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Resumen

Presentamos a continuacion un resumen de cada uno de los Capitulos que constituyen
esta Memoria de Tesis Doctoral. Por motivos de simplicidad en la presentacion, pres-
cindiremos de las referencias bibliograficas correspondientes, que se detallardan ade-
cuadamente en la version inglesa.

Capitulo 1.
Introducciéon

Tanto la Mecéanica Clasica como la Mecanica Cuantica, encuentran su marco mas natu-
ral dentro del formalismo hamiltoniano. De hecho, el enfoque méas usual de un sistema
desde el punto de vista fisico consiste en formular la funcién hamiltoniana para el caso
clasico o su correspondiente operador para el caso cuantico. Desde una perspectiva
estrictamente matematica, el formalismo hamiltoniano estd ligado a la estructura de
algebra de Lie, dando una idea unitaria de la simetrias subyacentes en Mecéanica Clasica
y en Mecanica Cuantica. De hecho, aunque en esta Memoria nos concentraremos en el
estudio de sistemas clasicos, el enfoque algebraico de este trabajo permitiria la formu-
lacion cuantica de los resultados aqui presentados.

Consideremos un sistema de particulas cldsicas con N grados de libertad. A par-
tir del hamiltoniano del sistema, H™)(q1,...,qn,p1,...,pn) escrito en funcién de las
variables candnicas, las ecuaciones de Hamilton:

OHWN) OHDN)
= — .74':—7 .:].,...,N 1
Opi P 0q; ! M)

i
nos suministran toda la informacion dinamica del sistema. El problema fundamental es,
por tanto, encontrar la solucién de ese sistema de ecuaciones diferenciales. En general,
esto no es sencillo y en ocasiones ni siquiera posible, ya que los sistemas fisicamente
interesantes normalmente dan origen a un sistema de ecuaciones no lineales acopladas.

ix



Por ello, de entre todos los sistemas hamiltonianos, podemos extraer un conjunto
muy interesante denominado ‘sistemas exactamente o completamente resolubles’: es
decir, aquéllos para los cuales las ecuaciones de Hamilton pueden ser resueltas de mane-
ra exacta. El problema es que el niimero de sistemas que verifican esta propiedad es
muy pequeno y, normalmente, la existencia de soluciones exactas estd profundamente
ligada a existencia de simetrias subyacentes del modelo en estudio.

Esta Memoria de Tesis Doctoral se ocupa de la construccién de nuevos sistemas
hamiltonianos exactamente resolubles. La piedra angular de nuestro enfoque radica
en la siguiente afirmacién: si para un sistema hamiltoniano dado tenemos un nimero
‘suficiente’ de constantes del movimiento independientes, entonces las ecuaciones de
Hamilton pueden ser integradas mediante ‘cuadraturas’. Esto significa que las solu-
ciones del sistema pueden ser obtenidas mediante un ntmero finito de operaciones
algebraicas (incluyendo inversién de funciones) y cuadraturas, es decir, la evaluacién
de integrales de ciertas funciones dadas. Este resultado, reformulado en un contexto
mas técnico quiere decir:

Sea R*N = (q1,---,qN,DP1,--.,DN) €l espacio de fases de un sistema hamiltoniano
descrito mediante la funcién HW) (q1,---,9N,DP1,---,DPN), junto con la definicion ha-
bitual del corchete de Poisson

N rof og g of
{fag}zz S A a. a. |- (2)
=1 0q; Op;  Oq; Op;

Si el sistema anterior tiene (N — 1) integrales del movimiento funcionalmente indepen-
dientes (Fi,Fa,...,Fn—1) y en involucidn,

{H,F;} =0 {Fi,F;} =0 ihwj=1,...,(N—-1) (3)

entonces las ecuaciones de Hamilton del sistema pueden resolverse mediante cuadra-
turas.

De hecho, un sistema hamiltoniano H®) con un nimero arbitrario, pero finito, de
grados de libertad se dice que es completamente integrable (en el sentido de Liouville,
anteriormente descrito), si existe ese conjunto de (N — 1) integrales (Fi,...,Fn_1)
funcionalmente independientes. Por tanto, la integrabilidad completa de un sistema
supone que podemos ser capaces de encontrar la solucidon explicita de su compor-
tamiento dindmico. De hecho, es muy importante enfatizar que los sistemas integrables
son el paradigma del movimiento regular, y pueden ser interpretados desde ese punto
de vista como el extremo opuesto a los sistemas cadticos. Pero llegados a este punto,
es muy importante subrayar que la integrabilidad de un hamiltoniano no es la regla,
sino claramente la excepcién, dentro de los sistemas hamiltonianos.
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Existen sistemas que tienen incluso mas de (N — 1) integrales del movimiento fun-
cionalmente independientes en involucién con HN) son los denominados sistemas su-
perintegrables. Es importante sefialar que aunque existan mas de (N — 1) integrales
s6lo (N — 1) de ellas pueden conmutar mutuamente entre si bajo la accién del corchete
de Poisson. Asi, un sistema N-dimensional hamiltoniano H®") se dice que es maxi-
malmente superintegrable (MS), si existe un conjunto maximo posible de (2N — 2)
integrales del movimiento globalmente definidas y funcionalmente independientes que
conmutan con el hamiltoniano. A partir de la afirmacién anterior se deduce que para es-
tos sistemas, es posible extraer al menos dos conjuntos diferentes de tamano (N —1) de
integrales que conmutan entre si. Finalmente, un sistema hamiltoniano N-dimensional
se dice cuasi-mazimalmente superintegrable, si tiene (2N — 3) integrales independientes
verificando las propiedades anteriormente resenadas.

Solamente se conocen un pequeno numero de sistemas que son MS para cualquier
numero de grados de libertad. Los dos ejemplos mas significativos lo constituyen el os-
cilador armonico y el potencial de Kepler. La superintegrabilidad es una propiedad que
tiene profundas implicaciones geométricas, ya que todas las trayectorias acotadas de un
sistema MS son necesariamente periddicas. De esta forma, los sistemas superintegrables
serian el ejemplo paradigmatico del comportamiento absolutamente no cadtico.

Debido a todas estas propiedades, la construccion de sistemas hamiltonianos com-
pletamente integrables (en dimensién finita e infinita) ha merecido atencién destacada
desde hace mas de un siglo. De hecho, las técnicas y enfoques que se han utilizado
para su tratamiento han sido de lo mas variado. A pesar de todo ello, uno de los
principales problemas que persisten es la ausencia de un criterio suficiente y/o métodos
sisteméticos para decidir si un sistema hamiltoniano dado es o no integrable. De he-
cho se han desarrollado algunas técnicas para la caracterizaciéon de ciertas condiciones
de suficiencia como por ejemplo el test de Painlevé o el denominado test de Yoshida-
Ziglin, aunque, a pesar de ello, el acercamiento actual a los sistemas integrables es de
tipo fundamentalmente constructivo.

Ademi4s, es importante anadir que incluso para los sistemas hamiltonianos con tan
sélo dos o tres grados de libertad, la clasificacion de aquéllos que son integrables no es
en absoluto trivial. Obviamente, las dificultades crecen de manera exponencial cuando
el estudio se realiza en dimensiones més altas. De hecho, en la mayoria de los casos
N-dimensionales conocidos, las propiedades de integrabilidad estan basadas en la exis-
tencia de ciertas simetrias que permiten una adecuada extensién de la integrabilidad
desde dimensiones bajas.

El objetivo principal de esta Memoria de Tesis Doctoral es la construccién de nuevos
sistemas hamiltonianos integrables con N-grados de libertad que incluyan interacciones
de tipo no lineal, para los cuales se pretende también la obtencion explicita de sus in-



xii

tegrales del movimiento. El enfoque que hemos adoptado para la construcciéon de estos
sistemas es la aplicacién de la denominada simetria de codlgebra. Este método, cuando
es aplicable, proporciona explicitamente las constantes del movimiento y permite igual-
mente la introduccién de deformaciones integrables de los sistemas originales. En este
contexto las funciones de Casimir de las dlgebras utilizadas serdn objetos esenciales ya
que de ellas obtendremos las integrales de movimiento del sistema.

A continuacién se resume el contenido de cada uno de los capitulos en que se di-
vide esta Memoria, enfatizando las aportaciones originales realizadas. Debemos anadir
finalmente que una parte significativa de dichos resultados originales aqui presenta-
dos, se han recogido en los trabajos que figuran como referencias con nimeros [23],
127], [28], [30], [31] y [32]. Sin embargo, esta Memoria contiene a su vez, algunos otros
resultados no incluidos en estos articulos, dando ademés una vision unificada de la apli-
cacién de la simetria de coalgebra a la formulacién de nuevos sistemas hamiltonianos
ND integrables.

Capitulo 2.
Sistemas integrables con simetria de coalgebra

2.1 Sistemas hamiltonianos definidos sobre coalgebras de Poisson

En esta Seccién se recapitula brevemente la construccién de sistemas hamiltonianos
integrables con simetria de coalgebra. Partimos de un algebra A, que junto con un
homomorfismo llamado coproducto A y definido como

A:A— A@A, (4)

(A®id)o A= (id®A)oA (5)

hace que la construccion sea coasociativa. Es decir, se verifica el siguiente diagrama
conmutativo

AR A
A/' &@id
A AR AR A.
A Auea
AR A
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El coproducto A puede iterarse hasta un niimero arbitrario N de copias del algebra.

Un hamiltoniano con N grados de libertad se dird que tiene simetria de coalgebra si
se construye como una funcién cualquiera del coproducto N-ésimo de los generadores
de la codlgebra, es decir,

HN) = AM(H(Xy, ..., X)) = HAM(XY), ..., AN (X)). (6)

La integrabilidad completa de este tipo de sistema proviene de que, por construccién,
la aplicacién del coproducto a los (1) operadores de Casimir (C;) del dlgebra utilizada

e = AM(C(X, .. X)) = GAM (). .., A (X)) (7)

proporciona siempre constantes del movimiento en involucién con H®):

{Cj(m)vHN}A(X)A@...N)@A =0 m=1..,N (8)

Adema3s las constantes asi obtenidas estan en involucién entre ellas

{C§m)’c§n)}A®A®...N>®A -

0, mn=1...,.N, 4,57=1,...,r (9)

Esta Memoria esta basada en el hecho de que toda algebra de Lie—Poisson g* con
generadores X; (i = 1,...,1) y funciones de Casimir Cj(X1,...,X;) (j=1,...,r), tiene
la estructura de codlgebra siguiente

AX)=X;®1+1®X; (10)

y puede dar origen a hamiltonianos completamente integrables.

El método de la simetria de coalgebra ha sido aplicado anteriormente para la cons-
truccién de diferentes sistemas integrables basados en algebras de dimensién 3 y una
Unica funcién de Casimir no lineal, tomando siempre realizaciones simplécticas de los
generadores en funciéon de un tnico par de variables candnicas. En esta Seccién se
realiza un estudio sistemético de las condiciones que deben cumplir las realizaciones
simplécticas arbitrarias

D2l‘—>$(q17p1,q27p2’--quaps) (11)

de un algebra cualquiera, para poder generar la integrabilidad completa del hamiltonia-
no HW),

Teniendo en cuenta que los invariantes o integrales del sistema seran los operadores
de Casimir no lineales, para una codlgebra con dimensiéon [ y R casimires no lineales
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con s pares de variables candnicas en la realizacién simpléctica elegida, encontramos
que debe cumplirse la siguiente condicién necesaria de integrabilidad
R-1

s<R-— N (12)
La expresion implica que s = 1 para coalgebras con R = 1 y que s < R para
codlgebras con R > 1. Nuestro posterior estudio sisteméatico de las algebras de dimen-
siones 3, 4, 5, 6 (nilpotentes), se centrard en aquéllas que verifiquen este criterio. A
partir de la férmula anterior queda claro, que aquellas algebras con un operador de
Casimir no lineal (R = 1) deberdn ser parametrizadas mediante una tnica pareja de
variables candnicas para dar lugar a sistemas integrables. Esta va a ser nuestra eleccién
en todos los casos propuestos en este Capitulo y en el siguiente.

Considerando ademas la realizacién simpléctica genérica, cuya dimension viene dada

por

l—r
= 13
wm="3 (13)

encontramos que la condiciéon de integrabilidad que debe cumplirse es

l§(2R+r)—%(R—1). (14)

Esta relaciéon original, liga los parametros I, 7, Ry N, y serd basica en todo el desarrollo
posterior. En ella vemos que cualquier algebra con representacién s,, = 1 y que tenga
R > 1 verificard la condicién de integrabilidad.

A continuacién, también recordamos que la construccién de codlgebra puede dar
lugar, en principio, a sistemas superintegrables, ya que el formalismo puede propor-
cionar hasta (2N-3) integrales del movimiento, cuya independencia funcional debe de
ser comprobada a posteriori. En el caso més favorable, nuestros sistemas estarian a una
sola integral del alcanzar el nimero maximo de integrales posibles (caso maximalmente
superintegrable), integral que de existir, no puede ser aportada por este formalismo y
debe obtenerse aparte.

2.3 La coélgebra de Lie-Poisson si(2,R)

En este apartado, se muestra como ejemplo concreto del funcionamiento del esquema de
simetria de coalgebra, la construccién de sistemas completamente integrables basados
en sl(2,R). Este tipo de sistemas han sido ya descritos ampliamente en la literatura.
A partir de los corchetes de Poisson:

(Js, Joy =20, {Js,J_}=—20_  {J_ J.}=4J; (15)
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la funcién de Casimir es

C=J_Jy—J3 (16)
v la realizacién simpléctica genérica viene dada por
b
D(J-) = qi D(Jy) = pt + q% D(J3) = qip1. (17)
1

Con estos ingredientes, se obtienen los sistemas integrables definidos mediante

N N N
b
H = (3 (s ). Tt Soam) new s)
i=1 % i=1 i=1
donde H es una funcién genérica con tres variables. Esta construccién sera retomada

en el Capitulo final, como parte integrante de un esquema algebraico méas amplio, que
permitird la generalizacion axial ND de sistemas integrables 2D.

2.4 Sistemas ND integrables a partir de coalgebras de Lie en 3D

En esta Seccién, se procede a la construccion exhaustiva de las realizaciones simplécticas
genéricas de las 9 algebras de Lie reales de dimensién 3 (ver Tabla 3). Igualmente, se
presentan los sistemas hamiltonianos integrables a los que dan lugar estas algebras
junto con sus integrales del movimiento. En algunos casos, se aporta mas de una
posible parametrizacién para los generadores del dlgebra. Como ejemplo de los nuevos
hamiltonianos integrables encontrados en este Capitulo mostramos la siguiente cons-
truccién que proviene del algebra Az 3. A partir de los corchetes de Poisson no nulos

{J1,J3} = N1 {J2, 3} = J2 (19)
se puede formular el siguiente hamiltoniano,

A A LA
W (L2 S -3 2
to=1 i=1

cuyas constantes del movimiento son

(51)
cm ==L _Z ;=2 . N. (21)

Noétese que si tomamos la misma realizacién simpléctica en todas las copias del dlgebra
(esto es, si k; = ko = -+ = ky) todas las constantes del movimiento colapsan. Este
hecho resalta la importancia de las realizaciones simplécticas elegidas.
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2.5 Deformaciones integrables a partir de ¢-coalgebras de Poisson

En esta Seccién final, se recuerda cémo el formalismo de codlgebra puede ser apli-
cado para introducir de forma natural deformaciones integrables de sistemas hamilto-
nianos. Para ello, se utilizan las denominadas g-codlgebras de Poisson. Se presentan

asi los sistemas integrables obtenidos mediante la deformacién si,(2,R), que modifica
la codlgebra sl(2,R) de la siguiente manera:

{J3,J+} =2J4 coshzJ_ {J3,J_} = —

inh z.J_
2% (J_, Ty} =405 (22)

El coproducto deformado es

A1) =101 A(J)=J-®1+1xJ_
A()=Ji@e* - +e -2 (i=4+,3). (23)

La funcién de Casimir deformada se debe tomar como
C.=——J; — Jj (24)

v la realizacién simpléctica correspondiente seria

sinh zq? zby sinh zq?
D.(J)=¢  D.(Jy)=—5"pi+ 35 DAl)=—Z"aqap. (25
2q7 sinh zq{ 2q7

A partir de todo ello, se obtienen sistemas completamente integrables que deforman
en términos del pardmetro z los ya obtenidos para sl(2,R). Finalmente, se mencionan
algunas de las aplicaciones fisicas de los mismos.

Capitulo 3.
Coadlgebras en dimensiones mas altas

En este Capitulo se procede al estudio sistemético de todas las dlgebras de Lie reales de
dimensiones 4,5 y las nilpotentes de grado 6. Se presentan todas aquellas que cumplen
la condicién de integrabilidad descrita en el Capitulo anterior y , y para ellas, se
construyen las familias de sistemas hamiltonianos integrables con simetria de codlgebra
a los que dan lugar.
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3.1 Sistemas integrables a partir de coalgebras 4D

Se encuentran las realizaciones simplécticas de las 12 dlgebras de Lie reales de dimension
4 y se construyen los sistemas dindmicos que surgen de ellos, asi como sus invariantes.
El material se presenta de acuerdo con el nimero R de casimires no lineales de cada
una de las dlgebras.

Algebras con R=1

En la Tabla 4, se presentan dentro de esta Seccién las algebras A4 1, A4 3, Aag y A4 10-
Como ejemplo de sistema dindmico interesante presentamos

N
p; 4+ k7 a7 — ko

N
HM =3 TP +F (Z ki qi> (26)
’ =1

=1

obtenido desde el algebra Ay 1.

Algebras con R=2

Siguiendo con el esquema anterior, la Tabla 5, muestra las algebras 4D (A4a72, Ay 4, AZ:g

b . .. . .
y AJ¢) que cuentan con dos funciones de Casimir no lineales. Desde un punto vista
b
dindmico los sistemas aqui encontrados son menos interesantes. Como muestra de uno
de ellos, presentamos el ejemplo de sistema formulado a partir de Af,
b

N

ko N N N
HWN = (Z %ep", Z k€™, Z k1 pi e, — Z %’) (27)
2, i—1 i—1 i—1

i=1

donde, de nuevo, H es una funcion genérica de cuatro variables.

3.2 Sistemas integrables a partir de coalgebras 5D

En el mismo estilo que la Seccién anterior, ésta presenta los sistemas que se formulan
a partir de las 40 algebras de Lie reales de dimensién 5, ordenados segtin el nimero
de Casimires no lineales que aparecen en ellas. Una vez mas, en la Memoria sélo se
presentan los resultados que verifican la condicién necesaria de integrabilidad .
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Algebras con R=1

La Tabla 6 muestra las parametrizaciones simplécticas de las algebras As 1, A5 3. Como
ejemplo mas interesante podemos citar

N
HWN) —

s +g<zk21qz+zk ) 29
obtenido para el algebra As 3. Nétese el papel destacado que en toda la formulacién
de la codlgebra desempenan las constantes k;;, que indexan la realizacién simpléctica
tomada en la copia i-ésima del algebra.

=1

Algebras con R=2

La Tabla 7 presenta las realizaciones simplécticas de las dlgebras As 2, ASg, A510 ¥
Ag14- Un ejemplo de sistema hamiltoniano integrable serfa

N N N ]{;1 S
HN) = H <Z k14, Zkl,ipi7 Z ( 5 12 = ) Zk?)zepl Z%) - (29)
i=1 i=1 -

i=1

Finalmente el caso R = 3 se presenta en el Suplemento 3, ya que su interés dindmico
es limitado. Sin embargo, sirve para ejemplificar la complejidad de las realizaciones
simplécticas conforme se va subiendo de dimension.

3.3 Sistemas integrables a partir de codlgebras 6D nilpotentes

Se han encontrado las realizaciones simplécticas de las 22 dlgebras nilpotentes de di-
mension 6, asi como de las 12 solubles que contienen un nilradical abeliano. Del primer
grupo, solamente tres de todas ellas verifican la condicién necesaria de integrabilidad
. Por este motivo, se presentan tnicamente las dlgebras Ag 3, Ag 1y Ag 2, junto con
los sistemas integrables a que dan lugar.

Del resto de algebras de ese grupo, no se presentan explicitamente las parametriza-
ciones en esta Memoria, ya que aunque algebraicamente importantes, no dan lugar a
sistemas dindmicos interesantes desde un punto de vista fisico.

3.4 Una familia de algebras con dimensién arbitraria

En la parte final del Capitulo, se presenta como resultado original la caracterizacion de
la familia de algebras de Lie denominada g,; y definida por los corchetes de Poisson no
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nulos

{Jiy Im} = Jia Yi=2,...,M — 1. (30)
Esta familia incluye como casos particulares las dlgebras As 1, As1, As2, v A 2.

Hemos encontrado la férmula genérica para sus (M — 2) funciones de Casimir, que
vienen dadas por

Cl = Jl
—J22 + 2J1J3
Cp= —2 =198
2.J1
am ;
, =2 o . ,
(—0)F T+ 3 ag IS T il — 2V T i
C; = =1 — i=3,... M—2
\ i(i — 2)1J!
(31)

donde a; son ciertas constantes. Por tanto, esta familia cumple la condicién de integra-
bilidad para todo M > 3. La realizacién simpléctica de gys genérica tiene las siguientes
expresiones para los generadores:

Ji =k
Jo = kip
Pl j—2 j—2—i
Ji =k kil =34, (M—1
vV P DLl v I S
I =—q (32)

a partir de la cual, pueden escribirse los correspondientes hamiltonianos completamente
integrables con un numero arbitrario de grados de libertad dados por

HN) = H(JL, Jo, ..., Tan). (33)

Capitulo 4.
Integrabilidad ND a partir de la coalgebra ‘two-photon’

En este Capitulo se aplica el formalismo de la simetria de codlgebra para una cierta
realizacién simpléctica (no genérica) de un édlgebra de Lie de dimensién 6 denominada
algebra ‘two-photon’. Los nuevos sistemas hamiltonianos clésicos integrables que se
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obtienen dependen de N parametros y de varias funciones arbitrarias. Igualmente
dentro de este marco, se presentan todas sus integrales del movimiento. Como se vera
en la serie de ejemplos presentados, el dlgebra hg dard lugar a numerosos sistemas
completamente integrables de gran interés fisico.

4.1 El algebra hg o ‘two-photon’

Los corchetes de Poisson de este algebra son

{K,A+}:A+ {K,Af}:—Af {A,,A+}:M
{K,B;} =2B; {K,B_} =—-2B_ {B_,B;+} =4K +2M (34)
{Aq, B} =24 {A+,Bi}=0 {M,-}=0
{A_,B;} =2A,4 {A_,B_}=0.
Sus dos casimires son el generador central M y la funcién no lineal
C=(MB; — A%2)(MB_ — A*) — (MK — A_A; + M?/2)%. (35)
Una realizacién simpléctica a una particula de este algebra, viene dada por
A
Av=dipr A-=ha K=api -+ (36)

By = pi B_ =g M =\

A pesar de que este algebra no verifica la condicion de integrabilidad , es posible for-
mular a partir de ella sistemas que estan a falta de una tinica constante del movimiento
para alcanzar la integrabilidad completa, tal y como analizamos en la Seccién 4.2.

Desde un punto de vista fisico, este algebra contiene a sl(2,R) como subdlgebra,
lo cual supone que hg permite romper la simetria esférica a partir de la inclusion del
término A_ = A1q. Igualmente, enfatizamos que la realizacién simpléctica que se
obtiene del coproducto, contiene N parametros libres A;. Este hecho va a proporcionar
una gran abanico de posibilidades para los nuevos hamiltonianos presentados.

4.2 Una familia infinita de sistemas cuasi-integrables

El resultado fundamental de este capitulo es que cualquier hamiltoniano construido
como una funcién

H=H(K,By,B_,A;,A_, M) (37)
donde

N N 32
Ay = Z)\z‘pi A_= Z i K= Z <q7;p7; - 21>
=1 i=1

i=1
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N N N
By =Y p} B =Y q M=) X (38)
i=1 i=1 i=1

es cuasi integrable, ya que posee (N — 2) integrales del movimiento dadas por

m

2
™ = 3" (Nilpjar — pras) + N (Prdi — pigk) + Me(pig; — pii) (39)
1<i<j<k
donde m = 3,...,N. Noétese que el coproducto para m = 2 da lugar a una integral

trivial. Este hecho genera la ausencia de una integral del movimiento con respecto a
todos los casos tratados hasta ahora, y refleja que la realizacién simpléctica elegida no
cumple la condicién de integrabilidad.

Se recapitula a continuacion la forma general de algunos sistemas hamiltonianos
cuasi-integrables que pueden formularse dentro de este marco, y cuyo estudio particular
se desarrollard mas adelante. De esta manera, se demuestra la cuasi-integrabilidad para
cualquier N de:

o Sistemas naturales.
N P2 N N
(N) Yi . 2
HY = é 1 5 + .7-"< El Aidi, El q; > (40)

e Hamiltonianos electromagnéticos. Los sistemas hg que contienen términos lineales en
los momentos tienen la forma general siguiente:

N N \2 N N
HN = Z% + (Z (%’pi - 2’)) J-'(Z)\iqz-,zqi2>
=1 N i=1 N N i=1 NZ=1 N
+ (Z )\ipi> Q(Z /\iQianZZ) +R(Z AiQiaZQz?)- (41)
i=1 i=1 i=1 i=1 i=1

Comparando (para N = 3) con un hamiltoniano electromagnético estatico genérico
1/, 2
Hem = 5 (p_€A> +€¢ (42)

donde e es la carga eléctrica, A es el potencial vector y 1 el escalar, obtendriamos

‘ N N s N N
A = —%.7: (;Aiq%;qig> - ;Zg (;)\i%’a;qg> i=1,2,3 (43)
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. N N s N N
_ . 2| _ — 2 s 2
A N N 2
5 <qu2> {]: <ZM%ZQ‘2>}
i—1 i—1

1 ]if:1 N N N
- (Z /\iqz) F (Z Nidi, Z q12> g (Z AiGi, Z q12>
1 z:]b z:;f z:]if , i=1 =1
"% (Z)\22> {g (Z)\iqz',zqi2>} (44)
1=1 i=1 i=1

siendo F, G, R funciones arbitrarias.

e Flujos geodésicos hamiltonianos. Recordemos la forma general de estos sistemas

N
ij=1
donde la métrica del espacio subyacente va a venir descrita por ¢¥/(qi,...,qn). Se

prueba que el hamiltoniano hg invariante (y por tanto, cuasi-integrable) méas general
de este tipo que podemos escribir es

N o N N N 2 N N
HN) = <Z 1;) F (Z Aiqi,ZqZ?) - (Z m) g (Z Az»qz-,Zq?)
i=1 i=1 i=1 i=1 i=1 i=1
N 2 N N
+ (Z Qipi> R (Z AiQi:ZQ?)
z;l N =1 z:jv N
+ (Z Qipi> <Z )\ipz) N (Z AiQ@ZQ?) : (46)
i=1 i=1 i=1 i=1

4.3 Integrabilidad completa

En todos los ejemplos descritos en la Seccién anterior disponemos de (N —2) integrales
funcionalmente independientes y en involucién. Por ello, es necesario encontrar para
qué formas concretas del hamiltonano existe una integral adicional independiente que
pueda escribirse en funcién de los generadores de hg. A continuacién se presentan tres
posibilidades distintas para abordar este problema.
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4.4 Integrabilidad a partir de las subalgebras

Un aspecto importante del dlgebra hg es su rica estructura de subéalgebras. Teniendo en
cuenta este hecho, es inmediato probar que si un hamiltoniano se define en funcién de los
generadores de una de las subalgebras de hg, podemos entonces completar el conjunto
de integrales del movimiento con el coproducto N-ésimo del Casimir de la subélgebra
correspondiente. Por tanto, se consigue demostrar la integrabilidad completa de los
siguientes hamiltonianos:

Hp, = 'HD+(K,A+,B+)

Hp_ =Hp (K,A_,B_)

Hp, = M, (K, A_, Ay, M)

Hg, = Hg, (B, A, AL, M) (47)
Hg =Mg (B_,A_, A, M)

He =Hg(uBy +vB_,A_, A, M)

Hyi2) = Hyue) (K, B—, By, M).

La subalgebra a que corresponde cada caso se describe detalladamente en esta Seccidn,
asi como la integral adicional que proporciona.

4.5 Integrabilidad a través de un generador

Proponemos aqui una segunda estrategia para conseguir sistemas completamente in-
tegrables: elegimos un generador X de hg y, posteriormente, buscamos todos aque-
llos generadores X; (j = 1,...,l) que conmutan con X y todas las subdlgebras
g (k= 1,...,t) que contienen a X como generador. De esta manera, el hamilto-
niano construido como sigue

HX:HX(Cg1)~"7cgt7X7X17"'7Xl)7 (48)
donde Cg, es el operador de Casimir de la subdlgebra g, verifica
{Hx,X}=0. (49)

Utilizando el esquema anterior, vamos a poder construir sistemas de diferentes tipos
cuya integral adicional serd X(N). La integrabilidad completa de este tipo de hamilto-
nianos se alcanza mediante el conjunto de integrales

e,....cN, xM 1. (50)
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Algunos ejemplos significativos de esta construccién son los siguientes:

e Hamiltonianos en involucion con K. La forma general de estos sistemas sera la
siguiente:

Hrk = Hk (CD+aCD77Ch4anl(2)7K7 M) . (51)

En este caso, sélo pueden formularse flujos geodésicos hamiltonianos. La expresion mas
general de estos sistemas integrables es

N
N .
HEK ) = E (gipi — aip)? | F —N
1<i<y qi2

N 2
N N > )\iQi)
- Z (Ajpi — Aipj) (N\jgi — Nigj) <Z Qipi> S % (52)

1<i<y =1

donde F,G,R,S son funciones arbitrarias.

e Hamiltonianos en involucion con A;. Esta es la familia de hamiltonianos que ad-
mite mayor variedad dentro de este esquema. Los sistemas tienen como invariante al

(N)

N
generador A}/ = > A\ip;, que en esencia representa una generalizacién de la simetria

=1
traslacional. Entre la variedad de sistemas que pueden asi construirse presentamos
hamiltonianos naturales

N 9 N
N D;
DY 5 ST a - Nig)? (53)
i=1 1<i<j
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sistemas electromagnéticos de la forma

N o N
N D;
H( ) 5 + Z ()\jpi - )\ip]) ]% - zQJ qu - )\zQJ)

N
Z
i=1 1<i<j 1<i<
N N N
+<Zm>n S g —Ng) | +F[ D
=1

1<i<j 1<i<j

(54)

y, finalmente, flujos geodésicos del tipo

2

N N
H(N) = Z (Njpi — Aipj) (Njai — Nigz) | F Z (\jgi — Nigy)?
1<i<j 1<i<j

N
Mpi = Ap)? | G D (Nai — higy)?

(1<z<] 1<i<y

N 2 N
) Z ()‘jQi_ Zq] (Z)\zp> Z jQZ_ sz)2

_|_
1<i<y
N
+< MD) > api = Aip) g = M) | T DD (Ve — digy)?
i=1 1<i<y 1<i<y

(55)

e Hamiltonianos en involucion con A_, B_ ¢ By. FEn este apartado final dedicado
a la integrabilidad conseguida a partir de un generador se muestran los sistemas que
conmutan con cada uno de los restantes generadores no triviales de hg. Los sistemas que
se generan son todos ellos flujos geodésicos completamente integrables que se describen
explicitamente en la Memoria.

4.6 Bisqueda directa de hamiltonianos integrables

La tercera posibilidad para conseguir la integral adicional (Z) de un sistema cuasi-
integrable definido sobre hg, consiste en realizar su busqueda mediante calculo directo,
una vez que se realiza una cierta hipétesis bastante restrictiva sobre la forma del hamil-
toniano. En esta Seccion se presentan los resultados originales obtenidos mediante este
tipo de busqueda. Recogemos a continuacién algunos de los més significativos.
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Sistemas naturales: el hamiltoniano de Garnier
Si consideramos el siguiente hamiltoniano
H— %B+ + 0B + 0,A2 + 0382 (56)
donde 41, d2, d3 son constantes arbitrarias, probamos que la funcién
= 05 Cyy(a) — 02(A% +2A4% (M 65401 + 63B_)) (57)

conmuta con H. Como caso particular de este sistema, se obtiene justamente el hamil-
toniano de Garnier con dos frecuencias de oscilador distintas. En 2D, si tomamos
A1 =1, Ay =0, tenemos

1 2
H = 2 (0% + p3) + Adi + Ba3 + 05 (af + 43) (58)

donde A = §; + 92, y B = §;. En tres dimensiones tomando A\ = 1, A\g = A3 = 0
obtenemos

H® = §m+w+m)(&+Mﬁ+&ﬁ+&ﬁ+%@+ﬁ+ﬁf (59)

que seria la generalizacién axialmente simétrica de (/58]).

Hamiltonianos electromagnéticos.

Un ejemplo de sistema integrable tridimensional y lineal en los momentos con campo
magnético no nulo y variable, encontrado mediante busqueda directa, es el siguiente:

sz + 55{2 q;pi — } (Z )\le> + J6 Z AiDi. (60)

Flujos geodésicos hamiltonianos

Son varios los flujos geodésicos interesantes cuya integrabilidad completa puede de-
mostrarse mediante este método. En particular, el hamiltoniano

H =By (1A +asB_ +a3) (61)

0, lo que es lo mismo

N N N
N = <le?> {041;)\1‘6]@' +a2;Qi2 +a3} (62)
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donde a1, ag, a3 son constantes, es uno de ellos, ya que la siguiente integral, en in-
volucién con (61)), puede encontrarse por cdlculo directo:

M
T =4dajag Ay (K + 2) +dagas By + 4a3K(K + M) —aiC, . (63)

La curvatura gaussiana del espacio 2D definido por este flujo es

dogaz — a2 (A2 + \3)
K = > - 1( 1 2 (64)
2 [ag(ql + q2) + a3 + a1(>\1ql + )\2q2)]

lo que significa que estamos ante variedades integrables con curvatura no constante. El
resto de nuevos flujos geodésicos encontrados presentan esta misma propiedad.

Capitulo 5.
Perturbaciones integrables del oscilador arménico en ND

En este Capitulo se presentan dos familias de perturbaciones ND integrables del sistema
hamiltoniano integrable por antonomasia: el oscilador arménico. Al igual que en el
Capitulo anterior, la construccion algebraica esta basada en hg. Notese que, aunque
las perturbaciones integrables 2D y 3D del oscilador armoénico han sido estudiadas con
cierto detalle, el niimero de aquellas que son integrables en ND es realmente escaso.

5.1 Un nuevo hamiltoniano ND integrable

En esta Seccion introducimos la siguiente familia de hamiltonianos

N N N N
1
HN) — 5 Yo pi o> @+ F D (Nai—hig)® | +6 ( ) )\z‘qz) (65)
i=1 i=1 i<j =1

y probamos su integrabilidad completa. Es interesante recalcar que sus invariantes son
las siguientes expresiones

m

clm = Z ()\i(ijk_kaj)+)\j(kai_piQk)+/\k(pin_iji))2 m=3,...,N (66)
1<i<j<k

junto con

N ) N 2 N N
7(N) — <Z )\ipi) + 261 (Z )\iqi) + 2 (Z )\3) g <Z Aﬂ]i) . (67)
i=1 i=1 =1 =1
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El aspecto més llamativo de este resultado radica en el hecho de que la integral

no depende de la funcion F.

Como caso particular, eligiendo F(z) = o/, llegamos al siguiente hamiltoniano

1 N N a N
N):§Zp?+51 Y@+ — —i—g(Z/\iqi). (68)
=1 =1 > (@i — Nig)? =1

1<i<j

Este sistema, sélo en dos dimensiones reproduce el sistema de Calogero-Moser

«

H?) — —_—
(A2g1 — Mig2)

(pT+p3) + 61 (6 + 63) + + G (Mg + Aogo) -

l\D\'—‘

Por el contrario, el hamiltoniano anterior, aun no siendo el modelo de Calogero-Moser
en dimension arbitraria, sigue manteniendo su integrabilidad completa.

El problema de la isotropia

A la vista de la familia de hamiltonianos anteriormente introducida (65)), se estudia el
problema de la posible anisotropia en las frecuencias que podria surgir a partir de la
eleccién de las funciones arbitrarias F y G.

Con el fin de aclarar este aspecto, partiendo del siguiente hamiltoniano

1Y al - 2
HN) = 2;p§+&;q?+a1 Z(/\qu‘_)‘lqj (Z /\Zqz>

1<j
N
+ D Na — higy)? +g(z /\zqz> (69)
1<j

encontramos solo dos posibilidades de anulacién de los términos cruzados de tipo ¢;g;:

e A) ay = (31. Que conduce al caso isétropo dado por

1 N N N
o 5 Z pz2 + W2 Z qz + f Z (AjQi - zQJ (Z )\2%) (70)

N
con w? =08 +a; Y )\?.
i=1
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e B) Para un ¢ fijado, otra solucién emerge de \; = Ay A\; = 0 para j # i¢. Tomando
por ejemplo A1 = A el sistema hamiltoniano integrable deviene en la siguiente forma

1
HY = opl+wiad +9(a) + sz+w22qz+f<kzzqz> (71)

con w% = XNG +66 v w% = Maq + 6;. Por tanto, esta solucién anisétropa resulta
trivialmente separable, y en lo que sigue se considera tan sélo el caso isétropo (70)).

5.2 Osciladores no lineales acoplados en ND

Como casos particulares de la familia de perturbaciones anteriormente introducida,
consideramos las funciones F y G, que dan lugar a osciladores acoplados de grados
cuatro y seis.

Perturbaciones cuarticas homogéneas

La perturbacién maés general de este tipo viene dada por:

2 4
N N N
HY =I5 25 S 2 as [ S Oya — ) Z)\ (72)
- 2 b; 1 q; g i ZQJ iqi .
i=1 =1 1<j

Si elegimos para el caso bidimensional A\; = 1, Ao = 0 obtenemos

1
H® = S0 +03) + 01(a7 + 63) + Bsai + 0263 (73)
que es un sistema separable, siendo su integral la siguiente expresién:
T®) =pi +2 (6147 + s qi) - (74)

En 3 dimensiones tomando Ay = 1, Ao = A3 = 0 obtenemos

1
HEB) — 5(pf +p5+p3) F (gt + a5+ @d) + aa(gs +42)? + Bagl (75)

Por otra parte, una eleccién diferente de las A como por ejemplo \; = 1, Ao = 1, a0 =
(B3 = €/2 nos hace recuperar un sistema integrable ya conocido

HP = 2 (p1 +p3) + 01 (af +a3) + € (a1 + a2 + 6aia3) - (76)
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En tres dimensiones, si elegimos \; = Ay = A3 = 1 se llega a

1
HY = S+ 03+ p8) + 01 (¢ + 63+ )
+20 (2 —a)' + (3 —a)' + (3 —@)") + B (a1 + 2 + g3)*  (77)

sistema que generaliza el potencial de Chudnovsky.

Perturbaciones séxticas homogéneas

Estas perturbaciones se generan a partir de la eleccién f(z) = azz® y g(y) = 359°, lo
cual conduce a una perturbacién del tipo:

N 5 N 6
f+g=as Z ()\jqi — )\in)2 + s (Z /\iQi> . (78)
1<J 1=1

b
Para el caso 3D con, Ay = Ao =1y ag = 05 = 3 se recobra un conocido sistema

integrable de osciladores de grado seis acoplados:
1
H® =2 (o} +3) + 01 (af +63) + (af + 68 + 150703 (a7 + 3)). (79)

El cédlculo del invariante adicional en todos estos casos se basa en la sustitucién directa
de la férmula general (67).

5.3 Otras perturbaciones integrables en ND

Como segundo resultado importante de este Capitulo presentamos otra familia de per-
turbaciones integrables, que incluye una funcién homogénea de grado —2 en las coor-
denadas, junto con otra funcién radial arbitraria:

1
H, = §B+ +01B_+V 2(A_,B_)+J(B-)
| N N N N N
= 522%24“51 > G +Vo (Z&%qu>+~7<zfﬁ> (80)
i=1 i=1 i=1 i=1 i=1
donde 61, Ai(i =1,...,N) son pardmetros libres.

Demostramos que la integral adicional de este sistema es

N al - -
ZﬁN) _ Z (qui . Qipj)2 +92 <Z q?) V_Q (Z )\iin Z q?) . (81)
i=1 =1

1<i<j i=1
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Una vez mas, el aspecto méas importante del sistema anterior recae en la libertad de
eleccion de ambas funciones arbitrarias.

Un nuevo modelo ND integrable

Es muy interesante destacar que si tomamos en el sistema anterior todos los A\; = 1
junto con

A% - B_
V_o(A_,B_)= - 82
se llega al nuevo sistema integrable
N
| N 21; i 45 N
~Ny _ 1+ 2 2 <i<y 2
H,. —QZpi+5lzqi+E NN N 2—1—](22%) (83)
=t = > ¢ ) 2 (6—q) =t
i=1 1<i<y

que es la generalizacién cldsica ND de un sistema cudntico exactamente soluble recien-
temente introducido como generalizacién 2D del hamiltoniano de Calogero-Moser.

Capitulo 6.
Extendiendo la integrabilidad de 2D a ND

En este ultimo Capitulo se aborda la generalizacién ND con simetria axial de potenciales
integrables 2D. Para ello, se mostrard en la Memoria el esquema algebraico utilizado
de una manera pormenorizada. Es importante senalar, que no sélo se van a reobtener
las expresiones conocidas de sistemas hamiltonianos integrables en un marco elegante
como el de la simetria de coalgebra, sino que también este ultimo hard posible la adicién
de términos centrifugos de la forma b;/ q? a los potenciales ND asi obtenidos.

6.1 Desde 2D a ND a través de la simetria axial
En esta Seccion se retoma la idea conocida de extension de ciertos potenciales inte-

grables 2D de la forma V(22,y), siempre que admitan un término centrifugo del tipo
1/22, a sistemas ND integrables mediante una generalizacién axial del tipo

(84)
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6.2 Sistemas hamiltonianos con simetria si(2,R) @ hg

En esta Seccién presentamos el fundamento algebraico de la construccion mencionada
en 6.1, que permitird la generalizacién ND. La idea bésica es que las (N — 1) primeras
coordenadas candnicas de los hamiltonianos provienen de una codlgebra si(2, R), mien-
tras que la coordenada N-ésima proviene de la realizacién a una particula de hg.

N-1 N-1 N-1
Jo=> 9, J=>q = ap (85)
i=1 i=1 i=1
Ay =py A-=qv K=qnvpn—3}
2 2 (86)
By =py B_=qy M=1
En este esquema, es importante remarcar que (N — 2) integrales van a provenir de
sl(2,R), mientras que la integral adicional se calcula de manera constructiva a partir
de la integral del sistema 2D en su traduccién adecuada al marco de si(2,R) & hg.

6.3 Integrabilidad completa

En esta Seccion, se demuestra que cualquier hamiltoniano integrable 2D de la forma

1
HP = 52 + 1)) + V(%) (87)

cuya integral a dos cuerpos se escribe como
I3 = 1@ (2, 2%, 2ps, ypy, . ¥2. Py. Y) (88)
donde x = q1 e y = qn = g2 es generalizable a ND, ya que puede escribirse como

H:H(J+, J_, Jg, K, B+, B_, A+, A_, M) (89)

6.4 Sistemas ND de Hénon-Heiles

Como ejemplos importantes de esta construccion se generalizan a ND los tres poten-
ciales conocidos integrables de tipo Hénon-Heiles en 2D: El sistema de Sawada-Kotera,
el sistema KdV y el sistema de Kaup-Kuperschdmit.

Por ejemplo, el hamiltoniano de Sawada-Kotera en 2D tiene la siguiente expresién

. 1
H = 20} +p3) +0(af + ) + o (gl + 543) (90)
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y en términos de sl(2,R) @ hg se escribe como

H==(J++By)+3(J- +A2)+a(JA + A3> (91)

[\DM—A

Utilizando el formalismo anteriormente descrito, la integral adicional del movimiento
para (91) tiene la siguiente expresién

2
T = —20A-J3 - 3047 A2 — oAl A® —35°A4% — 20047 — - A°

2
—30A%J_ — 3aAYA_J_ — 20043 J_ — AL

2
—362J2 —4adA_J% — 20242 g% + LB

5
+60ALA_Js + 30 AL A% T+ aAyLJ_Js

3 3
—Ji (A2 + T )35+ aAl) — Z,Ji — ZAi. (92)

La generalizacion ND de este sistema junto con su integral adicional tienen la siguiente
forma

M = Z P +5Zqz+a <QNZQZ+ qN> (93)

W) = _2aqy (Z pidi | — PRk (35 + agn) — qi (302 + 2adqn)

o2 N-1 N-1
— v — 3P ( qf) — 3apian <Z qz>

—2ad¢%; Qzliq?)? % (Zq) 52 (J% 2>2
—dadqy <; q?) —20%q}, (Z ﬁ) % (Z )

(B () B
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6.5 Potenciales de Ramani ND

Otro caso muy interesante es el de los conocidos potenciales de Ramani en 2D, dados
por

(5]

1 (M —k .
H = 2(10 +03) + Var(anqe) = 5 (7 +p3) + )2V 2’“( ) )q?kfé” 2. (95)
k=0

La integral del movimiento para el caso 2D tiene la siguiente expresién

I = —gop? + qipipa + V1. (96)

Mediante la aplicacion del formalismo anterior hemos conseguido la generalizaciéon ND
de la superposicién de toda la serie de potenciales de la serie dando lugar al siguiente
sistema integrable:

R NS k
zpﬁzz I ] D K
1=2 k=0 j=1
cuya integral adicional es
N N-1 N-1
1= () o (Lo
i=1 =
N-1 R 5] Lo [N F
2 i—1-2k - 2 i—1-2k
i 2 98
+<;%>; > o < . ) 20| N (98)

6.6 Anadiendo términos centrifugos

Debido a la estructura algebraica subyacente a los modelos anteriores, todos ellos van
a ser susceptibles de ser modificados mediante la inclusién de términos centrifugos. En
este caso las (N — 2) integrales provenientes de la simetria de codlgebra van a escribirse
en la forma:

m m 2 2

2 g5 q;

™ =" (gp; — gpi)* + > (b; + bjg_) m=2,...,N—1. (99)
i<j i<J 4 qJ

Como ejemplo, vamos a mostrar algunos de estos casos, como por ejemplo el hamilto-

niano generalizado de tipo Sawada-Kotera, que resulta ser

N-1 N-1
1 bi\ 1 1
HéN):§:2(pg+q>+2pN+5§ @ +a <qzv§ qz+3qN> (100)

=1 =1
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donde demostramos que la integral adicional tiene la siguiente forma:

_ 2
™) = —2aqy (Z piQi) — PN dN (30 + agn) — 4x (367 + 2adqy)

N-1 N-1
—*qN — 30piy ( q?) — 3apian (Z q?)
=1

=1
_2a5QN (Z q;

3 [ b; 17 3
. [z (mq;) 35+ aax)| S
i=1 i

Igualmente presentamos el ejemplo de sistema integrable de los potenciales de Ramani
anterior, al que se le han anadido los correspondientes términos centrifugos:

v N-1 by R I3 ‘ i (N F
H;)=22< - >+ pN-i-Z ai2l2’“< B ) Y da | a0
i=1 j=1

y cuyas integrales del movimiento se proporcionan explicitamente.

6.7 La construccién sl(2,R) @ si(2,R)

Al igual que en la Seccién anterior se procede a generalizar en ND los sistemas hamil-
tonianos 2D de la forma

H® = 02+ ) V). (102)

Para ello se utilizan dos copias del dlgebra sl(2,R) de manera que la primera copia se
realiza en términos de los M primeros cuerpos y la segunda copia del dlgebra si(2,R)
proporciona desde M + 1 hasta N. Una vez maés, lo més novedoso de los resultados
obtenidos es la posibilidad de inclusiéon de términos centrifugos manteniendo la inte-

grabilidad.



XXXVi

Como ejemplo de esta construccién, presentamos el siguiente hamiltoniano inte-
grable que representa N osciladores no lineales con acoplamiento de orden cuatro y N
términos centrifugos:

i=1 % i=M+ 4
M 2 M N N 2
() vo(xe) (2 ) s ( 2 4)
=1 =1 i=M+1 i=M+1
M N \ i
+a (Zq3+4 > q?>+ T~ t 7T (103)
i=1 1=M+1 (z q2>
q
=1 i:]\zd:+1

Capitulo 7.
Suplementos

Al final de esta Memoria se incluyen una serie de apéndices a modo de Suplementos, en
los que se presentan brevemente algunas de las nociones matematicas necesarias para
los desarrollos realizados, asi como algunos resultados originales complementarios a los
ya presentados en Capitulos anteriores.

El primer Suplemento se dedica a los conceptos fundamentales sobre dlgebras de
Lie, Poisson y funciones de Casimir.

El segundo Suplemento resume el test de integrabilidad de Yoshida-Ziglin para
potenciales homogéneos ND. El test da una condicién suficiente de la no integrabilidad
de estos sistemas. Igualmente, se presentan dos ejemplos concretos de su aplicacién.

El tercer Suplemento recoge otras realizaciones simplécticas para algebras 5D con
R = 3. Finalmente, el dltimo de ellos se dedica al dlgebra hg, extensién del dlgebra hg
generada por los Casimires de las subalgebras C;M,Cg+ yCg .

Bibliografia

La Memoria finaliza con una amplia Bibliografia que incluye todas las referencias que
estan directamente relacionadas con el trabajo aqui presentado, asi como las paginas
del texto en inglés en las que aparecen cada una de ellas. Por otra parte, somos
conscientes de la extensa bibliografia existente sobre integrabilidad de sistemas hamil-
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tonianos, aunque nuestro intento ha sido ser exhaustivos con los trabajos existentes que
hemos considerado conectados con nuestros resultados.

Conclusiones y problemas abiertos

Los resultados originales mas importantes de la presente Tesis Doctoral pueden re-
sumirse de la siguiente manera:

e Se ha introducido la condicién necesaria para la realizacién simpléctica genérica de
un algebra de Poisson, de manera que se asegure la integrabilidad de los hamiltonianos
ND que puedan ser obtenidos a partir de ella mediante el formalismo de codlgebra.

e Se han obtenido explicitamente las representaciones simplécticas genéricas para las
diferentes codlgebras de Lie-Poisson de dimensiones 3, 4, 5 y 6, introduciendo ademas,
una familia infinita de dlgebras para la cual se mantiene el criterio de integrabilidad.
En todos los casos estudiados se han presentado los correspondientes sistemas hamil-
tonianos ND junto con sus integrales de movimiento explicitas.

e Se ha probado cémo el hamiltoniano ND genérico definido a partir de la realizacion
simpléctica de la codlgebra hg o ‘two-photon’, da lugar a sistemas cuasi-integrables, cuya
integral adicional debe de encontrarse mediante métodos alternativos, para alcanzar la
integrabilidad completa del sistema.

e Mediante la utilizacién de diferentes técnicas algebraicas, se han identificado algunas
familias infinitas de hamiltonianos provenientes de la codlgebra ‘two-photon’, para las
cuales dicha integral adicional existe. Ademds, esta integral ha sido encontrada de
forma explicita. Entre estos sistemas se han propuesto nuevas familias de sistemas
integrables naturales, de hamiltonianos electromagnéticos y de flujos geodésicos que
definen espacios ND de curvatura no constante.

e Se han encontrado ademés dos nuevas familias de perturbaciones integrables no li-
neales del oscilador isétropo en ND. La primera depende de N parametros y de dos fun-
ciones arbitrarias. Ademas esta familia incluye como casos particulares acoplamientos
no lineales entre osciladores de grados cuatro y seis. La segunda familia de perturba-
ciones integrables, incluye funciones homogéneas de grado menos dos en las coordenadas
y una funcién arbitraria radial. Como un ejemplo concreto de este tipo, se ha propuesto
una generalizacion ND de un modelo 2D de tipo Calogero-Moser.

e Se ha demostrado cémo la generalizacién ND de muchos sistemas integrables 2D
conocidos puede realizarse haciendo uso de la suma directa de algunas coalgebras. En
particular, se ha probado que cualquier potencial integrable bidimensional del tipo
V(22,y) puede ser generalizado a ND preservando la integrabilidad completa del mode-
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lo. De forma similar, se ha obtenido un resultado andlogo para potenciales de la
forma V(z2,y?). Ademas, el formalismo permite la adicién de términos centrifugos que
preservan la integrabilidad. Como caso particular, se han encontrado en ND versiones
generalizadas de los tres potenciales integrables de tipo Hénon-Heiles, de la serie de
potenciales de Ramani, y se han obtenido nuevos sistemas ND de osciladores acoplados
no lineales.

Problemas abiertos

Finalmente, se presentan varios problemas surgidos del presente trabajo, y que a nuestro
juicio mereceran un estudio pormenorizado en el futuro.

e En general, las condiciones de integrabilidad presentadas en el Capitulo 2 pueden ser
generalizadas en el caso en el que se utilicen realizaciones simplécticas de dimensiones
diferentes en cada una de las copias del algebra. Esta eleccion conduciria a sistemas
hamiltonianos aparentemente distintos de los aqui presentados.

e Otra posibilidad abierta es la btisqueda de codlgebras de dimensién mayor de manera
que, bajo la representacion simpléctica adecuada, pudieran dar lugar a nuevos sistemas
hamiltonianos integrables.

e Tgualmente, seria interesante realizar un anélisis pormenorizado de algunos de los
nuevos hamiltonianos introducidos en esta Memoria, resolviendo de forma explicita
sus ecuaciones de movimiento. Recordemos que este problema puede ser abordado
mediante la técnica de las cluster variables [19]. Esta técnica hace uso de la simetria
de coalgebra de cara a definir unas variables dindmicas colectivas adecuadas.

e En esta direcciéon, nos gustaria senalar que los sistemas hamiltonianos electro-
magnéticos y de flujos geodésicos presentados en esta Memoria merecen, en nuestra
opinién, un estudio detallado en el futuro. Igualmente, la generalizacién del modelo
de tipo Calogero-Moser introducido en el Capitulo 5 también deberd tratarse en mayor
profundidad.

e Para la mayoria de los hamiltonianos presentados en esta Memoria, existen dos con-
juntos diferentes de integrales del movimiento cuadraticas en los momentos. Este hecho
pone de manifiesto la cuestién abierta concerniente a la separabilidad de todos estos
modelos en al menos dos sistemas de coordenadas.

e Es claro que la construccion de codlgebra hg nos permite escribir muchos otros hamil-
tonianos a través de sus generadores. En cada caso, y por construccién, siempre se
tendrian (IV — 2) ‘integrales universales’, de manera que la tnica tarea a realizar para
alcanzar la integrabilidad completa de este tipo de sistemas es calcular la integral adi-
cional, en caso de que ésta exista.
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e Es igualmente conocido que la existencia de simetria de codlgebra permite la in-
troduccion natural de deformaciones a través de las g-deformaciones de la estructura
de Poisson subyacente. En el caso de la codlgebra hg, su versiéon cuantica es cono-
cida [10, 11], de manera que sus andlogos en términos de Poisson pudieran ser utilizados
para construir deformaciones integrables de algunos de los sistemas aqui presentados.

e Otra posibilidad interesante podria ser la construccién en espacios de curvatura cons-
tante de los sistemas ND aqui presentados sobre espacios Euclideos. Esto ha sido
posible mediante la utilizacién de si(2,R) [24] 26], 29], y lo seria para los sistemas aqui
estudiados mediante la correspondiente construccion basada en hg.

e Finalmente, podria resultar ciertamente interesante el estudio de la versiéon cuantica
de algunos de los modelos clasicos aqui presentados.
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Chapter 1

Introduction

“The mathematician

plays a role the rules of which he creates himself,

as opposed to the physicist

who enacts a role the rules of which are determinated by nature.
Having said though, it is undeniable that as time goes by

the rules the mathematician has primarily deemed as appropriate
will eventually end up matching those provided by nature.”

P. A. M. Dirac

Certainly, the Hamiltonian formalism is the fundamental framework for our description
of both Classical and Quantum dynamics. As a consequence, the most usual physical
approach of a given system consists in providing either the Hamiltonian function (if the
system is classical) or the corresponding Hamiltonian operator (if quantum) for it. On
the other hand, from the mathematical viewpoint, the Hamiltonian formalism is based
on Lie-algebraic structures which give the unified symmetry approach to Classical and
Quantum Mechanics. In fact, although in this work we will concentrate on Classical
Mechanical systems, the Lie approach that we adopt would indeed make possible the
quantum generalization of all the results here presented.

Therefore, let us consider a system of classical particles with N degrees of freedom.
Once the Hamiltonian H(N)(ql, q2,---yqN,DP1,D2, - - -, pN) for such system is given as a
function depending on N pairs of canonical variables, Hamilton’s equations

. OH . OH
qi Op; Di Y

i=1,...,N (1.1)

7
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will provide the dynamics of the system. In order to investigate it, the actual problem is
to find the exact solutions of such differential equations that, in most of the physically
interesting cases, are nonlinear and coupled.

This is the reason why, among all possible Hamiltonian systems, a distinguished
subset called “exactly solvable systems” is frequently identified: they are those physical
models for which Hamilton’s equations can be exactly solved. But the number of known
exactly solvable Hamiltonians is very small, and usually the existence of exact solutions
is deeply connected with the existence of underlying symmetries (in some sense) of the
model under study [98, [135] [184].

This work deals with the construction of new exactly solvable Hamiltonians, and
the cornerstone of our approach is the following fact: if for a given Hamiltonian we have
enough number of independent constants of the motion, then Hamilton’s equations for
such system can be integrated “by quadratures”. This means that (quoting [147]), “its
solutions can be obtained by finitely many algebraic operations (including inverting
functions) and “quadratures”, i.e., evaluating integrals of given functions”. In a more
precise language, the following founding result holds (for a more technical discussion
see [147], Chapter 1):

Let R?N = {q1,...,qn,p1,...,pN} be the phase space of a Hamiltonian system
HN (q1,q2,...,qn, P1, P2, - .., pn) endowed with the standard Poisson bracket

N o raf ag  dg of
thot= Z (3%‘31% - 5(11'51)1’) ’ (1.2)

=1

Then, if the system has (N — 1) functionally independent integrals of the motion in
involution {F},..., Fn_1}

{H,F;} =0 {F;,F;j}=0 ij=1,...,(N=1) (1.3)
the solutions of Hamilton’s equations for H(!Y)
()

can be obtained by quadratures.

Therefore, a Hamiltonian system H"Y) with a (finite) number N of degrees of free-
dom is called completely integrable (in the abovementioned Liouville sense) if such set
of (N — 1) functionally independent (and globally defined) constants of the motion F
(k=1,...,N—1) does exist [162]. In this sense, complete integrability implies that we
would be able to solve explicitly the dynamical behaviour of the system. As a conse-
quence, integrable systems are the paradigm of regular motion, and can be interpreted
as the opposite to chaotic systems. Anyhow, it is important to stress that integrability
is not the rule but clearly the exception among dynamical systems.

Moreover, there exist some exceptional systems which have more than (N —1) func-
tionally independent integrals in involution with H(™): these are the so-called superin-
tegrable ones (obviously, only (N — 1) of these integrals can be mutually in involution)



[75, B0, 99, 123]. Moreover, a N-dimensional (hereafter ND) Hamiltonian H™) will
be called mazimally superintegrable (MS) if there exists a set of (2N — 2) globally de-
fined functionally independent constants of the motion Poisson-commuting with H);
among them, at least two different subsets of (N — 1) constants in involution can be
found. Finally, a Hamiltonian system will be called quasi-maximally superintegrable
(QMS) if it has (2N — 3) independent integrals with the abovementioned properties.

Only a small number of systems are MS in any dimension. The two outstanding
examples of this class of systems are the harmonic oscillator and the Kepler potential.
Superintegrability has deep geometrical consecuences [64] 82], as for the abovemen-
tioned examples, in its classical version, all bounded trajectories are periodic. Thus,
MS systems would be the paradigm of absolutely non-chaotic motion.

As a consequence of the abovementioned properties, the construction of finite-
dimensional integrable Hamiltonian systems, has focused an intense research ac-
tivity that makes use of many different approaches and techniques (see, for in-
stance, [5l 6], 40, 52| 96l 106], 107, 117, 147, 162, 179] 180, 181]).

Nevertheless, a main problem in this field is the lack of general sufficient criterion
and/or systematic methods in order to determine whether a given Hamiltonian system
is integrable (or not). Several approaches to the characterization of necessary conditions
for integrability have been developed (like the Painlevé test [166] or the Yoshida-Ziglin
approach [119, 120, 125, 136l 151, 154], 182 183, [184]) but the actual approach to
integrable systems is mainly constructive, because finally one has to find the integrals
of motion.

Moreover, even for 2D and 3D Hamiltonians the classification of integrable Hamil-
tonians is not trivial at all [51) [52] [73, 109, 135, 184], and in higher dimensions
difficulties grow exponentially. Therefore, the number of known integrable systems
(in the Liouville sense) that can be generalized for an arbitrary number N of de-
grees of freedom is very scarce. In most of the known cases, such a ND integrabil-
ity is based on some underlying symmetry that allows for the appropriate propaga-
tion of the integrability properties to arbitrary dimension (see the systems described
in [26], 37, 53], 54, 55, 8] 90] T11], 112, 113|117, 127, 137, 157, 158, 160}, 165, 169, 175] [180]
and references therein).

The aim of this Ph.D. Thesis is to construct new ND integrable Hamiltonian systems
with nonlinear interactions, obtaining explicitly their sets of funtionally independent
integrals of the motion. To face this problem we will use the coalgebra symmetry
approach (see [9, 12, 13|, 17, 18, 19, 2], 27, [31]) that has been recently introduced as a
new symmetry framework that underlies the integrability properties of many systems,
and that also allows for the construction of integrable deformations of many of such
systems by making use of the theory of quantum groups and algebras [8, 36, [69] 168]. We
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stress that in this scheme Casimir functions for the underlying coalgebra are essential
in order to provide the integrals of the motion.

The coalgebra symmetry formalism is reviewed in Chapter 2. As a new contribution,
the role of the dimensionality of the symplectic realization of a given Poisson coalgebra
is analysed in order to propose a necessary condition for the complete integrability of
the ND Hamiltonian systems that can be constructed from it. We also point out how
the coalgebra symmetry is always providing a certain degree of superintegrability. A
systematic study of the symplectic realizations of the 9 real 3D Lie coalgebras [150] is
presented, and also some examples of g-Poisson coalgebras are recalled.

In Chapter 3 the full study of the symplectic realizations of all 4D and 5D real Lie
coalgebras (see the algebra classification [59) [145]) is given. Afterwards, the completely
integrable ND Hamiltonians that can be obtained from those symplectic realizations
that fulfill the integrability criteria are presented. The analysis is completed by studying
the same problem for all 6D nilpotent Lie coalgebras, and also for a infinite family of
Lie coalgebras whose complete set of Casimir functions is found.

In the next Chapter the coalgebra formalism is used to construct new families of
completely integrable ND systems which are defined on the 6D two-photon/Schrodinger
coalgebra hg. In general, these Hamiltonians depend on several arbitrary functions
and N free parameters. In particular, integrable natural systems, electromagnetic
Hamiltonians and geodesic flows in arbitrary dimensions are presented. In order to
prove the complete integrability of all these systems, we present different strategies
which are mainly based on the rich subalgebra structure of hg.

In the fifth Chapter we further apply the hg coalgebra construction in order to intro-
duce two different types of integrable perturbations/deformations of the ND isotropic
harmonic oscillator Hamiltonian. The first one is a family of integrable perturbations
depending on N parameters and two arbitrary functions. Afterwards, we discuss sev-
eral examples of quartic and sextic coupled nonlinear oscillators that can be found as
particular cases. The second family of ND perturbations includes homogeneous func-
tions with degree —2 in the coordinates and a radial arbitrary function. Both families of
systems can be considered as ND generalizations of certain subclasses of 3D integrable
Hamiltonians that were proposed for the first time in [179].

The last chapter is devoted to show how the ND generalization of many known
2D integrable Hamiltonians can be achieved by making use the direct sum coalgebras
sl(2,R) @ hg and sl(2,R) @ sl(2,R). The former is used to show that any 2D integrable
potential of the type V (:UQ,y) can be generalized to ND by preserving its complete
integrability, and by making use of the second coalgebra, a similar result is obtained
for potentials of the type V (:c2,y2). Moreover, the sl(2,R) sector of the symmetry
allows the systematic introduction of centrifugal terms, and the corresponding gener-
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alized integrals of the motion are explicitly found. As outstanding examples of this
construction, we present for the first time ND generalized versions of the three inte-
grable Hénon-Heiles systems, as well as of the Ramani series of potentials and other
ND systems of coupled nonlinear oscillators.

Finally, in a closing Chapter, the main conclusions obtained from our research
program are summarized, together with a list of open problems for further investigation.

This work is completed with a Supplements Chapter in which several mathematical
tools are reviewed. We also include there some original complementary results that
we have decided to present separately from the main body of the text. Concerning
the bibliography, we have tried to include all the references that are directly related
to the results here presented, although we are aware of the extensive bibliography on
integrable systems that can be found.

A significant part of the original results presented in this Ph.D. Thesis has been al-
ready included in the works [20], 23| 27, 28], 30, 31] and [32]. Nevertheles, this manuscript
includes new results that are not contained in such papers, and also provides a uni-
fied approach to the application of coalgebra symmetries in order to construct new
physically meaningful ND integrable systems.
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CHAPTER 1. INTRODUCTION



Chapter 2

Integrable systems with
coalgebra symmetry

“A system of differential equations is only more or less integrable.”

H. Poincaré

Coalgebras are either Poisson (commutative) or commutator algebras (non commuta-
tive) endowed with a compatible comultiplication structure, and have been recently
shown to be the ‘hidden’ symmetries underlying the integrability properties of a
wide class of ND (super)integrable classical and quantum Hamiltonian systems (see
12l 13], 14} 16, 19, 211 22| 24, 25] and references therein). In this construction, once
a symplectic (resp. operatorial) realization of the coalgebra is given, their generators
play the role of dynamical symmetries of the Hamiltonian, while the coproduct map
of the coalgebra is used to ‘propagate’ the integrability to arbitrary dimension, and to
give the explicit form of the integrals of motion as the coproducts of the Casimirs of
the initial algebra.

From this coalgebra approach, several well-known (super)integrable systems have
been recovered. Also some integrable deformations for them, as well as new integrable
systems, have been obtained. In particular, this integrability-preserving coalgebra de-
formation procedure has been used to introduce integrable free motions on spaces with
either constant or variable curvature, and (super)integrable potentials can also be de-
fined on such spaces through the coalgebra approach [22] 24, 25| 26], 29].

Although we shall concentrate on classical mechanical systems obtained from (com-
mutative) Poisson coalgebras, we stress that all the (super)integrability properties of
the coalgebra symmetric systems that we are going to describe are preserved at the

13
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quantum mechanical level by using the corresponding (noncommutative) operator coal-
gebras. In this way, the coalgebra approach has also been used, for instance, to solve
in [I32, 133] the quantum Calogero—Gaudin system [56], as well as supersymmetric
generalizations of this model and of its g-deformations, which have been constructed
by starting from the underlying supersymmetric coalgebra structures [45), 134]. Finally
we recall that a comodule algebra generalization of the coalgebra symmetry has been
introduced in [18].

In this Chapter we review from a more systematic viewpoint this algebraic ap-
proach to Hamiltonian integrability, and the role of symplectic realizations of Poisson
coalgebras in the formalism will be emphasized. In this way we present a more global
perspective on both the possibilities and limitations of the coalgebra symmetry ap-
proach. In particular, we perform a detailed analysis of 3-dimensional Lie coalgebras
that admit symplectic realizations that lead to new infinite families of completely in-
tegrable (in fact, superintegrable) Hamiltonian systems with N degrees of freedom.
Such systems are fully constructed, together with the explicit form of their integrals of
the motion. In the final Section, we present some examples of ¢g-Poisson coalgebras in
order to show how they can be used, in order to construct integrable deformations of
ND Hamiltonian systems.

2.1 Hamiltonian systems on Poisson coalgebras

We recall that a coalgebra (A4, A) is a (unital, associative) algebra A endowed with a
coproduct map [79]:

A:A—-A®A, (2.1)

which is coassociative

(A®id)o A= (id®A)o A (2.2)

that is, the following diagram is commutative:
AR A
A/' &@ id
A AR A® A.
A _Auea
AR A
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Due to the coassociativity property, the comultiplication A provides a ‘two-fold way’
for the definition of the objects on A® A® A that, as we shall explain in Section (2.2.3),
will be deeply connected with superintegrability properties.

In addition, A has to be an algebra homomorphism from A to A ® A:
A(ab) = A(a) A(b) Va,be A (2.3)
Moreover, if A is a Poisson algebra and
A({a,b} 4) = {A(@), AB) aps  Vasb € A, (2.4)

we shall say that (A4, A) is a Poisson coalgebra.

Let us summarize the general construction of ref. [12]. Let (A, A) be a Poisson
coalgebra with [ generators X; (i = 1,...,1), and r is the the number of functionally
independent Casimir functions C;(Xy,...,X;) (with j = 1,...,7). Among them, a
certain subset of R Casimir funtions will be non-linear functions of the generators of
the coalgebra, and will be the relevant ones as far as integrability is concerned.

The coassociative coproduct A = A has to be a Poisson map with respect to the
usual Poisson bracket on A ® A:

{Xi®X;, X, ® XS}A®A ={X;, X, }a @ X; X+ X; X, @ { X, Xs}a. (2.5)
Then, the m-th coproduct map A (X;)
AM A S ARAR.. ™A (2.6)
can be defined by applying recursively the coproduct A® in the form
AM = (id@id® .. " 2 @ido AP)o A1), (2.7)

Such an induction ensures that A(™ is also a Poisson map.

Table 1. Functions obtained by applying the coproduct map.

X1 Xo X C1 Co R
AR(X))  AP(Xy) AR(X)) | APy | AD(Cy) AP(c,)
AB) (X1) AB) (X3) AB) (X)) AB) (C1) AB) (C2) AB) )
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In this way, we can construct the set of functions shown in Table 1. From them,
given a smooth function H(X7y, ..., X;), the N-sites Hamiltonian is defined as the N-th
coproduct of H:

HN = AM(H(Xy, ..., X)) = HAM (X)), ..., AN (X)). (2.8)
From [12] it can be proven that the set of r - N functions (m=1,...,N;j=1,...,7r)

C]('m) = AM(C(Xy, ..., X)) = CAM™(Xy), ..., A (X)) (2.9)

Poisson-commute with the Hamiltonian

cm)_g4(N) —0 2.10
{ ;o }A®A®...N)®A (2.10)
and, is in involution:
{cfm),cj(.”)} - mn=1,....N i,j=1,...,r. (2.11)
ARA®..N®A

This construction is completely general, and holds when the Poisson bracket is re-
placed by the commutator, thus providing an immediate generalization of this approach
to the case of quantum mechanical systems, for which the usual ordering prescriptions
are taken into account.

There are two main classes of coalgebras to be used to generate ND integrable sys-
tems through this procedure. The first one are Lie-Poisson algebras ¢g* with generators
X; (i=1,...,1) and Casimir functions C;(X1,...,X;) (j =1,...,r), which are always
endowed with the (primitive) coalgebra structure

AX)=X,®1+1® X, (2.12)

Then, a very natural choice is to consider Hamiltonians H(X7y,...,X;) that, under
the iterated application of the coproduct map, will generate dynamical systems on
7 ®g*®...N) ® g* with constants of the motion in involution coming from the non-
linear Casimir functions. These will be the kind of systems that will be sistematically
explored in the two following Chapters.

The second one are the Poisson analogues of quantum algebras and groups [69, [79]
168, (the so-called g-Poisson algebras) which are also (deformed) coalgebras (A, A,)
(where z is the deformation parameter). Consequently, any function of the generators
of a given ‘quantum’ Poisson algebra (with deformed Casimir elements C, ;) will provide
a deformation of the Hamiltonian constructed in terms of the undeformed Lie-Poisson
coalgebra. Some of this systems have been already explored in the previous literature
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(for instance, in [12] 13, 15, 22]), and we stress that all the systems here presented can
be deformed without altering their integrability properties provided that appropriate
coalgebra deformations are constructed. In this respect we stress that the problem of
the classification of quantum deformations is only fully solved for all 3D Lie algebras and
for some isolated cases in slightly higher dimensions (see [14] and references therein).
For a deeper insight into coalgebras, Hopf algebras and quantum group theory, we refer
to [8, 36, 69, [79, [168]. In the final Section of this Chapter, we will explicitly present an
example of the coalgebra construction for a ¢-Poisson coalgebra.

Some remarks are in order.

e In general, we cannot say a priori that HY) is a completely integrable Hamil-
tonian system because [27]: (i) We have to determine the number of degrees of
freedom of HN) by choosing a explicit symplectic realization of the coalgebra
(A,A). (ii) Once this number is fixed, we have to check whether the number

of independent invariants extracted from C;m) (under such a specific symplectic
realization) is enough to guarantee complete integrability.

e However, if the coalgebra symmetry provides the complete integrability for H®),
the integrals of the motion can always be obtained in arbitrary dimension N in
an explicit form. Hence the coalgebra symmetry arises as a unified approach to
integrability since we obtain families of ND systems that share a very large com-
mon set of integrals of the motion. Furthermore, in this case HN) will probably
be superintegrable (to some extent) [21].

e In the case of g-deformations of Poisson coalgebras, the Hamiltonians obtained
through the coalgebra approach are integrable deformations of the z =0 (¢ = 1)
cases in such a manner that different quantum algebras give rise to different inte-
grable deformations. Moreover, this fact can provide some relevant information
concerning the geometric/physical interpretation of the deformation parameter.

e This construction holds for noncommutative coalgebras as well. Thus, quantum

mechanical systems can also be constructed (although ordering problems have to
be fixed).

e From the point of view of the Poisson algebra of the constants of the motion
(see [75]), the coalgebra approach is also relevant: once the coalgebra A is fixed,

the {Ci(m),CJ(-n)} brackets are fixed for any H defined on A. The only brackets
depending on the specific choice of the Hamiltonian are {H,C;-m)} Vj and Vm.

These are the only brackets that would distinguish two different systems H; and
‘Ho with the same coalgebra symmetry.
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Before entering into explicit examples of the coalgebra construction, two important
and general aspects have to be more deeply analysed in order to provide a global
overview on the subject: they are, the role of the symplectic realizations [65] (which
has been thoroughly studied in [27]) and the superintegrability features of the coalgebra
symmetry (which were presented for the first time in [21]).

2.2 Symplectic realizations and complete integrability

For any [-dimensional Poisson coalgebra (A, A) and for any smooth Hamiltonian func-
tion ‘H depending on [ variables, we can construct a Hamiltonian system on the Poisson
manifold A®" constructed as N-tensor copies of A. This is a ‘cluster-type’ dynamical
system [19] with [ - N dynamical variables whose evolution equations are

. N .
X(i7m):{X(i7m),H( )} i=1,...01 m=1,....N (2.13)

where X(;,,) denotes the generator X; living on the m-th copy of A. The r Casimir
functions of A generate a maximum number of - N integrals of the motion for HN) (see
Table 1) but since, in general, [ —r > 2 we have always less than /- N — 1 integrals and,
therefore, complete integrability for H cannot be reached in terms of the ‘algebraic’
dynamical variables X; ;).

However, we can get a specialization of the coalgebra formalism by working on the
symplectic leaves of the initial Poisson coalgebra A, that can be parametrized through
suitable symplectic realizations. If A has r independent Casimir functions, a symplectic
leaf of A (always even dimensional) will be denoted by A(ky ks, ky)» Where the leaf is
characterized by a given set of constant values (ki, k2, .. ., k) for the Casimir functions.

An s-dimensional symplectic realization D for Ay, ,. . k) is given (locally) in terms
of s pairs (g;, p;) of canonical Darboux variables

D:w_>x(Ql7P17Q27p27"'7QSaps) (214)

where  is any point on A, i, Different symplectic leaves A k,;) can be

k1,ik2, 055k i
chosen for the different copies of A within A®N. In this way H") is defined on the
N-th tensor product of the symplectic leaves

A(km kot k) @ A(k1,2 k22, kpg) @ ® A(kl,N Jka N ke N) (2.15)

where k; ,,, is the value of the i-th Casimir for the m-th symplectic leaf.

If we consider symplectic realizations with the same dimension s for all the sites in
the tensor product chain, HN) given by 1} turns out to be a function of V- s pairs of
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canonical variables, i.e., it defines a Hamiltonian system with N - s degrees of freedom.
Therefore, we need a number of (N-s—1) independent and globally defined constants of
the motion in involution to state that such Hamiltonian defines a completely integrable
system.

2.2.1 Integrability conditions

At this point, we have to characterize the number of integrals that the coalgebra for-
malism provides. First of all, note that under the symplectic realizations that we
are going to consider, the coproducts of linear Casimirs give just a sum of numerical
constants with no dynamical information. Thus, as far as integrability properties are
concerned, we have to consider only non-linear Casimirs, and for each of them we get
(N — 1) integrals coming from the 2,..., N-th coproducts (the one-site evaluation of
such Casimirs gives, by construction, constants). Since we have R non-linear Casimirs
(hereafter we will assume that R > 1, since coalgebras without any non-linear Casimir
will be excluded) we get a maximum possible number of integrals in involution given

by
(N-1)-R. (2.16)

In order to get complete integrability we should have enough number of integrals,
which means that

N-s—1<(N-1)-R (2.17)
thus, we need that the chosen symplectic realization D of A fulfils

R—1
<R-——. .
sSR- (2.18)

Therefore the necessary condition for complete integrability is:
e The symplectic realization has to be of the type s = 1 for coalgebras with R = 1.

e The symplectic realization has to be of the type s < R for coalgebras with R > 1.

Obviously, this condition is not sufficient since the functional independence of a (IV-s—1)
dimensional subset of integrals has to be explicitly checked in each case. Note that this
condition does not depend explicitly of the dimension [ of the coalgebra and that low
values of s are certainly preferred from the integrability viewpoint.
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2.2.2 Generic symplectic realizations

Now let us consider a particular type of symplectic realizations whose s is always fixed
by the dimension /[ and the number r of independent Casimirs of the coalgebra. We
shall call “generic” to the symplectic realization with dimension s = s,, given by

_l—r

= , 2.1
S = (2.19)

This symplectic realization is “generic” in the sense that will incorporate as many
parameters (ki,...,k,) as the number of Casimir functions of the coalgebra. Certainly,
symplectic realizations with s < s, could exist, but they are not ”generic“ in the sense
that can give rise to degeneracies in the Casimir functions (for an explicit example, see
[16]).

The sufficient condition for integrability on the generic symplectic realization leads
to

l—r R—-1
m = <R-— —— 2.2
s 5 < R N (2.20)
which leads to the final expression
2
l§(2R+r)—N(R—1). (2.21)

The former expression (2.21)), gives us the integrability condition in terms of the dimen-
sion [ and the number R. Thus, we get that the complete integrability for the generic
symplectic realization is achieved provided that:

e The dimension I < 2R+ r =2+ r in the case of R = 1 coalgebras.

e The dimension I < 2 R+ r in the case of R > 1 coalgebras.

In this work we will systematically consider all the Lie coalgebras with | < 5 for
which their generic symplectic realizations fulfill the integrability condition, and we
will construct all the completely integrable systems associated with them. Through
this work, we shall follow the Lie algebra classifications and notation summarized in
[145].

Two remarks are in order:

e For the classical simple Lie algebras, R = r so we have that for R = 1 coalgebras the
condition is [ < 3 and for R > 1 coalgebras we should have that | < 3 R. Therefore,

apart from the r = 1 cases, this result excludes all simple Lie algebras to provide
complete integrable systems in the generic symplectic realization.
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e Let us consider any Lie coalgebra in which the generic symplectic realization has
sm = 1. In that case, provided that R > 1, the coalgebra fulfills always the integrabil-
ity condition under that symplectic realization and integrable systems can be always
constructed.

2.2.3 Coalgebra superintegrability

Instead of (2.7)), another recursion relation for the m-th coproduct map can be defined
as [21]:
Al = (AP gide .. ™2 gid)o AlY, (2.22)

Due to the coassociativity property of the coproduct, this new expression will provide
exactly the same expressions for the N-th coproduct of any generator of A:

AN (x;) = AN (x)). (2.23)

However, if we label from 1 to N the sites of the chain A ® A ® ... N) @ A, lower
dimensional mth-coproducts (with 2 < m < N) will be ‘different’ in the sense that
the ‘left’ coproducts A(™) will contain objects living on the tensor product space
1®2® ---®m, whilst the ‘right’ coproducts A%n) will be defined on the sites (N —
m+1)®@(N-m+2)®---®N.

Therefore, the coalgebra symmetry of a given Hamiltonian gives rise to two ‘pyra-
midal’ sets of r - IV integrals of the motion in involution that Poisson-commute with
HWN) [21], under the corresponding symplectic realization D (2.14). Namely, both sets

are just the ‘left’ integrals above considered Cj(-m) 1) together with the ‘right’ ones
given by

Cjm = AV (Ci(X1,..., X)) = (AT (x), ..., AT (X)) (2.24)

such that CJ(.N) = Cj,(n), while both CJ(-l) and C; (1) are constants.

The very same arguments discussed in Section 2.2 on the connection between inte-
grability and the dimensionality of the chosen symplectic realizations can be applied
to the additional set of ‘right’ integrals C; (). In this way, a completely integrable

(N)

Hamiltonian H'""/ with coalgebra symmetry will be, in principle, superintegrable.

For the sake of symplicity let us assume that we are dealing with a Poisson coal-
gebra with R = 1, that is, with IV degrees of freedom and with a single nonlinear
Casimir. Therefore if we take a symplectic realization with s = 1 the necessary condi-
tion for integrability is fulfilled. In this case, the coalgebra approach gives rise
to (2N — 3) functionally independent integrals, which are displayed in Table 2, and
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Table 2. Coalgebra symmetry and quasi-maximal syperintegrability

‘Left’ set of (N — 1) integrals C™ in involution  Tensor product space

c® = A®(C) 102
¥ =a®() 1®2®3
cm =AM () 182®--®&m
C(N)EA(N)(C) 1®2®"'®(N—1)®N
‘Right’ set of (N — 1) integrals C™) in involution ~ Tensor product space
Co) = AT(C) (N-1)® N
Co = AR () (N-2)®@(N-1)®N
Comy = AF(C) (N—m+1)@(N-m+2)®---®N
C(N):C(N>EAS%N)(C) 1820 ®@(N—-1)® N

with A(LN) C) = AE%N) (C) being a common ‘left-right’ integral. Then each set of ‘left’
and ‘right’ integrals is then formed by (N — 1) functions in involution. Therefore there
is only one missing integral in order to ensure the maximal superintegrability of the
system, which means that HN) is always, at least, QMS. Such a ‘remaining’ integral,
in case it does exist, will not be provided by the coalgebra symmetry and it will have to
be found by alternative methods. Hence, we can conclude that the coalgebra symmetry
for this class of Hamiltonian systems with N degrees of freedom implies the following
integrability hierarchy:

e N = 2. The Hamiltonian is only integrable with a single constant of motion
C? =Cp).

e N = 3. The Hamiltonian is minimally (or weakly) superintegrable with three
integrals given by {C(?),C®) = Ci3),Ci2)}-

e N > 3. The Hamiltonian is QMS with (2N —3) integrals {C(™),C™) = C(x),C(n) }
form=2,...,N —1.
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2.3 The sl(2,R) Lie-Poisson coalgebra

We stress that the coalgebra approach to complete integrability is completely general
and constructive for any Poisson coalgebra endowed with a suitable symplectic real-
ization. In order to illustrate the above ideas, we will firstly consider the coalgebra
construction for the sl(2,R) [I78] Lie-Poisson algebra.

This coalgebra is defined by the following Lie—Poisson brackets and comultiplication
map:

{Js, it =20 {Js,J-p=-2J {J_,Jy}=4J3 (2.25)
A)=101  A()=Ji®1+10J i=+,-,3 (2.26)

The Casimir function for sl(2,R) reads
C=J_J,—J:i (2.27)
A one-particle symplectic realization of this coalgebra is given by

b
D(J-) = ¢} D<J+>=p%+q% D(J3) = qip1 (2.28)
1

where {q1,p1} = 1, with the standard Poisson-bracket. Note that, under this realiza-
tion, C) = D(C) = b;. Hence, according to the notation and results presented in
Section 2.1 we are dealing with a Poisson coalgebra with dimension [ = 3 and with a
single nonlinear Casimir. Thus r = R = 1 and this implies that is the generic
symplectic realization with s = s, = (Il — r)/2 = 1. The corresponding N-particle
symplectic realization of sl(2,R), living on sl(2,R) @ ...Y) @ sl(2,R), is obtained by
applying

JIM = DeDe..NeD)(AMW))

2

which gives [13], 24]

T = Zqz =q V= Zquz—
N
J—(&—N):Z<z q})_p +Z 2 (2.29)

i=1

where b;, are N arbitrary real parameters. This means that the N-particle generators

(2.29) fulfil the commutation rules (2.25) with respect to the ND canonical Poisson
bracket.
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Next, since s;,, = 1 and R = 1 we are in the case of a Poisson coalgebra endowed
with the (2N — 3) integrals displayed in Table 2; these turn out to be [21] 24]:

m m N N
C(m) = Z Iij + Zbl C(m) = Z IZ']' + Z b; (2.30)
1<i<j i=1 N—m+1<i<j i=N—m+1
where m = 2,..., N and
2 q]Q. 4
Zij = (@ipj — 4jpi)” + bi? + qu—g (2.31)
i J

are the b;-generalization of the square of the ‘angular momentum’ generators J;; =
(¢ipj — qjpi) which span an so(/N) Lie-Poisson algebra. As a consequence of the coalge-
bra symmetry, the generators Poisson commute with these (2N — 3) functions.
Therefore, any arbitrary function H defined as

N
b;
WO =34 (1910 1) = <q27 ey la p> (239
i=1 1%

gives rise to an ND QMS Hamiltonian system which is always endowed, at least, with
the (2N — 3) integrals (2.30).
Therefore, the following Hamiltonian

N N
’H(N)_EZ LA W >4 = T+ F() (2.33)
? =1

=1

represents the motion of a particle on the ND Euclidean space under the action of N
‘centrifugal barriers’ determined by the b;-terms and an arbitrary central potential given
by the function F. As particular cases, this Hamiltonian reproduces the Smorodinsky—
Winternitz system [89] for F = wJ_ and provides, a ND generalization of the Kepler

potential when F = LJ In fact, this coalgebra has been recently shown to underlie

the integrability of the oscillator and Kepler potentials on the ND spaces with constant
curvature [24] and also of the ND spherically symmetric generalization of certain spaces
with non-constant curvature [25] 26] 29].

2.4 ND integrable systems from 3D Lie coalgebras

After the previous generic presentation of the coalgebra formalism, we are going to
analyse in detail, the generic symplectic realizations for 3D real Lie algebras (in this
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Chapter) and for some 4D, 5D and 6D real Lie algebras (in the following chapter)
fulfilling the integrability condition. In this way, we shall illustrate the type of ND
integrable systems that can be associated to these Lie-coalgebras symmetries.

By following the known classifications summarized in [145] we firstly consider the
set of 9 non-isomorphic 3D (I = 3) real Lie algebras, all of them with » = 1 (note that
the generators e; in [I45] are now written as J;). Their generic symplectic realizations
have been computed and are given in Table 3.

Only one of these algebras (namely, the Heisenberg algebra Az 1) has R = 0 (only
one linear Casimir). This will be the only case in which the construction does not
provide any dynamically relevant constant of the motion, since the Casimir coincides
with the central generator J; and its m-th coproducts are just numerical constants.

Table 3. Generic symplectic realizations and Casimirs for 3D algebras.

| Ji o Js C |
As 1 k D —kq Ji k#0
J.
Az kek pek —kq J1 e T k#0
by | & B 1 ; ££0
A374 keP e P —q J1Js k#0
35 e« keP —agq JoJ ¢ k#0
Az Vk cos p Vk sin p —q JE 4+ J32 E>0
ar an L
S7 VEke*®cosp | Vke*Psin p —q (J? + <]22)e_2(“I o (Jﬂ k>0
Ass | S(k—2p%) P e 1 2J3 + JiJs + J3 i Vk
2 2
(5 * %) € Bl —%+q% Vk,q #0
(++) |=pg®+V2kq pq—\/g P k>0
(*) psing + p P COS q psing —p k=0
Asg p Vk —p2cos q |k — p*sin g JE+ T3+ J2 k>0

The rest of the 3D Lie coalgebras have R = 1 and, since s, = (3 —1)/2 = 1,
we do have complete integrability for all the latter cases. Therefore, the ‘one-particle’
symplectic realizations given in Table 3 provide automatically infinite families of ND
completely integrable (and in this case, quasi-maximally superintegrable) systems. In
Table 3, the constant k is just the value that the Casimir C takes under the given
symplectic realization. Note that, in many cases, if & = 0 we would get a lower
dimensional algebra, a case that we do not consider. We also point out that two
symplectic realizations with the same value for k can always be related through a
canonical transformation. This is the case of the Ay algebra, for which four different
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symplectic realizations are explicitly provided in order to illustrate the multiplicity of
apparently different systems that share the same underlying coalgebra symmetry. In
order to get classical Hamiltonian systems defined through real symplectic realizations,
we will also restrict the values of the constant k, if needed.

To shorten the presentation of the results, for each Lie coalgebra we will give:

a) The explicit non-vanishing commutation rules (that have to be understood as
Poisson brackets) that are fulfilled by the given symplectic realization.

b) The most general integrable Hamiltonian HW) that can be constructed as an

arbitrary function of the N-th coproduct of the three generators.

¢) The explicit form of the constants of the motion C™ (m = 2,..., N) coming
from the Casimir function.

The ‘right’ set of constants of the motion [2I] that gives rise to the quasi-maximal
superintegrability of all these systems can be obtained from a given set C(™) by per-
forming the appropriate permutation of indices, as explained in [21], and we will not
write them explicitly. Note that for each Lie coalgebra we obtain an infinite family of
superintegrable ND Hamiltonians (the function H is arbitrary) depending on N arbi-
trary comstants k; that label the specific symplectic realization that we have chosen on
each of the N copies of the Lie algebra.

e A3, integrable systems

{Jl, Jg} = {JQ, J3} =J1+ Js (2.34)
N N P N P N
H( ):H Zkieki, Zpieki, —Zkiqi (2.35)
=1 1=1 =1
by
i=1

Dy

ki

clm) — (Z k‘ieii> e & e . (2.36)
i=1

Note that in this case (and in some of the remaining examples) the integrals do not
depend on the canonical coordinates ¢;. Therefore, by taking into account the C(™) and
the C(,,) constants, we could obtain at most N functionally independents integrals of

motion in involution with H®),

e A3 3 integrable systems

{J1,J3} = )1 {J2, 3} = Ja (2.37)
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N N
W g (S Zﬁ -y (2.38)
B 2k;’ 2’ 2 '
i=1 i=1 i=1
(£0)
cm = =L 2 (2.39)

Surprisingly enough, in this case we lose the integrability if we take the same symplectic
realization on all the copies of the A algebra (i.e., if ky = ko = --- = kx), since all the
integrals are transformed into constants. This fact, emphasizes the role of symplectic
representations throughout the formalism.

e A3, integrable systems

{J1,J3t = {J2, J3} = —J2 (2.40)
N N
(N) Pi pz _ .
HO =H | 3 ke Ze > (2.41)
i=1 i=1
=S "ki+ Y ke, (2.42)
i=1 ij=1
i#]

This algebra is just the (1 4+ 1) Poincaré algebra. An analogue of the Ruijsenaars-
Schneider Hamiltonian [160] was obtained in [I2] by using a quantum deformation of
this realization, and will be presented in the next Section.

e A3 integrable systems (0 <|a| <1)

{Jl, Jg} = Jl {Jg, Jg} = OJJQ (2.43)
N
(Z Z k;eP?, Z aqi> (2.44)
i=1
i kiepi
cm ==L ____ (2.45)

5
i=1
e A3 integrable systems
{J1,J3} = =2 {J2, J3} = Ju, (2.46)
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N
HWN) — (Z\/l?cos Dis Z\/I?SIH Di, Z%) (2.47)
=1

Z ki + Z V kik; cos(p (2.48)

i,j=1
i#]
Note that, this algebra is the two dimensional Euclidean algebra.

e AS; integrable systems (a > 0)

{Jl, Jg} =aJ; — Jy {JQ, J3} =J1+ady (2.49)

N N N
=H (Z \/kj,eapi cos p;, Z meapi sinp;, — Z qi> (2.50)
=1 i=1 i1
( E \/>e Pq smpl)
—2a arctan —p
e = Zkempl T Z Vkikje“PiEP) cos (p; — p;) | e x, VEiesingg

i,j=1
i#j
(2.51)
e A3g integrable systems
{J1, Jo} = J1 {J1,J3} = =2 Jo {Ja, J3} = J3 (2.52)
N eq'L
HWN =K (Z — 2p7), Zpl, Ze ql) (2.53)
i=1
cm = Z ki + Z el (kj — 2p?) + 2 Z pipj- (2.54)
7.] 1 ,] 1
i#j i#j

This is the si(2,R) ~ so(2,1) Lie coalgebra, and many different and important inte-
grable systems can be obtained as H") by making use of different symplectic realiza-
tions. For instance, the Calogero-Gaudin Hamiltonian [55, [9T) 112} 113]

N
HWN) = Z 2pipj (1 —cos(qi — q5)), (2.55)

1<j

comes from the k = 0 symplectic realization (x) of Az g (the sl(2) algebra) by taking as
the Hamiltonian the Casimir operator C (see [12] [I13] for a detailed discussion of this
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system and its integrable deformations, and the papers [132] [133] for its g-deformed
quantum mechanical version). In general, note that the choice of the symplectic re-
alization drastically changes the ‘shape’of the Hamiltonian. For example, by using
the Gel’fand-Dyson symplectic map (%) with & = 0 the very same Calogero—Gaudin
system reads

N
H(N) = — Zpi pj (qi — q]')Z. (2.56)

1<j

Finally, the symplectic realization (*#x%) has been fully analysed in the previous Section.
e A3 9 integrable systems

{1, J2} = J3 {J1,J3} = —Js [J2, J3] = J1 (2.57)

N N N
- (Zpu > mcos 4 Y msm Qi) (2.58)
=1 =1 =1

m m m m
cm = — Z ki + 22 p?+ Z Dipj + Zcos (gi — qj)\/p? — kz\/pg —k;j. (2.59)
i=1 i=1 i, i,
i#] i#]

These would be the classical integrable systems provided by N copies of the so(3)
algebra.

2.5 Integrable deformations from ¢-Poisson coalgebras

The Poisson analogues of quantum algebras and groups [66, 67, [69] [79] are also (de-
formed) coalgebras (A, A;) (¢ = €*), which means that any function of the generators
of a given ‘quantum’ Poisson algebra (with deformed Casimir elements C, ;) will pro-
vide a deformation of the Hamiltonian generated by the undeformed structure. Such a
g-coalgebraic deformation will preserve, by construction, the (super)integrability prop-
erties of the system defined on the undeformed Lie—Poisson coalgebra.

Therefore, g-deformations can be understood in this context as the algebraic ma-
chinery suitable for generating integrable deformations of Hamiltonian systems. This
was explicitly shown for the first time by constructing the following deformed CG sys-
tem [9]:

N
HN) = Z 27 (1 — cos(qi — q5)) (2.60)

1<i<y
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where the non-local deformations of the momenta are

smh
o2 ) TTcin T o

Jj=k+1

The corresponding constants of the motion come from the (deformed) coproduct of the
(deformed) Casimir of so,(2, 1) (the standard deformation of so(2,1)) and, as expected,
in the limit z — 0 we recover the ‘classical’ CG system given in . We remark
that the quantum mechanical version of this deformed CG system has been explicitly
solved [132, [133].

Another interesting example of coalgebra-invariant system is the following ana-
logue [12] of the Ruijsenaars—Schneider model [160]:

N i—1 N
z z
= ;1 cosh 6; exp —5 ]21 q; | + 5 ( E qk> (2.61)

k=i+1

where (g;,0;) are canonically conjugate variables such that {g;,6;} = d;;. This com-
pletely integrable Hamiltonian was obtained by using the Poisson analogue of the quan-
tum deformation of the (1+1)D Poincaré algebra introduced in [I73].

2.5.1 The ¢-Poisson coalgebra sl,(2,R)

In order to illustrate explicitly this construction, let us focus on the non-standard
sl,(2,R) Poisson coalgebra, which is defined by the following (deformed) Poisson brack-
ets and coproduct map (see [13, [142]):

inh 2.J_
{J5,J4} = 2J cosh zJ_ {Jg,J_}:—2¥ (J_,J }=4J5 (2.62)

A,D)=1®1 A,(J)=J-®1+1®J_
AJ) =T +e#- 0 (i=+,3). (2.63)

The Casimir function for si,(2,R) reads
Co=——Jy— J5. (2.64)

A one-particle (deformed) symplectic realization of sl,(2,R) is

sinh zq? zby sinh z¢?
D.(J-) = Q% D.(Jy) = 3 ! p% - 3 D.(J3) = 3 ! qip1 (2.65)
2q7 sinh zq{ 2q7
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such that cﬁ” = D,(C,) = b;. Hence we are dealing again with a coalgebra with

=3, r=R=1ands,, =1. The Nth-coproduct of through the one-particle

representation gives rise to an N-particle symplectic realization on sl,(2,R) ®
N @ sl.(2,R) through

namely
N N sinh 2 i1 N
N
N Y A EOW IS qu}zm-p),z

i=1 i=1 a; k=1 I=i+1

(N) Y. /sinh 2q? 2b; - al _

Jy = Z o i+ Sinh 202 exp zqu—i—z Z @y = (2.66)
i=1 i i l=i+1

where the b;’s are again N arbitrary real parameters that label the representation on
each ‘lattice’ site.

In this case the (2N —3) functions written in Table 2 are expliciltly given by [13},21]:

m
Z . exp QZqu—qu —|—ij + 2z Z ql
1<i< I=j+1
+Zbiexp{ Qzqu—i—Qzqu}

i=1

l=i+1
N i—1 N
Comy= D Tjexp§=22 3, di—2q +2q/+2 ) df
Nem+1<i<j k=N—m+1 I=j+1
N i—1 N
+ Z biexp{—Qz Z q+2z Z qf} (2.67)
i=N—m+1 k=N—-m+1 l=i+1
where m =2,..., N and

sinh zq2 sinh zq]

T —
K zqi zq]

sinh quZ _sinh zqi2 > (2.68)

2
i)+ | b — :
(qlpj q]pl) ( * sinh zq? 7 sinh ij?

Consequently, any smooth function H, defined on the N-particle symplectic real-
ization (2.66) of the generators of sl,(2,R) in the form

HN) =3, (JEN’, TN J§N)) =M. (a*p2. (9" p):) (2.69)
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defines a QMS Hamiltonian system. We stress that all the choices for H, share the
‘universal’ set of (2N — 3) constants of motion given by (2.67)).

Clearly, the non-deformed limit z — 0 of all the above expressions gives rise to
the ones corresponding to the sl(2, R)-coalgebra presented in Section 2.3, which shows
that quantum algebras may provide (super)integrable generalizations of non-deformed
Hamiltonian systems.

We also remark that this quantum deformation has been interpreted in [I3] as
an algebraic way to introduce long-range interactions in the underlying underformed
systems due to the exponentials of the type exp(zZqJQ») coming from the deformed

J
symplectic realization (2.66)) (compare with (2.29) and (2.32))). Another physically

meaningful application has been presented in [22], where the geodesic flow hamiltonians
defined as certain functions of the generators of sl,(2,R) have been shown to generate
different curved spaces. In all of them, the deformation parameter can be interpreted
as a curvature constant.



Chapter 3

Higher dimensional coalgebras

“Don’t worry about your difficulties in mathematics,
I can assure you that mine are still greater.”

A. Einstein

In this Chapter, we continue with the systematic construction of generic symplectic
realizations for low-dimensional real Lie-Poisson coalgebras. The four and five dimen-
sional cases will be fully given, but we recall that in dimensions higher than five, clas-
sifications of real Lie algebras and their Casimir invariants are partial and restricted to
certain simple, solvable or nilpotent subclasses, although a significant number of the
latter are known (see, for instance, [44} [57, [61, [63] 148, [164], [I71]). Thus, can be gener-
ated many new families of integrable systems provided that, for a given Lie coalgebra
with known Casimir invariants, the integrability criterion is checked in order to deter-
mine a priori which are the symplectic realizations that can lead to integrable systems.
Nevertheless, this analysis shows that, most of these systems have integrals of motion
depending only on the momenta, thus restricting its potential dynamical interest.

3.1 Integrable systems from 4D Lie coalgebras

In this case the classification [145] provide a set of 12 non-isomorphic 4D (I = 4) real
Lie algebras. Among them, 4 algebras have R = 0, and will not give rise to integrable
systems under our approach.

33
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3.1.1 Algebras with R=1

We have four Lie algebras with 7 = 2 and R = 1 (two Casimirs, one of them linear).
In all these cases s, = (4 —2)/2 = 1 and the integrability condition is fulfilled. The
explicit generic symr of these four algebras, together with the explicit form of the
non-linear Casimir, are given in Table 4.

Table 4. Symplectic realizations for 4D Lie-Poisson algebras with (R =1) .

’ ‘ Ay ‘ Ay ‘ Ayg Ay 0 ‘
Ji k1 eP k1 k1
J2 D k1 /et k1q
p° — ko _
J3 T k1(p — log k2) k1y/pe” 1 P
ko —p” — kigi +ko
gl —k - _ 2
4 19 QJ 9% +p 2%,
_ 23
Cs J22 —2J1J3 Jie J2 Jods + JgJo — 2J1J4 | 2J1J4 + J22 + J:%
k17é0 k17é0,k2>0 k?17é0 ]{317&0

e A4, integrable systems

{J2,Ja} = 1 {J3, Ja} = J2 (3.1)
(Zk‘l i sz’ Zplzkl _;k“qz> (3_2)
mo 9
clm — Z L S /m’”” -3 By (3.3)
;]séjl ;];égl Z%];é:gl 7

The algebra A4 is the (14+1) extended Galilei Lie algebra, and their associated inte-
grable systems have been constructed in [14], as well as their integrable deformations.

e A4 3 integrable systems
{Jh J4} =1 {J3, J4} =Ja (3.4)

H(N) (Z epl Zkl (2 Zkl i \Di — log sz Z%) (35)

=1
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Zgl kl,i(Prlog k2,i)

cm) = (Z ep'> o (3.6)

e A4y integrable systems

{Ja, J3} = Jy {Ja, Js} = Jy {Js, Js} = —Js (3.7)

W = (Zme e, ka/@e ", Z(—fljjﬁpi)) (35)

m

ks,
E ko i + E Zkil,] 2 E pik1j + E e qz+q]k1“/plp] (3.9)
,j=1 L i,j=1 ,j=1
i#j i#] i#]j

The algebra A4 g is also known as the oscillator algebra h4. If we take the H function
H=XJy+ pnJsJs, (3.10)

under the realization with (k1; = 1) and (k2; = 0) we get the following integrable
Hamiltonian

HWN) = (A4 ) sz+2u Z«/png cosh(q; — gj), (3.11)

1<j

whose quantum mechanical version was introduced in [56]. The integrals of the motion
in involution in the chosen realization read:

m m m
cm = 2 Zpi—i—Q Z \/Pipj cosh(g; — q;) =2 Z \/Pipj cosh(g; — qj). (3.12)
i=1 ij=1 i,ﬂ%ﬁ:'l
i#]

e A4 10 integrable systems

{J2, Js} =1 {J2,Ja} = —J3 {J3, s} = Jo (3.13)

N N N k2 ko
HN) =H <Z k1, Zkl,iQia Zpia _sz - ;]fz : ) (3:.14)
i=1 i=1 i=1 it

=1
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m ko ke m p 2;. m
2,iK1, 1,
C(m) = g k? ' ] =) g k1 zkl,]QZQJ + § pip; — E Q?kl,ikl,j‘
ig=1 b= ij=1 ij=1 ij=1
i#j i#] i#] i#]j

(3.15)
In particular, the N-particle Hamiltonian given by H = —Jy + F(J3) gives

N 2
+ k1 q?
N) _ 1,043 2,1 1
; 2k, <Z b, Qz> (3.16)

which is a completely integrable Hamiltonian for any choice of the function F, with
integrals of the motion independent of F and given by (3.15). This system, is just an
anisotropic ND oscillator plus an arbitrary function F(Jz).

3.1.2 Algebras with R =2

We have four more 4D algebras with R = 2. Again, s, = (4 —2)/2 = 1 and the
integrability condition is fulfilled. The generic symplectic realizations of these four
algebras are given in Table 5.

It is important to stress that, since we have two non-linear Casimirs, we obtain two

sets {C; m)} and {Cs (m) } of (N —1) constants of the motion in involution with the Hamil-
tonian, besides the two additional sets given by the ‘right’ coproducts. However, in all

these cases the Casimir function {CJ(-m)} depends only on the momenta (p1,p2, ..., Pm)-
Therefore, we can find at most N functionally independent objects among the full set

of {C](m)} functions.
e Af, integrable systems (a # 0)
{J1,Ja} =a s {J2, Ju} = J {J3,Ja} = Ja+ J3 (3.17)

N N
(Z epl Z ke, Z ki,ipie?, — Z %’) (3.18)
=1 i=1

a

- 1_§L: ePi (Z kl’iepl)
m) <Z k1,i€pi> A GRS A, (3.19)
i=1

2 - m ko
(2 )
=1 7
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Table 5. Symplectic realizations for 4D Lie-Poisson algebras with R = 2.

« a,b a,b
’ ‘ Al ‘ Asq ‘ A ‘ Ay's
kSeP ™
J1 L keP (kla)%ep (/ﬁer%) * gap
ko
b
Jo | kype? k1pe? ae? \/%ebp f(p)
b
D g b
g5 | ke | B2k | B | )
2
Ja —q —q —q —q
20
7§ ,JJ J& J]_a
G| ae | e i RN
JS 2J1J3 — J2 Jb 72barctan(£>
C J2 2 “1 J2 J2 J.
2 7 7J12 75 (J5 + J3)e 2
kl;«é() kl;ﬁo kl#o k1¢0,k2>0

where

f(p) = (cosp —sinp),

are the functions involved in AZ’g.

e A4 integrable systems

{J1,Ja} =

N N
HWN) =N (Z kua€P, Y kiapi e,
=1 =1

($ ) ;(

{Jz, J4} =Ji1+ Jo

5

1=

1€’

Nk
=1
k1 ipieli
=1 7
m i
> kyiePi
i=1

g(p) = (cosp +sinp)

{Jg, J4} =Jy+ J3

(07 + k24), —

(3.20)

(3.21)

(3.22)

(3.23)
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° AZ:I; integrable systems (ab#0) (-1<a<b<1)

{Jl, J4} = J1 {JQ, J4} = aJQ {Jg, J4} = ng (3.24)
k1,
HWN) = H (Z (k1 Za epZ Zae Z( }Ca qu> (3.25)
i=1 =1 2
m 1 a m 1 b
<Z (k:l,ia)aepi> < (kl,ia)aepi>
Cgm) _ \i=l - Cém) — 121 . 5 . (326)
<a Z eapi) <Z ( 1,;;‘?)“ ebpz')
i=1 i=1 a
o Ai’g integrable systems (a #0, b>0)
{Jl, J4} =aJy {JQ, J4} =bJy— J;3 {J3, J4} =Jy+bJs (3.27)
N ib ) eTk .
=3 (Myikae®) ™ eom z €2 ki gbvi (cos p; — sinp;)
i=1
N, e 2 k‘g i bp N
:; i(cosp; + sinp;) J4 :—;qi
3.28)
N N N N
H =3 (g0, I, 0, 5) (3.29)
> (Kijika,) €2
Cgm) — =1
Z 226213[71 + Z /kQ zk2]e pz"l‘pj Cos<p p])
=1 1,j=1,
i#£]

C(m) 7'" ZkQ Zeprl + Z /k2 'Lk2,]€ b(pi+pj) cos p _p]) e—2barctan(}'(pl,pg,...,pm))

4,j=1,
i#]

(3.30)
being
Z e &3 kz i pr(COSpZ‘ + sinpi)
F(p1,p2s -1 Pm) = : (3.31)

Z e 2 k2 zebpi (Cospi - Slnpl)
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As it can be easily appreciated, the complexity of the symplectic realizations increases
with the number of non-linear Casimirs that constrain the realization.

3.2 Integrable systems from 5D Lie coalgebras

Non-isomorphic real Lie algebras of dimension 5 are also fully classified (we use the
notation given in [145] for Mubarakzyanov [128|, 129, 130), [131] results). In fact, there
are 40 different 5D Lie algebras with r = 1, 3.

It is easy to check that all the » = 1 cases do not fulfill the integrability condition.
This is obvious for the 7 cases in which R = 0. There are also 18 cases with R=r =1,
but for them s, = (5—1)/2=2> R.

So, we are left with the 15 cases with » = 3. For all of them the integrability
condition holds, since R = 1,2,3 and s, = (5 — 3)/2 = 1. Hereafter, as far as,
constants are concerned and so as to shorten the presentation in the tables, expressions
like (K1, k2 # 0), must be understood as (k1 # 0, k2 # 0). For the sake of making the
presentation more readable, we postpone some of the cases to the Supplement 8.3.

3.2.1 Algebras with R=1

Table 6. Symplectic realizations for 5D Lie-Poisson algebras with R = 1.

y \ Ji \ Jo \ J3 Jy Js Cs \ \
Asy | k1 | ko /Clp-i-% ka2 p —q Jodz — J1J4 k1, ke #0
As3 | ki | ko p —k2q—2% —qu—% J3 + 20505 — 201 Jy | ki1, ko #0

e A5 integrable systems

{J3,J5} = N1 {Jy, 5} = Jo (3.32)
N N N kg ) N N
(N) — , . e g B e A
H =H (Z kl,h Z k?,u Z <k'1,zpz + ]{72 Z> ; Z ]‘J2,z Di, Z qZ> (333)
=1 =1 =1 ) =1 =1
(m) _N" oo NS RBsikes NSNS
Cy = Z ks + Z lys Z ko ik, jpi + Z k1 ko j pi. (3.34)
1=t 7,7=1 ’ 3,7=1 1,j=1
i#j i#j #j

e A5 3 integrable systems

{J3,Ju} = Ja {J3,J5} = J1 {Ja, J5} = J3 (3.35)



40 CHAPTER 3. HIGHER DIMENSIONAL COALGEBRAS

N 2
HN) _ <Z ki, Zk% Zpl, —Z <k2,¢q¢+2,lz?)» -2 (klﬂ‘q”r 222 >>
L i=1 !

=1
(3.36)
ki k1 ko o =
Z ki + szpj + Z T 2, b2 > kuika (g5 —ai)- (3.37)
ij—1 ij—1 L ig=1 "2t ij—1
i#] i#] i#]

The N-particle Hamiltonian H = —J5 + G(—J4) leads to

+g<zk21qz+z’gjz> (339

which is completely integrable for any choice of the function G. In particular, a large
family of ND integrable non-homogeneous polynomial potentials are included in this
family.

HWN) —

= 12k2

3.2.2 Algebras with R =2

Table 7. Symplectic realizations for 5D Lie-Poisson algebras with R = 2.

’ ‘ As 2 A5 As 10 A8y ‘
Jl /61 ]4}1 kl kl
k1 k
Jo p k‘1p klp k:lp + — 10 (/{32)
1 k1 ko
— D M2 e ap
J3 : 2%y (p ]‘32) :56 5 p 9%, \/Ee cosp
Ja 72(19 — 3kap + 2k3) 3 ecp kseP Ve sinp
6k1 ko
J5 —k1q —q —q —q
JC —zQarctan L
G J3 —2J1J3 = J2 =201 05 |(J2 4 J2)e 2 (%)
3 2 iﬁ -2 2 2\ —2a
Cz | J§ +3J7Js — J1J2J3 Jze 1 Jype 1 (J3 + Ji)e J1
k1 #0 ki,ko, k3 #0 | ki,ks #0 k1 #0,kg, k3 >0

e A5 Integrable systems

{Ja, Js} = Jy {Js, Js} = Jo {Ja, Js} = Js (3.39)
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N N
I =3 ki I =3 p
i=1 i=1
N N
B = LAz ik A = S (- Skapit 2k (34D

N
N
- > kiiqi
i=1

e = Z ko + Z Pipj — Z ]]2] (9} — ko)

7] 1 7] 1
i#] i#]
m 3 m 2 m 1
oM = (Z pi> +3 (Z kl,i) (Z okZ, (9} — Bkapi + 2k3,i)>
i=1 = =1

- (2 kl) (ZPJ (Z 21312 (v? _’%‘)) : (3.42)

o Af ;¢ integrable systems (0 < |[c[<1)

{JQ, J5} = J1 {Jg, J5} = J3 {J4, J5} = CJ4 (3.43)
(Z kl K2 Zkl iPi, ZkB zepl Z 32 Cpl Z%) (344)
=1 2,
m c (gl k1,iP¢>
(Z k3 e’”) BT
Cém) _ Z:Ll - C(m — <Z k:”epz) e i=1 1”) . (3'45)
=1 "
e A5 10 integrable systems
{Ja, J5} = 1 {Js3, J5} = Jo {Jg, J5} = J4 (3.46)
H:H(Jl(N), JN g g JéN)) (3.47)
N
Jl(N) = Z kl,l (N) Z k1 ,iPi
i=1
N (kg ko
TN = (B 2 JN = Z Jeg i (3.48)
i=1 2 2]{31,2‘
N
J5(N) = - Z qi

@
Il
.
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m m
ko ;
E ko + E </€1: _kl,ip?> k1 + E k1, k1, pi 0
3,5=1 ’ 1,j=1
1#£] 1#]

m
> k1P
i=1

an) - (i k3 epi) ¢ <1§1 km) . (3.49)
i=1

e AS,, integrable systems

{JQ, J5} =J; {J3, J5} =aJ3—Jy {J4, J5} =Js+ady (3.50)
) _ & ko,
zzm g5 z(zmp@ % log 12
= 1
Zw/kg e*Picos p; (N) Zy/kg e*Pisin p; (3.52)
(N = - Z qi

Cém) _ Z kzz 2ap; +2 Z me (pi+pj) CoS p pj) 672aarctan(]-"(p1,...,pm))

=1
i#£]

Cém) — Z ko e2api 4 9 Z /k21k2j (pitpj) cos(p; — pj) e—2a(G(p1,pm))

t,j=1
i#j

(3.53)

Where the functions F and G have the following expressions

m o m . k2’

i;l' Fa,i % Pisin ps zgl (kl it az log ’“31)
F(pla"'apm): ™ g(p1)7pm): .

Z\/kzi e*Picos p; Z kl,i

i=1 i=1

(3.54)
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3.2.3 Algebras with R =3

Table 8. Symplectic realizations for 5D Lie-Poisson algebras with R = 3.

b, b,c c c a
’ ‘ Ag,? ¢ ‘ A5,§ ‘ A5,11 A5,12 ‘ A5,15 ‘
J1 eP kseP koeP kieP e P
ap
Jo ekT k3 peP ko peP k1 pe? (p — logka)e?
ebp k2 ko k1 QP
J- — ZBebp | Z2obp(p2 4 L P (p2 4+ k i
i k2 iflie 2” k(cp o 2 er R ap it
e 1€ ) €
J — 3 ecp 2 ecp 2ks + 3k 3) | —(ap —log ki k
4 s k26 16 6 (2ks3 + 3kap + p?) ak‘l(ap og kiks)
Js5 —q —q —q —q —q
k
ki, ko ks £0 | ks #0 ke #0 ki #0 k2>0,k—1>0
3

° Ag:;”c integrable systems (abc #20) (-1 <c¢<b<a<1)

{J3,J5} =bJs {Jy, J5} =cJy '
(N) N eaPi N ebpi N eCPi N
_ i — il 3.56
HN = H ;e;,ﬁ;kz;,ﬂ ;q (3.56)
The non-linear Casimirs for this algebra are
Jp° Jp? Jp¢
_J1 71 = 3.57
C1 7 Co 7 Cs i (3.57)
m a m b m ¢
(E ePz’) <E epz') <Z epi)
Cim) — 7,;1 — Cém) — ’L;l - Cém) — Z;l - . (358)
2 T 2 . 2 T
i=1 ’ i=1 ’ i=1 ’
3 Ag”g integrable systems (0 # ¢ <b)
{J1,J5} = N {J2,J5} = 1 + J2 (3.59)
{J5,J5} = bJ3 {Ja, J5} = cJy '

k’b
K

N N N y N kg ] N
HWN) — H ks.q P, ks i pi P, 35 ebpz" 32 P — 1 (3.60
; 3 ; 3,0 Di ; Tl ; iy ;Qz (3.60)
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The non-linear Casimirs are

Jb Je 5
ot Cy— L Co=Jie 7 (3.61)

™ =

m .
> k3,ip; ePi
=1
m
>

m _7&
Cém) _ (Z k37z epi) e i=1 g > . (362)
=1

e A, integrable systems (c# 0)

{J1,J5} = i {J2, 5} = J1+ J2 (3.63)
{J5, 5t = T2+ J3 {Ja,Js} = cJy '

N kS
(Zkﬁzepl Zk21pz€p Zkz el (pz +k3z) Z 2 cpz Z%)-

i=1 i=1
(3.64)
Again, from the following non-linear Casimirs we get the constants of the motion for
this system:

J¢ _J2 2J3 J2

c, =4 C Jie 7 Cy =72 _ 72 3.65
1 T 2 =dJ1€ ‘1 3 T J12 ( )

m c <% k2yipiepi>

(Z k‘zﬂ“) m —~
m 1= ’ m z . E Zepl
C§ ) = : k< Cé ) - ( kQ,i ep’L) e =1 k2 )
% @cm> i=1

Y
NERINGE

I
=

=1
m 2
(‘ k2,i ebi (p? + k'3,i)> (Z k27i Di ep¢)
e == - : (3.66)

m m 2
(Z ko, 6’“) (Z ko, epi>
=1 i=1
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e A5 12 integrable systems

{J1, 5} = J1 {J2,J5} = J1 + J2 (3.67)
{3, Js} = Jo+ J3 {Ja, J5} = J3+ Ja '
HO = (N, I, I, ) (3.68)
N N
TNV =S kyger TSN =S kiipier
i=1 i=1
N L i N Lk ; ePi
VREDY % ePi (p7 4 k2,) A PR (2k3i 4+ 3kaipi + 1)  (3.69)
i=1 i=1
N
JgEN) == Zlq@'

The associated constants of the motion will be given by the m-th symplectic realizations
of the non-linear Casimir functions for As 12, namely

- 2J; J3 3Jy 3hlJs J3
Ch=Je 7 Co=—=—-—= C3=—— —= 3.70
1 1e 1 2 7 J12 3 7 RE Jf’ ( )
_ (zg P P epi)
m m P
Cim) = (Z k1 epi) e \& >
i=1
m m 2
( kq,; ePt (p? =+ km)) < k1 pi epi>
clm i=1 _\i=1
2 - m m 2
(Z k1 epi> <Z ki epi)
i=1 =
) <Z ki, ePi (2ks; + 3ko; p; —i—pg’))
o = 5 = .
(Z k1 6’”)
i=1
m m m 3
3 < k1,i pi 6pi> (Z kil (p7 +k2,i)) < ka,i i 6’”)
i=1 i=1 i=1
—3 - 5 + =L —.
(Z kl,i @Pi) <Z kLi ePi)
=1 i=1

(3.71)
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e Af,; integrable systems (|af <1)

{J1,J5} = 1 {J2, 5} = J1+ Jo (3.72)
{J4,J5} =Js+aJdy {Jg,J5} =alJs )
H = 3 (300,200 0 0 a7
N N
g = Zle’“ T = 21 (pi — log ka;) eP
N eapz N eapi
JéN) => T JiN) => T (ap; —log ki, ks ;) (3.74)
i=1 N1, =1 X R1;

N
J5(N) = — Z:lqz

Finally, the complete integrability is given again by the N-particle symplectic realiza-
tions of the following non-linear Casimirs:

Ji _J2 _ada
Cl e 71 CQ e Jl e J1 Cg = J3 (& J3 (375)
3

(;2”?1 (pi—tog k2;) epi)

m moo
Z epi> e <2§1 ‘ 2>

=1

H
I
N
INGEINE:
e e
N——— o)
()

B~
2
7

ap;

- (a p;—log k1 ; k31)>

[55)
5
=tk . (3.76)

—
3
?rm
2
3

LLRNeY %
Cgm) - (Z eklz.
i=1

>e

3.3 Integrable systems from 6D nilpotent coalgebras

The same approach can be applied to the study of the 22 nilpotent 6D algebras classified
in [145]. Among them, only three fulfill the necessary integrability condition for the
generic symplectic realization presented in Chapter 2. They are those algebras in which
r =4 and R > 1. Consequently,

S = =1 (3.77)
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and the existence of only one non-linear Casimir is enough to guaranteee the complete
integrability of the ND systems coming from them. For the remining 19 nilpotent
algebras, we have r = 2 with R = 1, so we have

S =T =2 (3.78)

and the integrability condition is not fulfilled.

In the sequel we present the coalgebra construction of the integrable systems arising
from the three algebras with » = 4. As usual, we give the symplectic realization, the
generic form of the integrable Hamiltonian and the non-linear casimirs whose coproduct
will provide the integrals of the motion.

e As 3 integrable systems (R =1)

(T, o} = Jo (J1,J3} = Ju (Jo, J3} = J5 (3.79)
J1 = ksp .
Jo=—q— ?4
oM
Jys=——q—k
3 ksq 2P (3.80)
Jy =k
Js = ko

Jo =ks  (ki,ka #0)

N
(Zk?)zpu Z(z"‘llzi:) Z(: Qz+k21pz>uzklzvzk2uzk3z)

=1

(3.81)
The non-linear Casimir is
Cy = J1J5 + J3Jg — Jody (3.82)
4 i k1iq
Zl@;ﬁ-zk kg + Zkglkiz,] Z ! Zk‘3]+2k1]ql (3.83)
5,j=1 1 1,7=1 5,5=1
i#] i#] sﬁ i#]

e Ag 1 integrable systems (R = 2)

{J1, J2} = J3 {J1,J3} = J4 {J1,J5} = Js (3.84)
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J1 =
ko, ka
Y TS
J3 = kip
A (3.85)
k
J5 = kap — 173
1
Jo = ko (k1, k2 #0)
N k4 N .
HN) = (Z i Z( Z ) Z k1, pi, Z k1, Z <k2,ipi - k11> D k2,i> :
i=1 S =1
(3.86)
The non-linear Casimirs are
C3 = J3Jg — JuJ5 (3 87)

Cy=2J5Js — J2.

The constants of the motion will be given by the m-th coproducts of the two non-linear
Casimir functions:

RO OLTED SR VRS SEMATEERS

3,7=1 Ly 3,7=1
i) i#]
Z hiit ) o Zkl,j =Y kuikipipi+ Y kuikipi (3.89)
1,7=1 1,7=1 2,7=1
i#] i#] 1#]

e As - integrable systems (R = 3)

{J1, J2} = J3 {J1,J3} = Ja (3.89)
{J1,J4} = J5 {J1,J5} = Js '
J1 = kiq
4 2 2 2
g, p* — 6kop* — 3k5 + 12k1k3 + 8kap
2T 24k
3
P+ 3kap + 2k,
Ja = 3.90
2
Ptk
Ja= 2k,
Js =

Jo=Fk (ki #0).
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Therefore the generic ND integrable Hamiltonian would be:

H) :H(JI(N)a I I I, JéN)) (3.91)
where
N $—6ko ip? —3k3 . +12k2 k3 i+ 8pika
— .- (N) p'L 271p1 27’L 171 3,@ pZ 4,1
= Z;kl,l qi J Z;( 24]&1)’71,
N (13 oo . N 2 .
’+3pikoi+2ky; (N) p;+kay
JN) _ b; ) ; JN i ;
K 221< 6k7 * @; 2k
N N
N

(3.92)
and the coproducts of the three non-linear Casimir functions
Co = 2JyJs — J?
C3 = 2J2Js — 2J3J5 + J? (3.93)
Cy = 3J3Jg — 3y J5Jg + JE?
will give us the integrals of the motion by choosing once again, an appropriate set of
(N — 1) functionally independet quantities

e = ;z; (ki — p7) % > (W) kij— Y pip;

i,j=1 i,j=1
i#j 1#]
m 2 2 m
(m) p 6]€2 sz 3k27i+12k17ik3,i+8pik47i ‘
G 2 <Z 24K3 ILE
i=1 )t i=1
m m m 2
P2 +3pikai+2ka; pi+ko,
2 ) ) i 3 )
(; 6]{7%71 ;p i =1 Zkl’i
2
" p3+3pika,i+2ky “
C(m) 3 b; 20 K k ;
! <z:1 Gk%’ ; "

-3 (H Pz;l 21) (sz> (f} k:1> - <§;pi>3. (3.94)

3.4 A family of algebras with arbitrary dimension

In view of the exhaustive description of the Lie algebras with dimensions 3, 4, 5, y 6 (the
nilpotent ones) given in Chapters 2 and 3, it seems natural to wonder whether we can
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identify some families of algebras that can be defined for any dimension and for which
the integrability condition under the coalgebra approach holds. The answer to this
question is affirmative, and in this Secion we are going to show that the M-dimensional
Lie algebra gjs defined by the non-vanishing Poisson brackets

{Ji, Iy} =Jioy with i=2,..., M —1 (3.95)

is a Lie algebra with r = M — 2 and with R = r — 1 = M — 3, thus fulfilling the
interability criteria for M > 4, since in that case s, = (M —r)/2 = 1. Moreover, we
will explicitly compute a closed formula for the (M — 2) Casimir functions for gy, as
well as its generic symplectic realization.

The key observation for the construction of gjs is to realize that the following chain
of inclusions among different algebras holds:

A3 C Ay1 C As2 C Agp. (3.96)

In fact, the following isomorphisms of Lie algebras are easily proven through the ap-
propriate changes of basis:

g3 = A3,1 g4 = A4,1 g5 = A5,2 g6 = A6,2- (3.97)

Now, by making use of the expressions for the Casimirs of these four algebras given
in this and the previous Chapter, we can obtain explicitly the Casimir functions for gy,
in the cases M = 3,4, 5,6, which read:

® (3: Cl = Jl
Cl — J]_
® g4: —J22 + 2J1J3
Cy= 22175
2J1
Cl = Jl
—J22 + 2J1J3
[ J N C2 = 57
gs: 2J1
o J3 — 301 JaJs + 3J3 4
5T 3.J2
Cl = Jl
—J22 + 2J1J3
Cy= ——— —"—
2J1
® gg: Jg) —3J1J2J3+3J12J4
G = 372
—J + AN J2 T3 — 8J% Tady 4 8T} 5
Cy = 73 :
1
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In these expressions we can easily appreciate how the chain of algebra embeddings
is constructed: as far as we add another generator, one more Casimir function appears,
and it contains the Jy;_1 generator.

This construction can be generalized for the arbitrary gjs algebra, since the C,
Casimir functions (r =1,..., M — 2) must fulfill (see [II, 59} [145])

i=1,2,...,.M

r=1,2,...,(M-2). (3.98)

M ac
{J;,C,} = JZ:; (T]j{a]i, Ji} =0 {

By taking into account the Poisson brackets (3.95), we get the following system of
differential equations

aC, i=23,.... M
Ji =0 3.99
Y0 {7«_1,2,...,(M_2). (3.99)

From this expression we see that
CM_Q :CM_Q(Jl,JQ,...,JM_l) (3.100)
and the general solution of the system can be found. It reads,

Cl = Jl

o —J3 42015
2 2.J1

*gm :

) Y 4
(1)L + ZlaMJfJQ( YD S il = 21 T i
j:

Ci = — — 1=3,...,M—2
i(i —2)!'J]
(3.101)
where the coefficients a; are given by:
(ZL@' (—1)2 1
ag; = (=1)"ti. (i —2)
ag; = (=1)"2i. (i —2)- (i —3) (3.102)
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Finally, the generic symplectic realization for g; can be found:

J1=k1
Jo = kip
p] 2—1 .
Jj = +Z G j=3,4,...,(M—1)
Jr = —q. (3.103)

Note that this realization can be easily derived by taking into account that the commu-
tation rules imply that the bracket of J; with Jas gives J;_1. If we take Jyy = —¢q
and the rest of generators J; are taken as polynomials in p with degree j — 1, this
implies that

Jj—/Jj_l(p)dpwj_l j=3,....(M—1). (3.104)

With this symplectic realization at hand, the construction of completely integrable
systems on the gjs coalgebra is straightforward.

Finally, it is also interesting to stress that symplectic realizations that do not fulfill
the integrability condition can also lead to interesting (but partially integrable) Hamil-
tonian models. This is the case of the ‘two-photon’ algebra hg, a 6D Lie algebra with
r = 2 (therefore s = 1,2) that admits an s = 1 symplectic realization for which, among
the 2N integrals provided by the coalgebra, only (2N — 5) of them are functionally in-
dependent and (N —2) are in involution. Hence, any Hamiltonian H with hg-coalgebra
symmetry is “almost” integrable (only one constant is left) to get complete integrabil-
ity, and such a remaining integral does exist for some special choices of H. In fact, the
study of the integrable systems coming from this coalgebra will be the subject of the
next two Chapters.



Chapter 4

ND integrability from
two-photon coalgebra

“It is difficult to make a prediction,
especially a future prediction.”

N. Bohr

This Chapter is devoted to the application of the coalgebra symmetry method described
in Chapter 2 to the Poisson version of the so-called two-photon/Schrédinger algebra
he [16], 406, 49, 50, 185]. As we shall show in the sequel, the hg-coalgebra symmetry
turns out to be extremely powerful, since the N-particle framework provided by the
coalgebra structure encompasses different N-body symmetries that underlie several
useful and explicit integrability properties, leading to several families of new completely
integrable Hamiltonians that will be further analysed in Chapter 5.

We stress, that in the coalgebra symmetry framework the dimension of the coalgebra
and the number of its non-linear Casimirs are essential in order to elucidate whether
the coproduct gives either complete or partial integrability under a chosen symplectic
realization. This dimensionality problem is essential for coalgebras with dimension
greater than three, and it has been fully analysed in [27]. In fact, the hg-coalgebra
provides an explicit case of the coalgebra construction for a six-dimensional coalgebra

with two Casimir functions in which one of them is a linear one (the generator M).
l—r

Therefore we have [ = 6,r = 2R = 1 and s, = = 2, and the necessary

integrability condition for the generic symplectic realization is not fulfilled. Nevertheles,
we shall consider a non-generic symplectic realization with s = 1, and we shall see how

53
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in this case the coalgebra approach leads to quasi-integrability. This is an essential
feature of the hg-coalgebra that could not appear in any of the examples of the coalgebra
construction considered so far (see, for instance, [9), 12 14, 2T} 24], 27, 93| 114]).

Therefore, as a consequence of the quasi-integrability of the hg-coalgebra symme-
try, it becomes important to develop some additional algebraic machinery in order to
investigate for which choices of the generic Hamiltonian the complete integra-
bility can be restored. This is the aim of Sections 3, 4 and 5 in which we present a
novel algebraic completion of the coalgebra approach that provides a guide to obtain
the additional independent integral of the motion Z by exploiting the rich subalgebra
structure of hg. This approach is fully general and can be applied to any coalgebra with
dimension greater than three. Moreover, having in mind further applications, particular
choices for H leading to ND natural systems, geodesic flows and static electromagnetic
Hamiltonians will be explicitly identified.

In particular, in Section 3 we analyse two different possibilities in order to find an
extra integral Z. We remark that, in both cases, Z will be always defined as a function
of the generators of hg, since this guarantees its existence for any number of degrees of
freedom. The first case arises if the chosen Hamiltonian can be defined on a subalgebra
of hg, since then the N-particle Casimir of such subalgebra can be directly identified
with the additional constant of the motion Z. This possibility is discussed in Section
4, where the rich subalgebra structure for hg is fully described. A second possibility is
analysed in Section 5, where we introduce five new families of ND completely integrable
systems that have one of the five non-central generators of hg as the remaining integral
of motion Z. This latter construction turns out to be powerful, since all these systems
depend on several arbitrary functions and provide a large number of new instances of
interesting Hamiltonians, both from the mathematical and the physical viewpoints.

A third possibility is developed in Section 6, where the direct search of the remaining
integral 7 is performed through Poisson-algebra computations. In this way, several
classes of new interesting completely integrable systems are obtained.

4.1 The two-photon/Schrédinger algebra hg

Let us recall that the hg Lie—Poisson algebra is spanned by the six abstract generators
{K,A,A_,By,B_, M}, whose one-particle symplectic realization is given by

)\2
AL = Mp1 A_=Nq1 chhpl—?l (4.1)
By =pi B_ =g M =X
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where )\; is a non-vanishing constant that labels the previous symplectic realization
and where we have considered the usual Poisson bracket {q1,p1} = 1. The abstract
Poisson brackets defining hg read

{K7A+}:A+ {K7A—}:_A— {A—7A+}:M

{K,B+} =2B; {K,B_}=—-2B_ {B_,B;} =4K +2M 4.9
{A+,B_}:—2A_ {A+,B+}:O {M, }:0 ( . )
(A B,} =24, {A_,B_}=0.

A direct inspection of this algebra makes its rich subalgebra structure evident (for
instance, the gl(2) subalgebra { K, B, B_, M}, the oscillator one hy = {K, Ay, A_, M}
and the Heisenberg one hg = {A;, A_, M} can be easily identified). This is one of
the main features of hg, since this algebra generalizes many lower dimensional Lie
symmetries in a transparent way, a fact that will be relevant in order to find new and
more general integrability structures, as we shall see in Section 4.

As a consequence of , any quadratic Hamiltonian with one degree of freedom
can always be written as a linear combination of the hg generators in the above repre-
sentation. This is indeed the origin of the quantum mechanical relevance of the hg Lie
algebra as a dynamical symmetry, since the quantum counterpart of such a quadratic
Hamiltonian can be interpreted as a single-mode radiation field Hamiltonian including
the number operator K, creation and annihilation operators A+ and A_ and two-
photon creation and annihilation operators E+ and B_ (the generator M is a central
one). In this context, different applications of the hg symmetry can be found in [46],
and it is also interesting to recall that hg is isomorphic to the (1 + 1)D centrally ex-
tended Schrédinger Lie algebra [10]. In fact, this isomorphism provides the two Casimir
functions for hg, which are the central generator M and the fourth-order Casimir [145]

C=(MBy— A3)(MB_ — A%2) — (MK — A_Ay + M?/2)? (4.3)

that will play a relevant role hereafter. The function C can be reduced to a third-order
invariant by extracting M as a common factor:

Chy =C/M = MB{B_ — By A% —B_A%> - M(K 4+ M/2)> +2A_A, (K + M/2). (4.4)

Note that if we substitute the symplectic realization (4.1)) within the two Casimir
functions, the former is characterized by the values M = A? and Cp, = 0.

Now, if we endow the hg Poisson algebra with a primitive coalgebra structure, i.e.
with a two-body coproduct (which is a Poisson algebra homomorphism A : hg — hg®hg
[12, [16]) given by

AX)=X®1+1®X X e{K Ay,A_,B;,B_, M}, (4.5)
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then the one-particle dynamical symmetry given by can be generalized for any
number of degrees of freedom. As we shall see in Section 2, this gives rise to an infinite
family of N-particle Hamiltonians defined as any smooth function H of the generators
of h6

H=H(K,By,B_,A,A_, M) (4.6)

and provided that H is realized in the N-particle symplectic realization coming from
the coproduct structure.

4.2 An infinite family of quasi-integrable systems

The integrability properties of the generic N-particle Hamiltonians with hg-coalgebra
symmetry relies on the following result [28], which is based in the application of the
coalgebra symmetry approach to a non-generic symplectic realization of the hg Poisson
coalgebra.

In particular, let {q,p} = {(q1,...,q9n), (p1,...,pN)} be N pairs of canonical vari-
ables. The ND Hamiltonian

H=H(K, By, B_, Ay, A_, M) (4.7)
defined as any smooth function H : R® — R and
N N N 22
Ay = ;)\ipi A= ; Aigi K = Z <Qipi - 2’)

N N '
Be=> 1  B-=)4q M
i=1 i=1

where \;, are N arbitrary parameters, is quasi-integrable. The (N — 2) functionally
independent integrals of the motion for H are

-
Il

A2 (4.8)

I
.MZ

=1

m

2
™ = 3" (Nilpiar — pray) + X (pkai — pigk) + Me(pigy — i) (4.9)
1<i<j<k
where m = 3,..., N. These integrals are in involution and can be called ‘universal’ in

the sense that they do not depend on the specific choice of the function H.

The keystone to prove this result (see [28]) comes from the fact that (4.1) is a
one-particle symplectic realization for the Poisson coalgebra (hg, A), labelled by the
A1 parameter. Moreover, it can be easily checked that (4.8) is just the N-particle
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symplectic realization of (hg, A) that is obtained through the N-sites generalization of
the coproduct (4.5):
AMX)=Xwl1lele.. M Vel
+1oXe1e..NDel1+...
flole.. Vel X. (4.10)

This means that the N-particle generators (4.8]) fulfil the commutation rules (4.2]) with

N of 0 dg O,
respect to the canonical Poisson bracket {f, g} = > (8; 65 - 65 8}{) .
121 7 7 K2 7

Moreover, such a coalgebra symmetry expressed through the symplectic realization
implies that each of the N-particle generators Poisson-commute with the (N —1)
functions C(™) given by the m-th coproducts of the Casimir withm=2,3,...,N
(see [12, 16] for details). However, in the case of the specific symplectic realization of
he given by , the C? function vanishes (the two-body coproduct of the Casimir is
zero [16]) and we are left with the set of (N —2) integrals that, also by construction,
are functionally independent and Poisson-commuting. Therefore, any function H
of the N-particle symplectic realization of the hg generators will be in involution with
the set of integrals C(™), which completes the proof.

This general result deserves the following remarks and comments:

e First of all, we have to characterize the symplectic realizations for hg in the
framework of Chapter 2, by taking into account that R = 1, r = 2, [ = 6.
According to , the generic representation for hg would have

l—r 6-2

pairs of canonical variables. This generic realization would be ‘a Calogero-Moser’

realization, namely.

D(A+) = \ip1 + A2p2 D(A-) = Mq1 + Xa2g2
2 2
D(K) = qip +Q2p2—7()\1;/\2) D(By)=pi+p3+ —7  (4.12)
(A1q2 — Xa2q1)
D(B-) = ¢i + 43 D(M) =Mt + A3
In this case, the value for the non trivial Casimir operator of hg is
Chy = b. (4.13)

And concerning the necessary integrability condiction expressed in (2.18) and
(2.21]) we would have that

s<R-—

(R]; DN 2<1 (4.14)
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l§(2R+r)—%(R—1)—>6§4 (4.15)

Obviously the former relations are not verified for the generic symplectic real-
ization, and the construction of Hamiltonian systems from it does not lead to
complete integrability. Moreover, the non-generic symplectic realization that we
are using does fulfill the necessary integrability condition, but it shows that such
condition is not sufficient: despite the dimensionality conditions are satisfied, the
coalgebra framework does not provide complete integrability since one integral
(the one coming from the first coproduct of the Casimir) vanishes.

We can properly say that H is a quasi-integrable Hamiltonian, since for any di-
mension N and any choice of H there is only one integral left in order to get its
complete integrability. Obviously, some specific choices for ‘H will lead to com-
pletely integrable Hamiltonians for which an additional integral does exist for any
dimension N. The aim of this Chapter is just to find solutions to this problem.

Within the coalgebra approach it is well-known that, in general, two different sets
of integrals of the motion coming from ‘left’ and ‘right’ m-th coproducts of the
Casimir can be obtained (see [2I] for details). Indeed, this is also the case for
the (hg, A) coalgebra, where by making use of the ‘right’ m-th coproducts, the
following alternative set of (IV — 2) integrals in involution C(,,) is obtained:

N

2
Cim) = > (Ni(pjar — praj) + Nj(Pedi — Piak) + Ak (Pigj — pjai))”. (4.16)
N-mil<i<j<k

This means that if we label the N sites on hg@hs®...N) @hg by 102®- - -® N, the
‘left’ Casimir C(™ is defined on the sites 1®2®- - - @ m, while the ‘right’ one Cim)
is defined on (N —m+1)®---® (N —1) ® N. Moreover, it is straightforward to
prove that the (2N — 4) functions {C(3),C(4), e = Cvy,Cv=1)---C(3), H}
are functionally independent (assuming that H is not a function of C only) and
the coalgebra symmetry ensures that each of the two subsets {0(3), ..., e\ ),H}
or {C3),---,Cin), H} is formed by (N — 1) functions in involution [12, 21].

As a consequence, in case that an additional integral Z is found for a given H,
this Hamiltonian will be not only integrable, but also superintegrable provided
that the (IV — 3) ‘right’ constants C(,,) (with m = 3,..., N — 1) commute with 7
(and this property will be ensured if Z is a function of the N-particle symplectic
realization of the hg-coalgebra).

The role of the \; parameters is essential in this approach, since they provide
an N-parameter freedom for the Hamiltonian. From a co-algebraic viewpoint
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these \; parameters can be neatly interpreted: each of them fixes the one-particle
symplectic realization that we are using on the i-th site of the underlying hg
symmetry lattice hg ® hg ® .. N @ hg.

e We stress that the integrals can be interpreted as sums of the squares of a
linear combination (through the \; parameters) of ‘Euclidean angular momentum’
components J;;. In particular, the N(N —1)/2 functions J;; = (¢ipj — ¢;p;) with
i<jandi,j=1,...,N span an so(N) Lie-Poisson algebra so that C(™ can be

read as
clm = Z (Nidje + AT + )\kJij)Z (4.17)
1<i<j<k
where J; = —J;. Hence each term in C (m) is the square of an element of the Lie—

Poisson algebra so(3) = {Jij, Jix, Jjr} (and the same happens in C(,,)). From this
perspective, the hg-coalgebra symmetry can be interpreted as a ‘generalization’
of the spherical symmetry, which will be fully recovered when the Hamiltonian is
defined on the gl(2) Poisson subalgebra of hg.

e Although the central generator M is also a Casimir for the two-photon coalgebra,
its N-th coproduct gives rise to N trivial integrals of the motion

MM™=3")  m=1,..,N (4.18)
=1

that, do not provide any dynamical information. In this sense, M can be con-
sidered either as a generator on its own right or as a constant that depends on
both the dimension N and the chosen symplectic realizations through the \;
parameters.

Finally, is worth mentioning that the role of the hg algebra in the integrability
properties of certain 3D Hamiltonian systems was already pointed out from a different
viewpoint in [I79]. Nevertheless, the introduction of a coalgebra structure in hg turns
out to be essential in order to fully exploit its integrability information and to generalize
it to arbitrary dimensions.

4.2.1 Some relevant quasi-integrable Hamiltonians

Among the bunch of ND quasi-integrable systems that are provided by (4.7)), the
following particular subclasses are physically outstanding.
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Natural systems

The Hamiltonian )
H = §B+ +F(A_,B_) (4.19)

where F is a function playing the role of a potential, gives rise to the following quasi-
integrable system on the ND Euclidean space EV:

N o N N
H(N) — Z% ~|—]-"<Z )\iqi,Zq?). (4.20)
i=1 i=1 =1

Notice that central potentials (endowed with spherical symmetry) directly arise when-
ever F does not depend on A_, since the Hamiltonian is then defined on the g¢i(2)
subalgebra. Thus in the case with generic F (A_, B_), the spherical symmetry is bro-
ken and its associated (super)integrability is, in principle, reduced to quasi-integrability.
Nevertheless, the hg-coalgebra symmetry of reduces the ND integrability prob-
lem to the search for only one additional integral, whose existence and explicit form
will depend on the particular choice of the function F.

Electromagnetic Hamiltonians

The most general ND quasi-integrable Hamiltonian including linear terms in the mo-
menta is given by

H = %B++K}"(A_,B_)+A+Q(A_,B_)+R(A_,B_) (4.21)

where F, G and R are smooth functions. In terms of canonical variables, it reads

N 2 N \2 N N
HN) Z EZ + (Z <%’Pi - 5)) f(Z )\iQ’iazqi2>
— i=1 =1

=1

N N N N N
+ (Z )\ipz) Q<Z AiQi;ZQf) +R<Z )\iqz',z(li2>- (4.22)
i=1 i=1 i=1 i=1 1

1=

In 3D, this Hamiltonian describes the motion of a particle on E? under the action of a
static electromagnetic field which is determined by the functions F, G and R. Namely,
if we compare (4.22)) with the 3D electromagnetic Hamiltonian

Hem = = (ﬁ— eA')z +et) (4.23)
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where e is the electric charge, A is the vector potential and v is the scalar one, we get

A; = —%]—"(A_,B_) - %Q(A_,B_) i=1,2,3 (4.24)
1 1

= -R(A_,B_)~ M F(A_,B.)
—% B_F(A_,B_)*+2A_F(A_,B_)G(A_,B_) + MG(A_, B_)ﬂ . (4.25)

Note the relevant role that the \; parameters play in the definition of the electromag-
netic field. Recall also that ND superintegrable electromagnetic systems have been
recently obtained in [24] by making use of an sl(2,R)-coalgebra symmetry. In fact, as
we shall show in Section 4.4, the latter systems are a particular subfamily of
since sl(2,R) is a sub-coalgebra of hg. We also recall that only low-dimensional inte-
grable Euclidean Hamiltonians with velocity-dependent potentials have been previously
studied in [35] [42], (78] 106 108, 124, 152, 153 [167].

Geodesic flow Hamiltonians

A third family of relevant systems is the one given by ND quasi-integrable Hamiltonians
of the type

N
HN =" g9(qr, . -.an) i (4.26)
ij=1

that are obtained by considering

2
H = B+f(A_,B_)+AiQ(A_,B_)+<K+A24> R(A_,B_)

+ <K + Aj) AL S(A_,B.) (4.27)

since for any choice of the functions F, G, R and S we obtain a Hamiltonian which is
a quadratic homogeneous function in the momenta. Explicitly,

N o N N N 2 N N
HN = (Z pz,> F (Z )\iqz‘7zqi2> + (Z )\z‘pz) g (Z Aiqz-,Zq?)
i=1 i=1 i=1 i=1 i=1 i=1
N 2 N N
+ (Z qipi> R (Z )\iqz',zqi2>
z;l N =1 z:jv N
+ (Z Qipi> <Z )\ipi> N (Z AiQ@ZQ?) : (4.28)
i=1 i=1 i=1 i=1



62 CHAPTER 4. ND INTEGRABILITY FROM TWO-PHOTON COALGEBRA

We stress that the specific form of the metric ¢¥ is determined by the F, G, R and S
functions which, in general, gives rise to an ND space of nonconstant curvature. In any
case, the set of constants of motion is once again universal and does not depend on
the specific choice of the functions in the Hamiltonian. Moreover, additional potentials
on these hg-coalgebra spaces can be naturally considered by adding functions such as,
e.g., U(A_,B_) to the free Hamiltonian (4.27)). In this way the Euclidean natural
systems can be generalized to the curved spaces defined through without
breaking the quasi-integrability of the geodesic flow Hamiltonian.

In this respect, we recall that the complete integrability of a free Hamiltonian on
a curved space is a rather nontrivial property which is connected with geometric and
topological features of the underlying manifold [25] 110} 115] 146]. From the physical
viewpoint, the study of integrable geodesic flows in arbitrary dimension is becoming
increasingly popular in general relativity, supergravity and superstring theories, where
the explicit knowledge of the Stéackel-Killing integrals of motion for the geodesic flows
of ND curved spaces provides very useful information (see, for instance, [70, 116l 143
174]). Since integrable examples of such ND curved geodesic flows are quite scarce, the
search of new completely integrable instances among the Hamiltonians is thus
meaningful.

4.3 Complete integrability

At this point the main problem to be faced is the characterization of those Hamiltonians
‘H for which an additional integral Z does exist for any dimension N, thus providing
their complete ND integrability.

In order to ensure the existence of Z for any dimension N, we shall assume that this
additional integral is also hg-coalgebra invariant, which means that it can be written
as a function

T=1(K,By,B_, A\, A_, M) (4.29)

where the hg generators are written in their N-particle symplectic realization . In
this way, if Z is functionally independent with respect to both the hg Casimir and
the Hamiltonian H, the coalgebra symmetry ensures —by construction— the involutivity
of Z with respect to the (N — 2) ‘left’ integrals C(™ (m =3,..., N) and its functional
independence with respect to them. And the very same result holds for the (N — 3)
‘right” integrals C(,,y where m =3,..., N — 1 (we recall that C(y) = C(N)).

This means that if Z does exist in the form (4.29), then H will be not only a
completely integrable system but also a superintegrable one, since a total number of
(N—-2)+ (N —-3)+1= (2N — 4) functionally independent constants of motion for
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‘H has been explicitly found. Nevertheless, even in this superintegrable case, H is
not a maximally superintegrable Hamiltonian, since two more independent constants of
the motion would be needed to get the maximum possible total number of (2 N — 2)
independent integrals. Again, these two remaining integrals could exist for some very
particular choices for H, but in any case neither their existence nor their explicit form
can be derived from the hg-coalgebra symmetry.

The rest of this Chapter is devoted to show the search for the additional Z (4.29)
by different algebraic strategies within hg. In particular, we shall consider two different
situations in which the existence of Z is guaranteed by construction:

A) If the Hamiltonian H is defined within a subalgebra of hg that has a non-linear
Casimir invariant, the N-particle realization of the Casimir of the subalgebra provides
the integral Z. This subalgebra integrability approach will be analysed in the next
Section (4.4), in which the subalgebra structure for hg will be fully described.

B) Let X be a fixed generator of hg. The N-particle symplectic realization of X will
Poisson commute with any N-particle Hamiltonian Hx defined as a function of all the
remaining hg generators commuting with X and of the Casimirs of all the subalgebras
containing the given generator X. Under such hypotheses, Hx is completely integrable
since the generator X is just the additional constant of motion Z. We have five relevant
generators {K,By,B_, A1, A_} (the central generator M would give no dynamical
information), so this generator integrability procedure will give rise to five families of
completely integrable systems that will be studied in detail in Section 4.5.

Finally, we stress that if a given Hamiltonian does not fit within the two previous
approaches, the search for the remaining integral 7 —in case it does exist— have to be
performed by using direct methods. Indeed, some particular solutions can be found,
and a several examples will be given in the final Section. This direct search method
will be also the cornerstone for all the results presented in Chapter 5.

4.4 Subalgebra integrability

The subalgebras of hg with a non-trivial (i.e. linear) Casimir function are summarized
in Table 9 together with their 1D symplectic realization. They are:

— Two ‘book’ algebras Dy and D_ generated by a dilation plus two translations.
— The harmonic oscillator algebra hy.

— Two centrally extended (1 + 1)D Galilean algebras G, and G_.
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— A centrally extended 2D Euclidean algebra & (where pu and v are non-zero real
parameters).

— The ¢l(2) algebra.

More details on these subalgebras and on their associated Lie—Poisson structures
can be found in [16]. Clearly the Heisenberg—Weyl algebra hs = {A4+, A_, M} is a
subalgebra of hy4, and gl(2) contains an sl(2, R) subalgebra (by mapping K — K+M/2),
so we have the following subalgebra embeddings:

hy ChsChs G+ Che  sl(2,R) Cgl(2) C he. (4.30)

Notice also that & is a proper Euclidean subalgebra whenever p and v have the same
sign; on the contrary, £ is in fact a centrally extended (1 + 1)D Poincaré subalgebra.
In the sequel we do not distinguish the two real forms as the resulting expressions for
& will be globally parametrized through p and v.

Table 9. Relevant subalgebras of hg.

Subalgebra Generators Symplectic realization Casimir function
D, K,Ay, By ap — A, A, p’ A% /By
D_ K,A_, B_ ap — A, ¢ A2 /B_
hy K,A_ A, M ap — X, Mg, Ap, A2 M(K +1M)—A_Ay
[ By, A_JAL M P2, A, Ap, A2 MB+—A1
[ B_,A_ A, M %, g, Ap, N2 MB_ — A%
3 uBy +vB_, up® + vg?, M(uBy +vB-)
A_JAL M g, Ap, \? —MAa_ — VA%
gl(2) K,B_,B,, M ap— A, 2 p2 N2 B_B; — (K + 1M)?

As we have pointed out in the previous Section, any Hamiltonian H, defined on one
of the abovementioned subalgebras ¢ is completely integrable by construction, since
the N-th coproduct of the Casimir C, provides the extra integral Z, which completes
the set of (N — 2) left integrals C(™) coming from the hg-coalgebra. Note that T is
a function of the hg generators and, as a consequence, is in involution with each of
the C(™) integrals. Therefore, we can state that the following ND Hamiltonians define
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Table 10. ND symplectic realization of the Casimir of each of the sub-
coalgebras of (hg, A) given in Table 9.

Sub-coalgebra Integrals of motion

(D+7 A)

(D_,A)

(h47 A)

Cg}? = (i\f; )\ipi>2/ <ZN;P32>
i =
o) = (é )\iQi)Q/ <é qJ2‘>

N
N
C =3 (gpi — Aipi)(Nidi — Aigy)
1<i<y
N
Cgi) = Z (Ajpi — Aipj)?
1<i<j
N
(N) _ 2
Cy ' = > (\jai — \igy)
1<i<y
N
Cg\f) — Z {,u()\jpz‘ — )\z‘pj)Q +v(Ajgi — /\iqj)2}
1<i<j
N
N
Céz(z)) = Z (gjpi — aip;)?
1<i<j

completely integrable systems:

Hp, = Hp, (K, Ay, By)

Hp —Hp (K,A_,B.)

Hay = Hi, (K, A, Ay, M)

Hg, = Hg, (Bs, A, Ay, M)

Hg =Mz (B,A_,A., M)

He = Hg(uBy +vB_,A_, A, M)
Hyi2) = Hyi2)(K, B—, By, M)

(4.31)

where the hg generators are taken through their ND symplectic realization (4.8]) and
the Hamiltonian functions are any smooth functions of the corresponding arguments.
Moreover, all these systems are superintegrable, since the hg-coalgebra provides (N —3)
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additional and functionally independent integrals of the motion given by the ‘right’
integrals C(,,).

The explicit form of the Casimir invariant C;, = I of each subalgebra g is given in
Table 10 in terms of the N-particle symplectic realization . It is interesting to
remark that the two-photon Casimir can be expressed in terms of the Casimirs of
the four subalgebras hs, hy, G4, G_ as

1

2
Chs = @ (C§+C§7 — Ch4) . (432)

Let us finally comment that all of these subalgebras are also sub-coalgebras since
the same primitive coproduct holds for all of them as Lie—Poisson algebras. In
fact, an alternative approach to the integrability of the systems (4.31) would be to
consider directly the coalgebra construction for the subalgebra in which H, is defined,
thus forgetting about the whole hg scheme. In that case, the integrals of motion would
be given by the ‘left’ and ‘right’ m-th coproducts of the Casimir of the subalgebra Cg,
say Cém) and Cy () (m =2,..., N), respectively.

In this way, by taking into account that C{gz) and Cgy () do not vanish in the sub-
algebra, we would obtain (in principle) a maximum number of (2N — 3) independent

constants of motion for H,, and each set of N functions {Cém),Hg} or {Cy (m), Hg}
would be in involution. However, in the case of D,, D_ and the two centrally ex-
tended (1 + 1)D Galilean algebras G, and G_, the right integrals Cy,(m) turn out to
be functionally dependent with respect to the left ones, and in these cases the su-
perintegrability of the associated systems can be only derived by making use of the
hg-coalgebra construction.

Some of these subalgebras have been considered previously from the coalgebra
method, so that we refer to the various papers on the subject [14, 24] 27]. Never-
theless it is worthy to point out that in the present hg framework the integrals of
motion coming from ¢l(2) just provide the ones coming from the spherical symmetry
(see Table 10). In terms of the so(N) generators J;;, (see Section 4.2) these read

m _ N~ g2 e ,
Cotny = D I Comai) = 2, i
1<i<y N-m+1<i<j

Therefore when a Hamiltonian of the type Hg () is considered the spherical symmetry
and its associated superintegrability is recovered as a particular case of the more general
hg-coalgebra setting.
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4.5 Generator integrability

Now, let us choose a given generator X of he. If we look for all the generators X; (j =
1,...,1) commuting with X and we look for all the subalgebras g (k=1,...,t) con-
taining X as generator, it becomes obvious that the Hamiltonian constructed through
any function of the type

HX:HX(Cgl,...,Cgt,X,Xl,...,Xl), (433)
where Cy, is the Casimir function of the subalgebra g, verifies that

Moreover, the N-th particle symplectic realization of both X and Hx will Poisson-
commute with the two sets of integrals C(") and C) . Therefore, the N-th
symplectic realization of Hx is a completely integrable ND Hamiltonian system (in
fact, superintegrable with a total number of (2N — 4) integrals of the motion).

As we shall see in the sequel, by taking into account the information concerning
the hg subalgebras that is contained in Tables 9 and 10, this result provides in a
straightforward way a bunch of new ND integrable systems. We stress that particular
integrable systems belonging to the three classes of the generically quasi-integrable
Hamiltonians (4.20)), (4.22) and (4.28)) can be straightforwardly identified.

4.5.1 Hamiltonians in involution with K

Let us start by considering X = K. It is immediate to check that the only generator that
Poisson-commutes with K is M, the central one. On the other hand, K is contained in
the subalgebras Dy, D_, hy and gl(2). Therefore, the most general Hamiltonian with
hg-coalgebra symmetry and in involution with K is

HK - HK (CD+aCD_7Ch47Cgl(2)) K’ M) (435)

where the smooth function Hg : R® — R. Now, if we take the ND symplectic realiza-
tion of Hy, we obtain an ND integrable Hamiltonian with (N — 1) integrals of motion
in involution given by (4.9)) together with

N
2
i=1

Next, in order to classify the type of Hamiltonian systems that can be constructed
from Hp, we have to realize that the symplectic realization of K and Cj, are linear in
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the momenta, while Cy (2 is quadratic in p. On the other hand, Cp, is rational in p (for
arbitrary \;) and Cp_ is a rational function in the canonical coordinates g. With these
ingredients in mind and by considering the three families of systems given in Section
4.2.1, a family of completely integrable geodesic flows on ND curved spaces is obtained
through a choice of the Hamiltonian Hx leading to a quadratic homogeneous function
in the momenta. Namely, the most general possibility of this type turns out to be

M\? ) M
Hi = Cgl(g)f(CD,) + <K + 5 g (CD,) +Ch4R(CD ) K+ > Ch4S(CD7)

(4.37)
where F, G, R and S are smooth functions. When this Hamiltonian is written in terms
of canonical coordinates we get

2 N 2
N N (Z )\zqz> 2 <Z )\z’qi>
HO = [ S0 (@pi—aw)? | F |~ (Z qu1> ~= 2

— N
1<i<y Zl ql i=1
1=

> ¢
i=1
N 2
N 2 (Z )\iQi)
+ Z ]pz - zp] ()‘J'Qi - )\iQJ') R z:le
1<i< z:l qiz

N 2
N (Z )\z‘qz‘)
+ Z ()‘jpi - )\ipj) ()‘jQi - z% (Z Qsz> % (438)

~ )
1si<y > 4;
i=1

which is an ND integrable geodesic flow that depends on four smooth functions and N
free parameters \;.

4.5.2 Hamiltonians in involution with A,

When the generator A, is considered, we find that both B, and M commute with it.
On the other hand, A, belongs to the subalgebras D, hy,G,,G_ and £. Both facts
lead to the completely integrable Hamiltonian

Ha, =Ha. (Cp,.Chi,Cq,.C5 Cs. Ay, By, M) (4.39)

whatever the function H 4, be. In this case, the appearance of By (the Euclidean
kinetic energy term) allows for a wider set of possibilities. In particular, all the following
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types of integrable Hamiltonians can be considered as specific cases of H4, for which

N

the remaining integral is Z = Ay = ) A\jp;. This integral can be interpreted as a
i=1

Ai-generalization of the translational symmetry.

e Natural Hamiltonians. The only possibility is

N N
1 p;
HA+ :§B++f<C§7> :ZE‘F}- Z (AjQi_)\in)Z . (4'40)
i=1 1<i<y

Note that this Hamiltonian is not defined within the G_ subalgebra. In the N = 2 case,
the Calogero—Moser systems [53], 127, [177] arise as particular choices for F.

o FElectromagnetic Hamiltonians. We can add linear terms in the momenta to the
previous Hamiltonian leading to

Ha, = % Bi+Cn, G (Cg )+ AvR (¢ )+ F (g ) (4.41)
HU? = Z % + Z (Njpi — Aipj) (Njgi — Nigs) | G Nidi — Nigj)®
i=1 1<i<y

N
Z
1<i<
N N N
+ <Z AiPi) R Z ()\jQi - /\in)2 +F Z jQz - zQJ
=1 1<i<

1<i<j
(4.42)

e Geodesic flows. The most general expression coming from H 4, and with homogeneous
quadratic dependence in the momenta is given by
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Ha, =CLF(C5 ) +C5,9(Co )+ ByR (Cg ) + A28 (€5 ) + A+Cn T (5 )
2

N N
N
HE4+) = Y pi— dip) Mg = M) | F DD (Ve — Aigy)?
1<i<j 1<i<y
N N
D upi= i) G DD Nai — Nigy)?
1<i<j 1<i<y
N N N
+ (Zp¢2> R Z ()\jQi - z% (Z )\zp> Z ]Qz - ’Lq]
i=1 1<i<j i=1 1<i<

N N N
+ (Z /\z‘p; D ypi=Ap) Vg =gy | T DD (Vg — Nigy)® | - (4.43)

1<i<j 1<i<j

4.5.3 Hamiltonians in involution with either A_, B_ or B,

To end with we present jointly these tree types of Hamiltonians, since all of them
provide new examples of ND geodesic flows.

N

e A_-Hamiltonians. If we consider that Z = A_ = > \;q;, is straightforward to prove
i=1

that the most general integrable A_-Hamiltonian reads

Ha =MHa_ (Cp_.ChiCq,.Cq .C A B, M). (4.44)
In this case, geodesic flow Hamiltonians are available through the particular choice
Ha =CF(Co..Cg A B-)+C5,G(Cp..C5 A B_)  (445)
and its N-particle symplectic realization can be immediately obtained.
e B_-Hamiltonians. A similar situation is encountered when 7 = B_ = % q? is
considered. In this case we have that -
Hp = Mg (CD,,CC_,CQZ(Z), B_,A_, M) (4.46)

and since Cy(9) is the only term quadratic in the momenta, we are led to the integrable
geodesic flow given by

Hp = Co F (Cp_,Cq B, A-). (4.47)
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N
e B -Hamiltonians. Finally, the last possibility is given by Z = By = 3" p?. Now, the
i=1

most general integrable Hamiltonian is given by
Hp, = Hp, (CD+,C§+7C91(2),B+,A+7M> : (4.48)

All the variables fot Hp, (except M) depend on the momenta. Therefore, in this case
the only integrable geodesic flow can be obtained through

Hp, =aBy+ BAL +7Chpe) + 3Cg, (4.49)

where o, 3, v and é are constants.

4.6 Direct search of integrable Hamiltonians

As we mentioned in Section 4.3, a third possibility to show the complete integrability
for a given Hamiltonian H with hg-coalgebra symmetry is the direct search for
an additional integral 7, that can be assumed to be an unknown function of the hg
generators. An example for this type of construction is given by the following examples
of natural, electromagnetic and geodesic flow Hamiltonians, thus showing the versatility
of the coalgebra construction.

4.6.1 Natural systems: the Garnier Hamiltonian

If we consider the following Hamiltonian
1
H=oBy+0B-+ 5A% + 63B2 (4.50)

where 01, 02, d3 are arbitrary constants, a direct computation by making use of the
Poisson algebra (4.2) shows that

T = 63Cyy2) — 02(A% +2A% (M 62+61 + 03B_)) (4.51)

is in involution with H. Here is worth mentioning that if d5 = 0, we are falling into
the gl(2)-subalgebra, and also the fact that the only allowed perturbation to the radial
symmetry is coming from the term A2 . In this sense, the hg coalgebra can be again
interpreted as the algebraic tool to express the spherical symmetry breaking of a given
model.
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Let us consider the 2D and 3D symplectic realizations for (4.50). The general
expresssion of our system in 2D reads

1

HP = 5 (T4p3) +01(a7 + 63) + B2 (MaT + A563 + 2\ daqua) + 05 (a1 + a2 + 20743) -
(4.52)

By taking Ay = 1 and Ay = 0 we get

1 2
HZ) = 5 (01 +03) + Ad? + Bas + 03 (¢f + a3) (4.53)
where

A=06+ 9o B =46 (4.54)

which is the 2D Garnier system. By substituting the previous values of the A parame-
ters, the invariant becomes

T = 53(paqs — prg2)? — 09 (pT + 245 (61 + 02 + 03(qf + 43))) - (4.55)
The 3D realization of (4.50) gives

1
HO) = 3 (02 + 03 +p3) +01(ad + &+ a3) + 62 (Miqr + Aoge + A3g3)”

2
+65 (63 + @3+ 43) (4.56)

and if we choose A\; =1 and Ay = A3 = 0 we get

1
HO = S8 + 93+ 93) + (01 + 62)a + 6103 + 8163 + G3(ar + 3 + 7). (457)

In this case the invariants have the following expressions:

3
C;(%) = (qops — q3p2)*
IO = 53(p3a? + piad — 2pp2aiqe + PR3 + PGS — 201p3q1q3 — 2pap3a2qs + DS

+p3a5 — 202(q1 + G145 + 41 q3)) — S2(pi + 20147 + 2627). (4.58)

Note that in the 3D case the oscillator term is non isotropic only in the ¢; coordinate,
and this feature is preserved in any dimension. Again, if do vanishes, the radial sym-
metry of the system is recovered and, from the algebraic viewpoint, the Hamiltonian is
defined on gl(2).
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4.6.2 An electromagnetic Hamiltonian

Now we consider the following Hamiltonian, which represents a isotropic oscillator plus
linear terms in the momenta encoded within K and A:

B
H = 7* + 0B+ 05 KA_ +66A,. (4.59)

A long but straightforward computation shows that this Hamiltonian commutes with
the following polynomial object defined on hg:

T = —661(A% +261A%) + 2054 (B M — A%)
+46,05(—3A, A2 + KA_M — A, B_M +2A_M?)
+02(—3A2 A% 4+ 3A2B. M — A2B_M + B{B_M?+ A A_M* — KM?)
—406(301 AL M + 05A% M + 26105 B M? + 208 K A_ M + 26506 A+ M?).
(4.60)

Note that this integral is quadratic in the momenta.

In 3D the Hamiltonian (4.59)) can be interpreted as the one describing an electro-
magnetic field, provided we write it in the form

M= % (ﬁ— 621‘)2+ew (4.61)

where e is the electric charge, A is the vector potential, and ¢ the scalar one. Now, by
considering the 3D symplectic realization of hg with arbitrary A parameters we get that
corresponds to the motion of a charged particle under the the following vector
and scalar potentials:

0 1]
A= _;5%‘()\1(]1 + A2g2 + A3q3) — ;6)\1‘ =123 (4.62)

¢=——M—72A2 512 2 (4.63)

From them, the magnetic (€21, Q9,Q3) and electric field components (E1, E2, E3) would
be

J

0 = ;5()\3612 — Xa2g3)
1)

Oy = g()\l% — A3q1)
1)

O3 = £(>\2Q1 — A1g2) (4.64)
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Ei=—0,0 i=1,23. (4.65)

Therefore, we can say that this static electromagnetic field generates integrable motions
in 3D. It is worth stressing that by switching off the harmonic oscillator term (§; —
0) the integral of the motion is significantly simplified, although the magnetic field
components €2; do not change.

4.6.3 Geodesic flows

A third type of interesting examples is obtained by considering geodesic flow Hamil-
tonians. We will present here four examples for which the additional integral that
guarantees the complete integrability of the associated ND geodesic flow can be explic-
itly found as a function of the hg coalgebra generators. These four examples do not
exhaust the list of completely integrable geodesic flows that can be obtained in this
approach through more complicated choices of the Hamiltonian function.

Example I

Let us consider the Hamiltonian
H = B4 (OélA, + aoB_ + 053) (466)

where a1, a9, ag are arbitrary constants. Despite its simplicity, this quadratic hg Hamil-
tonian neither lives in any hg subalgebra nor can be included within the cases studied in
the previous Section. However, the following additional (and functionally independent)
constant of motion can be found by direct computation

M
T =4doan Ay (K + 2) +4agag By + 403K(K + M) — i Cg, . (4.67)

This integral provides the complete integrability of the system (4.66|) for any dimension
N. Note that in the limit ag — 0 the Hamiltonian (4.66|) belongs to the subalgebra

G, and in that case 7T is just the Casimir function for such a subalgebra, as it should
be.

Although we will not study in detail here the geometric content of the spaces defined
by the integrable geodesic flows , we can say that they are spaces with non-
constant curvature. This can be easily proven by taking the 2D symplectic realization
of and by computing the 2D Gaussian curvature K of the associated metrics. A
long but straightforward computation shows that

dagag — a2(A2 + \2)

K= )
2 [aa(q} + @3) + as + a1(Aiq1 + Aag2)]

(4.68)
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Note that either if a3 = a9 = 0 or a; = a3 = 0 the space is flat, but 2D spaces with
constant (but non-vanishing) curvature are not included in (4.66)).

Example I1

Another interesting example is provided by the following Hamiltonian
H = B+(Oé1A2_ + asB_ + 053). (469)

A direct computation shows that the extra invariant is now given by
M 2
T = OzlongM(K + M) + OJ% <K + 2) + a1a3€§+ + asasBy. (4.70)

In 2D, the Gaussian curvature of the spaces defined through the flow (4.69) is

<§:1 )\iQi>2 — (Aoq1 — )\2611)2] }

2 2 2
a1 Z A?(—O&g—i-al{z )\iqz} ) +O¢2{—20¢3+O&1
=1

=1

K= _
2 2
[042 Y@t az+a; <Z )\z‘qi> ]
=1 =1

(4.71)
and again we have obtained a family of integrable spaces with, in general, non-constant
curvature. We also remark that the a; — 0 limit of Examples I and II leads to the
same system.

Example III

A third example would be
H = BJF(OQA,B, + OQ) (472)

for which the extra invariant is

I = o) (4K?A24+4KA A B —~A3B? —~AKA2 M+2A_A,B_M+B,B>M)
—a1 A2 M? + ay (SKA, —8A_B, +4A, M) (4.73)

and the 2D Gaussian curvature reads

o[ tal S (£2)]
5 (m + al{zz qz} (; Ag))

where again the flat limit is given by a; — 0.

K=- (4.74)
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Example IV
And finally we consider the geodesic flow defined by

H = By(a14% + auB% + a3) (4.75)
for which the extra invariant becomes much more complicated, namely

I = of (-2KALA_M+ A B M+ K*M* - A{A_M? — B, B_M?*+ KM?)
tajay (—4K?A% +AKALA_B. — AZB? — 4K A2 M — A2 M?)
+20100A1A-B_M — ayazA3 — dasas (K* — ByB_ + KM). (4.76)

2 2 2
o tfon o () ()
=1 =1 =1

2 2 2 2
as (Z %2) +az+a; (Z )\iqz)
i=1 i=1

In this case, the 2D gaussian curvature is

2 2 2
—a1 YN | —az+ay (Z AiQi)
i=1 i=1

K=

(4.77)
Obviously, the ag — 0 limit of Examples II and IV leads to the same system.

We stress that this direct search for the remaining integral can be indeed very
useful, since it can be quite easily computerized. In fact, the integral Z can be searched
among hg functions with cubic or higher dependence on the momenta (note that all
the integrals that we have presented so far are, at most, quadratic in the momenta).

Moreover, nothing prevents that, although for a certain H defined on hg the ad-
ditional integral does exist, such Z cannot be written as a function of the hg
generators (i.e., Z would not be coalgebra-invariant). This implies that in this case all
the previous methods are not applicable and the explicit form for Z has to be found
for each dimension N, which constitutes a much more cumbersome task. Nevertheless,
we would like to emphasize that any hg-coalgebra invariant Hamiltonian H of the form
is only one integral away from being completely integrable, and the search of the
complete list of integrable choices for H is certainly interesting.



Chapter 5

Integrable perturbations of the
ND oscillator

“Rather than trust our own wisdom,
one should ultimately rely upon algebraic calculations.”

L. Euler

The harmonic oscillator is indeed the paradigm of integrable Hamiltonian dynamics
on the N-dimensional (ND) Euclidean space, and its superintegrability properties are
very well established through group-theoretic methods (see, for instance, [4l 87, [147)).
Therefore, the construction of non-trivial integrable perturbations/deformations of the
ND harmonic oscillator (understood in a broad sense as the addition of any ND potential
term -not necessarily small- that preserves the complete integrability of the system) are
interesting from both physical and mathematical viewpoints.

In this respect, although certain 2D and 3D perturbations have been thoroughly
studied (see, for instance [47, 78], [83], 95 06, 100} 10T, [105] 106} 121, 122, 144 154, 176
179] and references therein) the number of ND results is more limited. Among them we
can quote the search for coupled polynomial perturbations [48] [72, 117, 97, 155], Gar-
nier systems [90], the Smorodinski-Winternitz Hamiltonian [81], 89], Calogero-Moser
systems [53, 127] and coupled oscillators coming from symmetric spaces [85]. In a
more generic sense, integrable oscillators on ND curved spaces can also be considered
as deformations of the ND Euclidean one in which the kinetic energy term is also per-
turbed through functions of the canonical coordinates containing a curvature parameter
(see [24] 26], 29] and references therein).

In this Chapter we use the hg coalgebra machinery introduced in the previous

7
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Chapter, in order to demonstrate the complete integrability of the following N-dimen-
sional natural Hamiltonian system

N N N N
1
HDN) — 3 Z p7 + 0 qu2 +F Z (Ajgi — )\iqj)z +3G (Z )\iCIi> (5.1)
i=1 i=1 1<i<y =1

where F and G are arbitrary functions and §; and \; (i = 1,...,N) are (N + 1) free
parameters. Obviously, the first term in the potential is just the ND isotropic harmonic
oscillator, and the second one (F + G) can be interpreted as two independent families
of integrable deformations/perturbations whose superposition preserves the complete
integrability of the whole system. Moreover, since the expressions for the integrals of
the motion are analytic in 1, the oscillator term can also be removed without altering
the integrability properties of the system.

In Section 5.1 we shall prove the complete integrability of H by giving explicitly a
set of (N —1) functionally independent integrals of the motion for H, which are obtained
by making use of the underlying hg-Poisson coalgebra symmetry of the Hamiltonian.
In fact, such symmetry implies that this Hamiltonian has two different sets of (N — 1)
independent integrals of the motion, and among both sets there will be a total number
of (2N — 4) independent constants of the motion in involution with A, which implies
that is a superintegrable system (albeit not maximally superintegrable). We shall
also prove that no oscillator anisotropies can be obtained by including quadratic terms
in the canonical coordinates in either F or G.

As a consequence, by considering appropriate specializations of the dimension N,
the arbitrary functions F and G and the (N + 1) free parameters, we can obtain many
different integrable systems. In particular, in Section 5.2 we shall present a number of
integrable polynomial perturbations that can be easily obtained from H.

Moreover, another family of integrable perturbations of the ND oscillator is intro-
duced in Section 5.3, namely

N 1 2 > 2 3 3 ; 3 :
M ):2;pi+51;qi+]}2 (;)\iQi7izqu')+j<;CJi> (5.2)

where V_s is any homogeneous function of degree —2 in the canonical coordinates such

N N
that it can be written in terms of the variables > \;g; and Y ¢?. Moreover, J is
i=1 i=1
an arbitrary radial perturbation and 0; and A\; (i = 1,...,N) are again (N + 1) free
parameters. The (super)integrability of this family of ND Hamiltonian systems will be

proven by restorting to their hg-Poisson coalgebra symmetry.
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We would like to mention that in the 3D case Hamiltonians and . are
subclasses of the systems considered in [I79] through a 3D reahzatlon of a so-called
‘extended’ sl(2,R) Poisson-Lie algebra (which is just isomorphic to hg). However, the
ND integrable generalization here presented is only possible by endowing hg with the
appropriate underlying coalgebra structure and by imposing the full Hamiltonian to be
hg-coalgebra invariant.

5.1 A new ND integrable Hamiltonian

In order to prove the complete integrability of the ND Hamiltonian ((5.1) we consider
the functions

N N N
Ay = Z&‘Pi A_ = Z Aidi K= Z <lez - >
i1 i=1
N

N N
By =Y p} B. =Y q M=) X (5.3)
=1 =1 =1

where \; are arbitrary parameters and N fixes the number of degrees of freedom. These
functions provide a N-dimensional symplectic realization of the hg-Poisson coalgebra
with Lie-Poisson brackets given by [16] 28|, 92]

{K, A=Ay {K,A_}=-A_ {A_, A =M

{K,B;} =2B4 {K,B_} =—-2B_ {B_,B;+} =4K +2M 54
(AL, B.}=-24_  {A4,B.}=0 (M, -} =0 (54)
(A B} =24, {A_,B_}—0.

The Casimir functions for this algebra [I45] are given by the central generator M and
by
C=(MB; — A%)(MB_ — A*) — (MK — A_A; + M?/2)%. (5.5)

Thus, we can say that the Hamiltonian H (5.1]) is hg-coalgebra invariant, since it can
be written as the following function of the hg-coalgebra generators:

H—7B++5lB +}"< )+g( ) (5.6)

provided they are realized in the ND symplectic realization ([5.3)) and where

N
Cg =MB_— A2 =" (\jgi — Nigy)” (5.7)

1<j
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is just the Casimir for a (141)-Galilei subalgebra of hg spanned by {B_, A_, A, M}.
This invariance implies that, the following (N — 2) functionally independent functions

m

C,(L?) = > Calpiar — pray) + (P — pigk) + e (pigy — pia:))? m=34,....,N
1<j<k
(5.8)
Poisson-commute with H and among themselves. In fact, a given integral C,(l?) is just

the Casimir function (5.5) divided by M and expressed in terms of the m-particle
realization of the hg algebra.

Thus there is only one integral left in order to prove the complete integrability
of H. Such an integral Z can be also found in an hg-invariant form through direct
computation and by making use of the Poisson brackets (5.4}, and reads:

T=A%+26 A% +2G(A_) M. (5.9)

In terms of the ND symplectic realization, this last integral is explicitly written as

N 2 N 2 N N
T(N) — <Z )\Z-pz->—|— 261 (Z )\iq,) + 2 (Z /\12> g(Z Ai‘]i) (5.10)
i=1 i=1 =1 =1

and note that, Z does not depend on the choice of the function F.

We stress that the hg-coalgebra symmetry ensures that 7 Poisson-commutes with all
the C,(;:) integrals, and the fact that {H,Z} = 0 is easily proven by direct computation.
The functional independence of Z with respect to the remaining integrals is proven
by taking 64 = 0 and G = 0. In this case 7 = Ai depends only on the momenta,
and is indeed functionally independent of C}(::) (that does not depend on 41, F and

G) and of the Hamiltonian. This functional independence will be mantained under the
‘deformations’ ;1 # 0 and G # 0.

Moreover, the hg-coalgebra symmetry implies that the Hamiltonian H is not only
integrable but superintegrable, since the set of integrals (5.8)) can be replaced by the
alternative one

N
2
Che,(m) = > (Ni(pjar — praj) + Nj(prai — piar) + Me(pig; — pi@))”  (5.11)

where m = 3,..., N. Note that Cp, (n) = C,(liv), so H has a total number of (2N — 4)
functions in involution (including 7). We recall that the ND isotropic oscillator (without
any perturbations) has a total number of (2N — 2) independent integrals, that makes it
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a maximally superintegrable system. From this perspective, the perturbation given by
F and G strongly preserves the integrability properties of the oscillator Hamiltonian,
since only two integrals of the motion are lost under perturbation, which is certainly a
consequence of imposing the hg invariance of the latter.

Example

If we consider F(x) = a/z we get
N N

N
1 (6%
HWN) — 3 Z P+ 0y qu +—= ; +G (Z /\iQi> (5.12)
i=1 i=1 i=1

> (N — Nigy)

1<i<j

which in the case N = 2 is just the rational Calogero-Moser (CM) system plus an
arbitrary function G:

o«
(Aagq1 — A1go)?

The integral of the motion in this case is with N = 2, since the integrals
and only exist from N = 3. Note that Z does not depend on the CM potential
given by F. We stress that the ND generalization obtained from is not the
CM Hamiltonian, but it is indeed completely integrable in any dimension.

1
H® =2 (9 +03) + 01 (¢ +a3) +

5 +G (M1 + Aege) -

5.1.1 The isotropy problem

Before entering into more detailed examples, it is convenient to study whether aniso-
tropic oscillators can be ‘hidden’ in the general result (5.1) through quadratic contri-
butions coming from the perturbation term

¢ =F(x)+G(y). (5.13)

Since the only terms that can give rise to a homogeneous quadratic contribution in the
canonical coordinates are oy  and (31 y%, we write such perturbations in the form

F)y=arz+f(z)  Gy) =5y’ +g() (5.14)

where f and g are generic functions with no linear and quadratic term, respectively. In
this way we rewrite the Hamiltonian as

N

N N N 2
1
HY = 2 i ad g tar | Y (Nai—Xg) | + 5 (Z /\z‘qz)
i=1 i=1 i=1

1<j
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N
D2 Vg = i) | +g (Z )\ZQz) : (5.15)
1<j
Now, if we impose that all the coefficients of the crossed quadratic terms of the type
gi ¢; vanish, we get only two possible solutions:

e A) a; = (3. In this case a straightforward computation shows that the Hamiltonian
(5.15)) is again a ND isotropic oscillator perturbation given by

N
Z p; +wzz:qZ + 1D e — Xigg)? <Z )\z%) (5.16)

1<J

N
with w? =61 +a1 > )\12.

i=1
e B) For a fixed ¢, another solution is given by A; = A and A\; = 0 for any j # i. With
no loss of generality, we thus consider the case A\; = A, and the Hamiltonian ([5.15]
reads

1
HY = Cpt+wiaf +9(Aa) + sz+w22qz+f</\2zqz> (5.17)

with wf = A28) + 6; and w3 = A2 + §;. This Hamiltonian is indeed separable as the
sum of two Hamiltonians: the first one depends only on ¢; an the second one is a radial
deformation of the (N — 1)-dimensional isotropic oscillator with frequency we. In this
case the integrals of the motion read

C;(L?) = \? Z (pjak — Pra;)* m=3,4,...,N (5.18)
2<j<k
TN = X (pl + 208 af + 29 (A1) (5.19)

In fact, the first set of integrals reflects the axial symmetry of the ND Hamiltonian,
and the last one is directly related to the abovementioned separability.

As a consequence of this analysis, and with no loss of generality, in the rest of the
Chapter we will only consider the ND isotropic case (5.16)).

5.2 ND coupled nonlinear oscillators

As an immediate application of our general result, we will now consider in detail inte-
grable polynomial perturbations of the ND isotropic oscillator given by the Hamiltonian
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(5.16). Based on the previous discussion, we put a; = 31 = 0. Afterwards, if we write
the perturbation functions F = f and G = g in the form

k l
flw)=> aja’ 9y)=> By (5.20)
=2 j=3

we will obtain a superposition of a polynomial deformation of degree 2k in the coordi-
nates (the argument x = Cg_ is quadratic in ¢) and another of degree [ (the argument
y = A_ is linear in q).

Since the integrability of the perturbation is preserved by the superposition of any
of the monomials given in ([5.20]) (the only thing we have to do is to include the ap-
propriate function G(A_) = g(A_) in the invariant Z), we can analyse separately the
homogeneous perturbations with a fixed degree m. Note that for odd m only g(A_) can
contribute, which means that the richest cases will be obtained for m even. Therefore,
in the sequel we will analyse in detail the cases m = 4 and m = 6.

5.2.1 Homogeneous quartic perturbations

The homogeneous quartic case is obtained by taking
2

N N 4
¢=f(C5 ) +g(A-) = Cé_ + B3 AL =y Z (Njai — Xigi)? | +8s (Z Ai%) -
i<j =1

(5.21)
Let us describe more explicitly the 2D and 3D cases.

2D examples

The generic 2D Hamiltonian coming from ([5.21)) is

1
HE) = 5(29% +3) + 61(F + ¢2) + az (Magi — M)t + B3 (Miq1 + dog)? (5.22)

and the following cases can be distinguished.

o If A\ =1, Ao = 0 we obtain the separable Hamiltonian

1
H® = S0 +03) + 01(a7 + a3) + Bsai + 0263 (5.23)

whose invariant 1D reflects such separability since Z7(2) = pI+2 ((51 @+ B3 q%). Note
that the separability of the generic 2D Hamiltonian (5.22]) in terms of the (A2q1 — A\1g2)
and (A1q1 + A2g2) coordinates with /\% + A% = 1 is straightforward.
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e On the other hand, by taking Ay = 1, \a = 1, aa = B3 = €/2 we recover the well-known
1: 6:1 integrable quartic perturbation (case (4)3’ in [105] with E = 0)

H® == (pf +p3) + 01 (¢ + a3) + € (¢} + 60163 + ¢5) (5.24)

1
2
and the corresponding integral is obtained through direct substitution onto Z:

I® = (p1 +p2)? +2(q1 + ¢2)* (01 + (g1 + ¢2)?) . (5.25)

This system is known to be connected with the Hirota-Satsuma coupled KdV system
(see [7]).

3D examples

The 3D realization of (5.21]) for arbitrary values of the parameters reads:

1
HBE) = 5 (P13 +08) +01 (0 + 63+ 63) + (BsA] + 02)3 + 20050 + a2)3) g

+ (AT + B33 + 2020123 + 2)3) g5 + (2] + 202ATA3 + Xy + B303) 5
—4A A3 (a2(A] + A3) — B3A3) q1g3 — 4Aide (aa(A] + A3) — B3A3) qugs
+4/\1)\2 (ﬂg)\% — 042()\% + )\g)) Q%QQ + 4)\1)\3 (ﬂg/\% — az()\% + /\%)) qi’qg
—4AoA3 (a2(A + A3) — B3A3) q2q3 + 4XoAs (B3A3 — aa (AT + A3)) B g3
+2{363)\§>\§ s A202 4 02) 4 2302 4+ 22) }qfqg

+2{353)\§)\§ +ag [ AT+ 3A3A3 + AT(N\3 + Ag)] }ng;%

r2{ 308 + a2 3804+ ) + 2208 + 33| bt
—4)\1>\2{—3ﬁ3)\§ +a (AT + A3 — 2A3) }CI1CI2€]§
—4A1A3{—353A§ +ag (AT = 2X3 + A3) }qlq%qg
—4/\2)\3{—353/\% +ag (=27 + A3 + \3) }qum:a (5.26)

and the two invariants for this Hamiltonian are ([5.10)) and the ‘universal’ integral

C}(Li) = [M(p2gs — p3g2) + Aa(p3q1 — pras) + As(p1ga — paqi)]* (5.27)
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Two representative cases would be:
e )\ =1,  =0,)3 =0, which again provides the separability of the g; coordinate

1
H® = 5(1?? +p3+p3) +01(qf + @3 + @3) + (a5 + ¢3)? + Baqt (5.28)

that is also reflected in the invariant ZG) = p? + 2(81¢7 + Bsq}). Moreover, the second

invariant reads C}(Li) = (p2g3 — p3q2)?, which indicates the axial symmetry with respect

to the coordinates (g2, ¢3). This is the case (1) of Table 1 in [7§].
o If we take A1 = Ao = A3 = 1 we get

1
HY = 5 (0 + 03+ p8) + 00 (6 + @3+ )
+202 (2 — @) + (3 — @) + (a3 — @2)*) + B3 (a1 + g2 + g3)* (5.29)

which is just the 3D Chudnowski potential plus an additional quartic term (see [71]
179]). The specific integral is

I = (p1 +p2 +p3)? + 2(q1 + g2+ a3)* (51 + 3 Bs(q1 + a2 + 43)%) - (5.30)

5.2.2 Homogeneous sextic perturbations

In the same way, the generic homogeneous sextic case is obtained by taking

N s N 6
¢=f(Cq ) +g(A)=azC: +3A% =az [ > (Njgi—Nigy)” | + 65 (Z )\iqz'> :
i<j i=1

(5.31)
Let us also analyse the 2D and 3D cases.

2D examples

The generic 2D integrable sextic perturbation reads

HP = = (pF +p3) +61(a} + a3) + a3 (haq1 — Ma2)® + B (Miqn + Xeq2)®. (5.32)

N | —

e Once again, the separability in terms of the (Aag1 —A1¢2) and (A1g1+A2g2) coordinates
with A\? + A3 = 1 is straightforward. In particular, if A\; = 1, A2 = 0 we have

HP = 11 +p3) + 01(q] + @3) + Bs01 + 0345 (5.33)
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and the integral is 7(2) = pi +2(61q3 + B548).

b
e The case A\ = Ay = 1 with ay = 05 = 3 gives the known coupled sextic oscillator
(see [I17], case (i) of Table 5.3.):

H® == (p+03) + 01 (¢F +a3) +b(d + a5 + 15063 (af + @3)) (5.34)

N | —

and we also recover from (5.10|) the right expression for the invariant:

I® = (p1 +p2)? + 2(q1 + @)% (61 + b(ar + @2)*) - (5.35)

3D examples

In 3D the most general integrable homogeneous sextic perturbation coming from ([5.1)
reads

1
H® = 5 (07413 +p3) +01(g + a3 + a3) + 5 (\aan + Nago + Aags)”
3
+a3 [(AQCH — @)+ Qsq — @) + (A3qe — )\2%)2} (5.36)

which, by construction, commutes the corresponding ([5.10) and the ‘universal’ integral
(5.27). Similarly to the quartic oscillator case we can mention two particular cases:

e The choice \; =1, A3 =0, A3 =0, which gives

1
H® = 5(19% +p3+p3) + ot + @ +a3) +as(as+d3)° + B4 (5.37)

which is again separable in gq; with associated invariant ZG) = p? 4 2(81¢3 + f5¢5) and
axial symmetry in (go, ¢3) is also recovered.
e An the case A\ = A2 = A3 =1 in ((5.36)),
1
HO = S+ +p3) + 0u(al + 6 + af)

3
+8a3 (qf + @ + a3 — q2a3 — q1a2 — q143)” + Bs(q1 + @2 + ¢3)°
(5.38)

whose invariant reads

I = (p1+p2 +p3)? +2(q1 + a2+ 43)° (61 + 305(q1 + @2 + 3)*) . (5.39)
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In order to show the complexity of this kind of systems we expand (5.36)).

H3)

1
5(172{ +p3+p3) +61(a7 + a5 +a3)

F(B5AS + a3 {3 + A313)a% + (BsAS + az{A + A31)dS + (8505 + as{N] + A3}3)dS
3} )(11Q2 - 6/\1/\2(7@5/\2 + ag{)\l
A31%) a5as — 62Xz (—BsA5 + as{Af + A
A3Y%) q1a§ — 6M1As (—BsA] + as{A3 +

76)\1)\2(7B5)\1 + ag{)\Q
—6X23 (—B573 + as{A] +
76)\1)\3 (7ﬁ5)\§ + a3{)\% +

MP)ad
31?) @243
)\3}2) Q?QS

+3 (5930 + 0 {33 + 33} [08 + ) + 32633 + 40| ) at
+3 (5900 + aa{N + 23} D308 + 3) + 2633 + )| ) e
+3 (585330 + aa{ 3+ 23| [0 +39) + 3¢ + 5338 ) s
+3 (wsA%A% + ag{A% +A§} _)\f()\ +2A3) + A1+ 5A2A2D aq
+3 (555A§A§+a3{A%+A§} A2+ 22+ 2320 +5A§)D Al
+3 (5000 + aa {8 + 3} 308+ 39) + 208 + 53| ) abd

q
—aads (5857202 + a3 [w%u% +23) + A%{sxa + sv}}) il

—5B5A3A% + a3 [3,\3(,\ +23) + )\2{5)\2 + 3,\2} A

—12XA1 A3 ( 585A303 + az {A — 23 + 32202 4 A28 A2 +)\3H) a4
—12)\1>\2( 585A3A3 + a3 {,\ + 32222 — 2)% +>\2{>\ Y }Dqlqg’qg
—12)\1>\2( 585 A2A2 + a3 {)\ — 2322 - 2x +>\2{)\ +3,\3}Dq1qu§
12223 (555,\ A2+ as [2A§ + A%{Az - 3,\2} - AQ{/\2 + ,\g}D 20063

q
122223 (555A§,\§ +as [2x1* + A%{—B})\% + Ag} - A%{A% + A2}D @qdqs
—12A1 )3 (—5,65,\%,\3 + a3 {—ug —A2N2 4+ 0+ A%{sA% + A2}D

2
+18<5&A%A%A§+a{ﬁ ba i onila o) pa e

W
—
[E——

Q
=1
)
NN
L=}

W
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5.3 Another ND integrable perturbation

The second main result of this Chapter is the following. Let

N N
Vo2 (A_,B_) =V, <Z Nidir q?) (5.41)
i—1 i=1

be a homogeneous function of degree —2 in the canonical coordinates. Then the ND
Hamiltonian

1
My = SBi+8iBo+Voa(A,B)+J (B-)

1 N N N N N
S Ty T (z Az-qi,zqs) v (z q?) .12
=1 =1 =1 =1 i=1

where J is an arbitrary radial function and 61, A;(¢ = 1,..., N) are free parameters, is
completely integrable.

The (N — 1) functionally independent integrals of the motion in involution with H,
are the (N — 2) ‘universal’ ones coming from the hg-coalgebra symmetry (5.8)) and the
additional integral

1
7,=B_ B, — (K + 5M)2 +2B_V_5(A_,B.) (5.43)
that written in terms of the canonical coordinates reads:
N N N N
I = 3" (qpi — aipj)® + 2 <Z %2) V_o (Z Aidti, 2%2) : (5.44)
1<i<j i=1 i=1 i=1

Again, the involutivity of H, and Z, with respect to the integrals is a direct
consequence of the hg-coalgebra symmetry of both functions and the bracket {H,,Z,} =
0 is easily proven by direct computation. Finally, the functional independence of Z,
can be easily proven in the harmonic oscillator case J = V_5 = 0 with \; = (514 for a
given j. Therefore, it follows for the generic case with arbitrary A; and non-vanishing
J and V_s functions.

Note that in N = 3 the Hamiltonian is a particular subclass of the Hamiltoni-
ans presented in [179]. This is due to the fact that in our construction we have imposed
V_4 to be hg-coalgebra invariant, which is an additional constraint with respect to [179],
where the only condition imposed on V_o was to be a homogeneous function of degree
—2 in the 3D canonical coordinates.
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5.3.1 A new ND integrable model

If we take
A2 —B_

V2 (A= B) = e g p—am)

(5.45)

and Vi, \; = 1 we obtain the Hamiltonian

N
2 i
(N) ¢ 2 - 2 1§<jqu . 2
H; :gzpi‘f'dl Z%+5 ~ N +J Z(Ji (5.46)
=t =t <;q3> ( > (%’%’)2) =

1<i<j

in which the function V_s (A_, B_) gives rise a homogeneous function of degree —2
in the canonical coordinates. In the N = 2 case (and with the radial perturbation
J = 0) the quantum mechanical analogue of has been studied in [76] as an
exactly solvable ‘generalization’ of the 2D CM model. Therefore, presumably
provides a good candidate for a new exactly solvable model in arbitrary dimension,
whose exact solvability should be indeed algebraically related with its underlying hg
coalgebra symmetry.
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Chapter 6

Propagating integrability from
2D to ND

“The good Christian should beware the mathematician

and all those who make empty prophecies.

The danger already exists that the mathematicians

have made a covenant with the devil

to darken the spirit and to confine man in the bonds of hell.”

St. Augustine

The aim of this Chapter is to present yet another application of coalgebra sym-
metry in order to introduce a general procedure that allows the construction of a ND
completely integrable system from any 2D integrable potential of the form V (acQ, y).
We show that such potentials can be always defined as a precise N = 2 symplectic
realization of the direct-sum Poisson algebra sl(2,R) @ hg. This implies that by us-
ing the coalgebra approach in the sl(2,R) sector we can straightforwardly obtain a
N-dimensional integrable generalization of all these systems. This construction can
be interpreted as the proper Poisson-algebraic generalization for the procedure given
in [97, O8] for natural systems, and the application of this method to electromagnetic
systems and geodesic flows would follow the same lines. Moreover, this coalgebra sym-
metry opens the possibility to introduce integrable deformations of all the systems
presented in this Chapter by making use, for instance, of the ¢-Poisson sl(2,R) algebra
presented in Chapter 2.

As outstanding examples of this construction we shall generalize the three integrable
cases of the 2D Hénon-Heiles Hamiltonian, originally introduced in order to model

91
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the dynamics of a star when orbiting around an axially symmetric galaxy (see for
instance [38], 39, 86, 100, 102]). Also, the Ramani series of 2D integrable polynomial
perturbations of the harmonic oscillator [I54] will be considered. As a consequence, we
will obtain ND generalizations of all these systems, and the coupling between different
orders in the polynomial perturbations will be studied. Moreover, we will show that all
these results can be generalized by preserving their complete integrability through the
addition of (N — 1) centrifugal terms, and the sl(2,R) @ hg symmetry will also give us
automatically the extra contributions in the integrals of the motion coming from them.

Finally, we will also show that this approach can be generalized to consider those
2D integrable Hamiltonians with potentials of the form V (xQ,yQ). In this case, the
underlying Poisson algebra that allows the construction of the ND integrable general-
ization of such systems is just si(2, R)@®sl(2,R). In this case our construction will allow
the introduction of N centrifugal terms, and two examples of this type of systems will
be explicitly given.

6.1 From 2D to ND through axial symmetry

Let us firstly recall the key observation given in [97]. Let us consider any 2D integrable
natural Hamiltonian system in the form

1 A
H® = S0} +p) +V(@.9) + 5 (6.1)
i.e., we select those 2D integrable potentials V(z,y) that can be perturbed through a
centrifugal term in at least one of the variables without destroying its integrability. In
that case, it is clear that H(? can be interpreted as the radial reduction of the following
axially symmetric 3D Hamiltonian

1
H® = 5(1751 + 5, +15) + V(Va1? + 322, y) (6.2)

through the change of variables x = /212 + 292. The centrifugal term \/z? is then
the usual kinetic energy term coming from the conserved angular momentum A on the
(x1,x2) plane. Therefore, the authors of [97] stated that the ND Hamiltonian

(6.3)

is a completely integrable one, and gave explicitly its (N — 1) integrals of the motion:
one of them is the ND generalization of the 2D integral in involution with (6.1)), and the
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remaining ones arise from the spherical symmetry in the (x1,x9,...,2xy_1) variables.
Surprisingly enough, in [106], all the potentials that admit a centrifugal term of the type
are functions of 22. This observation opens the path to the algebraic formulation
of this construction in terms of Poisson coalgebras, that we shall describe in the sequel.

6.2 Hamiltonian systems with sl/(2,R) ® hg symmetry

The essential algebraic object for our construction will be the 9-dimensional Poisson
algebra sl(2,R) @ hg, with generators {J;,J_, J3, K, Ay, A_, By, B_, M} and Poisson
brackets given by

{J3,J4+} =2J4 {J3,J_} = —2J_ {J_,J1} =4J5 (6.4)
{K,Av = Ay {K,A_}=—-A_ {A_, AL =M
{K,B;}=2B4 {K,B_} =—-2B_ {B_,B;+} =4K +2M 6.5
(A B.}=—24_  {A4,By} =0 (M, -} =0 (6:5)
(A B} =24, {A_,B_} =0

(all the brackets between generators of sl(2,R) and hg vanish). Obviously, this Poisson
algebra has three Casimir functions: the si(2,R) Casimir (2.27) and the two hg ones

(4.3) and M.

Now we consider the following ND symplectic realization of si(2,R) @ hg, in which
the first set of (N — 1) degrees of freedom is associated to si(2,R), while the last one
is just the usual one-particle hg realization with A = 1:

N-1 N-1 N-—1
Je=D_pt  Jo=) 4 Jz=) am (6.6)
i=1 1=1 =1

Ay =pN A =qv K=qnpNn—3 (6.7)
Bi=pk B_-=¢ M=1. '
Note that we can say that this is the (0,0,...,0) @ (1,0) symplectic realization of
8[(2, R) @ hg.

Now, it is straightforward to realize that any ND Hamiltonian constructed through
the previous symplectic realization as

HWN) = H(J,,J_,J5, K, By, B_, AL, A_, M) (6.8)
is quasi-integrable, since the following (N — 2) functions
cm = Z (¢ipj — q;pi)> m=2,...,N—1 (6.9)

1<i<j
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are constants of the motion for H. In fact are just the sl(2,R)-coalgebra integrals
for the sl(2,R)-sector of the Hamiltonian, and any contribution coming from the last
degree of freedom (g, pn) will obviously Poisson-commute with them.

Therefore, in case that for a certain choice of H we are able to find just one additional
integral of the form

T=1(J,J_,J3s,K,By,B_, AL, A_, M) (6.10)

and we realize it under the ND symplectic realization and , the complete
integrability of H(Y) will be obtained. Moreover, the coalgebra symmetry of the sl(2,R)
sector of the Hamiltonian will imply that there does exist an additional set of (N — 2)
integrals C,) 1 b; = 0), thus making HN) a (non-maximally) superintegrable
system.

As we shall see in the following Section, suitable candidates for completely integrable
‘H are obtained from certain known 2D integrable Hamiltonians, since the additional
integral Z can be proposed by working out the sl(2, R) @ hg symmetry of the 2D system.

6.3 Complete integrability

Let us consider any integrable 2D Hamiltonian of the form
1
H® = S0 +py) +V(a?y) (6.11)
whose integral of the motion Z(2) can be written as a function of the form

I3 =1@ W2, 22, wpa, ypy, pE Y2 by Y)- (6.12)

Under these hypotheses it becomes clear that H(?) is sl(2,R) @ hg symmetric, since it
would be just the N = 2 case of the generic Hamiltonian

H = %(J+ + B4V, A (6.13)

in which we have identified x = ¢; and y = gy = ¢o. This is tantamount to say that
we have assigned the z degree of freedom with sl(2,R) (note that H() depends on z?)
and y corresponds to the degree of freedom associated to hg.

Moreover, the integral Z(?) gives rise to a generic sl (2,R) & hg integral through the
substitution

IO(p?, 2°, xpa, Yoy, P V2 Py y) = L(Jy, J-, J3, K, By, B_, Ay, A). (6.14)
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As we shall see in practical examples, the substitution could be performed in
different ways. As a rule, the most general one has to be considered, and afterwards
one has to check that the object so obtained does Poisson commutes with by
using the algebra -. In this way the true ‘abstract’ sl(2,R) @ hg integral is
obtained, and its ND realization provides the remaining constant of the motion.

6.4 ND Hénon-Heiles systems

In this Section, by using the abovementioned symmetry we will construct the ND gen-
eralization of the three integrable cases among the family of 2D Hénon-Heiles Hamil-
tonians

1
H® = 5(p% +p3) + G+ (6 +9Q) a3 +a(de+84). (6.15)

It is well-known [2] 4T, [68, 95] 104, [156] that the only integrable members of this class
of Hamiltonians are given by the following choices of the parameters, where we will use
the terminology of [121] and the results given in [84] [138§]:

e The Sawada-Kotera case: #=1/3 and 2 = 0.
e The KdV case: § =2 and 2 arbitrary.

e The Kaup-Kuperschdmit case: § = 16/3 and Q = 154.

We recall that in the KdV case the integral of the motion is quadratic in the mo-
menta, while in the Sawada-Kotera and Kaup-Kuperschdmit case is a quartic one.
Nevertheless, the separability of the latter Hamiltonian has been shown through a very
involved canonical transformation in [I61].

6.4.1 The Sawada-Kotera case

The 2D Hamiltonian is

1 1
H® = (07 +p3) +0(q} + 43) + & (afa2 + 543)- (6.16)

If we consider the N = 2 realization and (6.7) of the algebra sl(2,R) @ hg we can

write:

1 1
H = 5(J++B+)+<S(J,+A2_)+a (JA+3A3_>. (6.17)
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On the other hand, the integral of the motion for (6.16|) is given by [117]

1
T® = o (b4 ) — (6 + 13) (O + 0a3) — 0%(at + af)

1 9 4
—aqig(pt + p3) — agqg’(p? +p3) — 0«55613((1? +43) — a5§qi*q2

1/1 2 1
+a’y <2q‘f - qS’) — a?qig <3(ﬁ + 6(13) + 20 p1p2gige

1
+apip2qi <3(J% + q%) (6.18)

which can also be written in terms of the coalgebra generators as

2
T = —20A-J3 - 3047 A2 — adl A® —35°A4% — 20047 — - A°

2
—30A%J_ — 3aATA_J_ — 20043 J_ — AL

2
—362J% — 4aSA_J% — 202A% J? + %JE

+66A4 A_Js + 3aA A2 Js + a Ay J_Js
3 3
—J (A2 + T )35 +aA ) — Zﬁ - ZAi. (6.19)

By making use of the Poisson algebra and (6.5)), a straightforward computation
shows that (6.17)) and (6.19) are in involution, and this will be true for any symplectic
realization of the si(2,R) @ hg Poisson algebra that we could consider. Therefore,
we take as the algebraic definition of the Sawada-Kotera Hamiltonian, and the
specialization of and through the symplectic realization — will

provide the explicit form of the ND generalization of this Hamiltonian.

Let us explicitly write the 3D and ND systems:

e The 3D case. By taking N = 3 in 1) and, afterwards, by substituting these
expressions into (6.17))-(6.19) we get:

1 1
HY = 2 (0} + 05+ 13) + 0(af + 63 + a3) + as(af + 63) + ozl (6.20)

Note that (and this is a general fact in the formalism here presented) that we are ob-
taining a ‘radial’ generalization of the Sawada-Kotera potential in the (g1, g2) subspace.

e The ND case. The same construction leads to the Hamiltonian

N 1 N N-1 1
HW = o +0) a+a <qN d @+ 3q§”v> (6.21)
=1 =1 1=1
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and to the following integral of the motion coming from (6.19)) is now

2
™) = —20qy <Z piQi) ~ PNaN (30 + aqn) — 4x (367 + 2adqy)

o2 N-1 N-1
— av — 30p% (Z Q3> — 3apian <Z fﬁ)

i=1 i=1

2aid (zq> i (X) o (Z )
—dadgy <Z q?) - 2a°¢}, (Z Q?> % (Z )

(S weom e (£0)] 5 (54) -

(6.22)
6.4.2 The KdV case
In this case the Hénon-Heiles Hamiltonian is given by
1
HE = 2 (p] +p3) + 0t + (6 + Q) 63 + o (aia2 + 2 63) (6.23)

2
and its integral of the motion is given by [117]

2
(6%
— gt +2a6g2qt +a’q3qi — Q5. (6.24)

4

3 Q
T®) = p? (25 -5 aqz> +apaprar +36°q; +

This system can be writen in a sl(2) ® hg invariant form as
1 .
H=5(J5 + By) +0(J- +A4%2) 4+ QA% 4 a(J_A_4243) (6.25)
together with the following integral of the motion

3. Q 2
I=J, <25 -5 - aA> +aJsAy +36%T + %JE + 200 _A_ +a?J_A% —5QJ_

(6.26)
whose involutivity with respect to (6.25)) is easily shown by using the abstract Poisson
brackets for this algebra.
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Now, the symplectic realization lb provides the expression for the ND sys-
tem (N > 2):

N—-1 2 2 N—-1
b; p
HM =3 (2 +5q§> + (év + (6 + Q)q]?v> + a ((IN > g+ 2(1%) (6.27)

i=1 =1

and the integral of the motion reads

N-1 30 N-1 N-1 o2 (N1 2
(N) _— 2 O¢ 4 > 2 2 a” 2
W) = <Zpi) (25 5 aqzv> +opn > pigi+ 30 (Z qi) +5 (; Qi>

=1 i=1 i=1
N-1 N—-1 N-1
+206 gy (Z q?) +o’qy (Z C]i2> — 60 (Z qf) :
=1 =1 i=1
(6.28)

This, together with the coalgebra integrals , prove the complete integrability of
the system.

6.4.3 The Kaup-Kuperschdmit case

Finally, we consider the 2D Hamiltonian

1 16
H?) — 3 (p% —|—p§) + (Sq% + 165(]% + « (CI%QQ + 3QS> (6.29)

whose invariant reads [117]

3 a?
7 — — P = 30pial + apipag) — 387 + &0~ 3apidie
+2adqiq + o’ qldl. (6.30)

The very same procedure gives us the sl(2,R) @ hg invariant object:

1 1
H=5 (Jy+By)+ (] + 16A42) + « <J_A_ + 36A3) (6.31)
together with
7 = —J; <iJ+ +36J_ + aA_J_> + J2 (—36% 4+ 2a6A_ + a?A?)

2
+%J§ Fads(AsJ. —20A_J;). (6.32)
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Starting from the latter expressions, the ND generalization of the Kaup-
Kuperschdmit Hamiltonian reads (N > 2)

sz +9 Z g} + 16 5% + <a qN Z a + 16an> (6.33)

N-1 g N1 N-1 N-1
() (I e S )
=1 =1 =1 =1

N-1 2 o2 (N1 N
2 2 2 2 2
: —36% 4+ 2a6 — -
+(;qz> { + aqw+an}+6 (;%)
N-1 N-1 N-1
+a (Z pi%’) {pN o —2an )y Pz‘qz}- (6.34)
i=1 i=1 i=1

6.5 ND Ramani potentials

An interesting family of examples is given by any of the Ramani potentials Vs (22, y),
which are homogeneous polynomial potentials with degree M and given by [106] [154]

5]

2 M-k
Vi(z,y) => 2V _%( ) >x2kyM —2k, (6.35)
k=0
The first ones are
Vi =2y (6.36)
Vo = 4y° + (6.37)
Vs = 8y3 + 42’y (6.38)
Vi = 16y* + 1222y + o (6.39)
Vs = 32¢° + 322%y> + 62ty (6.40)
Ve = 6415 + 802%y* + 242ty? + f. (6.41)

Note that Vs is just the 2D harmonic oscillator with frequency ratio 1:4 and V5 is
proportional to the KdV Hénon-Heiles potential. In fact, if we write the Vj; Ramani
Hamiltonian as

(%]

2 M-k
M—-2k k M-—-2k
(pf+p§)+kz_02 2 < " )Qf g (6.42)

H?) —

L\DM—~

(p1 +p2) + Vu(ai, q2) =

N)M—t
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its integral of the motion (for M > 2) is given by [106]

I3 = —gop? + qp1p2 + 4 Va1 (6.43)
and for M = 1 the Hamiltonian is directly separable in the (z, y) coordinates. Moreover,
it is well known all these potentials can be superposed freely without destroying their
integrability (see [I06]). In particular, it can be proven that the Hamiltonian with (non
homogeneous) polynomial potential of degree R given by

1 R
2
HY = 5 (b +03) + > aiVila a2) (6.44)
i=2
with «; being arbitrary constants, Poisson-commutes with
R
2
T = —qop? + qupip2 + ¢ > aiVicilar, a2). (6.45)
i=2
The Hamiltonian Hp (6.44) can be immediately written in terms of sl(2,R) @ hg as

follows:
R

(5] .
1 ok (PR ok giok
HR:2(J++B+)+;]€Z0%2 < L )J_A_ : (6.46)
and in terms of the algebra generators we will have the following integral

r [5 .
) S .
Tp=—A_J, +J3A, +J_ aizl—l—%(Z )JEAZ__l_% 6.47
R 4+ J3 Ay ;; . (6.47)

whose Poisson involutivity with respect to (6.46]) can be proven by direct computation.

Therefore, the ND generalization of the Ramani Hamiltonian will be given by taking
the corresponding ND symplectic realization of (6.46)), which reads

. ) P TN £ "
Hy' =32 0+ o 2@2’“< B ) Y4 | av (6.48)
e p

This is indeed a new completely integrable system, since it commutes by construction
with the (N — 2) integrals and with the ND realization of (6.47]), namely

N N—-1 N—-1
19— o (zpz> . (zpiqi)
=1 =1

i—1

N-1

N-1 R [57] ' i1k ‘
+ (Z q?) Y o 2’—1—%( . ) ¢ o' (6.49)
1=2

1=1 k=0 j=1
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6.5.1 The ND Ramani Hamiltonian H;

In order to illustrate the previous result, we shall consider in the sequel the R = 6 case,
that can be considered as an integrable sextic deformation of the KdV Hénon-Heiles
system. In this case the initial 2D Ramani system (6.44]) will be given by

) 1
HY = 5(19? +p3) + a2(qi +463) + as(4gige + 8¢3)
+ou(q! + 12¢765 + 1643) + o5(6qi g2 + 324743 + 32¢3)
+ag(qf + 24q1q5 + 80¢3qs + 64¢5) (6.50)
and its invariant (6.45)) is
I? = popriqi — @(p? — 2003 + asq} + dos GG + das qlgs + Baudiqs
s + 12 a5q1q3 + 16 asqias + 6 ag ¢S g2 + 32 asqis + 32 a6 ¢33

(6.51)

A straightforward computation shows that the corresponding algebraic expressions
in terms of the si(2,R) @ hg Poisson algebra generators read

1

Hs = 5 (Jy+Bi)+oa() + 4A%) + daz(J_A_ +2A3%)
tag(J? +12J_ A% +16A%) + a5(6J2A_ 4 32J_A% +3245)
+ag(J3 +24J2 A% +80J_A% +64A4%) (6.52)

To = AiJzs—A_Ji+209A J +azJ? +4az] A% +4auJ? A
+8ayJ A% + a5 J® 4+ 12052 A2 4 1605 A
+606J2 A_ + 32060 A% + 3206 A°. (6.53)

By using these expressions it is immediate to write the 3D generalization of this
system as

. 1
HY = 5(1?? +p3 4+ p3) + az(qi + g5 + 4q3)

+das(gs(af + ¢3) + 243) + au(qf + 24105 + g3 + 12¢1q5 + 12¢5¢3 + 1643)
+as(6gigs + 12¢2¢3q3 + 643q3 + 324345 + 324545 + 3243)
6 4 2 2 4 6 2 2 2 4 2 2 2
+ag(qy + 3q195 + 34705 + g5 + 48q1q595 + 249595 + 244743)
+a6(80g7 g3 + 80g33 + 6443) (6.54)
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Ié3) = p3s(piq1 + p2q2) — @3(P] — 20247 + P53 — 20243)
+as(ql + g3) + 2030303 + dasqs(qf + ¢3) + dougs(af + ¢3)
+8au q3(q? + a3) + 8aualddas + as(af + 4S) + 3asaiad + 3asqids
+12a53 (g1 + ¢3) + 160505 (6% + ¢3) + 24as5¢3¢2¢3 + 64aeqi g3q]
+606q3(q) + ¢5) + 18aa3(qi gy + 41 3) + 320643 (41 + )
+3206 43 (47 + %) (6.55)

And the ND case would be

1 N N-1 N-1

N

M = 3t (Tt ) o (o St 42
1

N—-1 2 N
+ay ({ > qf} +12¢4 Y @+ 16q§v>

1 =1
N-1 2 N-1
+as <6qN{ q?} +320% > @+ 32q§>v>
; =1

N-1 3 N-1 2 N-1
+ag ({ qf} + 24q%v{ > qf} +80qy > @ + 64q?v) (6.56)

i=1 i=1

N-1 N-1 N-1 N-1 2 Nl
N
Ié ) = DN Zpi%' —qN pr + 2a2qN Z q; + as (Z %2) + dasqy (Z qf)
i=1 i=1 i=1 =1

=1

N-1 2 N-1 N-1 3 N—1 2
ougn (z q?) + Sough (z qz> tan (z q3> + 120l (z qz>
=1 =1

i=1 =1

N—-1 N—1 3 N—1 2
i6asdh (z q?) + Gaaay (z q3> + 32006} (z q3>
=1

i=1 i=1
N-1
+32a6q% (Z qf) .
i=1
(6.57)

As a conclusion, we can appreciate from the examples here shown that the sl(2,R)®
he symmetry allows for a systematic and straightforward construction of new integrable
ND Hamiltonians starting from known 2D ones.
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6.6 Adding centrifugal terms

The previous construction in which a given 2D integrable Hamiltonian is written as
a function of the generators of the Poisson algebra sl(2,R) @ hg has also an interest-
ing byproduct: the possibility of adding centrifugal terms to the corresponding ND
Hamiltonian without breaking the integrability.

This can be achieved by considering the following ND symplectic realization of
8l(2, R) @ hg:

N-1 b, N-1 N-1
Je=> (pf + l) Jo=>Yq Js=>_ aqpi (6.58)
' i=1

2
i=1 K
Ay = A= K = L
Bi=p% B.-=q¢ M=1.
This would be the (b1, ba,...,by—1) @ (1,0) symplectic realization of sl(2,R) @ hg, and
its only difference with respect to and (6.7) is the addition of (N — 1) centrifugal

terms in the realization of the J, generator.

We know that when these terms are included, the constants of the motion
coming from the si(2, R)-sector of the Hamiltonian are converted into

m m 2 2
¢ -

C = 3" (gipy —gp)?+ > (bigqug) m=2,...,N-1  (6.60)
1<i<j 1<i<j i q;

But it is essential to stress that any sl(2,R) & hg Hamiltonian, when written in terms
of the symplectic realization — will Poisson-commute with all the integrals
. And the same will happens to the additional integral Z, that will be modified
only through the centrifugal terms coming from the J, generator.

This elementary discussion shows that all the ND Hamiltonians with potentials of
the type V (J_, A_) so far introduced in this Chapter can be supplemented with (N —1)
centrifugal terms and giving rise to ‘generalized’ Hamiltonians in the form

N-1 N-1
H(N)—EZ o by La 3 ¢ (6.61)
b T 5 23 2PN q; 4N .
=1

2
4 i=1

and whose full set of integrals of the motion for H; can be obtained as a consequence
of their sl(2,R) @ hg symmetry. Let us make this statement more explicit through two
particular examples.
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The generalized ND Sawada-Kotera Hamiltonian

If we consider the symplectic realization (6.58)-(6.59)), the ND Sawada-Kotera Hamil-
tonian (6.16]) is generalized as

N-1 N-1
1 b\ 1 1
H£N>:22<p3+q >+2pN+5ZqZ+a<qNZqZ+3qN> (6.62)

=1 =1 =1

and the integral of the motion coming from (6.19)) now reads
2
ASADI PR (Z pz%) — PR aa (30 + agn) — gn (362 + 2adqn)
az N-1 N-1
i (X ) - s (X )
i=1 i=1

WS (Z ql> % an (Nzl q?) ~ 35° (g qg>2
—4dadqy (Z ql) —20%y (Z%> +O§ <ij;qu>

N N-1
— [Z (p?—i—q'2 (3(5+an)] ax + (Z q?)]
i=1 i L i=1
N-1 12
3 b; 3
-3 [Z <p12 + (]2) (30 + agn)| — ijiv. (6.63)
i=1 i i

The fact that both quantities are in involution can be straightforwardly checked.
The generalized ND Ramani Hamiltonian

Just in the same way, the Hamiltonian (6.46|) is written in the (b1, be,...,by—-1)®(1,0)
symplectic realization as

i— i—k 7
;2 Qk( i > | v (6.64)
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and the integral of the motion that incorporates the contributions coming from the
centrifugal terms arises by taking the same symplectic realization of ((6.47)), namely

N-1 b N-1
. |
9= n X (54 8) (zpiq@-)
i=1 i i=1

- k
i—1 N—1

N—1 R 5] i1k
2 i—1—2k [t — 1 — 2 i—1-2k
i 2 -

k=0

(6.65)

The same procedure can be systematically performed onto any Hamiltonian of the

type (6.13]) and its corresponding integral (6.14)).

6.7 The sl(2,R) @ si(2,R) construction

It seems also natural to wonder whether a 2D integrable Hamiltonian of the form

1
H = 20 + 1) + V(a®, o) (6.66)

could have any additional interesting feature from the point of view of its generalization
to N dimensions. This is strongly motivated by the observation that, as described in
in [I06], the 2D integrable potentials that admit two centrifugal terms without altering
the integrability are just functions of the type V(z2,4?).

The answer to this question is affirmative, and a similar coalgebra scheme based on
the sl(2,R) @ sl(2,R) Poisson algebra can be introduced. This algebra is given by the
following non-vanishing brackets

{J3a J+} = 2J+ {']37 J*} =-2J_ {‘]*7 J+} = 4J3
(K3, K.} = 2K, {K3. K )= —2K_ {K_,K.}=4K;  (6.67)

and a possible ND symplectic realization for this Poisson algebra is

M M M
Jy = pr J_ = Z ¢ J3 = Z qipi (6.68)
=1 =1 i=1

N N N
Ky= Y pf K. =Y ¢ Kz= Y aqpi (6.69)
i=M+1 i=M+1 i=M+1
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Obviously, the Hamiltonian is just the M = 1, N = 2 symplectic realization for
the abstract si(2,R) @ sl(2,R) object

H= %(L +By)+V(J_,K_) (6.70)

and if the integral of the motion Z(?) for can be written as a function
73 =12, 22, zp., P2 %, ypy) (6.71)
this integral can be also written in abstract algebraic terms as

IT=1(Js,J,J5, Ks, K_, K3). (6.72)

From this viewpoint, the ND generalization of the Hamiltonian will be given
by the ND symplectic realization of (6.68) and (6.69)):

=;<§;pz Z pz>+V(qu > CJ?)- (6.73)

i=M+1 i=M+1

The complete integrability of this Hamiltonian is guaranteed by the existence of the
following functionally independent integrals: the ND symplectic realization of the ‘ab-
stract’ integral 7

N N N
(me Zsz Z@hpu Z pz27 Z Q7 Z szz)a (6'74)

i=M+1 i=M+1 i=M+1

the (M — 1) integrals coming from the first si(2,R) sector

m

" =3 (apy—ap)’ m=2...M (6.75)

1<i<j
and another set of (N — M — 1) integrals coming from the second sl(2,R) sector

Mk

k
M+1<i<j

Finally, it is immediate to realize that centrifugal terms can be also included in
this case by making use of the same ‘abstract’” Hamiltonian (6.79)), but now under the
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(b1,ba,...,bar) ® (bars1, barso, - .., by) symplectic realization
M b M M
Je=)Y_ (p? + q2> I =>q Js = qip; (6.77)
% 1N . i ;] % 1N
Ky= Y <p? + ;) K=Y ¢ Ks= Y aqp. (678
i=M+1 % i=M+1 i=M+1

This gives rise to the ND Hamiltonian

M N M N
HY =I5 (e 2) 4 S (e By (e S ¢ (6.79)
b _2 p; q2 2 D; q2 qi q; .
¢ =1

i=1 ( i=M+1 i=M+1

that will Poisson-commute with the ND integral given by

M b, M M N b N N
zgm:z(Z () S Y (#h) X @ > qz-pz->
i=1 i=1

i=1 t i=M+1 1 i=M+1 i=M+1

together with the integrals

m 2 2
m 45 4
G =3 {(Qipj_ijz’)Q“‘ <bz‘q§+qu2>} m=2,...,M (6.81)

1<i<j

. M+k 2 2
M+1<i<j 9 9

6.7.1 ND nonlinear oscillators with quartic coupling

As an example of this construction we consider the anharmonic coupled 2D oscillator
considered as the system VI in [97]:

1 A “
H® = (07 + p3) + (ai + 64743 +843) + alaf +443) + i (6.83)
together with its 2D integral of the motion
A
I = ptgap? (cﬁ + 6415 + aqi + q2> — 1647 p1gap2 + 441p5
1
47 4 2 2 4 2 2 2 SMQ%
+4q7 [q7 + 4475 + 4g5 + 2a(qi + 243) + a®] + 2
2
402
+8A(qf +243) + — (6.84)

4
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Now, by considering the (0) @ (0) symplectic realization of sl(2,R) & sl(2,R), we
can write the previous expressions in the algebraic form

1
Hy = 5 (Jy +K4)+ (J2 +6J_K_ +8K?)

A
ta (o +4K-) + o+ K— (6.85)

and

4\
I = Ji+Jy <J +3aJ_ +4J% + 8J_K_) +AK,J?

2
+ 8\ +4a*J% +8aJ® + 4T + aJ?

J2
81112
+ f{ LMK + 162K (a+J_ + K2)
H165(Js K — J_Ks). (6.86)

A direct computation show that both functions are in involution with respect to the
Poisson bracket (/6.67]).

The ND integrable generalization of ( , including all the possible centrifu-
gal terms, is obtained by substituting in and - the (b1,ba,...,bp) @

(bar4+1,ba42, - - -, by) symplectic realization. The resulting Hamiltonian is
M N
wy 1 5 b 1
W= () ey X (el
i=1 ? i=M-+1 ?
M 2 M N N 2
() wo(a) (2 ) s ( 2 4)
i=1 i=1 i=M+1 i=M+1
M N )\
+a (Zq§+4 D ) + P (637)
i=1

i=M+1

qu ( 5 Q?>
i=M+1

The integrals of the motion for Hl()N) are just the sets 1} and 1' together with

the ND additional one in which the centrifugal terms are non-trivially intertwined
within the integral (6.86]):
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i=M+1 =1 <% q2 =1 =1
=1 ’
M 2
Mo 3 Moo\ M 2 8y (Z q?) N
=1
+a (qu) +4(qu> +a<zq,pz> A= LTRSS
=1 =1 =1 Z q’? i=M+1
i=M-+1

+16<§;qz«2>2< i qi?) a+<§;q3>+< f: q?)z

i=M+1 i=M+1

ol () (32, 7) - (o) (3, 0)) oo

Certainly, this expression would be really difficult to find without the aid of the un-
derlying coalgebra symmetry. The very same procedure can be applied to obtain the
ND integrable generalization (with and without centrifugal terms) of the System VII
in [97].
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Chapter 7

Conclusions and open problems

“All truths are easy to understand once they are discovered
the point is to discover them.”

G. Galilei

The main original results and conclusions of the work here presented can be sum-
marized as follows:

e We have introduced a necessary condition for the generic symplectic realization of
a given Poisson algebra in order to provide the integrability of the ND Hamiltonian
systems that can be obtained from it through the coalgebra formalism.

e We have worked out explicitly the generic symplectic realizations for different real
Lie-Poisson coalgebras with dimension 3, 4, 5 and 6, and we have introduced an infinite
family of algebras for which the integrability criterion holds. In all these cases the
corresponding integrable ND Hamiltonians have been presented, together with their
explicit integrals of the motion.

e We have shown that the generic ND Hamiltonians defined through a one-particle
symplectic realization of the two-photon coalgebra hg are quasi-integrable systems,
since an extra integral that does not come from the coalgebra has to be found in order
to achieve complete integrability.

e By using different algebraic techniques, we have identified several infinite families of
two-photon Hamiltonians for which such remaining integral does exist, and we have
found it explicitly. Among these systems we have found new families of ND natural
systems, electromagnetic Hamiltonians and geodesic flows defining ND spaces with
non-constant curvature.

111
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e As particular examples of these integrable hg systems, we have found two new families
of nonlinear integrable perturbations of the ND isotropic oscillator. The first one is a
family of integrable perturbations depending on N parameters and two arbitrary func-
tions including as particular cases several known quartic and sextic coupled nonlinear
oscillators. The second family includes homogeneous functions with degree —2 in the
coordinates and a radial arbitrary function. As a concrete example of this type we have
proposed a new type of integrable ND generalized Calogero-Moser model.

e Finally, we have shown that the ND generalization of many known 2D integrable
Hamiltonians can be achieved by making use of the direct sum of certain coalgebras.
In particular, we have proven that any 2D integrable potential of the type V (xz,y)
can be generalized to ND by preserving its complete integrability, and a similar result
is obtained for potentials of the type V (:UQ,y2). Moreover, centrifugal terms can be
added onto the ND systems and as outstanding examples of this construction we have
presented the ND generalized versions of the three integrable Hénon-Heiles systems, as
well as of the Ramani series of potentials and we have obtained new ND systems of
coupled nonlinear oscillators.

Open problems

Finally, in the sequel we will propose several open questions that, to our opinion, would
deserve further investigation in the near future.

e In general, the integrability conditions presented in Chapter 2 can be generalized to
the case in which symplectic realizations with different dimension s are used on each
copy of the symmetry algebra, and this possibility would lead to different Hamiltonians.

e Another open possibility is the search for higher dimensional coalgebras that could
give rise to new integrable Hamiltonian systems under appropriate symplectic realiza-
tions.

e Certainly, it would be also interesting to perform a detailed analysis of some of the
new Hamiltonians here presented, working out explicitly the solutions for the equa-
tions of motion. We recall that the latter problem can be faced through the cluster
variables technique [I9] that makes use of the coalgebra symmetry in order to define
the appropriate collective dynamical variables.

e In this direction, we would like to mention that the electromagnetic systems and
the geodesic flows here presented will be the subject of further investigations. Also,
the generalized Calogero-Moser model introduced in Chapter 5 seems to deserve some
attention.
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e For most of the Hamiltonians here presented there exists two different sets of integrals
of the motion which are quadratic in the momenta. This fact raises the question
concerning the separability of all these systems in (two) different coordinate systems.
This separability problem would be also related to the explicit solvability of these
Hamiltonians.

e [t is clear that many other ND Hamiltonian systems can be written as a function of
the generators of hg. In that case the (N — 2) ‘universal’ integrals do exist by
construction, and the only task in order to solve the complete integrability problem is
to find the additional constant Z, in case it exists. A systematic search for this type of
systems is worth to be continued.

e It is also well known that the existence of a given coalgebra symmetry for H al-
lows for the direct construction of integrable deformations of H through the use of
g-deformations of the underlying Poisson coalgebra. In the case of hg, quantum two-
photon/Schrodinger algebras have been constructed [10, [11] and its Poisson versions
could be used to provide integrable deformations of some of the systems here presented.

e Another interesting possibility would be the construction of the analogues on ND
spaces with constant curvature of the Euclidean Hamiltonians here presented. This
could be feasible by using the si(2,R) approach [24], 26, 29] but now applying the
corresponding hg-coalgebra symmetry.

e Finally, it is clear that the study of the Quantum Mechanical analogue of some of the
new ND integrable systems here presented should be interesting.
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Chapter 8

Supplements

“Mathematics, rightly viewed, possesses not only truth,
but supreme beauty - a beauty cold and austere,
like that of sculpture.”

B. Russell

8.1 Lie and Poisson algebras

In this supplement, we collect the basic definitions concerning Lie and Poisson algebras.
We refer the reader to [8, 59, [74, 88, 94} 149, [163), 172] for a much deeper presentation.

e Lie algebra. A Lie algebra A is a vector space V over C endowed with a bilinear
application [, | named Lie bracket.

[]:AxA— A (8.1)
The Lie bracket must satisfy:

1. Antisimmetry
(X,Y]=—-[Y,X] VX,Yed (8.2)

2. Bilinearity
[aX + BY, Z] = a[X, 7] + 8IY, 7]
Z,aX + BY] = alZ, X] + BZ,Y]
Va,B,yeC VX,Y,Zec A (8.3)
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3. Jacobi Identity

(X,[Y,Z] +[Y,[Z, X]| + [Z,[X,Y]] =0 VX,Y,Z¢€ A. (8.4)

e Lie subalgebra. Let A’ be a subspace of A as a vector space. Then, if
[P,Rle¢ A” VP,ReA (8.5)

then A’ is said to be a Lie subalgebra of A.

e Lie-algebra isomorphism. Let A; and A, be two Lie algebras defined over the
same field K and let ¢ be a linear invertible mapping between A; and As.

Then if,
(X, Y]a,) = [6(X),0(Y)]a, X, Y EA (8.6)

we say A1 and Ag are isomorphic.
e Ideal. Let A be a Lie algebra and B a subalgebra of A, if
[B,A]C B (8.7)

then B is said to be an ideal of A.

e Structure constants. Let A be a Lie algebra over C, and let {e;} be a basis of A.
Then any element of A can be written as

X = inei (8.8)

where z; € C. The bracket between two elements of the basis can be written as

leives] =Y Cfiep (8.9)
k

Where the C’fj quantities are known as structure constants for A. From them, the Lie
bracket between two arbitrary elements of A can be obtained by applying the bilinearity
property. Antisymmetry and the Jacobi relations imply the following relations for the
C’fj constants:

k _ ok

> (Cﬁ'k i+ CLCT + ijC;??) = 0. (8.10)
l

e Derived algebra. The derived algebra AM) of a Lie algebra A is defined as the
subset
AV ={zZec A/ 3IX,YeA | Z=[X,Y]}. (8.11)
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e Simple Lie algebra. A Lie algebra A is said to be ‘simple’ if it is not abelian and
its only ideals are {0} and itself.

e Semisimple Lie algebra. A Lie algebra A is said to be ‘semisimple’ if it does not
contain any non-zero abelian ideal.

eSolvable algebra. Let us consider the sequence of derivations
A — [A, A] AR) = [A(l),A(l)] N Al — [A(ifl)vA(ifl)] (8.12)

if then there exists some n € N such that A = {0} then A is said to be solvable.
e Radical of A. The maximal solvable ideal of A is called radical.

e Nilpotent algebra. Let us now consider the sequence
Al =4, 4] AP =1A, A .. A=A, A1) (8.13)

Then, if there exists some n € N such that A™ = {0}, then A is said to be nilpotent.
The following properties can be easily proven:
a) A is solvable if and only if the derived algebra of A is nilpotent.
b) If A is nilpotent, then A is solvable.

e Nilradical of a solvable Lie algebra. Let A be a solvable Lie algebra. If it admits
the following decomposition as a vector space

A=ndt (8.14)
and such that
[t,t| Cn, [t,n]Cn (8.15)

then n is called the nilradical of A, and the following relation holds:

dim(n) > %dim(t) (8.16)

Casimir operators

Casimir Operators play a crucial role in many modern physical theories, and the liter-
ature concerning its explicit forms and properties for many Lie algebras can be traced
back from, for instance, [1l B3| 34} 43| [44], 58], 59, 60} 61, 62, 103, 118, 139} 140, 141]
145], 159, [170].
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e Universal Enveloping Algebra. Let A be a Lie Algebra defined over the field K
where [, ] is the Lie bracket. Let A® be the tensor algebra defined from A, and let Z
be the ideal of A® generated by

X,Y]-(X®Y-Y®X) X,Y €A, (8.17)
then the Universal Enveloping Algebra U(A) is defined as the quotient
U(A) = A®/T. (8.18)

e Center of an algebra. Let A be a Lie algebra, the center of A%® is defined as the
ideal Z of A® commuting with all the elements of A%.

e Casimir Operator. Let A be an [-dimensional Lie Algebra and let U(A) be the
universal enveloping algebra of A. The Casimir elements for A are the elements of the
center of U(A) verifying

Ci, )] =0 Vi=1,....r, j=1,...,1L (8.19)

e Number of independet invariants. Let A be a real Lie algebra of dimension [,
the number of independent invariants (Casimir operators) r of A is

r=I1—-R (8.20)

where R is the rank of the commutator table of A when considered as a matrix. For the
purpose of computing this rank, the (J;, ¢ = 1,...,1) algebra generators are regarded
as independet numbers [145].

Poisson algebras

e Poisson algebra. A Poisson algebra P is an associative algebra over a field K
endowed with a Poisson bracket:

{,}:A®A—- A (8.21)
satisfying the following relations Vf,g,h € P

{f,9y =9, f} Antisymmetry
{f,gh} =g{f,h} +{f,g}th Leibnitz rule (8.22)
{f:{g:h}} +{h.{f.g}} +{g.{h, f}} = 0 Jacobi identity.

e Poisson bivector. Let M be a N-dimensional manifold and let us consider functions
belonging to C>°(M). If we want to define a Poisson algebra over C*°(M), we have to
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define the Poisson bracket by means of a skew-symmetric bivector A over the local
coordinates of the manifold (z1,...,zN):

. 0 .

— \%J i i ; y ] oo . 8.23
A=A\ (a:)axZ A 9 (i<j) A(z)eC*®(M) (8.23)
By using the former expression in terms of the bivector, the Poisson bracket becomes
=AY - 8.24
{f.9r =X)L 2L (8:24)

where, o -
{z", 27} =\ (x) (8.25)

is called ‘the fundamental Poisson bracket’.

e Casimir functions. Let f(x) be a function in C*°(M). The function f(z) is said to
be a Casimir function of the Poisson algebra C*°(M) if

(h(z), f(x)} =0 Vh(z) € C=(M). (8.26)

8.2 The Yoshida-Ziglin test

We are going to revisit a useful tool as far as the non-integrability of homogeneous
potentials is concerned. Starting from the Ziglin’s approach, Yoshida in 1983 was
able to provide a sufficient condition for the non integrability of 2D homogeneous
Hamiltonian systems, where the conditions coming from Ziglin’s results [I86] were given
in an explicit form. Several years latter, Yoshida established [183] the same conditions
for N-dimensional homogeneous potentials. This so-called Yoshida-Ziglin approach to
the integrability problem also called the monodromy group approach, has focused many
efforts during the last two decades, see for instance [3] [125] 126, 135] 151, [182] [184].
On the other hand, the lack of a generic algorithm or method for proving the non
integrability of a general dynamical system remains as one of the most difficult problems
in this area.

e Theorem. [3,[183] Let V(q1,q2,-..,qn) be an k-homogeneous potential, where (k #
0,+2) for the following N -dimensional Hamiltonian on the N-dimensional Euclidean
space:

HM =52 Vg, an) (8.27)
i=1
we can define the following quantities:

(8.28)
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where &, are the eigenvalues evaluated in c;, of the following Hessian Matriz

2
H— 0°V
0q;0q;

and where ¢;, are the solutions of the algebraic system coming from

)iJ:L“qN (8.29)
[Qi:Ci]

ov
0q;

=i (8.30)

qi=C4

Then, if there exists some solution c; to such that the quantities (Ap1, ..., ApnN)
are rationally independent, the ND Hamiltonian H has no additional global analytical
integral (Z(q;, pi) = constant) other than the Hamiltonian itself.

Some comments seem to be pertinent:

a) The quantities Ap; are known as the Kowaleskaia’s exponents, and are crucial in
the Painlevé’s analysis of integrable systems.
Ap;

Ap;

b) Ap;, Apj are said to be rationally independent if A q € Q/

c) The analysis of the Kowaleskaia’s exponents must be carried out for all the pos-
sible solutions ¢; of the system ({8.30).

Hereafter we are showing several examples of the application of this test.

e Example 1. Let us consider the Hamiltonian:

1
HB) — 5@% +p3+D3)+ 4+ G QG+ G+ G+ 3+ s+ d; + a3 (8.31)

Therefore, we have to analyze the homogeneous potential with degree k = 3 given by

V=g +die+ad+d+aa+ 66+ a6+ s+ 4 (8.32)
solving the system,
oV )
=¢ i=1,2,3 (8.33)
94i |g;=c,

36% + 2c1c9 + c% + 2cic3 + c% =
e+ 2cico + 3c2 + 2cacs + c§ =y (8.34)

c% + c% + 2cic3 4+ 2cac3 + 30% =c3
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we choose this particular solution

1
Cl =C=¢C3 — —. (8.35)
9
The Hessian matrix is
0 4 4
9 9 9
H=|[1 1 (8.36)
4 4 10
9 9 9
and its eigenvalues are
2 .
&1=2 & = 3 (two times). (8.37)
The Kowaleskaia’s exponents are
8:-3-2 8.3.2
Apr = /1 =7 Aps = Apz = 4]1 3= V1T 8.38
1 + 3-2)7 P2 03 + 3-2)7 ( )
As the Kowaleskaia’s exponents for this solution are rationally independent
4qeQ/ —=V1T=q-7 (8.39)
so the previous Theorem guarantees that our Hamiltonian is not integrable.
If we formulate the system within the hg language, we would have
By
H = 7 +A_B_ A =X =A3=1. (8.40)

The Yoshida-Ziglin criterion tell us that this Hamiltonian is not integrable. In fact, if
we look for possible integrals Z commuting with (8.40)), this search does not lead to
any result.

e Example 2. Let us now consider

1
HP) = 3 (p% +p§) + 2qi1 + 12q%q§ + 2q§. (8.41)
We have to solve this system
ov
=¢ i=1,2 (8.42)
0Gi | g;=c;

(8.43)

8¢c3 + 24c1c3 = ¢
240% co + 80% = 9.
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We choose this particular solution

1 1 (8.44)
Cl = — Co = — . .
The Hessian matrix becomes
24(qi +¢3)  48q1qe > (3 3)
H= =2 2 8.45
( 484142 24(qf + ¢3) [q1=c1,q2=c] 3 3 ( )
and the eigenvalues are
&1=3 & =0. (8.46)
The Kowaleskaia’s exponents become
8-4-3 8-4-0
Apr — . /1 =5 Ap; = ./1 =0 8.47
p1 +(4_2)2 p1 +(4_2)2 (8.47)

and they are rationally dependent. Since we obtain the same result for any other
solution ¢;, we conclude that the system would be integrable.

But unfortunately, the Theorem does not provide the expression for the integral.
Matching the former potential within the hg framework we can re-write the Hamiltonian
in the following form

B
H= 7* +01B_ + 5,F(Cg, ) + 063G (A-) (8.48)

where the arbitrary functions and parameters become F, G, §, A are
2
51 =0, 8y =03 =1, }":(C§+> L G=AY A== (8.49)

Actually, we are dealing with one our family of integrable systems (5.1]), and the integral
in the 2D case is as follows

T =A% + 6, A% + 255 MA* (8.50)

I® = (p1 +p2)? + 4(q1 + @) (8.51)
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8.3 Symplectic realizations for 5D algebras with R =3

For the sake of completeness, in this supplement we summarize the symplectic realiza-
tions of the 5D Poisson algebras with R = 3. The construction of completely integrable
systems coming from them would be obtained by following he procedure described in
Chapters 2 and 3. For each algebra we give the Poisson brackets, the Casimir operators

and the expression for the generic one-particle symplectic realization.
o A2y algebra  (ay #0,la] < 1)

Poisson brackets

{J1,J5} = N1 {J2, J5} = a Js (8.52)
{Ja, Jsy =vJ5+ B s {J3,J5} = BJ3 — v Jau. '
Casimir functions
Ji J2ﬁ —2arctan (ﬂ)
1 J2 2 J32 + JZ 3 3 € ( )
Symplectic realization
Ji=eP
1
Jo = k—eo‘p
1
J3 = e PP(Acosyp + Bsinyp) (8.54)
Jy = e%P(B cosyp — Asinyp)
Js =¢q
k1 #0 A = A(ka, k3) B = B(ka, k3). (8.55)
o A} algebra (8 +#0)
{J1,J5} = N1 {J2,Js} = J1+ Jo (8.56)
{J3, 5} = aJs — BJs {Ja, J5} = B3 + aJs. '
Casimir functions
J12a 23 —2arctan Ja _J2
Symplectic realization
Ji=e P
J2 = —eP(p + log k3)
J3 = e*P(Acos fp + B sin (p) (8.58)

Jy = ePP(B cos Bp — A sin 3p)
Js =q
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k3 >0 A= A(k’l, ]{72, k3) B = B(kl, kQ, ]{73). (859)

. Ag’j@ﬁ algebra (s #0)

{J1, J5} =aJ; — Jy {JQ, J5} =J1+ aJy

8.60
{J4, 5} = sJ3 + BJs {J3,J5} = BJ3 — sJa. (8.60)
Casimir functions
B
(J12 + JZ) 72aarctan(2> -28 arctan(‘]—4>
C=——""=% Co=(J2+ Jo)e T1 Cs=(J2+Jy)e = T3/,
1 (J§+J4) 2 ( 1 2) 3 ( 3 4)
(8.61)
Symplectic realizations
J1=e “P(Acosp+ Asinp)
Jy = e *P(Bcosp — Asinp)
Js3 = /kse PP cos sp (8.62)
Ji = —/Ekze PP sin sp
Js =q
ki,ko, ks >0 (863)
1 1
1 loglko(k1kS) 28 1 loglko(k1kS) 28
A (b k) oo ( ogll (k1 5) ]) B —(ky k8% sin ( oglls (k1 5) ]) |
2a 2a
(8.64)
° A%,ls algebra (o >0)
{J1,J5} =aJ;—Jy {JQ,J5} =Ji+adsy (8 65)
{J4,J5} =Jo+Js+ady {Jg,J5} =J1+aJs— Js. )
Casimir functions
J1dy — JoJ —2aar J2 —2a L1d3=Jads
o= DI oy o) o () )
i 2
(8.66)
J1 = e *PA(cosp + sinp)
Jy = e *PA(cosp —sinp)
J3 = e “PR(p) (8.67)
Jy = e PS(p)
J5 =dq

ko, ks >0 (8.68)
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R(p) = ((F cos p+ G sin p) — Ap(cos p + sin p))
S(p) = ((F cos p— G sin p) — Ap(cos p — sin p))

A=¢c% ks
2
1 [ky =a Tk
2 ?eT log 6232 —2ak;
1 [ky za 5
G=—/2% [1og | 2 420k

125

(8.69)

(8.70)
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8.4 The hg Poisson algebra

It is worth mentioning that if we consider the six hg generators and the Casimir oper-
ators of (C§+, Cg_, Ch, ), this nine objects close a Poisson algebra that we can call hg.
On one hand, the Casimir operators close an algebra which is isomorphic to s/(2). On
the other hand, the brackets between the sl(2)-part and hg are not vanishing, and we
have the semidirect product structure.

{he, he} C hg {hg, sl(2)} C sl(2) {sl(2),sl(2)} C sl(2) (8.71)
hg = he ® sl(2). (8.72)

Therefore the hg algebra is generated by the following objects
{K,A;, A_, By, B_, M, C§+, Cs » Chy} (8.73)

and its commutation rules can be split into the following different subsets:

Between hg generators and C§+:

K, C§+} - 2C§+ {A+,C§+} =0 {A_’C§+} =0 (8.74)
{B+,C§+}:0 {B_,C§+}:4Ch4 {M,C§+}:O.
Between hg generators and Cg_:
{K, Cg_} = -2 Cg_ {A+,C§_} == 0 {A_,Ca_} = 0 (8 75)
{By,Cg_} = —4Cn, {B-,Cg_}=0 {M,Cg_}=0. '
Between hg generators and Cp,:
{K,Cp,} =0 {44+,C,} =0 {A_,Cn,} =0 (8.76)
{B+,Ch4} - —QC§+ {B_,Ch4} - 2C§_ {M,Ch4} - O ’

Between the {C§+, Cs , Chy} = sl(2) Casimirs:
{Chy,Cg, } =2MCq, {Cp,,Cg }=—-2MC; {Cg, .Cg }=—-4MCp,. (8.77)

As a consequence, if we take M as a constant hg is a Lie-Poisson algebra.

Finally the Casimir operators for hg algebra are M and
1 2
¢=—(¢.c-¢ci,)
Che = (MBy — A2) (MB_ — A%) — (MK — A_A, + M?/2)°  (8.78)

where we recall that the Casimirs of the subalgebras are taken as independent objects
with respect to the hg generators.
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