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Abstract

We compute tidal signatures in the gravitational waves (GWs) from neutron star binary
inspirals in scalar-tensor gravity, where the dominant adiabatic even-parity tidal inter-
actions involve three types of Love numbers that depend on the matter equation of state
and parameters of the gravitational theory. We calculate the modes of the GW amplitudes
and the phase evolution in the time and frequency domain, working up to first order in
the post-Newtonian and small finite-size approximations. We also perform several case
studies to quantify the dipolar and quadrupolar tidal effects and their parameter de-
pendencies specialized to Gaussian couplings. We show that various tidal contributions
enter with different signs and scalings with frequency, which generally leads to smaller

net tidal GW imprints than for the same binary system in General Relativity.
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1 Introduction

Gravitational waves (GWs) are copiously produced by coalescing compact binary systems,
with more than ninety confirmed detections to date [1-3] that have already yielded valuable
insights into these sources and dynamical spacetime itself. Systems involving neutron stars
(NSs) [4-7] are particularly rich in information because they involve strong-field gravity cou-
pled to subatomic matter at supranuclear densities, which remains a longstanding frontier in
nuclear physics [8-10]. Extracting this information from GW signals relies on template mod-
els used for the detection and parameter estimation analysis. Shortcomings of the templates
can thus jeopardize the interpretation of our measurements. This has motivated a significant
research efforts to improve the accuracy and physical realism of theoretical models. While
theory-agnostic tests of gravity are most commonly used in data analysis, and have already
provided constraints on parameterized deviations of the measured waveforms from those in
General Relativity (GR) [11-13], complementary theory-specific calculations are needed to
connect between empirical measurements and fundamental theory, and to potentially reveal
new phenomena to search for.

In this paper, we study GW signatures from tidal effects in NS binary inspirals in scalar-
tensor (ST) theories of gravity [14-17]. Such theories involve a scalar field coupled to the
metric, which can give rise to scalarized NS solutions whose internal structure depends on the
scalar field [15,18-24]. We consider here ST theories in which scalarization of isolated NSs
occurs only when their compactness is above a parameter-dependent critical value [15,19,20],
while black holes and less compact stars are unaltered compared to GR. Thus, ST theories avoid
the stringent constraints on deviations from GR imposed by Solar-system experiments [25],
but are constrained by observations of binary pulsar, where scalar radiation would lead to
accelerated orbital decay relative to GR [19,26-30]. Complementary constraints come from
GW measurements, where scalar radiation and other modifications of the inspiral as well as
phenomena such as dynamical scalarization [31], whereby an unscalarized star can become
scalarized when reaching a certain separation from the companion, could also play a role [32-
39].

The effects of scalarization on a NS’s internal structure are encoded in the GW signals, for
example, through tidal deformability coefficients that characterize the ratio of the star’s in-
duced multipole moments to tidal fields due to the binary companion [40-44]. In ST theories,
this induced response for each multipolar order and even parity comprises three different tidal
deformabilities [45] in contrast to only one parameter for NSs in GR. This arises because mass
and scalar quadrupoles are induced by the gravitational and scalar tidal fields respectively, and
moreover, the nonlinear interplay between gravity and matter also results in an induced scalar
multipole in response to a tensor tidal field and vice versa. These tidal deformabilities are
sensitive to the still poorly constrained equation of state (EoS) of NS matter as well as proper-
ties of the scalar field and spacetime [5,46-50]. While we consider here a specific class of ST
theories, our methods have broader applicability to other theories of gravity where scalarized
NSs can arise.

There has been much previous work on understanding and modeling the effects of ST
gravity on GW signals from binary inspirals. A number of numerical studies of NS binaries in
ST theories have analyzed or revealed features due to scalarization, such as the black-hole NS
simulations of [51] and those of binary NS mergers in [24,31,52,53]. Analytical waveforms
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have been computed in ST theories up to 1.5PN order [18,32,48,54-64,64-67]. The leading
order dipolar tidal effects in the scalar sector have also been modeled [48, 68].

In this paper, we complement existing work by assessing the importance of tidal effects up
to quadrupolar order. We compute the different tidal contributions to the Fourier and time-
domain waveform, working to linear order in finite-size effects and to 1PN order in relativistic
effects on the orbital scale. We survey the parameter space of the effects and select several
fiducial binary systems that maximize some of these effects as well as intermediate cases whose
GW signals we analyze in detail, with particular focus on the GW phasing due to the different
kinds of tidal effects.

The paper is organized as follows. In Section 2, we start by discussing GWs in ST theories,
their transformations between different computational frames often used in literature, and the
effective action description of a compact binary system. In Section 3, we derive the leading
tidal effects to 1PN results and compute the waveforms. In Sec. 5, we apply our results to
scalarized NS considering three EoS ranging from stiff to soft and discuss our findings. We
finish with the conclusion and outlook in Sec. 6. We leave the details concerning the PN
calculations and our parameter space study to Appendix B and E, respectively.

The notation and conventions we use are the following. Greek letters a, f3,... denote
spacetime indices, while Latin indices i, j,... correspond to spatial components. We use V,,
to denote the covariant derivative and J, for the partial derivative. Capital-letter super and
subscripts, with the exception of the labels T, S and ST, correspond to a string of indices on
a tensor (see e.g. [69] for details), and angular brackets on tensor indices denote the sym-
metric and trace-free (STF) part. For instance, for a unit three-vector n', the STF tensor
N.p—os = mynj — 1/36;;, with &;; the Kronecker delta. We adopt the Einstein summation
convention on all types of indices, i.e., any repeated indices are summed over. In this work we
set the speed of light equal to unity; ¢ = 1.

2 Setup and approximation scheme for neutron star binary inspi-
rals in ST theories

2.1 Scalar-tensor theories of gravity

Scalar-tensor theories are a class of theories beyond GR that include a scalar field coupled with
the metric. The action for such theories can be formulated in two frames. Historically, it was
first formulated in the so-called Jordan frame,

59 = J d L IR~ 200,60 = V(D) |+ S [, ] . )
M

with R, the Ricci scalar, F(¢) an arbitrary function of the scalar field ¢, w(¢) a self-interaction
coupling, and V(¢) its potential. The asterisk is only a notational adornment to distinguish
quantities from those associated to a conformal metric introduced below. In this work, we will
focus on massless scalar fields, so that V(¢ ) = 0. We note that in (1), the scalar couples only
to the curvature while the matter part is the same as in GR; in particular, there are no effects on
the particle physics of the standard model. However, the scalar coupling to the curvature leads
to complicated equations of motion for the metric fields. Thus, it is convenient to transform to
a different frame where the field equations simplify. Specifically, by performing a conformal
transformation

gy =AY 8uy » 2)



144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

SciPost Physics Core Submission

with a field-dependent conformal factor that is related to the coupling function by

A(w)zexp(—fdeFFm) , 3)

where ¢ is defined by the field redefinition,

Z—i =VA, (4a)
1
aaqb = \/_Z af > (4b)

with

A §(F_’)2+1M -

4\ F 2 ¢F ’

and a prime denoting a derivative with respect to the argument, F/ = dF /d ¢, we obtain the
action in the Einstein frame,

St =f d4x—1‘g_g [R—28"8,8,60 ]+ Smatter [¥m: A2 ()81 ] - 6)
M G

In the Einstein frame, the gravitational sector of the action is the Ricci scalar R associated to

the metric g,, with a free scalar field p. However, the matter action contains A(y) which

couples the metric and scalar field through the matter action. In principle, as the two frames

differ only by a conformal transformation, any measurable quantities should be independent

of the choice of frame, provided that they are calculated consistently within each frame.

2.2 Relevant scales for binary neutron star systems in ST theories

We first consider relevant scales involved in the problem to gain insight into the basic physics
dominating different aspects of the binary dynamics and GWs and to define appropriate ap-
proximation schemes to model them. Specifically, we consider two non-spinning NSs or a
black hole-NS system at large separation r during their early inspiral. Due to the presence of
the scalar field in the gravitational theory, depending on the parameters, a scalar configura-
tion inside and around NSs can arise [18]. We assume the binary to move in a quasi-circular
motion, slowly descreasing in radius due to the loss of GWs and scalar radiation. Fig. 1 shows
a schematic illustration of the systems we consider. The smallest scale that is relevant for
modeling the GWs is the size of the bodies in the binary. For a black hole, this is of the order
of its Schwarzschild radius rg ~ 2GM, with M its mass, while for NSs, depending on its mass
and EoS, it is generally of order Ryg ~ O(10km) equivalent to a few times rg. During the
early inspiral, the orbital separation r is much larger than the size of the bodies, r > Ryoqy-
The next larger scale in this setup is the reduced wavelength of the GWs, which is of order
wé\}v ~ O(w™!) with w the orbital angular frequency. The largest scale is the distance from
the source to the observer denoted by d. The above scales are commonly discussed in the
literature on PN theory and finite size effects in binary systems in GR, as reviewed e.g. in [70].

In beyond-GR gravity theories, it is often the case that the presence of extra fields introduce
new scales into the problem. However, in the massless ST theories we consider here, the scalar
configuration (in cases where it exists) is given by a monotonically decreasing function outside
the star, in principle extending to infinity. To be able to still assign a characteristic length scale
to the scalar configuration we look at the ADM energy of the field

EY =J VTd3xn®Typth, (7)
S

5
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Figure 1: Schematic illustration of the binary systems of NS A and B and their re-
spective masses and velocities. The relevant length scales of the system are labelled.

where tP is the timelike Killing vector 3 /dt, S the spatial hypersurface with induced metric
Yop @nd n? is the timelike unit normal. The neutron star background metric is obtained by
solving the ST field equations with a matter action corresponding to the perfect fluid energy
momentum tensor. For details we refer to Sec. 5.1.2 and [45]. The energy momentum tensor of
the scalar field will be introduced at the end of this section in (19). Fig. 2 shows the percentage
of the scalar field ADM energy as function of the radial distance for an example case NS of
1.4M,, assuming EoS SLy and ST parameter 3, = —4.5. We give a more detailed discussion
on the possible parameter choices in Sec. 5. In this case, we find that the ADM energy around
the scale of ~ 5.5Ry¢ is around 90% of the total ADM energy at spatial infinity. We repeated
this analysis for a range of NS masses and respectively softer to stiffer EoS WFF1, SLy, H4 and
for different values of the ST parameter f3,. For this sweep of the parameter space we found
very similar profiles for the ADM energy percentage as shown in Fig. 2 for which 90% of the
total ADM energy is always captured in a region smaller than O(10)Ryq,- Hence despite of
the slow falloff of the scalar field itself, its energy is concentrated in a region close to the body.
There are no strict criteria for defining the scale of the scalar configuration. However in the
overall hierarchy of scales we discuss in this section based on Fig. 2 we can say it is of the
order of magnitude of Ry,q,. We define therefore the characteristic length scale of the scalar
cloud to be

L(p ~ 6Rb0dy' (8)

Even though the ADM energy related to the scalar field is concentrated close to the compact
object, the energy density at the relevant scales during the inspiral can still be significant. To
get some insight we did an order of magnitude estimate regarding the density of the field. At
a GW frequency around 200Hz during the inspiral part of a coalescing event of a NS binary,
their relative distance can be found via r ~ ft/GaM, with a a ST parameter related to the
scalar charges of the NSs, defined in (30), and M the total mass of the binary system. We
derive this explicitly in (100). At this radial distance we find the energy density of the scalar
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Figure 2: Ratio of the ADM energy as function of the radial distance over the to-
tal ADM energy at large distances for a NS of 1.4M,, considering the SLy EoS and
Po = —4.5. The dashed line corresponds to a ratio of 0.9.

field corresponding to the 00 component of the scalar energy momentum tensor (19) to be
O(10')kg/m3. This is computed for an equal mass NS system of 1.4M, with EoS SLy and
Bo = —4.5. This density surpasses white dwarf like energy densities. For fields with large
energy densities, environmental effects like dynamical friction (DF) can leave a significant
imprint on the GW signature. The energy loss due to dynamical friction during the inspiral is

given by [71,72]
2)72

Fpp ~ 4mpn? InA, 9
with p the scalar field energy density, = m;m,/M? the symmetric mass ratio, v ~ v/GM/r
the velocity of the body moving through the field, which we approximate by the Kelperian
velocity. InA denotes the Coulomb algorithm characterized by the impact parameters of the
two body encounters. As our order of magnitude is not sensitive to the estimate of A and it
is usually O(1) [72] we will set it to unity for this estimate. Comparing the DF energy loss to
the GW leading order energy flux Fgy, ~ 32/5G*n?(M/r)> we find the ratio of the fluxes at

GW frequency 200Hz to be
:féf-~a69(10—1) (10)
Fow
Hence the effect of DF on the GWs due to the presence of the scalar field can become quite sig-
nificant during the inspiral, moving towards higher energy densities when the radial distance
shrinks. We highlight therefore the importance of incorporating environmental effects due to
the additional scalar field in future work.

To come back to our discussion on the hierarchy of the length scales in the system as
shown in Fig. 1, we divide the problem into different zones. The near zone is defined by
vz K “)E\}v [73] which captures physics on the orbital scale. The far zone encompasses the
region outside the near-zone. In the two zones we use different approximation schemes and
match them in the intermediate region. The approximation methods adapted to the differ-
ent zones are based on expansions in small dimensionless parameters. Finite size effects are
characterized by the ratio between the body scale and the orbital separation

Rbody

€rid ~ < 1. (11)
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225 Asdiscussed above, for the scalar tidal effects we also work in the approximation that (L, /r) < 1.
226 Furthermore the PN weak field and slow motion parameter is

GM
epy ~ —— ~ V<L (12)
227 We use these parameters to define perturbative expansions that enable us to compute explicit
228 results for the dynamics and GWs of NS binaries in ST theories including tidal effects.

220 2.3 Overview of the approach to compute tidal GW signatures in ST theories

230 Our calculation in the sections below is structured as follows. We start with a computation
231 of the orbital dynamics on the scale of the relative separation of the two bodies. Because of
232 this large seperation relative to their size, the objects can be described by point particles with
233 small corrections due to their finite size and the scalar condensate. These are described by the
234 introduction of a scalar dependent mass and tidally induced multipole moments. We expand
235 the field equations from action (6) perturbatively to first order in €py and €,;4 which are small
236 in the near zone. This is followed by a computation of the waveforms at the detector, here one
237 can expand in the large distance to the source d, resulting in a multipolar decomposition of
238 the fields. We obtain the waveforms and GW phase in terms of the global charactersitics of the
230 objects. We can relate these parameters to the fundamental properties of the bodies by using
240 the results on the tidal properties for NSs in scalar-tensor theories of [45].

21 2.4 Skeletonized action including tidal effects

222 When studying the relativistic two-body problem during the early inspiral, we can take ad-
243 vantage of the hierarchy of scales to formulate an effective description valid at the scale of
244 interest. Here, we are interested in the early inspiral where the separation between the bodies
245 1 is larger than their characteristic size R, R/r < 1. To describe the binary system on the large
26 scales of the orbital dynamics and the radiation we make the approximation that the world-
247 tubes of each of the bodies reduce to a fiducial worldline, corresponding to a point-particle at
248 their center of mass, augmented by an infinite sum of multipole moments describing finite-size
240 effects!. In this approximation, the total matter action has the form

Smatter[guw ¥, XX] :Spp + Stid » (13)

250 With

Spp = —J dt zm(yp), (14)

251 the point-particle action with a field-dependent mass m(¢), which accounts for the fact that
252 free falling bodies acquire scalar-field dependent terms, therefore violating the strong equiv-
253 alence principle [56], and z = ,/—u,u” the redshift factor. For the finite-size effects, we
254 consider here only static tidally-induced scalar and tensor multipole moments of the form

S _ (=S ( T

Q; ——ASEL—ASTEL s (15a)
T _ LT { S

QL __A'TEL _}'STEL H (15b)

255 Where Ef/ T are scalar and tensor tidal fields given by

Ef - _VLQP,

1 (16)
ELT = Z—ZVL_ZCalaazﬁu“uﬁ,

'Recall that a multipolar series expands in powers of R/r .

8
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where C,,,p is the Weyl tensor, u” the four-velocity tangent to the worldline, and the indices
L are taken to run over a;,a,,...da,, with £ the multipolar order. The tidal deformability or
Love number coefficients Ag IT/ST characterize the various tidal responses of the star. They
contain information from the strong-field regime inside the stars. For the class of ST theories
considered in [45], the scalar-tensor Love numbers AgT were found to be negative, while Ag
and A; were positive. From (15), this implies that the deformation of the star characterized
by Agr is of the opposite sign compared to the pure scalar or tensor response.

Using the above definitions, the action for linear, static, even-parity tidal effects is given

by [45]
Stid =ZJ dt z gtPx
14
{

A AL AL
S =SS T T T ST T =S
(Z_K!ELEP + Z_E!EL EP + WEL EP).

(17)

2.5 Field equations derived from the action

The total action for the system consists of the gravitational action, for which we use the
Einstein-frame action (6), together with the skeletonized description of the two bodies (14).
Varying with respect to the dynamical fields results in the following field equations

_ id
Gy =2T7,—8nG(TI) + T,)7), (18)
with
Gy =Ry, — 3RE, (19)
TS =V,0V,0 — 38, V,0VPo. (20)

the Einstein tensor and scalar field energy momentum tensor respectively. Furthermore we
define
PP — -2 5SPP Ttid — -2 5Stid
T g egn T Jmgagn
as the energy momentum tensors associated to the point-particle and tidal action. It is useful
to work with the trace-reversed form of the field equations

(21

1
R,y —2V,pV,p+ 87‘CG(T5€ — =8uvTPP)
2 (22)

1 .
+ 8nG(T;;d — ngT“d) =0.
where the trace of the energy momentum tensor is given by TPP = g®f ng and similarly for

the tidal part. The field equation for the scalar field results in

&S
=1 %m (23)

_D 5
4nG i J—g o0

where 0= g**v Vv p denotes the d’Alembertian operator.

3 Binary dynamics in the PN and tidal approximations
To solve the equations of motion we work perturbatively to linear order in tidal effects and in

the post-Newtonian (PN) approximation for relativistic effects to relative 1PN order through-
out. The point-particle effects are already known to 1.5 Post-Newtonian (PN) order [18, 63,

9
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64,67]. Tidal effects from dipolar scalar effects have also been computed [68]. As we work in
the Einstein frame, our results also resemble those in scalar-Gauss-Bonnet gravity in the zero
coupling limit [49, 74,75]. We do not discuss the known results in detail here and instead
focus on the new kinds of tidal contributions at higher multipolar order. We collect the total
1PN and tidal corrections of the dynamics, waveforms and phase evolution in Appendix B.

3.1 Near zone fields and two body dynamics

To construct the tidal contributions to the dynamics of a two body system, we rely on a double
perturbative expansion in the PN approximation characterized by the small parameter (12)
and in the tidal corrections characterized by (11) and the scalar analogue. We assume each
of these corrections to be small and treat them as independent. We focus on the contributions
to linear order in the tidal expansion and in the PN approximation. Cross terms of O(€py €iq)
are discarded as being of higher order in smallness.

In the PN approximation, the metric is expanded around flat spacetime and the scalar
field around its background value. For convenience, we henceforth use epy — v2 as the PN
expansion parameter. To 1PN order, the metric and scalar have the expansion

goo = eV 4+ 0 (vé) s (24a)
8oi = —4g;+0O (VS) , (24b)
gij = 6l-je2U +0 (v4) , (240)

Y = Qo+ 5(/?(1) +0 (v4) . (24d)

From (24d) it also follows that the scalar-dependent mass of body A has the expansion

1 2
mu(@) = MA{1+qA5¢f;)+(qA590§\)

1 2
+3 1@+ Ba15w" )} + 009, @25a)
with M, the ADM mass, g, the scalar charge, and 3, its derivative

_ dlogmy(y)

do (25b)

_dqa(y)
) ﬂA - d
¥=%o v

$=%o

The identification of the expansion coefficients in (25a) with the properties of a potentially
scalarized NS comes from matching the skeletonized description to the full theory, as discussed
in [74]. We adopt the convention from [ 18] to write the corrections to the mass in terms of the
scalar charge instead of the sensitivity parameter s, = (d logm,(¢)/dlog ¢)|,—,, that is also
often used in the literature [63,65,67]. For the conversion between the charge and sensitivity
and other constituent parameters, we refer to Appendix A of [64].

Additionally, the fields in (24) are expanded to first order in tidal corrections. However,
as was studied in Appendix B of [49], the tidal contributions to the field equations first enter
at 1PN order. Here we discard these contributions as higher order, as we focus on the leading
Newtonian order tidal corrections. Therefore after substituting the expanded metric (24) and
mass (25a) in the field equations (22), (23), and solving the equations for the fields order
by order in the PN expansion, we recover the lowest order contributions of the near zone
fields [49,63,75]

GM
A +(A<—>B)+O(V4),
. (26)
GM
5o =— rAqA +(A—B)+0(v*),

U=

10
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su1 where r is the relative separation between the bodies. As these field solutions are obtained in
s12 the PN approximation they are only valid in the near zone region introduced in Sec. 2.2. For the
313 tidal corrections we focus on the leading order corrections in a Newtonian order gravitational
s14 background, where (16) reduces to

1
EE,A =—01p = GMyuqa9; (;)

(—1)fr4, (20 —1)n
r(26+1) ’

(27a)

= GMAqA

s1s  here r_;. denotes the symmetric trace free (STF) product of L radial terms. For the tensor
s16  tidal fields we have

1

(—1)rd,_(2e— 1!
(2€+1)

(27b)

== _GMA

317 We note that the scalar charge q,4 is negative [45], which makes both kinds of fields in (27)
s1s  of the same sign for a fixed multipolar order £. To derive (27), we substituted the near zone
310 fields (26) into the general expressions (16), used the identity (91) for £ derivatives of 1/r
320 and defined r:L> = (x4 — xp)~t>, with xj\ and x]g the components of the position vectors of
321 body A and B, respectively.

32 3.2 Tidal contributions to the reduced two-body Lagrangian and relative accel-
323 eration

324 To construct the tidal contributions to the binary dynamics, we start by substituting the PN
325 expansions for the mass (25a) and tidal fields (27) in (14) and (17) and obtain the following
326 tidal contributions to the Lagrangian

dsA (2¢
fd ) ¢
l Z o 2(z+1) ( +A’S,AqB_ZAST,AqB)’ (28)

327 where we used the identity (92) for the contraction of STF unit vectors. Adding the contribu-
328 tions from both bodies yields

e (26— 1)”
Ltid - G Au‘ Z r2(€+1) (29)

320 with

a=1+quqp, (30)

330 M = My, + Mp the total mass, u = MyMg/M the reduced mass and a combination of tidal
331 parameters
_ My 1y ¢ 2 i

g( = WI:A’T,B+A’S,BqA_2A'ST,Bin|+(A(_)B)' (31)
332 This tidal contribution adds linearly to the point-mass Lagrangian. The total two-body La-
333 grangian up to 1PN is given by (95). The expressions for the tidal Lagrangian and acceleration
334  are structurally the same as in GR, where only a tensor deformability appears. Hence, all three
335 Love numbers in ST theories can be taken into account substituting % — ¢77.
336 From the two-body Lagrangian we compute the relative acceleration from the Euler-Lagrange
337 equations in relative form

1 JL 1 JL 1 d dL 1 d 2L
—_———— = . (32)
M, 3dx, Mg axB M,dt dvy, Mgdt avB

11



338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

SciPost Physics Core Submission

After transforming to the center-of-mass (CM) frame using the relations in [65] and the iden-
tities (93) and (94) for derivatives of (8;r~')? and contractions of STF multilinears of unit
vectors, we obtain

% ZMZ (2@—1)!!(£+1)nice’ 33)

rel tid — r20+3

in agreement with the known results in the limit A%, %T — 0. The nontidal part of the relative
acceleration that adds to (33) to yield the total acceleration can be found in (98).

3.3 Tidal contributions to the binding energy

Next, we compute the binding energy of the system from the Lagrangian (95). Assuming a
quasi-circular orbit 7 = i = 0, we can express the binding energy in terms of the orbital fre-
quency by using w? = —a-r/r? instead of the coordinate dependent orbital radius parameter.
The tidal contribution to this radius-frequency relationship is

GaM | aMm (¢ +1)(2¢—DN
s

The full expression including also the point-mass terms is given in (99). Inverting this expres-
sion results in (100) with tidal contribution

g = GaTM [_%x (Z 20— +1) 2%)] 35)
14

G2l g2t pp1+2e

where we introduce the frequency parameter
x = (GaMw)*?. (36)

Analogously to [49], we then obtain the tidal contribution to the binding energy

—28
Eﬁd(x)———[——2(26—1)"(4“1) Sy, (37)

2 M2t+1 g2t

in agreement with the dipolar expression in [49], and the generic multipolar order result
in [76]. The complete result for the binding energy including also the point-mass terms is
given in (101).

4 Tidal effects in the scalar and gravitational radiation

The gravitational waveforms generated by the dynamics of the binary computed in the previous
section can be constructed from the radiative solution of the field equations (18), (23) in the
far zone. The field equations can be written as wave equations when introducing the gothic
metric g?? = /—gg?? [75] and expanding this metric and the scalar field around Minkowski
spacetime and the scalar field background respectively. In the harmonic gauge J,g"*” = 0 this

results in
O b= L ap,

hob = ——
n Tenc”
p*f = (—g)T% + 167G (A*F) (38)
_ B
AP =16nG(—g)t +h‘”h/5“' h“”h‘ifv,
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where tff is the Landau-Lifshitz energy momentum pseudo tensor [77]. The scalar field equa-
tion of motion, with ¢ = ¢y + 6 and 6 capturing the scalar waveform, is given by

0,6¢ =4nGu,
b= 1 8S, (39)
NS 1A

We can write these fields as integrals over the past lightcone by using the retarded Greens

function
peP (¢, x)6 (¢ —t+|x—x])

x—x/|

B

h*B(t,x) = —4Gf d*x’

ue(¢,x) 6 (¢ =t + [x—x]) (40)

|x—x|

Sp(x) = —GJ d*x’

For the solutions to 1PN order we are considering, the direct integration approach of [73,78,
79] applies. We split the integration domain of (40) over the past lightcone into the part that
lies in the near zone and the part in the far zone. As shown in [63, 73, 75, 78], the far zone
contributions are higher than 1PN order. As in the far zone contribution to the integral there
are no matter sources, the contribution needs to come from back reaction effects which are
generally higher order. For the details on performing these integrals we refer to [63-65,67,75].
Below, we discuss the tidal contributions to the waveforms.

4.1 Tidal contributions to the scalar waveform

In the near zone we expand (40) in the following multipole expansion based on the fact that
far from the source x’/|x —x/| = x'/d < 1 to obtain

5p(x) =Y 5¢(x)

[=0

(41)
o0
— (_1)Z 1
=—G). G @),
=0
where the scalar radiative multipole moments are given by
L_ gL L
I =1¢ |pp +Q4s (42)
where the point-particle (pp) contribution is
I (7) pp= f X (v, X" (43)
M

Here, we introduced the retarded time T = t — d and the hypersurface M cut out by the
intersection of the near zone with the constant time hypersurface t ,, = 7. As the region M is
bounded, the integral is convergent. For the tidal contribution we use (15a) and (27a), (27b)
and convert to the center-of-mass frame using the expressions from [65] to obtain

—1)! 20— 1)
Q‘i = G( ) r<rL2>e-E1 ) ge' (44)

here we redefined r_;» = r4

2.~ and the two body dependencies are captured in the tidal
coefficient

(o =—Mpdahg p — Mpqp(—1) Ag 4 + MaAgy  + Mp(—1) A » (45)
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B

the factor (—1)* arises from r 21> = (= 144 2,;~- We are interested in radiation near future
null infinity, where d is very large. Thus, when derivatives in (41) act on 1/d they will give
strongly suppressed contributions which we neglect. To compute derivatives of the multipole

moments we use that
1

oxidv dt  dt’
where N = (x —x’)/d is a unit vector pointing from the source to the field point. Thus, the
multipolar scalar waves near null infinity are given by

dI dI dI
ar(r)=250 _ _yidls _ _yidls

(46)

GN,

Op(x) = T

9 14
(a ) +0(d?). (47)

From (42) it follows that the scalar waveform consist of the point-particle and linear tidal
contributions. We express the latter more explicitly by rewriting time derivatives of the tidal
multipoles (44) using the generalized Leibniz rule

2\ _ AW _
(a) - (212+1)r<L> Zz(k)atf kr<L>3tkr (20+1) (48)

k=0

This can be further manipulated using Faa di Bruno’s formula [80]

Y - Z Z(Zfﬂ?)'( 1P - _
_ (2¢+1) — b=k, k—p+1
(at) r<L> k'(e k)'at <L> (26)' 2e+p+1 k,p(rﬁ ry...,r P )’

(49)
with By , the incomplete Bell polynomials. Using this, the total tidal contribution to the scalar
waveform can be written as

GZNL 20+ p)(—1)P+ 9 r _
6S0tld - ZZZ gf ( p) ( ) <L>Bk,p(r: Tyeoos rk P+1). (50)

_ 14 14
o ) KI(C—K)120 2t

For the total 1PN scalar waveform with tidal corrections see (101).

4.2 Tidal contributions to the tensor waveform

Similar to the scalar waveform, the near-zone contributions to the tensor radiation fields can
be expressed as a multipole expansion, though some differences arise because the source term
of the field equation is a tensor, as explained in Sec. C of [78]. This leads to the radiative fields

2G < 1 3\
R (t,x N ( ) 1M77240(d?), 51
()dZOE!Lzat (@) (51)
where 1172 are the tensor radiative multipole moments given by
IijL—2 UL 2| W+QUL 2. (52)

Here, the first term are related to the Epstein-Wagoner multipole moments for point masses [81]
and the second one the tidal multipoles (15b). From (15b) and (27a), (27b) we obtain, after
converting to the center-of-mass frame using the expressions from [65] and proceeding as in
(50),

( 1) reps(20—1)1 ¢
QZ <:2>£+1 Ce’ (53)
with )
Co=— MACIA%T,B - MBCIB(—l)é/\gT,A + MAMT,B + MB(—l)ZAZT,A : (54)
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Using (48), (49) we obtain for the direct tidal contribution to the tensor waveform

Y 4GZNL de (26 +p)i(= 1)p+l 3( Fep> . k—p+1
ZZZ Bk (r)r)"')r P ).
k(€ —k)2¢ F20+p+1 Ckp

(55)
—2k=0p=1

Additionally, the time derivatives in (51) acting on the point mass multipoles in (52) introduce
tidal contributions coming from the relative acceleration (33). These involve terms propor-
tional to the parameter {, defined in (31). Together with this contribution, the tidal terms in
the tensor waveform read

ijo_
htid

4G3ua®M>2(1 + 0)(20 — 1! k 4G2NL 27
> - §r2(2+)e§ Mo, J+ZZZ 8
L {=2k=0p=1 (56)

(2 + p)I(—=1)PH 0 Fr oy
KI(C—F)120  p2teptl

For the full 1PN tensor waveform see (103).

Using the standard convention [78] of an orthonormal triad composed of the vectors N in
the radial direction of the observer, p along the intersection of the orbital plane with the sky
and q = N x p, the plus and cross polarizations of the waveform are given by

By (', ,...,r*PH),

1 3
hy=3 (Bib; —a:d;) 1Y,

2 ) (57)
h, = E(f?iflj +;p;)hY.

For contracting the vectors, we use the identities given in [78] but do not write out the explicit
results here.

4.3 Gravitational waves in the Jordan frame

The scalar and gravitational radiation computed in Sec. 4 were based on the Einstein-frame
formulation of the ST theory, as discussed in Sec. 2.5. Here, we review the transformation
of these results to the Jordan frame. The fact that the matter sector of the Jordan-frame
formulation of ST theories is the standard model of particle physics implies that one can use
existing results for how a GW detector measures signals in that frame. In Appendix D we
provide the derivation of the results for the transformations and further discussion based on
geodesic deviation and the frame transformation (2) and (4), generalizing the results of [63,
82,83] to generic coupling functions. We obtain that the Jordan-frame waveform is given in
terms of Einstein-frame quantities by

24 (¢oo0)
=) 505y,
Alpoo) 700

where h;; is the waveform computed in Sec. 4.2 and given explicitly by (103), and 6¢ the
scalar waveform computed in Sec. 4.1 and given explicitly in (101). The approximation is
that we work in a region of spacetime asymptotically far from the binary source, where the
scalar field is dominated by its constant asymptotic value ¢, and to linear order in small per-
turbations around an asymptotic background, both for the metric and scalar fields. Applying
the decomposition into the tensorial plus and cross polarizations (57) to (58) and using the
orthonormality of the spatial triad shows that the tensor polarization amplitudes in the Jordan
frame hio/rfan = h,/« coincide with those in the Einstein frame given in (57). In addition, the

Jord
hi](')r an ., hij + (58)

scalar contribution to the GWs in (58) gives rise to an extra scalar polarization component of
the GWs. Depending on the coupling function and cosmological value of the scalar field, this
contribution may, however, be suppressed by many orders of magnitude.
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4.4 Energy fluxes

The gravitational and scalar radiation cause an energy flux out of the binary system propor-
tional to the angular integral over the square of the time derivative of the waveforms. Similar
to Sec. 3.3 we are interested in the fluxes and phase evolution in terms of the coordinate in-
dependent orbital frequency for quasi circular orbits. We substitute (100) in the waveforms
(101), (103) and expand perturbatively to linear order in the tidal contributions. This re-
quires explicitly evaluating r_;~ in (50), (56). Hence from this section onward we consider
only multipole moments up to { = 2, where all three different tidal contributions (S/T/ST)
appear. Below we discuss these tidal contributions to the scalar and tensor energy fluxes.

4.4.1 Tidal contributions to the scalar energy flux

The scalar energy flux can be obtained from the scalar waveform via the surface integral

d2
Fs=—— 0 5¢*d*Q. 59
S= anG ¥ (59)
We perform the angular integral over the products of unit vectors N; using the identities from
[69] and substitute (101) to obtain

4G3MS_a/? 2GMa) . 8G*M?2S2a*u?
Ferid 2#(9f—3v2+ a)§1+ a (2§1+9é), (60)
’ 3ré 3r7 r2
with Gt
S, =228 61
= (61)

and a, ¢, and f ¢ defined in (30), (31) and (45) respectively. Assuming quasi-circular orbits,
substituting (100), and expressing the flux in terms of the frequency parameter x defined
in (36), we obtain

4S_ul, 168%u?¢, ) 0 S2u?¢, 62)

L= 7 —
Fs tid X( 309/2G3M5 = 9a3G3M5 asGSM7’

In the expressions above two types of tidal contributions arise. The {; term results from (50)
due to the induced tidal moments. We find that only the odd £ give a nontrivial contribution
to the integral. The {,—, , terms come in via the relative acceleration contributions (33) which
arise from the time derivative to the waveform. The full 1PN scalar flux for the point-mass
part is given by (104) and (105).

4.4.2 Tidal contribution to the tensor energy flux

The tensor energy flux is constructed via

d> [ i o
Fr= 39C jé hirhipd=Q, (63)
where TT denotes the transverse-traceless piece obtained with the aid of the projection oper-

PY =§Y—N'N/ (64)
to reduce to the transverse part and removing all traces. Note that the derivatives to the tensor
waveforms are taken in the TT gauge?. The angular integral is again computed using the

2Using  the definition  of  the projector  operator  one can  use the identity
(pikpit — lpupk)(pimpin _1piipmn) =  pkmpln _ lpkipmn o  simplify the integral (63) to
Fr = %§(4Q'ifQU—8N1”leQk”+2Nklm”leQm”)d2S2. Here Q is defined as Q; = Q; — 36;,QF with

A = 4
Qij = 36z hij-
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identities in [69]. Substituting the explicit expression for the tensor waveform (103) into (63)
we find the following expression for the tidal contributions to the tensor flux

48G°M GM GMa .
2 (10074 — 1057202 + 15v* + 187012 — 117502,
5r8 r - 65)

64G4M2a3,u2 .9 2
—T (41” —3v )Cz

]:T,tid =

192G*M2a®u?

.2 2
-6 —
(77 v, 5,9

with ¢, and ¢, defined in (31) and (54). Again assuming quasi-circular orbits and expressing
the flux in terms of the frequency, we obtain

s 256001 o 192ul, | 384p*(,
15a4G3M>5 5a’G°M7  5a6G5M7 |’

Frid =X (66)

Similar to the scalar flux we find again two types of tidal contributions. The ¢, term results
from (56) due to the induced tidal moments. Now only the even ¢ contribute to the integral.
The ¢ (=12 terms come in via the relative acceleration. For the 1PN tensor flux see (107) and
(108). Together with the scalar flux in (104) the total flux is the sum of the two contributions
F=Fs+Fr.

4.5 GW phase evolution

During the quasi-circular inspiral, the corrections to the radiation compared to the radiation in
GR are accumulated over many GW cycles in the phase evolution. In this regime, the motion is
approximately adiabatic, with ¢»/w? < 1 and there is an energy balance between the binding
energy of the system and the radiative energy flux E(w) = —F(w). Together with the change
in orbital phase ¢ = w this gives the system of differential equations

a9 _, do Fw)_
de 7 dt E(w)

67)

As the results for E(x) and F(x) are only available perturbatively, there are different choices
for how to solve (67), as reviewed e.g. in [84]. With regard to data analysis it is useful to
obtain the expressions for the phase evolution in the Fourier domain. The Fourier transform
of the gravitational strain measured by a detector and denoted by h can be obtained using the
stationary phase approximation (SPA) [85]

- 2 ;
hSPA(f) =A MZ) e—l[’l/)(f)+7’t/4]’ (68)

with A the amplitude and ¢ = 2¢ (t(f)) — 27 f t(f) the Fourier phase. One can rewrite (67)
as a second order differential equation in terms of the Fourier phase

dp(w) __,E()

dw? T F(w) (69)
Using (36) this leads to
_ E'(x) 3Vx _
Y= f (J }_(x)dx) Gade +¢.—2nft,, (70)

where ¢., t. are integration constants determined by the choice of reference point in the
evolution. To solve (70) we use the Taylor F2 approximant [84], where the integrand is
expanded perturbatively in x and in tidal corrections using the explicit expressions for the
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fluxes (105), (108) and binding energy (101). The presence of both scalar and gravitational
radiation in the system leads to different behaviors depending on the frequency regime: for
small frequencies, the scalar dipole terms in the total flux (proportional to x% in (105)) are
dominant, while for larger frequencies the tensor quadrupole terms (proportional to x° in
(108)) become the dominant contributions. These regimes are commonly referred to as the
dipolar driven (DD) and quadrupolar driven (QD) regimes respectively. Specifically, based on
the leading order contributions to the flux, the regime for which the scalar dipole dominates
is
DD 58%a DD 5 2 S2Va
SRR A (24) nGM’

see [49] for a study of the validity of this approximation to the transition frequency between
the two regimes.

(71)

4.5.1 Phase evolution in the Dipolar-Driven domain

For frequencies in the regime denoted by (71) the dipolar term in the total flux is leading. We
factor out this term and expand the ratio up to 1PN, which gives the following form

E'(x) _—3aGM

FPP(x)  8nS2x4

[1+(5p— 5P x]. 72)

with the symmetric mass ratio

M= (73)

and the coefficient fZD D given by (110). Substituting (72) in (70) gives the following result for
the Fourier phase angle in the DD domain (111), where we show only the tidal contributions

here , 9
DD _ 3 DD DD
tid _4n52x3/2 {X |:ptid log(x)_ gptid ] 74
- 7
2708, 5
_7a4G4M5x }+¢C_27Tftc:
with
3 4
DD _ _ 1
Pid = G2a2M3n ( a3/2MS_ + 167751)' (75)

The total phase including also the point-mass terms is given in (111). Looking at the prefactor
of (74) we see that the phase angle diverges for S_ — 0, where S_ was defined in (61). This
parameter vanishes for an equal mass system where both bodies have the same scalar charge g.
However, as the scalar flux terms are proportional to S_ the scalar radiation, and therefore the
DD regime, vanishes for these systems and the expansion used to obtain v, which assumed
the scalar flux is leading is invalid and would need to be modified.

4.5.2 Phase evolution in the Quadrupolar-Driven domain

For frequencies above (71) the quadrupolar contribution in the total flux is leading. We split
the total flux in its scalar and tensor contributions and factor the dipolar and quadrupolar term
labelling them non-dipolar and dipolar respectively. This leads to F = Fon.gip + Faip With

32n2£
fnon—dip = WXS (1 +f2ndx):
45292
3Ga

(76)

Faip = x4(1 +f2dx),

18
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where

£=1+S8%a/6, (77)

and the other coefficients given in (115). We then expand the ratio in (70) as

/ / 'Fi
E(x)2 E'(x) (1_ dip (x) )’ 78)
.F(X) ]:non—dip (X) Fnon—dip (X)
which results in
/ 2 25GMa’S?
Ex) | 56Ma 1y (g )] 200000 (g o f ) k], (79)

F(x)  64nExs 1536&2n0x5

Substituting (79) in (70) gives the Fourier phase in the QD domain (116), with the tidal
contributions

¢QD = r’vbnon—dip + wdip + d)c + 27Tf te, (80)
with
_ 3a nd,1_3 nd,2_5
Il)non-dip,tid _W [ptid X"+ Py X ], (81a)
552a? i1 2
— - , 1.3 dz2_5 d2_5
Ydiptid == 1792m 22272 [pnd X7+ pgg x” loglx) — 3Pud X ] , (81b)
The non-dipolar tidal coefficients are given by
nd,i 4007, 1607,
Pid T 3a2G2M3 3a2G2M3€’ (81c)
nda _ 240, 2165,  48L, 81d)
Pia: = T5GIMOER  oafGIMS  atGAMSE’
and the dipolar parts are
o 35, 280y 280¢; (816)
Pia = 2072G2M*4S_n  302G2M3  3a2G2M3E’ ¢
iz 140¢, 560¢, 280¢, a1
Poa = CaSGAMONE  afGAMS  atGAMSE” (81D
4.5.3 Expressions for the tidal phasing in ready-to-use form
The tidal phase contributions (81) can be expressed as
» = L[ S_x? +c3x® (82)
wtid - 1281’))('5/2 20X 3X

2 39 .
+c483 (logx — g)x“ + (2a552A+C5)x5}’

where the various coefficients c; for i = 2,3,4,5 are given explicitly in terms of masses, scalar
charges, and tidal deformabilities of the bodies in (120)- (123) in appendix C.1 and a and &
were defined in (30) and (77), with S, given in (61) and x defined in (36), which includes a
dependence on a. We have also introduced the parameter A having the same functional form
as in GR and involving the quadrupolar tensor deformabilities [42, 86]

A= 16 (11M +M)A’£ +(11M, +M)7ng (83)
" 13M5G# B M, A Mg |’
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however, as AT are computed within ST gravity, A may differ from its value in GR.

The coefficients ¢, and c3 in (82) depend only on scalar dipolar tidal effects, while ¢, and
¢s involve all quadrupolar tidal parameters. Moreover, for the case of identical NSs, S_ defined
in (61) vanishes and hence the effects encapsulated in ¢, and ¢4 do not contribute in that case.
The remaining coefficients for identical masses m, scalar charges g, and tidal deformabilities
A, are given by

1680¢%(1+ 9%

5 = , 84
Sl T Treper gy ! ey

702 7 o
5 = —q°A 85
shor = GrprET R ™ o

q(26+5q2) ST _ q(22+3q2) S
e\ LU s Sy Ul
26 26
Here, we have defined the dimensionless deformabilities
Ag

A= ot (86)

We also note that for the case of identical NSs, A = Al and a°£? = (1 + ¢?)°(6 + ¢*)*/36.
Finally, we see that in the case of GR, where S_ = c¢3; = ¢5; =0 and a = £ = 1 we recover the
standard result for the leading-order quadrupolar tidal effects [42,86].

5 Case study of neutron star binaries

5.1 Set-up and properties of single neutron stars

We next apply the general results of the previous section to NS binary and BH-NS systems in
specific classes of ST theories.

5.1.1 Choice of coupling

We consider ST theories characterized by the Damour-Esposito-Farése coupling [20],
Alp) = e2bod® (87)

These theories contain two arbitrary parameters; the above entered f3; and ¢, the value
of the scalar field at spatial infinity. One can rewrite these free quantities by the following
parameters

)= A(Poo) = 0 INA(P60)/ 0 P00 = Bo¥oos (88)

capturing the strength of the coupling between the scalar field to matter in the asymptotic
limit and it’s derivative

Bo 290!(#’00))/39000: (89)

as solar system test probe directly a, or combined parameters of a, and f3, [19,20,28]. When
Po is sufficiently negative, B, < —4.3 [22], NS solutions become scalarized. That is, in these
cases NSs are not only described by the mass and EoS relating the pressure and density, but
also by the properties of the scalar field. This threshold value of f3, is largely insensitive to the
choice of a,, which for increasing |a,| mostly smooths the sudden scalarization effect [15,24],
leading to scalarized NSs over the whole mass range. For our case studies we adopt the choice
of a cosmological background scalar field ¢, = 10~ and f, = (—4.5,—6) corresponding to
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Figure 3: Charge-mass curves (top row), and tidal deformabilties (bottom row) in
the Einstein frame for three equations of state (WFF1, SLy, and H4). Quantities
are shown for 3, = —4.5 (left column) and f; = —6 (right column). Dashed lines
represent the GR configurations f; = 0. In the bottom panels we fix the SLy EoS and
show the different tidal deformabilities. We note the rescalings of some of the curves
in the lower left panel and the different units of the dipolar scalar deformabilities
(purple curves and right axes) and the quadrupolar ones (all other curves and left
axes). Circles represent the maximum charge configuration, M, and crosses indicate
the maximum mass.

scalarized NS solutions, hence |ay| is of order 1073, This corresponds to the upperbound value
on this parameter from solar system tests of the Cassini spacecraft [28,87,88]. We do note

that this |ag| and By = —4.5 are on the lower bound of being consistent with recent binary
pulsar tests [24,27-29]. This does depend on the choice of EoS, where softer EoS allow for
a more negative lower bound on f3; [28], however , = —6 can be stated to be ruled out

by current observations, regardless of the EoS [29]. Our main goal with these choices for
Bo is to show the effect and dependencies of this parameter on the tidal contributions to the
waveforms for scalarized NSs. For more negative choices of f3, the scalarization effects are
enhanced and our choices for this parameter are therefore useful for a qualitative study of the
parametric dependence. However we highlight that the case studies for 8, = —4.5 show the
more realistic results.

5.1.2 Properties of isolated and tidally perturbed NSs

For the numerical implementation to compute properties of NSs, we use the results from [45],
which we briefly summarize.
The properties of NSs are obtained from the field equations derived from (1) with the
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Sy g
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Figure 4: Results for the parameter 3 characterizing the variation of the scalar charge
with the field at its cosmological value as a function of mass. The results are com-
puted in the Einstein frame for three EoSs (WFF1, SLy, and H4) and for 3, = —4.5
(left column) and f; = —6 (right column) for cosmological scalar field values of
oo = 1073, Dashed lines represent the values of the coupling coefficient f3,, circles
indicate the maximum-charge configuration M, and crosses the maximum mass.

matter action corresponding to a perfect-fluid energy-momentum tensor for a NS, together
with stress-energy conservation. To solve the system requires specifying an EoS, for which we
use a parameterized piecewise polytropic approximation to tabulated models [89] known as
WEFF1, SLy and H4. These EoS cover a range of possibilities from softer to stiffer EoSs that,
for a given NS mass, lead a corrresponding range of more or less compact stars respectively.
To compute these properties we solve the equations of motion numerically using a shooting
method, as described in [45]. Specializing the computations to an equilibrium configuration
yields the mass, radius, and scalar charge of the NS. The upper panels of Fig. 3 show the re-
sults for the scalar charge for 5, = —4.5 in the left panel and 8, = —6 in the right panel.
Each point corresponds to a different central density of the NS that increases from left to right
along each curve. The steep rise in charge seen above a certain mass indicates the formation
of a significant scalar condensate, i.e. the scalarization of the NS which occurs above a critical
compactness, which is reached for lower masses in the case of softer EoSs. We further consider
linear, static perturbations to this equilibrium configuration, which enables us to solve for the
various tidal deformability parameters shown in the lower panels of Fig. 3 for a fixed interme-
diate SLy EoS. Here, the { = 2 scalar (S) and scalar-tensor (ST) values are rescaled by an order
of magnitude as they would otherwise be too small to be visible on the plot, and in addition,
the sign of the ST results is reversed. We see that in the case of , = —4.5 (lower left panel),
the tensor deformability (blue curves) is identical to its value in GR (dashed lines) for most
of the mass range and only differs slightly for masses corresponding to a large scalarization.
All other deformability parameters are much smaller than the tensor one throughout the mass
range and also exhibit a significant enhancement for large scalarization. For larger values of
Bo (lower right panel), all effects of scalarization and scalar tides are larger, with all Love num-
bers attaining the same order of magnitude, however, the quadrupole tensor deformability also
dominates over the others in most of the mass range.

5.2 Computation of 5(p)

To compute the skeletonized mass (25) requires not only information on the scalar charge,
but also how it varies with the cosmological value of the scalar field, as parameterized by f3
in (25). This quantity was not computed in [45]. For objects with negligible self-gravity one
can use that [18] 8 = (d?logA/d p?) .., where the evaluation is at the value of the scalar field
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at infinity. However, compact objects such as NSs have strong self-gravity and this formula does
not apply. Thus, we compute 8 numerically by calculating the scalar charge q for a wide range
of asymptotic scalar field values, interpolating the results to obtain an approximate functional
dependence on the field, and computing the numerical derivative of this interpolating function.
Our implementation is based on an extension of the publicly available Mathematica code
of [45,90], which we use to generate data around the value of the desired cosmological scalar
field ¢ oo = 1073, We compute results for ¢ o, = [0.9,1.1]x 1072 in increments of 0.01 x 1073,
We then interpolate the datapoints and differentiate the interpolation function to obtain f3
from (25b) with ¢y = p,. We also compare this to results obtained directly approximating
the numerical derivative by

q(Sooo + A@m)_q(ww)

JANVINS ©0)

B(poo) ~

with Ag, an infinitesimal increment. We found that taking A, = 0.01x 1072 is sufficiently
small to resolve the derivative, while larger increments of 0.05 x 10~ led to inconsistencies.
With this setting, we obtain excellent agreement between the methods, with a maximum frac-
tional difference between the approximation to the numerical derivative and the interpolation
of 0.37%. This is expected as the dependence of q on the scalar field is smooth. Fig. 4 shows
the results for  using the approximation to the numerical derivative (90). As a check on
our calculations, we also verified that for M — 0 we recover the analytical results for neg-
ligible self-gravity. We see that as a function of the NS mass, the maximum |f| occurs for
relatively low masses and takes a low value for the maximum scalar charge configuration M,.
For f, = —4.5 shown in the left panel of Fig. 4, the value of || for the M, configuration is a
local minimum, and rises to larger values for higher masses before rapidly decreasing and for
softer EoSs (WFF1, SLy shown as the red and blue curves respectively) even dropping below
|Bo| near the maximum mass. By contrast, for the stiffer H4 EoS (green curve), || peaks
abruptly around the maximum mass and remains well above |,|. Such a behavior was also
noticed in [91], p. 530, and in Figure 3 of [15]. The behavior of |f] is different for 8, = —6
shown in the right panel of Fig. 4. In that case, all EoSs lead to a maximum value at low
masses, fall off below || near the maximum mass, and attain a secondary local maximum for
NSs with central densities just above the maximum mass configuration. We note that while for
NSs in GR, the maximum mass usually correlates with the onset of a gravitational instability,
this is a priori not necessarily the case for the ST configurations considered here. We leave the
stability analysis and hence the question if the behavior of § beyond the maximum mass is of
physical significance to future work.

5.3 Waveform and frequency evolution of example binary systems

To gain intuition on the impact of tidal effects on the waveforms, we first consider in Fig. 5 the
plus polarization of the time-domain waveforms (103) and (57) with the phase evolution com-
puted from (67) for a BH-NS binary system with masses (5,1.7)M, (top panel) and a NS-NS
system with masses (1, 1.7)M (middle panel). In addition, the bottom panel shows the corre-
sponding frequency evolution for the NS-NS system. The scalar charge and tidal deformability
parameters are taken from the results shown in Fig. 3 for the SLy EoS and f3; = —4.5 for NSs
and set to zero for BHs. As the PN approximation is not valid for frequencies close to merger
we cut off the functions at a benchmark GW frequency of 500Hz> and show a snapshot of the
waveforms in the top two panels of Fig. 5 around 100Hz. The curves in Fig. 5 correspond
to the evolutions of only the point-particle contributions and for point-particle plus tidal con-
tributions, both in ST theories. We see that tidal effects are more pronounced for the NS-NS

3merger frequencies for NS-NS systems are usually around order 10°Hz.
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Figure 5: The plus polarization of the time-domain waveform for a BH-NS system

(top), NS-NS system (middle) and frequency evolution for the respective NS-NS sys-

tem (bottom), assuming 3, = —4.5 and the SLy EoS. The benchmark time tpepchm

corresponds to the a frequency of fiepechm = 100Hz for the top two panels and

frenchm = 500Hz for the bottom panel. The inset in the bottom panel shows a zoom
in of the curves near the benchmark time.
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than for the BH-NS system. The two curves for the NS-NS systems for low frequencies overlap.
When the frequency starts to rapidly increase as shown in the bottom panel of Fig. 5, the tidal
effects become more noticeable as can be seen in the phase difference between the curves in
the middle panel for a NS-NS system. In principle, one might expect the scalar tidal effects
to be larger for a BH-NS system, since a large difference between scalar charges maximises
the dipolar flux (62). However, when one of the scalar charges vanishes, so do some of the
tidal contributions to the phase, as a consequence of {; = {; = {; = 0 in this case, where the
coefficients were defined in (31), (54), and (45). Furthermore we see from Fig. 5 that the
effect of the tidal contributions mostly enters in the phase accumulation, while their effect on
the amplitude is very small. The more irregular shape of the oscillations for the BH-NS case
is due to more power being carried in modes besides the (2,2) mode for more asymmetric
masses.

5.4 Identifying interesting parameter regimes

To gain insight into the importance of different tidal GW signatures we now focus on the
Fourier phase evolution (81). We first survey a large part of the parameter space of NS-NS
and BH-NS systems to analyse what systems are particularly interesting with respect to tidal
effects on GWs in ST theory. Henceforth in the analysis we mainly focus on the intermediate
SLy EoS and f;, = —4.5 and comment on the dependency of the results on the EoS and f
throughout the discussion.

For these parameter space studies we restrict to NS masses between 1 — 2M,, that is,
roughly around the lightest and heavier observed NSs [92], and BH masses between 5—15M,,
with the lower limit representing roughly the lowest mass of 'unambiguous BH candidates’
from GW observations discussed in [3].

NS-NS, fyoundary pp->an[Hz]

1 —240
| —r2.16
| =1.92

| #r1.68

1.44

Mg/M,,

1.20

0.96

0.72

0.48

0.24

MalM,,

Figure 6: Estimated transition frequency (71) for a NS-NS system between dipole-
and quadrupole-driven regimes of the inspiral in the M, — My parameter space for
Po = —4.5 and the SLy EoS. The color scale indicates the value of the estimated
transition frequency in Hz.
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5.4.1 Estimated transition between DD and QD domains

We next consider the transition frequency between the regimes dominated by the dipole- and
quadrupole losses discussed in Sec. 4.5. Figure 6 shows the estimated transition frequency (71)
for a wide parameter space of NS-NS systems. The dependence of (71) on S_ indicates that the
transition frequency is highest when the difference between the two scalar charges is largest,
as is also confirmed by the numerical sweep of the parameter space shown in Figure 6. The
largest charge difference occurs in NS-NS systems when one NS has the maximum charge for
which the corresponding mass M, is identified from Fig. 3 and the companion NS is near the
minimum mass within the range considered. Notably, we find that even for NS-NS systems
with the largest S_, the frequency where the dipole dominates is f,°° dary S 3Hz, while for
BH-NS binaries it is even lower due to their larger total mass. This implies that the DD regime
lies below the lower end of the sensitive frequency band fi,,, ~ 10Hz of current detectors [93]
and even that of next-generation ground based GW detectors [94,95]. Although (71) provides
only a rough estimate of an extended range of frequencies where the transition occurs [49],
these considerations motivate us to focus on the QD domain in the main part of this paper
and delegate results for the DD regime to Appendix F. We also note that the DD regime has
potential direct relevance for future deci-Hertz GW detectors, e.g. [96].

5.4.2 Tidal Contributions to the QD Fourier phase

Next, we analyze the tidal contributions to the phase by computing the parameter dependen-
cies of the various coefficients in (82). The results are summarized in Table 1. We find that
most of the coefficients, specifically S_c,, c3, and S2c,, are strongly correlated with the scalar
charge, while by contrast, the ¢ = 2 non-dipolar coefficient involving the combination of A and
cs depends most strongly on the total mass. Depending on the system, the latter contribution
also has the largest values of all tidal coefficients in the GW phase considered here.

BH-NS, S_%cy, Bo=-4.5
20F ‘ ‘ :

NS-NS, S_cp, Bo=-4.5

2.0F

I

0-380 —-0.024

10.342 1003

10.304 1 = -0.048

10.266 1 0060

0.228 _0.072

Mg/M,
Mg/M,,

0.190 -0.084

0.152 ~0.096

0.114 -0.108

0.076 -0.120

0.038 -0.132

1.0t

6 8 10 12 14 2.0

MM, MM,
Figure 7: Contour plots of two of the coefficients S_c, and c¢; defined in (82), in the
M, — My parameter space for 3; = —4.5 and the SLy EoS for a BH-NS system (top)

and NS-NS system (bottom). The plots for the coefficients of other powers of x in
the phase can be found in Appendix E.

Figure 7 shows examples of the dipolar contributions to tidal coefficients in (82). The
upper panel is the dipolar piece of the { = 2 tidal terms for BH-NS systems characterized
by c4S2, while the bottom panel shows the dipolar piece of the £ = 1 coefficient, i.e. c,S_,
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for NS-NS systems. We re-iterate that as discussed above, in BH-NS systems, all £ = 1 tidal
effects vanish because they are purely scalar interactions and as the BH has no scalar charge,
there is no scalar tidal field felt by the NS. However, we note that even for BH-NS, there is a
nonvanishing dipolar contribution to the { = 2 tidal effects in the phase that arises from the
energy fluxes.

For both types of binary systems, a comparison to Fig. 3 shows that the dipolar coefficients
c,S_ and 6483 are largest when (one of) the NS(s) has a mass M, corresponding to the config-
uration with the maximum scalar charge and the companion has the lowest mass M,,;, within
the range considered. As the dipolar contributions to (80) are directly proportional to S_,
the strong dependence on the scalar charge makes sense, maximizing S_ when the difference
between scalar charges is largest. We also see from Fig. 7 that the sign of the dipolar tidal
coefficient is negative for £ = 1 (i.e. S_c,) but positive for £ = 2 (i.e. s? ¢4). The analysis of all
contributions to (82) in Appendix E further shows that for NS-NS systems, the magnitude of
the ¢ = 2 dipolar coefficient is about three orders of magnitude larger than for the £ = 1 case.

In addition, in Appendix E we find that similarly to the dipolar contributions discussed
above, the non-dipolar coefficient c; is dominated by the dependence on the scalar charge
and maximized for (M,, My,;,) systems, however, it also has large values for systems around
(Mg, M,). This is because although c; has no explicit dependence on S_, it still involves
{; o< qﬁké}l + (A <> B), which becomes large for maximized scalar charge systems around
(Mg, M,). Overall, the values of c3 for the considered parameter space are positive and of
order 10! —102.

By contrast, the non-dipolar quadrupolar coefficient characterizing the relative O(x®) con-
tributions to the phase (82) shows little correlations with the scalar charge but instead de-
pends most strongly on the mass, with the maximum value occurring for the lowest total mass.
This tidal coefficient is negative and of order 10* — 10° for the parameter space considered
here. For BH-NS systems, the qualitative behavior is similar but the overall magnitude is lower
~ 102 — 103 because of the larger total mass of these systems. These results indicate that the
tensor tidal contributions (that enter as terms of the form M, BAZTTAZ + (A <> B) in the parameter

{, and the phase (80)) to the phase dominate, as also expected from the tidal deformability
curves of Fig. 3. This too is reflected in the overall dominant magnitude of the O(x>) coefficient
compared to the other tidal terms in (82), which is also the only nonvanishing contribution in
the limit of GR.

Based on the above analysis of the parameter space of tidal coefficients, we choose three
representative cases for each type of binary system for further analysis: one each that max-
imizes the £ = 1,2 tidal effects respectively, and another where all tidal coefficients take in-
termediate values (though note that as explained above, some of them are always zero for
NS-BH). These choices are listed in Table 2.

Scenario S1 maximizes the contribution of the quadrupolar contributions involving A and
¢s and is free from dipolar contributions, since they vanish for an equal NS case as S_ = 0.
Scenario S2 maximizes the effects of the dipolar contributions proportional to S_ together with
the non-dipolar scalar tidal effects encapsulated in c5, and Scenario S3 is an intermediate case,
close but not equal to the identical-NS limit, in order to avoid cancellations of terms scaling

as (g4 —qg)-

5.5 Tidal effects on the GW phase evolution

To analyze the effects of different tidal contributions on the GWs, we focus on the Fourier
domain phase evolution in the QD domain.
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Table 1: Properties of the various tidal coefficients that appear with different powers
of the frequency in the Fourier GW phasing (82) for binaries involving at least one
NS. The notation A = B refers to the case of two identical NSs. A dependence on
S_ signals a contribution that arises through dipolar effects in the GW phase. The
parentheses in the first column indicate the kinds of tidal interactions that contribute.

scenario tidal terms binary My(My) Mg(Mg)

2*S1 no dipole & NS-NS 1 1
max { =2 BH-NS 5 1
2*S2 2*max dipole NS-NS 1 M,
BHNS 5 M,
2*S3 2*intermediate =~ NS-NS 1.1 1.2
BH-NS 8.9 1.2

Table 2: Properties of binary systems considered for the case studies. We consider
three scenarios to cover two extremes and an intermediate case within the parameter
space described in the text and with M, ~ 1.7M, here.
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Figure 8: Left panel: Difference between GR and ST Fourier phase as a function of
frequency for NS-NS binaries. The blue lines correspond to the point particle (pp)
contributions and the red ones to the tidal contributions. The solid, dashed and
dotted lines indicate the different scenarios S1, S2 and S3 respectively. Note that
the point-particle curves are rescaled by many orders of magnitude to show them on
the same plot. The pp phase evolutions were aligned in the window of 9 — 10Hz.
Right panel: the tidal contribution of the ST Fourier phase for NS-NS binary of S2 for
different EoS and f3;. The tidal phase functions in both panels were set to zero at
10Hz with the freedom in initial phase angle (80).
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5.5.1 Difference in net tidal effects between ST and GR

The left panel of Figure 8 shows the difference between the GR Fourier phase and the ST
phase in the quadrupolar driven domain (80) including corrections up to relative 1PN order.
The evolutions of the point particle phase in ST and GR, denoted by the blue curves, are
matched using the freedom in initial conditions for (80) to find the initial orbital phase and
time that minimize the integral of the absolute value of the difference squared over the fre-
quency domain 9 — 10Hz. For the tidal contributions (red curves) we only used the freedom
in initial phase angle to set the phase contributions equal to zero at the starting frequency of
10Hz. We chose this approach for the tidal contributions as the dependency on the frequency
for the ST tidal contributions is qualitatively different from the GR tidal terms, hence their
evolutions as function of the frequency are hard to align over a frequency range. Do note that
in the case of the tidal phase difference shown in the left panel of Fig. 8 there is an additional
free initial condition t, which we now set to zero. We find that, as expected, the difference in
point particle contributions is many orders of magnitude larger than the tidal contributions,
with the largest point-particle differences for Scenario S2, where the dipolar scalar radiation
is maximized.

For the tidal contributions, the phase difference between GR and ST is negative, indicating
that the net tidal effects in ST theory are smaller than in GR. This is because in GR, only
the quadrupolar tensor tidal effects appear and lead to a negative contribution to the phase,
indicating that the inspiral is faster and hence accumulates less phase per frequency interval
than the point-particle scenario. By contrast, in ST theories, tidal effects in the GW phase
include dipolar and quadrupolar scalar, tensor and scalar-tensor contributions having different
signs. These combine to yield a total tidal phase correction that is smaller in magnitude than
that in GR.

In particular, the main sources of the differences between tidal effects in GR and ST theories
are the scalar and scalar-tensor tidal contributions. Scenario S2 maximizes these contributions
and we see from the dashed red curve in Fig 8 that it indeed leads to the largest differences. The
different shape of the S2 curve in the left panel can be explained together with the blue curve
in the right panel. The right panel of Fig. 8 shows the ST tidal fourier phase contributions for
different EoS and choices of f3; in S2. The blue curve corresponds to the choices of parameters
adopted in the left panel. We find that in this scenario, not only do the additional scalar and
scalar tensor tidal contributions make the total tidal contributions smaller than in GR, also
the sign becomes positive in the frequency window from 0 — 200Hz. This positive evolution
sharply increases the difference with the negative GR tidal phase evolution shown with the
dashed curve in the left panel. Beyond 200Hz the ST tidal phase contribution also becomes
negative again and starts to decrease its difference with GR. In the other scenarios the ST tidal
contributions with a positive sign are less prominent and the total ST tidal phase stays negative
over the whole frequency domain, showing a small offset with the GR tidal phase contribution
in the left panel. In Scenario S1 (solid red curve) the quadrupolar tensor tidal contributions
are maximized, however this contribution differs only slightly from the GR contribution via
the small change in the quadrupolar tensor tidal deformability. In this Scenario the other tidal
contributions are minimal and therefore also the difference with GR is smallest for this system.

In the right panel of Fig. 8 we show the effect of a stiffer (H4) respectively softer EoS
(WFF1) and a larger value for —f3; on the ST tidal contributions to the Fourier phase in S2. We
find that for a stiffer EoS, the magnitude of the tidal contributions increases, which corresponds
to the tidal deformabilities being larger for a stiffer EoS [45]. For a larger value of —f, the
positive sign tidal contributions to the total phase are severely amplified leading to a positive
tidal phase contribution over the whole frequency range. It is interesting to note that while
one might in general expect ST effects for larger || to be larger, we see here that the net
tidal effects are of the same order of magnitude, except for the sign difference. This is because
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Figure 9: Different contributions of the tidal deformabilities to the Fourier phase
(81). In each panel the solid, dashed and dotted curve correspond to the systems of
Scenario S1, S2 and S3 respectively for the NS-NS systems. The bottom left plot also
shows these scenarios for BH-NS systems in black.
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the comparison here is done at fixed NS masses, which correspond to the configurations that
maximize the dipole effects for || = 4.5 while the maximum dipole configuration for || = 6
occurs for different masses.

5.5.2 Effect of scalar, tensor, and mixed tidal deformabilities

It is further interesting to consider the effect of the different scalar, tensor, and mixed scalar-
tensor tidal interactions on the net tidal phase. Fig. 9 shows the different contributions of
the corresponding tidal deformabilities that make up the ¢ parameters of (82) for different
scenarios of NS-NS and BH-NS systems for the quadrupolar driven phase tidal effects. To
generate these plots, we isolate the terms proportional to the different tidal deformabilities in
(80) and (81). We terminate the phase evolution at a chosen benchmark frequency of 1kHz
for illustration, although the approximations made to derive our results become invalid before
then.

Comparing the panels of Fig. 9 we find that in all studied cases the dipolar (¢ = 1) scalar
tidal contributions and the quadrupolar (¢ = 2) scalar-tensor contributions come with a posi-
tive sign and the quadrupolar scalar and quadrupolar tensor with negative sign, meaning that
they slow down and speed up the inspiral respectively.

Furthermore, we find for all NS-NS scenarios that the quadrupolar tensor tidal contribu-
tions dominate over the others, as was already predicted from the analysis in Sec. 5.4.2. Also,
comparing the quadrupolar tensor contributions for the NS-NS and BH-NS cases, we find that
the phase contribution in the BH-NS case is around an order of magnitude smaller because of
the larger total mass of these systems. Generally, the qualitative behaviour of the tidal contri-
butions is the same for the other EoSs, only the magnitude of the accumulated Fourier phase is
slightly shifted, with slightly larger effects for H4 and slightly smaller effects for WFF1 related
to the shift in order of magnitude of the tidal deformability which is bigger for the stiffer EoM
H4 and smaller for the softer EoS WFF1. For 3, = —6 the same conclusion holds however the
effects are more prominent as the accumulated phase increases around one order of magni-
tude. We also see from Fig. 9 that the choices of scenarios summarized in Table 2 have the
expected effects, with the largest the tensor quadrupole effects for S1 and the largest dipolar
scalar and quadrupolar scalar and scalar-tensor contributions for S2, while S3 described an
intermediate case. Hence, we conclude that for studying the tidal effects specifically present
in scalar tensor theory (scalar dipolar and quadrupolar scalar and scalar-tensor tidal effects)
a system that maximizes the difference between the two scalar charges of the two bodies is
preferred. This also corresponds to what we found for the added contribution in Fig. 8.

5.5.3 Discussion

The fact that the tidal phase difference with GR in Fig. 8 is negative means that there could
be degeneracies between the ST accumulated tidal effects to the phase and the GR tidal con-
tributions for the same system but with a softer EoS also giving smaller tidal contributions.
However, the large difference for the point particle contributions would still resolve two situ-
ations. Additionally, as the difference in tidal contributions stays below a magnitude of 1 rad
they are unlikely to be resolvable with the current GWs detectors. Still the degeneracy with GR
might be a problem for other beyond-GR theories with scalarized NSs for which omitting the
scalar and scalar-tensor tidal effects could potentially lead to biases in the inferred properties
of the compact objects from GW observations, especially for systems with large differences be-
tween the scalar charges of the bodies. Furthermore, from comparing the top left and bottom
right panels of Fig. 9 the magnitude of the dipolar scalar tidal contributions for S1 and S3 are
of the same order as the quadrupolar scalar-tensor contributions, hence when including the
scalar tidal contributions the interaction with the tensor field cannot be neglected.
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6 Summary and Conclusion

In this paper, we studied tidal signatures in GWs from NS binary systems in scalar-tensor
theories of gravity where sufficiently compact NSs can give rise to a scalar condensate. Building
on [45], which showed that in ST theories, tidal effects are characterized by three different
kinds of tidal deformability coefficients for the scalar, tensor, and mixed sector arising from
the nonlinear coupling between gravity, scalar field, and baryonic matter, we used analytical
approximations in finite-size and PN corrections in the early inspiral to compute tidal effects
in the GWs.

We showed that in addition to a tidal term similar to GR, there are also terms that scale
with lower powers of the frequency and involve different combinations of tidal coefficients.
Specifically, we showed that the Fourier GW phase in the regime of greatest interest for current
and next-generation ground-based GW detectors can be written as

2 39 .
[czs_xz A (logx — g)x“ + (2a5§2A + c5)x5] ,

3
128nx5/2

w tid

where the various coefficients c; for i = 2,3, 4,5 are given explicitly in terms of masses, scalar
charges, and tidal deformabilities of the bodies in (120)- (123), and a and & were defined
in (30) and (77), with S, given in (61) and A having the same functional form (83) in terms
of mass-weighted combinations of quadrupolar tensor tidal deformabilities as in GR. We also
recall that in ST theories, the frequency-parameter x defined in (36) differs from its GR coun-
terpart by a factor of a®/® corresponding to a renormalization of the gravitational interaction.

We then specialized to a Gaussian coupling function for the ST theory and surveyed binary
systems over a range of parameter space to identify interesting scenarios that maximize the
different tidal contributions. In general we found that due to different signs associated with
the different types of tidal effects in the GW phase (c.f. Table 1), the net tidal signatures in
ST gravity are smaller than in GR. This could in principle lead to degeneracies with changes
in the EoS of the NSs to a softer one but conclusions about this issue will require further
work. We also showed that the difference with GR tidal effects is largest for systems with
the largest asymmetry in scalar charges and analyzed the effects of changing the EoS and the
theory-parameter f3, for a binary system of fixed masses.

By systematically studying each tidal contribution to the Fourier phase, we further demon-
strated that, at quadrupolar order, the scalar-tensor tidal deformability has a larger effect on
GWs than the scalar tidal deformability and therefore should be accounted for when also con-
sidering the scalar tidal deformability. Furthermore, depending on the parameters, the differ-
ent contributions that come with different powers of frequency can lead to a non-monotonic
behavior of the tidal phase evolution as a function of frequency. Quantitatively, the difference
in tidal effects on the phase between ST and GR stays of order 10™! rad and is therefore dif-
ficult to resolve with current detectors. It is also many orders of magnitude smaller than the
differences in point-particle inspirals, which would directly indicate modifications to GR and
hence reduce potential degeneracies with EoS effects in the small tidal corrections.

While our case studies led to quantitative insights into the impact of the dominant adiabatic
tidal phenomena in particular ST theories, our main aim was to develop the methodology for
understanding and modeling tidal GW signatures from scalarized compact objects in theories
of gravity beyond GR, which lead to richer features. Our methods have broad applications to a
wider range of proposed classes of theories, though the details of the GW phase contributions
will be theory-dependent. This work opens several avenues for further studies. For instance,
our results could be used for data analysis to put constraints on the parameter space covered
by ST theories. It would also be interesting to compare our results, combined with higher PN
order point-particle terms from [68] to the numerical calculations of BH-NS binaries in ST
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theories [51] or others for NS-NS systems, to include a mass of the scalar field as the lowest
order self-interaction, to consider dynamical tides, and tidal signatures in GWs in other classes
of beyond-GR theories.
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A Useful identities involving symmetric trace-free tensors

Here, we summarize several identities used in the derivations discussed in the main text. In
this appendix we set r = |x| with x a separation vector. The result of taking ¢ derivatives of
1/r can be written as

1 _ ¢ Neps
BL; =(=1@-1) i1 oD

where n = x/r is a unit vector. This was used to obtain explicit expressions for the tidal fields
in (27). In the tidal Lagragian (17) we needed the contraction of two tidal tensors and hence
STF unit vectors, which simplifies via the identity

Ly~ 9

To derive the tidal contributions to the acceleration required the additional identities

1)? (20— 1N+ 1)
8i (8L ;) =-2 r2€+3 Tll , (93)
and €+ 1)1
<1L> + i
N CY I DTk 9

B Full expressions for the binary dynamics, waveforms and GW
phase

In this appendix, we provide the complete expressions for various quantities to 1PN order in
the point-mass sector and leading order in tidal effects.

B.0.1 Binary dynamics

In Sec. 3.1 we discussed how to obtain the leading-order tidal corrections to the binary dy-
namics. Together with the point particle 1PN contributions, the two-body Lagrangian is given
by

1 Ga MM 1
r

Ga MM GaM - 3
# CEEUEE [ CPHA (14 2) + 2 (12)

r
7 1 7 5
- (VA Vg)— (n Va)(n-vg)+ % (V4 _VB)2:| )
2 (2¢
+= G uMa Z > 2(€+1) Qo e,
where we use boldface to indicate spatial vectors and define
2
) - 1 Bass 95/a
j=—2W g =P (96)
_a 2 a
+
po=Drzls o
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018 The relative acceleration obtained from (95) is

GaM GaM 3
a=—— Ty 22 {n[—nr’*z—(1+3n+}7)v2]
r2 r2 2
) _ 2GaMn _ AM
+2vi[2—n+7]+ [2+n+r+ﬂ+—vl3_] (98)
—Goa MZ 2043 ngy (-
J4
919 The radial component of the equations of motion (98) for circular orbits with 7+ =# =0

920 lead to the angular frequency

=20 1= 2 3—7)——2/5_AM +2B,
T‘3 r
_ (£ +1)2¢—1)! (99)
t _Ze: rsz CIZ >

021 with AM = M, — Mp. Inverting this expression perturbatively and expressing w in terms of
922 the PN parameter x defined in (36) yields

r(x) = G(:CMI:l—%x(B—n+}7+2ﬁ+—2A7M[5_
20— +1)
+Ze: G2L 20 pp1+2e 2ege)] (100)

923 Using this result and the energetics from the Lagrangian (95) we obtain for the binding energy
924 to the orders of approximation we are considering

B == |14 2x (B - b -7 - 227
- —Z(ze —1)N(4L + 1)Mil+f‘% x”“] .

925 B.0.2 Scalar and tensor waves

o026 In Sec. 4 we discuss how one obtains the Newtonian tidal corrections to the scalar and tensor
927 waveform. Together with the 1PN point particle terms the scalar waveform is given by

op =

G N . . ~
‘U,d\/a {P_l/zq)+¢+P1/2¢+P1/2<I>tld}’ (101)
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928 here the superscript of P denotes the PN order of the coefficients. The coefficients are given
920 by

P712% =28 (n-v)

b= (- 20 ) [ S (2EY vy - 202+ E2 2, + S5+ 5.0

pl2% = (——S++(1 21n)S_ )[ZG(;ZV[r(n.r)3 (n-v)(n-r)’+(n- V)3]

9 GaM[lAM ( 3)
. -8 — = oan—=
+(n v){( S, nS_)v + - 5 S, +(2n 2 S_

7 GaM

—3%(&/&% py+2 (s By +S,B- )]}

GaM SAM 4AM 4
i 25 - 250s 4 St 8_/5_)—§(S_ﬁ++3+ﬁ_)]
¢k I3 ", —k
. GNLZ, (20 +p)(—=1)P O, "rers . _
1/2 L= { t k p+1
p d)tld—;kz(:)z Jan K-k T — By, (7, 7,. ., ).
= p:
(102)
930 The tensor waveform has the form
i 2Gu 2GU ( ;i (oA
hi, = _d“ {QV},, = d“ {Qu + P23 4 (pQU +PQtJid) } (103)
TT

031 with {...};r denoting the TT projection and

oy .. GMarU
ij — ij_
Q7 =2 [v 3 i|,

GM ri . GMarV
P24 =28 137 %) [ 29D — 2 ) (a2l - 2220 ) |
M r3 r r3

< 1-3 GaM [( - GaM\ ri (i) y
PG == (. )22 (6E—15f2+13i)r—+30fr Y 14y
3 r3 r r2 r

.. GaM .. J (i, 1)
+(f1- v)? [61}”—2 a3 l]+ —(r-n)(A- V) [12rr2 _32Y ]}
r r

1 M7 F o
+3 {[3(1 —3n)v? —2(2—3'r))L] v+ 4L(5 +3n+ 37)57«(1’\;1)

GaM AM _ \ GaM
+——ri [3(1 3n)72 — (10 + 31 + 67)v +(29+12y+12[5+—12—[5 ) ¢ ]}

r

3l :_Z 2G%a*M?(1+£)(2¢ —1)11g, i

ud - 2210)
o 2GNL=2Z, (20 + p)!(—=1)P*t gtk
' ZZ é = ; <L>ka(f F,...,rkpt
—_ 4 20 1 , sl yeeey, 5
{=2k=0p=1 p k!(€—k)'2 r20+p+

022 with E = v?/2 — Gma/r the leading order binding energy in CM coordinates [65,75]. In
033 Sec. 4.4 we take the angular integral of the square of the time derivative to the waveforms to
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obtain the scalar and tensor energy flux. The scalar flux up to 1PN is given by

2 M 4 M AM
Fs ="_(Ga ) [fSE+E(Ga [(—23+n—10?—10/5++10—/5_)53
Ga r 3 15 r

AM
[+282+2—S S_+(6— n+5y)82—70—8 (S4B +S_B)

AM
—2—5+5_]
M
10 ) 2 37 2
+?S_(8_ﬂ++8+ﬁ_) + 2 + S —8—8 S_+ 97’)—?—10 S —78 + (S4B

+5_p- )+3y—°A—Ms (S.Bs +S_p- )——S (S_py + 5,6 )+ 20 (S.p. +S_P_ )2])

4S_ (9r 3V2+2G’{Wa)51+8GSE (251 fz)]

" 3M2na3/2r2 3r3
(104)
Assuming circular orbits we can write the scalar flux in terms of PN parameter x defined
in (36) as

Fs(x) = x*[S4+x (S5 +55491x% + 554a.2x*) ], (105)
with
4 282
sS4 _e- ,

3aG
81°S_ ( 15 AM

= AM M +AM +M +10——S_f_
( 450G ) 4a3/2M( qpBa—Mqppa qaBp +Mqufp) o B

652
—S_(57+10B,+10n+21)+ S—)

4S_ul 16S%u*¢
Sstid,lz(_ Héy + ikl ,

3a92G3M°>  9a3G3M?>
S2u?g,
R Vi
(106)
Note that our notation here differs from [64, 65, 67] as we have the expressed several terms
in S5 explicitly in terms of the scalar charge q, while [64, 65, 67] rewrite them as a term
proportional to 1/y. This has the drawback that for a BH-NS system, with the black hole
having zero scalar charge, the parameter y vanishes and causes an apparent divergence in the
expressions from [ 64, 65,67]. Here, we have explicitly expanded the dependencies on 1/7 in
terms of the constituent parameters such as the scalar charge and 3, which leads to manifestly
finite expressions in the limit of vanishing scalar charge.
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For the tensor flux we obtain

2 4
Fr=2 0 (GaM) {(121/2 —1172)

r
5, GaM
r
+ (785 —852n + 3367)v* — 2(1487 — 13921 + 6167)v?i- + 3 (687 — 6201 + 28077*

1 AM
—|—=16(170—1 35 4B, — 84—
+28[ 6( 70 0n+ 63y +84H,—8 ﬂ_)v

AM GaM GaM \?
+8(367—15n+140)7+168/3+—168 ﬂ_)fz ff +16(1—4n)( O: )]}

M
48G*M GM GM s 64G*M2a’u?
+ (10074 — 10572V2 + 1504 + 187 2 — 11712 )Z, — 2 (72 — 6121,
5r8 r 15r7
192G*M?a3u?
— 2 TR G -3y,
5r9
(107)
Specializing to circular orbits and expressing the results in terms of x leads to
Fr(x)=x>[T5+x(T6+ T64q1x% + Thz2x*)], (108)

with the coefficients given by

32n?
Ts=2"1
5a2G
21?2 ( ) AM )
T6= —1247 — 4487 + 896 —— f_ — 8963, — 9807 |,
(105a2G) ’ u P Py —980m 109
6o = 256u%¢;
o1 =T55a63m5”
_( 192ud, | 3844°C,
Tda2 = (5a7G5M7 T SasceM7 )

B.0.3 GW phase evolution

In Sec. 4.5 we discuss the derivation of the DD and QD Fourier phase as a function of frequency.
In the DD domain the ratio obtained from energy balance in (70) is expanded as (72) with
coefficients

_AM )_Xz 200, 4 54
M " 3G2a2M3 G*a*M5’
oo 24 45T 4B, 4B_AM 14 4y 27 L AB-Sy 4B.AMS, 4B, 4B_AM

2 2t te2 = = = .
5aS82 582 3 3M 5 3 3 ¥S_ YMS_ ¥ M

4 4 6
+x2| - 3| LS U P T
G2M3a7/2S_y ~ 3G2a2M?3 GAat M5

(110)
The total DD phase within our approximations is given by

—1 DD 3 DD 2 DD 270C2 5
wDD=4nSEX3/2{1+P x+x [pﬁd log(x) = 3 Piig vy }+q§c—2nftc, (111)
with

108 AM 9
DD _ _ _AM _ B
p= 5aS2 Tl (ﬁ+ M ﬁ_) 4a3/2MS_(AMqBﬂA MqpPa+ AMqaPp +Mqafip)

(112)
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188, 21n 1852 117
+——(—ﬂ+ /5_)—37+—”— =, (113)

7S 4 582 20
3 4
pnd G2a2M3n [_aS/zMs_ + 16n§1:|. (114)
954 In the QD domain, the energy balance ratio is expanded as (79) with coefficients given by
na _1[ 86, 47 35 8BAM 1247 ., 8, . 65 120,
3 3 3 12 3M 336 3G2a2M3 G*aSM>  G4a*M>
£ 4B,  4B_AM 14 4n 27 4B.S, 4B AMS, 4B, 4B_AM
3 3M 5 3 3 S FMS_ 7 M
2| _ 51 48:1 4 6§2
i ( G PMS_p 3G2a2M3)+x Géat M5
(115)
955 The quadrupolar driven phase evolution is given by
¢QD = wnon-dip + l/)dip + ¢c + Zﬂ:f te, (116)
056  with
Prondiy = [1+p"x + pla x® + e 25| (117a)
non-dip _1281’)€X5/2 P ptd ptld ’
552a?
— - dl X3
d,2 5
+pndx log(x)——pthl ], (117b)
57 and £ =1+ Sia/ 6 . The non-dipolar coefficients are
6235 10 175 80 (1
pnd = ————(10—L)1+—(——1)7
7565 3 5 27 27\ &
80 160
+ -— 118
(27 275)(/5* - ) (1182)
nd1 _ 400¢; 160¢,
Pia: = 302G2M3 T 302G2M3E” (118b)
24¢ 216 48
pgi,Z - _ C26 _ GZ _ 52 , (118C)
a’G*MOEn  atGiM>  a*GAMSE
9ss and the dipolar parts are
a 1247 301 (&_2) (E_Z)_
P = 96 T30 "\2a 8 38 2
75+ AM
s (ﬁ P +)
28
= 119a
+(32+7) B =S (1199)
a1 _ 35¢, _280%,
Pia = 2072G2MA4S_n  3a2G2M3
280,
—_— 119b
3a2G2M3E’ (119b)
1408 560 280
piz 1400 ¢y _ 2800, (1190

aSGAMONE  atGAMS  atGAMSE
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C Ready-to-use expressions for the tidal coefficients in the phase

For practical purposes, it is useful to study the combinations of tidal deformabilities and masses
that appear in the GW phase with different powers of x. Here, we give explicit expressions for
these terms.

C.1 Quadrupolar-driven regime

The general structure of the tidal contribution to the phase in the QD regime was given in (82).
Here, we provide the coefficients explicitly in terms of the NS properties.

The coefficient ¢, arising from dipolar tidal terms contributing to the dipolar piece of the
phase read

95 St=1

2= 32620383

A
(120)

where the parameters a, and £ were defined in (30), and (77) with (61), respectively. As this
parameter (120) is multiplied by S_ in the phase (82), in case of identical NSs where S_ =0
it does not contribute.

Next, the parameter c3 arising from the contribution of scalar dipolar tidal effects to the
non-dipolar part of the Fourier phase is given by

4 1 A 4 1
{[§(§+1)MBqBS—+Z\/a£M]qB ?V[ +|:§(€+1)MAqAS—_Z\/a€M:|qA

S, (=1 S,t=1 S, =1 S,t=1
140 4 Ay Ay 5 +q3)? Ay Ay
¢y = MBqlzg A +MA(L§ B > (ga+9s) MBqlz3 A +MA€L§ B
3(1352 GZM?’ MA MB 42 C;ZM3 MA MB
—>q2/\g:1 for My=Mp —>q4/\g:1 for My=Mp
(121)

and its value for identical NSs was given in (84).
Effects that involve all three Love numbers first appear in the quadrupolar tidal contribu-
tions to the dipolar piece of the phase, through the coefficient

50 Aq A
4= m [2(2& + 1)M; + aM]MA +[2(28 +1)M, + aM]M—B

50 A5t 25T
~SaAGE {[4(25 + 1)M; + aM]VA +[4(2E +1)M, + aM]M—}

B
10028 +1) . ASt=2
saicies | Me% ,

+ M,q? 122
3a4GAMBES A"y, (122)

where AT and AST are understood to be the quadrupolar £ = 2 results, which is their lowest
nontrivial multipolar order. Similarly to c,, the coefficient (122) also appears multiplied by S_
in the phase (82) and thus does not contribute in the equal-mass limit.

The coefficient of x° in (82) likewise has contributions from all three kinds of tidal de-
formabilities and is given by

39 (7 32(qs+qp)? (SMB )AX (BMA ) AL
= — +nM | =+ | =L +n,M | —
T oa5e2 (26 7GAM>S g 1), g 19" ),

—>q2A€r=2 for My=Mjp

16 iT gT
+ W {[2(95 + 2)Mp + aM]qBE + [2(9& +2)M, + aM]qAM_B}
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16(9¢ +2) A 25
— 2 M2 + g M2 123
13G4(Ma)5¢E2 [QB B M, da AMB > (123)

where again AT, AST and A are understood to be quadrupolar £ = 2. We have defined the
symmetric charge ratio

n, = da4B
T (qat+gp)?
For two identical bodies, the result (123) reduces to (85).

(124)

C.2 Dipolar-driven regime

Similarly to the quadrupolar-driven phase, the dipolar-driven phase can be rewritten as

1 2
q/JDD:W{(pp)+c§m(logx—g)x3+c§Dx5}, (125)

with cg D and cg D given by

B S (8Mpqp — vaM)q A
3 G2M3a4s3 BB B M,
S=1
+ (8Mugy + VaM) g, i/[ ] (126)
B
90 M _ _
DD _ _ Mp [ 2.80=2 ST=2
S T 7asGAMBSE [MA (qB)LA 2qp2, "
o\ M - _ -
a7+ (A - 2aa T 2 2)] (127)
B

For a system of two identical NSs, the scalar flux vanishes and there is no dipolar-driven phase.

D Gravitational waves in Jordan frame from Einstein frame results

In this appendix, we provide details on the relation of GWs in the Jordan frame to those in the
Einstein frame that was briefly stated in Sec. 4.3. While this topic has already been discussed
in the literature, e.g. [63,82,83], we generalize the results to arbitrary coupling functions and,
in Sec. D.2 a result valid beyond the short-wave limit for describing GWs.

D.1 Derivation based on the short-wave approximation
D.1.1 Geodesic deviation and linearized frame transformations

In analyzing the basic physics of GW detection, it is useful to consider the deviation between
geodesics of nearby test masses due to curvature induced by GWs. Our aim is to use this
together with the frame transformations (2) to relate the Einstein-frame metric perturbations
to physical effects on test masses in the Jordan frame.

In brief (see e.g. the review [97] for more details and [82] for the application to ST
theories), we assume that one geodesic is at 2*(7), where 7 is proper time, and a nearby one
is at 2%(t)+ L*(7), where L is small. The geodesic deviation in the Jordan frame is given by

2

Tl = R, guu’ulL?, (128)
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where D, /dt denotes the total derivative along the worldine. In the local proper detector
frame, this reduces to

['=—Rly;Ll = —hijf, (129)
with h;f‘j the spatial parts of a small metric perturbation around a background metric n: »

&= TR 8y =Nyt hy, (130a)

where we have also written down the expansion of the metric in the Einstein frame. We recall
that in the Einstein frame, vacuum gravity behaves as in GR and the spacetime of a compact
binary source is asymptotically Minkowski, with 7,,,, the standard Minkowski metric. Similarly
to (130), we expand the scalar fields for small fluctuations around their asymptotic background
values

¢ =¢0+5¢) |5¢|<<¢0’ (130b)

and likewise for the Einstein-frame field ¢. Next, substituting (130) into the conformal trans-
formation (2) and expanding to first order in the small quantities yields the relation [98]

A/
thFA% (hm+2A—°5<p nw) , (131)
0

where the subscript 0 denotes evaluation of the function at ¢,. Using (131) to compute the
Riemann tensor yields

1 4.1
R*O]O A(2) n t Ehll (132)
Taking two time derivatives of (131) leads to

) 24
hy; A7 (h +— 6g0 nu) (133)

at first order in the perturbations and at leading order in the distance to the source, i.e. we
neglect terms such as ¢, 6. Substituting this into (132) yields

. 2A’
Rl ojo~—= (h +— 5(,0 "71]) (134)

Comparing with (129), we can redefine the Jordan frame metric perturbation as

s ,

L M 0 <

h“{j:thU'ﬁ'gé(P’l’]ij. (135)
0

At first glance, one might think that there is a clash between (133) and (135) due to the
factor of A%). This is because (129) does not contain any information about the frame trans-
formations. In particular, the quantity (135) is the relevant one for geodesic deviation in our
approximations.

D.1.2 Reduction to physical degrees of freedom

The next step is to fix a gauge in which only the physical degrees of freedom remain, such as
the TT gauge in GR. We start by applying the transverse projector (64) on both sides of (135),

/

T ~hl+ A—O&p(aij —NN), (136)
0

42



1025

1026

1027

1028

1029

1030

1031

1032

1033

1034

1035

1036

1037

1038

1039

1040

1041

1042

1043

1044

1045

1046

1047

1048

1049

1050

1051

1052

1053

1054

1055

1056

1057

1058

1059

SciPost Physics Core Submission

where T stands for transverse, we have used that n*iTj = PiknimPJM =P; and substituted (64).
Taking the trace-less part yields

JTT LTT
RLTT o RIT (137)

This shows explicitly that the tensor plus and cross GW polarizations are the same in both
frames. This also follows from expanding &% = g% = g** with (130) to linear order in the
perturbations, which likewise yields h;'. = h*; As shown in [82], we can replace the term
ﬁ;’}T in (136) by 71}'}”. For the coupling A(¢) = ¢/? in (136), this reproduces the result
in [63,83,99] with the redefinition ¥ = ¢ /.

In summary, the Jordan-frame gravitational radiation can be computed from the Einstein-
frame quantities via

/

2A
0

where for the setting considered here, hiTjT is the waveform computed in Sec. 4.2 and given
explicitly by (103), and 6¢ the scalar waveform computed in Sec. 4.1 and given explicitly
in (101).

D.1.3 Polarization components

We next use the expansion (130) together with (4) to express the contribution of the Einstein
frame scalar field in terms of the Jordan frame one,

24; . F' | - Fl(¢o) —
Mo ~ 5% . 139
4 00T 5a |, % Fey OF (139

Using this in the result for the metric perturbation (138), the decomposition into the funda-
mental polarization components discussed in [82] applies. This shows that in addition to the
plus and cross tensorial polarizations, there is also a scalar mode. As discussed in [82], for
theories with a coupling to the Ricci scalar of the form F(¢) = ¢ in (1) and wave propagation
in the z-direction

J PR )_09
s lecprmg = hoeiy” Fhey =2 - €l s (140)

with the amplitude of the scalar polarization obtained by using (139) together with the iden-
tification of 6 ¢ as the scalar radiation field in the Einstein frame computed in Sec. 4.1.

D.1.4 Asymptotic flatness and size of the scalar GWs in the Jordan frame

From the expressions derived above, we can draw several interesting conclusions. The first
is regarding the asymptotic background metric Ly that appears in (130). From the frame

transformation (2), it follows that that n;’; ,= Alpo)*n v With 1, the Minkowski metric. The
transformation indicates that in general, the Jordan frame metric is not asymptotically flat.
There are two ways to avoid this difficulty: one is to rescale the coordinates to absorb the
factor A(Z), such that the line element dsf in the Jordan frame is indeed the correct flat-space
one [16,45]; another way is to rescale the conformal factor such that A(¢) — A(¢)/A(pg), or
equivalently imposing A(y) = 1, for which no redefinition is necessary.

A second interesting point is that due to the scalar-field contribution, the metric pertur-
bation in the Jordan frame is only transverse but not traceless. However, depending on the
coupling function, the scalar contribution to the waveform (135) can be strongly suppressed,
due to the factor of A’'(p,)/A(p,). For instance, for theories with generic power law couplings
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A(p) = ¢*, dilatonic couplings A(yp) = e’¥, or Gaussian couplings [20]A(¢) = e%ﬂo‘f’z, de-
pending on the coupling constants and values of ¢, = ¢, the scalar field contribution to the
Jordan-frame waveform may be suppressed by many orders of magnitude.

D.2 Derivation beyond the short-wave approximation

The results in Sec. D.1 above can be applied to ground-based detectors as long as the size of
the arms L is shorter than the reduced GW wavelength A, L < A. To study GWs beyond this
approximation requires analyzing the scattering of light between mirrors as we now discuss.
Similarly to (128), the time it takes for the light of the interferometer to scatter from the mirror
and come back, is given by the same expression as in GR, with their corresponding metrics.
We will proceed as above and start from the physical Jordan frame, and at the end rewrite
the expressions in terms of Einstein frame quantities. Similarly to [100], we consider the plus
polarization of a gravitational wave moving along the z-axis. We will focus on two different
kinds of orientations for the interferometer arms, when they lie along the x — y or the x —g
plane.
In this set-up, we have

ds*>=—dt*>+[1+h, +®]dx>
+[1—h, +®ldy?+dz?, (141)

with ® defined in (140). For null rays, ds? = 0 and, at first order in h, and @, for the x—arm,
1
dx::l:{l—g[h++<1>]}dt. (142)

For a photon travelling from the origin (x,t) = (0, ty) to the mirror at (x,t) = (L,,t;), we
integrate (142) with the plus sign. For the return trip, from (x,t) = (L,, t;) to (x,t) = (0, t,),
we use the minus sign.

The time it takes for a photon to complete N round trips along the x-arm is given, at first
order in the perturbations, by

At(x) - N(tz - to)

to+2Ly,
=2NLc+ J [ () +@(t)]dt, (143)
t

0

where we have substituted t, = ty+ 2L, + O(h,,®) in the upper limit of the integral. Consid-
ering a plane wave as a simple example,

hy = A" cos(wgyt) , ® = ®y cos(w;t) (144)
with w,,, and w; the frequency of the GW and the scalar field, respectively, and using
to+2Ly .
L
cos(wt) = M cos[w(ty+L,)], (145)
t (COI;X)
0
yields,
AtW =N,

Wgw Sin(wsl’x) :|

1
1+—=|h, (to+L,)+®(ty+ L
{ 2|: +(O x) (0 x) w, Sin(ngLx)
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sin(wqwLy)
&} , (146)
(egwly)
or, considering that we observe the wave at some given time t = t, = t; + 2L, yields
At®) =2NL,
sc sC
x {1 + =7 |:h+(t—Lx)+<I>(t—Lx) e } } , (147)
2 gW,X
where we define
sin(w,L,)
= L)=——7—"%. 148

For the y-arm the result is similar but with h, — —h,. The phase-shift A® produced in the
interferometer is given by

AQY) = w; (At(x) —At(”)

=2Nw; AL
If+
{1 + AL |:h+(t+)scg‘,\,’4r + <1>(t+)scs,+:|
+L—_|:h (t_)sc —®&(t_)sc ] (149)
2AL TR I

with w; the laser frequency, and the definitions

L +L,
=———, AL=L,—L,,
AL
LY=L+ - ty-=t-LE (150)

For an interferometer with equal-length arms, AL =0, L* =L~ =L and

sin(wgy L)

A0 =h (t—L1)©
4—( ) arm (CL)gvvl;)

) (151)

with ©,,, = 2LNw; . This is the same result as in GR. This is because the scalar field con-
tributes equally in the x and y directions, and therefore its oscillations will cancel out.

We now focus on the case where the arms are in the x-z axis. In this case, the expression
for the x-arm is the same as above, and for the z-axis we have

At®) =2NL_ (152)

since the wave is propagating along the z axis and is transverse. In this case, there is no
contribution of the scalar field along the z-axis and the phase yields

Ae(x—z) =w, (At(x) _ At(z))
=2Nw;AL

l;+
{1 + N [th(tJr)sch,Jr + <I>(t+)scs,+:| } , (153)
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with the change of label y — g in the definitions (150). For the case that the arms have equal
length, we obtain

C)
A=) == [hy(t—L)scgy +®(t—L)sc, 4 ] - (154)
Using (138), in terms of the Einstein frame waveforms we have

AOY ™) =@, h* (t — L)scgy, 4 » (155)

) © *
AQG*—2) :% (R (t— L)sCqy+ — 20000 p(t —L)scg1] - (156)

Note that the lengths and frequencies will be the same as long as we are far from the scalar
field. In the short-wave approximation, sc — 1 and we recover the result in [82] for the scalar
field contribution.

E Elaboration on the parameter space study

In Sec. 5.4.2 we did a phase space analysis of the tidal contributions to the QD Fourier phase
captured by the c; coefficients in (82). Based on these parameter space studies we selected
three types of systems that maximize the different types of tidal contributions and an interme-
diate scenario both for NS-NS and BH-NS systems. In this section in the main text we showed
two of these parameter space plot explicitly in Fig. 7 for the sake of readability. In this ap-
pendix we elaborate on this analysis of Sec. 5.4.2, showing the parameter space results for the
other coefficients in (82) in Fig. 10. In Fig 10 we show the contour plots for the different ;
coefficients defined in (82), in the (M,, M) parameter space. We fix the SLy EoS, although
the discussion is qualitatively similar for the WFF1 and H4 EoS.

The contour plots for the quadrupolar tensor tidal contributions captured in (%/N\ +cs)
are for NS-NS and BH-NS systems qualitatively similar, in that the maximum absolute value is
reached for the lowest masses. This is because the coefficients depend on the inverse of the
total mass, which is maximum towards the limit of the lower NS mass of 1M,. Hence, our
first choice of types of systems that would be interesting to study with respect to maximizing
the quadrupolar tensor tidal contributions is that of the lowest possible mass for both NS-NS
and BH-NS systems

(Mg, Mp)Y5 ™5 = (1M, 1My) , (157a)
(M, Mp)BH ™ = (5M,, 1M, . (157b)

The absolute value of the other contributions in (82) for both systems is peaked when one of
the masses corresponds to that of the maximum charge M; = M(qp,x), and the other mass cor-
responds to the lowest possible configuration. This can be interpreted as scalar-tensor effects
being more noticeable as the charge is maximum, which indeed characterises the strength of
the scalar field. Therefore, our second choice of systems will be

(M, Mp)y> ™ = (1M, My) (158a)
(Ma, Mp)y" % = (5Mo, M) . (158b)
Additionally, for a NS-NS system, the c5 contribution reaches moderate values when M, = My =
This can be explained with that this contribution contains the dipolar scalar tidal contribution

in {;, which is maximum for and equal-mass system at the maximum charge(see Fig. 3). Ad-
ditionally, the prefactors in front of the tidal deformabilities in the ¢; contributions in (82) also
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Figure 10: Contour plots of the c; coefficients defined in (82), in the M, — My pa-
rameter space for 3, = —4.5 and the SLy EoS for a BH-NS system (top) and NS-NS
system (middle and bottom). The plots for the other equations of state are qualita-

tively similar.
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depend on the scalar charges and are maximised for the equal-mass, maximum-charge config-
urations, contributing to an overall lower effect than when considering one of the companions
with the lowest mass, for which q ~ 0. Finally, we will also choose an intermediate case where
effects are moderate,

(Mg, Mp)y* ™5 = (1.1M,, 1.2My) , (159a)
(M, Mp)3H N = (8.9M,, 1.2M,) (159Db)

where we choose slightly different masses for the NS-NS system to avoid the vanishing of the
term S_ in the phase.

In the main body of the paper we refer to (157a), (158a) and (159a) as scenarios 1, 2 and
3 respectively.

F Dipolar Driven phase evolution

As discussed in Sec. 5.4.1 the DD domain for the parameter space of NS-NS and BH-NS systems
we studied lies below the lower bound frequency of the groundbased detectors. However it
might still be relevant to study the DD domain as the boundary frequency is an approximation
and the transfer frequency regime might be a broader range extending to higher frequen-
cies [49]. In this appendix we show the results of the tidal contributions to the DD fourier
phase (111) in Fig. 11. The dipolar driven regime is not present for equal mass systems for
which S_ = 0, so only Scenario 2 and 3 are non-trivial. The contributions are shown for
frequencies 10°Hz to the boundary frequency (71). We choose to show here the different
tidal contributions per Scenario instead of the contribution for the different systems; as in the
DD regime the boundary frequency changes for different systems hence it is clearer to show
the results per system. We find that the quadrupolar contributions are for both scenario’s
much smaller than in the QD regime. The dipolar scalar tidal contributions are clearly dom-
inating which is expected in the DD domain where the dipolar radiation dominates over the
quadrupole terms. The largerst dipolar tidal contribution is found in Scenario 2, becoming of
order 1 near the boundary frequency.

__NS-NS, DD, Scenario 2 ‘ ‘ NS-NS, DD, Scenario 3
0.000015}F — A="sx107® — A=Tsx10712
_)\/:22 1x 10_13’_}\1:28
0.000010F _ y-2,x10-" — N2.x1072
B 52106 N=2gr ? 5x 10714} — A%y
= X r 1 =
3 >
0.000000 0
-5x 107}
‘ ‘ ‘ ‘ ‘ ‘ -5x107M ‘ ‘ ‘ L
0.0 0.5 1.0 1.5 2.0 25 0.00002 0.00004 0.00006 0.00008 0.00010
f[Hz] f[Hz]

Figure 11: Different contributions of the tidal deformabilities to the Fourier phase
for a NS-NS system in the DD regime for the scenario 2 and 3 in Sec. 2. Note that
some of the contributions divided by orders of 10 to show the curves properly in one
figure. The frequency domain is cut of at the boundary frequency of te DD domain
(71).
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