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Abstract. In the present paper we study the equation of stateme difficulties with the explanations of its properties by neu-
of strange matter build of the u,d,s quarks in the framework tvbn star models under the assumption that QPOs represent Kep-
the MIT bag model. The scaling relations with bag constant degian frequencies of the particles in an accretion disk (Kaaret et
discussed and applied to the determination of maximum fra- 1997, Klizniak 1998, Zhang et al. 1998, Miller et al. 1998,
quency of a particle in stable circular orbit around strange stihampan et al. 1999, Schaab & Weigel 1999). In this paper
The highest QPO frequency of 1.33 kHz observed so far is cahe maximum values of these frequencies are found for a broad
sistent with the strange stars models for which the maximuwsat of the parameters describing a strange matter EOS. Strange
QPO frequency is 1.7-2.4 kHz depending on the strange quatar models are consistent with the maximum observed QPO
mass and the QCD coupling constant. The linear approximatimequencyl .33 kHz in 4U 0614+09 (van Straaten etlal. 2000).
of the equation of state is found and the parameters of this EOS Frieman & Olinto (1989) mentioned the approximation of
are determined as a functions of strange quark mass, QCD dhe- EOS of strange matter by the linear function (see also
pling constant and bag constant. This approximation reprodu€eakash et al. 1990). | present here the linear form of the EOS
exact results within an error of the order of 1% and can be usafdstrange matter with parameters expressed as a polynomial
for the complete study of the properties of strange stars inclddnctions of the physical constants describing MIT bag model
ing microscopic stability of strange matter and determination (dtrange quark mass and QCD coupling constant). These ap-
the total baryon number of the star. proximate formulae allow us to write down the pressure vs.
density dependence in a simple foftn= a - (p — po ). The con-
Key words: dense matter — equation of state — stars: neutrorsequence of this form are scaling laws of all stellar quantities
with appropriate powers gfy. This linear EOS is complete in
the sense that it contains not only pressure and energy density,
which enter the relativistic stress-energy tensor and are suffi-
cient for the determination of the main parameters of the star
The idea of the compact stars build of strange matter was pfeass, radius), but also the formula for baryon number density
sented by Witteri (1984) and the models of stars were calculafed equivalently baryon chemical potential), necessary in the
using various models of strange matter by Haensel étal. [198firroscopic stability considerations and determination of the
and Alcock et al.[(1986). The main idea is that the u,d,s mattetal baryon number of the star.
is ground state of matter at zero pressure (self-bound strange
quark matter) i.e.:

1. Introduction

2. Strange stars and maximum QPO frequency
o = p(P = 0) < M(°°Fe) = 930.4 MeV 1) _ , ,
We describe the quark matter using the phenomenological MIT

There were two aspects of rather extensive studies of straihgg model (see, e.g., Baym. 1978). The quark matter is the
stars properties. The first one in the context of maximum rotaixture of the masslessandd quarks, electrons and massive
tional velocity of the star (Frieman & Olinto 1989, Glendenninguarks. The model is described in detail in Farhi & Jaffe (1984),
1989, Prakash et al. 1990, Zdunik & Haensel 1990) was relatelere the formulae for physical parameters of a strange mat-
to the announcement reporting the detection of the half mikr are also presented. There are the following physical quanti-
lisecond pulsar in 1989 (which after one year turned out to bes entering this modelB — the bag constanty. — the QCD
erroneous). This observation stimulated detailed investigatiammipling constant anéh, — the mass of the strange quark. It
of the limits on the rotational frequency of dense stars whiéh necessary to introduce also the paramgter— the renor-
excluded nearly all neutron stars models leaving strange staralization point. Following Farhi & Jaffé (1984) we choose
as a possible explanation. pn = 313 MeV.

At present the increasing interest in strange stars is a result The consequence of this model of strange matter is scaling of
of QPOs observations in low-mass X-ray binaries LMBX anall thermodynamic functions with some powersffkKnowing
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the EOS for giveny., m, andB, we can obtain thermodynamic ~ '%°° 1T L8 ]
quantities for other valu® from the following formulae: 1000 r ] i
Bp) = Pp,) - (B/Bo), | P = P (3/30274 @ T s g ] - ]
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where the resulting EOS fdB is determined for the same value™ 900 B ]
of . but for the strange quark mass given by the relation: ] 7
850 — 4

ms(B) = my(Bo) - (B/By)*/* (3) el N AT
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The advantage of this approximations is the elimination of
one parametetf) from the calculations of the EOS. The depergig 1. The comparison between exact valuesuef M and R ob-
dence of all parameters d# is very well defined and one cantained by the calculation of the EOS f& = 60 MeV fm > and
take this into account using simple scaling laws. It is therefom = 90 MeV fm~2 and scaling relations. The values fBr = 90
sufficient to study the EOS in two parameter spaceandm, was rescaled to the value @, = 60 using the relationg,: —
for chosen value oB, and then obtain results for othBrfrom 12+ (B/Bo)~"/*, ms — ms - (B/Bo)~/*, M — M - (B/By)"/?
Egs.[2). andR — R - (B/By)"/?. In the case oxactscaling relations the

Strictly speaking the scaling relatiorid (2) hold exactly fdesults forB = 60 and rescaled results fé = 90 would be the same.
the parametep rescaled by the relationy (B) = pn(Bo) -

(B/By)'/*. However the renormalization point is fixed and thigl- 1986). In general for the stellar parametéthe following

is the source of small discrepancy between the true results ¢gitiality holds:

differen'; valges of bag cpns?ant and the scaling rel.atio.ns PRIB, o, ms] = X|[Bo, ac,ms(B/Bo)‘l/“] (B/By)™*  (5)
sented in this paper. This difference is presented inFig.1 in

the case of the baryon chemical potential at zero pressure ¥gterek = 1/2 in the case of mass and radius = R, M),
culated directly and using scaling relatién (2). We chopge k = 3/4for X = A, k = 3/2for I andk = 0 for 2.

because this thermodynamic function is crucial in microscopic In Fig. we see that scaling formulde (5) reproduce the
stability considerations. The models of strange quark matégellar parameters/ vs. ? with an error less than 0.3%.
correspond to two values of bag constaBi:= 60 MeV fm—3 These scaling laws so far have been mainly exploited in the
andB = 90 MeV fm—3. The Strange quark masses in this twéase of maximum mass of the star (Or equivalently maximum
cases fulfill the relatior({3), namely.,(60) = 200 MeV and rotational frequency). Of course these relations refer to all stel-

ms(90) = 221.33 MeV. lar configurations (e.g. the cunvd (R)) and as an interesting
We see that scaling formulae give exact resultsoifor= 0 €xample we can consider the point defined by the equality:

because thep, does not enter the EOS. The maximum error GM

of the scaling formulad{?2) is less than 0.5%. R = Rus = 3Ry = GCT (6)

i From 'f{hglmlctroscopm point O; view the strlange;u;lrk ma\Rihich corresponds to the maximum possible frequency of a par-
er IS unstable at zero pressure 1or Some values.anadms  yiolq in stable circular orbit,.x around nonrotating star. Be-

discussed in this paper (large andm,), i.e. equation of state cause the scaling properties®&ndM are the same{ B—1/2)

does not fulfill the relatior[{1). But from presented results WE e can solve the Edl 6 independentlyRifFor stellar masses
can obtain, using scaling formulae, the configurations whiﬂn .

dt I lue & and : ically st igher than the solution of the Hd. 6 the maximum Keplerian
correspond fo smaller value o and are microscopicatly s a'frequency of an orbiting particle is defined by the marginally
ple. The maximum va_lue @ forwhichthe ;trange quark Mattersiaple orbit aR?,,; and for lower by the stellar radiug(Fig.[2a).
is stable can be obtained from the equation: In both cases this frequency scales344? and for other values
B 1/4 of B the patterns of Fi§.]2a do not change, provided one rescales
110[Bo, @, Ms(Buax/Bo) 4] (“”‘) = 930.4 MeV (4) the axes anth, (Eqs[B[BLT).

Bo The maximum values aof as a function of strange matter
rameters are presented in Elg. 2b By = 60 MeV fm 3.

The strange star configurations are calculated by solvi @ .
g g Y rrEe-r other values oB these results scale &'/2 i.e.:

Oppenheimer-Volkoff equationsin the case of spherical sym
try. For given central pressuf.,, we obtain stellar parame- vy, [B, o, ms] = Vimax|Bo, o, ms(B/By) /4]

ters such as gravitational magg baryon numbed, moment of B2

inertia for slow rigid rotatiorf and gravitational surface redshift X () (7)

z. Allthese gquantities are subject to the scaling formulae similar Bo

to those describing the EOS ([E§). 2). If we calculate the star fohich allows us to determine the absolute maximum value of
By with central pressure equal Ryt [ Bo] we know all param-  vp,,,, consistent with the requirement of the stability of strange
eters of the corresponding star Wi, = Peent:[Bo] B/Bo matter at zero pressure (E§.4) by putting the maximum al-
in the model with bag constadi (cf. Witten[1984, Haensel et lowed value of B into Eq.[T). The result of this procedure
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Fig. 2a and b.The value of the frequency of a particle in the innermosgig. 3a and b.The absolute maximum value of the frequency of a par-
stable circular orbit around nonrotating strange star for strange mattele in stable circular orbit around nonrotating strange staxx ob-
models withms = 0 andm, = 200 MeV (panela) and the maxima tained forB = Bmax(ms, a.) (Eq[4) (paneh) and the corresponding
of those functions as a functionof; for a. = 0, 0.2, 0.4, 0.6 (panel values of stellar mask/ — the minimum mass for which the existence
b). The value of bag constant is fixed and equaBto= 60 MeV fm~3  of the marginally stable orbit is possible (paibg!

N
)

UMAX = Vmax(Bmax) iS presented in Figl3a. We see that, »
this limit is well above the highest observed QPO frequencmy
Vobs = 1.33 kHz recently reported by van Straaten etfal. (2 000)2 1.5
Thus at present the observations of the highest QPO frequengy
do not constrain strange matter models unless we do not maéke 1
the assumptions about the mass of the star in LMBX. To set
some limits on strange matter parameters the QPOs must®he.5
observed at frequencies larger thB8 kHz. Our conclusion
is true also for moderate rotation rates of strange star due to 0
the initial increase of the frequency at marginally stable orbit
which in the case of stars with mass slightly above the solution
of Eq results in’max very close to the value Corresponding t&lg 4.The linear approximation of the EOS for strange quark matter
the nonrotating stars (Zdunik et &[. 2000, Datta ef al, 2000). for three choices ofm.;, a.): (0,0), (100, 0.4), (250,0.6) (from left

It should be mentioned that in principle analysis of thto rlght): The points represent exact result_ssobtalned by the numerical
observational data can strongly support the existence of culation Of.the EOS foB8 = 60 MeV fm™" and lines correspond

. - . he approximate formuld 8.

marginally stable orbit. Such a conclusion have been recenﬁy
presented by Kaaret et al. (1999) in the case of 4U 1820-30. This
interpretation is equivalent to the conditidh < R, setting P(p) = (1 +¢g¢)(p — po)c?
the lower bound for the mass of the star. This minimum mass 3eqt p 1%/ ten) (8)
limits are presented in Figl 3b as a functiomaf anda... Below n(P) = ng- {1 + (4 14 Eﬁt) }

this mass the innermost stable orbit is located at the surface of )
the star. wherep, andn, are energy and number density of the strange

guark matter at zero pressure. The second equation is implied
by the first law of thermodynamics.
The Egs.[(B) allow us to determine all thermodynamic quan-

i , , ) tities characterizing strange quark matter in linear interpolation
In the present section we discuss the interpolation of equatinye EOs. e g. the baryon chemical potential:
of state of strange quark matter by the linear functiop.dfor '

a broad set of parameters andm, the dependenc®(p) can
be very well approximated by the linear function, being exactw(P) = ko
linear at then, = 0 limit. The EOS for strange quark matter is
presented in Figl4. wherepg = poc? /ng.

The main parameters of the matter are described by the fol- Because for all thermodynamic quantities the scaling rela-
lowing formulae: tions with B hold we can calculate all parameters needed for

L L L B B

p[10 g cm-3]

poc?

3. Linear interpolation of EOS

- 4+eq P (Itesie)/(4+exit) ©
1+ &5t poc?
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the linear EOS for chosen value & and then rescale them 1090 11 03 prr

using equationg {2). Thus the main point is to determine threg,
parameters entering equatiops (8), as a functions ehdm,: __

po(ae, ms), no(ae, ms) andeg (a., ms). These functions can S 950
be very well approximated by the polynomial ef, with co- =

efficients depending on the value®f. The formulae obtained 990
by the least-squares fit to the exact results are following:

0

TTTT T

L L L LN L R

850
_ TR L R N P R B
ng = (ag + a;m?loo + agWLglOO)Bg/4 (10) 0 100[M Viog] 300 0'250 100 200 300
m, e C 2
al = 0.28660C/4 . m, [MeV/c?]
_ L ‘ L ‘ T 1T Y%
a = (0.010788 + 0.0032046.) /B> ] ]
a = —0.0044248+/C, /B I o ]
—1/4 L o J
po = (af + ahm?igo + akm3 ) B - .
aly = 837.260/CL/* I ]
a = (46.616 — 16.848/C,) /B i Y
—3/4 oo by v Ly _ oo v Ly
ag = (—10.482 +4.5211/C,)/B / 4'20 100 200 300 0'20 100 200 300
eny = a5M3100 + a5M3100 12) m, [MeV/e?] m, [Mev/e?]
a$s = (—0.035745 + 0.013366c. + 0.023246a§)/§1/2 Fig.5. The comparison between exact values of the main parame-

0. =3/4 ters of the strange matter (baryon chemical potential, particle num-
a5 = (0.0055488 — 0.0054232a.. — 0.0069193a;)/ B ber density, mass-energy density) at zero pressure and the parame-
. . . . teregq, entering the linear approximate EOS of strange quark matter
where msig0 IS strange quark mass in units 100 MeV i.ep — 1 /3(1 + «4,)(p — po) obtained by the interpolation of the EOS
msi00 = msc® [MeV]/100, B = B[MeVfm~?]/60 and for B = 60 MeV fm~? (points) and approximate formuldg {f0-12)

Co =1-2a./m. (lines).
The energy-matter density at zero pressure is equal to
nopo/c?. The functionspg(ms) andeg, (my) entering directly R 1
Eq[8 andu(ms) for chosen values af,. and accuracy of the
above interpolations are presented in Eig. 5. 1.5

One can test the accuracy of the interpolation of the EOS by
the linear function calculating the stellar configurations build c;ﬁ3
such a matter and comparing results with stars calculated using !
exact equation of state. Such a comparison is presented In Fig. 6.
The relative error in this procedure is always less than 1% in the 0.5
case of mass, radius and moment of inertia.

S ——

Except for the case of strange matter with massless quarks, , F~="T" N T
studied in detail in the literature, the linear form of the equa- 4 6 8 10
tion of state of self-bound matter have been used so far mainly R [km]

for th_e stellar ma§s and radius determination (e.g. Ha_ensel:‘%. 6.The mass-radius relations for strange stars calculated using exact
Zdunik[1989, Lattimer et al. 1990). The authors exploited thess (points) and the linear approximation of the ERS- (p— po)

relation P = a(p — po), because the quantities sufficient ifjines) forB = 60 MeV fm 3. The curves correspond to four different
these considerations are pressure and energy density, whictparemeters of strange matten;, o.): (0,0), (150, 0.3), (200,0),

ter the stress-energy tensor and TOV equations of hydrosta#igo, 0.6) (from right to left).

equilibrium. However for the complete study of the properties of

star the full microscopic description of the matter is needed, in-

cluding baryon chemical potential and particle number densigfound state of matter at zero pressure [Eqg. 1). As a result the
In our EOS the formula for(P) (Eq[8) enables us to deter-allowable parameters of strange stars (84.vvax) can be
mine the total baryon number of the stellar configuration af@und without complicated and time-consuming calculations of
use this model of strange matter, for example, for the discti8e microscopic properties of strange matter.

sion of the conversion of neutron stars into strange stars (Olinto

1987, Cheng & Ddi 1996, Bombaci & Dafta 2.00(_)). During thii. Discussion and conclusions

process the total baryon number of the star is fixed. Using the

relation [11) one can find the ranges of the valuesgf a. Inthe present paper | analyzed the accuracy of the scaling prop-
and B consistent with the requirement that strange matterasties of strange matter parameters with the value of the bag
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constantB in the framework of MIT bag model of quark mat- It is worth noticing that the linear approximation of

ter. The scaling formulae reproduce the main stellar paramet&(®) dependence (EQ} 8) can be used also for other mod-

with an error less than 1%. This allow us to use them to deteds of strange matter, self-bound at high density The

mine the maximum possible frequency of a particle in stabdxpressions fon(P) and u(P) allow us to determine all mi-

circular orbit around strange star. The absolute maximum QR@scopic properties of the matter given the valugs@hdn,.

frequency that can be accommodated by strange stars ranges

from 1.7 to 2.4 kHz depending on the values of a strange mat-
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