
Scalar emission from binary neutron stars in scalar-tensor theories
with kinetic screening

Ramiro Cayuso ,1,2,* Adrien Kuntz ,3,† Thiago Assumpção ,4,‡

Miguel Bezares ,5,6,§ and Enrico Barausse 1,2,∥
1SISSA, Via Bonomea 265, 34136 Trieste, Italy and INFN Sezione di Trieste

2IFPU-Institute for Fundamental Physics of the Universe, Via Beirut 2, 34014 Trieste, Italy
3CENTRA, Departamento de Fisica, Instituto Superior Técnico-IST, Universidade de Lisboa-UL,
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We investigate the scalar emission from binary neutron stars in shift-symmetric scalar-tensor theories
with kinetic screening (K-essence), using 3þ 1 numerical simulations in the decoupling limit. To construct
static binary initial data in the regime where the screening radius r� greatly exceeds the orbital separation,
we introduce a hyperbolization of the static field equations that bypasses the Keldysh-type breakdown
affecting direct time evolutions. For equal-mass binaries, where the scalar emission is dominated by the
l ¼ m ¼ 2 mode, kinetic screening acts nonmonotonically on the scalar radiation, suppressing or
enhancing the quadrupolar amplitude depending on the relative size of r� and λ22 (with λ22 the
wavelength): for λ22 ≪ r� it is suppressed relative to the Fierz-Jordan-Brans-Dicke (FJBD) case, while
for λ22 ≳ r� it is amplified above FJBD. For unequal-mass binaries a scalar dipole reemerges, growing
linearly with the mass asymmetry, while the quadrupolar screening remains close to the equal-mass case
down to mass ratios ∼0.6. The nonmonotonic behavior of kinetic screening that we uncover has potential
implications for gravitational-wave-based tests of gravity. The relativistic double pulsar, in particular,
requires r� ≫ 109 km to efficiently suppress the scalar quadrupole; for cosmologically-motivated Λ, r� ∼
1011 km (for a solar-mass source), giving only moderate suppression.
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I. INTRODUCTION

Gravitational-wave (GW) observations of coalescing
compact binaries [1–5] now probe gravity in the strong-
field, highly dynamical regime, renewing interest in exten-
sions of general relativity (GR) that add one or more degrees
of freedom beyond the spacetime metric. Among the most
studied of such extensions are scalar-tensor theories [6–11],
in which a single scalar field is coupled nonminimally to

gravity and/or matter. Besides serving as theoretical labo-
ratories for testing GR in the strong-field regime, scalar-
tensor theories are also motivated on cosmological grounds:
suitably chosen models can account for the observed late-
time accelerated expansion of theUniversewithout invoking
a cosmological constant [12–14], while still satisfying
stringent Solar-System bounds [15].
A particularly rich such class is that ofK-essence theories,

originally introduced in the inflationary context [16] and
later exploited for dark-energy scenarios [17,18]. Their
defining feature is a noncanonical kinetic term for the scalar
field φ through a generic (nonlinear) functionKðφ; XÞ (with
X ¼ gμν∂μφ∂νφ), thereby introducing first-derivative scalar
self-interactions. A salient feature of some of these theories
is that their derivative self-interactions can dynamically
switch off modifications of GR in the vicinity of compact or
otherwise high-density sources, through the so-called
kinetic screening or k-mouflage mechanism [19–25]. In
quasistatic, quasispherical configurations, kinetic screening
confines departures from GR to length scales larger than a
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characteristic screening radius r�: inside r� the scalar-matter
coupling is effectively suppressed and the dynamics
approaches that of GR, whereas outside r� one recovers
the phenomenology of a Fierz-Jordan-Brans-Dicke (FJBD)
theory [6–8], i.e. a massless scalar-tensor theory in
which a single scalar couples universally to matter through
a conformal rescaling of the metric, controlled by one
dimensionless coupling. This two-regime structure makes
these theories particularly appealing from a phenomeno-
logical viewpoint, since it potentially reconciles Oð1Þ
scalar-matter couplings at cosmological scales with the tight
bounds placed locally by Solar-System and binary-pulsar
tests [26–28].
The near-luminal propagation of GWs inferred from

GW170817 [29,30] further restricts the viable landscape of
scalar-tensor theories. When this constraint is combined
with the requirement that GWs do not decay into dark-
energy fluctuations [31,32] and with the demand of non-
linear stability for the scalar mode [33], the class of
viable theories is effectively singled out to be precisely
that of K-essence with a conformal matter coupling [24]. It
is therefore of considerable interest to sharpen the obser-
vational predictions of this class of theories for compact
binary systems.
Realizing this program, however, runs into a well-known

difficulty of K-essence models: in the fully nonlinear
regime, the scalar Cauchy problem can become ill
posed [21–23,34–38]. In some situations the scalar equa-
tions of motion lose hyperbolicity (“Tricomi-type” break-
down), whereas in others they formally remain hyperbolic
but their characteristic speeds can diverge (“Keldysh-type”
breakdown), preventing any numerically feasible evolution.
Several strategies have been devised to handle these
obstructions: one can restrict the form of KðXÞ to sub-
classes that automatically preserve hyperbolicity [34,36]
and thus rule out Tricomi breakdown; one can modify
(“fix”) the evolution equations by introducing auxiliary
dissipative fields whose impact on secular dynamics is
negligible [22,39,40]; one can exploit gauge freedom to
bound the characteristic speeds [36,37]; or one can
attempt a UV completion of the theory [38], keeping in
mind that such a completion may not be compatible
with the very existence of the screening mechanism [41].
Even so, Keldysh-type pathologies can still arise in
physically relevant situations such as gravitational collapse
[21,22,36,42–44].
These technical advances have made possible the first

full numerical-relativity simulations of stellar collapse [22]
and of neutron-star binary mergers [37] in K-essence with
screening. The resulting phenomenology is, however, more
subtle than one might have expected. Stellar collapse was
found to break kinetic screening, with a substantial amount
of scalar radiation being emitted at low frequencies,
potentially within the sensitivity band of future space-
based interferometers such as LISA [22]. For inspiralling

neutron-star binaries, Ref. [37] reported clear suppression
of the scalar dipole emission, but an essentially unscreened,
or even slightly enhanced, scalar quadrupole. Taken at face
value, and extrapolated to the wider range of orbital
frequencies probed by binary pulsars, such a result
would carry far-reaching implications for the viability of
K-essence, since an unsuppressed scalar quadrupole would
enter radiation reaction at essentially the FJBD level, a
regime tightly constrained by binary-pulsar timing. On the
other hand, studies of scalar perturbations on static neutron-
star backgrounds in K-essence [23] and analogous inves-
tigations in Galileon scalar-tensor theories [45–51] do find
efficient suppression of quadrupolar emission, but only
once the wavelength of the scalar perturbation is well below
r�—a regime that the binary neutron star (BNS) simula-
tions of Ref. [37] could barely access, given the resolution
requirements at realistic cosmologically-motivated values
of the strong-coupling scale Λ, for which r� ∼ 1011 km
around a solar-mass star.
A first step toward bridging this gap was taken in

Ref. [52], which studied neutron-star/black-hole (NS-
BH) binaries in K-essence in the decoupling limit, i.e.
evolving only the scalar sector on a flat background while
modeling the scalar source with an effective point-particle
description—a strategy that had proven effective in
Galileon theories [45–51]. The decoupling limit allowed
Ref. [52] to reach separations of scales between the
screening radius and the wavelength of the emitted radi-
ation that are inaccessible to full-fledged numerical rela-
tivity. In that analysis, the shift symmetry of the underlying
K-essence theory plays a simplifying role: by known no-
hair arguments for stationary black holes in shift-symmetric
theories [53–55], the black hole carries no scalar charge,
so that only the neutron star sources the scalar field,
with the black hole entering only through Kepler’s law.
Reference [52] analytically demonstrated and numerically
confirmed the screening of dipolar radiation in this setup;
numerically, the quadrupole was found to be only mildly
suppressed (by a factor ≲3 at the smallest Λ accessible to
the simulations) relative to its FJBD value.
BNS systems, however, occupy a physically distinct

region of parameter space, and are among the most
observationally relevant sources for constrainingK-essence
theories. On the one hand, they include the binary pulsars
that provide some of the most stringent existing tests of
radiation reaction in scalar-tensor gravity [26–28]. On the
other hand, in a BNS, the scalar dipolar channel is
intrinsically suppressed: unlike the NS-BH case of
Ref. [52], in which the black-hole scalar charge vanishes
and the two-body charge asymmetry is therefore maximal,
a BNS contains two stars of comparable scalar charge, so
that the dipole emission is small already at the FJBD level
and vanishes identically for identical bodies. The quadru-
pole thus becomes the dominant scalar-emission channel
for near-equal-mass BNSs. For exactly equal masses (and
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equal sensitivities) the dipole vanishes, isolating the quad-
rupolar channel; varying the mass ratio switches the
dipole back on and lets its impact on the quadrupole be
probed. Understanding how kinetic screening acts on
these multipoles separately, and as a function of the mass
ratio, is thus essential to connect the numerical studies of
Refs. [23,37,52] to observations.
In this work, we address this question through 3þ 1

numerical simulations of the scalar sector in the decoupling
limit, sourced by two orbiting compact objects that both
carry a nonvanishing scalar charge. We thereby extend the
effective-source approach of Ref. [52] to the BNS case.
A key technical challenge is the construction of static
binary initial data in the regime in which the screening
radius is much larger than the orbital separation: in that
regime, we find that a direct time evolution of the scalar
field toward the static configuration is generically plagued
by Keldysh-type breakdown developing during the tran-
sient, which enforces prohibitively restrictive Courant-
Friedrichs-Lewy (CFL) conditions. To overcome this, we
devise a hyperbolization [56,57] of the static scalar-field
equations themselves: the resulting evolution is free of
Keldysh pathologies and relaxes smoothly to the desired
binary static configuration. Starting from such initial data,
we ramp up the orbital angular velocity to its Keplerian
value and extract the outgoing scalar radiation.
Our main physical findings can be summarized as

follows. For equal-mass binaries, where the scalar emission
is dominated by the l ¼ m ¼ 2 mode, the quadrupolar
amplitude exhibits a nonmonotonic dependence on Λ:
when the wavelength λ22 of the scalar radiation is smaller
than r�, the amplitude is suppressed relative to the FJBD
case, with a scaling consistent with A ∝ r−4=5� ; when
λ22 > r�, it is instead amplified above FJBD, with
A ∝ r2=5� .1 These findings reconcile and extend the screen-
ing behavior observed in full numerical-relativity BNS
simulations [37] and in perturbative studies of isolated
stars [23]; the enhancement regime, however, was not
reported in the NS-BH simulations of Ref. [52], where the
quadrupole was found to be monotonically suppressed. For
unequal-mass binaries, a scalar dipole reemerges, with an
amplitude that grows linearly as the mass ratio departs from
unity, while the quadrupolar amplitude decreases quadrati-
cally; the screening behavior of the quadrupole, however,
remains close to the equal-mass case for mass ratios larger
than ∼0.6. Taken together, our results show that kinetic
screening acts nonmonotonically on the scalar radiation
emitted by compact binaries, suppressing or amplifying

the signal depending on the relative size of r� and λ22—a
feature that should be taken into account when using
BNS observations to constrain K-essence, whether
through binary-pulsar timing or future ground-based
gravitational-wave detectors. In the double pulsar PSR
J0737-3039 [27,58], for instance, λ22 ∼ 109 km, whereas
cosmologically-motivated values of Λ yield r� ∼ 1011 km
around a solar-mass source: the system thus lies in the
screened region of parameter space, but only moderately
so, and the r−4=5� scaling found above implies a quadrupole
emission suppressed relative to FJBD by a few tens.
The rest of this paper is organized as follows. In Sec. II, we

introduce the class of scalar-tensor theories that we consider
and describe how binary neutron-star systems are modeled
through a two-body effective source, highlighting the
differences from the NS-BH case of Ref. [52]. Section III
presents our numerical framework: the hyperbolized solver
used to build static binary initial data, the orbital evolution,
and the results obtained in the equal- and unequal-mass
regimes. We summarize our findings and discuss their
observational implications in Sec. IV. Section II A provides
an analytic scaling argument for the equal-mass BNS
quadrupole at large distances, complementing the numerical
results of Sec. III and accounting for the observedA ∝ r−4=5�
scaling in the regime λ22 ≪ r�. Throughout this paper, we
use geometric units in which c ¼ ℏ ¼ 1.

II. THEORETICAL SETUP

We focus on the shift-symmetric subclass of K-essence
scalar-tensor theories in which the nonminimal kinetic
function depends only on the canonical kinetic term
X ≡ gμν∂μφ∂νφ, while matter fields couple universally to
a Jordan-frame metric g̃μν ¼ AðφÞgμν whose conformal
factor depends only on φ [20–23,25]. The action takes
the form

S ¼
Z

d4x
ffiffiffiffiffiffi
−g

p �
M2

P

2
Rþ KðXÞ

�
þ Sm½AðφÞgμν;Ψm�; ð1Þ

with M2
P ¼ 1=ð8πGÞ [G being Newton’s constant] the

Planck mass; R the Ricci scalar of the Einstein-frame
metric gμν; and Ψm collectively denoting the matter fields.
We adopt the effective-field-theory (EFT) expansions

KðXÞ ¼ −
X
2
þ β

4Λ4
X2 −

γ

8Λ8
X3 þOðX4Þ; ð2Þ

AðφÞ ¼ exp

�
2α

φ

MP
þOðφ2Þ

�
; ð3Þ

truncated at the order displayed. The coefficients α, β and γ
are dimensionless numbers of Oð1Þ, while Λ sets the
strong-coupling scale of the EFT. Requiring the scalar to
mimic dark energy at late cosmological times singles out

1We caution that the explicit scaling exponents quoted here
have been derived within the cubic K-essence truncation adopted
in this work [Eq. (2), with β ¼ 0 and γ ¼ 1], which ensure
hyperbolicity of the field equations [34,36]; while we expect the
qualitative nonmonotonic picture to be robust, the precise
exponents may depend on the inclusion of higher-order operators.
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Λ ∼ ðH0MPÞ1=2 ≃ 2 × 10−3 eV, with H0 the Hubble
rate today.
Tricomi-type pathologies of the scalar Cauchy problem

are avoided whenever KðXÞ obeys the hyperbolicity
bound [34,36]

1þ 2
K00ðXÞX
K0ðXÞ > 0: ð4Þ

For the truncation in Eq. (2), this is satisfied for all X by
taking β ¼ 0 and γ > 0; throughout this work we set β ¼ 0
and γ ¼ 1, and we have checked that our conclusions do
not depend sensitively on this prescription. The radiative
stability of the truncation in the nonlinear screened regime
has been established in Refs. [59,60].
Varying the action (1) with respect to φ gives the scalar

equation of motion

∇μ½K0ðXÞ∇μφ� ¼ Σ; ð5Þ

with source

Σ≡ 1

2
ffiffiffiffiffiffi−gp δSm

δφ
: ð6Þ

When matter couples universally and minimally to g̃μν (i.e.
in the absence of strong-equivalence-principle violations),
Eq. (6) reduces to Σ ¼ ðα=2MPÞT, with T ¼ gμνTμν the
Einstein-frame trace of the matter stress-energy ten-
sor Tμν ≡ ð2= ffiffiffiffiffiffi−gp ÞδSm=δgμν.
State-of-the-art numerical-relativity studies of compact

binaries in K-essence [21–23,25,37] evolve the metric
jointly with a fluid description of the stars. In the present
work we adopt instead the worldline approach used
routinely both in GR and in modified gravity theories
[45,46,49–51,61–64] and employed for the neutron star-
black hole problem in Ref. [52]: each neutron star is
replaced by an effective point particle, so that the matter
sector is described by the two-body action

Sm ¼ −
X2
i¼1

Z
m̃iðφÞdτ̃i; ð7Þ

where i ¼ 1, 2 labels the two stars and the proper time
along each worldline is measured with respect to the
Jordan-frame metric, i.e.

dτ̃i ¼ eαφ=MP

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−gμνdxμdxν

q
: ð8Þ

Inside a compact object, the scalar field renormalizes the
effective conformal coupling by an amount that reflects
the body’s strong-field structure; this is encoded in the
explicit φ-dependence of m̃i. The resulting violations of
the strong equivalence principle are parametrized by the

dimensionless sensitivities [61,62,65,66]

si ≡ −
∂ ln m̃i

∂ lnA

����
φ¼φ0

; ð9Þ

evaluated on the background scalar configuration φ0.
Inserting Eq. (7) into Eq. (6) and carrying out the

functional derivative, the scalar source becomes a sum
over the two bodies of Dirac delta distributions weighted by
the individual scalar charges,

Σ ¼ −
1

2MP

X2
i¼1

αimiffiffiffiffiffiffi−gp
uti
δð3Þðx − xiðtÞÞ; ð10Þ

wheremi ≡ m̃ieαφ=MP are the Einstein-frame masses, uμi the
Einstein-frame four-velocities, xiðtÞ the body positions, and

αi ≡ αð1 − 2siÞ ð11Þ
is the Einstein-frame scalar charge of the ith star [62]. The
sensitivity-independent expression Σ¼ðα=2MPÞT obtained
above is recovered in the si → 0 limit of Eq. (10).
In Ref. [52], which considered black-hole-neutron-star

binaries, the sum in Eq. (10) reduced to a single term, since
the shift symmetry ofK-essence forces the black-hole scalar
charge to vanish [53–55] (equivalently, sBH ¼ 1=2 and
αBH ¼ 0), and the black-hole mass therefore entered the
scalar dynamics only through Kepler’s law. Here, by
contrast, both bodies source the scalar field, each with
its own mass mi and sensitivity si, and with scalar charges
α1 ≠ α2 unless the two stars are identical. Note, however,
that the sensitivities and the (Einstein-frame) masses enter
the scalar source in Eq. (10) only through the products
αimi ¼ αð1 − 2siÞmi. At fixed orbital kinematics—i.e.
fixed angular frequency Ω and body positions xiðtÞ—the
scalar problem is therefore invariant under the rescaling
mi → ð1 − 2siÞmi, which reabsorbs the sensitivities into
effective scalarmasses. For this reason, and because efficient
local kinetic screening around compact stars suggests that
neutron-star sensitivities in K-essence are small to begin
with [21,22], in the numerical simulations presented below
we set s1 ¼ s2 ¼ 0 (so that α1 ¼ α2 ¼ α) without loss of
generality: our results apply to arbitrary pairs of neutron-star
sensitivities through the rescaling above.
Finally, as in Ref. [52], we work in the decoupling limit:

the background metric gμν entering Eqs. (5) and (10) is set
to Minkowski, and gravitational dynamics is retained only
through the Keplerian relation between the orbital angular
frequency Ω and the binary separation a ¼ a1 þ a2,

Ω ¼
ffiffiffiffiffiffiffiffi
GM
a3

r
; ð12Þ

where ai denotes the distance of the ith star from the
binary’s center of mass, andM ¼ m1 þm2 is the total mass
of the system.
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A. Expected scaling of the quadrupole

In this section, we present an analytic argument that
predicts the A ∝ r−4=5� scaling of the equal-mass BNS
quadrupolar amplitude in the regime λ22 ≪ r�, which will
be confirmed by the numerical results of Sec. III.
Analytically, we have not been able to fully solve for the

scalar field dynamics in the BNS case. This is because the
approach used in Ref. [52], which allowed us to obtain the
scalar field in the near zone of the binary, is not easily
generalized to the BNS case. Without a near-zone solution
to the scalar equation of motion, we cannot perform the
matching computation developed in Ref. [52], which is
essential to analytically obtain the amplitude of the scalar at
infinity.
This difficulty, however, does not prevent us from

obtaining relevant solutions to the scalar field at distances
far from the source, which is the purpose of this section. We
will not predict the exact amplitude of the scalar, but its
scaling with the parameters of the problem can be obtained
by analogy with our previous computation. At large
distances from the source (jxj ≫ a), one can still use the
same ansatz as in Ref. [52] to perturbatively solve for the
scalar as a static background component plus a small
perturbation

φðt; xÞ ¼ φSSðjxjÞ þ φ1ðt; xÞ; ð13Þ

where φSS is the spherically symmetric field generated by
the total mass M of the binary, solving

1

r2
∂rðr2K0ððφ0

SSÞ2Þφ0
SSÞ ¼ −

αM
8πr2MP

δðrÞ: ð14Þ

Let us consider an equal-mass BNS. By symmetry, there is
no dipolar emission so that φ1 is quadrupolar at lowest
order. We expand it in Fourier modes and spherical
harmonics as

φ1 ¼ e−2iΩt
X
m

AmRðrÞY2mðθ;ϕÞ þ c:c:; ð15Þ

where c.c. denotes complex conjugation. In the following,
we will focus on the m ¼ 2 perturbations. Substituting this
ansatz in the scalar equation of motion (5) and linearizing in
φ1, we obtain the same equation as in Ref. [52],

1

r2
∂r½r2ðK0 þ 2XSSK00ÞR0� þ K0

�
ω2 −

6

r2

�
R ¼ 0; ð16Þ

this time for the quadrupolar solution l ¼ 2, with ω ¼ 2Ω
the frequency of the l ¼ m ¼ 2 mode. At distances much
larger than both the screening radius r� and the quadrupolar
wavelength λ22 ¼ π=Ω, the solution to Eq. (16) is

RðrÞ ≃ e2iΩr

rΩ1=2 e
−1.12Ωr� ; ð17Þ

where the constant 1.12 comes from a numerical integral
(see Ref. [52] for details). We have therefore solved for the
scalar quadrupole at large distances from the source up to a
free amplitude A2. We expect the matching to proceed
similarly to that of Ref. [52], with the notable difference
that a quadrupolar field is further suppressed by a factor
aΩ. This implies that, up to an order-one constant C,

A2 ¼ Cr−4=5�
M
MP

a2Ω17=10; ð18Þ

obtained under the assumption that the screening radius is
much larger than the quadrupolar wavelength, r� ≫ λ22.
This explains the scaling of the scalar amplitude at infinity
that we observe in the numerical simulations of Sec. III—in
particular, the proportionality A ∝ r−4=5� in the deep-
screening regime λ22 < r�. Finally, note that this argument
relies on the lowest-order scalar perturbation being quad-
rupolar, which is the case for an equal-mass BNS. For
unequal masses, there could be an interplay between
dipolar perturbations sourcing a quadrupolar field, which
we leave to future work.

III. NUMERICAL SIMULATIONS

In this section, we present our numerical simulations. We
first construct the static binary configurations and then use
them as initial data for the subsequent orbital (Keplerian)
evolution. We start from equal-mass binaries—in which
symmetry allows the quadrupolar screening to be studied in
isolation from dipolar emission—and then turn to systems
with varying mass ratio.

A. Numerical scheme

Thenumerical scheme is the same as that used inRef. [52].
The evolution code is a Simflowny-based 3D code [67–70]
which is parallelized and possesses adaptive mesh refine-
ment (AMR) through the SAMRAI infrastructure [71–73].
Fourth-order finite difference operators are used to discretize
the equations and a fourth-order Runge-Kutta time integrator
is implemented for the evolution. The computational domain
lies in the range ½−12500; 12500�3 km3, containing 10
refinement levels. Each level has twice the resolution of
the previous one, achieving a resolution of Δx10 ¼
0.123 km on the finest grid. We use a Courant factor λc ≡
Δtl=Δxl ¼ 0.3 on each refinement level l.

B. Sources

The theoretical framework introduced in Sec. II describes
the matter sector through an effective point-particle action.
While this description is sufficient to analytically derive
expected scaling of the quadrupole, a direct numerical
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implementation of pointlike sources would require resolving
the singular behavior of the source terms. For this reason, in
the numerical simulations we replace each point particle by a
smooth matter distribution that approximates the neutron
star. This regularization is purely numerical and does not
modify the long-wavelength scalar radiation, which is the
quantity of interest in this work. The validity of this approach
was investigated in detail in Ref. [52], where we demon-
strated that different choices of smooth source profiles lead to
indistinguishable radiative observables while substantially
reducing the numerical resolution requirements.
To model the matter sources corresponding to the

neutron stars, we adopt the same approach as in
Ref. [52], where the energy density is given by the
superposition of two smooth spherical profiles as follows,

ρðt; x; y; zÞ ¼
X2
i¼1

Air̃2i
ð2πσÞ3=2 exp

�
−
�
r̃i − rp

σ

�
2
�
; ð19Þ

where r̃i ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xiðtÞ2 þ yiðtÞ2 þ zðtÞ2

p
, with xiðtÞ ¼ xþ

ð−1Þiai cos ðΩtÞ, yiðtÞ¼yþð−1ÞiaisinðΩtÞ and ziðtÞ ¼ z,
where ai is the distance of each star to the center of mass of
the binary system, constrained by m1a1 ¼ m2a2. The
normalization constants Ai fix the individual masses of
each star. The value of σ is fixed such that 99% of the mass
of each star is contained within a stellar radius rs, which for
simplicity will be equal for both stars. The parameter rp is
used to adjust the shape of the shell-like profile. As shown
in Ref. [52], this shell-like profile relaxes the resolution
required to evolve stellar solutions, while leaving the
outgoing radiation unaffected.

C. Initial conditions: Binary static configuration

Finding the static scalar field configuration for a binary
system is considerably more challenging than in the isolated
star case. Numerical solutions and analytical approxima-
tions were presented in [20,25]; however, in those cases the
binary separation in the Keplerian orbit was not sufficiently
small compared to the screening radius to suppress scalar
radiation, and therefore not within one of the regimes of
interest considered in this work (i.e. λ22 ≪ r�).
In principle, since we ultimately evolve the system of

equations in time, one could begin from an arbitrary field
configuration and allow the system to relax toward the
solution dictated by the static matter source. In practice,
however, we find that this approach can lead to pathological
behavior. Due to the characteristic structure of the equa-
tions, the field may develop very large propagation speeds,
triggering a Keldysh-type breakdown and imposing
extremely restrictive CFL conditions to maintain numerical
stability. This issue persists even with more informed initial
conditions, such as a superposition of single-star static
solutions, and becomes increasingly severe as Λ and the
binary separation a decrease.

To overcome these difficulties, we instead adopt a
hyperbolization of the static field equations, whereby an
elliptic partial differential equation (PDE) is transformed
into a hyperbolic PDE for relaxation [56,57]. Unlike the
original evolution system, the resulting set of equations has
a well-behaved characteristic structure and is free from
Keldysh-type instabilities. This allows one to obtain the
desired static configuration by evolving from arbitrary
initial data in a stable manner. The static limit of Eq. (5)
is given by

0 ¼ ∂iðK0ðX̃Þψ iÞ − Σ; ð20Þ

where we define ψ i ≡ ∂iφ and X̃ ¼ ψ iψ
i. The hyperbolized

version of this last equation reads

∂
2
τφþ η∂τφ ¼ ∂iðK0ðX̃Þψ iÞ − Σ; ð21Þ

where we have introduced a relaxation time τ and a
damping parameter η. Through a combination of wavelike
error propagation and numerical dissipation, the relaxation
drives the hyperbolized equation toward the solution of the
original elliptic system as both ∂

2
τφ and ∂τφ approach zero

in the steady-state regime. In practice, we perform the
relaxation by numerically solving Eq. (21) as a first-order
system in time and space:

∂τΨ̃ ¼ ∂iðK0ðX̃Þψ iÞ − Σ; ð22Þ

∂τψ i ¼ ∂iΨ̃ − ηψ i; ð23Þ

∂τφ ¼ Ψ̃ − ηφ: ð24Þ

In order to reduce the time it takes until the solution
relaxes to the static configuration, we prescribe initial data
corresponding to the static solution for a single star with
mass equal to the total mass of the binary. This way, the
asymptotics of the initial configuration already match those
of the binary’s static solution. In Fig. 1 we show the
relaxation of ψ iψ

i (i.e. derivatives squared of the scalar
field) from its initial single-star configuration to the final
binary configuration.
Figure 2 shows the derivative squared of the scalar field

ψ iψ
i across the axis of symmetry for different values of Λ

at fixed mass ratio μ≡m2=m1 ¼ 1, as well as one case
with μ ¼ 0.5. Here the screening mechanism is clearly
observed: as Λ decreases, the derivatives of the field are
more strongly suppressed and the screening radius (located
roughly where the screened solutions match the FJBD
solution) increases.
We note that, in order to obtain the solutions presented

above, it was necessary to suppress the nonlinear inter-
actions of the scalar field within certain regions inside the
star. As mentioned previously, removing the matter source
in the stellar interior is sufficient, in the single-star case, to

RAMIRO CAYUSO et al. PHYS. REV. D 114, 024073 (2026)

024073-6



prevent the development of field profiles that would require
extremely high resolution to maintain numerical stability.
The situation changes in the presence of a companion star.
In this case, the scalar field generated by the companion
effectively acts as a source within the otherwise empty
interior, generating steep profiles that again demand high
resolution. To address this issue, we smoothly suppress the
nonlinear interactions of the scalar field within a small
region inside the star by introducing a spatial dependence in
1=Λ8, given by

�
1

Λ8

�
S
¼

�
1

Λ8

�Y2
i¼1

1

2

�
1þ tanh

�
σS

�
r̃i
rS

���
; ð25Þ

where rS and σS are parameters chosen to adjust the region
where nonlinear interactions are turned off. With this
prescription we are able to construct the static solutions
and keep a stable evolution without altering the solutions of

physical observables in the exterior of the stars. InAppendix,
we demonstrate that varying the suppression parameters,
such as rS and σS, and thus modifying the suppression
profile, changes slightly the scalar-field configuration only
within the stellar interior. The exterior solution and, con-
sequently, the radiative observables remain unchanged.

D. Evolution

Once we have obtained a solution to the static problem,
the next step in studying scalar radiation from the binary is
to place the system in orbit. To this end, we prescribe a
time-dependent orbital angular velocity ΩðtÞ for the
sources, allowing it to evolve smoothly from zero to its
Keplerian value over a timescale tramp ¼ 3.9 ms,

ΩðtÞ ¼
(
Ω ð2tramp−tÞt

t2ramp
if 0 < t < tramp;

Ω if t ≥ tramp:
ð26Þ

FIG. 1. Relaxation of ψ iψ
i under the hyperbolized system of equations, evolving from a single-star initial configuration toward the

static binary solution.
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We reduce Eq. (5) to a first-order system by introducing
Ψ≡ ∂tφ, together with ψx ≡ ∂xφ, ψy ≡ ∂yφ and ψ z ≡ ∂zφ
(as in the static problem above)

∂tðK0ðXÞΨÞ ¼ ∂iðK0ðXÞψ iÞ − Σ; ð27Þ

∂tψ i ¼ ∂iΨ; ð28Þ

∂tφ ¼ Ψ: ð29Þ

To study the outgoing scalar radiation, we use the fact
that a gravitational-wave detector responds to the Jordan-
frame Newman-Penrose invariant ϕ22, which far from the
source can be approximated [22,74] as

ϕ22 ¼ −α
ffiffiffiffiffiffiffiffiffiffiffi
16πG

p
∂
2
tφþOð1=r2Þ: ð30Þ

This approximation is valid at extraction radii larger than
the screening radius r�, defined as

r� ¼
�
3

4

�
1=8 1

Λ

ffiffiffiffiffiffiffiffiffiffiffiffi
αM
4πMP

s
: ð31Þ

1. Equal mass scenario

We begin by focusing on the equal-mass binary scenario.
In this case, symmetry ensures that the scalar radiation is
dominated by the quadrupole component. This allows us to
study the screening of the quadrupole in isolation from
dipole radiation, which would otherwise act as a source for
the quadrupole.

For the results presented in this section, each star has a
mass M⋆ ¼ 1M⊙, and the orbital separation is fixed at
a ¼ 103.39 km. The strong coupling scale Λ is varied over
the range 0.23 MeV to 302.85 MeV, and the conformal
coupling is set to α ¼ 1=2.
In Fig. 3 we display the quadrupolar l ¼ m ¼ 2 wave-

forms. We first observe that, after an initial transient
associated with the ramp-up of the orbital frequency, the
waveforms settle into the stationary behavior consistent
with Keplerian orbits. We also observe a phase shift relative
to the FJBD waveform; the shift grows as Λ decreases.
More precisely, the phase shift in the quadrupolar radiation
follows δχðφl¼m¼2Þ ¼ 0.78Ωr�, slightly different from the
value 1.12 entering Eq. (17); this discrepancy suggests an
additional phase contribution to the order-one constant C
in Eq. (18).
Strikingly, as Λ decreases the amplitude of the radiation

initially increases, contrary to the naive expectation that it
should be progressively suppressed by screening. However,
once Λ becomes sufficiently small, the amplitude begins to
decrease, eventually dropping below the FJBD value. To
make this behavior more explicit, we extract the amplitude
at several extraction radii for each Λ. Knowing that for radii
larger than the screening radius the amplitude of φ behaves
like AφðrÞ ¼ A=rþOðr−2Þ, we fit for the value of A for
different values of Λ.
In Fig. 4 we show the ratio A=AFJBD for different values

of Λ, where AFJBD denotes the corresponding value in the
FJBD case. We clearly observe that screening becomes
significant when the radiation wavelength λ22 is smaller
than the screening radius r�, with results consistent with a
scaling A ∝ r−4=5� . This confirms our analytic argument in
Sec. II A. In contrast, in the regime λ22 > r� the behavior is
consistent withA ∝ r2=5� and we do not yet have an analytic

FIG. 2. The scalar field’s derivative squared ψ iψ
i across the

axis of symmetry, for static solutions with different values of Λ.
In all cases, the total mass is set to M ¼ 2M⊙ and the radius of
each star to rs ¼ 13.3 km; the stellar interior is delimited by the
vertical black dash-dotted line. In the unequal-mass case the
second star’s interior is indicated by the blue dash-dotted line.
The x-axis is on a log scale up to 20 km, where it becomes linear.

FIG. 3. Waveforms for the quadrupole l ¼ m ¼ 2 mode of the
outgoing scalar radiation, for different values of the strong
coupling scale Λ in the equal mass case. The waveforms are
extracted at a radius of r ¼ 7383 km.
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understanding of this scaling. It was not practical to
perform additional simulations in the intermediate regime
between these two behaviors to fully resolve the transition.
In this region, we found that stable simulations require
adjusting the value of rS (25) to properly resolve the steep
gradients of the scalar field configuration.
These results are consistent with the full numerical-

relativity BNS-merger simulations of Ref. [37] in the
λ22 > r� regime, and with the perturbative study of scalar
modes around a neutron star in K-essence of Ref. [23]. We
note, however, that the long-wavelength enhancement of
the quadrupolar amplitude seen here was not reported in the
NS-BH simulations of Ref. [52], where the quadrupolar
amplitude instead decreased monotonically as Λ was
lowered, plateauing at a factor ∼3 below FJBD. We
tentatively attribute this difference to the presence of a
dominant scalar dipole in the NS-BH setup, which is absent
in the equal-mass BNS case considered here and may
nonlinearly couple to the quadrupole.

2. Unequal mass scenario

In this section, we investigate how the scalar radiation
depends on the stellar mass ratio. When μ < 1, a dipolar
contribution emerges, allowing us to assess whether and to
what extent it influences the quadrupolar emission.
We focus on binary systems with a fixed value of the

parameter Λ ¼ 0.29 MeV and an orbital separation
a ¼ 103.39 km. We consider mass ratios in the range
μ∈ ½0.5; 1.0�, while keeping the total mass fixed at
M ¼ 2M⊙.
In Fig. 5 we plot the value of A for both the dipolar

and quadrupolar contributions to the radiation for several
values of μ, at fixed Λ ¼ 0.29 MeV, together with the
corresponding FJBD case. As μ decreases, the dipolar
contribution φl¼m¼1 increases approximately linearly,

while the quadrupolar component φl¼m¼2 decreases quad-
ratically. For this setup, extrapolating from our results
suggests that the dipole becomes dominant over the
quadrupole for μ≲ 0.35. In this regime, we expect devia-
tions from the clean quadrupolar suppression shown in
Fig. 4, approaching the dipole-dominated NS-BH regime of
Ref. [52]. Unfortunately, we were unable to perform
simulations in this regime.2

The black dots in Fig. 4 show that for μ ¼ 0.6 the
screening behavior in the λ22 < r� regime remains very
close to that observed in the equal-mass case μ ¼ 1. This is
expected, since for this value of μ the dipolar contribution is
still approximately half that of the quadrupole and therefore
not large enough to significantly affect the quadrupolar
emission.

IV. CONCLUSIONS

In this paper we have investigated the scalar emission
from binary neutron stars in shift-symmetric scalar-tensor
theories with kinetic screening (K-essence), building on the
decoupling-limit approach of Ref. [52] and adapting it to a
binary configuration in which both compact objects carry a
nonvanishing scalar charge (e.g. two neutron stars). At the
numerical level, a central difficulty in this class of theories
is the appearance of Keldysh-type breakdowns in the scalar
Cauchy problem. These breakdowns occur, in our setup,
when producing initial data by relaxation from configura-
tions far from the stationary one (e.g. trivial scalar field
configurations). We bypass these problems by hyperbol-
izing the static field equations; the resulting scheme allows

FIG. 4. The quadrupole amplitude A relative to its FJBD value
AFJBD, as a function of r�=λ22, where λ22 is the wavelength of the
l ¼ m ¼ 2 radiation. The vertical dashed line marks r�=λ22 ¼ 1.

FIG. 5. AmplitudeA of the dipole and quadrupole as a function
of the mass ratio μ. All points are obtained for systems
with Λ ¼ 0.29 MeV.

2As the mass ratio decreases, the influence of the more massive
star on its lighter companion becomes increasingly strong. To
avoid the formation of steep gradients in the stellar interior, one
would need to further tune the parameters controlling the
suppression of the nonlinear interactions in Eq. (25).
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for constructing static binary initial data even when the
screening radius greatly exceeds the orbital separation—a
regime that has so far proved challenging for full numeri-
cal-relativity approaches.
To avoid the aforementioned breakdowns, we then

smoothly ramp up the orbital angular velocity from these
initial data to its Keplerian value, and track the outgoing
scalar radiation; in this way we have uncovered a non-
monotonic dependence of the quadrupolar scalar amplitude
A on the strong-coupling scale Λ. For equal-mass con-
figurations, where symmetry forces the dipole to vanish, we
find two distinct regimes separated by λ22 ∼ r�: at short
wavelengths λ22 < r�, A=AFJBD ∝ r−4=5� , while at long
wavelengths λ22 > r� the amplitude is enhanced above
the FJBD value, with a power-law fit consistent with
A ∝ r2=5� . These two regimes connect prior observations
in the literature: the clean short-wavelength suppression of
the scalar quadrupole found in perturbative studies of
isolated K-essence stars [23], and the long-wavelength
enhancement of the scalar quadrupole reported both in
those same perturbative studies and in the full numerical-
relativity BNS-merger simulations of Ref. [37]. By con-
trast, the long-wavelength enhancement was not observed
in the NS-BH simulations of Ref. [52], where the quad-
rupolar amplitude decreased monotonically with r�; we
tentatively attribute this difference to the strong scalar
dipole intrinsic to the NS-BH configuration, which is
absent at equal masses in a BNS and may nonlinearly
couple to the quadrupole. Breaking the equal-mass sym-
metry reintroduces a scalar dipole, whose amplitude grows
linearly with the mass asymmetry, while the quadrupolar
amplitude decreases quadratically; the quadrupolar screen-
ing nevertheless remains essentially indistinguishable from
the equal-mass case for mass ratios μ≳ 0.6.
These findings have direct observational implications.

The nonmonotonic character of kinetic screening—enhanc-
ing the signal at low frequencies and suppressing it at high
frequencies—shows that the naive picture of a uniform cut-
off on scalar emission is incorrect. As a concrete example,
the relativistic double pulsar PSR J0737-3039 [27,58] emits
l ¼ m ¼ 2 scalar radiation at λ22 ∼ 109 km, while cosmo-
logically-motivated values ofΛ give r� ∼ 1011 km around a
solar-mass source. The system therefore lies in the screened
region of parameter space, but its quadrupolar amplitude is
suppressed only by a factor of a few tens relative to FJBD.
The observed A ∝ r−4=5� scaling at λ22 < r� is accounted
for by the analytic argument presented in Sec. II A.
Several natural extensions are left to future work. The

transition region λ22 ∼ r�—where the scaling switches
between the two regimes uncovered here—would require
further case-by-case tuning of the numerical setup to
control the steep gradients that develop in the stellar
interior in this regime; pinning down its shape quantita-
tively is left to a dedicated numerical or semianalytic study.
Moving beyond the decoupling limit to include the

backreaction of the scalar on the metric and on the orbital
dynamics will also be needed to convert our amplitude
scalings into a phase evolution suitable for post-Newtonian
waveform modeling—the final step in turning our findings
into quantitative bounds on Λ from observations.
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APPENDIX: ROBUSTNESS OF THE INTERIOR
SUPPRESSION PRESCRIPTION

As discussed in Sec. III C, we introduce a smooth spatial
dependence in the nonlinear coupling, Eq. (25), to suppress
the nonlinear interactions of the scalar field within a small
region inside each neutron star. This prescription is
introduced solely as a numerical regularization that allows
us to construct the initial data and perform stable evolutions
in situations where large scalar-field gradients develop
inside the stellar interior. Since this modification is not
part of the physical model, it is important to verify that our
results are independent of the particular choice of sup-
pression profile.

RAMIRO CAYUSO et al. PHYS. REV. D 114, 024073 (2026)

024073-10



To assess the robustness of the prescription, we per-
formed simulations with different values of the suppression
parameters rS and σS. Figure 6 compares the initial scalar-
field profiles for two representative values of Λ using
different suppression profiles. Varying the suppression
parameters changes the scalar field only inside the stars,
where the nonlinear interactions are artificially switched
off. Outside the stellar surfaces (indicated by the vertical
dashed lines), the scalar-field profiles are essentially
identical, confirming that the suppression does not affect
the physical exterior solution.
The impact on observable quantities is shown in Fig. 7,

where we compare the dominant ðl; mÞ ¼ ð2; 2Þ mode

of the scalar radiation extracted from simulations using
different suppression profiles. For each value of Λ, the
waveforms overlap almost perfectly after the initial tran-
sient. Small differences are visible only during the early
time junk radiation, reflecting the modified interior initial
data, but these disappear rapidly and do not influence
the subsequent physical evolution. The inspiral waveform,
including both its phase and amplitude, remains
unchanged.
These results demonstrate that the suppression prescrip-

tion acts purely as a numerical regularization. Although it
modifies the scalar-field configuration inside the neutron
stars, it does not alter the exterior solution or any of the
radiative observables considered in this work.
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