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LIGO, LISA, VIRGO, and Geo-600 are opening up a window for the de-
tection of gravitational waves emitted from compact stellar objects such as
neutron stars and black holes. This unprecedented situation is providing us
with key information on neutron stars, which contain cold and ultra-dense
baryonic matter permanently in their cores. As discussed in this paper, a key
role in neutron star physics is played by strangeness. It alters the masses, radii,
moment of inertia, frame dragging of local inertial frames, cooling behavior,
and surface composition of neutron stars. Other important observables influ-
enced by strangeness may be the spin evolution of isolated neutron stars and
neutron stars in low-mass x-ray binaries. All told, these observables play a key

Table 1. Past, present, and future search experiments for strange quark matter [6].

Experiment References

Cosmic ray searches for strange nuggets:
AMS-02a [147, 148]

CRASHb [149, 150, 151]
ECCOc [152]
HADRON [153]

IMBd [154]
JACEEe [155, 156]

MACROf [157, 158, 159, 160]
Search for strangelets in terrestrial matter: [161]

Tracks in ancient mica [162, 163]
Rutherford backscattering [164, 165]

Search for strangelets at accelerators:
Strangelet searches E858, E864, E878, E882-B, [166, 167, 168]
E896-A, E886
H-dibaryon search [169, 170]
Pb+Pb collisions [171, 172, 173, 174]

a AMS: Alpha Magnetic Spectrometer (scheduled for 2005-2008).
b CRASH: Cosmic Ray And Strange Hadronic matter.
c ECCO: Extremely-heavy Cosmic-ray Composition Observer.
d IMB: Irvine Michigan Brookhaven proton-decay detector (1980-1991).
e JACEE: Japanese-American Cooperative Emulsion Chamber Experiment.
f MACRO: Monopole, Astrophysics and Cosmic Ray Observatory (1989-2000).

role for the exploration of the phase diagram of dense nuclear matter at high
baryon number density but low temperature [175], which is not accessible to
relativistic heavy ion collision experiments.

Obviously, our understanding of neutron stars has changed dramatically
since their first discovery some 40 years ago. In what follows, I briefly sum-
marize what we have learned about the internal structure of these fascinating
object since their discovery. I will address some of the most important open
questions regarding the composition of neutron star matter and its associated
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equation of state, and will mention new tools, telescopes, observations, and
calculations that are needed to answer these questions:

• There is no clear picture yet as to what kind of matter exists in the cores of
neutron stars. They may contain significant hyperon populations, boson
condensates, a mixed phase of quarks and hadrons, and/or pure quark
matter made of unconfined up, down, and strange quarks.

• Pure neutron matter constitutes an excited state relative to many-baryon
matter and, therefore, will quickly transform via weak reactions to such
matter.

• Neutron stars made up of pure, interacting neutron matter cannot rotate
as rapidly as the very recently discovered pulsars PSR J1748-2446ad, which
spins at 716 Hz. The equation of state of such matter, therfore, imposes
an upper bound on the equation of state of neutron star matter that is
tighter than the usual P = ǫ constraint (see Fig. 2).

• Charm quarks do not play a role for neutron star physics, since they be-
come populated at densities which are around 100 times higher than the
densities encountered in the cores of neutron stars. While hydrostatically
stable, “charm” stars are unstable against radial oscillations and, thus,
cannot exist stably in the universe [123].

• Multi-quark states like the H-particle appear to make neutron stars un-
stable.

• Significant populations of ∆’s are predicted by relativistic Brueckner-
Hartree-Fock calculations, but not by standard mean-field calculations.

• The finite temperatures of proto neutron stars favors the population of
∆’s already at the mean-field level.

• The r-modes are of key interest for several reasons: 1. they may explain
why young neutron stars spin slowly, 2. why rapidly accreting neutron
stars (LMXB) spin slowly and within a narrow band, and 3. they may
produce gravitational waves detectable by LIGO. Knowing the bulk vis-
cosity originating from processes like n+n− > p++Σ− and the superfluid
critical temperature of Σ−, both are poorly understood at present, will be
key.

• The loss of pressure resulting from the appearance of additional hadronic
degrees of freedom at high densities reduces the (maximum) mass of neu-
tron stars. This feature may serve as a key criteria to distinguish between,
and eliminate certain, classes of equations of state [2, 3, 176].

• Heavy neutron stars, with masses of around two solar masses, do not au-
tomatically rule out the presence of hyperons or quarks in the cores of
neutron stars [177].

• Depending on the densities reached in the cores of neutron stars, both
Schroedinger-based models as well as relativistic field-theoretical models
may be applicable to neutron star studies.

• The density dependence of the coupling constants of particles in ultra-
dense neutron star matter needs be taken into account in stellar structure
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calculations. Density dependent relativistic field theories are being devel-
oped which account for this feature..

• The models used to study the quark-hadron phase transition in the cores
of neutron stars are extremely phenomenological and require considerable
improvements.

• If quark matter exists in the cores of neutron stars, it will be a color
superconductor whose complex condensation pattern is likely to change
with density inside the star. The exploration of the numerous astrophysical
facets of (color superconducting) quark matter is therefore of uppermost
importance. What are the signatures of color superconducting quark mat-
ter in neutron stars? So far is has mostly been demonstrated that color
superconductivity is compatible with observed neutron star properties.

• A two-step quark-hadron phase transition (1. from nuclear matter to reg-
ular quark matter, 2. from regular quark matter to color superconducting
quark matter) may explain long quiescent gamma-ray bursts due to the
two phase transitions involved.

• Are there isolated pulsar that are spinning up? Such a (backbending) phe-
nomenon could be caused by a strong first-order-like quark-hadron phase
transitions in the core of a neutron star [97, 178, 179].

• Was the mass of the neutron star created in SN 1987A around 1.5M⊙? And
did SN 1987A go into a black hole or not? If the answer to both questions
were yes, a serious conflict with the observation of heavy neutron stars
would arise. On the other hand, it could also indicate the existence of
two (generically different?) classes of “neutron” stars with very different
maximum masses.

• Sources known to increase the masses of neutron stars are differential ro-
tation, magnetic fields, and electric fields. Some of these sources are more
effective (and plausible) than others though.

• Nuclear processes in non-equilibrium nuclear crusts (e.g. pycnonuclear re-
actions) and/or cores (heating caused by changes in the composition) of
neutron stars can alter the thermal evolution of such stars significantly.
We are just beginning to study these processes in greater detail.

• What is the shell structure for very neutron rich nuclei in the crusts of
neutron stars?

• Do N=50 and N=82 remain magic numbers? Such questions will be ad-
dressed at GSI (Darmstadt) and RIKEN.

• Are there pulsars that rotate below one millisecond? Such objects may be
composed of absolutely stable strange quark matter instead of purely grav-
itationally bound hadronic matter. Experimental physicists have searched
unsuccessfully for stable or quasistable strange matter systems over the
past two decades. These searches fall in three main categories: (a) searches
for strange matter (strange nuggets or strangelets) in cosmic rays, (b)
searches for strange matter in samples of ordinary matter, and (c) at-
tempts to produce strange matter at accelerators. An overview of these
search experiments is given in table 1.
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• Strange stars may be enveloped in a crust. There is a critical surface
tension below which the quark star surfaces will fragment into a crystalline
crust made of charged strangelets immersed in an electron gas [120, 124]

• If bare, the quark star surface will have peculiar properties which distin-
guishes a quark star from a neutron star [129, 130, 180, 181].

• A very high-luminosity flare took place in the Large Magellanic Cloud
(LMC), some 55 kpc away, on 5 March 1979. Another giant flare was
observed on 27 August 1998 from SGR 1900+14. The inferred peak lumi-
nosities for both events is ∼ 107 times the Eddington limit for a solar mass
object, and the rise time is very much smaller than the time needed to drop
∼ 1025 g (about 10−8M⊙) of normal material onto a neutron star. Alcock et

al. [11] suggested a detailed model for the 5 March 1979 event burst which
involves the particular properties of strange matter (see also [181, 182]).
The model assumes that a lump of strange matter of ∼ 10−8M⊙ fell onto
a rotating strange star. Since the lump is entirely made up of self-bound
high-density matter, there would be only little tidal distortion of the lump,
and so the duration of the impact can be very short, around ∼ 10−6 s,
which would explain the observed rapid onset of the gamma ray flash.
The light curves expected for such giant bursts [129, 130, 131, 132] should
posses characteristic features that are well within the capabilities of ESA’s
INTErnational Gamma-Ray Astrophysics Laboratory (INTEGRAL [183])
launched by the European Space Agency in October of 2002.
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