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Two new solvable dynamical systems of goldfish type are identified, as well as their isochronous
variants. The equilibrium configurations of these isochronous variants are simply related to the
zeros of appropriate Laguerre and Jacobi polynomials.
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1. Introduction and Main Results

The dynamical system characterized by the N equations of motion of Newtonian type
(“acceleration equal force”)

al 2n s
B =iwit+ Y <7” m ) (1)

Zn T Am

m=1,m#n

is solvable: its initial-value problem can be reduced to purely algebraic operations, essentially
to finding the N eigenvalues z,(t) of a N x N (time-dependent) matrix explicitly known in
terms of the initial data, or equivalently to finding the N zeros z, of an explicitly known
(time-dependent) polynomial py(z;t) of degree N in z. [1]

Notation. Here and hereafter N is an arbitrary positive integer (in some cases below it
will be clear that some formulas make sense only for N > 2, or even N > 3); the index n,
and other analogous indices such as m, ¢ (see below), take all integer values from 1 to NV
(unless otherwise explicitly stated); the N (generally complex) dependent variables z,(t)
are functions of the (real) independent variable ¢ (“time”), and may be interpreted as
the positions of point particles moving in the complex plane; superimposed dots denote
t-differentiations; 7 is the imaginary unit, > = —1; and w is a nonnegative constant to
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which the period
T=— (2)

is associated.

Note that this (autonomous) model, (1), is invariant both under a common constant
rescaling, and a common constant shift, of all the dependent variables z,(t). The models
considered below do not share these symmetries, hence additional parameters can be intro-
duced by such transformations, which are however too trivial to deserve further mention.
Hereafter two models that can be transformed into each other via such transformations
are not considered different; yet sometimes parameters that could be gotten rid of by such
transformations are kept for notational neatness.

The solvable model (1) is called “goldfish” because of the neat character of its equations
of motion and of the remarkable behavior of its solutions. Indeed for w > 0 it is isochronous:
all its solutions are periodic with a period which is a (generally small) integer multiple of
T (see for instance [1]); and also for w = 0 the behavior of this dynamical system is quite
remarkable, see Subsec. 4.2.4, entitled “The simplest model: explicit solution (the game of
musical chairs), Hamiltonian structure”, of the book [2].

Several solvable extensions of this model have been discovered over the last few decades:
for a review see Subsec. 4.2.2 (“Goldfishing”) of the monograph [1], where the origin of the
term “goldfish” is also explained.

Two solvable models of goldfish type are presented in this paper. The technique employed
to identify them is described in the following section. While this technique is not new (see
Subsec. 4.2.2 of [1]), the dynamical systems reported herein are, to the best of my knowledge,
new.

These two models are described in a unified manner by the following system of ODEs:

2‘:7%, Vin; o 2 : 2 2
n =+ —[zn — 2] + [Zn + 0bz, — 0y(2;, + 25)]

Zn  Zn
al Zn + 2
> {te o —0net + 2L 3)
0=1,0n ze(2n — 2¢)

Here b, v and zy are 3 a priori arbitrary parameters; the first model is identified by the
assignment 6 = 0, the second by the assignment 6§ = 1. Note that, while the second model
seems more general than the first because it features 3 arbitrary constants (b, and z),
rather than the 2 featured by the first model (7 and zg), nevertheless it does not include the
first model as a special case: these two models are genuinely different (provided the a priori
arbitrary parameter v does not vanish, as hereafter assumed — except in Subsec. 2.1, see
below).
Alternative avatars of these models obtain by setting

2 (t) = [Sn(t)]_la 20 = 561> (4a)
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and clearly read as follows:

. . 2
§p=n g qin —78’;‘5” + [sn—ebanrey <1+5—’;>}

Sn, Sn 5 53

N 2

3 {[ég—GbSZ—Q’y <1+5_g>] ﬂ} (4b)
e Ltin sg/) ] se(sp — s0)

Other alternative avatars of the models (3) obtain by setting

)= o[22,

clearly the corresponding equations of motion read

2 ; b
Gn = 27204n Sinh<&> + 2qo {C]_n + 6 [— — 272y sinh? <q—">} }
q0 q0 2 %

N .
. Z <{%—|—«9 [9 — 2729 sinh2<q—n>} }Coth<7%—%>>_ (5b)
=Tiun NGO 2 qo qo0

1.1. Isochronous versions

In this subsection we report isochronous variants of the special case of the two solvable
models reported above characterized by the conditions

ZQ:b:O. (6)

These variants are obtained by a technique which is by now standard [1]; it amounts, in
this case, to the change of dependent and independent variables

wt) — 1
7_:exp(ufj)

Zn(t) = exp(iwt)z, (1), (7a)

1w

entailing
Zn(0) = 2,,(0). (7b)

Of course these models are just as solvable as the models reported above, and they are as
isochronous as the original goldfish model (1).

It is plain to see, via (7a), that the equations of motion of these isochronous models
read as follows:
Gn)®

—— + (2, — iwZy)Zz,
Zn

Zn = iwin, + w2z, +

N - . ~ ~ Lo~ ~9\ ~ ~
N Z (Zn — iwzy — 07Z2) (20 — iwZ — OVZ3) Zn + 2
0=1,0#n <t In = A
And clearly alternative versions of these models obtain by setting

2qn
Zn = Co exp<i>; 9)

q0
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they read

S RN 1 2qy,

qn = Wwq, + swiqo + 7y qn — 3WWqo | CoeXp| —

2 2 qo0
2 o f[. 1. 0 24,

+= Y 9 |dn — 5iwa0 — 57900 exp
0 7 2 2 9
=1, n

- L 0 2, Gn — Qe
NG, — iwgo — 2 L | e U 1
[qz 2zwq0 2yqoco exp< ” )] co ( QO (10)

1.2. Equilibrium configurations of the isochronous models

Clearly the equilibrium configurations of the isochronous models (8), Z,(t) = z, with z,, = 0,
are characterized by the following system of N algebraic equations:

N
Zn { —w? 4 iwyZ, — Z [(zw + 07z, (iw + 0vZy)
(=1,0#n

Z”Jrﬂ =0. (11)

Zn — Z¢

The solutions z, of this system of N algebraic equations are of course defined up to per-
mutations; this fact should be kept in mind in the following, whenever specific values are
assigned to some of the quantities Z, (such as, for instance, Zy = 0; see below). And of
course throughout our treatment we assume that the N numbers z, are all different among
themselves, see the denominator in (11); when this eventually turns out not to be the case,
our findings remain valid only in a limiting sense.

It turns out to be convenient to treat separately the two models characterized by 8 = 0
and 6 = 1.

For the first model, characterized by 6 = 0, it is convenient to set

z, = 2n, (12)
Y

As shown in the Appendix, there are then two possibilities, the second of which is however
hardly acceptable, since it yields a vanishing value, z,, = 0, for all the numbers Z,.

Case 1. The N numbers w, are the N zeros of the (generalized) Laguerre polynomial
L% (w), of order N and with @« = —N — 1 (for the notation and the properties of these
polynomials, see, for instance [3, 4]):

LY (wp) =0, a=—(N+1). (13)

Case 2. wy = 0, and the remaining N — 1 numbers w, are the N — 1 zeros of the
(generalized) Laguerre polynomial L}, _;(w), of order N — 1 and with o = —(N — 1):

L% (wy) =0, a=—(N-1), n=1,...,N—1. (14)

Note that in both cases the Laguerre polynomials feature parameters o which are nega-
tive integers, hence generally outside of the range for which these polynomials are orthogonal.
In Case 2, however, all these zeros vanish (see Eq. (8.973.3) of [4]), hence this result is only
valid in a limiting sense.
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For the second model, characterized by 6 = 1, it is instead convenient to set

_iw(w, — 1)
Zn = — (15)

As shown in the Appendix, there are then 4 possibilities.

Case 1. The N numbers w,, are the N zeros of the Jacobi polynomial PJ(Va’ﬁ ) (w), of order
N and parameters « = —N +1/(N — 1), = —-N+1—1/(N — 1) (for the notation and
the properties of these polynomials, see, for instance, [3, 4]):

1 1

Cases 2 and 3. wy = s, s = +1 and the remaining N — 1 numbers w,, are the N — 1 zeros
of the Jacobi polynomial P](Va_’ﬁl) (w), of order N — 1, with « = =N + 1+ (1 —s)/[2(N — 2)],
B=-N+2-(1-s)/[2(N —2):

1—s 1—s

(@)
P W)=0, a=-N+1+-——°"_ f=_N42- >
-1 (W) =0, a it oN =g ° L To ) (17)
n=1,...,N—1.

Note the simplicity of this result in the case s = 1, yielding integer values for a and /.

Case 4. wy = 1, wy_1 = —1 and the remaining N — 2 numbers w,, are the N — 2 zeros of
the Jacobi polynomial P](\;X_’g) (w), of order N — 2, with o =—-N+2,8=—-N + 3:

P (wa) =0, a=-N+2, f=-N+3,

18
n=1...,N —2. (18)

Again, note the simplicity of this result.
And again note that in all these cases the Jacobi polynomials feature parameters o and
[ which are generally outside of the range for which these polynomials are orthogonal.
The standard linearization of the nonlinear systems of ODEs (8) in the immediate
neighborhood of its equilibrium configurations, achieved by the assignment

Zn(t) = Zn[l + epn(t)] (19)

with € infinitesimal, yields a system of N linear second-order ODEs for the dependent vari-
ables ¢, (t), the generic solutions of which must of course be isochronous. This leads to the
identification of matrices — in this case, given by explicit formulas in terms of the zeros
of certain Laguerre or Jacobi polynomials, as the case may be, see above — characterizing
the small oscillations of the isochronous system (8) in the immediate neighborhood of its
equilibrium configurations Z,(t) = z,. The isochronous character of the system (8) entails
that these oscillations must all have as common period an integer multiple of T', hence that
these matrices must feature — up to a common factor — integer eigenvalues: a Diophantine
result! But these findings are quite different from those reported herein, and are therefore
likely to be of interest to a quite different audience: mainly to researchers interested in
classical polynomials rather than in dynamical systems. Hence we prefer to devote to them
a separate paper.
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1.3. Covariant models describing motions in the plane

The isochronous models (8) treated in the last two sections 1.1 and 1.2 entail clearly that
the “point particles” whose positions are identified by the coordinates z,(t) move in the
complex z-plane. It is also interesting to consider the original models (3) as describing
motions taking place in the compler z-plane, namely to assume that all the quantities
appearing in the equations of motion (3) are complex numbers (except for the time ¢). And
it is also possible, and interesting, to then reinterpret these models as describing the time
evolution of “physical” point-particles moving in the real plane. To this end one considers
the positions of these particles to be described by real two-vectors 7,(t), introduced by
identifying their two Cartesian components x,(t) and y,(t) with the real and imaginary
parts of the complexr numbers z,,(t):

Zn = Ty + Wny, T = (Tn, Yn)- (20a)

Likewise one introduces constant (real) two-vectors via analogous correspondences with the
(complex) numbers appearing in the equations of motion (or, as appropriate, with their
complex conjugates, see the next formula), by setting

—

Y=Y — Z-’Yya V= (/YCU fyy)a (2Ob)

(note the minus sign in the right-hand side of the first of these identities),

20 = xo + 1Yo, 70 = (%0,Y0)s (20c)

b=bpr+1ib;. (20d)

In this manner one has also introduced the two, arbitrary, constant two-vectors 5 and 7
and the two, arbitrary, constant scalars br and by. As the diligent reader may verify — con-
sulting for guidance, if need be, Chapter 4 (entitled “Solvable and/or integrable many-body
problems in the plane, obtained by complexification”) of [2] — the Newtonian equations of
motion (3) become thereby real and covariant Newtonian equations of motion describing
the evolution of N unit-mass, equal, point-particles moving in the xy-plane, the positions
of which are identified by the two-vectors 7,(t). These equations of motion are however
not rotation-invariant, because the two constant two-vectors 4 and 7 identify two fixed
directions in that plane.
An analogous treatment can be applied to the isochronous model ().

2. Derivation of the Results

In this section we justify the assertion that the two models identified by the two sets of N
Newtonian equations of motion (3) (with 6 = 0 respectively § = 1) are solvable, namely
that the corresponding initial-value problems — i.e., the determination of the N “particle
coordinates” z,(t) from an arbitrarily assigned set of 2NN initial data, z,,(0) and 2,,(0) —
can be achieved by algebraic operations, i.e., by solving finite systems of linear differential
equations with constant coefficients or, equivalently, systems of nondifferential equations
featuring linearly a finite number of unknowns.
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The starting point of our treatment is the following first-order matrix ODE satisfied by
the N x N matrix U = U(t):

U =aC +B(CU +UC) +U?. (21a)

The 3 scalar constants «, 3, are a priori arbitrary (but we reserve the privilege to assign
special values to some of them, see below), while C'is a constant N x N matrix,

C =0. (21b)
Of course the N x N matrix C' may be evaluated if the “initial values” U(0) and U(0)
are assigned, by solving the N x N matrix equation

aC + BICU(0) + U(0)C] = U(0) —~v[U(0)]?, (22)

amounting to a system of N? linear equations for the N2 elements of the N x N matrix C.
The solution of this system is in fact a trivial task if the matrix U(0) is diagonal, which is
the only case we consider hereafter, see (30) below as well as the explicit expression of this
matrix C' in terms of the initial data given at the end of this section, see (58).

The solvability of (21a) — namely the possibility to solve its initial-value problem by
algebraic operations — can be demonstrated as follows. Let

V(t) = exp(BCt)U (t) exp(—LCt), U(t) = exp(—LBCt)V (t) exp(BCH), (23a)

so that (21a) becomes

V =aC + 260V + V2. (23b)
Then set
1«w=—§wamvwrl (24a)

entailing that the N x N matrix W (t) satisfy the (linear, constant-coefficients, hence solv-
able) matrix ODE

W —28CW + ayCW = 0. (24b)
An explicit expression of the general solution of this matrix ODE reads
W (t) = exp(BCt)[cos(Qt) — Q' sin(Qt) A B, (25a)

with A and B two arbitrary constant matrices and the constant matrix ) defined by the
formula

Q=60 (—1 + ﬂc*) v (25b)
_ = ,

Hence the corresponding formula providing the general solution of the nonlinear matrix
equation (21a) reads

Ut) = %{—ﬂC’ T [Qsin(Q1) + cos() A

[cos(Qut) — Q7 sin(Qt)A] 71 (25¢)
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And this expression yields the solution of the initial-value problem when the a priori arbi-
trary matrix A is assigned by the following formula in terms of the initial value U(0) of the
matrix U(¢):

A = BC +4U(0). (25d)

Having thereby shown that the matrix ODE (21a) is solvable, let us now use it to
manufacture our new model of goldfish type. To this end we introduce the N x N matrix
R(t) that diagonalizes the matrix U (),

U(t) = R Z (B[R], (26a)
Z(t) = diag[Cn(t)]- (26b)

Note that (26a) entails
U(t) = R({Z(t) + [M(t), Z(O)}[R()] (27)

with the N x N matrix M (t) defined (here and hereafter) as follows:
M(t) = [R() " R(t). (28)

Of course here and hereafter the standard notation [A, B] indicates the commutator of the
two matrices A and B, [A, B] = AB — BA.
We moreover indicate hereafter with p,(t) the diagonal elements of the matrix M (¢):

M (t) = Snmpin (t) + (1 = Snm) My (1) (28b)

Of course here and hereafter 0,,, is the standard Kronecker symbol, 6,,, = 1 if n = m,
Onm = 0 if n # m.

Note that — because the matrix R(¢) is defined by (26a) up to multiplication from the
right by an arbitrary diagonal matrix, i.e., up to the transformation R(t) — R(t) = R(t)D(t)
with D(t) = diag[d,(t)], where the N functions d,(t) are arbitrary — the matrix M(t)
is defined by this formula, (28a), up to the “gauge transformation” M (t) — M(t) =

[R(t)]"'R(t) = [D(t)]"*M(t)D(t) + [D(t)] ' D(t), implying that its diagonal matrix ele-
ments remain unconstrained. This entails the possibility to assign the N functions pu,(t) at
our convenience, see below.

We are moreover free to assign the “initial” value R(0) of the diagonalizing matrix R to
be just unity,

inasmuch as the following developments allow to restrict attention to the consideration of
a matrix U(t) the initial value of which is diagonal, i.e. (see (26))

U(0) = diag[¢n(0)], (30)
while of course (see (27) and (29))

U(0) = Z(0) + [M(0), Z(0)], (31a)
Unim(0) = 6pm,n(0) = (1 = 0rm)[6a(0) = G (0)] My (0). (31b)
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Hence (see (22))

a + B[6n(0) + ¢m(0)] '

Likewise let us introduce the (time-dependent) N x N matrix H(t) via the formulas
(motivated by (26))

Coom = (32)

C=RWHWRE] ™, H(t) = [RO)]'CR(), (33a)

Hom () = 8 (t) + (1 = Srm) Hyo (£). (33b)

Next, let us note that, via (26a) and (33a) with (28a), the two N x N matrix ODEs
(21) read

Z+M,Z)=aH+B(HZ+ ZH) +~Z?, (34a)

H+ [M,H] = 0. (34b)

Next, let us write componentwise these two matrix ODEs, separating their diagonal and

off-diagonal parts. But before doing so it is convenient to introduce new dependent variables
zn(t) by setting

(67

a4 26 =220, Cp=12ny Cn=2n—20, 20= 35 (35)
Then from (34a) we get, via (26b), (28b) and (33b),
2 = 2B2nhn + (20 — 20)3, (36a)
entailing
hy = 22— 72(;;: 20)2, (36b)
and
M, = Bty (37)
Zn — Zm
Likewise, from (34b) we get, via (33b) and (28b),
‘ N
h, = (HpeMp, — My Hypy) (38a)
0=1,0#n
entailing, via (37),
by = 28 i [HMHM it Zf], (38b)
Zn — 2

(=1,0#n



406 F. Calogero
and

Hnm = _(Nn - Nm)Hnm + (hn - hm)Mnm

N
+ Z (anMém - MnﬁHfm)> n 7& m, (393)
{=1l#n,m

entailing, via (36b) and (37),

Hym B 120 =720 —20)%  Zm—Y(2m — 20)?] 2n + 2m
= —pn+ pm— 3 -
Hnm 2 Zn Zm Zn — Zm
N
H,H
+8 > {[ nt ém} [Z"+Z€+Zm+zé]}, n#m, (39b)
0=102n,m Hypm, Zn — &4 Zm — 2

which, via a little trivial algebra, can be conveniently rewritten as follows:

Hym b= 2m 1 [n+79(22 —28)  Zm+ (22— 2)
= —ln + lm — + = +
Hnm Zn — Zm 2 Zn Zm
N
H,.H
48 Z neHom Zn+zz+zm+zz Cn#m, (39¢)
Hyp, Zn — %4 Zm — &4
{=1l#n,m

Finally, let us time-differentiate (36a), getting thereby
50 = 2[7(20 — 20) + Bhalén + 2B2nhn, (40a)

hence, via (36b) and (38b),

Zn =

. 2 .2 N
[Z” +0n = %) } G A8z, Y [HMHM on T Zf] . (40Db)
“n (=1,0+n “n T2

The idea now is to interpret these ODEs, (40b), as a (solvable) system of Newtonian
equations of motion (“acceleration equal force”) characterizing the motion of N (unit mass)
particles (whose positions at time ¢ are identified by the coordinates z,(t)), which move
under the influence of a one-body velocity-dependent force (represented by the first term
in the right-hand side of (40b)) and of a velocity-independent two-body force (represented
by the second term in the right-hand side of (40b)) featuring however “coupling constants”
H,yHy, which, rather than being indeed “constant”, evolve themselves in time according to
the set of first-order ODEs (39¢). One approach, pioneered decades ago by J. Gibbons and
T. Hermsen [5] and by S. Wojchiechowski [6], is to try and attribute a physical meaning to
these quantities, in terms of internal (“spin”) degrees of freedom of the moving particles.
The approach used here instead gets rid of these extra variables by finding appropriate
ansatzen which express them in terms of the “particle coordinates” z, (and possibly their
time derivatives z,, see below) and are compatible with (39c) (possibly via (40b), see below).
Two categories of such ansatzen have been widely used [1]; their potentialities in the present
context are explored in the following two subsections.
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2.1. First ansatz

The first ansatz, suggested by (39¢c) but only usefully applicable in the case with

reads as follows:
P 1/2
Hpm = (z" f’)z (42)
n m
Its insertion in (39c) yields
g N Znz ZmZ%
Z =~y + pm + 28g Z [(z ii)2—(2 Ti)Z}’ n #m, (43)
g 0=1,0#n,m n l m 44

and this formula suggests to take advantage of the freedom to assign at our convenience
the quantities p,(t) by setting

N

ZnZe

o =289 Y [m] ; (44)
(=1,0#n

whereby the previous equation becomes simply

g=0. (45)

Hence this ansatz, (42), is compatible with (39¢c), allowing ¢ to be an arbitrary constant. And
the insertion of this ansatz in (40b) (with (41)) yields the following system of Newtonian
equations:

. N
s g 3 znelen + 22) | (46)
Zn (Zn - ZZ)S
{=10#n
But now by setting
zn = exp(20qn) (47)

this becomes

q.n:_%g? i {cosh[mqn—qm}

sinh®[3(gn — q¢)]

{=1,0#n
2 N
g d .2
= Tdg, > sinh?[B(gn — o)), (48)
{=1,0#n

which is a well-known solvable many-body problem (see for instance Subsec. 2.1.5 of [2]). So
via this first ansatz we do manufacture a solvable many-body problem, but not a new one.
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2.2. Second ansatz

An educated guess (see [1]) for a second ansatz reads as follows:

. . 1/2

=23

where f(z) is a function that shall be specified below. The insertion of this ansatz, together
with the assignment

fin =0, (50)
in (39c) yields, after a bit of trivial algebra, the following system of N (/N — 1) ODEs:

lén“‘f/(zn)z.n ZIn“"Y(ZrQL _28)

2 Zn+ f(zn) Zn
15 m+ﬂmu%+m}
2 Z:%;#n { E7 (zn — 20)
1 [Zm + f(2m)] (2n + 2m)
+§ Zn (zZn — Zm) +(nom)
:—jn:jm, n #m, (bla)

where the convenient notation “+(n < m)” denotes, here and hereafter, addition of all
that comes before it, with the exchange of the indices n and m. Via the convenient identity
(zn + 2m) /1220 (2n — 2m)] = 1/(2n — 2m) — 1/(22,) this system becomes

Lt f)in 1 o= e+ f(20)] G+ 20)
2 Znt flzm) 2 @:%;#n{ zg (2 — 20) }

) S, (51b)

We moreover note that the insertion of the ansatz (49) in the set of N equations of
motion (40b) yields the following version of these Newtonian ODEs:

. |:Zn + 7(2721 B 22)
Zn = >
n

N .
3 [[Ze + f(20)] (20 + 20) (52)

(=1,0#n
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The insertion of this expression of %, in (51b) then yields

1 Zn / Zn + '7(2721 — 2’8)
2ot fa TGt -
: 2 .2y _
2 Zn
_ f(zn) - f(Zm)7 n#m. (53)
Zn — Zm
This formula suggests setting
f(2) = a+bz+c2?, (54)

with a, b, ¢ three a priori arbitrary constants. It is then clear that the system of N(N —1)
ODEs (53) is satisfied provided the simple condition

(a+ bz +c2®)[—(a+~23) + (v + )% =0, (55)

is satisfied identically, i.e., for all values of z.
This clearly happens in two cases.

Case 1.
a=b=c=0; f(z)=0. (56)

Then (52) becomes (3) with § = 0, the solvable character of which is thereby demonstrated.

Case 2.
_ 2 . _ 2 2
a=—yz5, c=-v f(z)=0bz—7("+2). (57)

Then (52) becomes (3) with § = 1, the solvable character of which is thereby demonstrated.
Let us complete this treatment by noting that, via (33), (49), (36b) and (29),

2,(0) — v[2,(0) — 20]2
28z,

1= b ({20(0) + Fl2n(0)]HZm (0) + Flzm(0)]} )2
25 < 20(0)2 (0) > '

Cnm = 5nm

(58)

This is the explicit expression of the (time-independent) N x N matrix C' to be employed
in the context of the solution of the initial-value problem characterizing the time-evolution
of the matrix U(t), as described at the beginning of this section; of course with the function
f defined by (56) (in case 1, see (3) with 6 = 0) respectively by (57) (in case 2, see (3) with
0=1).
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Let us end this section with the following two related remarks.

Remark 1. Via the assignments

U:U+é
5

2
c, C=aC-=0?, (59a)
v
the nonlinear matrix ODE (21) that is the point of departure of our treatment can clearly
be reformulated to read as follows,

U=~U%+C. (59b)

Because this nonlinear matrix ODE is just — up to trivial notational changes — the point
of departure of a previous treatment yielding a dynamical system of goldfish type (see [7]
or, equivalently, Example 4.2.2-6 in the monograph [1]), one might question the validity of
the assertion made above, that the solvable goldfish models identified in the present paper,
see (3), are new. Yet this claim is in fact quite valid. The reason is that the previous model
and the new ones are obtained by focussing on the time-evolution of the eigenvalues of
two different matrices, U respectively U; hence they also correspond to the assignments
of different ansatzen. There is therefore no simple transformation relating the equations of
motion of the previous model [7, 1], which describe the evolution of the N eigenvalues Z,(¢)
of the N x N matrix U(t) evolving according to the nonlinear matrix ODE (59b) and read
as follows,

. . N (én — aé’%) <73m - aéfn>

En=2a%E+2 Y E— , (60)
m=1m#n
to the equations of motion, (3), of the models treated herein, which describe the time-
evolution of the N quantities z,(t) simply related via (35) to the N eigenvalues (,(t) of the
N x N matrix U(t) evolving according to the nonlinear matrix ODE (21).

Remark 2. One might think that more general results could be obtained by taking as
starting point of the treatment, rather than the nonlinear matrix ODE (21), the following
nonlinear matrix ODE,

U =aC + B(CU +UC) + 402 +6UCT, (61a)

which is more general than (21) because it features the 4, a priori arbitrary, constants
&,B,ﬁ/,g rather than the 3, a priori arbitrary, constants «, 3,~ featured by (21). But it is
easy to check that the matrix U satisfying this ODE is related to the matrix U satisfying
(21) by the relation

Ut)y=[1-XU®)]'U®), (61b)

provided the 4 constants &, ﬁ,’y,g are given in terms of the 4 constants «, 3,7, A by the
following relations:

d=a, B=f+a\ =7 0=2Aa)+23). (61c)
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Hence the eigenvalues of the matrix U(t) are related to the eigenvalues of the matrix U(t),
throughout their time-evolution, by the simple relation entailed by the matrix equation
(61b) (which involves no other matrix besides U and U; contrary to what happens in the
case of the previous Remark 1, see the relation (59a) relating U to U). Hence the dynamical
system describing the evolution of the eigenvalues of the matrix U(t) does not provide a
more general goldfish model than that discussed in this paper, but merely a reformulation
of it yielded by the simple change of dependent variables corresponding to (61b).

3. Outlook

Let me end by reiterating that, in my opinion, the search for new (solvable) models of
goldfish type is not over, and that any such discovery should be considered a significant
achievement.

Appendix

In this Appendix we justify the relations reported above of the equilibrium configurations
of the isochronous models with the zeros of appropriate Laguerre and Jacobi polynomials
(for their notation see, for instance, [3, 4]).

For the first model (6 = 0) we get, from (11) with (12), the N algebraic relations

wn 4 —1 — wp + E [wnwf] —0. (62)
_—
{=10#n

We now treat separately the two cases when none of the numbers w,, vanishes, and that
in which one of them (say, wy) does vanish.

Case 1. w, # 0. Then (62) reads
N
3 {M] — wy, + 1, (63)
=1 0n LW — W
or equivalently (by replacing in the left-hand side wy, + wy with 2w,, — (w, — wy))
N
2
3 <$> = w, + N. (64)
(=1 0n N T WL

The conclusion reported above, (13), is then an immediate consequence of Eq. (4.2a) of [8],
which we report here for the convenience of the reader:

g: ( i >=xn—a—1> Ly (2n) =0. (65)

Ly — T
(=100 N T L

Case 2. wy = 0. Then (62) yields, forn=1,..., N,
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or equivalently (again, by replacing in the left-hand side w,, + wy with 2w, — (w, — wy))

Nl 2w
Z <7n>:wn+N_2, n=1,...,N—1. (67)
¢=1,0n W

The conclusion reported above, (14), is again an immediate consequence of Eq. (4.2a) of [8],
see (65). However, as explained there, it can only be considered valid in a limiting sense.
For the second model (8 = 1) we get, from (11) with (15), the N algebraic relations

wg—i—l wn+wg—2)
1—w?){ —2 =0.
( +é %J —r 0 (68)

We now treat separately the cases when none of the numbers w,, has unit square, that
in which only one of them (say, wy) has unit square, and that when two of them (say, wy
and wx_1) have unit square.

Case 1. w2 # 1. Then (68) reads

N
1) (wy, -2
0=1.0#n Wn = We
or equivalently (proceeding as above)
N
2(1 — w?
3 [w] =N 3-S5~ (2N — 3)wn, (70a)
(=1 0gn L Wn — WE
where
N
S=>"wy. (70b)
n=1

To evaluate S we sum (70a) over n, from 1 to IV, getting, after a little trivial algebra,

N(N — 3)
The insertion of this expression of S in (70a) yields
N
2(1 — w? N -2
3 Wow)] - N=2 oy g, (71)
Wy, — Wy N -1
(=1,0#n

The conclusion reported above, (16), is then an immediate consequence of Eq. (5.2a) of [8],
which we report here for the convenience of the reader:

. Z <xn—m>:(a+ﬁ+2)x"+a_ﬂ’ Pz(va’ﬁ)(fﬁn)zo- (72)

(=1#n
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Cases 2 and 3. w% = l,wy = s,s = £1. It is then easily seen that (68) yields, for
n=1,....N -1,

N-1
1 —2
Z [(w€+ )(wn—l-’LUg ) =1-s, n=1,...,N —1, (73)
(=1,04n Wn — We
and proceeding as above this yields
N-1
2(1 — w?
3 LL_EQ}:N_3+S_5_@N—mwm n=1,...,N—1, (74a)
¢=1,0stn L Wn T We
where now
N—1
5= w, (74D)
n=1

To evaluate S we sum (74a) over n from 1 to N — 1, getting, after a little trivial algebra,

(N —1)(N =3+s)

= 4
S ) (74c)
The insertion of this expression of S in (74a) yields
N-1
2(1 — w; 1—
3 W =w)| 3 128 on g, n=1,.. N-1. (75)
Wy, — Wy N —2

{=1,0#n

The conclusion reported above, (17), is again an immediate consequence of Eq. (5.2a) of [8],
see (72).
Case 4. wy = 1,wy_1 = —1. It is then easily seen that (68) yields, forn=1,...,N — 2,

N-2

Z |:(wg + 1) (wy, + wp — 2)

Wy, — Wy

=0, n=1,...,N—2, (76)
0=1,0#n

which is just the same as (73) with s = 1 and N replaced by N —1. The conclusion reported
above, (18), follows therefore immediately.
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