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Abstract With the constraint from gravitational wave emission of a binary merger system (GW170817)

and two-solar-mass pulsar observations, we investigate the r-mode instability windows of strange stars with

unpaired and color-flavor-locked phase strange quark matter. Shear viscosities due to surface rubbing and

electron-electron scattering are taken into account in this work. The results show that the effects of the

equation of state of unpaired strange quark matter are only dominant at low temperature, but do not have

significant effects on strange stars in the color-flavor-locked phase. A color-flavor-locked phase strange star,

which is surrounded by an insulating nuclear crust, seems to be consistent with observational data of young
pulsars. We find that an additional enhanced dissipation mechanisms might exist in SAX J1808.4-3658.
Fast spinning young pulsar PSR J0537-6910 is a primary source for detecting gravitational waves from a

rotating strange star, and young pulsars might be strange stars with color-flavor-locked phase strange quark

matter.
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1 INTRODUCTION

The r-modes are non-radial pulsations of compact stars that
are primarily driven by Coriolis forces and are coupled
to gravitational radiation (Chandrasekhar 1970; Friedman
& Schutz 1978; Andersson 1998; Friedman & Morsink
1998; Owen et al. 1998; Andersson et al. 2002; Alford &
Schwenzer 2014a). The r-mode instability only happens
in a range of spin frequencies and temperatures, which
is determined by a competition between the effects of
gravitational radiation and viscous dissipation damping on
modes (Lindblom et al. 1998). Therefore, r-mode insta-
bility is an important primary physical mechanism that
can prevent pulsars from spinning up to their Kepler fre-
quency, which also affects the spinning evolution of the
pulsars (Madsen 1998; Andersson et al. 1999; Wang & Dai
2017). Meanwhile, gravitational waves emitted during the
instability process could be detected (Owen et al. 1998;
Andersson et al. 2002; Mahmoodifar & Strohmayer 2013;
Alford & Schwenzer 2014a).

Such r-modes are damped by viscous dissipation
mechanisms (Lindblom et al. 1998), and therefore are con-

nected with microscopic properties of matter inside the
stars, which depend on the low energy degrees of free-
dom and the equation of state (EOS), thus affecting the
macroscopic and observable properties of the star. Many
studies have tried to constrain the physics behind r-mode
instability in compact stars, especially the EOS of cold
dense matter, by comparing the r-mode instability windows
with the spin frequency and surface temperature of these
systems (Becker 2009; Haskell et al. 2012; Mahmoodifar
& Strohmayer 2013; Gusakov et al. 2014; Pi et al. 2015;
Kantor et al. 2016; Chugunov et al. 2017).

The LIGO/Virgo detection of gravitational waves from
a binary merger system, GW170817, has put a clean and
strong constraint on the tidal deformability of the merg-
ing objects (Abbott et al. 2017). Combined with two-
solar-mass pulsar observations and tidal deformability con-
straints, Zhou et al. (2018) constrain the parameters of the
quark star EOS. In this paper, we will investigate the 1-
mode instability windows of strange stars with unpaired
and color-flavor-locked (CFL) phase strange quark matter
(SQM). We will utilize a realistic EOS and the new limit on
EOS parameters to discuss its effect on the r-mode insta-
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bility windows of strange stars. In the following, we adopt
the abbreviations USS for strange star with unpaired SQM,
and CSS for strange star with CFL phase SQM.

Most of the uncertainty related to r-mode instability
has to do with its damping mechanisms. In a minimum
physics model that assumes dissipation only due to stan-
dard shear and bulk viscosity, the r-mode instability should
be operating in a large portion of the low mass X-ray
binary (LMXB) population and in some young sources
(Kokkotas & Schwenzer 2016). Some works showed that
the minimum frequency of the instability region of USS
(vmin =~ 200 Hz) is higher than the rotational frequen-
cies of all known young pulsars, and USS can be consis-
tent with both the observed radio and X-ray data (Alford &
Schwenzer 2014b), except for some special sources. CSS
without a crust would have a critical frequency at which the
r-mode instability sets in, as measured in Hz or fractions of
Hz, in gross disagreement with the data on spin frequen-
cies of both X-ray and radio pulsars (Alford et al. 2008).
Strange stars can support a thin nuclear crust (Glendenning
& Weber 1992), which only leads to minor changes in the
maximum mass compared with bare strange stars (Zdunik
2002). The crust on a USS does not have significant effects
on the dissipation of r-modes (Andersson et al. 2002). As
other sources of viscosity are exponentially suppressed in
the case of the CFL phase, some viscosity results from the
crust might become dominant in the case of the CFL phase,
such as shear due to electron-electron scattering or by sur-
face rubbing at low temperature (Madsen 2000). These vis-
cosities may have significant effects on the r-mode insta-
bility windows of a CSS, leading its behavior to agree with
observational data of young radio pulsars. Thus, we will
investigate the effect of shear viscosity due to electron-
electron scattering or by surface rubbing, by comparing
the r-mode instability windows of CSS with observational
data of young pulsars, and the USS without a crust will
be reviewed by comparing with the observational data of
LMXBs.

The paper is organized as follows: In Section 2, we
briefly review the EOS of unpaired and CFL phase SQM,
and give reasonable parameters which are constrained by
observations. The main results are presented in Section 3,
where r-mode instability windows of USS and CSS are
provided with different parameters for the EOS. All of the
windows are confronted with the tidal deformability mea-
surement from GW 170817 and two-solar-mass pulsar ob-
servations for systematic constraints on EOS parameters.
Moreover, we compare the theoretical r-mode instability
windows with the spin frequency and temperature of com-
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pact stars in LMXBs and young pulsars. Finally, conclu-
sions and discussion are given in Section 4.

2 EOS MODELS OF STRANGE STARS

We use the simple but widely used MIT bag model
to describe the unpaired SQM as a mixture of quarks
(u,d,s) and electrons (e). The grand canonical potential per
unit volume can be written as (Weissenborn et al. 2011;
Bhattacharyya et al. 2016)

4

faw= 3 U —a)+ B, ()
where QY is the grand canonical potential of quarks (u,d,s)
and electrons (e) which are regarded as an ideal rela-
tivistic Fermi gas. The second term is characterized by
the perturbative quantum chromodynamics (QCD) correc-
tions of gluon mediated quark interactions to O(«:?) (Fraga
et al. 2001; Bhattacharyya et al. 2016) and the parameter
aq = 1 — 2as /7 represents the degree of quark interaction
correction in perturbative QCD (Alford et al. 2008). u =
(tu + pra + ps)/3.0 is the baryon chemical potential with
the total baryon number density ng = (n, + nq + ns)/3.
Beg is the effective bag constant which includes non-
perturbative QCD effects in a phenomenological way.

In the calculation, we take m, = mq = 0 and m, =
0 (Weissenborn et al. 2011; Bhattacharyya et al. 2016; Li
et al. 2017; Zhou et al. 2018). The current mass of strange
quark mg has been constrained well with a recent result of
96Jj§l MeV (Aaij et al. 2016). The effect of introducing a
finite strange quark mass has been discussed in Zhou et al.
(2018) and the results show that a larger ms will soften
the EOS and A(1.4) only weakly depends on my. In the
following, we set mg as 100 MeV.

At large densities, such that up, down and strange
quarks bind together, the condensation term, contained in
3A2%u2% /7%, emerges to decrease the free energy of quarks,
which are assumed to undergo pairing and form the so-
called CFL phase (Rajagopal & Wilczek 2001). As a re-
sult, Qcpr, can be obtained from (Alford et al. 2001;
Weissenborn et al. 2011)

3
QcrL = Qqm — ﬁAQ ’, (2)

where A is the pairing energy gap for the CFL phase,
which lacks an accurate calculation within a typical range
(0 — 150MeV).

Different choices of parameters for the effective bag
constant (Beg ), the perturbative QCD correction parame-
ter (a4) and the pairing energy gap (A) will lead to vari-
ous EOS models. These parameters are all confronted with



the tidal deformability (A) measurement from GW170817
and other pulsar observations for systematic constraints on
those parameters. As discussed in Zhou et al. (2018), nor-
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mal quark matter model parameters are compatible with
Bclé-4 € (134.1,141.4)MeV and a4 € (0.56,0.91) which
are derived by considering the GW170817 constraint on
A(1.4)1 and two-solar-mass constraint on Moy as well
as the stability window for quark matter (“two flavor line”
and “three flavor line”). The possible constraint on the pair-
ing energy gap A might be larger than 50 MeV in the case
of ay = 1, and no new lower limit is found for the gap
parameter A in the case of a4 = 0.61 (Zhou et al. 2018).

3 THE R-MODE INSTABILITY WINDOWS OF
STRANGE STARS

The r-mode instability window is defined as

. ) 3)

Tegw ™
and yields a curve that depends on spin frequency and core
temperature. The resulting instability parameter space is
commonly depicted as a “window” in the v — T plane.
Above this curve, the instability condition is satisfied and
the star can emit gravitational waves. 7y, is the growth
time due to emission of gravitational waves (Lindblom
et al. 1998; Owen et al. 1998)
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where G is the gravitational constant and p is the stellar

Tagw
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density. The viscous damping timescale 7y is given by

1 1
b S ®
where the summation is over various dissipation channels
(denoted with*“7”). In the most common case, in which sev-
eral dissipation mechanisms are operating simultaneously,
the viscous timescales are combined according to the par-
allel resistors rule. For the simplest strange star models,
two kinds of viscosity are normally considered: bulk vis-
cosity 7y, and shear viscosity Tyy.
Bulk viscosity is written as (Heiselberg & Pethick
1993; Lindblom et al. 1999; Lindblom & Owen 2002;

I Since the high-spin case becomes more loosely bound, we are not
going to use this constraint on the parameters.

L) o)

where R is the stellar radius and p = M/(47R3/3) is
the averaged density of a non-rotating star (Madsen 1992).
The bulk viscosity of unpaired SQM mainly depends on
the rate of non-leptonic weak interaction: u 4+ d <« u +s.
In the high temperature limit (7" > 10° K) (Madsen 2000)

¢Mel = 3.8 x 10%m oo Ty 2gem™ts™h, (7)

the bulk viscosity in the low-temperature limit (7' <
102 K) is (Madsen 2000)

(% %~ 3.2 x 10%miop15TE(kQ) 2gem s, (8)

where myqg is the strange quark mass (mg) in the unit of
100 MeV. For the dominant r-mode (m = [ = 2), k = 2/3.

The dissipation timescale of shear viscosity is written
as (Lindblom et al. 1998)

1 =(1—1)(20+1) [/OR pr2l+2dr} -

TSV
R
></ nrtdr .
0

The shear viscosity due to quark-quark scattering has been
calculated for the case 7' < v (T is the temperature and
is the quark chemical potential) which can be presented as
(Heiselberg & Pethick 1993)

5/3
na1.7x10" 01 :
«

S

(C))

PO 3B g em s (10)

where Ty is the core temperature in units of 10° K and p15
is the density of the star in units of 101° g cm 3.

Due to pairing in the CFL phase, the shear viscosity in-
duced by quark-quark scattering is suppressed by the fac-

tor e2/3ksT

and bulk viscosity is suppressed by the fac-
tor e22/k8T Indeed, other viscosities are only dominant
when these effects are exponentially suppressed in the CFL
phase (Madsen 2000). For CSS, the viscosity at low tem-
perature is determined by shear due to electron-electron

scattering or by surface rubbing
79 = 2.95 x 107 (e /11q) ~PTY? s.

We take the maximized effect of electron shear fie//1q =
0.1 (Madsen 2000). Surface rubbing due to the electron
atmosphere being carried along by the r-modes in the quark
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phase, scattering mainly on photons in the nuclear crust,
corresponds to a viscous timescale

Tor = (1.42 x 10%) s Ty (/1 kHz) ~/2

for a crust with maximal density (Madsen 2000).

By solving Equation (3) and different damping mech-
anisms numerically, we can derive the r-mode instability
windows for USS and CSS.

Figure 1 shows the r-mode instability windows for
USS with M = 1.4 M. The instability windows are cal-
culated with different parameters of EOS, which are con-
strained by two-solar-mass pulsar observations and tidal
deformability of the merging binary. Also indicated are the
spin frequency and core temperature of compact stars in
LMXBs, which have been given in Gusakov et al. (2014),
and temperature for HETE J1900.1-2455 (5 x 10° K) was
updated in Degenaar et al. (2017). The left panel is for
as = 0.61,0.72 and 0.83, and Belf/f4 = 138 MeV. The right
one is for BX4* = 136 MeV, 138 MeV and 140 MeV, and
as = 0.72. We find that a4 and Bif/;l do not have signifi-
cant effects on the r-mode instability window at high tem-
perature (approximately higher than 107 K); r-mode insta-
bility windows at low temperature are shrinking while a4
or Bif/f4 are increasing. A smaller allowed a4 will lead to a
larger r-mode instability window.

Since some pulsar like objects might be low mass
strange stars (Zhou et al. 2017), we present the r-mode
instability windows for USS with different masses in
Figure 2, especially for mass < 1.0 M. The windows be-
come larger while the star mass increases. Many sources
are around right boundaries of instability windows and
SAX J1808.4-3658 is in the instability region even though
the star mass is 0.5 M. The sources are out of the insta-
bility region when the mass is 0.1 M.

The r-mode instability windows for CSS with different
gaps and effective bag constants are displayed in Figure 3
and Figure 4. The spin frequency and core temperature of
young pulsars are listed in Table 1, and their core tem-
perature has been inferred by assuming an outer envelope
completely composed of a crust of iron elements (Becker
2009). We consider the shear due to surface rubbing and
electron-electron scattering respectively in Figure 3 and 4.
It is shown that the suppressed effect of surface rubbing
for the instability window is much stronger than that for
shear by electron-electron scattering. In addition, the vis-
cous timescale for shear due to surface rubbing is 75,
(10% — 10'%)Ty and the viscous timescale for shear due to
electron-electron scattering is 7°¢ o 101273, This im-
plies that the dominant role in suppressing the r-modes is
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supposed to be the shear due to surface rubbing. In order to
show the damping effect from the existence of a crust, we
consider the shear due to either surface rubbing or electron-
electron scattering in the following descriptions.

In Figures 3 and 4, most of the young pulsars are lo-
cated outside the instability region, except for the fast spin-
ning PSR J0537-6910 and the Crab. Different gaps as well
as different effective bag constants and a4 lead to a slight
influence on the r-mode instability windows of CSS. The
windows at high temperature dramatically shrink when the
gaps decrease to A = 1 MeV, which are shown in the right
panel in Figure 4. No matter if shear due to surface rubbing
or electron-electron scattering is considered, PSR J0537—
6910 is always in the instability region, but when a star
damped by shear due to surface rubbing is examined, Crab
is out of the instability windows.

In Figure 5, the r-mode instability windows for CSS
with different star masses (M = 0.1,0.5,1.0,1.5,2.0 M)
are presented. It is found that the instability windows
monotonically increase with the star mass gradually in-
creasing. With small mass (< 1.0 M), the two fast spin-
ning pulsars might be outside of these windows.

4 CONCLUSIONS AND DISCUSSION

Coupled with a new constraint on the EOS, we inves-
tigate the r-mode instability windows of USS and CSS.
Moreover, these r-mode instability windows are compared
with the spin frequency and core temperature of the com-
pact star in LMXBs/millisecond pulsars (MSPs) and young
pulsars. The effects of EOS for unpaired SQM are only
dominant at low temperature (T’ < 107 K). For CSS, the
damping mechanisms due to the existence of the crust are
important for us to consider when drawing any conclu-
sions.

R-mode instability has been identified as a viable and
promising target for gravitational wave searches and has
been taken into account in recent analysis. LMXBs and
young pulsars are possible sources for detecting gravita-
tional waves driven by r-mode (Kokkotas & Schwenzer
2016). USS seems consistent with LMXB data except
for SAX J1808.4-3658. This source is located in the in-
stability region unless the mass is smaller than 0.5 M,
and therefore could experience r-mode-driven spin-down.
However, the measured spin-down rate is consistent with
that caused by a canonical LMXB magnetic field (~
108 G), hence suggesting that the r-mode instability is not
the dominant effect and SAX J1808.4-3658 may be a mas-
sive star (Salmi et al. 2018). This apparent tension between
the minimum damping r-mode model of USS and the spin-
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Table 1 Spin frequency and surface temperature for young pulsars that have measurements (or upper limits)
of both. Spin frequency for young pulsars are taken from the ATNF catalog (Manchester et al. 2005).

Source v T Teore (Fe) Reference
(Hz) (10° K) (108 K)
PSR B0531+21 (Crab) 29.95 1.79 4.29 Weisskopf et al. 2004
PSR J0205+6449 15.22 <1.02 1.54 Slane et al. 2004
PSR J1119-6127 2451 1.22 2.14 Safi-Harb & Kumar 2008
PSR J1357-6429 6.020 0.77 0.92 Zavlin 2007
PSR B0833-45 (Vela) 11.20 0.52 0.45 Manzali et al. 2007
PSR B1706-44 9.760 0.82 1.04 McGowan et al. 2004
PSR J0537-6910 62.03 <4.00 18.58 Andersson et al. 2018
PSR J1833-1034 16.16 1.26 2.27 Matheson & Safi-Harb 2010
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Fig.1 R-mode instability windows for USS with M = 1.4 M. The observed spin frequency and core temperature of LXMBs are
also included for a comparison. The left panel is for different a4 with B 244 = 138 MeV and the right one is for different B, 244 with
as = 0.72. In the left panel, the green line, blue line and red line correspond to a4 = 0.61, 0.72 and 0.83 respectively. In the right

panel, the green line, blue line and red line signify B4* = 136, 138 and 140 MeV respectively.

1000

900
800
700
600

500\

v (Hz)

400

300

200

1001

Fig.2 Similar to Fig. 1, but for USS with M = 0.1 Mg, (red line), M = 0.5 M, (blue line), M = 1.0 Mg (green line), M = 1.5 Mg,

(black line) and M = 2.0 M (mauve line). The corresponding parameters for the EOSs are set as B 244 = 138 MeV and a4 = 0.72.
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Fig.3 R-mode instability windows for CSS with a4 = 1 and M = 1.4 M. The observed spin frequency and core temperature
of young pulsars tabulated in Table 1 are also included for comparison (blue triangles). The left panel is for different Bclf/f4 with
A = 100 MeV, and the red, black, blue and green lines correspond to Belf/f4 = 146, 148.5, 151 and 153.5 MeV respectively. The right
panel is for different A with Bclé4 = 146 MeV, and the red, black, blue and green lines represent A = 70, 80, 90 and 100 MeV
respectively. Dotted curves or dashed curves mean shear due to surface rubbing, and solid curves signify shear due to electron-electron
scattering.
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Fig.4 R-mode instability windows for CSS with a4 = 0.61 and M = 1.4 M. The observed spin frequency and core temperature
of young pulsars tabulated in Table 1 are also included for comparison (blue triangles). Dotted curves or dashed curves correspond to
shear due to surface rubbing and solid curves indicate shear due to electron-electron scattering. The left panel is for different B elf/;l with
A = 75MeV, and the red, black, blue and green lines represent Bclé4 = 144, 146, 148 and 150 MeV respectively. The right panel is

for different gaps with B le/f4 = 136.5 MeV, and the red, black, blue and green lines signify A = 1, 10, 20 and 30 MeV respectively.

temperature-mass data of SAX J1808.4-3658 may be in
conflict with each other. That means additional damping
mechanisms might work in this system which could mod-
ify the instability window.

The shear viscosity due to quark scattering and bulk
viscosity are suppressed in the CFL phase, which lead
to disagreement with the observational data of LMXBs

(Alford et al. 2008). Actually, a CSS may have a tiny nu-
clear crust (Madsen 2000). As shown in this work, EOSs
do not have a significant effect on the instability windows
of CSS. The most effective dissipation mechanisms are the
shear due to surface rubbing or electron-electron scatter-
ing. PSR J0537-6910 is always located in the instabil-
ity window no matter if shear due to surface rubbing or
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Fig.5 R-mode instability windows for CSS with different masses. The observed spin frequency and core temperature of young pulsars

1/4

tabulated in Table 1 are also included for comparison (blue triangles). The left panel is for as = 1,A = 100MeV and B} =

146 MeV. The right panel is for a4 = 0.61, A = 1MeV and Belf/f4 = 136.5MeV. The red, blue, green, black and mauve lines
correspond to M = 0.1, M = 0.5, M = 1.0, M = 1.5 and M = 2.0 M, respectively. Dashed (solid) curves signify shear due to

surface rubbing (electron-electron scattering).

electron-electron scattering is considered. From this point
of view, the fast spinning young pulsar PSR J0537-6910 is
an extremely promising source for detecting gravitational
waves from a rotating strange star. In addition to this, we
could learn something about the structure and mass of PSR
J0537-6910 or Crab by comparing the r-mode instability
with observational data.

Moreover, a radio observation recently demonstrated
that PSR J0537-6910 appears to be close to the LIGO sen-
sitivity for mass M = 1.4 M and radius roughly taken as
10 — 14 km, and its gravitational wave radiation can pos-
sibly be detected by advanced LIGO (aLIGO) (Andersson
et al. 2018). The results above suggest that the case for
USS has difficulty in agreeing with the radio observa-
tion (Andersson et al. 2018). In addition, if the mass of
PSR J2215+5135 is confirmed (M = 2.277017 M), USS
would be ruled out since the tidal deformability measure-
ment of GW170817 implies M < 2.18 M, (Linares et al.
2018; Zhou et al. 2018). If these cases turn out to be true,
young pulsars might be CFL phase strange stars.
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