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Abstract

We develop a mathematical theory of time operators of a Hamiltonian with
purely discrete spectrum. The main results include boundedness, unboundedness
and spectral properties of them. In addition, possible connections of a time operator
of H with regular perturbation theory are discussed.
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1 Introduction

This paper is concerned with mathematical theory of time operators in quantum mechan-
ics [2, 3, 4, 6, 12]. There are some types of time operators which are not necessarily
equivalent each other. For the reader’s convenience, we first recall the definitions of them
with comments.

Let H be a complex Hilbert space. We denote the inner product and the norm of H
by (-, -) (antilinear in the first variable) and || - || respectively. For a linear operator A
on a Hilbert space, D(A) denotes the domain of A.

Let H be a self-adjoint operator on H and 7" be a symmetric operator on H.

The operator T is called a time operator of H if there is a (not necessarily dense)
subspace D # {0} of H such that D C D(TH)N D(HT) and the canonical commutation
relation (CCR)

[T,H|:=(TH — HT) =1 (1.1)

*Corresponding author. The work is supported by the Grant-in-Aid No.17340032 for Scientific Re-
search from Japan Society for the Promotion of Science (JSPS).




holds on D (i.e., [T, H]ip =iy, Vip € D), where i is the imaginary unit. In this case, T is
called a canonical conjugate to H too.

The name “time operator” for the operator 1" comes from the quantum mechanical
context where H is taken to be the Hamiltonian of a quantum system and the heuristic
classical-quantum correspondence based on the structure that, in the classical relativistic
mechanics, time is a canonical conjugate variable to energy in each Lorentz frame of
coordinates. Note also that the dimension of T" is that of time if the dimension of H is
that of energy in the original unit system where the right hand side of (1.1) takes the
form ¢h with h being the Planck constant h divided by 27. We remark, however, that
this name is somewhat misleading, because, in the framework of the standard quantum
mechanics, time is not an observable, but just a parameter assigning the time when a
quantum event is observed. But we follow the convention in this respect. By the same
reason as just remarked, 7" is not necessarily (essentially) self-adjoint. But this does not
mean that it is “unphysical” [2, 12]. Note also that we do not require the denseness of
the subspace D in the definition stated above. This is more general. In fact, there is an
example of the pair (7', H) satisfying (1.1) on a non-dense subsapce D [8, 10].

From a representation theoretic point of view, the pair (7', H) is a symmetric repre-
sentation of the CCR with one degree of freedom. But one should remember that, as for
this original form of representation of the CCR, the von Neumann uniqueness theorem
([13], [14, Theorem VIII.14]) does not necessarily hold. In other words, (7, H) is not
necessarily unitarily equivalent to a direct sum of the Schrédinger representation of the
CCR with one degree of freedom. Indeed, for example, it is obvious that, if T" or H is
bounded below or bounded above, then (T, H) cannot be unitarily equivalent to a direct
sum of the Schrodinger representation of the CCR with one degree of freedom.

A classification of pairs (7', H) with T" being a bounded self-adjoint operator has been
done by G. Dorfmeister and J. Dorfmeister [7]. We remark, however, that the class
discussed in [7] does not cover the pairs (T, H) considered in this paper, because the
paper [7] treats only the case where T" is bounded and absolutely continuous.

A weak form of time operator is defined as follows. We say that a symmetric operator
T is a weak time operator of H if there is a subspace Dy, # {0} of H such that Dy, C
D(T)N D(H) and

(T, Hp) — (HY, To) = (¢,id), 1,0 € Dy,

i.e., (T, H) satisfies the CCR in the sense of sesquilinear form on D,,. Obviously a time
operator T of H is a weak time operator of H. But the converse is not true (it is easy
to see, however, that, if T is a weak time operator of H and D,, C D(TH) N D(HT),
then T is a time operator). An important aspect of a weak time operator T' of H is that
a time-energy uncertainty relation is naturally derived [2, Proposition 4.1]: for all unit

vectors ¢ in Dy, C D(T) N D(H),
1
(AT)y(AH)y = 5,

where, for a linear operator A on H and ¢ € D(A) with ||¢|| = 1,
(AA)g = [[(A = (&, A9))¢l,
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called the uncertainty of A in the vector ¢.
In contrast to the weak form of time operator, there is a strong form. We say that T
is a strong time operator of H if, for all t € R, e" ™ D(T) C D(T) and

Te ™y = e (T 4 t)p, o € D(T). (1.2)

We call (1.2) the weak Weyl relation [2]. From a representation theoretic point of view, we
call a pair (T, H) obeying the weak Weyl relation a weak Weyl representation of the CCR.
This type of representation of the CCR was extensively studied by Schmiidgen [17, 18]. It
is shown that a strong time operator of H is a time operator of H [12]. But the converse
is not true. In fact, the time operators considered in the present paper are not strong
ones.

There is a generalized version of strong time operator [2]. We say that T is a generalized
time operator of H if, for each t € R, there is a bounded self-adjoint operator K (t) on H
with D(K(t)) = H, e D(T) C D(T) and a generalized weak Weyl relation (GWWR)

Te " = e (T + K()y (V4 € D(T)) (1.3)

holds. In this case, the bounded operator-valued function K(t) of ¢ € R is called the
commutation factor of the GWWR under consideration.

We now come to the subject of the present paper. In his interesting paper [9], Galapon
showed by an explicit construction that, for every self-adjoint operator H (a Hamiltonian)
on an abstract Hilbert space H which is bounded below and has purely discrete spectrum
with some growth condition, there is a time operator T} on H, which is a bounded self-
adjoint operator under an additional condition (for the definition of T}, see (2.12) below).
To be definite, we call the operator T} introduced in [9] the Galapon time operator.

An important point of Galapon’s work [9] is in that it disproved the long-standing belief
or folklore among physicists that there is no self-adjoint operator canonically conjugate
to a Hamiltonian which is bounded below (for a historical survey, see Introduction of [9]).

Motivated by work of Galapon [9], we investigate, in this paper, properties of time
operators of a self-adjoint operator H with purely discrete spectrum. In Section 2, we
introduce a densely defined linear operator T" whose restriction to a subspace yields the
Galapon time operator 77 and prove basic properties of T' and T, in particular the
closedness of T'. It follows that, if 7" is bounded, then T is self-adjoint with D(T") = H
and a time operator of H. We denote by T# one of Ty, T and T* (the adjoint of T'). In
Section 3, we discuss some general properties of T#. Moreover the reflection symmetry
of the spectrum of T# with respect to the imaginary axis is proved. Sections 4-6 are
the main parts of this paper. In Section 4, we present a general criterion for 7" to be
bounded with D(T') = H, while, in Section 5, we give a sufficient condition for 7" to be
unbounded. In Section 6, we present a necessary and sufficient condition for T" to be
Hilbert-Schmidt. In Section 7, we show that, under some condition, the Galapon time
operator is a generalized time operator of H, too. We also discuss non-differentiability of
the commutation factor K in the GWWR for (71, H). In the last section, we consider a
perturbation of H by a symmetric operator and try to draw out physical meanings of T}
and K in the context of regular perturbation theory.



2 Time Operators

In this section, we recapitulate some basic aspects of the Galapon time operator in more
apparent manner than in [9].

Let H be a complex Hilbert space and

H be a self-adjoint operator on H which has the following properties (H.1) and (H.2):

(H.1) The spectrum of H, denoted o(H), is purely discrete with o(H) = {E,,}>°;, where
each eigenvalue F, of H is simple and

O0< F, < En+1

for all n € N (the set of positive integers).

|
(H.2) ZE2<OO.

n=1
Throughout the present paper we assume (H.1) and (H.2).

Remark 2.1 The positivity condition FE, > 0 for the eigenvalues of H does not lose
generality, because, if H is bounded below, but not strictly positive, then one needs only
to consider, instead of H, H := H + ¢ with a constant ¢ > — inf o(H), which is a strictly
positive self-adjoint operator.

Property (H.2) implies that
E, — 00 (n— 0). (2.1)
Let e, be a normalized eigenvector of H belonging to eigenvalue E,,:
He, = E,e,, néeN. (2.2)

Then, by property (H.1), the set {e,}>2, is a complete orthonormal system (C.O.N.S.) of
.

Lemma 2.1

(i) For allm e N,

o)

S EoEy < 23

n#m

In particular, for each m € N,

> 1

converges in H.



(ii) For alln € N and vectors 1 in H, the infinite series

3 —Ef”‘_ 121 (2.4)

m#n

absolutely converges.

Proof. (i) By (2.1), we have

1
Cpn := sup < 0. (2.5)

n#m E, 2
(0-%)
Hence we have
D D
n#m n;ﬁm

(ii) By the Cauchy-Schwarz inequality, the Parseval equality and part (i),
we have

o

m#n n

() (Bl

m#n m#n

<||¢||<Z‘E o )<oo. (2.6)

U
By Lemma 2.1-(ii), one can define a linear operator 7" on H as follows:
D(T) = {veXH| Z Z em’w < 00 (2.7)
n=1 m;ﬁn E ,

Ty = zZ( (em, >>en, w e D(T). (2.8)
m;ﬁn

Note that

o0

T¢I =7

n=1

2
= {em, V)
> E,—E,

m#n

(2.9)

For a subset D C H, we denote by Li.h.(D) the subspace algebraically spanned by the
vectors of D.
The subspace
Dy :=1Lih.({e }2,) (2.10)

is dense in K.



Lemma 2.2 The operator T is densely defined with Dy C D(T') and

(e 9]

1
Ter=1i» ———en, keEN (2.11)

Proof. To prove Dy C D(T), it is sufficient to show that e, € D(T), k € N. Putting

ud <ema ek>
E,—FE,

m#n

cn(k) =
we have ¢;x(k) = 0 and ¢, (k) = 1/(E, — Ej) for n # k. Hence, by Lemma 2.1-(i), we have

Sla =3 g oy

n#k
Hence e, € D(T') and (2.11) holds. O

In general, it is not clear whether or not 7" is a symmetric operator. But a restriction
of T' to a smaller subspace gives a symmetric operator. Indeed, we have the following
fact:

Lemma 2.3 ([9]) The operator
Ty :=T|Dy (2.12)
(the restriction of T to Dy) is symmetric.

Proof. 1t is enough to show that, for all 1) € Dy, (¥, T) is real. For a complex number
z € C (the set of complex numbers), we denote its complex conjugate by z*. We have

Hence

n=1 #n

Since 1 is in Dy, the double sum on m,n with m # n is a sum consisting of a finite term.
Hence we can exchange the sum on n and that on m to obtain

Ty =i 3 (ew) 3 2L~ 1y

Hence (¢, T%) is real. O

The operator 77 defined by (2.12) is the time operator introduced by Galapon in [9].
Obviously we have
T, CT. (2.13)

Hence
™ C1TY. (2.14)



Remark 2.2 It is asserted in [9] that 7 is essentially self-adjoint without additional
conditions. But, unfortunately, we find that this is not conclusive, because the proof of it
given in [9] (pp.2678-2679) has some gap: the interchange of the double sum in Equation
(2.30) on p.2678 in [9] may not be justified, at least, by the reasoning given there. The
assertion is true in the case where T} becomes a bounded operator under an additional
condition for { £, }2° |, as we show below in the present paper. But, in the case where T} is
unbounded, it seems to be very difficult to prove or disprove the essential self-adjointness
of T1. We leave this problem for future study.

Lemma 2.4 The subspace
D, :=Lih.({e, — em € H|n,m > 1}). (2.15)
1s dense in the Hilbert space H. Moreover
D. C Dy C D(T). (2.16)

Proof. Let ¢p € DL (the orthogonal complement of D.). Then, for all m,n > 1,
[(en, V)|? = [{em, ¥)|>. By the Parseval equality, ||¢]|* = imy_oo N|{€m,)[*0 This im-
plies that [{e,,,%)]* = 0 for all m > 1 and ||¢|| = 0. Hence ¢ = 0. Thus D, is dense in
H. Inclusion relation (2.16) is obvious. O

Theorem 2.5 ([9]) It holds that

D, C D(Tlﬂ) N D(HTl) (2.17)
and
[Th H]¢ = Mvz)a ¢ € ®c‘ (218)

Theorem 2.5 shows that T} is a time operator of H.

Remark 2.3 It is easy to see that, for all k € N, Tye, € D(H). Hence Dy ¢ D(HT)).
Therefore one can not consider the commutation relation [T}, H] on Dy. Moreover, by
direct computation, we have

<T1€k,H€g> — <H€k,T1€g> = —2(1 — 5kg), k,f € N. (219)

This means that (77, H) does not satisfy the CCR in the sense of sesquilinear form on
Dy (a weak form of the CCR), either. These facts suggest that the pair (73, H) is very
sensitive to the domain on which their commutation relation is applied.

In concluding this section we discuss shortly non-uniqueness of time operators of H.
We introduce a set of symmetric operators associated with H:

{H}p, = {S|S is a symmetric operator on I such that
D.C D(SH)ND(HS) and SHyY = HSy, V¢ € D.},  (2.20)

which may be viewed as a commutant of {H} in a restricted sense. It is easy to see
that, for all real-valued continuous function f on R, the operator f(H) defined via the
functional calculus is in {H}, .



Proposition 2.6 For all S € {H}), , D, C D((Ty + S)H) N D(H(T\ + S)) and
[+ S, Hly =iy, o € D.. (2.21)

Proof. A direct computation using Theorem 2.5 and (2.20). O

Proposition 2.7 Let Ty be a time operator of H such that D. C D(ToH) N D(HT,) and
[T27 HWJ =i, V¢ € De.
Then Ty = Ty + S with some S € {H}7, .

Proof. We need only to show that S := T, — Ty is in {H }7, . But this is obvious. [

3 (eneral Properties
3.1 Closedness of 7" and symmetry of 7™
Lemma 3.1 Dy C D(T*) and T*|Dy = T3, i.e., Ty C T*.
Proof. 1t is enough to show that, for all k € N, e, € D(T*) and T* ey, = Tex(= Tiex).

It is easy to see that, for all v € D(T),

(e TY) =iy Ef’"_—? (3.1)
m#k m

By Lemma 2.2, the right hand side is equal to (T'ex,©). Hence e, € D(T*) and T* ey, =
Tek. O

Proposition 3.2 The operator T s closed and
T CT. (3.2)
In particular, if T is bounded, then T is self-adjoint with D(T) = K.

Proof. Let ¢, € D(T), k € N and ¢ — ¢ € H, Ty, — ¢ € H as k — oo. Then
supysy || T%k|| < oo. Hence, by (2.9), there exists a constant C' > 0 independent of £ € N

such that )
- <6m> 77bk>
>[5 demi | e
n=1 |n#m
By (2.6), we have
. - <€m7¢k> - . <6ma¢>
LD DY ey NP DY ey (3:3)



Hence it follows that

o0

D

n=1

<C.

2
— (em, )

Therefore ¢ € D(T'). By (3.1) and (3.3), we have for all £ € N
Jim (eq, Thy) = (e, TY) -

Hence (e;, ¢) = (e;, TW) , ¢ € N, implying ¢ = Tt. Thus T is closed.
To prove (3.2), let ¢» € D(T*). Putting n = T*¢, we have (n,x) = (¢, Tx) for all
X € D(T). Taking x = e; (k € N), we have

(n,ex) = zz Ew’e" (3.4)

n#k n

which implies that

2
- . <1/}7€n> _ 2
> Zm = [Inll” < o0
k=1 |n#k

Hence ¢ € D(T). Then, by (3.1), the right hand side of (3.4) is equal to (T, e). Hence
n = T%. Thus (3.2) holds.

Let T be bounded. Then, by the denseness of D(T") and the closedness of T', D(T)
H. Hence D(T™*) = H. Thus, by (3.2), T* =T, i.e., T is self-adjoint.

oo

Corollary 3.3 The operator T™ is symmetric.

Proof. By Lemma 3.1, T™ is densely defined. Hence, by Proposition 3.2, T* C T =
(T*)*. Thus T* is symmetric. O

Thus we have
TycT CT. (3.5)

Corollary 3.3 shows that 1™ also is a time operator of H. B
For a closable operator A on a Hilbert space, we denote its closure by A.

Proposition 3.4 Ty = T*.

Proof. Note that T} = T* if and only if T\* = T. By (3.5), we have T} C T*. Hence
T C Ty*. Thus it is enough to show that D(T}*) C D(T). For all ¥ € D(17), we have

(1, en)

<T1*1/}7 61) — <¢, T161> = ZZ rEl

n#l

Hence we obtain

00 > || Ty*¢|f* = ZlTl Vel —Z

=1

2
>
E, —E
n#l
implying that ¢» € D(T). Thus D(T}*) € D(T). O

9




3.2 Absence of invariant dense domains for 7' under some con-
dition
We first note the following general fact:

Proposition 3.5 Let () be a bounded self-adjoint operator on H and P be a self-adjoint

operator on H. Suppose that there is a dense subspace D in H such that the following
(i)—(iii) hold:

(i) QD c D C D(P).

(i) D is a core of P.

(iii) The pair (Q, P) obeys the CCR on D : [Q, Pl = ith,Vap € D.
Then o(P) = R.

Proof. Since @) is a bounded self-adjoint operator, we have for all t € R

o _ i (Zt]g)k

k=0

in operator norm. Conditions (i) and (iii) imply that, for all k € N and ¢ € D
Q" Py — PQM = ikQ" .

Hence, for all t € R and vectors ¥ in D, we have
N £ k!
=1
= pot S I pgr ity
N p k!
=1

— [ Q) (itQ)!
= P¢+Z{P X ¢—tm¢}.
k=1

It follows from the closedness of P that e?4 is in D(P) and
Pel'@) = Q@ Py + te@. (3.6)
By condition (ii), this equality extends to all ¢y € D(P) with ¢%¢ € D(P),Vt € R,V €

D(P). Hence the operator equality e=#?Pe®@ = P +¢ follows. Thus o(P) = o(P +1) for
all t € R. This implies that o(P) = R. O

Theorem 3.6 If T is bounded (hence self-adjoint by Proposition 3.2), then there is no
dense subspace D in H such that the following (1)—(iii) hold:

(i) TD c D C D(H).

10



(ii) D is a core of H.
(iii) The pair (T, H) obeys the CCR on D,

Proof. Suppose that there were such a dense subspace D as stated above. Then we
can apply Proposition 3.5 with (Q, P) = (T, H) to conclude that o(H) = R. But this is
a contradiction. ([l

Remark 3.1 A special case of this theorem was established in [7, Theorem 9.5].

3.3 Reflection symmetry of the spectrum of 7, 7" and T

We first recall the definition of the spectrum of a general linear operator (not necessarily
closed). For a linear operator A on a Hilbert space X, the resolvent set of A, denoted
p(A), is defined by

p(A) = {z € C|Ran(A — z) (the range of A — 2) is dense in K
and A — z is injective with (A — 2)~! bounded}.

Then the set
o(A) = C\ p(4)

is called the spectrum of A. The set of eigenvalues of A, called the point spectrum of A,
is denoted o, (A).

We denote by T# any of Ty, T* and T.

We define a conjugation J on H by

o0

T = (. en)en, b€ H (3.7)

n=1

Proposition 3.7 The spectrum o(T#) of T# is reflection symmetric with respect to the
imaginary axis, i.e., if z € o(T#), then —z* € o(T#). In particular, if T is self-adjoint,
then o(T') is reflection symmetric with respect to the origin of the real axis. Moreover, for
all z € o,(T#), —z* is in o,(T*) and

Jker(T# — 2) = ker(T* + 2*), Vz € 0,(T%). (3.8)
Proof. Tt is easy to see that operator equality JT#J = —T% holds (JD(T#) = D(T#)).
Hence, for all z € C, we have J(T# — 2)J = —(T# + 2*)---(x). This implies that, if

z € p(T#), then —z* € p(T#). Thus the same holds for the spectrum o (T#) = C\ p(T#).
Equation (3.8) follows from (x). O

11



4 Boundedness of T

In this section we present a general criterion for the operator T' to be bounded. For
mathematical generality and for later use, we consider a more general class of operators
than that of T Let b := {by}7°,=; be a double sequence of complex numbers such that

16]|c0 := sUp |bpm| < 0. (4.1)

n,m>1

Then, in the same way as in Lemma 2.1-(ii), for all ) € H, the infinite series

= bnm
Z B _FE. (€m, )
m#n n m

absolutely converges. Hence one can define a linear operator T, on H as follows:

2
o0 o0 bnm
D(Ty) = v e H| Y Zﬁ@m,w <00, (4.2)
n=1 |m#n =" m
Tyy = ZZ (Z Ebi—mE <€m,¢>> en, ¥ € D(Tp). (4.3)
n=1 \m#n " m

Obviously T' = T, with b satisfying b,,,, = 1 for all n,m € N. In the same way as in
the case of T', one can prove the following fact:

Lemma 4.1 The operator T} is closed.

The following lemma is probably well known (but, for the completeness, we give a
proof):

Lemma 4.2 Let A be a densely defined linear operator on a Hilbert space XK. Suppose
that there exist a dense subspace D in K and a constant C' > 0 such that D C D(A) and

| (¢, AY)| < C|||1?, + € D.

Then A is bounded with ||A|| < 2C, where A is the closure of A.
If A is symmetric in addition, then |A|| < C.

Proof. Let v, ¢ € D. Then, by the polarization identity

(6, AS) = L+ 6, AW+ ) — (6 — 6, AW — )
i 6, A — i6)) — (b + i, AU + i),

we have

=] Q

[ (0, Ad) | < — (¥ + olI” + 1 — I* + [l —igl|* + [l + igl|*) = C[¥* + [lo]).

12



Replacing ¢ 7# 0 by [|¢[|¢/|[¢[| we have
| (¥, Ad) | < 24| l|ol]-

For ¢ = 0, this inequality trivially holds. Since D is dense, it follows from the Riesz
representation theorem that ||A¢| < 2C||4]|, ¢ € D. Thus the first half of the lemma
follows.

Let A be symmetric. Then, (¢, AY) € R for all ¢» € D(A). Hecne

(1l +llell*), ¥ eD.

| Q

R (. A8) | = 1 [+ 6, A + ) — (6 — 6, AW — )] <

We write (¢, Ag) = | (1), Ap) | with 6§ € R. Then | (1, Ap) | = (¢, Ap). Hence

. c, .
[, Ag) | = R{ev, Ap) < (vl + [l6]*)
C
= S (llI* +lg1)-

Thus, in the same manner as above, we can obtain | (1), A¢) | < C||v]|[|d]], ¥,¢ € D. O
The next lemma is easily proven by elementary calculus. Therefore we omit proof of

it.

Lemma 4.3 For all s > 1 andn > 2,

n—1

1 logn 1
< . 4.4
Z ns —ms — ns—1 + S(TL _ 1)5—1 ( )

m=1

Lemma 4.4 Let s > 1. Then

n—1
1
sup (Z - mS) < 00 (4.5)

and

sup < Z o _1 m5> < 00. (4.6)

m>1

Proof. Property (4.5) follows from Lemma 4.3.
To prove (4.6), we write

- 1 | 1
Z < dr + .
ns —ms x5 —ms (m+1)s —ms*

n=m+1 m

We fix a constant R > 2(> (m + 1)/m). By the change of variable x = my, we have

@1 1 B 1
/ . ~dr = —— </ . ds+CR),
m41 X — M m (ma1ym Y° — 1

13




where

* 1
C’R::/ ds < .
r Yy —1

Using the well known inequality

*—=1>s(zx—1), z>0,s>1, (4.7)
we have
R R
1 1
[t "
(mt1)/m Y° — 1 (mt1)/m Sy —1)
1
= —(log(R—1)+logm).
s
Hence o 1 1 log(R—1 1
/ dr < Ogm1+ o8 — )+ -Ch.
ma1 LS —m? sms— sms— ms—
Thus (4.6) follows. O
Let
n—1
E,
= _ > 2 4.8
CH(n) m=1 <E” o Em)Em’ = ( )
dy(m) = i __ Bm m > 1. (4.9)
n=m+1 (En o Em>En7 a

Since cg(n) and dy(m) are positive (recall that E, > 0,Vn € N), one can define constants

cy = supcy(n), (4.10)
n>2

dy = supdg(m), (4.11)
m>1

which are finite or infinite.

Theorem 4.5 Suppose that there exist constants o > 1, C' > 0 and a > 0 such that
E,—E, >Cn*—m%), n>m>a. (4.12)

Then Ty, is a bounded operator with D(T,) = H and

T3] < 4]|blloc v cdn- (4.13)

Moreover, if b, = by for all m,n € N, then T}, is a bounded self-adjoint operator with
D(Ty,) = H and

ITo]| < 2[|bllocV/ crdn. (4.14)

In particular, T is a bounded self-adjoint operator with D(T) = H.

14



Proof. By Lemma 4.2, it is enough to show that ¢y and dy are finite and

| (0, Ty} | < 2[bllooV endull¥])*, @ € D (4.15)

Then T} is bounded with (4.13). Since T} is densely defined and closed, it follows that
D(T,) = H. As in the case of T, one can show that, if b = b,,, for all m,n € N, then
Ty| Dy is symmetric and hence T}, is a bouned self-adjoint operator with D(7T,) = H and
(4.14) holds. Therefore the desired result follows.

To prove (4.15), we first note that, for ¢ € Dy,

e}

bnm
(W, Ty)) = i :le LT By e fem ).
Hence
| {0, Tyb) | < 2[blloc A2)),
where

Ay = 3 Lemillh]

n>m>1

Inserting 1 = \/ E,./E, \/ E,/E,, into the summand on the right hand side and using
the Cauchy-Schwarz inequality, we have

with

ey
&

!
=
:
<
s

E,—E, E.
n>m>1
| <€m’¢> |2 En,
SORDY E,—E, FE,
n>m>1 n m n

One can rewrite and estimate B(1)) as follows:

B) = ) [{ew¥) Pen(n)
n=2
< [lPen
Similarly we have
C(¥) < IY[Pdn. (4.16)
Hence
[ (0, Ty} | < 2l|blloc v/ erndu 9] (4.17)

Therefore we need only to prove that cy and dy are finite.

15



We can write

>m > a. 4.18
En_Em - C(no‘—ma)’ n m a ( )
Since we have
=1
>l
na
n=1
it follows that
=1
g1 = E_m < 00
m=1
Thus
n—1
1
c(n) < E —E. + €1

Let ng > 2 be a natural number such that ny > a. Then, for all n > ny

n—1 no—1 n—1
1 1 1 1
— < _— = _—
X:IE”—Em_E:IEn—Em—'—C n® — mo
m= m= m=ng

By (4.4), the right hand side is uniformly bounded in n. Thus we have ¢y < co.
To prove dy < oo, we write for m > a

1 = 1
) = X R 2R

Hence, by (4.6) in Lemma 4.4, we have

sup dg(m) < oo.

m>a

Thus it follows that dg < oco. O

Example 4.1 Let A > 0, > 1 and P(x) be a real polynomial of z € R with degree
p < a.. Then it is easy to see that the sequense {E,,}° | defined by

E, = An%+ P(n)
satisfies the assumptions (H.1), (H.2) and (4.12). Thus, by Theorem 4.5, in the present

example, T} is bounded.
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We remark that Theorem 4.5 does not cover the case E,, = An + u with constants
A > 0 and p € R. For this case, we have the following theorem:

Theorem 4.6 Suppose that there exist constants X > 0, € R and a > 0 such that
E,=M+p, n>a. (4.19)
Then T is a bounded self-adjoint operator with D(T) = .

Proof. Let ko be the greatest integer such that kg < a. Let a, := (e, ) (¥ € H).
Then, by the Parseval equality, we have > >~ |a,|* = ||¢||>. Let ¢ € Dy. Then we can
write:

(Y, Thp) = Sr+ Sy + S5+ Sy,

where

n=1 m>ko+1

(3] ko %
So=i 3 > p

n>ko+lm=1 """

1 nlm
54 = ZX Z Z 7’7—am

n=ko+1 m#nm>ko+1

By the Schwarz inequality, we have
S| < Cillgll®, j=1,2,3,

where C; > 0 is a constant. To estimate |S,|, we use the following well known inequality
[11, Theorem 294]:

00
2 : TnlYm
n—m

n,m=1,n#m

o0 o0
SSAPIENDIN

n=1 m=1
for all real sequences {x,}°2; and {y,}2,. Hence

[Sal < 7l
Therefore it follows that | (1), T%) | < const.|[1||>. Thus T is bounded. O
Example 4.2 A physically interesting case is the case where B, = w(n+1), n € {0}UN

with a constant w > 0. In this case, by Theorem 4.6, T" is a bounded self-adjoint operator
with D(T') = H and takes the form

e [ = (e ¥)
Tzﬂ—;;(n;n_m)en, Ve H.

17



Moreover, one can prove that
o(T) = [-7/w,m/w]

([4, Theorem 2.1J). )
Let N:=w 'H —1/2 and 6 := wT. Then it follows that

o(N)={0}UN, o(f) = [-m,7], (4.20)
0, N =iy, ¢ € D.. (4.21)

As is well known, in the context of quantum mechanics, the sequence {w(n + 3)}22,
appears as the spectrum of the one-dimensional quantum harmonic oscillator Hamlltonlan

with mass m > 0 )

p 1 2 2
o + Emw q
in the Schrodinger representation (g, p) of the CCR, where p := —iD with D being the
generalized partial differential operator on L*(R) and ¢ is the multiplication operator by
the variable x € R. In this context, the operator N is called the number operator and, in

view of (4.20) and (4.21), the operator 0 is interpreted as a phase operator [7).

Hy =

5 Unboundedness of T

As for the unboundedness of T, we have the following fact:
Theorem 5.1 If{E,}°, satisfies
irelg(EnH —FE,) =0, (5.1)
then T is unbounded.
Proof. By (5.1), there exists a subsequence { £, }32, of {F,}>2, such that
Tim (B 1 — B,) = 0. (5.2

Hence we have

|Tep,|I* = Z

[e.9]

=2 |55

n#pe
2

S Eh

E pr+1 E

Pk

Thus T is unbounded. O

Example 5.1 Let
E,=M%+pu

with constants A > 0, & > 1/2 and p € R. Then {E,}?2, satisfies the assumptions (H.1)
and (H.2). As we have already seen, T is bounded if a > 1

18



Let 1/2 < a < 1. Then one easily sees that

lim (Eniy — Ey) = 0.

n—oo

Hence inf,en(E, 11— E,) = 0. Therefore, in this case, T' is unbounded. Thus T is bounded
if and only if a > 1.

6 Hilbert-Schmidtness of T

In this section we investigate Hilbert-Schmidtness of the operator 7'

Proposition 6.1 The operator T is Hilbert-Schmidt if and only if

2. Gy = 5y <% (6.1)

n=1 m#n

In that case, T is self-adjoint with

=S (E_;Em) 6.2)

n=1 m#n

where || - || denotes Hilbert-Schmidt norm. In particular, there exist a C.O.N.S. {f,}22,
of H and real numbers t,, n € N such that T'f, =t,f, and t, — 0 (n — 00).

Proof. Suppose that T is Hilbert-Schmidt. Then Y >, [|Te,||* < co. On the other

hand, we have
o o e} 1
2 _
il =33 e 63

n=1 m#n

Hence (6.1) follows with (6.2).

Conversely, (6.1) holds. Hence, by (6.3), >.°7, || Te,|* < oo. Therefore T is Hilbert-
Schmidt. The last statement follows from the Hilbert-Schmidt theorem (e.g., [14, Theorem
VI.16]). O

Remark 6.1 In Proposition 6.1, the number ¢, # 0 is an eigenvalue of T" with a finite
multiplicity. Since T is self-adjoint in the present case, it may be an observable in the
context of quantum mechanics. If this is the case, then Proposition 6.1 shows that the ob-
servable described by T' (“time” in any sense 7) is quantized (discretized) in the quantum
system whose Hamiltonian is H with eigenvalues { £, }>°, satisfying (6.1).

The next theorem gives a class of H such that 7" is Hilbert-Schmidt:

Theorem 6.2 Suppose that (4.12) in Theorem 4.5 holds with o > 3/2. Then T is Hilbert-
Schmidt and self-adjoint.
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Proof. Since 1/(E, — E,;)? is symmetric in n and m, it is sufficient to show that
> noms1 1/ (Ey — Ep)? < 0o. By the present assumption, we need only to show that

n>m>1
for all & > 3/2. We have
oo n—1
1
Y = —_—
Z (na _ ma)Z
n=2 m=1
oo n—1
1 1
3 - -
—n*—(n—1)* 2= (n*—m")
Using (4.4) and the elementary inequality
1 < 1
n®—(n—1)s ~ a(n— 1)1’
we obtain
- 1 logn 1
z :
Z Oé(?’L 1)&—1 no—1 + Z oz2(n _ 1)2((1—1)

Each infinite series on the right hand side converges for all & > 3/2. Thus the desired
result follows. O

7 The Galapon Time Operator as a Generalized Time
Operator

It is shown that every self-adjoint operator which has a strong time operator is absolutely
continuous [12, 17]. Hence the Galapon time operator T; is not a strong time operator of
H. But it may be a generalized time operator of H. In this section we investigate this
aspect.

7.1 An operator-valued function on R

In the same way as in Lemma 2.1-(ii), one can show that, for all ¢y € H, n € N and all

t € R, the infinite series
X it(En—Em) _ |

2 B, Y

m¥#n
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absolutely converges. Hence, for each ¢t € R, one can define a linear operator K(t) as

follows:

Em)—l 2

Z E—Em (€m, )

man

D(K(t) =<1 e 9{|Z

n=1

<00y,

m#n
It is easy to see that, for all ¢t € R,
Do C D(K (1))

and
eit(En*Ek) — 1

n  keN.
7. — b, e S

n#k

(En—Em) _
- Z(Z&—%H%W) ws ¥ € DKL),

(7.4)

The correspondence K : R o ¢t +— K(t) gives an operator-valued function on R. In the

notation in Section 4, K(t) is the operator T} with b, = e™Fo=Fm) — 1 n m € N.

Remark 7.1 Equation (7.4) shows that K(t) # tI|Dy. Hence T' cannot be a strong time
operator of H, as already remarked based on the general theory of strong time operators.

Proposition 7.1 For allt € R, K(t) is a densely defined closed operator.

Proof. Similar to the proof of Proposition 3.2.

Proposition 7.2 For allt € R, K(t)|Dy is symmetric.

Proof. Similar to the proof of Lemma 2.3.

Theorem 7.3 For all v € D(Ty)(= Do) and t € R, e~¢p € D(T}) and
Tre ™) = e (T + K(t)).

Proof. We need only to prove the statement in the case ¥ = e, (Vk € N).

et e, = e~Eke it follows that e~"He, € D(T}) with

[e.9]

—itH —itE,
Tie e, = e W0k g —e,
En - Ek
n#k
We have
—ztEn
—itH
=i g
ntk n k

It follows from these equations that
Tie ey, — e ™ Tie, = e "MK (t)ey

Thus the desired result follows.
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Corollary 7.4 Suppose that, for all t € R, K(t) is bounded. Then Ty is a generalized
time operator of H with commutation factor K.

Proof. This follows from Theorem 7.3, Proposition 7.1 and Proposition 7.2. 0

In view of Corollary 7.4, we need to investigate conditions for K(t) to be bounded.

Proposition 7.5 Suppose that (4.12) holds with o« > 1. Then, for allt € R, K(t) is a
bounded self-adjoint operator with D(K(t)) = H.

Proof. This follows from an application of Theorem 4.5 to the case where b,,, =
eMEn=Em) _ 1 n m e N. O

Proposition 7.6 Suppose that (6.1) holds. Then, for allt € R, K(t) is Hilbert-Schmidt
and self-adjoint with

1
EoE=Y3 | (76)
k=1 n£k
Proof. Similar to the proof of Proposition 6.1. O

7.2 Non-differentiability of K

From the view-point of the theory of generalized time operators [2], it is interesting to
examine differentiability of the operator-valued function K.

Proposition 7.7 For all k € N, the H-valued function : R 3 t — K(t)ey is not strongly
differentiable on R.

Proof. We first show that K (t)ey, is not strongly differentiable at t = 0. Since K (0)e;, =
0, we have for all t € R\ {0} and N > k

2

H K(t)er — K(0)ey, _ 2 |efttEn—Er) 12
t o t2|E, — E|?
N+1 |eit(En—Ek) _ 1|2
>
el o t2|En—Ek|2
Hence Vot
L LK ek — ? i
llIgl()Ilf ‘ Z 1=
n#k
Since N > k is arbitrary, it follows that
K()er — K(0)er ||
Iy (t)ex t (0)er||” _ oo
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This implies that K (t)ey is not strongly differentiable at ¢t = 0.
We next show that K (t)e is not strongly differentiable at each ¢ # 0. By (7.5), we
have for all s € R\ {0}

K(t+s)ep — K(t)ep Sit(H=E) K(s)eg
s s

Hence

HK(t + s)er — K(t)en

e

By the preceding result, the right hand side diverges to +oc as s — 0. Therefore K(t)ey
is not strongly differentiable at ¢. 0

Remark 7.2 We have

eit(By—Ep) _q
(er K (t)ex) = { CER T (7.7)
Hence, for all k, ¢ € N, (e;, K(t)eg) is differentiable in ¢ € R and
d it(E¢—Fy)
pr (eo, K(t)ex) = (0 — 1)e : (7.8)

Proposition 7.7 tells us some singularity of K (¢) acting on Dy. But, as shown in the
next proposition, K (t) restricted to D, is strongly differentiable at ¢t = 0.

Proposition 7.8 For all i) € D, the H-valued function K(t)y is strongly differentiable

att =0 with
d

Ol = . (7.9)

Proof. We need only to prove the statement for ¢ of the form ¢ = e, — e, (k, 0 €
N,k # (). For all t € R\ {0}, we have

K(t)(ex — e)

p = A(t) + B(t),
where
cit(Ee—Ey) _ eit(Ex—Ey) _ 1
Alt) =t—————e —i——=———
(t) =1 WE:— By (B E) "

cit(En—Ey) _ eit(En—Ep) _ 1)
€n

B(t) := in#l ( (B —E) B )

It is easy to see that
lim A(t) = ex — ey.

t—0
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As for B(t), we have

IBOI> = > IE@)F

n#k,l

where

It is easy to see that

g Falt) =0
Moreover, one can show that
Fn t S T A n k7£7
S g

where C' > 0 is a constant independent of n and t. Since 7%, 1/|E, — Ei|* < oo, one

can apply the dominated convergence theorem to conclude that lim; o || B(t)||* = 0. Thus
K(t)(ex — eg) is strongly differentiable at t = 0 and (7.9) with ¥ = e — e, holds. O

Proposition 7.9 For all k,¢ € N with k # (, the H-valued function K (t)(ex — e¢) is not
strongly differentiable at t & {2wn/(E) — E,)|n € Z}.

Proof. Let t # 2mn/(Ey, — E;) (n € Z) and s € R\ {0}. Then, by (7.5), we have

(K(t+5) = K(t)(ex —er) _ eim@eﬂm(

S = S € — 6[).
Hence Kt kit
H( ( +s)_s())(ek’_ef) :HU(S)“
with %
U(S) — iS) (e—itEke o e—z’tEge )
We write
u(s) = uy(s) + ua(s)
with

—itEy K(s)

ui(s) :==e (ex —er), ua(s):=(e

—itE), e—itEg)K(S) e
s

By Proposition 7.8, we have lim,_qu;(s) = e (e, — e,). On the other hand, we have

from the proof of Proposition 7.7 and the assumed condition for ¢
lim |ua(s)]| = +o0.

Hence limg ¢ ||u(s)|| = +o00. Thus the desired result follows. O
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8 Possible Connections with Regular Perturbation
Theory

We consider a perturbation of H by a symmetric operator Hy on H:
H(X\) := H + \Hj, (8.1)

where A € R is a perturbation parameter. For simplicity, we assume that H; is H-
bounded: D(H) C D(Hy) and there exist constants a,b > 0 such that

[Hol| < all Ho|| +oll¢fl, € D(H).
Then, by the Kato-Rellich theorem (e.g., [15, Theorem X.12]), for all A € R satisfying
al\| <1, (8.2)

H()) is self-adjoint and bounded below. In what follows, we assume (8.2).

8.1 Eigenvalues of H()\)

We fix n € N arbitrarily. By a general theorem in regular perturbation theory (e.g., [16,
Theorem XI1.9]), there exists a constant ¢, > 0 such that, for all |\| < ¢,, H has a unique,
isolated non-degenerate eigenvalue FE, (\) near E,. Moreover, E,,()) is analytic in A with
Taylor expansion

E,\) =E, +EVX+E®)\ 4 (8.3)
where
ns Hrem)
EW .= (e,, Hey) Z‘ c 16 . (8.4)
m#n

As an eigenvector of H(\) with eigenvalue E,(\), one can take a vector 1, (\) analytic
in A with Taylor expansion

Un(A) = en+e£}))\+--- , (8.5)
where -
(1) . <€ma H16n>
ey ;—En &, Em- (8.6)
By Lemma 2.2, we have
Z' /
<6n7 T€m> = En - Em o "
0 nm=m
Hence E}f) can be written
EP = (=) Y |{en, Hiem) [* (e, Tem) (8.7)
m=1



To rewrite the right hand side only in terms of e,, and linear operators on H, we note that
o
> |{en Hiew) |* = | Hren | < o0
m=1
by the Parseval equality. Hence
o
Z | {en, Hrem) |* < oo,
m=1
Therefore the infinite series
[e.e]
=Y e Hrew) Pem (8.8)
m=1

strongly converges and defines a vector in H{. Thus we can define a linear operator V' on
H as follows:

D(V) := D, (8.9)
Vipi=—i Y (e, ¥) fa, ¥ € Do (8.10)

where the right hand side of (8.10) is a sum over a finite term. It is easy to see that V' is
a symmetric operator.

Proposition 8.1 For alln € N,
E® = (Te,,Vey,). (8.11)
Proof. We have Ve, = —if,. Hence (Te,,Ve,) = —i(Te,, f,), which is equal to the
right hand side of (8.7). O

This proposition suggests some role of the time operator T3 = T|Dy in the perturbation
expansions of the eigenvalues of H
As for the first order term e\’ of the eigenvector ¥n(N), we have

el = (=) Z (em, Hren) (en, Tem) em. (8.12)

m=1

8.2 Transition probability amplitudes

In the context of quantum mechanics where H () is the Hamiltonian of a quantum system,
the complex number <¢, et ()‘)1/)> with unit vectors ¢,1 € H is called the transition
probability amplitude for the probability such that the state of the quantum system at
time t is found in the state ¢ under the condition that the state of the quantum system
at time zero is 1.
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Lemma 8.2 Let ¢,7) € D(H). Then, for allt € R,

(f, e ™y = (¢, e " Hyp) — i / t (Mg Hie M) ds + O(N?). (8.13)
0

Proof. By a simple application of a general formula for the unitary group generated
by a self-adjoint operator ([5, Lemma 5.9]), we have
t
e*itH()\)w _ e*itsz o Z)\/ e*i(tfs)H(/\)HIefiusdS, (814)
0

where the integral is taken in the strong sense. Hence

t
<¢7 e*itH()\)Q/}> — <¢7 e*itHw> . Z)\/ <67§(t78)H()\)¢7 Hlefius> ds
0
t
_ —itH . i(t—s)H —isH
- ) y 14T )
<¢e w>—z)\/ <e ¢, Hre w>d8+R()\)
0
where .
R(\) := —i)\/ <(ei(t_S)H()‘) — ei(t_S)H) 0, HIe_iSH@/J> ds.
0

Using (8.14) again, we have

t —(t—s) ' ) y '
R()\) _ _)\2 / ds / ds’' <ez(t78+s )H()\)Hlefzs H(ZS’ Hlefstw> )
0 0

Hence

it plies] y |
RO| < X2 / ds / ds/|| Hye™ ™ 1 ||| HyeioM |

Therefore R(A\) = O(A\?). Thus (8.13) holds. O
Applying (8.13) with ¢ = e, and ¥ = e, (n # m), we have

—itEp —itEm

— €

, e
<€m,e_”H(’\)en> =-A E B {em, Hren) + O(N\?), (8.15)

which, combined with (7.7), gives
(em, e ™ Ve,y =i (e, e K (t)em ) (em, Hre,) + O(N2).  m # n. (8.16)

This suggests a physical meaning of the commutation factor K.
By Theorem 7.3, one can rewrite the first term on the right hand side in terms of T}
and e~*# obtaining

<em, e_itH()‘)en> =\ <en, 17, e_“H]em> (em, Hreyn) + O(N?), m #n. (8.17)

This also is suggestive on physical meaning of the time operator 7.
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