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Constraints on the w- and o-meson coupling constants with dibaryons
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The effect of narrow dibaryon resonances on basic nuclear matter properties and on the structure of neutron
stars is investigated in mean-field theory and in relativistic Hartree approximation. The existence of massive
neutron stars imposes constraints on the coupling constants @ #ra o mesons with dibaryons. In the
allowed region of the parameter space of the coupling constants, a Bose condensate of the light dibaryon
candidatesl;(1920) andd’ (2060) is stable against compression. This proves the stability of the ground state
of heterophase nuclear matter with a Bose condensate of light dibafgfiE56-281®7)00209-4

PACS numbe(s): 14.20.Pt, 21.65:f, 26.60+c

The prospect of observing the long-livétl particle pre-  nuclear matter through a Casimir effect: The presence of the
dicted in 1977 by Jafffl] stimulated considerable activity in backgrounds-meson mean field inside the nucleus modifies
experimental dibaryon searches. It was proposed to investthe nucleon and dibaryon masses. This in turn modifies the
gateH-particle production in different reaction2]. So far, vacuum fluctuations of the nucleon and dibaryon fields and
experiment$3] have not provided an unambiguous signaturethus affects the energy density and pressure of the system.
for theH particle. The existence of tHe particle remains an This effect, which is well knowri16] for nucleons, can be
open question, which must eventually be settled by furtheevaluated within the relativistic Hartree approximation
experiments. Nonstrange dibaryons with exotic quantum{RHA). We recall that in a loop expansion of quantum
numbers, which have a small width due to zero coupling tchadrodynamic§QHD), MFT corresponds to the lowest ap-
the NN channel, are promising candidates for experimentaproximation (no loops, while the RHA corresponds to the
searcheqd4]. The data on pionic double charge exchangeone-loop approximation in the calculation of the equation of
reactions on nucl€i5] exhibit a peculiar energy dependence state for nuclear matter.
at an incident total pion energy of 190 MeV, which can be At zero temperature, a uniformly distributed system of
interpreted 6] as evidence for the existence of a narrdlv  bosons with an attractive potential is energetically unstable
dibaryon with quantum numbefE=0, J’=0" and a total against compression and collap$&g]. In such a case, the
resonance energy of 2063 MeV. Recent experiments at TRlong wave excitationgsound in the mediujrhave an imagi-
UMF (Vancouvey and CELSIUS(Uppsala seem to support nary dispersion law: The square of the sound velocity is
the existence of thd’ dibaryon[7]. The properties of thd’ negativea§< 0. The amplitude of these excitations increases
dibaryon were recently analyzed in the constituent quarkvith time, resulting in the instability of the system. It is
model[8]. A method for searching narrow, exotic dibaryon necessary to analyze dispersion laws of other elementary ex-
resonances in thep—ppyy reaction is discussed in Ref. citations also. We shall see, however, that in MFT and the
[9]. Recently, some indications fordg(1920) dibaryon have RHA only sound waves can generate an instability. The
been found in this reactiofi0]. ground state of nuclear matter with a Bose condensate of

When the density of nuclear matter is increased beyond dibaryons is either stable or unstable against small perturba-
critical value, production of dibaryons becomes energeticalltions depending on whether the repulsiveneson exchange
favorable. Dibaryons are Bose particles. Therefore, they corer the attractive o-meson exchange interaction between
dense in the ground state and form a Bose condensatibaryons dominates.

[11,12. An exactly solvable model for a one-dimensional In this paper, we investigate the possibility that dibaryon
Fermi system in which the fermions interact through a po-matter is unstable against compression. If dibaryon matter is
tential that leads to a resonance in the two-fermion channel ignstable, the formation of dibaryons in nuclear matter would
analyzed in Ref[13]. When the density is increased beyond provide a possible mechanism for a phase transition to quark
a critical value, the behavior of the system can be interpretechatter. If the central density of a massive neutron star ex-
in terms of a Bose condensation of two-fermion resonancexeeds a critical value for the formation of dibaryons, the
In the limit of vanishing decay width, a dibaryon can be neutron star could convert into a quark star, a strange star, or
approximately described as an elementary field. The effect o black hole. Some of the observed pulsars are identified
narrow dibaryon resonances on nuclear matter has recentjuite reliably with ordinary neutron staf&8]. From the re-
been analyzed in mean-field thediMFT) [14,15. quirement that dibaryon formation be not energetically fa-

Although a dibaryon Bose condensate does not exist ivored at densities lower than the central density of neutron
ordinary nuclei, dibaryons affect the properties of nuclei andstars with a mass of 1M, we derive constraints on the

coupling constants of the and o mesons with the possible
d;(1920) andd’ (2060) dibaryons. We conclude that narrow

*Electronic address: amand.faessler@uni-tuebingen.de dibaryons in this mass range can only form a Bose conden-
Electronic address: alfons.buchmann@ui-tuebingon.de sate that is stable against perturbations. The effect of the
*Electronic address: mikhail@vitep5.itep.ru dibaryons on the stability and structure of neutron stars in
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different phenomenological models is analyzed in REHg,
19]. Constraints on the binding energy of strange m4g6t

derived from the existence of massive neutron stars are dis-

cussed in Ref{21].
The dibaryonic extension of the Walecka mofi&b] is

obtained by including dibaryons in the Lagrangian density

(14,19
— 1 )
L=V(id,y,—MN—0,0—0,0,7,)V+ E(&ﬂ(r)

1 1 1 ]
- Emioz— ZFi,;l— Emiwi%—(aﬂ—lhwwﬂ)cp*

.Y

Here, ¥ is the nucleon fieldw , ando are fields of the» and
o mesons,F,,=d,0,—d,w, is the field-strength tensor,
and ¢ is the dibaryon isoscalar-scalafor isoscalar-
pseudoscalar field. Here, m, and m, are the w- and
o-meson masses argl, ,d,.h,.h, are the coupling con-
stants of thew and o mesons with nucleongyf and dibary-

ons ().

The o-meson mean fieldr, determines the effective

X(d,+ih,0,)e—(Mp+ h,o)%¢* ¢.
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where
1672 p(x)=x*nx+1—x— % (1—x)?
+ 8 (1-x°%-Z1-x*
For dibaryons, we get the expression
(T2(0) Jvac= 9, M (M5 /Mp). ®

The elementary excitations in nuclear matter with a Bose
condensate of dibaryons correspond to nucleons and anti-
nucleons,w mesons,o mesons, and dibaryons and anti-
dibaryons. The dispersion laws for these quasiparticles can
be found in Ref[15]. The nucleon and antinucleon disper-
sion laws have the same form as in the vacuum with the
replacemenmy—my, . Therefore, they cannot generate an
instability of the system. The dispersion lawsifnesonsg
mesons, and antidibaryons turn out to be real, too. The only
possible source of instability is the dibaryon quasiparticle
excitations. The latter are responsible for long wavelength
perturbations of the system and are connected with the exis-
tence of sound in the medium.

The square of the sound velocity has the fdiB|

nucleon and dibaryon masses in the medium: ai:ﬁ' (9)
M =M+ s 0, @ where
mg=mp+h,o.. (3) m2 (h2  h2
The nucleon scalar density in the RHA is defined by the aZZPDS'rﬁ_(Z, (m_f,_ m_(zr) (19
expressior] 16] . andm?=mZ2+2h%pps. We see thaaZ>0 for
prs=(W(0)¥(0))= yf (zd—:)g ET—(“ma(pF—lpb :1_;:1_22 11
— am3¢(my/my), @ o

where
Am?(x)=x3Inx+1—x— 3 (1-x)%+ ¥ (1-x)®

and where the statistical factgris y=2 for neutron matter
and y=4 for nuclear matter. The last term in E¢) is due

The validity of inequality(11) is a sufficient condition for
the stability of the ground state of nuclear matter with a Bose
condensate of dibaryons. Later, we show that a violation of
the inequality(11) for light dibaryons is in contradiction with
the existence of massive neutron stars.

The physical meaning of the inequality1) can be clari-
fied by considering the interaction energy of uniformly dis-

to the Dirac sea. This vacuum contribution renormalizes theributed dibaryon mattepp,(X) = ppy= const:

scalar density.

Here, we investigate the properties of nuclear matter be-
low the critical density for formation of dibaryons: i.e., the

dibaryon condensate is zeap(0)) =0. The vacuum contri-

bution to the scalar density of dibaryons can be found to be

2m? pps=2mE(p(0)* (0))=m3(mE/mp).  (5)

It differs from the corresponding vacuum contribution to the

nucleon scalar density in sign and statistical fadtone

should replace 4€25%2,)—1]. The self-consistency con-

dition for the nucleon effective mass has the form

(6)

g
my = my— m_;(gopNS+ hs2mgpps).
(o8

1
WZE J’ dx;dX2ppv(X1) pov(X) V(X —Xo|). (12

The Yukawa potentiaV/(r) for two dibaryons has the form

3} e~ Mol hi e~ Mo
VO s T Tan 19
Integration gives
1 h? h?
W=3Nopov| == 2/, (14

whereNp is the number of dibaryons. When the dibaryon
densityppy increases, the energfor a§> 0) increases also,

The renormalized vacuum contribution to the nucleonthe pressure is positive, and therefore the system is stable.

energy-momentum tensor has the forh6]

(TN (0))yvac= — 49,,,my p(mE/my), 7

At present, the coupling constants of the mesons with
dibaryons are not known with sufficient precision to draw a
definite conclusion concerning the stability of dibaryon mat-
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FIG. 1. The effective nucleon maga), asymmetry coefficientb), incompressibility of nuclear matter at saturation denésjy and the
coupling constant€2=g2(my /m,)? andC? =g?(my/m,)? in the RHA, versus the ratib, /(2g,) of o-dibaryon () ando-nucleon @,)
coupling constants. The MFT results are shown for comparison. The coupling constants are fixed by fitting the minimum position and depth
of the energy per baryon number at the saturation density of nhuclear matter. The solid, dashed, and dotted curves correspond to the dibaryons
H(2220, d' (2060, andd;(1920, respectively. A satisfactory description of the properties of nuclear matter at the saturation density is
possible forh,/(2g,)<0.8.

ter. Given that the ratib . /(2g,) between ther-meson cou- In this work, we study the physical implications of the
plings with dibaryons and nucleons is fixed, one can extraceffective Lagrangiaiil) describing nucleon and dibaryon de-
the w- and o-meson couplings with nucleons by fitting the grees of freedom. Other baryons can be included in the QHD
nuclear matter binding energg/A—my=—15.75 MeV at framework in a similar way. Their effect is quite small. We
the empirical equilibrium densitg,=0.148 fmi 3. The em- have checked that the Casimir effect caused by the inclusion
pirical equilibrium densityp,, which is determined from the ©f other octet baryon&x 8= 16 degrees of freedonshifts
density in the interior of%®Pb[16], corresponds to the equi- the critical valueh, only by about 25% if one assumes that
librium Fermi wave numbekg=1.30 fm L. the o meson is an S(B); singlet. The inclusion of octet and

In Fig. 1, we show how relevant nuclear matter observ-decuplet baryong2x8+4x10=56 degrees of freedom

ables are influenced by the presence of dibaryons in the waYith @ universal sigma-meson coupling constant increases

lecka model. The dependence of the effective nucleon ma§§e_|_(;]ritical Va"_Je oihgl(zfg(,) to|1.2. is sh i Fig. 2
on the ratioh,/(2g,,) at the equilibrium density is shown in € saturation curve for nuclear matter is shown in Fig. 2.

) . The equation of statéEOS in the RHA is softer than in
F|g..1(a). In F|g§. .].(b) a_nd 19 2vve SE‘OW the dependence of MFT. The contributions of the vacuum zero-point fluctua-
the incompressibilityk =9py(d°e/dp )|p:p0 and the asym-

- . ) tions of nucleons and dibaryons partially cancel each other,
metry cozeff|C|2enIa4 on the rat|or;(,/(2290). In Fig. Ad), the  4nq therefore the inclusion of dibaryons makes the EOS
values Cg=gz(my/m,)? and CZ=g(my/m,)? are plot-  stiffer. This is shown in Fig. 2, where the RHA with dibary-
ted. Note thah,/(2g,)=0 is equivalent to the RHA with-  ons (dashed curvelies above the RHA calculation without
out dibaryons. For comparison, we give the MFT results. In

MFT, dibaryons do not influence the properties of nuclear %0

matter below the critical density for the formation of a

dibaryon Bose condensate. The RHA results do not sensi- 60
tively depend on the mass of the dibaryon. Z 0

When the ratioh,/(2g,) approaches the value 0.8, the =

system of equations does not yield physical solutions and the }ﬁ 20
empirical equilibrium properties of nuclear matter can no 0
longer be reproduced. Far—1, {(x)=0((1—x)*), and the

zero-point contributions to the scalar density of nucleons and -20

0 0.5 1 1.5 2 2.5 3

dibaryons, which have opposite signs, are comparable for
PP,

4g%/my=h*/mp. Dibaryon effects become large for
hg/(zga)”0-5(4mo/mN)l/4*0-84- T.he_ greater the. FIG. 2. Saturation curve for nuclear matter in the RHA: without
dibaryon mass, the greater the upper limit of the critical ratiodibaryons (solid line and with the inclusion ofH dibaryons
h.,/(2g,). This effect is seen in Fig. 1. (dashed lingfor h,,/(2g,)=0.6.
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for the w-dibaryon coupling constant for which which the

09 L inequality (11) is violated. Note thath,/h®=1 corre-
sponds toa?=0 andh,/h™®=0.8 and 0.6 correspond to
z 08 a§<0. In the RHA, dibaryons occur at higher densities. The
fz 0.7 + coupling constanh,, determines the energy of dibaryons in
E o6 L the positivew-meson mean field. The greatey, the greater
the density that is required to make the production of dibary-
051 l ons energetically favorable. This effect is seen in Fig. 4: The
0.4 . ' ' .

solid linesh,,/h"™®=1 lie above the long-dashed and dashed
0 04 08 12 16 2 linesh,,/h™=0.8 and 0.6, respectively.

kp (fm™) If dibaryon matter is unstable against compression, pro-

FIG. 3. The effective nucleon mass versus the Fermi momenturﬁ.u.ction of dibaryons Wit.h increasing density results in.i.nsta—

of nucleons in nuclear mattéupper curvesand in neutron matter llity of neutron stars with a qusequent phase transition to

(lower curve$. The solid lines correspond to the RHA without quark matter and the conversion of neutron stars to quark

dibaryons, and the dashed lines correspond to the RHA with incluStars, strange stars, or black holes. In such a case, the maxi-
sion ofH dibaryons. mum masses of neutron stars are determined by the mass and
the coupling constants of the mesons with the lightest

dibaryons(solid line). The same effect is seen in Fig. 3, the dibaryon. In Fig. 5 we show the minimal neutron star masses

dependence of the effective nucleon mass on the Fermi waJ8" Which dibaryons can occur.
numberkg being shown for the case of th particle with The MFT and RHA EOS for neutron matter at supra-
h,/(29,)=0.6. In MFT, the effective nucleon mass de- nuclear densities are matched smoothly with the Baum-

creases faster than in the RHA. As a result of the partialg’ethe'l:)ethICk EO$22] at densitiespap=p=0.80o where

: . e - =4.3x10" g/cn? and then with the Baum-Pethick-
cancellation of the nucleon and dibaryon contributions to thé&-4P 3x10° gfon? and the th the Bau ethic

. d ; Sutherland EO$23] at densitiesp<pgp,. The maximum
?(acuum scalar density, the dashed lines lie below the soli eutron star masses are sensitive to the value of the equilib-
ines.

. . . _rium Fermi wave number. If we chode-=1.42 fm ! in-
In Fig. 4 we show the critical densities for the formation gia54 of ke=1.30 fmL, the maximum masses in MFT

of dibaryonsH(2220, d’(2060, and d,(1920 in nuclear  (wjthout dibaryons are reduced from 8l down to 2.8/,

and neutron matter versus the ralip/(2g,), both in MFT  [16]. The choiceks=1.30 fm ! provides less stringent and
and the RHA. For each dibaryon, three different values fotherefore more conservative constraints for the meson-
the w-dibaryon coupling are assumed, naméiy,/hi*=1,  dibaryon coupling constants. We do not show the results for
0.8, and 0.6. Hereh'®*=h,m,/m, is the maximum value the d;(1920 dibaryon, because its condensation starts al-

PPy

FIG. 4. Critical densities for
the formation of H(2220,
d’ (2060, andd;(1920 dibaryons
in nuclear and neutron matter in
both MFT and the RHA, versus
the o-dibaryon coupling constant
for h,/h"®=1, 0.8, and 0.Gthe
solid, longed-dashed, and dashed
lines, respectively Here,
h®=h,m,/m, is the maximum
value of thew-dibaryon coupling
constant for which dibaryon mat-
ter is unstable against compres-
sion (see text

PPy

PPy

~ae

~~~~~ 1 o5
d,(1920) :

0 1 1 1 i a'i'; t 1 1 1 1 ! 0
0 02 04 06 08 1 0 01 02 03 04 05 06 0.7
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FIG. 6. Parameter space for the and w-dibaryon coupling
constants in MFT and the RHA. The dash-dotted hde-0 divides
the parameter space into two parts. The upper left part corresponds
to dibaryon matter stable against compressgguare of the sound
velocity is positivea§> 0), and the lower right part corresponds to
dibaryon matter unstable against compressi@iK(O). The solid,
dashed, and dotted curves restrict the parameter space for the meson
coupling constants with théd particle and thed’(2060 and
d,(1920 dibaryons. In the left upper region, dibaryon formation is
ready at a densitp~p, and results in the conversion of energetically_unfavorable in ord_inary nuclgiurves marked by ar-
neutron stars with very low massé<0.2M, into quark rows with white arrowheadsanq in neutron stars of a mass .3
stars. (_curves marked by arrows with blac_k arrowheads the lower

In Fig. 6 we show the parameter space for the coupling{_'@’ht parts of the parameter space, dibaryons could appear, respec-
constants of dibaryons with and @ mesons. As mentioned ively, in ordinary _nuclel an(_j in massive ne_utron stars. The cross
in the beginning, our discussion is restricted to the regionre.fers to theH-partllcle C.OUPI'ng constants with the mesons, deter-

> . . . . mined from the adiabatiel-H potential[26].

a;<0 for which dibaryon matter is unstable against com-
pression. The requirement of stability of normal nuclear matarrowheads that corresponds to dibaryon matter unstable
ter at the saturation density allows us to get constraints oagainst compression.
the coupling constants. The corresponding curisgight The H-particle interaction was studied in the nonrelativ-
lines in the MFT casemarked by arrows with white arrow- istic quark cluster moddl24,25, which simultaneously de-
heads restrict the parameter space of the coupling constargsribes theNN-phase shifts. The coupling constants of the
from below. The dotted line in the MFT case, which refers tomesons with théd particle can be fixed by fitting the depth
the d,(1920 dibaryon, is very close to the dash-dotted line and the position of the minimum of thé¢H-adiabatic poten-
a2=0. For low values,,, the dotted line lies above the line tial [26] to give h,/(2g,)=0.89 and h,/(2g,)=0.80.
a§=0. In this case, dibaryon matter unstable against comThese values are marked on Fig. 6 with a cross. These esti-
pression cannot exist. The window in parameter space fomates are used in the MFT calculatidrig},15. They corre-
unstabled;(1920-dibaryon matter is, however, much larger spond to unstable dibaryon matter and are in the allowed
in the case of the RHA. region of the parameter space for tHeparticle. The ener-

With the conservative assumption that pulsars with a masgetically favorable compression &f matter can lead to the
1.3M are ordinary neutron stars, the constraints on thdormation of absolutely stable strange matf26] and the
meson-dibaryon coupling constants can be further improvedtonversion of neutron stars to strange sfarg.
The corresponding curvestraight lines in the MFT cage The MFT and RHA EOS of the extended Walecka model
are shown in Fig. 6. We see that the dotted and dashed linese both very stiff. In sofNN interaction models such as the
lie above or very close to the Iimﬁzo. This means that for Reid potential(for a review of nuclear matter models see
d;(1920 andd’(2060 dibaryons, dibaryon matter unstable [18]), the central density of neutron stars is much larger than
against compression cannot exjistving to the very small in stiff models. Therefore, the conditions for the occurrence
window for d’ (2060 at higher values oh,]. For theH of new forms of nuclear matter are more favorable. From
particle, there is a window in parameter space between thEigs. 5 and 6, we see that the softer RHA EOS produces
line a§=0 and the solid curves marked by arrows with blacklower upper limits on the neutron star masses and, respec-

FIG. 5. Lowest neutron star masses, for which dibaryon forma-
tion becomes energetically favorable, versus #éhdibaryon cou-
pling constant forh,/h®=1, 0.8, and 0.6(the solid, longed-
dashed, and dashed lines, respectivetiere,h7® is the maximum
value of thew-dibaryon coupling constant for which dibaryon mat-
ter is unstable against compressi(azi{:O). The results are shown
for both MFT and the RHA and fod (2220 andd’ (2060 dibary-
ons. In the case of thé; (1920 dibaryon, the resulting neutron star
masses are very smahi(0.2M ).
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tively, more stringent constraints on the meson-dibaryorstarts at higher densities, and constraints on meson-dibaryon
coupling constants as compared to the stiffer MFT EOS, deeoupling constants are not as stringent. One cannot exclude
spite the fact that in the RHA dibaryons occur at higherthe possibility thaH particles form in nuclear matter a con-
densities(see Fig. 4 One can assume that this effect is of densate that is unstable against compression. Finallypthe
general validity and that softer EOS give more stringent conandgs-meson coupling constants with (1920 andd’ (2060
straints on the meson-dibaryon coupling constants. Theredibaryons should obey the inequalityl). The correspond-
fore, we consider the constraints given in Fig. 6 as rathefg coupling constants with thel particle should lie above

conservative. _ ~ the solid curves in Fig. 6.
In conclusion, we have shown that the assumption of in-

stability of d;(1920- andd’(2060-dibaryon matter against The authors are grateful to B. V. Martemyanov for dis-
compression is in contradiction with the hypothesis that pulcussions of the results. One of the auth@ssl.K.) acknowl-
sars of a mass of 1M, are ordinary neutron stars. This edges hospitality of the Institute for Theoretical Physics of
conclusion is valid for all narrow dibaryons with the samethe University of Tibingen, the Alexander von Humboldt
guantum numbers in the same mass range. On the oth&tiftung for support with a Forschungsstipendium, and DFG
hand, theH patrticle is sufficiently heavy, its condensation and RFBR for Grant No. Fa67/20-1.
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