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Certain scalar-tensor theories have the property of endowing stars with scalar hair, sourced either by the
star’s own compactness (spontaneous scalarization) or, for binary systems, by the companion’s scalar hair
(induced scalarization) or by the orbital binding energy (dynamical scalarization). Scalarized stars in
binaries present different conservative dynamics than in general relativity, and can also excite a scalar mode
in the metric perturbation that carries away dipolar radiation. As a result, the binary orbit shrinks faster than
predicted in general relativity, modifying the rate of decay of the orbital period. In spite of this, scalar-tensor
theories can pass existing binary pulsar tests, because observed pulsars may not be compact enough or
sufficiently orbitally bound to activate scalarization. Gravitational waves emitted during the last stages of
compact binary inspirals are thus ideal probes of scalarization effects. For the standard projected sensitivity
of advanced LIGO, we here show that, if the neutron star equation of state is such that the stars can be
sufficiently compact that they enter the detector’s sensitivity band already scalarized, then gravitational
waves could place constraints at least comparable to binary pulsars. If the stars dynamically scalarize while
inspiraling in band, then constraints are still possible provided the equation of state leads to scalarization
that occurs sufficiently early in the inspiral, roughly below an orbital frequency of 50 Hz. In performing
these studies, we rederive an easy-to-calculate data analysis measure, an integrated phase difference
between a general-relativistic and a modified signal, and connect it directly to the Bayes factor, showing
that it can be used to determine whether a modified gravity effect is detectable. Finally, we find that custom-
made templates are equally effective as model-independent, parametrized post-Einsteinian waveforms

at detecting such modified gravity effects at realistic signal-to-noise ratios.

DOI: 10.1103/PhysRevD.90.124091

I. INTRODUCTION

When gravitational waves (GWs) are detected by sec-
ond-generation detectors [such as advanced LIGO (aLIGO)
[1-3], advanced Virgo (aVirgo) [4,5], and KAGRA [6]]
some time in the next few years, one of the most exciting
prospects is using these signals to test general relativity
(GR) in the very strong-field, dynamical, and nonlinear
regime [7]. There has been much work done on con-
straining departures from GR dynamics with Solar System
and binary pulsar observations, and quite strong bounds
have been placed on deviations from Einstein’s theory in
certain regimes. In particular, the strength of dipole
radiation from some types of scalar-tensor (ST) theories
is already tightly constrained by observations of the rate of
decay of the orbital period of binary pulsars [8—12].

There remains, however, a class of ST theories that can
escape these constraints. For theories in this class, initially
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proposed by Refs. [13,14], the scalar charge of a compact
objectis dependent upon the gravitational binding energy (or
compactness) of the objectitself (spontaneous scalarization)
[13,14], and, if the object is in a binary, upon the orbital
binding energy of the binary system (dynamical scalariza-
tion), a phenomenon discovered in Ref. [15]. Additionally,
once a star acquires a scalar charge, it can scalarize its binary
companion (induced scalarization) [13-17].

These three types of scalarization can be understood in
analogy with magnetization [16]. Induced scalarization
[13—17] is similar to what occurs in paramagnetism, where
the individual magnetic moments of a large collection of
atoms align themselves in the presence of a strong, external
magnetic field. This alignment induces an overall mag-
netization of the collection of atoms. In the case of a
neutron star (NS) in the presence of an external scalar field,
e.g., one supported by its binary companion, the star can
develop a scalar field of its own.

© 2014 American Physical Society
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Similarly, spontaneous [13,14,16] and dynamical [15,17]
scalarization can both be understood in the context of
spontaneous magnetization. In this phenomenon, a collec-
tion of unaligned magnetic moments will spontaneously
align themselves in some direction as the temperature is
lowered past a critical point, even in the absence of an
external field. This occurs because, when the temperature is
low enough, a new energy minimum appears—a broken
symmetry state that is associated with a nonzero net
magnetization. A similar second-order phase transition
occurs as either the compactness of an individual body
or the absolute magnitude of the binding energy of a binary
system reaches a large enough value. When this happens,
the effective potential of the scalar field changes and a new,
spontaneously broken minimum appears. This forces the
scalar field to “roll down” to a nonzero expectation value.

The compactness or binding energy at which this phase
transition occurs is a function of the coupling constants of
the ST theory. However, the compactness (or the binding
energy) of a system, be it an individual NS or a binary, is
also a function of the NS’s equation of state (EoS). As a
result, whether a systems scalarizes or not also depends on
the EoS. We will discuss these theories in more detail in
Sec. 11, but it suffices here to say that scalarization (sponta-
neous, induced, or dynamical) only occurs in these theories
when a particular coupling constant, fg, is sufficiently large
and negative (for a fixed EoS, NS compactness, and orbital
separation). More negative values of this parameter result in
scalarization for systems with smaller compactnesses and
larger orbital separations [13,15,17].

A little-appreciated problem exists for these theories if one
wishes fgt to be negative, such that scalarization can occur.
References [16,18,19] showed that in a cosmological evo-
lution, Bgr > 0 forces the ST theory to approach GR
exponentially; i.e., GR is an attractor in the theory phase
space, and thus the parametrized post-Newtonian (ppN)
parameters are exponentially close to their GR values.
However, by this same argument, we show in Appendix A
that a cosmological evolution with g < 0 makes GR a
repeller, forcing ppN parameters in this theory to deviate
from their GR values. A more rigorous, nonlinear analysis
linking cosmological scales to galactic and eventually Solar
System ones would be useful to draw definitive conclusions,
but based on these results, the requirement g1 < 0, which
would enable scalarization, seems incompatible with Solar
System experiments. Regardless, these problems might be
avoidable if an external potential (see, e.g., Ref. [20]) is
included, with a minimum at small values of the scalar field.

Neglecting the above problems, as done regularly in
the literature [11-15,17,21], we can study the effects of
scalarization on astrophysical observations of binary
systems, such as binary pulsars, and then use these
observations to constrain ST theories. If the binary com-
ponents support a scalar field, then an unequal-mass binary
will decay faster than in GR due to the emission of dipolar
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radiation by the scalar field [13,14]. Such a decay is
stringently constrained by binary pulsar observations
[11,12], which can place strong bounds on the existence
of dipole radiation, scalarization, and the magnitude of
Pst. Using observations of a pulsar-white dwarf binary
(J1738 4 0333) and a single-polytrope EoS with polytropic
index I' = 2.34, Ref. [12] has constrained fgr 2 —4.75.
Using an APR4 (soft) and an H4 (stiff) EoS, Ref. [21] used
the binary pulsar observations of Ref. [12] to constrain
Pst 2 —4.5 and fgr = —5 respectively.

Clearly, constraints on fgp depend on the NS EoS. For a
given EoS, only certain sufficiently large, negative values
of Bst produce spontaneous scalarization. The bounds
quoted above are roughly the least negative values of
Ps7 that allow for scalarization, given a particular EoS. For
example, Ref. [21] showed that for the pulsar in Ref. [12]
with mass ~1.46M, an APR4 EoS requires fgr < —4.5
for scalarization to occur, while an H4 EoS requires
Pst < —5, precisely the constraints quoted in Ref. [21].
Thus, binary pulsar observations constrain a region in the
Pst-EoS space, which means that bounds on B¢t can be
weakened if one considers stiffer EoSs that lead to less
compact stars (larger radius given a fixed mass).
Additionally, binary pulsars that have been observed thus
far are very widely separated (typical separation larger than
10° km), and so their orbital binding energy is not large
enough to activate dynamical scalarization.

The GWs emitted during the late inspiral of NS binaries
may also allow for constraints on scalarization, as these
waves are produced when the orbital binding energy is very
large and, like binary pulsars, GW observations are
extremely sensitive to the orbital decay rate. In this paper,
we investigate such an idea by

(i) constructing an analytical model of the GWs emitted

during late NS inspirals in ST theories,

(i1) calculating the response function of interferometric de-
tectors to such waves in the time and frequency domains
through the stationary phase approximation (SPA), and

(iii) carrying out a detailed, Bayesian parameter estima-
tion and model-selection study, assuming a GW
detection with second-generation detectors (in the
currently planned configuration).

One of our main results is the following.

GWs emitted in the late inspiral of NS binaries can be
used to place constraints on ST theories that are
comparable to binary pulsar ones, provided at least
one binary component is sufficiently compact to be
already spontaneously scalarized by the time the
emitted GWs enter the detectors’ sensitivity band.

Second-generation detectors, like alIGO, aVirgo, and
KAGRA, will be sensitive to GWs emitted by binaries with
orbital frequencies above ~5 Hz. If a NS in a binary is
sufficiently compact, for a given EoS and value of fgr, to
be already spontaneously scalarized by the time the binary
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crosses this frequency threshold, then a GW observation
consistent with GR can be used to rule out the existence of
dipole radiation and constrain the magnitude of fgr. For
example, given a polytropic EoS and a NS binary with
(gravitational) masses (1.4074,1.7415)M,, a single GW
observation consistent with GR at a signal-to-noise ratio
(SNR) of 15 would allow us to place the constraint
Pst 2 —4.5. This constraint is similar in strength to that
obtained with current binary pulsar observations and poly-
tropic EoSs [12], butitis complementary in that it derives from
sampling the dynamical and nonlinear regime of the gravita-
tional interaction.
Another main result of this paper is the following.

Dynamical scalarization in the late inspiral of NS
binaries will be difficult to constrain with GWs,
unless the system scalarizes at a low enough orbital
frequency (i.e., large enough orbital separation) that a
sufficient amount of SNR is accumulated while the
ST modifications are active.

Reference [22] proved that an abrupt activation of dipolar
radiation can only be observed with GWs emitted by binaries
if it occurs at an orbital frequency well below 50 Hz,
assuming an alLIGO-type detector and a SNR of 10. Such a
threshold frequency corresponds to an orbital separation
larger than roughly 35m, where m is the total mass of the NS
binary, or alternatively, ~#150 km for a binary with total mass
3M . Dynamical scalarization at such large separations only
happens for quite specific, finely tuned binary systems given
realistic NS EoSs and values of gt not already ruled out by
binary pulsar observations [12]. In this analysis, only three
systems, out of a total of 80 examined, underwent dynamical
scalarization at orbital frequencies below 100 Hz. Of these
three, only one exhibited ST effects that were strong enough
to detect with aLLIGO at a SNR of 15.

We additionally analyze whether another signature of
dynamical scalarization—an early plunge once the scalar
field activates—is detectable with aLLIGO-like detectors.
We find the following:

Early plunge and merger due to dynamical scalariza-
tion is detectable for certain frequency ranges using
model-independent templates.

We modeled the early plunge through a foy model, a
Heaviside truncation of the GW Fourier amplitude. For this
truncation to be detectable, we find that it must occur
between orbital frequencies of roughly 45 and 150 Hz,
assuming a SNR 15 if no truncation was present. For
plunges that occur at lower frequencies, not enough signal
would be present in the detector’s sensitivity band to lead to
a detection in the first place. For plunges that occur at
higher frequencies, the detector’s noise is already large
enough that such a plunge is difficult to detect.

The analysis described above required a Markov-chain
Monte Carlo (MCMC) mapping of the likelihood surface
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to obtain posteriors and Bayes factors (BFs) between a
GR and a non-GR model, given a scalarized GW injection,
all of which is computationally expensive. Thus, another
important result of this paper is the following.

We rederive a computationally inexpensive, data
analysis measure to determine whether modified
gravity effects are detectable, which we call the
effective cycles of phase. For the first time, we
connect this quantity directly to the Bayes factor.
We find that roughly 4 cycles are needed for a
modified gravity effect to be detectable at SNR 15.

First derived in [23], the effective cycles are defined as a
certain noise-weighted integral of the GW amplitude and
the phase difference between a GR and a non-GR inspiral.
This measure is inspired by the useful cycles of phase,
introduced in Ref. [24], but it differs from this quantity in
that the BF can be estimated analytically in terms of
effective cycles. Therefore, the effective cycles are directly
connected to an important data analysis measure of
detectability in model hypothesis testing.

The effective cycles are a noise-weighted dephasing
measure that is ideal for studying the distinguishability
between models. A non-noise-weighted dephasing is not a
good measure, in spite of being often used in theoretical
studies, e.g., [25-27]. The effective cycles take into account
the fact that, for departures from GR to be detectable, they
must occur in a frequency range in which sufficient SNR is
accumulated. This is particularly difficult for GR depar-
tures that only become significant at kHz frequencies.

Another question that arose while we carried out this
analysis was whether custom-made waveforms are necessary
to detect the effects of ST gravity, or whether model-
independent templates are sufficient. This question, of course,
is SNR dependent, and as explained above, dynamical
scalarization is not easily measurable with the SNRs expected
in advanced detectors, except in a few cases. Moreover, it is
very difficult to develop analytical templates that accurately
model the effects of dynamical scalarization. We therefore
consider the detectability of spontaneous/induced scalariza-
tion effects with custom-made versus model-independent
templates, and obtain the following result.

More complicated, model-dependent templates are
found to be comparably efficient at detecting GR
deviations as the simplest, model-independent wave-
forms one can construct.

As a proxy for model-independent templates, we use the
parametrized post-Einsteinian (ppE) approach of Ref. [28].
The simplest version of such waveforms includes only leading
post-Newtonian (PN) order modifications to GR in the
waveform; thus, they do not contain the precise PN sequence
of terms that a custom-made ST theory template (or signal)
would possess. This additional structure should allow custom-
made templates to be more effective at detecting GR
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deviations present in the signals they are designed to capture.
The enhancement leads to an increased detection efficiency at
very high SNR, but negligible effects for signals with SNRs
we expect to observe. Additionally, we find that more
complicated ppE templates, such as those that include a step
function in the phase to activate a modified gravity effect
above a certain frequency, are as effective as the simplest ppE
models at detecting ST-type GR deviations. These results are
consistent with those in Ref. [29].

The rest of this paper presents the details of the results
described above and is organized as follows. In Sec. II,
we give an introduction to the non-GR models of interest
in this paper. Next, in Sec. III, we describe in detail the
methods we used to develop the waveforms tailored to
these models. Then, in Secs. IV and V, we address the
question of detectability using effective cycles and a
Bayesian analysis respectively. In the final section of this
paper, Sec. VI, we conclude and point to future research.
Throughout this paper, latin letters refer to spatial indices,
greek letters refer to spacetime indices, and we use geo-
metric units in which G = ¢ = 1. Additionally, all masses
quoted refer to gravitational mass and, unless otherwise
specified, we employ the term “spontaneously scalarized”
binary (or signal) to refer to binaries (or signals arising
from binaries) whose components undergo spontaneous or
induced scalarization. We do so because a necessary
condition for induced scalarization to happen is the
presence of at least one spontaneously scalarized star.
The term “dynamically scalarized” binary (or signal) will
denote binaries (or signals arising from binaries) that
undergo dynamical scalarization.

II. INTRODUCTION TO
SCALAR-TENSOR THEORIES

In this section, we briefly describe the theory we will
study. Initially presented in Refs. [13,14], this theory has
recently been revisited in the context of compact binary
inspirals and mergers in Refs. [15,17,21]. Here, we review
the basics of this theory, following mainly the presentation
of Ref. [17].

A. Basics

Generic ST theories are defined by the Jordan-frame
action

S:/d“xg {¢R—@aﬂ¢aﬂ¢ + Sult guls (1)

where « = 87G, ¢ is a scalar field, R is the Ricci scalar
associated with the Jordan-frame metric, g,,, and y are
additional matter degrees of freedom that couple directly to
the metric.

The function, w(¢), defines the particular ST theory in
play [in some cases there is also a potential function, V(¢),
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but here this potential is set to zero]. For example, Fierz-
Jordan-Brans-Dicke (FJBD) theory [30-32] is defined by
this action with @(¢) = wpp = const. In this paper, we will
consider the class of theories studied in [13,14], which are
defined by the action of Eq. (1) with

3 K
a’(fﬁ):—i—m’ (2)

where f is a dimensional constant, related to the dimen-
sionless coupling constant of the theory, fgr, by
p = (47G)Pgr. The asymptotic value of ¢ at spatial
infinity, together with the value of fgp, controls the
magnitude of the modifications to GR.

The Jordan-frame action of Eq. (1) can be rewritten in the
“Einstein frame” via

S = / d*x\/—gF (R—E - %g/g”a,,u/(‘?uw)

2K
+ Sulrs g/ dW)), (3)

where the Einstein-frame metric is related to the Jordan-
frame one via gfy = ¢g,,- The Einstein-frame scalar field y/
is related to its Jordan-frame counterpart via

dlog ¢\ 2 2K
( dy ) “3v20p) @

In the theories of interest in this paper, this differential
equation can be solved to obtain

¢ = exp (=py?). (5)

choosing ¥ =0 when ¢ = 1. Using this equation in
Eq. (4), one finds

1 2K 1/2
Vo) = 55 s | ©

In the Einstein frame, the field equations for the metric
and the equations of motion for the scalar field are

Gh, = (Tl + Tw"), (7)
OFy = —py TV, (8)

where we have defined

1
TZID = ;4‘//81/‘/’ - ngvgzﬁaawaﬂl//a (9)
and TM-E is the Einstein-frame trace of T,%‘E =Ty /¢, the
matter stress-energy tensor in the Einstein frame.

Because of the field redefinition to Einstein-frame vari-
ables, the stress-energy tensor conservation V), Th =0
becomes
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VETE = puT g O, (10)

which also follows from the field equations (7) and (8).
This equation implies, in particular, that test particles (i.e.,
point particles with negligible mass) do not follow geo-
desics of the Einstein-frame metric g%, although they do
follow geodesics of the original Jordan-frame metric g,,.
This means that the weak equivalence principle (i.e., the
universality of free fall for weakly gravitating bodies) is
satisfied in these theories. Nevertheless, as will become
clearer in the next section, the strong version of the
equivalence principle (i.e., the universality of free fall for
strongly gravitating bodies) is not satisfied in scalar-tensor
theories. This is because of the presence of “scalar
charges” for strongly gravitating bodies, whose appear-
ance can be ultimately traced to the right-hand side of
Eq. (10) having a nonzero value.

Solar System tracking of the Cassini spacecraft implies
the constraint wgp > Weasini = 4 X 10% [33,34] on FIBD
theory. Because the class of ST theories that we consider
reduces to FJBD in the Solar System [with wgp = @
related to the asymptotic value of y, which we denote
by ., via Egs. (2) and (5)], this translates into the bound

:L<L
0= 2051 \3 + 20

1/2 Gl/z
) <1.26 x 10_2W' (11)

Binary pulsar observations of the orbital decay rate also
constrain the theory, since dipolar radiation would greatly
accelerate the inspiral [12,35]. These observations require
that gt = —4.75 [12], but as discussed in the Introduction,
this constraint depends on which EoS is used [21].

B. Time-domain scalar charges

Given a binary system that consists of two bodies of
masses m; and m,, the evolution of the GWs emitted by
this binary will depend on the scalar charges of the two
bodies, a; and a,. In turn, these charges depend on
PBst = f/(4zG), but also on the NS compactness C and,
in a binary in quasicircular motion, on the (magnitude of
their) orbital velocity » (equivalently, their separation or
their orbital frequency). It is therefore necessary to have a
good analytic representation of these charges as a function
of fsr, C, and v, in order to construct accurate SPA
templates.

The scalar charges are defined by [13]

1 Olnmb(y)
VanG Oy

. (12)

Ay = —

where m,(y) is the mass parameter that enters the point-
particle action in the Einstein frame. A related quantity, the
sensitivity, s, can be similarly defined by [36]
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_ Olnmy(¢)
SA *Wa (13)

where my(¢) is the mass parameter that enters the point-
particle action in the Jordan frame. These derivatives are
to be taken by keeping the baryonic mass fixed, and the
two masses are related via m% = my¢(y)~'/2. The sen-
sitivities and the scalar charges are then related by
[17,37,38]

2SA_1 (14)
My = ———,
AT /B 2w,

where @, must be greater than 4 x 10* due to the Cassini
bound [33,34].

In a FJBD theory with a given wgp, the scalar charges
(and thus the sensitivities) are parameters determined
exclusively by the compact object’s EoSs. Will and
Zaglauer [39] found that in this theory the sensitivities
are in the interval (0.1,0.3) for NSs, becoming 0.5 in the
black hole limit. Of course, the scalar charges in this theory
are much smaller than the sensitivities, as the former are
suppressed by ~m,, 172 relative to the latter. Fixing the EoS,
the sensitivities depend only on the mass of the object.
Thus, since NS masses are expected to be in the range
(1,2.5)M, NS binaries have s, & s,, and dipole radiation
is suppressed [39]. Such suppression explains why it would
be difficult to observe or constrain dipole radiation from
GWs emitted during binary NS inspirals within FIBD
theory.

In the ST theories of Refs. [13,14], however, the scalar
charges can be spontaneously/dynamically generated. In
this process of scalarization, the charges can be excited
once the gravitational energy of the system exceeds a
certain threshold. In isolation, this energy is simply propor-
tional to the NS compactness, C = M/R, the ratio of the
NS mass to its radius. When in a binary, this energy is not
only due to the individual compactnesses, but also to the
binding energy of the system, which scales as m;m,/r,,
with (m,, m,) the NS masses, and r, the orbital separation.

The behavior of the scalar charges during the inspiral
and plunge of a NS binary has so far only been calculated
semianalytically in Ref. [17] for a polytropic EoS with
exponent I' = 2 and maximum NS gravitational mass of
1.8M, and these results have been validated by compar-
ing the binary’s orbital evolution to the fully nonlinear
simulations of Ref. [15]. Using the results of Ref. [17],
Fig. 1 shows the scalar charge for the more massive star
in a NS binary system with (m,m,)= (1.4074,
1.7415)M, as a function of the dominant GW frequency
f (twice the orbital frequency for a quasicircular binary)
up to contact for ST theories with gy = —3.0, —3.25,
-3.5, and —4.5.

As noted, the construction of a SPA waveform in ST
theories will require a parametrization of these scalar
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FIG. 1 (color online). The upper panel shows the scalar charges
for a 1.7415M 5 NS with a 1.4074M, companion, for various
values of figt and as a function of GW frequency. The actual data
are shown with symbols, and the fits to the data by the different
line styles. In the lower panel, we plot the percentage error
between the data and the fits. Observe that this error never
exceeds ~7%.

charges as a function of fgp, my, and v. We desire an
analytic expression for the scalar charges because, when
calculating the Fourier transform of the GW phase in the
SPA, we need to analytically compute indefinite integrals
of functions of these charges. Thus motivated, we will use
the following fitting function:

ay = ZaiA)vi, (15)
i=0

1/3

where v = (zmf)'/°, with f the dominant GW frequency

(twice the orbital frequency), and the coefficients aEA) are
functions of (my, m, fsr). We further expand these coef-

ficients as polynomials:

AN

max k max

S

=0 k=

~

max

(alil) (~Psr)/ mymt. (16)
=1

Il
o
Y

The more terms kept in the sum, of course, the more
closely the function approximates the numerical data.
We find empirically that the choice i, = [,.x = 2 and
Jmax = kmax = 3 suffices for our purposes, which leads to
2 x 3 x 3 = 18 fitting coefficients at each PN order.

We use the fitting function described above to fit for the
scalar charges as a function of ». First, we use the data from
Ref. [17] to numerically construct a, as a function of v,
from a GW frequency of 10 Hz (the beginning of the
aLLIGO sensitivity band) up to contact, with a fine dis-
cretization, for 37 systems with different masses (m,, m,)
and values of figr. Each of these data sets is slightly noisy in
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the low-frequency regime due to small numerical errors, so
before proceeding, we smooth each of them with a moving
average algorithm using the nearest ten neighbors.

When carrying out the fits, we do not use the full
domain of the data (from f = 10 Hz to contact), but rather
restrict attention to the low velocity regime. As found in
Refs. [40-42], when fitting numerical data to a PN
function, the high velocity regime should not be included
in the numerical data. This is because this regime would
contaminate the fitting coefficients, as they attempt to
capture both the low and high velocity behavior of the
function. Moreover, one should not use a very high PN
order fitting function, as the high PN order terms would
contaminate the low PN order ones. For these reasons,
we choose i, = 2 and fit in the region (10,800) Hz, which
we found empirically to yield robust results, as we will
show below.

Finally, in doing the fits, we have neglected scalar
charges that undergo dynamical scalarization (i.e., charges
that are close to zero when the binary enters the LIGO band
at an orbital frequency of 5 Hz, and then grow very quickly
later in the inspiral) for the following reason. The SPA
calculation requires that we bivariately Taylor expand all
quantities in both » < 1 and in the GR deviation parameter,
which in the ST case is a4. Although a4 < 1 during the
inspiral, da, /dInv > 1 at a certain frequency, around f =
300 Hz for the cases considered in Fig. 2. Thus, during
dynamical scalarization, one should not expand in deriv-
atives of a,, which makes any analytic treatment very
difficult. Third, a polynomial in velocity is ill suited for
representing scalar charges that undergo dynamical

T ‘ 1T ‘
|| — o Bgp=42
e | — oy B =42
- oy, Bg=-4.5
Y I R
E L
[=]
= 0.6
2
5 -
o
0.4 -
02
prrntiiyiitt ".'.'.".'.'.‘..‘.-"‘ y
: 0 1000

FIG. 2 (color online). Logarithmic derivative of the scalar
charges with respect to velocity as a function of GW frequency
for a NS binary with masses (m, m,) = (1.4074,1.7415)M
computed with the numerical results presented in Ref. [17].
Observe that the derivative of the charge in the fg = —4.25 case
rises very rapidly around f = 300 Hz, rapidly exceeding unity.
On the other hand, the derivative in the fg = —4.5 case remains
smaller than unity during the entire inspiral.
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scalarization. If one insisted on using such a fitting
function, then the coefficients a;’ would grow by factors
of 103 with increasing i. Such a highly divergent behavior
of the fitting coefficients renders any subsequent PN
expansion useless.

Given this, we fit Eq. (15) independently to each set of
clean data corresponding to a particular value of g7 rather
than fitting all the data with the same set of coefficients at
the same time. We proceed this way because the scalar
charges for larger values of |Bsy| (i.e., fst = —4.5) are
much larger than, for example, the charges at gy = —3.5.
This, paired with our lack of data for values of |fsr| < 3.0
and the sparseness of the data in (m, m,) space, causes our
algorithm to generate poor fits for small values of fgr. In
particular, the fitting function obtained by simultaneously
fitting all the data does not monotonically approach zero as
Pst — 0. We therefore arrive at a set of n = 18 coefficients
at each PN order for each different value of fgy. Figure 1
shows the fitted function and the numerical data for several
values of fgt, where we note that the error in the fit never
exceeds 7% in the frequency window [10:10°] Hz.

III. DEVELOPING WAVEFORMS FOR
SCALAR-TENSOR THEORIES

In this section, we describe how to construct the time-
domain response of the alLIGO detectors to impinging
GWs. We use the restricted PN approximation, following
mostly the presentation in Refs. [43,44]. We then construct
the frequency-domain, SPA waveforms from these time-
domain functions, and discuss their regimes of validity.

A. Time-domain response

The response of a GW interferometer to a signal can be
computed by investigating how the metric perturbation
affects the geodesic deviation. Doing so, one finds [45,46]

h(t) = F+h+ + Fxhx + thb + FLhL + Fsehse + anhsn'
(17)

The quantities (F,,F,,Fy, Fy,F, Fg,) are beam- or
angular-pattern functions that depend on the geometry of
the detector [see, e.g., Eqgs. (2)—(7) in Ref. [44]]. The
quantities (A, hy, hy, hy, h, hy,) are the six possible GW
polarizations in a generic theory of gravity: the plus mode,
the cross mode, the scalar “breathing” mode, the scalar
“longitudinal” mode, and the two vector modes. Recall that
GR, being a massless spin-2 theory, has only two propa-
gating degrees of freedom.

The waveform polarizations can be computed from the
trace-reversed metric perturbation in the far zone (at a
distance much greater than a GW wavelength from the
center of mass of the binary) via
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R
h, = ex(Pi Pl — Lpiip, o 19
x = eij m* _5 ml ’ ( )
h 71 ]f\\, ]jljk BOO 20
b =5 (Nh’" = 1), 20)
hy = Nt 4700 = 20,70 1)
o = e{IPYN = R, @)
e = PERLRY - ), @)

where we use multi-index notation N/ = N ... Nb.
Here, N' is a unit vector pointing from the source to the
detector, P;; = §;; — N, ; s a projection operator orthogonal
to N, and ¢! and e are basis vectors orthogonal to N'.
If we choose a coordinate system defined by the triad
(i, 7', k%), such that N is given by

Nt = sinij’ + cos ik, (24)
then

el = —1, (25)
el = costj’ — sinik’, (26)

+ 1 v,y X X
eij:§<eiej_ei€j)’ (27)

+ 1 x Y Y x
eijzi(eiej—l—eiej), (28)

where 1 is the inclination angle, such that L'N; = cos 1, with
L' the unit orbital angular momentum vector.

The ST theories of Refs. [13,14] have, in principle,
three propagating GW modes: the two transverse-traceless
modes (h, and h,) and the breathing mode (h,). In the
Eardley et al. classification [47], these modes correspond to
the excitation of the Newman-Penrose scalars W, and ®,,.
One can show [15], however, that ®,, is proportional to yr,

(or alternatively to 1 ) to leading order in a y, < 1
expansion; W, is, of course, independent of y to leading
order. Thus, the effect of h, in the response h(t) is
subleading in y relative to the effect of i, and h,
[15]. In fact, this is exactly the same as in standard
FIBD theory [48,49]. Even if this were not the case and
the response to the breathing mode were not suppressed
as 1/,/@,, the detectability of this mode would require a
network of detectors [44,50-53]. Given this, we will
neglect the breathing mode in the response function.
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B. Time-domain waveform and the restricted
PN approximation

As explained above, the interferometer response is
dominated by the plus- and cross-polarized metric pertur-
bations, A (7) and h,(t), which must be obtained by
solving the modified field equations in the PN approxi-
mation. In the far zone, these waves can be written as the
following PN sum:

o) =220 S P 0, (9

p=0

where D is the (luminosity) distance from the source to the
detector, # = m;m,/m? is the symmetric mass ratio, and
recall that m = m| + m, is the total mass, and x(f) =
[27GmF(t)]*/? is the (time-dependent) PN expansion
parameter of leading O(1/c?), with F(t) the orbital
frequency. Notice that x depends on G = G(1 + aja,),
because in these theories the Newtonian force of attraction
between two bodies, and thus, Kepler’s third law of orbital
motion, takes on the usual Newtonian expression, but with
the replacement G — G [13,39]. Recall that o and a, are
the scalar charges of NSs, which depend on the internal
structure of the bodies and on the gravitational binding

energy of the system, as discussed in Sec. II B.

The time functions H (f_/xz) can always be written in terms

of an amplitude [AEZ/XZ'")(I) or Bi[i/xz’”)(t)] and the binary’s

orbital phase ¢(1):

Hf/xz) = Z (AP cos ng + Bgf/xz'n) sinng).  (30)
n=0

To leading PN order (keeping only the p = 0 term), the
oscillating part of Eq. (29) reduces to

hy (1) = 2A(1)(1 + cos?1) cos 2¢(1), (31)
hy (1) = —4A(z) cossin 2¢(1). (32)

Here, we have defined the time-dependent amplitude

Alt) = -DML RaGmF(1)]/3, (33)

with M = 173/ Sm the chirp mass, and 1 is the inclination.
Notice that this is functionally exactly the same result as in
GR, because, as discussed in Sec. IIT A, ST corrections to
the amplitude scale as ), and are thus subleading.

The restricted PN approximation consists of approxi-
mating the time-domain waveform by the leading PN order
terms in the waveform amplitudes, without restricting
the PN order in the waveform phase. That is, one keeps
only the leading, p = 0 term in Eq. (29), thus obtaining
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Egs. (31) and (32), but as many PN terms as one wishes in
the orbital phase ¢ (7). Such an approximation is reasonable
in a first analysis because interferometric detectors are
much more sensitive to the phase of the response than the
amplitude.

The plus- and cross-polarized metric perturbations in
ST theories, and thus the time-domain interferometric
response, are different from those predicted by GR mainly
because of the temporal evolution of the orbital phase. The
phase can be obtained by integrating the expression

) : dE,, (dE,\ !
¢ =2nF = 2;:7;’ (d—F”> (34)

twice, where E,, is the gravitational binding energy. By the
balance law, dE;/dt must equal (minus) the luminosity £
of all propagating degrees of freedom in the far zone. In
GR, the only energy loss is due to the emission of GWs, but
in ST theories one must also account for dipolar radiation
induced by the propagation of the scalar mode:

G 32
L= gﬂz(al — )2t + ?anxS, (35)

where the first term is due to dipole radiation and the
second due to quadrupolar radiation. We then see that ST
theories modify the evolution of the orbital phase, which is

precisely the component of the interferometric response
that detectors are most sensitive to.

C. Fourier response and the stationary
phase approximation

In GW data analysis, one uses the Fourier transform
of the response function (the Fourier response), instead of
the time-domain response. In computing the frequency- or
time-domain response, one can effectively neglect the time
dependence of the beam-pattern functions. These are
induced by the rotation and motion of the Earth, which
occurs on a time scale much longer than the duration of the
GW signal, which is typically less than 20 min for the
signals that fall in the sensitivity band of second-generation,
ground-based detectors, such as alIGO, aVirgo, and
KAGRA. Thus, the Fourier response can be written as

i) = [ e E 0+ o) (36)

[Se]

where (F, F,) are effectively constant.
Using the restricted PN approximation [Eqgs. (31) and
(32)], we can rewrite the Fourier response of Eq. (36) as

h(f) = / ™ 41270 A(1)[Qc cos 2h(1) + Qg sin 2(1)]
(37)
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where we have defined the cosine- and sine-projected
beam-pattern functions

Oc = 2(1 + cos?1) cos 2UF | —4cosisin2WF,, (38)
Qs = 2(1 + cos?t) sin2UF, +4cosicos2¥F,, (39)

with WU the polarization angle. For binary systems that are in
a quasicircular orbit and whose binary components are not
spinning, the inclination angle and Qg are all constant.
The quasicircular and nonspinning approximations are
sufficient for our analysis because most NS binaries are
expected to have circularized and spun down by the time
they enter the sensitivity band of second-generation,
ground-based detectors.

The integral in Eq. (37) that defines the Fourier response
falls in the class of generalized Fourier integrals. When
the integrands have a stationary point, namely a time £, at
which ¢(ty) = zf, the integral can be approximated via the
method of steepest descent, which to leading order reduces
to the SPA [43,54]. For this approximation to hold, the
amplitude of the integrand must be slowly varying, while
the phase must be rapidly oscillating, such that the integral
is nonvanishing only in a small neighborhood around the
stationary point.

Within the SPA, the integral in Eq. (37) reduces to

h(f) =Af1/5e™0), (40)

where f is the Fourier or GW frequency (twice the orbital
frequency), the Fourier amplitude is a constant given by

- 5 1/2 5 M5/6
=_(_— -2/3 i
h=(5) e iog. @

and the Fourier phase must be computed from [43,55]

(f) =2ﬂ/f/2dF’<2—%>%. (42)

This expression makes it clear that the dominant ST
modifications to the Fourier response are due to modifi-
cations to the rate of change of the orbital frequency.

D. SPA templates in scalar-tensor theory

We now follow the analysis of the previous subsection
and provide explicit formulas for the Fourier transform in
the SPA of restricted PN waveforms in ST theories to 1 PN
order. We first focus on the binding energy and its rate of
change. The former is presented in Eq. (6.4) of Ref. [38] in
terms of the individual masses and velocities of the system.
One can transform the binding energy to relative coordi-
nates, through the mapping in Egs. (6.9)—(6.11) of the same
paper. The rate of change of the orbital binding energy is
equal to the energy flux carried by all propagating degrees
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of freedom by the balance law. This quantity is presented in
Egs. (6.16) and (6.17) of Ref. [38] in relative coordinates.

The ST-theory-modified version of Kepler’s third law of
motion can be computed by solving |a’| = rj,®? in a PN
expansion for r,, the relative orbital separation, using also
that |v!,| = rj,m, where we recall that we are considering
only binaries in quasicircular orbits. The relative acceler-
ation @' is given in Eqs. (1.4) and (1.5) of Ref. [38], where
o is the orbital angular velocity. We find that

m 1
rlzzx{(l+3ala2> +X|:<;I—1)

Fmat- 0] rowa)l @)

where we have set y, = 0, as this quantity is constrained to
be less than 1072 by current observations.

With the above modified version of Kepler’s third law,
one can rewrite the binding energy and its rate of change
as a function of the PN expansion parameter. Using the
definition of Eq. (34), the rate of change of the orbital
frequency is then

. 1
F - x9/2(a1 - )?

2 xm?>
48 n in 1 2
A 14— l(=15=

+ — +576 (=15 =35n)a;

1 5 5
+57—6 (357’] + 63)(11(12 + (11(1/1 (ml/ - E)

5 43

where o):=da,/dInv. The first term in this expression
corresponds to dipolar radiation, while the second one
is the usual quadrupolar radiation term of GR. Notice
that both are corrected by terms proportional to the scalar
charges, due to the modification to Kepler’s third law.
With all of this at hand, we can now compute the
Fourier phase in the SPA through Eq. (42). In Sec. II B,
we fitted a, through Eq. (15), which can be rewritten as

ay=cy+dv+---, (45)

identifying a{" with ¢, and a*) with d,, which are

themselves functions of my, m, and fgr. Finally, we find

\Il(f) = Q’ﬂftc - ¢c - % + (C] - 02)21]_2

3l
12870° | 168
8400

S (R AT L

We see that the main modification to the Fourier response
in the SPA is due to the scalar charges, which induce a
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dipole correction to leading order. We have checked
that the dipole term is exactly what one obtains in
FIBD theory, when one rewrites c¢;, in terms of the
sensitivities sy .

The ST-modified Fourier response described above is
only valid for systems of unequal mass. In the case of
equal-mass binaries, the —1 and the —0.5 PN terms in
Eq. (46) vanish, because then s; = s,. In such a system,
the lowest PN order correction to the Fourier phase enters
at 0 PN order. Henceforth, we only use the ST-modified
SPA for analysis of binaries whose component masses are
unequal.

E. Comparison of SPA phase to numerical phase

We can now validate the SPA model of the previous
subsection by comparing it to the Fourier transform of the
time-domain numerical solutions for the GWs presented in
Ref. [17]. Before we do so, we define the measure we will
use for such a validation: the dephasing AW. This quantity
is defined as

A\IJi = mint0’¢c|\IJGR — \IIST

, (47)

where Wqy is the Fourier phase in GR, Wqr is the Fourier
phase in ST theories, and the subindex i labels four
different strategies we employ to evaluate Wgr and Wgqr
as described below. This measure requires minimization
over time and phase of coalescence, i.e., over a constant
time and phase shift. Such a minimization is required to
compare different template families, e.g., a time-domain
waveform to a frequency-domain one.

In order to validate the SPA model of the previous
subsection, we will evaluate the dephasing of Eq. (47) in
four different ways.

(1) Numerical: Ygg and Wgr are given by the Fourier
transforms of the time-domain GW data of Ref. [17],
minimizing the difference over phase and time of
coalescence.

(2) —1 PN: gy is given by Eq. (46), keeping only the
leading PN term (the —1 PN term).

(3) —0.5 PN: WUgr is given by Eq. (46), keeping the
leading and first subleading PN terms (the —1 and
the —0.5 PN terms).

(4) 0 PN: Vgris given by Eq. (46), keeping terms up to
Newtonian order (the —1, —0.5, and 0 PN terms).

In all N PN cases, Ugg is the GR Fourier phase in the SPA,
for example, given in Refs. [28,56]. By comparing the
numerical dephasing to the N PN ones, we will validate the
SPA templates constructed in the previous subsection.

Such a comparison is carried out in Fig. 3. The solid line
is the numerical dephasing, while the dotted lines are the N
PN dephasings in the SPA. Observe that the SPA dephasing
at —0.5 PN order is a better approximation than keeping the
dephasing to 0 or —1 PN order, relative to the numerical
dephasing. We will therefore truncate the fit to the scalar
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FIG. 3 (color online). Dephasing between a GR and ST signal
as a function of GW frequency, calculated using both the
numerical Fourier phases (solid curve) and the SPA Fourier
phases (dotted curves) for a binary with masses
(1.4074,1.7415)M 5 and gt = —4.5. The ST SPA phases were
calculated to various PN orders.

charges at —0.5 PN order for the rest of this paper (i.e., we
keep only two ST PN corrections) and model the ST SPA
templates by Eq. (46), without ST higher-order PN terms.

F. ppE waveforms

Before proceeding with a detailed data analysis study, we
map the SPA templates of Sec. III D to the ppE templates
constructed in Ref. [28]. The ppE family is a theory-
independent set of templates, designed to capture model-
independent deviations from GR with GW observations. This
family is constructed by introducing parametrized modifica-
tions to both the binding energy and the energy balance
equations of GR. Both types of modifications lead to changes
in the GW phase, which can be described by introducing a
small number of new parameters into the GW template.

The full GW waveform for the coalescence of two compact
objects is typically split into three sections: inspiral, merger,
and ringdown. ppE templates have been developed for all
three phases, but in this paper we are interested only in the
inspiral portion. The latter can be defined as the part of the
waveform that is generated before the two bodies plunge into
each other. The definition of the end of inspiral is somewhat
arbitrary, but we follow typical conventions and define the
transition from inspiral to merger as occurring at the inner-
most stable circular orbit of the system in center of mass
coordinates (or alternatively at contact). In any case, the
merger of NS binaries occurs at the very high-frequency end
of aLIGO’s sensitivity band, almost outside of it altogether.

The simplest, quadrupole ppE inspiral templates have
the form

h(f) = (1t aut)ePmett,u=(zM[)'S, (48)
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where 2R is the Fourier response in GR. These simple ppE
waveforms contain an additional amplitude term, a,ppu,
and an additional phase term, ﬁppEu” , relative to GR. We
refer to a,pp and f as the strength parameters of the ppE
deviations, and to a and b as the exponent parameters.

These ppE waveforms cover all known inspiral wave-
forms from specific alternative theories of gravity [57] that
are analytic in the frequency evolution of the GWs. Some
specific examples are discussed in Ref. [7]. They cannot,
however, perfectly match the signals generated by the
theories of interest in this paper. For the case of
induced/spontaneous scalarization, Sec. III E showed that
one needs two ST PN corrections to the SPA phase (i.e., a
—1 and a —0.5 PN term), while the simplest ppE model
includes only one. For the dynamically scalarized case, the
corrections to the Fourier response are very abrupt (almost
a step function), which cannot be captured with a single PN
term. In spite of this, we will see that the ppE model is quite
adequate at detecting a ST deviation, provided the deviation
is strong enough to be detectable in the first case.

IV. DETECTABILITY OF SCALAR-TENSOR
DEVIATIONS THROUGH AN EFFECTIVE
CYCLES APPROACH

In this section, we carry out the first of a two-part data
analysis investigation to determine the detectability of ST
deviations in GWs emitted during the late inspiral of NS
binaries. We first construct a new, computationally in-
expensive data analysis measure to determine when a GR
deviation is sufficiently loud for detection with aLIGO-type
detectors. We then use this measure on ST signals and ppE
signals to estimate their detectability.

A. Useful and effective cycles of phase

Model hypothesis testing, i.e., the determination of
whether model A or B is better supported by some data,
usually requires a detailed Bayesian analysis through
MCMC techniques that map the likelihood surface and
the posterior distributions of template parameters in order
to calculate BFs." Such studies are computationally expen-
sive, and it is therefore desirable to construct a simple and
computationally inexpensive measure for accomplishing

'"The BF, assuming equal priors for the two competing
theories, is the odds that one theory is favored by the data over
another theory. For instance, a BF of 100 in favor of GR means
that there is a 100:1 “betting odds” that GR is the correct theory
given the data. In this paper, we are considering only nested
models. For example, GR is recovered from ppE templates when
the strength parameter f,g = 0. In this case, the BF can be
calculated from the Savage-Dickey density ratio, which compares
the prior weight at ;5 = 0 to the posterior weight at that value.
The BF is then calculated via BF = p (8,5 = 0|d)/ p(Bppe =0). If
there is more posterior weight at this point than prior weight, the
model-selection process favors GR.
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similar goals. The construction of this measure is the topic
of this section.

We first describe a quantity that has been used in the
literature as a stand-in for the importance of a particular
GW phase term [24]: the useful cycles, N,,. This quantity is
defined in [24] as

([ gt )
Nu= </F A7) 2mdf

([ amsist) @

which is essentially a noise-weighted measure of the
total number of cycles of phase due to any particular
term in the phase evolution. In Eq. (49), a(f) is defined
by [h(f)]* = A%(f) = N(f)a*(f)/f* with N(f) =
(1/2z)(d¢/dIn F) = F?/(dF/dt). The expression for
N, can be reexpressed in terms of the characteristic strain

he(f) = VFA(f) as

o[ o) o

Thus, the number of useful cycles is equal to the
harmonic mean of N(f), with a weighting factor equal
to the SNR squared per logarithmic frequency inter-
val, ASNR*(f) = K2(f)/S,(f).

The difference in the number of useful cycles between
waveform models is sometimes used as a proxy for the
detectability of the difference in the models (see, e.g.,
Refs. [25-27]). One must be very careful when doing this
for two reasons. The first is made clear by rewriting
Eq. (49) in the form of Eq. (50). This recasting of the
useful cycles shows that it is not permissible to simply
replace N(f) with AN(f), where AN(f) is the change that
is introduced by a particular modification to the phase. In
order to calculate A, due to a change in the phase
evolution, it is necessary to calculate both A/, from the
original phase and from the changed phase, and then take
the difference. This is not a problem, per se—it is simply an
issue that must be kept in mind when calculating V', for a
particular phase term.

A larger issue with A/, as a measure of detectability is
the murkiness of its connection with quantities such as the
BF, which are directly related to model selection. The
logarithm of the BF, as derived in Ref. [57], satisfies

log BF ~ % (1 — FF?)SNR? + O[(1 — FF?)?].  (51)

We can use the following expression for the fitting factor,
FF, given two waveforms with the same amplitude A(f),
but with phases that differ by AW(f):
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2
FF = SNR2max ( / hef) Z"’Is’(%q’(f ) 41 f>, (52)

where the maximization is done over all system parameters
A%, In the limit FF ~ 1, i.e., for small deviations from GR,
these expressions can be combined to give

ﬂdlnf +O(AT*).  (53)

L [h(f)
logBFNEH}%n/ 5, (7)

n
Given the above expression for the BF, a natural
definition for a computationally inexpensive data analysis
measure presents itself, the effective cycles of phase:

o (/5 ) |ov

where A® = AU(f) + 2zf At — A, where At and A¢ are
an arbitrary time and phase shift respectively. As before, the
dephasing is AV = ¥ (f) — ¥, (f), where in our case ¥,
will be the Fourier phase of a GR signal and ¥, the phase
of a non-GR signal, e.g., for a ppE waveform,
AV(f) = ppeu’. We define N, with a (Az, A¢) minimi-
zation because the non-GR terms induce a modification in
the frequency and phase evolutions that renders mean-
ingless a direct comparison between time-shift and phase-
shift parameters in waveforms living in different theories.
Notice, however, that we do not minimize over all
parameters, as would be required to relate N, to the BF.
A full minimization procedure is costly and it would
involve a MCMC analysis in general, while the minimi-
zation with respect to only (A7, Ag) is inexpensive.

We can now see that this quantity is directly related to
model selection through the BF:

N, = min {
At,A¢p

log BF ~ 2n25NR2n}gnN 2 (55)

The effective cycles, A,, as defined in Eq. (54), i.e.,
minimized over (At, A¢) only, give an upper limit to the
BF. The fully minimized A/, will in general be smaller than
Eq. (54) due to covariances between system parameters.
This means that A/, is not a perfect proxy for detectability.
That is, if A/, due to a particular term in the phase is large,
this may or may not mean that the term is detectable.
However, if A/, due to a particular phase term is small, this
does indicate that the term will not be detectable.

The above is an alternative means of deriving
the quantity first derived in [23], which is there referred
to as the distinguishability/measurability. Up to some
rearranging of various factors, this quantity and the
effective cycles of phase are the same. The connection
between this quantity and the Bayes factor, though, is a new
result.

How are the useful and effective cycles related? From the
definitions of N, and V,, it is clear that the former gives
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FIG. 4 (color online). The ratio of effective cycles to useful
cycles, calculated as a function of b, for two fixed values of fg.

the difference in the harmonic mean of the number of
cycles, while the latter gives the root-mean-square
difference in the number of cycles. This is an important
difference—N\/, is directly related to the BF in the small
deformation limit. For certain signals, however, the differ-
ence can be shown to be a GR-modification-dependent
constant factor. To see this, consider inspiral GWs in the PN
approximation both in GR and in ppE form. The orbital
phase ¢(f) = 2zft(f) — U(f) — n/4 is a power series in
v = (zMf)'/3, just like the Fourier phase W¥(f) in both GR
and ppE theory. The logarithmic derivative, d¢/dIn f,
preserves the structure of such a power series, and so
the PN series for U(f) and for N(f) differ only by
b-dependent, order unity factors in each of the coefficients.
The relation between A/, and A/, is shown in Fig. 4 and
derived in Appendix B. Of course, the useful and effective
cycles defined here can be computed given any form of
phase evolution, and thus, they are not restricted to phases
in the PN approximation.

B. Useful and effective cycles as a measure of
detectability of general non-GR effects

Now that we have introduced the concept of effective
cycles, we will use it to determine when a particular GR
deviation is detectable. In particular, we will determine the
number of useful and effective cycles that are needed for
ppE deviations to lead to a BF that favors the ppE model.

We inject ppE signals with varying strength S
parameters and exponent b parameters and then

(i) calculate N/, and NV, due to the ppE terms relative to

a GR signal (B, = 0) and
(i) run a MCMC analysis to calculate the BF between a
ppE model and the GR model.
The second item requires the choice of a prior range for
each ppE strength parameter, which we choose to be
Bope| 5% 107 for b =—7, |[Bye|<5x107* for
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BF in favor of a modification to GR versus the number of effective cycles (left) and useful (right) cycles induced

by that modification for different types of ppE corrections. For the b = —4 cases, the line labeled (—) corresponds to a negative value for
Pppe» and the line labeled (+) corresponds to a positive value; all other injections had positive values for f,,z. Observe that the b
dependence of the relationship between BF and A/, is the opposite of what one would expect.

b= -6, and |f,| <5 for b= -5 and b = —4. These
prior ranges were derived by examining the results in
Ref. [57] and requiring that the deviations be detectable
given a GW signal with SNR = 10.

Every injection in this study consists of a
(1.4074,1.7415)M , NS/NS, nonspinning binary, with
zero inclination angle, and with SNR ~ 15, which corre-
sponds to a luminosity distance D; =~ 50 Mpc. We choose
the zero-detuned, high-power spectral noise density pro-
jected for aLLIGO [58], stopping all integrations at 1000 Hz.
This frequency is lower than the GW frequency at which
the NSs touch each other, which is approximately between
1250 and 2000 Hz, depending on the NS EoS.

Figure 5 shows the BF on a logarithmic scale versus the
absolute value of the number of effective (left panel) and
useful (right panel) cycles introduced by signals with
different ppE exponent parameters, starting at b = —7
(a —1 PN term) and going up to b = —4 (a 0.5 PN term).
Recall that ST theories lead to modifications at —1 PN
order and higher and that a BF larger than 1 indicates the
data support the non-GR model. Observe that detectability
occurs when N, is between 0.1 and 1 and when N, is
between 2 and 4 cycles of phase for most of the ppE
injections. This is not true, however, for the b = —5 case,
because of the almost perfect correlation between chirp
mass M and f,,; when b = —5: a straight line in the two-
dimensional M -f,,z plan similar to Fig. 6 in [29].
Because of this, a deviation from GR at the 0 PN
(Newtonian) level would have to be very large to be
detectable, as previously noted in Ref. [57].

Observe also in Fig. 5 the difference in detectability for
phase terms that accumulate either positive or negative
cycles of phase. As stated, Fig. 5 shows the absolute value
of the useful or the effective cycles of phase introduced by
each ppE term. For injections made with a positive g, the

actual sign of the cycles of phase is negative. We used this
type of injection for most of the lines in this figure, but for
the b = —4 case, we injected both positive and negative
values of f3,,z. We find that the positive values are detected
more easily than the negative values.

This effect can be understood by examining the posterior
distribution of g at b = —4, shown in Fig. 6 together
with the posterior of f,,z at b = —7. Observe that the
posteriors are not symmetric about S,z = 0. In the case
of b = —4, injecting a positive value of S, results in no
posterior weight at f,;z = 0 for much smaller values of
|Bop| than injecting a negative value. The asymmetry in the
posterior distributions can again be understood by noting
that 3, is correlated with the mass parameters, which are,
of course, forced to be positive.

Figure 5 also shows that the threshold in N, for
detectability (e.g., the value of A/, at which the BF equals
10) is lower for terms that are of very high PN order.
Comparing the left and right panels of this figure, we
observe that the A, threshold exhibits the opposite
behavior. The N, threshold behavior is what one would
expect because high PN order terms have small covariances
with the ppE strength parameters and the system param-
eters. It is therefore very difficult for a GR waveform to
match the phasing of these types of injections, while the
opposite is true for low PN order ppE effects. This fact
illustrates the advantage of using N, instead of A/, as a
measure of detectability: the log(BF) as a function of NV,
exhibits the expected behavior as b changes, but log(BF) as
a function of N/, shows the opposite behavior.

So far, the discussion has assumed a fixed SNR of 15, but
clearly the detectability of a GR deviation depends on the
SNR of the signal. To understand this, we performed the
same analysis as above but with » = —3 fixed and signals
of differing SNRs. The results are plotted in Fig. 7, where
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FIG. 7 (color online). The BF in favor of a deviation from GR
as a function of effective cycles of phase scaled by their SNR for
ppE injections with b = —3. Observe the almost linear relation
between log(BF) and A2SNR?, as predicted in Eq. (55).

we observe that the number of effective cycles necessary
for a detection of a modification to GR scales approx-
imately as the SNR squared, as expected from Eq. (55).
That equation was derived assuming small deviations from
GR, but here we see that regardless of the value of the ppE
exponent, Eq. (55) is still approximately satisfied.

C. Useful and effective cycles as a measure of
detectability of ST effects

We now apply what we have learned about effective
cycles to ST theories. First, we must discuss exactly which
signals we will analyze in detail. We employ data from
Ref. [17], which consist of 80 GW signals from NS binaries
with constituent masses ranging from approximately
14M to 1.7M, and with fgp ranging from —4.5 to

—3.0. Within this set, and for the polytropic EoS used in
Refs. [15,17], some systems undergo spontaneous/induced
scalarization, while others dynamically scalarize. As
already mentioned, we refer to signals from systems whose
components undergo spontaneous/induced scalarization as
“spontaneously scalarized signals.” We do so because a
necessary condition for induced scalarization to happen is
the presence of at least one spontaneously scalarized star.
The term “dynamically scalarized signals” will denote
those from dynamically scalarized binaries. The strength
and type of scalarization that occurs depend sensitively on
the constituent masses and the value of fgr.

We now wish to calculate the effective cycles N,
induced by the ST corrections to investigate their detect-
ability. For the spontaneously scalarized cases, we can
compute N, with the SPA waveforms, using for AW(f) the
terms in square brackets of Eq. (46). The integrated SPA
dephasing is then minimized over (At, A¢), as explained in
Eq. (54). For the dynamically scalarized cases, we compute
N, with the Fourier transform of the numerical time-
domain data of Ref. [17], using for AU(f) the difference in
the Fourier phases of a GR and a ST numerical signal. We
then again introduce parameters (Az, A¢) and minimize the
integrated dephasing with respect to them to define AV ,, as
explained in Eq. (54).

The left panel of Fig. 8 shows the effective cycles as a
function of B¢ for both spontaneously and dynamically
scalarized cases, with the latter labeled with an upside-
down triangle. Different line styles correspond to systems
with different masses. The shaded region corresponds to the
region where one would expect BFs of between 1 and 10,
given the results of Fig. 5. Modifications that lead to
effective cycles above this shaded region may then be
detectable with an aLIGO instrument.

Several features of this figure are worth discussing in
more detail. First, observe that almost all of the detectable
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Effective number of cycles generated by a ST modification to GW signals as a function of fgr for all ST cases

(left) and as a function of GW frequency of scalarization in the dynamical scalarization cases (right). Different curves correspond to
systems with different masses, and the different points in the right panel correspond to different values of fgr increasing to the right. We
model the GW phase through the SPA in the spontaneously scalarized cases, while we use the Fourier transform of numerical data in the
dynamically scalarized cases. The shaded region corresponds roughly to the number of effective cycles necessary for BFs between 1 and
10, as estimated from Fig. 5. Observe that the number of effective cycles is below the detectability region for all but the fgp < —4.5
cases. Note also that the only dynamically scalarized cases that are detectable are those in which the scalar field activates at small
frequencies. For the equal-mass binaries that undergo spontaneous scalarization, the SPA is not applicable for calculating N,. We
therefore used masses that were nearly, but not identically, equal for an approximate calculation.

cases correspond to spontaneously scalarized systems. For
these systems, dipole radiation is the dominant GR modi-
fication, a —1 PN order effect that is proportional to the
difference of scalar charges of the two bodies [see, e.g.,
Eq. (46)]. For equal-mass binaries, this dipolar effect
vanishes identically, and the dominant modification enters
at Newtonian, 0 PN order. Such a GR modification,
however, is strongly degenerate with the chirp mass, as
shown in Fig. 5, and thus, it is difficult to detect. For this
reason, spontaneously scalarized systems with larger mass
differences lead to larger values of N, and are easier to
detect.

Another interesting feature of Fig. 8 is that, within the
cases analyzed, only a handful of dynamically scalarized
systems seem detectable: the (mj,m,) = (1.6,1.6)M
with fgp = —4.5 system, the (my,m,) = (1.7,1.7)M
with  fgr = —4.25 system, and the (m;,m,)=
(1.5,1.6)M 5 with fgr = —4.5 systems. One of the key
differences between these cases and all others is that they
scalarize at relatively low GW frequency. Figure 9 shows
the approximate GW frequency at which the scalar field
activates in a dynamically scalarized binary, as a function of
Pst. Observe that as |fsr| becomes smaller, or as the total
mass of the binary decreases, dynamical scalarization
occurs at higher and higher frequencies. For these three
cases the scalar field activates at roughly 80, 120, and
180 Hz respectively, while in all other cases dynamical
scalarization occurs at higher GW frequency.

The reason, then, that the three dynamically scalarized
cases discussed above appear detectable is that detectability

of a sudden non-GR effect, i.e., one that turns on rapidly,
correlates strongly with the GW frequency at which this
turn-on occurs. The right panel of Fig. 8 shows this
correlation through A/, as a function of the GW frequency
of dynamical scalarization. Notice that the lower the GW
frequency of activation, the larger the number of effective
cycles, and thus, the easier it would be to detect such a GR
modification.

Reference [22] first observed this phenomenon by
studying ppE-type GR modifications that turn on suddenly.
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FIG. 9 (color online). Approximate GW frequency in Hz at
which the scalar field activates in a dynamically scalarized binary.
Observe that the higher figr and the lower the total mass of the
system, the higher the frequency of activation.
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Their conclusion was that for alLIGO to detect such non-GR
effects at SNRs of 12, the modification had to turn on at a
GW frequency lower than roughly 100 Hz (see Fig. 4 in
[22]). The ST modifications we study here are of a different
PN order and at higher SNR than the non-GR ppE signals
considered in Ref. [22], but we still see similar behavior:
dynamical scalarization is only detectable when it activates
below ~200 Hz at SNR 15.

Summing up, if one detected a GW signal that is
consistent with GR (i.e., lacking any dynamical, induced,
or spontaneous scalarization effects), one should be able to
constrain figr < —4.25, given the data that we studied in
this paper. This statement, of course, is EoS dependent, and
thus, strictly applicable only to NSs with the polytropic
EoS used here. In principle, NS binaries with a different
EoS could scalarize at a different GW frequency. With
some variability depending on the EoS, though, it remains
true that one must have St < —4.25 in order for scalariza-
tion (either spontaneous/induced or dynamical) to occur
at all.

V. DETECTABILITY OF SCALAR-TENSOR
DEVIATIONS: BAYESIAN MODEL SELECTION

In this section, we carry out the second part of our data
analysis investigation to determine the detectability of ST
deviations in GWs emitted during the inspiral of NS
binaries. We perform a full Bayesian analysis study,
separating the spontaneously scalarized cases from the
dynamically scalarized ones. Such a study will allow us to
confirm the expectations derived using effective cycles in
the previous section.

To test these expectations, we inject ST GW signals at a
SNR = 15 produced by
(a) spontaneously scalarized NS binaries, with sponta-

neous/induced scalarization occurring before GWs
enter the detector’s sensitivity band and
(b) dynamically scalarized NS binaries, with dynamical
scalarization occurring during the inspiral, at GW
frequencies in the detector’s sensitivity band.
As a case study for spontaneously scalarized injections, we
consider a (1.4074,1.7415)M, binary with figy > —4.25.
We expect these signals to lead to the largest spontaneous
scalarization effects, as one can see in the left panel of
Fig. 8 at st = —4.5. However, for g > —4.25, we do not
expect these effects to be detectable, since they lead to a
very small number of effective cycles. Note that for
Pst — —4.25, this system is a case that exhibits dynamical
scalarization.

For dynamically scalarized injections, we consider
several different systems. First, we study a
(1.4074,1.7415)M, binary at fgr = —4.25, since this is
the limiting case of the spontaneously scalarized
sequence discussed in the previous paragraph. We then
study a (1.6441,1.6441)M, binary at fgr = —4.5, a
(1.7415,1.7415)M, binary at pfgr =—4.25, and a

PHYSICAL REVIEW D 90, 124091 (2014)

(1.5145,1.6441)M, binary at fgr = —4.5, as these are
the dynamically scalarized signals that look the most
detectable, given the left panel of Fig. 8.

Spontaneously and dynamically scalarized injections are
modeled differently. For the former, we use the SPA
scheme of Eq. (46). For the latter, we first compute the
discrete Fourier transform of the numerical data of
Ref. [17]. We then take the difference of the Fourier phase
between a numerical ST signal and a GR signal, and finally
add this phase difference to a GR SPA signal.

We recover these injections with four different types of
template families:

(i) simple ppE templates, constructed with a single f,,g

parameter and ppE exponent b = -7,

(i) ST SPA templates, constructed from the results
presented in Sec. III D,

(iii) 2-parameter ppE templates, an augmented ppE
template family that uses two ppE terms, one with
exponent b = —7 and one with b = —6 [29], and

(iv) ppEy templates, another augmented ppE template
family with a single ppE exponent b = —7 but with
Pst = O(f = f*)BpE, Where O(+) is a step function
and the threshold frequency, f*, is a new ppE
parameter [29].

The simple ppE template family fixes the ppE exponent to
b = -7, as this corresponds to the leading-order ST
correction to the SPA phase for unequal-mass systems
where dipolar radiation is present. The ST SPA templates,
of course, are the same templates as the model used for the
spontaneously scalarized injections, and thus, by construc-
tion, we expect these to be the best templates for extracting
ST modifications of this type. The 2-parameter ppE
template family is also able to achieve a perfect match
with spontaneously scalarized injected signals, but it
includes two free parameters, rather than one. The ppE,
template family allows the non-GR terms in the phase to
“turn on” at a particular threshold frequency, which is well
suited to dynamically scalarized injections.

A salient feature of the semianalytical results of Ref. [17]
(and of the full general-relativistic simulations of Ref. [15])
is the binary’s early plunge due to the activation of
dynamical scalarization. Such a feature is present in the
dynamically scalarized injections we consider, but given
the limited number of data sets, we cannot study its
detectability in sufficient detail. In order to study whether
such rapid termination of the inspiral is detectable, we will
consider an additional type of injection and template:

(V) heaviside signal of the form hgr(f)O(f* — f),
where we will vary f* within (40, 10%) Hz. Given such
injections and templates, we then study the range of f* that
leads to early terminations that can be detected as a non-GR
effect. We will explain in Sec. V B why we choose to work
with such a toy model.

All the template models considered above are nested.
This means that for a certain choice of non-GR parameters,
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FIG. 10 (color online). The BF in favor of a non-GR signal,
calculated by injecting ST signals with SNR of 15, and
recovering using both simple ppE templates, and 2-parameter
ppE templates. A BF above 1 indicates the data prefer the non-GR
model. As expected, neither template is able to detect the non-GR
deviations.

the templates reduce exactly to GR. For example, when
Pst = 0, the ST SPA templates reduce exactly to the GR
SPA templates. When this is the case, one can use the
Savage-Dickey density ratio to calculate the BF [59].
Finding this ratio requires the calculation of the posterior
at the nested value of the non-GR parameter. The posterior
is calculated with MCMC techniques well developed in
previous studies [22,29,57,60]. We again use the zero-
detuned, high-power aLIGO noise curve, assuming a single
detector and truncating all integrals at f = 1000 Hz.

A. Spontaneously scalarized signals

We first consider spontaneously scalarized signals and
compute the BFs between GR and the first two types of
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templates described above [(i) and (ii)]. Figure 10 shows
the BFs as a function of the injected pfgr, keeping
(my,my) = (1.4074,1.7415)M ,, fixed and varying psr
with the constraint figt > —4.25, so as to consider only
spontaneously scalarized signals. Because there are no BFs
larger than one, this figure shows that spontaneously
scalarized ST deviations from GR are not detectable for
any of the cases shown. This is consistent with our
expectations from the previous subsection. The BFs for
the 2-parameter ppE templates are lower than those shown
in Fig. 10 for the simple ppE templates because of the
Occam penalty for more complicated models, which we
will discuss later on in this subsection.

The BF for the spontaneously scalarized, figr = —4.5
case is not included in Fig. 10 because there is so little
posterior weight at f,;; = 0 that a calculation of the BF
using the Savage-Dickey density ratio is poorly defined.
That is, the Savage-Dickey density essentially diverges due
to poor exploration of the f3,,p = 0 region. Figure 11 shows
the posterior distribution for S, which illustrates this
point and, as expected, indicates that the spontaneously
scalarized binary with g = —4.5 is easily detectable, for
the polytropic EoS models considered here.

One may worry that our inability to detect spontaneously
scalarized binaries when f > —4.25 is somehow a conse-
quence of using ppE templates. To prove that this is not the
case, we next explore the extraction of such spontaneously
scalarized signals using both ppE, and custom-made, SPA
templates. The ppE, templates should have more freedom
to fit these signals, and the SPA templates can fit them
perfectly. Because of the nature of these waveforms and the
weakness of the GR deviation in the injections, the non-GR
parameters in both cases are essentially unconstrained
within their prior ranges. For the SPA templates, the
non-GR parameter is fgr, and its prior range is
|Bst| < 5. This means that the BF is approximately equal
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1.5x10' |

1.0x10" |

Probability Density
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Bst

Red (solid) lines: the posterior distributions for ;g (left panel) and fsr (right panel). Blue (dashed) lines: the

prior density for each of these parameters. There is essentially zero posterior weight at Sgy/,pr = 0, indicating a large preference for the

non-GR model from both template families.
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Posterior distributions for fgy (right) and for S (left), recovered from a SNR 15 injection with fgp = —3.5.

Also plotted in blue (dashed) lines is the prior density for both parameters. The parameters are essentially unconstrained within their
prior range, leading to a BF ~ 1 for both models, indicating no preference between this model and GR.

to one in both cases, independent of the injected param-
eters. Figure 12 shows the prior and posterior distributions
generated using the ppE, and the SPA templates, for a
spontaneously scalarized binary with fgr = —3.5. These
distributions are identical for other injected values of fBqr,
barring fgt < —4.5, which is again easily extractable as a
non-GR signal with either type of template.

We expect, though, that custom-made templates should
perform better than ppE templates at extracting non-GR
modifications when the custom-made templates match the
signal. The extent to which this is true depends on the
strength of the non-GR modification and on the loudness of
the signal. Let us first consider very strong ST modifica-
tions, which we have already shown to be detectable with
simple ppE templates, i.e., a g7 = —4.5, spontaneously
scalarized ST signal, with masses of (1.4074,1.7415)M
and SNRs of 12, 10, 8, and 6. When the SNR is 12, 10, or 8,
there is no difference in the ability of simple ppE or SPA
templates to discern the presence of a ST effect. When the
SNR drops below 8, the signal is not detectable in the first
place, using either type of template. Thus, custom-made
templates and model-independent templates are equally
good at detecting this type of GR deviations.

But what about GR deviations that are weaker, and thus,
more difficult to detect? Surely, in this case one expects
custom-made templates to be more effective at discerning
such deviations. To explore this question, we inject a
Pst = —3.5, spontaneously scalarized ST signal, with
masses (1.4074,1.7415)M  and very high SNRs (so that
the non-GR modifications are detectable). We then recover
these signals using both the SPA templates and the simple
ppE templates. For the former, we again use the prior range
on fgr of |fsr| < 5, while for the latter the prior range on
PppE 18 a bit tricker. We could use the same prior range on
Pppe as in the previous subsection, but this was motivated
from a study of signals at SNR ~ 20. The bounds on f,g

for the extremely high SNR signals we are studying in this
subsection should be much stronger. We estimate the latter
by relating the —1 PN coefficient from our SPA waveform
to the ppE strength parameter when b = —7. This leads to a
prior range on f,r of |fe| < 1.035x 1071° We then
calculate the BF for the simple ppE model using both the
full and the more restricted prior range on fg.

Figure 13 shows the BF as a function of the SNR
between GR and either the SPA or the simple ppE
templates, using both prior ranges for the ppE templates.
Notice that the SPA templates detect the modifications at a
much lower SNR than the ppE templates using the full
prior, and at an SNR approximately half the value necessary
for the ppE templates with the restricted prior. Low SNR,

2
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ppE-restricted prior -+

10° ppE-full prior & A

100 P Fmmn o

BF
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3 6
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FIG. 13 (color online). BFs in favor of modified gravity as a
function of SNR, calculated by injecting a signal with
Pst = —3.5. A BF over 1 indicates a preference for a non-GR
theory of gravity. The red (solid) line shows the BFs calculated
using SPA templates, and the blue (dashed) line shows those
calculated from ppE templates.
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however, is a relative term. The SPA templates detect the
GR modifications at SNRs ~ 6 x 10°, which corresponds
to a ridiculous luminosity distance of ~10* pc (essentially
inside the Milky Way).

Although we expected that the custom-made SPA
templates would be more effective than the generic, ppE
templates at extracting signals (at sufficiently high SNR), it
is still worth studying the reason behind this expected
result. To do so, we examine the prior and posterior
distributions of the two non-GR parameters, fgr and
Pope» and the Occam penalty that arises from each param-
eter. The Occam penalty is a built-in feature of Bayesian
analysis, which causes simple models to be favored over
more complicated ones. That is, models with fewer
parameters are preferred to models with extra parameters,
all else being fixed.”

This brings us to an explanation of the results in Fig. 13.
Figure 14 shows the posterior distributions for fgr and
Pppe» using both the full and the restricted priors, for a
signal with SNR of 6 x 10°, plotted over the entire prior
range. The prior distribution is plotted in all three cases,
although it is only visible for fgr and for f, g with the
restricted prior range. Notice that, where the posteriors for
Psr and fp in the restricted case have some weight over
most of their entire prior ranges, S, for the full prior range
is hugely constrained—so constrained that its posterior
distribution looks like a delta function. This means that
there is a very large Occam penalty disfavoring this model,
and it will take a signal of extremely high SNR to overcome
this penalty. As seen from the results in this section, a
tighter prior range leads to a smaller Occam penalty, and
thus a larger BF in favor of the GR deviation.

B. Dynamically scalarized signals

Section IV C hinted that dynamical scalarization is much
more difficult to detect than spontaneous scalarization. In
fact, Fig. 8 shows that the number of effective cycles
accrued in dynamically scalarized signals is rather low
in general. An example of this is the dynamically scalar-
ized, fgt = —4.25 case for a binary with masses
(1.4074,1.7415)M 5. Indeed, a Bayesian analysis of this
signal shows that such a ST effect is not detectable with
simple ppE or 2-parameter ppE templates.

One way to understand this is by considering the amount
of SNR that is accrued in the signal after scalarization has
set in. Table I lists the percentage of the total SNR?
contained in the signal before at least one of the NSs

“Consider two nested models: M, which is parametrized by a
single parameter, @, and M, which is unparametrized, i.e., has
6 = 6, where 0, is a constant. If the likelihood function for M is
a Gaussian, then BF; ; « (66)/A0, where &6 is the characteristic
width of the posterior in 9, and A@ is the prior range of 6 [60].
Thus, if the value of @ is entirely unconstrained by the data, there
is no penalty for an extra parameter. On the other hand, if 8 is very
tightly constrained, there is a large penalty.
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FIG. 14 (color online). Posterior distributions for Bgr (top
panel) and fpp with the full prior (middle panel) and restricted
prior (bottom panel), generated by recovering a SNR 600000
signal with B,z = —3.5. Also plotted are the prior densities,
although this is not visible in the middle panel. The posterior for
Pppe 18 80 highly constrained compared to the full prior that it is
nearly impossible to use this model for the detection of a ST
modification to gravity.

has become scalarized, for signals with ffigr = —4.25. The
frequency at which either NS becomes scalarized can be
easily extracted by looking at the behavior of the scalar
charges as a function of orbital frequency (see Fig. 9). From
this table, it is clear that there is very little SNR accumu-
lated over the portion of the signal in which scalarization
effects are important. Moreover, this SNR accumulation

TABLE 1. The percentage SNR squared accrued before
dynamical scalarization has begun, for signals with fgr =
—4.25 and SNR ~ 15. The first column gives the mass of the
system, the second the approximate frequency at which dynami-
cal scalarization begins, and the third the percentage of the SNR?
accumulated prior to scalarization. Note that for all cases most of
the SNR? of the signal is amassed before scalarization becomes
significant.

Mass Frequency [Hz] %SNR?
(1.4074,1.7415)M 314 98.1
(1.5145,1.7415)M 301 94.25
(1.6441,1.7415)M 286 89.6
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TABLEII. Luminosity distance to the source such that the SNR
recovered (up to a threshold frequency fi*nj) is equal to 8. The
third row shows the total SNR that would be recovered at the
given luminosity distances if f7, = 1000 Hz. Note how rapidly
the distance to the source has to be decreased as the threshold
frequency is decreased.

Jiny Hzl 100 65 51 44 39
Dy, [Mpc] 60 30 18 12 9
SNR 15 30 50 75 100

does not occur in the frequency region in which the
instrument is most sensitive.

The reason why the fgt = —4.25, dynamically scalar-
ized case cannot be easily detected is precisely that the
frequency at which ST modifications become noticeable is
rather large. But this frequency is, of course, a function of
the masses of the binary and the EoS used. Recall that
dynamical scalarization sets in when the energy of the
system, roughly speaking the linear combination of the NS
compactnesses and the (absolute value of the) gravitational
binding energy, exceeds a certain threshold. Therefore, one
can imagine a NS binary whose masses and radii are such
that the NS compactnesses are very close to exceeding the
energy threshold, and thus, dynamical scalarization can set
in at very low frequencies, as shown in Fig. 9.

From the effective cycle study illustrated in Fig. 8, it
appears that the dynamically scalarized binaries that are
most easy to detect are those described at the beginning of
Sec. V: a (1.6441,1.6441)M, binary at figyr = —4.5, a
(1.7415,1.7415)M, binary at pfgr = —4.25, and a
(1.5145,1.6441)M,, binary at gy = —4.5. Let us first
consider a signal described by the first of these sets of
parameters and extract it with a simple ppE template. Such
a signal dynamically scalarizes at the lowest frequency of
all systems considered (at roughly 80 Hz). This system is
indeed detectable, leading to a very large BF and a g
posterior that is similar to that shown in the left panel of
Fig. 11 for a spontaneously scalarized, gt = —4.5 binary
with masses (1.4074,1.7415)M,. The width of the f,.g
posterior, however, is roughly one order of magnitude
larger than in the spontaneously scalarized case, with a
variance of o6y6,6=3.7%x 107 for the former and
C1417 =5 X 1076 for the latter, indicating that the BF in
this case is smaller, as expected.

We can now repeat this analysis for the other two
binaries that we expect may be detectable given Fig. 8.
For both cases, we find that BF ~ 3, obtained from the
Savage-Dickey ratio. This is again in accordance with
expectations from Fig. 8. For the iy = —4.25 system, the
number of effective cycles indicates a marginal detection,
which is precisely what we find in this Bayesian analysis.
For the gy = —4.5 system, the number of effective cycles
plotted in Fig. 8 suggests the possibility of detection;
however, recall that the numbers shown in this figure are
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upper limits. In this case, our Bayesian analysis indicates
that this upper limit is higher (by a factor of ~2) than the
actual number of effective cycles induced by dynamical
scalarization of the binary components.

As already mentioned, our analysis thus far has not
focused on one important feature of dynamically scalarized
signals: the early plunge of the NS binary. That is, once the
GW frequency has exceeded the threshold for dynamical
scalarization to set in, the NS binary inspirals for a few
more cycles, but then plunges and merges soon after. This
occurs much earlier than in GR (see, e.g., Figs. 10 and 15 in
[17]). Of course, after the NSs have merged, either a
hypermassive NS forms, with a rotating bar that emits GWs
at kHz frequencies, or a BH forms, thus cutting out GW
emission exponentially through ringdown. The precise
form of the waveform during this merger and ringdown
phase will depend strongly on the NS equation of state.

We study in an approximate fashion whether an early
plunge can be detected in a generic modified gravity theory
by considering a set of Heaviside signal injections, i.e.,
GR waveforms for which the Fourier amplitude is multi-
plied by a Heaviside function with argument f7. — f, as
we vary the injection cutoff frequency f3, € (40, 10°) Hz
In dynamically scalarized systems, however, the transi-
tion from inspiral to early plunge and then merger is
smooth, while Heaviside templates are clearly not.
Therefore, it is obvious that the latter are inappropriate
templates to extract realistic dynamical scalarization sig-
nals. However, they are good and simple toy models to
study whether an early plunge (and thus an early termi-
nation) of the signal could be detected as a non-GR effect in
data analysis. Since a smooth transition will be less
noticeable than a sharp Heaviside transition, the use of
Heaviside templates could be thought of as conservative;
1.e., if a GR deviation cannot be observed with such an
abrupt termination, it certainly will not be detectable if the
transition is smooth.

We carry out such a study in the following way. We place
all such systems at D; = 30.75 Mpc such that the recov-
ered SNR is approximately 15 when f;; = 100 Hz and 30
when f{ = 1000 Hz. For that value of f; ., the Heaviside
signal is thus similar to those we have been analyzing
throughout this paper and also those studied in Ref. [29].
We then extract such injections with templates that exactly
match the signal, but with f* included as a template
parameter to search over, as well as with simple ppE
templates with b = —4. This value of the exponent param-
eter is chosen because of its strong correlation with the total
mass, which is the parameter that determines the cutoff
frequency in GR. As explored in Ref. [22], the specific
value of b that is chosen has little impact on the analysis.

One may worry that approximating the early plunge in
this abrupt way may mask the detectability of non-GR
effects, as the cycles that are effectively thrown out by this
sort of study would contain these effects. Because there is
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TABLE III. Luminosity distance to the source such that the
SNR recovered (up to a threshold frequency fi*nj) is equal to 8.
The third row shows the total SNR that would be recovered at the
given luminosity distances if f7, = 1000 Hz. Note how rapidly
the distance to the source has to be decreased as the threshold
frequency is decreased.

. [Hz] 100 65 51 44 39
D, [Mpc] 60 30 18 12 9
SNR 15 30 50 75 100

so little SNR contained in those final few cycles of inspiral,
however, this should not be an issue. For the systems
studied in this paper, there are thousands of orbital cycles
before scalarization is activated, and only tens of orbital
cycles afterwards. Additionally, for all but a few cases, the
orbital cycles that are affected by scalarization occur at a
frequency in which the detectors are not very sensitive.
These two effects combined mean that there is very little
information being discarded by abruptly terminating the
waveforms once scalarization has occurred.
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Clearly, the earlier the binary plunges (or, in our case, the
lower the injection cutoff frequency, i*nj), the fewer GW
cycles the signal will contain in the sensitivity band of the
detector. This then translates to a smaller recovered SNR.
Thus, in order to detect such a signal at all, we must either
be fortunate enough to detect systems that are sufficiently
nearby, or fortunate enough to detect enough events such
that their stacked SNR is large. Table II shows the
luminosity distance required such that the SNR recovered
equals 8 for different termination frequencies fi*nj. This
table also shows what the SNR would have been at such
luminosity distances, if the signal did not terminate at f i*nj,
but rather continued to 1000 Hz.

Figure 15 shows the posterior distributions for the
recovered values of f* using Heaviside templates, and
the posteriors for the recovered values of f, using simple
ppE templates. All injections focus on a (1.6,1.6)M NS
binary, with the same polarization angle and sky position
as all other injections in this paper, and D; = 30.75 Mpc.
The prior range on the search parameter f* is uniform
between 0 to 1000 Hz for the Heaviside templates, and
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thus, the prior density is 1/1000 = 0.001. Recall that the
prior range on the search parameter S, is also uniform
with range —5 to 5 for the simple ppE templates, and thus,
the prior density is 1/10 = 0.1 in this case.

The interpretation of the posterior distributions for the
recovered values of f* as tests of GR is somewhat subtle,
because it is not entirely clear what the “GR value” for
f* should be. In principle, the inspiral should end when
the NSs begin to plunge, and certainly by the time the
stars have come into contact. The GW frequency of the
latter, f.,n» depends both on the component masses and
the EoS; for a (1.6,1.6)M, binary it is between 1250
and 2050 Hz, depending on the NS radius. As a simple
and practical measure of the plunge, one could choose
the GW frequency at the innermost stable circular orbit
(ISCO) of a test particle in a Schwarzschild spacetime:
fisco = 6732/(zM); for a (1.6,1.6)M, NS binary,
Sfisco = 1354 Hz. This is a suitable measure for the begin-
ning frequency of plunge in GR, provided the NS is compact
enough such that its contact frequency is above figco. For
the systems we study here, f ... > fisco > 1000 Hz, where
we recall that the latter is the highest frequency of integration
in all cross-correlations. We can therefore take the GR value
of f* to be 1000 Hz, and calculate the BF by comparing
posterior and prior densities at this point.

The right panels of Fig. 15 show that the Heaviside
templates are able to distinguish a deviation from GR
provided the injected cutoff frequency f i*nj is above ~50 Hz
and below =400 Hz. These panels present the posterior
distributions for the parameter f*, recovered using
Heaviside templates on injections with various values of

inj- The ability of Heaviside templates to distinguish GR
deviations can be established by computing the BFs for
each of these panels through the Savage-Dickey density
ratio (recall that the BF is the ratio of the posterior to the
prior density at the GR value of the search parameter, f* =
1000 Hz in the Heaviside template case). For instance, the
BF~1 when f}.=50Hz, while the BF~5 when

+: = 400 Hz, a marginal detection of a GR deviation.

The left panels of Fig. 15 show that the ppE templates
can also distinguish Heaviside-type deviations from GR,
but this time provided fj; is above ~75 Hz and below
~400 Hz. These panels present the posterior distributions
for f,, recovered using a simple ppE template with b =
—4 on Heaviside injections with various values of f7.. The
BF can still be computed through the Savage-Dickey
density ratio, except that now GR is recovered when the
value of f,g is zero, and we recall that the prior density is
0.1. For instance, the BF ~ 1 when f;*nj =75 Hz, while the
BF is clearly much larger than unity when fi*nj = 100 Hz.

Why is detectability of a GR deviation difficult for very
low or very large f;,? For very low injected cutoff
frequencies (e.g., below 50 Hz for the Heaviside templates
and 75 Hz for the ppE templates), the analysis fails to detect
a signal altogether—a reasonable result, considering that
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these very low injected cutoff frequencies drop the total
recovered SNR of the signal below 8. For very high injected
cutoff frequencies (e.g., above 400 Hz), the deviation from
GR occurs too far outside of the detector’s most sensitive
band to be noticeable. Put another way, not enough SNR is
accrued while the GR deviation is active.

Although the choice of a signal at D; = 30.75 Mpc
leads to a recovered SNR ~30 when f;. = 1000 Hz, a
reasonable choice for comparison to other results in this
paper, systems at such a close distance are not very likely. A
more reasonable expectation is a system at twice that
luminosity distance, D; ~ 61.5 Mpc, such that the signal
that would have total SNR of ~15 if f{,, = 1000 Hz, but
which, if subject to the early plunges analyzed here, is in
fact a signal with lower recovered SNR. When we inject
Heaviside signals at such a D;, so that the SNR ~15 if

inj = 1000 Hz, we find results qualitatively similar to
those described in the previous paragraph, but with a
narrower detectable injected cutoff frequency range. The
high injected cutoff frequency for detectability drops to
~300 Hz, and the low cutoff frequency rises to ~90 Hz.
This result is in accordance with expectations.

The ability to detect the early plunge of a binary system
may have an important implication in terms of the detect-
ability of dynamical scalarization. As we have seen in
Fig. 9, higher-mass NS binaries can dynamically scalarize
at frequencies below 400 Hz for fBgr ~ —4. This then
suggests that the inclusion of an early plunge, the merger,
and the postmerger phase in a data analysis study may
allow for constraints on ST theories at such values of fgr.
Notice, in particular, that such constraints are stronger than
those obtained when including only the inspiral phase.

One must be very careful, however, when extrapolating
results and promptly concluding that the inclusion of the
plunge and merger portions of these signals will increase
their distinguishability. First, there are very few cycles in
the postplunge phase, and thus very little SNR accumulated
after the plunge. Second, and perhaps more importantly, the
postplunge phase will be strongly affected by the NS
equation of state. Degeneracies between equation-of-state
effects and non-GR effects imply that the postplunge phase
of NSs may not be as useful as a means to test GR. Of
course, a more detailed analysis is required to derive solid
conclusions.

VI. CONCLUSIONS

In this paper, we sought to answer one overarching
question: can deviations from GR in GW signals that are
caused by a certain class of ST theories be detected with
aLLIGO-type instruments? We find that this is the case,
irrespective of whether the deviation arises from sponta-
neous/induced or dynamically scalarized NSs. These pro-
jected constraints will be complementary and at least
comparable to current binary pulsar ones.
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Not all spontaneous/induced and dynamical scalarization
effects, however, are easily detectable. For a spontaneous/
induced scalarization to be detectable, the scalar field
anchored on each NS must be large enough, and the
masses sufficiently dissimilar, that dipole radiation
becomes important. This occurs, for example, for values
of fst =% —4.5 and a NS binary with masses (1.4, 1.7)M,
for the simple polytropic EoS that we consider in this paper
(with a different EoS potentially changing these values).
For a dynamically scalarized effect to be detectable in
aLLIGO, such scalarization must occur at a sufficiently small
GW frequency so that enough GW cycles are affected in a
frequency region that detectors are sufficiently sensitive to.
This occurs, for example, for values of ffigr % —4.5 and a
NS binary with masses (1.6, 1.6)M ., which scalarizes at a
GW frequency of roughly 80 Hz (again with some
variability of these values depending on the EoS).

We additionally investigated the detectability of another
effect associated with dynamical scalarization: the early
plunge that would be induced in binaries that undergo such
scalarization. We found that the sudden cutoff of a GW
signal at frequencies below those expected in signals
described by GR is detectable using both simple ppE
templates and GR templates with a Heaviside function, for
certain ranges of cutoff frequencies. Such a plunge, for
example, could occur for values of gy = —4 and a NS
binary with masses (1.7,1.7)M. Of course, an early
plunge cannot be accurately modeled through a
Heaviside function, and so a more careful data analysis
study that includes inspiral-merger-postmerger signals is
needed.

In the process of reaching these answers, we explored a
measure that can help estimate whether different types of
phase effects are detectable with GWs: the effective cycles
of phase. We found that for a wide variety of different non-
GR signals, the modification to the GR phase needs to lead
to roughly 4 cycles of effective phase to be detectable with
an aLIGO detector at SNR 15. We further found that such
detectability is independent of whether one uses custom-
made ST templates or model-independent templates to
search for deviations at the expected SNRs of aLIGO-type
detectors.

A final question that we considered was whether custom-
made, theory-specific templates are more useful at
detecting deviations from GR than the model-independent
ppE template family. We answered this question by looking
at both extremely high SNR signals with ST signatures that
were undetectable at low SNR, and by looking at low SNR
signals with ST signatures that were easily detectable at
reasonable SNR. In both cases, we found that ppE
templates perform almost as well as custom-made, SPA
templates at distinguishing non-GR signals from GR ones.

Future work could concentrate on extensions of the
analysis presented here. One interesting extension would be
to repeat this work for NSs with realistic EoSs. The work in
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Refs. [15,17], which we used in this paper exclusively, used
a polytropic EoS, but this is easily generalizable to more
realistic EoSs (cf. Ref. [21]). One may find EoSs and
masses that do not lead to spontaneous/induced scalariza-
tion for binary pulsars, yet lead to spontaneous/induced
scalarization for systems that can be detected with GWs.
Such systems would thus evade binary pulsar constraints
and yet potentially lead to detectable deviations with
alLIGO. Again, it is important to emphasize that stiffer/
softer EoSs will lead to qualitatively (and quantitatively)
different behavior. A very stiff EoS could perhaps support
more compact stars that spontaneously scalarize at lower
frequencies. A systematic study of these effects is left for
future consideration.

Another interesting analysis would be to study whether
one can find EoSs or masses for which dynamical scala-
rization sets in at very low frequency, e.g., close to 10 Hz.
Reference [22] estimated that for an abrupt GR modifica-
tion to be detectable with an aLIGO-like detector at SNR
10, such a modification would have to start at a GW
frequency below 100 Hz. Most cases of dynamical scala-
rization that we explored occur at ~200 Hz or higher, but
there are some instances in which scalarization occurs at a
lower frequency, and it is possible that different mass/EoS
combinations would produce more of these scenarios.

Other extensions may include adding more complexity
to the signals and the templates, through the inclusion of the
merger and postmerger phases, as well as the inclusion of
spin [61-64] and eccentricity [43] effects. Recall that with
respect to second-generation, ground-based detectors it is
common to regard the NS merger and postmerger phases as
unimportant for testing GR as they occur at kHz frequen-
cies where such detectors are least sensitive. Dynamically
scalarized NSs, however, could plunge at much lower
frequencies, and such effects may be detectable.
References [63,64] showed that the inclusion of spin in
NS binaries can have a large effect on parameter estimation.
Similar conclusions were arrived at when including more
complexity in GW signals to test GR (see, e.g., [65-67]).
Also, Ref. [17] showed that eccentric NS binaries in ST
theories can give rise to scalarization/descalarization phe-
nomena that may affect the binary’s orbital evolution
(effectively decreasing the eccentricity faster than in GR)
at sufficiently low frequencies to be detected.

Another interesting avenue for future work would be to
repeat the analysis of this paper but with a non-template-
based search algorithm that may be more sensitive to the
postmerger phase. In our analysis, we used a template-
based search of inspiral signals, neglecting the postmerger
phase that occurs at high GW frequencies where alLIGO’s
sensitivity will be weaker. Recently, however, Ref. [68]
used a template-free burst algorithm to show that the
merger phase may be sufficiently detectable by alLIGO
to discern between a prompt collapse scenario and the
formation of a hypermassive NS, if the event occurs at
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~10 Mpc. Dynamical scalarization will modify the post-
merger phase, also leading to either prompt collapse or
hypermassive NS formation, depending on the masses of
the binaries. Such effects, however, will probably be
somewhat degenerate with the EoS, and thus, it is unclear
whether merger modifications will be strong enough to
detect a GR deviation.

One final way to study the robustness of our conclusions
would be to consider GW detection with a network of
GW detectors, with second-generation detectors and
noise tuning, with a large number of second-generation
detections and stacking [69,70], or with future GW
detectors, such as the Einstein Telescope [71]. All of these
could lead to much lower noise at GW frequencies around
100 Hz, which would then have multiple effects. First,
better sensitivity at 100 Hz should push the threshold
frequency at which GR deviations can be detected to higher
frequencies. Second, better sensitivity overall should lead
to individual detections with higher SNR and to a higher
number of detections per year. Combining all of this, and
perhaps through the use of stacking, one may be able to
detect dynamical scalarization for lower values of |Bgr|.
One should keep in mind, however, that the direct detection
of the additional breathing mode will be extremely
hard, even when detecting GWs with multiple instruments,
since in ST theories that pass Solar System tests, the
interaction of such modes with a detector is suppressed by
wo [15], which is constrained to <1072 because of the
Cassini bound.

Finally, let us address the relationship between our work
and that reported in Ref. [72], which appeared after the
submission of this paper. One may be led to believe that the
conclusion arrived at in this paper and those of Ref. [72] are
not in agreement, with respect to the detectability of
scalarization effects with alLIGO. Reference [72] first
calculates the total number of cycles of phase that are
accumulated in a GW signal due to the presence of
scalarization effects. They then note that this number is
larger than or comparable to the total number of cycles of
phase that will be accumulated due to EoS effects within
GR. Since the latter may be detectable with next generation
detectors [70,73,74], they then argue that scalarization
effects may also be detectable. This conclusion is in fact
in agreement with our findings because EoS effects can be
measured only provided the SNR is sufficiently high
(roughly above 30). Our analysis used SNRs in the tens,
as expected from the first few years of detection; for such
signals, non-GR effects are not detectable. Reference [72]
also finds that scalarization can be detected when it occurs
at GW frequencies larger than roughly 130 Hz, which is in
perfect agreement with our findings (once one converts
orbital to GW frequency).

Although Ref. [72] does not claim that the total cycles of
phase due to a particular effect can directly tell us about
detectability, it is possible to misread the conclusions of this
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paper to indicate that they can. We therefore emphasize
again here that the total cycles of phase have no analytic
connection to the Bayes factor and, in fact, fail to account
for parameter covariances. This affects detectability in two
main ways. One is obvious—a non-GR phase term that has
large correlations with other system parameters will be easy
to fit using GR templates. This will make the effect very
difficult to discern, as illustrated in Fig. 5. The other, less
obvious consequence is that although effects that enter at
high PN order accumulate more slowly, they may be
detectable when they lead to smaller numbers of phase
cycles than those that enter at low PN order. This is again
directly due to parameter covariances. In the case of
spontaneous or dynamical scalarization, non-GR effects
that enter at low PN order will have high covariances with
system parameters, such as the chirp mass. Higher PN order
effects will have weaker covariances, but they lead to much
weaker effects, with most of the total dephasing accumu-
lating from the low PN order terms that have large
covariances. Thus, the use of total cycles of phase to claim
detectability of non-GR effects is not appropriate and one
should really either use the effective cycles discussed in this
paper or a full Bayesian analysis.

Also, Ref. [72] (at least in its first arXiv version) states
that the simulations of Ref. [15] “misread” the output of the
LORENE code used to determine the simulation initial data,
and claims that the gravitational masses given in Ref. [15]
are incorrect. This is certainly not the case and the
gravitational masses we give in Ref. [15] are exactly those
of the LORENE output. As it is well known, there is no
unambiguous way of defining individual gravitational
masses for a tight binary system within general relativity.
We provided the readers of Ref. [15] with the exact
LORENE-given gravitational masses in order to clearly
identify our initial data and ensure our results will be
reproducible by others. An alternative, which is the one
followed in Ref. [72], would have been to give the
gravitational masses of the stars in isolation, but this
may have caused unnecessary confusion, as the gravitation
masses are never used in Ref. [15] except for identifying the
initial data.

Reference [72] also raises question on the dynamics of
the most massive case presented in Ref. [15] and used here.
Their concern is related to our choice of initial data for such
an already scalarized case, and is about whether this could
cause an earlier plunge. Such a concern was already
addressed in Ref. [17], where we (i) show the results of
simulations with large initial separations (e.g., Figs. 4
and 5, where no plunge is present at large separations)
and (ii) validate our simulations with an enhanced PN
model. Moreover, we stress here that the initial data
used in Ref. [15] for the low-mass case with dynamical
scalarization are exact (because in the absence of sponta-
neous scalarization, the ST initial data are the same as
in GR).
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APPENDIX A: SCALAR-TENSOR
THEORIES WITH fg; < 0

In this Appendix, we discuss how ST theories with
Pst < 0 repel cosmological solutions away from their GR
counterparts. This will be done by essentially repeating the
analysis in Refs. [18,19] (see also Ref. [20]), but flipping
the sign of fgr.

First, we review the work of Refs. [18,19]. Assuming a
ST theory of the type discussed in this paper, the
Friedmann-Robertson-Walker evolution of the scalar field
is described by [18,19]

(= wg = ~(1=w)alp).  (A]
@

Here, ¢ = w+/4zG, primes indicate dimensionless deriv-
atives with respect to a time variable 7 such that
dr = Hg(tg)dtg, or simply 7 = Inag(tg) + const, where
ag, Hg, and g are the expansion parameter, the Hubble
expansion rate, and the cosmological time in the Einstein
frame respectively. Also, a(@) = 0In(1/¢(p))/0p=
Oda(gp)/dp, but in the theories of interest to us,
a(@) = Pste. Finally, in this equation, w = p/p is the
usual cosmological EoS parameter, where p and p are the
pressure and density of the cosmic fluid respectively, i.e.,
w = —1, 1/3, or 0 during the inflationary, radiation, and
matter eras respectively. Clearly, Eq. (A1) can intuitively be
understood as a particle with (velocity-dependent) mass
m=2/(3 —¢?) moving in a potential, a(¢p), with a
“friction” term (1 —w)¢'.
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During the inflationary era (w = —1), Eq. (A1) admits a
solution @ = ¢, + /37, as can be checked explicitly3 by
replacing it into Eq. (A1) multiplied by 3 — ¢>. We now
show that, during inflation, this solution is indeed an
attractor at linear order. To this purpose, let us write ¢ =
V37 + 8¢ (where we have absorbed ¢ in d¢p). At linear
order in d@, Eq. (Al) yields

59" — 6(1 + 2Bs17)80 = 0, (A2)
which in turn gives
V3 (V39> =3)

6V —Pst

Sp(7) =1+

o)

(A3)

3
X [—Erf( T,BST(Z'BSTH— 1)> —|—Erf<

where Erf[-] is the error function and we have chosen the
initial conditions ¢; = ¢(0) and @, = ¢'(0), so as to match
respectively the value of ¢ = v/37 + 8¢ and that of its first
time derivative at 7 = 0. Because Erf(x) — 1 as x — oo, it
is clear that d¢ goes asymptotically to a constant; hence the
asymptotic solution becomes ¢ = /37 + ¢ ~ ¢, + /3.

During the radiation era, w =1/3 and the general
solution to Eq. (A1) is [18,19]

0 =00 —V3In[Ke™ + (1 + K2 2)1/2] (A4)
where ¢, and K are integration constants. This shows that
a nonzero initial value of ¢ is damped away in the radiation
era. This can also be seen by solving Eq. (A1) under the
approximation ¢’ ~0, which yields ¢” + ¢ =0 and
thus ¢ ~ ¢, — Ke ™.

Finally, in the matter era w = 0, the solution ¢ = ¢ +
V3t to Eq. (A1) is still an attractor. To prove that this is so,
we write ¢ = /37 + ¢ (where again we have absorbed ¢,
in d¢), which together with Eq. (A1) yields

59" —3(1 + fsr7)d¢) =0 (A5)

at linear order in d¢. Solving this equation, one obtains

3
\/ge 75t (V392 -3)

p(v) =1+ 3v/=Pst
) o )

(A6)

where ¢; = ¢(0) and ¢, = ¢'(0) are the two constants
of integration, chosen to match respectively the value of

’In fact, this is a solution for any w.
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@ = /37 + 8¢ and that of its first time derivative at 7 = 0.
Again, this shows that ¢ = ¢, + v/37 is a linear attractor
for Eq. (Al). Because in the radiation era preceding the
matter era ¢ is exponentially small, we can assume ¢; =
@(0)~ 0 and ¢, = ¢'(0) = 0 (setting = = 0 at the end of
the radiation era). Inserting these conditions into Eq. (A6),
we  obtain  @(Thow) = V3Tnow + 00(Thow) & 16 at  the
present time 7,,,, ~ 10 [18,19] for gt = —4.5.

With the present value of the scalar field at hand, we can
now study what effect this has on Solar System tests. First,
we relate the ppN parameter, yp,N, to @ via [19]

207 2p%¢?
1+a@ 1+ perp®

1 - YppN — (A7)

In GR, 1 —yp,n = 0 and Solar System observations have
placed stringent bounds on this quantity: |1 —y,,n| <2 X
1073 [19]. Evaluating 1 — YppN at the present time for fgp =
—4.5 (i.e., ¢ = Pyow ~ 16), we obtain 1 — y,on = 2, which
is clearly in violation of Solar System experiments. In fact,
since ¢ will continue to linearly grow ever larger, 7,5 Will

continue to approach 2 as
1
e ols)|

Note, however, that a different functional form for @(¢)
and/or the presence of a suitable potential for the scalar
field may lead to different behavior, but such issues have
not yet been fully explored (but see Ref. [20] for some work
in this direction).

1= 7opn 22 [1 (A8)

APPENDIX B: RELATIONSHIP
BETWEEN N, AND N/,

The useful cycles of phase, N, and the effective cycles
of phase, N,, can be related (in the limit of small
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dephasings) by a simple calculation. Via this calculation,
in this Appendix we show that the relationship between
these two quantities is dependent only on the PN order of
the difference in phase, focusing only on the inspiral phase
with the PN approximation.

Consider two GW signals whose phases differ only by a

ppE term of the form pu’. That is, ®; = &g and
®, = dgg + Bu’. We can then write N, as
SNR2 SNR2
Nu= (B1)
f Sl d In f f Sal7 NsdIn f

where § = ®, — ®, = pu® in this case. In the limit that § is
small, we can expand this expression to get

s
fT(f)NZGRdlnf

Ny ==SNR* ——— .
(J 57wz 40 f)

(B2)

Given the form of §, it is clear that A/, can be written as

N = By(b). (B3)

where ¢g(b) is the function defined by performing the
integrations in Eq. (B2).
Similarly, we can write the effective cycles of phase

2 1/2
([ 5250%dInf)"
27SNR

N, =

= ph(b), (B4)

where h(b) encapsulates the b dependence of the integral in
the above equation.

Taking the ratio of these two expressions, it is also clear
that all # dependence cancels exactly, and the two are related
by some complicated function in b, the exponent parameter.
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