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Abstract.

We generally agreenowadays that the extreme densities readied in the centers of neutron
stars provide ahigh-pressure environment in which numerous new particle processs are
likely to compete with each ather. These processes range from the dmost traditional (but
cetainly far from old-fashioned) generation d hyperons or formation d kaon condensates
and H-matter to the newly non-conformist ideaof the formation d a so-cdled absolutely
stable strange quark matter, a configuration of matter more stable than the most stable @omic
nucleus even.[1], [ 7] Whether the new ideas are purely speaulative or not, we caana
pronource ourselves with a scientific weight; what is sure is that empirical data
adknowledges for “strange” posshiliti es within neutron stars. Starting from the assumption
that we do nd reject propositions unlesswe ae off ered irrefutable courter-proaofs, we find o
high interest the new dimensions that the analysis of the neutron stars as gable strange quark
matter opens and consider this oppatunity in order to expose and qualitatively examine such
apropasition. The present paper aims at presenting concise and upto date qualitative
information concerning super dense “exotic” neutron star matter by referring to and
commenting uponsome of the &isting aacredited worksin this domain.

1. Introduction —discovery of neutron stars, characteristics, pulsars

Only two years after the discovery of the neutron by James Chadwick in 1932, Walter Baade
and Fritz Zwicky, the same two astronamers that first coined the term ‘ supernova, already
propased the existence of the neutron stars. The supernovaewere described immediately
thereafter, in relation to the latest discovery of the neutron stars, as“ the transitions from
ordinary starsinto neutron stars, which in their final stages consist of extremely closely
padked neutrons’ [2] Theoreticdly, however, neutron stars were predicted ealier by L.D.
Landau who had shown independently of Chandrasskhar that the massof a white dwarf could
not be indefinitely large. Consequently Landau was the first scientist to raise the question o
what will happen to a star that does not have an internal source of energy and whaose mass
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exceeds the Chandrasekhar limit. The American physicists Oppenheimer and
Volkoff carried out the first calculations of the structure of neutron starsin 1939, based on
the pioneering work of Landau.[4]

We will briefly consider in the following lines some of the striking features of the neutron
stars to later introduce the even more striking consegquences of these properties. As mentioned
above, in avery concise phrase, neutron stars are the extremely dense neutron-packed
remnants of massive stars that blew apart in supernova explosions. Together with the white
dwarfs and the blackhol es, the neutron stars are stellar corps representing the latest phasesin
the stellar evolution. In arough characterization, and as most important property for further
notice, the masses of these three distinct categories of stellar corps are different; hence, if a
white dwarf will have a mass of maximum 1.4 M, (the Chandrasekkar limit), a neutron star
will vary in massbetween 1.4and 2.4M, while abladkhade will have amassabowve 2.4,
some atronamers gipulating alimit even higher than 3M,. For atypicd 1.4 M, we would
approximately have anumber of 10°’ neutrons and therefore we would in faa ded with a
huge nucleus having a massnumber of A~10>’ that is held together by gravity and suppated
by neutron degeneracy presaure. It is estimated that the radius of such astar would lie
somewhere between the incredibly small margins of 10 and 15 kn, whereas the average
density would be 6.65 * 10" gcm™, which is higher than the typica density of an atomic
nucleus. In an attempt to trivially exemplify this tremendous density, subjected to its value dl
the 5.5 hQlli oninhabitants of the Earth could be aowded into a aibe of 1 cm side length. [2]
The gravity compressng the matter in the inner coreisfierce the gravity accderationfor a
neutron star with 10 km radiusis 190times bigger than g at Earth’s surface.

Apart from the properties described before and partially as a cnsequence of these basic
properties, the neutron stars carry enormous magnetic fields and angular momenta. These
fields exceal the Earth’ sby afador of aroun@l0?, and they rotate éou once per second
despite having masses exceading that of the Sun. Such pawerful eledrodynamics produces
beams of radio waves, which swee acrossearth’ s observatories once pepulsar rotation.[ 6],
[5] Thisproduces afascinating periodic signal that can be observed and studied. Presently
there are ebou 1400 puisars known, bu thereis noreasonto think that nat all neutron stars
are pulsars (most of them are being incapable of being spotted as pulsars). Withou denying
the merits and the fascination d the pulsars as gellar corps, we will not insist more on pusars
properties hereinafter but rather concentrate on the characteristics of the neutron stars as such.

Ineluctably within the high-presaure environment described above numerous sibatomic
particle processes will compete with ead ather. These processes range from ordinary ones
(by ordinary we do nd want to mitigate their scientific value) to very spedacular phenomena
that stretch from the generation d new baryonic particles (A, 2, A, =) to quark (u, d,s)
decnfinement and to the formation o Boson condensates (IM°, K°, H-matter). [ 7] We will
ded with these latter processes as the subjed of the present paper.

2. High density structure of neutron stars- traditional approach

A few years ago the investigation d the neutron stars and their properties was based entirely
ontheideathat astrophysica properties of neutron stars are mainly determined by the nature
of their interaction with the surroundngs. Even if this approach proved very efficient in
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predicting new types of neutron stars, it could help explaining the interior of neutron stars up
to acawrate detail s. In fact we caana affirm that the interior of neutron stars is known to an
aaceptable extent even nowadays. Things are known upto a cetain depth within the neutron
star (where the densities are till “reasonable”), whil e theories abou the inner core ae more
of the speaulative domain. Nonethelessprogress in the domain was enormous and future
seans also promising in this field. Among the most valuable sources of information leading
to results in the super dense structure of neutron stars, we have the calculations concerning
the @dling of neutron stars. Thus, knowing the thermal evolution o a neutron star also yields
information about such temperature-sensiti ve properties as transport coefficients, transition to
superfluid states, but espedally crust solidification and crust-superfluid interfaces, which is
of interest for our purpose[1]

In order to appreciate the very exotic nature of the material comprising a neutron star we
basicaly need to think of the equili brium corfiguration o 10°” nucleons together with
enough neutrons to provide zero net charge. Obviously this equili brium arrangement is one
invalving the least energy. If wewere to resume the compasitionin function d the transition
density, we would oltain the following very concise table (Table 15.1, @ge 602in[2]).
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We can ndicethat at relatively low densities (for our purpose thiswould mean densities
inferior to 10 g cm™) the nucleons are foundin iron niclei. Thisis nothing but the so-cal ed
“minimum energy compromise” between the repulsive Coulomb force between the protons
and the dtractive nuclear force between all of the nucleons[2]. Soontheredter the dedrons
bewmme relativistic and the minimum arrangement of protons and reutrons changes as now
the dedrons can convert protons in neutrons within the iron niclel through
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As the density raises above 10° g cm™ "neutranization” takes place. The supernumerary
neutrons generated would ordinarily revert to protons viathe 8- decay. Nonetheless given the
state of complete dedron degeneracy, the neutrons canna decay badk into protons, as there
are no vacant states available for an electronto occupy (Pauli exclusion grinciple).

Extremely interesting, when the density reaches about 4* 10 g cm, the minimum level
energy will be one with the neutrons found ouside the nuclei. This phenomenonis cdled
“neutron dip” and marks the gppearance of the non-relativistic degenerate freeneutrons and
relativistic degenerate dectrons. The mnsequenceis that the obtained fluid of free neutrons
has no viscosity as degenerate basons (combination d two neutrons) can all crowd into the
lowest energy state; hence, nolossof energy. We have asuperfluid that flows withou
resistance

We seethat when the density reaches approximately 4* 10 g cm™ the neutron degeneracy
presaire excealsthe dedron degeneracy presaure. The nuclel will “dislve”, asthe
distinction between the neutrons outside and inside the dectrons will becme meaningless
We obtain a superconducting fluid due to the pair of protons next to the superfluid neutrons.

So far the properties of the neutron star material are understood. But hereinafter the
traditional approach does not have aty answers. For higher densiti es, the pions are suppcsed
to appea asresult of the decay of a neutroninto a proton:

n>p +M [2]

A relatively substantive representation d the structure of a neutron star is the following [ 6]
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The outer crust isthe crystalli ne aust, consisting of heavy nuclei. Neaest the
surface the nuclei are probably *°Fe. Theinner crust consists of a superfluid of free neutrons
and relativistic degenerate dedrons. Theinterior of the neutron stars consists of superfluid
neutrons with a small er number of superfluid supercondtcting protons and relativistic
degenerate dedrons. Thereis suppased to be asolid core wnsisting of pions or other
elementary particle. At this point the exotic part in the neutron stars begins.

3. Exotic particles. Exotic processes within neutron stars. Strange matter.

Many physicists adopted arelatively strong positionin relation to the existence of the solid
core. Whil e the number of the skeptics an to have dedined, the proofs for the eistence of
this 0lid core ae still | acking the darity that could rend them effedive. Nonetheless having
that lately we ae aleto olserve the neutron stars with the “state-of-the-art” radio telescopes
[1] Aredbo,Jodrell Bank, Parkes, VLA and so on o with the x-ray satellit es Chandra, HST,
RXTE, XMM [5], for thefirst time we can attempt to seriously constrain the properties of
dense matter from astrophysicd observations.

The foll owing figure represents an adequate summary of the possble (speaulative) scenarios
acourting for the structure and processes within the neutron star [7] .

quark-hybrid traditional nautron star
star

hyperon

star neutron star with

pion condensate

strange slar

nucheon star

M- 1.4 Mg

We will further investigate these exotic scenarios from adidadical point of view, leaving to
the researcher what belongs to the researcher.

Trying to debunkthe widely held theory that the neutron star is constituted from neutrons, the
most modern and progressive researcher will noticethat atypicd neutron star will contain
neutrons and a small number of protons whase charge is balanced by leptons (€, u).
Theoretically there should not be any impediment for the neutrons to transform into A
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hyperons. Mathematically, the assciated chemicad potentials shoud be subjeded to u"=
™ At the existing densities the neutron Fermi momenta ae mnsiderable grea so that the
hyperons make their appeaance It istherefore expeded that in additionto nwcleons and
eledrons, neutron stars consist of a substantial (estimated at about 20%) population o
hyperons, which are the first incursion d the strangenesswithin neutron stars.

Not only hyperons, but also kaons might appear, oncethe readion d converting electronsto
K™ mesons beames passible:

&K +v [1]

Neverthelesswe canna be sure whether the chemicad patentials obey the relationin this case
(1= 1) asthat depends on the massof the K™ in dense matter. Similar to the pion
condensate, which does not belong here, the kaon condensate would also soften the eguation
of state and enhance the star neutrino luminasity.

Going further in describing strangeness another boson that could appear in the center of the
neutronis the so-cdl ed H-dibaryon. Thisis a strange six-quark compasite with bah spin and
isospin zero and with baryon number 2. Because, as just said, the neutron stars might contain
asubstantial amourt of A hyperons, these culd combine with the H-dibaryon leading to the
formation d the H-matter. Spedalists affirm that H-matter could exist in the cores of
moderately dense neutron stars. Nevertheless going further with the speculations, H-matter
could na remain damant in the neutron stars but because of their instabilit y against
compresson could trigger the wnwversion d neutron stars into the hypatheticd strange stars.
And*“strangeness’ in the ntext of processes within neutron stars really begins with quark
decnfinement. [1]

Theideaof “strangeness’ of matter is older than someone might think. It has been suggested
arealy badk in 1970by a number of researchers that neutrons, protons plus the heavier
constitutes (A, Z, A\, =) can melt, creating the quark-gluon gasma state. Evidence of the
credion d such matter in the framework of CERN’s Lead Beam Program has been claimed
very recently (actually this very year)®. Presently the density at which the expeded phase
transitionto quark matter redly occursis not known. It is neverthelessexpeded that at
densities smilar to those in neutron stars the nuclear boundaries of hadrons would dslve
and the formerly confined quarks would popuate freestates outside the hadrons. Thisidea
sounds unbelievable and very high-reaching but surprisingly enough observational
astrophysicists may be able to spat evidencefor this phase of matter [1] . We ke our
reservation and consider that such hopes might be abit too opimistic. Nonethelesswe shoud
adknowledge that the theories advanced are nat that implausible.

Together with quark deconfinement, some other very interesting phenomena ae sought to
appea, amongst the most fascinating ones being the wlor supercondtctivity. It has been
recently discovered that instantons may cause strong correl ations between upand davn
guarks, which could further give way to the existenceof colored diquark pairsin superdense
matter. These pairs would form a Bose condensate in cold and dcense quark matter. [1], [ 3]
Carrying color charges the cndensate shoud exhibit color supercondictivity. It isnot known
yet the magnitude of the aitica temperature associated with the clor supercondtctive phase

! Seethe ommunication of the CERN PressOfficein the summer of 2000 Evidence for a New State of
Matter: An Assesgment of the Result from the CERN Lead Beam Programme



;
even if some researchers argue that it might  be cdculated (and that it is acknowledged)

(4. [1]

If quark deconfinement is ught to be the harbinger of the strangeness absolutely stable
quark matter is definitely describing its core. It is known that for afew hundred u, d,s quarks
the energy per baryon of quark matter can bejust as well below the energy of the most stable
atomic nucleus, *° Fe, therefore the asumption made so far that quark matter forms a state of
matter higher in energy than atomic nuclei isnat necessarily so strong. Consequently the
guark matter would be @solutely boundwith resped to the iron niclei. In this event the
groundstate of the strong interadion would be strange quark matter made up o u, d,s,
guarks, instead of nuclear matter. Naturally, the absolute stabili ty of this“ strange matter”
givesway to avariety of new types of objects from “strangelets’ [1] at small baryon number
end, A~10? to the mmpact stars where strange matter becomes unstable against gravitational
coll apse (with A~10°")

4. Possbleempirical support for the‘strangeness

First of all we can dscuss the spotted anomali es in the spin-down behavior of isolated
neutron stars. What adually happens is that for rotating neutron stars (that is, pusars) quark
matter is deteded. In the murse of spin-down, because of the emisson o magnetic dipoe
radiation and pairs eledron-positron, the neutron stars become more and more wmpressed.
For some of the pulsars the massand theinitial rotational frequency may be exadly so that
the central density rises from below to abowve the criticd density for disolution d baryons
into their quark constituents. Thisis acampanied by a de facto sudden shrinkage of the
neutron star, aff ecting the star’s moment of inertia dramatically. The following figure
exemplifies what has been stated above [1], [7] .
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Depending ontheratio at which quark and normal matter change with frequency, the
moment of inertia can decrease in a cmpletely arbitrary manner. The changes in the moment
of inertiarefled themselves in the bre&ing index, n (which can be calculated from the
asciated equation, depending onthe moment of inertia). The future astrophysicd
observation d such anomalies in the bresing behavior of pulsars may be interpreted as a
clea signal for quark deconfinement in neutron stars (we might even go so far and name this
branch as quark astronomy).

Another important empiricd evidence resides in the anomaly in the frequency distribution o
neutron stars in low-mass x-ray binaries. The x-ray neutron stars are being spun upby the
acaetion d matter from alower mass lessdense cmpanion within the binary. Angular
momentum added to a neutron star in this way is consumed by inhibiting a further spin-up
urtil the quark-matter has been converted into a mixed phase of matter made up d hadrons
and guarks[1]. There will be an anomalous number of acareters that appear at or near this
frequency. Quark deconfinement might be an explanation for this phenomenon,athowhit is
not the only one to be brought up.

The empiricd datais definitely not important in a quantitative but rather qualit ative manner
in ou case. There ae not many processes to acaunt or to suggest quark deconfinement but
thaose that might be actually put in applicéion,i.e. the anomalies discussd above would
represent amost irrefutable prove.

5. Conclusions?

The ideaof quark deconfinement leading to the formation d absolutely stable quark matter is
tried to be made popuar (and reasonable, we would add). It seans from the empiricd data
and consequentialy applied theory that such explanations are plausible, therefore aharsh
renourcement to theseideas would na bejustified. It is maybe dso interesting to think ahead
abou the mnsequences, the implications of this current of opinion. In the event that thisidea
is corred, many far-reaching implications for neutron starts are immediate, among them
being that all neutron stars are entirely “strange stars” being made of 3-flavor strange quark
matter and in sharp contrast with the other stars made up d hadronic matter. It seemsthat the
eventual outcome has the potential abili ty to trigger more research (implicitly more funds for
research) and more awxiety to pasitively assessthe existence of the exotic and strangeness
within reutron stars.
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