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Binary Systems in Massive Scalar-Tensor Theories:
Next-to-Leading Order Gravitational Waveform from Effective Field Theory
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Neutron star binaries and their associated gravitational wave signal facilitate precision tests of
General Relativity. Any deviation of the detected gravitational waveform from General Relativity
would therefore be a smoking gun signature of new physics, in the form of additional forces, dark
matter particles, or extra gravitational degrees of freedom. To be able to probe new theories,
precise knowledge of the expected waveform is required. In our work, we consider a generic setup
by augmenting General Relativity with an additional, massive scalar field. We then compute the
inspiral dynamics of a binary system by employing an effective field theoretical approach, while
giving a detailed introduction to the computational framework. Finally, we derive the modified
gravitational waveform at next-to-leading order. As a consequence of our model-agnostic approach,
our results are readily adaptable to a plethora of new physics scenarios, including modified gravity

theories and scalar dark matter models.
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I Introduction

The first direct detection of gravitational waves (GWs)
from a neutron star (NS) binary [1] - GW170817 — has
opened new pathways in modern astrophysics by provid-
ing further precision tests of General Relativity (GR) [2].
As possible new physics effects on the neutron star prop-
erties' would inherently affect the emission of gravita-
tional radiation, deviations from the GR expectation
would distinctly point towards new phenomena. This
renders NS binary systems a promising cosmic labora-
tory.

Besides existing GW data from the LIGO/Virgo col-
laboration, upcoming data from future runs and next-
generation observatories — such as the Laser Interfer-
ometer Space Antenna (LISA) [4] or the Einstein Tele-
scope (ET) [5] — will be available to significantly narrow
down the landscape of new theories. This concerns both
modifications of GR [6-8] and extensions of the Standard
Model (SM) of particle physics [9]. Such models are in
general well motivated, as they can, e.g., account for dark
matter [10] or explain cosmic inflation [11, 12].

In order to constrain new physics with GW observa-
tions, however, it is crucial to provide precise theoret-
ical predictions of the gravitational waveform. To this
end, different methods may be employed. While the late
stages of the binary evolution are only accessible via non-
perturbative techniques such as numerical relativity, the
early inspiral can be tackled analytically. This is typi-
cally done with a post-Newtonian (PN) expansion [13],
valid at small velocities.

! Black hole (BH) binaries, in contrast, are typically not as sen-
sitive to new physics as a consequence of no-hair theorems; see
e.g. Ref. [3] for a review.
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In this work, we use an effective field theoreti-
cal (EFT) approach to model the inspiral dynamics
[14, 15] of two compact objects. Here, the scale hierarchy
between the constituent size, the orbital separation, and
the wavelength of the emitted GWs is employed to sys-
tematically compute the waveform at the desired order
in the PN expansion. This framework has been applied
extensively within pure GR [16-24]. More recently, this
has been extended to binaries in certain modified gravi-
ties [25—27| or in the presence of dark matter [28-30].

Here, we take a step further and provide a generalized
computation of the binary evolution in massive scalar-
tensor theories, i.e., GR augmented by a massive scalar
field. By choosing the most general scalar potential and
interactions, we construct the EFT in a fully model-
independent setup. Hence, our calculation extends previ-
ous works on binary dynamics in massless scalar-tensor
gravity [31-39]. We compute the conservative and dis-
sipative dynamics of the system. Moreover, we derive
the power loss via scalar radiation. Finally, we arrive at
our final result — the gravitational waveform at next-to-
leading (NLO) order — which is readily adaptable to a
variety of models which exhibit additional scalar degrees
of freedom. This comprises, e.g., binary systems in f(R)
models [40] or scalar dark matter clouds [41], to name
just a few. All our calculations are documented in a de-
tailed manner, allowing to easily reproduce our results
and extend the computation to higher precision. In ad-
dition, we provide a Python implementation of the final
waveform [42].

Our work is structured as follows. In Sec. II, we intro-
duce our model-independent setup. Subsequently, the
most important aspects of the EFT approach are re-
viewed in Sec. III. Then, we construct the EFT for a
generic scalar-tensor theory in Sec. IV, including the com-
putation of the power loss. Section V contains the re-
sulting waveform. Technical aspects, as well as compu-
tational details, are discussed in the appendices A — F.

In the following, we use units in which A = ¢ = 1 unless
stated otherwise. We further employ M3, = 1/(327G)
and 7, = diag (+1,-1,—-1,-1).

II Scalar-Tensor Theory

In this work, we consider scalar extensions of General
Relativity. In the Einstein frame and in the presence of
a binary system, such theories are described by an action
of the form [6]

SZSEH+SGF+SPP+S<I>. (1)

Here,

Sgn = —2M3, / d*z\/—gR (2)

is the Einstein-Hilbert action with the Ricci scalar R and
the metric determinant g = det g,.,,. Sqr is a gauge-fixing
term that we may choose at our convenience to simplify
calculations. To this end, we employ the harmonic gauge
[14]

Sgr = Mgl/d4m\/—g IHTY g (3)
Note that we do not include ghost fields as we conduct
our computations at the classical level.

The pure GR action is augmented by a massive and
self-interacting scalar field

1
so= [ dtev=g g0 -vio)| . @
Here the first term denotes the kinetic term, while V' (¢)
is the scalar potential which can take different functional
forms, depending on the model. The most general ansatz,
expanded around the potential minimum, then reads

m

2
M C3 A
V() =5 * + Mplgdf’ + Ioﬁ“ o

(5)

where m; denotes the scalar mass, and c3 ()
parametrizes the cubic (quartic) self-interaction. Note
that we may take the massless limit, m; — 0, such that
the results obtained in this work also apply to massless
scalar fields?.

This new scalar degree of freedom can, e.g., arise
from modifications of GR [44-48] such as f(R) grav-
ity [40, 49, 50], or SM extensions [29, 30, 40, 51]. To re-
tain model independence, we leave the coefficients my, c3,
and A\ generic. Then, our results can directly be ap-
plied to specific theories by adapting the scalar potential.
A discussion of the validity of our approach is given in
App. B.

As long as the distance between the compact objects is
much larger than their size, the binary constituents are —
to leading order (LO) — well described by point particles.
The corresponding point-particle action reads

¢ o\’

n=1,2
(6)

Spp = —

2 The cubic interaction term typically leads to IR, divergences in
the absence of a mass term when evaluating tree-level interac-
tions, as we are doing here. These divergences are of the form
o c3/ms and do thus not have to pose a problem, since in many
theories c3 is proportional to powers of the mass. See App. B for
an example. Further note that in the case of a quantum theory
with no bare mass term, one generally expects a generation of a
scalar mass term ms ~ c3 from loop diagrams. See also Ref. [43]
for a discussion on this.



where the line element is
dr = (gdatdz”)"? . (7)
Further, we decompose the metric via

huw

Juv = vt —, 8
j 77# MP] ()

where h,,, is a perturbation on top of the flat Minkowski
metric 7,,.

The first term in Eq. (6) simply corresponds to the
action of a point particle in pure GR. The ¢-dependent
terms denote the scalar contributions, which parameter-
ize the possible couplings of the scalar field to the world-
lines of the NSs. The coupling coefficients are denoted as
the scalar charge q,, and induced scalar charge p,. Sim-
ilar to our treatment of the scalar potential, we include
these EFT parameters in a model-agnostic manner. Our
results can be mapped to specific models by adjusting
Eq. (5) and matching ¢, and p, to the respective full
theory.

Note that we left out some operators in Eq. (6), e.g.
ut0,¢, with u# = da#/dr being the four-velocity. This
term is equal to a total derivative and is thus not relevant.
A list of redundant operators is given in App. A, where
we explain that, at the order we consider in this work, we
do not have to consider any other operators than those
already listed in the point-particle action above.

Please note that Eq. (6) generally also contains finite-
size contributions from pure GR at higher orders in the
expansion. These, however, only contribute from the fifth
PN order onward for non-spinning objects, thus are not
relevant here and will be neglected in the further discus-
sion?.

IIT Effective Field Theory Approach to Binary

Systems

Let us now outline the most important features of the
EFT method to study binary systems in GR and beyond.
This discussion comprises the two main ingredients to
construct the effective theory: the separation of scales
during the inspiral and the resulting power counting
scheme. We closely follow Refs. [14, 15, 17, 23, 24].

3 The first two operators that enter are E#¥ E,,,, and B*" B, with
Eu = Ruaufguauﬂ and By, = EuaﬁpRo‘Bguu”u/’, which are
the decompositions of the Riemann tensor into its electric and
magnetic type components, respectively. The Wilson coefficients
of these operators capture the leading order finite size effects
arising in pure GR, i.e., the tidal deformability.

Separation of scales. The first step in the EFT
construction is to identify the different energy scales dur-
ing the inspiral. We consider a NS binary system with
constituents of typical size R ~ R, where R, is the
Schwarzschild radius, separated by a distance r. The
wavelength of the gravitational radiation detected on
Earth is A. Denoting the typical velocity of the binary
system by v, we obtain using the virial theorem
2, GM _ R )

r 2r
This holds as long as the dynamics is governed to LO by
a Newtonian interaction. Here we have introduced the
Schwarzschild radius R, = 2G M, where M is the mass
of the constituents and G is Newton’s constant.

From Eq. (9) we see that while the distance between
the constituents is much larger than their size r > Rq,
the velocity of the system is small v <« 1. This corre-
sponds to the early stages of the binary evolution. The
typical wavelength of the emitted GWs relates to the or-
bital frequency via f ~ v/r. Thus, there exists a clear
separation of scales during the inspiral,

v

A~r/v>Tr >R, (10)

This hierarchy will be employed to integrate out the hard
scale r in order to construct a theory valid at the soft
scale .

Let us consider the typical momenta present at the
hard and soft scale. The long-wavelength modes carry
away energy from the binary system in the form of gravi-
tational and scalar radiation*. To appear as propagating
degrees of freedom, the fields must be on shell and there-
fore the components of its four-momentum scale as

o v v
kwr’ \k:|~r. (11)
In addition to the radiation modes, the system contains
short-wavelength degrees of freedom contributing to the
binding energy between the constituents. These hard
modes naturally live on the orbital separation scale ~ r
and therefore carry momenta

o U 1
k:wr, |k|~r. (12)
Those off-shell modes do not appear as propagating de-
grees of freedom.

To make the distinction between the short- and long-
wavelength scales explicit, we decompose the graviton
and scalar fields as

hyw () = }_L;w(z) + Hyw () ,

o(x) = blz) + B(a) . 13)

4 Note that scalar radiation is only emitted if the scalar mass is
sufficiently small, i.e., ms < w where w is the orbital frequency.
This will become apparent when computing the radiative dynam-
ics in Sec. IV C.



Here, H,, (z) and ®(z) denote the hard modes which me-

diate the interaction between the binaries at the scale r.

Conversely, hy,, (r) and ¢(z) represent the soft, propa-

gating degrees of freedom. From the scaling relations of

the momenta, we find the scaling of derivatives acting on
the respective modes

1
8OH,LLV = H;u/ ’ aiH,uu = 7H;u/ ;
" (14)

Oy =

Sles|c

h,uu )

where Greek (Latin) indices run from 0,...,3 (1,...,3).
The same relations hold for the scalar field®. Because of
the different scaling of spatial and temporal derivatives,
we further follow Refs. [14, 15] and define the Fourier
transformed fields

Ak

H,(z)= / W exp (ikx) Hklw(xo) ,

Pk (15)
O(z) = / on) exp(ikx) P (2°) .

In this way, the ~ 1/r fluctuations from the spatial mo-
menta are disentangled from the fields. Derivatives act-
ing on the coordinates =’ can then directly be evaluated.
Thus, all remaining derivatives acting on the fields scale
identically,

v
8()Hkuy - ;HMV 5 8ahu1/ - ;huy . (16)

Power counting. Having established the hierarchy
of scales, we now introduce power counting rules. These
are required to systematically collect all operators that
contribute to the desired order in the PN expansion.
First, we again consider the virial theorem to find

M 2
~ . 1
rM3g, v (17)

By introducing the angular momentum of the source L =
rMwv, we can conclude that

M 1
— ~ (Lw)z2 . 18
S~ (L) (18)
This factor appears, e.g., when considering the coupling
of a graviton to the NS worldline.
Next, we consider the scaling of the graviton field by
constructing the propagator from the quadratic term of

5 When applying the same procedure to the scalar field, there ap-
pears a subtlety due to the finite scalar mass, which introduces
an additional scale. We will comment on this later in this section
when constructing the scalar propagator.

M/Mp1 | hpw | Hipw ) Dy

(Lv)% v/r vip? v/r v’

Quantity

Scaling

TABLE I: Power counting rules for the binary EFT of a
scalar-tensor theory.

the Einstein-Hilbert action (2). For the radiation modes
this yields [14]

(Tl (@)hap(®)) ) = Dl = 9)Praias . (19)
with

1
P;W;Ozﬁ = ) (nuanw + Nvalus — nuunaﬂ) ,

B d*k iexp(—ik(z —y))
D(z—y) = / (2m)4 k2 +ie '

We can now simply apply the velocity dependence of the
on-shell momenta and obtain

(20)

k
' 5 4 -2 2
LUV AAAAAAAAAA O ~ (E) (E) = (g) . (21
r r r
Therefore, the soft graviton modes scale as
- v
huy ~ ; . (22)

In terms of the hard modes Hy,,, the relevant part of
the Lagrangian reads [14]

1 [ dk . K’
Len 2= 5/ (a5 | o HIS, = 5 HicH

1 23
- aOHk:,uuaOHﬁZ.’ + 580Hk(90H_k} .

We note that the second line is suppressed by the ve-
locity since k°/|k| ~ v < 1. Therefore, these terms can

be treated as a perturbation
: (k0)2
——— 1+ +..) .
o (14 e+

(24)

(T (Hieu (1) Haos (12) ) ) ~

Hence, the leading order expression is given by

k

E—
LY AARARRARRNRR= O3

0}

1\ 271\ 7% ry 1
- <) (> (f) B vr4 .
r r v
From this we read off the scaling of a potential graviton

mode

Higpw ~ vir? (26)



Eq. (25) corresponds to an instantaneous interaction.
The higher-order terms of the expansion in Eq. (24) are
incorporated as corrections to the propagator, diagram-
matically displayed by

n AARELANRNGS (3
— (93t 53 O s
(27T) |k‘46 (k + q) atlatg 5(t1 t2)P,u,1/;aﬁ .
(27)

The above procedure is repeated for the scalar degree
of freedom. From the quadratic term in Eq. (4) we obtain
the well-known propagator of a massive scalar field

<T<<I>(:v)<1>(y))> - / (;l:;ieXp(_ik(x_y)) . (28)

k2 —m?2 +ie

For the off-shell modes we neglect the ie term and expand
i i (k°)2
= — ——+ ... (29
K m2 |k;2+mg( TRE T (29)

This gives us the Feynman rules for the momentum space
propagator

k
_—
TTTTTTTT . (30)
)
as well as its LO correction
s===eQ=====
=—(2 3;5(3)14: 0(t1 —t2) .
O ez’ F Dy gy, 0 — )
(31)

In terms of the velocity powers, we obtain the same scal-
ing relations as for the graviton case

By ~ 027, (;_SNE. (32)
T

Table I contains a summary of the relevant power count-
ing rules.

Please note that, when expanding Eq. (29), we implic-
itly assumed that the scalar mass is of similar order as
|k|, i.e. ms ~ |k| ~ 1/r. However, we would like to model
the inspiral phase as a whole and thus not only focus on
the stage in which ms ~ 1/r. In the full EFT spirit,
one therefore has to make a distinction between different
phases of the inspiral, and from that construct different
EFTs. More precisely, three distinct cases emerge for the
potential scalars:

e mys > 1/r: The mass is too large to impact the
inspiral phase. Essentially, as soon as ms 2 1/Rs,
all potential effects of the scalar field would need
to be integrated out and would then only appear

via Wilson coefficients in the point particle action.
The same can also be seen from Eq. (29), since
the mass would suppress the propagator. In this
case, one would construct the EFT by neglecting
all potential scalar interactions.

e mg ~ 1/r: The decomposition of the propagator
in Eq. (29) is valid, the power counting is mani-
fest, and one would include potential scalars in the
further construction of the EFT.

e my < 1/r: The scalar field behaves essentially
massless on the orbital separation scale. This be-
comes apparent since one could now further expand
the propagator in Eq. (29) in terms of the scalar
mass mg, with the leading order term correspond-
ing to a massless propagator.

However, we decide not to make this distinction and in-
stead use the presented expansion of the scalar propaga-
tor for all of the above cases. This has the great advan-
tage that we do not have to construct multiple EFTs and
instead have one that is valid for all the above-described
cases.

At the same time, this carries the disadvantage that we
lose the manifest power counting since we do not fix the
scale of mg. Instead, when inspecting a certain diagram,
we assign the scale to mg which will result in the overall
lowest scaling for the considered diagram, which effec-
tively means choosing ms ~ 1/r for all potential scalars.
In this way, we keep all the diagrams that are relevant for
all three cases described above. If we wish to specialize to
a certain case, such as taking the massless limit mgs — 0
for a particular quantity, e.g., the binding energy, we can
still do this at the end of the calculations. The same is
true for the large mass limit ms > 1/r. Then, scalar
contributions are exponentially suppressed by terms of
the form ~ exp(—mygr) (cf. Sec. IVB).

Similar considerations apply to soft scalar modes. We
will later see that LO scalar radiation only exists if v/r >
mg, which naturally sets the scale mg ~ v/r for on-shell
scalar radiation (cf. Sec. IV C).

IV Construction of the Scalar-Tensor EFT

To obtain an effective theory at the soft scale, we inte-
grate out the short-wavelength fields, i.e., the potential
scalar and graviton modes. This leaves us with the effec-
tive action

exp (iSeff) = /D<I> DH,,, exp (iS) , (33)
where S is the full action from Eq. (1). In the follow-

ing, we demonstrate the necessary steps to compute this
quantity. First, we derive all relevant interactions at the



desired order in the PN expansion by expanding the full
action. These are organized in Feynman diagrams, where
potential modes only appear as internal lines, while radi-
ation modes enter externally. Subsequently, we compute
the energy loss of the binary system, which ultimately
leads to a prediction of the gravitational waveform. In
this work, we limit ourselves to the first order in the PN
expansion, which corresponds to O(v?). Higher-order ef-
fects on the waveform will be studied in future work.

A Action Expansion

First, we expand the full action (1) in order to
determine the interactions between the binary system
and the respective fields.

Pure GR. We start by considering the pure GR part
of point-particle action Sp,. The first term in Eq. (6)

0>——M/dt< v? ;v‘*),

J

. .. h hi;
1) i i 00 2
SI(>P) = 72Mp1 /dt <h00 + Qhoﬂ) =+ h,;jv v+ — 5 + h ’U +
S@ —
T SE,

dt| h? + 4h00h0¢'vi +4 hol"vi 2 + 2hgoh; i + *hQ v? + 4hgh »kvi'vjvk + 6h00h0i’0i'l)2
00 J 9 00 J

expands as
M dx* dz”

~—M T — Thu, ——
Spp /dT Mo /dThM I 4

YL ()
8M1%1 Wy dr o

where we have not explicitly written down the sum over
the constituents. In addition, we have introduced

(34)

dr? = n,datdz” . (35)

We now expand this expression to O(v*), which yields

1
dot dav \ 2
7 = dt (”’”; ;t)
) ) (36)
:dt(l—'v2)1/2:dt<1—21;2—81)4)
In addition, we have
dx* 1 1 3 dx#
— =~ (14 v ot ) - 37
dr (1—w2)2 ( +2v +8v> dt ’ (37)

with dz#/dt = (1,v).
obtain

Plugging this into Eq. (34), we

3
2'v'vjv + hoov>,

(38)

o , o 15
+ (hijvzvj)2 +6 (h(),-fvl)2 v? + 3hoohijvlv]'02 + 8hoov4> )

This expression contains all couplings between the NS
worldlines and the graviton field. Together with the
power counting rules for radiation/potential gravitons
from Sec. III, we can now pick up all terms relevant at
1PN. To demonstrate this procedure, one may, e.g., con-
sider the first term in SI;(,%,). For the interaction between
the worldline and a potential graviton with polarization
Hyy, we obtain

M d3k .
SHop—Ns = —=——— [ dt W exp (ikx) Hoo

2Mpy (39)
VMuor =L ,

1
~ (MUT)%U%%F;?Q\E =

(

The corresponding Feynman rule for the Hyo-NS vertex
reads

M

= dt | exp (ikx) n°Hn' . 40
s [ [ esvtike) . (@0)

Note the factor of ¢ which enters via the expansion of the
path integral. Equivalently, for a radiation graviton we
obtain the scaling

M . 1
SiLgo—NS = Wpl /dt hQO ~ (L’U)2 . (41)
Regarding the Feynman rule, we have
M _
= —i—— [ dt hgo . 42
"2 My / % (42)



We repeat this procedure for all operators in Eq. (38). sponding momentum space Feynman rule reads [14]
A summary of the relevant interactions, together with
their Feynman rules and scaling relations, can be found

in App. F 1.
Einstein-Hilbert action. In addition to the dia- _ { 0 0 0 0 3
grams which arise from the coupling between the world- ;JJ,J'}\AL\__\‘L o 4MP16(961 72)0(21 — 73)(27)
line and the gravitons, we need to take into account the (44)
graviton self-interactions which render n-graviton ver- (3) i 9
tices. These contributions are collected by expanding J Zkr H k2 X ZkT )
T T T T

the Einstein-Hilbert action Sgy. At cubic order, one,
e.g., finds [15]

s i e (S )T s

Pl
2

Scalar contributions. Lastly, we consider the

(43) scalar sector. We first perform an expansion of the ¢-

dependent terms in the point-particle action. From the

Since this expression already scales as ~ v*, we do not linear term, we obtain all couplings between the worldline
consider interaction terms of higher order. The corre- and one scalar

J
(0) Adn 1 2 1 4
Spp¢—— 1/dt<1—2v —81;)(;57

h‘e
[N

2

n i i i h hij 3
I()i))d) = —2]6\]42 /dt(hoo +2h0i’U —|—hijv ’UJ —+ ;O 2 +h02'v ’U —+ 2 ’U ’UJ’U =+ 8h00'v >¢,
Pl (45)
s& = 5 MSI / dt (hoo + dhoohoiv + 4(hoiv')? + 2hoohsv'v? + h20v + dhoih v v v + 6hoohoivi v
+ (hij'l)i’vj)Q +6 (hol‘v ) ’U + 3h00h”v ’UJ’U + hoo'U )qb
This is repeated for the term in S, which is quadratic in ¢, yielding
_ Dn Lo 14 2
Spp¢2— M;%l/dt< 21; —gv o,
s — _ Pn dt( hoo + 2hoiv" + hijviv? + —= fioo v? + hov'v? + @'vivj'zﬂ + §h vl | ¢?
ppé2 QME))I 00 07 1] 2 01 2 ] 00 ) ( )
46
I(j))¢2 = 8]74'4 /dt (hgo + 4hgghg;v" + 4(h0iv1)2 + Qhoohij’vz’vj + ith’UQ + 4h0ihjk'uivjvk + 6h00h0ivQO
Pl
i,09\2 V2,2 i o2, 19 4\ .2
+ (hij'l) 'Uj) + 6 (hgi'v ) v°+ ShOOth viv + ghoo’v ¢ .
[
We can now derive, e.g., the velocity scaling of the inter- Here M,, and ¢,, denote the mass and scalar charge of the

nth

action between a scalar potential mode and the worldine, constituent. This results in the Feynman rule

Se_N

e n
- /dt/d?’kq)k NL%J\q; (47) = MPI /dt/exp (ikx) . (48)

q
Mpy n
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(a) Binding energy diagrams at 1PN order in pure GR.
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(b) Scalar contribution to the binding energy.
FIG. 1: All diagrams contributing to the binding energy at 1PN order.
Similarly, the interaction between a soft mode and the The kinetic term expands as
worldline scales as
Sy > [ d* 1Wa¢>a¢ Wa¢>a¢
- x|=n - —
S5 ns ~ qu /dt¢ ~ (Lv)? Aq; . (49) ¢ PR ST VR
Pl n hnwj (53)
The Feynman rule reads + 0,90, ¢ — o] ,
———— 4n dté . (50) where h = haﬁno‘ﬂ. This renders the h — ¢? vertex
Pl
I hnhv
Shgz ~ bk, ® + ———k,k, ¢
Note that the scalar-worldline interactions depend on the he? 2Mp; M vP" AMp " Ve 54
EFT parameters ¢, and p,, which are in general model m? W ) (54)
dependent. To remain model independent, we keep these T AMp 0w ¢”

coeflicients generic throughout our entire computation.
Our results may then be adapted to any theory by per-
forming a matching procedure (see [28, 29, 40| for LO
examples). In App. B, we comment on constraints on
the EFT parameters to retain the validity of our treat-
ment.

The remaining piece is the scalar action, which allows
us to work out the interactions between the graviton and
the scalar field, as well as n-scalar self-interactions. First,
we expand the metric determinant

1
Vg=1+-——h
g + 2Mp

zﬂ?“y - h*h v
" 4M1§1 "

(hwn””)2 + ...

(51)
Ve

With the generic potential from Eq. (5), the potential
part of the action then reads

2

4 | Ms 2 €3 5, A 4
S¢3—/d${2¢ +MP1§¢ +I¢
m?

52
o (52)

Py §* + ﬁhuzﬂ?“ ¢°

B ¢* + ..

_|_

+ 2 - 41Mp)

Considering only the momentum-dependent part, we
have

n*? Poo.ag
Sy o~ (T 100508
he? ( 5

Nuv — POO;;W) KrEY = (Suo(suokﬂku .
(55)

Hence, this expression only has a finite contribution for
the time components of the four-momentum. This, how-
ever, is always suppressed relative to the mass vertex in
Eq. (54). Therefore, we can neglect the couplings gener-
ated by the kinetic term in the following, i.e., only the
term ~ m2h*n,, remains. This is exactly the reason
why the h — ¢? vertex vanishes in the massless limit [26]
at the considered PN order.

From Eq. (52) we also obtain the scaling of the three-
scalar vertex

Sps ~ c3Mpy / at ][ / Pk, By, 6 (Zk)

2
1 v
~ c3Mpyrvz ~ CSM]%ITQF .
2

(56)

As for the graviton, we neglect higher orders since this
expression already scales ~ v2. The corresponding Feyn-



man rule reads

1 fz—Mpl(S( - :178)5@? — :z:g)

AN 3!

(2m)36® <Zkz )Hk2+ =
(57)

The remaining scalar interactions and their associated
Feynman rules are listed in Appendix F 1. We now have
all the ingredients to compute the Feynman diagrams
which contribute to the binding energy, as well as the
radiation power of the binary system.

B Conservative Dynamics

Let us first consider the orbital scale and compute the
diagrams that contribute to the conservative dynamics
of the system. To do so, we collect all diagrams with
internal potential modes and no external legs. First, we
derive the potential energy in pure GR, before including
the effects from the scalar field. Eventually, we derive
the scalar modifications to the Kepler relation and
binding energy.

GR contribution. Applying the Feynman rules
from App. F 1, we find five diagrams which scale ~ v? at
most, hence contribute up to 1PN. These are depicted in
Fig. 1a. Please note that the first diagram, the exchange
of a potential graviton with polarization Hyg, contains

J

only the LO term. For simplicity, we evaluate the third
diagram involving a graviton with polarization Hg; by
taking into account higher-order velocity dependencies,
such as ~ Hy;v* or ~ Hyv?.

For the complete calculation of all the relevant pro-
cesses at 1PN we refer the reader to App. F 2. Here we
simply state the final result. Including the kinetic term,
we obtain

1 My My
S M
2 =

i=1,2

Lgr = + LgmH , (58)

where Lgryg is the Einstein-Infeld-Hoffmann Lagrangian
[52]

M M.
Lgm =3 Z Mov? + G—=2|3(v} +v3) — T(v1 - vy)
1=1,2
_ (’Ul . T')(’UQ . ’I") _ G2 MlMg(Ml + MQ)

72 212

(59)

Scalar field contribution. Equivalently to the po-
tential gravitons, the short-wavelength scalar modes me-
diate a force between the binary constituents. The con-
tributions from the scalar field up to 1PN order are shown
in Fig. 1b. Note that these diagrams contain both pure
scalar contributions, but also vertices at which scalars
and gravitons couple together. The full computation of
the diagrams is given in App. F 2. Putting everything
together, the scalar Lagrangian reads

e~ MsT M M. 2 2 . . .
Lg —8G 105 gt My vite; (v1 - 71)(v2 "“2)(1 +mgr) + 202
T 912 5
9 5 5 —2msr 2M1q% +M2q% ,
= 64G7(p1g3 + p2qy) — 55— +4mGT————— {e‘ msT 4 2erEi(—2msr)}
r
M (60)
— 8mG*q1qp — [log(Qmsr)e_m [ Ei(—2m8r)emﬂ]
T
+ Gesqrge (;ﬂ'ms’l“ |:E1( )e*m T Ei(3ms7“)€msr] :
[
where Ei(z) = ffm dtexp(t)/t denotes the exponential  can be absorbed by defining the physical mass
integral.
ms i
Mynys = My, + 0 Mg = My, + (61)

In the above computations, we have not distinguished
between the bare and physical masses and charges by
neglecting the pure self-force diagrams shown in Fig. 2.
In App. D we demonstrate that the diagrams in Fig. 2a

871'M1§l ’

where My, is the bare gravitational mass. Similarly, the
diagrams in Fig. 2¢ are taken into account by introducing
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TABLE II: Overview of the parameters introduced in our work. Besides the typical PN expansion variables, we rescale the

EFT parameters for convenience.

the physical scalar charge

gocslog3  msMygny

Gphys = qb + 0qst +

167ms 327 M3,
(62)
_ b [ppms | qnezlogd  msMyy
= b + — 2 + - 2 )
4dm | Mg, 4dmyg 8Mp,

with ¢, denoting the bare scalar charge, and ~ is the
Euler-Mascheroni constant.  Here the second term
corresponds to the self-force diagram from Fig. 2c, while
the two last terms arise when evaluating Fig. 1bvi) and
Fig. 1bvii). In the following, we will use the physical
quantities, however drop the corresponding subscript for
brevity.

Modified Kepler relation.
is given by

The total Lagrangian

Liot = Lgr + Ly , (63)

which allows us to compute the modification of the Ke-
pler relation due to the scalar field. In the remainder of
this work, we specialize to circular orbits with

coswt cos (wt + )
ry=ry |sinwt | , ro=ry | sin(wt+m) (64)
0 0
The Euler-Lagrange equations
d oL 0L
S 65
dt 87”1 5'7*2- ( )

can now be used to derive relations between rq, 9 and w.
Dotted quantities here denote derivatives with respect to
time t. Note that since we consider circular orbits, we
automatically have L/97; = 0. In order to derive a
relation on ry and ro, it is convenient to consider

OL OL
—— — = 66
87’1 8r2 ( )
This reveals at 1PN order
M1 voM T A r3w2
TQ_TW—'_ 9 8Ge Q+G— i s (67)

where 7 = 71 + ro is the orbital separation. In order
to obtain the above expression, we Taylor expanded in
powers of Q = q1q2/(MyMs) and only kept the LO term.
Other terms, such as those proportional to p;, cancel out
at this order and thus do not contribute. To further ob-
tain a relation between r and w, i.e., the modified Kepler
relation, we evaluate

oL 0L
oy + Oy 0. (68)
After solving for w, we Taylor expand in Q as well as
in the other parameters describing the dynamics, e.g., &,
(cf. Tab. II). The resulting expression becomes rather
long and is thus presented in App. C, together with all
further derived quantities. In the following we only fo-
cus on the LO contribution arising from the scalar field,
i.e., the contribution proportional to Q, in order to illus-
trate the procedure.

At 1PN order and keeping only terms at most linear
in @ we obtain the modified Kepler relation

wi= {lJrSQ(l +mgr)e” ™" 4 (1/3)6:‘]\4}

. (69)

Rewriting this expression in terms of the usual PN ex-
pansion parameter, i.e., v = GM/r and = (GMw)?/3
(see Tab. II), we obtain the equivalent relation

3 =73 [1 +8Q (1 + ”f)e—ms/” + (v - 3)7] . (70)
Inverting this equation for v and only keeping LO terms
in @, we obtain

YGR=

_8 _
(= D) P S

(71)

where my; = GMmg. The parameter yggr is the usual
one which one would find in pure GR. It can in principle
be exchanged with any higher-order accurate relation.
Further, note that e~"¢/7¢R does not admit a Taylor
expansion at around ygr = 0. Instead, it is feasible
to first expand 1/ygr and then expand the exponential




function while leaving the LO term in the exponential,
—m/x, untouched. More explicitly, first we expand

m m v
— S:——S+ms(1—f)+ms(9x, 72
YGR T 3 (x) (72)
and thus
e~ Ms/VCR _ o—Ts/w Ms(1-1/3)+m:O(z) (73)

If we assume mgs to be on the hard scale, i.e. ms ~ 7,
then we can directly Taylor expand around the LO term
to obtain a well-behaved series, which can be truncated
at the desired order. However, as we wish to keep the
analysis more general, as to be applicable for any value
of mg, we are not directly in a position where we can
do this expansion. Nonetheless, note that if one formally
expands the second exponential, we obtain

e~/ ToR — o~ /a [1 + i (1 . %) +O(m2)0()

(74)
This expansion can generally be written as
—Mg - m? —ms/x
e =3 () e (1)
n=0

with f,,(x) absorbing the remaining dependence on x and
some overall coefficients of order O(1)°. Note that each
term individually, if viewed as a function of mg, reaches
a maximum at m, = ax, such that

n

o) mn;;e—ms/m < fule)a" e < fulaa . (76)

Hence, a term proportional to m} can at most contribute
with ™. This means that effectively we can still assume
ms ~ 7y ~ = when doing this expansion, even if the scalar
mass does not formally live on the hard scale. In other
words, m” can never become more important than x™.
By assuming m,; ~ x we can make sure to always only
keep those terms in the expansion that have a chance to
become relevant at some point during the inspiral. The
same reasoning also applies to the other functions that
appear in the Lagrangian, such that we can also expand
terms like Ei(—ms/vaR)-

Continuing with the calculation and following the
above discussion, we are allowed to truncate the expan-
sion in Eq. (74) to the desired PN order. At NLO, this
is

e~ Ms/1GR _ o—s/T {1 + (1 — %)] ; (77)

Inserting this relation into Eq. (71) and truncating at
the relevant order again shows that the inverse Kepler
law becomes

_8 _
N=z+ (1 - %) 2 — Qg (m, + )™ /7 . (78)

6 A more careful analysis reveals fn(z) = (1/x — 1/ygr)".
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Note in this case the NLO term of Eq. (77) just gets
truncated, so that the above-described expansion effec-
tively results in replacing ygr with x. However, the
quantities presented in App. C are expanded consistently
up to 1PN order, including all NLO terms.

Binding energy. The last quantity we compute re-
garding the conservative dynamics is the binding energy
for a given orbital separation and frequency. Applying
a Legendre transformation to the Lagrangian, we obtain
the Hamiltonian H for this system:

oL .
i=1,2 X

From here, we calculate the binding energy for the con-
sidered circular orbits, as

E ~ _ms vy 7T v
— =4 Mg — - =1 Y n )
Z—1Qe Fme-m -3 |1+ (-5 +5)] . 60
where p is the reduced mass (cf. Tab. IT). This expression
can equivalently be expressed in terms of z at 1PN order
as

i

E 8- _ms, _ T 3 v
ﬁnge w(2ms—:c)—2{l—(4+12>4-(81)

Note that the last term, i.e., the term independent of Q,
is just the 1PN expression for the binding energy in pure
GR. The full expression considering all scalar effects is
found in App. C.

C Radiation

Let us now discuss the computations involving soft de-
grees of freedom. Fig. 3 shows all emission diagrams that
contribute at 1PN order. This comprises pure GR, pure
scalar, as well as mixed contributions. We do not carry
out the full calculations of all pure GR diagrams. Instead,
it is more sensible to only calculate the corrections due
to the scalar field. We then add these contributions in
the fashion of a Taylor expansion to an existing template
at high PN order in pure GR.

In the following, we first outline how the power
loss via gravitational waves is affected by the scalar.
Subsequently, the power loss via scalar radiation is
computed.

Gravitational radiation. After integrating out the
orbital scale, the radiation gravitons are sourced by an
effective energy-momentum tensor 77, which enters the
effective action via

1 v, o=
Sut D S = ~ga | T (@) (82
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(a) Diagrams contributing to the renormalization of the mass with
no external vertices.

H/h

(b) Diagrams contributing to the renormalization of the mass ver-
tex with one external graviton.
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(c¢) Diagrams contributing to the renormalization of the scalar
charge vertex with one external scalar.

FIG. 2: All self-force diagrams that contribute to the renor-
malization of the charge and mass up to 1PN order. The
renormalization of the induced charge becomes relevant at
higher PN orders.

The general strategy to retain a consistent power count-
ing is to expand h,, in multipole moments [53] around
the source. We intend to compute the gravitational wave-
form at NLO with regard to the scalar emission. As dis-
cussed in the subsequent section, the LO multipole in the
scalar sector is given by the dipole, contributing at —1PN
order. This implies it is sufficient to only consider the
scalar effects on the quadrupolar radiation in the gravi-
ton sector. At LO, the quadrupole moment reads

1 — / dPx T [xix1]>T (83)

where STF denotes the symmetric and trace-free pro-
jection. We find that none of the diagrams in Fig. 3b
contribute to this order. Therefore, the quadrupole mo-
ment takes the same form as in pure GR. Explicitly, we
have

IV =" M[rlr)™ . (84)

a=1,2

Using our expression for r; and the expansion for ro,
Eq. (64) and Eq. (66), we further obtain

IV =y [rirj}STF , (85)

with r = ry —rs. Here we have already dropped all terms
that will only contribute beyond the LO energy loss. Es-
pecially, all corrections due to the scalar field on ro will
only contribute beyond OPN and are thus negligible for
the energy loss due to graviton emission at LO. The en-
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ergy loss is then given by the usual quadrupole formula

G
P= 3 (@1)7)
% 2.4 6

= 2% (86)
— 32 2 5 1024 2 —ng/x 4
=gV gy @ me )t

where (...) denotes time averaging. In the last line,
we have dropped all terms which are of quadratic or
higher power in @, and also those terms that would
only contribute from 1PN order on. The first term
is the usual pure GR quadrupole radiation, while the
second term describes the modifications arising due to
the scalar field. Notably, the presence of the scalar field
affects the LO graviton radiation only via the modified
Kepler relation, Eq. (C1).

Scalar radiation. Similar to the gravitational radi-
ation, we obtain the energy loss by scalar emission by first
identifying the source term that produces the radiation
at linear order

Sut D S ——/ﬁ%ﬂ@am (87)

All relevant scalar radiation diagrams contributing to J
are shown in Fig. 3¢ and 3d. We follow Ref. [53] to obtain
the energy loss. First, we Taylor expand the field around
the center of mass. This allows us to rewrite the source
term via

L
Soe = Vo / dtz “I oL, (88)

where the derivatives 0 ¢ are evaluated at (t,x = 0). L

denotes a multi index, such that ¥ = z1z* ... z% and
o i (20 + )N
2p)11(20 + 2p + N
= )2+ 2p + 1) (89)

/d?’xrszéTF (02 +m2)PJ,

with r = |x|, are the multipole moments of the source.
A more detailed derivation of the above expression is
given in App. E. Please note that Eq. (89) deviates from
Ref. [53] since we consider a non-vanishing scalar poten-
tial.

Note further that the contributions to the source term
arising from diagrams in which the radiating field couples
directly to one of the worldlines can be calculated with-
out performing the multipole expansion. The source term
then always contains a d-function, which sets the position
to the current position of the object whose worldline is
being coupled to. The diagrams in which the radiating
scalar instead couples to an interaction vertex whose po-
sition is integrated over, such as in Figs. 3ciii) and 3d1i),
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(a) Pure GR radiation diagrams.
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(d) Modified scalar emission.

FIG. 3: All emission diagrams appearing at 1PN, except for the last diagram in Fig. 3d. Figure 3a shows all emission diagrams
appearing in pure GR, while Fig. 3b displays the new graviton emission diagrams appearing due to couplings with the scalar
field. Similarly, Fig. 3c are pure scalar emission diagrams. Fig. 3d shows all scalar emission diagrams that also contain graviton

interactions.
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FIG. 4: Self-force diagrams contributing to the LO radiation
power starting at —1PN (left) and OPN (right), respectively.

are slightly more complicated. They typically require
performing the multipole expansion before the diagram
can be solved analytically. In particular, this means that
each term in the multipole expansion has to be calculated
separately. In previous computations [28, 30| this sub-
tlety has not been taken into account. Instead, higher-
order moments were calculated by supplementing the
monopole term with an appropriate d-function in order
to isolate the corresponding source term. This approach
however does not capture the full dynamics, which can
be verified by a direct computation of the higher-order
moments. As a consequence, we find additional terms
contributing to the power loss via scalar radiation com-
pared to existing literature. The explicit computations
are relegated to App. F 3.

To derive the energy loss, we need to compute the
imaginary part of the self-force diagrams in which the
scalar field couples to the multipole moments. For our
desired accuracy, it is sufficient to consider the LO topol-
ogy depicted by the left diagram in Fig. 4. The calcula-
tion — see App. E for details — yields

¢ An?T &= 120+ 1)

/Oo dww (w? — mz)Hl/2 ’fL(w)’Q )

me

ms [eV]|q1 [Mi]| g2 [M2]| p1la1] | p2ge] C3
Left | 107" | 107® | 107® [5x 1072 |5 x 1072 |m?2 /M3,
Right| 107 | 1074 0 |5x1073 0 m2 /M3,

TABLE III: Model parameters we employ in the respective
panels of Fig. 5. The scalar mass corresponds to a character-
istic value, which is typically not excluded by observations;
see, e.g., the discussion in Ref. [54]. Also, the values for the
scalar charges [28, 47] are typical values that lie in the obser-
vationally viable region. The value of the cubic self-coupling
c3 is motivated by R? gravity (cf. App. B).

where T' = 275(0). A tilde denotes Fourier-transformed
quantities, e.g. in this case

TE(w) = / dt ML (), (91)

We decompose the total energy loss into its contributions
from different multipole moments. Up to OPN order we
obtain

2\ 3/2 2\ 5/2
0PN __ pl=1 _my =2 _my
o (1228) " e (1 22)

(92)

where we factored out the common factor that inhibits
scalar radiation for frequencies of w < m, (w < my/2)
in the case of dipole (quadrupole) radiation. Note that
no monopole radiation is emitted, since, as mentioned
above, we only consider circular orbits.

When evaluating Eq. (90), we calculate the p = 0 com-
ponent for each diagram and only keep the p = 1 con-
tribution for the LO scalar emission diagram, i.e., the
one in Fig. 3ci). Judging from the power counting rules,
one does not expect other diagrams to contribute for
Il = p =1 at the considered order. However, a direct
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FIG. 5: Power loss of an inspiraling binary system in massive scalar-tensor gravity, relative to the LO power loss in pure GR.
Different colors indicate different contributions. We display the power loss arising due to scalar effects on the Kepler relation
(dark blue, Eq. (86)), LO scalar dipole radiation (dark red, Eq. (94a)), dipole effects due to the induced scalar charges (dark
gray, Eq. (94b)) and cubic self-coupling (black, Eq. (94c)), NLO scalar dipole radiation (orange, Eq. (94d)), as well as scalar
quadrupole radiation (light blue, Eq. (94¢)). The light gray curves indicate higher-order pure GR corrections up to 2PN order.
In addition, we show typical pure GR finite-size contributions, where for the NS tidal deformability we choose a benchmark
value of A = 100. In both panels, we fix M; = 1.8 My and M> = 2 My, while the employed model parameters are found in
Table III. The left panel corresponds to a typical NS-NS binary system. In the right panel, only one constituent carries a scalar
charge — a constellation corresponding to a NS-BH binary. As a consequence, at the here considered order, the scalar degree
of freedom has no effect on the modified Kepler relation. In addition, the contributions from the induced scalar charges p1, p2
and the self-coupling c3 vanish. Also, please note that although we plot the power loss up to z = 1, our perturbative approach
breaks down for large = < 1, i.e., our results can no longer be trusted. In this regime, other methods such as numerical relativity
would have to be invoked to reliably describe the dynamics.

computation of the [ = p = 1 component of the diagram pl=2 _ 128

in Fig. 3di) reveals IR divergent terms in the limit of
ms — 0. Since in the massless limit the diagram it-
self vanishes as there is no corresponding operator in
the action, these contributions are considered unphys-
ical. Yet they contribute to the here relevant order for
non-vanishing m,. We suspect that these divergent terms
are canceled by higher-order diagrams and thus do not
further include their effect, instead postponing a more
detailed study to future research.

5 GMPEGru”. (93e)

Here we have expanded the energy loss terms to only keep
relevant contributions. More precisely, Eq. (93a) con-
tains the LO energy loss, which in our case is the usual
dipole radiation term, formally entering at —1PN order.
Likewise, Eq. (93d) contains the dipole radiation terms
which enter at OPN order. The terms which contain ef-
fects due to p1, p2 (Eq. (93b)), and c3 (Eq. (93c)) also

contribute at OPN order as does the scalar quadrupole
Plugging the results from App. F 3 into Eq. (92), we radiation (Eq. (93¢)).

obtain All combinations of worldline coefficients have been
combined to dimensionless parameters and are summa-
Pl 1L,LO _ G M265q%r2u, (93a) rized in Table II for the reader’s convenience.
We may further use the Kepler relation to express the
1 256 power losses in terms of the PN expansion parameter x.
PP — GQMS‘—‘p rw?, (93b)  In this case, we obtain
_ GMy{ MM _ - 8
5—1,63 _ 14V12 . 4 Péfl,LO = °5 2 4 9434
P; 737”713 c(mgr — D)rw?, (93c) 3 T (94a)
8GM? l=1,p1,p2 __ @: 5
Pl LNLO _ - 5(1[_ 10g,GM Py ’ = Tl (94b)

(93d)
+ gor3(m? — 60.)2)] rwl, pl=tes — MM, ms — x_c 2, (94c¢)
¢ 3 M




i=iNLOo 16 2 5 8 5 2
Py = @(73 +v)og-z° + TG Ms 92 oqx
16 s (94d)
5q (591 T 392)dq”
- 128 _
é—Q = @:3 x° (94e)

Fig. 5 shows the different contributions to the power
loss relative to the LO power loss in pure GR. The corre-
sponding model parameters are summarized in Table ITI.
In the left panel, both (induced) scalar charges are non-
zero, a situation typical for NS-NS binaries. We observe
that the modification of the Kepler relation due to the
impact of the scalar field on the binding energy is clearly
the most significant effect for the chosen values. This
contribution to the power loss is present during a large
part of the inspiral. For small values of z < 10~%, which
corresponds to the radial scale where mg ~ 1/r, the ex-
ponential suppression of hard scalar interactions becomes
sizable. The effect of the scalar mass also becomes appar-
ent regarding the radiative dynamics of the system. Here,
dipole (quadrupole) radiation is shut off when my; < w
(ms < w/2). Therefore, smaller values of mg would shift
this cutoff to lower z, leading to a larger impact of the
scalar field during earlier stages of the inspiral. In partic-
ular, the LO dipole contribution then becomes enhanced
as P(%ZLLO/P(%% x 1/x.

In the right panel, we set ¢ = py = 0, i.e., only one
constituent carries a scalar charge. Such values would
typically be realized in NS-BH inspirals. We immediately
notice that the power loss contribution from the modified
Kepler relation vanishes. This can be seen from Eq. (86)
as P; « q1q2. The same is true for scalar radiation emit-
ted via the cubic self-interaction vertex. In addition,
we observe no scalar radiation proportional to induced
scalar charges since Pézl’pl’pz x (p2q1 — p1g2). Nonethe-
less, please note that the power loss from LO dipole
radiation is comparable to the left panel, although the
scalar charge ¢; is an order of magnitude smaller. This is
due to the fact that this contribution is proportional to
§q® < (Maq1—M;q2)?, i.e., becomes typically larger if the
scalar charges deviate from each other. The same consid-
erations apply to the NLO dipole. The scalar quadrupole,
on the other hand, scales with 22 oc (M3q1 + M7q2)?,
hence is suppressed for g = 0.

V Gravitational Waveform

We are now set to derive the gravitational waveform.
In the time domain, a gravitational wave h(t) is expressed
by the waveform

h(t) = A(t) cos p(t) , (95)
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where A denotes the amplitude and ¢ is the phase. We
derive the scalar-induced modifications to the TaylorF2
approximand [55] and thus employ the stationary phase
approximation (SPA). For the Fourier transform of the
above expression we have

h(f) = A(f)e'” . (96)

Here, ¥ solves the following differential equations [55]:

0= % - 27Tt(f) s
o dt GrM E(f) (97)
S 3 P(f)

Above, v denotes the orbital velocity which is related to
the GW frequency f via v = (rGMf)'/3. Also, the
prime denotes differentiation with respect to v. It is
therefore necessary to calculate the fraction E'/P and
integrate twice with respect to the frequency. Here, the
binding energy F is given by Eq. (C4). The different
contributions to the power loss of the binary are found
in Eq. (86) and Eq. (93), respectively. We perform the
computation by expanding E’/P in terms of the pertur-
bative scalar quantities, such as the scalar charge ¢ and
self-interaction c3. We then only keep the LO terms,
which we calculate up to OPN order. We thus have

U(q1,q2,...) = VYar + Vs, (98)

where WgRr denotes the pure GR waveform. Wgr encodes
the corrections due to the scalar field at leading order
in the scalar charge, induced charge and self-interaction.
Note that this means that the following results can be
added to any existing TaylorF2 template. We further
decompose Wgr to be able to easily identify the compo-
nents that arise due to the modification to the binding
energy (C4), which is always present during the inspiral,
and the additional scalar radiation, which is only present
for sufficient large frequencies. Thus, we decompose

03
Vg =¥p+0 ( — 1) Wy

ms

3 1
+9(U— > V_o,
ms 2

where 0 is the Heaviside step function. ¥ denotes the
impact of the scalar field onto the gravitational energy
loss via the modified Kepler relation. The contribution
due to direct emission of scalar dipole and quadrupole
radiation is captured by ¥;—; o, respectively.

We are now ready to present our final results. The
lowest contribution due to radiation arises at —1PN or-
der, corresponding to scalar dipole radiation. ¥ g, on the
other hand, only contributes from 0PN order. These two
corrections read

(99)
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POPN — 5Q r ?7% 4T Z)% 42T 9’%
E 6vm>/? 27 v? 27 2 27 02
0 - - - (100a)
_ 309 |p 4,72 4r(5, 20 ) yor(6, o),
6vm? v? v? v?
1 13 m2\  90-21/331/23D (2 63T (1)
TIPN _ g2 5 |- F (37577,8’37 65) — (3) (5) =z | - (100b)
896v v 2°3'6°3 6 247 256 - 21/30m,/
Here we utilized the upper incomplete gamma function I'(a,z) = f;o t*~le~tdt and 3F, denotes a generalized hyper-

geometric function. Note that the above expressions only contain modifications due to the scalar charges ¢; and go.
Corrections due to the induced charges p; and py, as well as the self-interaction parameter ¢z, arise at NLO (OPN)
with respect to the scalar radiation. Explicitly, these terms are given by

3
GO __ Bgadqm? m (3 7 E 9 11 mg +451“ (3)" 0q (—1680g1 — 966g> + 5(1064v 4 659)d¢q)
985613011 2’36 36 1605632 22/3713m>/
§q(168091+100892—5(1064u+659)6q) n( 3457 E m2 (101)
860161305 2\ 72°3'6'3 6
L BV3T ()7 8¢ (7728g) + 436892 — 23(1064v + 659)54)
30829568 ¢/2m3mY° ’
5 1 3457 11 m2\ 6-22/331/2437 (L 135T (2)°
‘I’OPNJ} p 3 _?3F2 <_aaa77m65) - 8/3(3) + (3)5/3 ’ (101b)
16v v 2’36’36 v 187mms 56 - 22/371m,.
PN BGMM, [1 3578 13 m2\  90-21/331/2537 (2)° 63T (1)
)\ B = :ci,?) 773F2 T a9l pt 9 a0 76 + 10/3 7/3
71687ms3 | v 2'376'3" 6 v 24T Tme 256 2137 (101c)
= GMMy [ 1 3,3, 5 m3\  24° 3w
52068 | 09 PP\ 22727727 06 ) 35md T smd |
POPN _ =2 1 1.1 284571 m; — 720217812 3F(%)3 405F(2)3 (101d)
Z930,8 | 05272\ 72737673 6 40P 43017m/3 12mm33 |

Above, we denote contributions arising from a certain
scalar field parameter with a respective superscript. For
example, \I/?S\I "“ denotes the contribution of c3 to the
OPN order phase shift in dipole radiation. For the defi-
nition of all rescaled parameters, we refer to Table II.

Note that all hypergeometric functions appear in the
form of 3F5 (a,b,c;b+ 1,¢c+1;2), with a,b, ¢ € Q. This
can formally be expanded as

3F2(a,b,c;b+1,c+1;z)= (102)

ibgFl (a,b;b+152) — —b2F1 (a,c;e+152).

Since not all math libraries support higher-order hyper-
geometric functions, this relation might be particularly

(

useful for the implementation of our results.

Further, keep in mind that in the above expressions, we
use i = ¢ = 1. If one wishes to restore these factors in the
waveform, one may use ms = GMmy/(hc) and replace
the combination GM;Ms appearing in Eq. (101c) with
GMi M /(he). Additionally, it is necessary to substitute
all occurrences of the velocity v with v/c.

The corrections due to the additional scalar degree of
freedom can now readily be combined with pure GR Tay-
lorF2 templates at arbitrary precision [55]. Further, since
we kept the scalar parameters generic up to this point,
our results can easily be adapted to a large class of scalar-
tensor theories. All there is left to do is adjust the po-
tential parameters and worldline couplings to a desired



model. To facilitate using our results, we provide a link
to a repository in the supplemental material [42] which
contains a Python implementation of Egs. (100) & (101).

VI Conclusions

In this work, we have for the first time derived the NLO
gravitational waveform of inspiraling binary systems in
GR augmented by a massive, self-interacting scalar field.
To this end, we have employed the scale hierarchy during
the inspiral to treat the binary within an EFT framework.
We have calculated the conservative and dissipative dy-
namics of the system at 1PN order to ultimately deter-
mine the modifications of the gravitational waveform up
to OPN order. This corresponds to NLO in the scalar
radiation. This result can now readily be combined with
pure GR templates — in the TaylorF2 approximation — at
arbitrary precision.

Throughout our work, we have chosen a largely model-
independent ansatz by choosing a generic, polynomial
scalar potential and leaving the scalar-wordline couplings
undetermined. This allows to match our result to a mul-
titude of new physics scenarios, including extensions of
GR as well as of the SM of particle physics, provided an
appropriate coupling to the binary worldlines.

Ultimately, the goal is to set constraints on new physics
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using data from GW observatories. Therefore, we will
as a next step use data from GW170817 to test various
scalar-tensor theories. Once new data is available in the
future, we will then be able to easily repeat the proce-
dure, further narrowing down the window of new physics.

It will also be interesting to extend the calculations to
elliptic orbits, thus allowing to utilize, e.g., pulsar data.

From the EFT point of view, we will extend our compu-
tations to take into account scalar effects which enter at
a higher order in the velocity expansion, further pushing
the precision of our predictions. In addition, our com-
putations may be further generalized by, e.g., including
vector degrees of freedom. These challenging tasks are
left for future work.
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A Redundant Operators

In general, there are many additional worldline couplings of the scalar field beyond the ones shown in Eq. (6). In
fact, Appendix A of [44] lists these couplings explicitly up to terms containing second derivatives in the scalar field ¢
and the metric g,,,,. Here, it is important to note that at this point the authors did not employ any power counting
rules, i.e., these operators do not necessarily contribute at 1PN order. They arrive at the general wordline action

S = [ ar [m(@ )R+ J( @) By + K(6)06 + L(G)w u"V 10,

+ M(p)uu”8,¢0,¢ + N(sb)g“”@ﬂ(b@uaﬁ] :

(A1)

After a series of redefinitions and neglecting operators which cannot contribute at orders lower than v*, one obtains

an equally valid action

(A2)

S = [ dr |m(o) + N(@)g3,00,|

where N = N + a(¢)L 4 2I and a(¢) = dInm(¢)/d¢. It is thus directly shown that all other operators are either
redundant or do not contribute at 1PN order, hence do not have to be considered. Also, the second term can be
identified as the LO finite-size effect due to an external tidal field. In order to further investigate at which PN order
these operators contribute, it is useful to expand m(¢) and N(¢) in a Taylor series:

m(o) = m(0) +a5p- + i+ O . and N(0) = NO)+ F(0) 57 +0(6?) (A3)

Here, primes denote the derivative with respect to the scalar field, and we have defined ¢ = Mp;m/(0) and p =
MZ, m"(0). It is straightforward to identify m(0) with the usual GR mass, while the higher-order derivatives define
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the couplings of the scalar field to the worldline. Employing the power counting rules, it is now easy to see that
at 1PN order the expansion of m(¢) can be truncated beyond the quadratic term. Likewise, it can be shown that
the expansion of N(¢) contributes only from 3PN order for compact objects. The impact of the second term on the
waveform has been investigated in Ref. [33] for massless scalar fields.

Similarly, by expanding the self-interaction potential of the scalar field in a power series, it can be shown that at
1PN order only the cubic self-interaction is relevant. In fact, a self-interaction term of the form ¢™ becomes relevant
at (n — 2)PN order in the expansion.

B Validity of the EFT

Let us comment on the assumptions we make in order for the EFT prescription to be valid. Firstly, throughout the
calculations we assumed that at LO the inspiral is described by Newtonian gravity. This assumption is, e.g., extensively
used when establishing the power counting rules. To justify this perturbative treatment of the binary system, the
Newtonian potential has to remain the LO term even when adding the scalar field, i.e., the scalar exchange has to be
suppressed. This directly gives a constraint on the scalar charges

% <1, and likewise % <1. (B1)
Further, for the cubic self-coupling c3 we note that the three-scalar vertex scales ~ 03M1§1r2L_1/ 2p2. Higher-order
terms in cg scale with higher powers of c3 M3,r%. We thus also demand that |c3|M3,;7? < 1, which implies that

2

2
— <y <1. (B2)
Mg,

|es

With M ~ Mg, this implies |c3| < 10789, which was also noted earlier [43]. However, it is important to keep in mind
that the above constraint only applies for the case when the scalar field behaves effectively massless (i.e., msr < 1),
meaning that it is to be understood as a conservative upper bound on |cs|. If msr < 1 is never achieved during the
inspiral phase, the constraint could be relaxed, since additional exponential suppression in mgr helps to subdue higher-
order c3 terms. In the final expressions for the Lagrangian, binding energy, power loss, and waveform, we always have
a combination of the form c3M?/M3,. Therefore, if c3 fulfills the above-mentioned bound, its effect is still relevant
for the dynamics. While Ref. [43] considered this constraint to be resulting in the need for unnatural fine-tuning on
cs, it is indeed naturally fulfilled in several modified gravity models, such as R? gravity (see e.g., |6, 50]), where the
Einstein-Hilbert action is supplemented with a term quadratic in the Ricci scalar. After performing a transformation
to the Einstein frame one can isolate an additional scalar degree of freedom with a potential of the form [50, 56]

2
V(6) ~ml” — - 0° +0(6") (B3)

where we have dropped O(1) pre-factors for brevity. Hence |c3| ~ m2/MZ,, which is much less than 10780 for
ms < 10713 eV, thus fulfilling the above constraint. If m, > 107 '3€V, then m,r < 1 is never achieved during the
inspiral and hence all contributions of c3 are highly suppressed, meaning that in either case one expects a perturbative
treatment to be valid.

When applying the here obtained results for, e.g., the power loss, we also implicitly assume that the effects from
higher-order worldline couplings and higher-order self-interactions in the scalar field are suppressed. It is reasonable to
presume, on grounds of the established power counting rules, that those terms would only contribute to higher-order
PN orders. However, the numerical values of the parameter accompanying those higher-order operators might be
large enough to still cause relevant effects even at lower orders in the PN expansion. For example, this is the case
with the tidal deformability in pure GR, which formally contributes at 5PN order for non-spinning objects, but might
be relevant even for lower-order waveforms, if its numerical value is sufficiently large.

Lastly, we assume that the worldline coupling coefficients are constant during the inspiral. However, it is expected
that at higher order in the expansion it is necessary to consider time-dependent couplings [22].
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C Complete Kepler Relations and Binding Energy at 1PN

In the following, we give the full expressions for the modified Kepler relations and the binding energy at 1PN order.

Following the procedure outlined in Sec. IV, we solve Eq. (68) for w, now taking into account all scalar effects. This
yields

3

2e ms 3 s s M
2P =15 {e v (ms — ) Ei (— ms) +e v (ms+7)Ei <—m‘)] —1287°Ce” 7 (i + )
2mTMmy Yy Y

3. _ _2mg 9 A _ms _ o 2ma . 2ms _
+ 4y mse” 7 +8y°Qe” 7 | —mge v (ms—7)Ei [ — 5 +v(Bv — 4)m (C1)
_ 2ms _ 2 3
— ms (Ms + ) log — ) tmet 2y (v=2)+7+7°(y(v=3)+1) .
—_—
=TGR

We invert the above expression to arrive at the inverse Kepler law

C: g 317 s _ms . Mg 128 _2ms , _
T= = |:—e = (ms — ) Ei <_ 5 ) —e 7 (ms + 1) Ei <_m>:| 7“%5176 = (ms + )
T

67 T

2mg

4
fgqumse* = 4+

~ e i 2 _ _
Qe = {377‘15@2@ (ms — x) Ei ( m ) + v (—dam, + m? — :v2)

T

©| oo

(C2)

217 1
— 3 (zms + m? 4+ ms + 2% + ) +3ms(ms+x)log< ms)] —g(y—3)x2+x .
x
—_—————
=TGR
To obtain the binding energy in the presence of the scalar field, we compute the Legendre tranformation of the
Lagrangian given in Eq. (63). As a function of v, the binding energy reads

E C M Ms s . 3mg
-8 [ev(ms—v)Ei<—nj;>+ew (ms—l—v)El(— 7:)]

W :47rm5

Mg 2 s _ __2ms
— 64’y§pmse_zT + & [—Smei <_m> — 2ymse = ]
gl

Mg

_ s 21 s
+ Qe { — dimge " (s + ) Ei <:1> +2(—vy + 7 + 2)ms

#am (= m)og (2] = 100 - 3)+2)] - 60 -1 +4).

Plugging in Eq. (C2), we obtain an expression depending on :

E C g M M . 3
28 % [(2ms—x)Ei (—m—> teF (2ms + x) Ei (— m)]
no 6mmg T T

2mg

2ms 4 _ 2mg I 2m
—xépe” = (dms + ) + gfqms [x (—e = ) — 6mEi (— . )}

2

+ ng—T [ — 6imge + (2ms + x) Ei (— ) —4(v — 3)ym? (C4)

T

+4((v = 3) + 3)my + 6y (2 — 2m.) log (”g) +al(v—3)z — 6)}

The definitions of all redefined parameters are collected in Tab. II.

D Renormalization

In this section, we discuss some technical aspects regarding the renormalization procedure. In the computation of
the binding energy (cf. Sec. IV) we have neglected pure self-force diagrams, shown in Fig. 2. Here we show that these
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diagrams solely contribute to the renormalization of the worldline couplings, thus can be absorbed by a redefinition
of the gravitational masses M; and scalar charges ¢;.

Since we employ dimensional regularization, diagrams such as the right one in Fig. 2a simply vanish, since they
contain scale-less and power-law divergent integrals, i.e.,

L [ s

However, couplings of the worldline to itself via a scalar propagator do not vanish identically in this scheme since
they contain the mass of the scalar particle as a physical scale. As such, the left diagram in Fig. 2a evaluates to

N T B ( —zq) / / A3k —1i
S===" Mpy B k2 4 m2 m2

. D2
Sy Gl D Y i - msqz /dt. (b2)
Mp; 47 8w Mg,
——
E5Msf

Note the factor of 1/2 in front, which arises from the expansion of the action and keeping two identical vertices. Also,
we here used

3 .
/(d k 1 dim. reg. 7% (D3)

2m)3 k% 4 m2 4r -

Thus, the above diagram effectively shifts the mass of the neutron star by d My. We denote the mass M appearing in
Spp as the bare mass M,. Likewise, in the following we denote all other bare parameter, i.e., those parameters that
directly appear in the expansion of the point-particle action, with a subscript ‘b’. Then, at lowest order, the bare
mass is shifted to the physical mass with

2
Mphys = My + 6 My = My, + 87:3551 . (D4)
By calculating all diagrams in which a single graviton is coupled to the second NS we should get the same result for
the renormalized mass of the first neutron star as the one given in Eq. (D4). Contributing diagrams are the ones
given on the left in Fig. 2b and in Fig. 1bv), respectively. Indeed, the first one evaluates to ~ 26 M and the second
contributes with ~ —J Mg, thus yielding the same total mass shift as in Eq. (D4).
In addition to the mass, the scalar charge also obtains corrections due to self-force diagrams shown in Fig. 2c.
Evaluating this integral leads to

db Pb
dgse =m . D5
gst s 47TM1%1 ( )
However, additional contributions are coming from diagrams in Fig. 1bvi) and 1bvii), which are not pure self-force
diagrams (in the sense that they do not only contain diverging integrals). In total, we obtain

gicslog3  msMygy 7y
167m 327TM1%1
b |[prms | gocslogd  moMyy

™ Ve im,  8MZ |’

Gphys = Qb + (quf +
(D6)

with v denoting the Euler-Mascheroni constant and log denoting the natural logarithm.

In summary, by expressing the bare charge and mass in terms of the physical charge and mass via Egs. (D4) and
(D6), we automatically cancel all pure self-force diagrams appearing in Fig. 2 and additionally also all redundant
terms that appear when evaluating the diagrams in Fig. 1.

E Radiated Energy in Multipole Moments of the Scalar Field

Let us outline how to compute the power loss via scalar radiation. The general procedure to perform the multipole
expansion of a massless scalar field without self-interactions is described in Ref. [53]. Here, a general formula is
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FIG. 6: Leading order linear emission diagram, which allows calculating the power emitted in scalar radiation. Here 7%
denotes the L multipole moment of the linear source term.

presented to obtain the emitted power in arbitrary moments due to the LO linear emission diagram in Fig. 6. Since
we here consider a massive, self-interacting scalar field, we appropriately modify the derivations of [53] to obtain
adapted expressions for the power loss. For the convenience of the reader, we also repeat some of the initial steps of
the calculation presented in [53], but refer to this publication for the full amount of details.

Considering a linear source term, the relevant part of the scalar field action can be written as

_ 4 1 1

We assume the source to be localized and Taylor expand the field coupled to J at the origin, which we choose to be
inside the source:

Z ““'n— (On0)(t,0) . (E2)

Inserting this expansion into the linear source term and decomposing the source moments into symmetric and trace
free (STF) tensors, we further obtain

1 2l + 1
Sore = Vo dz*J¢ = —/d Z 0 Z 2l—|—2p+ i /d3a:Jr2pa: e (V2POL . (E3)

At this point Ref. [53] utilizes that outside the source O¢ = 92¢ — V2¢ = 0, and thus V3¢ = 92¢, in order to turn
the contracted spatial derivatives acting on the last term into time derivatives. However, as was also recently noted
in Ref. [30], in the case of non-vanishing potential the equation of motion instead reads O¢ = 82¢ — V2 = —V'(9),
hence V2¢ = 8?¢ + V'(¢). Since we only consider linear emission diagrams, we can truncate all non-linear terms in
V', i.e., only the mass term is relevant. Therefore, Eq. (E3) becomes

(20 + 1) ,
Sare MPI/ ZZ'Z @i 2l+2p+1)”/dsmjr2pm§TF(a§+mg)paL¢. (E4)

Partial integration with respect to time now also allows having time derivatives acting on the source term J instead
of the field ¢. We can thus write

Z L
Ssrc - ]\4})1 /dt l'I 8L¢) ) (E5)
with the multipole moments Z” given by
= (20 + 1)1
=2 i ap e | CEr e O £ mnT (E6)

Up to OPN order, the relevant terms are given by

, 1 y o
I _, :/d?’wwﬂ], I_, = 0 Po' (0] +m2)r*J, and T, :/dSw ('@’ | g - (ET)
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We now turn to the calculation of the emitted power. The diagram shown in Fig. 6 evaluates to

¢
POt LIS < 1 1 - d4k eiko(tlftz) -
’ =—— [dt; [ dt2T"(t:1)T"(¢ / k" k"
: \ M2, 11! / 1/ 20T (%) (2m)4 k2 — m? + ie
L IL’
ES8)
1 1 d*k 1 i i (
- T (ko))" (ko) kL kL
MZ / (2m)* k2 — m? + ie (ko)Z" (ko)

1 1 ko dk 7 7 1 7
=—— [ 20 [gq [ S g2l L T* (ko)Z* (ko)*
Ml?)ll!l!/%r/ /(27r)3 nn k% — k2 — m? +ie (ko)™ (ko)™ ,
where n = k/|k|. In the second line, we have expressed the moments Z in terms of their Fourier modes, and
subsequently switched to spherical coordinates. The surface integral results in

= 4w
L L __ ¢l
/dQn n-"=9 7(21+1)”l!, (E9)
such that
¢
7T N 1 1 1 2 1
/ \ = = = | dke | dk k¥ |TE(k
A M2, n(zz+1)!!4773/ 0/ 75 (ko) k2 — k2 —m2 + e (E10)
Ik I
1 1 ) 2

- - v L 2\I+1/2 | 7L
M2, z!(zz+1)!!4ﬂ2/dk°(k° ) T (ko)

In the second line, we have solved the dk integral by closing the contour around the pole k = ++/kZ — m? in the
upper plane. The emitted energy is thus given by

1 1 m?2\ /2 242 | 7L, |2
— _s
P= l!(2l+1)!!47r2M1§1T/dw (1_ w2> W[ (E11)

where T' = 276(0) and kg = w. The same result was presented in Ref. [28], but without elaborating on the calculation
and the authors did not mention that the multipole moments also have to be modified in the massive case.

F Computation of the Feynman Diagrams

In this section, we explicitly compute the Feynman diagrams which are shown in the main text. First, let us give a
general recipe on how to compute the diagrams to a certain PN order with the power counting scheme from Sec. III.
A similar discussion is found in Ref. [26].

1. Expand the full action of the theory (1) in powers of the velocity v, as shown in Sec. IV. This renders all vertices
between the NS worldlines, the scalar field, as well as the graviton field.

2. Decompose the fields into radiation and potential modes. From the power counting rules derived in Sec. III,
identify the PN order at which a vertex contributes.

3. From the action expansion, read off the Feynman rules for the given interactions. These are multiplied by a
factor ¢ from the expansion of the path integral. An overview of the relevant interactions at 1PN order, together
with their corresponding velocity scalings and Feynman rules, is given in Tabs. IV and V.

4. Draw all diagrams that contribute to the desired PN order. Here, consider only diagrams which remain connected
when the wordlines are removed. Note that potential modes can only appear as internal lines, while radiation
modes solely enter as external legs. For any internal line, multiply by the respective propagator. In addition,
neglect quantum loop diagrams as they are suppressed by /L [14], with L the orbital angular momentum of
the system.

5. Collect the combinatorial factor for each diagram. This includes both pre-factors from the expansion of the
path integral, as well as symmetry factors from the Wick contractions.
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Feynman Rules

Diagram Scaling Expression
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TABLE IV: Feynman rules necessary to compute the binding energy diagrams at 1PN order.

Diagram Scaling Expression
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TABLE V: Feynman rules involving the radiation modes, up to 1PN order.

2 Conservative Dynamics
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We start with the calculation of the conservative dynamics. This comprises all diagrams at 1PN which only contain

hard scalar and graviton modes (cf. Fig. 1).
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)

where we drop the second term in the second to last line as it vanishes in dimensional

regularization.
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This is solved by using spherical coordinates and partial integration.
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At this point, we again switch to spherical coordinates and apply partial integration.
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3 Scalar Radiation

Now we compute the diagrams that contribute to the radiative dynamics of the system. For the gravitational
waveform at NLO, it is sufficient to consider the scalar radiation.
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Again we identify the contribution of this diagram to the source term:
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