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Restricting quark matter models by gravitational wave observation

Hajime Sotarii
Department of Physics, Waseda University, Okubo 3-4-1, Shinjuku, Tokyo 169-8555, Japan

Kazunori Kohrf
Department of Earth and Space Science, Graduate School of Science, Osaka University, Toyonaka, Osaka 560-0043, Japan

Tomohiro Harada
Astronomy Unit, School of Mathematical Sciences, Queen Mary, University of London, Mile End Road, London E1 4NS, United Kingdom
(Received 16 October 2003; published 9 April 2p04

We consider the possibilities for obtaining information about the equation of state for quark matter by using
future direct observational data on gravitational waves. We study the nonradial oscillations of both fluid and
spacetime modes of pure quark stars. If we observé #émel the lowestv;, modes from quark stars, by using
the simultaneously obtained radiation radius we can constrain the bag coRstattt reasonable accuracy,
independently of the quark mass.
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. INTRODUCTION characteristic that the damping rate (is much smaller
than the oscillational frequency Re). The f mode is the
Towards observing gravitational waves, several gravitafundamental mode. There exists only ohenode for each
tional wave interferometers on Earth are steadily developingndex| of spherical harmonic¥,,. Thep mode is the pres-
today, such as the Laser Interferometric Gravitational Wave&ure or acoustic mode, whose restoring force is caused by the
Observatory(LIGO) [1], TAMA300 [2], GEO600[3], and pressure gradient inside the star. Tdhenode is the gravity
VIRGO [4]. Thus it will be possible for us to detect gravita- mode, which arises from buoyancy in a gravity field. Ve
tional waves directly in the near future. It is believed thatandw; modes are spacetime modés7]. Unlike the fluid
mergers of binary neutron-star—neutron-st@NS-NS), modes, the damping rate of theandw, modes is compa-
neutron-star—black-holeNS-BH), and BH-BH, or superno- rable to or larger than the oscillational frequency.
vas, and so on, can become strong sources of gravitational For the QNMs of neutron stars, so far many authors have
waves. After these violent events occur, compact objects magrgued the possibilities for determining the EOS in the high
be left and may be turbulent. Then gravitational waves arelensity region and/or for restricting the properties of neutron
emitted from them. At this time, these gravitational wavesstars, such as the radil® or massM, by employing the
convey information on the source object. If these gravita-observed gravitational wave of several nonradial modes
tional waves are directly detected on Earth, it is possible t¢5,8—14. As a candidate for a star which is smaller than
obtain some information about the sources. This researcheutron stars, the possibility of a quark star or a compact star,
field is called “gravitational wave astronomy.” In this field, which is supported by degenerate pressure of quark matter,
there is an attempt to obtain information about properties ohas been pointed out. Such a quark star has been investigated
the equation of statéEO9 of high density matter. This is by many authorgsee, e.g., Refd.15-32 and references
one of the most important purposes of gravitational wavehereir). In their view, it is commonly assumed that such
astronomy. quark stars contain quark matter in the core region and are
Gravitational waves are emitted by the nonspherical oscilsurrounded by hadronic matter, although they are in the
lation of compact objects. The oscillations are damped out asranch of neutron staf®8]. Witten [25] suggested another
gravitational waves carry away the oscillational energy. Sucliype of quark star. If the true ground state of hadrons is bulk
oscillations are called quasinormal modé&3NMs). The  quark matter, which consists of approximately equal num-
QNMs have complex frequencies whose real and imaginarpers ofu, d, and s quarks (“strange matter’), there exist
parts correspond to the oscillational frequency and dampingelf-bound quark stars. They are called “strange stars.” In
rate, respectively. The QNMs fall into two types from their this case, their mass and radius are smaller than those of
nature. One involves fluid modes which are connected wittiypical neutron stars, which are10 km and~1.4M, re-
the stellar matter. The other involves spacetime modes whichpectively. Because we do not have reliable information
are the oscillations of spacetime metric. Moreover, the fluidabout the equilibrium properties of hadronic and quark mat-
modes are classified into various types. The well-knowrters at high densities, it is not clear what kinds of quark stars
modes are th& p, andg modeg[5]. The fluid modes have a are realized.
Recently, Drakeet al. reported that the deep Chandra
LETG+HRC-S observations of the soft x-ray source RX

*Electronic address: sotani@gravity.phys.waseda.ac.jp J1856.5-3754 reveal an x-ray spectrum quite close to that of
"Electronic address: kohri@vega.ess.sci.osaka-u.ac.jp a blackbody of temperaturE=61.2+ 1.0 eV[33]. The data
*Electronic address: T.Harada@gmul.ac.uk contain evidence for the lack of spectral features or pulsation
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[34]. Drakeet al. also reported that the interstellar medium mg are taken into account, the structure of quark stars can be
neutral hydrogen column density isN,=(0.8-1.1) affected considerablgfor recent analyses, see R45] and

X 10%° cm™2. With the results of recent HST parallax analy- references therejnin this situation, we compute the QNMs
ses, that yields an estimate of 111-170 pc for distdh¢e  in the bag model used in Rf5] and investigate the pos-
RX J1856.5-3754. Combining this rangedfwith the black- ~ Sibility of restricting the model parameters by the observa-
body fit leads to a radiation radius Bf,=3.8—8.2 km. That tions of QNMs. In this study, we deal with onfyand the

is smaller than typical neutron star rafBi5]. Thus they sug- lowestw; modes in response to the results in Ré#].

gested that the x-ray source may be a quark star. Effective theories of quantum chromodynami€@CD),

In the meanwhile, in Ref[36], Walter and Lattimer such as bag models, perturbation theories, or finite-
claimed that the blackbody model adopted in R88] could ~ temperature lattice data, are difficult to test by experiments,
not explain the observed UV-optical spectrum. They undere€specially in a low temperature and high density regime. To
took to fit the two-temperature blackbody and heavy-elemenfurther study them and fit their model parameters, we should
atmosphere models which were discussed in R&7] in ~ compare the theoretical pre(_jlcnons_ in _such models W|t_h_ex-
x-ray and UV-optical wavelengths. From their analyses theperlmental data—e.g., data in relativistic heavy ion collision
found that the radiation radius was 12—26 km and was con€Xperiments and so on. Thus, in this situation information
sistent with that of a neutron star. However, this model can&bout compact objects obtained by astrophysical observa-
not explain the lack of spectral features. In addition, recentiyfions is indispensably valuable, being independent of the
Braje and Romani also suggested a two-temperature blacRPove-mentioned ground-based experiments in nuclear phys-
body model, which can reproduce both the x-ray andCS Or particle physics. Among the astrophysical observa-
optical-UV spectra[38]. Although their model is inconsis- tions, t.he observanon_of gr_awtaponallwaves emitted from
tent with the fact that pulsation is not detected, this might bescillating compact objects is quite unique because gravita-
explained by the object being a young normal pulsar and it§ional waves directly convey information on the internal
nonthermal radio beam missing the Earth’s line of sight.Structure of compact objects, where the density would reach
However, they cannot also answer why there are no featurd§e nuclear density. _ _
in the observed x-ray spectrum. In REB9], Burwitz et al. The plan of this paper is as follows. In Sec. Il we intro-
discussed the possibility of a condensate surface which iguce the basic equation including the EOS to construct quark
made of unknown material to explain both the UV-opticalStars as the source of gravitational waves and to give the
and x-ray spectra in a neutron star. More recently, som@roperties of quark star structure. We present a method of
groups discussed the possibility that the effects of a strongetermining the QNMs for the case of spherically symmetric
magnetic field B~10G) [40] or rapid rotation P stars in Sec. lll. In Sec. IV we show the nur_nencal results fpr
<10 ms)[41] may smear out any spectral features. In thesdhe QNMS for the quark star constructed in Sec. Il. In this
situations, however, it seems that there are no reliable modefgction we present the dependence of the QNMs on the pa-
that account for all the observational facts. It is still contro-fameters of the EOS and stellar properties, and discuss the
versial whether RXJ1856.5-3754 is a normal neutron star oP0SSibility of determining the EOS of quark matter. We con-
some other compact star like a quark star. Here we adopt tHdude this paper in Sec. V. We adopt unitswfz=G=1,
simplest picture, which is used by Drakeal.[33]: the uni- Where ¢, #, and G denote the speed of light, reduced
form temperature blackbody model. Planck’s constant, and gravitational constant, respectively,

As for gravitational waves emitted from quark stars, Yip, @nd the metric signature of{, +,+,+) throughout this pa-
Chu, and Leung studied nonradial stellar oscillation for stard€r-
whose radius is around 10 k2]. Kojima and Sakata dem-
onstrated the possibility of distinguishing quark stars from Il. QUARK STAR MODELS
neutron stars by using both the oscillational frequency and
the damping rate of thé mode [43]. Sotani and Harada  We assume that the quark star is static and spherically
showed that thé and lowestw,, modes depend strongly on Symmetric. In this case the metric is described by
the EOS of quark matter and the properties of quark stars,
where the lowestv;, mode is the one which has the largest ds’= —e**dt>+e? dri+r?(de*+sirfad¢?), (2.1)
frequency among allv, modes[44]. Then they pointed out
the possibility of determining the EOS and/or the stellarwhered® andA are metric functions of and A is related to
properties. Furthermore, they also studiedhodes in detail. the mass functiom(r) as
However, they clearly showed that modes do not depend
much on the EOS of quark matter and are less important for 1
constraining the model parameters from observations. In m(r)= Er(l—e_ZA)- (2.2
their work, however, they assumed that the star is a pure
quark star and that the EOS is described by a simple b
model which has only one parameter: i.e., the bag consta
B. In general, there are a variety of parameters even withi
bag models: e.g., the bag const8nthe strange quark mass
ms, the fine structure constant in QC&,, and so on. In dm 2.3

. . I — =47r?p,
particular, if the effects of nonvanishing strange quark mass dr me

the mass functiom(r) is the gravitational mass inside a
r§urface of radius and satisfies
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wherep is the energy density. The equilibrium stellar model  TABLE I. Bag model parameters fitted to hadron mass spectra.
is constructed by solving the equations

BY¥ (MeV)  mg (MeV) a. Reference
dP  (p+P)(m+4mr3P)
— : (2.4) 145 279 2.2 [49]
dr r(r—2m 200220 288 0.8-0.9  [50]
149 283 2.0 [51]

d®  (m+47r°P)
dr r(r—2m)

(2.9

. . . whereB is the bag constarib2] which is the excess energy
Equation(2.4) is the Tolman-Oppenheimer-VolkoffTOV)  gensity effectively representing the nonperturbative color

equation46]. In addition to the above equations we need anconfining interactionsn, is the number density dfparticles
EOS to compute the star configuration. The stellar surfacaiven by n;=—dQ,/du,. Then, the pressure is repre-

r=R is the position where the pressure vanishes, and thggnieq by
stellar massM is defined asvi = m(R). Because the metric
in the exterior of the star is the Schwarzschild one, the metric
(2.1) must be connected smoothly with the Schwarzschild p=- Q;—B. (211
one at the stellar surface. Imudse

Next we describe the EOS in bag models. To construct |, parametersn,, «., andB were obtained by fits to
stars composed of zero-temperatwrés quark matter, We  jight hadron spectra; e.g., see R4#9—-51 (also see Table
start with the thermodynamic potentia, for a homoge- )" Note that these parameters do not correspond directly to
neous gas off quarks (=u,d,s) of rest massng up to first  he yalues appropriate to bulk quark matf82]. When we
order in the QCD coupling constaat.. The expressions for 0w for possible uncertainties, we set B4
(1 are given as a sum of the kinetic term and the one-gluon= 5o Mev, 0<=m.<300 MeV, and G<a,<0.9. The
exchange term at the renormalization scale=mq  ranges ofm, and e, are not always consistent with the val-
[24,47,48. Here we assume than,=my=0. Then{q iS  ,es in Table I. However, when we renormalize them at an
expressed by energy scale of interest to us, they are consistent with values
of the Particle Data Groufb3].

4
0= My 1— 2ac 2.6 To obtain the equilibrium composition of the ground-state
" A2 7 )’ ' matter at a given baryon density or chemical potential, the
conditions for equilibrium with respect to the weak interac-
4 2 tion and for overall charge neutrality are required. These
Mq Qg o
Qy=— _< 1— ) (2.7 conditions are expressed by
472 m
Mu= g™ Me (212
mé ; 3
Qs=— A2 Xss— EF(Xs) Md= Ms, (2.13
2 and
— 2 B (x) (F(x9) + 2 Inx)
ar S S S 2 1 1
A 3N~ 3Ma~ 3Ns=Ne. (2.19
—27+6 In—) F(Xs) ] (2.9
Hs From Egs.(2.6)—(2.14), we can obtain the energy density

and pressure as a function o (or wg). In Ref.[44] the
authors assumed that;=0 and «.=0. Then, the EOS is
analytically given by

with  F(Xg) =Xsms—In(Xst+ 7)), where Xg=pus/mg, 75
=\/x52—1, Kq is the chemical potential off quarks, .
=a(A), and mg=mg(A). Here we choose\ = ug. The

electron thermodynamic potenti@l, in the massless nonin- 1
teracting form is given by P= §(p—4B). (2.1
4
0.=— _Me 2.9 In this case, the density at the stellar surface is given by
1272’ p(R)=4B.
In Fig. 1, we plot several sequences of quark star models
whereu, is the electron chemical potential. with different values of the bag constaBtand thes quark
Within the bag model, we express the total energy densitynassm,. Here we have fixed the fine structure constant in
p as QCD as«a.=0.6 because the dependence of properties of
quark stars ony, is weak, as indicated in Reffi45]. There-
p= (Q+ ) +B, (2.10 fi)re we d(_aal with stellgr models only for the case @f
i=0,d,se =0.6 in this paper. In Fig. (& we plot the mas$1/Mg of
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FIG. 1. (a) Mass of the star as a function of central density éndradius of the star as a function of central densthjick lineg for
BY4=145 MeV and 200 MeV. Thin lines denote the radiation radius Here we adopt three cases of thguark mass: i.ems=0 (solid
line), 150 MeV (dashed ling and 300 MeV(dotted ling. We adopta,=0.6 as a value of the fine structure constant in QCD.

the star as a function of central densjpy. Here we set o ,
BY4=145, 200 MeV andm.=0, 150, 300 MeV, respec- §r:76AWY'me'“", (3.2
tively. In Fig. 1(b) we also plot the radius of the star as a
function of central density by thick lines. Thin lines denote
the radiation radiu®., . In Fig. 1, the solid line, dashed line,

and dotted line correspond to the casesm&0, 150, and r2 90 M
300 MeV, respectively. In Tables Il and llI, we list several

properties of quark stars whose radiation radii are within the

range ofR,,=3.8—8.2 km, which was reported by RE33]. gh=— AV vl giot
r’sirfg 9P
I1l. DETERMINATION OF THE QNMs (3.9

elet, (3.3

Since we are interested in the dependence of QNMs on
the EOS of quark matter, we consider only polar perturbaWhereW andV are functions of.
tion. If we adopt the Regge-Wheeler gauge, the metric per-

turbation is given by TABLE II. Properties of quark stars in the case 8
=145 MeV. Here R, , mg, p., MIMg, R, andM/R are the ra-
Ouv g(B) diation radius, thes quark mass, the central density, the mass in
. ~ units of Mg, the radius, and the compactness of the star, respec-
r'He?®  jwr'**H; O 0 tively.
N ior'**H;  r'He®! 0 0 R. m(MeV) p.(g/cn?)  MIMo R (km)  M/R
0 0 rl+2K 0 (km)
0 0 0 r'*2R sirfe 3800 0.0  4.22x10" 453910 % 3.731 1.796&10 2
3.800 150.0 4.71410 5.020<10°2 3.724 1.99K10 2
xy! et (3.) 3.800 300.0 5.02%10“ 5.305<10 2 3.719 2.10& 10 2

®) 6.000 0.0 4.41%10" 1.678<10°! 5.735 4.32x 102
whereg,,, is the background metri€2.1) of a spherically g000 150.0 4.97910% 1.846x10° % 5.706 4.77% 102
symmetric star an#ll, H,, andK are perturbed metric func- 6.000 300.0 5.39210" 1.951x10°! 5.688 5.066 10 2
tions with respect to. We apply a formalism developed by 8.200 0.0  4.73%x10" 3.925x10° ! 7.544 7.68410 2
Lindblom and Detweilef54] for relativistic nonradial stellar 8.200 150.0 5.43810“ 4.293x10 ! 7.472 8.48% 10 2

oscillations. The components of the Lagrangian displacemer$.200 300.0 6.04910% 4.540<10°* 7.423 9.03X 10 2
of fluid perturbations are expanded as
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TABLE Ill. Same as Table Il except fd*=200 MeV.

R, mg(MeV) p (g/len?)  M/Mg R (km) M/R
(km)

3.800 0.0 1.66810™° 1.477x10° 1 3.560 6.125% 10 2
3.800 150.0 1.79810' 156310 ! 3.544 6.51%10 2
3.800 300.0 2.01910% 1.692<x10 ! 3.520 7.09&10 2
6.000 0.0  2.03810" 4.742x10 ! 5.113 1.36% 10!
6.000 150.0 2.28810' 4.977x10°! 5.052 1.45%10°*!
6.000 300.0 2.78%10% 5.344x10 ' 4.953 1.59%10 !

Assuming that the matter is a perfect fluid and the pertur
bation is adiabatic, we have the following perturbation equa

tions derived from Einstein equations:

dH 1 2m .
_1:__ |+1+_92A+41Tr2(P—p)62A Hl
dr r r
1.~ - .
+F62A[H+K+167T(P+p)V], (3.5
dk_l(l+1)|:| 1. (1+1 do < 8 5
ar T ar Mt pHe g K
+p)eA\7V, (3.6
e Ot N AN [ E D IS D
ar T rreope 2 VTR
(3.7
dx_ X+(P+p)e®
W_ F +( +p)e
1{dd 1\. 1 [(1+1))
il il o 2eam20 N T
2<dr r)H Z(w 2r 1
1 3dd|\. I(1+1)dd.
flar " 27ar 2 dr
1 20— 20+A A
—r|ee +4m(P+p)e
d{1  do\]).
2] | A
r [dr(rZe dr) )W , (3.8
3m I(l+1 - -
1—T—¥—4wr2P}H—8wrze_¢X
I(1+1) dd] .
2,—2A 2,20 -
+ree w’e or dr} 1
[(1+1 do] .
- 1+w2rze‘2‘1’——( )—(r—3m—4wr3P)W}K
=0, (3.9
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. eZ<b

Y
w*(P+p)

o5 2P o L p )i
e Car € 5 (P+p)H|,
(3.10

where y is the adiabatic index of the unperturbed stellar
model, which is given by

_pt+PdP 31
[Py (3.1

Furthermore, if the proper boundary conditions are im-
posed on the above perturbation equations, the problem to

solve becomes an eigenvalue one. These boundary condi-
tions are given as followdi) the eigenfunctions are regular
at the stellar centefji) the Lagrangian perturbation of pres-
sure vanishes at the stellar surface, &g the gravitational
wave is only an outgoing one at infinity. The QNMs of quark
stars are determined by solving this eigenvalue problem, and
w is the eigenvalue of the above perturbation equations. For
the treatment of the boundary condition at infinity, we adopt
the method of continued-fraction expansion proposed by
Leaver[55]. The detailed method of determining QNMs is
given in[44,56|.

IV. NUMERICAL RESULTS
A. f mode

As for gravitational wave radiation emitted from a com-
pact star, there exist QNMs which correspond to eladh
this paper, for simplicity we discuss such QNMs only for
=2, which would be a dominant mode in a weak field re-
gime.

Compared with the other QNMs, we might relatively eas-
ily detect thef mode because its frequency and damping rate
are approximately within the sensitivity band of gravitational
wave interferometers: e.g., LIGO and so on. Therefore, first
we discuss the possibility of constraining parameters of bag
models by using thé mode data. When we discuss the ob-
servational data of frequency Re) and damping rate
Im(w) of thef mode, we should bear in mind that the obser-
vational data of frequency will be far more accurate than that
of damping rate. It was discussed in REEQ] that the rela-
tive error of the frequency will be about three orders of mag-
nitude smaller than that of the damping rate. To get an in-
sight into the dependence of thenode on the bag constant
B and thes quark massng, we compute thé mode for each
stellar model in Tables Il and III.

In Fig. 2@) we plot the complex frequencies bimode for
I=2. In the figure, the squares, circles, and triangles repre-
sentm,=0, 150, and 300 MeV, respectively, and the solid
(open marks denote the case Bt*=145 MeV (200 Me\).

In Ref.[44] the authors did not consider suely dependence
because they simply assumed thgt=0 as their first step in
the paper. From Fig. (), however, we find that both the
frequencies and damping rates change at about 10%.as
changes from zero to 300 MeV for eaBhand we see that it

is important for us to include such effects of nonzero values
of mg in bag models to predict themode.
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107 F 300 [
- R,,=6.0km A ’.A
i o 9 | Reo=3.8km
i 250 Reo=3.8km
= | Ree=3.8k e : 90 a
N -3 N =3.9Km A N [
T 10 F o * Ra=82km o ° T 200 [
— ot ~ 190 i -.F;-GOkm
3 . " Rl-6.0Kkm 3 i [ . g“’afkm
£ 107k € 100 =
=~ F =~ i Reo=8.2km
i = o :ms=0 - = o :ms=0
| ot « o :ms=150 B0 | e o :ms=150
| B R.=3.8km A A :ms=300 i A 2 :ms=300
'IO_5 A A R AT AN R A o L bbb 1
9 11 13 15 17 19 21 23 20 30 40 50 60 70
Re(w) (kHz) Re(w) (kHz)

(a) (b)

FIG. 2. Complex frequencies ¢ f mode andb) the lowestw, mode forl =2. The squares, circles, and triangles represent0, 150
MeV, and 300 MeV, respectively. In each panel, the sabiper marks denote the case BF*=145 MeV (200 MeV).

In Fig. 3 we plot the radiation radius as a function of theindependently of the value ahs. On the other hand, from
(a) frequency Reg) and (b) damping rate Img) of thef  Fig. 3(@) we see that if we observe the frequency within
mode forl=2. In each panel, the solid and open marksabout 20%, for example, we can determine the valu® of
denote BY4=145 MeV and 200 MeV, respectively. From with reasonable accuracy by using the simultaneously ob-
Fig. 3(b) we see that the damping rate is very sensitive to theéained radiation radius from Fig.(l8. To demonstrate that,
radiation radius, unlike the frequency in FigaB If we ob-  we investigate the dependence of fmode on both the bag
serve the damping rate of tlienode within 20%, the radia- constant and thes quark mass when we fix the radiation
tion radius can be determined within 10% as a functioB,of radius asR,,=6.0 km. In Fig. 4, we plot the contours of the

9.0 : 9.0 r
8.0 | | 80 |
70 | 70 F
- B4 =200 MeV i
— 6.0;— —~ 60 F
i&q/ 50 F \51 50
g 40 - g 40 I wd
R 30 F a 3.0 | B"=145MeV B4 =200 MeV.
20 = o :ms=0 2.0 ;_ = o :ms=0
- e o :ms=150 5 e o :ms=150
1.0 3 a4 & :ms=300 1.0 3 a4 2 :ms=300
oobo ot b by 0.0: T R B
0 5 10 15 20 25 10'5 10'4 10'3 ]O'z
Re(w) (kHz) Im(w) (kHz)

(@) (b)

FIG. 3. Radiation radius as a function @) frequency Reg) and(b) damping rate Img) of f mode forl =2. In each figure, the solid
and open marks deno®&"*=145 MeV and 200 MeV, respectively.
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90 T 9.0 r
80 | ’ 80 F
70 F 70 F
B B'* = 200 MeV -
g sof g £ sof
g 4_02— Q:? 4.0 —
& 30 B'4=145 MeV 30 F B'# = 200 MeV
2.0 ;_ = o :ms=0 20 ;_ = o :ms=0
[ e o :ms=150 B e o :ms=150
1.0 :_ a a :ms=300 10 :_ A A :ms=300
O_O:HHl‘H‘luHluuluwlwulwu oo b v b b
0 10 20 30 40 50 60 70 0] 50 100 150 200 250 300
Re(w) (kHz) Im(w) (kHz)

(a) (b)

FIG. 4. (a) Contours of frequency Re() and(b) damping rate Img) of f mode forl =2 in (BY* m,) plane. Here we adopt the radiation
radius asR,.=6.0 km. The numbers with the curve denote the value of frequency Re( damping rate Img) in units of kHz.

(a) frequency Reg) and (b) damping rate Img) of thef  can constrain the radiation radius of the quark star.

mode forl=2 in the (51/4, ms) p|ane. The numbers on the Furthermore, along with the case of thenode, we plOt
curves denote the value of frequency Rg@r damping rate  the contour of the frequency and the damping rate of the
Im(w) in units of kHz. We should note that each contour linelowestw; mode in the B, my) plane in Fig. 6. By using

is nearly parallel to the vertical axis in both Figgagand the lowestw,; mode, we are able to develop a similar argu-
4A(b). This implies that we can obtain a stringent constraint orfment as that discussed in the case offtineode and get an

the bag constant. Indeed, Fig(a# shows that if the fre- independent constraint on the bag constantsauaiark mass.
quency of thef mode is detected within 20%, then we can However, we should keep in mind that even if a large
determine the value of the bag constant within about 159&mount of energy is released through these modes, accurate

independently of the value of theequark mass. observation of thev andw, modes may be difficult. That is
because both the frequency and damping rate of these modes
B. Lowestw, mode are larger than the sensitivity ranges of gravitational wave

S interferometer$8]. Thus we would mainly use the observa-

In general, there exist infinite number of modes and  {jonal data of thé mode to obtain information about the bag
severalw, modes for eacth. As was clearly shown by nu- model parameters. Then we could subsidiarily use the data
merical analysis in Ref44], however, thev modes are in- 4y the lowestv, mode. It should be noted that, since Fig. 6
sensitive to the parameters in bag models in which we argag similar features found in thienode, even if we combine
interested here. Therefore, we do not studynodes in this i \ith information from thef mode, we may not have strict
paper. In addition, only onev, mode was found in each cgnstraints on botm, andB, independently. There exists an
quark star model adopted in this study. That is because thgssential degeneracy inand the lowestw, mode QNMs

‘compactness’—i.e., mass to radius ratio—of the adoptedhecayse the configuration of the contour of Fig. 4 is very
quark stars is much smaller than that of standard neutrogimijar 1o that of Fig. 6.

stars(see Tables Il and IJI Here, for simplicity we deal with
only the lowestw,, mode forl =2 [57].

In Fig. 2(b) we plot the complex frequencies of the lowest
w; mode. From Fig. @), we see that theng dependence on We have discussed how we can obtain information about
the complex frequencies is important, although it was nothe EOS of quark matter by using future observations of
considered in Ref44]. In Fig. 5 we plot the radiation radius gravitational waves emitted from quark stars. In particular
as a function of thga) frequency Re@) and(b) damping we have studied the EOS in bag models and assumed that the
rate Im(w). The notes on the marks are the same as those istar is a pure quark star. We have computed the QNMs—i.e.,
Fig. 3. This figure tells us that it has the same tendencyhef and the lowesiv, modes—in several quark star models.
which appears in the case of thenode; namely, the damp- We have demonstrated that by comparing the results of the-
ing rate is very sensitive to the radiation radius, unlike theoretical computations with the observational data of the
frequency. Thus, if we directly observe the damping rate, wanode and the lowest;, modes we can obtain constraints on

V. CONCLUSION
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FIG. 5. Radiation radius as a function @ frequency Reg) and (b) damping rate Img) of the lowestw, mode forl=2. In each
figure, the solid marks and open ones der®té= 145 MeV and 200 MeV, respectively.

the bag constarB ands quark massns. by using the simultaneously obtained radiation radius. Con-
If we have the damping rate—i.e., lmj—of thef mode  cerning the lowestv;, mode, we can also develop a similar
within 20%, the radiation radius of the quark star can beargument as in the case of tfienode and get independent
determined within about 10% including the uncertainty ofconstraints on the model parameters. However, note that it is
the s quark mass. Furthermore, if we also obtain therelatively difficult to detect the lowest,, mode by the future
frequency—i.e., Ref)—of the f mode within 20%, the planned gravitational wave interferometers whose frequency
value of the bag constant can be determined within aboutanges are not very sensitive to the lowegt mode. There-

15%, independently of the uncertainty of teguark mass,

fore, such data will be subsidiarily used in statistical analy-

300 300
250 250
o 200 60 — 200
% >
\2/ 160 40 50 é 150 140 130 120
w w
E 100 E 100
50 50
O 1 1 L o 1 L L
145 156 167 178 189 200 145 156 167 178 189 200
1/4 /4
B"* (MeV) B"* (MeV)

(@

(b)

FIG. 6. (a) Contours of frequency Re() and(b) damping rate Img) of the lowestw, mode forl =2 in (B¥4, m,) plane. Here we adopt
the radiation radius aR..=6.0 km. The numbers with the curve denote the value of frequency Re( damping rate Img) in units of
kHz.
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ses. It should be also noted that there is a degeneracy in tiperturbation theories or finite-temperature lattice data, we

dependence of and the lowestw, mode QNM complex can constrain them more strictly. Including independent ob-

frequencies on the bag model parametetsand B. As for ~ servations of the radiation radius—e.g., sorts of x-ray

high frequency gravitational waves, a dual-type detector haebservations—would also support us in inferring the bag

been proposed, which would reach very good spectral straimodel parameters. QNMs from compact stars will be ob-

sensitivities (~2Xx10 22 Hz) in a considerable broadband served in the near future and deepen our understanding of
(between 1 and 3 kHZ58] and then open a new interesting hadron physics and QCD.

window to the QNMs of compact objects.

As long as we have data wi_th 'tolerable accuracy in future, ACKNOWLEDGMENTS
we will be able to perform statistical analyses to fit them and
get constraints on both the bag constant and stguark We would like to thank K. Maeda for useful discussions.
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