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One of tpe main 'assumptions of the random• phase approximation (RPA) 
' is the negligible number of virtual particle~hole ~excitations ( or multi-quasi~ 

parti'cle excitations) iri the RPA .vacu~m state; \T_he validity,of thi~ assump':.: 
, . ' . ," . . .- - ' . - . '~ ,. . - . ,'' 

tion and ways going beyond it have.been di_scussed bymany authors [1-9]. 
,., ·-. Recently. [5, 6] it has been show:n that the presence of a finite number of quasi~ 

: . particles in the RPA
1
vacuuni produces noticeabl~·:and nontrivial ch~riges in. 

, some · nuclear · observables· .. An ·intrinsic reason· for 'th~i~. changes is.· a viola'.~ 
. tion,of the Pauli principle when a nuclear .. ground state isconsti:{ictecI by 
using a simplest posori repres~ntation of bifermion.operator~, and ii-phonon·. 
state which is. a coh;rent sup~~p_ositio;; of one~particle :-; one-hol~ cornpo

/nentsis created from this state as a.vacuum state. Nonvanishi;g nu!Ilber of 
quasi particle~ in th~_RPA ~acuum affects t!i,e':RPA state occ~pation nurnbe;s 
[7] 'and suppresses- a contribution· of valence two:qtl_asipartide state~. to_ the 

·011-e~phonon .yave fonc~ion [5]. ~- ·• . . . . ... .. .· .· . • . 
.. > At first sight; the -violation of the Pauli principle in the RPA should affect 
properties of hot nuclei even more 'strongly because of, the appearance of a 
gr~at riurnb~r-of imilti~quasip~ticle ~xcitati?ns_ i~ com~ound ~tate. To checl( . 

•.· the yalic:lityof the thermal RPA and consequences of the violation· ,of the Pauli . 
. principle inhot nuclei,_we elaborated a ~ethod taking accoun{of the de~i-·• 
. ation.of state oc~upationnumbers'from.the thermalRPA prescriptions., We . 
, _call th~ corresponding appfoximation _scheme· ?,S. th~ Thermal. Reno~nialized. 

Random Phase Approximation (TRRPA). The niain idea of the TRRPAgoes : 
back to pape!'~ ofKen-ji Hara [1] and'D._J. Rowe [2].,In· devel~ping TRRPA 
weu~e a formalisiri'of the thermofield dyruuriics (TFD)[11J:, Some· nume;ic~,L 

· results are given for the SU(2) model· [iO], <. , · , · . ,,:. . 

. .We· start ~ith the model nuclear Hamiltonian that' con~isfa ·of a mean 
: \-~ field and an' effective padicle-hole separable interaction:~' , ., . 

- . , \• -- .":,_ 

By e; we; de~~te the, single-particle enei-gy . and by: !kl .. - the\ingle-particle' . 
'm~t::rii elerrient of a·one-bodyop~ratoi:- (e:g: aquadrupole.one).> . ·· • : . ; · 
, . First, foll?wing the TFD pres~ripticms, l,et us construct the thermal Ha,mil-

; tonian of the 'system [1~, 13]. '. :' · ... ''> ,· . ·, ; . ·.· ·: '. / 1 

i It is k~own that the ext~rision' of quantum field theoryto finite temper.; 
-~t~r·e x:equires, a 'tioiihling of ~h~ fielddeg~~e~ of freed~m. ; Ill th~ TFDi 'a . 

. , ''tilde I conjug~te· opera:t'or. A is asso_ciated to ~y, oper~tor A actirig. ii ~rdinary, 
space through the tilde conjugation riiles . . . . ,. . . 

I '-· - '. l ' 



v 

(AB) ~ AB ; (aA _+bBr = a~ A+ b* B ' 
wher~ A and B stand for any op~rators and a , b are c~numbers: The a_s- • 
terisk denotes the complex conjugate: -The tilde operation commutes with-
the h~rmitian: conj~gation operation and any tilde and nontilde operators -. 
are assumed to commute or anticommute ~ith'each other. For any, system -- ,· 
governed by the_ Hamiltonian H th~ whole Hilbert space at T # 0 is spa~ned . 
by the direct product .of the eigenstates of Ji and those of the tilde Hamil:: 
tonian H which has the\·ame eigenvalues ~s H .. The therm~! Hamiltonian 

· 1{ ~ H• :_ H is the time .-. tr~slation operator and the propertie·s · of the 
.. system ~;citations ar~ pbt.ained by the d!agonalization ~f 1-{,~ : .. .. 

The ther~alHartree~Fock ground state IO(T))HF of a heated system is' 
treated' to be th~ so..:called thermal vacuum ;tate. The 'latter is .defined so 
that the expect~tion value ·or an:'{ oper_ator 'A oyer it equals to •a thermal . 
average of thisoperator over the grand canonical ensemble [11]: .· 

- ·.·, ,. -. -. . "·-.; .-.· - , 

: ' ', '' 1 ' . '. ' ' ' ' ' ' ' : . 
-~A»= T ( ·· ( ··H)) Tr[A exp(-:-f3H)] =HF (O(T)IAIO('.f))HF "' 
•.. • . . . r_ exp -T ·' , : . . .. -:-. . ·. . . ·. . • •. • · . : . 

. The wavefonction IO(T))HF i~ a vacuumfor the :so-c~lled thermal'quasi-
particles (3~, /ii [12, 1~]: · : · ·· · · '_" . · · , · · 

'· . '' '·, ''f.l. ~ ·x·-a: _:_ y:at .. 
·JJi '' '' 

. ·13-. -~;.a-·+ ·y-at .. ·. 
., I : I 1 : I a 

' ' 
'(2) 

, \~;IO(T))Hi ~};1o(T)).~~ ~ o . 
where the c~efficieri.ts x;·, Yi 'ar,d the th~rmal ·Fermi occupation riumb~~~ ~f the 

. 't ·:--1• ·)"· ' ·_i ,·:' : ·, . .. ' ' •, :· .. : ··_· ,:•·.. '~ · .. -. ;:'', •' ', . sates n,. . ...... ·: '·.> ... ,,, .• ,·· ...... · , .. 
. . . . ii = ✓1 :_ n; : y; h: ~ . . . (3) 

-·-; 

n·:-. 1 · :·.· 
. · ':-·1+exE[(c; - ,\)/T] · 

-'A chernic;j p~te~tial ,\' is a:djusted 'to keep . cotistant' ,an. ave;age; dumber of 
particlesinasysten1:_ ·_., · .. , . ,' ,-:, ✓• ._, • •.•• .• ··' •• • .• 

'' ' The'transformatio:U':{x; y} is' lln~t~y,-a'.nd. thus, ,th~.-stand:1rd, anticom- . 
mutation rules are valid for_ creation and-annihilation operators of thermal 

·. quasiparti~les /4+; ,8 a~d their tild~ ~~tinte'rp-~ts /3+; /3. . . .·. . 
After -transformation (2) -to· the therm:al quasiparticles tne RPA part ·of 

the thermal Hamiltonian 1{ takes the form: . . : . . · . · ' . _ 

•' 

i: 
I 

I, -
:(I 

[., 

/,,,.· 

"i: 

- ,1• 

.-
' ' ' 

1r"= I:. i;(!Jt /3; ~ ftt /3;)- .··. 
. ~ . i •,. 

~i~ L, f~ifmn(x/y;XmYn - Y1XkY";;n)(f3t fit+ p;f3k)(f3!/it+=-tJnf3m) .. (4)1 
klmn _ · ·. · · · .. · , · , ' , ,•· . '. 

· Note th~t alth_ough. the initial Hamiltonia~ (1) has a sepa~able form,th~ 
thermal Hamiltonian cannot be factorized;·. ., . . . . 

.. The foll~wing commutation rules ';ue valid for the thermal biquasiparticle 
. t· (3- (3 ·13+/3-+. . . I .opera ors 1 k, ; j. 

,\ 

- •_+.:..+: . ' ''+ ··. _+_:, 
[f31f3k, '(3; (3j ]= bj1b;k - 631/3; fJk - b;k/3j /31: 

' - > \. - • ·-~, ', • 

"-." 
(6) 

- '-. ~ +-+ - ' :._ : [/31/3;, /31,Bk] - [(Ji (J; , f3dh]- 0 
, I 

If we wish to f~llow the quasibosori·approximatfon·,: ,we hav~ to assume 
. · .. that tlie'n~w biqua~iparticle·Jpe;-ators are pur:e boson.ones. This rneans that 
' in the right-hand sid~ of ( 6) the t~rms' ~ f3t /31: and'~: (3+ ifh have to b_e ·' ' . '., - . '' ", - ' ' . . . -_ ·- . 

omitted, which is equivalent. to/the assumption. that tne number of thermal~-
quasi particles ip the thermal grciund state-vanishes.: ·, ' . '', : ·... ', ' . 

In cold nuclei/as a first step going beyond the RPA, it has'b.een p~opose.d 
[1,.2] td apprnxi~te tlie ~~mmtitator's (6) by c - n~'mbeis. We follow the 
same idea at Ti= 0 and assum:e .. the 'foilowing form ofthe commutator (6): 

-. . . - \ . ' . '--_. ,_ ,, ' , .; 

.·.·' [~1/Jk, Pt /it] = bi~b;k(l,- p; :__Pi). 
~ ' - .. ' ✓ • ' '' • , , 

(7) 

where· .. :··· . . . . _ ... . , _ . _ , 
·p; = {Wo('I')l/3;/3;IW~(T)) ;= ('1'ci(T)l/3;/3;1'1'~(T)), 

., , . . . •', 7 

'\..,,.' 

a~d l'1'0(T)) is.the w'a':e function of the gro~nd state qf a hotn~cleus whic_!i to.· 
,_be defined below. Note that the expectation numbers for ordinary and tilde : · 
thermal q~asiparticles ,are 'the S

1

ame. Eq~,;:tion'. (7): ~Hows' bn~ to introduce " 
the pur/bq~onic operators . .,. . . , --

'/ b+ ·•. 1.. ·13+13-+ b :·· : 1 /3-./3 ... 

l .. , 

; 
.1:· 

l\ 
~~_l '· ' ' 

'.' ik = ✓l . i k . ik = ✓l k i 
: ' . _. ' -: Pi - Pk -cc. ' - Pi -: Pk , ' 

which obey ,.the standard b~scm commutation rules: 
' '; -- . . :; 

, [?lk, bt) = b1;bkj '(8). 

.,_ 

3 

' 



_,The thermal RPA Ha:qiiltonian ( 4) can be diagonalized in terms of ther-. 
mal phonon operat~rs which• are ~onstructed from th~ boson operators as 

· follow~: · . . . . . . 

Q+ ;·_ ~ .1/;v b. ·+ )_,av b· 
av -· L,;, 'i"k/J- kk' -:- 'l'kk' kk' 

kk 1 - - , . 

(9), 

· '"~·CJavl'll;(T)) = 0 ,, '.(10) 

. We label phonon states by. two i~dices _ for convenienc.e ... The index· v denotes~ 
usual quantum. numbers like· the angular momentum,· a.= ±. The meahi~g 
of a. will be disc~ssecl below'. The amplitude; 1/Jft, and ;<P~~• obey the ~~ual· 

_orthogonality, relati?ns: . . . . . ·. . . . 

,_.· ,. - I_- ', :·. _" I .- -·. ~ .... -;-
~(•f,<Jll,/,a /j• )_,<JV,1,,a µ) ..::_ Q Q ,,· _., 
L,;, 'l"ik _'l"ik - 'l'ik 'l'ik_; ~- vµ aa' , 

· ik , _ ;' ·. 
(1~) 

, ~ . , ·. -.. - '. : -- ·. . , ,. , . :- :r_ --.,. . . - -
· as one can.easily check u.siiig eq.'(8).: The -system of_equations'for the.ampli- _ 
tu des 1P; <P, arid pho~o~ frequencies 'Jav, Ca}! be obtained by the ,equatio~~of-· -

-· motion ~ethodana appears .to be' nonlinear. The system 11a:s-a nontrivial 
s~l~tio~ if Wv is'~ rootofthe (allowing secular eq~ation: , , . , , 

,', , , , -~--
... l ~-~L (fa~\1,-: Pi -p~)(nk ~ n;)(E; -.Ek) 

ik · ... · ·--•-- (E;-::-.Ek)2 ·-w2 ,-• · .. -_. -" 
' ,. .• 

·.·~ 
(1_2) • 

·sin~~ the right-hai1d side of eq.(12)'is a ftirict~ri ofw2, the riiimber of the 
, - ·:solutio~s is .t~i~e .the:numo'er of matrix, elements,f;k::•. So,· the' index (J' dif-•_· 

ferentiates roots with po;itive '1ind ·ilegative values.of w.: Solving·~quations 
s-~p'arately for positive and negative· energies: ·• . , .. · •-:- . .. . - . 

. ' . . . : -· ' . . . -, .. ,, 

_c.J+;,_·= Wv. W_v--= :;-Wv •Wv >0 

o;e obtains the followini expressions for phona'ri amplitudes: 
"¾' • ~·- - - ' , ' . • - ., • 

. -- -· :.:...-1-' ii: '"k·✓l -'-'Pk - p,;:Yk~ .· ·. . 1 /~J.k,_✓1-__;_ Pk _p:;:y"·k _ · -... ,,+v -. J,, . .. ' ' , ,,,+v J, • . . • • . '(13) 
,'f'ik = 'JJ . E- -~E _;,w -- . ''l'ik _= 'JJ. E- - E ·+w ... .. •- ;, V JV _ ,' , k v . . _, V 1V , _k v 

,: · :· ~1.-v · ·.1.+v . ',1,,-v•· ..1-+~ · - ·. ·(14) 
·- 'l"'k ='l"k'' · ·'1'.k ='l'k'' , -.·, . 
f , I .-. _,a , , . . I t ,• ·. 

_Due to the relation (14) which connects. amplitudes of ~ave.functions 
corresponding to soluti011s with positive and negative en_ergies; the foll~wing 

,relationship between ordinary and.tilde ph6nons: ·- •-- i_ . 
- ·- . . - . . ""'· . 

... 

~1· .. .... · 
:\\ 
lJ ·,, 

_ ..... -:~---.·; 

) 

·':--. 

is valid; So, tilde_phorio_ris corr~spondto th,e solutions ~ith negativeen~rgies, 
. in agreement with tpe general principles of~TFD [11]. _ · 

-. Now the Hamiltonian ( 4) is d,iagonal in: terms of phonon operators: 

1{ ~-L~,)QtvQ~~ ·.c.._Q~:Q:-v),= I:wvCCJtvQ+v-: Qt)J;;) 
. . V .. ·_ - . •-- . ', _-, - : V.:',,·~ ' · ,_ . 

Th~ ~ystem of eq~~tion'.s (12~13) is;stilln~t ~omplete·, sin~e th~;number of
. thermal quasipartides Pkin the phonon vacuurn state is unknown. _To eval
u~t~ Pk, ~W~}lse, the explicit ·expre~sion of.the thermal grnmiq ·state'· f'1!~(T)) -. 
in terms 6Jthe'llos6nic operators bt, bt1: This e:-pre~sioii can be ()l>tained'by 

. using the c9!Ilml!-tation ( 8) ~ and .tlie ort.hogc,mali~Y; ( 11). rdations and has _the 
· form: ' · ,· · - · , ' -

. ., - _. ' 

' 1'11.~·cT)) = )w exp Sl?(!))Hf, - / 
~ ;_' ._ ·. - ·., 

, 1 -~ 
S ~:2 ~ G_;Ji,1btht1 

·--c -. _,,~!;, ', _; '; 

;' wh~re, the !Ilatrix Cijk/ is defi,1:1ed, through the 'follo~ing set of eqhations: '. 

'. -~ .1,avc ,,,av •, 
,,~ 'l"ij ijkt= 'l'kl 

1 . ij ~ 

-~·- Then' we get £he f~ilowirig. e_quations.- for p;: . , , . ' 

·::.Pi .. ;= '('llo(T)l;Bt ,8fl'11~(T)) == (w~(T)I.Bt.B;l'lio(T)) == tc </;f,~)2- ' · (15) 
··.. .· . / . ' . . ,, -,..·,·· ,• .,-, ,· ··, 

,, ·- - I CTII ", 

Th~ t~ det~rmi~~: the ~;<>pertie~ ~f ~n~~phonon 'states i~ ·_ h~t ~ucleus 
. within- TRRPA one h~'tosolve the sy~tem of nonlirieai; .equations {12-15)'. ', , . 

_ Putting in these equations p( ~O, on~ 'gets the stanclard ,TRPA equati~ns 
'[14, 15]. On th~. otb.'er hand; at'. n;, rik -~ 0 o'Fl'one· gets the eqi:mtions ~f 
reno;malized RPA'incold nuclei [1, 2r __ - .. ', -;_ : ·. '. _.· ... -• .t/ .. 
. : 1:o demonstra~ ho~ the _TRRPA works,· ":e ~pply it t~ a simple SU(2{ : 

. Iriodel [10] wid~ly used _to test various, kinds of,nuclear many~body theori~s. · 
_The model_consists:of t1Vosingle-particl~)eyels with the same degeneracyH . ·-

. '~ .. :. _--an·, d ___ · a dis, ta.· nc~-. b_· et. we_-· ·.e_ n_ ... -_ th_._e 1_ e_·~e.·l··_s/:, A, t ·_r __ '.---~-·_o_·_·_•_t. h; ,e_ : .. low, }e.·vel)s .. ·f·!-1 __ · 1·.l !· .. 0--c-~u. p!ed·--.··· · • by Nnucleons (1.e. -N = n), the high level 1~ empty. Tlie effective mteract10n 
. i ·.- j~ i~cl~pendent C!f th~--s~ate.~d is characterized by ~: coupling COI;stanf v:, 

~ - :t'or this_ -~~de(the set' ~f_the TRRPA equatio~s is 'reduc,ed·to the 'algebraic C: 
- , : ••• ~.':·'·,•":-, f ,··-· \.·,.:··· -'-· :.,,. ;;'-'.'.:• :· ., ., ·.--.•;· :--_-_-,.~,.-, __ _.·. ,_ .-·- ' ·,- -



< •• -, 

. ' 

A 

fourth:order_ equation for w. 'The equation for the absolute. value ~f energy 
· of the th~rmal phonon w is the following: 

w4+ {[V(ii_ ,- n;)(N :+1)12 ~ c2}]v2
'-,- 2 [V(n_ --c n+)J 2-(N+ l)_cw 

. . . .•_. 2 "-'. . . • .. 

+[V(n_ -n+)cJ = 0 (16) 

. where' n'f:is the thermal occupation nu~berof the low (high)l~vel. -,. · 
Equation (16) has_ fou·r roots; but '.we· are interested only. i~ p~sitive mots. 

There'are two of them::·orie'corresponds to·a vahie of p > J and the other, - _ · 
t~ p "< 1. :obviously mil)' the latter rJot has physi~al meaning. In fig. 1, we .. 

· show the dependence of the energy w of the phonon state on the interaction 
'" ' ' ... · . ,- . , . , ' ., : ' 

stre'ngth V at different temperatures T and the same fu11ction✓calculated 
. within the standard thermalRPA; In a cold nucleus; a collapse of the lowest 

RPA stat·e takes place at some critical value of the attractive particle-hole 
_interaction strengtn V and this c~ilaps~ d1sapp.ears in the re~ormalizedRPA 

\; [1, 2]. As one can see froni' fig. 1, the sam_e situation takes place irf a hot 
nucleus .. With incre~sing T the function w(V) appears/to be ·smoother. This 

·nieans that i~creasing-of T effectively weakens a particle-hole interaction. 
The re~sonfor_'t,his ca:n be easily seenfroII?- eq.(16) whe_re th~ interacti~n / 
strengthV appears multiplied by-the,differe~ce ofthei-mal occupation num~- · 
~ers of.the tw~ si~gle~particle levels (n~ -.n+)- The difference is less than· _ 
unity atT-=/= 0 _and decrease·s with iricrea~ing T; So, ina hot nucleus the main 

· RPA assumpti~n is valid even for a wider range of the effecti_ve. interaction 
'. strength than'in a, cold one. .. .. . . •. 

. In summary, using· the formalism of the thermo fieid dynamics we ex
·. tended i'he renormalized RPA of refs.[1, 2] to fi?iite temperature thus ·for~~~ 
. . ·1ating th~ Therm~l Renormalized Random Phase· Approximation~ Then the : 

equation; of TRRPA '\V~re solvedfor the simple SU(2) ciodel to dexrior{strate<·' 
the influence of ground state' correlations beyond TRPA on the collective 
state in a hot systeinc Strictl{speaking; the SU(2) model is' too simpl_e to .· 

. reflect a/vadety "of'changes introducing by temperature to _the nu_cle~r struc- . 
ture. For example,in a heated nucleus·then~mber ,:lf two-quasipa'iticle states 
appears to be much larger than i~ a cold on( 'Thisenlarging of ex·citation 

' spectra is n~t-i-~produced:by tne SU(2) inodeL' Thus, to _understand'more 
. . . ' . .. . . I . ' .. . .. . . . -.> 

deeply the influence of the; new type of ground state correlations cm proper:: · 
ties of ~ollective excitations in hot nuclei, calculations .withi11 ~a more realistic 
mo'del a~e needed: ?rhis work is in progress. : . . -· ' . . . . . 1 

'_ . This· workwas paftially supported ny the,foternational Science·F~unda~-. 
·tion and government of Russian F:ed_erat~on (grants N6N0Q0 and N,6N300) . 
a~d the Rus?ian Fmindatio11 for Basic Rese~rch (grant:95-02~05701).. _ 
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Fig:1 The dependence of the energy·w of.the phonon.state in.SU(2)·model 

.,. on the interaction strength V at diffe.rent temperatures T: Solid·li~es - the 
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As.ueeHKOB AB.; Kotos n.c., B.uos1111 A.11. 
nepe11opM1!posai111oe CTC<ll 1ip11 K011e•111oii TeM11epaType 

E4-95-539. 

. ,r:t,m1 1ny'lemrn Ko1111eKTJ1BllhlX B036y)KJie1111ii ·s' 11arpeThlX Hnpax · pa3pa6orn11 
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. ·\>'A metho;d taking a~c~·~~i Clf ade'viation of stat~ occupation numb~rs t'rom the 
thermal RPA' prescription's is elaborat'ed to'stu•dy collective excitations in hot nuclei . 
The main idea of this Therm'~I Renormalized Random Phase Approxiination goes 
·back to Ken~Ji Hara and DiJ.Rowe. In developing theTRRPA, ,i formalism of the 
thermo·fteld dynamics (TFD) is used: Some numerical re:;ultsare given for the SU(2) 
model., · · · 
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