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This work is the first in a series of studies aimed at understanding the dynamics of highly eccentric
binary neutron stars, and constructing an appropriate gravitational-waveform model for detection. Such
binaries are possible sources for ground-based gravitational wave detectors, and are expected to form
through dynamical scattering and multibody interactions in globular clusters and galactic nuclei. In contrast
to black holes, oscillations of neutron stars are generically excited by tidal effects after close pericenter
passage. Depending on the equation of state, this can enhance the loss of orbital energy by up to tens of
percent over that radiated away by gravitational waves during an orbit. Under the same interaction
mechanism, part of the orbital angular momentum is also transferred to the star. We calculate the impact of
the neutron star oscillations on the orbital evolution of such systems, and compare these results to full
numerical simulations. Utilizing a post-Newtonian flux description we propose a preliminary model to
predict the timing of different pericenter passages. A refined version of this model (taking into account
post-Newtonian corrections to the tidal coupling and the oscillations of the stars) may serve as a waveform

model for such highly eccentric systems.
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I. INTRODUCTION

The Laser Interferometric Gravitational Wave Observatory
(LIGO) and Virgo collaborations have already detected five
binary black hole (BH) coalescence events [1-5] and one
binary neutron star (NS) event [6]. Current event rates indicate
that as LIGO and Virgo reach design sensitivity in the next
few years, many more binary NS coalescences will be
observed [6]. The formation of binary compact object
(CO) systems can be broadly classified into two main
categories: field binaries and dynamically assembled (cluster)
binaries. In the first channel, the progenitor is a stellar binary
where both stars eventually form COs following stellar
collapse (with or without supernovae). Such a binary may
gain a sizable amount of eccentricity through a supernovae
kick; however subsequent gravitational wave (GW) emission
will reduce the eccentricity with time, leading to a nearly
circular orbit by the time the emission enters the LIGO
band. In the second channel, CO binaries form through
various N-body interactions that take place in dense stellar
environments, including dynamical capture [7-11], and
exchange interactions during binary-single and binary-binary
interactions [12—14].

An exciting aspect of dynamically assembled binaries is
that some fraction of these systems will emit GWs in the
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LIGO/Virgo bands while their orbits are highly eccentric
(for order-of-magnitude estimates of these fractions see
e.g., Refs. [12,14,15]). A further mechanism that can
produce eccentric mergers within ground-based GW detec-
tor bands are hierarchical triple systems where a Kozai-
Lidov-type resonance occurs [16-20]; such systems could
form both in field and cluster environments, though for our
purposes of studying eccentric mergers we will group them
in the “dynamically assembled” category. Currently, the
rate estimates for dynamically assembled binaries are quite
uncertain, but it is possible that they contribute a non-
negligible fraction of events detectable by LIGO and future
ground-based GW detectors.

If a highly eccentric binary system contains one or more
neutron stars it will also have distinct phenomenology. For
example, the star will be tidally perturbed after each
pericenter passage [21], leaving a weak, oscillatory GW
imprint as a tail of the main GW burst produced at
pericenter [22-24], along with possible electromagnetic
emission due to crust cracking (if the pericenter distance
is sufficiently small) [24,25]. Probing these post-burst
NS oscillations in GWs offers an opportunity to study
the oscillation modes of cold, perturbed neutron stars
(NS asteroseismology), which are distinct from the modes
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of a post-merger hypermassive NS remnant (see e.g.,

Refs. [26,27] for recent reviews on this topic).1
Therefore it is interesting to study the dynamics of such
binaries and develop an appropriate GW detection template
that includes both the burst and post-burst phenomenology.
However, we point out that as these post-burst oscillations
are generally much weaker than the pericenter bursts, direct
observation of the accompanying GWs may require at least
third-generation ground-based detectors and appropriate
data analysis methods, such as coherent mode stacking
[31-33] (see also Refs. [34,35]).

In this work we explicitly compute the amount of energy/
angular momentum deposited into the star(s) due to
dynamical tidal excitations. We find that during a close
passage, the change of orbital energy due to the tidal
interaction may be up to tens of percent of the energy
carried away by GWs during the same time, depending on
the equation of state (EOS) of the star. This observation is
consistent with a recent study on f-mode excitation in BH-
NS binaries [36], but different from the conclusion drawn
in Ref. [37], which, as we will discuss in Sec. II, we
attribute to the incomplete summation of modes used in
Ref. [37]. We also find that a non-negligible amount of
orbital angular momentum is transferred to the star, mainly
through f-mode excitations. These f-modes decay with
time due to GW emission, with a quality factor that is
generally very high, so that a significant fraction of the
mode energy can remain by the next pericenter passage.
Therefore an accurate model for the orbital evolution must
include the evolution of the star’s f-modes.

To model the orbit, we adopt the osculating-orbit
approximation used in Ref. [38] for describing the orbital
evolution of highly eccentric binary black holes (see e.g.,
Ref. [39] for a model of lower-eccentricity binaries). Within
such an approximation, each orbital cycle is described by
an eccentric orbit with fixed energy, angular momentum,
and eccentricity in the post-Newtonian (PN) expansion, but
these quantities change from one cycle to the next accord-
ing to the accumulated flux calculated within a cycle. By
definition, such an approximation fails if the conserved
quantities change significantly within an orbital cycle. For
the GW flux generated by the tidal excitations, we only
consider Newtonian-order terms of the star(s)’s oscillations
under the tidal field of the companion. Including higher-PN
tidal effects may require dealing with nontrivial gauge
issues connecting single star calculations to a consistent
binary NS calculation [40]. For the flux generated by the
orbital motion, we have used the 3PN flux formulas in
Refs. [38,41].

This paper is organized as follows. In Sec. II we calculate
the excitation of NS modes due to tidal interactions, and

'Some have proposed that quasiperiodic oscillations of mag-
netars are associated with their crustal modes [28-30], which
could be another way to realize NS asteroseismology.

their influence on the orbital evolution by changing the
orbital energy and angular momentum. In Sec. III we apply
these results to polytropic stars, and compare the predic-
tions with a full numerical calculation in Sec. IV. We review
the PN description of eccentric orbits, and propose a model
to describe the timing of sequential bursts of eccentric
binary NS systems in Sec. V. Unless otherwise noted, we
use geometric units with G = ¢ = 1 throughout.

II. FORMALISM

A. Mode excitation, energy and angular
momentum transfer

Let us consider f-mode excitation of a NS due to the
tidal field generated by its companion star. Other eigenm-
odes (such as p-modes) of the star are also excited by the
tidal field, but their contribution to the total modal energy is
much smaller than the f-modes [42], so in this work we
focus only on f-modes. The generalization of the calcu-
lation performed here to additional modes is straightfor-
ward. In addition, we shall only perform the analysis of
the stellar deformation to the leading, Newtonian order,
because the tidal-induced energy and angular momentum
transfer are already of higher PN order compared to the GW
radiation backreaction. We shall also only keep the leading-
order, quadrupole piece of the tidal field, as contributions
from higher multipoles are negligible [42].

According to Ref. [42], the time domain equation of
motion can be written as

LE=VU, (1)

where £ is the Lagrangian displacement vector field, U is
the tidal potential and L is a self-adjoint operator whose
detailed form is not important here. Let us denote the
eigenfrequency of each mode as w,, and the eigenfunction
as &M, where n labels the spherical harmonic indices (I, m)
We define an inner product as

fl) = / L 2)

where p is the rest-mass density. The mode eigenfunctions
are normalized such that (£ |&)) = §,,,. The Lagrangian
displacement field can be decomposed as

3 A0E" + Hel,

n=(l,m)

E = i=xy,z, (3)

where H.c. stands for Hermitian conjugate. As the peri-
center passage time scale is much shorter than the mode
decay time scale (due to GW radiation and viscous
damping), and restricting to nonrotating stars as in
Refs. [37,42], £ should act solely as a second derivative
when applied to functions of time. We plug Eq. (3) into
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Eq. (1) and take the inner product with £") to obtain the

time domain mode evolution equation as
AW + @2AM = (EMVU). (4)

We focus on the f-modes of NSs, which can be
intuitively understood as the fundamental oscillation modes
of the star, and ignore the less relevant p or g overtone

modes. The eigenfunction &) can be expressed in vector
spherical harmonics:

&€ = (& (e, + & (V)Y (0.4).  (5)
where the determination of .ff,e") and §§"> is discussed in the
Appendix. Note that by writing down the mode decom-
position in the time domain in Eq. (3), we need to take into
account the double-counting problem, as each bracket
in the summation includes both +m modes (with m running
from —/ to /). One way to resolve this problem is to only
include modes with m >0 in the summation, and in
particular remove the Hermitian-conjugate terms for
m = 0 modes. Another way is to allow a complex dis-
placement field for each mode, and remove all Hermitian-
conjugate terms in the summation. The reality condition for
& will be enforced by the fact that A*™ = A"~ These two
methods give the same result, and we shall adopt the second
approach because it is more convenient for both the time-
domain and the frequency-domain analyses.

The quadrupole piece of the tidal potential can be
expressed as

Eixix/
U=—"— 5 (6)

with &;; being the electric part of the tidal tensor [43,44].
During a pericenter passage, the energy deposited into
the star is given by [42] [in the Lagrange description,
x; = x;+ &, and we neglect O(£%) terms]

AEmodeZ/dl/anpV‘VU:/dt/d3xpviViU
z/dt/d3xp5,~k(t)§ xk

= Z / dtE*(1)A™ (1) / Bxpe (7)

On the one hand, we note that Eq. (4) (within the
quadrupole approximation) can be written as

A0 4 @2A® / BrpE™ ()3, £ (1)

= 03E4(1) (8)

so that the change of the mode energy becomes
AE o4 = Z / dtE*(H)AM (1) Oy

= Z / dtA"

= {32 1A" R + w%,|A<">|2]}. )

The physical meaning of the above expression is obvious:
the change in mode energy can be divided into kinetic
energy change and potential energy change.

As an initial value problem, the solution of Eq. (8) is
given by

* 4+ wpAM)

AW (1) = i/t dr’' sin[w, (t — 1')|;;(1) O

Wy

(0 Ao
+ Ainit|t=0 Coswnt—f—Tsma}nt s (10)

n

with A, (¢) being an initial oscillation in the given mode of
the star prior to any tidal interaction. Within the osculating
orbit approximation, stringing together a sequence of
pericenter encounters, the new tidally induced oscillation

at each encounter can be modeled by an expression of

the form (10), with the constants (A l(glt\ —0» 'n:'n| o) deter-
mined using the previous cycle’s A")(¢), appropriately
damped by GW emission.

On the other hand, we can rewrite the mode evolution
equation in the frequency domain, with

A (n < |VU> OT gik
Al — o a)zk—wz’ (11)
and
() = / * dp(w)e. (12)

The frequency domain equation [Eq. (11)] is suitable to
describe the evolution with zero initial oscillations, e.g., in
cases where the mode decay time scale is shorter than the
orbital time scale. In the frequency-domain description, the
energy deposited into modes is [42]

AEmode = Zﬂzzlo;‘k‘g‘ik(wn)lz‘ (13)

In addition to energy, part of the orbital angular momen-
tum is also transferred to the star through the dynamical
coupling between the tidal bulge and the companion star.
Similar to Eq. (7), with the power injected replaced by the
torque acting on each mass element, we have
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Ao = / dt / Brpe(x; + &)V, U
_/dteijkgkl/d3xﬂ(xj+<§j)(xl+§z)
z/dteifké’kl/dep(xjfl+§jxl)
=23 / A€ (1AM (1) / dxpg|) (x)x;) e
=2) / dte* 1 (1) A (1) Oy, (14)

with the symmetrized tensor O, j1) being (O;+Oy)/2, and
in the third line we have neglected O(£?) terms. In this study,
we choose the coordinate system such that the stellar
trajectory resides on the equatorial plane, and only consider
the change of angular momentum along the z axis:

AJmode,z = 22 / dt(gyl(t)(,)(xl) - O<y1>€X[(t))A(n)(t)'

(15)

In the frequency domain, similarly to the evaluation for
the mode energy, Eq. (14) can be rewritten as

AJmode,i = 4”2 / da)gkl* (w)A(H) (w)OUj)eijk

okl gghozfi
:47ZZ/dCl)5 (a))oﬂj)eijka)z_iz

" —ie
An?i = = ~ =
=L el (0,8 (@,) ~ & (0,) 8 (@,)]
w,
x 00, Oy (16)
where we have used the fact that £ is a symmetric tensor.

B. Typical orbits

The energy and angular momentum lost to mode
excitations is generally smaller than that lost to GW
radiation from the orbital motion. As a result, we adopt
the Newtonian description of eccentric orbits when we
compute the NS mode excitations. Such a simplified
treatment also facilitates a direct comparison with previous
work [37,42]. On the other hand, to track the long-term
orbital evolution, a PN/quasi-Keplerian formalism [41]
becomes necessary, which we discuss in Sec. V. In this
section, we discuss marginally unbound (parabolic) and
bound eccentric orbits separately.

1. Parabolic orbit

In the rest frame of a reference star, the parabolic orbit
of the companion star can be parametrized by

r=Ro(1+7%),
2R3 1/2
{—G(M —OFM)} (r+173/3),

(o}
= tan—, 17
7= tan- (17)

where r, is the orbital separation, ¢ is the time from pericenter
passage, @ is the true anomaly, M and M, are the masses of
the reference and incoming star, respectively, and Ry, is the
pericenter distance. In Cartesian coordinates, the position in
(x,y) (equatorial plane) is then given by

X = r,cos D, y = r,sin®. (18)

The quadrupole tidal tensor, generated by an incoming
star following the above trajectory is given by

—1-3c0s2®  3sin2®@ 0
M, .
527 %stCD _714-%0052(1) of. (19
0 0 1

The symmetrized overlap tensor Oy is given by

(n)
0
Owy =5 [ d0er- )(ey Vim0

with e, being a unit coordinate vector, e; being the unit
radial vector and Q") defined as (with R. being the radius
of the star)

M — o [ gr (™ L 30 71
Q=2 | drrp(Ee +3857). (21)

The quadrupole tidal field excites NS modes with [ = 2
only. Summing over the azimuthal wave numbers of the
f-modes (and neglecting contributions from p- and
g-modes), in the time domain, the angular momentum
shift of the star is

AJ mode,, = 2 Z / dt(é’yl(t)(’)x, - OyngI(t))A(")(t)
1=2.m
=/6x/5 / dtﬂ;l?* [—ngze%‘DAzz(t)
+iQF e, (1)), (22)
where
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QF [ M, . ol
A22 = 2—/ dt/\/ 67'[/5 —38111 Cl)zz(f - tl)e_ZZ(D(t)
W ) r

t

1n1t |t 0 sma)22t> ;

+ < init |t 0 COS Wyt +
W

0:” M, »
Ay o = 5 < / dr'\/6r/5— sinw, _,(t — t/)eZZKD(t)
O3 Ty

(
+ <Am1t

;o COS @y ot + Msm w2!_2t> )

() 3)
(23)

For nonrotating stars, or if we neglect the split of
oscillation modes due to rotation, we have w,, = w, 5,

Q" = Q™ and Ay = A} _,:
AJnoder = |2 / dt/ dar 3,” 51na)22(t —7)
X sm[2(CD D')]
OF P —— lOw / dt/ dt 51na)22(t—t)
x sin[2(® — @')] (24)

The energy change under the same assumption (no initial
oscillation) can be obtained by using Egs. (7) and (10):

AE g = Z/ dt/ cos w,

x OU*E,, (1) OP4

s oo o

X cos[2(D — @')]

+|Q§°|210/ dl/ dt

If we define (similar to Ref. [42])

—1)E;(1)

3OS Wy (t —1')

——3C0s Wy (1 —1').

(25)

©  dx
1 = = 2 3/3 2m tan~! ,
m(Y) /0 (1+x2)2cos[\/_y(x+x/ )+ 2mtan~! x]
(26)
AJnode, 10 Eq. (24) can be rewritten as

67 M?
AJ,
mode,z — (Q ) 50)22G(M+M )R3

[ _2(w22)_13(’w22)]’

(27)

with the renormalized frequency w given by

w (28)

]

Similarly, the energy change described by Eq. (25) can
be rewritten as

AEpoqe = (022 Mo 112 0 4 B(r)]
mode £ 5GM+MOR) 2 2
vi¥s M?
+ (o7 Blo). (29

5 G(M+M,)R3°

This is consistent with the result in Ref. [42] obtained using
the frequency-domain calculation.

2. Bound eccentric orbits

Although a highly eccentric bound orbit near its peri-
center can be well approximated by a parabolic orbit, we
still present the energy and angular momentum transfer
due to mode excitations explicitly, which is relevant for an
evolving sequence of encounters.

A bound (e < 1) eccentric orbit can be described by

_ b0 _
1+ ecos®

@ 1/2

t= [m} (r—esin7),
e + cos®
l+ecos®’

r,= ap(1 —ecos),

T = arccos (30)

where pg is the semilatus rectum, a is the length of the
semimajor axis, e is the eccentricity (1 — e¢ < 1 for highly
eccentric orbits), 7 is the mean anomaly, and @ is the true
anomaly. The pericenter distance R, equals ay(1 — e).
Following the same procedure as in Sec. II B 1, but with
a new quantity P,, defined to replace /,,,

7 dx
P,(y) = /O (1= ecosx)?

X —esinx _ Cosx—e
+ mcos™ —

e e o

X cos |y ,
—ecosx

the angular momentum change of the reference star after
each passage is
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3z M?
56022 G(M +M*)da
6/5M,

+ /
W (G(M +M,)]

A odez = |Q§2|2

2 [P (@)

[P%Z(w22> - P%(wﬂ)] + (13/2
0

67/5M,

Gt 1 1.7 P2 () F Palmn)ImiA O]

- Pz(wzz)]Re[Afﬁ) 07], (32)

where we no longer ignore the residual oscillation from previous encounters during a series of pericenter passages.

Similarly the modal energy change is

M2 M2
_ 23 2 P 22 P
AE o = |07 5 GM+ M)a 5 [P, (wn) + Pi(w)] + |02 5 M+ M)a 5 Py(@20)
67/5M,
T 2[G(M + M) [P_a(w2) = P (w22) Im{A( 0 OF

67/5M
TG+ )]

C. Mode damping

Soon after each periastron passage, the distance between
the stars grows large enough so that the tidal interaction
is no longer important until the next periastron passage.
Therefore we shall approximate the mode evolution
between two periastron passages as free evolution damped
by GW radiation. The mode damping due to viscosity is
expected to have a time scale longer than the time scales
such systems would remain in the alLIGO band (or future
ground-based detectors such as Einstein Telescope and
Cosmic Explorer), and shall be neglected in this analysis.

The mode damping due to GW radiation can be
approximated using the quadrupole formula:

dEmode _ _1 <a3Ijk 83Ijk> (34)
t

dt or o

where (), is the temporal average (over time scales longer
than the oscillation period but shorter than the decay time)
and the trace-free quadrupole moment is

7

5.
= /d3xp <xjxk —ékﬂ). (35)

Because the fluid motion following the f-mode eigenfunc-
tion is trace-preserving for the quadrupole moment, the 72
term in Eq. (35) can be dropped, so we have

ijk R / de/’(xjék + xkéi)? (36)

where the O(£2) terms are neglected. We shall rewrite
Eq. (34) as

[Py (@) + Pz(wzz)}Re[Ai(ﬁ) 07 - 372
ay

2\/x/5M

[G(M + M.,)]'/?

AR VP (). (33)

dEmode

4 i
YL

During this “free” (without tidal driving) evolution phase,
the energy damping rate is proportional to the mode
amplitude squared, and the mode energy is also propor-
tional to its amplitude squared. As a result, the mode
evolution can be modeled as a decaying oscillation with a
fixed quality factor Q,,, or decay rate v, = 7f mode/ Qim- If
a family of modes is initially excited, they should decay
independently following their own decay rates because
modes with different /, m do not overlap in angular
directions (the angular average is zero), and modes with
the same /, m but different overtones do not overlap in time
(the temporal average is zero). For our purpose we mainly
focus on Z =2 modes, as they are the dominant modes
excited after the periastron passage.
Consider a decaying oscillation of the (2,2) mode

A<">|2>t. (37)

A22< ) AZZ(I)e—thzt A22 —iwyyt— r2le z¢0 (38)

The mode energy, according to Eq. (9) (assuming
Q22 > 1), is

Emode = w%z [A22(t)]2' (39)
The right-hand side of Eq. (37) is given by

(600,20

Combining Egs. (40) and (39), we deduce the decay rate
of the (2,2) mode to be

28756

15%22 [AZ(1)]*.  (40)

4z 2
Y2 = 75 [Q?Zq @35, (41)
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and correspondingly the quality factor is

75 (22)

On = 3 [ (42)

III. PARABOLIC ORBITS OF POLYTROPIC STARS

In this section, we apply the formalism presented in Sec. I1
to polytropic stars undergoing parabolic encounters, which
allows us to compare the results with the full numerical
solutions described in Sec. IV. We find that the total mode
energy deposited onto stars can be comparable to the energy
radiated by GWs (A Egyw) during a close encounter. Given the
various approximations employed in the analytic treatment,
we do not expect exact agreement. Better agreement may be
achieved by incorporating a PN treatment of the stars’
oscillation and a higher-order PN description of the orbit.

A. Prediction for polytropic EOS

To enable a simple comparison between the formalism
in Sec. II and numerical simulations, we assume an equal-
mass NS binary M = M,, and a polytropic NS EOS,
specifically P = Kp' with T'=2. For such stars, the
spherically symmetric equilibrium configuration can be
obtained by solving

P(r) = =p(1)U' (1)
2U'(r

~—

U (r) + — 47Gp(r), (43)

with U being the Newtonian potential. The corresponding
solutions are

sin(zr/R.)
p(r) =p. /R,
- sin(zr/R,)\?2
P(r) = K(Pc W) J
U(r) = - Rli/[ - 4nGpCR§%’ (44)

with K = 2GR?/x and M = 4p_ R} /x. Both K and p, are
fixed if we choose the NS radius for a given NS mass.
According to the analysis in the Appendix, the normalized
f-mode eigenfrequencies for such stars are given by

RO 3/2
Wyy = Wy 42 = 0.8676 Rf . (45)

*

The frequency degeneracy is due to the spherical symmetry of
the background solution, such that the mode frequency is
independent of the azimuthal wave number. Similarly, the
mode overlap constants for the (2,2) and (2,0) modes are

the same, as 553") and §§"> are also independent of m due to the

spherical symmetry [the (2,1) mode is irrelevant for comput-
ing energy and angular momentum transfer, according to
Egs. (29) and (27)]. The detailed form of the radial depend-
ence of wave functions can be obtained using the method
described in the Appendix. The overlap constants are

0% = 0 = 0.558(MR?)'/2, (46)

which implies that the quality factors [cf. Eq. (42)] are

R* 5/2
0r40 =0y ~52 (M) . (47)

From Egs. (45) and (26), the mode excitation coefficients
(as functions of Ry/R.) are shown in Fig. 1. Notice that
under the convention in Eq. (26), the magnitude of /_, is
much greater than /,, which has to do with the fact that the
star’s motion is counterclockwise as described by Eq. (17).
As a result, when we use Eq. (29) to compute the mode
energy, the m = —2 piece dominates over other parts. Note
that the authors of Ref. [21] claimed that the m = —2 mode
therein is negligible, so that the study in Ref. [37] only
included the m = 2 piece, which turns out to be subdomi-
nant in the modes excited. This is because the amplitude of

m = 2 mode in Ref. [21] was the same as the m = -2
mode in Ref. [42] due to the different conventions used.
Once we include all mode pieces (especially the m = -2

piece), the result becomes consistent with the values
inferred by numerical simulations.

With the excitation coefficients shown in Fig. 1, and the
overlap constants obtained from Eq. (46), we can write the
mode energy in Eq. (29) as

GM?R?
AEmode = 0.587 R3 [1%2 (WZZ) + I%(wﬂ)}
0
GM?*R?
0
1»T T T T T T T
0.100¢
0.010¢
= 0.001} =Ll
o ol
— |k
1075
10_6'1‘“‘1““1““1““1““1““1‘

2.0 2.5 3.0 3.5 4.0 4.5 5.0
Ro/R.

FIG. 1. |I,| and |Iy| [Eq. (26)] as functions of Ry/R,. In the
Newtonian limit, when R, = 2R, the surfaces of two undeformed
stars are in marginal contact at the periastron passage.
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and mode angular momentum is

G1/2M3/2RZ/2
T[lzz(wzz)—lg(wzzﬂ- (49)
0

AT e =0.478

Without considering mode excitations, the GW energy
emitted during a periastron passage can be estimated
as [37,45]

(GM)"*M

AEgw = T SR
0

(50)

and the angular momentum carried away by GWs is

(GM)*M

AJGW ~ 61 CSR2
0

(51)

As a result, the ratio between the mode energy deposited
into both stars and the energy carried away by GWs during
the main burst is

2AE M\ 52 (R, /2

mode Cj ) x2x107?
AEGW C R* R*

X {2.69(12, (@) + I (w)] + 1781 (w) }-

(52)

Similarly, the ratio between the mode angular momentum
deposited into both stars and the angular momentum
carried away by GWs during the main burst is

2o (GH)(0)1, g

AJGW CZR* R*
X {[Igz(wzz) - I%(wzz)])}- (53)
The dominant contribution comes from the m = -2

mode with our conventions. As a concrete example, take
a NS with compaction GM/(c*R,)~0.17 (e.g., M~
14 My and R, ~ 12 km). In Fig. 2 we plot the ratio
described in Egs. (52) and (53) as a function of the
“periastron frequency” f (of the orbit, and hence half
the GW frequency). This frequency was introduced in
Refs. [37,38] (and also discussed in Sec. IV), and
represents the peak frequency of the main burst. In the

Newtonian limit, f is proportional to R;'-. In Fig. 2, f, =

VM/(2R.)*/n denotes the periastron frequency for the
closest possible passage without the stars colliding. For

comparison, in this figure we also show results from the full
numerical solutions described in Sec. IV. These agree with
the model to within a factor of 2, even at the relativistic
velocities considered. The plot shows that, for very close
pericenter passages, the mode energy/angular momentum
deposited into the stars can be of the same order of
magnitude as the energy/angular momentum carried away
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FIG. 2. The ratio between the total mode energy (angular
momentum) deposited onto stars and the energy (angular mo-
mentum) carried away by GWs during the main burst, as a
function of the normalized periastron frequency f/f,. Here
R.c?/(GM) is taken to be 5.88. The dots shown in the top plot
represent estimates from the numerical simulations listed in
Table I.

by GWs. This means that it is crucial to include the mode
dynamics in order to accurately model the orbital evolution.

IV. SIMULATIONS IN FULL GENERAL
RELATIVITY

In order to validate the model described in the previous
section, and determine its accuracy in the relativistic
regime, we simulate several cases consisting of compact
object binaries undergoing a close encounter using general
relativity (GR) coupled to hydrodynamics. This work
makes use of methods similar to those in previous studies
of eccentric binary mergers [23,24,46-48], which we just
briefly review here.

A. Numerical methods

These simulations are carried out by solving the full
Einstein equations coupled to hydrodynamics using the
methods described in Ref. [49]. For ease of comparison to
the approximate model described in this work, we restrict
ourselves to a I' = 2 EOS. We make use of adaptive mesh
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refinement with seven levels of refinement. The base-level
resolution has 2013 points, while the finest-level resolution
has approximately 100 points across the NS diameter. For
simulations with BHs, we use one additional mesh refine-
ment level, which gives a factor of 2 better resolution,
around the BH. For one of the NS-NS cases, we also
perform a lower-resolution simulation with 0.6x the above
resolution, in order to estimate the truncation error.

B. Initial data and cases

We study binary NS close encounters with several
different impact parameters, and then follow the oscilla-
tions in the stars during the long outgoing part of the elliptic
orbit. For comparison, we also consider an equal-mass
BH-NS case with a nonspinning BH and the same orbital
parameters as one of the binary NS cases. Initial data is
constructed using the methods described in Ref. [50]. We
choose the initial velocities and positions of the compact
objects at large separation (d = 50M,,,, where M, is the
total mass of the system) based on a marginally bound
Newtonian orbit with a specified periapse distance Rj.
The actual periapse distance of the binary will be different
(due to gauge effects, relativistic corrections, etc.), and
we fix the parameters used for comparing to the approxi-
mate model based on the frequency of the fly-by gravita-
tional waveform. This allows a largely gauge-invariant
comparison with the model we presented in the previous
section. We consider several equal-mass binary NS cases
with Ry/M,, = 10.0, 11.5, and 13. For the comparison
to an equal-mass BH-NS system, we use a single NS case
with Ry/M,, = 11.5. In all cases we choose a NS
with M. /R, = 0.17.

C. Results

In Fig. 3 we show a comparison of the GWs from a
NS-NS and BH-NS case with the same orbital param-
eters. The fly-by part of the waveform matches well
between the two cases, indicating that the incoming
orbits are very close. The peak instantaneous GW
frequency, calculated from the time derivative of the
phase of the (2,2) component of ¥, is wM,,, = 0.11, and
differs by < 1% in the two cases. This corresponds to a
normalized periastron frequency of f/f, = 0.55. The
amount of energy radiated in GWs around the periapse
passage is AEgw /M, ~ 6.4 x 1074,

After the fly-by there are high-frequency GW oscilla-
tions in both cases. By going to the frequency domain we
can see these GW oscillations are primarily at the expected
Jf-mode frequency, and that the amplitude in the binary NS
case is twice that of the BH-NS case, indicating that to a
good approximation the stars are tidally perturbed by the
same amount. In the middle panel of Fig. 3, one can see
a lower-frequency modulation in the GW signal. The fact
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FIG. 3. A comparison of the GWs from a BH-NS and NS-NS
case with Ry/M,, = 11.5. The top and middle panels show
the real part of the (2,2) component of ¥, the former emphasiz-
ing the GW burst from the close encounter, and the latter
emphasizing the GW oscillations from the f-mode excitations
in the NS(s). The bottom panel shows the post fly-by GWs
(t —r > 500M,) in the frequency domain. The peak at approx-
imately fgw ~ 0.027/M,, associated with the f-mode oscilla-
tions is a factor of 2 larger in the binary NS case, as expected if
the NSs are tidally perturbed by the same amount in both cases.
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FIG. 4. The coordinate separation versus orbital angle at large
distances post-fly-by for a BH-NS and NS-NS system with the
same initial binary parameters. We also show the Newtonian
orbits with the best-fit parameters for these two cases.

that this occurs in both the binary NS and BH-NS cases
indicates that it is not due to interference effects, and is
likely instead due to the spherical harmonic mode mixing at
the extraction sphere.2

We can estimate the amount of energy lost to tidal
excitations by comparing the orbits in the two cases. In
Fig. 4 we show the coordinate separation of the binary as
a function of angle, at large values post-fly-by. Fitting
this to a Newtonian orbit, and taking the difference of
the resulting values for the orbital energy for the BH-NS
and NS-NS cases and attributing it to the energy of the
tidal excitations in a single star gives AE, 4./ AEgw =
0.13. In comparison, the analytic model predicts
AEmOde/AEGW - 022

We use the above estimate of AE,,4 as a reference value,
and also consider how the tidal excitation compares as a
function of impact parameter—or equivalently, periastron
frequency—for a higher and lower case. The results are
summarized in Table I. All cases show the expected peak in
the characteristic strain at the f-mode frequency as in the
bottom panel of Fig. 3, and here we have estimated AE,,4c
by assuming that it is proportional to the strain within this
peak (within 10% of the f-mode frequency), and using the
above comparison to the BH-NS to fix the overall magni-
tude. We also note that by comparing two different reso-
lutions for the largest impact parameter (lowest value of the

*Private communication with Nathan Johnson-McDaniel. See
Ref. [S1].

*Our method of constructing initial data and resolving the
constraints causes the orbital energy of the binary to be slightly
negative. If instead of using the difference between the BH-NS
and the NS-NS cases, one just used the orbital energy estimate for
the NS-NS case, and assumed it was initially zero before the close
encounter, we would have obtained a somewhat larger value of
AEmOde/AEGW = 03

TABLE 1. The first two columns are the characteristic fre-
quency and energy emitted in GWs during pericenter passage.
The last two columns are an estimate of the amount of energy
deposited in tidal excitations (per star) from three equal-mass,
nearly parabolic binary NS encounters from the full GR calcu-
lation and the analytic model.

f/fe AEGw /Mo AE 0./ AEGw (sims.) (model)
0.70 15.0 x 107* 0.72 0.53
0.55 6.4 x 1074 0.12 0.22
0.45 34 %1074 0.032 0.06

f/f. case), and assuming second-order convergence,4 we
estimate that the truncation error in the calculation of AE 4.
is ~20% (which is an underestimate), while the truncation
errors in f/f. and Egy are smaller, <1%. Likely more
significant are systematic effects in estimating orbital energy
based on comparing coordinate trajectories for the BH-NS
and NS-NS cases, and measuring tidal excitations based on
the GW emission. Since our main purpose here is to establish
the rough accuracy of the analytic model for tidal excitations,
we leave a more in-depth study of this to future work.

Finally, we note that in these simulations and throughout
we neglected tidal heating due to nonideal matter effects.
Our simulations show that the bulk of the stellar interior
remains cold: the thermal energy during close encounters is
universally below 1% of the total internal energy. On the
other hand, any tidal deformations will be dissipated into
heat by nonideal effects on secular time scales, which are
much longer than the dynamical time scales considered
here. In particular, the thermal conduction and shear
viscosity time scales are ~10% s [52]. The bulk viscosity
time scale sensitively depends on the matter temperature
(see Fig. 7 in Ref. [53]), which for cold neutron stars
T <1 MeV as in our cases, is much longer than seconds.
Therefore, thermal effects in the bulk of the matter are
negligible in these fly-by encounters. While there could be
important thermal effects associated with crust cracking,
a study of such phenomena goes beyond the scope of
this paper.

V. TRAJECTORY MODEL

A trajectory and waveform model for highly eccentric,
binary BH systems was developed in Ref. [38]. The key
idea is to divide the whole trajectory into a series of PN
elliptical orbits attached by a change of orbital parameters
that occurs during the pericenter passage process. The shift
of orbital eccentricity and energy/angular momentum can

*Our code is second-order convergent when shocks are
absent. See Ref. [24] for convergence results for eccentric
binary NS encounters at numerical resolutions that closely
match those used here.
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be obtained by computing the accumulated GW flux within
each cycle.

Based on a PN description of the orbital evolution, the
BH waveform model then contains four physical quantities:
t;, 0t;, [i, of ; for the ith cycle. Here ¢, is the coordinate time
for the ith periastron passage while f; is the “periastron
frequency," defined as [38]

fi=g——= (54)

- 2mtgw  2mpericenter distance’

which reduces to

1 [(M+M,)(1+e)]'/?

L= 55
fl 7 Rg/z ( )

in the Newtonian limit.

Phenomenologically, 2f; well approximates the central
burst frequency of GWs corresponding to the ith periastron
passage. With the predictions of #; and f; for the central
arriving time and frequency of each GW burst, one can extract
asequence of centroids of size 6¢; x Jf; in the time-frequency
diagram around (¢;, f;), compute the spectrum within each
centroid, and possibly stack the spectra power of different
centroids to boost the total signal-to-noise ratio [15,54].
The choices for 6¢; and of; are rather flexible; in Ref. [38]
they were chosen to be constant multiples of 7gw and f;.

We notice that if the orbital evolution and GW emission
can be modeled with enough accuracy, such that the phase
error of the waveform for the whole duration is controlled
within O(1/SNR) (with SNR being the signal-to-noise
ratio of a typical event), it is preferable to use a single
waveform covering the whole duration for both detection
and parameter estimation purposes. This requirement is
challenging because the binary dynamics could be quite
nonlinear near pericenter passages, and the total duration
could contain many cycles. It is computationally prohibi-
tive to perform numerical simulations of this type to
calibrate the theoretical waveforms designed for such
systems. Nevertheless, one possibility is to use a waveform
calibrated by numerical relativity when the NSs are close to
each other, and then match it to a PN waveform when the
two stars are far apart. We shall leave further investigation
of this to future work.

A. Order-of-magnitude estimates

As discussed in Sec. III, and explicitly shown in Fig. 2,
the energy/angular momentum deposited into the stars may
be of the same order of magnitude as the energy/angular
momentum carried away by GWs during close pericenter
passages. In this case it is necessary to include the effect of
mode excitations in the evolution model for such orbits.

To quantify the regime of importance for mode excita-
tions, we notice that 2AE, 4./ AEgy in Fig. 2 exceeds 1%
only when f/f. > 1/3, which means that

fc 5 M 1/2 R, -3/2
>Te 39102 H .
f2R 39 A T ) (56)

Another question is whether it is necessary to include the
oscillations inherited from the previous pericenter passage
as in Egs. (33) and (32), instead of setting A;,;; and Ainit to
zero before each pericenter passage. To answer this ques-
tion, we compare the mode decaying time scale 1/y,, with
the orbital period (in the Newtonian limit)

-1/2
T=2n {—G(M _|3_ M*)]

=2 {M] _1/2(1 _ e)—3/2‘ (57)

We conclude that the initial oscillations are negligible if
(assuming M = M.,)

Ry ( GM\5/3
1—e<0.63-2 S (58)
R, \R.c

If we consider the type of NS assumed to produce Fig. 2
and consider the closest passage with Ry = 2R, the above
inequality can be translated to 1 —e <« 0.07. For such
binaries [with Eq. (58) satisfied], it is no longer necessary
to track the evolution of modes, as the lifetime of the modes
is smaller than the time between pericenter passages.
However, in order to compute the energy and angular
momentum change of the orbit after pericenter passages, it
is still necessary to include the mode contributions using
Egs. (33) and (32), with A;,; and Ainit set to zero.

In the special case studied in Sec. IV, the two NSs are
assumed to be identical, which means that their f-modes
have the same frequency. The GWs generated by f-mode
oscillations from two stars may beat with each other,
depending on the separation of two stars and the sky
direction of observers. This beating starts to become
important if the orbital separation is comparable to, or
larger than, the half-wavelength of the f-mode GWs:

ap(l+e) 2Ry
1< ~ , 59
A2 n(l—e)c (59)
or equivalently
Ry [ GM\ /2
1-e<0.78=2 < 2) . (60)
R, \R,c

In reality, the masses of individual NSs within the
binary will be different (we denote the mass difference
as AM =M — M,). According to the f-mode frequency
formula [see Eq. (45)], we have 6f/f ~0.5AM/M. The
beating generally loses constructive interference after
f/26f ~ M/AM oscillation cycles.
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B. Trajectory model

The quasi-Keplerian (QK) description of eccentric orbits
of a compact binary was well explained in Ref. [41]. In
this framework, the 1PN motion of the binary in the
radial, time, and angular directions can be written in the
following form:

r=a,(l—e.cosu),

£ =u—essinu+ O(c™),

- 14+e,\1/2
¢ K¢P = v+ O(c™*) = 2arctan [(1_—6;0 tanﬂ,

(61)

where v is the true anomaly, u is the eccentric anomaly,
¢ =n(t—t,) is the mean anomaly with n = 27/T being
the mean motion, and P is the period. In addition, K is
related to the periastron precession angle per cycle Ag), by
A¢, = 2n(K —1). The above QK representation has been
generalized to 2PN [55-57] and 3PN orders [58]. The
orbital eccentricities e,, e,, and ey, and additional param-
eters n, K, and a, are all functions of the orbital energy and
angular momentum [see Eq. (345) in Ref. [41]], and we

introduce a new set of parameters to match the convention
in Ref. [41]:

2F ) 2ER?
€=——>, j=—— (62)
pc p

1n1t i+1 |: init,i +i 377'-/]

+{\/W

r

(P +P2) +A1n1t1

with u=(M+M,)v, v=MM,/(M+M,)> and h=
J/G(M + M.,). In order to obtain a mapping for orbital
parameters from one cycle to the next, we first compute
the energy and angular momentum change within the
current cycle:

Ei 1 = E; + AEgw; + AEmode.i»
Jiv1 =Ji + Agw,i + A moge - (63)

The energy and angular momentum radiated by the
orbital motion within the ith cycle are

. 2
AEGW,i - <EGW1>T - <EGW1> n: ’
. 2w
AJgwi = (Jow.i) o (64)

where n; is given by Eq. (347a) in Ref. [41]. The 3PN
orbital-averaged energy flux can be obtained from
Eq. (355) in Ref. [41], and the 3PN averaged angular
momentum can be found in Ref. [59]. For the mode energy
and angular momentum change we use Eqs. (33), (32), and
(62). There is however one subtlety, which is to include the
residual oscillation from the previous pericenter passage in
the calculation, i.e., the terms involving A;; and Ainit.
Based on Eq. (23), we denote Ay ; = Apnic(t;). Ainiti =
Amn( ;), and explicitly write down their mapping relations
as (with 0 > 1)

A/CII Q:(P_ — Pz)} {cos(a}T,-) + Z)Sin(wTi)] o7

e_yTi

s

y V. T
A = [ 37T/1 nad Q?j( 2+ Py) +A12r12it,i:| {COS(CUTJ - wsm(a)T,»)] e

M,
{Aﬁﬁ“ NG

Qg(P ) — Pz)] wsin(wT;)e T, (65)

with A%, = AL, AZ = Alzmt%* and similarly
Va s M, . sin(wT;) _ .
Alzr?lt i =AN {cos(a)T,-) + Esm(wT,-)} e i [—\/47r/5 — Q:Py —l—Aizr?it’i] — L e=rTi
W = |~ VARTS s 0:P -+ A [cost@) = T sin(ory) | e - A sin(uT e, (69
r

where we have abbreviated the mode index for frequencies and decay rates because they are the same for all modes with

£ =2.

In reality, even if the initial mode oscillation is known at the beginning of a sequence of bursts, the phase error due to the
PN approximation and the osculating orbit approximation may accumulate with time and eventually lead to very inaccurate

predictions for A,y and A;;. As a result, if we denote the time for a template to receive an O(1) phase error as 7y, an

accurate template should satisfy 77y, > 1.
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To 1PN order, the periastron frequency of the ith cycle f; is given by [38]

= 1 pericenter velocity 1 [l+e;, nkK (67)
' 2 pericenter distance 27 \[ 1—ey1—¢,
At 3PN order, f; can be obtained by combining Egs. (346) and (343) in Ref. [41]:
= ndgp/du nKdv 1 +2f,cos2v + 3g,cos3v + 4iy cos4v + 5hy cos 5v
" 2rdf/du  2m du|,_1 —e,cosu— g, +dv/du(g, + f,cos v + 2i,cos 2v + 3h, cos 3v) =0
27 1_€¢1_ez 9r + 1+ed)(gz+fz+211+3h)
I

where the definitions of and more discussions on the orbital , 3w M? 5

elements 4, 94, iy Ny f1r G» i1 By €4, €,, €, can be found Admode.. = |Q ?| Swopn 248 (P25 (@) = P3(@)]

in Refs. [41,58].

Under the impulsive approximation, the Newtonian _|_2 67/5M, [P_s(w3) + P (w5)]Im] 4(22) 02
formula for the energy and angular momentum deposited ain nit =
into the stars, i.e., Egs. (33) and (32), can be further 2./67/5M, . (2)
improved by incorporating the 1PN trajectory description +W[P (@) = Py (o) Re[Aj OF],
in Eq. (61). To do that, we only need to replace a, in 2%

Eqgs. (32) and (33) by a,, and the definition of P,,(y) by (70)
™ dx X —e,sinx and

Py(y) = 3 €08\ Y

o (1—e,cosx) n 3n M2
7
1+ey\1/2 AE 2= [P?,(wn) + Pi(w
+ 2mK arctan Kl /> tang] } (69) mode = |Q |"— 5.2 9[ 2(@02) +P5(02)]
—e
’ 22 M Lo
.. . |Q | 6P o(wzo)
and AE, 4. and AJ 4. are explicitly given by *al
W 675/ SM, 22
1.0' — T T T T T T T T T T T T T T T T T T +2ZT[P—2(6022)_P2(w22)]lm[A1(mt)Q§2]
TSN .
[ e * ] \/67/5M, L (22
08 ' o : LANEE SN ] +T[P—2(a)22)+P2(w22)}Re[Ai(nil)Q§2}
0.6 B I B
’ j ¢ e no mode * X ° 1 ”/ M
°© t etnomo:e ! ; : ° J Cl n lmt QEOP (CUQO) (71)
04r . e Y A v k)
i pnomode : 1 Note that in order to capture higher-PN tidal effects, the
0.2 4 Stnoinit 1 analysis of stellar oscillation in the Appendix should be
v Ctinit extended to higher-PN orders as well. In order to illustrate
ool v v o v the trajectory model described by Egs. (32), (33), (65), (66),
2 4 6 N 8 10 12 (63), and (64), we start an orbit with initial pericenter
distance R, = 3R, and initial eccentricity e, = 0.9 (in
FIG. 5. Plot of PN eccentricities for a sequence of pericenter ~ modified harmonic coordinates; this quantity is not gauge

passages, indexed by n. The quantities ¢,, e,, and e, are not gauge
invariant and their values are given in modified harmonic coor-
dinates. The initial pericenter separation is Ry; = 3R,, and the
initial e, is set to 0.9. The quantities e, modes €rno modes and
€4.n0 mode are obtained without including the star’s oscillations;
€no init 1 computed including the star’s oscillation but zero Ajy;;
e ini 18 computed taking into account the evolution of the mode
amplitude over time.

invariant). In Fig. 5, we compare the evolution of eccen-
tricities in three different scenarios: (i) assuming no tidal
excitations of the stars, (ii) allowing stellar oscillations,
while neglecting the nonzero values of A;,; and Ainh from
previous encounters, and (iii) allowing star oscillations
and evolving A;,;; and Ainit. In Fig. 6, we also present the
evolution of the orbital period, pericenter frequency, and
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FIG. 6. The same setup as in Fig. 5. The top plot represents the
evolution of the orbital period; the middle panel represents the
evolution of the pericenter frequency; the bottom panel represents
the evolution of the pericenter distance.

pericenter distance for the above three scenarios. We can
see that for such a close encounter, the oscillation of the
stars significantly alters the trajectory, and it is important
to include the evolution of the modes in the trajectory
model. In fact, for this case during some of the later close
encounters, the frequency of the orbit is larger when this
evolution is tracked, compared to when it is not, as energy
and angular momentum are taken out of the NS oscillations
and put back into the orbit. We also notice that, for the
last several orbits, the eccentricity falls below 0.5. Strictly
speaking, orbits in such a regime are no longer highly

eccentric, since the impulsive approximation is no longer
accurate. To deal with orbits with midrange eccentricities,
the mode evolution has to be computed using a continuous
forcing in time. Studying this regime is beyond the scope
of this paper.

VI. CONCLUSION

In this work, we have shown that the tidal excitation of
stellar modes can dramatically influence the dynamics
of binary neutron stars in highly eccentric orbits. The
amount of extra energy and angular momentum change in
the orbit due to mode excitation can be tens of percent of
that due to GWs alone, if the pericenter distance is smaller
than ~4R,. The exact amounts will depend on the EOS, and
here we focused on a I' =2 polytrope to simplify the
comparison between the analytic model and numerical
results. The formalism describing the mode excitation
and orbital evolution, however, applies for generic EOSs
(cf. Sec. II). The prediction from the Newtonian approxi-
mation agrees with the full numerical results to within a
factor of a 2 (with the error likely dominated by systematic
effects in measuring orbital properties from the code
results). This also resolves the large discrepancy between
a similar analytic calculation and numerical simulations
reported in Ref. [37].

The discussion presented in this work also applies for
highly eccentric NS-BH binaries, regardless of the mass
ratio [60]. While the rates of detecting these highly
eccentric binaries are uncertain, their gravitational wave-
forms display distinctive f-mode oscillations, which are not
present in any appreciable amount in quasicircular systems.
Observing these oscillations would provide unprecedented
information about the structure and EOS of cold NSs.
One possible way to enhance the SNR of these oscillation
features is to stack the post-encounter waveform of a series
of pericenter passages, which requires accurate predictions
for the timing of these encounters. Another possibility is to
rely on the observation of third-generation ground-based
detectors. As the f-mode frequency is generally above
1 kHz (the f-mode frequency in Fig. 3 is approximately
2.1 kHz), the high-frequency detector proposed in Ref. [61]
is ideal for observing such signals. Assuming a detection
strategy that coherently adds the signals from different
pericenter encounters, the estimated SNR for f-mode
oscillations is

1/2 -25 -1/2
SNR ~ 30 E mode 50 Mpc)\ /5 x 107 Hz
Eaw d VS,

where d is the distance of the binary from Earth, S, is the
one-sided power spectral density of the detector, Egy is the
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total energy radiated by GWs and &,,,4 is the energy
radiated by f-mode oscillations.
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APPENDIX: PERTURBATIONS OF
A POLYTROPIC STAR

The perturbation of a polytropic star is described by the
Lagrangian displacement field &, which obeys [Eq. (2.212)
of Ref. [62]]

9E = <5§> Vp — Vop _ V5o, (A1)
p p
where
op=-I,pV-£-¢-Vp,
sp ==V (p&). (A2)

Here I'), is the adiabatic index of the perturbation, which
may or may not be the same as I' for the equilibrium
configuration. However, for the polytropic (hence baro-
tropic) stars studied here, we have I' = T',,. In addition, the
total Newtonian potential is 0® = oU + Uyg., Where 6U
obeys the Poisson equation:
V25U = —4rGép. (A3)
The equation of motion for the Lagrangian displacement
field can be written schematically as

OPE; + L*E =V Uge. (Ad)
In order to determine the body’s response to an applied tidal
field, it is useful to first compute the normal modes of the
system, corresponding to free oscillations, i.e., solutions
of Eq. (A4) with the right-hand side being zero. With &)

given in Eq. (5), we write &; as §§">e""’ , and define

op = p(r)y(r)Y ., (0. p)e",
5p = 0(r)Y (6, Pp)e,
U = u(r)Y,,(0, p)e™. (A5)

When combining Egs. (A1) and (A3), we notice that not
all perturbation variables are independent. In particular, we
can express &g and ¢ in terms of the other variables as

y+u P’y
0=22 " ag.
ro r,p

(A6)

We obtain the following ordinary differential equations:

2.1 2
ey PP [IUAD) P D
S N [
Y =(0"+Ag)ép—Ay =i,
2 [(I+1
u//___u/+(+72)l/l+4n’Gp(ﬂ_A§R> (A7)
r r Lpp
with
P pr_r
. A8
> 2w

As explained above, for the polytropic stars studied here,
A is zero. The differential equations are subject to the
regularity condition at the center of the star and boundary
conditions at the stellar surface which require force balance
and zero pressure:

(py + P'ér)

(u’+(l+ 1)2)

The eigenfrequency ¢ and eigenfunctions £, and g can
be obtained by solving Eq. (A7) with the above boundary
conditions.

R, =0,

= —47Gp(R.)Ex(R,). (A9)

R,
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