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Abstract

The discrete-time rational Calogero’s goldfish system is obtained from the Ansatz
Lax pair. The discrete-time Lagrangians of the system possess the discrete-time
1-form structure as those in the discrete-time Calogero-Moser system and discrete-
time Ruijsenaars-Schneider system. Performing two steps of continuum limits, we
obtain Lagrangian hierarchy for the system. Expectingly, the continuous-time La-
grange 1-form structure of the system holds. Furthermore, the connection to the
lattice KP systems is also established.

1 Introduction

The multi-dimensional consistency plays a very important role for the notion on
integrability of the discrete systems. In the nutshell, for any D-dimensional discrete
system, we find that the system in higher dimensions (spaces and times) can be
compatibly constructed from the subsystems in lower dimensions (spaces and times).
The number of dimensions D can be set to be infinity which in this case we could
have an infinite set of compatible subsystems.

According to the least action principle in classical mechanics, the action of the
system is stationary for the classical path on space constituted from dependent vari-
able(s) and independent variable(s). Then we may ask what is the analogue for the
least action principle for the systems satisfying the multi-dimensional consistency.
Imagine that not only we consider the path in the subspace constituted from depen-
dent variable(s) and independent variable(s), but also the subspace of independent
variable(s). Recently, there has been a theory, called the Lagrangian multiform
theory, initiated by Sarah Lobb and Frank Nijhoff [I], 2 3], which tried to address
the above question, explicitly for the case D =2 [I 2] and D = 3 [3]. The key idea



of this theory is that the action of the systems is invariant under the variation on
the independent variables resulting in the feature relation called the closure relation
which can be considered to be representation of the multi-dimensional consistency
in Lagrangians aspect. For the case D = 1, the concrete model called the rational
Calogero-Moser system which is the many-body system in one dimension with a
long range interaction [4, [5], was studied in both discrete time and continuous time
[6]. In this case, the Lagrangians satisfy the 1-form structure. Then soon after
the rational Ruijsenaars-Schneider system (considered to be relativistic version of
the Calogero-Moser system) was also studied in the full detail of its Lagrangian
structure[7]. In the case of one dimensional many-body system with nearest neigh-
bour interaction called the Toda-typed system was also studied in the discrete level
[8, @].

In this paper, we consider the system called the rational Calogero’s goldfish
[10] system in order to complete the big picture of the Lagrangian 1-form theory
for the integrable one-dimensional many-body systems with long range interaction.
Interestingly, the Calogero’s goldfish system can be reduced from the Ruijsenaars-
Schneider system by setting the relativistic parameter to be infinity (for relativistic
parameter approaches to zero the system will go to the Calogero-Moser system).
The organisation of the paper is the following. In section [2, the full details at the
level of discrete-time of the system will be carried out. The variation of discete-
time action constituted from the discrete curves will be computed resulting in the
discrete-time Euler-Lagrange as well as the closure relation. In section [3| the first
continuum limit called the skew limit will be computed leaving the system in semi-
discrete level. In section |4} the second continuum limit will be performed to get rid
of the remaining discrete variable resulting in the system in fully continuous level.
In section |5, the connection to the lattice KP systems is established through the
structure of the exact solution of the system. In the last section 6, the summary of
the paper will be given.

2 The discrete-time Goldfish system and com-
muting flows

In this section, we will construct the discrete time Calogero’s goldfish system. We
first consider the system of linear equations

L = (o, (2.1a)
M. = &, (2.1b)
Nyop = 437 (2'1C)

where ¢ = ¢(n,m) is a vector function, ¢ is an eigenvalue. Here the variables (n, m)
are the discrete-time variables such that ¢ = ¢(n + 1,m) and ¢ = ¢(n,m + 1).



For the rational case, we take the L., M, and N, in the forms

hhT
L, = T+L07
hhT
PSS T_'_MO’
hhT
Nli == 7+N07
and
N
Ly = Y hihjEy,
ij=1
N~
h;h
My = » ——Fy,
ig=1 T
N o~
hih
Ny, = Z@\_;EJ

(2.1d)
(2.1e)

(2.1f)

(2.1h)

(2.1i)

The x; is the position of the i** particle and N is the number of particles in the
system. The h; = h;(n, m) are auxiliary variables. Again we define the notions (will
be used throughout the text): x; = z;(n,m) and

Forward shift in tilde direction :
Backward shift in tilde direction :

Forward shift in hat direction :

Backward shift in hat direction :

and the variable  is the additional spectral parameter. The E;;

with entries (Ez'j)kl = 5ik5jl-

xi(n+1,m)

xi(n—1,m)

xzi(n,m+1)

zi(n,m —1)

is the matrices

Next we will look at the compatibility of the system of equations ({2.1)).

First discrete flow: The compatibility between (2.1a) and (2.1b]) gives

L.M, =

Considering the coefficient of 1/x2, we have

M, L,

(on)(om) - {

hhT

N N
SR
j=1 j=1

and the coefficient of the 1/x provides

Lohh™ + hh' Mo = MohhT + hhT L, .

—+ M0> <hZT + L0> . (2.2a)

(2.2b)

(2.2¢)



For the rest of (2.2al), we obtain
LoM, = MyLyg . (2.2d)
The equations (2.2c) and (2.2d)) produce the identical set of equations

N 72 N 2
h= h=
— =) 1 2.2¢
ﬂfj—.’El Z;l‘i—l‘j ( )

for all 4,5 = 1,2,...,N. Since both sides of (2.2¢) depend on different external
indices, we can write a coupled system of equations:

o2 = —p v, (2.2f)
= l’j — X
Z ~ ! - = P 7VZ ) (22g)
= T — T

where p = p(n) is independent of particles’ indices, but can still be a function of
discrete-time variable n.

In order to determine the function h;, we use the Lagrange interpolation formula.
Consider 2N noncoinciding complex numbers x and ¥y, where k = 1,2, ..., N. Then
the following formula holds true:

(-2 _ Yoo [T, (e — ) 5 o
o (=) i ; (€= 9) Ty jn ok — ) 220

As a consequence

N N
_122 1 Hj:l(yk_xj) i—1 N (2.21)
. N Y AR ? M
k=1 (i = yr) IT2e ek (e — 95)
which is obtained by inserting £ = z; into Eq. (2.2h)).
Using ([2.2i)), we obtain
1Y (x5 — @) :
W= pE (2.2))
Hj;éi(l“j — ;)
N ~. J— .
W2 = i@ =) (2.2K)

[T — @)

for j =1,2,..., N. Equating (2.2j) with (2.2kl), we obtain the system of equations

~ N
(i—x) -1 w . (2.21)

_Pp
p(z; — ;)

For simplicity, we take p to be constant and then ([2.21) is simply the discrete-time
equations of motion for the Calogero’s goldfish system in the tilde-direction, see [11].
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Second discrete flow: We consider the compatibility between (2.1al) and (2.1b)

L.N, = N.L,

Wt hhT hhT hihT
( + L()) ( + No) = ( + N()) < + L0> . (2.3&)
K K K K

What we obtain are the relation

SRy, 2at)
j=1 j=1
and the set of equations
N 72 N 2
hz h:
Zf._]xl:Zg_Jx.’ (2.3¢)
j=1"7 j=1""

N Ez
Za—]xl = —q, VI, (2.3d)
j=1""
N 2

h‘] . .
> = = —q, Vi, (2.3¢)
=1

but with different parameter ¢ = ¢(m). Using the Lagrange interpolation formula,
we get

N ~
1\ T5 — X4
hi = —Hggl( i = %) : (2.3f)
Hj;éi(xj - T;)
N ~
~ - \T5 — X5
T G ) (2.3g)

N o~ PUNEE)
Hj;éi(xj — Ti)

fori=1,2,..., N, and a set of equations

q(zi—z) 7 (@ — 7))

— I X o 1 2.3h

9 (z; — i) Em—%) (2:3h)
e

We also take ¢ to be constant and then (2.3hl) is again the discrete-time equations
of motion for the Calogero’s goldfish system in the hat-direction.

Commutativity between flows: The last compatibility is between (2.1b)) and
(2.1c]).

o~

M.N,. = N.M,

WRT —\ (T W\ (T
T+M0 <,{+N0> = T+NO <H+MO> . (24&)



Equation ([2.4a)) gives the relation
N

N
PIEDIE (2.4D)
j=1

Jj=1

which can be considered as the consequence of the first two relations on the variable
h;. Furthermore, we have

%/HTN() — ETLTM() = NofflhT — ﬁoﬁhT y (2.4(3)
MoN, = NoM,,
which produce a set of equations

N ~ ~ N ~ ~
hs hz h? h?
1 - = — - . 2.4
Z<~ = ~> Z<$j—$l fj—$z> (24e)

j=1 \%i = %5 i Lj j=1

Again this equation is noting but the consequence of equations (2.2) , (2.2K), (2-3f)
and (23g).

Equating (2.2j) with (2.3f) and (2.2k) with (2.3g), we obtain

q i (@i =)
q i (@i —2)

Using equations of motion (2.2l) and (2.3h|), we have another two relations

p A )

_Pr _ Li = Ty

p ]1;[1 =z (2.4h)
p o1 (2 — x))

_P _ i = Z5) i
q 1_‘[(33'@—5]) (24)

<
Il
—

These equations can be treated as constraints describing how two discrete flows
connect at the centre of the lattice as shown in figure 1} Equating between ([2.4f])

and (2.4g) as well as (2.4h) and (2.4i)) give equation of motion for discrete-time

Calogero’s goldfish
N

jHl(ﬂfz—gj) _jHl(:ci—%)’ (2.5)

which expresses the compatibility with the set of OAEs.

FExact solution: We first start to consider the solution for the tilde-direction.
The matrices My and Ly can be rewritten in the form

XM, — MyX =hh", (2.6a)
Lo = hh', (2.6b)



ex(n,m+1)

x(n—1,m) x(n+1,m)

x(n,m)

®x(n,m—1)

Figure 1: The lattice structure is constituted from two discrete flows: (n,m). The horizontal
and vertical lines are described by the equations of motion for tilde-direction and hat-direction,
respectively. The constraints describe the relation between two discrete flows at four corners
around the centre.

where X = ZZJ\L 1 i Ey; is the diagonal matrix. From the Lax equation (2.2c) and
(2.2d), we obtain the relations

ioMo = MoLo, (27&)
Loh — Moh = —ph, (2.7b)

WLy —hTM, = —ph?
0 o = —ph . (2.7¢)

We now factorise the Lax matrices as follows:
Ly=UAU', and M,=UU"", (2.8)

where U is an invertible N x N matrix and the matrix A is constant: A = A.
Obviously, if Ly is diagonalisable A is just its diagonal matrix of eigenvalues. Next,
let us introduce

Y=U'XU, r=U"'-h, s"=n"U, (2.9)
and we get from ([2.7)) and ([2.8)),
(pI+A)-F=r, s’ (pI+A)=3", (2.10)

where I is the unit matrix. From (2.6a)
Y-Y = 7sT. (2.11)
The dyadic s’ can be eliminated from (2.11]) by making use of (2.10]) resulting to

- A
Y=Y+oray (2.12)

After n discrete steps, we find that

nA

Y(n,m) = Y(O,m) + m 5

(2.13)



Automatically, we find that the solution in the hat-direction is

mA
Y =Y — . 2.14
Combining (2.13) and (2.14)), we obtain the complete solution of the system
nA mA
Y (n,m) = Y (0,0) + n , 2.15
(m) =Y 00+ Ayt ar+ A (2.15)

where z;(n,m) can be determined by considering the eigenvalues of the matrix
Y (n,m).

Discrete actions: We find that the equations of motion in the tilde-direction
(horizontal discrete curve in figure |1)) are the consequence of variation of the dis-
crete action

Sg = .,Zﬂ(p)(:c,:i)+.,2”(p)(m,:y), (2.16a)
yielding
a"g(p) %
_ ) _ 2.1
65y =0 = 7, s =0 (2.16b)
where

N N

p = Z (z; — ;) In(z; — ;) + In|p| Z(azz —Z;) . (2.16¢)
i,j=1 i=1

Equation ([2.16b)) gives the discrete-time equations of motion in the tilde-direction

equation (2.2l). In the hat-direction (vertical discrete curve in figure 1)), we also

have the equations of motion which are the consequence of variation of the discrete

action

Sy = Lylz,x)+ Ly (z, ), (2.16d)
yeilding
5Sy =0 = 8;?%?)+3§(5>:o, (2.16¢)
where
N N
Lo = Y (wi—T)In(x; —3;) +Inlg] Y (x; — ) . (2.16f)
ij=1 i=1

Equation :2.166) gives the discrete-time equations of motion in the tilde-direction
equation (2.3h)). Furthermore, we also have another four discrete actions corre-
sponding to two different discrete curves connecting at the centre as shown in figure

Bla)

Sc1 = Lp(@,x)+ Ly(x, ), (2.16g)
Sca = Ly (z, )+ Ly (x, ) , (2.16h)
Ses = Lp(w.w) + Lp(wz). (2160
Sei = Lip(@.a) + Ly (e.2) (2.163)
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Figure 2: (a) Discrete actions around the centre of the lattice. (b) The deformation of the
discrete curve on the space of the independent variables.

The variation on these four actions yields nothing but the constraint equations.

Another important feature for this discrete Lagrangians is the closure relation
g(p)(az, x) — g(p)(:c, x) — g(q) (z, %) + &q) (x, i) =0, (2.16k)
which is the direct result of variation of the discrete curve on the space of indepen-
dent variables (n,m), see also [6l [7]. The validity of (2.16kl)) can be shown with the
help of equations of motion (2.2l) and (2.3h)). The closure relation ensures that the

action of the system is invariant under the local deformation of the discrete curve,
see figure [2{(b)

Remark: From the Lagrangians (2.16c) and (2.16f), we define the momentum

variables
p; = axl Zln )+ 1+1Inip|, (2.17)
3-%)
=~ Zln )+ 1+1n]ql, (2.18)

corresponding to the tilde-direction and the hat-direction, respectively. Using the
above relations, we can write (2.2j) in the form
epk_l
[ (2.19)
Hj;élc(xk - ;)

and (2.3f)) in the form

5 eﬂ'kf].
hf=—=———. (2.20)
g Hj;ﬁk(xk - ;)
The Hamiltonian of the system is given by
N
H =TeLo =Y _hj . (2.21)

k=1



Then equations ([2.2b) and are

N N B N

dNohi=>h = A=, (2.22)
k=1 k=1

N N .

Song=3"m — #=2x, (2.23)
k=1 k=1

N _ N R N .

dNohp=>h = A= (2.24)

B
Il
—
B
Il

1

Equations (2.22)) and ([2.23]) represent the energy conservation law under the tilde-
direction and the hat-direction since both discrete time flows share the same L
matrix. Equation (2.24)) can be treated as the discrete analogue of the commuting
flows.

3 The partial-continuum limit

In this section, we consider the continuum limit of the discrete-time Calogero’s
goldfish system which had been investigated in the previous section. Since there are
two discrete-time variables (n, m), we may perform directly continuum limit of each
of these variables resulting the usual continuous-time Calogero’s goldfish system
[11]. We now work with another type of continuum limit namely the skew limit. In
order to proceed to this limit, we introduce a new discrete-time variable N =n+m
and with this new variable we have a set of transformations on the variables such
that

z(n,m) — x(N,m)=
T=xz(n+1,m) — x(N+1, m)
T=xz(n,m+1) — x(N+1, m+1) />_Z,

%zx(n—l—l,m—{—l) = x(N+2,m+1)= ‘X

We also introduce € = p — ¢ and em = 7 and then send n - —o0, m — o0, € — 0
while keeping N and 7 fixed.

We first consider the skew limit on the exact solution given in ([2.15). We can
rewrite the solution in terms of the new variables

NA meA
Y(n,m)— Y(N,m) = Y(0,0)+ n (31
NA TA
lim Y (N Y (N = Y (0,0 3.2

The shift on the position of particles in the hat-direction becomes

x(N+1,m+1)
x(N—1,m —1)

Y X
I



and the expansions with respect to ¢ lead to

- e2 0%x
x=x(N+1,7+¢) — x+58—+282+ (3.3)
ox  £20%k

The positions of the particles x(N, 7) can be computed by considering the eigenval-

ues of (3.2]) [16].

Equations of motion and constraints: The equations of motion (2.3h) in terms
of new variables (N, 7) are given by

N
> (nE —x)-In(xi—x;)) = 0. (3.5a)
=1

Expanding the variable x with respect to the variable € and collecting terms in
power of ¢, we find

N
0(e%) Z —In(x; —x;)) =0, (3.5b)

o). i [8}9 (Xj i}{) - f‘;;j (Xixﬂ ~0. (350

=1 J

.
—_

.

We terminate the series at O(e!), but the higher order terms can be directly ob-
tained by continuing the expansion. What we see from the result is that the
equations of motion of Calogero’s goldfish system in terms of the new discrete-time
variable N. The is the equations of motion of Calogero’s goldfish system in
terms of the continuous variable 7.

Next, we perform the limit on the constraints and collect the first dominant terms

1 O, 1
Loy (X._X) , (3.5d)
p j=1 7 7
N
1 0x; 1
- = ZaTJ<X'—X~> . (3.5€)
p j=1 =)

The combination of (3.5d)) with (3.5¢) gives directly the equations of motion (3.5¢]).

The Lagrangians and closure relation: We start in this section to write La-
grangian (2.16f)) in terms of the variables (N, m)

N N
Loy = Y (a—X) Il =) +Inlp—el Y (i —%).  (3.6a)

Then, we expand with respect to the variable € resulting to

1
L= L)+ L0+ (3.6b)
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where

Loy = Z x; — Xj) In(x; — X; —I—ln|p|2 Xi — Xi) (3.6¢)

N
B ox; 1 _
Lg,lr)) = z_: a—] +In(x; — %;)) — In |p| Z 5 *Z(Xi —%;) . (3.6d)

These Lagrangians gives the equations of motion (3.5b|) and (3.5¢). This can be
seen by substituting the Lagrangians in the following FEuler-Lagrange equations

0L (n) N 0L (n)

v % 0, (3.6e)
aﬁ(l) 85(1) 8£(1)
@, @ 470 (3.66)

Ox Ox dr \ o (g—i)

Furthermore, the constraints (3.5d) and (3.5€) are the result of Euler-Lagrange of
(1)

Lagrangian L(T) with respect to the variable X

0Lt oL
5 a9 | " 0. (3.6g)

Next, we perform the continuum limit on the closure relation and collect for the
first two dominant terms in power of €

oLN
O(El) . (N) L(l) L(l)

- 0~ L0 (3.6h)

The equation (3.6h|) represents the closure relation between the discrete Lagrangian

LNy and continuous Lagrangian L(i). This relation guarantees the invariance of

the action on the space of independent variables mixing between discrete variable
N and continuous variable 7.

4 The full continuum limit

In this section, we perform the remaining task in order to complete the continuum
limit. We set out with the expansion of (3.2)) with respect to the variable p

Y(N,7) — Y(0,0)+ N'/; (1 - j]: + (2)2 — (’;)3+ )

1 2A  3A?

and then we collect terms in power of A

Y(N,7) — Y(t1,to,t3,....tx) = Y(0,0) + Aty + A%ty + A3t + ...+ ANty |
(4.2)
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T N 2T N Na1 [ NT N
he loN o N = +< +>. 13
HESE 0" () - G

The position of the ith particle X;(t1,t2,...,tx) can be determined by looking for
the eigenvalues of (4.2)).

With these new continuous variables, we find that

8xi . 8XZ 8t1 8XZ 8t2 8XZ 8t3 8XZ 8tN
9r Ot or Oty or otz or 7 Oty or
_ loXi 20X 30X (-D)NHIN 0X, (4.4)
 opP ot pPot, ptots pNtL o Oty '
and
xi((N£1) = ei%:wg@ipg’gtsqtp“g%ini

10X; 1 [(10%X; 0X; 1 103X, 0°X; . 0X;
= X, +- — === —(x= - +
p a751 * <2 875% i Oto ) p3 ( 6 6#? Ot10to at4>
1 /0X; 183X, 10°X; 0%X; 5
— = = 01 ) 4.5
(atg T oor0n, (208 onat) (1/p%) (4.5)

Later in this section, we restrict to the case of the first two time variables for the
sake of simplicity.

Equations of motion: Performing the expansion in (3.5b)), we find

N
0X;0X; 1
0(1/p) : W L2 Z o on %X =0, (4.6)
N
0X; 0X; 1
1/p?) : =) =0. 4.
O1/p) 8t18t2 _Z o Oty Xi—X; OV (4.7)

Eq. is just the usual equations of motion for the Calogero’s goldfish system.
Eq. can be considered to be the equations of motion of the system next in the
hierarchy. The rest of equations of motion in the hierarchy can be determined by
just pushing further on the expansion.

Lagrangians: We immediately observe that the Lagrangians corresponding the
equations of motion and . are

B 8X GXJ
Liy = ; 8t1 8t1 o, In|X; — Xj|, (4.8)
N
0X;, |0X; 10X; BXJ
_ _ 4.
L) ; (8752 ’ ot | 2 at2> < oty X=Xl (@9)
with the Euler-Lagrnge equations
8L(t1) 0 ( 8L(t1) )
S L) =o0, (4.10)
0X; o\ 9(5H)
8L(t2) 0 8L(t2)
- =0. 4.11
to



Alternatively, Lagrangians (4.8) and (4.9) can be obtained by performing the full
continuum limit on the action as in the case of Calogero-Moser system and Ruijsenaars-
Schneider system, see [0l [7]. Furthermore, we find that the closure relation for these

tq
A

(t1(s1),t2(s1))

> 12

Figure 3: The deformation of the continuous curve on the space of the independent variables
(t1(s),t2(s)), where s is the time paramentised variable: sy < s < s;. The invariance of the
action comes from the fact that 65 = S’ — S = 0, resulting in the closure relation.

two Lagrangians reads
6L(t2) o 8L(t1)

= 4.12
8151 8t2 ( )
Again, this relation guarantees the invariance of the action
S :/ (L(tl)dtl + L(tQ)dtg) , (4.13)
Tr

under local deformation of the curve I' on the space of the independent variables

(t1,t2), see figure

Remark: We find that the Lagrangians L) and L(,) have the same momen-
tum variable
i

N
| Tt Y In(X; - X;), (4.14)

=L
which can also be derived from the continuum limits of (2.18])

mzln‘

N
T = Zln(:vj —Z;)+1+1In|q,
j=1

.. N
skew limit T = Z In(x; —%X;) + 1+ In|p|,
j=1

7

full limit
—_
oty

N
+ 1+ Z IH(XZ'—X]') .
J=Lj#

m; = In

Here only the dominant terms are considered.
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Using (4.14)), we find that

0X; emi—l
h == : (4.15)
ot Hj;éi(Xi - Xj)

and the Ly becomes

0X; 0X;
Ly = Z hihjEij = Z o at]E”’ (4.16)
3,j=1 1j=1
and
7rL—1
RN N R

which is the first Hamiltonian in the hierarchy. The connection to the Lagrangian
L,y can be seen from Legendre transformation

N N
L(tl) = E Wlaitl — H(tl) = E (ﬂ'z — 1) 8t1
i=1 =1
N N
0X; , |0X; 0X,;
- LimX; — X,
= ot n‘atl +Z oty | i

with the help of (4.14]).

Unfortunately, the Lax matrix Ly has to be treated as a fake Lax matriz since
it produces only the first conserved quantity of motion [I0]. To obtain the rest
of the Hamiltonians, we need another method [I1]. Let us consider the second
Hamiltonian given by

N 7TL_1 N
Hy) Z 11 X;) Z X
X J=Lj#i
and N
X, OH mi—l
% - a(tz) _ eX = > ox;. (4.18)
ta Mo ILu(Xi—-X5) 4=,
Performing the Legendre transformation
N
0X;
L) = Zﬁz — Hyy =) (mi—1) at;
=1
8X 8X]
= In|X; — X;
6t2 8751 < ot n| E

which is the second Lagrangian (up to the total derivative term).
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5 The connection to the lattice KP systems

In [6], the discrete-time Calogero-Moser system was naturally obtained by looking
at the pole-solution of the semi-discrete KP equation. In contrast, the discrete-time
Ruijsenaars-Schneider system was constructed from Ansatz Lax pair. However, in
[7], the connect between the Ruijseenaars-Schneider system and the lattice KP sys-
tems was established. In the same fashion with the Ruijseenaars-Schneider system,
we start to derive the discrete-time Calogero’s goldfish from the Ansatz Lax pair.
In this section, we will investigate the connection between the lattice KP systems
and the Calogero’s goldfish.

We start to consider the 7-function as its characteristic polynomial:
T(§) =det(§I-Y), (5.1)

Y =Y (n,m,h), given in (2.14), is the function of three discrete variables and there
are the relations

Y-Y = 7T, (5.2a)
Y-Y = 7s’, (5.2b)
Y-Y = 7s", (5.2¢)

where r and s are the functions of discrete variables via the following shift relations

(see [2-10)):

(pI+A)-7=7, sT-(pI+A)=3", (5.3a)
(I+A) - 7=7r, sT-(qgI+A)=3", (5.3b)
(rI+A)-F=r, s’ -(rI+A)=3". (5.3¢)

To derive the lattice KP equations, we first perform the computation

7€) = det(¢ Y —7sT),
= det(((-Y)1-7Ts"(E-Y)),
= 7O -s"¢-Y)F),

then we have

N

TR EAGE (5.4
in which the function v, is given by
va(€) =1 sT(€ —¥) M a+A)'r (5.5)

for a general parameter a.

The reverse relation of Eq. (5.4)) can be obtained by a similar computation:

() = det(¢ Y +7sT),
= det((€-Y)(1+7s"(€=Y) ),
7O +sTEe-Y) ),
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then we have

7(§)

o) wp(§) (5.6)
in which the function w,, is given by
wa(€) =148 (a+A)H(E-Y) (5.7)

for a general parameter a.

From ) and ., we have the relation

) _ - 1

Ao Y@
The same types of the relations for the other discrete directions can be obtained
through the same computation

(5.8)

;Eg =wy(¢) = Vql(g) : (5.9a)
:8 =w,(§) = Vrl(g) : (5.9b)
We now introduce the N-component vectors
u(§) = (E-Y) " (a+A)"r, (5.10a)
() = sTb+A)NE-Y) (5.10b)

as well as the scalar variables
Sup(6) =sT(b+A)He-Y) Ha+A)"lr. (5.10¢)
Equation ({5.10a)) can be written in the form of

ua(§) = (p—a)ua(§) + val§)uo(§) , (5.11)
with uo(€) = (€ — Y) "7, and equation can also be rewritten as

fuy(€) = (p — b) "up () + Wi (€) “uo(€) (5.12)
with fug(¢) = sT (€ -Y)!

Another type of relation can be obtained by multiply 37 (b+ A)~! on the left hand
side of ([5.11]). We have

FO+A)  ua§) = (p-a)F (b+A) ()
+va(§)5 (b + A) Mo (€)
ST+ A0+ M) ua(§) = (0~ a)Sa(€) +Va(©)Wr(€)
Va©Wo(€) = 14 (p—)Sw() — (p—a)Sw(§) . (5.13)
Immediately, the other equations in other discrete-time directions are

Va(©Wp(€) = 1+ (q—b)Sa(E) — (¢ — )Sap(©) , (5.14a)
W(€) = 14 (r—b)Sw(€) — (r —a)Su(£) . (5.14b)

<
s
~
s
o
W)
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Using the identity

b(f)va(g) (515)

(5.16)

which is a three-dimensional lattice equation which first appeared in [12], or the
Schwarzian lattice KP equation [13].

We now multiply 37 on the left hand side of (5.11) leading to

Fua(§) = (p—a)s" (&) + va(§)3 uo(§)
sST(p+Aua(§) = (p—a)(l—Va(§)) + va(§)5 wo(€) . (5.17)
Introducing
u@) =s"(E-Y)"r, (5.18)

Equation (5.17)) can be written in the form

(p+a(€)Val) = (p — a)Va(§) = a + sT Aua(€) . (5.19)

Another two relations related to the other discrete directions can be automatically
obtained

(@ +T(E)va(€) — (g —a)¥a(§) = a+sTAu,(€), (5.20a)
(r+u()va(§) = (r —a)Va(§) = a+ s Aug(€). (5.20b)

Eliminating the term s” Au,(€), we can derive the relations

(p—q+ul§) —ul@)val§) = (p—a)Val§) —(@—a)Va(§), (5.21a)
(p—r+a) —u@))va§) = (p—a)Val§) —(r—a)va(§),  (5.21b)
(r—q+u(§) —ul€))va(§) = (r—a)va(§) —(¢—a)va(§) .  (5:21c)
We now set p = a then and become
p—q+u(§) —u(f) (q p)vp(g) : (5.22a)
—r+u — U = —(r— Vp(f)
por @) e = 0 —p) M (5.220)
The combination of (5.22a)) and (5.22b)) gives
p—q+u() —u) p—q+ul§-ue
p—r+u§) —u)  p—r+a()—ul)’ (529)
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which is the “lattice KP equation” [12], cf. also [14].

From the definition of the function v, (§) in (5.4), (5.22a) and ([5.22b)) can be written

in terms of the 7-function

_ WE -7 — 7(&) 7(§) a
p—q+u(§) —u) (¢ p)f@ ) (5.24a)
) — () = () ) TE)
p—r+u(§) —u() ( p)?—(g) =68 (5.24b)

From (.21c)), if we set = a we also have
P g T —E) = (- ) e 1) (5.25)

The combination of (5.24a)) (5.24b) (5.25) yields
(p— OF(OT(E) + (r = P)TOFE) + (r —F(©FE) =0,  (5.26)

which is the bilinear lattice KP equation, (originally coined DAGTE, cf. [15]).

We managed to establish the connection between the Calogero’s goldfish system
and the lattice KP systems. This completes the picture of the connection between
discrete integrable one dimensional many-body systems, namely Calogero-Moser
system, Ruijsenaars-Schneider system and Calogero’s goldfish system, with the lat-
tice KP systems.

6 Summary

Another concrete example for the Lagrangian 1-form was studied through the ra-
tional Calogero’s goldfish system in full detail. In this example, at the discrete-time
level, the system was obtained from the Ansatz Lax pair, rather through the pole-
reduction process of the KP system in discrete-time Calogero-Moser system, like
those for the case of discrete-time Ruijsenaars-Schneider system leading to a sys-
tem of discrete-time Calogero’s goldfish systems associated with different discrete
variables. The compatibility between these two discrete direction provided the con-
straints telling how the system moves from one discrete variable to another discrete
variable. The variation of the discrete action with respect to discrete-time variable
resulting the closure relation which guarantees the unchanged value of the action
under local deformation of the discrete curve on the space of discrete-time variables.
Then the continuum limits had been applied to the system, namely the skew limit
and the full continuum limit, in order to generate the Lagrangian hierarchy of the
system. Intriguingly, these Lagrangians are the function of many-time variables (the
number of time variables is up to the number of the particles in this case). The
continuous closure relation of the system, resulting directly from the variational
principle with respect to time variables, again guarantees the invariant of the ac-
tion under the local deformation of the continuous curve on the space of continuous
variables. Furthermore, the connection between the Calogero’s goldfish system and
the lattice KP systems was established through the structure of the exact solution
of the Calogero’s goldfish system.
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