A&A 408, 675-680 (2003) Astronomy
DOI: 10.10510004-6361:20030941

& .
© ESO 2003 Astrophysics

On the maximum rotational frequency of neutron and hybrid stars
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Abstract. We construct self-consistent equilibrium sequences of general relativistic, rotating neutron star models. Special
emphasis in put on the determination of the maximum rotation frequency of such objects. Recently proposed models for the
equation of state of neutron star matter are employed, which are derived by describing the hadronic phase within the many-body
Brueckner—Bethe—Goldstone formalism, and the quark matter phase within the MIT bag model using a density dependent bag
constant. We find that the rotational frequencies of neutron stars with deconfined quark phases in their cores rival those of
absolutely stable, self-bound strange quark matter stars. This finding is of central importance for the interpretation of extremely
rapidly rotating pulsars, which are the targets of present pulsar surveys.

Key words. dense matter — equation of state — stars: neutron — stars: rotations

1. Introduction frequencyQg, which sets an absolute limit on stable rotation

. . because of mass shedding from the star’s equ@tpdepends
Bulk properties of neutron stars depend sensitively on the eqgghsitively on the EOS (Friedman et al. 1986, 1989; Lattimer

tion of state (EOS) of nuclear matter at supernuclear densntyal 1990: Cook et al. 1994: Salgado et al. 1994; Weber

(Shapiro & Teukolsky 1983). In fact, matter in the cores 0(IT999a,b). An EOS which predicts Kepler frequencies that are

?fg t:ll_gr:‘rf]grsthpeoizfrsnsaelsnS(?Ir;z:l(?:a:taqu(;g?];??ua ft% Woﬂdj:ifs_maller than the observed rotational frequencies is to be re-
o ' y) up ected as it is not compatible with observation.

der of magnitude higher. The EOS at such extreme densnllesIn this paper we present results for configurations that are

is only poorly known. In the simplest model, a neutron St%tating uniformly at their Kepler frequencies. Models for the

consists of neutrons only. In a slightly more accurate "ePreSEBS of dense neutron star matter are computed for three dif-

tation, a neutron star will contain neutrons and a small nun- o . : .
Rrent descriptions which are based on the microscopic many-

ber of protons whosglcha}rge IS _bala.nced by leptons. Beca 88y Brueckner-Bethe-Goldstone (BBG) theory (Baldo 1999).
of the extreme densities in the interior of a neutron star, t e first EOS describes hadronic matter with nucleons and

neutron chemical potential will exceed the mass (modified lﬁ btons in beta-equilibrium (Baldo et al. 1997). The second

interactions) of various members of the baryon octet. So in OS includes the presence of all hyperazis 4ndA) that be-
dition to neutrons, protons, and electrons, neutron stars may he P yp .
expected to have populations of hvperons. 1o (Glendennﬁwome populated in neutron star matter up to the highest den-

P hop yp ' skﬁes relevant for neutron stars (Baldo et al. 2000a). Finally,

tlegrsihég%ﬂﬁ;ggggi:ﬂi:eﬁ?Sigft':unc?;;fsm;ﬂg Slfrt?rﬁgé third EOS accounts for a hypothetical phase transition of
y . PO nfined hadronic matter into deconfined guark matter (Burgio
but also for hyperons, mesons, and the plausible transition

0 . . . i
a quark-gluon plasma state (Glendenning 1982; Baym et %ﬁ al. 2002a,b). The hadronic phase is described in the frame-

i : ) - work of the BBG theory, and the deconfined quark phase within
;ggg) Glendenning 1985, 1990; Weber 1999a,b; Glendenngﬁ extended MIT bag model (Chodos et al. 1974). We use re-

. . ent experimental results on the possible formation of a quark-
Because of the unprecedented advancesin observatlonaf P P d

fon plasma state (Heinz 2000) at CERN to constrain the bag
tronomy, one may hope that measurements of neutron star %&1

rameters will soon constrain theories of dense matter. The ro stantB, which turns out to be density dependent.

. . . : Calculations of neutron star (NS) properties performed for
tational periods of rapidly rotating neutron stars (pulsars), for : o
. : o . ch an EOS show that the maximum NS masses lie in the rel-
instance, provide restrictions on the EOS when combined with

the mass constraint. Radio pulsars are stable rotators which ¢ vely narrow interval of ¥ Mo < Mmax < 1.7 Mo. Moreover,
be treated as unifor.ml rotZtin bodies (Weber 1999a) Thg\li":ér}ind that neutron stars with deconfined quark matter in their
. rmly 9 ' Interiors computed for anfkective density-dependent bag con-
rotational frequencies are bound from above by the Kepler : -
stant, can rotate at Kepler periods down to half a millisecond.

Send gprint requests toG. F. Burgio, Such small rotational periods are not accessible to neutron stars
e-mail: fiorella.burgio@ct.infn.it made of confined hadronic matter only nor to neutron stars with
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a hadron-quark phase transition computed for a constant bag 400 B
constant. It was commonly believed that only absolutely stable
strange stars (Witten 1984), which are self-bound objects, may
rotate that rapidly (Glendenning 1990). Our findings, however, 300 L
suggest that pulsars rotating with about half a millisecond pe- -
riod could still be interpreted as conventional neutron stars cefi=
taining a metastable deconfined quark phase at their centersg A
This paper is organized as follows. In Sect. 2 we brieflyq>) 200
illustrate the BBG many-body theory. We then proceed t&
the discussion of the hadron-quark phase transition describE_a
within the MIT bag model supplemented with a density de-

pendent bag constant. The stellar structure equations are in- 100 L
troduced in Sect. 3. In Sect. 4 we present our results for both
non-rotating as well as for rotating neutron stars and discuss :
the impact of an fective, density dependent bag constant on 0 T
the Kepler frequency. Finally, conclusions are drawn in Sect. 5. 0 02 04 06 08 1 1.2
n (fm™)
2. Equations of state of neutron star matter Fig. 1.BBG equation of state (EOS) of asymmetric, electrically charge

o o ) _neutral hadronic matter in beta equilibrium. The solid line shows the
We begin with the description of the hadronic phase, for whig¢ftbs when only nucleons and leptons are present, whereas the dottec
we have adopted the Brueckner—Bethe—Goldstone (BBG) thige shows the EOS when hyperons are included.

ory. This microscopic many-body approachis based on a linked

cluster expansion of the energy per nucleon of nuclear mat-

ter (Baldo 1999). The basic ingredient is the Brueckner redé_'—qher order correlqtions have b_een demonstrated to be negli-
tion matrix G, which is the solution of the Bethe—Goldston@iP!® over the considered density range (Baldo et al. 2000b,
equation 2001). The nuclear matter EOS computed from Egs. (1)-

(4) fulfills several essential requirements, namely (i) it repro-
|Kakp) Q(Kakp| duces the correct nuclear matter saturation density,nges
w — e(ka) — e(kp) 0.176 f3, (ii) the nuclear incompressibilitg = 281 MeV is
compatible with the values extracted from phenomenology, (iii)
whereV is the bare nucleon-nucleon (NN) interactiors the the symmetry energgsym = 33.6 MeV is compatible with nu-
nucleon number density, angthe starting energy. The single-clear phenomenology, and (iv) the causality condition is strictly

Glnw]=V+ YV GIn; o], 1)
Kako

particle energy(k) (assuming: = 1), fulfilled (Baldo et al. 1997).
) Recently, we incorporated hyperons into the BBG treat-
k ment of neutron star matter (Baldo et al. 1998, 2000a). This
k) = e(k;n) = — + U(k; n), 2 . :
ek = ek n) 2m +Ukn) @ requires knowledge of the nucleon-hyperon (NH) and hyperon-

and the Pauli operato® constrain the propagation of in_hyperon (HH) interactions. Because of_the lack of experimen-
% data, the hyperon-hyperon interaction has been neglected

termediate baryon pairs above the Fermi momentum. T first iati h tor the N int tion th
Brueckner—Hartree—Fock (BHF) approximation for the single- a hrst approximation, whereas for the intéraction the

particle potentiall (k: n) using thecontinuous choicis ijmegen soft-core model (Maessen et al. 1989) has been

adopted.
Uk n) = Rez <kl( |G [n; e(K) + e(K)] kK) ’ @3 _ The equgtion of stgte o_fneutron star mlatter.calculated along
a this scheme is shown in Fig. 1. The solid line displays the pres-

k' <kr
sure as a function of baryon number density of beta-stable,

where the subscripte® indicates anti-symmetrization of theelectrically charge neutral nuclear matter when only nucleons
matrix elements. Because of the occurrencelgk;n) in and leptons are present. The dashed line represents the equatio
Eqg. (2), Egs. (1) through (3) constitute a coupled system @f state wherz~ andA hyperons are self-consistently included,
equations that need to be solved self-consistently fifertint too. It is evident that the presence of hyperons strongly softens
densities (i.e., Fermi momenta). The basic input quantity in tiife equation of state (Glendenning 1982, 1985). This is caused
Bethe-Goldstone Eq. (1) is the NN interaction in free sp¥ce, by both the larger number of baryonic degrees of freedom and
We adopt the elaborate Paris potential (Lacombe et al. 1986 attraction felt by th&~ in the nuclear medium. As it turns

as a model for the free two-nucleon interaction supplementggt, this model for the EOS produces a maximum neutron star
with the Urbana model UVII as three-body force (Carlson et ghass that lies slightly below the canonical value ef4M,

1983; Schiavilla et al. 1986). In the BHF approximation the eifTaylor & Weisberg 1989).

ergy per nucleon is given by We now turn to the description of the deconfined quark
E 32 1 phase. To describe this phase, we have used the MIT bag model

E_°F, TRe KK |G [n: e(k) + e(K)]| kK . 4) (Chodos et al. 1974). In this model, the total energy density is
A 52m 2n k,kZS:kF< [GIn:e() + (k)] >a ) the sum of a non-perturbative energy siiifthe bag constant,
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Fig. 2. Bag constanB versus baryon number density for a Gaussian parametrization (pgné&lalculations are performed for a value of

the QCD coupling constant afs = 0. In panelb) the total EOS including both hadronic and quark components is displayed. The shaded
region, bordered by two dots, indicates the mixed phase (MP) of quarks and hadrons, while HP and QP label the portions of the EOS where
pure hadron or pure quark phases are present.

and the kinetic energy for non-interacting massive quarks cdn be determined. The density range over which both hadronic
flavors f with massesn; and Fermi momenlbg) [:(ﬂ2nf)l/3, matter and_ quark matter coexist is comput_ed as outlined in
(Glendenning 1992) for a system characterized by two con-
wheren; denotes the density of quark flavb]'. served charges. The hadronic phase and the quark phase are
anft allowed to be separately electrically charged while, at the same
E f > ) . time, total charge neutrality is preserved. The pressure in the
v - Bt Zf: 8n2 [Xf (2xf - 1) Xp+1- arsmhxf] ®) o phases is the same to ensure mechanical stability, while the
chemical potentials of the filerent species are related to each
with x; = k' /m¢. Theu andd quarks are considered to beother through baryon number conservation and electric charge
massless, whereas teguark mass is chosen to be 150 Me\tonservation.
In the original MIT bag model, the bag constdhhas a value  The resulting EOS for neutron star matter, for the Gaussian-
of B ~ 55MeVfm, which is quite small when comparedike bag parametrization, is displayed in Fig. 2b, where the
with those 210 MeV fm®) estimated from lattice calcula-shaded area indicates the mixed phase region. A pure quark
tions (Satz 1982). In this sen&can be considered as a fregphase is present at densities above the shaded area and a pure
parameter of the model. hadronic phase is present below this area. Moreover, the onset
In an earlier work, Burgio et al. (2002a) have proposeagknsity of the mixed phase turns out to be slightly smaller than
a method to constrai by experimental data obtained athe density for hyperon formation in pure hadronic matter. Of

the CERN SPS, where several experiments using high eneggyirse hyperons are still present in the hadronic component of
beams of Pb nuclei reported (indirect) evidence for the fafe mixed phase.

mation of a quark-gluon plasma (Heinz 2000). According to
the analysis of those experiments, the quark-hadron transitjon tellar struct i f rotati i
takes place at about seven times normal nuclear matter en g§ ellar structure equations ot rotating stars

density € ~ 156 MeV fnr3). By assuming that the transitionThe construction of general relativistic rotating neutron star
to the quark-gluon plasma is determined by the value of the gfiodels is a complicated task (see, for instance, Butterworth &
ergy density only, Burgio et al. (2002a) found that a density dgyser 1976; Friedman et al. 1986, 1989; Komatsu et al. 1989;
pendentbag parameter is needed in order to reproduce correciliimer et al. 1990; Salgado et al. 1994). We adopt Hartle’s
the experimentally found value of the energy density at thethod (Hartle 1967; Hartle & Thorne 1968) to achieve this
hadron-quark transition point. More specifically, a Gaussiagoal. The metric has the form

like or a Woods-Saxon-like density dependenc®dias been

assumed, and parameters were fitted in order to correctly 46 = —€”'dt* + €(d¢ — wdt)® + € d6” + e'dr® + O(Q%), (6)

produce the experimental phase transition point. More detgjia e, . 1 denote metric functions and is the angular
are given in (Burgio et al. 2002a,b). We display in Fig. 2a they|, ity of 4 local inertial frame. The general relativistic Kepler

bag constanB as function of the baryon densityin the case frequency, denoted b8, is given as a solution of (Friedman
that the assumed parametrization is a Gaussian. et al. 1986; Weber 1999a,b)

Once the density dependencebis established, the com-
position of electrically charge neutrad;stable quark matter Q = € v(Q) + w(Q), (7
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Fig. 3. The gravitational mass (in units of the mass of the 9vg) versus the normalized central energy density (left panel) and versus the
equatorial radius (right panel). The thin lines represent static equilibrium configurations, whereas the thick lines display configuratigns rota
at their respective Kepler frequencies. Severfiedent stellar matter compositions are considered (see text for details).
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Table 1. Calculated properties of non-rotatin® (= 0) and rotating

’ ’ 2
_ vV w
& + v + ( e‘”‘y) , (8) (@ = Q) limiting-mass neutron star models.

o) = 2

—1
wherev denotes the orbital velocity at the star’s equator. Primes EOS QU0'sT) Me/My c/eo Req(km)

refer to derivatives with respect to the radial coordinate. All EOSa 1.195 2.35 8.33 11.97
quantities in Egs. (7) and (8) are to be evaluated at the star’s 0 2.06 8.97 10.50
equator. Equations (6) to (8) are to be solved self-consistently EOSb 0.88 145 77 12.60
for a given model for the EOS. Details can be found in Weber 0 1.26 8.97 10.46
0 1.52 12.8 8.28

4. Results and discussion

In Fig. 3 we plot our results obtained for non-rotating neutrdf€ range between14% and 17%, depending on the under-
stars (thin lines) as well as for neutron stars rotating at th&ff"g EOS. Correspondingly, for the same value of the gravi-
self-consistent Kepler frequencies (thick lines). The verticttional mass, the rotating configurations exhibit reduced cen-
axes display the gravitational mass (in units of solar mass&§ densities compared to the corresponding non-rotating stars,
as a function of central star density, normalized to the satu- Which is due to theféect of the centrifugal force, whichffec-
ration value of infinite nuclear matteg = 156 MeV fnr3. On tively stiffens the equation of state. Moreover, the mass increase
the right-hand side in Fig. 3 we illustrate the gravitational maisaccompanied by a relatively large increase of the equatorial
as function of the equatorial radius. The solid curves show f@dius, due to the rotational deformation of the star.
sults for neutron star matter composed of only nucleons and A striking difference between the purely hadronic stars
leptons (EOSa). The dotted lines represent equilibrium confi@OSa and EOSb) and the hybrid stars (EOSc) concerns their
urations of neutron stars composed of nucleons, hyperons, &agpactness. In fact, for a fixed gravitational mass, hybrid
leptons. The dashed curves display equilibrium configuratiosférs are characterized by a larger central energy density and
of hybrid stars, i.e., neutron stars composed of hadronic mategmaller radius than their hadronic counterparts. This holds
in the outer layers, followed by a mixed phase of quarks aff@f both static as well as rotating configurations, as one would
hadrons at higher densities, and eventually a pure quark magpect. The compactness of a star is crucial for its Kepler fre-
core in their centers (EOSc). quency as discussed next.

Our results for the gravitational mass, normalized cen- In Fig. 4 we display the Kepler period% (= 27/Qx) in
tral density, equatorial radius, and Kepler frequency for thnailliseconds versus the rotational star mass for seveffareit
maximum-mass star of each stellar sequence are displayedt@ilar sequences based ofielient EOSs. The shaded arearep-
Table 1. One sees an enhancement of the gravitational msents the current range of the observed periods and masses.
for rotating configurations, relative to the spherical star model Since the observed periods are larger than the Kepler val-
of the same central energy density. This enhancement liesugs, which set an absolute limit on stable rapid rotation, all
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density-dependent bag constant can rotate stably at periods in
the half millisecond regime. The Kepler periods of such hy-
brid stars therefore rival those of absolutely stable strange stars
(Glendenning 1990), which were thought to be the only config-
urations able to withstand stable rotation down to half millisec-
ond periods.

5. Summary

In this work, we have explored the Kepler periods of sequences
of general relativistic, rotating neutron and hybrid stars. For
this purpose we have employed thredfalient equations of
state derived by describing the hadronic phase in the frame-
work of the many-body Brueckner-Bethe-Goldstone theory us-
ing state-of-the-art nucleon-nucleon interactions, and the quark
phase within the MIT bag model supplemented by a den-
sity dependent bag constaBt as suggested by experiment.

P, (ms)

03 bt In essence, we have found that neutron stars made of purely
0 0.5 1 15 2 25 3 hadronic matter (nucleons and hyperons) have minimum rota-
tional periods that are clearly larger than half a millisecond.
Mmt / Mo This may be dterent for hybrid stars, i.e., neutron stars con-

) . i taining deconfined quark matter cores. In the latter case, a den-
Fig. 4. Kepler period versus the rotational mass for purely hadroné(ity dependent bag constant provides additional compactness
stars as well as hybrid stars. The following core compositions are ¢

sidered: i) nucleons and leptons (dotted line), ii) nucleons, hypero?]%,hyb”d stars so that Kepler pe”.OdS dOW.n to half a m|II|se:C-
and leptons (long-dashed line), iii) hadrons and quarks [solid Bne: pnd are reached. Suc_:h small rotational periods are not obtained
Ba(n), dot-dashed lineB = 90 MeV fm3, dashed lineB = Bys(n)]. I the bag parameter is taken to be constant, as usually assumed
The shaded area represents the current range of observed data. N the studies published in the literature.

We thus conclude that very rapidly rotating pulsars, which
are being actively searched for by upgraded radio telescopes
and the latest generation of X-ray satellites, may be interpreted
as either strange quark matter stars or neutron stars with decon-

EOSs studied in this paper are compatible with the observiited quark matter interiors.

data. Stars made up of chemically equilibrated nucleons or nu-

cleons plus hyperons, shown by the dotted and long-dashed

lines respectively, show instability against mass shedding figgknowledgementsve warmly thank Marcello Baldo (INFN
because of their relatively large equatorial radii. In both cas@&szione di Catania) for the fruitful discussions about the hadron-quark
the limiting mass configurations are characterized by valuespbhse transition in neutron stars.

the Kepler period larger than half a millisecond, in agreement

with results usually found in the literature (Weber 1999a’b|)(eferences

This is different for the Kepler periods computed for the hy-

brid stars in Fig. 4 (labele® = Bg(n), B = 90 MeV fm3, Baldo, M. 1999, Nuclear Methods and the Nuclear Equation of State
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lisecond. An example are the configurations along the solid lif@!d0. M., Bombaci, 1., & Burgio, G. F. 1997, A&A, 328, 274
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