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ABSTRACT

Context. The possibility of observationally discriminating betweerious types of neutron stars, described lffedént equations of
state of the nuclear matter, as well afefientiating neutron stars from other types of exotic okjdilte, for example, quark stars, is
one of the fundamental problems in contemporary astrophysi

Aims. We consider and investigate carefully the possibility tiferent types of rapidly rotating neutron stars, as well asraype
of compact general relativistic objects, can bfatentiated from the study of the emission properties of toeetion disks around
them.

Methods. We obtain the energy flux, the temperature distribution &edemission spectrum from the accretion disks around devera
classes of rapidly rotating neutron stars, described figréint equations of state of the neutron matter, and for getark, described
by the MIT bag model equation of state and in the CFL (Colavbt-Locked) phase, respectively.

Results. Particular signatures appear in the electromagnetic gpacthus leading to the possibility of directly testing #guation
of state of the dense matter by using astrophysical obsemgaf the emission spectra from accretion disks.

Key words. neutron stars — quark stars — accretion disks

1. Introduction ties can discriminate between neutron and quark starsagitra
. - stars can reach much shorter periods than neutron stars, of
The quark structure of the nucleon indicates the possioia o orger of (6 ms [Cheng et al. 19098a)-mode instabilities
phase transition of confm_ed hadfo_f?'c matter to absolutalyls in rapidly rotating strange stars lead to specific signattine
strange quark matter at high densities (Itoh 1970. BOdmeL 19, ey0lution of pulsars with periods belows2ms, and some
Witten 1984), which is referred to as strange matter hypothg,ia on pulsar properties are consistent with this assompti
sis. If the hypothesis is true, then some neutron stars 8hopyr=qean 2000). Strange stars could have a radius significant
actually be stars made of strange quark matter (strangs) stdleq than that of neutron stafs (Cheng et al. 1998a).
(Alcock et al. 1986| Haensel et al. 1986). For a general vevie
of strange star properties see Cheng et al. (1998a). ~ Photon emissivity is the basic parameter for determin-
There are several proposed mechanisms for the formatia macroscopic properties of stellar type objects. Begaus
of quark stars. Quark stars are expected to form during the cgf the very high plasma frequenay, near the strange mat-
lapse of the core of a massive star, after the supernova-expl edge, photon emissivity of strange matter is very low
sion, as a result of a first or second order phase transitn, {Alcock et al. 1985). The spectrum of equilibrium photons is
sulting in deconfined quark matter (Dai et al. 1995). The@rotyery hard, withiw > 20 MeV. The problem of the soft photon
neutron star core or the neutron star core is a favorable@mvi emissivity of quark matter at the surface of strange stassitsn
ment for the conversion of ordinary matter to strange quaak mpeen considered (Cheng & Harko 2003, Harko & Cheng 2005).
ter (Cheng et al. 1998b. Chan et al. 2009). Another postsilisli By taking into account the Landau-Pomeranchuk-Migdie
that some neutron stars in low-mass X-ray binaries can &crgnd the absorption of the radiation in the external eledayer,
suficient mass to undergo a phase transition to become strafg€emissivity of the quark matter can be six orders of mageit
stars [(Cheng & Dai 1996). This mechanism has also been pigwer than the equilibrium black body radiation.
posed as a source of radiation emission for cosmologicaly
bursts|(Cheng & Dai 1998). The Coulomb barrier at the quark surface of a hot strange star
Based on numerical integration of the general relativistinay also be a powerful source efe™ pairs, which are created
hydrostatic equilibrium equations a complete descriptan in the extremely strong electric field of the barrier. At swd
the basic astrophysical properties (mass, radius, edciéntr temperatures of around ¥OK, the luminosity of the outflow-
Keplerian frequency etc.) of both static and rotating sjesstars ing plasma may be of the order 10°! ergs?® (Usov 19984,
has been obtained, forftirent values of the bag constant antlsov 1998b/ Harko & Cheng 2006). Moreover, for about one
for different equations of state of the strange star (Witten 1198y for normal quark matter and for up to a hundred years for
Haensel et al. 1986, Gondek-Rosinska et al. 2008yperconducting quark matter, the thermal luminosity ftbm
Dey et al. 1998, | Harko & Cheng 2002). Rotational propestar’'s surface, due to both photon emission ahet pair pro-
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duction, may be orders of magnitude higher than the Eddingt®he calculations suggest that the neutron star in Cygnus X-2
limit (Page & Usov 2002). rotates close to the centrifugal mass-shed limit. Geneslal r
However, despite these very specific signatures for quaativistic spectra from accretion disks around rotating trau
stars, a definite method for discriminating them with respec stars in the appropriate spacetime geometry for sevefiardi
the neutron stars is still missing. ent equations of state, spin rates, and masses of the cooipact
It is generally expected that most of the astrophysicalaibje ject have been also computéd (Bhattacharyya et al. 200hk). T
grow substantially in mass via accretion. Accretion diseslat- spectra from the accretion disks around a rapidly rotatieg-n
tened astronomical objects made of rapidly rotating gashvhitron star, by taking into account the Doppler shift, the grav
slowly spirals onto a central gravitating body, with itsgta- tational redshift and the light-bendingfects were obtained in
tional energy degraded to heat. A fraction of the heat caaveBhattacharyya et al. (2001). Light bending significantlydio
into radiation, which partially escapes, and cools downate fies the high-energy part of the spectrum. These resultsdcoul
cretion disc. The only information that we have about aganet be important for modeling the observed X-ray spectra of low-
disk physics comes from this radiation, when it reachesotadimass X-ray binaries, containing fast-spinning neutrorssihe
optical andX-ray telescopes, allowing astronomers to analyzemperature profiles of accretion discs around rapidlytirua
its electromagnetic spectrum, and its time variabilityeTéf- strange stars, using constant gravitational mass equitibse-
ficient cooling via the radiation over the disk surface prege quences of these objects, and considering the fidiceof gen-
the disk from cumulating the heat generated by stressesyand&fal relativity were computed in Bhattacharyya et al. (2001
namical friction. In turn, this equilibrium causes the disksta- The structure parameters and temperature profiles obtaieed
bilize its thin vertical size. The thin disk has an inner edge compared with those of neutron stars, as an attempt to grovid
the marginally stable orbit of the compact object potentiad  signatures for distinguishing between the two. The obthiee
the accreting plasma has a Keplerian motion in higher orb#slts implies the possibility of distinguishing these altgefrom
(Page & Thorne 1974, Thorne 1974). each other by sensitive observations through future X-ey d
Recent astrophysical observations have shown that arou@etors. The accretion disc temperature profiles, discriosity
many compact objects, as well as around black hole candidagnd boundary layer luminosity for rapidly rotating neutstars,
there are gas clouds surrounding the central compact ohjett considering the full #ect of general relativity, were calculated
an associated accretion disc, on a variety of scales thadl coin [Bhattacharyya (2002).
range up to a tenth of a parsec or even to a few hundred parsecsThe emissivity properties of the accretion disks have been
(Urry & Padovani 1995). These clouds are assumed to fornrecently investigated for a large class of compact objects,
geometrically and optically thick torus (or warped dischigh such as rotating and non-rotating boson or fermion stars
absorbs most of the ultraviolet radiation and the soft Xsrajne (Torres 2002[ Yuan et al. 2004, Guzman 2006), as well as for
gas exists in either the molecular or the atomic phase. Hentdee modifiedf (R) type theories of gravity (Pun et al. 2008a), for
important astrophysical information can be obtained frva t brane world black holes (Pun et al. 2008b), and for wormholes
observation of the motion of the gas streams in the grawitati (Harko et al. 2008, Harko et al 2009). The radiation power per
field of compact objects. unit area, the temperature of the disk and the spectrum of the
The first comprehensive theory of accretion disks was comitted radiation were given, and compared with the case of a
structed in Shakura & Sunyaev (1973) by using a Newtoni&chwarzschild or Kerr-Newman black holes of an equal mass.
approach. This theory was extended to the general rekativis Itis the purpose of the present paper to consider a compara-
tic models of the mass accretion onto rotating black holéige systematic study of the properties of the thin accretiisks
(Novikov & Thorne 1978). These pioneering works developearound rapidly rotating neutron and strange stars, reispéct
thin steady-state accretion disks, where the accretingematind to obtain the basic physical parameters describingise d
moves in Keplerian orbits. The hydrodynamical equilibritnm like the emitted energy flux, the temperature distributiarttoe
the disk is maintained by arfficient cooling mechanism via ra- surface of the disk, as well as the spectrum of the emitted equ
diation transport. The photon flux emitted by the disk swefadibrium black body radiation.
was studied under the assumption that the disk emits a blackIn order to obtain the emissivity properties of the disk, the
body radiation. The properties of radiant energy flux over timetric outside the rotating general relativistic stars niesde-
thin accretion disks were further analyzed, with tHeeets of termined. In the present study we calculate the equilibom
the photon capture by the hole on the spin evolution takemn irfigurations of the rotating neutron and quark stars by udieg t
account as well (Page & Thorne 1974, Thorne 1974). In theR&S code, as introduced|in Stergioulas & Friedman (199%), an
works the @iciency with which black holes convert rest massiscussed in detail ih Stergioulas et al. (2003). This cods w
into outgoing radiation in the accretion process was alsn-coused for the study of eierent models of rotating neutron stars
puted. in [Nozawa et al. (1998) and for the study of the rapidly rotat-
The disc and boundary layer luminosity for accreting strange star$ (Stergioulas et al. 1999). The softwaréges
ing rapidly rotating neutron stars with low magnetic fieldhe metric potentials for various types of compact rotatieg-
in a fully general relativistic manner were considered iaral relativistic objects, which can be used to obtain thesjal
Thampan & Datta (1998). Thdfect of the quadrupole compo-properties of the accretion disks. Particular signatupgear in
nent in the mass distribution of a rapidly rotating neutrtar s the electromagnetic spectrum, thus leading to the poggibii
on the energy release in the equatorial (or boundary) lager directly testing the equation of state of the dense matteising
the surface of the accreting star and in the accretion disk astrophysical observations of the emission spectra froeneac
the cases where the stellar radius is smaller (or larger) théon disks.
the radius of the last stable circular orbit was analyzed in The present paper is organized as follows. The properties of
Sibgatullin & Sunyaev (19938). The temperature profilestwfit the general relativistic thin accretion disks onto coméjects
accretion disks around rapidly rotating neutron starsh(uatv  are briefly described in Section Il. The equations of statdus
surface magnetic fields), taking into account the fiiieets of in the present study are presented in Section Ill. In Sedtibn
general relativity were obtained in Bhattacharyya et 0. we consider the radiation flux, spectrum arflcgency of thin
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accretion disks onto several classes of neutron stars aamtk qu By eliminatingW," from Egs. [8) and[(5), and by applying
stars. We discuss and conclude our results in Section V. the universal energy-angular momentum relatiéh= QdJ for
circular geodesic orbits in the for, = QL,, the flux of the
radiant energy over the disk can be expressed in terms of the
specific energy, angular momentum and the angular velo€ity o
the black hole. Then the flux integral leads to the expression

A thin accretion disk is an accretion disk such that in cyind the energy fluxF(r), which is given by|(Page & Thorne 1974,
cal coordinatesr(¢,z) most of the matter lies close to the raThorne 1974)

dial plane. For the thin accretion disk its vertical sizefiftkd :

along thez-axis) is negligible, as compared to its horizontal eXE(r) = — Mo _ Qv'~
tension (defined along the radial directigni.e, the disk height 47 =9 (E - QL)2
H, equal to the maximum half thickness of the disk, is always . .
much smaller than the characteristic radiusf the diskH < R Where the no-torque inner boundary conditions were alse pre
(Novikov & Thorne 1978). The thin disk is in hydrodynamicapcribed (Page & Thorne 1974). This means that the torque van-
equilibrium, and the pressure gradient and a vertical pytgua- ishes at the inner edge of the disk, since the matter at the

dient in the accreting matter are negligible. In the stesigge Marginally stable orbitr falls freely into the black hole, and
accretion disk models, the mass accretion Meis supposed cannot exert considerable torque on the disk. The lattemass

to be constant in time, and the physical quantities of theetcc tion is_ valid as long as strong magn_etic fields do not exishén t
ing matter are averaged over a characteristic time scaleat. PlUNging region, where matter falls into the hole.

and over the azimuthal anglep = 2r, for a total period of the _Once the geometry of the space-time is known, we can de-
orbits and for the heigh. The plasma moves in Keplerian or-V€ the time averaged radial distribution of photon encisgbr

bits around the compact object, with a rotational velogityrhe ~ &ccretion disks around black holes, and determinefiisency

. e = o _of conversion of the rest mass into outgoing radiation. Adie-
e s S o e et o A e il dependnce of e angie el
The four—velocit’y of the particles ig”, and the disk has an av—Spec'f'C energyE and of the specific angular momentuof

eraged surface densik; The accreted matter is modeled by aﬁhe particles moving on circular orbits around the blaclkebpl

: : - . o respectively, we can compute the flux integral given b . (6
anisotropic fluid source, where the dengity(the specific heat F?_et us c)c/)nsider an aeri)trary stationary gnd gxially s)g/Ehm((etr
is neglected), the energy flow vectgt, and the stress tenstt cometr
are measured in the averaged rest-frame. The energy-momenq Y
tensor takes the form (Novikov & Thorne 1973) ds? = gudt® + Qrpditdp + Grrdr? + gged6? + g¢¢d¢2 i @)

T = pouru’ + 20 + ¢, (1) where in the equatorial approximatiof ¢ 7/2| < 1)the met-
whereu, ¢ = 0, u,t*” = 0. The four-vectors of the energy andric functionsgy, g, Orr, e andgys depend only on the radial
of the angular momentum flux are defined-bg* = T#,(9/dt)” coordinate. The geodesic equations take the form

and J* = TH,(0/9¢)", respectively. The four dimensional con- _ _ _ _

servation laws of the rest mass, of the energy and of the anguéit — EQys + LGy dp  EQy + L0« 8
momentum of the plasma provide the structure equationseof thy ~ 0, — oo dr ~ _gz — OiOss (8)
thin disk. By integrating the equation of the rest mass comse t¢ %

tion, _V,,(pou“) = 0, it follows that the time averaged accretiorand

rateMp is independent of the disk radius:

i dr\?
Mo = —2arZu’ = const, (2) O (E) = V(r), 9)

where a dot represents the derivative with respect to the ¢ion ) _ .
ordinate (Page & Thorne 1974). The averaged rest mass gen&ePectively, where is the dfine parameter, and the potential

is defined byx(r) = fi {po)dz, where(pg) is the rest mass den_termV(r) is defined by

2. Thin accretion disks onto general relativistic
compact objects

f r (E- QL)L ,dr, (6)

sity averaged ovekt and 2. The conservation laW,E* = 0 of Ezg¢¢ n 2§Egt¢ + [2gq

the energy can be written in an integral form as V(r)=-1+ % — g . (10)
. — o — GttGpe

[MoE — 22rQW,'], = 4r V—GFE . 3) ‘

For circular orbits in the equatorial plane the conditions

where a comma denotes the derivative with respect to the F) = 0 andV,(r) = 0, respectively, must hold for all disk

dial coordinate. Eq. [3) shows the balance between the energy g rations. From these conditions one can obtain the spe
transported by the rest mass flow, the dynamical strességin t

. ) .gific energyE, the specific angular momentumand the angu-
disk, and the energy radiated away from the surface of the di ! . . . . .
respectively. The torquey,’ in Eq. [3) is given by %ar velocity Q of the particles moving on circular orbits around

spinning general relativistic stars as

H
Wq)r = f <t¢r>d2, (4) E _ Ot + gt¢Q (11)
—-H - ’
—0Ott — 20t5Q — Q2

where(t,") is theg — r component of the stress tensor, averaged V=0~ 20 0 oo
overAt and over a 2 angle. The law of the angular momenturm” _ Gt + o i (12)
conservationy,J* = 0, states in its integral form the balance of V=0t — 201pQ — Gy Q2
the three forms of the angular momentum transport, >

o r _ o 9 _ ~Gurt V(Gts.)* = Git.r Ooo.r (13)
[MoL — 22rW,"] , = 4 v/—gFL . (5) dt Uoor :
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The marginally stable orbitsys around the central object areand plasma under thefect of any perturbation due to hydro-
determined by the conditio\;[rr(r)|r:rms = 0, whichis equivalent or magnetohydrodynamic instabilities in the disk will leahe
to the equation disk and hit the surface. Then the enefgytransferred to the

_ - _ star from the disk is measured at the radiesof the star, and
[Ezg¢¢,rr + 2EL Qg1 + L2Gerr — (gt2¢ - gttg¢¢)’rr]r:rms =0. (14) the diiciency takes the form

By inserting Eqs.[[T1)E(12) into Eq_(114), and solving the = 1 - E, , (18)
resulting equation for,s, we obtain the marginally stable orbits, L
once the metric cdgcientsgy, gi, andgys are explicitly given.  wherek, = E|r: . For Schwarzschild black holes thfieiency

The accreting matter in the steady-state thin disk modeljis about 6%, no matter if we consider the photon capture by
supposed to be in thermodynamical equilibrium. Therefbee tthe black hole, or not. Ignoring the capture of radiation ey t
radiation emitted by the disk surface can be considered as-a plack hole ¢ is found to be 42% for rapidly rotating black holes,
fect black body radiation, where the energy flux is given byhereas theféiciency is 40% with photon capture in the Kerr
F(r) = oT*(r) (o is the Stefan-Boltzmann constant), and thgotential. For neutron and quark stars tifecéency is varying in
observed luminosity. (v) has a redshifted black body spectrum} proader range, especially if we take into account Byatand

(Torres 2007): Ee can have very dierent values for dierent neutron and quark
v3rdedr star models.

8 re 21
L(V) = 47Z'd2| (V) = E COS’}/I jo\ W (15)

Hered is the distance to the sourddy) is the Planck dis- 3- Equations of state

tribution function,y is the disk inclination angle, and andr | order to obtain a consistent and realistic physical deon
indicate the position of the inner and outer edge of the disK, f the rotating general relativistic neutron and quarksstas a
spectively. We takej = rms andry — oo, since we expect the st step we have to adopt the equations of state for the dense
flux over the disk surface vanishesrat> oo for any kind of gen- e \,tr0n and quark matter, respectively. In the presentstéid
eral relativistic compact object geometry. The emitted@@nCy o accretion disks onto rapidly rotating neutron and qstaks

is given byve = v(1+2), where the redshift factor can be written o onsider the following equations of state:

as 1)  Akmal-Pandharipande-Ravenhall  (APR) EOS
1472 1+ Qrsingsiny (16) (Akmal et al. 1998). EOS APR has been obtained by using
=0t — 2001 — O%Gsy the variational chain summation methods and the Argonge

two-nucleon interaction. Boost corrections to the twolaan

where we have neglected the light bending (Luminet 197@teraction, which give the leading relativistidfect of order
Bhattacharyya et al. 200/Lb). (v/c)?, as well as three-nucleon interactions, are also included

The flux and the emission spectrum of the accretion disksthe nuclear Hamiltonian. The density range is from 20*
around compact objects satisfy some simple scaling reistiog/cm?® to 2.6 x 10'° g/cm®. The maximum mass limit in the static
with respect to the simple scaling transformation of thealad case for this EOS is.20M,. We join this equation of state to the
coordinate, given by — T = r/M, whereM is the mass of the composite BBP/c? > 4.3 x 10''g/cm®) (Baym et al. 19771a) -
black hole. Generally, the metric tensor ffiagents are invariant BPS (1@ g/cm® < 4.3 x 10'g/cm?®) (Baym et al. 1971b) - FMT
with respect of this transformation, while the specific eyethe (/¢ < 10* g/em®) (Feynman et al. 1949) equations of state,
angular momentum and the angular velocity transforfEas ~ respectively. _
E,L - ML andQ — Q/M, respectively. The flux scales as__2) Douchin-Haensel (DH) EOS (Douchin & Haensel 2001).
F(r) — F(F)/M? giving the simple transformation law of theEOS DH is an equation of state of the neutron star matter, de-

; ibing both the neutron star crust and the liquid coreslt i
temperature &§(r) — T (F) /M. By also rescaling the frequency>¢" . _ .
of the emitted radiation as — 7 = v/M, the luminosity of the Paseéd on thefeective nuclear interaction SLy of the Skyrme

disk is given byL (v) — L (%) /M. On the other hand, the flux is type, which is particularly suitable for the applicatiorthe cal-

proportional to the accretion radd,, and therefore an increaseculation of the properties of very neutron ”Ch. matter. Thac
in the accretion rate leads to a linear increase in the iiadiat!U"® Of the crust, and its EOS, is calculated in the zero tempe

emission flux from the disc. ature approximation, and under the assumption of the ground

The diiciencye with which the central object converts resﬁtjaﬁncgo(r:]nri)r?isrggjl;pg:eC(I)En?pSogi];ig]ne !I[?wlél?jgr?;ﬁ;sr;r?éceuilgﬁg rr?
mass into outgoing radiation is the other important phygiea : b )
rameter characterizing the properties of the accreticksdihe ~>-49% 10 g/en?® to 4.04x 10°° g/em?. The minimum and maxi-
efficiency is defined by the ratio of two rates measured at ifluM masses of the static neutron stars for this EOS.ag#bl,
finity: the rate of the radiation of the energy of the photoss e2Nd 205Mo, respectively. o
caping from the disk surface to infinity, and the rate at which_ 3) _Shen-Toki-Oyamatsu-Sumiyoshi  (STOS) = EOS
mass-energy is transported to the compact object. If aththie-  (Shenetal. 1998). The STOS equation of state of nuclear
ted photons can escape to infinity, tféaency depends only on matter is obtained by using the relativistic mean field tleor

the specific energy measured at the marginally stable ogbit with nonlinearo- andw terms in a wide density and temperature
range, with various proton fractions. The EOS was spediical

e=1- ﬂ . (17) designed for the use of supernova simulation and for theoeut
r=rms . . X . .
star calculations. The Thomas-Fermi approximation is ueed
There are some solutions for the geometry of the neutron ashelscribe inhomogeneous matter, where heavy nuclei areetbrm
quark stars whereys is at the surface of the star or even takemgether with free nucleon gas. We consider the STOS EOS
values less than the surface radius of the central objethisn for several temperatures, namdly= 0, T = 05 andT = 1
case the inner edge of the disk touches the surface of the iV, respectively. The temperature is mentioned for eadBST
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equation of state, so that, for example, STOS O represeats th 36

STOS EOS forT = 0. For the proton fraction we chose the » ',’,};’/’/7://

valueY, = 0.001 in order to avoid the negative pressure regime L

for low baryon mass densities. Q —
4) Relativistic Mean Field (RMF) equations of state with < 10% | SRS 77T

isovector scalar mean field corresponding todhmeson- RMF S DH —---

soft and RMF sff EOS [Kubis & Kutschera 1997). While the 2 ’ RMF soft —---

5-meson mean field vanishes in symmetric nuclear matter, it 2 2 ,"'/ RSMTZ%“S """

can influence properties of asymmetric nuclear matter in neu 210 ,;?’,'// | STOS 0.5

tron stars. The Relativistic mean field contribution duefte t v BBSEIEVSl}l -

s-field to the nuclear symmetry energy is negative. The energy o BBBParis - - - - -

per particle of neutron matter is then larger at high dessttian % Ll ‘ APR

the one with no-field included. Also, the proton fraction gf 101 10" 10%

stable matter increases. Splitting of proton and neutftactve plgcm

masses due to thefield can dfect transport properties of neu-

tron star matter. The equationg of statée canzbe par_ameiehsjze Fig. 1. Pressure as a function of density (in a logarithmic scale)
the coupling parametefs} = g2/n¢, CZ = g;/m;, b = b/G3  for the equations of state Q, CFL150, CFL300, DH, RMF soft,

andc = c/g;, wherem, andm, are the masses of the respectiviMF stiff, STOS 0. STOS 0.5, STOS 1, BBBAV14, BBBParis
mesons, anth andc are the cofiicients in the potential energy ang APR, respectively.

U (o) of the o-field. The soft RMF EOS is parameterized by
C2 = 1.582 fir?, C2 = 1.019 fr?, b = —~0.7188 anct = 6.563,
while the stif RMF EOS is parameterized I§§2 = 11.25 fn?,  tained as an explicit function of the energy densitp the form
C2 = 6.483 fn?, b = 0.003825 andt = 3.5x 1075, respectively. (Lugones & Horvath 2002)

5) Baldo-Bombaci-Burgio (BBB) EOS (Baldo et al. 1997).
The BBB EOS is an EOS for asymmetric nuclear matter, dg-_ 1 20%5%  mgs”

rived from the Brueckner-Bethe-Goldstone many-body theof ~ 3 (e - 4B) - pra i (21)
with explicit three-body forces. Two EOS’s are obtainede on

corresponding to the Argonne AV14 (BBBAV14), and the otheyhere

to the Paris two-body nuclear force (BBBParis), implemeiye 4

the Urbana model for the three-body force. The maximumestati’ = —a + /a2 + =72 (¢ — B), (22)
mass configurations aféax = 1.8My and Myax = 1.94Mg 9

when the AV14 and Paris interactions are used, respectivety 5,4 , = ~mg/6 + 2A%/3. In the following the value of

onset of direct Urca processes occurs atsdensit'@ei).GS_fmfe’ the gap energyA considered in each case will be also
for the AV14 potential anch > 0.54 fm™ for the Paris po- mentioned for the CFL equation of state, so that, for ex-
tential. The comparison V\_nth other microscopic model'_sfmtamme, CFL150 represents the CFL EOS with = 150
EOS shows noticeable ftierences. The density range is from\ie\/ For the mass of the strange quark we adopt the value

1.35x 10* g/lem® to 3507x 10*° g/en’. _ ms = 150 MeV. The maximum mass of the stars in the

6) Bag model equation of state (Q) EOS_(Witten 1984F. model is given byMmax = 1.96Ms (1 +6)/ vVBso,
Cheng et al. 1998a). For the description of the quark mateer With s _ 0.15(A/100 MeV)? (60 MeV fm_g/B)
adopt first a simple phenomenological description, baseti®n — ’

(Horvath & Lugones 2004). Hence large maximum masses

(M > 4Mg) can be found for standard values &f and

A > 250 MeV. For a discussion of the maximum mass of
1 both rotating and non-rotating general relativistic olgesee

p= 3 (0 -4B), (19) Stergioulas et al. (2003). For rotating stars the maximurasma

~ 4 3 12
whereB is the diterence between the energy density of the pe(f?ln be Of the order dmmax - 6_'1M® (2 x 104 g cnm /pm)
turbative and non-perturbative QCD vacuum (the bag cotjstafVh€r€om is the matching density.
with the valueB = 4.2 x 101 g/crr?. The pressure-density relation is presented for the coreside

7) Color-Flavor-Locked (CFL) EOS It is generally agree§duations of state in Figl 1.

today that the color-flavor-locked (CFL) state is likely te b
the ground state of matter, at least for asymptotic delssitigl
and even if the quark masses are unequal (Alford et al.|1999,
Rapp et al. 2000, Alford et al. 2007). Moreover, the equal ©urin the present Section we consider the properties of thergene
ber of flavors is enforced by symmetry, and electrons arerapsaelativistic thin accretion disks formed around neutrarstand
since the mixture is automatically neutral. By assuming tha quark stars. The metric outside the rotating compact géredra
massms of the s quark is not large as compared to the chemicaltivistic stars can be described, in quasi-isotropic coaités,
potentialu, the thermodynamical potential of the quark matter ias
CFL phase can be approximated|as (Lugones & Horvath 200%|)Sz

MIT bag model equation of state, in which the pressuis re-
lated to the energy densipyby

Thin disk accretion onto neutron and quark stars

—e" P dt?+e? (dr? + F2d6”)+& T2 sir? 6 (dg — walt)? , (23)

3t 3m 1-12In(ms/ 3 _
—LZ + 23 - #m‘é - —ZAZ#Z +B,(20) where the metric potentialg p, @ and the angular velocity of
A An 32n bis ) X . . _
the stellar fluid relative to the local inertial frameare all func-
whereA is the gap energy. With the use of this expression thiens of the quasi-isotropic radial coordinateand of the po-
pressureP of the quark matter in the CFL phase can be obbar angled. The RNS code produces the metric functions in a

QcFL =
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guasi-spheroidal coordinate system, as functions of thenpe: 25 —
ters = r/ (r +re), wherere is the equatorial radius of the star, AR CFLlSQO —_
which we have converted into Schwarzschild-type cooréisrat ol 4 N\ DH —--- |
according to the equation = rexp[(y — p) /2]. To obtain the <« u N E',\\/'ME S?,g -
radius of the marginally (or innermost) stable circularitsrhbns Hg ! kN STOS 0
we have used a truncated form of the analytical approximatio '« 15 N STOS 0.5
given as[(Shibata & Sasaki 1998), = BEBAVLA - -

‘E’.O 10 | BBBParis ----- i
% ~ (1 —0.54433)- 0.22619° + 0.17989Q, — 0.23002%+ =

g

5 L
0.262981Q; - 0.29693" + 0.445461°Qy) (24)
. 0 : S

whereq = J/M? andQ, = —M,/M3, respectively, and where 5 10 20 30 40 50
J is the spin angular momentum, aig is the quadrupole mo- /M

ment. Once the metric outside the rotating stars is knovemfr _ . . _ _ )
Eqgs. [12){IB) we obtain the angular velocity, the specifiergy Fig.2. The tlme-averaged flux radiated by.a thin accretion disk
and the specific angular momentum of the orbiting plasma-pa@round rotating neutron and quark stars, with thf samertutas
cles in the disk. Then we calculate the integral given by By. (M = 1.8Ms, and rotational velocitf = 5x 10° s,

measuring the photon flux emitted by the disk surface in ther-

modynamical equilibrium. From the flux we obtain the temper-

ature distribution of the disk, as well as the spectra of hée q angylar velocity & 10° sX. We can distinguish two types of
ted radiation. For all our calculations we use an accretata r behavior for the curves in this figure.

— 12 —
of M = 1x 107“Mo/yr, and assume that cgs= 1. In order The first group contains the models with relatively smallste
to compare the thermal and emission properties of the thin A% radii. of the order of 16- 12 km. The stars with EOS APR

s o Bt seren o e o AGPBAY1A. BEEPars and DK belong o i group,an the
have some common characteristics 9 Abr edges of the acc_retion disk (indicated b_y the _Ieft bognda
) of the radial flux profile) are located at low dimensionlegfira
close to each other, withM ~ 5.2—-5.6. The shape of their flux
4.1. Accretion disks onto neutron and quark stars with same ~ Profiles is rather similar, and only the stellar model APR-pro
mass and angular velocity duces a maximal flux value higher by a factor of fith respect
to the other ones. The maximal flux values for the stars with
As a first example of the electromagnetic radiation chariete the DH and BBBParis type EOS'’s are close to each other, and
tics of the accretion disks we consider the properties dfsdisthe model BBBAV14 has the smallest maximal value. For the
around rapidly rotating neutron and quark stars havinganees models BBBAV14, BBBParis, and DH, respectively, the disk ra
gravitational mas#! and angular velocitp. If M andQ as well  diates its maximal flux at higher radii as compared to the APR
as the electromagnetic characteristics of the radiatiolsstan EQOS. The model RMF soft and the quark star model Q still be-
from the disk could be determined by using astronomical @Ad gong to this first group, and they have accretion disks wita th
trophysical observations, one may attempt to identify ipe ©f inner edge at/M =~ 5.4. Nevertheless, the flux profiles of their
the central star by analyzing thefid@rences in the physical pa-disk radiation are dierent. The highest values f&i(r) among
rameters (flux, temperature and spectrum) of the disk. Tls-phall the models of the first group are obtained for the RMF soft
ical parameters of the accretion disks are obtained for al fixeodel. The flux emitted by the accretion disk around the quark
total mass and rotational frequency for all the equatiorstate star described by the bag model equation of state Q is lower by
discussed in Sectidd 3. a factor of around @, as compared to the fluxes emitted by the
In Table[1 we present the main physical parameters of thisks around the neutron stars, but the flux profile is verylaim
considered neutron and quark stars, with the total massosetd the DH model profile. The only fference between them is in
values around .8BM,, and the angular velocity fixed to valueghe location of the inner edge of the disk. The quark star rhode
around 5x 10° s71. In this, and the following Tablegy is the CFL150 also belongs to the first group. The inner disk edge is
central densityM is the gravitational mas#${ is the rest mass, located ar/M = 5.6 for this type of EOS, but the maximal flux
Re is the circumferential radius at the equat@rjs the angu- emitted by the disk is close to the one emitted by the BBBParis
lar velocity, Q, is the angular velocity of a particle in circu-model.
lar orbit at the equatoil /W is the rotational-gravitational en-  The RMF stif and the STOS type neutron stars form a sec-
ergy ratio,cJ/GM3 is the angular momentunh,is the moment ond group, since the accretion disks around them emit a fatx th
of inertia, ®, gives the mass quadrupole momevi; so that is much smaller, as compared to the fluxes of the first grou@. Th
M = c*®,/(G*M3M3), h, is the height from the surface of thestellar radii of these stars are much greater than thoseatéis
last stable co-rotating circular orbit in the equatori@ng,h_ is in the first group, and their marginally stable orbits areated
the height from surface of the last stable counter-rotatiraylar  at even higher radii, betweeriM ~ 7 and 117, respectively. In
orbitin the equatorial planes./Q is the ratio of the central value the STOS type models, the maximum values of their fluxes are
of the potentialv to Q, re is the coordinate equatorial radius, anghcreasing, and the radii of the left boundaryr(f) are decreas-
rp/reis the axes ratio (polar to equatorial), respectively. ing, with increasing star temperatures. The EOS RME, stith
In Fig.[2 we present the total flux(r) radiated by the accre- the smallest radius of the inner edge, gives the highest-maxi
tion disk around the stellar models DH, RMF gsfitf, STOS mal flux in the second group. The temperature distribution in
T = 0.0, 05 and 10, BBBAV14, BBBParis, APR, Q and the disk, shown in Fid.]3, follows the same pattern as the one
CFL150, respectively, all the stars having the mass&¥1}, and described for the flux profiles.



Z. Kovacs et al.: Thin accretion disks around neutron aratlqstars 7

EOS DH RMF soft | RMF stiff | STOS0| STOS0.5| STOS1| BBBAV14 | BBBParis| APR | Q CFL150
pe [10%g/em®] | 1.29 | 2.00 0.57 0.369 0.383 0.40 2.15 1.70 1.225| 0.931| 0.71

M [Mo] 181 | 1.52 1.80 1.85 1.80 1.79 1.80 1.80 180 [ 1.79 | 1.80

Mo [Mg] 2.05 | 1.70 2.00 2.01 1.95 1.93 2.08 2.07 211 [ 2.09 | 2.09
Re[km] 12.01| 11.34 15.79 21.03 22.84 22.72 10.57 10.98 10.99 | 11.79| 12.36
Q103 499 | 5.00 5.00 4.90 471 4.45 5.01 5.00 5.00 | 4.79 | 5.00
Q,[10%s7] 11.16 | 11.67 7.97 5.37 4.56 4,54 13.96 13.19 13.23 | 11.97 | 11.28
T/W[1077] 343 | 331 8.93 14.91 12.25 9.83 2.35 2.66 341 | 445 | 5.64
cJ/GM? 1.15 | 0.82 2.00 2.95 2.49 2.15 0.95 1.00 112 | 1.28 | 1.50
1[10%g cn?] 2.03 | 145 3.52 5.30 4.65 4.25 1.66 1.76 198 | 235 | 2.63
®,[10%g cn?] | 854 | 6.73 43.82 106.53 | 80.44 61.22 4.42 5.43 7.87 | 130 |1.91
h,[km 6.85 | 0.00 0.00 0.00 0.00 0.00 3.19 2.69 0.00 | 0.00 | 0.00
h_[km 748 | -2.35 -3.40 7.91 3.87 2.27 8.14 7.90 -2.11 | 0.00 | 0.00
we/Q[1077] 5.85 | 5.52 4.52 4.10 4.07 4.08 6.67 6.34 586 | 5.27 | 5.00
re[km] 9.10 | 8.90 12.85 18.00 19.97 19.91 7.64 8.06 8.05 | 886 | 9.40
rp/le 0.88 | 0.88 0.72 0.54 0.53 0.58 0.92 0.91 0.90 | 0.87 | 0.84

Table 1. Physical parameters of the compact stars with total ivass1.8M,, and rotational frequenc® ~ 5x 10° s71.

. Q — Q —
8l PNy CFL150 ---- CFL150 —----
! N DH —--- 5 | DH —---
\ RMF soft ——-- —_ RMF soft ——--
\\ RMF stiff - ---- “ RME stiff - - - - -
= 7f . STOS 0 o STOS 0
o . STOS 0.5 3 STOS 0.5
g . STOS 1 @ STOS 1
= sl \ BBBAV14 ——-- | = BBBAV14 ——-—-
= BBBParis - ---- — 1| BBBParis -----
F APR S APR
-
5 L >
4 AN I 0 il
5 10 20 30 50 10%° 10'° 107
M v [Hz]

Fig.3. The temperature distribution in a thin accretion diskig.4. The emission spectrum of the accretion disk around ro-
around rotating neutron and quark stars with the same tatakmtating neutron and quark stars with the same total nMss
M = 1.8M,, and rotational velocitf2 = 5x 10° s, 1.8M,, and rotational velocitf2 = 5x 10° s™2.

4.2. Accretion disks onto neutron and quark stars rotating
with Keplerian velocities

As a second case of comparison between the neutron and quark

In Fig.[4 we present emission spectra of the disks, whiaiiar properties we consider the Keplerian models of theraeut
similarly to the flux and temperature curves, also exhibiheo and quark stars, where they rotate at the maximal frequdncy a
distinctive features. Both the amplitude and the cflifrequency lowed by their physical properties. We fix the central derfsit
of the spectra are determined roughly by the maximum valfiesadl the stellar models tp. = 10'° g/cm®, and we compute the
F(r): for higher maximal flux values of an accretion disk arounghysical parameters of all the stellar models for the casheof
a given stellar model we obtain higher maximal amplitudes #&feplerian rotation. The results are represented in Table 2.
the disk spectra, and they are shifted to higher frequenthas The flux curves for these configurations are shown in[Hig. 5.
is clearly seen in Fid.]4 for the neutron stars with the RMF stiHere each EOS type has very distinctive features. Only ti@ST
and the STOS type EOS'’s. However, there are some exceptidgpe stars, and the models BBBAV14 and BBBParis produce
The spectral maximum is lower for the model RMF soft as comsimilar flux profiles. Nevertheless, there is a temperateped-
pared to the APR type EOS, but its cuf-&s still located at a dence for the models STOS in the location of the inner disleedg
higher frequency. The spectral maxima are almost the same igM = 4.1 — 4.2), and of the maximal value of the photon flux
the BBBAV14 and BBBParis models, but the cut-frequency emerging from the disk: with increasing temperatures waiobt
is higher for the BBBAV14 type EOS. The spectral maxima fogreater radii for the inner edge of the disk, and the maximal fl
all the models in the plot are located betweeri@*® and 4<10'®  values are inversely proportional to the temperature okthe
Hz. The spectral features of the neutron star model DH andfdr the models BBBAV14 and BBBParis, we see that the loca-
both types of quark star models are essentially the saméhaad tion of the inner edge of the accretion disks around thesestgp
only the morphological properties of the accretion digk, ithe neutron stars are essentially the sam&l(~ 7.1), but the model
radial distribution of the flux or the disk temperature, carused BBBAV14 produces a higher maximal flux than the BBBPAris
to discriminate these type of compact stellar objects frache type EOS does. Although the thin disk rotating around the APR
other. type star has an inner edge at only a little bit lower radiasth
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EOS DH RMF soft | RMF stiff | STOS0| STOS0.5] STOS 1| BBBAV14 | BBBParis| APR | Q CFL300
pe [10%g/cm®] | 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 | 1.00 | 1.00
M [Mo] 1.78 1.84 2.78 3.49 3.42 3.35 1.53 1.54 210 | 279 | 4.76
Mo [Ms] 1.98 2.03 3.23 4.15 4.03 3.92 1.68 1.70 2.40 | 3.29 | 5.98
Re[km] 16.24 17.78 18.42 19.15 19.24 19.43 15.58 15.74 15.52 | 17.07 | 20.50
Q1037 7.44 6.91 7.74 7.99 7.81 7.60 7.37 7.29 8.96 | 9.07 | 8.59
Q,[10%s7] 7.44 6.91 7.74 7.99 7.81 7.60 7.37 7.29 8.97 | 9.08 | 8.79
T/W[10™H] 1.14 1.62 1.54 1.48 1.38 1.27 112 1.12 195 | 227 | 2.18
cJ/GM? 2.15 291 5.94 8.98 8.31 7.66 1.61 1.64 3.83 | 715 | 1.96
1[10%g cn?] 2.54 3.70 6.74 9.88 9.34 8.86 1.92 1.97 3.75 | 691 | 2.01
®,[10%g cn¥] | 34.02 73.57 99.54 124.77 | 110.35 97.48 27.12 27.84 69.85| 13.15| 33.29
h, [km] 0.00 0.00 -3.59 1.65 1.37 1.06 0.00 0.00 -3.14 | -3.14 | -2.83
h_[km] 6.94558 | -3.91 17.75 24.54 23.11 21.64 4.89 491 13.63| 0.13 | -0.08
we/Q[1071] 5.44 5.15 6.90 7.95 7.88 7.82 4.94 4.95 6.07 | 6.96 | 8.82
relkm] 13.37 14.72 13.66 13.05 13.35 13.72 13.13 13.27 11.91| 11.99| 11.06
Ip/le 0.55 0.49 0.52 0.54 0.55 0.56 0.55 0.55 0.47 | 0.44 | 0.51

Table 2. Physical parameters of the neutron and quark stars rottiigplerian frequencies. All stars have the same centraitie
Pe-

the disks for the models BBBAV14 and BBBParis, respectively 20 I

its maximal radiated away flux is a factor odlsmaller than CFL30Q0 .

those for the neutron stars with the latter types of EOS. DH ———-
The inner edge of the accretion disk around the quark star "¢ 15 | RME Soft =77~

CFL300 is located at the lowest radiugNl ~ 3.6), as com- o X STOS 0

pared with the other EOS models in this configuration, wherea 2 : 3 STS?(S)gi

the model RMF soft has the greatest radius for the inner edge j 0 \\ BBBAV14 ---- |

(r/M =~ 95). The flux values for the RMF soft type star are the g BBBParis - - - --

smallest ones as well. The maximal flux for the model DH is the = '

greatestin this group, and it is at least a factor of 3.5 gréhtin T °F

the one for the model RMS #ti The flux profiles of the Q type PE

quark star and of the neutron star with the RMH d§ipe EOS Db IS .

are very similar, but the inner edge of the disk rotating arbu
the neutron star is located at a lower radin8 ~ 5.5 for the oM

quark star, and/M =~ 5.1 for the neutron star). For the radial

distributions of the disk temperature we obtain the same-ch&ig. 5. The time-averaged flux radiated by a thin accretion disk
acteristic behavior and groups of models, which we presentdaround neutron and quark stars rotating at the Kepleriacitgl

Fig.[d. All the stars have the same central denpity= 10'° g/cn.
The spectral features, as seen in FEig. 7, are strongly influ-
enced by the flux and the temperature distributions of thie. dis 8
For the case of the Keplerian rotation the emission spedtra o CEL30% oo
the disk are rather ffierent from those of the previous config- ,f’;r\«\\ DH ———-
uration, with same gravitational mass and angular veloCitg an N NN RMF soft ——-- |
proportionality between the location of the inner disk edgd : f‘lzx Y RS'\f'r%ss“g """
the maximal amplitudes of the spectra holds for this case as E I AR STOS 0.5
well. Therefore the greatest spectral maximum is produged b S | VI \ BBBAGLS o
the quark star model CFL300, whereas the smallest one is ob- = : AN . \‘\\ BBBParis - - - - -
tained for the model RMF dfi The STOS models have also F | “7{ S \h APR
high amplitudes in their spectra, and their maximal valires, 51 ! i I RN
contrast with the previous case, are inversely proportitmntae . rh ! \\\:\
temperature. T SO\,
. . L I L 1 hd A AWANELY L
There are no big dierences between the cuftérequencies 4 5 10 20 30 50

in the spectra, which are aroundx210'® — 3 x 10'%Hz. The
spectrum belonging to the RMF titype EOS has its maxi-
mum at the lowest frequency, and the spectral maxima for tR&y. 6. The temperature distribution by a thin accretion disk
models DH, BBBAV14 and BBBParis are located at the higheastound neutron and quark stars rotating at the Kepleriaitg!
frequencies. Since the spectra for the latter two modelseme All the stars have the same central denpity= 10*° g/cm?.

similar, we can use only the fiigrences in the flux maxima to

discriminate between them. This is also the case for thekquar

star model Q and the RMF fittype neutron star as well, where

the only discriminating factor is thefiiérence in the locations of spectra, but both their maxima and cuf-frequencies exhibit
the inner disk edges. The models APR and DH have also simitmme diferences.

rIM
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Q — _
CFL300 ----- i CFL300 - - ---
3T DH -—-- r DH ----
— RMF soft ——-- K Y , % RMF soft ——--
"0 RMF stiff - - - -- . ' : g P RMF stiff - - - - -
o STOS 0 ' ' = , K N STOS 0
& ,| STOS05 g 5ol RPN\ STOS 05
8 STOS 1 K PETAE =t ' Y RN STOS 1
S BBBAV14 —-—- . N\ = ! FENN N\ BBBAVI4 ———-
— BBBParis ----- ) 7, ANV = |, \ ‘W \ BBBParis -----
S APR /! ,2//“\\ X [ AN W APR
J1t /2 RS 1 " AN
1 . i \ 5 1
> K 7 AN I N
A W\ I RN
,'/ /4// \\ \\ 1 ! “: \¢ “\\\\
. s AN L] AN
10" 10% 10 5 10 20 30 50
v [Hz] r/M

Fig. 7. The emission spectrum of the accretion disk around neleig. 9. Temperature distribution in a thin accretion disk around
tron and quark stars rotating at the Keplerian velocity. tA# rotating neutron and quark stars, with the same centralityens

stars have the same central denpity= 10'° g/cm®. (oc = 10'° g/cm®) and eccentricityr(,/re = 0.45).
14 popa—
ol CFL300 ----- | differences between the amplitudes of the disks radiation éor th
— X RME s'%';'t -TTC central objects with the same a_ndre/rp ratio are smaller as
'E 10+ ,?Z-\\\ RMF stiff - ---- i compared to the ones obtained in Fip. 5. This is due to the con-
o N, STOS 0 siderable decrease of the maximal flux values for the mods|s D
> 8 "f‘«‘\\ STS?%QE 1 BBBVA14 and BBBParis, respectively, as compared to the max-
wE 6l \‘:\\\ BBBAV14 —--- | ima reached in the Keplerian case. The other EOS types peoduc
5 N\ more or less the same, or somewhat higher, flux maxima as com-
= 4} “e\\\\ | pared to the case of the Keplerian rotation. By considehiegn-
T N e ner edges of the disk, we find that the radial distributiorhefit
27 . RN ] location is very similar to the one seen in Hig. 5. Nonetreles
o ""--.._‘__'_‘};_-je_.. the ditferences between the flux profiles for the STOS models
50 30 40 50 are bigger, and there is also a shift of the inner edge of thle di

to higher radii for the models DH, BBBVA14 and BBBParis, re-
spectively, which determines a significant reduction inrtfiex
Fig. 8. The time-averaged flux radiated by a thin accretion diskalues. These features can also be seen infFig. 9, where we dis
around rotating neutron and quark stars, with the samealenislay the temperature distribution of the disk surface inrtie
density pc = 10' g/cm®) and eccentricityr(p/re = 0.45). dynamical equilibrium.
Important diferences are also present in the disk spectra.
The black-body spectrum of the equilibrium thermal radiati
4.3. Accretion disks onto neutron and quark stars with fixed ~ emitted from the accretion disk for each type of star is shown
central density and eccentricity in Fig.[Z0. The quark stars together with the STOS type nautro
stars produce greater maximal amplitudes of the disk eamissi
As a third example of the comparison between the radiatigpectra as compared to the other neutron stars in this gFbiep.
properties of the thin accretion disks onto neutron and lquahverse proportionality between the temperature of theata
stars we consider the case in which the rotating central estmpthe maximal amplitudes of the spectra holds again for theSTO
objects have the same central density and eccentrigity, re- models, similarly to the Keplerian case. However, the spett
spectively, where, is the polar radius and: is the equatorial of the quark star with EOS Q and the spectrum of the neutron
radius of the star. The basic fundamental parameters obtae r star with the RMF sff type EOS are decoupled in this case,
ing neutron stars and quark stars are presented in Thble 3. and the disk spectrum for the quark star is more similar to the
The physical parameters of the rotating stars have been gpectrum of the model STOS 1. The latter has a slightly lower
tained by choosing for all the considered equations of statet-of frequency, and these two types of EOS could be discrim-
a central density, = 1 x 10" ergcm?®, and an eccentricity inated from each other by comparing the radial distribugtiof
rp/re = 0.45, respectively. We present the radial distribution ahe flux and of the temperature of their disk. The spectra ®f th
the energy flux=(r) in this stellar configuration for the neutrongroup consisting of the models DH, RMF soft, BBBAV14 and
star models DH, RMF sqfitiff, STOST = 0.0, T = 0.5 MeV BBBParis are similar. In fact, the spectra coincide for titer
andT = 1.0 MeV, BBBAV14, BBBParis, APR, and for the quarktwo models. For this case thefidirent spatial distributions of
star models Q and CFL300, respectively, in Eig. 8. the disk radiation can help again in the discrimination.r€hs
Fig.[8 shows that diierent equations of state with the sameo such a problem with the APR type EOS, since it produces
central density and eccentricity produce rathéiedent geome- somewhat higher spectral amplitudes as compared to the othe
tries around the compact central object, and in turn detegmicases. The maxima of all the spectra are located in a vergwarr
rather distinct emissivity properties of the accretiorkdisThe frequency range between10'® and 22 x 10*®Hz, but the nu-
distribution of the radial flux profiles is similar to the Keplan merical values of the flux maxima are ratheffelient, more or
case, shown in Fi@] 5, but with some significarffetiences. The less following those of the flux maxima.

/M
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EOS DH RMF soft | RMF stiff | STOS0| STOS0.5] STOS 1| BBBAV14 | BBBParis| APR | Q CFL300
pe [10%g/cm®] | 1.00 | 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 | 1.00 | 1.00
M [Mo] 169 | 1.72 2.62 3.32 3.27 3.22 1.45 1.46 2.05 | 2.80 | 4.50
Mo [Ms] 188 | 1.91 3.04 3.95 3.86 3.77 1.59 1.60 235 [ 330 | 5.67
Re[km] 20.01 | 19.47 20.95 22.17 22.66 23.24 19.32 19.51 16.14 | 16.95| 21.59
Q1037 6.82 | 6.71 7.34 7.49 7.28 7.05 6.74 6.67 8.91 | 9.07 | 8.36
Q,[10%s7Y] 5.26 | 5.63 6.06 6.18 5.93 5.67 5.15 5.09 8.19 | 9.25 | 7.50
T/W[1077] 9.14 | 13.77 12.75 12.26 11.37 10.45 8.91 8.89 18.64 | 22.87 | 19.27
cJ/GM? 1.72 | 2.33 4.75 7.39 6.90 6.41 1.28 1.30 3.58 | 7.22 | 16.55
1[10%gcn?] 2,22 | 3.06 5.68 8.66 8.32 7.99 1.67 1.71 353 | 6.99 |1.73
®,[10%gcn?] | 25.00 | 53.68 71.23 92.12 82.80 74.09 19.86 20.39 63.51 | 13.34 | 2.55
h, [km] 0.00 | 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 | -3.09 | 1.63
h_[km] 1.28 | 5.25 12.07 18.34 16.85 15.26 0.00 0.00 12.15| -0.34 | 35.70
we/Q[1071] 525 | 4.98 6.71 7.79 7.74 7.68 4.75 4.76 6.01 | 6.97 | 8.69
re[km] 17.37| 16.71 16.70 16.69 17.31 18.01 17.07 17.25 12.69 | 13.41] 8.75
rp/le 0.45 | 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45 | 045 | 0.45

Table 3. Physical parameters of the rapidly rotating compact stéttssame central density and eccentricity.

the marginally stable orbit, or the inner edge of the diskctou

CFL308 ----- ing the surface of the star, and being transferred to theistar
3r DH ---- the binding energ¥ms or E.. We present theficiency for the
- RME soft =~~~ energy conversion for theftiérent equations of state considered
2 STOS 0 in the present paper in Talile 4. The first two lines of Tabler# co
Dot STS?(S)g? tain the conversionfiiciency of the rotating compact stars with

5 BBBAV14 ———- the same total mass and angular velocity.
- BBBParis -~ For this case the values efare in the range 4% and 8%, in-
T4l dicating that in this case there is no significarffetience in the
> efficiency of the mass-to-radiation conversation mechanisma. T
less dficient conversion mechanism is provided by the STOS
models, especially at the zero temperature of the star,ealser

v [Hz]

the APR type EOS provides the mogiieient conversion mech-
anism withe = 7.4%. The quark stars with = 6.8% are also
efficient engines for the conversion of the accreted mass irito ou

Fig.10. The emission spectrum of the accretion disk around rgeing radiation.

tating neutron and quark stars, with the same central densit The values ot for the compact general relativistic objects in
(oc = 10%° g/em®) and eccentricityr(,/re = 0.45).

5. Discussions and final remarks

In the present paper we have considered the basic physagal pr

erties of matter forming a thin accretion disc around rapidt

tating neutron and quark stars. The physical parameteriseof fficient mechanism for the conversion, with= 117%. The
disc - dfective potential, flux and emission spectrum profilesduark stars described by the Q EOS have also a high value of the

have been explicitly obtained for several equations ofstdt CONversion iciency, withe = 8.15%. The conversiorficiency
the neutron matter and for two types of quark stars, respegti for the models STOS are much higher than the ones in the pre-

All the astrophysical quantities, related to the obsemaibp- vious stellar configuration. Theifeciencies can reach for this
erties of the accretion disc, can be obtained from the mefric €aS€ & value of = 9%. The other models havéfieiencies of

the central compact object. Due to théfeliences in the space-
time structure, the quark stars present some very impaodi&nt

Keplerian rotation are given in the second two lines of T&ble
The case of stars with the same total mass and angular welocit
is represented in (a), stars in Keplerian rotation are desdin

(b), while the case of the stars with the same central deasity
eccentricity is shown in (c), respectively.

In this case the quark star model CFL300 provides the most

the order of 5-6%.
The last two lines in Tablgl4 contains the values of tfie e

ferences with respect to the disc properties, as compartto ciency for stellar models with the same eccentricity andre¢n
neutron stars. This procedure allows not only to discrirt - _ i S
tween neutron and quark stars, but also gives some distipct $he previous case, although in general the numerical valtes

natures to dferentiate between neutron stars described by dfomewhat lower. We obtain again the highetiency for the
ferent equations of state, and to distinguish between therdint model CFL300, and the smallest ones for the neutron stars DH,

phases of the quark matter.

density, respectively. The range of the values @ similar to

RMF soft, BBBAV14 and BBBParis, respectively, withabout

Another observable physical parameter of the disk thattoi%. The STOS type neutron stars and the Q type quark stars are
help distinguishing betweenftérent classes of compact objectgnore éficient, withe = 7 — 8%.
is the dliciencye of the conversion of the accreting mass into As shown by the flux integral in EqJ(6), and the explicit
radiation, given by Eqs[(17) and Ef.{18). The valuesiolea-
sure how €icient the energy generating mechanism of the maasd angular velocity given by Eq8.{11),112) aind (13), ttleea
accretion is. The amount of energy released by the matténiga different characteristics of the radial flux distribution ovee t

expressions of the specific energy, specific angular momentu
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EOS DH RMF soft | RMF stiff | STOS0| STOS0.5] STOS 1| BBBAV14 | BBBParis | APR Q CFL30Q150
(@)rin[km] | 13.88 | 12.10 18.81 32.18 26.33 22.11 13.83 13.76 13.85 | 14.24 | 14.84

€ 0.0679 | 0.0667 0.0589 0.0400 | 0.0463 0.0527 | 0.0673 0.0682 0.0742| 0.0685 | 0.0683
(b) rin[km] | 16.24 | 25.97 21.13 21.17 21.00 20.87 16.02 16.17 21.22 | 2251 | 23.83

€ 0.0676 | 0.0488 0.0802 0.0929 | 0.0913 0.0894 | 0.0611 0.0610 0.0663 | 0.0814 | 0.1172
(c)rin[km] | 20.01 | 21.95 20.96 22.18 22.66 23.24 19.32 19.52 20.45 | 22.61 | 23.26

€ 0.0557 | 0.0528 0.0768 0.0869 | 0.0845 0.0819 | 0.0503 0.0502 0.0666 | 0.0814 | 0.1097

Table 4. The radius of the inner disk edgg and the éiciencye.

accretion disk, the disk spectra and the conversfboiency are

Bhattacharyya, S. 2002, Astron. Astrophys., 383, 524

due to the dferences between the metric potentials of the neBbattacharyya, S., Bhattacharya, D., & Thampan, A. V. 2004RAS, 325, 989

tron and of the quark stars, respectively. Even if the totatsn
and the angular velocity are the same for each type of thémgta
central object, producing similar values®f E andL, the radia-
tion properties of the accretion disks around these obgedttibit

discernible diferences. The reason is that the proper volume, a@ﬁﬁ
in turn the functiony/—g, used in the calculation of the flux in-

Bodmer A. R. 1971, Phys. Rev. D, 4, 1601

Broderick, A. E., & Narayan, R. 2006, ApJ, 638, L21

Chan, T. C., Cheng, K. S., Harko, T., Lau, H. K., Lin, L. M., 8u&/. M., Tian,
X. L. 2009, ApJ, in press, arXiv:0902.0653

Cheng, K. S., & Dai, Z. G. 1996, Phys. Rev. Lett., 77, 1210

ng, K. S., Dai, Z. G., & Lu, T. 19983, Int. J. Mod. Phys. D139

ng, K. S., Dai, Z. G., Wei, D. M., & Lu, T. 1998b, Sciencep2807

Cheng, K. S., & Dai, Z. G. 1998, Phys. Rev. Lett., 80, 18

tegral, are highly dependent on the behavior of the metnig-cocheng, K. S., & Harko, T. 2001, Phys. Rev. D, 62, 083001

ponentg,, = (dF/0r)°gr. The latter contains the-derivatives
of the metric functiong(r) andy(r), via the coordinate trans-

formation betweei andr, which are extremely sensitive to the

Cheng, K. S., & Harko, T. 2003, ApJ, 596, 451

Dai, Z. G., Peng, Q. H., & Lu, T. 1995, ApJ, 440, 815

Dey, M., Bombacci, |., Dey, J., Ray, S., & Samanta, B. C. 19%8s. Lett. B,
438, 123

slope ofp(r) andy(r). As a result, though the inner edges of thgouchin, F. & Haensel, P. 2001, Astron. Astrophys., 380, 151

disks are located at almost the same radii, the amplitudteeof

Feynman, R. P., Metropolis, N., & Teller, E. 1949, Phys. Réy, 1561

energy fluxes emerging form the disk surface and propagmﬁngBondek-Rosinska, D., Bulik, T., Zdunik, L., Gourgoulhon, Ray, S., Dey, J.,

any solid angle may have considerabl&atiences for dierent
equations of state. These features also give the disten&tia-
tures in the disk spectra for the various types of centragsta

& Dey, M. 2000, Astron. Astrophys., 363, 1005

Gourgoulhon, E., Haensel, P., Livine, R., Paluch, E., Beokz S., & Marck,
J.-A. 1999, Astron. Astrophys., 349, 851

Guzman, F. S. 2006, Phys. Rev. D, 73, 021501

In conclusion, the observational study of the thin accretidiaensel, P., Zdunik, J. L., & Schiser, R. 1986, Astron. Astrophys., 160, 121

disks around rapidly rotating compact objects can providet?;1

powerful tool in distinguishing between standard neutrtamss
and stars with exotic equations of state, that have undenfaen

rko, T., & Cheng, K. S. 2002, Astron. Astrophys., 385, 94

rko, T., & Cheng, K. S. 2005, ApJ, 622, 1033

Harko, T., & Cheng, K. S. 2006, ApJ, 643, 318

Harko, T., Kovacs, Z., & Lobo, F. S. N. 2008, Phys. Rev. D,T®005

example, a phase transition from the neutron phase to a quéakko, T., Kovacs, Z., & Lobo, F. S. N. 2009, Phys. Rev. D,0®4001

phase, as well as for discriminating between tHeedént equa-
tions of state of the dense matter.
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