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Quasinormal g modes of neutron stars with quarks
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Quasinormal oscillation modes of neutron stars provide a means to probe their interior composition
using gravitational wave astronomy. We compute the frequencies and damping times of composition-
dependent core g-modes of neutron stars containing quark matter employing linearized perturbative
equations of general relativity. We find that ignoring background metric perturbations due to the oscillating
fluid, as in the Cowling approximation, underestimates the g-mode frequency by up to 10% for higher mass
stars, depending on the parameters of the nuclear equation of state and how the mixed phase is constructed.
The g-mode frequencies are well described by a linear scaling with the central lepton (or combined lepton
and quark) fraction for nucleonic (hybrid) stars. Our findings suggest that neutron stars with and without
quarks are manifestly different with regards to their quasinormal g-mode spectrum, and may thus be
distinguished from one another in future observations of gravitational waves from merging neutron stars.
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I. INTRODUCTION

Neutron stars (NSs) are natural laboratories to study the
behavior of matter under extreme conditions of density,
rotation and magnetic fields [1,2]. They are observed across
many wavelengths of the electromagnetic spectrum, from
radio waves to x-rays and gamma-rays, using a variety of
instruments and telescopes [3]. Recent observations of
merging NSs via gravitational waves have ushered in a
multi-messenger characteristic to research in this area (for
recent reviews, see [4,5]). Pioneering measurements of
pulse modulation profiles by the recently launched NICER
(Neutron Star Interior Composition Explorer) mission is
advancing the goal of constraining the equation of state of
dense matter by setting precise limits (=5%) on the radius
of a neutron star [6,7].

However, the interior composition of the NS core is
likely to remain uncertain if only global and static proper-
ties of the star, like mass and radius, are measured. Even
with few % precision in these quantities, one cannot
distinguish between the many forms and ways in which
exotic matter can appear in the core of neutron stars [8—11].
Definitive signatures of such exotic matter in static NS
observables is elusive, but new frontiers in multimessenger
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astronomy, such as gravitational waves, can provide new
insight. For example, when two neutron stars merge, the
tidal forces from one component NS on the other can excite
secular quasinormal modes (QNMs) that affect the phase of
the gravitational waveform [12,13]. Characteristics of some
of these QNMs, in particular, the core g-mode [14—17]
depend strongly on the composition of the star. Detecting
these QNMs in mergers or isolated NSs remains an
observational challenge, but in principle, this offers a
method to constrain the composition.

The study of QNMs originated in black holes with the
work of Regge and Wheeler [18], Vishveshwara [19] and
Zerilli [20]. The application to neutron stars was begun by
Thorne and Campolattaro [21], followed by numerous
other works (for a review, see [22] and relevant references
therein). Normal modes of neutron stars are traditionally
categorized by the restoring force that tries to bring the
perturbed star back to equilibrium. Not all of these modes
couple to gravitational waves, but all of them are typically
subject to dissipation, hence they are regarded as “quasi’-
normal modes.

Our focus in this work is on the g-mode since it is an
example of a secular’ QNM that appears to be strongly
correlated with the composition of the core, displaying a
remarkable sensitivity to the onset of new species of

'"The term secular refers to the fact that some of these modes
are long-lived, as the dissipation is small.
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particles [16,17]. To be clear, these are different from the
oft-studied discontinuity g-modes [23,24] which arise from
a sharp change in the density in the interior, as for example
at the boundary of a Maxwell-type first-order transition
[25-27] or the core-crust boundary [28]. In principle, there
is an infinite tower of composition-dependent core g-modes
in the star. We study only the lowest order g-mode. It has
the highest frequency of all such g-modes and is within the
sensitivity range of the current generation of gravitational
wave (GW) detectors. They could be excited by strong tidal
effects during the inspiral phase of NS mergers [29]. We
also note that while studies of the g-mode abound in the
literature, several choose to employ the Cowling approxi-
mation [30-32]. In fact, the composition g-modes pio-
neered in the work of Reisenegger and Goldreich [14,15]
used Newtonian gravity for simplicity, and subsequent
works [31,33,34] used the relativistic Cowling approxima-
tion in lieu of a fully general relativistic treatment. There
are no extant studies of composition g-modes for realistic
neutron or hybrid stars that employ general relativity (GR).
We take this opportunity to “fill the gap” in the literature, as
well as to shed new light on how gravitational wave
astronomy could play an important role in uncovering
the role of quarks or other forms of exotic matter in
neutron stars.

In recent works [16,17], we investigated the role of
composition gradients, including phase transitions to quark
matter, on the sound speeds and g-modes in neutron stars.
We found a rise in the frequency of the g-mode at the onset
of quark matter that was most pronounced in the case of a
Gibbs mixed phase [16] and less so in the case of a
crossover [17]. These results were obtained in the relativ-
istic Cowling approximation (which neglects perturbations
of the background metric). Completing the analysis and
confirming that this effect is robust, we present the results
of calculations of such core g-modes of hybrid stars in a
fully general relativistic framework. We compare our
results in GR to those from the Cowling approximation,
finding generally good agreement as expected. We also
compute the damping time of core g-modes due to
gravitational wave emission, which is only made possible
by the general relativistic prescription.

This paper is organized as follows. Section Il is a review
of the linearized equations in GR that describe polar
oscillation modes of an ideal self-gravitating fluid. This
recap largely follows the presentation by Lindblom and

*We do not explicitly report results for damping times in this
work. It suffices to mention that this damping time is found to be
extremely long compared to merger timescales for nonrotating
stars. However, g-modes of neutron stars that rotate sufficiently
rapidly can have much shorter damping times [35], making them
unstable to gravitational wave emission. Therefore such modes
remain relevant to merging neutron stars with high spins or
rapidly rotating nascent neutron stars in the post-merger phase
[36].

Detweiler [37,38], and establishes our working equations
up front, and their reduction to the Cowling approximation.
Section III describes the specific EOS employed to treat the
phase transition, along with a discussion of the relevant
parameters that affect basic neutron star properties (mass,
radius,composition). In Sec. IV, we present a comparison of
our results in GR against the Cowling approximation, as
well as some scaling relations. We also discuss the
relevance of our results to compact stars and gravitational
wave searches for their quasinormal oscillation modes in
this section, and summarize our conclusions in Sec. V.

II. ASTEROSEISMOLOGY IN GENERAL
RELATIVITY

The asteroseismology of compact objects like neutron
stars and black holes requires a general relativistic frame-
work to address the stability of the oscillations and
emission of gravitational waves [39]. The main oscillation
modes and their implications for asteroseismology are
reviewed in [40-42]. For the f-mode of neutron stars,
which is sensitive to compactness [40] or moment of inertia
[43] and static tidal polarizability [44,45], but not to
composition,” post-Newtonian formulas can provide rea-
sonable estimates of its frequency and damping time [40].
These estimates hold up well in a general relativistic
calculation and for different microscopic EOS. As pointed
out recently [46], the existence of universal (EOS-inde-
pendent) scaling relations for the f-mode frequency and
damping time in general relativity are not unexpected,
given that analytically solvable models in general relativity,
such as the Tolman VII solution, have density profiles in
accordance with a wide range of EOS [47].

Whether g-modes, which arise from compositional
differences, exhibit any sort of scaling with global stellar
or material properties in general relativity iS an open
question. Another reason to study g-modes in GR is that
they can be dynamically excited by tidal forces in a binary
merger [48], providing compositional information in the
early gravitational wave signal that cannot be gleaned from
the static tidal deformability/Love number. This composi-
tional component in the dynamical tide is expected to be
small compared to the f-mode [49], but may be teased out
even at the few percent level by future detectors such as the
Einstein telescope or the Cosmic Explorer [46]. As an
aside, perturbations of classical gravitational backgrounds
in GR also serve as a tool for computing transport proper-
ties of strongly coupled quantum field theories via the
gauge-gravity holographic duality with applications to the
quark-gluon plasma [50].

An additional scaling with compactness arises since the
modes are observed at “infinity” and must be corrected for the
gravitational redshift at the star’s surface.
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A. Non-radial oscillations in general relativity

Thorne et al. first studied NS oscillations coupled with
gravitational radiation [51]. Oscillations of NSs are
expected to be linear scalar variations of pressure and
density. Since scalar variations in spherical harmonics are
of even parity, only even-parity perturbations of the Regge-
Wheeler metric are considered:

ds* = —e""[1 + r'Hy(r)e'™Y (¢, 0)]c*di?

+ (1 = r Hoy(r)e ™'Y, (¢, 0)]dr?
+[1 = FK(r)e®Y (. 0)]P2dQ?

—2iwr'™ H (r)e'™'Y (¢, 0)dtdr, (1)
where
1
Ar) —
¢ 1— ZGT(r) <2)
and

N3

2G [r(Im(r +4”P()Z)r
28 (MO

c” Jo rr - = ]

where m(r’) is the enclosed mass of the star at 7 and p is
the pressure at ». The functions Hy, H;, and K are radial
perturbations of the metric and the angular part is contained
in the spherical harmonics Y;,, with / denoting the orbital
angular momentum number and m the azimuthal number.
The quantity @ is a complex oscillation frequencys; its real
component is the oscillation frequency and its imaginary
component is the inverse of the damping time (if it is
positive). We can compute both in the GR framework. The
perturbations of the metric inside the star and outside the
star must match at the stellar surface. The factor e*0 [39]
accounts for a matching of the exterior and interior
unperturbed metric.

Perturbations of the fluid inside the star are described by
the Lagrangian displacement vector

& = ri-le WY, el (4)

& = —r'2V o,y e (5)
-2 )

& = = VO Y e, (6)

which defines the perturbation amplitudes W and V, with a
dimension of [R]>~! where R is the radius of the star. We
assume the perturbed fluid is ideal. Superfluidity inside NS
introduces an additional flow component which is

discussed in other works [31,52-54]. The perturbations
are also assumed to be adiabatic, which holds only when
the in-medium f-decay time scale is much longer than the
oscillation period. Nonadiabatic effects from the Urca
process during the inspiral and merger could lower the
g-mode frequency, which effectively damps the mode
energy, leading to weaker gravitational radiation [55,56].

Perturbations of a spherical star have four degrees of
freedom; three coming from the metric perturbations,
which will be reduced by one applying Einstein’s equation,
6G" = 88T, and two coming from the fluid perturba-
tions. An additional function X, related to Lagrangian
pressure variations, in addition to Hy, H; and K is
defined as

Ap = —rle™IXY! . (7)

In order to avoid a singularity in the fourth-order
ordinary differential equations (ODEs) governing NS
oscillation for some frequency range, Lindblom et al
[57,58] choose the four degrees of freedom to be H{, K,
W, and X. Evaluating the two remaining functions H and
V in terms of them yields

Hy = {87r2e™?X — [(n + 1)Q — w?*r?e~"*V]H,
+[n—w*rre™” —e'Q(Q-eMK}2b+n+ Q)71
(8)

el//2

= 9

V= X Q e(u+/1)/2W _ ey/ZE

e+p r 2| w

where n=(I-1)(I+2)/2, b=Gm/(rc*), Q=b+

47Gr’p/c* and € is the local energy density. By expanding

Einstein’s equation to first-order, the homogeneous linear
differential equations for H,, K, W and X are [58],

dH
rd_l = —[l 4 14 2be* + 4nr2et(p — &)|H,
,
+ e![Hy + K — 167(e + p)V], (10)
dK
rE:H0+(n+1)H1
+[e'Q= 1= 1K =8x(e + p)e*W.  (11)
dw 2
r—-= —(I+ )[W + [e2V]
e—u/ZX H
LR 2 L0 g 12
(e+p)esy 2 "
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X v/2
fIX g et p)e”

o 5 {(36’1Q— 1K —

— [87(e + p)e? + 207>V —r? y
p

where ¢2; = Op/0e is the adiabatic sound speed of NS
matter under oscillations, hence the O here denotes a
derivative taken at fixed composition, i.e., assuming all
weak reactions are too slow compared to the oscillation
timescale. This is different from the equilibrium sound
speed 3, = dp/de [16,59] where weak equilibrium is
assumed to be restored effectively instantaneously.

The boundary conditions for the perturbation functions
at the center of the star r = 0 are

W(O) =1 (14)
X(0) = (g9 + po)e/?

X(R) =0, (17)

where the last boundary condition is obtained by solving
the two trial solutions with K(0) = +(gy + po) and then
linearly constructing the correct solution satisfying the
boundary condition X(r = R) = 0 (no pressure variations
at the surface). Note that Hy(0) = K(0) by construction.

B. Relativistic Cowling approximation

In Newtonian theory of stellar pulsations, when the
perturbation of the gravity field due to matter perturbation
is neglected, this approximation is known as the Cowling
approximation [32], and the resulting equations for the
fluid perturbations are considerably simpler. Similarly, in
the case of the relativistic theory, the perturbation of the GR
metric is often neglected as well, leading to the relativistic
Cowling approximation. The relativistic Cowling equations
are obtained by setting Hy=H; = K =0 in Eq. (9),
Eq. (12) and Eq. (13), and furthermore, omitting the term
—47(e + p)2e™D/2W in Eq. (20), leading to

X do W1 ev/?
V= - =02 2 18
e+p dinr® | @? (18)

dW ) e_”/ZX
=—(l+ D)W+ 1e2V] + r2e¥?|—————|, (19
dinr I+ DW+1eV] +re (e+p)c, (19)

4(n+1)e*Q

r

V+(1 - e’ Q)Hy + (FPw?e™ +n+ 1)H,

{2

dx do Vv
—— =X V20 2 1 -
Ty IX+ (e+ pe { (n+ )dlnrr2
d (e dd
A2 02-v _ 2 1% )
|:a) ‘ ' dr< r2 dr>:| }7 ( 0)

where @ = 2v as in Eq. (3). The reason for omitting the
term —47(e + p)2e“H/2W in Eq. (20) is that it follows
directly from the last term on the right-hand side of
Eq. (11), wherein an application of the Cowling approxi-
mation implies that this term should vanish for self-
consistency.

The boundary conditions for Eq. (19) and Eq. (20) are
obtained by setting K = 0 in Eq. (15):

4z @*
X(0) = (o + po)e’? 3 (€0 +3po) — Te‘”ﬂ w(0)

(21)
X(R) =0, (22)

where the first condition is an initial value condition for the
ODE system Eq. (19) and Eq. (20), and the second one is
the boundary condition that determines the eigenvalue of
the oscillation frequency. Unlike the GR equations, where
one needs to determine the appropriate linear combination
of two trial functions at the origin that satisfy the surface
boundary condition, the initial values in the Cowling
approximation are uniquely fixed, which speeds up the
computational time by at least a factor of two. Obviously,
reducing four ODEs to two ODE:s is another big advantage
of the Cowling approximation.

Although the set of ODEs, Egs. (19), (20) represent the
equations obtained in the Cowling approximation, neither
they nor the boundary conditions above are generally used
in this form for the purpose of calculating the oscillation
frequencies. The variable X that appears in the GR
formalism can, in the Cowling approximation, be elimi-
nated in favor of W, V by inserting Eq. (18) into Eq. (19)
and Eq. (20) to obtain

aw
dlnr:—(z+1)[w+ze%v]
(a)r)Zeﬁ/Z—v ev—/l/Z dd
w 23
2, (wr)*dInr |’ (23)
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dv do 1 do
— _ /2 -2
dinr <2dlnr Z>V—|—e WAl >d1nr
2 4o
V4 ——mG——W], 24
X{ +(a)r)2dlnr } (24)

where A(c™?) = 4 — L. The suitable boundary conditions
eq ad

for these equations is discussed below.
The above two ODEs can be simplified further by
defining U = —e™*V,

ddlzvr = —(I+ 1)[W = [ev™42U]
V2 (wr)? )
_% { _%(ew—r)zW} (25)
dcig —= W — e ]
A [ ) %% W} . (20)

where W = ¢#/2r'~1gr and U = rlw™26p/ (e + p),* & are
proper radial Lagrangian displacements defined in
Eq. (4) and 6p is the Eulerian perturbation of pressure,
which is related to the Lagrangian perturbation by
Ap =68p — (e + p) 42 & This form is particularly advan-
tageous because the boundary conditions are explicitly
collected in square brackets. The first square brackets of
Eq. (25) and Eq. (26) vanish at r = 0, whereas the second
square brackets are proportional to the Lagrangian pressure
variation, which vanishes at r = R. Explicitly, the boun-
dary conditions can be written as

w

— = le¥e = [e*®e (27)
U r=0
1% e (wr)?  (wr)*vV1-2b
Ulp=o ddlfr b+ 4xr’p p=0
’R 2GM
— (@RS 1 - 28
(@R) GM c’R (28)

which determines the eigenmode frequency of the
oscillation. Note that only the ratio between W and U
matters instead of the individual magnitudes of W and U,
as the corresponding eigenmode can have an arbitrary
amplitude. Thus, we simply take W(r=0)=1 and
U(r =0) = e72® /1. Because the two ODEs for W and
U are homogeneous ODEs, we can solve the ODE of W/U
directly:

*As a crosscheck on the limiting procedure, Egs. (25) and (26)
are identical to the Cowling approximation Eqgs. (79) in [16] with
the replacements W — U/r'*!, U — V/(w?r'), where U, V
indicate the fluid variables used in Egs. (79) of [16].

dwW/U) w
77— (] 1 __lu+/1/2
dinr I+ ){U ¢ ]
W W
— M2 | [pvA/2
e g -1e
e*?(wr)? do W
277 L A(c? —
[ 2, +ale )dlan}

{ d® /2 q (29)

Cdlnr(or)* U

In this form, we only need to solve one ODE instead of two
ODEs, and the boundary conditions are more straightfor-
ward to implement.

III. EQUATIONS OF STATE WITH AND WITHOUT
QUARKS

The discussion in the previous section shows that
the pressure p, energy density & and their derivatives
¢, =dp/de and ;= 0p/0e inside the NS feature
prominently in determining g-modes both in GR and in
the Cowling approximation. The global g-mode frequency
is related to the local g-mode frequency v, known as the
Brunt-Viisild frequency,

vi =gt A(e7?), (30)

where v and 4 are the temporal and radial metric functions.
Here, g = (dp/dr)(e+ p)~! is the local gravity, and
A(c™?) =1/c3 —1/c% is difference of squared inverse
sound speeds.

In what follows, we briefly describe the equations of
state (EOSs), the relation between p and &, used in this
work, both for the case of nucleons- and leptons-only
matter and that including quarks. In the latter case, we
consider quarks appearing according to the Gibbs con-
struction as well as when there is a smooth crossover. The
case of discontinuous g-modes [60,61] encountered in the
case when Maxwell construction is used to treat first-order
phase transitions is considered in a separate work [27].

A. Nucleonic matter EOS

We describe nucleonic matter using the Zhao-Lattimer
(ZL) [62] model. We adjust its parameters such that the
nuclear saturation density ng, = 0.16 fm™3, the binding
energy Eg = —16 MeV, the compression modulus
K« = 230 MeV, and the symmetry energy S, = 31 MeV.
The high-density behavior is controlled by varying the
slope of the symmetry energy parameter, L, within the
range 40-70 MeV, and a power-law index y; fixed at a
value of 2.

For a nucleonic system in which baryon number con-
servation, charge neutrality and pf-equilibrium have not
been imposed, the independent variables are the baryon
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density ng and the individual nucleon fractions y,, y,. The
total energy density of such a system, as given by the ZL
functional, is

1
€y = W Z {th(k%:h+m%1)l/2(2k%h +m%_,)
h=n,p

kpn+ (k%ﬁm%z)q }

4
—mHln[
mpyg

a b
+4n2Bynyp{—0+To[nB (yn +yp)]y_1}

sat sat

+n23<yn—yp>2{ﬂ+%[ng<yn+yp>]ﬁ-'}. (31)

Ngat sat

Here my = 939.5 MeV is the common nucleon mass, and
kpp = (3n*A3ngy,)'/? is the Fermi momentum of nucleon
species h. Note that, in the present context, “H” and “h”
denote nucleons. The parameters ay, by and y refer to
isospin-symmetric matter, whereas a;, b; and y; to isospin-
asymmetric matter.

We get the chemical potentials from (see [17] for explicit
expressions)

1 Oe
Hn = —a—H ) (32)
"B Oy |y,
the pressure from the thermodynamic identity
Pu = np z HnYn — €H, (33)
h=n,p
and the equilibrium speed of sound from
2 d
(ﬁ) _4Pu (34)
c dey

The adiabatic speed of sound is obtained from the partial
derivatives of the pressure and the total energy density with
respect to baryon density with all particle fractions fixed

)\ _Opu| (Oen| \7!
c)  Ong y \Ongl, )

B. Quark matter EOS

For the calculation of the quark EOS, we use the vMIT
bag model [63,64] whose Lagrangian density is given by

(35)

L= Z [lffq(l@ —mg = B)l//q + Evec} o,

q=u.d,s

(36)

where L, describes repulsive interactions between quarks
of mass m, confined within a bag (denoted by the ©®
function):

q

Ly = =G, Y Wy, V'w + (my/2)V, Ve, (37)

q

B is a constant reflecting the cost of confining the quarks
inside the bag, and the m, are the current quark masses
(here, m, =5 MeV, my; =7 MeV, and m; = 150 MeV).

The energy density, chemical potentials, and pressure,
corresponding to the above Lagrangian (before the appli-
cation baryon number conservation, charge neutrality, and
chemical equilibrium) are

0= Y eyt galmO v+ 9
ey
by = oo Uk, Ry + m2)V2(288, + )
—mtln ["Fq + (kiz; mg)!/ 2] } (39)
py = (kig +mg)? + ahng (v, + ya + ¥s) (40)
Po = Ip Z HqYq — €Q (41)

q=u.d,s

where a = (G,/my)* and kg, = (7°h*ngy,)"/3. We fix the
vector interaction parameter a = 0.2 fm™> and the bag
constant B'/4 = 180 MeV.

C. Leptons

The smallness of the electromagnetic fine structure
constant a ~ 1/137, means that leptons can be treated as
noninteracting, relativistic particles and therefore

1
e = WZ{kﬂ(kgl +m?)\ 2202, + m?)

k k2 2\1/2
—mj‘ln[ Fi+ (kg +mp) }} (42)
m
M= (k%"l + mzz)l/z (43)
pPL = ”BZ)’Z#J — €L (44)
I
kg = (3”2713”13)’1)1/3; l=e,p. (45)

At low baryon densities only electrons are present in the
system. Muons appear at a density ng such that the
condition y, —m, = 0 is met.

D. Crossover matter

For the calculation of crossover-matter properties we rely
on the Kapusta-Welle (KW) [11,17] framework in the
context of which the pressure is given by

103025-6
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pg=(1=8)pu +Spo. (46)

pu and p, are the hadron and quark pure-phase pressures
respectively, and the switch function

cal@)] e

gives the fraction of quark matter to the total baryonic
matter when both quarks and nucleons are present. u is the
average nucleonic chemical potential

n,pm, +n
ﬂzw7 (48)

n, +n,

and po a typical energy scale for the crossover
(here, pg = 1.8 GeV).
Applying the grand-canonical expression n;

Eq. (46) we find

n;:nh{1—5< —%M)] (49)

W on, +n,

— 9p
=5 |,4,- to

ny = Sn,. (50)

*
q

for the crossover-matter densities (starred) of nucleons and
quarks. Above, the unstarred densities are those of the pure
phases. For leptons this distinction is irrelevant.

Finally, the energy density e is given by

€g = —pp+ Z n; p. (51)

i=n,p,u,d,s

The chemical potentials in crossover matter are (function-
ally) the same as in the pure phases.

1. Neutron star matter

For a proper description of neutron-star matter that
consists of nucleons, leptons and quarks, the previously
unconstrained system must be subjected to the conditions
of strong

Hy = zﬂd +Mu9 ﬂp - Zluu +M¢l (52)

and weak equilibrium
Ha = Hy (53)

Hn = Hp T Hes Mo = Hys

as well as to charge neutrality
n;+(2n;—nf1—n§)/3—(ne—|—nﬂ) =0 (54)

and baryon number conservation

ny, +ny, + (n; +njy+n3)/3 —ng = 0. (55)

These conditions eliminate the particle fractions in favor of
the total baryon density:

yi = Yip(ng): i=n,p,uds,eu (56)

2. Sound speeds

The total pressure and energy density in the crossover
region are

P=DPp+DPet+ Dy (57)
e=¢epte té, (58)

Using these, the adiabatic speed of sound is obtained by
first calculating the expression
9 -1
(8—8 ) (59)
Vi G Vi

and then evaluating it in f-equilibrium
Cﬁd,ﬁ(ns) = cgd[nvai./i(nB)}' (60)

dp
ng(nB»Yi) = 8—nB

The equilibrium sound speed is given by the total deriv-
atives of the pressure and the energy density with respect to
the baryon density after the enforcement of $-equilibrium,

dpg (deg\ !
cgq——’<—ﬁ) . (61)

N dnB d}’lB

E. Gibbs construction

As in the crossover matter case, all thermodynamic
quantities are expressed in terms of the total baryon density
ng, and the individual particle fractions y,, ¥,, Ye» Yu» Yus
vg4s Vs which are, at this point, independent variables.
The Gibbs construction itself, introduces another
independent variable, y, which is the volume fraction of
quarks in the mixed phase of a soft first-order transition
such that

ep = (1 —y)ey + xeg; (62)

that is, the mixed phase is defined by the condi-
tion 0 <y < 1.

Afterwards, the conditions for mechanical, strong, and
weak equilibrium, charge neutrality, and baryon number
conservation are applied:

P = 2tq + Py

P = Dos Hp =2, + g (63)

103025-7



ZHAO, CONSTANTINOU, JAIKUMAR, and PRAKASH

PHYS. REV. D 105, 103025 (2022)

P = Hp + Hes e = M5 Ha = H (64)
31 =x)yp +x2yu=ya=ys) =30 +y,) =0 (65)
31 =x)n+yp) +x(u+va+y)—3=0.  (66)

Solving these equations eliminates the y; and y in favor
of ng. Thus the state variables become functions of only ng
according to the rule

Q(nB’yi’yj7 ) = Q[”B’yi(nB)’yj(nB)v ...] = O(ng).

Then, the thermodynamics of the mixed (*) phase are

e =(1-yley +xeg ter (67)
P =put+pL=po+pL

= (1=x)pu +xpo + pL (68)
Hiy = My Hy = Hq (69)
vi= =2y Yo =1 (70)

Quantities corresponding to leptons are not affected by the
ratio of the two baryonic components in the mixed phase.

The sound speeds are obtained following the prescription
outlined in the previous section.

IV. RESULTS AND DISCUSSION

Figure 1 is a representation of the EOSs used in this work
in the pressure vs energy-density plane. The three classes of
EOSs are identical at low and intermediate energies being
that quark contributions are 0 for ZL and Gibbs and
vanishingly small for KW. The width of the band is a
consequence of the variation of the slope of the symmetry
energy L in the range 40-70 MeV. At higher energies the
importance of L diminishes; here, the differences between
curves are due to the presence (Gibbs and KW) or absence
(ZL) of quarks and, to a lesser extent, the manner in which

TABLE 1. Neutron star properties for the EOSs used in this

work.

Model L MeV) My (Mg)  Rpax (km)  Ryy4 (km)

ZL 40 2.09 10.3 11.8
55 2.11 11.0 12.6
70 2.10 11.2 13.1

KW 40 2.03 10.6 11.8
55 2.01 11.3 12.6
70 2.01 11.7 13.2

Gibbs 40 2.04 10.6 11.8
55 2.00 10.9 12.6
70 1.98 10.9 13.2

1000
500

100
50

p (MeV fm™3)

| 1 | 1
100 200

1000 2000

L |
500
€ (MeV fm™3)

FIG. 1. Range of EOSs displayed as pressure p versus energy
density . The composition of the three models used are: for ZL,
nucleons and leptons, for Gibbs, nucleons, quarks, and leptons in
a soft first-order phase transition description, and for KW, the
same as for Gibbs, but in a crossover description.

matter containing quarks is reached (soft first-order tran-
sition or crossover). All EOSs produce NSs consistent with
the 2 M observations; however, those corresponding to
small L’s lead to radii that are outside the 1-¢ constraints of
recent studies (e.g., [65]).

The equilibrium and adiabatic squared sound speeds vs
baryon density for the three models are shown in Figs. 2
and 3, respectively, for low (40 MeV—red), intermediate
(55 MeV—blue) and large (70 MeV—green) values of L.
The curves for the purely-nucleonic model (ZL) grow
monotonically and even exceed 1; albeit at densities
beyond those reached in the cores of the maximum-mass
NSs. Note, however, that violation of causality is not a
pathology of the ZL functional but, instead, the result of our
choosing a large y;. On the other hand, the appearance or
enhancement of quarks slows down and/or reverses the

ZL40 --- Gibbs40 - KW40

0.8

— ZL55 --- Gibbs55

— ZL70 --- Gibbs70

0.6

0.4

2 12
Ceq (c)

0.2

0.2 0.4 0.6 0.8 1.0

FIG. 2. Squared equilibrium sound speeds vs baryon density for
the models indicated in the inset. See also text for more details.
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r— ZL40 --- Gibbs40 ----- KW40
0.8 zL55 --- Gibbs55 - KW55
[— 270 - Gibbs70 -~ KW70 e
0.6
g i
S i
304 -
0.2 _
S e N R T B B
0.2 0.4 0.6 0.8 1.0
ng (fm2)
FIG. 3.

Squared adiabatic sound speeds vs baryon density for
the same models as in Fig. 2.

growth in sound-speed (smoothly for KW and discontin-
uously for Gibbs).

Figure 4 shows the difference of the inverses of the two
sound speeds (squared), that determines the profile of the
local oscillation frequency, i.e., the Brunt-Viisild fre-
quency Eq. (30) (see Fig. 8 in [17] for an example of
the profile of the Brunt-Viiséld for the class of models
used in this work). All three models contain two sharp
peaks at low densities which are due to the nuclear liquid-
gas phase transition (~0.1 fm™) and to the muon onset
(~0.15 fm~3). The Gibbs model also exhibits sharp peaks
at intermediate densities as a result of deconfinement; the
height(location) of these peaks is (inversely)proportional
to L. Less pronounced, broader peaks occur in the case of
KW as well. Similar to the g-mode study [33] which
included muons and hyperons (but no quarks), we may
interpret the distinct peaks in Fig. 4 as leading to a muonic
g-mode and a g-mode from the onset of quarks.

} — ZL40 --- Gibbs40 - KW40
- \ -
1
L \l — ZL55 --- Gibbs55 -~ KWS55
\
i “. — ZL70 --- Gibbs70 - KW70

\
\
1
1
\
1
\
1

\
\

A(c?)

FIG. 4. Difference of squared inverse sound speeds, 1/ cgq -
1/c2, for the same models as in Fig. 2.

1000 + 1 v
[ —— ZL40 --- Gibbs40 --+- KW40 ¥
| —— ZL55 --- Gibbs55 ===+ KW55 s
800F —— ZL70 --- Gibbs70 =+-+ KW70 .~ % 1
[ s /9
. 7. 7
------ Cowling Approx. S ™
—~ 600F - _
N L
z
(&)
= 400t 1
200t E
O 1 n 1 n 1 n n n 1 n n n 1 n 1 n
1.0 1.2 1.4 1.6 1.8 2.0
M(Mo)
012 ———————— .
[ —— ZL40 --- Gibbs40 ---- KW40
[ —— ZL55 --- Gibbs55 ==+ KW55
o 0.10f )
K] —— ZL70 --- Gibbs70 -+-- KW70
3
"5, 0.08f ]
=
=
2
< 0.06f E
o
-
= 0.04F i
|
~ 0.021 .
000712 12 16 18 20
M(Mo)
FIG. 5.

(a) Comparison of general relativistic and Cowling
approximation (dotted curves) g-mode frequencies vs neutron
star mass for the various EOSs considered in this work.

(b) Relative errors. All curves in (a) and (b) terminate at their
maximum masses.

The lowest order g-mode frequencies of these 9 para-
metrizations are shown in Fig. 5(a) for full GR calculations
(solid curves) and those using the Cowling approximation
(dashed curves). The Cowling approximation generates
g-mode frequency curves that are qualitatively similar to
those with the full GR metric perturbations. Quantitative
differences do exist, however, with the Cowling approxi-
mation generally underestimating the g-mode frequencies
by a few % to about 10%.

Table II records the lowest order g-mode frequencies of
NSs with 1 Mg, 1.4 My and M,,,, for various EOSs.
Previous studies [24,35] have suggested that the Cowling
approximation introduces an error of less than 5% for the
g-mode frequency. However, our calculation suggests this
is only true for NSs with low masses, M < 1.6 M. As
shown in Fig. 5(b), the deviation increases with the NS

mass, reaching ~10% for NSs close to their maximum
mass.
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TABLE II. Lowest order g-mode frequency (Hz) of typical NSs

for the EOSs in Table I without(with) Cowling approximation.

Model 1 Mg 14 M M ax

ZL 114.8 (114.3) 104.2 (103.4) 386.4 (341.4)
187.3 (181.9) 240.6 (230.1) 582.5 (522.4)
242.6 (236.3) 323.6 (311.2) 700.2 (638.6)

Gibbs 114.8 (114.3) 104.2 (103.4) 578.4 (528.4)
187.3 (181.9) 240.6 (230.1) 801.5 (736.3)
242.6 (236.3) 323.6 (311.2) 948.4 (886.9)

KW 114.6 (114.1) 103.6 (102.9) 597.6 (541.4)

186.9 (181.6)
242.6 (236.3)

240.7 (230.2)
324.0 (311.5)

580.3 (528.4)
653.6 (602.2)

The fact that the Cowling approximation works better for
low mass NSs is not surprising insofar as they have smaller
gravity. Thus, the metric perturbations corresponding to
perturbations of gravity are correspondingly weak. This
effect is evident in low mass NSs of the ZL.40 EOS where
A(c™?) =0 for 0.2 fm™ < ng < 0.7 fm™>. Therefore, the
g-mode oscillation is supported mostly by matter close to
the surface of the NS where gravity is weak, which allows
the Cowling approximation to be particularly accurate, see
Fig. 5(b). We illustrate this comparing results for a 1.4 M
NS with those of a 2.11 M (maximum mass) NS with the
ZL55 EOS. Figure 6 shows the fluid and metric perturba-
tion functions for the above two cases with (dashed curves)
and without (solid curves) the Cowling approximation. In
the case of the 1.4 My NS, the Cowling approximation
produces a nearly identical fluid perturbation profile as GR
with the full metric perturbation. As a result, the character-
istic frequency decreases from 240.6 Hz to 230.1 Hz with
an error of less than 5%. The small kink in the metric
function V close to the surface in panel (a) arises due to the
core-crust transition which is negligible in panel (b). In
the case of the 2.11 M NS, the average magnitudes of the
metric perturbation are about an order of magnitude larger
than that for the 1.4 My NS. In addition, the fluid
perturbation function with the Cowling approximation
deviates from GR significantly. The characteristic fre-
quency decreases from 582.5 Hz to 522.4 Hz with an
error of about 10% when the Cowling approximation
is used.

One of the goals of this paper is to investigate the
existence of a scaling relation involving the g-mode
frequency and an internal attribute of the NS. Previous
studies have shown that the f-mode universally correlates
with compactness [40] and moment of inertia [43], and the
p-mode correlates with mean density [66], the discontinu-
ous g-mode correlates with the density discontinuity and
transition density [25,27,60,61]. Since the restoring force
for the g-mode is the tendency toward chemical equilib-
rium, the associated frequency should be related to the

1.0f '
0.6]
0.4}
0.2}
o.of
—0.25

-0.4f

—0.6V“"“"“"“"“"“"4

Lop——== e Ho/10 1
05f R H1/100 |

0.6}
— W

0.4

F—V
02F — X/500

0.0: .......... Cowling Approx.

-0.2}

—0.4F

_0.6' S S S S S S SR |

FIG. 6. g-mode fluid perturbation functions’ radial profile of
general relativistic (solid curves) and Cowling approximation
(dotted curves) as well as metric perturbation functions’ radial
profile (dashed curves) with ZL55 EOS for (a) 1.4 My NS and
(b) 2.11 M (maximum mass) NS. W and V are dimensionless,
while H,, H; and K are in units of empirical energy density at
saturation £, = 152.55 MeV fm~> and X is in units of &2.

frequency of the local chemical oscillation in matter which
is proportional to the difference between the equilibrium
and adiabatic sound speeds. This difference depends
strongly on the lepton fraction in equilibrium in the case
of NS matter. Thus, we investigate the role of the lepton
fraction in the scaling relation regarding g-mode frequency.

The lepton fraction Y, =y, +y, as a function of
baryon number density is determined by the EOS.
Figure 7(a) shows the trends for the various EOSs con-
sidered in this work. The markers on these curves indicate
the maximum mass configurations. The monotonic
increase of Yy, with ng is due to a similar monotonic
increase of the symmerty energy for ZL EOSs with
nucleons and leptons only. In contrast, the lepton fractions
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0.0 0.2 0.4 0.6 0.8 1.0 1.2
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[ — ZL70

(o
lep

FIG. 7. (a) Lepton number fraction as a function of baryon
number density. (b) Lepton number fraction at the center of NS as
a function of NS mass. Markers on the curves indicate the
maximum mass configurations of the corresponding EOS.

of hybrid EOSs deviate from those of nucleonic EOSs at the
onset of quarks. The downward trends with np are due to
the fact that the charged quarks render the fractions of
leptons to be diminished in satisfying charge neutrality. In
the case of Gibbs construction, the quark-hadron transition
is of first-order, leading to a sharp kink in Yy,,. The KW
crossover treatment uses a smooth bridge between the
quark and nucleonic EOSs, and results in a smooth Yy,.
Hybrid NSs with both Gibbs and KW constructions
approach the limit of pure quark matter at high density
causing Y, = 0.

Figure 7(b) shows the lepton fraction at the center of the
NS, Y fép’ taken to be its characteristic lepton fraction, as a
function of mass. Note that Y7 follows the same trend as in
Fig. 7(a), with the x-axis scaled. The curves become steep
on the right side since the central density increases quickly
toward maximum mass configurations.

The g-mode frequency is shown in Fig. 5(a). Results
for the nucleonic EOS (ZL) have identical shapes as
in Figs. 7(b) and 5(a), indicating a strong correlation
between the central lepton fraction and the g-mode fre-
quency. We introduce a dimensionless g-mode frequency as
Q, =GMaw,/ ¢, which universally correlates with the
central lepton fraction for nucleonic NSs, see Fig. 8(b).
This correlation is well fit with the linear form

Q, = 1.228(Y¢ - 0.05), (71)

where Y¢ = Yfep
which dominates the g-mode in nucleonic NSs.

The hybrid NSs, however, deviate from the above
correlation. Figure 8 shows that Y}, decreases with density
after the onset of quarks, whereas the g-mode frequency
keeps increasing. Because the quark-hadron mixture intro-

duces additional strong equilibrium between nucleons and

is a characteristic of weak equilibrium

1-0' Trrrrrrrrr-rrroorr o T T T T e T T
e —— 7140 --- Gibbs40 KW40 |
09F ™ —— ZL55 --- Gibbs55 «++- KW55
AY

08f e N —— ZL70 --- Gibbs70 -+ KW70 |

vg(kHz)

017505 010 015 020 025 030 035 040
(o
lep
0.06"I'"'l""|""|""|""|""|"'|
~ —— ZL40 --- Gibbs40 KW40
N ) )
0.05] o N — ZL55 --- G!bb555 ----- KW55 1
AN —— ZL70 --- Gibbs70 KW70Q 1

0007505~ 0.10 0.15 020 025 030 035 040
C
Ylep
FIG. 8. (a) Comparison of the g-mode frequencies vs lepton

fraction for the various EOSs with and without quarks. (b) Same as
(a) but for the dimensionless quantity GMw,,/ 3 vslepton fraction.
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FIG. 9. (a) Same as Fig. 7(a) but for quark fraction Y in

hybrid NS. (b) Same as Fig. 7(b) but for quark fraction ¥, in
hybrid NS. Markers on the curves indicate the maximum mass
configurations of the corresponding EOS.

quarks, we characterize the quark content of hybrid NSs by
the quark number fraction Yy = (v, + ya +¥,)/3.

In order to combine the contribution from strong and
weak equilibrium, we take Yy, + ¥ as a new dimension-
less parameter to obtain an EOS-insensitive relation for the
g-mode frequency, as shown in Fig. 8. Results of ¥ for
hybrid NS EOSs are shown in Fig. 9. The quark fraction
increases steeply with density for Gibbs, whereas it
increases slowly at low density and become steep at higher
density for KW. A similar tendency can be observed in
g-mode frequency as well, see Fig. 5(a), indicating a
strong correlation between the central quark fraction and
the g-mode frequency.

The universal relation in Eq. (71) can be used for hybrid
NSs with Y¢ =Y, fep +Y aak. Given the fact that ZL, Gibbs
and KW EOSs have drastically different compositions,
this universal relation is adequate enough, compared
with the 10% deviation caused by the Cowling approxima-
tion. Results illustrating this relation are shown in Fig. 10.

0.06—T———T———

| — ZL40 --- Gibbs40 KW40 -

b — - ibhbes85 ssss: ' 1
005L — ZL55 Gibbss5 wss

| —— ZL70 --- Gibbs70 ---- KW70 /.o ]
0.04f

0.01f

— fit formula ]

0.00L

015 020 025 030 035 040

c c
lep + ank

0.05 010

FIG. 10. Same as Fig. 8(b) but with x-axis replaced with
Yiep + Yqax for hybrid NS EOS.

V. SUMMARY AND CONCLUSIONS

In this work, we extended the calculation of g-mode
oscillations in hybrid stars that we initiated within the
Cowling approximation in [16,17], to the linearized per-
turbation equations of general relativity. Our main objec-
tives were to quantify the differences in the g-mode
spectrum for nucleonic and hybrid stars between the full
GR and Cowling approximation approaches, as well as to
obtain new scaling relations between mode frequencies and
global stellar properties. We utilized self-consistent fluid
and metric perturbation equations employed in [57,67],
taking care to choose variables that are singularity-free
inside the star and verifying their limiting forms that yield
the equations of the relativistic Cowling approximation.
The microscopic description of nucleonic and quark matter
is identical to our previous work [17], allowing for a
direct comparison of results between the Cowling and
general relativistic framework. Assuming an ideal, zero-
temperature fluid, we also computed the damping times for
g-modes from the imaginary part of the frequency and
found them to be very long compared to merger timescales
or any other dynamical timescales over which g-modes
might be excited, indicating that these modes are long-
lived. We do not consider the possibility of rapid dis-
sipation and damping due to nonadiabatic effects in
neutrino-trapped matter, or viscous damping of higher
order g-modes, which can considerably narrow the insta-
bility window in rotation rate and temperature [35].
Different formalisms [68,69] have been suggested to
address causality and stability of perturbations in relativ-
istic dissipative self-gravitating fluids, which can be ave-
nues for future work. Whatever the actual damping rates
may be, such modes, if excited to sufficient amplitude, can
act as a source of gravitational wave emission owing to the
CFS instability [70,71] in rotating neutron/hybrid stars,
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providing a link between the gravitational wave signal and
the composition of the star.

Our principal finding is that, for any given stellar
configuration up to the maximum mass (about
2-2.25 My depending on the EOS), the fundamental
g-mode (i.e., the one with the lowest frequency) in general
relativity agrees to within ~10% with that obtained in the
Cowling approximation, with the precise amount of
deviation decreasing with decreasing stellar mass. This
trend is expected due to the decreasing relevance of general
relativity for lower mass neutron stars, but we find devia-
tions to be larger than previously suggested [24,35],
especially for higher mass stars. This finding holds whether
the star is purely composed of nucleons, or if it contains an
admixture of quarks. We therefore conclude that results for
g-mode frequencies in the Cowling approximation are
fairly robust across the range of observed neutron star
masses for both nucleonic and hybrid stars.

Interestingly, the deviations between the Cowling and
general relativistic results are largest for nucleonic stars,
while for hybrid stars modeled by the Gibbs construction,
they decrease substantially at the onset of the quark phase
(threshold NS mass ~1.8 M) before rising again as the
maximum mass is approached. We suspect this is due to the
fact that g-mode frequencies are mainly determined by
differences between the equilibrium and adiabatic sound
speeds, which in turn depend on the input microscopic EOS
rather than general relativistic effects; as the sound speed
difference increases sharply when quarks appear in the
Gibbs phase, their impact on the g-mode frequencies
overwhelms any effects that stem from general relativity.
This would be consistent with the clearly nonmonotonic
behavior in the deviation that is evident in the Gibbs
construction, but is absent from the crossover models where
quarks are admixed with nucleons at any density. In other
words, while it is possible to find crossover models for
hybrid stars where the Cowling approximation is an
excellent approximation for any neutron star mass, the
reliability of the approximation in the Gibbs case depends
on the neutron star mass.

This is not to imply that the inclusion of metric
perturbations has no effect on the g-mode itself. In neutron
star masses of =2 M or larger, metric perturbation
amplitudes in the star are an order of magnitude larger
compared to a canonical mass of ~1.4 M, effectively
decreasing the size of the fluid perturbations by up to 10%
compared to the Cowling result. Ultimately, the coupling of
the fluid to the background metric is what determines the
gravitational wave amplitude, and the detectability of the
gravitational wave signal.

By studying trends in the g-mode with composition,
we also found a universal relation between the (dimen-
sionless) g-mode frequency and the central lepton (or
lepton + quark) fraction of a purely-nucleonic (hybrid) NS.

In both cases, this is understood to be a consequence of the
dependence of the sound speed difference on changes in
lepton and quark fractions as these particle species drive
reactions that restore weak and strong equilibrium, respec-
tively, in the perturbed fluid. While the simple universal
relation presented here works remarkably well for a purely-
nucleonic star, it is to be employed with caution for hybrid
stars, as compositional changes can be varied and sudden,
depending on how the phase transition is modeled therein.
In general, the applicability of this universal relation is less
sensitive to the inclusion of general relativity than it is to
compositional changes in the hybrid EOS, with the Gibbs
construction deviating more than the crossover models.
Besides leptons and quarks, other degrees of freedom such
as hyperons could play a similar role in increasing the
sound speed difference [33]. The universal relation could
be extended when additional degrees of freedom are
introduced. Although no core oscillation modes have yet
been detected from gravitational waves or electromagnetic
observations, such universal relations and their relation to
global stellar attributes are of practical value in constraining
mode frequencies, as has been demonstrated for the case of
f-modes [29]. One hopes that in the future, with third
generation detectors like the Einstein Telescope or Cosmic
Explorer, either through the direct detection of g-modes or
its coupling to transient electromagnetic bursts [15], we can
have conclusive evidence about the composition of neutron
star interiors.

Our results are of relevance to the late stages of a binary
NS merger, particularly during the inspiral phase when the
tidal field reaches resonance with either star’s internal
oscillation modes, resulting in energy and angular momen-
tum transfer from matter to gravitational waves. Among
these modes, while the f-mode has traditionally been the
focus of study, the g-mode is unique in its sensitivity to
composition, therefore, studying the effect of general
relativity on the g-mode of neutron/hybrid stars is deserving
of further study. The lower frequency g-mode could excite
resonance at the earlier stage of a merger, making it much
more likely to be observed in GW detectors. Building on our
work presented here, incorporating effects such as rotation
[36,72,73] and superfluidity [52,74] will help in under-
standing the g-modes of hybrid stars more thoroughly.

ACKNOWLEDGMENTS

T.Z. and M.P. are supported by the Department of
Energy, Grant No. DE-FG02-93ER40756. C. C. acknowl-
edges support from the European Union’s Horizon 2020
research and innovation programme under the Marie
Sktodowska-Curie Grant agreement No. 754496 (H2020-
MSCA-COFUND-2016 FELLINI). P. J. is supported by the
U.S. National Science Foundation Grant No. PHY-
1913693.

103025-13



ZHAO, CONSTANTINOU, JAIKUMAR, and PRAKASH

PHYS. REV. D 105, 103025 (2022)

[1] N.K. Glendenning, Compact Stars: Nuclear Physics,
Particle Physics and General Relativity (Springer Science
& Business Media, New York, 2012).

[2] J. Lattimer and M. Prakash, Science 304, 536 (2004).

[3] J. Lattimer and M. Prakash, Phys. Rep. 442, 109 (2007).

[4] B.D. Metzger, Living Rev. Relativity 23, 1 (2020).

[5] M. Bailes, B. Berger, P. Brady, M. Branchesi, K. Danzmann,
M. Evans, K. Holley-Bockelmann, B. Iyer, T. Kajita, S.
Katsanevas et al., Nat. Rev. Phys. 3, 344 (2021).

[6] T.E. Riley et al., Astrophys. J. Lett. 887, L21 (2019).

[71 M. C. Miller et al., Astrophys. J. Lett. 887, L24 (2019).

[8] G. Baym, T. Hatsuda, T. Kojo, P. D. Powell, Y. Song, and T.
Takatsuka, Rep. Prog. Phys. 81, 056902 (2018).

[9] S. Han, M. A. A. Mamun, S. Lalit, C. Constantinou, and M.
Prakash, Phys. Rev. D 100, 103022 (2019).

[10] W. Wei, B. Irving, M. Salinas, T. Klidhn, and P. Jaikumar,
Astrophys. J. 887, 151 (2019).

[11] J.I. Kapusta and T. Welle, Phys. Rev. C 104, LO12801
(2021).

[12] W.C. G.Ho, D.I. Jones, N. Andersson, and C. M. Espinoza,
Phys. Rev. D 101, 103009 (2020).

[13] H. Yu and N. N. Weinberg, Mon. Not. R. Astron. Soc. 470,
350 (2017).

[14] A. Reisenegger and P. Goldreich, Astrophys. J. 395, 240
(1992).

[15] A. Reisenegger and P. Goldreich, Astrophys. J. 426, 688
(1994).

[16] P.Jaikumar, A. Semposki, M. Prakash, and C. Constantinou,
Phys. Rev. D 103, 123009 (2021).

[17] C. Constantinou, S. Han, P. Jaikumar, and M. Prakash, Phys.
Rev. D 104, 123032 (2021).

[18] T. Regge and J. A. Wheeler, Phys. Rev. 108, 1063 (1957).

[19] C. V. Vishveshwara, Nature (London) 227, 936 (1970).

[20] F.J. Zerilli, Phys. Rev. Lett. 24, 737 (1970).

[21] K. S. Thorne and A. Campolattaro, Astrophys. J. 149, 591
(1967).

[22] K. D. Kokkotas and B. G. Schmidt, Living Rev. Relativity 2,
2 (1999).

[23] L. Tonetto and G. Lugones, Phys. Rev. D 101, 123029
(2020).

[24] H. Sotani, K. Tominaga, and K.-i. Maeda, Phys. Rev. D 65,
024010 (2001).

[25] G. Miniutti, J. Pons, E. Berti, L. Gualtieri, and V. Ferrari,
Mon. Not. R. Astron. Soc. 338, 389 (2003).

[26] S.Y. Lau and K. Yagi, Phys. Rev. D 103, 063015 (2021).

[27] T. Zhao and J. M. Lattimer, arXiv:2204.03037.

[28] I. F. Ranea-Sandoval, O. M. Guilera, M. Mariani, and M. G.
Orsaria, J. Cosmol. Astropart. Phys. 12 (2018) 031.

[29] G. Pratten, P. Schmidt, and T. Hinderer, Nat. Commun. 11,
2553 (2020).

[30] J. P. Pereira, C. V. Flores, and G. Lugones, Astrophys. J.
860, 12 (2018).

[31] E. M. Kantor and M. E. Gusakov, Mon. Not. R. Astron. Soc.
442, 1.90 (2014).

[32] P.N. McDermott, H. M. van Horn, and J. F. Scholl, As-
trophys. J. 268, 837 (1983).

[33] V. A. Dommes and M. E. Gusakov, Mon. Not. R. Astron.
Soc. 455, 2852 (2016).

[34] D. Kumar, H. Mishra, and T. Malik, arXiv:2110.00324
[Phys. Rev. D (to be published)].

[35] D. Lai, Mon. Not. R. Astron. Soc. 307, 1001 (1999).

[36] C.J. Kriiger, K. D. Kokkotas, P. Manoharan, and S.H.
Volkel, Front. Astron. Space Sci. 8, 166 (2021).

[37] L. Lindblom and S.L. Detweiler, Astrophys. J. 53, 73
(1983).

[38] S. Detweiler and L. Lindblom, Astrophys. J. 292, 12 (1985).

[39] S. Chandrasekhar and V. Ferrari, Proc. R. Soc. A 432, 247
(1991).

[40] N. Andersson and K. D. Kokkotas, Mon. Not. R. Astron.
Soc. 299, 1059 (1998).

[41] P.D. Lasky, Pub. Astron. Soc. Aust. 32, e034 (2015).

[42] 1. Martin, N. Andersson, J. Hough, and C. Mundell, Phil.
Trans. R. Soc. A 376, 20180105 (2018).

[43] H. Lau, P. Leung, and L. Lin, Astrophys. J. 714, 1234
(2010).

[44] T. K. Chan, Y. H. Sham, P. T. Leung, and L. M. Lin, Phys.
Rev. D 90, 124023 (2014).

[45] H. Sotani and B. Kumar, Phys. Rev. D 104, 123002 (2021).

[46] N. Andersson, Universe 7, 97 (2021).

[47] J.M. Lattimer and M. Prakash, Astrophys. J. 550, 426
(2001).

[48] D. Lai, Mon. Not. R. Astron. Soc. 270, 611 (1994).

[49] N. Andersson and P. Pnigouras, Phys. Rev. D 101, 083001
(2020).

[50] E. Berti, V. Cardoso, and A. O. Starinets, Classical Quantum
Gravity 26, 163001 (2009).

[51] K. S. Thorne and A. Campolattaro, Astrophys. J. 149, 591
(1967).

[52] L. Gualtieri, E.M. Kantor, M.E. Gusakov, and A.lL
Chugunov, Phys. Rev. D 90, 024010 (2014).

[53] A. Passamonti, N. Andersson, and W. C. Ho, Mon. Not. R.
Astron. Soc. 455, 1489 (2016).

[54] H. Yu and N. N. Weinberg, Mon. Not. R. Astron. Soc. 464,
2622 (2017).

[55] M. Alford, A. Harutyunyan, and A. Sedrakian, Particles 3,
500 (2020).

[56] P. Arras and N.N. Weinberg, Mon. Not. R. Astron. Soc.
486, 1424 (2019).

[57] L. Lindblom and S. L. Detweiler, Astrophys. J. Suppl. Ser.
53, 73 (1983).

[58] S. Detweiler and L. Lindblom, Astrophys. J. 292, 12 (1985).

[59] W. Wei, M. Salinas, T. Kldhn, P. Jaikumar, and M. Barry,
Astrophys. J. 904, 187 (2020).

[60] L. S. Finn, Mon. Not. R. Astron. Soc. 227, 265 (1987).

[61] P. McDermott, Mon. Not. R. Astron. Soc. 245, 508 (1990),
https://ui.adsabs.harvard.edu/abs/I990MNRAS.245..508 M.

[62] T. Zhao and J. M. Lattimer, Phys. Rev. D 102, 023021
(2020).

[63] R. O. Gomes, P. Char, and S. Schramm, Astrophys. J. 877,
139 (2019).

[64] T. Kldhn and T. Fischer, Astrophys. J. 810, 134 (2015).

[65] I. Legred, K. Chatziioannou, R. Essick, S. Han, and P.
Landry, Phys. Rev. D 104, 063003 (2021).

[66] K. Kokkotas, T. Apostolatos, and N. Andersson, Mon. Not.
R. Astron. Soc. 320, 307 (2001).

[67] K.S. Thorne and A. Campolattaro, Astrophys. J. 152, 673
(1968).

[68] W. Israel and J. M. Stewart, Phys. Lett. 58A, 213 (1976).

[69] J. Noronha, M. Spalinski, and E. Speranza,
arXiv:2105.01034.

103025-14


https://doi.org/10.1126/science.1090720
https://doi.org/10.1016/j.physrep.2007.02.003
https://doi.org/10.1007/s41114-019-0024-0
https://doi.org/10.1038/s42254-021-00303-8
https://doi.org/10.3847/2041-8213/ab481c
https://doi.org/10.3847/2041-8213/ab50c5
https://doi.org/10.1088/1361-6633/aaae14
https://doi.org/10.1103/PhysRevD.100.103022
https://doi.org/10.3847/1538-4357/ab53ea
https://doi.org/10.1103/PhysRevC.104.L012801
https://doi.org/10.1103/PhysRevC.104.L012801
https://doi.org/10.1103/PhysRevD.101.103009
https://doi.org/10.1093/mnras/stx1188
https://doi.org/10.1093/mnras/stx1188
https://doi.org/10.1086/171645
https://doi.org/10.1086/171645
https://doi.org/10.1086/174105
https://doi.org/10.1086/174105
https://doi.org/10.1103/PhysRevD.103.123009
https://doi.org/10.1103/PhysRevD.104.123032
https://doi.org/10.1103/PhysRevD.104.123032
https://doi.org/10.1103/PhysRev.108.1063
https://doi.org/10.1038/227936a0
https://doi.org/10.1103/PhysRevLett.24.737
https://doi.org/10.1086/149288
https://doi.org/10.1086/149288
https://doi.org/10.12942/lrr-1999-2
https://doi.org/10.12942/lrr-1999-2
https://doi.org/10.1103/PhysRevD.101.123029
https://doi.org/10.1103/PhysRevD.101.123029
https://doi.org/10.1103/PhysRevD.65.024010
https://doi.org/10.1103/PhysRevD.65.024010
https://doi.org/10.1046/j.1365-8711.2003.06057.x
https://doi.org/10.1103/PhysRevD.103.063015
https://arXiv.org/abs/2204.03037
https://doi.org/10.1088/1475-7516/2018/12/031
https://doi.org/10.1038/s41467-020-15984-5
https://doi.org/10.1038/s41467-020-15984-5
https://doi.org/10.3847/1538-4357/aabfbf
https://doi.org/10.3847/1538-4357/aabfbf
https://doi.org/10.1093/mnrasl/slu061
https://doi.org/10.1093/mnrasl/slu061
https://doi.org/10.1086/161006
https://doi.org/10.1086/161006
https://doi.org/10.1093/mnras/stv2408
https://doi.org/10.1093/mnras/stv2408
https://arXiv.org/abs/2110.00324
https://doi.org/10.1046/j.1365-8711.1999.02723.x
https://doi.org/10.3389/fspas.2021.736918
https://doi.org/10.1086/190884
https://doi.org/10.1086/190884
https://doi.org/10.1086/163127
https://doi.org/10.1098/rspa.1991.0016
https://doi.org/10.1098/rspa.1991.0016
https://doi.org/10.1046/j.1365-8711.1998.01840.x
https://doi.org/10.1046/j.1365-8711.1998.01840.x
https://doi.org/10.1017/pasa.2015.35
https://doi.org/10.1098/rsta.2018.0105
https://doi.org/10.1098/rsta.2018.0105
https://doi.org/10.1088/0004-637X/714/2/1234
https://doi.org/10.1088/0004-637X/714/2/1234
https://doi.org/10.1103/PhysRevD.90.124023
https://doi.org/10.1103/PhysRevD.90.124023
https://doi.org/10.1103/PhysRevD.104.123002
https://doi.org/10.3390/universe7040097
https://doi.org/10.1086/319702
https://doi.org/10.1086/319702
https://doi.org/10.1093/mnras/270.3.611
https://doi.org/10.1103/PhysRevD.101.083001
https://doi.org/10.1103/PhysRevD.101.083001
https://doi.org/10.1088/0264-9381/26/16/163001
https://doi.org/10.1088/0264-9381/26/16/163001
https://doi.org/10.1086/149288
https://doi.org/10.1086/149288
https://doi.org/10.1103/PhysRevD.90.024010
https://doi.org/10.1093/mnras/stv2149
https://doi.org/10.1093/mnras/stv2149
https://doi.org/10.1093/mnras/stw2552
https://doi.org/10.1093/mnras/stw2552
https://doi.org/10.3390/particles3020034
https://doi.org/10.3390/particles3020034
https://doi.org/10.1093/mnras/stz880
https://doi.org/10.1093/mnras/stz880
https://doi.org/10.1086/190884
https://doi.org/10.1086/190884
https://doi.org/10.1086/163127
https://doi.org/10.3847/1538-4357/abbe02
https://doi.org/10.1093/mnras/227.2.265
https://doi.org/https://ui.adsabs.harvard.edu/abs/1990MNRAS.245..508M
https://doi.org/https://ui.adsabs.harvard.edu/abs/1990MNRAS.245..508M
https://doi.org/https://ui.adsabs.harvard.edu/abs/1990MNRAS.245..508M
https://doi.org/https://ui.adsabs.harvard.edu/abs/1990MNRAS.245..508M
https://doi.org/https://ui.adsabs.harvard.edu/abs/1990MNRAS.245..508M
https://doi.org/https://ui.adsabs.harvard.edu/abs/1990MNRAS.245..508M
https://doi.org/https://ui.adsabs.harvard.edu/abs/1990MNRAS.245..508M
https://doi.org/10.1103/PhysRevD.102.023021
https://doi.org/10.1103/PhysRevD.102.023021
https://doi.org/10.3847/1538-4357/ab1751
https://doi.org/10.3847/1538-4357/ab1751
https://doi.org/10.1088/0004-637X/810/2/134
https://doi.org/10.1103/PhysRevD.104.063003
https://doi.org/10.1046/j.1365-8711.2001.03945.x
https://doi.org/10.1046/j.1365-8711.2001.03945.x
https://doi.org/10.1086/149586
https://doi.org/10.1086/149586
https://doi.org/10.1016/0375-9601(76)90075-X
https://arXiv.org/abs/2105.01034

QUASINORMAL g MODES OF NEUTRON STARS WITH ... PHYS. REV. D 105, 103025 (2022)

[70] S. Chandrasekhar, Phys. Rev. Lett. 24, 611 (1970). [73] J. Steinhoff, T. Hinderer, T. Dietrich, and F. Foucart, Phys.
[71] J. L. Friedman and B.F. Schutz, Astrophys. J. Lett. 199, Rev. Research 3, 033129 (2021).
L157 (1975). [74] M.E. Gusakov, E.M. Kantor, A.I. Chugunov,
[72] D.D. Doneva, E. Gaertig, K. D. Kokkotas, and C. Kriiger, and L. Gualtieri, Mon. Not. R. Astron. Soc. 428, 1518
Phys. Rev. D 88, 044052 (2013). (2013).

103025-15


https://doi.org/10.1103/PhysRevLett.24.611
https://doi.org/10.1086/181872
https://doi.org/10.1086/181872
https://doi.org/10.1103/PhysRevD.88.044052
https://doi.org/10.1103/PhysRevResearch.3.033129
https://doi.org/10.1103/PhysRevResearch.3.033129
https://doi.org/10.1093/mnras/sts129
https://doi.org/10.1093/mnras/sts129

