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Abstract

In this paper, the relations between three special forms of matrix integrals and their as-
sociated integrable differential-difference systems are considered. It turns out that these ma-
trix integrals with special § = 2 and 1,4 satisfy the differential-difference KP equation, the
two-dimensional Toda lattice, the semi-discrete Toda equation and their Pfaffianized systems,

respectively.
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1 Introduction

It is known that integrals of the form

N
/[H ﬂ(xk)] [ IT e —leﬁ] Ay g1 ---dey (1)
k=1 1<i<j<N
have played a crucial role in various branches of mathematics and physics (see, e.g. [1]-[4] and
references therein). One of interesting aspects in the research is to link integrals of the form (1)
with their associated differential equations. Over the past decade, many remarkable and excellent
results have been achieved towards clarifying close relations between integrals of the form (1) with
B = 1,2,4 and nonlinear integrable systems (see, e.g. [5]-[10]). An important step involved to

induce these integrable equations is to insert time-parameters into the integrals. In this paper, we



shall consider the following special cases of the matrix integral (1):

N

Z(ﬂ) (t1,t2,n) =N / / H 1+ )" H |z — x;]° exp[z n(x;, t)]dxy - - - dey,(2)

1<i<j<N i=1

N
Zj(vﬁ)(tlaslan)— / / HCU |i—l‘j|ﬂexpz (z4,t1,81)]dwy - - doy, (3)

1<z<]<N
Z](\?) (tlv n, k)

1 oo o N . 5 N
= ﬁ/ / Hmf‘(l—i—wz) H |z — aj] exp[Zﬁ(mi,tl)]dwlw-dacN, (4)
/0 0 =1 1<i<j<N i=1

where n(xut) = E’%’L:l T"m + 770(33)7 ﬁ(xuth 31) = xty — xilsl + ’ﬁo(%‘), 7_](1',151) = at + "7]0(33) and
no(x), No(x), 7o(x) are three suitable functions of x satisfying that

lim ( + z)len@h = g, Jim Len@t) — 0,
xr— —0Q

lim zle™@hs1) =, Jim zle?®hs1) = 0,

x—0 T—00
lim 2le™@1) =0, lim 2'e"®h) =0,
x—0 T—00

for any integer I.

The purpose of this paper is to show that the matrix integrals (2), (3) and (4) with § = 2 and
8 = 1,4 satisfy the so-called differential-difference KP equation, the two-dimensional Toda lattice
and the semi-discrete Toda lattice and their Pfaffianized coupled systems, respectively.

The paper is organized as follows. In section 2, we will show that the matrix integral (2) with
06 = 2 and B = 1,4 satisfy the so-called differential-difference KP equation and the Pfaffianized
coupled form, respectively. Section 3 is devoted to clarifying the relation between the matrix integral
(3) and its induced integrable systems. It is shown that the matrix integral (3) with § = 2 and
B = 1,4 satisfy the two-dimensional Toda lattice and its Pfaffianized coupled system. The similar
results will be established for the matrix integral (4) in section 4. It is found that the matrix
integral (4) with § = 2 and § = 1,4 satisfy the semi-discrete Toda lattice and its Pfaffianized

coupled system. Finally, summary and discussions are given in section 5.

2 Matrix integral (2) with § = 1,2,4 and the induced integrable

equations

In this section, we will show that the matrix integrals (2) with § = 2 and § = 1,4 satisfy the
so-called differential-difference KP equation and the Pfaffianized coupled form, respectively. We
first review some known results concerning the differential-difference KP equation. The so-called
differential-difference KP(DAKP) equation reads [11][12],

du(n) ou(n) du(n) 0*u(n)

A( Bty + 2 Bt — 2u(n) ot )=(24+A) o2 (5)

where A denotes the forward difference operator defined by Af(n) = f(n+1) — f(n) and the shift
operator E defined by Ef(n) = f(n + 1). The operators A and E are connected by A = F — 1.



By the dependent variable transformation u(n) = In(7(n + 1)/7(n)),, Eq.(5) is transformed into

the bilinear form:
Dy,
(Dt, + 2Dy, = Df,) exp(—)(n) - 7(n) =0, (6)

where the Hirota’s bilinear differential operator D;”DiC and the bilinear difference operator exp(§)D,,
are defined by [13]-[15]

| AN /0 9N\
DyDfa-b= (0= 30) (5 = 5) alwOM0O)lymyoms

oy By’ ot ot
exp(0Daln) - b(m) = exp [0 = )] ab(r) L= alr + B — ).

Tamizhmani et al [12] proved that the N-soliton solution to equation (6) takes the form of an N x N

Wronskian (Casorati) determinant

) Ain+1) e Al N=1)
oy = | ) B D) e N D
N fyn1) e Ay N =)

filn)  Afi(n) - ANTLfi(n)
fa(n)  Afa(n) - ANTIfy(n)

fn(n) Afn(n) - ANlfn(n)
where f;(n) = fj(t1,t2,n), (j=1,2,---,N), are the solutions of the following set of linear partial

differential-difference equations

afj(n) 9fi(n)

ot = Afj(n), o0, = A%fj(n), for j=1,2,---,N. (7)
n [16], we have derived the following Pfaffianized differential-difference KP equation:
2 DTL Dn N ~
(D¢, + 2Dy, — Dy,) exp(T)T(n) -7(n) = -2 exp(7)7(n) - T(n), (8)
D, D,
(i, 2Dy + DR exp(1) + Asinh() | 7(n) - 7(m) =0, (9)
Dn . n R
(D1, 2Dy — DRy exp(~ 1) + 4smh(2)} () - #(n) = 0. (10)

It has also been shown that 7(n),7(n) and 7(n) given by

7(n) = pf(1,2,-- -, N)y, (11)
7(n) = pf(1,2,-,N —1,N,N + 1, N +2),,, (12)
7(n) =pf(1,2,---, N = 2)y, (13)

with N even, is a solution to the system (8)-(10) if the elements in our Pfaffians are chosen to

satisfy

pf(4, J)n+1 = pf(4, 5)n + DE(E +1,5)n + (i, j + 1)n + pE(i + 1,5 + 1)n, (14)



o .. . . . .
aTlpf(m)n = pf(i + 1,5)n + PL(i, j + 1)n,
o .. . . . .
a2, P D) = PEi + 2, )0 + DI + 2)n. (16)
Through the dependent variable transfromation,
0 . 7(n+1) 7(n) 7(n)
= 71 —_— = —
the Pfaffianized DAKP system (8),(9) and (10) are transformed into the following coupled differential-
(17)

difference equations,
Alug, (n) + 2wy, (n) = 2u(n)uy, (n) + 2(v(n)w(n + 1))y, | = (2 + A)uge, (n),
(18)

v(n) [QUtl (n) + ug, (n) +u?(n) — 2u(n) + /t1 Ut, (n)dtl} —2u(n)ve, (n) + vy, (n) + 204, (n)

vy (n) + 2(0(n) — v(n +1)) = 0,
w(n+1) {QUtl (n) + ug, (n) + u?(n) + 2u(n) — / 1 U,y (n)dtl] +2u(n)wy, (n + 1) —wyy, (n+ 1)
(19)

+2wy, (n+1) —we,(n+ 1) + 2(w(n) —w(n+1)) =0,

where U(n) = %1117‘(71) and U(n+ 1) — U(n) = u(n).
In the following, we firstly show that the matrix integral (2) with 5 = 2 satisfies the differential-
(20)

difference KP equation (6). In fact, the matrix integral (2) with 5 = 2 can be rewritten as
Z‘:jzlv"NN '

Z](\?ZQ) (t1,t2,n) = det {/ (14 z)"z 2@ dy
—1

/ (14 z) 2" L@ dy,
~1

If we choose
fi(n) =
(21)

it is easy to verify that f;(n) given above satisfies
9fi(n) 9fi(n) 2
=A % 5 =A 7 )
o, fi(n) oty fi(n)

Therefore, Z](\é:Q)(tl,tg, n) is a solution of (6).
We now turn to establish the relation between the matrix integral (2) with 8 = 1,4 and the
Pfaffianized differential-difference KP system (8)-(10). In order to do so, we need the following

formulae due to de Bruijn [17]:

;'/ "/xlg..-gm det[gi(x)]i jm1, nda1 - - dy
=Pf [/ / sgn(y — x)@(;p)@(y)dmdy] L
(22)

=vt|[ [ (0@ow) - gwa@hdy| N even

i,j=1,--,N

]\1”/ . ./det[¢i(a?j),wi(:cj)]Z-:L...QNJZLM’Ndxl,,,de
=PJ [ / (i) (x) — @(w)%(x»dw] N . (23)
i,j=1,--2N



Similar to [10], we can rewrite Z]((,B:l)(tl, to,n) in terms of a Pfaffian [18][13] as

Z(ﬁ ) (t1,t2,m)
=Pt | [ [Ty Wk ) (L ) sl )+ )dyde| (20
ij=1, N
2070 (1. tam) =Pt | [ (0= a0+ 0 expl2n(e, ) . (25)
ij=1,-2N
It is easy to verify that pf(i, j), respectively defined by
(i = [ [T @ =y (1 @) (L )" explaa, )+ (g, Oldyda,

i = [ (= a1 + ) expl2n(a, 0)lds,
—1
satisfy (14)-(16). Therefore

T(ﬁ)(n) = Z](\/]'B)(tlat27n)7
7:(5)(71) = Z](\?il+51,g (tl, to, n),
#0m) =2 5, (t,ta,n)

with = 1,4, satisfy (8)-(10) where

s 1 p=1
Yo, B4L

3 Matrix integral (3) with 5 = 1,2,4 and the induced integrable

equations

Similar to section 2, we will establish the relation between the matrix integral (3) with = 1,2,4
and the two-dimensional Toda lattce and its Pfaffianized system. Fist of all, let us review some
known results. The so-called two-dimensional Toda lattice is

92

TV Inu(n) =u(n+1)+un—1) — 2u(n). (26)

By the dependent variable transformation u(n) = (In7,)s,s,, equation (26) can be transformed into
the following bilinear form
Dy, Dy, T - T = 2(eP" — 1)1, - 7. (27)

It is known that the two-dimensional Toda lattice (27) has the following solutions expressed by

Casorati determinant [13]:

$p1(n) ¢r(n+1) -+ $i(n+ N 1)
- ¢2Fn) ¢2(n.+ 1) P2(n +.N -1) 7 (28)
¢n(n) én(n+1) - on(n+N—1)



where ¢;(m) satisfies the following relations

20 — gutm+ 1), (29)
90im) _ _ 4 (m 1), (30)
881

In [19], we have considered the Pfaffianization of the two-dimensional Toda lattice (27). As a result,

the following Pfaffianized two-dimensional Toda lattice is derived:

Dy, Dy, frn - fo=2(P" = 1) fu - fr — 20nGn, (31)
1 1

Dtle_angn : fn =—-D;, eQDngn : fna (32)
i1p A

Dtle 3P "fngn = —Ds 62 " fn  On. (33)

By the dependent variable transformation

u(n) =1In fy, U(n) :gn/fm w(n) :gn/fna

we may transform the Pfaffianized two-dimensional Toda lattice (31)-(33) into

Uy () = €OV 20) 1 () (34)
oy (1) vy (4 1) + 00+ 1)y (04 1) = 5y (1)) = 0(n)(ury (n + 1) = r, (n)) = 0, (35)
way (n) - we, (n 1) + w(n -+ 1) (04 1) =y () = () (us, (04 1) = s, () = 0.(36)

It has also been shown that the Pfaffianized two-dimensional Toda lattice (31)-(33) has the following

Pfaffian solution:
fn:pf(17277N)n7 gn:pf(07177N7N+1)n7 gn:pf(27377N_27N_1)n7

where the Pfaffian entries are chosen to satisfy

0

5, PH D) = pf (41, )0+ PF(E G + Dn, (37)
A Di(i )0 = ~ili = 1.0 = pfli.j — (39)
PE(i, ot =PI+ 1,7+ 1) (39)

In the following, we firstly show that the matrix integral (3) with § = 2 satisfies the two-

dimensional Toda lattice (27). In fact, the matrix integral (3) with § = 2 can be rewritten as
o8} . . ~
Z](\?ZQ) (t1,51,n) = det [/ g I 20 t81) g . (40)
0 ZJ:l”N
If we choose ~
¢z(n) _ / l,n—i—i—leﬁ(z,tl,sl)dx’
0

it is easy to verify that ¢;(n) given above satisfies

0p; 0¢i ;




Therefore, Z}fig)(tl, s1,n) is a solution of (27).

We now turn to establish the relation between the matrix integral (3) with 5 = 1,4 and the
Pfaffianized two-dimensional Toda system (31)-(33). In order to do so, we need the formulae (22)-
(23) due to de Bruijn [17] again. Similar to [10], we can rewrite Z](\?:l)(tl, s1,n) and Z](\*,B:4) (t1,s1,n)

in terms of Pfaffians as

Z(ﬁ 1) (t1,s1,n)
> °° 1 i1 -1
=Pt | [T [Ty el ) + il s ldyds| L (42)
ivjzlv"'vN
(B=4) °°
Zy 'ty s1,n) =Pt {/ g B GXP[277(90,t1,51)]d$] ' (43)
ij=1,2N
It is easy to verify that pf(7, j), defined by
()= [ [ @ =y ey el 1) + (0t s0)ldyda,

b g = [ (1= )™ exp2i(a . s1)ldo,
0

respectively, satisfy (41). Therefore

fn )(tlysla )7
(B) Z](\I/?—3-1+51g(t1’81’n — 1)

) = Z}@l_éw(tl,sl,n +1)

with 8 = 1,4 , satisfy (31)-(33) where

s [ B=1
YTl p#£L

4 Matrix integral (4) with § = 1,2,4 and the induced integrable

equations

In this section, we will show that the matrix integral (4) with 8 = 1,2, 4 satisfy the semi-discrete
two-dimensional Toda equation and its Pfaffianized coupled system. Before going into the details,
let us recall some known results on these equations. The semi-discrete 2-dimensional Toda equation

is written as [20]

d e w e m
dTlogW_VnH LR Bk A A A (44)

Through the dependent variable transformation

L k+1) (k)
V(k) _ Tn+1l Tn—1
n (k+1) (k)

Tn Tn

equation (1) is transformed into the following bilinear equation

Dtlﬂsﬂl) . TT(Lk:) _ ékﬁl) 7(1@1 4 7_7(lk+1)7_7(lk) —0. (45)



It is known that the solution of the semi-discrete Toda equation can be written in the compact

form using the Casorati determinant

p1(k,n)  ¢1(k,n+1) - pi(k,n+ N —1)
) ¢2(l.<:,n) ¢2(k,?1+ 1) @(k,an -1 | (46)
gZ)N(k,n) ¢N(k,n+1) d)N(k,n‘FN*].)

where ¢;(k, m) satisfies the following relations

0pi(k, m) B
oty

Here A_; is the backwards difference operator defined by its action on functions of the discrete

A,kqﬁi(k,m) = d)z(k,m + 1), —(ﬁi(k,m — 1). (47)

variable
A—k¢l(kam) = ¢Z(k)m> - d)l(k - 17m)

A particular solution of (47) is obtained by choosing “exponential type” functions as

i(k,n) = epf (1= pi) "™ 4 digl' (1 — ;) Fe™ ", (48)
where pj,qj,¢;,dj(j =1,---,N) are arbitrary constants.
In [21], we have found the following Pfaffinized coupled semi-discrete Toda equation in bilinear
form
Dy - n D = 5V 4 Pl 4 005 <o, (49)
Dyri - 65" + 705, ” ) D50 o, (50)
Dtlaﬁlk) . 7'7(Lk_711) + 7'(k_ 1) ( ) + 7'( l)aﬁbk_)l — TT(Lk)aﬁLk:ll) =0. (51)

and shown that nﬁk), U%k) and 07(1 ) given by

n

are a solution of (49)-(51) if the entries in our Pfaffian are chosen to satisfy

A_ypf(i, )P = pf(i + 1, /)P + pf(d, 5 + 1)E — pf(i + 1,5 + 1)), (52)
0 . .

o, PG NP = —pfi —1,5)F — pt(, j — )P, (53)

pt(i, )®) | = pti + 1,5+ 1), (54)

By the dependent variable transformation

W) =tur®, o) = o0, ) = o0 i)

n

we may transform the Pfaffianized semi-discrete Toda lattice (16)-(18) into

_ (k) (k=1) (k—l) (k)
A e (55)
k k k—1 k (k) (k=1) _ (k) _ (k 1)
vy + 0w, — oFul) = oD 4 o) 4ol el ) =0, (56)
k—1 k k—1 k—1 k—1
wn—121—u7(121w7(1 1)+ 7(1 1)%(1 121
) — * kDl a5 (57)



In the following, we firstly show that the matrix integral (4) with § = 2 satisfies the semi-discrete
Toda equation (47). In fact, the matrix integral (4) with 3 = 2 can be rewritten as
Z](\?:m (t1,n, k) = det [/Oo(l + x)km””H*Qeﬁ(z’tl)d:c . (58)
0 ij=1,--,N
If we choose -
¢i(k,n) = /O (14 2)f et dg,

it is easy to verify that ¢;(k,n) given above satisfies

%ia(f’n) = A¢i(k,n), A_gpi(k,n)=¢i(k,n+1), for i=1,2,---, N. (59)
1

Therefore, Z}fig)(tl, to,n) is a solution of (45).

We now turn to establish the relation between the matrix integral (2) with 8 = 1,4 and the
Pfaffianized semi-discrete Toda system (49)-(51). In order to do so, we need the formulae due to
de Bruijn [17] again. Similar to [10], we can rewrite Z](\?:l)(tl, n, k) and ZJ(\?Zl)(tl, n, k) in terms of
Pfaffians as

Z](\/?Zl)(tla n, k)

= Pf { / / (@l Iy TN (1 4 2)P (1 )R explii(e, 1) + 7y, t)]dyda (60)
0 T i,j=1,+ N
28D (1 m, k) = Pt [ / (i — ) 3(1 + 2)%22" exp[27(z, t1)]dx . (61)
0 ij=1,2N

It is easy to verify that pf(7, j), defined by

i) = [ [T @yt -y (1) (1) expli(e. ) + (s t)ldyda,

P = [ = a1+ )M expl2ia, ),
respectively, satisfy (52)-(54). Therefore
O n,k,ty) = 20 (t1,n, k),
o ® (0, k, 1) = Z}flmw(tl,n —1,k),
50 (n, k,ty) = Z}Vﬁll_éw (ty,n+1,k)

with 8 = 1,4, satisfy (49)-(51).

5 Conclusion and discussions

In this paper, we have clarified the relations between the matrix integrals (2)-(4) with 5 = 1,2,4
and their associated integrable differential-difference systems. It has been shown that these ma-
trix integrals with special 8 = 2 and 1,4 satisfy the differential-difference KP equation, the two-
dimensional Toda lattice, the semi-discrete Toda equation and their Pfaffianized systems, respec-
tively. Finally, It is remaked that if we replace n(z,t),7(x,t1, s1) and 7j(z, t1) in (2)-(4) by n(x,t) =

2+ m0(2), (s 5) = D5y (0 + (—2) 5 m) + (@), (@, 1) = 55y 2 + 7o (),
it seems possible to link the corresponding matrix integrals with 8§ = 2 and 1,4 with higher-order
members of the hierarchies of the differential-difference KP, the two-dimensional Toda lattice, the

semi-discrete Toda equation and their Pfaffianized systems. We hope that it will be solved.
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