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Critical phenomena of a nuclear system in aJternative ZM
models
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Ab8tract A1ternative ver8ion8 of the ZM rrlodel are extended to a8vnunetric nu．

clear ma七ter by including p rnesoⅡdegree of freedom in the Lagrangian．The extended

models are七hen uBed to Btudy the therⅡ10dyn锄ical propertie8 of嬲ymmetric nuclear
matter a七矗nite temperature．The critical temperature for a liquid—g鹪ph船e transition

in nuclear matter and it8 dependence on柏ymmetry p砸啪eter are cakulated．The
liI工li恤g teInPerature丑‘m，which renectB CouloⅡlb inBtabiHty ofhot nuclei，is studied．
The caIcula七ed resultB are compared with that given by the origiⅡal zM model．

Keywords Critical phenorn蚰a，Nuckar mtter，ZM model
CLC nu舶bers 0572．33．0571．42十5

1 INTRoDUCTIoN

The interest of studying the 1iquid·gas ph酗e tran5ition in nnclear matter⋯has

increased recently with the att哪pt by the EOS C01laboratioⅡto extract critical e】【_

ponents of丘agmeⅡting rLuck缸systems prodllced iⅡthe comsion of l GeV／肌ckon Au
nuclei而th a c缸boⅡt缸get【列姐d丽th the extraction by the ALADⅨ／LAND CoⅡabo·
ration of a caloric cum res试ting＆om the丘agmentation of the qu鼬iprojecme fbfmed in
the co】】i8ion Au+Au at 600 MeV／Ⅱuckon e曲jbiting a behavior e印ected fbr a缸st．0rder

liqllid-卫as口hase traⅡsition．i3】Since the syst锄fbrmed in the c011ision is of如me size and
with the Colll锄曲interaction，its 1iIniting temperatllre噩‘m is also jⅡ1portant．【4J Below

丑‘m，the nucleug can e】．血t in eqllilibri眦with the 8urro衄ding vapor．But a：bave丑‘m，
the nude璐i8 11Ⅱstabk and wm丘孵meⅡt．Thjs is the so．called C0ulonlb hstability of

hot nudei．

Althou曲the W乱edm modd【5】is successful in describing the properties of both in矗．

nite nuckar matter强d矗nite Imcki，it百ves too l越ge a compressioⅡmo“lus(540 MeV)、
Recently，there have be吼v缸iaus prescriptions for mo岫iⅡg the W甜ecl【a model，such as
the noIdiIlear sigma．omega model【6】，the scal缸derivative coupliIIg model【7】，the quark—
meson coupling model【8】'etc．hl the zM Inodel，a derivative couplingbetween baryoⅡand
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scalar meson is iIltroduced．It yields mucll more reasonable value 0f 225 MeV for the com—

pression modlllus．The ZM model has also been applied to山scuss the liqllid．gas phase
transition of Imckar matter a皿d the C011：【oIll_b iIlstabiUty of hot nudei．19J Recentlv．vari—

ants of the ZM model were inlplemented and applied to dense co王d【l oJ as weu as warm【11】

nuclear matter． hI these new versions of the ZM model，a no“Unear couplin卫between

the nucleon and the vector u meson is introdllced．A recent血ite nuclei calcuIatjon【1纠
shows that the modi丘ed versioⅡ，ZM3 model，improves upon the or酿inal ZM model re．

g缸djng the energy splitthg of leVel5 due to the spjn—orbit interacti讲I in觚te nuclei．It
i8 therefbre of interest to apply these new versions in studying the critical phenomena of

a nuclear system and conlpare the reslllts With those given by the original zM model．

The paper is or舀anized as fbdlaws．In section 2，、耵e will introduce the equation of

state(EOSl for bu】kⅡuck缸matter at矗mte te唧eratllre iIl the ZMⅡ10dels and a two
ph嬲e equilibrj啪model fbr the study of the Colllo珂【b instabmty 0f hot mlclei Section
3 contajns t!be reslllts and some discu8sions．

2 MoDEL

AfterrescaliⅡg the肌cleon neld柏妒．+m+1／2妒for a11 ZM models吼d rescaling the

vector m郎on船ld罄“■_m+up for ZM2眦d ZM3 models，the Lagran舀an恤the ZM

mo(1els reads

c= 事i’ka怔妒+m+。(一g。每7p’鼬一一{耳，F一”+≥m：wpu“)
一币gp{7pf-5“妒一事(M—m+49，口)妒

+；(乳，铲a—m；一2)一{知·三“”+{m；矗-弘 (1)

h the above equation，肘’is the re8t m柏s of矾cleon and f i8 the P乱山operator．盯，up
and瓦缸e the neutral scal缸meson矗eld，neutral、rector meson矗eld and isovector vector
Ineson fidd，With p缸ameters"k，鼬，mu，gu，mp孤d郢，respectiVely．The ef陷ctiV。

mss M‘is d萌ned as M‘=m+M耐th m+=【1+如盯／Mrl．耳。兰钆u，一乱up，
三“p三钆b一以6“眦d口and卢have the following values fbr diffhent models：for zM，

乜=0，卢=1；ZM2，&=1，卢=1；for ZM2，a=2，卢=1．

h a me廿6dd approximation(MFA)，the meson丑dds缸e r印lacedby their mean
丘eld values，蜘，uo and b． By using the staⅡdard technique iⅡthe矗dd theory'we

obtained the唧ression for the pressure of the system as

p=器mV一篆(害)2+器，；
n ， ☆

+。虿，南／以争。@)+删】 (2)

h Eq．(2)，优=、／i2+M+2 and we introduced谚=露M2／m：，吒=无M2／m：aIld
唧=g；M2／嵋．Fernli dist抽utions are de缸ed a8～(I)={唧[(曜一咱)／b纠+1)-1
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and％(七)={exp【(蛾+％)／b卅+1)_1 妇=扎，p)and the quantity％is related to
the usual出eⅡlical potential～by the equati叽s‰=肛n一灿uo+郎6D／2 and咋=
脚一灿uo—gp60／2 with蛐=乳P／m三and 60=gpp3／(2m；)where P3=昂一P。
The che血cal potentials for neutr帆aIld proton are deterIIlined by their densities：pq=
【2／(2'f)3]，d3南‰(七)一元q(七)] (g=n，p)．The neutron density P。孤d proton density
pp缸e also rela土ed to the total density P and a8ymmetry paramet虹a by relations：

p。=(1+d)P／2 and Pp=(1一a)p／2．The e圩ective m船s satjs矗es the fouowiIlg self-
consistent equation，

-吲=警水2％2+和¨邑／护t扣卅引圳(3)
Now we出scuss the伽o．phase eq伍nbri啪JnDdel，wlljch w进be used to 5tudy the

Colllomb jnstabiuty 0f hot nuclei．Wb con8id盯the hot mldeus船a mliforrnly charzed

drop 0f肌clear liquid at a舀ven temperatllre T孤d With a sh唧edge，iII both thermal
mech羽[Iical aIId d塘mical equjlibri啪with the 8urrounding vapor． A set of two．phase
coe】cistence equations is，therefbre，obtained by requj血g equi山ty of te力1perature T，
pressllre p，neutron出enlical potential蜥and proton<I坨nlical potential鳓of the 1i删d
and vapor phases：

p(T，PL，aLj+pG叫f(PL)+p“，，(T，户L)=p(T，p，，a，)

pn(T，PL，口L)=，h(T，PP，av)

脚(T，儿，nL)+pG0t‘I(P上)=脚(T，Py，a，)

(4)

(5)

(6)

where subscript8工眦d y st眦d for 1i删d and vapor，respectively．hl the hquid Phase，
the C011l衄曲勰d 511rf如e e船cts have be∞induded．For a uⅡ洳m母出arged sphere，

p口。“(p)=6ze2／(5五)and pao“(P)=z2e2P／(5^丑)where z，A a丑d置are，respectively，
the chⅡge，m鹳s n11n出ers and radius of the li删d出0plet．
The pressllre given by the s11rface ten8ion of也e liqllid dropkt is e印ressed as

pd“，，(T，P)=一27(T)／冗．FbllowiIIg Ref【9】，the矗MmIlla for the terr】peratllre depen—
dence of the pre8s11re tension—r(T)s1199e8ted by Goodm姐酣口z．【13J is used：7(T)=

(1．14 Mey，mq)[1+3T／(2殆)][1一纠％]3／2，wh盯e殆is the盯itjcal temperatllre for
j删亡e symmetric nuckar m8tter．

3 RESUI』TS AND DISCUSSIoNS

h the numerical calclllations，We wm use the coupliIlg constants百v吼iIl Re￡[11]

(僻=219．3，“3．3；优=100．5，305．5 for the zM2 and zM3 models，respectiVdy)．The
coupling constam gp betweeⅡthe p mes0Ⅱ矗dd aⅡd Imcleon矗eld in the present m。del is

ta】【en the same as jn地e usu8l zM瑚【odd，f。]j．e，四m+2三(Ⅳ+2／m；)露=54．71，Ⅵ棚c11
is deterⅡliIIed丘om p—}2百decay．峥J
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we win use the EOs given by chernical-density(p—p)isotherms to discuss the hquid-

g∞phase tr孤sition in nuclear matter．The critical ternperatllre 20 can be determ血ed

by the condition ofthe in丑ection pon 0f p—P isotherms，

(笔)T=。 (器肛。 (7)

h asyⅡlrnetric nuclear Irlatter，the proton and neutron al电not血chernical equilibri啪
althou曲they may be in thermal eq'11ilibriumH． so，their c11eIIlical potential are not
related to eaclI other．Since the proton and neutron have d主ffhent che血cal potentials，
they shall also appe缸to h撇difFerent critical temperatllres瑶and 2苫，respectively．
But we c踟：mot imaP：ine that the kj_Ⅱd of nuckons with lli吐critical telnperature can

stick toEether after aU the other 1【ind of肌cleons with lower critical teⅡlperature haⅣe

boned o疗．Therefore，We rⅡust dloose the lawer of暇alId珊舳the correct critical

terrlperatllre．

E0r the coⅡvenieⅡce in the c锄parison betweeⅡthe reslllts h盯e and虹【0se given by
the non．relativistic theorie5，、种ile血e a reduced出e血cal potential豇as豇兰“一M．In
F培．1，we present the豇一P i80therm5 f曲i埘叩dte粥y】Imletric nuclear m砒ter with a=0．4

and at various temperatllres，calclllated with the Z】讧2 moiIel．In the case of asymmetric

nucle缸matter，鳓蛆d豇n sep缸ate．At 10wer temperatllres，both of扛n—P aIId乒p—P
iso虹屺rms exhjbit the fbnn of tw争ph躺e coexistence，with姐unphy8ical region for each．

When ternperatllre T ilIcre柚e8，the unphysjcal re舀0n8 get sm“er Wb can then find

a critical temperatllre T嚣fbf neutTons and a critical teIⅡperature 2暑fbr protons．The

reslllt fbr the asyr∞1etry p缸ameter d=o．4 is 2苫=11．92MeV锄d露=21．oo MeV．
AsⅡ州ioned above，we sh“d choose the lower of the two critical teⅡlperatures，丁嚣as
the correct critical temperatllre for as”∞Inetric肌clear matter．Fbr a Eiven asymInetry

o，we 0btain a critical t锄peratllre 20．hversely’we obtaiⅡa critical酗”nⅡ地try for a
given t锄peratllIe．The resulted％一nc dja口姗is shawn in Fig．2，calculated with the
ZM．ZM2 and ZM3 modeb．The sond and dashed cuI、res stand fbr the reslllts with and

Without the P m郫on degree of丘eedom．The ph聃e dia寥鼬sep甜ates the T—a space
into two region8．h the exteIior region，Ⅲlckar matter can e五st in gaseous phase 0nly，
whjk m the int盯ior region both 1i删d and g酗∞ug phases缸e au铆陀d．F0r intance，the
critical asymIⅡetr矿at T=12 M：eV in tlIe usual ZM model without the p meson de譬ree

of f}eedom is a=0．84，aba、陀whi∈h only the gaseous phase can e】【ist in nucka工matter．

It is seen that the廿itical temp盯atllre 2b decrea8es monotonously a8 the asyⅡlmetry

par锄eter a iIIcrea5es in aU the t】lree ZM：models．The critical temp盱atllre in di赶童rent
ZM mDdels decreases jn the sequence：ZM，ZM2缸d ZM3 in any船yr衄∞try case．Naw

let us discuss the e矗bct of including the pⅡles∞degree of丘eedoⅡ1．One can丘nd that

the indusion of the P meson degree of丘eedom giVes an additioⅡal asy】丑珂etry e矗kct on

the chenlical potentials pq and pressllre p．As a resun，the chenlical potential of neu打on

shjftsⅡp and the clIemical potential of proton shifts down f11rther．The increase in the

gap between脚l and，lp shaU de盯ease the critical teI】1peratllre in柚ymmetrjc nuckar
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口，卵

Fig．1面。一P and西一PisotheⅡns ofinfmite

asy衄etrk Imckar rnatter with the
asymmetry parameter n=0．4 and at、^甜ious

temperatures，c出culated wi七h the ZM2 model

Fig．2 Ph罄e diagram of the critical

temper8ture 20 pIotted again8t the critical

稿ymmetry parameter nc for i矾nite nuclear

matter．calculated with the ZM．ZM2 and

zM3 modelB wi七h(B0lid curve8)and

without(dashed curves)the p rneson

matter．This reslllt is expHcitly shawn in Fig．2．

q11iclcly than those without the pⅡleson．

Next．we discuss the C01110Irlb insta．

biHty ofhot nuckiby calclllating the lilnit-

ing temperature丑im，above whj出the set

of coe五stence equations(4～6)has no so-

lution．w毫show in Fig．3 by s01id(dashed) 童
curves the mass nunlber deDendence ofthe ：

limiting temperatllre五im in the ZM，ZM2 一

and zM3Inoddswith(without)the P me·

son for the皿dei along the厚一stability line：

z=o．5A—o．3×10一2A5／3 (8)

It is seen盘om Fig．3 that the six c11rves

have a siIlm孤trend：the蛳thg temper-
ature decreasesⅡ10notonously as the mass

nuInber A increases．but the rate of the

decrease is smalkr for l盯ger A．I七is also

The curves with the p meson drop more

Fig．3 Mass number d8pendeⅡce of 1imi七ing

temperature珥．m calculated by using tlle

zM，zM2 and zM3 modeIs with(solid curves)

and wi七hout(dashed curves)th。P咖80n

seen that the limiting temperatllres have the same sequence硒the critical temperatllre

for di艉rent ZM Inodds．TlIis reslllt indicates that the hot mlclei described by the ZM

^。=、一
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modelis more stable than that described bv the ZM2 or ZM3 models TMs conclusion

is consistent with the calculated critical temperatures of asymmetric nucleaT matter fsee

Fig．2)．Consider血g the different values of compression rrlodlllus血di舵rent zM mod—
els：224．7 MeV fbr ZM：198．3 MeV for ZM2 and 155．7 MeV for ZM3．we矗nd a r1Ile：the

softer the matter，the law盱the％and噩im．Ⅵre have also noticed that the limiting
temperatllre丑lm calclllated with the PⅡIeson is dways hjgher than the correspondjng
one without the p meson aIld exhibits e】甲1icitly缸I additional asyⅡlrnetry e饪bct．As a

reslllt，the heavier hot nucleus becomes more stable when the p meson de卫ree of矗eedom

is included iIl the LaEr姐臣ia丑of the system．W毫have also exa】血ed the equjlibrium
Values of the懿yⅡ1metry p缸ameter Qy for V印or phase and found that they are always

negative when without the pⅡlesoⅡs in the system．The result is not reasonable in口hvsics

aIId is very di矗毫rent from that in the non．rdativistic theories，【l 4J where the asyI功=Iletry

paraIneter of Vapor is always positiVe．When the p meson degree of丘Eedom is mcluded，

howeVer，the situation clIaIIges，i．e．，the asymmetry ay in the Vapor phase becomes pos—

itive．It血djcates that it is necessary to血clude the p meson de耵ee of{}eedom in the

description of as”∞metric Imclear system．We have also shown in F堙．3 an experiIrlental

poiⅡt(丑tm=6．5 MeV fbr A型125)舀ven by Natawitz e￡口f，【15j who咖arized their
early唧erimental reslllts．【1咧We found tha土thjs experimental poiⅡt is very close to tho
reslllt predicted by the usual ZM model．The reslllts given by the ZM2 and ZM3 models

is 1 or 2MeV 10wer than the exDerimental data．
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