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Binary pulsars are ideal to test the foundations of general relativity, such as Lorentz symmetry, which
requires that experiments produce the same results in all free-falling (i.e. inertial) frames. We here break this
symmetry in the gravitational sector by specifying a preferred time direction, and thus a preferred frame, at
each spacetime point. We then examine the consequences of this gravitational Lorentz symmetry breaking
in the orbital evolution of binary pulsars, focusing on the dissipative effects. We find that Lorentz symmetry
breaking modifies these effects, and thus the orbital dynamics, in two different ways. First, it generically
causes the emission of dipolar radiation, which makes the orbital separation decrease faster than in general
relativity. Second, the quadrupole component of the emission is also modified. The orbital evolution
depends critically on the sensitivities of the stars, which measure how their binding energies depend on the
motion relative to the preferred frame. We calculate the sensitivities numerically and compute the predicted
orbital decay rate of binary pulsars in Lorentz-violating gravity. By testing these predictions against

observations, we place very stringent constraints on gravitational Lorentz violation.

DOI: 10.1103/PhysRevD.89.084067

I. INTRODUCTION

The social scientist and epistemologist Karl Popper
believed that scientific hypotheses could never be proved
correct, but rather could only be disproved [1]. In his view,
the role of a scientist is to attempt to disprove the canonical
set of hypotheses of the day, the status quo, by whatever
means possible (experimental, observational or mathemati-
cal). These efforts are an important engine for scientific
progress—in particular to generate what Kuhn would later
call scientific revolutions that leap us forward in our
understanding of the Universe [2].

General relativity (GR) is today the status quo when it
comes to describing the gravitational interaction and the
motion of large bodies. As Popper suggested, scientists
have spent decades putting Einstein’s theory to the test,
essentially since its conception. Einstein himself would
repeatedly look for observational confirmation of the
predictions that his theory would make. Today, we have
an overwhelming amount of data that confirm GR to
incredible precision [3], and one may wonder why we
should bother with alternative theories.

Three reasons come immediately to mind. First, almost
all the existing tests of GR involve systems that are
governed by the weakly gravitating, mildly relativistic
regime of the Einstein equations. In the Solar System,
typical orbital velocities are much below 0.1% of the speed
of light, and curvatures are barely measurable. Stronger
tests of GR come from binary pulsars, e.g. from observa-
tions of their orbital decay rate or time-dilation effects when
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photons from the secondary graze the surface of the
primary. The orbital velocity in observed pulsar binaries,
however, is not very different from velocities in the Solar
System. In fact, their shortest orbital periods are on the
order of hours, and thus orbital velocities are still <1%
the speed of light, although curvatures are much higher
inside pulsars than in the Solar System. Thus, the highly
relativistic and dynamical strong-field regime of Einstein’s
equations, i.e. the regime characterized by velocities
comparable to the speed of light, by large, dynamical
curvatures, has not yet been tested and could in principle
highlight large deviations from GR’s predictions (see e.g.
Refs. [4-7] and [8-11] for two theories of gravity that are
indistinguishable from GR with current Solar System and
binary pulsar observations but deviate from it in strong-
gravity systems). Tests of this highly relativistic strong-
field regime will probably have to wait for the detection of
gravitational waves (GWs) from merging neutron stars
(NSs) or black holes [5-7,12-14]. To understand how
much will be learned about gravitation from these obser-
vations, it is important to clarify the corresponding
predictions from GR and alternative theories [14].
Another reason why GR cannot be the final word for
gravitation in nature is its intrinsic incompatibility with
quantum mechanics and the presence of mathematical
pathologies, like singularities in gravitational collapse.
One may conjecture that the modifications to GR induced
by any approach addressing these issues will be suppressed
by a high-energy scale, e.g. the Planck mass Mp ~
10" GeV where GR fails as an effective field theory.

© 2014 American Physical Society
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This would mean that no information about quantum
gravity could be obtained by any current or foreseen
experiment. However, such arguments hold only on the
very thin thread of dimensional analysis. In fact, they are
known to fail for existing candidates of quantum gravity,
such as models with large extra dimensions, where the scale
of suppression can be much lower [15], or in Hofava
gravity [16], where GR modifications can enter at
any scale.

Finally, cosmological observations [17,18] reveal a
model of the Universe (the ACDM model) that is not
completely satisfactory from a theoretical standpoint.
The most famous puzzle is the conflict between the
value of the energy density of the source behind the
current cosmological acceleration and the order of magni-
tude that would be expected based on naive dimensional
arguments. Any explanation addressing this cosmological-
constant problem typically requires a modification of
gravitation at cosmological (and possibly smaller)
scales [19,20].

A. Lorentz-violating gravity

Lorentz symmetry has been put to the test in a variety of
circumstances. Particle physics experiments have strin-
gently done so in the matter sector [21-24]. A model-
independent formalism, the standard model extension
(SME) [25-27], has been devised to translate a wide
variety of observations into tests of Lorentz invariance.
This is very efficient for bounds on violations of Lorentz
symmetry primarily in the matter sector [22] or in the sector
coupling matter to gravity [28].

Given the previous constraints, one could question
the possibility of having observable effects in gravitation
from Lorentz violation. Indeed, one could argue that
any degree of gravitational Lorentz violation should
percolate into particle physics. Therefore, stringent
constraints from the matter sector would require that
Lorentz violation in gravity also be very small (and thus
undetectable with current observations). This argument,
however, is not watertight. Different mechanisms have
been put forward to justify the possibility of Lorentz
violation in gravity to a degree that is orders of magni-
tude larger than any violation in the matter sector (see
e.g. Ref. [29]).

A first possibility would be to assume that this happens
due to the finely tuned (small) value of the operators that
violate Lorentz invariance in the matter sector, as compared
to those in the gravity sector. More interestingly, Lorentz
invariance in the matter sector could be an emergent feature
at low energies [30], either due to a renormalization group
phenomenon [31,32] or to it being an accidental symmetry
[33]. Finally, it has been pointed out recently that two
sectors with different degrees of Lorentz violation can
easily coexist provided that the interaction between them is
suppressed by a high energy scale [34]. This could be the
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case for the matter and gravity sectors, each with a very
different scale of Lorentz violation.

Thus, it is reasonable to seek for independent tests of
Lorentz invariance in gravity. These are neither as devel-
oped nor as stringent as for the matter sector. Gravitational
Lorentz invariance bounds in the context of the SME can be
found in Refs. [35-37]. More relevant for this work are the
bounds related to models where Lorentz invariance is
broken by the presence of a preferred timelike vector.
Those include constraints placed with Solar System
[3,38,39] and cosmological observations [39—41], but these
are rather weak. In the Solar System, observations can only
probe certain aspects of gravitational Lorentz violation,
namely leading-order post-Newtonian (PN) effects, i.e.
leading in the expansion in the ratio of the orbital velocity
to the speed of light. In cosmology, only the linear
perturbative regime over an expanding background has
been studied. Binary pulsar observations have also been
used to place constraints on gravitational Lorentz invari-
ance [39,42-44], but these concentrate only on preferred-
frame corrections to the conservative orbital dynamics,
neglecting dissipative effects.

In this paper, we will focus on theories that modify
GR by assuming the existence of a preferred time
direction (frame) at every spacetime point. This directly
implies the violation of boost symmetry and therefore
of Lorentz invariance. The preferred time direction will
be described by a timelike unit vector field U* (the
@ther field), whose dynamics may be described by two
different theories: Einstein-ather [45] and khronometric
theory [46]. As we will argue in Sec. II, these are generic
theories that may arise from more fundamental theories at
low energies.

Einstein-@ther theory is a Lorentz-violating, metric
theory of gravity where the @ther field is generic.
The theory is characterized by the ether’s couplings
to gravity. A direct coupling of the @ther field to
matter is absent, because that would have consequences
that are not observed experimentally; e.g. a fifth force
would arise in the matter interactions and the
weak equivalence principle (i.e. the universality of free
fall for weakly gravitating bodies) would not hold.
Einstein-@ther theory can be thought of as representing
the low-energy description of some high-energy unknown
dynamics; i.e. it can be understood as an effective field
theory [47].

Einstein-@ther theory passes all theoretical and phenom-
enological constraints in a certain region of the parameter
space of the @ther’s couplings. Of particular importance are
the bounds related to Solar System observations, which
force the theory to depend on only two combinations of
coupling constants, ¢ and c_, up to corrections of O(1074)
[3.,48]. These two combinations, however, are currently
weakly constrained, mostly by requiring the linear stability
of Minkowski space (i.e. absence of tachyonic instabilities)
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and the absence of gravitational Cherenkov radiation [49]
(i.e. requiring the speeds of the gravitational modes be
larger than the speed of light, so that photons and high-
energy particles do not lose energy in a Cherenkov-like
process). An order of magnitude constraint [of about
0(1072)] was also obtained using the orbital decay rate
of binary pulsars [50], but this analysis is only valid in the
small coupling region (¢; < 1).

Khronometric theory is defined through the same action
as that of Einstein-zther theory, but with the additional
requirement that the @ther field be hypersurface orthogo-
nal. This choice reduces the dynamical degrees of freedom
of the theory, and more importantly it forces the theory to
exactly coincide with the low-energy limit of Hofava
gravity [16]. Horava gravity is a proposal for quantum
gravity where Lorentz invariance is broken by the existence
of a preferred foliation of spacetime into spacelike hyper-
surfaces and which provides a power-counting renormaliz-
able completion of GR in the ultraviolet regime. In this
work, we will focus on the version of this theory introduced
in Ref. [46], which has Minkowski spacetime as a ground
state and which reduces exactly to khronometric theory at
low energies.

As in Einstein-@ther theory, any viable khronometric
theory is characterized by two coupling constants, f and 4,
after imposing constraints from Solar System observations.
As in Einstein-ather theory, f and 1 are weakly constrained
by requiring linear stability of Minkowski space and
the absence of gravitational Cherenkov radiation [51,52].
However, unlike in Einstein-@ther theory [39,40,53],
cosmological observations can place stringent bounds
on the couplings of khronometric theory [roughly
|, 4] £ 6(107")]. In particular, strong constraints can be
obtained by requiring that big bang nucleosynthesis (BBN)
in khronometric theory produces element abundances in
agreement with observations [41]. Cosmological con-
straints are instead much weaker in Einstein-@ther theory
because, unlike in khronometric theory, the Newtonian
constant regulating the cosmological evolution coincides
with the locally measured constant to within ©(10~*), once
Solar System constraints are imposed.

B. Executive summary

In this paper, we explain in detail and extend the analysis
of Ref. [54] to place very stringent constraints on Lorentz-
violating gravity, focusing on Einstein-ather and khrono-
metric theory. These constraints are obtained by comparing
the evolution of binary systems in these theories to binary
pulsar observations.

Let us first consider modifications to the dissipative
sector, which regulates how fast binary systems lose energy
and shrink, forcing the orbital period to decay. A generic
property of Einstein-ether and khronometric theory is the
excitation of propagating modes that are absent in GR and
which carry energy away from the system at dipole order
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[38,50,55]. Since dipolar radiation is generally stronger
than GR’s quadrupole radiation, the binary’s separation
decreases much faster in Lorentz-violating gravity, leading
to a strong modification to the predicted evolution of the
orbital period. Furthermore, these extra modes and the
modification to the propagation speed of gravitons affect
the quadrupolar emission, which is important for systems
where dipolar radiation is suppressed. Since binary pulsar
observations of the orbital period’s decay rate agree with
GR’s predictions within the observational uncertainties,
they allow for stringent constraints to be placed on
Lorentz-violating gravity.

The modified orbital decay rate for NS binaries in
Lorentz-violating theories, and more in general the motion
of these systems, strongly depend on the sensitivities of the
stars [50]." These quantities measure how much the binding
energy of an isolated star changes with its motion relative to
the preferred frame (i.e. relative to the @ther). In order to
calculate the sensitivities, we therefore need to find
solutions describing NSs moving with respect to the
@ther, as suggested in [56]. More specifically, we will
show that in order to extract the sensitivities, such solutions
are only needed at linear order in a perturbative expansion
in the velocity »; i.e. without loss of generality, we can
restrict attention to solutions of stationary, nonspinning NS
moving slowly with respect to the @ther. We show that two
seemingly different definitions of the sensitivities, one
applicable in the weak-field regime and another in the
strong-field regime, lead to the same result.

To find these slowly moving solutions, we first write
down the most generic ansatz for the metric and @ther field
at O(v), ensuring compatibility with the symmetries of the
problem (stationarity and rotational invariance around
the motion’s direction). With this ansatz, we write down
the field equations at zeroth and first order in ». The
resulting system of partial differential equations is then
expanded in tensor spherical harmonics, leading to an
ordinary differential system that we solve numerically.

The equations must be solved twice (in the interior and
in the exterior of the star) and then matched. The matching
ensures that the potentials (defined in terms of the @ther
and metric), which enter the equations through derivatives,
are continuous everywhere in the spacetime, are regular at
the center of the star, and produce an asymptotically flat
geometry at spatial infinity. The interior solution depends
on the equation of state (EoS) for the NS matter. We here
investigate a variety of EoS that are thought to represent
realistic NS configurations. We restrict attention to non-
rotating, cold (and thus old) NSs, as these are appropriate
simplifications for binary pulsar studies.

'Foster’s constraint on ¢, is only valid in the small coupling
regime, precisely because the sensitivities had not been calculated
until now.
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With this at hand, we use the numerical solutions that we
obtained to compute the sensitivities for isolated NSs for
the first time in the theories under consideration. We then
construct fitting functions that allow us to analytically
model the sensitivities as a function of the compactness of
the star and the coupling constants of the theory.

Once the sensitivities have been found, we calculate the
energy carried away by all propagating degrees of freedom
in Einstein-ether and khronometric theory. We show that
dipolar radiation is produced and generically constitutes the
dominant modification to the GR predictions [3]. Given the
energy flux carried away by the propagating modes, we use
conservation of energy and a balance law to compute the
rate of change of a binary’s binding energy, and from this,
the orbital decay rate.

We compare our predictions for the orbital decay rate to
observations of binary pulsars PSR J1141 — 6545 [57],
PSR J0348 4 0432 [58], and PSR J0737 — 3039 [59]. The
first two are pulsars on a 0.17-eccentricity, 4.74-h orbit and
on a O(107%)-eccentricity, 2.46-h orbit, respectively,
around a white dwarf companion. The third is the relativ-
istic double pulsar binary, on a 0.088-eccentricity and 2.45-
h orbit. These comparisons allow us to place constraints on
the coupling constants of the theory.

Another way to place constraints on Lorentz-violating
theories is to consider modifications to the conservative
sector, controlled by the Hamiltonian, which for example
affects the orbital shape and precession rate. Lorentz-
violating corrections to the Hamiltonian induce precession
of the spin and orbital angular momentum vectors. Since
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FIG. 1 (color online).
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such non-GR precession is not found in pulsar observa-
tions, one can then place constraints on Lorentz violation.
The constraints are cast in a model-independent language
by considering strong-field generalizations of the para-
metrized post-Newtonian (PPN) Hamiltonian. For exam-
ple, observations of PSR J1738 + 0333 [60] can be used to
constrain the strong-field PPN parameters associated with
preferred-frame effects. We here calculate these parameters
for Einstein-®ther and khronometric theory and then
use PSR J1738 + 0333 [60] to place constraints on the
couplings.

Combining all of these constraints, we obtain the
allowed coupling parameter space shown in Fig. 1
(Einstein-@ther theory in the left panel and khronometric
theory in the right panel). The colored regions are those
allowed after requiring stability and absence of gravita-
tional Cherenkov radiation [49,51,52] (light blue), BBN
constraints [39—-41,53] (dark orange) and binary pulsar
constraints (dark purple). The red dashed line corresponds
to the values of the coupling constants for which the orbital
decay rate equals the GR prediction, assuming the sensi-
tivities vanish and working at leading order in a weak-field
expansion [48]. Observe that the new constraints obtained
here are much stronger than all other constraints. The
constraint found in this paper is consistent with the order of
magnitude estimate of Foster’s [50] in the small coupling
region, but the constraint on c_ found here is slightly
stronger.

Binary pulsar constraints lead to regions of viable
coupling parameter space. This is because in deriving

10 §
5 - -
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_sH Stability/Cherenkov
M Binary pulsars
= BBN
—-10 H S P 1 P 1
0.0 0.2 0.4 0.6 0.8 1.0
B

Constraints on the (¢, c_) plane in @ther theory (left) and (4, ) plane in khronometric theory (right) obtained

by combining constraints derived from observations of PSR J1141 — 6545 [57], PSR J0348 + 0432 [58], PSR J0737 — 3039 [59] and
PSR J1738 + 0333 [60]. The areas outside the (allowed) shaded regions are ruled out by stability or Cherenkov considerations (light
blue), BBN (dark orange) and the combined binary pulsar constraints (dark purple). The red dotted line corresponds to the values of the
coupling constants required for the orbital decay rate to agree with the GR prediction in the zero-sensitivity or weak-field limit. Observe

that the new constraints are much more stringent than all others.
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these constraints one has to allow for different values of the
coupling constants (within the Solar System constraints)
and the sensitivities (because of the different possible EoS)
and account for the observational error in the orbital decay
rate and the orbital period, as well as the error in the
inferred masses of the binary. The particular shape of these
viable regions is a result of the combination of the
constraints associated with different binary pulsars. For
example, dipole radiation is suppressed for double pulsar
binaries relative to pulsar-white dwarf systems, because
dipole radiation is proportional to the difference of the
sensitivities and NSs have similar sensitivities. Therefore,
for double pulsar systems quadrupolar radiation becomes
comparable to dipole radiation, which leads to a different
shape for the allowed region of coupling constants.

C. Layout and conventions

The remainder of this paper presents the details of the
calculations described above and is organized as follows:
Section II presents the basics of Einstein-@ther and
khronometric theory, including the action, field equations
and current constraints from low-energy phenomenology.
Section III describes how Lorentz symmetry breaking leads
to violations of the strong equivalence principle, how this is
encoded in the sensitivities, and how it affects the motion of
compact objects. Sections IV and V are devoted to the
construction of slowly moving NS solutions to first order in
velocity, in both Einstein-@ther and khronometric theory.
Section VI presents results derived by numerically solving
the modified field equations, focusing on the sensitivities.
Section VII presents constraints on Einstein-ether and
khronometric theory based on binary pulsar observations.
Section VIII concludes and points to future research.
Appendixes A, B and C present further mathematical
details.
Our conventions are as follows. We use natural units
where ¢ = 1 = A, where 7 is the (reduced) Planck constant
and c is the speed of light. We restore powers of ¢ when
presenting PN expressions. We use Greek letters in index
lists to denote spacetime components of tensors, while
Latin letters in the middle of the alphabet (i, j, k, ...) denote
purely spatial components. We also employ the metric
signature (4, —, —, —). Indices in spatial vectors are raised
and lowered with the Kronecker delta (except in Sec. II B,
where the 3-metric y;; is used to raise and lower indices).
We use several gravitational constants, different masses,
and different velocities throughout the paper, which we list
here for convenience. Regarding gravitational constants:
(i) G, is the bare gravitational constant appearing in the
action [Eq. (1)];

(i) Gy is the “Newtonian” gravitational constant
measured locally by Cavendish-type experiments
[Eq. 3)];

(iii) G is the “cosmological” gravitational constant that
appears in the Friedmann equations [Eq. (28)];
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(iv) & is the “effective” gravitational constant in a binary
system [Eq. (88)].

Regarding the masses:

(1) my is the gravitational mass of the Ath body in a
point-particle approximation [Eq. (31)];

(i1) my is the “active” gravitational mass of the Ath body
in a point-particle approximation [Eq. (87)];

(iii)) M, is the total gravitational mass of a star, which
includes the gravitational, @ther and baryonic con-
tributions [Eq. (57)]; this mass generalizes m, to
regimes where the point-particle approximation does
not hold;

(iv) Mg, is the mass measured by Keplerian experi-
ments, which turns out to coincide with M;

) M, =GyM = GyM, is the length scale asso-
ciated with the total mass M, = M ;

(vi) M(r)is a function with dimension of length, defined
by Eq. (137) and approaching M, as r — —+o0;

(vil) m =my + m, is the total active mass of a binary
system in the point-particle approximation;

(viii) g = m;m,/m is the active reduced mass of a binary
system in the point-particle approximation.

Regarding the velocities:

(i) v or v/, are both the 3-velocity of an object relative
to the ather field;

(i) vi, = v} — v} is the relative velocity of the two
bodies in a binary;

(iii) Vi is the center-of-mass velocity of the binary
relative to the @ther.

II. MODIFIED GRAVITY THEORIES

In this section, we define the theories we focus on. We
begin with a description of Einstein-ether theory and
follow with khronometric theory (the low-energy limit of
Hotava gravity). In both cases, we first introduce the action
that defines the theory and then describe its current
experimental constraints.

A. Einstein-ather theory

Einstein-@ther theory describes gravity by means of a
metric g,; and a unit-norm timelike dynamical vector field
U” (the “ether field”). The latter locally defines a preferred
time direction, which breaks boost and therefore Lorentz
invariance. Up to total divergences, the most generic
covariant action that depends only on the fields and their
first derivatives, and is quadratic in the latter, is [39,45,61]

1
S pr—
162G,

/ d*x\/=g(—-R — M* N UV U"), (1)

where g and R are the metric determinant and the Ricci
scalar, respectively, U“" satisfies the unit constraint
vv,=1,
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M?,, = c1g?g,, + 2828 + 3828 + c,UUPg,, (2)

(c1, ¢y, c3 and ¢, being dimensionless coupling constants),
and the “bare” gravitational constant G, is related to the
“Newtonian” constant measured with Cavendish-type
experiments through [53]

2G,

Gy=—7"7-—7"-.
N2 (e +ea)

3)

In order to enforce the weak equivalence principle” and
the absence of a fifth force in matter interactions, one has to
(minimally) couple the matter fields to the metric but not to
the @ther. Collectively denoting the matter fields by y, one
can then write the total action as

S=3S8+ Smat(l//v .g/w)~ )

The matter action is diffeomorphism invariant, which
implies the covariant conservation of the matter stress-
energy tensor Ty, i.e. V,Thy = 0 [62], and as a conse-
quence test particles follow geodesics [63], thus satisfying
the weak equivalence principle. However, as we will show
in this paper, in Einstein-&ther (and khronometric) theory,
strongly gravitating bodies follow trajectories that depend
on the ratio between the body’s binding energy and its total
mass. This effect (known as the Nordvedt effect [64,65])
generically appears when one introduces extra gravitational
degrees of freedom coupled nonminimally to the metric
(e.g. it is present also in scalar tensor theories [3]) and
amounts to a violation of the strong equivalence principle.
Its physical origin lies in the fact that the matter fields
couple to the extra gravitational fields through the metric,
and this coupling becomes important in strong-gravity
regimes.

The absence of a direct coupling of the matter fields to
U” in Eq. (4) is also enforced by tests of Lorentz invariance
in particle physics. Indeed, if the matter fields were directly
coupled to U?, this would generically produce Lorentz-
violating effects in the standard model of particle physics.
The bounds on these effects are very tight [22,23], which
means that for gravitational experiments it is reasonable to
put all the couplings between @ther and matter to zero.?
Naturalness arguments seem to be at odds with this choice,
since they suggest that Lorentz violation may percolate
from the gravitational sector into the standard model, thus
producing big (and experimentally forbidden) effects.

*This principle states that test particles, i.e. bodies that are not
strongly gravitating, follow trajectories independent of their mass
if given the same initial conditions. The same statement, but
applied to strongly gravitating bodies (i.e. ones with non-
negligible gravitational binding energy), constitutes the strong
equivalence principle.

These couplings, however, may be significant for the
dark-matter sector [66].

PHYSICAL REVIEW D 89, 084067 (2014)

However, this is not necessarily the case. As already
mentioned, different mechanisms have been put forth
leading to Lorentz-violating effects in gravity that can be
much larger than those in particle physics; see e.g. Ref. [29]
for a review, Ref. [32] for recent developments, and Sec. [ A
for further details.

Variation of the action given in Eq. (4) with respect to the
metric and @ther field [imposing the unit constraint
U*U, =1 directly or by means of a Lagrange multiplier
£(U'U, —1) in the action] provides a set of modified
Einstein equations

Eoy = Gy — T — 817G, 05 = 0 ©)

and the @ther equations
&, = (V,J% = c,U,V'U") (g, — U, U,) =0. (6)
Here, G,3 = R,3 — Rg,s/2 is the Einstein tensor, and
Tap = VulItUp) = I Up) = Jap) U")

(a
+ C1 [(vuua) (Vﬂ Uﬂ) - (vaUﬂ)(vﬂU’lH

+ [U(V, ) = c,UAU Uy + ¢,U, Uy

1
+ EM"PMyVGU”VpU”gaﬁ )
is the @ther stress-energy tensor, where

JE=MEV,U”, U,=U"v,U,. 8)
Finally, the matter stress-energy tensor is defined as
usual by

aff  __ 2 5Smat

mat — ,—_g 5gaﬂ .

Experimental constraints and stability requirements
greatly reduce the viable parameter space for the four
couplings ¢y, ¢y, c3 and c4. At 1PN order,” the dynamics of
Einstein-@ther theory matches that of GR, with the excep-
tion of two “preferred-frame” parameters a; and a,, which
are exactly zero in GR but not in Einstein-ther theory
[48]. In the weak field, Solar System observations constrain
these parameters to very small values |a;| < 107* and
|| < 1077 [3], using lunar laser ranging and solar align-
ment with the ecliptic. The strong-field counterparts of
these parameters (denoted here with an overhead hat) are
constrained through binary and isolated pulsar observations
also to very small values: || <107 and || <107°
[43,44]. We will discuss the Einstein-ether form of (a;, @)
in Sec. I A2 and the relation to their strong-field
generalizations in Sec. VII C.

€))

*A term proportional to (v/¢) is said to be of Nth PN order.
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Since current constraints force (aj,a,) to be small
dimensionless numbers, we can expand the theory in these
quantities and shrink the parameter space to just two
parameters. In Einstein-ather theory, this implies [39,48]

2 2
—2c] —cic3+ 3

= , 10
3 3, (10)
2
¢
C4=—C—3, (11)
|

to leading order in @; and a,. The only free parameters in
Einstein-ther theory are then ¢ = ¢; £ c3.

Further constraints on ¢, come from requiring that
perturbations about a Minkowski background are stable
and have positive energy [67] and that matter does not emit
gravitational Cherenkov radiation [49]. Such radiation
would be emitted if the speed of the @ther’s and metric’s
propagating modes were smaller than the speed of light.
These requirements result in the bounds

0<c, <1, (12)

C
0<c. <—D™ | 13
<c S30-c) (13)

to leading order in a; and a,. In addition to these, Foster
[50] estimated that roughly ¢, < O(1072), assuming a
small-coupling approximation (c¢; < 1) and using order-of-
magnitude information about the orbital decay of binary
pulsars.

For arbitrary c¢;, the dependence of the gravitational
constant G appearing in the Friedmann equation on the
coupling constants is different than that of the gravitational
constant G measurable via Cavendish-type experiments. For
generic values of the couplings, therefore, Gy and G differ.
This difference leads to deviations from the metal abundances
predicted by BBN [53] and to a modified growth of
cosmological perturbations that affects the cosmic microwave
background (CMB) and the distribution of matter at large
scales [41]. However, once Egs. (10) and (11) are satisfied,
Gy ~ G¢ up to terms of ©(107#), and thus, cosmological
observations do not significantly reduce the viable region
defined by Egs. (12) and (13) [39,40]. Similarly, although
black hole solutions in Einstein-ather theory differ from GR
[52,68,69], current electromagnetic observations of black hole
candidates are still not accurate enough to provide constraints
competitive with current bounds (see e.g. Ref. [70]).

B. Khronometric theory and Horava gravity

As mentioned in the previous section, Einstein-ather
theory breaks Lorentz invariance by locally specifying a
preferred time direction through an @ther vector field U“.
This vector field may appear from the existence of a global
preferred time. In this case, it will be orthogonal to the
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hypersurfaces of constant preferred time, i.e. proportional
to the gradient of a foliation-defining scalar field T
0,T
U, =—F———= (14)

o \/9v9,To, T’

which satisfies normalization condition U°U, = 1. The
@ther vector field is timelike as a consequence of the scalar
defining a preferred time coordinate. The scalar 7 is often
referred to as the “khronon,” and a metric theory in which
Lorentz invariance is broken globally by such a scalar is
called “khronometric theory.”

The most generic action (quadratic in derivatives) for
khronometric theory is given by Eq. (1) with the definition
in Eq. (14) [51,73]. The condition in Eq. (14) allows one to
express one of the @&ther terms in the action in terms of the
other ones, and thus there are only three free independent
@ther terms. In particular, we can absorb the ¢; term into
the other three terms, by multiplying the second, third and
fourth term, respectively, by the new couplings

A=cy, p=c3+cy, a=cy+cy. (15)
Another form for the action can be derived by choosing the
time coordinate to coincide with 7' = const hypersurfaces.
In this gauge, Eq. (14) becomes

U, = (¢g"")7"?6; = N&j, (16)

where N = (¢'7)~!/2 is the lapse. The action in Eq. (1)
with the definition in Eq. (14) then becomes [74]

1-p 142
- ATBxNVE( K, KT — 2 g2
K= 162G, * f( it T2
U Ope ® 0ai)as 17
+ﬂ +1_ﬂaia + mat(l//’gﬂv)’ ( )

where K/, G)R and h' are, respectively, the extrinsic
curvature, the 3-Ricci curvature and the 3-metric of the
T = const hypersurfaces and where we have defined the
“acceleration” of the wmther flow,® a;=9,InN. Latin
indices are manipulated with the 3-metric of the 7 =
const hypersurfaces.

An additional motivation for khronometric theory is
that it coincides with the low-energy limit of a theory of
gravity that has remarkable properties at high energies. This
theory is known as Hofrava gravity [16] and achieves
power-counting renormalizability by adding higher-order
derivative terms to the khronometric action [16,46]:

From the Greek ypovoc—time. The Romanization was
chosen to avoid confusion with previous uses of the prefix
“chrono,” e.g. [71,72], which are not related to the theories under
study here.

This vector is related to the acceleration of @ther congruence
by UV, U" = a'é:.
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1-p

S =
162G,

1 1
deng\/E <L2 + WL;; + WL()) s

(18)

where the L, term corresponds to the gravitational
Lagrangian of khronometric theory [cf. Eq. (17)], while
L, and Lg are terms that are suppressed by a suitable mass
scale M, . These terms are, respectively, of fourth and sixth
order in the spatial derivatives but contain no derivatives
with respect to 7.

Let us stress that the experimentally viable range for the
mass scale M, is rather broad. On the one hand, M, is
bound from above (M, < 10'6 GeV) to allow the theory to
remain perturbative at all scales [74-76], so that the power-
counting renormalizability arguments of Ref. [16] can be
applied. On the other hand, M, is also bound from below
from tests of Lorentz invariance. That lower bound,
however, depends on the details of the percolation of
Lorentz violations from the gravity to the matter sector,
which is not yet completely understood [29,34,51,77-79].
Taking instead into account only the constraints from
Lorentz violation in the gravity sector, one gets the
relatively weak bound M, > 1072 eV [3,51].

In this paper, we will only consider khronometric theory;
i.e. we will focus on the low-energy limit of Hofava gravity
and neglect the higher-order terms L, and L¢. Neglecting
these terms is, however, an excellent approximation as far
as astrophysical studies are concerned. In fact, on purely
dimensional grounds, the error introduced by the L, and Lg
terms on a NS solution of mass M in khronometric theory
is of O(GyPMGM?) = O(Mp,0/ (MM, )?. Taking the
lowest conceivable value for M,, i.e. M, ~ 1072 eV, one
gets an error of roughly 107'*(M /M )? or smaller, when
neglecting L, and Lg in binary pulsar systems, which is
clearly negligible.

The field equations for khronometric theory can be
obtained by varying the action in Eq. (1), with the definition
in Eq. (14) replaced in it before the variation. Varying with
respect to g,s and T one finds

Eaﬂ - 2$(aUﬂ) = O, (19)

a::,”
V,[———x=) =0, 20
”(«/V“TVQT) 0

where E,; and &, are defined as in Einstein-gther theory
[cf. Egs. (5) and (6)].

As can be seen, any hypersurface-orthogonal solution to
Einstein-@ther theory is also a solution to khronometric
theory, but the converse is not necessarily true. It can be
shown that spherically symmetric, static, asymptotically
flat solutions are indeed the same in the two theories
[51,73,80,81]. However, the same is not true in more
general cases; for example, the sets of slowly rotating
black hole solutions of the two theories do not overlap
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[69,81,82]. Note that because of the Bianchi identity,
Eq. (20) is actually implied by Eq. (19) and by the equa-
tions of motion of matter (which imply V, 7%, =0);
i.e. the only independent equations of khronometric theory
are actually the modified FEinstein equations and the
equations of motion of matter [73].

Finally, let us discuss the current experimental bounds on
the coupling constants of khronometric theory. Like in the
case of Einstein-ther theory, Solar System tests require
a; <107 and @, < 1077, and similar stringent bounds are
imposed on (@, &,) by pulsar observations (see Sec. VII
for a detailed discussion). The fact that

_ow [ a(+pr2)

a 2n

for khronometric theory [38] yields two possible ways to
enforce the previous bounds. One way is to choose a; to be
small enough so that both bounds are simultaneously
satisfied. This can be enforced by only one condition of
the form

a—2p
1-p

a;(1+p+21)]!
4(p+2) ’

mn—ﬂ (22)

<107 [1 +

which leaves the coupling parameters 4 and f uncon-
strained. Another way is to saturate both bounds for a; and
a,, which leads to a smaller parameter space; i.e. one can
require

a—2p

4 —p <1074, (23)

a—2p (a—Zﬂ)(l—f—ﬂ—i—Z/l)} >
1 <107". 24
a—z{ (ENE e (9

For our purposes, Egs. (22) and (23) are equivalent, since
our bounds will certainly not be sensitive to differences
below ©(107*). Thus, the choice given by Egs. (23) and
(24) is more restrictive, and without loss of generality we
can neglect it [as it merely selects a very small subset of the
parameter space allowed by Eq. (22) at leading order in a4
and a,]. We stress, however, that the formalism presented in
this paper is perfectly suited to the constraints of Egs. (23)
and (24) as well, and we do investigate this choice in more
detail in a later section (see e.g. Fig. 6).

Requiring that the propagating modes are stable and
have positive energy in flat space, and not allowing
gravitational Cherenkov emission by matter, one finds
the conditions [49,51,52]

plp+1) 25)

0 1/3 A ,
< p<1/3, > =35
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0<p<1/, z<-¥, (26)
1/3<p <1, 'm</1<—2—;ﬂ. (27)

Unlike in Einstein-@ther theory, cosmological constraints
are rather strong in khronometric theory. In fact, one has

Gy 2+B+34
Ge  201-p)

to leading order in ;. The agreement between observations
and the metal abundances predicted by BBN requires
|Ge/Gy — 1] £1/8. Once this bound is combined with
the stability or Cherenkov constraints of Egs. (25)-(27), it
selects a rather limited region of the (4, ) plane (cf. the
orange region in Fig. 1). Finally, when Eqs. (23) and (24)
are imposed, the ratio G-/Gy is almost one, and BBN
observations do not impose a new constraint, as in the case
in Einstein-ther theory.

Further constraints may come from observations of the
CMB and large scale structure of the Universe. As for
BBN, those constraints are expected to be efficient except
for the case f = —A. This has been demonstrated explicitly
in Ref. [41], which extended the action in Eq. (1) by
including a dynamical dark-energy component. However,
because dynamical dark-energy models affect the evolution
of cosmological perturbations, we will not consider the
bounds of Ref. [41] here. Also, like in the Einstein-&ther
case, black hole solutions in khronometric theory differ
from the GR ones [52,68,69,80-82] and may in
principle allow one to test the theory in the future.

Finally, Ref. [83] recently found a relation between
khronometric theory and Einstein-@ther theory at the level
of the solutions to the field equations. More precisely,
Ref. [83] showed that the solutions of khronometric theory
can be obtained from the Einstein-ather theory solutions in
the limit ¢; — ¢3 — oo (with ¢; 4 ¢3, ¢, and ¢ + ¢4 held
fixed). While we have not used this correspondence in this
paper to derive the solutions to the khronometric theory
field equations, we have used it to test the correctness of
our results.

(28)

III. VIOLATIONS OF THE STRONG
EQUIVALENCE PRINCIPLE AND THE
SENSITIVITY PARAMETERS

The prediction of observables in physical theories
requires knowledge of the solution to the field equations
for the system under consideration. However, when study-
ing compact binary systems, e.g. of pulsars, exact solutions
are not available in modified gravity theories or, for that
matter, in GR. One is then forced to rely on approxima-
tions, such as the PN scheme, where the system’s dynamics
is expanded in the ratio between the characteristic velocity
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of the system and the speed of light. In this scheme,
compact objects are modeled effectively with point par-
ticles. Clearly, this approximation breaks down in the
strong-field regions near the compact objects, but this will
be irrelevant in this paper; the PN scheme is ideal to study
the orbital decay rate of binary pulsars.

As already mentioned in Sec. II, the strong equivalence
principle is violated in Einstein-ather and khronometric
theory because of the Nordvedt effect [64,65], i.e. because
an effective coupling between matter and the ®ther appears
in the strong-gravity regime. To model this effect, the point-
particle action used to describe compact objects must
depend on “ather charges” or ‘“‘sensitivity parameters”
[84,85] coupling the particles to the @ther. In this section,
we will explain how this comes about, what these param-
eters mean physically, and how they can be computed from
the PN metric tensor. We then proceed with a strong-field
definition of the sensitivities and conclude with a descrip-
tion of how the sensitivities percolate into observables, with
a particular focus on GW fluxes.

A. A post-Newtonian route to the sensitivities

1. Point-particle action for compact objects

In PN theory, one models the motion of compact objects
sufficiently far from each other effectively through point
particles. The way these particles couple to the different
fields of the theory encapsulates finite-size or strong-field
effects. For weakly gravitating objects (i.e. ones with
negligible binding energy compared to their total gravita-
tional mass), the point particles effectively describing them
in the PN scheme can only couple to the metric [cf. Eq. (4)
and discussion in Sec. II]. However, even though the matter
fields do not couple directly to the @ther, the metric does so
nonminimally. Therefore, because matter couples to the
metric (although weakly) through gravity, an effective
coupling appears between the @ther and the matter fields
when gravity is strong (i.e. when the metric perturbations
produced on the background by the presence of the object
are large, as in the case of NSs). The existence of this
effective coupling has long been known in the context of
scalar-tensor theories (where it is called the Nordvedt effect
[64,65]) and introduces deviations away from geodesic
motion for strongly gravitating objects, thus violating the
strong equivalence principle. The sensitivities will para-
metrize this effective coupling.

In order to clarify how violations of the strong equiv-
alence principle come about, let us briefly review the
physical meaning of the sensitivities in scalar-tensor
theories [84]. In those theories, the gravitational interaction
is mediated by the metric and by a gravitational scalar field
¢, coupled minimally to the matter but nonminimally to the
metric. The gravitational constant, and therefore the bind-
ing energy of a compact object, depend on the local value
of the scalar field ¢. Because the binding energy
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contributes to the gravitational mass, one has to include an
explicit dependence of the gravitational mass m on the
scalar field ¢ when using a point-particle model to describe
compact objects, i.e. Sy a = — [draina(p), with A the
object’s label. From this, it is clear that the strong
equivalence principle will be violated, because the scalar
field depends on position, the mass becomes position
dependent, and the variation of S, does not yield the
geodesic equation.

We can parametrize deviations from geodesic motion by
exploiting the fact that in the PN regime all motion is slow
compared to the speed of light, and one expects that
changes in scalar field are also generally small and
slow. At leading PN order, it is sufficient to consider a
leading-order Taylor expansion of the mass 74 (¢p) and
parametrize deviations from geodesic motion through the
sensitivity [84]

8lnﬁ1A
g sy,

(29)

4

where ¢, is the constant value of the scalar field far from
the object. The partial derivative in Eq. (29) is to be taken
along a reversible transformation of the object [84]. This is
because under a change of the local scalar field (and
therefore of the local value of the gravitational constant) the
binding energy also changes, resulting in the body expand-
ing or shrinking. The extra kinetic energy gained by the
volume elements of the body is then assumed to be
transformed into potential energy without production of
heat (i.e. without production of entropy). In other words,
the body is thought to gradually adapt its structure to the
change in the scalar field. This is a good approximation if
the scalar field changes slowly enough, which is the case in
the PN regime.

In Einstein-ather and khronometric theory the situation
is similar. In general, because of the effective coupling
between the @ther vector field and matter in the strong field
regime, the compact object’s structure, its binding energy
and its gravitational mass will be a function of the motion
relative to the @ther. This is exactly why Lorentz symmetry
is violated in these theories; i.e. if Lorentz symmetry is
broken, then the motion of any compact body with respect
to the @ther should be experimentally detectable. Drawing
inspiration from scalar-tensor theories, let us model sys-
tems of strongly gravitating objects with a point-particle
action of the form [50]

SPPA - —/dTAﬁ’lA(yA), (30)

where A labels the object, y4, = U,y (with u/{ denoting the
particle’s four-velocity and U¥, as usual, the @ther vector
field) is the Lorentz factor of each particle relative to the
@ther, and dz, is the proper length along the particle’s
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trajectory. Because PN theory is a perturbative expansion in
the system’s characteristic velocity, and because y, ~ 1
corresponds to an object moving slowly relative to the
@ther, we Taylor expand the action of Eq. (30) as

SppA = _mA/dTA{l +04(1 =7a)
r 2 3
+§0'A (1 =74)*+0[(1 = y4) ]} (31)

where my, = m4 (1) is a constant and we have defined the
sensitivity parameters o, and ¢/, via

dlIn
64 =— nig(ra) ’ (32)
dln}’A ya=1
dzlnﬂu(m)
04 =04 + 0% +—2127 , (33)
P (g

in analogy with scalar-tensor theories. In what follows, it
will sometimes be convenient to use the rescaled sensitivity
parameter

_ 04
_1+6A‘

SA (34)

Clearly, for weakly gravitating
and 6,4’ ~ 0.

Let us stress that the assumption that v,/c < 1, where
vy~ [2(y4 — 1)]"/? is the velocity of the Ath compact
object relative to the @ther, is implicit in Eq. (31). The
PN expansion, on the other hand, is in terms of the ratio
v1,/c, where vy, is the binary’s relative velocity (i.e. the
binary system’s characteristic speed). In our analysis we
will consider both v,/c < 1 and v,/c < 1. This follows
from the combination of these two facts: (i) cosmologically,
the @ther must be almost aligned with the CMB frame
(otherwise there would be strong and nonviable effects on
the cosmological evolution; see also Ref. [86] for a
dynamical study of the alignment); (ii) the peculiar velocity
of our Galaxy relative to the CMB is ~1073¢; thus the
center of mass of binary systems moves slowly relative to
the @ther.

For an action of the form of Eq. (30), there is a subtlety in
the derivation of the field equations. In fact, the field
equations presented in Sec. II assume that the @ther does
not couple directly to matter [cf. Eq. (4)], but as mentioned
above, this is not the case in a point-particle model aiming
at effectively describing systems of compact objects.
Because of the presence of this effective coupling, the
field equations get modified by terms proportional to
the sensitivities. In particular, for Einstein-ather theory,
the equations for the @ther [Eq. (6)] are modified to include
a source term

objects, o4~ s4~0
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- 87G ﬂ’lA ; ;
M= gt A SOB) (i — i (1 —
& =2+ = (x' =xy) (o4 + 0 (1 =74))
X (uly =y U*) =0, (35)

where x/ is the worldline of the Ath point particle. Also,
Einstein equations [Eq. (5)] remain valid, but the matter
stress-energy tensor picks up additional terms with respect
to the definition Eq. (9). Mathematically, these extra terms
appear because the modified @ther equation [Eq. (35)]
changes the value of the Lagrange multiplier enforcing the
unit constraint. Doing the calculation explicitly, it turns out
that the matter stress-energy tensor becomes

v My i i GA/ v
Topea :m5(3)(x —XA){ [1 + 04 —7(1 —Vﬁ)} )y

— —yA>}<2U<ﬂu:>—yAUﬂUv>},
(36)

with the stress tensor for the ether field still given
by Eq. (7).

Similarly, in khronometric theory, Egs. (19) and (20) are
still valid if &* is replaced by &* as defined by Eq. (35), and
if the point-particle stress-energy tensor is given by

v ﬂ/lA i i O-A/ v
Tan =" =] [ o= G072 i

—[o4 +<7A’(1—}’A)]7AU”U”}- 37

This implies, in particular, that hypersurface-orthogonal
solutions of Einstein-ether theory are also solutions of
khronometric theory, although the converse is not always true.

2. PN solution to the modified field equations

In this section, we review the solution to the field
equations for a binary system of compact objects. In
particular, we will solve the equations within a PN
approximation (v,/c < 1), for binaries moving slowly
relative to the @ther (v4/c < 1) and described by the
effective action of Egs. (30) and (31). Note that the solution
will intrinsically depend on the parameter 1, and the
sensitivities 6, and o4’, but ¢/, will enter at higher order
than o, in the perturbative expansion [cf. Eq. (31)]. The
solution presented here for the Einstein-@ther theory was
derived in Ref. [50], while the solution for khronometric
theory is novel (but see Ref. [38] for a restricted solution
with vanishing couplings between the point particles and
the @ther). The derivations are standard and we will simply
present the results here for completeness.

Let us work in the standard PN gauge and PN coor-
dinates (7,x,y’,7) [87]. In both Einstein-ther and
khronometric theory, the 1PN metric takes the form
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] 2Gym; 1 [2G3m?  2G%m m,
R A T
2G% i i, 3Gyin
wiiy _3Guim oy +al>}
rri ry
+12+06(1/c°), (38)
1 [ Gy Gty 1irion
Joi = -3 [31 r/1 v+ By ” v'{n/l/n’l’
+12406(1/ch, (39)

gy = — <1 n ;22(;5’"‘>5ij F12+0(1/c%), (40)
1

where 7, is the mass of the Ath point particle [cf. Eq. (31)],
v/l its velocity, 7}, the binary’s separation, r/, the distance
from the Ath particle to the field point, and ﬁX the unit
vector associated with 7/, and the symbol 1 <> 2 means that
one is to add all terms on the right-hand side of the equality
with the exchange 1 <> 2. We have restored here factors of
1/c¢ to make the PN order counting clearer. A term
proportional to (7i4/7,)Y and (|v,"|/c)*" is said to be
of Nth PN order or of O(1/c*V).

In Einstein-@ther theory, the values of the constants
B are

3 1 2—
B}Eii—ziz((;‘(?—2a§)(l+ﬁ6§)
c 1 c
——— o ——a®(1 5% 41
“on 4a1< +2c1"*‘>’ 1)

where the weak-field PPN parameters are

8(c3 +cic
o= Betacy) (42)
2¢; —c c_

E_a? (C]+2C3—C4)(2C1+3CZ—|—C3+C4) 5
aTT 2 _ . (43)
( C14)C123

and we have defined

ci=cy£cs, (44)
iy =cp +cy, (45)
ci3=c1+c+cs. (46)

In khronometric theory, the values of the constants B} are

3 1 2-a
+ =47 _ —(kh _ 9 kh kh
BA_j:2 2:I:4(oc1 2a2)<1+2ﬁ_a0A)
1
=20} =" (1 + o1, (47)
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where now the weak-field PPN parameters are

4(a—2
ot = (; = 1ﬁ) ’ 48)
ok = (a=2p)[=F" + pla=3) + a+ A1 =3 +2a)]
F=1DA+p)(a=2)
(49)
The ather field takes the form
U°:1+%G1:—,ﬁ11+1<—>2+@(1/c4), (50)
1
Gym,

Ul == (O o+ Ol Afaf) +1 < 24 0(1/¢%),
1

6D

where for Einstein-ather

8+ af ©
= Tll[c_ - (1-=c_)o%]

2—cu 205 — af % )
+ +—=, (52
2 <2(01 +2c3—c4) i3 42

Ci

while for khronometric theory

Ci58+a]'€h(1+gkh);|:2_a 2040 — gkl 2Kk
A 4 A 4 2p—a)  p+i)
(53)

3. The sensitivities from the PN metric

The PN solution presented in the previous section
provides a way to calculate the sensitivities in practice.
Consider in particular the solution for the metric tensor, but
specialize it to a single object (rather than a binary system)
moving relative to the @ther. Mathematically, this is
achieved by setting one of the masses (e.g. m,) to zero
(or the separation r/, to infinity), but physically it corre-
sponds to placing oneself at a distance r| from object 1,
such that R, < r} < 1}, (with R, being the radius of the
object). The existence of this “buffer” region is possible
because the PN scheme requires rj, > R,, in order to
model the stars as point particles.

The advantage of considering an (effectively) single-
object system is that exact strong-field solutions that do not
rely on the point-particle approximation might exist for
such a system. Recall that this is not the case for binary
systems, for which only approximate PN solutions exist,
even in GR. If such a solution for a single object moving
relative to the @ther can be found, the metric near spatial
infinity will be given by the PN solution of Egs. (38)—(40),
with one of the masses set to zero. Because this solution
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depends on o4, one can in principle read off this quantity
from the behavior of the exact solution near spatial infinity.

What components of the metric near spatial infinity
should we use to extract 64 ? One cannot use the spatial part
of the metric gy, because this does not depend on 54. We
could use the (7,¢) piece of the metric, but 5, enters
multiplied by a term of ©(1/c*). One can find 6, more
easily by using the gravitomagnetic sector of the metric
[Egs. (39), (41) and (47)] and in particular the O(v) terms.
By using Eqs. (41) and (47), one easily finds

_2¢1[2(By + B;) +8 +af]

0% = (54)
A (c1 = c3)(8 +af)
in Einstein-@ther theory and
okl = — 2(BA + Bj) +8 +af"] (55)

(8 + af")

in khronometric theory.

The coefficients B that are needed to compute the
sensitivities are to be extracted from the exact solution for
an isolated NS moving relative to the @ther, as measured by
an observer near spatial infinity. The exterior solution will
depend on the interior solution, since both must be properly
matched, as we will see in Sec. IV. Therefore, the
coefficients B will depend on the strong-field behavior
of the solution in the stellar interior. Note also that these
coefficients appear in the metric [Egs. (39), (41) and (47)]
at O(v), and thus, to extract the sensitivities we only need
the strong-field solution at linear order in velocities.

Clearly, this procedure can in principle be pushed to next
order in v; i.e. ¢, can be extracted from the O(v?) terms of
the strong-field solution near spatial infinity. However, as
already mentioned, o/, enters the dynamics of compact
binaries at higher order than o6, in a small-velocity
expansion. Because the orbital velocities of observed
binary pulsars are at most v,/c ~ 1073 (a value reached
by the double binary pulsar PSR J0737-3039A
[59,88-90]), and because the center-of-mass velocities
relative to the @ther are on the order of the peculiar
velocity of our Galaxy (i.e. Vey/c~1073), effects
proportional to ¢/, will be negligible relative to effects
proportional to o,.

B. A strong-field route

As shown in the previous section, the sensitivity param-
eters can be calculated from the metric describing a body
moving with velocity v relative to the @ther. One unsat-
isfactory aspect of that derivation, however, is that it uses a
“weak-field” PN approach that models bodies with point
particles. Here, we will relax the weak-field and point-
particle assumptions and show that Egs. (54) and (55) also
follow from a strong-field definition of the sensitivities (i.e.
one that relates the sensitivities to the interior structure of
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the star, where the PN or point-particle treatment of the
previous section breaks down). In particular, we will
confirm that the calculation of the sensitivities only requires
knowledge of the metric near spatial infinity, and at linear
order in the velocity.

While the former is not that surprising (e.g. in GR,
genuinely strong-field quantities, such as the Arnowitt,
Deser and Misner mass, can be defined through the
asymptotic behavior of the metric or in terms of integrals
over the extent of the body), the latter is. In fact, one can
generalize the weak-field definition of the sensitivities
[Egs. (31) and (32)] to the strong field by replacing the
gravitational mass of the point particle, m(y), with its
strong-field counterpart, the total mass-energy of the body,
M., and thus define

0ln M,

_ 0InMy,
alny v=0 a

a(v?)

_ P InMy
v=0 81}2 1)=0‘
(56)

o =

It can be shown [91,92] that M, is indeed the strong-field
generalization of the point-particle mass 7 (y), because far
away from the star g, = 1—2GyM,,/r+ ---, which
agrees with the point-particle solution of Eq. (38) for
m(y) = M. As for v (and y), as mentioned above, they
are the velocity (and Lorentz factor) of the body relative to
the @ther, so in a coordinate system comoving with the star
(that is, one where the star is at rest), they are defined in
terms of the behavior of the @ther far from the star. In other
words, in a system of asymptotically Cartesian coordinates
where the motion is along the z axis, one has U”(?M =
(at - vaz)/ V1-— v? + @(1/1") and G = M + @(]/r)

What is confusing about Eq. (56), however, is that it would
seem to imply that the mass M, (and therefore the metric)
needs to be calculated at order O(v?) to extract the sensitiv-
ities, in contrast with the results of the previous section. In
what follows, we will show that Eq. (56) does however lead to
the same expressions [Eqgs. (54) and (55)] for the sensitivities
as the PN treatment of the previous section, essentially thanks
to Gauss’ theorem. This will confirm that one can extract the
sensitivity from the O(v) pieces of the metric alone. The
procedure we outline below is similar to that used in scalar-
tensor theories to extract the sensitivities of NSs from the
asymptotic behavior of the scalar field at spatial infinity [85]
(see also Ref. [93] for an approach similar to ours.)

1. Einstein-cether theory
As mentioned above, we consider a star at rest, and
the @ther moving relative to it, so that U0, =
(0, —v0,)/V1—=v*+06(1/r) and g,, =n,, + O(1/r) in
asymptotically Cartesian coordinates. We also assume that

the system is in a stationary regime (i.e. that the metric and
@ther do not depend on the time coordinate), which is
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expected to be the case after an initial transient. For such a
system, we can write the total mass as [85]

My = _/d3x(gg+gx+gmat>v (57)
b2
where £, is the Einstein Lagrangian density,” Z,, is the

@ther Lagrangian density

1
Lo =— V=gM*? N UN ;U” 58
® 1671_(;2e g /2% (xU ﬁU ( )

[the Lagrange multiplier term #(U,U" — 1) is not included
here because Eq. (57) is to be evaluated on shell], &, is
the matter’s Lagrangian density, and X is a hypersurface
of constant time. We stress that one can write the total mass
in terms of the Lagrangian densities alone because the
fields have no explicit time dependence (i.e. in the absence
of time derivatives, the Hamiltonian is simply H =
gp — L = —L), and because the Einstein Lagrangian den-
sity &, only depends on the metric and (quadratically) on
its first derivatives. We also note that the definition given by
Eq. (57) was also used in Ref. [91] for the study of black
hole mechanics and later in Ref. [55] in the context of GW
emission. For khronometric theory, it was used in Ref. [38],
where a brief summary with references to related work can
be found.

The sensitivities can then be obtained by varying the
mass of Eq. (57). When doing so, the bulk terms evaluate to
zero because of the Euler-Lagrange equations and one is
left with surface terms alone [38,85,91]. For a star, the
hypersurface X can be extended to its center, and we thus
have only surface terms at the outer boundary (spatial
infinity).

More in detail, because we are taking the difference
between two neighboring solutions of the modified field
equations, the ether and metric variations SU* and g,
preserve the unit constraint U*U, = 1. Thus, the bulk
terms lead to the modified field equations and thus vanish,
even though Eq. (57) does not contain the Lagrange
multiplier term. Similarly, the surface terms coming from
the variation of &, vanish, because we are working in a
gauge where g, =1, + O(1/r) [85]. Also, the surface
terms coming from the variation of the matter Lagrangian
vanish because we assume the matter fields to be confined
within the star, while the boundary of the hypersurface X
can be pushed to spatial infinity.

As a result, the only surface terms that contribute in
Einstein-zther theory are those coming from the ether
Lagrangian:

"The Einstein Lagrangian density, unlike the Einstein-Hilbert
one (from which it differs by a total divergence), depends
only on first derivatives of the metric. Explicitly, &, 6 =

9
—terc. V99" (DTl = T T%,) (cf. e.g. Ref. [94]).
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0%y ) (59)

= — 2¢. SUH
OM /{)zd S;oU <8(6,»U”)

Let us then evaluate Eq. (59) for a moving stationary
configuration. Clearly, 6U* is the difference between the
@ther 4-velocities of two neighboring moving solutions
with velocities v and v+ 6v, while the derivative
0% /0(0;U") must be calculated for a moving solution
with velocity ». It is more convenient to use asymptotically
spherical coordinates, in which Eq. (59) becomes

1 b4
Mo = 7= lim dor* sin@sU*J’,.  (60)

e 7% Jo
At lowest order and in Cartesian coordinates, the

4-velocity variation is SU* = sv(vd — &)+ O(1/r)+
O(5v?). In spherical coordinates, this becomes

sin @

SUH = 61}(1}6’,’ — cos @65 +r6’(3) [1 + @(i,év)].
61)

To calculate J”,, we need to solve the modified field
equations for a system comprised of a star at rest and an
@ther moving slowly relative to it. In particular, expanding
the equations at linear order in the &ther’s velocity and near
spatial infinity, one obtains the solution

ds® = Kl - 2M*>dt2 - <1 + 2M*>dr2 —~ dY?
r r

M,

— r’sin’0dg?* — 2v(B~ + BT + 4)
.

cos @dtdr

1
+0(7+2B7)M, sinedtde] X [1 + @(v,—)} ,
,

M
et = { (121 a
r

M
—i—v{l—(l—l—B‘—l—B*—l—C‘—l—C*)—*} cos Odr
r

(62)

M
—or [1 - (3+2B +2C) > } siné’de}

ikl
r

1
« [1 + @(y,_)] , (63)
r
with
3 2—cyy _
Bf=4+Z-24+—(a® =205 1
c c
——06,—-0oF(1 —0 4
CIGZE 4al( +2 10;13)7 (6)
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8 + af _
c* ETII[C_ — (1 =c_)o,]
2—C14 2a£26_a'cl€ 1 —
+ — , 65
2 (2(C1+2€3—C4)+C1230—ae ()

where the length scale M, can be shown to be related to the
total mass of the star, M, by M, = GyM, [91,92], while
G, is a free parameter characterizing the asymptotic
behavior of the solution and which a priori might have
no relation to the sensitivity of Eq. (56). To compute this
parameter, one needs to solve the modified field equations
in the stellar interior and match to an exterior solution, as
we do in the next section. Not surprisingly, Eqs. (62) and
(63) can also be obtained directly by transforming the PN
solution in Egs. (38), (39), (40), (50), and (51) to the
appropriate gauge and identifying ¢ — 6.
Using these expressions, one gets

M, .M, cosd
Jrﬂ = {5;46'3 r2 — U(SFT[CZ(C_ - C+ - 3)
M, sind
¢ (Co+Cy —2) —cq] — 08, o

X R(=eiCo 4 exCo + ¢3) = (B + B_>c_1}

Jreo(ta)]

with which Eq. (60) can be evaluated explicitly to find

(66)

OM oy = =6 M, v60[1 + O(v, 6v)], (67)

where we have used the relation M, = GyM,, mentioned
above. We therefore have

%(v) = —G,0, (68)
and the sensitivity is
. P InMy,
‘o =
:5$:_2c][2(B+—I—B‘)~I—8+af], 69)

(c1 = ¢3)(8 +af)

which reduces exactly to Eq. (54).

2. Khronometric theory

As discussed in Sec. II, khronometric theory can be
thought of as Einstein-@ther theory with hypersurface
orthogonality [Eq. (14)] being imposed in the action before
variation. Equivalently, khronometric theory can be derived
from the same action as Einstein-@ther theory, plus
four Lagrange multipliers Z,»” that enforce that the
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vorticity  vector w® = e?"°Us0,U; vanishes. Here,
el = gl | /=g, where & is the Levi-Civita symbol.

Such a formulation of the action has the advantage of
containing only first (and not second) derivatives of the
fields (and in particular of the @ther field U,). This allows
one to define Lagrangian densities in the usual way and
proceed as in the previous section for Einstein-ather theory
to define the sensitivities in the strong-field regime.
Because the Lagrange multiplier terms vanish on shell,
the mass of a time-independent configuration is given again
by Eq. (57), exactly as in the Einstein-@ther case. When
taking the difference between the mass of two neighboring
solutions, the bulk terms vanish as a result of the modified
field equations, and one is left with surface terms alone.
Exactly as in the Einstein-@ther case, the surface terms
coming from &, vanish in a gauge where g, =
Hw + O(1/r), and so do the terms coming from the
variation of the matter Lagrangian, because the matter
fields are confined within the star.

As for the surface terms coming from the Einstein-&ther
Lagrangian, using Eq. (14) we can express the @ther variation
oU,, in terms of the variation 6T of the foliation as

1 . &-UU,
8U, = =5 U,U,Usbg" + —fete

\/ 90, TOsT

A simple calculation then yields

9,6T.  (70)

0Ly (8, = U'U,)& 5T
M = — / d3x8i[ oU, +-—L £ }
00U " [gbo,10,T
(71)
with
0%y 0Ly
H — — 0
“ U, O [a(a,uﬂ)}
1 .
= —4(al"VFU, = V J%). 2
§eG. VI@UNVIU, =Y. (72)

From Gauss’ theorem, we then have

0L
oM, = — | d2S; U s
= s [a@,»U,,) Ut

(6, - U Uﬂ)aE”cST}

\/ 90, TOsT

(73)

This expression must be evaluated with boundary
conditions g, = n,, +O(1/r) and U*0, = (9, — v0,)/
V1=v24+0(1/r).

In a suitable gauge, the asymptotic solution for a slowly
moving star is given by
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2M 2M
ds? = {(1 ——*>dt2 - <1 —l——*>dr2
r r

— r2(d6* + sin*0d¢p?)
M,
p

-2v [(B‘ + Bt +4) ] cos Odtdr

M
+ 21}r[(3 +B-1J) —*} sin Gdtdﬁ}
r

y [1 +@<v,lr>}, (74)

M
U,dxt = <1 - *> (dt + v cos Odr — vrsin 0d6)

r

y [1 4 @(@)] (75)

with
3 1 2—a _
B* = :I:E—Z :l:Z(alfh —2a’2‘h) (1 +m6kh)
1
— 25kh —Zalfh(l +6kh)’ (76)

- 2432+ P28+ a(=1 = 5y) + 264]
/= 20+ A)a-2) - UD

where M, = GyM [91,92] and 6y, is again a constant
(a priori unrelated to the sensitivity) that characterizes the
solutions and which needs to be calculated from the full
slowly moving solution (i.e. from the solution describing
both the interior and exterior of the star). As in the Einstein-
@ther case, Eqgs. (74) and (75) can be obtained by solving
the modified field equations directly at O(v) near spatial
infinity, or also by transforming Eqgs. (38), (39), (40), (50),
and (51) after identifying ¢ > &.

From Egs. (74) and (75), one obtains & = O(v) and
T =t + vrcos#, so one can rewrite Eq. (73) as

1 ks
oM = @}Eg ; dOr? sin 0
x [6U,J™ + (aU*N'U, = V,J*)8T] + 6(v?).
(78)
Finally, we can write
1
8U, = 5v(v8!, + cos 05, — rsin 657) [1 + @(—,51})] ,
r
0T = évrcosf (79)

and use Egs. (74) and (75) to explicitly compute
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]m_{&,;ﬁM* u M, cos6

o2+ BB +a
_ M, sin
+/1(3+B-—B+—2J)]+v5f,;ﬂ2$
.

x(2+B‘—B+—27)}{14—@(%,1})}, (80)

alU*N'U, =V, Jo
M }
— M0 B 4B, 1 27-3)
-
} 1
+p(-B_+3B, +4J-2)-2q] [1 + @(—,v)] . (81)
r

Inserting these expressions in Eq. (78), one easily
obtains

Mot = =61 Mv80[1 + O(v, 6v)], (82)
where we have used again M, = GyM,,. We then have

OlnMy

v —(_TkhU (83)
and the sensitivity
0% In My, 2(B* +B7)
=t =6y, =—1-—— "7 (84
Ok e Ckh 8 & o (34)

which reduces exactly to Eq. (55).

C. Effect of the sensitivities on the
motion of binary systems

The strong equivalence principle is defined as the
universality of free fall for strongly gravitating bodies.
GR satisfies this principle, but this is clearly not the case for
theories in which the sensitivities are not zero. This is
because the sensitivities, as described previously, character-
ize how the structure of a compact object (i.e. a NS)
changes with the motion relative to the ambient field in
which the object is immersed (i.e. the @ther field in
Einstein-@ther or khronometric theory). As we will show
later, the sensitivities depend on the particular object under
consideration and, in particular, on its compactness.
Therefore, unless the sensitivities are exactly zero as in
GR, different bodies respond differently to motion relative
to the ambient field and thus move along different
trajectories, violating the strong-equivalence principle.

In the case of Einstein-@ther and khronometric theory,
the sensitivities affect both the conservative and dissipative
sectors. As for the former, the sensitivities modify
Newton’s universal gravitation law; i.e. at Newtonian order
the motion of a binary is described by [50]

PHYSICAL REVIEW D 89, 084067 (2014)
GN’;hBﬁAB

(14+o040)r3p’ ®5)

Y A
Vy =

where ryp = |x4 —xp| and Al , = (x}, — x4)/rsp. Let us
rewrite this expression as [50]

. ?mBﬁAB
i, = =, (36)
T'AB

where we define the active gravitational masses as
mg = mg(l + op) (&7)
and the two-body coupling constant

Gy

= 0ot oy

(88)

Similarly, the sensitivities enter the equations of motion
also at higher PN order in the conservative sector [50].
When it comes to the dissipative sector, and in particular
to binary pulsars, the most well-known observable is the
rate of change of the orbital period. In fact, it was the
monitoring of this quantity that led to the first indirect
detection of GWs by Hulse and Taylor [95-97]. For orbits
satisfying Eq. (86), this observable can be written as

P,  3E,
P,  2E,’ )

where P,, is the orbital period and E), is the binary’s binding
energy. In deriving this relation, we have used the fact
that the conservative sector is corrected only as in Eq. (85)
to leading PN order. Thus, the binding energy is given
by E, =—%um/(2a) and the orbital period by P, =
27a/?/(€m)!/2, as in Newtonian orbital mechanics, but
in terms of the two-body coupling constant & and the active
gravitational masses my. Here, a is the semimajor axis and
u=mymy/m, m=m; +m, (90)
are the reduced (active) mass and the total (active) mass,
respectively.
Equation (89) can be further manipulated by relating the
rate of change of the binding energy to the total flux of
energy # carried away from the system:

In GR, & is only due to the propagation of tensor modes
(i.e. GWs), but in modified theories one normally finds
radiation from scalar and vector modes. The balance law in
Eq. (91) should hold because the total energy of the system
is a conserved quantity [38,91,92].
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The energy flux carried by all propagating degrees of
freedom can be computed by investigating the Noether
charges and currents in the theory under consideration.
These charges and currents depend on the solution to the
evolution equations for the metric perturbations on a
Minkowski background in the far zone, i.e. at distances
much larger than the GW wavelength as measured in the
system’s center-of-mass frame. In what follows, we will
summarize how to compute this flux in Einstein-ather and
khronometric theory, which then leads to a prediction for
the orbital decay rate via Eq. (89).

1. Dissipative PN dynamics in Einstein-cether theory

The energy flux in Einstein-ather theory and for a matter
action of the form of Eq. (31) was first calculated by Foster
[50]. After rederiving these results we have found impor-
tant discrepancies with Foster’s work, which justifies
showing the calculation in some detail here. In the
following, we present the correct formulas that correct
the miscalculations in Ref. [50].

The energy flux is carried by degrees of freedom that
propagate away from the source. In this region, it is
convenient to treat the metric and @ther fields as perturba-
tions around a Minkowski background 7,, with the ether
pointing in the time direction and decompose their spatial
components as

hol:}/fl‘F]/ﬁ, Ui:l/i‘i‘l/.i,

hij = ¢ij + i (6, AF" = F") + 20 + ¢y, (92)
where A is the Laplacian differential operator and

vhi =V =i =i =i = 0. 93)

Once the previous decomposition is used in the field

equations, Egs. (5) and (35), one can follow the calculation

in Ref. [50] to find the waveform at a distance r from the
source (note the opposite sign due to different conventions)

2G,

i = iTjT(t —r/wy), %94)

where

(95)

is the speed of propagation of the ¢;; modes and

1
Qij=1;—- §5ij1kk, (96)

with /;; given by
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Iy = maxixy[1+ 0(1/c?)]. 97)
A

for a system of A bodies. Recall that here x',() are the
trajectories of the Ath point particle, while vi,(z) = x/, are
their 3-velocities.

The transverse-traceless projector is built with the unit-
norm vector 7' = r'/r, where r' are the coordinates of the
point where the fields are being computed [38]. To derive
the previous expressions we used the conservation proper-
ties of an improved energy-momentum tensor as defined in
Ref. [50]. For the vector modes, we choose the gauge
¢; = 0. The field y" can be solved as

yh=ct, (98)

up to terms with a vanishing time derivative. Finally, the
equation for ¢/ yields

; —2G, Al ey
V= —
(2¢cy—cyc)r\wy [1—c,

T
99)

Here, the different tensors on the right-hand side are to be
evaluated at a retarded time 7 — r/wy, where w is the speed
of propagation of the vector modes,

2ci —c.c_
W= +

=—" — 100
2(1=cy)eu (100

Also, @;; is the trace-free part of the rescaled mass
quadrupole moment

Ty =Y oamaxyxy(1+6(1/¢%),  (101)
A
and we have also introduced the tensors®
V=23 oxmaiixd[l +0(1/c*)].  (102)
A
(103)

Y= —ZGAﬁiAvi\[l +0(1/c?)).
A

Finally, for the scalar sector, once we impose the gauge
v = y" = 0, the equations for the fields ¢, and A, in the far
zone read’

The tensor 7';; is absent in the calculations of Ref. [50],
which is a mistake. For the bounds derived later, this term plays a
subleading role.

?At the PN order we work to, we do not need the O (1/c¢*) in
Eq. (104) since it corresponds to a conserved quantity; see
Ref. [50].
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AF  16G,
Cl4

x [1 4 0(1/c?)],

Ahgy = G (xf = xi\ (1))

(104)

ci3AP" + (14 ¢2)F = =162G "y “myvy6® (x' = xi) (1))
A

x [1+0(1/c%)], (105)
while
4G,c 3 o 1 _.
F—_2=14 27 DO, -7
(ca=2)r [2( )an11+2 “
nof 1 )
_ A (@ += 5,Jfkk> ﬁ’Z,-] L O(1/6),
014Wo C1aWo
(106)
where we have defined
& _20%)(] —
7 = (ai ag)(l-cy) ’ (107)
3(2c4 —c14)
and the speed of the F mode is
w% = (2 —cig)enns (108)

2+3e;+e)(I—cy)ey’

These constants depend on (¢4, ¢y3, €14, C123) [Eqs. (44)—
(46)] and (af, a5) [Egs. (42) and (43)]. Note that although
wy is the same as that defined in Refs. [48,50,55], Z and the
structure of Eq. (106) differ from Refs. [50,55]. We have
checked' that our expressions are consistent when taking
the weak-field limit [55], which is not the case for Ref. [50].

Using the previous equations and the expressions in
Refs. [50,55] we can compute the total flux &, and via
Eq. (89) the rate of change of the orbital period:

Pbi 3aG, /ol -
Py Cum < 5 Q;;0;; +

(109)
|

15

Ty

18 ;
+ (Sl — S2)2 (% —+ (?.5273 + 29) VJCMVéM +
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In these equations, the angle brackets stand for an average
over several wavelengths and we have defined the shorthand

1 2 2 3 Z—-1)?
ﬂl E——|— c14c+ g C14( ) , (110)
wy (21 —cey)Pwi o 2wo(2 - )
2(2-1 2
dy= 22D S
(cra =2)wy  (2¢) —cpc_)wy
_ 1 4 2 _ C14Z2
T 2wl 3cu(2—c)wy ' dwg(2—cyy)’
(112)
V4 1
By =——, = , (113)
? 3W8(C14 -2) 9014W8(2 —ci4)
4 4
G = (114)

3W3€14(2—C14) 3C14W?’ 6W1C14

Let us now evaluate the different terms in Eq. (109) for a
compact binary system in a generic orbit in the center-of-
mass frame. Using basic results from Newtonian and PN
orbital mechanics, we can evaluate the moments in
Egs. (96) and (97) (cf. Ref. [50]). The only expression

not found in Ref. [50] is

28um
v i

7 (52— Sl)[ﬁ[IIZXQM - 2’Al[szJc]Milz + rglzxjc]M]’

(115)

where Xy = (mx} + myx})/m are the center-of-mass
coordinates [see also Eq. (90) and the definitions around
Eq. (85)]. These moments are to be used in Eq. (109). As
explained in Ref. [50], the secular terms that depend on
X&y can be neglected, as they are canceled by an opposite
contribution in the action. The final result is

G, 8 . :
b —3< (ﬂ) {— () + Sl + S2l3) (1202, — 11i2,) + 4(B) + SBy + S*By)i%,

6 o
(§d3 +36%; — 29) (VlCMﬁgz)2)

i sl oad 8 i i sl o o)
+ (51— 52) {12(&%}2 +28%B3)Vemhin v + 2 (A +285)Ven(Boi, — 2"12”{2”]12)} }> (116)

19 Another way to check the consistency of the approach is to
use the limit of Ref. [83] to compare with the khronometric

% Another way to check the consistency of the approach is to use theresults to be shortly derived. Also in this case, our results are
limit of Ref. [83] to compare with the khronometric results to beconsistent.

084067-18



CONSTRAINTS ON EINSTEIN-ATHER THEORY AND ...

where recall that v}, = i, is the relative 3-velocity, Vi, =
XLy is the center-of-mass velocity of the system relative to
the @ther field and & = sym,/m + sym; /m.

At this juncture, let us stop to discuss some qualitative
features of the orbital decay rate predicted in Einstein-ather
theory [Eq. (116)]. First, note that in the limit in which all
the coupling parameters go to zero, i.e. ¢; — 0, Eq. (116)
reduces to the GR result. Second, the Einstein-ather terms
can in principle dominate over the GR ones, under
appropriate conditions (i.e. unequal and sufficiently large
sensitivities, and sufficiently large couplings). This is
because the leading-order Einstein-@ther term scales with
fewer powers of 71/ri, than the GR result. Indeed, the
Einstein-zther terms enter first at absolute order 6(1/c?),
whereas the GR prediction is of absolute order 6(1/c'?).
Such scalings are typical of dipolar radiation, and those
terms are proportional to the difference of the sensitivity
parameters squared. The existence of a preferred frame is
clear in the previous expression from the dependence on the
velocity of the center of mass with respect to the @ther,
VéM Finally, note that for circular orbits, 7, =0 and
ny,v}, = 0, and the above expressions simplify greatly.

2. Dissipative PN dynamics in khronometric theory

The energy flux in khronometric theory was first
calculated in Ref. [38], which focused on weak-field
sources. We will here present the main features of their
analysis, together with the generalization to the strong-
field case.

The total energy flux carried by propagating degrees of
freedom can be computed in khronometric theory, using the
decomposition in Eq. (92), to be [38]

1 (a 2)
F) = — FF ,
() = =5 492 i - )+ )
(117)
where ¢;2 = 1 — fis the speed of propagation of the tensor
modes and

o (a=2(p+i
S a(B-1)(24+p+34)

(118)

is the speed of propagation of the scalar modes. The term O
corresponds to a boundary term given by a time derivative.
This term has two components: one that cancels when
averaged over the orbit and another one that cancels against
secular terms (cf. Ref. [50]).

The far-zone fields appearing in Eq. (117) can be
obtained by solving the modified field equations from
Sec. I A1 and using the method described in Ref. [38]
(see also Ref. [50]). The results are
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2G, .
bij = _—&Q?}T(t_ r/c),
4G.a |3
F=—2"—|=(Z-1Dan/ ZI
((1—2) |:2( ) an]+ kk
atnl 1 2
I (@,,+ 5,]Jkk> nZ] (119)
ac‘ acy

In the expression for F, the different moments should be
evaluated at the retarded time ¢ — r/c,, and we have defined

(" = 2a5")(1 - )
32— a) ’
After performing the angular integration in Eq. (117), the

orbital decay rate is still given by Eq. (109), but now with
the coefficients

F =

(120)

1 3a(Z -1)? 2(Z-1)
=_ 4= 7 =— 2~ 121
7 c,+ 2ci2—a)’ 7> (a=2)c3’ (121
A= 2 @ = (122)

T 3a2—a)e ' 4c,2-a)’

Z 1
By =—r——, By=——<—", 123
: 3ci(a—2) ’ 7 9ac 2-a) (123)
4
=g, 2 =0. (124)
3cia(2 —a)

Clearly then, the same observations made after Eq. (109)
are still valid here. In particular, the orbital decay rate is of
dipolar structure and depends on the sensitivities.

IV. NEUTRON STAR SOLUTIONS IN
EINSTEIN-ATHER THEORY

In this section, we construct Einstein-zther theory
solutions that describe isolated nonspinning NSs moving
slowly relative to the @ther. We begin by presenting the
metric and @ther ansatz and expand the field equations at
zeroth and first order in the velocity v relative to the @ther.
We then explain how to solve these equations numerically.

A. Metric ansatz, sther field ansatz and
neutron star model

Let us consider a generic ansatz for the metric and @ther
fields, for a stationary configuration describing a nonspin-
ning NS in slow motion with velocity v’ relative to the @ther.

One can adopt a coordinate system comoving with the
fluid elements of the NS by aligning the time coordinate
vector to the fluid’s 4-velocity u*. More specifically, we can
choose a spacelike hypersurface ¥ and assign spatial
coordinates on it. One can then define the spatial coordinates
of an event p as those of the intersection between X and the
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worldline of the fluid element passing through p.11 In these
comoving coordinates, the fluid elements are at rest, while
the @ther is moving. In particular, the fluid 4-velocity field is

5

Because the system is invariant under spatial rotations
around the direction of the motion relative to the &ther, it is
convenient to adopt asymptotically spherical coordinates
(t,r,0,9) in which the @ther’s velocity direction corre-
sponds to the polar axis. Clearly, in these coordinates both
the metric and @ther will not depend on the azimuthal
coordinate ¢. Noting then that the system’s configuration
must be invariant under the simultaneous reflection of

ut =

(125)

TN —Ul,

(126)

> —t, (127)
it is clear that at first order in the velocity, the only nonzero
components of the metric are the cross terms g, and gy,
and the only nonvanishing components of the @ther field
are U, and U,. [Note that a contribution to U, at O(v) is
forbidden by the normalization condition U*U, = 1.]

More explicitly, the most generic ansatz at linear order in
v for the metric and @ther is given by

ds? = e!)dr> — e*)dr? — r?(d6* + sin®0dg?)
+20V(r,0)dtdr + 2vrS(r,0)dtdd + O(v?), (128)

U, = "2 + vW(r,0)8, + vQ(r,0)5 + 06(v?),
(129)

and the fluid 4-velocity Eq. (125) becomes

ut = e V2§, (130)
Note that for a star, the @ther cannot have any U,
component at ©(1°), as shown explicitly in Ref. [56] using
the field equations.

The ansatz of Egs. (128)—(130) therefore depends on two
potentials u(r) and v(r) at order ©(+°), and on four
potentials V(r,0), S(r,0), W(r,0), Q(r,0) at O(v). This
ansatz, however, has been derived by choosing spatial
coordinates comoving with the fluid without specifying the
time coordinate. In particular, one is free to perform a
coordinate transformation of the form

"Note that this construction yields a bona fide coordinate chart
in the absence of caustics for the fluid flow (which is a reasonable
assumption for the system that we are considering) and in the
absence of closed timelike curves (which would in any case
violate causality and make the spacetime pathological).
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! =1+ vH(r,0), (131)

which can be used to set any one of the potentials V(r, ),
S(r,0), W(r,8), Q(r, 0) to zero while keeping the ansatz of
Egs. (128)—(130) valid at ©(v) (modulo a redefinition of
the remaining three potentials). In what follows, we will set
therefore O = 0 without loss of generality.

We use a perfect fluid stress-energy tensor to describe the
NS matter:

T3 = [5(r) + B, — p(r)g + 02 (132)
where p(r) and p(r) are the fluid’s energy density and
pressure at O(2°), respectively. The density and pressure do
not have any O(v) contributions because they must be
invariant under the transformations in Egs. (126) and (127).
Moreover, one can explicitly show that any O(v) pieces in
the density and pressure must vanish from the O(v) pieces
of the (#,7) and (r,r) components of the modified field
equations. Note also that, in spite of these facts, the (7, r)
and (¢, ) components of T} have O(v) contributions due
to the O(v) terms in the metric.

The relation between internal pressure and energy
density is parametrized by the EoS. We here investigate
four different, realistic EoS: Akmal-Pandharipande-
Ravenhall (APR) [98], SLy [99], Shen [100,101] and
LS220 [102]. For the Shen and LS220 EoS, we use a
temperature of 0.1 MeV and consider neutrinoless, S
equilibrium. These EoS are not the only ones that are
observationally viable, but they represent a sufficiently
large sample of the EoS to allow us to investigate how the
different observables depend on this choice.

B. Field equations

1. 6(v°) equations

Let us first look at the field equations at O(¢°). The (z, 1),
(r,r), and (6,0) components of the field equations give
three independent equations:

dM d*v dv\?
16dr—4cl4r(r—2M)drz—Cl4r(r—2M)<dr)

M d
tdey (8 o1 3m ) Y = 64zpr2,  (133)
dr dr

dv\? d
cur*(r—2M) (d—l:> + 8r(r—2M) d—I; — 16M = 6471 p,

(134)
d*v dv\?
4r2(r—2M)E—(C14—2)r2(r—2M) —_—

dr
M d M
x4rlr——-r+M —U—8r—+8M:64ﬂr3p,
dr dr dr

(135)
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respectively, where p(r) and p(r) are, respectively, the
rescaled NS pressure and density

2—cy 2—cy

= Gyp, = Gyp, 136
P 5 Onp P 5 O (136)
with the length scale M(r) defined by
2M
—u(r) = 1 (r) (137)
r

With these definitions, M (r — o0) = M, = GyM,, where
M, is given by Eq. (57) [91,92]. Because Gy is the value
of the gravitational constant measured with a Cavendish-
type experiment, thus entering Kepler’s laws, M, also
corresponds to the NS mass measured at spatial infinity by
a Keplerian experiment. To make this last fact clear, we
define M, = M.

By using Egs. (133) and (135), one can eliminate
(dv/dr)? from Eq. (134) to yield

dv 1 aMm
== e —2)r2
dr  (c14=2)r(r—2M) { (14 =2)r dr

+2(C14—2)M+1671'}’3[(2C14—1)p+p]} (138)

By using this equation, v can be eliminated from Eq. (133)
to give
M 1
dr cuulcy —2)r
X (r—2M)"2(r = 2M + c\4M + 4zc 43 p)'/?

{—(8 - 6C14 + C%4)M + 2(6’14 - 2)

—2r[4zc14(2cis — 1) p +dre i r?p + ¢y — 2]},
(139)

and substituting this equation into Eq. (138), one has

dv 4 1 r—2M + ciuM + 4rc i, p\ /2
r—2M '
(140)

One can use Egs. (139) and (140) to eliminate dM /dr and v
from Eq. (135) to yield

dp 2
Lo+

i r=2M +ciuM +4drci, P p\ /2
dr Ciat ’

r—=2M
(141)
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This equation corresponds to the modified Tolman-
Oppenheimer-Volkoff (TOV) equation [103,104]. Solving
the field equations to zeroth order in velocity then reduces
to solving Egs. (139)—(141), together with an EoS, for the
four unknown functions v(r), M(r), p(r) and p(r).

One may find it instructive to expand these equations
further in a small coupling approximation, i.e. ¢4 < 1.
Doing so, the above equations become

dM Ci4
= —dnrtp——— _M? 4 8x(Tp +2p)M PP
R e 2M)[ +8z(7p +2p)Mr
+ 8z(22r?p* — p = 3p)rt] + O(ciy), (142)
dv _4nrp+M (4rnr3p + M)?
== - 14
dr r(r—2M) €14 2r(r —ZM)2 +0(c 14) (143)
dp _ (4nr’p +M)(p+ p)
dr r(r—2M)
(4zr’p +M)*(p + p)
+ Clg 4r(r_ 2M)2 + @(C%“_) (144)

The first terms in the above equations agree with the GR
result for the TOV equation; see e.g. Refs. [103,104].

2. O(v) equations
Let us now look at the field equations at O(v). The
modified field equations and the @ther field equations
become a system of partial differential equations for the
unknown functions V(r, ), S(r,6) and W(r,0). One can
separate the variables r and 6 by using the following
Legendre decomposition:

an (cos 6), (145)
an dP” cos 9) ’ (146)
an (cos @), (147)

where P, is the nth Legendre polynomial. This structure
can be inferred from symmetry principles by looking at
how each component of the metric behaves under spatial
rotations and reflections with respect to the equatorial
plane; i.e. this is nothing but a tensor spherical harmonic
decomposition (see e.g. Ref. [105]).

With this decomposition at hand, the (z, ) component of
the modified field equations and the » and & components of
the @ther field equations become
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ds, 1 1
dr  4n(n+1)r?

+4[4M +16zpr® + n(n + 1)(1 = c_)rlk, —4n(n + l)rsn},

&2j, 1 1

_ ){[—(cz by — )P (r—2m)d

arr 2 Ciosr*(r —2M

di
+r [—cmr(r —2M) dj:

M dj,
2 —=2r+MmM
+ C123 (3}" dr r—+ )r d

r

dr

d ds,
+n(n+1)re/? [(614 + cz)r—ys” —(cio3 + cz)rd—sr + (Bcy +2¢y)s, + c_k”] },

dk, 1

1
dr ~ 2c_r(r—2M)

+4[-(Bcip3 + )M + 20123r]jn] e’ —2¢, r*(r —2M)

d
- 2
+[ (e +2cq)r ar

dM
—2(cps, — c_kn)rd— —23cys, + c_k,)M +4n(n + 1)0123rsn},
r

respectively, where we have defined [recall also the
definitions in Egs. (44)—(46)]

jn =W, — e_D/an-

Note that the nth mode is independent of all other modes;
i.e. there is no mode coupling (see Appendix A for an
explanation). Note also that, as expected, the new unknown
functions at O(v) depend on the solutions to the O(2°)
equations of the previous subsection.

C. Asymptotic solutions, matching conditions and
numerical techniques

The above system of differential equations must be
solved order by order in velocity twice: once in the interior
of the NS with a given EoS, and once in the exterior where
the density and pressure vanish. We solve these equations
as an initial value problem. The solutions will generically
depend on integration constants. These are determined by
imposing that the solutions be continuous and differen-
tiable at some matching radius, usually the NS surface.

Let us first concentrate on the initial conditions for the
0(1°) equations. By imposing regularity at the NS center,
the behavior of the solution to the ©(1°) equations near the
center is

@> an —42(r=2M)k, +n(n+1)(ciy — 1)rs,|Jr—

{—4n(n + De_re’/?j, — ciur*(r —2M) <d
.

dM
D in — am
+ {( Cio3 = C1a)r dr
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dv
dr

(148)
21/ ) d2 )
22 +2C123V2W]n
ldv
+ (2¢, = 3c14 —2¢0)M —2(c5 — c4)r] ]n} e
dM .
+2 {Zczrw —=2(2¢13 + )M + [n(n+ 1)c; + 20123@ .]n:|
(149)
dv . dM . d.n
{ {2(02 +c3+cy)r(r - 2M)E.]n —4(cr + C3)rW]n +4(cy + ¢3)r(r —2M) d]r
d’s,
dr?
S, dv dM\ ds,,
+ (c_ +2¢4)s, + (cy + 2c4)kn] r(r—2M) = + 2c+r<3M -2r+ rﬁ) o
(150)
p(r) = pe+ par® + 0(r), (152)
3
() = po +4n (pe+3p)pe+pe) 5, o(F),  (153)
(151) 3(c1a—2)
2ﬂpc + 3”C14pc> 3 5
M(r)=—4—/—————2|r +0(r), (154)
) ( 3(cia—2) )
3
Ur) = v =82 220 263y S 0%),  (155)

where p,., p. and v, are the values of the density, pressure
and v at the NS center, respectively. The quantity p, is a
constant that can be expressed in terms of p,. and p,. via
Egs. (152) and (153) and the EoS. Similarly, by requiring
asymptotic flatness, the asymptotic behavior of the solution
near spatial infinity is

cuM? oy M3 M
M(r) =M, +—"= - — 1
(r) *+ 4 + 4 r2 +@ Clq }"3 5 ( 56)
o) 2M, ¢ M m?
e =1-"—"—-—"F+0(cu— |(r— ), (157
r 6 r r

where M, = M(o0) = GyM o, With M, the NS mass
observed by a Keplerian experiment.
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Given these asymptotic solutions, we numerically solve
the ©(1°) differential equations as follows. First, we choose
a specific value of the NS central density p,., and with it, we
obtain p. from the EoS p. = p(p.). We obtain the interior
solution by solving Eqgs. (139) and (141), together with the
EoS, from a core radius r, < R, up to the NS surface,
defined as the radius R, at which the pressure vanishes. We
then use the values obtained from this interior solution
evaluated at the NS surface as initial conditions for a new
evolution of the equations in the exterior. The exterior
solution for M(r) is then evaluated at a large boundary
radius 7, > R, and set equal to the asymptotic expression
in Eq. (156), evaluated at the same radius r;, to solve for the
observed NS mass M .

Next, we solve Eq. (140) for v(r) in the interior (from
r =r, to the NS surface) using a trial value for v. As
before, we then use the value of v(r = R,) as an initial
condition to solve for v(r) in the exterior. Since Eq. (140) is
shift invariant, the trial solution plus a constant ' (r) + C,

|

1 1
k(ir)=C+—————
1) 30 cip3(cis —2)
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is also a solution. We choose C,, such that v(r) satisfies the
asymptotic behavior of Eq. (157) at r = r;, [11,106]:

Note that in practice r, < oo, but we choose it to be
sufficiently large such that the error incurred is smaller than
other numerical errors, e.g. those due to the discretization
of the differential equations.

Let us now discuss the initial conditions for the O(v)
equations. Equations (39) and (62) imply that we are only
interested in the n = 1 component of the Legendre decom-
position, since these functions determine the sensitivities
and, thus, the orbital period decay rate. Imposing regularity
at the NS center, the solution to Egs. (148)—(150) near the
center is

{3(c14 = 2)[2(6 — c_)cy + 6¢, + 6¢3 + ¢ = c3]e’/?D

—247[(3 4+ 2c, —4cy)eq + (4 —4cyp +9ciy)cr + 263 + (14 2¢3 4+ 3cyy)ey + (3eig — 2)es]p.C

—87[(3+2c, —4cy)eq +2(11 = 2¢y)ey +2¢ + (23 + T)ey + 4e3lp . Chr? + O(r?),

1 1

si(r)y=C—-——+——
1(7) 30¢ips(c14 —2)

—247[(6¢, + 8¢y — 1)y + (8¢) = 3c14 = 8)cy + 6¢] + (6¢3 — c14 — T)cy = (6 4 ¢14)¢3]pC

—8x[(6¢c, +8cy — 1)cy + 2(4c; —T)ey + 6¢7 4 3(2¢3 — 3)cy — 8cslp.CHr? + O(r?),

wi(r) = Dr* + 0(r%), (161)

where C and D are constants of integration. Similarly, we
can impose asymptotic flatness at spatial infinity and obtain
the asymptotic solution

ki (r) = ke (r)

M, M?
=-1+4— + (ks,A + ke,) 2
r M3 M?
+ |:B+ (kA3]A+k031)ln(M*>] }"3 +@<r—4),

(162)
s1(r) = s7°(r)
M;

M,
=—1 =+ (SAIA +SC1)7+ (SA2A+SC2)7

B

2
M3
r

r M3
+Sey, + (SA31A t ey, ) In <_>:| 3

(163)

(159)
{3(c14 = 2)[4(c_ = 1)cy = 2¢, = 2¢3 + 3¢ = 3c3)e%/D
(160)
[
w(r) = wie(r)
_A+2(Cl4—1)M* M%
=T TmAtwe)Ty
M M*
+ (Wa,, A +wey,) = + @<7>, (164)

where A and B are constants of integration, s,, and s are
given by

_ 1 (3C1 +2€2—4)C1 —2C2—(2C2+3C3 +2)C3

= , (165
SA] 4 C_C23 ( )
1 1
Sep = T 2¢_cin [(c; =2+ 3c3+3cs —4)c
+ (3¢s +2¢3+3c4 —2)ez +2¢5(cy — 1)],  (166)

and the other coefficients, ky,, ke,, ka, > Ky Say> Scys Saqs
Scas SAys Sez» Way» Wey» Wa,, and w similarly depend only
onc; (i =1,2,3,4). We do not present explicit expressions
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for these quantities here because they are lengthy and
unilluminating.

One might be worried that the first terms in Egs. (162)
and (163) seem to be inconsistent with the asymptotic
flatness condition, because they lead to terms in the metric
of the form g,; ~ vdx'dt. However, such terms are coor-
dinate artifacts; for example, the Schwarzschild metric in
Eddington-Finkelstein coordinates has a component that
goes as g,, ~ dvdr. An inverse coordinate transformation
¢ ~t—wvz with z=rcosf would then eliminate such
terms in Eqs. (162) and (163), but we choose not to do
so here because the equations of structure are simpler in
these coordinates. The asymptotic behavior above is con-
sistent with the one found by Foster [50], as explained in
Appendix B.

The numerical solution to the modified field equations at
O(v), i.e. Egs. (148)—(150), can be obtained by exploiting
the linearity and homogeneity of the differential system.
First, let us arbitrarily choose two sets of values for the
constants (C, D) in Egs. (159)—(161) and solve Egs. (148)-
(150) from r = r, to the NS surface. Then, we evaluate
these interior solutions at the NS surface and use them as
initial conditions to numerically find the exterior solution.
(1

Doing so, we obtain two homogeneous solutions A; ’ and

Agz)’ where A; = (ky, 51, w;), everywhere in the numerical
domain. With this at hand, the general solutions A; can be
obtained by linear superposition

A =CAY 4+ DA?. (167)
The new constants C' and D’ must be determined, together
with A and B in Egs. (162)—(164), by requiring the
following matching conditions at spatial infinity:

ki(ry) = k$°(rp), (168)
si1(rp) = s°(rp), (169)
wi(ry) = wi(rp), (170)
wi(ry) = ws(ry). (171)

As before, we evaluate the matching at a fixed radius
rp > R, that is large enough for the errors to be smaller
than those due to the discretization of the equations. We
will later check that our results are insensitive to the choice
of core and boundary radii.

The numerical techniques used to solve the O(¢°) and
O(v) differential system are the following. As already
mentioned, we treat the system as an initial value problem,
with initial conditions given by the asymptotic behavior of
the solution about the NS center. We then numerically solve
the equations with an adaptive step-size, fourth-order
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Runge-Kutta method [107]. All numerical solutions pre-
sented in this paper are obtained with this numerical
algorithm. In all cases, we have checked that increasing
the numerical resolution does not affect the results
presented.

Finally, to obtain the sensitivities we transform the
asymptotic solution for the metric [Eqs. (162) and (163)]
to the gauge of Eqgs. (38)—(40) (see Appendix B for the
explicit calculation). This relates the integration constant A,
which we can determine from our numerical solution,
to the constants B appearing in Egs. (54) and (69)
through

A=—(B +B"+2). (172)
With this relation at hand, we can then write the sensitiv-
ities for an isolated star in Einstein-a&ther theory in terms of
the constant A as

2¢,(2A — 4 — o)
O, —
: c_(8 +af)

(173)

V. NEUTRON STAR SOLUTIONS IN
KHRONOMETRIC THEORY

In this section, we construct solutions of khronometric
theory that describe nonspinning NSs moving slowly
relative to the @®ther. We follow the same organizational
structure as in Sec. IV, and thus begin by introducing the
metric and khronon field ansatz for a generic nonspinning
stationary and slowly moving system, and then present the
field equations and explain how to solve them numerically.

A. Metric ansatz, khronon field ansatz and
neutron star model

In khronometric theory, one can construct the @ther field
from the khronon field 7' through the relation in Eq. (14).
The most generic ansatz for the metric, @ther and for the
4-velocity of the NS fluid is then still given by
Egs. (128)—(130). However, Eq. (14) (hypersurface ortho-
gonality) implies the relation

ePrPUN Us =0 (174)
between the different components of the @ther field. Thus,
in the generic ansatz of Eq. (129) one has

0(Qe™?)/or = e™/20W 00 (175)
in the khronometric case. This means that one can choose

the function H(r, ) in Eq. (131) such that it satisfies the
conditions

aiH — We_l’/z’ aiH — Qe_y/z‘

or 96 (176)
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With this, one can eliminate both U, and Uy and thus set B. Field equations

W= Q = 0 by performing the coordinate transformation The modified field equations at ©(¢°) are exactly the
in Eq. (131) with a judicious choice of H. This trans-  ¢ame 4 those in @ther theory [51,73,80,81], with the
formation corresponds to using a fohatlon adapted ;0 the substitutions of Eq. (15). At 6(v), the only nonvanishing
khronon 7' = const hypersurfaces [i.e. 7 = T + O(v)°] and components of the modified Einstein equations are the
leaves the ansatz of Eqs. (128)—(130) unchanged modulo a (t,r) and (1,0) ones, which, after performing the Legendre

redefinition of the potentials S and V. decomposition of Egs. (145)—(147), lead to
d*k 1 d*v d*M dv
c=— dar*(r —2M k, +8 A —k —-2M k
ar 8(,B+/1)r2(r—2M){ ar(r=2M) s ku + 8B+ D)k +ari(r )<dr) "
dk, M
-4 [—(ﬂ + A)r(r—2M) 7 +(a+p+ ﬂ)rﬂkn +[Bla+1)=p+4M-2(a+ A+ 1)rlk,

dv am dk, M ,ds,
+n(n+1)(/1+l)rsn]rdr+8(ﬂ+/1)r<—2r+3rdr+M> = 16/1rd k, +4n(n+1)(f+24+1)r o

+[=16(28 + 31+ 1)M + 4[—=16xr*p + n(n+ 1)(B— 1) + 4(B + A)|rlk, — 4n(n + 1)(3B + 24 — l)rsn}, (177)

2

d2

d’s, 1

1
drr A - 1)r2(r—2M)

{4ar2(r—2M) 7
p

5, + ar(r — 2M) (d”> 5,

- 2ar(fj—]‘;[sn +[-2Ba—p+1)s, = 2(f — 1)k, M

+2r {(ﬂ —)r(r—2M) (f;:

+rida =t s, + (6 - 1)’%]] %+4(ﬁ— 1)r<3M+ ra;?;[—Zr) ‘i;:

dk,
dr

FAT=(B 4 3)s,+ (4204 Dk] D0 =45+ 204 1)r(r - 2)

+[-12(8 = V)s, +4(7p + 64 = 1)k, |M + 8[[-8zr*p + n(n + 1)(B + )]s, — 2(8 + ﬂ)kn}r}- (178)

1. Asymptotic solutions, matching conditions and numerical techniques

The initial conditions for the ©(+°) equations are exactly the same as in Einstein-ather theory, as described in Sec. IV C,
since the differential equations are identical. The initial conditions for the O(v) equations, on the other hand, will be
different. Requiring that the metric be asymptotically flat, the asymptotic behavior of the solution to Eqs. (177) and (178)
for the n = 1 modes is

k‘l’°(r):—1+AM (7+ 118+ 182)A = 6(6 + a)A — 2(2a + 11) — 2(a+7)M2
r 8(+4) r?
_ 3 4
o 2l A a0 ()] 00 o (0 -
oo )__1+(—1+3ﬁ+2/1)A+2(1+2ﬁ+3/1)M*+—(3+ﬁ+4/1)A+2(1+/1)a+6(1—/)’)Mi
S 4B +4) r 8(+ 1) r?
—8(1—4f-30)a+5(13+386+512) , 1, 3(1+156+170)a+5(13 + 386+ 512)
+{ 12006 + 4) 27" 60(5 + )
(B+32+2)[(a+5)A - (Ba+10)], [ r\ | M> M*
B 15(+4) ln<M*>} r +@<r4>‘ (130)
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Imposing regularity at the NS center, the solution near

the center is

ki(r) = C+Dr*+ 6(r). (181)

r2
(B-24-3)(a-2)
x (=3a{8x[(f + 31+ 3)p. + p.]C
+ (3 + 44+ 1)D}
— 16x[(f + 34— 1)p. = 3p.]C

+6(3f+ 44+ 1)D) + O(r).

Sl(l") :C+3

(182)

The matching conditions and procedure are identical to
those described in Sec. IV C for Einstein-@ther theory.
Similarly, the numerical techniques are the same, and the
extraction of the sensitivity is done by transforming the
asymptotic solution for the metric [Egs. (179) and (180)] to
the gauge of Egs. (38)—(40) (see Appendix B for the
explicit calculation), which again yields Eq. (172). Thus,
one can calculate the sensitivity with the numerically
derived value of A and Eqgs. (55) or (84) via

_2A—4—0/1‘h

kh
o
8 + akh

(183)

VI. NUMERICAL NEUTRON STAR SOLUTIONS
AND SENSITIVITIES

In this section we present the results obtained by
numerically solving the modified field equations. In par-
ticular, we concentrate on deriving numerical results for the
sensitivities and developing an analytic fitting formula. We
first tackle the Einstein-@ther case and then move on to
khronometric theory.

A. Einstein-ather theory

Let us first focus on the numerical solutions at O(2").
At this order, the main observable is the relation between
the NS mass and its radius, for a sequence of NSs in a
given EoS family. As can be seen from the equations of
Sec. IVB1 (and as already noted in Ref. [56]), these
solutions depend only on the ¢y, combination of the
coupling constants [see Eq. (45)].

Figure 2 shows the mass-radius relation in Einstein-
@ther theory for different values of c¢4. The horizontal line
at M =1.97M, is the lower mass bound derived from
observations of PSR J0348 + 0432 [58]. Observe that, as
one increases ¢4, the NS mass decreases for a fixed radius,
which is consistent with the conclusions in Ref. [56].

This figure is a perfect example of the strong degeneracy
between the EoS and modified gravity effects, which in
turn prevents us from constraining modified theories with
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FIG. 2 (color online). Mass-radius relations in Einstein-ather
theory with different coupling strengths (¢4 = 0.1,0.3,0.5,0.8),
where the thick black curve corresponds to the GR result. Each
panel corresponds to a different EoS: APR (top left), SLy (top
right), Shen (bottom left) and LS220 (bottom right). The
horizontal dashed line corresponds to the lower mass bound
provided by observations of PSR J0348 + 0432 [58]. Observe
that as ¢4 is increased, the NS mass decreases for a fixed radius.

the mass-radius relation alone. For example, if we knew
that the LS220 EoS was the correct one, then we could
argue that the observation of PSR J0348 + 0432 [58]
requires that ¢4 < 0.1. However, we do not know the
correct EoS and, for instance, the APR EoS could be the
correct one. If that were the case, we would not be able to
place competitive constraints on ¢ 4. We then conclude that
the observation of PSR J0348 + 0432 [58] (or any other
system for that matter) is ineffective at constraining
Einstein-@ther theory through the mass-radius relation.

Let us now consider the O(v) solutions and, in particular,
the sensitivities in Einstein-e@ther theory. In the weak-field
limit, i.e. expanding in the ratio of the binding energy Q to
the NS mass M s, one can show that the sensitivity scales
as [50]

2 0\ Q Q?
ng: (aﬁe_gac;) IMObs—’—@(]V[2 >’

obs

(184)

with af and af given by Eqgs. (42) and (43), while [48,55]
1 p(r')
Q= —EGN/anp(r) / d*x' x|

with r = |x| and # = |x/|. When plotting the weak-field
sensitivity using Eq. (184), we evaluate Q2 by using the
Legendre expansion of the Green’s function of the
Laplacian operator [108]. Of course, this integral depends
on the EoS through p(7).

(185)
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FIG. 3 (color online). The absolute magnitude of the sensitivity
in Einstein-ther theory against the NS compactness for various
EoS and the weak-field expression in Eq. (184) with the APR
EoS. The bottom panel shows the fractional difference between
the sensitivity and the weak-field expression in Eq. (184). We
saturate the PPN parameters af and of such that they satisfy the
Solar System constraint, and ¢, = 10~% = ¢_. Observe that,
as expected, the weak-field result is highly accurate for
small compactness, but it becomes inaccurate for realistic NS
compactnesses.

Figure 3 shows the absolute magnitude of the sensitivity
in Einstein-@ther theory, calculated from the numerical
solution to the O(v) modified field equations, for
different EoSs as a function of NS compactness C, =
M./R, = GyM ys/R,. For comparison, we also plot the
weak-field expression for the sensitivity [Eq. (184)] with
the APR EoS. The bottom panel shows the fractional
difference between the actual sensitivity and its weak-field
approximation. Observe that as C, increases, Eq. (184)
becomes highly inaccurate, with errors of roughly 15%—
30% for realistic NS compactnesses, i.e. for compact-
nesses 0.1 < C, <0.3.

Figure 4 shows the absolute magnitude of the sensitivity
as a function of c_ for ¢, = 1 and ¢, = 0.1, saturating the
Solar System constraint for & and af. Observe that the
sensitivity increases monotonically with ¢_ and c.

One may wonder whether the results presented here are
robust to the method used to obtain the numerical solutions
of the modified field equations. Two key features of this
method are the choice of core radius (where the interior
integration is numerically started) and the value of the
boundary radius (where the matching is carried out).
Figure 5 shows the sensitivity as a function of the matching
radius (top panel) and the core radius (bottom panel) for the
APR EoS. Observe that the fractional error on the sensi-
tivities is always smaller than 0.1%.

Figures 3 and 4 show that the sensitivities in Einstein-
@ther theory do not depend strongly on the EoS. Because of
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FIG. 4 (color online). The absolute magnitude of the sensitivity
in Einstein-ther theory against c_ forc, = I and ¢, = 0.1. We
saturate the PPN parameters of and a5 and set the NS mass to
Mobs = 14M o-

this, it is natural to develop an EoS-independent fitting
formula. First, we choose the LS220 EoS as a represen-
tative EoS with which to compute sensitivities and we
set af =107 and a¥ =4 x 1077, thus saturating Solar
System constraints. With this, we then numerically com-
pute the sensitivity in the range c, € 3 x (1074,107!),
c_ €3x(1073,107%) and C, € (0.11,0.28) for a total of
10° points. We choose this region in the parameters
(cp,c_) as it will still be allowed after imposing binary
pulsar constraints (see Fig. 1).

With the data in hand, we choose a functional form for
the fitting function. By plotting the sensitivity as a function
of ¢,, c_ and C,, we empirically find that s, is well

A~
s Rt . - I L
10 =

z oL x—x it =10%em, jir =2#10°cm —
= w10 = H )=

E + -+ i:rb:lOgcm,j:rb:5*107cm
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FIG. 5 (color online). The fractional difference in sensitivity
against the PPN parameter af in Einstein-®ther theory for
different boundary radius r, (top) and core radius r.
(bottom) with the APR EoS. We set the coupling constants to
cp = 2C2 = 2C3 = —2C4, with Mobs = 14M®
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TABLE L.
gravity (kh).

Estimated numerical coefficients for the fitting formulas of the sensitivity in Einstein-@ther (&) theory and khronometric

& €0,0,0 €0,0.1 €0,02 €0,1,0 Co,1.1 €0,12 €0.2,0 €021 €022
1.95x 1075 -3.15x 107" 4.60x10™* 7.58 x 1072 -1.07 4.34 -3.19 x 10" 437 x 10> -1.6x 103
x €1,00 €1,0.1 €102 €110 C1.1.1 €112 €120 €121 C122
—2.14x1072 290x 107" —9.86x 107" 6.39 x 10" —8.34x 10> 2.68x10° —457x10> 57x10* —1.51x10°
& €200 €20.1 €202 €210 €211 €212 €220 €221 €222
5.67 x 107! -7.67 2.65x 100 —1.87x10° 249x10* —-8.04x10* 232x10° —2.99x10° 8.91 x 10°
kh €0,0,0 €0,0.1 €0,02 €0,1,0 €o,1,1 €012 €0,2,0 €021 €022
—287x107% —1.82x 107 6.34 x10™° 320x 107° 2.09 x 1075 —9.83 x 10™> —2.62x 1075 —1.14 x 10™* 5.95 x 10~*
kh €1,0.0 €1,0.1 €102 €110 C1.1.1 €112 €120 €121 C122
0.313 —1.01 1.25 —-0.506 1.76 —0.983 0.148 0.491 -2.86
kh €200 €2,0.1 €202 €210 21,1 €212 €220 €221 €222
1.03 —-0.268 —8.38 -9.29 -39.3 206 51.6 254 —1250

described by a polynomial in these quantities (at least in the
region of parameter space described above). We could use a
fitting function that corrects Eq. (184) with higher powers
of C,, but we find that this is not as good as

2

— ¢
Se = g ComnCic?Cl.
¢,m,n=0

(186)

We fit the data described above with Eq. (186), using the
fact that each numerical point is known to at least a
fractional numerical accuracy of 1%. The fit returns an
r? value of 0.959, with fitted coefficients given in Table I.
We also carried out a more accurate fit by keeping more
terms in the polynomial expansion of Eq. (186); the r* is
then 0.9994 and the coefficients are given in Appendix C.
Note that ¢y = O(af,) # 0, because we have chosen
af , such that Solar System constraints are saturated. Thus,
the fitting function does not go to zero as c¢, — 0
and c_ — 0.

B. Khronometric theory

Spherically symmetric solutions in khronometric theory
are identical to those of Einstein-ather theory [after the
substitution in Eq. (15)] [51,73,80,81]. Thus, the mass-
radius relation for NSs will also be identical to what we
presented in Fig. 2. We recall, however, that stability or
Cherenkov requirements, Solar System experiments and
BBN bounds restrict the couplings 4,  and « to very small
values (cf. Fig. 1), so the deviations away from the GR
mass-radius relation will be even smaller than in Einstein-
@ther theory. For this reason, and because of the degen-
eracies between the mass-radius relation and the EoS,
khronometric theory cannot be constrained by measure-
ments of NS pulsar masses alone.

Let us then focus on the numerical solutions to the
modified field equations at O(v). In the weak-field limit,
one can show that the sensitivities in khronometric theory

scale in the same exact way as in Einstein-@ther theory
[Eq. (184)], except that now ol and af" are given by
Eqgs. (48) and (49).

Figure 6 shows the absolute magnitude of the sensitivity
in khronometric theory, calculated from the numerical
solution to the O(v) modified field equations, for different
EoS as a function of f (left panel) and NS compactness C,
(right panel). Here we have chosen a and A by saturating
Egs. (23) and (24). The bottom right panel shows the
fractional difference between the actual sensitivity and its
weak-field approximation, where we recall that the latter is
given by Eq. (184) with o and a5 replaced by a‘" and
akl. Observe first that the behavior of the sensitivity
in khronometric theory as a function of f is rather
different from that of the sensitivity in FEinstein-@ther
theory as a function of c_. Observe also that as C,
increases, the weak-field result becomes highly inaccurate,
with errors of roughly 50%-100% for realistic NS
compactnesses.

As in the Einstein-zther case, Fig. 6 shows that the
sensitivities in khronometric theory are also rather insensi-
tive to the EoS. Because of this, it is natural to develop an
EoS-independent fitting formula. Again, we choose a
fitting function of the form

2

Skn = Z ¢t mab 2" CY

¢,m,n=0

(187)

and fit this to sensitivities computed numerically using the
LS220 EoS and choosing @ = 2f due to current Solar
System constraints [see Eq. (22)]. We carry out this fit
with data in the region € (5 x 1075,5x 1073), 1 € (3 x
1072,107") and C, € (0.11,0.26) with a total of 10°
points. This range in f and A for the fits is chosen in this
way because these values remain viable after placing binary
pulsar constraints. As in the Einstein-zther case, when
carrying out the fits, we use the fact that each numerical
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My, = 1.4M , (left panel) and as a function of compactness with # = 10~ (right panel). In both cases, we set the PPN parameters o}
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T

Absolute value of the sensitivity in khronometric theory as a function of the coupling constant /3 for a star with

kh

and ak" by saturating the Solar System constraint [we saturate Egs. (23) and (24)]. The bottom right panel shows the fractional difference
between the numerical sensitivity and its weak-field value. Observe that for large compactnesses, the weak-field result can be very

inaccurate.

point is known to at least a fractional accuracy of 1%. The
fit returns an 72 value of 0.99996, with fitted coefficients
given in Table I. Notice that this fit is significantly better
than the Einstein-ather one, so we do not need to redo the
fit with a higher-order polynomial.

We will not repeat Fig. 5 for khronometric theory, but we
have checked that indeed our results are accurate to better
than 0.1% and, thus, unaffected by the way the numerical
solution is obtained.

VII. PULSAR CONSTRAINTS

In this section, we discuss how to place constraints on
Lorentz-violating theories with binary pulsar observations.
We begin with an overview of how binary pulsars can be
used to test GR. We then specialize our discussion to
Lorentz-violating theories. We conclude with an imple-
mentation of these ideas to constrain Einstein-a@ther and
khronometric theory.

A. Binary pulsars as laboratories for
fundamental physics

Einstein-@ther and khronometric theory predict that the
orbital period decay of binary systems should generically
be faster than that predicted by GR because of the emission
of dipolar radiation, i.e. due to a correction to the
dissipative sector of GR. All observations of binary pulsars
to date, however, have verified the GR prediction.
Therefore, binary pulsars can be used to place constraints
on these theories, by essentially requiring that the non-GR
effects be smaller than observational uncertainties [109].

Binary pulsar astrophysics is carried out by fitting a
suitably averaged set of observed pulses to a given pulsar
model. The output of this procedure is then a set of best-fit
model parameters that describe the observation (e.g. the

rate of change of pericenter, the orbital decay rate, the rate
of change of the line of nodes, etc.) with a given
observational error estimate for each of these parameters.
This observational error, of course, decreases with obser-
vation time, as more data are accumulated.

Some parameters of the binary system, however, are not
directly measurable but are rather inferred from other
observables. Let us for example consider the individual
masses of the binary. These are inferred by noting that other
observables are functions of the individual masses, once
one chooses a gravitational theory. Since these observables
are measured up to some uncertainty, this error also
propagates into the inferred masses.

More specifically, the inferred individual masses can be
determined from two binary observables that depend only
on the conservative sector of the theory, e.g. the rate of
change of the pericenter and the Shapiro time delay. This
inference can be carried out with the leading-order,
Newtonian expressions for these post-Keplerian observ-
ables, since 1PN order corrections and higher will be
greatly subdominant. In Einstein-@ther and in khronomet-
ric theory, the conservative sector is modified to leading PN
order only through the substitutions Gy +— & = Gy[l +
O(oy,0p)] and my +— my = my [l + 0(c,)] [cf. Eq. (85)].
This leads to corrections of O(c,) to the masses measured
assuming GR as the fiducial gravitational theory.

One may wonder whether one has to account for
corrections of O(c,) in the masses, as well as 1PN order
corrections to the conservative sector, when placing con-
straints on Einstein-ather and khronometric theory with
observations of the orbital decay rate. This is not the case
because in these theories P,, /P, differs from the GR
prediction at leading PN order due to corrections to the
dissipative sector. More precisely, deviations away from
GR appear at —1PN order for NS-white dwarf systems, and
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at OPN when the —1PN terms are subdominant [such as in
the case of binary NSs; see discussion after Eq. (193) for
more details]. Thus, corrections of O(s,) and those of
1PN to the conservative sector are always smaller than
observational errors.

Once one has determined the inferred individual masses
and measured the orbital period of the system, one can
calculate the predicted rate of change of the orbital period
and compare this to the observed value. To date, the GR
prediction has always agreed with the observed value

P P
<_h) = <_h> (1 e ),
P b/ obs P b/ GR

up to the observational uncertainty 8., in P, and the
inferred error J;,; induced in the predicted value of Pb /P,
due to the error that propagates from the individual masses.
In Einstein-@ther and in khronometric theory, the
predicted orbital decay rate differs from the GR one:

m) = ()
— == 1+ 6P, ,
(Pb @ kh Py, GR( i)

where 6P$.kh is the fractional difference in the prediction.

(188)

(189)

In fact, because of the presence of dipolar radiation, 5P&kh
is much larger than unity for small velocities, unless the
coupling constants are very small. As we will see later in
this section, 6P, = O(c*/v},), while (P,/Py)gr =
O(v19/c'?), with v, the magnitude of the binary’s orbital
velocity.

Comparing Egs. (188) to (189), one then finds that the
most conservative constraint comes from demanding

|5Pae,kh| < (Sobs + 6inf = @(10%) (190)

In what follows, we will instead use the equivalent relation
8P gy (my + Smy, Py + OPy. KL, 1 B0S) < 8y (191)

to place constraints on the coupling constants Kée‘kh, where
ki, = (c,, c_) in Einstein-ether theory and i, = (4, ) in
khronometric theory. Here m, and P, are the best-fit
parameter for the (inferred) individual masses and the
orbital period, while ém, and 6P, are their associated
statistical errors. Recall that, in these theories, the non-GR
correction to the prediction of the orbital decay rate not
only depends on the individual masses and the orbital
period, but also on the EoS through the sensitivities. Thus,
we will search for the region in the two-dimensional
coupling parameter space where Eq. (191) is satisfied,
with 6Pm,kh evaluated within m, + émy, P, = 6P, and
various values of the sensitivities, determined by the EoS
and the individual masses. Let us emphasize that Eq. (191)
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does not lead to a line in the two-dimensional coupling
parameter space, but rather a two-dimensional region.

B. Binary and isolated pulsars as laboratories for
Lorentz violation

To date, all robust pulsar constraints on Lorentz violation
come from studies of its effects on the conservative
dynamics of the system that then propagate to the observed
pulse sequence. Such effects are modeled with the
PPN formalism [64,110-114], where the point-particle
Lagrangian is modified to include preferred-frame effects.
The latter are proportional to certain PPN parameters (the
relevant ones here are «; and «,), as well as contractions of
preferred-frame-related velocity vectors and PN vector
potentials [3,87]. Such modifications to the Lagrangian
induce effects on pulsar observables, which can then be
used to place constraints on @; and @,. Let us classify these
in terms of the sources used: isolated pulsars and binary
pulsars.

Let us first consider the isolated pulsar case. In Lorentz-
violating theories of gravity, the presence of a preferred
frame induces precession of the pulsar’s spin axis relative to
this frame, pushing the pulsar beam in and out of the line of
sight [115,116]. This effect has not been observed in
isolated pulsars, which then allows for constraints [44]
on the strong-field generalization (&, &,) [116] of the PPN
parameters (a;, a,). The angular precession velocity of the
spin angular momentum vector due to preferred-frame
effects, and thus, the rate of change of the angle between
the spin axis and the line of sight, is proportional to @,
[115,116], but also depends on the magnitude and direction
of the relative 3-velocity of the isolated pulsar with respect
to the preferred frame. Using data from PSR B1937 + 21
[117] and PSR J1744-1134 [118] that show no such
precession, Shao et al. [44] placed the constraint &, <
1.6 x 1072 at 95% confidence. Here, they associate the
preferred-frame 3-velocity with our Solar System bary-
center velocity relative to the CMB, randomizing over the
pulsar’s radial velocity with respect to us and the spin
orientation.

Let us now consider the binary pulsar case. For systems
with small eccentricity, preferred-frame effects parame-
trized by &, and &, decouple. The former induce a
correction to the rate of change of the eccentricity, which
in turn affects the precession of the pericenter. The latter
induce precession of the orbital angular momentum around
the center of mass’ 3-velocity vector in the preferred frame,
leading to a change in the inclination angle with respect to
the line of sight, and thus, precession of the projected
semimajor axis [109]. The orbital plane and pericenter
precession produces noticeable effects in the pulse profiles,
all of which depend on the magnitude and direction of the
3-velocity of the binary system in the preferred frame.

All current pulsar observations match GR predictions
without these extra precession effects, which then allows
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for constraints on &; and &,. Using data from pulsar-white
dwarf binaries with known three-dimensional velocity,
PSRs J1012 + 5307 [119] and J1738 + 0333 [60], Shao
and Wex [43] placed the constraints &, < 1.8 x 107 and
&, <107 at 95% confidence. We see that the constraint on
a, is not as strong as that from isolated pulsars. These
constraints depend on the magnitude and direction of the
3-velocity of the binary system in the preferred frame,
which Shao and Wex [43] took to be its velocity relative to
the CMB.

We will show later that the isolated pulsar constraint is
not suitable to bound Einstein-ether or khronometric
theory. This is for one main reason. PSR B1937 + 21
[117] and PSR J1744-1134 [118] are isolated, millisecond
pulsars, and thus their masses have not been measured,
precisely because they are isolated. As we will see later, @,
and @, in Einstein-@ther and khronometric theory depend
on the sensitivities, which cannot be determined without
knowing the mass, even if the EoS were known. Without
a priori knowledge of the mass, one cannot map the
isolated pulsar constraint on @; and &, to a constraint on
(cy,c_) or (4, ). Note that this will be the case for any
Lorentz-violating theory of gravity.

C. Constraining Lorentz-violating gravity with
binary pulsars

Let us first concentrate on observations of the orbital
decay rate of PSR J1141-6545 [57], PSR J0348 + 0432
[58] and PSR J0737-3039 [59]. The first two are binary
systems composed of a NS and white dwarf, in a 0.17-
eccentricity, 4.74-h orbit and in a O(107%)-eccentricity,
2.46-h orbit, respectively. Therefore, these systems have an
orbital velocity of v;,/c = O(1073). The last system is a
double binary pulsar with 0.088 eccentricity and 2.45-h
orbit. In all cases, the eccentricity is small and will thus be
neglected. Our constraints are robust to this assumption,
because eccentricity corrections to 6Py, are of O(e?),
which is negligible in Eq. (191) relative to the uncertainties
due to the dependence on the individual masses, orbital
period, and EoS. Of course, one would not be able to
neglect eccentricity if considering certain binary pulsar
systems, such as the very well-studied PSR 1913+16
[95-97], which has an eccentricity of roughly 0.6.

All pulsars we consider have spin periods significantly
larger than 1 ms. PSR J1141-6545 [57] has a spin period of
roughly 390 ms, PSR J0348 + 0432 [58] a period of 39 ms,
and PSR J0737-3039A and B [59] a period of 22 and
2700 ms, respectively. Let us convert these spin periods
into a dimensionless spin parameter a =J,/(GyM?2,),
where J, = [, o, is the spin angular momentum, with 7,
the moment of inertia and w, the star’s angular velocity.
Approximating the moment of inertia with that of a solid
sphere, I, & Igpnere = (2/5)MopsR%, with radius 11 km,
one finds that @~ 1.4 x 1073 for PSR J1141-6545 [57],
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a~ 8.8 x 1073 for PSR J0348 + 0432 [58] and @ ~ 2.25 x
1072 and @~ 1.98 x 10~* for PSR J0737-3039A and B [59].

One can neglect the spin of the pulsar when modeling the
orbital dynamics of binary systems to test GR for the
following reason. In the small-spin or slow-rotation
approximation [120—123], all observables can be expanded
in a series in a@ < 1. To zeroth order in this approximation,
one recovers the nonspinning results used in this paper. To
first order in this approximation, only observables that
depend on the gravitomagnetic sector of the metric, i.e. the
“cross” time-space components, are modified. One of these
observables is precisely the orbital decay rate, which
acquires a spin-orbit coupling correction. Such a correction,
however, appears at 1.5PN order; i.e. the leading-order spin
correction to the orbital decay rate is actually of
O(av{,/c*) smaller than the leading-order terms, which
makes this effect negligible for our purposes. Similarly,
there will be spin corrections to observables associated with
the conservative dynamics, i.e. spin corrections to the
Hamiltonian. As in the orbital decay rate, however, they
are suppressed in the PN sense and, thus, can be neglected.
Given this, one can model the pulsars in the binary systems
that we consider as if they were nonspinning. This allows
us to use the results of the previous sections, which do not
account for NS spins.

With all of this at hand, consider then a binary system
with nonspinning components in a circular orbit in either
Einstein-&ther or khronometric theory. Because of the
circularity condition, all terms proportional to 7y, vanish
in Eq. (116) to leading PN order. After orbit averaging, the
orbital decay rate to leading PN order reduces to

P, 1927 (22Gym\53 (u\ 1 ()
P b - 5 P b m) P b ’
where we recall one more time that m, are the active

masses, m = mj + m, is the total active mass, and P}, is the
orbital period and we have defined

5(1=c14/2) )2 P, \*3
ZﬂGNm

(192)

(st) =

~—

32 (51 -5

2 y2 \%
x%[l —I—@(v—z,%, <s1 —5)7! c;gl”)}

2
X (ol + Sty + S2el3) [1 + @(Z)zﬂ . (193)

There are many interesting features in Eqgs. (192) and
(193) that deserve further discussion. First, notice that
Eq. (192) reduces to the GR prediction when &/ = 1, which
is the case when the constants ¢; — 0 [recall that € also
depends on the ¢; via Eq. (114)]. Second, notice that the
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first term in Eq. (193) (the one proportional to €) leads to
dipolar radiation, which scales as (v/c)~? relative to the
GR quadrupole term. Third, notice that in Eq. (193) we
have included the order of uncontrolled remainders explic-
itly, which can be read off from Eq. (116). In particular, the
dipole term is corrected by standard 1PN terms (propor-
tional to v?), as well as terms proportional to VZ,,; the latter
can be safely assumed to be small because the preferred
frame is to be identified with that in which the CMB is
isotropic. The dipole term also possesses uncontrolled
remainders proportional to the vV ), product, which scale
linearly with the difference in sensitivities, as opposed to
quadratically as the leading-order dipole term thus.

The rate of orbital decay is dominated by the term with
the least powers of velocity, or equivalently the least powers
of Gm/ Py, provided the binary is widely separated. Indeed,
this is the case for all observed binary pulsars, with
Gm/P, = 0(1071°) a typical value for a binary with a
1-h orbital period. Clearly then, dipolar radiation dominates
the orbital decay rate, unless s; — s, & 0. On the other
hand, the sensitivities of a binary system will be similar to
each other if their EoS and their masses are similar. This is
the case for the double pulsar PSR J0737-3039 [59], for
which the quadrupole term [the second term in Eq. (193)]
becomes comparable to the dipole (the first term in this
equation). Of course, the uncontrolled remainders propor-
tional to V-, that correct the dipole term at 1PN order are
irrelevant here, as they are also multiplied by the difference
in the sensitivities. As we will see, the inclusion of this
system allows for better constraints on Lorentz-violating
theories.

Let us now concentrate on mapping the constraints on &,
and &, to constraints on (c¢,,c_) and (4,f) from obser-
vations of PSRs J1012 + 5307 [119] and J1738 + 0333
[60]. The mapping can be obtained by replacing a; — @1,
ay — &y, s; — 0 and s, — 0 in Eq. (41) [85,116]. By
equating the latter to Eq. (41) without these replacements,
we can read off the relation between the strong-field PPN
coefficients and the standard PPN coefficients and sensi-
tivities. Notice that this is done here for the first time, since
previous work (e.g. [42-44,116]) did not calculate the
sensitivities. This procedure is completely generic and does
not depend on the parameters of the orbit. Doing so in
Einstein-ather theory, we find

c_(8 4+ af)o}

af =af 2, (194)
e o C-(8+aT)o}  (c14—2)(af —2a7)0}
S=a5 - , (195
a=HT 4cy 2(c14—2cy) (5
while in khronometric theory we find
" =" + (8 + at")al, (196)
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(" — 205" + a(4 + okh) — (8 + k") B) ok
a—2p '
(197)

~kh _  kh
ay' =" +

where we recall that the ¢; and (a, /) are coupling constants
in Einstein-@ther and khronometric theory. Observe that
both of these quantities depend not only on the weak-field
values of the PPN parameters (a;,a,), but also on the
sensitivities of the NSs, which depend on the masses; this is
why we use observations of PSRs J1012 4 5307 [119] and
J1738 4+ 0333 [60], since we know the NS masses for these
systems. Saturating the Solar System constraints on the
weak-field parameters (@, ®,), and using the strong-field
constraints on (&,&,), one can place constraints on

(c_,cy) and (4, ).

1. Einstein-cether theory

Let us now concentrate on Einstein-zther theory. The
predicted rate of orbital decay is given by Eq. (193) with
(6,9, 9,,93) functions of the coupling constants
(ci,c_), given in Egs. (110)—(112), with Egs. (107),
(108), (100) and (95). The predicted strong-field general-
izations of the PPN parameters (&f,da5) are given by
Egs. (194) and (195) in terms of their weak-field versions
in Eqgs. (42) and (43), as well as the sensitivities.
Comparing the prediction of the orbital decay rate to
observations of PSR J1141-6545 [57], PSR J0348 +
0432 [58] and PSR J0737-3039 [59], we can then place
constraints on the (¢, ¢_) coupling parameter space of this
theory. Comparing the prediction of (&f,a5) to the con-
straint on these quantities derived from observations of PSR
J1738 + 0333 [60], we can also place constraints on this
parameter space. We do not consider constraints derived
from the orbital decay rate of PSR J1738 + 0333 [60] and
from the (&F,a5) constraint of PSR J1012 + 5307 [119]
because they are weaker than constraints derived with the
systems described above.

Figure 7 shows these constraints. The area below and to
the right of the solid black line is the allowed (c,,c_)
region after imposing Cherenkov and stability constraints
[48]. The green-shaded area with red dotted borders is the
allowed (c,c_) region after imposing constraints from
observations of PSR J1141-6545 [57] (top, left panel), PSR
J0348 + 0432 [58] (top, right panel), PSR J0737-3039 [59]
(bottom left panel) and PSR J1738 + 0333 [60] (bottom
right panel). As discussed earlier, Eq. (191) must be
evaluated varying over (c,,c_), but also allowing for
the inferred error in the masses, the observational error
in the orbital decay rate, the allowed range on (af,a5)
given Solar System constraints, and various NS sensitivities
associated with different EoS. Similarly, Eqgs. (194) and
(195) must be evaluated by trying different values of af and
a5 within the Solar System constraints, as well as different
values of the sensitivities for different EoS. The result, thus,
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Constraints on Einstein-@ther theory from binary pulsar observations. The green-shaded regions correspond to

those allowed after imposing constraints from the observation of PSR J1141-6545 [57] (top, left panel), PSR J0348 + 0432 [58] (top,
right panel), PSR J0737-3039 [59] (bottom left panel) and PSR J1738 + 0333 [60] (bottom right panel). The first three panels use
observations of the orbital decay rate through Eq. (191), allowing for inferred error in the masses, observational error in the orbital
period, the allowed range of the PPN parameters (af, o5 ) given Solar System constraints, and different sensitivities given different EoS.
The last panel uses constraints on the strong-field PPN parameters and Eqs. (194) and (195). For comparison, we also plot the allowed
(¢, c_) region after imposing Cherenkov and stability constraints [48] (below and to the right of the solid black line), as well as the
values of (¢, c_) required for the orbital decay rate to agree exactly with the GR prediction in the zero-sensitivity limit. Observe that the
new, strong-field constraints are much more stringent than the Cherenkov or stability bounds.

is not a line in (c,, c¢_) space but rather a two-dimensional
region, as shown in the figures.

Observe that the allowed (c,,c_) regions in Fig. 7
associated with PSR J1141-6545 [57] and PSR J0348 +
0432 [58] are rather similar, while they are both quite
different from that associated with PSR J0737-3039 [58].
The first two systems are NS-white dwarf binaries, and
since white dwarfs have much smaller binding energies
than NSs, sns — Swp ~ Sns # 0, which implies that the
orbital decay rate is dominated by dipolar radiation, i.e. by
the first term in Eq. (193). On the other hand, PSR J0737-
3039 [59] is a double pulsar binary with similar masses and
thus the difference between the sensitivities is small,
making the dipolar and quadrupolar terms in the orbital
decay rate comparable, i.e. making the first and second
terms in Eq. (193) of the same order. Observe also that
constraints on (¢, c¢_) derived from bounds on (&5, &5) in

the bottom right panel of Fig. 7 also possess a character-
istically different shape. This is because these constraints
derive from comparing the effect of the conservative sector
of the theory to observations, i.e. the Hamiltonian, instead
of the effect of the dissipative sector, i.e. the radiation-
reaction force.

For comparison, Fig. 7 also shows the values of (¢, c_)
(dashed black curve) that would be required for the orbital
decay rate to be identical to that of GR in the limit of zero
sensitivity [55]. Weakly gravitating objects have small
sensitivities, as the latter scales with the binding energy,
which is why we label this curve “weak-field.” This curve
was obtained in Ref. [55] by requiring that af and aj be
identically zero, which results in vanishing sensitivities in
the weak-field limit [cf. Eq. (184)]. Observe that the strong-
field binary pulsar constraints derived here overlap with
this weak-field constraint only in a small (¢, c_) region.
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Observe also that, although the slope of this weak-field
curve is similar to the average slope of the allowed region
with PSR J0737-3039 [59] (bottom left panel), it disagrees
with the slope of the other allowed regions. This is because
setting the sensitivities to zero automatically discards the
dipolar term in the orbital decay rate, which in fact
dominates over the quadrupolar one for mixed binary
pulsar systems.

Reference [55] argues that the width of the allowed
region given binary pulsar constraints should be approx-
imately ©(0.1%), but this is not the case for the systems
studied here. The main difference between our work and
that of Ref. [55] is that the latter only considered con-
straints from PSR 1913 + 16 [95-97], which consists of
two NSs, in the weak-field or vanishing sensitivity limit,
while we here considered other more relativistic double
pulsar and mixed pulsar binaries in the strong-field or
nonvanishing sensitivity limit. Moreover, the width of the
allowed region is not controlled just by the observational
error in the orbital decay rate, but also by the inferred error
in the individual masses, the observational error in the
orbital decay rate, the allowed range of (af,a§) given
Solar System constraints, and also the different NS
sensitivities that depend on the EoS, all of which depend
strongly on the system that is observed. As we discussed
earlier, one must vary over all such parameters to obtain the
correct allowed region, which as shown in Fig. 7 is between
0(0.1%) and O(1%).

Reference [50] argues that current tests will be satisfied
if the weak-field conditions are imposed and the coupling
constants satisfy (c,,c_) < 0(1072). For any given sys-
tem, we find that the allowed region is not a box with sides
of ©(1072) but rather a band with width 6(1073).
However, when we combine all of these allowed regions
in the left panel of Fig. 1, their intersection is indeed
almost a box with width of ©(1073) in the ¢_ direction and
0(1072) in the ¢, direction. The change in shape of the
combined allowed region is because different observations
lead to allowed bands with different average slopes, which
in turn is because for some systems dipolar radiation
dominates, while for others it does not. The width of the
box is determined by the smallest width of the bands,
which is of 0(1073). All together, these constraints
constitute the first, accurate strong-field test of Einstein-
@ther theory.

2. Khronometric theory

Let us now concentrate on khronometric theory. The
predicted rate of orbital decay is given by Eq. (193) with
(€, 4,95, 95) functions of the coupling constants (4, /),
given in Egs. (121) and (122). The predicted strong-field
generalization of the PPN parameters (&%, @5") is given by
Egs. (196) and (197) in terms of their weak-field versions in
Egs. (48) and (49), as well as in terms of the sensitivities.

Comparing the prediction of the orbital decay rate to
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observations of PSR J1141-6545 [57], PSR J0348 +
0432 [58] and PSR J0737-3039 [59], we can then place
constraints on the (4, 3) coupling parameter space of this
theory. Comparing the prediction of (&A",a4") to the
constraint on these quantities derived from observations
of PSR J1738 + 0333 [60], we also place constraints on
this parameter space.

Figure 8 shows these constraints. The area above and to
the left of the solid black line is the allowed (4, ) region
after imposing Cherenkov and stability constraints. The
green-shaded area with red dotted borders is the allowed
(4, p) region after imposing constraints from observations
of PSR J1141-6545 [57] (top, left panel), PSR J0348 +
0432 [58] (top, right panel), PSR J0737-3039 [59] (bottom
left panel) and PSR J1738 + 0333 [60] (bottom right
panel). As discussed earlier, Eq. (191) must be evaluated
varying over (4, f3), but also allowing for the inferred error
in the masses, the observational error in the orbital decay
rate, the allowed range on (4", a&") given Solar System
constraints, and various NS sensitivities associated with
different EoS. Similarly, Eqgs. (196) and (197) must be
evaluated by choosing different values of a;* and aA”
within the Solar System constraints, as well as different
values of the sensitivities for different EoS. As in the
Einstein-ether case, the result is not a line in the (4, /)
plane but rather a two-dimensional region.

Observe that, as in the Einstein-&ther case, the allowed
(4, ) regions associated with PSR J1141-6545 [57] and
PSR J0348 4+ 0432 [58] are similar to each other but
different from that associated with PSR J0737-3039
[58]. As before, this is because the first two systems are
mixed binaries (NS-white dwarf), and thus, syg — Swp ~
sns 7 0, since swp < Sns. In turn, this implies that the
orbital decay rate is dominated by dipolar radiation, i.e. by
the first term in Eq. (193). PSR J0737-3039 [59] is a double
pulsar binary, i.e. two NSs with similar masses, and thus the
difference in sensitivities is small. This makes dipolar and
quadrupolar terms in the orbital decay rate comparable and,
thus, changes the shape of the allowed coupling region. The
allowed region in the bottom right panel of this figure is
also different from the other three, because the former
derives from constraints on (a4, a4"), and thus from the
conservative sector of the theory, instead of the dissipative
one. Observe also that the first three binary systems leave 4
unconstrained in the f — 0 limit. This is to be expected
since in this limit the constant dominating the dipole
radiation, €, vanishes when ot = 0 = a4". Furthermore,
the constants in the quadrupole contribution also approach
their GR value, /1 — 1, &, = 0, &3 — 0 in this limit, and
the only effect comes from the sensitivities which are too
small to produce a strong constraint. When we combine all
the panels of Fig. 8, one obtains the right panel of Fig. 1.
Observe that binary pulsar observations further constrain
the parameter region previously allowed by stability and
BBN considerations.
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Constraints on khronometric theory from binary pulsar observations. The green-shaded regions correspond to

those allowed after imposing constraints from the observation of PSR J1141-6545 [57] (top, left panel), PSR J0348 + 0432 [58] (top,
right panel), PSR J0737-3039 [59] (bottom left panel) and PSR J1738 + 0333 [60] (bottom right panel). The first three panels use
observations of the orbital decay rate through Eq. (191), allowing for inferred error in the masses, observational error in the orbital

period, the allowed range of the PPN parameters (a"

, k") given Solar System constraints, and different sensitivities given different

EoS. The last panel uses constraints on the strong-field PPN parameters and Eqgs. (194) and (195). For comparison, we also plot the
allowed (4, ) region after imposing Cherenkov and stability constraints (above and to the left of the solid black line). Observe how

stringent the new, strong-field constraints are.

VIII. CONCLUSIONS AND FUTURE DIRECTIONS

We have investigated Lorentz-violating gravity (focusing
in particular on violations of boost invariance) in the light
of binary pulsar observations. We focused on Einstein-
@ther theory and khronometric theory, which are generic
theories that break boost invariance at low energies, and
showed that they predict emission of dipolar radiation from
binary systems, as first reported in Refs. [38,50,55]. This
greatly modifies the orbital evolution of these systems, and
in particular the decay rate of their orbital period, as
compared to the GR prediction. Furthermore, the emission
of quadrupolar radiation is also modified. All these
modifications, however, depend on the NS sensitivities,
which measure how the binding energy of a NS responds to
its motion relative to the additional fields of the theory (the
@ther and khronon). Thus, constraints on Lorentz-violating
gravity can only be placed once the sensitivities have been
computed.

Here, we showed in two independent ways that the
sensitivities can be extracted, without loss of generality,
from solutions describing slowly moving NSs to first order
in velocity, and we then found these solutions numerically
for the first time. We began with a generic ansatz for the
metric and for the @ther and khronon fields. We then
expanded the modified field equations in tensor spherical
harmonics and succeeded at reducing the field equations to
a system of ordinary differential equations, which we
solved numerically. These slowly moving solutions then
allowed us to extract the NS sensitivities, for which we also
present fits in terms of the coupling constants and NS
compactness. We checked that the sensitivities approach
the weak-field expression derived by Foster [50] as one
decreases the NS compactness and showed that the two
differ rather significantly in the large compactness regime.

With these solutions at hand, we then computed the
predictions of the orbital decay rate in these theories,
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compared them to observations of PSR J1141-6545 [57],
PSR J0348 + 0432 [58], and PSR J0737-3039 [59], and
obtained very stringent bounds on the coupling constants of
Einstein-@ther and khronometric theory. We also comple-
mented these constraints by computing the bounds on the
coupling parameters induced by constraints on the pre-
cession of PSR J1738 40333 [60]. All together, the
constraints derived here on the full set of parameters that
control gravitational Lorentz violation are much stronger
than previously obtained bounds.

Future work could extend the results obtained here in
various directions. One possibility would be to verify the
results of this paper by carrying a Bayesian hypothesis-
testing or model-selection analysis [124,125]. Such an
analysis would take into account covariances between
the system parameters and the coupling constants of the
theories, which were here neglected. However, since the
modifications to the orbital decay rate enter at lower PN
order than the leading-order GR prediction, we expect such
covariances to have a small effect.

Another possible avenue for future work is to study other
binary pulsar observables, such as rate of advance of
perihelion [109]. In order to compute this observable,
one would have to first compute the acceleration of each
component of the binary system, which depends not only
on the sensitivities, but also on their first derivative [50]. To
calculate the latter, one would have to obtain moving NS
solutions to higher order in the slow-velocity expansion.
The framework we developed here should suffice to obtain
such solutions. For example, the modified field equations
should still separate if one carries out a tensor spherical
harmonic decomposition. (This can be seen e.g. by
extending the procedure of Appendix A to next order in
the velocity.)

Yet another possibility would be to investigate the
constraints that future GW observations could place on
Einstein-@ther and khronometric theory, given a future
detection. GW observations should be particularly sensitive
to the frequency evolution of the GW phase, which will be
modified in these theories due to dipolar emission.
Moreover, additional polarizations would be excited in
binary NS inspirals, beyond the two transverse-traceless
ones of GR, which could lead to even stronger constraints
if a signal is detected by multiple interferometers [126].

Finally, it would be interesting to compute the sensitiv-
ities in Lorentz-violating gravity for isolated black holes
[52,68,69,80-82]. Once this is accomplished, one could
perform an analysis similar to the one carried out here to
place constraints on Lorentz violation in gravity from the
orbital decay rates of low-mass x-ray binaries [127-129].
Indeed, the orbital decay rates of such systems have already
been used to place constraints on certain modified gravity
theories [127,130-133]. Moreover, black hole binaries are
expected to be a primary target for future GW detectors.
Constraints on the coupling constants of Einstein-&ther and
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khronometric theory derived from such observations would
require knowledge of the sensitivity parameters. The latter
could be obtained by following the analysis carried out here
but generalized to black hole solutions.
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APPENDIX A: SEPARABILITY
OF FIELD EQUATIONS

In Secs. IV and V, we have shown explicitly that the field
equations of Einstein-zther and khronometric theory for an
isolated nonspinning star moving slowly relative to the
@ther reduce to a system of ordinary differential equations
(ODEy), if the “perturbation potentials” [i.e. the functions
of r and @ that describe, at O(v), the effect of the motion
relative to the @ther on the system] are decomposed in
Legendre polynomials.

This is nontrivial and does not simply follow from the
fact that the Legendre polynomials are a basis for the space
of the regular functions of the polar angle @. In principle,
one may indeed imagine that the equations for the various
multipole moments may not decouple, leaving one with a
hierarchy of infinite coupled ODEs. In fact, the reason why
such a situation does not happen and the equations for the
various multipole moments decouple lies in the symmetries
of the “unperturbed” [i.e. O(1°)] solution, which we
assumed to be static and spherically symmetric. In GR,
it has long been known that whenever the background has
those symmetries, the equations that govern (linear) per-
turbations decouple and therefore reduce to a (finite)
system of ODEs [135,136]. As far as we are aware, a
general proof of this fact is not yet available in Einstein-
@ther or khronometric theory, but we will present another
route to this result in the particular case considered here.
Relative to the “brute-force” decomposition of Secs. IV
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and V, this approach has the advantage of showing more
explicitly the role of the symmetries of the background.

We begin by noting that the spacetime outside a spheri-
cally symmetric static star can be described, in cylindrical
isotropic coordinates, by the following metric:

ds® = f(r)d* — h(r)(dp* + p*d6* + dz?), (Al

with r = \/p? + z2. Note that the use of isotropic coor-
dinates (rather than the areal coordinates used elsewhere in
this paper) has the advantage that the spatial part of the
metric is conformally flat. The ather field is instead
simply
w =0/ f(r). (A2)
Consider now a star slowly moving in the z direction
relative to the @ther. Based on the transformation properties
of the metric and @ther under a coordinate change z > —z
and 7+ —t1, it is clear that only the g,. and g,, components
of the metric and the U,, U, and U, components of the
@ther can be affected. The normalization condition for the
@ther immediately requires that the perturbation to U, be
zero, because §(U*U,) =2¢""U, 06U, =256U,/+/f(r)=0.
One is then left with the perturbations dg;., 6g,,, 6U
and 6U,.

We only have two vectors at our disposal to construct the
perturbations to these fields, namely n = (p, z)/r (clearly,
In| = 1) and v = (0, v), so we can write

Z

( 59tp> =S(ry+V(r)(v-n)n, (A3)

09y,

(507 ) = VIGIQUv+ W mal. (b

Clearly, the functions S,V,Q, W can only depend on r,
because in order to introduce a dependence on p and z
singularly one would have to use the vector v one more
time; i.e. such a dependence only appears at O(v?).

The most generic ansatz describing the system at linear
order in the velocity is therefore

ds* = f(r)dt* — h(r)(dp* + p*d6? + dz?)
a zp
+2v [S(r) + V(r)—z} dzdt+2vV(r)=dpdi+ 0(v)?,
r r
(A5)
while that for the @ther is

Uy =/ F(){8, + v[0(p. 2)8; + W(p. 2)8]} + O(v)%,
(A6)
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0lp.5) =00+ WS, Wip.2)=W()%.

(AT)
Because this decomposition is completely general and
simply based on the symmetries of the problem, and because
the metric and @ther now only depend on potentials
S, V. Q, W that are functions of r only, the field equations
must reduce to a system of differential equations for
S, V.0, W. (Clearly, if they did not, it would mean that
the above general decomposition is inconsistent with the
field equations, which would in turn mean that slowly
moving stars do not exist in the theory under consideration.)
In fact, inserting this ansatz into the field equations for
Einstein-@ther theory, one finds that the nontrivial equa-
tions follow from the r and € components of the @ther
equation and from the (7, r) and (z,6) components of the
Einstein equations and have the following structure:

12
€= ZAi(r)Ui =0, (A8)
10
ex=Y Bi(r)v; =0, (A9)
i=1
6
e = Ci(ryw; =0, (A10)
i=1
10
ey EZD,»(V)?}I =0, (A11)
where
v=(S(r),S(r),S(r),V(r),V(r),V(r),
Q(r). Q'(r). Q'(r). W(r). W(r). W(r));  (Al12)
v=(S(r),S(r),S"(r),V(r),V'(r),
Q(r). Q'(r), Q"(r). W(r),W'(r));  (Al3)
w = (8(r),8'(r).V(r).Q(r). Q'(r). W(r));  (Al4)

and where the functions A;(r), B;(r), C;(r), D;(r) depend
on the coupling constants as well as on the ©(2°) potentials
f(r) and h(r). Their explicit form is not particularly
illuminating and we will not write it down here, but for
our purposes it is sufficient to mention that they are
functions of r only, so the system of Egs. (A8)—(All)
does indeed become a system of differential equations in
the radial coordinate, as expected.

To show that these differential equations are indeed
ordinary, i.e. that they can be put in the form dy/dr = F(y),
where y is a suitable array of variables, a more detailed
understanding of the gauge degrees of freedom is required.
As already shown in Sec. IVA, it is clear that one can set
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one of the potentials S, V, Q, W exactly to zero in Einstein-
@ther theory with a gauge choice. [This can be checked
explicitly by looking at the transformation properties of
the metric and @ther under a change of coordinates
¢ =t + vH(r)z.] Therefore, one of the four equations in
Egs. (A8)—(A11) must be algebraically related to the other
three; i.e. one should have just three independent equations
for the three physical degrees of freedom. In fact, it is
possible to show that the radial derivative de;/dr can be
expressed as a linear combination of e, e,, ez and ey,
once the O(v°) equations are satisfied. This fact can be
checked explicitly but follows elegantly from the existence
of a generalized Bianchi identity in Einstein-ather
theory [137] (see also Refs. [52,69]), which relates the
Einstein equations to the @ther equations [Eq. (6)] and is
given by

V(T4 — G + Ure?) = —&,V U, (A15)

As a result, one can set e.g. W =0 with a gauge trans-
formation and rewrite the system e¢; = e, = ¢, =0 as an
ODE system:

S"(r) = 8,(8,5.,0,0.V,V), (A16)
Q"(r) = 05(8,5,0,0,V, V"), (A17)
V'(r) =V,(8,8,0.0,V,V'), (A18)

which can be evolved in the radial coordinate (starting e.g.
from an initial radius r, outwards). The additional equation
e3 = (Oisaninitial value constraint for this evolution system;
ie. e3 =0 only involves initial data for the system
(A16)—(A18) [as can be seen from the derivative structure
of Eq. (A10)], and by virtue of the generalized Bianchi
identity (A15), it is satisfied everywhere if imposed at the
initial radius r, (cf. Refs. [52,69] for more details).

Similarly, in the case of khronometric theory, the only
nontrivial equations are the (7, r) and (¢, 6) components of
the Einstein equations (the equation following from the
variation of the khronon field is actually implied by the
Einstein equations and does not need to be imposed
explicitly [73]). These equations take the form

12

e1= Y Fi(r)jv; =0, (A19)
i=1
10

ey =Y Hi(r)t; =0, (A20)

where F; and H; are again functions of r only [depending
on the couplings and on the background potentials f(r) and
h(r)]. Also, the requirement that the &ther be hypersurface
orthogonal simply imposes a relation W(r) = rQ'(r)
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between the @ther potentials at O(v). Therefore, the field
equations reduce to a system of differential equations in the
radial isotropic coordinate r, exactly as expected. More
precisely, as we have shown in Sec. V, a gauge trans-
formation allows one to set both @ther perturbations Q and
W to zero. [This can be checked explicitly by considering a
gauge transformation ¢ = ¢+ vH(r)z.] By doing so, the
system takes the form

§"(r) = $,(8,8,V, V'), (A21)

V'(r) =Vy(S.8.V, V), (A22)

which is indeed a set of ODEs.

APPENDIX B: MAPPING BETWEEN THE PN
METRIC AND THE HARTLE-THORNE METRIC

Let us here spell out the mapping between the PN metric
of Egs. (38)—(40) and the asymptotic solution given by
Egs. (162) and (163) for Einstein-ether theory, or by
Egs. (179) and (180) for khronometric theory.

Without loss of generality, one can take the 7z’ direction to
be the direction of motion. Let us then transform the metric
of Egs. (38)—(40), which is written in the standard PN
gauge, to comoving PN coordinates (¢/,x”,y"”, 7") via the
Lorenz boost

=1+ v +M3)i:,ivi, (B
X =x", (B2)

y =" (B3)

7 =7"+t". (B4)

With this coordinate transformation, the line element
becomes

2M 2M . .
ds? = (1 ——r,*>dt”2 - <1 —l——r,,*)&,»jd(x”)’d(x”)f
M*ZII

—v(2BT +1) e

(x//dl,//dx// + y//dt//dy//)

"2

M,
v {(23— +T)+ (2B +1)°

ﬁ] di"d7", (BS)
where 1’ is the distance from the origin to the field point in
the comoving standard PN gauge. Note that in the GR limit,
BT - —1/2 and B~ — -7/2, and thus g,,; vanishes. Next,
let us transform this metric to comoving spherical coor-
dinates (z,r,8, ¢) by

(B6)

(B7)
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i

y' = (r—M,)sin@sing, (B8)

7" =(r—M,)cosé, (B9)

where the subtraction by M, is needed to remove the
harmonic factors. This transformation gives

ds? = (1 - —ZM*>dt2 - <1 + %> dr?
r r

— r?d6? — r’sin*0dg?
M,
,
+ v(7 + 2B7)M, sin 0dtd6.

—2v(B~ + B" +4) —cos Odtdr

(B10)

Now, let us perform the coordinate transformation given by
Eq. (131), where we choose H(r,0) to be

14+2B~ +2C M M?
H(r,9):—<1—+—+c *)rCOSH—I—@( *>,
r

2 =
(B11)
which yields
2M 2M
ds> = (1 ——*> dr* — (1 +—*>dr2
r r
— r2d&? — r’sin’0d¢?
_ M,
- 21)(1 + (B~ +B" +2) ) cos Odtdr
r
M.\ .
+2w<1 —(C - 1)—) sin 0d1do., (B12)
r

to the appropriate order.

co00 = 7.5614 x 1073,

o1 = —1.9843 x 1073,
Co02 = 1.7522 x 1072,

Co0s = —7.1593 x 1072,
co04 = 1.0796 x 1071, Cot4 = —5.7411 x 102,
cro0 =—14808 x 1071, ¢ ;o= 1.2786 x 10%,
cio1 = 3.7377, ¢ = —3.2087 x 10%,
Cron = —3.4865x 10", ¢;;,=29613x 10,
cros = 1.4124 x 10%, cris = —1.1938 x 10°,
Clo4 = —2.2149 x 10° €114 = 1.8188 x 10°

200 = 2.3829 x 101, cr10=—2.8516 x 10,
20,1 = —6.0241 x 107, a1 = 7.1666 x 10°,

o0 = —4.1773 x 1071,
corq = 1.0465 x 10",

Co12 = —9.5518 x 10",
co13 = 3.8615 x 102,

ciaq = 21741 x 107,
C1a2 = —2.0015 x 108,
123 = 8.0668 x 108,

124 = —1.2206 x 10°
Crp0 = 2474 x 108,
€01 = —6.2074 x 10°,
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Comparing Eq. (B12) to the metric ansatz in Eq. (128),
one can read off the asymptotic behavior of k, (r) and s, (r):

ki(r) = _<1 (B 1B +2>M*> T @(%) B13)

r

si(r) = —<1 —(Cc - 1)1‘1*) +@(%).

Finally, comparing these asymptotic relations to the asymp-
totic expansion of k;(r) and s, (r) in Egs. (162) and (163)
for Einstein-@ther theory, or in Eqs. (179) and (180) for
khronometric theory, we can read off the integration
constant A, given by Eq. (172).

(B14)

APPENDIX C: HIGH-ORDER FIT OF THE
NEUTRON STAR SENSITIVITY IN
EINSTEIN-ATHER THEORY

The function Eq. (186) used to fit the numerical results
for the NS sensitivities in Einstein-ather theory contained
only 27 terms, which thus led to an r? value of approx-
imately 0.96. In this Appendix, we repeat the fit but with a
function that contains 120 terms, thus yielding an r* value
closer to 0.999. The function that we fit is

4
> crmachcnCr. (@)
0 n=0

We experimented with different fitting functions (e.g.
polynomials of different orders in c,, ¢_ and C,) and
found that Eq. (C1) leads to the highest 7> value with less
than 130 coefficients. After the fit, the latter are

Co20 = 24191 x 107,
oy = —6.0529 x 103,
Co2n = 5.5053 x 104,
Cops = —2.2216 x 10°,
Cona = 3.2636 x 10°, Co34 = —5.0288 x 107,
120 = —8.6676 x 10°, c1a0 = 1.5257 x 108,
ci31 = —3.8261 x 10°,

132 = 3.5182x 109,

ci33 = —1.4181 x 10",
C134 = 2.1391 x 101
cr30 = —4.7786 x 10'°,

231 = 1.1984 x 10'2,

Coso = —3.7821 x 104,

Co31 = 9.4537 x 10°,
32 = —8.569 x 10°,

Coss = 3.4574 x 107,
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200 = 5.6602 x 103,
Cr03 = —2.2968 x 10,
204 = 3.6916 x 10%,
300 = —1.6988 x 10°,
c301 = 4.306 x 10%,
302 = —4.0809 x 10°,
303 = 1.6593 x 106,
304 = —2.7415 x 10°
cq00 = 5.5764 X 10%,
Choq = —1.4174 x 10°,
402 = 1.3554 x 107,
Ch03 = —5.5226 x 107,
404 = 9.3758 x 107,
Cs500 = —6.8247 x 10°,
csoq = 1.7392 x 107,
502 = —1.6767 x 108,
Cs03 = 6.8445 x 108,
cs04 = —1.1899 x 10°,
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€100 =57222%x 10", ¢y3, =—-1.1032 x 10'3,
Cr03 = —2.3067 x 101, Cr33 = 4.446 x 1013,
€04 = 3.5102 x 10', Cr34 = —6.7418 x 103,
320 = —2.5671 x 10'9, 330 = 5.1948 x 102,
30,1 = 6.4414 x 101, 331 = —1.3027 x 104,
€322 = —5.9414 x 10'2 332 = 1.1998 x 1013,
€323 = 2.3951 x 103, €333 = —4.8345 x 101,
C304 = —3.6549 x 1013 ¢35, =7.3477 x 10"
420 = 1.1071 x 10'2, Cazp = —2.2974 x 104,
Cany = —2.778 x 1013, 431 = 5.7611 x 101,
C4p0 = 2.5632 x 10™, C432 = —5.3069 x 101,
csn3 = —1.0333 x 107, 433 = 2.1382 x 107,
C4n4 = 1.5792 x 101, C434 = —3.2537 x 10",
cs00 = —1.6476 x 1013, 539 = 3.4679 x 1015,
csa1 = 4.1344 x 10™4, 531 = —8.6962 x 10'°,
Cs20 = —3.8153x 108, ¢53, =8.0115x 107,
cs23 = 1.538 x 10'°, 533 = —3.2277 x 108,
Cs504 = —2.3528 x 1016, s34 = 49149 x 108,

Cr10 = —6.6286 x 107,
Cy13 = 2.6753 x 108,
o4 = —4.1104 x 108,
310 = 2.6497 x 107,
311 = —6.6618 x 108,
c312 = 6.1694 x 10°,
313 = —2.4913 x 10,
314 = 3.8467 x 1010
ca10 = —1.0772 x 10°,
411 = 2.7088 x 100,
412 = —2.5106 x 10!,
c413 = 1.0141 x 10'2,
414 = —1.5706 x 10'2,
cs.10 = 1.55 x 10'°,
cs11 = —3.8986 x 10!,
5.2 = 3.615 x 10'2,
513 = —1.4604 x 1013,
Cs.1.4 = 22663 x 1013,

[1] K. Popper, The Logic of Scientific Discovery
(Mohr Siebeck, Tuebingen, Germany, 1934).
[2] T.S. Kuhn, The Structure of Scientific Revolutions
(University of Chicago, Chicago, 1962).
[3] C.M. Will, Living Rev. Relativity 9, 3 (2006).
[4] T. Damour and G. Esposito-Farese, Phys. Rev. Lett. 70,
2220 (1993).
[5] E. Barausse, C. Palenzuela, M. Ponce, and L. Lehner,
Phys. Rev. D 87, 081506 (2013).
[6] C. Palenzuela, E. Barausse, M. Ponce, and L. Lehner,
Phys. Rev. D 89, 044024 (2014).
[7] M. Shibata, K. Taniguchi, H. Okawa, and A. Buonanno,
Phys. Rev. D 89, 084005 (2014).
[8] S. Alexander and N. Yunes, Phys. Rep. 480, 1 (2009).
[9] K. Yagi, L. C. Stein, N. Yunes, and T. Tanaka, Phys. Rev. D
85, 064022 (2012).
[10] K. Yagi, N. Yunes, and T. Tanaka, Phys. Rev. Lett. 109,
251105 (2012).
[11] K. Yagi, L. Stein, N. Yunes, and T. Tanaka, Phys. Rev. D
87, 084058 (2013).
[12] LIGO, http://www.ligo.caltech.edu.
[13] VIRGO, http://www.virgo.infn.it.
[14] N. Yunes and X. Siemens, Living Rev. Relativity 16, 9
(2013).

[15] I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos, and
G. Dvali, Phys. Lett. B 436, 257 (1998).

[16] P. Horava, Phys. Rev. D 79, 084008 (2009).

[17] P. Ade et al. (Planck Collaboration), arXiv:1303.5076.

[18] D. Spergel et al. (WMAP Collaboration), Astrophys. J.
Suppl. Ser. 170, 377 (2007).

[19] L. Amendola and S. Tsujikawa, Dark Energy. Theory and
Observations (Cambridge University Press, Cambridge,
England, 2010).

[20] T. Clifton, P. G. Ferreira, A. Padilla, and C. Skordis, Phys.
Rep. 513, 1 (2012).

[21] V. A. Kostelecky, Phys. Rev. D 69, 105009 (2004).

[22] V. A. Kostelecky and N. Russell, Rev. Mod. Phys. 83, 11
(2011).

[23] D. Mattingly, Living Rev. Relativity 8, 5 (2005).

[24] T. Jacobson, S. Liberati, and D. Mattingly, Ann. Phys.
(Amsterdam) 321, 150 (2006).

[25] D. Colladay and V.A. Kostelecky, Phys. Rev. D 58,
116002 (1998).

[26] V. A. Kostelecky, arXiv:hep-ph/9810239.

[27] V. A. Kostelecky, arXiv:hep-ph/9912528.

[28] A.V. Kostelecky and J.D. Tasson, Phys. Rev. D 83,
016013 (2011).

[29] S. Liberati, Classical Quantum Gravity 30, 133001 (2013).

084067-40


http://dx.doi.org/10.12942/lrr-2006-3
http://dx.doi.org/10.1103/PhysRevLett.70.2220
http://dx.doi.org/10.1103/PhysRevLett.70.2220
http://dx.doi.org/10.1103/PhysRevD.87.081506
http://dx.doi.org/10.1103/PhysRevD.89.044024
http://dx.doi.org/10.1103/PhysRevD.89.084005
http://dx.doi.org/10.1016/j.physrep.2009.07.002
http://dx.doi.org/10.1103/PhysRevD.85.064022
http://dx.doi.org/10.1103/PhysRevD.85.064022
http://dx.doi.org/10.1103/PhysRevLett.109.251105
http://dx.doi.org/10.1103/PhysRevLett.109.251105
http://dx.doi.org/10.1103/PhysRevD.87.084058
http://dx.doi.org/10.1103/PhysRevD.87.084058
http://www.ligo.caltech.edu
http://www.ligo.caltech.edu
http://www.ligo.caltech.edu
http://www.ligo.caltech.edu
http://www.virgo.infn.it
http://www.virgo.infn.it
http://www.virgo.infn.it
http://www.virgo.infn.it
http://dx.doi.org/10.12942/lrr-2013-9
http://dx.doi.org/10.12942/lrr-2013-9
http://dx.doi.org/10.1016/S0370-2693(98)00860-0
http://dx.doi.org/10.1103/PhysRevD.79.084008
http://arXiv.org/abs/1303.5076
http://dx.doi.org/10.1086/513700
http://dx.doi.org/10.1086/513700
http://dx.doi.org/10.1016/j.physrep.2012.01.001
http://dx.doi.org/10.1016/j.physrep.2012.01.001
http://dx.doi.org/10.1103/PhysRevD.69.105009
http://dx.doi.org/10.1103/RevModPhys.83.11
http://dx.doi.org/10.1103/RevModPhys.83.11
http://dx.doi.org/10.12942/lrr-2005-5
http://dx.doi.org/10.1016/j.aop.2005.06.004
http://dx.doi.org/10.1016/j.aop.2005.06.004
http://dx.doi.org/10.1103/PhysRevD.58.116002
http://dx.doi.org/10.1103/PhysRevD.58.116002
http://arXiv.org/abs/hep-ph/9810239
http://arXiv.org/abs/hep-ph/9912528
http://dx.doi.org/10.1103/PhysRevD.83.016013
http://dx.doi.org/10.1103/PhysRevD.83.016013
http://dx.doi.org/10.1088/0264-9381/30/13/133001

CONSTRAINTS ON EINSTEIN-ATHER THEORY AND ...

[30] C. Froggatt and H.B. Nielsen, Origin of Symmetries
(World Scientific, Singapore, 1991).

[31] S. Chadha and H.B. Nielsen, Nucl. Phys. B217, 125
(1983).

[32] G. Bednik, O. Pujolas, and S. Sibiryakov, J. High Energy
Phys. 11 (2013) 064.

[33] S. Groot Nibbelink and M. Pospelov, Phys. Rev. Lett. 94,
081601 (2005).

[34] M. Pospelov and Y. Shang, Phys. Rev. D 85, 105001 (2012).

[35] Q.G. Bailey and V. A. Kostelecky, Phys. Rev. D 74,
045001 (20006).

[36] Q.G. Bailey, Phys. Rev. D 80, 044004 (2009).

[37] Q. G. Bailey, R. D. Everett, and J. M. Overduin, Phys. Rev.
D 88, 102001 (2013).

[38] D. Blas and H. Sanctuary, Phys. Rev. D 84, 064004 (2011).

[39] T. Jacobson, Proc. Sci., QG-PH2007 (2007) 020.

[40] J. A. Zuntz, P. Ferreira, and T. Zlosnik, Phys. Rev. Lett.
101, 261102 (2008).

[41] B. Audren, D. Blas, J. Lesgourgues, and S. Sibiryakov,
J. Cosmol. Astropart. Phys. 08 (2013) 039.

[42] J. Bell, F. Camilo, and T. Damour, Astrophys. J. 464, 857
(1996).

[43] L. Shao and N. Wex, Classical Quantum Gravity 29,
215018 (2012).

[44] L. Shao, R.N. Caballero, M. Kramer, N. Wex, D.J.
Champion, and A. Jessner, Classical Quantum Gravity
30, 165019 (2013).

[45] T. Jacobson and D. Mattingly, Phys. Rev. D 64, 024028
(2001).

[46] D. Blas, O. Pujolas, and S. Sibiryakov, Phys. Rev. Lett.
104, 181302 (2010).

[47] C. Armendariz-Picon, A. Diez-Tejedor, and R. Penco,
J. High Energy Phys. 10 (2010) 079.

[48] B.Z. Foster and T. Jacobson, Phys. Rev. D 73, 064015
(20006).

[49] J. W. Elliott, G. D. Moore, and H. Stoica, J. High Energy
Phys. 08 (2005) 066.

[50] B. Z. Foster, Phys. Rev. D 76, 084033 (2007).

[51] D. Blas, O. Pujolas, and S. Sibiryakov, J. High Energy
Phys. 04 (2011) 018.

[52] E. Barausse, T. Jacobson, and T. P. Sotiriou, Phys. Rev. D
83, 124043 (2011).

[53] S. M. Carroll and E. A. Lim, Phys. Rev. D 70, 123525 (2004).

[54] K. Yagi, D. Blas, N. Yunes, and E. Barausse, Phys. Rev.
Lett. 112, 161101 (2014).

[55] B.Z. Foster, Phys. Rev. D 73, 104012 (2006).

[56] C. Eling, T. Jacobson, and M. Coleman Miller, Phys. Rev.
D 76, 042003 (2007).

[57] N.R. Bhat, M. Bailes, and J. P. Verbiest, Phys. Rev. D 77,
124017 (2008).

[58] J. Antoniadis et al., Science 340, 1233232 (2013).

[59] M. Kramer et al., Science 314, 97 (20006).

[60] P.C. Freire, N. Wex, G. Esposito-Farese, J. P. W. Verbiest,
M. Bailes, B.A. Jacoby, M. Kramer, I.H. Stairs,
J. Antoniadis, and G. H. Janssen, Mon. Not. R. Astron.
Soc. 423, 3328 (2012).

[61] C. Eling, T. Jacobson, and D. Mattingly, arXiv:gr-qc/
0410001.

[62] R. Wald, General Relativity (University of Chicago Press,
Chicago, 1984).

PHYSICAL REVIEW D 89, 084067 (2014)

[63] E. Poisson, A. Pound, and I. Vega, Living Rev. Relativity
14, 7 (2011).

[64] K. Nordtvedt, Jr., Phys. Rev. 169, 1014 (1968).

[65] P. Roll, R. Krotkov, and R. Dicke, Ann. Phys. (N.Y.) 26,
442 (1964).

[66] D. Blas, M. M. Ivanov, and S. Sibiryakov, J. Cosmol.
Astropart. Phys. 10 (2012) 057.

[67] T. Jacobson and D. Mattingly, Phys. Rev. D 70, 024003
(2004).

[68] C. Eling and T. Jacobson, Classical Quantum Gravity 23,
5643 (2006).

[69] E. Barausse and T. P. Sotiriou, Classical Quantum Gravity
30, 244010 (2013).

[70] C. Bambi and E. Barausse, Astrophys. J. 731, 121 (2011).

[71] R. Lévi, J. Phys. Radium 8, 182 (1927).

[72] 1. Segal, Astron. Astrophys. 18, 143 (1972).

[73] T. Jacobson, Phys. Rev. D 81, 101502 (2010).

[74] D. Blas, O. Pujolas, and S. Sibiryakov, Phys. Lett. B 688,
350 (2010).

[75] A. Papazoglou and T. P. Sotiriou, Phys. Lett. B 685, 197
(2010).

[76] 1. Kimpton and A. Padilla, J. High Energy Phys. 07 (2010)
014.

[77] C. Burgess, J. M. Cline, E. Filotas, J. Matias, and G.
Moore, J. High Energy Phys. 03 (2002) 043.

[78] R.Iengo,J. G. Russo, and M. Serone, J. High Energy Phys.
11 (2009) 020.

[79] S. Liberati, L. Maccione, and T.P. Sotiriou, Phys. Rev.
Lett. 109, 151602 (2012).

[80] D. Blas and S. Sibiryakov, Phys. Rev. D 84, 124043 (2011).

[81] E. Barausse and T.P. Sotiriou, Phys. Rev. Lett. 109,
181101 (2012); 110, 039902(E) (2013).

[82] E. Barausse and T.P. Sotiriou, Phys. Rev. D 87, 087504
(2013).

[83] T. Jacobson, Phys. Rev. D 89, 081501 (2014).

[84] D. M. Eardley, Astrophys. J., Lett. Ed. 196, L59 (1975).

[85] T. Damour and G. Esposito-Farese, Classical Quantum
Gravity 9, 2093 (1992).

[86] I. Carruthers and T. Jacobson, Phys. Rev. D 83, 024034
(2011).

[87] C.M. Will, Theory and Experiment in Gravitational
Physics  (Cambridge University Press, Cambridge,
England, 1993).

[88] R.N. Manchester, M. Kramer, A. Possenti, A.G. Lyne,
M. Burgay, I. H. Stairs, A. W. Hotan, M. A. McLaughlin,
D. R. Lorimer, G. B. Hobbs, J. M. Sarkissian, N. D’ Amico,
F. Camilo, B. C. Joshi, and P. C. C. Freire, Astrophys. J.
Lett. 621, L49 (2005).

[89] M. Burgay, N. D’Amico, A. Possenti, R. N. Manchester,
A.G. Lyne, B. C. Joshi, M. A. McLaughlin, M. Kramer,
J.M. Sarkissian, F. Camilo, V. Kalogera, C. Kim, and
D.R. Lorimer, Nature (London) 426, 531 (2003).

[90] M. Kramer and N. Wex, Classical Quantum Gravity 26,
073001 (2009).

[91] B. Z. Foster, Phys. Rev. D 73, 024005 (2006).

[92] C. Eling, Phys. Rev. D 73, 084026 (2006).

[93] S.E. Gralla, Phys. Rev. D 87, 104020 (2013).

[94] L. D. Landau and E. M. Lifshitz, The Classical Theory of
Fields (Pergamon, Oxford, 1975).

[95] R. Hulse and J. Taylor, Astrophys. J. 195, L51 (1975).

084067-41


http://dx.doi.org/10.1016/0550-3213(83)90081-0
http://dx.doi.org/10.1016/0550-3213(83)90081-0
http://dx.doi.org/10.1007/JHEP11(2013)064
http://dx.doi.org/10.1007/JHEP11(2013)064
http://dx.doi.org/10.1103/PhysRevLett.94.081601
http://dx.doi.org/10.1103/PhysRevLett.94.081601
http://dx.doi.org/10.1103/PhysRevD.85.105001
http://dx.doi.org/10.1103/PhysRevD.74.045001
http://dx.doi.org/10.1103/PhysRevD.74.045001
http://dx.doi.org/10.1103/PhysRevD.80.044004
http://dx.doi.org/10.1103/PhysRevD.88.102001
http://dx.doi.org/10.1103/PhysRevD.88.102001
http://dx.doi.org/10.1103/PhysRevD.84.064004
http://dx.doi.org/10.1103/PhysRevLett.101.261102
http://dx.doi.org/10.1103/PhysRevLett.101.261102
http://dx.doi.org/10.1088/1475-7516/2013/08/039
http://dx.doi.org/10.1086/177372
http://dx.doi.org/10.1086/177372
http://dx.doi.org/10.1088/0264-9381/29/21/215018
http://dx.doi.org/10.1088/0264-9381/29/21/215018
http://dx.doi.org/10.1088/0264-9381/30/16/165019
http://dx.doi.org/10.1088/0264-9381/30/16/165019
http://dx.doi.org/10.1103/PhysRevD.64.024028
http://dx.doi.org/10.1103/PhysRevD.64.024028
http://dx.doi.org/10.1103/PhysRevLett.104.181302
http://dx.doi.org/10.1103/PhysRevLett.104.181302
http://dx.doi.org/10.1007/JHEP10(2010)079
http://dx.doi.org/10.1103/PhysRevD.73.064015
http://dx.doi.org/10.1103/PhysRevD.73.064015
http://dx.doi.org/10.1088/1126-6708/2005/08/066
http://dx.doi.org/10.1088/1126-6708/2005/08/066
http://dx.doi.org/10.1103/PhysRevD.76.084033
http://dx.doi.org/10.1007/JHEP04(2011)018
http://dx.doi.org/10.1007/JHEP04(2011)018
http://dx.doi.org/10.1103/PhysRevD.83.124043
http://dx.doi.org/10.1103/PhysRevD.83.124043
http://dx.doi.org/10.1103/PhysRevD.70.123525
http://dx.doi.org/10.1103/PhysRevLett.112.161101
http://dx.doi.org/10.1103/PhysRevLett.112.161101
http://dx.doi.org/10.1103/PhysRevD.73.104012
http://dx.doi.org/10.1103/PhysRevD.76.042003
http://dx.doi.org/10.1103/PhysRevD.76.042003
http://dx.doi.org/10.1103/PhysRevD.77.124017
http://dx.doi.org/10.1103/PhysRevD.77.124017
http://dx.doi.org/10.1126/science.1233232
http://dx.doi.org/10.1126/science.1132305
http://dx.doi.org/10.1111/j.1365-2966.2012.21253.x
http://dx.doi.org/10.1111/j.1365-2966.2012.21253.x
http://arXiv.org/abs/gr-qc/0410001
http://arXiv.org/abs/gr-qc/0410001
http://dx.doi.org/10.12942/lrr-2011-7
http://dx.doi.org/10.12942/lrr-2011-7
http://dx.doi.org/10.1103/PhysRev.169.1014
http://dx.doi.org/10.1016/0003-4916(64)90259-3
http://dx.doi.org/10.1016/0003-4916(64)90259-3
http://dx.doi.org/10.1088/1475-7516/2012/10/057
http://dx.doi.org/10.1088/1475-7516/2012/10/057
http://dx.doi.org/10.1103/PhysRevD.70.024003
http://dx.doi.org/10.1103/PhysRevD.70.024003
http://dx.doi.org/10.1088/0264-9381/23/18/009
http://dx.doi.org/10.1088/0264-9381/23/18/009
http://dx.doi.org/10.1088/0264-9381/30/24/244010
http://dx.doi.org/10.1088/0264-9381/30/24/244010
http://dx.doi.org/10.1088/0004-637X/731/2/121
http://dx.doi.org/10.1051/jphysrad:0192700804018200
http://dx.doi.org/10.1103/PhysRevD.81.101502
http://dx.doi.org/10.1016/j.physletb.2010.03.073
http://dx.doi.org/10.1016/j.physletb.2010.03.073
http://dx.doi.org/10.1016/j.physletb.2010.01.054
http://dx.doi.org/10.1016/j.physletb.2010.01.054
http://dx.doi.org/10.1007/JHEP07(2010)014
http://dx.doi.org/10.1007/JHEP07(2010)014
http://dx.doi.org/10.1088/1126-6708/2002/03/043
http://dx.doi.org/10.1088/1126-6708/2009/11/020
http://dx.doi.org/10.1088/1126-6708/2009/11/020
http://dx.doi.org/10.1103/PhysRevLett.109.151602
http://dx.doi.org/10.1103/PhysRevLett.109.151602
http://dx.doi.org/10.1103/PhysRevD.84.124043
http://dx.doi.org/10.1103/PhysRevLett.109.181101
http://dx.doi.org/10.1103/PhysRevLett.109.181101
http://dx.doi.org/10.1103/PhysRevLett.110.039902
http://dx.doi.org/10.1103/PhysRevD.87.087504
http://dx.doi.org/10.1103/PhysRevD.87.087504
http://dx.doi.org/10.1103/PhysRevD.89.081501
http://dx.doi.org/10.1086/181744
http://dx.doi.org/10.1088/0264-9381/9/9/015
http://dx.doi.org/10.1088/0264-9381/9/9/015
http://dx.doi.org/10.1103/PhysRevD.83.024034
http://dx.doi.org/10.1103/PhysRevD.83.024034
http://dx.doi.org/10.1086/429128
http://dx.doi.org/10.1086/429128
http://dx.doi.org/10.1038/nature02124
http://dx.doi.org/10.1088/0264-9381/26/7/073001
http://dx.doi.org/10.1088/0264-9381/26/7/073001
http://dx.doi.org/10.1103/PhysRevD.73.024005
http://dx.doi.org/10.1103/PhysRevD.73.084026
http://dx.doi.org/10.1103/PhysRevD.87.104020
http://dx.doi.org/10.1086/181708

YAGI et al.

[96] J. Taylor and J. Weisberg, Astrophys. J. 253, 908 (1982).

[97] J. H. Taylor and J. Weisberg, Astrophys. J. 345, 434 (1989).

[98] A. Akmal, V. Pandharipande, and D. Ravenhall, Phys. Rev.
C 58, 1804 (1998).

[99] F. Douchin and P. Haensel, Astron. Astrophys. 380, 151
(2001).

[100] H. Shen, H. Toki, K. Oyamatsu, and K. Sumiyoshi, Nucl.
Phys. A637, 435 (1998).

[101] H. Shen, H. Toki, K. Oyamatsu, and K. Sumiyoshi, Prog.
Theor. Phys. 100, 1013 (1998).

[102] J. M. Lattimer and F. Douglas Swesty, Nucl. Phys. A535,
331 (1991).

[103] J. Oppenheimer and G. Volkoff, Phys. Rev. 55, 374 (1939).

[104] R. C. Tolman, Phys. Rev. 55, 364 (1939).

[105] K. S. Thorne, Rev. Mod. Phys. 52, 299 (1980).

[106] N. Yunes, D. Psaltis, F. Ozel, and A. Loeb, Phys. Rev. D
81, 064020 (2010).

[107] M. Galassi et al., GNU Scientific Library Reference
Manual (Network Theory Ltd., Bristol, UK, 2009), 3rd
revised ed.

[108] C.M. Will and A.G. Wiseman, Phys. Rev. D 54, 4813
(1996).

[109] I. H. Stairs, Living Rev. Relativity 6, 5 (2003).

[110] K. Nordtvedt, Phys. Rev. 169, 1017 (1968).

[111] C.M. Will and K. J. Nordtvedt, Astrophys. J. 177, 757 (1972).

[112] K.J. Nordtvedt and C. M. Will, Astrophys. J. 177, 775 (1972).

[113] C.M. Will, Astrophys. J. 163, 611 (1971).

[114] C.M. Will, Astrophys. J. 185, 31 (1973).

[115] K. Nordtvedt, Astrophys. J. 320, 871 (1987).

[116] T. Damour and G. Esposito-Farese, Phys. Rev. D 46, 4128
(1992).

[117] R.E. Rutledge, D. W. Fox, S. R. Kulkarni, B. A. Jacoby,
I. Cognard, D. C. Backer, and S. S. Murray, Astrophys. J.
613, 522 (2004).

PHYSICAL REVIEW D 89, 084067 (2014)

[118] M. Bailes, S. Johnston, J.F. Bell, D.R. Lorimer, B. W.
Stappers, R.N. Manchester, A.G. Lyne, L. Nicastro,
N. D’Amico, and B.M. Gaensler, Astrophys. J. 481,
386 (1997).

[119] T. Tauris, L. Nicastro, S. Johnston, R. N. Manchester,
M. Bailes, A. G. Lyne, J. Glowacki, D.R. Lorimer, and
N. D'Amico, Astrophys. J. 428, L53 (1994).

[120] J. B. Hartle, Astrophys. J. 150, 1005 (1967).

[121] J.B. Hartle and K.S. Thorne, Astrophys. J. 158, 719
(1969).

[122] J. B. Hartle, Astrophys. J. 161, 111 (1970).

[123] J. B. Hartle, Astrophys. Space Sci. 24, 385 (1973).

[124] N.J. Cornish and T.B. Littenberg, Phys. Rev. D 76,
083006 (2007).

[125] S.J. Vigeland and M. Vallisneri, arXiv:1310.2606.

[126] K. Chatziioannou, N. Yunes, and N. Cornish, Phys. Rev. D
86, 022004 (2012).

[127] T. Johannsen, D. Psaltis, and J. E. McClintock, Astrophys.
J. 691, 997 (2009).

[128] J.1. Gonzalez Hernandez, R. Rebolo, and J. Casares,
Astrophys. J. Lett. 744, L.25 (2012).

[129] J.1. G. Hernandez, R. Rebolo, and J. Casares, Mon. Not. R.
Astron. Soc. 438, L21 (2014).

[130] C.M. Will and H. W. Zaglauer, Astrophys. J. 346, 366
(1989).

[131] D. Psaltis, arXiv:astro-ph/0501234.

[132] T. Johannsen, Astron. Astrophys. 507, 617 (2009).

[133] K. Yagi, Phys. Rev. D 86, 081504 (2012).

[134] GRTENsORII is a package which runs within MAPLE but
distinct from packages distributed with MAPLE. It is distrib-
uted freely on the World Wide Web from http://grtensor.org.

[135] T. Regge and J. A. Wheeler, Phys. Rev. 108, 1063 (1957).

[136] F.J. Zerilli, Phys. Rev. Lett. 24, 737 (1970).

[137] T.Jacobson, Classical Quantum Gravity 28,245011 (2011).

084067-42


http://dx.doi.org/10.1086/159690
http://dx.doi.org/10.1086/167917
http://dx.doi.org/10.1103/PhysRevC.58.1804
http://dx.doi.org/10.1103/PhysRevC.58.1804
http://dx.doi.org/10.1051/0004-6361:20011402
http://dx.doi.org/10.1051/0004-6361:20011402
http://dx.doi.org/10.1016/S0375-9474(98)00236-X
http://dx.doi.org/10.1016/S0375-9474(98)00236-X
http://dx.doi.org/10.1143/PTP.100.1013
http://dx.doi.org/10.1143/PTP.100.1013
http://dx.doi.org/10.1016/0375-9474(91)90452-C
http://dx.doi.org/10.1016/0375-9474(91)90452-C
http://dx.doi.org/10.1103/PhysRev.55.374
http://dx.doi.org/10.1103/PhysRev.55.364
http://dx.doi.org/10.1103/RevModPhys.52.299
http://dx.doi.org/10.1103/PhysRevD.81.064020
http://dx.doi.org/10.1103/PhysRevD.81.064020
http://dx.doi.org/10.1103/PhysRevD.54.4813
http://dx.doi.org/10.1103/PhysRevD.54.4813
http://dx.doi.org/10.12942/lrr-2003-5
http://dx.doi.org/10.1103/PhysRev.169.1017
http://dx.doi.org/10.1086/151754
http://dx.doi.org/10.1086/151755
http://dx.doi.org/10.1086/150804
http://dx.doi.org/10.1086/152394
http://dx.doi.org/10.1086/165603
http://dx.doi.org/10.1103/PhysRevD.46.4128
http://dx.doi.org/10.1103/PhysRevD.46.4128
http://dx.doi.org/10.1086/380299
http://dx.doi.org/10.1086/380299
http://dx.doi.org/10.1086/304041
http://dx.doi.org/10.1086/304041
http://dx.doi.org/10.1086/187391
http://dx.doi.org/10.1086/149400
http://dx.doi.org/10.1086/150232
http://dx.doi.org/10.1086/150232
http://dx.doi.org/10.1086/150516
http://dx.doi.org/10.1007/BF02637163
http://dx.doi.org/10.1103/PhysRevD.76.083006
http://dx.doi.org/10.1103/PhysRevD.76.083006
http://arXiv.org/abs/1310.2606
http://dx.doi.org/10.1103/PhysRevD.86.022004
http://dx.doi.org/10.1103/PhysRevD.86.022004
http://dx.doi.org/10.1088/0004-637X/691/2/997
http://dx.doi.org/10.1088/0004-637X/691/2/997
http://dx.doi.org/10.1088/2041-8205/744/2/L25
http://dx.doi.org/10.1093/mnrasl/slt150
http://dx.doi.org/10.1093/mnrasl/slt150
http://dx.doi.org/10.1086/168016
http://dx.doi.org/10.1086/168016
http://arXiv.org/abs/astro-ph/0501234
http://dx.doi.org/10.1051/0004-6361/200912803
http://dx.doi.org/10.1103/PhysRevD.86.081504
http://grtensor.org
http://grtensor.org
http://dx.doi.org/10.1103/PhysRev.108.1063
http://dx.doi.org/10.1103/PhysRevLett.24.737
http://dx.doi.org/10.1088/0264-9381/28/24/245011

