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A first-order QCD phase transition that occurred reversibly in the early universe would lead to a
surprisingly rich cosmological scenario. Although observable consequences would not necessarily
survive, it is at least conceivable that the phase transition would concentrate most of the quark ex-
cess in dense, invisible quark nuggets, providing an explanation for the dark matter in terms of
QCD effects only. This possibility is viable only if quark matter has energy per baryon less than 938
MeV. Two related issues are considered in appendices: the possibility that neutron stars generate a
quark-matter component of cosmic rays, and the possibility that the QCD phase transition may

have produced a detectable gravitational signal.

1. COSMIC SEPARATION OF PHASES

Although the evidence is divided, various theoretical ar-
guments' and computer simulations? raise the possibility
that the early universe may have undergone a first-order
phase transition associated with QCD effects at a tem-
perature of order 100 MeV. (A true second-order QCD
phase transition in cosmology is implausible because in
nature there is no exact chiral symmetry and no exact cri-
terion for confinement. There may, however, have been a
period in which chiral-symmetry breaking turned on con-
tinuously but abruptly. If so, the thermal history of this
period can be calculated.’) Whether, with the actual
values of the QCD parameters, the early universe would
have undergone a first-order phase transition is something
that probably will only be settled by a future computer
simulation. In this paper, we will assume that a transition
from a state of quasifree light quarks to a state of mesons
and baryons occurred at 7, ~100—200 MeV and we will
explore the consequences.

Recent investigations of this problem*~® have con-
sidered the consequences of a departure from equilibrium,
and further thoughts along these lines will be discussed in
an appendix to this paper. Here, however, we will assume
that a first-order QCD phase transition occurred smooth-
ly, without important departure from equilibrium. This
would occur if the rate for nucleating the low-temperature
phase by thermal fluctuations becomes large after relative-
ly small supercooling. In this context, “small” supercool-
ing means that the transition effectively occurs at a tem-
perature at which most of the latent heat between the two
phases still remains, so that phase coexistence can be es-
tablished after nucleation. Such behavior seems plausible
for strong interactions. Actually, in nature, first-order
phase transitions are most typically mediated by impuri-
ties, not thermal fluctuations. Even if the QCD dynamics
is unlucky, equilibrium will be maintained if the impurity
abundance is adequate. Even without a detailed scenario,
it seems plausible to assume that equilibrium is main-
tained to high accuracy in a QCD phase transition. As
we will see, this apparently harmless assumption has
surprising consequences. Some of the points that follow
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have been made previously by Suhonen.’

To fix ideas, consider first how an adiabatic first-order
transition unfolds if we ignore the tiny baryon asymmetry
(10~%<np/n, <107'9 in the Universe. At a temperature
just below T, bubbles of low-temperature phase appear.
Unlike the nonequilibrium situation, however, the bubbles
of low-temperature phase do not expand explosively. In a
first-order phase transition there is a difference. between
the energy density of the two phases, usually called the la-
tent heat. As the bubbles of low-temperature phase ex-
pand, they expel heat into their surroundings, heating the
high-temperature phase up to 7,. At this point the pres-
sure of the high-temperature phase prevents further ex-
pansion of the low-temperature phase. After all, T, is the
temperature at which the two phases have equal pressures
and can coexist (Fig. 1).

As the Universe expands, it loses energy. Normally this
results in cooling, but not here. Coexistence between the
high- and low-temperature phases is possible only at T,
(ignoring the tiny quark and lepton chemical potentials),
and as long as both phases are present the loss of energy
does not result in cooling, but in an expansion of the bub-
bles of low-temperature phase at the expense of the re-
gions of high-temperature phase. The Universe remains

H

FIG. 1. Isolated expanding bubbles of low-temperature
phase in the high-temperature phase.
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at T, until the full latent heat L of the transition is elim-
inated. If p is the energy density of the Universe
(p~T.%, then the time scale for this is of order L /p
times the cosmic expansion time 1/Ho~Mp,/T,% For
the QCD transition, it is plausible that L /p~1.

Thus, the bubbles of low-temperature phase slowly ex-
pand. When they occupy roughly 30—50 % of the total
volume, they meet and percolate (Fig. 2). At this point
the bubbles have a characteristic radius R, depending on
how the transition was nucleated. The scenario below is
simplest if Ry < 10~% cm (the baryon diffusion length).
This is a long distance by hadronic standards; it corre-
sponds to 10~%° nucleation events per cubic fermi. We
also will discuss a variant of the scenario which may still
operate if Ry>>10"%cm.

When bubbles collide, we must take surface tension into
account. An isolated bubble is essentially spherical.
When bubbles meet and percolate, however, they arrange
themselves into a system of fewer, larger bubbles to mini-
mize the surface area. We must estimate the time scale
for this process.

If two bubbles of radius R collide and form a single
bubble of radius 2'°R, the energy is lowered by
AE ~0 R?, where o is the surface tension between the two
phases. The force acting is F ~AE /R ~0R, since energy
AE is released in a distance R. The fluid mass that must
be moved is M ~pR 3 and it must be moved a distance of
order R. A force F will move a mass M a distance R in a
time t~(MR/F)'2. I o~T, and p~T,%, then
tNTcI/2R3/2.

Requiring that this time be less than the expansion time
My /T? gives R <Mp*?T, =%, which is of order
1—10 cm for reasonable T,. Thus, surface tension causes
the bubbles to coalesce until reaching a characteristic scale
R, of a few centimeters.

For a brief period, this bubble coalescence is the fastest
important process, but once the bubbles are close to the
characteristic size R; the bubble coalescence effectively
stops, and we must again take account of the expansion of
the Universe and the corresponding removal of heat. The
dilute regions of low-temperature phase grow and soon
occupy more than half the volume. When the high-
temperature phase fills only 30—50 % of the total volume,
the tables are turned; the dense regions of high-
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FIG. 2. The expanding bubbles meet.

temperature phase detach into isolated, roughly spherical
bubbles (Fig. 3). They have at this point a characteristic
size R, since they form from the “holes” between ex-
panding regions of low-temperature phase of size R;.
Further expansion results in a loss of heat and a further
shrinking of the dense bubbles of high-temperature phase,
until finally they disappear.

We must ask whether thermal equilibrium is main-
tained in this process. In fact, heat conduction is very
rapid in the epoch under consideration because there are
particles (photons, charged leptons, and especially neutri-
nos) with very long mean-free paths. Actually, sound
waves also provide a very fast mechanism for equilibra-
tion of temperature. As in any fluid, sound waves rapidly
establish a pressure equilibrium in the cosmic fluid. Un-
like an ordinary liquid or gas, however, the cosmic fluid
has the property that temperature is the only thermo-
dynamic variable, since there is no conserved charge (ex-
cept the tiny baryon and lepton excesses), so that the pres-
sure is a definite function of temperature, and pressure
equilibrium means temperature equilibrium. (In an ordi-
nary fluid, the pressure depends on the temperature and
on the density of atoms.) Therefore, thermal equilibrium
is a reasonable assumption.

We have so far assumed that the original scale R, of
bubble coalescence is small, in which case the effective
bubble size R, is determined by surface tension and is in-
dependent of R,. It is perfectly plausible for R, to be
small, especially in a system with strong interactions; R
might even be zero if the phase transition occurs by spino-
dal decomposition rather than nucleation. However, it
might be that R, is large; Hogan has shown* that in the
QCD transition, R, could plausibly be as big as about 10*
cm (less than the horizon length Mp, /T? by a factor of 4
In Mp,/T,). In that case, how might the bubbles be ex-
pected to grow?

At zero temperature, bubbles of true vacuum grow at
the speed of light.® At nonzero temperature, but far from
equilibrium, bubbles grow explosively, faster than sound,
but slower than light.” The latter process is similar to a
detonation wave in fluid mechanics.!® In strong interac-
tions, however, it is quite plausible that the temperature 7"
at which nucleation occurs is very close to T, at the same
time that the mean distance R, between nuclei may be

L

FIG. 3. Isolated shrinking bubbles of the high-temperature
phase.



274 EDWARD WITTEN 30

large. In this case the bubble growth involves conditions
close to equilibrium, and an explosion or detonation does
not seem likely. More likely, one will find a process simi-
lar to what Landau and Lifschitz describe as “slow com-
bustion.”!?

In this context, slow combustion is a process in which
the velocity of growth of a bubble of low-temperature
phase is of order €e=(T,—T)/T,, being limited by the
rate at which heat transport is possible. As bubbles of
low-temperature phase grow, the liberation of latent heat
raises the temperature of the immediate neighborhood up
to 7. (but no higher; otherwise the bubbles of low-
temperature phase would have to contract instead of ex-
panding). To avoid a local temperature higher than T,
the bubbles of low-temperature phase can expand only at
a rate determined by the ability of the liberated heat to be
carried away. If heat is carried away mainly as a wave,
this wave will be propagating a temperature difference of
order €. Since the velocity will be comparable to that of
light, a wave propagating a temperature difference € will
carry away heat at a rate proportional to €, and the veloci-
ty of bubble growth will be of order €. (The possible role
of neutrinos, discussed later, does not change the order of
magnitude.) Of course, the heat carried off by these waves
heats up the rest of the Universe.

For small €, long before the low-temperature bubbles
meet, the heat generated by their growth will heat the
Universe up to T,—after which the bubbles stop expand-
ing except insofar as their growth is driven by the expan-
sion of the Universe.

In this case, when the bubbles finally meet, surface ten-
sion plays no role; one has quasiequilibrium coexistence of
phases on a scale Roy=R; < 10* cm. As in our previous
discussion, the loss of heat due to the expansion of the
Universe eventually results in the detaching of isolated
bubbles of the high-temperature phase, which then tend to
shrink and disappear.

Thus, we can reasonably expect that for a time compar-
able to the Hubble time, there will be coexisting phases on
a scale Ry, with 1 cm<R; < 10* cm. What observable
consequences could this leave in today’s universe?

There might in fact be no such consequences. The net
effect of the process might be simply thermal equilibrium
in the low-temperature phase below 7T,. In searching for
a possible observable remnant of the epoch of phase coex-
istence, we will explore the consequences of the tiny
baryon excess in the Universe.

In the high-temperature phase, baryons exist as quasi-
free, almost massless quarks. In the low-temperature
phase, baryons are massive particles with a minimum
mass M=938 MeV. The density of baryons in the low-
temperature phase may therefore be less than the density
in the high-temperature phase by a large factor. For a
more accurate estimate, assume equilibrium between the
two phases with a common chemical potential p. The
baryon density in either phase is then

<B>=iV<Be—“B/T> , (1)

where V is the volume and { ) refers to a thermal aver-
age. Since the primordial u is tiny, to good approxima-
tion

2
(B)= TV(BZ)O, )

where ( )¢ is a thermal average at u=0. The ratio of the
baryon densities in the high- and low-temperature phases
is

(B (B)§
(BYE (BYH

where ()H are averages in the low- and high-
temperature phases and ()&’ are the averages in those
phases at p=0.

Let us make a simple estimate of €. Treating the low-
temperature phase as an ideal gas of mesons and baryons,
and assuming 7, <<M so a nonrelativistic treatment is
adequate, a single baryon or antibaryon spin state of mass
M contributes to {B*)% an amount

d3p
A= [ =£
f 2y ¢

(3)
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If the main contribution is due to the eight spin states of
protons, neutrons and their antiparticles (a fair approxi-
mation if T, <100 MeV so that strange particles are
suppressed), then

T 372
(B2)§=8 |M-* e M (5)

with an obvious generalization if T, is larger and other
particles must be included. As for the high-temperature
phase, we assume that it is an ideal gas of quarks and
gluons and that the u, d, and s masses can be neglected.
A single quark or antiquark spin state of baryon number
+ < contributes to (B?)§ an amount

1 d’p e~ 1PI/T
A= |~
3 } f (27 14e~1PI/T
3
—— 540, (6)

where £(3)=1.202. The 36 spin and color states of u, d,
and s quarks and antiquarks give

i~ T
(B*)g=3-—75603) . )]
T
So with these approximations
B 2 vam (M ) ®
C(BYHE 3603 | T, ’
For T,=100 MeV, €=0.003. For 7,.,=200 MeV,

€=0.15. (For T,=200 MeV, it is really necessary to in-
clude hyperons. Including all particles in the baryon oc-
tet, one gets €=0.27.)

Thus, this simple estimate suggests that € is much less
than 1, and that e~ 10~2 is possible, but only if T, is rela-
tively low. Hopefully, it will be possible eventually to
determine € reliably by computer simulations.

The formula (3) for € assumes equilibrium between the
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two phases. Is this reasonable? A sufficient requirement
is that R is small and that thermal equilibrium existed
when bubbles originally met at a scale Ry. The subse-
quent coalescence of bubbles into larger structures of scale
R,—due to surface tension—involves slow, gross fluid
motions, probably without significant mixing of the two
phases, so the relative baryon abundance at scale R; will
be very close to what it was at scale R,. The relative
abundance will have its equilibrium value at scale R, if
the distance dp across which baryons can diffuse in a
Hubble time is bigger than R,. Baryons are strongly in-
teracting, so the baryon (or quark) mean-free path at tem-
perature T, is of order 1/T,; this distance is traversed in
a time of order 1/T,. Since the cosmic expansion time is
of order Mp,/T,?, the baryon has time for Mp,/ T, steps,
each of mean length 1/T,, and can diffuse a distance
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T,

dp ~—
B Tc

or about 10~3 cm if T, ~100 MeV. If Ry <1073 cm, the
equilibrium formula (3) for € is valid.

On the other hand, we have contemplated much larger
values of Ry, as big as 10* cm. In that case, the relative
baryon abundance in the two phases cannot be determined
on grounds of thermal equilibrium only. On the other
hand, expanding bubbles of low-temperature phase will
still tend to expel baryons, so it is conceivable that the
baryon concentration would be higher in the high-
temperature phase. We postpone a discussion of this
point, as it is similar to our later discussion of what hap-
pens to baryons during the period when bubbles of high-
temperature phase are beginning to shrink and disappear.

From our discussion so far, when bubbles of high-
temperature phase begin to detach themselves and shrink,
their radius is of order R, (1—10* cm), they fill roughly
50% of the total volume, and they may contain a fraction
1/(14-€) or about 80—99 % of all the baryons in the
Universe. Although baryons may thus be concentrated
mostly in the high-temperature phase, the net baryon con-
centration is very tiny even there. The baryon-to-entropy
ratio in today’s world is observed to be at most 10~8, and
the baryon-to-entropy ratio in the high-temperature phase
in the epoch under discussion is no bigger than that. In
the low-temperature phase, the baryon-to-entropy ratio is
less by a factor of e.

What happens next? As the Universe expands, the re-
‘gions of low-temperature phase tend to expand and cool.
Equilibrium between the two phases is possible only at
T,, so to maintain equilibrium, heat must constantly be
resupplied from the regions of high-temperature phase to
regions of low-temperature phase. What is the principal
mechanism for this? The high-temperature phase can lose
heat by evaporation of the surface layers, or by emission
of particles of very long mean-free path—neutrinos.

In an ordinary fluid, evaporation is a slow process be-
cause it is diffusion limited. For example, when a water
drop evaporates, a large concentration of water vapor
builds up around it, and evaporation proceeds only at the
rate at which the vapor can diffuse away. There is no
analogous effect in the cosmic fluid, since (as the baryon

excess is tiny), there is no relevant conserved quantity
analogous to the number of water molecules. Evaporation
of a water drop is also limited by heat conduction, since
the evaporation cools the surface layers and the evapora-
tion rate is low at low temperatures. There is no analo-
gous effect in the cosmic fluid, since (as we have noted),
the latent heat of the transition can be efficiently carried
away by sound waves.

As for neutrino emission, one might naively think that
it would be very slow, proportional to Gr°>. However,
neutrino emission can occur anywhere within a distance
A, of the surface, A, being the mean-free path. In fact, A,
is of order 1/(G¢*T,), or about 10 cm for T, =100 MeV.
Since A, is proportional to 1/Gg?, the fact that neutrino
emission can occur a distance A, from the surface just
cancels the fact that the neutrino emission rate per unit
volume is proportional to A,, so there is no real suppres-
sion associated with the weakness of weak interactions.

One may therefore reasonably expect that energy losses
due to surface evaporation and due to neutrinos will be
comparable. Their implications are completely different,
however. Evaporation involves a loss of the surface
layers, including baryons and everything else. Neutrino
emission from a distance A, of the surface involves loss of
heat without loss of baryons. If it dominates, the bubbles
of high-temperature phase can shrink, developing a steadi-
ly increasing baryon excess; the baryons cannot diffuse
out since A, is much bigger than the baryon diffusion
length dg. In such a scenario, the high-temperature bub-
bles would undergo a steady process of shrinking, with the
baryon excess trapped inside.

In such a scenario, the region of high-temperature
phase behaves like a leaky balloon, unable to suport itself
against outside pressure because of steady neutrino losses.
The balloon shrinks, losing neutrinos without losing
baryons; the shrinking balloon does not build up a pres-
sure excess because excess ¢gg pairs annihilate into neutri-
nos, which escape. The baryon excess is continually con-
centrated in a smaller volume. There is a rich element of
wishful thinking here, since this picture assumes neutrino
losses are the main way for the high-temperature phase to
lose energy, while in fact neutrino losses and surface
evaporation appear comparable. However, this scenario is
worth exploring because—as we will see—it leads to fas-
cinating consequences.

If such a scenario develops, then as the dense regions
shrink, eventually the excess baryons in those regions will
exert a pressure that will help stabilize those regions
against further shrinkage. This is sketched in Fig. 4; the
temperature at which the dense regions can coexist with
the low-temperature phase outside depends on the chemi-
cal potential u in the dense regions. Figure 4 is not a
thermodynamic equilibrium curve (which might or might
not be qualitatively similar, as we will discuss). Rather,
assuming that the chemical potential in the low-
temperature phase is negligible, Fig. 4 indicates the tem-
perature T, as a function of the chemical potential u in
the dense phase, at which the two phases exert the same
pressure. This corresponds to an idealized situation in
which the two phases are separated by a membrane that
transmits heat but no baryons, and all the baryon excess is
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FIG. 4. A sketch of the coexistence temperature for quark
matter of chemical potential u coexisting with the meson-baryon
phase of p=0. What is shown is the temperature, as a function
of u, at which the two phases exert equal pressure.

in the dense region; the problem of interest approximates
that situation if diffusion of baryons is negligible and if
heat is carried almost entirely by neutrinos.

As indicated in Fig. 4, once p is not negligible, the
Universe will begin to cool since the coexistence of phases
now requires this. The baryon-to-entropy ratio in the
dense regions is of order 1 when u~T; at this point T is
comparable to but significantly less than T,, perhaps
T~+5T,.

The dense regions now occupy a tiny fraction of the to-
tal volume but contain 80—99 % of the baryon excess.
How large are they? Let f be the primordial baryon to en-
tropy ratio (so 107%<f<107'° experimentally). The
baryon-to-photon ratio of the dense regions when they
have radius R; is f, so this ratio becomes 1 when the ra-
dius shrinks to r=R,f '3, If, for instance, f~10"8,
and 1 cm <R < 10* cm, then r is between 10~2 and 10
cm. We have formed, in effect, lumps of hot quark
matter with a density of 10" g/cm® and a mass from
10°—10" g.

What will happen next? The most extreme possibility is
that these lumps might manage to survive to the present
and still exist in today’s universe. Because of their ex-
tremely large inertia they would not have been incorporat-
ed in stars or planets and would be floating in interstellar
space, affected significantly only by gravity. The baryons
they contain would not participate in nucleosynthesis, so
one could assume a closure density of baryons without
disturbing the successes of big bang nucleosynthesis. In
galaxy formation they would behave like the planetary
mass black holes that have recently been discussed.!! If
the relative baryon abundance in the two phases was
determined by thermal equilibrium, they could contain a
reasonable fraction of the total mass in the Universe, and
might a2<:count for the “missing mass” in the Universe!? if
e~107".

These lumps could survive to the present only in the
form of some exotic, presently unknown state of matter,
since ordinary nuclear matter is unstable at zero pressure,
and ordinary atomic matter would not survive the condi-
tions in the early universe. The lumps could plausibly

survive only if there can exist a stable state of so-called
“quark matter,” a dense state of matter consisting of de-
generate quarks at a density somewhat above ordinary nu-
clear matter density;'>~2° such a state would differ from
ordinary nuclear matter in that the individual quark wave
functions would be delocalized, spreading throughout a
macroscopic volume. Of course, there is at present no ex-
perimental evidence on the existence of quark matter, and
considerable theoretical uncertainty, so let us sketch the
possibilities, ranging from absolutely stable to absolutely
unstable quark matter.

A. Stable macroscopic quark matter

The most extreme possibility is that macroscopic quark
matter is bound and stable at zero temperature and pres-
sure. At first sight, one might think that this is excluded
by the fact that ordinary nuclei do not spontaneously turn
into the hypothetical dense quark state. This is not quite
so, however. Observations of nuclear physics only show
that in the absence of strange quarks, nuclear matter is
more stable than quark matter. Addition of strangeness
does not help stabilize nuclear matter, because strange
baryons are heavier than nonstrange baryons. For quark
matter, the story is different. (This point has been noted
before in Refs. 19 and 26.) The likely Fermi momentum
in quark matter is 300—350 MeV, more than the strange-
quark mass, so it is energetically favored for some of the
nonstrange quarks to become strange quarks, lowering the
Fermi momentum and the energy.

This effect can easily be estimated in the simplest form
of the bag model.?! A single quark flavor of Fermi
momentum pp exerts a pressure pp*/4m’. Let p be the
Fermi momentum of up quarks in quark matter of zero
strangeness. For electrical neutrality, the down-quark
chemical potential must then be u2'/3, and the pressure is
(1+42**u*/47% If we ignore the strange-quark mass,
then three flavors of quarks can exert the same pressure at
a common Fermi momentum i =[5(142%3)]'/* u of u,
d, and s quarks.

The average quark kinetic energy is proportional to p,
so (with a common pressure in the two cases) it is smaller
in the three-flavor case by a factor

G/ (u+3213u)=[3/(14243)1/4~0.89 .

In equilibrium, the energy per quark equals the chemical
potential, so the energy per quark in strange-quark matter
is less than the energy per quark in zero strangeness quark
matter by this factor of 0.89; in this idealization, strange-
quark matter is more tightly bound than nonstrange-
quark matter by about 100 MeV per baryon. The
strange-quark mass will reduce this effect, but it is still
plausible that strange quarks lower the energy per baryon
of quark matter by 50—70 MeV per baryon. This is
somewhat paradoxical, because in nuclear matter strange
quarks have the opposite effect.

No observational argument seems to exclude the possi-
bility that quark matter with up and down quarks only is
unbound, but by less than 50—70 MeV per baryon, and
that quark matter with strangeness is bound and stable.
Ordinary nuclei will not convert to the dense, strange state
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because of the difficulty in creating strange quarks by
weak interactions.

If quark matter with strangeness is bound, then energet-
ically it can grow indefinitely by absorbing nucleons. One
might at first think that quark matter would be dangerous
in contact with ordinary matter, but this is not the case.
Ordinary nuclei (except iron) are also energetically capable
of undergoing nuclear reactions, with a big release of ener-
gy; this is prevented at low temperature by Coulomb bar-
riers, because the nuclei are positively charged. A nugget
of quark matter will have a net positive charge on the sur-
face (not in the bulk) for the same reason that nuclei are
positively charged. For instance, in the quark matter
model of Freedman and McLerran!® (their model I, ex-
trapolated to zero pressure) the ratio of up-to-down-to-
strange-quark abundance is roughly 2:3:1. This means
that the up and down quark chemical potentials u, and
kq are in the ratio p, /pg=(3)""3 so that py—p,~50
MeV.

To balance the chemical potential difference, there will
be an almost equal electrostatic potential of + 50 MeV at
the surface of (and throughout) a nugget of quark
matter;?? this potential will be more than adequate to re-
pel positively charged nuclei at ordinary temperatures or
at reasonably low velocities. Quark matter is in this
respect no more dangerous than oxygen.

Electrostatic potentials, however, would not prevent
quark matter from absorbing neutrons. (This is somewhat
retarded, however, by the need to equilibrate strangeness,
if nonstrange quark matter is unbound.) If quark matter is
stable, it is probably necessary to assume that ordinary
neutron stars are really quark stars.?> However, there are
conventional models of neutron stars in which these stars
have a large quark core (see, for instance, Ref. 24), and it
has been claimed®® that the macroscopic properties of
quark stars are hard to distinguish from those of neutron
stars. This point is discussed further in the Appendix.

In the models of McLerran and Freedman, quark
matter with strangeness is unbound by about 25 MeV per
baryon (I am here extrapolating their data to zero pres-
sure); without strangeness, it would be unbound by about
100 MeV per baryon. As they note, however, the energy
per baryon of quark matter is quite sensitive to the as-
sumed QCD parameters, with an uncertainty of order 100
MeV per baryon.

In short, there does not seem to be any conclusive
theoretical or experimental argument ruling out the possi-
bility that there exists a stable state of quark matter with
large strangeness. One experiment that might shed some
light on this question would be the search for the H—a
hypothetical AA bound state?® whose binding energy
might be 100—200 MeV.

B. Stable drops

If quark matter, even with strangeness, is unstable in
bulk, it is possible that it would have been stable in the ab-
sence of electromagnetism, and is unstable only because
the constraint of electrical neutrality forces an incon-
venient ratio of quark abundance. (This is true of ordi-
nary nuclear matter, which with equal numbers of neu-

trons and protons would be bound as far as QCD effects
are concerned, and is unbound only because electromag-
netic effects prevent a nucleus from having large electric
charge.) If electromagnetism is the only reason that bulk
quark matter with strangeness is unbound, then such
matter will probably be stable in droplets small enough
that the electrostatic energy is not too large. (In the con-
ventional case the corresponding droplets are ordinary nu-
clei.) The possibility of metastable (but not truly stable)
droplets of quark matter has been considered previously
as a possible explanation for Centauro events.?’

C. Quark matter unstable because of weak interactions

It is possible that quark matter is unstable (both in bulk
and in drops) but only because of weak interactions. For
instance, in model I of Freedman and McLerran, quark
matter (at zero pressure) has an energy per baryon of
about 965 MeV and the quantum numbers of a roughly
equal mix of neutrinos and A’s. Since 965 MeV is above
the neutron mass, quark matter is unstable in this model;
but since 965 MeV is well below the average of the neu-
tron and A masses, quark matter can decay in this model
only with the help of weak interactions. Bulk quark
matter would be relatively long-lived under these condi-
tions, with evaporation of neutrons at the surface creating
a strangeness excess that must be equilibrated by weak de-
cays or else by diffusion of strangeness. The stability
against strong interactions of quark drops of varying
strangeness has been discussed previously.?

D. Quark matter unstable against strong interactions

Finally, there is the possibility that even with equilibri-
um strangeness content, quark matter is unstable against
decay by strong interactions; if so it would probably decay
rather quickly.

It is unfortunate that at present there is no reliable way
to choose between these possibilities. There is, in addi-
tion, another major uncertainty. Even if lumps of quark
matter form in the manner that has been conjectured at
temperatures of order T,, and even if there is a stable
ground state at low temperatures that the lumps could
logically settle into, they may evaporate at intermediate
temperatures before settling into their stable ground
states.

At temperatures near T, the evaporation of baryons
from the dense lumps is suppressed because of the rela-
tively low diffusion length dp of the outgoing baryons
and because of the relatively low equilibrium vapor pres-
sure of baryons in the low-temperature phase, proportion-
al to e ™"c. (Even if the full equilibrium pressure of
baryons would leak out of the dense regions to a distance
dp, this would be a minor loss of baryons.) At very low
temperatures, evaporation of baryons from quark matter
will be suppressed because there simply is not available
enough energy to power the evaporation. (At low tem-
peratures the thermal excitation energy of a degenerate
Fermi gas is of order T?/pr, and less if a superconducting
gap forms. This means that by the time neutrinos decou-
ple at T, ~1—-2 MeV, the thermal excitation energy of
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quark matter is perhaps a tenth of an MeV per baryon, far
too little to enable quark matter to evaporate if it is bound
by, say, 10 MeV per baryon. Under such conditions
quark matter is thermodynamically stable.)

However, at temperatures below T, and well above T’p,
quark matter has a large quark chemical potential and
hence a relatively large vapor pressure and is not stable
thermodynamically, in contact with the dilute low-
temperature phase. It will tend to evaporate, but the
evaporation will be limited by the time scales for equili-
bration of heat, baryon number, and strangeness. (For in-
stance, the evaporation of a lump of quark matter will in-
volve mainly the emission of neutrons at the surface,
creating a strangeness excess at the surface; the time scale
for diffusion or weak decay of strange quarks will be one
of the considerations limiting the evaporation rate.) A
serious study of the evaporation process between T, and
Tp will not be attempted here.

However, a naive estimate, similar to our previous esti-
mate of the baryon diffusion length at T,, is that at
T~10 MeV, the diffusion scale is about 10~2 cm, so that
quark lumps at the lower end of our estimated range
(1072—10 cm) are in danger of evaporating before they
become thermodynamically stable at temperatures some-
what below T,.

The scenario proposed here is subject to many uncer-
tainties. Various QCD' uncertainties have been noted.
Even more serious is the lack of a clear reason for neutri-
no losses to be the main way that bubbles of low-
temperature phase lose energy. If the QCD situation is
favorable and the scenario can somehow be made to work,
it would have one major advantage. In many particle
physics explanations of the dark matter, one must postu-
late a neutral particle with a lucky combination of mass
and abundance, and it is a coincidence that this particle
has a mass abundance comparable to that of baryons. In
the scenario suggested here, the luminous and dark matter
have the same origin—baryons—and the ratio of lumi-
nous to.dark matter is computable, in principle, as a QCD
effect—if the scenario somehow works.

If it turns out that quark lumps of size estimated here
are responsible for the dark matter, what is their flux at
the earth? The density of dark matter at our location
seems to be'* about 10~%*g/cm?. Lumps of quark matter
of radius 1072—10 cm weigh about 2 10°—2x 10'8 g, so
the number abundance is about 5X 10~3*—5x 10~%/cm?>.
They would have typical galactic velocities of order
2X 10" cm/sec, corresponding to a flux 10-26—10—3%/
cm?/sec. With the cross sectional area of the earth
8 10'7 cm?, the rate of collisions is 10~8—10~1"/sec or
between almost one per year (if the radius is 10~2 cm) and
almost one per 10° yr (if the radius is 10 cm).

These collisions would apparently not be as spectacular
as one might think. Quark lumps would not initiate nu-
clear reactions (for reasons discussed earlier). Lumps of
the radius we have estimated would plunge all the way
through the earth, displacing everything they met in a
tube of 0.01—10 cm radius, since their mass per unit area
(103—10' g/cm?) is much greater than that of the earth
(5% 10° g/cm?). Such events might be detectable if they
occur as often as once a year or once a decade, but they

apparently would not be conspicuous.

If quark matter is not produced cosmologically, there
might still be a quark matter flux in cosmic rays. This is
discussed in an appendix.

We have tried in this paper to explain dark matter pure-
ly on the basis of known physics. Departing from this
rigorous rule, one intriguing variant of the scenario we
have considered is to suppose that the primordial baryon-
to-photon ratio ng/n, was much bigger than today’s
value of 10~8—10-10,

Suppose, for instance, that primordially ng/n, ~1. In
this case, the primordial cosmic fluid would behave rather
like a normal fluid, with baryon number conservation
playing the role that conservation of the number of mole-
cules plays in an ordinary fluid. Pressure equilibrium
would be maintained in the cosmic fluid by sound waves,
but this would not preserve temperature equilibrium since
(as in water or air) temperature gradients could be com-
pensated for by gradients in the baryon concentration,
while keeping a constant pressure. In such a situation,
heat transport is likely to be by diffusion (as in any nor-
mal fluid near equilibrium), and since neutrino mean-free
paths are enormous, heat transport would be via neutri-
nos.

If so, shrinking bubbles of high-temperature phase
would lose heat without losing baryons, and quark matter
would form. In fact, if ng/n,~1 primordially, one
would form quark matter lumps 10® times heavier than
we previously estimated (so m ~10'7—10%¢ g), since the
high-temperature bubbles would not need to shrink very
much before the quarks would become degenerate. In
such a picture, one would of course need a mechanism for
generating a large entropy prior to nucleosynthesis. One
possible picture is the idea? that the decay of a 10* GeV
gravitino generates a large entropy and reignites nu-
cleosynthesis well after the QCD epoch.
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APPENDIX A: PRESENT-DAY PRODUCTION
OF QUARK MATTER

This paper has really considered two independent ideas:
the possibility that three-flavor quark matter is stable, and
the possibility that it was manufactured in the big bang.
It is possible that quark matter is stable, but was not pro-
duced cosmologically. If so, is there any hope of observ-
ing quark matter today? This question naturally leads one
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to ask whether there exists a mechanism for producing
quark matter in today’s universe.

There is another good reason for asking this question.
It has been claimed that the Centauro cosmic-ray events
may be evidence for a quark-matter component in cosmic
rays. (The Centauros are events’! in which the primary
seems to fragment into hundreds of baryons and almost
nothing else. This is a plausible fate?’ for a small drop of
quark matter that strikes the atmosphere at high energy.
The Centauro primaries seem to penetrate much further
in the atmosphere than a conventional heavy nucleus
would.)

If the Centauro events are real and are to be explained
in terms of quark matter, then we must explain a flux of
quark-matter droplets with roughly 10° baryons per drop
and roughly 10°—10* GeV per baryon. The actual flux is
small, of order 10~2/m?/yr. One cannot account for this
flux by synthesizing quark matter in the big bang, since
drops of quark matter produced in the big bang, regard-
less of their velocities at that time, would have long since
red-shifted to low velocities.

To discuss contemporary production of quark matter,
we must bear in mind the following: regardless of wheth-
er quark matter is stable at zero pressure and temperature,
it is certainly the ground state of a large assembly of
baryons if the external pressure is high enough. At high
pressure (or density), the strong interactions are asymptot-
ically free, and the ground state of a dense collection of
quarks can be found perturbatively.

We are assuming in this paper that at zero external
pressure (and temperature), quark matter is stable if, and
only if, the strangeness is large enough.

If strange quarks are not available in reasonable
numbers—which is true except in the big bang—the only
way to create quark matter is to compress protons and
neutrons to a pressure at which two-flavor quark matter
becomes stable. Such high pressures are not attained in
ordinary stars or planets. In addition, a small nucleus of
quark matter that might be present in an ordinary star or
planet would not grow spontaneously, since Coulomb bar-
riers would prevent it form absorbing charged nuclei.

But there is one conspicuous astrophysical environment
in which quark matter can readily form and grow. This is
the neutron star. It may be that when neutron stars form
they already contain a small nucleus of quark matter of
cosmological or cosmic-ray origin. Even if no nucleus of
quark matter is present to begin with, it is very likely that
the pressure at the center of a neutron star is so large that
in that region quark matter will form spontaneously even
without strangeness. (If three-flavor quark matter is
stable at zero pressure, then two-flavor quark matter is
relatively close to being stable even at zero pressure and is
probably stable under the high pressure in the center of a
neutron star.) One way or another, neutron stars almost
surely contain a quark-matter component.

Once a quark-matter component is present in a neutron
star, two things will rapidly happen. It will quickly
develop the equilibrium strangeness content via weak in-
teractions, such as ud —us. The energy will be lowered as
strange quarks are created one by one until equilibrium is
reached. Even more important, the quark-matter com-

ponent can rapidly grow in a neutron star by absorbing
free neutrons, since there is no Coulomb barrier. The en-
tire star will turn into quark matter, except perhaps for a
thin outer crust in which there are no free neutrons.

This outer crust, consisting of nuclei and degenerate
electrons, is rather thin and dilute. It is usually estimated
to have a thickness of a few tenths of a kilometer (com-
pared to the 10-km radius of the neutron star) and a den-
sity of at most 4 10'! g/cm® (103 of the average density
of the star). Actually, if quark matter is stable at zero
pressure, this conventional estimate is only an upper
bound on the thickness of the “normal” outer crust. One
can envisage a star that consists entirely of quark matter,
with no crust, the surface density of the star being simply
the density of quark matter at zero pressure, or about
3—4x10" g/cm’.

It is estimated that about 10~ of the mass in a typical
galaxy such as ours is in the form of neutron stars (corre-
sponding to 10°—10'" neutron stars in the galaxy). Thus,
if quark matter is stable, it is a fairly abundant com-
ponent of our galaxy. What are the prospects that some
of this neutron star material is ejected from its place of
origin and is incident on earth? This would depend on
violent events in which part of the contents of a neutron
star are expelled into the galaxy.

For instance, Gilden and Shapiro®? recently made a nu-
merical study of a head-on collision of two neutron stars
at moderately relativistic velocities. They found that
about 13% of the mass was ejected from the star system.
If quark matter is stable, this 13% would probably mostly
escape as lumps of quark matter of various sizes—the
spectrum of sizes being difficult to estimate. Since this
mass loss occurs in violent conditions, some part of the
outgoing matter might be accelerated to relativistic veloci-
ties, perhaps furnishing a candidate for Centauros.

Head-on neutron star collisions may be rare events.
However, neutron star collisions of some kind are almost
certainly not rare. Of less than 10° known pulsars, there
seems to be one known binary neutron star system, the
binary pulsar PSR 1913 + 16. The gravitational radiation
from this system gives it a lifetime of 10® yr; in that
time—short compared to the age of the Galaxy—the two
neutron stars will spiral inward and collide. Naively ex-
trapolating from one known example out of 10%, it is like-
ly that 10°—107 of the 10°—10'° neutron stars in our
galaxy have undergone this fate.

The decay of a binary system seems less promising for
mass ejection than a head-on collision. However, Clark
and Eardley have speculated®® that also in this case, dur-
ing mass transfer between the two stars, some mass will be
ejected to infinity by hydrodynamic effects or neutrino
pressure; in fact, they suggest that this could be as much
as 10~! solar masses. With 10° binary systems ejecting
10~ M, each, there could be 10°M, of quark matter free
in our galaxy, or 107° of all the luminous galaxy. This
figure is probably an extreme upper bound.

Actually, to explain Centauro events the flux required
is rather small. The Centauro flux, if real, is about
10~2/m?/yr. If the Centauro primaries are relativistic
particles of baryon number 103, the baryon density in
Centauro primaries is about 10~2! baryons/cm®. The
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average universal abundance of baryons in luminous form
seems to be about 1077/cm?® so on this interpretation
Centauro primaries are 10~'* of all baryons if they are
uniformly distributed in the Universe; if Centauro pri-
maries are trapped in galaxies by magnetic fields they are
102 of all baryons.

To explain Centauros, a typical galaxy with 10!'M¢, of
luminous matter must convert 10~>Mg or 10~°M¢ of
baryons into Centauro primaries. Of course, the Centauro
primaries are highly relativistic (10°—10* GeV/baryon),
and there may be a much bigger, yet unobserved flux of
lower-energy particles of the same composition as Centau-
ro primaries. Even so, it would appear that the mass re-
quirement for explaining Centauros is quite moderate; all
observed Centauros might even be the product of a single
energetic neutron star collision in this history of the
Galaxy. To develop a detailed theory of Centauros along
these lines, one would have to understand the mechanisms
of mass ejection from neutron stars, the fraction of ejected
matter which escapes in drops of order 10? baryons, and
the fraction of those drops which are accelerated to rela-
tivistic velocities.

Finally, one may worry that it violates basic observa-
tions about neutron stars to suppose that neutron stars are
made of quark matter except for a thin outer crust. That
this is not so can be seen from work by Fechner and
Joss,”> who considered an equation of state for which
quark matter (at zero pressure) was slightly unbound and
showed that the bulk properties of quark stars were very
similar to those of neutron stars.

This point can be made in the following terms. Simpli-
fying to ignore quark masses (which are important in vac-
uum, but not in neutron stars), the relation between pres-
sure p and density p of quark matter is roughly
p=-(p—4B), where B is a phenomenological constant—
essentially the MIT bag constant. The density of zero-
pressure quark matter is just 4B. With this form of the
pressure-density relation, a simple numerical integration
of the standard equations of stellar structure shows that
the maximum mass of a stable quark star is

M =0.0258/(G3?B'/?) , (A1)

where G is Newton’s constant. The corresponding radius
and critical density are

R=0.095/G'?B'/? |
(A2)
p(0)=19.2B .

A typical value of B is By=56 MeV/cm>=(145 MeV)*,
In conventional units, (A1) and (A2) give

B 172
— 0
M=2.00Mo || .
172
By
R=11.1km | =2 (A3)
m[B] ’
p0)=1.91x105—E5 | B |
cm® | By

for the stable quark star of maximum mass. The surface

TABLE 1. The table shows the mass and radius of a quark
star of various central densities, for B=B,=(145 MeV)*. The
central density is given in units of p*=4B=4Xx10"* g/cm’,
which is the density of quark matter at zero pressure. The max-
imum central density of a stable star is 4.8 p*. The radius and
mass are again given in kilometers and solar masses, respective-
ly. If Bs£B,, then R and M must be multiplied by (B,/B)'/2.

pl0)/p* 1.5 2.0 3.0 4.1 4.8
R(km) 10.5 12.0 12.3 11.2 11.1
M/Mg 1.11 1.58 1.89 1.98 2.00

density is 4B =(4.0X 10'* g/cm’)(B /By).

If there is an outer crust of normal matter, it is only the
radius that changes appreciably (by a few percent). The
values of (11) are within the range of conventional neu-
tron star models.>* For further details of the radius and
central density of quark stars for various mass, see
Table 1.

APPENDIX B: GRAVITATIONAL SIGNAL
FROM THE QCD EPOCH

In this paper, we have assumed that the QCD phase
transition occurred in near-equilibrium conditions. It is
possible, instead, that this transition occurred explosively,
with the nucleation of the low-temperature phase trigger-
ing detonation waves’—in which much of the latent heat
would go into acceleration of bubble walls—as opposed to
the process of slow combustion that we have discussed.
The collision of detonation waves would leave a rather
complicated universe on scales less than the horizon scale
at the QCD epoch. What observable consequences might
remain in today’s world?

Various possibilities have been discussed in the litera-
ture.*~® Here we will consider the possibility that gravita-
tional waves produced in the violent bubble collisions
would be detectable today.

As we will see, these waves would have very long wave-
lengths in today’s universe. Long-wavelength gravitation-
al waves can be detected by Doppler tracking of space-
craft** or by pulsar timing measurements.>> The two
methods are similar in principle, but the latter method is
sensitive at the longest wavelength and is therefore (for
reasons we will see) most suited to exploring the condi-
tions that prevailed during the QCD epoch.

To understand how pulsar timing can be used to detect
gravitational waves, consider a pulsar which (prior to the
passage of a gravitational wave) is separated from the
earth by a distance L in the z direction. If a weak gravi-
tational wave with A, =~h cos(kx —wt) passes by, the
light travel time from earth to pulsar is not precisely L,
but is

~ L
(=L ++n fo dz cos[k,z —a(t—z)] . (B1)

If k,L <1, then the time-dependent part of Lis of order
hL. If k,L >>1, then the time-dependent part of L is of
order hA, where A=2w/k.

The time dependence of L causes a correction to the ar-
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rival time of the pulsar pulses. A random gravitational
wave background would show up as a residual “noise” in
the pulse arrival times which could not be removed by fit-
ting for various physical effects that are relevant (the pul-
sar period and phase, its spin-down rate, its velocity, and
numerous solar system effects).

Limits on pulsar timing noise have already been used to
set cosmologically interesting bounds on gravitational
waves of period 1—10 yr.*® If it turns out someday that a
gravitational wave background is really the cause of part
of the pulsar timing noise, then—as originally noted by
Detweiler—general relativity predicts definite correlations
in the timing noise of different pulsars; observations of
such correlations would be convincing evidence that grav-
itational waves are really being detected. What makes this
subject exciting is the fact that the newly discovered
millisecond pulsar’’ is far more stable than previously
known pulsars, and offers the hope®® of a dramatic im-
provement in the bounds on a cosmological background of
gravitational waves.

An experiment conducted for a period 7 is sensitive
only to gravitational waves of period w <2w/7. (The
technical reason for this perhaps obvious fact is that the
influence on timing measurements of the first few time
derivatives of L can be absorbed in a fit for the unknown
pulsar phase, period, and spin-down rate.) In practice, for
normal experiments 7 is at most a few years or decades,
while pulsars are thousands of light years away. So
k,L >>1, and the time-dependent part of L is of order
hA. This modifies the pulse arrival time by §t=hA/c.
With A <c7 the timing fluctuations due to gravitational
waves in an experiment of duration 7 are of order

St~hrt. (B2)

For 8t to be detectable, it must be greater than the timing
noise At due to other causes; the smallest detectable 4 is
h~At /7.

The remarkable fact is then that (for 7 less than the
light travel time to the pulsar) one can measure smaller
and smaller &4 by studying the pulsar for a longer and
longer 7. But at long periods one may reasonably expect a
larger amplitude h. The reason for this is that in general
relativity the energy density of a gravitational plane wave
of amplitude A and period P is

1

__1 |27
P=8nG

> h?. (B3)

This means that gravitational waves of period P and ener-
gy density

AP = E;TLG—(ZTI'At)Z;IT (B4)

are detectable by means of pulsar timing observations.

For the millisecond pulsar, a timing stability Az ~10~°
sec has been demonstrated,?! and it is plausible that
At ~1077 sec may be attainable.’® If so, at a period P=1
yr=3X 10 sec, a detectable gravitational wave amplitude
is h >3x 10", This corresponds to an energy density of
about 10~% g/cm3 or 10~ times closure density. More
detailed and precise theoretical treatments can be found in
Ref. 35.

The only general theoretical limit on a cosmological
background of gravitational waves comes from considera-
tions of nucleosynthesis. This argument was first given
by Carr® and Zeldovich and Novikov.*® Let Q, and Q,
be the fraction of closure density in gravitational waves
and photons, respectively. The ratio Qg /Q, is approxi-
mately conserved in time, since gravitons and photons
red-shift in the same way. At the time of nucleosynthesis
one must have (, <,; otherwise the extra cosmic expan-
sion due to gravitational waves would spoil conventional
nucleosynthesis calculations, the effect being similar to
the effect of including extra neutrino types. Since today
Q, ~107%, one has a bound Q, <1077,

If a cosmological background of gravitational radiation
is discovered, it may have been produced in the conven-
tional matter or radiation-dominated eras, or it may have
been produced even earlier, perhaps in the “inflationary
universe.” Starobinsky*' has calculated the gravitational
radiation produced in a transition from a de Sitter infla-
tionary phase to a radiation-dominated era. Observation
of the spectrum computed by Starobinsky, with its 1/w
frequency dependence, would be an extraordinary confir-
mation of the inflationary universe. We will have nothing
to add here to Starobinsky’s beautiful calculation, some of
whose implications have been discussed by Rubakov, Sa-
zhin, and Veraskin.*? Here we will consider only the case
of gravitational radiation produced in the radiation-
dominated era.

In a model-independent sense, what can one learn by
observations sensitive to waves of period P and amplitude
h=(10"7 sec)/P? If gravitational waves are generated
during the radiation-dominated era at a time when the
temperature of the Universe is T, their wavelength when
they are produced would be no longer than the horizon
scale at that epoch. In order of magnitude this scale is
Mp,/T?; a more precise value is

12
Mp,

3
= : (BS)

47aN(T)

Ao=

where a=7?/45 is the Stefan-Boltzmann constant and
N(T) is the effective number of particle spin states at
temperature 7. Let 7™ be the current cosmic tempera-
ture, T*=2.7°K. Because of the cosmic expansion, the
wavelength of a wave produced at temperature 7 is bigger
today by a factor of T/T* than it was when the wave was
generated. The maximum possible wavelength today of
waves generated when the temperature was T is thus

1/2
An—-L M| 3
T r* T | 47maN(T)
—(0.088 cm) | MR |1 (B6)
e T |VvVNTD

For T=100 MeV (a plausible QCD temperature) and
N =70 (a reasonable value just before the QCD transition)
we get

X=1.28%10'"® cm=1.37 light years . (B7)

We see, then, that gravitational waves produced in the
QCD epoch would have periods as long as about one year.
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[However, the fact that A of Eq. (B7) is miniscule by
galactic standards means that the QCD transition could
influence galaxy formation only indirectly, if at all.*~%]

If a gravitational wave is created at temperature T with
amplitude h, its amplitude today is A =hy(T*/T). (This
follows from standard formulas for propagation of gravi-
tational waves in the expanding universe. See, for in-
stance, pp. 584 and 585 of Ref. 43.) With T*=2.7°K and
T=100 MeV, h=2.3%10""2h,. From our previous dis-
cussion, we know that for waves of period 1.37 yr, the
detectable range is crudely (and perhaps optimistically)
h>10"7 sec/(1.37 yr)=2.3%X10"15. So a gravitational
wave created in the QCD epoch with primordial wave-
length equal to the horizon scale and primordial ampli-
tude hy>10"3 may be detectable. This potential sensi-
tivity is truly remarkable.

In general, the wavelength of waves created at the QCD
epoch may not be the maximum A allowed by the horizon
scale. If the actual wavelength is A, the sensitivity is 10~
sec/A instead of 107 sec/A, and a detectable primordial
amplitude could be
A

o> 1073 (B8)

Let us now estimate—under reasonable but optimistic
assumptions—the amplitude of gravitational waves that
might be generated in the QCD phase transition.

A body of mass M and radius R has a gravitational
field of order GM/R. If two such bodies collide at
moderately relativistic velocities, and are brought to a halt
or scattered through a large angle, the gravitational waves
generated have amplitude of order GM /R.

In our case the colliding objects are expanding bubbles
of low-temperature phase. We suppose these bubbles are
expanding explosively, as a detonation wave, with the la-
tent heat going into the bubble walls, whose velocities are
moderately relativistic.” The latent heat is a large fraction
of the cosmic energy density p. When a bubble has radius
R its expanding walls have energy (47/3)R’p so
GM /R =(47/3)GpR>.

The horizon radius is RH=(\/§r/3)Gp, so if we set
R =Ry, then GM /R ~1. In such a case, abundant gravi-
tational waves would be produced; however, if the ex-
panding bubble walls have GM /R ~1, then their col-
lisions would be likely to convert much of the mass of the
Universe into black holes. A gross contradiction with
measurements of the total mass density of today’s
universe would arise if more than about 10~7 of the total
mass is converted into black holes during the QCD epoch.

Let us suppose that the bubbles when they meet have a
typical radius R that is less than the horizon scale Ry; let
€=R/Ry. Then GM /R ~¢€*. Since the expanding bub-
bles fill all space when they collide, they produce an all-
pervasive gravitational wave signal of mean primordial
amplitude ho~€*> and wavelength R. Since A/A
=R /Ry =¢, we see from Eq. (B8) that this signal may be
detectable if h0210_3e‘1. In other words, we require
€>1/10; e=1/10 corresponds to waves of one month
period in today’s universe.

What value of € is plausible? Here we must make as-
sumptions about how the phase transition was nucleated.

In particle physics it is often assumed that phase transi-
tions are nucleated by thermal fluctuations. In practice,
experience shows that except in very pure, homogeneous
samples, phase transitions are often nucleated by various
forms of impurities and inhomogeneities of nonthermal
origin.

Hogan has recently estimated* the plausible range of €
for the case in which the QCD transition is nucleated by
thermal fluctuations. He finds € <1072 The origin of
this estimate is as follows: If S(T) is the free energy for a
bubble that forms at temperature T, then the nucleation
rate is of order T#e ~S'T/T, There is at least one bubble
created  per  space-time  horizon  volume  if
TeSD/T5(T2/Mp)*, or if S(T)/T>4lnMp,/T
~180. If S(T)/T=180, then (without very lucky fine
tuning) dS/dT >10% This means that if the first bubble
forms in a typical horizon volume at temperature T,
then many will have formed by temperature

Ty= |1—

10
From T, to T, a bubble can expand only 102 horizon
lengths, and this is then a reasonable upper bound on e.
More detail can be found in Hogan’s paper.

Although this upper limit on € is temptingly close to
the e=10"" that can give a detectable gravitational wave
signal, we must note that the ratio of signal to sensitivity
scales like €. If the QCD transition was nucleated
thermally, it would not be likely that the gravitational
wave signal is detectable with 1984 technology.

What if the transition was nucleated by impurities? In
this case the mean spacing between bubbles has nothing to
do with free energies of nucleation and is simply the spac-
ing r between the relevant impurities. Impurities of
r > Ry are too few to play a role, while if r << Ry /10, the
resulting gravitational wave signal is again too small,
since we need e=r/Ry >1/10. The interesting case is
107 'Ry <r<Ry.

An example of a type of impurity that could nucleate
the QCD transition is a magnetic monopole. The core of
a monopole is a region of strongly broken chiral symme-
try,* and this region could easily serve as a nucleus for
the low-temperature QCD phase, rather as in weakly cou-
pled gauge theories.** However, it would be quite a fluke
for the mean monopole spacing to be between 10~ 'Ry
and Ry during the epoch considered.

Far more promising is the possibility that cosmic
strings could serve as nucleation sites. Unlike monopoles
(or any other pointlike particles), strings have the property
that the number of strings per horizon volume is roughly
constant as the Universe expands.*® (Just this property
makes strings plausible as agents of galaxy formation.) It
is quite natural for the mean separation between strings to
be comparable to, but a bit less than, the horizon scale.
Whether strings arising in a given context would actually
serve as nuclei for the QCD phase transition is somewhat
model dependent, but if so, there is a good chance of a
detectable gravitational signal.

One last possibility is that the cosmic fluid prior to the
QCD epoch might not be uniform, but could have a low
amplitude of turbulent motion. Such turbulent motion
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might be, for instance, a remnant of bubble collisions in
the earlier SU(2)XU(1) transitions. (Such turbulence
might be large initially, but could be largely damped by
neutrinos prior to the QCD epoch.) In a fluid in a tur-
bulent state, the temperature and pressure are not uni-
form. Preexisting turbulence could play a crucial role in
nucleating the QCD transition since the regions of most
extreme temperature depression would act as nucleation
sites for the QCD transition. Under such conditions, to
predict the mean spacing between bubbles one would need
to know the detailed spectrum of the fluid motion, so it is
very hard to estimate the possible gravitational signal.

Let us conclude this discussion of the gravitational sig-
nal from the QCD transition with a comment of a model
independent sort. It has been suggested*~® that the QCD
transition produces black holes which constitute the “dark
matter” in today’s universe.

For this to be so, the QCD transition must convert
about 1078 of the mass into black holes. Black holes can
possibly be formed if bubbles of low-temperature phase
are so far apart when they nucleate that by the time they
collide, the mass in colliding bubble walls is adequate to
form black holes.

If the bubbles expand to radius R before colliding, the
colliding walls carry a mass M ~T*R3, since the energy
density is of order T*. For colliding objects of mass M
and radius R to form a black hole, one needs GM /R > 1,
or in this case, R > 1/G 17272 which is the horizon scale.

Nucleated bubbles cannot be farther apart when they
form than the horizon scale, or a cosmological disaster
would ensue.*’ If we hope to form black holes, we must
suppose R ~1/G'2T2% In this case, the mass of the
black holes is M ~T*R3~1/G3/*T?, which is of order a
solar mass for 7'~ 100 MeV.

We do not want a typical horizon volume to react into a
black hole, because this would lead to by far an excessive
mass density in today’s universe. Rather, it must be that
a given horizon volume has a 10~% probability to turn
into a black hole. Where a black hole forms, the metric
perturbation is of order 1. If a black hole was produced
in 108 of all horizon volumes;then even if nothing hap-
pened elsewhere, the root mean square metric perturbation
in primordial gravitational waves is of order
(ho?)'2~(108)1/2-107*% This is not quite detectable,
because we saw earlier that for a detectable signal today,
the mean primordial gravitational wave signal at the QCD
horizon scale should be hg> 10~3. However, if black
holes formed in 10~8 of all horizon volumes, a metric dis-
turbance that is large but not large enough to make a
black hole must have been the typical occurrence. If
black holes of QCD genesis are the explanation of the
dark matter in the Universe, the gravitational radiation
produced in their formation is almost certainly detectable,
but it is impossible to be more quantitative without better
understanding of how the QCD transition occurs.

As for the possibility that the nucleation scale R in the
QCD transition was comparable to the horizon scale, this
depends on how the QCD transition was nucleated. If it
was nucleated thermally, then as we discussed earlier, the
nucleation scale was almost certainly at least about 10?
times less than the horizon scale, and black hole forma-

tion seems quite unlikely. Of the scenarios we considered
earlier for nonthermal nucleation of the transition, the
only one that is promising for making black holes is the
possibility that the transition was nucleated by cosmic
strings (or walls bounded by strings); it is natural for the
mean string separation to be comparable to but slightly
less than the horizon scale.

This completes our discussion of gravitational wave
generation in the QCD transition. Of course, there are
many other possible sources of a cosmological gravitation-
al wave background. We have already noted
Starobinsky’s calculation in the context of the inflationary
universe model. There are many galactic processes that
might possibly generate long period gravitational waves.*’
Without claiming to be comprehensive, we will here con-
sider several scenarios which have been considered in the
literature and which are of interest as possible sources of
gravitational waves.

Stecker and Shafi*® suggested that axion walls bounded
by strings detach themselves at T'~100 MeV. At this
time their radius is of order the horizon scale, and they
begin oscillating at the speed of light with a period of or-
der 10™#—107 sec.

The oscillating walls decay by emitting gravitational ra-
diation; this process takes 10°—10° sec, and is completed
when the temperature of the Universe is of order 10 keV.
Most of the radiation is emitted near that temperature.
Although these gravitational waves were generated with a
period of order 10™*—1077 sec, the period today would be
larger by a factor of (10 keV)/(2.7°K) and would be of or-
der 10°—10* sec.

To estimate the amplitudes of these waves, let us note
that in the model of Stecker and Shafi, the walls were on
the verge of dominating the mass in the Universe when
they disappeared into gravitational waves. This means
that, when produced, the waves have energy comparable
to the energy in photons (which are a large component of
the energy content of the Universe in that epoch). Since
gravitons and photons red-shift in the same way, the ener-
gy content in gravitational waves would still be compar-
able today to the energy content of the blackbody radia-
tion, which is about 4X 107> of closure density. The
model of Stecker and Shafi therefore corresponds to
10~4—1073 of closure density in gravitational waves of
period 10°—10* sec. The period of these waves is too
short to be favorable for detection by pulsar timing mea-
surements, and detection in that way appears farfetched.
However, this signal might ultimately become detectable
as a result of future developments in the related area of
Doppler tracking of spacecraft.>*

Another scenario that leads to an interesting gravita-
tional wave flux is the idea*® that topologically stable
strings served as seeds for galaxy formation. In this case,
the strings are still oscillating and generating gravitational
waves in today’s universe.

In such a context, Turok® recently estimated the gravi-
tational wave flux in today’s universe would have a typi-
cal period P~5000 yr and a typical amplitude
h~2x10"". Such a flux can definitely be detected by
pulsar timing measurements if one is patient enough.
Over a 5000-yr period, the gravitational wave would cause
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a discrepancy in the pulse arrival time of about
(2 10711 % (5000 yr)=~3 sec, while an effect of 107 sec
might be detectable with 1984 technology for pulsar ob-
servation.

If one is not so patient, how long will it take to observe
this signal? If the measurements are conducted not for
5000 yr, but for a smaller time ¢, the amplitude of the de-
lay in pulse arrival time due to the gravitational wave is
not 3 sec, but (3 sec)cos(¢/T +¢), where @ is an unknown
phase and 7=5000 yr. Expanding this in powers of ¢ /T
for t << T, the terms of order (¢/T)°, (¢/T), and (¢t/T)*
can be absorbed in the fact that one does not know
a priori the phase, period, and spin-down rate of the pul-
sar. The first term from which a gravitational wave sig-
nal can be extracted is the term of order (¢/T)%. The
gravitational wave signal is hence of order (3
sec)(1/31)(¢/T)3, and requiring this to be at least 10~ sec,
one finds it would take about 25 yr to detect the effects of
cosmic strings in this way, in the absence of technological
improvements.

If the spin-down rate of the binary pulsar were known
a priori, one would obtain a gravitational wave signal of
order (3 sec)(1/2)(¢t/T)? which would be detectable
within a few years. Bertotti, Carr, and Rees* pointed out

that the orbital motion of the binary pulsar is a clock
whose behavior can be predicted (if one believes general
relativity) and used to search for gravitational waves of
period up to 10* yr, but on the basis of their numbers, the
known binary pulsar PSR 1913 + 16 could not be used to
detect a signal of the magnitude estimated by Turok.

Evidently, a great many mechanisms might generate a
cosmic background of long period gravitational waves. If
such a background is found, its frequency dependence will
play an important role in determining whether the signal
was generated in the inflationary universe, in the QCD
phase transition, by oscillating strings, or in some other
way.

Note added in proof. N. Turok and A. Vilenkin have
independently pointed out (private communications) that
the time required to detect gravitational waves from
cosmic strings is much less than the 25 years estimated
hre. The estimate here corresponds to gravitational waves
that are currently being generated, but red-shifted waves
emitted at large z are more favorable. The spectrum of
gravitational waves emitted by strings at large z was com-
puted by Vilenkin.®® The question of detection of these
waves via the millesecond pulsar has been discussed in-
dependently by Hogan and Rees.’!

*On leave from Department of Physics, Princeton University,
Princeton, N.J.

IA. M. Polyakov, Phys. Lett. 72B, 477 (1978); L. Susskind,
Phys. Rev. D. 20, 2610 (1979); B. Svetitsky and L. Yaffe, ibid.
26, 963 (1982); Nucl. Phys. B210 [FS6], 423 (1982); T. Banks
and A. Ukawa, ibid. B225 [FS9], 145 (1983); R. D. Pisarski
and F. Wilczek, Phys. Rev. D 29, 338 (1984); A. Gocksch and
F. Neri, Phys. Rev. Lett. 50, 1099 (1983); NYU report, 1983
(unpublished); R. D. Pisarski, Phys. Rev. D 29, 1222 (1984);
A. Patel, Cal Tech report, 1983 (unpublished); F. Green and
F. Karsch, CERN Report No. TH.3748, 1983 (unpublished);
M. Gross, J. Bartholomew, and D. Hochberg, University of
Chicago Report No. EFI 83-85, 1983 (unpublished); JI.
Bartholomew, D. Hochberg, P. H. Damgaard, and M. Gross,
Phys. Lett. 133B, 218 (1983).

2K. Kajantie, C. Montonen, and E. Pietarinen, Z. Phys. C 9, 253
(1981); 1. Montvay and E. Pietarinen, Phys. Lett. 115B, 151
(1982); J. Engels, F. Karsch, I. Montvay, and H. Satz, Nucl.
Phys. B205 [FS5], 545 (1982); J. Engels and F. Karsch, Phys.
Lett. 125B, 481 (1983); T. Celik, J. Engels, and H. Satz, ibid.
125B, 411 (1983); J. Kogut, M. Stone, H. W. Wyld, W. R.
Gibbs, J. Shigemitsu, S. H. Shenker, and D. K. Sinclair, Phys.
Rev. Lett. 50, 383 (1983); J. Kogut, H. Matsuoka, M. Stone,
H. W. Wyld, S. Shenker, J. Shigemitsu, and D. K. Sinclair,
ibid. 51, 869 (1983); F. Karsh and F. Green (unpublished); P.
Hasenfratz, F. Karsh, and 1. O. Stamatescu, CERN Report
No. TH.3696, 1983 (unpublished); T. A. De Grand and C. E.
DeTar, University of Colorado Report No. COLO HEP 66,
1983 (unpublished); B. Svetitsky and F. Fucito, Phys. Lett.
131B, 165 (1983); F. Fucito and S. Salamon, Cal. Tech. Re-
port No. 68-1084, 1984 (unpublished); M. Fischler and R.
Roskies, University of Pittsburg report, 1984 (unpublished);
R. V. Gavai, M. Lev, and B. Peterson, Bielefeld Report No.
BI-TP 84101, 1984 (unpublished).

3S. Weinberg, Phys. Scr. 21, 773 (1980).

4C. J. Hogan, Phys. Lett. 133B, 172 (1983); Phys. Rev. Lett. 51,
1488 (1983).

SL. Van Hove, CERN Report No. TH.3623, 1983 (unpublished).

6M. Crawford and D. N. Schramm, Nature 298, 538 (1982); K.
Olive and D. N. Schramm, Fermilab report, 1983 (unpublish-
ed).

7E. Suhonen, Phys. Lett. 119B, 81 (1982).

8S. Coleman, Phys. Rev. D 15, 2929 (1977).

9P. J. Steinhardt, Phys. Rev. D 25, 2074 (1982).

10, D. Landau and E. M. Lifschitz, Fluid Mechanics (Per-
gamon, New York, 1979).

11K, Freese, R. Price, and D. N. Schramm, University of Chi-
cago Report No. EFI-83-06, 1983 (unpublished).

125, M. Faber and J. S. Gallagher, Annu. Rev. Astron. Astro-
phys. 17, 135 (1979).

I3N. Itoh, Prog. Theor. Phys. 44, 291 (1970); F. Iachello, W. D.
Langer, and A. Lande, Nucl. Phys. A219, 612 (1974); T. D.
Lee and G. C. Wick, Phys. Rev. D 9, 2291 (1974).

143 C. Collins and M. J. Perry, Phys. Rev. Lett. 34, 1353 (1975).

I5SK. Brecher and G. Caporaso, Nature 259, 377 (1976).

16G. Baym and S. Chin, Phys. Lett. 62B, 241 (1976).

17G. Chapline and M. Nauenberg, Nature 259, 377 (1976).

18M. Kislinger and P. Morley, Phys. Lett. 62B, 371 (1977).

19B. A. Freedman and L. D. McLerran, Phys. Rev. D 16, 1130
(1977); 16, 1147 (1977); 16, 1169 (1977); 17, 1109 (1978).

20V, Baluni, Phys. Lett. 72B, 381 (1978); Phys. Rev. D 17, 2092
(1978).

21A. Chodos, R. L. Jaffe, K. Johnson, C. B. Thorn, and V. F.
Weisskopf, Phys. Rev. D 9, 3471 (1974); T. De Grand, R. L.
Jaffe, K. Johnson, and J. Kiskis, ibid. 12, 2060 (1975).

22This may be understood as follows: To ensure beta equilibri-
um, quark matter will have a degenerate electron gas with
Me=[tq—L,. Since this is much more than the electron mass
m,, the electron gas is bound only if there is a large electro-
static potential, equal to pg —p, —m,~50 MeV.



30 COSMIC SEPARATION OF PHASES 285

231 thank F. Dyson for raising this issue.

243, L. Shapiro and A. Teukolsky, Black Holes, White Duwarfs,
and Neutron Stars (Wiley-Interscience, New York, 1983).

25W. B. Fechner and P. C. Joss, Nature 274, 349 (1981).

26R, L. Jaffe, Phys. Lett. 38, 195 (1977); V. A. Matveev and P.
Sorba, Nuovo Cimento 45A, 257 (1978); A. T. M. Aerts and
C. B. Dover, Brookhaven report, 1983 (unpublished); A. P.
Balachandran, A. Barducci, F. Lizzi, V. G. J. Rogers, and A.
Stern, Phys. Rev. Lett. 52, 887 (1984).

273. D. Bjorken and L. McLerran, Phys. Rev. D 20, 2353 (1979).

288. Chin and A. Kerman, Phys. Rev. Lett. 43, 1292 (1979).

29S. Weinberg, Phys. Rev. Lett. 48, 1303 (1982).

30E. Farhi and R. Jaffe (unpublished).

31C. M. G. Lattes, Y. Fujimoto, and S. Hasegawa, Phys. Rep.
65, 151 (1980); R. W. Elsworth, J. Goodman, G. B. Yodh, T.
K. Gaisser, and T. Stanev, Phys. Rev. D 23, 773 (1981); K.
Kinoshita and P. B. Price, ibid. 24, 1707 (1981).

32D. Gilden and S. Shapiro, Institute for Advanced Study re-
port, 1984 (unpublished).

333, P. A. Clark and D. M. Eardley, Astrophys. J. 215, 311
(1977).

34A. J. Anderson, in Gravitazione Sperimentale, edited by B.
Bertotti (Academia Nazionale dei Lincei, Roma, 1976); F. B.
Estabrook and H. D. Wahlquist, Gen. Relativ. Gravit. 6, 439
(1935); K. S. Thorne and V. B. Braginsky, Astrophys. J. Lett.
204, L1 (1976); R. W. Hellings, Phys. Rev. Lett. 43, 470
(1979); B. Bertotti and B. J. Carr, Astrophys. J. 236, 1000
(1980); B. Mashhoon and L. P. Grishchuk, ibid. 236, 990
(1980).

35S. Detweiler, Astrophys. J. 254, 1100 (1979); B. J. Carr, Ast-
ron. Astrophys. 89, 6 (1980); B. Mashhoon, Mon. Not. R.
Astron. Soc. 199, 659 (1982); B. Bertotti, B. J. Carr, and M. J.
Rees, ibid. 203, 945 (1983).

36R. W. Romani and J. H. Taylor, Astrophys. J. 265 L35 (1983);
R. W. Hellings and G. S. Downs, ibid. 265 L39 (1983).

37D. Backer, S. Kulkarni, C. Heiler, M. Davis, and M. Gross,
Nature 301, 314 (1983).

38]. Taylor (private communication); Bertotti, Carr, and Rees,
note added in proof in Ref. 35; J. W. Armstrong, Nature 307,
527 (1984).

39], Taylor (private communication).

40L. A. Rosi and R. L. Zimmerman, Astrophys. Space Sci. 45,
447 (1976); B. J. Carr, Astron. Astrophys. 89, 6 (1980); R. L.
Zimmermann and R. W. Hellings, Astrophys. J. 241, 475
(1980); Ya. B. Zeldovich and I. D. Novikov, Structure and
Evolution of the Universe (Moscow, Nauka, 1975).

41A. A. Starobinsky, Pis’ma Zh. Eksp. Teor. Fiz. 30, 719 (1979)
[JETP Lett. 30, 682 (1979)]; L. P. Grishchuk, Zh. Eksp. Teor.
Fiz. 67, 825 (1974) [Sov. Phys. JETP 40, 409 (1974)].

42V. A. Rubakov, M. V. Sazhin, and A. V. Veraskin, Phys. Lett.
115B, 189 (1982).

43S, Weinberg, Gravitation and Cosmology (Wiley, New York,
1972).

44V. A. Rubakov, Nucl. Phys. 203, 311 (1982) Pis’'ma Zh. Eksp.
Teor. Fiz. 60, 1191 (1971) [JETP Lett. 33, 644 (1981)]; C. J.
Callan, Jr., Phys. Rev. D 25, 2141 (1982); 26, 2058 (1982).

45P. J. Steinhardt, Phys. Rev. D 24, 842 (1981).

46T. W. B. Kibble, J. Phys. A 9, 1387 (1976); Phys. Rep. 67,
183 (1980); Ya. B. Zel’dovich, Mon. Not. Astron. Soc. 192,
663 (1980); A. Vilenkin, Phys. Rev. Lett. 46, 1169 (1981); 46,
1496(E) (1981); Phys. Rev. D 24, 2042 (1981); in Eighth Texas
Symposium on Relativistic Astrophysics, edited by M. D.
Papagiannis (New York, Academy of Science, New York,
1977), p. 191; A. Vilenkin and Q. Shafi, Phys. Rev. Lett. 51,
1716 (1983); N. Turok and P. Bhattacharjee, Phys. Rev. D 29,
1557 (1984).

47A. Guth, Phys. Rev. D 23, 347 (1981).

48F. Stecker and Q. Shafi, Phys. Rev. Lett. 50, 928 (1983).

49N. Turok, Santa Barbara Report No. TH-3, 1984 (unpublish-
ed).

50A. Vilenkin, Phys. Lett. 107B, 47 (1981).

51C. J. Hoan and M. J. Rees Cal. Tech. report, 1984 (unpublish-
ed).



