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Pulsar Timing
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Pulsar Timing Modeling

  Norbert Wex / 2016-Jul-19 / Caltech

Pulsar timing - a spacetime view
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The radio pulsar population
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Pulsar Zoology





Timing of Binary Pulsars  beyond Keplerian…

Figure Credit: David Nice

Physics 1993



Pulsar Sciences
• Equation of state
– nonperturbative QCD with a large μB 

• Unbelievable electromagnetic/plasma environment
– not understood yet after 50 years

• Binary/Triple evolution
– various manifestation, including GRBs/SNe/WDs/BHs…

• Interstellar/Intergalactic medium
– scattering, dispersion, scintillation, …

• Gravity tests
– pulsar timing: a simple idea

• Gravitational waves
– as detectors (PTA) & as sources

• New physics
– e.g. study dark matter

©NASA

Blas, Nadir, Sibiryakov, PRL 118 (2017) 261102



Tower of Equivalence Principles

see also, Casola et al., AJP 83 (2015) 39

Will, Theory and Experiment in Gravitational Physics (1993)
Will, Living Rev. Relativity 17 (2014) 4

Weak equivalence principle
⬇ 

Einstein equivalence principle
⬇ 

Strong equivalence principle



Behind EPs… Gravity is geometry!

EPs are extremely profound in gravity theories

• when gravitating, different energies (electromagnetic, 
kinetic, chemic…) are identical 

How about gravitational energy? Nonlinearities?

Damour 2012, CQG 29:184001 



SEP is the key to general relativity; it includes

✤ Universality of free fall (UFF) 

✤ Local Lorentz invariance (LLI) 

✤ Local position invariance (LPI) 

for test particles as well as self-gravitating bodies 

⟹ Pulsars cast tests on each of them

The Strong Equivalence Principle

Shao & Wex,  arXiv:1604.03662

Will, Theory and Experiment in Gravitational Physics (1993)
Will, Living Rev. Relativity 17 (2014) 4

* see also Barausse, arXiv:1703.05699 for testing SEP of BHs with GWs



Universality of Free Fall 



UFF violation: three masses

Bondi 1957, Rev. Mod. Phys. 29:423



Testing UFF… free falls in gravity

✦ Self-gravitating bodies

• Earth-Moon system in the 
gravitational field of the Sun 

• Binary pulsars in the 
gravitational field of Milky Way 

✦ Strong self-gravity is better Lunar Laser Ranging ©NASA

L. J. Shao, et al. Sci. China-Phys. Mech. Astron. September (2016) Vol. 59 No. 9 699501-3

related to a violation of GWEP is the existence of dipolar ra-
diation, in particular if the modification of GR is associated
with additional “gravitational charges”. This is a powerful
discriminant in asserting the principle from orbital decays of
binary pulsars, capable of capturing deviations from GR that
evade free-fall tests. In sects. 3 and 4, the local position in-
variance and local Lorentz invariance in gravity are exam-
ined in two generic, overlapping but not equivalent, frame-
works for post-Newtonian gravity, namely, the parametrized
post-Newtonian (PPN) formalism [3] and the standard-model
extension (SME) [21]. Again, pulsar timing turns out one
of the best testbeds for any tiny deviations from GR permit-
ted by these two frameworks. In sect. 5, we review results
on energy-momentum conservation laws in post-Newtonian
gravity in the PPN formalism [15]. Finally, in sect. 6 we
briefly look into aspects of a time-varying gravitational con-
stant, whereby we underline the complementary aspect of
pulsar tests. Sect. 7 summarizes the paper, and gives a short
discussion on possible strong-field effects and the upcoming
gravitational-wave experiments [22, 23].

2 Universality of free fall for self-gravitating
bodies

As mentioned in sect. 1, SEP extends WEP to the gravita-
tional WEP (GWEP), i.e. the universality of free fall for self-
gravitating bodies. In GR, GWEP is fulfilled, i.e. in GR the
world line of a body is independent of its chemical compo-
sition and gravitational binding energy. Therefore, a detec-
tion of a violation of GWEP, one of the three pillars of SEP
(see sect. 1), would directly falsify GR. On the other hand,
alternative theories of gravity generally violate GWEP. This
is also the case for most metric theories of gravity, which
by definition fulfill WEP [15]. For a weakly self-gravitating
body in a weak external gravitational field one can simply
express a violation of GWEP as a difference between inertial
(I) and (passive) gravitational (G) mass that is proportional to
the gravitational binding energy, Egrav, of the body,

mG

mI
≃ 1 + ηN

Egrav

mIc2
= 1 + ηN ε . (1)

The Nordtvedt parameter ηN is a theory dependent constant.
In the parameterized post-Newtonian (PPN) framework, ηN
is given as a combination of different PPN parameters (see
ref. [15] for details). As a consequence of eq. (1), the
Earth (ε ≈ −5 × 10−10) and the Moon (ε ≈ −2 × 10−11)
would fall differently in the gravitational field of the Sun
(Nordtvedt effect [24]). The parameter ηN is therefore tightly
constrained by the lunar-laser-ranging (LLR) experiments to
ηN = (3.0 ± 3.6) × 10−4, which is in perfect agreement with
ηN = 0, the prediction of GR [25].

In view of the smallness of the fractional self-gravity of
Earth and Moon, the LLR experiment says nothing about
strong-field aspects of GWEP. GWEP could still be violated
for extremely compact objects, like neutron stars (ε ∼ 0.1),

meaning that a neutron star would feel a quite different accel-
eration in an external gravitational field than a weakly self-
gravitating body. Since beyond the first post-Newtonian ap-
proximation there is no general PPN formalism available, and
eq. (1) is not applicable for strongly self-gravitating masses,
discussions of GWEP violation in this regime are best done
within theory-specific frameworks. A particularly suitable
framework that nicely allows the study of various strong-field
deviations from GR, is the two-parameter class of mono-
scalar-tensor theories T1(α0, β0) of refs. [26, 27], where the
scalar field is sourced by the trace of the energy-momentum
tensor. In this extension of the Jordan-Fierz-Brans-Dicke the-
ory, the coupling strength is a (linear) function of the scalar
field, α(ϕ) = α0 + β0(ϕ − ϕ0), with ϕ0 being the asymptotic
value of the scalar field ϕ. Jordan-Fierz-Brans-Dicke the-
ory is recovered for β0 = 0. As discovered by Damour and
Esposito-Farèse, in such theories, for certain (negative) val-
ues of β0, one finds significant strong-field deviations from
GR, and a correspondingly strong violation of GWEP for
neutron stars. To illustrate this violation of GWEP, it is suf-
ficient to look at the leading order “Newtonian” terms in the
equations of motion of a three body system, with masses mA

at (coordinate) locations rA (A = 1, 2, 3) [28],

r̈A = −
!

B!A

GABmB
rA − rB

|rA − rB|3
, (2)

where the body-dependent effective gravitational constant
GAB is related to the Newtonian gravitational constant G (as
measured in a Cavendish-type experiment) by

GAB = G
1 + σAσB

1 + α2
0

. (3)

The quantityσA denotes the effective scalar coupling of mass
mA, which gives the total scalar charge of body A by ωA =

−σAmA. For weakly self-gravitating bodies σA ≃ α0. σA

is a body-dependent quantity, in general different for masses
with different gravitational binding energy. In other words,
the gravitational interaction depends on the internal structure
of the bodies, and therefore GEWP is violated. In GR on the
other hand, one can introduce one effective mass, due to the
effacement of the internal structure [29], leading to a univer-
sality of free fall for self-gravitating bodies.

Eq. (2) implies that, two components of a binary system,
say m1 and m2, will fall differently in the external field of a
distant (|r3|≫ |r1|, |r2|) third body m3, since the accelerations
caused by the external mass are

r̈ext
1 ≃

1 + σ1σ3

1 + α2
0

gext and r̈ext
2 ≃

1 + σ2σ3

1 + α2
0

gext , (4)

respectively, where gext ≡ Gm3r3/r3
3. The violation of GWEP

can therefore be written as:

∆ · gext ≡ r̈ext
1 − r̈ext

2 ≃ (σ1 − σ2)σ3 · gext . (5)

In the final step, we have used the fact that, Solar system ex-
periments already imply α2

0 ≪ 1.

Δ

Williams et al., CQG 29 (2012) 184004

Nordtvedt 1968, PR 169:1017



Damour-Schaefer Tests with Binary Pulsars

~ 2 × 10-8 cm s-2

Stairs et al. 2005, ApJ 632:1060
Zhu et al.  2015, ApJ 809:41|Δ| < 5.6 ×10-3 (at 95% CL)

Damour & Schaefer 1991, PRL 66:2549



Improved Damour-Schaefer Tests with Binaries

Wex 2000, arXiv:gr-qc/0002032

Freire, Kramer, Wex 2012, CQG 29:184007

Class. Quantum Grav. 29 (2012) 184007 P C C Freire et al
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Figure 2. Limits on !p (95% CL) as a function of the longitude of the ascending node " for
the PSR J1903+0327 binary system, using the values for ẋ and ė in [25] and assuming an orbital
inclination of 77.47◦ (the other possible inclination is 102.53◦, for which we would have similar
constraints, but at different values of "). A distance of 6.4 kpc was assumed. The upper limits
approaching ∼0.09 at angles of ∼80◦ and ∼250◦ etc are derived from the measurement of ẋ, while
the limits peaking at ∼70◦ and ∼230◦ are derived from the measurement of ė. The overall upper
limit is given by the corresponding combination of both constraints.

For PSR J1713+0747, these terms are given, respectively, by ėGW = −8.2 × 10−29 s−1

and ėA = 8.2 × 10−28 s−1J(i, λ, η). Since J(i, λ, η) must be of the order of unity6, this means
that ėGR is at least nine orders of magnitude smaller than the current δė. Given the smallness
of all polluting terms, we reach the conclusion that the limits on !p will improve as much as
the experimental precision of ė.

4.4. Testing the SEP with the 1903+0327 binary system

An important advantage of these direct tests of SEP violation is that we do not need to
restrict our study to binaries with small eccentricities. The binary system PSR J1903+0327
[8, 25] has good timing precision (δt ≃ 1 µs) and a wide (x = 105.593 lt-s) orbit for which
ė = (14 ± 6) × 10−17 s−1 and ẋobs = +21(3) × 10−15 lt-s s−1 have been published [25].
A precise distance is not known yet, nor ". However, we can use the parameters we know
precisely (position in the sky, sin i, ω) and a model of the Galactic potential to estimate limits
on !p for any assumed d and ". These are displayed graphically in figure 2 for d = 6.4 kpc.

Note that we can estimate ! limits for every value of " because for such eccentric
systems SEP violation also causes a torque in the orbital plane (equation (11)). This would
add a component ẋSEP to the kinematic contribution expected for the system at each particular
", ẋkin [2, 35] and the Doppler contribution for each particular d (equation (17)), such that
ẋSEP = ẋobs − ẋkin + xḊ/D. These limits are not as constraining as those derived from PSR
J1713+0747, but they are already interesting because they apply to a massive neutron star

6 This is a fully recycled pulsar; therefore, the vast majority of its rotational angular momentum came from orbiting
material. This implies that the spin and orbital angular momenta must be very closely aligned; therefore, η ≃ π/2
and J(λ, η) ≃ 0 (i.e. much smaller than unity). This means that for this kind of system the only likely contribution to
ėGR comes from ėGW, which is ten orders of magnitude smaller than the present δė.
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longitude of ascending node

• The original Damour-Schaefer needs statistical treatment 

to (unknown) angles of binary systems 
✤ A better statistical treatment is designed to account for 

the selection effects 
✤ A direct test (without using the statistical “trick”) is 

proposed



© Bill Saxton

Tests of UFF with a 
triple pulsar

Ransom et al. 2014, Nature 505:520

Neutron star: 1.44

Inner white dwarf: 0.20
Outer white dwarf: 0.41



Ransom et al. 2014, Nature 505:520
Shao 2016, PRD 93:084023

g ~ 2 × 10-1 cm s-2 (!!!) 

Orbits of the triple pulsar

Relative angle of two orbits 

Inner orbital period: 1.6 day 
Inner eccentricity: 

Outer orbital period: 327 day 

Outer eccentricity: 



Tests of UFF with a triple pulsar

Foreman-Mackey et al. 2013, PASP 125:306

Rein & Liu 2012, A&A 537:128
Rein & Spiegel 2015, MNRAS 446:1424



UFF-violating Parameter Estimation

Shao 2016, PRD 93:084023
examples from simulated data

* Real data analysis is more complicated, and 
the results are still in preparation (Ransom, Archibald, etc)



Local Lorentz Invariance



LLI Violation
○ Local gravity depends on the velocity of a system 

w.r.t. a preferred frame (e.g., the CMB frame) 
       [Will & Nordtvedt 1972; Will 1993]

Local Lorentz Invariance: α1, α2, α3

Parametrized Post-Newtonian (PPN) Formalism

in GR, α1=α2=α3=0

* Here we focus on conservative dynamics of a binary
* see Yagi et al., 2014, PRL 112:161101; PRD 89:084067 for radiative aspects of LLI



Parametrized Post-Newtonian (PPN) Formalism
Metric

PPN parameter

Potential

Matter

Will & Nordtvedt 1972
Will 1993; Will 2014



α1: “orbital polarization” Newtonian Gravity

Laplace-Runge-Lenz vector

Local Lorentz Invariance Violation
Orbital polarization

GR: Periastron Precession

Will 1993
Damour & Esposito-Farèse 1992

∝ α1

Based on obs. characteristics of NS-WD 
binaries, we proposed a direct test of α1 and 
conducted detailed analysis on two existing 
binaries to stringently constrain α1

Shao & Wex, CQG 29 (2012) 215018



For solitary rotating stars
   α2 - Spin precession around the “absolute” velocity

Nordtvedt 1987, ApJ 320:871
Shao et al. 2013, CQG 30:165019

Secular Pulse 
Profile 
Variation



Extremely stable pulse profiles: B1937+21

100-m Effelsberg telescope, Bonn; EBPP

Shao et al. 2013, CQG 30:165019



Extremely stable pulse profiles: B1937+21

Shao et al. 2013, CQG 30:165019



α3: “orbital polarization” & Pdot statistics
Local Lorentz Invariance Violation

Orbital polarization

∝ α3

Bell & Damour 1996, CQG 13:3121
Stairs et al. 2005, ApJ 632:1060

α3 violates LLI, as well as energy-momentum conservation   Norbert Wex / 2016-Jul-19 / Caltech

The radio pulsar population

16

~'2500''radio'pulsars"
1.4"ms""(PSR"J1748W2446ad)"
8.5"s"""""(PSR"J2144W3933)"

~'10%'in'binary'systems'

Orbital&period&range"

95"min" (PSR"J0024W7204R)"
>200"yr""""(PSR""J1024−0719)"

Companions&

ordinary"stars,""
white"dwarfs,""
neutron"stars,""
planets"
SPll"missing:"black"hole

[ ATNF pulsar catalogue]



Semi-
conservative 
gravity

None-
conservative 
gravity



Standard-model extension (SME)

Including all gauge-invariant Lorentz-violating 
operators into Lagrangians of SM and GR

Effective field theory: low-energy limit of a deep theory 
with Lorentz-covariant dynamics in which spontaneous 
Lorentz violation occurs

In Rieman-Cartan spacetime

Kostelecky & Samuel 1989; Colladay & Kostelecky 1998; Kostelecky 2004



Gravity in SME

Pure-gravity sector in Riemannian spacetime 
with mass dimensions less than four

Kostelecky 2004

Bailey & Kostelecky 2006



post-Newtonian gravity in SME
eff

Spontaneous symmetry breaking
✦ vacuum expectation values 
✦ Nambu-Goldstone modes

post-Newtonian expansion

We are left with…

9 degrees of freedom in the tensor field s 
whose component values are to be probed experimentally 
within a chosen coordinate system

Bailey & Kostelecky 2006



Comparison with PPN  
(parametrised post-Newtonian formalism)

PPN 
metric-based

SME 
action-based

has a preferred Universe

has energy-momentum conserved



Lorentz-violating Spacetime
• Standard-model extension (SME)

Bailey & Kostelecky 2006; Shao 2014

Kostelecky 2004

Binary orbital dynamics



State-of-the-art 
Pulsar Timing

An Overview of SME Phenomena

Kostelecky 2004; Bailey & Kostelecky 2006

Dominant obs. are described by the vacuum expectation values 
of sμν, which is traceless & symmetric [9 d.o.f.]

There is a standard frame to report constraints
✴ Between frames: rotation + boost (v/c ≤ 10-3)

When neglecting the boost, 0j- & jk-components [8 d.o.f.] enter 
into dynamics of lunar laser ranging, atom interferometer, and 
pulsar timing, Solar dynamics, etc [Tasson, Symmetry 8 (2016) 111]

The 00-component enters into spin dynamics
✴ Gravity Probe B [Bailey et al. 2013] Boosted Tensors 

with pulsars



Tests of SME with Pulsars
• The underlying LV fields are identical for different pulsar systems

• Different pulsars constrain different sets of LV coefficients, usually in a 

linearly combined form

Shao 2014, PRL 112:111103

A systematic study of 27 tests from 13 pulsars
over-constrained 8 parameters

Solitary pulsars
NS-NS binaries
NS-WD binaries
NS-WD binaries with e=0



Constraints on LV fields
Very little correlations!

Shao 2014, PRL 112:111103



Lorentz Transformation

rotation boost

Key to mix

We utilize the boost to mix the 00-component 
with the others of sμν and, from three NS-WD 
binaries to obtain a stringent constraint that is 
about 500 times better than the current best 
limit from (spin dynamics of) Gravity Probe B

Shao 2014, PRD



Sensitivity Maps
✓ Some gravity theories predict local 

preferred frames, instead of a global or 
cosmological one (e.g., CMB)

✓ A network of pulsars can eliminate some 
“blind spots”

J1738+0333

J1012+5307

J0348+0432

Three Pulsars Combined

vsun = 369 km/s;  unit of sTT: 10-6 

red-cross: CMB direction

Shao 2014, PRD 90:122009



Local Position Invariance



LPI Violation
○ Local gravity depends on the position of a system 

w.r.t. external matter distribution (e.g., the Galaxy) 
       [Mach’s principle; Whitehead 1922; Will 1973]

Local Position Invariance: ξ

Parametrized Post-Newtonian (PPN) 

in GR, ξ=0



Tests of LPI with the triple pulsar 

Ransom et al. 2014, Nature 505:520
Shao 2017, CQG 34:175011

Whitehead’s theory (ξ = 1) 
is falsified (again)

3

The paper is organized as follows. In the next section, we present some theoretical details for 
the orbital dynamics of PSR J0337 + 1715 in presence of LPI violation, in the parameterized 
post-Newtonian (PPN) gravity. Then in section 3 we simulate various mock time-of-arrival 
(TOA) data closely following the real observation in [1] (see table  1) with a machine- 
precision N-body integrator. Dedicated parameter estimation using Markov-chain Monte 
Carlo (MCMC) techniques that take account of full correlations (of 17 parameters) is per-
formed on these mock TOAs, and from MCMC chains we conservatively estimate the preci-
sion of the test. Section 4 discusses the relevance of the results, and makes some comparisons 
with limits obtained elsewhere.

2. Triple pulsar system with LPI violation

PPN formalism is the most popular framework in experimental gravity for testing alternative 
gravity theories. In PPN gravity theories are parametrized with ten generic PPN parameters 
that represent different physical properties of gravitation and take different values in differ-
ent theories [5, 14, 15]. There also exists a generic framework called the standard-model 

Figure 1. Illustration of the triple pulsar system in the (Î, Ĵ, K̂) coordinate system 
where, the origin (marked as a blue star) is chosen to be the center of inertial masses of 
the triple system, K̂ points from the Earth to PSR J0337 + 1715, Î and Ĵ respectively 
point to east and north in the sky plane. The longitude of ascending node for the outer 
orbit, which is generally not an observable in pulsar timing, is assumed to be ΩO = 0◦; 
for other nonzero values, a rotation around K̂ for an angle ΩO is needed. The trajectories 
of the pulsar (in pink) and the inner WD (in green) start on MJD 55920.0 (December 25, 
2011), and end on MJD 56233.9 (November 2, 2012) when the pulsar was ascending. 
The starting locations are indicated by small dots. The orbit of the outer WD is not 
shown here. These trajectories are integrated with the rebound package (see section 3).

L Shao Class. Quantum Grav. 34 (2017) 175011
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pulsars [19] by orders of magnitude5. Nevertheless, it has its own virtue. Firstly, it is a totally 
independent limit yet it is able to rule out the Whitehead’s gravity theory [16] alone, that 
adds to the ‘multiple deaths’ [18] of that theory. Secondly, previous limits generally involve 
extra assumptions, for examples, the alignment of the Solar spin with the angular orbital 
momentum of the Solar system five billion years ago [19, 36] or the statistical assumptions of 
unknown angles in the cases of binary pulsars [37] and solitary pulsars [19]. The test proposed 
here is immune to extra assumptions. Thirdly, compared with the limits from gravimeters on  
Earth [17, 35] and the lunar laser ranging experiment [11], here we have a strongly self- 
gravitating body involved. For some gravity theories, for example the scalar-tensor gravity 
[38, 44], strong fields will amplify deviations from GR nonperturbatively. Even in the case 
of a perturbative expansion in the compactness C, ξ might have a linear dependence on C, as 
in the case of the Nordtvedt parameter [5, 39]. If strong fields are relevant, then the limit in  
equation (7) could have a large relative merit over weak-field ones due to the large compact-
ness of the NS, CNS ≃ 0.1. Fourthly, compared with experiments that use the Milky Way—
binary-pulsar systems, here it is a dynamical three-body system where the third body (the 
outer WD) reacts to the gravitational dynamics. Although it is not clear yet but we suspect that 
this might have a standing for some specific gravity theories.

The estimation in equation (7) is obtained with mock data simulated closely following the 
real observation for a time span about 1.4 yr. In reality, new observations have accumulated 
more data with probably better qualities. Up to the time of writing, about 6 outer orbits are 
covered, compared with  ∼1.5 orbits used in the simulation. This will vastly break parameter 
degeneracy and reduce the strong correlations (ρ = 0.98–0.99) seen in figure 3 with the ele-
ments of the outer orbit. Thus these new data are expected to give an even tighter limit than 
that by a naive rescaling. In future, new radio telescopes like the Five-hundred-meter Aperture 
Spherical Telescope (FAST) [40] and the Square Kilometre Array (SKA) [41, 42] will provide 
better sensitivities in obtaining TOAs for the triple system. Moreover, although triple pulsars 

Figure 4. Marginalized and normalized 1-dimensional posterior densities for ξ from 
the parameter estimation of mock datasets with uniform sampling (left) and step 
sampling (right). The stacked posterior densities simply stack the posterior samples 
from different noise realizations with the same weight.

5 If the limit on ξ is converted to a limit on the anisotropy of the gravitational constant [5, 19], it is worse than the 
current best limit from solitary pulsars [19] by the same orders of magnitude.

L Shao Class. Quantum Grav. 34 (2017) 175011
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extension (SME) [30, 31] which, using an effective field theory, casts the possible deviations 
from GR into new operators that can host anisotropic terms as well. Due to the large number 
of coefficients in SME, here we will focus on the LPI-violating PPN parameter, ξ. It is also 
called the Whitehead’s parameter because of its first appearance in Whitehead’s parameter-
free gravity theory [16–18]. In GR, ξ = 0, and in Whitehead’s gravity theory ξ = 1. The origi-
nal Whitehead’s gravity theory [16] was disproved by many experiments by now [6, 17, 19]  
(see [18] for an excellent review), but due to the importance of the SEP it does not hurt to have 
another independent test with distinct merits.

In the PPN formalism, one has an extra LPI-violating term in the N-body Lagrangian [5, 19],

Lξ = −ξ

2
G2

c2

!

i,j

mimj

r3
ij

rij ·
"
!

k

mk

#
rjk

rik
− rik

rjk

$%
, (1)

Table 1. Parameters for the spindown of the pulsar and the orbits of the triple system. 
Values in the second column are from [1], while those in the third column are from the 
parameter estimation on the mock dataset ‘TOA.3’ while allowing a nonzero Whitehead 
parameter in the MCMC runs. Parenthesized numbers represent the 1-σ uncertainty in 
the last digits quoted.

Parameter Observation Simulation

spindown parameters
Pulsar spin frequency, f0 365.953 363 096(11) Hz 365.953 363 095 999(3) Hz
Spin frequency derivative, ḟ −2.3658(12)× 10−15 Hz s−1 −2.3658(1)× 10−15 Hz s−1

inner keplerian parameters for pulsar orbit
Semimajor axis projected along line of 
sight, (a sin i)I

1.217 528 44(4) ls 1.217 528 44(2) ls

Orbital period, Pb,I 1.629 401 788(5) d 1.629 401 789(3) d
Eccentricity parameter, 
ϵ1,I ≡ (e sinω)I

6.8567(2)× 10−4 6.8566(2)× 10−4

Eccentricity parameter, 
ϵ2,I ≡ (e cosω)I

−9.171(2)× 10−5 −9.169(2)× 10−5

Time of ascending node, Tasc,I MJD 55 920.407 717 436(17) MJD 55 920.407 717 44(1)
outer keplerian parameters for center of mass of inner binary
Semimajor axis projected along line of 
sight, (a sin i)O

74.672 7101(8) ls 74.672 711(2) ls

Orbital period, Pb,O 327.257 541(7) d 327.257 55(2) d
Eccentricity parameter, 
ϵ1,O ≡ (e sinω)O

3.518 6279(3)× 10−2 3.518 6282(8)× 10−2

Eccentricity parameter, 
ϵ2,O ≡ (e cosω)O

−3.462 131(11)× 10−3 −3.462 12(3)× 10−3

Time of ascending node, Tasc,O MJD 56 233.935 815(7) MJD 56 233.935 82(2)

interaction parameters

Semimajor axis projected in plane of 
sky, (a cos i)I

1.4900(5) ls 1.4900(3) ls

Semimajor axis projected in plane of 
sky, (a cos i)O

91.42(4) ls 91.42(2) ls

Ratio of inner companion mass to  
pulsar mass, qI ≡ mWD,I/mNS

0.137 37(4) 0.137 38(3)

Difference in longitudes of ascending 
nodes, δΩ

2.7(6)× 10−3 deg 2.6(2)× 10−3 deg
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an average over time. As expected, VNewt oscillates with a short timescale, Pb,I, and the oscil-
lation is modulated with a large timescale, Pb,O. In contrast, VWhit oscillates around its aver-
age value, ⟨VWhit⟩ ≃ −2.0 × 1039 erg, with a short timescale, 1

2 Pb,I. A faster oscillation for 
VWhit can be understood based on the facts that, the dominant contribution to VNewt comes 
from −Gm0m1

r01
∝ 1

r01
, while the dominant contributions to VWhit come from the first and the 

third terms in the parentheses in equation (2), both behaving as ∝ 1
r2

01
. There is less long-term  

modulation for VWhit, compared with that of VNewt, at the timescale of the outer orbit (see pan-
els (a) and (c) in figure 2). The relative smallness in the modulation of VWhit is understood that 
VWhit is at the first post-Newtonian order which receives a smaller contribution from a wider 
orbit, by roughly a factor of 

!
V2

O/c2
"
/
!
V2

I /c2
"
= V2

O/V2
I ≃ 0.03 relative to the Newtonian 

order, where VI and VO are the characteristic relative velocities of the inner and the outer orbits.
Speaking of equations of motion for the triple system, for body i ∈ {0, 1, 2} one has an 

extra acceleration term,

δai
ξ = − 1

mi
∇iVξ (r0, r1, r2) , (3)

in addition to the acceleration in the LPI-invariant gravity theory. In equation (3), ∇i is the 
gradient operator for body i with its coordinate vector ri; no summation is assumed for the 
body index i in equation  (3). The explicit expressions of δai

ξ are tedious yet not inspiring, 
therefore, we do not give them here.

3. Mock simulation and parameter estimation

The timing data presented in [1] include radio observations with the GBT, the Arecibo tele-
scope, and the Westerbork synthesis radio telescope (WSRT), spanning from MJD 55930.9 
to 56436.5 (∼1.4 yr, or  ∼4 × 107 s). Within such a duration, the inner and outer orbits 
revolve  ∼300 and  ∼1.5 cycles, respectively, while the pulsar spins  ∼16 billion cycles. The 
timing solution in [1] (see the second column in table 1) is derived with N(0)

TOA = 26 280 TOAs 
and results in a weighted root mean squared residual σ(0)

TOA = 1.34 µs.
Since the TOA data are not publicly available, we simulate mock TOAs closely following 

the observational characteristics, as was done in [3]. It is well known that there is no general 
analytical solution for the three-body problem in gravity given by algebraic expressions and 
integrals [20, 21]. To produce mock TOAs, we resort to a machine-precision N-body numer-
ical integrator developed by Rein and his collaborators, which is implemented in the rebound 
package2 [22]. Specifically, we use a 15th-order integrator basing on the Gauß–Radau quadra-
ture, ias15, that uses adaptive time stepping, and keeps systematic errors well below machine 
precision over 109 orbits [23]. Such a precision meets the requirement posed by the accurate 
pulsar timing data [3].

For all simulations, we use the parameters of PSR J0337 + 1715 reported in [1]  
(see table 1). Initial conditions for the system are worked out for MJD 55920.0 which is the ref-
erence epoch for all parameters. The LPI-violating modification in equation (3) is augmented 
to the ias15 integrator [23]. We evolve the system in 3-dimensional space for a longer time 
than the observational span and cut data keeping the part that corresponds to the real observa-
tion. A spindown model for the pulsar is adopted with f (t) = f0 + ḟ t  where t is the coordinate 
time. The Römer delay is obtained by projecting the 3-dimensional orbit of the pulsar onto 

2 https://github.com/hannorein/rebound

L Shao Class. Quantum Grav. 34 (2017) 175011



Solar spin back-in-time evolution
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Figure 1. Local position invariance violation causes a precession of the Solar angular momentum
S⊙ around the direction of the local Galactic acceleration nG, which causes characteristic changes
in the angle θ between S⊙ and the norm of the invariable plane ninv. Due to the movement of the
Solar system in the Galaxy, nG is changing periodically with a period of ∼250 Myr.

where vG ≡ vGnG is an effective velocity [35]. With replacements (6), the influence of ξ for an
eccentric orbit of a binary system can be read out readily from (17)–(19) in [34]. As for the α2

test, in the limit of small eccentricity, ξ induces a precession of the orbital angular momentum
around the direction nG with an angular frequency [34],

$prec = ξ

!
2π

Pb

"#vG

c

$2
cos ψ, (7)

where Pb is the orbital period, and ψ is the angle between nG and the orbital angular momentum.
This precession would introduce observable effects in binary pulsar timing experiments (see
section 4.1).

Similar to the case of a binary system, for an isolated, rotating massive body with internal
equilibrium, Nordtvedt showed in [28] that ξ would induce a precession of the spin around nG

with an angular frequency (note, in [28] ξNordtvedt = − 1
2ξ ),

$prec = ξ

!
2π

P

"#vG

c

$2
cos ψ, (8)

where now ψ stands for the angle between the spin of the body and nG (see figure 1). This
precession can be constrained by observables in the Solar system and solitary millisecond
pulsars (see section 3 and section 4.2 respectively).

3. A weak-field limit from the Solar spin

At the birth of the Solar system ∼4.6 billion years ago, the angle θ between the Sun’s spin
S⊙ and the total angular momentum of the Solar system (its direction is represented by the
norm of the invariable plane ninv) were very likely closely aligned (see figure 1 for notation),
as suggested by our understanding of the formation of planetary systems. After the birth,
the Newtonian torque on the Sun produced by the tidal fields of planets is negligibly weak
(see (10)). Due to today’s observation of θ ∼ 6◦, Nordtvedt suggested to constrain ξ to a
high precision through constraining (8) [28]. Based on his α2 test and an order-of-magnitude
estimation, he already concluded |ξ | ! 10−7. Here we slightly improve his method and present
detailed calculations to constrain ξ from the Solar spin.

For directions of S⊙ and ninv, we take the International Celestial Reference Frame
equatorial coordinates at epoch J2000.0 from recent reports of the IAU/IAG working
group on cartographic coordinates and rotational elements [32, 1]. The direction of S⊙
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Figure 2. Evolutions of the misalignment angle θ (t) backward in time with different ξ vaules,
which have taken both (8) and (10) into account.

is (α0, δ0)⊙ = (286◦.13, 63◦.87) in the Celestial coordinates or (l, b)⊙ = (94◦.45, 22◦.77)

in the Galactic coordinates. The coordinates of ninv are (α0, δ0)inv = (273◦.85, 66◦.99) or
(l, b)inv = (96◦.92, 28◦.31). The difference between these two directions is

θ |t=0 = 5◦.97, (9)

where t = 0 denotes the current epoch.
Assuming that the Sun’s spin was closely aligned with ninv right after the formation of

the Solar system, 4.6 Gyr in the past, one can convert (9) into a limit for ξ . For this, one
has to account for the Solar movement around the Galactic center (∼20 circles in 4.6 Gyr)
when using (8) to properly integrate back in time for a given ξ . We show evolutions of the
misalignment angle θ (t) in figure 2 for different ξ vaules. In calculations in figure 2, besides
the contribution (8), we also include the precession produced by the Newtonian quadrupole
coupling with an angular frequency,

%
prec
J2

= 3
2

J2
GM⊙R2

⊙
|S⊙|

!

i

mi

r3
i

, (10)

where M⊙ and R⊙ are the Solar mass and the Solar radius, mi and ri are the mass and the
orbital size of body i in the Solar system, and J2 = (2.40 ± 0.25) × 10−7 [12]. The main
contributions in (10) are coming from Jupiter, Venus and Earth. The coupling is very weak,
and (10) has a precession period ∼9 × 1011 yr, hence it precesses ∼2◦ in 4.6 Gyr (notice a
factor of two discrepancy with (15) in [28] mainly due to the use of a modern J2 value). Such
a precession hardly modifies the evolution of θ (t); besides, the precession (10) is around ninv

which by itself does not change θ .
In figure 3 we plot the initial misalignment angle at the birth of the Solar system and

the angle &χ swept out by S⊙ during the past 4.6 Gyr as functions of ξ . From figure 3 it is
obvious that any ξ significantly outside the range

|ξ | ! 5 × 10−6 (11)

would contradict the assumption that the Sun was formed spinning in a close alignment with
the planetary orbits (say, θbirth " 10◦). Limit (11) is three orders of magnitude better than that
from superconducting gravimeter [38].
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The Question

Does Einstein have the final word about gravity?
We are testing strenuously!



Why it matters?
• GR is incompatible with quantum principles… 

• Unavoidable singularities… 

• black holes 

• big bang 

• New observations beyond the standard paradigm… 

• dark matter 

• dark energy 

• inflation 

• Historically, it is always beneficial to examine blessed principles…



Complementarity with GWs



“How to differentiate their powers quantitatively?” 
A concrete example

Shao, Sennett, Buonanno, Kramer, Wex, arXiv:1704.07561

from 35 Hz to a peak amplitude at 450 Hz. The signal-to-
noise ratio (SNR) accumulates equally in the early inspiral
(∼45 cycles from 35 to 100 Hz) and late inspiral to merger
(∼10 cycles from 100 to 450 Hz). This is different from the
more massive GW150914 binary for which only the last 10
cycles, comprising inspiral and merger, dominated the
SNR. As a consequence, the parameters characterizing
GW151226 have different precision than those of
GW150914. The chirp mass [26,45], which controls the
binary’s evolution during the early inspiral, is determined
very precisely. The individual masses, which rely on
information from the late inspiral and merger, are measured
far less precisely.
Figure 1 illustrates that the amplitude of the signal is less

than the level of the detector noise,where themaximum strain
of the signal is 3.4þ0.7

−0.9 × 10−22 and 3.4þ0.8
−0.9 × 10−22 in LIGO

Hanford and Livingston, respectively. The time-frequency
representation of the detector data shows that the signal is not
easily visible. The signal is more apparent in LIGO Hanford
where the SNR is larger. The SNR difference is predomi-
nantly due to the different sensitivities of the detectors at the
time. Only with the accumulated SNR frommatched filtering
does the signal become apparent in both detectors.

III. DETECTORS

The LIGO detectors measure gravitational-wave strain
using two modified Michelson interferometers located in
Hanford, WA and Livingston, LA [2,3,46]. The two
orthogonal arms of each interferometer are 4 km in length,
each with an optical cavity formed by two mirrors acting as
test masses. A passing gravitational wave alters the

FIG. 1. GW151226 observed by the LIGO Hanford (left column) and Livingston (right column) detectors, where times are relative to
December 26, 2015 at 03:38:53.648 UTC. First row: Strain data from the two detectors, where the data are filtered with a 30–600-Hz
bandpass filter to suppress large fluctuations outside this range and band-reject filters to remove strong instrumental spectral lines [46].
Also shown (black) is the best-match template from a nonprecessing spin waveform model reconstructed using a Bayesian analysis [21]
with the same filtering applied. As a result, modulations in the waveform are present due to this conditioning and not due to precession
effects. The thickness of the line indicates the 90% credible region. See Fig. 5 for a reconstruction of the best-match template with no
filtering applied. Second row: The accumulated peak signal-to-noise ratio (SNRp) as a function of time when integrating from the start of
the best-match template, corresponding to a gravitational-wave frequency of 30 Hz, up to its merger time. The total accumulated SNRp

corresponds to the peak in the next row. Third row: Signal-to-noise ratio (SNR) time series produced by time shifting the best-match
template waveform and computing the integrated SNR at each point in time. The peak of the SNR time series gives the merger time of
the best-match template for which the highest overlap with the data is achieved. The single-detector SNRs in LIGO Hanford and
Livingston are 10.5 and 7.9, respectively, primarily because of the detectors’ differing sensitivities. Fourth row: Time-frequency
representation [47] of the strain data around the time of GW151226. In contrast to GW150914 [4], the signal is not easily visible.
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properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9þ0.5

−0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.

PRL 116, 061102 (2016) P HY S I CA L R EV I EW LE T T ER S week ending
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061102-2
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Scalar-tensor gravity of Damour & Esposito-Farèse

2

II. NONPERTURBATIVE STRONG-FIELD PHENOMENA
IN SCALAR-TENSOR GRAVITY

In this paper we focus on the class of mono-scalar-tensor
theories that are defined by the following action in the
Einstein-frame [4, 5, 14, 15],

S =
c4

16πG∗

!
d4x
c
√−g∗

"
R∗ − 2gµν∗ ∂µϕ∂νϕ − V(ϕ)

#

+S m
"
ψm; A2(ϕ)g∗µν

#
, (1)

where G∗ is the bare gravitational coupling constant, g∗µν is
the Einstein metric with its determinant g∗, R∗ ≡ gµν∗ R∗µν is the
Ricci scalar, ψm collectively denotes the matter content, and
A(ϕ) is the (conformal) coupling function that depends on the
scalar field, ϕ. Henceforth, for simplicity, we assume that the
potential, V(ϕ), is a slowly varying function that changes on
scales much larger than typical length scales of the system that
we consider, thus, we set V(ϕ) = 0 in our calculation.

The field equations are derived with the least-action princi-
ple [7, 8] for g∗µν and ϕ,

R∗µν = 2∂µϕ∂νϕ +
8πG∗

c4

$
T ∗µν −

1
2

T ∗g∗µν

%
, (2)

!g∗ϕ = −
4πG∗

c4 α(ϕ)T∗ , (3)

with the energy-momentum tensor of matter fields, T µν∗ ≡
2c (−g∗)−1/2 δS m/δg∗µν, and the field-dependent coupling
strength between the scalar field and the trace of the energy-
momentum tensor of matter fields, α(ϕ) ≡ ∂ ln A(ϕ)/∂ϕ.

Following Damour and Esposito-Farèse [7, 15], we con-
sider a polynomial form for ln A(ϕ) up to quadratic order, that
is A(ϕ) = exp

&
β0ϕ2/2

'
, and denote α0 ≡ α(ϕ0) = β0ϕ0

with ϕ0 the asymptotic value of ϕ at infinity. This partic-
ular scalar-tensor theory (henceforth, DEF theory) is com-
pletely characterized by two parameters (α0, β0) and for sys-
tems dominated by strong-field gravity, such as NSs, can give
rise to potentially observable, nonperturbative physical phe-
nomena [14, 23]. Weak-field Solar-system experiments, gen-
erally, only probe the α0-dimension or the combination β0α2

0
in the (α0, β0) parameter space (see Refs. [10, 27] and refer-
ences therein).

Using a perfect-fluid description of the energy-momentum
tensor for NSs in the Jordan frame, in 1993 Damour and
Esposito-Farèse derived the Tolman-Oppenheimer-Volkoff
(TOV) equations [14] for a NS in their scalar-tensor gravity
theory. Interestingly, they discovered a phase-transition phe-
nomenon when β0 " −4, largely irrespective of the α0 value
(a nonzero α0 tends to smooth the phase transition [15]). The
phenomenon was named spontaneous scalarization. With a
suitable (α0, β0), the “effective scalar coupling” that a NS de-
velops, αA ≡ ∂ ln mA/∂ϕ0 (the baryonic mass of NS is fixed
while taking the derivative), could be O(1) when the NS mass,
mA, is within a certain EOS-dependent range. For masses
below and above this range, the effective scalar coupling is

FIG. 1. Illustration of spontaneous scalarization in the DEF gravity,
in comparison to individual binary-pulsar limits, for a NS with EOS
SLy4 and |α0| = 10−5. The blue curves correspond to (from top to
bottom) β0 = −4.5,−4.4,−4.3, and −4.2; the grey curves in between
differ in β0 in steps of 0.01. We indicate with triangles the 90% CL
upper limits on the effective scalar coupling |αA| from the individual
pulsars listed in Table I. We can clearly see a “scalarization mass
gap” at mA ∼ 1.7 M⊙.

much smaller 1. In Fig. 1 we show an example of spontaneous
scalarization for a NS with the realistic EOS SLy4, and com-
pare it to existing individual binary-pulsar constraints.

In general, if two compact bodies in a binary have effective
scalar couplings, αA and αB, they produce gravitational dipo-
lar radiation ∝ (∆α)2, with ∆α ≡ αA − αB, which is at a lower
post-Newtonian (PN) order than the canonical quadrupolar ra-
diation in GR [15] 2. In Ref. [16], Damour and Esposito-
Farèse for the first time compared limits on the DEF grav-
ity arising from Solar system and binary pulsar experiments
with expected limits from ground-based GW detectors like
LIGO and Virgo. The analysis in Ref. [16] is based on soft
(by now excluded [28, 29]), medium and stiff EOSs, and for
the LIGO/Virgo experiment it assumes a BNS merger with
PSR B1913+16 like masses (1.44 M⊙ and 1.39 M⊙), as well
as a 1.4 M⊙-10 M⊙ NS-BH merger. Damour and Esposito-
Farèse come to the conclusion that binary-pulsar experiments
would generally be expected to put more stringent constraints
on the parameters (α0, β0) than ground-based detectors, such
as LIGO and Virgo. Since then, several analyses have fol-

1 For sufficiently negative β0 (" −4.6), NSs do not de-scalarize before reach-
ing their maximum mass, i.e. spontaneous scalarization is found for all NSs
above a certain critical mass, which depends on the actual value of β0 and
the EOS [14, 15].

2 In this paper, generally we denote with nPN the O(v2n/c2n) corrections
to the leading Newtonian dynamics (equations of motion). Therefore, the
gravitational dipolar radiation reaction is at 1.5 PN, and the quadrupolar
radiation is at 2.5 PN. Here in the GW phasing, when there is no poten-
tial confusion we sometimes refer to the quadrupolar (dipolar) radiation as
0 PN (−1 PN), as typically done in the literature.
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Ricci scalar, ψm collectively denotes the matter content, and
A(ϕ) is the (conformal) coupling function that depends on the
scalar field, ϕ. Henceforth, for simplicity, we assume that the
potential, V(ϕ), is a slowly varying function that changes on
scales much larger than typical length scales of the system that
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2c (−g∗)−1/2 δS m/δg∗µν, and the field-dependent coupling
strength between the scalar field and the trace of the energy-
momentum tensor of matter fields, α(ϕ) ≡ ∂ ln A(ϕ)/∂ϕ.

Following Damour and Esposito-Farèse [7, 15], we con-
sider a polynomial form for ln A(ϕ) up to quadratic order, that
is A(ϕ) = exp
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, and denote α0 ≡ α(ϕ0) = β0ϕ0

with ϕ0 the asymptotic value of ϕ at infinity. This partic-
ular scalar-tensor theory (henceforth, DEF theory) is com-
pletely characterized by two parameters (α0, β0) and for sys-
tems dominated by strong-field gravity, such as NSs, can give
rise to potentially observable, nonperturbative physical phe-
nomena [14, 23]. Weak-field Solar-system experiments, gen-
erally, only probe the α0-dimension or the combination β0α2

0
in the (α0, β0) parameter space (see Refs. [10, 27] and refer-
ences therein).

Using a perfect-fluid description of the energy-momentum
tensor for NSs in the Jordan frame, in 1993 Damour and
Esposito-Farèse derived the Tolman-Oppenheimer-Volkoff
(TOV) equations [14] for a NS in their scalar-tensor gravity
theory. Interestingly, they discovered a phase-transition phe-
nomenon when β0 " −4, largely irrespective of the α0 value
(a nonzero α0 tends to smooth the phase transition [15]). The
phenomenon was named spontaneous scalarization. With a
suitable (α0, β0), the “effective scalar coupling” that a NS de-
velops, αA ≡ ∂ ln mA/∂ϕ0 (the baryonic mass of NS is fixed
while taking the derivative), could be O(1) when the NS mass,
mA, is within a certain EOS-dependent range. For masses
below and above this range, the effective scalar coupling is

FIG. 1. Illustration of spontaneous scalarization in the DEF gravity,
in comparison to individual binary-pulsar limits, for a NS with EOS
SLy4 and |α0| = 10−5. The blue curves correspond to (from top to
bottom) β0 = −4.5,−4.4,−4.3, and −4.2; the grey curves in between
differ in β0 in steps of 0.01. We indicate with triangles the 90% CL
upper limits on the effective scalar coupling |αA| from the individual
pulsars listed in Table I. We can clearly see a “scalarization mass
gap” at mA ∼ 1.7 M⊙.

much smaller 1. In Fig. 1 we show an example of spontaneous
scalarization for a NS with the realistic EOS SLy4, and com-
pare it to existing individual binary-pulsar constraints.

In general, if two compact bodies in a binary have effective
scalar couplings, αA and αB, they produce gravitational dipo-
lar radiation ∝ (∆α)2, with ∆α ≡ αA − αB, which is at a lower
post-Newtonian (PN) order than the canonical quadrupolar ra-
diation in GR [15] 2. In Ref. [16], Damour and Esposito-
Farèse for the first time compared limits on the DEF grav-
ity arising from Solar system and binary pulsar experiments
with expected limits from ground-based GW detectors like
LIGO and Virgo. The analysis in Ref. [16] is based on soft
(by now excluded [28, 29]), medium and stiff EOSs, and for
the LIGO/Virgo experiment it assumes a BNS merger with
PSR B1913+16 like masses (1.44 M⊙ and 1.39 M⊙), as well
as a 1.4 M⊙-10 M⊙ NS-BH merger. Damour and Esposito-
Farèse come to the conclusion that binary-pulsar experiments
would generally be expected to put more stringent constraints
on the parameters (α0, β0) than ground-based detectors, such
as LIGO and Virgo. Since then, several analyses have fol-

1 For sufficiently negative β0 (" −4.6), NSs do not de-scalarize before reach-
ing their maximum mass, i.e. spontaneous scalarization is found for all NSs
above a certain critical mass, which depends on the actual value of β0 and
the EOS [14, 15].

2 In this paper, generally we denote with nPN the O(v2n/c2n) corrections
to the leading Newtonian dynamics (equations of motion). Therefore, the
gravitational dipolar radiation reaction is at 1.5 PN, and the quadrupolar
radiation is at 2.5 PN. Here in the GW phasing, when there is no poten-
tial confusion we sometimes refer to the quadrupolar (dipolar) radiation as
0 PN (−1 PN), as typically done in the literature.
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ity arising from Solar system and binary pulsar experiments
with expected limits from ground-based GW detectors like
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ing their maximum mass, i.e. spontaneous scalarization is found for all NSs
above a certain critical mass, which depends on the actual value of β0 and
the EOS [14, 15].

2 In this paper, generally we denote with nPN the O(v2n/c2n) corrections
to the leading Newtonian dynamics (equations of motion). Therefore, the
gravitational dipolar radiation reaction is at 1.5 PN, and the quadrupolar
radiation is at 2.5 PN. Here in the GW phasing, when there is no poten-
tial confusion we sometimes refer to the quadrupolar (dipolar) radiation as
0 PN (−1 PN), as typically done in the literature.

dipolar emission (10) by giving the first star a charge close
to the maximum value allowed by the ST theory (!1 !
!max ), and an almost zero scalar charge to the second star
(!2 " 0), the scalar field grows rapidly inside the second
star, which quickly develops a charge !2 " !1 when the
binary becomes sufficiently close (cf. Fig. 2). This shuts off
the dipolar flux (10) but enhances the Newtonian pull (11).
Therefore, the earlier mergers are caused by the combina-
tion of dissipative [Eq. (10)] and conservative [Eq. (11)]
effects. As a qualitative test, we integrated the PN equations
of motion of GR with G replaced by Geff ¼ Gð1þ !1!2Þ
[so as tomimic Eq. (11), with!1,!2 ! 0:2–0:4 set to values
compatible with our simulations] and confirmed that the
enhanced gravitational pull induces quicker mergers.

The growth of the scalar field and charge of nonscalar-
ized stars getting close to scalarized ones can be under-
stood in simple terms. The scalar field extends beyond the
radius of the baryonic matter [11,12]. Indeed, defining an
effective radius L for the scalar as that enclosing a fixed
fraction, e.g., 90%, of its mass, one gets L=RNS ! 4–5 for
isolated stars (cf. also Fig. 2). When the nonscalarized star
enters this scalar ‘‘halo’’ of the scalarized star, it grows a
significant charge. This can be seen by studying isolated
NSs [11,12] and imposing a nonzero asymptotic value ’0

for the scalar field, in order to mimic the effect of the
‘‘external’’ scalar field produced by the other (scalarized)
star. The effect of ’0 is shown in Fig. 3, where we used a
static, spherically symmetric code to calculate the scalar
charge of NSs as a function of the baryonic mass, for a ST
theory with "=ð4#GÞ ¼ '4:5. As can be seen, even mod-
est values of ’0 induce significant scalar charges. This
phenomenon, known as ‘‘induced scalarization’’ [11–13],
has also been observed for boson stars in ST theory [43]
and is similar, energetically, to the magnetization of a

ferromagnetic material in a sufficiently strong magnetic
field [11,12,44]. Here, the external scalar field makes the
configuration with nonzero charge energetically preferred
over the initial noncharged one.
Quite remarkably, the growth of the scalar field inside

stars that are sufficiently close seems quite robust, (though
its magnitude naturally depends on the values of" and’0).
In fact, it happens also in systems where induced scalari-
zation is likely unable to trigger the scalar’s initial growth,
e.g., in (at least) some binaries whose stars are initially
nonscalarized and far from the ‘‘critical mass’’ Mbar "
1:85M(, marking the onset of spontaneous scalarization
for small ’0 in Fig. 3. For instance, in Fig. 4 we show the
waveforms for an equal-mass binary whose stars have
baryon mass 1:625M(, gravitational mass 1:47M( and
radius RNS ¼ 13 km, for GR and a ST theory with
"=ð4#GÞ ¼ '4:5 and ’0

ffiffiffiffi
G

p
¼ 10'5. Clear deviations

from GR arise at t! 10 ms, corresponding to a separation
R! 40 km and f! 645 Hz. These deviations will occur
at later (earlier) times for smaller (larger)’0. Wewill study
these smaller-mass systems more in future work, but this
result is not entirely surprising. The spontaneous scalariza-
tion of isolated stars occurs when a nonzero value’c of the
scalar at the center becomes energetically favored over
’c ¼ 0. References [11,12,44] noted indeed that the star’s

FIG. 2 (color online). The scalar field ’G1=2 (color code) and
the NS surfaces (solid black line) at t ¼ f1:8; 3:1; 4:0; 5:3g ms for
"=ð4#GÞ ¼ '4:5, and the binary of Fig. 1.
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Nonperturbative “phase-transition” phenomena can happen when the 
compactness of a NS (GmNS/RNS) [DEF 1993, PRL 70:2220] or of a BNS (GMBNS/rBNS) 
[Barausse et al. 2013, PRD 87:081506] reaches a critical point

spontaneous scalarization dynamical scalarization



Testing dipole radiation with binary pulsars

We select five best NS-WD systems in 
testing dipole radiation and explore 7-d 
parameter space {α0, β0, ρc(i)} (i=1,2,…,5) 
with emcee for eleven EOSs

5

in the above equations with the Newtonian gravitational con-
stant GN = G∗(1 + α2

0), since |α0| ≪ 1 (e.g., from the Cassini
spacecraft [27, 52]).

We construct the logarithmic likelihood for the MCMC runs
as,

lnL ∝ −1
2

N∑

i=1

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

⎛
⎜⎜⎜⎜⎜⎜⎝

Ṗint
b − Ṗth

b

σobs
Ṗb

⎞
⎟⎟⎟⎟⎟⎟⎠

2

+

⎛
⎜⎜⎜⎜⎝

mp/mc − q
σobs

q

⎞
⎟⎟⎟⎟⎠

2
⎤
⎥⎥⎥⎥⎥⎥⎥⎦ , (9)

where for PSRs J1909−3744 and J2222−0137 we replace the
second term in the squared brackets with

[(
mp − mobs

p

)
/σobs

mp

]2
.

In Eq. (9), the predicted orbital decay from the theory is Ṗth
b ≡

Ṗdipole
b + Ṗquad

b , and σobs
X is the observational uncertainty for

X ∈
{
Ṗint

b , q,mp
}
, as given in Table I.

For each EOS, we perform four separate MCMC runs:

(i) 1 pulsar: PSR J0348+0432 (J0348);

(ii) 1 pulsar: PSR J1738+0333 (J1738);

(iii) combining 2 pulsars: PSRs J0348+0432 and
J1738+0333 (2PSRs);

(iv) combining 5 pulsars: PSRs J0348+0432, J1012+5307,
J1738+0333, J1909−3744 and J2222−0137 (5PSRs).

We pick J0348 and J1738 due to their mass difference
(2.01 M⊙ and 1.46 M⊙ respectively), and their high timing
precision (see Table I), which leads to interesting differences
in the constraints on the DEF parameters, especially on β0.
For each run, we accumulate sufficient MCMC samples to
guarantee the convergence of MCMC runs. By using the
Gelman-Rubin statistic [56], we find that, for each EOS,
200,000 samples for cases J0348 and J1738, and 400,000
samples for cases 2PSRs and 5PSRs, are enough, respec-
tively. We discard the first half chain points of these 44 runs
(4 cases × 11 EOSs) as the burn-in phase [54, 57], while we
use the remaining samples to do inference on the parameters
(α0, β0).

As an example, we show in Fig. 2 the marginalized 2-d dis-
tribution in the parameter space of (log10 |α0|,−β0) for the case
5PSRs and the EOS SLy4. As mentioned above, we distribute
the initial values of log10 |α0| and −β0 uniformly in the rectan-
gle region of Fig. 2. We see that after MCMC simulations,
the region with large |α0| or large (negative) β0 is no longer
populated, and only a small corner is consistent with the ob-
servational results of the five NS-WD binary pulsars.

Furthermore, we extract the upper limits of log10 |α0| and
−β0 from their marginalized 1-d distributions at 68% and 90%
CLs. We summarize the upper limits at 90% CL from all 44
runs in Fig. 3. It is interesting to observe the following facts.
First, for all EOSs, J1738 gives a more constraining limit on
α0 than J0348. This result might be due to the fact that the
σobs

Ṗb
of J1738 is about two orders of magnitude smaller than

that of J0348, thus giving a tighter limit on α2
0 by roughly the

same order of magnitude. Second, the constraints on β0 from
J0348 and J1738 are extremely EOS-dependent. This should
be a consequence of the masses of the NSs, which are (in GR)

FIG. 2. The marginalized 2-d distribution of (log10 |α0|,−β0) from
MCMC runs on the five pulsars listed in Table I, for the EOS SLy4.
The marginalized 1-d distributions and the extraction of upper limits
are illustrated in upper and right panels.

FIG. 3. Marginalized upper limits on |α0| (upper) and −β0 (lower)
at 90% CL. These limits are obtained from PSRs J0348+0432
(J0348), J1738+0333 (J1738), a combination of them (2PSRs),
and a combination of PSRs J0348+0432, J1012+5307, J1738+0333,
J1909−3744 and J2222−0137 (5PSRs). The color coding for differ-
ent EOSs is kept consistent for all figures in this paper.

1.46 M⊙ for J1738, and 2.01 M⊙ for J0348. For EOSs that
favour spontaneous scalarization at around 1.4–1.5 M⊙, J1738
gives a better limit, while for EOSs that favour spontaneous
scalarization at around 2 M⊙, J0348 gives a better limit. This
trend is also consistent with Fig. 4 (to be introduced below).
Third, by combining two pulsars (2PSRs), NSs are limited to
scalarize at neither 1.4–1.5 M⊙ nor ∼ 2 M⊙. Therefore, almost
for all EOSs, β0 is well constrained. This result demonstrates
the power of properly using multiple pulsars with different NS
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TABLE I. Binary parameters of the five NS-WD systems that we use to constrain the DEF theory [29, 32, 41–43]. The observed time derivatives
of the orbit period Pb are corrected using the latest Galactic potential of Ref. [44]. For PSRs J0348+0432, J1012+5307 and J1738+0333, the
mass ratios were obtained combining radio timing and optical high-resolution spectroscopy, while the companion masses are determined from
the Balmer lines of the WD spectra based on WD models [29, 45–47]. For PSRs J1909−3744 and J2222−0137, the masses were calculated
from the Shapiro delay, where the range of the Shapiro delay gives directly the companion mass, and the pulsar mass is then being derived
from the mass function, using the shape of the observed Shapiro delay to determine the orbital inclination [42, 43]. The masses below are
based on GR as the underlying gravity theory. However, since the companion WD is a weakly self-gravitating body, they are practically the
same in the DEF theory. We give in parentheses the standard 1-σ errors in units of the least significant digit(s).

Pulsar J0348+0432 [29] J1012+5307 [41] J1738+0333 [32] J1909−3744 [42] J2222−0137 [43]
Orbital period, Pb (d) 0.102424062722(7) 0.60467271355(3) 0.3547907398724(13) 1.533449474406(13) 2.44576454(18)
Eccentricity, e 2.6(9) × 10−6 1.2(3) × 10−6 3.4(11) × 10−7 1.14(10) × 10−7 0.00038096(4)
Observed Ṗb, Ṗobs

b (fs s−1) −273(45) −50(14) −17.0(31) −503(6) 200(90)
Intrinsic Ṗb, Ṗint

b (fs s−1) −274(45) −5(9) −27.72(64) −6(15) −60(90)
Mass ratio, q ≡ mp/mc 11.70(13) 10.5(5) 8.1(2) . . . . . .
Pulsar mass, mobs

p (M⊙) . . . . . . . . . 1.540(27) 1.76(6)
WD mass, mobs

c (M⊙) 0.1715+0.0045
−0.0030 0.174(7) 0.1817+0.0073

−0.0054 0.2130(24) 1.293(25)

common asymptotic value of ϕ, ϕ0 ≡ α0/β0. Given ρ̃(i)
c and

ϕ(i)
c for pulsar i, we integrate the modified TOV equations (see

Eq. (7) in Ref. [14] or Eq. (3.6) in Ref. [15]) with initial condi-
tions given by Eq. (3.14) in Ref. [15]. During the integration,
we use tabulated data of EOSs, and linearly interpolate them
in the logarithmic space of the matter density, ρ̃, the pressure,
p̃, and the number density, ñ [50]. Note that only one quantity
among {ρ̃, p̃, ñ} is free, while the others are determined by the
EOS. The end products of the integration provide us, for each
pulsar, the gravitational mass, m(i)

A , the baryonic mass, m̄(i)
A , the

NS radius, R(i), and the effective scalar coupling, α(i)
A [15].

For the MCMC runs we use a uniform prior for |α0| ∈
[5×10−6, 3.4×10−3] in the logarithmic space, where 3.4×10−3

is the limit obtained from the Cassini spacecraft [27, 52]. We
pick the parameter β0 uniformly in the range [−5,−4], which
corresponds to a sufficiently large parameter space where the
scalarization phenomena can take place [14, 23]. During the
exploration of the parameter space, we restrict the values of
(α0, β0) to this rectangle region, as well, in order to avoid
overusing computational time in uninteresting regions. The
initial central matter densities,

!
ρ̃(i)

c

"
, are picked around their

GR values, but they are allowed to explore a very large range
in the simulations. As we discuss below, we perform con-
vergence tests and verify that when evolving the chains all
parameters in θ quickly loose memory of their initial values.

During the MCMC runs, we evolve the N + 2 free parame-
ters according to an affine-invariant ensemble sampler, which
was implemented in the emcee package [53, 54] 6. At every
step, we solve the N sets of modified TOV equations on the
fly, using for the companion masses of the binary pulsars the
values listed in Table I 7.

6 http://dan.iel.fm/emcee
7 The masses in PSRs J0348+0432, J1012+5307, and J1738+0333 are based

on a combination of radio timing of the pulsars and optical spectroscopic
observation of the WDs. The derivation of the masses only depends on

Then, for the decay of the binary’s orbital period, which
enters the likelihood function (see Eq. (9)), we use the dipolar
contribution from the scalar field and the quadrupolar contri-
bution from the tensor field as given by the following, well
known, formulae [7, 55],

Ṗdipole
b = −2πG∗

c3 g(e)
#

2π
Pb

$
mpmc

mp + mc
(αA − α0)2 , (5)

Ṗquad
b = −192πG5/3

∗
5c5 f (e)

#
2π
Pb

$5/3 mpmc
%
mp + mc

&1/3 , (6)

with

g(e) ≡
#
1 +

e2

2

$ %
1 − e2

&−5/2
, (7)

f (e) ≡
#
1 +

73
24

e2 +
37
96

e4
$ %

1 − e2
&−7/2

. (8)

We find that higher order terms, as well as the subdominant
scalar quadrupolar radiation, give negligible contributions to
this study. Notice that in Eq. (5), we have replaced the ef-
fective scalar coupling of the WD companion with the lin-
ear matter-scalar coupling constant, since for a weakly self-
gravitating WD αA ≃ α0 in the β0 range of interest.8 Further-
more, we can approximate the bare gravitational constant G∗

the well-understood WD atmosphere model in combination with gravity at
Newtonian order, and the mass ratio q, which is free of any explicit strong-
field effects [27]. Therefore, even within the DEF theory, these masses are
valid [29, 32]. For PSRs J1909−3744 and J2222−0137, the masses are
derived from the range and shape of the Shapiro delay [15, 33]. Since for
the weakly self-gravitating WD companion |αB| ≈ |α0 | ≪ 1, these masses
are practically identical to the GR masses in Table I.

8 In this context, see footnote “d” in Ref. [30], concerning WDs and very
large (positive) β0.

In a NS-WD binary with effective scalar 
couplings αA and α0, we have dipole 
radiation [DEF 1992, CQG 9:2093; Will 1994, PRD 50:6058]

(Shao et al. 2017)



Can NSs still be scalarized?

Scalarization depends strongly on NS EOS [Shibata et al. 2014, PRD 89:084005], and by 
combining binary pulsars with different NS masses, we constrain the 
scalarization parameter β0 tightly

While satisfying current constraints, NSs with suitable masses can still have 
effective scalar couplings of O(10-2-10-1), for some EOSs

5

in the above equations with the Newtonian gravitational con-
stant GN = G∗(1 + α2

0), since |α0| ≪ 1 (e.g., from the Cassini
spacecraft [27, 52]).

We construct the logarithmic likelihood for the MCMC runs
as,

lnL ∝ −1
2

N∑

i=1

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

⎛
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b − Ṗth

b
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where for PSRs J1909−3744 and J2222−0137 we replace the
second term in the squared brackets with

[(
mp − mobs

p

)
/σobs

mp

]2
.

In Eq. (9), the predicted orbital decay from the theory is Ṗth
b ≡

Ṗdipole
b + Ṗquad

b , and σobs
X is the observational uncertainty for

X ∈
{
Ṗint

b , q,mp
}
, as given in Table I.

For each EOS, we perform four separate MCMC runs:

(i) 1 pulsar: PSR J0348+0432 (J0348);

(ii) 1 pulsar: PSR J1738+0333 (J1738);

(iii) combining 2 pulsars: PSRs J0348+0432 and
J1738+0333 (2PSRs);

(iv) combining 5 pulsars: PSRs J0348+0432, J1012+5307,
J1738+0333, J1909−3744 and J2222−0137 (5PSRs).

We pick J0348 and J1738 due to their mass difference
(2.01 M⊙ and 1.46 M⊙ respectively), and their high timing
precision (see Table I), which leads to interesting differences
in the constraints on the DEF parameters, especially on β0.
For each run, we accumulate sufficient MCMC samples to
guarantee the convergence of MCMC runs. By using the
Gelman-Rubin statistic [56], we find that, for each EOS,
200,000 samples for cases J0348 and J1738, and 400,000
samples for cases 2PSRs and 5PSRs, are enough, respec-
tively. We discard the first half chain points of these 44 runs
(4 cases × 11 EOSs) as the burn-in phase [54, 57], while we
use the remaining samples to do inference on the parameters
(α0, β0).

As an example, we show in Fig. 2 the marginalized 2-d dis-
tribution in the parameter space of (log10 |α0|,−β0) for the case
5PSRs and the EOS SLy4. As mentioned above, we distribute
the initial values of log10 |α0| and −β0 uniformly in the rectan-
gle region of Fig. 2. We see that after MCMC simulations,
the region with large |α0| or large (negative) β0 is no longer
populated, and only a small corner is consistent with the ob-
servational results of the five NS-WD binary pulsars.

Furthermore, we extract the upper limits of log10 |α0| and
−β0 from their marginalized 1-d distributions at 68% and 90%
CLs. We summarize the upper limits at 90% CL from all 44
runs in Fig. 3. It is interesting to observe the following facts.
First, for all EOSs, J1738 gives a more constraining limit on
α0 than J0348. This result might be due to the fact that the
σobs

Ṗb
of J1738 is about two orders of magnitude smaller than

that of J0348, thus giving a tighter limit on α2
0 by roughly the

same order of magnitude. Second, the constraints on β0 from
J0348 and J1738 are extremely EOS-dependent. This should
be a consequence of the masses of the NSs, which are (in GR)

FIG. 2. The marginalized 2-d distribution of (log10 |α0|,−β0) from
MCMC runs on the five pulsars listed in Table I, for the EOS SLy4.
The marginalized 1-d distributions and the extraction of upper limits
are illustrated in upper and right panels.

FIG. 3. Marginalized upper limits on |α0| (upper) and −β0 (lower)
at 90% CL. These limits are obtained from PSRs J0348+0432
(J0348), J1738+0333 (J1738), a combination of them (2PSRs),
and a combination of PSRs J0348+0432, J1012+5307, J1738+0333,
J1909−3744 and J2222−0137 (5PSRs). The color coding for differ-
ent EOSs is kept consistent for all figures in this paper.

1.46 M⊙ for J1738, and 2.01 M⊙ for J0348. For EOSs that
favour spontaneous scalarization at around 1.4–1.5 M⊙, J1738
gives a better limit, while for EOSs that favour spontaneous
scalarization at around 2 M⊙, J0348 gives a better limit. This
trend is also consistent with Fig. 4 (to be introduced below).
Third, by combining two pulsars (2PSRs), NSs are limited to
scalarize at neither 1.4–1.5 M⊙ nor ∼ 2 M⊙. Therefore, almost
for all EOSs, β0 is well constrained. This result demonstrates
the power of properly using multiple pulsars with different NS
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TABLE II. Limits on the parameters of the massless mono-scalar-tensor DEF theory for different EOSs when applying the MCMC analysis
to the five pulsars J0348+0432, J1012+5307, J1738+0333, J1909−3744, and J2222−0137. Results at 68% and 90% CLs are listed. |αA|max is
the maximum effective scalar coupling that a NS could still possess without violating the limits, and mmax

A is the corresponding (gravitational)
mass at this maximum effective scalar coupling (see Figure 4).

68% confidence level 90% confidence level
EOS |α0| −β0 mmax

A /M⊙ |αA|max |α0| −β0 mmax
A /M⊙ |αA|max

AP3 6.5 × 10−5 4.21 1.83 1.1 × 10−3 1.5 × 10−4 4.29 1.85 6.9 × 10−3

AP4 5.5 × 10−5 4.24 1.71 1.2 × 10−3 1.4 × 10−4 4.31 1.73 1.0 × 10−2

ENG 6.0 × 10−5 4.21 1.80 1.0 × 10−3 1.6 × 10−4 4.30 1.81 8.2 × 10−3

H4 5.7 × 10−5 4.24 1.91 1.3 × 10−3 1.7 × 10−4 4.33 1.92 2.8 × 10−2

MPA1 5.7 × 10−5 4.22 1.92 1.1 × 10−3 1.6 × 10−4 4.30 1.93 8.4 × 10−3

MS0 7.7 × 10−5 4.28 2.26 2.7 × 10−3 2.0 × 10−4 4.38 2.26 1.0 × 10−1

MS2 7.9 × 10−5 4.26 2.24 2.1 × 10−3 2.4 × 10−4 4.36 2.26 8.0 × 10−2

PAL1 7.3 × 10−5 4.21 1.99 1.2 × 10−3 2.0 × 10−4 4.29 2.00 8.2 × 10−3

SLy4 5.2 × 10−5 4.23 1.71 1.1 × 10−3 1.4 × 10−4 4.33 1.72 2.2 × 10−2

WFF1 5.3 × 10−5 4.21 1.58 9.1 × 10−4 1.3 × 10−4 4.30 1.60 6.9 × 10−3

WFF2 5.5 × 10−5 4.24 1.68 1.2 × 10−3 1.4 × 10−4 4.32 1.70 1.4 × 10−2

FIG. 4. The effective scalar coupling |αA| that an isolated NS could
still develop after taking into account the 95% CL constraints from
the five pulsars (see Table II). The point of the maximum |αA| is
marked with a dot, and the values (and the corresponding masses)
are listed in Table II.

masses to constrain the DEF parameter space for any EOS.
Fourth, we obtain the most stringent constraints with five pul-
sars (5PSRs). This is especially true for β0, which is con-
strained at the level of ∼ −4.2 (68% CL) and ∼ −4.3 (90%
CL) for all EOSs. Finally, we list in Table II the marginalized
1-d limits for 5PSRs. We shall use them in the next section
when combining binary pulsars with laser-interferometer GW
observations.

Considering the results that we have obtained when com-
bining the five pulsars (5PSRs), one could wonder whether
isolated NSs can still be strongly scalarized. To address this
question, we use the limits on (α0, β0) and calculate the effec-

tive scalar coupling that a NS can still develop as a function of
the NS mass, for the 11 EOSs used in this paper. The results
at 90% CL are summarized in Fig. 4, while in Table II we list
the maximally allowed effective scalar couplings at 68% and
90% CLs, and their corresponding (gravitational) NS masses
(marked as dots in Fig. 4).

Figure 4 clearly shows the nonperturbative nature of the
scalarization phenomenon. The (absolute values of the) max-
imally allowed effective scalar coupling for NSs can be as
large as O(10−2) and even 0.1 if the limits at 90% CL are
used, while those values are ! 10−3 if one uses the lim-
its at 68% CL (not shown in Fig. 4, but listed in Table II).
Furthermore, quite remarkably Fig. 4 shows that there are
scalarization mass gaps (this feature could also be seen in
Fig. 1 for the EOS SLy4). What we mean is the follow-
ing. The NS masses for the five most constraining pulsars
are 1.46 M⊙ (PSR J1738+0333) 1.54 M⊙ (PSR J1909−3744),
1.76 M⊙ (PSR J2222−0137), 1.83 M⊙ (PSR 1012+5307), and
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(Shao et al. 2017) (Shao et al. 2017)



BNS inspirals with GW detectors

For future GW detectors on Earth, we 
investigate the projected constraints on 
(αA-αB) for nonspinning BNSs at DL = 200 
Mpc, using the Fisher matrix with 3.5 PN 
phasing, augmented with a dipole term 
[Will 1994, PRD 50:6058; Buonanno et al. 2009, PRD 80:084043]

✦ SNR = 11/450/153 for aLIGO/CE/ET

If BNSs of suitable masses are seen:

✦ aLIGO might outperform current pulsar 
limits if NS EOSs are described by 
certain EOSs

✦ CE, ET can outperform current pulsar 
limits with all EOSs considered here
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FIG. 6. The sensitivities of aLIGO, CE, and ET to |∆α| (namely
the uncertainty, σ (|∆α|), obtained from the inverse Fisher matrix)
are depicted with dashed lines, as a function of mB, for a pattern-
averaged BNS inspiral signal with rest-frame component masses
(mA = 1.25 M⊙, mB). The starting frequencies of GW detectors are
labeled. Luminosity distance DL = 200 Mpc is assumed. The sen-
sitivity to |∆α| from GW detectors scales with SNR as ρ−1/2. The
maximum available values of |∆α| for 11 EOSs, saturating the limits
from binary pulsars at 90% CL, are shown in solid lines. If a sensi-
tivity curve (dashed) is below a solid curve, the corresponding GW
detector has the potential to improve the limit from binary pulsars for
this particular EOS, with BNSs of suitable masses.

use the waveform parameters
!
lnA, ln η, lnM, tc,Φc, (∆α)2

"

to construct the 6 × 6 Fisher matrix, Γab. The inverse of
the Fisher matrix is the correlation matrix for these parame-
ters, from where we can read their uncertainties and correla-
tions [17, 58, 68, 69].

In Fig. 6 we plot in dashed lines the uncertainties in |∆α|
obtained with three GW detectors (aLIGO, CE, and ET) for
an asymmetric BNS with rest-frame masses mA = 1.25 M⊙
and mB > 1.25 M⊙, located at DL = 200 Mpc. For a BNS of
masses, for example, (1.25 M⊙, 1.63 M⊙) which are the most
probable masses for the newly discovered asymmetric double-
NS binary pulsar PSR J1913+1102 [73], we find that aLIGO,
CE, and ET can detect its merger at 200 Mpc with ρ = 10.6,
450, and 153, respectively, after averaging over pattern func-
tions and assuming two detectors in each case. The charac-
teristic strain of such a BNS is illustrated in the frequency
domain in Fig. 5. In the large SNR limit, the uncertainties in
|∆α| scale with the SNR as ρ−1/2. In Fig. 7, we give the corre-
lations between parameters obtained from the matched-filter
analysis. We find that due to its low-frequency sensitivity ET
can break some degeneracy between parameters better than
aLIGO and CE do.

In Fig. 6, we show with solid lines the maximum values
|∆α| at 90% CL from pulsars for 11 EOSs (calculated from
Fig. 4). If for some NS’s mass range a solid line (which is
associated to a certain EOS) is above a dashed line (associated

to a certain detector), then for NSs described by that EOS, the
corresponding GW detector has potential to further improve
the DEF’s parameters with the observation of a BNS within
that mass range. From the figure we can see that, with the
expected design sensitivity curves of aLIGO, CE, and ET [22,
61, 62],

• aLIGO has potential to further improve the current lim-
its from binary pulsars with a discovery of a BNS of
suitable masses, if the EOS of NSs is one of (or similar
to) H4, MS0, MS2, SLy4, and WFF2;

• CE and ET, due to their low-frequency sensitivity and
better PSD curves, are able to significantly improve cur-
rent limits from binary pulsars on the DEF’s parame-
ters, no matter what the real EOS of NSs is.

We stress that those conclusions are obtained with a Fisher-
matrix analysis, and should be made more robust in the future
using more sophisticated tools, notably Bayesian analysis.

With the results above it is fairly straightforward to calcu-
late the limits from aLIGO, CE and ET for β0 values outside
the spontaneous scalarization regime, i.e., β0 ! −4, and com-
pare them to existing limits from the Solar system and pul-
sars [16]. Shibata et al. [19] have shown that for small α0
there exists a simple relation between αA, α0 and mA as long
as spontaneous scalarization does not set in (see Eq. (44) in
Ref. [19]), which in our notation reads 10

αA ≃ A(A)
β0

(mA, β0; EOS)α0 . (18)

With this equation at hand one can directly convert the limits
from ground-based GW detectors of Fig. 6, for any given β0 !
−4, into limits for |α0| via

|α0| =
#######

∆α

A(A)
β0
−A(B)

β0

#######
. (19)

Figure 8 gives the results for two different mass configura-
tions and the EOS AP4. A more stiff EOS would generally
lead to less constraining limits for ground-based GW detec-
tors and binary pulsars. As one can see, in the range β0 ! −4
current Solar system and pulsar tests are already clearly more
constraining than what aLIGO is expected to obtain. For CE
and ET, only inspirals with a very massive component will
provide constraints that are better than present limits, for a
limited range of β0 (see also [74] for aLIGO and ET limits
from a NS-BH inspiral for the special case of β0 = 0, i.e. the
Jordan-Fierz-Brans-Dicke gravity). By the time CE or ET is
operational, however, the expected limits from GAIA [75] and
SKA [11] will have left little room for ground-based GW ob-
servatories in the regime. The space-based GW observatory

10 In principle, there is still a weak dependence on α0 in A(A)
β0

. However,
this dependence becomes very small for |α0 | " 10−2, as it scales with
α2

0. Therefore the α0 dependence is absolutely negligible for the param-
eter space explored here.
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(Shao et al. 2017)

an example binary NS



BNS late inspirals/merge with GW detectors

If dynamical scalarization 
occurs early enough, it could 
be detectable with aLIGO

We show that this might be the 
case for certain choices of 
BNS masses and NS EOS
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FIG. 9. Scalar mass as a function of orbital angular frequency for equal-mass BNS systems with masses (1.3 M⊙, 1.3 M⊙), (1.5 M⊙, 1.5 M⊙),
(1.7 M⊙, 1.7 M⊙), and (1.9 M⊙, 1.9 M⊙). We use the limits on (α0, β0) at 90% CLs, given in Table II, for each EOS. The corresponding GW
frequency is given along the top axis, with fGW = Ω/π. Dashed vertical lines highlight the conservative detectability criterion for aLIGO that
fDS ! 50 Hz, derived in [34, 78].

The sharp feature for the WFF1 EOS in the 1.9 M⊙–1.9 M⊙
system occurs because of the relatively low mass at which
spontaneous scalarization occurs for this particular EOS. We
provide a more detailed analysis of this phenomenon in Ap-
pendix B. Similarly abrupt transitions occur for other EOSs in
more massive binary systems with individual masses " 2 M⊙.

We adopt the method introduced in Ref. [25] to extract fDS.
The scalar mass can be closely fit by the piecewise function

⎡
⎢⎢⎢⎢⎢⎣1 +

(
MS

Mα0

)2⎤⎥⎥⎥⎥⎥⎦
10/3

=

⎧⎪⎪⎨
⎪⎪⎩

1 , f < fDS

a0 + a1V2 , f > fDS
, (25)

where a0, a1, and fDS are fitting parameters. In practice, we
identify fDS with the peak in the second derivative of the left-
hand side of Eq. (25) with respect to V2. In Ref. [26], this
fitting procedure was found to reproduce numerical relativity
results to within an error of ! 10%.

The dynamical scalarization frequencies for the configura-
tions considered in Figure 9 are given in Table IV for theories
constrained at the 68% and 90% CLs. Systems containing

spontaneously scalarized stars (i.e., those with appreciable ef-
fective scalar coupling even in isolation) are demarcated as
scalarizing below 1 Hz; as noted above, these systems would
be indistinguishable to GW detectors from those that dynam-
ically scalarize below 1 Hz.

We next consider the onset of dynamical scalarization in
unequal mass systems. For the sake of compactness, we show
in Table IV the dynamical scalarization frequencies for bina-
ries with NS masses of 1.2 M⊙ to 1.9 M⊙ with just the MPA1
EOS. We find that the total mass plays a more important role
in determining the onset of dynamical scalarization than the
mass ratio. Fixing the total mass, we find that scalarization oc-
curs earlier in more asymmetric binaries of lower mass (e.g.,
M ! 3.2M⊙ for the MPA1 EOS).

To summarize, Tables IV and V demonstrate that binary-
pulsar constraints cannot entirely rule out the possibility of
dynamical scalarization occurring at frequencies fDS ! 50 Hz
at 90% CL. Initial detectability studies — Refs. [34, 78] dis-
cussed above — suggest that this early scalarization should be
observable with aLIGO (although these conclusions should be

Four equal-mass examples
(vertical dashed lines show 50 Hz)

(Shao et al. 2017)
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Instruments

Jodrell Bank

Effelsberg
Arecibo

Parkes

Green BankNancy

and more



FAST telescope

Completed; in 2-yr engineering phase since 2016 Sept.

 Five-hundred-meter Aperture Spherical radio Telescope



Square Kilometre Array

Expected at 2030s



SKA is for transformational sciences… 
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SKA top goals for pulsar KSP

✦ Tripling the currently known pulsar population
✦ Finding highly relativistic systems and improving 

tests of gravity in the strong field by at least ~ 10 times

✦ Finding at least one pulsar-BH binary and informing 
quantum gravity

✦ Detecting GWs at nHz frequencies
✦ Improving the mass-radius relation (NS EOS) by more 

than ~ 10 times

Keane et al. arXiv:1501.00056

Shao et al. arXiv:1501.00058

Eatough et al. arXiv:1501.00281

Janssen et al. arXiv:1501.00127

Watts et al. arXiv:1501.00042

* see Kramer & Stappers, arXiv:1507.04423 for overview




