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A new solvable N-body model of goldfish type is identified. Its Newtonian equations of motion read
as follows:
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where zp = zn(t) are the N dependent variables (with N an arbitrary positive integer), ¢ is the
independent variable (“time”) and the dots indicate time-differentiations. Its isochronous variant is
also obtained and discussed. Other new solvable models of goldfish type characterize the behavior
of these systems in the immediate neighborhood of their equilibria.

Keywords: Integrable dynamical systems; solvable dynamical systems; integrable Newtonian many-
body problems; solvable Newtonian many-body problems; isochronous dynamical systems.
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1. Introduction

The basic goldfish dynamical system [1] — also interpretable as the simplest dynamical
system belonging to the integrable Ruijsenaars—Schneider class [9] — is defined by the
following Newtonian equations of motion:

N Lo
.. Zn<y
ZTL:2 E (%ni—/w)’ n:1,...,N. (1&)

Notation 1.1. Here and hereafter NV is an arbitrary positive integer, indices such as n, £ run
from 1 to N unless otherwise indicated (but for the convenience of the reader we generally
specify below the range of the indices), ¢ (“time”) is the independent (real) variable, the
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N coordinates z, are the dependent variables, z, = z,(t), and superimposed dots denote
time-differentiations.

It is generally convenient to assume that the dependent variables z, are compler num-
bers, identifying the positions of NV points moving in the complex z-plane. By introducing
the real and imaginary parts of the coordinates z, = x, + iy, and correspondingly the
real two-vectors 7, = (¥, yn), to the motions in the complex z-plane of points identified
by the complex coordinates z, there correspond the motions of real points whose positions
in the horizontal plane are identified by the real two-vectors 7,; this provides an added
justification for referring to dynamical systems of goldfish type as many-body problems, as
we occasionally do (also in the title of this paper). Moreover, it is often possible to write
the corresponding equations of motion in covariant form. It would be possible to do so
also for the many-body models considered in this paper, but we refrain from doing so;
readers interested in pursuing this transformation are referred to Chap. 4 (entitled “Solv-
able and/or integrable many-body problems in the plane, obtained by complexification”)
of [2].

For an explanation of the origin of the term “goldfish” see [3; 4, p. 7).

A remarkable property of the many-body problem (la) is its solvability, given by this
neat prescription: the N values of the N dependent variables at time ¢, z,(t), are the N
roots of the following algebraic equation for the unknown z,

N .
>0 -5 (1b)
n=1 n

where %, (0) respectively z,(0) are the initial velocities respectively positions of the N point-
like moving particles [1, 4, 2, 3]. Note that this equation, after multiplication by the N-degree
polynomial Hﬁzl[z — zm(0)], becomes a (time-dependent) polynomial equation of degree
N for the unknown z, demonstrating thereby that it indeed yields N values z,, = z,(t) as
its solutions.

Over time several more N-body models “of goldfish type” have been identified, their
signature being provided by the presence in the right-hand side of the Newtonian equations
(“accelerations equal forces”) characterizing them — in addition to other contributions —
of a term identical to that appearing in the right-hand side of (1a). All these models are
solvable, meaning that their initial-value problem can be solved by algebraic operations,
generally by finding the N eigenvalues of an explicitly known time-dependent N x N matrix,
or equivalently, as in the case described above, see (1b), by finding the N roots of a time-
dependent polynomial of degree N: see [2] and especially [4, Sec. 4.2.2]. Recent additions to
this catalog of solvable many-body problems of goldfish type are reported in [5-7]. Purpose
and scope of the present paper is to provide one more — indeed, see below, a few —
new solvable many-body models of goldfish type. It is quite possible that additional new
examples will be found over time: we consider such a search worthwhile, and any such
finding remarkable.

The basic new model, and its solution, are described in the following Sec. 2, firstly in its
nonisochronous version, and then in its (more general) isochronous variant. Other versions
of these models are also obtained. The equilibrium configurations of these models are also
reported, and new, nontrivial, solvable models of goldfish type characterizing the behavior
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in the immediate neighborhood of these equilibria are exhibited. Proofs are then provided
in Sec. 3.

2. Results

In this section, we report the main results, firstly for the new model and then for its
isochronous variant.

2.1. The nonisochronous model
The new model is defined by the following Newtonian equations of motion:

N

. 3z . . 3 2
zn:§z—"+2zg+(zn+222) Z |:(Z€+2Z?)<§+Z _2)} n=1...,N, (2a)
n 0=1,6#n ¢ not

or, equivalently,

. . 3.
5 = —62n2, — 423 + §(Zn +222)n

Zn + 222) (30 + 222)
2 =1,...
+ E { — . n=1,...N, (2b)
(=1,0#n
where
Nz
k
— 9 . 2

The solution of the corresponding initial-value problem is given by the following

Proposition 2.1. The N coordinates z,(t) are the N eigenvalues of the following N x N
matriz U(t),

U(t) =[1 = tY(0)] 7" Z(0) - {1 = Y (0) = £2Z(0)[1 — £¥ (0)] 7' Z(0)} ™" (3a)

with the two N x N matrices Z(0) and Y (0) expressed componentwise as follows in terms
of the initial data z,(0), 2,(0):

Z(0) = diag[z,(0)], Zpm(0) = dnmzn(0), n,m=1,...,N, (3b)

P P /27, 1/2
bl 0 [ ][220

n,m=1,...,N. (3c)
Here and hereafter 6npy, is the standard Kronecker symbol, 0pm = 1 if n = m, pm = 0 if
n #m.

It is thus seen that the solution of the initial-value problem for the Newtonian equations
of motion (2) characterizing our new N-body problem of goldfish type is achievable by
purely algebraic operations, namely by finding the N eigenvalues z, () of the N x N matrix
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U(t) given, in terms of the 2/V initial values z,,(0), 2, (0),m = 1,..., N, and of the time ¢,
by the explicit (if complicated) formulas (3).

Remark 2.1. For N = 1, the system (2) reduces to the single equation of motion (with

z1(t) = (1))

3 22
5= 5% 12,3 (4a)
and the solution of the corresponding initial-value problem reads
z(0) %(0)
t) = = —=. 4b
=T s 2o U 220 (4D)

Clearly in this case the only equilibrium configuration is z = 2 = 0.

Remark 2.2. The asymptotic behavior as ¢ — oo of the N x N matrix U(t), see (3), reads
U(t) = —2{2(0) = Y(0)[Z(0)] 'Y (0)}'[1 + O], (5)

entailing that all the coordinates z,(t) vanish asymptotically proportionally to ¢ 2.

Remark 2.3. It is easily seen, by summing the N ODEs (2b) divided by z,, by using the
definition (2c) of n, by taking advantage of the possibility to exchange the role of the two
dummy indices n and ¢ when both are summed upon, and by utilizing the identity

1 1 1 11
(o)1 0
n ¢\ %n z¢ Zn 2¢
that one gets the ODE
2
n
-1 7
=3 (7)
yielding
2n(0 2
n(t) = 10 _ (s0)

O

of course with

2 a0 -
to = o) = 2{Z[Zk(0)+2zk(0)]} : (8b)

k=1

Hence an equivalent, nonautonomous, version of the many-body model (2b) obtains by
replacing in these equations of motion the expression (2¢) of the collective coordinate 1 in
terms of z, and 2, with its explicit time-dependent expression (8).

Proposition 2.2. For this many-body model with N > 2 the equilibrium configuration —
defined of course up to permutations of the N coordinates — features N — 2 vanishing
coordinates and the remaining 2 having equal and opposite values, say z, = z, = 0,n =
1,...,N—=2and zy_1 = 2,2y = —Z with Z an arbitrary constant (possibly also vanishing);
of course to the extent the last term in the right-hand side of (2a) is assigned a vanishing
value when z, = 2, =0 and zy = %z, = 0.
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The behavior of the nonisochronous system (2b) in the immediate neighborhood of its
equilibrium configuration is described by an, of course solvable, dynamical system of goldfish
type. This is obtained from (2b) by setting, say,

an-1(t) = Z+eyi(t);  2an(t) = —2Z + eya(?);

(9)
zn(t) =exp(t), n=1,...,Ng=N —2,

with z an arbitrary constant and ¢ infinitesimal. Here we assume the constant z to be finite
(nonvanishing): the analogous treatments of the cases when Zz vanishes or is itself of order
¢ are left for the alert reader. The relevant equations are conveniently written as follows:

. 3 .
f=oxf+ 822 f 4+ 62xg + 12720, (10a)
N PR .
j= §Xg—4z g—2zf +6zxf + 8z¢, (10b)

= S 42 Z bt NN (10c)
n—2Xn " — Ty — Ly .y V0

0=10+%n

where

Ty
f=n+y, g=y1—-y2s ¢= Zfﬁn X = Z<x> (10d)

n=1 n=1

Note that the system (10c) with the collective coordinate y defined by (10d) and Ny an
arbitrary positive integer is an (of course solvable) dynamical system of goldfish type (not
new, see [4, Eq. (4.135)] with a =b =0 and a = 1/2).

Remark 2.4. It is easily seen — as in Remark 2.3 — that the system (10c) implies for the
collective coordinate y, see (10d), the ODE

Y= (11)

yielding

(12a)

of course with

N -1
_ 2 :L‘k(())]
f=— =2 [ . (12b)
\(0) {,; 24(0)
By inserting this expression, (12), of x in (10c) one obtains an equivalent, nonautonomous,
version of this dynamical system of goldfish type.

Likewise, by summing the Ny ODEs (10c¢) and using the definition of ¢, see (10d), one
gets the ODE

3
= ¢ 1
2X907 (13)
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which, using (12), is easily integrated, yielding

o) =00+ S 1~ T |

x(0) 2 — x(0)t]?
S0V [H(t + 2T)
= ¢(0) + 5 [ TEIE } : (14)

Hence by inserting these explicit expressions, (12) and (14), of the collective quantities x()
and o(t) in the two linear ODEs (10a) and (10b) — with x(0) or ¢ now playing the role of
arbitrary constants — one obtains a nonautonomous solvable system of two linear second-
order ODEs; or equivalently — by solving (10a) for g and inserting the resulting expression
of g in (10b) — one obtains the following fourth-order linear nonautonomous single ODE
for the dependent variable f(t):

8 72 3 .o48%2 . 2/ 21 2

f:—m+4<z _(t+f)2>f+t+tf+§(64z +m)f+z h, (15&)

with

9 1 273 t? _

+ [2422 + <§ - 242252> e ?m]tgp(o), (15b)
where z,t,(0) and ¢(0) are 4 arbitrary constants. The possibility is far from trivial —
yet implied by the above developments — to obtain by algebraic operations the solution
of the initial-value problem for this ODE, (15), corresponding to an arbitrary assignment
of the 4 initial data f(0), f(0), f(0), f(0), or equivalently of the initial-value problem for
the system of two coupled ODEs (10a) and (10b) with (12) and (14) corresponding to an
arbitrary assignment of the 4 initial data f(0), f(0), g(0), ¢(0).

It is now convenient to introduce the (monic) polynomial ¢(z,t) that features the N
coordinates z,(t), n = 1,..., N, as its N zeros and the N quantities ¢,,(t),m = 1,..., N,
as its IV coeflicients,

N N
P(zt) = [[lz—z@®)] ="+ em(t)zN ™ (16a)
n=1 m=0

These formulas entail

N
D (zm) = —a1 (16b)
n=1
and (see, if need be, [4, Eq. (A.11)])
Y2\ e
> <—"> == (16¢)
1 \*n CN
The definition (16a) implies a one-to-one (nonlinear) relation among the unordered set of the
N zeros z,(t) and the ordered set of the N coefficients ¢,,(t). Whenever the N coordinates

zn(t) evolve according to a solvable dynamical system, the corresponding evolution of the NV
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coefficients ¢, (t) is as well solvable, since the relation among the N coordinates z,(t) and
the N coefficients ¢, (t) entailed by the relation (16a) is obviously algebraic. It is moreover
well known [1, 2, 4] that when the N coordinates z,(t) evolve according to a dynamical
system of goldfish type, the corresponding dynamical system satisfied by the coordinates
¢m(t) is generally rather neat hence worth display (and its derivation amounts to a standard
computation, facilitated by the identities reported in the [4, Appendix A]). We therefore
now report, without detailing its derivation, the solvable dynamical system satisfied by
the N coefficients ¢, (t) which corresponds to the solvable dynamical system of goldfish

type (2):

3¢ 3¢

Em — (ﬂ + cl>ém + (ﬂcl —2¢3 — 2c’1)cm
20]\[ CN

¢
- [3(m + 1)C—N +2(m — 1)01] Cm+1 +22m 4+ 1)éman
N
+4m(m + 2)cpye2 =0, cyt1=cnt2=0, m=1,... N. (17)
The initial data for this solvable dynamical system are of course the 2N numbers
cm(0),ém(0),m=1,... N.

For N =1 this system reduces of course to the single ODE (4a) (with ¢i(t) = —z(t)).
And let us also display this solvable nonlinear system for N = 2:

3. . 3. 2
G — 22 | 200 i 263 =, (18a)
262 Co
. 33 ) ) 2
G — %o + 2¢9¢1 — 2¢1¢9 — 2¢icp = 0. (18b)
C2

Remark 2.5. An equivalent, but nonautonomous, version of the equations of motion (17)
obtains via the relation (implied by (2c) and (8) with (16b) and (16¢))

éN(t) _ B 2 o
en() 2e1(t) t+ty’ (192)
of course now with
. —1
to = —2 [ZZ Eg; ~ 2 (0)} . (19b)

For instance the diligent reader will verify that, for NV = 2, the insertion of the expression
(19a) of é2/co in (18b) yields an identity, while its insertion in (18a) yields the second-order
nonautonomous ODE
3(¢1 — 2¢3)

20
t+to (202)

51 = 66161 — 40;’ —
In this ODE t(y has become an arbitrary parameter, in fact quite irrelevant amounting simply
to a shift of the independent variable t. It is easily seen that two special solutions of this

nonlinear nonautonomous ODE read
1

alt) = +35 (20D)
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Again, less trivial is the possibility, entailed by the above developments, to obtain by ele-
mentary algebraic operations the solution of the initial-value problem for the ODE (20a)
corresponding to an arbitrary assignment of the 2 initial data ¢;(0) and ¢;(0).

2.2. The tsochronous model
The isochronous model is obtained from the preceding one via the following standard trick
(see, for instance [4, Sec. 2.1]). Let

exp(iwt) — 1

T=1(t) = (21a)

W

Here and throughout w is an arbitrary positive constant, with the dimension of inverse time,
to which we associate the period

T="". (21b)

Introduce then the new dependent variables z,(t) by setting

Zn(t) = exp(iwt)z, (1), 2,(t) = exp(—iwt)Zz, (1), (22a)
so that
Zp — iwz, = exp(2iwt)2) (1),  zL(T) = exp(—2iwt)(Z, — iwZy,), (22b)
and
Zn — 3w, — 2w%% = exp(3iwt) 2] (T). (22c¢)

Here and above the appended primes denote of course differentiations with respect to the
variable 7, 2/ (1) = dz,(7)/dT.

Note that by setting formally w = 0 one gets from (21a) 7 = t and from (22a) z,(t) =
zn(t); hence in the w = 0 limit the results reported in this Sec. 2.2 reduce to those of the
preceding Sec. 2.1 (whenever this limit makes sense).

The change of dependent variables (22) entails that the equations of motion (2b)
get replaced by the following Newtonian equations of motion for the new dependent
variables Z,(t):

I 3 LoL 1 2~ Lo~ . .9 ~3
Zn = —§(N — 2)iwz, — 5(3N —Dw?z, — 62,2, — 3(N — 2)iwz;, — 4z,
(Zn — iwZn + 222) (20 — iwZ + 252)

Zn_gf

I

N
3. 9\~
—|—§(zn—zwzn—|—2zi)n—|—2 Z [
0=1.0+n

n=1,...,N, (23a)

l\zz| I8
ES)

-3

= 2zk). (23b)

1250006-8
69



New Solvable Many-Body Model of Goldfish Type

And it is plain from Proposition 2.1 and the formulas (22) that the solution of the
corresponding initial-value problem is provided by the following proposition.

Proposition 2.3. The N coordinates Zn(t) are the N eigenvalues of the following N x N
matriz U(t):
U(t) = exp(iwt)[L — 7()Y (0)] " Z(0)
{1 = 7)Y (0) = 72 () Z(0)[1 — 7(t)Y (0)] T Z(0)} (24a)
with 7(t) defined as above, see (21a), and

Z(0) = diag[z,(0)], Zpm(0) = 0pmzn(0), n,m=1,... N, (24b)
3 3 1/2
Vo (0) = %%m [Z% - iw} + %(1 — ) [:Eg; — iw + 22,(0)
3 1/2
x [i:gg; —w 22m(0)] . nm,m=1,...,N. (24c)

Remark 2.6. Clearly (see (21)) the matrix U(t), see (24a), evolves periodically,

Ut +1T)=0(t). (25a)

Hence the many-body problem characterized by the system of Newtonian equations of
motion (23a) is isochronous, namely its generic solution evolves periodically with the fixed
period 7', or possibly with a period which is a, generally small, integer multiple of T": indeed,
even though the N x N matrix U (t) is itself periodic with period T, the time evolution
of each of its N eigenvalues — which now takes necessarily place in the complex Z-plane
(except in the N = 1 case, see below) — might feature a somewhat larger periodicity due
to the possibility that over the time evolution different eigenvalues exchange their roles (for
a discussion of this phenomenology see [8]). For a zero-measure set of initial data the time
evolution is singular due to the eventual occurrence of a collision of two (or, even more
exceptionally, more than two) particles.

Remark 2.7. For N = 1, the system (23a) reduces to the following (real) equation of
motion for the single dependent variable Z; (t) = Z(t), reading

. 3P 1
Z= 5% + 5&2 + 233, (26a)
and the solution of the corresponding initial-value problem reads

£(0) ~2(0)
wz(0)’

b:1+4[@r+a2. (26b)

Z(t) = )
A = T asinen) — ben?(wi2)
Clearly in this case there are three equilibria: z(t) = 2U) with

A0 =g, 2™ = %; 2 — _%, (26¢)
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Remark 2.8. By a treatment analogous to that of Remark 2.3 one obtains from the sys-
tem (23) the following ODE

27 = [i + (N — 1)iw]? + w?, (27)

yielding

t+t
A(t) = —w{(N —1)i + cotg [w] } , (28a)
with o defined of course by the following formula:

t 7(0

cotg<ﬂ> _ (v —1)i— 1O (28b)
2 w

Hence an equivalent, nonautonomous, version of the many-body model (23) obtains by

replacing in the equations of motion (23a) the expression (23b) of the collective coordinate

7 in terms of Z, and Z,, with its explicit time-dependent expression (28).

In the isochronous case the phenomenology of the equilibria is a bit less simple than
in the nonisochronous case (see above Proposition 2.2). To describe the situation it is
convenient to rescale the equilibrium coordinates as follows:

5t = 5, = <%">gn n=1. N (29)

For N =1, the only 3 equilibria are those reported above (see Remark 2.7), correspond-
ing to the 3 rescaled values (M) =0, (@ =1, ¢®) = —1.

For N > 2, the equilibrium configurations (which are of course defined up to
permutations) are detailed by the following

Proposition 2.4. For N > 2, there are three types of equilibria of the system (23).

The first type features (rescaled) equilibrium coordinates (, all of which take either
one or the other of the two special values 1 or 0, say Ny of them take the value 0 and
N1 = N — Ny of them take the value 1, with Ny an arbitrary non-negative integer not
exceeding N,0 < Ny < N.

The second type features Ny (rescaled) equilibrium coordinates taking the value 0, Ny =
N — Nog—1 taking the special value 1 (of course now with 0 < No < N —1) and the remaining
one taking the value 3Ny — 1.

The third type features N — 2 (rescaled) equilibrium coordinates taking the value 1 and
the remaining two coordinates taking the two values

GV=¢ ¢'=-¢ ?=14¢ ¢P=1-¢ (30)

with ¢ an arbitrary number. Note that the solution of the third type also belongs to the first
type (with Nog = 2) for ( = 0, and it also belongs to the second type (with Nog = 1) for
¢ =+1.

The behavior of the isochronous system (23a) in the neighborhood of its equilibrium
configuration is described by an, of course solvable, dynamical system of goldfish type which
is itself interesting. We now exhibit the simplest instance corresponding to the first type

1250006-10
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of equilibria, see Proposition 2.4, leaving to the alert reader the derivation of the systems
corresponding to the equilibria of second and third types. To this end we set

Zn(t) = 55»’%(15), n=1,...,Np, (31a)
- iw _
ZNo4n(t) = E[l +eygn(t)], n=1,...,N; =N — Nj. (31b)

Treating € as an infinitesimal constant, it is then a matter of trivial if tedious algebra to
get the equations of motion characterizing the evolution of the Ny coordinates ,(t) and
the N coordinates 7, (t) (where of course Ny + Ny = N, see (31b)):

I, = §[ﬁ — (Ng — 2)iw|,, — giw [5 — <N — %)w} Iy

2
No [ (Fn — iwin) (F — iwi)
+2 ) { 5 %, ] n=1,...,No, (32a)
0=1,0#n "
. 3 . M Unie
o=y Moo 2 Y () = (32b)
2 (=1.04n Yn — Ye

where

(32¢)

el
1l
Yl
—
~
SN—
MC’Z
1
| &K
(R ()
|
o~ | o~
S— | N~—
1

This is a new (of course autonomous, solvable and isochronous) model of goldfish type.
Note that the system (32a) involves only the Ny coordinates Z,, while the system (32b)
involves, in addition to the Ny coordinates ,, also the Ny coordinates Z,,, albeit only via
the quantity p, see (32c¢).

Remark 2.9. It is easily seen — via a treatment analogous to that of Remarks 2.3
and 2.8 — that the system (32a) with (32c) entails the following time evolution of the

quantity p = p(t):

25 = [p + (No — 1)iw]* + w? (33a)
implying
t+1
p(t) = —w {(Ng —1)i + cotg [w}}, (33b)
where of course the constant fg is related to the initial data #,(0), #,(0), n = 1,..., Ny,
by the formula
i 5(0
cotg(%) (V-1 - P© (33¢)
w

with (32¢). The insertion of this expression, (33b), in (32a) and (32b) transforms these two
autonomous systems of Newtonian equations of motion (the second of which was coupled
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to the first via (32c)) into two, apparently decoupled, nonautonomous systems, featuring
however in their equations of motion the parameter ¢y defined in terms of the initial data
#,(0),2,(0),n = 1,..., Ny by the formula (33c) (but this parameter fy only entails a,
generally complex, shift of the time coordinate; hence its role is quite marginal). Note that
a condition necessary and sufficient to ensure that these equations of motion do not become
singular over time is that the initial data yield for the quantity Zy a value which is not real
(i.e., the right-hand side of (33c) should not be real). Also note that, if consideration is
limited to the nonautonomous system of goldfish type (32b) with (33b), reading

. 3 t—|- n
yn:—gw{z—l— cotg[ (2 }}yn+2 Z < Yuls >, n=1,..., Ny, (34)

0=1,0#n

the quantity o can be evidently considered just an arbitrary constant (playing a quite
marginal role), as well as the positive integer Nj. This nonautonomous many-body problem
of goldfish type is of course solvable and isochronous (to the best of my knowledge, a new
finding).

Finally, let us also display the solvable isochronous dynamical system satisfied by the
N dependent variables ¢, (t) related to the N variables Z,(t) (evolving according to the
isochronous system of goldfish type (23)) by the analog of the relation (16a), reading

N N
Gz t) = [[lz = 2a(®)] = 2V + D ()N, (35a)
n=1 m=0
which of course entails
N
> (E) =@ (35b)
n=1

and (see, if need be, [4, Eq. (A.11)])
N3 é

> <—"> =X (35¢)
n=1 “n

Again, the derivation from (23a) of the following nonlinear system of Newtonian equations
of motion for the N coefficients ¢, is a standard, if tedious, task, facilitated by the relevant
identities displayed in the [4, Appendix A]. This system reads as follows:

. 3 .
ém—[;—g—i-cl—i- (3N—2—4m)]ém
3 3m 3N —2
+ {%51 — 201 — 26y — zw[ méy + (BN —m-— 2)61} w2m< — m> } Cm,
N CN 2

- {3(m + 1)2—N +2(m — 1)&) + iw [4m? — 3(N — 2)m + 5N + 2] } st
N

+202m + 1)émer +4m(m +2)émeo =0, Ens1 =éng2=0, m=1,...,N. (36)
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Remark 2.10. An equivalent, but nonautonomous, version of these equations of motion
obtains via the observation that (23b) and (28) with (35b) and (35c) entail the relation

e Eg = 28(1) +w {(N — 1)i — cotg [@} } (37a)
of course with
wcotg<w7t~0) = (N - 1)iw — [ZX Eg; — 28 (0)] : (37D)

3. Proofs

In this section, we provide proofs of the findings reported but not proven in the preceding
Sec. 2, i.e., essentially Proposition 2.1 and the findings about the equilibria (Propositions 2.2
and 2.4).

The starting point of our treatment is the trivially solvable matrix ODE

W =w? (38a)
the solution of which obviously reads
W(t) = W(0)[I —tW(0)] L. (38b)

Here I is the unit (2N) x (2N) matrix, and here and below W = W (t) is a (2N) x (2N)
matrix.

It is now convenient to introduce the following block-matrix representation of the (2/V) x
(2N) matrix W = W (t) in terms of two N x N matrices U = U(t),V = V (¢):

W—VU 39
\v v) (39)

This yields the following system of matrix ODEs for the two N x N matrices U = U(t),V =
V(t):

U=UV+VU V=U*+V2% (40)

And it is easily seen (from (38b) and a bit of standard matrix algebra) that the solution
of the corresponding initial-value problem yields the following expression of the N x N
matrix U = U(t):

U(t) = [I —tV(0)]7'U(0) - {I —tV(0) — 2U(0)[I — tV(0)] U (0)} L. (41)

Here and below I is the unit N x N matrix.
We now introduce the N eigenvalues z,(t) of this N x N matrix U(t) by setting

U(t) = R Z(t)[R(t)] ", (42a)
Z(t) = diaglza ()], Zum(t) = Spmzn(t). (42D)

Remark 3.1. The diagonalizing matrix R(¢) is only defined up to right-multiplication by
an arbitrary diagonal matrix D = D(t), Dy = dpmdy, namely it could be replaced by the
matrix R = RD entailing R~' = D~'R~!.

1250006-13 74



F. Calogero

Then, via an analogous formula (featuring the same matrix R(¢) which diagonalizes the
matrix U(t), see (42a)) we introduce the N x N (generally nondiagonal) matrix Y = Y (¢)
by setting

V(t) = ROY (B)[RE)] ™, (43a)
Yom(t) = 0nmUn(t) + (1 — 0pm) Yom (2). (43b)
It is moreover convenient to introduce the N x N matrix M = M (t) by setting
M(t) = [R(t)] T R(t), (44a)
My (t) = Onmpin () + (1 = dnm ) My (2)- (44b)

Remark 3.2. The freedom entailed by the possibility to right-multiply the matrix R by an
arbitrary diagonal matrix D (see Remark 3.1) entails that one is free to assign arbitrarily the
diagonal elements j,,(t) of the matrix M (t), since the change from R to R (see Remark 3.1)
entails the corresponding change from pu,, to fi, = p, + dp /dp.

Via (42a), (43a) and (44a) the matrix ODEs (40) then become
Z+[M,Z)=2Y + YZ, (45a)
Y+ [M,Y]=2%2+Y2 (45b)

Let us now look at the diagonal and off-diagonal parts of these two matrix ODEs.
The diagonal part of (45a) yields

Zn =22pYn, n=1,....N (46a)
entailing
Zn
= — =1,...,N 46b
yTL 2Zn Y n Y Y Y ( )

The off-diagonal part of (45a) yields, componentwise,

(zm — 2n)Mpm = (zn + 2m)Ym, n#m, n,m=1,... N, (47a)
entailing
Zn + Zm
Mnm:—< )Ynm, n#m, n,m=1,...,N. (47b)
Zn — Zm

The diagonal part of (45b) yields

N
gn=2n+Up+ > (YaiVin — MutYon + YoeMpn), n=1,...,N, (482)
0=14#n

entailing, via (46b) and (47b),

.9 N

=24 Y VY, I il | I TN (48)
Yo i A
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hence, via (46a) and (46b),

N
3 2 4
zn:§z—”+2z§’;+2zn ) {Ynmn<3+z ifz >] n=1,....N. (49)
n (=1,04n n T <t

Finally, the off-diagonal part of (45b) yields, componentwise,

N
Ynm = Z(Ynkykzm - MnkYkm + YnkMkm)a n 7é m, n,m= ]—7 cee 7N7 (503)
k=1

hence, via (43b), (44b), (46b), (47b) and a bit of algebra,

= — — — M+ m

Yom Zn Zm Zn — Zm

N
YoeYim 22y 22y
“ntitm (g
+ > [Y (+Zn_zé+ ,

Zm — ¢

n#m, nm=1,...,N. (50b)

We now note that the system of N ODEs (49) looks like a set of Newtonian equations
of motion for the coordinates z,, with the quantities Y,,,Y, playing the role of “coupling
constants”. But the quantities Y,,, are not constants; indeed their time evolution is deter-
mined by the system of ODEs (50b). To get an autonomous system of Newtonian evolution
equations involving only the N coordinates z, one must therefore find — if at all possible —
a way to get rid of the N(N — 1) quantities Yj,,,, namely a way to express them in terms
of the coordinates z, and their time derivatives z, (while of course satisfying the N(N — 1)
ODEs (50b), using, if need be, the freedom to assign the N quantities p,, see Remark 3.2).
Somewhat miraculously the following ansatz allows to realize this goal:

=0, n=1,...,N, (51a)

1/%, V2 s 1/2

Ynm:—<—+2zn> (—+2zm) , n#m, n,m=1,...,N. (51b)
2\ z, Zm

Indeed via this ansatz the system (49) coincides with the equations of motion (2a) while,

via this very expression, (2a), of Z,, it is rather easily seen that the ansatz (51) satisfies

identically the N(N — 1) equations (50b). This concludes the main part of our proof of

Proposition 2.1.

There remains to express the two N x N matrices U(0) and V' (0) featured by the solu-
tion (41) in terms of the initial data z,(0), 2,(0),n = 1,..., N. The simplest (and clearly
permitted) way is to assign R(0) = I, thereby entailing, via (42a), U(0) = Z(0),V(0) =
Y (0). Then the solution (41) reproduces the formula (3a), while clearly (42b) yields the
expression (3b) of Z(0) and, via (43b), (46b) and (51b), one gets the expression (3c)
of Y(0).

The proof of Proposition 2.1 is thereby completed.

Next, let us consider the equilibria. Let us re-emphasize that the equilibrium coordinates
Zn = Zn, 2, = 0 are always defined up to permutations.
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For the nonisochronous case of Sec. 2.1, we begin by noting that the equilibrium con-
figuration z, = Z,, 2, = 0 corresponding to the system (2b) is clearly characterized by the
following system of N algebraic equations for the N (time-independent) coordinates z,:

Zn — %2
(=1 0n N0 T A

N N )
7S =22, +3> (%) +4 Y < Zf_) =0, n=1,...,N. (52a)
k=1

Assume now that K of the coordinates Z,, do not vanish, while the remaining ones do vanish,
say, for definiteness, z, = 0 for n = K +1,...,N (with 0 < K < N). The K = 0 case
corresponds to the special case of Proposition 2.2 with z = 0. Hence hereafter K > 1. Then
the above set of equations is reduced to the following system of K algebraic equations for
the K numbers Zj:

K K )
s E) Y () =0 kLK (530)
j=1 =

or equivalently

K

202K —3)% — Y (5 +4Z<

j=1 0=1,0+k

) 0, k=1,... . K. (53b)
2k — 2

The equivalence is of course implied by the identity
z; =z — (2 — 20) (2 + Z0). (54)

On the other hand by summing the K equations of the system (53a) and using the
identity

K 22 K
2 > () - -nY @ (55)
kel—1 0k

clearly implied by (54)), we get K K: Zi) = 0 namely K (2:) = 0. Hence (53b) can
J=1\"J Gj=1\%J
now be simplified to read

4z<

0=1,0+£k

):2(21{-3), k=1,...,K. (56)
2k — 2

Finally summing these K equations and using the identity

K 5
2k e;ﬁ@}g = ZZ) = K(K—-1) (57a)
we clearly get the relation

2K (K —1) = 2K (2K —3) hence K =0 or K = 2. (57b)
It is then trivial to complete the proof of Proposition 2.2 by noting that (56) with K = 2

implies z; = z, Zo = —Z with z arbitrary.
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In the isochronous case of Sec. 2.2 it is convenient to utilize the rescaling (29) of the
coordinates Zz, identifying the equilibrium configurations. Then clearly from (23a) we get
the following version of the system of N algebraic equations determining the N numbers (,,:

N
Gl = G){3N —4—30+2¢, +4 Y [M] ~0, n=1,....,N, (58)

(=1,0#n Cn - CK

where we set

N
0= (G- (58b)
n=1

Our task here is to identify all the solutions of this system of N algebraic equations.
Each solution is characterized by N values (,; of course they are always defined up to an
arbitrary permutation of the N indices n. Clearly there are two values of the coordinates ¢,
which play a special role, namely the values 0 and 1. Therefore, hereafter we assume that
Ny respectively N7 of the N numbers (,, have these special values 0 respectively 1, say, for
definiteness,

Ch=0 for N—No+1<n<N, (592)
(o=1 for N—Ny—N;+1<n<N—Np, (59b)

where of course Ny and Nj are two non-negative integers the sum of which does not exceed
N so that

K=N-Ny—N;, 1<KZ<N. (59¢)

Implicit in this ansatz is the assumption that for (,, = 0 or (,, = 1 the nth equation of
the algebraic systems (58a) is automatically satisfied; moreover note that, by assuming
here that K is positive, we are hereafter excluding from consideration the trivial case in
which all the N numbers (, either vanish or equal unity (i.e., the solution of first type in
Proposition 2.4). Hence our task is now reduced to finding the K solutions of the following
system of K algebraic equations

—~ [C1=¢)
3(K+No)—4—-35+20+4 > [u]:o, k=1,...,K, (60a)
eyt Cr — Cr

with
K
S="(G. (60b)
k=1

Note that the number Nj has disappeared from these equations (because o = S + Ny,
see (58b), (60b) and (59)), and that our treatment entails now the requirement that the
solution of this system feature no number (; which vanishes or equals unity,

G #0, (#1, k=1,....K. (60c)

For K = 1 the system (60) reduces to a single (linear) equation and it clearly yields
(1 =3 Ny — 1, as indicated above. This is the solution of second type in Proposition 2.4.
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Likewise, for K = 2 the system (60) can be easily solved, and it is thereby seen to imply
No = 0 and to yield for (; and (s the two values (30) with ¢ an arbitrary number. This is
the solution of third type in Proposition 2.4.

To complete the proof of Proposition 2.4 there remains to show that the system (60)
has no solution for K > 3. We proceed per absurdum, introducing the (monic) polynomial
of degree K featuring the K numbers (; determined by the system (60) as its K zeros:

K

K
Q) =] =) =D (™™, w=1 (61a)
k=1

k=0

and then showing that the assumption that such a polynomial exist leads to contradictions.
Note that this definition, together with (60b), entails the relation

Ccl = -S. (61b)

Next — using (61b) and, if need be, the formulas (A.4), (A.6a), (A.8b) and (A.8f)
of [4] — we note that to the algebraic system (60a) satisfied by the K numbers (; there
corresponds for the polynomial ¢(¢) the following second-order ODE:

v+ (P v (622)
= (" — (2K - 3)Cy + K(K — 2)y. (62b)

Here of course the appended primes denote differentiations with respect to the argument ¢
of the polynomial 1(().

Likewise — using, if need be, the formulas (A.13g), (A.13c), (A.13h), (A.13d)
and (A.13a) of [4] — it is easily seen that this ODE yields for the coefficients ¢y, see (61a),
the following recursion relation:

No+ K —
(K+1—k)(30+%—k)ck_l:k(k—z)ck, k=1,2,.... (63)

For k =1 this formula yields (using ¢y = 1, see (61a))

¢ = K<1 4 2o ) (64)

K -2

Then, for k = 2, we get from (63) either ¢; = 0 which is inconsistent with (64) for K > 3
and Ny > 0, or

c1=3No+ K —4 (65a)
namely, via (64),
2K + 3Ny =4 (65b)

which also cannot be satisfied for K > 3 and Ny > 0. The proof of Proposition 2.4 is thereby
completed.
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