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Abstract. Kilohertz quasi—periodic brightness oscillationsnodels require that the difference in frequencies between
(kHz QPOs) observed in certain X—ray burst sources may reptein QPO peaks be the spin frequency of the neutron star
sent Keplerian frequencies in the inner regions of the accretithrat this remain constant. However, further observations h
disk in such systems. If this assumption is strictly adhered shown that there exist microsecond lags in the QPO differen
we show here that if the central accretor in stellar X—ray bufsequencies in many sources implying that an exact beat f
sources is a strange star (made up of u, d and s quarks in letancy mechanism may not be at work. Recently, Osherovic
equilibrium, referred to as strange matter) then the calculat@ithrchuk (1999a), Titarchuk & Osherovich (1999), Osherovic
QPO frequencies are reconcilable with the observed QPO f&Titarchuk (1999b) have developed alternative models uni
quencies (corresponding to the highest frequency.2#f kHz, ing the mechanism for production of low frequency QPOs a
observed so far from the source 4U 1636-53) only for partittxat for high frequency QPOs. This model requires the low
ular values of the QCD-related parameters which describe fhrequency QPO to be due to Keplerian circulation of matter i
equation of state of strange matter. We demonstrate that Q@ disk and the higher frequency one to be hybrid betwe
frequencies in the very high range (1.9-3.1) kHz can be und#re lower frequency and the rotational frequency of the stell
stood in terms of a (hon—magnetized) strange star X—ray binamggnetosphere. Li et al. (1999b) have suggested that if suc
(SSXB) rather than a neutron star X—ray binary (NSXB). Funodel is taken recourse of, then the compact star in the sou
ture discovery of such high frequency QPOs from X—ray burdt) 1728 — 34 may possibly be a strange star.
sources will constitute a new astrophysical diagnostic for iden- The possible existence of a new sequence of degene
tifying solar mass range stable strange stars in our galaxy. compact stellar objects, made up of light mass u, d and s qual
has been suggested (Witten 1984; Haensel, Zdunik & Schae
Key words: accretion, accretion disks —dense matter — equatit®86; Alcock, Farhi & Olinto 1986) for quite sometime now,
of state — stars: binaries: close — stars: neutron — X-rays: butsased on ideas from particle physics which indicate thata m
fundamental description of hadronic degrees of freedom at hi
matter densities must be in terms of their quark constituen
For energetic reasons, a two—component (u,d) quark matte
1. Introduction believed to convert to a three—component (u,d,s) quark mat
ray bursitn beta equilibrium. As suggested by Witten (1984), the latt

sources have prompted substantial amount of work in connEQ:r-m O_f matter could be the absolute ground sta_te of strongly |
tion with accretion physics and structure properties of the cdffacting matter rather thahF"e. Because of the important role
tral accretors in such systems. In particular, these oscillatidpjgyed by the confinement forces in quantum chromodynami
have been used to derive estimates of the mass of the D) to describe the quark interactions, the mass-radius
tron star in X—ray binaries (Kaaret, Ford & Chen 1997; Zhan tionship for stable strange stars differ in an essential man
Strohmayer & Swank 1997: Kiniak 1998). Al these esti- Tom that of neutron stars (Haensel, Zdunik & Schaeffer 198
mates, based on the beat frequency model, tacitly assume f{§PCK: Farhi & Olinto 1986). Recent work (Cheng et al. 199

the highest QPO frequency of 1.22 kHz observed so far (in thbet al. 1_999a, Lietal. 1999b) seem to suggest that a consist
source 4U 1636-53; Zhang et al. 1997) can be identified Wﬁﬁplanatlon of the observgd features of the hard X—ray burs
the Keplerian orbital frequency corresponding to the margina 0J1744-28, the transient X—ray burstsource SAX J 180

stable orbit associated with the neutron star. Beat frequency©>8 and the source 4U 1728 — 34 is possible only in ter
of’an accreting strange star binary system. A new class of lo

Send offprint requests térun V. Thampan mass X—ray binaries, with strange star as the central comp
* Deceased: December 3, 1999 object (SSXBs), is thus an interesting astrophysical possibili
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that merits study. Some consequences of the SSXB hypothedistate (EOS) models for strange stars. Two of these equa-
for the properties of bulk strange matter have been discussiedis of state are based on the MIT bag model (Chodos et
recently by Bulik, Gondek-RoBska and Klaniak (1999) (see al. 1974) with the following values for the bag pressuB,(
also Schaab & Weigel 1999). the strange quark mass:i{) and the QCD structure constant

The compact nature of the sources make general relativity.): (i) B = 90 MeV fm—3, m; = 0 MeV anda, = 0; (ii)
important in describing these systems. Furthermore, their €-= 56 MeV fm—3, m, = 150 MeV, with the short range
istence in binary systems imply that these may possess ragitirk—quark interaction incorporated perturbatively to second
rotation rates (Bhattacharya & van den Heuvel 1991 and refder in o, according to Freedman & McLerran (1978) and
erences therein). These two properties make the incorporat@oyal & Anand (1990). Next we considered a phenomenolog-
of general relativistic effects of rotation imperative for satisfaéeal model by Dey et al. (1998) (model (iii)) that has the basic
tory treatment of the problem. General relativity predicts tHeatures of QCD (namely, quark confinement and asymptotic
existence of marginally stable orbits around compact stars. f@edom), but employs a potential description for the interac-
material particles within the radius of such orbits, no Kepleriaion. These models for the EOS are quite divergent in their ap-
orbit is possible and the particles will undergo free fall undgroach, so that the conclusions presented here using these will
gravity. This radius«,,s) can be calculated for equilibrium se-be of sufficient generality.
guences of rapidly rotating strange stars in a general relativistic
space—time in the same way as for neutron stars (Datta, Tham- )
pan & Bombaci 1998). 4. Results and conclusions

In this letter, we calculate the Keplerian frequency of magor the EOS models described in the previous section, we cal-
ter revolving around rapidly rotating strange stars. The presefiate the Keplerian frequencies corresponding to the inner-
results, together with those obtained assuming a neutron stayst ‘allowed’ orbits (as given by general relativity) for rotating
as the central accretor (Thampan et al. 1999), demonstréieinge stars, and obtain their relationship with QPO frequen-
that QPO frequencies in the range (1.9-3.1) kHz can be intgfes in the kHz range, assuming the SSXB scenario. The inner
preted in terms of a non-magnetized SSXB rather than a NSX&jge of the accretion disk may not always be coincident with
Future discovery of such high frequency QPOs from X-ray . but there can be instabilities in the disk that can relocate it
burst sources will constitute a new astrophysical diagnostic {giitside ofr,.. If the radius R) of the strange star is larger than
SSXBs. In Sect[{2) we very briefly discuss the formalism used _ the innermost possible orbit will be at the surface of the
to construct rapidly rotating strange star sequences and furt§gange star. It must be mentioned here that rotation of the cen-
computing the Kepler frequencies around such objects. $kct.+3) accretor is an important consideration because the accretion
provides a brief outline of the equation of state (EOS) modelgiven angular momentum transfer over dynamical timescales
used by us. In Secf.(4) we discuss the results and conclusiogin be quite large (Bhattacharya & van den Heuvel 1991). Be-
cause the values of,; and the mass of the spinning strange star
will depend on two independent parameters, namely, the central
density p.) of the star and its spin frequency;), a range of
We use the methodology described in detail in Datta, Thampalues of p.,v;) will exist that will allow solutions for a Keple-
& Bombaci (1998) to calculate the structure of rapidly rotatingan frequency corresponding to any specified value of the QPO
strange stars. For completeness, we briefly describe the metfteduency.
here. For a general axisymmetric and stationary space-time, as-The variation of the Keplerian frequencyy) of the in-
suming a perfect fluid configuration, the Einstein field equationgrmost ‘allowed’ orbit with respect to the gravitational mass
reduce to ordinary integrals (using Green'’s function approac(i) of the spinning strange star is shown in Fig. 1. For pur-
These integrals may be self consistently (numerically and itgfase of illustration, we have chosen three values,0D (the
atively) solved to yield the value of metric coefficients in altatic limit), 200 Hz and 580 Hz (the last rotation rate inferred
space. Using these metric coefficients, one may then complitgn the X—ray source 4U 1636-53 as given by Zhang et al.
the structure parameters, moment of inertia and angular m@97, using beat frequency model). It can be noted from Fig. 1
mentum corresponding to initially assumed central density atitht all the curves have a cusp. For any curve, the nearly flat
polar to equatorial radius ratio. The values of the structure ggart (to the left of the cusp) corresponds to the cBSe 7,
rameters and the metric coefficients, so computed, may thewl the descending part (to the right of the cusp) corresponds
be used (as described in Thampan & Datta 1998) to calculasethe caseR < r,. These are the only possibilities for the
parameters connected with stable circular orbits (like the inn@seation ofr,,, with respect to the stellar surface. The highest
most stable orbit and the Keplerian angular velocities) aroukeiz QPO frequency observed so far is 1.22 kHz, exhibited by
the configuration in question. the source 4U 1636-53. Fig. 1 shows that only the maximum
mass end of the curve for non—rotating configuration described
by EOS model (ii) attains the valug; = 1.22 kHz. A simple
analysis, relating the minimum value &£ to the bag constant
For purpose of this letter, we have calculated the relevant quaksiee Fig. 1 for EOS (i)) in the case of non-rotating strange stars
ties (of interest here), corresponding to three different equatiaithin the MIT bag model EOS for massless non-interacting

2. Calculations

3. Strange star equations of state
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Fig. 1. The Kepler frequencyxk corresponding to the innermost ‘al-Fig. 2. Radial variation ofvk for a1 M, configuration. On the x—

lowed’ orbit as a function of gravitational mas$ of the neutron star. axis is the radial distance-) scaled with the Schwarzschild radius

The three curves: solid, dotted and dashed are, respectively, for tHige= 2G M/c?). The various curves have the same meaning as

values of neutron star spin frequengy namely, 0, 200 and 580 Hz. Fig. 1. Where the dotted/dashed curves are not visible, they me

The vertical dot—dashed line represents &/3 configuration. Each with the solid curve for the non-rotating configuration. The horizont

panel correspond to one of the EOS models described in the text. dot-dashed curve correspondsitie = 1220H z, the highest QPO
frequency observed to date from the X—ray source 4U 1&3 The
vk = 1220 Hz line intersects the curves (in all casesy at 4.5r.

quarks gives/k (ms, Mimax) = 1.081(B/56)'/? kHz, where

B is in MeV fm~3. The lowest possible value fa8, which sible solution only for low values of the bag constant and f
is compatible with the Witten's hypothesis (Witten 1984), igery slowly rotating configurations of the star.

56 Mev fm—2. Finite values ofmg, a., and v increase the Next we investigate the possibility that the kHz QPO fr
value ofvk (rms, Mmax ) With respect to the previous case. Thigjuency is generated at locations outside the marginally sta
implies that, if one adheres to the restrictive assumption thabit. Sincevk () is a decreasing function of vk = 1.22 kHz
voro = 1.22 kHz in the X—ray source 4U 1636-53 is generin SSXBs will occur atr > 7, that is, somewhere in the ac-
ated at the marginally stable orbit of the central compact staetion disk and not at the disk inner edge. In Fig. 2 we show t
(with r,s > R), then the latter being a strange star is an admiglot of the Keplerian frequency profiles () of test particles
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around a (rotating) strange star of one solar mass (for the sagiwe rise to oscillations at those frequencies), we compare the

values of the rotation rates as before). This figure shows tlsaime with the maximum observed QPO frequencly 2if kHz.

the radial location in the disk, where a solutiog: = 1.22 kHz  In doing so, the most interesting result ensues if a comparison

occurs in a SSXB, is abodt5r,, wherer, = 2GM/c? is the  is made of Fig. 1 with its counterpart for the case of a NSXB. A

Schwarzschild radius of the strange star. A similar analysis fdetailed calculation of the latter was reported recently by Tham-

M = 1.4 Mg, yieldsr 92 (radius at whichvgpo = 1.22 kHz  pan, Bhattacharya & Datta (1999), using realistic EOS models.

is produced) in the rang&.63, 3.55) 74, the higher value be- This calculation showed that the maximum theoretically ex-

ing that for the non-rotating configuration and the lower fqrected value ofgpo for NSXBs is 1.84 kHz. Therefore, values

Vs = 580 Hz. of vqpo in excess ofl.84 kHz, if observed, cannot be under-
Itisinteresting to ask whatrangemf obtains for a specified stood in terms of a NSXB. The SSXB scenario is a more likely

value of the strange star mass. From Fig. 1, it can be seen thra for these events (assuming that generation of X—ray bursts

the values of/x for SSXB, for a one solar mass strange stais possible on strange star surfaces); this will constitute a new

lie in the range (2.2—2.3) kHz for EOS model (i), (1.8—1.9) kHastrophysical diagnostic for the existence of strange stars in our

for EOS model (ii) and (2—-2.6) kHz for EOS model (iii). Thegalaxy.

first two ranges of kHz QPOs occur@at= R, while the third

atr = rns. FOrM = 1.4 M, , these ranges are: (1_57_1.84)§cknpwledge_mentsAV_T t_hanks Director, Indian Institute_of Astro-

(1.57-1.87) and (1.57-1.79), respectively for EOS models (PYsics for kind hospitality. We thank the referee Lev Titarchuk for

(ii) and (iii). The similarity in these ranges is duertg, > Rfor ePful comments,

all these configurations. It also follows from Fig. 1 that the EOS

model (iii) gives the maximum value of;, namely, 3 kHz. References
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