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Resumo

E apresentada uma revisado dos diversos contextos em que o conceito de defor-
macao aparece em fisica nuclear. Propriedades de nucleos em rotagao, de nicleos
exéticos leves e de sistemas na regido de transicio de fase serdo discutidos tendo
como fio condutor a idéia de deformacgao em diversas manifestacdes: no espago de
configuracdo, no espago de gauge e na dlgebra.



Abstract

A review is presented on the different contexts the deformation concept appears
in nuclear physics. Properties of rotational nuclei, light exotic nuclei and systems
undergoing phase transition are discussed having the idea of deformation as a
conducting line, in its different manifestations: in the configuration space. in the
gauge space, and in the algebra.



1. Introducao

O que se pretende neste texto é colocar em perspectiva minha contribuicio
cientifica ac longo dos dltimos anos. A escolha de um tema comum a esses tra-
balhos foi dificil’, pois a linha conectando-os é por vezes ténue e espero ter tido
sucesso ao explicitd-la. Visando simplificar a tarefa, achel conveniente limitar a
cinco anos o periodo a ser revisado.

Definido o periodo, resta o problema de encontrar a linha diretriz que deveria
servir de guia para a apresentagao; o uso do “encontrar” ¢ adequado, na medida
em que nao houve, na minha carreira, uma linha pré-determinada de atuacio, mas
sim, os diversos trabalhos foram se sucedendo, em temas de pesquisa distintos,
onde o elemento de ligagio a minha experiéncia prévia, nao havendo um problema
central que norteasse a atuacao. Ocorren-me, entretanto, algo que talvez pudesse
servir de fio condutor: o recorrente aparecimento, por vezes fugaz, por vezes
explicito, da idéia de deformacgao ao longo da minha carreira cientifica.

Na verdade, meun doutoramento foi sobre a descricac do fendmeno do back-
bending em nicleos transicionals, significando que a fisica de sistemas nucleares
deformados acompanha-me desde entdo. Pareceu-me portanto bastante adequado
colocar como primeiro capitulo desta revisao, aquele contendo uma discussao dos
fenémenos ligados 4 alteracéo da forma nuclear devido & rotacéo e reportar os dois
trabalhos nesse assunto que ficaram contidos no periodo de cinco anos escolhido.
Em seguida, no Capitulo 3, passo & apresentacao das minhas contribuicoes ao
problema da estrutura de micleos exdticos leves; aqui, alguma gindstica teve que
ser feita para inserir esses trabalhos no tema escolhido. E discutida no Capitulo
4 a aplicagao de 4lgebras deformadas & fisica de muitos corpos; finalmente, no
Capitulo 5, alguns comentérios encerram esta revisio. Os trés apéndices colocados
no fim do texto contém cépias dos meus trabalhos que serviram de referéncia para
a elaboracao de cada um dos capitulos.

Tentei escrever os diversos capitulos de modo que cada um deles fosse o mais
independente possivel dos demais, mesmo que o preco a ser pago fosse o de rea-

'Na XXI Reunido de Trabalho sobre Fisica Nuclear no Brasil. fui convidado a apresentar
um relato das atividades dos tedricos do IFUSP. Dei 4 minha palestra um sub-titulo, ” Missdo
Impossivel”, e devo confessar que, guardadas as devidas proporcoes, em alguns momentos senti-
me tentado a apensar ¢ mesmo sub-titulo a este trabalho de revisao.



presentar a discussao de certos tépicos; consistentemente, optei por inchuir a bibli-
ografia pertinente ao fim de cada um deles, ainda que pudessem ocorrer repeticoes.

O que estd reportado aqul, nao constitue a totalidade da minha atividade
cientifica mais recente. Tivessem sido escolhidos os 1iltimos dez anos para relatar,
meus trabalhos sobre forcas de van der Waals de cor [1, 2], flutuacdes estatisticas
na transigado caos-ordem [3, 4] ou efeitos da troca de dois pions no espalhamento
aN periférico [5] seriam deixados de lado por néo se enquadrarem no tema esco-
lhido?; limitando a “janela observacional” aos cinco anos mais recentes, varios tra-
balhos também néo foram incluidos {6, 7, &), ainda que pudessem ser considerados
como representantes adequados da minha contribuicao ao tema da tese, pois sua
discussao demandaria varias pdginas adicionais, mas, inevitavelmente, referéncias
acabaram sendo feitas a eles ao longo do texto. Optel também por concentrar
a revisao apenas em trabalhos j4 publicados; nao obstante, serdo encontradas
citacoes Incidentais a trabalhos que estao ainda em fase final de elaboracac.

Os trabalhos sumarizados foram fruto de proveitosas colaboracoes com vérios
outros pesquisadores; por isso, algumas palavras especificas de agradecimento sao
adequadas.

A retomada do meun envolvimento com a fisica de altos spins, ocorrida alguns
anos apds o doutoramento, deveu-se essencialmente 4 interacao com o Grupo de
Espectroscopia -y do Laboratério Pelletron. A demanda e ao continuado estimulo
dos meus colegas experimentais devo a manutencao do meu trabalho nesse assunto;
espero que essa colaboracao tenha sido para eles tao frutifera e interessante quanto
for para mim. Cabe aqui um agradecimento todo especial & Ewa Cybulska, coracao
e alma do Grupo 7.

Ao meu amigo de longa data Mauro Kyotoku, pelas conversas estimulantes,
pelo entusiasmo e por dividir generosamente comigo sua forma nao convencional
de ver problemas cientificos.

Aos meus “cimplices” no assunto de dlgebras deformadas, Diégenes Galetti
e Bruto Pimentel, ambos também amigos antigos, pelo muito gue aprendemos
juntos e pelas longas conversas sobre os mais diversos assuntos que tive a oportu-
nidade de entabular com eles.

E nao seria completo e muito menos justo, se nao estendesse os agradecimentos
aos meus estudantes. Ettore Baldini Neto, Varese S. Timdéteo e Leandro Tripodi;
bastante deles estd também contido nas péginas seguintes.

?E interessante gue. mesmo em trabalhos que exclui, o conceito de deformacgdo aparece,
implicita ou explicitamente. Minha contribuicdo ao estudo da transigao cacs-ordem, deu-se
no contexto do DGOE {Deformed Gaussian Orthogonal Ensemble) e minha dnica contribuicio
relacionada ao tema interacio nicleon-nucleon, fez-se no estudo da contribuigdo da troca de dois
pions ao espathamento N o periférico; ora, pions aparecem como particulas massivas por que a
simetria quiral é violada.
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2. Deformacao nuclear

2.1. Introducao

O embate entre as correlagoes nucleares de longo alcance, que levam a defor-
macao, € as de empareihamento, que privilegiam a esfericidade, é em grande parte
responsavel pela rigueza estrutural do espectro de baixas energias dos sistemas
nucleares. Com o aumento da energia disponivel nas colisdes entre ions pesados,
vérios novos fendémenos emergiram dessa arena, o mais saliente dos quais € o fend-
meno do back-bending, que se caracteriza por um desvio marcante do comporta-
mento rotacional puro como resultado da quebra, induzida pela rotacao, de pares
de particulas estrategicamente localizadas nos nivels intrusos, migrantes extrai-
dos da camada de oscilador imediatamente acima pela interacao spin-érbita {por
exemplo, néutron 3,2, préton fi,2, etc); esses estados intrusos caracterizam-se
por terem um valor elevado do momento angular j e paridade oposta & dos seus
vizinhos, sendo portanto pouco acessiveis a correlagoes. Vale mencionar também,
como um exemplo mais recente de fendmenos interessantes ligados a aspectos da
deformac¢ ao nuclear, a descoberta de bandas rotacionals super-deformadas em
meados da década passada, uma magnifica manifestagao da persisténcia da forma
nuclear a grandes momentos angulares {~ 60%). Em qualquer caso, uma descricao
fenomenoclégica do espectro rotacional pode ser obtida a partir de expansoes em
série de poténcias de I(J + 1), onde I é o momento angular! [1]. Expansoes mais
exOticas podem ser encontradas na literatura mais recente (2, 3, 4, 5] mas nos
ocuparernos apenas da iiltima delas no Capitulo 4.

A retomada do meu envolvimento nesse tipo de fisica deu-se essencialmente
através da colaboracao com o Grupo de Espectroscopia v do Laboratério Pel-
letron que, desde 1985. tem se dedicado ao estudo de estados de momento angular
intermedidrio {~ 14R) e realizado estudos sistemdticos em niicleos fmpar-impar
na regiao de massa em torno de A & 130, identificando e analisando bandas
rotacionais, obtendo dessa forma informacdes acerca da natureza do esquema de
acoplamento e da forma desses micleos. Hstdo ainda particularmente vividas na
minha mente as conversas que tive com membros do grupo, e em particular com

'0u, de modo alternativo. através da mais rapidamente convergente expansao em termos da
freqtiéneia de rotacdo w.



a Profa. Ewa W. Cybulska, logo apds meu retorno a Sao Paulo em 1985, época
em que o ingresso do grupo nesse tipo de fisica estava sendo discutido.

Como resultado dessa colaboragéo, alguns trabalhos foram publicados {6, 7, &,
9] (e algumas teses experimentais foram defendidas), nos quais minha participagéo
deve ser devidamente qualificada: fui o “tedrico de plantdo”, auxiliando na dis-
cussao dos resultados, tentando trazer luz a aspectos mais confusos do ferramental
tedrico e apontando novos desenvolvimentos que poderiam ser tteis (a “revisita”
do Prof. K. Hara (Technische Universitdt - Munique) & USP apés longos anos,
pode ser assim enquadrada).

Neste capitulo? farei uma breve revisio de alguns aspectos dos fenémenos e
modelos relacionados com a deformacao e os fendmenos ligados & rotacio nuclear,
tentando desenhar um quadro onde se insira minha contribuicdo mais recente ao
problema. Eventualmente, plantarei aqui e acoléd algumas sementes que talvez
produzam frutos em capitulos posteriores.

2.2. Motivacao cientifica

Nicleos transicionais duplamente impares na regido de massa A =~ 130, além
de serem acessiveis nas condigbes experimentals existentes no Laboratério Pel-
letron, t&m uma série de outros atrativos motivadores do motivaram seu estudo.
Nicleos nessa regiao sao deformados mas apresentam a caracteristica de nao man-
terem uma forma axialmente siméirica definida, podendo alterd-la com o aumento
do momento angular, sendo também facilmente polarizdveis & medida que novas
particulas sao agregadas. Esses nicleos tém ambas as particulas de valéncia ocu-
pando o orbital k) /9, porém em uma situagao de competicao: os néutrons estao na
parte superior desse orbital (e portanto privilegiando a forma prolata) enquanto
os prétons estao na parte mais baixa (favorecendo dessa maneira a forma oblata);
a forma nuclear resultante pode ent&o ser a de um elipsoide triaxial.

Uma das perguntas bésicas que nos fizemos era como os efeitos polarizadores
das particulas de valéncia refletiam-se na forma nuclear e nas bandas rotacionais
e qual a influéneia das interagbes residuals entre essas quase-particulas; essas
perguntas foram atacadas durante nossa colaboracéo e algurmas respostas parciais

foram obtidas ao longo desses anos®.

*Baseado parcialmente em palestra apresentada na XV Reunido de Trabalho sobre Fisica
Nuclear no Brasil (1992): néo publicada.

$Vale ressaltar que o probiema da interacao residual entre as quase-particulas aparece apenas
marginalmente nos trabalthos desse periodo.



2.3. Particula independente em potenciais esféricos ou de-
formados

Nas proximidades de uma camada fechada, os nicleos sdo essencialmente es-
féricos, sendo os diversos estados de momento angular construidos através do rea-
coplamento das particulas de valéncia e de excitacoes particula-buraco formadas
a partir do estado fundamental. Um cdlculo usando o modelo de camadas esférico
reproduz o espectro experimental com boa precisao, mas torna-se numericamente
impraticdvel 4 medida que o mimero de particulas fora da camada fechada cresce,
devido & necessidade de se levar em conta a interagao residual [10)].

Por outro lado, com o aumento de nitmero de particulas de valéncia, a simetria
esférica deixa de ser energeticamente favordvel. O nicleo sofre entéo uma quebra
esponténea de simetria. Sendo o micleo um sistema isolado cuja hamiltoniana deve
ser explicitamente invariante sob rotagoes. entra em cena o conceito de deformacao
intrinseca. A. Bohr [11}, em palestra ministrada quando da outorga do premio

A

Nobel, expressou essas idéias claramente:

“De fato, a ocorréncia do grau de liberdade rotacional coletivo pode ser
encarada como oriunda da quebra da invaridncia rotacional, que introduz
uma “deformacao” que torna possivel especificar a orientagéo do sistema. A
rotagao representa o modo coletivo associado a essa quebra espontédnea de
simetria {bdson de Goldstone}.”

Poderia, sem divida, ser objetado que conceitos como esse sdo aplicdvels apenas a
sistemas com um nimero infinito de graus de liberdade; o conspicuo aparecimento
da rotacdo nuclear serve provavelmente para calar discordancias®.

As deformacoes tipicas dos sistemnas nucleares, obtidas a partir de medidas de
momentos de quadrupolo, sao da ordem de § ~ 0,2 — 0, 3. Potenciais deformados
(Nilsson ou Woods-Saxon) surgem entao como substitutos adequados do modelo
de camadas esférico; a interpretagdo bem sucedida do espectro de baixa energia
dos micleos impares como resultado do acoplamento de uma particula de valéncia
movendo-se no potencial gerado por um carogo par-par deformado, é um indicador
Inequivoco da adequacgao dessa idéia.

O sucesso no uso de um potencial deformado pode ser atribuido ao fato de que
a malor parte das interagoes de dois corpos no potencial esférico é absorvida em
um campo médio deformado®, restando entdo apenas fracas Interacoes residuais

*Uma discussiio extremamente interessante do mecanismo de Higgs e do aparecimenio do
modo de Nambu-Goldstone em conexfio com a descri¢gdo de Bohr e Mottelson para a rotagio
nuclear coletiva, pode ser encontrada no artigo de Fujikawa e Ui [12].

"Esta idéia é recorrente e aparecerd vérias vezes ao fongo do texto; ver, por exemplo, as
seqdes (2.3.1) e (2.5).



de dois corpos a serem consideradas®. Entretanto, como resultado da quebra da
invaridncia rotacional, os niveis de particula independente deixam de poder ser
rotulados pelo momento angular, permanecendo apenas a Projecao no eixo de
simetria como um bom numero guantico’. Uma molesta decorréncia do uso de
campos médios deformados € a necessidade de técnicas adequadas de projecio a
fim de restaurar a simetria quebrada.

2.3.1. Correlagoes de emparelhamento

Iiste parece ser um bom momento para abordar alguns aspectos da interacac
residual e fazer uma primeira discussao das correlacdes de emparethamento®; te-
remos oportunidade de retomé-la outras vezes ao longo deste texto.

O entendimento da importancia do emparelhamento remonta aos primérdios
da fisica nuclear; j& no modelo da gota liquida, foi necessaria a inclusio de uma
contribuigao adicional capaz de dar conta da sistemédtica variacio da energia de
ligacao de acordo com a parilidade’ do nimero de prétons ou de néutrons. O
efeito de emparelhamento, apareceu também no desenvolvimento do modelo de
camadas permitindo a interpretagdo de muitas propriedades dos niicieos impares
em termos dos estados ligados da particula impar de valéncia.

O trabalho pioneiro de Bohr, Mottelson e Pines [17] trouxe ao cendrio da
fisica nuclear correlagoes de emparelhamento similares as da teoria microscedpica
da supercondutividade em sélidos formulada por Bardeen, Cooper e Schrieffer
[18]; desde entao, elas tém sido um dos elementos fundamentais para a descri-
¢ao das propriedades do nicleo atémico e em particular daquelas ligadas 4 forma
nuclear e acs fendmenos de rotacao.

A idéia subjacente a essa abordagem consiste numa extensio do conceito de
campo médio; & sem duvida fascinante que correlagdes de dois corpos, respon-
sdvels pela criagdo e aniquilacéo de pares de particulas, possam ser incorporadas
em um novo campo médio onde quase-particulas, formadas a partir de particulas
e buracos definidas no campo médio antigo, comportam-se como objetos indepen-
dentes. Na verdade, essa redefinicao do campo médio, através da INCOrPOracan

%Um bom exemplo desse procedimento, pode ser encontrado na Ref, [13]. onde estudamos o
papel das vibragies v (que distorcem a simetria axial do elipsoide nuclear} como um mecanismo
para a formacéo dos yrast traps, estados que tém longa vida por serem estruturaimente distintos
dos seus vizinhos,

"Ou nem mesmo ela se a deformac#io for triaxial; neste caso, a invaridncia por rotacdes de 7
em torno de um dos eixos principais do sistema, prové o necessaric niimero quéntico

No plural, pois, mesmo considerando que vou basicamente descrever correlacoes envolvendo
particulas acopladas com momento angular total zero, pares de particulas com momento angular
dois desempenham também algum papel na fisica das rotagdes.

%Uso esta palavra um tanto rara apenas para nao utilizar seu sinénimo paridade, que tem
tembém a acep¢do de numero par ou nimero impar

~1



de remanescentes escolhidos da interacao residual, constituiu-se numa filosofia no
tratamento do problema nuclear de muitos corpos, irradiada a partir de Copenha-
gue (o potencial de Nilsson mencionado acima, € um representante emblemético
dessa abordagem).

Passando rapidamente pelos aspectos técnicos envolvidos, a hamiltoniana de
emparelhamento tem a seguinte forma,

H= Zaycf,cy - G’PgPo (2.1)

i
Pl = 5 Z ciel, (2.2}

onde v rotula os estados de particula independente e I seu conjugado por reversao
temporal'®.

O primeiro termo em (2.1}, Hyp = . &.clc,, descreve particulas indepen-
dentes em um campo médio e o segundo a criagao e aniquilagac de pares de
particulas em orbitas conjugadas (se o campo médio em questao for o modelo
de camadas esférico, tratam-se de pares de particulas acopladas com momento
angular total zero); GG & a intensidade dessa interacéo.

Através da transformacao de quase-particula,

o, = u,,c3+v,,cf,

= u,ch — vyey, (2.3)

= Q-

o
candnica pois u- + v2 = 1, a hamiltoniana (2.1) torna-se,

H=&+ Y Eola. (2.4)

Contribui¢oes devidas & interacao entre as quase-particulas foram desconsideradas,
em consonéncla com a idéia de que essa “renormalizacao” das particulas incor-
porou parcela considerdvel da interacao de emparethamento & prépria definicao
desses novos objetos, os quais tém agora

1Bcs) =[] (u + v,,c,tc},) 10) (2.5)
v>0

COmMO VACUO; O Prego pago para termos quase-particulas independentes ou, de
forma equivalente, uma aproximacgao de campo médio, &€ que este novo vécuo

YWey, = Tl T, onde T & o operador de reversio temporal. A forma explicita do operador

conjugado por reversao temporal passa por uma adequada definicio das fases: vou passar ac
largo dessa “eterna dor de cabeca™ e mencionar que. na base do modelo de camadas esférico, a ser

utilizada futuramente, € na convencao de fase de Condon e Shortley. temos: ¢} — (—1)7"™ c;_ -

8



nao tem mais o nimero de particulas, N, como wm bom nimero quantico; essa
“moléstia” pode ser consertado, ainda que em média, incluindo-se na hamiltoniana.
(2.1) um termo adicional, —AN ( N é o operador ntmero de particulas), onde o
multiplicador de Lagrange A ¢ escolhido tal que N =23 _ 22,

& em (2.4) & o valor esperado de H — AN no vacuo de BCS, & = (BCS | H —
AN |BCS), e

E, = \/ (2, — M) + A2, (2.6)

¢ a energia das quase-particulas, onde A = G, _, 4,0, 0 gap de emparelhamen-
to, pode ser encarado como a contribui¢do da interacao de emparelhamento &
energia de quase-particula independente no novo campo médio.

2.4. Modelo de particula(s) + caroco coletivo

Muitos dos fenémenos que aparecem na fisica de momentos angulares eleva-
dos, podem ser mais facilmente entendidos no contexto de modelos hibridos; por
isso, vou fazer um detour para discutir com algum detalhe uma velha histéria
[14]: nicleos podem ser descritos como constituidos por wm carogo coletivo, com
todo o apelo cléssico que ele carrega, acoplado ao movimento de particulas de
valéncia (ou, mais adequadamente, quase-particulas de valéncia). Adiabaticidade
é assumida, significando que o movimento das particulas € muito mais rédpido que
o do carogo coletivo.

Mesmo considerando que a maior parte da discussio nesta secao serd feita
para o caso em que o carogo coletivo € um rotor rigido, é ttil discutir brevemente
a situagao em que uma particula de valéncia com um grande momento angu-
lar intrinseco j ¢ acoplada a vibragoes quadrupolares harmoénicas [15]; 7 grande
significa que sua diregdo nao é alterada substancialmente pelo acoplamento as
vibragoes, restando como efeito mais importante apenas o aparecimento de uma
deformagao estdtica. Para valores pequenos da constante de acoplamento, o quin-
tupleto I = 5 — 2,7 - 1,5,7 + 1,7 + 2 & ligeiramente separado pela interacao;
entretanto, com o aumento do acoplamento, urm comportamento rotacional tipi-
co desenvolve-se, caracterizado pelo aparecimento de uma banda de estados com
momentos angulares [ = §+ 1,7 + 2,7 + 3,... A deformacao de equilibrio de
tal sisterna, que é funcao da constante de acoplamento e de j. cresce correspon-
dentemente. Esse modelo singelo, mostra claramente os efeitos de polarizacao
da particula de valéncia com grande j, que sdo de importancia fundamental em
nucleos transicionals.

No caso de um caro¢o rigido, a hamiltoniana que descreve um sistema com-



posto por particulas a ele acopladas pode ser escrita como

2

H=>Y" %R? + Y (Heg+ Hpair) + Hyes. (2.7)

i=1,3 ¢ particulas

de valéncia
Na expressao aclima, 0 primeiro termo descreve a contribuiciao puramente co-
letiva para a dinimica do problema onde R;, a i*'™® componente do momento
angular do rotor, e J;, o momento de inércia em relacdo ao eixo ¢, sao expressos
em termos de um sistema fixo no corpo (sistema intrinseco). H,, e Hpgir Tepre-
sentam respectivamente o campo médio deformado (em geral, um potencial de
Nilsson) e a contribuicao da interacao de emparethamento, que poderiam ter sido
combinados em um campe médio de quase-particulas, H,,; H,., representa a in-
teragao remanescente entre as particulas de valéncia. A anisotropia do potencial
é responsével pelo acoplamento entre os movimentos da(s) particula(s) e do rotor.

O momento angular total (f} do sistema composto é dado por

[=R+ > 7 (2.8)
particulas
de
valéncia
onde R é o momento angular do rotor; reescrevendo a parte coletiva da equagao
(2.7) em termos dos momentos angulares total e das particulas de valéncia, obtém-
se

k2 .
Hcoletivo = Z '2? (I? - .?1')2 . (29)
i=1,3 " "

2
Os termos cruzados do tipo “:;_I-ij{ constituem o acoplamento de Coriolis e des-

crevem as contribuicoes nao inércia,is {centrifugas e de Coriolis) que aparecem por
estarmos descrevendo a dinémica do sistema no referencial intrinseco; mais especi-
ficamente, a interacdo de Coriolis representa as perturbacdes ao movimento das
particulas devido ao movimento rotacional do sistema, manifestando-se através do
acoplamento entre estados intrinsecos distintos. As contribuigdes quadriticas em
J constituem o termo de recuo e dependem apenas das varidveis intrinsecas (ie
das particulas de valéncia); no caso geral, ele contém um termo de dois COrpos,
mas quando héd apenas uma particula de valéncia esse termo & freqiientemente
incorporado ao préprio campo médio.

As forcas nao inerciais, que levam ao desacoplamento entre o movimento da
particula e do carogo, competem com as que privilegiam o acoplamento forte entre
ambos; vencendo as primeiras, temos o chamado limite desacoplado e vencendo
as outras, o limite de acoplamento forte. Em niicleos muito deformados, o acopla-
mento forte é a regra, mas, na regiao de nicleos transicionais, o decréscimo da
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deformagéo nuclear (e com ela do momento de inércia ) e a presenca de estados
intrusos de momento angular elevado, contribuem para que a interacao de Coriolis
seja privilegiada. Nesse caso, a(s) particula(s) de valéncia move(m)-se indepen-
dentemente do carogo coletivo, com seu momento angular intrinseco, §, paralelo
ao momento angular total, /. Uma boa parcela dos fenémenos que aparecem na
fisica dos estados de momento angular elevado tem sua origem no embate aludido
acima.

A base de acoplamento forte é a mais usada na diagonalizacio dessa hamilto-
nianall,

2{ +1 . .
! = ! vaiéncia VK 7 valéncia
Vhexe = 1672 (1 + 620) (DMK () g + (1) 7" Dy (Q) % )
(2.10)

representa a fungao de onda das particulas de valéncia (préton,
néutron, préton-préton, néutron-néutron, néutron-préton, ete) e Di, . a funcao
de onda rotacional. A funcao de onda (2.10) descreve bandas rotacionais com

I=K,K+1LK+2,... (2.11)

valéncia

onde

A fase (—1)"% usualmente chamada de signature, estd ligada & invarifncia sob
rotagoes de m em torno de um eixo perpendicular ao eixo de simetria z, geradas
por R (m) = exp (—in/;)!*. Esse nimero quintico tem enorme importéncia na
classificagdo de estados do espectro rotacional, bem como das érbitas nuclednicas
em potenciais nucleares em rotagao {ver sec. 2.5).

A discussao a seguir serd restrita ao caso de apenas uma particula acoplada
ao carogo rigido axialmente simétrico {J; = J, = J), visando explicitar o con-
teddo fisico de grandezas que serdo relevantes mais adiante. O valor esperado da
hamiltoniana é

2
Ex () = h—j [f (I+1)—K? +a(—1)*¥ (1 + ) 5K1,2} + By, (212

onde o pardmetro de desacoplamento a é dado por
'ualencza i+1/2 . 1
FE=1/2 > Z inm! y (J + 5) : (2.13)

*1Sem prejuizo do fato de que, no caso de duas particulas de valéncia, truncamentos sio mais
facilmente efetuados na base de acoplamento quase-fraco [16].

12Na verdade, uma classe importante de potenciais nucleares tem sua hamiltoniana invariante
sob retagdes de ™ em torno dos tres eixos principais do sistema. Os operadores correspondentes
sdo Re(w) = exp(—inly) (k = z,y, z}. Essa invaridncia implica, por exemplo, que néo existem
multipolos {impares na expansao do campo nuclear deformado. Ainda como decorréncia dessa
invaridncia, os estados intrisecos com K # 0 sdo duplamente degenerados.

— _ /[, .valéncia|
a = Yr=1/2 !J*
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Na expresso acima, se as fungoes de onda intrinsecas forem descritas pelo modelo
de Nilsson, os 7,,; 520 as amplitudes da expansao dos orbitais de Nilsson na base
esférica.

Se ue'eneie tem uma forte mistura em j (como é o caso de nicleos muito defor-
mados), o fator de desacoplamento ¢ pequeno devido a cancelamentos causados
pela fase (—1) /2. entretanto, se os estados de particula relevantes forem intru-
sos, a soma em (2.13) reduz-se a um tdnico termo e a dependéncia no momento
angular de Ex (I) tem a estrutura 7 (1 + 1)+(=1)"7 (7 + 1) (5 + 1), apresentan-
do um comportarmento em ziguezague devido & fase {(—1)7"7. Os diversos estados
de momento angular separam-se em dois ramos distintos: favorecido, quando a
diferenca I — j for par, e nao favorecido, quando essa diferenca for impar. Tecni-
camente, e€ssa separacao recebe o nome de signature splitting.

Niicleos impar-impar também apresentam no seu espectro umn ziguezague de-
vido & fase (—1)’ 77, onde j = jp + jn; em alguns casos, porém, quando I ~ j & par
os estados correspondentes estao em energla mais baixa que os com / ~ 7 impar;
é a chamada 1nversao na signature.

No modelo de particula(s) + rotor o acoplamento do momento angular entre
as particulas de valéncia e o rotor € feito corretamente mas,

¢ os cruzamentos de bandas e o alinhamento nao sao descritos adequadamente,
pois estes efeitos envolvern particulas do carogo que, neste modelo nao tem
estrutura;

¢ configuragoes envolvendo muitas particulas podem ser descritas pelo modelo
mas a complexidade dos cilculos aumenta tremendamente com o niimero de
particulas;

» o modelo tem vdrios pardmetros, as deformacdes (5 e v), 0s gaps de empar-
elhamento e o momento de inércia °. Se esses parametros forem ajustados
a0s dados, o poder preditivo torna-se muito baixo; melhora porém, se forem
extraldos da sistemdtica.

O modelo particula(s) + rotor &, entretanto. muito 4dtil: nossa intuicéo € ainda
marcadamente clssica e 0 modelo tem nas suas bases constructos para as quais
temos modelos mentais.

' Eventualmente é incluido também um fator da ordem de dois (fator de atenuacio de Cori-

olis), necessédrio para eliminar discrepéncia entre os elementos de matriz teéricos e os obtidos
experimentalmente.
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2.5. Movimento de particula independente em um potencial
em rotacgao

Retomemos agora a rota anteriormente tracada: encarando os efeitos da ro-
tagao (mais especificamente, seus efeitos ndo inerciais) como um tipo de interagéo
residual, vamos incorpord-los a um novo campo médio. Transformando a hamil-
toniana deformada de particula independente (Nilsson ou Woods-Saxon, com ou
sem a inclusao das correlagdes de emparethamento) para o referencial fixo ao corpo
obtém-se

HY = Hyp — Bwi,. (2.14)

Na hamiltoniana acima (hamiltoniana de eranking), o segundo termo & direita
pode a alterar as fungdes de onda dos orbitais dos micleons e descreve as con-
tribuigoes nao-inerciais, i.e. centrifuga e de Coriolis (o indice 7 indica o eixo de
rotagao;.

Os autovalores de (2.14) sao freqiientemente chamados de routhianos (em
analogia com a funcao de Routh em mecénica cldssica). Eles podem ser escritos
coIno,

£ = (P21 HY 62) = (0] Hop 162} — w (2] |6 (2.15)
o~
implicando que F:”— = —{¢y]Jz [¥Y); isto significa que o valor esperado do op-
erador mormento a;lgular Jr na direcdo do eixo de rotacao (momento angular al-
inhado) é igual 4 inclinagéo do routhiano de particula independente, com o sinal
trocado.

O momento anguiar total ao longo do eixo de rotacao (que no limite de altos
spins € aproximadamente o momento angular total) para um sistema composto
de /N micleons é dado por

1\7

L= (5] 5 o) (2.16)

p=]

e a energla total no sistema de laboratdrio por

N
E=) & +ul,. (2.17)
Se o eixo de rotagao for o eixo de simetria do nicleo (§, = j3 = 4.; z é 0 eixo
de simetria} a solucdo de (2.14) é particularmente simples,
g8 =z, — hl, (2.18)
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e o momento angular é formado pela soma das contribuigoes ao longo de z; as
autofungoes de H,, sao também autofunctes de j, e portanto de H. O papel
do termo de rotagao € apenas o de redefinir a superficie de Fermi: para aumen-
tar o momento angular temos que alterar a ocupacéo no potencial deformado
e promover particulas de estados com menor (2, para estados com maior 2,4,
A rotagao em torno de um eixo de simetria € néo coletiva e nao gera bandas
rotacionais.

Mais rica & a situacao quando o eixo de rotacao é perpendicular ao eixo de
simetria (por exemplo, j, = j; = j»). Como as autofungdes da hamiltoniana de
particula independente nao sao autofuncgdes de j., a rotacio acarreta em uma
mistura dos estados de particula independente.

Devido & presenga do termo Awj,, simetrias da hamiltoniana de particula in-
dependente sdo perdidas; a hamiltoniana (2.14) nao é mais invariante sob inversao
temporal € nem sob R,(7) ou R,(x). Como as tinicas simetrias remanescentes
sao a paridade e a invaridncia sob a agao do operador R, (7), seus autovalores
podem ser usados para rotular os estados de particula independente no sistema
em rotagao. Chamando de r o autovalor de R,(7) e introduzindo a notacéo
r = exp (—ima) os estados nuclednicos podem ser classificados de acordo com o
valor de «

Re(m)pe = e ™op, = e, (2.19)
onde ¢, denota a fungdao de onda de particula independente com signature v
(r=—iparaa = 1/20ur =i paraa = —1/2); o préprio o é mais freqiienternente

encontrado na literatura sob o nome de signature e tem a vantagem de ser uma
quantidade aditiva. Assim, os routhianos séo rotulados adequadamente pelos
nimeros quénticos (7 = &, = £1/2) .

Em sistemas com um nimero par de nicleons temos

ro= 41, (a=0), [=024,.. (2.20)
ro= —1, (a@=1), I=135,.., (2.21)

a0 passo que, quando o nimerc de nicleons for impar

ro= -, (a=+1/2), I=1/2,5/2,9/2, .. (2.22)
ro= 4, {a=-1/2), I=3/2,7/2,11/2.... (2.23)
Em w = 0 os estados nuclednicos com valores de o = +1 /2 sgo degenerados;

4 medida que a rotagéo aumenta, essa degenerescéncia & quebrada e a interacao
de Coriolis age separando as componentes de diferentes signatures. O valor dessa

0 espectro yrast do MG na referéncia [13) foi construido dessa forma: o campo médio
utilizado foi, porém. o de Woods-Saxon e o emparelhamento foi levado em conta.
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separagao em energla € signature splitting 4 qual nos referimos na secio anterior
€ a componente de menor energia é dita favorecida.

E quase desnecessério repetir que a correlagao de emparelhamento desempenha
um papel essencial na fisica de altos spins e portanto os routhianos construidos
devem levé-la em conta se pretendem ter condictes minimas de representar a
realidade. Dessa forma, a hamiltoniana de particula independente deve incluir
essas correlagdes (mais apropriadamente, deverfamos te-la chamado de Hyp).

Na abordagem acima descrita, a freqliéncia angular desempenhou um papel
central ao invés da quantidade diretamente medida que é o momento angular; em
termos das energias experimentalis, ela pode ser escrita como

o= Lipgin_Bu-) (2.24)
di 2
A freqiiéncia angular pode ser entendida como um mutiplicador de Lagrange que
fixa a guantidade de momento angular alinhado!®.

A comparacio entre os resultados experimentais e os célculos tedricos tem, no
caso deste modelo, uma peculiaridade: os resultados da experiéncia tém que ser
traduzidos para o referencial em rotagio através de uma prescricio que parame-
triza o momento de inércia nuclear em termos de w!®.

A figura 5 da referéncia [9] (em anexo) apresenta os routhianos como funcao
da freqiiéncia rotacional w para o micleo duplamente fmpar ®®Ag; é marcante a
mudanga da curvatura (que é um sinal do cruzamento de bandas) das curvas AB
(néutrons) em torno de hw = 0,35 MeV e ab (prétons) em hw = 0,48 Mev (a
informagao trazida pelas curvas oriundas da regiao de energias negativas, pode
ser ignorada pois é redundante). Em ambos os casos, um par (situado no Ay /25
no caso dos quase-néutrons, e no ggp, no caso dos quase-prétons) é quebrado
pela agao das forcas ndo inercials e se alinha com o eixo de rotacio. A signature
splitling entre os quase-prétons em a e b € pequena, refletindo o fato de que eles
estao fracamente acoplados ao eixo de rotacao.

Alguns comentdrios sho adequados antes de encerrarmos esta discussiao:

e Uma das grandes limitacdes dessa abordagem € que ela foi concebida para
descrever configuracdes alinhadas, l.e. configuracdes nas quais o momento
angular das particulas é paralelo a uma dada direcdo; o modelo nio tem
a riqueza necessdria para descrever bandas caracterizadas por j grande e
pequeno K.

1*Em completa analogia com o que ocorre na restauracio do nimero de particulas no caso do
BCS.
'®Na verdade, usa-se o cranking de Harris {19].



e Estados com J pequeno também apresentam dificuldades; por exemplo, I <
7 em niicleos impares.

e O modelo revelou ter um enorme poder de predicao: afinal de contas, as ban-
das super-deformadas foram previstas teoricamente antes da sua descoberta
experimental.

o H4 um bom controle dos pardmetros do modelo; os potenciais de Nilsson e
Woods-Saxon s&o jd bastante estabelecidos na literatura; deformacdes e os
gaps de emparelhamento podem ser determinados auto-consistentemente.

‘e Uma extensao do modelo, chamada TRS {Total Routhian Surface), permite
que sejam efetuados cdlculos em grande escala incluindo muitos nucleos e
muitas configuragoes.’”.

e Finalmente, € bom lembrar que o momento angular total neste modelo é
dado apenas pela componente na direcao alinhada o que nao deixa de ser

uma aproximacao forte (pelo menos para momentos angulares nao muito
grandes).

2.6. Modelo com projegao em momento angular e a tran-
sicao de forma prolato-oblato

Os modelos apresentados anteriormente, em que pese seu sucesso, tem uma
base semi-cldssica muito marcante; néo contém os ingredientes que se espera de
uma teoria moderna: a) inteiramente quanto-mecéinica, baseada em uma hamil-
toniana microscdpica, ainda que usando interacdes esquemdticas, b) quantidades
fisicas relevantes, como por exemplo o momento angular, devem ser bons niimeros
quénticos.

Sermn ddvida, o modelo de camadas tradicional tem essas caracteristicas, mas,

1. a construgao de fungdes de onda de muitos corpos com bom momento an-
gular é um procedimento complexo;

2. a base onde o problema é diagonalizado é imensa; para nicleos pesados e
intermedidrios, mesmo supercomputadores sio insuficientes;

3. devido ao tamanho da base, é dificil a interpretacio das informacoes contidas
nos autoestados.

17 As deformagdes de equilibrio na ref. [9] foram obtidas através desse procedimento.
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Viérias abordagens foram desenvolvidas tentando contornar essas dificuldades;
dentre elas a do grupo da Universidade de Tiibingen [20] e a desenvolvida por
K. Hara e colaboradores [21] na Universidade Técnica de Munique, ambas na
Alemanha. A abordagem desenvolvida em Munique e que foi utilizada na anslise
de micleos duplamente impares na regiao de massa A = 130 [8] aqui em Séo Paulo,
termn as seguintes caracteristicas:

1. usa um campo médio deformado (Nilsson);

2. seleciona uma base que contém apenas os estados essenciais & fisica que se
pretende descrever; desse modo, o espago de configuracio onde a hamiltoni-
ana serd diagonalizada diminui consideravelmente, se comparado com o do
modelo de camadas usual;

3. a base do modelo é construida projetando-a em estados de bom momento
angular.

A hamiltoniana do modelo pode ser escrita como
H = H. — ZQ*LQ Q= GElPy ~ G,F - B, (2.25)

onde, H.;r é a hamiltoniana do modelo de camadas esférico e os demais termos
constituem a interacao residual e sao, respectivamente, a interagdo quadrupolo-
quadrupolo (cuja diagonalizacao na base de He,s produz os estados de Nilsson),
o emparelhamento usual (monopolar) e o emparelhamento quadrupolar’®.

A base usada na diagonalizagéo dessa hamiltoniana é dada por P, |¢, ), onde

27+ 1
&re

€ o operador de projecao usual e [¢g ), no caso de nucleos duplamente fmpares é
dado por

Pl = f dOR () Dl (), (2.26)

|x) = apal [0), (2.27)
onde «f, (o) & o operador e criagio de um quase-néutron (quase-préton) constru-
ido na base de Nilsson+BCS. |0} é o vdcuo dessas quase-particulas.

Um conceito interessante neste modelo, e que € essencial na determinacao dos
estados relevantes na base, é o de diagrama de bandas. Cada estado projetado
pode ser considerado como representante de uma banda rotacional;, a energia
rotacional da banda x pode ser definida como

0.l HPLy 16.)
E}C(I):< " PIKl j-
(onl KK l(px,}

12 A constante da interaciio de emparelhamento quadrupolar & assumida proporcional a G (nos
nicieos na regiao A & 130 foi utilizado &2 = (0. 20G ).

(2.28)
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Um diagrama no qual as energias rotacionais de diversas bandas x sao represen-
tadas como funcao de I é denominado de diagrama de bandas {note-se que essas
energias E, (1) sao calculadas antes da diagonalizacdo final); ele nos permite, por
exemplo, observar os diversos cruzamentos de bandas e identificar as configuragdes
mals importantes para descrever o comportamento dos estados que estamos estu-
dando. Exemplos de diagramas de banda podem ser encontrados na referéncia [8]
€1n anexo.

Um resultado bastante interessante obtido, usando-se o modelo de camadas
projetado, é a previsao de uma transicao prolato-»oblato passando por formas
triaxiais na regiao de massa A &~ 130 (ver figura 10 da referéncia [8]); esta previsao
nao é, entretanto, quantitativa pois o modelo sé é aplicdvel a sistemas com simetria
axial.

Alguns comentdrios finais devem ser feitos acerca desta abordagem:

e & completamente quéntica;

e tem bom momento angular;

e 0s estados relevantes sao escolhidos de forma fisica;

® nao é porém auto-consistente e

* nao tem o numero de particulas como uma quantidade conservada {embora

nao seja tecnicamente dificil implernent4-lo).

2.7. Sumario

Fizemos nas paginas anteriores um breve véo panordmico sobre alguns aspectos
da fisica dos estados de grande momento angular (sendo mais preciso, momen-
tos angulares moderadamente grandes). Nao pretendi reapresentar a discussio
contida nos trabalhos em anexo, mas antes esbocar o quadro tedrico onde esses
trabalhos se inserem.
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3. BCS e ntcleos exéticos

3.1. Introdugao

A pesquisa experimental com feixes radioativos abriu novas fronteiras para a
fisica nuclear; eles permitiram a criagao e o estudo de sistemas nucleares exéticos,
l.e. ricos em prétons ou néutrons, localizados em regides fora do vale de estabil-
idade, forcando a uma reavaliagao de modelos que haviam sido construidos para
descrever niicleos nas proximidades desse vale.

Sob esse ponto de vista, mesmo o modelo de camadas, tao caro e presente na
vida dos fisicos nucleares, fol abalado: nesse novo terreno ainda sendo desbravado,
descobriu-se que a interagao spin érbita j4 nao mals atua, que o ordenamento dos
niveis de particuia encontrado nos livros texto ndo vige mais e que, no caso de
micleos exéticos leves, talvez nem mesmo o conceito de campo médio tenha sen-
tido. A interagao néutron-préton, antes uma componente residual, desempenha
agora um papel importante, mormente na descrigdo das propriedades de sistemas
mais pesados comm N = Z ~ 100.

Bstd portanto na ordem do dia a rediscussao das bases dos modelos nucleares
tradicionals € ao mesmo tempo a investigagao da sua aplicabilidade a esses novos
dominios.

O que serd reportado neste capitulo é o resultado de uma teimosa tentativa de
ainda aplicar modelos nucleares tradicionais a nucleos exdticos leves. Uma vez que
o fio condutor desta revisao é a idéla de deformacao, farel uma breve discussao
dos movimentos coletivos de emparelhamento, logo apés a (re)apresentacio da
hamiltoniana de emparelhamento. Na secao 3.5 serd discutida a aplicacio da
teoria de campo médio de BCS ao ' Li. Um breve sumdrio na secio 3.6 encerra
o capitulo.

Duas publicagdes [1, 2] e a dissertacao de mestrado do sr. Ettore Baldini Neto
originaram-se destes estudos acerca da aplicacao da teoria de campo médo de
BCS ao nticleo exdtico M Li. A colaboragao com Mauro Kyotoku, Nilton Teruya
e Ettore Baldini Neto fol essencial para a obtencéo dos resultados sumarizados,
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3.2. Motivacao Cientifica

As aproximagoes de campo médio desempenham um papel extremamente im-
portante na fisica nuclear; o tradicional modelo de camadas, o tratamento BCS da
interagao de emparelhamento ou, como vimos no capitulo anterior, a inclusao dos
efeitos nao inerciais em orbitais de particula independente, sio exemplos claros
do uso disseminado da idéia de particulas movendo-se independentemente em um
campo médio gerado pelas correlagoes entre todos os constituintes do sistema.

O M L7, provavelmente o niicleo exético leve mais intensamente estudado, apre-
senta caracteristicas surpreendentes; sendo constituido por apenas onze particu-
las, é quase do tamanho do ®Pb, apresentando um halo, isto ¢ dois néutrons
fracamente ligados ocupando orbitais difusos, extensos e espacialmente simétricos
em torno de um caro¢o deformado de °Li. Um novo modo coletivo foi também
descoberto em nucleos desse tipo, no qual os néutrons de valéncia vibram dipo-
larmente em relagdo ao carogo. Em adi¢io a isso, o fato do 1L ser ligado o que
nao ocorre com o °Li, é um problema bédsico que merece ser entendido.

Pares de néutrons constituem-se num resort privilegiado para a aplicacio do
emparelhamento nuclear {4}; é dessa forma tentador utilizar nesses novos sistemas
velhas tecnologias, desenvolvidas ao longo de muitos anos, mesmo sabendo das
dificuldades inerentes ao fato de estarmos lidando com sistemas diluidos e fraca-
mente ligados.

Foi verificado experimentaimente {5] que o *°Li apresenta duas ressonancias
com energias 0,10 MeV e 0,50 MeV, correspondendo aocs estados 2512 € 1p1ya,
respectivamente. Isso indica que o estado fundamental e os estados excitados
conhecidos do * L7 sdo estruturalmente compostos por esses estados de particula
independente; é acrescentado entédo ao " Li um charme adicional, pois tem-se

assim a manifestacdo na natureza de um antigo brinquedo dos fisicos nucleares
tedricos: o modelo de dois niveis.

3.3. Emparelhamento e BCS

Desde fins dos anos 50, o modelo de emparelhamento desempenha wm papel
importante na compreensao do comportamento nuclear [6]; sua solugao utilizando
a aproximagao de campo médio de BCS [7], desenvolvida pelos fisicos de estado
sélido para descrever fendmenos de supercondutividade, ¢ central na descricdo
de intimeras propriedades nucleares. Sendo uma teoria de campo médio, o BCS
viola necessariamente simetrias do sistema, neste caso a que estd associada &
conservagao numero de particulas; um grande esforco fol investido pelos fisicos
nucleares no desenvolvimento de técnicas que restauram essa simetrial.

'E reconfortante verificar que as técnicas desenvolvidas no passado pelos [isicos nucleares
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Um sistema de N particulas movendo-se num campo médio esférico e inte-
ragindo através da interacac de emparelhamento é descrito pela hamiltoniana

G T T +
H= ijcimcjm -= Z (=Y ™ (=)l CimmCims (3.1)
Jm

jm,j'm!

onde cl,,,(c;m) é o operador de criacéo (destrui¢io) de particulas no estado de
particula independente que tem energia ¢; (e degenerescéncia 20, =25+ 1); G é
a intensidade da interacao.

As técnicas para obter as solugoes dessa hamiltoniana sao conhecidas e nao
me deterei muito nelas. Vale lembrar que a transformacio de Bogoliubov-Valatin,
que leva particulas em quase-particulas,

Chn = %k + (=17 " v050m
Cim = Uiljm + (1Y vja:‘,-_m, (3.2)

onde uf + tjz = 1, permite que se escreva (3.1) como um campo médio nas quase-
particulas, mals uma série de termos contendo interacoes residuais entre elas.
Inerente & aproximacao de campo médio, a viola¢do da conservacao do mimero
de particulas exige providéncias para que, pelo menos em média, o nimero de
constituintes do nicleo seja mantido; nm termo —AN (N indica o operador nimero
de particulas) deve portanto ser previamente agregado a (3.1), onde o parametro
A &€ determinado de modo que a condigao de conservacao acima seja satisfeita, isto
étal que N = 3. 20,02,

A hamitoniana (3.1) transforma-se entdoem H = £+ ij Eja;(majm + Hj{gg)’
onde

& = {BCS|H - AN|BCS)
G
= QZ (Ej — A EU?) ij? - GZ Qinuiv,-ujvj. (3.3)
J Y

Os u’s e v’s s30 escolhidos de tal forma que as quase-particulas movam-se inde-

pendentemente com energia E; = \/(EV ~ A+ A?, onde A = G Q4uzu; éo

para dar conta dos problemas causados pelo nimero finito de nicleons no micleo, estdo sendo
utilizadas pelos fisicos de estado s6lido, agora que tém que lidar com grios supercondutores com
N ~ 10% constituintes. ao invés de sistemas com N ~ 102 particulas 8].

Técnicas de projecdo, mesmo tendo sido um assunto exaustivamente pesquisado pela comu-
nidade nuclear, ainda apresentam algumas pontas soltas; recentemente [9} mostramos, usando
teoria de grupos e resultados da teoria de nimercs, como obter projetores exatos em espacos
dimensionais finitos; aplicamos nosso método 4 restauracéio do nimero em BCS e mostramos &
relagdo com técnicas de discretizaciio utilizadas amplamente na literatura da 4rea.
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gap de emparelhamento; utilizando a definicao de A, o dltimo termo que aparece
2

em (3.3) pode ser escrito como ——.

A energia do estado fundamental é obtida transformando-se (3.3) para o re-
ferencial nao deformado

G
Ug = 50 + A Z QQj’U? =2 Z (é‘j - -;?'U?) Qj'f.}? et GZ Q,-quivz-ujvj (3.4)
3 j ”’

A interacao restdual entre as quase-particulas, Hﬁgf), é desprezada em primeira
ordem, consistentemente com a aproximagao de campo médio desejada®. A con-

tribuigio de ——v?, denominado termo de auto-energia, que aparece em (3.3) é

também freqlientemente desprezada, sob a alegagéo de que ela corresponde a uma
renormalizagao nos niveis de particula independente que, em geral, sao extraidos
da fenomenologia.

3.4. Movimento coletivo de emparelhamento

O objetivo desta secio é apresentar o conceito de movimento coletivo de em-
parelhamento para, de alguma forma enviesada, mostrar a conexao entre a nossa
abordagem ao problema do ''Li e as deformagoes no espaco de gauge; com is-
so, vejo-me remetido, apds longos anos, ao tema geral da minha dissertacdo de
mestrado; nao lmaginava que esta “revisao critica da minha contribuicio” fosse
levar-me tao longe no tempo. Talvez seja melhor nao reagir fortemente e citar-me:

“Uma reacao que transferisse para um niicleo duas particulas em um estado
com A = 0,5 =0eT =1, onde A & o momento angular, S o spin e T
O isospin, seria uma boa ferramenta para testar as correlacdes de empare-
Thamento [4]. As reagdes diretas (t,p) e (p,t) satisfazein essas exigéncias e o
actimulo de dados na regiao dos nicleos médios e pesados trouxe 4 huz uma
variedade de fenémenos: rotacao e vibragao de emparelhamento, transicao
de fase de emparelhamento, etc.

Especificamente, na regizo préxima a uma camada Ny duplamente fechada,
as reacoes de transferéncia de dois néutrons, tanto pick-up quanto stripping,
apresenfam secgoes de choque para alguns estados com J™ = 07 sensivel-
mente malores que as previsoes do modelo de camadas puro, indicando que
o processo é de natureza coletiva. Além do mais, o espectro de energia dos

2 gD . Hoy + Hay + Hia+ Hao+ Hoa, onde Hop € escrito em termos de (af) " ()", Fossem

todos estes termos levados em conta, recuperariamos o nimero de particulas como quantidade
conservada (neste caso nfo teriamos mais a aproximagao de campo médio).
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estados 07, fundamental ou excitados, populados nessas reacoes assemelha-
se (como funcdo do mimero de massa A) a um espectro vibracional. Isso
sugere uma espécie de vibracao de emparelhamento em nicleos préximos a
camada duplamente fechada (ndcleos normais); se dirigirmos nossa atencao
para regides muito afastadas de uma camada fechada (nicleos supercon-
dutores), vemos que a energia do estado fundamental de nicleos vizinhos,
como funcdo de A, toma a forma de uma banda rotacional e, novamente,
a transicdo entre elementos de uma banda {adi¢do ou remocao de pares)
apresenta-se bastante incrementada em relacao as previsoes de configuracao
pura (jij2) ;_q, indicando a natureza coletiva dessa transi¢ao. Podemos en-
tao pensar em rotagio de emparelhamento. |[....]

O potencial de emparelhamento viola a conservagao do nimero de particu-
las da mesma forma que os potenciais deformados violam a conservagao do
mornento angular.

Se uma lei de conservagao é violada, entao podemos distinguir entre as dife-
rentes orientagdes do sistema fisico em algum espago abstrato (por exemplo,
na violacao da conservacao do momento angular total, no caso dos micleos
com deformacio de quadrupolo, é o espaco tridimensional usual). Nesse
caso, é possivel falar em um sistema intrinseco e num conjunto de Angulos
{&ngulos de Euler, na deformacio de quadrupolo - Angulo de gauge, na de-
formacao de emparelhamento), que define a posicao do sistema em relacio
a um sistema fixo de coordenadas.

A deformagao de emparelhamento no sistema intrinseco A {o gap de empar-
elhamento) ¢ o 4ngulo de gauge, podem ser utilizados para parametrizar a
distor¢ao de emparelhamento [...]

Em nicleos mégicos, a competicao entre os aspectos superfluidos e normais
é vencida pelos 1ltimos; as correlagoes de emparelhamento nao sao suficien-
temente fortes para que o préximo nivel de particula independente possa ser
atingido; o A oscila em torno do valor de equilibrio zero e as excitagoes tém
cardter vibracional. Entretanto, quando muitos quanta estdo presentes, o
sistema atinge um estado de deformag&o permanente (superfiuido)...”

Seria perfeito se o nosso objeto de interesse nao tivesse apenas dois néutrons

de valéncia podendo ocupar os orbitais 1p, /2 € 28170, De um lado, é satisfeita
a condigao de rotagao de emparelhamento, pols esses néutrons corresponder &
metade da ocupacio dos estados disponiveis (semelhante ac que ocorre com os Sn
pares com A ~ 114, exemplo tipico desse fenémeno); por outro lado porém, ha
potcos pares ativos apds a “camada fechada”, como no caso dos isétopos pares em
torno do 28 Pb, que se caracterizam por apresentar vibragao de emparelhamento.

"Tentando néo perder o mote, eu diria que a prépria utilizagio do BCS nesses

sistemas difusos, justifica que se fale em deformacéo, pois se trata de uma teoria
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de campo médio, que acarreta na violagio de uma simetria do problema, o que
implica numa deformagcao; no caso, deformacao no espaco de gauge®.

3.5. 1 Li e BCS

A importéncia do emparelhamento em sistemas fracamente ligados * foi ressalta-
da por A. Migdal quando o sonho de feixes radioativos era apenas uma miragem
[11]. Mais tarde, assumindo que o par de néutrons formava um cluster [12] foi
obtido um valor grande para o raio quadrético médio do 1 Li.

O modelo que propusemos para o 'Li é o de um caroco de °Li mais dois
néutrons de valéncia ocupando os niveis de particula independente 1p, 2 €251 a
mnteragao residual entre essas particulas de valéncia é o emparelhamento. O fato
do °Li ser ligado e o i nio, significa que os estados de particula independente
a serem ocupados pelo néutron adicional do '°Li estdo no continuo; isso nos
impede de utilizar as energias fenomenolégicas na descricio do 4. Por outro

lado, a contribuigéo do termo de auto-energia (w-—t;?) é subtrativa, significando

que ela torna os niveis de particula independente mais ligados, podendo trazer
para a regiao discreta estados que, sem sua inclusao, permaneceriam no continuo.
Esse termo, que aparece em qualquer tratamento do problema de muitos corpos
interagindo através de forcas de um e de dois corpos, ¢ oriundo da prépria interaco
residual, neste caso o emparelhamento; daf ele ser efetivo apenas no ! Li e néo no
0L

O tratamento desse termo de auto-energia foi feito de modo muito singelo,
dando origem a uma variante da equacdo (3.4)%:

. & 2 N -
U{} = Eg -+ A Z 293’1-/]2 P QZ (Ej - ":5) QJ’L-’; - GZ Qj(Qj - 6@)’[:‘65’5?'&:;?)}‘. (30)
3 ? Y

A contribuicao do termo de auto-energia dividiu-se agora em duas partes: os
niveis de particula independente foram renormalizados, tornando-se mais ligados,
enguanto o novo gap de emparelhamento, A;, ndo é mais constante mas torna-se

% Como estou pretendendo justificar apenas utilizacdo da deformacio como linha condutora do
texto € nao a aplicaco da abordagem de BCS ao ! Li, isto talvez seja suficiente. Na verdade,

mostramos em (3] que ndo temos solugdo supercondutora se G > G, = 55 1_;_}_) {o fator
2

entre parénteses néo aparece no tratamento usual. mas apenas no BCS “modiﬁcadno" que serd
discutido na préxima segio): com os valores de G que utilizamos nas referéncias {1, 2], a solucio
supercondutora existe,
4Ou para ser mais exato, a importancia da interacdo residual entre particulas de valéncia como
um mecanismo para tornar ligados estados de particula situados nas imediacdes do continuo.
*Um til serd usado para indicar que as quantidades séo calculadas no BCS *modificado”.
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dependente de j N
Aj =GO (- 6i)ist. (3.6)

No primeiro dos trabalhos que publicados nesse assunto {1} exploramos a
aplicabilidade das idélas expostas acima; utilizando inicialmente apenas o estado
1py1/e verificamos a possibilidade de, utilizando valores realistas de G para es-
sa regidgo diluida, obter a energia de ligagao do ' Li; incluindo posteriormente
também o 2512, comparamos esse BCS “modificado” com o céleulo exato, com
o célculo com projecdo em ndmero de particulas e, € claro, com o BCS “usual”.
Mostramos que o estado fundamental do ' Li tem um caréter predominantemente
28172 (i’;gsllz = (,81) e estudamos também o comportamento da dispersao AN/N.

Num trabalho posterior [2] ocupamo-nos adicionalmente da descricio do primeiro
estado excitado desse micleo que havia sido recentemente observade a uma en-
ergia de £ = 1.25 MeV [10] e estudamos também o efeito da restauracio da
simetria quebrada devido 4 aproximacao de campo médio®. Na sua dissertacéo de
Mestrado, o sr. Baldini Neto estendeu esse BCS “modificado” para muitos niveis
e efetou cédlculos, ainda para o caso do ''Li; como resultado do seu trabalho,
constatamos que, para valores realistas de &7, o estado fundamental desse micleo
é ainda predominantemente composto pelo 2s1/s.

3.6. Sumario

Reportel neste capitulo uma interpretagao alternativa para o estado fundamen-
tal e para o primeiro estado excitado do ' Li baseada em uma versao modificada
do BCS usual. Acredito ter sido mostrado que a interagao de emparelhamento
usual desempenha um papel importante em niicleos exdticos leves. Na referéncia
[2] é sugerido que uma impressao digital dessa importéncia seria a detecciao do
tritio na reagio de pick-up ' Li{p,1)° Li. H4, sem divida, vérios aspectos dessa
abordagem que estac merecendo alguma atengao da nossa parte; um deles é a
aplicacao desse esquema a niicleos emissores de prétons e, em particular, calcular

fatores espectroscdpicos; outro é obter o comportamento da cauda da funcio de
onda do par de néutrons de valéncia’.

®Isso foi feito levando em conta a interacio residnal entre as quase-particulas, Hgp: a restau-
racao da simetria foi parcial pois consideramos os pares de quase-particulas como bésons e
tratamos a interacao residual entre as quase-particulas na aproximacioc RPA.

"M. Kyotoku, C.L. Lima, E. Baldini Neto e N. Teruya, a ser submetido a publicac3o..
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4. Algebras e deformacoes

4.1. Introdugao

As slgebras deformadas (g-dlgebras ou dlgebras g-deformadas, no jargio da
drea) tém se revelado nos iltimos anos uma fértil drea de pesquisa; uma grande
quantidade de trabalthos foi publicada nesse assunto, tanto em matemstica quanto
em fisica. As dlgebras deformadas apareceram no cenério da fisica em torno do
inicio da década passada originalmente em conexao com problemas de modelos
soliveis em mecénica estatistica e espalhamento quantico inverso. Atualmente,
encontram-se aplicagoes também em redes de spin anisotrépicas, fisica atémica e
molecular, fisica de particulas, etc. Elas constituem-se numa estrutura matemati-
ca elegante, podercsa e em grande parcela ainda inexplorada.

A palavra deformagéo, tdo comum no vocabuldrio dos fisicos nucleares, tem
nesta terra incognita significados peculiares e distintos daqueles a que estamos
acostumados. Aqui, ela pode ser entendida como modificactes nas relacdes de
comutagao entre os geradores do grupo de simetria do problema, de acordo com
prescrigoes definidas, mas nao inicas. A questdo € a meu ver mais profunda do
que simplesmente estabelecer uma correspondéncia entre possiveis significados da
palavra deformagao; o que deve de fato ser perguntado é se as dlgebras deformadas
permitem a descricao adequada de fendmenos fisicos ou se sao apenas belas e
ricas estruturas matemaéticas; colocando o problema de modo um tanto enfatico,
procura-se saber se elas temn aplicacio no mundo fisico ou se nio passardo do
estdgio de “uma teoria em busca de uma realidade”.

Nosso percurso na tentativa de entender essas novas estruturas comegou, no-
blesse oblige, com a aplicacio das dlgebras deformadas a fenémenos de rotacao
nuclear; afinal de contas, o espectro dos micleos rotacionais &, no caso de sistemas
rigidos, proporcional ao autovalor do operador de Casimir do grupo SU(2); para
nossa decepgao, logo nos demos conta de que muito do que estdvamos comecando
a pensar em fazer j4 havia sido publicado (1, 2]; passamos em seguida ao estudo
do emparethamento nuclear pois, no caso de um dnico nivel fora de uma camada
fechada, a hamiltoniana tem uma estrutura de quase-spin; trabalhamos bastante
nesse problema, mas fomos atropelados [3]. Concentramo-nos a seguir no estudo
de problemas ligados & transicao de fase em modelos soliveis.
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Nao creio que consiga produzir um resumo contendo as idéias basicas de dlge-
bras deformadas muito diferente do que apresentei no Theoretical Physics Sympo-
stum alguns anos atréds [4]; vou portanto ser bastante sintético em alguns aspec-
tos da discussao, remetendo o leitor para a referéncia mencionada linhas acima.
Acrescentarel porém cormentirios sobre alguns novos desenvolvimentos ocorridos
desde entao, especificamente a aplicacao de g¢-dlgebras aos modelos BCS e de
Nambu-Jona-Lasinio.

Colaborei no tema deste capitulo essencialmente com os profs. D. Galetti
e B.M. Pimentel do IFT/UNESP e com meus estudantes srs. V.S. Timdteo e
L. Tripodi; sem eles, as publicagbes em anexo [4, 5, 6, 7, 8] provavelmente nao
teriam vindo a prelo; vale também citar que o sr. V. S. Timéteo prepara seu
doutoramento sobre a aplicacdo de slgebras deformadas ao modelo de Nambu-

Jona-Lasinio!.

4.2, Motivacao cientifica

Algebras g-deformadas parecem ser uma ferramenta interessante para a de-
scricao de perturbagdes a uma simetria de um sistema fisico.

Sistemas de muitos corpos sio uma arena adequada para a exploracdo dos
(eventuais) significados fisicos das dlgebras deformadas; nio apenas porque os
efeitos dessa deformagao talvez se manifestern mais claramente em sistermnas com
miltiplas correlagoes entre seus constituintes, mas também por ter sido desen-
volvido ao longo dos anos pelos cultores desse ramo da fisica tedrica, todo um
arsenal de modelos soliveis, artefatos adequadas para testes de modelos e aprox-
imagoes; Isso confere aos sistemas de muitos corpos nio sé a possibilidade da
amplificagio dos efeitos da deformacio da algebra, mas também o instrumental
adequado para a avaliacao desses efeitos.

A questao bédsica que nos formulamos era qual o sentido fisico que poderia ser
atribuido & g-deformacéo de uma élgebra e, além disso, como seriam modificadas
as propriedades de um sisterna sob o efeito dessa g-deformacio. Dado o seu carater
universal, escolhemos focar nosso estudo no comportamento de sistemas fisicos em
torno da transicio de fase.

4.3. Algebras deformadas: algumas aplicacoes

Talvez a maneira mais eficiente de nos familiarizarmos com a maneira como
essas novas estruturas operam seja analisarmos o caso da dlgebra do grupo SU (2).

*Nao posso deixar de também mencionar o sr. J.T. Lanardy; sua dissertacdo de Mestrado
(IFT/UNESP, 1995), orientada pelo prof. B.M. Pimentel, deu origem & referéncia [6] cujos
resultados ser&o aqui comentados.
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A dlgebra quéntica su, (2) é uma deformacao da 4lgebra do grupo SU (2);
deformacio num sentido distinto daquele que estamos acostumados ao falarmos
em wm micleo ou molécula nio esféricos; trata-se de fato da deformagac nas
regras de comutacio entre os geradores da algebra conforme alguma prescrigac
(ndo univoca). O quadro abaixo exemplifica uma realizacao possivel da algebra
quéntica su, (2):

su(2) su,{2)

[JCH Ji] = + Ji R [JU, Jr] = ”_"}:Jt

i, ] =20 = [Jo,J] = [200)

A quantidade entre colchetes [z]_ & definida como

¢*—q * sinhqz
g—g-t  sinh~y’

iz}, = (4.1)
onde ¢ = exp(7y) pode inclusive ser um nimero complexo (& claro que quando
g — 1 {ou v — 0) obtém-se a defini¢io usual).

Correspondentemente, operador quadratico de Casimir é transformado em

Cy = Jod + [JololJo — g = J-Js + [olg[Jo + 1le- (4.2)

Na sub-secio seguinte serd discutida a aplicago dos resultados acima a dois
sistemas cuja dlgebra & do tipo SU (2).

4.3.1. Fisica nuclear e molecular

Aplicacdes singelas de dlgebras deformadas ao espectro rotacional de micleos
e moléculas podem ser encontradas nas referéncias [1, 2, 9] bem como em [4},
onde séo feitos alguns comentéarios comparativos acerca dos diferentes esquemas
de deformacao empregados. £ interessante notar que a modificacdo causada pela
g-algebra nos operadores de Casimir produz um efeito equivalente ao da expansao
da energia da banda rotacional em poténcias de (1 + 1).

Uma aplicacio ao caso do emparelhamento nuclear fol feita em 13]. No caso de
um tnico nivel § de valéncia, a hamiltoniana de emparelthamento pode ser escrita
em termos de operadores de quase-spin; reescrevendo-a agora com as relagoes de
comutacio da dlgebra deformada, e aplicando ao caso dos isétopos pares do Vg
obtém-se um ajuste bastante razodvel para as energlas do estado fundamental
desses nicleos; sem divida, temos um parémetro a mals, porém parece ser algo
mais do que apenas isso: através da g-deformacédo termos de ordern superior sao
incorporados de umna forma efetiva na interagao residual.
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4.3.2. Transigoes de fase: Lipkin, BCS e Nambu-Jona-Lasinio

Sistemas de particulas que interagem podem passar, sob certas circunsténcias
bem definidas, de uma fase “normal” para outra “condensada” com propriedades
radicalmente diferentes, como por exemplo na transigao gas—liquido, quando a
temperatura cal abaixo de um certo limiar, ou entédo na transicao de um material
paramagnético— ferromagnético. Neste 1ltimo caso, acima de uma certa tempe-
ratura critica hd apenas ordem local e os spins dos elétrons do material separados
por distdncias macroseépicas nao se alinham; o sisterna estd numa fase normal
{paramagnética). Abaixo dessa temperatura critica, correlacdes de longo alcance
ficam efetivas e todos os spins comegam a se alinhar € o material sofre uma tran-
sigao para fase ferromagnética. Nesse exemplo fica explicito também a quebra de
simetria: na fase paramagnética todos os spins estdo orientados aleatoriamente
ao passo que na fase ferromagnética, hd uma diregao preferencial. Sumarizando,
o parémetro de ordem é a magnetizagao e a simetria quebrada é a invaridncia
rotacional.

A universalidade dos conceitos de quebra de simetria e transicido de fase pode
ser ilustrada notando a profunda analogia que existe entre a situacao descrita aci-
ma e as transicdes de fase presentes no modelo de Nambu e Jona-Lasinio (NJL)
[10]. Neste modelo, férmions sem massa interagem através de uma interagéo de
contato; ele fol proposto em analogia ao que ocorre em supercondutores. A 1déia
é que da mesma forma que o gap de energia em um supercondutor é criado pela
interacao de emparelhamento, a massa de uma particula é também devida a al-
gum tipo de interagao entre férmions sem massa. No modelo NJL o pardmetro de
ordern é o condensado < ¥4 > e no exemplo apresentado no pardgrafo anterior &
a magnetizacao. O papel 14 representado pela temperatura é aqui desempenhado
pelo inverso do acoplamento. Da mesma forma que sé hd magnetizacao espon-
tAnea para temperaturas menores que a temperatura critica 7., os condensados
$6 aparecem quando o acoplamento entre os férmions excede um valor citico G,.
A quebra explicita da simetria envolvida também tem o mesmo efeito nos dois
casos: suprimir a transicao de fase. No exemplo acima, quem quebra explicita-
mente a simetria de rotagao é um campo externo H. No modelo NJL: quem quebra
explicitamente a simetria quiral &€ uma massa de corrente para os {érmions.

A quebra dindmica de simetria que ocorre no modelo NJL também ocorre no
Modelo de Lipkin e no Modelo BCS, embora as simetrias quebradas e os sistemas
fisicos descritos sgjam diferentes. Y. Nambu foi o primeiro a perceber este cardter
universal da quebra dindmica de simetria {10].

Nas duas subsectes seguintes apresentarei aplicagoes de dlgebras deformadas
aos modelos de Lipkin, BCS e Nambu-jona-Lasinio.
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Sistemas fermidnicos: transigoes de fase em modelos soliveis

Apds as aplicacoes mencionadas na segao 4.3.1, em que o cardter de quase-spin
dos operadores fol explorado, era natural que se desse um passo adiante, passando
ao estudo da influéncia da g-deformagao quando o cardter fermidnico dos sistemas
fisicos fosse explicitado.

Galetti e Pimentel [11] haviam estudado anteriormente a influéncia da g-
deformacio no modelo de Lipkin® [12], deformando apenas os operadores de
quase-spin, sem levar em conta a estrutura fermidnica subjacente. A situagao
complica~-se muito quando se tenta tratar explicitamente os graus de liberdade
fermidnicos (ou bosdnicos} em sistemna de muitos corpos. Neste caso, as estranhas
caracteristicas da terra incognita mencionada pardgrafos atrds manifestam-se em
toda sua plenitude. Um dos problemas é que, mesmo no caso sem interacao, a
hamiltoniana ¢-deformada (no caso bosédnico [13] ou fermiénico [5]) deixa de ser
apenas a soma dos termos de particula independente, mas torna-se uma soma de
co-produtos, sendo essa construgao essencial para a preservagao da sumetria da
dlgebra quando ela for deformada.

Para aprecilarmos o que ocorre, o caso bosdnico é mais adequado pela sua
malor simplicidade. O quadro abaixo compara ambas as situagdes, deformada e
nao deformada, no caso de apenas dois osciladores:

usual g—deformada

dlny=vanFijn+1l) — aln)= \/[n- + 1), Jn+ 1)

alny = /aln—1) ~ aln) =/l In+1)

Nin) = |n) — Nin}=mnln)
la;,al] =1 —  aal —gala; = g™
H:h-l‘*‘hg — H:I".Il—FHQ
o sinh {£4 (hy + ha))
2sinh {v/2)

onde, N; = ala; , hy = N, +2eH =4 {[h+ %}q—(— [hi—3]e); 4 = 1,2. Passando ao
largo da obtencao da hamiltoniana de Lipkin ¢g-deformada no nivel ferménico, por

ser muito técnica, abaixo sdo comparadas as situacoes nio deformada e deformada
no caso do modelo de Lipkin [3]

<3 N N N . . - - a1, .

“Que pertence & classe dos modelos soliveis a que me referi na secao 4.2; sua hamiltoniana
pode ser escrita em termos de operadores de quase-spin e uma de suas caracteristicas mais
interessantes ¢ a de apresentar uma transicao de fase de segunda ordem.
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usual g-deforinada

H=eSo+%(S2+82) — H= Zfé?ie{f{'l sinh(2958) + % [(S1)° + (52)7]
2

onde Sy, Sy, S_ (S8, S%, 57} sdo os operadores de quase-spin usuais {g-deformados).
Veé-se que os efeitos da g-deformacgao manifestam-se também no prdprio campo
médio; este comportamento nao aparece quando se deforma o modelo de Lipkin
apenas no nivel dos operadores de quase-spin [11].

Usando a hamiltoniana de Lipkin g-deformada, o comportamento da transigao
de fase foi estudado; como um resultado marcante, verificamos que o valor critico
da constante de acoplamento depende de ¢; ou seja, ela nao tem mals um cardter
universal, deixando de ser uma caracteristica da transigdo de fase, independente
do sistemna [35]. Os efeitos da inter-relagao entre a deformacao da dlgebra e a
ternperatura foram posteriormente analisados [6]; a temperatura critica mostrou
apresentar uma forte dependéncia com a deformagio da dlgebra, indicando uma
vez mais que conclusdes acerca do comportamento da transigao de fase tém que
ser tomadas com cuidado, se o conceito de dlgebras deformadas tem algum sentido
fisico.

Algebras deformadas em fisica de hdadrons

A referéncia [11] contém um resultado interessante: a supressao da transiao
de fase de segunda ordem com o aumento da g-deformagao. Isso apresenta algu-
ma semelhanca com o que ocorre no modelo de Nambu-Jona-Lasinio (NJL) [10]
quando & atribuida uma massa diferente de zero ao quark de corrente 4.

Essa similaridade chamou-me a atencio, mas nao me senti com forgas para
atacar imediatamente o caso NJL; parecen-me adequado proceder a um estudo
preliminar em uma situagio aparentemente mais controlavel. Dessa forma resolvi
abordar antes, e mais uma vez, o modelo BCS [7]

A deformacéo da hamiltoniana de emparelhamento para a obtengao da versao
g-deformada do BCS? foi feita no nivel fermiénico usando o esquema proposto

¥Vou continuar usando o mesmo jargdo gue virha empregando até agora: porém, na refer-
éncia {7] usou-se, de fato, um procedimento covariante com relagao a transformacgtes de grupo
especificadas, ao invés de uma generalizacio - Le. deformacio - das relagoes de comuracio que
definem a algebra. O que obtivemos fol uma versio g-covariante do BCS e nado uma Versao
g-deformada. Sob esse ponto de vista, o esquema adotado em [71 e que fol usado posteriormente
em 8] é mas geral.
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por Ubriaco [15]. H4 aqui uma inconsisténcia em relagéo aos trabalhos sumariza-
dos anteriormente, pois esse esquema de deformacao & distinto do utilizado no
modelo de Lipkin*. Sem divida, parte da responsabiblidade pela inconsisténcia
pode ser creditada ao autor, uma vez que ele pressurosamente usou o esquema
de deformacio que lhe pareceu malis conveniente, mas, sob uma perspectiva mais
geral, isto estd mais ligado &4 néo univocidade de procedimentos para efetuar a
g-deformacao e que foi aludida brevemente no inicio desta secao.

Utilizando entao o esquema de Ubriaco, que estudou as propriedades fermodi-
némicas de um sistema fermionico deformado com dois apenas sabores, pudemos
obter as seguintes correspondéncias:

BCS usual BCS g-deformado
1BCSY = ] by +vsehpcl ] 100 — 1BCS), = [] [ud+2iCL,Cl110),
im>0 Jm>0
b
Cim —  Cjm = Cjm H (+{g - 1)C}L‘icﬁ)
i=m-+1
: j x
Cim —  Cl.d. H (1+(g7! = Dejyes)
i=m-+1

O vécuo [0}, &, a menos de uma constante, idéntico ao vacuo usual. Os resultados
obtidos na referéncia [7] mostram que o gap deformado (de fato, gap quinti-
co, como o denominamos) depende explicitamente do pardmetro de deformacao,
diminuindo & medida que a deformacao cresce e que o sistema colapsa no seu
estado fundamental quando g vai a zero (i.e. o gap val a infinito, impossibilitando
excitagbes do sistema).

Um esquema semelhante fol utilizado no modelo de Nambu-Jona-Lasinio. Neste
modelo, fermions sem massa sfo descritos por uma lagrangiana invariante por
simetria quiral. O modelo NJL é muito 4til para estudar a quebra da simetria
quiral e a geracac de uma massa dindmica para os quarks com o aparecimento dos
condensados. Formalizando um pouco o que foi mencionado sobre esse modelo,
sua lagrangiana é dada por

JCNJL . Zf"’\#a,u?-' + Lipe + l L mass s (43:}
onde \ B
Lo = G| (B2)" + (@insro)]. (4.4)

“Nao creio que seja possivel reduzir um no outro.
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Lnir é invariante por simetria quiral, desde que o termo adicional Lpess =
—My (?,bv,b}, que aparece dentro da moldura, seja zero. Assumindo m, = 0, Le.
férmions com massa de corrente nula, temos solucdes nao triviais para a equagao
de gap

2G'm / A p* —
m = —0 dp———== = —2G <¥¢¥ >, 4.5
quando G > Gergico- A inclusdo de my, # 0, que corresponde & quebra explicita
da simetria quiral, alisa a transicao de fase.
Estendendo os procedimentos descritos em [7] a este sistema, obteve-se

A
2Gm ( Q) / p’ Q / A P’
m o= 1—-= dp—mmme— 4 — dp——— (4.6)
7|"2 2 A 1/p2+m2 2 0 p2+m2

que é a equacao de gap deformada; @ = ¢~' — 1.

Tentando sumarizar os resultados obtidos, estudamos a deformagao da dlgebra
do modelo de NJL no caso de apenas dois sabores e investigamos a geragao de
massa dindmica. O efeito principal da deformacdo é o de aumentar de modo
efetivo a constante de acoplamento da interagio de quatro férmions do modelo de
NJL.Contrariamente &s nossas expectativas inicials, a transi¢do de fase ainda era

aguda na regiao em torno do ponto critico.

4.4, Sumadrio

Vou fazer um breve sumdrio deste capitulo; como em [4] as conclusoes serao
divididas em gerais e especificas.

Quanto as conclusdes gerais, creio que a g-deformacéo pode trazer & luz al-
gum tipo de fisica diferente; em particular, os resultados que estzo sendo obtidos
com o modelo NJL? sugeremn que as dlgebras deformadas sao candidatas em po-
tencial para gerar um esquema que englobe tanto a guebra espontédnea quanto
a quebra explicita de simetria, gerando tanto massa dinfmica quanto massa de
corrente. Em alguns sistemas simples é possfvel atribuir um significado fisico para
o pardmetro de deformacdo, como por exemplo no caso da descri¢ao da rotagao
de niicleos ou moléculas; entretanto, parece ser impossivel atribuir um sentido
Unico a esse pardmetro . A riqueza estrutural dessas dlgebras, por outro lado,
permite que se busque aquela adequada as peculiaridades de um dado sistema fisi-
co. Adicionalmente, a g-deformacao permite incorporar efetiva e elegantemente a
interacao residual entre os constituentes do sistema.

SEstamos concluindo um traball.o onde. ao invés de deformar o condensade, como fizemos
em [8], a deformacio ¢ leita diretamente na Hamiltoniana.
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Apresentando agora as conclusoes particulares, sistemas de muitos corpos ex-
igem que se efetue a deformacio ja no nivel bosdnico ou fermidnico, pois a g-
deformacéo d4 origem a um campo médio que depende de g. Nos fendmenos
envolvendo transigdes de fase, hd que agir com cuidado, pois o valor critico da
constante de acoplamento néo tem mais um cardter universal como um indicador,
independente do sistema, da ocorréncia da transigao de fase; a inclusao da tempe-
ratura nao altera este comportamento geral. Nossa abordagem ao modelo de NJL
g-deformado mostrou malis uma vez que os efeitos da deformagao incrementam as
correlacdes no sistema levando, neste caso, a um aumento do valor do condensado.



BIBLIOGRAFIA

'1] S. Iwao, Prog. Theor. Phys. 83, 363 (1990).

(2] D. Bonatsos, E.N. Argyres, S.B. Drenska, P.P. Raychev, R.P. Roussev, and
Yu.F. Smirnov, Phys. Lett. B251 (1990) 477.

[3] S. S. Sharma, Phys. Rev. C46 (1992) 904.

[4] D. Galetti, J.T. Lunardi, B.M. Pimentel, and C.L. Lima, “Q-deformed al-
gebras in many-body physics™ publicado nos Anais do “Theoretical Physics
Simposium” realizado em comemoragéo aos 70 anos do Prof. Paulo Leal Fer-
reira, Eds. V.C. Aguilera-Navarro, 1. Galetti, B.M. Pimentel e L. Tomio,
(IFT, Sao Paulo, Brasil, 1995). {Em anexo)

[5] S.S. Avancini, A. Eiras, D. Galetti, B.M. Pimentel, and C.L. Lima, J. Phys.
A28 (1995) 4915. (Em anexo)

(6] D. Galetti, J.T. Lunardi, B.M. Pimentel, and C.L. Lima, Physica A 242
(1997) 501. (Em anexo)

7] L. Tripodi and C.L. Lima, Phys. Lett B412 (1997) 7. (Em anexo)
&) V.S. Timéteo and C.L. Lima, Phys. Lett. B448 (1999) 1. (Em anexo)
[9] R.H. Capps, Prog. Theor. Phys. 91, {1994) 835.
10} Y. Nambu and G. Jona-Lasinio, Phys. Rev. 122 (1961) 345.
[11] D. Galetti and B.M. Pimentel, Ann. Acad. Bras. Cien. 64 {1994} L.
[12] H.J. Lipkin, N. Meshkov, and A.J. Glick, Nucl. Phys. 62 (1965) 132.
13] E.G. Floratos, J. Phys. A 24 4739 (1990).
(14] U. Vogl and W. Weise, Prog. Part. Nucl. Phys. 27 (1991) 195.

[15] M. R. Ubriaco, Phys. Lett. A219 (1996} 205.

38



5. Comentarios finais

Algumas palavras, fruto de uma andlise retrospectiva do texto, talvez calam
bem. Esta revisao ficou longa, maior do que eu havia planejado, mesmo tendo eu
tentado apresentar pouquissimos detalhes técnicos e concentrado a discussao nos
aspectos mais gerais.

Ela resultou também nao uniforme. O capitulo 2 ficou maior e com um estilo
distinto dos demais; nele, a énfase foi colocada na descricao da fisica dos mode-
los que foram utilizados na interpretacao dos resultados experimentais obtidos;
nele, praticamente nao estao expressas as perplexidades, os desvios e os proble-
mas que, de quando em vez, afloram nos outros capitulos. Pensei em redigi-io
novamente mas logo constatel que talvez nao fosse possivel e, quigd, nem mesmo
correto. Ocorre que assim escrito ele espelha melhor a realidade; nos problemas
de pesquisa relatados nos demais capitulos, os graus de liberdade que eu dispunha
eram malores; os problemas estavam em aberto e, de certa forma, eu podia arbi-
trar para onde eles iriam (embora temo que, &s vezes, o problema tenha criado
vida prépria e decidido qual caminho tomar); meu controle era aparentemente
mailor. No caso do capitulo 2, centrado na minha colaboracio com o Grupo
do Laboratério Pelletron, os problemas jd estavam prontos: os dados existentes
eram os que haviam sido tomados, os nicleos estudados eram os possiveis e con-
seqlientemente a minha margem pessoal de manobra muito menor. Tivesse sido
outra a minha atuagao, qual seja, a de buscar desenvolver novos modelos para esse
tipo de fisica, outra teria sido a situagao; ocorre porém que o nivel de sofisticacao
que 0s meus colegas experimentals dessa drea tém, supera de muito os modelos
rudimentares que, pelo menos num primeiro momento, eu talvez fosse capaz de
propor. H4 nessa drea, na minha opinido, um descompassso entre a qualidade do
que se pode medir e do que se consegue calcular {mantenho essa frase, mesmo
sabendo da competéncia dos colegas tedricos que trabalham nesse assunto e da
excepcional qualidade de alguns cédlculos existentes no mercado).

Os demais capitulos relatam tentativas de fazer fisica com um grau menor
de sofisticagao técnica mas com alguma engenhosidade, tentando aplicar idéias
simples em situacoes novas. ‘

Olhando em retrospecto, trabalhei em assuntos bastante distintos nos tltimos
anos e talvez tivesse produzido mais (pelo menos em quantidade) se houvesse
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me concentrado em um dnico assunto. Pessoalmente porém, crelo o modo como
proced: fol mais divertido e deu-me maior prazer. FEntendo ser isso o que vale.
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Abstract

A svstematic analvsis of roiational bands in doubly odd nuclei in the mass region 4 =
130-140 is carried out using a shell modet configuration mixing approach. The shell modet
(many-body) basis is constructed by projecting out deformed quasipanicle (Nilsson +
BCS) siates onto good angular momenta, The hamiltonian is assumed to be a sum of
{spherical) single-particte hamiltonian and a schematic two-body interaction. which consisis
of -0 + (monopoie} pairing + quadrupole-pairing forces. The analysis indicates a shape
transition from prolale {¥N = 73) to oblate (N = 79) shape as a function of neutron
number. Agreement between theoretical results and experimental daia is quite satisfactory
except for y-deformed nuciet (N = 73 and 77).

1. Introduction

In recent years there has been a veritable avalanche of publications about high spin
states in doubly odd nuciei in the 130 mass region {1]. This surge of interest is mainly due
to a rather special characteristic of these nuclei. namely. the Fermi ievels for neutrons and
protons lie at the top and bottom of the intruder subshell b;, 1. respectively. resulting in
semidecoupled bards in these odd-odd nuclel, characterized by small siaggering. Experi-
mentally, strong bands with the above properties have been observed in this mass region
and the whyy;» ® vh, 2 configuration was therefore atiributed 10 them. Leander et al. [2]
suggested that the effect of this configuration is 1o produce shape-driving forces on the
nuclear core which, in the case of protons. tend 1o drive the nuclei toward profate shapes
with y = 0°. while for the neutron they tend to drive the nuclei 1oward oblaleness with
¥ = —60° (in the Lund convention). In the odd-odd nuclei the driving forces, produced
by the valence nucleons, compete between themselves, which mav lead to triaxial shapes.

! Permanent address: Physics Depariment. Technische Universitit Miinchen. W-8046 Garching,
Germany.
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Most of the experimental data in this region was interpreted within the framework of the
cranked sheil mode! (CSM}. Total routhian calculations show an overall result of prolate
shapes with smal! triaxiality (—=10° < y < 2°).

In this paper we present calculations using a model based on a microscopic hamiltonian
with schematic forces and projection onto a good angular momentum [3], applied to
the 130 mass region, focussing on the experimental results obtained in the Pelletron
Laboratory. These calculations show a definite shape transition, from prolate to oblate,
as a function of increasing neutron number. This effect was not evidenced by the CSM
analysis.

In sect. 2 we review a sheil mode! theory based on the projected shell model {(PSM), 1n
sect. 3 the numerical results are presented and a comparison with the experimental data
is discussed. Concluding remarks follow in sect. 4.

2. Summary of the theory

The hamiltonian emploved in the present work is

ﬁ:ﬁ—%){Zé:@p—G;;fﬁTﬁ—GQZp;?#, (1)
K H

composed of the single-particle spherical shell model hamiltonian (E), the @ - Q MONo-
pole- and guadrupole-pairing forces.

The strength of the @ : Q interaction (y) is adjusted in such a way that the known
quadrupole deformation parameter [4] can be obiained as a result of the Hartree-Fock—
Bogolyubov self-consistent procedure. The pairing force constant Gy was adjusted to give
the known energy gap and G was taken to be proportional to Gis. with a proportionality
constant (.20 for all nuclei in this mass region (4 = 130). which corresponds 1o the best
fits. Smaller values of G result in a much larger staggering than experimentally observed,
and in a significant decrease in the absolute values of the energy levels. Similar effects
have been seen in (i) odd rare-earth nuclei where it has been shown that the guadrupole
pairing force attenuates the strength of the Coriolis force [3}; (ii) in even—even nuciel
the same force is also responsible for reproducing the correct band crossing [6].

A characteristic feature of the theory is the sheil model in a broader sense. which ailows
a choice of the many-body basis, according to the physical imporiance of the states. We
select a basis that contains only those states which are essential to the physics we want
to describe (e.g. low energies or moderate spins). Thus. the configuration space in which
the hamiitonian is to be diagonalized is small in comparison to the standard shell model.
This makes not oniy numerical calculations feasible but also facilitates the interpretation
of the results even for heavy nuclel, We stress here that this approach is a fully quan-
tum mechanical theory in which the eigenvalues and eigenstaies of the hamiltonian are
computed in a truncated basis. The main difference between this approach and the usual
shell model 15 that the truncation is done in 2 physically motivated way.

Before constructing the shell model basis appropriate for the diagonatizalion. we must
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establish the quasi-particle basis. This is done by using the BCS representation buiit
upon a Niisson single-particle basts fixed by the deformation parameter of the nucieus in
question. The deformed quasi-particie basis is advantageous over the usual spherical basis
because the main part of the correlations on the average is taken already 1RO account.

The many-body states are classified by the number of quasi-particles (0, 2, 4, ...
for even or 1, 3, 5, ... for odd sysiems), which will define a natural hierarchy of the
configuration. However, some symmetries of the original system such as the rotational and
gauge invariances are violated (the angular momentum and particie number, respectively,
are no longer good quantum numbers). Fortunately, states with good angular momentum
can be restored with the help of projection operators, while the particle number is restored
on the average by a Lagrange multiplier, as is usually done in BCS theory.

The angular momentum projection operator is given explicitly by the expression

- 27+ 1 P
By = T:““f 40 R(2) Dl (), )

where R (£2) is the rotation operator, f)if « (£2) the D-function (irreducible representation
of the rotation group) and £ the Euler angle. It commutes with all scalar operators (e.g.
hamiitonian) and has the following property:

Plg = Phlig = PhauPhx01s0mn . (3

Thus, for a quasi-particle state |¢;) we generaze the corresponding state having a good
angular mommentum I by Plygide) = |¥i%). In this way we construct the new shell model
basis in which the hamiltonian is diagonalized.

It is therefore guite easy 10 select physically important configurations to be used as
a basis of the shell model calculations. There are some advantages in this approach in
comparison to the usual spherical shell model. In the first place the vector addition of
angular momenta, an awkward procedure in the usual shell model. is done automatically
by the projector irrespective of the number of quasi-particles involved. Secondly, pro-
jected states constructed by using few quasi-particles span already a reasonably large sheil
model basis because of the above mentioned hierarchy of the quasi-particle states while,
in the nsual shell model. ali possible configurations that result from the active nucleon
degrees of freedom {no hierarchy known for deformed sysiems) have to be taken into
account.

The shell model basis taken in the present work 1s as follows:
Plexldn) ()

where jg; represents one of the following quasi-particle states:
a; ay ). (3)

Here, a7 {a) is the neutron (proton) quasi-particle creation operator. constructed in
the Nilsson + BCS representauon. and {0) is the guasi-particle vacuum state. The neutron
(proton) single-particle basis extends over three major shells N = 3,4.5.
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TABLE 1
Parameters used in the PSM maodel calculaiions

Nuclet Ggp 4o (MeV)  dp (MeV) €2

1301z 0.2¢ 1.01 0.93 4+0.22
13212 020 0.96 0.4 +0.20
1341, 0.20 0.96 0.96 +0.18
36pr  0.20 0.95 0.97 +0.18

0.96 1.03 ~(18
138pr  0.20 0.86 1.04 +0.16

0.70 1.06 —0.16

The space spanned by basis (4) contains too many unimportant states if we let the
{abels (v’s and 7’s) fun OVeT all active Nilsson staies since most of them have very large
excitation energies. 50, W take only those which are close to the neutron and proton
Fermi level.

An eigenstate of the hamiltonian in 1his basis is expanded as joliows:

why = S fiPaxlon) (6)
k
The eigenvalue equation (for a given spin [ ) then takes the form
S (Hiw = ENu ) foe = 0, (7)
ki
where
Heo = (oxlHPkgeionys N = (on Pharldne) - (8)

The rotational energy of a band k, before diagonalization. is defined by

QAP 6 Hix
gl = o llon 9)
(ox i PhxlOx) kk

Tt represents the expectation value of the hamiltonian with respectoa projected guasi-
particle state k. A diagram 1n which rotational energies of various bands are plotted as

functions of spin [ will be referred 10 as 2 band diagram.

3. Application to the A =~ 130 mass region

We have performed exiensive calculations with the above mentioned model (PSM)
for a number of doubly odd and odd mass nuclel in the mass region A = 130, with an
emphasis on the experimental results of 130.321341 5 [7.8.1] and 136138 pr [1,9] obtained
at the Pelleiron Laboralory. Liniversiiy of S&0 Paulo.

The parameiers used in these calculations (see Table 1) were adjusted 10 this light
rare-earth mass region. and the single particle basis inciuded three major shells N = 3.4
and 5 for protons and NEULrons. The best value for Go was found 1o be 0.20. The Fermi



M.A. Rizzuuo et al. / Shape ransition 5514

0.8
130
La ;
0.6 + e v Theory . A 1
_Exp. Ref. 7 4 -
A AExp Ref 11 A - A
. A .
% 04 * et - ]
E . - " B F Y hll
Q 'y -
= A
== A
= 02r -
=
A
0.0+ i : - 4
-0.2 | - - : : : - - -
5 6 7 8 g 10 1t 12 13 14 15 18 17 18 19 20

Spin
Fig. 1. Companson of the theoretical calculations {(asterisk) for the 35 band of 1¥Lz with the
experimential poinis from ref. [7] {open wriangle) and ref. [11] {full triangle}.

ievel was adjusted to the number of protons and neutrons in each nucteus and the value of
the gap parameter was taken 1o be approximately 1.0 MeV, The best agreement with the
experimental data for the guadrupole deformation parameter ¢- was obtained with the
values taken from the sysiematics of the region [1]. while the hexadecapole deformation
parameter was set equal 0 zero.

In the following discussion. the results of the calculations are subdivided into three
groups according 1o the deformanon of the nucleus.

3N T3

The nucleus '*La was studied extensively [7.10,11] in several laboratories. The calcu-
tations for a band in which the odd particies occupy AN, = 5Sand A, = 3shells (henceforth
calied 55 band) for %La (e» = +0.22) are presented in Fig. 1. together with the exper-
imentai data from refs. [7.11]. where the nh,;,» ® ~hy,,» configuration was assigned to
the vrast band. Very good agreement was obtained between the Pelletron data {7] and
the theory, reproducing ihe observed staggenng and confirming the attribution of spin
&7 to the bandhead. It is 10 be emphasized that the Pelletron {7]. Stony Brook {10] and
Liverpool data {1}] are essentially the same concerning transition energies of the two
bands. The main difference between the Liverpool resulis and the other two appears in
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Fig. 2. Band diagram for the 55 configuration of '3La. The yrast band is shown with full ine in order
10 emphasize the staggering at higher spins. All the projection assignments and the corresponding
K values belong 10 the vh;y;2 @ zhyy 2 configuration, except for K = | which is v{3,2 @ whyy 2.

the spin assignments.

An analysis of the corresponding band diagram for each nucleus is usefu] in order
10 investigate the configuration of the band. Rotational band energies versus spin, for
the most relevant A values of the 55 band in '*°La are plotted in Fig. 2. The thick line
represents the yrast energies after diagonalization, while the other curves represent some
of the principai rotauenal bands before diagonalization for different A values (K =
K.+ K, ). The lower lving curves (circles and diamonds) show a smooth behaviour and
correspond 1o large X wvalues, whereas if K 15 small and either or both K, and K. are %
or % 2 zig-zag-like behaviour is observed, which is equivalent. in the Bohr model, 1o the
decoupling effect and is responsible for the staggering in the yrast band.

The configuration of the above band is not a simple one. The lowest Iving energy of the
yrast band (Fig. 2) corresponds 1o the bandhead spin 87, with 2 mixed configuration of
several states. the most important being vhy1 2 (3)@7hi,2(2) and vh 2 (2 @7hne(3).
K = -5 and 7. respectively. At higher spins the bands A = 3 and 4 {(configurations
vhiya(3)@mhyya(d) and vhy 2 (3) @ thy2(3)) cross the K = 7 band. becoming thus
more important and responsible for the small staggering that appears in the yrast band.
The K = 1. vfi2(3)®@ahy, 2 (4) configuration. with  small zig-zag of an opposite phase,
has no overall effect on the yrast curve. It should be remembered that the A assigned 10
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Fig. 3. Same as Fig. | for the 45 band.

each band is not a quantum number in the strict sense. In fact, after diagonalization, all
K’'s are mixed. X is not even an asymptotic quantum number; it simply characterizes the
1ntrinsic states.

In a similar way, the bands 54. 45 and 44 were calculated for the above nucieus. The
results for the 45 band in '**La are shown in Fig. 3. The general tendency of the experi-
mental results is well reproduced. although in absolute terms the agreement is not as good
as in the 35 band. Again, one can see that the spin assignment of the Pelletron data [7]
agrees betler than that of the Liverpool dawa [11]. In the above 45 band the experimental
data reveal no significant staggering. indicating that small K. . components do not con-
tribute considerably to the final result. which is confirmed by the theoretical calcuiations,
An examination of the corresponding band diagram shows that the structure of this band
consists mainly of vg7,2(3) ® why1;2{3) and vgs» (3) ® mhyy2{d) configurations. The
54 and 44 bands have shown no similarity whatsoever to the experimental data and were
therefore discarded as candidates for the configuration of the observed bands.

A similar agreement between theory and experiment is shown in Fig. 4 for 1321 4 [8]
(€2 = +0.20). although lack of experimenizl data for higher spins makes the comparison
less significant. Similarly no theoretical fit was possible for the second band. due 10 an
even smaller number of experimental points at higher spins.

The same caiculations were also performed for other nuclel. namely for *%La (&7 =
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Fig. 4. Comparison of the theoretical calculations (asterisk) for the 35 band of '¥2La with the

experimental points from ref. [§] (open triangle}.

+0.24) [11], P0132pr (¢2 = +0.24 and 0.22 respectively) [12.13] and very similar
results to 301 a were obtained for the 55 and 43 bands. In '**Pr (2 = +0.20) {14] the 55
band shows an analogous agreement with the data. whereas no agreement was possible for
the second band. This mav be explained by the fact that the band under consideration was
observed only above the backbend. with an attributed four guasi-particle configuration.
whiie the basis used in the present caicuiations consists of two quasi-particles.

32 N=T79

The data of the most recently siudied nucieus '**Pr [9]. consists essentially of three
bands. The theoretical analysis of the yrast band {attributed configuration vhyy €
mhy ). showed equally good agreement for both posiiive and negative values of the
deformation parameter (¢: = 0.16). see Fig. 5. This can be understood in terms of the
unique behaviour of the hy;,» intruder Nilsson subshell and by the location of the Fermi
levels for this nucleus. The hy, 2 levels are symmetric with respect 10 zero deformation,
while the neutron and proton Fermi levels are situated at the very top and bottom of the
above subshell. The oblate deformation was chosen for the 55 band (see the discussion
betow). The corresponding band diagram {Fig, 6) indicates that. at low spins. the sig-
nificant configurations are vhyyy2(3) & 7hy(5) and vhyp(3) 2 mhyy-212) with the
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Fig. 5. Theoretical caiculations for the 35 band of **¥Pr for objate deformation €2 = —0.16 (cross)
and prolate deformation €2 = 0.16 {plus) as compared to experimental points from ref, {91 (open
triangle).

bandhead spin of 87, in agreement with ref. [9]. At higher spins the vh, 112{4)®@xh, 1/2( %)
configuration predominates, producing staggering in the yrast curve. Unfortunately the
experimental daza SIOpS at spin 14 and just Indicates the predicted Staggering,.

Based on the systematics of odd-4 neighbouring nucle; [15-17] an obiate deformation
was assumed for the second doubly decoupled band in B6py [9} . withavh,,»on [411] é *
configuration. The best agreement between theory and experimental data was obtained
with ¢, = (.16 for the 54 band (Fig. 7). It means that both positive {55) and negative
(54) parity bands can be described consistently by assuming an oblate shape. A few of
the most characteristic rotational bands (54) are displaved in the band diagram of Fig. §,
emphasizing the zig-zag behaviour of the low X bands. No high X bands were obiained
thus confirming the assignment of the above configuration. For the odd isotones, the
theory reproduces well the experimental data for oblate deformations: however, for the
neighbouring isctope P7pr [18] the agreement was equally good for oblate and profate
deformations. Thus on the basis of the above anaiysis we are therefore confident that the
¥ Pr nucleus is oblate.

It should be ohserved that for this doubly decoupled band. shown in Fig. 7. this mode!
predicts completely degenerate levels for the favoured ang unfavoured signatures. The
knowiledge of theoretical electromagnetic iransition probabilities as compared with the
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Fig. 8. Same as Fig. 6 for the 34 band. All the projection assignments and the corresponding K
values belong 10 the vy 2 ® 780 configuration.

way of interpreiing quantum mechanical results using classical terminology is discussed
in ref. [3].

The negative parity band (54) of **Pr is an interesting example of the application of
the PSM to this mass region. Calculations with prolate shapes give specira which have
no similarity to the observed level scheme. while those with oblate shapes (the best one
being €2 = —0.16) predict that the pairs of states (87, 97), (107, 117}, (127, 137).
etc. are nearly degenerate, Experimentally. there is a Al = 2 sequence consisting of
stretched E2 transitions. Although it has been assigned [91 the spins 97. 117, 137, 1t
may very well be the other sequence {8, 107, 127). We shali eveniually attempt 10
identify experimentally which is the correct sequence. How to measure the missing {1.e.
undetected ) partner states poses an interesuing technical question. On the other hand. the
theory shows that the positive parity band (35} of 1383p 1 can be well described by assuming
either a prolate or oblate shape. This is due 10 a unique shell filling of the last neutren and
proton in this particular nucleus in which neatron and proton states interchange their
role (high 2 versus low & Nilsson levels) when the sign of the deformation parameter is
changed. In view of the negative parity band {(34). however. we may exclude the prolate
deformation so that both positive and negative parity bands are described consistently
using the same deformation parameter. Therefore. we suggest that this nucleus should
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Fig. 9. Theorezical calculations for the 55 band of 136 pr for oblate deformation e; = —0.18 {cross)
and prolate deformation e; = 0.18 {plus) as compared 10 experimental poinis from ref. [1] (open
triangle).

have an oblate shape.

The lighter nuclei in the mass region {4 ~= 130} can be well described by assuming
prolate shapes while the theory fails 10 describe the specira of nuclei lving somewhere
between prolaie and oblate ones, We have attributed this to the occurrence of permanent
y-deformation. as seen in Fig. 10. Unfortunately. our present compuier code assumes
axial symmetry so that we cannoi investigate ihese (presumably y-deformed) nuclei
guantitatively. We shall eventually remove this restriction and extend the program to
include triaxiality in the near future.

The yrast band (for each parity) obiained by the theory shows a rather broad plateau
{degeneracy} of states around the bandhead as one can see from the band diagrams. This
is due 10 our schematic interaction which contains no neutron-proton {particle-particle-
type) force. An attempt to discover whether or not this is indeed the case in nature will
provide us with useful information about the interaction between the neutron and the
proton. A carefut experimental investigation around the bandhead is therefore very im-
poriant in this connection. Generally speaking. there is no reason to believe that such
a force is untmportant. In spite of the overall good agreement berween experiment and
theory. the experimental staggering at lower spins 1s 1ot reproduced in these calculations.
Another aspect 10 be mentioned is that the theoretical level spacings just above the band-
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Fig. 10. Summary of the PSM model calcntations emphasizing the shape transition as a function
of the neutron number.

head are usually smaller than the observed ones. This may either indicate the presence
of a neutron-proton interaction or reflect simply the effect of the non-conservation of
particle number, inherent to the BCS approximation. In the latter case, we have to project
cut the sheil model basis onto a good particle number in addition to the angular momen-
tum. Our program was recently extended for this purpose and we are now in a position
10 inrvestigate the above possibility. We will clarify this problem in & future publication.
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The ™ Ag nucieus has been studied by in-beam 4 spectroscopy with the heavy-ion fusion-
evaporation reaction °°Mo(!*B,3ny) at 39 MeV. Excitation functions, y-y-t coincidences, angular
distributions, and DCOQ ratios were measured. A level scheme has been constructed and various
bands have been identified with characteristics similar to those in other 4 = 100 nuclei. Total
Routhian surface caleulations predict prolate axially symmetric shapes with collective and noncol-
lective character and satisfactorily account for most of the experimental results.

PACS number(s): 21.10.Re, 23.20.Lv, 27.60.4+j

I, INTRODUCTION

In recent years, the influence of the high-j intruder or-
bits on the deformation of y-soft nuclei has been studied
in various rmass regions such as 4 = 100, 130, 150, and
190. In each of these regions the Fermi levels for the
protons and the neutrons are in different parts of an in-
truder subshell. In odd-odd nuclei, this leads in general
to conflicting tendencies of the proton and neutron in-
truder quasiparticles, one of these being coupled mainly
to the rotational axis and the other to the deformation
axis. Several interesting phenomena have emerged in this
context, such as triaxiality, shape transitions, shape coex-
istence, oblate bands, etc. The phenomenon of signature
inversion, first observed in 4 = 150 odd nuclei at high
gpin, is also seen in odd-odd nuclei at relatively low spins
and, despite several attempts, has not been fully under-
stood {1}. In the 4 =y 100 odd-odd nuclei, the active
intruder orbits are near the top of the mgg 73 and the bot-
tom of the 2hy, /5 subshells. The former orbits are oblate
driving, while the latter are strongly prolate driving and
favor increased elongations.

In this paper we present an investigation of ¥%Ag

w o v-ion induced reaction. Varions bands were
Q<. :izin resemble previously observed structures
in peighboring odd-odd Ag isotopes. In particular, the
Tgg/2 ® Vhyy e band, which has been systematically seen
in the 15104108 A0 [9.4] and the corresponding Rh iso-
tones [Sl and also in the present work in *®*Ag. In
both ®°Ag and '8Ag the (I* = 1*) ground state
and the (I™ = 67) isomeric states have been assigned
Tgo 2 @ Vg, configuration. Similar bandlike structures
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(based on this 67 state) were observed in both nuclei.
Another band resembles the 7(p; /2, f5/2} bands seen in
odd-A Ag isotopes [6,7] and thus has been tentatively
assigned thE 71'(}?1/2, fs/g) ® Vhlllz conﬁgu.ration. Tota.l
Routhian surface (TRS) calculations of the Strutinsky
type with a cranked Woods-Saxon potential with pair-
ing were performed and indicate a stabilization of the
guadrupole deformation around 8; = 0.16, v = 0° (pro-
late collective) for all configurations containing at least
one hyy /3 quasinentron excitation. For the wgg/; @ vdy /2
configuration an equilibrium deformation around f#; =
0.1, ¥ = —120° (prolate, noncollective) is predicted and
can probably be associated with the 61 isomer bandhead.
In addition a structure was observed with characteristics
of high-K bands (probably K = 8).

IL. EXPERIMENTAYL PROCEDURE

High-spin states in %Az were populated by the
190Mo(**B,3n7) reaction. The beam was provided by the
Pelletron Accelerator of the University of S3o Paulo. The
target used was a ~ 20 mg/cm? metallic self-supporting
foil of enriched 1°%Mo.

The «v-ray measurements included excitation functions,
angular distributions, and -+ coincidences and were ob-
tained with HPQGe detectors having ~ 20% efficiencies
and energy resolutions of 2.1-2.4 keV at 1332 keV. The
excitation functions were obtained by varying the beam
energy in steps of 5 MeV from 35 to 50 MeV. The peak
cross section of the desired (**B,3n) reaction is near the
Coulomb barrier (34 MeV) and substantial contribution
from the 4n channel was observed, which is in reason-
able agreement with the statistical model calculations
(PACE). A beam energy of 39 MeV was chosen for the
other measurements. This energy was the best compro-
mise between the enhancement of population of high-spin
states and the competition from the 4n channel. The 4n
channel (**"Ag) has a well-established decay scheme [6,4},
permitiing the identification of its + rays. Other very
weak chanrels such as 2no and 4np were also observed.
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The coincidence data were obtained with two BGO
Compton suppressed HPGe detectors placed at 4:50° and
two HPGe detectors at :£140° to the beam direction. At
least one of a set of ome 4 in. X 4 in. NaI{Tl} and
seven 3 in. x 3 in. detectors placed, respectively, above
and below the target, was required to trigger for an ac-
cepted -+ coincidence event. The angular distribution
dafa were taken using a Compton suppressed HPGe de-
tector positioned at four angles varying from 0° to +90°

TABLE 1.
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and a second HPGe detector at —90° was used as a mon-
itor. Due to the complexity of the singles specira, it was
possible to obtain reliable angular distributions only for
the strong M1 transitions of the yrast band.

The total pumber of -y coincidence events was about
7 % 107 and the data were gain matched and sorted into
two-dimensional arrays. A symmetrized E, x E; ma-
trix was constructed and the analysis of the data was
performed using PANORAMIX {8] and vAXPAK 9} codes.

Energies, spin assignments, relative intensities, and DCOQ ratios for the +y-ray transitions in the ’

1000 o(1B,3n )} % Ag reaction at 39 MeV. The ~-ray energies are accurate to = 0.3 keV. E: and Ey are the energies of the

initial and fnal states corresponding to each transition.

E, B; Ey IFr - I3 I, DCOQ ratio E, E: E; IF= I3 I, DCOQ ratio
fkeV] [keV] [keV} [keV] [keV] [keV]

35.3 533.8 4985 (87 )—(77) 10.0(20) 506.7 1942.4 1435.7 (127) — (117) 41.8 (3}  0.53 (8)
54.8 420.7 366.3 4.0(10) 532.6 40921 3559.5 (16™) — (15™) 6.4 (9)

58.5 498.5 4401 (7™)—=({67) 23.6(9) 537.4 2008.9 23711 {13%) — (111) 5.3 (%)

75.5 366.3 290.8 - 550.8 2994.0 2444.0 (147} > (137) 10.3(9)  0.65 (9}
75.5 290.8 215.0 557.0 1091.0 533.8 (10"} —(8™) 5.3 (8)

75.0 810.1 7353 (8%)— (77) 9.0{26) 570.8 14980.2 918.4 (§Y) = {(8%) 7.2(9)

103.1 523.8 420.7 104 (5) 0.96 (10) 564.6 3550.5 29948 (157) — (147) T7.0(®)  0.58 (14)
117.8 919.4 8020 {8D)—(77) 386{4) 0.62(14) 573.6 4178.7 3606.1 {167) = {187) 4.7 {9)

122.6 4985 376.2 (77) = (7F) 1.7 (4) 585.4 3494.7 28508.9 {15%) — (183%) 3.8 (®)

148.2 5239 376.1 (6T)— (7T} 41(5) 042{12) 595.1 2536.9 1942.4 (127) -+ (127) 6.0 (9)

153.% 687.7 533.8 {97)—(87) 81.5(8) 0.64 (9 623.7 7346 1109 (Tt} (6T) 57(9)

157.6 533.8 376.2 (87)—= (7T} 4.2(7) 688.2 1490.2 8020 (9"} (7Y) 6.3 (9

157.9 523.8 366.3 1.9 (4) 0.69 {14) 692.0 2064.1 1372.3 (10F) - ( 9%) 5.4 (9)

183.5 1674.2 1490.2 {107} — ( &) 1.5 {4) 697.0 23711 1674.2 {11%) — (10*) 3.2 (9)

2155 2150 0.0 3% — 1¥  7.3(5) 1.00 {18) 699.2 8101 110.9 (8%)~+ 6% 5.3(9)

233.3 2908.9 26755 (137} — (12%) 13.1 (6} 0.71 (6) 700.1 3872.7 3172.3 {161} — (147) 4.0 (9)

234.0 2536.9 2302.9 (127} — (117} 4.8 (6) 722.0 1098.2 376.2 (8%} (7)) 12.2 (13)

240.4 2808.8 26686 (137} — (22¥) 7.3 (3)  0.70 (10) T48.0 1435.6 687.4 (117)—({ 97) 15.4 {11) 0.90 {12)
249.2 2675.5 2426.8 (12%) — (11%) 4.0(6) 0.59 (17) 754.8 1674.2 918.4 {10%) — ( 8F) 37.7 {12) 1.08 (18)
2554 366.3 110.9 10.7{5) .61 (8) 818.0 4313.2 3484.7 (177) — (157) 3.4 (8)

261.8 2536.9 2275.1 (127) — {117) 3.0 (5) 851.2 1942.3 109C.8 {127) ~ (10™) 9.5 {11) 0.82 (17)
263.4 3172.3 2908.9 (14%) -~ (13%) 17.7(6) 0.69 (6) 880.9 2371.1 1480.2 (11%)-» ( 97) 5.0 (9)

265.3 376.2 1108 (7T)— 67 19.9(7) 0.83 (11) 895.3 2536.9 1641.7 (127) — {107} 5.2(9)

278.2 B802.0 523.8 [77)—(67) 4.8(5) 0.46 (16) 934.6 1669.9 7353 (97)— {TF) 4.4 (11)

304.5 2675.5 23711 (121) — (117} 4.2 (6) 936.6 2426.8 1490.2 (11F) =+ (9%} 4.2 (9)

310.7 2847.6 2536.9 (137)— (127) 6.3 (6)  0.57 {15) 954.0 1641.5 687.4 (107) = (97) 9.5(9) 0.73 (13)
322.4 3494.7 3172.3 (157) — (14%) 145 (7y 073 (9) 965.9 2064.1 1098.2 (10%) — ( 8%) 4.6 (9)

328.2 4401 1108 (67)— 67 100.0 (8) 0.84 () 977.2 1787.3 810.1 (107} (87) 6.7 (9)

340.5 3188.4 2847.6 (147) — (13™) 6.2(6)  0.83 (18) 987.0 10982 110.8 (8%)— 67 5.6 (12)

344.7 1435.7 1091.0 (117) — (107) 48.4 (9)  0.59 (9) 992.0 4179.7 3188.4 {167} — {147) 1.7(7)

359.1 7353 876.2 (TH)—~(7F) 59(7 994.4 2668.6 1674.2 (12%) — {107) 15.5 (12) 1.00 (18)
361.0 2302.9 18424 (117) - (127) 2.2 (8) 996.1 1372.3 376.2 (97) - (TY) 5.7 (12)

378.0 38727 3494.7 (161} — (157} 109 (5) 0.86 (20) 998.3 2371.6 1372.3 (117) = { %) 5.4 (10)

387.5 49885 1109 (77)—(6%) 10.5(7) 0.87 (10) 1001.3 2675.5 1674.2 (127) — (107F) 18.6 (11} 0.89 (18)
393.2 2536.9 2148.7 {127} -+ (117) 83 (7)  0.62 {14) 1008.5 2444.1 1435.6 (137) — (117) 11.0 (10} 0.93 (14)
3956 919.4 5238 (87} {67) 32.3(9) 0.91(14) 1041.0 2710.9 16869.9 (117) — (9%) 5.3 (12)

403.3 1091.0 687.7 (107)—{587) 72.7(8)  0.70 (9) 1052.5 2085.0 1942.3 (147) — (127} 7.0 (1)

4129 523.8 1108 (6%} — 67 16.4(8) 0.90 (12) 1052.8 2143.3 1090.8 (117} — (107} 2.5 (5}

4177 3606.1 3188.4 (157) ~» (147} 5.8 (6) 1096.8 4092.0 2895.0 (167} — (147) 3.0 (9)

425.8 802.0 376.2 (7TH)—=(7T) 7.2{7) 0.93{27) 1101.8 2536.6 1435.6 {127) — (117) 3.8(9)

434.3 8101 376.2 (8%)=(77) 13.0(9) 1108.0 1641.5 533.5 (107)—=(87) 3.0 (9)

440.5 4313.2 3872.7 (17F) -+ (167) 55 (7) 0.68 (17) 1115.2 3559.5 2444.1 (157) = (137) 4.7 (9)

496.5 3172.3 26755 (147) = (12%) 56 (9) 1117.3 2804.6 1787.3 {12%) — (16F) 4.3 (8)

301.6 2444.0 1942.4 (137) ~¥ (127) 15 (3) 0.62 (9) 1184.0 2275.1 1081.0 {117) = {16™) 4.8 (8)

502.0 2143.7 184L.7 (317) = (107} 8 (1} 0.58 (21)
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Backgreund subtracted gate spectra were generated, and
efficiency corrected relative intensities of the -y rays were
extracted. Typical examples of coincidence spectra are
shown in Fig. 1. The energy and efficiency calibration
for the spectra were made using 5*Eu and *®*Ba lines.
The intensities of v rays in Table I were extracted from
the vy-v coincidence data and represent the sum of the ef-
ficiency corrected areas of the transitions {placed in the
ievel scheme) in coincidence with each gate of energy E.,.

The multipolarities for most of the -« rays were ob-
tained applying the DCOQ method (directional correla-
tion from oriented states referred to guadrupole transi-
tions) [10]. An E,(450°) x E,{£140%) matrix was con-
structed to extract mmltipolarity information from the
two coincidence intensities Nyg(y — £50°,y3 — £140°)
and Noi{yg — £50°,v; — £340%). The DCOQ(v:,73)
ratios {33 /Ni3) corrected for relative efficiencies of de-
tectors at +£140° and £50° are referred to quadrupole
transition gate {3} and reflect the multipolarity and mix-
ing ratio of /3. The sum of gates on several quadrupole
trancitions was used in order to determine the DCOQ
ratios of weak ~-ray transitions. The theoretical DCOQ
ratio depends on the pair of fixed observation angles, mul-
tipole character of the transition <y, the Al involved,
and on the orientation of the spin of the initial state of
the cascade. For cascades of predominantly stretched
transitions there is very little dependence on the partic-
ular state depopulated by transition v; [11}. Therefore
the DCOQ ratios for transitions with pure multipolarities
{L) can be estimated from the values of L and AJ. Table
IT shows the ratios calculated specifically for the present
measurements. It should be pointed out that A7 = 1
transitions could give DOOQ ratios less than or greater
than 0.85 for 4 < 0 or § > O, respectively. "Also, Al =
0 transitions could give 2 DCOQ ratio between 0.81 and
1.08 for large mixing ratios.

ALY

12y
x5

_ . [ %...

L Wiy i

1000 1300 1600 1500 2200 I500 2800
Channel

FIG. 1. Background-subtracted «v-v coincidence spectra of
the ***Mo(**B,3n)'® Ag reaction at 36 MeV gated by {a) the
153.9 keV line and (b) the 754.8 keV line.
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TABLE 1I. Theoretical DCOQ ratios for mixing ratio §=0.
L is the multipolerity of the v ray involved and AJ is the spin
change in the transition.

L AT DCOQ ratio
1 0 1.03
1 1 0.85
2 0 0.81
2 1 0.88
2 2 1.00

IIT. EXPERIMENTAL RESULTS
A. Level scheme

The level scheme of ®3Ag, shown in Fig. 2, was con-
structed on the basiz of the vy coincidence relations and
intermity-energy balances. The relative intensities of the
«¥ rays belonging to 1% Ag and the measured DCOQ ratios
are listed in Table I, together with the level energies and
their proposed spins and parities. Six structures with ro-
tational band characteristics can be observed in the level
scheme. Negative parity bands with strong A41 and weak
E2 transitions and a small staggering (e.g., band 1) are
typical of this mass region. On the other hand, bands 3,
4, and 5, show strong E2 with very weak A 1’s transitions
and a large staggering (200-400 keV).

In %8 Ag, the-spin and parity of the I™ = 1% ground
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FIG. 2. The level scheme of ®*Ag obtained from the
¥°Mo{**B,3n+) reaction at 39 MeV.
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TABLE ITI. The assigned K values and configurations in ***Ag, The signature splittings listed

were taken ab Jiw=0.35 MeV.

Aen

Band X {m, =) Configuration (keV)
i 4 (-,0); (“1“1) aA;bA 60

2 4 (-0 (- 1} aABF, bAEF 0

3 g (+0); (+ 1) aG; aH{aG; b3) 250

4 0 (+,0} (+, 1) aE; aF{aF;bE) 350

5 0 {+,0) (+, 1) gAhA 180

8 8 {+10}; (+v 1) gach 1]

state and of the two isomeric states at 110.9 keV (™ =
6%) and at 215 keV {I™ = 3*) are well known from
atomic beam resomance {12}, from the .3 decay proper-
ties to Pd and Cd isotopes [13] and from (p,ny) reac-
tions [14]. The assignments of the other spins in the
level scheme were made on the basis of the DCOQ ratios
and the systematics for this mass region. The 533.8-keV
level of the negative parity band 1 decays through fwo
low energy -y rays of 35 and 59 keV. A similar decay has
been also observed in other Ag and Rh isotopes [2,3,5].
Taking into account electron conversion coefficients, the
intensity balance shows that the 35- and 59-keV tran-
sitions are necessarily of M1 nature. The DCOQ ratio
indicates a dipole of A7 = 1 type for the 388-keV tran-
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FIG. 3. Experimental quasiparticle {(a} alignments and (b)
Routhians for the six rotational bands of ***Az. The solid
symbols correspond to =0 and the open ones to a=1. The
following symbols are used for the bands: circles band 1,
squares band 2, diamonds band 4, triangles right, up and

down bands 3, 5, and 6, respectively.
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sition. Since this fransition populates the 6 isomer at
110.9 keV we propose I™ = 7~ for the 498.5 keV level,
and I™ = 6~ for the 440.1 keV level. This choice of spins
is also consistent with the similar level scheme of 1®6Ag
[2]. The remaining attributions of the spins in band 1
were based on angular distributions, DCOQ ratios, and
rotational band characteristics,

In the case of band 2, according to the DCOQ ratios,
the transitions of 954, 502, and 393 keV are of type AJ
== 0 or 1. Therefore the maximum spin of the 2536.9 keV
level is I = 12. The value of 7 = 12 was chosen in order
to maintain band 2 nearest to the yrast line. The DCOQ
ratio for the 265-keV -y ray which feeds the 67 isomer
(the bandhead of band 3) indicates a change of no more
than one unit of spin. Besides this, the proposed spins for
the levels of band 3 were chosen in analogy to a similar
structure in '8 Ag. The bandhead of band 5 (67 ) at 523.8
keV and the spins of the levels in band 4 were inferred
from theoretical arguments (see discussion). The other
spins in bands b and 6 were attributed relative to this 67

100.0 ¢
o

o 100} 3. ]
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FIG. 4. Experimental and calculated B(M1)/B(E2) ratios
for bands 1, 5, and 6 in %% Ap, The calculaijons were made
using the deformation parameters #; = 0.16, 85 = 0, vy =0°
and K = 4,2, and 8 for bands 1, 5, and 6, respectively. Circles

band 1, diamonds band 5, and triangles up band 6.
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bandhead and are consistent with the DCQOQ resuits.

The experimental! Routhians and alignments (Fig. 3)
were calculated following the procedure described in
[15,16] with the Harris parameters of Jo = 3.6 A*MeV™?
and J; = 29.8 £*MeV 3, giving a nearly constant align-
ment for band 1. The K values used, experimental sig-
nature splittings, and proposed configurations are given
in Table HI.

The experimental in-band branching raties I {AJ =
1}/ L, (AT = 2) from each level of spin I can provide valu-
able information regarding the intrinsic configuration of
the band. The intensities I, were obtained from the spec-
tra gated by the transitions populating the level of inter-
est. Experimental reduced transition probability ratios
can be obtained as

BM1,I>T—1)
B(EZI — 1-2)

1 [EJ(I2I-2 L (I-I-1)

= 0.693 148 [E, (I T -1 LITI-2)

The results obtained for bands 1, 5, and 6 (§ = 0)
can be seen in Fig. 4, together with theoretical estimates
(described in the Discussion}. No reliable resuits were
obtained for the other hands due to the poor statistics.

IV. THEORETICAL CALCULATIONS AND
RESULTS

A. Quasiparticle Routhians

Figure 5 shows the quasiparticle Routhians calcu-
lated from the cranked shell model based on a deformed
Woods-Saxon potential including monopole pairing in-
teraction [17]. The diagrams are specific for Z = 47 and
NN = 61. The states are classified by the two remaining
symmetries, parity and signature {m,«). The signature
eplitting for each configuration can be read of the dia-
grams. The aligned angular momentum {i,) can be ob-
tained from the derivative of the Routhian with respect
to the rotational frequency: iz = —de'/dw. Table IV
shows the correspondence between the letter code nsed
to specify the various quasiparticle states, parity, signa-
ture, Nilsson labels, and spherical shell model states most
closely related.

It can be seen that the first band crossing occurs
around /w = 0.35 MeV and corresponds to the alignment
of the first iwo h,1;; quasineutrons (4 and B) with the
axis of rotation. The next crossing corresponds to the
breaking of the first gg/2 quasiproton pair (ab}, around
A = 0.48 MeV. The signature splitting between the a
and b guasiprotons is small, which reflects the fact that
the quasiprotons are weakly coupled to the rotational
axis.

The deformation parameters used (5; = 0.18, 54 = 0,
7 = °) were chosen in accordance with the TRS calcula-
tions (see next section), and are appropriate, in general,

TABLE IV, The letter code used to denote the quasiparti-
cle states.

J shell [Nn.AJQ2 Parity eae=-1 o= +3
Phll_/g {5501-- - A B
vhyysa [s41}= - C D
¥gr/a {413} + B F
wigs (402} + G H
Tgo/a [413iz + b a
Tgesa {404} 2 + d ¢
T99/z [422]= + f e
w(pisa, fapa) T [B0L3 - h g

to the bands which present at least one vhy:/, quasineu-
tron excitation.

B. Equilibrium deformations

Standard total Routhian surface calculations were per-
formed for the least excited confignrations of 1%®Ag. The
calcnlations employ a deformed Woods-Saxon potential
and a monopole pairing residual interaction [17,18]. The
results are summarized in Fig. 6 which show the contour
plots for the total energy in the intrinsic frame (mini-

E s AT KA S M T T T T T T
L

e’ {MeV)

e' (MeV)

06 Q7 0.8

04 0s
ho (MeV)

FIG. 5. Quasiparticie Routhians as a function of rotational
frequency in ®*Ag for (a) neutrons and (b) protons (5 =
0.18, Sy = 0, 7 = 0°). Thke following convention is used
for the levels: solid lime (r = +,& = +1), dotted line
{r = +,& = 1), dashed-dotted line {x = —, 0 = +43,
dasheq line (x = —,a=—1).
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mized with respect to 34) as a function of the deforma-
tion parameters S and . The equilibrium deformation
is indicated by the position of a thick dot.

Figures 6(a,b) show the results for the yrast configura-
tion aA at two different rotational frequencies. The equi-
Hbrium is stable at a prolate-collective shape {y & 0°) for
a wide frequency range (hw = 0.2 — 0.5 MeV) where the
calculations were performed. The results are essentially
the same for the theoretically unfavored signature o = 1
(BA).

Figure 6{c) shows the result for the g4 configuration
(the positive parity configuration with the lowest excita-
tion energy). The energy minimum is close to the one
for the a A configuration but is very shallow with respect
to . It fAuctuates slightly around v = 0° as a function
of frequency according to our calculations. The same is
true for the unfavored signature configuration h4.

Figures 6(d,e,f) show the results for the aG configu-
ration at three different frequencies. Below Aw = 0.4
MeV the epergy minimum remains close to 8, = 0.1,
~ = —120°, representing a noncollective prolate state
with about 62 of angular momentum zligned with the
symmetry axis. Above fiv = 0.4 MeV the configura-
tion changes adiabatically into the cABG configuration
which contains the first aligned pair of h;;/2 quasineu-
trons (AB). As a consequence of the stromg driving
forces of the AB pair, the equilibrium deformation be-

E 1D
\‘\.

$%9)
STy
=

A

,

=99, 3%

Bosin(y+30)

PBacos(¥430)

FIQ. 6. Total Routhian surfaces for *¥Ag. (a) ¢4 con-
figuration, fuv=0.251 MeV (B2=0.156, £,=0.00L, v = 2.2°}.
(b} a4 configuration, Aiw=0.377 MeV (82==0.158, B,=0.002,
7 = 0.0°). {c) gA configuration, hw=0.377 MeV (3.=0.180,
B4:=0.013, v = 6.5°). (d) aG configuration, fiw=:0.314 MeV
{B;=0.092, B4==0.006, v = -—120.0°). (e} aG configura-
tion, fiw=0.377 MeV {B2=0.114, 5;=0.009, v = —120.0°}.
(f) eG configuration, fiw=0.440 MeV (52=0.166, 5,==0.000,
+ = 3.2°). The thick dots indicate the position of the equilib-
tim deformation.

comes prolate collective (82 = 0.16, v = 0°), As a result
of the collective rotation and the combined alignment of
the four guasiparticles, the total spin for this configura-
tion is at least 16%. A band based on this configuration is
unlikely to be populated by the reaction used in this pa-
per due to the limitation in the input apgular momentum.
This calculation is representative of other configurations
containing one positive parify quasineutron and a gg;
quasiproton, viz., ¢E, aF, afl. This is rather surprising
since the gg/3 quasiproton has also a rather strong shape
driving force. Oblate- or triaxial-collective deformations
were previously expected for these positive parity config-
urations {7]. On the other hand it is possible to conclude
from these calculations that the strong B2 and + driving
properiies of the vk, ; /2 intruder orbit apparently tend to
stabilize the equilibrium deformation around S: = 0.18,
v = 0°, rather independently of the other quasiparticles
present.

C. Estimated branching ratios B{(M1)/B(E2)

The theoretical branching ratios B{(M1}/B(E2) be-
tween in-band A7 == 1 and AJ = 2 transitions from
each band state can be estimated from the geometrical
modei proposed by Dénau and Frauendorf [16]. In this
semiclassical model the M1 transitions are assumed to
originate from the precession of the magnetic moment
vector around the total angular momentum vector. The
intensity of the radiation is therefore proportional to the
component of the magnetic moment vector perpendicu-
lar to the spin axis. Effective g factors are used to relate
the angular momentum of each quasiparticle configura-
tion to its magnetic moment vector. The estimates are
then made from assumptions with respect to the orien-
tation of the angular momentum of each quasiparticle,
parametrized by the alignment and the projection onto
the symmetry axis (K). The effective g factors are ob-
tained from the Schmidt estimates, with an attenuation
factor of 0.7 for the spin g-factors g, [19].

The caleulated branching ratios for the relevant config-
urations of %®Ag can be compared to the experimental
results in Fig. 4 (see also Sec. V). The deformation pa-
rameters used were 3, = 0.16, 84 = 0, v = 0°, and
the alignments of each quasiparticle were obtained from
Fig. 5. For the e4 and bA configurations, a K = 4
projection was assumed, arising essentially from the gg /2
quasiproton {g,b). The hiy/p quasineutron A is almost
fully aligned {i. = 5.2f)}. In this situation the perpen-
dicular components of the magnetic moments of the two
quasiparticles tend to add, since the neutron g factor is
negative and the proton positive, leading to rather high
M1 transitions. The estimates shown for the g4, RA
configurations are actually upper limits, calculated as-
suming the g factor of a pure f5/; (¢ = 0.548) compo-
nent for the g,k quasiparticles and K = 2. For a fully

- rotation-aligned #py /o ®vhi;/; configuration no M1 tran-

sitions are expected. The actual states g, h are of mixed
P1/2, F5/2 parentage. For the A = & band {gacA), with a
pair of gg/, quasiprotons {ac) coupled to the deformation
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axis, very large B{M1)/B{E?2) ratios are calculated. A
value of K = 7 would reduce the B{M1}/B(E2) values
by roughly 50%.

V. DISCUSSION

A. Bands 1 and 2

Band 1 is the yrast band and, presents strong M1 tran-
sitions and weak E2 crossovers. The signature splitting is
=t 60 keV at fw = 0.35 MeV, decreasing as the frequency
increases. This type of semiclecoupled band is charac-
teristic of a “conflicting” coupling between two intruder-
orbit quasiparticles in odd-ocd nuclei. We assign the
nggss ® vhy1/2 (aA and bA) configurations for this band,
which corresponds to the lowest two quasiparticle excita-
tions available. Bands with this configuration have been
cbserved in other odd-odd Ag isotopes [2—4]. TRS cal-
culations Jsee Fig. 6(a)] predict nearly axially symmetric
prolate equilibrinm deformations and a signature split-
ting of = 35 keV (around hw = 0.35 MeV}, essentially
the splitiing between the ¢ and & quasiproton orbits of
opposite signatures [see Fig. 5(b}]. However, the theoret-
ically favored signature.is o = 0 while expertmentally it
is o == —1 {the same is true for the other odd-odd Ag and
Rh isotopes cited in Sec. I}. The gquasiproton Routhians
show signature inversion (with very small splitting) for

.~ between 10° and 20°. Indead the TRS minima show
a weak tendency toward positive v values insufficient,
though, to produce signature inversion.

For v = 0° the anpular momenta of the two guasi-
particles are nearly perpendicular to each other. This
resuits, according to the geometrical model, in rather
large B(M1)/B(E2) ratios as shown in Fig. 4. The align-
ment expected for this configuration comes mostly from
the quasinentron, which contributes with 5.2%, while the
deformation aligned guasiproton contributes with abeout
2.7#, in reasonable agreement with the experimental re-
sult of 7.34 [Fig. 3(a)}. The first neutron and proton
crossings, AB and ab, respectively, are blocked for this
configuration. The next two <rossings expected are the
BC (at Aw = 0.51 MeV) and the EF (around fw =
0.7 MeV). We believe that the BC crossing is respon-
aible for the upbend observed around Aw = 0.53 MeV
{Fig. 3(a)]. Band 2 bas neglipible signature splitting
and presents a gain in alignment of about-3.8k rela-
tive to band 1. This is close to the expected alignment
(iz = 4.2R) from the EF guasiparticles. On the other
hand, the BC quasipariicles wonld contribute with an
alignment of about 6.94, therefore we tentatively assign
the gAEF and bAEF configurations for band 2. The
calculated splitting between the above configurations is
= 20 keV, around fuv = 0.35 MeV. The extrapolated
crossing frequency between band 2 and band 1 lies above
the upbend in band 1, which is qualitatively consistent
with the present assignment. A band with similar chas-
acteristics to band 2 has been observed in 8 A g by Popli
et al. [2] and Jerrestam et ol [4; The latter authors
seem to suggest 3 gy e ® v{h11/2)*(g7/2.dy/q} configura-

tion for this band. However, our calculations predict too
large an alignment (. = 6.8 /} relative to band 1 for this
configuration.

B. Bands 3 and 4

Both bands 3 and 4 present large signature splitting
(250 keV and 350 keV, respectively), strong E2 transi-
tions, and weak or absent M1 transitions. The 6% iso-
mer has been interpreted as [m(gy/3)™® ® vdy/ale+ cou-
pled to the 1%8n core [14]. This would correspond to
the a@, o = 0 configuration (and aH for the favored
signature o == 1), We believe that this state is the band-
bead of band 3. A similar band has also been observed
above the 6 isomer of **®Ag. The equilibrinm defor-
mation for this configuration is calculated to be around
B2 = 0.1, v = —120°, ie., slightly prolate, noncollective
{Fig. 8} for frequencies below 0.4 MeV which might be
interpreted as the J = 6 bandhead. Above 0.4 MeV the
miminum is shifted to 8; = 0.16, v = 0° {prolate, collec-
tive) as a result of the alignment of the prolate-driving
AB quasineutrons. For the latter deformation a small
signature splitting, an alignment of 134, and strong M1
trangitions as in the case of band 1, are expected, in evi-
dent contradiction with the experiment. Experimentally,
band 3 is observed at fiw m~ 0.47 MeV. TRS calcula-
tions show that; as the frequency approaches 0.4 MeV,
the total epergy minimum hecomes shallow, extending
toward oblate-collective deformations. Oblate or triaxial
deformations could account for an increase in signature
splitting between the gg/; quasiprotons and for the ab-
sence of strong M1 trapsitions. The AB crossing is also
shifted to larger freqnencies and therefore no contribution
to the alignment is expected from the AR quasiparticles.
However, no clear explanation is available for the steady
increase in slignment of band 3, which might be an in-
dication of either deformation changes or gquasiparticle
alignment. More detailed calculations as well as experi-
mental resulis are necessary to resolve these difficulties.

Similar TRS results are obtained for the aH {the unfa-
vored signature of band 3}, 6@, bH, oF, oF, bE, and bF
configurations, since the natural parity {+) quasineutron
orbits present a rather weak dependence on 8, and .
We tentatively assign the oF and aF (aE, bE would also
be possible) configurations to the favored and unfavored
signatures of band 4. The spin of the levels in bard 4
were chosen to be consistent with this assignment.

C. Bands 5 and 6

Band 5 shows a rather comstant alignment of 6-6.5%
in the frequency range from 0.2 to 0.5 MeV and a large
signature splitting (200 keV). The absence of the neu-
tron AB crossing {predicted to be at iw ~ 0.35 MeV)
and the large alignment is a clear indication of the pres-
ence of a hyy/o quasineutron (4) in the configuration of
this band. The signature splitting of 200 keV is ciose
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to those calculated for both the (py/2, fs/2) (g,h) and
the second gg/2 (c,d) quasiproton excitations. The cal-
culated signature splitting of the latter confimuration is
sirongly dependent on frequency, while the experimental
one is constant. In addition, at low spins the experi-
mental B{M1}/B(E2) raiios are rather small (aronnd
0.6 pn?/e®b?). For a fully aligned (doubly decoupled)
pure 7py e ® vhyy e configuration no M1 transitions are
expected at all [B{M1}/B(E2) = 0]. However, admix-
tures from pi/s, fs/2. and pso are present in the first
two negative parity quasiproton excitations (g,h), in-
creasing the effective g factor and the quasiparticle angu-
lar momentum projection along the symmetry axis (K).
Figure 4 shows the theoretical estimates for the Limit of
pure mwfg s @ Whiiye (K = 2} configuration {dashed line).
O the other hand, the presence of the ga/2 quasipro-
ton would lead fo M1 transitions an order of magnitude
stronger. In view of the above arguments we propose g4,
AhA for the 1 and 0 signatures of band 5, respectively.
Also in the odd isotopes {*%Ag, % Ag) [7,6], admixed
mpi;2 bands have heen observed with similar character-
istics. We estimate I = 6# for the bandhead assuming
I = I = ign + iz = 0.5 -+ 5.5 == 6/ for this rotation
alipned band.

Band 6 decays to band 5 around F = 12%. The ex-
perimental signature splitting is negligible and the ex-
perimental B{M1)/B(E2) ratios surprisingly show an
increase of more than an order of magnitude relative
to band 5, which points toward a major configuration
change. The above-mentioned characteristics of band 6
indicate a large K value. A (mgs2)? configuration is
known to produce K™ = 8 isomers in neighboring even-
even Cd isotopes [20,21], and related high-K bands in
odd Cd isotopes [22]. The possibility of the coupling of
{rgy /2"’] k=g t0 the configuration of band 6 was consid-
ered, and provides a possible explanation for the neg-
ligible signature splitting and in particular, the large
B(M1)/B(E2) ratios observed (this configuration is la-
beled gacA in Fig. 4). However, it is puzzling that such a

presumably large change in X value from band 6 to band
5 does not result in an observable delay in the interband
transitions. The experimental setup of this paper is sen-
sitive to lifetimes above 20 ns.

VI. CONCLUSION

A level scheme for the states populated in a heavy
ion reaction has been proposed for 8 Ag. Six bandlike
structures are observed. Tentative configuration assign-
ments were proposed for each band by combining low-
lying quasiproton excitations of g 21 (P1/2, f572) parent-
age, with quasineutron excitations of hy; /21 9172, dssa-
Similar structures have been observed by previcus ex-
periments in other nearby odd-odd or odd-4 Ag isotopes.
Most of the band structures observed can be understood
within the cranked shell model. A weakly deformed pro-
late shape is predicted by TRS calculations for the con-
figurations containing at least one hy; /2 quasineutron ex-
citation. This prediction seems to be consistent with the
data presently available. The band developed above the
67 isomer appears to have characteristics of triaxial or
oblate shapes and cannot be fully understood with the
present TRS calculations which predict only prolate ax-
ially symmetric shapes at moderate rotational frequen-
cies. More detailed calculations with parameters opti-
mized specifically for the **®*Ag region might clarify these
matters.
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Abstract

A careful reatment of the self-energy term in the BCS approach to the nuclear pairing problem is performed. A shghtly
modified gap equation is proposed and appied to light exotic nuclei. OQur resuits are in agreement with the experimental

binding energies for YL

PACS: 21.60.-n: 27.20.+n: 21.10.Dr

The recent interest on nucleil around the drip-line
hrought new structures and dynamics very different
from those previously studied [1,2]. These new sys-
tems have presented chalienges to nuclear models,
which were developed to describe nuciei near the val-
iev of swabifity. Fundamental questions, for instance
the one related 1o the binding energy of drip line nu-
clei. are still on debate. The probably most studied
exotic nuciei, 'Li, may be viewed as a inert °Li core
plus two valence neutrons and a basic problem is to
understand the reasons why ''Li is bound whereas '°Li
1s not.

In this new field one of the puzzling questions for
a nuclear theorist is whether the pairing phenomena
piays any role in the understanding of the properties
of this exotic nuclei region [3]. The fermionic pairing
has been one of the building blocks to explain com-
plicated nuclear phenomena [4]. and the Bardeen-
Cooper-Schrieffer (BCS?} approximatien is one of the
cornerstones to treat it. This approximation however,
breaks the number svmmery [5]. Since the nucleus

has 2 fixed number of particles. the BCS wave func-
tions have to be number projected leading to the Pro-
jected BCS (PBCS) but. in order to proceed in a con-
sistent way. it 1s also necessary 10 project first and then
to perform the variational calculation. This scheme is
known as Fixed BCS (FBCS) and recently {6] the
variation after projection equation was rederived by
performing analytically all the integrals induced by the
number projection. Furthermore. taking the gaussian
iimit of some binomial factors appearing in the inte-
gration procedure. the well known BCS gap equation
was reobiained in a shightiy modified form. However,
in the limit of smali number of available states to the
valence particles. as in the low A exotic nuclei. this
method cannot be applied. In this case a suitable gap
eguation can be obtained in the framework of the stan-
dard BCS. To achieve this goal the traditional BCS ap-
proach will be revisited. with a particular care on the
treatment of the seif-energy contribution. which may
be important in the light exotic nucleus. As a result.
a simple Pauli-blocking effect appears in the new gap

0370-2693 /96 /512.00 © 1996 Published by Elsevier Science B.V. All rights reserved
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equation, which corresponds to the above mentioned
one in the limit of large number of particles.

To begin with, let us write down the usual varia-
tional principle,

5(BCS|H — AN|BCS})
= 5(BCS|A'|BCS) =0 (1)

or equivatently,

(_a_ _u ﬁ—j < BCS|H'IBCS >= 0. 2)
o Hj au_,-

In the above equations N is the number operator
and A is a Lagrange multiplier necessary 0O fix the
mean parlicie number. #; and r; are the well known
Bogoliubov Valatin coefficients [7]. Additionalty. if
it is considered that the fermions are occupying single
particle levels of angular momentum J, =+ 3
in a mean field (&;) interacting through a pure pairiflg
force of state independent strength G. the mean value
in Eq. (1} is given by,

) = < BCS|H'|BCS >

G
=23 (sj - A= -;L'_?) ;e
f 2

—G 3 Qi uni; (3)
i
Inserting (3} into {2) and performing the algebra
one obtains,

(1(3 - L‘j?).fi +2 (8_,- —A— Gz"‘?) U= 0. (4)

where,

AEGZQ,_,'HJ'UJ;. (5)
i

From the above equation for the pairing gap A, the
well known BCS gap equation can be obtained. The
so called self-energy term, %L} is a contribution to
the self-consistent field from the interacting valence
particles. It is in general neglected with the argument
that its only effect is to renormalize the single particle
energies, which are normally extracted from. or fitted
to experimental data in neighbor nuclei. It is also worth
ro note. that the self-energy depends on the variational
parameter ¢; which makes the single particle energy
renormalization state dependent.

In the present paper a straightforward way to treal
the seif-energy term is suggested by using the nor-
malization condition. 1} + ¢} = 1, of the Bogoliubov-
Valatin transformation in Eq. (3) 1o get,

h=23" (si — A= g) Qi3
- 2
— G (0 — Sy huvijv. (6)
ij

Following the same procedure used to derive Eq.
(2) we obtain,

” ~ G
(H}—U?}A'i—%z(sj—/l“§> up; =0 (N
where,

E". =GZ(§L —5.;‘;}14,'1,‘,. (8)

{In the remaining of this paper a tilde will be used to
indicate the modified BCS quantities.}

The above modified gap equation is in agreement
with previous results [6]. Eq. (8) can be obtained
from Eq. (5} by simply replacing Q; — O; — 8.
One may notice that the coefficient {2; — 8;; is similar
to a Pauli-blocking. discussed around thirty years ago
in the deformed nuclei [8] and recently (9] in the
spherical odd nuclei. However, in the present case the
interpretation is different. since it prevents a given pair
10 he rescattered to the same state it was occupying.
For example, if a j = 1/2 level is fully occupied. no
particle pair can be rescattered 10 it because the factor
&;; hinder this situation.

Since the gap parameter reflects the two-body inter-
action, giving rise 1o a smearing of the Fermi surface,
the appearance of the additional &;; term in Eq. (8)
was counterbalanced by the corresponding contribu-
tion to the self-energy term. This is very convenient,
particularly in weakly bound systems where the con-
tinuumn lies at low energy. being near to the bound
states. The term G/2in Eq. (7) 1sa rea! renormaliza-
tion. shifting the mean field at once and it is nOt neces-
sary anymore to treat it explicitly in a seif-consistent
calcuiation.

We proceed now to apply this technique to the iight
exotic nuclei region. where we believe that our resulis
will be more sensible. To begin with, let’s consider
the most simple description of ''Li namely. a “Li in-
ert core plus a neutron pair occupying the 1p) . single

o i e ——— R
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particle level. In this case Eq. (6) reduces to the first
term at the rhs. since all the available states are oc-
cupied. The single particle energy is taken from the
experimental data for '°Li (g;,,, = +0.50 MeV). It
should be emphasized that the seif-energy term is not
included in the single particle energy of the state 1 py 4o,
since '"Li is unbound. Using for the pairing strength,
G ~ 15/A, a not unrealistic value since we are deal-
ing with a single j shell. the py,» state is now bound
with a shifted energy &, . = —0.18 MeV, resulting
in a ''Li bound state with energy —0.36 MeV. The
adopted pairing strength gives raise 10 4 pairing energy
in good agreement with the experimental dineutron
binding energy and moreover, seems 1o agree with the
expected behavior of pairing in fight nuciei [3]. The
most conspicuous manifestation of pairing interaction,
the pairing gap, is now zero. {In fact. the modified
gap A is zero.) The pairing interaction is, however,
still there since iis effects are fully embodied in the
renormatized mean field. The obtained &;,,, energy
is similar to the one adopted by Bertsch and Foxwell
(~ «0.19 MeV) [107] in their RPA calculation of the
dipole strength function in ''Li. Their rather unreal-
istic value for the single particle energy seems to be
simulating the pairing interaction [2]. Although the
previous application may be seen as a trivial one, since
the same results could be obtained by treating exactly
one pair in a single j-shell. it has the merit of show-
ing the importance of a careful wreaiment of the self-
energy contribution in dealing with exotic light nuclei.

We can now go one step further by including the ad-
divonal contribution of the broad resonant state 259
lyingat ez, , ~ 0.1 MeV discussed in some recent pa-
pers {11,12]. (In fact, Ref. [12] considers this state
as a virtual one. and hence with negative energy. This
would impiy, however, only in slight changes in the
obtained pairing constant G. remaining the main con-
clusions of this paper unchanged.) Strictly speaking
we have 1o deal with two levels of the same j () =
1} separated by an energy ¢ = 0.4 MeV. This is
the standard two-level model of BCS theory. Using
our method, the modified BCS ground state energy is
given by,

Eq= =h+ AN. (93

Some simple algebra reduces Eq. (9) to.

Table ! —_—

Comparison between the preseat resulis (BCS). the usual BCS
{no self-energy term included) and PBCS approximations with
the exact solution in the symmetric two level model. Column 2
presents the expressions for the ground state energies divided by
( (in the present case equal 10 1), in terms of a dimensionless
parameter & = €/(. whereas the third one shows the numerical
values. g2 = £25,., + &1p,». See text for detaiis

Method Ground state energy Numerical value
BCS By — %xe -G —(.10
BCS & — txe~ 3G —-0.48
PBCS 2 — 26 —-0.67

Exact e — G (l + V14 K2) —-3.79

E -~ | = G

BCS ; . ;

TBCS (e, dEip ) e 20w 1),

o BpaTEn) T Ema Ty T (20D
(10)

In order to put in perspective our resuls, they will
be compared with the usual BCS, PBCS and the ex-
act sclutions in the framework of a soluble model .
In the symmetric two ievel model with j = 1/2, both
exact solution using the quasi-spin scheme {13} and
the projected BCS solution [6] can be performed an-
atytically and the fina} ground state energy are shown
in Table 1 in terms of a dimensioniess parameter « =
€/G.

As usual, the state independent pairing strength G
has 1o be lowered, in the multi-level case, regarding the
vatue adopted for the single f-shell. From a technical
pointof view, it would not be a serious difficulty to use
a state dependent one. viz. G;; = (ii1V} jj) . However.
to keep the discussion as simple as possible. a state
independent pairing strength was adopted. G ~ 7/A
(which corresponds to A, = Ay = 0.25 MeV) gives
good agreement with the experimental data. This can
be understood by comparing the resuits shown in the
second column of Table | with the exact ones in the
single j-shell limit {in this particular case of {} = 1,
Eoraer = Epeg = EB»;:—«S =2gy,,.,— G inthe multi-level
case. in order to get similar binding energies. one can
see that G has to be decreased. Alternatively. we could
think that the increase on the number of states avail-
able to the valence particles leads to a correspondent
increase on the effectiveness of the pairing interaction,

With the above vatues, the BCS ground state en-
ergy is given by EBES = —0.48 MeV. Table | shows
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Tabie 2

The second column shows the occupancies for the 25, /2 staie
according to usual BCS, modified {(BCS} and exact solutions.
in 1erms of a dimensionless parameter « = £/G. The numerical
values for the present caleulation zre shown in parentheses. The

third columa presents the number dispersion values for the same
models

Methad Occupancy (rg-'w) ANIN
17 K

BCS 5 l-l + 5] {0.63) 0.67

— I

BCS 5 11+ ki (0.81) 0.55
1 |

Exact — (07 -
2l4+x —nVl+ &7

additionally, on its third column. the numerical values
for the exact. nsuat BCS and PBCS solutions. The im-
provement of the modified BCS calculation regarding
the usual one is clear. It is worth to call again the read-
ers attention to the importance of the adequate treat-
ment of the seif-energy term in order to obtain bet-
ter results for the binding energies of nearly unbound
systems within a technically simple approach.

Table 2 on its second column presents the expres-
sions for the ground state occupancy of the vy,

state for BCS, BCS, and exact caiculations. The nu-
merical values for the BCS ground state occupancies
are, respectively, U%xw: = (.8] and L'fpm = (.19 indi-
cating. therefore, a 25,7 predominant character for
the ground state. Table 2 shows also the numerical
values for the particle number dispersion, AN/N =

W ({N*) = N?}/N, for the above mentioned models.

We are then faced with a common disease of BCS-
like approaches namely, the large dispersion on the
particle number in the small particle number limit,
indicating that the wave function contains significant
amousnts of N = 2, N + 4, ... particles. Regarding to
this it is worth to note that: a) the present approach
goes one siep in the right direction, since both the
occupancies and the particle number dispersion are
closer to the exact ones, as can be seen in Table 2
and h) in recent papers Dobaczewski et al. {14]
have discussed drip-line nuclel in the mass region
100 < A < 176 using mean-field models taking into

account the continuum, There it is discussed the break

down of the simple HF+BCS model near the drip-line,

due to difficulties in taken into account correctly the
pairing coupling to the continuum states. In our case,
however, the situation is different since the continuum
states are sufficiently low in energy in order to allow
the diving of one of its states to the discrete states
region due to the self-energy term. Additionally it is
also difficult to extrapolate the resulis of Ref. [14] to
very low-A mass region,

To summarize the resuits of the present paper, a
modified gap equation, suitable to low mass systems,
was derived. It was discussed the reliability of a BCS
pairing treatment in light exotic nuciei and also the
importance of a careful treatment of the self-energy
lerm in this mass region.

This work was supported in part by Conselho Na-
cional de Desenvolvimento Cientifico ¢ Tecnoldgico
(CNPq), Brasil.
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A modified BCS approach is used 1o interpret the first excited state of 1*Li halo nuclei.
In this scheme, a simple two-level model calculation is performed leading to results in
good agreement with the experimental results for **Li for both ground and first excited
states. A comparison with exact and QRPA calculations is also presented.

Nuclear theorists need to know mere about the neutron-rich nuclei! !Li. One of
the most important of them is to test, in the region of the drip line, the validity of
nuclear models built primarily to describe nuclei in the valley of stability. Recently,
an experimental study of 1} Li+p collisions performed by a Riken/Kurchatov group?
confirmed some spectroscopic data taken previousty.>* In this new experiment
four excited states were observed in this nucleus, with energies E* = 1.25 + 0.15,
3.0:£0.2, 4.9+ 0.25 and 6.4 = 0.25 MeV. The state at E* = 1.25 MeV was measured
for the first time through the charge exchange reaction® !B(x~,# %) Li and it was
interpreted as a good candidate for the soft Giant Dipole Resonance® meanwhile
the Riken/Kurchatov group reinterpreted it as an excitation of halo neutrons. The
next state at £ = 3.0 MeV is supposed to be an excitation of °Li core, the third is
the sum of the two previously mentioned states and the last one is an excitation of
“Li + 4n type.

The confirmation of the existence of these states, the suggestion that the frst
state can be a halo excitation and the lack of convincing structure calculations
on these nuclei up to now, allow us to atiempt a description of both the binding
energy of the *Li and one of the above excited states using a schematic pairing
Hamiltonian as a first-order approximation. We have shown® that the **Li ground
state is bound with the small binding energy due to the pairing correlations. Our
interpretation, based on the well-known fact that the pairing degree of freedom

PACS Nos.: 21.60.-n, 27.20.4+n, 21.10.Dr

*On leave from Departamento de Fisica, Universidade Federal da Paraiba, 58051-970 Jodo Pessoa,
Pb, Brazil.
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has an important role in the explanation of the nuclear structure of nuclei around
the valley of stability, understands the 111 as an inert 9Li core plus two valence
peutrons occupying the single-particle states 2sy/p and 1py /o seen experimentally a
couple of years ago.® Aside from the inherent simplicity of the pairing model, the
nature of these two single-particle states imply in a further simplification, since we
are faced with the situation where the symumetric two-level toy model, laid many
years ago,’ become realistic. In this case most of the calculations can be performed
analytically. The main goal of this letter is to extend our previous calculation,’
aiming at an interpretation of the nalo neutrons contribution to the frst excited
state of 1*Li as a 07 one.

Thus. let us consider that our system has nucleons in a spherical mean field,
g4, Interacting through a residual pairing force with strength G, represented by the
well-known pairing Hamiltonian. In spite of dealing with only two paired particles
out of a core, it is always worthwhile to push the limits of the broken symmetry
mean feld concept. Recently, using the standard variational procedure and treating
carefully the self-energy term, the standard BCS scheme was slightly modified and
we could reproduce the experimental value of 111 two neutron separation energy.”
In order to calculate the seniority zero excited state in this modified BCS framework,
it is necessary to perform the Bogoliubov—Valatin canonical transformation® ¢jm =
Uilym + ()7 ‘mﬁja;_m over the pairing Hamiltonlan, written in terms of c;m and
¢jm Which are, respectively, the particle creation and annihilation operators in the
shell model basis. With such a transformation, the pairing Hamiltonian becomes

H = Hgpo+ Hu +H20+H02+522+H31+H13+H40+H04,

where Hon, is written in terms of (") (a)™ or (a)" (at)™ as in Ref. 8. To obtain
a guasi-particle mearn field approximation we need, in the first place, to neglect
the so-called residual terms Hop + Hazy + Hiz + Hyg + Hos and further to impose
the condition Hoo + Hoz = 0. In Ref. 5, the following modified BCS equation was
obtained

- G
{{J? —ﬂ?)A3+2 (Ej — A *'2—> 'ﬂj’f)j = 0.
Here 2; and v; are the coefficients of the Bogoliubov transformation and

Aj = GZ(Qz - 52'3')111"!':‘1; B

is the modified gap equation (£2; = (24+1)/2 is the pair degeneracy). The simplicity
of the BCS scheme is partially lost as we have to solve M + 1 coupled nonlinear
equations, where M is the number of single-particle levels. However, the coefficients

21n order to ease the comparison with the usual BCS guantities we use & tilde over the modified
BCS ones. We call the reader’s attention to the fact that in Ref. 5 only the modified gap was
written using such a notation.
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%; and ©; of the Bogoliubov transformation are as simple as before and are given

by
] =’]_. ligj_A_—G/Q ’
2 | T2 E
. anNe oL

With the above equations Up, the ground state energy is determined,

N G - e
U= Hoo + )\ZQQj’U? = 22 (Ej — *é") Qj’t)? - GZ(QI - éj}quiUiujUj .
3 3 i

where

The next term, which criginates the quasi-particle mean field, already rewtitten in
terms of the bare self-energy is

Gy ;. - = . G
Hll = Z [(ej —A = —2—> (uf - ’U?) -+ 2GAj’LLj‘Uj - E-:l a;majm .

jm

Replacing the above obtained %; and ¥;, we get the following single quasi-particle
Hamiltonian

H=Us+ Z Eja;majm ,

im
where

;f,'j e Ej - % .
Here, we should note that the self-energy term acts differently on the single quasi-
particle energies as compared with its influence on the single-particle ones. On
the latter it deepens the potential well whereas on the former it adds a factor to
the “usual” single quasi-particle energy. This factor appears to compensate the
deepening of the single-particle potential in such a way as to keep the excitation
energy constant. This is shown i Table 1 where the same excited state energy is
obtained in both approaches in a two-level model calculation. Another consequence
of the renormalization of the single-particle energies is that the slope in the pair
occupation (ﬁ?) is sharper, or in other words, if the particles are more tightly bound
{g; — e; — G/2), less mass (A) would be created when the number symmetry is
broken. This effect is presented in the second column of Table 1.
Table 2 compares the experimental result for the first excited state of the **Li
with the theoretical predictions. The adopted values for the single-particle ener-
gies (after the subtraction of the factor G/2) are €3,,,, = —0.23, €1p,,, = 0.17
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Table 1. The energy of first excited state calculated in the two-level model is displayed for the
BCS, modified BCS, modified QRPA and exact solution as & function of G and the two-level model
energy difference d¢ = €2 — £1- The second colurmm displays the gap parameter.

Excited State i

BCS 2G

BCS 20
aeA | 2c [H

2,/G? + (82)? —

[ e

Exact

Table 2. Comparison between modified BCS, QRPA and exact calculations for two values
of the pairing strength constant G/A (in MeV) with the experimental results. The adopted value
of the single-particle energy difference was éz = 0.4 MeV. See text for details.

e p——

G/A  BCS QRPA Exact Exp.
5/11 0.91 1.26 1.21 1.25
7/11 1.27 1.52 1.50 1.25

for G = 5/11 and &2s,,, = —0.32, €1pypp = 0.08 for G = 7/11 {all energies in
MeV). The corresponding single guasi-particle energies are Eosypy = E1py e = G.
Although the agreement is quite nice for a & value of 7/11 MeV, the same was used
in the ground staie energy calculation of Ref. 5, it is worthwhile to see the influence
of the restoration, at least partially, of the broken symmetry. This can be done
by reincorporating some of the neglected residual quasi-particle interaction terms,
leading to the following quadratic Hamiltonian

2
. el .
Hyosons = 2255;.4}«43' - "4_ Z V ﬂj(u? - U?)('A; + Aj') H
3 7
where the two quasi-particle operator is defined as
1
AE‘ = . Z a}ma;ﬁ"
3 m>0

and is approximated by a boson creation operator. The above Hamiltonian can be
diagonalized exactly with the help of the following Bogoliubov transformation for
bosons

B;j = Z{anjAj- =+ bnj.Aj}
b




A BCS-Like Approach to the Excited State in ** i 2887

in such a way that,
; +
[Hbosonas B-I,_JJ = WnBﬁj .

Performing the algebra, the following QRPA equation is obtained
A B X
()
( -B —A) ( Y ) Y

G R N
Aap = 265008 — 5/ Qalla(T, — 53)(T5 - 55),

Bas =0.

where

For the two-level model the above matrix is 4 x 4. Since the anti-diagonal term
does not exist, it can be simplified further giving rise to

2(G—:— (52—51)2> _(52—51)2

4G 2G Tnl W Tni
(g2 — £1)? ( {e2 — 51)2) In2 Tnz )
el gyl a
2G ' 4G

Table 1 presents the first excited state obtained with this framework whereas Table 2
shows its numerical value in the 'Li case.
Since our system has only two particles outside the core, an exact solution can be

obtained. In this case. rewriting the Hamiltonian in terms of quasi-spin operators
we have

H =&,( +257) + e2{Q + 255) —~ G(ST S; + 8557 + 8755 + S75S5),

where

" e 1 -
S;={57)" = EZ(”)J mC;mC}—m

m

1 +
S? =3 (Zc;‘imcjm — Qj) .
m

The Schrédinger equation reduces to the following 2 x 2 analytically solvable

eigenvalue equation
(261 -G -G A) —F A
-G 2,-G/\B;] T\B
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furnishing the eigenvalues

E. = (g 4+ e2) — G £ /G? + (g2 — €1)%.

The minus sign corresponds to the ground state whereas E. -~ E_ is the excitation

energy displayed in Table 1. We should note that the (SR}S‘A is just the first-order
Taylor expansion of the exact solution. Therefore, taking into account the usual
QRPA with the self-energy term furnishes almost the exact result. Table 2 provides
the numerical value of the energy of the first excited state measured recently by the
Riken/Kurchatov group and compares the several approximations, beginning with
the usual BCS, in a symmetric two-level model.

To swmmarize, we present an alternative interpretation of the first excited state
in }Li, based on a modified version of the standard pairing model, which was applied
previously to the ground state.® We claim that the pairing interaction do play a
role even in this light exotic nuclei. Since the 111 is produced in the fragmentation
process of heavier nuclei, the two halo neutrons could occupy any of the above
discussed pair states. A fingerprint of this could be the detection of triton nuclel in
a pick-up reaction of the type **Li(p,?)°Li. The entrance channel of this reaction is
the same examined by the Riken/Kurchatov group, it would be interesting to look
for the presence of triton on the final reaction products.
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Abstract. Assuming g-deformed commutation relations for the fermions, an extension of the
standard Lipkin Hamiltonian is presented. The usual quasi-spin representation of the standard
Lipkin model is also obtained in this g-deformed framework. A variationally obrained energy
functional is used to analyse the phase transition associated with the spherical symmetry breaking,
The only phase transitions in this g-deformed modei are of second order. As an outcome of this
analysis a critical parameter is obtained which is dependent on the deformation of the algebra
and on the number of particles. '

1. Introduction

In the last decade a great effort has been devoted to the development and understanding
of deformed algebras, aithough in many cases their direct physical interpretation is
incomplete or even completely lacking. In some cases, like the XX2-model where the
ferromagnetic/antiferromagnetic nature of a spin-% chain of length N can be simulated
through the introduction of a g-deformed algebra, or the rotational bands in deformed nuclei
which can be fitted instead of using a vartable moment of inertia (VMi-model) via a g-rotor
Hamiltonian, the physical meaning of such a deformation is clearly established. From the
original studies, which appeared in connection with problems related to solvable statistical
mechanics models [1] and quantum inverse scattering theory [2]. a solid development
has emerged which encompasses nowadays vanious branches of mathematical problems
related to physical applications, such as deformed superaigebras [3], knot theories {4],
non-commutative geometries (5} and so on. In this context, the introduction of a g-
deformed bosonic harmonic osciliator, derived in such a way to pass from a su{2) symmetry,
originally present in the non-deformed case, to a su, (2) one, gave origin 1o new commutation
relations which have been extensively studied in several papers [6, 71, all these results being
unambiguousiy obtained due to the underlying 5i,(2) swucture [8].

The many-body probiem is another mainstreamn area in physics and, in ali its complexity,
it calls for the use of approximate methods or the deveiopment of simple soivable models
which should entail most of the relevant physics combined with a technically simple
weatment [9]. A long heritage of such models is available in the nuclear physics literature,
among which the Lipkin model [10] has been extensively used as a laboratory to test
approximate methods and to point out the main features of the many-body systems.

% Present address: Universidade Federal de Samta Cararina, Depanmento de Fisica, 88040-900, Florian6polis,
S. Catarina, Brazil.
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Nowadays, an important probiem is 10 understand how the basic characteristics and
the general behaviour of many-body systems are modified when the undertying fermionic
algebra is deformed. The use of g-deformed algebra in the description of some many-body
systems has lead to the appearance of new features when compared to the non-deformed
case. In this connection we mention some examples: (i) in the g-oscillator many-body
problem [7] it was shown that, when promoting the symmeies of the standard oscillator
system to g-symmetries, the spectrum of the system is found to exhibit interactions between
the levels of the individual oscillators; (ii) the revivals phenomenon present in the Jaynes—
Cummings model [11] disappears when the original su(2) symmetry is deformed; (iii) an
extensive study of a deformed collective Lipkin Hamiltonian was performed and the g-
deformed second-order phase transition was found to be suppressed [12]. The second-order
phase transiion associated with the spherical symmetry breaking in the quasi-spin space
[13] for this deformed model was also discussed in the g-coherent states framework [14].

In the present paper we retum 10 the original fermionic Lipkin Hamiltonian and extend
it to a mew one written in terms of g-deformed fermionic operators. Our main goals in
such a study are: (i) to try to get some idea on the influence of this g-deformation and (ii)
to investigate if new physical phenomena comes out via the inroduction of the deformed
algebra. Similarly to the extraction of a collective Lipkin Hamiltonian in terms of su(2)
quasi-spin operators from the original fermionic one, we show here that such a construction
in terms of su,(2) guasi-spin Operators written now in terms of g-deformed fermionic
operators, is still valid. This new Hamiltonian is very different from that discussed in
712, 14] in that the mean-field term embodies now the effects of the deformation of the
algebra giving rise to a change 1 the one-body energy spectrum in a similar way to the
g-oscillator many-body probiem 7.

We study the only phase transitions in this g-deformed model, which are of second
order, following Holzwarth [13], 1e. the spherical symmetry breaking in the quasi-spin
space, with this new collective deformed Hamiltonian. g-coherent states are used to define
9 and ¢ as collective variables in terms of which the phase transition is analysed through
the behaviour of the variationally obtained ground-state energy.

This paper is organized as foliows. In section 2 we lay the basis of the g-fermionic
extension of the standard Lipkin model (SLM) and the new collective deformed Lipkin
Hamiltonian is constructed. Section 3 contains the basic definitions of the g-coherent states
and the derivation of the ground-state energy functional. Finally, in section 4 the main
results and conclusions are presented.

2. The g-deformed Lipkin model

Since the standard Lipkin model has been widely studied in the literature [15], we will only
present here its main features.

In the SLM a system of N fermions is distributed in two N-fold degenerated levels.
These two levels are distinguished by a quantum number o whose values +1 and —1 refer
to the upper and lower levels respectively; they are separated by an energy gap ¢. The
degeneracy of each level is taken care of by a quantum number p with values ranging from
lto N.

The SLM Hamiltonian is written as

€ ; v t
H= 5 2 cra;,‘gapf, - 5 E a;loaprvﬂap'.—aap,-—rr- (2.1}
p.e ~ pp.o

The main advantage of this model, as was originally shown by Lipkin {10]. is that it is
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exactly soluble, its collective excitations being more clearly studied in the su(2) quasi-spin
formalism. As a result, a second-order phase transition is obtained from the calculated
collective spectrum in the N — ©0 fimat {16].

Recently [12], the SLM has been studied in the g-deformed su(2) quasi-spin formalism
where g is the deformation parameter of the algebra. The usual su (2) algebra is recovered
when ¢ — 1. In this paper the phase transition was analysed in the g-deformed context and
the main result of the analysis was the suppression of the phase transition as g increases.
A problem akin to this was studied in another paper by one of the authors using deformed
su(2) coherent states in a variational approach [14]. On the other hand, a similar result
was obtained in a study of the revivals which appear in the Jaynes—Cummings mode! [11],
which are suppressed in the deformed case [17].

From a more fundamental point of view, the question on the possibility of constructing
a g-deformed Lipkin Hamiltonian from the basic fermion operators is a very important one.
The hint to answer this question is the study of a system of M bosonic harmonic oscillators
developed by Floratos [7], where the full Hamilionian is not just the sum of individual
oscillators but rather a sum of terms involving coproducts, the construction being necessary
in order to preserve the U/(M) symmetry when the algebra is deformed. Although we
have not mathematically proved that the derived expressions satisfy a genuine fermionic
coproduct, the adopted form is important to obtain the g-deformed quasi-spin operators,
as will be seen later. Following the idea of Floratos, the deformed fermionic Lipkin
Hamiltonian, with the deformation parameter expressed as g = exp y, is given by

H="THo+H, 2.2)
with
Ho = % 3 e AW M,y coshyhyy — coshyhpy Hpy Je™2r A @) 23)
P
v 2 2
H = 5 |:( Z e"'d“("’}a;?api VA (p)) + ( Z eyAc(p}a’Tnap?c—yAﬂp)) :l (2.4)
P r
where
t
Hprey = % (alm)amu) - apT(i)amu)) (2.5)
Acp) =1 (hpr —hpy) (2.6)
r<p
As(py =1 " (hyy — hpy) @7
v>p
and
hprcsy = a:T(i)aPT(U -3 (2.8)

in the above expressions the fermionic operators obey g-deformed amticommutation
relations below [3, 181; however, it is worth noting that the adopted g-deformed fermionic
extension of the usual anticommutation relations are by no means unique in the literature

[19].

c):‘,mc:z;',‘J + qa;',aap,, = gim (2.9)
{pa ape} = {af,. 6L, =0  V¥p,poo’ (2.10)
{apos ayg} =0 p#p (2.11)

{Gporale} =0 ‘o #0’ 2.12)
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[ipo, @yl = a}, (2.13)
(ipo+ @po] = —apo. (2.14)

The g-deformed number operator 7, in the above equations is equal o (hp. + %) only
at the level of the physical representation. However, at the level of the algebra they are in
general different.

Starting from equation (2.3} and using equations (2.99+2.14) it is straightforward but
tedious to obtain

€ .
Ho = TGS sinhy zﬂ: (hpt = Bpg) . (2.15)

Until now we have been working with the deformed fermionic operators. The guestion
now is to see if, as was done long ago in nuclear physics [20] for the non-deformed
case, it is possible to construct a g-deformed quasi-spin algebra from the underlying g-
deformed fermionic operators. Since our main interest is to study the collective excitations,
in particular the phase transitions, we must construct the corresponding su,(2) guasi-spin
Hamiltonian in order to recover the original simplicity of the SLM. We, therefore, introduce
the operators

2= 4 (hpr = o) @.16)
sto=alay, (2.17)
s; =al,ap (2.18)

which satisfy the following commutaticon relations
(s, 57} = s (2.19)
(57,57} = [250), (2.20)
where the bracket on the right-hand side of equation (2.20) is defined in the standard way
= L - 2 @21

Furthermore, we define the g-deformed quasi-spin operators

So=y 9 (2.22)
2
st s T O . —y
S. = Zer Zoep iy s¥e DI Zewi (p)spe vAL(p) (2.23)
P 14

which satisfy the same commutation relations (2.19)-(2.20). It is important to emphasize
the use of k,, instead of /i, as usually performed in the literature in the bosonic case. As
stated before, they are equivalent at the level of the representation.

The action of the Sy, Sy operators on the deformed |5, s) basis [21] is given by

SolS, 5) = 5|8, 5) (2.24)
S48, 5) = VIS FslISEs+1],IS.s £ 1) (2.25)

and, in particular, it is worth noting that for the Lipkin ground-state multiplet the basis
states correspond to

_|N¥ 2.26
185 = |55 (2.26)
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The g-deformed Lipkin Hamiltonian can then be rewritten in terms of Sp and S as
€ ) N Vo 2 2
H= TG 7D sinh(2y Sg) 3 (57 +82). 227

It is easy to verify that this expression goes back to the SLM Hamiltonian when y — 0
(or g —> 1), as do the commutation relations of the g-deformed quasi-spin operators.

We should point out here the difference between the Hamiltonian in equation (2.27) and
the version of the Lipkin Hamiltonian used in previous papers {12, 14]. The difference lies
in the mean-field term which now embodies g-deformation effects arising from a careful
treatment of the g-deformation of the algebra already at the fermionic level.

3. The g-deformed Lipkin Hamiltonian in the suq(2) coherent states

Recently, in the works of Quesne and Juréo [22] g-analogues of the su(2} Perelomov
coherent states [23] were defined for the su,{2) quantum algebra in terms of a g-exponential.
Following [14} we define the g-analogue to the su (2) coherent state

l2) = el"1S, 5) 3.1

where z is a complex number (Z is its complex conjugate) which for later convenience wiil
be parametrized as

0 s
7 = 1an ~2—e 3.2)
where 8 € [0, ], ¢ € {0, 2r} and the g-exponential is
o] x"
ef = (3.3)
i ,,ch:] {"]q!

with [n],! = [nlgln ~ 1] ... [1],. We would like to note that our definition for the su,(2)
coherent state is based on the maximum weight, whereas in [22] the minimal one was used.,
Defining the g-binomial coefficient

1
[ i j\ = ______.,_[”]qi- : (3.4)
m |, fn —mlylml,!
equation (3.1) can be rewritten as
3 1/2
28 5y
‘”;Z{sﬂs] PS8, 5) (3.5
i=—5 4
whose normalization is given by
N=1
@loy =[] [1+er® V0] (3.6)
k=0

We now use the coherent state (3.1) as a trial state for the g-deformed Lipkin
Hamiltonian ground state. Thus, we get

(zlHlz) _ elzisinh(y So)lz) | V(2IST + S2)z)

(zlz} ~ 4sinh(y/2){zl2) 2{z)z) GD
where
{z1 stnh(2y S|z} _ [Nl, cosd (3.8)
sinh (¥ /2)(ziz)  {1/2], D(y.6) '
{zIS3 + 8%4z)  [N]g[N — 1], sin” 8 cos 29 (3.9)

{zlz} - 2D(y. 6)
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and
D(y.0) = 1+ sinh? [3’2- (N — 1)] sin? 6. (3.10)

We can pormalize equation (3.7) as

{z|H|z {N cosé sin® 6 cos 2
£@. 6.y, N = LD _ X sin"9.cos 2¢ 311
€,{zl2) 2 {Dy.8) 2 Do)

where

.= €

T 21/2],
is the g-deformed energy spacing and

VIN — 1}
x = ——" (3.12)
€q

is an effective coupling strength.

4. Resuits and conclusions

Equation (3.11) is the expression for the variational energy from which we should extract
the main information about the Lipkin model ground state, as described by the g-deformed
coherent state. We should note that the energy depends on the deformation of the algebra
and is proportional to [N1],, whereas the terms enclosed by the curly brackets are functions
of N and y through the product y (N — 1) and of the effective coupling strength x.

In order to study the ground-state energy we must require the conditions

BE(O, . v N) _

5 =0 (4.1)
3E®. 6,7, N) _

- =0 (4.2)

to be satisfied.

The first equation gives ¢ = % and 3 as global minima, the interesting physics lying
on the interplay between & and ¥ N. The second equation exhibits two solutions with similar
features as those obtained in the non-deformed Lipkin model, the first one being

singd =0 (4.3)
completely equivalent to the standard case, while the second one
cos@ — Ly sin® @
( XS0 g (4.4)
1+ Csin @

—1— xcosé —2Ccosb

where

C = sinh® [-’;- (N — 1)] 4.5)
now embodies the effects of the deformation of the algebra. Equation (4.4) is quadratic in
cos @ giving rise only 10 second-order phase transtions.

Equation (4.4} aliows us 10 calculate the critical vaiue of the strength parameter X
characterizing the phase transition whose analytical expression is then

xe = 1+2sint? [ L (N - D}. (4.6)

I
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In the same fashion as discussed by Holzwarth [13], we would expect here the second-
order phase transition, characterizing the spherical symmetry breaking in the qqasé-spin
space, 1o show up as the appearance of two symmetrical minima shifted from the origin and
a maximum at the position of the old minimum. However, contrary to the standard case
where x. = 1, here the critical value of the coupling constant depends on the parameter
y{N —1). This implies that now the phase mransitions depend not only on the strength of
the interaction but also on the deformation of the algebra and on the number of particles
through the product v(N —1).

¥IN-1) 4 -TC

@

Figure 1. (a) and (b) show 3D views of the scaled energy surfaces (E = 2E/[N]g) for x =1
and 3 respectively, as & function of ¥ (M -~ 1) and of the order parameser g =m—46. (¢) and
(d) show sections of the energy surfaces at (N — 1) == 1 (full curve). 3 (dashed curve) and

5 {dot-dashed curve). The behaviour of E for both global minima at ¢ = % and 377 is shown
together by extending the domain of ' from —7 to 7.

Figures 1(a) and (b) show scaled energy surfaces for different values of x as a function
of y(N — 1) and the order parameter 9 = — 6 [16), whereas figures 1(c) and {d) depict
sections of the corresponding 3D-pictures for different values of y{N —1). There is a
striking difference between the pictures on the left- and right-hand sides of figure 1, namely
the number of minima. The reason for this behaviour in the first case is that Xe. calculated
by expression (4.6), is always greater than that for any value of y > 0, as can be seen
in figure 2. This in turn means that there will be no phase transition when one increases
the deformation of the algebra for a fixed x < !. Figures 1(b) and (d), however, present
a graduail collapse of the two minima, characterizing the phase transition, 1n a new one at
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Figure 2. The critical value of x as 2 function of ¥ (N — 1). The dashed curves indicate the
region of existence of the phase transition.

8 = 0 as p increases. For low values of y(N —1), x = 3 is greater than the value of x., as
can be seen from figure 2. In this range of y (N —1) we clearly identify the phase transition.
However, for values of ¥ (N — 1) for which x. > 3, no phase transition is allowed.

To summarize the main results of the present paper we would like initially to stress
the importance of a careful treatment of the g-deformation, already at the fermionic level,
in order to correctly take into account the effects in a many-body system. In the present
case this gives rise to a g-dependent mean field as shown in equation (2.27). As a second
aspect, we point out we have also obtained a critical value of x. equation (4.6), which is a
function of ¥(N — 1). This means that a universal character can no longer be assigned to
x as a system-independent indicator of the phase transition in a g-deformed system.
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(-deformed algebras and many-body physics
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A review is presented of some applications of q—deformed algebras to many-body systems.
The rotational and pairing nuclear problems will be discussed in the context of g—deformed
algebras, before presenting a more microscopically based application of g—deformed concepts to
many-fermion systems.

1. Introduction

In the last decade a great effort has been devoted to the development and understanding of
deformed algebras, although their direct physical interpretation is sometimes incomplete
or even completely lacking. In some cases like the XXZ-model, where the ferromag-
netic/antiferromagnetic nature of a spinn % chain of length N can be simulated through
the introduction of a g-deformed algebra [i], or the rotational bands in deformed nuclei
and molecules which can be fitted via a g-rotor Hamiltonian {2-4], instead of using the
variable moment of inertia (VMI-model), is the physical meaning of such a deformation
established. From the original studies which appeared in connection with problems re-
lated to solvable statistical mechanics models [5] and guantu: inverse scattering theory
[6], a solid development has emerged which encompass nowadays various branches of
mathematical problems related to phvsical applications, such as deforned superaigebras
[7], knot theories {8, non-commutative geometries [9] and so on. In this context, the
introduction of a g-defornied bosonic harmonic oscillator, derived in such a way to pass
from a su{2) symmetry. originally present in the non-deformed case, to a su,(2) one, gave

'Dedicated to Prof. Paulo Leal Ferreira on his 70th birthday. His scientific contribution to the
development. of Theoretical Physics, particularly in our country, will never be acknowiedged enough.




origin to new commutation relations which have been extensively studied in several pa-
pers [10-12] being all these results unambiguousiy obtained due to the underlving 51,(2)
structure {13},

The nucleus is a finite quantal many-barvon svstem. It provides a scenario where
electromagnetic, weak and strong interactions play their role altogether. The nucleus
may be, therefore, a natural place to lock for manifestations of new svmnietries and/or
deviations from old ones.

A plethora of models have been developed to deal with the physics of such a complex
system:, some of them with miore phenomenological foundations, for instance the nuclear
collective model, being others based on the underlying fermionic structure of the nuclear
many body systen. like the mean-field plus residual interaction description of the nuclei.

The many-body problem in all its complexity calls for the use of approximate methods
or the developmens of simple solvable models which should entail most of the relevant
physics combined with a technically simple treatment [14]. A long heritage of such models
is available in the muclear phyvsics literature, among which the Lipkin model [15] has been
extensively used as a laboratory to test approximate methods and to point out the main
features of the manv-body svstens. ’

From the point of view of g—deformed algebra applications to physical svstems it
is important to understand how the basic characteristics and the general behavior of
many-body systems are modified when the underlying algebra is deformed. The use of
g-deformed aigebra in the description of some many-body systems has lead o0 the ap-
pearance of new features when compared to the non-deformed case. In this connection
we mention some examples: &) in the g-oscillater manv-body problem {12] it was shown
that. when promoting the symmetries of the standard oscillator svstem to g-symmetries,
the spectrum of the svstem is found ro exhibit interactions between the levels of the in-
dividual oscillators, b) the revivals phenomencn present in the J avnes-Cummings model
[16] disappears when the original su{2) svmmesry is deformed, o} an extensive study of a
deformed collective Lipkin Hamiltonian was performed and the g-deformed second order
phase transition was found to be suppressed [17]. The second order phase transition asso-
ciated to the spherical symmetry breaking in the quasi-spin space [18) for this deformed
model was also discussed in the g-coherent states framework {19]. A recent paper {20
has shown, in the framework of the g-—deformed Lipkin Hamiltonian, the importance of
a careful treatment of the mean field, when dealing with g—deformed fermionic svstems.

In this talk different aspects of the application of g—algebras to manv-body phvsics
will be presented. After a short review of the basic concepts of g—deformed algebras
I section: 2, “phenomenological” applications of ¢— algebras in nuclear physics will be
discussed in section 3. Section 4 will deal with g—deformed manv fermion svstems in the
context of a g-fermionic extension of the standard Lipkin model (SLM). In this section the
discussion will be concentrated on the phase transition behavior of fermionic g~deformed

svstems, both at zero and finite temiperatures. Finallv some conclusions will be drawn on
section 3.
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2. A brief review of su,(2) deformed algebras

The concept of deformed algebra emerged in the eighties and is stili object of continuous
developments in mathematics and phvsics. It was introduced in the context of exactly
soluble statistical models. integrable svstems in field theory, non-commitative geometry
and other fields. Of pariicular interest are the developments by Biedenharn 10} and
Macfarlane [11] on the g—analogues of the guantum harmonic oscillator. If the impertance
of the harmonic oscillator in many branches in physics will be reproduced in the context
of g-algebras, it can be expected that its study may provide some guidance in this new
field.

The guantum algebra su,(2) is 2 deformation of the Lie algebra of the SU(2) group.
Deformation in this context does not niean exactlv what we may be acquainted with, for
instance in a non spherical nucleus or a molecule, but rather deformation here is to be
understood as modifications in the comnmtation relations among the generators of the
algebra according fo given, although not unique, prescriptions. A possible realization of
the su,(2) quantum algebra in terms of three Hermitian operators J,, J_ and J, is shown
below along with the usual su(2) algebra:

S’LL(E) suq(Z)
[Jo,Ju = £Jo — [Jo,Ja}=%Js 22)

Jodd=20 — .00 =20,

The new quantity [z], appearing above is a g—number and it can be defined as,

, _ @ =g sinhyz

-1

. =
=1, g— g}

- 2.2)
sinh~y ’ (2.2)
where ¢ = e? may be a complex number. Q—numbers go to the usual munbers as g—1
{or v — 0), meaning that the well known comnmtation relations of the su{2) algebra are
recovered in this limit.

The quadratic Casimir operator of su,(2) given by,
Cq =J.J_+ {Jﬁ}qwﬂ - 1]q= {2.3)

still comnmutes with the generators of the algebra. Jimbo [21] has shown that, given
Eqs.(2.1), exists a representation, for each 7 ( 7 = 0,1/2,1,....,} with basis lgm) {—5 <
m < j), such that,

Jolgm) = m |jm) (2.4)

Jelmy = JiFm i =m+ 1], lbm £ 1), (2.5)
The su,(2) irreducible representations D7 are obtained from the maxinmum weight
states. The basis states |jm} are connected to the maxinmm weight states |77} in the

following way,
) F + 1m),! e
m = TR ey

\ G = ! (26)
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where, [n},} = {1],[2},....{n], and,

Colim) = {lels + s ldm) - (2.7)

Anslogously to the standard construction of irreducible representations of su{2) due
to Schwinger [22]. Macfarlane proposed a way to write J in terms of the creation and
destruction operators of a pair of independent ¢—deformed harmonic osciilator degrees of
freedom {11}. P—bosons can be defined through the commutation relations,

! — gala, = ¢~ (2.8)
[Mal] =al and [Nial=—a, (2.9)

where o! (a;) are creation (annihilation) operators and N; is the corresponding number
operator. The whoie su,(2) spectrum can now be described by two commuting oscillators,

(aly=™ (&)™

o). (2.10)

In terms of g—bosons the generators of su(2) can be written as,
J: = a%ag, J_= aéal, 2Js =N, — Ny, {2.11)

We would like to call the reader’s attention to the fact that the above wav of g—deform:
the su(2) aigebra is by no means unigue {23]. In fact. the lack of uniqueness in deriv-
ing g—deformed objects is a source of skepricisi on the reliability of the application of
g—algebras to phvsical systems. As a matter of fact. the unciear (if any) phvsical meaning
of the g—deformation is another source of such a skeptical attitude. In the next section

we will briefiv review two examples where the physical meaning of the g—deformation
seerns to be established.

3. Q—deformed algebras applied to nuclear physics

This section will deal with some applications of g—deformation to mclear svstems. Two
problems will be discussed: a) pairing in a single 7 shell . and b) the spectra of rotational
nuciei. Both cases have a su(2) structure and the g—deformation will be performed at
the level of the generators of the algebra. We have called these two situations “phe-

nomenological” because the g—deformation of the aigebra is performed irrespectively of
the underlying fermionic structure.

3.1. Pairing in a single j shell

Pairing plavs an important role in the structure of nuclel. Ir is by far the most important
part of the residual interaction around magic nuclel. Among the very many applications
of pairing model ro nuclei, the 40Ca isotopes represent a particularly simple situation,

since the 1f7,2 level is fairlv isolated from the others and can therefore be considered as
a single 7 shell.

230




In this case, the pairing Hamiltonian can be written,

G . -
H;:m’ring = —T Z \_)J m(_); mc_;’m’cj"wm'c]"‘mcjm: (31)

©ogmimd

where c}m{cjm} is the creation {annihilation) operator in the single 7 shell orbit. & is the
pairing strength.

Due to the underlying su(2) structure of the single 5 shell pairing Hamiltoniau, it can
be written in terms of the quasi-spin operators [14],

Hpainng = —GS+S_ = —GSE - GSD(SQ - 1)), (32)
where S! == Zm>0(—)j+mc;mc3—m' S. = Zrn)[]{'_')j-I mcj—m('rjm and SO = %(Zm C;mcjm_g?)
satisfy quasi-spin (angular momentum) commnutation relations. Q = 3(27 + 1) is the pair

degeneracy. The eigenstates are labeled by the number of particles n and by the number
of unpaired particles 1 {seniority quantum number) giving rise to the eigenvalues,

E(n,v} = —%(n - 20 — v —n+2).

The g—deformation of the guasi-spin pairing Hamiltonian in £q.(3.2) can be easily
performed by using Eq.{2.3) and rewriting it in terms of the Casimir operators of 514(2),

H:atﬂn_r; = —GCG' - G[SO}’?{SO - }']'I (33)

Like in the non-deformed case. n and v label the eigenstates of Hprran, and their
eigenvalues are given by [24],

Linod —dn—p . - —{—-i(p
(qg( Y g 3(n ))(q(ﬂ 3( ln)H)__q (-3¢ ln)ll))

Elnvy=-G = : (3.4)

Defining a state dependent parametrization for the deformation of the algebra, ¢ =
exp(3(n — v)v'), we obtain,

_sinh[3(n — v isinh{[Q — {(v +n) + 1]i(n — v)y'}
Eqlmv) = =C sinh®((n — v)v) '

(3.5)

Figure 3.1 shows the corresponding results for the ground state energies of the even-A
Ca isotopes.

The resnits are rather good. even considering the, non nsual. state dependent paraneiriza-

tion used. This can be understood if we Tavior expand a typical term appearing in H. Sty
nametly,

g — g~ 2 2 2
2 5o+ [{So = 1" + (5, - 3)" + .. J{6¢)". (3.6)
g—4q
Therefore. it seens that, by ¢— deforming the su{2) algebra, higher order terms of the
residual interaction are taken into account in an effective way.
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Fig. 3.1: This figure shows the binding energies of even A Ca isotopes as a function of the
deformation parameter ~'. n==24,6,8 correspond to 42444648, respectively. The diamonds are
the experimental data for #*648Cy. The pairing strength was adjusted to the 42 binding
energy.

3.2. The spectra of rotational nnclei

This case has some similarities with the pairing one. The g—deformed Hamiltonian for
rotational nuclei can be written in terms of the usual one simply substituting the 5162}
Casimir operator by its deformed version:

1 - 1 i}
Hooror = Eg = E’J(J + 1) — H,Zam, = FEy + Ecq, (3(}

where Ej is the band-head energy and 7 is the moment of inertia.

There are (at least) two different approaches:

1) g is a phase ( ¢ = €7) and C; = J,.J_ + (Jy],[Jo — 1],. Rather good fits to the
rotationat spectra of nuclel and mioleciules are obtained.

Figure 3.2 presents the **°0/ experimental transition energies along with fistings using
the non-deformed and deformed rotor Hamiltonians. Three different vaiues of the defor-
mation parameter v are presented and for v = 0.030 the agreement is quite good. The
reason for this success is simple: C, is equivalent to an expansion i powers of Jla+ 1)

E =E+a(@i+ 1) +blg)liG+ 117+ ...

Moreover, the coefficients a(g}, b(g}, ... have alternating signs (a > 0 and magnitudes
in agreement with phenomenology {3]. On the other side, looking at the corresponding
transition probabilities (Fig. 3.3) (23], this success looks less spectacuiar: good agreement
is obtained with v = 0.019 whereas v = 0.030 is completely off. This clearlv should not
be considered as a difficulty of the g—deformation scheme but rather it is an inherent
difficulty in any attempt to get good descriptions of both specira and wave functions.
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We would like to call the readers’ attention to a difficulty of this approach: if g is a
phase, it is not clear how to caleulaie the norm of the g-deformed bosenic state. This can
be considered as a minor problem since we are just fitting the data, however this may
bring some doubts on the correctness of this deformation scheme, as appiied to rotational
nuclei.

9) g is real and the g—deformed Casimir is taken to be [26],

4], 12J +1212J1, 120 + 2,

- jpls
C, =

22, [4J + 28 ’

(p = /). In this case, also impressive good fits to rotational spectra of nuclel and
molecules can be obtained [2]. We would like to emphasize that this way of ¢—deforming
the algebra is free from the normalization disease pointed out previously.

4. Phase transition in a ()—deformed Lipkin model

Along the vears, the Lipkin Hamiltonian [15] has been a theoretical laboratory to test
models in many-body physics. It is exactly soluble and is a “quasi-spin iitke™ model. lfs
structural simpliciry will again be useful in an attempt to understand the influence of
the g—deformation on the behavior of physical systems. In the standard Lipkin model

N fermions occupy two N-fold degenerate levels. The Hamiltonian of the SLM can be
written as,

HL‘?"“” = %zaa;.aal’:ﬂ = -T'?; Z a;,aa;‘.aup’-—o Up.—c- (4'1)
= e T oppe

In the above expression p ranges from 1 1e N and ¢ = &1

Galetti and Pimentel [17] studied the SLA in the deformed quasi-spin formalism to
investigate the infinence of the g—deformation in the phase transition. As a result they
found the suppression of the phase transition with the increasing of q.

Along with this phenomenological approach, a question as emerged, namely, to under-
stand how the general behavior of the manv-body system 1s modified when the fermionic
algebra is deformed.

In order to have some guidance we have looked at the bosonic case [12]:

In a svstem of M bosonic harmonic oscillators,
the full Hamiltonian is not just the sum of the
individual osciliators, but rather it is a sum of
termis involving coproducts if we want 1o
preserve the svinmetry of the algebra when

l deformed. namelv, su{Af) — su (M}

For example, in the two-oscillator case:

; 1 177 1 v 1
L=ala, h=N+z, Hi=¢{thitg hi—=| |.7=12
j\’i aqan hz N‘L T 23 2 (1 2]'7“"' 2:\({) ?




we have,

norntal q—def_ormed
jas,al) =1 aie! — gala, = ¢~
H:h,1+h2 H('!:H]”'*"HQ
— 9= sinh($v(h + hy))
2sinh(vy/2)
A similar prescription applied to the g—deformed Lipkin Hamiltonian gives rise to:
£ : V., @ 2
Hliokin = e sinh(2vSp) + -2-—(5’, + 523, {4.2)

where Sy, S, and S_ are the quasi-spin operators for the g—deformed Lipkin Hamiltonian.
As a consequence, the mean field is also g—deformed [20].

With this new collective deformed Hamiltonian we study the only phase transitions in
this g—deformed niodet, which are of second order, a la Holzwarth {18], i.e. the spherical
symmetry breaking in the guasi-spin space.

Q-analogues [27] of the su (2) Perelomov coherent states {28] are used to define 8 and
¢ as collective variables. The phase transition is analyzed through the behavior of the
variationallv obtained ground state energy functional,

(z| HY e 12) [NV] { cost v sin %6 cos 2¢
E 9’ ‘} ’N o= Ip.'c‘lﬂ — q +_ 4.3
@GN ==y = 2 D06 2 Do) 43)
where N
Dy, 0) = 1 + sinh? B (¥ = 1)] sin%. (4.4)

. . : : VIN-1], .
In the above expressions, ¢, = Tl;ﬁ"f is the g-deformed energy spacing and x = —c—lﬁ is
9 q

an effective coupling strength.

From E {8, ¢,7, N} we extract the main information about the Lipkin model ground
state, as described by the g—deformed coherent state. The energy depends on the de-
formation of the algebra and is proportional to [N],. The terms enclosed by the curly
brackets in Eq.{4.3) are function of N and < through the product ¥{/N — 1} and of the
effective coupling strength x.

In order to studv the ground state energy we must require the conditions

OE(#, 0,7, N) _ )
55 =0 (4.5}
OE(8, 9,7, N}
= =0 (4.6)

to be satisfied.

From the above equations we can caleulate the critical value of the coupling constant
¥, which characterizes the phase transition. The frame below presents the differences
between the non deformed case and the deformed one.

| Standard cese qg—deformed
xe=1'  xe=1+2smb?[§(N 1)
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In the same fashion as discussed by Holzwarth [18], we would expect here the second
order phase transition, characterizing the spherical symmetry breaking in the quasi-spin
space, to show up as the appearance of two svinmetrical minima shifted from the origin
and a maximum at the position of the old minimum. In this g—deformed case, however,
the phase transition depends not only on the strength of the interaction but also on
the deformation of the algebra and on the number of particles through the produc:
y(IV 1) [20]

e AAREY;
"'o."o.-'!.!.
R

2,

Rk
2
L’

N1

]

~NST ¢ T/ b4

Fig. 4.1: Figures (2) and (b) show 3D views of the scaled energy surfaces (E =2E/ [N] o) for
x = 1 and 3 respectively, as function of y(N — 1) and of the order parameter & = m— 8. Figures
(¢) and {d) show sections of the energy surfaces at v(N —1) = 1 (full line}, 3 {(dashed lire) and
5 (dot-dashed line). The behavior of E for both global minima at & = /2 and 37/2 is shown
together by extending the domain of & from -7 to 7.

Figures 4.1a and 4.1b show scaled energy surfaces for different vahies of x as a function
of 4{N — 1) and the order parameter § = = — 6 [20;. whereas fizures 4.1c and 4.1d depic:
sections of the corresponding 3D-pictures for different vaines of y(N — 1), There is a
striking difference between the pictures on lhs and rns of Fig. 4.1, namely the number of
minimea. The reason for that behavier in the first case is thar y. is always greater than
one for anv value of v > 0. as can be seen in Fig. 4.2, This in tirn means that there
will be no phase transition when one increases the deformation of the algebra for a fixed
X sl
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Fig. 4.2: The critical value of x as function of (N — 1). The dashed lines indicate the region
of existence of phase transition.

Figures 4.1b and 4.1d, however, present a gradual collapse of the two ninima, char-
acterizing the phase transition, in a new one at & = 0 as 7 increases. For low values of
Y(N — 1), x = 3 is greater than the value of y,, as can be seen from Fig. 4.1. In this
range of y(N — 1) we clearly identify the phase transition. However for values of N —-1)
for which y. > 3, 1o phase transition is aliowed.

Recently, temperature was included in the above framework [30]. For each T a behavior
similar to the one a T = 0 is obtained. at least before the value of g where the system
collapses. ()—deformation has the effect of lowering the critical temperature.

5. Conclusions

The conclusions will be divided in two parts. In the first one. some general characteristics
of the g—deformed aigebras, as seen from: some naive applications to nuclear and molecular
physics, will be pointed out. In the so cailed specific conclusions, the focus will be on
characteristics of fermionic g—deformed manv-body systems.

o General

1. g—deformation perhaps may bring new physics.

[N

In some simple systems it is possible to atiribute a phvsical meaning to the
deformation parameter.

3. However. it seems impossible to attribute a universal significance to it, partic-
ularly due to the different deformation schemes.

- g—deformation has one interesting aspect: it seems to incorporate in an effec-
g asp

tive way and in an elepant framework the interaction among the constituents
of the svsten:,
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+ Specific

1. It isimportant a careful treatment of the g-deformation, already at the fermionic
tevel, in order to take into account its effects correctly in a many-body systeni.

2. g—deform a fermionic manv-body system gives rise to a g-dependent mean
fieid.

3. The critical value of y is a function of v(N — 1). This means that no universal
character can be anvmeore assigned to y as a svstenl independent indicator of
the phase transition in a g-deformed system.

4, Inclusion of temperature does not change the general behavior.
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Abstract

The interplay between temperature and g-deformation in the phase transition properties of
many-body systems 1s studied in the particutar framework of the collective g-deformed fermionic
Lipkin model. It is shown that in phase transitions occuring in many-fermion systems described
by su(2),-like modeis are srongly influenced by the g-deformation.

PACS: 05.70.Fh: 03.65.Fd: 21.60.Fw
Kevwords: Phase transition: g-algebras: Manv-fermion svstems

I. Introduction

QO-deformed algebras turned out to be a fertile area of research in the last few
years. Many applications of g-deformation ideas can be found in the literature. in areas
as different as optics or particle physics. A natural scenario for seeking a physical
interpretation of the g-deformation parameter is the many-body phyvsics. The muitiple
correlations among the constituents of the system may provide us with a framework
where the physical effects of such a deformation may show up in an amplified way.

The many-body problem in all its complexity calls for the use of approximate meth-
ods or the development of simple solvable models which should entail most of the
relevant physics combined with a technically simple reatment {1]. A long heritage of
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such models is available in the nuclear physics literature. among which the Lipkin
model [2] has been extensively used as a laboratory 10 test approximate methods and
to point out the main features of the many-body systems.

From the point of view of g-deformed algebra applications to physical systems it
is important to understand how the basic characteristics and the general behavior of
many-body systems are modified when the underlying algebra is deformed. The use
of g-deformed algebra in the description of some many-body systems has lead to
the appearance of new features when compared to the non-deformed case. In this
connection we mention some examples: (a) in the g-osciliator many-body problem [3]
it was shown thai, when promoting the symmetries of the standard oscillator system
to g-symmetries, the spectrum of the system is found to exhibit interactions between
the levels of the individual osciliators, (b) the revival phenomenon present in the
Jaynes—Cummings model [4] disappears when the original su(2) symmetry is deformed,
(c) a good agreement with the experimental data was obtained through 2 r-deformed
Poincaré phenomenological fit 1o the rotational and radial excitations of mesons [51,
(d) a purely su(2),-based mass formula for quarks and leptons was deveioped using
an inequivalent representation [6], (¢) phonons in the superfluid *He were shown w0
satisfy the Heisenberg g-deformed algebra {7}, and (f} the chemical potential p(T)
has a linear dependence on T in addition to the usual behavior for a free g-deformed
fermionic system [8].

Recently, the quasi-spin version of the Lipkin model has been treated by ¢-deforming
the su(2) algebra and the ground-state phase transition was discussed at 7T=0 by
directly diagonalizing the energy matrix constructed out of the representation states | jm)
r9]. A suppression of that phase transition was then found for g > 1 {10]. Afterwards, a
different treatment of the Lipkin model has been developed in which the ¢-deformation
was performed already at the fermionic level. In this approach a new ¢-deformed
collective Lipkin Hamiltonian was obtained which differs from that of the previous
one by the presence of a g-deformed mean field term. The reason behind the care in
treating the fermionic mean field of the many-body Hamiltonian is the necessity of
preserving the symmetry of the original problem when the algebra 1s deformed. The
7 =0 ground-state phase transition was studied again by using a varianional energy
expression constructed out of g-deformed coherent states. As an outcome of the careful
treatment of the fermionic degrees of freedom it emerged that for some values of ¢,
the phase transition is not suppressed anymore [11]. In the present paper and still in
the same spirit of a variational approach, we have included an explicit wmperature
dependence in the fermionic g-deformed Lipkin model. in order to study the interplay
between temperature and deformation of the algebra. In this context. Gilmore and Feng
[12] have treated the same problem for the ¢ =1 case.

The present paper is organized as follows. In Section 2 we introduce the temperature
dependence in the ¢-deformed Lipkin many-fermion model. Through the analvsis of
the free energy associated to this system. using g-deformed coherent states. we discuss
the existence of phase transitions at finite temperature and its dependence with the
g-deformation of the underiving algebra. In Section 3 we present our conclusions.
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2. O-deformed Lipkin model with temperature

The Lipkin model is a valuable tool to test specific methods to treat fermionic
many-body systems. Besides. due 10 its su{2) structure, it has been widely used in
attempts to obtain a physical mearing to the g-deformation concept as applied to many-
particle systems {10,11,13]. In Ref. [11] in contrast to [10,13} a careful treaument of
the fermionic mean field was performed. which embodies g-deformation effects. There
it has been shown that the g-deformed fermionic Lipkin Hamiltonian

£ R I o) b)
e sinh(2750) + s (ST 1), 2.1
H= T n SmR@ise) + 5pgy (- =) (1)

written in terms of su,(2) operators obeying the commutation relations

[S0.5=] = = 5=, (2.2)
[5..5.1=[2%],- (2.3)
where

undergoes a second-order phase transition. characterizing the spherical symmetry break-
ing in quasi-spin space. g-coherent states were used 10 define & and ¢ as collective
variabies in terms of which the phase transition was analyzed through the behavior of
the variationally obtained ground-state energy. As a result of that analysis the phase
transitions not onty depend on the swength of the interaction. V. but also on the de-
formation of the algebra and on the number of particles through the product (N — 1)
The g-dependent critical value of the strength parameter 7 characterizing the phase
transition is

(N =1y . (2.5)

ST
Fo== ] +25inh“‘i_~j}~
meaning thai a universal character can no longer be assigned 10 7 as a sysiem-
independent indicator of the phase transition in a g-cdeformed system.

in manv-body systems undergoing phase transitions, temperature plavs a role since
it can restore the symmetry. The g-deformation also acts as a symmetry-restoring pa-
rameter {111, It is therefore imporant to investigate the interplay of both effects in the
g-deformed Lipkin model.

Let us consider again the g-deformed Lipkin Hamiltonian in order to calculate the
free energy and studv the phase ransitions of the model. In this sense we must also
select some 1est states so as 1o have a variational expression for the free energy which
will be determined by a variational method. In this connection we will use the set of
g-deformed coherent states aiready discussed in the literature 114.15] and defined by
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Z (Hm) SVAD (2:6)

to write the free energy inequality

F<Tr(p,H)y+ B~ Tr(p In b)), 2.7
where §, is the trial density operator given by

YN, f) ‘T"

jz

“HIN) Z '_ (2.8)
i=1 i‘f = 'J’ )

Y(N, /) is the multiplicity of the degenerate j-multiplet

N2+ 1)

YN T N = (2.9)

which is the same as in the standard Lipkin model because the g-deformation procedure
does not change the number and } iabelling of the states [9]. The same reason guarantees
that the g-deformed Lipkin Hamiltonian is btock diagonal. being each block associated
with a given j. Using the variational principle we obtain

Fsmm(wwuw
tha \ (0,01 /.0,9)

which, by substituting the g-deformed Lipkin Hamittonian, Eq. (2.1), gives rise 10

g Y (N,j)) (2.10)

F< m}in(s:qE,_,(j, 8,0y — B In Y (N, (2.11)
e
where
£y = £ 2.12
2[1.2], (12
is a g-dependent single-particie spacing. and
[2/] cos (i 4(j)sin”  cos2¢
E {j gy ="~ A e Tl I 2.13
0O =2\ B T 2 DGO 2.13)

In the above expression the g-dependent strengin parameter now is

LY
o

EZQ [.'7\“']{!,

A= 12/ -1 (2.14)

and

D0 j) =1 + sinh?} 7'(2_/—1)—'@ sin® 0. (

28]
—
L
—r

Minimization on the parameters ¢ and @ gives rise o the exirema.

U:—" or %7‘ =0 or 7. (2.16)
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m the ¥ 20 case. New physics appears due to the interplay between the parameters
f,7.N and j: the remaining analysis of the behavior of E (.0, ¢) around the extrema
goes similarty as in Refl {11]. However, there we were resiricted to the analysis of
the ground-state behavior, in which case j is fixed to N/2. Due to the temperature
dependence of the second term of the free energy. ;j will not be fixed anymore to the
ground-state multipiet, being therefore an additional parameter in the present extrema
analysis. # = is still a maxamum, but the condition at # =0 is now ; dependent:

{cos @ — y(j)sin’ §) —0

=1+ #(fycosl —2Ccos @ 3 2.17
) 1 + Csin” 8 { )
where
C:sinh'[éﬁj— 1)] . (2.18)
being the solution a maximum or a minimum according 1o the ineguality
maximum: 2C — 7(j}+ 1 <0,
(2.19)
minimum: 2C — y(j}+ 1>0.
The solutions to Eq. {2.17) can be written as
cost= /2(—(?) (1 =4/ - Gl(;')) ) (2.200
where
5 4C(C + 1 .
G(m)= MJ___) . (2.21)
Yaloy
These solutions must still obey the following conditions:
G Ogicostig . {2.22)

The first condition is related to the determination of 7y, given by the mequality
gsinh(VYcosh(y/2) — [Fi<0. (2.23)

whereas the second one leads to the determination of critical J,
N b =Gy
Je= 3 = ‘arccoth (—_ﬁl/G'TT;‘MHu) . (224)

Once one is given /.. one can readily obtain the corresponding 7, by a direct substi-
tution in Eg. {2.14},

sinhfy(27, — 1}]

o= T ——
G

,_\
[R]
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Table |

The @i values at the extrema of the energy functional are shown
for different values of j

J Minimum Maximum
J<Je g=0 f=%r
J=Je =20, =0, %

Fig. 1. This figure shows the behavior of a family of straight lines for /j values running from j= 61w j=0

as a function of =1, for N=12. I'=2. ¢=1 and g=1.116. The free energy is the envelope formed by
the lower frontier of these straight lines.

To summarize. -+ <7ms and j>j. are the necessary and sufficient conditions to the
existence of the extremum &, given by

coth-(j — %) ( -————>
0, = ——t 2 1~ 1 =G ). 2.26
cos e \ )] (2.26)

jeading 10 &£, /60° gy, > 0. indicating that 0y, is 2 minimum.

Table 1 below presents the behavior of the energy extrema with respect 10 j..

Fig. | shows the free energy F(fi) as a function of A7 = 1/f. As in the non-deformed
case. the free energy is given by the lower frontier of the family of straight lines, the
main difference lying on the crossing points between the curves. which in the present
case are shifted towards higher temperatures. The range of allowed values of j is given
by VN/2<j€N'2. as in the non-deformed case.

When j. exists. the crossing of the above-mentioned straight lines determines the
phase transition temperature given by

g = Miny o teFgl je 0. 0) — MMy o toEd . — LU}

P e (2.27)
InY(N o= ¥Y(NJjo— 1)
Upon a substitution of the explicit expression of E, (/. U.¢) we get
apcosh{(2; — 1!
B g CoshCG — 1)) (2.28)

TInY(N ) —InF(Nje— 1)
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Fig. 2. The critical temperature A7 is shown as a function of ¢. the deformation parameter of the algebra.

for N=12 =2 p= i,

Fig. 2 shows the behavior of fi~! as a function of ¢ =exp(;) in the same physical
situation as Fig. 1.

3. Conclusions

It has already been seen previously [11] that the critical value of the coupling con-
stant y. is number and g-deformation dependent at 7=0. With the introduction of
the temperature. as performed in the present work. we could think that no new effect
would appear. since the only temperature-dependent contribution 1o the free energy,
B U In Y(N.j). does not contain any ¢ dependence. Y(N.J) being just a level degen-
eracy counter. However. the temperature-dependent effects are embodied through /..
the temperature-dependent critical j given by Eq. (2.24). Similarly, the interplav be-
tween temperature and g-deformation has also appeared in a g-bosonic description of
the Bose condensation. where the critical temperature increases with the deformation
parameter {161,

As shown in Fig. 2. the critical temperature presents strong dependence on the de-
formation of the algebra. The critical temperature decreases with increasing of the
g-deformation. This means that phase wransitions occurring in inleracting manv-fermion
systems described by su,(2)-like models are in fact swongly influenced bv the
g-deformation. indicating that any physical conclusions regarding the phase wansition
behavior must be taken with care. if the ¢-deformed concept has indeed any phvsical
meaning.
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Abstract

A new form of the BCS approximation for a pure pairing force in terms of SUC_,(N )-covariant fermion operators is
presented. A set of quantum BCS equations is derived, as well as a g-analog to the gap equation, The quantum occupation
probabilities and gap are shown to depend explicitly on the quantum parameter. © 1997 Elsevier Science B.V.

PACS: 21.60-n: 03.65.Fd

Kevwords: Quantum groups: Many-body phvsics: BCS

In the last few years. g-deformed algebraic methods have been of much interest in many-body physics [1-9].
In the framework of the g-deformed quasi-spin algebra. the phenomenoiogy of nuclear rotational states {[1-4],
the pairing problem for a single j-shell {5] and the Lipkin-Meshkov-Glick model [8,9]. to quote some. were
studied (for a brief review on these topics. see [10]): a recent application of this formalism to boson expansion
methods can be found in Ref. [11]. Nonetheless. the g-fermionic theory used in previous works. foilowing
[12-15]. is a generalization — or deformarion — of the usual one. compatibie with the standard Drinfel d-Jimbo
quantization of %(su(2}) rather than strictly covariant under some linear quantum group transformations
[16—18}. This fact originated some confusion, mainly with respect 1o the language adopted in the liserature, but
we hope that concepts here will be clearly defined.

Recently, Ubriaco [19] has studied thermodynamical properties of a free quantum group fermionic system
with two **flavors’”. In particuiar. it was given there a SU_ (N )-covariant representation of the fermionic algebra
for arbirary N in terms of ordinary creation and annihilation operators. This enables one to attempt the
construction of a quantum group invariant second guantized Hamiltonian for an arbitrarv fermioric system. In
this paper we propose a construction of the Bardeen-Cooper-Schrieffer (BCS) manvy-body formalism [20.21] for
a pure pairing force in which the usual fermions are replaced by gquantum group covariant ones satisfying

iSupponed by Conselho Nacional de Desenvolvimente Tecnoidgico {CNPq). E-mail address: tripodi @linpel i, usp.br.
~ Correspording author. E-mail address: cliima@if.usp.br.

0370-2693/97/517.00 € 1997 Elsevier Science B.V. All rights reserved.
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appropriate anticommutation relations for a SU,{N)-fermionic algebra. Our main purposes are: 1) to study, in a
simple case, the effects of introducing g-covariance in a many fermion system, 2) 1w introduce a many-body
model based on quantum group covariance rather than in g -deformed fermionic symmetry and 3) to obtain the
first results concerning with the application of the BCS framework in the g # 1 realm. In what follows, we write
the quantum invariant pairing Hamiltonian and BCS vacuum wavefunction and apply the standard variational
process to the this wavefunction obtaining the g-analog to the BCS and gap equations.

We will work in the usual spherical basis {j,— j < m < j} and use the BCS phases for convenience {we are
allowed to use BCS phases regardless of quantum group angular momentum coupling coefficients because the
coupling between | j, j,m,m, ) and | j, j»IM ) states is unique and independent of g, see Ref. [22]). In this basis,
the usual BCS vacuum wavefunction is writien in terms of particle operators as [21]:

BCS)= TT [u,+ 1;¢jnc;-n] 10D, (1)

im=>0

where the u; and v, are variational coefficients, ¢, and cjm are the usual particle fermion operators satisfying
{CimsCim} = 8,78, with all other anticommutators vanishing and j0) is the bare vacuum state. We assume that
we can rewrite the wavefunction (1) as a quantum group invariant one in the following fashion:

BCSY = TT [uf+e7 CruCymn} 100, 2)

Jm>0

where the operators €, and C . Play the role of creation and annihilation operators for SU,(2j + 1)-fermions
within the j-sheli with angular momentum projection m and the g-bare vacuum ket is a vector in the product
Fock space defined through ijl()>q =0, The superscripts on the occupation probabilities mean that these
quantities may now depend upon the quantum parameter g. Now. the g-fermion operators C,, and C;, are
required to satisfy an algebra covariant under quantum group transformations: we clearly want this algebra to
act on physical vectors. that is. we want it to have a representation in the direct product Fock space generated by
the eigenstates {7, 2.7, 3,2+ = I, ®in ;7 of the operator N=1L,, €€, (We use 71, as a shorthand for
n,,. n,={n ;m3)- 1If we put the quantum group Operators in one-to-one comespondence with differentials in the
quantum plane. ther: a g-fermionic algebra explicitly invariant under linear SUA2j + 1) wansformations can be

cast in the form (we assume real g and consider g > 0y [18,23]:
CixCit + R 4 Cim C = O (3)
CJRC;I + q_i‘@kmnicjmcjn = 6&! (4)

(sum over repeated m.n indices). where —j< g <j, p=klmn with the mawix Py, = 8, 8,1 +{g~
1)8,)] + 8,,,8,,6(m — k) g ~ g™ "). with the usual theta function 6(x — y) (& = PR. where P is the permuta-
tion matrix and R is the R-matrix of GL_(2j+ 1)). (It is easy to check that in the classical limit ¢ = 1 these
expressions become the usual SU(2) + 1)-invariant anticommutation relations for fermions). For a given j. a
representation of this algebra can be given by [19]

J
C_un = C;'nzr 1_[ (1 + (q—E - ])C;ICjz): (5)

i=m ]

J
C;;u: = C;m;n ) (1 + (\‘-’]—} - i)C;!C;:)‘ (6)

m

14— S T
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The g-fermions for various j orbits are given by C =IT; ® /. where & is the algebra (3}, (4). The products in
(5) and (6) can be written as:

i
Mpm = q] (1+ (g7 = 1)cjicy:)
J
=i+ 2 (¢~ ey
hy=m+1
J 2 j—m .
+ 2 (¢'- D chencincn+ .. +(g =1) Coma 1 Cpms 1= CiiC - (7)
iy iy=m+1|

It is easy to see that the ¢;,, and c;m commute with M, . We may interpret the action of this operator on a
given state as taking into account. in some effective way. not only the mean-fleld strength but also two-body
and higher order contributions (a similar interpretation has already appeared in the literature when the
consequences of g-deformation were concerned). Let us now assume that we can expand in a convergent
manner the g-bare vacuum as:

2j+1

0= ... X ... X "'§(q’nj=l/21nj=3/2"")|nj=l/2’nj=3/3"">’ (8)
n;=0

where the coefficients should satisfy £(¢ = 1.0,0,..) =l and &{g=1,....0,0.n ;#0,0,0,...)=0. Acting on the
vacuum state with the operator C; . we obtain:

2j+1
ijlo>q= Z Z E ---f(%”j:z/:v”j'=3/:w~-)mm(”j=}/2v”j'=3/2v-~)
ny=0
X nj’*‘/z’nf’gs/:"'):o’ (9)

with i, > 1 the eigenvalue of M, (which can be immediately inferred from (7)). We should note that all
states with occupation number 7, originaily equal to zero are automatically excluded from the sum: therefore.
since all the state kets are orthogonal, all the coefficients corresponding to states with n,,. originally equal to

one must vanish. But j and m are arbitrary. which impiies that:
[0), = ae'0). (10)
Here the factor ae' is undefined. and we choose o” = 1 independently of g. (Note that. due to M, [0Y=10).

jm

ij10)= O: with this it is shown the uniqueness of a ray in the product Fock space which Is annihilated by the
operator C,,.) Thence. the BCS g-covariant vacuum ket reads:

EBCS >f1' = H [Mj} + !'.jq C:n.'C;— m] 10;} = H ["'l_? - ‘r'.;q(";m(\jfm Mjm ‘(M;—m] }0> = I_I [l{;—"‘ + l._igcjm C';_‘m] |0>

jm Jm im
(11)

(The superscripts will hereafter be omitted in ¥ and u?.) We now tumn to the expression of the g-Hamiltonian.
We are interested in a pure pairing Hamiltonian. whose ¢ = 1 version we write as [21}:
H = Z EJC;;nijir! - G Z C}nzsc,‘r—-n: C"','_,”:C‘,'m:- (]2)
Jm Ji s
where G is the pairing strength and the €. are the single-particle energies: here we understand that the indices
my and m, are greater than zero. We write a g-Hamiltonian following expression (12) in the form:

H(_.' = Z 6} C;m C_in; ( ‘Mjm )- - G Z C;n;‘ C;-— iy Aa’jm: A/j_;—m;(‘}‘ =, M_," - m:cjlm: M}’rr:: N ( 13)
am

g



10 L. Tripodi, C.L. Lima / Physics Lenters B 412 (19971 7-13

One can observe that the ‘‘mean-field’’ term in (13) already contains explicit interaction among different
levels (see also Eq. (16) of Ref. [19]). Using expression (7). and anticommutation properties of ordinary fermion
operators, one can perform straightforwardly the calculation of the mean-value of (13) between [BCS), states.
The result is:

(1/¢)"% -1 s
-——)-—~"—— -Gy, vuy Uy X (l/q)'““j X 2.4

(BCS|H,IBCS), = Y et} % .
! ’ T (L/q) -1 oy

G . ,
_”T E U;':u}[(l/ﬂ.?)3]_m§2j—m + (I/Q)zjgljm é’lj-m] Xﬂ" (14)

; 4}
= jim>0

where

2 j—m —m—1
gﬂjmi1+(q—1w1)(jmm__n)+(q-l_1)"[(1 )(;! )

-—nj_nm—nl
+ .._+(q""~1)"_MMI[(j—m}~n(m+3)(m+2)...(j—m—3)—n(—m—l)

X(m+2)(m+1)...(j-—m—2)—...] (15)

and {2, is the pair degeneracy of the j-shell. The coefficients of each power of (g~ — 1) in { obviously have
J ~ —

to be either positive or zero. The variational g-Hamiltonian is H' =H — AL jZ.QjL'}',. Performing a naive
variation with respect to the Lagrange multiplier A, one obtains:

d (BCS!|H,BCS),
A= . (16)
¢ dy. 20

which means that A, works as the chemical potential in the frame of the g-energy £, = q(BCSQHGlBCS ), One
may now caiculate the variation with respect 1o the occupation probabilities:

a w, &) )
8,(BCSIH, - /\qz‘zﬁjq?chsz, = (: + — _,_) (BCS|H, — A, 2. 20,:}1BCS),. (17)

J u; ciuj J

which one then imposes to vanish for some fixed g. The resuliing q-BCS equations are:

(/)% -1 .
;| €% | 7| =24, + (0} ) A =0 (18)
[/ -] e,
where
bR L . H-:l" 3p—m . . 2 -
Af =G\i Z Hj’l‘;'(I/Q)— }‘(zj'_i" _,-,-—f Z (1/4) ’ ‘52.:-/.': B (i/q) jél}mélj—m (19)
J#j - m>0

is the quantum gap parameter {which. in opposition to the standard pure pairing case. depends upon the shell
label 7). It is easy to venfy that when g = 1. the quantum equations {18} are the BCS equations:

2Mjb‘j(€J”)L)+ (u;"—-z'j:)i\=0 (20)
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for the nuclear pairing problem, with the non-quantum gap parameter A= GZ,u;;{);. The solution of Egs.
(18) for the vanational parameters u; and r; is

(1/9)*"
€ X 3 _,,,\q
2| 1 2[(1/9)* ~ 1]
2 =5 s - : (21)
J 49, -
€ x (i/éf)w 1 2, +(Aj?)2
2[(1/9)* - 1],

The quantm gap equation is obtained in an analog way as for the standard case by substitution of (21) into

(19

G siaa AY
A== L (/)0 -
iR | wey-1 ||
{ u AL+ (43)
2[(1/9)" - ﬂ
qu 3j—-m ., 25
+ 5 Z (1/‘3) 9'?_; !li+(1/Q) é’}jmgij-m -
Yy 3 - m>0
1 ‘= 2
x| 00 | ()
2{i/ay - 1]
(22)
For the case of a single j-shell. the quantum gap parameter assumes the form:
, o ) »q1/2
? . V2 EEOVZI N
af = “—{ Y /) T (/) Gl ) €; X 1 , — A,
R ’ SR " 2f(1/g) - 1] 0 ’
(23)
The qualitative behawor of ¥ is. as one can see. mdependen[ of the shell label. A 3D plot shows the

dependence of the curve &/ I € upon the parameter g. for a j = % shell (Fig. 1).

In summary, we presenied a guanium group form of the BCS method for the case of a pure painng force,
foilowing the SU, ( N)-covariant representation of the fermionic algebra given by Ubriaco in Ref. [19]. The
guantum bare vacuum was shown 1o be identical (apart from a multiplicative constant} to the product Fock
space vacuum. The g-analogues to the BCS equations (18) were derived along with the quanwum gap equation
(22). The quantum gap (19) was shown to depend explicitly on the deformation parameter: we found that the
quantum gap is reduced as the deformation increases. as if the system collapsed into its ground-state and.
conversely. that it goes to infiniry as ¢ tends to zero making the system unexcitabie. A 3D plot was made to
illustrate the dependence of the occupation probabilities z versus the single-particle energies on the quantum
parameter. One can check this dependence is gualitatively in agreement with the remark in the first paragraph
beiow Eq. (19) in Ref. [19]. The swdy of introduction of g-covariance may be interesting in other many-body
systems. in special in toy models such as the Moszkowski and the Lipkin-Meshkov-Glick ones. studied
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Fig. 1. Quantum occupation probabilities zf as i function of the single-particle energy ¢, and of the quantum parameter ¢ for j = 3 /2. Fig.
Ia is a 3D view whereas Fig. b presents the behavior for three different values of q.

previously (in the deformed algebraic approach} in {6.7] and [8,9]. A g-analog of two-level pairing is under
study and we hope o address it in a fuwure publication.
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Abstract

We obtain a g-deformed aigebra version of the Nambu--Jona-Lasinio model gap equation. In this framework we discuss
some hadronic properties such as the dynamical mass generated for the quarks. the pion decay constant and the phase
transition present in this model. © 1999 Published by Elsevier Science B.V. All rights reserved.

PACS: 11.30.Rd: 03.65.Fd; 12.40.-y

Keywords: Deformed algebras; Hadronic physics; Effective models

The concept of symmetry is of fundamental im-
portance in physics: the breaking of a symmetry and
its associated phase transition are universal phenom-
ena appearing in many branches in physics, such as
nuciear and solid state physics, although the broken
symmetries and the physical systems involved are
quite different. Y. Nambu was the first 1o realize this
universal aspect of dynamical symmetry breaking
[1] The Nambu-Jona-Lasinio (NJL) model is very
adequate to study the breaking of chiral symmetry
and the generation of a dynamical mass for the
quarks due 1o the appearance of condensates.

On another side, in the last few vears the study of
g-deformed algebras nurned out to be a fertile area of
research. The use of g-deformed aigebra in the
description of some many-body systems has lead to
the appearance of new features when compared 10

" E-mail: ciima@if.usp br

the non-deformed case [2]. In particular, it seems to
be a very elegant framework to describe perrba-
tions from some underlying symmetry structure.
From the many applications of g-deformation ideas
existing in the literature, ranging from optics 1.0
particle physics. we would like to pinpoint three of
them: the investigation of the behavior of the second
order phase transition in a g-deformed Lipkin model
[3]. the good agreement with the experimental data
obtained through a «-deformed Poincaré phe-
nomenotogical fit to the dyramical mass and rota-
tional and radial excitations of mesons [4], and the
purely su _(2)-based mass formula for quarks and
leptons developed by using an inequivalent represen-
tation [5).

It sounds therefore reasonable 10 study the influ-
ence of the g-deformation on the mass generation
mechanism due (o the breaking of chiral symmetry.
To be definite. in this work we intend 1o investigate
the effects of the g-deformation on the phase transi-

0370-2693/99 /8 - see front matter © 1999 Published by Elsevier Science B V. All rights reserved.
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tion of the NJL model, stmulated by an analogy
with g-deformed Lipkin model, where the phase
transition is smoothed down when the Lipkin Hamil-
tonian is deformed [3].

Recently, the thermodynamical properties of a
free quantum group fermionic system with two
“flavors”” were studied [6]. In particular, it was
given there a su (N )-covariant representation of the
fermionic algebra for arbirary N in terms of ordi-
_hary creation and ann@lauowpez:ater& The
su (2) Covariant-algebfa is given by the foliowmg

reiauons i
7

i

{wl’al}= 1"’(1 _q_z)g’z%v {‘f"zv-ﬁ?’z}z 1, /
LS
= —atady, ¥ w— Vi ,f"’(z)
Ao =0, { %,wz} L ! (3)

The usual su(2) covariant fermionic algebra is recov-
ered when g = 1. Later, the pure nuclear pairing
force version of the Bardeen-Cooper-Schreffer
(BCS) many-body formalism [7] was extended in
such a way to replace the usual fermions by quantum
group covariant ones satisfying appropriate anticom-
mutation relations for a su (N)-fermionic algebra
[8]. Using the su (2 -+ 1)-covariant representation
of the fermionic algebra, a g-covanant form of the
BCS approximation was constructed and the g-ana-
log to the BCS equations along with the quantum
gap equation was derived. The quantum gap was
shown 1o depend explicitly on the deformation pa-
rameter and it is reduced as the deformation in-
creases.

The Nambu~Jona-Lasinio medel was first intro-
duced to describe the nucleon-nucleon interaction via
a four-fermion contact interaction. Later, the model
was extended 1o quark degrees of freedom becoming
an effective model for guantum chromodynamics
(QCD).

The Lagrangian of the NIL model is given by

L (’”‘y'ua U+ 2. {4)
= Gl(@) + (Frvsre)] (s)

Linearizing the above interaction in a mean field
approach, the fast term deoes not contribute if the

vacuum is parity and Lorentz invariant. The La-
grangian with the linearized interaction is then

Lo = d””?’pa ‘J’+2G<¢¢‘>¢¢’ (6)

Regarding this Lagrangian as a Dirac Lagrangian for
massive quarks we obtain a dynamical mass for the
quarks

m=—2G{ ) (7)
where (Ju,lr) is the vacuum expectation value of the
scalar density i, representing the quark conden-
sates. Eq. (7) describes how the dynamical mass is
generated with the appearance of the quark conden-
sates, The quarks are massless if the condensate
vanishes.

We now turn to the g-deformation of the NJL gap
equation. Following [6,8] we write the creation and

annihilation operators of the su {27+ 1) fermionic
algebra as,

Ap=ap T1 (1+0da,), (8)
i T1 {1+ 0da,). (9)

where Q=¢g"'~1, j=1/2 and m= +1/2. The
first consequence of the above deformation is that
only the operators cormesponding o m= — 3 are
modified. Since in the NJIL model we deal with
quarks (anti-quarks) creation and annihilation opera-
tors, this feature is important because only negative
nelicity quarks (anti-quarks) operators will be de-
formed. Explicitly, we have

A.=a_(1+Qd.a,), AL=d (1+0d.a,),
(10)
A.=a_. AL =d,, (1)
where + {—) stands for the positive (negative)
helicity. In a sense, we are embedding the chiral
symmetry breaking effects in the operators’ defini-
ton.
‘We are now in position a to obtain the deformed
gap equation by introducing a BCS-like vacuum and
proceeding similarly to the standard Bogoliubov-

Valatin approach [9]. The g-deformned BCS vacuum
reads

|NiLy= 1 {cos6(p)

p.s=xl

+ssind( p)BT(p,S)Df(—P,S}“O) (12)
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and the quark fields are expressed in terms of g-de-
formed creation and annihilation operators as
ap .
x,0) = B(p.s)u{p.,s)e?~
4(x0) = L[5 180e)
+D'(p,s)u(p.s)e” P =] (13)
The g-deformed quark and anti-quark creation and
annihilation operators B, B, D, and D', are ex-
pressed in terms of the non-deformed ones according
to Egs. (10) and (11)
B.=b_(1+0QbLb,), BL=0b_(1+0Qblb,),

(14)
D_=d_(1+Qdld,), DL=d.(1+0d.d,),
(15)
B,=b,, B,=b, (16)
D,=d,, Di=d,, (17}

(in the above equations we simplified the notation:
B(p,s)— B,, b(p,s) - b, ec.). We would like to
stress that, as discussed in Ref. 8], the deformed
vacuum differs from the non-deformed one only by a
phase and, therefore, the effects of the deformation
comes solely from the modified field operators. Ad-
ditionally, the g-deformed NJL Lagrangian, con-
structed using ¢, instead of ¢, Is invariant under
the quantum group SU/(2) transformations. This can
be seen by using the two-dimensional representation
of the SU,(2) unitary transformation given in Ref.
(6]

The deformed gap equation is
m=—2G{dp),, (18)

where ( a,Tn,b)q is the g-deformed condensaie calcu-
lated using the BCS-like vacuum, Eq. (12). and Eq.
(13},

(), = (VIL| G, |NILY = () + (NILI@INIL),
(19)

where (:b:,b) is the non-deformed condensate and
{ NJL{@INJL) represents all non-vanishing matrix
elements arising from the g-deformation of the quark
fields. The contribution of these g-deformed matrix
elements is
d’p
in2
oy sn26(2)

—sin28( p)cos28( p)]. (20)

{ NJL|@|NJL) = Qf

The calculation of the deformed condensate will
be performed in a similar way as in the vsual case
f10]. It requires also a reguiarization procedure since
the NJL interaction is not perturbatively renormaliz-
able. For reasons of simplicity a non-covariant trimo-
mentum cutoff 1s applied arising

Q ra P’
SICW AL ey (21)

for each quark flavor. At this point we see that the
dynamical mass Is again given by a self-consistent
equation since the condensate depends also on the
mass. Inserting Eq. (21) into Eq. (18) we obtain the
deformed NJL gap equation

2
el )

\ ylpz +m?

Q 3
+EfoAdp p—]. (22)

p2+m2

It is easy to see that for 0 =0 {g= 1), we recover
the NJL. gap equation in its more familiar form

2Gm A pz
m*—zf de—z-{-mD, (23)
™ 0 yp© b m

where m, appears only if we consider the current
quark mass term %, = —myday in the NJL La-
grangian Eq. (4),

The pion decay constant is calculated from the
vacuum to one pion axial vector current matrix
element, which, in the simple 3D non-covariant cut-
off we are using {91, is given by

. A &p i
2 . - 24
/- j;} (27) (p*+ mz)w' (24)

for each quark color. The deformed calculation of f,
is performed directly by substituting the dynamical
mass in Eqg. (24) from the one obained in Eq. (22),
instead of deforming the axial current in the calcula-
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Fig. 1. Behavior of the phase transition for different values of 4.
The non-deformed situation comesponds t¢ ¢ =1. In all curves
A= 600 MeV and my= 10,

tion of its matrix element of between the vacuum
and the one pion state.

As in the non-deformed case. the g-gap equation
has non-trivial solutions when the coupling G ex-
ceeds a critical value G, related to the cutoff. Fig. 1
depicts the sharp phase transition at G = G, sepa-
rating the Wigner-Weyl and Nambu-Goldstone
phases, corresponding to different realizations of chi-
ral symmetry.

Fig. 1 also shows the deformed condensate valnes
as a function of g. We can see the enhancement of
the condensate’s value. due to presence of the g-de-
formation. The dynamical mass is accordingly modi-
fied through the deformed gap equation (22}, as can
be seen in Table 1. along with the corresponding
values of the pion decay constant, f.. The behavior
of the condensate around the critical coupling, G,, is
similar for both deformed and ron-deformed cases,
meaning that the adopted procedure (¢ g-deform the
underlying su(2) algebra in a two flavor NIL model

Table 1

Mass and f. for different values of g, for A=600 MeV,
G, =457 GeV™l, and G =633 GeV™'. The condensate was
calculated for two flavors and three colors

does not change the behavior of the phase transition
around G,. Table 2 presents the behavior of the
coupling constant for two typical dynamical mass
values for different g’s. The analysis of this table
shows that the coupling constant G decreases with
g, for a given value of the dynamical mass, meaning
that to acquire a given mass we need a weaker
coupling when the algebra is deformed. This indi-
cates that the deformation of the su(2) algebra incor-
porates effects the NJL interaction which are propa-
gated 10 the physical quantities such as the conden-
sate, the dynamical mass and the pion decay con-
stant. The formalism developed in Refs. [6,8] allow
g-values smailer than one {which corresponds tw
0 > ). It is worth to mention that in this case the
g-deformaunon effect goes in the opposite direction,
namely, the condensate value and the dynamical
mass decrease for g < 1.

To sumrmarize, the main objective of this work
was to anatyze the influence of the g-deformation in
the NJL model. We studied the deformation of the
undertying su(2} algebra in a twe flavor version of
the model and investigated an important feature of
the su(2) chiral symmetry breaking, namely the dy-
namical mass generation, through the incorporation
of helicity non-conserving terms directly in the
fermicnic operators. The main effect of the g-defor-
mation is 10 effectively enhance the coupling strength
of the NJL four fermion interaction, leading to an
increasing irn the value of the quark condensate. The
dynamical mass, which is related to the presence of
the condensate, is correspondingly increased. We
also looked closely at the behavior of the phase
transition around the critical peint, which is still
sharp. meaning that the new conmibutions arising
from the deformation of the condensate do not play
the role of explicit chiral symmetry breaking terms
[10}

Table 2

Behavior of the coupling constant G at givea values of the
dynamical mass for different values of g Cuteff and critical
coupiing are the same as in Table }

g=1.0 ¢=1.1 g=12 g=13 Mass [MeV] g=10 g=11 g=12 g=13
Mass [MeV] 365 375 384 392 300 6.04 5.98 594 5.90
1o MeVi 920 92.4 G208 93.3 350 6.42 6.35 6.28 6.23
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