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There have been numerous i nteresting theor e t ica l cons ider a
tions o[ nuc lear matter at dens i ties h igher t han the norma l one . 

., 	 Pion condenslItion,density i s omers or quark-gluon plasma have 
been discussed ns poss ible phas es of co l d(temper ature c l ose to 
zPTo)nuc l ear mti LLe.r . Se e , e . ~ . , t he review 1 1( and re ferences the
r ei n. It ; 8 SUP I)()sed t ha t such states o f nuclear matter can be 
r eali zed i n the hearts of neutron s tar s OT i n heavy ion rolli 
sions . 

In th i s poper we briefly consider t he phase which i s some
where be t~een the pure nucleon gas and quark-gluon p1nsma. No 
mely , we dis cuss the ear l ier s tudied 12.S I phase of dibaryons. 
i .e. elementa ry particles of double ba r yon cha r ge . There are 
numerous experimental candi dates for such staces , s ee the re
view /" l and Refs.S-J O. On t he other hand, SO!ne re sul ts of high 
energy nuclear experiments and , in particular, the £He effec t 
have led many authors to t he conc l usion of significant admix
ture of dibarions in nuo-lei , see , e. g. ~ 1 1 1013 / • The ev i dence for 
mult i - quark sta t es i6 also highl y de s i red fr om the po int of 
view of the QCD. 

To omit the ~ossib le misunders tandi ngs let us di scuss the 
di fferences between deuterons and di bar yon9. The deuteron is 
a bound st:l.te of t wo nucleons and int ernucleon di stances in 
t he deuteron and i n nuclea r mat ter at normal density are very 
close. So, t he deuter on cannot be treated as an elementary par
tic l e in t he probl2Dl considered. I n Cae t , it i s known 1 14 1 , t ha t 
the deuterons cannot exist in the nuclea r matter due [0 the 
Matt mechanism. In contrast t o the deu t e r on t he dibaryon is 
elementary particl e wi th a mass great er than t he double nucleon 
mass. I n the HIT bag ",odel'l&1 t he d i ba ryon is a six-quark bag 
of the radius of (H/m)l /~ r, where M and m are the masses of 
dibaryon and nuc leon, and r is the nuc l eon radius. Because 
the dibaryon radius is close to the nucleon one, the dibaryons 
shoul d be treated in the same way as nuc leons, i.e. as elemen
tary particles . The question arise~ to what extend such treat
ment is jus tified . At the densit i es where interhadroo di. s tances 
are close to the hadron diameter one has t o describe the nuc
lear matter at 8 quark leve l and t he nucleons and dibaryons 
cannot be longer treated 8S structurel ess. The quantitative 
estimation of such densities is given at the end or our paper . 

Tn our previous paper 18/, the later on called papet' r- , we 

'In paper I a misprint has occurred. In formu l ai3 ) t he 
coefficient 1/2 shgu l d be pJqced i n front of ~ Op ' 
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have discussed the poss ibility of the existence of dibaryon ad 
mixture in nuclei . It has be e n f ound that such an admi xture is 
very probab l e if the dibaryon mass do e s not sign ificantl y ex
ceed the double nucleon mass . In t his paper we study the evol u
tio n o f nuclear ma tter when the dens i t y increases. 

One may wonder why we t ake in to ac count the exotic dibaryons 
whi l e f rumiliar mes ons and i sobars are oroi t tcd . At zero tempera
tu re t he most energetically favourable configurat ions ar e rea 
l i zed only. The dibaryons as bosans occur in the syslem as a 
Bose c ondensa t e. Thi s means that the kine tic energy of al l di 
baryons is zer o. I t is , o f c ourse, no C possib le. for isobar~ 
which ar e fermions . On t he other hand, 8 largc.!' amount of ener
gy per unit o f baryon charge is needed t o genera te t he lightes t 
isoba r 6( 1232 ) than t hat to gener.ate the dibaryo n wi th a mas s 
sma l l e r than 2564 MeV . In f acl, many e xperimental candid a tes for 
diba:r yons with such a mas s have been found /4, 10 / , The existe nce 
o f r ea l (nonvirtual ) pions in cold nuclear matter is ene r ge ti 
cal l y unfavourable, exc.ep t the matteT where t he di f fere.nce o f 
Penni energies of neutron and proton c omponents is gr eater than 
the pion mas s . 

Our cons idera t i ons of energetical ly favo urable nonnuc leon 
admi x tures in nuclear matter may be invalid at densit i es signi 
fica ntly higher than th e norma l one since the nuc leon-nuc leon 
interaction can e ssen t i a lly a ff ect a s i mple pi cture of nuclear 
matter as a strongly degenerate d weakly interacting gas of nuc
leons . 

For the obvious reasons our argumen ts in favour of an impor
t a nt rol e of dibaryons ho l d f or any par ticles with an even num
ber of baryon c harge il l though the mass of such bosons with t he 
bnryon number equal to k ha s t o be close to k masses of nuc leon. 
Th is r emark is iUlpor tant in the context of s ome p.lpers " see , 
e.g., 1 111-181. 'Where a signif i cant admi xture of t welv e-quark 
states in nucl e i has been advocated. 

The desc r i ption of nuclear matter change:Fi to t a l ly a t a t em
perature or some tens of MeV.In this case one i s forc ed t o take 
in t o account many isobars and mesons f Ol · r eali s t ic des c rip ti on, 
s ee, e . g., 1 1 9~211 , The poi nt is t hat, in contr a s t to the zero 
temperature case, the ene r getical f avour f ac tor is no t cruc i al 
since the s t a t e o f t he system is determined by a mi nimum of 
Helmhol t z ener gy . 

f irs tly, we cons ide r a n ideal gas of nucleons (fem.ions) and 
dibaryons (hosons) in ch emical equil i br i um at zero temperatur e . 
Diharyons occur i n t he: system as a Bose-Einstein condensate. 
The internal energy of t he gas reads 
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3 Pmu ]


U ~ (B - 2D) [ m + "5 2iiI + DM 	 /1 / 

with IS the total baryon number 	 D 0"of 	 t he system. t he numbe r 
dibar yons, V the volume! of the t he syste!IJ and P ~[2m(~ - m») 

~ is the chemica l potential of nuc l eons and lSI mal 


M.1! for p > p c 
~ /2/

{ Ey+m for p < p~ 

where p ~ B/V is the density of Lhe baryon number a nd Ep is the 
Permi energy 

pe 
p 3 2 2 2/ 3 P " ~ ('2"2p) liS . = -[m(M -2m))EF ~ 2m ' 	 Po 

3J7 2 

it 	is assumed LhaL M>2m. 1'he first term in (1) gives the energy 
reluted to nucleon masst!.a. The se.cond one descr i bes the kinetic 
energy af nucleons and the third one r elates to diba.ryon fTUlSSt!S. 

The number of di baryons found i n pape r I i s 

0 for p < Pc 
D • 	 /3/ 

S/ 2 -1{ 	
.i. 11 - 2...... [w(M - 2m)] p I forp > pc · 
2 3" 

~et us observe Lha t f or the ideal ga s the nuc l ear matter ehanges 
to 	a pure dibaryon condensate at infini te density only. ( Th is 
limit is, of course y o f no physica l mea ning.) For finite densi
ties ther e are always nucleons in t he system. 

At Zero temperature the internal energy coincides \lith ~he 
Helmholtz f ree energy. So, the pressure i. determined by the 
rela t ion 

p ~_ ilL av . /4/ 
With the help of formulae (I), (3) and (4) One finds the equa
tion of state 

{ ~'!..·l·" .-',~ for p <P,6 2 
p ~ 

/5/
--L....m112 (M _ 2m) $ / 2 ror p> Pc • 
16 "t! 

The above equation i. illustrated in the figure. The Constant 
value of pressure for p> P i. s characteristic for phase. transi. . 	 ,
t10n regl.ons. 
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The pres8u~e ve~SUB d~nsity 
of baryon chapge . 

Let us now d i scuss how t he 
results aLe mod i fied due to the 
i nter act i on. Short-range r epul
s ive fo r ces are t he mos t impor
t~nt for the proper ties o f nu
clea r mat t er 122 ' . These forces 
can be represent ed by t he del taj1 jb .J'> J l ike potential. Repeating t he 
cons iderations from t he paper I , 

one find s t he i n ter na l ener gy at zer o t empera t ur e which deviates 
from (1 ) i n t hr ee po i nts: The chemica l. pote.otia l di efe rs f rom 
(2). The dibaryon concent.ra t i on formula (3) is modif ied . The 
potencial ene r gy t e rm occur s 

02
3"&(B - 20)2 2.&(B - 20)0 2"" D

U + + /6/
pot 2rnV rna V MV 

wher e a, a and a are the s cattering lengthS (d i ameters ofp
hard co re potent~a l~) in nuc l eon-nucleon , nuc l eon- dibaryon 
and dibaryon-dibaryon interactions; mR i s the reduced mass of 
a nucleon-dibaryon system. Under the assumption that the radius 
of a hard core in the third power is proportional to the par
ticl e mass, a and aD can be exp r es sed through a 13 /, the value 
of which is knmrn.a "" 0 .1. fm/ 22/ . To obtain the formu la (6) i t 
has been ass umed that the numbers o f nucleons wi th opposite 
spins are equal and that the dibaryon degenerat i on factor equals 
unity. 

The most impor tant result of the interaction is the occurren
C i9. of the pure d ibaryon pha se a t t he densi ti es higbcr than 

_ 0.36 ( 1 
p. c --mM-2m)a

" 
On the o ther hand , be l ow t he densi ty 

2 3/2 26 112 
p ;: -(m(M-2ml] 11- - '-[m(M-2ml ] .1 

1 3172 TT 

there a r e no dibaryons i n the sys t em. Ro t h values of cr i tical 
densi t ies a nd a l l r C8ula ts concer ning che i nteracting gas are 
valid in [he l owest: or der of t he dimensionless paramet er Pra. 
I t ha s b~en a lso assumed t ha t the dibaryon mass is c l ose t o the 
dOllble nuc l eon mas s, i. e . M - 2m<<M. As is shown below , our con
sider ations a r e r easonab l e f ot such l i ght dibaryons onl y. 

As in the cas e of i dea l gas , the equation of s ta t e has been 
fo und from t he r e.la t ion (4) 
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1 ( 3 2)2 / S -I 6/ 3 3 -I •52:7 m p +"21Tm ap for PI > P 

~S/2(M _ 2m)5 / 2 0.045 m2 (M _ 2m) 3 a + O.3117m-I ap • 

15,,2 "3 17/ 
p~ 

for P2, > P > Pi 

O.31'm-1 ap2 for P > P2 • 

Two comments of a technical character are i n order . I) The cal
cu l ationn are simpl if ied i f one notices t ha t only the volume
depender t terms of internal energy are needed t o deduce th e 
pre s sure. 2) In paper I \Ie ha ve found the chemical potent ial s 
and dibaryon concentration f or the l imiting cases D .... B/2 and 
D ..... 0 onl y. I t occurs that t he volwne-depende'mt terms of int er
nal energy and, consequen tl y , t he equation of state can be 
found for a ny va lue of n in the fi rst order o f th e Pra parameter. 

The equat ion of s tate (7) is i l lustrated in the flgu r e. At 
p = P 1 the pressure i s a continuous function of density whi le 
at P = P2 one obse rves discontinuity. To understand the physi
cal reason for t his jump of pressure, we have to return to the 
equation of state for the ideal gas. (5), For p>Pethe pressure 
is constant as a function of density in spite of the fact that 
the number of nucleons decreases as density increases . Because 
the dibaryons are at rest, the nucleons are responsible for the 
existence of the finite value, po, of preassure. In the case of 
interacting gas (~Jhere repulsive forces contribute to the pres
sure), the t r ansition to the pure dibaryon phase is associated 
wi th t he pressure decrease by the value related to t he motion 
o f nuc leons. This value equals po when a -+0. It wi l l be shown 
in our next paper that the discontinuity of the pressure as a 
function of density occurs at zero temperature only. The point 
i s that at finite temperature there is no transition t o the pu
re dibaryon phase. The f inite temperatur e corrections to the 
e quation of state · are not considered here because the problem 
demands a spec ial treatment due to a domi nant role of collective 

. . h .. f f b 1221 exc1tat10ns C aracterlstlc or systems 0 OBOOS . 

The equation of state (7 ) is much softer than that of nucleon 
gas. TIle importance of t h is fact for neutron-star phys ics has 
been briefly commented i n paper I. 

Le t us e s t ima t e t he cri t i cal dens i ties P1 and P2 ~ For a di
baryon mass i nt e rva l of 2000- 2050 MeV~ where numerous experi
ment al ca ndida t e s have be en f ound, we: ge t Pi ",, 1-2Po and P2 '=
5 -7Po. Po = 0.17 fm -:3. Let us now dis cuss validity of our re
sults. For t he baryon density equal to 6Po the average inter
d ibaryon di stance in t he d ibaryon gas is about 1.25 fro. (one 
should remember that a diba ryon carries dou ble baryon charge ) . 
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In the mode l of the hard-sphe re interact i on , wh i ch i s us ed i n 
thi s paper , t he sca t ter ing lenfthcoinc i de s wi th t he hard - ~ phe re 
diamet e r . Because a -= O .~ f",/ 2 I the dibaryon diameter is abou t 
O.S fm. Acco rdi ng to the above es timation it is reasonable to 
treat t he dibaryons A S e l ementary part i c le s (bos ons) even a t the 
den.sit i e s around 6 po ~ because the ratio of t he d i baryon di ame
te r to t he average dis t ance between diba ryons in the dibaryon 
gas 	is 0 .4. The system o( dibaryons resemb l es the liquid 4He , 

0.6 / 22where t he value of the rat i o o f interes t i s abou t ,1 . In 
spi t C of the fact t.he ra t io is no t much less than \lni ty, as a 
fi rst approximation the he l i um atoms are treated as hard s phe
res wi th t be elec tro n s lructu re neglec ted. On the basis of such 
simpli f i ed mode l t he essenl ia l proper Lies of the liquid hel i um , 
like t he phonon excita tions at t he tempera tu re c lose t o ze ro, 
can be expla ined . 

I t i s probab l e t hat the va l ue of the dibaryon diameter given 
abov~ is underestimated. ( Th~ MIT bag model gives higher hadron 
radii.) Then out" considerations are l it:ti ted t o the l ower den
sities . On t be other hand, the proper t ies of nuclea r matter can 
be 	drama t ica lly changed 'n t he densi ty in t erval under conside r a 
t ions due to the phase t 'lns itions to , e. g . , quark-gluon plasoa. 
In such a case the specul a tio ns presented i n this paper are qui
t~ inadequate to the hi gh dens i ty nuc l ear ma t ter . 

We conclude as f ol lows . Th e equation of state studiad here 
is of practical impor t ance i f t he critica l density p 1 is smal
ler or very close to the norma l nuclear one . It demands the 
existence of a di baryon with a mass which exceed9 the doubl e 
nucleon mas s by a value of 3bout 100 MeV l SI . As was ment ioned 
abov e the re are s ome exper imen ta l candidat e s fo r such s ta t es. 
Then L"e softness o f t he eq uation of state (7) manifest. i tseH 
at mode ra t e densit ies where our considera t ions are r4!oKonable . 
Anyway these cons i derat i ons are ra ther of a qua l itat i ve than 
a quant i t~ t lve character because of a very simpl if ied f orm 
of in terac t ion and the val i di ty o f our results in the lowest 
Older of PF• parametcT. 

As vas discus.ed previosly, our results {or dibaryons can be 
t r i vi al l y modified for any parlic\es wilh an even number k of 
baryon charge . As examples, we give the formulae fo r concentra
tion of Uk-baryons" with 8 mass M and the respeC:live eq ua t ion 
of 	state f or idea l gas approximation: 

for k(m ,E F) <M 

K a 	 { : M _ tm S/ e 1 
- [ I - \ kE ) for k m 'M < k(m+E f l. 
k r 
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.!... (..:!..2) 2: 3 m-1 p 6/ S 	 k 
for P < Pc5 	 2p 

{ 2 - 1 M 5 1. 
-	 - m [2m(- - m)l for p :> P k 
15. k 	

c 

2p . 3. (2m(~ _ m) 1S/ 2 
c 2 
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MpyB'IHHCKH CT. 
YpaBHeHHe COCTOHHHH HAepHOH MaTepHH, 
COCTOH~eH H3 HyKJIOHOB H AH6apHOHOB 

E4-85-855 

PaCCMaTpHBaeTCH HAepHaH MaTepHH, COCTOH~aH H3 HYKJIOHOB H AH-
6apHOHOB, T.e, 3neMeHTapHhlX '!aCTH~ C ABOHHhlM 6apHOHHhlM 3apH
AOM, llony'leHO ypaBHeHHe COCTOHHHH TaKOH MaTepHH npH HyneBOH 
TeMnepaType. 06c~eHo npH6n~eHHe HAeanbHoro ra3a, a 3aTeM 
paCCMOTpeHa ponb B3aHMOAeHCTBHH, KOTOpoe BKniD'IeHO C noMO~biD 
AenbTao6pa3Horo noTeH~Hana. 06c~eHhl oco6eHHOCTH H B03MO~e 
~H3H'IeCKHe CneACTBHH nony'leHHOrO ypaBHeHHH, 

Pa6oTa BbmonHeHa B ITa6opaTOPHH BbiCOKHX 3HeprHH OIDIH. 

Coo6~eHHe 00~e~HeHHOro HHCTHTyTa R~epHYX HCcne~OB8HHft, ny0H8 1985 

Mr~wczy1~ski St. 
Equation of State of Nuclear Matter 
of Nucleons and Dibaryons 

E4-85-855 

It is considered the nuclear matter consisting of nucleons 
and dibaryons, i.e., elementary particles of double baryon 
charge. The equation of state of such matter at zero tempera
ture is found. The ideal gas approximation is considered and 
then it is discussed the role of interaction which is included 
by means of delta-like potential. The peculiarities and possib
le physical consequences of the equation of state are conside
red . 

The investigation has been performed at the Laboratory 
of High Energies, JINR. 
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