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We show that consideration of the low-lying baryon states in addition to the neutron and proton
(specifically, the A, 2, and A states) reduces the ratio of baryon-number density in the quark phase
to that in the hadronic phase by more than a factor of 2. This implies that inhomogeneities in the
local baryon-number-to-photon ratio produced during the quark-hadron transition are likely to be
smaller than previous estimates, and therefore unless the transition temperature is less than ~ 150
MeV, the effects upon primordial nucleosynthesis will not be significant.

It has been pointed out that if the quark-hadron transi-
tion! is strongly first order and if the transition tempera-
ture is low enough, then large local fluctuations in the
baryon-to-photon ratio can arise,? and might significantly
modify the predictions of the standard scenario for pri-
mordial nucleosynthesis.>~> (For a review of the stan-
dard scenario of nucleosynthesis see Ref. 6.) Among oth-
er things, the potential effect of the quark-hadron transi-
tion upon primordial nucleosynthesis depends upon the
magnitude of the fluctations in the baryon-to-photon ra-
tio 7. The size of the fluctuations is estimated by com-
puting the ratio (=R) of the net baryon-number density
in the quark phase to that in the hadron phase at the crit-
ical temperature T,, assuming thermal and chemical
equilibrium between the quark and hadron phases.” In so
doing, the only baryonic states in the hadronic phase that
have been taken into account are the neutron and pro-
ton.>>> Here we point out that the predicted value of
this ratio R decreases significantly when other low-lying
baryon states are included:® specifically, the
JP=3*+ A**, A*, A A~ states and the JP=1+
strangeness = — 1 states A, 31, 30, 3,

The net baryon-number density in a species i with
internal degrees of freedom g; and baryon number *+1
which is very nonrelativistic and in thermal equilibrium
with chemical potential y; is

nfx =2g;(m;T /27)* %exp(—m, /T)sinh(u; /T) ,  (la)

where T is the temperature and m; is the mass of species
i

The net baryon-number density associated with a high-
ly relativistic species with internal degrees of freedom g;,
chemical potential y;, and baryon number +1 in thermal

37

equilibrium is
ng=(g;T*/6m")[4ap; /T)+Xp, /TP, (1b)

wherea=1—1/22+1/3*—1/4> 4 - -+ ~0.82246.

Numerical studies indicate that the transition tempera-
ture for the quark-hadron (i.e., deconfinement-
confinement) transition is probably in the range'
T, ~2A45~100-400 MeV. [The quantity Ayg is the
QCD renormalization scale computed in the modified,
minimal-subtraction scheme;’ recent determinations indi-
cate that Ayz~100-400 MeV (Ref. 10).] In the quark
phase, the u and d quarks (masses <10 MeV) are most
certainly relativistic, while it is uncertain whether or not
the s quark (mass ~150-300 MeV) is. In the hadronic
phase, all baryonic states are more massive than ~940
MeV and so are nonrelativistic. Making the assumption
of thermal and chemical equilibrium betwen the quark
and hadronic phases, and assuming that the quark chemi-
cal potential is flavor independent (=p,) and that the
hadron chemical potential is state independent (=pu,), it
follows that

3pg=my - (2)

The net baryon-number density in the quark and hadron-
ic phases is, respectively,

ng,=(2 or 3)(4a /37", T?, (3a)
ngp =2p, TX2m) 32 (4x}/%e N 42x3/% A
+6xy% TEi16xy% ),
(3b)
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where xy=my /T (gy=4, my=940 MeV), x,=m, /T
(gr=2,m,~1120MeV), xs=my /T (g5 =6, my~1190
MeV), x,=m,/T (go=16, m,~1230 MeV), and
g quark =6 (for each flavor). Only terms of O (u,, /T) have
been retained in Egs. (3) since ), /T ~10"'°<«< 1. In the
expression for ng, the 2 (3) pertains if  and d (u, d, and
s) quarks are considered. The baryon-number density
contrast R between the two phases at the critical temper-
ature is

R=(ngy/ng,) | r,
~(2 or 3)(2/m)"*(2a /3)
X (2x3/% N 4 x3/% "M 4 3x 32,772
+8x.}\/2e-xA)—] ,

where x;=m,;/T,. The baryon-number contrast R as a
function of T, is shown in Fig. 1.

From Fig. 1 the importance of including the I =3,
J =43 A resonance is very clear: it leads to a reduction in
R by a factor of more than 2 for T, X 150 MeV. The in-
clusion of the strangeness = —1 states is less important.
In addition, there is some question whether or not the
strangeness = — | states would be in thermal equilibrium
in the hadronic phase. [We have also considered the
effect on R of including the next-lowest-mass baryon
state, the =, =0 (strangeness = —2) states. For T, % 100
MeV, their effect upon R is less than ~10%.] Note that
for a sufficiently high value of T,, (2250 MeV) it be-
comes thermodynamically favorable for the baryon num-
ber to reside predominantly in the hadronic phase and
R <1.

In sum, for T,X 150 MeV the inclusion of the low-
mass states beyond the neutron and proton ensures that
R is less than 10, and for T,.>200 MeV that R is less
than 2. Thus it is very unlikely that sufficiently large in-
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FIG. 1. Equilibrium ratio of net baryon-number density in
the quark phase to that in the hadron phase as a function of the
critical temperature 7,. In the quark phase only two quark
flavors (u and d) have been used; if the s quark is also in thermal
equilibrium and relativistic (m; << T,), then these results must
be scaled upward by a factor of %

homogeneities arise to affect primordial nucleosynthesis,
unless T, is very low.
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IThere are actually two transitions associated with the SU(3)-
color gauge theory (or QCD): the chiral-symmetry-breaking
transition and the deconfinement-confinement (or quark-
hadron) transition. In the pure SU(3) theory (no dynamical
quarks), both are strongly first-order phase transitions and
occur at the same temperature. When the dynamical effects
(e.g., screening due to quark loops) of colored fermions (i.e.,
quarks) are included, the situation is far from being clear. In
the very massive quark limit (m, >> Agg), the quark-hadron
transition is strongly first order (equivalent to the pure gauge
theory case), but there is no chiral-symmetry-breaking transi-
tion. In the opposite limit, very light quarks (m, <<Agg),
with three or more flavors of quarks, the chiral transition is
first order. The effect of “light” quarks is to soften the
quark-hadron transition, apparently making it second order
(or perhaps not even a phase transition at all). The effect of
“sufficiently heavy” quarks is to eliminate the chiral phase
transition. In fact, it is possible that there exists a range of
quark masses for which neither transition is first order (or a
phase transition at all). The nature of these transitions for

realistic quark masses (i.e., two very light quarks and at least
one intermediate mass quark) is still uncertain because of the
difficulties of including the effects of dynamical quarks, espe-
cially quarks of differing masses. Recent numerical work sug-
gests that the deconfinement-confinement transition is either
weakly first order or second order, with a transition tempera-
ture of ~2Aygs~100-400 MeV. In other studies the transi-
tion temperature is determined relative to a hadron
mass: e.g., T.~(0.18-0.33)m,~140-250 MeV, or T,
~(0.11-0.29)my ~100-220 MeV [S. A. Gottlieb et al.,
Phys. Rev. Lett. 59, 1513 (1987); M. Fukugita et al., ibid. 58,
2515 (1987)]. The following are recent numerical studies of
the SU(3) gauge theory and some relevant theoretical papers
(note, no attempt was made at completeness): J. Kogut et al,,
ibid. 50, 393 (1983); J. Engles, F. Karsch, and H. Satz, Phys.
Lett. 113B, 398 (1982); J. Engles, F. Karsch, H. Satz, and 1.
Montvay, Nucl. Phys. B205 [FS5], 545 (1982); B. Svetitsky
and F. Fucito, Phys. Lett. 131B, 165 (1983); T. Celik, J. En-
gles, and H. Satz, ibid. 129B, 323 (1983); S. A. Gottlieb et al.,
Phys. Rev. Lett. 55, 1958 (1985); N. H. Christ and A. E. Ter-
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rano, ibid. 56, 111 (1986); J. B. Kogut et al., ibid. 53, 644
(1984); F. Fucito and S. Solomon, ibid. 55, 2641 (1985); M.
Fukugita and A. Ukawa, ibid. 57, 503 (1986); E. V. E. Kovacs,
D. K. Sinclair, and J. B. Kougut, ibid. 58, 751 (1987); J.'Kogut
and D. K. Sinclair, Nucl. Phys. B280 [FS18], 625 (1987); J.
Kogut, Phys. Rev. Lett. 56, 2557 (1986); J. Polonyi, H. W.
Wyld, J. Kogut, J. Shigemitsu, and D. K. Sinclair, ibid. 53,
644 (1984); T. Banks and A. Ukawa, Nucl. Phys. B225 [FS9],
145 (1983); R. D. Pisarski and F. Wilczek, Phys. Rev. D 29,
338 (1984); J. Kogut, J. Polonyi, H. Wyld, J. Shigemitsu, and
D. K. Sinclair, Nucl. Phys. B251 [FS13], 311 (1985); M.
Fukugita, S. Ohta, Y. Oyanagi, and A. Ukawa, Phys. Rev.
Lett. 58, 2515 (1987).

2E. Witten, Phys. Rev. D 30, 272 (1984).

31 H. Applegate, C. J. Hogan, and R. J. Scherrer, Phys. Rev. D
35, 1151 (1987).

4C. R. Alcock, G. M. Fuller, and G. J. Mathews, Astrophys. J.
320, 439 (1987).

SH. Reeves, in Confrontation Between Theories and Observations
in Physics, proceedings of the International School of Physics

“Enrico Fermi,” Varenna, 1987, edited by J. Audouze and F.
Melchiorri (North-Holland, Amsterdam, 1988).

6J. Yang, M. S. Turner, G. Steigman, D. N. Schramm, and K.
A. Olive, Astrophys. J. 281, 493 (1984); A. M. Boesgaard and
G. Steigman, Annu. Rev. Astron. Asrophys. 23, 319 (1985).

7Applegate and Hogan have emphasized that the value of R
may not be determined so much by equilibrium thermo-
dynamics, but rather more by nonequilibrium processes, such
as shock dissipation, neutrino heat conduction, and expansion
of an inhomogeneous, two-phase mixture. See, J. Applegate
and C. J. Hogan, Phys. Rev. D 31, 3037 (1985); 34, 1938(E)
(1986).

8The importance of the low-lying baryonic resonances has also
been pointed out independently by Alcock, Fuller, and
Mathews (Ref. 4).

SW. A. Bardeen, A. J. Buras, D. W. Duke, and T. Muta, Phys.
Rev. D 18, 3998 (1978).

I0E g., see the recent review of experimental determinations of
Ags by D. W. Duke and R. G. Roberts, Phys. Rep. 120, 275
(1985).



