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Abstract

We extend a recent result of Dubrovin et al. in On tau-functions for the KdV hierarchy,
arXiv:1812.08488 to the Toda lattice hierarchy. Namely, for an arbitrary solution to the
Toda lattice hierarchy, we define a pair of wave functions and use them to give explicit
formulae for the generating series of k-point correlation functions of the solution.
Applications to computing GUE correlators and Gromov—Witten invariants of the
Riemann sphere are under consideration.
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556 D.Yang

1 Introduction

The Toda lattice hierarchy, which contains the Toda lattice equation

o(n) = o n=h—a(n) _ ecr(n)fa(nJr])’ "

is an important integrable hierarchy of nonlinear differential-difference equations
[18,19,22,27]. In this paper, following the idea of [13], we derive new formulae for
generating series of k-point correlation functions for the Toda lattice hierarchy by
using the matrix resolvent approach [10] and by introducing a pair of wave functions.

1.1 Toda lattice hierarchy and tau-function

Let

A = Z[vo, wo, V41, W1, V42, W2, .. ] 2)
be the polynomial ring. Define the shift operator A : A — A via
A =1, A) = viy1, Aw) = wiy1, A(fg) = A(f)Ag)
Vi € Zand f, g € A. Denote by A~! the inverse of A satisfying A~!(v;) = v;_1,
A " (w;) = wi_, and A_l(fg) = A_l(f) A_l(g). For a difference operator P
on A, we mean an operator of the form P =), P, A", where P,, € A. Denote

Pyi=3 50 Pu A", P =}, o Pn A", Coef(P,m) := Py. A linear operator
D : A — Ais called a derivation on A, if

D(fg) = D(f)g + f D). Vf.geA

The derivation D is called admissible if it commutes with A. Clearly, every admissible
derivation D is uniquely determined by the values D(vg) and D(wg). Let

L:=A+ v + wpA™' ©)

be a difference operator, and define a sequence of difference operators Ax, kK > 0 by
Ay = (LEY, 4)

We associate with Ay a sequence of admissible derivations Dy : A — A defined via
Dy (vo) = Coef([Ak, L], 0), Di(wg) = Coef([Ak, L], —1), k>0. (5

The first few Dy (vg) and Dy (wg) are Dg(vg) = wi — wg, Do(wg) = wo (v9 — v_1);
Dy (vo) = wi(vi + vg) — wo(vo + v—1), Di(wo) = wo(wi — w_1 + v} — v2), etc.

Lemma 1 The operators Dy, k > 0 pairwise commute.
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On tau-functions for the Toda lattice hierarchy 557

This lemma was known. We call Dy the Toda lattice derivations, and (5) the abstract
Toda lattice hierarchy.

A tau-structure associated with the derivations (Dy )0 is a collection of polyno-
mials (2.4, Sﬁ)p,qzo in A satisfying

Qg = Q.p. Dr(2pg) = Dg(Qp.r). (©)
(A =1 (R2pqg) = Dy(Sp). )
wo (1 — A7) (Sp) = Dp(wo) (8)

forall p, g, r > 0.Itcan be shown (e.g., [10]) that the tau-structure exists and is unique
up to replacing 2, 4, Sp by 2, 4 +¢p 4 and S, +a, respectively, where ¢, ; = ¢4, p
and a,, are arbitrary constants. The tau-structure €2, 4, S, is called canonical if

Q =0, S, = 0.

P-4 lv; =0, w;=0,icZ =0, w;=0,i€Z

Let us take 2, 4, S, the canonical tau-structure. For m > 3, define

Rp1opm = Dp - Dp 5 (ppipm) €A P10 9)

By (6), we know that the Q2  ,,, m > 2, are totally symmetric with respect to
permutations of the indices p1q, ..., pm. The first few of these polynomials are

So = vo. Si = wy+wo+vj, (10)
Qoo = wo, o1 = Ri1,0 = wi(v + vo). (11)

If we think of vg, wg as two functions v(n), w(n) of n, respectively, and v;, w;
as v(n + i), w(n + i), then the Toda lattice derivations Dy lead to a hierarchy of
evolutionary differential-difference equations, called the Toda lattice hierarchy, given
by

0 0
gﬁ:) = Dy(vo)(n), % = Dy(wo)(n), (12)

where k > 0, and the Dy (vg)(n), Dy (wg)(n) are defined as Dy (vg), Dy (wp) with v;,
w; replaced by v(n+i), w(n+1i), respectively. Lemma 1 implies that the flows (12) all
commute. So we can solve the whole Toda lattice hierarchy (12) together, which yields
solutions of the form (v = v(n, t), w = w(n, t)). Here, t := (o, 11, ...) denotes the
infinite time vector. Note that the k = 0 equations read

o) = wh+1) —wm), wm) = wn) (vm) —v@E-D), (13)
which are equivalent to Eq. (1) via the transformation

o(n—1)—o(n)

wn) = e v(n) = —o(n).
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558 D.Yang

Here, dot, “*”, is identified with d/9¢y.
Let V be a ring of functions of n closed under shifting n by £1. For two given
f(n), g(n) € V, consider the initial value problem for (12) with the initial condition:

v, 0) = f(n), wmn 0 = gn). (14)

The solution (v(n, t), w(n, t)) € V[[t]]? exists and is unique, which gives the follow-
ing 1-1 correspondence:

{solution (v, w) of (12) in V[[t]]z} <« {initial data (f, g)}. (15)

Example1 f(n) = 0, g(n) = n. (For this case, one can take V = Q[n].) The
corresponding unique solution governs the enumerations of ribbon graphs in all genera.

Example2 f(n) = (n + %)6, g(n) = 1. (For this case, one can take V = Q[e][n].)
The corresponding unique solution governs the Gromov—Witten invariants of P! in
the stationary sector in all genera and all degrees.

Let (v, w) € V[[t]]? be an arbitrary solution to the Toda lattice hierarchy (12).
Write Q) 4(n, t) and S, (n, t) as the images of €2, , and S), under the substitutions

vi>vn+i,t), wir—wh4i,t), i €, (16)

respectively. (Similar notations will be used for other elements of .A.) Equalities (6)
then imply the existence of a function T = t(n, t) such that for p, g > 0,

82 log (n, t)

Qpg(n.t) = T T (17)
9 tmtLy
Sy(n,t) = o, log T (18)
FLtcn—1,t
win t) = 2 T(;y’t(; ) (19)

We call t(n,t) the Dubrovin—Zhang (DZ)-type tau-function [10,15] of the solu-
tion (v, w), in short the tau-function of the solution. The symmetry in (9) is more
obvious: the image 2, .. p, (1, t) of Q) , under (16) satisfies

,,,,,,,,,,

" logt(n,t)

Q n,t) = ’
Plses Pm( ) atpl A 8t[7m

m>2, pty..., pm > 0. (20)

Define Q,(n, t) = 8,]) logt(n,t), p > 0. These logarithmic derivatives of t(n, t) are
called correlation functions of the solution (v, w). The specializations Q. ,, (n, 0)
are called m-point partial correlation functions of (v, w).

Remark 1 The tau-function 7 (n, t) of the solution (v, w) is unique up to multiplying
it by the exponential of a linear function of n, 79, #1, 12, . . ..
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On tau-functions for the Toda lattice hierarchy 559

1.2 Matrix resolvent
The matrix resolvent (MR) method for computing correlation functions for integrable

hierarchies was introduced in [1-3], and was extended to the discrete case in [10] (in
particular to the Toda lattice hierarchy). Denote

_{vo—A wo
vy = (75 ).
The following lemma for the Toda lattice hierarchy was proven in [10].

Lemma 2 [10] There exists a unique series R()) € Mat (2, A [[A_I]]) satisfying

A(RG))UMR) — UM R() = 0, @21)
TrR(A) = 1, detR(A) = 0, (22)

ROV — ((1) 8) € Mat (2,A[[r1ﬂr1). (23)

The unique series R(A) in Lemma 2 is called the basic matrix resolvent. The first few
terms of R(A) are given by

_ (1 0 0 —wp) ! wg —vowp\ 1
RG) = <0 0) + (1 : )X + <U1 vouo) |
< wo(vo + v-1) —wo(wo+w1+v§)> 1 24)

wo + w1 + 2, —wo(vo + v-1) 23 o

Proposition 1 [10] For any k > 2, the following formula holds true:

k
) Qi,...ix -y tr [Tjos R(Ax () e
i+2 ir+2 k — )2’
o M resycy =1 (r(y = Aagien) 1 =22)
(25)

where Sy, denotes the symmetry group and Cy the cyclic group, and w(k+ 1) := 7 (1).

The meaning of (25) is the following: For any fixed permutation (ji, ..., jx) of
(1, ..., k), expanding the right-hand side with respect to [A | > --- > |A; | >> 0
gives identical formal power series with the left-hand side. This is because, after the
summation over the Si/Cy and subtracting (M‘Sf—’iz)z, the poles in the diagonal cancel
(cf. Proposition 2 of [12] for a straightforward proof of this point). We note that, as
formal power series, the coefficients of the both sides of (25) are in .A. We give in
Sect. 2 a new proof of (25), where we keep all derivations with coefficients in A.
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560 D.Yang

1.3 From wave functions to correlation functions

In [13], we introduced the notion of a tuple of wave functions (in many cases a pair) to
the study of tau-function without using the Sato theory. Let us generalize it to the Toda
lattice hierarchy. Our definition of a pair will be based on the standard construction of
wave functions for the Toda lattice hierarchy [5,6,27]. For given (f(n), g(n)) a pair
of arbitrary elements in V, let L be the linear difference operator L = A + f(n) +
g(n)A_l. Denote

sn) = —(1— A1) (log g(n)). (26)

The function s(n) is in a certain extension V of V and is uniquely determined
by log g(n) up to a constant. Below we fix a choice of s(n). An element ¥4 (A, n) =
(1 +0 (A7) A" in the module V [[A~']] A" is called a (formal) wave function of
type A associated with f(n), g(n), ifL(pr (A, n)) = A4 (A, n). Here, Visa ring of
functions of n satisfying

Vvc-n(V)cv.

An element Y p(A, n) = (l + O(A‘l)) =M1~ in the module V [[A‘l]] s —n
is called a (formal) wave function of type B, if L(¥p (A, n)) = App(r,n). Let 4 €
% [[A‘l]] Aand ¥ € v [[A‘l]] e =51~ be two wave functions of type A and of
type B associated with (f(n), g(n)), respectively. Define

d,n) == Yyad,n)YpA,n—1) —Yph,n) Yya(h,n—1). (27)
We call Y4, ¥p form a pair if the following normalization condition holds:
S Do n) = . (28)

The existence of a pair of wave functions is proved in Sect. 3.

Denote by (v(n, t), w(n, t)) the unique solution in V[[t]]? to the Toda lattice hier-
archy with (f(n), g(n)) as its initial value, by 4 (A, n) and ¥ p (X, n) a pair of wave
functions associated with (f(n), g(n)) and by 7(n, t) the DZ-type tau-function of
(v(n, t), w(n,t)). Introduce

Ya.m) Y. n—1) = YaG.n—1) ypu.n)

D, pu,n) = —

(29)

Theorem 1 Fix k > 2 being an integer. The generating series of k-point partial cor-
relation functions has the following expression:
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On tau-functions for the Toda lattice hierarchy 561

9% log T 1
- 3 0 — A A
Z oty ... 0t (n,0) )“ll] +2 N )le+2

i1,y ir>0 k

‘ k.2
Yo [12Cag: kaan.m) =

% EEWYE
[Tj=1 J 7eSp/Cy j=1 (A1 =22)

(30)

Theorem 1 gives an algorithm with the initial value ( f (n), g(n)) as the only input for
computing the k,-order logarithmic derivatives of the tau-function 7 (n, t) evaluated
att = 0 for k > 2. Indeed, by solving the spectral problem L(y) = Ay with L =
A+ f(n)+ g(n)A_1 and with the normalization condition (28), one constructs a pair
of wave functions; the coefficients in the t-expansion of log t(n, t) are then obtained
through algebraic manipulations by using (85). (Recall that in the inverse scattering
method (cf., e.g., [18,19]), an additional integral equation needs to be solved.) Two
applications of Theorem 1 are given in Sect. 5. For a certain class of bispectral solutions
(cf. [20]), it would be possible to give a canonical way of constructing a pair of wave
functions, which was briefly mentioned in [13] for the KdV hierarchy; we plan to do
this for KdV and for Toda lattice in a future publication.

Organization of the paper In Sect. 2, we review the MR method of studying tau-
structure for the Toda lattice hierarchy. In Sect. 3, we prove the existence of a pair of
wave functions. In Sect. 4, we prove Theorem 1 and several other theorems. Applica-
tions to the computations of GUE correlators and Gromov—Witten invariants of P! are
given in Sect. 5. In Appendix A, we give an extension of A, define a pair of abstract
pre-wave functions, and prove an abstract version for Theorem 1.

2 Matrix resolvent and tau-structure

We continue in this section with more details in reviewing the MR method [10] to the
Toda lattice hierarchy. Denote by £ the matrix Lax operator for the Toda lattice:

(A0 vo—A wo) _
fe (8 0) (U7 ) = a e

Let R()\) be the basic matrix resolvent (of £). Write

(1 4+a@)  BMA)
ko) = ( y () —a(M)’ b
i bi i
ai) = YT AR = Y Fge v = Y 6D
i>0 i>0 i=0

where a;, b;, ¢; € A. From the defining Egs. (21)—(23), we see that the series «, 8, y
satisfy the equations
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562 D.Yang

B = —wo A(y (L), (33)
1+ a) + A (o

Gy — a(;_v,l (@) 34
1+a) + A Y a

() = A ) )0 = v0) — g T - («)

y L+ Ala) + A2 (a() 0 35)

1 ”— o =0,

a(V) +a(W)? + BLy() = 0. (36)

These equalities give rise to the following recursion relation for a;, b;, c;:

bj = —woA(c)), cjp1 = voac; + (I + A7) (@), (37)
(1= A)(aj+1) + vo(A—1)(aj) + wi A*(cj) — woc; = 0,  (38)
a; = Z (wociA(cj) — a; aj) 39)
i+j=0—1
along with
ayp = 0, co = 1. 40)

Equations (37)—(40) are called the matrix resolvent recursion relation.
It was proven [10] that the abstract Toda lattice hierarchy (5) can be equivalently
written as

Dj(v) = (A—1)(aj+1),
Dj (wo) = wo (A —1)(cj11),

where j > 0. Define an operator V(1) by

D;

V) = ZMH. (41)
j=0
We have
V) (o) = (A=1)(a@), (42)
V() (wo) = wo(A—1)(y)—1). 43)

Lemma 3 There exists a unique element W (A, 1) in AQsl (C) [[A‘l, u_l]] A_lu_l
of the form

WO i) = (X(k,u) Y(Lu))
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On tau-functions for the Toda lattice hierarchy 563

satisfying the following linear inhomogeneous equations for the entries of W:

AW ) UG) = UG W0 i) + A(RG)) V() (U(R)
~ V) (U®) RG) = 0, (44)
XOup) + 2000 XG0 w) + y() Y0 ) + B Z( ) = 0. (45)

Proof The existence part of this lemma follows from Lemma 2. Indeed, if we define
W0 ) = V() (R(R)),
then W(A, ) satisfies (44)—(45). To see the uniqueness part, we first note that the

(1,2)-entry and the (2,1)-entry of the matrix equation (44) imply that Y and Z can be
uniquely expressed in terms of X. Indeed, we have

—1 —1
Z0on) = (1+AA )éXl(A,M)) + oyt onzgul)(vo)’ (46)
Yoo 1) = —V(w)(wo) 1+ a@) 4;)()1\(0(()»)) (1+A)3(_)i(()k ) + IB()‘)V(M—)I(JEO)’
(47)

Substituting these two expressions in (45), we obtain the following linear inhomoge-
neous difference equation for X:

(142000 + 285 - 22X G, ) — LD A(XG )

A—vo

+ LY AT (XL )

- (1 +a(x)+A(a(x))>y(x)%§gw — By (1 +A—1)(%;go)).
(48)

Suppose this equation has two solutions X, X, in A [[A~!, = !]] A7 u~  Let Xo =
X1 — Xp, then Xg € A[[27", w™']]27'u™", and it satisfies the following equation:

(142000 + 285 — 228 X 1) — SEEA(Xo (s )

A—vg

+ L AT (X0 w) = 0. (49)

It follows that X¢ vanishes. Indeed, write Xo = ) 20 Xo,; (y,)k_(f D Observe that

Ll pm g A[[,\—l]],\—l, m=—1,0,

A=V,
andrecall thata (1), B(A), y(A) € A [[)F ! ]] 2~ 1. Then, by comparing the coefficients

of powers of 27! consecutively, we find that X¢,o(n) = 0, Xo,1(n) = 0, Xo2(n) =0,
..So Xp = 0. Hence, X1 = X3. The lemma is proved. O
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564 D.Yang

Based on this lemma, we now give a new proof for the following proposition.

Proposition 2 [10] The following equation holds true:

1
V(W) RO = m[R(M), RMW]+[Qw). RG] (50)

where

. _E 0 0
o) = m + (0 y(u))'

Proof Define W* as the right-hand side of (50), i.e.,
1
W= - [RGo. ROL+ [0, RO

More precisely, the entries of W* have the expressions:

X* = ﬂ<(a()»)+A(¢¥(/\))+1)(A_'(Ot(u))+0t(u)+1) _ (A‘l(a(/\))+a(/\)+1)(a(u)+A(a(u))+l))7

n—x (A—vo)(u—v-1) (A—v-1)(—v0)
(5D
Y — ﬂ((a(k)+A(a(k))+1)(A"(a(u))(k—lt)-i-a(u)(k+u—2v—1)-H»—v_l)
= (A—vo) (L—v—1)
QoW +D (@) +A @)+
+ ot ) (52)
Z*_L((A‘l(a(/\))+a(k)+l)(A"(a(u))—a(u))+(A‘](a(k))—a(k))(/\‘](a(u))+0t(u)+1))
A V_1—A H—v_1 .
(53)

We can then verify that W* € A ® sh(C)[[A~', = !]]A7'u™", as well as that
W := W* satisfies Eqs. (44), (45). The latter is done by a lengthy but straightforward
calculation. The proposition is proved due to Lemma 3. O

If we define ﬁ,‘,j, §, by

3 Qi _ Tr(RORW) 1 1)

S MR T - pp? (1 = 22)?’

Ay@) =271+ 3572 (55)
i>0

then according to [10], SNZZ-, s §, gives the canonical tau-structure for the Toda lattice,
ie.,

~ ~

Qij = Qi S =S

These equalities together with Proposition 2 lead to Proposition 1; see [10] for the
detailed proof of Proposition 1.
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Before ending this section, we will make two remarks. The first remark is that all
the entries of R()\) can be expressed by the canonical tau-structure. Indeed, we have

a) = Y Q00" B = —wo Ay (D), (56)
p=0
Alya) = 27"+ Y 8,077 (57)
p=0

The proof was in [10]. The second remark is that existence of a tau-structure in general
implies Lemma 1, and note that the proof in [10] of the fact that Ql e S is a tau-
structure does not use the commutativity of the abstract Toda lattice hierarchy, so as a
by-product of the matrix resolvent method we get a new proof of Lemma 1 together
with a simple construction of the Toda lattice hierarchy. Similar idea was in [3].

3 Pair of wave functions

As in the Introduction, we start with the linear operator L(n) = A+ f(n)+g(n) A~ L
where f(n) and g(n) are two given arbitrary elements in V. We show in this section
the existence of pairs of wave functions associated with (f(n), g(n)). Let us write

Yatmy = ATy Gn) = —yl(?), (58)

i>1

Up(on) = AN TGMemS0 TGy = Y

i>1

zi(n)

(59)

Then, the spectral problems L (1) (xp x, n)) =AMy (A, n)fory = ¥4 and fory = ¢p
recast into the following equations:

re*M 4 fn) = &+ gy aTle D = o, (60)
e T L by — a4 g+ DATIER = o, (61)

yielding recursions of the form (as equivalent conditions to (60)—(61))

k .
S (n)mt
==y
miy,....mp>0 Hi:lmi!
YK imi=k+1
) M= 0™y — 1ymi

k—1 ?
|

MY,y Mf— 1=0 Hl lml

Zk lzm,—k 1

—g(n) (62)
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566 D.Yang

3 T (= D)™z ()™

Zi+1(n) = Z + f(n+Déro
my,...,mpg=>0 Hi:l m;!
Sk imi=k+1
k-1 m;
tgn+2) Y i) i’fl"Jr b= (63)
mi,...,mg—1>0 [TiZ) mi!
Yl imi=k—1

where k > 0. From these recursions, it easily follows that y;, zx € V, k > 0. This
proves the existence of wave functions of type A and of type B meeting the definitions
in Sect. 1.3. Clearly, ¥4 and ¥ p are unique up to multiplying by arbitrary series G (1)
and E (1) of A~ ! with constant coefficient of the form G(1) € 14+ C [[A~']] »~! and
E() € 1+C[[A7']] 27" Since Y4 (A, n) = (1+O(™")) A" and since Y (A, n) =
(140 (171)) e™*™a=", we find that the d (X, n) defined in (27) must have the form

dGon) = re S0 iz dem 2™
Then, by using the definitions of wave functions and of s(n), one easily derives that
eS(n)d()\,n +1) = eS(n—l)d(k,n), (64)

It follows that all di (n), k > 1, are constants. Therefore, for any fixed choice of V¥4,
we can suitably choose the factor E(A) for ¥p such that ¥4, ¥p form a pair. This
proves the existence of pair of wave functions associated with f(n), g(n).

We proceed with the time dependence. Let (v(n, t), w(n, t)) be the unique solution
in V[[t]]? to the Toda lattice hierarchy satisfying the initial condition v(n, 0) = f(n),
w(n,0) = g(n). Let L(n,t) := A + v(n,t) + w(n, t) A~'. Define o (n, t) as the
unique up to a constant function satisfying the following equations:

wn,t) = ea(n—l,t)—a(n,t)’ (65)
do(n,t)
s = ~Smb. p=0. (66)
p

Anelement 4 (n, t, ) = (1+O(A‘1)) A e2k=0 BeAfH inV [[t A‘l]] AeXk=0 A
is called a wave function of type A associated with (v(n, t), w(n, t)) if

9
Lo t) (Y40 nt) = APa(h.n. ), Blt: = (L), (a).  (6D)

Anelement yg(n, t, A) = (l +O()»_1)))F"e* Cizo i [[t )Fl]] g0, —n

e~ 2k=0 2 is called a wave function of type B associated with (v(n, t), w(n, t)) if

3
L(n,t) (Vg n,0) = Ayp(h,n,t), %}f = —(L"N)_(ys). (68)
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On tau-functions for the Toda lattice hierarchy 567

The existence of wave functions ¥4 and {p of type A and of type B associated
with (v(n,t), w(n, t)) is a standard result in the theory of integrable systems (cf.
[5,6,13,27]); therefore, we omit its details. Denote

da,n,t) ;= Yyad,n, t)Yyph,n—1,t) — YpA,n, ) Yya(h,n—1,t), (69)

and introduce

R(u,n,t
m(/'l/v)"vnvt) = (M/—) + Q(Ms n,t), (70)
w—»A
id 0 0
where Q(u, n,t) = —u + 0 y(unt) . We know from, e.g., [10] that the

wave function ¥4 (A, n, t) satisfies

Ya(d,n,t) _ Ya(d,n,t)
Vi) <1ﬁA(A,n— 1,t)) = m(u, &, n,t) (w(x,n— 1,t)>' 71)

Similarly, the wave function ¥ g (X, n, t) satisfies

V(M)( Vp(h, n,t) ) _ (m(u,)»,n,t) _ A [) ( Vg, n,t) )

(72)
Here, I denotes the 2 x 2 identity matrix.
Lemma4 The following formula holds true:
1
V(w) (d(k,n,t)) = <—;+y(/¢,n,t)) d(h, n,t). (73)

Proof Recalling definition (69) for d and using (71)—(72), we find

V(,LL) (d()h n, t)) = (tr(m(lb A, 1, t)) - m

)d()\,n,t). (74)
The lemma is then proved via a straightforward computation. O
Definition 1 We say V4, ¥ form a pair if ¢~ 19d (1, n, t) = A.

The next lemma shows the existence of a pair.

Lemma5 There exist a pair of wave functions Y4, Wp associated with (v(n,t),
w(n, t)). Moreover, the freedom of the pair is characterized by a factor G(A\) via

1
wA()"anrt) = G()")wA()\'vn’t)5 wB()"vnvt) i mwl}()"rnvt)’ (75)
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G = > Gal, Gy =1 (76)
Jj=0

with G, j > 1 being arbitrary constants.

Proof Firstly, the freedom of a wave function 4 associated with (v, w) is character-
ized by the multiplication by a factor G(A) of the form (76). Fix an arbitrary choice
of Yr4. For ¢¥/p being a wave function of type B associated with (v, w), from (69) and
the definitions of wave functions, we know ¢ "~1.0 4 (A, n, t) must have the form

0G0 0 t) = Aelkz1dk(mO (77)
for some dy (n, t), k > 1. By using (67), (68), (69), we find
di,n+1,t) = wrn, t)ydr,n,t) = L7 LV=7MY g5 4 1),
ie.,
VIO n+1,t) = Vg0 n,t), (78)
Using Lemma 4 and (66), we have
V(M)(ef’(”*md(/\, n, t))
= V) (o —1,0))d(,n,t) + OV, n, b))

_ S,(n—1,¢t)
= —ermto S 2 LD
= —¢ e d(h,n,t)
p=0

1
+e°<”‘>t>d(x,n,t)(—— + y(u,n,t)) = 0.
"

So we have

(e’ IVG (A, n, 1))
atp

=0, Vp>0. (79)

We deduce from (77), (78), (79) that di (n, t), k > 1, are all constants. Therefore, there
exists a unique choice of ¥p such that {4, {5 form a pair. The lemma is proved. O

4 The k-point generating series

Let (v, w) = (v(n,t), w(n,t)) € V[[t]]* be the unique solution to the Toda lattice
hierarchy with the initial value (v(n,0), w(n,0)) = (f(n), g(n)), and (Y4, ¥p) a
pair of wave functions associated with (v, w). Define

Ya(h,n,t) Yk, n,t) ) (80)

Wpair (A, 1, 1) = (WA()\»”_I’t) Yp(A,n—1,¢t)
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Proposition 3 The following identity holds true:

I 0\ _
R(u.n.t) = Wpair(h.m, 1) (0 O) Wi (ko t). (81)

Proof Define

1 0 -
M = MG, n,t) = Ypic(h,n, ) (0 O) Wi (b n ).

It is easy to verify that M satisfies
[£,M] (Wpair) = 0, det M = 0.

The entries of M in terms of the pair of wave functions read

M= om0 \WaGon = LO WG n— 1) —PaCon— 1,0 Yghon,t)
82)

1 < Yal,n, ) Yp(h,n—1,t) —Ya(h,n, ) Yyp(h,n,t) )

where werecall thatd (A, n,t) = ya(A,n, ) Yyp(A,n—1,t) —Yp(A,n,t) Ya(r,n—
1, t), which coincides with the determinant of W (A, n, t). It follows from ¢4 (A, n, t) =
(1—}-0(%71)) A ezkzothkﬂ ande()h n, t)= (l—i-O()uil)) e*tr(n,t))hfn e~ Zkzolk)JHrI

that
10 = 117, -1
MG) = (g o) & Mat (2, V[[t,/\ ]]x ) (83)
The proposition then follows from the uniqueness theorem proved in Sect. 2. O
Define
A,n,t ,n—1,t) — An—1,t ,n,t
DG pn.t) = Yalk,n, ) Yyp(u,n ) — ¥alk.n ) Y. n.t)

A—p
(84)

Theorem 2 Fix k > 2 being an integer. The generating series of k-point correlation
functions of the solution (v(n, t), w(n, t)) has the following expression:

Z Qil ,,,,, ix (n,t)
i1+2 ir+2

i1,enipg>0 )\'1 )\'k

ko (n—1,t)

e Sk,2

— (k- _ %2
b (A1 —22)?

k
[ ] POxiy 2rjnynat) — (85)

JLRY
J=17 7e8i/Cr j=1
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Proof 1t follows from (81) that

r (A,n,t)Tr (A, n,t)
RO n,t) = - i nzt) , (86)

Where rl ()"7 n, t) = (WA()\W n, t)v WA(AW n — 11 t))9 VZ(A, n, t) = (wB()"y n —
1,t), —¥p(A, n, t)). Substituting this expression into the identity

Qi (. )  Tr (R, n,t) Ra(ha, n, 1)) 1 47
Z )»l]+2)»12+2 - (1 —)»2)2 - (1 _)\2)2’ (87)
i1,i2>0
we obtain

Z Qi) T (ri, n, O ok, n ) ri (Ao, n, )T ra (A, 0, 1))
Vo At2pn2 d(h,n, t)d(Aa, n, (A — A2)?
1
C (0 — )2
(r2(h2, n, ) r1 (01, n, ©T) (2, n, ) 11 G, n, )T
d(h,n, t)d(ra, n, t)(h — 12)?

1
(A1 — X2)?
DO, 22,0, t) D(Ap, A1, 1, t) 1 (88)
B Mg em20 (=LY (1 = 22)%
where we used definition (84) and
A=
r(,n, ) ri(,n, )7
= Y- .
This proves the k = 2 case of (85). For k > 3, the proof is similar. Indeed,
Z l ..... lk(n t)
+1 +1
,,,, ix>0 )\ll . )\;ck
T
Tr (HI lrl()nn(J), ,t) I’z()»ﬂ(j),n,t))
7eSL/Ck e~ko@r=10 1_[] 1(}‘71(]) _)“ﬂ(]+1))
T T
_ Z 72 (hzioy, 1, t) 11 () nt) 2 (Ar =1y, 1, €) 71 (Ar ), 1 t)
- ko(n— k
nesiCe e~ko =10 TT0_ | (ha(j) = An(i+1)
I Z]‘[ (e(ys A1), s t) (89)
T e—kom—11) w(j)> Ar(j+1), 1 L)
1e8Si/Ck j=1
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This proves the k > 3 case of (85). The theorem is proved. O

Remark 2 In (85) or (30), the freedom (75) affects the D (A, n) through multiplying
it by a factor of the form % but the product ]_[] 1 DAz (jy, An(j+1)) TEmains
unchanged.

In Appendix A, the abstract form of (85) is obtained, where a pair of abstract
pre-wave functions are introduced.

Proof of Theorem 1 Taking t = 0 on the both sides of (85) gives (30). O
Write

Vak,n,t) = dpaO,n, )", Yph,nt) = ¢pih,n, t)e YA (90)

Theorem 1 can then be alternatively written in terms of ¢4, ¢p by the following
corollary.

Corollary 1 The following formula holds true for k > 2:

k

(n,t) _ Sk,2
..... ik k—1 >
> 4ki1+2 ktk+z*—(_1) Y 1Bz ng+1y n = YIS
i1,enig=>0 "1 Tk eS8k /Cy j=1

On

where B(A, i, n, t) is defined by

¢A()"’n7 t)¢B(l‘Lvn - lvt) - W(n,t) ¢A()‘"n - lvt) ¢B(H”n3 t)

B\, p,n,t) = -

92)

In particular, let g4\, n) = eP=D" @, ) gk, n) = eD=D7 Hz0,m)) g=s ()
(Cf (60) (61)), and let B()\., W, l’l) $a(h,n) ¢B(M n—1) *}L(S(Z) $a(h,n—1) ¢p(u,n) then we
have

k
Qyy,...i (1, 0) k—1
Z A"“ 5 ik +2 =D Z 1_[ B(hr(jys Ar(jt1)s 1)
il ix>0 Tk 7eSy/Cy j=1

%

- — . 93
(A1 — A2)? ©5)

For some particular examples related to matrix models, it turns out that the suitable
chosen D coincides, possibly up to simple factors, with certain kernel of the matrix
model. However, the D is not unique. We now introduce a formal series K (X, )
such that the generating series of multi-point correlation functions still has an explicit
expression, but this time K is local and is therefore unique for the given solution. The
series K is defined by

A+ a1 + a(n) — wo)/(/\)A(J/(/L))
A—H

K, p) = (94)
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where 1 + () is the (1,1) entry of the basic matrix resolvent R()), and y (1) is the
(2,1) entry. The next theorem expresses the left-hand side of (85) in terms of K.

Theorem 3 For any k > 2, the following formula holds true:

k
Z Qi _ (—1)"_1 ZneSk/Ck Hj:lK()‘ﬂ(j)’)‘ﬂ(jJr]))
i+2 2 k
T S v [T (1 + o)
Ok,2
- — (95)
(A1 —22)?
Proof The identity (81) gives
1 An,t)dd,n,t
ysGn—1p = LHehmddnb
Ya(r,n,t)
B,n,t)yd(x,n,t) y(h,n+1,t)d(A,n,t)
Yp(d,n,t) = — = wy ,
Ya(d,n,t) Ya(d,n,t)
YaGon—1,0 = YaGin, ty L0
,n—11t = ) ——————.
4 4 1 + a(hn,t)
Substituting these expressions into (84), we obtain
A,n,t
DO t) = dun ) AR G, (96)
Ya(u,n,t)
where
e(A, u,n, t):= .
A=A + ar,n,t)
7
Combining with the definition of K (A, u, n, t) and Theorem 1, we find
Z S?il,z...,ik(ﬁ,t)z
irenif=0 All'+ ~~-)~Zk+
k-1 Z ﬁ k.2
= (=" K (hr(ys hm(jry mit) = ———. (98)
7eS/Cr j=1 (1 =222
The theorem is proved. O

It seems to be an interesting question to study the geometric and algebraic meaning
of the kernel K (as well as D). Below we give without proof some of their properties.

Proposition 4 The functions K and D are related to

o(n—1,t) t
K()\'v M,n,t) = e— (1 —i—ot(k,n,t)) M D()\'v M, f’l,t)
1%

Ya(r, n,t)
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e2o(n—l,t)
= T IpA(Ma n, t) 1//3()"7 n— 17 t) D()"a M, n, t)
U(}’l*l,t) )\‘ _1 t
= e—(l+a(u,n,t))MD(k,M,n,t).
A Ve(u,n—1,t)

We observe that the following three formal series

1 A 1 2 A
KO = 520 K = SR kG - SR

A

all belong to A [[A‘l, ,u_l]]. Therefore, the following three formal series

1 Aon,t 1 ,n,t
KO, n, t) — M’ KO, p,n,t) — M,
A— A—u
2 )"1 7t ’ 7t
Khinp - Feb LG b
20— p)

all belong to V[[t]][[»~", w~']]. It follows from this observation and Proposition 4
that

es(:l) DGh, i, n, 0) (%)1 _ c ¥ [[rl, ,u_l]] . (99)

A=

Remark 3 We could loosen both the conditions for wave functions and the pair con-
dition. Let us say ¥4 and yp are pre-wave functions of type A and of type B,
respectively, if they satisfy the first equations of (67) and (68). Define dpre(2, 1, t)
and Dpre (A, @, n, t) by (129) and (140). Then, the following formula holds true:

Z Qil ..... ix (n,t)
i+2 2
i1,00i >0 )‘11 A
_ k
(=nk! 8.2

= o > [IDPmGaiyingrnn) = —=—.  (100)
Hj;ldpre()»jy",t) €S /Cp j=1 (A —22)

Now, ¥4 and v p are determined by (v(n, t), w(n, t)) up to

Yar,n,t) > G, O YaA,n,t), Ve, nt) > EQ,t)YpA,n,t),
where G(A,t) = 1 + Yo GiA, EQLt) = 1 + Y o) Ex()A~F with
Gy (t), Ex(t) € C[[t]], kK > 1. This freedom affects Dy (A, i, 1, t) and dpre (A, 1, t)

into

Dpre()‘a /1'7 l’l, t) = G()"v t) E(l’La t) Dpre()h /J” t)7
dpre (A, 1, t) > G(A, t) E(A, t) dpre (A, 1),
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Therefore, it gives rise to each summand of (100) the factor

[T5=1 GOx(jy- DECa(is1y. )
[T GO HEG,. b

which is equal to 1. Hence, the right-hand side of (100) remains unchanged.

5 Applications

Partition functions in some matrix models and enumerative models are particular tau-
functions for the Toda lattice hierarchy. Theorem 1 can then be used for computing
their logarithmic derivatives. In this section, we do two explicit computations.

5.1 Application I: enumeration of ribbon graphs

The initial data of the GUE solution to the Toda lattice hierarchy are given by f(n) =0
and gN(n) = n; see, for example, [ 10] for the proof. For this case, we can take V = Q[n]
and V = V. Substituting the initial data in (26), we find

sin) = —(1=A"") " logg(n)
= —(1=A")""logn = —log T(n+ 1) + C, (101)

where C is a constant. Below, we fix this constant as 0.

Proposition 5 The 4, Vg defined by

2j +1
¥a.m =3 - 1)/%1’2 (102)
]>
n+1
YB(, n)—F(n—i—])Z '/\)22/ (103)

form a particular pair of wave functions associated with (f(n) = 0, g(n) = n).

Here and below (a); denotes the increasing Pochhammer symbol defined by (a); =

a@+1)...(a+i—1).

Proof 1t is straightforward to verify that both {4 and ¥p satisfy the equation
v,n+1) + ny(A,n—1) = Ay, n). (104)

Moreover, from definitions (102)—(103), we see that

vae V(A" yp e V((A)es®am
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We are left to show that
P~ (VaGum) YpGon = 1) = ¥pGum) YaGun =) = 2. (105)

Clearly, the meaning of this identity is the following: Both sides of (105) are Laurent
series of A~ with coefficients in V = V = Q[n], and the equality means all the
coefficients should be equal. More precisely, the identity (105) can be equivalently
written as the following sequence of identities:

Jj+1

n Z(—l)j1<j+1)(n+2j1—l)
jH1 4~ 2 ji 2j +1
J1=0
j . .
T\ [(n+2 .
+ _111<.)<_ )zo, > 0. 106
hZ_()( )G j (106)

From (64), we know that the left-hand side of (106) as a polynomial of n is a constant
for any j > 0. Note that the value of the left-hand side of (106) at n = 0 is obviously
0 for any j > 0. The proposition is proved. O

It follows from the above proposition an explicit expression for the D(X, u, n, 0)
(cf. Eq. (84)) associated with the pair (102)—(103):

es(n—l) m n 1
D()\'? M, n, 0) (_> i e— + A()"7 Man)a (107)
iz A A=

with A(A, u, n) given by

2k—1
=y CR= DU i <k - 1)
ACpm _; 26)! 1,2_(:)( Y [p/2]

2k—1—p
T o+ par ! pm @, (108)
J=—p

This explicit expression (108) first appeared in [31]. Denote
~ 1
A=

As a corollary of Proposition 5, Theorem 1, and the above (107), we have achieved a
new proof of the following theorem of Jian Zhou.

Theorem 4 [31] Fixk > 2 being an integer. The generating series of k-point connected
GUE correlators has the following expression:

@ Springer



576 D.Yang

<trMi1...trMik) ko
k—1
2. s = G0 2 [T A GG xgen )
iyenig>1 1 Tk eS8k /Cy j=1
3
%2 5, (110)
(A1 —2A2)

where A is defined by (108)—(109). Here, we recall that for any fixed iy, ..., iy, the

connected GUE correlator (tr M'' . . .tr M) is a polynomial of n (cf. [4,10,17,21]).

5.2 Application Il: Gromov-Witten invariants of P! in the stationary sector

The initial data for the Gromov—Witten solution to the Toda lattice hierarchy were, for
example, derived in [10-12]. It has the following explicit expression:

fn) = ne+§, e(n) = 1. (111)
We have
sty = —(1—A"H)ogl = C,

where C is an arbitrary constant. Below, we take C = 0.

Proposition 6 The V1, Vp defined by

YEOun) = (—1)'Hle 72 xr(—% + %) J_%+n+%(§) (113)

form a particular pair of wave functions associated with f(n) = ne + 5, g(n) = 1.
Here, J,,(y) denotes the Bessel function, and the right-hand sides of (112)—(113) are
understood as the large A asymptotics of the corresponding analytic functions.

Proof Firstly, using the properties of Bessel functions, we can verify that ¥4 (A, n)
and ¥ (A, n) defined from the above asymptotics satisfy

Yalun+1) + (ne+2)YaGum + valn=1) = 2yaGun),

YpGan+1) + (ne+2)UpGin) + YsGun—1) = 1yaGin).
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Secondly, as A goes to oo, the following asymptotics hold true:

et r(A + ;) J&_n_%(g) ~ (1 + 0(7),
(A )1 () ~ (1 00)
Thirdly, ¥4 and v p also satisfy
Va,m)yp,n—1) — yp,n)ya(h,n—1) =

We have verified all the defining properties for a pair of wave functions associated

with f(n) = ne + 5, g(n) = 1. The proposition is proved. O
Note that

rn—1 = etr(t ety 2 114

Yal,n—1) = € <E+§> %,,Hr%(;), (114)

) = (c1yettar(ot L 2
G —1) = (—1'e e ir( 6+2) J_A+n_7(€), (115)
and denote

I() = /D"

=: To1D er2(y /4).

It follows from (84), (112)—(115) that the D(A, u, 0, 0) associated with the pair
(112)—(113) has the following explicit expression:

"DG.1.0.0) 12 (@) 0:(3) + g it (@) e ()
T nj€e —rle :

Then, according to [12], the function ﬁD()\, «, 0, 0) has the following expressions:
1
_D()\‘9 M, Ov 0)
7

(116)

_——Z (a—b—2k+ 1);— 16_2k
o k(= a+ b+ D

A b—a b—a+1 1 ! i
= , i =—a, -+b,b— 1; —4
e(a—b)23( 2 > a2 4t atli—ae )
(117)

-1 ( 1)q+1 —
el@a—>b) > artipat Z X!
P.q=0

(G +j— 2k 1(1__) (j— 1) R
i+ B
Z e (—DIG =Dk =Dk —j) A, (118)

1<i,j<k
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wherea := %, b= %, the (a—b+1)_; of (116)isdefinedas 1/(a—b),and ~in (118)
is taken as a, b — oo away from the half integers. The explicit expression (118) first
appeared in [12]. So we have completed a new proof of the following theorem.

Theorem 5 [12] The generating series of k-point (k > 2) Gromov-Witten invariants
of P in the stationary sector has the following explicit expression:

i1+ D! G+ D!
s ADL Gt DY) @)

)\,i1+2 )\[k+2

iy ir=>0 1 k
k2
k—1
= (- HA (Ar(iys Axian) — a1
7eS;/Cr i=1
where A\()\., w) is explicitly defined in (118), and
(T (@) @) ()= 2y / V(@) Vi @) Y
£>0 =0V | Mak(®', d>

(120)

(See, for example, [12] for the notation about the integral in the right-hand side

of (120).)
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Appendix A: Pair of abstract pre-wave functions

Here, we construct a ring that is suitable for defining abstract pre-wave functions.
Recall that A is the ring of polynomials of vk, wy, k € Z. Instead of the Z-coefficients,
we will use in this appendix the Q-coefficients, i.e., A = Q[{vk, wy | k € Z}], is now
under consideration. For each monic monomial o € A\Q, we associate a symbol m.
Denote by 5 the polynomial ring

B = Q[{ Mg | @ is a monic monomial in A\Q}]. (121)

Define the action of A¥ on B with k € Z by

Ak(mal ...mal) = mAk(al)...mAk(al) (122)
for ay, ..., oy being monic monomials in A\@Q, as well as by linearly extending it to
other elements of B. For a monic monomial & = v;, ... v, wj, ... wj, € A\Q with
i1 < <y, j1 <~ <jsandr+s > 1,letky := —ij (1fr > 1), kg = —ji
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(if r = 0); the monomial A%« () € A is then called the (unique) reduced monomial
(associated to «). Denote by C the polynomial ring generated by mg, v, wy with
Q-coefficients, where 8 are reduced monic monomials, and k € Z. Let us also define
an action of Af onC ,k € 7. To this end, we introduce some notations: For 8 a reduced
monic monomial of A, denote

(123)

nakg) = mp+ Yisg AR k=0,
~ YL ANB), k<L

Then, for a monomial « - mg, ...mg, of C with & being a monomial in A, define

S
A -mg ..omp) = A @) - [ [ narg,y keZ (124)
j=1

Define the action of A* on other elements in C by requiring it as a linear operator.
Denote by p : B — C the linear map which maps mg, ...my, € Btong, ...ny €
C, for aj, i = 1,...,I being monic monomials in A\Q. Denote by B° the image
of p. Clearly, A C BO Indeed, the element (A — 1)(21 LA ma,) € B becomes

Zi:l Aria; € A under the map p. Here, «y, ..., o are distinct monic monomials
in A\Q. Finally, we define an operator S : A\Q — B° by
S(Mal + o+ Alal) = Mng, + -+ + Mng, (125)

for ay, ..., o being distinct monic monomials and Ay, ..., A; € Q.
Motivated by (62) and (63), define two families of elements y;, z; € A,i > 1 by

l—[k ym,
<
eyl =— Y  — 0dk0
my,...,mg=0 Hi:l i
S imi=k41
k=1 (A — mi
[T (=D™(A~ )™
— wo Z l_[k_lm| )
mi,..., Mmy— 1>OZI«€:11 imj=k—1 i=l L
m
[Tisi =™z
Tkl = > ————— + vido
,,,,, m=>0 ]_[! lml
Z,—1 imj=k+1

y Do)

Equivalently, the generating series y(A) := Y ;-1 yi JAL Z(0) = D13 /AL satisfy
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re™ vy — 4+ wor AT (W) =0,
AATH e W) + v — &+ wiaT e = 0.

Define
Ya = SO @ @1, yp = S @rT Qe (126)

where ¢~ is a formal element satisfying eU=A"D(0) — 40 and A", A~" are formal
elements satisfying AFQ @)y = k@1, AKQ1 @A) =2 * QA" k€ Z. We
have

L(ya) = Ava, L(¥B) = Ays,

Ya) = (1+0(A")) " e c[[rl]]@x", (127)

)
) = (1+00 ) @r" e e c[[i!|er"@e,  (128)

where L = A 4+ vg + wo A~'. We call ¥4 and ¥ p the abstract pre-wave functions of
type A and of type B, respectively, associated with vy, wy.

Denote
dpre (V) 1= Ya) A (W) — YW AT (Yah)) (129)
and
_ Ya(h) Y (k)
Y= <A—1(w(x>) A—l(wm)))' (130)

Then, we have the following identity:

R(L) = W) <(1) 8) vl = M. (131)

The proof is similar to that of Proposition 3. (The main fact used in the proof is that
from the definition, the coefficients of entries of R(A) are uniquely determined in an
algebraic way.) We omit its details here. However, let us explain the equality (131) by
an equivalent form. From definition, we have

Moy — va) A (ws() ~Ya(M) ¥p()
T don -1 -1 _ Al )
pre (M) \AT (Ya) A7 (W) —ATH(Ya) ¥a(0)

Then, from a straightforward calculation by using the definitions, we find

1

My = ’
n) = — L ATy

(132)
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1
Mir() — 133
12() )\71 eiA_](y()L)) _ wioe—A—l(z()»))’ ( )
1
Iy _ 134
21()‘) )LeA—l(y()L)) _ %eA_l(Z()L)y (139
1
Mxn() = (139

1 — 22 oA =z
wo

Hence, the equality (131) means new expressions for the entries of the basic matrix
resolvent R (A) explicitly in terms of y(A), z(A). Substituting the following expansions

Vo %v% + wo V1 %v% + wo

y0) = =2 = Fha— e 200 = o P

(136)

into (132)—(135), we find that the new expressions agree with (24). Combining
with (56), (57), we obtain

1
= D Qo " = A, 137
22 Az _ 220 137
" p=0
: - -1 -p—2 _.
Reh 00— meneon ~ 1T Z(:)A (Sp)AP7% = B. (138
r=

We therefore arrive at the following formulae:

Atooy — LIHA - atieey A A (139)
» B wo B

Let us proceed to the generating series of multi-point correlation functions. Define

A A (Y (w) — AN (Ya() Ye(w)
= — .

Dpre (A, 1) "

(140)

Using (131), Proposition 1, and a similar argument to the proof of Theorem 2, we
obtain

Qiy,....i (—DF! a
1ok _ ' .
) YRV EE I s (eI Yo [ DPweCriys 2nian)
i1,...0k=0 "1 Tk J=17PeA ) eS8 /Cr j=1
8
-2 (141)
(A1 —A2)
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For the reader’s convenience, we give the first few terms of the abstract pre-wave
functions ¥4 (A) and ¥ p(X) as follows:

2
— —2m
mvo muo mv% wo
—(1 - =
va < » T 222
1
_ m<m30 + vag — 3mvomv§ + 6m gy + 6Myu,
1
— My My — 6v,1w0) + O(F)) A" (142)
My + V0 m%o + "2 + 2vomyy + 2my, + 2v% + 2wo + 2w
ve=tt T T 222

1
+ 6?("’%0 + Oy Mgy, + 3mv0mvé + 2mv(3) + 6y, + My,

+ 3v0m12)O + 61)(%mv0 + 6wony, + 6wimy, + 3v0mv5 + 6Vpm

1
+ 6v3 + 12v0wo + 1200wy + 6 wl) + O(}\—4)) A e O, (143)

It turns out that the above abstract pre-wave functions form a pair. Namely, dpre (1) =

Aeh o), Interestingly, for given arbitrary initial value (f(n), g(n)), based on this
statement, one obtains a constructive method for a pair of wave functions associated
with (f(n), g(n)) (cf. (28) in Sect. 1.3 for the definition of a pair). This is important
considering Theorem 1. We hope to confirm the statement on the pair property of the
abstract pre-wave functions in another publication.
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