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Abstract. We show that consideration of the low lying baryon states in addition
to the neutron and proton (specifically, the A, £, 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 smaller
than previous estimates, and therefore unless the transition temperature is less than
~ 150 MeV, the effects upon primordial nucleosynthesis will not be significant.
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It has been pointed out that «f the quark /hadron transition’ is strongly first order
and if the transition temperature is low enough, then large local luctuations in the
baryon-to-photon ratio can arise?, and might significently modify the predictions
of the standard scenario for primordial nucleosynthesis®~5. [For a review of the
standard scenario of nucleosynthesis see Refs, 8.] Among other things, the potential
effect of the quark/hadron transition upon primordial nucleosynthesis depends upon
the magnitude of the fluctuations in the baryon-to-photon ratio, n. The size of the
fluctuations is estimated by computing the ratio (= R) of the net baryon number
density in the quark phase to that in the hadron phase at the critical 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 proton. Here we point out that the
predicted value of this ratio R decreases significantly when other low lying baryon
states are included: specifically, the JF = 3/2+ A++, A+, A° A~ states and the
JF = 1/2%, strangeness - 1 states, A, &+, £°, L™,

The net baryon number density in a species ¢ with internal degrees of freedom
gi and baryon number +1 which is very non-relativistic and in thermal equilibrium
with chemical potential u; is:

nfr = 20i(mT/27)%/? exp{—m,/T) sinh{y,/T) (1a)

where T is the temperature and m; is the mass of species i.
The net baryon number density associated with a highly-relativistic species with
internal degrees of freedom g; and baryon number :i:% in thermal equilibrium is:

ng = (6T /") da(us/T) + 5 (wi/T)?), (1)

where a =1 — 35 + 35 — 5 + — -+ = 0.82246.

Numerical studies indicate that the transition temperature for the quark/hadron
(i.e., deconfinement/confinement) transition is probably in the range!: T, ~ 25z
100 ~ 400 MeV. [The quantity Azzrg is the QCD renormalization scale computed
in the modified, minimal subtraction scheme®; recent determinations indicate that
Azzs =~ 100 MeV-400 MeV (Ref. 9).] 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 s0 are non-relativistic. Making the assump-
tion of thermal and chemical equilibrium between the quark and hadronic phases,



.and agsuming that the quark-chemical potential is flavor-independent (= u4) and
that the hadron chemical potential is state-independent (= ua) it follows that:

dug = pn. (2)

The net baryon number density in the quark and hadronic phases is respectively:
npq = (2 or 3)(4a/37*)uaT? (3a)
nph = 2unT?(27) "3/ (423 %e 77~ 4 2287070 | gz Tem s 1 16237 %a| (38)
where 2y = my/T (gy = 4, my =~ 940 MeV), 2o = mua/T (gp = 2, my =~
1120 MeV),zg = mg/T (95 =8, mg ~ 1190 MeV), 2o = ma/T (ga = 16, ma =~
1230 MeV ), and gquark = 6 (for each flavor). Only terms of O(un/T) have been
retained in Eqns(3) since un/T ~ 10717 « 1. In the expression for ng, the 2(3)

pertains if u and d {u,d, and s) quarks are considered. The baryon number density
contrast R between the two phases at the critical temperature is:

R = (npq/npn)lr,
(2 or 3)(2/x)*(2a/3)[22%] 2=~ + 25/

+323%e~%r 4 87%/2~ 24|

e

where z; = 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 = 3/2, J = 3/2 A resonance is
very clear: it leads to a reduction in R by a factor of more than 2 for T, = 150 MeV,
The inclusion of the strangeness -1 states is much less important. In addition, there
is some question whether or not the strangeness -1 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 E—, B° (strangeness = -2) states,
For T. 2 100 MeV, their effect upon R is less than ~ 10%.] Note that for a
sufficiently high value of T, it becomes thermodynamically favorable for the baryon
number to reside predominantly in the hadronic phase and R < 1.

In sum, for T, 2 150 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 inhomogeneities arise
to affect primordial nucleosynthesis, unless T, is very low.

[The importance of the low lying baryon resonances has also been pointed out
recently by Alcock etalt, who arrive at essentially the conclusion as ours.]
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1. There are actually two transitions associated with the SU(3) color gauge the-
ory (or QCD): the chiral symmetry breaking transition and the deconfine-
ment/confinement {or quark/hadron) transition. In the pure SU(3) theory
(no dynamical) quarks, both are strongly first order phase transitions and oc-
cur 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 messive quark limit (m; > Ay73), the
quark/hadron transition is strongly first order (equivalent to the pure gauge
theory case), but there is no chiral symmetry breaking transition. In the op-
posite limit, very light quarks (mq <« A4;z), with 3 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, especially quarks of differing masses. However, recent numerical work
suggests that the deconfinement/confinement transition is either weakly first
order or second order, with a transition temperature of ~ 245z ~ 100 — 400
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Phys. Lett. 131B, 165 (1983); T. Celik, J. Engels, and H. Satz, Phys. Lett.
129B, 323 (1983); S. A. Gottlieb etal., Phys. Rev. Lett. 55, 1958 (1985); N.
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e Figure Caption
Figure 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 T.. In the quark
phase only 2 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 3/2.
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