3.13)
=1 =1
If for A € Joo(H1, Ha) the trace is finite, equation m shows A € J1(H1,Hz). For the
class J1(#H) one can show that for all A € J;(H) the expression

trA =3 (Ad;, ;)

Jj=1

is independent of the choice of the basis {¢;} and the series converges absolutely. Then
this expression is called the trace and the function t¢r is linear and continuous on the
space J1(H) . Because our aim is to study Schatten class embeddings that do not contain
operators on one Hilbert space we give no proof for this and just cite [8, Lemma XI.9.13].

A characterization of the trace class operators on L?(2) as in the case of Hilbert-Schmidt
operators is not possible (cf. [24, Remark 3. to 4.3.6]).
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4 Compact embeddings

As mentioned in our introduction Hanche-Olsen and Holden characterized the totally
bounded sets in ¢?(N) for 1 < ¢ < oo (cf. [14]). In this way they characterized the
compact embeddings

X — (Y(N)

where X is some metric space. Since the characterization of the p-Schatten embeddings
into ¢?(N) that we want to achieve is modeled on this result we present it here.
We recall the following notion:

Definition 12: A subset M of a metric space X is called totally bounded if it can be
covered by a finite number of balls with radii < & and centers in M for every € > 0.

Without proof we cite (cf. [26]):

Theorem 20: A subset M of a complete metric space is precompact if and only if it is
totally bounded.

To see the importance of this chapter for our discussion we state:

Theorem 21: An embedding A : Hy — Ha of Hilbert spaces is compact if and only if
A({p € Hi : |Pla, < 1}) is totally bounded.

Proo¥F: This follows from Theorem 20 and [7 O

Hanche-Olsen and Holden use a very simple lemma to prove several compactness
results (cf. [I4, Lemma 1]):

Lemma 22: Let X be a metric space with metric dx. If for every e > O there exists
d(e) > 0 and a metric space W (e) with metric dy ) and a mapping ® : X — W(e)
such that ®(X) is a totally bounded subset of W (e) and dy)(®(x), (y)) < d() implies
dx(xz,y) <e for all x,y € X then X is totally bounded.

PROOF: For € > 0 and ®(X) C W(e) choose a finite covering by balls with radii 6(¢)
and centers my, ...,m, € ®(X) and denote them by B*®)(m,),..., B®®)(m,). This is
possible since ®(X) is a totally bounded subset of W(e). Then by the assumption
®~1(B%E)(m;)) C B*(x;) for some x; € X and j = 1,...,n where B%(z;) are balls with
radii € and centers ;. It follows X C Uj_, B*(w;) i.e. X is covered by a finite number
of balls with radii < e. This implies X is totally bounded. O]
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Lemma 4] can be used to show the Arzeld-Ascoli theorem (cf. [I4, Theorem 2]). We
will use it to prove the following characterization of the totally bounded subsets of ¢(N),
i.e. of the precompact subsets for 1 < ¢ < cc.

Theorem 23: For 1 < g < oo a subset M C ¢1(N) is totally bounded if and only if
(i) for every j € N there exists a number C; > 0 so that |z;| < C; for all x € M

i.e. M s pointwise bounded, and
(ii) for every e > 0 there exists a number n(c) € N so that for all x € M

1
0 q
( E |l’j|q) < E.
j=n(e)+1

Proor: If M C ¢9(N) satisfies (i) and (ii) then for every ¢ > 0 and n(e) as in (ii) define
®: M — R"® by
D(x) = (T1, e Tp(e)) @ € M.

Clearly R™®) is a metric space with the metric induced by the g-norm and by (i) for all
x e M: .
[D(x)|g = (|21 | + ... + |Tpe)|T) 7 < max{Ch, ..., Cpe) }-

Thus as a bounded subset of a finite dimensional space ®(M) is totally bounded.
Furthermore |®(z) — ®(y)|, = (Z?fl) |z; —y;|7) 7 < e implies

e —ylg= Do lwy —wl" | <D lwi—yl?) + | D |wi—wlf

j=1 j=1 n(e)+1

(%ELTJ_?JJ )q (Z |$z|q) (Z |yj|q> <e+e+e=3¢

n(e)+1 n(e)+1
where we used Minkowski's inequality. Thus the conditions of Lemma 4| are fulfilled and
so M is totally bounded.
For the converse let € > 0 and assume M is totally bounded. Then choose a finite §-cover
by balls Bi(z'), ..., Bi(z"). For any sequences z,y € M we have

o —yly < 05
T — n—.
Ylg = 5
Fix y € M and put |y|, = C to see
£
ol < Jo — gl + loly <0 +C

for every x € M. So M is bounded and thus pointwise bounded. For every k € {1,...,n}

there exists a number N, so that
1
o0 q
& €
<' > |l"j|q) <5

J=Ni+1
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Put N = max{Ny, ..., N;}. Then for any z € M one has x € B3(z2*) for some k and so
= . & e & T e ¢
Yoozt <z =2+ | D MY <s+-=-
j=N+1 j=N+1 2 2
Thus condition (ii) in Lemma {] holds. O
Since we are especially interested in the compact embeddings H < ¢*(N) we conclude:
Corollary 1: An embedding H — (*(N) of Hilbert spaces is compact if and only if
(i) for every j € N there exists C; > 0 so that |z;| < C; for allz € {x € H : x|y < 1}

and
(1) for every € > 0 there exist a number n(e) € N so that for all x € {x € H : |x|y < 1}

o 3
( Z |5Ej|2) < €.
j=n(e)+1

ProoOF: This follows from Theorem 23] and Theorem [21]. OJ

Note that we identify the elements of H with their images in £2(N) under the embedding.
Theorem [25] below shows another application of Lemma Al We present its proof at this
point since it is of interest to our discussion that the same techniques are applied to

the Lebesgue spaces as to the sequence spaces. We will need Jensen's inequality (cf. [9]
Appendix B.1,Theorem 2]).

Theorem 24 (Jensen's inequality ): Let @ C RY be an open, bounded subset of the
N -dimensional Fuclidean space. For any convex function ¢ : R — R and every summable
function f : Q — R we have

o (i F00r) < d [ otronan

Here X is the Lebesgue measure and |Q2| = A(2) = [, d\. The summability of f means
Jo f(x)dX exists and is finite. The following Theorem [25] is known as the Kolmogorov
-Riesz theorem. For its history see [14], 4].

Theorem 25 (Kolmogorov Riesz): For 1 < ¢ < oo a subset M of LY(RY) is totally
bounded if and only if

(i)M is bounded

(ii)for every € > 0 there exists a radius R > 0 so that for every f € M

( Lo |f<a:>|w) .

(iii)for every e > 0 there exists a radius p > 0 so that for every f € M and y € B*(0)

(/RN |[f(z+y) - f(x)|d>\($)); <e.
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ProOF: Consider a subset M C LI(RY) satisfying conditions (i),(ii),(iii) and a given
number € > 0 and choose R and p as in (ii) and (iii).

Let(@ be an open cube that is centered at the origin and is contained in the sphere B 5 (0)
and let Q; = Q + v; for v; € RY and j = 1,...,n be mutually non-overlapping translates
of ) so that

n

B (0) c U Q. (4.1)

=1

We define the projection P : LY(RY) — span{xq,, ---, X, } Where xq, is the characteristic
function of the cube @; by

Pf(z) = {5] Jo, [R)dX ifzeQ;j=1..n

0 otherwise.

For all f € M it follows from (ii) and [4.1| that

f- Pf\q<5q+2/ (x)|“dA

SR Y Ay RUBEVCILIORAE

by the definition of P and @ Jo, [(@)dA(2) = f(z).

Now we observe that whenever two points are in the same cube @); their difference is
in the cube obtained from () by doubling its side length. Indeed if z, z € (), there exist
¢z,q- € @ such that v = ¢, +v;and 2 =¢. +v;andsor — 2 = ¢, —¢. € @ — @ and
because () is centered at the origin @) — @) = 2Q). A change of a variable of integration
by z = x + vy, the fact that |.|7 is convex for ¢ > 1, Jensen's inequality [24] and (iii) yield

= Pf|q<6q+Z L, 1 o, )~ PN

Q;
A ‘Qj‘/ f(a +y)"dA () A\ )

<t @\/ /RN f(@ + y)dA()dA(y)

<el+ @ o gld\(y) = (2N 4 1)e?
because clearly |2Q| = 2V|Q|. Tt follows |f — Pf|, < (2¥ + 1)55 and by the triangle
inequality |f|, < (2¥ + 1)%5 + |Pf|,. By the linearity of the integral P is linear and so
|Pf — Pgl, < e implies |f — g| < (2Y + 1)7 + 1)e.
As a projection on a finite dimensional subspace P is bounded and because M is bounded
by (i) this implies P(M) is bounded in a finite dimensional space and thus totally
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bounded. Hence it follows by Lemma 4| that M is totally bounded.
Now we assume M to be totally bounded. Then M is bounded. So condition (i) holds.
For € > 0 choose ¢4, ..., g, € M so that

M c ) B(gy)

j=1

and R > 0 so that

1

(o)aax )’ o
</RN\BR(O) lg;(z)] d/\) <egj=1,..,n.

This is possible because g; € LY(RY) for j = 1,...,n. For every f € M there exists
Jj €{1,...,n} so that f € B*(g,) and thus

1

q

<|f—gjlq+ </1RN\BR(0) |gj(x)|qd)\> < 2e.

So condition (ii) holds.

The set of smooth functions with compact support , denoted by C2°(R¥) is known to be
dense in L4(RY). So for every single function f € M there is a function ¢ € C>°(RY) so
that |f — ¢|, < € for given e. For smooth functions with compact support a radius p > 0
establishing the inequality of condition (iii) can clearly be found and so

1

([ 176 ) - 1@ease) " < ([ 15+ — ofe +1) - (1) — o))’

F ([ 196+ 9 - omlrina)’

1
<2Af =gl + ([ 16la + 1) - () 1A (@))F < 3¢
for every y € BP(0). It follows that there exists a radius p > 0 so that

Q|

(/RN lgi(z+y) — g]-(x)|qd)\(:c)> <eforye B0),j=1,...n

where g; are the centers of the e-cover given above. Then for every f € M there is
Jj €{1,...,n} so that f € B*(g;) and so

Q=
Q=

(/RN |f(x+y) — f(:U)]qd)\(:I:)> < (/]RN |fz+y)—gi(z+ y)|qd)\(:c))

1

([ gste + ) = g@ar@) " + ([ laie) = f@)lare))" < 3e

for every y € B?(0). So condition (iii) holds. O

Q=
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The Kolmogorov-Riesz theorem can be used to show several corollaries and a simpler

version of the Rellich-Kondrachov theorem. For this see |14, Corollary 7,8,9 and Theorem
10].
We observe that the proofs of Theorem [23| and of Theorem [25| use the same techniques.
The compact embeddings of metric spaces X in ¢¢(N) or LI(R") are characterized by
very similar summability conditions that the elements of images of bounded sets of X
must fulfill. Of course all elements of an orthonormal basis of a Hilbert space that is
embedded in ¢*(N) or L*(R") must fulfill these conditions to yield a compact embedding.
We will find summability conditions that orthonormal bases of the embedded Hilbert
spaces must fulfill to yield p-Schatten embeddings and the techniques we use can be
applied to any separable Hilbert space. The disadvantage is that it is in general not
possible to describe all orthonormal bases. In the next chapter we will present results by
Maurin and Gramsch that allow to characterize certain embeddings of Sobolev spaces.
The techniques used there don't seem to apply to the discrete setting as described in [19,
chapter 3.1].
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5 Embeddings of Sobolev spaces

In this chapter we will present results by Maurin [I7] and Gramsch [I3] concerning the
embeddings of Sobolev spaces. Gramsch's result is a direct generalization of Maurin's
result but we will see that Maurin's proof is very short whilst Gramsch's proof is quite
involved . A reason for this is that the sum

oo
> 1Ag;l3,
j=1
for a compact linear mapping A : H; — Hs does not depend on the orthonormal basis of
‘H, while this is in general the case for p # 2. Another reason is that the Hilbert-Schmidt
class fits especially well to the Hilbert space structure which allows a very convenient
use of Riesz's representation theorem. In the first section we will recall the definition of
Sobolev spaces and some facts concerning them. In the second and third section we will
present Maurin's and Gramsch's results respectively.

5.1 Sobolev Spaces

We recall the important notion of a weak derivative (cf. [9, 5.2.1]). Let Q@ C RY be open.
As a motivation we observe that for a function f € C*(Q) and a test function ¢ € C>°(Q)
, i.e. a smooth function with compact support in {2 one has by integration by parts

o)
/f ax] d)\__ o O, (x)d\,j=1,..,N

where there is no boundary term because ¢ has compact support in 2. For a multiindex
a = (ay,...,ay) € NI we say it is of order k if |a| = a; + ... + ay = k and we write for
f € C*Q):
8‘“ oN
Doy = COr Y
We observe that for f € C*(Q) and ¢ € CSO(Q):

~ -

/ F(a) DY (z)d\ = (—1)kl / Do f(x (5.1)
We recall that locally integrable functions are functions that are integrable on compact

sets contained in  and the set of all locally integrable functions is denoted L}, (€2). Now
we can define weak derivatives:
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Definition 13: Assume f € Lj,.(Q) and a multiindex o are given. Then g € L}, .(Q) is
called the o 'th weak derivate of f if

| F@Dré@ar = (-1 [ g()é(x)x
for all p € CF(Q).

It is easy to prove that weak partial derivatives are unique up to a set of measure
zero (cf. [9, 5.2.1 Lemmal). We denote the a'th partial derivative of a locally integrable
function f by D*f. We define the Sobolev spaces :

Definition 14: Let Q C RY be open. For k € Ny and 1 < q < oo the Sobolev space
(Y)

is defined as the space of all functions f € L} (Q) so that D*f exists for all multiindices
a with |a] < k and belongs to LI(Y). We define the norm

> /Q|Daf<x>|w) ;

o] <k

| flwra) = (

Without proof we cite (cf. [9 5.2.3 Theorem 2]):

Theorem 26: The mapping |.|wraqy is a norm on W*(Q) and W*4(Q) is a Banach
space with this norm.

We denote by Wy*? the closure of C°(2) in W*4(Q) and write H*(Q) = W"2(Q) and
HE(Q) = WE(Q). We note:

Corollary 2: For k € Ny the Sobolev space H®(Q) is a Hilbert space with the inner
product
(£ 9@ = 3 [ (D°f(@)Dg(adA f.g € HH ).
laf<k
HE(Q) is a Hilbert space where the inner product (., Jnko) is obtained by restricting
(-, mry to HE(Q) x HE().

Because it can be considered as a starting point for the discussion in this chapter
we will cite the Rellich-Kondrachov compactness theorem. We will need the Sobolev
embedding theorem in the next section too. To achieve these embeddings it is necessary
that the boundary 0f) fulfills certain conditions. The most important regularity property
that we want the domain €2 to have is the cone property (cf. [1, 4.1]).

Definition 15: For a point x € RY, a ball B"(x) and a ball By that does not contain x
we define the finite cone C' with vertex x by

C=B"(x)N{z+ANy—2z):y € By, A >0}

For an open domain Q C RN we say it has the cone property if there exists a finite cone
C' so that for every x € Q) there is a cone C, with vertex x that is contained in £ and
congruent to C'.
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It is clear that the boundary 02 must have some regularity properties so that €2 has
the cone property. It is not clear how this concept could be transferred in a reasonable
way to the discrete setting as described in [19, chapter 3.1]. The Sobolev embedding
theorem includes three cases. We will only consider the case where m > % and we embed
H™™(Q) in CF(Q) = {f € C*(Q2) : D*f is bounded on  for|a| < k}(cf.[1, 5.3 Part I
Case C)).

Theorem 27: For a bounded domain that has the cone property and m > % there is a
continuous embedding

H™HMQ) — CE(Q).

For the full Sobolev embedding theorem and a proof see [I, 5.3]. It follows by the

definition of the space CF(Q) (cf. [I7]):
Lemma 28: Let Q) be a bounded domain that has the cone property and m > % Then
the mappings
H™ Q) % ¢
u— D%(y)
are bounded linear functionals satisfying
T3 (mk )y < C (5.2)
for all o with |a] < k and all y € Q.

Here || gm+r(q))+ denotes the operator norm on the dual space of H™*(Q) and C
does depend on k£ and € but not on the multiindex « if |a| < k and not on y. The
same lemma holds for Hy"™(Q) instead of H™*((2). In this case one doesn't need cone
property of 2. We don't cite the Rellich-Kondrachov theorem in its most general form

since we are primarily interested in its applications to the Hilbert spaces. For a more
general form see [I, Theorem 6.2].

Theorem 29: Let Q be a bounded subdomain of RN that has the cone property. Then
the embeddings ‘ ‘
Witma(Q) — W7 (Q)
are compact if either mq> N orifmqg< N and 1 <r <
It follows

Lemma 30: Let Q be a bounded subdomain of RY that has the cone property. Then the
embeddings

gN
N—mgq"~

H*(Q) — H'(Q)
are compact if k — 1> 0.

PrOOF: We have by the Rellich-Kondrachov compactness theorem that for ¢ = r = 2
the embedding ' '
H7T™(Q) — H?(Q)

is compact if 2m > N orif 2m < N and 1 <2 < N2_]\2[m where the latter inequality is

trivial . Thus all embeddings are compact for m > 0. Put k= j+m and [ = j. O

In the next section this result will be improved.
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5.2 Maurin's Theorem

For the first time in our discussion we encounter Schatten class embeddings (cf. [17, Satz
4]):

Theorem 31: Let Q C RY be a bounded domain that has the cone property , k a
non-negative integer and m > % Then the embeddings

H™H(Q) — H*(Q)
Hy"™(Q) — Hi(Q)
are Hilbert-Schmidt embeddings

PrOOF: By Lemma [28 and Riesz's representation theorem for any point y € §2 and every
multiindex « there exists an element g¢ € H™+"(Q) such that

T;(u) = (u, g;)Herk(Q)

for all uw € H™*(Q) and
T3 [ty = 19y [m+r(0)-

For an orthonormal basis {¢;}32, of H™"*(Q) we thus have

|Tya|?Hm+’“(Q))* = |9§|§1m+k(9) = Z ’(¢j795)ﬂm+k(9)‘2 = Z |Da¢j(y)|2 <c?
j=1 j=1

by inequality
Since C' does not depend on || < k and y € £ we can sum up over |a| < k and integrate
over ) to get

/. (Z )y rm@-w) dy=> % [1D°0,0)F = X 1¢sfne < [QIRIC? < o0
lo|<k j=1 J=1a|<k j=1

since ) is bounded and v(k) (- the number of multi-indices of order < k) is finite. This
shows the assertion. The proof is the same for HJ"™(Q) < HEF(Q) where we don 't need
the cone property condition. O

By what we have seen in [1§| the composition of two Hilbert-Schmidt embeddings is of
trace class i.e. nuclear. Applying this to the composite embeddings

H?>™R(Q) < H™(Q) — H"(Q)

Him™ (@) — H Q) — Hi ()
yields (cf. [I7, Korollar])
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Corollary 3: Let Q C RN a bounded domain,that has the cone property k a non-negative
integer and m > % Then the embeddings

H2m+k(Q) N Hk(Q)
HZ™H(Q) — HE(9)
are of trace class.

Again one does not need the cone property condition in the second case.
It follows from Theorem [31] and its Corollary [3] that the embeddings

H*(Q) — HY(Q)

are of Hilbert-Schmidt class i.e. of 2-Schatten class if &k — [ > % and of trace class i.e.
1-Schatten class if k —1 > % Now one might conjecture that the embeddings are of
p-Schatten class if k£ — [ > &, This will be achieved in the next section. We see that
Maurin's proof is remarkably short. The result had far reaching consequences. For its
applications to elliptic boundary value problems and eigenfunction expansions see [17,
sections 3 and 4].

5.3 Gramsch 's Theorem

In his proof of the characterization of p-Schatten embeddings of the Sobolev spaces on
tori H™(T™) — HY(T™) in [I3] Gramsch uses a method that can be generalized in the
following way:

Theorem 32: Let € : H1 — Hy be a compact embedding. If there exists an orthogonal
basis {¢;}32, of H1 and Hy then € is a p-Schatten embedding if and only if

> (o) < 53

PRrROOF: Define ¢* : Hy — Hy by

* _ ’¢j’H22 .
€ (¢]) = 2 qu,.] = 1,2,
’¢]"H1
Then because ep; = ¢; and {¢;}32, is orthogonal we have on the one hand
(€05, D), = Oik(Pj, Pk )2 (5.4)
where 0 is the Kronecker symbol and on the other hand
k ¢k 7 2 ¢ 7¢)
(05, € r)r, = (955 | ’;{ Ok ), = — @00 |Okl3, = 05, Ok )ats- (5.5)
[ | Pkl
%,_/

=5,
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Comparing [5.4] and [5.5] shows that €* is the adjoint of the embedding e. Furthermore

R I 1 TR

€ € —= € =
D12, |ilas D515, @51

shows that {ﬁ 22, is an orthonormal basis of eigenvectors of €*e € Joo(H1) and
1y

TR O PR

€€ =
0l 19il3, |l
shows that {‘ ¢-\]ﬁ 22, is an orthonormal basis of eigenvectors of ee* € Joo(H2) . Thus
J172
Ezikbjl?h( gbj ) ¢j
(7 ETO [ YR [T EPA

is a polar decomposition of € and the singular numbers are given by

_ D
|¢j|7—l1

This completes the proof. O

o;(€)

In the case of the Hilbert spaces H,; = H¥(TY) and Ho = HY(TY) where TV is the
N-dimensional torus we are in the lucky situation that the assumption of Theorem [32]
is given, i.e. that one orthogonal basis of both spaces exists and is known. To achieve
a result for Sobolev spaces on certain manifolds {2 Gramsch uses a partition of one
to factorize € over TV. The method requires quite complicated techniques that are
described in detail in [20, pp. 162-172]. We define the N-dimensional torus T (cf. [20,
p.156]).

Definition 16: For N € N the N-dimensional torus TV is defined by
™V = RN /277"
The set {x e RN : —r < z; <m,j =1,.., N} is called the fundamental cube.

Clearly every element of TV has a representative in the fundamental cube. Sobolev
functions on T resemble functions with a period in 27Z in every variable and integrals
over T should be thought of as integrals over the fundamental cube (cf. [20, p.156]).
We consider the following set of functions:

Definition 17: For v € ZV we define ¢, : RN — C by
b, (t) = (2m) Zeap(i(ty + ... + vnty)),t € RY.

Clearly the functions ¢, are 2nZ-periodic in every variable. We define a new norm on
the closure of their span:
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Definition 18: For k > 1 and
f=2 ao (5.6)

veZN
put
1
2
[fl = ( > 1+, V)z)klcy|2)
veZN
where (.,.)y is the usual euclidean product in ZV and the sum is understood to converge

with respect to the Sobolev norm |.|gr(rn).

Now we see that the norms |.|; are Hilbert norms that are equivalent to |.|grn) (cf.
[5, p.166]) , that

H"(Q) = span{, : v € ZN}

and {@, },czv is an orthogonal basis for H*(T™) with respect to |.|y and to |.|gepw) for
every k > 1 and

k
Oulk = (1 + (v, v)2)2.
Now Theorem [32| applies: The embedding H*(T") — H'(T") is of p-Schatten class if

and only if
Z <‘¢V‘l>p: Z ( 1 >p<OO.
s \oulk A \(L+ 2+ +02)T

Let Vi ={v € Z" : v; £ 0,5 = 1, ..., N}. By the inequality of arithmetic and geometric

means: » »
1 1
vevy \(1+ 032 + . 4+ v%) 2 vezn \(V + ...+ vy) 2

1 Aty 1 Elp
SZﬁ :Zi

vi..vi v, v

1 &=t 1T ke
(= ) £ o)
vez\{0} “1 vyvez\{o} "N

and these sums converge for k — [ > %.

For V,, = {v € Z" : |{j : v; # 0}| = m} where 0 < m < N the same argument yields
convergence for kK — [ > %. So the sum over ZY = Uan:O V. converges for k — [ > %.

This implies the embedding of the Hilbert spaces H*(TV) — HY(T") equipped with
the norms |.|¢, |.|; are of p-Schatten class and because the norms are equivalent to the

Sobolev norms we have ,
> <‘¢V‘H’(TN)>

veZN ’¢V|Hk(TN)

Because {¢,} is an orthogonal basis of H*(T") and H'(T") with respect to |.| )
and |.| i (rny Theorem [32] applies again. It follows the embedding of the Sobolev spaces
HE(TN) — HY(TN) is of p-Schatten class.
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For k —1 < % the embedding HX(Q) < H'(2) is not of p-Schatten class: By what we
have seen it is clear that for the sum of the p-th powers of the singular numbers o, of
this embedding we have

Yo=Yy % ( 1 ) 6.7)

2 2
veZN m=0yeZN |v|,=m (1 +vi+...+ VN) 2

where |v|; = 1| + ...|lun|. For |v]; = m we have

1 e
oNz)

o

g, > (

and for m sufficiently large [{v € ZV : |v|; = m}| > (3%)¥ 1. We get

1 k-1

SR o
P> P AN-1 P N N—-1—(k—1l)p
> otz 3 o) o

m=1

v

where C'(NN) is some constant dependent on N. For k—[ < % it follows N—1—(k—Il)p > —1
and thus that the sum does not converge. It follows:

Lemma 33: The embedding H*(TN) — HY(TN) is of p-Schatten class if and only if
k—1>%.
p

As we already mentioned this result can be generalized to certain compact manifolds,
for example to the closure of bounded domains with a smooth boundary. Since the proof
and even the proper formulation of this requires some effort and the involved techniques
and concepts are really marginal for our further conclusions we just refer to [13 pp.84-85]
and [20, pp.162-172]. Like Maurin's theorem Gram's theorem has applications to elliptic
differential operators, see [13, pp.85-86].
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6 Characterization of the p-Schatten
classes

In this chapter we will characterize the p-Schatten classes and thus the p-Schatten
embeddings. As mentioned in the introduction Gohberg and Markus (cf. [I1]) achieved
a characterization of the p-Schatten classes J,(#) on one Hilbert space H . Their proof
involves some complicated arguments, e.g. transfinite induction. For two separable
Hilbert spaces H; and H, we characterize the classes J,(H1, H2). We will see that there
are essentially two cases to consider. In the case 0 < p < 2 the set

1

(Z |Ag; %2> : {¢,}32, an orthonormal basis
=1

turns out to be unbounded and to contain oo for all A € Jo(H1, H2)\{0} . It is necessary
and sufficient for A to be a p-Schatten mapping that this set is not identical to {oo} i.e.
that there exists an orthonormal basis so that the sum converges. In the case 2 < p < oo
the set may be bounded and it is necessary and sufficient for A to be a p-Schatten
mapping that this set does not contain oo i.e. that the sum converges for all orthonormal
bases. We will see that this implies its boundedness by the p-Schatten norm of A. In the
case p = 2 we know that the set shrinks to a singleton set that contains either oo or the
Hilbert-Schmidt norm of the mapping. We start with the case 0 < p < 2. The proof of
the following theorem is due to Dunford and Schwartz (see [§, XI1.9.32 Lemmal). See
also |25 remarks to Theorem 1.18] and [12, p.95].

Theorem 34: If0 <p <2 and A:Hy, — Hy is a compact mapping then Y272, 0;(A)P <
00, i.e. A is of p-Schatten class if and only if

o0
Z |A¢] 17)-[2 <00
j=1

for some orthonormal basis {¢;}52, of H1.

PROOF: If A is of p-Schatten class then the eigenvectors of A* A yield such an orthonormal
basis. To see this let {¢;}32, be an orthonormal basis consisting of eigenvectors and
simply compute

S 1AG [, = S (Ady, Ay,
J=1 j=1
= > (A" Ad;, ij)q%l => 0j(A)P < oco.
Jj=1 j=1
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Now suppose Y52, |A¢;|3, < oo for some orthonormal basis {¢;}32, of H;. Define the

mapping B : Hy — Hs by Bo; = |A¢j|ig1A¢j for j if A¢; # 0 and B¢; = 0 otherwise.
Then

oo [e.9]

> IBojl5, = D 1A48,[F < o0

j=1 j=1
i.e. Bisa Hilbert-Schmidt operator and thus of 2-Schatten class. Now define T": H; — H;
by T¢; = |A¢j]1*§¢j for j =1,2,.... Then T is obviously self-adjoint and of g-Schatten
class where ¢(1 — %) = p since 0;(T") = \A¢j|1_g and

Yo lAdl, 2 =D 1A, < oo
=1 =1

By Theorem |14]it follows that A = BT belongs to the r-Schatten class where % = %4—%
5+ % = 113, i.e. A is of p-Schatten class. O

We note that the positivity of 1 — £ is essential for the existence of ¢ > 0. Thus the
existence of an orthonormal basis {¢;} of H; so that {|A¢;|x,} € P(N) is sufficient for
A € J,(H1,Ha). If we think the other way around the question arises if for 0 < p < 2
there always exists an orthonormal basis {7;}52, so that {|Avy;|x,}52, ¢ P(N). The
answer is positive if A # 0 (cf. [1I, Theorem 3]).

Lemma 35: For 0 < p < 2 and a non-zero bounded linear mapping A : Hy — Ho there
always exists an orthonormal basis {7;}52, so that

Z |AIYJ Hy = OO

PROOF: If A is not compact then for all orthonormal bases {7;}32, we have
> [An;ly, = oo (6.1)
j=1

because otherwise for v € H;

o0 o0 o0

1 1
Z ¥ M3 )2 || AN, < Z| s Ny H1| )? Z|A773|H2 )2 < oo
: j:l :

= <o

implied that A is the limit of the finite rank mappings >3, (-, 7). || An;l3, for N — oo,
i.e. A is compact. Thus for all non-compact A:

> A5, =
j=
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for all 0 < p < 2 and all orthonormal bases {n}52, of H,.
If A is compact it admits a polar decomposition:

A= Z O-J (b] Ha w]

Now we fix some orthonormal basis {n;}22, of H;. Then s; = {(n;, ¢1)n, }32 1 is a
sequence of length 1 in ¢?(N). The sequence s = {-} is in (*(N). Thus s, = e | s is
a sequence of length 1 in ¢?(N). Whence there exists a map « : 2(N) — ¢*(N) that

respects the inner product on ¢?(N) and maps s; to sy. It can be represented by an
orthogonal matrix {a;;}75_; so that

Z ;0 = Ok, (6.2)
j=1
and
> 1 1
> iy, 1)u, - (6.3)
j=1 | |£2 P
Now define v; = 3272, ai;m;. Then by n it follows that {7}, is an orthonormal
system and by fori=1,2,.. one has (vy;, ¢1)n, = =% ‘1 . For every ¢ using the polar
02
decomposition
‘A71|g{2 ZU 717¢] Hl’ > U%(A)‘(7i7¢l)ﬂl‘2
50 |A%ila, = 01(A)|(7i, ¢1)#, | and so for 0 < p < 2
S Al 2 3 ot sl = T2 50— o
i=1 i=1 2 =1
>0
This completes the proof. O

We see that by Theorem [34] we obtain a characterization of the p-Schatten embeddings
for 0 < p < 2:

Corollary 4: For 0 < p < 2 a compact embedding H, — Hs is a p-Schatten embedding
if and only if {|¢;]3,}52, € P(N) for some orthonormal basis {¢;}52, of H.

The case 2 < p needs some more effort. In the border case p = 2 we know that
{|Ad;|n,} € (*(N) for an orthonormal basis {¢;} of H; if and only if {|A¢;|s,} € (*(N)
for all orthonormal bases {¢;} of H;. For 2 < p the function z — x% is convex and we
will use the convexity of this function. We define doubly substochastic matrices.

Definition 19: {ay;}35.-, 4s called a doubly substochastic matriz if cy > 0 and

[e’9) [e.e]
j=1 k=1
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We use the following technical lemma due to Fan (cf. [I0, Lemma 1A] and [25
Proposition 1.12] ):

Lemma 36: Let {aj;}55-, be a doubly substochastic matriz and b = {b;}32, a non-
negative, non-increasing sequence,such that {a;rby 13, € (*(N) for each j € N then

m (o) m
Z Z kb < Z b
i=1 k=1 =1

for any m € N.

PROOF: Let ¢; = 3207, aypby for j € N and dy = 3772, ayy, for k € N and for some fixed
integer m. Then 0 < dj <1 and

This and the fact that b is non-increasing imply

m— m—1
k=1 k=1

since d;, < 1 and so

m—

debk—zz%kbk Z k—b +mbm:Zb]
j=1

j=1k=1 k=1
We use this lemma to prove (cf. [10, Theorem 1]):

Theorem 37: For H = H* a compact, non-negative operator on Hi,{\; }3)11 the sequence
of its eigenvalues in non-increasing order we have:

max i(ij,zbj) = i Aj for any m € N (6.4)

j=1 7=1
where the mazimum is taken over all finite orthonormal sets {Y}JL, of order m in H,.

PROOF: Let {1;} be an arbitrary orthonormal set in H;. By the spectral theorem there
exists an orthonormal family of eigenvectors {¢;}%2,, i.e. Hp; = \j¢; for j = 1,2,....
({95132, is not necessarily a basis, because we leave out the eigenvectors in the kernel, if
there are infinitely many non-zero eigenvectors.) We have Y7L, (He;, ¢;) = 372, A; for
every m € N.

We have for 1 < j7<m:
(Hepj, 05) = D> Ml (W, 60) 2.
k=1
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By Bessel's inequality {|(¢;, #x)|*};x is a doubly substochastic matrix and so Lemma
implies:

Z (Hj, 1)) SZ ; for any m € N.
=1 =1
O

In our application of this theorem we will put H = A*A and use (A* Ay, ) = |Ayp|>.
For a sequence a0 € ¢y, where ¢q is the space of sequences of complex numbers tending to
zero let a* be the sequence of its absolute values in non-increasing order. We define (cf.
[T1]) the relations << and < on the spaces ¢y and ¢'(N) respectively.

Definition 20: We write § << « for a, 3 € ¢y if

k
YoBr <> o) fork=1,2, ... (6.5)

Jj=1 Jj=1

We write 8 < « for a, 3 € (1(N) if
B << a and ZB = Za;. (6.6)
j=1

For H as above Theorem |37 shows that for any orthonormal basis {¢;}22,

{(Hej, 0) 1525 <= {152

and if {\;}32, € (1(N)
{(Hoj, )15 < {155

because tr(H) = Y72, (H¢;, ¢;) does not depend on the basis for a non-negative operator.

Note that the sets {|Oé]|} and {a } need not be identical, as the example o = {1,0, 1,0, 5,0, ..}

, & ={1,3, 3, ...} shows, whereas the sets {|a;|} — {0} and {a}} —{0} are identical, even
counmng multiplicities. Also note that for «,  non-increasing sequences of non-negative
numbers o < (3 implies inf >F _, ;. > inf 3F _| 3; | where the infimum is taken over
all sets of k different integers {ji,...,Jx}. When we say for a non-negative compact
operator H, let {\;(H)} be its non-increasing sequence of eigenvalues, we actually mean
{N;(H)}, for some sequence {)\;(H)} of its eigenvalues, counting multiplicities, but then
0 appears in this sequence, only if there are finitely many non-zero eigenvalues, counting
multiplicities. We want to show that if § << «a for non-negative sequences of real
numbers and a convex function f : [0,00) — [0,00) we have Y5_, f(8;) < X5, f(ay)
for k=1,2,....ie {f(Bj)}52 << {f(a;)}3,, so that convex f respect the relation <<.
This needs some preparation.

We fix an integer N and for a vector a € CV we define the vector a* € [0,00)" as
the vector of absolute values |o;| renumbered, so that of > a3 > ... > ajy. Then the
following lemma holds (cf. [25, Lemma 1.8]).
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Lemma 38: For «,3 € CVN

Z|QJ6J| < ZO‘ B

7j=1

PrOOF: Without loss of generality we can renumber the coordinates of o and 5 so that
lag| > |ag| > ...|an|. We compute

N N N-1
2o leyBl = lan| X018 + (lan—i| = lanl) D 18 + - + (lea| = |az|Bi]. (6.7)
j=1 j=1 j=1
By definition of the %-operation we have
k k
o181 < D085 k=1,2,...N. (6.8)
j=1 j=1
[6.7] and [6.8] imply
N N
Z‘&]ﬂj < Z ;B
j=1 j=1

We will use this lemma in the proof of the following theorem that according to Simon
is essentially due to Markus while the proof is due to Mityagin. Our classification in the
case p > 2 is primarily based on this theorem (cf. |25, Theorem 1.9] and [16] and[I§]).

Theorem 39: If a € [0,00)" with a; > ay > ... > ay and 3 € CV satisfy

k k
Zﬁ* < Zaj for k=1,2,...,N (6.9)
j=1 j=1
then there exist points o, ... o™ € CNm € N with aW* = o for 1 = 1,...,m and
0< X\ <1 with>;"y \i =1 such that
p= Z)\za(l)
=1

PROOF: Let A = {y € CY : v* = a} and conv(A) its convex hull. The statement of
the theorem is then: If 3 € CY obeys , then 8 € conv(A). We prove that for each
complex linear function ¢ the following holds

[E(B)] < max,econv(aRe(£(7))- (6.10)

If we define n; = (0;z)h-, for j = 1 N where 9, is the Kronecker symbol and
l; =U(n;) for j=1,...,N then ((§) = E ;B and
N N

LB <D 1681 <66 (6.11)
j=1 j=1
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by Lemma |38 Furthermore

N N N-1
PGB =Y B+ (g — ) X By 4+ (= ) (6.12)
j=1 j=1 j=1
N-1
<£NZ% (Ui =) DY aj+ o+ (6 =)oy = Zé o
j=1
by IEI But there exists an element & € A so that ((&) = Z;V 1l This together
with [6.11) and |6.12] imply |6.10 - To see the existence of & put 5 = |y, | and define & by
Gy, = oy if [4,| = 0 and &y, = Kk |k, |c; otherwise. Then &* = a, i.e. & € A and

N
V) = ngj@kj = Z fkjf;;1|€kj|aj = Z |€k/'j|aj = Zé;a]
kj j=1

kjsl Lk 170 kji |y 170

Now suppose that 5 ¢ conv(A). Since conv(A) is closed, convex and bounded, there is a
hyperplane E = {y € CV : {(vy) = s} separating conv(A) and f:

l(y) < s for v € conv(A) and ¢(3) > s (6.13)

for a real valued functional ¢ and s > 0 that can be chosen so that contradicts [6.10]
It follows 3 € conv(A). O

The importance of Theorem [39] for our purpose consists in the following two corollaries.

Corollary 5: If ' : [0,00)N — ]R is a function so that F : CN — R,y — F(v*) is
convex and 3 € CN and a € [0, 00) obey- 6.9 then

F(B) < F(a).

ProoOF: We have

m

B) = F((i ANaD)*) < i)\lﬁ(a(”*) =Y NF(a) = F(a).

=1
O

Corollary 6: [ff [0,00) — [0, 00) is a monotone and convex function then F : CN —

[0,00),8 = XN, f(ﬁ) is a conver function and if a = {a;}32, and B = {B;}32, are
non-increasing sequences of non-negative real numbers, satisfying B << « then

STFB) <Y flog) fork=1,2, ...

J=1 J=1

cde {f(B)e2y == {flay)}32;.
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PRrROOF: For o, 3 € CV and 0 < § < 1 we have

Flla+(1-0)p Zf (Qa+ (1 —6)p if (|6a; + (1 —0)55])
Z (Olas] + (1 = 0)[55]) Z (lag) + (1 = 0)f(I5]) = 0F () + (1 = O)F(5). O

Now consider a mapping A : H; — H» as mentioned at the beginning and its canonical
decomposition. Let p > 2. Then the map f : [0,00) — [0,00),z — % is convex.The
following holds:

Theorem 40: If A:Hy — Hs is a compact mapping and 1 < N < oo then
N N
max }  |Ag;ly, = > o7 (A)
j=1 j=1

where the maximum is taken over all orthonormal systems { ¢, ;VZI

ProoF: Clearly H = A*A is self-adjoint and non-negative. By Theorem [37] we have for
any orthonormal system {¢;}/_; in H;:

k k
ST (Hoy, by < SN (H) for k=1,2,...,N (6.14)
j=1

J=1

but since (H;, ¢;)p, = |Ad;l3, and X;(H) = 07 (A) where o;(A) are the singular values
of A relation [6.14] becomes

k k
S 1Ad15, <Y 0P (A) for k=1,2,..,N (6.15)
— =

and then the convexity of f(z) = 2 (p > 2) and Corollary |§| imply

k k
ST 1Ag, <> oP(A) for k=1,2,..,N (6.16)
L ‘s

and we get equality in and thus in , if we take for {¢;})_, the eigenvectors of
A*Ain (1). O

As a direct consequence of Theorem (0] we get:

Corollary 7: If A:Hy — Ho is a compact mapping then
max Y |Ag;ly, =D of(A)
=1 j=1

where the mazimum is taken over all orthonormal bases {¢;}32, of H,.
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PRrROOF: By Theorem {40| for all orthonormal bases {¢;}52, we have

=1

> 1Adl5, < D2 ah(A) (6.17)
p=i j=1

and so taking a completion of the eigenvectors for A*A , equation becomes an
equality.

Finally we apply this result to embeddings:

Corollary 8: For 2 < p a compact embedding Hi1 — Hs is a p-Schatten embedding if
and only if {|¢;]u,}52, € P(N) for every orthonormal basis {¢;}32, of Hi.

In this Corollary we assumed H to be infinite dimensional. Of course every finite
dimensional space can be embedded via a p-Schatten embedding. It catches one's
eye that the methods used for 0 < p < 2 and 2 < p differ completely. This is not
the case in the proof given by Gohberg and Markus but they use a theorem (cf. [IT,
Theorem 1]) whose proof is not easy to understand. The characterization of the p-
Schatten embeddings bases upon summability conditions on orthonormal bases whilst
the characterization of compact embeddings in £*(N) given by Hanche-Olsen and Holden
bases upon summability conditions on elements of bounded sets. Furhtermore one has to
know at least one orthonormal basis to get a vivid description. We will encounter such
applications in the next chapter. In respect of our aim to characterize the p-Schatten
embeddings H — (%(N) we just apply our general result:

Corollary 9: A compact embedding H — (*(N) is a p-Schatten embedding if and only
if for every (2 < p)/for some (0<p<2) orthonormal basis {f*}, of H.:

o0

. ;
Z |ff|2 < 00.
k=1 \Jj=1
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7 Applications

In this chapter we apply the result of the preceding chapter to several spaces. As we
already mentioned we need to know an orthonormal basis. In the first section we study
spaces that we construct by imitating Sobolev spaces on the discrete set N. In the second
section we study the embeddings of discrete Sobolev spaces on weighted graphs. In the
third section we embed Sobolev spaces on sparse graphs.

7.1 The spaces s, ,

For the construction of the following spaces we recall the definition of the right shift
operator and the left shift operator on ¢*(N):

Definition 21: For a sequence a = {a;}32, € (*(N) the right shift operator S is defined
by
Sa ={a;_1}52, where ag =0

and the left shift operator T is defined by

Ta={ajn}7,.

Recall that the left shift operator is the adjoint of the right shift operator: T = S*.
Note that the right and left shift operator resemble creation and annihilation operators in
quantum physics that are weighted forward and backward shifts defined on an orthonormal
basis of a Hilbert space. For this see [4, 2.1.2.10 and 2.2.1.2.].

We consider a Sobolev like norm on the space ¢?(N), where the left shift operator acts
similar to a derivative. To “approach the boundary of N” we apply it infinitely many
times:

o= (3 r<s*>”a|3)%

for a € (?(N), where |.|5 is the usual ¢>-norm and S* is the adjoint of the shift operator,
the left shift operator.
It is associated with the inner product

[e.9]

(av b)* = Z((S*)nav (S*)nb)2

n=0

where a,b € (*(N) and (.,.), is the usual inner product on ¢2.
We compute:

[ee] o0 o0
) 1
a2 =Y la; P+ > laja P + .. =D jlag)? = {52,152, 15
j=1 j=1 j=1
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and define more generally for o > 0 and a,b € (*(N):

Definition 22:
|ala = H{7%a;}724 ]2,
(@, 0)0 = ({790,152, {77b;}521)2 and
Sea = {a € (*(N)||a|so < 00}

We have |.|, = ||*% and |.|o = |.].,0. The following theorem holds:

Theorem 41: s, , are Hilbert spaces and
Swa = (*(N) are compact embeddings if o > 0 and
Swa <= (*(N) are p-Schatten embeddings for 0 < p <2 if pa > 1.

PROOF: |.|., is a norm because |.|2 is a norm and thus s, , are normed linear spaces.
The norm is induced by the inner product (.,.)., that is an inner product because (., .)s
is an inner product. Thus s, , are pre-Hilbert spaces. If {a"}>°, is a Cauchy sequence in
S«.a, there exists a sequence a in ¢*(N) such that

a—{j%a}};21le = 0,n — oo, |a]y < oo

because {j%a}}32, for n = 1,2, ... constitute a Cauchy sequence with respect to |.|» and
(*(N) is a Hilbert space. Define a by a; = j~“a; then,

la —a"|s0 — 0,n — o0,

and |al.. < co by a standard argument and thus s, , are Hilbert spaces.

To show the second assertion we apply Corollary [I|in chapter 4. Let o« > 0. We denote by
B! ,(0) the unit ball {a € s, 4 : |a|s,o <1} . Clearly all elements of B ,(0) are pointwise
bounded. We have to show that for every € > 0 there exists a number n(e) € N so that
all a € B} ,(0) satisfy

e}

Z |CLj|2 < 52.

j=n(e)+1
Assume on the contrary that there exists a number € > 0 so that for all n € N there
exists a sequence a € B ,(0) so that

o0

> gt > €%

j=n+1

Choose N = |e~= | + 1 then by our assumption there exists a sequence a € B! ,(0) so

that
o o
a2, = > 5% a* > > 7% ayl”
j=1 N+1
oo
SN Y et > et =1
a>0 J=N+1

46



a contradiction. Thus by Corollary (1| s, , < ¢*(N) is a compact embedding for o > 0.
If we define €™ by e;"* = m™%,,; for j = 1,2, ... then {™*}%_, is an orthonormal
basis for s, ,. Thus by Corollary @] the equation

0 0
> el = 3w
m=1 m=1

shows the third assertion since the above sum converges if pa > 1. [

In particular: s, , < (*(N) is a Hilbert-Schmidt embedding for o > $ and
Sk KQ(N) is of trace class for a > 1. If for some p > 2 one has pa < 1 then it follows
by Corollary [§] that the embedding s, , < ¢*(N) is no p-Schatten embedding and thus
by Lemma [16| no p;-Schatten embedding for all 0 < p; < p.
In exactly the same way one proves that if s, , < s, 3 are compact for o — 3 > 0 then
Sea < Sxp are p-Schatten embeddings for 0 < p < 2 if (o — B)p > 1.

Note the analogy to the result by Gramsch where the condition for the embeddings
H*(Q) — HY(Q) to be p-Schatten embeddings was (k —[)p > N.

7.2 Discrete Sobolev spaces on weighted graphs

There are other spaces where an orthonormal basis is not easily obtained. As an example
we consider discrete Sobolev spaces on graphs. We will need some preparation to
understand this setting. We define a directed graph (cf. [I9, Definition A.1]):

Definition 23: For a finite or countable set V' and a subset E C VXV the set G = (V, E)
is called a directed graph, the elements of V' are called the vertices of the graph and the
elements of E its edges. G is called simple if for all v,w € V

at most one of the pairs (v,w) and (w,v) is an element of E,

(v,v) ¢ E.

For an edge e = (v,w) we call ey = v its initial endpoint and eerm = w its terminal
endpoint.

Now we consider weights on vertices and edges and define function spaces on V' and E
(cf. [19, Definition 3.1 and 3.2]):

Definition 24: Forv:V — (0,00) and p: E — (0,00) and 1 < ¢ < oo we define the
spaces LL(V') and li(E) by

v)y={f:v-=C: (Z |f(v)|ql/(v)>q < oo} and

veV

Q=

tI(E) ={u: E—C: (Z |u(e)|qp(e)> < oo}

eck
respectively.
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We are now able to define discrete Sobolev spaces of first order on directed graphs (cf.
[19],):

Definition 25: For a function f € (9(V) we define its derivative f on E by

/

f (6) = f(eterm) - f(ezmt)

The Sobolev space w;:l‘{ is defined by

1, — Ry
w (V) ={f e (V) : f € ((E)}.
Without proof we cite [19, Lemma 3.6]:

Lemma 42: For 1 < g < oo the space w;jg(V) is a Banach space with respect to the
norm defined by

[y = 2 @I () + 3 1F (e)*(e)-

veV ecl

From {42 it follows immediately that w;>(V') is a Hilbert space with respect to the
inner product (., ')w},',% () defined by

(f9)uzq = 3 F@)gv() + 3 (©)g @ple).

veV ecl
We need to define the distance of two vertices (cf. [19, Definition 3.8] ) :

Definition 26: A path from the vertex v € V to the vertex w € V' is a sequence of edges
el, ... e" where €l = v,elp, = € forj =1, k—1 and ek = w. Its length is
defined by p(e') + ... + p(e*) and the distance of two vertices dist,(v,w) is defined as the
infimum of the lenghts of all paths from v to w. A graph is connected if for any pair of
vertices v # w there exists a path from v to w. Finally the ball of radius r > 0 centered

atv € V is defined by
Bj(v) ={w €V : dist,(v,w) < r}.

The conditions of Hanche-Olsen and Holden lead to a compactness criterion (cf. [19,
Proposition 3.8] ):

Theorem 43: If G is a connected directed graph and 1 < q < oo the embedding

w, (V) <= L4(V) is compact if for every € > 0 there exist a vertex v € V and a radius

r >0 so that
(4)B,(v) is finite and
(i) ( ) |f(w)|ql/(w))q <

wg By (v)

for all f in the unit ball of w,4(V).
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Using our results achieved in chapter 6 we want to give summability conditions for the
embedding w); (V) < £(V)) to be a p-Schatten embedding where 0 < p < 2 for some
simple graphs. From the preceding chapter we get:

Corollary 10: A compact embedding wy(V') < €5(V) is a p-Schatten embedding if for
every (2 < p)/for some (0<p<2) orthonormal basis { f*}32, with respect to (., ‘)w;"?,(V) :

P

3 (Z o) <,

veV

Since in general there is no obvious orthonormal basis of the space w;;g(V) our
strategy will be to apply the Gram-Schmidt orthogonalization method to a standard
basis. Consider the following weighted path I':

V1 V2 v3

For a further simplification assume v = 1. We write the Sobolev functions f € w}?(V')
as vectors :

f - (f(vl)a )a fj - f(vj)'
By applying the Gram-Schmidt orthogonalization method to the basis {€¥}2°, where
= {0k;}52, one obtains the following recursive definition of an orthogonal basis of

w;’Q(F):
ff=(1,0,..),
fk: = pler)...p(ex—1) p(ea)...p(er—1) plex—1) 1.0, ) k=2
TR gy S P PRl Py T By, T
wp (V) wp (V) wp (V) w, (V) wy " (V)
We see that:
2
E—1
pley)-plerr)
|fk|121;/1;2(v) = Z (|f]|2 ’ |fk;7]_|2 +1 (71)
=1 wp (V)" wp (V)

+’§( | plej)...pler—1) _ ,p(ej_l)"'p<€k_l) ) plej-1)

i=1 |f]|i,£*2<V>"'|fk_1’fué’2<V> ‘fj|1211;’2<V>"'|fk_1|i;’2<v>

+ (1 |p(6k1)> plex-1) + 1p(ex).
)

fk 1|2 1,2
Assume w : N — R is a lower bound for this expression:
120 >wk) > 1, k=1,2,..
P

Then if for 0 < p <2

p 2
S f* - e[ (ej)---plex-1)
Z |fk| < Z 2 Z |f]‘ |fk 1|2 +1 < 00 (7.2)
k=1 ’wé’Q(V) eg(v) k=1 7j=1 1 2 1 2 V)
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it follows that w)?(V') < £*(V) is a p-Schatten embedding.

For p > 2
o0 k P
St | <
k=1 |f |wf1,’2 V) 62( )

is necessary for w 2(V) < £2(V) to be a p;-Schatten embeddlng for all 0 < p; < p. Even
if no suitable lower bound is known 7 1 and ! put w(k) = |f k|2 1,2) provide a method
d

that yields a summability condition t at onl epends on the weight p.

The border case p = 2 yields:
Corollary 11: The embedding w)*(V') < (*(V') is a Hilbert-Schmidt embedding if and

only if
= o (S plepeplen) )
Z ’fk|w%’2(V) Z 2 ’ k—1|2 +1] <00
k=1 ? j=1 ’f]‘w;’Q(V)“"f ‘w;‘Z(V)

7.3 Discrete Sobolev spaces on sparse graphs

For this section we adopt the definition of a graph in the preceding section but we assume
the set of edges F to be symmetric, i.e. we have (v,w) € E if and only if (w,v) € F
and in this case we say that v and w are adjacent and write v ~ w. We also assume
the graph G = (V, E) to contain no loops, i.e. (v,v) ¢ E for all v € V and to be locally
finite, i.e. [{w eV :w ~v}| < oo for every v € V. We define:

Definition 27: For a graph G = (V, E) where E is symmetric and that contains no
loops the degree function deg : V — NU {0} is defined by

deg(v) = {w eV :w~ v}

For a subset W C V we denote the induced subgraph by Gy = (W, Ey) where
Ew = EN (W x W). In this section we consider unweighted graphs, i.e. we put v =1
and p = 1 and we denote the spaces (2(V) and w, (V) as defined in the preceding
section by (2(V) and w'?(V) respectively. For a function g : V' — C we denote the
multiplication operator on £*(V') given by f + g¢f i.e. by pointwise multiplication again
by ¢, e.g. in the case g = deg.

We define the discrete Schrodinger operator A + ¢ where ¢ : V' — [0, 00) is a non-negative
function (cf. [6]):

Definition 28: On the domain

D& +a) = {1 e #W)s (v 00 - 1)+ i) € £}

wn~v

we define the Schradinger operator A+ q : (2(V) — £2(V') by

(A+q)f(v) =D (f(v) = f(w)) +q(v)f(v)

wn~v

forall f € 2(V),v e V.
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In their paper [6] Bonnefont, Golénia and Keller show for sparse graphs a functional
inequality for the Schrodinger operator. Intuitively a graph is understood to be sparse if
it has few edges. Bonnefont, Golénia and Keller give the following definition:

Definition 29: A graph G = (V, E) is k-sparse if for finite W CV
|Ew| < k|W].

By T < T; for two operators 17, T, on a Hilbert space we mean that the operator
T, — T7 is positive. For a real valued function g : V' — R we define

lim inf = su inf lim su v)= inf su
Ivlﬁoog( v) Wcli/ vGV\Wg( v); \v\—};og( ) ‘%CV fuevgwg( v)
W<oo

We cite [6, Theorem 1.1]:

Theorem 44: If G = (V, E) is a k-sparse graph, we have
(i) for all0 < e <1

(1—e)(deg+g) — (2 o) <At g< (1+e)(degta) +

2 (

o |
m | =

on C.(V), the space of real valued functions with finite support on V.,

(7i) A+ q has purely discrete spectrum if and only if

lim infoo(deg(v) + q(v)) = 0.

|v]—

We remark that purely discrete means that the operator has a discrete spectrum
consisting of eigenvalues of finite multiplicity.
We see that for a function f € £2(V') one has

(A+a)f, Hlewy =D 2 (f w))f(v) + > av)f(v)f(v)

veV w~v veV

and rearranging the terms in the first sum and noting that

(f(v) = fw) f(©) + (f(w) = f(0) f(w) = (f(v) = fF(w))(f(v) = fF(w)) = |f(v) = f(w)[
we see that for ¢ = 1:
(A+ 1), ) = ;( SNCENTIES WO
v,w)eE ve
and thus by
|f’w1 20y S ((A+ D) f, flew) < |f|12uva(V)

that ((A+1).,.)ew) 1nduces a norm that is equivalent to |.[,1.2(). We define another
space:
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Definition 30: For a locally finite graph G = (V, E) where E is symmetric and that
contains no loops we define for f € (*(V):

|f|deg = (Z |f deg ) 1)>2

veV

and
Kﬁeg(V) ={f € (V) : |flacg < o0}

It follows by Theorem [44] (i) (cf. [6, Theorem 1.1 (a)]) that for finitely supported real
valued functions f the norm |f |deg is finite if and only if | f|,1.2(yy is finite. Noting that
this property for norms |.|1, || on a real valued function space is inherited by the norms

\/ |Re(.)|3 + [Im( \/ |Re(.)|3 + |[Im(.)]3 on the corresponding complex valued function
space and by extendlng the supports we can conclude that
62

deg

(V) =w"?(V). (7.3)

as sets. In the same way as for the spaces s, , one can show that (3, (V) are Hilbert

deg
spaces endowed with the inner product

(f,9) = >_(deg(v) + 1) f(v)g(v)
veV
for f,g € (3.,(V) and we know that w"?(V') are Hilbert-spaces. By (i) (cf. [6, Theorem
1.1 (a)]) one has A + 1 < 2(deg+1) and arguing as above we see that the embedding
62

deg

(V) = w2(V)

is continuous. Since the sets are identical it follows this embedding is surjective and thus
by the open mapping theorem it is an isomorphism of Hilbert spaces. Now for convenience
we suppose that the vertices are numbered in such a way that deg(j) = deg(v;) (we
denote the function on N by deg again) is non-decreasing. We are now able to apply

Theorem M1}

Corollary 12: (z) If there exists a > 0 so that j2* < deg(j) + 1 for all but finitely many

j the embedding w"*(V') = (3.,(V) < (*(V) is compact, and:

(i) If 0 < p < 2 and j** < deg(j) + 1 for all but finitely many j and pa > 1 the
embedding w'*(V') = (3,,(V) < (*(V) is a p-Schatten embedding.

PROOF: Suppose there exists a number o > 0 so that j2* < deg(j ) + 1 for all but finitely
many j. If we denote for f € £2(V) the sequence {f (v;)}52, by f there clearly exists a
constant C' > 0 so that

2. Zﬁ“lfv] Zdeg )+ )| f(v;)]? (7.4)

=C)_(deg(v) + DIf ()" = C|fldcg-

veV
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We have the following composition of embeddings:
(V) = 50— (N) = (V)

where the first one is bounded by [7.4] and the second is compact by Theorem [41} By the
ideal property of the classes J,, as shown in Lemma [§] it follows that

w"3(V) = 63

deg

(V) = (V)

is compact. If 0 < p < 2 and pa > 1 the second embedding is of p-Schatten class by
Theorem [1] and by Theorem it follows that

wh (V) = 63

deg

(V) = (V)

is of p-Schatten class. n
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8 Open problems

The notion of an orthonormal basis was crucial to our discussion. It is not clear if there
is a similar characterization of p-Schatten classes for mappings between Banach spaces
X; — X, in the sense of [2I] for example via Schauder bases or more specifically a
characterization of p-Schatten embeddings X — ¢%(N) for ¢ € [1,00)\{2}.

In [13] Gramsch defines generalized p-Schatten embeddings but as we saw in section
5.3 his discussion is restricted to the Hilbert spaces H*(2). One might ask if there is
a characterization of the generalized p-Schatten embeddings W*4(Q) — Wh4(Q) for
q € [1,00)\{2}.

The question asked by Pietsch in [22] that we mentioned in section 3.2 seems to be
unanswered: Is the set of p-summable mappings I1,(X, Y') identical to the Hilbert-Schmidt
class for p > 2.

In [I1] Gohberg and Markus prove that if H = H* is a non-negative compact operator
on Hy with {\;(H)}52, € £*(N) its sequence of eigenvalues in non-increasing order and
{o; };";1 a non-increasing sequence of non-negative numbers satisfying the condition

{oyi2y < {AN(H) (8.1)

there is a number m (0 < m < oo) and an orthonormal basis, consisting of orthonormal
systems {¢;}52, and {f;}7L, such that

(H¢j7¢j) = Q; ] =1,2,..

(Hf;, f;)=075=1,...,m.

One would like to have a simple proof for this theorem because it would provide another
proof of both Theorem [34] and Theorem [40 and thus Corollary [7] (see [L1]).

For a simple path I' we found sufficient (0 < p < 2) and necessary (2 < p < o0)
summability conditions for the embeddings of the discrete Sobolev spaces w2 < (2(V')
to be p-Schatten embeddings, that only depend on the weights , but could not write them
down explicitly because they are bound to a recursive definition of the underlying basis.
The question is still open if there is a simple characterization of the p-Schatten embeddings
wh?2(V) < (2(V) for certain broader classes of graphs or even a characterization of the

v,p

generalized p-Schatten embeddings wy4(V) < £4(V) where ¢ € [1,00). Finally we
conjecture that the embeddings s, o < s, g are compact for « — 3 > 0 and of p-Schatten

class for 0 < p < oo if and only if (a — B)p > 1.
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