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Abstract. We study some Hermitian ®*-matrix model and some real sym-
metric ®*-matrix model whose kinetic terms are given by Tr(E®?), where E is
a positive diagonal matrix without degenerate eigenvalues. We show that the
partition functions of these matrix models correspond to zero-energy solutions
of a Schodinger type equation with N-body harmonic oscillator Hamiltonian
and Calogero-Moser Hamiltonian, respectively. The first half of this paper is
primarily a review of previous work of us. The discussion of the properties of
zero-energy solutions and the discussion of systems of differential equations sat-
isfied by partition functions derived from the Virasoro algebra in the latter half
of this paper contain novel material.

1 Brief Background
First, let us take a moment to review some historical background on matrix models.

In the 1990s, deep connections between matrix models and two-dimensional quantum gravity
were discovered, and many important developments have been made. We refer to [2] for an
early review that covers most of these achievements. Among them, the matrix model that is
closest to the content of this paper is the Kontsevich model [9]. Its action is given by Sk =
N Tr{E®? + %@3}, where ® is an N x N Hermitian matrix, F is a positive diagonal N x N
matrix F = diag(E1, Ea,- -+, Ex) without degenerate eigenvalues, and A is a complex number
as a coupling constant. This model was proposed to prove the Witten conjecture [13]. The model
we will study is given by replacing the interaction term %@3 by i(I)‘L.
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In the 2000s, a different motivation led to the study of matrix models. There has been a
lot of interest in analyzing matrix models as quantum field theories on noncommutative spaces.
A noncommutative space is realized, for example, as a noncommutative algebra obtained by
deforming a function algebra on that space into a noncommutative product. Therefore, by
attaching an appropriate matrix representation to the noncommutative algebra, the field theory
can be described as a matrix model. However, those quantum theories generally have no chance
to be renormalizable because of the UV/IR problem. The scalar ®* field theory on Moyal space
by Grosse and Wulkenhaar [5] and the scalar ®3 theory by Grosse and Steinacker [6] [7] appeared
as theories to avoid the UV/IR problem. In other words, they showed that those field theories
to which certain counter-Lagrangian terms are added are renormalizable.

This scalar ®* quantum field theory on Moyal space (Grosse-Wulkenhaar model) is the model
we discuss in this paper.

2  N-body harmonic oscillator system and Calogero-Moser model from ®*-matrix

model
We study a Hermitian ®*-matrix model and a real symmetric ®*-matrix model whose kinetic
terms are given by Tr(E®?), where E is a positive diagonal matrix E := diag(Ey, Eo,- -+ , EN)

without degenerate eigenvalues. In this paper, we treat both cases of Hermitian and real sym-
metric matrices as ®, and write them with subscript 8 when equations can be described in a
unified manner. When g is 2, it is the case of a Hermitian matrix, and when S is 1, it is the
case of a real symmetric matrix. We show that their partition functions of these matrix models
correspond to zero-energy solutions of a Schidinger type equation with N-body harmonic os-
cillator Hamiltonian and Calogero-Moser Hamiltonian [1], respectively. (See also related works
[10, 11, 12].) In more detail, they are as follows.

Let Z(E,n) be the partition function defined by
Z(En) = [ d® e, (1)
Mg
where

Sp = N Tr{E® + Zqﬂ} (2)

7 is a positive real number as a coupling constant, Ms is the space of NV x N Hermitian matrices,
and M; is the space of N x N real symmetric matrices.

Here the integral measure is the ordinary Haar measure. Let A(E) be the Vandermonde
determinant A(E) := [, ,;(E; — E). Then the function

N

(B, n) = e Bn 2 BEA(B)2 Z(B, 1)

is a zero-energy solution of the Schrodinger type equation for the N-body harmonic oscillator
system when we consider the Hermitian matrix model with 8 = 2, and for Calogero-Moser model
when we consider the real symmetric matrix model with g = 1.

Theorem 2.1. Let UV(E,n) be a function defined by

N

(B, ) i= e PR EAB) S Z(E, ).
Then W(E,n) is a zero-energy solution of the Schrédinger type equation

HU(E,n) = 0.



1SQS28 IOP Publishing
Journal of Physics: Conference Series 2912 (2024) 012014 doi:10.1088/1742-6596/2912/1/012014

Here H is the Hamiltonian Hygo for the N-body harmonic oscillator system when we consider
the Hermitian matriz model with = 2:

" N P 2 N N
' 7 v 2
Hio ==~ 2 <8Ei) s ;(Ez) . (3)

When we consider the real symmetric matrix model with 8 = 1, then H is the Hamiltonian He
for Calogero-Moser model:

Hom = 2N ZaE2 Z(E% +2*ZE2 @
i

Let us look at a rough outline of the proof of this theorem, in this section. The details are
given in [3] [4]. The flow of the proof is the same in the case of the Hermitian matrix model as
in the case of the real symmetric matrix. Therefore, the Hermitian matrix case (8 = 2), which
is computationally simpler, will be discussed below.

To derive the above differential equation, F is not enough, so let us introduce H as a positive
Hermitian N x N matrix with nondegenerate eigenvalues {E1, Es,--- , Eny | E; # E; for i # j}.
Using this H, we consider the new action

S=NTr{H® + qu*}

N N
=N Z H;j® P + g Z Dy P Pr Py | . (5)
ik igk

The partition function defined by this S

Z(E,n) ::/ dd e %, (6)
My
is the same one defined by (1), because the integral measure is U(N) invariant. We use the
symbol (O) as a non-normalized vacuum expectation value defined by (O) := d® Oe™"
Mo

The Schwinger-Dyson equation is derived from

0

" 67%] (@Z‘je_s) = 0, (7)

which is expressed as

Z(E,n) = N ((Hri®iy @) + (Hip®pi®s)) — Ny (@ pi®y;®y5) = 0. (8)
k Kl

The key to obtaining the desired partial differential equation is that the following expectation
values are expressed in terms of partial derivatives:

0Z(E 9*Z(E,
777 = fNZ i Dys), M = N2 (@i @ Din)- 9)
i mn kil

After summing (8) overindices ¢ and j and substituting (9) for it, we get

LEpZ(E,n) = 0. (10)
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Here LY, is a second order differential operator defined by

0 n g 0
L8 =N*+2Y Hy——— - : 11
SD * Zk: MO, N 2 (aH,ﬂ. 8Hik) 1D
Next we rewrite this Schwinger-Dyson equation in terms of E,(n =1,2,--- ,N). After small
calculations, we find that the second term is expressed as
8Z E 77 8Z E 77

and the Laplacian is rewritten as

o 0 Nora\? 1 ) )
ZZ;;(aHkiaHik> Z(Eym) = Z(a&) +;Ei—Ej <8Ei_8Elj) ZEm). (13)

i=1

N

Here Z means Z . From (10) , (12) , and (13), we find that the partition function defined
i#] i,j=1,i#j
by (1) satisfies
£SDZ(E777) = 07 (14)
where
N 2
U 9 U 1 9 2
Lsp =1 — — —_— 2 Ey——N . 15
SDIT | WV - <8Ei) Yy ,EiEj<aEi ) Z "3 (15)
i=1 i#j
The next step is to diagonalize Lgp. By direct calculations, we can prove the following
proposition.

Proposition 2.2. The differential operator Lsp defined in (15) is transformed into the Hamil-
tonian of the N-body harmonic oscillator as

" N P 2 N N
—e I D EA(E) Lop AT (B)etn =i B = L “N(E)2 1
e (E)LspA(E)e v 2 \aE) 5 > (B (16)

i=1

Note that this transformation is invertible. We can regard this as some kind of gauge trans-
formation. We denote the right-hand side by Hpo as (3). To cancel the gauge transformation

A‘l(E)e% 2 E?, we introduce a transformed partition function U(E,n) by
V(B ) = e B2 AE) Z(E, ). (17)

From Proposition 2.2, we find that the transformed partition function W(E,n) is a zero-energy
solution of the Schrédinger-type differential equation:

HuoV(E,n) =0. (18)

Theorem 2.1 for the case of the Hermitian matrix model is thus proved. Hpyo is the N-body
harmonic oscillator Hamiltonian (3). This N-body harmonic oscillator system has no interaction
terms between the oscillators, so it is a trivial quantum integrable system.

We can perform parallel discussions as above for the case of real symmetric matrix model.
We refer to [4] for details.
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3 Zero-energy solution of N-body harmonic oscillator system

In this section, we will investigate the partition function, or ¥ in the above section, which is the
zero-energy solution of the N-body harmonic oscillator system, in more detail. In particular, it
is a well-known fact that L?(R™) does not contain a solution of the N-body harmonic oscillator
system with zero energy. What kind of function is this ¥7 Let us consider this question.

After using the Harish-Chandra-Itzykson-Zuber integral [8] for the unitary group U(N) and
some calculations, we get

N N
_ CN —NV(z:) Ly — T —NE;z?
Z(E = —_— i Ea}
( 77]) A(E)/RN(,LI:[ICZ'T e )<H$k+$l>}:[le

gESN <k

N
N!CN —N(V(2:)+E;z2) T — Xy
_ ) zi)+ Bz - 1
NG /R (anldxl ¢ 1) (19)

<k

or
N 1 4 2 1 2 €T — X
U(E,n) = Nlc / [ dai e NGttt B0 ) [ T] 22— ) 20
(5 Y Jr <i—1 i<y Te T 2

These integral representations should be regarded as Cauchy principal values.

N
Let us look at the simplest case N = 1. Introducing new variables u; := 4/ —FE;, the

n
Schrodinger-type equation (18) is deformed into

N ) 2 N
e u) = uf u). 21
> (gur) v =L wtw @

So in the N =1 case, this is a kind of the Weber equation:

For the N =1 case, the partition function is
Z(E,n) = /00 do e~ B it = /00 do e~V =gt Z(u,m), (23)
and using this Z(u,n), (17) implies that the solution of (22) is given as
U(u) := e_%fZ(u, n) = e*% /OO dx e Ve =4, (24)

Furthermore, for the v > 0, in terms of the modified Bessel function of the second kind K 1 (u),
U(u) can also be written as

(%) (25)
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We find that the boundary condition for this solution is required as

o ngs D(7)
R B
— 0 ﬁ’qz
o n .4 2F §
v'(0) = 7\/77/ de x2e” 1% = 77\f ;(4)'
oo ni

Thus, in the case of N = 1, the results are expressed in terms of known special functions.

Let us now consider the first question of this section. It is well known that there are no
zero-energy solutions which belong to L2(R).

By (25), the graph of ¢ in the range u > 0 is shown in Fig. 1. However, the graph of ¢) when
the definition range of u is extended to the whole real numbers using the original definition (24)
is shown in Fig. 2. This figure clearly shows that 1) is not included in L?(R).

Figure 1: u >0 Figure 2: —oco < u < 00

In the case of N = 1, the properties of ¥ can be clearly identified, as we have seen above. For
the general case of N, it is not yet known what kind of function ¥ is and what kind of boundary
conditions can be imposed on it. On the contrary, even the case N = 2 is still an unknown
problem.

4  Virasoro (Witt) algebra
These quantum integrable systems often lead to representations of Virasoro (Witt) algebras,
reflecting their nature.

We saw that the partition function of the matrix model of the Hermitian matrix corresponds
to the solution of the Schrodinger equation for the N-body harmonic oscillator, and the matrix
model of the real orthogonal matrix corresponds to the solution of the Calogero model. Both of
these are quantum integrable systems, leading to a representation of the Virasoro (Witt) algebra.
We would like to mention this, but the Calogero model requires a complicated setup. We refer
to [4] for details. In the following, we restrict our attential to the case of the matrix model of
Hermitian matrices corresponding to the solution of harmonic oscillators.

For simplicity, we use variables u; := 4/ %Ei, then the Hamiltonian is written as

N e N
Huo = Z <_8u2 +Uz2> = Z{ai ,al},

i=1

R R A WS S )
1 T 2 7 auz b) 7 2 1 auZ .

where
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Let us introduce the Virasoro generator:

L_, = XN: <a (a;r)m_l a; + (1 — a)a; (a})n+1> , (n>-1)

i=1
that satisfies the following commutation relations:

[Ly, Lin) = (n —m) L.
Here « is a free parameter. In particular, noting that

1 1
Lo= = S _a|N
0 QHHO+(2 04) )

we obtain

1
|:2HH07 L—m:| =mL_p,.

Using G = A’l(E)e% 2 E?, we define L,, by L,:=GL,G} satisfying [ﬂn, f/m} = (n—m)ﬂn+m.

Using this L,,, we immediately obtain the following result,
|:‘CSD7[~/—77L:| =-2 |:[~/07E—’rn:| = _2m1~;—7n7

which implies the following theorem.

Theorem 4.1. The partition function defined by (1) satisfies
Lsp(L_mZ(E,n)) = —2m(L_mZ(E,7)). (26)

Here Lsp is a differential operator such that the Schwinger-Dyson equation for the partition
function is given by

LspZ(E,n) = 0. (27)
Lsp for the Hermitian matriz model is given in (15).

This means that L_,,Z (E,n) is an eigenfunction of Lgp with the eigenvalue —2m. This
theorem is exactly the same as the theorem obtained in the case of the matrix model of a real
symmetric matrix (the Calogero model).

5 Summary

While mainly reviewing [3] and [4], we have seen that the partition function of the matrix model
in which the potential of the Kontsevich model is replaced by ®* implies a zero-energy solution
of the Schrodinger equation for an integrable system by some gauge transformation. In the case
of the Hermitian matrix model, it gives the solution to the Schrédinger equation for a system
of N-body harmonic oscillators as an integrable system, and in the case of the real symmetric
matrix model, it gives the zero-energy solution of the Calogero model. Since it is known that
these integrable systems lead to representations of Virasoro algebras (Witt algebras), a sequence
of differential equations that the partition function satisfies was obtained using them.

It is known that there are no such solutions in L2(R”), so the solution obtained here is not
such a function. In fact, we discussed the case of N =1 in detail, and by looking at the specific
functional form of the solution, we were able to see that it was not in L?(R). In the case of both
the harmonic oscillator and the Calogero model, these zero-energy solutions have not been well
studied, and in the general case, as well as in the case of N = 2, they are unknown. We look
forward to further progress in this area.
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