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Abstract

Astrophysicists distinguish between three different kinds of compact stars. These are white
dwarfs, neutron stars, and black holes. The former contain matter in one of the densest forms found
in the Universe which, together with the unprecedented progress in observational astronomy, makes
such stars superb astrophysical laboratories for a broad range of most striking physical phenomena.
These ange from nuclear processes on the stellar surface to processes in electron degenerate matter
at subnuclear densities tmson condensates and the exiseedcnew states of baryonic matter—
such as color superconducting quark matter—at sudear densities. Morthan that, according
to the drange matter hypothesis strange quark matter could be more stable than nuclear matter, in
which case neutron stars should be largely composed of pure quark matter possibly enveloped in
thin nuclear crusts. Another remarkable implication of the hypothesis is the possible existence of
a rew class of white dwarfs. This article aims at giving an overview of all these striking physical
possibilities, with aremphasis on the astrophgal phenomenology of strangeark matter. Possible
observational sighatures associated with the theoretically proposed states of matter inside compact
stars are discussed as well. They will provide most valuable information about the phase diagram
of superdense nuclear matter at high baryon number density but low temperature, which is not
accessible to relativistic heavy ion collision experiments.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

It is often stressed that there has never been a more exciting time in the overlapping
areas of nuclear physics, particle physics, and relativistic astrophysics than today. This
comes at a time where new orbiting observig® such as the Hubble Space Telescope,
Rossi X-ray Timing Explorer (RXTE), Chandra x-ray satellite, and X-ray Multi Mirror
Mission (XMM) have extended our vision tremendously, allowing us to see vistas with an
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unprecedented clarity and angular resolution finaviously were only imagined, enabling
astrophysicists for the first time ever to perform detailed studies of large samples of galactic
and extragalactic objects. On the Earthdio telescopes (e.g., Arecibo, Green Bank,
Parkes, VLA) and istruments using adapé ogics andother revolutionary techniques

have exceeded previous expectations of what can be accomplished from the ground. The
gravitational wave detectors LIGO, LISA, VIRGO, and Geo-600 are opening up a window
for the detection of gravitational waves emitted from compact stellar objects such as
neutron stars and black holes.

Neutron stars are dense, neutron-packednants of massive stars that blew apart in
supernova explosions. They are typically about twenty kilometers across and spin rapidly,
often making several hundred rotations per second. Many neutron stars form radio pulsars,
emitting radio waves that appear from the Earth to pulse on and off like a lighthouse beacon
as the star rotates at very high speeds. Neustars in x-ray binaries accrete material
from a companion star and flare to life with a burst of x-rays. Measurements of radio
pulsars and neutron stars in x-ray binaries comprise most of the neutron star observations.
Improved data on isolated neutron stars (e.g. RX J1856.5-3754, PSR-82@9) are now
becoming available, and future investigeis at gravitational wave observatories such as
LIGO and VIRGO will focus on neutron stars as major potential sources of gravitational
waves. Depeding on star mass and rotational frequency, gravity compresses the matter
in the core regins of pulsars up to more than ten times the density of ordinary atomic
nuclei, thus providing a high pressure environment in which numerous subatomic particle
processes compete with each other. The mpsttmcular ones stretch from the generation
of hyperons and baryon resonancés, {1, =, A) to quark {, d, s) demnfinement to
the formation of boson condensates(, K—, H mater) [1-3. There are theoretical
suggestions of even more exotic processes inside neutron stars, such as the formation of
absolutely stable strange quark matt#+§|, a configuration of matter more stable than
the most stabletamic nucleus2Ni.® In the latter event, neutron stars would be largely
composed of strange quark matt&-§ possibly enveloped in thin nuclear crusig[
whose density is less than neutron drip. Another striking implication of the hypothesis
is the possil# existewe of a new class of white dwarf41,12]. An overview of the
conjectured composition of neutron stars is showrkig. 1L Because of their complex
interior structures,hte very name neutron star is almost certainly a misnomer. Instead
these objects should be named nucleon stars, since relatively isospin symmetric nuclear
matter—in equilibrium with condensdd— mesons—may prevail in their interiordd],
hyperon stars if hyperongdl, A, =, possibly in equilibrium with theA resonance) become
populated in addition to the nucleon®], quark hybrid stars if the highly compressed
matter in the centers of neutron stars were to transformunth s quark matter 15|,
or strange stars if strange quark matter were to be more stable than nuclear matter. The
idea that quark matter may exist in the corésieutron sars is not new but has already
been suggested by several auth@&{21326. For many years it has been thought that the
deconfined phase of quarks and hadrons istbtexcluded from neutron stars. Theoretical

1\tis common practice to compare the energy of strange quark maft&Féo The energy per particle efFe,
however, comes in only third afté¢Ni and >8Fe.
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Fig. 1. Competing structures and novel phases of sutiatméter predicted by theory to make their appearance
in the cores R < 8 km) of neutron stars1].

studies, however, have shown that this was due to seemingly innocuous idealizations
[22,23]. Thus neutron stars may very well contain quark matter in their cores, which ought
to be in a color superconducting stat&4f27. This fascinating possibility has renewed
tremendous interest in the physics and astrophysics of quark matter.

Of course, at present one does not know from experiment at what density
the expected phase transition to quark matter occurs. Neither do lattice Quantum
ChromoDynamical (QCD) simulations provide a conclusive guide yet. From simple
geometrical considerations it follows that, for a characteristic nucleon radiys ef 1
fm, nuclei begin to touch each other at densities«(;ﬂnr,ﬁ/s)—l ~ 0.24 fm~23, which
is less than twice the logon number density of ordinary nuclear mattey,= 0.16 fm—3
(energy @nsityeg = 140 MeV/fm3). Depending on the rotational frequency and stellar
mass, such densities are easily surpassed in the cores of neutron stars so gravity may
have broken up the neutrons)@ndprotons ) in the centers of neutron stars into their
constituents. Moreover, since the mass of the strange qepi& father smi, probably
less than 100 MeV as indicated by the latest lattice res@#s pighly energetic up )
and down ¢) quarks may readily transform to strange quarks at about the same density at
which unconfined up and down quarks appear.

The phase diagram of quark matter, expeldb be in a color superconducting phase, is
very complex P4,25]. At asymptotic densities the ground state of QCD with a vanishing
strange quark mass is the color—flavor locked (CFL) phase. This phase is electrically charge
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neutral without any need for electrons for a significant range of chemical potentials and
strange quark masse®9]. (Technically, there are no eleons only at zero temperature.

At finite temperature the electron population is exponentially (exg/ T)) suppressed,
whereA denotes the superconducting gap.) If ttrarsge quark mass is heavy enough to be
ignored, then up and down quarks may pair imttko-flavor superconducting (2SC) phase.
Other possible condensation patterns include the ®FlLphase 30] and the cobr—spin
locked (CSL) phased[l]. The magnitude of the gap energy lies betwe&® and 100 MeV.

Codlor superconductivity, which modifies the equation of state at the ofdéy.)? level
[32,33], thus changes the volume energy by just a few per cent. Such a small effect can be
safely nglected in present determinations of models for the equation of state of neutron
star matter and strange star matter. The sitnadlifferent for phenomena involving the
cooling by neutrino emission, the pattern of the arrival times of supernova neutrinos, the
evolution of neutron star magnetic fields, rotationatnfode indabilities, and glitches

in rotation frequenciesfqulsars (see Refs24,25,34—-3§ and rderences therein). Aside
from neutron star properties, an additionat f<olor superconductivity may be provided

by upcoming cosmic ray space experiments such as A3Band BECCO [40]. As shown

in Ref. [41], finite lumps of color—flavor locked strange quark matter, which should be
present in cosmic rays if strange matter is the ground state of the strong interaction, turn
out to be significantly more able than strangelet827,328 without color—flavor locking

for wide ranges of parameters. In additistrangelets nide of CFL strange matter obey a
charge—mass relation that differs significarittym the charge—mass relation of strangelets
made of ordinary strange quark matt@f[l]. This difference may allow an experimental
test of CFL bcking in strange quark mattet]].

In this review | will describe the current status of our understanding of the phases of
superdense nuclear matter inside compact stars, putting special emphasis on the role of
strange quark matter in astrophysics. This is accompanied by a discussion of possible
observable signatures of the competing states of superdense matter in the cores of compact
stars. These signatures will provide most valuable information about the phase diagram of
superdense nuclear matter at high baryon number density but low temperature, which is
notaccessible to relativistic heavy ion collision experiments.

The article is organized as followSection Aiscusses the properties and representative
models for the equation of state of confineathonic matter. This is followed by a brief
primer on quark matter presented $ection 3 Rehtivistic stellar models are discussed
in Section 4 The possible role of strange quarks for compact stars and astrophysical
phenomena associated with such stars are review8ddtion 5 Neutino emission from
compact stars and their coadjirbehavior arediscussed inSection 6 Findly, possible
astrophysical signals of quark matter in compact stars are review®eciion 7 andthis
is followed by general conaling remarks provided iBection 8

2. Confined hadronic matter

The equation of state of neutron star matter below neutron drip, which occurs at
densities around 4 10! g/cm?3, and at densities above neutron drip but below the
saturation density of nuclear matter is ralaly well known. This is to a lesser extent



198 F. Weber / Progress in Particle and Nuclear Physics 54 (2005) 193-288

the case for the equation of state in the vicinity of the saturation density of normal nuclear
matter. Finally the physical properties of matter at still higher densities are highly uncertain
and the models derived for the equation of state of such matter differ considerably as
regards the functional dependence of pressan density. This has its origin in various
sources, which concern the many-body technique used to determine the equation of state,
the model of the nucleon—nucleon interaction, the alteration of hadron properties by
immersion in dense matter, the fundamentaistituents of neutron star matter (including
phase transitions to meson condensatescuraalk matter), and the theoretical possibility

that strange quark matter may be the true ground state of the strong interaction rather than
nuclear matter. In the subsection below we introduce a collection of relativistic models for
the equation of state which account for these uncertainties. Non-relativistic models for the
equation of state will be studied Bection 3

2.1. Effective nuclear field theories

Up until the mid-1970s nearly all dense nuclear matter studies were based on
non-relativistic potential models for describing the nucleon—nucleon interaction. The
relaivistic, field-theoretical approach tauclear matter was pioneered primarily by
Walecka and collaboratorgl?,43]. The generalization of Walecka’s model Lagrangian
to superdense neutron star matter has the following fast44]:

- 1
L= Z ye(gd—mp)ys + 5(8“029“0 )
B
1 1 1
- ZFMU Fuw + Emiwku + E(EWJI S0 —mim )

1 1 - -

— ZGW -G + Emf,pﬂ P, — Z (gJBme//B + QwBYBAYB
B
fa)B

- an - 5
e I = e .
+4 BwBa w¥B + . Yy dTt - YR

_ fe -
+ 9psYBY TP, VB + 4rf;—BI/fBU’“’T . GuWB)

1 1 -
—émNbN(gaN0)3—ZCN(gaN0)4+XL:¢L(|¢—mL)I/fL 1)

whereB denotes baryongx n, X, 4, =), L stands for leptons€™, ™), andg = y*w,,
§=yHou, o™ =i[y*, y’1/2. The baryons are described as Dirac particles which interact
via the exchange of, w, 7, and p mesons. Ther andw mesons are responsible for
nuclear binding while th@ meson is required to obtain the correct value for the empirical
symmetry energy. The cubic and quaiicerms in Eq. {) are recessary (at the relativistic
mean-field level) for obtaining the empirical incompressibility of nuclear ma#tgr The

field equatbns for the baryon fields follow fromj as fdlows [1,44]:
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. f
(iy"d, —mp)Yg = GsBOYB + <gwsy“wﬂ + ﬁa“” F/w) VB

foB
4mp

+ (ng)’MT'P,L-F U'uvT'G;w> VB
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The meson fields in) areobtained as solutions of the following field equations:

(948, +m2)o = — ZgasiﬁBiﬁB — MNDBNGoN(GoNT)? — CN Gon(Gona)3, (3)
B

_ f, _

il F/J.v + mg)wv = XB: <ngwBVvl/fB - ﬁa“(l/fBGMUI/IB)> s (4)

fJTB -
(019 +m)m =Y 2= 0" (Feysyutye). (5)
B s
_ fog . -
2 _ 0

a'uG;w + mppv = XB: <ng¢BT)’va - Ea'a(wBTU;wa)> s (6)

with the field tensorsF,, and G,, defined asF,, = 9,0, — dyw, and G,, =

aup, — dvp,. FoOrneutron star matter, Egs. Z) through 6) are to besolved sibject to
the conditions of electric charge neutralaypd chemical equilibrium. The condition of
electric charge neutrality reads

k3 k3

} : I Fs 2 : FL M
= 6 T 37

whereJg andqgI denote the spin and electric charge number of a baBjarsgectively.

The last term inT) accounts for the electric charge carried by condensed bosons. The only
mesons that may plausibly condense in neutron star matter ate tbg dternatively, the

more favoredK ~ [46,47]. Eg. (7) constrains the Fermi momenta of baryons and leptons,
kry andkg, respectively. Leptons in neutron star matter are treated as free relativistic
paticles:

(iy"9y —mpyL =0. 8

The baryon and lepton Fermi momenta are further constrained by the condition of chemical
equilibrium. Since neutron star matter is characterized by the existence of two conserved
charges, electric charge and baryon charge, the chemical potential of an arbitrary baryon,
B, created in a neutron star can be expressed in terms of two independent chemical
potentials. Choosing" andu.® as the independent chemical potentials, one has

u® =asu" - qgu®, 9)
with gg the bayon number of particl®. Sincegg = g5 = %for quark flavorsf = u, d, s,
the chemical potentialsf quarks follow from ) as

f 1 el e

I =§u”—qfu. (10)
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Relativistic Green’s functions constitute an elegant and powerful technique which allows
one to derive from %) to (6) a se of three coupled equations which are numerically
tractable 1]. The first one of these equations is the Dyson equation which determines
the twopoint baryon Green functio8® in matter:

SB=gf - PrBsE (11)

The second equation determines the efectaryon—baryon scattering amplitude in
matter, TBB which isgiven by

TBB _ BB _\BF +/VBBABI§’TI§’B’. (12)

Here V and Vex denote the direct and exchange terms of a given one-boson-exchange
potential, which serves as an input, and the quantiBf’ « SBSP’ describes the
propagation of baryorB andB’ in intermediate scattering states. A popular and physically
most suggestive choice fdris the so-called Breickner propagatof[48]. This propagator
describes the propagation of two baryons in intermediate scattering states in terms of
the full single-particle engly—momentum relation and, in addition, guarantees that these
particles obey the Pauli principle too. The system of equations is closed by the expression
for the self-energy of a baryon in mattér2, given by

B —j Zf(Tr(TBB’sB’) — TBE'GB), (13)
B/

The one-boson-exchange potential€8’, sum the ontributions arising from different
kinds of mesons that exchanged among the baryons:

(12vBF3g = Y szt arayrMe9aMa 2, 14

M=0,w,7,p,...

whereI’M denote meson—nucleon vertices, atl free meson propagators.

Relativistic models for the equation of state of neutron star matter are obtained by
solving Egs. 11) through (3) sef-consigently in combination with Eqgs.7) and Q)
for electric charge neutrality and chemical equilibrium. This has been accomplished for
several diferent approximation schemes. With ieasing level of complexity, these are
the relativistic Hartree (RH), the relativistic Hartree—Fock (RHF), and the relativistic
Bruekner—Hartree—Fock (RBHF) approximatiori§.[The first two approximations are
obtained by keeping only the Born term in tliematrix equation 12), that is, by setting
T = V — Vex (and readjusting the parameters for the boson-exchange potential). The mass
operator 13) is then gven by

ZB(p) =i ) 080 B’/ &'q gt
> o o (27_[)4

x (A7 (0)S¥'(q) — dgp A (p— )SB(Q) £ . .. (15)

where theT-matrix is replaced, according to Eql4), by free meson propagators.
This simplifies the solution of the marhyedy equations considerably. Because of this
approximation, however, the coupling constants of the theory need to be adjusted to fit the
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properties of infinite nuclear matter, hypernuclear data, and neutron star properties (see,
for instance, Refs.][1549,50])). The five nuclear matter properties are the binding energy
E/A, the efective nucleon massy/my, the incompressibilityK, and the gmmetry

energyas at nuclear matter saturation densiy(=0.16 fm=3):
E/A=-160MeV, m{/my=0.79, K ~225MeV, as=325MeV.(16)

Of the five, the value for the incompressibility of nuclear matter carries the biggest
uncerténty [2]. Its value is currently believed to lie in the range between about 220 and
250 MeV. In contrast to the RH and RBHF ones, the RBHF approximation makes use
of one-boson-exchange potentials whose parameters are adjusted to the properties of the
deuteron and relativistic nucleon—nucleontssréng data. his approximation is therefore
referred to as parameter free. In passing we mention that in recent years a new class
of effective field theories was developed which treat the meson—-nucleon couplings as
density dependent. These field theories ptevavery good description of the properties

of nuclear matter, atomic nuclei, as well as neutron s&2s%§. We concludehis section

with a brief discusgin of the total energy density of the system which follows from the
stress—energy dsity tensor;T,,, as fi]

oL
€ = (Too) = Z 80%(8(?%() — QooL. (17)

x=B,L

The pressure, and thus the equation of state, are obtained frorh#gs(

P = p?3/dp(¢/p). (18)

Finally, the energy per particle is given iertns of the energy density and baryon number
density as

e = (E/A+mn)p. (19)

Fig. 2 shows seval model equations of state based on RH and RBHF assuming
different particle compositions of neutron star matt&}. [Of particular interest later
(Section F will be the equation of state iRig. 2accounting for quark deconfinemedf]
which, for this model, sés in at 230 MeVfm?, which isless than two times the energy
density of nuclear matteep = 140 MeV/fm3. Pure quak matter exists for densities
greater than 950 MeXm?, which is around seven timeg. Of key importance for the
possible occurrence of a quark—hadron phase in neutron stars is that pressure in the mixed
phase of quarks and hadrons varies with deng#. [If this is not the case, hydrostatic
equilibrium would strictly exclude the mixed phase from neutron stéable 1 shows
the properties of nuclear matter computed for different many-body techniques as well as
nudear forces. In addition to the saturation properties listed @ this table also shows the
symmetry energy density derivatiie, and the bope,y, of the satuation curve of isospin
asymmetric nuclear matter, definedlas= 3pg(das/dp),, andy = —Kas(3poL) 1, for
several nodels, which vary considerably from one model to another.
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Fig. 2. Models for the equation of state of neutrorr stetter computed for different compositions and many-
body techniques described in the tei}. [ p, n denote protons and neutrorts; K, Q stand for hyperonskK ~
condensate, and quarks, respectively.)

2.2. Non-relativstic treatments

The most frequently used non-relativistic treatments of dense nuclear matter studies
are the hole—line expansion (Brueckner theory7,%8], the coupled cluster method,
self-consistent Greefunctions, the variational approach (Monte Carlo techniques), the
semichssical Thomas—Fermi methdsl9[60], and the density functional approach based
on Skyrme effective interactions (for aoverview of these methods and additional
references, see Ref®,61]). Apart from in the density functional approach, the starting
point in each case is a phenomenological nucleacteon interaction, which, in some
cases, is supplemented with a three-nucleon interadtignintroduced to achieve the
correct binding energy of nuclear matter the enpirical saturéion density, pg =
0.15 nucleongfm3. Fig. 2 shows two Schiidinger based models for the equation of state
which areobtained for variational calculations based on the Urb¥patwo-nucleon
interaction supplemented with the three-body interaction UVII (left curve) and TNI (right
curve) three-nucleon interactio®,$2,63]. The Hamiltonian is thus of the form

— K2 )

H:Z%Vi +,ZV”+AZ Vijk - (20)
i i<j i<j<k

In the variational approach the Schrédinger equaftyw) = E|V¥) is solved using

a varidional trial function|¥,), which is constructed from a symmetrized product of

two-body correlation operatorss) acting on an unperturbed ground state (Fermi gas
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Table 1
Saturation properties of nuclear matter computed rfamerous different nuclear forces and many-body
techniques1,44,51]

Method/Force £0 E/A K as L y
(fm=3) (MeV) (MeV) (MeV) (MeV) (MeV fm?3)
SG-0 0.168 -16.7 253 35.6 41.6 —430
SGl 0.154 —-15.8 261 28.3 64.1 —250
SGlI 0.158 —-15.6 215 26.8 37.6 —322
SkM 0.160 —-15.8 217 30.7 49.3 —281
SkM* 0.160 —-15.8 217 30.0 45.8 —296
Es 0.163 —-16.0 249 26.4 —36.9 364
Zs 0.163 —-15.9 233 26.7 —29.4 432
zx 0.163 —-16.0 235 28.8 —458 3030
Ry 0.158 —-15.6 238 30.6 85.7 —-179
Go 0.158 —-15.6 237 31.4 94.0 —167
SkT6 0.161 —-16.0 236 30.0 30.8 —475
SkP 0.163 —-16.0 201 30.0 19.5 —632
SkSC4 0.161 —-15.9 235 28.8 —2.17 6460
Skx 0.155 -16.1 271 31.1 33.2 —545
MSk7 0.158 —-15.8 231 27.9 9.36  —1460
BSk1 0.157 -15.8 231 27.8 7.15  —1908
SLy4 0.160 —-16.0 230 32.0 45.9 —-335
SLy7 0.158 —-15.9 230 32.0 47.2 —328
™1 0.145 -16.3 281 37.9 114 —-215
NL1 0.152 —16.4 212 435 140 —145
FRDM 0.152 -16.3 240 32.7 - -
HV 0.145 —15.98 285 325
Bro A 0.174 —-16.5 280 34.4 81.9 —225
Bro B 0.172 —-15.7 249 32.8 90.2 —-175
BroC 0.170 —14.4 258 315 76.1 —209
UVi4+ TNI 0.157 -16.6 261 30.8 - -
UV14+ UVII 0.175 —-11.5 202 29.3 - -
AV 14+ LVII 0.194 —12.4 209 27.6 - -
A1g+ 8v + UIX 0.16 —16.00 - - - -
TF96 0.161 —16.04 234 32.0 - -

wave function)| @),

|w) = | S[Fi |19 (21)

i<j

The antisymmetrized Fermi gas wave function is given|By = A([[;_gli)). The
correlation operator contains variational parameters (14 for thesldxd AVi4 models
[62] and 18 for the more recent¥ model [64]) which are varied to minimize the energy
per baryon for a given density,

(o [H| W)

E =mi ,
(P) = min =g Ty

(22)



204 F. Weber / Progress in Particle and Nuclear Physics 54 (2005) 193-288

which constitutes an upper bound to the ground state energy of the system. The pressure
and energy density of the stellar matter are obtained from relatid8s gnd (9),
respectively. The new Thomas—Fermi apprb of Myers and Swiatecki, TF96, is based

ona Syler-Blanchard potential generalized by the addition of one momentum dependent
and one density dependent ters9]

2To
Vig = ———Y(r12)
£0

1 1 p2\? ke <2,5>%
a1 -] L I i - . 23
X (2( Fé)a 2( FO) (ﬂ(kpo) yp12+o o (23)

The upper (lower) sign inX3) corresponds to nucleons with equal (unequal) isospin. The
quantities kr,, To (=k,2:0/2m), and pg are the Fermi momentum, the Fermi energy, and
the saturation density of symmetric nuclear matter. The potential's radial dependence is
described by a Yukawa-type interaction of the form

1 e*rlz/a

Y(rio) = (24)

4mrad ryp/a’
Its strength depends both on the magnitude of the particles’ relative momepipirand

onan average of the densities at the locations of the particles. The paramaiels were
introduced in order to achieve better agreement with asymmetric nuclear systems. The
behavior of the optical potential is improved by the testt25/00)%/2 with the average
density defined ap?/® = (,02/3 + p§/3)/2, andp; and py the densities of interacting
neutrons or protons at points 1 and 2. The seven free parameters of the theory are adjusted
to the properties of finite nuclei, the paraeet of the mass formula, and the behavior of

the optical potentiald9]. The nuclear matter properties at saturation density obtained for
TF96 are listed imable 1

3. Primer on quark matter
3.1. Models for the equation of state

The field theory of quarks and gluons, Quantum ChromoDynamics (QCD), is a non-
Abelian gauge theory with S@3). as a gauge group. The QCD Lagrangian has the form

L£=93Gy, Dl —moy? — ZF FM (25)

wherey/ are the quark fields for each flavdrandmy the curent quark masses (see

Table 2. In color space, the fieldg$ are three-component columns wih= 1, 2, 3. The
color gauge-covariant derivatii@* is given by

DY = Sapd” — i %mi JanGl, (26)

wheregs is the strong interaction coupling constant. The quanti@igsare the gluon fields
with color indices =1, ..., 8, and; the Gell-Mann S3). matrices. The quantit)FILU
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is the gluon field tensor defined as
Fl, = 9,6} — 8,G), + 0s fij G, G, (27)

where fjjx are the S3). structure constants. The equations of motion of the coupled
guark and gluon fields derived from EQ5] are tren as follows:

. A
i = mowt = g (7 ) vhel. 29)
ab
GLE f GIHEX — _geg? ﬁ b 29
wo T Os Tijk w = —OsVi vy > bl/ff' (29)
a

Considerable efforts are made to solve the QCD equations of motion on the lattice. At
present, however, such simulations do not provide a guide at finite baryon number density,
and it is necessary to rely on non-perturbative QCD models for quark matter which
incorporate the basic properties expected for QCD. Three different categories of models
have emerged. These are (1) phenomegichl models (MIT bag models) where quark
masses are fixed and confinement is described in terms of a bag constant, and more
advanced (2) dynamical models and (3) Dyson—Schwinger equation models where the
properties of quarks (matter) are determined self-consistently. The most widely used of
these models is the MIT bag mod@&@566,329. For this model, the pressur®' of the
individual quarks and leptons contained in the bag is counterbalanced by the total external
bag pressur® + B according to

P+B=) P’ (30)
f

while the total enagy density of the quark flavors confined in the bag is given by

e:Zef—i—B. (31)
f

The quantityB denotes the bag constant, and are the contributions of the individual
quak to the total energy density. The condition of electric charge neutrality among the
quarks reads

3y afkt, ~ YK, =0 2)
f L

Whereq‘?I denotes the electric charge number of a quark of fldydisted inTable 2 The
contributions of each quark flavor to pressumeergy density, and baryon number density
are determined by the thermodynamic potentidld d= —STdT — P fdv — Afduf, from
which one obtains

of 212/“* s K
6 0

‘/k2+m2f7
Ke
f_Vf f 2/ 2 f_ Vi3
€ _W\/O dkk k2+mf, 1% _Wka. (33)
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Table 2
Approximate masses) ¢, and eéctric charge numberq,?' of quarks

Quark flavor (f) u d c s t b

ms (GeV) 0.005 0.01 15 0.1 180 4.7
| 2 1 2 1 2 1

af +3 -3 +3 -3 +3 -3

The quantity f denotes the chemical potential of quark flaigrandms stands for its
mass. The phase space factqgris equal to 2spin) x 3(color) = 6. Chemical equilibrium
among the quark flavors and the leptons is maintained by the following weak reactions:
doute +0°8 soute +1° s<Cc+e +08
S+u<d+u, c+d<u+d. (34)
Since neutron stars lose the neutrinos within the first few seconds after birth, the chemical

potentials of neutrinos and antineutrinos ohey = 1’ = 0 andone obtains from the
weak reactions34)

pd=pt ot pC=pY p=pt=ps (35)

The equation of state of relativistic quark matter at zero temperature made up of massless,
non-interacting particles is readily calculated fra38)( One obtains

vi o rq 1y f_ YVt §.3
pf_— = Zef, , 36

= g2 )T = 3¢ pr=e5) (36)
with vi = 6. The equation of state of such matter is obtained from equati@had 1)

as
P = (e — 4B)/3. @37)

From Eq. 87) one sees that the external pressutangon a bag filled with quarks vanishes
for e = 4B. The massentained inside the bag is given Wy = foRedV = (47/3)eR3,
which is the generic mass—radius relation offd@und matter. The consequences of this
relation for strange quark matter systems are illustratdeign 3. The condition of electric
charge neutrality of stellar quark matter, E82), leads to

20" —p% = p* = 0. (38)

Sinceu! = ud = 1S for massless quarks, one finds from EgQ)(that for zero external
pressure,P, thebag constant is related to the quark chemical potenti® as 3u*/4xr2.
The energy per baryon number of quark matter follows as

E ¢ B B ,B
—=—=4 5 =4— =4n°—,
A p (P4 +p%+p%)/3  p4 W

with p the totalbaryon number density defined as

p=Y p'/3 (40)
f

(39)
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102fm  10%fm 10% fm 10%fm 108 fm

Fig. 3. Radii of quark bags[f]. For massessiss than 19 GeV the electrons (gray dgjtare outsle the quark
bags (indicated by thick solid circles) and the cerelectron system has a size-ol0° fm. For masse betveen
10° and 16° GeV the ekctrons are partially inside the core. For masses greater tH&rGHY all electrons are
inside the core.

In the next sep we turn to the determination of the equation of state if the charm and
strange quarks are given their finite mass values listetabile 2 In this case Eq. 3
leads for the pressure, mass density, bBadyon number density of quark matter to the
following expressions:

fy4 1+ ,/1-22
5 3 f
pf Vi) J1-22 (1——z%)+5z‘} h—Y |, (41)

2472

2 Zf
vi(uh)3 3
Pf :v(l—zzf)z, (42)
4 /1 _ 52
f_M 1-— 72 1_1‘2 _Z_f|u 43
¢ =—2 2 57 > n 2 , (43)

with z defined asz; = m¢/u . Ignoring the two most massive quark flavargndb,
which are far too heavy to become populated in compact starsKged), the condition
of electric charge neutrality, expressed in B2f)( reads

2(p" + p°) — (p% + p%) — 3(p® + p*) = 0. (44)
Upon substituting4?2) into (44), this relation can be written as
21— (/WA + A -2D)?) — A+ L - D)D)
— (u/w3L+A-2)3) =0. (45)

An expression for the pressure of the system is obtained by substitafinig{o (30). This
leads to

4
P+B= &((1 — (u/ W B(ze) + B(z5)). (46)



208 F. Weber / Progress in Particle and Nuclear Physics 54 (2005) 193-288

0
Rl e
o>
s
1072L
o 1074L
=~ E
Q F N
N
N
\\ /)
\\ e l/ :
1075k AN /o
E N / -
F N ;K
N | |
\\\ I :
’ 1
10—8§ \\\ i
10 10" 10'° 10'7 10'8 10
€ (g/cm?3)

Fig. 4. Relative quark and lepton densities in quark star matter as a function of mass density (frad8]Ref. [

with @ defined as

1+,/1-2%
5 3 f
B(zr) =1+ ,/1-2 <1——z%)+§zzfln7. (47)

2 Zf

The total energy density follows from3() as
/ 2
1 f\4—2 7 o, thYiTE
€ = (3P +4B) + = f;cw(u Yz 2| J1-22 - 75 |nT . (48)

The first term on the right-hand side of Edl8] representshie equation bstae of a
relaivistic gas of masslesquarks derived in Eq.3(7) while the second term accounts

for finite strange and charm quark masses. Finally, the total baryon number density of such
guark matter is given by

3
p= 31— u/WIHA+ A=) + A+ 1-B))). (49)

The relative quark—lepton composition of absolutely stallé&’{ = 145 MeV) quark

star matter azero temperature is shown kig. 4 All quark flavor states that become
populated in such matterputo densities of 18° g/cm® are taken into account. Since

the Coulomb interaction is so much stronger than gravity, quark star matter in the lowest
energy state must be charge neutral to very high preci§joi herefore, any net positive

quark charge must be balanced by a sufficiently large number of negatively charged
guarks and leptons, which determines the lepton concentration shdwg éh Because of

their relatively large masses, the presence of charm quarks requires densities greater than
1017 g/cm? in order to be present. Stellar sequences containing strange and charm quarks
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Fig. 6. Mass versus radius for the quark star sequences shdvig. i5[68].

are shown irFigs. 5and6. An andysis of the stability of these sequences against radial
o<cillations (se€Section 5.3, however, shows that only the strange star sequence is stable
and not the charm star sequence. Finally, we mention that a value for the bag constant of
B1/4 = 145 MeV places the energy per baryon rhenof (non-interacting) strange quark
mater at E/A = 829 MeV [329, which corresponds to strange quark matter strongly
bound with respect t8Fe whose energy per baryonid(°6Fe)?/56 = 9304 MeV, with

M (°6Fe) the mas of the’5Fe atom.
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Fig. 7. The conjectured phase diagram for Q@3] For smallmZ/ A there is a direct transition from nuclear
mater to CFL color superconducting quark matter. For | A there is an intermediate phase where
condensation patterns such as the G£2-CFL-K+, CFLr9, gCFL, 2%, 1SC, CSL, and LOFF phases (see
the text) may exist. Figure reprinted withrpgssion from M. Alford, J. Phys. G 30 (2004) S441.

© 2004 by Institute of Physics Publishing.

3.2. Color superconductivity

There has been much recent progress inumalerstanding of quark matter, culminating
in the dscovery that if quark matter exists it ought to be in a color superconducting
state p4-27. This is made possible by the strong interaction among the quarks which
is very attractive in some channels. Pairs of quarks are thus expected to form Cooper pairs
very readily. Since pairs of quarks cannot @&or neutral, the resulting condensate will
break the local color symmetry and form what is called a color superconductor. The phase
diagram of such matter is expected to be very com2éy2f|, as can be seen frofigs. 7
and8. This iscaused by the fact that quarks come in three different colors, different flavors,
and different masses. Moreover, bulk matter is neutral with respect to both electric and
color charge, and is in chemical equilibrium untiee weak interaction processes that turn
one quark flavor into another. To illustrate the condensation pattern briefly, we note the
following pairing ansatz for the quark condensaté|{

(W5 Crsyrf ) ~ ArePrer, fy1 + A2e™er, 12 + Age™et, 1,3, (50)

Wherel//‘;‘a is aquark of colora = (r, g,b) and flavor f; = (u, d, s). The condensate

is a Lorentz scalar, antisymmetric in Dirac indices, antisymmetric in color, and thus
antisymmetric in flavor. The gap parametets, A,, and Az described-s, u-s, and

u—d quark Cooper pairs, respectively. The following pairing schemes have emerged. At
asymptotic densitiesnfs — 0 or u — o0) the ground state of QCD with a vanishing
strange quark mass is the color—flavor locked (CFL) phase (color—flavor locked quark
pairing), in which all three quark flavors participate symmetrically. The gaps associated
with this phase are

A3 ~ Az = Al = A, (51)
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Fig. 8. Possible meson condensed phases in tlghbeihood of the symmetric CFL state for a strange quark
mass ofms = 150 MeV. i is the quark chemical potential and;, the chemical potential for positive electric
charge. Solid and dashed lines indicatetfismd second-order transitions respectivé9][ Figure reprinted with
permission from D.B. Kaplan and S. Reddy, Phys. Rev. D 65 (2002) 054042.

© 2002 by the American Physical Society.

and the quark condensates of the CFL phase are approximately of the form
(W Crsvh) ~ AeXer,x, (52)

with color and flavor indices all running from 1 to 3. Sinc¥ e, f,x = §% Sfb - S?ba’fa

one sees that the condensdig) (involves Kmonecker delta functions that link color and
flavor indices. Hence the noticof color—flavor locking. The CFL phase has been shown
to be electrically neutral without any need for electrons for a significant range of chemical
potentials and strange quark massz3.[If the strange quark mass is heavy enough to be
ignored, then up and down quarks may pair mttko-flavor superconducting (2SC) phase.
Other possible condensation patterns are ®f.{30], CFL-K*, and CFL7%~ [69],
gCFL (a gapless CFL phasé&)(], 1SC (single-flavor pairing)q0—73, CSL (a color-spin
locked phase)d1], and the LOFF (crystalline pairingB§,73,74] phase, depending on
ms, 1, and the &ctric charge density. Calculaftis performed for massless up and down
quarks and a very heavy strange quark mass-{ co) agree tlat the quarks prefer to pair

in the two-flavor superconducting (2SC) phase where

As > 0, and Az = Al =0. (53)
In this case the pairing ansatz() redices to
(W$, Cysyrf ) oc Acape. (54)

Here the resulting condensate picks aocalirection (3 or blue in the examplg4) above),
and creates a gaf) at the Fermi surfaces of quarks with the other two out of three colors
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Fig. 9. Gap prametersA, Ay, and Az as a function ofné/u for © = 500 MeV, in an NJL model70]. There

is a second-order phase transition betweenGRL phase and the gapless CFL (gCFL) phasmé{u = 2A.
Figure reprinted with permission from M. Alford, ®ouvaris, and K. Rajagopal, Phys. Rev. Lett. 92 (2004)
222001.

© 2004 by the American Physical Society.

(red and green). The gapless CFL phase (gCFL) may prevail over the CFL and 2SC phases
at intermediate values mg/u with gaps given obeying the relation (s€ég. 9

Az > Ay > A1 > 0. (55)

As shown inFig. 10, for chemical potentials that are of astrophysical interest$setion 5
through7), © < 1000 MeV, the gap is between 50 and 100 MeV. The order of magnitude
of this result agrees with calculations based on phenomenological effective interactions
[27,75] as well & with perturbative calculations fgr > 10 GeV [76]. We also note that
superconductivity modifies the equation of state at the orderif.)? [32,33], which is

even for suchdrge gaps only a few per cent of the bulk energy. Such small effects may
be safely neglected in present determinations of models for the equation of state of quark
hybrid stars. There has been much recentwaor how color superconductivity in neutron
stars ould affect their properties. (See Refd425,34—-37 and rderences therein.) These
studies reveal that possible signatures include the cooling by neutrino emission, the pattern
of the arrival times of supernova neutrinos, the evolution of neutron star magnetic fields,
rotational stellar instabilities, and glitches in rotation frequencies. Several of these issues
will be discussed inSection 5o 7.

3.3. The strange quark matter hypothesis

The theoretical possibility that strange quarktter may constitute the true ground state
of the grong interaction rather thatPFe was proposed by Bodmer4], Witten [5], and
Terazawa f]. A schematic illustration of this so-called strange matter hypothesis is given
in Fig. 11, whichcompares the energy per baryorP®fe and infinite nuclear matter with
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Fig. 10. Superconducting gaf versusquark chemical potentigk [69]. Figure reprinted with permission from
D.B. Kaplan and S. Reddy, Phys. Rev. D 65 (2002) 054042.
© 2002 by the American Physical Society.

the energy pebaryon of two- and three-flavor quark matter. Three-flavor quark matter is
always lower in energy than two-flavor quark matter due to the extra Fermi well that is
accessible to the strange quarks. Theoretiagments indicate that the energy of three-
flavorquark matter may be even smaller than 930 MeV in which case strange matter would
be more stable than nuclear matter and aonuclei. This peculiar feature makes the
strange matter hypothesis one of the mosttbtey speculations of modern physics, which,

if correct, would have implications of fundamental importance for our understanding of
the early universe, its evolution in time to the present day, astrophysical compact objects,
and laboratory physics, as summarizedrable 3[7,9,77]. In the following we describe

the possible absolute stability of strange quark matter for a gas of magstkssquarks
inside a onfining bag at zero temperaturd2d. For a massless quark flavdr, the
Fermi momentumpg,, equals the chencil potential,'. Thenurber densities, energy
densities, and corresponding pressures, therefore, follow fronBBga$

pt=whH3n? ' =3uhHan?, PT =42 =¢"/3.  (56)

For a ga of maslesas andd quaks the condition of electric charge neutrality? — pd

= 0, which fllows from Eq. @2), requires thap® = 2p". Herce the chemical potential
of two-flavor quark matter is given hy, = x4 = ud/21/3. The corresponding two-flavor
quark pressure then follows & = PY + P9 = (1 + 2%3)u4/47? = B. From the
expressions for the total energy density= 3P, + B = 4B, andbaryon number density,
p2 = (o4 + p%)/3 = ug/nz, one then obtains for the energy per baryon of two-flavor
quark matter

B
—| =2 == —934MeVx B2, (57)
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where B2 = BY4/145 MeV. Values forB/4 smaller tha 145 MeV are excluded.

Otherwise two-flavoguark matter would have a lower energy t?&Re, which tten would
be made up of up and down quarks, in contradiction to what is observed. In the next step
we add massless strange quarks to the system. The three-flavor quark gas is electrically
neutral forp¥ = p9 = pS, i.e.uz = u¥ = u% = 5. For a fixed lag constant, the three-
flavor quark gas should exert the same pressure as the two-flavor gas,Rpat iB,. This
implies for the chemical potentiajss = ((1 + 2%/3)/3)1/4u,. Herce, the total baryon
number in this case can be written ag = n3/72 = (1 + 2%3)/3)%4p,. The erergy per
baryon is therefore given by

E _ €3 _ 4B _ 1/4

Al = s~ 11270 829 MeV x Bijz, (58)
sinceez = 3P3 + B = 4B = . It thus follows that the energy per baryon of a massless
non-interacting three-flavor quark gas is of order 100 MeV per baryon lower than for two-
flavor quark matter. The diffence arises from the fact that baryon number can be packed
more densely in three-flavor quark mattes/ p3 = (3/(1 + 2%/3))%/4 ~ 0.89, due to the
extra Fermi well that is accessible to the strange quarks. The energy per baryon in a free
gas of neutrons is equal to the neutron mdssA = 9396 MeV. For an®5Fe nucleus
the energy pr baryon ise/A = (56my — 56 x 8.8 MeV)/56 = 930 MeV, where
mn = 9389 denotes the nucleon mass. Stability of two-flavor quark matter relative to
neutrons thus corresponds(&/A)> < mp, or B4 < 1459 MeV (BY* < 1444 MeV
for stability relative to®®Fe). The stability argument isften turned around because one
observes neutrons afffiFe in Nature rather than two-flavor quark matter. Hence the bag
constant must be larger than about 145 MeV. Bulk three-flavor quark matter is absolutely
stable relative t0%Fe for BY4 < 1628 MeV, metastable relative to a neutron gas for
B1/4 < 1644 MeV, and metstable relative to a gas of paticles forBY* < 1952 MeV.
These numbers are upper limits. A finite strange quark mass as well as a hon-zero strong
coupling constant decrease the limits BH* [9,329. The presence of ordinary nuclei in
naure is not in contradiction to the possible absolute stability of strange matter, the reason
being that conversion of an atomic nucleus of baryon nun#berto a lump of strange
guark matter requires the simultaneous transformation of roughlp and down quarks
into strange quarks. The probability for this to happen involves a weak transdtiﬁliA
which makes nuclei withA > 6 stable 6r more than 18 y. The conversio of vely light
nuclei into strange matter is determined by finite-size and shell effects which dominate over
the voume energy of strange matter at smalalues. An exeple for the mass formula
of strange matter i9[327]

E
A = (829 MeV+ 351 MeV A-?3BlS (59)

in which case strange matteedomes absolutely stable féx > 6. If quark matter is

in the CFL phase, metastability or even absolute stability of strange quark matter may
become more likely than hitherto thought since the binding energy from pairing of the
quarks should reduce the energy of the system by a contribution proportiana[ed].

Fig. 12 shows the eergy per baryon for ordinary quark matter and CFL quark matter.
For high A values a bWk value isapproached, but for lovA the finite-size contributions
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Table 3

Strange matter phenomenology
Phenomenon Referenfes
Centauro cosmic ray events 79-81
High energy gamma ray sources: Cyg X-3 and Her X-3 82,83
Strange matter hitting the Earth:
1. Strange meteors 84
2. Nuclearite-induced earthquakes 84185
3. Unusual seismic events 84
4. Strange nuggets in cosmic rays 87193
Strange matter in supernovae 93F99
Strange star phenomenology 1,71,8,10,11,68,77,96-99
Strange dwarfs:
1. Static properties and stability 11,99,100
2. Thermal evolution 107
Strange planets 101,12,99
Strange MACHOS 102
Strangeness production in dense stars 103
Burning of neutron stars to strange stars 104-106
Gamma ray bursts, soft gamma repeaters 7,94107-113
Cosmological aspects of strange matter 5114-117
Strange matter as a comgt energy source 119
Strangelets in nuclear collisions 119-121

aNumerous additional references are provided in the text.
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Fig. 11. Comparison of the energy per baryoﬁ@ﬁe and nuclear matter with the energy per baryon of two-flavor
(u, d quarks) and three-flavou(d, s quarks) strange quark matter. Theaseliy the energy per baryon of strange
guark matter may be below 930 MeV, which would rensiech matter mar stable han nuclear matter.

(surface tension and curvature) increase the energy per baryon significantly. The pairing
contribution is on the order of 100 MeV per baryon far~ 100 MeV for fixed values
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of the strange quark mass and bag constant. Another crucial difference between non-CFL
and CFL quark matter is the equality of all quark Fermi momenta in CFL quark matter
which leads to charge neutrality in bulk without any need for electr@8k [This has
most important consequences for the charge to mass ratios of strangelets. For non-CFL
strangelets one has

S

m 2
Z~01(———) Afor A« 10°, and
(150 MeV) <

2
Ms ) A3 for A > 10°, (60)

Zx 8(150 MeV.
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while, in contrast to this, CFL strangelets have a charge to mass ratd]of [

~ ms 2/3
709 (155 ) o
This difference may provide a test of color superconductivity in upcoming cosmic ray
space experiments such as AM3 and ECCO [40] (seeSection 3.@andTable 4.

3.4. Searches for strange quark matter

Experimental physicists have searched wasssfully 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) attempts to produce strange
matter at accelerators. An overview of these search experiments is giablm4 The
experiments searching for nuggets of strangdtenavhich got stuck in terrestrial matter
focus on objects whose masses can range from those of atomic nuclei to the upper limit
of about 03 x 10~2 g. The latter carry a baryon number 8f ~ 2 x 10 and have
a radius ofR ~ 10°8 cm. Strange nuggets heavier thar8 & 10~° g will not be
slowed down and stopped in the crust of the Earth. Finally, nuggets of more~the?
quarks (i.e.A ~ 10?1 would have too much momentum to be stopped by the encounter
and thus would pass through the Earth. Such encounters could take the form of unusual
meteorite events, earthquakes, and peculiar particle tracks in ancient mica, in meteorites,
and in cosmic ray detector84]. One distinguishing feature of unusual meteorite events
caused by strange nuggets coukl the apparent magnitude ef1.4 assocated with a
20-g nugget at a distance of 10 km, which would rival that of the brightest star, Sirius.
Another distinguishing feature could be the meteorite’s velocity which is smaller than
about 70 knis for an ordinary meteorite bound to the solar system, but amounts to
about 300 knis for a strange meteorite of galactic origin. An upper limit on the flux of
cosmic strange nuggets can be derived by assuming that the galactic dark matter halo
consists entirely of strange nuggets. The expected flux at the Earth is then on the order
of 108 A~Yvo50004 cm2 s sr1 wherepas = p/(10-24 g/cm?®) anduosg s the speed in
units of 250 ks [9]. Experiments sensite at ths flux level or better have been able to
rule out quark nuggets as being theldmatter for baryon numbers $< A < 10?°[77,

147). This however does not rule out a low flux level either left over from the Big Bang or
arising from collisions of strange stars. Ietdrange matter hypothesis is valid, one should
indeed expect a significant background flixaiggets from collisions of strange stars in
binary systems, which are ultimatelyltding because of the loss of angular momentum
emitted from the binary system as gravitational radiation. If such collisions spread as little
as Q1M of strangelets with baryon numbar~103), asingle collision will lead to a flux

of 106 A= ua50cm2 571 sr1[9)], assuming that the nuggets are spread homogeneously
in a galactic halo of radius 10 kpc. This would lead to a concentration of nuggets in our
galaxy of less than I¢ nuggetgcm?®, translating to a nugget concentration in terrestrial
crust matter bat mog 10° cm~3 (mass density~10-2° g/cm3). Such a nugget density
would correspond to a concentration of nuggets per nuclBigiange Nnucleons that is
much lessthan 1014 [148. The upper limit on the concentration of strange nuggets
per nucleon in terrestrial matter eslished experimentally by Brugger et al49 and
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Fig. 13. Experimental limits on the condeation of strangelets per nucleoNstrange Nnucleons contained in
three samples studied37. These are a meteorite, terrestrial nicke?, and lunar soil. The results from Brigger
et al. [L49 obtained with an iron meteorite are shown for conigan. Figure reprinted with permission from
M.C. Perillo Isaac et al., Phys. Rev. Lett. 81 (1998) 2416.
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Perillo Isaac et al.37 is 1014, which falls short of the upper limits that follow from
strange star—strange star collisions as well as the flux of strange nuggets in cosmic rays.
Consequently the results of Briigger et dl4§] and Perillo Isaac et al. 137 shown in

Fig. 13do not rule out the existence of strange matter. This figure shows the results for three
samples, a heavy ion activation experiment mostly sensitive to light strang&lets 0°)

which, if present a cosmic rayswould have been absorbed irtoe Earth’s atmosphere.

The situation would be different for the Moon, which has no atmosphere. Since its surface
has been exposed to cosmic rays for millions edigs, the upper limit ahe concentration

of strange matter in the lunar soil can be used to deduce a limit for the flux of impinging
strangelets. The lunar sample was collected from the top 0.5 to 1 cm surface, at the base
of the Sculptured Hills, Station 8. The presence of high cosmic ray track densities in the
sanple suggests that the integrated lunar surface exposure age is about 100 Myr. Using the
range of strange matter in normal matter suggeste8ij & limit on the flux of strangelets

on the surface of the Moon was deducedlB87 and is shown irFig. 14.

A limit on the total amount of strange matter in the Universe follows from the observed
abundance of light isotopes. This is so besethe strange nuggets formed in the Big Bang
would have absorbed free neutrons which reduces the neutron to protomratid,. This
effect in turn would lower the rate of production of the isotdpte, whose abundance is
well known from observation. For a given mass of the strange nuggets, this constrains their
total surface area. To be consistent with the missing dark matter, assumed to be strange
qguark matter, and the observed abundandegbft isotopes, the primordial quark nuggets
had to be made of more tharL 0?2 quarks. According to what has been said above, quark
nuggets that massive are not stopped by the Earth.

As summarized inTable 4 during the past few years several experiments have
been using high energy, heavy ion collisions to attempt to create strange quark matter
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(strangelets) in the laboratorThe deéction of strangelets in relativistic heavy ion
collisions is conceptually rather simple, because of the strangelet'sZp# ratio.
Technically, however, such an attempt is very difficult for several reasons. First of all one
has to defeat the finite-number destabilizing effect of strange nuggets; that is, the number of
free quarks produced in a nuclear collision must be sufficiently large that surface and shell
effects do not dominate over the volume energy of strange matter, destroying its possible
absolute stability. Moreover, sindeg dense and hot matter is produced$d0~-22s, there

is no time to develop a net strangeness. However, it is believed that strange nuggets will
result from two kinds of simultaneous fluctuats that separate strange and antistrange
quarks, and that also cool the nuggets with the result that they do not evaporate. Finally,
we mention the huge multiplicity of particlesquiuced in such collisions, which makes the
patticle identification rather oneroud$d. The NA52 (Newmass) experiment has been
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Table 4

Past, preent, ad future search experiments for strange quark matter
Experiment References
Cosmic ray searches for strange nuggets:
AMS-022 [39,127
CRASH [123-12%
ECCCF [40]
HADRON [126]
ImBd [127]
JACEE® [128129
MACROf [130-133
Search for strangelets in terrestrial matter: 134
1. Tracks in ancient mica 80,135
2. Rutherford backscattering 136137
Search for strangelets at accelerators:
1. Strangelet searches E858, E864, E878, E882-B, E896-A, E886 138-140
2. H-dibaryon search 111,142
3. Pb+ Pbcollisions [L43-146

a8AMS: Alpha Magnetic Spectronter (scheduled for 2005-2008).

bCRASH: Cosmic Ray And Strange Hadronic matter.

CECCO: Extremely heavy Cosmic-ray Composition Observer.

dIMB: Irvine Michigan Brookhaven proton decay detector (1980-1991).
€JACEE: Japanese—American CoopematEmulsion Chamber Experiment.
fMACRO: Monopole, Astrophysics and Cosmic Ray Observatory (1989-2000).

searching for long lived strangelets as well as for antinuclei in Pb—Pb collisions at CERN
SPS. No evidence for the production of long lived charged strangelets has been observed.
One very intrguing candidate for a strangelet of mass- (7.44-0.3) GeV, electric charge
Z = —1, and laboratory lifetime > 0.85x 10~° sec was detected in the data of the 1996
run [151). This object, which could not be confirmed however, could have been made of
6u+ 6d + 9s quarks, carrying a baryon number&f= 7, or 7u+7d + 10s quarks @A = 8).
Evidence for the possible existence of strange matter in cosmic rays may come from
Centaurccosmic ray events7/B—81157. Such events are seen in mountain top emulsion
chamber experiments. The typical energy of such an event is of ortig¥ TeV, and the
typical particle multiplicity is 50 to 100 particles. Several intriguing Centauro events have
been reported from a Brazilian—Japanese collaboration, the first several decades ago, where
an interaction in the air 50 to about 500 m above the detector gave rise to a large number
of charged hadrons and zero or very few photons or electt3.[In one particularly
striking Centauro event, 49 hadrons were observed to interact in the detector but only
one photon or electron. The typical transverse momentum (poorly determined) of about
~1 GeV ®ems to be larger than that for a typical event of the same energy. The striking
feature is that there seem to be no photons produced in the primary interaction which
makes the Centauro. This is unukbacause in high energy collisions? mesons are
always produced, and they decay into photons. A Centauro event is much like a nuclear
fragmentation. If a nucleus were to fragment, then there would be many nucleons, and if
the interaction which produced the fragmentation was sufficiently peripheral, there would
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befew pions. This possibility is ruled out because the typical transverse momentum is so
large, and more important because a nucleosld not survive to such a great depth in the
atmosphere. Being much more tightly bound together than an ordinary nucleus, a strangelet
with a baryon number around A- 10° explains many of these unusual features. So it is
conceivable that a strangelet incident upon the top of the atmosphere or produced at the top
of the atmosphere could survive to mountdiitade. It may have lost a significant amount

of baryon number before getting to this depth however. A peripheral interaction might be
suficient to unbind it, since it certainly will not be so tightly bound with reduced baryon
number. The problem with this explanation is that it does not explain the high transverse
momenta. At transverse momenta~of GeV one would expect final state interactions to
generate some pions, and therefore an metagnetic component which, as mentioned
above, is not observed $4. Strange matter does not constitute the only explanation

of Centauros. One alternative explanation would be that Centauro (and anti-Centauro)
ewvents are manifestations of disoriented chiral condensat#s. [Another interpretation

(of the Chacaltaya Centauro events) suggests that they are due to fragments of heavy
primary cosmic rays. However, the probability of survival of heavy primary nuclei to this
depth in the atmosphere appears much too low to account for the number of Centauros
reported.

Besides lhe peculiar Centauro events which megt as agents for strange matter, the
high energyy-ray sources Cygnus X-3 and HerculedlXray give additional independent
support for the existence of strange matter. The reason is that air shower experiments on
Her X-1 and Cyg X-3 mdicate that these air showers have a muon content typical of
cosmic rays. This muon content is a surprising result. Typical cosmic rays at energies
between 10 and £0reV are potons. To arrive from the direction of Cyg X-1 or Her X-1,
the particle must be electrically neutral. To survive the trip, it must be long lived. The
only known particle which can quantitativedgtisfy this constraint is the photon. Photon
air showers however have only a small muon component. Photons shower by producing
electron pairs. When only underground data was known, it was proposed that the most
likely candidate for the initiating particle is a hadron, and in order for interstellar magnetic
fields not to alter its direction relative to that of the source, the hadron—known in the
literature as the cygnet—must be neutral. @&ural candidate for the cygnet appears to
be the H paticle (seeSection 5.1.% the electrically neutral strangeness-2 dibaryons with
the quantum numbers of two lambdaZ& (= 0, A = 2) proposed by Jaffe8p]. In the
theory ofhadrons composed of colored quarks antibprarks, combintons other than the
usualgqq andqq are allowed as long as they are color singlets. Jaffe found that a six-
quarkuuddsscolor singlet state (H) might have strong enough color-magnetic binding to
be stable against strong decay. Thatis, could be less than the strong decay threshold,
twice the A% (ud9 mass,my < 2m 0. Edimated lifetimes for H range from-10710 s
for my near theA%4° thresold to >107 for light H paticles near thenn thresold.

The potentially long lifetimes raise the possibility that H particles may be present as
components of existing neutral particle beams (e.g. the E888 experiment liStioléy).

To make the H long lived enough, it is necessary to make the H have a mass below single
weak decay stability. To generate a large endighof H particles, the source is assumed

to be a strange star. Studies of Her X-1 however seem to rule out this hypothesis, since
studies of the correlation in arrival time with the known period of Her X-1 give an upper
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limit of the particle mass of about 100 MeV. The source of radiation must be either due to
anomalous interactions of photons or neutrinos, or from some exotic as yet undiscovered
light mass, almost stable particles. Thelpem with Cyg X-3 may be that it is accreting

mass and thus has a crust, such that there is no exposed strange matter surface where small
strangelets could be produced and subsatiyeaccelerated eleadynamically to high
energies into the atmosphere of the companion star where H particles were created via
spallation reactions.

Anomalously massive particles, which could be interpreted as strangelets, have been
observed in a number of independent cosmic ray experim8titsTwo such anomalous
events, whih are consistent with electric charge valigés~ 14 and baryon numbers
A ~ 350, have been observed by a balloon-borne counter experiment devoted to the
study of primary cosmic rays by Saito et al.Z3. A balloon-borne experiment carried
out by the Italian/Japanese CRASHable 4 cdlaboraton, however, could not confirm
the existence of such objects in cosmic raly24. Evidence for the presence of strangelets
in cosmic rays has alscekn pointed out by Shaulot26156. This experiment, known
as HADRON, was carried out at Tien-Shan Station between 1985 and 1993. It is based on
a conbination of extensive air shower arrays and large emulsion chambers. The strangelet
component in this experiment was estimated to be aboutd yr 1. The datataken by
HADRON indicates that some primary cosmays may contain nonucleus components
which generate extended air showers that contain both a large number of muons and very
highly energetic photondlpg. Another group of data, associated with the absorption of
high energy photons in the atmosphere, suggests that cosmic rays may contain an unusual
component with an absorption length a few times greater than for ordinary nub@i [
These features are nicely explained if omesumes that they acaused § stable or
metastake strangelets]5€. Besides that, theoscalled Price eventlb7 with Z ~ 46
and A > 1000, regarded previously as a possible candidate for the magnetic monopole,
turned out to be fully consistent with tt#/ A ratio for grange quark matterd5§. Findly
we mention an exotic track event with ~ 20 andA ~ 460 observed in an emulsion
chamber exposed to cosmic rays on a balloon as reported by Miyafr2BaThis exotic
track event motivated the balloon-borne emulsion chamber experiment JACEEahd
Concorde aircraftI59 experiments. JACEE was flown near the top of the atmosphere. At
least two events have been observed which have been referred to as anti-Cedtdiros [

3.5. Unusual seismographic events

As already described isection 3.4 De Rijula and Glashow speculated about the
presence of lumps of stable strange matter, also referred to as strange nuggets or
nucleaites, in the cosmic radiatiorlR7. The seismic signals caad ly thesenucleaites
passing through the Earth would be very different from the seismic signals caused by an
earthquake or a nuclear explosid@b[L27]. This follows from the rate of seismic energy
produced by strange nuggets given big/dt = fopv3, whereo is the nugget cross
section, p the nominal Earth density; the nugget speed, andl the fraction of nugget
energy loss that results in seismic waves rather than other dissipation such as heat or
breaking rock 86]. Underground nuclear explosions haffe~ 0.01, chemical explosions
f ~ 0.02. In contrast to this, strange nuggets with a mass of several tons (sizeufrh)
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passing through the Earth would imply that~ 0.05. Anderson et al.g6] looked at

more than a million records dected by the US Geological Survey between 1990 and
1993 that were not associated with traditiongibmic disturbances such as earthquakes.
The seismic signature would be caused by the large ratio of the nuclearite speed, estimated
to be around 400 kifs. Strange nuggets might thus pass through the Earth at 40 times
the speed of seismic waves. Most intenegly, Anderson et al. were able to single out

two seismic events exhibiting this behavi®ne event occurred on 22 October 1993; the
other event occurred on 24 November 1993. In the first case, an unknown object seems to
have entered the Earth off Antarctica and left it south of India. It was recorded at seven
monitoring stations in India, Australia, Bolivia, and Turkey. In the second case, an object
seems to have entered in the South Pacific, south of Australia, and left the Earth 16.8
seconds later in the Ross Ice Shelf near the South Pole. This event was recorded at nine
monitoring stations in Australia and Bolivia. The chord length between the entry and exit
points of the 24 November 1993 event is 4204 km, so the duration measured for this event,
if caused by the passage of an object through the Earth, would imply a velocity for the
hypothetical object of 250 kyts. The intepretation of the data as being caused by strange
nuggets penetrating the Earth is backed by a Monte Carlo study that was used to identify
the extent to waich nuclearites could be detected by seismographic stat8&E5J. The

study showed thaine would expect to detect as many as 25 four-ton nuclearite events per
year if a four-ton strange nugget were to saturate the halo dark matter density. If 10% of the
dark matter density were distributed in strange nuggets over the mass range from 0.25 to
100 tons one would expect about an event per year. Detection of a nuclearite would require
at least six station sites to fix its impact time, location, and velocity, and seismic detection
of signals by at least seven stations is required in order to separate strange nugget events
from random spurious coincidences.

3.6. AMS and ECCO

As shown in Ref. 41], finite lumps of color—flavor locked strange quark matter, which
should be present in cosmic rays if strange matter is the ground state of the strong
interaction, turn out to be significantly more stable than strangelets without color—flavor
locking for a wide rage of parameters. In additionrahgelets made of CFL strange
matter obey a charge—mass relatiorZgfA o« A~Y/3, which differs significantly from the
charge—mass relation of strangelets maderdinary strange quark matter, as discussed in
Section 3.31In the later caseZ/A would be constant for small baryon numbeksand
Z/A «x A=?/3 for large A [9,41,77]. This difference may allow an astrophysical test of
CFL locking in strange quark matted]]. The test in question is the upcoming cosmic
ray experiment AMS-02 scheduled on the International Space Stad@n AMS-02
is a roughly a 1 nd sterad detector which will provide data from October 2005 for
at least three years. AMS-02 will probeettdark nmatter content in various channels
(antiprotons, atideuterons,e™, y), cosmic rays and, astrophysics, and, as already
mentioned, strangelets. The expedied of strangeletsf baryon numbeA < 6 x 10° at
AMS-02 is [41]

F~5x10° (mPysn x Roax M_p x Vi x t7, (62)
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where R_4 is the number of strange star collisions in our galaxy pery,GM_» is the
mass of strangelets ejected per collision in units of A, Vigo is the effective galactic
volumein unitsof 100 kpé& over which stragelds are distributed, ant} is the average
confinement time in units of ¥0y. All these fctors are of order unity if strange matter is
absolutely stable, though eaclithvsignificant uncertaintiesifl].

Another intriguing instrument is ECCOrdble 4, whose primary goal will be the
measurement of the abundances of the individual long lived actinides (Th, U, Pu, Cm) in
the galactic cosmic rays with excellent redau and statistics. ECCO is a large array of
passive glass—track—etch detectors to be exposed in orbit for at least threel@parkg
detectors will passively record the tracks efativistic ultraheavy galactic cosmic rays
during exposure in orbit. After recovery, the detectors are calibrated, etched, and analyzed.
ECCO is one of two instruments on the HNX&Blvy Nuclei eXplorer) spacecraft, which
is under consideration as a Small Class Explorer Mission. The HNX mission is planned
for launch in October 2005 into a 475 km circutabit. Recovery is planned nominally for
three years filowing launch.

4. Relativistic stellar models
4.1. Particles in curved space—time

Neutron stars @& objects of highly compressed matter such that the geometry of
space—time is changed considerably from flat space. Thus models of such stars are to
be constructed in the framework of Einstein’s general theory of relativity combined with
theories of superdense matter. The effeétsupved space—time are included by coupling
the enegy—-momentum density tensor for matter fields to Einstein’s field equations. The
generally covariant Lagrangian density is

L=Lg+ Lg, (63)

where the dynamics of particles are introduced through and the gravitational
Lagrangian densitgg is given by

Lo =g"? R=g"’g"" Ry, (64)

whereg"” and R, denote the metric tensor and the Ricci tensor, respectively. The latter
is given by
Row=I,—-I,+I2I, - (65)

Mo,V nv,o KVv= uo KO~ uv?

with the commas denoting derivativestiwrespect to space—time coordinates, e:g=
d/0x". The Chrstoffel symbolsI” in (65) are ddined as

1
Iy = 597 Gy + Gorpe = Guv.a)- (66)

The connection between the two branches of physics is provided by Einstein’s field
equations:

1
G" =R" - Sg""R=81T""(¢, P(¢)) (67)
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(u,v = 0,1,2,3), which couple the Einstein curvature tensd@/’, to the
energy—momentum density tensat’, of the stellar matter. The quantitieg*’ and R

in (67) denote the metric tensor and the Ricci scalar (scalar curvatii€llie tensoiT #”
contains the equation of statB(e¢), of the sellar matter, discussed iBectbns 2and3.

In general, Einstein’s field equationsdathe many-body equations were to be solved
simultaneously since the baryons and quarks move in curved space—time whose geometry,
determined by Einstein’s field equations, is coupled to the total mass—energy density of
the matter. In the case of neutron stars, as for all astrophysical situations for which the
long range gravitational forces can be cleanly separated from the short range forces, the
deviation from flat space—time over thentgh scale of the strong interactionl fm, is
however practically zero up to the highest densities reached in the cores of such stars
(some 18° g/cm?). This is not to be confused with the global length scale of neutron stars,
~10 km, for whichM/R ~ 0.3, depending on the star's mass. That is to say, gravity curves
space—time only on a macroscopic scale batvss it flat to a very good approximation

on a microscopic scale. To achieve an ap@el@ curvature on a microscopic scale set

by the strong interaction, mass densities greater thaf*® g/cm® would be necessary
[161]! This circumstance divides the construction of models of compact stars into two
distinct problems. Firstly, the effects of the short range nuclear forces on the properties of
matter are described in a co-moving proper reference frame (local inertial frame), where
space—time is flat, by the parameters and laws of (special relativistic) many-body physics.
Secondly, the coupling between the long range gravitational field and the matter is then
taken into account by solving Einstein’s field equations for the gravitational field described
by the general relativistic curvature ofage—time, leading to the global structure of the
stellar confguration.

4.2. Stellar structure equations of non-rotating stars

For many stidies of neutron star properties it is sufficient to treat neutron star matter as
a perkct fluid. The energy—momentum tensor of such a fluid is given by

T = utu’(e + P) + gV P, (68)

whereu* andu® are four-velocities defined as

v
uM_dx“ ,  Ox

dr’ T odr
They are the components of the macroscopic velocity of the stellar matter with respect to
the actual coordinate system that is being used to derive the stellar equilibrium equations.
The production of curvature by the star’'s mass is specified by Einstein’s field equations:

(69)

1
G = 81Ty, whereG,, = R,, — Eg’“’R (70)

is the Einstein tensor. Thealar curvature of space—tinkein Eq. (70), also known as the
Ricci scalar, follows from Eq.65) as

R=R,,g". (71)
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Finally, we need to specify the metric of a non-rotating body in general relativity theory.
Assuming spherical symmetry, the metric has the form
ds? = —2?0qt? + 40 dr2 4 r2d9? + r2 sinf 0 dgp?, (72)

where &(r) and A(r) are radially varying metric functions. Introducing the covariant
components of the metric tensor,

g =—€"0 gy =0 gy =12 gy =r?sinfo, (73)
the non-vanishing Christoffel symbols of a spherically symmetric body are

Ftl't — ez@(r)*z/l(r) @/(r)’ Fttr — @/(r)’ ]—vrl’r — A/(r)’ FrGG — ril,

Frq; =r Ty = —re 240,
¢ _ Cost ro_ : —2A(r) 0 _ _qj
%= s Iy, = —rsioe , Iy, = —siné cosd, (74)

where primes denote differentiation with respect to the radial coordinate. Fromasys. (
(70) and (74) one derives the structure equations of spherically symmetric neutron stars
known as Tolman—Oppenheimer—\Volkoff equatioh82163:

dP _ e(mmr) A+ P(r)/e(r)(L+ 4rr3P(r)/m(r))
a r2 1—2m(r)/r '

Note that we use units for which the gitational constat and velocity of light are

G = c =1, soMg = 1.475 km. The boundargondition for (5) is P(r = 0) = P; =

P(ec), whereec denotes the energy density at the star’s center, which constitutes an input
parameter. The pressure is to be computed out to that radial distancemereR) = 0

which determineshie star’s radiusR. The mass @ntained in a sphere of radius(<R),
denoted bym(r), follows asm(r) = 4x f(; dr'r’2¢e(r’). The star’s teal gravitational mass

is thusgiven byM = m(R).

Fig. 15 shows the gravitatinal mass of non-rotating neutron stars as a function of
stellar radius for several sangpdguations of state discussed$ectons 2and3. Each star
sequence is shown up to densities that are slightly larger than those of the maximum-mass
star (indicated by tick marks) of each sequence. Stars beyond the mass peak are unstable
against radial oscillations and thus cannot estably in Nature. One sees that all equations
of state are able to support neutron stars of canonical nvss, 1.4Mg. Neutronstars
more massive than aboukR,, on the other hand, are only supported by equations of state
that exhibit a very stiff behavior at supernuclear densities and disfavor exotic Ke-g.,
mesons, quark matter) degrees of freedom. Knowledge of the maximum possible mass of
neutron stars is of great importance for two reasons. The first is that the largest known
neutron star mass imposes a lower bound on the maximum mass of a theoretical model.
The current lower bound is about5bMg, for neutron star Cyg X-2165, which does
not exclude the existence of exotic phases of matter in the core of Cyg X-2. The situation
could easily change if a future determination of the mass of this neutron star were to result
in a value that is close to its present upper limit ®2Mg. The seond reason is that
the maximum mass is essential in order to identify black hole candidbé&169. For
example, if the mass of a corapt companion of an opticatar is determined to exceed

(75)
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Fig. 15. Neutron star mass versus radius for differequations of state. The broken horizontal lines refer
to the masses of Vela X-1 @6 + 0.16Mg) [164], Cyg X-2 (178 £+ 0.23Mp) [165, and PSR 1913+16
(1.442 £+ 0.003M) [166]. The line labeled ‘TC’ denotes the average neutron star ma85Q# 0.004Mp)
derived by Thorsett and Chakrabarty6[/].

the maximum mass of a neutron star it miista black hole. Since the maximum mass of
stable natron stars studied hereis2.2Mg, conpact companions more massive than that
value would be black holes.

4.3. Rotaing star models

The structure equations of rotating compatars areconsiderably more complicated
that those ohon-rotating compact starg][ These complicationkave theircause in the
rotational deformation, that is, a flatteniagthe pole accompanied with a radial blow-up
in the equatorial direction, which leads tadapendence of the star’s metric on the polar
coordinatef, in addition to the mere dependence on the radial coordinmat&econdly,
rotdion stabilizes a star against gravitational collapse. It can therefore carry more mass
than would be the case if the star were to be non-rotating. It being more massive, however,
means that the geometry of space—time isngjeal too. This makes the metric functions
associated with a rotating star depend on the star’s rotational frequency. Finally, the general
relativistic effect of the dragging of locahertial frames implies the occurrence of an
additional non-diagonal terng'?, in the metic tensorg”’. This term inposes a self-
consistency condition on the stellar structure equations, since the extent to which the
local inertial frames are dragged along in the direction of the star’s rotation, indicated
schematically irFig. 16, is determined by the initially unknown stellar properties such as
mass and rotational frequency. The covar@mmponents of the metric tensor of a rotating
compact star are thus given ;170

gtt - _e21) + ezwa)za gt¢ = _eZIPw’ grr - GZAa 909 - 62M7 g¢¢ = ezw’ (76)
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T S

Fig. 16. Features of a rotating compact star in genalaitivity. Indicated is the deformation of the geometry
of space—-time and the dragging of the local inertiahfea. The latter rotate at a position dependent angular
frequencyw (r, 0, ¢), which isto be calculated self-consistently froninEtein’s field equations. The dragging
frequencies inside three 8t configurations are shown Ifig. 17.

which leads for the line element to
ds? = g, dxtdx” = —€?"dt? + €2V (d¢ — wdt)? 4 edh? + e dr 2. (77)

Here each metric function, i.e, ¥, u, anda, as well as the angular velocities of the local
inertial framesw, depend on the radial coordinateand polar angl®, and implicitly on

the gar's angular velocityf2. Of particular interest is the relative angular frame dragging
frequency, defined as

&, 0,2) =0 — o0, 2), (78)

which is the angular velocity of the staf), relative to the angular velocity of a local inertial
frame,w. It is thisfrequency that is of relevance when discussing the rotational flow of the
fluid inside the star, since the magnitude of the centrifugal force acting on a fluid element
is governed—in general relativity as well as in Newtonian gravitational theory—by the
rate of rotaion of the fluid element relate to a Iacal inertial frame 171). In contrast to
Newtonian theory, however, the inertial framiaside (ad outside) a general relativistic
fluid are not at rest with respect to the distatdrs, as poited out just above. Rather, the
local inertial frames are dragged along by the rotating fluid. This effect can be quite strong,
as shown irFFig. 17. For a heay neutron star rotating at its Kepler frequency, one sees that
@/ 12 varies typically between about 15% at the surface and 60% at the center, where the
mass density is highest.

4.4. Kepler frequency

No simple stability criteria are known for rapidly rotating stellar configurations in
general relativity. However, an absolute upper limit on stable neutron star rotation is set
by the Kepler frequencyk , which isthe maximunfrequency a star can have before mass
loss (mass slieling) at the equator sets in. In classical mechanics, the expression for the
Kepler frequency, determined by the equality between the centrifugal force and gravity, is
readily obtained a$x = /M/R3. In order to derive its general relativistic counterpart,
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Fig. 17. Dragging of the local inertial frames insid#ating neutron stars in the equatorial directi®R. andM
denote the Kepler period, defined in E§3), and the gravitational ass. (Taken from Ref1].)

one applies the extremal principle to the circular orbit of a point mass rotating at the star’s
equator. Since = 6 = const for a point mass there, one has-d d¢ = 0. Theline
element {7) then raluces to

ds? = (% — ¥ (2 — w)d)dt?. (79)

Substituting this expression intb= fssf ds, wheres; ands; refer to points located at that
particular orbit for whichJ becomes extremal, gives

S
J= / dtv/e2 — eV (2 — w)2. (80)
S1

Applying the extremal conditiofJ = 0 to Eqg. 80) andnaticing that

V=& -w), (81)
one obtains from Eq.80)

a a a

W vy 00y _ P av g (82)

ar ar ar

This constitutes a simple quadratic equation for the orbital velo¢itgf a paticle at
the star’s equator. Solvin@Q) for 2 = (Xx gives the fluid’s general relativistic Kepler
frequency in terms o¥ , the meric functionsv andy, and thdrame dragging frequeney,
each quantity being a complicated function of all the other quantities. In this maékner
given by [1]

0 2 e Y (2 2 P = 2 (83)
= —_— 9 =
« 29’ v\ 2y I

which is to be evaluated at the star’'s etqugprimes denote radial derivatives)ig. 18
showsPk as a function of rotating star mass. The rectangle indicates both the approximate
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range of observed neutron star masses as well as the observed rotational periods which,
currently, areP > 1.6 ms. One ges that all pulsars so far observed rotate below the mass
shedding frequency and so can be interpreted as rotating neutron stars. Half-millisecond
periods or even smaller ones are excluded for neutron stars of mids 11,170177.

The situation appears to be very different for stars made up of self-bound strange quark
matter, the so-called strange stars which will be introducefiection 5.2 Such $ars can
withstand stable rotation against mass shedding down to rotational periods in the half-
millisecond regime or even belovi48. Consequently, the possible future discovery of a
single submillisecond pulsar spinning at say 0.5 ms could give a strong hint that strange
stars actually exist, and that the deconfined self-bound phase of three-flavor strange quark
matter is in fact the true ground state of the strong interaction rather than nuclear matter.
Strange stars of a canonical pulsar mass aroudt¥ly, have Kepler periods in the range

of 0.55 ms< Pk < 0.8 ms, dpending on the thickness of the nuclear crust and the bag
constant 10,11]. This rangeis to be compared withPk ~ 1 msobtained for standard

(i.e., no phase transition) neutron stars of the same mass. Phase transitions in neutron stars,
however, may lower this value down to Kepler periods typical of strange $ta&s [

4.5. Moments of inertia of rotating compact stars

To derive the rpression for the moment of inertia of a rotationally deformed,
axisymmetric star in hydrostatic equililorn, we start from the following expression:

[ (A, 0) = %/Adrdedqmt(r,e,qs, 2)\/—q(r, 0,0, 0). (84)

We assume stationary rotation, which is well justified for our investigations. The quantity
A denotes an axially symmetric region in the interior of a stellar body where all matter is
rotating with the same angular veloci}; and./—g = € *#+'+¥_ The component,' of

the enegy—momentum tensor is given by

T¢t = (6 —+ P)Ud,ut. (85)

Let us focus next on the determination of the fluid’s four-veloaity= (ut, u’, u?, u?).
From the general norrliaation relationu“u, = —1 one readily derives

—1 = (u"2gy + 2u'u® gy + (U)2ggy. (86)
This relation can be rewritten by noticing that
u? = Qut, (87)

which extremizes the total mass—energy of the stationary stellar fluid subject to the
constraint that the angular momentum about the star's symmetry Baxiandits baryon
number,A, remain fixed [L74. Substituting 87) into (86) leads to

—1= (UH2(Gt + 20ty 2 + Gpp 2. (88)

which can be solved far'. This gives

~1/2
u' = (—(gtt + 2042 + Upg 92)) . (89)
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Fig. 18. The onset of mass shedding from rapidly spigmeutron stars, computed for a collection of equations
of state (taken from Ref1]). The Kepler griod is defined in Eq.83).

Rephcinggtt, gt, andggs with the expresionsgiven in (76) and re@ranging terms leads
for (89 to

ul—e (1 (- Q)ZeZW—ZV)fl. (90)

Last but not least we need an expressionugrof Eg. @5) in terms of the &r’'s metric
functions. To accomplish this we writgy asus = ggpeU< = ggtU' + gppu?. Upon
substituting the expressions fgg: andg,, from (76) into this relation, we arrive at

Up = (2 — ) Ut (91)

Substituting the four-velocitie®0) and @1) into (85) gives the required expression for the

energy—momentum tensor:
Tyl = (e + P)(2 — ) (e2” — (- Q)zez'”)_ .

(92)
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Finally, inserting thé expression into4) leads for the moment of inertia of a rotationally
deformed star to

7 R(0)
— vy €+ P(e) ?-w
1(£2) _2n/0 de/o dret Vo O (93)

Relativistic corrections to the Newtonian expressionlfowhich for a ghere of uniform
mass densitye(r) = const, is given byl = %MRZ, comefrom the dragging of local
inertial frames (2 — w)/{? < 1) and the curvature of space.

5. Strangenessin compact stars
5.1. Neutron stars

Physicists know bthreekinds of compact stars. These are black holes, neutron stars,
and white dwarfs. Neutron stars and whdwarfs are in hydrostatic equilibrium, so
at each point inside the star gravity is balad by the degenerate particle pressure,
as described mathematically by the Man—Oppenheimer—\olkoff equatioig). These
stars, thezfore, exhibit the generic mass—radius relationship shoviaignl 9. Depending
on composition, the maximum neutron star mass (marked ‘1") lies somewhere between
~1.5 and 25Mg, (see alsd-ig. 15). The minimum mass of neutron stars (marked ‘2’) is
around OLMg. Thesestars areconsiderably less dense-Q.1¢g) and tus much bigger
(R < 300 km) than the neutron stars of canonical mass, whiefligdMg. White dwarfs
at the Chandrasekhar mass limit (marked ‘3’) have densities arotthg/t?, which is
five arders of magnitude smaller than the tygli densities encountered in neutron stars.

5.1.1. Hyperons

Model calculations indicate that only in the most primitive conception is a neutron star
made of only neutrons. In a more accurate espntation, a neutron star may contain
neutrons 1) and protons ) whose charge is balanced by electroes)(and muons
(n™), strangeness-carrying hyperons, (4, =), meson condensateK{ or p7), u,d, s
guarks, or possibly H-dibaryons. The partickemposition is determined by the conditions
of electric charge neutrality and chemical equilibrium as well as the in-medium properties
of the constituents calculated for a given microscopic many-body theorgéctbns 2
and3). In general, the population of negatively charged hadronic states is favored over
the population of positively charged hadronic states since the negative charge carried by
the hadrons can replace high energy electrbgsneans of which a lower energy state is
reached. Aside from electric charge, the isospin orientation of the possible constituents is
of key importance for the population too. Theason is that neutron star matter constitutes
a highly excited stte of matter relative to isospin symmetric nuclear matter. Hence, as soon
as there are new hadronic degrees of freedom accessible to neutron star matter which allow
such matter to @come more isospin symmetric, it will make use of them.

5.1.2. K~ meson condensate
The condensation df ~ mesons in neutron stars is initiated by the reaction

e > K™ 4. (94)
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Fig. 19. Mass versus radius oéutron stars, white dwarfs, and planets. Stars located between the lightest neutron
star (marked ‘2") and the heaviest white dwarf (marked ‘3’) are unstable against radial oscillations and thus
cannot exist stably in nature. If strange matter were to be more stable than nuclear matter, an enormous region in
the M—R plane void of compact objects could be popethtvith strange matter configurations ($ég. 28.

If this reaction becomes possible in a neutrtar,sit is energetically advantageous for
the star to replace the fermionic electrons with the bos#hicmesons. Whether or not
this hgppens depends on the behavior of e mass in neutron star matter. Experiments
which shed lght on the properties of th€ ~ in nuclear matter have been performed with
the Kaon Spectrometer (KaoS) and the FO@tedtor at the heavy ion synchrotron SIS at
GSI [175-178. An analysis of the earl)K ~ kinetic energy spectra extracted from-NNi
collisions [L79 showed bhat the attraction from nuclear matter would bring #e mass
down tomj _ =~ 200 MeV atp ~ 3pp. Forneutron-rich matte the retion

M (p) ~ my - (1 - o.2ﬁ) (95)
£0

was estalished [L81-183, with mx = 495 MeV theK~ vacuum mass. Values around

mi _ >~ 200 MeV liein the vicinity of the electron chemical potential?, in neutron

star matter1,14], so the threshold condition for the onsetlof condensation,® = mj,

which follows from Eq. 94), could be fulfilled in the centers of neutron stars. The situation

is illustrated graphically irFig. 20. Eq. 04) is followed by

n+e — p+ K~ +v, (96)

with the neutrinos leaving the star. Bhi$ conversion the nucleons in the cores of
newly formed neutron stars can become half neutrons and half protons, which lowers
the energy pr baryon of the matterlB4. The relative isospin symmetric composition
achieved in this way resembles that of atomic nuclei, which are made up of roughly equal
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Fig. 20. The effective &on mass in nucleal 9 andneutron starI80] matter. (Taken from Ref.].)

numbers of neutrons and protons. Neutron stars are therefore referred to, in this picture, as
nucleon stars. The maximal possible mass of this type of star, wher®&das gone to
completion, has been calculated to be aroursiML, [185. Consequently, the collapsing

core of a supernova (e.g. 1987A), if heavier than this value, should go into a black hole
rather than forming a neutron stdrg8181,182. Another striking implication, pointed out

by Brown and Bethe, would be the existence of a large number of low mass black holes in
our galaxy [L6§.

5.1.3. Strange quarks

Several decades ago it had already been siggéhat, because of the extreme densities
reached in the cores of neutron stars, neutrons, protons, plus the heavier constituents may
melt, creating quark matter being sought at the most powerful terrestrial heavy ion colliders
[16-217. At present one does not know from experiment at what density the expected phase
transition to quark matter occurs, and one has no conclusive guide yet from lattice QCD
simulations. From simple geometrical considerations it follows that nuclei begin to touch
each other at densities ef(47rr,§,/3)*1 ~ 0.24 fm~3, which, for a characteristic nucleon
radius ofry ~ 1 fm, isless than twice the lbgon number densityg of ordinary nuclear
mater [49]. Above this density, therefore, it appears plausible that the nuclear boundaries
of hadrons dissolve and the originally confined quarks begin to populate free states outside
of the hadrons. Depending on rotational frequency and stellar mass, densities as large as
two to three timesg are easily surpassed in the cores of neutron stars, as can be seen
from Figs. 21and22, so theneutrons and protons in the centers of neutron stars may have
been broken up into their constituent quarks by graviti 6. More than that, since the
mass of the strange quark is so small, highly energetic up and down quarks are expected to
readily transform to strange quarks at about the same density at which up and down quark
deconfinement sets ir22,68]. Three-flavor quark matter could thus exist as a permanent
component of matter in the centers of neutron sta#9[186.
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In passing we mention that the existence of a mixed phase depends decisively on the
unknown surface tension. Alford et al. studied the CFL—nuclear mixed phi&3tdnd
found that if the surface tension is above about 40 WfeY then the mixed phase does
not occur at all. This surface tension is completely unknown, but one might expect the
‘natural scale’ for it to b&200 MeV)2 = 200 MeV/fm?2. For what fdlows we will assume
that the surface tension is such that a mighdse of quark matter and nuclear matter exists
above a certain density.

As pointed out by Glendennin@,23), in all earlier work on the quark—hadron phase
transition in neutron star matter, assumed to be a first-order transition, the possibility of
reaching the lowest energy state by rearraggdlectric charge beeen the regions of
confined hadronic matter amtbconfined quark matter in pé@equilibrium was ignored.

This incorrectly yielded a description of the possible quark—hadron transition in neutron
stars a a onstant pressure one, which had the eguence of excluding the coexistence
phase of hadrons and quarks from neutron stars. The microphysical agent behind this
preference for charge rearrangement is tharge symmetric nuclear force which acts to
relieve the high isospin asymmetry of neutron star matter as soon as it is in equilibrium
with quark matter. This introduces a net pogticharge on the hadronic regions and a
compensatory net negative charge on quark matter. (The nuclear matter and quark matter
phases are thus not separately chargerakats assumed before Glendenning’s work.)
Because of this preference for charge reagement exploited by a neutron star, the
pressure in the mixed quark—hadron phase varies as the proportions of the phases. Varying
pressure in the mixed phase is of key importance for the existence of the mixed phase inside
neutron stars, because hydrostatic equilibriliotates that presse drops monotonically

from the center toward the surface. For that reason the mixed phase is not strictly—and
incorrectly—excluded from neutron sta22[23,49].

If the denseinterior of a neutron star is converted to quark matte22,49,189, it
must be three-flavor quark matter (degs. 23through25) sinceit has lower energy than
two-flavar quark matter (se&ection 3. And just as for the hyperon content of neutron
stars, strangeness is raminserved on macroscopic timescales which allows neutron stars to
convert confined hadronic matter to three-flavor quark matter until equilibrium brings this
process to a halt. Many of the earlier investigations have treated neutron stars as containing
only neutrons, and the quark phase as consisting of the equivalent numbeanofd
quarks. Pure neutron matter, however, is not the ground state of a neutron star, nor is
a mixture of u andd quarks the ground state of quark matter in compact stars. In fact
the latter constitutes a highly excited state of quark matter, which will quickly weakly
decay to a mixture ofi, d, ands quarks in approximately equal proportions. Several other
investigations have approximated the mixed phase as two components which are separately
charge neutral, which hides the possible quark—hadron phase transition in neutron star
mater [22,23] because the deconfinement transition is shifted to densities hardly reached
in the coreof neutron stars of average mabs,~ 1.4Mg.

The Gibbs condition for phase equilibrium between quarks and hadrons is that the two
associated, independent chemical potentjalsand u® respectively, and the pressure in
the twophases be equal:

Pa(u", u® {p}, T) = Po(u", u® ), (97)
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whereu" and 1€ denote the chemical potentials of neutrons and electrons, respectively,
and the subscripts H and Q refer to confined hadronic matter and deconfined quark matter.
The quantity{¢} stands collectively for the particle fields and Fermi momenta which
characterize a solution to the equations of confined hadronic matter discuSssation 2
As known fram Eg. (L0), the quark chemical potentialssarehted to the baryon and charge
chemical potentials in Eq9{) as
u c 1 n 2 e d s 1 n 1 e

e A U e e e (98)
In accordance to what has been said just above, &4.i6 to be supplemented with
the conditons of baryon charge conservation and electric charge conserva@§][
Mathematically, the global conservation of baryon charge within an unknown volMime,
containingA baryons is expressed as

A
p=c=~0—0puW", 18 T)+ xpou", u 1), (99)

\%
wherey = Vq/V denotes the volume proportion of quark matds, in the unknown
volumeV. By defirition, the parametey varies between 0 and 1, determining how much
confined hadronic matter exists as quark matter. The global neutrality of electric charge
within the volumeV is mathematically expressed @223

Q

0=y = Q=094 (u", 18 T) + xao", n® T) +aL, (100)

wheregq = Zqu'pB anddg = Y ¢ q?',of denote the net electric charge carried by

hadronic and quark matter, respectively, and= >, q‘,f',oL stands for the electric charge
density of the leptons (se®ectbns 2and 3). One sees that for a given temperatire

Eq. 97) through (LOO) serve to deermine the twonidependent chemical potential® and

1€, and the wlumeV for a specified volume fractiog of the quark phase in equilibrium

with the hadronic phase. After completioy, is obtained ad/q = x V. Through Eq. 97)

to (100 the ctemical potentialg." andu.® obviously depend ol and thus on density,

which renders all properties that depend pf and .*—from the energydensityto the

bayon and charge densities of each phase to the common pressure—density dependent,
too.

Figs. 23through25 show sample quark—lepton populations computed for representative
bag constants as well as different many-bagproximations employed to model confined
hadronic matter 1,18§. Three features emerge immediately from these populations.
Firstly, one sees that the transition from pure hadronic matter to the mixed phase occurs
at rather low density of aboutog or even somewhat les22,23,189. Depending on the
bag constant and the underlying nuclear maogy approximation, threshold values even
as small as aboutdd are possible. Secondly, we emphasize the saturation of the number
of electrons as soon as quark matter appears, for then electric charge neutrality can be
achieved more economically among the baryon-charge-carrying particles themselves. This
saturation is of very great importance for the possible formation Kf-acondensate in
neutron stars81-184, whose threshold condition is given # = mi; . Fig. 20 shows
that this condition may be fulfed in neutron star mattedepending on thunderlying
many-body approximation and the structure of the many-body background. Thirdly, the
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Fig. 23. The composition of chemically equilibrated, stefiaark—hadron (hybrid star) matter as a function of
the baryon density. Hadronic matter is described by the relativistic Hartree model, 8. the bag constant is
B = 250 MeV/fm3. (From Ref. [1].)

presence of quark matter enables the hadronic regions of the mixed phase to arrange to
bemore isospin symmetric (i.e. closer equality in proton and neutron number is achieved)
than in the pure phase by transferring charge to the quark phase in equilibrium with it.
Symmetry energy will be lowed thereby at only a small cost in rearranging the quark
Fermi surfaces. Electrons play only a minor role when neutrality can be realized among
the baryon-charge-carrying particles. The stellar implication of this charge rearrangement
is that the mixed phase region of the star \hidive positively charged regions of nuclear
matter and negatively charged regions of quark matter.

Because of the competition between the Coulomb and the surface energies associated
with the positively chargedegions of nuclear matter and negatively charged regions
of quark matter, the mixed phaseéll develop geometrical structures, similarly to what
is expected of the subnuclear liquid—gas phase transiti®04192. This competition
establishes the shapes, sizes, and spacings of the rarer phase in the background of the other
in order to minimize the lattice energ22,23193. As known from the quark—hadron
compositions shown above, the formation of quark (q) drops may set in arqndB
a mewhat greater density the drops are endosely spaced and slightly larger in size.
Still deeper in the star, the drops are no lanie energetically favored configuration but
merge together to form quark rods of varying diameter and spacing. At still greater depth,
the rods grow together into quark slabs. Beyond this density the forms are repeated in
reverse order until at the inner edge of the mixed phase hadronic (h) drops of finite size but
separated from each other are immersed in quark matter. At densities between six to ten
times po, thehadronic drops have completely dissolved into pure quark ma&#23,49].
In all cases the geometric forms lie between about 10 and 28341%93. The change in
energy accompanied by developing such geoigadtstructures is likely to be very small
in comparison with the volume energ®4,23,194,195 and, thus, cannot much affect the
global properties of a neutron star. Nevertheless, the geometrical structure of the mixed
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Fig. 24. The composition of chemically equilibrated,llsfequark—hadron matter as a function of the baryon
density. Hyperons are artificially supgesl. Hadronic matter is described by HF¥,44]; the bag constant is
B = 150 MeV/fm3. (Taken from Ref.1].)
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Fig. 25. The same &8ig. 24 but for B = 250 MeV/fm?3. (Takenfrom Ref. [1].)

phase may be very important for transport phenomena as well as irregularities (glitches) in
the timing structure of pulsar spin dow2Z,2349].
We mnclude this sdon with presenting a representative model for the equation of
state of a quark hybrid star, which is shown kig. 26 [189. The hadronic phase is
modeled, as ifrig. 23, in theframework of the relativistic Hartree approximation (model
HV of Refs. [1,44,18€4), the quark phase by the bag model with a bag constant of
B = 150 MeV/fm? and a strange quark mass of 150 MeV. The only difference with respect
to Fig. 23is the smaller bag constant which loweheonset of quark deconfinement from
3po to 200 [189. Up to neutron chemical potentials pf' ~ 10° MeV, the matter stays
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Fig. 26. The equation of state of neutron stattar accounting for quark deconfinemetit [

in the pure harbnic phase. The onset of quark decarfnent, which saturates the number

of electrons (cfFig. 23), occurs at poin& in the diagram wher@a® attains its maximum,

u® >~ 180 MeV. As remarked just above, this value corresponds to a baryon number
density of about 2. Beyond this density,.® decreases toward rather small values because
fewer and fewer electrons are present in dense quark hybrid star matter. The mixed phase
region @-b) exiss, in the direction of increasing detys for electron chemical potential in

the range 180 MeV> u® > 25 MeV, which corresponds to neutron chemical potentials

of 10° MeV < u" < 1.2 x 10 MeV. For this range the volume proportion of quark
mater varies over O< x < 1. The energy deiity in the mixed phase is the same linear
combination of the two phases as the charge and baryon nu2®2849], namely

e =1— enu", u® {¢}. T) + xequ", u® T). (101)

Most importantly, the pressure in the mixed phase region varies with density rather than
being constant, which would be the case if the conservation of electron charge were
ignored. The pure quark matter phage£ 1) setsin at b where thedensity has grown

to about Go. It is chaacterized by a relatively steep increase of pressure with density.
Whether or not this phase exists in neutron stars constructed for this equation of state
depends of the star’s central density and thus on its mass.

5.1.4. H-dibaryons
A novel partide that could make its appearancetire center of a neutron star is the

so-called H-dibaryon, a doubly strange six-quark composite with spin and isospin zero,
and baryon number twdp]. Since its first prediction in 1977, the H-dibaryon has been
the subject of many theoretical and expenma studies as a possible candidate for a
strongly bound exotic state. In neutron stars, which may contain a significant fraction of
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A hyperons, thed’s could combine to form H-dibaryons, which could give way to the
formation of H-dibaryon matter at densities somewhere aba3 [196—198 depending

on the in-medium properties of the H-dibaryon. For an attractive optical potedtialf

the H-dibaryon at normal nuclear density the equation of state is softened considerably, as
shown inFig. 27. H-dibaryon matter could thus exist in the cores of moderately dense
neutron stars. H-dibaryons with a vacuum mass of about 2.2 GeV and a moderately
attractive potential in the medium of abdut; = —30 MeV, for instance, could go into

a boson condensate in the cores of neutron stars if the limiting star mass is about that
of the Hulse-Taylor pulsar PSR 194316, M = 1.444Mg [19§. Conversely, if the
medium potential were moderately repulsive, aroupd= +30 MeV, the brmaion of
H-dibaryons may only take place in heavier neutron stars of tiags1.6M. If formed,
however, H-matter may not remain dormant in neutron stars but, because of its instability
against compression, could trigger the conversion of neutron stars into hypothetical strange
stars 197,199200.

5.2. Strange stars

5.2.1. General properties

If the strange matter hypothesis is true, a new class of compact stars called strange
stars should exist. Possible strange star candidates are compilathlem5 They would
form a distinct and disconnected branoh compact stars and are not a part of the
continuum of equilibrium condurations that include white dwarfs and neutron stars (see
Fig. 28). In principle, strange and neutron stars could coexist. However, if strange matter is
the true ground state, the galaxy is likely to be contaminated by strange quark nuggets
which, depending on their velocitie®7], could convert neutron stars to strange stars
[9,248215. This would mean that the objects known to astronomers as pulsars would
be rotding strange stars (sé€g. 29) rather han rotating neutron stars. Another peculiar
consequence of the hypothesis could be the existence of an entirely new class of dense
white-dwarf-like strange stars, called stramyearfs, plus an expansive range of planetary-
like strange matter stars referred to asrsi@MACHOS. These objects could carry nuclear
crusts that are between several hundred and several thousand kilometerd Zhidihé
situation is graphically illustrated iRig. 28 The important astrophysical implication of
the existence of strge MACHOS would be that they occur as natural stellar candidates
which effectively hide baryonic matter, linking strange quark matter to the fundamental
dark matter problem, which is currently one of the problems of greatest importance to
astrophysics and cosmology. Observationally, the strange MACHOS could be seen by the
gravitational microlensing experimentl, provided that such objects exist abundantly
enough.

As desctbed inSection 3grange quark matter is expected to be a color superconductor
which, at extremely high densities, should in the CFL phase. This phase is rigorously
electrically neutral withno electrons required2p]. For sufficiently large strange quark
masses, however, the low density regime of strange quark matter is rather expected to form
other condensation patterns (e.g. 2SC, G&,-CFL-K ¥, CFL-7%~) in which electrons
are presentd4,25]. The presence of electrons causes the formation of an electric dipole
layer on the surface of strange matter, as illustrated schematic&lig.iB0, whichenables
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Table 5
Possible strange star candidates
Compact object Peculiar feature References
RX J1856.5-3754 Small radius 201-20%
4U 1728-34 Small radius 2pg
SAX J1808.4-3658 Small radius 207
Her X-1 Smal radius pog
1E 1207.4-5209 Peculiar timing 209
PSR 0943+ 10 Microstorms 21Q
3C58 (J0205+ 6449) Low temperature 20
GRO J1744-28 X-ray burst features 217
SGR 0526-66, SGR 1900 14, SGR 1806-20 X-ray burst features 97[109213214
150

_
o
o
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Fig. 27. Equations of state for neutron staatter accounting for a H-dibaryon condensai@q. Uy is the optical
potential of the H-dibaryon at normal nuclear densitgufe reprinted with periasion from N.K. Glendenning
and J. Schaffner-Bielich, Phys. Rev. C 58 (1998) 1298.

© 1998 by the American Physical Society.

strange quark matter stars to carry nuclear crugi8,§8. An analytical expression for the
electron number density and the electricdieh the surdice of strange quark matter can be
derived using the Thomas—Fermi model. One firllis] that

95x10%® 4 £ _12x 10'8 1

Ne~ ———— ¢ , ~—Vcm -, 102
¢ (12211 + 4)3 (1.2211 4 4)? (102)
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Fig. 28. Mass versus radius for sige star configurations with nucleamusts (dashed and dotted curves) and
gravitationally bound neutron stars and white dwarfdigsourve). The strange stars carry nuclear crusts with
chosen inner densities efrust = 4 x 101 g/cm3 andecrust = 107 g/cmd, resyectively. Crosses denote the
termination points of strange dwarf sequences, wtipsrk matter cores have shrunk to zero. Dots refer to
maximum-mass stars; minimum-mass stars are loctéte vertical bars labeled ‘b’. (Taken from Ref].)
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strange quark
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X
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Fig. 29. A schematic illustration of the cross section of a rotating strange star carrying a nuclear crust. The
guantitiesec and ecryst denote the star’s central density and the density at the base of the crust, respectively.
(Taken fran Ref. [1].)

where z is a measured height above the quark surfage, = z/(10-11 cm). From
Eq. (102 one sees that very strong electric fields, on the orderD®’ V/m, may be
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Fig. 30. A surface region of strange quark matter. The region betleenr < Rcrystis filled with electrons

that are bound to strange matter but extend beyond its suffadeading to a deficit of electrons in the range

Rm <r < Rand therefore a net positive charge in this region. The associated electricfield,017 V/cm, is
sufficiently strong for avoiding contact between atomic matter and strange matter, enabling strange matter to be
enveloped by ordinary atomic matter. (Taken from R&f.)[

expected near the quark surface. This makgmssible for a non-rotating star to support
anuclear crust with a mass up te10°Mg, [7]. The maximal possible density at the base
of the crust, called the inner crust density, is determined by neutron drip, which occurs at
about 4x 101 g/cm?. This smewhat complicated situation of the structure of strange
matter enveloped in a nuclear crust can be represented by a proper choice for the equation
of state shown ifrig. 31 The equation of state is characterizibga discontiuity in density
between strange quark matter and nuclear crust matter across the electric dipole gap where
the pressure of the nuclear crust at its base equals the pressure of strange matter at its
surface fL,10].

Since the nuclear crust surrounding the quark matter core of a strange star is bound to
the core by the gravitaihal force rather than confinement, the mass—radius relationship
of strange matter stars with nuclear crusts is qualitatively similar to those of neutron stars
and white dwarfs, which are exclusively bound by gravity. The strange star sequences in
Fig. 28 are computed for the maximal possible inner crust density set by neutron drip
(ecrust = 4 x 10 g/em?) as well & for a @nsiderably smller sample density of
108 g/cme. Of course there are other possible sequences of strange stars with any smaller
value of hner crust densityl[10,11]. From the maimum-mass star (solid dots), the central
star density decreases monotonically throubgh sequence in each case. The fact that
strange stars with nuclear crusts possess smaller radii than neutron stars leads to smaller
Kepler (mass shedding) period®x, for strange stars. This is indicated by the classical
expressionPx o /R3/M and has its correspondence in the general relativistic expression
for Pk derived in Eqg. 83). Since the qualitative dependenceR on mass and radius



F. Weber / Progress in Particle and Nuclear Physics 54 (2005) 193-288 245

1072] €rusi=0-24 MeV/fm®

=
N
Quark matter EOS\\ 4
L

S
C Aopus=107* MeV/im?

&

E 108

= i

S

q’ .

=

~ -—>

o Density gap |
0—24' . : : . . \ . L]

1072 1070 108 10® 10 102 100 102 10*
€ (MeV/fm?)

Fig. 31. The equation of state of strange iguaatter surrounded by a nuclear crubf]f The maxinal possible
nuclear matter density is determined by neutron drip which occutsat= 0.24 MeV/fm3 (4.3x 1011 g/cm3).

Any nuclear density tt is smaller than neutron drip is possible. As an example, we show the equation of state
for a sample density afcrust= 10~4 MeV/fm3 (168 g/cmd).

remains alid [21§, one finds that the complete sequence of strange stars, and not just those
close to the mass peak as is the case for neutron stars, can sustain extremely rapid rotation.
In particular, a strange star with a typical pulsar mass-2f4Mg can rotate at Kepler
periods as small 8B« ~ 0.5 ms, d@ending on crust thickness and the modeling of strange
quark matter I]. This is to be compared with the larger limiting value i@ ~ 1 ms
obtained for neutron stars of the same md$sHExceptiongo this, however, are possible

if the nuclear matter exhibits a very strong softening at intermediate den4&ifigs [

Of considerable relevance for the viability of the strange matter hypothesis is the
question of whether strange stars can exhibit glitches in rotation frequency. Pulsar glitches
are sudden changes in the rotational frequency of a rotating neutron star which otherwise
decreases very slowly with time due to the loss of rotational energy through the emission
of electromagnetic dipole radiation and an electron—positron wind. They occur in various
pulsars at intervals of days to months or years, and in some pulsars are small (Crab), and
in others large (Vela) and infrequemk (2/2 ~ 10-8-1075, respectively). Glitches have
been attributed to several factors relatedhie assumed structumd neutron stars. One
such is the crust quake in which an oblate salidst in its present shape slowly comes out
of equilibrium with the forces acting on it as the period of rotation changes, and fractures
when the built-up stress exceeds the sheer strength of the crust m&&daPl[). The
stellar freyuency and rate of change of frequengyand 2 respectively, slowly heal to
the trend preceding the glitch as the couplirevieen the crust and core re-establishes
their co-rotation. The compatibility of pulsglitches with the strange matter hypothesis
will have a decisive impact on the questiof whetheror not strange matter is the true
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ground state of strongly interacting matté0221]. From the study performed in Refs.
[10,227 it is known thatthe ratio of the crustal moment of inertia to the total moment

of inettia, lcrysy/ ltotal, Varies etween 103 and~107°. If the angular momentum of the
pulsar is conserved in a stellar quake then the relative frequency change and moment of
inertia change are equal, and one arriv@dtie change of the star’s frequency Hij[

A2 AL AL erust
—_— = > = f
) lo I I

Herelp denotes the moment of inertia of that part of the star whose frequency is changed
in the quake. It nght be that of the crust only, or some fraction, or all of the star. The factor

f in Eg. (L03 representdie fraction of the crustal moment imertia that is altered in the
quake, i.e.,f = |Al|/lcust Since the observed glitches have relative frequency changes
AR/ = (109-10%), a clange in the crustal moment of inertia bf< 0.1 would cause

a gant glitch even in the least favorable cagé][ Moreover, it turnsout that the observed
range of the fractional change in the spin down réteis consistent with the crust having

the small moment of inertia calculated and the quake involving only a small frattafn

that, just @ in Eq. (L03. For this purpose we writel[]

~(10°-103%f,  witho<f <1 (103)

A.Q AQ/Q |A|| AQ/Q Icrust 1
S = f 10 to 10 f 104
3 T a0 1o anjn 1, o 10 weloh (104)

where use of Eq.103 has leen made. Eq.104 yields a small f value,i.e., f <
(10410 10°1), in ageement withf < 10~1 established just above. Here measured values
of the mtio (A2/02)/(AS2/2) ~ 10-°to 104 for the Crab and Vela pulsars, respectively,
have been used.

5.2.2. SAX J1808.4-3658

As discussed just above, strange stars are self-bound objects at zero external pressure,
which would exist stably even if gravity were switched off. The latter makes such objects
even morecompact. The radii of compact quark stars are thus expected to be smaller than
those of neutron stars of comparable mass, which are bound solely by gFaggy15
28 and32 show that this difference in radius may be three to four kilometers for stars of
canonical massy1.4Mg, and everbigger than that for less massive objects. One neutron
star that may have such an unusually small radius is the transient x-ray burst source SAX
J1808.4-3658207], which was discovered in September 1996 by the BeppoSAX satellite.
Two bright type-I x-ray bursts were detectezhch one lasting less than 30 seconds. An
analysis of the bursts in SAX J1808.4-3658 indicates that it is 4 kpc distant and has a
peak x-ray luminosity of 6< 102 erg/s inits bright state, and a-ray luminosty lower
than 16° erg/s in quiescenced23. Coherent pulsations at a period of 2.49 ms were also
disaovered P24. The binary nature of SAX J1808.4-3658 was firmly established with the
detection of a two-hour orbital perio@25 as well & with the optical identification of the
companion star. SAX J1808.4-3658 is the first pulsar that shows both coherent pulsations
in its persistent emission and x-ray bursts.

Li et al. [207] extracted a mass—radius relationship for the compact star in SAX J1808.4-
3658 from the following two requirements on the geometry of the stellar binary system (see
also Section 7.2vhere mass accretion onto a compaaer $ discussed in more detail).
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Firstly, detection of x-ray pulsains requires that the inner radiug,, of the accretion
disk should be larger than the stellar radRisSecondly, the inner radius must be smaller
than the disk’s co-rotation radius,, otherwise accretion will benhibited by a centrifugal
barrier. From these two conditions one finds that< re = (M P?/(472))/3, with M and

P the star's mass and rotational period, respebt. Expressing the location of the inner
disk in terms of the Alfvén radiusa, which isthat distance from theeutron star at which
the accreting matter is pulled by the magnetic fields to the poles of the star which happens
when the kinetic energy density is comparable to the magnetic energy de&itydne
arrives atrm, = &ra = £(B2R8/M(2M)¥/2)2/7, The synbols B and M stand for the
suface magnetic field and the mass accretion rate@rotating neutron star, respectively.
The quantitye ~ 1 is aparameter which depends very weakly on the accretion 22{8.[
Denoting the minimum and maximuatcretion rates of SAX J1808.4-3658Ms,in and
Mmax, the ®nditions discussed above can be expressed as

I < rm(Mmad < 'm(Mmin) < Te. (105)

To connect this relation to the observed datapeassume that the mass accretion rate is
proportional to the x-ray flu¥ observed witlthe Rossi X-ray Timing Explorer (RXTE).

This is supported by the fact that the x-ray spectrum of SAX J1808.4-3658 was remarkably
stableand that there was only a slight increase in the pulse amplitude when the x-ray
luminosity vared by a factor of~100 during the 1998 April/May outburs228-230.

From this, an upper limit for the stellar radius Bf < (Fmin/Fma0? 'rc was deived in

[207. This relation can be conveniently written as

=, 2/7 p 2/3 M 1/3
R<275( 0 — — km, (106)
Fmax 2.49 ms Mo

where Fnax and Fmin denote the x-ray fluxes measured for high and low x-ray emission
staes, respectively. Adopting a flux ratio &hnax/Fmin ~ 100, Eqg. (06) constrains the
mass—radius values of SAX J1808.4-3658 to values that lie between the dashed curves
in Fig. 32, which suggests that SAX J1808.4-3658 could be a strange star. The dashed
line labeledR = Rs(= 2MR) denotes the Schwarzskh limit on the radius of a
compact object set by gravitational collapse to a black hole. The curves labeled BBB1,
BBB2, Hyp, andK ~ denote the mass—radius relationships of conventional neutron stars
computed for different models for the equation of state. Constraints on the mass—radius
relationship which, if robust, are better debed in terms of strange stars than neutron
stars have also been obtained for the compact star in the x-ray source 4U 1728-34
(M < 1.0Mg, R < 9 km) [231], for the isolated neutron star RX J1856.5-37281],
which will be discusse in the net section, as well as for the x-ray pulsar Her X-1
(M =11-18Mg, R=6.0—7.7 km) [208. (See alsdrable 5)

In passing, we mention the recent discovergighificant absorptiotines in the spectra
of 28 bursts of the low mass x-ray binary EXO 0748-1628J. These lines have been
identified with iron and oxygen transitiordl with a gravitational red-shift oz = 0.35. As
shown in Ref. 37, for a stellar mass range & ~ 1.3 — 2.0Mg, such az value is com-
pletely consistent with conventional neutron star models, made of normal nuclear matter,
and excludes even some models in which neutron stars are made of more exotic matter.
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Fig. 32. Comparison of the massehias relationship of SAX J1808.4-365®@termined from RXTE observations
(i.e. Eq. (L06)) with theoretical models of neutron stars and strange s20%.[ The solid cures represent
theoretical mass—radius relationships for neutron staglssrange stars. Figure reprinted with permission from
X.D. Lietal., Phys. Rev. Lett. 83 (1999) 3776.

© 1999 by the American Physical Society.

5.2.3. RX J1856.5-3754

In addition to x-ray emission from neutron stars in binaries, discussed in the previous
section, the Hermal emission from the surface of an isolated neutron star (INS) is of
key importance for the determination of the mass and radius of a neutron star, too.
ROSAT was the first satellite with a sufficient sensitivity in the x-ray band to perform a
systematic search and study of such objects. The nearby neutron star RX J1856.5-3754,
discovered in 1992233, is the brightest INS in x-rays. It does not show any signs
of activity such as variability or pulsatiorsince its discovery, RX J1856.5-3754 was
studied in great detail in x-y&, UV, and the optical band, using a variety of different
astrophysical observatories (ROSAT, EUVE, ASCA, HST, Chandra, XMM Newton, VLA).
Detailed Chandra observations of RX J1856.5-3754 have shown that this neutron star
has a featureless thermal spectrum for which a simple black-body distribution seems to
provide a better fit to x-ray data than more sophisticated atmospheric ma@ddi235.
Several sets of observations taken with$, EUVE, NTT, Keck, HST, and Chandra
have yielded a proper motion of 330 migsand parallax 8.5 mas, which corresponds to
a trransverse stellar velocity of about 200 ksrand a digance from Earth oD = 120 pc
[236237. These measurements could indicate that the star originat®fl y ago inthe
Upper Scorpio Association at about the same time that a supernova ejected the runaway
O star¢ Ophiuchus, suggesting that RX J1856.5-3754 ar@phiuchus could have been
members of a binary system and that RX J1856.5-3754 may be the remnant of the star
that exploded. The apparent (red-shifted) radius of RX J1856.5-3754 can be calculated
from [20]]

R® = 4.25f ;21212 2D10o(TS /60 eV) 2 km. (107)
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Fig. 33. The critical temperature for hydrogen @if)d iron (Fe) as a function of magnetic fieBl[201]. A phase
transition to a solid condensate is possible in the shaded region for Fe and in the cross-hatched region for H.
The positions of five cool, isolated neutron stars (see tdblele 7 are shown. Ta horizontal line is drawn in
correspondence to the color temperature of RX J1856.5-F§4dre reprinted with permission from R. Turolla,

S. Zane, and J.J. Drake, Astrophys. J. 603 (2004) 265.

© 2004 by the Astrophysical Journal.

The true (coordinate) radius of the stR;,is connected to the apparent radius through
R=R®(1-2M/R)Y2. (108)

The quantityfa in Eq. (107) denotes the fraction of the stellar surface responsible for the
observed emissionfg is the ratio of emitted power to black-body powerstands for
the spectrahardening, Digo = D/(100 pg is the star’s distance, anth, = Tg5 (1 —
2M/R) /2 its black-body temperature. If the emission comes from the entire stellar sur-
face(fa = 1) and the temperature distribution is unifotp = 1), Eq. (L07) simgifies to

R® = 4.25f2/?D100(Thp/60 V)2 km. (109)

On the basis of this relation Drake et &0p] reported an apparent radius for RX J1856.5-
3754 of R /D190 = 4.12 4+ 0.68 km, where the quoted uncertainty represents the com-
bined temperature detemation uncertainty£1 eV) and thelominant absolute effective
area uncertainty of Chandra’s Low Energy Transmission Grating (LETG) and High Res-
olution Camera—Spectrasgic Plae Detector Array (HRC-S) combinatios=15%). De-
pending onthe star’s distance, which still appears to be an open isX2&, this implies a
rather small apparent stellar radius in the range between &ut 4 km to 8 km. The
latest distance measurement of 175 p8§ combined with specific assumptions about
the star’s surface composition (see below) could faR&t ~ 8 km [239, which corre-
sponds to a true radius of about 6 km. As can be seem figs. 15and32, such a value
would be too small for conventional neutron star equations of sgfid {vhich predict

12 km < R*® < 17 km [3]. Proposed explanations for such a small radius include a
reduced x-ray emitting region (such as a heated polar cap), or the presence of a more com-
pact object such as a strange quark sPA3F20%. An alternative possibility, suggested
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in [201], is cod neutron stargT < 10° K) endowed with rather strong magnetic fields
(B > 10'3 G) and with metal dominated outer layers. Dependingr@amd B, such stars
may undergo a phase transition to a solid condensate in the outermost Raige&3),
resulting in an x-ray spectrum that is featlass as observed for RX J1856.5-3754. The
observed UV-optical enhanced emission could be explained by the presence of a gaseous,
thin hydrogen shell on top of the iron condensate, where the optical flux is reprocessed.
This model predicts a value for the appareadius of RX J1856.5-3754 in the range of
> ~ 8-12 km, depending on whether one assumes uniform or meridional variation tem-

perature distributions on the star’s surface.

For a canonical neutron star mass ofiM, apparent radii in the rangB> ~ 10-12
km (true radii of R ~ 7-9 km for a 14Mg neutron star) can be accommodated by
conventional models for the equations of state of superdense matter which exhibit a
soft behavior at high densitie2(1. The stuation is different forR* < 8 km which
may indicate that such stars are made of self-bound hadronic matter, of which strange
quark matter may be the most plausible state of matter. Sequences of such stars are
shown inFigs. 15and 32 While a strange star may be amtriguing conceivable option,
present observations of RX J1856.5-3754 do not necessarily demand this interpretation
and more conventional interpretations involving conventional neutron stars are certainly
possible 01,240. A conventional interpretation is also supported by models which fit the
x-ray and optical data of RX J1856.5-3754 with a two-component black-body nizgtg! [
The latter are best fitted Wlffbb x =~ 635eV ande"Q ~ 4.4(D/120 po km for the hot
X-ray emitting region, and]’bb opt < 33eV andRbbo > 17(D/120 po km for the rest of
the neutron star surface resp0n5|ble for the optlcal fledq.

5.2.4. The neutron star in 3C58

Murray et al. discovered the 65 ms pulsars PSR 02@349 in the supernova remnant
3C58 located in the cotrllation Cassiopeia2i]]. Historical evidence strongly suggests
an association of the remnant with supernova SN 1181, which went off in 1181 AD. This
renders PSR 02066449 younger than B0534121, the pulsar in the Crab nebula, bornin a
supernova explosion recorded by Chinese astronomersin 1045 AD. Using data provided by
the Chandra x-ray observatory, Slane et al. inferred an upper limit on the effective surface
temperature of PSR 02066449 of onlyT > < 1.08x 10 K which falls below predictions
from standard cooling model211]. On the basis of its low temperature, it was suggested
that PSR 0205- 6449 may be a strange quark star rather than a neutror24tgr \We will
discuss this issue in greater detaiSaction 6

5.2.5. X-ray, gamma ray burst, and SGR associations

X-ray bursts are sudden increases in the x-ray flux of x-ray sources, with rise times of
<1 s and subsequent decay with characteristic times ranging from 10 s to a few minutes.
They are classified into two classes: type-l and type-Il x-ray bursts. Type-I x-ray bursts
are characterized by relatively long burst intervals (hours to days) and significant spectral
sdtening during the burst decay as comparethtgr type-Il counterparts. The differences
between type-I (Il) bursts and the HXRBs is discussedaZ].

Gamma ray bursts (GRBs) are most inerigansiat gamma ray events in the sky
when they are on, buhé nature of gamma ray bursts has remained a mystery since
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their discovery 243. The isotropic and inhomogeneous distribution of GRBs detected
with BATSE and the identification of counterparts in radio, optical, and x-ray regions by
BeppoSAX and other ground based telescopes supports the notion that they are located
at cosmological distances, which make them the most energetic events ever Rdan [
245. Gamma ray bursts at truly cosmological distances could be due to collisions of two
neutron or two strange stars in binary syste@¥q], depending on the true ground state

of strongly interacting matter, and/or may also involve black hd¥s][ Binary neutron

star or strange star collisions could releasE0®? ergs in the form of gamma rays over
atime period of about 0.2 s. The central engine that powers gamma ray bursts should be
capable of releasing a total energy-e10°3 erg, which may or may not be possible in
stellar collisions. The situation may be different for the conversion of a neutron star to a
strange stard48. Depending on the model for the equation of state, the total energy given
off in such a conversion i€l-4) x 10°3 erg [248.

Bare stange stars have also been associated with soft gamma repeaters (SGRs). Unlike
gamma ray bursts, which emit large amounts of high energy gamma radiation, SGRs
have a large proportion of lower energy x-ray radiation. Also, in contrast to gamma ray
bursts, which can rumble on for many minutes, SGRs pop off in a fraction of a second.
Conventional models associate SGRs with young neutron stars energizing a large cloud of
gas cast off in a supernova explosion, or ¥-binary stars that accrete matter at irregular
intervals and emit gamma rays when the aamehatter hits the surface. Most strikingly,
the intensity of the outbursts is betweerdldnd 13 times the Eddington limitL gqg.

The latter is defined as the critical luminosity at which photon radiation pressure from the
surface of a star of madgl equals gravity,

Ledd= 1.3 x 1063(M/My) erg s2. (110)

The Eddington limit does not apply to bare strange stars since quark matter is held in place
by the strongnteraction and not gravity (segection 5.2.Y. For that reason the bursting
activity of SGRs can be comfortably explathiey fast heating of the surfaces of bare quark
stars up® tempergures of~(1-2) x 10° K and sibsequent thermal emissic®7]10§. The

fast heéing mechanism of SGRs may be either mafs of comets onto bare strange stars
[97,10911(Q or fast decay of superstrong magnetic fiel249111].

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 luminosity for both events-is0’ (i.e. ~10* erg/s)
times the Eddington limit for a solar mass object, and the rise time is very much smaller
than the time needed to dregl0?° g (about 108M,) of normal material onto a neutron
star. Alcock et al. T] suggested a detailed model for the 5 March 1979 event burst
which involves he particular properties of strange matter (see also Horvath etod]. [
107)). The model assumes that a lump of strange matterki &M, fell onto arotating
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-% s, which would explain the observed rapid onset of the
gamma ray flash. The light curves expected for such giant bd@81/10112113 should
possess characteristic features that are well within the capabilities of ESA's INTErnational
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Fig. 34. The temperature dependerttthe critical angular velocity2: of rotating neutron stars. The left figure
shows thegravitational radiation driverf -mode instability suppressed by shear and bulk viscosity (taken from
Ref. [1]). Right figure: comparison of -mode instability withr-mode instability. (Data from Refs2p1,252.)

Gamma-Ray Astrophysics Laboratory (INTEGRARF() launched by the European
Space Agency in October of 2002.

5.2.6. Rotatnal inshbilities

An absolute limit on rapid rotation is set Hiyeonset of mass shedding from the equator
of a rotating star. However, rotational instabilities in rotating stars, known as gravitational
radiation driven instabilities, set a more stringent limit on rapid stellar rotation than mass
shedding. These instdlliies originate from counter-rotatq surface vibrational modes
which at sufficiently high rotational star fj@encies are dragged forward. In this case
gravitational radiation, which inevitably actpanies the aspherical transport of matter,
does notdamp the instability modes but rather drives them. Viscosity plays the important
role of damping these instabilities at a sufficiently reduced rotational frequency such that
the viscous damping rate and power in gravity waves are comparable. The most critical
instability modes that are driven unstable by gravitational radiationfaneodes and
r-modesFig. 34 shows the stableeutron star frequencies if onfi-modes were operative
in neutron star. One sees that hot as well as cold neutron stars can rotate at frequencies
close to mass shedding, because of the lamygributions of shear and bulk viscosity,
respectively, for this temperaturegime. The more recently discoverednodeinstability
may change theigture completely, as can be seen fréig. 34. These mdes are driven
unstable by gravitational radiation over a colesably wider range of angular velocities
than thef-modes (cf. the dashed curve labeled = 2) r-modeinstability). In stars with
cores cooler than-10° K, on the otter hand, the -modeinstability may be completely
suppressed by viscous phenomena, so stable rotation would be limited biyriede
instability again 257.

Figs. 35and36 are the counterparts t€ig. 34 but calculated for strange stars made of
CFL and2SC quark matter, respectivel®93254]. Ther-modeinstability seems to rule
out the possibility that pulsars are CFL strange stars, if the characteristic timescales for
viscous damping af-modes are exponentially increased by factors df/ T as calculated
in [253. An energy gap as small a8 = 1 MeV was a&sumed. For mch larger gaps of
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A ~ 100 MeV, as expected for color superconducting quark matter $seton 3.2,

the entire diagram would tremode unstable. The full curve Ifig. 35is calculated for a
strange quark mass afs = 200 MeV, the dotted curve fans = 100 MeV. The box marks

the positions of most low mass x-ray binaries (LMXB2b§, and the crosses denote the
most rapidly rotating millisecond pulsars known. All strange stars above the curves would
spn down on a timescale of hours due to thenodeinstability, in complete contradiction

to the observation of millisecond pulsars and LMXBs, which would rule out CFL quark
matter in strange star88BJ. Fig. 36 shows the critical rotation frequencies of quark stars
as a function of internal stellar temperature for 2SC quark stars. For such quark stars the
situation is less conclusive. Rapid spin down, driven byrtmeode gravitatinal radation
instability, would happen for stars above the curves.

5.2.7. Surface properties of strange stars

Strange quark matter with a density of about two times the density of nuclear matter may
exist up to thesurface of a strange star|[ Such a bare strange star differs qualitatively from
a reutron star which has a density at the surface of about 0.1 torig As is known from
Section 5.2.1the thickness of the quark surface would be just fm, the Ength scale of the
strong interaction. Elctrons are held to quark matter electrostatically, and the thickness of
the dectron surface is several hundred fermis. Since neither component, electrons or quark
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mater, is held in place gravitationally, the Eddington limit (Ef1(Q)) to the luminosity that

a datic surface may emit does not apply, ahdd the object may have photon luminosities
much greater than #8erg/s. It was shan by Usov [L17 that this value may be exceeded

by many orders of magnitude by the luminosityegfe™ pairs produced by the Coulomb
barrier at the surface of a hot strange star. For a surface temperatw#06f K, the
luminosity in the outflowing pair plasma was calculated to be as high3as 10°! erg/s.

Suwch an effect may be a good observational signature of bare strangel€i8dsip112

113. If the strange star is enveloped by a nuclear crust however, which is gravitationally
bound to the strange star, the surface made up of ordinary atomic matter would be subject
to the Eddington limit. Hence the photon emissivity of such a strange star would be the
same as for an ordinary neutron star. If quark matter at the stellar surface is in the CFL
phase the process ef e~ pair creation at the stellar quark matter surface may be turned
off, since cold CFL quark matter is electrically neutral, so no electrons are required and
none are admitted inside CFL quark matt2g][ The stuation may be different for the
early stages of a hot CFL quark st25[.

5.3. Strange dwarfs

The strange white dwarfs constitute the stga counterparts of ordinary white dwarfs.
They consist of a strange quark matter core in the star's center which is enveloped by a
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nuclear crust made up of ordinary atomic mati@r The crust is suspended out of contact
with the quark core due to theistence of an electric dipellayer on the core’s surface
[7,68], which insulates the crust from conversion to quark matter. Even so, the maximum
density of the crat is strictly limited by the neutron drip densitygrip = 4 x 101 g/cm?),

at which neutrons begin to drip out of the nuclei and would gravitate into the core where
they would be dissolved into strange matter.

Strange white dwarfs comprise a largely unexplored consequence of the strange
matter hypothesis. Depending on the amount of crust mass, their properties may differ
considerably from those of ordinary white dwarfs. For instance, it is well known that the
maximum density attained in thehite dwarf of limiting mass is aboutyg = 10° g/cm®
[257,258. Above this density, the electron pressure is insufficient to support the star, and
there are no stable equilibrium configurations until densities of the order of the nuclear
density (¢ > 10 g/cm®) are reached, which are neutron or strange stars. One class
of strange dwarfs can be envisioned as consisting of a core of strange matter enveloped
within what would otherwisebe an ordinary white dwarf. They would be practically
indistinguishable from ordinary white dwarfs. Of greater interest is the possible existence
of a new class of white dwarfs that contain nuclear material up to the neutron drip density,
which would not exist without the stabilizg influence of the strange quark cofe]. The
density at the inner edge of the nuclear crust carried by these strange dwarfs could fall in
the range ofewg < ecrust < €drip- The maimum inner crust density therefore could be
about 400 times the central density o&tiwhite dwarf of limiting mass and 4 10* times
that of tre typical 06Mg white dwarf. An investigation of the stability of such very dense
dwarf configurations against acoustic (radial) vibrations, which will be discussed below,
reveals stability over an extensive mass range freh® 3M, to slightly more than M.

This is the same range as for ordinary white dwarfs except that the lower mass limit is
smaller by &actor of~10~2. This is because of the influencétbe strange core, to which

the entire class owes its stability. Whether or not a star is stable against radial oscillations
is determined by an analysis of stability against radial oscillatidf§26(. The adiabatic
mation of a star in itsith normal eignmodef = 0 is the fundamental mode) is expressed

in terms of an amplitudég, (r) given by

srr,t) = €220 g,(r) denty =2, (111)
whereér (r, t) denotes small Lagrangian perturbations irThe quantity w, is the star’s

oillation frequency, which we want to compute. The eigenequatiorgfar), which
governs thenoma modes, is of Sturm—Liouville type:

d d
" (H(r) i’;f”) +(QU) + @2W(T)) n(r) = 0, (112)

which implies that e eigenvalues? are all real and form an infinite, discrete sequence
wi < w? < w3 < .... Another consequence is that the eigenfunciipoorresponding to
w3 hasn nodes in the radial interval & r < R. Herce, the eigenfunctiogy is free of

nodes in this interval. The functiong(r), Q(r), andW(r) are expressed in terms of the
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equilibrium configurations of the star by
T = 4462 -2 p

P
Q= —4e2/‘+‘54§r*3(i|—Ir — 87 82D —2p (¢ 4 P)
dp\ 2 (113)

L 602 4 Pyl <d_r> ’

W = B4+22r—2(c 4 p).
The quantitieg andP denote the energy density and the pressure of the stellar matter. The
pressure gradient,Rydr, is obtained from the Tolman—Oppenheimer—\Volkoff EG5)(
The symboll” denotes the adiabatic index at constant entrgpyiven by
_3InP(p,s) (e+ P)9dP(e,9)
~ dlnp P de

, (114)

which varies throughout the star’s interior. Solvind1@ subject to the boundary
conditionsg, o r3 at the star’s origin and&l/dr = 0 at the stds surface leads to the
ordered frequency spectrumz1 < a)ﬁJrl (n = 0,1, 2,...) of the normal adial stellar
modes. If any of these is negative for a tpaular star, he frequency is imaginary, and

to it there corresponds an exponentially gnogvamplitude of oscillation. Such stars are
unstableFigs. 37and38 show the slutions to Eq. {12 for the drange star sequence in

Fig. 28whose inner crust density is equal to neutron drip. It follows that all stars between
‘c’ and ‘d’ are unstable against radial pulsations since for th%“rk 0. The guation is
different for the stars to the left of ‘c’ whose eigenfrequencies are all positije [

At present there is neither a well studied model for the formation of hypothetical
strange dwarfs, nor a study that determines their abundance in the universe. One possible
scenario would be the formation of strange dwarfs from main sequence progenitors that
have been contaminated with strange nuggets over their lifetimes. The capture of strange
matter nuggets by main sequence stars wou@tb@bly be an inevitable consequence if
strange matter were more stable than hadronic matted][because then the galaxy would
be filled with a flux of strange nuggets which would be acquired by every object they
come into contact with, such as planets, white dwarfs, neutron stars, and main sequence
stars. Naturally, due to the large radii of the latter, they arise as ideal, large surface, long
integration time detectors for the strange matter fR&J. Nuggets that are accreted onto
neutron stars and white dwarfs, however, neeach their centers, where the gravitational
potential is largest, because they are stoppettié lattice close to the surface due to the
large structural energy density there. This prevents such stars from building up a core
of strange matter. Téhstuation is different for main sequence stars which are diffuse in
comparison with neutron stars and white dwarfs. In this case the accreted nuggets may
gravitate to the star’'s coraccumulate there, and form a strange matter core that grows
with time until the star's demise as a main sequence star octis?]. An upper limit on
the baryon number of strange matter that may accumulate in a main sequence star is given
by [9,114

A =16x 10*(M/Mg) %15 200241 + 0.164v354(M/ M) ~02%), (115)
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With 1250 = e/ (250 kNYS) and pps = poo /(10724 g/cmP). The quantities v, and pso
are the nugget speed and contribution to the density of the galactic halo far from the star,
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respectively. If one assumes that all the dark matter in the halo of our galaxy consists
of strange nuggets (certainly a crude overestimate), ﬂ'{é@om ~ 1, and Eq.{195

leads for ypical progenitor star masses ofLMg, to the upper limit of A ~ 10%. The

mass and radius of such a strange core-a2ex 10%! kg (~10~°My, or about 1063

times the mass of the Earth) andll m. These values follow from the approximate
relaions R = 4.35 x 10°%(M/kg) and R/km = 1.12 x 10-18A1/3 for strange matter

with BY/4 = 145 MeV.

Another plausible mechanism has to do with primordial strange matter bodies. Such
bodies of masses between£&nd about M, may have been formed in the early universe
and survived to the present epo@®]]. Such objects will occasionally be captured by a
main sequence star and form a significant core in a single and singular event. The core’s
baryon number, however, cannot be significantly larger thax 10°31(M/Mg) 18 where
M is the star’s mass. Otherwise a main sequence star is not capable of capturing the strange
mater core P]. Finally we mention the possibility that in the very early evolution of the
universe, primordial lumps8[115 of hot strange matter will have evaporated nucleons
which are plausibly gravitationally bound to the lump. The evaporation will continue until
the quark matter has cooled sufficiently. Reging on the original baryon number of the
guark lump, a strange star or dwarf, each with a nuclear crust, could have been formed.

For many ears only rather vague tests of the theoretical mass—radius relationship of
white dwarfs were possible. Recently, however, the quality and quantity of observational
data on the mass-radius relation of white dwarfs has been reanalyzed and profoundly
improved by the availability of Hipparcos parallax measurements for several white dwarfs
[267. In that work Hipparcos parallaxes were used to deduce luminosity radii for ten white
dwarfs in visual binaries of common systems with proper motion as well as eleven field
white dwarfs. Since that time, complementéollow-up HST observations have been made
[263264] to better determine the spectroscopy for Procyon B and pulsation of G226-29.
Procyon B at first appeared as a rather compact star which, however, was later confirmed
to lie on the normal mass—radius relation line of white dwarfs. Stars such as Sirius B and
40 Erin B fall nicely on the expected mass—rlieldion line too. Several other stars from
this sample (e.g. GD 140, EG 21, EG 50, G181-B5B, GD 279, WD2007-303, G238-44),
however, appear to be unusually compact and thus could be strange dwarf can@éftes [

6. Neutrino emission and stellar cooling

The detection of thermal photons from tleerfaces of neutron stars via x-ray
observatories serves as the principal window on the properties of such objects. The surface
temperatures of neutron stars are derivable from the measured photon flux and spectrum.
The predominant cooling mechanisrh loot (temperatures of severall0'? K) newly
formed neutron stars immediately after formation is neutrino emission. Immediately after
the birth of a (prod-) neutron star in a supernova explosion, neutrinos are trapped inside
the star because their mean free paths are shorter than the stellar radius. About ten seconds
after birth most of the neutrinos have left the star by diffusion. As showR66f26%the
possible presence of quark matter in the core of a neutron star could modify the diffusion
rate slightly. Depending on siiance and stellar mass, the neutrino bursts will be detectable
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by terrestrial neutrino detectors such as SuperK, IMB, Kamioka, SNO, and 29

The ve count rates expected for SuperK from proto-neutron stars containing either only
nucleons(np) or nucleons plus quark matténp + Q) are shown irFig. 39, where the

left panel shows times less than 10 s, while tight panel shows times greater than 10 s.

Fig. 40shows the total neutrino luminosity for goeneutron sdrs containing quark matter

in their centers. The shaded bands illustithi limiting luminosities corresponding to a
count rate of 0.2 Hz, assuming a supernova distance of 50 kpc for IMB and Kamioka, and
8.5 kpc for SNO and SuperK. The widths of the shaded regions represent uncertainties in
the averagaeutrino energy from the use of a diffusion scheme for neutrino transport (for
detals, see Refs.270271]). Observable effects of quarks only become apparent for stars
older than 10 to 20 s. Sufficiently massive stars containing negatively charged, strongly
interacting particles (such as quarks, but also including hyperons and kaon condensates)
may collapse to black holes during the first minute of evolution. Since the neutrino flux
vanishes when a black hole forms, this would constitute an obvious signal that quarks (or
other types of strange matter) have appeared. The collapse timescales for stars containing
quarks are predicted to be intermediate between those for stars containing hyperons and
kaon condensates.

A few hours after birth, the internal neutron star temperature has already dropped to
~10° K. The cooling of the star is primarily dependent for the next several thousand
years on the neutrino emissivity of the core’s composition. Photon emission overtakes
neutrinos only when the internal temperature has faller16® K, with a mrresponding
suface temperature roughly two orders of magnitude smaller. Being sensitive to the
nuclear equation of state adopted, the mautstar mass, the assumed magnetic field
strength, the possible existence of superfluidity, meson condensates, and quark matter,
theoretical cooling calculations provide most valuable information about the interior matter
and neutron star structure. The thermal evolution of a neutron star also yields information
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about such temperature sensitive propertiesarsport coefficients, transition to superfluid
states, crust solidificatiorand internal pulsar heating mechanisms such as frictional
dissipation at the crust—superfluid interfac2g7. In general, the possible existence of
meson condensates and (certain phasegjofrk matter would enhance the neutrino
emissivity from the core, leading to a more rapid early cooling. An overview of processes of
neutrino emission from the core and crust of a neutron star is giveatile 6 Superfluidity

of nucleons, on the other hand, has the opposieeebn cooling. Quantitative constraints

on cooling have been hampered by the relatively small number of young pulsars known, the
complication that several of them also display non-thermal, beamed x-ray emission from
their magnetospheres, and uncertainties in distance and interstellar absorahtn?
summarizes the temperatures of a collection efition stars. To compare the observations
with theory, one needsamnly the neutron star effective temperatufeand ages, which

are compiled inrable 7for a representative collection of neutron stars. The thermal photon
luminosity in the local reference frame of the star is giverLhy= 4r R0 T& with o the
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Table 6
Overview of neutrino emitting processes relevant for neutron star codling [
Name Processes Emissivity Efficiency
Modified Urca Nn+n—>n+p+e +ie ~107078 slow
N+p+e —n+n+uve
Direct Urca n— p+e +ie ~10P7T9 fast
p+€e — n+ve
Quark modified Urca d+u+e >d+d+uve ~102078 slow

u+u+e —u+d+ve
d+u+e —-d+s+ve
Uu+u+e —u+s+ve
Quark diect Urca d—>ute +1ie ~10%879 fast
u+e —d+ve
S—>U+€e + e
Uu+e — S+ e

7~ condensate N <7~ >>nN+e + e ~10%678 fast
K~ condensate N+ <K >>n+e +ie ~10767 fast
Quark bremsstrahlung Q1 +Q—>0Q1+Qr+v+7v ~107078 slow
Core bremsstrahlung N+N— N+n+ve+ e ~10197 slow

N+ p—nNn+p+ve+ ve
€ +p—>€ +ptvetie

Crust bremsstrahlung e +(AZ2)—>€e +(A 2 slow
+ve + Ve

Stefan—Boltzmanwgonstant. The apparent (red-shifted) effective surface tempergftire
and luminosityl J°, as deécted by a distant observer, are given by

T =Te/I-R/R and LY =4n(R®)% (T =L, (1- Ry/R),  (116)

whereRs = 2M = 2.95M /Mg km is the Schwarzschild radius. The coordinate radlus
is connected to the apparent radius according to Hif)(

As already mentioned irSection 5.2.4 recent Chandra x-ray observations have
identified pulsar PSR 0206 6449 at the center of the young Crab-like supernova remnant
3C58. Historical evidence suggests an association of the remnant with supernova SN
1181, which makes 3C58 younger than the Crab {&d#e 7). The Chandra observation
indicates that the thermal component must be very small, since the radiation is nearly
completely fitted by a power-law spectru@ifl]. The temperature of a possible residual
thermal component is thereby limited to an effective black-body valu€%f < 95 eV
(surface temperature 6£6.0334) R11] which, as can be seen fronkig. 41, falls well
below predictions of standard cooling calculatio4]. As pointed out by Prakash et
al. [269, this upper limit can be fitted with standard neutrino cooling (such asn —
n+ p+ e + ve) plus pair beaking and formation, but the luminosity and ages of other
neutron stars cannot be simultaneously fitted using the same equation 0PS94
which has the interesting cortagence that more exaotic, rapid cooling processes may exist
in the core of PSR 0205- 6449. Physical processes which would enable such a rapid drop
in temperature range from the presence of meson condend®€295, to quarkmétter
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Table 7
Surface temperatures of neutron stars at infinite distances from the stars
Source P (ms) logig 7 (Y) logyg T$° (K) Refs.
B1706—44 102.45 4.23 817092 [273
B1823-13 101.45 4.33 .B1+0.02 274
2334+ 61 495.24 4.61 527055 (279
B0531+ 21 (Crab pulsar) 33.40 2.97 <63 [276
B1509-58 (MSH 15-52) 150.23 3.19 16+01 [277,279
0540-69 50.37 3.22 37553 [279
1951+ 32 (CTB 80) 39.53 5.02 4583 [280]
1929+ 10 226.51 6.49 5.52 2B1,287
+0.07
0950+ 08 253.06 7.24 93057 [283
J0437-47 5.75 8.88 3601 [284
083345 (Vela pulsar) 89.29 4.05 .28+0.03 (285
0656+ 14 384.87 5.05 B8+ 0.05 [286]
B 0.05
0630+ 18 (Geminga) 237.09 5.53 Booe [287]
B1055-52 197.10 5.73 80598 [288
J0205-+ 6449 (3C58) 65.86 2.91 <6.04 R11
J0822-4300 not known 3.3-37 6.20-6.28 289
1E 1207.4-5209 424.13 >3.85 6.04-6.18 790
J1856.4-3754 ~220 5.7 <5.7 291
J0720.4-3125 8391.11 ~6.11 ~5.7 292

7 denotes the age of the star.

[38,296297], to the direct Urca proces29§. (For a very recent overview on neutron star
cooling, see Ref.493.)

Before the discovery of color supercondudtyvof quark matter, it was believed that
depending on the density of electrons in quark matter, the temperature of quark stars could
drop much more rapidly than for neutron stats?P9300. The density of electrons is
crucial since the fast quark direct Urca processesTabte 6,

d—>u+e +v, U+€e —>d+ve, S>U+E + Vg U+E — S+ g (117)

are only possible if the electron Fermi momentum in quark matter is sufficiently high that
energy and momentum conservation in theabreactionss guaranteed. If the electron
Fermi momentum is too small for this to hy@en, a bystander quark is needed to ensure
energy and momentum conservation in the scattering process. The emissivity in the latter
case is considerably smaller than the emissivities associated with the direct Urca processes
in (117), because of the different phase spaces associated with two-quark scattering and
guark decay. If the electron fraction in quarkttea vanishes entirely, both the quark direct

and the quark modified Urca processes become unimportant. The neutrino emission is then
entirely dominated by bremsstrahlung,

Qi+ Q22— Q1+ Q2+v+v, (118)

where Q1, Q2 denote any pair of quark flavors. In this case quark star cooling would
proceed rather slowly, at about the same rateomling of conventional neutron stars
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Fig. 41. Cooling behavior of a4Mg neutron star for competing assungpis about the properties of superdense
mater. Three distinct cooling scenarios, referred to as ‘standard’, ‘intermediate’, and ‘enhanced’, can be
distinguished. The band-like strueés reflect the uncertainties inheréntthe equation of state of superdense
matter [1].

[1,299300. The same would be the case if quark matter were to be superfluid with gaps
onthe order of a few MeV, as described in the paper by Bailin and L80&302. The
neutrino emissivities would timebe suppressed by a factor of ep A/ T), with A the gap
energy.

The situation is more complicated if quark matter forms a color supercond@zfor [
If, as in the CFL phase, all quarks have a gap> T, thenboth the heat capaciy and
neutrino luminosityL, are suppressed byexp(— A/ T) which would render quarks in the
centers of compact stars invisible. Vanishingly small quark gaps, on the other hand, would
lead to cooling behaviors indistinguishable from those of ordinary neutron stars made of
either nucleons or nucleons and hyperons. In R3] the rates of photon and neutrino
emission from the decay of photons and NamBoldstone (NG) bosons associated with
the gpontaneous breaking of baryon numbgil)g, in the CFLphase were calculated.
The emission rates were found to be very small, so these emissions would be inefficient for
core cooling of neutron stars containing quark matter in the CFL phase, rendering quark
pairing in the CFL phase invisible to tetlmpes. This finding is in accordance with the
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guantitative determination of the mean fresps and thermal conductivities of photop$ (
and NG bosonsf) in the CFLphase performed irBD4. The total conductivity associated
with these particles was found to her. = «y + &, =~ (272/9T3Rg which can be
conveniently written as

kcrL =~ 1.2 x 10°%(T /MeV)3(Ro/km) erg e s7t K1, (119)

where Ry is the radius of the quark matter core. Thigression reveals that the thermal
conductivity of the CFL phase from photonstalNG bosons is many orders of magnitude
larger than the thermal conductivity of regular nuclear matter in a neutron star. The cooling
of the quark matter core in the center of a ca@uipstar thus arises primarily from the heat
flux across the surface of direct contact wiltle nuclear matter eeloping the CFL quark
matter core. Since the thermal conductivity of the neighboring layer is also high, the entire
interior of the star should be nearly isothermaDf]. The resits in Ref. [304 confirm

that the cooling time for neutron stars with CFL quark matter cores is similar to that of
conventional neutron stars.

Finally we mention briefly the cooling behavior of compact stars hiding color
superconducting 2SC quark matter in their cores. The cooling of such stars is complicated
by the fact that up and down quarks may pair with a ghp~ 100 MeV that is orders
of magnitude largr than the stellar temperaturgl MeV, andare therefore inert with
respect to the star's temperature evolution. In contrast to the CFL phase, where diquark
condensation produces gaps for quarks ottakke flavors and colors, there exist quark
pairing channels that lead to weak pairing with gaps on the order of several keV to about
1 MeV, which is of the same order of magnitude as the star’'s temperature. These quarks
may thus not pair but, instead, may radiate neutrinos rapidly via the quark direct Urca
process shown ifiable 6 If this is thecase, the 2SC quark matter core will cool rapidly and
deternine the cooling history of the sta4,297. Examples of cooling curves of neutron
stars ontaining quark matter in the 2SC phase are showkigs. 42and43 for different
star masses. A quark gaf 1 MeV, aschosen irFig. 42, leads to too slow a cooling, while
a redwced gap of 50 keV reproduces the observed data quite well.

7. Signals of quark matter in rotating neutron stars

In this section we explore possible signalsquark deconfinement in neutron stars,
assuming that the densities in the cestef such objects are high enough that quark
deconfinement occurs. A convincing discovery of the kinds of signals described in this
section could ndicate that strange quark matter is not absolutely stable, ruling out the
absolute stability of strange quark matter and the existence of strange quark stars, since
it is impossible for (quark hybrid) neutron stars and strange quark stars to coexist stably.
The signals described below require rather pronounced modifications of the equation of
statecaused by quark confinement and depend on the rate at which the mixed phase
of quaks and hadrons gives way to pure quark matter. In addition great care is to be
taken as regards theumerical modeling305 of rotating stars as well as the properties
of the nuclear crust30g. We shall begin our discussionith isolated rotating neutron
stars, which spin down because of the loss atfational energy caused by the emission
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of an electron—positron wind from the star and by the emission of electromagnetic dipole
radiation. This is followed by a discussionadcreting neutron stars in binary systems. The
spin period of such neutron stars increases over time. The densities inside both neutron stars
that are spinning down as well as neutronstihat are being spun up by mass accretion
changes dramatically, which could lead to signals of quark matter in observable data.

7.1. Isolated pulsars

It is known from Figs. 21 and 22 that the weakening of the centrifugal force
accompanied by the slowing down of a rotatireutron star causes a significant increase
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of its central density. Fronkig. 21, for instarce, one reads off that the central density

of a neutron star model of madd = 1.42Mg, conputed for a soft quation d stae

(G399 in the present cas@(7), increases from about 450 Mg¥mn? for rotation at the

mass shedding frequencf, to more than 1500 MeYfm? for zero rotation, which is

a ~66% effect. Such dramatic changes in the interior density of a neutron star driven
by changes in frequency modify the stellar composition considerably. If the mass and
initial rotational frequency of a pulsar are such that during its slowing down phase the
interior density rises from below to aboveethiitical density for thequark—hadron phase
transition, first at the center where the density is higheigis( 4446 through49) and then

in a region expanding in the radial outward direction away from the star’'s center, matter
will be gradually converted from the relatively incompressible nuclear matter phase to
the more ompressible quark matter phase, as showRign50. The tremendous weight

of the overlying layers of nuclear matter tends to compress the quark matter core, which
causes the entire star to shrink on a length scale of several hundred meters, as shown in
Figs. 48 through47. The mass @ncentration in the core will be further enhanced by the
increasing gravitational attraction of the quark core on the overlying nuclear matter. The
moment of inertia thus decreases anomalously with decreasing rotational frequency as the
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new phase slowly engulfs a growing fraction of the s&¥q, as can be seem frofigs. 51
and52. Fig. 51 shows themoment ofinertia, |, conmputed self-consistently from EqQ¥)

for several sample stars having the same baryon number but different internal constitutions
[308. The curve labelel = 1.420M, computed for 339, shows tie moment binertia

of the quark hybrid star oFigs. 48and49. The other curves correspond to a standard
hyperon starf, p, H) constructed for ¢§22° and a standard neutron star, p) where
hyperons H) have been ignored purposely. In accordance with what has been said just
above, the smaller the quark matter cores which are being built up in their centers, the less
pronounced the shrinkage of quark hybrid stars driven by the development of quark matter
cores. Correspondingly, the diplirwveakens with decreasing star mass, as showigirb1

for several samplenasses in the range4ll6 < M/Mg < 1.420. Model calculations
indicate that very strong reductions bf such as are found for the.421M model,

for instance, may hardly be obtainable for physical scenarios other than the hypothetical
quak-hadron phase transitiod]. Hyperon populations alone, as calculated in R&f] [

(Figs. 51 53 and54), for ingance, appear to modify the equation of state far too little to
cause significant changeslin Nevertteless, there are models for the equation of state of
hyperonic matter which also can strongly affect the spin evolution of isolated neutron stars
[309310. As shown in these references, depending on the nucleon—hyperon interaction
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and a non-rotating star mass o#16Mg [1].

and the hyperon—hyperon interaction in matter, hyperons can even cause back-bending.
The back-bending episode can terminate either unstably or through a stable continuous
transition to a standard spin down behavior. The observation of back-bending in the timing
behavior of isolated pulsarsr of spin clustering on accretingautron stars discussed in
Section 7.2is therefore not unambiguous evidence fpuark deconfinement. It is also
explored to what extent back-bending may besediby other competing particle processes

(cf. Figs. 1land21).

The decrease of the moment of inertia caused by the quark—hadron phase transition,
shown inFig. 51, is superimposed on the response of the stellar shape to a decreasing
centrifugal force as the star spins down due to the loss of rotational energy. In order
to conserve angular momentum not carried off by particle radiation from the star,
the deceleration raté2(<0) must respond correspondingly by decreasing in absolute
magnitude. More than thaf may even change sign, as shownFiig. 52 [307], which
carries the important astrophysical information that an isolated pulsar may spin up during
acertain period of its stellar evolution. The situation may be compared with an ice skater
who 9ins up upon contraction of the arms before air resistance and friction of the skate on
the ice re-establishes spin dowgaén. Such an anomalous decreaseé @f analogous to
the ‘back-bending’ phenomenon known from nuclear physics, in which case the moment
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of inertia of an atomic nucleus changes anomalously because of a change in phase from a
nucleon spin-aligned state at high angulamnemtum to a pair-correlated superfluid phase

at low angular momentum. In the nuclear physics case, the back-bending in the rotational
bands of nuclei was predicted by Mottelson and Vala8hl] and thenobserved years

later by Stephens and SimoB814, and Johnson, Ride, and HjortB13. For neutron

stars, the stellar back-bending lofs shown inFig. 52. Stars evoling from ‘b’ to ‘a’ are
rotationally accelerated > 0), while stars eolving from ‘a’ to ‘b’, which could be part

of the evolutionary track of pulsars accreting matter from companionsyseton 7.2,

are rotationally decelerated?(< 0). As we shall seeext, the structure in the moment of
inertia and, specifically, the back-bendipgenomenon dramatically modifies the timing
structure ofpulsar spin down, rendering the observation of quark matter in neutron stars
accessible to radio astronomy. Pulsars aretifled by their periodic signal, believed to

be due to a strong magnetic field fixed in the star and oriented at an angle from the
rotation axis. The period of the signal is therefore that of the rotation of the star. The
angular velocity of rotation decreases slowly but measurably over time, and usually the
first and occasionally the second time deiivatcan also be measured. Various energy
loss mechanisms could be dap sud as the mgnetic dipole radiation, part of which is
detected on each revolution, as well as othes® sich as ejection of charged particles
[314. If one assume that pulsar slow down is governed by a single mechanism, or several
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mechanisms having the same power law, the energy balance equation can then be written
in the form

Z—IE = % (%I (9)92> = —Ccno™Mt, (120)

In the case of magnetic dipole radiation, the constaig equal toC = %MZ sir’ « where

u denotes the star's magnetic dipole moment. The quamtiip Eq. (120 is cdled the
braking index. It isn = 3 if | is kept ©®nstant during spin up (down). If, as is customary,
the gar's angular velocitys? is regarded as the only time dependent quantity, one obtains
the usual fomula for the rate of change of pulsar frequency, given by

0=—K" (121)

with K = C/I a mnstant. With the braking formuld21) one can define the spin down
age of a pulsar given by

t=—(n—1"1/0, (122)

with n = 3 for erergy loss governed by magnetic dipole radiation. However, the moment
of inertia is not constant in time but respondt@nges in rotational frequency, as shown



F. Weber / Progress in Particle and Nuclear Physics 54 (2005) 193-288 271

8000 —r—T—

6000

N i
EN S
‘o 4000 S 1937+21
a S 1957420
S i
S
=
S i
N i
S
2000 S —]
<  Crab 7
Vela |
0 ':1':4|:'§:|:

Fig. 49. The same d5g. 48 but inthe polar direction30g.

in Figs. 51and52, more or less in accord with the soéiss or stiffness of the equation of

state and according to whether the stellar mass is small or large. This response changes
the valueof the braking index in a frequency dependent manner, thatisn({2), even

if the sole energloss mechanism were pure magnetic dipolar, as expressed inl2e). (

Thus during any epoch of observation, the braking index will be measured to be different
from it canonical valu@ = 3 by a certain amount. How much less depends, for any given
pulsar, on its rotational frequency and, for diffat pulsars of the same frequency, on their
mass and on their internal constitutioh,186316—-318. When the frequency response of

the moment of inertia is taken into account, Eq2(Q) is replaced with 1,307]

2 =-2C"2I + 2l /d2) L. (123)

This explicitly shows that the frequency dependencg ebrresponding to any mechanism
that absorbs (or deposits) rotational energy cannot be a simple power law as given in Eq.
(121 (with K a condant). It must depend on the mass and internal constitution of the star
through the response of the moment of inertia to rotation as expressea3dnEq. (123

can be represented in the form a&@), but now with a frequency dependent prefactor, by
evaluding
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One sees that this braking index depends explicitly and implicitlylonThis rehtion
reduces to the canonical expressior= 3 only if | is indgpendent of frequency, which

may not the case, as seen above, if there are compositional changes driven by a varying
star frequency. As an example, we show Hig. 55 the variation of the braking index

with frequency for two selected quark hybrid starsFigs. 51and52. For illustrational
purposes we assume dipole radiation. Because of the response of the moment of inertia
to quark deconfinement, the braking index id#ss dramatically from the canonical value

n = 3 at rotatonal frequencies where quark deconfirent leads to the build-up of pure
guark matter coremm the centers of these stars. Such anomalieg in) are not obtained

for conventional neutron stars or hyperorrsthecause their momenof inertia increase
smoothly with (2, asknown fromFig. 51. Theobservation of such an anomaly in the timing
structure ofpulsar spin down could thus be interpreted as a signal of quark deconfinement
in the centers of pulsars. Of course, because of the extremely small temporal change of a
pulsar’s rotational period, one cannot measure the shape of the curve which is in fact not
necessary. Just a single anomalous valuetbét differed significantly from the canonical
value ofn = 3 would siffice [307,319.

Caried over to the observed pulsar data forand 2, it appears that the change in
centrifugal force over the life of a canonical, slowly rotating pulsar could eventually be
too meager to span a significaitange. The significant braking anomaly, therefore, could
be restricted to millisecond pulsars. For them, the phase change may occur only in such
millisecond pulsars as rotate near the maximmass peak determined by the underlying

0O

N2)=—5 =3 (124)
0
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Fig. 51. Moment of inertia versus rotational frequgfiar neutron stars having the same baryon numbBehut
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equation of state. Otherwise the fraction of pure quark matter in their centers may not be
sufficient to cause the required shrinkage. The phase change itself may be first (as in our
exampe) or second order. Both orders will cause a signal as long as quark deconfinement
causes a sufficient softening of the equatibstate and quark matter is generated at the
center of the star at a sufficiently high rate. On the observational side, a serious drawback
may be that the braking indices of millisecond pulsars are very hard to measure, because
of timing noise which rends the detemination of {2 very compltated. As a final but very
important point on the subject of quark deconfinement, we estimate the typical duration
over which the braking index is anomalous if quark deconfinement is well pronounced, as
for the quark hybrid star of madd (0) = 1.421M,. Thetime span can be estimated from

AT ~ —AR/2 = AP/P, whereA 2 is the frequacy interval of the anomaly. The range
over whichn(£2) is smaller than zero and larger than sbig(. 55) is A2 ~ —100 s,

or AP ~ —27A/N? ~ 3 x 107*s atf2 = 1370 s'1. Hence, for a millisecond pulsar
whose period derivative is typicall ~ 10719 one hasAT ~ 1C®y, as gaphically
illustrated inFig. 56. The dipole age of such pulsars is aboul $0Sg, as arough estimate
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we expect about 10% of the-30 currently known solitary millisecond pulsars to be in

the transition epoch during which pure quark matter cores are gradually being built up in
their centers. These pulsars could be signaling the ongoing process of quark deconfinement
in their cores. Last but not leastemote that the spin up time (regidra in Fig.52) is

about 5 of thetime spanAT, or about 1/50 of the dipole age. To avoid confusion,

we point out that the spin up has nothing to do with the minuscule spin ups known as
pulsar glitches. In the latter case the relative change of the moment of inertia is very small,
Al/l ~ —AR/02 ~ 10 or smaller, and approximates closely a continuous response of
the star to changing frequency on any timescale that is large compared to the glitch and
recovery interval. Excursion of such a magnitude as quoted would fall within the thickness
of theline in Fig. 52

7.2. Accreting neutron stars

The signal of quark deconfinement described®gction 7.1is computed for isolated
neutron stars, where deconfinement is driegrihe gradualtgllar contraction as the star
spins down. The situation is reversed in neatstars in binary systems, which experience
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a Pin up torque because of the transfer of aaguhomentum carried by the matter picked
up by the star's magnetic field from the surrounding accretion d4l6£317320,321].
The spin up torque causes a change in the stars’ angular momentum that can be expressed

as 15
dJ/dt = Mi(rm) — N(ro), (125)
whereM denotes the accretion rate and

[(rm) = vVMrm (126)

is the angular momentum added to the staryp@t mass of accreted matter. The quantity
N stands for the magnetic plus viscous torque term,

N(re) = kp?rg >, (127)

with © = R8B the star’s magnetic moment. The quantitigsandr. denote the radius of
the inner edge of the accretion disk and the dading radius, respectively, and are given

by
fm = &rA, re = (MQ-%/3 (128)
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with (¢ ~ 1). The Alfvén radiug 4 is defired by
ra = (u*2MM3)~HT7 (129)

Accretion will be inhibited by a centrifugal barrier if the neutron star's magnetosphere
rotates faster than the Kepler frequency at the magnetosphere. Hgnrcec; otherwise
accretion onto the star will cease. Theerat change of a star’s angular frequen@ythen
follows from Eq. (L25 as
d(t)
) —— =
® o

with the explicit time dependences as indicated. There are two terms on the right-hand side
of Eq. (130 that growlinearly and quadratically witl2. Ignoring the linear term shows
that mass transfer can spin up a neutron star to an equilibrium peri@@@f [

y =3/7 —5/7

M M

Peq = 2.4 ms( . ) <—> Rs” By, (131)
MEedd Mo

MI(t) — Q(t)% — ke ()?re®) 3, (130)

whereRg and_Bg are the star’s radius and its magnetic field in units & d and 18 G,
respectivelyMgqq in EQ. (131) denotes the maximum possible accretion rate, defined by
the Eddington limit (see Eq.110), at which the accretion luminosity equals the luminosity
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at which the radiation pressure force on ionized hydrogen plasma near the star balances
the gravitational acceleration force exeftby the star on the plasma. This condition
leads to an Eddington accretion rate Mfqg = 1.5 x 10 8RgMy y 1. For a ypical
accretion rate oM_19 = M/(10-1%M y—1), the Eldington rate can be expressed as
Medd = 150RsM ~1,M. The low mass xay binaies (LMXBs) observed with the RXTE
are divided into Z sources and Alfosources, which accrete at ratesMf 19 ~ 200 and
M_10 ~ 2, respectively255.

The solution of Eg.130 in combination with the expression for the moment of inertia
derived in Eq. 93 for the quark hybrid model §9 (M(0) = 1.42Mg) is shown in
Fig.57. The magnetic field is assumed to evolve according to

B(t) = B(co) + (B(t = 0) — B(c0))e /1, (132)

with t = O & the start of accretiorB(t = 0) = 1012 G, B(co) = 108 G, andtqy = 1P y.
Such a decay to an asymptotic value seembet a eature of some treatments of the
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magnetic field evolution o&ccreting neutron star822. Moreover, it expresses the fact

that canonical neutron stars have high magnetic field€)'? G, and millisecond pulsars
have low fields of~10% G. The result for the spin up of the quark hybrid stars is most
striking. One sees that quark matter remains relatively dormant in the stellar core until
the dar has been spun up to frequencies at which the central density is about to drop
below the threshold density at which quarktteais predicted to exist for this model. As
known fromFig. 52, this manigsts itself in a significant increase of the star's moment of
inertia. The angular momentum added to a neutron star during this phase of evolution is
therefore consumed by the star’s expansion, inhibiting a further spin up until the entire
qguark matter core has been spun out of the center, leaving the star with a mixed phase of
guarks and hadrons made up of hadrons andgusurrounded by ordinary nuclear matter
(seeFigs. 48and49). Such accreters, therefore, tetmdspend a much greater length of
time in the critical frequiecy range than otherwise. There will be an anomalous number of
accreters that appear near the same frequency, as sh&ign §8. Evidence that accreting
neutron stars pile up at certain frequencies, which are well below the mass shedding
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Fig. 57. Spin distribution of x-ray neutron stars. The spikéhe calculated distribution corresponds to the spinout
of quark matter. Otherwise the spike would be absent.

limit, is provided by the spin distribution of accreting millisecond pulsars in 57 Tuc and
neutron stars in low mass xyrdinaies observed with the Rossi X-ray Timing Explorer.
The proposed limiting mechanisms responsiiolethis behavior could be gravity-wave
emission caused by themode instability, or a small stellar mass quadrupole moment
[324325331]. As shown here, quark reconfinement may be linked to this phenomenon as
well [315316320323.

8. Summary

The tremendous pressures in the cores of neutron stars might be able to break neutrons,
protons plus other hadronic constituents in the centers of neutron stars into their quark
constituents, creating a new state of matter known as quark matter which is being sought
at the most powerful colliders. If quark matter exists in the cores of neutron stars, it will
be a color superconductor whose complex coisdéion pattern is likely to change with
density inside the star. The exploratiohthe numerous astrophysical facets of (color
superconducting) quark matter is thereforeugipermost importance and is pursued by
physicists from different, complementing fields of physics. Their joint scientific efforts,
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Fig. 58. The spin distrilstion of x-ray neutron stars. The spike in the calculated distribution (unshaded diagram)
corresponds to the spin-out of quark matter. Otherwisasjike would be absent. The shaded histogram displays
the observed dat815, which have been questioned recently, however. (Taken from BEH].)

surveyed in this review, provide most valuable information about the phase diagram of
nuclear matter at high baryon number density but low temperature, which is not accessible
to relativistic heavy ion collision experiments, and may ultimately provide us with a
glimpse of the kind of matter that filled ouniverse just milliseands after is was born.
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