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Nuclear matter with a Bose condensate of dibaryons in a relativistic Hartree approximation
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The Green’s functions are constructed and a one-loop calculation is given for the scalar and vector densities
and for the equation of state of nuclear matter with a Bose condensate of dibaryons. This is the lowest
approximation in the loop expansion of quantum hadrodynamics, sufficient to account for the presence of
dibaryons not in the condensate in the heterophase nucleon-dibaryon matter. It leads to a finite effective
nucleon mass and remains consistent with increasing the def&it§56-28188)03003-9

PACS numbgs): 14.20.Pt, 21.65:f, 24.85+p

I. INTRODUCTION densatd22,23. This fraction increases with the density and

. . . has an important effect on various thermodynamical quanti-
The prospect of observing the long-lived H-particle Pre-jias P y g

dicted in 1977 by Jaff¢l] stimulated considerable activities MFT constitutes the basis of quantum hadrodynamics
in the experimental search for dibaryof#|. Although no HD) [24—26. In a loop expansion of QHD, it corresponds
positive evidence has been observed yet, future experimenta ine |owest order terrtno loops. In MFT all dibaryons are
studies may elucidate the nature of this interesting possibily, the condensate. Dibaryons that are not in the condensate
ity. Nonstrange dibaryons which have a small width due togppear first in a one-loop calculation of the scalar and vector
zero coupling to theNN-channel are promising candidates densities and of the equation of stdf0S. This approxi-

for experimental search¢8]. A method for searching exotic mation is identical to the relativistic Hartree approximation
dibaryon resonances in the double proton-proton bremsstraliRHA) for normal nuclear matter. It is sufficient to account
lung reaction is discussed in R¢fl]. The narrow peaks ob- for the existence of noncondensate dibaryons. In this paper,
served by Bilgeet al.[5] and Clemenet al.[6] in the pion  we construct Green'’s functions of HNDM and give a one-
double charge exchang@CE) reactions on nuclei have loop calculation of the scalar and vector densities and the
been interpreted by Martemyanov and Schegiihas evi- EOS of the binary nucleon-dibaryon mixture.

dence for the existence of a narralt dibaryon with a mass

of 2060 MeV. Recent experiments at TRIUMFancouvey

and CELSIUSUppsala seem to support the existence of the 1l. QUANTUM HADRODYNAMICS WITH DIBARYONS

d’ [8]. Recently, some indications for @ (1920 dibaryon
have also been foun®].

The existence of dibaryons when settled reliably by ex-
periments should have important implications for the prop-
erties of nuclear matter. The chemical potential of nucleons 1
increases Wlt_h the dens!ty. Whe_n it becomes higher than halfg:xp(iaﬂy#_ mN—gaU—gwwum)\I’+§(%U)2
of the chemical potential of dibaryons, the production of

The dibaryonic extension of QHD is determined by the
Lagrangian density

dibaryons becomes energetically favorable. Dibaryons are 1 1 1 1

Bose particles. In nuclear matter they form a Bose conden-  — Emiaz— ZF’Z‘V+ EmfU ‘- 57‘(‘9/»‘%)2

sate. This interesting phenomenon is studied by Badtlial.

[10] and Chizovet al. [11] by including dibaryon interac- +(d,—ih,0,)e* (d,+ih,0,)e—(Mp+h, a)2e* e.
tions through a van der Waals volume correction. A model ek pooemH b

for nuclear matter with an admixture of dibaryons with the @

short-range nuclear forces approximated byfainction-like
pseudopotential is discussed in REL2]. The relativistic i i i
mean-field theory(MFT) with dibaryons was analyzed re- Here, is the nucleon fieldw,, and o are fields of thew
cently by Faessleet al. [13—15. An exactly solvable one- ando mesonsF,,=d,w,—d,, is the field strength ten-
dimensional model for the dibaryon condensation has beef®”s @nd¢ is the dibaryon isoscalar-scalgor isoscalar-
found by Buchmannetal. [16]. Heterophase nucleon- pseudoscalaffield. Furthermorem,, andm,, are thew- and
dibaryon matte¢HNDM) can be formed in interiors of neu- ¢-Meson masses agd,, g,, h,,, h, are coupling constants
tron stars[17—-19 and in heavy-ion collision§15]. The ©Of thew ando mesons with nucleongj and dibaryonsi).
physics of heterophase substances is reviewed in[Re}. The ®-meson field is described by Stueckelb_erg’s equation
In previous workg10—15, 17—20 it was assumed that at [27]. The limit A — 0 recovers the Proca equat[on. The MFT
zero temperature dibaryons in nuclear matter are all in théesults[13—15 do not depend on the value &fin Eq. (1).
condensate. In Bogoliubov's model of a dilute interacting The field operators can be expandedcimumbers and
Bose gag21], a fraction of Bose particles is out of the con- operator partsiw,=g, 0. tw,, oc=0.+t0, ¢=¢:.+ ¢,
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and ¢* = ¢* + ¢*. The o-meson mean field determines the approximation. Above the critical density for formation of

effective nucleon and dibaryon masses in the medium: ~ dibaryons, thes and @ mesons can be absorbed by the
dibaryons in the condensate. As a result, the dibaryons leave

my=my+9,0., the condensate and propagate as normal particles. These pro-
cesses occur at tree level, and the Green’s functions in the

*
Mg =Mp +Ny 0. @ no-loop approximation describe the effectof v — ¢— ¢*
The nucleon scalar and vector densities are defined by tH8Xing.
expectation values The Green's functions can be determined self-consistently
by solving a system of Gorkov-Dyson equations. Multiply-
pns= (TP, 3) ing the equa_mon of motlon f9r the fle!d corres_pondmg to
the Lagrangian densit§l) by o and taking the time-ordered
prav={T yoP). (4) product, we find the average value of the equation over the

ground state
The chemical potential equalgy=uN+9,0c and uy= 5 .
—uk+g,wc, respectively, for nucleons and for nucleon (=8-my)(To(1)a(2))
holes in the Dirac sea. Hereuy=+my“+kg is the _ = ~
nucleon Fermi energy ark} is the Fermi wave number. =512+ 9TV V(1) o(2))
The dibaryon scalar dens@y is defined as an additional +2hG<T(mD+haa(l))cp*(l)(p(l)(}(Z)).

source of thes-meson mean field

. . Taking into account the second-order terms with respect to

2mjpps=(2(Mp+h,0) ™ ¢). ©  the operator field¢one-loop approximation one gets

The condensate dibaryons give a contributigiy=| ¢¢|? to é O—m2)(To(1)a(2)) = 64(1,2) + 2h2pS(To(1) (2))
the scalar density. The time evolution of the condensate fiel

o is determined by the chemical potentja, : +2mEh,\pSs((Te(1)a(2))
ooty =€ 1#ot[p8 (6) +(Te*(1)a(2))).

To eliminate the time dependence from the condensati the momentum representation, the equation takes the form
parts of thee fields, we pass to the. representation for

dibaryons. This can be done by the substitutipr- pe'tot D7?(k)=D"(k)+D’’(k)2m&h,/pSs(D#? (k)
and ¢* — ¢* e~ '#0!, The dibaryon vector density is equal to .
the timelike component of the expectation value of the +D? 7(k)). (10

dibaryon current . .
y The equations for the other Green'’s functions can be ob-

. - tained i imil :
<]5>=<<P*(2,U~D—2hww+|ﬁ),ﬁP)- (7) ained In a simiar way

Here, (up),=(up,0) in the rest frame of the substance. D5(k) =D (k)2mh,\pgs(DE (k) + D% “(K)),

The condensate dibaryons give a contribufiRy=2u%pSs (11
to the vector density withup=ug+h,oc. ol R oo N oo
The self-consistency equation for the effective nucleon D7#(k)=D*(k)2mph,Vpps(D* “(k)+D (k))’(lz)
mass is
9 D¢ (k) =D77(k)2m5h,pgs(D*" " (k) + D" (K),
my = Mmy— m—{;(gapr\lsJr h,2mgpps). 8 (13
Dk =Dp(k)+ D2k, Vphd (2 +k), DL (K)

The w-meson mean field is determined from the equation
+(2up—K),DE (K], (14
M’ we=g,pnv+hupoy - P

D2¢(k)=D22(K)h,VpSe (265 k), D#9(K)
I1l. GREEN'S FUNCTIONS OF HETEROPHASE

NUCLEON-DIBARYON MATTER +(2uk—k),D e(K)], (15)
The model of Eq.(1) is analyzed within MFT at zero 0o* L S o < . *
temperature in Ref$13] and[14]. To go beyond MFT, it is DL (K =Dz (K)h,Vppd (2up+k), D (k)
necessary to construct Green’s functions of the bosons +(2uk—K). D¢ ()], (16)
iDAB(x’ —x)=(TA(Xx")B(x)) 9)

D#¢" (k) =D*¢" (k) +D#¢" (K[, Vps(2ub +K) ,
with A, B= o, w,, ¢, ¢*. For a one-loop calculation, it is wo* . ot
sufficient to construct the Green’s functions in the no-loop XD2? (k)+2mph,vVppsD?? (K],  (17)
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D#" (k) =D¢¢" (K)[h,Vpps(2uh +K), D2 (K)

+2msh,\p5sD7¢(K)], (189)

D¢"¢" (k)=D¢"¢(k)[h,\VpSs(2us— k), D¢ (k)
+2mh,\p5sD 7" (K)1. (19
Here,

- 1
o

o

2 2
— gtk M2 Kk, /M2

k?-—m? k?—m?

Duv(k)=

Dee* (k)2 ——
"0 (k+pup)?—mg?

are thes and w meson and the dibaryon MFT propagators.
The effectives- and w-meson masses are

~2_ 2 2 ¢
ma_mo+2ha'pDS’
2

mZ=m;+2hZpds. (20)

The mass of the effective scalar in Stueckelberg’s equation is

given bym?=m?/\.
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From Eqs.(22) we see that the longitudinal component of
the w-meson propagator contributes to the self-energy opera-
tors of the dibaryon Green’s functions. The model is renor-
malizable for any finite value ok. In the limit A—0 the
finite renormalizable expressions become infinite. Now, we
putA=1 in order to obtain thev-meson propagator used in
usual nuclear matter QHD calculatiof5,26. In this case,
the QHD results for ordinary nuclear matter are reproduced
at low densities where there is no dibaryon condensate.

The chemical potential of dibaryons is determined from
the relativistic extension of the Hugenholtz-Pines relation
[29]

ph?—mp?=39¢"(0) -3 #%(0). (23)
A relation of such a kind is necessary in order to get a pole in
the dibaryon Green'’s functions at=k=0 and to guarantee
the existence of sound in the medium. Equati@8) gives

up=mp (24)

in agreement with MFT13,14.

IV. ONE-LOOP SCALAR AND VECTOR DENSITIES
AND THE EOS

The one-loop expression for the nucleon scalar density is
calculated from Eq.(3). After renormalization, one gets
[25,26

Equations(10)—(19) constitute a closed system of equa- with
tions, which allows us to determine self-consistently the bo-

son propagators including — o — ¢* — ¢ mixing.
The scalar and vector dibaryon densities are expressed
terms of the dibaryon Green’s functions

De¢" (k)=(D*" ¢(k) "1—3¢" ¢(k))/E(K),
D?¢(k)=X?(k)/E (k). (21

The Green’s functionD*D*‘P*(k) can be obtained from
D¢?(k) with the help of the substitution ¢?(k)—

3¢ *°*(k). The denominatoE (k) and the self-energy opera-
tors are given by the expressions

E(k) =0 () =27 ())B¢ “(k) =27 #(K))
_qu*w*(k)zwqo(k)’
3¢ (k) =3¢"¢(—k) = (h,\p5e)2(2ud + k) ,D2(k)
X (2} +K),+(2mEh,\pSe)2D7(k),
gqu)=gw*w(—k)=(th$E;F(2Mg+4QM53§UQ

X(2uh—Kk),+(2msh,pg9?D7 (k). (22

The structure of the dibaryon Green’s functions is identical
to the structure of the Green’s functions of fermions in su-

perconductor$23,28|.

Pns=PusT PN (25)
o= " ke k), (26

in PNST YN (277)3 \/m’,§,2+k2 F )
pus= —4mRZ(my/my). (27

Here, yy is the statistical factor{y=2 in neutron matter
and yy=4 in nuclear mattgrand

5 11
472 (X)=x3Inx+1—x— (1—xﬂ+~§x1—xﬁ.

2
The one-loop expression for the dibaryon scalar density
defined by Eq(5) can be written in the form

2mg pps=2Mpppst 2mB<<AP* €A0> +2h, CDs(<<AT<:D>

+(oe*)). (29)

We extract the zero order contribution with respect to the
dibaryon condensate:

A .

phs=i f o (. (29
After renormalization, we obtain

2mg pps=mp{(mp/mp). (30

The total dibaryon scalar density has the form
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Pps=pPost Ppst PDs (31)

with

" : d4k * N oo*
st=|f oy (D5 00D

+4(h,\p§9?D7(K)(D#¥" (k) +D#¢(K))}.
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The nucleon vector density in RHA is the same as in
MFT. The dibaryon vector density can be represented in the
form

Pov=Ppv+ Ppvt PDY (37)
with
: f K S un B (=0, (@9
= _— w = y
Ppv (277)4 MD

A d’ * o* Dee*
phu=1 | sttt )0 =57 k)

(32
This integral diverges. The renormalized expression is giver(Jjlnd
by
* 1 e 3y ren * C
ZmDPDs:QJ0 dkekghps(ke,mp ,pps) (33
where

Aps(Ke MG ,p5s)=Aps(Ke MG ,pHs) — Aps(Ke ,mp,0)

I\ ps(ke,mp,0) 3

C
Pbs

- c (mp—mp)
dpps

N\ ps(ke,mp,0)
Pos— o (34)

IM5Iphs

+4(h,\p89 D (k) (2ul + @) (D#¢" (K)
+D*¢(k))}. (39

In this expressiong is the timelike component of the vector
k,.
y
The renormalized expression for the valpi§, is given
by

1 [t
Py, AN e mE 05 40

We have passed here into the Euclidean space. The density

Mos(ke,mE ,phg) has the form
Aps(Ke M5 ,pbs)
 MKEE,+mp?)Z? + KE(4E,— 3—kE/mp?)
2mEE K2(VZA(Z2+ 1)+ 2%)

(39
where
kgt+m?
¢ K2+m?2’
, ke+8mpZR
Z_
Am¥’E,,
2 2
=pbs M )
2, =2 2, =2
kge+m? kg+tm?

with

ov(ke , M5, p5y) =Apv(ke .My, pbv) — Npv(Ke ,m3,0)

C

a)\DV( kE ,mD,O)
~Pov——— ¢ -

3 (41)
Ippy
Here,

4(KEE,,+m}?)Z?+KE(4E,—3)
2MEE KE(NZA(Z+1)+2P)

)\DV(kE ,mB !pEV):

! (42)

ms
The counterterm in the Lagrangian density, responsible for
the renormalization of the vector density, has the form
6L,=C5(d,—ih,0,)¢*(d,+ih,w,)¢. The structure of
the counter terms shows that the model is renormalizable to
one loop.

The counterterms in the Lagrangian density, responsible for Despite the fact that a dibaryon Bose condensate does not
the renormalization of the scalar density, are of the form®XiSt in ordinary nuclei, dibaryons affect properties of

S8L=(Cro+Cpr0?) ¢* o.

nuclear matter and nuclei through a Casimir effect described

The one-loop expression for the dibaryon vector currenPY EG: (30). This effect is analyzed in Ref30]. When x

has the form
(iDy=2(up) phst(@* (2up+id),0)
—2h,Vphs({@,0* ) +(w,)). (36)

In the rest frame of the substance, the vectoBXM is de-
fined by p),=(ub,0).

—1 £(x)=0((1—x)*), so the vacuum contributions to the
scalar density of nucleons and dibaryons, which have oppo-
site signs, are comparable fog¥my~h*/my. Dibaryon
effects become large fdr, /(2g,) ~0.5(4mp /my) Y4~ 0.84.
Explicit calculation[30] shows that the basic properties of
nuclear matter at saturation density can be reproduced for
h,/(2g,)<0.8, and that the results are not very sensitive to
the dibaryon mass. The parameter sets of the RHA model for
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TABLE I. The dibaryon masses, the coupling constgnof the o meson with the dibaryons, the coupling
constantsg, and g, of the o and o mesons with nucleons, and numerical values for the densities
p1, p2, and pj indicating, respectively, occurrence of the dibaryons, disappearance of nucleons, and ap-
pearance of antinucleons in the hetorophase nu¢lgar,) and neutror(yy-,) matter.

Dibaryon MasgGeV) h/(29,) 9s Yo p1/po p2/po palpo N
3.62 2

H 2.22 0.6 8.5277 10.4393 11 33
4.86 4
2.48 2

d’ 2.06 0.6 8.5438 10.4687 7.9 30
3.52 4
131 2

dq 1.92 0.6 8.5606 10.4993 4.6 29
2.23 4

the H particle, and thel’, andd; dibaryons are shown in 2uny<up, SO we have normal nuclear matter. In the interval
Table I. The meson masses,=520 MeV andm,=783 p;<pty<p,, nucleons and dibaryons are in chemical equi-
MeV and the equilibrium Fermi wave numblet=1.3 fm~?! librium, i.e., 2un=up, and the density of nucleons de-
are the same as in RHA without dibarydi25,26. creases with increasing total baryon number density. In the
The effective nucleon and dibaryon masses, which aréterval p,<pty<ps, the dibaryon chemical potential is in-
obtained as solutions of the self-consistency condit®mre  side of the energy gap for nucleons(—In\+g,w.)
shown in Fig. 1a). In Figs. Xb)—1(d) the scalar and vector <up<2(m{+g,w.), and nuclear matter consists of dibary-
densities for nucleons and dibaryons, and the EOS of HNDMbns only. At densitiesp;<pty, antinucleons come into
are plotted versus the total baryon number dengity for ~ chemical equilibrium with dibaryons, the relation
h,/(29,)=0.6 andh,/(2g,)=0.8. The numerical results 2(—uN+9,w)=up holds true. The density of antinucle-
are given foryy=4 (at low density we start from nuclear ons increases with the total baryon number density. The nu-
matte) and for thed’ dibaryon massn,=2060 MeV. At  merical values for the densitigs, p,, andps of the nuclear
densitiespty<pi, the chemical potential of dibaryons is and neutron matter are given in Table I.
larger than twice the chemical potentials of nucleons, The energy density and pressure are calculated from

T T 2.5

=)
w
SHILISNAQ JOLOHA

g 10°

7 10

4 10!

[¢ug/A9W] d ANV 3

SCALAR DENSITIES [p,] EFFECTIVE MASSES

d 101

PTv/Po

FIG. 1. (a) The effective nucleon and dibaryon masses versus the total baryon number déh3ihe scalar density of nucleons of Eq.
(25): the contribution of(i) nucleons in the Fermi sphergys, solid line), (i) the negative Dirac seg|,g, dotted ling. The individual
contributions to the scalar density of dibaryons according to(&4: (i) dibaryons in the condensatert pgs, solid line), (i) the positive
contribution of the zero-point dibaryon fluctuationsnfgpp,s, dotted ling, and(iii) the term 2n}pp s (dashed ling describing the contri-
bution of dibaryons not in the condensate. The densities are measured in units of the saturationpgefsityclear matter. Note the
different dimensions of the scalar nucledging~%]) and dibaryon densitie§im~2]). (c) The fraction of nucleonsp(yy/p1y), and dibaryons
(pBy/pry) in the condensatésolid lineg. The fraction of dibaryons not in the condensaté{/ prv) (dashed ling (d) The energy density
and pressure of heterophase nucleon-dibaryon m@aiteshed linescompared to the RHA without dibaryortsolid lineg versus the total
baryon number density. At densitips,<p, normal nuclear matteryy=4) is stable. In the intervagl, < pty<p,, hucleons and dibaryons
are in chemical equilibrium. In the intervab<<pty<ps, only dibaryons are present in nuclear matter. At densjtigspy dibaryons are
in chemical equilibrium with antinucleons.
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pansion of quantum hadrodynamics, the relativistic Hartree
8=f undpry  and FJ:f prvdiuy - (43 approximation is the lowest approximation sufficient to ac-
count for the presence of noncondensate dibaryons in het-

In the interval p,<pt,<ps, one should put Ay=up by  erophase nucleon-dibaryon matter, while providing consis-

definition. tent solutions at high densities.

The present one-loop calculation allows to consider the

V. CONCLUSION structure of neutron stars with dibaryons in the interiors

without restrictions to the total density and to construct the

In an interacting Bose gas, a fraction of bosons is not irphase diagram for the phase transition of normal nuclear

the condensatg21-23. Noncondensate dibaryons appear inmatter to dibaryon matter and quark matter without restric-
a one-loop calculation of quantum hadrodynamics. This aptions to the densities and temperatures.

proximation corresponds to the relativistic Hartree approxi-

mation for normal nuclear matter. We have constructed the

Green’s functions of heterophas_e n_ucleon-dlbaryon matter ACKNOWLEDGMENTS

and have calculated the contribution of noncondensate

dibaryons to the scalar and vector densities and the equation The authors are grateful to M. Kirchbacbniversity of

of state. This contribution increases rapidly with the totalMainz) and B. V. MartemyanovITEP, Moscow for useful
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