The Physics and Astrophysics of Strange Matter

1. INTRODUCTION

It is generally believed that if a nucleus or collection of nuclei is
subjected to a high enough pressure, a transition to quark matter
occurs.! Above a critical pressure, p,, individual nucleon bound-
aries dissolve and a system with baryon number A is best described
as 3A quarks and not as A nucleons. The quarks are still confined
to the system as a whole but they are no longer parts of three
quark units. In this quark matter phase, quarks have very different
wave functions than they do in nuclei, and hadrons, as we know
them, do not exist.

The scale of the strong interactions, A, is roughly m,,,,./3 or
300 MeV. On this scale the up and down quark masses are neg-
ligible and it is reasonable to assume that the transition pressure,
P, is characterized by A. If we think of a system under a pressure
just above p, as a Fermi gas of 34 quarks (assume A is large),
then the chemical potentials of the quarks are of order A. The mass
of the strange quark, m, is not well determined but is usually taken
to be between 50 MeV and 300 MeV. I will assume that m is com-
fortably below the chemical potentials of the quarks just considered.
In this case, weak interactions such as u + d © u + s or
u < s + et + vwill convert up and down quarks to strange quarks.
The system will lower its energy (more precisely its Gibbs po-
tential) by distributing its quarks in three Fermi seas instead of
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two. Thus, quark matter will always contain a significant fraction
of strange quarks. (The higher mass quarks, charm, etc., will not
enter the discussion because their masses are much larger than any
chemical potentials we ever consider.)

Suppose we keep a giant nucleus or collection of nuclei, with
total baryon number A, at a pressure above p. long enough for
the weak interactions to establish the favored numbers of up, down
and strange quarks. The conversion to strange quarks lowers the
Gibbs potential by lowering the energies of individual quarks. The
excess energy can be carried away by photon or neutrino emission
without changing the baryon number. Now imagine slowly reduc-
ing the pressure to zero. If, as the pressure is lowered, the Gibbs
potential of the quark matter with up, down and strange quarks
rises above that of compressed nuclei, then weak interactions will
eliminate the strange quarks and at zero pressure the system will
be ordinary nuclei with a total baryon number A.

However, another outcome is possible. It is conceivable that the
Gibbs potential of quark matter containing a large fraction of
strange quarks is below that of compressed nuclei for all pressures.
In this case, the system will not return to nuclei but will stay quark
matter even after the external pressure has gone to zero. This
possibility was first entertained by E. Witten who pointed out that
we may have misidentified the true, zero pressure, ground state
of the strong interactions which may be “‘strange matter’” and not
iron.?

Immediately an objection can be raised. If strange matter has a
lower energy per baryon than ordinary nuclei, then why do ordi-
nary nuclei exist? Why do they not convert to strange matter? The
answer is that they are metastable and the rate to convert is es-
sentially zero. For a nucleus to convert, it must change roughly
one-third of its quarks to strange. If it tries to do this one quark
at a time, it will convert protons and neutrons to lambdas which
is energetically unfavorable. Strange matter is postulated to be
stable in bulk but, as we will see, it is not stable for very low baryon
number. (There are no known stable strange baryons.) For a large
nucleus to become strange matter it needs to convert many quarks
simultaneously to strange. This requires a high-order weak inter-
action and gives a negligible rate. Only under high pressure, where
nucleon boundaries are dissolved, can a system convert one quark
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at a time. So, for example. the interiors of neutron stars may be
stable strange matter.

At present, detailed calculations are incapable of deciding if
strange matter is stable or not. No QCD based calculation schemes
predict the energy per baryon number of strange matter to even
100 MeV accuracy. I will assume that strange matter is stable and
explore the consequences of that assumption, relying as little as
possible on detailed calculations. In the next section I will discuss
the general properties of strange matter.

We will see that since strange matter has a low electric charge
to baryon ratio, it is stable against fissioning and can, in principle,
be found in lumps ranging from nuclear to stellar dimensions. I
will explore the general properties of very large lumps which can
be treated as bulk systems and very small lumps which must be
viewed as consisting of distinct quarks. We will see that strange
matter can be stable above a certain critical baryon number, of
order 100, but unbound for lower baryon number.

Strange matter, produced in the early universe, was originally
proposed as a dark matter candidate. Its virtue as a dark matter
candidate is that, because of its extreme density, relatively few
lumps are required to close the universe and these stable lumps
would be very difficult to detect astronomically. However, in Sec-
tion 3 I will show that any lump produced early in the history of
the universe would have evaporated by the time the universe was
one second old. It is still possible that strange matter exists in what
are usually called neutron stars. In Section 4 I will discuss the
properties of strange stars and contrast them with conventional
neutron stars. The main differences lie in the mass radius relation
for small mass and in the properties of the solid crust of the star
which a strange star may not even possess. Finally, in Section 5 I
will survey some techniques for searching for strange matter here
on Earth today.

2. GENERAL PROPERTIES
A lump of strange matter can be modelled®? as a Fermi gas of up,

down and strange quarks, with total baryon number A, confined
in a (nearly) spherical volume, V, proportional to A. By assump-
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tion, for large A, the energy per baryon, E/A, of strange matter
is below 930 MeV at zero pressure. Thus, strange matter is abso-
lutely stable, i.e., it can absorb nuclei. As we will see, lumps of
strange matter can range in size from a few Fermis with A ~ 100
to 10 km with A ~ 107, This enormous range of sizes makes strange
matter interesting to study in a wide variety of physical situations.

Weak interactions, suchasu + d<>u + soru—>s + e + v,
allow the relative numbers of up, down and strange quarks to vary
and energetic considerations determine the equilibrium composi-
tion. If the mass of the strange quark was as small as the up and
down quark masses, then the equilibrium configuration would con-
sist of equal numbers of up, down and strange quarks. This con-
figuration is electrically neutral. Since the strange quark mass is
actually not negligible, strange matter has fewer strange quarks
than ups or downs and has a small positive charge carried by its
quarks. This hadronic charge is neutralized by electrons. For very
small lumps, the electrons surround the lump much like atomic
electrons surround a nucleus. For larger lumps, the electrons form
a Fermi sea on the inside of the lump.

To proceed further, it is helpful to introduce a phenomenological
model of strange matter. We summarize the confining effects of
the strong interaction by saying that the region the quarks live in
is endowed with a constant energy per unit volume, B, which acts
as a pressure holding the quarks in. B is characterized by the strong
interaction scale, A, and plays the same role as the bag constant
in bag models of the hadrons. (Its value can be taken from the
hadronic fits but the significance of this identification is certainly
questionable.) This inward pressure is balanced by the Fermi pres-
sure of the A quarks. The size of the system is adjusted to minimize
the total energy.

For very large lumps, A = 109, it is reasonable to neglect surface
effects and to include electrons inside the lumps. Each of the three
quark flavors and the electrons have their own chemical potentials
which are constrained by the weak interactions to obey:

Mg = p“sEM

ey

My t+ e = o

292



so only two are independent. Each of these chemical potentials is
related to a thermodynamic potential:
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where only the strange quark’s mass, m, is included. Here we have
assumed that the only effect of the strong interactions is seen in
B and that the quarks can be treated as free inside the lump. First-
order QCD corrections can be included and are discussed in Ref.
2. The number density of each species is

aQ,
By = — o (3)

Since any bulk system must be electrically neutral,

2 1 1
gnu - gnd - gn: - n, = 07 (4)
which tells us that only one chemical potential, say p, is inde-
pendent.
The energy density is

€= (Q + pn,) + B (5)
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where the first contribution comes from the fermions and the sec-
ond is the vacuum energy associated with confinement. The equi-
librium configuration is found by minimizing the total energy €V,
by varying p., subject to the constraint that the total baryon number
A = (13)(n, + n, + ny)V is held fixed. Once this is done the
energy per baryon E/A, the density and the relative numbers of
up, down, strange quarks and electrons are all determined by B
and m.

In Fig. 1, contours of fixed E/A are plotted in the BY*-m plane
for strange matter. The vertical line on the left, independent of
m, gives the value of B for which quark matter without strange
quarks has an energy per baryon of 930 MeV. IF B4 were below
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FIGURE 1 Contours of fixed E/A in the B"—m plane for E/A = 859, 879, 899,
919, and 939 MeV. The vertical line on the left gives the minimum value of B for
which two-flavor quark matter is unbound. The nearly horizontal lines give the
electron to baryon ratio.
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this value, then quark matter consisting of only up and down quarks
would be more stable than ordinary nuclei and ordinary nuclei
would readily convert to strange matter. Thus, this value of B4
is a lower bound on B" in our phenomenological model. The
nearly horizontal lines are contours of fixed hadronic electric charge
per baryon which you can see is very small and approaches zero
as m approaches zero.

Once values of B and m have been chosen to guarantee that
strange matter is stable, the other properties of strange matter,
such as its strangeness per baryon and density, can be determined.
Again, a typical density is comparable to nuclear densities, (110
MeV)® = (6 fm?)~!, and if m were zero the strangeness per baryon
would be unity while more typically it is a fraction like one-half.
Again, see Ref. 3 for elaboration and a discussion of order «,
effects.

Given the density of strange matter we see that lumps with
baryon number ~ 10° are ~100 Fermis in radius and are too small
to contain most of their neutralizing electrons on the inside. Thus,
Coulomb effects should be included in calculating the energy of
these smaller lumps and Eq. (4) does not hold. Coulomb effects
favor fission and potentially could destabilize these charged lumps.
However, the hadronic charge per baryon is rather small and the
Coulomb effects are small. In fact, a small surface tension is enough
to stabilize charged lumps. By small; I mean, for example, that
adding a surface energy o(4mr?) with o = (40 MeV)? will prevent
all charged lumps from fissioning for most of the values of the
parameters considered in the model calculations of Ref. 3.

Surface effects make the energy per baryon of strange matter
decrease with increasing baryon numbet. Thus, strange matter can
be bound for very large A, i.e., E/A < 930 MeV, but is likely to
be unbound for small A. For very small A, the Fermi gas model
can be replaced by a hadronic bag model in which levels are ex-
plicitly filled. This model also shows the decrease in E/A with A
and can be used to estimate the size of the surface effects.

This model starts with fixed values of B, m and A. Quarks fill
orbitals in a spherical cavity of radius R. The number of up, down
and strange quarks and the radius are adjusted to minimize the
energy. In this way the strangeness, S, and E/A are determined
as functions of A. In Fig. 2, a sample calculation is displayed. The
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FIGURE 2 E/A and § versus A for strange matter in the hadronic bag model.
Parameters are such that E/4 is 930 MeV in the bulk limit.

shell effects are evident and the decrease in E/A makes it plausible
that strange matter is stable only for baryon numbers above some
critical value of order 100. The critical baryon number is rather
uncertain and could be closer to 10.

The question of the stability of strange matter appears impossible
to decide based on our present understanding of QCD. Our simple
model of strange matter, which assumes its stability, serves as a
useful guide to its properties. Lumps of strange matter may be
absolutely stable, against nucleon emission or fissioning, for bar-
yon numbers above roughly 100 all the way up to the maximum
size which is unstable due to gravitational collapse, A ~ 1057,
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What happens when strange matter comes in contact with or-
dinary matter? A neutron which enters strange matter will lower
its energy by falling apart and releasing its quarks to the quark
phase. If many neutrons enter, eventually the relative numbers of
up and down quarks will become higher than the most favored
equilibrium configuration. However, weak interactions can change
up and down quarks to strange and reestablish the favored distri-
butions. A lump of strange matter has an insatiable appetite for
neutrons and grows fat by eating them.

Strange matter carries a small positive hadronic charge and is
neutralized by electrons. Even for very large lumps, the electrons
extend beyond the edge of the strange matter because the electrons
are only electromagnetically bound while the hadronic surface of
strange matter falls off in a few Fermis. A proton or positive ion
approaching a lump first passes through a film of electrons. In this
region there is an outward electric force repelling the projectile.
For a positively charged particle to enter strange matter it must
overcome a Coulomb barrier which may be tens of MeV. A lump
of strange matter moving at galactic velocities would not have
strong interactions with material which it bumps into. A small lump
of strange matter could be found resting in some material on the
earth without interacting with the material.

3. STRANGE MATTER IN THE EARLY UNIVERSE

If strange matter is the true ground state of the strong interactions,
then a natural place to look for the production of strange matter
is in the early universe when temperatures and densities were of
order of the QCD scale. In fact, the original suggestion® that strange
matter could be stable was made in the context of a scenario for
the production of large amounts of strange matter when the uni-
verse cooled though the QCD phase transition at a temperature
of roughly 200 MeV. However, I will now show* that any strange
matter produced during this epoch would have evaporated before
the universe cooled to 1 MeV. Thus, any strange matter around
today must have been produced more recently.

To begin, I will use detailed balance to get the evaporation rate
of a lump of strange matter at a temperature 7. Consider a neutron
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incident on a lump. The neutron lowers its energy by entering the
strange matter and falling apart. The excess binding energy, /, is
typically tens of MeV and in no case do we expect [ to exceed 100
MeV (see Fig. 1). The neutron absorption cross section is

o = fa(dnr?) = fyo,A*? (6)

where f is the absorption efficiency with fyy < 1, r is the radius
of the lump and o, depends on the density chosen.

Consider an equilibrium situation where lumps of various A are
in equilibrium with neutrons at a temperature 7. The reaction
(A + 1) & (A) + n implies for the chemical potentials:

RA + 1) = p(A) + p(n) + 1. (7

At the temperatures of interest, all particles are nonrelativistic and

obey
3/2
2 N
e- () 5 &

where m is the mass of the particle, N is the number per unit
volume and g is the degeneracy. Equations (7) and (8) combine
to give:

NWN@A) (TN
N(A+1)_2<21T>e L

which is known as the law of mass action or the Saha equation.

In equilibrium, lumps with baryon number A + 1 are being
created at the same rate as they decay. The creation rate per unit
volume is

R[A + n—> (A + 1)] = N(A)N(n)fyo,A* (2:’;]\/) (10)

where the last factor is the mean thermal velocity of the neutrons.
The rate at which the lumps disappear is

R[(A+1)—> A+ n]=NA+ (11)
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where r is the evaporation rate of a lump at temperature 7. In
equilibrium we can equate (10) and (11) and using (9) obtain

1 -
= ﬁmNTze"”’fNo(]A2/3. (12)

This is the evaporation rate into neutrons of a lump with baryon
number A, assuming that the lump is maintained at a temperature
T. This rate has been calculated in the context of an equilibrium
situation but can be used in other contexts. In particular, if an
isolated lump is maintained at a temperature 7 it will evaporate
entirely in a time

61T2€”TAU3

A) = .
() mNTszO(J

(13)

I will now apply this result to the early universe. Imagining that
lumps of strange matter are produced when the universe has a
temperature of 100-200 MeV. For the lump to survive through
the epoch when the universe has a temperature 7, the lifetime
(13) should be greater than the age of the universe at this tem-
perature. There is a well-known relation between the age of the
universe and its temperature during the radiation dominated era:

45 171
“= |G| T (14)

where I have assumed that the energy density is mostly in photons,
electrons and three types of neutrinos. (G is Newton’s constant.)
By comparing (13) and (14) with o, = 3 X 107* MeV ~2 we see
that for a lump to survive until 7,, ~ [/, the lump must have a
baryon number, A, greater than 10% f3. Since we expect fy < 1,
the minimum baryon number which can survive is clearly very
large.

The analysis just presented leaves out many important effects
which lower the minimum baryon number required to survive. For
example, evaporating lumps cool rapidly and will cease evapora-
ting unless energy is continuously supplied. The source of this
energy is incoming neutrinos which have energies of order T,.
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Also, neutrons near the surface can be reabsorbed and reduce the
net evaporation rate. These neutrons form a blanket around the
lump and shield it from incoming neutrinos which cuts off the
energy supply and the evaporation. All of these effects have been
taken into account in a detailed calculation* which shows that even
with a very high binding energy of 100 MeV and an absorption
efficiency of 10% the minimum baryon number required to survive
is 10%2,

This analysis of evaporation is based on thermodynamics, the
conditions of the early universe, and model independent properties
of strange matter such as its binding energy. The analysis shows
that no matter what mechanism is used to produce strange matter
during the QCD phase transition at 100-200 MeV, all lumps with
A = 1072 subsequently evaporate. A baryon number of 10° is very
large by cosmological standards during this epoch. At T, = 100
MeV, the baryon number within a horizon is 10*. Thus, any pro-
duction mechanism which results in lumps that survive must involve
large perturbations in the baryon number on the horizon scale.
Also, since there is so much evaporation below 100 MeV, it is
difficult to imagine any scenario which succeeds in producing much
strange matter above 100 MeV. We can safely conclude that no
strange matter existed by the time the universe cooled down to
roughly 100 MeV, one second after the big bang.

4. STRANGE STARS

If strange matter is stable it is likely that what were previously
thought of as neutron stars are in fact strange stars.? Imagine that
the central density of an ordinary neutron star is high enough so
that a conversion to two-flavor quark matter occurs. Two-flavor
quark matter readily converts to strange matter so that the star
would have a strange central core. This core would be in contact
with neutrons, but strange matter readily absorbs neutrons, so the
core would grow, consuming the entire star, except for a possible
thin crust which I will describe later.

Whether the central densities of neutron stars are high enough
to guarantee a conversion to quark matter is controversial, so this
route to strange stars is not guaranteed. At above roughly five
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times nuclear density, nuclear matter contains a large fraction of
lambdas and it is certainly conceivable that somewhere in the star
a group of lambdas will convert to a lump of strange matter. Any
seed of strange matter would eventually convert the whole star.
However, since strange matter is only favored above a certain
critical baryon number of order 10 or 100, it is difficult to find a
naturally occurring fluctuation which must result in a stable seed
in all neutron stars. It is possible that the conditions at the time
of supernovae explosions favor the creation of strange matter and
neutron stars are born as strange stars. However, we can not con-
clude decisively. For this discussion, I will assume strange stars
exist and analyze their properties.>-°

Strange stars have very different equations of state than ordinary
neutron stars and, consequently, they have different mass—radius
relations. An ordinary neutron star is held together gravitationally
and the material obeys an equation of state with the density going
to zero as the pressure goes to zero. A very low mass neutron star
is very large. Strange matter has a nonvanishing density at zero
pressure and small lumps, which are not gravitationally bound, are
self-bound and have M o« R3, In Fig. 3, the mass—radius relation
for strange stars and ordinary neutron stars is displayed and the
low mass differences are obvious. However, most neutron stars
are thought to have masses close to 1.4 My where the difference
between strange stars and neutron stars is much less apparent. The
maximum mass of a strange star, above which it collapses into a
black hole, is not appreciably different than that of a conventional
neutron star.

Since strange matter is stable at zero pressure, a strange star
could be strange matter all the way to the surface. Such an exposed
quark matter surface could radiate in excess of the Eddington limit
since this limit is determined by the luminosity at which the ra-
diation pressure exceeds the gravitational binding, but this surface
is bound strongly, not gravitationally. However, such a surface
would not radiate photons of all energies. Photons propagating in
strange matter have a “plasma frequency” of roughly 20 MeV. A
photon with less energy will typically be reflected from the surface
and correspondingly the surface is a poor radiator of photons with
energy below 20 MeV. Thus, strange stars may not radiate in the
X ray.
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FIGURE 3 The dashed line is the strange star mass versus radius relation. The
solid lines represent mass versus radius relations for conventional neutron stars
assuming different equations of state. These curves are discussed in Black Holes,
White Dwarfs and Neutron Stars by S. L. Shapiro and S. A. Teukolsky (Wiley,
1983).

A strange star may be coated by a thin crust of ordinary matter.
Recall that strange matter carries a positive charge and is neu-
tralized by electrons which extend beyond the hadronic material.
There is an outward electric field in this region which can support
positive ions but, of course, does not support neutrons. Ordinary
atoms can float on the surface of strange matter and make up the
crust.

There is a limit to how much ordinary material can be supported
by a strange star.® Imagine adding material to a strange star’s crust.
The pressure at the base of the crust, just where it interfaces the
strange matter, will increase. If this pressure is too great, the
material will be pushed into the strange matter. The maximum
pressure which can be tolerated depends on the hadronic charge
density of the strange matter and is rather model dependent. How-
ever, there is another limit which is model independent. Again,
imagine adding material to the crust which increases the pressure
and density of the material at the base of the crust. For ordinary
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material at a density of 4 X 10" g/cm? neutron drip occurs. This
means that the material does not just consist of concentrated nuclei
neutralized by electrons, but there is also a component of free
neutrons. This material is not safe in contact with strange matter
because the neutrons are absorbed. There is a natural limit of
4 x 10" g/em? to the density at the base of the crust which cor-
responds to a maximum total mass of the crust of 5 x 10?% g, This
is a factor of 1000 less massive than a typical neutron star crust.

Strange stars may support a thin crust or no crust at all. Whether
a star has a crust depends on its history. Gently accreting material
can accumulate to form a crust whereas particles on ballistic tra-
jectories have more than enough kinetic energy at the surface of
the star to penetrate the Coulomb barrier and be absorbed. It is
difficult to say whether a strange star born in a supernovae explo-
sion would come with a crust or not.

Crusts play an important role in models of pulsar glitches. Some
pulsars are observed to have sudden decreases in the period be-
tween pulse emission. This has been associated with a cracking of
the crust (star quake) which results in a slight inward movement
of material and subsequent spin up of the star. Strange stars with-
out crusts or with thin crusts would not exhibit this behavior. Other
models of glitches involve neutron superfluidity, but strange stars
have no neutrons in their interiors or crusts. There does not yet
exist a model of strange star pulsar glitches.

For more complete discussion of strange star properties, please
see Refs. 5 and 6.

5. SEARCHING FOR STRANGE MATTER

I have argued that any strange matter produced very early in the
history of the universe would have evaporated before the universe
was one second old but that strange matter may exist in stars today.
Collision of such stars or other astrophysical events may have
produced small lumps of strange matter which permeate the galaxy.
Regardless of any astrophysical or cosmological considerations, if
strange matter is more stable than iron, it is worthwhile considering
ways to search for strange matter. Perhaps some lumps are to be
found on Earth today. Any lump found on Earth could not have
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a baryon number much above 10'® corresponding to a radius of a
few hundred Fermis. Larger lumps are too heavy; they could not
be supported by ordinary materials and would sink to the center
of the earth.

One proposal’ is to use heavy ion activation to search for small
impurities of strange matter in laboratory samples of ordinary mat-
ter. Lumps of strange matter carry a positive hadronic charge and
are neutralized by clectrons which extend beyond the hadronic
material. Like an ordinary nucleus, a lump of strange matter pre-
sents a Coulomb barrier to an incoming positive ion. However,
strange matter has a much lower charge to baryon ratio than nuclei
and, for typical values of the parameters in-model calculations, it
presents alower Coulomb barrier than nuclei. Anion whose energy
is just below the Coulomb barrier for ordinary nuclei may have
enough energy to enter a lump of strange matter. An ion which
does enter a lump will fall apart and release its excess binding
energy to the lump. If the lump is large it will not fission and it
will radiate away the excess binding energy as well as the kinetic
energy of the projectile.

To find an impurity of strange matter in a sample, you could
use the sample as a target of a heavy ion beam whose energy is
just below the Coulomb barrier for ordinary nuclear reactions. If
a beam nucleus enters a lump, a striking signal would appear in
an otherwise quiet system. For example, if the binding energy of
strange matter relative to gold is 20 MeV, then a single gold nu-
cleus, just below the Coulomb barrier, would release 5 GeV after
entering a lump of strange matter. This energy would show up as
an isotropic photon burst which would be hard to miss. A discus-
sion of sensitivities and of a preliminary experiment carried out at
the Super HILAC can be found in Ref. 7.

Small lumps of strange matter whizzing around in our galaxy
may occasionally pass through the Earth. DeRujula and Glashow?®
have analyzed a variety of detection methods sensitive to different
mass ranges and fluxes. For example, underground proton decay
detectors are sensitive to the light produced by strange lumps pass-
ing directly through them. They estimate that a lump whose radius
is larger than 10~!° cm could produce a detectable signal in the
IMB detector. Lumps larger than 10~2 cm passing through Earth
would deposit so much energy that they may be detected as “epi-
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linear earthquakes.” They analyze this and other possible means
of detection of strange lumps passing through Earth.
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