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Nonradial oscillations of quark stars
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Recently, it has been reported that a candidate for a quark star may have been observed. In this article, we
consider quark stars with radiation radii in the reported range. We calculate nonradial oscillatiopns afd
w;, modes. We find that the dependence of ftimeode quasinormal frequency on the bag constant and stellar
radiation radius is very strong and different from that of the lowgsimode quasinormal frequency. Further-
more we deduce a new empirical formula between fthreode frequency of gravitational waves and the
parameter of the equation of state for quark stars. The observation of gravitational waves both mbtie
and of the lowestv,, mode would provide a powerful probe for the equation of state of quark matter and the
properties of quark stars.
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[. INTRODUCTION due to possible instability of the surrounding accretion disk,
and so on. The oscillations damp out because the gravita-
Since the 1980s, there have been many studies about thienal waves carry away oscillational energy. So these oscil-
objects known as quark stars. If the true ground state ofations are called quasinormal mod@NMs). If the gravi-
matter is not the nuclear state but a quark state as Wittegational waves from a compact object are detected, we can
conjectured 1], there may exist objects composed of quarkget information about the source object.
matter. For simplicity, the bag model equation of st&E©S Gravitational wave observation projects, such as the Laser
has often been used for studying quark matter. Lattimer anthterferometric Gravitational Wave ObservatdtyGO) [8],
Prakash calculated stellar properties with this EQ$ In VIRGO [9], GEO600[10], and TAMA300[11], are making
reality, it is quite difficult to determine the EOS of quark remarkable progress in sensitivity. Among them, TAMA300,
matter by experiments on the ground, because quark mattEO600, and LIGO are now in operation. If highly sensitive
will appear at extremely high density. In this respect, thegravitational wave detectors are available, we may obtain a
observation of astrophysical compact objects may be #rge amount of data for the frequencies and damping times
unique means to determine the equation of state for col@f gravitational waves emitted from compact objects. The
high-density mattef3,4]. systematic study of gravitational wave modes leads to the so
Recently, the radiation radius of the compact starcalled “gravitational wave asteroseismology”, which has
RXJ185635-3754 was estimated to be very small£38  been initiated and presented by various autheese[12—
=8.2 km) based on X-ray observations by Char{@aThe  16]). If we have a good empirical formula for gravitational
radiation radius is related &,=R/\J1—2M/R to the areal wave oscillational frequencies and damping times as func-
radius R and massV of the star. This compact star is too tions of stellar properties, it will be very useful in obtaining
small to construct with the normal EOS’s which are currentlyinformation for source stars from gravitational wave obser-
adopted for neutron stafg]. This star might be a candidate vations. In this context, Andersson and Kokkotas calculated
for a quark star. Inspired by this observation, Nakamura proQNMs with various EOSs and proposed an empirical for-
posed several scenarios for the formation of quark $&rs mula between the QNMs and properties of neutron stars
However, it should be noted that there exist many subsg-12,13. Kokkotas, Apostolatos, and Andersson improved
quent articles that question the whole observation. For exthis empirical formula by one which included the relevant
ample, Pongt al. pointed out, by employing the data of not statistical error§14]. These works treated the polar modes of
only X-ray observation but also UV or optical observation, oscillation and the results are well summarized 1%,16|.
that if RXJ185635-3754 is represented by the simplesBenhar, Berti, and Ferrari calculated axial modes and
uniform-temperature heavy-element atmospheric model, thishowed that the axial mode gives more direct and explicit
compact star haR,,~8 km, M~0.9M, andR~6 km[7]. information on the stiffness of EOS compared to the polar
Although this radiation radius is included in the range sug-mode[17]. All this work is for normal neutron stars, i.e.,
gested byf5], these properties cannot be constructed, even iissuming normal equations of state for nuclear matter.
the quark matter EOS is used. On the other hand, Yip, Chu, and Leung studied nonradial
If a compact object oscillates for some reason, gravitastellar oscillations of quark stars whose radii are around 10
tional waves are emitted from the object. The trigger of thekm [18]. However, the reported radius of the star
oscillation may be a nonspherical supernova explosion, coaRXJ185635-3754 is much smaller than the radii of the stellar
lescence with another compact object, violent mass influxnodels examined by Yip, Chu, and Leung. In this paper, we
calculate nonradial oscillations of quark stars whose radia-
tion radii are in the range of 38R..<8.2 km and examine
*Electronic address: sotani@gravity.phys.waseda.ac.jp the relation between the QNMs of quark stars and the EOS
Electronic address: harada@gravity.phys.waseda.ac.jp of quark matter. Our main concern in this article is whether
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one could distinguish the EOS of quark matter by directwherep is the energy density. The equilibrium stellar model

detection of the gravitational wave. is derived by solving the Tolman-Oppenheimer-Volkoff
QNMs are classified into two classes. One is a class oéquation,

fluid modes, which mainly couple with the stellar fluid, while

the other is one of spacetime modes that are connected with dP (p+P)(m+47r3P)

spacetime oscillation, which couple mainly to metric pertur- ar r(r—2m) ’ 2.4

bations. Nonrotating stars admit fluid modes only for polar

perturbations. The most widely studied fluid modesfa®  whereP is the pressure of the fluid, and the potentfalis

andg modes[13,19. Thef mode is the fundamental mode. given by

There is only onef mode for each. The p mode is the

pressure mode, which arises from fluid pressure.d hede dd (m+4mr3pP)

is the gravity mode, which is caused by buoyancy due to ar - rir—a2m) (2.9

density discontinuity and/or the temperature gradient of stars

and other factors. The damping rates of these fluid modes al

very small compared with the frequency. The spacetim

modes includev andw, modeq20,21]. The damping rate of

w modes is comparable to the frequency. For each stell

For solving these equations, we need an additional equation,
Se., the equation of state.

Although a quark star may be either a light quark star
Fhade up ofu andd quarks or a strange quark star composed
model, there are found one or a f‘W% moqles, wh(_)se COM-= 5t a mixture ofu, d, ands quarks, we construct simple mod-
plex frequency is located near the imaginary axis. Here wes by using the bag model EOS, which neglects the masses

Qeal with only p(_)lar perturbation becguge our main concerys , andd quarks. This bag model EOS is characterized by
is the relationship between the gravitational waves and th ree parameters: the strong interaction coupling constant

EOS. For simplicity, we pay attention here onlyftav, and «, the bag constar®, and the masgn, of the s quark. The

wy modes. Recently, Kojima and Sakata calculated fthe ependence of stellar properties on the bag constant is much

mode quasinormal frequency for quark star models, an tr :

. L o R onger than that oa, andmg [23]. In this paper we use the
pointed out the possibility of distinguishing between quark ;
stars and neutron stars by detecting both thmode fre- bag model EOS derived for a massless strange quark,

quency and the damping ra22]. 1

The plan of this paper is as follows. We present basic P=—(p—4B). (2.6)
equations to construct quark stars and show the properties of 3
the quark star structure in Sec. Il. In Sec. lll, we present the ) . ) _
equations and method to determine the QNMs for spherically "€ ag constars is a positive energy density, which cor-

symmetric stars, show numerical results for the quasinormd€SPonds to latent heat. The stellar radius defined as the
frequencies of quark star models constructed in Sec. II, angoSition where the pressure is zero. At the surface, the den-

discuss their implications. Moreover, we apply the empiricaISity profile is discontinuous. Although the value of the bag

formula proposed by Kokkotast al. to quark star models constant, which is a phenomenological parameter, should be
and deduce a new empirical formula from our numerical re-détérmined by the underlying strong interaction dynamics, it

sults between themode frequency of the gravitational wave is diff!cult to determine this v_alue from our present u_nder—
and the parameter of the EOS in Sec. IV. We conclude irptanding of QCD. However, if strange quark matter is the

Sec. V. We adopt units af=G=1, wherec and G denote true ground state, the energy of this true ground state per

the speed of light and the gravitational constant, respectivelparticle would not be over the nucleon mass 939 MeV at
and the metric signature of(,+ .+, +). aryon density for zero pressure matter. This constraint im-

plies a maximum value of the bag const&ms follows[24]:

Il. STRUCTURE OF QUARK STARS

2a.
< = - -3
We consider a static and spherical star. For this case, the B=Binax 94'9{ 1 T )Merm ' 27

metric is described by
For definiteness, we use three values of the bag constant,
ds’= —e**dt?+ e dr’+r?(d6*+siad¢?), (2.)) B=28.9, 56.0, and 94.92 MeVfni. Although BY*
=145 MeV orB,=57.8 MeV fm 2 has often been used for

where ®,A are metric functions of. The mass function the study of the quark-gluon plasma, we adopt
m(r) is defined as =56.0 MeV fm 2 to compare with the results if18]. The
other values of the bag constant are the maximum value for
a.=0 and half the standard vallg,;. We show the masisl
of quark stars as a function of the central dengityor these
three values of the bag constant in Figa)l the relations
This mass function satisfies betweenM andR and betweeM andR,, in Fig. 1(b), and

the relation between “average densitg=3M/47R® and
d—m—47-rr2 2.3 R.. in Fig. 1(c). These figures are plotted foB4< p.<5.0
p: ' X 10* g/cm 3. The radiation radius may be determined

m(r)zgr(l—e’“). (2.2

dr
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FIG. 1. Relations betwegi@ massM and central density.., (b) M and radiusR (solid line) andM and radiation radiuR., (broken ling,

and(c) “average density’p=3M/47R® and radiation radiuR., of quark stars for four values of the bag const&nt28.9, 56.0, 94.92, and
471.3 MeV fm 3.

from X-ray observations such d§]. We pay attention to out the possibility of adopting the valuB=471.3
stars whose radiation radii are in the range of 3.8—8.2 km. IMeV fm~3, which is rather greater thay,,,. We consider a
this range of radiation radius, we pick up three vallRs, quark star mass d¥l =0.7M, for this value of the bag con-
=3.8, 6.0, and 8.2 km. stant to compare with other models. For the cd3e
On the other hand, Nakamura argued that the mass of thie471.3 MeV fmi ® also, we plot the relation betwedm and
compact star reported if6] should be roughly OM in  pc in Fig. 1(a), the relations betweek! andR and between
order to account for its observed X-ray luminodi6j. If we M andR,, in Fig. 1(b), and the relation betwegnandR., in
use a value smaller thay,,,, however, the mass of a quark Fig. 1(c). In this case, each plot is forB& p.<5.0x 10
star whose radiation radius is in the range of 3.8—8.2 km ig/cm 3. The properties of our quark star models are tabu-
far below 0. Mg, as seen in Fig.(b). Therefore he pointed lated in Table I.
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TABLE |. Properties of quark stars constructed by the bag model EOS.

Model B(MeV/im®) R., (km) pe (glent) M/Mg R (km) M/R
Al 28.90 3.800 2.09910* 2.329< 10 2 3.765 9.13%10°°
A2 28.90 6.000 2.13810% 8.877x10 2 5.864 2.23%10°?
A3 28.90 8.200 2.20810* 2.165<10°¢ 7.859 4.06K 102
B1 56.00 3.800 4.10410% 4.422<10°2 3.733 1.74% 102
B2 56.00 6.000 4.28810 1.637x10°* 5.742 421102
B3 56.00 8.200 4.58810' 3.839x 107! 7.560 7.49% 10 ?
Cc1 94.92 3.800 7.09810™ 7.283x 10 2 3.688 2.91610 ?
c2 94.92 6.000 7.66210% 2.592<10°! 5.573 6.86K 10 ?
Cc3 94.92 8.200 8.73010" 5.776x10 ¢ 7.156 1.19%x10° !
N1 471.3 5.661 1.48610' 7.000x 10 ¢ 3.856 2.68K10 !
I1l. NONRADIAL OSCILLATIONS OF QUARK STARS 9w g(B)+ h,., 3.0
A. Method where g(BV) is the background metric of a spherically sym-

_ _ ~metric star(2.1). We have applied the formalism developed
The QNMs are determined by solving the perturbationby Lindblom and Detweilef25] for relativistic nonradial
equations with appropriate boundary conditions. The metrigtellar oscillations. In this formalisnf,,, for polar perturba-

perturbation is given by tions is described as
|
r'He?®  jor'* [, 0 0
B ia)r'+1I:|1 r'fe2A 0 0 o
h,,= 0 0 2R 0 Yme' (3.2
0 0 0 r'"*2Ksirte

whereH,H;, andK are perturbed metric functions with respect t@nd the components of the Lagrangian displacement of
fluid perturbations are expanded as

r r MArv! qi ot
¢= e Wype't, (3.3
rl AY |
9:_ th
3 Se VMY (3.9
rl A |
$=— a Yie' ™, 3.
¢ rzsinzﬁ ¢ (39

whereW andV are functions of.
Then the perturbation equations derived from the Einstein equations are given by

dH, 1 2m T .

d_rlz_F |+1+Te2A+4ﬂ'r2(P—p)62A H,+ ?ezA[H-I—K-I—lG'JT(P-‘rp)V], (3.6)
dF<_|(|+1)H Lo (1 _dD) o B e, 2
dr= o Mt g R (Prpe @9
dW 150 on| L gag MFD 1o o a8
Ao WirelSpe TXe Vg K|, 8
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dX s ip of1(AD L) L[ o e, MDY (1 3d). 1(0+1) dD
TR s M) T A Tt Tl A T3
1 d(1 _ dd|||.
_ 2,20+ A A_2) 2| T AT
s e +4m7(P+p)et—r [dr(rZe dr) W), (3.9
3m I(1+1 . . I(1+1) d] .
1———(—)—471-r2P H-8mr2e ®X+r2e A wze—”—!— H,
r 2 2r dr
I(1+1 dd| .
- 1+w2r2e‘2q’—g—(r—3m—4wr3P)W K=0, (3.10
Vv 7 [eogstdP ’A\7V+1(P+ )H} (3.11)
=— ———e ~ . .
w?(P+p) rodr 2 P

In deriving the above equations for perturbations, we assumr_,=8.2 km, R.,=6.0 km, andR,.=3.8 km, respectively.

a perfect fluid. Rigorously speaking, this is not valid becauserhe labels in this figure correspond to those of the stellar
of the existence of matter viscosity. However, little is knownmodels in Table I.

about the viscosity of cold quark matter. Here we omit the As can be seen in Fig(@, thef mode frequency depends

viscosity as a possible approximation. In E§.8), v is the

strongly on the bag constant but very weakly on the stellar

adiabatic index of the unperturbed stellar model, which igadiation radius. This result agrees with that of Kojima and

calculated as

_p+PdP_1p+P 31
V_Tﬁ_ET’ (3.12

where the bag model EO&.6) is used in the second equal-
ity. The set of Eqs(3.6)—(3.9) is a set of differential equa-

tions connecting the variabld$;, K, W, andX, and Egs.

Sakatd 22]. Therefore, if the radiation radius of a quark star
is determined by observation, even though the value of the
radiation radius is somewhat uncertain, we can directly ob-
tain the value of the bag constant by detecfingode QNMs
(see Sec. V. Furthermore, we can restrict the mass of the
source star by employing the observational value of the ra-
diation radius.

The reason why thé mode frequency depends strongly
on the bag constant is understood as follows. Theode

(A3.10) arA1d(3.1]) are the algebraic equations for the variabIeSfrequency depends strongly on average density but very
H and V. The perturbation equations outside the star araveakly on the EO$13]. In the case of quark stars with small
described by the Zerilli equations. By imposing boundaryradii, the average density is almost determined by the bag
conditions such that perturbative variables are regular at theonstant alone, as can be seen in Fig).IThus, thef mode
center of the star, the Lagrangian perturbation of pressurtiequency depends strongly on the bag constant.

vanishes at the stellar surface, and the gravitational wave is Moreover, we can see that the damping rate offtmede

only an outgoing one at infinity, one can reduce this to argepends on the stellgr radiation radius _f_or each bag constant,
eigenvalue problem. The boundary condition at the stellafvhich also agrees with the result by Kojima and Sakag.

surface isXx=0, becaus&X=—r "'e®?AP, whereAP is the

Lagrangian perturbation of the pressure. Furthermore, we s

So, if we get data on the damping rate of thenode by
observation, we can determine the stellar radiation radius
dependently of X-ray observations. However, one must

the terme™ ®X/yP in Eq. (3.8) to zero at the stellar surface, keep in mind that the measurement of frequency is far more

becauseyP=4B/3 atr =R. For the treatment of the bound-

accurate than that of damping rate, because the estimated

ary condition at infinity, we adopt the method of continued-relative error in frequency is about three orders of magnitude

fraction expansion proposed by LeaJ&6]. The details of

smaller than that in damping raf&4].

the determination of quasinormal frequencies are given in The f mode frequency of a quark star witl =0.7M,

[19].

B. Numerical results
1. f mode

We plot the complex frequencies of thenode forl=2 in

andB=471.3 MeV fm 3 (N1) is plotted in Fig. 2b). In this
figure, results for the case<B,,,, are also plotted for com-
parison. Compared with thé mode frequencies foB
<Bpmax, the plot forB=471.3 MeV fm 3 is relatively far
away in phase space. This is mainly due to the large differ-
ence in the average density of quark stars.

Fig. 2. In this figure, the squares, triangles, and circles denote

the casesB=28.9 MeVfm 2, B=56.0 MeVfm 3, and B

=94.92 MeV fm 3, respectively. In each set, the upper,

2. w and w; modes

The calculated complex frequencieswfandw, modes

middle, and lower marks correspond to the stellar models ofor | =2 are plotted in Fig. 3. In these figures, the filled and
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FIG. 2. Complex frequencies of mode for quark stars. The squares, triangles, and circles correspond to starsB with
=28.9 MeV fm 3, 56.0 MeV fm 3, and 94.92 MeV fm?3, respectively. In each set, the upper, middle, and lower marks are for the cases of
R.,=8.2 km, 6.0 km, and 3.8 km, respectively. The labels in this figure correspond to the stellar models in Tablé&), ther plot for
B=471.3 MeV fm 2 is also included as the diamond.

nonfilled marks correspond t@ andw,, modes, respectively. Moreover, we could obtain a more stringent restriction by
Figures 3a), 3(b), and 3c) correspond t=28.9, 56.0, and using the damping rate, although it seems more difficult to
94.92 MeV fm 3, respectively. In each figure, the upper, determine the damping rate by observation as Andersson and
middle, and lower sequences correspond to the stellar modefokkotas mentioned12].
of R,=3.8 km (A1, B1, C1), R,=6.0 km (A2, B2, C2), On the other hand, in Fig. 3, we see that both the fre-
andR,=8.2 km (A3, B3, C3), respectively. In Fig. @), quency and damping rate of themodes have little depen-
we plot the complex frequencies wfandw, modes of a star dence on the bag constant. Therefore it is difficult to deter-
of 0.7 with B=471.3 MeV fm 3 (N1). mine the value of the bag constant by employing observation
In order to obtain the tendency of andw, modes with  of thew modes. In fact, thev mode frequencies are all far
changing compactness, we calculate whandw, modes of  beyond the frequency band for which gravitational wave in-
the stellar models whose compactness is much larger thderferometers such as LIGO, VIRGO, GEO600, and
that of the stellar models depicted in Figga)3 3(b), and TAMA300 have good sensitivity27].
3(c). From this calculation, we find twav, modes for the As seen in Fig. &), because the compactness of model
stellar model of higher compactness, for example, fgr N1 is much larger than that of the stellar models constructed
=1.4x 10" g/cm 3 with B=56.0 MeV fm 3. In this case, Wwith B<B,,, the appearance of the complex frequencies of
the complex frequencies of andw, modes appear similar thew andw, modes is quite different from that for the case
to those in Fig. &). Furthermore, we see that as the com-of B<B,,. In Fig. 4, we also plot thev, mode complex
pactness of the quark star gets smaller, the complex frequefrequency closest to the imaginary axis amongvhenodes
cies of thew, modes shift toward the imaginary axis, while previously found for modelN1. From this result, we see that
both the frequency and damping rate wfmodes become if the bag constant is too large, or is as large as the one
slightly larger. If the compactness is very small, the frequenadopted by Nakamura, it may be difficult to distinguish be-
cies of thew,, modes can be too small to find except for thetween the lowesty;, mode for the case dB<B,,, and the
lowestw, mode, which has the largest frequency of all theone that is closest to the imaginary axis for the cas@ of
w,, modes. That is why Figs.(8), 3(b), and 3c) are quite =471.3 MeV fmi 3. In respect of this problem, even if we
different from the results obtained by Yip, Chu, and Leungcannot distinguish between the lowegt mode for the case
[18] in the location of thev,, modes. of B<B,ax and the one that is closest to the imaginary axis
We pick up the lowestv;, mode and plot it in Fig. 4 for for the case oB=471.3 MeV fm 3, it may be possible to
each stellar model. The frequency of the lowegt mode  discriminate between these two kindswjf modes by em-
depends strongly on the bag constant. In this figure, the Igsloying the observed mode frequency, because the plot of
bels correspond to those of the stellar model in Table I. Thughe f mode forB=471.3 MeV fri 2 is relatively far away in
we can get information about the bag constant or the stellgphase space, compared with thenode frequencies foB
radiation radius by observing the loweg{ mode frequency. <Bpax.
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FIG. 3. Complex frequencies of bothandw, modes forB=(a) 28.9,(b) 56.0,(c) 94.92, andd) for 471.3 MeV fri 3. For (a)—(c), the
upper, middle, and lower sequences correspond to quark st&s=08.8 km, 6.0 km, and 8.2 km, respectively. Rd), the mass of the
stellar model is 0., . Filled and nonfilled marks denote andw, modes, respectively. These stellar models are listed in Table 1.

10 km\*

3
= ) {(22.8& 1.57)

IV. EMPIRICAL FORMULA Im(w) M
”( 1.4M g

Kokkotas, Apostolatos, and Andersson constructed em- 1 Hz™
pirical formulas for thef modes of neutron stafd4]:

4.2

M \(10 km
(14.6&1.33(1.44%)( = )

Re(w)
1 kHz

:277[ (0.78+0.00) + (1.63+0.01)

M
| Tavg

We apply these empirical formulas to quark star models and

show the results in Table II. As these results show, although

(4.1) _these_formulas were deduced by employin_g_various EOSs
' including the realistic one for neutron stars, it is found that a

1/2

R

10 km) 3’1
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FIG. 5. The horizontal axis is the bag const&8(MeV/fm~3)

FIG. 4. Complex frequencies of the lowesf; mode for each  and the vertical axis is thEmode frequency Ref). The squares,
stellar model except for the plot foB=471.3 MeV frri 3, for circles, and triangles correspond to stellar models whose radiation
which the secondv, mode is plotted. The labels in this figure radii are fixed at 3.8, 6.0, and 8.2 km, respectively. The dotted line
correspond to those of the stellar models in Table |I. denotes the new empirical relationshh.3 obtained in Sec. IV

between Rep) of thef mode andB.
simple extrapolation to quark stars is not very successful. We

want to construct an alternative formula for quark star mod{ixed atR..=3.8, 6.0, and 8.2 km, and the adopted bag con-

els by using our numerical results fomode QNMs, but we ~ stants areB=42.0 and 75.0 MeV fm?. The results of the

cannot do this using the same method as Kokketaal,, calculation are plotted in Fig. 5, and listed in Table Ill. In

because a special relation betweenftheode QNMs and the Fig. 5, the squares, triangles, and circles correspond to stellar

stellar properties cannot be found. models whose radiation radii are fixed at 3.8, 6.0, and 8.2
In the previous section, we saw that th@ode frequency km, respectively. From our numerical results, we find the

depends strongly not on the stellar radiation radius but on théollowing new empirical formula between thfemode fre-

bag constant. So, in order to get the relationship between thguency Ref) and the bag constait

f mode frequency Ref) and the bag constal, we calcu-

late f mode QNMs emitted by six more stellar models in each stellar model in Fig. 5. In this tabB,n,, is the value of the

addition to the above nine stellar modelS1(-A3, B1-83, bag constant that is calculated by using the empirical forruta

C1-C3). The radiation radii of these six added models are, ~ . )
obtained in Sec. IV.

TABLE llI. Deviation from the new empirical formulé.3) for

TABLE II. Comparison between thé mode QNMs of quark

stars_ and the values given by the empirical form@a$) and(4.2). (Er;) (Me\?/fm?’) I(:Ii?_(";’)) (MS\?/T‘%) Dezgl/z(;tlon
In this table, Re@)emp and IM(@)emp €Xpress the range of fre-
quency and damping rate, respectively, given by using the empirical 3 g 28.90 6.822 28.67 —0.813
formulas. 3.8 42.00 8.242 41.02 ~2.344
Re(w) Im(w) Re(w) Im(w) 3.8 56.00 9.540 54.10 —3.385
Model (kH2) (H2) (kHze)mp (Hz)emp 3.8 75.00 11.076 71.79 —4.285
3.8 94.92 12.503 90.30 —4.868
Al 6.822 2.9%10° % 10.52-10.72 (2.973.42)x 1072 6.0 28.90 6.872 29.07 0.581
A2 6.872 2.6K10°2 10.55-10.74 (2.663.10)x 1071 6.0 42.00 8.331 41.85 —0.355
A3 6.945 1.1x10° ! 10.58-10.78 1.11-1.32 6.0 56.00 9.676 55.57 —0.768
B1 9.540 2.0%x10°2 12.77-12.99 (2.04-2.3¥10°! 6.0 75.00 11.286 74.39 -0.819
B2 9.676 1.6X10°! 12.84-13.06 1.67-2.00 6.0 94.92 12.803 94.44 —0.503
B3 9.873 6.4x10°! 12.95-13.17 6.17-7.74 8.2 28.90 6.945 29.65 2.608
C1 12.50 9.1&10°2 15.20-15.46 0.913-1.07 8.2 42.00 8.458 43.07 2.554
Cc2 12.80 6.8%10 ! 15.36-15.62 6.63-8.24 8.2 56.00 9.873 57.74 3.101
C3 13.26 2.28 15.64-15.90 20.4-28.1 8.2 75.00 11.597 78.31 4.415
N1 38.10 20.6 34.90-35.39 22.5-251.3 8.2 94.92 13.257 100.89 6.294
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Re(w) 0.5252 governing quark matter from observations of the lowegt
1 kHZ~1.173>< D —" (4.3  mode frequency. If the damping rate of this mode were ob-
1 MeVim tained, we could derive more stringent constraints on the

. - . . .. properties and EOS parameter.
This empirical formula is also shown with a dotted line in Furthermore, we deduce a useful empirical formula be-

Fig. 5. In Table IlI, we list the bag constant that is obtainedyaen the frequency of themode and the bag constant. By
by substituting the givefimode frequencies into the empiri- sing this relation, if théd mode frequency is detected, we
cal formula(4.3), and its deviation from the true value. Here ¢an determine the bag constant even if the radiation radius of
we calculate the deviation as the source star is not determined precisely. Then we can de-
B—B termine the stellar radiation radius by employing observation
emp (4.4) of thef mode damping rate.
B The dependence of tifenode frequency on the bag con-
stant and radiation radius is different from that of the lowest
whereB and B, are the bag constant we adopted for caI—WII mode frequency. Therefore, the lowag; mode QNM

culation of QNMs and the one given by substituting the ;5 help us to decide the bag constant and/or the stellar ra-
mode frequency into the above empirical formula, respecy;iation radius.

tively. We see that this empirical formula is very useful, be- v a1s0 calculated the w, andw, mode complex fre-
cause it is possible to determine the bag constant predseyuencies for a quark star, of maI[M —=0.7M,, with B
by employing observation of themode frequency, even it _ 471 3 Mmev fm 3. Because of the large difference in com-

the star has some range of radiation radil. pactnesgor average densifyof the quark stars, the set of
frequencies and damping rates of these QNMs differs con-
V. CONCLUSION siderably from that for quark stars with conventional values
We calculated the nonradial oscillations of quark starg©r B- This implies that gravitational wave observations have
whose radiation radii are in the range of 3B, <8.2 km, & strong potential to test Nakamura’s formqtlon scenario for
paying particular attention to thg w, and w, modes of quark stars. In the near future, we can get mforr_natlon about
quark stars constructed with the bag model EOS. the EO_S of quark matter by detecting gravitational waves
We adopted four values for the bag constant and Controrr_] objects. composed of quark matter. Based on the.mfor—
structed ten stellar models. We found that because the frél@tion obtained, we can test the current understanding of
quency of thef mode strongly depends on the bag constant,quark matter and may obtain a more realistic picture of cold
we can restrict the bag constant by observations offthe duark matter and nonperturbative QCD.
mode frequency. Moreover, since the damping rate offthe
mode depends on the stellar radius for each bag constant, we
can restrict the stellar radius by detailed observations of the  We would like to thank K. Maeda for useful discussion.
mode damping rate. We are also grateful to Y. Kojima, K. Kohri, and O. James
On the other hand, both the frequency and damping ratéor valuable comments. This work was partly supported by a
of the lowestw,, mode also strongly depend on the bag con-Grant-in-Aid for Scientific ResearctNo. 05540 from the
stant and the stellar radius. Therefore we may be able to g&apanese Ministry of Education, Culture, Sports, Science and
information about the properties of quark stars or the EOSechnology.
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