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1. Introduction

Compact star phenomenology offers a unique tool to address the oungtama@llenges of
the modern particle and nuclear physics, in particular the phase stru€tlease quantum chro-
modynamics (QCD). The integral parameters of compact stars depene&ioedhation of state
(hereafter E0S) at high densities. Measurements of pulsar masses lieini@vide the most
valuable information on the underlying EoS because these, being defdacelinary system pa-
rameters, are model independent within a given theory of gravity [1g rEeent discovery of a
compact star with a mass of 1.9%., which sets an observationally “clean” lower bound on the
maximum mass of a compact star via the measured Shapiro delay [2], spori@eénsive discus-
sion of the phase structure of dense matter in compact stars consistentisvitimit{3, 4]. Pulsar
radii have been extracted, e.g., from modeling the X-ray binaries urdigirt reasonable model
assumptions, but the uncertainties are large [5]. A recent example isleggase-resolved X-ray
spectroscopy of PSR J0437-4715, which sets a lower limit on the radaug G M, solar mass
compact staR > 11 km within 3o error (Bogdanov, in Ref. [5]).

Large masses and radii are an evidence for the stiffness of the EcSheé dnatter at high
densities. Commonly, phase transitions, e.g. the onset of quark mattenssithféeeEoS close to
the transition point, and therefore reduces the maximum achievable massrdfgueation. Thus,
if quark matter exists in compact stars, there should be a delicate balanceune Mdich allows
large enough densities in compact stars to achieve quark deconfinemdestifbtenough EoS of
strongly interacting matter to support large masses and radii [3]. In@deseldreview below, one
can construct stellar configurations that are dense enough forrnsatgadeconfine into quarks
and are massive enough to be consistent with the maximum mass bound meahowued These
configurations have also radii large enough to be consistent with the epigiumds [5].

The information gained from measurements of the gross parameters of dasbjects, such
as the mass, radius or the moment of inertia give us only indirect informatipotential phases
of matter in their interiors. The studies of rotational, thermal and magnetic evadudioneutron
stars provide complementary information, which is sensitive to the compositimatér. Indeed,
modeling cooling neutron stars requires a detailed knowledge of quantitiesisihe specific heat
of components of matter and its neutrino emissivity, which are strongly composiépendent.
Thus, the cooling of massive neutron stars needs to be consistent witretteeatiformation of
guark matter with stiff equations of state. The studies of cooling of suchrstagals the complexity
of the problem (for the recent work see Refs. [6]). Furthermore réleent observation of the
substantial change in the temperature of the neutron star in Cas A posalteagé for the theory
to explain drastic short-term drop in the temperature of this neutron staa (emiew see Ref. [7]).
Magnetic evolution of a compact star will also depend on the structure ofetiadield in the quark
phases, which in turn depends on the dynamics of quantum vorticity in thi& guperconductor
or superfluid [8, 9]. For example, if the flux-tube dynamics in the typextesconducting phases
of the star occurs on evolutionary time-scales, it will directly affect the reagfield components
of the star that lead to its secular spin-down.
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Figure 1: Left panel.Mass vs radius for configurations with quark-hadron tréamsitensityp, = 3.4p0

for four values of vector couplingy /Gs = 0,0.2,0.4,0.6, whereGs is the scalar coupling. The purely
hadronic sequence (i.e. the sequence that includes nsciwhhyperons) is shown by black solid line.
The dashed lines and the gray solid lines show the branchesevthe 2SC and CFL quark phases are
present. The filled circles mark the maximum masses of theesexgs. The horizontal line shows the mass
measurement of Ref. [2Right panel. Properties of the stars as a function the free param@&giand the
transition density to quark mattgs; in units of saturation densitgy. The solid lines show the maximum
mass configurations realized for the pair of parameBrandp,. The dashed curves show the amount of
CFL matter in the configurations via the rato= Rce /R, whereRcg, is the radius of the CFL cor® is

the star radius. The parameter space to the right om0 line produces CFL stars. The parameter space
below the dashed-dotted curve corresponds to stars corgédS8C matter.

2. Two solar-mass compact stars with hyperons and color supsonducting quarks

Hybrid stars, i.e. baryonic stars containing quark cores, with two solasesdmve attracted a
lot of attention in recent years. Cold quark matter should be in one of tlsigd®superconducting
phases due to the attractive component in the gluon exchange quakkigesaction [10]. These
two aspects - high masses and color superconductivity - appear to be mimgnealient of realistic
hybrid star modeling. Here | describe briefly a recent work on a modehfdich exemplifies the
key features of this class of compact stars.

The nuclear EoS, as is well known, can be constructed starting frormaeruof principles.
In Ref. [4] relativistic mean-field models were employed to model the low densitiear matter.
As is well-known, these models are fitted to the bulk properties of nuclear raatidrypernuclear
data to describe the baryonic octet and its interactions [11]. Among the existiameterization
the stiffest EoS is achieved with the NL3 and GM3 parameterizations. Thedeigsity quark
matter was described in Ref. [4] by an NJL Lagrangian, which is extetulgatiude the t' Hooft
interaction term and the vector interactions with a coup{&yg The mass-radius relationship for
massive stars constructed on the basis of the EoSs described aboweriisistthe left panel of
Fig. 1 together with the mass measuremiht= 1.97+ 0.04M., [2]. Masses above the lower
bound on the maximum mass are obtained for purely hadronic stars; thiseféafrerequisite
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for finding similar stars with quark phases. Evidently only for high valueseator coupling
Gv one finds stable stars that contain (at the bifurcation from the hadrajuesee) the two-flavor
superconducting (2SC) phase, which are followed by stars that additiaontain the color-flavor-
locked (CFL) phase (for higher central densities). Thus, we find ttiatstable branch of the
sequence contains stars with quark matter in the 2SC and CFL phases.

The right panel of Fig. 1 shows the changes in the masses and compob@@mnmact stars as
the parameters of the mod8|, andpy are varied. First, it shows the tracks of constant maximum
mass compact stars within the parameter space. The decrease of maxim@s widssicreasing
vector coupling reflects the fact that non-zero vector coupling stifiea€oS. In other words, to
obtain a given maximum mass one can admit a small amount of soft quark mattesawisihing
vector coupling by choosing a high transition density; the same result is ebitaiith a low tran-
sition density, but large vector coupling, i.e., a stiffer quark EoS. For lawsition densities one
finds 2SC matter in stars, which means that weaker vector couplings slightdlyali SC matter.
Substantial CFL cores appear in configurations for strong vectodioguand almost independent
of the transition density (nearly vertical dashed lines Witk 0.1 in Fig. 1, right panel). Note that
for a high transition density there is a direct transition from hypernucletirecCFL phase. For
transition densities blow.Bpg a 2SC layer emerges that separates these phases. On the other hand,
weak vector couplings and low transition densities produce stars with a R&e pnly.

3. Thermal evolution of massive stars

Having developed the models of massive compact stars, we are in a posistudyotheir
cooling, using as an input a particle composition, that is consistent with trexlyimdy E0oS. Such
program was carried out with the sequences of massive compact stestsucted in Refs. [12].
These sequences of stable stars permit a transition from hadronic torgater in massive stars
(M > 1.85M.,) with the maximal mass of the sequene&M,,. Hess and Sedrakian, in Ref. [6],
assumed quark matter of lightandd quarks in beta equilibrium with electrons. The pairing among
theu andd quarks occurs in two channels: the red-green quarks are pairedoimdaresate with
a gap of order of the electron chemical potential; the blue quarks aredpaitte a gap of order
of keV, which is thus comparable to the core temperature during the negoblmg epoch [13].
For the red-green condensate, a parameterization of neutrino emissagityghwsen in terms of the
gaplessness parameter= A/du, whereA is the pairing gap in the red-green chanrigl, is the
shift in the chemical potentials of theandd quarks (Jaikumar et al, in Ref. [6]). The magnitude
of the gap in the spectrum of blue quarks was treated as a free parameter.

The stellar models were evolved in time, with the input described above, to oheai@mper-
ature evolution of the isothermal interior. The interior of a star becomes rsogthéor timescales
t > 100 yr, which are required to dissolve temperature gradients by thermdlction. Unless
the initial temperature of the core is chosen too low, the cooling tracks exitahésnthermal
phase and settle at a temperature predicted by the balance of the domimnainbremission and
the specific heat of the cosd the exit temperatureThe low-density envelope maintains substan-
tial temperature gradients throughout the entire evolution; the temperatyre loly about 2 orders
of magnitude within this envelope. The input parameters in the evolution cedéameutrino
and photon luminosities, the specific heat of the core, and the heatingspesceThe resulting
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Figure 2: Time evolution of the surface temperature of four modelwintral densities 5.1 (solid line),
10.8 (long-dashed line), 11.8 (short-dashed line), 2108téd line) given in units of 18 g cm 3. For the
observational data see Hess and Sedrakian in Ref. [6]. Tiper iywo panels correspond to cooling when the
red-green condensate has- 0.9, i.e., is not fully gapped; the lower panels correspond to 1.1, i.e., the
red-green condensate is fully gapped. The left two panetespond to evolution with negligible blue-quark
pairing A, = 0); the right two panels show the evolution for large blugipgiA, = 0.1 MeV.

evolution tracks are shown in Fig. 2, where we display the dependerbe @fedshifted) surface
temperature on time. Each panel of Fig. 2 contains cooling tracks for the s&noé four mod-
els with increasing central density. The cooling tracks for the purelydmaimodel (solid lines)
are the same in all four panels. The panels differ in the values of micrsigghparameters (for
further explanations see the caption of Fig. 2). It can be seen that (ietteino-cooling is slow
for hadronic stars and becomes increasingly fast with an increase sizéhef the quark core, in
those scenarios where there are unpaired quarks or gapless exsitatiomsuperconducting quark
phase. The temperature scatter of the cooling curves in the neutrino co@irgsggnificant and
can explain the observed variations in the surface temperature data chgameutron stars. (ii) If
quarks of all colors have gapped Fermi surfaces, the neutrino coghintg off early, below the
pairing temperature of blue quarks; in this case, the temperature sprireedonfoling curves is not
as significant as in the fast cooling scenarios. (iii) As the stars evolve iatphbton cooling stage
the temperature distribution is inverted, i.e., those stars that were cooler iautrén-cooling era
are hotter during the photon cooling stage.

Our preliminary studies show that the rapid cooling of Cas A can be undérste an evi-
dence of a phase transition from perfect 2SC phase to a crystallinestglerconducting state.
We assume the Fulde-Ferrell type superconductivity as discussedsn[Rgf (for more complex
order parameters see Ref. [15] and references therein). The phasition is characterized by its
temperaturd * and the timescale* needed to complete such a phase transition. Vgjtélibrium
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Figure 3: Left panel.Dependence of the surface temperature on time for the valube transition tem-
peratureT* (in MeV) indicated in the plot and for fixed*. The underlying model is the 1.9, compact
star model from Ref. [12]Right panel.Dependence of the surface temperature (in units &&K)0n time
for the same model. The points with error bars show the Cast#\ tlze solid lines are fits to these data by
variation of T*.

model calculations provide a value fot ~ 10 MeV in a particular (NJL Lagrangian based) model,
the physically realizable value @ may depend on dynamical factors and nucleation history of
the quark phase. Because of the density dependence of the criticalrédongé * in the stellar
interiors, this phase transition will not occur globally in the quark coregbadually within some
shells. Therefore, the values ®f andt* will be determined by the local conditions in the shells,
the transition being a gradual propagation of phase-separation fathé&s than a coherent instan-
taneous transition. In our study we treat the transition temperatues the key free parameter to
fit the cooling model to the Cas A data. These fits are not sensitive to thisg@xedue of timer*
characterizing the duration of the transition.

Fig. 3, left panel, shows the cooling evolution of the= 1.91IM, model of a compact star
for several values of * and fixedt*. It is seen that for a specific value ©f the cooling curves
pass through the location of Cas A in the [dgog t plain. The right panel of Fig. 3 shows the
observationally covered evolution of Cas A for the same valug ahd several (fine-tuned) values
of T*. It is seen that the data can be accurately fitted by fine-tuning a singlme@d *. In
each case the critical temperature of pairing for the blue quarks is assarsatisfy the condition
Tep > T, which implies that blue quarks have no effect on the dynamics of the tranpitizess.
The numerical valug., = 0.1 MeV was used in the simulations.

4. Color-magnetic flux tubes

We turn now to the response of dense quark matter to a magnetic field. Ousslst will
be focused on the formation and dynamics of color-magnetic flux tubes in théiavor color su-
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perconducting (2SC) phase. Type-Il superconductivity leads tadtion of flux tubes if the cost
of inserting a flux tube, which has always a positive self-energy (#msion) in a superconductor
is compensated by the interaction energy of the flux tube with external madiediéntensity.
The critical intensity (lower critical fieldH¢; for the formation of Abrikosov flux tubes contain-
ing color-magnetic flux is large, of order 40G. However, when the quark matter cools into the
2SC phase, the process of domain formation and amalgamation is likely to leaeeo$the flux
trapped in the form of flux tubes [9]. These flux-tubes may be topologicaliyable, however their
formation and decay timescales in an externally imposed field are unknown.

The 2SC phase contains three species of gapless fermions: two (lrdesup” and “blue
down”) and the electron. These are expected to dominate its transpperfies. Light ungapped
fermions will be scattered from color-magnetic flux tubes due to the AharBobm (hereafter
AB) effect [16]. The scattering of electrons and blue quarks of the tillbes in the 2SC cores
of compact stars contributes to the transport coefficients of matter andsaatslissipative force
on the flux tubes. The relaxation time for incident light fermion on a flux tubeviergby [9]
= (nv/pp)sinz(nﬁ), wheren, is the flux densitypg is the fermion momentum an@ is the
dimensionless AB parameter computed in Ref. [9]. It is easy to understanesult. It is of the
standard form for classical gases! = cno, wherec = 1 is the speed of the particlass= ny is the
density of scattering centers, agd] sinz(nfi)/pp is the cross section for AB scattering. One of
the blue quarks, the blue down quark, has no AB interaction with the flustﬁbe 0). The other
two light fermions, the electron and blue up quark, have identical AB factlthough their Fermi
momenta are different.

Because the ambient magnetic field in a neutron star is below the lower critidalefpiired
to force color-magnetic flux tubes into 2SC quark matter, the trapped flug tulideel a boundary
force pulling them outwards. This force will be balanced by the dragef@imutual friction”) on
the moving flux tube due to its AB interaction with the thermal population of gaplesskg and
electrons, and also by the Magnus-Lorentz force. An estimate of the tiladscéhe expulsion of
color-magnetic flux tubes from a 2SC core on the basis of balance &@s@ating on the vortex
shows that it is of order 26 years [9]. Therefore, it is safe to assume that the magnetic field will
be trapped in the 2SC core over evolutionary timescales in the absenceoéxtirnal forces.

5. Final remarks

Much remains to be done. First, our understanding of the EoS of demsk matter and
its phases needs further exploration. The strangeness degreesdirir including hypernuclear
matter and three-flavor quark matter should be further explored buildigg,g@on the work of
Ref. [4]. The equilibrium and stability of massive compact objects, cocigtdufrom these EoSs,
should be studied including rapid rotations and oscillations. Second, wiearteetter understand-
ing of the weak interaction rates in quark and (hyper)nuclear matter, velnehequired input in
cooling simulations of compact stars. Third, the transport coefficientsrigelcolor superconduct-
ing quark matter, such as the thermal conductivity, are input for modellirsgrag of phenomena,
which include thermal evolution, magnetic evolution, and oscillation modes.

I would like to thank M. Alford, L. Bonanno, D. Hess, X.-G. Huang, D. &tike for the
collaboration on the topics discussed in this contribution.
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