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Weyl-von Neumann Theorem and Borel Complexity of Unitary
Equivalence Modulo Compacts of Self-Adjoint Operators

Hiroshi Ando Yasumichi Matsuzawa

April 18, 2014

Abstract

Weyl-von Neumann Theorem asserts that two bounded self-adjoint operators A, B on a Hilbert
space H are unitarily equivalent modulo compacts, i.e., uAu*+ K = B for some unitary u € U(H) and
compact self-adjoint operator K, if and only if A and B have the same essential spectra: gess(A) =
Oess(B). In this paper we consider to what extent the above Weyl-von Neumann’s result can(not)
be extended to unbounded operators using descriptive set theory. We show that if H is separable
infinite-dimensional, this equivalence relation for bounded self-adjoin operators is smooth, while the
same equivalence relation for general self-adjoint operators contains a dense Gs-orbit but does not
admit classification by countable structures. On the other hand, apparently related equivalence
relation A ~ B < Ju € U(H) [u(A — i) u* — (B —14)~! is compact], is shown to be smooth.

Keywords. Weyl-von Neumann Theorem, Self-adjoint operators, Turbulence.

1 Introduction

The celebrated Weyl-von Neumann Theorem [Wey09, vN35] asserts that any bounded self-adjoint operator
can be turned into a diagonalizable operator with arbitrarily small compact perturbations. More precisely:

Theorem 1.1 (Weyl-von Neumann). Let A be a (not necessarily bounded) self-adjoint operator on a
separable Hilbert space H and € > 0, there exists a compact operator K with | K| < €, such that A+ K
is of the form

A+ E =" an(én, - )en,

n=1

where a,, € R and {£,}22, is a CONS for H.

Weyl obtained Theorem 1.1 for bounded operators without norm estimates on K, and the present
form of the theorem was obtained by von Neumann. Moreover, he also proved that K can be chosen to be
of Hilbert-Schmidt class (in fact K can be chosen to be of Schatten p-class for any p > 1 by [Kur58], but
p = 1 is impossible by [Kat57, Ros57]. See [Con99, RS81, AG61] for details). Berg [Ber71] generalized
Theorem 1.1 to (unbounded) normal operators.

On the other hand, Weyl [Wey10] proved that the essential spectra of a self-adjoint operator is invariant
under compact perturbations. Here, the essential spectra c.ss(A) of a self-adjoint operator A is the
set of all A in the spectral set o(A) of A which is either an eigenvalue of infinite multiplicity or an
accumulation point in o(A). Based on Theorem 1.1, von Neumann showed ((1)=-(2) below) that up to
unitary conjugation, the converse to Weyl’s compact perturbation Theorem holds:

Theorem 1.2 (Weyl-von Neumann). Let A, B be bounded self-adjoint operators on H. Then the following
conditions are equivalent:

(1) JCSS(A) = UCSS(B)-

(2) A and B are unitarily equivalent modulo compacts. More precisely, there exists a compact self-
adjoint operator K on H and a unitary operator w on H, such that

vAu* + K = B.



Theorem 1.2 states that the essential spectra is a complete invariant for the classification problem
of all bounded self-adjoint operators up to unitary equivalence modulo compacts. On the other hand,
Theorem 1.1 and Weyl’s Theorem 1.2 (2)=-(1) above also hold for unbounded self-adjoint operators. It is
therefore of interest to know whether Theorem 1.2 holds true for general unbounded self-adjoint operators.
However, a simple example (Example 3.2) clarifies that von Neumann’s Theorem 1.2 (1)=-(2) cannot be
generalized verbatim for unbounded operators. Moreover, further examples (Examples 3.3 and 3.5) show
that it seems impossible to find a reasonable complete invariant characterizing this equivalence which is
assigned to each self-adjoint operators in a constructible way.

It is the purpose of the present paper to show that there is a sharp contrast between the complexity of
the above classification problem for bounded operators and that for unbounded operators by descriptive
set theoretical method, especially the turbulence theorem established by Hjorth [Hjo00]. More precisely,
we prove the following: let H be a separable infinite-dimensional Hilbert space, and SA(H) be the Polish
space of all (possibly unbounded) self-adjoint operators equipped with the strong resolvent topology
(SRT, see §2.1). Then the set B(H s, of bounded self-adjoint operators on H is a Borel subset of SA(H)
(Lemma 3.11). Consider the semidirect product Polish group G = K(H)s, X U(H), where K(H)sg, is
the additive Polish group of compact self-adjoint operators with the norm topology, and we equip the
unitary group U(H) of H with the strong operator topology. The action of U(H) on K(H ), is given by
conjugation. Then we consider the orbit equivalence relation E(S;A(H) of the G-action on SA(H) given by
(K,u)-A=vAu*+ K (u e U(H),K € K(H)sa). Since B(H)s, is a G-invariant Borel subset , we may
consider the restricted equivalence relation EE(H)“ as well. Therefore, the difference of the complexity
of the above classification for bounded vs unbounded operators should be understood as the difference of

the complexities of EgA(H) and EE(H)“. In this respect, let us now state our main theorem:

Theorem 1.3. Denote by F(R) the Effros Borel space of closed subsets of R. The following statements
hold:

(1) SA(H) 3 A 0ess(A) € F(R) is Borel. In particular, EE(H)“ is smooth.

(2) There exists a dense Gs orbit of the G-action on SA(H). In particular, the action is not gener-
ically turbulent.

(3) EE;A(H) does not admit classification by countable structures.
Proofs of (1), (2) and (3) are given in Theorem 3.15, Theorem 3.17 and Theorem 3.33, respectively.

Remark 1.4. (Added April 10, 2014) After the paper was submitted, we were informed from Alexander
Kechris that the Borelness of the map oegss(-) has been proved for the case of bounded operators on a
Banach space in [LPS05]. We would like to thank him and the anonymous referee for the communications.

Regarding (3), we prove more precisely that the subspace EES(H) = {A € SA(H);0ess(A4) = 0},
equipped with the norm resolvent topology (NRT, see §3.4.2.1) is shown to be a Polish G-space (with
respect to the restricted action), and the G-action on EES(H) is generically turbulent (Theorem 3.32).
Since A 5 0ess(A) is constant (= @) on EES(H), this shows that the essential spectra is very far from
a complete invariant even in this small subspace of SA(H). Since NRT is stronger than SRT, this
shows that EgES(H) is Borel reducible (in fact continuously embeddable) to EzA(H), whence (3) holds by
Hjorth turbulence Theorem [Hjo00]. On the other hand, there is a related equivalence relation: define an

equivalence relation ES_‘ES@Q on SA(H) by

AESAN B o Ju e U(H) [u(A—i) " — (B —1i)~! e K(H)).

u.c.res

EZA(H) is stronger than ES%SZQ in the sense that E?;A(H) C ES%(JQ (Lemma 3.39), and EEQS@Q restricted

to B(H )sa agrees with EE(H)S"‘ (Lemma 3.40). Therefore B34 is considered to be another extension of
Eg(H)“ to SA(H). We show that unlike EgA(H), ELSI%.(@IS) is actually smooth (Theorem 3.41), although
the essential spectra cannot be a complete invariant (Example 3.42). In the last section, we give some
comments on other equivalence relations related to unbounded self-adjoint operators as well as some
questions.

The connection between descriptive set theory and other areas of mathematics such as ergodic theory
or operator algebra theory have been proved to be very fruitful (see e.g. [FTT, KS01, KLP10, ST08], and
references therein). However, apart from the pioneering work of Simon [Sim95] (see also [CN98]) for a
special class of self-adjoint operators, apparently no descriptive study has been carried out for the space



SA(H). We hope that the present work not only shows the usefulness of the descriptive set theoretical
viewpoint but also verifies that the theory of (unbounded) self-adjoint operators gives us rich examples
of interesting equivalence relations.

2 Preliminaries

2.1 Operator Theory

Here we recall basic notions from spectral theory. Details can be found e.g. in [RS81, Sch10]. Let H be
a separable infinite-dimensional Hilbert space. The group of unitary operators on H is denoted U(H).
We denote B(H) (resp. B(H)s,) the space of all bounded (resp. bounded self-adjoint) operators on H,
and K(H) (resp. K(H)sa) the space of all compact (resp. compact self-adjoint) operators on H. The
convergence of bounded operators with respect to the strong operator topology (SOT for short) is denoted
2n S zora, — (SOT). (U(H),SOT) is a Polish group. The domain (resp. range) of a linear operator
A is denoted dom(A) (resp. Ran(A)).

Definition 2.1. We define SA(H) to be the space of all (possibly unbounded) self-adjoint operators on
H. The strong resolvent topology (SRT for short) is the weakest topology on SA(H) for which SA(H) >
A (A—i)71¢ € H is continuous for every ¢ € H.

In other words, a sequence {4,}52; in SA(H) converges to A € SA(H) in SRT, if and only if
SOT — limy, 400 (An, —4) " = (A —i)~1. SA(H) equipped with SRT is Polish: this is probably known, so
we only indicate how to define a suitable metric: fix a CONS {£,}52, for H, and define a metric d on
SA(H) by

0o 0o 1 . _
d(A,B) = E E sup |le"ti¢, —eBe,|l, A, B < SA(H).
n=1m=1

2ntm te[—m,m]

Proposition 2.2. d is a complete metric on SA(H) compatible with SRT, and SA(H) is separable with
respect to SRT. Consequently, SA(H) is a Polish space.

The proof of Proposition 2.2 is done by the use of next Lemma (see [RS81, Theorem VIII.21] for the
proof) together with a standard argument.

Lemma 2.3 (Trotter). Let {Ax}52, C SA(H). Then Ay converges to A € SA(H) in SRT, if and only if
for each &€ € H and each compact subset K of R, sup,cj [|e?t4+€ — etAE|| tends to 0.

For A € SA(H), the spectra (resp. point spectra) of A is denoted o(A) (resp. op(A)). The essential
spectra of A, denoted gess(A), is the set of all A € o(A) which is either (i) an eigenvalue of A of infinite
multiplicity or (ii) an accumulation point in o(A4). Its complement o4(A4) := 0(A) \ 0ess(A) is called the
discrete spectra, which is the set of all isolated eigenvalues of finite multiplicity. The spectral measure of A
is denoted E4(-), and we write the spectral resolution of A as A = [, \dEA(X). A is called diagonalizable
if there exists a CONS {£,}52, consisting of eigenvectors of A. Let a, € R be the eigenvalue of A
corresponding to &, (n € N). In this case, the spectral resolution of A is written as

A= Zan<§n, . >£n - Zanena
n=1 n=1

where e, is the projection onto C¢,, (n € N). Finally, we will also need results about operator ranges (see
[Dix49-1, Dix49-2, FWT71]):

Definition 2.4. We say that a subspace R C H is an operator range in H, if R = Ran(T') for some
T € B(H). We may choose T to be self-adjoint with 0 < T < 1. If we put H,, := Er((27""},27"]))H (n =
0,1,--+), then H, are pairwise orthogonal closed subspaces of H with H = @ZO:O H,, (by the density of
R). We call {H,}52, the associated subspaces for T (see [FWT1, §3] for details).

In this paper, we only consider dense operator ranges. We use the following result on the unitary
equivalence of operator ranges. The essential idea of the next result, which is one of the key ingredients
in the classification of operator ranges, is due to Kothe [K636], and it is formulated in this form by
Fillmore-Williams [FW71, Theorem 3.3].



Theorem 2.5 (Kothe, Fillmore-Williams). Let R, S be dense orator ranges in H with associated closed
subspaces {Hpn 152y and {K,}32,, respectively. Then there exists u € U(H) such that uR = S, if and
only if the following condition is satisfied: there exists k > 0 such that for each n,1 > 0,

dim(Hn DD Hn-H) < dim(Kn—k SSRRRES Kn+l+k)
dlm(Kn DD Kn+l) < dlm(Hn—k DD Hn+l+k)7

where Hy,, = K, = {0} for m < 0.

2.2 Borel Equivalence Relations and Hjorth Turbulence Theorem

Here we recall basic notions from (classical) descriptive set theory. The details can be found e.g., in
[Gao09, Hjo00, Kec96]. Let E (resp. F) be an equivalence relation on a standard Borel space X (resp.
Y'). We say that F is Borel reducible to F, in symbols E <p F, if there is a Borel map f: X — Y such
that 1 Fxe < f(x1)F f(x2) holds for every x1,z2 € X. We say that E is smooth, if E is Borel reducible
to the identity relation idz on some Polish space Z.

The notion of classification by countable structures lies at a higher level of complexity than smoothness.
In order to avoid introducing concepts from logic, let us informally give its definition. We refer the reader
to [Hjo00, §2] for the details.

Definition 2.6. We say that an equivalence relation F admits classification by countable structures, if
there exists a countable language L such that E is Borel reducible to the isomorphism relation on the
space X, of countable L-structures induced by the logic action of the group S, of all permutations of N.

Hjorth’s notion of turbulence provides us with a convenient criterion for finding an obstruction of a
given equivalence relation to be classifiable by countable structures. Below we use a category quantifier
V*. Suppose that we are given a Polish space X and for each point € X a proposition P(x). We say
that P(x) holds for generic € X, denoted V*x [P(z)], if {x € X; P(x)} is comeager in X.

Definition 2.7. Let G be a Polish group and X a Polish G-space.

(1) Let z € X. For an open neighborhoods U of z in X and V of 1 in G, the local U-V orbit of z,
denoted O(x,U, V), is the set of all y € U for which there exist | € N, x = xg, 21, -+ ,xy =y € U,
and go, -+ ,g1—1 € V, such that z;11 =¢; -z; forall 0 <¢ <[ —1.

(2) The action « is turbulent at x € X if the local orbits O(z, U, V) of = are somewhere dense (i.e.,
its closure has nonempty interior) for every open U C X and V C G withz € U and 1 € V.

(3) The action « is said to be generically turbulent if it satisfies (a) there is a dense orbit, (b) every
orbit is meager, and (c) V*z € X [The action is turbulent at z].

We use an apparently weaker but equivalent notion of weak generic turbulence:

Definition 2.8. Let G be a Polish group and X a Polish G-space. We say that the action is weakly
generically turbulent, if

(a) Every orbit is meager.

CGreU=00U V)N e #0)

(b) V' e X Viye X VO AU € X (1)WY
Next theorem is called Hjorth turbulence Theorem. Proof can be found in [Hjo00].

Theorem 2.9 (Hjorth). Let G be a Polish group and X a Polish G-space with every orbit meager and
some orbit dense. Then the following statements are equivalent:

(i) X is weakly generically turbulent.
(ii) X is generically turbulent.
(iii) For any Borel Soo-space Y, Eé 18 generically Egoo -ergodic.

It follows from Theorem 2.9 that orbit equivalence relations of generically turbulent actions do not
admit classification by countable structures.



3 Weyl-von Neumann Equivalence Relation EEA(H)

3.1 Impossibility of von Neumann’s Theorem for Unbounded Self-Adjoint
Operators

Let H be a separable infinite-dimensional Hilbert space. von Neumann’s Theorem ((1)=(2) of Theorem
1.2) asserts that bounded self-adjoint operators A, B € B(H )y, with the same essential spectra oess(A) =
Oess(B) are unitarily equivalent modulo compacts, i.e., B = uAu* + K for some v € U(H) and K € K(H).
In this section we consider the situation for unbounded self-adjoint operators (note that Weyl’s Theorem
(2)=-(1) of Theorem 1.2 holds in full generality):

Question 3.1. Let A, B € SA(H) be such that gess(A) = 0ess(B). Are there u € U(H) and K € K(H)s,
such that vAu* + K = B?

The answer to the question is negative, as the following simple example shows:

Example 3.2. Let Hy be a separable infinite-dimensional Hilbert space, and let H = Hy & Hy. Fix
a CONS {¢&,}52, for Hy, and let Ay := > 07 n(&n, - )& € SA(Hyp), and define A, B € SA(H) by
A:=A40®0, B:=0d0. Then oes(A) = 0ess(B) = {0}, and since A is unbounded, so is uAu* + K for
any v € U(H) and K € SA(H). Thus vAu* + K # B.

It is now clear why von Neumann’s Theorem fails to hold for unbounded self-adjoint operators: if
A, B are unitarily equivalent modulo compacts, then their domains dom(A4) and dom(B) must be unitarily
equivalent, i.e., u-dom(A) = dom(B) for some u € U(H). In fact there are a lot of unbounded self-adjoint
operators with the same essential spectra but have non-unitarily equivalent domains.

Example 3.3. Let {£,}52, be a fixed CONS for H. Let e, be the projection of H onto C¢,. Define
{At}ee0,1) CSA(H) by Ay = Z 201, (0 <t < 1). We show that {A¢}c(0,1) is a family of self-adjoint

n=1

operators with oess(Ar) =0 (0 < ¢ < 1) such that dom(A;) and dom(A;) are not unitarily equivalent for
0 <t # s < 1. The first assertion is clear, since 27" "2 50, For each 0 < ¢ < 1, the domain of A, is
dom(A;) = Ran(A; 1), where A;' =327 27" ¢,,. Therefore the associated subspaces for A, ! are

H = B, (27127 ") H = span{gp;2 "t <27 <27y
= span{{k;n% <k<(n+ 1)%}.

Let 0 <t <s< 1. Then

1
t

e
|
[N}

dim(H) > [(n+1)7] — (nf]+1) > (n+ 1)

dim(H,(f)) <(n+ 1)% —ns.

—-n

Therefore for given k,l € N, and n > k, it holds that

n+l+k
dim(E, @ H) L)< Y {m+ 1)t —miy = (n 1+ k) — (n— k)

m=n—k

o [

*

(*) . .
< (I+2k)s " (n+1+k)° ,
n-+l
dim(HP @@ ) > Y {m+ 1) —m? —2} = (n+ 1) —nt —2(1+1)

(*) -1
ittnt Tt 2014 1),

where we used the mean value Theorem in (). Since ! > s~! > 1, it holds that

- it Tl —2041) .
n—oo (I +2k)s~t(n+1+ k)571_1 N

which in particular shows that dim(H,(f) e P HT(L?_Z) > dim(HfL‘?k - HT(LS_ng) for large n. Since k,!
are arbitrary, dom(A;) and dom(A;) are not unitarily equivalent by Theorem 2.5.



Remark 3.4. We remark that the classification of dense operator ranges up to unitary equivalence is
completed by Lassner-Timmermann [LT76].

We next show that unitary equivalence of the domains is still insufficient. Namely we construct another
continuous family {B;}icjo,1) in SA(H) with the same domain and the essential spectra, yet no two of
them are unitarily equivalent modulo compacts.

Example 3.5. Let {£,}°°, and {e,}2°, be as in Example 3.3. Fix a bijection (-,-): N> — N given by
(k,m) :=2F"1(2m — 1), m,k € N, and define a family {B;}ic[0,1] C SA(H) by

t
Z)\(t - )\(t) my =kt te1], kmeN.

It is easy to see that dom(B;) = dom(By), and ess(Bs) = 0ess(Bt) =N (s,t € [0,1]). Let 0 < s < ¢ < 1.
We then show that there are no v € U(H) and K € K(H)s, satisfying uBiu* + K = B;. Suppose by
contradiction that there exist such « and K, and put 7, := u&, (n € N). Then f,, := ue,u* is a projection
onto Cr,, and

Z <k+>fkm)+K Z <k+)e<k7m>.
k,m=1 +2 k,m=1

Apply the above equality to the vector 71y (k € N) to obtain

t oo
(k + 3) N,y + K1y = Z < o 2) €1,m) (k. 1) -

l,m=1

k—o0

Since K is compact and (k,1) = 2F~1, Nk, 1) k200 weakly, we have ||Kn || = 0. For k,I,m € N,
let a(k,l,m) := |l<:—l+§— ezl Then@(kz,l,m)>|k;—l|—|§—mi2 >1-2=1ifk+#1 while
a(k,k,m) = £ — —*= > =5 Therefore a(k,l,m) > é(t,s) :== +(t —s) >0, (k,I,m € N). From this, we

3 m+2 —
have
00 ¢ s 2
1K ney 1> = Z k—1+ 3 mi2 let,mymne, I
l,m=1
2 lewmyngen |1 = 8(t,5)%.
l,m=1

This is a contradiction to limy oo [[Kn,1)|| = 0.

Taking all the above examples into account, it seems unlikely that there exists a complete invariant
for the von Neumann type classification problem for SA(H), such that the assignment of the invariant is
constructible in some sense.

3.2 Orbit Equivalence Relation EgA(H)

To consider the complexity of the classification problem of self-adjoint operators up to unitary equivalence
modulo compact perturbations we use SA(H) as parameter Polish space and regard the equivalence as
orbit equivalence of a Polish group action:

Definition 3.6. (1) We define the Polish group G to be the semidirect product K(H)s, x U(H ), where
K(H)s, is the additive Polish group of compact self-adjoint operators with the norm topology, and we
equip U(H) with SOT. The action of U(H) on K(H)s, is given by conjugation: u - K := uKu*, u €
U(H), K e K(H)sa

(2) We define the action a: G x SA(H) — SA(H) b

(K,u) - A:=uAu* + K, AeSAH), ueld(H), K e K(H)s,

It is easy to see that « is indeed an action. Therefore the classification problem in consideration is

nothing but the study of the Borel complexity of the orbit equivalence relation ESA(H)

Definition 3.7. We call Eg ) the Weyl-von Neumann equivalence relation.



Next we show that SA(H) is a Polish G-space.
Proposition 3.8. The action a: G ~ SA(H) is continuous.

We first show the continuity of the B(H )s,-action, where we equip the additive group B(H )s, with the
norm topology.

Proposition 3.9. The action ag: B(H)sa ~ SA(H) given by (K, A) — A+ K is continuous.

The key point in the proof of Proposition 3.9 is the next lemma, which was communicated to us by
Asao Arai. We are grateful to him for allowing us to include his proof.

SRT

Lemma 3.10 (Arai). Let K € B(H)sa and let A, A € SA(H) (n € N) be such that A, — A. Then
A+ KB A4 K holds.
Proof. For any z € C\ R, we have
oy K] oy K]
KA =27 < g A=) < g
Therefore it holds that if || K|| < |Im z|,
(Ap + K — Z)_l = Z(_l)k(An - Z)_l(K(An - Z)_l)k7
k=0
(A+K—2)7"=> (-1)FA-2) 1 (K(A-2)"H
k=0
Therefore for arbitrary £ € H, we have
[(An + K = 2)7'¢ = (A+ K —2)7'¢|
=D IH(An = 2) T E (An = 2) 7 = (A= 2)THE (A - 2) 7). (1)
k=0

Since A, "= A (SRT), K(A, — 2)~! "= K(A — z)~! (SOT) holds. This implies that for each k > 0,
(Ap — 2) N K (A, —2)"1)F "= (A — 2)"1(K (A — 2)~1)* (SOT). Therefore each term in (1) tends to 0
as n — 0o. Furthermore, we see that

k
(A = 2) 7K (A0 = 2)7H)" = (A= 2)TH(E (A = 2)7H)*}e]| < 2/Im 2|7 (”K”> 1€l ()

|Im z

and since Y, (|| K|//Im z|)* < oo, we have for |K| < [Im z| that (4, + K — z)~* Fope (A+K—2)7!
(SOT). Therefore by [RS81, Theorem VIIL19], A, + K "= A + K (SRT) holds. O

Proof of Proposition 3.9. Let {A,}52; (resp. {K,}52;) be a sequence in SA(H) (resp. in B(H)s)
converging to A € SA(H) (resp. to K € B(H)s,). For any £ € H, we have

[(Ap+Ky, — i) 71 = (A+ K — i)~ ¢||
<A+ K =) = (A + K =) 3+ [{(An + K =) = (A+ K =)'}l (3)
By the resolvent identity [Sch10, §2.2, (2.4)], the first term in (3) is estimated as
{( A + K =)™ = (A + K =)} < [[(An + K — )7 (K — K)(An + K —4) 7|
< || Kn = K - €] "= 0.

The second term in (3) also tends to 0 by Lemma 3.10. Therefore A, + K,, "= A+ K (SRT) holds. [J

Proof of Proposition 3.8. Assume that A,, € SA(H) (resp. (K, u,) € G) converges to A € SA(H) (resp.
(K,u) € G). Then u,Apuf "I wAuF (SRT), because the joint SOT-continuity of operator product on
bounded sets shows that

(un Aptl, — i) = up(Ap — i)l "2 w(A — i) " lu = (uAu* — )7t (SOT).

n—oo

Therefore by Proposition 3.9, we have u, A ul + K, — uAu* + K (SRT). O



3.3 Smoothness: Bounded Case

Recall that the Effros Borel structure on the space F(R) of all closed subsets of R is the o-algebra
generated by sets of the form {F' € F(R); FNU # 0}, where U is an open subset of R. In this section,

we show that Weyl-von Neumann equivalence relation restricted on B(H)s, is smooth by showing that
SA(H) 3 A= 0e5(A) € F(R) is Borel.

Lemma 3.11. B(H ), is an F, subset of SA(H). In particular, it is Borel.
Proof. Let F,, := {A € B(H)sa; ||A|| < n} (n € N). Then B(H)s = U~ Fn. It is straightforward to

n=1-"n

show that each F,, is SRT-closed. Thus B(H ), is F, in SA(H). O

By Lemma 3.11, B(H ), is a standard Borel space with respect to the subspace Borel structure. Since

B(H )sa is G-invariant, we may consider the restricted action of G on B(H)s, and its orbit equivalence

relation EE(H)‘“.

Theorem 3.12. EE(H)S“ is a smooth equivalence relation.

Lemma 3.13. The map SA(H) 5 A~ o(A) € F(R) is Borel.

Proof. 1t clearly suffices to show that for any a,b € R (a < b), the set U = {A € SA(H); o(A)N(a,b) = 0}
is Borel. But it is well-known that I/ is in fact SRT-closed (see e.g., [Sim95, Lemma 1.6]). O

Next we show the Borelness of A — 0ess(A). Note however that V = {A € SA(H); 0ess(A)N(a,b) = 0}
is neither open nor closed. In fact A — 0ess(A) behaves quite discontinuously (with respect to any
compatible Polish topology on F(R)):

Proposition 3.14. Let K, L € F(R) be nonempty. Then there exists {A,}52; C SA(H) and A € SA(H)
with the property that

Oess(An) = K (n €N), o0ess(A) =1L, A, A i SA(H).

Proof. For each k € N, let Hy, be a separable infinite-dimensional Hilbert space with CONS {& ;}52,, and
let e, ; be the projection of Hy onto C&; (k,i € N) Set H = @,~ | Hy, and let {)\,,}52 (vesp. {un}>2;)
be a dense subset of K (resp. L). For each n € N, define A4,, ;, € SA(Hy) by

n o0
D et A D e (1<k<n)
Apg = i=1 i=n+1

Aelm, (k > n).

It is then straightforward to see that A := @}~ wrlm,, and A, = @, ; Ank (n € N) does the job. [
Theorem 3.15. The map ®: SA(H) 3 A — 0e5s(A) € F(R) is Borel.

Lemma 3.16. Let A € SA(H), and let K be a norm-dense subset of K(H)sa. Then the following equality
holds:
Oess(A) = ﬂ oc(A+ K).
KeK

Proof. By Weyl’s Theorem, the essential spectra are invariant under compact perturbations (Theorem
1.2 (2)=(1)). Therefore

ves(A)= [ oem(A+K)C () o(A+K)C () o(A+K).
KeK(H)sa KeK(H)sa Kek

To prove the opposite inclusion, we show that 04(A) N\ o(A+K) = 0. If 04(A) = 0, this is obvious,
so we assume that oq(A) # 0. Let E4(-) be the spectral measure of A, and let A € oq(A). Then by the
definition of the discrete spectra, there exists § > 0 such that E4((A — 3, A +6)) = Ez({\}) has rank
n € N. Put K := E5({\}) € K(H)sa (which is of finite rank). Then

A+ K -XA=Es({\})+(A=NEAR\ (A —6,\+9)).



This shows that A + K — X has the bounded inverse (A + K — X\)~!. Choose by density an element
Ky € K such that ||[K — Kol < 1/[[(A+ K — A)71|. Then [[(A+ K — N)"Y(Ky — K)|| < 1, and
1+ (A+ K —X\)"YKy — K) is invertible in B(H). It holds that

A+ Koy—A=A+K -+ (Ky—K)
=(A+K -1+ (A+ K- \N"HKy— K)}
has the bounded inverse (A + Ko — A)"' = {1+ (A+ K — \)"Y(Ky — K)}"'(A+ K — \)~!. Therefore

A ¢ o(A+ Kp), and we obtain

A)CR\ () o(A+K).
KeKk

This finishes the proof. O

Proof of Theorem 3.15. Let K = {K,,}52; be a countable norm-dense subset of K(H )s,. By Lemma 3.16,
we have

DL

Tess(A) = (o(A+K,), AcSAH). (4)

n=1

By Lemma 3.13, the map SA(H) 3 A+~ o(A) € F(R) is Borel. To show that ® : A — ge(A) is Borel,

we have only to show that the set B:= {A € SA(H); 0ess(A)NJa,b] # 0} is Borel for every closed interval
[a,b] in R (since every open set in a metrizable space is F,). Now we use the following equivalence:

oo N
ﬂ (A+K,)N ﬂ (A4 K,)Nla,b] #0 forall N e N. (5)

Indeed, = is obvious, and <« follows from the finite intersection property of the compact set [a,b]. Then
for each A € SA(H), we deduce by (4) and (5) that

B:{AGSA ﬁ (A+ K,) [a,b];«é(b}
n=1

- ﬁ {A € SA(H);

k=1

=

o(A+ K,)N [a,b] 7&@}

1

n

=:By

Therefore it is enough to show that Bj is Borel for each & € N. Recall that since R is o-compact,
Christensen’s Theorem [Chr71] asserts that the intersection map Ip: F(R) x F(R) 5 (K, Ks) — K1 N
K, € F(R) is Borel. By inductive argument, the k-fold intersection map Ij.: F(R)* > (Ky, -, Ky) —
ﬂf 1 Ki € F(R) is Borel. Since the addition map 7,,: SA(H) 3 A — A+K,, € SA(H) is a homeomorphism
for each n € N, the Borelness of & : SA(H) 3 A — o(A) € F(R) implies that the map

k
\I]k ::Iko((boo’]'l X-“X@OOT}C):SA(H)BAH ﬂU(A-i—KZ)E]:(R)

i=1
is Borel. Thus By = ¥, '({K € F(R); K N [a,b] # 0}) is Borel, so ® : A+ 0ess(A) is Borel. O

Proof of Theorem 3.12. Let A,B € B(H )sa. By Weyl-von Neumann Theorem 1.2, AEE(H)S‘“B if and
only if 0ess(A) = Oess(B). Therefore ®: SA(H) 3 A = 0egs(A) € F(R) restricted to B(H ), is a Borel
reduction of EE(H)“ to id F(r)- O

3.4 Non-classification: Unbounded Case

We have shown that EB(H)S"‘ is smooth (Theorem 3.12), therefore bounded self-adjoint operators are
concretely classifiable up to Weyl-von Neumann equivalence by their essential spectra. In this section, we
show that the situation for unbounded operators is rather different: we show that the G-action on SA(H)
has a dense G5 orbit SAg(H) := {A € SA(H); 0ess(A) = R} (Theorem 3.17), whence the action is not
generically turbulent. On the other hand we also show that it is unclassifiable by countable structures by
showing that EY <B ESA(H) for a generically turbulent G-action on a Polish space Y (Theorem 3.32). In



fact we choose Y = EES(H) = {4 € SA(H); 0ess(A) = 0}, which is a small part of SA(H). Y equipped
with the norm resolvent topology is Polish (Proposition 3.25), and the G-action on Y is just the restriction

of the original action to Y. Note that A — 0ess(A) is constant on Y, and therefore oegss(+) is very far from

a complete invariant for ESA(H)

SA(H) .

3.4.1 E, is Not Generically Turbulent

We show that the G-action on SA(H) is not generically turbulent, by showing that there exists a comeager
G-orbit. More precisely:

Theorem 3.17. The following statements hold:
(1) The set SApn(H) := {A € SA(H); 0ess(A) = R} is a dense G5 subset of SA(H).

2) If A, B € SA(H) satisfy 0ess(A) = 0ess(B) = R, then AESM B, Consequently, SApn(H) is a
G
dense Gs-orbit of the G-action.

In particular, the G-action on SA(H) is not generically turbulent.

Note that the above theorem shows that (1)=-(2) of Theorem 1.2 holds true for SAs(H) (in fact von
Neumann’s proof itself works verbatim, as we see below), even though elements in SAg,;(H) are highly
unbounded. The proof of Theorem 3.17 (1) is strongly inspired by the work of B. Simon [Sim95]. We
start from the next result.

Proposition 3.18. Let A € R. Then the set {A € SA(H); X € 0ess(A)} is a dense Gs set in SA(H).
The next two lemmata are elementary and we omit the proofs.

Lemma 3.19. Let {a,}22, C B(H) be a sequence converging strongly to a € B(H). Ifrank(a,) <k (n €
N) holds for some fixed k € N, then rank(a) < k holds.

Lemma 3.20. Let A € SA(H), (a,b) be an open interval in R, and let k € N. Then rankF 4((a,b))
holds if and only if for every continuous real valued function f on R with supp(f) C (a,b), rankf(A)
holds.

<k
<k

Proof of Proposition 3.18. We express the complement of {A € SA(H); )\ € 0ess(A)} as follows:

{A€SA(H); A ¢ 0ess(A)} = | {A € SA(H); Ea((A—e,A+¢)) is of finite rank }
e>0

U U {A € SA(H);rankEa (A — 2,0+ 1)) <k}

=:Sn .k

We show that S, i is closed in SA(H). Suppose {A,,}oo_; C Spk converges to A € SA(A). Then
let f be a continuous function with supp(f) C (A — L, A+ 1) Then as A4, "3 A (SRT), we have
f(An) "3 f(A) (SOT) by [RS81, Theorem VIIL.20 (b)]. By Lemma 3.20, rankf(A,,) < k for each
m € N. Therefore by Lemma 3.19, rankf(A) < k. Since this holds for arbitrary such f, Lemma 3.20
shows that rankEa((A— =, A+ 1)) < k. Therefore A € S,, j,. This shows that {4 € SA(H); A ¢ 0ess(A)}
is Fy, so its complement {A € SA(H); X\ € 0ess(A)} is Gs. Next we show the density. Let A € SA(H),
and let V be an open neighborhood of A. Then by Weyl-von Neumann Theorem 1.1, we may find Ay € V
of the form Ay = Zio=1 Anén, where {e,}52 ; is a mutually orthogonal projections with sum equal to 1,
and A\, € R. Then put Ay := 22:1 An€n + A Zzozkﬂ en. It is straightforward to see that A € gess(Ag)-
and A "5 Ag eV (SOT). Since V is arbitrary, {A € SA(H); X € 0ess(A)} is a dense Gy set.

O

Proof of Theorem 8.17 (1). For each g € Q, the set G, := {A € SA(H); q € 0ess(A)} is a dense G set in
SA(H) by Proposition 3.18. Therefore as gess(A) is a closed subset in R, {A € SA(H); 0ess(A) =R} =
(,eq Gy is also a dense G; set. O

To finish the proof of Theorem 3.17 (2), we need the following variant of a well-known argument used
in the proof of Theorem 1.2, (1)=(2).
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Lemma 3.21 ([AG61)). Let {A\,}15% 1, {pn}52, be sequences of real numbers with the same set of accu-
mulation point M. If both {A\,}°2 1, {un 52, have only finitely many isolated points, then there exists a
permutation © of N such that lim, o (A — fix(n)) = 0 holds.

Proof. The setting as well as the proof is almost the same as the one in [AG61, §94], so we only explain
the difference of the present setting from [AG61, §94]. For k € N, define

. 1 . 1
ep = Inf [Ax =]+, = dnf e —t] 4 o

Since there are only finitely many isolated points in {A, }22 1, {1, }52 4, all but finitely many members of
{3521, {An}52, belong to M. Therefore e, — 0, n — 0 (kK — o00). Now the rest of the proof is the
same as the one in [AG61, §94], so we omit the proof. O

Remark 3.22. Note that Lemma 3.21 does not hold in general without assuming some conditions on
isolated points of M: consider the sequences {/\,(f) o, (t €10,1]) in Example 3.3. We show that if 0 < s <
t < 1, then there is no permutation m of N satisfying lim,Hoo()\Ef()n) — Y )) = 0, although both sequences
have accumulation points M = N. Assume by contradiction that such 7 exists. Then there exists kg € N

such that |)\§Ts()k) - )\S)| < =2 for all k > ko. Since k < 28 < 2%(2m — 1) def (k+1,m) (k,m € N), this
implies that

(s) (t) t—s
A (oimyy = Mooyl < =5

On the other hand, if k, k',m,m’ € N with k # k', k, k' > ko + 1, then

(k> ko+1,m € N). (6)

0 | S ot Ny g st
Xy = Moy | = K+ g =k m+2’_k H ’m’+2 m+ 2
2 t—s
>1--> .
=737 73%

Therefore by (6), for each k > ko + 1 and m € N, there exists ¢;(m) € N such that

)\(3)

((km)) :AES) (k> ko+1,m€N).

kypr(m))
However, by (6) (for k = kg + 1,m = 1) it follows that

t—s
8

(s) @ s E N t—s
= |)\<k0+17<ﬂk0+1(1)> )\<ko+1,1)| k() +2 3|7 37

which is a contradiction. This completes the proof.

Proof of Theorem 3.17 (2). The proof goes exactly the same as von Neumann’s proof: by Weyl-von
Neumann Theorem 1.1, [A]q, [B]e contain diagonalizable operators with essential spectra R. Therefore
we may assume that A, B are of the form A = > °  a,(&n, - Yns B = Y or bu(nn, - )1, where
{an}22 1, {bn}52 are real sequences. Since gess(A) = 0ess(B) = R and there are at most countably many
isolated eigenvalues, this implies that the set of accumulation points of {a, }5° ; and {b,}52 ; are both R.
By Lemma 3.21, there exists a permutation 7 of N such that limg o (@r(x) —bx) = 0. Define v € U(H) by

ulp = Np-1(), k € N. Then wAu* =377 | ar(n)(1ny - )1n, and define K := 37" | (bp — () (s - )i €

K(H)sa. It holds that uAu* + K = B. O
3.4.2 EgES(H) is Generically Turbulent

As explained in the introduction to §3.4, we now study the restricted action of G on a subset EES(H) =
{A € SA(H); 0ces(A) = 0} equipped with a new Polish topology.

3.4.2.1 Norm Resolvent Topology and Polish Space EES(H)
Let EES(H) := {A € SA(H); 0ess(A) = 0} (EES stands for Empty Essential Spectrum).

Definition 3.23. The norm resolvent topology (NRT) on SA(H) is the weakest topology for which the
map SA(H) > A (A —i)~! € B(H) is norm-continuous.

Note that (SA(H),NRT) is not separable, whence not Polish On the contrary, we show that
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Proposition 3.24. (EES(H),NRT) is a Polish G-space with respect to the restriction 8 of the action
a: G~ SA(H) to EES(H).

We first show
Proposition 3.25. (EES(H),NRT) is a Polish space.

We need preparations. The first lemma is well-known and second one is elementary.
Lemma 3.26. Let A € SA(H). Then oess(A) = 0 if and only if (A —14)~! € K(H).

Lemma 3.27. Let x € B(H) be normal. Then there exists A € SA(H) such that x = (A — i)~ holds, if
and only if both Ran(x) and Ran(x*) are dense in H, and (x=1 +i)* =27 +1.

Lemma 3.28. Let D be a subspace of K(H) consisting of those normal elements x such that Ran(z) and
Ran(z*) are both dense in H. Then D is a G5 subset of K(H) with respect to the norm topology. In
particular, D is Polish.

Proof. Tt is clear that Dy := {z € K(H); za* = z*x} is closed. Let {£,}52; be a dense subset of H. Then
it is easy to see that

Ran(z) is dense < Vk e NVIe N3Im eN [ |z, — &l < 1 1.

Therefore

[o elENe o lNe o]

Dy := {z € K(H); Ran(zx) is dense } = ﬂ ﬂ U {r e K(H); [|z&m — &Il < 11,

k=11=1m=1

open
which is G in K(H). Similarly, D3 := {x € K(H); Ran(z*)} is Gs in K(H), and sois D = D;NDyNDs. O

Proof of Proposition 3.25. Let ¢: (ESS(H),NRT) — (K(H),| - ||) be a map given by ¢(4) = (A —
i)~!, (A € SA(H)). By the definition of NRT and the injectivity, ¢ is a homeomorphism of ESS(H) onto

its range. We see that
O(EES(H)) =Dy :={z € D; v~ ' +i € SA(H)},

where D is as in Lemma 3.28. Indeed, if z = ¢(A) € ¢(EES(H)), then x is compact by Lemma 3.26.
Moreover, Ran(z) and Ran(z*) are dense in H, and ! +i € SA(H) by Lemma 3.27. This shows that
x € Dy. Conversely, if z € D is such that A := x~! +i € SA(H), then by Lemma 3.26, A € EES(H), and
©(A) = x. This shows that (EES(H)) = Dy.

We next show that Dy is closed in D. Once this is proved, Lemma 3.28 implies that Dy is also Polish,
and so is EES(H). Let {z,,}5%; be a sequence in Dy converging in norm to x € D. Put A, :=x, ! +i €
SA(H). Then z, = (A, —i)~! LN zr, zf = (A, +i)! Wl 2+ Since = € D, = and 2* has dense
ranges, whence by Kato-Trotter Theorem [RS81, Theorem VIII.22], there exists A € SA(H) such that
(A, —i)7t = (A—i)~t. Since (A4, —i)~! SOF 1 also, we have x = (A—i)"tand 271 +i= A € EES(H).
Therefore Dy is closed in D. This finishes the proof. O

We now show that EES(H) is a Polish G-space.

Proposition 3.29. The action 8: G x EES(H) — EES(H) is continuous.

We need preparations. The proof of the next lemma is almost identical to that of Proposition 3.9 (one
may use the joint norm-continuity of the operator product to get NRT-version of Lemma 3.10).

Lemma 3.30. Let A,, A € SA(H) and let K,,, K € B(H)sa (n € N). If A, "S5 A and | K, — K|| "= 0,
then Ay + Ko "5 A+ K holds.

The next lemma is known in operator theory.
Lemma 3.31. Let z,,,x € K(H) and u,,u € U(H) (n € N) be such that ||z, — x| "= 0 and u, "= u

n—oo

(SOT). Then we have ||upx, —ux| = 0.
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Proof of Proposition 3.29. Let u,,u € U(H), K, K € K(H)s,, and A,,A € EES(H) (n € N) be such

that u, SOT u, A, NET 4 and K, U K, respectively. We show that u,A,u), + K, NET ), A + K. By

Lemma 3.30, it suffices to prove that w, A,u, NET i Au*. We compute the resolvent as follows:

I (unAnuy, —3) 7" = (wAw” — )7 = Jun (A — )"y — w(A — i)~ |
< Hun(An = )7 = w(A =)™ upll + u{(A =) 7lu” = (A =) 7 g Y|
= [lun(An =) 7" —u(A =) 7 + Ju(A+ )" —un(A+9) 7. (7)

Since (A, — i)™, (A+i)~! are compact (Lemma 3.26), the assumptions on u,, and A,, implies that (7)
converges to 0 by Lemma 3.31. Therefore u, A,u}, NET  Au*. This finishes the proof. O

3.4.2.2 Generic Turbulence
Finally, we show the generic turbulence of G ~ EES(H).

Theorem 3.32. The restricted action § of G on EES(H) is generically turbulent.

Before we prove Theorem 3.32, let us state an immediate consequence:

Theorem 3.33. EgA(H) does not admit classification by countable structures.

Proof. By Theorem 3.32, EgES(H) is generically turbulent, and since NRT is stronger than SRT, we
see that EgES(H) is Borel reducible (in fact continuously embeddable) to EEA(H) by the inclusion map
t: (EES(H),NRT) — (SA(H), SRT). O

We now show that the action g is weakly generically turbulent and use Theorem 2.9.
Proposition 3.34. For any A € EES(H), the orbit [A]g is NRT-dense and meager in EES(H).
For the proof, we use an easy lemma.
Lemma 3.35. Let A€ SA(H), A€ 0(A), K € K(H)sa and ¢ > ||K||. Then o(A+K)N[A—c,A+c] # 0.

Proof. Suppose by contradiction that B := A+ K satisfies 0(B) N [A — ¢, A+ ¢] = 0. Then for u € o(B),
|t — Al > ¢, and hence [[(B — X\)7!|| < ¢ 1. Tt follows that

A-AX=B-K-\A=(B-)\(1-(B-\N"K).
Since |[(B — N7 'K|| < ¢ YK| < 1,1 — (B — X\)7!K is invertible with bounded inverse, whence A — X
also has the bounded inverse (A —\)"! = (1—(B—\)"'K)~!(B —\)~!, which contradicts A € 0(A). O

Proof of Proposition 3.34. First we show that the orbit [4]¢ is dense in EES(H). Let B € EES(H). Then
there exists CONS {&,}52, (resp. {n,}52,) for H and a real sequence {a, }52; (resp. {b,}52 ) such that
A=%"1an(&n, - ) and B =07 by(nn, - ). Find u € U(H) such that ué, = n, (n € N). Put

Ky = Zgzl(bn - an)<77n7 : >77n (N € N)' Then

N 00
n=1 n=N-+1

Since A, B € EES(H), |an|,|bn| — o0 as n — oco. Therefore

1 1

|(wAu* + Ky — i)' = (B—4) "' = sup N oo
n>N+1

0.

ap —1 b, —1i

Therefore B is in the NRT-closure of [A]g. Thus every orbit is dense.

Next we show that [A]g is meager. Let 0 # K € K(H)sa. Then choose ¢ € QN (|| K|, 00). By Lemma
3.35, we have (A + K)N[A—q, A+ ¢] # 0 for each X € 0(A) = 0,(A). Thus we have (note that since H
is separable, o, (A) is at most countable)

Aec |J () {BeEESH): op(B)N[A—q.A+q] #0}. (8)

q€Q>0 A€oy (A)

::qu)\
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We show that the right hand side of (8) is meager. This is done in two steps:

Step 1. 5, » is NRT-closed for each ¢ € Qs0, A € o,(A).

Let S, \ > B, "=° B € EES(H) (NRT). Assume that op,(B) N[\ — ¢, A+ q] = 0. Therefore A+q ¢ o(B).
Since C\ o(B) is open, there exists e > 0 such that [A—¢—e,\+¢+¢]No(B) = 0. By [RS81, Theorem
VIIL.23), P, := Ep,((A—q— 5,A+ ¢+ 5)) converges to Eg((A—¢— §,A+ ¢+ §5) =0 in norm. Since
P, (n € N) is a projection, this shows that there exists ng > 1 such that P, = 0 (n > ng). This means
in particular that o, (Byp,) N [A — ¢, A\ + ¢] = 0, a contradiction. Therefore S, » is NRT-closed.

Step 2. S; :=(\\cy,(4) Sq. is a (closed) nowhere-dense subset of EES(H).

Assume by contradiction that there exists B € S; and € > 0 such that S, contains an open neighborhood
{C € EES(H); [(B—i)"'—=(C—i)7Y| <e}of B. Let A=3""" an(&n, Yns B =300 bn(Nny - )y
where {£,}°21, {nm}>2, are CONSs for H, and |a,|, |by| / co. Since |b,| /* oo, there is ng € N such
that (|bn|? +1)"Y2 < /2 for n > ng. Since |a,| / oo, there is n; € N such that |a,,| > ¢ and
|brg| < |@n,| — ¢ holds. Then we may also find ny € N such that |a,, | + g < |bn,| and ng > ng hold. Now
define C' € EES(H) by

> b 1<n<
C::ZC"<77”7 . >77n7 Cp = n ( _n_no) -
n=1 bnz-‘r(n—no) (n > no),

By construction, we have
[enl < bno| <lan,| —q (n<no), lenl = [bny| > |an, |+ g (n > no). (9)
We compute

1 1
IC =)= (B—i) | < sup + <e,
n>no+1 \/|bn|2 +1 \/|bn2+(n7n0)|2 +1

which shows by our assumption that C' € S,. However, we have o(C) N [an, — ¢,an, + ¢] = 0 by (9),
which is a contradiction. Therefore S, is nowhere-dense. By Step 1 and Step 2, we have shown that [A]g
is meager. O

Finally, we show that the action of G on EES(H) satisfies condition (b) of Definition 2.8. We need
the following two elementary but useful lemmata.

Lemma 3.36. Let a,b € R and let 0 < s < 1. Ifab > —1, then

1 _ 1 1 B 1
(1—-s)a+sb—i a—1

- ‘ b—i a—1
Lemma 3.37. EES. . (H) := {A € EES(H); info(A) = —oo,supo(A) = oo} is a G-invariant dense G
subset of EES(H).

Proof of Theorem 8.32. By Theorem 2.9, it is enough to show that the action is weakly generically
turbulent. We have shown that all orbits are dense and meager (Proposition 3.34). Therefore we
have only to prove (b) in Definition 2.8. Let A,B € EES_..(H), and let U be an open neighbor-
hood of A in EES(H), V be an open neighborhood of 1 in G. We may and do assume that U,V
are of the form U = {C € EES(H); ||[(A—14)"! — (C — i)~ < &}, and V = Wy x W, where
Wy = {K € K(H)sw; |K|| < r} and Wy is an open neighborhood of 1 in U(H). We prove that
O(A,U,V)N[B]g # 0, which shows (b) because by Lemma 3.37, EES ., (H) is comeager in EES(H). Let
A=3" an(én, - )en, B=3 " bu(nn, - )nn be the spectral resolutions of A, B respectively. Define
v €U(H) by v, :=&, (n € N). Then

By :=vBv* = an<§n, - )én € [Bla-
n=1

Let I4 :={n € N;a,, >0}, J4 := {n € N;a,, < 0} and define I, Jg C N analogously. By assumption,
all 14,J4,Ig, Jp are infinite, so write

Iy={ni<mng<---}, Ja={nj<nh<---}
Ip={mi<ma<---,}, Jg={mj<mh<- -}
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Define a permutation m of N by 7(ny) := my, 7(n),) = mj,, and define u, € U(H) by uz&n = Er-1(n) (0 €
N). Then for each k € N, uyzBiur&,, = bm,&n, Ur Biuz &y = by &y, and

B; = uﬂ’Blu;kr = mek <§nk7 : >§nk + me; <€n§€7 . >§n§c € [B]G
k=1 k=1

Then by the choice of I4,J4,Ip, Jp, we now have a,, by, > 0, an;bm% > 0, so that if we write By =
S 1~)n<§n, - V¢, we have anby, >0 (n € N). Next, let Ky := Zgzl(—gn +an){&n, - )n € K(H)sa, and

n=1

consider Cy := By + K € [B]g. Then as |by|, |an| — 0o (n — c0), we have

1 1

N —o0

I(Cy =)™ = (A=9)7Y| = sup 0,

n>N+1

bnf’L‘ an_i

so that there exists N € N for which ||(Cy — i)™ — (A —i)~!|| < &. holds. In particular, Cx € U.

Claim. Cy € O(A, U, V) N [B]G
The proof of the claim would conclude that (b) holds. To show that Cy € O(A,U,V), define for each
p > N + 1 an operator

N p 0
CN,P = Za"ﬂ<§n> : >§n + Z Bn<§n» : >§n + Z an(fn; : >§n
n=1

n=N+1 n=p+1

Then we have

1 1
. \ < lCx = i) — (A=) <4,

bn—i Gp — 1

(Cnp =)' = (A=) = sup
N+1<n<p

so Cnp €U (p> N + 1) holds. Moreover, we see that
1

L o p—00
I(Cn =07 = Crp =7 = swp | = | = O

n>p+1

We now show that C,, € O(A, U, V), which implies Cy € O(A,U, V). Put m, := maxy1<n<p |bn — anl,
and choose L € N so that m, < rL. Define K := Y7\ L™ (by —an)(&n, - )én € K(H)sa. Then ||K|| =
% < r, whence K € Wy. Therefore g = (K,1) € V. For each 0 < j < L, define 4; := A+ jK = ¢’ - A.

In particular, A9 = A, A, = Cnp. Now by anb, > 0 and Lemma 3.36, we have

1 1
1(A; =)' = (A=i) "= sup — - .
N+1<n<p [p + £ (bp —an) —1  Qn —1
1 1
< sup = - — -| < 0.
N+1<n<p bn —1 Qp — 1

Therefore A; € U for each 0 < j < L, whence Cn,, € O(A,U,V) and the claim is proved. This shows
that the action is weakly generically turbulent, so it is generically turbulent. O

3.5 ES%,(IES) is Smooth

In the last part of this section, we consider another Borel equivalence relation related to E?;A(H).

Definition 3.38. We define an equivalence relation Eﬁi‘(fZQ (“unitary equivalence modulo compact

difference of resolvents”) on SA(H) by AESASD B if and only if there exists u € U(H) such that
w(A —i)"tu* — (B —1i)"! e K(H).

It is easy to see that ES_%_(TES) is an equivalence relation. Note that Weyl-von Neumann equivalence

relation EEA(H) is “stronger” than EE_%.(?S):

Lemma 3.39. Eg ") ¢ SRV holds.
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Proof. Let A, B € SA(H) be such that AEZA(H)B. Then there exist ©w € U(H) and K € K(H)s, such
that B = uAu* + K. Then by the resolvent identity [Sch10, §2.2, (2.4)]
(B—i)' —u(A—i)'u* = (B—i)"' — (wAu* —i)~!
= (B — i) Y(wAu* — B)(uAu* —i)~!
= —(B—i) 'K(uAu* —i)~' € K(H),

—1
—1

whence AEE.%.(rIZS) B. -

It turns out that the restriction of EE%&IQ to the F, subset B(H )s, coincides with EE(H)“.

Lemma 3.40. The restriction of ES_’E,(JZS) to B(H )sa coincides with Eg(H)Sa.

Proof. Let A,B € B(H)ga. If AE?;(H)SBB, then AEEéFrgS)B by Lemma 3.39. Conversely, assume that
AESSH) B holds. Then there exists u € U (H) such that

(B—i)"!' — (uAu* — i)t = (B — i) (uAu* — B)(uAu* — i)' € K(H).
Let K := (B —i)~! — (uAu* —i)~!. Then because A, B are bounded and self-adjoint, we have
B —uAu* = —(B —i)K(uAu* —1i) € K(H)sa.-

This shows that AEg(H)SaB. O

Therefore ESQS@Q is considered to be another generalization of the smooth equivalence relation EE(H)SR

to general self-adjoint operators. We have seen that EZA(H) is unclassifiable by countable structure.

However, it turns out that apparently similar equivalence relation ESﬁFJg’Q is actually smooth:

Theorem 3.41. EE_%&@Q is a smooth equivalence relation.

Before going to the proof, note that the essential spectra is not a complete invariant for ES,‘%FJQ:

Example 3.42. Consider H = Hy ® Hy where Hj is a separable infinite-dimensional Hilbert space, and
let Ag € EES(Hp). Then A:= Ag®0,B :=0® 0 € SA(H) satisfy 0ess(A) = 0ess(B) = {0}, but for any
ueU(H),

(A—i)™' —w(B—i) tu* = [(Ag —ilg,) " —ily,) ©0 ¢ K(H),

because (Ag —ilg,) "t € K(H)sa (Lemma 3.26) and 1g, ¢ K(Hp). Therefore (A, B) ¢ e,

Note that in Example 3.42, A is unbounded, while B is bounded. It turns out that if we add to gess(-)

the additional information of boundedness/unboundedness of the operator, then it becomes a complete

. . SA(H
invariant for Eu,c,(res)~

Definition 3.43. For each A € SA(H), we define Tess(A4) € F(R) x {0,1} by

(0ess(A),0) (A is bounded )

Tess(A) = { (0ess(A),1) (A is unbounded )

Tess(A) is something like a compactification of gess(A). Note that since B(H)s, is a Borel subset of
SA(H) (Lemma 3.11), the map Fess: SA(H) — F(R) x {0, 1} is Borel by the Borelness of oegs(+) (Theorem
3.15). Now Theorem 3.41 is proved by the next Proposition:

Proposition 3.44. G is a Borel reduction of Eﬁé(gs) to idFw)xo,1}- In particular, ES{E&@ 18 smooth.
We recall a result due to Weyl ((i)<(ii), see [Sch10, Proposition 8.11]) and its variant (iii).
Lemma 3.45 (Weyl’s criterion). Let A € SA(H) and XA € R. The following conditions are equivalent:
(1) X € gess(A).

(ii) There exists a sequence {&,}52; C dom(A) of unit vectors which converges weakly to 0, such
that lim ||A&, — A&, = 0.
n—oQ
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(iil) There exists a sequence {&,}22, of unit vectors in H which converges weakly to 0, such that
I(A =) e — (A= 0) ] "7 0,

We also use Weyl’s criterion for bounded normal operators. Recall that the essential spectra egss()
for a bounded normal operator « € B(H) is defined in the same way as the case of self-adjoint operators:
Oess() = o(x) \ 0a(x), where o4(z) is the set of all eigenvalues of z of finite multiplicity. The next lemma
can be proved by the same argument as Weyl’s criterion (i)<(ii) above:

Lemma 3.46 (Weyl’s criterion for normal operators). Let x € B(H) be a normal operator, and let A € C.
Then X\ € oess(x) if and only if there exists a sequence {€,}52 1 of unit vectors in H converging weakly to
0, such that ||z&, — M || "=57 0.

By Lemma 3.45 and Lemma 3.46, we have:

Corollary 3.47. Let A € SA(H). Then A is bounded if and only if 0 ¢ 0ess((A —i)™1). Moreover, it
holds that
{A=9)71 XN € oess(A)} (A is bounded)

Tess((A—1)71) = {{(A — )75 A€ ess(A)}U{0} (A is unbounded)

Lemma 3.48. Let A, B € SA(H) be such that AEE,%_(J.;IS)B. Then Tess(A) (B).

= Oess
Proof. By assumption, there exists u € U(H) such that u(A — i)~tu* — (B — i)~ € K(H). Since
the essential spectra of a bounded normal operators is invariant under compact perturbations (see e.g.,
[Con90, Propositions 4.2 and 4.6)), Gess((A — 1) 7!) = egs(u(A — i) 71u*) = 0ess((B — i) ~1). Therefore by
Corollary 3.47, 0ess(A) = 0ess(B) and A is bounded if and only if so is B. O

Finally, Proposition 3.44 follows from the following Berg’s generalization (see [Con99, Theorem 39.8]
and [Ber71]) of Theorem 1.2, which is usually called the Weyl-von Neumann-Berg Theorem.

Theorem 3.49 (Weyl-von Neumann-Berg). Let A, B be bounded normal operators on H. Then oess(A) =
Oess(B) if and only if there exists u € U(H) and K € K(H) such that uAu* + K = B.

Proof of Proposition 3.44. We already know that G.s is Borel. Therefore we have only to show that
AEAH B o Tess(A) = Tess(B) holds. (=) holds by Lemma 3.48. To show (<), assume that Tess(A) =
Tess(B) holds. If A, B are bounded, then by Corollary 3.47, we have oess((A — i)~ = {(A — i)~ A €
Oess(A)} = 0ess((B —i)71), whence by Theorem 3.49, there exists u € U(H) such that (B —i)~! —u(A —
i)~ tu* € K(H) holds. Hence AESAHI B If both A, B are unbounded, then again by Corollary 3.47,

Oess((A — 1) 1) = 0ess (B — i)™1) holds, whence AESAH) B by the same argument. O

4 Concluding Remarks and Questions

In this paper we have studied various equivalence relations on SA(H). In this last section let us pose some
questions regarding Weyl-von Neumann equivalence and some comments about other equivalence relations
related to self-adjoint operators. First of all we do not know if the Weyl-von Neumann equivalence relation
is Borel.

Question 4.1. Is EEA(H) Borel?

Note that Eg(H)Sa is Borel (because it is smooth), and the action of the subgroup K(H)s, of G

generates a Borel equivalence relation EHS(?ISI;) (because the action is free) which is easily seen to be

generically turbulent. The G-action, however, is very far from free. We have seen that the essential

spectra is not a complete invariant for EE.A(H), but still oess(A) = 0ess(B) = R = AEEA(H)B holds
despite their nature of unboundedness.

Question 4.2. Which M € F(R) has the property that oess(A) = 0ess(B) = M = AEzA(H)B?
Note that this is related to the following question posed to us by Uffe Haagerup and Todor Tsankov:

Question 4.3 (Haagerup, Tsankov). Consider the action of the semidirect product group G’ = ¢g X S
where S., acts on the real Banach space ¢y = ¢o(N, R) by permutation. G’ acts on RY naturally by

((an)oZy; 0) - (@n)ily = (To-1(n) + an)ily,  (an)ily € €0,0 € Seo, ()72 € RY.

Is ESM) <5 ER)2
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Finally, let us remark that different way of perturbing self-adjoint operators may give rise to distinct
equivalence relations: let 1 < p < oo, and let SP(H )s, be the additive Polish group of self-adjoint Schatten
p-class operators on H equipped with Schatten p-norm. SP(H)s, acts on SA(H) by addition , and we
may consider an action of G, := SP(H)s, X U(H) on SA(H) analogous to G ~ SA(H).

It is especially of interest to know whether one of Eg’?(H) and EZA(H) is Borel reducible to the other
(note that by Kato-Rosenblum Theorem [Kat57, Ros57], trace class perturbation is rather different from
other Schatten class or compact perturbations). Note also that the orbit equivalence relation of SP(H )s,-
action on SA(H) can be thought of as a non-commutative version of the ¢P-action on RY studied by
Dougherty-Hjorth [DH99].

There are also many other interesting equivalence relations involving the structure of unbounded self-
adjoint operators. Let us state some more results we have obtained after the first version of the paper
has been written. Since the proofs of the results stated below are not short, they will appear elsewhere.
As we have observed, one major difference between Eg(H)“ and EZA(H) comes from the complexity of
determining when two operators A, B € SA(H) have unitarily equivalent domains. In this respect, let us

A(H) g pSAH) by

. . S
define two equivalence relations Ej_ dom,u

AESAM B esdom(A) = dom(B),
AESAMID B w3y € U(H) [u-dom(A) = dom(B)].

dom,u

It is expected from our present work that they are rather pathological equivalece relations. It turns out

that both EE;AH(IH) and ESAU) ape Borel, and moreover we have ESAUD < B Eijn(]H). In fact much more

dom,u dom,u —
SA(H) . . . . . . .
can be proved: Edong ) is F,, and universal for K, equivalence relation, and in particular is not Borel

reducible to any orbit equivalence relation of a Polish group action.
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