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Production of free quarks in the early universe
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A model of the q-q interaction which avoids complete confinement is employed to calculate the number of
free quarks which survive from the early universe. For a free-quark mass M 5 10 GeV, our results are
similar to those of previous calculations. But for M 10 GeV, the number per nucleon is given by
ln(q/N) = ln(q/N) = —M/kT. + 21n(M/kT. ) + C, where the constant C 20. Quarks of such mass
freeze out of equilibrium during the quark-hadron transition at a temperature 0.2 5 T. 5 0.4 GeV/k, which
for instance predicts 15 5 M 5 30 GeV if (q + q)/N —10 ' .

At the present time, there is conflicting evidence
regarding the existence of free quarks with char-
ges ae/3 and +2e/3. The results of LaRue et al."
imply an abundance (q +q)/N & 10 "quarks per
nucleon in niobium. The most sensitive of the
other levitometer experiments produced an upper
limit (q+q)/N& 3x 10 " in iron. ' However, very
recent results of this group (Gallinaro et aL) are
now inconclusive. 4 Smaller upper limits have been
claimed in other types of searches, but their in-
terpretation is not straightforward. ' We will dis-
cuss in particular the constraints imposed by ac-
celerator experiments later in this paper.

It is not the purpose of this paper to argue for
or against the existence of free quarks. Bather,
we shall derive a relationship between the present
abundance of relic quarks produced in the early
universe and their mass. For the most part, we
shall adopt the standard assumptions regarding the
nature of quarks, as embodied in quantum chro-
modynamics (QCD}.' The crucial modification is
the assumption that the effective potential between
quarks in a color-singlet state reaches a limiting
value at a finite quark separation, leading to in-
complete confinement. Such behavior could be due
to a finite gluon mass.

The results that we will obtain differ fundament-
ally from those of previous calculations„' if the
free quark mass M ~ 10 GeV. This is because
such quarks "freeze out" of statistical equilibrium
during the quark-hadron transition. Only the very
energetic thermal quarks, which never feel the
confining effects of the gluons, remain free. In
the previous calculations, ' the abundance of relic
quarks was determined by the competition between
the cosmological expansion rate and the free-
quark reaction rate. The result of this competi-
tion (in the "standard model" of the universe) is
to leave an abundance of relic quarks far in excess

of the observational upper limit.
We shall also adopt the standard model to des-

cribe the early history of the universe. s The main
justification (other than simplicity) for this choice
is the fact that an arbitrary violation of any of the
assumptions which define this model typically re-
sults in a production of helium much different
from the observed value. '

During the epoch of interest, when the tempera-
ture was dropping from kv' - 1 GeV to -0.1 GeV,
the universe was dominated by relativistic parti-
cles in statistical equilibrium. They formed a per-
fect fluid of total mass density p and pressure
P 3p. With g =—g, + -', gf, where g, and gz are the
number of boson and fermion degrees of freedom,

p = (g/2) p„= (m'g/30k')(kT)'.

The general-relativistic expansion rate then pro-
vides the formula

t= 2.42x 10 'g '—t'(kT) ' sec

n =31.8(kT)' fm '. (3)

We must next specify (at least approximately}
the interaction between quarks, in particular a
quark and antiquark of the same color. Consider

for the time since infinite density. (Unless indi-
cated otherwise, energies will be expressed in
GeV and distances in fermis. In addition, we take
c = 1.)

The second basic formula follows from conser-
vation of total entropy per (net) baryon (at tem-
peratures T ~ 1 MeV/k}:

gn&/nB = constant, (2)

where z~ is the baryon number density, and the
photon number density
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the effective potential U(r), which is the total
energy of the q -q pair when fixed at a separation

The lattice formulation of @CD (Ref. 10) pre-
dicts that U =qr for r a 1 fm, due to the energy in
the gluon string between the quarks. " In addition,
the Hegge behavior of hadrons indicates that g - 1
GeV fm '." Indeed, most of the features of the
charmonium spectrum are consistent with the
potential"

U =-0.026r '+1.18r GeV. (4)

2M-

(The coefficient of r ' agrees with calculations of
the asymptotic freedom of @CD.) We shall employ
this potential for separations r ~ 1 fm. At r=r,
(r, » 1 fm), the potential flattens to a limiting
value U, =2M» 1 GeV, where M is the mass of a
free quark, as shown in Fig. 1. This cutoff at r,
could be produced by a finite gluon mass. In the
bound state, the effective quark "masses" m «M.
Many effects may complicate the use of the effec-
tive potential at separations 1 fm ~ r ~r,. But
fortunately, we do not need to know the details of
the interaction at such distances. In particular,
we only employ the r, (M) relation r, =U, /q =—2M

(GeV) fm for definiteness.
We can now begin our analysis by estimating the

maximum temperature T, at which the quark gas
became nonideal due to formation of bound sys-
tems (hadrons) as the universe cooled. We adopt
the relation r dU/dr =kT as an approximate cri-
terion, where r' is the radius of a sphere around
a quark for which the probability is —,

' that there
will be no antiquark of the same color within that
sphere. Since pg~«n&, n, =n;, and we also as-
sume that the universe is color neutral, so that
there will be equal numbers of quarks of each

color. In addition, we shall take the effective po-
tential between three quarks in a color-singlet
state to be similar to the q-q potential, so that the
formation of baryons should proceed in a manner
analogous to that of mesons.

Since we are estimating an upper limit for T„
we can neglect the effects of gluon color screening'4
on the potential. However, the quark color screen-
ing should cut off the potential at distances r ~ r',
so in this respect the quark gas should behave
somewhat like a Coulomb gas. Now at tempera-
tures above T„ the ideal quark gas will contain
mostly those flavors whose bound mass m ~ kT.
Since T, will turn out to be -0.4 GeV/k, we need
only include -3 flavors (u, d, s), giving g, =g,—= 18
degrees of freedom. Including two massive lep-
tons (e, l(, ) and three massless neutrinos (e, p, ~)
then gives g~ =50. Neglecting the longitudinal de-
grees of freedom present if the gluons are mas-
sive, the photons plus eight gluons give g„=18, so
the ideal gas of relativistic particles had g=247/4
effective degrees of freedom.

Since the number density of quarks of each
color is (g, /8)n, we obtain

r' =0.132(kT) ' fm. (5)

Using. Eq. (4) for the potential, we find that r' dU/
dr' = kT when r ' =0.30 fm, giving kT, = 0.44 GeV.

As the temperature drops through T„ the quarks
will begin to bind. The crucial fact, however, is
that any quark or antiquark of total energy 2 & U, /2
=M is potentially free. During the quark-hadron
transition, the average potential acting on these
quarks is likely to remain less than U, due to par-
tial screening. Thus we take them to be relativis-
tic, even though I» QT, but this assumption is
not critical. Their number density is then

n, (free)=n,-(free)=(g, /2w'))') f e ~' E'dR
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FIG. 1. The potential energy U(r) of a quark and anti-
quark separated by a distance &.

while they are in statistical equilibrium with pho-
tons, etc. Note that these quarks still form anideal
gas. Note also that in this equation we should take
g, & 30, since at least five flavors (u, d, s, c, b)
will be excited at such energies.

As the temperature drops further, the newly
formed hadrons will approach an ideal gas. We
estimate that this will occur at that temperature
T, when the hadrons cease overlapping. If we use
the criterion &mr„'n~= 1, with a pion radius (r,')'~'
=0.56 fm (Ref. 15) and n„= ,nz, we obtai—n kT,
=0.31 GeV. But at this temperature, some higher
mass hadrons will still be abundant. In an itera-
tion to account for their presence we obtain kT,
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=0.2 GeV.
At temperatures less than 1', one can consider

the reactions

q+q =y, mesons, . . . ,

g+g~N+gy ~ ~ ~

+g~ N +gy ~ ~ ~

(7a)

(vb)

(7c)

in determining t e inah f 1 abundance of relic quarks.
Assuming athat the cross section o(qq)-o qq

reeze out atthe quark abundance will freeze ou a=~~sgg~i
&

tem-approxima e y i st 1 't equilibrium value at that
per ature wt 7 when the expansion rate t '

+n-)(crv), C, -kT~/M. Using (o'v)=—vx c =4
x10 M'fm'sec ', Eq. (1)f ort( wi g = 4

.001.GeV), and a more accurate value for C,
d b full integration of the abundance evo-

lution equations, "we obtain AT =, w

qq4x10 "M'nafter freezethen yields n, +n,—=—~ x 1o n&

ar on at these tem-The number of photons per baryon
peratures is re a e o1 t d to the corresponding number

/N) by n /n's =(4/11)(y/N). Since the num-today (y N 'by n~ ns =

e obtain forved after they have frozen out, we ob
their present abundance

(q+q)/N= lx 10 "M ' (y/N).

Fr om r esent- day obser vations, y10's /NS10",
which gives the same abundance q

From pre
of uarks found

by pretious studies' if M-1 GeV.
It was found a oveb that the freeze-out tempera-

ture T =M/(45k). Therefore kT~&0.2 GeV if
M a 10 GeV. Since Eq. (8) depended critically on
the assumption a eth t the quarks and hadrons formed
an ideal gas, x't is not valid unless freeze-out

4occurred be ow1 0 2 GeV. Thus we reach the im-
ortant conclusion that the previously accepted

b E . (8) is only valid if M 6 10abundance given y q.

e uarks formed anAt temperatures T & T„ the quar
ideal gas. Although o(qq) was much less than 7n, '
at that time due oto the screening, electromagnetic
interactions were sufficient to guarantee that

ll the quarks were in statisticaln, (ov)» t, so a e

equilibrium. Thus we conclude that if the free-
quark mass M 8 e10 GeV they must have frozen out

iven bat approxxma e yately the equilibrium value given y
Eq. (8) at a temperature T„ in the range

(8)0.2 = T, &T,& T, =0.4 GeV/k.

It is certainly posse e'bl that the quark-hadron tran-
sition is sharp enough that 7, = In any case.
from Eqs. (2) and (6)we obtain a present abundance

(q+q)/N =(y/N)(M/kT~)'exp(-M/kT „). 10

The coefficient depends on g(T ), where & & g(T,)
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FIG. 2. The dependence of the present ratio of quarks
plus antiquauarks to nuc cons ol ns on the mass of the free

f 109 hotons per nu-uark, assuming a present ratio o p o
M&10 GeV, the quark abundance freezes

' n. Two values ofout a er eft th quark-hadron transition. w
es nding freeze-out temperature ~ (T GeV/k)

are in ic ' ' M&10GeV, the quarkare indicated in this region. For

tion. The resulting quark abundance is s o
of possible values o suc ah a freeze-out temperature, .

This result is plotted xn Fig. fofor the allow-
ed range of possible values for g, and the choice
y/N = 10'. Also plotted is Eq. (8) in its region of
validity.

E s.The grea i ert difference in these two results qs.
rms of the(8) and (10)] can be understood in terms o e

evolution of e eth ffective quark mass. At tem-
theperatures a oveb the quark-hadron transition, e

of the otential kept the quark massscreening o e po
"bound" valuesmall, approximately equal to its boun v

1 enou h toM Since their mass was smal en gen
erallow them o e rt be relativistic, the quark numb

density was alarge (comparable to photons . During
rk-hadron transition the number o quar s

able to interact with the potentially ree i
energy quarks dropped sud ydenl as most of them

ound. As the hadrons formed in this
the otentially free quarks acquired a arge

mass from their unscreened gluon field yas the
t ll free. The distance between un-

bound quarks then became very large: r, free
'~'(free) z 10' fm»r, (their size).

If the mass M thatthe free quarks acquired was
greater than-h -10 GeV their density [~exp(-M/
kT„) was so ow a] 1 th t they no longer interacted
[n free)(ov)„—t«1] after the hadrons formed.
Their abundance had frozen out du

'
g

nq qq

urin the quark-
hadron tr ans ition at the value given yb E . (10).

was less thanOn the other hand, if their mass I was
-10 GeV, there were enough free qua, rks pua, rks resent
toa ow11 them to continue interacting as they

e-outemerged romf the transition. Their freeze-ou
then occurred w enh their interactions with each



other ceased, giving Eq. (8).
Since it is likely that (q+q)/N«10 ", it is seen

from Fig. 2 that in fact, only the new result,
Eq. (10), is relevant. Then for any specific abun-
dance of quarks, a range of possible values of the
free quark mass is implied. It is to be expected
that this range (a factor of 2 in this analysis) will
be decreased in the future as the nature of the
quark-hadron transition is better understood.

Let us compare this mass range with the lower
limit on 3f implied by accelerator experiments.
The maximum such lower limit is obtained by
assuming that q-q pairs will be produced copiously
when kinematically allowed. For colliding leptons,
center-of-mass energies E, &2M(» 1 GeV) are
required. However, since each quark carries only
-& of the energy of a relativistic nucleon, ' collid-
ing nucleons require E, ~12M. The most ener-
getic quark searches have been carried out at the
CERN ISR, at maximum energies E, =60 QeV. '
Their negative results thus imply that M ~ 5 GeV.
This is certainly consistent with the results in

Fig. 2, which for instance predict that 15 &M ~30
GeV if (q+q)/N- 10 ". In addition, it should be
noted that a relatively low quark mass does not
necessarily mean that free quarks will be pro-
duced copiously in accelerators. As quarks
attempt to separate, their energy can be lost to
the production of mesons. The number of those
kinematically favorable collisions which actually
result in production of free quarks may therefore
become appreciable only for E, » 2 M.

A final question which must be addressed is the
history of the free quarks up to the present. It is
likely that each free quark emerged from freeze-
out surrounded by a hadron cloud of radius x„ the
range of its gluon field. Subsequent collisions with
nucleons after the antinucleons had disappeared at
kT-20 MeV might have increased the net baryon
number and charge of this cloud. Such interac-
tions, as well as those in Eq. (7), could begin
anew in more recent epochs in the high density
environment provided by stars, etc. Thus more
recent q-q reactions might have significantly re-
duced the terrestrial abundance of free quarks,
for instance. The presence of a quark will also
affect the chemistry of an element. Thus any com-
parison of the results in this paper with abundances
from quark searches will be plagued by large un-
certainties. On the other hand, the logarithmic
dependence of quark mass on abundance means that
for any claimed present abundance, the uncertain-
ties in our prediction of M are mainly due to our

lack of precise knowledge of 7' .
It should be noted that the existence of fraction-

ally charged particles would not necessarily be in
conflict with color confinement. General consider-
ations do, however, set severe constraints on
such alternative explanations.

For example, ' Zee" has introduced the possibil-
ity of fractionally charged color-singlet "echo"
quarks, the lightest of which is stable. The
analysis of the evolution of the abundance of such
quarks is a simple extension of the recent analysis
of heavy quarks by Dover, Gaisser, and Steig-
man, "and parallels the original investigations of
quark evolution by Zeldovich, Okun, and Pikelner. '
First note that if the baryon-antibaryon asymme-
try is present in echo quarks to the same extent as
it is in ordinary quarks, there should be roughly
the same number of relic echo quarks as ordinary
nucleons. " This is clearly excluded. But even in
the absence of asymmetry, the expected abundance
of relic echo quarks (q') is large:"

(q'+q'}/N- 10 '(M, .P) '.

Here P =10"(cu) is expressed in cm'sec '. If
the interaction of these quarks with each other is
strong, P -1, which still allows too many to sur-
vive, similarly to Eq. (8).

Another possibility has been suggested by Sus-
skind. " Suppose there is an electrically neutral,
color-triplet quark. When they become confined
(here assumed completely} into hadrons, these
new quarks will sometimes form, with the ordin-
ary quarks, fractionally charged color singlets.
The surviving abundance of such objects is again
at least as large as given by Eq. (11), however, in
conflict with observations.

Of course, free quarks must also be present if
the universe has any net color. But we may con-
jecture that the universe is color neutral for the
same reason that it is electrically neutral.
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