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The spectral zeta function for the so-called non-commutative harmonic oscillator
is able to be meromorphically extended to the whole complex plane, having only
one simple pole at the same point s = 1 where Riemann’s zeta function ((s) has,
and possesses a trivial zero at each non-positive even integer. The essential part of
its proof is sketched. A new result is also given on the lower and upper bounds of
the eigenvalues of the non-commutative harmonic oscillator.
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1. Introduction and Results

The aim of this note is to give a survey of our recent results in [1] (c¢f. [2]) on the
spectral zeta function for — the zeta function associated with the spectrum of — the
non-commutative harmonic oscillator @ := Q(z, D,,), improving a previous result there
on the lower and upper bounds of the eigenvalues of @), and also to mention some recent
results. This @ was introduced by A. Parmeggiani and the second author ([16, 17]) as a

differential operator

a0 = A= G ) o0}
« —a—i ﬁ —(z 1
- ( + ) (81+

B xaj-y; 5(_%§+%) ) r€R,
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with D, := —id, and 8, := -, acting on the Hilbert space L?(R,C?) = L*(R) ® C?,
which is dependent on two positive parameters o and g with a8 > 1 through

(3 0) (1)

It may not be an operator being a Hamiltonian coming from some existing system in
quantum mechanics in the present stage. In the papers [16] and [17], among others, the
following basic facts for Q = Q(x, D,) were already observed: @ is a selfadjoint operator
in L?(R, C?), and essentially selfadjoint on S(R,C?). It has only discrete spectrum
consisting of the eigenvalues {\,}72; such that 0 < Ay < Ag < A3 < --- 1 o0, with
uniformly bounded multiplicity. As a result, the first eigenvalue \; is positive, so that @
has a bounded inverse Q. However, the value of any eigenvalue ), is hardly computed
explicitly (A numerical study of the spectrum was carried out in [9]). The two relations
of non-commutativity, i.e. the one for matrices [A, J] = (8 — ) ( (1) (1) ) # 0 when
a # ( and the canonical commutation relation [0, ] = 1, make highly non-trivial
the spectrum of the non-commutative harmonic oscillator, which thus in general is a
non-trivial pair of the harmonic oscillators.
We define the spectral zeta function associated with @ as

Cals) =" 3

Then it was shown in [2] that the series on the right-hand side converges absolutely
in the half plane Res > 1. (g(s) has dependence on the two parameters o and [
(essentially, on the ratio «/f3), since each eigenvalue )\, does. Notice here that this
spectral zeta function is giving a deformation of the Riemann zeta function {(s), which in
turn, we may think, is essentially associated with the spectrum of the harmonic oscillator

1

3

(3)

—%ﬁ + ””2—2 Indeed, when o = 3, the non-commutative harmonic oscillator becomes
(equivalent with) a couple of two usual harmonic oscillators whose eigenvalues are given
by (n+ 3)vVe2 —1(n=0,1,2,...) with multiplicity two (see [17]).

Although no eigenvalues of ) can be calculated explicitly, we would expect to find
with this zeta function (g (s) another way to investigate the spectral properties of ) and,
for instance, some knowledge of its n-th eigenvalue to be gained through the analytic
property of the spectral zeta function.

We have shown in [1] the following theorem and corollary on (g(s).

THEOREM 1. There exist constants Cq ; (j = 1,2,...) such that {g(s) is, for every
positive integer n, represented as

n

_ 1 a+ 0 1 Co,j 5
@)= 1 | e T o e e @

where I'(s) is the gamma function and Hg ,(s) is a holomorphic function in Res > —2n.
Consequently, the spectral zeta function (g(s) is meromorphic in the whole complex plain




[Author and title] 3

C with a simple pole at s = 1 and has zeros for s = 0,—2,—4,... (non-positive even
integers).

Here, note that ﬁ is holomorphic in the whole complex plane C and has zeros at
s = 0,—1,—2,---. In this sense, one says that the non-positive even integers are the
trivial zeros of (g(s).

COROLLARY. (Weyl’s law)

a+ 0
)\;I 1~ 70&(0& — x (x — o0). (5)

A meaning of the coefficient of the main term is investigated in [14], Theorem 5.2 with
Remark 5.1. It is quite interesting to obtain the error estimate of this Weyl law; both
the order and its coeflicient which should be expressed by the invariants of the system.

Let K(t) = K(t,z,y) := e"'?(x,y) be the heat kernel for Q. But we cannot get its
explicit expression by solving the heat equation

[8t+Q(maDr)]K(tv$ay) =0. (6)

By the Mellin transform we have

I L[
Q= —/ et = —/ t*"'K(t)dt,  Res>1,
I'(s) Jo L'(s) Jo “

so that -
Cols) =TrQ— = ﬁ /O dt VT K (1), (7)

As mentioned before, we cannot obtain any of the eigenvalues \, explicitly, but
estimate their lower and upper bounds. The following theorem gives an improvement of
the result in [1], where we treated only the case for the first eigenvalue A\; by use of a
Lieb—Thirring inequality [8].

THEOREM 2. Let Aoj_1, Agj, j = 1,2,..., be the (2j — 1)-th and 2j-th eigenvalues
of Q. Then

(- %) min{a, f},/1 — a_lﬁ <A1 <Ay < (4 - %) max{a, B},/1 — a_lﬁ- (8)

Note that the two closed intervals made of the bounds (8) for two pairs of the eigen-
values {)\gjfl, )\2]‘} and {)\2]@,1, )\gk} Wlth] <k

[~ 5) minfa, 5}/ T 17(@B), (j — 5) max{a, 5}/ 17|
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and
[(k — 3) minfe. 5}/T—1/@B). (k — 5) max{o, 3}v/I~ 1/(aB)]

do not intersect with each other or do, according as (k — 1)/(j — 1) is greater or not

greater than % Hence, in particular, we see the eigenvalue Agj_1 or Ag; has a
max{a,8}
min{«a,B3} +1 _ ‘O‘J”ﬁl

multiplicity not greater than 2 if j < Otherwise, it will possibly

2zl )~ el
happen to have a multiplicity greater than é [I}t was shown in [9] that the first eigenvalue
A1 is simple for sufficiently large a, 8. This fact was also observed by Parmeggiani [13]
with perturbation theory. Moreover, he studies in [14] and [15] clustering properties and
multiplicity of general eigenvalues through the dynamics along the periodic trajectories

of the bicharacteristics associated with the eigenvalues of the symbol of the system.

We recall some of the properties of the Riemann zeta function ¢(s) to check whether
Co(s) has analogous ones. By definition, we have ((s) = >_°° | -1 for Res > 1, of which

n=1 ns
the series on the right converges absolutely in Res > 1. This ((s) has only one simple
pole at s = 1, and has also zeros at s = —2, —4, ... (negative even integers), and satisfies
the functional equation
s —s_/1—
7 A0 (3)¢ls) = a0 ()1 - 9), (9)

and the Euler product expression

)= 1] 1_1p_s (Res > 1). (10)
p:prime

Note that o = g if and only if J and A commute, and hence if and only if @ (or
Q1) and A commute if and only if Q@ (or Q7') and J commute. In this case, Q is
unitarily equivalent to a couple of the ordinary harmonic oscillators v a2 — 1Qq, where

Qo = ( — %ﬁ + %) ® I with I being the 2 x 2 identity matrix. In particular, when
a=3=+2, Q and Qq are unitarily equivalent to each other, whence it follows that

> 1
CQ(s) =Cqo(s) =2 ) ———— =2(2° - 1)((s). (11)
@ Q ;(n+5)s

Note here also that when a = (3, the inequalities (8) become equalities; it implies that
)\Qj_l = /\Qj = (] — %)\/ o? — 1 in this case.

But it is hard to expect (g(s) to have some functional equation and/or Euler product
expression. There are many spectral zeta functions in geometry, dynamical systems,..,
but not many seem to be known to be meromorphically extended to the whole complex
plain C. Among those studies, D. Robert [19] considered, for a general class of elliptic
systems of pseudo-differential operators P, their power P~° through the Dunford integral
(only) to do a meromorphic continuation of Tr P~* to the whole complex plane C.

In Section 2 we give an outline of the proof of Theorem 1 and a proof of Theorem 2,
and in Section 3 some remarks and open questions.
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2. Proofs of Theorem 1 and Theorem 2
Outline of Proof of Theorem 1.

The actual proof is a little lengthy because of non-commutativity. We have denoted
by K(t) = K(t,z,y) := e *9(z,y) the heat kernel for Q.
From the expression (7) of {g(s) through the Mellin transform, we write

Cols) = %{/Ol—k/loo]dtﬁlTrK(t) —: Zo(s) + Zn(s). (12)

S

Then it is easy to see the second term Z.(s) in the last member is holomorphic in C.
So we must study Zy(s). To do so, we need an asymptotic expansion for small ¢ > 0 like

TrK(t)~ce gt P +eot+att+et’+etd+---, 0<t<<l,

Define the operator K;(t) for f € S(R,C?) = S(R) ® C?, by the pseudo-differential
operator

K1 (t)f(x)

/Kl(t7x7y)f(y)dy
_ %//emy>€exp[_t(A52§y2+in£)}f(y)dyd€~ (13)

Put
Ro(t) := K(t) — K1(t), (14)

so that K (t) = K1(t) + Ra(t).

PROPOSITION 1.
1t L
Zo(s) = —/ dtt* "Tr K(t
0( ) F(S) 0 ()

1 ! 1 !
= — | &I T K () + = | dtt*I'T t
w0, 0+ r(t)

a+p 11 I
= s T :
+r(s)/0 dt 11T Ry (1)

VaBap DT 51

It is hence sufficient to treat only the second term ﬁ fol dtt>~'Tr Ry(t) in the last
member of the equation in Proposition 1. Since by (6)

0= [at + Q]K(f,l’,y) = [8t + Q]Kl(tvxvy) + [875 + Q]RQ(tvxvy)a

we have
[8t + Q]RQ(tvxvy) = _[8t + Q]Kl(tamay) = F(tvxvy) (15)
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By Duhamel’s principle, we can solve (15) to get

t
Ro(t) = j/ e~ IR E(y)du
0
t t
= / du/Kl(t—u,x,z)F(u,z,y)dz—i—/ du/Rz(t—u,x,z)F(u,z,y)dz
0 0
=: Kos(t) + Rs(t),

so that K(t) = Kl(t) + Kg(t) + Rg(t).
Repeating this iteration yields

K(t) = K1(t) + Kaf )‘f' ~+ K (t) + Raga (1), (16)
/ dus / / T
XK1t —up — - —um—1)F (1) - - Flu2) F(ug), 2<m<mn, (17)
ot [ | o[
XK(t—up — - — um) F(tum) F(um—1) - - F(uz) F(u1)dun,. (18)

So we have to study the traces of K,,(t) and R,1(t) for small ¢ > 0.

LEMMA 1. For every small € > 0 one has

ITr Ro(t)| < C(e)t™®

< R S — >
ITr Rpy1(8)| < C e n/Z)t , n>2,

where C(g) is a positive constant independent of t but dependent on e, and C a positive

constant independent of t and n.

This lemma implies that the Mellin transform of Tr Ry(¢) is holomorphic in Res > ¢
and hence in Re s > 0 because ¢ is arbitrary, and that of Tr R,,;1(t) (n > 2) in Res > —%.
A little patient, lengthy calculation yields the following key asymptotics of K,,(t) as

t]o0.

LEMMA 2. Form =2,3,..., one has fort | 0,
Tr K,, Zc”” ,

with ¢y = 0 for 0 < j <m — 2 and j = 2{ being positive even integers.
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Hence we have by Proposition 1, Lemma 1 and Lemma 2

K () = 20 1
af(af —1)
TrKy(t) ~ cot+cast® +cost® +cort’ +cogt +-- -,
TrK3(t) ~ csat+csat® +egst’ +egrt’ +egot’ + 0o,
TrKa(t) ~ C4,3t3 + C4,5t5 + 0477t7 + c4’9t9 e,
TrKs(t) ~ 53t + s 5t° +esat’ +es ot + o
TrKg(t) ~ co5t” +cort’ +coot’ +ooe
TeK,(t) ~ e ,
TrR, (1) = O(™?).

Thus with the Mellin transform we can conclude

1 a+p 1 11

Cals) = T(s) VaBlag — 1) 51 + (21 +C371)m5 1
1 1
+(co3+c33+cas+ C5,3)mm
1 1 1
+(Cg75 + 3,5 +C45 + C55 + 0675)m5+—5 4o + mHQ’n(s)’

showing Theorem 1.

Proof of Theorem 2.

We develop a method used in [1], Remark 3, p.714, to give an alternative proof of the
assertion for A1, not appealing to a Lieb—Thirring inequality.
Though we cannot solve (6) explicitly, we can solve the modified equation

[0 + Q'(z, Dy)]K'(t,2,y) =0, (19)
where
Q = ATVQATY?= %(—63 +2%) + 7 (20, + %),
_ 1. ; 2 1-9% 5 !
= 2( 10, +ivJx)® + 5L ’y.—m. (20)

In fact, we can show

Y 1
K'(t,z,y) = e '@ =(1—72)1/4exp[§7($2—y2)J]

xp((1— %)%t (1 —+2) 22, (1 — %)/ 2y), (21)
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where p(t,z,y) 1= exp[—5(—92 + 2?)](z,y) is the heat kernel of the ordinary harmonic
oscillator. Indeed, it was shown in [17] that Q' is unitarily equivalent to 3[—02 + (o3 —
1)2?] ® I, and also

Coi(s) =TrQ" = (1 =7%)""2(q,(s) = (1= 7%)*/?2(2° ~ 1){(s), (22)
with (g, (s) in (11). Hence we know that every eigenvalue X/, of @' has multiplicity two,
so that its (2j — 1)-th and 2j-th eigenvalues \j; ; and A3; coincide and are equal to

byor =Ny = (1~ 5) VT~ /(D). (23)

Note that Q = A'/2Q’A'/2. Using this fact and the min-max principle (e.g. [18]), we
have withn:=2j—1orn:=2j,j=1,2,...,

An = sup inf LQQU)
w1 w0 uLlu,un ] |
(A1/2u, Q’Al/gu)
= sup inf 5
Ul Unp—1 u7£0§ UJ-[UI;"Vunfl] ||u||
(Al/Qu Q/Al/Qu)
= sup inf !
Up, 1 A0 UL[ATY/ 2y o A1/ 29, 4] ||’U/||2
(A1/2u Q/Al/zu)
= sup n —
Up e Un o1 U0 AL/ 2ul[ug, et ] [l
(v, Q"v) 1/2
= su —_— v:=A"u
e JOTONE. SRY e Vo R )
o (0.Qv) o]
i 0oLl a) OIP TA-VZ0]2
Here we have denoted by [u1, ..., u,—1] the subspace spanned by the vectors us, ..., un_1
in the domain of @); note that @ and @’ have the same domain. It is crucial above that
the third equality holds, because if the vectors {uq, ..., u,—_1} are linearly independent,
so are the vectors {A’l/zul, ceey Ail/gun,l}, since A is one-to-one and has a bounded

inverse A~!, and because a vector w belongs to the domain of Q or @’ if and only if
A=12yw does. We note that with m := min{a, 8}, M := max{a, 3},

1 1
_ < A—1/2 2 — A—l < 2 LQ R CZ
ALY " = (v, A7) < —Jofl%, v e LY(R, C5),

whence m < ||v]|?/||A~2v||> < M for v # 0.
It follows that

’
. v v
A2j—1 <Ay < M sup inf ( ’Q2 ) = M)\’zj = M/\/ijla
gy —1 VA0 v L[ur,uzg ]|V
’
. v v
)\2]‘ > )\gjfl > m sup inf (’7(22) — m)‘/ijl .
w1,z —1y—1 VFO vL[ua, iz 1) 1] ”UH

Thus we have shown the lower and upper bounds of \,, as in Theorem 2.
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3. Some Remarks and Open Questions

We have shown one of the basic analytic properties of the spectral zeta function (g (s)
for the non-commutative harmonic oscillator @ = Q(z, D,) in (1). There still remain a
number of open questions.

1. Can one take the limit n — oo in the Theorem 1 ? In other words, does the series
2?21 Sf;% converge when n — oo ? If & = 3, then one knows that this is true. For
the precise situation, see the last discussion given in [1], pp.735-738.

2. In view of the Euler product expression (10), one recognizes easily that Riemann’s
zeta function ((s) has no zeros in Res > 1. We have proved that (g(s) has no zeros in
Re s > ¢ for sufficiently large ¢, though. Can one determine the zero-free region of {o(s)
in the half plane Res > 1 where the defining series of (g(s) converges absolutely ?

3. ¢(s) has an infinite number of nontrivial zeros on the line Res = 1. Is there any
such a critical line or curve for {o(s) ? If so, what is it 7 Also, does (g(s) possess any
functional equation or Euler product expression such as ((s) does (though it is hardly
expected) 7 See also the very final remark in [1].

4. Compute the values of (g(s) for s = n being positive integers greater than 1.

For Riemann’s zeta function ((s), the Bernouille numbers Bs,, (m € N) describe such

special values: ((2m) = (71);_1 ((2;:)7,“ Boy,.

In [2], we have computed (g(2) and (g(3) and discussed a connection of these values
with (singly confluent) Heun’s differential equations. Here a Heun differential equation
is a Fuchsian ordinary equation with four regular singular points in a complex domain.
Actually, (o(2) is represented as a contour integral for a holomorphic solution in the
unit disk of this equation, and also (o (3) as one for the holomorphic solution of the same
equation but with an extra inhomogeneous term. Based on these results, H. Ochiai [12]
has obtained a beautiful explicit expression of ((2) in terms of the complete elliptic
integral of the first kind. In fact, by suitable change of the variable, he could show that
the singly confluent Heun equation in question turns to be a Gaussian hypergeometric
differential equation. Exploiting a similar idea, in [5], K. Kimoto and the second author
have obtained an analogous explicit expression for the value (g(3) by using a Gauss
hypergeometric function and solving the aforementioned inhomogeneous equation, and
shown that the coefficients of the Taylor expansion of the holomorphic solutions of these
Heun equations possess some remarkable congruence relations such as the Apéry numbers
have. We note that the Apéry numbers are known to be used for proving the irrationality
of ((2) = %ﬁ and ¢(3) (see [20]). Moreover, in [6], one finds that the above Heun equation
(for describing the value (g(2)) is the Picard-Fuchs equation for the universal family of
elliptic curves equipped with rational 4-torsion and the parameter for a family of such
curves can be regarded as a modular function of the congruent subgroup I'g(4).

According to the result [10] (see also [11]), the spectral problem of the non-commutative
harmonic oscillator is known to be equivalent to solving a certain Heun’s equation (but
not confluent).
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5. Understand clearly the situation or intrinsic reason why our special values are
so related with the confluent Heun equations as in view of the results in [10]. Explore,
moreover, any relation between the values of (g(s) at s = —2m + 1 and those at s = 2m
via Heun’s equation to compensate for a missing state of such a functional equation as
¢(s) has in (9).

6. Calculate the ‘characteristic polynomial’ of ). To be more precise, let us recall
the determinant of an operator A = diag(as,as, as, . ..) defined by

A

det A := exp ( — Ress=o C(S—’Q)) (24)
s

Here ((s, A) is a Dirichlet series defined by (s, A) = >~ a,~* (Res > 1) and assumed

to be meromorphic around s = 0 (see [3], [4] for this definition of the zeta regularized

determinants and products). A similar technique we developed in [1] and [2] allows us

to state a conjecture that the Hurwitz type spectral zeta function defined by

Cols,2) = Z(/\n —2)"* (z ¢ {An}tn=1,23.) (25)

n=1

can be meromorphically extended to the whole complex plane. If this is true, the de-

terminant det(Q — zI) := exp ( — ResS:(J%) can be defined. For instance, for the

particular operator Qq, i.e. the @ with o = 8 = v/2, mentioned in (11), one actually
shows from the Lerch formula [7] that

det(Qo — zI) = 27rI‘(% - z) _2.

We close the present note by asking the following fundamental but probably a difficult
question.

7. For @, is there a pair of annihilation and creation operators ?

Acknowledgement. One of the authors (T.1.) is grateful to Professor Witold Karwowski
and Professor Robert Olkiewicz, the organizers of the 21st Max Born Symposium, for the
invitation and the hospitality at Institute of Theoretical Physics, Wroctaw University.
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