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ABSTRACT

As the aLLIGO and Virgo detectors continue to improve their sensitivity for observing gravitational
waves from merging compact binaries, they will require ever more precise theoretical predictions
to extract a detailed understanding of the physics governing these merging systems. This thesis dis-
cusses advancements within computing the gravitational waveforms along two avenues of research:
the continued development of a spectral Cauchy-Characteristic Extraction (CCE) code and the pre-
sentation of a novel method called “Tidal Splicing’ for generating waveforms for binary neutron star
(BNS), black hole-neutron star (BHNS), and even Beyond GR systems.

Due to the finite extents of typical 3+1 simulations of merging binaries, the waveforms they gener-
ate can suffer from near-zone effects and lingering gauge ambiguities. CCE was developed in order
evolve radiating gravitational waves as they propagate outward to future null infinity, allowing stud-
ies connecting the dynamical spacetime of binary evolutions to effects seen by distant observers,
such as superkicks, and angluar and linear momentum fluxes. A recent spectral version of CCE
showed promising improvements in accuracy and efficiency over the older finite-differencing code,
PittNull. However, lingering issues with the numerics and implementation of the theory prevented
it from wide spread use. We detail the developments updated its initial release and demonstrate the

enhancement in accuracy they yield beyond the capabilities of PittNull.

The method of Tidal Splicing enhances the inexpensive Post-Newtonian (PN) tidal corrections with
BBH waveforms from numerical simulations to generate waveforms corresponding to inpsiraling
BNS or BHNS systems. This leverages the accuracy of numerical BBH waveforms to effectively
replace the corresponding unknown PN terms. In addition, by picking individual terms in the PN
tidal expansions to include, then comparing with existing numerical simulations, we are able to
probe the significance of each contribution to the total difference in evolution between BBH and
BNS or BHNS inspirals. We also demonstrate how the splicing concepts used for tidal effects can
extended in order to model waveforms with corrections according to theories beyond GR using an

example case of a resonating ultra-compact object.
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Chapter 1

INTRODUCTION

One prediction of Einstein’s theory of General Relativity (GR) is the existance of gravitational
waves, ripples of gravity propagating at the speed of light which very subtly distort the space they
pass through. Similar to how accelerating electrons and protons emit electromagnetic radiation, a
pair of massive objects orbiting around each other under the influence of gravity will emit gravi-
tational radiation. The more massive the objects and the faster they are moving, the larger these

ripples will be.

When two objects are orbiting each other in a binary, the emission of gravitational radiation will
cause the orbits to slowly decay and the objects to orbit closer to each other. As the orbit shrinks,
they orbit about each other faster, leading to a greater emission of gravitational radiation. If there
are no other effects influencing the orbits, this process will continue, slowly accelerating the objects
in the binary closer to each other until they collide, merging into a single object. The gravitational
waves will be largest when a pair of ultra dense objects are orbiting in close proximity to each other.
Thus, the binaries which will generate the strongest gravitational waves will be those comprising of
either a Black Holes (BH) or a Neutron Stars (NS) during the last, decaying orbits as they coalesce

into a single object.

For most of the past century, gravitational waves even from colliding BHs or NSs were far too weak
for observatories on Earth to detect, as the source of those systems typically originate hundreds of
millions or billions of light-years away. It has only been in the past few years, with the impressive
developments with the al.LIGO [2] and Virgo [14] detectors, has the technology improved to the point
where these faint signals can be observed, opening a new window to peer at the rest of the universe.
The first detection of colliding BHs, GW150914 [7] (named according to the date it was detected),
heralded the start of gravitational wave astronomy. This direct detection of gravitational waves led
to the 2017 Nobel Prize in Physics. There have since been a number of additional observations
of the colliding BHs [6, 10-12], as well as a detection of colliding NSs, GW170817 [13]. As the
detectors push to ever more sensitive configurations, the number of expected gravitiational wave

signals they are expected to observe will only increase.

The configuration of the orbiting binary, the mass of each BH or NS, how much they are rotating
about their axis, and so forth, all imprint different signatures on the resulting signal pattern. One
of the challenges facing these detectors is how to extract the signal of a passing gravitiational wave
from the noise inherent within the detector. We may detect such a signal by comparing the observed
signal against a template bank of theoretical signals at various possible configurations, and finding
which configurations best match the signal. From this, we can estimate the configuration of the

binary which generated the gravitiational waves. However, these estimates are only as good as the



signals used to generate the template bank.

The primary difficulty of computing the possible gravitational waves to populate the template bank
is that there are no closed form solutions to describing the orbits of a binary evolving according to
GR. As such, researchers employ other methods to compute the theoretical signals, from numerical
simulations to analytic approximants and calibrated models, each with their own advantages and

disadvantages.

Numerical simulations are preferable, as they are the full calculation of the binary within GR using
computational techniques. Current simulations of these binaries employ a "3+1" decompostion,
where they compute the Einstein equations across 3 spatial dimension at a single time slice, then
using those results in order to advance the simulations forward to the next discrete time slice. One
limitation of this formulation is that such simulations only extend to a compact spatial region around
binary and nowhere near the typically millions to billions of light-years of intervening distance be-
tween the binary and detectors on Earth. While there are a few methods for estimating the resulting
gravitational waves from the outer edge of the simulations, they are not perfect and the particular

way in which the simulation chooses its coordinates can affect them.

These limitations led to the development of a method called Cauchy-Characteristic Extraction
(CCE) [35, 36, 39], which can simulate how pattern of radiating gravitational waves propagate
outward to arbitrarily far distances. It does so by way of a "2+1+1" decomposition of the Einstein
equations, which evolves the spacetime along the trajectories of the gravitiational waves. While
this method does not work for the intense, dyanmical gravity near compact orbiting objects, CCE
can extract the results from the outer edge of the 3+1 simulation to compute the final signals which
would be observable from Earth. This also means that we can use CCE in order to study how
the local GR physics connect to measurable quantities by distant observers, such as measuring the

ringdown [32], as well as kicks and fluxes of angular and linear momentum from merging binaries.

While an older version of a finite-differencing CCE code has been available for use [21, 135, 136]
it was only recently with the development of a spectral version of CCE which promised to be
fast enough for large scale use. Chapter 2 includes detailed discussion of the numerous changes
and improvements made to this spectral CCE code since its initial implementation in [87-89]. It
also includes various tests of the code demonstrating its accuracy and efficiency in computing the

radiated gravitational waves.

Unfortunately, full 3+1 simulations are computationally expensive and this expense scales with the
difficulty of the object being simulated. While BHs are relatively smooth objects, where the simu-
lations can excise most of the interior space behind the event horizon, NSs are made of extremely
dense matter. The matter influences and is influenced by the binary’s orbit and thus alters gravi-
tational wave signal. So while numerical developments allow current simulations of orbiting BHs
to be run relatively efficiently, the behavior of the matter within the NSs drastically increases the
simulation cost. Currently, using numerical simulations for systems with NSs to populate template

banks is computationally prohibitive.
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An alternative method of generating the signals from these binaries is analytic approximants which
are cheap to generate while the orbit is decaying. Within these approximations, the NSs are treated
as corrections to binaries comprised of only BHs. However, they are approximations so their accu-
racy worsens as the objects near collision. Ironically, it is the corrections corresponding to the BH
only system which are expected become inaccurate before the additional NS corrections fully man-
ifest in the gravitational wave signal. In this sense, the analytic approximants for NSs in a binary

are limited by the relatively poor knowledge of the BHs.

This particular dichotemy of relatively efficient simulations of BHs and cheap analytic corrections
for NSs which gives rise to a hybrid method of generating gravitational wave signals for binaries
with NSs that I have innovated called ‘Tidal Splicing’. This method works by treating the signal
from the numerical simulations as if it had been generated as a corrected analytic approximant.
Then the analytic corrections for the NSs are added on top of the numerical results, generating a new
signal which approximates the orbital behavior as if the binary had been made of NSs originally.
This also allows us to disentangle the contributions of individual effects, such as spinning NSs
and dynamical tides, to the overall signal by tuning which effects we include when splicing the
waveform. Chapters 3 and 4 give a full description of the concepts behind this model and results

when compared with numerical simulations with NSs.

There are also theoretical motivations for considering the case in which black holes are not perfectly
‘black’, but instead are ultra-compact objects with surfaces just outside the event horizon. While
such differences would be nearly imperceptible to electromagnetic observations, these objects would
exhibit distinct inspiraling evolution from BHs or NSs, thus requiring additional work to model the
patterns of gravitational waves they emit. Chapter 5 will demonstrate how splicing methods provides

the potential for modeling such additional corrections to exotic objects in orbiting binaries.



Chapter 2

SPECTRAL CAUCHY-CHARACTERISTIC EXTRACTION

2.1 Introduction

The discovery of GW150914 [7] heralded the beginning of gravitational wave astronomy. In the
subsequent years that detection has been followed up by a number of other signals observed from
binary black hole (BBH) mergers [6, 10-12], as well as from the merger of a binary neutron star
(BNS) system [13]. As the alLIGO [2] and Virgo [14] detectors push to ever greater sensitivities, the

number of expected observations will continue to grow.

Extracting the signals from the noise involves matching the incoming data against a template bank of
theoretically expected waveforms generated across possible binary configurations. The efficacy of
extracting the configuration parameters (for instance, masses and spins of the binary components)
from a given signal depends on the fidelity of the computed waveforms comprising the template
bank; this is because errors in the template bank will bias the estimated parameters. The only
ab initio method of generating accurate theoretical waveforms for merging BBH systems is via
numerical relativity: the numerical solution of the full Einstein equations on a computer. Other
methods of generating theoretical BBH waveforms, such as Effective One-Body solutions [53] and

phenomenological models [101, 104], are calibrated to numerical relativity.

One limitation of numerical relativity simulations is that they all rely on a Cauchy approach in which
the spacetime is decomposed into a foliation of spacelike slices, and the solution marches from one
slice to the next. Such an approach can compute the solution to Einstein’s equations only in a region
of spacetime with finite spatial and temporal extents bounded around the compact objects, whereas
the gravitational radiation is defined at future null infinity .#*. Extracting the waveform signal from

the simulations with these finite extents requires additional work.

The most common method of extracting the gravitational radiation from a numerical relativity sim-
ulation is to compute quantities such as the Newman-Penrose scalar W4 [119] or the Regge-Wheeler
and Zerilli scalars [140] at some large but finite distance from the near zone (perhaps 100—-1000M,
where M is the total mass of the system), typically on coordinate spheres of constant coordinate
radius r. Because these quantities or the methods of computing them include finite-radius effects,
these quantities are computed on a series of shells at different radii r, fit to a polynomial in 1/r,
and then extrapolated to infinity by reading off the 1/r coefficient of the polynomial [57]. As the
extraction surfaces are shells of constant coordinate radii, the choice of gauge implemented in the
simulation can contaminate the resulting waveforms. Furthermore, if the shells are too close to the

orbiting binary, the extrapolation procedure might not remove all of the near-zone effects.

An alternative method for computing gravitational radiation in numerical relativity is to solve the

full Einstein equations in a domain that extends all the way to .#*, where gravitational waves can
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be measured. This can be done by rewriting Einstein’s equations using a characteristic formal-
ism [54, 122, 139], in which the equations are solved on outgoing null surfaces that extend to .# ™.
This formalism chooses coordinates that correspond to distinct outward propagating null rays, so it
fails in the dynamical, strong field regime at any location where outgoing null rays intersect (i.e.,
caustics). Because of this, characteristic evolution is unable to evolve the near-field region of a
merging binary system, so it cannot accomplish a BBH simulation on its own. However, it is possi-
ble to combine an interior numerical relativity code that solves the equations on Cauchy slices with
an exterior characteristic code that solves them on null slices; this approach is known as Cauchy-
Characteristic Extraction (CCE). (See Fig. 2.1.)

Specifically, CCE takes metric data known on a world tube I" (thick red line in Fig. 2.1) that lies
on or inside the boundary of a Cauchy evolution (red region), and treats it as inner boundary data
for a characteristic evolution outward along null slices (blue curves). Because the combined CCE
system uses the full Einstein equations, it produces the correct solution at .#*, with the characteristic
evolution properly resolving near-zone effects. The gravitational radiation is computed according
to a particular inertial observer at .# " (green curve). This particular observer is related to any other
inertial observer by a single BMS transformation [139] (the group of Lorentz boosts, rotations,
and supertranslations [138]), so up to this BMS transformation the waveform is independent of the

gauge chosen by the Cauchy evolution.

The first code to implement CCE was the PittNull code [35, 36, 39]. Since its initial implementation
there have been a number of improvements made, and the current iteration of that code utilizes
stereographic angular coordinate patches, finite-differencing, and a null parallelogram scheme with
fixed time steps for integrating in the null and time directions. Overall the code is second-order
convergent with resolution [21, 135, 136]. Compared to waveforms computed from a Cauchy code
by evaluating ‘P4 at finite radii and extrapolating to r — oo as described above, waveforms extracted
via CCE using PittNull were shown to better remove gauge effects and to better resolve the m = 0
memory modes [125, 134, 151].

Currently, PittNull requires thousands of CPU-hours to compute a waveform at .#* given worldtube
output from a typical Cauchy BBH simulation at multiple resolutions [87]. While that cost is smaller
than the computational expense of the Cauchy simulation, it is still unwieldy, and is likely one reason
that most Cauchy numerical-relativity codes do not use CCE despite the availability of PittNull.
Because the metric in the characteristic region is smooth, the computational cost of characteristic
evolution should be greatly reduced by using spectral methods instead of finite differencing. Such a
spectral implementation of characteristic evolution has been introduced in the SpEC framework [87—
89]. Their tests showed improved speed and accuracy over the finite-difference implementation of
PittNull [87, 88].

Our work here describes improvements in accuracy, efficiency, and robustness to the code described
in [87-89]. In particular, we discuss an improved handling of the integration along the null slices, we

clarify issues related to the particular choice of coordinates along the null slice, and we implement



Figure 2.1: Penrose diagram showing a typical CCE setup. The metric is evolved using 3+1 methods
in the Cauchy region (shaded red) and with null methods in the characteristic region (shaded blue).
The Cauchy and characteristic regions overlap. Curves of constant 7 or F, the Cauchy coordinates,
are shown in red, and are shown as dashed curves outside the Cauchy region, where they extend
to spatial infinity i® or future temporal infinity i*. Null curves of constant u are shown in blue.
Given data on an worldtube I" (thick red curve) and on an initial null slice (thick blue curve), the
characteristic evolution computes the full metric in the characteristic region. In Section 2.3 we
describe the interface from Cauchy to Bondi coordinates on I'. In Section 2.4 we describe the
characteristic evolution. In Section 2.5 we discuss computing the News function at .#* (thick green
curve) and transforming it to coordinates corresponding to a free-falling observer.
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better handling of the inertial coordinates at .#*. We demonstrate through a series of analytic tests

that our version of CCE can compute waveforms with much lower computational cost than PittNull.

We start with a brief summary of the Bondi metric and the null formulation of the Einstein equations
in Sec 2.2. A detailed explanation for how CCE works can be broken up into three distinct parts: the
inner boundary formalism, the volume characteristic evolution, and the .# " extraction, which we
describe in subsequent sections. Sec 2.3 describes the means by which the metric data known on a
world tube is converted into Bondi form to serve as the inner boundary values for the characteristic
evolution system. Sec 2.4 discusses the process of evolving Einstein’s equations from the inner
boundary to .#*. Sec 2.5 explains how to take the metric data computed on .# " and extract the
Bondi news function in the frame of an inertial observer at .#*. In Sec 2.6, we describe code tests

and performance.

Throughout this paper, indices with Greek letters (u,v,...) correspond to spacetime coordinates,
lowercase Roman letters (i, j,...) to spatial coordinates, and capitalized Roman letters (A, B,...) to
angular coordinates, and we choose a system of geometrized units (¢ = G = 1). For convenience,

we have included a definitions key in appendix 2.7.

2.2 Summary of characteristic formulation

In the characteristic region (see Fig. 2.1), we adopt a coordinate system x* = (u,r,x?), where u
is the coordinate labeling the outgoing null cones, r is an areal radial coordinate, and x* are the
angular coordinates. Note that a surface of constant («,x?) is an outgoing null ray parameterized
by r; for this reason we sometimes call  a “radinull” coordinate. The metric can then be expressed
in the Bondi-Sachs form [54, 139],

ds® = — (ezﬁ (1+rW) - rZhABUAUB) du® = 2e*P dudr - 2r2hABUBdudxA + rzhAdeAde,
2.1)

where W corresponds to the mass aspect, U4 to the shift, 8 to the lapse, and &4 p to the spherical
2-metric. The quantity /4 g has the same determinant as the unit sphere metric gap, |hag| = |gaB|.
An additional intermediate quantity, Q 4, is defined to reduce the evolution equations to a series of
1st order PDEs,

Q4 =r*ePhagUs. (2.2)

Instead of expressing the metric in terms of tensorial objects, we employ a complex dyad so that
the metric components can be computed as spin-weighted scalars, and each of these scalars can
be expanded in terms of Spin-Weighted Spherical Harmonics (SWSHes) of the appropriate spin
weight; see Appendix 2.7 for details about SWSHes. The dyad ¢4 has the following properties:

q*qa =0, (2.3)
q*ga =2. (2.4)



If we define g4z and ¢4 such that

1
qAB =5(61Af?3 +daqB), (2.5)
q*“qcp =54, (2.6)
then
a* =q"%qs. 2.7)

We express the metric coefficients and the quantity QO 4 in terms of spin-weighted scalars J, K, U,
and Q, defined by

1
J =§hABquB, (2.8)
1
K =5hABquB, (2.9)
U =qaU%, (2.10)
0 =0aq". Q2.11)

The determinant condition on /4 g defines a relationship between J and K as
K=+vV1+JJ. (2.12)

We introduce one more intermediate variable H, the time derivative of J along slices of constant r,

H = J,ulr:const (2-13)

Evaluating the components of the Einstein equation G,,,, = 0 provides a system of equations for the
quantities 8, Q, U, W, and H:

B.r =Nz, (2.14)

(r?Q),, = —r*(dJ +0K),, + 2r*0(r2B)., + No, (2.15)

U, =r2e*0 + Ny, (2.16)

1 _ 1 o
(r*W),, =§e2572 — 1 -ePodeP + Zr_z(r4(6U +3U)),, + N, (2.17)
2(rH), =((1 +rW)(rd),)., —r L ?0U),, + 2r 1ePd%eP — (P W) . J + N7, (2.18)
where
I 1 .
R =2K — 50K + 5(621 +02J) + R(estsJ - 8J5J), (2.19)

and Ng, Nw,Np, Nw, and N; are the terms nonlinear in J and its derivatives, as according to [39].

Appendix 2.7 provides the full expressions for these equations.



9

The equations are presented in a useful hierarchical order: the right-hand side of the 8 equation
involves only J and its spatial derivatives, the right-hand side of the Q equation involves only J
and S and their spatial derivatives, and so on for the other equations. Therefore, given data for all
quantities on the inner boundary as well as J on an initial # = constant null slice, we can integrate
the series of equations in Eqs. (2.14)—(2.18) on that slice from the inner boundary to r = oo to obtain
B,0,U,W and then H in sequence on that slice. Then, given H = J ,,|,=const On that slice, we can

integrate forward in time to obtain J on the next null slice.

2.3 Inner Boundary Formalism

The coordinates used to evolve Einstein’s equations in the Cauchy region (red area of Fig. 2.1) are
generally different from the Bondi coordinates discussed in Section 2.2. The Cauchy coordinates
are chosen to make the interior evolution proceed without encountering coordinate singularities; the
procedure for choosing these coordinates is complicated and typically involves coordinates that are
evolved along with the solution [26, 60, 112, 128, 141, 147]. Therefore, for CCE we must transform
from arbitrary Cauchy coordinates to Bondi coordinates at the worldtube. Here, in the Cauchy
region, for simplicity we assume Cartesian coordinates (7, ¥') in which the world tube hypersurface
I" (which is chosen by the Cauchy code) is a surface of constant #, where # = /%2 + 2 + 2. We

also define angular coordinates ¥4 = (4, &) in the usual way from the Cartesian coordinates ¥'.

The world tube serves as the inner boundary of the characteristic domain (see Fig. 2.1). On this
boundary, we assume that the interior Cauchy code provides the spatial 3-metric gy, the shift B,
and the lapse &, along with the 7 and 7 derivatives of each of these quantities. Angular derivatives
of these quantities are necessary as well; however, we can compute those numerically within the

worldtube itself, so they need not be provided a priori.

Ref. [36] describes how to take the data provided by the interior Cauchy code and covert it into
Bondi form (Eq. (2.1)) to extract the inner boundary values of the evolution quantities (Jir, 8, . . .).

This section is primarily a summary of their results; however, we use different notation than Ref. [36].

Intermediate Null Coordinates

Our goal is to transform from the coordinates (7, ¥') into Bondi coordinates. It is simplest to proceed
in two steps: the first step, described in this subsection, is to construct coordinates foliated by
outgoing null geodesics. The second step, described in Section 2.3, will be to transform from these

intermediate coordinates to Bondi coordinates.

We begin by constructing the null generator £#, which involves the unit outward spatial vector

normal to the world tube’s surface, s#, and the unit timelike vector normal to a slice of constant 7,

nt:

(2.20)
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U | ¢
nh=— (1.-57). (2.21)

Eq. (2.20) depends on our simplifying assumption that the world tube is spherical in Cauchy coor-
dinates, and can be generalized.From these, the null generator is

nt + sH

a - gﬁﬁlsl
The time derivatives of these vectors are
i = (0, (—=gT + sisij2) sk 8113,;) , (2.23)
| L.
nh, =2 (—a,f, & B - aﬁjf) , (2.24)
By ol s it (L5 4 o BisT 4+ o Bl sl 4 o Blg)
g i - . S iP s+ &3P gih's;) (2.25)
N o - gﬁﬁlsl

We will now construct a null coordinate system based on outgoing null geodesics generated by £4.
Let A be an affine parameter along these geodesics such that the value of A on the world tube I is
Ar = 0. We also define a null coordinate iz and angular coordinates A = (9, ) that obey it = ¢
and ¥4 = ¥4 on the world tube, and are constant along the outgoing null geodesic generated by £4.
Thus we have defined a new intermediate coordinate system, X = (i,1,0,¢) and we will express

the metric g5 in these intermediate coordinates.

To do this, we will need to write down the coordinate transformation from X to ¥# in a neigh-
borhood of the world tube, not just on the world tube itself, because we need derivatives of this
transformation. In particular, we will need derivatives with respect to 4. The derivative of the

metric components g,y along the null direction simply is

g, A =" 8jiv.y- (2.26)

The evolution of the coordinates ¥# along null geodesics implies that in a neighborhood of the world
tube

o= 00, = OR (2.27)

Given the new coordinates ¥#, the metric components in these coordinates are

X% P
8av = 527 gov Sap (2.28)

On the world tube,

axA  gxA’
o,

o
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oi

where the term 9%'/dx” the standard Cartesian to spherical Jacobian. The above values of the

0, (2.29)

Jacobians hold only on the world tube. In addition to the metric itself, we will also need first
derivatives of the metric, including the derivative with respect to A. This requires the A derivatives

of the Jacobians evaluated on the world tube, which we represent here as

ot _
IxAor oxA A
A2xh HLH y
e 2.30
onoAl O 2 (2.30)

where we have made use of Eq. (2.27).

We are now ready to write out the metric in these intermediate coordinates by taking the expression

in Eq. (2.28) and taking the appropriate derivatives,

ng/l - = 17
8114 =84 =0,
8an =8¥¢>
9t
gﬁA :af‘& 8it»
Xt ox
8AB = g
AP oA gxB
09Xt 49X a 0X 5 9%
8ABA =55 peB ST T (5 Ages T axA)gm’
_0xXT 94X
8AB,u _8XA 6_Bg1] )
3 ox! .
_ —pH yui
saia = 38+ (17,2 + " 2811) - 2.31)
and
guu :guA -0,
g™ =1
g*Pepc =02,
g/lA :gABguB’
g/u =—8aa t g/lAgL-,A,
g =-¢"¢"Pgcp 1
g' =" (gap.a— 2" g5c.a) - (2.32)

Bondi Form of Metric
Given the intermediate null coordinates and the metric in that coordinate system, we apply one last

coordinate transformation to obtain Bondi coordinates. We define Bondi coordinates (u,r,0,¢),
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where r is a surface area coordinate, u = i, # = 6§, and ¢ = ¢. The surface area coordinate r is

defined by
1 1
1 S\
. (|gAB|) _ (lgAgl) ’ (233)
lgaB] l945]

where gz 5 is the unit sphere metric.

The components of the metric in Bondi coordinates are then

oo o

H = T _gB, 2.34
g 957 588 (2.34)

The Jacobians include the derivatives of the Bondi radius r. We compute

-
4
.

rou :ZgABgAgﬂ. (2.35)

Since the only difference between the Bondi and intermediate coordinates is the choice of radinull

coordinates, the Jacobians for the u, 8 and ¢ directions are trivial. Eq. (2.32) gives us

uu :gﬁa — O,
uA =gﬁA_ — 0,
gAB =g1B, (2.36)
The other metric components are
or -
ur _ _ up _ -,
& Toxh A
or or .5 2 aa 1A AB
o8 = () g w2 (ragt = ) + 7 ar g™,
or iz i i5
rA _ Ap _ 1A _,AB
g __(9)E/7g rag8" " +rpgtt. 2.37)

Because u and x* are equal to i and %4 on the world tube and are constant along outgoing null
geodesics, the time and angular coordinates (f,iA) on the world tube determine the coordinates
u and x? throughout the characteristic region, including on .#*. Thus, the coordinates at .#*
will be gauge-dependent, since 7 and x4 are dependent upon the gauge choices made in the 3+1
Cauchy evolution. We will later eliminate this gauge dependence by evolving and transforming to

the coordinates of free-falling observers on .#*, as described below in Sec. 2.5.

Inner Boundary Values of Characteristic Variables
Now that we have the full Bondi metric, we assemble the inner boundary values for the various

evolution variables used in the volume, J, 8,Q,U, W, and H. We write out the complex dyads as

ga = (~1,-isinf),
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qA=(—1,— ! ) (2.38)

sin 6
Now because these complex dyads form the basis of the unit sphere metric g4 g, and because g4 p

is indepedent of time and radius, along each ray these dyads are constant, thus g4, = qA/l =0.

Inverting the metric in Eq. (2.1),

0 _¢ 2B 0A
g == (1+rW)e? —e2BU4|, (2.39)
0B _e2B/B F—2pAB

where haphB€ = 6§ and |hag| = |qasl.

In the PittNull code, the quantities J, 8, Q, U, and W and their A derivatives are computed on
the worldtube, and then J, S, Q, U, and W are extrapolated off the worldtube onto a surface of
constant Bondi radius r [36]. PittNull then chooses its internal compactified radinull coordinates in

the characteristic region to be surfaces of constant r.

However, in Ref. [87] and here, we avoid extrapolation, and we instead choose the worldtube to be

at a constant value of our compactified radial coordinate p,

r

= 2.40
L R+r ( )

where R(u,x?) = rir is the Bondi radius (Eq. (2.33)) of the world tube,
R =rr (2.41)

Note that R depends on u and x* and that p runs from pr = 1/2 to pl.7+ = 1. Because of our choice

of compactified radinull coordinate, R and its derivatives evaluated on the world tube (Eq. (2.35)),

R =rar, (2.42)
R =rur, (2.43)

will appear in our equations, and we need to carefully distinguish between derivatives with respect
to u or x4 at a constant value of r (which appear in Eqgs. (2.14)—(2.18)), and derivatives with respect

to u or x“ at a constant value of p (which appear, e.g., in Eq. (2.43)).

We can now write down the inner boundary values of the characteristic variables in terms of the
metric coefficients that we have computed at the inner boundary. Going back to the definition of

J= %quB hap, we get the expressions

1
Ji- = A B , 2.44
r=5gz9 4 8B (2.44)
K\r = \[1 + J|r.]_|r, (2.45)

1 2R ,
Jar =5—4"¢" - —=Jr. 2.46
AN =534 8aBA — —=Jir (2.46)
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We can read off the value for g"" to compute S,

1
ﬂ“" = —z In (R’,l) . (247)

We will also need 8, yr in order to compute Qr. Directly differentiating Eq. (2.47) yields

Bar = —’—/l, (2.48)

but this involves the quantity R ,,, which appears to depend on second derivatives of the metric. So

we instead compute 5, |r using 5’s evolution equation, Eq. (2.154):

R - 2
Bar = SR, (LT ar = (Kar)?)., (2.49)

>

which involves only first derivatives.

The quantities U and W can similarly be read off from the metric:

Ur :Z“’ qa, (2.50)
1 grr
Wir == (—gw - 1) . 2.51)

To get Qr, we will also need U 1, which we compute by differentiating the expression for Ujr and
using Eq. (2.48) to eliminate R 4, in favor of S 4 r:
ai  Rag ap Re an 1A
Uar =— ' + ==g"® + —=¢**) gz + 2841 (Ur + 2" 45) , (2.52)
’ R R

>

where it is understood that S r is to be evaluated using Eq. (2.49). Now that we have an expression

for U jr, the inner boundary value of Q is given by

Oir =R* (JrU.arr + KirUar) - (2.53)

The last quantity that we will need on the inner boundary is H = J ,|,=const- However, since the
worldtube I" is not a surface of constant r, we must take care how we compute our u-derivatives. In

particular, differentiating Eq. (2.44) on the world tube gives us

2R,
R

Jurr ===9"4"8aB.u — —=Jr. (2.54)

2R?
where all u-derivatives are taken on the worldtube rather than holding r fixed.

Note that the world tube is a surface of constant p, our compactified radial coordinate. We introduce

one last intermediate variable ® = J ;| ,=const, S0 We can write Eq. (2.54) as

2R,

1 4 B §
O = g2 4 8aBu— Jir. (2.55)
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Note that if the world tube is located at a fixed value of 7, as we assume here, the derivatives gap,
and R, can be taken at constant 7. Instead, if the world tube is allowed to move freely (within the
Cauchy #9 coordinate system), then an additional correction factor depending on the worldtube’s

coordinate velocity will be necessary to convert g4 g,y |#=const ad R ;;|#=const t0 §aB,u T and R ,r.

To compute H in terms of ® we use Eq. (2.40):
R
sz)—p(l—p)?l,p. (2.56)

This formula will appear again in the volume evolution; see Sec 2.4. Since we have already com-

puted J , in Eq. (2.46), we convert J , to J ,,

or 04 R 1

Jp=e = ———]
P Taport T (= p)2rat

(2.57)

After substituting this into Eq. (2.56) and evaluating at the inner boundary (p = 1/2), the formula

for the inner boundary value of H is

R
Hyr=®r - —Jar. (2.58)
R A

>

Right now the information flow for the inner boundary formalism is entirely outgoing. That is, in-
formation from the interior spacetime feeds into the CCE evolution, yet the CCE evolution does not
feed back into the interior spacetime. An extention of CCE, called Cauchy-Characteristic Matching
(CCM) [36] involves converting from the Bondi metric back into the world tube metric, coupling the
information from the volume evolution back into the interior spacetime, effectively providing solu-
tions to the boundary condition on the interior spacetime which fully satisfies the Einstein equations.
While a previous code has successfully performed CCM in the linearized case, they were unable
to stabily run it for the general case [146]. Future work on our code will attempting to implement
CCM in our code so that we can fully couple it to the evolution of the interior spacetime and bypass

the need for separate boundary conditions for the Cauchy codes.

Computational Domain

We implement angular basis functions through the use of the external code packages Spherepack [15,
55], which can handle standard spherical harmonics, and Spinsfast [100], which is capable of
handling SWSHes. The world tube metric data and most of the intermediate quantities of the inner
boundary formalism are real, tensoral metric quantities (i.e. representable by the typical spherical
harmonics), so we use Spherepack. Once all of the inner boundary values of the Bondi evolution
quantities are computed, they are then projected onto the basis utilized by Spinsfast for use during
the volume evolution. Because Cauchy codes evaluate the world tube data at discrete time slices,

we use cubic interpolation to evaluate each of the metric quantities at arbitrary time values.
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2.4 Volume Evolution

Computational Domain

Because the domain of CCE extends all of the way out to .#* where the Bondi radius is infinite, to
express . * on a finite computational domain, we define a compactified coordinate, p, in Eq. (2.40).
This choice of compactification is subtly different from that which is used in PittNull [135]. Because
they extrapolate quantities on the worldtube onto a hypersurface of constant Bondi radius, their
compactification parameter is constant and unchanging during their entire evolution. By tying our
compactification parameter to a fixed coordinate radius 7 and allowing the Bondi radius to change

freely, we must be careful in how we define our derivatives.

One consequence of utilizing p is that angular derivatives computed numerically on our grid, 9.,
are at a constant value of p, so these are not the same as angular derivatives defined on surfaces of
constant r, which we denote as 8. Since Eqs. (2.14)—(2.18) involve 8 and not 8,, we must apply a

correction factor to compute 0 from §),:

p(1—p)

SF =8,,F — F,,8,,p = 8|, F — F, 5pR, (2.59)

for an arbitrary quantity F. Similar correction factors are needed for second derivatives that appear

in the evolution equations:

1-2 (1-p)
O0F p =0)pFp — F,p—palpR —Fpp %%R, (2.60)

R
i} _ p(1-=p) . . p(l—p)x
O3F =B|pd|pF + Fp (T) (2(1 = PO ROHR — R6|p6|pR) =9 Fp (TélpR

5.7, (29 "Ps R|+F p(l_p)26 R3|,R 261
—Ip,pTlp"‘,ppT lpXO|p IX. (2.61)

Correction factors for 3F, 8F, p» OOF, 80F, and 33F are obtained by appropriately interchanging &
and 3 in Egs. (2.59)—(2.61).

Numerical derivatives with respect to ¢ and u are also taken at constant p on our grid, but at constant
r in the equations, so similar correction factors are required there as well, as discussed below in
Sec. 2.4.

We employ computational grid meshes suitable for spectral methods, Chebyshev-Gauss-Lobatto for

the radinull direction and Spinsfast mesh for the angular directions.

Initial Data Slice

The characteristic evolution equations require boundary data on two boundaries: the worldtube
(thick red curve in Fig. 2.1) and an initial slice u = ug (thick blue curve in Fig. 2.1). Boundary
values on the worldtube were treated in Sec. 2.3 above; here we discuss values on the initial slice.
Given the hierarchical nature of the evolution equations, the only piece of the metric we need to
specify on the initial slice is J, as we can compute all of the other evolution quantities from J

using Eqgs. (2.14)— (2.18). The main mathematical consideration for choosing J for the initial slice
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is ensuring the regularity of J at .#™; the main physical consideration in typical applications is

choosing a J that corresponds to no incoming radiation [21, 37].

We choose a piecewise function that takes the inner boundary value Jir and rolls it to J) »+ = 0 so

that J on the initial slice is smooth through second radinull derivatives,

J =jo(p)Jr,

1’ p S p()’
Jo(p) =10X; — 15X3 +6X), po < p < pi,
0’ Pz Pl

1
x,=—" 0 (2.62)

—pot+p1  —po+tpPi1
where X, has been chosen so that X,(pp) = 1 and X,(p;) = 0, and the polynomial jo(p) is

determined by matching conditions at the interface of the piecewise function. Thus, J is second

order smooth everywhere on the initial slice. We have currently set the bounds of this rolloff function
as (po, p1) = (.55,.95).

Radinull Integration

The characteristic equations Eqgs. (2.14)—(2.18) can be solved in sequence by integration in » from
the worldtube to .#*. We use a numerical radinull grid in the compactified variable p, and we
re-express the characteristic equations in terms of p derivatives; see Eqgs. (2.154)—(2.159). The
grid points in p are chosen at Chebyshev-Gauss-Lobatto quadrature points. The radinull equations
for 5, and U , (Eq. (2.154), (2.156)) both lend themselves to straightforward Chebyshev-Gauss-
Lobatto quadrature. Starting at the inner boundary values of S|r (Eq. (2.47)) and U|r (Eq. (2.51)),

these evolution variables are integrated out to .# .

A quick examination of the radinull equations for the evolution quantities Q ,, W, ,,and H ,, (Eq. (2.155),
(2.158), (2.159)) reveals powers of (p — 1) in denominators, so care must be taken to maintain reg-
ularity at #* (where p = 1). A previous version of this same spectral CCE method [87] utilized
integration by parts in order to rewrite the equations in a form without poles, allowing them to
be integrated directly via Chebyshev-Gauss-Lobatto quadrature. However, integration by parts in-
troduced logarithmic terms like log(1 — p) which canceled analytically in the final expressions but
which were not well represented by a Chebyshev-Gauss-Lobatto spectral expansion in p. These log-
arithmic terms spoiled exponential convergence and led to a large noise floor, limiting the accuracy

of the method. We choose an alternative approach here.

The evolution equation for Q, Eq. (2.155), can be written in the form

Oc N Op
(1-p)? (1-p)3

where Q¢ corresponds to the 1/(1 — p)2 term and Qp is the 1/(1 — p)3 term in Eq. (2.155), and all

Q) = (2.63)

factors of (1 — p) in denominators have been written explicitly.
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To better characterize the asymptotic behavior of this equation, we rewrite the system in terms of

the inverse radinull coordinate x = R/r = 1/p — 1. Then Eq. (2.63) becomes

0 C D
=) = =4+ =, 2.64
&) =53 @64
where
Oc +0p
C = 0 (2.65)
Op

We know the right-hand side quantities C and D are regular at x = 0, and we seek a solution Q that
is also regular there. So we introduce new variables, motivated by Taylor series expansions of Q, C,
and D about " (x = 0),

Q=0-0s5+ —x0 s+, (2.67)

C=C-Cg+ —xCx|z+, (2.68)
)C2

D=D- l)lf+ - xl),xl]+ - ?D,xxlf*- (2.69)

Thus, by construction, Q and C are both guaranteed to behave like x> near x = 0 while D behaves

as x°. Substituting these variables into Eq. (2.64) and gathering like terms, we find the differential

equation
Q C D 2Cxg++Dxxig+ Qo+ +Clg++D g+ 205+ +D)g+
S| ==+t + 3 + 3 . (2.70)
X)X X 2x X X

Because of how we have defined Q, C and D, any potential singularity issues are confined to the last
three terms. To satisfy Eq. (2.70) for all x, the numerators of each of these terms must identically

vanish, providing constraints and boundary conditions on the asymptotic values of Q, C, and D,

D) g+
Qs+ =— '2 : 2.71)
O xjg+ =—Cig+ = D x| 0+, (2.72)
1
0=—Crip+ — =Dorx|r+- (2.73)

2

The last equation, Eq. (2.73) is a regularity condition on C and D. It turns out that this condition is
guaranteed to be satisfied if J = 0 and J,xx =0 at . ™.

We now integrate the equation

Q cC 9D
had - = += 2.74
&) -5+3 @14)
with inner boundary value
Dy
Qr =0+ + (Cly+ + D x|.5+) (2.75)
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to obtain Q at all radinull points. Then we reconstruct Q by adding back in its asymptotic values,
D g+
Q=Q- "= —x(Ci + D). (2.76)
Because the equation for Q does not mix the real and imaginary parts of Q, we follow [87] and solve

for real and imaginary parts of Q separately.

Examining the evolution equation for W, Eq. (2.158), we recognize that it has the same form as the
equation for Q, Eq. (2.155). Therefore, in order to solve for W, we use the same procedure as we
do for Q, following from Eq. (2.63) through Eq. (2.76) but replacing all of quantities specific to Q

with their W equivalents.

The radinull equation for H, Eq. (2.159) can be written as
H H,
B C -,
l-p (1-p)

where Hg = X; Hp;. The form of this equation is very similar to that of Eq. (2.63) that governs the

(rH),, - rJ(HT — HT) = Hp +

2.77)

O (and W) radinull evolution. However, there is now the additional complication of whereby H ,
has a term proportional to not only H, but also to H. This couples the real and imaginary parts of

the equation.

The previous version of this code employed the Magnus expansion in order to handle this diffi-
culty [87]. While the Magnus expansion might be useful for systems where the terms in its expan-
sion are rapidly shrinking, there is no guarantee that will hold in general. Instead, we will write the

system as a matrix differential equation, expressing H (and H4, Hp, and Hc) as column vectors like

H :( R ), (2.78)
J(H)

and defining the quantity M as

(2.79)

RDHRT) RHI(T)
SWHRT) INHID) )
so that M H here represents matrix multiplication. Then Eq.(2.77) becomes the matrix equation,

Hp Hc
+ 5
l-p (-p)

(rH),, —rMH = Hp + (2.80)

As before, we convert from p into the inverse radinull coordinate x = R/r = 1/p — 1 to better

characterize its behavior near .,

H H B
(—) +/\/[—:A+—+£2 (2.81)
X/, x X X
where
M
(2.82)
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A=- m, (283)
___Hs

B = RI+1) (2.84)
__He
=- = (2.85)

As we did with the Q equation, we shall introduce one final set of variables, motivated by Taylor

series expansions of H, B, and C about x = 0.

H =H - H 4, (2.86)
BZB—B|¢¢+ —MH|j+ +M|j+H|(y+, (2.87)
C=C-C g+ —xCy|z+. (2.88)
Once again, these variables are constructed so that { and B behave as x and C behaves as x? in a
neighborhood about x = 0. Substituting these into Eq. (2.81), we get
B Hy g+ +C g+ B s+ +C +— M g+H| g+
(ﬁ) + /\/(ﬁ =A+ =+ % + 27 > AN C AR 54 AT (2.89)
X/ . X X x X X

As before, the numerators of the last two terms must vanish, which gives us a boundary condition
on H at .7,

H g+ = =C| s+, (2.90)
and a boundary constraint on B, C, and M,
0:B|j++C,x|]+ +M|j+C|j+. (291)

The last constraint is a regularity condition that is guaranteed to be satisfied if / = 0 and J,.xx =0

at .#*. We then integrate the equation

(ﬂ)+wﬁﬂﬂ+§+£ (292)

X X x  x?

from the worldtube to .#*, with boundary value H|r = H|r + C| s+, to obtain H on the entire null

slice. We reconstruct H by computing

H=%H-C-. (2.93)

To help ensure the stability of the system, we perform spectral filtering for each of the evolution
quantities J, 8, Q, U, W, and H after every time we compute them, similar to [87]. For the angular
filtering, we set to 0 the highest two £—modes in the spectral decomposition on each shell of constant
p. Thus, resolving the system up through ¢, modes requires storing and evolving the evolution
quantities in the volume up through ¢ = €,,, + 2 modes. We filter along the radinull direction by
taking the spectral expansion of the evolution quantities along each null ray and scaling the i—th

coeflicient by

~108(i/(np=1)' (2.94)

where n,, is the number of radinull points.
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Time Evolution

To evolve J forward in time, we integrate
J,ulpzconst =0 (2.95)

at each radinull point using the method of lines. This is done using an ODE integrator, integrating

forward in u, with a supplied right-hand-side ®. Here @ is computed using
Jp
®=H+p(l- p)?R,u, (2.96)

(see Eq. (2.56)), where H is the result of the radinull integration, Eq. (2.18), accomplished using the

method in Section 2.4.

The time integration of J (Eq. (2.95)) uses a 5th order Dormand-Prince ODE solver with adaptive
timestepping [126], and a default relative error tolerance of 108 except where otherwise noted.
Because this is a characteristic evolution, where each time step corresponds to a lightlike rather than
spacelike slicing, there is no CFL condition on the size of the time steps. Thus, the step sizes are
limited entirely by the error measure. The time evolution is also done in tandem with the evolution
of the inertial coordinates (Egs. (2.123)—(2.125)), and of the conformal factor (Eq. (2.107)) from

scri extraction, as described below.

2.5 Scri Extraction

Once the characteristic equations have been solved in the volume so that the Bondi metric variables
are known on .#*, the gravitational waveform can be computed. This involves two steps. The first
step is computing the Bondi News function at .#* from the metric variables there. The second
step involves transforming the News to a freely-falling coordinate system at .#*; this removes all

remaining gauge freedom up to a BMS transformation. These steps are described below.

News Function

The Bondi metric given in Eq. (2.1) is divergent at .#* where r — oo, so we work with a conformally-
rescaled Bondi metric, g, = fzg,w, where £ = 1/r, that is finite at r — oo and which takes the
form [35]

uv = — (P (7 + tW) = hapUrUP) dii® + 2P dudl — 20 o pUP dudx? + hapdx™dx®.
(2.97)

Here hap, B, W, and U are the same quantities that appear in Eq. (2.1).
To facilitate the computation of the News function, we construct an additional conformal metric
Buv = 08y (2.98)

that is inertial and asymptotically Minkowski at .#*. The conformal factor w is chosen so that the

angular part of g, i8 a unit sphere metric [149],

qap = W hap|s+. (2.99)
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In terms of the original metric,

8uv =Q8uy, (2.100)
Q =w. (2.101)

On a given constant u slice, w can be computed by solving an elliptic equation related to the 2D

curvature scalar,

R=2(w+h'fDsDpInw), (2.102)

AB

where D 4 is the covariant derivative associated with hl e

yields [35],

Expanding out the covariant derivatives

1 - _ o
hi2 DaDpInw :Z( -28%InwJ - 28% InwJ + 438 InwK - 8InwdJJ* = 8InwdJJJ

—281n wdJ +20In WOKJK + 3InwdJJK + 8InwdJJK — 251In wdK JJ
+0J8InwJK + 8J3InwJK — 28KdInwJJ — dInwdJJJ
—28InwdJ — 8InwdJJ? +251n we'sKJK), (2.103)

Eq. (2.102) could in principle be used to solve for w at each slice of constant u. However, we instead
solve this equation for w only on the initial slice, where the equation simplifies significantly (see
below), and then we construct an evolution equation for w and we evolve w as a function of u. Note
that when evolving w, one could use Eq. (2.102) as a check to monitor the error in w; however we

do not yet do so.

On the initial slice, Eqs. (2.102) and (2.103) simplify considerably; we have set J, s+ = 0 (see
Eq. (2.62)), so Eq. (2.103) implies that h‘fﬁDADB Inw = 435Inw and Eq. (2.19) implies that
R = 2, reducing Eq. (2.102)to 1 = w? + 88 In w. This has the trivial solution of w = 1.

To derive an evolution equation for w, we instead turn to the generators at .#* [35],

it =g"" Vv, Qs+, (2.104)
At =gHV Ll e = g1, (2.105)

so that
it = w Ak, (2.106)

Derivation for evolution of the conformal factor on .#* in the frame of the compactified metric, is

given in Ref [35], and can be computed by,

204V Inw = —e PW s+ (2.107)

Ref [35] derived the formula for the News function in the conformal metric with the evolution co-

ordinates, with a sign error corrected in [23] (Ref [35] chose their convention to agree with Bondi’s
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original expression in the axisymmetric case [54]). Here we’ve factored the s; slightly differently
then they did,

1 _ 8 2
N=———— 45 + 255 + (00U + 8U) 53 — — 54 + —s55 ]|, 2.108
16wAKK + 1) ( 514282+ )53 3% wsS) (2.108)
A =we?B, (2.109)
sy =J?H,+JJH;+2(K+1) (H; - JK ,0), (2.110)

52 =0J ¢ JJU +8J ¢ J*U + 20U JJK ¢ + 200 JJJ ¢ +8J ¢ JJU +8J cJ?U + 20U J*J o + 28U J*K ¢
+(K + 1)(26150 — 28K ¢ JU - 28U JJ ¢+ 4BUK ¢ — 20U JK ¢ + 45U J ¢ + 28J (U — 20K ,JU

~28UJK - 28071,), (2.111)
s3=J2T ¢+ JJJ+2(K + 1)(Jo - JK.p), (2.112)
54 =0ABwJ T +8ABwI” + (K + 1)(20A0w — 5A3wJ - 5AdwJ), (2.113)

55 =20%AJT + 282 AJ% + BASIJJ? + BASTJ*J — DABJJJK — BASTJ?K + 20A8K J>T
+28A0K J* T + 8ABJJ*T + BABTJ? — 28A8K JPK
+(K +1) (462A — ABBAJT + 28A8J T + 25ABJJ — ABABK + 20A8J — 25A8J + 46A6KJ)
+(K + 2)( — 203K JJ - 8A8J 1T - BABTJ?). (2.114)

The news as defined in Eq. (2.108) has spin-weight +2. However, the usual convention for gravi-
tational radiation is to work with quantities with spin-weight —2. Furthermore, the news N has the
opposite sign as the usual convention. By relating the News function computed here to the News
function from the more typical Newman-Penrose formalism [119] (see Ref [23], in particular the

discussion of computing V), we note that
Nxp = =2Ncce, (2.115)

where the quantity on the left is the usual definition and the quantity on the right is the one in
Eq. (2.108).

Inertial Coordinates

Once the News function is computed according to Section 2.5, it is known as a function of coor-
dinates (u,x*) on .#*. Recall that these coordinates are chosen so that u = 7 and x* = A on
the world tube, where (7, J?A) are the time and angular coordinates of the interior Cauchy evolution.

Therefore, the News as computed above depends on the choice of Cauchy coordinates.

In this section, we transform the News to a new inertial coordinate system (ﬁ,JZA) on .#*, where
curves of constant ¥4 correspond to worldlines of free-falling observers (because we are working
on #*, we can suppress the radinull coordinate). This removes the remaining gauge freedom in the

News, up to a choice of free-falling observers (or in other words up to a BMS transformation).
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On the initial slice, we choose i = u and ¥4 = xA. These inertial coordinates then evolve along the
7 generators [35],

oyl = w, (2.116)
9,54 =0, (2.117)

where the 7# are given by elements of the compactified metric according to Eq. (2.105).

Since ¥4 = (0, $) are not representable via a spectral expansion in spherical harmonics, thus making
them poor choices for our numerics, we represent the inertial coordinates using a Cartesian basis

# = (%,7,%). We reexpand Eq. (2.117), using the transformations,

aii - x%lLyZ (_yaaxi ”aiy;)’ @119
;j =5 \/xZTﬁ (;zz;jl + yzaaxy; - (& + yz)a‘%). (2.119)
Plugging those into Eq. (2.117) yields the coupled equations
—y% + 5@% = Z—z (—y% + i%) + Z—i (% - ;-(ﬁ) (2.120)
A A (ng—; +5ED (P4 yz)%) L2 (;9 6‘2) @.121)

By expanding the basis from 2 coordinates to 3, we also need to introduce a constraint which
will force the %' to remain on the unit sphere and eliminate the extra degree of freedom, 7 =
V%2 + 32 + 72 = 1. While this holds analytically, numerically 7 will shift away from 1 during the

evolution, which makes it necessary to introduce a constraint equation to the system of equations,

or 0x 0y 0z

X 7— =FC(F 2.122
ou ou Ou +Z6u e, ( )
where C(7) is an constraint term where C(7 = 1) = 0. In our code, C(¥) = —«k (7 — 1) for some

positive parameter «.

With these three equations, Egs. (2.120)—(2.122), we solve for the three %—f. After some manipula-
tions and massaging, we obtain the evolution equations for the Cartesian inertial coordinates with

respect to the characteristic coordinates,

9% i 1 [a? a5 a? (o )

P _tem = |2 (- T 53 i AN 2.123
gu = 7O | ((r ¥ ) ~ %0 ) v (ae a¢)] (2-123)
oy y.... 1 [a( 0% 5 05 9z ﬁ (9

D Yo+ = |2 (- P AN LA I A | 2.124
gu - FC DR n“( Wag =35 = V5 (2129
0z % 1 [a? ox 0y 5 . 0Z\ a? a
Lo+ | -2 -2 s (P -HE . 2.125
gu TR _ﬁ“( a0 e T T gg) T ae ) (2125

Once we know 7i(u, x*), (1, x*), then obtaining the News on this grid is a matter of interpolation.

Our code does so in two steps. First, each of the spatial coordinates, as well as the News function
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is interpolated in time onto slices of constant i, so that we then have both )Zf(ﬁ, x4) and N (a, xA) =

N (ii, ), using a cubic spline along each grid point on .#*.

Then on each constant # slice, we perform the spatial interpolation by projecting the News function
onto its spectral coefficients ¢/, using the orthonormality of SWSHes from Eq. (2.153),

™) = f N, £)2Ym (8, $) sin 0dd . (2.126)
SZ

However, since we numerically evaluate News function on the computational grid corresponding to
the characteristic coordinates, we must instead do the integration over its area elements, sin 8d0d¢,
so we convert the coordinates of this expression, which introduces the determinant of a Jacobian,

(9

dbdé = d9d¢ (2.127)

Once again, because of the difficulties of representing angular coordinates spectrally, we convert this
expression from @ and ¢ to ¥'. To facilitate our expansion to Cartesian coordinates, we introduce a
temporary radial coordinates T and r on the unit sphere with A = (¥,0,¢) and x4 = (1,6, ) so that
we can properly define the determinants (keeping in mind ¥ and v are analytically identical to 1 so

will disappear from the final expressions),

<A A || a5 1 .
0x :8x~~ 0x (L 0x . (2.128)
OxA QX || OxA t2sind) |0xA
Plugging everything in yields the full expression,
et (i) —f N, “')szm(G ¢)— E sin 6d0d¢. (2.129)
sin@ |dxA

Note that we have included a factor of sin 8/ sin # which, while analytically trivial, aids with the

numerics of our code. Incorporating the sin 6 in the numerator generates the proper spherical area

element for the integration, while we factor the 1/ sin 9 into the -2 9 terms in the Jacobian, as numer-
9

ically computed spherical gradients return factors of - 9 76

If we want to convert these coeflicients to the convention consistent with the Newman-Penrose

notation, we must apply one last change according to Eq. (2.115),

clm = 2(=1)!-melem (2.130)

-
One potential issue with Eq. (2.129) is the possibility that there is a significant drift in the inertial
coordinates relative to the code coordinates. If there is a large systematic shift in the coordinates
(for example, if they all drift towards a single sky location), then there could be regions on the
unit sphere which are sparsely represented. Because spectral methods of computing integrals often
assume an optimal distrubution of grid points across the surface, this drift means there is a risk of

underresolving the computation Eq. (2.129), especially for high £ modes. To forestall this issue,
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we have taken to representing the scri extraction portion at a significantly higher angular resolution
from the rest of our code. In particular, when we properly resolve the volume evolution up to €,
angular modes, the use maintain a basis consisting of 2¢,,,, angular modes for our scri extraction
code. Our properly resolved information content is still no better than what is resolved in the
volume evolution (i.e. €,,4x), but this allows us to accurately project onto the inertial coordinates
with Eq. (2.129). Because the scri extration portion of the code is only a 2D surface, this choice is

an insignificant contribution to the overall computational cost of our code.

While this coordinate evolution projects the News function on an inertial frame, it is not a unique
inertial frame. The class of inertial observers at .#* are all related to each other by the group of BMS
transformations. Because our CCE inertial coordinates at .#* correspond to free falling observers,
the BMS frame remains constant throughout the entire characteristic evolution. Thus, the BMS
frame we use in our evolution is frozen in entirely by our choice to identify our inertial coordinates
with the characteristic coordinates on our initial slice (i.e. @ = u and A = x). This choice is
in some sense arbitrary, as it is ultimately related to the coordinates provided on the world tube
by the Cauchy evolution on that initial slice, and there no guarentee of consistancy between CCE
evolutions on different world tubes even from the same Cauchy evolution. However, development

of a consistent treatment of handing the choice of BMS frame is beyond the scope of this paper.

Computational Grid

We use Spherepack for most of the Scri Extraction, with the final projection onto the inertial coor-
dinates done using Spinsfast. The time evolution of the inertial coordinates, Eqgs. (2.123)—(2.125),
and of the conformal factor, Eq. (2.107), is done in tandem with the evolution of J, Eq. (2.96), in
the Volume Extraction, using the same routine (5th order Dormand-Prince) and error tolerance as

specified for that evolution.

2.6 Code Tests

In order to showcase the accuracy, speed, and robustness of this spectral CCE code, we perform a
number of tests on the code. We have two linearlized solutions, a trival analytic solution, and two
fully nonlinear tests which outline how well the code can remove purely coordinate effects from the

News output.

Linearized Analytic Solution
The linearized form for the Bondi-Sachs metric for a shell of outgoing perturbations on a Minkowski
background was given in [38], though our choice of notation follows more closely with that used

in [136]. We can express the solutions in terms of the metric quantities

Jiin =NE+ 21 =212 ZIR (Je(r)e™),
Upin = E(€+ 1) ' Z0MR (Uf(r)eivu),

Biin =°Z"mR (ﬁf(f’)eiv") ,
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Wiin = Z0" R (We(r)e™), (2.131)

where v is a real constant setting the frequency of the perturbations and J¢(r),Ue(r), Be(r) and
We(r) are all analytic complex functions of just the radius and {—mode of the perturbation, given
below. The angular content is expressed through the various * Z¢"*, which are just linear combina-
tions of the typical SWSHes defined as in [38]

1
sgtm ___ (sytm (-1H™ syt-m for m > 0,
v )
szim = ((=nym syl - syt for m <0,
v )
s 70 _ syl0. (2.132)

To get the linearized expression for H;;;,, we can simply take a direct u derivative of J;;,,. Since
these expressions are defined according to the Bondi metric, with the Bondi radial coordinate r

(rather than p), u derivatives are taken along curves of constant r. Thus Hj;;, = Jiin,u-

From this, the linearized News function can be expressed as

S FACA ) ivr? : C+2)! 5, ,
in =R (e 1 - P+t —— 2.1
N ‘R(e E?o( e )“’ B") \ @-2 (133

Ref [136] explicitly wrote out the solutions to the linearized evolution quantities and News function

for the £ = 2 and ¢ = 3 modes, which we reproduce here. For ¢ = 2,

B2 =By,
_24B, +3ivCoq —iv’Cyp  Cog Cop
Jo(r) = 36 + = 53
_N4; 2 _ 4 .
r r r 7
_24ivBy —3v2Caq + V' Cyp | 3ivCry —6By —iv3Coyp  v2Cop | ivCa | Cop
Wa(r) = 6 + 3 st >
sz =R (@eivu) ZZZm’ (2134)
V24
and for £ = 3,
B3 =Bj3,
J5(r) _060B; +3ivCsq + VACsp " CGa  ivGp  Cap
’ 180 100 63 art’
_60iVB3 + 3V2C3a - iV5C3b 233 C3a 2V2C3b 5iVC3b C3b
Us(r) = L 2By Caa . L Co
3(r) 180 r 2r2 3r3 4}"4 r5
W(r) :60ivB3 = 3v2C34 + 1V Csp N ivCsy — 2By + v*Cap
3 15 3r

2iv3Cy,  4iviCy  5vCy 3Cap
- - + + ,
r2 73 2r4 7S
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3m _V4C3b ivu| 2—-3m

N =R | ——e z, (2.135)
V30

where Be,Cr, and Cyp, are all freely chosen complex constants. Note that only the values of Cyp

show up in the expression for the News.

For the tests we performed here, we follow a similar setup as in [135, 136], where we evolve a
system which is a simple linear combination of the (2,2) and (3,3) modes. Specifically, the parameter
values are v = 1, By = .5ia, Cp, = 1.5a, and Cy, = —iC3p = .Sa, where the constant « sets the
amplitude of the resulting News as well as the scale of the linearity of the system. Because we
evolve the entire nonlinear solution, and not just a linearized version, we expect our results to differ

from the analytic solution with differences that scale as the square of the amplitude, .

We place these linearized values of the evolution quantities (J, W,U, 8) on a chosen world tube to
serve as the inner boundary values for the volume evolution. By starting with the world tube in the
Bondi metric, we bypass the entire inner boundary formalism since we are already starting with the
Bondi metric quantities. To make this test even more demanding, we chose our world tube such that

its Bondi radius varies both in time and across the surface, given by the formula

3 (=42x + .29y +.092)(2x + .1y — .122)(.7x + .1y = 32)(.12x — 31y — .5z) .
R—5(1+ 212+ ) sinzu | .

(2.136)

We chose this distortion of the Bondi radius somewhat arbitrarily, ensuring that it had distortions
with modes up through ¢ = 4 as well as a time varying component with a frequency distinct from
that of the linearized perturbation. This tests the code’s ability to distinguish between H and ® with
a correct handling of the moving world tube Bondi radius, R, at least to linear order. Since this test
bypasses the inner boundary formalism, we can not make any claim about whether the coordinate

radius 7 of the world tube is moving as there is no defined coordinate radius.

The data for J on the initial slice we also read off from Eq. (2.131). With the world tube metric
values and initial slice established, we evolve the full characteristic system. We resolve SWSH
modes through ¢ = 8 with a radinull resolution of 20 grid points and relative time integration
error tolerance of 1078, We test the characteristic evolution against perturbation amplitudes of
@ = (1072,1073,1074,1073,107%,1077,107®) from u = 0 to u = 10. We compute the difference
between the computed News and the analytic results from Eq. (2.133), |AN tm) = |Né}'ﬁr - Nf;:ll in
Fig 2.2. Note, we are examining the News function evalutated at the .#* coordinates (u, 8, ¢), rather
than the inertial coordinates, (i, 9, $) because we expect the difference between the two systems to

be a small correction to the linearized values.

From Fig 2.2 we clearly see that when a 2 107, |AN?™| scales as @®. When @ < 1079, the
difference in News rapidly reaches a floor below 10~'* for the smallest amplitude perturbations.
Modes other than (2,+2) and (3,+3) all converge towards 0 with scaling behavior no worse than

IAN‘™| < O(a?) until reaching machine roundoff. The observed scaling with @ matches the ex-
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10

Figure 2.2: The difference between the numerically evolved News function and the analytic solution
for the linearized analytic test of Section 2.6, for various amplitudes of the linear perturbation «.
The (2,2) mode is on the left and the (3,3) mode on the right. We expect differences of order a?
because we evolve the nonlinear terms that the linearized analytic solution neglects. For both modes,
the magnitude of the differences scales as at least o’ until they approach numerical roundoff.

pected scaling: we are evolving the full nonlinear equations but are comparing to an analytic solution

of the linearized equations.

Previous iterations of CCE codes have performed a similar linearized analytic test [23, 134]. While
their choice of parameters differs slightly from ours, they are both most similar to our @ = 1075, with
inner boundaries at fixed, uniform R world tube surfaces. The error in their News at the resolutions
they tested was worse than 107!, whereas the error in our News for the @ = 107 case is at the order
of 1074, hovering just about the error of our numerical roundoff. While comparing our results to
theirs is not exactly a 1-1 comparison, we believe this is evidence for how effective our code is at

resolving the linear case.

Teukolsky Wave

A Teukolsky wave is a solution of a propagating gravitational wave in the perturbative limit of

Einstein’s equations. For outgoing waves the metric has the form [152]

ds* = - di* + (1 + f.,)di* + 2B foFd7dd + 2B f,sF sin0didd + (1 + Cfy) + AfSy)) i2di?
+2(A = 2C) fop i sin§dfd + (1 + Cfy) + Afy) ¥ sin” §d?, (2.137)
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where the functions f, 7 are known functions of angles listed below, and the functions A, B, and C

are computed from the freely specifiable function F(ii) = F(f — ),

d*F F 3F
A:S(“ +3d” +3—)

3 74 7S

(df;F 3d2F  6dyF 6F)
B =- + + —,

—+
2 3 74 75

1(d*F 2d3F 9d%F 21d.F 21F
C__(u a- oy ZTan o 2700 , (2.138)

= +
4\ 7 72 = 4 i
where dj; is the total derivative with respect to ii. The choice of F (7 — F) specifies outward propa-

gating waves, as opposed to F (7 + 7) which would generate ingoing waves.

Following [22, 79], we choose the outgoing solution corresponding to the SWSH 2Y?° mode, defin-
ing the f; j from above as

frr=2-73 sin® 4, fro = —3sinfcosd, fr¢, =0,

i 1 . v 57 2 v

v =3sin?d, fio) =1, fap =0,

FA) _ ) F2) a2

o6 = Joo - ¢¢_3sm 0-1, (2.139)

i/ 72, where « and 7 are the amplitude and

and defining the profile of the waves with F (i) = ae”
width of the wave, respectively. This is slightly different than the choice of F(if) used in either [79]

or [22].

Because this solution starts with a metric that is not in Bondi-Sachs form, this test utilizes the full
inner boundary formalism, in contrast to the linearized analytic test in section 2.6, which tests only
the characteristic evolution. We evaluate the components of the metric (see Eq. (2.137)) at a world
tube of constant radius, #r. The spatial 3-metric §;; is computed from the various fi ; transformed

into a Cartesian basis, the shift is [é" = 0, and the lapse is & = 0.

Given the metric and its derivatives evaluated on a world tube, the inner boundary formalism creates
a correspondence between time and angular coordinates on the world tube and at ", i.e. (u =17,0 =
g, ¢ = ¢). With that in mind, the News function of this waveform at .#* is given by the formula [22]

3 sin® §

N=-=

A F (i), (2.140)

where here it = u — #|r. For our choice of F (i),

N2 =g, %’Te—ﬁz (1204 - 160i° + 32if°) (2.141)

with all other News modes N ¢"#29 = 0. When we compare our computed News with this analytic

News, we do so using the News evaluated on the coordinates (u, 6, ¢), rather than the inertial ones

(ii,0, ).
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Figure 2.3: The difference between the numerically evolved News function and the analytic solution
for the Teukolsky wave test of Section 2.6, for various amplitudes of the linear perturbation «. The
(2,0) mode is on the left and the (4,0) mode on the right. We expect differences of order a? because
we evolve the nonlinear terms that the Teukolsky wave solution neglects. For both modes, the
magnitude of the differences scales as at least o until it approaches numerical roundoff.

Because this is a solution of the linearized Einstein equations, comparing with our numerical so-

lution of the full nonlinear equations should yield differences that scale like .

Note that even
though we represent the magnitude of the linear perturbation with « in both this test and the lin-
earized analytic test above, the absolute amplitude for a given a is not the same for the two tests.
The Teukolsky wave News function here is over two orders of magnitude larger than the linearized

Inalytic solution for the same value of a.

For our test, the worldtube is at coordinate radius of #r = 5, and we start the wave at the origin
with a width of 7 = 1 with amplitudes @ = (1072,1073,104,107>,1075,1077,107®). The CCE
code is run to resolve the News up through ¢ = 8 modes with 20 radinull points and a relative time
integration error tolerance of ~ 4 x 107%. We evolve the system from u = 0 through u = 10, which

starts and ends when the metric is effectively flat.

We show the difference between the numerical evolution and the (2,0) mode of the analytic News

from Eq. (2.141), [AN?| = |[NZ}. . -

(a 2 1079) the difference in the News scales with @, while for smaller perturbations (@ < 107%)

N 70| on the left side of Fig 2.3. We see for larger perturbations

|AN?0| reaches a floor below 1072, For other £ =even, m = 0 modes, such as the (4,0) mode
plotted on the right half of Fig 2.3, the behavior is similar. Because we chose a solution with m = 0,

all m # 0 modes of the numerical solution vanish to numerical roundoff error for all «.

This behavior is very similar to what we see for the linearized analytic test. This confirms that our
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Figure 2.4: The absolute values of the News modes for the (2,2) and (2,0) for both the SpEC
(color) and PittNull (grayscale) CCE codes. Because the SpEC results lie on top of each other (so
that only S2 is clearly visible here), we infer that the SpEC code has converged to a slightly nonzero
answer. This nonzeroness is nontheless below what the PittNull code achieves, even at extremely
high resolutions. While the PittNull code is still converging towards 0, it has not reached the level
of accuracy of the SpEC code, especially near the beginning and end of the cycle as the offcenter
translation vanishes.

CCE code solves the linear solution. Because this test also incorporates the full inner boundary
formalism (as opposed to the linearized analytic test which does not), this also confirms that to

linear order, we reproduce the Bondi metric on the world tube.

Rotating Schwarzschild
Following the test used in [35], we generate data corresponding to the Schwarzschild metric in

Eddington-Finkelstein coordinates with a rotated coordinate transformation, ¢ — ¢ + wit, so the

metric is
oM y . C s
ds? = - (1 - WP sin? 9) dit? = 2didF + 2wi? sin’ Odiid g + 2 sin® 0d€?,  (2.142)
r

where M is the mass, w is the parameter of the transformation, and i is the coordinate i = 7 — #*.
For our test, we chose M = 1 and w = .1. The world tube has a radius of R = 3M and the solution is
evolved from u = OM to u = .5M. We ran our code with an absolute time integration error tolerance
of 1072, and inertial coordinate damping parameter of x = 10. The resulting numerical values of

all the News modes (resolved up through ¢ = 8) are below absolute values of 10712,
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Figure 2.5: The absolute values of the News modes for the (3,3) and (4,4) for both the SpEC
(color) and PittNull (grayscale) CCE codes. Similar to what we find in Fig 2.4, the SpEC code
has converged to a marginally nonzero answer that is below the PittNull results. For these modes
the SpEC code is significantly better than PittNull even near the peak amplitude of SpEC. While
PittNull is still converging towards zero, even the highest resolution is nearly an order of magnitude
larger than the SpEC result.

Bouncing Black Hole

One expected key feature of CCE is its ability to remove gauge effects from the resulting wave-
form regardless of the coordinates of the Cauchy metric. We construct a test similar to those
in [22, 134]. We start with a Scwarzschild black hole and apply a simple time-dependent peri-
odic coordinate translation on the spacetime. Doing so produces a time-dependent, periodic metric
at the (coordinate-stationary) world tube, but because this black hole is not radiating, the News
function of this spacetime should be zero; the goal of this test is to verify that we indeed get zero in

this nonlinear, time-dependent situation.

Specifically, the solution is that of a Schwarzschild black hole with mass M = 1 in Kerr-Schild
coordinates (7, X, ¥, Z), with a simple oscillating coordinate transformation

2nt
%= %+ asin® (%) (2.143)

where in our test we chose a = 2M and b = 40M. Thus, in the coordinate frame, which is also
the frame of the world tube, the black hole will appear to bounce back and forth along the ¥-axis,
but there is no radiated gravitational wave content. The world tube is placed at 7r = 15M, which is

intentionally very small compared to what would be used for a compact binary simulation (typically

hundreds of M); we chose an artificially small world tube to produce an extremely difficult test of
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the CCE code. We evolve the system from u = OM to u = 40M, one full period of the coordinate
oscillation, starting and ending when the coordinates of the black hole are at the origin.

We performed the characteristic evolution with our spectral code at 3 different resolutions, which
we label as Sk, where & is (0,1,2). We set the resolution at each level of refinement as follows:
we retain SWSH modes sY ™ through {ax = 8 + 2k, we use 20 + 2k collocation points in the
radinull direction, and the adaptive timestepper uses a relative error tolerance of 3 x 107 x ¢ ™% with
a maximum step size of Au = .5. For each resolution, we ran our code on a single core on the
Wheeler cluster at Caltech, taking less than (15,30,70) minutes for the (SO, S1, S2) resolutions,

respectively.

For simplicity, we examine the News at .# " in the coordinates (u,6,¢) rather than in the inertial
coordinates (i, 0, ®). Similarly, we expand the News into spherical harmonic modes 2ytm 6,9).
Since the News function is supposed to be zero uniformly, simple coordinate transformations at .#*

are not expected to affect the overall results presented here.

As a baseline for comparison, we also ran the PittNull code on the same world tube data. We ran
PittNull at multiple resolutions (PO-P5). These correspond to a resolution of (1003, 2002, 3003,
4003, 6003, 900°) spatial points and fixed time steps of Au = (.05, .025, .01667, .0125, .00833,
.00556) M. Because PittNull takes significant computational resources at high resolution, we inten-
tionally terminated the PS5 simulation after less than 15M. During the time that it ran, that simulation
continued trends seen in the lower resolution PittNull simulations. The PittNull resolutions (PO, P1,
P2) were run on 24 cores on the Wheeler cluster at Caltech, taking approximately (850, 2650,
5350) total CPU-hours, respectively, while resolutions (P3, P4, P5) were run on 512 cores on the
BlueWaters cluster, taking approximately (9000, 17000, 24000) total CPU-hours, respectively. In
the case of P5, that corresponds to the cost expended on the simulation before we terminated it.
This massive discrepancy on computational cost between the two codes demonstrates the impres-
sive speed up achieved by utilizing spectral methods, similar to what was observed with the previous

implementation of this spectral code [87, 88].

In Fig 2.4 and Fig 2.5, we plot the amplitude of the (2,2),(2,0),(3,3) and (4,4) modes of the News
for both codes for all resolutions for one oscillation period. In both codes, the amplitude of the
¢ + m = odd modes vanishes except for numerical roundoff, likely due to the planar symmetry of
the system. For the £ + m = even modes the computed numerical News is nonzero for both codes at

finite resolution.

We see in Fig 2.4 that for the £ = 2 modes the SpEC code does a better job than the PittNull
code does at removing the gauge effects from the News function, at our chosen finite resolution.
This is especially true at the beginning and end of the oscillations when the difference between the
shifted coordinates and Schwarzschild is minor. The limitation of the finite differencing approach
of PittNull in effect sets a noise floor of the simulation, dependent on the spatial resolution. Thus,
when the coordinates return to the usual Kerr-Schild coordinates at the end of one period, the noise

floor in PittNull limits its ability to generate numerically vanishing News. In contrast, the News
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generated by the SpEC code both remains numerically small for longer at the start of the simulation

and shrinks to values orders of magnitude smaller than PittNull at the end of the simulation.

During the middle of the period, when the coordinate effects on the world tube metric are the largest,
the SpEC News mode is of almost comparable size to PittNull for the (2,2) and (2,0) modes, yet
even the highest-resolution PittNull results are generally worse than the SpEC results except near
zero crossings. Examining some of the higher order modes, like the (3,3) or (4,4) modes in Fig 2.5,
exacerbates this disparity, where the peak error SpEC results are roughly an order better than those
of PittNull.

However, when comparing results with different resolutions, we find a signature of some small
error in SpEC in the above plots. In both Fig 2.4 and Fig 2.5, we show all three SpEC resolutions,
however all three curves lie on top of each other for almost the entire duration of the simulation. We
would expect that the three curves would continue to converge toward zero as resolution increases.
This lack of convergence implies that there is an unaccounted error in the code. It is unclear whether
the source of this error is a coding error, a missing or incorrect term in the complicated evolution
equations or unaccounted theoretical concept. It is possible that this could be a numerical limitation
of the computational methods we have employed, but we deem that unlikely due to the results of
the gauge wave test, as we describe below in Section 2.6. We doubt that this error is a result of the
finite world tube data as refining neither the step size Af nor the angular resolution of the world tube
metric affected the resulting News modes. Nor is it an instability as our SpEC evolution is stable

after 3 oscillations of the coordinates (not shown here).

This test is a rather extreme test of the code’s ability to distinguish coordinate effects, with the
black hole appearing to move an appreciable fraction of the world tube’s radius in its coordinate
frame. We also ran our code on this identical system except placing the world tube radius at a
series of different coordinate values, 7|r € (10,12,15,20,25)M, spread quasi-uniformly in 1/#, and
measured the resulting News function. In Fig 2.6, we plot the amplitude of our code’s (2,2) mode

for each of these world tube radii.

Moving the world tube to smaller radii raises the error as might be expected; eventually if the world
tube is close enough to the BH we expect caustics to form (i.e. radially outward null rays cross
paths) and the characteristic formulation fails. There is a clear convergence of this error to zero as
we move the world tube further away and the relative size of the coordinate transformation of the
bouncing BH shrinks. Even moderate shifts in the radius have large effects; a factor of 2 in # from

10M to 20M decreases the size of the News by nearly 3 orders of magnitude.

Typical simulations of compact binary mergers often place the outer edge of their domain bound-
aries with coordinate radii 7# > 500M, so CCE in such simulations would employ a world tube of
similar size. Given the behavior of our code’s error with world tube radius, we expect that whatever
error is causing the nonconvergent behavior seen in Figs. 2.4— 2.6, it will be negligible for compact

binary simulations.
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Figure 2.6: The absolute values of the (2,2) News modes from our SpEC code for different coordi-
nate world tube radii #.

Even with a very small world tube radius that maximizes the size of the nonconvergent error, the
error is still small enough that PittNull cannot quite resolve it. This thwarted our attempts to discover

the source of the nonconvergent error by comparing with PittNull.

Gauge Wave

The bouncing black hole test is a measure of the code’s ability to remove coordinate effects result-
ing from simple translations; we now introduce a test to examine the code’s ability to distinguish
between outgoing gravitational waves and gauge waves propagating along null slices. To generate
this gauge wave, we again start with a Schwarzschild metric in Eddington-Finkelstein coordinates

and apply the transformation of ¥ = 7 + F + F(f — ¥)/F where F (i) is an arbitrary function,

2
2M d;F d; 2M 2M y
d§2=—(1— )(1+ = )d#+2(1+ “ )(— +(1——V )(Fd,;F+F))dtdr“
r

7 7 AW
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Here M is the mass of the black hole and dj; is the total derivative with respect to ii. For the test,

M =1 and we chose F to be a sine-Gaussian,

(i-iig)?

F(i) = asin(wii + po) e & . (2.145)

Here « is the amplitude of the gauge wave, w is the frequency, po is the initial phase offset, i
is time when the peak is at the origin, and k& is its characteristic width. For our test, we choose
a=1M,w = .5/M,py = .01,iip = 40M, and k = 10.

Because this system is spherically symmetric, most of the terms in the evolution are trivially 0. In
order to incorporate them as part of the evolution, we also apply an additional translation to displace

the center of the black hole from the center of the world tube. The translation used is
fo 42 (1= oY, (2.146)

By moving the system entirely along the Z-axis, we expect only m = 0 modes to be excited. We
choose the worldtube radius to be 7r = 50M. Our guage wave is configured so that the peak will

propagate outwards and pass through this world tube at 7 = 90M.

We run our SpEC CCE code at three different resolutions, Sk, for k£ = (0,1,2). This corresponds to

angular resolution of {1,x = 8+ 2k, radinull resolution of 20+ 2k and absolute time integration error

12 -
e

tolerance of 10~ k. The three resolutions, (S0, S1, S2) were ran on a single core on Caltech’s

Wheeler cluster for approximately (35,75,165) minutes.

PittNull CCE was also run at three resolutions, PO — P2 corresponding to a finite diffencing grid
with (100°,2003,300%) spatial points and fixed times steps of size Au = (.05,.025,0.01667)M.
Each resolution was run on 256 cores on the Blue Waters cluster, costing approximately (1100,
3200, 6000) CPU-hours.

In Fig 2.7, we plot the amplitude of the (2,0) and (3,0) News modes for both codes and in both
modes. We expect the news to be zero because the solution is merely Schwarzschild in moving
coordinates. At early and late times, both codes show convergence towards zero, with SpEC several
orders of magnitude below PittNull. During the peak of the gauge wave, we see some lack of
convergence in SpEC, at a level that is far from being resolved in PittNull. This is probably the
same effect that we observed in the bouncing black hole test.

Examining the higher £ modes yields a similar picture for both codes just at slightly decreasing
amplitudes, as seen in the right panel of Fig. 2.7. Also, as expected by the axisymmetry of the setup
for this test, both codes produce numerical noise for all m # 0 modes.

2.7 Appendicies
Spin-Weighted Spherical Harmonics
Spin-Weighted Spherical Harmonics (SWSH) are a generalization of the typical spherical harmonics

by introducing spin-weight raising (3) and lowering operator (3) [84, 118]. These derivative operator
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Figure 2.7: The amplitude of the (2,0) and (3,0) mode of the News, on the left and right respec-
tively, for both SpEC (color) and PittNull (grayscale) CCE codes. The center of the coordinate shift
offcenter occurs around u = 40M while the peak of the Gauge Wave propagates through to .#™* at
u = 90M. At all times, the SpEC code is orders of magnutide better than the PittNull code. While
the SpEC code shows convergence with resolution in the News at the times corresponding to the
coordinate shift, numerical nonzeroness introduced as a result of the Gauge Wave itself is robust
under resolution, implying a small error in the code.

are defined by contracting the dyad with the angular derivative operator,

5 =g"d,, (2.147)
5 =g"0,. (2.148)

By contracting these dyads with the tensor component gives the spin-weighted version of the quati-
ties, computed above in Egs. (2.8)—(2.11). The dyads contracted with a given quantity deter-
mine its spin-weight, with +1 for each ¢g#, -1 for each g*. For example, the spin-weight of
dJ = %(’L\hgcq*‘c]Bc]C is —1. Thus we see that (K, 5,W) have spin-weight of 0, (Q,U) have
spin-weight 1, and (J, H,®) have spin-weight 2.

Now we can also express 0 as a complex spherical derivative operator on a given quantity F with a

spin-weight of s,

N i 0 s
OF = —sin 9(% + _sinH%) (sin™ OF), (2.149)
- 0 i 0
F=-sin""0|— - — | (sin® OF). 2.1
0 sin 0(80 Sin06¢)(3m 6F) (2.150)

While PittNull used a finite difference formulation for computing these derivatives [85], our code
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will make use of how 0 acts on individual SWSH modes,

35YIm =J(£—s)(€+ s+ 1)stylim (2.151)
5y =— \J(t+s)(t—s+1)lyim (2.152)

With this, we can start from the regular spherical harmonics (s = 0) and build up the SWSH modes

for arbitrary spin-weight.

And just like regular spherical harmonics, we can take an arbitrary spin-weighted function of and
decompose into spectral coefficients with use of the expression of orthonormality of the SWSHes

over the unit sphere,
f SYim sytm’ qQ =408 mms (2.153)
S2

where dQ is the area element of the unit sphere S2. Thus, given a spin-weighted quantity, we can
decompose it as a sum of SWSH modes and take & and J derivatives by applying the properties of
Eq. (2.151),(2.152) to the spectral coefficients.

Lastly, we list some basic, useful properties of SWSHes:

o It is only possible to add together spin-weighted quantities of identical spin-weight.
e The spin-weight of a product of two SWSHes is the sum of their individual spin-weights.

e Because typical spherical harmonics are more generally SWSHes of spin-weight 0, SWSHes

inherit the same mode properties of spherical harmonics (i.e. £ > 0, |m| < £).
o In addition, the spin-weight serves as a lower bound on possible ¢ modes, £ > |s|.

e The 3 and 3 operators do not commute as, given spin-weighted quantity F, 33F = 83F +2sF.

We utilize two external code packages to assist with the numerical implementation for the angular
basis function, Spherepack [15, 55] for the standard spherical harmonics and Spinsfast [100]
for the SWSHes. In particular, we use Spherepack primarily during the inner boundary formalism
and partially during scri extraction, while we use Spinsfast during the volume evolution and scri

extraction.

Nonlinear Evolution Equations

The full system of nonlinear equations appear below. The equations are the radinull equations on
the null hypersurface of for a given time slice. Ref [39] computed these full nonlinear expressions,
and first expressed them as SWSH quantities in [35], although we follow [87] by writing them in
terms of the compactified coordinate p,

p(l—p) =
Bo=—g" (LpTp - K2), (2.154)
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(2.155)

(2.156)

(2.157)

1 R2 2 _ _ R3 4 B _ _
(rZW),p ( “R+ Tp(aup +8U,) - e_2BTp(2KQpr +J0% + JU2)

(1-p)?
eZﬁ

+
2

- 3B(OK -8J) + I B + J'asz/s))

+ R*p(dU +8U)),
(1-p)} ( )
The evolution equation of J is given by H = J ,r=const>

Hpi + Hpy + Hp3z + Hpy Hc

(rH), — (rJ)Y(HT — HT) = Hp + =5 =2

where,

JK ,
T= J>p_ K ’

R
Ha=(1=p)p+ 5P Wpd, + g(l — p+ RpW)J oy — 4T B,

R o o
Hpg :Tp(m —4p)WJ, — 16JWp,, —8JU, - 8JU, + KdU,, - J , (50U +3U)

-840, + 1 (8U,, - 50,,) )

Hg) :% (087 +UBJ) (17, - T1,)-208], - 2U81,

+2(KJ, - JK,) (USK + USK + KU - 80) + J8U - JoU)) ,

28
=$
+J (3KBp — 0BSK +3J5p) + JoJop + K (8754 - 5J5 — 25K5p3) )
—2,BR2 3 _ _ _
Hpy =—5—— (@ + JDU}, + 20KU, U, + °03).
R . N _
He=-3 (2K8U +8JU +8JU - J3U + Jo0) .

Hpgs ((2 +JT) (82 +5p2) + 7 (88 + 88%) - 2JK (558 + 585)

(7{ — 2K (5833 + 80B) + JOB* + Jop* — 5B(8K — dJ)

(2.158)

(2.159)

(2.160)

(2.161)

(2.162)

(2.163)

(2.164)

(2.165)

(2.166)

The quantities J, 8, and Q are all dimensionless while U, W, H, and ® have units of 1/R (identically,

units of 1/u in the case of H and ®).
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These equations correspond to different components of the Einstein equations, namely, R, = 0
gives B, Rrag® = 0 gives U ,, RaphB=0 gives W ,,, and Rapq”q® = 0 gives H , and these
cover all 6 degrees of freedom in the system. There are 4 other equations which can be written
from the Einstein equations. As [35] discusses in more detail, of the four remaining components
in Einstein equations, one of these is equations is essentially identically 0 (R). = 0) while the other
three (R}, = 0 and quA = 0) serve as constraint conditions for the evolution on each of the null

slices.

However, computing these constraint conditions involve knowing the u—derivatives of evolution
quantities other than J ,,. Computing these derivatives via finite differnencing methods across mul-
tiple null slices would significantly lower their accuracy relative to the rest of the code, limiting
their ability to monitor our codes exact faithfulness to the Einstein equations during the course of
the evolution. Thus, our current implementation does not make use of these constraint equations.
One point of future improvement in our code would be their implementation in a manner which is

consistant with the precision maintained by the rest of the code.

Paper Definition Key

Here we define the quantities we use in the paper for ease of reference.

A = we?P : Intermediate Quantity in News, Eq. (2.109)

& : World Tube Metric Lapse
B : Lapse Part of Bondi Metric, Evolution Quantity
B : World Tube Metric Shift

D? : Covarient Derivative Associated with hl’}ﬁ
0 : Complex Angular Derivative Operator, Eq. (2.148)
I' : World Tube Hypersurface
guv - Bondi Metric, Eq. (2.1)
8uv = fzgw : Compactified Bondi Metric, Eq. (2.97)
8uv = wzgw : Conformal Bondi Metric, Eq. (2.98)
H = J |r=const : Evolution Quantity
hap : Angular Part of Bondi Metric

#* . Scri+, Future Null Infinity
1
= Eh 489" ¢® : Primary Evolution Quantity

K = V1 + JJ : Evolution Quantity
¢ = 1/r : Inverse Surface-Area Coordinate

£" . World Tube Null Generator, Eq. (2.22)

~



A : World Tube Affine Radinull Parameter
N : News Function, Eq. (2.108)
N : Analytic Value of News Function for Tests
n# : World Tube Time Unit Vector, Eq. (2.21)
A" . Compactified Bondi Generator at .# ", Eq. (2.105),
Ai* . Conformal Bondi Generator at .#", Eq. (2.104),
® = J ,|p=const : Evolution Quantity
0 = Qaq” : Intermediate Evolution Quantity
0 4 : Intermediate Bondi Metric Term, Eq. (2.2)
g4 : Complex Dyad, Eq. (2.38)
gap : Unit Sphere Metric
= rr : Bondi Radius of world tube, Eq. (2.41)
R : 2D Curvature Scalar, Eq. (2.19),
: Bondi Radius

=

<

= : Compactified Bondi Radius
R+r

7 : World Tube Coordinate Radius
§# : World Tube Outward Normal Vector, Eq. (2.20)
T : Intermediate Quantity in H, Eq. (2.160)
f : World Tube Time Coordinate
u : Bondi Time Coordinate
ii : Conformal Bondi Time Coordinate
U = U%gx : Evolution Quantity
U* : Shift Part of Bondi Metric
W : Mass Aspect of Bondi Metric, Evolution Quantity
Q : Conformal factor between g, and g,
dQ : Unit Sphere Area Element
w : Conformal factor between g,,,, and g, Eq. (2.99)
x“ : Bondi Characteristic Coordinate
%% : World Tube Coordinate
: Intermediate Null Coordinate

: Inertial Coordinate
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Chapter 3

INTRODUCTION TO TIDAL SPLICING

Barkett, K. and Scheel, M. A. and Haas, R. and Ott, C. D. and Bernuzzi, S. and Brown, D. A.
and Szil4dgyi, B. and Kaplan, J. D. and Lippuner, J. and Muhlberger, C. D. and Foucart, F. and
Duez, M. D. (2016). “Gravitational waveforms for neutron star binaries from binary black hole
simulations”. In: Phys. Rev. D. 93(4):044064, Feb 2016. por: 10.1103/PhysRevD.93.044064)

3.1 Preface

Gravitational waves from binary neutron star (BNS) and black hole/neutron star (BHNS) inspirals
are primary sources for detection by the Advanced Laser Interferometer Gravitational-Wave Obser-
vatory. The tidal forces acting on the neutron stars induce changes in the phase evolution of the
gravitational waveform, and these changes can be used to constrain the nuclear equation of state.
Current methods of generating BNS and BHNS waveforms rely on either computationally chal-
lenging full 3D hydrodynamical simulations or approximate analytic solutions. We introduce a new
method for computing inspiral waveforms for BNS/BHNS systems by adding the post-Newtonian
(PN) tidal effects to full numerical simulations of binary black holes (BBHs), effectively replacing
the nontidal terms in the PN expansion with BBH results. Comparing a waveform generated with
this method against a full hydrodynamical simulation of a BNS inspiral yields a phase difference of
< 1 radian over ~ 15 orbits. The numerical phase accuracy required of BNS simulations to measure
the accuracy of the method we present here is estimated as a function of the tidal deformability

parameter A.

3.2 Introduction

In September 2015, the Advanced Laser Interferometer Gravitational-Wave Observatory(aLIGO)
directly detected, for the first time ever, gravitational waves (GWs) [7] and the network of obser-
vatories will be joined shortly by advanced Virgo [14] and KAGRA [19]. The most likely GW
sources for these detectors are mergers of binaries consisting of neutron stars (NSs) or black holes
(BHs) [3]. If both objects in the binary are NSs (BNS), or if one is a NS and the other is a BH
(a BHNS binary), then the tidal deformability of the NS will alter the GW signal in a way that
is dependent upon the NS equation of state (EOS), allowing these observatories to constrain the
EOS [16, 65, 72, 80, 94, 108, 116, 133, 156]. It is therefore of key importance to understand and
model the influence of tidal effects on BNS and BHNS waveforms. We show here that a binary
black hole (BBH) waveform can be augmented with PN tidal effects to accurately model a BNS
system during the inspiral portion of the binary evolution. In principle, this method should also be

applicable to BHNS systems.

BNS waveforms are typically computed using post-Newtonian (PN) methods, which are perturba-
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tive expansions in the invariant velocity v = (Md¢/dt)'/3, where M is the total mass of the system
and ¢ is the orbital phase (here we assume ¢ = G = 1). For binaries consisting of nonspinning point
particles, the expansion is known through 3.5PN order [49]. The static NS tidal effects first enter at
5PN order and depend upon the tidal deformability A; [155]. The parameter A; measures how much
each NS i deforms in the presence of a tidal field, and depends on the NS mass and EOS implicitly
through its dimensionless Love number k; ; and radius R;: A; = (2/3)k», l-Rf [80]. As v increases
throughout the inspiral, the missing 4PN, 4.5PN, and 5PN point-particle terms can result in the late
portion of the PN waveform becoming inaccurate before the static tidal terms are large enough to
contribute. For estimating the NS tidal deformability by using PN waveforms, the error introduced
by neglecting the higher order PN terms can be as large as the statistical errors due to noise in the
measured signals [77, 108, 156, 163].

Effective-one-body (EOB) models that include tidal effects [29, 34, 66] also include the merger,
and provide better accuracy than PN by tuning higher-order vacuum terms to numerical relativity
(NR) BBH waveforms. Although EOB has accurately reproduced waveforms from NR BNS simu-
lations [29, 99], here we discuss a new and different approach that holds considerable promise for

modeling tidal interactions during the inspiral.

The most accurate method of computing waveforms is carrying out full NR simulations for BNS
and BHNS binaries; see [24, 25, 28-30, 81, 98, 99, 103, 120, 131, 133] for recent work. However,
BNS and BHNS simulations are computationally challenging, since they require solving not only
the full Einstein equations but also relativistic hydrodynamics with a realistic EOS. It is unfeasible
to use NR hydrodynamic simulations alone to cover the parameter space given the wide range of
theoretically possible EOS and NS masses. In contrast, BBH systems are easier to simulate with
higher accuracy. Several large catalogs of BBH simulations and resulting waveforms have been
compiled [17, 20, 63, 92, 93, 121, 145].

We introduce here a method we call “PN tidal splicing”, which generates BNS inspiral waveforms
from NR BBH waveforms by adding tidal interactions derived in the PN formalism, effectively

replacing the point-particle PN terms by the numerical BBH evolution.

We compare PN tidal splicing to NR using two simulations generated by SpEC [1], a code developed
to evolve Einstein’s equations and general relativistic hydrodynamics [76, 82]. The first is a new
equal-mass BNS simulation with 22 orbits before merger [86], and the neutron stars were initialized
with gravitational masses m; =~ 1.64My and a polytropic EOS with P = 123.6Mé p?, leading to
a tidal deformability of A; ~ 5.7 x 103®g cm? s?. The other is an equal-mass, nonspinning BBH
simulation [40] tagged SXS:BBH:0180 in the public simulation catalog of the Simulating eXtreme
Spacetimes Collaboration [145]. Using tidal splicing, we add tidal terms to the BBH waveform in
an attempt to reproduce the BNS waveform. As a test, we also subtract tidal terms from the BNS

waveform in an attempt to reproduce the BBH waveform.

Figure 3.1 shows that the GW phase difference, |0¢gw|, between the ‘BBH+tidal’ waveform and

the BNS waveform is the same as the difference between the ‘BNS—tidal’ waveform and the BBH
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Figure 3.1: Phase difference between gravitational waveforms as a function of time, for an equal-
mass binary of nonspinning compact objects. Differences are shown between BNS and BBH wave-
forms (black), between a BBH waveform with TaylorT4 tidal terms added and a BNS waveform
(blue), and between a BNS waveform with TaylorT4 tidal terms subtracted and a BBH waveform
(red). The red and blue curves nearly coincide. Also shown are the phase differences between BBH
and point-particle TaylorT4 waveforms (solid magenta) and between BNS and tidal TaylorT4 wave-
forms (dashed magenta). The numerical error in the BBH waveform (dashed red) and an estimate
of the error in the BNS waveform (dashed blue) are also shown. All waveforms are aligned with the
BNS waveform according to [56]; the alignment time window encompasses a 5% change around a
GW frequency of 280 Hz for a total mass of M =2 X 1.64M. The blue and red curves are smaller
than the black curve by a factor of ~ 3, demonstrating that tidal splicing can generate a BNS wave-
form from a BBH waveform and vice versa. The large error in the BNS waveform prevents us from
fully measuring the accuracy of tidal splicing.

waveform, and both are a factor of ~ 3 smaller than the difference between the BNS and BBH
waveforms throughout the inspiral. Thus we can mimic the inspiral of a full BNS simulation to
within a few tenths of a radian at a fraction of the cost. For the BBH waveform, the phase error
is estimated by the phase difference between the highest two resolutions. The BNS simulation is
a combination of spectral and finite-volume methods with complicated convergence properties; it
is unclear how to construct an accurate error measure [86]. We choose the simple prescription of
plotting the phase difference between the highest two resolutions as a crude error estimate. While
the BBH error estimate is small, the error estimate in the BNS simulation is as large as the tidal
effects themselves. Therefore, we cannot yet fully verify the accuracy of tidal splicing until more
accurate BNS simulations are available. Below (cf. Fig. 3.3) we will estimate the phase accuracy

required of future BNS simulations for such verification.

3.3 Methods

For nonprecessing binaries, the PN equations for quasicircular orbits read

dv
= =F®), (3.1
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d¢ _ ,
— =v’/M, 3.2
pTind / (3.2)
where F'(v) is the ratio of two functions, each known to finite PN order in v, and also depends on the
binary’s intrinsic parameters [43]. Different ways of evaluating these equations result in different
PN approximants that agree to the same PN order in v, but diverge at higher orders. We present

methods for tidal splicing using two different approximants.

TaylorT4
If F(v) is expanded as a series in v and then truncated to the appropriate PN order, then the solution
is known as the TaylorT4 approximant [58]. For TaylorT4, the tidal effects manifest as additional

terms in the power series for F(v). Equation (3.1) can be written

d
d_: = F(v) = Fp(») + Fia(v), 3.3)

where F,,(v) are the point-particle terms, and where the additional static tidal terms F;q(v) are
known to 6PN order [155].

For inspiraling PN BBHs, F(v) is governed by the point-particle terms. PN tidal splicing uses ¢(¢)
from a BBH simulation together with Eqs. (3.3) and (3.2) [with F;q(v) set to zero] to compute an
accurate version of Fy,(v), which we will call Fyr (v). To do this, we set ¢(1) = ¢gw/2, where pgw
is the GW phase of the £ = m = 2 spherical-harmonic mode of the NR waveform. Then Eq. (3.2)
yields

Md¢Gw)l/3 ' 3.4)

v = (? dt

Given v(t), we compute Fnr(v) = dv/dt using finite differencing. Assuming v(#) is monotonic, we

can write FNr(V) as a single-valued function of v.

Using this Fyr(v) in place of Fp(v) in Eq. (3.3), we then re-solve Egs. (3.3) and (3.2), including the
tidal terms Fiq(v), to generate a waveform for a binary that includes tidal interactions. We express
the orbital evolution of the new binary in terms of a new time coordinate 7. From the analytic
expression for Fijq(v) [155] and Eq. (3.3) we write a differential equation for 7:

dr 1

— = . 3.5
dv FNr(V) + Fia(v) (5-)

Integrating this expression and inverting yields the function v(f) corresponding to the spliced wave-

form.
The phase of the spliced waveform, ¢gw (f), is computed by integrating Eq. (3.2):

_ 2t
daw(D) = — f V(i) dr, (3.6)

Tmin

where 7,,;,, 1s the start of the numerical waveform.
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In TaylorT4, the amplitude of the waveform is a function of v only, with no explicit time depen-
dence [52]. So here we assume that the amplitude of the original NR waveform Ang(?) is likewise a
function of v only, so that we can write ANr(v) = Anr(#(v)). We then use v(f) to express this ampli-
tude in terms of 7. In other words, the amplitude of the resulting waveform is A(f) = Axr(t(v(F))).
We generate a BBH waveform from a BNS waveform by the same method, except we subtract
instead of add Fq(v) in the denominator of Eq. (3.5).

We require v(¢) to be monotonic so that F(v) is single valued. To remove high-frequency numerical
noise, the derivative in Eq. (3.4) is computed with a third order Savitzky-Golay filter [127] with a
window size of = 48.5 us. This is sufficient when adding tidal terms to the BBH waveform consid-
ered here. However, when testing our method by subtracting tidal terms from a BNS waveform, the
phase of the BNS waveform considered here [86] has large enough oscillations in v(¢) that stronger
smoothing is needed. We proceed by first subtracting the phase of the TaylorT4 waveform from that
of the BNS waveform, expanding this difference in Chebyshev polynomials, truncating the Cheby-
shev expansion to n = 35, and adding back the phase of the TaylorT4 waveform. We find that the
difference between the smoothed and unsmoothed phase of the BNS waveform is less than 3 x 1073

radians.

As discussed above, Figure 3.1 displays the phase differences between NR and tidally spliced Tay-
lorT4 waveforms. We now examine how well pure PN waveforms agree with NR waveforms.
The magenta solid and dashed curves in Fig. 3.1 show phase differences between TaylorT4 and
BNS or BBH waveforms. The point-particle TaylorT4 waveform does an excellent job of repro-
ducing the phase evolution of the BBH waveform, about at the level of the BBH numerical error.
However, while TaylorT4 is surprisingly accurate in the inspiral for equal-mass, nonspinning sys-
tems [58, 115], this does not hold true in general [90, 91, 148]. Tidal splicing should be applicable
to an arbitrary BNS/BHNS system with spins and/or unequal masses, where there may not be an
accurate PN approximant. References [108, 156] showed that uncertainties in the PN waveforms are
one of the largest sources of error for tidal parameter estimation, and conclude that more accurate

waveforms are needed.

TaylorF2
If Eqgs. (3.1) and (3.2) are instead converted to the frequency domain (FD) using the stationary
phase approximation before expanding the series, the approximant is called TaylorF2 [68]. TaylorF2

waveforms are expressed in the FD, and can be written
h(f) = A(f)exp (iB(f)) , 3.7)

where A(f) is real and ¥(f) is the Fourier phase as a function of the GW frequency f = v/ (nM).
For point particles, ¥(f) = ‘i’pp (f) is known for nonspinning systems to 3.5PN order [68, 69]. For
tidally deformable objects, we write ¥(f) = ‘i’pp( ) + Piua(f), where Piq(f) has been calculated
up to 7.5PN order, with the exception of a few unknown constants [34, 65]. Here we include both

6PN tidal effects and 7.5PN tidal effects, setting the unknown constants to 0 as was done in [16].
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Figure 3.2: The phase difference |6¢gw(¢)| as a function of time for waveforms spliced with Tay-
lorF2. Differences are shown between a BNS and a BBH waveform (black), between a BBH+tidal
and a BNS waveform (blue), and between a BNS—tidal waveform and a BBH waveform (red) at the
6PN (solid) and 7.5PN (dot-dashed) orders. Only the time after the windowing function is shown
here, resulting in a shorter time axis here than in Fig. 3.1. The late-time noise is an artifact caused
by inverse Fourier transforming the unphysical high-frequency behavior of Wq(f). At both PN
orders, tidal splicing can generate a BNS waveform from a BBH waveform and vice versa.

To add the static tidal terms to an existing BBH waveform, first the Fourier transform of the wave-
form Ang(f) is computed. The early portion of the waveform is windowed using a Planck ta-
per [117] while the merger and ringdown provide a natural windowing for the late portion. We then
compute Pxr (f) and Ang(f) by decomposing according to Eq. (3.7). The spliced Fourier phase is
then ¥(f) = Par(f) + Pua(f). Because the known tidal terms do not affect the amplitude Ang (f),

the new waveform is then

R(f) = Anr(f) exp (i [Bar (f) + Pia()]) - (3.8)

No smoothing of the numerical waveforms is needed for TaylorF2 splicing, unlike the TaylorT4

case.

Since the PN approximation breaks down for high frequencies, we impose a high frequency cutoff

which we choose to be fisco = 1/ (6322M) = 1338 Hz, the GW frequency corresponding to the
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Figure 3.3: Phase difference between equal-mass, nonspinning BBH and ‘BBH+tidal” waveforms.
Each horizontal slice through this plot shows the phase difference as a function of time for a par-
ticular dimensionless deformability A; /mf. For our BNS simulation, A; /mf ~ 453. Contours
show selected values of the phase difference. A BNS simulation starting at dimensionless time
t/M ~ —4500 would need phase errors smaller than the values shown here in order to measure tidal
effects. Even more accurate BNS simulations would be needed to measure the accuracy of the tidal
splicing method.

innermost stable circular orbit of a Schwarzschild black hole of mass equal to the total mass of the
system. It has been shown that for BNS systems, fisco is approximately the merger frequency [31].
The starting frequency of the NR BNS waveform after windowing is ~ 285 Hz.

We estimate the error of the spliced waveforms by analyzing the phase differences in the time
domain after taking the inverse Fourier transform. To avoid jump discontinuities in the Fourier
phase, we roll off the effect of Pria( f) from fisco to 2 X fisco with a cosine window. While
this will contaminate the higher frequency content, this should allow the lower frequencies of the
inspiral to be mostly unaffected. After the inverse Fourier transform, the time domain waveforms
are aligned in a 10% region around 300 Hz. The phase differences are shown in Fig. 3.2 and are
similar to Fig. 3.1. With the exception of the last ~ 3 ms of the waveforms, which are affected by the
high frequency contamination, all of the spliced waveforms maintain phase differences under 0.1
radians during most of the inspiral, below the difference between the BNS and BBH waveforms. It
is not clear why the 6PN terms approximate the tidal effects better than the 7.5PN terms; it may be

because we zero the unknown constants in the 7.5PN expression.
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3.4 Discussion

We have shown that PN tidal splicing of BBH waveforms can produce inspiral waveforms for non-
spinning BNS systems. This method should easily generalize to objects with spins and to BHNS
systems. Once a BBH waveform is generated for a particular mass ratio and spin configuration,
it should be easy to produce BNS/BHNS waveforms via PN tidal splicing for any EOS simply by
adjusting the tidal parameters A;, allowing the entire tidal parameter space for inspiral waveforms

to be spanned.

The accuracy of this method is limited by that of the PN tidal terms. In particular, additional finite
size effects not captured by the current static tidal PN terms can influence waveform amplitude
and phase, and dynamical tidal effects can also contribute to the phase evolution [95], especially
as the NSs approach merger. This method in principle can be improved with better PN tidal terms.
Unfortunately, it is currently difficult to fully measure the accuracy of tidal splicing until higher-

accuracy many-orbit BNS simulations are available for multiple masses and EOS.

Figure 3.3 estimates the accuracy needed for equal mass, nonspinning BNS simulations to see the
tidal effects on the inspiral phase of the waveform. Even smaller BNS errors would be necessary to
constrain the accuracy of tidal splicing. We chose the start time in Fig. 3.3 so that the inspiral spans
a large enough frequency range for aLIGO to recover 97% of the information about A;, according
to the analysis presented in Fig. 3 of [65]. We assume M = 2.8 M, (corresponding to a prototypical
NS mass of 1.4M) and an upper frequency cutoff of fisco.

An alternative to computing tidal terms to a higher PN order is to resum them in some way, as is
done in [29, 33, 99] in the context of EOB. It is not clear how to do this with tidal splicing.

Additionally, the merger/ringdown cannot be modeled with splicing alone, especially for BN'S merg-
ers and BHNS systems that undergo tidal disruption. One possibility is to combine an analytic
waveform in the very early inspiral with a spliced BBH waveform in the mid to late inspiral and
then with a waveform from a full hydrodynamical simulation for the merger and ringdown, to create
a “tribridized” waveform. This might reduce the need for expensive hydrodynamical simulations
lasting many orbits. If necessary, surrogate models [40, 78, 130] that cover the parameter space

including the EOS can be forged from spliced BBH waveforms.
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Chapter 4

TIDAL SPLICING FOR BHNS AND BNS SYSTEMS

4.1 Introduction

In August 2017, the network of interferometers consisting of aLLIGO [2] and VIRGO [14] first ob-
served the gravitational radiation from the merging of Binary Neutron Stars (BNS) [13], opening
the door to exploring extremely compact objects other than Binary Black Holes (BBH). Coinci-
dent detection with the electromagnetic observational counterpart GRB 170817A [4], show these
systems are the progenitors of short gamma-ray bursts, and herald the start of multi-messenger
astronomy. Additionally, this detection served as a probe of the neutron star equations-of-state
(EOS) [13, 132], and provided constraints on gravitational wave speed [4]. As the detectors’ sensi-
tivity improve, observing more such systems will improve future analyses, further constraining the
governing physics [72, 107]. However, capturing all of the information within the incoming sig-
nals requires detailed, accurate templates which precisely describe wavefroms from BNS or Black
Hole-Neutron Star (BHNS) systems.

The ideal solution would be to run full numerical simulations to generate the gravitational wave-
forms. Running simulations which incorporate the relavent matter physics for BHNS/BNS is a field
of active development [75, 81, 83, 86, 95, 97, 103, 109, 114]. However, extending the parameter
space to include all allowable EOS means an even larger number of simulations will be require to
span the range of possible systems. Then there is the computational cost of resolving the behavior of
the matter, making these simulations both resolution limited and prohibitively expensive, and thus

impractical for parameter estimation purposes.

On the other hand, numerical simulations of BBH systems has made great strides over the recent
years, generating waveforms across significant portions of the parameter space, and the rise of
surrogate models of the simulations effectively allow interpolation of waveforms across different
regions of parameter space [40-42, 78, 129, 154]. Ref [154] showed that surrogate models can
robustly generate faithful representations of these binary evolutions for spinning black holes with

xa < .8.

Another approach to generate BHNS and BNS waveforms is to create analytic and phenomenolog-
ical models which capture the behavior of BHNS and BNS systems, often in the form of additional
corrections to BBH waveform models. Within the Post-Newtonian (PN) formalism, Ref [155]
first computed the leading order tidal effects on the orbital evoluiton, characterized by the static
quadrupolar tidal deformability, 1,. Extensions to the Effective One-Body (EOB) model SEOB-
NRv4 [53], including additional static higher order effects [24, 34, 73, 144], led to the time domain
model SEOBNRvVAT [96, 144].

The LEA+ model [107] is a frequency domain waveform model calibrated to a series of BHNS sim-
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ulations with mass ratios of g > 2 [109] as an enhancement to the SEOBNRv2 model [150]. While
LEA+ is a full waveform model, it is only valid over the limited parameter space the simulations it

used to calibrate it, i.e. g > 2.

The frequency domain models, SEOBNRv4_ROM_NRTidal, PhenomD_NRTidal, and
PhenomPv2_NRTidal [74] are the combination of the SEOBNRv4_ROM [53], PhenomD [101,
104], and PhenomPv2 [142, 143], with the NRTidal model [75], which is a phenomenological fit of
BNS/BHNS simulation data to PN-like coefficients. While these models cover a wide range of BNS
parameter space, they calibrated the fits to a limited number of waveforms and seem to overestimate
the tidal effects during the inspiral [74].

We propose a hybrid method called ‘Tidal Splicing’ [27] which bridges the gap between the accurate
yet expensive numerical simulations with the cheap yet limited PN approximations in generating
inspiral waveforms for BNS/BHNS. The main conceit of Tidal Splicing is to leverage the accuracy
of the numerical BBH simulations with the cheap PN terms known for tidally deformable systems
to efficiently generate waveforms for BNS systems. This method does so by decomposing the
numerical BBH waveform in a manner akin to the PN formalism and using those numerical results
to replace their corresponding analytic PN expansion. We combine that expression with the analytic
tidal PN terms to build up a full waveform which replicates the inspiral of a BNS/BHNS, limited
primarily by the knowledge of the PN tidal analytics fed in.

In this paper, we continue the development of Tidal Splicing by extending the method to spinning
systems and spherical harmonic modes beyond the (2,2) mode. Due to newly available EOB models
which incorporate higher PN effects, we also extend the known higher order tidal effects from EOB
to the time domain PN approximants. Since recent work suggests that the choice of which BBH
template we use as the base for tidal waveforms can impact on parameter estimation [61], we will
use the hybridized surrogate model ‘NRHybSur3dq8’ [154] as our BBH base.

We organize this paper as follows: in Sec 4.2 we summarized the current existing work on time
domain tidal waveforms in the PN framework; in Sec 4.3 we discuss how we partially extend the
PN tidal approximants to 2.5PN order and how we correct the dynamical tides effects for spinning
NS; in Sec 4.4 we explain our method of tidal splicing; in Sec 4.5 we compare tidal splicing with

some recent BHNS and BNS simulations.

Except where otherwise noted, we shall use the subscripts A, B to refer to the individual NS or
BH objects, the subscripts £ = 2,3,... refer usually to the specific polar mode of the tidal effect
in consideration (i.e. 2=quadrupolar, 3=octopolar, ect.), while the £,m superscripts will typically
correspond to the spherical harmonic modes. We chose units of G = ¢ = 1. For convenience, we

have included a definitions key within Appendix 4.6.

4.2 Post-Newtonian Theory
The PN approximation describes the binary’s orbital behavior as series expansions that are valid in

the slow-moving, weak-field regime. The expansion parameter is the characteristic velocity of the
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inspiraling objects, v (another common parameter is x = v?). We denote an expansion term of order
O(v") by the label 5PN (e.g. 2.5PN corresponds to v beyond leading order). A more detailed
summary of PN theory as it pertains to BBH systems can be found in [44].

We start with a quasi-circular binary system of a pair compact objects with component masses, m 4
and mp, with total mass M, and spins aligned with the orbital angular momentum, y 4, x g, Where
xa=3Sa/ mi. The mass ratio g we define as the larger mass over the smaller mass, m4 /mpg so that
g > 1. For convenience, we also define the mass fractions, X4 = m4 /M, and symmetric mass ratio
v =XaXp.

Orbital Evolution
Two equations govern the evolution of the quasi-circular binary system in PN theory. The first

relates the orbital phase ¢ to v by a correspondence with the orbital frequency, w,

dp V3
= - 4.1
YTu M 1)
The other equation is the energy balance equation as the emission of gravitational radiation drives
the adiabatic evolution by bleeding away the orbital energy, E(v). If the energy flux is given by

F(v), then this energy balance equation is

dE(v) _
- =—Fw). (4.2)

When the objects are not simply black holes, but extended objects like neutron stars, the physical
matter of the object responds to the changing tidal fields. The leading tidal effects are the result of
the deformation of the NS due to the tidal field generated by the other object in the binary. This effect
is characterized by the dimensionless {—polar tidal deformability parameter, A,. Other commonly
used parameters are dimensionful tidal parameter A, or the tidal love number k., and are related to
A¢ by the NS radius R4 or compactness C4 = ma /R4 according to

} 2 kea | Aea

Adea = = .
A Qe DI AT~ 2l

(4.3)

As each object in the binary can have its own deformability, we add the subscript A, B to specify the

particular object.

The quadrupolar tidal deformability 1, enters E(v) and F(v) first at OPN as a O(v'%) term and were
first computed to 1PN as additive corrections to the energy and flux expressions [80, 155]. While
normally such high order effects would be neglected, the relatively large size of 1, ~ O(1000)
suggest the tidal deformations impact the waveform earlier in the inspiral than expected by their

formal PN order.

Ref [155] provides the energy and flux expansions to 1PN,

w2 3 v\ 3 T 104
E(V)Z—T[l'l' —Z—E Vv +O(V)+/12AV XA(9(—1+XA)
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+%(—3+XA —Xi+3Xi)v2+O(v3))+(A—> B)], (4.4)
Fv) 32VT210 [1 + (—% - i—;v) 2+ 003) + Toar!0xt (6(3 ~2X,)
28( 704 — 1803X 4 + 4501X2 — 217ox;})v2 + 0(v3)) T+ (A B)]. 4.5)
TaylorT Approximants

We can now insert the energy and flux expressions into the orbital evolution (Eq 4.1) and energy
balance (Eq 4.2) equations and evolve them to describe the binary’s evolution. There are many
choices in how to expand the energy balance and orbital evolution equations giving rise to a family
of different PN approximants. All the varients agree to the same formal PN order but have different
higher order truncations. The two which we will examine here are usually referred to as TaylorT4
and TaylorT2.

Now in the process of formally expanding the energy and flux, naively treating the tidal informations
at their formal PN order means we would truncate those terms out in the expansion when the first
unknown BBH terms arise, i.e. before the v!° terms show up. To ensure they do not disappear, and
in light of the fact that 1, is large, we handle the leading tidal terms as if they were the same order
as the leading PN terms: O(1) ~ O(1,v'%) [155]. (See in the Appendix 4.6 for further discussion
regarding this correspondence in PN orders.) In the expansions below we then keep all terms up
through 1PN beyond these leading order effects.

TaylorT4

The TaylorT4 [58] method generates the orbital evolution by rewriting the energy balance equation

as

dv F(v)

dr T

(4.6)

then expanding the ratio on the right hand side as a power series in v truncated to the appropriate

order, so that,

d
d—: = Fopu(v) + Fria(v), 4.7)

Here, we have broken the series into 2 parts: the terms corresponding to a BBH system in Fgpy (i.e.
A> = 0) and the terms corresponding to the tidal correction in Fr;q. We don’t reproduce Fgpy here
(as they aren’t needed for our methods), but Friq to 1PN order is [155],

32vv

4421 12263Xs 1893X7 661Xf‘) 2)
56 56 4 2 )
+(A - B)]. 4.8)

Fria(v) = [/1 AX AV 10(72 — 66X, + (
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The TaylorT4 method computes the quantity v(¢) by integrating Eq 4.7, then computes the orbital
phase by integrating,

d¢

_ .3
o=V IM. (4.9)

The two constants arising from integrating both equations correspond to the inherent freedom to

choose the initial time and phase of the waveform.

TaylorT2

The TaylorT2 [68] expansion begins at the same point as TaylorT4 with the PN energy equation and

definition of v, except rearrainging to get the pair of integral expressions parametric in v,

dE(v)

t(v) —t0+Mf Ford (4.10)
dE(v)
— 3 dv
P(v) —¢o+fv Fo) dv. @.11)

The integration constants #g and ¢ are both freely specifiable, and can be used to set the initial time

and phase of the resulting waveform.

The energy/flux ratio are expanded as a power series then integrated to get series expressions for
both the time and phase, which we break into a part corresponding to BBH system and a part of

comprised of all the additional tidal effects,

t(v) =to + 7BH(V) + T1ia(V), (4.12)
¢(v) =¢o + P (V) + Pria(v). (4.13)

As before, we do not show gy or Pggy, but the 1PN tidal terms are

3179 919x, 1143X3
a(v) = - X4y 10(2 264X _ _ AL g5x3 2)
T1ia(v) 756708 [/12/4 88 — 264X, + 2 2 5 + 65X |v
+(A — B)|, (4.14)
[ - 15895 4595Xx, S5715X2 325X}
W) = — ToaX? 10(72—66X ; - - AL 277 2)
Prav) == 35 05 [ aXay AT\ 756 56 28 i |
+(A > B)|. (4.15)
BBH Strain Modes

The gravitational radiation emission pattern for distant observers can be represented via a decompo-
sition into spin-weighted spherical harmonics. Following the PN formalism used in [52], we express

the strain from a BBH system as,

2wIM [ 16x

- Ht’m( ) —lm‘{’(v) (416)

iy (1) =
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where 7 is the distance from the source to the detector. The various terms of H‘"(v) are complex
series expansions of the individual modes and are distinct from the series expansions for the energy
and flux from above. W¥(v) is the tail-distorted orbital phase variable [18, 46]

Y(v) = ¢(v) — 2MwIn (2) . (4.17)
wo

The constant wy is the reference frequency, often chosen to be the frequency the waveform enters
the detector’s frequency band. This tail-distorted difference between ¢ and W comes in as a 4PN

order correction to the phase [18].

To see why it is a 4PN correction, we consider

dy 3 v3 dv
— =——6(1+1 2 4.18
dt M ( i n(Mwo))V dt’ (4.18)

where we used Eq 4.1. Now from the TaylorT4 expansion, we know that the leading order term in
the series expansion of % enters at v°, so then
d¥ v’ d¢

— = (1+00%) ~ - (4.19)

Beacuse 4PN terms are higher order than anything we consider, we can ignore the tail-distortion

term for our work here and let W (v) = ¢(v).

Examining the expression for H??(v) [52], we see that the first complex terms enter at 2.5PN order.
Following the concepts used in [106], we approximate that imaginary amplitude term as a phase

correction as follows,

H22(v)e—2i¢(\/) :AZB%SH(V)(I +iv5 + O(V6))e_2i¢(v)
A (v)e’ 0 e, (420)

where 6 is the imaginary 2.5PN coefficient of H?*(v) and A%%H(v) = |H?*(v)|. Thus, this correction
to ¢(v) is similar to the tail-distorted term, but at a higher PN order (6 here corresponds to a SPN
phase term), and thus can be ignored by the same arguments as above. The (2,2) mode can then be

expressed entirely as an amplitude and phase,

() = A )0 @21

The complex terms in H™ in remaining modes have complex terms arising at lower relative PN

order than for the (2,2) mode [52]. We introduce real functions Aé’gH(v) and ¥ (v) such that we

m
BBH
can express the strain modes as amplitudes and phases,

By () = Al ()l Vo8 m2), (4.22)

For the (2,2) mode, we have 3% (v) = 0.
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Tidal Correction to Strain

Ref [24] computed the leading order PN tidal corrections to the strain modes (explicitly written
out in the form we use here in Eq (A14-A17) of [65]). There are no corrections to the phase of
the individual modes at leading order, (i.e. w{i?g(v) = 0), so the leading order corrections can be

represented as additive corrections to the strain amplitude,

AZ (v) =24, /gv‘zimxg (3-5x4+2X3) (1+a33v? +ag3v*) + (A - B)',

, 9 33x2
AR (v) =8 /gv”amxf, (5 —15X4 + — A-6x3 | (1+3p?) - (A— B)',

3T 4 -
A3 (v) =[108 ﬁv”/lZAXf‘ (1-2X4+X3) (1+a3}?) - (A > B)’,

, (4.23)

[ 13+
A%ild(v) =(12 %VB/MAXE\ (1 —-2X4 + Xf‘) (1 + agi‘vz) —(A—> B)

m
i

are the coefficients corresponding to the v’ higher order corrections to the strain modes.

The term a/%2 18

where «

—202 + 560X 4 — 340X2 +45X3
o = 2 AT A (4.24)
423 -2X4)

while the rest of the afm are currently not known. The corrections arising from the other A%’ﬁ enter
at higher PN orders.

Take care to note that there is a sign flip when switching from object A to B for the m = odd modes;
this is because in the limit the two objects have the same parameters, there is nothing to break the
symmetry for the m = odd modes, and thus the tidal amplitude to those modes vanishes. This is
akin to how BBH waveforms of equal mass, nonspinning systems have vanishing m = odd modes

because of symmetry arguments.

The strain modes for systems with tidally deformed objects are then,
B () = (Al () + A (v)) & Vi ()-me0)) (4.25)

Dynamical Tides

In addition to the NS static deformation, the objects also have internal f-modes given by the reso-
nant frequencies wyr,. As the orbital frequency approaches wy,, the tides become dynamical and not
simply proportional to the instantaneous tidal field. Ref [73, 144] analyzed how these dynamical
tides affected the orbital motion was explored in. The approximate solution they derive treats the
dyanmical tidal deformabilities as frequency dependent scalings of their static values. We utilize

their results, slightly expanding them to account for the case which the resonating object is spinning.

In effect the dynanical tides serves primarily as an amplification to the static deformability during

the evolution, peaking when the orbital frequency is on resonance with one of the object’s internal
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f—modes, wrea. We shall also make use of the dimensionless f—mode resonance frequency,
WOrea =Mwygea. (4.26)

Note that our choice of defining @s¢4 by scaling it as the binary’s total mass M, rather than the
object mass m4 as other works often use, is for our convenience when comparing with the dimen-
sionless orbital frequency, ® = Mw.
In the nonspinning case, we denote the characteristic parameter governing the resonance as

tw A

Yea = = — (4.27)
wreA  WELA

to characterize how close the system is to resonance.

There are two different correction factors, one for the phase evolution and one for the strain ampli-
tudes. Ref [144] expressed the effective enhancement factor x4 (v) on the static deformability of

object A for the orbital phase evolution by

1 4
kea(v) =ag + be —+ — + JL% , (4.28)
L=vpa  3Veddeyiy 3€cyp,
where
5/3
_256vwﬂ,A
T sen

== (1-7,37).

N
: 3, V3, . (3%, V3,
Q¢ =cos (?) [1 + 2Fg (ml[):l — Sin (?) 1+ 2F¢ (mlf)l , 4.29)

with Fg and Fc as the Fresnel sine and cosine integrals. The coefficients (a¢,by) are given by
(az,by) = (1/4,3/4) and (as,b3) = (3/8,5/8). The PN orbital evolution Eq 4.40, 4.42 incorporate
the dynamical tides by taking Aga — Adeakea (V).

In [73], the correction to the strain amplitudes is,

(k24 (v) — 1)60]2«2A +6(1 = X4)koaw?

(9 - 6X4)w?

Similar to the orbital evolution, the dynamical strain amplification follows the replacement rule

koa(v) = (4.30)

/TZA ad /iZAQQA(V) in Eq 4.23.

Note that these replacement rules are not proper power series expansions of v, because the Fresnel
formula do not have a well defined power series expansion about v = 0 (even though those terms
vanish as v — 0, they also oscillate infiniately fast). So including k¢4 (v) and k34 (v) into the
evolution and strain formula means the tidal effects can not be represented to an exact, formal PN
order. While this is not a problem for the actual generation of the waveforms, it does mean that the
differences between the spliced waveforms and the inspiral of true BHNS/BNS systems no longer

falls along a well defined PN order.
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4.3 Expanding PN Tidal Corrections

Partial 2.5PN Tidal Terms

While [155] introduced the static quadrupolar deformability corrections to the orbital evolution to
1PN order, higher order terms have also been introduced within the EOB formalism. Not only
do they include nonspinning A, tidal corrections to the energy (through the EOB Hamiltonian) up
to 2PN order, but corrections according to the static octopolar deformability A3 as well [34]. Their
expressions just have terms up through 2PN, but because the tidal effects only enter at full PN orders,
the first unknown terms enter at 3PN meaning the 2.5PN tidal coefficients are 0. These effects are
already in use both within SEOBNRvV4T [96, 144], and for the frequency domain approximant
TaylorF2 [65]. We expand the EOB results to obtain the time domain Taylor approximants here.

The details of how to convert those terms to PN energy coefficients are given in the Appendix 4.6.

From that, we know the PN energy expression for a tidally deformed system is

5 11
Ep,(n) = - 5= [AzAv‘OXi (9(—1 +Xa)+ 5 (34 Xa - X3 +3X3)0?
13(51 15, 361, 47, 47, 7
> X

X - — X2 - — ——x4——X5)4 6) A B], 4.31
o\t XA A pXa - g 00N+ (A= B (43D

2T 5
Eq,(v) = - %[/13Av14Xg((13 ~13Xa) + 5 (=3 + 35X, - 19X, - 13x3) v?
17(73 49 5 307 143

v (T XA -3 X5+ 23X - X - 1—8Xj)v4 ; 0(v6)) + (A B)]. (4.32)

From here we can see that the leading order octopolar deformability terms enter as O(v'#) terms.
Numerically, A3 is typically larger than A, with 13 ~ O(1000 — 10000). Thus, similar to A,
we treat the leading order A3 terms to the same formal order as the leading order PN terms, i.e.
O(1) ~ O(Av'%) ~ O(A3v'*). Terms for both deformabilties are computed up until the first
unknown terms at 3PN (again, the energy 2.5PN terms vanish).

Unfortunately, the flux information is incomplete up through that same PN order. We shall intro-
duce undefined coefficients for the missing terms, @y, 89, 52, B4 so that we may expand the PN

expressions to a consistent order. We write the flux terms as

32 2,10 _ 1
Fy, () ==21 [amv“’xj (6(3 —2Xa) + o (=704 - 1803X 4 +4501X3 — 2170X; ) v*
raavt + O(v6)) (Ao B)], (4.33)
32w 14,6 2 4 6
Fy,(v) = [/13Av X8 (/30 + B + vt + Oy )) (Ao B)]. (4.34)

We hang onto the undefined coefficients, a4, By, 52, B4 for the purposes of completeness; when the
value of those coefficients are computed, those values can simply substituted into the flux expression

and the Taylor expansions of the orbital evolution below.

For aligned spin systems, there will also be terms corresponding due to spin-tidal terms, interac-

tions in the Hamiltonian between object spins and the tidal deformations of the NS. The spin-tidal
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connection terms are not included in our expansions because of discrepencies in the calculation of
the leading order 1.5PN coefficients; a discussion of those coefficients, including how to add them

when those discrepencies are resolved, can be found in the Appendix 4.6.

To complete the PN energy and flux, we need to include the dynamics of BBH systems with object
spins x4, yp aligned with the orbital angular momentum, and rotationally induced quadrupole
moments Q 4, Op. (Though Oy = 1, we allow it to take on arbitrary values in order to extend to

general systems). The dimensionless Q 4 is related the dimensionful version by

0Oa

3 2
My XA

On=-

(4.35)

To match the 2.5PN order of the tidal terms, we include spin-orbit, spin-spin and rotationally in-
duced quadrupolar moment effects [45, 47,48, 51, 64, 71, 102, 105, 123, 157] within both the orbital

energy,

vv? 3 v X
Egpu(v) = - T[l + (_4_1 - E) v+ (2)(AXA (1 + TA) -2xBXB ( TB))

1 2
(8 ( 27+ 19v - %) +2xaxpv— (0a+ Dx3X5 - O+ DxpX )

X2
B
5X4 29X: X3 5X 29X2 X3
Gm&<3+—ﬁ+ A4 AV veXp(3+ 224 ; v+0w%

3 9 9 3
(4.36)
and the flux,
32y 10 1247 35\ ,
FBBH(V) 3 [1 + (__336 - EV) \%
5 3XA 5 3XB 3
4 Xal->-=2 Xp |- - ==V
(7T+XA A(4 2)+XB 3(4 2))\/
44711 9271y 65v*\ 31 33
— — 42 2 x>
(( 9072 504 18) 8XAXBV+(16+ QA)XA A
33 -8191 583y
) 2 %2 1,4 —ovr
(16+ QB)XB B)V +(( 612 25 )”
v [ 13, 63%a 73X5 157X}
TXATA\TTe T T8 T 36 18
13 63Xp 3X5  157X5\\ .
X -~ -~ . 4.37
TxB B( 68 36 s )|V Tov )] (4.37)
Therefore the full 2.5PN energy and flux expression are simply
E(v) =Eggu(v) + Ex,(v) + Ex,(v), (4.38)

F(v) =Fgpu(v) + F1,(v) + F1,(v). (4.39)
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At this point, we can repeat the expansion procedure from above to generate the series terms for the
TaylorT4 and TaylorT2 approximants. Again, we treat terms like O(1) ~ O(1,v!%) ~ O(A3v'*) as
leading order and carry up through 2.5PN order.

Computing the TaylorT4 expansion according to Eq 4.7 where again we can break the series up into
the terms corresponding to a BBH system (1, = A3 = 0,Q = 1) contained in Fgpy(v), and all of
the expansion terms corresponding to the NS in F1ig(v) where,

32wm° - - > . - > .
Fra(v) === | (50a = DxGXR) v* + ToaX v (Z m,.vl) + LaaxGot (Z Faaiv'
i=0 i=0

+(A < B) ] (4.40)

The coefficients F24,; and F34,; are given in the Appendix, Eq 4.67.

Again, the 15 X x A p cross terms appearing in these coefficients are not due to spin-tidal interaction
terms in the Hamiltonian, but instead are a consequence of the series expansion power counting.
The (Q4 — 1) in the v* term arises from the fact that we have incorporated the BBH part of Q 4 into
Feeu(v) (for which Ogg = 1) and included the remainder here.

Similarly for TaylorT2, the updated time and phase expressions for Eq 4.14, 4.15 are

5
Tra(v) == 22— [ = (1004 - DXAXE) v* + imx;iv”(z ﬁA,iv")
vy i=0
5 .
+ 34 X501 (Z 7§A,,-v‘) + (Ao B) ] 4.41)
i=0
- —_— 5 .
Pria(v) = — LI [ - (25(QA - 1))&){3‘) v+ DoaX i (Z 7’2A,ivl>
vy i=0
5 .
+A34 XG0 (Z P3A,ivl) + (Ao B) ] (4.42)
i=0

The individual coefficients 724,;, 7341, P24,i-P34,i are given in the Appendix, Eq 4.68, 4.69.

Spinning Dynamical Tides

With our extension into spinning systems, we need to take care to treat the dynamical tides more
carefully. Since the dynamical tides is caused by the changing tidal field due to the orbital motion
interacting with the internal f—modes of the deformable object, when the object is also spinning,
then its internal modes will effectively experience a driving frequency equal to the orbital motion
shifted by the object’s spin. We characterize this by making a slight correction to the characteristic

parameter yg4 in Eq 4.27.

Given an aligned spin of y 4 and a moment of inertia /4, then we can compute the rotation frequency
of the deformable object as

XA
Xalpn’

wWpA=Mwy = (4.43)
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where we have made /4 dimensionless by

Iy =—2. (4.44)

Thus, the effective orbital frequency the resonant modes will experience is simply the difference
between the orbital frequency and the rotational frequency of the object. With that in mind, we
rewrite yea as
4 (v3 ) A)

Yea = a_)fT : (4.45)
We take the absolute value because Eq 4.27 is undefined for negative values of y,4, which can occur
at low orbital frequencies with aligned spin objects. This corresponds to saying that the resonance
modes of the object only care about the magnitude of the frequency of the changing tidal field.
Within Eq 4.30, we also need to make change w — |v> — (DA| /M.

To show how this affects the profile of the dynamical tides correction, in Fig 4.1 we plot the profile
of k¢ from Eq 4.28 as a function of orbital frequency. We assume an NS with 4, ~ 800 in an
equal mass system and use the universal relations (see Table 4.2) to compute the other relevant tidal
parameters. We compare the nonspinning NS against both aligned and antialigned spinning NS with
magnitude | yns| = .2, which corresponds to a rotational frequency of fxs ~ 312Hz. The upper
frequency termination point is at an orbital frequency of Mwisco = 673/2, which has been used as

an estimate a BNS inspiral termination criterion [31].

From Fig 4.1 we can see that aligned spins pushed the resonance peak later in the inspiral while
antialigned spins move the peak to earlier frequencies. In fact, with large enough aligned spins it is
possible that the peak of the resonance is never reached before the system enters the merger/ringdown

phase.

At low frequencies, the nonspinning system has the expected behavior of reducing to the simple
static tides behavior (k, = 1). However, this is not true of the spinning systems, both of which
asymptote to a slightly different value. Physically, these differences are due to the deformations of
the object experiencing a driving frequency not from the orbital frequency (which is vanishingly
small), but its own rotaiton along its axis. We expect this differnece not to be a significant con-
tribution to the waveform as the relative size of the tidal effects already vanishes (0O(')) at low
frequencies anyways. The aligned spin object then passes through a point in the evolution where
the orbital frequency matches exactly with its rotational frequency and the effective dynamical tidal

field vanishes.

The possible issue is how the antialigned spin object dives through x, = 0 and plunges negative.
We recognize there is a caveat with Eq 4.28, which is that this formula only valid up to frequencies
shortly after the resonance peak [144]. While for nonspinning systems and spin aligned systems

the resonance peak occurs near the end of the inspiral or after merger/ringdown and thus within the
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Figure 4.1: The dynamical tide amplification k, as a function of orbital frequency, showing how
the resonance profile from Eq 4.28 changes between the nonspinning case (black) and the spin
aligned/antialigned (blue/red) cases for both £ = 2 (solid) and ¢ = 3 (dashed) tidal deformabilities.
The vertical lines represent the resonance frequency for both modes in every case. The parameters
correspond to an NS with A, ~ 800 in an equal mass system. For this NS, a spin magnitude of
| yns| = .2 corresponds to a rotational frequency of fns = 312Hz.

range of validity, that condition does not necessarily apply in the antialigned case. If the antialigned
spin is large enough, as seems to be the case in Fig 4.1, the resonance frequency occurs early enough
in the evolution that this approximate formalism potentially breaks down while still in the inspiral,

necessitating a more delicate handling of the dynamical tides.

Until such a formalism is developed for antialigned NS spins, we instead assume that the object is
nonspinning (i.e. we set w4 = 0) for the purposes of Eq 4.28, 4.30; the aligned spin case will use
Eq 4.45 as expected.

4.4 Tidal Splicing

Broadly speaking, the PN framework computes gravitational waveforms by solving the equations

of motion,
dp v
dt M’
dv

o =Feeu (V) + Fria(v),

B () = (Aff () + AQE (1)) /@B, (4.46)
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where we have expressed the equations within the TaylorT4 framework. Equivalently, they can be

written within the TaylorT2 framework as

é(v) =¢o + Peu(v) + Pria(v),
t(v) =to + Tgu(v) + T1ia(v),
h™ (1) = (Al (v) + AT () € @ik () mo), (4.47)

Considering the case of a BBH system: in principle if we knew the PN expansions for the expres-
sions of Fgpy (or Peey and TgBH), Ag’é’H and zﬁ]‘;’gH up through arbitrarily large order, then we
could perfectly reproduce the gravitational waveforms of those inspiraling systems. The analytic

complexity of computing these terms means we only know them up to a limited order.

Numerical simulations of BBH systems are able to accurately solve the full Einstein equations.
Thus, if we can represent these numerical waveforms in a form akin to the systems of equations
in either Eq 4.46 or Eq 4.47 (with vanishing tidal terms), they would be perfect representations
of the PN expressions up to numerical resolution error. We can then substitute those numerically
computed expression within the PN framework for their analytic BBH counterparts. Tidal Splic-
ing is the prescription for decomposing numerical BBH waveforms to obtain PN-like expressions,
then reconstructing the equations of motion while incorporating analytic tidal effects to generate

waveforms corresponding to BHNS and BNS systems.

Waveform Decomposition

We start by taking a numerical BBH waveform corresponding to a system with a particular mass
ratio ¢ and spins aligned with the orbital angular momentum, y 4 and y p. Taking advantage of the
PN decomposition of the (2,2) mode of a BBH waveform from Eq 4.21 evaluated as a function of

time, fNr, We write the (2,2) mode of the numerical waveform as
IR (1) = AR (1)e 2O, (4.48)

This gives us the orbital phase ¢ngr(fnrR), from which we can compute the effective PN expansion

parameter vng,

nr(r) = | RO (4.49)

(We use a 6th order finite difference scheme to compute the d/dt derivatives numerically.)

With the orbital phase and effective PN parameters in hand, we decompose each mode from the

waveform into an amplitude and phase,
IR (1) = AR (D! 0, (4.50)
Comparing with the expression for strain from Eq 4.22, we can break up the phase as,

DR (1) = Yy (1) — mpnr (D). 4.51)
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Since we know ¢nr We can compute :,l/f{lg from the total phase by rearranging Eq 4.51,

Yin(t) = O (1) + monr (). (4.52)

Up to this point, we have been treating ngr as the independent variable for the purposes of decom-
position. Since the PN formalism considers the frequency expansion parameter v as the independent
variable, we shall now invert vNr (?) to get g (v) as a function of v. From this, we can represent all
of the individual parts of our waveform as functions of v, e.g. dnr (!NR (V) = dNr (V). Then we can

write the strain for each mode in the familiar form like,
h}{{}r{(‘)) :AI{IHI; (V)ei(lﬂgﬁ'(v)—mﬁbNR(V)). (4.53)

In this light, we now have numerical equivalents for the various PN expansions for BBH systems
which are correct up to an abritrary PN order limited only by the errors from the simulations them-

selves.

Evolution Splicing

With the numerical decomposition in hand, we will need the tidal parameters for the particular
BHNS or BNS system under consideration. A review of the different tidal effects explored in the
previous section show there are 6 different parameters which characterize the tidal behavior of
each object: the dimensionless quadru-/octo-polar tidal deformabilities A,/A3, their corresponding
f—mode resonance frequencies wysz/wy3, the dimensionless rotationally-induced quadrupole mo-
ment Q, and the dimensionless moment of inertial /. For our model, we make use of the universal
relations, approximate relations between A, and the other tidal parameters; the details are given in
Appendix 4.6. These choices would depend on the physical properties of the deformable object in
consideration. Once we have chosen them, the next step in tidal splicing is the recomputation of the

orbital evolution.

The details of how to specifically splice the PN tidal information into the orbital evolution depends
on the specific Taylor expansion considered. We shall discuss the details of tidal splicing with Tay-
lorT4 and TaylorT2. In general though, this method can also be performed for TaylorT3 [68] which
involves expanding about an intermediate dimensionless time variable, however that expansion is
known to do a poor job in general of reproducing the results of BBH numerical simulations even
in the equal mass, nonspinning case [58, 59], so we ignore that method here. Performing TayorT1
tidal splicing is currently intractable; due to the nature of the TaylorT1 expansion [68], we would
need a method of adaquately computing the BBH contribution to the PN energy and flux from just
the waveform, introducing additional complications which we do not concern ourselves with here.
While the [27] discussed tidal splicing under a TaylorF2 framework, in this paper only examine
expansion of the the time domain approximants, though many of the concepts brought up here can

be similarly expanded to the TaylorF2 formulation [67] as well.
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TaylorT4 Splicing

Splicing with TaylorT4, originally introduced within [27], begins by examining how the tidal terms
manifest in the TaylorT4 framework. The evolution of the PN parameter as seen in Eq 4.7 for a
BBH system is

d
 =Taon(v). (4.54)

With ¢ngr (v) in hand from the simulation, we can compute a numerically accurate version of Fggg (V)
which we shall call Fyr(v),

FNr(V) =

TR (4.55)
dv
The tidal terms, Fria(VNR), represent the sum of the additional tidal effects in the evolution and we
compute them according Eq 4.67. We incorporate the dynamical tides scaling the deformabilities

according to Eq 4.28, i.e. 1y — Arke(v).

We express the tidal orbital evolution with a new spliced time coordinate, fsp(v), which we compute

by integrating the differential equation

displ 1
dv  FROD) + Fria(v)’

(4.56)

We terminate the spliced wavefroms at late times according to the simulations we test against, the

details of which are given in Sec 4.5.

Once we have tgp;, we find the orbital phase of this new waveform by

1
¢Spl(V):MfV(tSpl)3dtSpl- (4.57)

As the right hand side terms for this method are known at specific frequency nodes will not be

uniformly spaced, we use Simpson’s method for integration.

TaylorT2 Splicing

This approximate expands both the orbital phase and the time arrays as expansions of v, and for
BBH systems looks like

t(v) =to + Tgpu(v),

$(v) =¢o + PeBu(V). (4.58)
The constants g and ¢g correspond simply to the starting time and phase of the waveform.

Our numerically corrected versions of gy and Pppy are simply

TNrR(V) =tNR(V),
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PNr(V) =PNR(V). (4.59)

Similar to TaylorT4, we compute the analytic TaylorT2 tidal effects, 7iq(v) according to Eq 4.68
and Priq(v) according to Eq 4.69, incorporating the dynamical tides by making the frequency de-
pendent adjustment to 1, from Eq 4.28.

The spliced waveform’s time 7sp,; and phase ¢sp,| are then given by examining Eq 4.13 and making

the appropriate substitutions,

tspl =to + INR(V) + TTia (V),

$spl =0 + dNR (V) + Pria (V). (4.60)

We use the freedom inherent within choosing ¢y and ¢¢ in order to align the spliced waveform at
the initial time to the numerical waveform (though this is somewhat unnecessary as computing mis-
matches between waveforms marginalizes over these choices). We terminate the spliced wavefroms

at late times according to the simulations we test against, the details of which are given in Sec 4.5.

As the waveform nears the merger phase of the evolution, the effect from Jtjq(v) might grow larger
than that of rNr (v). At that point the change in time values flatten out then decreases with increasing
v leading to unphysical behavior in the wavefrom, so we consider the PN approximation to have

broken down and end the waveform there.

Waveform Reconstruction

Once tspi(v) and ¢spi(v) are computed, then the final step is reconstructing the spliced waveform.

H fm
The expressions for A

dynamical tides accounted for by the replacement rule 1, — A24 k24 (v) from Eq 4.30.

(v) in Eq 4.23 are the tidal corrections to the individual modes, with the

We then arrive at the final formula for the spliced waveform modes,
P tm _
hggf (tSpl(V)) = (Ag’ﬁ(v) + A%ﬁ (v)) e g (V)—mesp(v) 4.61)

From here, the amplitudes and phases of each mode are interpolated onto a uniform time grid using

a cubic splice.

4.5 Results

Models for Comparison

To measure the efficacy of the tidal splicing method, we compare our spliced waveforms against
numerical simulations of BHNS/BNS inspirals. In particular, we use some of the recent numerical
simulations from [83]. In all simulations we compare against, the NSs were generated according to
an EOS of I' = 2 polytrope with a mass Mapm = 1.4M and compactness of Cns = 0.1444 so that
the quadrupolar tidal deformability is 15 ~ 800. Comparing against 1 specific EOS at a single NS
mass is a small slice of the full possible BHNS/BNS parameter space, but should give an idea for

how well tidal splicing can perform. See Table 4.1 for the full list of the simulations we consider



69

Type q | xns | foHz) | fi Hz) | N
BHNS 1 0 218 578 19.9

BNS 1 0 211 629 20.8
BHNS 1 -2 217 505 17.0
BHNS | 1.5 0 154 537 28.9
BHNS 2 0 156 505 21.0
BHNS 2 -2 156 485 19.8

Table 4.1: List of parameters for numerical simulations considered

here. In particular, there are 5 BHNS and 1 BNS runs, and two of the BHNS runs have a small
anti-aligned spin on the NS while the rest of the runs are nonspinning.

We generated our tidally spliced waveforms for each of these cases using the hybridized surrogate
model ‘NRHybSur3dq8’ [154] to compute the underlying BBH signal and making use of the uni-

versal relations to obtain the other tidal parameters from A»; the details are given in Appendix 4.6.

To provide an additional point of comparison, we also test another waveform model, SEOBNRv4T,
which is the time domain model SEOBNRv4 [53] augmented with most of the same effects we have
used here, including higher order corrections to the static tides in the EOB potential Eq 4.63 [34],
strain corrections Eq 4.23 [24], and dynamical tides (without the resonance frequency correction
for spinning NSs) Eq 4.28, 4.30 [73]. The implementation of SEOBNRv4T we used here only
outputs the (2,2) mode; however our analysis involves systems with mass ratios near unity so the
(2,2) mode should dominate the gravitational waveforms. Thus, we anticipate this limitation should

will be a minor effect on our results.

Waveforms

We include all modes from the numerical waveforms up through £ = 5, while the surrogate and
spliced waveforms use all available modes [(2, 0), (2, 1), (2, 2), (3, 2), (3, 0), (3, 1), (3, 3), (4, 2),
4, 3), (4, 4), (5, 5)], and SEOBNRvV4T only has the (2,2) mode. (Since the system is spin-aligned,

we only need m > 0 modes, symmetry gives m < 0 modes from that).

We choose the beginning of the waveform to be at a time after the initial burst of junk radiation,
t = 200M. That time also set the starting orbital frequency of the waveform (chosen according half
the the time derivative of the phase of the (2,2) mode). To prevent the starting frequency wrpitia from
being contaminated by residual junk radiation and slight eccentricities in the imperfect BHNS/BNS
initial data, we use a quadradic fit of the simulations’ frequency against time over the first S00M to
estimate the precise starting frequency. We window the waveform with a Planck-Taper window over

that early 500M region of the waveform. We label the orbital frequency at the end of this window
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as wo; this frequency will serve as the initial frequency considered in our mismatches below.

At late times, we set the upper frequency cutoff wcyog by the frequency attained by the simulation
at its peak power, and window the waveform (again with Planck-Taper) over the times from w; =
85wcutoff t0 Weuoff- This gives us an inspiraling waveform from orbital frequency wg to wy, the
values of which are given in Table 4.1 in physical units as fy and f; as measured in Hz. The other
waveforms we generated from wiyjtial t0 Weytof and windowed in a similar manner. In Table 4.1, we
also list the number of cycles in the (2,2) mode, chyzc in the numerical simulation within the listed
orbital frequency bounds. While this is not necessarily a large frequency range to be making our
comparisons, it is during the late inspiral where we expect the tidal effects to make the strongest

contributions to the binary’s evolution.

After we transform all of the waveforms into the frequency domain, we calculate the mismatches
with the numerical waveforms. We follow the procedures used in Appendix D of [41] to evaluate
overlap function assuming a 2-detector network, each measuring one of the polarizations with a
flat noise spectrum, optimized over time and polarization phase shifts between the waveforms. The
starting and ending frequency of the windowed waveforms, as given in Table 4.1, bound the fre-
quency range for the mismatch computations. The mismatch between each of the models and the

numerical simulation is then computed across a uniform distribution of sky locations.

As a quick aside, we attempted to compare against a pair of frequency domain tidal waveform
models, SEOBNRv4ROM_NRTidal and IMRPhenomD_NRTidal, but found mismatches which we
believed to be artificially large, near that of the BBH waveform. This is likely a consequence of
having short numerical waveforms; because all of the time domain waveforms here are windowed
in the same way, any systematic contamination introduced by the windows should be near identical
across them all but that conamination will not affect the frequency domain wavefroms. Thus, we

have excluded the frequency domain waveforms from the results below.

Mismatch Comparison: All Modes

In Fig 4.2, we plot a histogram for the distribution of mismatches against the numerical wavefrom
across sky locations in the case of the equal mass, nonspinning BHNS system. We do not normalize
the vertical axis since the exact heights of the histograms are dependent on the binning choice; the
location of the histogram peaks correspond to how well the model does while the spread measures

how dependent the models is on sky location.

We estimate of the numerical simulation error during the inspiral by the mismatch between the
simulation at two different resolutions (blue). Given that those mismatches are around ~ 107, that
suggests the simulations is well resolved during the inspiral. (Merger/ringdown might be a different
story.) The mismatches with the surrogate BBH waveform (black) measures the strength of the
tidal effects in the system, showing how poorly the waveforms will be if tidal effects are neglected

entirely.

As expected, both of the tidal splicing methods we try here, TaylorT4 (magenta) and TaylorT?2 (red),
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Figure 4.2: Distribution of mismatches against the inspiral of the BHNS, ¢ = 1, nonspinning simu-
lation across sky locations.

and the SEOBNRv4T model (cyan), all improve upon the BBH waveform, though to varying de-
grees. TaylorT4 splicing shows the least improvement, accounting for only some of the NSBH/BNS
tidal effects, while both TaylorT2 and SEOBNRvAT have mismatches about an order of magnitude
smaller. The narrowness of the peaks here likely correspond to the fact in equal mass, nonspinning
systems the gravitational radiation is dominated almost entirely by the (2,2) mode regardless of

which way the system is oriented.

In Fig 4.3, we observe similar patterns across most of the waveforms we considered. In all cases, the
numerical error of the inspiral is well below any of the mismatches from the waveforms considered
here, and the size of the tidal effects behaves qualitatively as expected (i.e. more extreme mass
ratios have smaller tidal effects, spinning NS has larger tidal effects, ...). The heirarchy between
the TaylorT2 splicing, SEOBNRv4T, and TaylorT4 splicing, is more or less preserved in all 6 cases
as well; with the exception of the g = 2 cases, TaylorT4 is distinctly worse than SEOBNRvA4T.

Comparing the ¢ = 1 nonspinning BHNS and BNS cases (top- and middle-left) shows very lit-
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Figure 4.3: Similar to Fig 4.2, except displaying the mismatch histograms for all 6 numerical simu-
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tle change in behavior in the mismatches, with the BNS mismatches slightly larger, presumably
because the tidal effects are at least twice as large (since two objects being deformed rather than
1). Increasing the BHNS mass ratio from ¢ = 1 (top-left) to ¢ = 1.5 (middle-right) and g = 2
(bottom-left), while keeping the system nonspinning shows improvement in the TaylorT4 splicing
waveform in comparison to the others. The distribution for SEOBNRv4T widens significantly with
the increasing mass ratio, likely owing at least in part to the growing significance of modes beyond

(2,2), as we will discuss below.

The most significant change to the mismatches arises in the case of the spinning NS (¢ = 1 top-
right; g = 2 bottom-right). In both cases, the mismatches of the waveforms worsen significantly
compared to the corresponding nonspinning cases. At best, the effects included here only account
for some of the changes the spinning NS has on the evolution of the system and on the gravitational
radiation. Either due to the missing spin-tidal terms (see Appendix 4.6), the inaccurate handling of
the dynamical tides in the case of anti-aligned NS, or some other unaccounted tidal effect, further

work will need to be done in order to properly capture the full behavior of these systems.

Mismatch Comparison: (2,+2) Modes

In order to characterize how much of the disparity between the TaylorT2 spliced and SEOBNRv4T
waveforms is due to the inclusion of higher order modes in the former model, we compute the
mismatches after restricting the BBH and spliced waveforms to only the (2,+2) modes (see Fig 4.4).

The numerical simulations still utilize all the same modes as before.

In the nonspinning ¢ = 1 BHNS and BNS systems, there is very little change in the mismatches in
the spliced waveforms when excluding the other modes. This is almost certainly because a majority
of the power in those waveforms is already concentrated in the (2,2) mode so leaving out the other
modes is a negligible change to the result. Thus the difference between the waveforms is within the
differences in the models themselves. This also holds true for the spinning systems, as it seems that

their handling of the spinning-tidal dynamics limits all of the models.

When moving to higher mass ratios for the nonspinning waveforms, the reverse is true namely
TaylorT2 and TaylorT4 became worse with TaylorT2 comparable to SEOBNRvVAT. The inclusion
of higher order modes accounts entirely for the discrepancy between TaylorT2 spliced and SEOB-
NRvAT.

Discussion

A curious feature from these results is the rather disparate mismatch values between the TaylorT2
and TaylorT4 methods. That TaylorT4 splicing does so poorly is also odd considering how well
TaylorT4 tend to do particularly well for simulating equal mass, nonspinning BBH waveforms. In
principle, the only differences between these TaylorT2 spliced and TaylorT4 spliced waveforms
should be the how the different PN approximantes handle the truncation error from missing higher
order tidal terms. However, the dynamical tides correction do not have a proper power series ex-

pansion and thus the differences in the two splicing methods will not fall along neat PN lines; the
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particular way which we incorporated the dynamical tides may yield different behaviors in the dif-
ferent splicing schemes. Another possibility is that the missing PN flux and strain coeflicients which
we set 0 might contribute to the difference, though given we expect them to be negligible contribu-
tions to the waveforms, so we deem it less likely those terms are the guilty culprit. More work will
need to go into understanding if the differences between the methods is owing to the higher order
truncations, the missing flux or strain coefficients, a consequence of how the dynamical tidal effects

are handled, or some other factor.

Overall, the TaylorT?2 splicing method show improvement (albeit very modest) over utilizing SEOB-
NRv4T in all waveforms considered here while TaylorT4 needs further study before being used for
BHNS/BNS systems.

4.6 Appendices

2.5PN Tidal Energy

Within the EOB framework, the Energy terms of the quadru- and octo-polar static deformation tidal
terms are known to 2PN [34], which we can convert to an equivalent expression for the energy

within the PN framework. For circular orbits, the full Hamiltonian is

J2u?
Hpop(u,J) =M |1 +2v| =1+ \| AW |1 + —— ]}, (4.62)
mym;
where u = M/r is the dimensionless inverse EOB radial coordinate, J is the orbital angular momen-
tum, and A(u) is the nonspinning radial PN potentials, known through 2PN.

This A(u) is given in [34], which we reproduce here for completeness,

A(u) =Appuu) + Ay, () + Az, (u),
Agpu(w) =1 = 2u + 2vi> + O™,
5 337 1

Ay, () =314 X5 (1 - X0 (u +u? (EXA) +u? (2—8)(3, +3Xa+ 3) + O(u4)) +(A - B),

} 15 110 311 8
Az, () =334x5 (1 = X)u’ (u +u? (TXA -~ 2) +u’ (ij - S Xat 5) + O(M4))

+(A — B). (4.63)

Take note that there the first unknown terms in A(u) of order O (u*) beyond leading order, which
corresponds to the first unknown terms appearing at O(v®) or 3PN order. Since the tidal effects only
enter at full PN orders, these potentials are valid until to the first unknown terms at 3PN, i.e. up
through 2.5PN.

To relate the EOB hamiltonian to the PN energy expansions, we relate the EOB radial variable u to
the PN expansion variable, v, via the orbital phase ¢q1,. Namely, ¢q is both the conjugate variable

of py = J, and one of the PN evolution equations as defined in Eq 4.1, therefore we establish the
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relationship between the EOB and PN energy equations with

0 O0H, u,J v3
g?b _ Ei;; ) — XZ' (4.64)

Because we are considering circular orbits, the radial conjugate variable p, is constant over the
orbit, or p,, = —0Hgog(#,J)/du = 0, which reduces to

0 J2u?
= — 1 4.
o=l {1 ) -

providing a relation between J and u [34],

OA(u)
2 _ ou
Pz gl (4.66)
ou

We can substitute this expression into Eq 4.64, reducing the expression to a formula connecting u
and v, which we then expand to obtain u as a power series of v. We then insert that expansion into
the EOB Hamiltonian Eq 4.62. By expressing the EOB Hamiltonian in powers of v, we obtain the
PN Energy formula, complete up through the 2.5PN order which the A(u) potential is complete,
which are given in Eq 4.32.

2.5PN Tidal Expressions
TaylorT4

Here are the full PN coefficients for the tidal terms in the TaylorT4 expansion in Eq 4.40,
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Note that $24,0 and %242 reproduce the TaylorT4 coeflicients from the quadrupolar deformability
which Ref [155] first computed.
TaylorT2

Here are the full PN coefficients for the tidal terms in the TaylorT2 expansion in Eq 4.42. For the

correction to the time,
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Model Parameters

To serve as our underlying proxy for numerical data instead, we use the hybridized surrogate model
‘NRHybSur3dq8’ [154]. This model accurately captures the behavior of nonprecessing BBH sys-
tems for mass ratios up to g = 8 with component spins y < .8 and including all of the following
modes: [(2, 0), (2, 1), (2, 2), (3, 2), (3, 0), (3, 1), (3, 3), (4, 2), (4, 3), (4, 4), (5, 5)]. This param-
eter space spans across the corresponding space of BNS and BHNS systems where the expected
breakup spin for a neutron star (y ~ .7), and the size tidal effects rapidly diminishes for mass ratios

significantly larger than on (the leading order tidal term in the taylor expansions goes as Xi.

The tidal effects of each object are then dependent on the object’s mass and the choice of EOS.
There are currently six tidal parameters which enter into our model: the quadru-/octo-pole static
tidal deformabilities, 12/13, their corresponding f—mode resonant frequencies, @2 /@y3, the di-
mensionless rotationally-induced quadrupole moment Q, and the dimensionless moment of inertia
I. (In Appendix 4.6, we also briefly discuss how to incluce the 4 spin-tidal deformability parameters

though they currently are not a part of our model)

While in general, all of these parameters depend on the specific details of the object’s mass and
EOS, recent analysis of these numbers show that the various parameters follow a series of universal
relations which can accurately approximate their values given just A,. The universal relations we
use here all follow the same form [161, 162],

4
y=) ailnx), (4.70)
i=0
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X y aop ap a as as ‘ Ref ‘
A InQ |0.194 0.0936 0.0474 —421x1073 1.23x107* |[161, 162]
Ay Inl | 1.47 0.0817 0.0149 2.87x 107 —3.64 x 107 |[161, 162]
A, InAz | -1.15 1.18 -0.0251 -1.31x1073 2.52x107 [158]

Ay Xa@52(0.1820 —6.836 x 107> —4.196 x 107 5.215x 10™* -1.857 x 10|  [62]
A3 Xa@r3/02245  -0.01500 -1.412x 1073 1.832x 107* -5.561 x 107°|  [62]

Table 4.2: Universal Relations relating the static dimensionless deformability to various other di-
mensionless tidal parameters using Eq 4.70

where a; are the numerically fitted coefficients relating the two tidal parameters, x and y, to each
other on Table 4.2. Thus, the properties of the NS of different theoretical EOS could be represented
by how that EOS traces out the curve of allowable A, as a function of the mass of the NS. The extra
factor of X4 which appears as part of the dimensionless resonance frequencies @y, in Table 4.2
arises because [62] defines their dimensionless resonance frequency as mawy, whereas we use

Wfe = Ma)fg.

Utilizing these universal relations reduces the effective parameter space of the tidal information
from 12 (6 for each object) to just the static quadrupolar tidal deformability for each object, since
they are all derived simply from the choice of 1,. All together our spliced waveforms effecitvely

fill a 6D parameter space: (q, M, x a, XB>A24,A2B).

For all of the various, unknown higher order coeffients (a4 from the quadropolar tidal flux Eq 4.34,
o, 52, Ba from the octopolar tidal flux Eq 4.34, and aﬁz, a%l s ag3, agl from the tidal strain amplitude
corrections Eq 4.23), we set them to 0 uniformly. Further study is needed in order to characterize
the error associated with such a choice. In the case of the strain amplification corrections, the we

expect missing coefficients to be subdominant contributions to the signal according to Ref [65].

Spin-Tidal Connection Terms

In the expressions above, there are a number of terms which scale as A4 x4, S0 one might be
tempted to view them as connection between the object’s tidal deformation and spin. Tracing back
to the original energy and flux expressions, we know that instead these terms arise naturally as a
consequence of power counting in the series expansion, and are merely cross terms between the
tidal and SO or SS effects.

Two different groups, Ref [153] and [110], derived the first spin-tidal connection terms in the PN
expansion. However, their two results are not consistent with each other, so we do not include either
within our current splicing model. We do look at each paper and summarize how to implement
either these effects within our framework so that when this discrepancy is resolved, tidal splicing

can be updated.

The leading order spin-tidal terms all enter at the v'> order and there are 4 related effects which
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all enter at this order, each with its own dimensionless tidal deformability coefficient: 1,3 the mass
quadrupole tidal deformation arising due to the gravitomagnetic octopole tidal field; A3, the mass
octopole tidal deformation arising due to the gravitomagnetic quadrupole tidal field; 3 the current
quadrupole tidal deformation arising due to the gravitoelectric octopole tidal field; 53, the current

octopole tidal deformation arising due to the gravitoelectric quadrupolepole tidal field.

To obtain the TaylorT terms, examine leading order terms in the PN energy and flux, so then
Esr=— 22 (1495 paxt Aia+(A—> B
sT== o |1+v7xa AZEIA iant(A— B)|,

32y2p10 .
Fst = 5 (1 +v5 yaX§ Z pialia + (A — B)>,
i

4.71)

where the sums are over each of the ST parameters A;4 = (1234, A324,0234,07324), With energy
coeflicients €; 4 and flux coefficients p; 4 which are functions only on the mass fraction of the object
X 4. In principle, we would need to include these energy and flux corrections into the full energy
(Eq 4.32 and flux (Eq 4.34 equations. In practice, any cross terms which enter the full TaylorT
expansions will show up earliest as A5 x A, cross terms to order v, coupled with tossing any higher
orders terms which drop out, means we only need to consider the above expressions to obtain the

results we desire.

We can expand this now in both the TaylorT4 and TaylorT2 manner yielding

321v° 15 .
Fst(v) = vy axs (——EiA + PiA) Aia|,
SM - 2
5 13 6 8 N
Tst(v) = 756 XAXAZ —12€;4 + SPiA Aial,
1 -
Psr(v) == 255 v xaXx§ Z ( —€ia+t ,OlA) Aia|. (4.72)

We can linearly add to the full tidal PN expressions Friq(v), 71ia(v), and Priq(v), respectively.

To showcase the effects which these spin-tidal terms can have on the results of our spliced surro-
gate, we tested how our mismatch results changed for the spinning BNS systems using the results
from both papers [110, 153]. In no particular order, we first examine [110], beginning with the
correspondence between their (dimensionful) defintions of the deformability paramenters,

- 64
A2z =m, Ao,

- 64

Az =my,° A3,
— 6
T3 =—my, 02,

T3 = — m05s. (4.73)
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From this we can write their energy and flux coeffs by reading off from Eq (28),(30) of [110],

44(1 — X4)
ia =———— (18,-2,-4,3),
€iA 71X, ( )
204 16 113 24
a=(144 -2 16+ —, 38 + —— 24— — . 474
PiA XA + XA + 3X, XA) ( )

Repeating this same setup but with [153], we find the correspondence between their definitions and

ours as

03 =——0732, (4.75)
m

and using their Eq (90),(95),

X
€ia = A (96,-32,-32,24),

136 32 113 24
a=l96--2304+25 384 2 24|, 4.7
DiA (96 X, 32 4 X 38 + X X (4.76)

A2 X A5 Self-Cross Terms

An odd quirk of how the PN formulation of the quadrupolar static tidal results, means that the
leading order tidal terms are treated as effectively being the same formal order as the leading
Newtonain order for the BBH for the purposes of power series expansions. Or in otherwords,
PN views O(1,v'%) ~ O(1). Extending this logic, we see that this analytic equivalence holds for
O(A3v*°),0(A3v*°) and all higher terms of the form O (1% v'"). To be clear, these are not nonlinear
static tidal terms despite their appearance as such. Similar to how the terms which go as A, X x 4.5
in Eq 4.67, 4.68, and 4.69 are power series cross terms between spin-orbit and tidal terms and not
spin-tidal coefficients, these 1> X A, are not nonlinear tidal static effects (where the deformed tidal
field of one object perturbs the tidal deformation of the other object), but simply linear self-cross

terms.

Now while v — 0, this equivalence is numerically not true, with O(1,v'?) <« O(1). But as the
binary approaches merger, and v is no longer small, then we cannot assume this holdes true without

further exploration, which we perform here.

To facilitate, we examine truncated versions of the PN Energy and Flux equations keeping just the
leading order BBH and Tidal terms,

2
EMv) =- % (1+922av"0X4 (=1 + X2) + 9Lpv'°X 3 (=1 + Xp) + O) + O(Av'))
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32210

F(v) = (1+6224v"°X5(3 = 2X4) + 6125V "X E(3 - 2Xp) + O(v) + O(Av')) .

4.77)

Performing the PN series expansion for the TaylorT approximants is the same as before, except we

carry it out to the next higher tidal cross terms,

32wy
SM

+324v20(i§Ax§ (12-23X4 +11X3)

ﬁzX/}z (V) =

[1 + 10 (T2 X (72 = 66X 4) + 1op X (72 - 66X5))

+Aoadop X% Xp (24— 23(Xa + Xp) +22XaX3)

+23X5 (12 - 23X + 11X3) ) LOM) + 00! + ou;v30)],

SM
256vv8

+24v20(i§ AXS (<36 + 57X, - 22x3)

7:12></iz (V) =

[1 + 10 (12X} (288 — 264X 4) + dop X (288 — 264X ) )

+Aoadop X% Xp(=72 +57(Xa + Xp) — 44X X5)
+A3, X8 (=36 + 57X p - 22X§)) +0) +O0(A') + 0(/1§V30)],

1
32ypd

+12v20(2§ AXS (<36 + 57X, - 22x3)

P, (V) = [1 010 (A X4 (72 = 66X 1) + dop X (72 - 66X5))

+Aoa o X% X5 (=72 +57(Xa + Xp) — 44X Xp) + L5 X5 (=36 + 57Xp — 22x}3))

+O(v) + 0"y + O(Agv”)]. (4.78)

Because these cross terms will most strongly influence the waveform during the final stages of the
inspirals, we estimate the size of the effect by comparing the magnitude of the various terms here
two different frequencies wisco = 6732 and @Oyt = G1sco/5. We assume a fiducial binary system
where ¢ = 1, ya = x5 = 0,424 = 1000, 125 = 0. The results are displayed in Tables 4.3 and 4.4.
We also include the highest PN term of order 1, which we’ve computed (entering at v'>), which
serves as an error bound estimate arising from the unknown quadrupolar tidal terms. If the self-cross

terms are larger than these, or near the size of the LO tidal terms, then we should not neglect them.

At the end of the waveform (i.e. at @isco), in the TaylorT4 case, the size of the self-cross terms is
an appreciable fraction of the 1,v!° term and the same size as the 1,v'> term. This is also true in
TaylorT2, but to a lesser extent, as the self-cross terms there are a factor of a few smaller. However,
looking just a bit earlier in the inspiral and the self-cross terms drop off until they are distinctly
smaller than even 1,v!>. Our general conclusion is that we are fine neglecting the self-cross terms

for the time being, but as more tidal terms are introduced, we will eventually need to include this
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’ ‘ WIsco /iszlSOCO ZZVllssco Z%"lzsoco
Fra(v) | 6732 0313465 0.0588958 0.0680262
Tra(v) | 6732 125386  -0.4286  -0.0201559

Pra(v) | 6732 0313465 -0.187513 -0.0100779

Table 4.3: Estimating the size of the PN tidal self-cross terms from Eq 4.78, assuming a fiducial
system where ¢ = 1, y4 = x5 = 0,A24 = 1000, 125 = 0, evaluated at @isco = 67/

’ ‘ Wrest sztle(;t /izvtlesst Z%"tzegt
Fria(v) | 673/2/5 1.46652x 1073  1.88467 x 107 1.48894 x 107°
Tria(v) | 673/2/5 5.86608 x 1073 —1.37152x 107* —4.41166 x 1077

Pria(v) | 673/2/5 1.46652x 1073  -6.0004 x 107> —2.20583 x 107’

Table 4.4: Similar to Table 4.3, except evaluated at st = @Wrsco/S.

effect, especially to get the last orbits of the inspiral before contact between the objects and the start

of merger/ringdown.

This entire argument generalizes to the octopolar static tides, with O(1) ~ O(13v'#4) ~ O(Z%vzs),
yet the octopolar effects are suppressed compared to the quadrupolar static tides. All of the argu-
ments in favor of neglecting the O(/i%vzo) terms should apply even more strongly to O(igvzg), and
so we ignore those effects as well.

Paper Definition Key

Here we define the critical quantities used in the paper for ease of reference.

A%’iﬁ (v) : Tidal Strain Correction, Eq 4.23
a4 : Undefined Quadrupole Tidal v* Flux Coefficient
a!™ : Undefined Quadrupole Tidal v! Strain Coefficient
B: : Undefined Octopole Tidal v’ Flux Coefficient
Ca = ma /R4 : Compactness of Object A
E(v) : PN Energy Expansion, Eq 4.32
F(v) : PN Flux Expansion, Eq 4.34
Feeu(v) : TaylorT4 Expansion of v Evolution BBH Terms, Eq 4.54
Fria(v) : TaylorT4 Expansion of v Evolution Tidal Terms, Eq 4.67
h™(v) : Waveform Strain Modal Representation

14 : Dimensionless Moment of Inertia, Eq 4.44



PrBH(V)

Pria(v) :

Tee A

t:

TBBH(V)
T1id(v)
1%

4

wrea
Xa

XA

: Dynamical Tidal Enhancement Factor, Eq 4.28

: Dynamical Tidal Strain Enhancement Factor, Eq 4.30

: £ — polar Dimensionless Tidal Deformability, Eq 4.3

: Dimensionless Mass Spin-Tidal Coefficient

: Mass of Object A

: Total Mass of Binary

: TaylorT2 Expansion of Orbital Phase BBH Terms, Eq 4.58
TaylorT2 Expansion of Orbital Phase Tidal Terms, Eq 4.69
: Orbital Phase

: Mass Ratio of Binary

: Dimensionless Rotationally-Induced Quadrupole Moment, Eq 4.35
: Radius of Object A

: Dimensionless Current Spin-Tidal Coefficient

Time

: TaylorT2 Expansion of Time BBH Terms, Eq 4.58

: TaylorT2 Expansion of Time Tidal Terms, Eq 4.68

: PN Expansion Parameter, Eq 4.1

= X4 Xp : Symmetric Mass Ratio of Binary

: Dimensionless ¢ — polar f — mode Resonant Frequency, Eq 4.26
= ma /M : Mass Fraction of Object A

: Dimensionless (Aligned) Spin of Object A

87
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Chapter 5

RESONANTING ULTRA-COMPACT OBJECT SPLICING MODEL

5.1 Preface

Gravitational waves serve as a testbed for comparing Beyond GR theories. One of the major hopes
for future detections, especially as the field moves towards next generation detectors with ever better
sensitivity, is the hope of finding deviations from pure GR within the gravitational wave signals.
Because of the current constraints on such theories placed by the signals that have already been

detected [5, 8, 9], deviations to pure BBH inspirals are likely to manifest as small corrections to
GR.

In this paper, we explore the versatility of the splicing methods, originally introduced in [27], to
approximate waveforms for testing theories which deviate from GR. By applying the changes as
deviations to the orbital evolution of the energy and flux within the system, spliced waveforms utilize
the accuracy of numerically computed BBH waveforms to quickly generated waveforms which are
corrected according to Beyond GR theories. We demonstrate the utility of splicing methods by
modeling a resonanting gravastar and estimating how strong the resonance must be in order to

distinguish such a system from BBH waveform.

5.2 Theoretical Framework

Our choice of toy model is to take the black holes in the binary and replace them with gravastars
with slightly reflective boundary conditions rather than event horizons, as Ref [111] examined. In
particular, they considered a structure where the reflective surface of the gravastar and the effective
potential barrier around that object in when in orbit. That structure approximately forms an effective
resonant cavity While their work was for extreme mass ratio binaries, we shall use it as a jumping

off point for our test.

In particular, they give a leading order correction to the energy flux from the £ = 2,m = +2 mode

relative to the standard flux from a black holes as [111],

128iRv13 |

W , 6D

R0 = B0t

where

out

=1+ L 5.2
B 2 (5.2)

is a boundary condition on the reflective horizon, and R is the reflection coefficient so that |R|?
is the reflectivity of the energy at the horizon (0 in the case of BH). Here v is still the usual PN

parameter related to the (2,2) mode gravitational wave frequency, w??> = 2v3/M.
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Now A

out and Afn are related to the asymptotic limits of the Regge-Wheeler function in the Teukol-

sky perturbation formalism. Ref [124] computed these expressions, expanding them in terms of
€ = 2Mw?*?, which to order O(e) is

.\ C+1

Q0120+ D! (i 2o n

A.gmz L ze(neafgﬁg)(l__ +0 2)’
i To@-re+2 \e) € €O

' " a0+ _
tm _ (25)(25 + 1) (_l) ele(ln2e+ag—ﬁg) (1 _ ge + 0(62)) . (53)

T =D+ 2!\ €

Here a, and b, are both constants, the former of which will disappear from our calculations and the

later of which is (after simplifiying from their expression)

-1
11 (e-1)(f+3)
by = — I 77 4
g 7+;k+25+ 2+ 54

and v is the Euler constant.

As [124] points out, the amplitudes of Afn’" and A" are identical up through O (e2(+D) or in other

out

words, IAfn’" /Agl’}fl = 1 + O(e***D). What remains of that ratio is the phasing information,

A[m .
out :(_1)f+18126(1n26+b[’). (55)

At’m
in

Then all that is left to compute S is to establish the reflectivity. For our toy model, we choose a

simple frequency-dependent reflectivity,
R = (—1)[+1R€2iw22L, (56)

where L is the effective length corresponding to the characteristic length of the resonant cavity.

Then the expression for S reduces to,

B=1+ R (Lo +2Mw? (In4Mw?+by)) (5.7)

Examining Eq 5.1 again, we note that because reflectivity term is suppressed by a factor of v'3,
it will likely be a negligible contribution except when near resonance, i.e. S is zero. To get the
resonant frequency, we write w? = wR +iwy, (Where w; < wR), plugging into 8 = 0, then solve

for the amplitude and phase separately. We find the following conditions on wg and wy:

2R (L+2M In4Mwpg + 4Mby) = n,37,57,. ..,
B InR
" 2L +4MInd4Mwg +4Mb,

wy (5.8)

If we further look at the case L > M, where the effective length of the resonant cavity is an

apprciable fraction of the binary’s orbit, then those expressions to reduce to,

2Lwg ~n,3n,5n,...,
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~N— 5.9
wr oL (5.9
If the system is near resonance, w? = &+ wg +iwy for &€ < wg, then B looks like

B=1-e"18 ~ 2iL& = 2iL[(wa2 — wR) — iwy]. (5.10)

Since wj is small compared to wg, that means relative width of S’s behavior near resonance
only over a narrow range of frequencies, with a very tight peak. That means we can approxi-
mate the behavior of v in Eq 5.1 as nearly constant, vg = (Mwg/2)'/3. Lastly, the reflectivity
R ~ —Re* LR ~ R,

Plugging all this back into Eq 5.1 gives us the resonant behavior of the (2,2) mode energy flux,

2
242 _ 242 a
Fres V) =Fg() |1 + o2 —on Ty
13
. 128Rv
30L
InR
=——. 5.11
Y 2L (5.1D)

Becuase this is just a correction to the (2,2) mode, the total correction to the total energy flux is

scaled by its fractional contribution to the total energy, which we can represent as a sum,

Fgpu(v) = > Fift, (5.12)

m

so the effect of the resonance on the total energy flux is scaled by the fraction of flux in the reso-

2
- 1)] (5.13)

We are now ready to set up the system for tidal splicing; in this case, we shall examine this system

nanting (2,2) which can resonate, or

F22 (v
FRes (V) :FBBH(V)[I + ot (V) (‘1 +— y
w

Fgu(v) —wR +1iy

5.3 Splicing Details

via the TaylorT4 framework,

_ Fepu(v)
FeBH(V) = W- (5.14)

dv

Now the change in flux due to the resonance does not affect the total energy in the system, E(v),

merely how fast it is resonating. Thus, when we change Fgpy — FRres, then E(v) is unchanged, and

thus,
2
- 1)] (5.15)

Fres(V) =FrBu(V) |1 +

2
FBBH(V) 1+ 04
Fepu(v) w? —wg +iy
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With this expression in hand, we can now repeat the same procedure as was done with splicing
the NS tidal terms, except instead of Eq 4.56 we use Eq 5.15 after making the usual numerical

subsitution of ¥ggy — FNR-

The last point of note is the computation of the energy flux fraction contained within the (2,2) mode.
Given the modal compostion of the strain data at .#*, 1" (¢), then we can write the energy radiated
by that mode as [137]

Ffm :L dht’m(t) 2
167 dt ’

F(v) = Z Fém, (5.16)
tm

While this sum is supposed to be over all modes, we perform the sum only over the modes provided
by the surrogate we are using as our underlying base for generating the BBH waveforms. Even
though the surrogate model does not have all modes, they will likely be an insignificant contribution

to the energy flux during the inspiral.

A minor technical note: while the form of Eq 5.15 ensures that analytically the splicing integral
di
dvNr
we performed the numerical integrals means there is occasionally a data point which goes ever so

for

does not go negative, the extreme sharpness of the resonance peak combined with way

slightly backwards in time at that peak. We have accounted for this by shifting the time array so that
point is barely positive. We expect this to be a negligible effect on the results.

5.4 Test Results

Given this correction to the BBH evolution, we can estimate at when waveforms with this resonant
profile will be distinguishable from the pure GR waveforms. In particular, we will examine the
waveforms of an equal mass, non-spinning binary with total mass of 30M with and without the

resonance on 1 member of the binary.

We generated waveforms to cover the range of (2,2) gravitational wave frequencies fy = 10Hz to
f1 ~ 147Hz (corresponding to an orbital angular frequency of Mwrsco = 67°/?), with the signals
windowed with Planck-taper windowing function extending down to 9.5Hz and up to 1.4 f; for

purposes of facitlitating the Fourier transformations.

We compared the differences in the waveforms using the overlap function over the inspiral between

2 signals hy, hy, is given by

hilh i(ps+2mtsf)
O(hy, hy) = max 112 4
tssds N |h Yo ho)

where t; and ¢ correspond to the time and phase shift, respectively, between the two waveforms,

(5.17)

and the inner product between those two wavefroms is computed in the frequency domain,

S h A
(hy|hy) =4ff %fz)(f)df. (5.18)
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Figure 5.1: The value of M« at which the spliced waveform is distinguishable (overlap< .97) from
the pure GR inspiral signal, as a function of the other resonant parameters, y and wg. While there is
a noticible affect of wg = 27 fr on the waveform, varying vy barely affects @ despite the wide range
of y values shown here.

The integral is weighted by the noise spectrum, S, (f), which in our case we take to be uniformly
flat. Because a vast majority of the waveform’s power is in the (2,£2) mode, we simplify our

computation by comparing just the (2,2) mode, assuming optimal orientation for that mode.

Our goal is to estimate an upper limit on the three parameters governing the resonant profile,
(a,y,wR). Since of the three, @ corresponds to the amplitude of the resonant effect, we gener-
ate waveforms various values of ¥ and wg, comparing them with the GR signal to find the a at
which the two are distinguishable, which we set to be when the overlap between 2 waveforms drops
below .97.

We have plotted the results of « for different values of y = 6.8 x 10771, 6.8 x 1072s~! (which
correspond to dimensionless My = 107,107°), and a range of fg = 15 — 50Hz in Fig 5.1. From
the plot, we see that the estimate of a for which the resonant system is distinguishable is largely

independent across a wide range of y. We interpret this as a consequence of having such a narrow
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peak width, vy <« wg. In effect, the waveform sweeps through resonance peak quickly enough that it
serves as effectively as a blip the frequency evolution. y governs the exact sharpness of the blip, but
the overlap seems not to distinguish much between the blip sharpness over the range we considered.
Perhaps y will have an impact in higher frequencies but the inspiral portion of the waveform is

indifferent to the exact shape.

The location of the resonance in the inspiral, wg, has a noticeable influence on the signal, with
resonance peaks later in the inspiral being easier to distinguish (i.e. smaller @) than those appearing
earlier by a factor of 2-3. We posit that having the resonance so early in the waveform makes it
easier to align for the overlap calculation, especially as the mode amplitude is smaller at lower
frequencies. In the limit the resonance peak is far below the lower limit of the detector’s band of
sensitivity, the waveforms will be indistinguishable. As the peak is deeper into the inspiral, the more

disruptive it is to the overal waveform profile.

While we have chosen a particular fiducial mass for our comparisons here which means the wave-
forms we have considered only extend to a short time before it reaches resonance. One concern of
our method is that the effect of the Lorenzian on the evolution may not be bounded in a compact re-
gion nearby the resonance peak. Specifically, as the tail of the profile extends to lower frequencies,
the orbital evolution lasts for longer spans of time. This can lead to an ever growing accumulation of
phase diference between this ultra-compact system and a pure GR evolution even as the resonance
profile decays away. As such, we will need to examine the behavior of our approximations at low
frequencies and whether a more careful treatement will be necessary to handle the evolution of this

system long before resonance.
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